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Abstract

We utilized a combination of experimental alongside data-driven and theoretical model-
ling techniques to study non-thermal plasma properties and observables including optical
emission spectral intensities, electron temperature, species concentrations, degree of ion-
ization, and reaction rates. As a case study we measured the plasma properties of Argon
gas in the low-pressure regime using optical emission spectroscopy (OES) while varying
plasma input power and gas flow rate. We used data-driven and drift-diffusion modeling
techniques to obtain complementary information, including electron temperature, reduced
electric field, and species densities. The calculated density number of excited argon has
a linear correlation to measured emission intensity, and we found that the dominant ef-
fect on Ar I intensity is the applied power with the gas flow (or pressure) the secondary
factor (77% and 20%, respectively). The electron temperature increases with power but
decreases with flow (or pressure). Combining the measured and modelling results help
to understand the cold plasma dynamics and chemistry towards more complex plasma
chemistry applications.
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Introduction

Non-thermal plasmas (NTP) have garnered significant interest in recent years due to their
ability to drive chemical reactions at low gas temperatures, thanks to highly energetic elec-
trons compared to heavier ions and neutral atoms [1]. This provides benefits such as lower
energy input, reduced toxicity, higher efficiency, and greater selectivity, making NPTs ideal
for material synthesis, environmental cleanup, and biomedical applications [2—8]. NTPs are
also being explored for waste treatment, with current applications including emission con-
trol of industrial compounds like soot, ammonia, and NOx) [9]. Over the past two decades,
atmospheric NTPs have been studied for air pollution control [10—13], enhanced combus-
tion [6, 10, 11, 14], water and hydrocarbon dissociation [15—17] and the development of
kinetic models for discharges of a variety of gases [18-23].

Low-pressure plasma (LPP), a subset of non-thermal plasma (NTP) operating below
atmospheric pressure, offers unique advantages, including the highest electron tempera-
tures among NTP types [24, 25]. LPP is widely used for material processing, particularly in
modifying polymeric surfaces, etching silicon and silicon dioxide, and sterilizing medical
instruments [26]. However, while extensively studied for material processing, its potential
for waste treatment remains underexplored - a gap this study aims to address through com-
bined experimental and modeling approaches.

To understand these systems, chemical studies of plasmas commonly employ in situ
diagnostics to monitor their physical properties and chemical dynamics. Optical emission
spectroscopy (OES) is one of the most powerful, well-established, and non-invasive diag-
nostic methods for characterization of plasmas [27]. However, the OES spectrum may not
always give direct information on species densities and temperatures. Therefore, additional
analysis of modeling excitation mechanisms and reaction kinetics in the plasma is often
needed in order to calculate temperatures and concentrations and to provide valuable under-
standing of the fundamental chemistry in the plasma [28].

Plasma kinetics models can be classified into three main categories: kinetic, fluid, and
hybrid. All methods essentially involve solving an appropriate transport equation along with
Maxwell’s equations. The first type, kinetic models, employ particle-tracking approaches
[29-32]. These methods track the trajectories of individual charged particles in space and
time, offer fine spatial resolution and are effective for modeling processes dominated by
stochastic events, such as chemical reactions in plasmas and sputtering. However, they are
computationally intensive, requiring significant resources for large systems [29, 33]. The
most widely employed methods to describe the kinetic plasma dynamics are particle-In-
cell Monte Carlo (PIC) and direct simulation Monte Carlo (DSMC) [30-37]. These kinetic
models incorporate detailed descriptions of collision processes to account for interactions
between particles, which are essential for accurately modeling energy transfer, particle cre-
ation and loss, and the evolution of velocity and energy distributions in the plasma. Colli-
sional-Radiative Models (CRM), often considered a specialized subset of kinetic models,
involve solving a set of coupled rate equations that describe the populations of different
energy levels due to collisional and radiative processes [38—40]. CRMs are essential tools
in plasma physics for analyzing atomic and molecular processes, particularly in low-tem-
perature plasmas. These models determine the distribution functions of excited states as
functions of plasma parameters such as electron temperature, electron density, and ground-
state densities. By accounting for processes like spontaneous transitions, electron impact
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excitation and ionization, recombination, photon-induced transitions, and atom-induced
collisions, CRMs provide a comprehensive framework for understanding the population
and depopulation dynamics of excited, vibronic, and ionized states [38—40]. Similarly to
PIC method, the CRM is a powerful tool providing a detailed and accurate description
of the plasma species but at the cost of complexity and computational resources. Many
of the kinetic model studies that exist present the aspects of chemical deposition and thin
film applications [41—48]. The second category is fluid, or continuum, models. These mod-
els are based on a theoretical hydrodynamic description of the plasma [49]. This approach
simplifies the complex interactions of plasma particles by treating the plasma as a continu-
ous medium rather than a collection of individual particles. Many of the fluid models use
the drift-diffusion approximation to describe the collective behavior of charged particles
under electromagnetic forces and interactions [S0-56]. The numerical solution of fluid
models is computationally efficient and can model large-scale plasma systems. Therefore,
this approach provides an attractive alternative for practical applications, such as analysis
of CCREF discharges [51]. The third computational category is hybrid, combining particle-
based and fluid-based methods to simulate plasmas. It aims to leverage the strengths of both
techniques while mitigating their individual limitations. The most common hybrid model,
the Fluid-EEDF hybrid, combines a fluid description of the discharge with electron transport
properties and reaction rate coefficients derived from the electron energy distribution func-
tion (EEDF). The EEDF is determined by solving the Boltzmann equation, either directly
or using a Monte Carlo approach. The fluid module includes equations for species mass,
momentum, and energy continuity, as well as Poisson’s equation for the electric field, but
does not require an equation for mean electron energy, as the EEDF is part of the solution
[35, 49, 57-61]. Further information about kinetic, fluid and hybrid plasma models, includ-
ing their applications and limitations, can be found in reference [62]. The choice of the
modeling method depends on the specific plasma system, the level of detail required, and
the computational resources available.

The three categories of models described above are purely theory based. While these
three traditional categories of models provide valuable insights, they face significant limita-
tions, including the complexity of plasma kinetics, large uncertainties in predictions, limited
availability of measurement data, and high computational costs. These challenges under-
score the need for alternative approaches to overcome these obstacles. Thus, it is note-
worthy that in the past few years, a new empirical type of modeling approach, has been
gaining momentum [63—66]. These data-driven methods are primarily based on observa-
tional data to make predictions or understand patterns, without necessarily being bound by
pre-established theories, making them particularly useful in systems where relationships
between variables are complex and not fully understood yet through tractable theoretical
models. These models utilize statistical, computational, and machine learning techniques
to calculate outcomes and derive insights. For example, Takagi et al. proposed a statistical
approach using multivariate scaling to predict the maximum proton energy through target
normal sheath acceleration. They derived scaling laws for the experimental parameters, the
hot electron temperature and density observed in the corresponding PIC simulations. They
demonstrated the effectiveness of this approach in predicting the maximum proton energy
and provide the experimental conditions required to achieve a proton energy exceeding 100
MeV [67]. Djordjevic et al. employed a neural-network-based approach, adapting an ensem-
ble of over 1000 one-dimensional (1D) PIC simulation data to train the network. Based
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on that, they developed a predictive model capable of rapidly forecasting proton energy
under different plasma conditions, enabling feature discovery that would not be feasible
with traditional parameter scans due to their high computational cost [68]. In the plasma
field, these models have become increasingly important and thus they are implemented in
diagnostics and monitoring, process control and optimization, system design and predic-
tive maintenance [63—-66, 69—74]. A recent perspective highlights the transformative role of
data-driven methods in plasma science, emphasizing how these approaches leverage large
datasets produced by experiments and simulations in plasma research [71]. The authors
claim that data-driven methods will be crucial for reshaping exploration, understanding
and optimizing plasma systems that have been hitherto very difficult to analyze theoreti-
cally due to nonlinearities and complexity present in these systems. Another comprehen-
sive review outlines significant advancements in the interdisciplinary field of data-driven
plasma science. The authors emphasize how data-driven approaches are revolutionizing
plasma science by leveraging massive datasets generated from experiments, observations,
and simulations to achieve improvements in diagnostics, process control, optimizing plasma
conditions, as well as enhancing efficiency and outcomes [75].

In this study, we implemented two distinct types of models: a data-driven model and a
drift-diffusion fluid model. This combined approach leverages the strengths of both meth-
ods: the data-driven model utilizes advanced statistical techniques to interpret the data and
predict patterns, while the drift-diffusion fluid model offers a more traditional, physics-
based approach to understanding the plasma dynamics. Together, they provide a compre-
hensive and effective modeling solution to complement our experimental approach.

Modeling plasma kinetics is a challenging task, and low-pressure systems are even
more difficult to model, since they are not in thermodynamic equilibrium. One example
is a study by Marques et al. where they developed a kinetic model for hydrogen discharge
in a capacitively coupled radio frequency (CCRF) plasma, with pressure between 0.2 and
1 Torr, including vibrationally excited molecular species and electronically excited atomic
species [76]. If the system is fed by a mixture of gases, such as air or water with carrier gas,
the complexity involved to model and predict desired plasma properties and/or products
grows exponentially, due to the proliferation of simultaneous reactions. In such a case some
assumptions are needed, such as simplifying geometry (reducing the model dimensionality)
and focusing on only a handful of species.

Therefore, our strategy for exploring LPP for waste treatment begins with characterizing
our experimental system and modeling capabilities using Argon, before moving towards
more complex cases such as hydrocarbons. Pure Argon has a manageable and well-known
set of plasma reactions (as described later in this paper). Additionally, Argon plasma is exten-
sively characterized in the literature through spectroscopic methods [77-83], and and mod-
eling studies [84-93]. In this paper, we investigate and model low-pressure Argon plasma
to establish a foundation for optimizing the plasma system for hydrocarbon decomposition.
We present and demonstrate a methodology for predicting plasma properties, focusing on
chemical aspects, using experimental data, theoretical calculations, and multivariate quan-
titative analysis of the measured data. A key part of this approach involves developing a
protocol to connect and correlate in situ OES measurements with species densities and tem-
peratures. While calculations of densities and temperatures provide microscopic insights
into experimental data, they are computationally intensive. The integration of OES mea-
surements with these calculations is complementary and enhances understanding. This joint
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experimental and computational framework lays the groundwork for future studies involv-
ing more complex chemistries, such as those required for environmental applications and a
graded two-step waste treatment process involving pyrolysis followed by decomposition of
pyrolysis product gases using LPP.

Methods

Our research tools include a plasma reactor for in situ OES measurements, a data analysis
protocol interfaced with an empirical multivariate model for calculation of plasma proper-
ties under different conditions, and theoretical simulations of the plasma.

Experimental Setup

A schematic of the various aspects of our experimental setup (gas handling, plasma reactor,
and analysis) is shown in Fig. 1. Gas flow is controlled by a set of mass flow controllers
(MFCs). The typical flow in our system is between 5 and 100 sccm to maintain LPP condi-
tions (10-1000 mTorr) using a dry Roots pump (Kashiyama NeoDry 36 E). Generally, the
pressure is used to describe plasma systems, since it determines the species densities and
their collision rates, which directly affect the plasma properties and reactions; they also
influence the plasma ignition, sustainment, and confinement. However, in our system, the
controlled variable is the flow rate, while the pressure is a consequence of the flow and feed
composition, as well as the reactor geometry and pump. In this study, experiments were
conducted within an applied power range of 10-300 W and a gas flow rate range of 10—-100
sccm. The pressure range corresponding to this range of gas flow is 75-376 mTorr, and the
correlation between them is linear. Applied power is controlled between 20 and 300 W; the
voltage range calculated according to the applied power is 300—1800 V. Detailed experi-
ments matrix, and the working conditions is provided in Table SI-1. The plasma chamber,
shown in Fig. 1(b), generates capacitively coupled plasma (CCP) by a 13.56 MHz radio-
frequency generator between RF and ground electrodes. The plasma gap is 10 cm, and each
electrode has a diameter of 26 cm. The optical emission spectroscopy (OES) capabilities
are based on a medium resolution spectrograph (Ocean Optics, FLAME-S-XR1-ES, wave-
length range: 200-1025 nm, optical resolution: 0.5 nm FWHM).

A Gas Plasma Analysis
Handling l l
l chi
wirc | | R power | M2t htng
Sioply uni :
Ar8as 13 56 MHz| [ Vacuum Computer | £
inlet pump analysis

Fig. 1 Experimental setup: (a) general scheme of the low-pressure plasma system; (b): plasma reactor
with Ar discharge glow
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Modeling
General Strategy

The complexities of non-equilibrium cold plasma systems (for example, non-uniform tem-
perature and electron density distribution) make model-aided analysis highly advantageous.
To complement the information received from the OES diagnostics, two types of model-
ling (empirical data-driven and theoretical fluid drift diffusion) were conducted in parallel
with the experiments. With these models we can predict the optical emission as a function
of plasma conditions and provide additional information such as temperature and species
concentration variations, for validation against experimental results. Our modelling strategy
is described in Fig. 2.

Empirical Data-Driven Model

The influence of plasma power and pressure on the emission intensities in Argon plasmas
has been reported in the literature and our results are consistent with existing knowledge (as
will be shown in Sect. 3.2) [28, 81]. These published studies examine each of these factors
individually and provide separate information on the influence of plasma power and pres-
sure on emission intensities. To further analyze the relationship between the emission inten-
sities (response function) and the independent variables (plasma power and pressure/flow),
we performed a multivariate analysis to develop a comprehensive model that incorporates
both parameters simultaneously, while accounting for their combined influence.

Multivariate analysis is a powerful statistical approach used to examine relationships
between multiple variables at once, considering their interdependencies and potential inter-
actions. This methodology enables the creation of models that go beyond simple one-vari-
able-at-a-time analysis, allowing for a deeper understanding of complex systems where
multiple factors contribute to the observed outcomes.

The empirical model is based on a statistical multivariate technique that captures the
combined effects of plasma power and gas flow rate (or pressure) on the emission intensi-
ties, taking into account their interdependencies and interactions. By applying this method
to our database of results, we can predict observations for unmeasured sets of conditions,
and extract insights into how variations in gas flow rate and applied power affect the mea-
sured emission intensities. It should be noted that OES measurements are often used to
develop predictive data-driven models that are designed to estimate and control plasma
reactor performance. This concept is often referred to as virtual metrology, and it is par-
ticularly prevalent in semiconductor manufacturing where direct measurement of process
outcomes can be costly or technically challenging [75].

The quantitative analysis software JMP-SAS was used to describe and predict the inten-
sities of selected Ar emission line signals as functions of working conditions [94], ultimately
constituting the model “A”. We explored a variety of models and methods to determine
the most suitable functional form that describes the relationship between the intensity as a
dependent variable and the controlled variables, power and flow. The criteria for choosing
the final model equation are the quality of the fit, and equally if not more important, the
ability to explain the plasma physics with this model form.
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Main
experiments
matrix

—

Technique A Technique B
Empirical model: Finite elements simulation:
Optical emission as a Solving mass and energy
function of plasma balances to get
conditions temperature and densities

Prediction capability:
Density = f (Power, Flow)
T = f (Power, Flow)

Prediction capability:
Intensity = f (Power, Flow)

Model B1
Model A Excited states are
combined
together
L] Normalized Model B2
densities Excited states are
estimation calculated
separately
N Comparing Model A and B
Density = f (intensity)

Fig.2 Modeling strategy

Theoretical Modeling Using Drift-Diffusion Fluid Model

General Description Plasma models are well-known to be computationally intensive, espe-
cially for a CCP system [29]. Here we constructed a simplified drift-diffusion model for our
CCP reactor, using a finite element method by implementing the plasma module of COM-
SOL Multiphysics ver. 6.1 [95]. The COMSOL modeling workflow includes the following
main steps: defining geometry, specifying material properties, defining the physics and its
boundary conditions, creating the computational mesh, defining the plasma chemistry, run-
ning simulations, and post-processing the results. The resulting model will be referred to
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as model “B”. This subsection will describe the details of model B according to the above
workflow.

Due to the complex challenges of plasma modelling, we have constructed our model in a
one-dimensional (1D) geometry. The dimension solved in the model is the plasma gap, i.e.,
the distance between the two electrodes, which is 10 cm. On one side of the gap a sinusoidal
RF power is applied, and the other side is electrically grounded; the circuit impedance is
matched, as in the experiments. This geometry represents our chamber dimensions and is
shown in Fig. 3. The model was run for pressure range of 75-376 mTorr, which corresponds
to our working flow range of 10—100 sccm.

After defining the physics in the model, the next significant step is constructing the mod-
eling mesh. The mesh is divided into 450 computational elements, where the size of each
element decreases proportionally with its distance from the center. The smallest elements
are adjacent to the electrodes and the largest element is in the center of the plasma, such that
the sheath regions have a finer mesh than the bulk region. This type of mesh is appropriate
to the plasma physics and efficient computationally. Further details regarding the mesh ele-
ments’ sizes are shown in Figure SI-1.

We used the plasma-time-periodic numerical method for modeling our CCP reactor. In
such systems, an overwhelming number of RF cycles is required before the plasma evolves
to a time-periodic steady-state solution. Instead of solving in the time domain, the time
is introduced as an extra dimension to the underlying mathematical equations. This extra
dimensional equation represents one RF cycle and enforces periodic boundary conditions.
This avoids having to solve thousands of RF cycles and dramatically reduces computation
time [95]. The Time periodic study is basically equivalent to the steady-state solution. We
have also used the time-dependent study function of the plasma module, which allows us to
simulate the plasma from ignition to steady-state.

In general, for higher fidelity in drift-diffusion models, the Debye length should be small
relative to the system’s characteristic length scale (A, <d) [53]. The Debye length represents
the scale at which plasma achieves neutrality; thus, smaller Debye lengths can correspond
to higher ionization levels, leading to more accurate plasma behavior modeling. Here, the
Debye length is about 2.5 cm while d is 10 cm. According to [96], the pressure limit for valid-
ity of such a model in a typical CCP reactor with d=3—-10 cm is about 10 mTorr, which is
compatible with the pressure range used in our experiments. Furthermore, we implemented
the Druyvesteyn EEDF in our drift-diffusion model, which should be more appropriate than
the Maxwellian EEDF for this pressure range [55]. Additionally, the spatial resolution of the
model must be fine enough to adequately resolve the Debye length. Accordingly, the model

Ground RF electrode| RF electrode
(x=0cm) (x=10cm)
l l Plasma
reactor
L L L B B B L LI LA |
1 2 3 4 5 6 7 8 9 10 ground

Fig. 3 Model geometry
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mesh has been carefully designed so that the sheath zones are significantly finer than the
bulk zone (as shown in Figure SI-1).

Although drift-diffusion plasma fluid models are computationally efficient, they have
certain limitations that must be carefully considered, especially at low pressures. One key
challenge is that charged species are strongly coupled to the electric field, which imposes
strict constraints on the time step when using an explicit time integrator. High plasma con-
ductivity can further restrict the time step, making the simulation more computationally
demanding. Additionally, in regions with sharp density and electric field gradients, electrons
may unphysically diffuse parallel to the field, leading to unrealistic ionization [97]. For
example, Datta et al. conducted 1D drift-diffusion simulations of argon CCPs in the pressure
range of 10—150 mTorr using COMSOL. Their results of electron density, electron tempera-
ture and plasma potential have shown good agreement with experiments for the pressure
above 60 mTorr, while at low pressure, it seems that the simulations and the experiments do
not match for plasma potential [98]. Yang et al. applied a 2D drift-diffusion model for ICPs
with pressures between 100 and 1000 mTorr. Their calculated values of electron temperature
and electron density exhibit good agreement with the trend in their experiment results [99].
Brezmes et al. reported accurate modeling at 1.33 Pa (approximately 10 mTorr) of RF ICP,
based on a new approach. They used the COMSOL Magnetic Field interface to calculate
the input inductive power, followed by a CCP interface calculation of species transport and
the capacitive power coupled to the system [100]. Jia et al. implemented a drift-diffusion
model for ICP at 10 mTorr using COMSOL. The authors attribute the difference between
calculated and measured electron energies to the existence of a high energy tail of the Max-
wellian electron energy distribution function (EEDF), while the calculated and experimen-
tal distribution profiles exhibit a similar overall shape [5S5]. Gao et al. measured electron
density and temperature, showing trends that aligned well with COMSOL simulations at
2 Pa across for different powers in a RF ICP system. They found that the calculated electron
temperature was consistently higher, while electron density was underestimated at 2 kW,
with better agreement at lower RF power. The discrepancy was attributed to the reduced
chemistry set in the simulation and inefficient power coupling at high RF power and pres-
sure below 1 Pa [101]. Further discussion on the limitations of drift-diffusion models and
various approaches to mitigate these challenges to their accuracy can be found in [102—110].

Governing Equations Drift diffusion equations are used to calculate the transport of elec-
trons and electrons energy.

The equation that governs the electron density is:

0 N

6t+V-Fe:Re—u0Vne (D)

Definition of the electron flux vector:

F'e=—(u.,e E)n.—D.e Vn, 2)
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Where n, is the electron density (1/m3), T is the electron flux vector, (1/(m?s)), R, is elec-
tron rate expression, (1/(m>s)), u is the neutral fluid velocity vector (m/s), . 1s the electron
mobility (m?/(V-s)), E is the electric field (V/m), and D, is the electron diffusivity (m?/s).

Rate of change of the electron energy density is given by (the subscript € refers to elec-
tron energy):

0 ne
ot

+V.F5 +E.Fe:Sen_(u.v)ne +(Q+Qgen)/q (3)

Definition of the electron energy flux:

'e=—(u.®E)n. —D. ® Vn, ()

Where n. is the electron energy density (V/m®), T'. is the is the flux of electrons energy
vector, (V/(m?s)), S, is the energy loss/gain due to inelastic collisions (V/(m*-s)), O is
external heat sources (W/m?), Qgen 1s a generalized heat source (W/m?), ¢ is the is the
electron charge (C), p . is the electron energy mobility (m?*/(V-s)), and D, is the electron
energy diffusivity (m?%s).

The heavy species, which include neutrals, ions and excited state of argon, are calculated
as follows.

Assuming a reacting flow consists of k=1,..., O species and j=1,..., N reactions, the
equation for the first O-1 species is given by:

z(wk)+9(u'v)w:V'.ik-l-Rk Q)

oy

Where ji is the diffusive flux vector, w  is the mass fraction of the Eh species, p is the
density of the mixture (kg/m?), Ry is the rate expression for species k, kg/(m>-s).
The diffusive flux vector is defined as:

Jh=pwi Vi @)

Where:

V. is the multicomponent diffusion velocity for species k.

Detailed descriptions of heavy species transport can be found in Plasma Module User’s
Guide version 6.2 COMSOL Multiphysics [95].

The Wall Boundary Conditions Boundary conditions in plasma modeling play a critical role
in determining the interactions between the plasma species and its surrounding environ-
ment, particularly at the walls. At the wall, several mechanisms govern the exchange of
electrons: (a) Loss of electrons due to a net flux of electrons from the plasma bulk to the
wall; (b) loss of electrons due to the random motion of electrons within the mean free path of
the wall; (c) gain of electrons due to secondary emission; a wall emits an electron with some
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probability when it is struck by an ion or other excited species; and (d) Gain of electrons
due to thermionic emission.

General wall setting in the model:

e The flux of electrons lost to the wall is self-consistently computed based on the electron
temperature and electron density adjacent to the wall.

e Mean thermionic energy is set to zero (no electrons are being emitted from the wall due
to thermionic emission).

e Surface reactions set up the reactions involving gas phase species on surfaces. This typi-
cally involves first-order reactions on surfaces where excited or ionic species transition
back to their ground state. The reaction parameters are forward sticking coefficient (7 ¢)
, secondary emission coefficient (v ;), and mean energy of secondary electron (¢ ;). For
excited states y ¢ is set to 1 and for ions to zero. 7, is set to 0.07 for all species and € ;
is setto 5.8 eV for all species. The flux due to secondary emission is computed automati-
cally based on the defined surface reactions.

Reactions Set Modeling the plasma chemistry requires choosing a set of electron impact
and species collision reactions that result in ionization, excitation, and attachment. These
data sets are extensively discussed in [111-116].

Model B has two sub-variations, B1 and B2. Model B1 is a simplified model, in which
all the electronic levels of excited Ar are considered as only a single species. The rate coeffi-
cients for this model were calculated from cross-sections imported from the LXCat database
[117, 118]. The dataset includes the following species: ground state Ar, excited Ar, ionized
Ar, and the electron. The process that produces doubly ionized Ar is taken from [88]. For
excited Ar, the model is simplified by representing the first four 1s levels of excited argon
(Paschen labels 1s2 to 1s5) as a combined level, and the next ten levels (2pl to 2p10) are
not included at all.

Model B2 distinguishes between different excited states, according to the approach sug-
gested in [120]: the two metastable states are grouped together and called Ar™, two resonant
states are grouped together and called Ar" and, the ten 4p levels are defined as state ArP. The
reactions that are included in model B1 and B2 are presented in Tables 1 and 2 accordingly.

As will be shown below, in the end we compared intensity data and results from model A
with calculated densities from models B1/B2 to quantify species densities in the plasma, and
to get a direct correlation between measured intensities and species densities.

Results and Discussion
Spectrum Identification
Significant information about the plasma dynamics can be extracted from OES spectra,

including plasma stability, identifying various species within the plasma and insights into
the densities of these species.
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Table 1. Elementary processes # Process Notation @gf Ref.
included in the mmphﬁed model R1 Elastic scattering e +Ar—e +Ar (b) [117]
B1 and the corresponding refer- o - -
ences for the cross sections or R2  Excitation e tAr—e +Ar* (b) [117]
forward rate constants R3 De-excitation e tAr* ->¢ +Ar (b) [117]
R4  Directionization e +Ar— 2¢ +Ar" (b) [117]
R5  Stepwise e +Ar* -2 +Ar"  (b) [117]
ionization
R6  Dissociative e +AR' > Arf+Ar 4.5e14  [88]
recombination
£, 3w . R7 Penning ionization Ar* + Ar* — 7.2¢8 [88]
(a) kbm r;l ;(sl/mﬁl) for rf'actlons e +Ar+Ar
number 1-7, 1/s for reaction o
number 8 and m®(s*mol?) for R8  Radiation Ar* — Ar+hv 1.66e8  [119]
reaction number 9 R9  Molecular ion Ar+Ar+Ar'— Ar," 9.le4 [88]
. i +
(b) Forward rate constant is fo.rmat.lon 7Ar . .
calculated according to cross R10  Diffusion ¢ IIIM AL AR — - (88]
wa

section dataset

The first step is identification of the emission transitions and the excited states from
which they originate. Figure 4 presents the measured emission spectrum of Ar with 50 W
plasma power at a flow rate of 50 sccm (225 mTorr). The obtained Ar emission lines, lying
typically between 700 and 850 nm, are in good agreement with the NIST Atomic Spectra
database [119] and accordingly the related upper states are known. It should be noted that
although only argon gas was introduced into the system, signatures of nitrogen are seen in
the spectrum, due to unavoidable trace amounts of air. The supporting information shows
additional OES spectra taken under various operational conditions (Figures SI-2 to SI-4).

Observed Trends

The second step is monitoring the dependence of the transition intensities on the plasma
conditions. Figures SI-5 presents intensities of specific peaks obtained from our experi-
mental system, under different flow rates and applied power. This broad overview provides
quantitative information about the impacts of plasma power and gas flow rate on the inten-
sity of these peaks of interest.

As seen in the OES spectra, increasing the flow rate from 10 to 100 sccm (correspond-
ing to 75-376 mTorr) under constant RF power results in increased intensity of the line at
764 nm, which corresponds to the 3s?3p>(*P’;,)4p’[*/,] — 3s?3p°(*P%; ,)4s%[*/,] Ar I transi-
tion and signifies an increase in the upper state population with flow rate. A similar trend
can also be seen in the spectra for the emission lines at 802 and 812 nm. In all three cases
the intensities reach saturation at a certain flow rate but continue to increase with increasing
RF power.

The observed correlations between emission intensity and species density are discussed
further in Sect. 3.3.

Multivariate Analysis of the Raw data— Model A

The third step is conducting a multivariate analysis to gain a better understanding of the
relationship between the operational working conditions and the experimental OES results.
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The outcome of this analysis is Model A. The importance of model A is the ability to predict
the emission intensities (and then the species densities, as will be explained in Sect. 3.4) as
a function of the control variables— plasma power and gas flow rate. Alternatively, for any
desirable intensity outcomes the combination of flow rate and plasma power can be easily
found, as will be demonstrated below.

This section demonstrates the model results on one example of emission intensity at
752 nm. The functional form of the emission intensity depends on a complex interplay of
various factors, including the specific excitation and radiative decay processes involved, the
energy levels of the transitions and the plasma conditions. Based on the underlying plasma
physics, the emission intensity (/) can be described by the following general equation:

(1) I = a* Ajjx k (Te) * ne * ngas

Where:

A;; represents the transition rate from level i to j

k (T.) is electron-impact excitation rate

n. is the electron density,

Ngqs i the gas density number,

and a is proportionality constant for a specific emission process.

Assuming the electron density exhibits a direct proportionality to the applied power,
the gas density follows a similar trend with the flow rate, and the excitation rate is either
inversely proportional to the flow rate (1/flow) or independent of flow, Eq. (1) simplifies,
resulting in the following concise and practical expression:

(2) 1;; = ay x (Power) * (Flow)”

Where:

ay, 1s a constant that includes the transition and excitation rates and p is the power fitting
parameter that indicates the dependence of excitation rate on temperature.

The final model equation that emerged is:

(3) I = ag + a1 (Power) + ay (Flow) + az(Flow)® + a1z (Power) * (Flow)

where:

Iis the emission intensity at a specific wavelength,

Power is the applied power in W,

Flow is the gas flow in sccm,

and ag, a1, as, az and apo are the model coefficients.

The formulated model equation comprises five terms: one is the constant term, a,, and
another four terms that describe the independent variables. The constant term represents
the threshold behavior inherent to the system, and therefore, its inclusion within the model
equation is practically essential even though the threshold behavior is outside the scope of
our study. This is consistent with the observations and description in the literature that show
that at zero power the extrapolated intensity line exhibits a notable deviation from zero
intensity [28]. This phenomenon can be attributed to the presence of an ignition threshold,
indicating that a minimal level of energy input is required to initiate the plasma ignition and
the emission process. The other four coefficients in the equation represent the effects of each
parameter on the emission intensity, taking into account the combined influence of both
variables. The terms a; (Power) and a12 (Power) e (Flow) fit the structure of Eq. (1)
with p=0,1 but in addition to the gas density that is taken into account by the latter term,
we have found that a p=2 term is necessary due to the effect of the fluid dynamics, beyond
that of the plasma discharge alone. The model A formula is therefore clearly consistent with
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Fig. 4 Ar emission spectrum measured at plasma power of 50 W, and gas flow of 50 sccm (225 mTorr).
The inset displays the trends of two representative peaks over three different gas flow rates and the same
plasma power

a physics-based understanding of and the physical constraints on the plasma system, even
though it is a data-driven model derived solely by data science techniques.

Model A was built principally for transitions involving excited Ar I because this is the
predominant species in the plasma. The model equation is similar for all the Ar I wave-
lengths that were modeled, and only the coefficients vary moderately. The model coeffi-
cients for each transition are presented in Table SI-2.

Model A was verified by additional experiments, where the measured intensity was com-
pared with the predicted results, as presented in Table SI-3. Accordingly, this model can
predict characteristic optical emission and the related Ar excited state density over a wide
range of combinations of working conditions. It should be noted that given the power law
nature of the model, extrapolation of the model should only be done warily. We tested the
largest range possible according to our system limitations of flow and applied power, and
therefore verification of the model could be performed only within this range.

By analyzing the model formula, we can break down the influence of the individual
parameters on the response function, as shown in Fig. 5 (the overall analysis excluded the
constant term, since its physical meaning is irrelevant here). This analysis is based on Pareto
ANOVA method, which identify and rank the most influential factors affecting a response
variable in a process or experiment. It is particularly useful in identifying significant factors
in designed experiments or statistical regression models, like model A presented here. This
method is commonly applied in context of process optimization or quality improvement to
evaluate the relative significance of various factors or the effects of predictors in the statisti-
cal model. Further explanation about the method and its implementation can be found in
references [121-123], and the relative significance of various factors of predictors in the
statistical model A are shown in Figure SI-6. According to the Pareto analysis, it was found
that the dominant effect on the intensity of the peak at 752 nm is the linear term in applied
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Fig.5 Influence of parameters on 3%
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Fig.6 Contour plot for Ar 752 nm intensity example

plasma power with an influence of 77%. The flow has 20% total influence, with half of this
effect due to the quadratic flow term. The cross interaction between gas flow and applied
plasma power has a minor effect.

Figure 6 presents the levels of intensity as a contour map. It is useful to identify com-
binations of plasma power and gas flow that yield a desirable intensity, or generally any
type of plasma chemistry outcome. It can be seen that the highest intensities are obtained
at high plasma power. Also, the gas flow rate exhibits a quadratic influence on the intensity
(see model A equation in Sect. 2.2.2). Additional contour plots can be found in Figure SI-7.
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Based on the model equation, we have also built dynamic prediction profilers, where the
controlled parameters can be easily changed, and the response function (the fitted intensity)
is calculated accordingly. Animations of the dynamic predictions are demonstrated in Fig-
ures SI-8 and SI-9.

The fitted emission intensity is thereby verified in this example case by comparison
between the experimental data and the model calculated values. The calculated predicted
intensities agree well with the experimental results, as shown in Figure SI-10, and the devia-
tions of the predicted values from the measured data were within approximately 4% (Table
SI-4).

It should be noted that OES data can be utilized to deduce the relative density of excited
species. Determination of the absolute density values requires more advanced calculations
(as will be explained in the next section), whereas the relative density can be easily calcu-
lated as a ratio between the emission intensities. This method is described in several studies
[124-126].

Theoretical cold-plasma calculations— Model B

To continue the analysis and obtain insights into the plasma-chemistry reactions occurring
in the plasma reactor, we will examine here the data extracted from the 1D theoretical model
B, such as potential and the electric field, electron temperature and the densities of the vari-
ous species, as a function of time and space, and compare to the experimental observations
where possible. For an illustration of the pathways common in Ar plasma kinetics mecha-
nisms, see for example Fig. 5 of Reference [127].

Model B1

The results of the 1D model paint the following picture of the plasma dynamics. RF currents
and voltages applied to the electrode create a sheath between the electrode and the bulk
plasma and lead to collisionless heating in the sheath, and ohmic heating in the bulk [128].
In the case of RF power, the motion of the sheath is sinusoidal, and it must momentarily
vanish during each cycle, signifying a moment at which the potential difference between the
electrode and the plasma equals zero. This allows for the neutralization of the accumulated
ion charge during that cycle [128]. The sheath thickness exhibits a sinusoidal pattern in
time: while the sheath near x=0 expands, during one half RF cycle, the sheath near x=10
contracts, and vice versa. Figure 7 illustrates the electric field (a), and the potential (b) cal-
culated from the model as a function of time and gap length.

It can be seen, as expected, that the center of the plasma gap (the bulk region) is the
quasi-neutral region, where the potential and electric field are very low (compared to the
sheaths), but not zero. This low electric field should sustain the plasma glow. The sinusoidal
behavior and the sheaths’ motion can be seen along the time axis near x=0 and x=10.

The temperature profile over the gap length, that is characterized by high temperatures
proximal to the electrodes and very moderate in the bulk, as expected in RF low-pressure
plasma, has been demonstrated through the simulation.

Figure 8 shows the average electron temperature over an RF cycle as a function of power
(a) and gas flow rate (b). In general, the temperature is very high in the sheath region, and
much lower (a few eV) and fairly constant in the bulk area. At constant gas flow rate, the
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Fig. 7 (a) Electric field and (b) potential along the plasma gap and a period of time for 100 W applied
power and 50 sccm (225 mTorr)

electron temperature increases with increasing power. At constant applied power, the elec-
tron temperature decreases with increasing flow rate due to higher pressure and collision
rate. This electron temperature behavior is with good agreement with the study presented
in [129]. This behavior can be seen also in Figure SI-11, which shows a dynamic quantita-
tive correlation between power, flow and electron temperature. The modeled temperature
in this prediction profiler is the average over RF cycle and gap length. While the average
temperature over the entire plasma gap depends on power, the average temperature over
the bulk region remains constant when changing the power. This behavior is attributed to
the sheath effect, which refers to the dynamic behavior of charged particles near the elec-
trode surfaces. The sheath region is characterized by an intense electric field that accelerates
charged particles, particularly electrons. Electrons gain kinetic energy from the electric field
and exhibit higher energy levels, leading to an elevated electron temperature. This energy
is then transferred to other species through collisions, increasing the overall energy of the
particles in the sheath. The electrons are repelled by the electric field and therefore their
density is depleted near the electrodes.

Pareto analysis indicates that the power contributes 50% of the effect on the average tem-
perature over the entire plasma gap, the flow contributes 34% and the interaction between
them 16%. These results agree nicely with the previously reported equivalent circuit model
presented in [81]. Further details regarding the Pareto analysis are shown in Figure SI-12.
Importantly, we show that a desirable temperature within the plasma can be tuned and con-
trolled by simply setting the corresponding operation conditions obtained from the model.
Such a capability allows us to advance rational design of chemical reactors from first princi-
ples, by offering the possibility of tailoring reactor conditions or chemical process behavior.

Accordingly, the simulation results for chemically relevant species are of especial inter-
est. Figure 9 shows the electron density (a) and the densities of neutral and excited Ar
(b). Figure 9(a) demonstrates an expected trend of increasing electron density as power is
increased, for a given pressure. Such behavior may be explained by the increasing ionization
rate, due to the increasing collision probability while increasing the power. The results are
again in good agreement with previous theoretical studies using an equivalent circuit model
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Fig.9 (a) Electron density at various applied powers and a constant flow rate of 50 sccm; (b) Ar, Ar* and
Ar" number density at 100 W and 50 sccm Ar, (Ar density is subtracted from 7.21E21 1/m? to allow suf-
ficient range in its Y axis). The measured pressure for these conditions is 225 mTorr

[81]. The highest electron density is obtained in the center of the plasma, while near the wall
the density is very low. This parabolic behavior can be attributed to the sheath dynamics in
CCREF discharges. Models for such sheaths were presented by Lieberman [130], Godyak
and Sternberg [131, 132], and more examples are presented in [133—136]. When positive
ions collide with the electrodes, secondary electrons are emitted from the powered elec-
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trode. However, these secondary electrons are quickly accelerated by the sheath electric
field. Due to the high mobility of electrons, within an RF cycle they reach the electrode
only momentarily, during sheath collapse. During the sheath expansion phase, electrons are
pushed back from the electrodes to the center [137—139]. These electrons then ionize the
background gas [140]. This periodic motion, combined with electron drift in the oscillat-
ing field, results in a time-averaged electron density that peaks in the center and decreases
towards the electrodes, as seen in Fig. 9(a).

Figure 9(b) shows the expected opposite trends of ground state, excited state, and ion
densities. The Ar ion density was compared to PIC-MC results, published by Becker et
al., as their simulation was conducted under similar ranges of applied power and pressure
to ours [104]. Becker et al. reported a maximum ion density of 1.9E15 1/m?, calculated at
20 Pa, and a current density of 10.1 A/m?. Running our simulation under the exact same
conditions yielded 2.03E15 1/m?, which differs by merely 6.863% despite the different con-
ditions, indicating that the values we obtain are entirely reasonable.

The reason we observe a minimum value for the argon density in the center is the increase
in electron density at this point. The high-frequency electric field accelerates electrons, lead-
ing to increased electron energy. The electrons gain sufficient energy and mobility to collide
with neutral argon atoms, causing ionization. This results in the production of positive ions
and additional electrons. As a consequence, the electron density increases (and reaches a
maximum at the center of discharge), leading to a decrease in the neutral argon density.

To validate our model, we examined the correlation between the measured intensity and
the calculated density, as presented in Fig. 10. Theoretically, it can be seen that the relation-
ship between density and intensity has the linear form of n=A*I+B, where B signifies the
system’s ignition threshold. The correlation is strong, with an R square of 0.96. It should be
noted that the correlation between calculated density and emission intensity exists also with
other (than 752 nm) measured wavelengths, such as 765, 802, 812 and 843 nm (with other
correlation coefficients).

Model B2

As mentioned above, model B2 is more comprehensive and takes into consideration a more
detailed picture of transitions of Ar I from 2p—1s. There are two metastable levels, 1s5
and 1s3 (in Paschen notation), with the excitation energies, 11.55 eV and 11.72 eV, respec-
tively. These states are grouped together and called Ar™. The other two 1s levels are reso-
nance states 1s4 and 1s2 with an excitation energy of 11.62 and 11.83 eV, respectively, are
grouped together and called Ar". These levels are the source of vacuum ultraviolet (VUV)
flux at 104.8 and 106.7 nm, which we cannot observe [138]. The ten 4p levels, with energies
between 12.91 and 13.48 eV [28, 89], are defined as state ArP. Figure 11 presents the density
of the three excited states as a function of power. As expected, the density of the metastable
level is highest and the density of 4p state is lower. All densities increase with power.
Analyzing the power-dependent density lines shows that when the power changes from
20 to 250 W (the range where the plasma is most stable) the density of Ar™ varies by a factor
of 2, while Ar" and Ar® exhibit variation of factor of 4.5 and 5 respectively. This suggests that
the three states have different production and loss terms: the metastable state production and
loss is mainly influenced by electron-driven processes, while the resonance and p state are
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Fig. 10 Calculated Ar* density (period averaged) from the B1 model as a function of emission intensity
at 752 nm. The intensities were measured in the range of 10-300 W and a constant gas flowrate of 50
scem (225 mTorr)

produced by electron processes, but its depletion is attributed to radiation processes. These
trends are in good agreement with other previous publications, for example in [138—140].

Figure 12 shows the density profile along the gap length for all the three excited states.
The three profiles exhibit similar behavior: maximum density in the sheath region and mini-
mum density at the center of the plasma gap. This behavior is attributed to the temperature
profile.

Figure 13 presents the density of Ar" state at various gas flow and a constant applied
power of 50 W. It can be seen that the density increases with flow (pressure). These results
are in good agreement with the results from the recently published PIC/MCC simulation
conducted by Wen et al. [141]. Additional insights extracted from the simulation include
production and loss analyses. For example, the generation of A" is predominantly attributed
to R6, contributing 80% to the production. R26 constitutes 18.5% contribution, whereas
R10 and R17 are negligible. Regarding loss mechanisms, R23 contributes a substantial 95%
to the overall loss, R11 contributes 2%, while contributions from R4, R12, R14, and R19 are
negligible. These findings are calculated for gas flow of 50 sccm (225 mTorr) and applied
power of 50 W, but they are consistent across various combinations of applied power and
flow rates, with the percentages exhibiting a similar pattern. The above findings are con-
sistent with what was described in Fig. 11— the resonance state is produced by electron
processes, but its depletion is attributed to radiation— and in agreement with previous pub-
lications, for example in [141].
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Fig. 11 Excited state densities as function of applied power, at gas flow of 50 sccm (225 mTorr), calcu-
lated as an average over time period and gap length

It should be noted that both Bl and B2 models are accurate. The B2 model is more
detailed than the B1 model, as it calculates three different excited states of argon, including
metastable and resonance states, and aims to analyze their production and loss mechanisms.
From a computational time perspective, the Bl model requires only a few minutes to con-
verge, whereas the B2 model can take up to several tens of minutes, depending on the com-
puter type. However, in both cases, the computation time is reasonable, so this difference is
not a significant concern.

Combining Model A and B: Post-Analysis

As discussed earlier, the intensity of any specific line, such as 752 nm, can be empirically
modelled as a function of plasma power and gas flow rate. Any excited state density, calcu-
lated from model B2, can be described as a function of the measured emission intensities.
Combining these two modeling approaches offers several benefits. First, it provides an effi-
cient technique for quick estimation of species density as a function of controlled variables,
enabling fast and practical insights into system behavior. Any desirable density of a specific
excited state has a correlated emission intensity; the latter value has a combination of power
and flow that are required to achieve this intensity. Second, by combining the strengths
of non-invasive and easy to implement OES measurement with deeper theoretical under-
standing of plasma properties, such as electron temperature and species densities, we gain
a holistic view of the plasma system, enabling the prediction and optimization of specific
conditions for desired outcomes.

@ Springer



1284 Plasma Chemistry and Plasma Processing (2025) 45:1261-1292

——Ar.m

5E+16 Arr

4E+16 —

3E+16 —

2E+16 —

1E+16 -

0E+0
3E+13 q p

Ar.p

Species density (1/m%)

2E+13 —

1E+13

OE+0

! I ! I ! I ! I ' I
4 6 8 10
Gap length (cm)

o
N

Fig. 12 Excited state densities as function of gap length, at gas flow of 50 sccm (225 mTorr) and applied
power of 100 W, calculated as an average over time period

This capability is demonstrated in Fig. 14, which shows the density of the Ar® and Ar"
states as a function of the emission intensity at 752 nm. The figure demonstrates that the
intensity of the 752 nm line exhibits a strong correlation with the density of the excited
states. By measuring this intensity using OES, the density can be determined quickly, offer-
ing a faster alternative to the more complex process of calculating the density through simu-
lations or models.

This integration is particularly significant because it allows for cross-validation between
experimental measurements and theoretical predictions. By analyzing the relationship
between measured metrics, such as emission intensity, and calculated plasma properties,
such as species density, we gain confidence in both the experimental setup and the modeling

@ Springer



Plasma Chemistry and Plasma Processing (2025) 45:1261-1292 1285

4.0E+16 -

] ——30 sccm
3.5E+16 — ——50 sccm
—— 100 sccm

3.0E+16

2.5E+16 —

= 2.0E+16

1.5E+16 -

Ar" density (1/m?®)

1.0E+16 -

5.0E+15 —

0.0E+0

T T T T T T T T T T T
0 2 4 6 8 10

Gap length (cm)

Fig. 13 Ar" density as function of gap length at various gas flow and a constant applied power of 50 W,
calculated as an average over time period

approach. A reasonable correlation between these metrics strengthens the reliability of the
experimental results, confirming they were conducted effectively, while also validating the
model.

Conclusions and Future Work

In this study, we presented our strategy of modeling LPP of Argon alone using both mul-
tivariate analysis of measured data and theoretical simulations. The analysis of the main
signals of argon under plasma conditions allowed us to understand how the peaks behave
with the operational parameters (plasma power and gas flow rates). We have learned from
the analysis present in this paper what is the contribution of each working condition on the
desirable outcomes of the Ar LPP. Moreover, we clearly see how behavior of a characteristic
peak tracks in good agreement with the intrinsic properties of the bulk plasma. Combining
the multivariate method with theoretical models gives us a direct and fast estimation of den-
sities of various species, temperatures, electric field, potential data, reaction rates and more.

The combination of statistical techniques with experimental data is particularly valuable
in plasma science, where the complexity and nonlinearity of plasma behavior often present
significant challenges. Statistical methods such as multivariate analysis enable the extrac-
tion of meaningful patterns from multidimensional datasets, highlighting critical parameters
and their interactions that may otherwise remain obscured.
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Fig. 14 Excited state densities (calculated from model B2) as function of emission intensity measured at
752 nm, at gas flow of 50 sccm (225 mTorr). Densities are calculated as an average over time period and
gap length

While our study focuses on relatively straightforward plasma chemistry, the applicabil-
ity of this approach is much broader. We anticipate that a similar approach, when applied
to more complex chemistry, has the potential to enhance our ability to understand plasma-
chemical behavior and to predict chemical reaction mechanisms and plasma properties as
well. This highlights the versatility and scalability of the proposed methodology in advanc-
ing plasma diagnostics and modeling.

It should be noted that analyzing more complex chemistry, such as plasma containing
argon and water vapor, necessitates the inclusion of tens of additional reactions, includ-
ing radiative reactions. Interpreting complex gas mixtures requires a detailed database that
encompasses radiation reaction mechanisms. Without such a database, achieving a com-
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prehensive understanding of the plasma behavior, including species generation and loss
processes, may not be possible.

Subsequent work already in progress will build on the insights and knowledge presented
here, focusing first on addition of nitrogen to the already studied set of Argon based plasma
reactions. Detecting species such as hydrogen that are produced from water decomposition
will be achieved by employing a higher resolution spectrometer. This next step will then
allow us to continue to the even more complex plasma chemistry of organic molecular mix-
tures such as found in plastic waste, which as a practical matter typically are accompanied
by water content. Our major goal for the future direction of this research is to better under-
stand chemical reaction mechanisms related to waste decomposition applications.

Supplementary Information The online version contains supplementary material available at https://doi.org
/10.1007/s11090-025-10563-2.
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