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Scientific Objectives & Organization of the 
RF-SciDAC Project

● Develop an integrated simulation for quantitative prediction of the antenna 

+ sheath + scrape-off-layer + core plasma system which fully utilizes 

leadership class computing.

● Validate this predictive capability on appropriately diagnosed experiments 

including dedicated RF test stands, linear devices, and existing tokamaks.

● Project organized into 4 thrusts:

○ Thrust 1: RF WDM Components & Thrust Common Efforts (other poster)

○ Thrust 2: RF + Turbulence (other poster)

○ Thrust 3: RF + Equilibrium Transport (this poster)

○ Thrust 4: RF + Impurity Generation (this poster)

● Use these tools to inform design of robust, impurity-mitigating RF heating 

and current drive sources for future fusion devices.
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Thrust 3 focuses on the coupling of RF with the 
physics of equilibrium time-scale transport to the 
antenna/wall

Thrust 3
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Codes used and under development in Thrust 3

• Transport codes (production)
– UEDGE: 2D fluid plasma and neutral transport

– EMC3-EIRENE: 3D Monte Carlo fluid plasma, kinetic neutrals

• Simple / surrogate RF models
– New 1D coupled code (ORNL)

– Analytic models (Lodestar, Tech-X)

• RF solvers
– PETRA-M (RF solver based on MFEM)

• MFEM
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Coupling RF codes with transport codes via 
ponderomotive forces - formulation

•Single-species fluid momentum equation – use current, not velocity, form:

•Has both slow and fast timescale quantities; products of fast-timescale perturbations 
(modeled by RF codes) can beat down into slow-timescale dynamics (modeled by 
transport codes).  Spectrally decompose into fast and slow dynamics with high/ 
low-pass filtering (retaining all nonlinearities); sum over species:

effective 
electromagnetic 

pressure

RF Poynting flux

-Products of RF terms will be passed to transport codes as source terms
-Effective pressure terms can alter density near antenna, modifying RF accessibility and propagation 
-Later in project, two-way coupling: pass evolving background profiles to RF codes

T. V. Kolev, T. G. Jenkins, and D. Curreli (for the SciDAC Center for Integrated Simulation of Fusion Relevant RF Actuators) , 2018 SciDAC PI Meeting  (July 2018) 6

3D heat fluxes from RF antenna 
on NSTX (Perkins 2012)

COMSOL based 3D simulation 
(Zhang ‘17)

A first step in coupling is to use surrogate models for 
the RF sheath in 2D and 3D transport simulations

• RF sheath potentials cause additional heat 
fluxes to surfaces and can drive convective cells

• Sheath boundary conditions are influenced by 
the time-averaged RF sheath potential

• Requires specification of the time-averaged RF 
sheath potential on flux tubes in the SOL

– To be provided by project RF codes, once they have 
implemented the fast-time-scale RF sheath BC 

– For development and testing, we use a biased flux 
tube projected uniformly along B

– Surrogate models are guided by probe and gas-puff 
imaging velocimetry measurements in C-Mod; and 
probe measurements in LAPD
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RF physics can be added to EMC3-EIRENE to study 
3D plasma evolution near plasma-facing components

• EMC3-EIRENE solves steady-state 3D fluid transport equations 
using field-aligned mesh

• Grid can extend radially to antenna structure and PFC structure.

• Meshing can be challenging due to structured grid requirements.
– Results in a large memory footprint.

• 3D meshing of Alcator C-Mod antenna region in progress

• High geometric fidelity calculation will require advancements in 
meshing and reduced memory footprint

 PFCs

 Transport modeling in NSTX

CAD model of C-Mod 
field-aligned ICRF antenna
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NIMROD
• EMC3-EIRENE widely used to model 3D 

equilibrium transport code in tokamaks/ 
stellarators, but meshing can be challenging

– We need both high geometric fidelity to match RF 
antenna structures, and high-order basis functions     
to capture the large anisotropy (~103 - 109) in heat 
transport in the SOL

• Using MFEM and advanced meshing tools may 
provide us both.

• High order: Implemented NIMROD benchmarks

– Anisotropic transport problem with analytic solution 
to assess error (numerical diffusion)

• Tested Cartesian (non-aligned) grid using MFEM

– Demonstrates acceptable error at challenging 
anisotropy level

• Flux-based numerical approach results in order 
of magnitude improvement.

Far-SOL MFEM-based solver on non-field-aligned 
mesh is being investigated

MFEM Deg=3

Deg=4

Deg=5
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High-order finite elements have excellent scalability

1 zone/core

~600 dofs/zone

[ p-refinement ]

8th order Lagrangian shock 
triple-point interaction

Symmetry in 
Sedov blast
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Same MFEM-based AMR algorithms can be applied 
to a variety of high-order physics models
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Parallel AMR scaling to ~400k MPI tasks demonstrated

Parallel decomposition 
(2048 domains shown)

Parallel partitioning via 
Hilbert curve

• weak+strong scaling up to ~400k MPI tasks on BG/Q
• measure AMR only components: interpolation matrix, assembly, marking, 

refinement & rebalancing (no linear solves, no “physics”)
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Several variable-fidelity validation targets have been 
identified from existing devices

B

Parallel model Perpendicular model

● Simple, near-term validation 
geometries for LAPD (above).

● Full-fidelity, long-term 
geometry for C-Mod (right). 

Current 
straps

2D simulation 
planes

LAPD Linear Device C-Mod Tokamak
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• Thrust 3 focuses on the coupling of RF with the physics of 
equilibrium time-scale transport to the antenna/wall

• Progressive approach underway, leveraging reduced models & existing codes

● Surrogate models in lieu of full coupled-to-RF simulations

● 1D model to test coupling and ponderomotive effects

● Implementation of surrogate models in 2D and slab models

● 3D transport simulations to wall including RF physics

• Long-term goal of scalable far-SOL transport code using MFEM

● Initial benchmarking shows promising results

● Advanced meshing techniques will allow extended meshing to wall

● Near-term effort: exploring a mesh that transitions from field-aligned in core to 
PFC-conforming in far-SOL

• Validation exercises planned for LAPD and C-Mod geometries

Future Work
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Thrust 4 focuses on using the developed meshing and 
solver tools with sheath and sputtering models to 
calculate RF-rectified sheaths and impurity generation

Thrust 4
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Plasma sheath formation on RF antenna surfaces: 
a multiscale problem

•Sheath formation on antenna surfaces is associated with sputtering of neutral 
wall atoms, and subsequent high-Z impurity contamination of the fusion reaction 
as these neutrals are ionized.

•Sheath widths are small relative to characteristic RF wavelengths, but still drive 
relevant physics.  Problem is highly multiscale: wide variation between various 
length scales { RF, sheath, mfp, Ldevice}, and timescales { pe, RF, i, coll}

•Both the ion distribution function in the sheath and the sheath structure itself are 
affected by magnetic fields and RF bias.

Plasma Sheath Physics 
[10-6-10-2 m, 10-9-10-5 s] 
The IEAD of the plasma 
impacting the wall is 
modified by the presence 
of a magnetic presheath 
and RF bias.

Erosion Physics [10-10-10-6 

m, 10-12-10-9 s]. Multiple 
channels for impurity 
emission: sputtering, bubble 
rupture, cracking, thermal 
desorption, etc. Solid 
particles leave the surface 
in neutral charge state 
except for Li (~2/3 charged, 
1/3 neutral).

Atomic/Molecular Processes 
[10-15-10-6 s].  Once a material 
impurity is released from the 
surface, it can be ionized by 
the plasma background and 
become responsive to 
electromagnetic fields.

Impurity Transport 
[10-6-101 m, 10-9-10-4 s]. The 
now-charged impurity is 
subject to all the usual 
plasma forces (drifts, fluid, 
collisional).  It may be 
re-deposited back to the 
surface, or flow far from the 
surface, cross the 
separatrix, and contaminate 
the core plasma.
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Modeling RF physics with the Vorpal (VSim) code

•Vorpal (VSim) – electromagnetic/electrostatic PIC code, finite-difference 
time-domain (FDTD) methods, kinetic (Boris) particles, expanding GPU 
capabilities, good parallel scaling up to 100k+ cores (OLCF, NERSC)

•Can model wave propagation in edge/SOL region, where temperatures are low

•Can import realistic machine geometries and plasma profiles

CAD model of C-Mod 
field-aligned ICRF 
antenna, imported 

into Vorpal

Vorpal modeling of 
wave fields near 

antenna

Interior panorama of Alcator 
C-Mod tokamak

Vorpal HPC performance
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Concurrent modeling of plasma sheaths and RF 
physics is challenging due to length scale disparities

• Grid spacing δx generally chosen to enable 
good resolution of desired RF physics
• Sheath width Δ is much smaller (by
orders of magnitude) than RF wavelengths
• Direct resolution of sheath is prohibitive

Solution: formulate sub-grid sheath boundary 
condition

• Treat sheath as local lumped circuit element
• Develop physics models for circuit elements 
(R, C) consistent with RF sheath behaviors
• Circuit current flow (via Kirchhoff relation) 
then becomes a new boundary condition
• Sheath does not need to be resolved; the
new boundary condition captures its effects

 = sheath width,  = sheath resistivity [both nonlinearly varying with (x,t)]
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Sheath and impurity sputtering modeling with Vorpal

•Previous SciDAC/Tech-X efforts formulated capacitive sub-grid sheath boundary 
conditions using explicit local PIC modeling of the sheath [T. G. Jenkins & D. N. Smithe, 
PSST 24, 015020 (2015)].  Currently implementing improved sheath boundary conditions 
that use a more generalized sheath impedance [J. R. Myra, PoP 24, 072507 (2017)].

•Vorpal PIC capabilities model particle flux to surfaces, with particle energies adjusted to 
reflect passage of test particles through the sheath potential drop.  Can also model 
erosion and surface heat loads.  Sputtering models [Y. Yamamura & H. Tawara, At. Data 
Nucl. Data Tables 62, 149 (1996)] also implemented for plasma-facing surfaces.

Sheath potential on surfaces of 
ITER ICRF antenna module

Test-particle strikepoints 
on plasma-facing 
components of 
C-Mod antenna

Sputtered 
high-Z neutral 
atoms (red) 

from antenna 
surface, arising 

from ion-wall 
collisions
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Developing improved sheath boundary conditions
for RF codes

• A nonlinear sub-grid sheath model is used to compute the plasma sheath response 
on the Debye scale

• The model output is represented as a sheath impedance z
s
 (a nonlinear function of RF 

amplitude) and a rectified sheath potential

• Use this sheath impedance as boundary condition in RF codes

• replaces usual E
t
 = 0 conducting wall BC with

• If sheath does not affect incoming waves significantly, interaction of RF waves and 
sheath can be solved independently

• Iterate until z
s
[

RF
, B, , ρ

i
] is consistent with field solution on the surface

Coupled equations:
1) RF wave field determines the displacement, 

thus the RF sheath voltage.
2) Gradient of RF sheath voltage determines 

the boundary condition for RF electric field.
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RF-SciDAC code and model benchmarking activities

Lost particles replenished with volumetric source; 1D3V model

•Multiple benchmark cases specified, to verify consistency between RF (Vorpal) 
and PMI (hPIC) codes:
-case 0: unmagnetized, grounded walls  -case 1: magnetized, grounded walls
-case 2: magnetized, grounded left wall, right wall at V = 10Te/q volts
-cases 3a, 3b, 3c: magnetized, grounded left wall, right wall at V = V0 sin( t), with RF frequency  << pi,  ~ pi,  >> pi

•Compare n, , drift velocities, heat flux, , electric field in each case

•Thereafter, will add specified impurity fluxes from wall (fixed source, or 
self-consistent with PMI models).

•Will also compare benchmark cases with other RF-SciDAC codes (RF-SOL, 
Petra-M, BOUT++) and models (generalized sheath BC) where possible
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• When wall is RF-biased, sheath structure is deeply 
modified in comparison with a classical thermal sheath  

• Fundamental behavior of RF sheaths and impurity 
sputtering is captured by a 1D3V time-dependent model 
implemented in Matlab

• Coupled with a BCA sputtering code Fractal-TRIDYN

• RF sheath boundary conditions applied

BC @ x=L 
(Magnetic 
Presheath 
Entrance)

BC @ x=0 
(RF Wall)

Modeling sheath rectification and impurity sputtering 
using a fluid approximation
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Fluid modeling of sheath rectification agrees well with 
previously published models

Fig. 1 from [J. R. Myra and D. A. 

D’Ippolito, PoP 24, 062507 (2015)] 

(previous RF-SciDAC work)

Fluid implementation in Matlab 

(no impurity sputtering)

Ωi/ωpi = 0.1,  = 78.46°, ω/ωpi = 0.3, Vpp = 20 Te
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Ion impact angles are significantly affected by local 
magnetic field orientation and by RF oscillations 

•  is the magnetic field angle

• Magnetic field angle and 
regime of operation affect the 
impact angle of incoming 
particles, depending on the 
phase of the RF cycle ( t)

• This affects sputtered impurity 
energy-angle distributions as 
well

• ExB drift evident at inclined 
magnetic fields
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Energy-angle distribution of sputtered impurities is 
also influenced by local magnetic fields

• Sputtering yield acquired from 
F-TRIDYN

• Maxwellian distribution of inputs 
are given to F-TRIDYN; outputs 
are combined based on the 
weights of the input distributions

• Magnetic field angle affects the 
energy-angle distribution of 
sputtered impurities by changing 
impact angle distributions

• Sputtered impurity energy 
distribution is not affected by 
magnetic field angle

Energy-angle distribution of sputtered impurities ( t = )
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Production of sputtered impurities during RF cycle
varies nonlinearly with RF frequency and phase
• In low-frequency regimes, the ion 

dynamics is driven by VRF; ions reach 
higher impact energies during the first 
quarter of the RF cycle, but have low 
energy in the middle portion of the 
cycle

• In high-frequency regimes, ion energy 
is more uniform due to the 
competition between ion inertia and 
RF oscillation potentials

• The nonlinear dependence of 
sputtering yield vs. energy enhances 
these features

• At low frequencies only a portion of 
the RF cycle produces sputtering

• When the frequency is increased, the 
impurity production levels off
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Sputtered impurity transport fluxes are also affected 
by RF frequency and phase

• Differences in sputtering yield 
lead to different behaviors of 
sputtered impurities exiting the 
sheath region (Debye sheath 
and magnetic pre-sheath)

• Perturbations more evident at 
low-frequency regimes, leading 
to lower average fluxes of 
sputtered impurities

• Average flux reaching the 
upstream plasma per RF cycle 
is highly dependent on the 
frequency
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How RF affects the mean flux of sputtered impurities: 
low- and intermediate-frequency behavior

• Different behaviors can be found in 
different ranges of frequencies.

• At frequencies ω < ωpi, the impurity flux 
plateaus as the effect of the ion inertia 
decreases.

• At frequencies ω > ωpi the density of 
ions impacting the wall increases 
significantly with the frequency, 
dominating any other physical 
behavior. This leads to an increase in 
mean sputtered flux.

• The density of ions impacting the wall 
cannot exceed the upstream density; at 
large frequencies (ω ~ 200 ωpi) ion 
density starts to plateau and is no 
longer the dominant behavior.
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How RF affects the mean flux of sputtered impurities:
high-frequency behavior

• At high frequencies, the ion inertia 
limits the gain in ion impact 
energy from the potential drop, 
decreasing the  flux of incoming 
ions. 

• This behavior starts to dominate 
as the ion density plateaus, 
leading to the decrease in mean 
sputtered flux at frequencies ω > 
200 ωpi.

• At frequencies ω > 350 ωpi the ion 
incoming energy plateaus as the 
ions reach energies comparable 
to those seen in thermal sheaths.
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LAPD device for sheath model validation

• LAPD (LArge Plasma Device at UCLA)
– Simple geometry with reproducible, accessible 

plasmas; ideal for validating sheath predictions
– 18 m plasma column
– 15 ms plasma pulse at 1 Hz
– Plasma similar to tokamak edge with n

e
 ~ 1019 m-3, 

T
e
 ~ 10 eV

– Low magnetic field ~ 1000 G
– 100 kW, 2.38 MHz, 1 ms pulse single strap antenna

• Modeling
– Mesh entire 18 m column with antenna, limiters 

and RF target plate
– Apply post processing sheath model
– S=0, P=0 resonant surfaces seen; slow wave

near edge, fast wave near core
– Waves incident on plate angled at 45°, mode

conversion to slow wave ensues
– Fast wave propagates down device to strike

target plate
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Petra-M solution + local sheath model predicts RF 
potentials on target plate 

Φrf

plate

● Petra-M post-processing: preliminary sheath voltage result obtained 
for RF fast wave incident on tilted plate in plasma column of LAPD 
experiment 

● Experimental validation is being planned for late 2018/early 2019
● Will provide opportunities to test full wave predictions, sheath 

predictions and sputtering models
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Future Work 

• Thrust 4 focuses on using the developed meshing and solver 
tools with sheath and sputtering models to calculate RF-rectified 
sheaths and impurity generation

• Physics of impurity generation has been added to previously developed 
sheath models

● Enables nonlinear behavior of plasma-wall interactions, impurity energy-angle 
distributions, impurity fluxes to be quantified

• Verification of physics consistency between RF and plasma-material 
interaction codes is ongoing

● Initially: hPIC, Vorpal, sheath boundary conditions

● Eventually: F-TRIDYN + Vorpal, F-TRIDYN + MFEM

• Experimental validation of sheath models on the LAPD experiment is planned

• Approaches for impurity-sputtering mitigation will be explored

SciDAC Center for Fusion Relevant RF Actuators: 
Particle-based approaches to RF induced impurity generation, and an MFEM based far-SOL transport solver.
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