
Axisymmetric, High-β, Steady-State Plasma Torus: 
A “Wind Tunnel” to Develop Whole Device Models

Mike Mauel, Jay Kesner, Barrett Rogers 
Dept. Applied Physics and Applied Math, Columbia University 

Plasma Science anf Fusion Center, MIT 
Dept. of Physics and Astronomy, Dartmouth College 

DOE Workshop on Integrated Simulations for Magnetic Fusion Energy 
Sciences: Community Teleconference  

Presentation CD-Mauel-M (May 19, 2015)

1



RF Heating

Many Challenges to Whole Device 
Models in Fusion Energy Science

Resistive and 
Extended MHD
& Disruptions

Energetic 
Particles

ITER 
Modeling

Fusion 
Optimization 

Edge Power and 
Particle Balance, 

Pedestal Stability, 
PMI, Liquid Wall, …

Kinetics 
& Reduced 

Dimensional 
Models

Plasma 
Control

Model 
Development 

Validation

2



• No parallel currents (no disruptions; no kinks; no tearing modes; no density 
limits; …) 

• Axisymmetry (simplicity; omnigenous drifts;…) 

• Simple kinetics (similar dynamics for passing and trapped particles allow 
accurate reduced dimensional models) 

• Steady state (without time-evolving geometries or transients) 

• Good particle, energy, and momentum confinement; High-beta 

• Boundary layer physics between Open/Closed field lines (e.g. SOL, PMI, …) 

• Non-trivial, fusion-relevant physics (sources & sinks; nonlinear turbulent 
cascade; up-gradient pinch; high-temperature and density; small ρ*; …) 

• First-principles understanding (without the need for ad hoc assumptions)

We can make progress in the near term with a 
Plasma “Wind Tunnel”: The Simplest Plasma Torus
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Simplest Fusion-Relevant Plasma Torus: 
Axisymmetric, Levitated Current Ring

Fusion Relevant Physics: 
Particle and Heat Sources 

Confined Pressure, Particles, Momentum 
Boundary Layer Transport 

SOL Flows

Simple Geometry and Kinetics: 
Axisymmetric 

Omnigeneous “Classical” Orbits 

Small ρ* and Adiabatic Dynamics 
No transients and Steady State
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Axisymmetric Levitated Current Ring

• Dynamics dominated by interchange and entropy modes 
because plasma is stabilized by compressibility and magnetic field tension 

• Relatively easy kinetic closures  

because passing and trapped particle dynamics are similar 

• Demonstrated first-principles simulations using bounce-averaged kinetic 
and gyrokinetic codes 

showing fascinating nonlinear physics and quantitative agreement with some 
observations 

• Leverages decades of space weather modeling 

• Existing experimental facilities for validation studies  

LDX at MIT and RT-1 at University of Tokyo
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Comparing to the Familiar Tokamak…
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(a) Dipole Interchange-Entropy Modes (b) Tokamak ITG-TEM Modes

η < 2/3

η > 2/3

stable stable

ITG

TEM

ITG & TEM

MHD Interchange Unstable

ω < 0

Weak gradients: ωp* ~ ωd 

Stable by compressibility and  
field line tension

Steep gradients: ωp* >> ωd 

Stable by average curvature and  
magnetic shear

X. Garbet, Comptes Rendus Physique 7, 573 (2006)
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✓ Classical, adiabatic particle orbits 

✓ Linear electrostatic and magnetostatic waves and instabilities at arbitrary beta (β ~ 1) 

✓ Energetic particle stability and nonlinear drift-resonant transport without adjustable 
parameters 

✓ Structure of gradient driven interchange and entropy mode turbulence in steady-state 
(and also during rapid toroidal rotation) 

✓ We know how to create, sustain, and control the plasma torus but only at low power 
(~ 20 kW) and only with Te >> Ti 

✓ Rate of global turbulent self-organization (inward pinch) equals measured quasilinear 
diffusivity without adjustable parameters 

✓ Self-organization and turbulent pinch reproduced by nonlinear gyrokinetic simulations 
and understood with bounce-averaged fluid equations with drift-kinetic closure

What is known… 
(giving confidence in this “wind tunnel” approach)
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Measurement of Density Profile and Turbulent Electric Field 
Gives Quantitative Verification of Bounce-Averaged Gyrokinetic Pinch

5 m

Interferometer 
Array

Measured Turbulent  
Electric Field

Measured Density  
Profile Evolution
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Rate of Global Self-Organization Agrees with Space Weather Models & 
Measured Turbulence Intensity without Adjustable Parameters
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Line Density Shows Strong Pinch
Only with a Levitated Dipole

3 msec

25 msec

Turbulent pinch
from measured
fluctuations

With levitated dipole, inward turbulent 
transport sets profile evolution

Thomas Birmingham, “Convection Electric Fields and the Diffusion of Trapped Magnetospheric Radiation,” JGR, 74, (1969). 
Alex Boxer, et al., “Turbulent inward pinch of plasma confined by a levitated dipole magnet," Nature Phys 6, (2010).
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(a) Particle Flux (b) Temperature Flux (c) Entropy (PδVγ) Flux
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in the parallel direction). For the ions and electrons we use
24 energy grid points each in the velocity space region 0 !
v ! 6vthi and 10 grid points in ! ¼ vk=v. Simulations
have been carried out to verify the insensitivity of the
transport levels to variations in the spatial and velocity
space resolutions and box size. The transport depends
only weakly on the mass ratio mi=me; most dipole runs
employ a deuterium mass ratio mi=me ¼ 3672 (the target
for LDX) while the Z-pinch runs use mi=me ¼ 1836. The
collision frequency is defined as "phys¼#n0e

4 ln!=

ðT3=2
i m1=2

i Þ%"
ffiffiffi
2

p
vthi=Rmid. Collisions in the code are

modeled by a gyro-averaged Lorenz collision operator
[9] that conserves total energy and particle number. The
simulations presented here have a small base value of " ¼
0:000015 for the dipolar geometry and " ¼ 0:001 for the
Z-pinch case. Simulations at higher collisionalities up to
" ¼ 0:1, particularly near marginal entropy-mode stability,
can exhibit significantly stronger positive and negative
transport levels, due mainly to the collisional damping of
zonal flows [10]. In the Z-pinch limit, an artificial hyper-
viscous term in the gyrokinetic equations is included that
acts on the guiding center distribution functions and leads
to dissipation proportional to k4 [11]. No numerical hyper-
viscosity was used for the dipolar simulations.

The dominant modes contributing to the transport typi-
cally have k? values that are 1=4 to 1=2 those of the fastest
growing modes shown in Fig. 1. A comprehensive plot of
the transport in the Z-pinch case for various d and $ is
shown in Fig. 2. The first, second, and third figures repre-
sent "part, ion temperature flux, and electron temperature

flux (normalized to ð%s=RmidÞ2csf with f ¼ n0 for the
particle flux and f ¼ n0T& for the temperature flux) for
' ¼ 1 (similar results are obtained for a range of ', 0:5 &
' & 10). The blue regions of the left figure in Fig. 2 for
$> 2=3 represent the particle pinch regime. As noted
earlier, we would expect the negative particle flux and
positive temperature flux typical of the pinch region to
drive the system leftward (toward smaller $) in the figures.
If the stability boundary (the white region) is encountered
during this leftward traverse, the transport would drop and

pressure gradient would steepen, thereby forcing the sys-
tem upward (toward higher d) and then leftward again,
until finally the notch region ($ ’ 2=3 and marginal MHD
stability) is reached. At that point, further decreases in $
below 2=3 lead to positive, large, and sharply increasing
particle and (pinched) temperature fluxes [10], likely pre-
venting a significant drop in $ below 2=3. The transport in
the $ ’ 2=3 region in LDX would likely be due to a
mixture of ideal-interchange modes and entropy modes.
The transport in the dipolar case is similar to the Z pinch.

Figures 3(a) and 3(b) show the nonlinear particle and
temperature flux versus d for $ ¼ 2 (triangles) and 4
(diamonds). Additional simulations have been carried out
to verify the presence of a stability notch near $ ’ 2=3 like
that seen in Fig. 3. The similarity between the dipolar and
Z-pinch transport in the $< 2=3 case was established in
[10]. The normalized transport levels in the dipolar limit
are similar to or somewhat lower than the corresponding
levels in the Z pinch, but as in the case of the linear growth
rates, this depends on the somewhat arbitrary choice of
normalization in the dipolar case: choosing normalizing
values that are &30% closer to the ring boosts the normal-
ized dipole transport by about a factor of &3, while nor-
malizing to the inner-midplane parameters increases the
levels by a factor of &1400.
Defining "phys % nveff and considering deuterium LDX

plasma parameters with Te & Ti & 100 eV, Rmid & 0:5 m,
Bmid & 0:2T / 1=R3

mid, the quantity veff may be expressed
in terms of the normalized GS2 particle flux "part plotted in

Fig. 3 as veff&"partvthið%i=RmidÞ2&10"partðTi=100 eVÞ3=2
ðR=0:5mÞ4&10"part, where in the $> 2=3 regime typi-

cally "part &'10 or less (equivalently, D& "phys=n
0
0 &

veffLn, where Ln & 0:3 m). Such levels are roughly com-
parable to those reported in LDX [2].
Some physics of particle pinch can be understood from

fluid equations. At $> 2=3 region, the dominant terms for
the pinched transport originate from the balance of the two
terms in the electron density equation, @n

@t &'r ( nvE.
Linearizing the equation, and keeping only the dominant

terms, (~n&'r ( ðnb
B)r ~)Þ&'r ~) ( ðnr)b

BÞ&'in0k (
r)ðbBÞ ~). For * * 1 (vacuum field), r) b

B ¼ 2
Bb) ~+m,

where for Z pinch, ~+m ¼ ' r̂
R and !di ¼ k?%i

vthi

R > 0.

Then, (~n&'2in0!diðe)Te0
Þ, therefore, ~n / '~vEr. This #

FIG. 2 (color online). Z-pinch transport vs d and $: "part (left
column), ion temperature flux (middle column), electron tem-
perature flux (right column) for ' ¼ 1. Red-yellow areas indicate
positive radial transport, and blue-green areas indicates negative
(pinched) values. The mode is stable in the white region. The
upper boundary of the plots at d ’ 3:4 are just below the ideal
MHD instability boundary in GS2.

FIG. 3 (color online). (a) "part for $ ¼ 2 (triangles) and 4
(diamonds) and (b) Qion (same notation as "part) and Qele for

$ ¼ 2 (green dashed) and 4 (red dashed) vs d for ' ¼ 1 in the
dipole.

PRL 105, 235004 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

3 DECEMBER 2010

235004-3

Quasilinear Flux using 2D Bounce-Averaged Fluid Equations with 
Drift-Kinetic Closure

Nonlinear Turbulent Flux using 5D Gyrokinetic (GS2) Simulations

Kobayashi, Rogers, and Dorland, Phys Rev Lett 105, 235004 (2010)

Inward Outward Outward
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What is not known and needed…
• Can we use reduced dimension nonlinear models (e.g. bounce-averaged 

fluid equations with drift-kinetic closures), with sources and sinks, and 
reproduce the saturated turbulence levels? 

• How do we model the edge boundary interface and SOL flows? 

• How do particle and heat sources influence the self-organized profiles? 

• What are the roles of momentum input? Flow shear? Ti/Te ratio? Ionic mass 
and impurities? 

➡ We need to apply the 1 MW RF heating source now available at LDX.  
This will increase heating power by more than 30 times and produce steady-
state fusion relevant parameters. 

➡ We need improved diagnostics for non-perturbing observation of plasma 
profiles and the turbulent spectrum. 

Using existing facilities, this is not an expensive program.
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Achieving our long-term goal…

will require many development steps and will 
benefit from low-cost, simple “wind tunnel” tests
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Wright Brother’s Wind Tunnel 
> 200 Wing Shapes
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Low Cost Validation
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We should use a “wind tunnel” approach for whole device modeling for 
Fusion Energy Science: 

Step 1: 
First, understand and validate using the simplest possible plasma torus

By using existing facilities, this is not an expensive program.
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