Plasma Sources &%. PURPOSE-LED
¢ PUBLISHING"

Science and
Technology
PAPER « OPEN ACCESS You may also like
. . . - e impact of accelerated electrons on

Determination of the accuracy of actinometry and dcioncaait 0 il Couged
line ratio techniques in an O, glow discharge: |. Nayeon Kim, Min-Seok Kim, Jiwon Jung et
Comparison of absolute oxygen atom densities - Determination of the accuracy of

. actinometry and line ratio techniques in an
W|th CRDS measurements O,_dlow discharge: II. Electric field

measurements with Ar and Xe admixtures
L Kuijpers, E Baratte, O Guaitella et al.
To cite this article: E Baratte et al 2026 Plasma Sources Sci. Technol. 35 015009 - Numerical study of surface charge
dynamics and its feedback on the
interaction between atmospheric pressure
plasma jet and dielectric target
Chenhua Ren, Bangdou Huang, Cheng

View the article online for updates and enhancements. Zhang et al.

www.HidenAnalytical.com

IDEN

ANALYTICAL

Trusted in Research
for over 40 years

Plasma Diagnostics for
Fundamental and Applied Research

Mass & energy analysis of ions, neutrals and radicals

ESPion Advanced Langmuir Probe

- .\\ e Langmuir probes for plasma diagnostics
N/ * RF compensation
* Multiple configuration options available

Find Solutions for Your Research

This content was downloaded from IP address 77.25.41.5 on 13/03/2026 at 19:53


https://doi.org/10.1088/1361-6595/ae24a9
https://iopscience.iop.org/article/10.1088/1361-6595/ae27f7
https://iopscience.iop.org/article/10.1088/1361-6595/ae27f7
https://iopscience.iop.org/article/10.1088/1361-6595/ae27f7
https://iopscience.iop.org/article/10.1088/1361-6595/ae24aa
https://iopscience.iop.org/article/10.1088/1361-6595/ae24aa
https://iopscience.iop.org/article/10.1088/1361-6595/ae24aa
https://iopscience.iop.org/article/10.1088/1361-6595/ae24aa
https://iopscience.iop.org/article/10.1088/1361-6595/ae24aa
https://iopscience.iop.org/article/10.1088/1361-6595/ae24aa
https://iopscience.iop.org/article/10.1088/1361-6595/ae2266
https://iopscience.iop.org/article/10.1088/1361-6595/ae2266
https://iopscience.iop.org/article/10.1088/1361-6595/ae2266
https://iopscience.iop.org/article/10.1088/1361-6595/ae2266
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstLM68aUkwSPnF-kYOz2mBElESxRtK6Mc08lUUWNap2qmHb8GglhXiI4MrJmTY1CQOee4Fu-8DQUdbmh6lw5bertnonVxtUAzCojAiboJ4U67ZWYYm_r2Xqx9IlBPLyAeAXOyxZnncvLKfKnIrEqMvK2Cj9OOrnWn47mSFxmpzXSwOtuK6GmepJMiemchehtAvKzsBxZeYNkbRUGjgryETwaNFUcbp51S4BaSxbYywL3i9Qhcw4lLOYAxOcC-ExjZMph1Y6HwxsutWOAP0OqHXRLdBPSgX_bCRnj_RcimN-pnIKE0MN3_RgYIT0z4dH2B0ppDovfeIH7ekby8Y0MfzsK2vS92XGbxhbwIifKBRSECj3Ddhtuf1w&sig=Cg0ArKJSzFIMUGxInG5U&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.hidenanalytical.com/find-solutions-for-your-plasma-diagnostics-landing-page/%3Futm_source%3DPlasma%2520Sources%2520Science%2520and%2520Technology%26utm_medium%3Dadvert%26utm_campaign%3DFeb

10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
30 June 2025

REVISED
8 October 2025

ACCEPTED FOR PUBLICATION
26 November 2025

PUBLISHED
16 January 2026

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Plasma Sources Sci. Technol. 35 (2026) 015009 https://doi.org/10.1088/1361-6595/ae24a9

Plasma Sources Science and Technology

PAPER

Determination of the accuracy of actinometry and line ratio
techniques in an O, glow discharge: |. Comparison of absolute
oxygen atom densities with CRDS measurements

2,3,%

E Baratte' (0, L Kuijpers’
and O Guaitella"*

I LPP, CNRS, Ecole Polytechnique, Sorbonne Université, Université Paris-Saclay, IP-Paris 91128 Palaiseau, France

2 Department of Applied Physics, Eindhoven Institute for Renewable Energy Systems, Eindhoven University of Technology, Eindhoven,
The Netherlands

3 Dutch Institute For Fundamental Energy Research, De Zaale 20, 5612 AJ Eindhoven, The Netherlands

* Instituto de Plasmas e Fusio Nuclear, Instituto Superior Técnico, Universidade de Lisboa 1049-001, Lisboa, Portugal

* Authors to whom any correspondence should be addressed.

, T Silva’@, V Guerra'@, M C M van de Sanden”’ (2, J-P Booth'

E-mail: Lkuijpers@tue.nl and olivier.guaitella@lpp.polytechnique.fr

Keywords: actinometry, CRDS, atomic oxygen, O2 plasma, cross sections, glow discharge

Abstract

The accuracy of oxygen atom density measurements in plasmas by optical emission actinometry
was tested by comparison to simultaneous direct absorption measurements on the 'D, « *P,
transition by cavity ringdown spectroscopy (CRDS). The accuracy of the latter technique depends
only on the accuracy to which the transition probability is known. Measurements were performed
on a glow discharge in O, operating between 0.5 and 5 Torr, and using both Ar and Xe as the actin-
ometer gas. The rate constants for electron impact excitation, and thus the actinometry calibration
factors, were calculated from the (measured) reduced electric field using a Boltzmann equation
solver (Loki-B). Several sets of cross-section were tested for the EEDF calculation and for the elec-
tron impact excitation to the specific levels of O, Ar and Xe used for actinometry. The best results
were obtained with the IST Lisbon cross-section set for O, and O, and the BSR500 excitation cross-
sections for Ar and Xe. Good agreement with the CRDS trends and absolute values was observed
when using Xe as the actinometer gas, whereas with Ar the trends were well reproduced but it

was necessary to increase the electron impact cross-section of the transition Ar(!Sy — 2p;) of the
BSR500 database by a factor of 3£0.3 to reproduce the absolute values.

1. Introduction

Transient atomic species play a key role in reactive plasmas but are challenging to measure. Among the
many techniques devised to measure the densities of atomic species, optical emission spectroscopy is
the most widely employed due to its non-perturbative nature, its experimental simplicity, and its abil-
ity to monitor a wide range of transient species (e.g H, O, N, or F) with spatial and temporal resolution.
In optical emission actinometry [1, 2] the absolute density of a given species (often atomic) is estim-
ated from the ratio of the optical emission intensity from an excited state of that species to that from
an actinometer gas (typically a noble gas) introduced in a low fraction (typically under 5%, in order to
minimize plasma perturbation).

Actinometry is based on the assumption that the observed excited state is dominantly populated by
electron impact on the ground state, so that the emission intensity is proportional to the ground state
density. The ground state density can then be estimated by calculating the electron impact excitation
rate coefficient (as well as accounting for collisional and radiative quenching of the excited state if this
is significant). This calculation requires knowledge of the excitation cross-section as well as the elec-
tron energy distribution function (EEDF). The EEDF can be calculated in a DC glow discharge for a
given value of the reduced electric field if the complete set of collision cross-sections of the bath gas is

© 2026 The Author(s). Published by IOP Publishing Ltd
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known. The technique has also been applied a number of other discharge scenarios, using a number

of simplifying hypotheses with different degrees of complexity. Ricard et al [3]. assumed simple pro-
portionality between the intensities and the densities, in order to estimate the N density in N,—O, and
N,—H, microwave discharges, using Ar as actinometer. The proportionality coefficient was determined
using TALIF measurements. Unusually, the Ar line at 811.5nm (further noted Ar811) was used for Ar
intensity in [3]. A more rigorous approach uses calculation of the EEDF in the initial mixture. Pagnon
et al [4], compared actinometry measurements of O atoms to VUV absorption measurements in O,
glow discharges at a few Torr, with numerical computation of the EEDF from the Boltzmann equation.
Collisional quenching of the radiating states (radiating the lines at 777 and 844 nm for O and at 750 nm
for Ar) was also taken into account. Britun et al compared O actinometry in HiPIMS Ar-O, discharges
between 3 and 20 m Torr to TALIF measurements, calculating the rate coefficients assuming a Maxwellian
EEDF with a temperature of 2 eV. They also included the effect of metastables states of Ar (but neglected
those of O) on the population of the levels radiating the 8 Ar lines used for actinometry. Czerwiec et al
[5] computed the rate coefficients assuming a Maxwellian EEDF in a low pressure N, ICP. The calcu-
lation also included collisional quenching of the Ar 2p; and 2py radiating respectively the lines at 750
and 811 nm (respectively further designed as Ar750 and Ar811) lines used. Morillo-Candas et al [6],
measured O atoms in a CO, glow discharge between 1 and 5 Torr, obtaining the rate coefficients from a
Boltzmann solver computing the EEDF of the CO,-Ar mixture using the measured reduced electric field.
They only used the Ar750 line for Ar, but studied both the lines at 777 and 845 nm for O (respectively
further noted as O777 and 0845), with collisional quenching for all 3 levels. In this case the effect of the
dissociation products on the EEDF as taken into account. Tsutsumi et al [7], calculated the EEDF for dif-
ferent dissociation degrees of O, to estimate the O atom density in a low pressure O,—Ar CCP. The col-
lisional quenching of the 0845, 0777 and Ar750 lines was again included. In [8-10], which investigate
H and OH densities and water traces in a He:Ar:Xe glow discharge containing traces of water vapor, the
computation of the EEDF was iterated to allow for dissociation products. Several lines are observed for
the species of interest: a molecular band of OH at 306 nm, the emission of H at 656.3 nm and two lines
of O (0777 and O845). Both Xe and Ar emission lines were used as actinometers (at respectively 823.1
and 750.5nm). As opposed to most cases where a ‘general’ collisional quenching rate is used to describe
the collisional quenching of the radiating levels by all the species of the plasma, the quenching of each
radiating level by each species was described by a collisional quenching coefficient. At low pressure the
EEDF can be measured by Langmuir probe. Lopaev et al [11], estimated N, F and O atoms densities in
low-pressure glow discharges using Kr as actinometer. They used two lines for Ar (Ar750 and Ar811) as
well as two for O (0845 and O777) and included quenching of the radiating levels by collision with a
generic partner M.

The estimation of absolute densities by actinometry requires knowledge of basic collision data,
including excitation cross-sections and complete sets of collision cross-sections for EEDF computa-
tion. Evidently, the accuracy of the method depends directly on the quality of this basic data. Although
some studied have compared actinometry to other diagnostics [4, 6], obtaining quantitative agreement
of absolute densities remains challenging and is highly dependent on the choice of collisional data.
Although many cross-sections are available in literature, there are often large discrepancies; choosing
the optimal set can be problematic, leading to large uncertainty in the results. This study is divided
into two parts. The first part explores the problems that arise in actinometric measurements of oxygen
atom densities, and provides a reliable set of parameters to determine O atom densities from actino-
metry using either Ar or Xe. The actinometry measurements are compared to cavity ring down spectro-
scopy (CRDS) measurements of the ground-state O atom density, which is assumed to provide accurate
absolute densities of O atoms. Measurements were made in a DC glow discharge in pure O,, O,:Ar and
02:Xe at pressures between 0.5 and 5Torr. A line intensity simulation was used to test the cross-sections
for each line. The results are then confirmed by direct comparison the results to simultaneous CRDS
measurements. In the second part of this work [12], the optimised collision data chosen in this paper
are used for actinometry, and a method is proposed for the determination of the reduced electric field
from the intensity ratios of actinometer lines.

As already mentioned, previous studies [4, 6] have already proposed quantitative comparisons
between densities obtained by actinometry and other diagnostic techniques. The originality of this work
is to provide much stronger constraints on the choice of the collisional data used for the actinometry
analysis by three means:

1. The analysis of the gas pressure and discharge current trends of the intensities of each individual
emission line (not the line ratios) imposes much stronger constraints on the cross section set
considered for oxygen atoms and for the actinometer
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2. Not only does this work propose a comparison of actinometric results with another, more accurate,
measurement method (namely CRDS), but this comparison is carried out with simultaneous
measurements, in a particularly homogeneous discharge, with two different actinometers gases (Ar
and Xe)

3. Analysis of the accuracy of the results obtained with the different effective cross-sections available in
the literature is evaluated not only on the basis of the O atom densities compared with the CRDS
results (the subject of part I of this work), but also with the reduced electric fields obtained by a line
ratio technique using the same sets of effective excitation cross-sections for the 2 actinometer gases
considered (the subject of part II of this article [12]).

This combined approach makes it possible to provide very strong constraints, in particular for the
excitation cross sections for O, Ar and Xe. Indeed, if a unique set of excitation cross-sections can repro-
duce not only the individual line intensity variations, but also accurately indicates the O atom density
(part I) and the reduced electric field (part II, [12]) from the line intensity ratios, then the excitation
cross-sections can be considered to be accurate within the reduced electric field range explored in this
work.

2. Experimental setup

A low-pressure glow discharge (between 0.5 and 5 Torr) was chosen for this study because it is reprodu-
cible, axially homogeneous in the positive column, the electric field (E) can easily be measured, and the
electron density (#.) can be varied simply by controlling the current. A schematic of the setup is shown
in figure 1. The glow discharge is ignited in a 68 cm long cylindrical pyrex reactor of radius 1 cm. The
electrodes are situated in side-tubes perpendicular to the axis of the tube, so that measurements take
place only in the positive column. The gases are supplied to the tube by three mass flow controllers and
the ensemble is pumped by an Edwards XDS pump. The tube is closed on both sides by two highly
reflective mirrors (R>0.9997) which constitute the optical cavity of the CRDS system [13]. The mirror
on one side is mounted on a piezoelectric actuator to enable longitudinal mode-matching. The discharge
current is supplied by a stabilized DC power supply (FUG). Optical emission emitted perpendicular to
the discharge axis is collected by a lens of focal length 5 cm positioned on the side of the tube, with its
focal point at the center of the tube. The collimated beam is then focused onto the entrance slit of a
spectrometer (Princeton Instruments Isoplane 320) by another lens of focal length 3.5 cm. The entrance
slit of the spectrometer is set to 2 mm for all experiments. A grating of 1200 gmm ™! blazed at 500 nm
is installed in the spectrometer. A photomultiplier tube Hamamatsu R13456 is mounted at the output
of the spectrometer. For each tested conditions, the spectrometer sweeps over each line with a resolution
of 0.02 nm and an integration time of 10 ms per point. The electric field is measured with two floating
tungsten pins reaching inside the positive column of the glow discharge. The voltage difference between
the pins is measured by a high-impedance voltage divider, giving the electric field. An almost identical
setup was used in [14].

The conditions studied in this experimental study are given in table 1. The reduced electric field E/N
varied between 90 Td at 0.5 Torr and 45Td at 5 Torr.

3. CRDS

CRDS using a tunable single-mode diode laser is a reliable method to measure the absolute atomic dens-
ity of oxygen as well the gas temperature (from the Doppler profile of the transition). The principles of
this technique have been described in detail, e.g by Berden and Engeln [15]. CRDS was used for example
by Booth et al [16] to measure fluorine-containing radicals in a low pressure RF plasma. This technique
can be applied to numerous other species, for example Stancu et al [17] measured N,(A) in atmospheric
pressure nanosecond discharges. The CRDS setup coupled to a low-pressure glow discharge used here
has been presented previously [14].

Although the CRDS technique requires sophisticated equipment, the determination of the (line-
integrated) atom density from the signal depends only on the simple Beer—Lambert law; measurements
of relative density variations (as discharge conditions are changed) can be considered to be highly accur-
ate, and the absolute accuracy of the measurement principally depends upon the accuracy to which the
line-strength is known. reputedly & 7% [18]. In this case the ground state of atomic oxygen is probed
directly, unlike actinometry which probes electronically excited states. In this work the O(*P,) <+ O('D,)
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Table 1. Experimental conditions used in this study.

Pressure 0.5-5 Torr
E/N 90-45Td
Current 40 mA
Mixture Pure O, /95:5 O,—Ar/98:2 O,—Xe
total flow 7.4 sccm

Spectrometer & PMT

Convergent
lens
Highly reflective Highly reflective
Mirror Mirror
. . Gas out Gasin
Piezoelectric T l

7 = =T
| -
—LLI E tlie]d E field

L probe probe Laser
Pinhole —%g—

L Wavelength
meter

AOM

| /
M I /M

Figure 1. Experimental setup. The low-pressure DC glow discharge is ignited in a pyrex tube in a plug-flow configuration. The
discharge is coupled with a Laser and a PMT for CRDS. The light emitted by the discharge perpendicular to the axis is sampled
and sent to a spectrometer for actinometry.

transition at 630 nm is used, for which the integrated cross-section is given by [14]:

A“P )\2
Tint = /al‘j};du = (zﬂ% =2.9810"Pcm’ (1)
ow

with A® the Einstein coefficient of the transition (taken from NIST), g, is the degeneracy of the
upper level O(!D;), giow the degeneracy of the lower level O(*P,). The total density of the O(*P) state
is deduced from the population of O(*P,) by assuming thermal equilibrium across the other spin-orbit
levels:

>ige 7O CP)]
- . .

[0CP)]

(2)

The CRDS setup is shown in figure 1. The tunable cw laser beam is provided by an external cavity
diode laser (Toptica DLPro). The laser linewidth is of a few 1077 cm™! with a jitter below 107 cm™!,
tunable between 630.2087 and 630.1991 nm). Part of the laser beam is sampled with a beamsplitter and
directed into a wavemeter (HighFinesse WS8) to monitor the laser wavelength. The main laser beam
passes through an opto-acoustic modulator and coupled into the optical cavity through one spherical
high-reflectivity mirror (R~0.9999 at 630 nm). This mirror is mounted on a piezo-electric translator
which moves with an amplitude of more than one A at a frequency of 30 Hz. The beam exits the cavity
through a second highly reflective mirror and is detected by a photomultiplier tube (PMT Hamamatsu
R928) fitted with a 630 nm interference filter. The absorption due to atomic oxygen is calculated from
the measured decay time of the photomultiplier signal. The oxygen atom density is corrected for the

dead volumes between the active discharge zones and the mirrors (7 cm on each side). The homogeneity

4
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of the plasma along the reactor length was verified with an axial scan of the optical emission intensit-
ies and showed variations of less than 8%. The temperature of the gas is determined from the Doppler
broadening of the transition line profile.

Because of the principle of CRDS and the experimental setup used, the uncertainty of the CRDS
measurement is very limited. No etaloning occurs as there are no optical elements between the surfaces
of the two mirrors. The jitter of the tunable laser used is up to 0.001 cm™!, but the laser position is
continually monitored by the wavemeter with a precision of 107> cm™!, preventing any effect on the
accuracy of the temperature measurement. The statistical noise on the ringdown times leads to an uncer-
tainty of the fits (5% on the density and & 5 K on the temperature). The most significant uncertainty
factors are the uncertainty of the transition strength and the estimation of the effective absorption path
length. We calculated the transition strength from the Einstein A factor given by NIST, which is stated to
have an estimated accuracy of B+, corresponding to <7%. However, this value results from a theoretical
calculation, and has never been measured. Concerning the effective absorption length, diffusion calcu-
lations showed that the density of O atoms in the dead volume (between the plasma and the mirrors)
was very low. We estimate that the uncertainties in the assumptions about the axial distribution of the O
atoms add a further uncertainty of +3% to the density measurements. Overall, the uncertainty on the O
atom density measurements by CRDS is of +10%.

The CRDS technique requires sophisticated experimental hardware and critical alignment. The meas-
urements are line-of-sight integrated, and thus depend on the homogeneity of the medium along the
optical path, hindering its use in complex geometries. For these reasons, actinometry can be a good
alternative for measuring atomic species.

4. Actinometry

4.1. Equations and principle
Actinometry relies on the comparison of the intensity of the emission from an excited state of the spe-
cies of interest with that from a species whose density is known (the actinometer gas).

Assuming that excitation is dominated by single-step electron impact, the emission intensity of a line
can be calculated from the product of the excitation rate and the radiative branching ratio. The intensity
Ix of an emission line of species X between level i and level j at wavenumber v is given by:

Iy = C, x huj x KX x ne x @ x [X] (3)

where v;; is the wavenumber of the transition, C, is the response coefficient of the observation device at
wavenumber v, kf’i is the rate coefficient of electron impact excitation from the ground state to level i,
ne the electron density, [X] the density of species X and afj the effective branching ratio [6]. The relat-
ive spectral intensity sensitivity of the detection system, C, (from equation (3)) was determined using a
reference tungsten lamp with known emission spectrum. The branching ratio, aff, represents the prob-
ability of radiative de-excitation through the observed line compared to all other deexcitation channels.
The branching ratio can be written as:

AX
af = A
TN AN+ Y K, [Q)

where Aj; is the Einstein coefficient of transition i—j, >, A; is the sum of all Einstein coefficients of
radiative transitions from level 7, [Q] is the density of species Q and kj, is the collisional quenching coef-
ficient of level i by species Q. The electron impact excitation rate coefficient, kX', is given by:

= (%) " / °° 0 (€)fle) v/ Te)de )

(4)

m

(e) is the excitation cross-section of level i, ey, is the energy threshold of the cross-section, e is

the electron charge, m is the electron mass and f(¢) is the EEDE

If equation (3) is valid for both the species of interest and the actinometer, actinometry can be used.
This means the excited level i must be populated predominantly by electron impact, and not dissociative
excitation of a molecule, or by cascade from another state. Using an actinometer A radiating from 7’ to 7,
the density of species X can be obtained from the ratio of the two line intensities following equation (3):

where o

X] = XA R T4
X Iy Cx hl/é-( kf” aX 4] (©6)
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3 Ar(2p1 Xe(2p5
O(3p7F) O(3pP) Lie 750.4 nm _(-“ 828.0 nm
saaomm 777.4 nm
0O(3s3s) 0(3s55) Ar(1s2) Xe(1s4)
€n=1leV €y = 13.48eV €p = 9.93eV
€ = 10.8 eV
0(2p*3P) Ar(Gnd) Xe(Gnd)

Figure 2. Atomic species levels used for O on Ar or Xe actinometry together with the respective transition lines used in the actin-
ometry method developed in this work.

Ideally, the excitation cross-sections o; (of level i of species X) and oy (of level 7 of the actinometer
A) should have similar excitation thresholds (i.e €¢; ~ ¢ and o;(¢) ~ 0y (€¢)) and shape to minimize the
impact of inaccuracies in the computation of the EEDFE.

Species A is usually a noble gas so that its density remains constant in the plasma, although some
studies have used molecules from the plasma such as H; in [19].

4.2. Oxygen atom actinometry using Ar or Xe as the actinometer

The optical emission from O atoms in low-temperature plasmas is dominated by two intense lines:

(1) a triplet (referred to as O777) centered around 777.4nm (the three lines are very close and often
unresolved, therefore no distinction is made between them), corresponding to the radiative deexcita-
tion of O excited level O(3p°P) to level O(35°S) [18], and (2) a second even more closely-spaced triplet
(referred to as O845) centered around 844.63 nm corresponding to the deexcitation of level O(3p*P)

to O(35s°S) [18]. The thresholds for excitation of the levels radiating the O777 and 0845 lines are very
close, respectively €qospsp) = 10.8 eV and €y,o(3p3p) = 11 €V, as shown on figure 2. Note that, the levels
O(3p°P) radiating O777 and O(3p>P) radiating 0845 can be populated not only by electronic impact

on ground-state oxygen atoms, but also by other processes, including stepwise excitation via metastable
states, cascades from higher excited levels and dissociative excitation of O,. If the O('D) or O('S) meta-
stable states of atomic oxygen are present in significant density, these can be further excited by electron
collisions to the observed radiating states (O(3p>P) or O(3p°P)). This stepwise mechanism was included
in the collisional radiative model developed by Caplinger and Perram [20]. They found that, whereas it
can be very significant at low pressures (1 mTorr), at 1 Torr the density of these intermediate states is
strongly reduced by collisional quenching, this stepwise process becomes negligible compared to direct
excitation (and cascades). This conclusion is supported by an experimental study of O, discharges by
Germany et al [21], which showed that already at 20 mTorr there was no significant contribution from
O('D) to either of the radiating levels. Radiation trapping can occur if there is significant density in the
lower levels of the observed transitions, namely O(*S?) for 0844 and O(°S9) for O777. Caplinger and
Perram [20] calculated the fractional population of these levels as a function of O, pressure, using a
collision-radiation model of a pure O, discharge coupled to a Boltzmann solver. They assumed a con-
stant effective electron temperature of 3 eV (with an LTE EEDF), slightly higher than those in our case,
and an electron density of 10'® cm™>. Their model indicates that the fractional density in the radiative
O(’S?) remains constant at the low value of about 3x 10~ until the pressure exceeds 100 Torr, at which
point it becomes even lower due to collisional quenching. Although trapping of the resonant radiation at
130nm from O(*SY) to the ground state may affect this density, it is still far too low to cause trapping
of 0844. The density of the metastable O(°S9) level was found to be significantly higher at low pressures.
However, at 1 Torr, collisional quenching is already effective and the relative population is about 3x 1077,
corresponding (using our CRDS measurement of the total O density) to a density of about 10° cm ™3

in this state. Over the 1 cm radius of the tube this can lead to about 10% absorption of the strongest
component of the O777 triplet, or an escape factor close to unity (using the formula of the optical depth
and the relationship between optical depth and escape factor provided in [22]). Caplinger and Perram
[20] also calculated effective cascade cross-sections for the excitation of the O(3p’P) and O(3p°P) states.
The cascade cross-sections for both levels is one order of magnitude lower than the direct excitation
cross-section at 15 eV (corresponding to the far tail of the EEDF for our experimental conditions). Even
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Table 2. Einstein coefficients and collisional quenching of the level used. All the A;; are taken from the NIST database [18].

Level Line Aj (s71H [18] ko (m’s™1)

0o(3p°P) 777 3.69 x 10’ 10.6x1071 [27]
o(3p’°P) 844 3.22 x 107 9.4x107'6 [7]
Ar 2p; 750 4.45 x 107 7.6x1071° (6]
Xe 2ps 828 3.69 x 107 9.8x107!° [28]

at the peak of the cascade cross-section for 0844 (at 50eV), it is only 1/3 of the direct excitation cross-
section, in agreement with calculations of Julienne and Davis [23]. Therefore, cascade effects can be neg-
lected under our conditions. The impact of dissociative excitation of O, on optical emission actinometry
of oxygen atoms was investigated by Walkup et al [24]. Under their conditions (radiofrequency capacitive
discharge at 390 mTorr) they found that this process can make a significant contribution to the 0777
line, whereas the 0844 line is much more immune to this effect, due to the higher energy threshold
(20.5 eV compared to 17.5¢eV) and smaller cross-section. This process can be included in equation 3.

As discussed in previous works [6, 25], the dissociative excitation concerns only the O(3p°P) radiating
0777 and can be included in equation (3). As a consequence, the intensity of the O777 line is given by

10777 = C777 X hl/7%7 X (1977 X ne X (k? X [O] + kde X [OZD (7)

with kg, the dissociative excitation electron impact rate coefficient calculated from equation (5) and the
corresponding cross-section. The cross-section in this case was taken from Schulman et al [26]. However,
while dissociative excitation can be important in low-pressure discharges which have significant high-
energy electron populations, it has been shown to be negligible in DC glow discharges at a few Torr

in O; [4, 6]. The EEDF is indeed in local thermodynamic equilibrium, leading to a rapid decrease of
the electron density in this high-energy region. Dissociative excitation is therefore negligible under our
conditions compared to direct excitation from ground state atoms with lower energy thresholds. In this
work, it was included for the intensity calculations but does not make a significant impact, accounting
for less than 5% of the estimated oxygen density at most. We therefore chose to neglect it for the actino-
metry calculations.

For Argon, the 750.4 nm line is used. This corresponds to emission from Ar(2p;) (4p’[3]o in Racah
notation) to Ar(1s;). This is the line that is customarily used in most studies when using Ar as an actin-
ometer. The energy threshold of the excited level radiating 750 nm is €par(2p,) = 13.48 eV.

Although Ar is widely used in actinometry, it has some disadvantages, notably the low emission
intensity, especially for low Ar percentages in the mixture. To avoid this inconvenience, as well as to
check the results with a different actinometer gas, we also investigated the use of Xe. Xe is not com-
monly used because of its very high price, but has several advantages. First the emission line at 828 nm
is very intense, so the signal is easily observed even for small percentages of Xe, minimizing the per-
turbation of the plasma. Secondly, the energy threshold of the excited level is closer to (indeed, lower
than) that of O atoms, which in our conditions is closer to the bulk of the EEDF than the Ar threshold.
This lower excitation threshold reduces the sensitivity to the errors in the tail of the EEDF, which are
more challenging to calculate accurately than the bulk of the EEDE The line used is the 828.2 nm line
(referred to as the Xe828 line), which corresponds to radiation from the 2ps level to the 1s, level. The
energy threshold of the 2ps level is €yxe(2ps) = 9.82 V.

The spontaneous emission coefficients A;; for all of these levels are taken from the NIST database
[18] and are given in table 2, along with the collisional quenching coefficients and their sources. As
shown in equation (4), in principle it is necessary to know the quenching coefficient for each excited
state by each individual quencher present. However, these are not always available in the literature.
Therefore we used the values for O, for all quenchers, using the approximation g kyng ~ ko, x N, with
N being the gas density. This approximation has a limited effect, due to the low fraction of noble gas
(and assuming that the O, dissociation fraction is small); it is supported by measurements of the col-
lisional quenching rates in CO, and in O, in [6], which showed that quenching coefficients are quite
similar for different molecular collision partners (such as CO, and O,).

5. Challenges of actinometry

5.1. Inaccuracy of actinometry performed with commonly used cross sections
Previous comparisons of oxygen atom actinometry to other direct measurement methods have shown
varying degrees of agreement. Pagnon et al [4], compared actinometry to VUV absorption spectrometry
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Figure 3. Comparison of O atom measurements taken simultaneously by CRDS and actinometry in a 95:5 O2:Ar low-pressure
glow discharge at 40 mA. The CRDS results are plotted in red, and actinometry in purple. The excitation rate coefficient for oxy-
gen atoms was calculated using the Laher cross-section [29], and that for Ar using the Chilton excitation cross-section [33].

in an O, glow discharge. The agreement was good: at 2 Torr, the [O]/[O;] fraction was 0.19 with VUV
absorption spectroscopy versus 0.22 for actinometry, giving credit to actinometry. A agreement was
observed at the lower pressure of 0.36 Torr. However, a comparison of the O atom excitation cross-
section shown in Pagnon et al [4], attributed to Laher and Gilmore [29] with the original cross-section
from Laher and Gilmore [29] reveals a shift in the threshold for both O lines. The excellent agreement
obtained by Pagnon et al [4] seems to depend on this threshold shift, a shift that is not justified or even
discussed by the authors. Morillo-Candas et al [6], compared actinometry to TALIF in a CO, glow dis-
charge. Actinometery indicated an oxygen fraction of 12%, while TALIF measured up to 19%, showing a
50% uncertainty on the [O]/N, which could be only partly attributed to the inaccuracy of the calibration
procedure of TALIF by Xe [30].

Britun et al [31, 32] compared actinometry to TALIF in a pulsed radiofrequency discharge, but did
not perform absolute calibration of the TALIF measurement. Rather, they simply normalized the TALIF
measurements to O actinometry at one point. The TALIF and actinometry techniques showed similar
trends, nevertheless a discrepancy of a factor 2 was seen at the beginning of the pulse.

An initial comparison of actinometry to CRDS in a low pressure O,:Ar glow discharge is shown
on figure 3. Here we used the O atom excitation cross-section proposed by Laher and Gilmore [29] to
calculate the oxygen atom excitation rate coefficient, and the cross-section proposed by Chilton et al
[33] for Ar. These cross-sections are among the most commonly used for actinometry [6]. In this first
case we neglected the effect of the oxygen dissociation fraction on the EEDF calculation (the mixture is
assumed to comprise only O, and Ar), as has been done in many previous studies. In this case, actino-
metry underestimates the O atom density by a factor close to 5 compared to CRDS. The question of the
source of this discrepancy arises.

Using equation (7), the intensity of an emission line can be written as a function of basic collision
data:

2e\'/? o Aj
L, = Cy X hvf x () / ¥ (€)f (e, 0™ PF) eden, x — x [X] (8)
o\m) e, (6e™) ITER AR

where f(€,0"EPF) is the EEDF and 0% is the electron impact excitation cross-section.

As discussed above, absorption measurements are a highly-reliable way to measure absolute densit-
ies. In contrast, actinometry, which relies on line intensity ratios, depends on a great number of basic
physical data, obtained from measurements or theoretical calculations in the literature. The results of an
actinometry measurement are therefore strongly influenced by uncertainties in the data used for the ana-
lysis. The most sensitive parameters for calculating properly individual line intensities are the following:
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Figure 4. Excitation cross-sections used in this work for electronic excitation of oxygen to O(3p*P) (radiating 0845) and O(3p5”)
(radiating O777).

o the cross-section for electron impact excitation into each radiating level ¢

o the set of cross-sections used to compute the EEDF, o EEDF
o the quenching coefficients, k.

These are discussed in the following sections.

5.2. The excitation cross-sections o

Numerous energy-dependent excitation cross-sections for O, Ar and Xe levels are available in the literat-
ure. For oxygen atoms we consider four cross-sections proposed by Laher and Gilmore [29], Tayal and
Zatsarinny [34], Barklem [35] and Pagnon et al [4]. These are compared in figure 4. They were digit-
ized from the graphs in the respective papers, except for the case of Laher and Gilmore, where they are
tabulated.

The first calculations of the cross-sections for the electronic excitation of O(?P) to the excited states
O(3p°P) and O(3p°P) were made by Julienne et al in 1976 [23] using the unitarized distorted wave
method including exchange, described in [36]. A peak value of the direct excitation cross-section is
given, as well as the cascade contributions from other levels.

The cross-sections proposed by Laher and Gilmore in 1990 in [29] were estimated from a review
of the extant literature. They are based on the measurements of Gulcicek and Doering [37] (at 30eV)
and of Gulcicek et al [38], extended to more energies: 13.8 eV (close to the threshold), 20eV, 50 eV and
100 eV. The values of Gulcicek efal [37, 38] are approximately 25% smaller than those given by Julienne
and Davis [23]. Based on these measurements, the following approximation was proposed by Laher and
Gilmore:

for O (°P — 3p°P) for O (°P — 3p°P)
direct measurement from [38] forE < 30eV direct measurement from [38]for E < 100eV
o (E) =1.10 x 107! x E~'for E > 30eV o(E) =181 x 107" x E*for E > 100eV

The cross-sections proposed by Laher and Gilmore contain more points than the measurements they
are based on, therefore one must assume that the data was interpolated between the experimental
points, and extrapolated down to the threshold energy (11 eV while the measurements start at 13.8 eV).
However, the exact interpolation and extrapolation algorithms used are not given. For a glow discharge,
whose bulk electron energy is at 2.5V, only electrons in the tail of the EEDF (with energies higher than
10eV) are capable of exciting oxygen atoms. In this case, the shape of the cross-section above 15¢eV is
irrelevant, as very few electrons have that energy. Hence, the cross-sections of Laher and Gilmore, when
applied to a low pressure glow discharge, are only supported by one experimental point, measured by
Gulcicek and Doering at 13.8eV [37].
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Figure 5. Excitation cross-sections used in this work for the electron impact excitation of Argon to the Ar(2p1) level.

The theoretical cross-section proposed by Barklem [35] is computed using a 38-state R-Matrix
including L-S coupling, and was intended for the interpretation of emission spectra in astrophysics. It
was compared to the measurements of Gulcicek et al [38], showing a large deviation (40%) with the
point at 13.87 eV.

Tayal and Zatsarinny [34] more recently calculated cross-sections using the B-spline R (BSR) Matrix
method between 11 and 200 eV. This result was compared to experimental measurements by Vaughan
and Doering [39] and by Kanik et al [40]. However, these experiments provide only a limited number of
points over the studied range (3 points for [39] and approximately 20 points for [40]), and with large
uncertainties. The agreement between the calculated and experimental cross-sections must therefore be
considered with caution.

The Laher and Gilmore (henceforth referred to as Laher) cross-section is, to date, the one most com-
monly used for O actinometry [6, 41] and for collisional radiative models of oxygen plasmas [20, 42]. It
was the first theoretical and experimental review of O excitation, and gives data for numerous excitation
processes, making it convenient for O atom radiative models. The Barklem and Tayal cross-sections are,
however, much more recent and use more complete descriptions of the collision processes.

The fourth cross-section we consider is that of Pagnon et al [4]. Supposedly taken from Laher and
Gilmore [29], a comparison between the two shows a clear shift of the electron energy axis. This dif-
ference could stem from the extraction of the cross-sections from figure 5 in [29]. Nevertheless, given
the good results in terms of measured density given by Pagnon in [4], these cross-sections are worth
investigating.

For Argon, we compare eight cross-sections for direct excitation to the 2p,; level : Chilton et al
[33], Puech and Torchin [43], Zatsarinny et al [44], Hayashi [45], Bubelev and Grum—Grzhimailo [46],
Dasgupta et al [47] and Pagnon et al [4]. They are plotted on figure 5. The cross-sections from Biagi,
Chilton, Puech and Zatsarinny were taken from the LXCat database, as discussed by Pitchford et al [48].

The Biagi cross-section is taken from the Magboltz Fortran code developed by S.E.Biagi, which is a
Monte Carlo code which calculates the trajectory of electrons in a magnetic and/or electric field. This
data is available in the LXCat ‘Magboltz 8.1 database.

The Zatsarinny cross-sections [44] were computed using the BSR-Matrix method with JK Coupling.
They have been compared with experimental data [33, 49-51]. Relatively good agreement was found
with the measurements of Chutjian and Cartwright [49], although some discrepancies lead the authors
to question the absolute normalization accuracy. It is available on the LXCAT database (BSR500 data-
base).

The Puech cross-section is taken from the 1986 compilation of cross-sections in Puech and Torchin
[43]. The data are taken from various sources: the cross-sections for momentum transfer are from
Frost and Phelps [52], and for inelastic processes (with thresholds above 20eV) from a set developed
by Bretagne et al [53], based on the measurements of Chutjian and Cartwright. For lower energies, the
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set is based on measurements by Schaper and Scheibner [54]. The values used here are taken from the
Puech database on LXCat .

The Ar cross-section given by Pagnon is supposedly the same that of Puech, drawn from [43]. The
data shown was digitized from the article of Pagnon et al [4]

The Hayashi cross-section is given in the literature review of 2003 [45], which was a compilation of
the available data on Ar excitation cross-sections. Data for elastic momentum transfer, electronic excita-
tion and ionization of Ar is available. The reasons for the choices made are not discussed in the report,
only the final recommendations are given. The data were again digitized from the graphs in this paper.

The Chilton et al cross-sections [33] were determined experimentally from 0 to 300 eV. All emissions
in the range 650-1100 nm were measured by Fourier-transform spectroscopy, which allowed separation
of cascade contributions from direct excitation. A previous measurement by Ballou et al [55] only estim-
ated the cascade contribution. The cross-section is not well resolved around the excitation threshold,
with its first point at only 14 eV. The Chilton cross-section is that used in the IST-Lisbon set for Ar, and
is available on LXCat in the ‘IST Lisbon’ database.

The calculated cross-section of Bubelev and Grum—Grzhimailo [46] does not include the near-
threshold region, but only starts at 16 eV, limiting the interest for our conditions. They compared their
calculations to two previous calculations performed by Albat et al [56] using two different methods
(plane-wave Born approximation PWBA and close-coupling calculations).; They found relatively good
agreement (approximately 20% higher) at energies above 80 eV. However, significant disagreement was
observed at lower energies. The calculated cross-sections were also compared to experimental values
from Ballou ef al [55], Chutjian and Cartwright [49] and Bogdanova [57]. An order of magnitude of
difference was seen at low energies, reducing to a factor of 2 to 5 at higher energies. The authors under-
lined that the quality of the wavefunctions they used was unsure and stated that the validity of their cal-
culations for that specific level could not be verified.

Dasgupta et al [47] calculated cross-sections using a modified distorted wave method. Specifically,
the authors used ab-initio wave functions with full electron exchange and polarization of the outermost
electron and proper conversion of the T matrix and R matrix. According to the authors, this modified
method yields better results than the usual DW calculation, both near-threshold and at high energy,
and allows the computation of electron impact excitation of the Ar from the ground state to the 2p;_1
states and to the 1s,_s5 states. The data for Ar2p; excitation were compared to the simulated cross-
sections of Bubelev and Grum-Grzhimailo [46] and Bartschat (from a private communication) as well
as to the experimentally-measured cross-sections of Chutjian and Cartwright [49] and Chilton et al [33].
Near-threshold, the computed cross-section was in good agreement with the calculations of Zatsarinny,
while it was in excellent agreement with the Bubelev cross-section above 50 eV. The cross-section from
Dasgupta was, however, between 3 and 10 times higher than the experimental cross-sections. For this
work, the cross section of Dasgupta was digitized from the source [47] and given in figure 5.

For the excitation of the 2ps level of Xe we consider six cross-sections available in the literature:
Biagi, TRINITI [58], Zatsarinny, Priti [59], Chiu et al [60] and Fons and Lin [61]. These are plotted on
figure 6.

The Biagi cross-section was again taken from version 8.9 of the Magboltz Fortran code, as provided
in LXCat as the Biagi database.

The TRINITTI cross-sections (available in the TRINITI database on LXCat) were taken from Baranov
[58], published in 1979.

The Xe cross-sections proposed by Zatsarinny are available in the BSR LXCat database. The cross-
section for excitation to the Xe 2ps level has not been published. However, Zatsarinny and Bartschat [62]
published a benchmark of the BSR Matrix method, including several computed cross-sections for Xe
excitation, and comparison of the results to experimental data. The excitation cross-sections to the 5p°
6s(J=0,2)and 5p> 6 s (J = 1) levels were compared to the experimental data of Buckman et al [63]
and found to be in relatively good agreement.

The Priti cross-sections [59] were calculated using the relativistic distorted wave theory. The results
are of comparable magnitude to the BSR calculations at high energy (e >20eV) but show a strong dis-
agreement near the threshold.

Fons and Lin [61] measured Xe excitation cross-sections using a beam of monoenergetic electrons
generated by a heated cathode. The light emitted was then analysed by a monochromator and PMT. A
theoretical treatment was used to extract the direct excitation cross-sections from the observed cross-
sections (which include radiative cascades from other levels). However, the observed cross-section was
highly sensitive to pressure.
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Figure 6. Excitation cross-sections used in this work for Xe 2ps.

Similarly, Chiu et al [60] measured the emission spectrum of a single-collision beam experiment for
energies ranging from 10 to 70 eV. The measurements were compared to Fons and Lin [61] and were
found to be in good agreement for most of the Xe 2p; states

In the rest of this work, the excitation cross-sections for a specific level of a species X is denoted

Xexc Oexc Tttt :
Tsource> €8 Opayel fOr the O excitation cross-sections proposed by Tayal.

5.3. Cross section sets used to calculate the EEDF
In a DC glow discharge the EEDF can be calculated, for a given value of the reduced electric field, using
a Boltzmann solver combined with a complete set of the elastic and inelastic cross-sections for the gas
in question. Excitation rates can then be calculated from the EEDF and the excitation cross-sections.
The actinometry proportionality constant can then be calculated from the ratio of the excitation rates
for oxygen atoms and for rare-gas atoms. However, the result obtained is highly sensitive to the form
of the EEDEF, because the excitation threshold energies (~10-13eV) correspond to the tail of the EEDF
for a glow discharge whose mean electron energy is around 2.5eV. To our knowledge, the only com-
plete and consistent set of cross-sections for O, electron impact publicly available is the one from the
IST database, available on LXCat (referred to this as the ‘IST set’ in the rest of this work). This dataset
was generated by the IST team by combining the cross-sections from Gousset et al [64], with estimations
of the cross-sections for the remaining (unmeasured) processes. The shape and amplitudes of these addi-
tional cross-sections were adjusted until the calculated swarm parameters matched the measured ones.
No other sets proposed in the literature are consistent with the measured swarm parameters. However,
we will also consider the O, cross-section set proposed by Biagi from his code Magboltz. This set has a
major drawback: the ionization coefficient is not well reproduced as a function of the electric field com-
pared to available swarm measurements [65—67], which in this particular case is a problem, because the
O, ionization threshold is around 11 eV, precisely where the O777 and 0845 lines excitation take place.
Opverall, this means that the Biagi set is less likely to accurately reproduce the EEDF in this region. Apart
from the reduced Townsend coefficient for the Biagi set, all other swarm parameters are well reproduced.

The same problem arises for the selection of cross-sections sets for the actinometer gases, i.e. Argon
and Xenon. Although they represent at most 5% of the gas, they will have some effect on the EEDF cal-
culation. Several sets are available in literature [68] and are given in the IST Lisbon database, [33, 43]
for Ar and Xe [62, 69]. Here we only consider one set of cross-sections for Ar and for Xe, because the
impact is expected to be limited for small rare gas additions. For Ar we chose the IST set [68], which
has been validated against the swarm parameters. For Xe, the Biagi set [69] was used.

Finally, we must estimate the collision cross-sections for atomic oxygen, which can make up to 30%
of the gas mixture. No set exists which has been validated against swarm parameters for mixtures of
atoms and molecules, so the effect of oxygen atom cross-sections on the EEDF is challenging to evaluate.
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For this work, the set of electron impact cross-section on atomic oxygen from the IST database was
chosen for the EEDF calculation.

In the rest of this work, the set of O, cross-sections used for the computation of the EEDF is
denoted oEEPY e.¢ oFEPT when the EEDF set used is taken from the IST database.

5.4. The accuracy of the quenching coefficients

The calculations are also affected by the values of the quenching coefficients used, although for the gas
pressure range considered here this is less critical than for the excitation cross-sections. The quench-
ing rate constants reported in the literature vary by a factor 2: for example, the rate of quenching of
O(3p°P) by O, given by Meller et al [70] is half of that given by Dagdigian et al [71] (respectively
3.7x107P0cm?s ™! vs 7.8x107%cm?s™!). However, the Dagdigian value is close to that measured in
TALIF experiments by Niemi et al [27] and by Morillo-Candas [6], therefore we use this value for the
rest of this study. The influence of quenching increases with pressure, and therefore different choices
could change the trends with pressure. However, a change by a factor of 10 in the quenching coefficient
would be needed to cause a significant difference. This is unlikely, given the number of experimental
measurements of these rates. The current values, despite their uncertainty, will not be changed. The val-
ues used in this work are given in table 2.

6. Line intensity simulations

Actinometry is a line ratio method, therefore it does not allow cross-sections to be tested individually.
Testing the effect of the excitation cross-section, o*¢, the sensitivity of the EEDF on oFEPF and the
choice of quenching coefficients, would lead to numerous combinations and possible error compensa-
tion. Therefore we will first assess the accuracy of the determination of the intensity of individual lines
before applying it to line ratios in the actinometry technique. To test parameters one by one, an intens-
ity calculation algorithm was developed. The principle is to calculate the absolute number of photons
emitted for each transition of interest, using the experimentally measured atomic oxygen density, O
density and temperature (from CRDS measurement), and the electric field (from the potential of the
tungsten pins). The simulated intensity can then be compared to that measured by the spectrometer.
The algorithm is summarized in figure 7. The experimental conditions are used as input for the LisbOn
Klnetics Boltzmann solver (LoKI-B) [72, 73]. A set of cross-sections is provided for the computation of
the EEDF, and excitation cross-sections are provided for the computation of the rate coefficients. The
electron density is deduced from the discharge current, C (set in the experiment), and reduced mobility
(computed by LoKI-B):

C

= —— 1T 9
" qX E/N X fired ©)

where r the tube radius and pieq is the reduced mobility (preq = pt X N where  is the mobility).

Finally, using equation (3), the intensities are computed for the lines of interest. The simulated
intensities are then compared to the experimental values. The ‘best’ cross-section is the one that minim-
izes the difference between experiment and simulation over the whole range of plasma conditions tested.

Absolute calibration of measured emission intensity is a challenging task, beyond the scope of this
work. Instead, the experimental and simulated intensities are normalized to the value of the O777 line
at 1 Torr. This way, two things can be compared at once: (1) the trend with pressure (i.e indirectly with
varying E/N) for the O777 line, which tests the validity of the chosen excitation cross-section ¢*¢, and
(2) the consistency of the all the other emission lines with the O777 line. Indeed, if the normalization
is done on the O777 line, the O845 line should match the simulation if the cross-sections are consistent
for both levels.

6.1. Line intensities in pure oxygen plasmas

First, we will compare the simulated and measured intensities in a pure O, discharge (to avoid the influ-
ence of Ar or Xe on the EEDF calculation). The O, flow is set to 7.4 sccm and the current to 40 mA. In
these conditions of pressure (0.5-5 Torr), the reduced electric field E/N varies between approximately 90
and 45 Td (see figure 9 in the second part of this work [12]). We investigated two sets of cross-sections
for the EEDF computation o®EPF, and four cross-sections for excitation to the specific O levels, as shown
in table 3. In all EEDF calculations, the same cross-section set (from IST-Lisbon) is used for atomic O.
The influence of the excitation of oxygen molecules into the metastable O,(a) state is neglected in the
EEDF calculations, although it has been seen experimentally that the fraction can reach 10% of the total
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Figure 7. Principle of the absolute emission intensity computation.

Table 3. oZEPF and 00 ¢ tested for the comparison of the simulated and measured line intensity.

ot IST set, Biagi set

o Laher, Pagnon, Barklem, Tayal

O, density [74]. The influence of this state on the measurement of electric field by the line ratio method
is discussed in the second part of this work [12]. In figure 8 the measured intensities of the two oxygen
lines are compared to simulations using different O excitation cross-sections o©% but the same set (IST
otEPE) for the computation of the EEDE. The data are normalized to the O777 value at 1 Torr. Note that
the normalized measured intensity O845 at 1 Torr is (coincidentally) close to unity.

The intensities of both lines decrease monotonically with pressure in all cases. The decrease of the
intensity with pressure occurs for several reasons. First, the reduced electric field decreases with increas-
ing pressure (from 62 Td at 1 Torr to 47 Td at 5 Torr), leading to a significant reduction in the fraction
of electrons with enough energy to excite the radiating levels. Secondly, collisional quenching increases
with pressure. Finally, the fraction of atomic oxygen also decreases with pressure (except below 1 Torr).
For the Q777 line, all of the cross-sections, o© ¢, considered give similar results. The value of the nor-
malized experimental intensity reaches 1.16 at 0.5 Torr, close to the 1.24 reached in the simulation using

the Tayal cross-sections J?ﬁ;ﬁ. The highest simulated value is obtained with the Laher cross-section

o, reaching 1.33. At 5Torr, the experimental value drops to 0.24. The closest simulated value is 0.16,

reached with the Tayal cross-section U%ey’;‘l’, while the lowest value of 0.137 is again reached with the
Laher cross-section 00, Overall, the best match for 0777 is obtained with a%i,’;f, although the calcu-
lated results do not diverge greatly (this is partly explained by their normalization to the 1 Torr point).
The results for the O845 line (normalized to the O777 emission at 1 Torr) are much more scattered.
Here again, the simulation which best matches the experiment (i.e showing the smallest difference with
the experiment over the whole pressure range) is obtained using the Tayal cross-section, most notably

at 0.5 Torr (1.304 for the simulation vs 1.3 for the experiment), although the Pagnon cross-section also
yields acceptable results. Using the Laher cross-section overestimates 0844 by a factor of about 2 at all
pressures, leading to the O844 line being more intense than the O777 line.

Now let us consider the effect of the cross-section set used to calculate the EEDE. Figure 9 shows the
results of the same calculations as for figure 8, but using the Biagi set (instead of the IST set) for the
EEDF computation (O’EE;F).

As before, the calculated O777 intensities are quite similar for all excitation cross-sections. The differ-
ences are again more visible for the O845 line. The best match is in this case obtained with the Pagnon
cross-section, although the Tayal cross-section also gives a relatively good agreement with the experi-
mental values.

For actinometry purposes, the cross-sections chosen (oPEPF x g0¢¢) should be those that best pre-
EEDF Oexc EEDF Oexc

dict the line intensity trends. The best combinations found so far are og7"" x OTayal> 18T X OPagnon>
EEDF Oexc EEDF Oexc : : 3 TONi : 1 1
OBiagi X OTayal and OBiagi X OPagnon Given the under-estimation of the ionization coefficient when using

the Biagi set for the EEDEF, and the aforementioned threshold problem of the Pagnon cross-section, the
chosen combination is

EEDF O exc
ot X OTayal*

6.2. Line intensities in O, -Ar plasmas

Next we will investigate the effect of using different Ar excitation cross-sections. In figure 10 the vari-
ation with pressure (at 40 mA) of the experimental intensities Ar750, O777 and O845 are compared to
simulations using the different 04" detailed in section 5.2. In all cases the EEDF is calculated using

oFEPE, and U%*;’S for O excitation. The cross-sections tested are summarized in table 4.
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Figure 8. Trends of the 0777 and 0845 lines (normalized to the O777 emission at 1 Torr) as function of pressure: comparison
of experiment (in red) to simulations using different 0. The IST set (cf5°") is used for the computation of the EEDF. The
current is set to 40 mA and the flow to 7.4 sccm.

15 Normalized 1777 i Normalized 1845
' ’ EEDF _Oexc
Biagi ~ Barklem
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Figure 9. Pressure trends of the O777 line and 0845 lines (normalized to the O777 emission at 1 Torr); comparison of experiment
to simulations using different o© . Same conditions as for figure 8, except the EEDF is calculated using the Biagi set (UEiEagiF).
The current is set to 40 mA and the flow to 7.4 sccm.

The O777 and 0845 lines behave similarly to before, except that there is a slight drop in the oxy-
gen line intensities at pressures below 1 Torr. This effect has been observed previously [74], where a drop
in O density was observed below 1 Torr, attributed to an increase in the surface recombination prob-
ability caused by energetic ion bombardment. Interestingly, a comparison to the results in pure oxygen
(figure 9) shows that this effect does not occur in pure O,, but occurs with a small fraction of argon. In
contrast, the Ar750 intensities decrease monotonically with pressure for all Ar cross-sections, due to the
decreasing E/N and the increase of collisional quenching.
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Figure 10. Variation of the Ar750, O777 and 0845 lines as a function of pressure in a 95:5 O,:Ar mixture at 40 mA. Comparison
of the experimental measurements (in red) to simulations using different Ar excitation cross-sections. In all cases the IST set
oEPF was used for the computation of the EEDF, and the Tayal cross-sections a%;’;f for oxygen atom excitation. The lines are

normalized to the O777 line at 1 Torr.

Table 4. 7€ tested for the comparison of the simulated and measured line intensity.

o ZEDE IST set
oo Tayal
ghrexe Zatsarinny, Pagnon, Chilton, Puech, Biagi, Hayashi, Bublev, Dasgupta

For all 027 (except for Bubelev) the simulated intensities are lower than the experimental measure-
ment. The best agreement across the pressure range is given by the Dasgupta cross-section. At 0.5 Torr,
the experimental value is 0.118 , while the simulated value using the Dasgupta cross-section reaches
0.092. At 5 Torr, the simulated value using the Dasgupta cross-section is 0.0095, close to the value
(0.0145) measured experimentally. This does not mean that the Dasgupta cross-section is the most
correct value; rather that over the electron energy range studied here, the Dasgupta cross-section for
Ar2p; is the most consistent with the ones of Tayal for electronic excitation of the oxygen 3p>P and
3p°P levels, resulting in the most correct actinometry results. However, despite giving different abso-
lute intensities, all of the cross-sections give reasonable predictions of the pressure trend of the Ar line
intensity. The Zatsarinny cross-section in particular exhibits a very similar pressure trend to the exper-
imental one, meaning that it would agree well with the measurements (over the whole pressure range)
if multiplied by a constant factor of 3.040.2. This constant factor is further verified in the second part
of this work [12]. Indeed because Zatsarinny et al also provide cross-sections for Xe calculated using the
same method, it is worth studying further, especially for the line ratio method for the determination of
the electric field using Ar and Xe (discussed in the second part of this work [12]). Hence, the two com-
binations chosen are:

EEDF Oexc Arexc
O1ST X OTayal X OZatsarinny

for relative trend only

EEDF Oexc Arexc
O1sT ><O—Tayal X UDasgupta

for relative trend and best approximation of the absolute density

6.3. Line intensities in O, -Xe plasmas
Next we will investigate the best choice of cross-section for Xe excitation, using the same approach as

was used for Ar. As before, we used the IST set UPSETDF to compute the EEDF, and the Tayal cross-sections
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Table 5. 0X¢® tested for the comparison of the simulated and measured line intensity.

o EEDEset IST set
oo Tayal
gXeexe Biagi, Chiu, Fons Priti, TRINITI, Zatsarinny

Normalized 1777 Normalized 1845
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Figure 11. Pressure variation of the 0777, 0845 and Xe828 intensities in a 95:5 O,:Xe mixture at 40mA: comparison of experi-
ment (red) to simulations using different Xe excitation cross-sections . The lines are normalized to the O777 intensity at 1 Torr.
The EEDF is calculated using the IST set oE:PF, and the Tayal cross-sections 025 were used for O atom excitation.

Tayal
J%ey’;f for oxygen atom excitation. The different cross-sections compared for Xe excitation are detailed in
table 5.

The variation of the 0777, 0845 and Xe828 intensities as a function of pressure is plotted on
figure 11. The experimental results (in red) are compared to simulations using different oX¢exc,

The experimentally observed Xe828 intensity (solid red line) drops from 0.44 at 0.5 Torr to 0.17 at
5 Torr. The calculated Xe828 intensities show much larger differences due to the wide spread between the
different Xe excitation cross-sections, 0*°*. The Priti cross-section oasc™ significantly overestimates the
line intensity (by a factor 3 to 4). The best match is obtained with U)Ziaeé’;;my, with 0.51 at 0.5 Torr and
0.31 at 5 Torr. The TRINITI cross-section (03<X,) shows a very good agreement (0.18) at 5 Torr, but
gives a substantial underestimate at lower pressure. The Fons, Chiu (the only measured cross-sections)
and Biagi cross-sections all give poor agreement with the experiment. Overall, the combination of cross
sections which gives the best individual line intensity calculation over the E/N range [45-90 Td] is the
following:

EEDF Oexc Xeexc
Ot X UTayal X JZastarinny'

7. Actinometry measurements

After an analysis of the factors influencing the intensities of individual O, Ar and Xe lines (and selection
of a ‘best working combination of base data’), we will now look at line ratios, i.e. the actual actinometry
method. Calculations of the actinometric line ratios using the ‘real mixture’ (i.e with the O atom densit-
ies as measured by CRDS) to calculate the EEDF were compared to calculations assuming only pure O,,
and were found to yield better agreement with the CRDS measurements. An iterative algorithm was thus
developed to account for the effect of O, dissociation on the actinometry calculations. The methodology
is represented in figure 12. First, for a given discharge condition (pressure, input gas mixture, current),
the gas temperature and reduced electric field are taken from the experimental measurements and an
atomic oxygen fraction is assumed. From this, the O, O;, Ar (and/or Xe) fractions can be computed. We
then calculate the EEDF (using the Boltzmann solver LoKI-B), and then the excitation rate coefficients.
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Figure 12. Principle of the actinometry algorithm.
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Figure 13. Comparison of the atomic O fraction in the plasma as a function of pressure determined by CRDS (plain red line) and

by Actinometry, using Ar as the actinometer. The dashed lines with round markers are the results obtained with a%;’;f X agggggpm

O exc Arexc

Tayal X OZasarinny normalized to the 1 Torr point of the CRDS, respectively in purple and blue.

and o

These are then used with the observed intensity ratio, the Einstein coefficients and the quenching coef-
ficients (given in table 2) to estimate the O fraction in the plasma. This value is then compared to the
input atomic oxygen fraction. If the difference exceeds 0.5% of the gas density, the estimated O fraction
is used as the new input oxygen fraction and the algorithm is iterated. If the assumed and computed

O fractions converge, this value is kept as the actinometric result. In this section we present a direct
comparison of CRDS and actinometry measurements in a glow discharge at 40 mA for two mixtures:
95:5 O;:Ar and 98:2 O,:Xe. Measurements in the ternary mixture O,:Ar:Xe (both pressure and current
trends) are presented in the second part of this work [12] and confirm the results presented here.

7.1. Actinometry in O,-Ar mixtures
Figure 13 compares the O fraction in the discharge estimated by actinometry to that determined by
CRDS. The left panel shows the results obtained using the O777 line and the right panel the results
obtained with the 0845 line. The CRDS points are plotted in red.

The actinometry results (obtained using the optimal cross-sections as previously discussed), U%ey’;f X

Arexc Oexc Arexc . : : : :
O Zatsarinny and OTayal X ODasguptas AT€ plotted with solid lines and triangle markers. For clarity, no other
combinations of cross-sections are shown; we have demonstrated above that the results were not as good

as those obtained with the presented combinations.
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In all cases, the values obtained by actinometry severely underestimate the oxygen atom mole-
fraction. Considering actinometry using the O777 line, it appears that the best match is obtained using
the Dasgupta cross-sections for Ar, as expected from the single line intensity analysis above. The com-

bination U%ey’gf X agggggpm yields the best results in terms of absolute values, approximately half of the
Oexc Arexc

CRDS measurement. At 0.5 Torr, the actinometry measurement using OTayal X ODasgupta yields an O frac-
tion of 0.116, lower (by a factor 0.6) compared to the value of 0.185 measured with CRDS. This ratio
remains the same at pressures between 1 and 4 Torr. The difference becomes smaller at 5 Torr, with
7.5%x1072 for actinometry and 10x10~2 for CRDS. The results are similar for the 0845 line. The results
obtained with the combination U%ey’;f X aggggﬁpm are still approximately 0.6 times lower than the CRDS
measurements between 1 and 5 Torr.

In order to see if the trends in oxygen atom mole-fraction are well-represented by actinometry (even
if the absolute values are wrong), the actinometry results normalized to the CRDS-measured O fraction
at 1 Torr are also plotted in figure 13(dashed lines with round markers).

: : : : Oexc Arexc : 3
Using both lines, the combination o, %1 X 07, Gitinny gives the best trend (as seen with the round

markers), but the trend obtained with the U%;’;T X agg%ﬁpm is also very close . Over this pressure range,
the trends obtained with both the J%)a;); X Uéarfs’a‘ﬁinny and the cr?a;’;f X Ug;rl:gﬁpm are reasonably good, mean-
ing that a constant factor (of 1.7 for Dasgupta and 3.0 for Zatsarinny) could be used to match the actin-
ometry results to the CRDS measurements, as discussed previously.

In the second part of this work [12], it is shown that, over the range of pressures studied here, the
same correction factor for the Ar excitation cross-section JZAarfsﬁinny (a correction factor of 3.0+0.2)
can be used to perform both actinometry and E field measurements via a line ratio method, in good
agreement with other measurement techniques, which reinforces the idea that this correction factor is
accurate.

It is important to note that, even without this correction, actinometry gives a reasonable measure-
ment of the relative variation with pressure of the O atom fraction, and the absolute oxygen atom dens-
ity is correct to better than an order of magnitude.

It must be pointed that the values obtained at low pressure (0.5 and 0.75 Torr) are not aligned with
the rest of the points (when normalized to CRDS at 1 Torr). The peak of the O atom fraction is seen
at lower pressure for actinometry (0.75 Torr) compared to CRDS (1 Torr). This could be due to the
uncertainty in the shape of the cross-section. The low-pressure points correspond to higher reduced elec-
tric fields (approximately 50 Td at 5 Torr, 60 Td at 1 Torr and 90 Td at 0.5 Torr). At higher pressure, the
integral f:: o5 (€)f(€)ede is mostly sensitive to the near-threshold area of the Ar excitation cross-section,
i.e close to 13.48 eV. At lower pressures the reduced electric field is higher, and the integral becomes
more sensitive to the higher-energy part of the excitation cross-sections. In the case of Ar (figure 5) the
cross-section shows substantial oscillations in this region. This could explain the observed difference at

low pressure between CRDS and actinometry.

7.2. Actinometry in O,-Xe mixtures

A comparison between CRDS and actinometry using Xe as actinometer is shown in figure 14. The
CRDS-measured mole-fraction is plotted in red. In this case, several actinometry results using differ-
ent Xe excitation cross-sections are plotted as solid lines. Because the results obtained with Xe are closer
to the CRDS, no results normalized to CRDS are plotted. The results using the O777 line are plotted on
the left panel and the results with the 0845 line are plotted on the right. For both emission lines, the

best match between CRDS and actinometry is clearly obtained with the combination gQ¢ x gXeex

Tayal x JZatsarinny‘
For the O777 line at 0.5 Torr, the O fraction obtained using the a%i,’;f X U%(:fs’;ﬁmny is in excellent agree-
ment with CRDS (19.9% for actinometry vs 20.5% for CRDS). At 1 Torr, the actinometry using this
combination yields an O fraction of 22.1%, quite close to the 24.85% measured with CRDS. The dif-
ference increases at 5 Torr (18.8% for actinometry vs 13.9% for CRDS). The TRINITI cross-section
oreexe > which gave good predictions of the Xe intensities, when used for actinometry give less good
agreement with the CRDS measurements.

For the O845 line, the actinometry measurements using the cr%‘;’éi X a%‘jéjﬁmny combination are in
excellent agreement with the CRDS measurements. At 0.5 Torr, the O fraction measured with actino-
metry is 19.3%, only about 1% away from the 20.5% of O atoms measured with CRDS. The largest dif-
ference is observed at 0.75 Torr but there is only an error of 2% on the absolute density (21% for actino-
metry vs 23.3% for CRDS). Above 1 Torr, the largest difference between CRDS and actinometry is 0.38%
and is obtained at 3 Torr (16.4% with CRDS vs 16.8% with actinometry). Here again, the best results are

obtained with O845 line.
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Figure 14. Comparison of the measurement of the atomic O fraction in the plasma as a function of pressure with CRDS (plain
red line) and Actinometry, using Xe as an actinometer.

Two details should be noted. First, the peak of O atom density is once again shifted in the actino-
metry measurements compared to CRDS (0.75 Torr in CRDS, 1 Torr in actinometry). The shift is in the
opposite direction compared to the Ar case (where the peak of O atom was detected at 0.75 Torr with
actinometry and at 1 Torr with CRDS). This could again be due to the shape of the cross-section, or to
uncertainty in the computation of the EEDF (originating from errors in the complete cross-section set).
Although the origin of this inconsistency is unclear, the difference remains small and the actinometry
technique nevertheless shows the decrease of O atom density below 0.75 Torr. Second, the TRINITT excit-
ation cross-section for Xe, which yielded promising results in terms of line intensities, is quite far off for
actinometry, while the Zatsarinny cross-section gives excellent results for actinometry but only good res-
ults for line intensities. This suggests that there is error compensation in the ratios used for actinometry.
It is clearly visible on figure 11 that the O845 intensity using cr%;’ﬁ (on the upper right panel) and that
the Xe828 intensity using the U%(:tes:?inny (on the lower left panel) exhibit the same trend, i.e are slightly
above the experimentally measured intensity. These similar trends compensate when using actinometry.
On the contrary, the Xe828 intensity calculated using o3¢ is slightly below the experimental measure-
ment on figure 11. This error is increased when taking ratios. This could be made even more visible by
normalizing all points to the emission of the 0845 line at 1 Torr. The result using the TRINITI cross-
section would then appear further from the experimental points that it does when normalized to the
0777 line. The TRINITI cross-section for Xe is therefore not a ‘bad’ cross-section, but it is not the best

suited for actinometry when combined with the Tayal cross-section for O.
8. Conclusions

Actinometry is a simple but powerful technique which can easily yield a fair approximation of abso-
lute atomic densities and their trends with discharge parameters. This, however, requires the use of
adequately accurate collision data. An analysis of the suitability of the available collision data was con-
ducted by comparing line intensity calculations to measurements in a low pressure DC glow discharge at
a few Torr in O,—Ar and O,—Xe mixtures. In this system the absolute O atom density and gas temperat-
ure was measured by CRDS, and electric field was measured directly by floating probes. A line intensity
simulation algorithm was built, and compared to the experimentally measured plasma emission intens-
ities. In this way we have been able to examine the consistency of 4 O atom, 8 Ar atom and 6 Xe atom
excitation cross-sections. The ‘best’ combinations of total cross-sections set (for EEDF calculation) and
atomic excitation cross-sections were identified and tested for actinometry. The actinometry measure-
ments were compared with O fraction measured by CRDS.
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To perform actinometry measurements yielding accurate trends and fair approximations of the O
atom density, we recommend using the IST set of cross-sections to compute the EEDF [64], the Tayal
cross-sections for the excitation of O atoms to the 3p*>P and 3p°P levels [34], and the Dasgupta cross-
section [47] for the excitation of Ar to the 2p; level. Using this combination allows reasonable results
to be obtained without any correction. We also recommend allowing for feedstock dissociation (O atom
fraction) in the computation of the EEDF via a self-consistent calculation (as described in section 7).

To increase the accuracy of the O atom density measurement by actinometry, the cross-section pro-
posed by Zatsarinny [62] for the excitation of Ar to the 2p; level can also be used, multiplied by a cor-
rection factor of 3, as discussed in the second part of this work [12]. This correction factor could seem
a little arbitrary if it were based solely on this comparison with oxygen density values. In order to verify
the robustness of the correction proposed here, it is necessary to find another way to test it. This is done
in the second part of this study [12], where the validity of the correction factor is assessed by calculat-
ing the electric field determined from the ratio of Ar and Xe lines. As for the actinometry using Xe as
actinometer, we recommend using the IST set of cross-sections to compute the EEDF [64], the Tayal
cross-sections for the excitation of O atoms to the 3p®>P and 3p°P levels [34], and the Zatsarinny cross-
section for the excitation of Xe to the 2ps level, which allows to obtain both good absolute values of the
oxygen density and correct trends of the evolution of the density along the reduced electric field. Beyond
this correction factor for the Zatsarinny cross-section, the set of cross-sections studied here and the cor-
responding conclusions about the most suitable choice of cross-sections for actinometry analysis will also
be rediscussed in [12] in the light of the reduced electric field comparisons.
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