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Abstract

Zapdos is an open-source finite element plasma fluid solver based on the MOOSE multiphysics framework. This pa-
per outlines Zapdos verification, benchmarking, and validation efforts for 1D and 2D RF capacitively-coupled plasma
discharge models for mid-range pressures (0.1 - 1 Torr). The verification process involved using the method of manufac-
tured solutions to assess Zapdos spatial and temporal error convergence. Lo errors ranged from 1072 to 10~%, while the
convergence’s slope were in agreement with the predicted slopes for the tested variable and time integration orders. The
benchmarking process involved comparisons to previously results from the validated finite element code, LSODI [I1 2] [3].
These works included 1D and 2D simulations for a range of plasma parameters (densities, temperatures, voltage, etc.).
For the 1D cases, Zapdos and LSODI results were in very good agreement. In the 2D cases, variable behaviors matched,
with slight discrepancies in peak values. The validation process involved comparisons to experimental works includ-
ing electron density measurements by microwave interferometry [4] and metastable density measurements by planar
laser-induced fluorescence imaging [5]. Results shown reasonable agreement at higher pressure, with results starting to
diverge at low pressures. Probable causes for this diverges are the limitation of the fluid assumption for plasmas at low
pressure, or the need for more robust boundary conditions. Overall, Zapdos shown reasonable results for the verification,

benchmarking, and validation efforts, and Zapdos can be downloaded at https://github.com/shannon-lab/zapdos

Keywords: Plasma, Finite Element Method, Open-Source, Verification and Validation, Benchmarking, Method of

Manufactured Solutions, Fluid Approximation

1. Introduction 2

Open-source software has grown in popularity within
the plasma community [6] [7, 8]. This is due to the lack of
license fees, accessibility of code for modification or spe-
cialization, and often community-driven development pro-
cesses, just to name a few. Zapdos, based on the open
source Multiphysics Object Oriented Simulation Environ-
ment (MOOSE), uses the finite element method (FEM) to
solve the plasma flux continuity and momentum equations
in order to simulate low temperature plasma discharges in
atmosphere and vacuum. MOOSE was originally devel-
oped for the modeling and simulation of nuclear reactor
systems, which involve highly nonlinear, tightly coupled
sets of partial differential equations (PDEs) representing
the required physics. However, due to the general nature ,
of physics implementation within MOOSE code, multiple
applications and physics modules have been developed for
different fields of physics [9} 10} 1T} 12].

Due to a unified code base with respect to the basic
syntax, solvers, and FEM implementation, all MOOSE
codes can easily be coupled together. In order to add an
expanded plasma chemistry capability, Zapdos was cou-
pled to CRANE, a chemical reaction network solver [13].

Alongside the ease of coupling to other applications, MOOSE
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(and therefore Zapdos) is designed around solve flexibility.
This enables coupling of Zapdos to other physics domains
available natively in the MOOSE framework or developed
through the dozens of tracked open source MOOSE appli-
cations, allowing Zapdos to study currently critical plasma
research topics such as plasma material interactions, con-
trollable plasma chemistry, and plasma design within com-
plex process flow systems.[I4, [I5] While most users of
MOOSE will run their code on user workstations with
a handful of cores, MOOSE has also demonstrated scal-
ability on over 30,000 of CPU cores. [9] Previous publi-
cations demonstrating the capability of Zapdos include a
plasma-water simulation involving a DC discharge done by
Lindsay et al [I6] and plasma-enhanced thermionic energy
converters simulations done by Haase and Go [17].

In order for a community to trust the results of any
given software, said software should over go the process of
verification and validation (V&V). While the plasma com-
munity has discuss and demonstrated the importance of
V&V in the past [I8] 19, 20, 2], 22] 23], the American So-
ciety of Mechanical Engineers (ASME) has a well defined
guide on the V&V process [24]. In short, verification can
be summarized as the testing of the computational pro-
cess, and validation is the testing of the physical model.
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Verification can be divided into two parts, code verification
which test if the mathematical model is solving correctly,
and calculation verification which test if the mathematical
model is accurate. Both parts of verification can be done
with the Method of Manufactured Solutions (MMS) and
error convergence testing. Validation is done by compar-
ing simulation results to validation experiments. In the
low-temperature plasmas, the GEC reference cell was de-
signed for this purpose [25]. This reference source gives
the plasma simulation community a well define chamber
geometry and discharge parameters for replicating mea-
surements in mid-to-low pressure regimes. Though not
official apart of the V&V process, there is often a step be-
tween verification and validation, known as benchmarking.
Benchmarking is the process of comparing a new software
to previous validated software. This test simulations with
the same physical assumption, without introduction any
errors that maybe introduction with experimental compar-
isons (both experimental errors and errors due to physical
assumptions).

This paper gives an overview of the physics within Za-
pdos (Section 2.1), the bases of the FEM used (Sections
2.2), the user interface (Section 2.3), the V&V process with
benchmarking (Section 3) and conclusions (section 4).

2. Software Description

2.1. Governing Equations

2.1.1. Multi-Fluid Approach

Zapdos uses the multi-fluid approach to model plasma
behaviors. At pressures were collisional behavior domi-
nate over particular-to-particular interactions, the differ-
ent plasma species (electrons, ions, metastables, etc.) can
be treated as separate fluids. These fluid equations are
then simplified to drift-diffusion equations, where the ad-
vection term is driven the E-fields. The flux continuity
equations are in the form of:

3nj
StV L= (1)
Fe,i - Me,iEne,i - De,ivne,i (2) *

where n is the density, j is the subscript for either elec-
trons (e), ions (¢) or metastables (), I' is the flux of the
species, S;j is the source terms, p is the mobility coeffi-'"
cient, D is the diffusivity coefficient and E is the electric
field. The source terms are handled by MOOSE’s plasma
chemistry application, CRANE [I3]. CRANE is a separate
software that may be used to solve global (0D) or spatial
(1D-3D) chemical reaction networks based on chemical ki-'*
netics (Equation. Rate coefficients may be constant val-
ues, functions of other variables in the system of equations,
or tabulated. Since CRANE is compiled with Zapdos, the
source term due to chemical reactions are fully coupled to
the transport equations, Equation

Within Zapdos, the source terms can be expressed us-
ing either rate coefficients or Townsend coefficients (Equa-

tions and , respectively).
S; = vk H n;
J

Sj = o]

(4)
(5)

where v is the stoichiometric coefficient, k is the rate co-
efficient, n; is the densities of the reactant species j, and
« is the Townsend coefficient. Since the benchmarking ex-
amples in the present work only focus on rate coefficient,
the equations representing the plasma chemistry will as-
sume rate coefficients as inputs. Currently, Zapdos solves
for the electric field using the electrostatic field approxi-
mation, such that E = —VV (where V is the potential).
To solve for the potential, Gauss’s Law combined with the
electrostatic approximation becomes a Poisson’s equation
in the form of:

— 1)
€o

_yry - e (6)
where g is the permittivity of free space. The electron
mean energy is solved for and is used to determine the
value of electron energy dependent variables (such as elec-
tron mobility, electron diffusion, and rate or Townsend co-
efficients). The equation for the electron energy is in the
form of:

onee
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Where € is the mean electron energy, e is the elemen-
tary charge, m. is the electron mass, m, is the mass of the
background gas, ny is the background gas density, keiastic
is the elastic rate coefficient, T, is the electron tempera-
ture (i.e. T, = %6)7 E; is the threshold energy of inelastic
collisions, and K is the inelastic rate coefficient. With the
electron energy, the value of energy dependent coefficients
are determined by interpolating a user-provided tabulated
text file that relates energy to a coefficient. These text files
are usually pre-calculated by a Boltzmann solver (such as
BOLSIG+ [26]).

Though not shown in this current validation effort, Za-
pdos can model the plasma surface interaction between
boundary (such as plasma-water interactions). This is
done by modeling the reactive species on either side of
the plasma-water interface, and equating the ratio of the
electron density on either side of the interface to a Henry’s
law coefficient. For more information on this, please visit
the work done by Lindsay et al [16].

2.1.2. Boundary Conditions
There are several boundary conditions (BCs) within
Zapdos, both integrated and nodal. Integrated BCs are,
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as the name implies, integrated over the boundary surface,
while nodal BCs are defined at the nodes. The BCs of
the particle densities are generally in the form of a flux
BC, or a Neumann-style BC, but can also take the form
of a Dirichlet BC. For clarity, the different flux BCs in
this paper will be defined in ”"sets” corresponding to the
papers from which they were implemented, but this does
not mean the user has to use all of the flux BC within one
set per simulation (e.g. an electron BC from one set could
be used with any ion BC from any other set due to the
modularity of Zapdos syntax). The simplest set of flux
BC in Zapdos are defined as Lymberopoulos BC, based on
the BC used by Lymberopoulos et al [1] and are electron
energy independent. These BC are in the from of:

T'e - n=Fkn,—~ITi-n
Fi -n = —umiVV n

(9)
(10)

where kg is the electron surface recombination coefficient
assuming an electron sticking coefficient of unity and -y is
the secondary electron coefficient. The next set of flux BC
adds electron energy dependence. These BC are defined
as Sakiyama BC and are presented on works of Sakiyamaizo
et al [27] and Lymberopoulos et al [3]. These BCs are in

the from of:
1 kT,
~n:71/8 b -ne — i n
4V mme

I'in=—punVVesr-n, f VVerp-n>0else ' n=0
(12)

5\ 1 [SkyT, 5
T.oon=(2¢) 2, —(2e) A1y - 1
e <36) 1V me Ne (36)’}/ n (13)

where k;, is Boltzmann’s constant. The final set of BCsiz
are defined as Hagelaar BCs and are based on the work of
Hagelaar et al [28] as well as Sakiyama and Graves [29],
respectively. This set of BC are not present in this work,
but they have been used in previous Zapdos publications
116].
For the potential, there are three main BCs that cap-
ture DC discharges, radio-frequency (RF) discharges, and
dielectric materials. Since the benchmarking simulations
in this paper are of RF discharges, we will quickly mention
that the DC BCs utilize Kirchoff’s voltage law to simulate,,,
an external driving circuit. More information on previous
Zapdos simulation with DC discharges can be found in the
work of Lindsay et al [16]. RF discharges and grounded
surfaces are simulated using a Dirichlet-style BC. With
Dirichlet BCs, the potential can be set to a constant zero,,
or as a sinusoidal function in time for a grounded or RF
surface, respectively. The RF BC is usually in the form of:

Ie

(11)

125

V' = Vamyp sin(ft) (14)

where Vg, is the peak amplitude of the voltage, f is the
frequency, and t is the time.

Lastly, dielectric surfaces are based on the dielectric
BC used by Lymberopoulos et al [3]. This BC is in the

form of:

ov 4,
E = g <€FZ‘6F6+€O

(15)

ovv
ot

Where ¢; and d; are the permittivity and effective thick-
ness of the insulator.

2.1.3. Log Form of Variables and Scaling Methods

To improve convergence of the residual by making all
calculated density values similar in order and to prevent
negative densities, the densities are cast in log form and
the mean electron energy is cast as a log of mean electron
energy density (i.e. as the product of electron density and
mean electron energy). This means Zapdos tries to solve
the density, mean energy, and potential in the plasma in
the form of:

N; = In(ny) (16)
E, = In(nge) (17)
V=V (18)

Along with casting the density variables into log form, Za-
pdos also has scaling methods in place. These include hav-
ing the option to solve for the potential in terms of volts
or kilovolts, setting the units of the density to moles/m?,
and creating a unity mesh then scaling the any gradients
accordingly. The idea behind these scaling methods is to
reduce the variation in magnitudes of the variables being
solved for (and thus the entries in the Jacobian matrix)
which should improve the matrix conditioning and thus
help improve the convergence of the iterative solver.

2.1.4. Acceleration Scheme

In order to properly resolve plasma oscillations, very
small time steps must be taken when using a traditional
constant timestepping scheme. Because neutral species
(such as metastables) move much slower than electrons,
this means that many timesteps must be taken in order to
properly resolve their motion. This can lead to simulations
that take many hours or days on standard workstation
hardware. To reduce the run time of simulations of RF
discharges involving neutral particles, a modified shooting
method technique was implemented. Zapdos’ version of
the shooting method scheme is based on work presented
by Lymberopoulos and Economou [I], but a more gen-
eral description of the method can be found by Gogolides,
Sawin and Brown [30]. This scheme takes advantage of the
fact that an RF discharge will eventually have a periodic
steady-state, in the form of:

N;(0) — Ny(T) =0 (19)
where N;(0) is the density at the beginning of the steady-
state cycle and IN;(T') is the density at the end of the cycle.
Now, to obtain a guess at the periodic solution of N;(0),
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the Newton-Raphson method can be applied and results
in:

N;(0)" = N;(0)7'! — J~H(N;(0)' = N;(T)) - (20)
ON,
J=1I- z 21
(o) 2y
where I is the identity matrix and % is known as the'”
sensitivity matrix. The sensitivity matrix can be calcu-
lated by:
dt \ON;(0)/)  ON; ON;(0)

where F' is the force function of the accelerated density
and 7613\,13_\[{0) = I is at the beginning of the cycle. With this

method, the acceleration scheme is as follows: 150

e The main simulation runs for X amount of RF cy-
cles.

e After X cycles, the simulation runs for one RF cycle
to calculate N;(T') and the sensitivity matrix.

e The metastable density is then accelerated by Equa—185
tion and the new density is sent to the main
simulation.

e The main simulation runs for another X amount of

RF cycles and accelerates again.
190

2.2. Numerical Method

To better understand the format of the input files used
in MOOSE/Zapdos, a base understanding of the FEM
would be beneficial. A fundamental concept of the FEM is
the process of converting the differential form of an equa-
tion (known as the strong from) into a weak form, where,;
the equation has solutions only with respect to certain
“test functions” that also are able to loosely satisfy the
strong form of the equation. This paper will demonstrate
the generation of a weak form and how it is reflected in
MOOSE code and input files by using the classic diffusion
problem, in the form of:

V. —DVu = s(r) (23)"

Where D is the diffusion coefficient, u is the species of
diffusion, and s(r) is the source term. Equation would
be classified as the strong form of the diffusion problem.
To convert this into the weak form for FEM, one must
multiply the equation by a test function v; existing in the,
same space as the solution variable and integrate over the
whole domain of interest. All the terms will also be moved
over to the left-hand side (LHS), resulting in the following:

/sz - —DVudV —/Qs(x)dV =0 (24)

Where (2 is the extent of the domain. Now the first term
can be treated by using integration by parts, which gives:

/ V; - DVudV — v; DVu - ndS — / s(z)dV =0
Q

a0 Q

(25)
where 91 is the domain boundaries and n is the normal
vector to the boundary. This equation can also be called
the “weighted residual form”, and the simulation goal is to
find a solution which can minimize the LHS to zero. Equa-
tion contains what MOOSE calls “kernels” (e.g. the
first and third term) and boundary conditions (e.g. the
second term) that are entered into MOOSE/Zapdos. The
rest of the FEM involves the discretization of the equa-
tion from domain integrals into a summation over mesh
elements. Further, the test function applied within each
element must be determined. The choice of test function
usually corresponds to the type of problem being solved
(e.g., whether the solution will be continuous or discontin-
uous). For Zapdos, the continuous Galerkin finite element
method is applied, utilizing linear Lagrange test functions.
The solution of the resulting system of equations is ob-
tained via Newton’s Method.

2.8. User Interface

The input files for Zapdos can be broken down into
sections known as “object blocks”. A summary of these
object blocks are:

e GlobalParams: Defines parameters that appear in
multiple blocks in a given input file (such as scaling
options).

e Mesh: Creates a mesh, reads existing mesh files, or
modifies existing mesh.

e Problem: Defines the type of problem (e.g. FE Prob-
lem, Eigenvalue problems, etc.) and defining the co-
ordinate system.

e Variables: Defines the variable being solved for and
their test functions.

e Kernels: Defines the physics of the problem.

e AuxVariables and AuxKernels: Similar to Variables
and Kernels, except used for parameters that are not
directly solved for (e.g. current, power, etc.).

e BCs: Defines the boundary conditions.

e ICs: Defines the initial conditions as a uniform con-
stant or as a function of position.

e Materials: Defines material properties (e.g. mass,
mobility, diffusion, rate coefficients, etc).

e Postprocessors: Defines a variety of postprocessing
operations.
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e Preconditioning: Defines any preconditioning pro-zs
cesses needed to solve the problems (the default is
SMP (Single Matrix Preconditioner)).

e Executioner: Defines whether the problem to be solved
is transient or steady-state, as well as various solver

settings. 255

e Qutputs: Defines the type of file used for the output
file (the default is an exodus file).

260
To demonstrate how an object block is structured, the

following is an example of a Kernel block with only the
electron flux continuity. By transforming the strong form
of the electron flux continuity (i.e. Equation (I))) into the
weak form results in:

265

EFieldAdvectionElectrons

/ 02 qv ¢ / Vi - 11V Ve dV
o Ot Q

270

ElectronTimeDerivative 275
BCs

—_—
+/ Vi - D.Vn dV + 1/)1VI‘e.nde/ v Y SydV =
Q oN Q 280

CRANE Kernels
(26)

CoeffDiffusionElectrons

with the labels designating the Zapdos object correspond-**°
ing to the term in the PDE. Listing [1| shows an example
of a residual coded into MOOSE and Zapdos.

200
Listing 1: Residual for CoeffDiffusionElectrons

CoeffDiffusion::computeQpResidual ()

{
return -_diffusivity[_qpl * std::exp(_ul_qpl) =* s
_grad_ul_qp]l * _r_units * -_grad_test[_il[_qpl *
_r_units;

}

In the attempt to make adding all of the required physics
easier for users, there are object blocks called Actions. Ac-
tions represent a form of automation in MOOSE/Zapdos,
where input file objects and parameters can be added and
set, respectively. For example, an action could be createdswn
to add the appropriate variables, materials, and kernels
corresponding to Equation . In Zapdos and CRANE,
the ”DriftDiffusionAction” and ” Reaction” actions exist to
assist the user, which are utilized to input the plasma drift-
diffusion equations (outlined in 2.1) and plasma chemistry,sos
respectively. The ”Reactions” block automatically parses
the listed reactions into reactants, products, and rate co-
efficients, and adds the necessary source and sink terms
to each species (Equation . Rate coefficients denoted
"EEDF” are tabulated against the mean electron energysio
and are linearly interpolated during the simulation. If the
reaction acts as an energy source or sink for electrons, the
change in mean electron energy associated with that re-
action may be listed in brackets (in units of eV), and the
resulting source or sink term is added to Equation[7] List-
ing [2] shows an example of these actions and their syntax

for an argon discharge. A detailed list and description of
all current Zapdos objects can be found on the Zapdos
website [31].

Listing 2: Actions for an Argon Plasma

# Action that sets the Drift Diffusion
# and Potential Equations
[DriftDiffusionAction]

[./Plasma]
electrons = em
charged_particle =
Neutrals = Arx
potential = potential

Is_potential_unique = true

mean_energy = mean_en

position_units = ${domOScale}

Additional_Outputs = ’ElectronTemperature Current EField’
[../1

(1

#Action that sets the Source Terms of the species
[Reactions]

[./Argon]

species = ’Ar* em Ar+’
aux_species = ’Ar’
reaction_coefficient_format =
gas_species = ’Ar’

Equations

Ar+

’rate’

electron_energy = ’mean_en’

electron_density = ’em’

include_electrons = true

file_location = ’rate_coefficients’

potential = ’potential’

use_log = true

position_units = ${domOScale}

block = 0

reactions =

’em + Ar -> em + Ar* : EEDF [-11.56] (reactionl)
em + Ar -> em + em + Ar+ : EEDF [-15.7] (reaction2)
em + Ar* -> em + Ar : EEDF [11.56] (reaction3)
em + Ar* -> em + em + Ar+ : EEDF [-4.14] (reaction4)
em + Ar* -> em + Ar_r : 1.2044e11

Ar*x + Arx -> Ar+ + Ar + em : 373364000

Ar* + Ar -> Ar + Ar : 1806.6

Ar*x + Ar + Ar -> Ar_2 + Ar : 39890.9324°

[..71

1

3. Verification and Validation

3.1. Method of Manufactured Solutions

MMS is a common and straight forward way of verify-
ing code [18,[19,20]. The principle behind MMS is that one
can verify a code by manufacturing an artificial solution
and deriving the necessary inputs needed for one’s code to
simulate the same solution. By using MMS, one can ver-
ify within a relative amount of certainty that the code is
solving the intended system of equations correctly. Within
Zapdos, there are tests for different degrees of coupling the
three main types of variables (i.e. particles, mean energy,
and potential). The different MMS tests include: basic
diffusion, diffusion with advection, single charged density
with potential, multiple charged densities with potential,
and multiple charged density with potential and electron
mean energy. When constructing the manufactured solu-
tions, it is important for the solutions to be smooth and
have non-zero derivatives to the order required by the sys-
tem. To avoid this in Zapdos, trigonometric functions were
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used. A physical constraint on the chosen verification solu-
tion required that the densities and mean energy be non-
negative and non-zero. To simulate the oscillation that
would occur in the electrons under an RF field, the chosen
solutions of the electron density and mean energy were set
to oscillate in a sinusoidal fashion with time, similar to the
potential boundary conditions.

107"

—¥—Electrons:1.997
-O-lons:1.9961

Mean Energy:1.9886
-=+- Potential:1.9681

L2 Error: 1D

Element Size (h)
(a) 1D Results
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107 Hl-0-1ons:1.9959
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5 103}
,
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1072 107"

Element Size (h)
(b) 2D Results

Figure 1: MMS Spacial Regression Plot
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Code performance and faithful reproduction of the MMS

solution can be verified by reviewing the error behavior
over a range of timestep sizes and element size. One should
expect a convergence rate of two for first order elements
and a second order time integration, as is used in these
examples [20]. For brevity, the convergence study for only

355

1072 - 1

=¥-Electrons:1.9117

-O-lons:1.6508
Mean Energy:1.9527 &+

-+- Potential:1.9075 ’

o
o

1072
Time Step (dt)

Figure 2: MMS Temporal Regression Plot

the fully coupled plasma fluid equations are presented in
this work.

8.1.1. MMS: Results

Figure [1| demonstrates the spatial convergence, while
figure [2| shows the temporal convergence. For the 2D sim-
ulations, an ”effective” electric field was added for the ion
motion, as defined in Equation . The converge rates
match closely to the theoretical values, with outliers of the
y-component of the effective electric field for the spacial
regression and the ions for the temporal regression. An
explanation for these outliers is that some terms for these
solutions are small compared to other terms (e.g. for ions
the diffusion term being greater than the advection term).
Ideally, one would want all the terms to be near the same
order when deriving solutions for MMS, but this becomes
more difficult as the number of coupled equations increases
and an optimal value for each coefficient must be found.
When coupling and solving for multiple solutions at once,
this can become tedious or improbable while upholding the
constraints mentioned before.

3.2. Benchmarking Cases

The benchmarking cases in this paper involve compar-
isons to RF discharge simulations done by Lymberopoulos
in 1D [I] and 2D [2, B]. Both RF simulations are of an
argon discharge with the plasma chemistry shown in table
(the only exception is for the 1D case, which excludes
elastic collisions to better match the simulation conditions

in the paper []).

8.2.1. 1D Discharge Conditions
The 1D demonstration case was a simple 2.54 cm CCP
discharge for argon at 1 Torr and 300 K (N = 3.22 x
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Reaction E; (eV) Rate Coef-  Ref.
ficient 370
Ar4e— Elastic Energy 13, 32]
Ar+te Depen-
dent
Ar+e— -11.56 Energy 1, 132]
Ar*+e Depen- 375
dent
Ar+e— -15.7 Energy [, 132]
Art+2e Depen-
dent
Ar¥te— -4.14 Energy [, 132] 380
Art+2e Depen-
dent
Ar¥+e— 11.56 Energy 1, 32]
Ar+e Depen-
dent
Arfte— . 2 X [0 B3, B4, | =
Ar'te 10-3 ™ 3]
AT AR 6.2 X L 33, B4,
Arf+Are 10-16 ™ 35]
Arf+Ar— . 3 x I 33, 34
2Ar 1072t =2 35 30
Ar*12Ar— 11 X [I 33, 34,
Arg+Ar 10748 m°  [35)
Table 1: Reactions Rates
395
Name Symbol Value Ref.
(unit)
Electron ND.(ms)~1 3.86x10%* [IL [36]
diffusivity
Electron  Npu.(Vms)~19.66 x 102 [1, 37] 400
mobility
Ion diffi- ND,(ms)~12.07x10%° [I, 38]
sivity
Ton mobil-  Npu, (Vms) 4.65x 10?1 [I]
ity 405
Metastable ND,(ms)~! 2.42x10%° [IL 36]
diffusivity
Secondary 0.01 11, 136]
electron
coefficient o
Table 2: Flux Coefficients
10*2 m?®). The mesh was the same as presented in [1].,s

The mobility and diffusion coefficients for all species were
constant and are summarized in table The boundary
conditions for the electrons and ions used in the 1D case
were the Lymberopoulos BC set with a kg of 1.19 x 10°
and a v of 0.01 (Equations (9) and (10)). The potential ats,
the electrodes was set with the RF BC for Vg, = 100V
and f = 27(13.56 x 10%)s~! on one electrode and grounded
(Vamp = 0) on the other electrode. The metastables at the
electrodes were defined by a Dirichlet BC equaling close

to zero (in all cases, this was 100m~—2), and mean electron
energy was also defined by a Dirichlet BC set to %(0.5) ev.
Two sets of runs were performed, one without metastables
and the other with metastables. To help speed up the sim-
ulation to steady-state for the run case with metastables,
the acceleration method mentioned in Section 2.1.4 was
employed. To help with the stability of the accelerator,
the acceleration method employed an offset to the sensi-
tivity matrix such that the max entry for J~! in Equation
is 100. This value was chosen based on several runs
with differing offsets, where a value of 100 shown to max-
imize acceleration without inducing instability for the set
of conditions in this work.

8.2.2. 1D Discharge: Results

The simulation ran for 5000 RF cycles while acceler-
ating the metastable density every 50 RF cycles. Argon
simulation with metastables can take up to 10> RF cy-
cles to reach steady-state, due to the comparatively slow
response time of the metastable to the charged particles
[1]. While 5000 RF cycles to reach steady-state is signifi-
cantly less than the 10° cycles need without an accelerator,
this is approximately 5 times large then the cycles needed
to reach steady-state by the previous work, which stated
a steady-state solution at about 1000 RF with a similar
accelerator scheme [I]. While the exact cause of the dis-
crepancy in required RF cycles is not know yet, a prob-
ably cause is the difference in how the transient solution
is solved between Zapdos and LSODI (the FEM software
used for benchmarking). Zapdos simulations were solved
used a second order backward difference formula, while
LSODI used backward difference formula with automati-
cally variable order. While this difference in time integrals
should not drastically affect the steady-state solutions, this
could affect the transient results and the effectiveness of
the accelerator. Figure|3|shows the spatial average growth
for the densities with the accelerator. The hump present
in the figure has been shown before in other accelerated
simulations by Kushner et al [39] [40]. They attribute this
phenomenon to an “over acceleration” of the accelerated
density with is cased by a high value for their accelera-
tion factor. This would be analogous to computing a high
values in the sensitivity matrix near the beginning of the
simulations.

Figure[dshows the results for the case without metasta-
bles, while figures [f| and [f] are the results for the case
with metastables. All cases are in good agreement be-
tween Zapdos results (the line data) with Lymberopou-
los’s results (the point data). There is a slight increase
for the metastable density near the electrodes when com-
pared the previous simulation efforts. This is mainly due
to converting the densities into log form. Converting to
log form requires higher mesh refinement to properly cap-
ture trajectory of variables heading close to zero, such as
the boundary condition for the metastables.
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3.2.3. 2D Discharge Conditions

The 2D benchmarking case was a 1 Torr and 100 mTorr
argon plasma in the GEC reference cell. Zapdos ran the
simulation as an axisymmetric geometry found in figure
[7 B]. The mobility and diffusion coefficients for the elec-
trons, ions, and metastables were the same as for the 1D
demonstration case. The boundary conditions for the elec-
trons, ions, and mean electron energy at all surfaces were
the Sakiyama BC set with the same ~ of 0.01 (Equations
,, and ) and the metastables were again set
as a Dirichlet BC equaling close to zero (in all cases, this
was 100 m~—3). For the 1 Torr case, the potential at the
electrodes was configured so that the peak to peak voltage
was 60 V. This was done by setting the electrodes with the
RF BC for f = 2m(13.56 x 10°%) s71, V,,,,, = 30V for the
top electrode and Vg, = —30V for the bottom electrode.
For the 100 mTorr case, the potential was setup similarly
except for a peak to peak voltage of 100 V. The insulator
was set with the dielectric BC of Equation ((15))), where
the permittivity and effective thickness of the insulator
was 1.859382 x 107! Fm ™! and 0.0127 m, respectively.

Along with the physics mentioned in Section 2.1.1, the
ion advection was determined by effective electric field,
that was defined by:

8:Eeﬁ'
ot

Where v, is the ion-neutral collision frequency and all
electric fields assume the electrostatic field approximation.
The simulation used a 2D structured mesh that contained
approximately 3000 nodes, with slight refinement between
the electrode and insulator. Both simulations run for abou
1000 RF cycles, about 96 hours on an HPC system, uti-
lizing 45 cores. Results for the 1 Torr and 100 mTorr case
are shown in figure [§ and figure [0} respectively. Zapdos

— 14(E - Ecq) (27)
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Figure 4: Case without Metastables

results are displayed in color, while previous simulations
results are white contour lines.

8.2.4. 2D Discharge: Results

For both density regimes, the results profiles are similar
between Zapdos and previous results. There are slight dis-
crepancies in the peak values, with Zapdos over-predicting
approximately 20%. This is most likely due to the differ-
ence of the effectiveness of the accelerator between Zapdos
and LSODI, as mentioned in section 3.2.1. Neither sets of
simulations ran to the number of RF cycles needed to reach
steady-state demonstrated by the 1D cases. Zapdos ran for
1000 RF cycles while the 1D case required 5000 cycles, and
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the previous LSODI simulations ran for 500 RF while the
1D case required 1000. The reasoning for stopping Zapdos
at 1000 cycles were due to wall time. A possible reason forsss
the constant over-prediction in all sets of measurements is
the hump in Figure|3] Zapdos results could still be in the
region were the accelerator over predicts values, compared
to the accelerator used in the benchmarking cases.

It should also be noted that during this validation ef-
fort, it was noticed that both the rate coefficients and,g,
electron flux coefficients had a large effect on the plasma
potential. This was especially true when comparing the
effects on plasma potential between constant electron flux
coefficient and energy dependent coefficients.
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N
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Figure 6: Metastable Density
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Figure 7: GEC Reference Cell Figure

3.3. Fxperimental Validation

Two sets of previous experimental works were used for
the validation process. Both sets involved a parametric
studies for a range of applied voltages and pressure within
the GEC reference cell. The main difference is the dis-
charge configuration and method of diagnostics. The first
set of experimental date were of electron density measured
by microwave interferometry for a push-pull discharge in
works by Greenberg [4]. The second set of experimental
data were of relative metastable density measured by pla-
nar laser-induced fluorescence imaging for a single powered
plate discharge in works by McMillin [5].

3.3.1. Fxperimental Validation: Results

Figure shows the electron density between Zapdos
(lines) and experiments (points) for a range of pressures
and voltages. At higher pressures, Zapdos shows good
agreement with the data set, and then Zapdos results
starts to diverge at low pressures. This divergence has
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two probably causes, a break down of the fluid approxi-
mation or the need for more robust boundary condition.
For the first case, the fluid approximation can start toswo
break down at lower pressures due the lack of collisions
between particles. The main assumption of the fluid ap-
proximation is that the collisional effects dominate over
particle-to-particle interactions, but this is not necessar-
ily true for low pressures. For second case, plasma bulksis
electron density is often proportional to pressure, result-
ing in lower bulk densities for lower pressures. With low
bulk densities, the effects at the boundaries become more
significant. These effects can include secondary electron
emission (where ions have enough energy to pull electronssx
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Figure 9: 2D GEC Results at 100 mTorr

from surfaces), or electron being reflected off the electrodes
back into the plasma, instead of completing the circuit.
Figure [11] and [12] shows the results for metastable den-
sities for an applied voltage of 75 V,, and 150 V,, at 1
Torr and 100 mTorr, respectively. Zapdos results are dis-
played in color, while previous experimental results are
white contour lines. Zapdos ran for approximation 250 -
500 RF cycles. For the 1 Torr case, Zapdos matches ex-
perimental trends with a slight discrepancy in the location
of the peak density. In terms of errors in the modeling, is
discrepancy could be do to the lack of a self bias voltage
in the boundary condition. In a single powered electrode
discharges, the plasma can create a self bias voltage at the
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powered electrode. This results in a higher time average
voltage at the boundary, which could affect densities val-
ues near that electrode. For the 100 mTorr case at 75V,
the density profile at near the edges of the electrodes are
closer together than the experimental data set. This er-
ror is most likely due to residual initial condition effects
cause by the slower react of species at lower pressures and
voltages. In terms of pressure, there are fewer collisions
between particles, resulting in lower diffusion coefficients
for species. In terms of voltage, the charges species’ ad-
vection is driven by voltage, thus a lower voltage results
in a lower advection term.

4. Conclusions and Future Work

The V&V process with benchmarking was carried out
for the Zapdos, an open-source finite element plasma fluid
solver. For verification, both code and calculation verifi-
cation were performed with MMS with spatial and tempo-
ral error convergence studies. Lo errors ranged from 102
to 10™%, while the convergence’s slope were in agreement
with the predicted slopes for the variable order of one and
time integration order for two. Benchmarking was done
for both 1D and 2D simulations with results compared to™
previous work performed on LSODI. These works included
1D and 2D simulations for a range of plasma parameters
(densities, temperatures, voltage, etc.). For the 1D cases,
Zapdos and LSODI results were in very good agreement.
In the 2D cases, variable behaviors matched, with slight
discrepancies in peak values. Zapdos was validated us-
ing electron and metastable density for the GEC reference
cell. At high pressures, Zapdos matches trend of the ex-
perimental data set and starts to diverge at low pressure.
This diverge is not unexpected due to the limitations of™”
the models being used.
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For future work, development on Zapdos will focus on
decrease the limitations of the models. This includes more
robust boundary conditions, such as calculation a self bias-
ing voltage, and extending the fluid approximation to bet-
ter capture particle-to-particle effects. There are plans to
increase the number of current MOOSE applications that
are natively coupled within Zapdos, such as the MOOSE’s
Navier-Stokes modules for background gas flow [I0]. To
expand beyond the electrostatic approximation currently
used in Zapdos, there is current work to couple an elec-
tromagnetic solver to Zapdos [41]. This will help open the
way for more applications, such microwave plasmas and
magnetized plasmas.
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