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Overarching goals and capabilities

The capability team at Virginia Tech and Princeton Plasma
Physics Laboratory is developing and implementing plasma ki-
netic and fluid modeling tools, including validation experiments,
to support a variety of innovative fusion concepts. These include:

• Kinetic modeling using the Gkeyll framework to study
physics relevant to the Wisconsin HTS Axisymmetric Mirror
experiments, the Plasma-Jet Magneto Inertial Fusion
experiments, and plasma-solid wall interactions relevant to
a variety of fusion concepts such as the Fusion Z-pinch
Experiments

• Multi-fluid modeling using the Gkeyll framework to study
the Centrifugal Mirror Fusion Experiment

• Validation experiments at Virginia Tech for liquid metal
electrode free surface response to large current density and
magnetic fields relevant to a number of fusion concepts
such as the Fusion Z-pinch Experiments and General
Fusion’s Magnetized Target Fusion experiments

• Hydrodynamic (and potential magnetohydrodynamic)
modeling to understand liquid metal electrode response to
fusion-relevant currents and magnetic fields

Kinetic modeling of colliding jets for Plasma-Jet
Driven Magneto-Inertial Fusion (PJMIF)

Gkeyll’s continuum kinetic solver is used to provide simula-
tion support for the PJMIF experiment. Here we directly dis-
cretize the Vlasov-Maxwell system for two plasma species [Juno
et al., 2018] and use a reduced Fokker-Planck model (otherwise
known as Lenard-Bernstein or Dougherty operator) for collisions
[Hakim et al., 2019]. Initial simulations of colliding gas with
experimentally-relevant number densities (1 × 1015 cm−3) and
bulk velocities (15 km/s) show significant differences in the re-
sulting density, n, based on the number of velocity dimensions
(Fig. 1).

Figure 1: Test cases of colliding jets show significant differences in resulting
density based on the number of velocity dimensions.

Collisional Vlasov simulations can now run on GPUs and improve-
ments are being made to permit faster kinetic simulations with
a single velocity dimension that may retain relevant physics of
high velocity dimensions (through the inclusion of perpendicular
temperature evolution).

Kinetic modeling of the Wisconsin HTS
Axisymmetric Mirror (WHAM)

WHAM’s parallel electron losses will be reduced by a strong out-
ward electric field (E∥ = −∇∥ϕ), in addition to the mirror force
produced by high temperature superconducting (HTS) magnets.
Gkeyll’s long-wavelength gyrokinetic solver can perform calcu-
lations of E∥ and the corresponding parallel losses, including col-
lisions (with a model operator) and the expander region.
The large magnetic field (B = 17 T) and mirror ratio (Rm > 30)
demand both tiny time steps (∆t) due to CFL constraints from
mirror forces (∝ ∇∥B), and high resolution due to localized distri-
bution functions in throats & expanders. Despite these challenges
we did simulations with two different field equations, one using
kinetic electrons and a k2

⊥ϵϕ = ρ field model, and another using
adiabatic, isothermal electrons with ambipolar sheath fluxes.

Figure 2: Top: Electrostatic potential along the field line through
R(Z=0)=0.1 m. Bottom: Ion distribution function (with adiabatic
electrons) in the center, throat and expander wall.

We also developed methods to
increase ∆t by masking the ki-
netic equation or weakening the
mirror force term in inaccessi-
ble regions of phase space. This
accelerates 1D simulations and
would enable 3D simulations to
explore microstability of, for ex-
ample, interchange modes. Figure 3: Ion distribution function

masking out inaccessible regions.

Multifluid modeling of the University of Maryland
Centrifugal Mirror Fusion Experiment (CMFX)

Gkeyll contains solvers for multi-fluid moment equations that
incorporate the viscous stress tensor, heat flux, forces from inter-
species collisions, and energy equilibration between species. Bra-
ginskii’s formulation [Braginskii, 1965] is used for transport.
We added support for general geometry, presently extending it to
include Braginskii transport. See preliminary tests below.

Figure 4: Left: Ez in a cylindrical wave-guide solving Maxwell’s equations in
(r , θ, z). Right: ρ for a neutral sod-shock solving Euler’s equations in (r , θ).

Plasma-material interactions relevant to a variety of
fusion concepts: solid walls

Initial results are presented on the impact of changing bias wall
potential on a proton-electron plasma in a FuZE-relevant parame-
ter regime (2 keV and 1023 m−3) [Zhang et al., 2019]. The plasma
is modeled with the Vlasov-Possion system using Gkeyll. The
sheath at the left, higher potential, wall is similar to a classical
sheath for all bias potentials. As the potential bias increases, the
right sheath becomes stronger with an increasing potential drop
and decreasing particle density.

Figure 5: Differing sheath behavior at the left and right walls for different
bias potentials

Preliminary studies explore particle and heat fluxes at the right
wall for different bias potentials. The results compare reasonably
well with theory [Stangeby et al., 2000]. As the potential bias
increases, the current reaches an asymptote and, at the right
wall, becomes purely ion-driven.

Figure 6: Comparison between simulation and theory [Stangeby et al., 2000]
at the right wall.

A study of classical sheaths in the presence of secondary electron
emission [Bronold and Fehske, 2015] from walls can have signifi-
cant implications for several fusion concepts. Kinetic simulations
are performed for two different types of wall materials with sig-
nificantly different electron emission properties (Fig. 7).

Figure 7: Note significantly lower sheath potential with BN versus MgO with
electron emission included. BN has a more significant gain of reflected
electrons from the wall than MgO.

Plasma-material interactions relevant to a variety of
fusion concepts: liquid walls

Experiments and simulations are performed to understand the dy-
namics of liquid metal walls in the presence of large perpendicular
current density such as those found in electrodes or disruption
events in fusion devices.
The Virginia Tech Liquid Electrode eXperiment (LEX) pulses cur-
rent through a wire into a liquid metal free surface, maintained
under vacuum (Fig. 8).

Figure 8: Current (green arrows) is pulsed through a coaxial feedthrough into
a wire which is submerged in liquid metal at the bottom of the vacuum
chamber.

A series of experiments are being performed with a parametric
study of liquid metal depths, wire diameters, and peak magnetic
fields to understand free surface response. Integrated high-speed
imaging diagnostics capture evolution of free surface deflection
(Fig. 9).
Numerical simulations are performed using STARCCM+ using
the same parameters and profiles as the LEX experiments to un-
derstand the hydrodynamic motion of the free surface (Fig. 9).
This validation is a critical step towards a numerical parametric
study for fusion-relevant regimes beyond the scope of the present
experiments.

Figure 9: High-speed images from the Virginia Tech LEX at approximately 5
ms (top) and STARCCM+ simulations of the experiments at 5 ms (bottom).
Note the approximate qualitative agreement between experiment and
simulation.

Summary

The Virginia Tech and Princeton Plasma Physics Laboratory ca-
pability team is supporting a number of fusion concepts that in-
clude Plasma-Jet Drive Magneto-Inertial Fusion experiments, the
Wisconsin HTS Axisymmetric Mirror experiments, the University
of Maryland Centrifugal Mirror Fusion Experiment, plasma-solid
wall and plasma-liquid wall interactions relevant to Fusion Z-pinch
Experiments and other magnetic confinement concepts.
Future work will entail a more detailed study of relevant physics
that each of the concept teams we are supporting deem signifi-
cant to their success. Several studies presented here are presently
under preparation for publication.
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