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Executive Summary

This document describes the research performed under an AFOSR lab-task started in August
2002, and is still continuing under a different JON. Therefore, this report mostly describes results
which are still preliminary. We conclude it by describing the final, remaining work that must be
accomplished to complete the overall research effort.

This research is aimed at investigating the difficult problem of hybridization of various physical
models and numerical methods in order to more efficiently model complex, non-equilibrium
plasma. We are especially interested in plasma conditions which contain a highly energetic
component, here restricted to electrons. The general system under study is therefore composed
of a bulk, dense fluid (which may contain electrons in equilibrium, i.e. “cold”) and high-energy
particles (“hot” electrons) which are either injected into the fluid or extracted by the application of
high electro-magnetic fields. High-voltage pulsed discharges and laser-plasma are typical
examples of such conditions, but these can be also found in sub-scale regions of other
discharges. Because the “hot” component cannot be described by an equilibrium (Maxwell)
distribution, one must combined essentially two numerical approaches: one for the bulk phase
(Computational Fluid Dynamics — CFD — in its various formulations), and one for the high-energy
component, such as Particle in Cell (PIC) or a discretized phase-space solver (Vlasov or Fokker-
Planck). The latter are deemed feasible only for systems with low dimensionality — pending
revolutions in computational hardware — but we are interested in eventual application to 3D
problems. Thus, PIC remains the method of choice for treatment of this hot component. However,
inelastic interactions are of key importance, i.e. excitation and ionization, as well as the reverse
processes once the energetic component sufficiently relaxes and cools. The crux of this effort
consists of developing and verifying numerical techniques which allow an efficient coupling
between these two components, given the complexity of interactions and the multiple scales
involved, with special emphasis on the former’. This effort is also considered as a risk reduction
project, in its aim at developing the basic approaches to the problem and verifying that they work
accurately and efficiently, as opposed to a large-scale code development effort.

The principal objectives therefore were to: (a) develop detailed fluid modeling capability to handle
the interaction with an energetic plasma component far from equilibrium; (b) develop efficient and
highly accurate methods to treat the coupling between the two components; (c) develop and
investigate new algorithms or improvements over existing algorithms for generation, transport and
reactions of the energetic component; (d) investigate modern computing software and hardware
technologies which can facilitate achieving the overall objective. Iltem (a) resulted in the
development and validation of collisional-radiative fluid and multi-fluid models, the highest degree
of non-equilibrium that can be achieved yet still practical and still consistent with a fluid model.
Item (b) consisted in the investigation of Monte-Carlo Collision (MCC) algorithms, discretized
kinetics solvers and associated techniques to handle non-Maxwellian collisional-radiative kinetics.
Item (c) was limited so far to some new algorithms for particle merging and particle transport (for
magnetized plasma), while item (d) saw the use of modern object-oriented programming
techniques and an early investigation of Graphical Processing Unit (GPU) programming — the
latter being considered of key importance, and will be a principal aspect of the future, completing
research work. Along the way, other methods were investigated and deemed more or less useful,
to be eventually relegated to future work — funding permitting.

The overall result is very promising, although the various research items remain disparate; it is
therefore essential to complete the work by integration of the different achievements into a
complete, hybrid modeling capability; this will be a focal point of the continuing research effort as
well.

! Multi-scale techniques are envisioned as a separate research effort, once the basic physical models and numerical
methods have been developed and validated.
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1. Introduction

This research is aimed at the modeling of basic physical processes in plasma discharges
characterized by non-equilibrium conditions, as a result of small spatial and temporal scales,
and/or high-energy processes. These plasmas can have one or more of the following
characteristics:

Transient or steady space-charge effects that govern some critical aspects of the dynamics.
Significant deviations from thermal (Boltzmann) and ionization (Saha) equilibrium.

Significant deviations from a Maxwellian Electron Energy Density Function (EEDF).

Spatial and/or temporal evolutions across several physical regimes (e.g. from continuum to
rarefied, from weakly ionized to fully ionized, etc.)

High energy (keV and relativistic) beams, externally imposed or self-generated.

¢ Complex coupling with bounding or embedded materials (cross-disciplinary physics).

¢ Microscopic sizes and/or ultra-short phenomena requiring non-continuum and complex
dynamical descriptions.

Plasma discharges with such characteristics have complex properties which are difficult to
predict, and yet can be of considerable importance to the Air-Force. These discharges can be
used in electrical propulsion, advanced manufacturing and material processing, switches and
beam sources for high-power electro-magnetic devices, power generators, advanced diagnostics,
etc. The optimization of the design and operation of these devices requires a thorough knowledge
of the flow and material properties, and a good predictive capability at the engineering level, while
being able to reproduce the correct physics at the time and length scales of interest. Therefore,
we need::

¢ A thorough understanding of the essential physical processes and scaling laws.
¢ An efficient and accurate modeling and simulation (M&S) approach leading to the design of
appropriate M&S software.

Although the fundamental physical processes may be individually known, it is not always clear
how their combination affects the overall operation, or at what level of detail this process needs to
be modeled. For example, the emission of electrons from the electrode surfaces can proceed
according to several mechanisms, e.g. field-emission, thermionic emission, field-enhanced
thermionic emission. Each one can be modeled with reasonable accuracy, but the actual
emission mechanism may depend on the surface condition, e.g. melting, irregularities,
contamination, etc. Even though analytical studies can provide a guide towards the
understanding of the discharge characteristics, the complex non-linear couplings between
plasma, fields, and materials quickly make the problem intractable. Experimental investigations
are also complicated by the transient nature of some effects and by the small characteristic length
scales of the device or some of its features (sheaths, micro-protrusions). Furthermore, active
diagnostic or probing techniques may in some cases perturb the system, thus preventing a clear
and unambiguous measurement of the plasma properties. Therefore, modeling becomes a tool of
major importance in this class of problems.

Given the current computing capabilities, it may be feasible to simulate these complex processes
with great detail. Nevertheless, one must carefully consider the numerical approaches required to
yield a practical M&S capability for this type of multi-scale problem. These can be categorized as
belonging to three distinct classes:

(1) fluid methods: these include single-fluid, multi-fluid, multi-temperature, and magneto-
hydro-dynamics (MHD) methods

(2) particle methods: Particle-In-Cell (PIC) [1], Direct Simulation Monte-Carlo (DSMC) [2],
and Molecular Dynamics (MD) [3].



(3) “Kkinetic” methods : these solve the fundamental equations of evolution of the distribution
functions (Boltzmann equation or approximations to it) in a hyper-dimensional space [4].

The selection of either approach depends on the plasma collisionality (electron-electron, electron-
ion, electron-neutral, and ion-neutral) and the ratio of length and time scales. All of these
approaches aim at solving the evolution of the Boltzmann equation, in one form or another. In the
general case, we have:

%fmﬁxfmﬁvf:czz(f,f') (1)

where f(¢,%,7) is the velocity distribution function' (VDF) and the right-hand-side (RHS)

describes all exchange processes due to collisional and radiative effects. The left-hand-side
(LHS) is an advection equation in a 6-dimensional space (3 for physical space and 3 for velocity
space). This equation is valid for a single plasma component with no internal structure, usually
electrons. If one were to consider also several ion species and internal structure (molecular
modes, electronic excitation), the general distribution function would be: f, (¢,X,79) where « is

the component index, which can easily be within 10-100, depending on the complexity of the
plasma conditions. Obviously, this is well beyond any current or near-term future computational
capabilities; this is why most kinetic solvers are limited to 2D-2V or 2D-3V configurations and for
a single or two plasma components. Note also that the collisional-radiative exchange term on the
right-hand-side (RHS) can also be very complex and computationally very expensive. When
sufficient collisions occur and are not too energetic, this collisional effect can be approximated as
a diffusion process in the velocity dimensions; this leads to the Fokker-Planck (F-P) equation.
Finally, if the plasma is fully ionized and very hot, it becomes collision-less, and the RHS term can
be ignored; this leads to the Vlasov equation. Fortunately in most plasma discharges only the
electrons, being the ones mostly affected by strong electric and magnetic fields, need to be
modeled at that level of detail. It is therefore feasible to treat only the electrons by a kinetic solver
and the ions with a simpler approach.

The fluid methods provide such a simplification. The hydrodynamics (Euler) equations are
obtained by integrating the Boltzmann equation over the velocity space, assuming that the VDF is
very close to an equilibrium Maxwell distribution. In that case, only the conserved moments of the
distribution need to be modeled (mass, momentum and energy). When the internal modes are not
in equilibrium (a common occurrence in plasma discharges, due to the relatively slow energy
exchange rate), these can be modeled separately, leading to multi-temperature and collisional-
radiative models [5-7]. The collisional-radiative (C-R) model allows a detailed description of the
electronic state distribution; because of the large energy gaps involved, their distribution is more
likely to deviate from a Boltzmann distribution, and because of the range of density and
temperature, this distribution may be difficult to characterize simply (e.g. competition between
excitation by high-energy electrons and quenching through heavy particle collisions). The main
difficulty with fluids is the effect of strong fields, which can severely distort the velocity distribution
(e.g. sheaths). When the collisional rate cannot maintain an equilibrium VDF, the direct kinetic
solver or a particle approach must be used. Finally, the multi-fluid model also allows for
separation between the mean velocities of electrons and heavy particles; this approach is
important for highly dynamical situations where the bulk electrons significantly contribute to self-
generated fields.

The PIC method [1] forms the basis of most plasma simulation codes that are dealing with high-
temperature and/or low-density plasmas. It is the method of choice in beam simulation (e.g. RF
weapons), geo-magnetic plasmas, and magnetic confinement fusion plasmas. However, it has
difficulties handling dense plasmas, highly collisional plasmas, and weakly ionized plasmas. At

: Strictly speaking, particle-based methods are also “kinetic” since they also aim to describe the particle distribution; we
choose a nomenclature where we reserve the term “kinetic” for a method which discretizes the VDF into bins of finite
width, yielding a set of integro-differential equations (Vlasov/F-P), as opposed to discretization into a random number of
points (“particles”).

' The electron VDF can also be called the Electron Energy Density Function — EEDF. The latter is commonly used in the
literature, but is strictly valid for isotropic distributions.



high density, the Debye length is very small and cannot be effectively resolved, yielding numerical
inaccuracies (so-called numerical heating). At high collision rates, the PIC/MCC model is highly
inefficient, while ionizing collisions lead to explosive growth in the number of particles. Weakly
ionized plasmas would have only a small fraction of the particles contributing to the charge and
current densities, and statistical noise would make the computation of electromagnetic fields
highly inaccurate.

It is clear that an optimal approach consists of a hybrid approach, which merges two different
technigques; (a) continuum, CFD methods for the equilibrium range, and (b) stochastic, particle
methods for the non-equilibrium regime (although hybridization with a kinetic Vlasov or F-P
method can also be considered). Hybrid methods can occur in various combinations; the most
familiar one in aerospace is to consider ions as particles and electrons as a fluid. This is the case
for example for the exhaust plumes of electric propulsion devices, where the density is too low for
a valid CFD computation of the gas, but the electrons are relatively cold and have sufficient
collisionality to maintain an approximate Maxwell distribution (as long as no strong field is
applied). The opposite situation is also of interest; in that case, the density is sufficiently high that
the ions (and neutrals) can be treated by a continuum approach (mean free path << characteristic
gradient scale) while the electrons are subject to strong fields which distort the distribution
function away from the equilibrium Maxwell-Boltzmann. This case is found in dense energetic
plasma conditions, and is the principal aim of this project. We should also point out that in
contrast to the exhaust plumes we are interested in highly dynamic situations where the location
and extent of a non-equilibrium (particles) region may be changing in time. More importantly,
these two components can co-exist and their interaction is of key interest.

2. Objectives

The overall goals of the project were as follows:

e To develop a core capability for the modeling of plasmas far from equilibrium such as high-
energy and micro-discharges

e To experiment with various numerical techniques and algorithms which can facilitate and
improve the development of effective hybrid modeling

e To implement a suite of object-oriented software tools that can be easily extended and
maintained.

e To validate the code against experimental data and other codes for various discharges.

e To support the analysis and development of advanced plasma discharge concepts in
support of future advanced war-fighting technologies (beam propagation and beam-target
interactions, laser-plasma, space propulsion, hyper-spectral diagnostics, plasma-assisted
hypersonics...).

It is important to emphasize that the project is mostly designed as a risk-reduction task, i.e. the
determination of fundamental design concepts, approaches and algorithms which can make the
overall goal of high-performance, hybrid modeling of complex non-equilibrium plasma possible. It
is not a large-scale software development project per se, although software design approaches
are investigated as well.

3. Challenges

The project is particularly challenging, requiring the implementation of complex physical models
and advanced numerical methods. The general problem of interest involves the interaction of
highly energetic plasma particles with a dense background, in the presence of high electro-
magnetic fields. It is therefore characterized by:

e Multi-scales: the high-energy plasma component can evolve on short time scales, while the
dense background plasma relaxes slowly; a large hierarchy of spatial scale is also present,
imposed by both physical and numerical limitations.

e Multi-physics: particle, fluid and field transport are required, collisional-radiative and
ionization kinetics, along with material effects (emission, sputtering, phase change), non-
ideal equation of state (EOS), Magneto-hydrodynamics (MHD) and radiation transport (RT).



e Multi-math (or multiple numerical methods): several different numerical descriptions must be
combined for the Non-Maxwellian velocity distribution function (VDF) for high-energy plasma
components, the continuum description of the dense background fluid, and the multi-scale
models of couplings between the two components and the fields. This item is generally
considered as a consequence of the first two.

Multi-scale/multi-physics problems remain one of the principal challenges in the computational
community, and there is a growing body of work on fundamental approaches to those. The
present project only explores a small aspect of this problem, as will be described in later sections.
The level of detail implemented here into the physical models may be somewhat limited, given
the resources available. However, the principal objective is to develop a core capability that can
be further extended in the future to include more refined models and database. We attempted to
build the software such that this extension process would be greatly facilitated.

4. Approach
4.1. Modeling Issues

In most cases of interest here, the plasma can be decomposed into a “bulk” plasma and a highly
energetic component (to simplify, electrons). The general problem consists of modeling in an
efficient and accurate way the dynamics of the complete distribution function of each plasma
component. If the bulk plasma is strongly collisional (i.e. sufficiently dense), it can be modeled as
a fluid, albeit at various levels of thermal non-equilibrium. Otherwise, one must use a particle
method such as DSMC or PIC to model its dynamics. Typically, the energetic component is itself
a function of time and space; for example, at the onset of the discharge there can be very few
energetic particles; during a mid-phase the energetic component is at a maximum, until it finally
relaxes through collisional exchange with the bulk and disappears . This would be the case of a
particle “beam” (meaning any strongly non-equilibrium, energetic component) injected into a
dense gas; examples of this type of problem would be the pseudospark discharge [8], laser
plasma interactions [9], streamers [10], gas-filled capillary discharges [11], etc.

Because the pseudospark' is a particularly representative of the physical problem, this discharge
was examined in detail in the early part of this project. A few key physical phenomena
characterizing the discharge are the following (see Figure 1):

e Electrons emitted from the cathode surface inside the hollow structure are accelerated by the
cathode fall potential and contribute to the ionization in the negative glow region. Some
electrons cross the negative glow region and are reflected by the opposite cathode wall; these
“pendular” electrons can change the potential distribution and enhance the ionization rate (note
that pendular electrons cannot be described by a unique Maxwellian distribution).

¢ Neutral energetic particles (metastables and photons) generated in the negative glow have a
higher chance of hitting a cathode surface (due to the geometrical effect), enhancing the
secondary electron emission rate.

e The higher ion and neutral energies and the higher degree of confinement lead to a higher
density of sputtered metallic atoms with generally lower ionization potential.

" One can also envision the reverse process, where energetic particles are generated and extracted from the bulk itself
(e.g. stochastic heating).

T The pseudospark device is an extension of the hollow cathode (HC) discharge, filled with a low-pressure gas (< 100 Pa),
and was first developed as an accelerator at the University of Erlanqen in Germany, in 1978. The discharge operation is
characterized by 3 phases: (1) a very rapid current rise (up to 10'2 A/s), (2) a high intensity electron beam (10°-10"
W/cmz) and; (3) a super-dense glow discharge free of filaments [8]. The intense electron beam emitted in the transient
phase of the discharge propagates in a self-focused manner and is rapidly space charge neutralized. The super-dense
glow phase is highly conductive and the absence of filaments implies a very low erosion rate. For these reasons, the
pseudospark has been mostly developed as a plasma opening switch (POS) [12]. Material processing applications may
also result from the high power density electron beam [13], especially for target materials with high melting points and
complex stoichiometric structures (e.g. high-temperature superconductors). Other, not well understood characteristics of
the discharge may also lead to potential applications, e.g. ion beam generation [14,15] and plasma jet formation [16].
Advances in solid-state technology have limited the commercial potential of pseudosparks as opening switches; more
recently, the device was investigated for its potential in high-power microwave [17].
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Figure 1; Schematic of physical processes near cathode

These effects combine to yield high ionization efficiencies. The electrons emitted at the cathode
surface and accelerated in the cathode fall provide a “beam” component to the electron energy
distribution function (EEDF). The initial phases (ignition and beam formation) of pseudospark
operation were simulated by Boeuf and Litchford [18] with a hybrid code. As shown in Figure 2,
the charged plasma is formed first near the anode, and when the space charge potential
becomes of the same order as the applied potential, the plasma is able to propagate through the
cathode hole. As the sheath contracts inside the hollow cathode, electron emission from field
emission and field-enhanced thermionic emission become more important, and may eventually
dominate the emission process. Hartmann and Gundersen [19] suggested a “super-emissive”
state could be the result of surface heating of the cathode by ion bombardment. Eventually, as
ions hit the cathode surface, sputtered atoms reaching the edge of the cathode sheath become
ionized, then are accelerated again towards the cathode. Thus, a “self-sputtering” process [20]
would lead to run-away ionization, and the “super-dense” glow phase is reached. Other
explanations for this high-density conditions call for microscopic emission sites where explosive
electron emission [21] occurs; these phenomena, extensively studied in Russia, are characterized
by exponential growth of the current density from thermo-field emission at a microscopic defect
(dielectric inclusion or geometric protrusion) where the electric field is concentrated, resulting in
vaporization of the electrode material and a high density plasma plume that acts as an emission
site with no work function (limit of Child-Langmuir emission). We note that the explosive electron
emission process is also an excellent application of the hybrid code.

The major procedures used in [18] have significant limitations, as described below.

(a) Ballistic Integration
In this procedure, the trajectories of the electrons emitted from the cathode are computed
from the time of emission until they are lost to the system. Along the trajectory, the ionization
events are accumulated into a source term for the bulk plasma. This is valid because the fast
electron motion occurs on time scales much shorter than ion drift motion (which governs the
evolution of the plasma potential). However, the fields generated by the hot electrons are
ignored, and cannot model the high-intensity electron beam produced in the early stage of

" The mechanism has also been suggested for a space propulsion device.
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discharge operation. A true PIC model for the high-energy electrons would be necessary to
account for self-generated fields on the proper time scale.

(b) Transfer to Bulk Plasma X

High-energy electrons are removed from the system when they are collected by the anode or
or when their total energy (kinetic + potential) falls below the ionization threshold and are then
included into the bulk (fluid) plasma, i.e. the local electron density is increased by the
corresponding amount given by the pseudo-particle. However, using the ionization threshold
for operating the PIC-fluid transfer is somewhat arbitrary. Even at lower energies, the
electrons are still capable of exciting the electronic or vibrational levels. This prevents an
accurate modeling of all collisional-radiative effects in the discharge, which can be important.
Furthermore, the transfer of multi-eV energy electrons would naturally distort the EEDF of the
cold bulk plasma. The latter being assumed as Maxwellian, there is no possibility of
accurately model this effect, unless the bulk EEDF is modeled by a Fokker-Planck. It would
therefore be more accurate to perform this transfer only when the kinetic energy of the hot
electrons is not too far from the mean energy of the bulk EEDF. Another similar problem with
the model of [18] is that the secondary electrons produced by the gas from ionization by the
fast (non-thermal) electrons, are themselves not treated as particles but are part of the bulk.
This is inconsistent because these can have sufficient kinetic or potential energy in the
discharge to produce further ionization.

(c) Fluid Transport

The approach of [18] describes only fluid motion through the drift approximation. Both
electron and ion inertia effects are neglected, as well as the energy transport in the fluid. The
neglect of ion inertia implies that the build-up of an ionic space charge near the anode cannot
be accurately modeled. This effect has been considered as critical to the formation of an ion
beam during the discharge ignition. Furthermore, ion and electron energy transport may also
be crucial in the super-emissive glow phase, notably in controlling the heat fluxes to the
cathode and material erosion. Other discharges are much more dynamic (e.g. laser-plasma
plumes, plasma thrusters, etc). The solution appears straightforward, i.e. the bulk plasma
model should include at least a multi-temperature, one-fluid model, and preferably a
collisional-radiative model. Finally, it may also be necessary to consider at some stage the
electron dynamics (inertia effects) in the bulk plasma; this requires an extension to a multi-
fluid model. This would allow the description of both slow phenomena (i.e. drift model) as well
as fast phenomena (Langmuir waves). More importantly, the multi-fluid model may be
needed for the accurate description of dynamic double layers.

(d) Electron emission

The electron current from the cathode is assumed in [18] to be proportional to the ion current
collected at the cathode (the discharge is initiated by seeding the gas in the discharge with
electrons) (see Fig. 2). This steady-state procedure does not allow for charge build-up in the
gas discharge during ignition, a problem which can be resolved by a multi-fluid model as
mentioned above. Furthermore, the procedure for electron emission is quite complex,
especially during the super-emissive glow phase, which cannot be modeled with this very
approximate procedure. Ideally the complete plasma-material interaction physics must be
modeled' i.e. (1) thermionic emission, (2) field emission, (3) field-enhanced thermionic
emission, (4) photo-emission, (5) secondary emission, (6) sputtering. Note that photo-
emission and the impact of metastables on electrode surface require a collisional-radiative
model for the bulk plasma.

’ Keeping these particles in the model while they are no longer capable of ionization would be very inefficient, since their
number would keep increasing during the computation.

i Even while considering all these processes, we are still limited by the model description. Emission can be significantly
influenced by the local temperature of the emission spot and the state of the electrode surface; this also implies the need
to model heterogeneous and multi-phase effects, as well as heat conduction in the material. Sputtering is also limited by
the fact that the ions are described as a fluid, while a more accurate approach would require a PIC model for the ions, at
least in the sheath.



We see that there is a number of modeling improvements necessary to correctly capture the
physics of this discharge. In particular, in reference to the list above, we need to (a) apply the
correct numerical treatment to the particles (PIC); (b) consider very carefully the exchange
between fluid and the particles; (c) extend a fluid model to the appropriate non-equilibrium
description (collisional-radiative); (d) implement the physically correct model of interaction with
material boundaries. The last item would be a significant project in itself and is not considered
here. The key issues being examined are items (b) and (c), and to a lesser extent — since current
tools are well developed — item (a). The ability to exchange mass, momentum and energy
between the particles and the bulk phase is a key aspect of hybrid modeling, for which innovative
numerical methods must be developed and clearly the most important change that one should
introduce is the ability to fully-couple a true PIC model with the fluid dynamics and the detailed,
internal kinetics of ionization and excitation.
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Figure 2: Contours of constant potential and ionization events (dots) - taken from [18].

Another example of plasma conditions where the hybrid model would be particularly applicable is
in laser-plasma interactions. In the last decade table-top lasers have undergone several orders-
of-magnitude increases in peak power using chirped pulse amplification (CPA) [22]. These
systems can now easily reach intensities of 10" W/cm?, which is high enough to accelerate
electrons to relativistic energies. Prospects for further extension to the next (nuclear) regime of
relativistic effects for protons (10%* W/cm?) are also quite good [9,23] (see Figure 3). These ultra-
intense laser pulses are also very short, in the 10-100 fs range. For pulses of such duration many
of the dynamical effects are frozen, and unusual states of matter can be created. For example,
ultra-short, ultra-intense laser pulses focused onto nano-clusters (1-10 nm) strip all the electrons
from the clusters, while the ions are barely in motion by the time the laser pulse is completed. The
ions are left with extremely high initial electrostatic potential energy, which accelerates them to
extremely high velocities. This “Coulomb explosion” mechanism can produce ions with kinetic
energies in the multi-keV range, sufficient even to induce nuclear fusion reactions between
deuterium ions, as demonstrated in several experiments by the production of neutrons of
characteristic energy [24]. Non-linear media effects are also important in this regime; for example,
plasma self-focusing and relativistic self-focusing effects prevent the dispersion of the laser beam
in the plasma medium, while relativistic mass shifts induce transparency and allow penetration of
the laser pulse into dense plasmas [23]. These new regimes of relativistic, non-linear laser-



plasma interactions are opening new fields of research in fusion, diagnostics, and particle
acceleration.
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Figure 3: Peak intensity of light sources and corresponding physical regimes
versus history. Figure taken from [23].

Of special interest are the laser interaction with dense media such as solid clusters and solid foils,
but there are several issues with our understanding of the basic phenomena. First, the direct
ionization process by the laser field is not fully characterized; while the basic physics are
relatively well understood, the actual dynamics of the process involve complex quantum effects
which make calculations of cross-sections difficult. The overall ionization also includes relativistic
electron-atom collisions, while deep inelastic scattering contributes to the X-ray spectrum. The
electron return current generates X-rays as well, and the electron dynamics are a very complex
process involving ionization, elastic and inelastic collisions, laser propagation and absorption,
self-induced electro-dynamic and magneto-hydro-dynamic fields, and radiation propagation. The
sates of matter involved range from dense neutral solid matter to dense continuum, collisional-
radiative plasmas, relativistic particles and fully-ionized plasmas. Most of the computational
studies of ultra-intense laser-plasma interactions are conducted with Particle In Cell (PIC)
methods; this approach assumes that the matter is already fully ionized, and does not completely
resolve the Debye length, unless fictitious problems (this may lead to significant errors in energy
conservation) with scaled-down density are being considered, and does not consider collisions
between particles, or long-term relaxation of the material. The extreme disparity of equations of
state, time scales and energy scales implies a similar diversity of numerical methods to be
employed for their modeling, i.e. a “hybrid” model. Therefore, the computational methods being
researched and developed through this laboratory task could also be implemented into a
sophisticated hybrid model for the detailed and accurate modeling of relativistic laser plasmas, a
topic of interest to AFOSR, currently funding a MURI program on ultra-intense, ultra-short pulse
lasers for hyperspectral diagnostics.

The usefulness of a hybrid model extends well beyond the two examples mentioned above; in
both cases, the plasma is characterized by a dense, relatively cold gas/plasma and a highly
energetic component accelerated by strong fields (non-Maxwellian electrons). The case of ultra-
intense laser plasma is more severe than the pseudospark because of the energy range
(relativistic) but the fundamental problems remain similar. One can also consider micro-
discharges, dielectric barrier discharges (DBD), RF discharges, helicons as other examples
where a hybrid model is applicable. Even relatively dense plasma which may appear fluid-like on
macro-scales may require the incorporation of a kinetic model at smaller scales, e.g.
reconnection of magnetized plasma near the X-point, as found in solar and geo-plasma or in high
temperature field reversed configurations (FRC). The latter may require a dynamic hybrid model,
i.e. the use of a combined fluid/kinetic model only in some regions of interest and at specific times
— a generalization of adaptive mesh refinement (AMR) where the plasma inside the generated
sub-grids is computed with subscale models. This additional complexity is left for the future.
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4.2. Numerical Issues

We have indicated above the need for accurate modeling of both fast and bulk components. For
the former, we have several existing tools available. The easiest and most conventional
technique is the Particle-In-Cell (PIC) method [1], particularly useful for the highest degree of non-
equilibrium (beams, Collisionless plasma). In the PIC method, the time-scale of electron motion is
fully resolved and the electro-magnetic fields are computed at each time step by the cell-
averaged distribution of particle densities and velocities. Only the shortest time-scale problems
can be effectively resolved with this method, and only the plasmas with significant charge
separation. The PIC method by itself is a combination of a transport algorithm (moving the
particles in a field, interpolated at the particle position — “gather”) and a reconstruction algorithm
(computing the field from the particle positions — “scatter”). If the time scales are short and the
fields are not static, an additional step is needed to propagate the field solution, i.e. a Maxwell
equations solver. Collisions (if any) are treated stochastically, i.e. by a Monte-Carlo Collision
(MCC) procedure. The MCC computes collision events according to their probability of
occurrence within the time step used [25,26]; since a given particle is either colliding or not, the
accurate rates of change of the distribution function from the collisions (the right-hand-side of the
Boltzmann equation) are obtained by relying on statistical averaging. For electron collisions, the
procedure is similar to a test-particle Monte-Carlo: due to the difference in masses, the target
atom can be assumed unperturbed during the collision. In the case where the energetic particle is
an ion itself, particles must be sampled from the equilibrium bulk distribution, collided with the
energetic particles, and the momentum and energy exchanged monitored; this approach does
exactly conserve momentum and energy, but is expensive. Another approach is to use the more
efficient “collision-field” method [25,26], which can also conserve momentum and energy but
averages the velocity dependence into a collision frequency; this approach can also work for
electron collisions. Finally, there is the interesting alternative of extended pseudo-particles, each
one carrying its own internal distribution at an individual “temperature” [27]. This “complex particle
kinetics” approach is potentially of great benefit, and we will show in a later section that the
method, which involves an internal, “micro-distribution” is compatible with an algorithm for the
control of particle numbers in strongly ionizing regimes.

The standard MCC can be implemented with minimal effort (although the mechanics of the
procedure are simple, the database requirements of the collisional models can be significant). As
will be explained in a later section, the standard MCC can have significant problems when
coupling the particles to a collisional-radiative model of the bulk plasma. Therefore, special
attention must be paid to developing and testing new algorithms to handle this case of detailed
interaction.

4.3. Computational Issues

The long-term development strategy is based on the following:

(1) Development/refinement of a software model (Object-Oriented) for a hierarchical, multi-
level description of the physical processes (architecture development).

(2) Development of new algorithms for efficient and accurate interaction of multiple physical
and numerical models (procedure development).

(3) Implementation & validation of various SOTA models aimed at solving specific problems
(incremental development).

(4) Incorporation of SOTA models and numerical techniques from other sources, whether
already implemented and validated or being developed (synergetic development).

(5) Distribution of software and extension to multiple applications (user base development and
feedback)

(6) Software optimization, refinement (user-interfaces) and collaborative maintenance.

: The Direct Simulation Monte-Carlo — DSMC — method is a similar procedure [2], except that no EM fields are involved;
the particles follow a straight trajectory between collision events and no moments of the distribution must be computed as
source terms for the fields.



As explained earlier, this effort is mostly aimed at risk reduction, and the R&D program is focused
on the first three items. ltem 4 is the result of leveraged activities, while items 5 and 6 would be
addressed in a follow-on program once the code has reached sufficient maturity.

Given the disparity of the modeling approaches and the complexity of the physics, it does not
appear possible that all approaches can be combined into a single code per se. Such a code
would be extremely large, difficult to use and difficult to maintain. We are mainly interested in
developing a framework of data-structures, libraries, interfaces and modeling fools, rather than a
single piece of software. This approach is already taking place for a number of scientific modeling
efforts, e.g. VORPAL [28], using modern Object-Oriented architectures.

Ideally, the software should also be grid-type independent. This implies that one could at first
decide to implement solvers based on structured grids, but reserving the ability to implement non-
uniform grids and their solvers at a later stage. In addition, the software should have a humber of
features aimed at maximizing its usefulness, such as: multi-dimensional capability (1D, 2D, 3D);
ability to handle complex shapes and boundary conditions; simplified maintenance and upgrade;
portability; high computational efficiency, and; graphical user interface (GUI) and visualization
tools. The implementation of other models developed by other teams may also be a challenge,
since data-structures or even languages may be different. This integration can be achieved in
steps: (a) loose coupling (legacy codes): data exchange through 1/0; (b) moderate coupling: data
exchange through arguments to function calls; (c) tight-coupling; re-write of additional functions.
Option (a) is applicable when the legacy codes are very capable and modern, i.e. when any re-
write would be a significant level of effort; this is generally not the preferred option of any software
development engineer, and we have not found any existing code that merits to be included at that
level. Instead, we have focused on the latter two options. Thus, various methods and codes were
developed throughout this task and have yet to be integrated into the final result; these include for
example a Vlasov/IC hybrid solver with a 2D Maxwell equations solver, and a grid-free, Barnes-
Hut tree method. These efforts will be incorporated into the hybrid code in the next two years.

Besides efficient algorithm and software development, computational performance is another
inevitable, and probably the most important issue. The multi-scale problem defies brute-force
approaches; the time-scales of electron motion are simply much too small compared with
hydrodynamics or MHD time-scales. Besides algorithm development to allow greater time steps
on the fast scales, one should also consider multi-scale integration techniques and efficient
implementation. The former is a field of study in itself and will be considered in more detail in a
separate effort; presently it is sufficient to use low-order methods, e.g. sub-cycling. The latter is of
special interest here, due to the recent availability of graphical processing units (GPU) for general
purpose computing (so-called GPGPU). Since the start of this effort, the field of GPGPU has
grown by leaps, both in terms of hardware and software development and we have refocused the
effort to take advantage of it. Thus, algorithm acceleration using GPUs will also be discussed.
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5. Software Development
5.1. Architecture

For several reasons, Java was the language selected for the development of the software
architecture. We found Java particularly easier to use to rapidly develop bug-free software for
complex object-oriented codes. Although this is still considered a femporary choice, a scientific
code written entirely in Java is entirely possible; from all the tests performed (by us and
elsewhere) the execution speed is the same as C++, and shared-memory or distributed memory
parallelization is very easy to achieve with multi-threading and Remote Method Invocation (RMI).
We also tested the interfacing between Java and C (using Java Native Interface — JNI), as well
with CUDA, the language used for graphical processing units (GPU). Portable visualization and
GUI can be completely integrated using open-source software, and there are no issues with
compiler compatibilities between different vendors and platforms. Furthermore, Java allowed us
to easily test various parallelization approaches across different platforms, in a way that is
compatible with the modern approach of “grid-computing”. For example, we have created a client-
master-server architecture (see Figure 4) with remote steering and real-time visualization. In its
present stage, the “client” software allows the user to start a computing session, set-up the
problem, and monitor the solution. The user can then log-off and log-on at a later time without
interrupting the computations — only the visualization pipeline has been interrupted. Extensions of
this approach could allow multiple sessions, encryption and user-1D checking.
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Except for a few exceptions [29-32], Java has not been considered as a viable alternative for
large-scale scientific computing mostly because of a perceived lack of performance. However, as
shown in Figure 5, our own tests on matrix multiplication performed a few years earlier, confirmed
by third-party developers, indicate that at least on some platforms, the execution speed for simple
floating-point calculations are similar to optimized C. More complete performance comparisons
have been performed elsewhere with similar conclusions [33], and all our tests since have
confirmed the equivalent speed of Java and C++.

The software is decomposed into various “packages” (to keep the Java terminology), or libraries
that contain software objects for various purposes. Some packages deal with 1/O, visualization,
mathematical and physical functions, grid set-up, thermo-chemistry, particles, fluid, electro-
magnetism, parallelization, and boundary conditions. A thermo-chemical database for the fluid
model has been incorporated, and a separate database manager is being developed. This
managing software will facilitate the addition, modification and integration of key physical and
chemical data, in preparation for computations. Thus, the database manager would create files
that contain data for energy levels, cross-sections, oscillator strengths, specific heats, heat of
reaction, isotopic composition, etc. We have attempted to leverage other efforts into this database
management; an SBIR effort delivered a preliminary version of a browser that would scan existing
on-line databases (e.g. NIST) and extract relevant data into a more useful and common format.
This is useful because there is a lot of currently available data which resides in various
databases; agglomeration of this disparate information for immediate comparison (the cross-
sections can be notably different, depending on the models of electron and atomic collisions
used), selection, and manipulation for use in a CFD or hybrid code. AFRL-Kirtland (DE) also had
a similar interest, but decided against a joint effort. We plan on continuing to develop this
database manager through other collaborative efforts or leverage other research programs.

Problem initialization is performed through several pre-processors, for: (a) thermo-chemistry; (b)
geometry; (c) initial state; (d) boundary conditions; (e) physical modeling. The latter is simply
allowing the user to select which physical processes to be modeled (Fluid transport /Chemistry/
PIC / Heat conduction...). A preliminary GUI interface has been constructed to handle these pre-
processors. We also included interfacing with a commercial grid generator (GridPro™) which can
easily generate multi-block structured, body-fitting grids (see Figure 6), but this was principally a
demonstration activity and there was no further work in that direction, the focus being placed on
basic numerical and physical model development.
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Figure 6: Screenshot of GUI with grid generation (GridPro™)

5.2. Parallelization

The current trends in computing and communication technologies increasingly favor the
development of clusters of computing nodes, each node having an increasing number of shared-
memory, hyper-threaded processors. Such clusters are routinely available with up to 128 nodes
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of 2-4 CPU each, with specialized machines having thousands of nodes. Since the start of this
lab-task, GPU clusters have entered the field as a powerful alternative to these conventional
Linux cluster configurations, and the use of GPU nodes for acceleration is currently under
investigation. As a consequence of hardware development trends, parallelization is best
accomplished through a hierarchy of levels, including both distributed memory architecture at the
coarse grain (multi-CPU clusters), shared memory at the finer grain (multi-core architecture at
each server), and another distributed memory level yet possible at the finest scale (multiple GPU
boards at each server).

Distributed memory parallelization (across several servers/nodes) is accomplished with Java’s
remote method invocation (RMI) for all inter-processor communications [34] (in standard
C++/Fortran this would be done with MPI). Java-RMI allows for the manipulation of remote
objects on a local machine. As an example, and according to the architecture described in the
previous section and in Figure 4, the client can invoke remote methods on the master, asking the
remote method to return an object to the client, such as the computation data for visualization.
The RMI architecture of the code therefore consists of those three levels—client, master, and
server. The code is initialized on the master with a list of server(s) that will handle the
computations. A “server” is a single-term denomination that can physically be, for example, a
single-processor or multi-processor workstation, or a node in a Linux cluster’. Once the master
has been initialized, the client can establish a connection to it*. The client can then perform
preprocessing operations such as set-up of the grid, boundary conditions, chemistry, etc, to
initialize the computations and engage in real-time visualization as data is being computed (see
Figure 7).

Shared memory parallelization (inside each server/node) is done by multi-threading (in C++ this
would be done with OpenMP). Each “server” can compute several blocks (subsets of the
computational domain), each block running in its own thread. The synchronization of all iterations
and communications is the responsibility of the master node. Various locks and associated
wait/notify methods determine when all of the servers have finished their computation and
communication iterations and to cue them so that they may proceed with the next iteration. The
master is also in charge of global data which is processed from local data from each block, such
as the time step, or data that must be visualized. The client code provides a graphical user
interface from which the code can be controlled and data can be viewed in real-time. The client
can make requests to the master to grab data from the servers as it is being computed and
display it in real-time with VisAD—a Java visualization API (freeware) built upon Java3D [35,36].

Figure 7: Snapshot of the evolution of a spherical explosion, computed with a second-order TVD
method (ideal gas). Real time visualization using VisAD library.

T One should think of the “server” as a computational unit that provides a “service” (computations). There is a-priori no
reason why the “server” cannot by itself further distribute the computational load to other service providers, although this
recurrent (multi-level) parallelization has not been tested.

* The master is a command and control center, responsible for gathering and distributing information to the servers and
client, scheduling the tasks, providing critical /0, and monitoring commands from the client.
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Figure 8: Block communication using source and target patches. The dashed arrows
represent referencing while the solid arrows signify remote method calls.

The most crucial concern regarding communication overhead is the optimization of the intra-
finter-server communications. At every time-step, it is necessary for each block in the domain to
share its information with one or more neighboring blocks. If two neighboring blocks are being
computed on the same server, the communication can be handled by standard local method
calls. However, if two neighboring blocks are computed on different servers, then inter-server
communication is involved and it becomes necessary to use Java-RMI or other suitable message
passing protocol. Figure 8 illustrates how two neighboring blocks communicate with each other.
There are two types of patches which allow data transfer between two blocks. The first of these
being the source patch is an array of objects which contain references to data available in the
boundary layer of cells. The data references are depicted by the dashed arrows in Figure 8. The
second is the target patch from which the ghost layer of cells receives its information.

During block communication, there is a method call for each source/target patch pair in which the
target patch is filled with the information from its neighboring block’s source patch. The method
calls are depicted by the solid arrows which can either be a local call if both blocks are on the
same server or an RMI call if each block is on a separate server. The exchange of boundary
condition information between servers is done without involving the master: this prevents a bottle-
neck when scaling to a large number of processors. Figure 9 shows preliminary results of
scalability tests of a fluid computation (CFD model) on a Linux cluster as function of the number
of nodes (static domain decomposition). The overall parallelization efficiency is very good
(systematically > 90%) for this test case, although the current measurements were limited by the
number of processors available.

Speedup
[os]

0 2 4 6 8 10 12 14 16 18
# Nodes

Figure 9: Preliminary scalability (CFD model) on Linux cluster.
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5.3. Data Structures
5.3.1.Geometry

Ideally, the software should be grid-independent; this implies that one could at first decide to
implement solvers based on structured grids, while reserving the ability to implement unstructured
grids and their solvers at a later stage. All numerical approaches described above make use of a
discretized space: besides the self-evident case of Computational Fluid Dynamics (CFD), PIC is a
typical particle-mesh method, and DSMC needs a mesh to determine collision partners. Grids can
be described with the following categories: (1) Structured (constant number of grid points in each
direction), or (2) Unstructured (triangles, tetrahedra). The former also has the following sub-
cases: (1-a) Cartesian (Ax, Ay, Az are constants); (1-b) Uniform (spacings are not constants); (1-
c¢) Curvilinear, or “body-fitted” (not necessarily orthogonal). Structured grids can be described by
multi-dimensional arrays of given dimensions (Q[]1[]1[]), i.e. any grid point can be addressed
by a set of indices (ij,k in 3D). In unstructured grids there is no such ordering, and the grid
connectivity (i.e. how to access another point from the current one) requires a list of pointers
between grid elements. Despite the apparent difference between the two descriptions, one can
use the same approach in representing the grid data and connectivity. Thus, one can define an
object geoNode to represent a grid point (a node in the mesh); each geoNode contains the
coordinates of the point (in real or transformed space), as well as a list of pointers (addresses in
the memory where the data is located, or integer indices that indicate a position in an array) to the
neighboring points. The same goes for object of type “geoCell’, which describes the volume
enclosed by the grid lines or grid surfaces. Thus one can walk through the connected list of nodes
and cells to reach every point, whether the grid is structured or not. Of course, the structured
case has the additional advantage that one could also directly address a given node or cell from
the set of indices (i,j,k). However, instead of forcing the data to be stored in a structured form, it is
just as easy to have a method that provides the memory location of a node/cell with those
particular indices. Thus, the data structure (a one-dimensional list of objects) can remain the
same to describe both structured and unstructured grids, while the additional methods
“getNodelndex” and “getCellindex” allow a mapping between the structured indices (ij,k),
arguments to the method, and the one-dimensional list. Such a mapping is of course void in the
unstructured case.

Figure 10: Schematic of geoCell object structure.
Each geoCell is defined by a variable number of nodes, faces, with corresponding pointers to the
attached geoNode and geoFace objects, and to the neighboring geoCells. The cell also includes
variables such as center position, volume, and metric.

Within this approach a “Mesh” object is defined as a list (or 1D array) of cells, nodes and
surfaces, with pointers to connected objects (see Figure 10). If a structured solver is being used,
one must address information on either side of a cell or surface by the pointers to the
corresponding objects; for example in 2D, the variable on the left (U[1i-1] [j]) is accessed as
U[ncL], with ncL=pointer 2leftcell (nc) . This procedure has two disadvantages with
respect to a simple multi-dimensional data structure (e.g. U[] []): (a) there is redundant
information being stored in the Mesh object; however, the information is contained in a few
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variables and does not constitute any significant penalty; (b) there is additional overhead in, for
example, the method call “getCelindexl”, which maps the one-dimensional index of the list of cells
with the structured indices (ij,k); however, one can easily construct algorithms such that this
method call is relatively infrequent and the cost is minimal compared to the large number of
operations involved in a flow or field solver, for example. The major advantage is that this
approach allows the same data-structure to be used for any type of grid structure. The Mesh
object can be sufficiently general that each cell has an arbitrary connectivity, while some
variables used only for some types of grids may remain un-instantiated for others. For example, a
structured grid may need a metric for some solvers; this metric may be computed and stored in
that case, but is empty when the grid is unstructured. Similarly, some techniques of dynamic grid
adaptation may be valid only for some types of grids (e.g. octree subdivision for Cartesian grids)
and not on others. Each Mesh object is therefore flagged by a few Boolean variables (e.g.
Cartesian / Curvilinear / Unstructured), so that one could match appropriate solvers and methods
to the types of grids being used. Even if not all solvers are immediately implemented, future
extensions are facilitated because the geometry infrastructure can support it. This is the approach
used here: while the current focus is on developing solvers for structured, body-fitted grids,
unstructured grid implementations will be facilitated in the future, using solvers and grid
generators (which must provide the connectivity information) from external providers.

Structured, body-fitted grids are efficient for CFD, especially when boundary layers are present; in
that case, cells can be stretched to match the preferred direction of the gradients (normal to the
body surface), while allowing efficient tri-diagonal implicit solvers and increasing the accuracy of
dimensionally-split high-order schemes. This approach may also be efficient for plasma sheaths,
since again the thermal, plasma composition and plasma potential gradients are aligned with the
normal to the body surface. On the other hand, Cartesian grids are preferable for particle
transport, the construction of simple high-order schemes (e.g. for the Maxwell equations),
Fourier-transformed schemes, and dynamic cell adaptation. If the grid is Cartesian, it is extremely
easy to keep track of the cell to which the particle belongs, given its position, e.g: 1=x/Ax. This
can be important for a large number of non-interacting particles, where transport (particle
“pusher”) is the major computational activity. However, this is true mostly for collision-less
plasmas in simple geometries’. When the plasma is collisional, most of the computational cost is
in the MCC procedure. In those cases, the additional cost in determining the relative particle
position with respect to the cells (i.e. cell-indexing the particle) for non-Cartesian geometries
becomes a negligible fraction. This extra-cost is typically a few arithmetic operations, and is
roughly of the same order for body-fitted grids (using metric-transformed variables) and
unstructured grids (computing relative distances), as long as the particle moves at most to
neighboring cells. This last limitation is also not a restriction for collisional plasmas, since it is
important for solution accuracy. One should point-out that the two approaches can be effectively
combined, by using body-fitted grids near the body and in collisional regions, while Cartesian
grids are used away from the body and in collisionless regions. The ability to handle any grid
type, as described above, is essential to this optimization scenario. Therefore, there is no need to
be restricted to Cartesian meshes, as most PIC solvers are.

5.3.2.Fluid

The data-structure for the fluid and plasma variables must also be highly flexible. The fluid can be
described at various levels of non-equilibrium, corresponding to various relaxation time-scales. By
assumption, the velocity distribution of the fluid-like plasma components remains Maxwellian, the
collisional momentum exchange between particles of similar masses being the fastest relaxation
process. However, electrons and ions may have different velocity distributions (i.e. different
translational temperatures), and internal modes may not follow identical equilibrium distributions,
or may significantly deviate from Boltzmann distributions. This hierarchy of non-equilibrium
descriptions results in a variety of multi-temperature models. The hierarchy for atomic plasmas

" When complex 3D shapes are involved, Cartesian cells must be “cut” near the boundary, yielding complex tetrahedral
shapes. High accuracy near the boundaries becomes more difficult to achieve, and different solvers must be used.
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would be single-temperature, two-temperature (T, —T7,), three-temperature (7, -7, - T, ), and
Collisional-Radiative (C-R) models, where T}, is the translational temperature of heavy particles,

T, is the temperature of the free electrons, and 7, is the temperature of the (assumed)

Boltzmann distribution of electronic excited states. In the two-temperature model, the bound
electronic states are assumed to be in a Boltzmann distribution at the temperature T,; this is

usually valid in cases where the electron collisions dominate over atomic collisions. In low-density
cases, when radiative rates are comparable to collisional or atomic quenching becomes
significant, the electronic states cannot be described by a Boltzmann distribution; in this regime
the C-R model is required.

The ability to generate a variety of non-equilibrium descriptions is another important aspect of the
code flexibility. One can determine from the input conditions which model is necessary, and also
easily perform parametric studies to verify assumptions regarding the state of the plasma, or
evaluate the importance of non-equilibrium effects. Furthermore, it is also desirable in some
circumstances to adjust the level of description according to the local conditions. This would
maximize efficiency, since higher levels of non-equilibrium imply higher computational costs. The
software is currently being configured to allow different non-equilibrium fluid models in different
regions; this feature is currently limited to static and pre-determined conditions, but it is
theoretically feasible to extend this capability to automatic and time-dependent determination of
the non-equilibrium model. This capability implies that boundary conditions between contiguous
domains automatically transform the data between lower and higher-levels of thermodynamic
description. Therefore, key methods to be implemented in the library for fluid modeling are for the
contraction (from higher- to lower level) and expansion of information. An example of the former
would be the grouping of all excited levels from a C-R model into a Boltizmann distribution and the
forcing of equilibrium with the free electrons (from C-R to 2-T model); an example of the latter
would be the generation of an additional variable for the electron energy from the single fluid
equations (from 1-T to 2-T). Preliminary tests of these procedures have been performed
successfully. Of course, the procedures are accurate as long as the conditions permit it, i.e. are
such that the higher level of description (e.g. 2-T model) is compatible with local thermodynamic
equilibrium (LTE) for the mode being expanded or contracted (7, = T, ). This approach yields

maximal benefits when the high level of thermodynamic description is very expensive to maintain
in near-equilibrium conditions; this would be the case of the C-R model, for example, since it
requires a solver for the master equations of collisional and radiative excitation and de-excitation,
and mass conservation equations for all levels. Similar benefits could be found for molecular
plasmas. Note also that a similar procedure applied to translational modes (i.e. velocity DF) would
allow the transition between CFD in dense fluid regions and DSMC in transitional or rarefied
regions.

Finally, one should also point out that atomic electronic states are too numerous to be treated
independently inside a C-R model; the usual procedure consists of grouping together electronic
states which are close together in the energy spectrum.

5.3.3.Particles

Particles usually have a very simple structure: they must contain a minimum of information, since
accurate simulations requiring 10%-107 particles or more would consume an inordinate amount of
memory if each particle object contained an excessive amount of data. The minimum information
is: (a) a particle type identifier (this can be the species number); (b) particle coordinates (x,y,z);
(c) particle velocity (vy,vy.v;). The rest, i.e. charge, mass, etc, can be obtained from the species
information. Additional information may include: (d) particle statistical weight; (e) cell number to
which the particle belongs, but also; (f) transformed local coordinates (£,7,4) which are
especially useful for monitoring whether a particle crosses into an adjacent cell in body-fitted
grids, and; (g) time scale — this has been explained further in Section 5.1. The statistical weight
(each simulated particle is a “pseudo-particle” and represents a large number @ of real particles)
could be made species-dependent only, in which case it would not need to be included as item
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(d) in the particle data-structure, but there are several reasons why this may be beneficial: (1)
when particles are injected from time-dependent boundary conditions (e.g. electrons from
cathodes) a higher accuracy could be obtained by varying the statistical weight in addition to, or
instead of, varying the number of pseudo-particles; (2) chemical reactions can be more accurately
computed using variable statistical weights; (3) higher statistical accuracy can be achieved when
the particle density varies by several orders of magnitude across the computational domain, by
duplicating particles that move into low-density regions. These issues are common to DSMC
simulations, where the use of variable statistical weights is very frequent [2].

Since some of these quasi-particles may describe gas species with internal structure (electronic,
vibrational and rotational states), there may also be some information required to describe these
modes. Ideally, to each particle would be associated a unique state; however, to accurately (i.e.
with low statistical noise) describe the complete DF, one would require an extraordinarily large
number of particles. One must instead attribute a distribution of internal states, e.g. a simulated
molecule could have its own rotational temperature, indicating how these modes are populated.
During a collisional energy exchange, one can compute and modify the overall internal energy
associated with that mode, and assign again a temperature. The disadvantage of this approach is
that one potentially neglects correlations between internal and translational modes. For example,
if situations occur where most of the excited states (indicated by a quantum number /) are
associated with particles moving at high-velocity in the z-direction, the statistical correlation

<€|vz> can be high when both / and v, are high, and this effect would not be reproduced if

internal energy distributions are stored for each particle. Such situations can occur in special
cases (beam interactions) and although molecular plasmas are not currently being considered, it
is prudent to design the software with both potential approaches in mind; the data-structure can
simply have un-instantiated arrays of levels or distribution parameters, which can be used for
whichever model becomes implemented.

This approach also could be extended to the velocity distribution, i.e. the particle data includes
also a velocity distribution. This approach is particularly interesting when dealing with the problem
of particle coalescence, to be described later.

5.4. GPU programming

Within the course of the lab-task we have acquired workstations with GPU cards from NVIDIA;
one workstation with 2 Tesla C870, and another one with 2 Tesla C1060 cards. The C870 was
another model which allows floating-point operations only, but is sufficient for preliminary
development and testing purposes. Both cards support some version of CUDA [37], the C-like
language from NVIDIA for GPU programming. The technology evolves very fast and at the time of
this writing, a newer technology yet has been developed, the Tesla “Fermi” card (C2050/C2070)
which allows C++ programming. Further testing of the Fermi card will be done in the next 2 years.
Various algorithms were tested on the GPU. First, we implemented a generic particle transport
and Monte-Carlo collision algorithm; the particle transport is extremely simple and involved only a
few floating-point operations; the collision algorithm selected pairs of particles in each cell and
collided them elastically with a 50% probability. We found that the GPU was slightly slower than
the CPU (Quad-core Xeon) if only the move algorithm was performed. When the collision
algorithm was added, the GPU was faster by a factor of about 4. Considering that the MC
algorithm is stochastic and that the threads must be synchronized, this result is quite good. These
results include the time required to transfer data between the CPU and GPU. The reason the
move+collide algorithm was so much more efficient presumably lies in the fact that many more
operations are needed to compute the post-collision velocities. To test this idea further, we
implemented a generic “workload” for each particle, by computing a cosine function a certain
number of times. The speed-up was very clear: Figure 11 shows the speed-up compared to the
CPU, as function of the number of cosine function calls. This acceleration factor was computed

*'Up to 16 million particles were tested; the number of particles in each cell was varied but the results were not
significantly affected.
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for several cases of the total number of particles/threads and found to be almost independent of
the number of threads (above 1 million). We conclude that the optimal approach to using the GPU
is to maximize the amount of independent work; thus the GPU may not be profitable for problems
with simple physics, but may allow rapid computation of much more challenging problems. An
obvious application, for example, would be an exact relativistic particle pusher which involves
many more flops than the standard, approximate Boris algorithm [38]. The complex system of
collisions between particles and fluid in a collisional-radiative kinetics model should also greatly
benefit from GPU technology. These will be investigated in the near future.
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Figure 11: Speed-up factor versus number of cosine operations for each particle/thread

For fluid modeling, we investigated what seemed to be the easiest parallelization task with the
greatest benefits, i.e. implementation of the chemical kinetics on the GPU. Since most of the cost
is found in the solution of a linear algebra problem for the point-implicit kinetics, the focus was on
developing an efficient version of a Gaussian elimination/back-substitution algorithm on the GPU.
The problem is divided into 2 scales: the number of “species” N, at each cell, and the number of
cells N¢. The linear algebra problem consists of solving A-x = b for x, a vector of length N;. The
number of operations scales as N2, so one can easily obtain a large workload for each
cell/thread. However, a naive implementation of the algorithm led to poor performance (speed-up
< 1). It turns out that a critical factor here is the size of the problem. At each cell, the matrix A of
size N, x N; is too large for the small cache memory of the GPU, and data must constantly be
transferred between the ALU and the global memory (RAM) on the GPU; this can create
bottlenecks and increase the operation count very easily. We were able to obtain a speed-up of
about 8 (for Ny = 128) by careful choice of memory stride. Later, the speed-up was increased to
about 11 by using the limited shared memory available on the GPU device. This is still a
significant acceleration, but less than we originally expected. There are several approaches to
further improving this situation, such as using iterative solvers, or multi-scale schemes which
would reduce the problem size and complete unrolling of the algorithm. Furthermore, the
computation of the source terms (reaction rates) and jacobian matrix A is also intensive and when
ported to the GPU can lead to significant speed-up. All of these approaches are currently being
investigated.

6. Computational Fluid Dynamics
6.1. Formulation

The simplest models for the convection of the plasma fluid variables are finite-volume based; in
this approach, the fluxes are evaluated at the cell interfaces and Gauss law is used to compute
the changes in the cell-averaged variables. This so-called conservative form can be written as:
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X 5 F-0 (2)
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with Q the array of conserved variables, F the array of convective fluxes and £2 the array of local
source and exchange terms. For convection processes only (i.e. the Euler equations) and
ignoring the source terms due to collisional exchanges of mass (chemistry) and energy
(relaxation), we have:
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The total energy E of the plasma includes a purely thermal component E and the kinetic energy.
E= E-l—%pﬁz . The pressure tensor can be defined as the sum of two contributions:

ﬁaﬂ=P5aﬂ+puauﬂ (4)
For a two-temperature plasma [5], there are two contributions to the pressure and to the plasma

internal energy, i.e. P=P, +P,, with (y,=5/3). P, =(y, —-NE,: P,=(y,~-DE,. This implies
that a jump in pressure across a cell interface can be expressed by:

AP=(yp —IAE-AEg —AE,)+(y, — DAE,, (5)
where:
72 22
AEK:ﬁ-A(piZ)—TAp:pﬁ-Aii+7Ap. (6)

The linearization AF = Ao AQ forms the basis of numerical schemes based on approximate

Riemann solvers [39] (Godunov schemes [40]). Note that equation (2) contains a source term on
the Right Hand Side (RHS) for the electron energy equation — a consequence of the one-fluid
approximation — that is responsible for the adiabaticity of the electron gas component. Notably,
since the electron gas is always subsonic, there is no shock heating of the electrons across a
viscous shock, where there can be a considerable jump in ion temperature [41]. The complete
equation for the electron energy, combined with the conservation of mass for the electrons, leads

to: Te_l (D,Te):(2/3)ne_1 (Dyn,), with D, =0, +u .V the covariant derivative. Therefore the
electron heating (cooling) obtained as a result of compression (expansion) is always adiabatic:
log(T,) = (v, —Dlog(n,). A modified formulation using an entropy-like variable [42] leads to a
simpler and more accurate treatment. We define:

Se = fe_] 5 §e = p; (7)
pe pe
The convection of this quantity yields:
o, P2 |+9) L == p [0, BV @E N1y ) L oY (8)
pye pye pye

Using the equation for the electron thermal energy 6tEe +§-(ﬁ§e)=—pe(§-ﬁ), we can easily
verify that the modified electron entropy satisfies a simple conservation equation, i.e.:

8,8, +V(iiS,)=0 (9)
The use of the entropy variable may be convenient for the convective processes, but not for
electron heat conduction and inelastic energy exchanges. The latter make it more appropriate to

1 p, was used in the original formulation [42], in which case §

e

was the true electron entropy, but the
advantage here is that the variables in (6-5) remain finite when the ionization fraction goes to zero (p, — 0).
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retain the electron thermal energy as the conserved variable. However, the operator-splitting
approach allows us to compute the convective processes differently. Thus, the change in the
modified entropy variable can be written as:

S = S0 4 55, = 5~ AL D F (10)
e e e e AV
surfaces VD

Where the term in brackets is the change due to convection (using for a example a TVD scheme
[43]). A corresponding change in electron thermal energy due to convection can be computed:

~ N ) 7 s

oF, :[p(n)+5p]’e m_[p(m]’e Se (11)
76_1 76_1

where 6&p,5S,are the results of convection only. This overall approach is quite accurate; the

relative errors for the same cases of shock and rarefaction waves are of the order of 10~ for a
shock and 3x10™° across a rarefaction.
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Figure 12: Temperature profiles behind strong shock with relaxation and electron heat conduction

The other approach consists of using S, as the fundamental conserved variable and expressing
all other terms (fluxes, jacobian, EOS) as function of this variable. This is the approach taken in
the course of this lab-task, and described in detail in Appendix E (thesis). Figure 12 shows an
example of a test of the multi-temperature model, including relaxation effects and precursor heat
conduction, which have also been implemented.

The 2T formulation described above has been extended to the ideal MHD equations; since the
magnetic field can perform rotations of the plasma velocity, it is always necessary in the MHD
system to consider the 3 components of the velocity, as well as 3 components of the magnetic
field, even if the simulations are performed on 1D or 2D grids. The main difficulties with the MHD
system are related to the divergence-free property of the magnetic field, i.e. V.B =0, one of
Maxwell equations. This reduces the number of independent variables in the system (and the
number of eigenvalues), making the system non-homogeneous. Various numerical approaches
have been used to guarantee the divergence-free property in ideal MHD simulations, e.g. a

21



corrective step [44], adding an equation for the divergence itself (Powell's method [45]), or
constraining the fluxes to guarantee this property (the constrained transport approach [46]).

The fluid component can have various levels of non-equilibrium, depending on the relaxation
time-scales. A hierarchy of descriptions ensues, for example: single-temperature (1T), two-

temperature (7, —7,), three-temperature (T}, - T, — T, ), and Collisional-Radiative (CR) models.

We have previously developed these versions, and the current focus is on a more detailed CR
model. We have also experimented with code design to allow a seamless transition between
these various levels of description. This would allow us to adjust the complexity of the code
according to local conditions, e.g. starting from a 1T model in a very dense (equilibrium) region, to
multi-T then to a CR model as the density is lowered. The chosen procedure was to devise
methods for contraction (from higher- to lower level) and expansion of thermodynamic information
at the boundary between domains. An example of the former would be the grouping of all excited
levels from a C-R model into a Boltzmann distribution and the forcing of equilibrium with the free
electrons (from C-R to 2-T model); an example of the latter would be the generation of an
additional variable for the electron energy from the single fluid equations (from 1-T to 2-T).
Preliminary tests of these procedures have been performed successfully, but have not yet been
implemented on a final version of the code.

6.2. Numerical Scheme

We have implemented and tested a variety of Godunov schemes for the Euler equations, with
variable order of accuracy, starting from a 2"-order TVD method [43], to 5"-order WENO
schemes [47]. Various limiters have also been investigated, and these variations have been
compared on well-known, published test cases. When used in conjunction with the HLLE
Godunov-type flux as the building block, the WENO scheme has proven to be very robust for
numerous conditions. The WENO schemes require Runge-Kutta time discretization for time-
accurate solutions, which has led to the implementation of second- and third-order versions in
temporal accuracy. The 2"_order time discretization requires two-thirds as many computations
without significantly reducing the stability limits. After all tests were performed, the selection was
made to use a 3“-order variant of the MP scheme of Huynh [55], which showed the best
combination of accuracy and stability, and an Adams-Bashford time-stepping algorithm, which
provided some memory savings compared to a Runge-Kutta approach.

A first example of such a numerical test is shown in Figure 13 (the Emery wind tunnel problem
[48], consisting of a Mach 3 flow and a step); by comparison, the results of another state of the art
numerical scheme are shown in Figure 14. Interestingly, the current results are more accurate
(for same grid resolution) than the AMROC code [49], and more accurate than the PPM scheme
used in the FLASH code [50] from the University of Chicago (not shown), used in astrophysics

calculations.
| / \\ ]

=

Figure 13: Results of Euler calculations on standard test case (forward step); multi-block, parallel
computation (thin horizontal and vertical lines are block boundaries)
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Figure 14: Results of AMROC code, using grid adaptation; finest resolution is equivalent to 3 times
the resolution of current results shown in Figure 13, yet the KH instability is less resolved.

Figure 15: Standard CFD tests: (left)
Orszag-Tang MHD vortex problem; (right)
Rayleigh-Taylor instability.
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The MHD version of the code was also tested against the Brio and Wu problem [51] and the
Orszag-Tang MHD vortex [52], both of which are standard benchmarks in the MHD fluid
community; the latter is shown in Figure 15-left. On the right of the same figure is a standard
Rayleigh-Taylor instability test computed on a 400x1600 grid; the resolution of the contact surface
is maintained very well throughout the simulation. In Figure 16 we show a comparison of the
computational — left side — and experimental — right side — results of a shock diffraction around a
wedge, the so-called Schardin’s problem [53]. The grid-like structure on the left indicates the
boundaries of computational domains.

Figure 16: Shock diffraction around a wedge: left-simulated Schlieren, right-experiment

Finally, we show in Figure 17 a similar comparison for a problem of shock diffraction down a step.
Other standard test cases included the Shu-Osher shock-entropy wave interaction problem [54]
and the Woodward-Colella blast wave problem [48]: these can be found in the PhD thesis of Dr.
M. Kapper, provided in Appendix E. Clearly the basic method is capable of very good accuracy,
and we found the 3"™-order MP method (MP3) arguably superior to even higher-order schemes
like the popular 5™-order WENO. While further refinements of the basic method could be obtained
with further research, there is a point of diminishing return on the investment in time and effort,
i.e. higher-order accuracy and improved stability can always be implemented at a later stage. The
present scheme is considered sufficiently accurate and fast for the present purposes. Thus, the
next steps consist of implementing the physical models for non-equilibrium dynamics, i.e. a
Collisional-Radiative model. Note however that this basic scheme provides a single-fluid solution,
with or without plasma effects. The next section discusses an early investigation whereby the
description is being extended to multiple fluids.

6.3. Multi-Fluid

As an alternative to a PIC model for the energetic electrons, one can envision separating the
electrons from the rest of the plasma while keeping a continuum model. This is the basis of the
multi-fluid model; it assumes that the electrons are sufficiently collisional within themselves to
maintain a distribution function that is close to a Maxwellian, drifting at a mean velocity governed
by both inertial and electrostatic effects. The main advantage is that computations can be much
faster than with a PIC model, while still being able to account for space-charge effects. The
disadvantage is that the time scale is governed by a combination of the mean electron velocity
and the speed of sound in the electron gas. Therefore, for this approach to be useful, an implicit
fluid solver must be devised for the electrons, coupled to the electric field. A first attempt at
devising such a scheme was made. Two versions of the scheme have been designed; one which
entails the inversion of 7x7 matrices, and is linear-order in the time step §t; a second version that
uses 4x4 matrices, but is a second-order expansion, i.e. includes terms proportional to (6t)2.
Both algorithms were implemented and tested, and are described in more detail in Appendix A.
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Figure 17: Shock diffraction down a step: left — simulated Schlieren, right — experiment

To verify the algorithm, we used a simple test case consisting of a one-dimensional plasma with
reflecting boundaries (“plasma in a box”); the initial state was a fully ionized, non-reacting plasma
with all the electrons moved to the left half of the box. This generated a large internal electric field
which accelerated the electrons towards the right side. Without dissipation, the electron motion
leads to an oscillatory behavior, as the electrons accumulate on the right side, create a restoring
field that accelerates back the other way, and so on. This test case is similar to the one studied in
[76] but with a much more severe initial condition, since in [76] there is only a slight perturbation
of the space charge. The plasma oscillations in our case have much larger amplitudes, and non-
linear effects (steepening of the profiles) can be detected; nevertheless, Figure 18 shows an
excellent agreement with theory, and negligible dispersive errors. The stability of the algorithms is
also severely tested. Indeed, it was found that the 7x7 algorithm would occasionally fail when the
time step was too large compared to the plasma frequency or the Courant condition (Ju| + ¢)&t <
Ax. The second-order expansion scheme provided greater stability, and strongly damped the
oscillations when the time step was such that (Ju| + c)ét > Ax and w6t »> 1. However, there is
some residual damping for time steps just below the Courant condition, which is not yet
understood. Development of this scheme is continuing, and will also include effects of a magnetic
field.
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Figure 18: Plasma oscillations (electron velocity at center of 1D box) for both explicit and implicit
schemes

A multi-fluid model also involves the presence of coupling terms on the right-hand-side. The
scheme described in Appendix A is actually a reduced version of the complete set; it involves the
strong coupling between electron fluid motion and electrostatic field from charge separation. This
fast scale motion involves two equations for the electron density and velocity; the energy
(temperature) is constant.

The use of a multi-fluid model involves collisional interactions between the fluids; averaging over
the Boltzmann equations, we can write for each fluid component «. a set of Euler equations:

%na +V(n,ii,) =0 (12a)
%(manaué) + V(B + mgnguiul) = Zyen, (E + ux B) +Xp ” (12b)
a . C =iin i ; o .
2 Eq + V{(EadY + B Yl + ql} = Zuenoul B} + T5(Qup + ulR),) (12c)

Where summation over repeated indices is implied (Einstein notation), and i,j are geometrical
indices; E, = %naTa + %manaufr is the total energy of the plasma component. These equations

are the conservative form' of the well-known Braginskii equations [56]. The ﬁaﬁ is the resistance
force and Q. is the energy exchange term, for both of which Braginskii provides approximate

forms. Ignoring the thermal resistance effect [56], the friction force between two components a,f3
is:

R)aﬁ’ = manavaﬁ’(ﬁ)ﬁ’ - ﬁa) (13)
while the energy exchange term:
m — 5 =
Qaﬁ’ = ma+€n3 (uﬁ’ - ua) : Raﬁ’ + %navgﬁ(Tﬁ - Ty) (14)

Here, vqz and vg,,, are the collision frequencies for momentum exchange and energy exchange
respectively, which obey the symmetry properties:

T Here we use the notation of Decoster [57], where Q. is the Q, of Braginskii.
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MM Vap = MpNpVp, (15)
and
NaVag = NEVE, (16)
For energy exchange and small velocity differences:
2mg
Vgﬁ = #ﬂllgv“ﬁ (17)
Note that v, is not a symmetric quantity.

It must be emphasized here that these formulations are obtained strictly for elastic collisions; this
is clearly seen in equation (6-10a) which does not involve any exchange of mass between the
components (ionization/recombination). To go beyond fully-ionized plasma conditions (commonly
found in fusion or astrophysical applications, for which the multi-fluid equations have been
developed) we must also include the inelastic collision terms, which generate additional source
terms in the fluid equations, for all three quantities: mass, momentum and energy. Consider for
example ionization by electron impact. There is a corresponding source term for the number
density T,, and there is obviously an energy loss; since the conservation equation of the electron
fluid applies to the total energy, i.e. kinetic and thermal, the energy loss rate is: T.€*, where € is
the ionization threshold. However, this does not provide sufficient information to distinguish
between the loss of mean kinetic energy and thermal energy. If we write again the momentum
exchange rate due to inelastic collisions as a frictional force, i.e. ¢, (i, — i, )where 4,1, are the
neutral and electron fluid velocities and ¢ is a constant. Therefore, we have:

Ze=r, (18a)
d — —

z(neue) = —¢leu, (18b)
% GnekTe + %meneﬁ’g) = —T,€ (18c)

where we have neglected i, to simplify the notation. The system (18) yields two different
solutions for the rate of loss of kinetic energy in the limit k7, « m,ii,/2:

2
ne%(u?‘:) =—(1+ g)uﬁ% (19a)
ne = (%) = —(e" +uz/2) 2= (19b)

Obviously, these cannot be both satisfied for any value of kinetic energy. Thus, the source terms
of (6-16) are inconsistent. This is not all too surprising, since the microscopic collision process
between two particles can yield complex dependences when the two particles in question belong
to different statistical distributions which are not in equilibrium. To obtain a self-consistent model
of the coupling terms in a multi-fluid description due to inelastic collisions, it is necessary to
evaluate these terms from first principles, i.e. starting from the microscopic level and averaging
over the respective distribution functions of each component. We can start from a detailed model
of the inelastic collisions, using multiply-differentiated cross-sections, and integrate over a known
distribution (here Maxwellian) to obtain the rates (see Figure 19). Figure 20 shows the same
results for a drifting Maxwellian, in which case both relative mean velocity (kinetic energy — KE)
and thermal velocity (temperature) can contribute. This is especially important for multi-fluid
models, for which the relative velocity can be large. From the detailed cross-section information,
one can also compute additional moments of the collision operator, such as momentum and
energy transferred, to derive effective friction and energy exchange terms, i.e. the equivalent to
the terms of the Bragiinski equations for inelastic collisions and unrestricted velocity differences.
A description of the approach developed so far is given in Appendix C. We have developed and
tested the procedure for the forward rates and need to do the same for the reverse reactions.
This work is currently on-going and we expect it to be completed by end of CY 2010.
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Figure 19: Compiled multi-stage ionization rates for assumed Maxwellian distribution
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7. Collisional-Radiative Modeling

Starting from the multi-species 2T and MHD equations (see Section 6.1), it is straightforward to
consider species as individual electronic states. For a molecular plasma, this requires that we
modify the EOS and thermodynamic database to have a separate specific heat and internal
energy for each of these electronic states (the internal energy being a combination of vibrational
and rotational states). We currently restrict ourselves to atomic plasma only, in which case the
EOS becomes very simple (the adiabatic index is a constant, y = 5/3). The main difficulties in the
CR fluid model are in generating the database of state properties and reaction rates (or cross-
sections), and the management of the complexity of the internal states. Theoretically, there is an
infinite number of bound electronic states and obviously one must limit that number to a practical
value. The truncation of the series is currently done on a fixed basis, which is the common
practice in CR models; in other words, we consider a fixed number of states starting from the
ground level. The argument is that the upper states lying very close to the ionization limit are very
thinly populated or eliminated altogether, due to the effective lowering of the ionization potential
by the ambient micro-field and non-ideal effects (highly excited states, or Rydberg states, have a
radius that becomes comparable to the average inter-atomic spacing). There is more work that
could be done to treat this truncation issue more accurately, including dynamic truncation, i.e.
depending on the actual plasma conditions; this is an issue that may be investigated at a later
stage. The second way to resolve the problem of the very large number of states is “grouping”,
i.e. to combined individual states into a new one with average properties (energy, decay rate);
this is implicitly done anyway, since the levels obtained from a typical database are degenerate
levels with respect to spin and orbital quantum numbers; this degeneracy is lifted, for example,
when strong fields are applied (Stark and Zeeman effects. Grouping levels at a coarser levels
makes sense for levels close together in energy and with similar radiative decay rates. The
optimal way to perform this grouping remains an issue that deserves more attention, along with a
more complete and practical database for species and physical conditions of interest.

Ar ;“d% ,,,,,, /#  continuum

5 l
n=1

Figure 21: Schematic of atomic levels

Consider then a simplified set of atomic levels; the populations (normalized number densities) of
all states form a discrete phase space, the Atomic State Distribution Function (ASDF). The
evolution of this ASDF is obtained by summation of all collisional and radiative transitions,
yielding an ODE of the form:

ang __ d d
ek 2j<k{cl?3'cnenj = Ciineny, — Rjk} + 2h2j>k{clsj nenj — Ci'neny + Rkj}
R hd hd R
Y i< Clnpn; — Chfnpng} + Xn X sl Clinan; — Gl npny ) (20)
—Cfnong + CEn2n; — X5 Clingny + X, Clnonyn; + Rynen;

The collisional rates in (20 are indicated as Cj‘;‘f, where o =e,h is the collisional partner
responsible for the transition (electron-impact or heavy particle impact) and T = x,d, i,r indicates
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the type of event, respectively excitation, deexcitation, ionization and recombination. There can
be several types of heavy particles present, so the index h must be summed (including neutral
atoms and ions). The radiative rates are present for line emission and radiative capture; there are
no rates of photo-ionization or line absorption, which would depend on the radiation energy
density, wnd would include some model of radiation transport. Instead, we use an effective rate
for the line emission, corrected by an escape probability factor A, i.e.:

Where Aj; is the average Einstein coefficient of spontaneous emission. Complex models can be
used to evaluate the escape probability, but we use here a simplified model, i.e. 4;, = 0,1; in the
the former case the plasma is transparent, in the latter case the radiation is completely self-
absorbed. In the validation case studied (ionizing shock wave in Argon), the density gradients are
not sufficiently large that a complex model [58,59] must be used, or that the radiation transport
(RT) equation must be solved; instead, we find from calculation of the radiation mean-free paths
that the transitions to the ground state are self-absorbed, while the plasma is completely
transparent to transitions to any other state.

We focused the development of the CR model on the case of an Argon plasma; the reasons were
two-fold: (a) the Argon system is well-known, yet complex enough to provide a good benchmark
of a CR model; (b) there are multiple experiments in Argon with spectroscopic data which can be
used for validation. We chose a set of experimental tests of ionizing shock waves in Argon to
validate the model. This was also the objective of a prior study [7], limited to 1D simulations; with
the advances in computational power, we demonstrated that this type of problem can now be
simulated in 2D with modest computational power (32 node Linux cluster), indicating that even 3D
problems could be handled by the current large-scale resources.

Table 1: List of atomic levels (energy, degeneracy, and quantum numbers) for Argon

i [V @ e nf[K] s i siiy [eV] g nf[K] s
1 D i 1.5 [Ms]3pf 15 13903 3 15 3d[2/7)=
2 11548 & 1.5 4s[3/2] 19 1399 9 1.5 3d4)7/2),
3 11624 3 15 4s3/2), 20 1443 7 1.5 3d4[7/7]
4 11.723 1 05 4s1/2] 21 14063 35 1.5 3d[5/2a
5 11.828 3 0.5 4s91/2], 2 14068 5 1.5 34(3/2);
(51 12007 3 13 4pf1 2)1 23 14000 3 1.5 5s[3/%)-
Fil 13076 T 1.5 dp[a/f2 24 14089 7 1.5 35s[a/2s
] 13095 5 1.5 4p[5/2a 25 14153 3 1.5 34[3/9]
9 13153 3 1.5 4p[3/2) 26 14214 5 05 55[1/2
10 13172 &5 15 4p[3f3a * 14234 5 05 3d(5/2]:
11 13273 1 .6 4p[1/2la 25 14236 ¥ 05 55172,
12 13283 3 05 4p[3/2), 29 14.241 1 05 3d03/2),
13 13302 5 D3 4p[3/3)s an 14255 3 05 3d75/2)3
14 13328 3 05 49173 3 14.304 3 05 3d72/2);
15 13480 1 035 4p(1/2]0 o 15760 4 15 [Mg]3p®
16 13845 1 a0 3172 ma” 15837 2 05 [Mg]3p°
17  13.854 2 1.5 3d1/2]

The basic numerical methods and formulation developed for the Argon test cases are equally
valid for any other atomic plasma and once the database for say, Xenon, is compiled one can
readily apply the model to that problem as well. In fact, there are similar experimental studies of
ionizing shocks and MHD shocks in Xenon which could be investigated in the future. We chose a

final set of 31 levels to describe the ASDF in Argon (see Table 1). Note that the levels are
decomposed into 2 sub-sets according to the value of the total spin of the core: j, = {%z}
Although the energy levels of the respective sets can be very close, transitions between levels of
different j. are generally forbidden, and one must account for this restriction appropriately by
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considering the two sub-groups. It also means that there are two ionization potentials, and
equivalently, two ground-states for the ionAr*. Mode details of the CR model and its validation
are given in the PhD thesis by M. Kapper, provided in Attachment A.

The system (20) is augmented by equations for the electron energy and heavy particle
translational energy, to account for the energy exchanged during inelastic collisions; in the single-
fluid model, these terms can be easily derived and no source term is required for momentum
exchange, as opposed to the multi-fluid case. In addition to the inelastic collisions listed in (20),
one can also include other reactions involving Ar;', or dielectronic recombination (inverse Auger
process); the former was added to the model and showed little influence in our test case, but may
contribute in other plasma discharges. The latter may be relevant in low-density, high-
temperature plasma. The most uncertain aspect of the CR model concerns the cross-sections for
excitation and ionization; data is poor or non-existent for collisions involving excited states and
one relies on simplified models of collision physics — such as the Binary Encounter/Bethe (BEB)
and its variants [60-61] — or quantum (R-matrix) calculations when feasible. These can provide a
good estimate of the cross-sections, but valid only for electron-impact. Atomic collisions such as
Ar + Ar - Ar* + Ar can be important, yet the cross-sections are not well-known; standard
models (see [62]) have been used in the community, yet more precise calculations would be very
beneficial, especially for the type of weakly ionized plasma found in aerospace applications . We
will see that in the chosen test case of ionizing shock, the heavy-particle impact is important
immediately behind the shock, since the electron density is still very low; these rates are therefore
mostly responsible for the shock structure, i.e. the “induction” zone separating the shock and a
region where rapid ionization occurs (“avalanche”) and the electron-impact processes take-over.
This type of experiment can be very useful in calibrating the heavy-particle impact inelastic cross-
sections, through parametric studies.

rIﬁ T T T T T T T

3

0.0z i 4

Figure 22: Effect of upper levels on radiative cooling region; complete agreement with experimental
data requires at least the 4s,4p,3d and 5s manifolds

In addition to the cross-sections, one must also consider a minimum number of levels; this can be
clearly seen in Figure 22 which shows different profiles of the ionization fraction in the relaxation
region (“radiative cooling”), past the peak ionization. In that figure, the flow goes from left to right
and the shock is at x=0. The profiles are computed with a steady-state, space-marching scheme
in the rest frame of the shock. The fluctuating curve is the experimental data, while the smooth
profiles are the computed solutions, for several cases of sets of atomic levels. Thus, if only the 4s
states are considered, the solution is significantly in error. Adding the 4p levels improves the
accuracy, but one needs at least the levels up to 5s to reproduce the correct rate of
recombination. The collisional exchange between upper states is also important; for example,

" At significant (>10") ionization fractions, the electron-impact processes completely dominate the kinetics.
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Figure 23 shows the temperature profiles of heavy particle (T},), electron (T.), and bound states'
4s and 4p, when no inelastic collisions between these two sets are included. One can clearly see
a separation between the two behind the shock. In Figure 24, the excitation and deexcitation
processes between levels of these two sets are included, and the two manifolds clearly come into
fast equilibrium with respect to each other. Note, however, that the temperature of the excited
states is not the same as that of the free electrons. The latter is also changed when the inter-
manifold collisions are included (red curve).
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Figure 23: Temperature profiles without collisional interchange between manifolds 4s and 4p
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Figure 24: Temperature profiles with collisional interchange between manifolds 4s and 4p

" The “temperature” of an excited level is obtained as the equivalent temperature which would satisfy a Boltzmann
equilibrium relation with respect to the ground state.
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Figure 25: Steady-state profiles for complete set of reactions and complete set of levels
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Figure 26: Unsteady 1D profiles in shock rest frame — cyclical motion
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The final steady-state profiles are shown in Figure 25 and compared with the data from the
ionizing shock wave data in [63]; the comparison is for the case of an initial Mach number 15.9
(similar agreement is found for other cases of Mach number, except for the lowest Ma=13.6 case,
for which boundary effects become important and are not considered here). However, the flow is
not steady-state; this can be clearly seen in Figure 26, which shows a sequence of profiles in the
rest-frame of the shock, obtained from a time-accurate 1D simulation. From a) to b) a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>