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Abstract!!
QuickPIC is a three-dimensional parallel quasi-static particle-in-cell code. It is mainly 
used for simulating particle beam (or laser) driven plasma wake field accelerator 
(PWFA). In these schemes an intense “driver” creates a plasma wave wake with a 
phase velocity near the speed of light on which electrons or positrons can surf to high 
energies. The PWFA can sustain 10 to 1000 times larger accelerating gradient than the 
conventional accelerators, which is promising to effectively reduce the size of high 
energy accelerators in the future. Recent experiments at FACET, SLAC demonstrated 
high efficiency, high accelerating gradient acceleration of both electrons and positrons 
with small energy spread in the plasma, which takes a big step towards the utilization of 
PWFA in a future high energy accelerator. Modeling an intense beam propagating 
through long regions of plasma is very CPU intensive. To reduce the CPU needs by 
more than 3 orders of magnitude while maintaining high fidelity one can make what is 
called the quasi-static approximation which exploits the fact that the beam evolves very 
slowly compared to frequency of the wake. We describe the QuickPIC code including 
how it is designed to scale to more than 100,000 cores, how it uses a predictor corrector 
loop, and planned improvements. We also show QuickPIC has become an 
indispensable tool to understand and design PWFA experiments. We also show how 
QuickPIC can be used to explore the physics beyond current experiments with some 
ultra high resolution simulations.
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The! production! of! electron! vortices! in! currentCcarrying! plasmas! has! been!
observed! in! recent! 2D! particleCinCcell! (PIC)! simulations! of! the! plasmaC
opening! switch.! In! the! presence! of! a! background! density! gradient! in! 2D!
Cartesian! systems,! vortices!will! drift! in! the!B×∇n!direction,!where!B! is! the!
magnetic!field!vector!and!n!is!the!background!plasma!density.!!Furthermore,!
the! vortices! produced! in! the! recent! 2D! PIC! simulations! have! characteristic!
rotation!speeds!on!the!order!of!the!speed!of!light.!This!causes!the!vortices!to!
be!NonCquasineutral! and! thus!have! a! substantial! electric! field.!This! electric!
field!causes!ions!to!be!expelled!radially!outward!from!the!center!of!the!vortex!
as!it!penetrates!the!plasma.!The!coupled!effect!of!drifting!electron!vortices!on!
ions!dynamics!and,!in!turn,!the!effect!of!the!ions!on!the!vortex!dynamics!are!
investigated! numerically! in! this! work! using! 2D! hydroCelectromagnetic!
simulations! of! plasma!with!multiple! ion! species.! ! The! full! set! of!Maxwell’s!
equations! is! retained! and! the! quasineutral! assumption! is! relaxed.! The!
governing!equations!are!solved!using!the!BOUT++!framework.!The!physics!of!
including!multiple!ion!species!is!that!the!expulsion!force!scales!with!the!ion!
charge! to!mass! ratio,! and! so! some! ions! can! be! completely! reflected! by! the!
vortex!while!others!are!not.!
!

!



Figure 1. (a) Incident fast wave converts to slow wave 
and (b) incident slow wave converts to the fast wave. The 
blue line is theoretical calculation of mode conversion 
layer with fixed 𝑛||. 

Figure 2. The pump LH wave 𝜔  generates an 
ion plasma wave 𝜔  and a LH sideband 𝜔  

 through the parametric decay instability. 
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Electromagnetic particle simulation of the linear mode 

conversion and the nonlinear parametric decay instability of 

lower hybrid waves in tokamaks 

J. Bao1, 2, Z. Lin2, and A. Kuley2 
1Fusion Simulation Center, Peking University, Beijing 100871, China 

2Department of Physics and Astronomy, University of California, Irvine, California 92697, USA 

Electromagnetic particle simulations of the lower hybrid (LH) waves using upgraded GTC code have 
been carried out by using the fully kinetic ion/ drift kinetic electron model with a realistic electron-to-ion 
mass ratio. Linear simulation of the propagation of a LH wave-packet in the toroidal geometry shows that 
the wave propagates faster in the high field side than the low field side, in agreement with a ray tracing 
calculation [1]. With LH waves propagating towards the plasma center from the edge, the poloidal spectrum 
of the wave-packet broadens and the central poloidal number increases as the wave energy dissipated by 
the electron Landau damping. Furthermore, an electromagnetic fluid-kinetic model is introduced to study 
the accessibility of LH waves with low numerical noise, in which electron density is pushed forward by the 
continuity equation, and the kinetic markers are introduced for closure [2]. A generalized weight-based 
particle-in-cell scheme is applied to the simulation for the local high resolution in phase space. The mode-
conversions between slow and fast waves are observed in toroidal geometry, which are consistent with the 
theory (Fig. 1) [3]. In the nonlinear simulation, nonlinear electron trapping is observed and the bounce 
frequency agrees with the theory, and the LH wave can drive a net current during the propagation when its 
phase velocity gets closed to the local electron thermal speed. Finally, the parametric decay instability is 
observed when we increase the power of LH waves, in which a LH sideband and a low frequency ion 
plasma wave are generated as shown in Fig. 2.  
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Boltzmann equation for cold plasmas 
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We present new numerical methods for solving the time-dependent Boltzmann equation for 

describing cold plasmas, i.e. with a low degree of ionization and where the neutral species and 

ions have a temperature much lower than that of the electrons. Many atomic excitation states 

must then be taken into account and the cross sections for the many processes taking place in 

the plasma (which include collisional excitation and de-excitation, electromagnetic energy 

absorption, elastic collisions, ionization, recombination, radiative processes, etc.) have to be 

included appropriately in the model [1]. A first difficulty in simulating such plasmas is to use 

the correct (measured) energy threshold for each process described inside the discrete energy 

grid, since the thresholds generally do not coincide with any energy grid point. For this 

purpose we have developed original interpolation schemes that provide the correct energy and 

particle balance for all the processes taking place in the plasma. A second difficulty in such 

simulations is to solve the time-dependent Fokker-Planck equation for electron-electron 

collisions in a way that preserves all of its features, namely the positivity of the distribution 

function, the conservation of the number of particles, the conservation of energy, the increase 

of entropy, and the Maxwellian equilibrium. For this purposed we have developed a new finite-

difference scheme for solving the time-dependent isotropic Fokker-Planck equation that 

satisfies all these conditions [2]. This new numerical implicit scheme amounts to solving 

iteratively a nonlinear tridiagonal system of equations that proves to require only O(N) 

operations, N being the number of energy grid points, as opposed to the O(N3) operations 

required by an explicit scheme or a full matrix system of equations. 

__________________ 
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Simulations have shown that both longitudinal [1] and transverse [2] sideband insta-
bilities breaking up the finite amplitude Electron Plasma Waves (EPWs) may provide
a potential saturation mechanism for Stimulated Raman Scattering (SRS) in inertial-
fusion related plasmas. Kinetic Vlasov simulations have thus been carried out to
systematically study the stability of finite amplitude plane waves of EPW type. Both
longitudinal [3] and transverse (filamentation) [4] sideband instabilities have been
considered, making use of respectively the 1+1 -dimensional SAPRISTI as well as
the 2+2 -dimensional LOKI codes. For both types of instabilities, the growth rate �
and quasi-wavevector �~k of the most unstable linear mode have been estimated for a
scan over the amplitude and wavenumber of the initial EPW. Results for the longitu-
dinal sideband instability have been successfully compared against the reduced model
by Kruer et al. for the Trapped Particle Instability (TPI) [5]. Results for the fila-
mentation instability have been compared to a 2-dimensional nonlinear Schrödinger
model [6] as well as to a 2-dimensional generalization of the Kruer model for the TPI.

Presentation type: Poster
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The Gaussian Radial Basis Function Method for Plasma Kinetic Theory
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A fundamental macroscopic description of a magnetized plasma is the Vlasov equation sup-

plemented by the nonlinear inverse-square force Fokker-Planck collision operator [1]. The

Vlasov part describes advection in a six-dimensional phase space whereas the collision op-

erator involves friction and diffusion coefficients that are weighted velocity-space integrals of

the particle distribution function. The Fokker-Planck collision operator is integro-differential

and bilinear, and its numerical discretization is far from trivial. In this work, we describe a

new approach to discretize the entire kinetic system based on an expansion in Gaussian Radial

Basis functions (RBFs). This approach is particularly well-suited to treat the collision operator

because the friction and diffusion coefficients can be analytically calculated. In fact, the full

6D interspecies kinetic equation can be expanded as a finite sum of RBFs with zero truncation

error; that is, the only approximation error is related to the finite number of RBFs. Although the

RBF method is known to be a powerful scheme for the interpolation of scattered multidimen-

sional data, Gaussian RBFs also have a deep physical interpretation as local thermodynamic

equilibria.

The aim of this presentation is to outline the general theory and highlight the connection to

plasma fluid equations. We also illustrate the effectiveness, accuracy and convergence proper-

ties of the scheme through 2D and 3D numerical solutions of the nonlinear collisional relaxation

problem. The numerical results show that high accuracy solutions are possible using the RBF

method, and appear to be conceptually and numerically simpler to iplement than existing meth-

ods in 2D [2] and 3D [3]. A broad spectrum of applications for the new method is anticipated

in both astrophysical and laboratory plasmas.
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Large scale molecular dynamics simulations of strongly 
coupled plasmas under external gravity and  
temperature gradient.
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Strongly coupled plasmas are regularly modelled as systems interacting via Yukawa
potential. Such strongly coupled plasma are found to be ubiquitous in laboratory as well 
as in astrophysical conditions. We report here on large scale Molecular Dynamics 
simulations of Yukawa liquids under external gravity [1] and external temperature 
gradient [2].

For a stable bed of Yukawa liquid under external gravity, several new
transport features, solid-liquid structures and novel non-barotropic laws
have been discovered. For example, the nature of self diffusion becomes direction 
dependent, density is found to obey a scale free law with "height" and
an anisotropic liquid whose state depends on the coordinate direction,
asymmetric Mach cones and more. When subjected to an appropriate
external temperature gradient, we demonstrate the onset of Rayleigh-Benard
convection cells which strongly depend on the strength of coupling [2]. In this
regime, new scaling laws between externally imposed temperature gradient
and convective flow onset is demonstrated. For an unstable bed conventional Rayleigh-
Taylor instabilities are observed on macroscale, while
strong shear heating is observed at microscale.
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charan.harish@gmail.com
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Nonlinearly implicit, energy- and charge-conserving multidimensional

particle-in-cell algorithms for kinetic simulation of plasmas
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Particle-in-cell (PIC) simulation techniques have been widely successful in first-principles simu-
lations of plasma dynamics. However, the fundamental algorithmic underpinnings of standard PIC
algorithms have not changed in decades. The classical PIC method employs an explicit approach
(e.g. leap-frog) to advance the Vlasov-Maxwell/Poisson system using particles coupled to a grid.
Explicit PIC is subject to both temporal stability constraints (either light-wave CFL condition or
resolving plasma-wave frequency) and spatial stability (so-called finite-grid instability) constraints,
which makes it unsuitable for system-scale kinetic simulations, even with modern super-computers.

Implicit algorithms can potentially eliminate both spatial and temporal stability constraints,
thus becoming orders of magnitude more efficient than explicit ones. This has motivated much
exploration of these algorithms in the literature since the 1970’s. However, the lack of efficient
nonlinear solvers for a very large system of particle-field equations required approximations that
resulted in intolerable accumulation of numerical errors in long-term simulations.

In this presentation, we discuss a multi-dimensional, nonlinearly implicit, nonlinear electromag-
netic PIC algorithm using a Jacobian-Free-Newton-Krylov method [1]. The approach delivers both
accuracy and efficiency for multi-scale plasma kinetic simulations, and extends previous proof-of-
principle studies on 1D electrostatic [2, 3, 4, 5] and electromagnetic systems [6]. To eliminate noise
issues associated with numerical Cherenkov radiation [7], we focus our implementation on the Dar-
win approximation to Maxwell’s equations. The formulation conserves exactly total energy, local
charge, ignorable canonical momentum, and the Coulomb gauge. Linear momentum is not exactly
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conserved, but errors are kept small by an adaptive
particle sub-stepping orbit integrator. Key to the
performance of the algorithm is a moment-based pre-
conditioner, featuring the correct asymptotic limits.
The formulation can be extended with a mapped
mesh, which opens the possibility of accurate spa-
tially adaptive PIC simulations. The superior accu-
racy and efficiency properties of the scheme will be
demonstrated with challenging numerical examples.
The figure on the right demonstrates the very fa-
vorable scaling of the explicit-to-implicit PIC CPU
speedup vs the Debye length �D for a 2D electron
Weibel instability, reaching more than four orders of
magnitude for k�D ⇠ 0.001. Larger speedups are expected in 3D.
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δf Particle-in-Cell Algorithms for Gyrokinetic Simulation with Kinetic

Electrons and Magnetic Fluctuations

Yang Chen, Scott E. Parker

Center for Integrated Plasma Studies, Univ of Colorado at Boulder

We summarize the various numerical algorithms developed and implemented in the delta-f

Particle-in-Cell code GEM [1], and report results of recent numerical studies of these

algorithms as they are applied to new problems, e.g. the low-n tearing modes in tokamaks.

In a slab geometry the delta-f Particle-in-Cell simulation can be straightforwardly imple-

mented for the Gyrokinetic/Maxwell system of equations. The so called v∥-formalism was

first implemented by Reynders in 1992, and the p∥-formalism by Cummings in 1995. Two

numerical difficulties are observed with these early algorithms. The first is the stringent

constraint on the time step, the second is the difficulty with simulating Shear Alfven waves

at low perpendicular wave number or high plasma beta values. Both problems are caused

by the fast streaming of electrons along the magnetic field. In response to these difficulties,

reduced fluid models for the electrons were first proposed and implemented in GEM. The

split-weight/control-variate method (the direct method) was subsequently developed to

solve the numerical problems directly. Recently a kinetic electron closure scheme has been

implemented in the fluid electron model (the closure scheme). In this work we apply the

two algorithms (the direct method and the closure scheme) to a broad class of waves,

including the Shear Alfven waves, the Ion-Temperature-Gradient-Driven modes (ITG), the

kinetic ballooning modes (KBM) and the tearing mode. Our conclusion is the following.

The direct method can be used for all of these waves, provided that the spatial resolution is

adequately increased as the perpendicular wave number decreases. For drift waves such as

the ITGs, the direct method is clearly the preferred method. On the other hand, the closure

scheme can be used with better computational efficiency for Alfvenic waves, including the

Toroidal Alfven Eigenmodes typically driven by energetic particles, and the KBMs.

[1] Chen and Parker, J. Comp. Phys. 220, 839 (2007)



An Asymptotic Preserving Maxwell Solver Resulting in the Darwin Limit of

Electrodynamics

Yingda Cheng1, Andrew Christlieb2, Wei Guo

3, Benjamin Ong4

Abstract.

In plasma simulations where the speed of light times a characteristic length is at a

much higher frequency than the relevant parameters in the system, such as the plasma

frequency, implicit methods begin to play an important role in generating e�cient solutions

in these multi-scale problems. Under conditions of scale separation, one can rescale Maxwell’s

equations in such a way as to give a magneto static limit known as the Darwin model of

electromagnetics. This model converts Maxwell’s equations into 8 elliptic equations. In this

work we present a new approach to solve Maxwell’s equations based on a Method of Lines

transpose (MOLT ) formulation, combined with a fast summation method that, an under the

right scaling, results in an asymptotic preserving method that recovers the Darwin limit of

electromagnetics.
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4Department of Mathematical Sciences, Michigan Technological University, Houghton, MI, 49931. E-mail:
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A Positivity-Preserving Single-Stage Single-Step High-Order Constrained
Transport Method for Magnetohydrodynamic Equations

Xiao Feng1, Andrew J. Christlieb2, David C. Seal3, Qi Tang4
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In this work we develop a high-order numerical scheme for magnetohydrodynamic equations that is single-
stage, single-step, and therefore amenable to Adaptive-Mesh-Refinement (AMR). Our scheme is an extension
of Picard-Integral-Formulation WENO (PIF-WENO) methods [1]. Here, we use a Taylor discretization of the
time-averaged flux, and leverage the Cauchy-Kovaleskaya procedure to convert temporal derivatives into spa-
tial derivatives. A further challenge particular to magnetohydrodynamic equations is the necessity to maintain
divergence-free magnetic fields, where failure to do so has been shown to cause numerical instabilities [2, 3]. To
overcome this difficulty, we use an unstaggered constrained transport method, where we introduce a magnetic
potential, evolve it in time, and correct the magnetic field from the curl of this potential [4, 5]. We use tools from
Hamilton-Jacobi solvers to evolve the magnetic potential in order to obtain non-oscillatory magnetic fields [5, 6].
Finally, we include a flux limiter that produces positive density and pressure [7]. Our one, two and three dimen-
sional numerical experiments verify that our scheme is third order in time and fourth order in space, and is able to
resolve complex features of several classical test problems including shock-tube Riemann problems, Orzsag-Tang
vortex formulations, and cloud shock interactions.

Figure 1: The 3D cloud-shock interac-
tion problem [8]. The solution here
is computed using our scheme on a
256 ⇥ 256 ⇥ 256 mesh. Constrained
transport and positivity-preserving lim-
iter are turned on.
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Kinetic integrated modeling of tokamak core plasmas by the TASK code
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In order to predict the performance of future devices in magnetic fusion research, optimize
their operation scenario, and contribute to acceptable design of DEMO reactors, a reliable tool
to describe whole plasma (core, edge, scrape-off layer and divertor) and whole discharge pe-
riod (startup, sustainment, probabilistic events, and shutdown) is required. Since time scale,
spatial scale and understanding level of phenomena occurring in toroidal plasmas are so broad
that one simulation code cannot cover all the range. Therefore an integrated simulation frame-
work systematically combining modeling codes with various levels of physics models has to be
developed. We have been developing an integrated tokamak modeling code, TASK, in which
several levels of components for equilibrium, core transport, global stability, wave propagation,
and momentum distribution function analysis are coupled with each other with BPSD data ex-
change interface. Recently the TASK code was extended for kinetic integrated modeling based
on momentum distribution functions of electrons and ions. The purpose of kinetic integrated
modeling is to self-consistently describe the generation of energetic particles by external heating
and current drive and fusion reactions, and their influence on the heating processes and fusion
reaction themselves and global instabilities. Since energetic particles are produced from the
bulk component, momentum distribution functions are used to describe the time evolution of
both bulk and energetic components. The relativistic bounce-averaged Fokker-Planck compo-
nent TASK/FP describes the time evolution of the multi-species momentum distribution func-
tions. In this modeling, axisymmetry, time scale longer than the particle bounce time, and small
bounce orbit width are assumed. The Fokker-Planck equation includes nonlinear Coulomb col-
lision, quasi-linear wave-particle interaction, parallel electric field acceleration, radial diffusion,
and particle sources. In the present analysis, we employ the CDBM transport model for radial
diffusion and introduced an inward pinch term to keep the initial density profile. It was found
that the energy dependence of radial diffusion strongly affects the fusion reaction power. Since
the energetic particles affect the stability of global modes, the full wave component TASK/WM
was used to evaluate the linear stability of the Alfvén eigenmodes. The full wave analysis with
complex frequency provides the global mode structure, mode frequency and growth/damping
rate. Using the dielectric tensor derived from the drift-kinetic equation for energetic particles,
stability criterion of Alfvén eigenmodes and energetic particle modes are examined. The im-
pact of energetic particles on other global mode such as internal kink modes and resistive wall
modes is also under investigation. Finally remaining issues in kinetic integrated modeling and
perspective of integrated modeling of toroidal plasmas will be discussed.



Gyrokinetic Particle Simulation of Electrostatic Driftwave

Instabilities in a Field Reversed Configuration

D. P. Fulton1, C. K. Lau1, I. Holod1, Z. Lin1, S. Dettrick2, T. Tajima1,2, M. Binderbauer2,
and L. Schmitz2

1University of California, Irvine, CA 92697
2Tri Alpha Energy, Inc., Rancho Santa Margarita, CA 92688

Abstract

Gyrokinetic particle simulation of the field-reversed configuration (FRC) has been developed using
the gyrokinetic toroidal code (GTC). The magnetohydrodynamic equilibrium is mapped from cylindrical
coordinates to Boozer coordinates for the FRC core and scrape-o↵ layer (SOL), respectively. A field-
aligned mesh is constructed for solving self-consistent electric fields using a semi-spectral solver in a
partial torus FRC geometry. This new simulation capability has been successfully verified and driftwave
instability in the FRC has been studied using the gyrokinetic simulation for the first time. Initial GTC
simulations find that, in the FRC core, the ion-scale driftwave is stabilized by the large ion gyroradius,
but the electron-scale driftwave is driven unstable by electron temperature gradient and bad magnetic
curvature. In the SOL, the driftwave is unstable on both ion and electron scales. Estimates of the
stability threshold, derived from varying the driving gradient, agree well with recent experimental fluc-
tuation measurements on the C-2 FRC device. Coupled core-SOL cross-separatrix simulations have been
implemented and will be discussed.
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High-Performance Particle-In-Cell Plasma Simulations with GPUs and
dynamic load balancing

K. Germaschewski1, S. Abbott1, N. Ahmadi1, A. Bhattacharjee2, W. Fox2,
L. Lin1, L. Wang1

1University of New Hampshire, Durham, NH
2Princeton Plasma Physics Laboratory, Princeton, NJ

With increases in available computing power, kinetic simulations of plasmas at un-
precedented resolutions in two and three dimensions have become possible. While explicit
particle-in-cell codes fundamentally show excellent weak scaling properties on massively
parallel supercomputers, current and future computing architectures still pose significant
challenges, in particular with respect to dynamic load balancing and the use of accelera-
tors.

We will describe the Plasma Simulation Code (PSC), a modern particle-in-cell code
with dynamic load balancing capabilities and GPU support. PSC has been used for sim-
ulations of reconnection in laser-generated plasma bubbles, particle acceleration in space
plasmas, anisotropy-driven kinetic instabilities, and plasma turbulence. PSC is based on
the LIBMRC computational framework, which also supports explicit and implicit time in-
tegration of fluid plasma models.

Our load-balancing algorithm employs a space-filling Hilbert-Peano curve to maintain
locality and has shown to keep the load balanced within approximately 10% in production
runs which otherwise slow down up to 5⇥ with only static load balancing.

For 2-d problems, PSC has achieved a speed-up of up to 6⇥ on the Cray XK7 “Ti-
tan” using its GPUs over the well-known VPIC code, which has been optimized for con-
ventional CPUs with SIMD support. We will present the latest performance results for
3-d simulations, comparing two approaches: hand-optimized CUDA kernels and portable
OpenACC code.



Modeling of large area low-pressure DC glow discharge: 
drift-diffusion vs. PIC-MC
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Model setup: The modeling of large area glow discharge in argon at 20 mTorr was
performed on two computational platforms: continuous fluid drift-diffusion model and
particulate PIC-MC simulation. The 2D coaxial model setup described by the drift-
diffusion model is shown in Figure 1a. It consists of three coaxial disc-electrodes with
anodes as high voltage electrodes and a grounded cathode, all in dielectric chamber.
Similar geometry was used in 2D coaxial PIC-MC model with high voltage disc-cathode,
dia 0.1m and grounded cylindrical anode-chamber, dia 0.6m with cathode-chamber wall
distance 0.1m as shown schematically in Figure 1b.

Computational Methods: The system of drift diffusion equations for a glow discharge
can be solved by using both finite-difference and finite element (FEM) approach [1,2]. In
present work COMSOL Plasma Module [3] was used for drift-diffusion modeling based on
FEM approach. In this module, the electron density and the electron energy density are
computed by solving a set of transport equations (for electrons, argon ions, argon
metastables and electron energy density) together with the Poisson equation for plasma
potential. The mobilities of electrons and ions are presented in tensor form representing
properties in magnetic field according to Hagelaar [4]. The Maxwellian electron energy
distribution function is used for calculation of the cross-sections of reactions in argon
plasma. The reaction scheme used in this model includes elastic, excitation and
superelastic collisions of Ar atoms with electrons and ionization by electron collisions
from ground and excited levels. The transport equations are constrained by Neumann-
type boundary conditions. At the anodes, the wall boundary condition is imposed,
prescribing the normal flux to the boundary based on the thermal movement of electrons
and ions. The sticking coefficient for both the Ar+ ions and the Ar* excited atoms is set to
1, which corresponds to 100% recombination/de-excitation probability. An important effect
for sustaining the DC plasma at the low pressure is the secondary electron emission from
the cathode which is bombarded by ions. Therefore, an additional boundary condition is
imposed on the cathode, setting the outward electron flux proportional to the incident ion
flux.

The PIC-MC methods used by VSim [5] model the discharge in two dimensions (R-Z); the
discharge is assumed to be azimuthally symmetric. The plasma is modeled using
macroparticles which evolve along characteristic trajectories of the plasma kinetic
equation, colliding with neutral argon gas (treated as a uniform background fluid) and with
one another as the discharge evolves. Particle interpolation to a regularly spaced
computational grid [6] provides the source term for subsequent Poisson solves, which
yield updated fields to which the macroparticles respond. These discharges are very
similar to past studies which successfully benchmarked VSim [7] against the standard
capacitively coupled plasma discharges posed by Turner [8]. In the present case, three
distinct species (singly ionized argon, electrons, secondary electrons) are represented by
the macroparticles, with secondary electrons maintained as a separate species to enable
the role of collisional processes in the discharge to be assessed. Collisional processes
are modeled using probabilistic Euler integration, and include elastic electron-neutral
collisions, electron-impact excitation and ionization of the background gas. Cross-
sections are obtained from the Electron Evaluated Data Library [9]. Secondary electron
generation ensues from both ionization processes and as a consequence of ion impact
with the cathode surface.

Results: The distribution of electron and ion densities produced by drift-diffusion
modeling vs. PIC-MC model shown in Figure 3 show good agreement between both
modeling approaches. The depletion of electrons faster than that of ion is found both in
cathode sheath area and within anode double layer resulting from the positive plasma
potential in reference to both electrodes. The histograms of Vsim electron Vez values and
ion Viz values were fitted in shifted Maxwellian distribution [11], which allow estimating
characteristic electron and ion temperatures and drift velocities. The example of EVDF
produced by PIC-MC model fitted in maxwellian distribution is shown in Figure 3. Electron
and ion temperatures and drift velocities produced by PIC-MC modeling in different
discharge conditions are presented in Table 1. The ion drift velocity can be also estimated
from the ion-neutral momentum exchange collisions as following [10,11]:
ܸ݀݅=1.147*sqrt(aȜ), where a=eE/Mi; Ȝ=1/Nı; electron charge qe=1.6E-19C; electric field
in GD column E§10V/m; Mi=6.7E-26kg for Ar; gas density N=8.75E-14cm-3 for 25mtorr;
estimated ı=0.9E-16cm-2 for Ar+ + Ar-> Ar+ + Ar momentum transfer isotropic diffusion
cross-section.

References:
1.  I. Rafatov, E. A. Bogdanov, A. A. Kudryavtsev, “On the numerical 
modeling of a DC driven glow discharge plasma” Proceedings of the 30th 
International Conference on Phenomena in Ionized Gases (ICPIG 2011), 
August 28th- September 2nd, 2011, Belfast, UK.
2.S.T. Surzhikov, “Physical Mechanics of Gas Discharges,” De Gruyter
(2012) p.500.
3. COMSOL Plasma Module User’s Guide. 2012.
4.G.J.M.Hagelaar and N.Oudini, “Plasma transport across magnetic field 
lines in low-temperature plasma sources,” Plasma Phys. Control. Fusion 
53 (2011) 124032. 
5. C. Nieter and J. R. Cary, "VORPAL: a versatile plasma simulation 
code", J. Comp. Phys. 196, 448 (2004). 
6. A. B. Langdon and C. K. Birdsall, "Theory of plasma simulation using 
finite-size particles", Phys. Fluids 13, 2115 (1970).
7. T. G. Jenkins and D. N. Smithe, "Benchmarking sheath subgrid
boundary conditions for macroscopic-scale simulations", Plasma 
Sources Sci. Technol. 24, 015020 (2015).
8. M. M. Turner, A. Derzsi, Z. Donkó, D. Eremin, S. J. Kelly, T. Lafleur, 
and T. Mussenbrock, "Simulation benchmarks for low-pressure plasmas: 
capacitive discharges", Phys. Plasmas 20, 013507 (2013).
9. S.T. Perkins, D.E. Cullen, and S.M. Seltzer, “Tables and Graphs of 
Electron-Interaction Cross Sections Derived from the LLNL Evaluated 
Electron Data Library (EEDL),” Lawrence Livermore National Laboratory, 
Livermore, CA, 31, (1991). 
10. Wannier, G. H., “Motion of gaseous ions in strong electric fields,” Bell 
System Technical Journal, (1953) 32(1), 170-254.
11. B.M.Smirnov, “Ions and Excited Atoms in Plasma,” Atomizdat, 
Moscow, 1973, pp.456 (in Russian).

Figure 3. Maxwellian fit to electron 
velocity distribution function 
generated by PIC-MC modeling.

Figure 5. Electric field: drift-diffusion
calculation vs. PIC-MC.

Figure 4. Electron drift velocity: drift-
diffusion calculation vs. PIC-MC.

Figure 1. Axisymmetric large area glow discharge modeling scheme: (a) drift 
diffusion model, computational geometry shown in blue; (b) PIC-MC model.

a b

Figure 2. Overlay of electron and ion 
densities calculated by PIC-MC vs. drift 
diffusion electron density.

From here the free pass length for ion momentum transfer is estimated as
Oi~0.1m and ܸ݀݅ ~103m/s in agreement with drift-diffusion. It should be
pointed out that the drift velocities in the drift-diffusion model at E/N=12Td
are 3-4 orders of magnitude greater than that in PIC-MC depending on
locations within GD column, but their ratios Ved/Vid are nearly the same as
obtained by PIC-MC simulation (~102). The electric field axial profiles show
good agreement between the two modelling approaches (Figure 5). The
electric field rises from approximately 15-25V/m in the plasma of GD column
up to 105V/m in the plasma sheath; the electron temperature obtained from
PIC-MC is about three times lower than Te from drift diffusion (2.24eV vs.
8eV at V=600V). To summmarize, the PIC-MC and drift-diffusion models
give very similar values of electron densities and electric fields and
reasonably good agreement in electron temperatures, but the absolute
values of drift velocities are different by several orders of magnitude.
Possible causes for this discrepancy are explored.

Table 1. Temperatures and drift velocities in GD plasma at 20mTorr (E/N=12Td)
produced by PIC-MC simulation vs. drift-diffusion (D-D) modeling.

V=600V, 
Bz=0

V=1000V, 
Bz=0

V=600V, 
Bz=100Gs

PIC-MC to D-D comparison

Te, eV (PIC) 2.24 2.46 3.96 Te(D-D)/Te(PIC)~3
Te, eV (D-D) 7.60 7.93 11.7
Ti, eV 0.16 0.12 0.15
Ved, 103m/s (PIC) 3.02 8.41 3.96 Ved(PIC)/Vid(PIC)~(1.6-5)102

Vid, m/s (PIC) 18.57 17.58 15.92 Ved(D-D)/Vid(D-D)~0.5102

Ved, 106m/s (D-D) 5.94 5.34 4.05 Ved(D-D)/Ved(PIC)~103

Vid, 104m/s (D-D) 13.4 11.9 8.6 Vid(D-D)/Vid(PIC)~104
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Validation and Verification of numerical methods is very important and can be a real challenge.  

We often speak of levels of software verification testing, including unit testing, integration 

testing, system testing, and acceptance testing.  This presentation focuses on system testing of 

particle in cell codes. 

System testing of a particle- in-cell code often involves running a simulation and comparing the 

result to a known standard.  Analytic calculations provide some of the most useful results for 

comparison.  Unfortunately, the number of systems that can be solved analytically is severely 

limited.  Thus, results from other sources, such as experimental measurements, results from 

other simulation codes, and results from previous versions of the same code are also used for 

comparison.  Comparison to results from previous versions of the same code is often called 

regression testing.  When a regression test fails, it must be determined if the new result is 

better or worse than the previous result, which is a clear limitation of regression testing. 

Space charge limited emission is important to many particle-in-cell simulations.  The well-

known Child-Langmuir law provides an analytic result for space charge limited emission in a one 

dimensional, planar diode geometry.  In two and three dimensions, separation of variables can 

allow analytic results to be found for infinite cylindrical and for spherical geometries, 

respectively.  However, codes such as Improved Concurrent Electromagnetic Particle In Cell 

(ICEPIC) employed regression testing for space charge limited emission in two and three 

dimensions.  A recent literature search found that Langmuir and Blodgett published equations 

describing space charge limited emission in coaxial cylinders and concentric spheres nearly 100 

years ago (see Langmuir, Irving, and Katharine B. Blodgett. "Currents limited by space charge 

between coaxial cylinders." Physical review 22.4 (1923): 347.  and Langmuir, Irving, and 

Katharine B. Blodgett. "Currents limited by space charge between concentric spheres." Physical 
Review 24.1 (1924): 49.)  Much of the text in the Langmuir and Blodgett papers is devoted to 

techniques to evaluate factors arising from non-linear differential equations due to the 

cylindrical or spherical geometry.  While difficult at the time of publication, modern scientific 

digital compute packages such as scientific python (scipy) contain ordinary differential equation 

integrators that easily evaluate these factors.  Thus, additional analytic results are available for 

improved code testing. 

The presentation will show the ease of integrating the non-linear differential equations using 

modern techniques and evaluate the ICEPIC space charge limited emission against the analytic 

results. 



Fully%non(linear%multi(species%Fokker(Planck(Landau%collision%
operator%for%kinetic%simulation%of%magnetized%plasma*%
!
R.!Hager1,!E.!S.!Yoon2,!E.!D’Azevedo3,!P.!H.!Worley3,!S.!Ku1,!C.!S.!Chang1!

!
1Princeton!Plasma!Physics!Laboratory,!Princeton,!NJ!
2Rensselaer!Polytechnic!Institute,!Troy,!NY!
3Oak!Ridge!National!Laboratory,!Oak!Ridge,!TN!
!

We!describe!computational!and!mathematical!sciences!techniques!in!improving!and!

implementing! a! timeOdependent,! fully! nonOlinear! multiOspecies! FokkerOPlanckO
Landau!collision!operator!based!on!the!single!species!description!of!Yoon!and!Chang!

[Phys.! Plasmas!21,! 032503! (2014)]! in! the! fullOfunction! gyrokinetic! particleOinOcell!
codes!XGC1![Ku!et!al.,!Nucl.!Fusion!49,!115021!(2009)]!and!XGCa.!!XGC!simulations!
include! pedestal! and! scrapeOoff! layer! regions,! where! steep! gradients! and! large!

fluctuations! can! cause! significant! deviations! of! the! particle! distribution! function!
from! a! Maxwellian.! ! Therefore,! the! use! of! a! nonOlinear! collision! operator! is!

necessary.!!!

For! XGC! simulations! including! gyrokinetic! ions! and! driftOkinetic! electrons,! we!
generalized! the! singleOspecies! nonOlinear! FokkerOPlanckOLandau! collision! operator!

by!Yoon!and!Chang!to!a!multipleOspecies!operator.!This!operator!is!based!on!a!finite!

volume!method!using!distribution! functions!mapped! from! the!marker!particles! to!
2D!velocity!space.!The!relative!errors!of!mass,!momentum,!and!energy!conservation!

can!be! required! to! be!negligible! through! the! convergence! criterion!of! the! implicit!
time! stepping!method! used! in! the! collision! operator.! For! a! typical! simulation,!we!

limited! to! error! to! be! 10O6.! After! a! collision! operation,! the! updated! distribution!

function!is!interpolated!back!to!the!particles.!

Due! to! the! large!number!of! configuration! space!grid!points!on!which! the! collision!

operator!is!evaluated!(XGCa:!~104,!XGC1:!~106),!the!workload!due!to!collisions!can!
be!comparable!or!larger!than!the!workload!due!to!particle!motion.!In!order!to!keep!

the! added! computing! time! at! a! tolerable! level! we! have! implemented! 1)! a! nested!

OpenMP!parallelism! that! allows! to! evaluate! the! collision! operator! on! several! grid!
points!at!the!same!time!in!the!outer!thread!level!and!accelerates!the!calculation!for!

every! single! grid! point! in! the! inner! thread! level,! and! 2)! a! completely! new! load!

balancing! algorithm! that! constantly! adjusts! particle! and! mesh! decomposition! to!
minimize! runtime.! In! addition,! Nested! OpenMP! threading! also! helps! to! meet!

memory!constraints!on!lowOmemory!computers!such!as!Mira!that!offers!as!little!as!
256!MB!of!memory!per!thread.!

With! the! computational! and! algorithmic! improvements,! the! fullyOnonlinear!

multispecies! collision! operator! is! now! used! routinely! at! extreme! scale! in! XGC!
simulations!on!leadership!class!supercomputers!such!as!Titan,!Mira,!and!Edison.!

!
*Work supported by US DOE OFES and OASCR 



A Discontinuous Galerkin Scheme for Continuum (Gyro)Kinetic

Simulations of Plasmas

Ammar H. Hakim
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Abstract

We present high-order finite-element/discontinuous Galerkin schemes
for the solution of a general class of kinetic equations, formulated as
Hamiltonian equations. These schemes are applicable to Vlasov-Maxwell
and well as gyrokinetic equations, in addition to a variety of reduced
fluid models. A key feature of these schemes is that they conserve the
quadratic invariants of Hamiltonian systems exactly. With proper choice
of basis functions and numerical fluxes we show that the total (particle
plus field) energy is conserved exactly, so is the L2 norm of the distribu-
tion function (“enstrophy” in incompressible Euler equations, and related
to entropy in other systems). Use of high-order schemes allows robust
and accurate resolution of kinetic e↵ects even when using a coarse veloc-
ity space mesh. Applications to Vlasov-Poisson/Maxwell and gyrokinetic
equations will be presented. The inclusion of magnetic fluctuations with
kinetic electrons has been challenging for many gyrokinetic algorithms in
the past, requiring special treatment to reduce the Ampere cancellation
problem. An important feature of this work is that we have developed
novel versions of DG that can handle gyrokinetic magnetic fluctuations in
an e�cient way while preserving the energy invariant. To illustrate our
improved algorithm, we show that our algorithms reproduces the Alfven
wave dispersion relation even at very low k?⇢s in an e�cient way with
just the normal time step needed to resolve the electron dynamics. Results
will be shown from an axisymmetric version and from a full 5D version in
simple geometries, including turbulence, to illustrate the applications of
this approach for fusion problems.

This research was supported by U.S. DOE contract DE-AC02-09CH11466,
and is part of the Max-Planck/Princeton Center for Plasma Physics.
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A new generation plasma turbulence fluid code for tokamak

scrape-o↵ layer dynamics
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Understanding the turbulent dynamics of the tokamak scrape-o↵ layer (SOL) is critical
for the safe operation of future fusion reactors. In this region of the tokamak device, the
plasma exhausts particles and heat onto plasma facing hardware components, which may
limit their lifetime if material constraints are not met. Recently, we have gained deep
insights into SOL dynamics by means of electromagnetic fluid turbulence simulations
carried out with the Global Braginskii Solver (GBS). GBS is currently capable of carrying
out simulations of the SOL of medium-size tokamaks such as TCV or Alcator C-Mod.

We present the new version of the GBS code, which is intended to address larger SOL
plasmas using advanced two-fluid models. GBS has undergone major transformations,
including (a) porting of the code kernel to F2008, (b) upgrading pure MPI parallelism to
employ a 3D cartesian communicator, and (c) including a matrix-free parallel multigrid
solver to address generalized Poisson and Ampere operators. There is also an ongoing
e↵ort to port this code to MIC/GPU architecture. The new GBS code achieves excellent
parallel scalability up to 8192 cores for a C-Mod size plasma (e.g. weak/strong scalings),
while at the same time it is possible to achieve a fast and scalable solution of time
dependent operators. As an example, we discuss two new physics capabilities of GBS
allowed by numerical advances. The first is the inclusion of electromagnetic fluctuations
at realistic plasma sizes, which is now possible due to the reduced numerical cost and
improved parallel scalability. Second, the Boussinesq approximation in the evaluation of
the divergence of the polarization drift is not justified in the tokamak scrape-o↵ layer,
where �n/n ⇠ O(1). The drift-reduced equations have been rederived, and we have
implemented and benchmarked a non-Boussinesq Poisson operator in GBS.

Finally, we present the latest GBS simulation results using realistic size and parame-
ters from inner-wall limited discharges, which is the chosen scenario for ITER start-up.
Our simulations reveal the presence of steep plasma gradients near the last closed flux
surface, which implies that a large portion of the exhaust heat can be deposited in a very
small area. The turbulent dynamics recovered show low frequency, large amplitude drift
and ballooning modes with a 1cm radial and poloidal correlation lengths. Intermittent
transport events are present, leading to strongly skewed fluctuation probability distribu-
tion functions. The simulations have been benchmarked against measurements from the
same experiments, showing very good agreement in many observables.
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Abstract 
We are investigating the time evolution of the electron and excited state distribution functions. To accomplish this, 
we solve the time dependent Boltzmann equation to overcome some typical limitations of modeling high pressure 
plasmas using Monte Carlo methods. Here we focus on the numerical approach to solving the time dependent 
Boltzmann equation using a multi-term approximation of the electron distribution function. We also compare 
Boltzmann results for electron distribution evolution against multiple plasma simulations using experimental 
collisional cross-section data. 
 
 



GPU Acceleration of Particle-In-Cell Plasma Simulation Codes Using
OpenACC
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Modern power e�cient processors trade high clock rates for massive amounts of parallelism.
To make use of this type of computing resources, simulation codes need to exhibit fine grained
parallelism. The challenge then resides in writing e�cient scientific codes. And the more subtle
issue becomes the portability and good performance of existing codes on complex multi-core
architectures consisting of various types of latency and throughput optimized cores. This het-
erogeneity requires programming models abstract enough to be portable between these architec-
tures, while expressive enough to allow the compiler to generate optimal code on each platform.
A range of such models have been developed in the past, all with di↵erent levels of performance
portability and compiler maturity.

In this study, we focus on OpenACC, a directive based approach to program heterogeneous
nodes, and investigate the benefit of GPUs for Particle-In-Cell (PIC) simulations of plasma
dynamics of interest to nuclear fusion energy. For this purpose we designed the so-called
“PIC ENGINE” framework containing the main components of the PIC algorithm, enabling
detailed investigations of di↵erent implementations of the PIC algorithm components. The con-
currency of particle-to-grid operations in the Charge Assignment step constitute a key challenge
for parallelizing the PIC algorithm. In this paper, we provide details of the di↵erent paralleliza-
tion schemes and we show a theoretical understanding of the numerical measurements.

The study demonstrates the feasibility of a portable and e�cient PIC implementation based
on OpenACC. Using performance measurements on the Cray XC30 system “Piz Daint” at the
Swiss National Supercomputing Centre (CSCS), we show the benefit of recently introduced
features into the OpenACC standard, in particular atomic memory operations. However, while
the performance impact of atomic operations for single precision operations is acceptably small,
we find that the lack of native double precision atomic operations on the Kepler architecture
results in a severe performance impact for PIC. We nonetheless observe that a Kepler GPU can
outperform a dual socket CPU node (both Sandy bridge and Haswell are considered).
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A simplest way to perform high accuracy numerical simulations with the girds for fields 
is to use high resolution of grids, although the computational resources for simulations 
increase with the number of the grids.. Adaptive mesh refinement (AMR) method is a 
powerful tool to achieve higher resolution of grids for fields within limited 
computational resources.  
AMR method had been proposed by Berger and Oliger[1], and has been applied into 
fluid simulation, plasma simulation and so on.  
We have been developing a generic AMR library which realizes the dream that the 
existing simulation codes can be easily executed on the grids of multi-level 
resolution[2]. The generic AMR library actually extends the simple simulation of 
advection, and some particle simulations. 
In the present paper, we adopt the generic AMR library into 2D Magnetohydrodynamics 
(MHD) and extended MHD simulations, and we adopt level-by-level artificial viscosity, 
which enables higher modes which are not covered in each level to damp. Accordingly, 
we achieve higher resolution than preceding studies[3][4]. 
Moreover, we have developed a new visualization software, which visualizes 
hierarchical data from simulations with AMR more easily and provide more detailed 
analysis. The new visualization software is developed with Unity, a powerful, 
cross-platform game engine. Although Unity is not generally used for scientific 
visualization, it has well developed interfaces for graphics. In addition, it can make 
applications for PCs (Windows, Mac, Linux), Android tablets and phones, and so on. 
We take advantages of these features, and make it possible to visualize and analyze 
more complicated hierarchical data, which has been one of the difficulties in 
simulations with AMR. 

[1] M. J. Berger and J. Oliger, J. Comput. Phys. 53, 484 (1984). 
[2] H. Usui et al., Procedia Comput. Sci. 29, 2351 (2014). 
[3] R. Goto et al., Plasma Fusion Res. 9, 1403076 (2014). 
[4] R. Goto et al., Phys. Plasmas 22, 032115 (2015).  
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Laser wakefield accelerators use a high-intensity laser pulse to drive a wave in a plasma that traps, transports,
and accelerates electrons. Some designs inject an externally-accelerated electron beam to increase the e�ciency of
wave-particle energy transfer. Others exploit non-linear interactions between the laser pulse and the plasma to trap
plasma electrons. State-of-the-art experiments at UT-Austin (2 GeV [4]) and UC-Berkeley (4 GeV [2]), use the latter
approach. Because these experiments operate in an inherently three-dimensional, non-linear regime, simulating them
is computationally challenging. The root of the di�culty is a mismatch of length scales - the plasma in the UT-Austin
experiment extends roughly 105 laser wavelengths, and the laser wavelength sets the resolution. Recent work has
provided two complementary approaches to easing this burden in PIC simulations. When the amplitude of the laser
pulse is slowly-varying over a laser wavelength, the Envelope Model captures the relevant dynamics without needing
to spatially resolve the laser wavelength [1]. In particular, decreasing the burden of simulating the fields allows
simulating enough particles to statistically resolve beam self-injection. Simulating the system in a Lorentz-boosted
frame [3] decreases the problematic disparity in length scales. However, if the number of particles per cell is kept
constant, then a technique like this one that decreases the total number of cells in the simulation hurts its statistical
resolution. Increasing the number of particles per cell, on the other hand, removes much of the benefit of reducing
the number of cells in the first place. We present an approach that uses an Envelope Model simulation to model
beam formation, and transitions to a boosted-frame simulation to model beam propagation when the laser amplitude
begins to vary on a scale comparable to the laser wavelength.

This work is supported by the DOE under Grants No. DE-SC0011617 and DE-SC0012444, by DOE/NSF Grant
No. DE-SC0012584, and used resources of the National Energy Research Scientific Computing Center, a DOE O�ce
of Science User Facility supported by the O�ce of Science of the U.S. Department of Energy under Contract No.
DE-AC02-05CH11231.
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A clump of plasmas, which is called a plasmoid or a magnetic island, is sometimes observed to grow in 

a reconnection region of various natural systems and be intermittently ejected towards a wide surrounding 
area. In order to clarify a role of magnetic islands on collisionless driven reconnection, we carried out two-
dimensional PIC simulations for an open system with an external driving source using PASMO code [1,2]. 
In this code an external driving electric field is imposed to supply the particles into the simulation domain 
from the upstream boundary. As an initial condition we adopt one-dimensional equilibrium with a uniform 
guide field Bz0 and constant temperature [3]. By controlling an expansion speed of a plasma inflow pattern 
at the upstream boundary, we find that two different kinds of states are realized in the time evolution of a 
reconnection system starting from the same initial condition, i.e., the first is a slow expansion case where 
no magnetic islands appear in the current sheet, and the second is a fast expansion case where magnetic 
islands are frequently generated and grow in it. The relationship between energy conversion rate and an 
existence of magnetic islands was examined based on the simulation results for the cases with the strong 
guide field and different expansion speeds, where Bz0 =2 B0 (B0.: the amplitude of reconnection magnetic 
field). Figure 1 shows the temporal evolutions of the energy conversion rates from the EM field to ions 
and electrons for different expansion speeds, 
where “no-island” and   “multi-islands”  
correspond to the cases for the slow expansion 
speed and for the fast expansion case, 
respectively. It is clear in Fig. 1 that the energy 
conversion is enhanced due to the existence of 
magnetic islands, while the EM energy is 
dominantly converted to ion energy regardless of 
the existence of magnetic islands.  

The detail analysis reveals that there are two 
states in time evolution of collisionless driven 
reconnection. That is, no-island state with a 
relatively small reconnection rate is realized in a 
slow expansion case, while multi-islands state 
with a large reconnection rate is realized in a fast 
expansion case. 
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Fig.1. Temporal evolutions of energy conversion rates to 
ions and electrons for two different expansion speeds. 
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The ITER Integrated Modelling & Analysis Suite 
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The overall aims of the ITER Integrated Modelling Programme are to meet the initial needs 

of the ITER project for accurate predictions of ITER fusion performance and for efficient 

control of ITER plasmas, to support the preparation for ITER operation and to provide the 

modelling and control tools required for the ITER exploitation phase. It will play a major role 

within the ITER Physics Research Programme, and will include extensive benchmarking and 

validation activities. A first prototype of the Integrated Modelling & Analysis Suite (IMAS) 

Infrastructure has been implemented based upon earlier work by the EU Integrated Tokamak 

Modelling Task Force. It is accessible to all ITER Members, whose domestic fusion 

programmes collaborate and contribute to the development of IMAS. The infrastructure is 

constructed around a standardised data model capable of describing generic experimental 

and simulation data with the same representation, in which Interface Data Structures (IDSs) 

act as standardised entities for exchanging data between physics components via an access 

layer which provides interfaces in the majority of standard programming languages. An 

initial application for prototyping the IM infrastructure and developing the tools required for 

pulse preparation is the development of a Plasma Simulator. First examples have been 

demonstrated using CORSICA and DINA with the Kepler workflow engine orchestrating the 

workflow between modularized physics components. Software management tools are in 

place to support the integration and development of physics components, as are tools to 

automate building and regression testing prior to release. The present status of the IMAS and 

the plans for future development will be presented. 

The views and opinions expressed herein do not necessarily reflect those of the ITER Organization. 



Extended MHD Study of Interchange Modes

E. C. Howell and C. R. Sovinec
University of Wisconsin-Madison

The e↵ect of extended MHD drifts on linear interchange modes is studied
using the nimrod code [1]. Decaying spheromak equilibria are modeled using
cylindrical screw pinch equilibria adapted from [2] to allow finite toroidal
current at the edge. These equilibria are representative of SSPX discharges
where currents are driven on the open field to keep the safety factor above
1/2 across the domain[3]. The extended MHD e↵ects reduce the growth rate
at small Hall parameter (di/a), but a second instability exists at finite Hall
parameter. The diamagnetic heat flux has a significant stabilizing e↵ect on
this second mode. The second mode is dominant at experimentally relevant
Hall parameters in calculations that neglect the diamagnetic heat flux. Here
the growth rate exceeds the resistive MHD growth rate. However, including
the diamagnetic heat flux in the calculation delays the onset of the second
mode to higher Hall parameter, and significant stabilization is observed at
experimental conditions for Suydam parameters Ds  1.0. This is four times
the marginal ideal stability condition.

An extended MHD dispersion relation for the gravitation interchange
mode [4] is analyzed to understand the nature of the new instability. Here,
the two-fluid Ohm’s law introduces an ion drift wave. The ion drift wave
interacts with the stabilized interchange mode when ⌘i =

nT 0
i

n0Ti
> 2

3 to produce
a second instability. This new instability is not an ion temperature gradient
mode (ITG). The ITG is due to an interaction between the parallel ion sound
wave and an ion drift wave. This new instability grows at a rate proportional
to the MHD growth rate, but it is stabilized at finite Hall parameter by the
ion gyroviscosity.

[1] C. R. Sovinec, J. R. King, the nimrod Team, Journal of Computational
Physics 229, 5803 (2010)

[2] S.C. Jardin, Nuclear Fusion 22, 629 (1982)

[3] H. S. McLean, R. D. Wood, B. I. Cohen, et al., Physics of Plasmas 13,
056105 (2006)

[4] P. Zhu, D. D. Schnack, F. Ebrahimi, et al., Physical Review Letters 101,
085005 (2008)



On the numerical dispersion and the spectral fidelity of the Particle-In-Cell method  
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Abstract: 
 
The Particle-In-Cell (PIC) method is widely used in plasma modeling. However, the PIC method 
exhibits grid type numerical instabilities, including the finite grid instability and the numerical 
Cherenkov instability that can render unphysical simulation results or disrupt the simulation. A 
faithful numerical dispersion of the electromagnetic PIC algorithm is obtained and analyzed to 
obtain the insight about the numerical instabilities inherent in such a computation model [1]. 
Using this dispersion, we investigate how the finite grid instability arises from the interaction of 
the numerical modes admitted in the system and their aliases. Compared with the gridless model 
[2, 3], we show that the lack of spectral fidelity relative to the real system due to the aliasing 
effect is a major cause of the numerical instabilities in the PIC model.     
 
 
Work supported by the U.S. Department of Energy through the LDRD program at Los Alamos 
National Laboratory. 
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Abstract 

Electric propulsion has the characters of high specific impulse (Isp) and total 
efficiency, which results in a reduction in the amount of propellant required for a given 
space mission or application compared to other conventional propulsion methods. In the 
past 30 years, it use in spacecraft has grown steadily wordwide1. Modeling and 
simulation techniques have been playing a more and more important role in developing 
advanced electric thrusters. In this paper, three-dimensional finite-element simulation of 
ion extraction in electric thruster is introduced. 

There are two algorithms to simulate the ion extraction. The one is electrostatic 
steady state algorithm. Firstly, there are no particles on the first cycle, so the Laplace 
Equation is solved for the electrostatic potential. Secondly, the particles are launched 
according to the initial condition. Thirdly, these particles are advanced one by one 
according to the equations of the motions of ions until they are out of the computational 
region, and the space charge deposition aroused by the particles is considered 
simultaneously. Fourthly, the electrostatic potential is recalculated by solving Poisson 
Equation. At the end, the convergence is tested to determine whether the calculation 
should continue. The third and the fourth steps will be repeated until the convergence is 
reached. Another one is time-depended PIC algorithm. In a global time step, the new 
particles are injected into the domain, and the particles that are still in the system are 
advanced several local time steps. We let the global time step for all particles be the same, 
but each particle’s local time step can be different, and it depends on the particle location. 
Typically, we set the local time step low enough so that the particle needs to be advanced 
about five times to move the distance of the edge of the element in which the particle is 
located2-3. 

 
This work is supported by the National Natural Science Foundation of China (Grant 

Nos. 61201003 and 61301054). 
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PIConGPU: Unleashing the Full Computational Potential for the Many-Core Era

A. Huebl1,2, R. Widera1, R. Pausch1,2, B. Worpitz1,2, C. Eckert1,2,
H. Burau1,2, M. Garten1,2, A. Debus1, T. Kluge1 and M. Bussmann1

1
 Helmholtz-Zentrum Dresden - Rossendorf

2
 Technische Universität Dresden

Since its release as open source in 2013, PIConGPU is the fastest published 3D3V Particle-in-

Cell  (PIC)  code  in  the  world  in  terms  of  sustained  peak  performance  with

7.2 Pflop/s  scaling up to 18'432 GPUs on Titan (ORNL). Accelerator hardware is the key 

technology  enabling  an  order-of-magnitude  increase  in  computational  power  over 

conventional CPUs, but on the same time requires a general rethinking of particle-mesh and 

particle-particle algorithms in terms of multi-level parallelism.

We present the challenges that are common to all PIC codes in a heterogeneous computing 

environment  and possible  solutions  in  PIConGPU.  Starting  from a general  description  of 

mesh-based operations over communication and latency hiding down to efficient caching and 

register usage, a sustainable programming technique is explained that is both interchangeable 

in algorithms and performance portable.

The  continuing  trend  of  steady  increase  in  theoretical  peak  performance  for  the  world's 

leading  machines  diverges  significantly  from the  bandwidths  that  are  available  for  high-

performance file systems, causing substantial change in established simulation and analysis 

chains. In-situ and staged processing are approaches to bridge that gap and will be presented 

on  routines  that  are  either  memory  limited,  computationally  highly  expensive  or 

communication bound.

Quantitatively, a dramatically lowered time-to-solution is the direct advantage of a many-core 

accelerated based PIC code. The former is indispensable for an equally significant, qualitative 

scientific improvement that allows to incorporate multi-physics models that are beyond the 

simple averaging over ensembles, e.g., kinetic collision and non-LTE ionization models. The 

potential impact for laser-ion acceleration on solid density targets will be illustrated in an 

example.



Parallel  computing  of  a  particle-in-cell  plasma  simulation  on  accelerator  devices  such  as  
graphics  processing  units  and  many  integrated  cores
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Graphics  processing  unit  (GPU)  and  many  integrated  core  (MIC)  attracts  lots  of  attentions  as  

accelerator  devices   for  high  performance  parallel   computing   in  many  engineering   fields.  Especially,  

AMD   and   NVIDIA   have   developed   several   models   of   the   GPUs.   Intel   started   developing   these  

accelerators   in   2010   and   released   the   first   generation   (Knights   Corner,   22   nm   process)   of   MIC  

architecture   in   2012.   The   second   generation   (Knight   Landing,   14   nm   process)   is   expected   to   be  

released  in  2015  and  the  third  generation  (Knight  Hill)  which  deploys  10  nm  manufacturing  process  is  

expected  to  be  released  in  2017.  NVIDIA  also  recently  launched  a  GTX  Titan  X  which  has  3072  cores  

with  1  GHz  core  clock  rate.  Theses  accelerator  devices  in  the  competitive  landscape  will  continue  to  

increase   the   performance   and   it  will   be   an   advantage   to   develop   an   optimized   parallel   code   using  

these   accelerator   devices.   In   this   study,   numerical   schemes   of   a   particle-in-cell   (PIC)   plasma  

simulation   are   reported   on   the   optimization   for   the  GPUs  and  MICs.   This   study   is   divided   into   two  

parts.   First,   development   of   a   two-dimensional   PIC   simulation   code   for   processing   plasmas   is  

explained   for   the   parallelization   on   GPUs   and   MICs.   The   Poisson   equation   is   solved   for   the  

electrostatic  field,  and  Monte  Carlo  collisions  (MCCs)  and  plasma-wall  interaction  of  the  particles  are  

included.  Second,  comparison  of   the  parallelized  codes  of  GPUs  and  MICs   is   reported   for  a   three-

dimensional  simplified  PIC  simulation  with  a  given  external  electromagnetic  (EM)  fields  instead  of  self-

consistent  EM  fields.  The  key  issues  of  the  parallelized  PIC  code  are  particle  sorting  and  data  transfer  

between  particles  and  cells.  They  are  affected  by  the  efficiency  of  global  memory,  coalescing  for  the  

GPU,  and  the  vectorization  for  the  MIC.



Gyrokinetic analysis of turbulent particle and heat transport in helical plasmas 
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Gyrokinetic simulation of turbulence in torus plasmas is an important task for predicting the performance 

of fusion reactors and a great challenge in computational science due to multiple spatio-temporal scales 
related to electromagnetic ion and electron dynamics [1]. The simulation becomes further challenging in 
non-axisymmetric plasmas because of complex three-dimensional magnetic structures. In order to capture 
the three-dimensional magnetic structure, a large number of grid-points along the magnetic field line is 
needed, and thus the gyrokinetic simulations of helical plasmas require much more computational resources 
than those of tokamak plasmas. In this work the K- supercomputer, which is the largest supercomputer in 
our country, is used to carry out gyrokinetic simulations.  
Turbulent transport in a high-ion-temperature (high-Ti) discharge of the Large Helical Devices (LHD) was 

investigated by means of gyrokinetic simulations with the adiabatic electron model [2] and with the full 
kinetic electron model [3]. It is demonstrated that the temperature gradient length reproducing the heat flux 
observed in the experiment is predicted within 20% error to the experimentally observed value, and 
turbulent particle flux has a pinch effect [3]. 

Some issues are still unresolved in the previous 
gyrokinetic analysis with the adiabatic electron 
model. One is that the experimentally observed 
finite turbulent transport at a low temperature phase 
(t=1.8s) [4] is not reproduced by the simulation 
because the ion temperature gradient (ITG) mode is 
stable or weak. 

In this work, it is shown that the kinetic electron 
effects enhance the growth rate of the ITG mode 
and lead to a finite turbulent transport even in the 
low temperature phase (t=1.8s) of the LHD 
discharge (the shot number 88343). Figure 1 shows 
the fluctuation of the ITG turbulence in the LHD 
plasma. The ITG modes with the full kinetic 
electron model are more unstable than those with the 
adiabatic electron model. Thus, the energy fluxes 
from the kinetic electron model in the low-Ti phase 
(t=1.8s, Ti=1.7keV) are finite at rho=0.68 and are in 
good agreement with the experimental observation 
(Fig. 2).  In addition, the transition of the energy 
flux from the low-Ti phase to the high-Ti phase 
(t=2.2s, Ti=3.9keV) in the experiment is reproduced 
as shown in Fig. 2. 
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Fig. 1 Turbulence in the helical plasma. 

Fig. 2 Ion and electron energy fluxes due 
to turbulence, Qi and Qe. Symbols are 
from the simulations, and curves are 
from the experiments. 



Block-structured Grids in Velocity Space for Eulerian
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Gyrokinetics has been proven to be an appropriate model to simulate plasma microturbulence. In
spite of a reduction from six to five dimensions compared to the full kinetic description, gyrokinetic
simulations are still computationally expensive. One of the reasons is the large number of compu-
tational grid points. For example, radially-extended (or global) gyrokinetic simulations, depending
on the temperature and density profiles, may require up to a trillion grid points. This is, in contrast
to other applications, computationally prohibitively expensive for already fully-parallelized simula-
tions. Therefore, to be able to carry out this type of simulations, methods that reduce the number of
grid points without a significant loss of accuracy are necessary.

Because strong temperature variations are possible in radial profiles for global simulations, a
rectilinear grid in the mixed x – v (radial distance — velocity) subspace would require a considerably
higher resolution and larger range in comparison to the counterpart grid for local simulations, which
has a small radial extent and, therefore, a fixed temperature. To weaken the requirements on the
velocity space grid, we propose to divide the radial distance into intervals, and choose the velocity
space grid resolution and range separately at each interval. As a result, we obtain a grid consisting
of multiple blocks of rectilinear grids. An example of such grid with a coarse resolution in the x –
vk (velocity parallel to the magnetic field) subspace and the corresponding background distribution
function projection are demonstrated in Figure 1.
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Figure 1: Example of block-structured grid with corresponding background distribution function.

The composite block-structured grid has significantly less grid points in the velocity space com-
pared to the original rectilinear grid and is expected to yield significant improvements in perfor-
mance. For example, when constructing a block structure for the parallel velocity direction only,
we obtain for several scenarios speedups around ten for linear runs and three for nonlinear runs,
remaining, at the same time, very close in accuracy to the original rectilinear grids. Even though the
speedup for the nonlinear runs is smaller than for the linear ones, the speedup itself is already impor-
tant, because nonlinear gyrokinetic simulations are known for being extremely demanding computa-
tionally, and the achieved improvement is decisive on the choice of simulations to be executed with
the provided computational resources. Furthermore, once the technique has been perfected for the
other velocity coordinate (magnetic moment) as well, we expect these speedups to increase further
by similar factors.

The block-structured grids present a general approach and can be applied to different Eulerian
codes. We implemented this type of grids for the gyrokinetic code GENE (cf. F. Jenko et al. (2000),
http://genecode.org) and tested them on various scenarios.
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Abstract

An enhanced version of the Vlasov-Hybrid Simulation (VHS) method [1] is presented

which utilizes a mixed Lagrangian-Eulerian approach to simulate the Vlasov-Poisson set

of equations. The method is based on following phase point trajectories in the phase space

while retaining their initial values of the distribution function intact during the tempo-

ral evolution of the simulation [2]. This particular Vlasov simulation method avoids the

unphysical “recurrence e↵ect” by using random sampling at the initial step [3]. The rel-

ativistic adaption of the method which is parallelized using MPI techniques is discussed

here in details. A fully kinetic approach is adpoted to study muliple species, i.e. the dy-

namics of all the species are followed by the Vlasov equation. The developed method also

covers the phase space on the velocity direction as far as the distribution function remains

nonzero, defined by the computational limits, which enables the method to model the low

ends of the distribution function (i.e., high-energy particles) up to minute details. This

provides the proposed method with an advantage in comparison to the PIC simulation

methods especially in case of the beam instability simulation.

Furthermore a summary of notable results produced by this method is presented. The

summary covers a fully-kinetic parametrical study of the wave propagation focusing on

acoustic waves in multi-species plasmas as the benchmarking tests of the code. Both linear

(as short-time tests) and nonlinear (as long-time tests) regimes are addressed. These tests

consists of dust-ion-acoustic in dusty plasmas and electron-acoustic waves in plasmas with

di↵erent populations of electrons. The summary also includes the achievements in the

study of the beam-driven instability both in the classical and the relativistic regimes in

multi-species plasmas in presence of di↵erent beams.
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This paper focuses on numerical simulation of mixing of plasma chemical species in the discharge 
region and upstream from a rotating disc anode in the worldwide unique type of thermal plasma 
generator with combined stabilization of electric arc by axial argon flow and tangential water 
vortex. This kind of arc has been used for plasma spraying using metallic or ceramic powders 
injected into the plasma jet, as well as for pyrolysis of waste and production of syngas (a mixture of 
CO and hydrogen) from biomass. 

    In the model we assume two-dimensional, unsteady, compressible and turbulent plasma flow in 
local thermodynamic equilibrium with inhomogeneous mixing of water and argon species, 
calculated by the combined diffusion coefficients method [1, 2]. Turbulence is treated by Large-
Eddy Simulation with the Smagorinsky subgrid-scale model [3]. Radiation losses from the plasma 
are employed by the partial characteristics method which is appropriate for emitting and partially 
absorbing media [4]. Transport and thermodynamic properties for argon-water plasma mixture, 
calculated rigorously from the kinetic theory [5], depend on temperature, pressure and argon mass 
fraction. Diffusion processes due to gradients of mass density, temperature, pressure, and electric 
field are considered. All the combined diffusion coefficients are functions of temperature, pressure 
and argon mass fraction. 

    The resulting set of conservative governing equations for density, velocity, energy and argon 
mass fraction (continuity, momentum, energy and species equations) was solved numerically by the 
LU-SGS method [6] coupled with Newtonian iterative method. To resolve compressible phenomena 
accurately, the Roe flux differential method [7] coupled with the third-order MUSCL-type TVD 
scheme [8] is used for convective term. The electric potential is calculated using the TDMA 
(Thomas) algorithm enforced with the block correction method.  

    Results of simulation for the currents 300-600 A and argon mass flow rates 22.5-40 slm (standard 
liter per minute) indicate that: 
● Mixing of argon and water plasma species is inhomogeneous under the studied conditions. 
● Temperature and concentration (ordinary) diffusions are the most dominant contributions in the 
argon mass diffusion flux. Diffusion due to pressure gradients is lower and due to the electric field 
is practically negligible.  
● Argon species are dominant in the central regions of the arc, water ones in arc fringes. Argon 
mass fraction in the central arc region also increases with current.  
● These first results qualitatively agree with our former experiments. 
 
[1] Murphy A B, Physical Review E 48 (1993) 3594-3603. 
[2] Murphy A B, J. Phys. D: Appl. Phys 34 (2001) R151-R173.  
[3] Pope S B, Turbulent Flows, Cambridge University Press, Cambridge 2000. 
[4] Bartlova M, Aubrecht V, Czech. J. Phys. 56 (2006) B632-B637. 
[5] Murphy A B, Arundell C J, Plasma Chem. Plasma Process. 14 (1994) 451-490. 
[6] Jameson A, Yoon S, AIAA Journal 25 (1987) 929-935. 
[7] Roe P L, J. Comput. Phys. 43 (1981) 357–372.  
[8] Leer Van B, J. Comp. Phys. 32 (1979) 101-136. 



High%Performance/Finite%Difference/Time%Domain/
Simulations/of/C%Mod/and/ITER/RF/Antennas/

/

Thomas/G./Jenkins,/David/N./Smithe/
Tech%X'Corporation'

5621'Arapahoe'Avenue,'Suite'A'
Boulder,'CO'80303'

/

In/ recent/ years,/ powerful/ finite%difference/ time%domain/ (FDTD)/ modeling/
techniques/ have/ been/ developed/ for/ the/ simulation/ of/ ion%cyclotron/ resonance/
heating/scenarios/in/fusion/plasmas/[1%3].//When/coupled/with/the/power/of/modern/
high%performance/ computing/ platforms,/ such/ techniques/ allow/ the/ behavior/ of/
antenna/ near/ and/ far/ fields,/ and/ the/ flow/ of/ radiofrequency/ (RF)/ power/ from/ the/
antenna,/to/be/studied/in/realistic/experimental/scenarios/at/previously/inaccessible/
levels/of/resolution.//In/this/work,/we/present/results/and/3D/animations/from/high%
performance/ (10k–100k/ core)/ FDTD/ simulations/ on/ the/ Titan/ supercomputer,/
modeling/ both/ Alcator/ C%Mod’s/ field%aligned/ ICRF/ antenna/ and/ the/ ITER/ antenna/
module./ /Much/of/ this/work/ focuses/on/scans/over/edge/density,/and/ tailored/edge/
density/profiles,/to/study/dispersion/and/the/physics/of/slow/wave/excitation/in/the/
immediate/ vicinity/ of/ the/ antenna/ hardware/ and/ in/ the/ scrape%off/ layer./ / An/
understanding/of/the/role/of/the/lower%hybrid/resonance/in/low%density/scenarios/is/
emerging,/ and/ possible/ implications/ of/ this/ for/ the/ NSTX/ launcher/ and/ power/
balance/are/also/presented.//In/addition,/we/discuss/ongoing/work/centered/on/using/
these/simulations/to/estimate/sputtering/and/impurity/production,/as/driven/by/self%
consistent/sheath/potentials/at/antenna/surfaces./
/
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Figure+1:+Contours+of+vertical+electric+field+during+pi9phased+operation+of+the+field9aligned+ICRF+antenna+
on+the+Alcator+C9Mod+device.++As+short9wavelength+slow+wave+structures+form+near+the+antenna+surface,+
power+is+siphoned+from+the+desired+fast+waves+(large+blobs+in+foreground)+excited+in+the+core+plasma.+
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Abstract 

Modeling and simulation techniques have been playing a more and more important 
role in research of laser-plasma interactions with its wide applications. For these 
simulations, however, speed of execution is typically measured in hours, and even in days. 

To address this situation we have developed a 1D3V relativistic PIC/MCC (particle-
in-cell plus Monte Carlo Collision) software, ‘BUMBLEBEE’, for laser-plasma 
interaction. BUMBLEBEE implements a self-consistent, electromagnetic PIC/MCC 
algorithm optimized for parallel execution in multi-core CPU processors.  

BUMBLEBEE is written by C++ language, runs on Windows Operation System. It 
has a user-friendly interface module. The BUMBLEBEE is built using the Microsoft 
Ribbons to help users quickly find the commands to complete a task. All simulation 
results are visualized by HOOPS 3D kernel [1].  

The solver of BUMBLEBEE has four modules for now, which are used to simulate 
the field ionization, electron collisional ionization, binary coulomb collision [2] and 
laser-plasma interaction processes. The first three modules are described by PIC/MCC 
methods, and the last module is described by PIC method. The PIC/MCC algorithm used 
in BUMBLEBEE’s solver has been accelerated by using multi-core parallel execution via 
Intel’s TBB [3] library. 

The ionization characteristics of laser-neutral interaction and the generation of high-
energy electrons have been analyzed by using BUMBLEBEE for validation. 

 
This work is supported by the National Natural Science Foundation of China (Grant 

Nos. 61201003 and 61301054). 
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Abstract 
Despite the fact that there have been a lot of schemes to solve hyperbolic problems, for example, 
Navier-Stokes equations, Euler equations and Magnetohydrodynamics (MHD) equations, the 
issues on stability, accuracy, and efficiency always take place as the complexity of the problem 
increases. The point collocation meshfree method is attractive for problems on a complex 
geometry like real tokamak, because it can be applied as a true meshfree method. However, it 
cannot be directly employed due to the lack of an innate dissipation mechanism, which is 
essential to suppress numerical oscillations by the convective terms in hyperbolic equations. 
Many numerical schemes, like finite difference method, finite volume method, or finite 
elements method, use the staggered grids to resolve the issue. But the staggered grid method is 
difficult to be applied to point collocation method since there are no control volume concepts in 
the point collocation method. 
 
We propose a novel virtual interpolation point (VIP) method [1,2] formulating discrete 
Navier-Stokes equations, which can be also used in plasma simulations, e.g. MHD equations. 
Indeed Park. et al. applied the VIP method to hyperbolic equation (Euler flow) in [3,4], and they 
got good results on the complex moving boundary. We have formed virtual staggered structure 
for the velocity and pressure from the actual computation node set. Our method by a point 
collocation scheme is well suited for meshfree scheme because the approximation comes from 
smooth kernels which can be differentiate directly without numerical integration. Our main 
contribution to a stable flow computation is the development of a scheme without any explicit 
structure of staggered grid i.e. our method eliminates the need to construct explicitly the 
staggered grid. Instead, virtual interpolation nodes play key roles in discretizing the 
conservative quantities of the Stokes equations, which can be similarly applied to MHD 
simulations in complex geometry. 
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Abstract

We present a numerical characterization of the ion energy-angle dis-

tribution (IEAD) functions at the material wall of a strongly magne-

tized plasma. Two di↵erent techniques have been used, namely a fluid

Monte-Carlo method, propagating the trajectories of a Maxwellian pop-

ulation of ions across the E ⇥ B field of the magnetized sheath, and a

multi-dimensional Particle-in-Cell, giving a self-consistent treatment of

the plasma behavior from the quasi-neutral region to the material bound-

ary. Data are presented for magnetic fields inclined at angles from normal

to grazing incidence (0-85 degrees). The energy distributions show trends

consistent with the total potential drop across the sheath, corrected by a

factor proportional to the angle of inclination. The ion angular distribu-

tions exhibit non-linear trends with average angles of impact increasing

at larger inclinations. More specifically, large inclinations of the magnetic

field allow to screen most of low-energy ions, leaving only the most ener-

getic tail passing through the collisional and magnetic presheaths. Above

a critical angle, the electrostatic (Debye) sheath disappears. The calcu-

lated IEADs are of fundamental relevance for the determination of the

material processes occurring at the plasma-material interface, comprising

secondary emissions and material sputtering.

1



New Extended-MHD drift-tearing mode dispersion relations:

implications and a tool for code verification
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The  extended  MHD  equations  are  complex  with  terms
representing the high degree of anisotropy and dispersive

waves that arise in magnetized plasmas. Prediction of linear
instabilities  requires  the  computation  of  small  terms  that

result from the balance and near cancellation of much larger
terms, making verification critical. One such instability, the

non-ideal tearing mode, can produce magnetic islands that
lead  to  degradation  in  tokamak  core  confinement.  The

linear, collisional, constant-ψ drift-tearing mode is analyzed
for  different  regimes  of  the  plasma-β,  ion-skin-depth

parameter space with an unreduced, extended-MHD model
[1]. A well-known result from drift-reduced MHD is that the

diamagnetic drift associated with the pressure gradient has a
stabilizing influence [2]. New dispersion relations are found

at  moderate  plasma  β  (PR2-4)  and  previous  drift-results
[2,3]  are  placed  in  context  of  these  new  results.  The

potential drift stabilization of the mode in the moderate-β regimes varies from non-existent (PR3) to weak (PR1)
to complete (PR2). 

Verification is most interesting in the experimentally relevant,

moderate-β  regimes.  The  new  dispersion  relations  in  these
regimes are used to verify the extended-MHD implementation

of  the NIMROD code [Sovinec and King,  J.  Comput.  Phys.
229, 5803 (2010)]. This analytic work broadens the extended-

MHD tearing-mode dispersion relations without drifts [4] used
in  previous  verification  efforts  to  include  drift  effects.  This

represents  one of  the most  complex verification exercises  to
date: the extended-MHD model uses 5 equations (for n, v, B, pe

and pi), includes advection and compression by the electron (B
and pe) and ion (n, v and pi) flows, and the FLR closure terms

include  high-order  nonlinearities  that  make  implementation
complicated even in linear form. All of these aspects are tested

by this verification exercise.

The  presentation  focuses  on  the  implications,  not  the
derivation,  of  the  results.  In  particular,  we  discuss  limits  of

applicability  of  extended-MHD and reduced models  in  these
regimes  and  the  implications  of  these  results  for  production

level simulations for validation exercises.

[1] King and Kruger, PoP 21,102113 (2014)
[2] Coppi, PoF 7, 1501 (1964)

[3] Drake and Lee, PoF 20, 1341 (1977)
[4] Ahedo and Ramos, PPCF 51, 055018 (2009); Mirnov et al., PoP 11, 4468 (2004)

This work is currently supported by the US DOE Office of Science and the SciDAC Center for Extended MHD 
Modeling.

An example drift verification  with a comparison 

of the dispersion relation for the analytics (lines) 
and NIMROD computations (discrete points).

Drift-tearing mode dispersion relation solutions 
in normalized β – di parameter space.
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Fuelling technique which is able to supply fuel particles in the core region of a burning plasma is of 

great importance for realization of nuclear fusion power generation. Compact torus (CT) injection is one 

of candidates of deep-fuelling method into a relatively large-scale torus plasma [1]. However, in the CT 

injection scheme to a toroidal magnetic field, a hot magnetized plasmoid is expected to be stopped by the 

electromagnetic induction when it is injected into the core of the large torus plasma. To overcome fueling 

difficulty, a new fuelling technique using the merging of two plasmas with the same plasma current 

directions (Merging Fueling) has been proposed recently for a D-3He spherical tokamak (ST) reactor [2].  

In this scheme, a smaller-scale torus plasma produced by the auxiliary poloidal coils is vertically 

accelerated toward a main ST plasma by controlling the external field. In a fact, the C-2 experiment 

shows two field-reversed configurations (FRCs) are successfully merged after the head-on collision, and 

the merged FRC is found to exhibit a better confinement property [3]. If the merging process completes, 

steady state operation of a fusion reactor is available by intermittent injection. We study here the 

translation process of a compact-size torus plasma and its axial collision process against a ST plasma by 

the magnetohydrodynamic (MHD) simulation code MHD Infrastructure for Plasma Simulation (MIPS) 

[4]. In order to obtain a quasi-steady state of a translated torus plasma, we simulate the axially accelerated 

plasma under the periodic boundary condition. It is found that the radial force balance is maintained near 

the geometric axis during translation. Its axial head-on collision process against an ST plasma is studied. 

Detailed results will be shown in our presentation.  

 

[1] L. J. Perkins, S. K. Ho, and J. H. Hammer, Nucl. Fusion 28, 1365 (1988).  

[2] O. Mitarai, "Impacts of STOR tokamaks on fusion research", W2-6 (June 17)，Invited talk, CAP 

Congress 2015 (University of Alberta, Edmonton, Canada June 15-19, 2015). 

[3] M. W. Binderbauer et al., Phys. Rev. Lett. 105, 045003 (2010).  

[4] Y. Todo et al., Plasma Fusion Res. 5, S2062 (2010).  
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The particle flux is computed using the Weiland fluid anomalous transport model [1] utilizing 
the mixed critical gradients that describes the transition from ITG unstable modes to ITG/TEM 
unstable modes [2]. The Weiland model is used to carry out a simulation of a Tore Supra 
discharge in which ion cyclotron resonance heating perturbed the density and temperature such 
that a particle pinch occurs [3]. The simulation turbulence stability diagram is found to be 
consistent with the Tore Supra experimental results. The effects of collisions on particle transport 
in the Tore Supra tokamak discharges are studied by turning collisions on and off in the Weiland 
model. It is found that the particle pinch region coincides with the region where strongly 
ballooning modes are present. Plasma parameters which result in discharges where collisions can 
enhance particle pinch are identified. 

In EAST experiments two neutral beam injection lines will provide heating, current drive, and 
torque. The NUBEAM module for NBI [4] is used in PTRANSP predictive integrated modeling 
simulations for the EAST tokamak. The plasma profiles obtained in the simulations of the EAST 
tokamak, with and without NBI, are compared. In addition, particle transport is studied using 
predictive simulation results for an EAST tokamak discharge with NBI. The diffusive and 
convective transport fluxes are computed. It is found that the reversal of the total flux is due to 
the balance between diffusive and convective fluxes as a whole. Both diffusive and convective 
fluxes depend on the growth rates and frequencies of the drift modes, which are governed by the 
gradients and the plasma parameters.  

[1] J. Weiland, Stability and Transport in Magnetic Confinement Systems (New York: Springer 2012). 

[2] J. Ma, G. Wang, J. Weiland, T. Rafiq, A. Kritz, Physics of Plasmas, 22, 012304 (2015). 

[3] W. L. Zhong, X. L. Zou, C. Bourdelle, S. D. Song, J. F. Artaud, T. Aniel, and X. R. Duan, Phys. Rev. 
Lett. 111, 265001 (2013). 

[4] A. Pankin, G. Bateman, A.H. Kritz, D. McCune, and R. Andre, Computer Physics Communications 
159, 157 (2004). 

*This research is supported in part by the U.S. Department of Energy, Office of Science, Office of Fusion 
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Strategic Planning Project of Chinese Academy of Science No. Y25FZ10051 and Visiting Professorship 
for senior international scientists No. 2012T1J0026. 
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A new Lagrangian numerical scheme, called “total-f” method, has been developed and used 
in the gyrokinetic particle code XGC1. XGC1 specializes in simulating the tokamak edge 
plasma. Since edge plasma across the magnetic separatrix and in contact with the wall is in 
non-thermal equilibrium with sources and sinks, the conventional delta-f technique is 
inapplicable. The new scheme combines Monte Carlo marker particles in 3D configuration 
space and particle distribution functions on a 5D phase-space grid. The 5D phase space grid 
contains the slowly varying part of the distribution function, and its deviation from 
Maxwellian can be arbitrarily large. The marker particles contain the fast varying part of the 
distribution function. The weight of particles is determined by “direct weight evolution” 
instead of the differential form of weight evolution equations that conventional delta-f 
schemes use. Particle weight is slowly transferred to the phase space grid, suppressing the 
growth of particle weight and Monte Carlo noise. Comparison with the usual full-f method 
confirms validity of the new scheme. The new scheme is compatible with massively parallel 
computers. XGC1 shows good performance scaling up to maximal number of processors in 
all the leadership class HPCs, including Titan, Mira and Edison.  
    
1Work supported by US DOE OFES and OASCR 
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Using HPC Plasma Simulation in support of 
the MMS Mission 
G. Lapenta, M.E. Innocenti, V. Olshevskyi, J. Amaya, E. Cazzola, KU Leuven, Belgium 

M. Goldman, D. Newman, University of Colorado, USA 

S. Markidis, KTH, Sweden; A. Divin, University of St. Petersburg, Russia

On March 12, 2014, the four spacecraft MMS 
(Magnetospheric Multiscale Mission) was 
successfully launched [see right cartoon, credit: 
NASA]. Preceding its launch, intense preparatory 
work was conducted to predict what the mission 
will find. We focus here on the goal of finding 
electron diffusion regions. 

In magnetic reconnection, the plasma species 
become decoupled from the field lines and the 
regions where this happens are diffusion regions. 
For ions the regions are larger but for electrons the 
diffusion regions are smaller, and  harder to find: a 
great challenge that MMS will try to meet.   

To help achieve this goal we report here on the 
contribution of high performance computing in 
foreseeing where these diffusion regions will be. 
We use the massively parallel 3D electromagnetic 
implicit PIC code iPic3D. The left Figure above 
shows one typical result. The color volume 

rendering shows a measure of the ion diffusion. As 
can be seen there are two families of regions. One, 
well known, is forming a central channel. But there 
are also two regions of secondary diffusion: these 
are regions in the outflow from the central 
reconnection area where secondary reconnection 
develops [1]. The magenta lines are magnetic field 
lines produced by this secondary process. The 
secondary reconnection regions are a new 
discovery derived from HPC computing 
simulations. We will see if MMS will confirm this 
discovery. In this presentation we will cover the new 
numerical methods and the new science 
discovered using them. 

Work funded by NASA under the MMS-IDS 
program and by the EC under the DEEP and DEEP-
ER projects. The computations were done on  NASA 
and PRACE facilities. 

[1] G. Lapenta et al, Nature Physics, 2015.

Electron Diffusion regions from iPic3D Simulations

NASA MMS Mission
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Physics Issues Related to Steady State Turbulent Transport

⇤
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It has been shown that the magnitude of the steady state transport due to collisionless ion temperature
gradient (ITG) turbulence in tokamaks is about an order lower than its level at the quasilinear saturation
from gyrokinetic particle simulation for a simple 2-1/2 D slab [1] to a 3D torus [2], while the latter shows
a transition period of inverse cascade of the fluctuations to lower (m,n) modes. To understand the under-
lying physics involved, we have carried out global simulations using the �f to full F gyrokinetic particle
simulation based on the two-weight scheme [3] implemented in GTC [4] , where p ⌘ F/G, w ⌘ �f/G and
G =

PN
j=1 �[x� xj(t)]�[v� vj(t)] is the distribution of the simulation particles. The important quantities

related to the evolution of transport are

dw

dt
= (p� w)


(vd + vE⇥B) · +

Te

Ti
(vkb̂+ vd) ·E

�
, (1)

dp

dt
= (p� w)(vd + vE⇥B) ·  (2)

and d(p� w)/dt, where E is the self-consistent electric field, vd is the magnetic drift, vE⇥B is the E ⇥B
drift and  is the zeroth order inhomogeneity. Results from Eqs. (1) and (2) as well as d(p � w)/dt
have shown that they all increase in time in the linear, the quasilinear and the steady state stages of the
development, but with different rates, as given earlier [5]. Earlier results have also indicated [2] that the
time rate of change of the quantity,

PN
j=iw

2
j/N , which is proportional the particle thermal flux, is the

largest in the linear stage and is small but non-vansishing in the steady state, where N is the total number of
particles in the simulation. The new results have also shown that both

PN
j=i p

2
j/N and

PN
j=i(pj � wj)2/N

are also increasing in time with similar trend. Since the nonlinear velocity space term, dvk/dt = b̂ · E,
is kept in the simulation, we then conclude from the equation for d(p � w)/dt that the particles are losing
energy to the waves via nonlinear Landau damping in the steady state. Simulations have been carried out
with both one-weight and two-weight schemes with the same number of particles. For the two-weight
scheme scheme, the full-F particles starts from 0% at the beginning of the simulation and levels off at 10-
20% in the steady state based on the scheme of entropy weighting [5]. The resulting kr and k✓ spectra for
the potentials, characterized by the long wavelength mode structures in the steady state, are similar to those
of Refs. [6] and [7], and the global mode structure for the zonal flows is similar to that of Ref. [2]. All these
physics related properties of the simulation indicate that 1) particle noise is not interfering with the steady
state physics, 2) high resolution in velocity space is important for wave-particle interactions [8]. As such, a
fully nonlinear global gyrokinetic particle code, which can accurately describe long wavelength modes and
particle dynamics in the phase space, is the tool for study anomalous transport in tokamaks.

[1] W. W. Lee and W. M. Tang, Phys. Fluids 31, 612 (1988).
[2] W. W. Lee, S. Ethier, R. Kolesnikov, W. X. Wang, and W. M. Tang, Comp. Sci. & Disc. 1, 015010 (2008).
[3] W. W. Lee, T. G. Jenkins, S. Ethier, Comp. Phys. Comm. 182, 564 (2011).
[4] Z. Lin, T. S. Hahm. W. W. Lee, W. M. Tang and R. B. White, Science 281, 1835 (1998).
[5] R. Ganesh, S. Ethier, and W. W. Lee, ”Large scale PIC simulation of steady state microturbulence in tokamak,”

International Congress of Plasma Physics, Portugal (2014).
[6] R. J. Fonck, G. Cosby, R. D. Durst, S. F. Paul, N. Bretz, S. Scott et al., Phys. Rev. Lett. 70, 3736 (1993).
[7] S. E. Parker, W. W. Lee, and R. A. Santoro, Phys. Rev. Lett. 71, 2042 (1993).
[8] T. H. Dupree, Phys. Fluids 11, 2680 (1968).
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4University of Maryland, College Park, MD 20742, USA

Particle-In-Cell (PIC) codes are widely used today for laser-wakefield acceleration and other
laser-plasma interactions. However, these codes remain very computationally intensive and still
su↵er from a number of numerical artifacts, in particular due to numerical dispersion.

These two short-comings have been recently addressed in two separate manner, in the context
of laser-wakefield acceleration. On the one hand, it has been shown that the computational time
can be drastically reduced in physical situations that have close-to-cylindrical symmetry, by using a
quasi-cylindrical computational grid [1]. On the other hand, some of the numerical artifacts can be
suppressed by the use of pseudo-spectral analytical PIC codes, which have no numerical dispersion
at all [2].

Here we present a PIC code that combines these two advantages. The code makes use of a
quasi-cylindrical grid to strongly reduce the computational time, and solves the Maxwell equations
in spectral space, through the use of Hankel and Fourier transforms. We show that this type of
code performs better than standard finite-di↵erence PIC codes in a number of physical situations,
which are of interest for laser-plasma interactions. In these situations, the use of a spectral solver
indeed prevents a number artifacts, that would otherwise strongly modify the physics at stake, in
a finite-di↵erence code.

Finally, the code is implemented through a mixed programming paradigm, whereby the entire
code is written in Python for flexibility, but where performance-enhancing tools (FFTW, BLAS,
Numba) are called for the computationally-critical parts of the code. This allowed to recently port
the code to GPU with minimal e↵ort.

[1] Lifschitz et al., Journal of Computational Physics (2009)
[2] Haber et al., Advances in electromagnetic simulations (1973)
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Phillip!Colella!
Applied)Numerical)Algorithms)Group,)Computational)Research)Division,))
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!
Abstract:! !We!present!a! fourth;order! finite!volume!method! for! ideal!and!resistive!
single;fluid!magnetohydrodynamics!(MHD).!!Cell;averaged!density,!momentum!and!
energy!are!defined!at!the!center!of!the!cell.!The!magnetic!field!may!be!defined!at!the!
cell! center!or!as!a! face;averaged!variable.!For! the! former,!we!employ!a!projection!
method! to! retain! the! solenoidal! property,!while! for! the! latter! the! divergence! free!
property!of!the!magnetic!field!is!satisfied!with!a!constrained!transport!(CT)!method.!
The! underlying! scheme! is! based! on! the! fourth! order! accurate! quadratures! for!
computing!fluxes!on!faces[1].!!!The!method!is!verified!using!a!number!of!test!cases:!
linear! wave! propagation! (figure! 1)! and! Orszag;Tang! vortex! problem! (figure! 2),!
shock! tube! problem,! magnetic! reconnection! etc.! A! comparison! with! the! ATHENA!
code![2]!will!also!be!presented.!!
!
!
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Global visualization and extraction of field aligned structures 
from gyrokinetic turbulence data 
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Gyrokinetic turbulence simulations typically use non-orthogonal field-aligned 
coordinates and either a flux-tube or a global toroidal wedge spatial domain for efficient 
resolution of the field-aligned turbulent fluctuations. Mapping the data back to Cartesian 
or other simpler orthogonal coordinates for visualizing the data can be inefficient due to 
resolution and grid aliasing effects resulting from the transformation from the well-
resolved field-aligned simulation domain. Here we present field aligned filtering 
techniques that very efficiently extract field-aligned structure from noisy and/or poorly 
resolved data.  Such filters can also be used in fully global simulations to reduce particle 
noise. By utilizing a field-aligned filter, much more manageable sized data sets can be 
used to visualize the turbulence data.  Efficient representation is especially important 3D 
animations.   Here, we present how data from the GEM gyrokinetic turbulence code [1] is 
represented for visualization using the VISIT software tool.  Miller coordinates [2] are 
utilized to map the field-aligned coordinates to cylindrical coordinates. First, we present 
the various coordinate transformations.  Then, the 3D spectral field-aligned filter is 
described.  We discuss the mathematical representation of a simple ballooning mode 
structure which is typical of the linear eigenfunctions. Next, the filter is applied to white 
noise, showing the utility of such filter. Filtering noise also shows that field-aligned 
filtering techniques should be used cautiously when applied to turbulence data.  Finally, 
we show 3D visualization and animation of turbulence data from edge pedestal and 
turbulence spreading simulations. 
 
[1] Y. Chen and S. Parker, J. Comput. Phys., 220, 839 (2007) 
 
[2] R. Miller, M. Chu, J. Greene, Y. Lin-Liu, and R. Waltz, Phys. Plasmas 5, 973 (1998). 
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The merging of two Field-Reversed Configuration (FRC) plasmas is considered to be an effective 

method for extending the lifetime. By colliding two accelerated FRCs, recent experiment done on 

the C-2 device has achieved a long-lived FRC having better confinement properties [1]. We report 

here the 2-D resistive MHD simulation results of axial collision process between two FRCs that are 

accelerated by time-variable external field. As resistivity plays an important role in magnetic 

reconnection processes, we investigate the difference of spatial profiles of current density and flow 

velocity in the merging region between the constant resistivity and non-uniform resistivity model, i.e. 

the Chodura resistivity. We also study here the grid effect on the collision process. We employ both 

uniform and non-uniform grid models and compare the simulation results. In the region between two 

FRCs where the collision occurs, the grid size in the axial direction for the non-uniform model is 

half of the uniform case. It is found that more peaked radial profiles of the toroidal current density 

and radial flow velocity are obtained for finer grid case. Detailed results will be reported in our 

presentation.  

 
[1] M. W. Binderbauer et al., Phys. Rev. Lett. 105, 045003 (2010). 

 



CPIC: A Highly Parallelized Electrostatic Particle-In-Cell Code
C.S. Meierbachtol, G.L. Delzanno, J.D. Moulton, L.J. Vernon
Los Alamos National Laboratory, Los Alamos, NM, USA

We report on the new capabilities and improved performance of the electrostatic
CPIC (Curvilinear Particle-In-Cell) code [1]. CPIC assumes an underlying structured,
curvilinear, and hexahedral mesh, which is easily mapped to a uniform and Cartesian
logical mesh. Complex physical systems are thus accurately represented through this
mapping, while the code itself maintains near-optimal computational performance.
This is made possible due to two main aspects of the code. First, the electrostatic
fields are updated on the mapped logical mesh via the Black Box Multigrid (BoxMG)
method [2]. Second, the particle mover employs a hybrid method, with the particle
velocity being updated in physical space and position in logical space (the latter
avoiding the need to track particles). This combination of field solver and hybrid
particle mover results in near-optimal scaling both in terms of mesh size and particle
dimensionality.

Major improvements to the code will be presented. These include its ability to
handle single and multi-block mesh structures, a symmetric BoxMG discretization
formulation, and the use of hybrid OpenMP and MPI threading. These new features
are developed with parallel execution in mind, leading to much improved performance
and scaling as will be demonstrated. Numerical results validating CPIC against
standard test problems will also be presented. Particular emphasis will be given to
the charging and shielding of a spherical object in a plasma. Such a test problem
serves as a preliminary step toward applying CPIC to study the interaction of plasmas
with complex objects such as magnetospheric spacecraft.

[1] G.L. Delzanno, E. Camporeale, J.D. Moulton, J.E. Borovsky, E.A. MacDonald,
and M.F. Thomsen, ”CPIC: A Curvilinear Particle-In-Cell Code for Plasma-Material
Interaction Studies,” IEEE Trans. Plas. Sci., 41 (12), 3577 (2013).
[2] J.E. Dendy, ”Black Box Multigrid,” J. Comp. Phys., 48, 366 (1982).
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An extended MHD model which include two-fluid terms (the Hall term and the electron pressure 

gradient) and gyro-viscosity are quite useful for studying linear and nonlinear evolution of instability 
in torus plasmas and space plasma, as are seen in numerous simulations[1-5]. However, an extended 
MHD simulation suffers from a spectral broadening in space toward shorter wavelength in its fully 
nonlinear stage [4], causing a severe difficulty in simulations. We show importance of short- 
wave-length components in an extended MHD simulation of instability and turbulence, and propose 
an abridged model to reproduce influences of short-wave components to long-wave components. 

Firstly we show how it can appear in an extended MHD simulation of the Rayleigh-Taylor (RT) 
instability. It is shown that the growth rate of the RT mode is significantly suppressed at relatively 
high wave number region, only when the Hall coefficient and the gyro-viscosity are finite. It is also 
shown that the suppression of the high wave number modes can lead to the appearance of the 
secondary Kelvin-Helmholtz (KH) instability. The secondary instability is shown to dominate the 
nonlinear stage with fully-developed unstable modes. The detailed structure of the fully-developed 
state is a mixture of the low-wave unstable modes and the secondary KH instability, latter of which is 
affected by the beta-value and control the strength of turbulent short-wave components against the 
long-wave components. The fully developed state is accompanied with very broad-band spectrum due 
to the combined effects of the Hall and the gyro-viscous terms, as well as due to the appearance of the 
secondary instability, demanding a very high resolution.  

The effects of short-wave components to long-wave components are modeled by applying the concept 
of the Large Eddy Simulation (LES) in neutral fluid and (single-fluid) MHD simulations [6], by 
making use of a low-pass filter operated to the original equations. The resultant equations are 
described with the terms which replace effects below the filtered scale (Sub-Grid-Scale, SGS) to the 
longer scales by a Smagorinsky-type model [6]. We focus on modeling the Hall term because the term 
is responsible to the spectral broadening and the consequent severe restriction of the time-step-width. 
It is shown by numerical simulations of homogeneous turbulence (without low-pass filtering) that the 
Smagorinsky-type model can be applicable to short-wave components of the Hall term. Short-wave 
instability simulations will be carried out to verify the applicability of the LES approach to a 
numerical simulation of linear and nonlinear evolutions of the instability. A perspective to apply the 
LES approach to torus-plasma simulations of the pressure-driven instabilities will be presented. 
[1] W. Park et al., Phys. Plasmas 6 (1999) 1796. 
[2] C.R. Sovinec et al., J. Comput. Phys. 195 (2004) 355. 
[3] H. Miura, R. Goto, et al., 25th IAEA FEC, TH/P5-17 (Oct. 13-18 2014, St. Petersberg, Russia) 
[4] R. Goto, H. Miura et al., Phys. Plasmas 22 (2015) 032115. 
[5] H. Miura and K. Araki, Phys. Plasmas 21 (2014) 072313. 
[6] F. Hamba and M. Tsuchiya, Phys. Plasmas 17 (2010) 012301. 
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Abstract 
The adaptive mesh refinement technique using hieratical cubic mesh on hybrid kinetic/fluid plasma simulation has been 

developed for the fast and the precise calculation. When the hybrid discontinuous Garelkin method was adapted to the fluid 
calculation for hanging node problem on hieratical cubic mesh, the adaptive mesh refinement was proved to reduce the number of 
calculated particles to 1/100 of normal. This technique can permit a simulation calculation completed in practical time using the 
standard workstation. 
 
1. Introduction 

In the hybrid kinetic/fluid simulation, developed here, for plasma in which quasi electric neutrality is assumed, the electron 
behavior is treated in fluid model and the motion of ion is treated in kinetic model. Usually, this kind of simulation requires a large 
amount of particles, over 100 in a cell, to suppress the influence of the statistical errors. Hence, the size of calculation volume 
should be limited [1]. In case of magnetized electron in plasma, the simulation with interval mesh is not suited because the plasma 
density rate is large. On the other hand, the adaptive mesh refinement (AMR) technique with hieratical cubic mesh can be adapted, 
because the management of mesh is convenience, and because the determine particle’s position is easy. Furthermore this technique 
can make the simulation much faster. 

 
2.  Method 
The unknown variable of electric potential ϕ is following electron’s anisotropic diffusion equation (1). 

∇ ⋅ n[𝜇]∇𝜙 = ∇ ⋅ [𝜇]∇(𝑛𝑇) + 𝛾     (1) 
Where, the [µμ] is electron mobility tensor, the n is electron number density, the T is electronic temperature, γ  is the generated 
electron number density in unit volume. This equation represents balance of drift flux by electric field and by pressure gradient. 
The criterion of mesh refinement is calculating particle in a cell. The discretization of (1) is performed by hybrid discontinuous 
Galerkin (HDG) method for hanging node on hieratical cubic mesh. The PALDISO solver is employed for bad condition matrix 
[3]. We examined the HDG solver about accuracy and possibility of hanging node problem [4]. Newton’s equation of ion’s with 
Lorenz forth are integrated the fourth Runge Kutta method.  

 
3. Result and Discussion 

The adaptive mesh refinement technique was introduced for fast calculation (Fig.1). The calculation time is shorted sharply 
because about one billion particles needed to calculate without the AMR are reduced to about ten million (Fig.2). The simulation 
method can be adopted in the development of new plasma equipment because this technique permits the simulation calculation 
time to realistic on standard workstation. 

        
Fig.1 Adaptive Mesh Refinement          Fig.2 reducing the calculating particle number  

Reference 
[1]M. Miyashita, et.al., Frontier of Applied plasma Technology, Plasma Simulation of Reactive Plasma Deposition Equipment 
Using three Dimensional Hybrid PIC/MC Method, 2012:5:79. 
[2] M. Matsumoto, et.al., Implementation and Evaluation of an AMR Framework for FDM Applications, Procedia Computer 
Science, 2014;29;936. 
[3] PARDISO, http://www.pardiso-project.org/ 
[4] M. Miyashita and N. Saito, Hybrid Discountinuous Galerkin Methods for Anisotropic Diffusion Equation, FEF2015 (Taipei) 
extended abstract, 2015;O-012 
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Recently there have been many efforts to extend the field of application for PIC-codes

into the range of extreme intensities. At ~1023 W/cm2 radiation of electrons becomes so strong

that the radiation reaction force becomes comparable to the Lorentz force and has to be taken

into account. At ~5∙1023 W/cm2 a single emitted photon can deprive the electron of a significant

part of its energy. This not only leads to the necessity of discreet simulation of such events (as

opposed to the continuous radiation reaction force),  but also enables these photons to create

electron-positron pairs, often resulting in an electromagnetic cascade.

The processes of high-energy photon emission and pair production can be easily taken

into account  using QED calculations  based on probabilistic  routines.  However,  a  number of

methodological  and  algorithmic  problems  have  been  raised  in  association  with  these

implementations. Adding electromagnetic cascading effects into the code inevitably leads to the

problem of significantly varying time scales for PIC and QED processes: characteristic  time

between QED events can be much shorter than the time step sufficient  for PIC simulations.

Rapid  growth of  the  amount  of  particles  in  a  cascade  often  leads  to  memory overload and

inefficient treatment of a large number of particles, many of which have similar parameters.  It

becomes necessary to control the number of macroparticles whenever a certain limit is reached.

Disregarding these subjects can strongly decrease computational efficiency.

We proposed the following solutions to these problems. The adaptive event generator [1]

subdivides  the  time  step  when needed  and locally  resolves  QED events.  Its  alternative,  the

tabulation method, is based on calculation and tabulation of the structure of a cascade developed

on one timestep from a single parent particle for an array of parameters (particle type, energy and

transverse  acceleration) before  starting  the  main  PIC-cycle.  This  data  is  used  during  the

PIC-cycle  to  substitute  particles  with  their  respective  offspring.  We  also  discuss  several

approaches  to  dynamic ensemble  resampling:  the  basic  methods  are  thinning,  which  implies

removing a number of particles from the simulation with their weight distributed among others,

merging a number of particles into a fewer number of particles, and their combinations.

The developed QED module  is  based on the  recently  introduced high level  interface

PIC-MDK [1], which allows for simple integration of new modules into PIC-codes complying

with this interface. We also present the parallel module-based PIC-code PICADOR [2], which is

aimed at efficient use of heterogeneous computational resources. It was used for solving several

front-end problems of modern plasma physics including researches on plasma-field dynamics

with developing QED cascades.

The research was supported by the Ministry of Education and Science of the Russian

Federation (agreement 02.B.49.21.0003).
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Progress	  on	  Optimizing	  VPIC	  for	  LLNL’s	  Sequoia	  Platform 
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VPIC [1-3], developed and maintained at LANL, has been used extensively on petaflop/s scale 
systems  such  as  LANL’s  Cielo  and  Roadrunner,  ORNL’s  Titan  and Kraken, and NSF’s 
BlueWaters. VPIC is a general-purpose, explicit, three-dimensional, relativistic, electromagnetic, 
particle-in-cell code that evolves the coupled Boltzmann/Maxwell system by representing the 
plasma as a collection of computational macro-particles that evolve in electromagnetic fields 
interpolated from a fixed computational mesh and act as sources to self-consistently update these 
fields.  VPIC is being  optimized  to  run  efficiently  on  LLNL’s  Sequoia  platform. 
 
VPIC currently exploits parallelism in three distinct ways.  First, there is a distributed memory 
strategy which uses asynchronous MPI calls to hide inter-node communication latencies.  MPI 
can be used at the node level, core level or hardware thread level.  Second, there is a thread level 
implemented with Pthreads which will allow use of threads on a node at either the core level or 
hardware thread level.  Finally, there is a vectorization level which is implemented as a light 
weight vector wrapper class which can use either a portable implementation or a platform 
specific hardware intrinsic implementation.  VPIC is specially designed to use single precision 
floating point calculations in order to optimize use of the available memory bandwidth.  We have 
produced an implementation of the VPIC vector class using the Sequoia QPX hardware intrinsic 
vector functions.  This produces a single node speedup of about a factor of two over the portable 
implementation and allows VPIC to achieve a single node performance of about 30 GFlops.  
Results of testing VPIC at scale on Sequoia will be presented including a comparison of pure 
MPI with various combinations of MPI and Pthreads. 
 
[1] Bowers, K. J., B. J. Albright, L. Yin et al., Phys. Plasmas, 15, 055703 (2008) 
[2] K. J. Bowers, B. J. Albright, B. Bergen et al., Proceedings of the ACM/IEEE 
       conference on Supercomputing (IEEE, New York, 2008), Austin, pp. 1-11, 2008 
       (Gordon Bell Prize Finalist) 
[3] K.J. Bowers, B.J. Albright, L. Yin, W. Daughton, V. Roytershteyn, B. Bergen, T.J.T. 
       Kwan, Journal of Physics: Conference Series 180 (1), 012055 (2009). 
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MUNCHKIN: Chemistry Pre-processor for
Plasma Processing Applications⇤

A. Pankin, B. Davidson, T. Jenkins, S. Kruger, and K. Beckwith

Tech-X Corporation, Boulder, CO

In this report, a progress toward the development of chemistry pre-processor for plasma processing
applications in reported. Developing a chemistry package as a preprocessor for fluid and partice-in-
cell (PIC) codes is a challenging task. The complexity of this task is related to a large number of
reactions for a given set of species and to di↵erences in reactions and species that are needed for fluid
and PIC codes. The fluid codes usually do not take into account elastic collisions and do not follow as
many excited states as PIC codes do. However, the information about the elastic collisions and excited
states is usually important for the PIC codes. The first task in the developing of MUNCHKIN chemistry
module was to develop a database with species and reactions. The reactions have categorized is several
categories that work both for fluid and PIC codes. The database is useful for the analysis of possible
reactions and their products. Because the products can interact to each other and to initial species, a
number of possible reactions can be very large. A simple analysis of N2-O2 mixture shows 52 additional
species and their states that might need to be followed in fluid and PIC codes. However, not all species
and reactions are equally important. There are reactions with small rates that produce a small number
of product species. A small number of product species does not necessarily mean that this species can
be neglected. The product species can contribute to a completely new chain of reactions and change the
whole distribution of species. A robust analysis of chemistry dynamics is needed to limit the number
of reactions and species to the most essential ones. This analysis is highly dependent on the species
concentrations, their temperatures, and background gas parameters.

The MUNCHKIN database supports di↵erent categories of reactions and supports the reaction rates
and cross-sections in di↵erent formats. An option to compute the reaction rates from the cross-sections
is implemented as well. The priority of reactions and possible reaction chains is being analyzed using
the PUMPKIN code [1,2]. The PUMPKIN code is linked to the MUNCHKIN database using a set of
python scripts. The coupled MUNCHKIN-PUMPKIN simulations have been tested for four di↵erent
gas mixtures including the N2-O2, e-O2-N2, and e-CF4. In particular, it has been demonstrated that
for certain gas conditions, the number of reactions of the e-CF4 mixture can be limited to 6 out of 35
reactions in more than 350 reaction chains.

Several visualization options for MUNCHKIN are considered. An option to generate DOT files for the
GRAPHVIZ package is implemented as a part of analysis scripts. In addition, an option for TULIP
visualization is implemented in the Python MUNCHKIN scripts. The TULIP Python API utilized.

The reaction rates strongly depend on the species concentration that can be computed using fluid or
PIC codes. In order to avoid complicated coupling of the MUNCHKIN package with these codes and to
keep the MUNCHKIN package strictly as a preprocessing code, a simplified set of ODE to resolve the
chemistry dynamics is being implemented in MUNCHKIN. The ZDPlasKin package [3] is being used for
verification of the chemestry solver in MUNCHKIN.

1. Pathway reduction method for plasma kinetic models, PumpKin http://www.pumpkin-tool.org/.

2. A.H. Markosyan, A. Luque et al., Computer Phys. Commun. 185, 2697 (2014).

3. Zero-Dimensional Plasma Kinetics solver, ZDPlasKin http://www.zdplaskin.laplace.univ-tlse.fr/.

⇤
This research is supported by US Department of Energy.
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Synthetic in situ radiation diagnostics in particle-in-cell codes  
– from the lab to the stars with a GPU-accelerated code 

 
R. Pausch1,2, A. Debus1, K. Steiniger1,2, A. Huebl1,2, R. Widera1,  

U. Schramm1,2 and M. Bussmann1 
 

1 Helmholtz-Zentrum Dresden – Rossendorf 
2 Technische Universität Dresden 

 
 

We present the synthetic in situ radiation diagnostic included in the 3D3V particle-in-

cell code PIConGPU. It provides spectrally and angularly resolved far field radiation 

and thus translates the simulated plasma dynamics to radiation observables 

accessible in experiments. 

 

Our radiation diagnostics algorithm based on Liénard-Wiechert potentials is capable 

of predicting non-linear Thomson scattering of both sub-relativistic and relativistic 

electrons in plasmas. The multi-GPU-based implementation and its direct integration 

into the particle-in-cell code PIConGPU not only results in high processing speeds - 

up to 7.2 Peta FLOPS on TITAN - but also enables to compute the radiation for all 

~1010 simulated macro particles, thousands of frequencies and hundreds of 

observation directions. Such performance permits to cover spectral ranges from 

infrared to X-ray with virtual radiation detectors covering an entire “skymap”, whereas 

taking into account all particles allows us to make quantitative predictions of the 

emitted radiation power for both coherent and incoherent plasma radiation occurring 

simultaneously. We discuss in detail how our multi-GPU-based implementation 

overcomes bandwidth, processing speed and disk space constraints seen in CPU-

based radiation codes by replacing the offline fast Fourier transform over several 

tens of Petabytes of particle trajectories with an in situ Fourier transform. 

 

We demonstrate PIConGPU’s capabilities using simulated spectra of plasma based 

light sources and accelerators, realized in laboratories today, and instabilities, 

occurring in astrophysical jets. As examples, we show a quantitative analysis for high 

harmonics generation (HHG) during laser foil irradiation, an explorative search for 

spectral signatures of laser wakefield acceleration (LWFA) and a time-dependent 

study of Kelvin-Helmholtz instability (KHI) spectra. 



Orbit-free Approach to the Finite-Larmor-Radius

Continuum Kinetic Description of Magnetized Plasmas∗

J.J. Ramos

Plasma Science and Fusion Center, M.I.T., Cambridge MA 02139, U.S.A.

Finite-Larmor-radius (FLR) effects play an important role in the behavior of magnetically con-

fined plasmas, especially at low collisionality, and some long-wavelength phenomena require an

accurate analysis to high FLR order. A number of issues complicate the traditional approaches

to continuum kinetic theory in high FLR orders. Among these are the proper account of all the

high-order drift corrections to the particle orbits, the parallel electric field, the quasineutrality

condition, the momentum and energy conservation laws, and the inertial forces if moving refer-

ence frames are used. An original and systematic approach has been developed, that does not

consider particle or guiding center trajectory characteristics, but that has all the above physical

requirements intrinsically built in and guaranteed to be satisfied automatically. It is based on

drift-kinetic equations in the frames of the mean flow velocities, where the electric field can be

eliminated algebraically and an important cancellation with inertial forces takes place. This for-

malism has been implemented successfully in two axisymmetric neoclassical codes [B.C. Lyons,

S.C. Jardin and J.J. Ramos, Phys. Plasmas, 19, 082515 (2012); 22, 056103 (2015)], respectively

applicable to low collisionality and finite collisionality regimes.

∗Work supported by the U.S. Department of Energy.



Liner compression simulations with a moving mesh

M. Reynolds1, A. Froese1, S. Barsky1, and G. Tóth2

1 - General Fusion Inc.,

108-3680 Bonneville Place, Burnaby BC, Canada V3N 4T5

2 - Center for Space Environment Modeling,

Dept. of AOSS, University of Michigan, 2455 Hayward, Ann Arbor MI, 48109 USA

General Fusion is working to develop a commercially-viable power source based on
the magnetized target fusion (MTF) concept, in which magnetically-confined plasma is
compressed by liquid metal to thermonuclear conditions [1]. A series of experiments
are being performed in which a toroidal magnetized plasma is compressed by a moving
aluminum liner. To support this experimental work we have created a MHD simulation
to model the compression. The simulation is an extension to the freely available Versatile
Advection Code (VAC) [2].

The compression simulation uses fluid equations of MHD corresponding to a time-
dependent coordinate system (moving mesh). The time-dependence of the coordinate
system is prescribed to match the trajectory of the liner, which is known from material
dynamics simulations and experimental measurements. We derived the equations from
those of GRMHD [3] by taking the nonrelativistic limit. The compression is su�ciently
fast compared to the energy confinement time to produce ignition. Yet it is also su�-
ciently slow compared to plasma wave speeds that a quasi-static approximation can be
used to neglect inertial e↵ects. This assumption is only made to simplify the implementa-
tion of the moving mesh and is not essential. Therefore, it will be possible to implement
the full set of equations for arbitrary nonrelativistic compression in VAC in the future.

Aspects of the simulation will be described and results presented.

[1] M. Laberge, S. Howard, D. Richardson, A. Froese, V. Suponitsky, M. Reynolds, and
D. Plant. 2013 IEEE 25th Symposium on Fusion Engineering (SOFE), 1:10–14, 2013.

[2] G. Tóth. J. Comput. Phys., 161:605, 2000.

[3] C. Gammie, J. McKinney, and G. Tóth. The Astrophysical Journal, 589:444–457,
2003.
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MCSwarm++: A New Code for Monte Carlo  
Simulation of Electron-Gas Interactions 

A. S. Richardson, S. B. Swanekamp, J. R. Angus, D.F. Gordon, J. W. Schumer 
Division of Plasma Physics 
Naval Research Laboratory 

 
The physics of gas breakdown by an intense electron-beam is important for 

determining the plasma return current.  Accurate modeling of plasma return 
current is important because the difference between the beam current and the 
return current determines the magnitude and duration of the electromagnetic 
fields.  At low ionization fractions (np/ngas<10-3), gas breakdown is governed by the 
collision of free electrons with neutral gas molecules in the presence of the beam’s 
self-generated electric and magnetic fields. The MCSwarm code solves the 
Boltzmann equation in the presence of an electric field by using Monte Carlo 
scattering methods and measured electron-neutral inelastic and elastic cross-
sections for collisions. MCSwarm can either be used to calculate transport 
coefficients for fluid models or be coupled directly to PIC codes for a fully kinetic 
treatment [1]. There are several important features missing from MCSwarm First, 
flexibility in the choice of differential cross section data sets, and second, a modular 
object-oriented design that simplifies the coupling between MCSwarm and PIC 
codes. 

A new version of MCSwarm has been written in C++, called MCSwarm++. 
This new code incorporates a modular design which provides a flexible code-base for 
future implementation of new physics models. MCSwarm++ is available in two 
forms. The first, standalone form, is a zero-dimensional code whose results can be 
benchmarked with two-term solutions to the Boltzmann equation and can also be 
compared to previous MCSwarm results. In addition, new reactions types and 
alternate cross section datasets are easily imported using the LXcat format [2], and 
this provides flexibility in the choice of gas chemistry models. The second form of 
MCSwarm++ is a modular set of C++ classes designed for inclusion in PIC codes.  
We are in the process of releasing MCSwarm++ as an open-source code. We report 
here on the development and first results from MCSwarm++, including results from 
coupling MCSwarm++ to the PIC code turboWAVE [3] which allows fully kinetic 
simulations of beam-gas interactions. 
 
[1] S.B. Swanekamp, D.D. Hinshelwood, P.F. Ottinger, J.W. Schumer, D. Mosher, 
M.L. Kiefer, D.B. Seidel, and T.D. Pointon, “A monte-carlo code for computing 
transport coefficients in weakly ionized gas,” presented at IEEE 34th International 
Conference on Plasma Science, Albuquerque, NM, June 2007. 
[2] LXcat datasets and file format definition are available online at lxcat.net 
[3] D.F. Gordon, P. Sprangle, A.C. Ting, R. Fernsler, M. Lampe, S. Slinker, and B. 
Hafizi, “Numerical Modeling of Plasmas Using the TurboWAVE Framework”, in 
2009 NRL Review, p. 241–242. http://www.nrl.navy.mil/research/nrl-review/2009/!
simulation-computing-modeling/ 



Two-Fluid and Finite Larmor Radius E↵ects on Relaxation

Dynamics in a Driven-Damped Plasma Pinch

J. P. Sauppe, C. R. Sovinec

University of Wisconsin-Madison

Work supported by U.S. Department of Energy and National Science Foundation

The magnetic helicity, a well-known topological quantity that measures the knottedness of
magnetic field lines, is conserved in the ideal limit for single-fluid MHD. Two-fluid models, which
include Hall physics in the generalized Ohm’s law, allow for separation of electron and ion flows on
the order of the ion skin depth. Within the Hall-MHD model, the hybrid helicity, a weighted sum
of the magnetic, cross, and kinetic helicities, is invariant in the ideal limit with cold ions [Turner,
L. 1986. Hall E↵ects on Magnetic Relaxation. IEEE Transactions on Plasma Science PS-14(6)
849–857]. Extended MHD incorporates first-order ion finite-Larmor radius (FLR) e↵ects through
the Braginskii gyroviscous stress tensor. We show that the hybrid helicity of Hall-MHD is not
conserved with these e↵ects included in the model.

The evolution of the magnetic, cross, and kinetic helicities are analyzed in numerical simulations
of a driven-damped plasma pinch in three distinct cases. The first has a single-fluid Ohm’s law with
no FLR e↵ects. The second and third include two-fluid physics in the generalized Ohm’s law, and
the latter also includes FLR e↵ects through the gyroviscous stress tensor. The initially unstable
paramagnetic pinch equilibrium undergoes a nonlinear relaxation event which brings the plasma to
its characteristic reversed field state.

The evolution of the helicities throughout the event are reported and a reconstruction of the
coupling terms is performed. The magnetic helicity evolution couples to the cross helicity through
the electron pressure gradient parallel to the magnetic field, but this is found to be insignificant in
the simulations. The cross helicity is in turn coupled to the kinetic helicity through the projections
of the Hall term and electron pressure gradient onto the fluid vorticity. The coupling here is
stronger, but there are much larger contributions from the viscous and gyroviscous stresses that
dominate the cross helicity evolution.

In modest Lundquist number simulations with S = 20, 000, the magnetic energy drops by about
⇠ 1.4 � 1.7% during the relaxation event while the magnetic helicity is more robustly conserved
and changes by ⇠ 0.13� 0.23%. The hybrid helicity is well-conserved for simulations that exclude
the FLR e↵ects (⇠ 0.15� 0.18%) but changes appreciably (⇠ 0.69%) when they are included. The
time-scales of the relaxation and drive are su�ciently well-separated to allow for comparisons to
various relaxation theories. The plasma parallel current evolves toward the predicted flat profile.
However, the plasma parallel flow does not. It tends to either peak or flatten, depending on the
orientation of the background current density. The discrepancy between the predictions and the
simulation results are primarily due to FLR e↵ects, which were not considered in the theories.
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A Variational Formulation of Macro-Particle

Algorithms for Kinetic Plasma Simulations

⇤

B. A. Shadwick and A. B. Stamm

Department of Physics and Astronomy
University of Nebraska-Lincoln

Lincoln, NE 68588

Abstract

Macro-particle-based simulations methods enjoy widespread use in plasma physics; their
computational e�ciency and intuitive nature are largely responsible for their longevity. In
the main, these algorithms are formulated by approximating the continuous equations of
motion. For systems governed by a variational principle (such as collisionless plasmas), ap-
proximations of the equations of motion is known to introduce anomalous behavior, especially
in system invariants. We present a variational formulation of particle algorithms for plasma
simulation based on a reduction of the distribution function onto a finite collection of macro-
particles.1�3 As in the usual Particle-In-Cell (PIC) formulation, these macro-particles have
a definite momentum and are spatially extended. The primary advantage of this approach
is the preservation of the link between symmetries and conservation laws. For example,
nothing in the reduction introduces explicit time dependence to the system and, therefore,
the continuous-time equations of motion exactly conserve energy; thus, these models are
free of grid-heating. In addition, the variational formulation allows for constructing models
of arbitrary spatial and temporal order. In contrast, the overall accuracy of the usual PIC
algorithm is at most second due to the nature of the force interpolation between the gridded
field quantities and the (continuous) particle position. Again in contrast to the usual PIC
algorithm, here the macro-particle shape is arbitrary; the spatial extent is completely decou-
pled from both the grid-size and the “smoothness” of the shape; smoother particle shapes
are not necessarily larger. When the field quantities are approximated on a spatial grid,
we show that gauge invariance, charge conservation and momentum conservation only hold
on average. In contrast, when the field quantities are represented by a truncated Fourier
expansion, we show that energy and momentum can be simultaneously conserved. A canon-
ical Hamiltonian system can be obtained through the Legendre transformation allowing for
the use of symplectic integrators on the combined macro-particle and field phase space. We
provide a number of examples illustrating the properties of these algorithms, comment on
implementation e�ciency of both the Lagrangian and Hamiltonian formulations, and discuss
future work.

⇤
This work was supported in part by the US DoE under grant numbers DE-FG02-08ER55000 and DE-

SC0008382 and by US Department of Education grant number P200A090156 (GAANN)

1
E. G. Evstatiev and B. A. Shadwick, J. Comput. Phys. 245, 376 (2013)

2
A. B. Stamm, B. A. Shadwick, and E. G. Evstatiev, IEEE Trans. Plasma Sci. 42, 1747 (2014)

3
B. A. Shadwick, A. B. Stamm, and E. G. Evstatiev, Phys. Plasmas 21, 055708 (2014).



A Vlasov simulation of ion acceleration and plasma jets formation in a dense 

plasma driven by a high intensity laser beam 

M. Shoucri1, J-P. Matte2, F. Vidal2  

1-Institut  de  recherche  d’Hydro-Québec (IREQ), Varennes, Québec, Canada, J3X 1S1 

2-INRS-Energie,  Matériaux et Télécommunications, Université du Québec, Varennes, Québec, 

Canada J3X 1S2  

 We use an Eulerian Vlasov code [1], which solves the one-dimensional relativistic Vlasov-

Maxwell equations for both electrons and ions, to study the problem of the radiation pressure 

acceleration of ions and the formation of neutral plasma jets driven by a high intensity 

circularly polarized laser beam normally incident on a thin foil. Recent experimental results 

[2,3] have shown the advantage of thin targets for collimated ion acceleration with normally 

incident high intensity circularly polarized laser beams. We consider the case of a dense 

plasma with 100 crn n ( crn  is the plasma critical density), and a normalized amplitude of the 

vector potential of the incident laser beam 0a  varying between 50 and 100. The laser pulse is 

Gaussian and only 10-cycle long. We first observe the penetration of the laser pulse across the 

slab. The laser beam interacts with the electrons at the plasma surface via its ponderomotive 

pressure. The electrons are pushed steadily by the radiation pressure of the laser beam, which 

gives rise to a charge separation and an electric field, producing a sharp density gradient at the 

target surface. Then ions are accelerated and attract electrons. This is followed by the 

formation of a neutral plasma jet [4]. The evolution of the system, which leads to the formation 

of this neutral plasma jet, is followed in details. The length of the target is varied to analyze the 

mechanism of the radiation pressure acceleration of ions by intense circularly polarized lasers. 

The Vlasov code uses a method of integration of the Vlasov equation along its characteristics, 

using cubic spline interpolation [1]. The absence of noise in the Vlasov code allows a detailed 

and accurate study of the phase-space structures of the distribution functions for the electrons 

and the ions. 

[1] M. Shoucri, X. Lavocat-Dubuis, J.-P. Matte, F. Vidal, Laser Part. Beams 28, 129 (2010); [2] S. Kar et al. 

Phys. Rev. Lett. 100, 225004 (2008); [3] R. Prasad et al. Appl. Phys. Lett. 99, 121504 (2011); [4] B. Qiao et al. 

Plasma Phys. Contr. Fusion 53, 124009 (2011). 



Numerical Dispersion Analysis of Light for 
DVSI Algorithm on Structured Tetrahedral Meshes 

David Smithe(1), Kris Beckwith(1), Nicholas Miller(2), John Albrecht(2) 

(1)Tech-X Corporation                 (2)Michigan State University 
   Boulder, CO  80303      East Lansing, MI  48824 

The traditional Yee cell finite difference time domain (FDTD) electromagnetic PIC algorithms can be 
carried over from cubic cell to tetrahedral cell meshes using the Delaunay-Voronoi Surface Integration 
(DVSI) algorithm [1], where dual nodes are at the tet sphericenters, and all regular and dual edge and face 
relationships maintain the correct perpendicularity properties, although well-centering is lost.  As with the 
traditional  Yee  algorithm,  DVSI’s  Ampere  and  Faraday  operators  are  perfectly  adjoint,  giving  pure  real  
(non-decaying) light-wave dispersion, with perfect divergence-curl and curl-gradient null spaces.  This 
paper focuses on the analysis of the dispersion, and Courant limits, on tet meshes, and while unstructured 
meshes are the ultimate use-case for tet meshes, mathematical analysis of the algorithm is only possible in 
the structured case, so we focus on the body-center-cubic (BCC) and A15 structured tet meshes.  
Numerical dispersion analysis uses the difference-algebra of the DVSI algorithm, in place of the partial 
differentials of a purely physics-based analysis. 

We look for the departure of dispersion from the light-line at large wavenumber, and compare to the 
normal Yee case (see Figure 1).  We look at the polarization degeneracy and check to insure no ghost 
modes at low frequency.  The loss of well-centering, which degrades local truncation error from 2nd-order 
to 1st-order, is a primary area of investigation.  The BCC mesh has flat mesh planes, edges having 4 and 6 
valence, and 3-of-4 well-centered relationships, with the 4th easily repaired to make a fully 2nd-order 
algorithm.  The A15 mesh has purely acute tets, edges with 5 and 6 valence, and only 1-of-4 well-
centered relationships, so no attempt is made to improve on its local 1st-order truncation error.  
Comparison of these two meshes helps illuminate the 
surprisingly mild impact that loss of well-centering has on 
dispersion.  We also look at the information content of tet 
meshes, vis-a-vis the traditional Yee algorithm.  Tet meshes 
adhere   to   the   “2-4-6”   rule:      whereas   the   ratio   of   nodes,  
electric field vectors, magnetic field vectors, and cells, is 1-
1-1-1 for the traditional Yee algorithm, it is (approximately) 
1-2-4-6 for DVSI.  This implies that, for example, a 
magnetic field stored in a tet cell is oversampling the natural 
degrees of freedom by 50%, and risks operating with false 
degrees of freedom.  It also has implications for particle 
noise in the tet analogue of the conservative Villasenor-
Buneman PIC particle charge allocation [2]. 

Figure 1.  Numerical dispersion of light for traditional cubic Yee cell (blue) and for a body-center-cubic (BCC) tetrahedral 
mesh (red), for propagation in the 100, 110, and 111 directions.  The doubled node density serves primarily to improve 
dispersion along the 100 direction, which goes from being the poorest resolved direction to being the best resolved direction. 
[1] M. Grupen, “Full Wave Electromagnetics and Hot Electron Transport with Electronic Band Structure for High Speed Semiconductor Device 
Simulation,” IEEE Trans. Microwave Theory and Tech. 11 (2014). 
[2]  J.  Villasenor,  O.  Buneman,  “Rigorous  charge  conservation  for   local  electromagnetic-field  solvers,”  Computer  Physics  Communications 69 
(1992). 
Work partially supported by AF STTR project FA8650-15-M-1939. 



Stabilization of Numerical Interchange in Spectral-Element 
Magnetohydrodynamics 

Carl R. Sovinec 
Department of Engineering Physics, University of Wisconsin-Madison 

The numerical ramifications of magnetohydrodynamic (MHD) interchange at the limit of 
numerical resolution in eigenvalue [1,2] and time-dependent computation [3] have long been 
appreciated.  Singularity from resonant field-line bending makes computations sensitive to 
numerical operations at the limit of resolution, where numerical truncation error is greatest.  
Depending on the numerical representation, computations can show unstable interchange in 
physically stable conditions, which is a form of spectral pollution.  While conventional viscosity 
can be used to stabilize interchange in time-dependent computation, it limits the ability to 
simulate high-temperature plasma.  Representing plasma flow and magnetic field with different 
numerical expansions avoids numerical destabilization with some representations [3], but it 
admits new null-space modes in other representations. 

The approach described here is developed for spectral-element computation, i.e. finite-
element methods based on orthogonal polynomials of arbitrary degree [4].  In particular, the 
standard C0 continuous representation of flow-velocity, number density, temperature, and 
magnetic field used in the NIMROD code [5] converges on resonant ideal interchange from the 
unstable side.  Adding hyperbolic or parabolic correction terms that respond to incomplete 
projections of flow divergence and parallel vorticity controls the numerical behavior.  The bases 
for the projections are just the highest-order Legendre polynomials in each dimension of a 
spectral element, leaving longer wavelengths unaffected.  The approach has relations to both 
filter-based stabilization of spectral elements [6] and stabilized finite-element methods for MHD 
[7].  We show that convergence from the stable side is achieved in ideal linear cylindrical 
interchange and toroidal ballooning computations.  Parabolic correction also provides an 
effective hyper-viscosity which facilitates nonlinear computations that develop turbulent 
transport driven by interchange. 

[1] R. Gruber and J. Rappaz, Finite Element Methods in Linear Ideal Magnetohydrodynamics, 
Springer-Verlag (Berlin, 1985). 

[2]  L. M. Degtyarev and S. Yu. Medvedev, Comput. Phys. Commun. 43, 29 (1986). 
[3] H. Lütjens and J. F. Luciani, Comput. Phys. Commun. 95, 47 (1996). 
[4] M. O. Deville, P. F. Fischer, E. H. Mund, High-order Methods for Incompressible Fluid 

Flow, Cambridge Univ. Press (Cambridge, 2002). 
[5] C. R. Sovinec, A. H. Glasser, T. A. Gianakon, et al., J. Comput. Phys. 195, 355 (2004). 
[6] P. Fischer and J. Mullen, Comptes Rendus de l'Académie des Sciences Paris, t. 332 Série I-

Analyse numérique, p. 265-270 (2001). 
[7] J. N. Shadid, R. P. Pawlowski, J. W. Banks, L. Chacón, P. T. Lin, and R. S. Tuminaro, J. 

Comput. Phys. 229, 7659 (2010). 



Modeling of a plasma vacuum window for high power beam applications

Peter Stoltz, Madhusudhan Kundrapu, Kristian Beckwith (Tech-X Corporation, Boulder, CO 80303)
Felix Marti (Facility for Rare Ion Beams, Michigan State University, East Lansing, MI 48824) 

A major new facility for the Department of Energy (DOE) Office of Nuclear Physics is the Facility for 
Rare Isotope Beams (FRIB). FRIB will accelerate heavy ion beams (up to uranium) to energies as high 
as 200 MeV/u and with powers of 400 kW in a few mm diameter.  Even at the low energy end of the 
accelerator, the beam powers are as high as 40 kW.  Due to the limited lifetime at these high powers of 
solid foil strippers, FRIB researchers are pursuing gas jet strippers as a new approach.  By exciting an 
arc discharge across the gas jet, the resulting plasma can act as a vacuum window.  We are developing 
models of these plasma windows, including the complex geometry of the nozzle, including viscosity 
effects, and including a temperature dependent air conductivity.  We present here results for the flow 
velocity as a function of the pressure drop, and for the temperature as a function of discharge current.  
We compare these results with recent experiments performed at FRIB.



An Implicit ”f Method with Sub-Cycling and Orbit Averaging for
Lorentz Ions

Benjamin J. Sturdevant1, Scott E. Parker2, Yang Chen2 and Benjamin B. Hause2

1Department of Applied Mathematics, University of Colorado, Boulder, CO 80309
2Department of Physics, University of Colorado, Boulder, CO 80309

A second order implicit ”f Lorentz ion hybrid model with sub-cycling and orbit averaging has been
developed to study low-frequency, quasi-neutral plasmas. This model may be useful for verifying
gyrokinetic simulation models in applications where higher order terms may be important, for
example, in the tokamak edge pedestal region, where the equilibrium gradient scale lengths are
quite short. In the presence of a strong external magnetic field, previous Lorentz ion models [1-2]
are limited to simulating very short time scales due to the small time step required for resolving the
ion gyromotion. Here, we use a simplified model for ion Landau damped ion acoustic waves in a
uniform magnetic field as a test bed for developing e�cient implicit time advance methods for the
Lorentz ion hybrid model. The test bed model can be easily extended to model the shear-less slab
ion temperature gradient (ITG) instability [4]. A GPU accelerated sub-cycling and orbit averaging
method has been developed and successfully applied to the ion acoustic wave model. Sub-cycling
and orbit averaging use separate time step sizes for the fields and particles to take advantage of the
widely separated time scales [3]. Sub-cycling accurately resolves the particle motion over several
micro time steps for each macro time step interval over which the electric field is advanced. Orbit
averaging then uses the deposition data from the sub-cycled particles to obtain time averaged source
terms, which are used in the field solving stage. Orbit averaging applied to the ion acoustic wave
model produces an increased e�ciency by filtering high frequency noise residing in ion Bernstein
modes and thereby reducing the number of particles needed for accurate simulations. Simulation
results will be presented to demonstrate the noise reduction properties of the sub-cycling/orbit
averaging algorithm with a large macro time step size while accurately reproducing finite-Larmor-
radius e�ects. Furthermore, it is demonstrated that the use of GPUs for the particle advance can
result in significant speedups over a serial code, and little programming e�ort is required. We will
discuss our future plans to implement the model in the GEM gyrokinetic simulation to study the
toroidal ITG instability with Lorentz ions.

[1] Y. Chen, S. E. Parker, Phys. Plasmas 16 052305 (2009)
[2] J. Cheng, S. E. Parker, Y. Chen, D. Uzdensky, J. Comput. Phys. 245 364 (2013)
[3] B. I. Cohen, T. A. Brengle, D. B. Conley, R. P. Freis, J. Comput. Phys. 38 45 (1980)
[4] D. D. Schnack, J. Cheng, D. C. Barnes, S. E. Parker, Phys. Plasmas 20 062106 (2013)



Plasma structure with turbulence and magnetic stochasticity

using Finite Time Lyapunov Exponents*

L. E. Sugiyama1, H. Krishnan2, H. Childs3

1 Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge MA
2 Lawrence Berkeley Laboratory, Berkeley CA

3 University of Oregon, Portland OR

A new way of analyzing the plasma structure and evolution in the presence of turbulence

and magnetic stochasticity is presented. The Finite Time Lyapunov Exponent (FTLE) for

a time-dependent vector field is increasingly used in conventional fluids to extract the dy-

namical structure of complex fluid flows. The FTLE measures the (exponential) rate of

convergence or divergence of initially nearby field lines, as a field line is followed for a chosen

finite distance or time. It has a rigorous mathematical relation to long-lived vector flow

structures called Lagrangian Coherent Structures, that has also been confirmed experimen-

tally for fluid flows. Magnetized plasmas can be described by two or more vector fields, the

simplest being the magnetic field B and the MHD single-fluid plasma mass flow v, although

many more can be constructed. High resolution techniques for calculating the FTLE have

been used to analyze v and B in the late stage of an m = 1/n = 1 sawtooth crash in a

tokamak, obtained from a large scale MHD simulation. The FTLE of the plasma velocity

field has similarities to that of the conventional fluid velocity; the magnetic field behaves

di↵erently. The results give a di↵erent view of the sawtooth and island that complements

standard viewpoints. It also provides support for the idea that nonlinear MHD evolution

is nearly incompressible in a certain sense, a general impression often obtained from sim-

ulations, despite the fact that compressibility and higher order in inverse aspect ratio are

important in the 1/1 internal kink mode and sawtooth. The ideas and computational tech-

niques behind FTLEs are closely related to fundamental plasma concepts, such as the motion

of charged particles along magnetic field lines, and may provide insights into new plasma

models and theoretical connections.
⇤ Work supported by the U.S. D.O.E. OFES and SciDAC programs. Computational support pro-

vided by NERSC.



A Fully Implicit Particle-In-Cell Charge Simulator 

Din-Kow Sun, Ansys Inc. 

This paper presents a fully implicit charge-field simulator for charges travelling in vacuum under the 

influence of DC and transient fields. The problem domain is discretized with a three-dimensional 

tetrahedral mesh. The simulator first solves a single-variable curl-curl Maxwell equation with a mixed-

order curl-conforming vector finite element method
(1)

. Then, the simulator solves Lorentz equations for 

positions and velocities of particles. The electric current due to the charge motion, integrated by an 

orbit-average method
(2)

 , is fed back to the Maxwell equation. A self-consistent solution is reached by 

Broyden method
(3)

 in which the operation of inverse Jacobian on vectors is replaced by a sequence of 

simply vector-vector inner-products; there is no need to create Jacobian or its inverse.  In addition, a 

novel multilevel field correction method
(4)

 for the unstructured grid is developed to dynamically conform 

to the singular field of point charges that a grid-based method would have required a very fine, transient 

mesh to produce.  

 

(1) D-K Sun, J-F Lee, Z Cendes, “Construction of Nearly Orthogonal Nedelec Bases for Rapid 

Convergence Multilevel Preconditioned Solvers,” Siam Journal on Scientific Computing, 23(4), 

1053-1076, 2001. 

(2) G Chen, L Chacoƴn, DC Barnes, “An Energy- and Charge-Conserving, Implicit, Electrostatic 

Particle-in-Cell Algorithm,” Journal of Computational Physics 230(18), 7018-7036, 2011. 

(3) CG Broyden, “A Class of Methods for Solving Nonlinear Simultaneous Equations,” Mathematics 

of Computation, 19(92), 577-593, 1965. 

(4) WJ Gross, D Vasileska, DK Ferry, “3D Simulations of Ultra-small MOSFETs with Real-space 

Treatment of the Electron-Electron and Electron-ion Interactions,” VLSI Design, 10(4), 437-452, 

2000. 



 

iFP: An Optimal, Fully Implicit, Fully Conservative, 
1D2V Vlasov-Rosenbluth-Fokker-Planck Code for 

ICF Simulation 
 

William T. Taitano, L. Chacón and A.N. Simakov 
Los Alamos National Laboratory 

P.O.Box 1663 
Los Alamos, NM 87545 

taitano@lanl.gov 

Contrary to predictions of radiation-hydrodynamics design codes, the National Ignition Facility has not 
succeeded in achieving ignition.  Recent experimental evidence suggests that plasma kinetic effects may 
play an important role during Inertial Confinement Fusion (ICF) capsules’ implosion. Consequently, 
kinetic models and simulations may need to be used to better understand experimental results and design 
ICF targets.  We present a new, optimal, fully implicit, and fully conservative 1D2V Vlasov-Rosenbluth-
Fokker-Planck (VRFP) code, iFP, which is designed to simulate ICF implosions kinetically.  Such 
simulations are difficult to perform because of the disparate time and length scales involved.  The challenge 
in obtaining a credible solution is further complicated by the need to enforce discrete conservation 
properties.  

Several key enabling algorithmic technologies are needed to enable the VRFP solution for ICF capsule 
implosion.  We employ the Rosenbluth formulation for the Fokker-Planck collision operator.  Our approach 
uses a fully implicit temporal advance to step over stiff collision time-scales.  For the solver, we use a 
Jacobian-Free Newton-Krylov method with an optimal, O(N), multigrid-based preconditioning technology 
[1]. We enforce discrete conservation of mass, momentum, and energy by solving a set of discrete 
nonlinear constraints, which are derived from continuum symmetries present in the VFP equations [2,3,4]. 
To address the issues of velocity disparity between various species as well as those associated with 
temporal and spatial temperature variations, we have developed:  1) a velocity space meshing scheme, 
which adapts to the species’ local thermal velocity; and 2) an asymptotic expansion of the Rosenbluth 
potentials based on the large ratio of thermal speeds of the fast-to-slow species (vth,f/vth,s >>1).  We have 
also implemented a Lagrangian radial mesh, which allows the physical space mesh to move as the capsule 
compresses. In this presentation, we will introduce these algorithmic breakthroughs, and demonstrate them 
on challenging examples. Figure 1 illustrates some of the current code capabilities. 
 

 
Figure 1.  Comparison of a mach 5 standing shock solution (SSS) between iFP (solid lines) and FPion 
(open circle [5]) (left), demonstration of Lagrangian mesh (center) and O(Nv) scalability of solver (right). 
 
[1] L. Chacón et al. J. Comp. Phys. 157, 654—682, (2000). 
[2] W.T. Taitano et al., J. Comp. Phys. 297, 357—380, (2015). 
[3] W.T. Taitano et al., J. Comp. Phys.  284, 718—736, (2015). 
[4] W.T. Taitano et al., J. Comp. Phys. 284, 737—757, (2015). 
[5] F. Vidal et al., Phys. Fluids B 5 (9), 3182—3190, (1993). 
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2-dimensional hybrid simulation of a non-adiabatic trap 
 

Toshiki Takahashi and Hiromu Momota1 

 

Division of Electronics and Informatics, Gunma University, Kiryu, Gunma 376-8515, Japan 
1National Institute for Fusion Science, Toki, Gifu 509-5292, Japan 

 

A non-adiabatic trap consists of the solenoid and mirror coils, and a field-canceling coil (the 

Helmholtz coil). The magnetic field of the trap vanishes widely near its center region. As a result, a 

confined plasma is in a high-beta state, and thus is able to be a candidate confinement concept for an 

economically competitive nuclear fusion device. Moreover, the confined plasma is expected to be 

stable against interchange modes because the field lines surrounding the core plasma have good 

curvature. Since plasma ions move stochastically in the zero-field region, the mirror confinement 

concept breaks and the probabilistic nature dominates an end-loss process in the non-adiabatic traps. 

One of the authors has proposed a new concept of the multi-linked non-adiabatic traps, where 

plasma particles escaping a trap are re-trapped in neighboring traps. The resultant overall particle 

confinement time can be extended in proportion to the square of the number of traps; it offers drastic 

improvement of confinement.  

We study here formation process of the plasma confined in a non-adiabatic trap by 2-dimensional 

(2-d) hybrid simulation so as to find the 2-d profiles of the diamagnetic current and the magnetic 

field structure. Detailed results will be reported at our presentation.  

 

[1] H. Momota, G. H. Miley, and O. Motojima, J. Fusion Energ. 27, 77 (2008). 



Magnetohydrodynamic Hybrid Simulations of Energetic Particle Driven 
Instabilities in ITER Plasmas 
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b SOKENDAI (The Graduate University for Advanced Studies), 322-6 Oroshi-cho, Toki 
509-5292, Japan 

 
 

e-mail address of submitting author: todo@nifs.ac.jp 
 

Magnetohydrodynamic (MHD) instabilities driven by energetic alpha particles and beam 
deuterium particles were investigated for ITER operation scenarios using MEGA, which is a 
hybrid simulation code for energetic particles interacting with an MHD fluid [1, 2]. The 
particle simulation method with finite Larmor radius effects is applied to both the alpha 
particles and the beam deuterium particles. For a steady state scenario with 9MA plasma 
current, it was found that beta-induced Alfvén eigenmodes (BAE modes) with low toroidal 
mode number (n=3, 5) become dominant in the nonlinear phase, although many toroidal 
Alfvén eigenmodes (TAEs) with n~15 are the most unstable in the linear phase. 
Redistribution of energetic particles with δβα ~ δβbeam ~ 0.07% , which respectively correspond to 
6% and 8% of the central values, takes place in the nonlinear phase. When the toroidal mode 
number of the fluctuations are restricted to n≤8, the redistribution is substantially reduced. 
This suggests that the resonance overlap between the n~15 TAE modes and the low-n BAE 
modes enhances the energetic particle transport. For another ITER scenario with 15MA 
plasma current, an MHD instability with n=3 that peaks around q=1 (q: safety factor) 
magnetic surfaces is driven by the bulk plasma current and the bulk pressure, and results in a 
significant redistribution of alpha particles with ~ 0.3%αδβ . For another equilibrium profile 
with the safety factor profile uniformly raised by 0.1 to remove the q=1 surfaces, only a 
benign MHD instability takes place, and the energetic particle transport is negligible. 
Recently, for the same 15MA ITER baseline scenario but with a slightly different equilibrium 
data, it was found by theoretical and numerical analyses that TAEs with n~15-30 are weakly 
unstable [3]. A preliminary result of MEGA simulation using the same equilibrium data of the 
ITER 15MA baseline scenario will be presented.  
 
 
[1] Y. Todo and T. Sato, Phys. Plasmas 5, 1321 (1998). 
[2] Y. Todo and A. Bierwage, Plasma Fusion Res. 9, 3403068 (2014). 
[3] S. D. Pinches et al., Phys. Plasmas 22, 021807 (2015). 



Improvement of the Multi-Hierarchy Model for Magnetic Reconnection 
Studies – Interlocking between PIC and Extended MHD - 
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2) The Graduate University for Advanced Studies (SOKENDAI), 322-6 Oroshi-cho, Toki 509-5292, 
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3) National Institute of Information and Communications Technology, 4-2-1 Nukui-Kitamachi, Koganei, 
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A fusion plasma contains various spatiotemporal scales from macroscopic transports to 

microscopic processes relating to the dynamics of each electrons and ions. In fusion plasma 
studies with simulations, different hierarchies or physics are treated by different models. 
Studies on each hierarchy or physics are advancing remarkably, on the other hand multiple 
hierarchies or physics are not independent, but deeply and complexly interact. However how 
different hierarchies or physics interact each other are poorly understood. We believe that the 
complete understanding of fusion plasmas requires a simulation model which deals with 
multiple hierarchies or physics self-consistently and simultaneously.  

We have developed a multi-hierarchy simulation model which couples an MHD code and a 
PIC code [1]. Using our model, we study on collisionless magnetic reconnection, since 
magnetic reconnection is one of typical multi-hierarchy phenomena and is considered to be 
involved with sawtooth oscillations in tokamks. In our multi-hierarchy model, real space in a 
simulation domain is divided into three parts: an MHD domain to treat macroscopic dynamics 
away from reconnection points, a PIC domain to solve microscopic physics in the vicinity of the 
neutral sheet, and an interface domain to interlock the two domains by commuting the MHD 
and PIC information. Recently, by means of our multi-hierarchy simulations we have reported 
the first results on the influence of macroscopic dynamics on microscopic physics of magnetic 
reconnection [2]. 

Furthermore, we plan to improve our multi-hierarchy model aiming to apply our model to 
sawtooth oscillations. The improved model would be as follows. An extended MHD code [3] 
including non-ideal terms such as the finite Larmor radius and Hall effects, and a PIC code are 
interlocked.  In our presentation, we would like to introduce our idea and demonstrate 
simulation results performed in order to examine applicability of the improved model as the 
first step. 

 
[1] S. Usami, R. Horiuchi, H. Ohtani, and M. Den, Phys. Plasmas 20, 061208 (2013). 
[2] S. Usami, R. Horiuchi, H. Ohtani, and M. Den, Journal of Physics: Conference Series 561, 
012021 (2014). 
[3] R. Goto, H. Miura, A. Ito, M. Sato, and T. Hatori, Phys. Plasmas 22, 032115 (2015). 
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 The Vlasov-Maxwell equations are a fundamental model for the microscopic 

evolution of magnetized, collisionless plasmas. Because of the wide disparity of spatial and 
temporal scales typical of plasmas, their numerical solution is extremely challenging and is a 
very active area of research.  
 There are three main numerical approaches to the solution of the Vlasov-Maxwell 
equations, differing by how phase space is handled. The most common is the Particle-In-Cell 
(PIC) method, where phase space is discretized by using macroparticles. In the second, called 
Eulerian-Vlasov, a computational grid in phase space is used. The third class of methods is 
the Transform methods, where the plasma distribution function is decomposed in a number of 
moments via a basis expansion (typically using the Fourier or Hermite basis). PIC is the most 
popular method owing to its simplicity and robustness. It has had remarkable success for 
many basic plasma physics problems. It is however plagued by statistical noise associated 
with the macroparticles and is therefore mainly suited for problems where a high signal-to-
noise ratio is acceptable. Eulerian-Vlasov and Transform methods do not suffer from 
statistical noise, but can be memory and resource intensive and, therefore, so far have been 
mainly limited to problems with a smaller number of spatial/velocity dimensions. 

In this work, we discuss a spectral method to solve the Vlasov-Maxwell equations by 
means of an expansion of the distribution function into Hermite polynomials. This reduces the 
Vlasov equation to an infinite system for the moments of the expansion. The spatial 
discretization is cast either in terms of a Fourier (global) basis or through the Discontinuous-
Galerkin (DG) method (local basis), while the moment equations are discretized implicitly in 
time with a Crank-Nicolson scheme. The resulting set of nonlinear discrete equations is 
solved with the Newton-Krylov technique, where GMRES is used for the inner iterations. For 
periodic boundary conditions, this discretization delivers a scheme that conserves the total 
mass, momentum and energy of the system exactly. For comparison, this is something that 
has not yet been accomplished for PIC. Moreover, the Hermite-DG method is very suitable to 
adaptive implementations by locally modifying the number of Hermite modes (velocity-
adaptation), by locally reducing the size of the cell in space (space-adaptation), or by locally 
modifying the degree of the DG polynomials (p-adaptation) in each cell space. It also presents 
high data locality, which can be exploited for the parallel implementation on high-
performance computing architectures. 

A comparison between PIC and the spectral method on standard test problems such as 
Landau damping, two-stream instability and ion acoustic wave shows that the spectral method 
can be orders of magnitude faster/more accurate than PIC. Multi-dimensional fully 
electromagnetic tests involving high frequency plasma waves and the whistler instability will 
be presented. In multi-dimensions preconditioning strategies become crucial to maintain the 
scalability of the algorithm as the dimension of the Krylov space increases. We present two 
preconditioning strategies showing that an order of magnitude decrease in the Krylov 
iterations and a sizeable gain in code speed-up can be achieved. Some attempts to optimize 
the spectral decomposition in velocity space will also be presented, including a method where 
the number of Hermite modes is changed dynamically during the simulation. 



Modeling)full)radial)electric)field)and)flow)shears)in)
gyrokinetic)simulations)
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!
It!is!well!known!that!the!radial!electric!field!(Er)!is!important!in!the!
turbulence!of!tokamak!plasmas.!It!affects!the!growth!rate!of!instabilities!
through!the!ExB!shear!and!changes!the!real!frequency!of!drift!waves!by!
adding!a!Doppler!shift.!The!modeling!of!Er!in!simulations,!however,!was!
usually!not!complete.!The!full!profiles!of!the!main!ion!toroidal!and!
poloidal!flows!were!not!implemented.!In!the!gyrokientic!
electromagnetic!particle!code!GEM,!the!poloidal!flow!was!assumed!to!be!
zero!by!introducing!a!parallel!flow.!However,!recent!experiments!show!
that!the!poloidal!flow!could!be!important![1].!
!
In!this!study!we!add!the!full!main!ion!rotation!flows!to!GEM,!following!
the!comprehensive!procedures!of!Sugama!and!Horton![2].!The!major!
contribution!to!the!Er!from!the!ion!toroidal!flow!is!used!as!Er0,!and!the!
result!as!Er1.!The!effects!to!the!growth!rate!and!Doppler!shift!of!all!terms!
in!the!force!balance!equation!are!demonstrated!using!linear!simulations!
of!a!core!plasma.!An!HMmode!edge!case,!in!which!the!ExB!shear!is!
comparable!to!linear!growth!rate,!is!studied!by!nonlinear!simulations!to!
show!the!effects!of!the!new!model.!!
!
!
!
[1]!B.A.!Grierson!et!al.,!Nucl.!Fusion!53!(2013)!063010.!
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A new delta-f scheme and self-consistent gyrokinetic simulations of 

turbulent and neoclassical physics  
 

W. X. Wang, S. Ethier, J. Chen, E. Startev, Z. Lu*, W.W. Lee 

Princeton Plasma Physics Laboratory, Princeton, USA 
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A new, accurate delta-f scheme for particle-in-cell simulation is derived. The 

new scheme ensures the conservation of extended phase volume of simulation 

particles, and thus achieves improved performance. Using the new scheme, 

gyrokinetic simulations including self-consistent neoclassical physics are 

shown to lead to significant new features regarding nonlinear turbulence 

dynamics which impacts a number of important transport issues in tokamak 

plasmas. These include bootstrap and poloidal flow generation in the presence 

of turbulence, turbulence coupling to the geodesic acoustic mode and associated 

particle transport. Various physics studies using the newly developed capability 

will be discussed.  

Work supported by U.S. DOE Contract DE-AC02-09-CH11466. 



A Variational Approach to Plasma Physics Algorithms

Stephen D. Webb
RadiaSoft, LLC., Boulder, CO 80304

Reliably simulating plasma accelerators and space charge dominated beams over many 
periods of the system requires algorithms which respect the underlying Hamiltonian 
structure of the Maxwell-Vlasov equations. By deriving the discrete equations of motion 
from a discrete least-action principle, we are guaranteed to preserve this Hamiltonian 
structure. We present this process in the context of an electrostatic,  spectral,  gridless 
macroparticle algorithm.

This work is  sponsored by the United States Air Force Office of  Scientific Research,  
Young Investigator Program, under contract no. FA9550-15-C-0031.



Envelope Model Simulation of Experimentally Measured Laser Pulses at the Texas

Petawatt

K. Weichman,1, 2, ⇤ A. V. Higuera,3, 2 D. T. Abell,2 B. Cowan,2 N. Fazel,1 J. R. Cary,3, 2 and M. C. Downer1

1Department of Physics, University of Texas at Austin, Austin, Texas 78712, USA
2Tech-X Corporation, Boulder, Colorado 80303, USA

3Department of Physics, University of Colorado at Boulder, Boulder, Colorado 80309, USA

In a laser wakefield accelerator (LWFA), the di↵raction of an initially over-focused laser pulse
can provide spatially and temporally localized electron injection, a requirement for the production
of monoenergetic electron bunches. The evolution of the laser pulse and plasma wake depend non-
linearly on variations in the initial laser pulse profile. While electron bunches with energies up to
several GeV have been reported at the Texas Petawatt Laser facility and elsewhere [1, 2], Gaussian
and near-Gaussian beam simulations predict energies higher than have been observed [3]. Experi-
mentally measured intensity and phase profiles deviate significantly from those of an ideal Gaussian
pulse, indicating that including experimental laser profiles via initial conditions is important to pre-
dictively model LWFA’s. New methods in particle-in-cell (PIC) codes, such as the implementation
of the envelope model in VORPAL [4, 5], have lowered the computational cost of simulating the
early evolution of laser wakefields. Future simulations will capture the entire accelerating structure,
starting with an early-time envelope model simulation, continued by a boosted frame PIC simula-
tion [6]. As the first stage in a full 3D laser wakefield simulation, we present early-time VORPAL
envelope model simulations of wakefields produced by laser pulses with experimentally measured
profiles from the Texas Petawatt Laser.

This work is supported by the DOE under Grants No. DE-SC0011617 and DE-SC0012444, by
DOE/NSF Grant No. DE-SC0012584, and used resources of the National Energy Research Scientific
Computing Center, a DOE O�ce of Science User Facility supported by the O�ce of Science of the
U.S. Department of Energy under Contract No. DE-AC02-05CH11231. KW is supported by the
DOE CSGF under Grant No. DE-FG02-97ER25308.

⇤ email: kweichman@utexas.edu
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[4] C. Nieter and J. R. Cary, Journal of Computational Physics 196, 448 (2004).
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Computational Physics 230, 61 (2011).
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Taking larger timesteps with speed-limited particle-in-cell simulation 
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Particle-in-cell (PIC) simulation is often impractical because it includes too much 
physics; that is, it includes effects at disparate length or time scales that must be resolved 
for the stability and integrity of the simulation, even if those effects do not contribute 
significantly to the phenomenon motivating the simulation.   For example, the timestep 
must often be sufficiently small to resolve the plasma frequency, even if plasma 
oscillations do not play a significant role in the simulation.  Other methods (e.g., 
MHD/fluid approaches) may offer more efficient simulation in such cases, but often they 
don’t include enough physics.  Hybrid approaches, such as kinetic ions with fluid or 
Boltzmann electrons can often fill in the gap.  A new method, speed-limited PIC 
simulation, allows fast particles to “relax” on slow timescales, allowing larger timestep 
(e.g., large compared to the inverse plasma frequency).  Unlike the use of Boltzmann 
electrons, speed-limited PIC offers kinetic simulation and a variable approximation 
(through the choice of the timestep).  Speed-limited PIC is valid in situations where the 
distribution functions change on timescales that are long compared to the chosen 
timestep; and speed-limited PIC is useful when that chosen timestep can be much larger 
than the timestep that would otherwise be required.  For example, speed-limited PIC can 
simulate collisionless sheaths with a timestep hundreds of times larger than the inverse 
plasma frequency.  While speed-limited PIC requires alteration of the equations of 
motion and particle weights, many other aspects of PIC simulation remain the same: it 
can be applied (without much change) to electrostatic or (implicit) electromagnetic PIC, 
with or without collisions and various particle-absorbing or -reflecting boundary 
conditions, etc. 



How to find your data - 6 months later
or

The MPO System for Automatic Workflow Documentation

John C. Wright (MIT-PSFC) for the MPO team†.

† G. Abla, E. N. Coviello, X. Lee, D.P. Schissel (General Atomics), M. Greenwald,
J. Stillerman (MIT), A. Romosan, A. Shoshani, and K. J Wu (LBNL)

Data from large-scale experiments and extreme-scale computing is expensive
to produce and may be used for high-consequence applications. Experience has
shown that the better organized and more complete that associated metadata
are, the more useful the underlying data becomes. The Metadata, Provenance
and Ontology (MPO) project builds on previous work [Greenwald 2012, Schissel
2014, Wright 2014, Abla 2015] and is focused on providing documentation of
workflows, data provenance and the ability to data-mine large sets of both
experimental and simulation results. Based on recorded metadata, the MPO
provides explicit information about the relationships among the elements of
workflows in a variety of notebook-like displays augmented with directed acyclic
graph for interactive visualization. A set of web-based graphical navigation
tools and an API have been created for searching and browsing, as well as
programmatically accessing the workflows and data, and for instrumenting a
workflow for metadata collection.

Through a series of use cases we will describe the MPO concepts and demon-
strate their implementation. We will also discuss initial real world uses and
lessons learned from applications in experimental analysis on DIII-D, recording
simulation workflows in the Integrated Plasma Simulator (IPS) [D. Batchelor
2009], the AToM project [Meneghini 2013], and in usage in climate research in
the CASCADE [CASCADE 2015] project.

G. Abla, et al. "The MPO System for Automatic Workflow Documentation", Invited talk at
the 10th IAEA Technical Meeting on “Control, Data Acquisition, and Remote Participation
for Fusion Research”, Ahmedabad, Gujarat, India, (2015).
M. Greenwald, et al., “A Metadata Catalogue for Organization and Systemization of Fusion
Simulation Data,” Fusion Eng. & Design 87, 2205 (2012).
D.P. Schissel, et al., “Automated Metadata, Provenance Cataloging, Navigable Interfaces: En-
suring the Usefulness of Extreme Scale Data,” Fusion Eng. & Design 89, 745 (2014).
J.C. Wright, et al., “The MPO API: A Tool for Recording Scientific Workflows,” Fusion Eng.
& Design 89, 754 (2014).
Don Batchelor, et al., “Advances in simulation of wave interactions with extended MHD phe-
nomena”, Journal of Physics: Conference Series, 180 012054 (2009).
O. Meneghini, et al., Integrated Modeling of Tokamak Experiments with OMFIT, Plasma
Fusion Res. 8, 2403009 (2013).
The CASCADE Project, http://climatemodeling.science.energy.gov/sites/default/files/
CASCADE_Fact_Sheet.pdf, Website retrieved May 2015.
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Developing an MHD simulator for tokamaks 
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We are on a long journey to develop an MHD (Magnetohydrodynamic) simulation code for 
tokamak plasma. We are making an ideal MHD simulation code using WENO (Weighted 
Essentially Non-Oscillatory) method, which is newest numerical scheme suitable to one fluid 
non-linear ideal MHD equation. This scheme easily and well describe the conservation law of 
ideal plasma and is especially suitable for fast flow and shock wave in plasma, hence the 
numerical code can easily analyze MHD phenomena in tokamak related to fast plasma flow like 
sawtooth mode or disruption after expansion. This ideal MHD simulator is a backbone of full 
MHD simulator which will be expanded to include terms presenting non-ideal and 2-fluid effects. 
And we will introduce AMR or parallelization methods to this code for more efficient 
calculation. 
 
This code adopts finite difference method in both of cartesian and cylindrical coordinates and 
WENO method in hybrid type for spatial discretization and Runge-Kutta method for time 
advance. Positivity preserving scheme is used, which guarantees positive density, pressure, and 
energy during numerical simulation. Divergence free characteristic of magnetic field is realized 
using flux constrained transport method, which is based on the staggered grid idea. The spatial 
accuracy of this code is 5th order and accuracy for time is 3rd order. This code adopts ghost cell 
method for boundary condition of real tokamak geometry. 
 
This code can be used to analyze the experimental results, to understand the physical 
characteristics, and to estimate experimental phenomena of tokamak plasma. And also this code 
can be used to simulate astronomic plasmas because of its ability to simulate fast flow. Finally it 
can be one of the core parts of a virtual tokamak, which should be developed in future. 
 



  
Lorentz boosted frame simulation of Laser wakefield 

acceleration in full 3D and in quasi-3D geometry 
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We present results on a systematic study of simulating Laser Wakefield Acceleration 

(LWFA) in the Lorentz boosted frame using particle-in-cell codes. The studies 

emphasize on LWFA in the nonlinear blowout regime, which is more challenging 

from a computational standpoint. We first discuss strategies for eliminating the 

numerical Cerenkov instability (NCI) that inevitably arises due to the presence of 

plasma drifting across the grid with relativistic speeds. These strategies work for FFT 

based Maxwell solvers. Based on these strategies we developed a new PIC code, 

UPIC-EMMA, that is based on the UPIC Framework which has fully parallelized, 

multi-dimensional spectral Maxwell solvers. UPIC-EMMA also includes initialization 

and diagnostic routines for studying LWFA. We have also incorporated these 

mitigation strategies into our PIC code OSIRIS by adding a new hybrid Yee-FFT 

Maxwell solver.  With these strategies, UPIC-EMMA and OSIRIS, can now be used 

to carry out high fidelity LWFA boosted frame simulation with no evidence of the 

NCI. Furthermore, OSIRIS also has the ability to carry out simulations in a quasi-3D 

geometry in which fields are expanded into azimuthal harmonics and solved on an r-z 

PIC grid keeping only a few harmonics. Boosted frame simulations can also be 

carried out in this geometry leading to unprecedented speedups. We compare data in 

the lab frame obtained from OSIRIS lab frame simulations as well as data 

transformed back from UPIC-EMMA, 3D OSIRIS, and quasi-3D OSIRIS Lorentz 

frame simulations. We also present results on self-guiding and self-trapping in the 

nonlinear LWFA regime from the boosted frame simulations. 
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Verification and Validation of Gyrokinetic Particle Simulation of Fast 
Electron Driven beta-induced Alfvén Eigenmode on HL-2A Tokamak* 
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A  verification  and  validation  study  is  carried out for a sequence of fast-electron driven beta-

induced Alfven eigenmode (e-BAE) in HL-2A tokamak plasma. The fast electron driven beta 

Alfvén eigenmode (e-BAE) in toroidal plasmas is investigated for the first time using global 

gyrokinetic particle simulations, where the fast electrons are described by the drift kinetic 

model. The phase space structure shows that only the processional resonance is responsible for 

the e-BAE excitations while fast-ion driven BAE can be excited through all the channels such 

as transit, drift-bounce, and processional resonance. Radial symmetry breaking around the 

rational surface is observed as expected due to the non-perturbative effects in the kinetic 

simulations, and the poloidal mode structure shows a different rotation direction for e-BAE 

and i-BAE simulations, this is due to the different direction of toroidal procession in the e-BAE 

and i-BAE excitations.  
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