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Abstract
Plasma-produced oxygen atoms (O) are powerful oxidative radicals that play important roles in
plasma-induced chemical modification of material surfaces. Measuring O density in plasmas is
important to enhance our understanding and control. Two-photon absorption laser-induced
fluorescence (TALIF) is widely used for measuring O density, but is experimentally complex
and often incompatible with in-situ process control. Actinometry, based on analysing spectral
lines from optical emission spectroscopy, requires only simple hardware, but relies on more
complex analysis of experimental data. Advanced actinometry methods such as state enhanced
actinometry (SEA) have recently been developed and are consistent with TALIF measurements.
In this work, a modified version of SEA is investigated. Including cascading effects in the SEA
analysis model and reducing the effect of metastable states on the SEA emission line by
considering the 728.1 nm He(3 1S→ 2 1P) line, instead of the 706.5 nm He(3 3S→ 2 3P) line,
are considered. Importantly, Bayesian inference is used for matching experimental and
theoretical data from the non-linear equations of each model. O density and mean electron
energy are determined in a micro-scaled atmospheric pressure plasma jet (µAPPJ), operated
with 1 slm of He and admixtures of 0.5% O2 and 0.1% Ar. It is found that the Bayesian process
minimises the associated error to less than 1%. Both including cascading emission and
considering the alternative He line result in significant changes to the derived O density, in the
range of 20%–60% overall. However, because of the lack of accurate data from alternative
methods, e.g. TALIF has an accuracy of 67% approximately, and the uncertainty of SEA itself
(≈20%), due to uncertainties in the parameters used in the models, it is not possible to
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determine which model is the most appropriate for SEA and whether our modifications lead to
improvements. The work highlights the currently achievable accuracy of advanced actinometry
methods such as SEA.

Keywords: actinometry, low-temperature plasma, plasma diagnostic, plasma radicals

1. Introduction

Atmospheric pressure plasmas (APPs) have gained significant
interest over recent years. APPs can be operated in open air
without the need for a vacuum system, leading to a reduced
operational complexity and cost. Moreover, APPs can deliver
high densities of reactive species to a substrate while the gas
temperature remains close to room temperature [1, 2]. Because
of this, these plasmas have potential for various applications
ranging from surfacemodifications [3–5], decontamination [6,
7], medicine [8, 9] and photoresist removal [10].

The effectiveness of a plasma treatment is often related to
the mix of reactive species that is delivered to a substrate. As a
result, knowing and controlling this mix of species is essential,
but unfortunately complicated due to the many different react-
ive species that exist and the complex interactions between
them. One of the reactive species of interest for many applica-
tions is atomic oxygen (O), produced from oxygen-containing
plasmas. Not only does atomic oxygen have its own oxidative
properties, but it also contributes as a precursor to the forma-
tion and decomposition of a variety of long-lived molecules,
such as ozone [11].

Two-photon absorption laser-induced fluorescence
(TALIF) [12–15] is a well-established method for directly
measuring O density in a plasma. TALIF requires two photons
from a laser system with a specific wavelength to excite
ground-state atomic oxygen to an excited state. Fluorescence
radiation is detected to quantify the atomic oxygen density.
Calibration of this diagnostic with xenon gas allows the meas-
urement of absolute O densities. Although TALIF can directly
determine O density, it is complex in operation, expensive in
hardware and often not compatible with plasma systems in
real-life applications.

Actinometry is a promising method for determining O
density for situations where TALIF is not appropriate. The
concept was first published by Coburn and Chen [16], and
it was first used for determining O density by Walkup et al
[17]. It is a passive diagnostic that works by detecting optical
emission from a plasma and using an analytic intensity model
to calculate O density. The ratio of the emission of O and an
actinometer gas, most commonly argon for O actinometry, is
used in the analytical model to derive the O density. The con-
centration of the actinometer gas is kept low so that it does
not change the plasma properties. The type of actinometer
gas is chosen such that there is a transition that has a sim-
ilar shape and energy threshold of the electron-impact excita-
tion cross section as the transition observed in the plasma. The
main assumptions of the method are that the excited state is
populated only via electron-impact excitation from its ground
state and de-excitation is only through spontaneous emission.

This allows the O density to be determined from the intens-
ity ratio of O and Ar emission lines, without needing inform-
ation about the electron density (ne) and the electron energy
distribution function (EEDF) of the plasma. In practice, two
O emission lines at the wavelengths of 777.4 nm (O(3p 5P→
3s 5S)) and 844.6 nm (O(3p 3P→ 3s 3S)) as well as theAr line
at 750.4 nm (Ar(2p1 → 1s2)) have been used for actinometry
purposes. It was found that even though there was reasonable
qualitative agreement, this method overestimated the O dens-
ity when compared with TALIF.

Katsch et al [18] improved the actinometry method by
including the processes of dissociative electron-impact excit-
ation and collisional quenching in the analytical intensity
model. It was found that adding these processes gave more
accurate results, especially when using the 844.6 nm O emis-
sion line. For the 777.4 nm O emission line, there are concerns
about the effect of population of the upper level through excit-
ation from metastable states, resulting in an overestimation of
the O density. The main drawback of this method is that it
requires details of the EEDF to be known. For the low-pressure
plasma in the study of Katsch et al, the EEDF could be mod-
elled and compared with that obtained from a Langmuir probe
measurement. This is often not possible for APPs.

Actinometry for an APP was proposed by Niemi et al
[19, 20]. The EEDF of the plasma, needed for actino-
metry, was determined from diagnostic-based modelling. A
numerical simulation based on fluid equations in 1 dimen-
sion was used to generate the EEDF [21]. The simulations
were verified by comparing the simulated time and space
resolved electron-impact excitation rate of the Ar(2p1), with
the results from phase-resolved optical emission spectroscopy
(PROES) measurements [22]. In order to quantify O density,
the integrated intensity ratio between the 844.6 nm O emis-
sion line and the 750.4 nm Ar emission line was required.
Furthermore, the time and space averaged electron density
weighted EEDF was calculated from diagnostic-based mod-
elling and used to calculate electron-impact excitation rate
coefficients.

Subsequently, Greb et al [23] published a related technique
called energy resolved actinometry (ERA) for an APP, which
uses two excitation ratios. The ratio of excitation from the
ground state to the O(3p 5P) and Ar(2p1) upper states, and the
ratio between the excitation to theO(3p 3P) andAr(2p1) upper
states. By using two excitation ratios, both the O density and
the mean electron energy of the plasma could be determined.
The excitation ratios were measured with PROES and EEDFs
for mean electron energywere simulated with BOLSIG+ [24].
This method gave good results for a micro-scaled APP jet
(µAPPJ). However, the need for a more complex diagnostic
such as PROES instead of a simpler OES makes the method
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less attractive in real-life applications. Also, in several cases,
the mean electron energy was overestimated by ERA [25].

Recently, Steuer et al [25] overcame some of the lim-
itations of ERA by developing state enhanced actinometry
(SEA) in which time and space integrated OES was used
instead of PROES. Moreover, the helium emission line at the
wavelength of 706.5 nm (He(3 3S→ 2 3P)) was used instead
of the 777.4 nm O emission line. SEA only required relatively
simple measurements (compared to PROES), while the res-
ults for both the O density and the mean electron energy were
in agreement with TALIF measurements and simulations. The
trade-off is that helium emission lines need to be present in the
plasma. This is not a problem for many APPs that operate in
He feed gas, but if this is not the case, helium will need to be
added as an actinometer gas similar to argon.

Despite the success of SEA, there are outstanding issues
that our work aims to address. We aim to enhance the reli-
ability and the accuracy of the SEA method, making it more
widely applicable. First, Bayesian inference is applied for the
determination of O density and mean electron energy from
the actinometry model. The SEA method relies on finding
the crossing points between the plotted lines from the two
intensity ratios. A robust method for this is needed to obtain
accurate results and importantly, quantifiable errors associ-
ated with the procedure. Second, the effect of cascading emis-
sion, de-excitation from higher states into the upper state of
the line that is measured, is investigated. SEA does not take
this process into account. Finally, SEA uses the 706.5 nm He
emission line. However, there are concerns about the effects
of the He metastable states on the upper state population of
this transition. Alternatively, the use of the helium line at
728.1 nm (He(3 1S→ 2 1P)) in our modified SEA method is
investigated.

This paper is structured as follows: section 2 describes the
plasma source, diagnostics and data analysis methods used in
this work. Section 3 presents the results and discussions. The
conclusion is in section 4.

2. Experimental setup and methods

2.1. Micro-scaled APP jet

The plasma source used in this work is a micro-scaled APP
jet (µAPPJ) [26]. The electrode geometry and operating con-
ditions of this device are identical to the widely used COST jet
[2]. It is an APP device that consists of two parallel plane elec-
trodes made of stainless steel, placed 1mm apart. The sides of
the electrodes are enclosed by quartz plates, forming a plasma
channel 1mm in width × 30mm in length × 1mm in height,
as shown in figure 1.

A gas mixture of 1 slm He gas with admixtures of 0.5% O2

(5 sccm) and 0.1%Ar (1 sccm) is flowing into the plasma chan-
nel. A radio-frequency (13.56 MHz) power supply is connec-
ted via an impedance-matching network to the powered elec-
trode as shown in the schematic in figure 1.

Voltage and current are measured by a high-voltage
probe (Tektronix P6015A: 1000x, 100MHz, 20 kV) connec-
ted between the matching network and the electrode, and a
current probe (Ion Physics Corp. CM-100-L: 1V/A, 100MHz,
20A), as shown in figure 1. Both the probes are connected to an
oscilloscope (LeCroy WaveRunner 204MXi-A: 8 bit, 2GHz,
10GSa s−1) to display and record the signals for analysis. The
power dissipated in the plasma can be calculated from the
measured voltage and current amplitudes and the phase shift
between them, following the procedures set out by Golda et al
[2]. The range of operating voltages achievable for the plasma,
ranging from ignition to arcing, is 210–340Vrms.

2.2. OES

Light emission from the µAPPJ is recorded by using
two sensitivity-calibrated spectrometers (OceanOptics:
HR4C4860 and OceanOptics: HR4C4667). The HR4C4860 is
used to detect the optical range of 680–870 nm with the CCD
array consisting of 3648 pixels (≈0.05 nm per pixel) and the
HR4C4667 covers the optical range of 196–1119 nm with the
CCD array consisting of 3648 pixels (≈0.3 nm per pixel). The
integration times are varied from 300ms up to 4 s, depending
on operating conditions, ensuring a good signal-to-noise ratio.
Each spectrometer is connected with its optical fibre (Ocean
Optics QR600-2-SR; 600µm). Each optical fibre is positioned
perpendicular to the plasma channel, halfway along the chan-
nel, with a distance of about 2mm between the fibre and the
quartz surface by a fixed lens mount while using each spec-
trometer. It has been shown in literature that the O density in
µAPPJs reached an equilibrium before our measurement point
for the plasma operating conditions that are used [27, 28].

Of interest for this work on actinometry are the emission
lines at the wavelengths of 706.5, 728.1, 750.4 and 844.6 nm,
corresponding to the transitions of He(3 3S→ 2 3P),
He(3 1S→ 2 1P), Ar(2p1 → 1s2) and O(3p 3P→ 3s 3S)
respectively. Additionally, the transitions of He(3 3D→ 2 3P)
and He(3 1D→ 2 1P) at the wavelengths of 587.6 and
667.8 nm are also of interest (see section 3.2). Figure 2 shows
an example of a spectral profile for the plasma at 300Vrms,
highlighting the lines of interest for this work. With the res-
olution of HR4C4860, the nearby lines of Ar(2p1 → 1s2)
and Ar(2p5 → 1s4) at the wavelengths of 750.4 and 751.5 nm
respectively, can be resolved. Only the Ar(2p1 → 1s2) line is
used in our method.

2.3. SEA

SEA was recently developed by Steuer et al [25]. It is used
to measure atomic oxygen density in a plasma jet operated in
He with O2 admixtures and Ar as an actinometer gas. SEA
uses two intensity ratios from the He(3 3S) and O(3p 3P)
with Ar(2p1) upper excited states and gives the density of
atomic oxygen and the mean electron energy of the plasma.
SEA takes into account direct electron impact excitation of the
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Figure 1. Schematic diagram of the µAPPJ plasma source.

Figure 2. Example of a measured spectral profile from the spectrometers of HR4C4667 and HR4C4860. Operating conditions: the flow
rates of 1 slm He + 5 sccm O2 + 1 sccm Ar at the applied voltage of 300Vrms, resulting in the power of about 1.30W deposited in the
plasma.

O(3p 3P) upper state from the ground state as well as disso-
ciative electron impact excitation. The plasma is assumed to
be optically thin. Full details can be found in Steuer et al [25].
The final equations for SEA, linking the measured intensity

ratios I(844.6)O

I(750.4)Ar

and I(706.5)He

I(750.4)Ar

to the oxygen dissociation fraction (rO),

which can be related to the atomic oxygen density through the

ideal gas law, and the mean electron energy (ε) are shown in
equations (1) and (2).

I(844.6)O

I(750.4)Ar

=
fO2

fAr

a(844.6)ik,O

a(750.4)ik,Ar

λ
(750.4)
Ar

λ
(844.6)
O

2rOk
(844.6)
d,O (ε)+ k(844.6)de,O (ε)

k(750.4)d,Ar (ε)
,

(1)
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Figure 3. Example of the calculated intensity ratios as a function of the mean electron energy and the dissociation fraction. Experimental
line ratios are mapped onto this figure to determine the plasma’s dissociation fraction and mean electron energy.

I(706.5)He

I(750.4)Ar

=
fHe
fAr

a(706.5)ik,He

a(750.4)ik,Ar

λ
(750.4)
Ar

λ
(706.5)
He

k(706.5)d,He (ε)

k(750.4)d,Ar (ε)
. (2)

where I is the integrated intensity of the emission line, the
subscript refers to which atom is observed and the superscript
to the observed wavelength. λ is the wavelength, fHe, fAr and
fO2 are the gas fractions of helium, argon and oxygen in the
feed gas mixture, rO is the dissociation fraction (rO = nO

2nO2
).

Coefficients k are the energy-dependent effective reaction
rates, calculated by the two-term approximation Boltzmann
solver BOLSIG+ [24], and the indices d and de refer to dir-
ect electron impact excitation and dissociative electron impact
excitation, respectively. Finally, aik is the effective branching
ratio of the excited state.

The excited states of all species are depopulated by two pro-
cesses: spontaneous emission to lower states and collisional
induced quenching with background gas species. These two
processes are incorporated in the form of the effective branch-
ing ratio of the excited state (aik) as follows:

aik =
Aik

∑

kAik+
∑

q kqnq
. (3)

where Aik is the Einstein coefficient for spontaneous emission
for the transition from an upper state i to a lower state k and
taken from the NIST Atomic Spectra Database [29]. The term
∑

kAik represents the decay into all possible lower states. This
is the reciprocal of the natural lifetime (τ i) of the upper level i
and can be found in literature [12, 30, 31]. The term

∑

q kqnq
is the total collisional induced quenching from background

gas species q in a plasma (kq and nq are the quenching rate
coefficient and the density of species q). The quenching rate
coefficients for the Ar(2p1) and O(3p 3P) states from the
background gas species can be found in literature [12, 31].
However, the quenching rate coefficients for the He(3 3S) state
from the background gas species are unknown but it is found
that the quenching rate coefficient from molecules is domin-
ant when compared with that from atoms. For this reason, the
quenching rate coefficient by hydrogen molecules is used for
quenching by oxygen molecules for the He(3 3S) state [25],
taken from [30].

For the calculation of the reaction rates (k), BOLSIG+
is input by a set of cross sections for He and O2 from the
LXcat database (S.F. Biagi’s FORTRAN code, MagBoltz, ver-
sions 8.9 and later [32]). BOLSIG+ is set to consider a non-
Maxwellian calculation, a reduced electric field (E/N) range
of 5.7–70.0 Td (ε≈ 3–10 eV) and a gas temperature of 330K.
The cross sections for direct and dissociative electron-impact
excitation are taken from literature [33–35], using the same
ones as ERA [23] for consistency. Since the expected dissoci-
ation in these plasmas is below 10%, the effects of this on the
BOLSIG+ calculations of the reaction rates will be low. For
simplicity, a constant gas composition of 99.5% He and 0.5%
O2 is used for all calculations.

Determination of atomic oxygen density from SEA comes
from producing a graph of the intensity ratios for a range of
mean electron energy and dissociation fractions as shown in
figure 3.

The crossing point of the twomeasured intensity ratios then
uniquely determines the mean electron energy and the disso-
ciation fraction of the plasma. The atomic oxygen density can
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be determined from the dissociation fraction using the dens-
ity of molecular oxygen calculated from the ideal gas law by
assuming a gas temperature of 330K.

In the remainder of the paper, the method described in this
section will be referred to as SEA(original).

2.4. Modified SEA

In this work, modifications to the SEA method, described in
section 2.3, are made to include additional processes aimed at
addressing outstanding issues of the SEA method. The first
modification is considering cascading emission. Cascading
emission is a population process of a given excited state from
higher excited states. From literature, a cross section for only
cascading emission can be found for the Ar(2p1) andO(3p 3P)
upper states from [33] and [36] respectively but in the case
of the He(3 3S) upper state, it is in the form of an appar-
ent cross section which includes direct electron-impact excit-
ation and cascading effects taken from [37]. As the result, the
indices of cc and ap refer to cascading emission and apparent
excitation respectively for this work. In the remainder of this
paper, the modified method in which only cascading emission
is added (using the original He emission line), is referred to as
SEA(modified) as shown in equations (4) and (5).

Second, the emission from the He(3 1S) upper state at the
wavelength of 728.1 nm is investigated instead of that from the
He(3 3S) upper state which is used in SEA(original) because
of the concern of population of the upper states from meta-
stables. The original He(3 3S) state is in the triplet system of
helium, which means that excitation from the ground state is
spin-forbidden. Excitation of this level from the 2 3S meta-
stable state can be significant, which may be a problem for
the SEA method. Emission from the He(3 1S) upper state at
the wavelength of 728.1 nm is in the singlet system, reducing
the issue of metastable excitation.

In the remainder of this paper, the method where the altern-
ative emission line of helium is considered is referred to as
SEA∗(original) as shown in equations (6) and (7) while the
method where both modifications are considered is referred to
as SEA∗(modified) as shown in equations (4) and (5).

With considering only cascading emission and both modi-
fications, the governing equations become:

I(844.6)O

I(750.4)Ar

=
fO2

fAr

a(844.6)ik,O

a(750.4)ik,Ar

λ
(750.4)
Ar

λ
(844.6)
O

×
2rO
[

k(844.6)d,O (ε)+ k(844.6)cc,O (ε)
]

+ k(844.6)de,O (ε)

k(750.4)d,Ar (ε)+ k(750.4)cc,Ar (ε)
,

(4)

I(706.5/728.1)He

I(750.4)Ar

=
fHe
fAr

a(706.5/728.1)ik,He

a(750.4)ik,Ar

λ
(750.4)
Ar

λ
(706.5/728.1)
He

×
k(706.5/728.1)ap,He (ε)

k(750.4)d,Ar (ε)+ k(750.4)cc,Ar (ε)
. (5)

With considering only the alternative He emission line, the
governing equations become:

I(844.6)O

I(750.4)Ar

=
fO2

fAr

a(844.6)ik,O

a(750.4)ik,Ar

λ
(750.4)
Ar

λ
(844.6)
O

2rOk
(844.6)
d,O (ε)+ k(844.6)de,O (ε)

k(750.4)d,Ar (ε)
,

(6)

I(728.1)He

I(750.4)Ar

=
fHe
fAr

a(728.1)ik,He

a(750.4)ik,Ar

λ
(750.4)
Ar

λ
(728.1)
He

k(728.1)d,He (ε)

k(750.4)d,Ar (ε)
. (7)

Other assumptions made in the SEA method, e.g. an optic-
ally thin plasma, are unchanged in our modified method.

Finally, finding a crossing point in figure 3 is a critical step
in finding the dissociation fraction and mean electron energy.
This is not straightforward since the measured intensity ratios
can fall in between plotted ones so a (non-linear) interpola-
tion procedure is needed. In the SEA work of Steuer et al
[25], it is not clear what method is used for this. Here, we
use Bayesian inference to determine the position of a crossing
point, to ensure a robust and reliable method for more detail in
appendix. Bayesian inference is commonly used for the estim-
ation of parameter values, prediction of data values and model
comparison [38, 39]. Bayesian methods are already applied to
data analysis in different areas of plasma science, e.g. fusion
[40], atomic physics [41], multi-diagnostic analysis for diver-
tor plasma characteristics [42].

The general concept of Bayesian inference is that it assigns
probabilities to parameters of interest from a model as com-
pared with observed data, based on Bayes’ theorem [43].
These probabilities can be continuously updated if more
observed data is analysed along with prior knowledge [44, 45],
as shown mathematically in equation (8).

P(θ|D) = P(D|θ)P(θ)
P(D)

, (8)

with θ = [θ1,θ2, . . .,θn]

where θ is the set of the parameters of interest, D is the
observed data, P(θ) is the prior which is the initial probab-
ility before the observed data is analysed, P(D|θ) is the like-
lihood and is used for updating P(θ) due to the observed data
from experimental measurements. In this work, Gaussian dis-
tributions are assumed. P(θ|D) is the posterior, which is the
probability of θ given the observed data, that is, after the
observed data is analysed and P(D) is the evidence which is
used for normalising the posterior (P(D) =

∑

allP(D|θ)P(θ)).
It is noted thatP(D) is not necessary for parameter estimations,
but is important when Bayesian inference is used for model
comparison [39, 43].
P(θ|D) is the probability of n parameters given D. In order

to find the probability of a parameter of interest (θinterest) given
D, for example, P(θinterest|D) can be calculated from the pro-
cess of marginalisation as shown in equation (9). The probab-
ility from marginalisation of each parameter of interest is used
to determine its mean value, including its credible interval.
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P(θinterest|D) =
ˆ +∞

−∞

. . .

ˆ +∞

−∞

P(θinterest,θothers|D)dθothers.

(9)

3. Results and discussions

3.1. Effect of cascading emission

The plasma jet described in section 2 is operated with He gas
with admixtures of 0.5% O2 and 0.1% Ar. The plasma power
is varied between 0.2 and 3.5W and atomic oxygen density is
derived from OES measurements as described in sections 2.3
and 2.4. The results for the SEA(original) and SEA(modified)
methods are presented in figure 4, together with TALIF meas-
urements from literature on the same plasma source [46]. The
plasma power for the TALIF data was shifted by 1.1W in
figure 4 to match the ignition and arcing points of the SEA
experiments since the methods for measuring plasma power
were not the same for both investigations, leading to this offset.

Both SEA methods show an increasing trend in O
density with plasma power, ranging from 2×1021m−3 to
2.3×1022m−3, in line with the TALIF measurements in lit-
erature. The modified SEA method, including the effects
of cascading emission, results in a consistently increased
density compared to the original SEA method by 40–60%
approximately.

When SEA(original) and SEA(modified) are compared
with TALIF from literature, the modified SEA gives a closer fit
to the TALIF values, with the modified SEA O density higher
for all plasma powers. However, it is important to note that
both methods are within error of the TALIF results, making an
evaluation about the accuracy of the SEAmethods impossible.

Looking at experimental uncertainties in more detail, we
note that the uncertainty in the TALIF results includes two dif-
ferent errors which are systematic errors and stochastic errors
[46]. The systematic errors were about 53 %, dominated by
the error in the two-photon absorption cross section ratio [46],
while the stochastic errors were about 14% for these measure-
ments, leading to a total error of about 67% for the absolute O
density measured with TALIF.

In case of the actinometry methods, Tsutsumi et al [47]
suggested that the uncertainty for the O density using ERA
should be at least 20%–30%. This uncertainty was based on
the known uncertainties in the relevant cross sections.

In our work, the uncertainty of the O density from repeated
experiments, which is calculated from Bayesian inference,
is less than 1%, and negligible compared to other errors.
The systematic uncertainty of the O density from the actino-
metry methods results from uncertainties in the literature val-
ues of the parameters in the models, related to the He(3 3S),
He(3 1S), Ar(2p1) and O(3p 3P) upper states. These paramet-
ers include cross sections, collisional quenching rates and nat-
ural lifetime as shown in table 1, where the accuracy of these
parameters are estimated.

In order to estimate the uncertainty from our actinometry
methods, we used a statistical approach by randomly select-
ing values, within their Gaussian uncertainties, for all the SEA

parameters shown in table 1. These values are then used to cal-
culate the O density and mean electron energy using the dif-
ferent SEAmethods. This process is repeated a hundred times,
with new values for the parameters every time, and the dis-
tributions of derived O density and mean electron energy are
analysed to determine an estimate for the uncertainty. We find
that for all SEA methods, the uncertainty for the derived O
density is about 20%, as indicated in figures 4 and 6.

With these uncertainties, combined with the uncertainties
of the TALIF results, it is impossible to determine which
method is more accurate in determining O density. There
is a need for more accurate data on cross sections, life-
times and quenching coefficients, before the most appropri-
ate SEA model can be derived. This work also provides a
systematically-derived estimate for the uncertainty in the abso-
lute values of O density measured with these SEA methods.

The second plasma parameter that is derived with SEA is
mean electron energy. The mean electron energy as a function
of plasma power is presented in figure 5. The uncertainty for
themean electron energymeasured by the SEAmethods is less
than 3%, resulting from the statistical process as mentioned in
the uncertainty for the derived O density. Therefore, the size
of each error bar is smaller than that of each marker. It shows a
similar, slightly increasing trend for both methods. The mean
electron energy from SEA(modified) ranges from 6 to 8 eV as
plasma power is increased between 0.2 and 3.5W, while for
SEA(original) the mean electron energy ranges from 4.5 to
6 eV. There is no direct comparison with other experimental
methods available for the mean electron energy. However,
Waskoenig et al [48] used simulation to determine the mean
electron energy for a similar plasma and found it in the range
of 2–3 eV. Some other actinometry-based methods also gave
mean electron energy as outputs. For example, Greb et al [23]
used ERA to determine the O density and the mean electron
energy of a plasma similar to the one in this study. They found
the mean electron energy in the range of 3–6 eV with increas-
ing rf power. Steuer et al [25] reported the measurements in
a COST jet, a plasma similar to the one in this study, in the
range of 3–5 eV for SEA and 10–15 eV for ERA.

It is not possible to make a definitive assessment about
the accuracy of the different methods, though it is clear
that including cascading emission, as in the SEA(modified)
method, makes a significant difference to the predicted mean
electron energy. Based on a comparison with modelling, it
seems the original SEA gives more realistic values for mean
electron energy, even though these are still higher than expec-
ted from modelling.

3.2. Use of an alternative helium emission line

This section considers using the emission of the He(3 1S→
2 1P) transition at the wavelength of 728.1 nm instead of the
He(3 3S→ 2 3P) emission line at the wavelength of 706.5 nm
to minimise the perturbing effects of excitation from meta-
stable states.

The atomic oxygen density derived by using the 728.1 nm
He emission line is shown in figure 6. SEA∗(original)
indicates the use of the 728.1 nm He emission line without
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Figure 4. Atomic oxygen density derived by using the SEA(original) and SEA(modified) methods with 20% uncertainty (error bar) and
TALIF measurements from literature [46] with a total estimated uncertainty of 67% (grey area) and a stochastic estimated uncertainty of
14% (dark area) [the assumed gas temperature of 330K].

Table 1. Estimated uncertainties of each parameter from literature used in the SEA methods.

Cross section (σ) Quenching coefficient (kq)

Upper excited state σd σde σcc,σap Radiative lifetime (τ ) He Ar O2

He(3 3S) 15%b — 15%b 3%[30] — — 3%[30]
He(3 1S) 15%b — 15%b 2%[30] — — 1%[30]
Ar(2p1) 20%a[33] — 15%b 8%[31] 30%[31] 10%[31] 10%[31]
O(3p 3P) 15%b 15%[35] 15%b 5%[12] 12%[12] 5%[12] 5%[12]
a The maximum uncertainty for σd,Ar.
b Estimate based on σde,O.

cascading emission, while SEA∗(modified) includes both cas-
cading emission and the 728.1 nm He emission line. The data
from figure 4 for SEA(original) and SEA(modified), highlight-
ing the effect on only cascading emission, is also included in
figure 6 for comparison.

The atomic oxygen density in figure 6 shows that both the
SEA∗ methods give O density lower than the SEA methods,
indicating that considering the 728.1 nmHe emission line con-
sistently leads to lower density. It is not immediately clear
whether this lower density is a result of uncertainties in excita-
tion cross-sections, or due to excitation frommetastable states.
The differences between the SEA and SEA∗ methods could be
due to uncertainties in the cross sections, lifetimes and quench-
ing coefficients that are needed for the different lines. This is
highlighted by the fact that the SEA and SEA∗ methods are
within error of each other for all measurements (see figure 6).
This means that even though considering the alternative He
emission line does change the O density by 20%–40% approx-
imately, it not possible to be sure that this is an improvement
due to a lower impact of excitation from metastable states,
rather than a difference due to the accuracy of the necessary
input data.

As an alternative analysis, Raud et al [49] proposed a
way to establish the dominant excitation pathway, e.g. elec-
tron impact from the ground state or from metastable
states, by comparing the intensities of He(3 1D→ 2 1P) and
He(3 3D→ 2 3P) transitions at the wavelengths of 667.8 and
587.6 nm, respectively.

If the excitation is only from the ground state, then the
ratio of the He(3 1D→ 2 1P) and He(3 3D→ 2 3P) emission
intensities can be calculated from the relevant cross sections
[50] and radiative transition properties [29] for a given EEDF.
It is found that the intensity ratio is fairly constant at 1.8
approximately for EEDFs in the range of 3–8 eV.

For excitation of the upper levels from the He(2 1S) and
He(2 3S) metastable states, the ratio of reaction rates is also
about 1.8, for the same range of EEDFs [50]. So any change
away from 1.8 for the intensity ratio of 667.8 nm and 587.6 nm,
is a result of a difference in density between the He(2 1S) and
He(2 3S) metastable states, and indicates a significant contri-
bution of excitation of the metastable states to the overall dens-
ity of the He(3 1D) and He(3 3D) upper states.

The density of the triplet metastable state, He(2 3S), is
expected to be higher than that of the singlet metastable state,
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Figure 5. Calculated mean electron energy from the SEA(original) and SEA(modified) methods.

Figure 6. Atomic oxygen density derived by using the SEA(original), SEA∗(original), SEA(modified) and SEA∗(modified) methods with
20% uncertainty (error bar) and TALIF measurements from literature [46] with the total estimated uncertainty of 67% (grey area) and the
stochastic estimated uncertainty of 14% (dark area) (the assumed gas temperature of 330K).

He(2 1S), because of an efficient conversion channel of super-
elastic collisions of the singlet metastable state with thermal
electrons [51]. This will lead to an increase in He(3 3D) dens-
ity, therefore an increase in 587.6 nm emission, leading to a
lower ratio of 667.8 and 587.6 nm.

The intensity ratio of the He(3 1D→ 2 1P) and He(3 3D→
2 3P) transitions at the wavelengths of 667.8 nm and 587.6 nm
measured in our work is shown in figure 7. It shows that
the intensity ratio is approximately 1.5 for applied voltages

of 275Vrms and over. This ratio is lower than 1.8, which is
what can be expected from the ground-state excitation alone,
indicating that even though the situation is dominated by
the ground-state excitation, there is a significant contribu-
tion of excitation from metastable states for voltages over
275Vrms. Quantifying the contribution requires knowledge of
(the ratio of) the density of the singlet and triplet metastables.
Nevertheless, this result suggests that there is a contribution
of excitation from the metastable states and therefore the use
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Figure 7. Measured intensity ratio between He(3 1D→ 2 1P) and He(3 3D→ 2 3P) transitions at the wavelengths of 667.8 nm and
587.6 nm.

Figure 8. Calculated mean electron energy from the SEA(original), SEA∗(original), SEA(modified) and SEA∗(modified) methods.

of the 728.1 nm He emission line in the SEA∗ methods are
indeed an improvement of the model and not only a difference
due to available literature data.

A further consideration is the possible effect of radi-
ation trapping of 58.4 nm light from the transition between
the He(2 1P) state and the ground state. The high density
of the He(2 1P) state would lead to enhanced excitation of
the He(3 1D) and He(3 3D) upper states. The cross sections
in [50] show that the electron-impact excitation from the
He(2 1P) state to the He(3 1D) upper state is more likely than

to the He(3 3D) upper state by several orders of magnitude.
Therefore, if the population of the He(2 1P) state would be
significant, the intensity ratio of 667.8 and 587.6 nm would be
higher than 1.8, not lower. This suggests that radiation trap-
ping of the 58.4 nm light to the He(2 1P) state is not a signi-
ficant process under these plasma conditions.

The results for mean electron energy are shown in figure 8.
It can be seen that the mean electron energy is lower for the
SEA∗ methods compared to the SEAmethods by roughly 1 eV
for all plasma power. It seems that considering the alternative
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728.1 nm He emission line brings the mean electron energy
closer to that from modelling, though similar to the O density,
it is not fully certain that this is because of a reduction of the
perturbation of metastable excitation or a more accurate cross
section.

Finally, it should be noted that the difference between the
SEA(original) and SEA∗(modified), with both modifications
included, is relativelyminor, in the range of 20%–40% approx-
imately due to the fact that the changes in O density due to the
modifications are in opposite directions, somewhat cancelling
each other out.

4. Conclusion

Modifying the SEA method by including cascading emission
and an alternative He emission line does significantly change
the calculated O density by about 40%–60% when consider-
ing only cascading emission, and about 20%–40% for both
modifications. However, due to the lack of accurate data on the
real O density, it is impossible to establish the most accurate
method. Interestingly, the effects of both modifications par-
tially cancel out for the conditions in this work. This investig-
ation highlights the limitations in accuracy of the SEA meth-
ods, finding an uncertainty of about 20% for any measure-
ment. This is mainly due to the lack of more accurate input
data for cross sections, lifetimes and quenching coefficients.
Improvements in the accuracy of these values will need to be
made before further investigations into the optimal SEAmodel
can be done. Of course, it is important to note that these find-
ings are applicable to the specific plasma used in this study,
but generalisation of the methods to other plasma systems has
not been considered.
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Appendix

Bayesian inference procedures to determine O density (via
a dissociation fraction) and mean electron energy (via reac-
tion rates) out of the equations from each SEA model used
in this work will be shown in this appendix. According to
equation (8), Bayesian inference is shown in the mathemat-
ical equation for the estimations of parameters. The paramet-
ers of interest for this work in each SEA model are the disso-
ciation fraction (rO) and mean electron energy (ϵ). Therefore,

equation (8) will be applied for this work to become as follows:

P(rO, ϵ|D1,D2) =
P(D1,D2|rO, ϵ)P(rO, ϵ)

P(D1,D2)
. (A.1)

where rO and ϵ are the parameters of interest, D1 and D2

are the observed data from the measured intensity ratios of
I(844.6)O

I(750.4)Ar

and I(706.5/728.1)He

I(750.4)Ar

respectively, P(rO, ϵ) is the prior which

is the initial probability before the observed data is analysed,
P(D1,D2|rO, ϵ) is the likelihood and is used for updating
P(rO, ϵ) due to the observed data from experimental measure-
ments, P(rO, ϵ|D1,D2) is the posterior, which is the probability
of rO and ϵ given the observed data, that is, after the observed
data is analysed and P(D1,D2) is the evidence which is used
for normalising the posterior, which is not necessarily con-
sidered for parameter estimations.

From equation (A.1), it can be arranged to be in a new form
as follows:

P(rO, ϵ|D1,D2) =
P(D1|rO, ϵ)P(D2|rO, ϵ)P(rO)P(ϵ)

P(D1,D2)
.

(A.2)

In this case, P(rO) and P(ϵ) were chosen to be uniform in
the given ranges of rO and ϵ. The experiments measure the

intensity ratios of I(844.6)O

I(750.4)Ar

and I(706.5/728.1)He

I(750.4)Ar

distorted by Gaussian

noise of known varianceσ2. Therefore, the likelihoods are then
given by

P(D1|rO, ϵ) =
1

σ1

√
2π

exp

(

−1
2

(

D1 − f1 (rO, ϵ)
σ1

)2
)

,

(A.3)
and

P(D2|rO, ϵ) =
1

σ2

√
2π

exp

(

−1
2

(

D2 − f2 (rO, ϵ)
σ2

)2
)

.

(A.4)

where f1(rO, ϵ) and f2(rO, ϵ) are the functions to predict I
(844.6)
O

I(750.4)Ar

and I(706.5/728.1)He

I(750.4)Ar

from each SEA model.

It is noted that the evidence (P(D1,D2)) is ignored in this
work as not necessary for parameter estimations [39, 43]. For
the computational process, the natural logarithm is used for
equation (A.2) to calculate the posterior (P(rO, ϵ|D1,D2)).
P(rO, ϵ|D1,D2) is the probability of rO and ϵ given D1 and

D2. In order to find the probability of rO or ϵ given D1 and
D2, the process of marginalisation as shown in equation (9) is
needed. Therefore, P(rO|D1,D2) is given by

P(rO|D1,D2) =

ˆ ϵmax

ϵmin

P(rO, ϵ|D1,D2)dϵ, (A.5)

and P(ϵ|D1,D2) is given by

P(ϵ|D1,D2) =

ˆ rOmax

rOmin

P(rO, ϵ|D1,D2)drO. (A.6)
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The probability from marginalisation of each parameter of
interest is normalised and can be used to determine its mean
value, including its credible interval
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