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Outline2

• Overview of numerical methods in PERSEUS:
• GOL with electron inertia and displacement current (PERSEUS/FLEXO) 

versus MQS approximation (Hydra)
• Tabular EOS/conductivity interface in PERSEUS
• Vacuum/floor treatment
• Modifications to SESAME EOS and conductivity tables

• 1D liner simulations
• Influence of Hall term on floor convergence of post-stagnation dynamics
• Reduced sensitivity to other vacuum parameters at sufficiently low 

density floors
• PERSEUS vacuum modeling convergence study: with vs without Hall term

• 2D MRT simulations
• Cu MRT is converged w.r.t. density floor, and shows minimal sensitivity 

to vacuum parameters.
• Cu MRT shows reduced growth rates at higher floors, e.g. 1e-6 of solid.
• Sinusoidal outer surface: recovery of analytic linear MRT growth rates.

• 1D Cu slab tabular validation problem
• Cross-validation of tabular interface between PERSEUS and FLEXO



What are PERSEUS and FLEXO?3

• PERSEUS (Plasma as an Extended-MHD Relaxation System with an Efficient 
Upwind Scheme):

• Extended-MHD code originally developed by Matt Martin and Charles Seyler at 
Cornell University, and under continued development at Sandia.

• Models larger range of plasma densities than previously feasible.
• Captures interactions with low-density plasma: more predictive modeling of target 

performance in a pulsed-power device.
• FLEXO (Flux-Limited Extended Ohm’s Law):

• Next-generation production-line version of PERSEUS, currently under development 
at Sandia.

• Everything PERSEUS has, plus:
• Adaptive Mesh Refinement (AMR) to resolve spatial details, e.g. stagnation column, small-

wavelength modes.
• Multi-material modeling
• Portability between different architectures, e.g. CPUs and GPUs.



PERSEUS/FLEXO Can Model Experimental Vacuum Conditions 4



Direct numerical simulation of the plasma vacuum 
interface problem in XMHD
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• The plasma-vacuum interface problem has plagued pulsed power calculations for 
more than two decades

• The experimental initial conditions on the Z facility includes near solid metal 
density liners with current carried through electrodes separated by a 1E-5 torr 
gas density

• This density variation of 1E-10 to 1E-12 was intractable to directly simulate until 
the development of the XMHD PERSEUS and FLEXO codes due to the unbounded 
phase velocity of the discretized equations in previous codes

• The following slides describe a resolution of this floor problem in XMHD through 
direct numerical simulation of the full density range found in experiments and 
how this treatment removes the sensitivities seen in typical calculations where 
only up to 1E-6 density variation in the floors is computationally feasible in MHD



Comparison of timestep scaling in PERSEUS(EMEI-XMHD) 
and HYDRA(ALE MHD or Hall MHD) with density
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Other aspects of PERSEUS and FLEXO implementation7



At sufficiently low density floors, PERSEUS with Hall 
MHD shows little sensitivity to the floor multiplier 
or to floor resets (shown in 1-D liner results).
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SESAME EOS and conductivity table modifications required 
for this modeling approach

Maxwell constructions (Cu 3326) Tension regime (Cu 3325) 
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1-D Cu liner implosion problem
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Extended-MHD in a 1-D liner: with vs without Hall term

Cylindrical liner
26 MA peak current
AR = 6 10 ns 9 ns 6 ns

1-D bulk implosion dynamics 
show little sensitivity to Hall 
term.
• Sensitivity emerges at low 

densities.
• For 1-D implosion, Hall 

sensitivity emerges in post-
stagnation.
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150 ns125 ns

Cylindrical liner
26 MA peak current
100-ns rise time

Hall EMEI-MHD

AR = 6
1.92-mm outer radius
1 mg/cc gas fill

Faster convergence in post-stagnation when Hall 
term is included.

Floor multiplier = 4
Implosion phase converged

150 ns125 ns

EMEI-MHD

More accurate 
prediction of 
confinement times 
requires accurate 
modeling of post-
stagnation.
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Cylindrical liner
26 MA peak current
100-ns rise time
SOL = c/30

Hall EMEI-MHD

AR = 6
1.92-mm outer radius
1 mg/cc gas fill
Implosion phase converged

At sufficiently low density floors, post-stagnation has minimal 
sensitivity to the floor multiplier.

150 ns
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Cylindrical liner
26 MA peak current
100-ns rise time
SOL = c/30

Hall EMEI-MHD

AR = 6
1.92-mm outer radius
1 mg/cc gas fill

At sufficiently low density floors, post-stagnation has 
minimal sensitivity to the use of a pressure floor.

150 ns

Different curves

Curves overlap

Curves overlap

Pressure floor: Optional reset of computed pressure to floor 
value if less than floor value. 
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2-D MRT problem
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100 ns

90 ns

80 ns

Copper

At sufficiently low density floors, 2D MRT development is converged, and 
shows minimal dependence on temperature and pressure floor resets.16



Higher density floors give slower MRT growth rates; not 
converged.

Copper

100 ns

90 ns

80 ns
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2-D MRT with sinusoidal outer surface
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2-D MRT with Cu is consistent with analytic theory

70 ns 85 ns 100 ns60 ns50 ns

Sinars et al, Phys. Plasmas, 18, 056301, 2011
Weis et al, Phys. Plasmas, 22, 032706, 2015

Lower density 
thresholds pick up 
secondary growth 
(probably ETI).
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50 ns 50 ns50 ns
Secondary growth is captured at 
sufficient grid resolution.
• At coarse resolution, these 

high-frequency modes are 
damped out.

Secondary growth is damped out at coarser resolution
20



1-D Cu slab PERSEUS/HYDRA validation problem21



FLEXO and PERSEUS results are in close agreement.

• The tabular EOS and conductivity interface in FLEXO is working as expected.
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A Few Recent Successes in FLEXO
• B-field diffusion in FLEXO matches analytic solution in 1-D problem.
• FLEXO models the propagation of a 1-D Whistler wave at expected 

convergence rate, indicating correct modeling of Hall physics.
• Inclusion of Hall term improves accuracy by 100X.
• Added input flag for switching Hall term on and off.

• The FLEXO routines give the same interpolated tabular EOS and 
conductivity as PERSEUS for a set of representative densities and 
temperatures.

• FLEXO has a working tabular EOS and conductivity interface.
• For PERSEUS/HYDRA 1-D slab validation problem, FLEXO and PERSEUS results 

are almost visually indistinguishable.
• Uses positivity-preserving limiting by internal energy rather than pressure.
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Conclusions/Summary
• A number of measures have enabled PERSEUS to simulate tabular EOS/conductivity at sufficiently low 

density floors to minimize dependence on vacuum/floor parameters:
• Extended-range SESAME tables provided by Kyle Cochrane
• Modeling of displacement current so Alfven speed is limited by the speed of light
• Modeling of Hall physics via semi-implicit advance; no need to resolve Whistler wave and electron time scales

• Minimal added CPU expense, since solve is local.

• Convergence w.r.t. density floor and vacuum parameters has been demonstrated in numerous test 
problems, including

• 1-D target implosion; particularly evident in post-stagnation
• 2-D MRT; growth rate not converged at density floors used by MHD codes

• Significance of minimizing floor sensitivity
• More predictive model of energy coupling and target performance
• Ability to simulate physical vacuum
• Improved portability between experiments

• Fewer artificial knobs to tune separately for each experiment.

• For MRT seeded by sinusoidal outer radius, linear MRT growth rate is consistent with analytic theory.
• Measures that tend to stabilize tabular interface 

• Bounds-preserving internal energy rather than pressure
• 1-D tabular validation problem, particularly with extended-MHD
• This should probably be an option in FLEXO.

• Avoiding extrapolation
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Thermal conduction implementation in PERSEUS
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Hydro turned off
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Preliminary verification for step-function temperature initialization in solid slab

Wave-speed for CFL: 105 m/s

2021_1101_Tcond_1000d50000_10micron_1e5mps_2pt4mm

2021_1101_Tcond_1000d50000_20micron_1e5mps_2pt4mm

2021_1101_Tcond_1000d50000_5micron_1e5mps_2pt4mm

• Full hot region as opposed 
to symmetry BC.

• Boundaries at 1.2 mm 
instead of 0.6 mm.
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Preliminary verification of steady-state for solid slab heated at constant rate with fixed-temperature BCs :
• Dirichlet BCs
• constant energy source

Analytic steady-state profile:

Thermal conduction model:

From Toptan et al, 2020,  
https://asmedigitalcollection.asme.org/ve
rification/article/5/4/041002/1090520/Co
nstruction-of-a-Code-Verification-Matrix-
for

2021_1020_slab01_10micron_1e5mps

2021_1020_slab01_20micron_1e5mps

Initialized with linear temperature profile.
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