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Abstract
A new actinometry approach, helium state enhanced actinometry (SEA), is presented. This
diagnostic uses the emission of the atomic states O(3p3P) (λ = 844.6 nm), Ar(2p1)
(λ = 750.4 nm) and He(33S) (λ = 706.5 nm) and allows the atomic oxygen density and the
mean electron energy to be determined simultaneously from the spectral line intensity ratios.
Here, the atomic states are selected in a way that they cover a wide range of the electron
energy distribution function (EEDF). The method is compared to the classical actinometry
approach and energy resolved actinometry (ERA) based on measurements on the COST
microplasma jet. In addition, a benchmark against two-photon absorption laser induced
!uorescence measurements is performed. Both atomic oxygen densities and mean electron
energies are in good agreement with the literature. Furthermore, SEA offers a number of
advantages over known approaches. Firstly, the experimental complexity is signi"cantly
reduced by using time-integrated spectra instead of phase-resolved measurements, as used in
the original ERA approach. Secondly, the precision of the electron energy measurement can be
signi"cantly improved by the use of the helium state. In addition, known uncertainties e.g. due
to excitation of oxygen excited levels via metastable oxygen states can be reduced.
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(Some "gures may appear in colour only in the online journal)

Reactive species such as atomic oxygen are needed for numer-
ous applications including plasma medicine [1] or plasma
catalysis [2]. To control and optimize these processes, it is
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important to locally monitor the atomic oxygen densities.
Typically this can be done using two-photon absorption laser
induced !uorescence (TALIF) measurements [3]. However,
this method has the disadvantage of requiring a complex laser
system and non-trivial calibration. Furthermore, optical access
for both laser beam and !uorescence signal must be available.
This generally makes TALIF unsuitable for many setups, e.g.
in industrial processes.
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An alternative diagnostic is optical emission spectroscopy.
Quanti"cation of atomic oxygen densities based on optical
emission spectroscopy can be achieved by actinometry, which
was originally introduced for silicon etch processes [4–7].
This method is characterized by its simplicity. Here, the atomic
oxygen density is determined from the intensity ratio of two
spectral lines. The observed atomic transitions belong to the
species to be determined and to an actinometer gas of known
density, typically argon. Here, the upper states are selected
based on similar energy dependence and threshold of the
electron impact excitation cross sections. Commonly used are
the atomic oxygen state O(3p3P) (λ = 844.6 nm) and the
argon state Ar(2p1) (λ = 750.4 nm). In the basic actinometry
approach only direct electron impact excitation of the O and
Ar states from the respective ground states are assumed to
populate the excited levels, while processes such as dissocia-
tive electron impact excitation during electron collisions with
molecules or excitation from metastables are neglected. Fur-
ther assumptions and conditions for the actinometry approach
which must be veri"ed before the application of the diagnostic
can be found in literature [6]. In general, these assumptions are
only valid for a small range of plasma sources and operating
conditions.

Previously, it has been shown that processes such as dis-
sociative excitation of oxygen, can make a signi"cant contri-
bution to the population of excited states of atomic oxygen
[6]. However, accounting for this contribution using the clas-
sical actinometry approach as Walkup et al [5] would require
measurements of the shape of the electron energy distribution
function (EEDF) and the mean electron energy, or at least
model calculations as used by Katsch et al [6].

For this reason, a more advanced approach, energy-resolved
actinometry (ERA), was introduced by Greb et al [8, 9]. This
approach extends actinometry to include a third excited state
of atomic oxygen O(3p5P) (λ = 777.4 nm). It applies the two-
term approximation Boltzmann equation solver BOLSIG+
[10] to determine the shape of the EEDF and the corre-
sponding rate coef"cients for electron impact excitation of the
corresponding excited states. The experimentally measured
excitation ratios of the three spectral lines can be compared
with the calculated values based on direct and dissociative
electron impact excitation, allowing the mean electron energy
as well as the atomic oxygen density to be determined. The
method was benchmarked against TALIF measurements as
well as numerical simulations, showing comparable results
[8]. However, it is discussed in the literature that the addi-
tional oxygen state, O(3p5P), included in ERA can be pop-
ulated via step-wise processes involving metastable oxygen
atoms O(3s5S◦ → 3p5P) or molecules O2(a1∆g) in addition
to electron impact excitation and dissociative excitation from
ground state atoms and molecules [6, 11]. Since these forms
of excitation are not accounted for in the ERA calcula-
tions, the use of the emission at λ = 777.4 nm can lead to
uncertainties.

In this work, we present an alternative method, helium
state enhanced actinometry (SEA). The atomic states used are
chosen in a way that the excitation energies cover a wide
range of the EEDF. By choosing the helium state He(33S)

(λ = 706.5 nm) instead of the usual oxygen transition at
777.4 nm, the excitation energy increases from 10.7 eV to
22.7 eV, signi"cantly widening the range of the EEDF that
is probed. In addition, the method has two immediate advan-
tages. Firstly, uncertainties due to the use of the emission at
λ = 777.4 nm and potential excitation via metastables can be
reduced. Secondly, helium is used as a feed gas by default for
a large number of plasma sources [12–14], allowing the emis-
sion to be measured without changing the plasma or admixing
an additional gas.

In addition, the original ERA concept used the excita-
tion ratios of each state, measured by phase resolved optical
emission spectroscopy (PROES). Here, SEA is performed
using time and space averaged emission intensity ratios. This
simpli"cation allows the application of the diagnostic for a
wide range of plasma sources, since no spatially and tempo-
rally resolved ICCD setup is required, but a spectrometer is
suf"cient.

By measuring the three optical transitions, two emission
intensity ratios can be formed:
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The emission of a transition depends on the fraction of the
species in the total gas mixture f , the respective dissocia-
tion degree rO = [O]/(2[O2]), the photon energy hνλ and the
energy-dependent effective excitation rates kλ(ε) calculated by
BOLSIG+ [10]. Factors c1 and c2 indicate calibration factors
that compensate for the wavelength-dependent sensitivity of
the setup. The indices d and de indicate direct electron impact
excitation and dissociative excitation, respectively. Collisional
quenching was considered for the optical branching ratio of
the observed !uorescence transition (i → k):

aλ =
Aik

Ai +
∑

qkqnq
, (3)

where Aik is the Einstein coef"cient for spontaneous emis-
sion, Ai the total spontaneous emission decay rate, kq the
quenching rate coef"cient and nq the absolute density of
a quencher. Quenching rates for oxygen and argon can be
found in the literature [15–17]. For the helium state, quench-
ing rates by helium, argon and oxygen are unknown. How-
ever, it can be expected that the quenching by a molecular
gas such as oxygen is signi"cantly stronger than by atomic
gases. Here, we assume that the quenching by molecular
oxygen is of the order of molecular hydrogen, for which
quenching rates are available [18]. In any case, for oxygen
admixtures below 1% as considered in this work, collisional
quenching does not modify the optical branching ratio signif-
icantly, although deviations should be considered for larger
admixtures.

For these calculations, the cross section sets for He and O2

from the Biagi’s Fortran code version 8.97, Magboltz database
(LXCAT) [19] were used as input to BOLSIG+ [10]. In addi-
tion, the cross section for direct electron impact excitation
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Figure 1. Exemplary calculated intensity ratios for (a) ERA: I777/I750 and I844/I750, (b) SEA: I706/I750 and I844/I750 depending on the degree
of dissociation rO and the mean electron energy ε. Numbers on the curves indicate the "xed intensity ratio. Conditions: 1 slm He, 5 sccm O2,
0.5 sccm Ar; Tgas = 350 K.

of the Ar(2p1) state was taken from [20], while the cross
sections for direct and dissociative excitation of the O(3p3P)
and O(3p5P) states were taken from [21, 22], respectively. This
combination of cross sections is chosen here for consistency
with previous works on ERA [8, 9], and are also comparable
with those used in other actinometry studies [11]. However, it
should be noted that other cross sections are available in the
literature and that a different combination of cross sections
is likely to change the absolute densities and mean electron
energies inferred from the actinometry calculations.

Figure 1 shows example solutions of the equations (1) and
(2) as a function of the degree of dissociation and the mean
electron energy. Each contour represents a "xed intensity ratio
which can be measured. A solution of the equation system rep-
resents an intersection between two intensity ratios in "gure 1.
While "gure 1(a) shows the ratios using the oxygen 777 nm
line, "gure 1(b) shows the ratios using the helium 706 nm line.
Here, another advantage of SEA using the helium line becomes
clear. The intensity ratio of helium and argon depends only on
the mean electron energy but not on the dissociation degree.
This leads to the fact that the contour lines in "gure 1(b)
intersect nearly perpendicularly. Using the oxygen line, how-
ever, the intensity ratios are nearly parallel under com-
monly used conditions for atmospheric pressure plasma jets
(He + 0.5% O2), which makes it more complex to "nd unique
solutions of the equation system [23].

In general, the use of time- and space-integrated emission
intensities, which can be measured relatively easily, is a signif-
icant advantage over the use of time- and space-resolved mea-
surements that are technically more challenging to implement.
A major rationale behind the use of time- and space-resolved
measurements in the original ERA approach [8, 9] is that
temporal and spatial locations where the electron heating is
strongest, and the fraction of excitation by single step electron
impact processes (electron impact collisions with ground state
atoms or molecules) is highest, can be selected and used in
the actinometric calculations. In this way, states that can be

populated by step-wise processes can still be used, in principle.
When time- and space-integrated measurements are used, the
selection of excited states that are populated only single-step
electron impact processes is even more important. Information
on the relative importance of single step processes, that are
strongly correlated with temporal and spatial regions of high
electron heating, and step-wise processes involving metastable
states, which are expected to be less modulated in time, can be
obtained by comparing the temporal variation of the emission
from each excited state.

Figure 2 shows the phase-resolved excitation into the dif-
ferent upper states. Here, the ‘COST Reference Microplasma
Jet’ is used. This µ-APPJ consists of two 30 mm long and
1 mm wide stainless steel electrodes to which a rf-voltage is
applied. The discharge gap is 1 mm and enclosed in quartz
panes. This well-de"ned plasma source is widely used due to
its reproducibility [12, 24]. The measurements were acquired
by an ICCD (Andor iStar DH334T-18U-73) equipped with a
tunable "lter (VariSpec NIR-RM-HC-20).

Typically, the excitation is given in two dimensional plots
as a function of time and position between electrodes [25, 26].
In this work, the local dimension was integrated to compare
the different states. Within one rf-period (13.56 MHz), there
are two distinct periods of electron power absorption [25–27].
The states He(33S), Ar(2p1) and O(3p3P) are highly modulated
and almost not excited between the maxima. This indicates that
single step electron impact processes dominate their formation
and that their effective decay rates are on the same order. The
state O(3p5P), on the other hand, is less modulated and is still
populated between the maxima.

The lower modulation could, in principle, be explained
either by stepwise excitation of the O(3p5P) state by
metastable atoms or molecules or by lower collisional quench-
ing. The latter can be excluded by comparing the colli-
sional quenching rates constants with molecular oxygen as
quenching partner (kO2,777 = 10.8 × 10−16 m3 s−1 [15],
kO2,844 = 9.4 × 10−16 m3 s−1 [17]). It follows that the lower
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Figure 2. Phase resolved excitation into the states He(33S), Ar(2p1),
O(3p5P) and O(3p3P). Conditions: 1 slm He, 5 sccm O2, 0.5 sccm
Ar, 270 V, f = 13.56 MHz.

modulation may be explained by an additional dissociative
excitation channel for the formation of the O(3p5P) state
via metastable molecules as suggested by Katsch et al [6],
or stepwise excitation via metastable atoms as suggested by
Caplinger et al [11]. The case for metastable atoms is sup-
ported by the much larger cross section for electron impact
excitation of the metastable O(3s5S◦) → O(3p5P) (emission
at 777 nm), when compared with electron impact excitation
from O(3s5S◦) → O(3p3P) (emission at 844 nm), as reported
by Barklem [28]. In addition, the lifetime of O(3s5S◦) can be
estimated under our conditions using the rate constants for
collisional quenching given in [29] for He (1.8× 10−21 m3 s−1)
and O2 (2.2 × 10−16 m3 s−1). This is approximately 37 ns.
Therefore, it can be concluded that O(3s5S◦) can survive for a
signi"cant fraction of the radiofrequency period, during which
it could contribute to stepwise excitation. From these simple
arguments, it is plausible that step-wise excitation O(3s5S◦)
contributes to the emission at 777 nm under our conditions.
However, to properly quantify the role of this process would
require a more detailed model that also considers the density
of this state.

The low modulation leads to the fact that time-resolved
and time-integrated measurements differ strongly. In time-
integrated measurements, the signals of the individual spectral
lines are averaged over many rf periods and then the respective
intensity ratios are formed. In time-resolved measurements, in
contrast, it is possible to use only the signals at the time of the
maximum intensity or excitation. In the case of the intensity
ratio I777/I750, for the data shown in "gure 2, the difference
between time-resolved ratio (de"ned as the ratio between the
absolute intensities at the time of maximum emission) and the
time-integrated ratio (de"ned as the ratio between the abso-
lute intensities averaged over one cycle) is 45%. Accordingly,
when using the O(3p5P) state, a time-resolved measurement is
required in order to use emission/excitation ratios at the time
of maximum emission when an actinometry scheme that
does not include step-wise excitation via metastable atoms
and/or molecules is used. The remaining states, on the other

hand, are modulated in such a way that the deviation of
excitation ratios due to time averaging is only 10%. In
principle, this could make SEA also applicable for non-rf
discharges, where PROES measurements are very complex.
Nevertheless, it should be veri"ed on a case-by-case basis
whether these assumptions apply, for example, to other plasma
sources or different gas compositions.

To qualify the SEA method, a benchmark against TALIF
measurements is performed in the following. The setup used
for TALIF, the performed calibration procedure and an esti-
mate of the accuracy are described in detail in [30, 31].
For actinometry measurements a spectrometer (Avantes
AvaSpecULS2048x64TEC-EVO 2011261U1) with an opti-
cal "ber (OceanOptics QP600-2-UV-BX) is used. The spec-
trometer has been relatively calibrated with a known light
source (OceanOptics DH-3PLUS-BAL-CAL) and can resolve
the spectral lines used to separate unwanted lines (0.3 nm
resolution). To minimize uncertainties due to the low argon
!ows, a mass !ow controller (Analyt) with a maximum !ow
of 1 sccm was used to precisely control small admixtures.

A comparative analysis between the classical actinometry
approach, energy resolved actinometry, SEA and TALIF is
shown in "gure 3(a). The atomic oxygen density was deter-
mined in dependence of the applied driving voltage using the
different methods. The con"dence intervals of the actinometry
approaches result from the size of the parameter range of
dissociation degree and mean energy that are consistent with
the solution of the system of equations. The accuracy of the
TALIF measurements is based on the reproducibility of the
data, as well as the noble gas calibration with xenon, which
is described in more detail elsewhere [30]. Systematic errors
that could affect the absolute densities, such as the choice of
the two-photon excitation cross section ratio are not included
in the con"dence intervals [32].

The TALIF measurements show an approximately linear
increase of the atomic oxygen density from 1 to 3 × 1021 m−3

between 170 and 270 V. Both, the trend and the abso-
lute value of the density are comparable to previous works
[30, 31]. In contrast, the classical actinometry approach shows
signi"cantly higher densities (up to 13 × 1021 m−3). This was
expected, since the dissociative part of the excitation is not
taken into account and therefore the density is overestimated.

Accounting for dissociative excitation is possible with
ERA. The atomic oxygen densities range between 1 and
3 × 1021 m−3. In addition to atomic oxygen densities, ERA is
also used to determine mean electron energies (see "gure 3(b)).
These are in the range between 13 and 15 eV, which is signi"-
cantly higher than expected. However, as shown in "gure 2,
there is a signi"cant deviation between the maximum and
time integrated excitation of the O(3p5P) state and the other
states used in ERA, potentially representing excitation via
metastable atoms or molecules. Since such processes are not
included in the ERA model, the use of ERA in this way
may lead to a systematic error. This can also be illustrated
by equations (1) or (2). Here, only excitation rates for single
step electron impact excitation from the atomic ground state
or dissociative excitation during collisions with O2 are used.
If a signi"cant part of the intensity comes from step-wise

4



Plasma Sources Sci. Technol. 31 (2022) 10LT01

Figure 3. Atomic oxygen density (a) and mean electron energy
(b) determined by various methods as a function of applied voltage.
Colored areas: con"dence intervals. Conditions: 1 slm He, 5 sccm
O2, 0.5 sccm Ar.

excitation channels via metastables, this cannot be taken into
account. Since the fraction of the excitation has to be com-
pensated, it can be assumed that the mean energy is overesti-
mated. If, the physical model underlying the ERA approach is
incorrect when applied to temporally and spatially integrated
spectra, as indicated by the arti"cially high mean electron
energies, it can be assumed that the close agreement between
ERA and TALIF measurements of atomic oxygen density is
coincidental.

In an attempt to compensate for the difference between
time-resolved and time-averaged measurements, the intensity
ratios were modi"ed. Here, a time-resolved measurement is
evaluated and the ratio between the intensity ratios at the maxi-
mum and the time-averaged intensity ratios is determined. This
results in a correction factor that compensates for the differ-
ence between time-resolved and time-averaged measurements.
The results are denoted by ERA∗ and give densities in the range
of 3 to 6 ×1021 m−3. The mean electron energies are in the
range between 10 and 12 eV and still signi"cantly higher than
expected.

By using the SEA method, issues related to the population
of the O(3p5P) via metastable levels can be avoided. Again, the
intensity ratios were also corrected (SEA∗). However, since the

deviations between maximum excitation and integrated exci-
tation are very small for the states used with SEA, the atomic
oxygen density determined with and without a correction are
very similar. The difference in the results from the corrected
SEA∗ and SEA is only 10% and the densities are in a range
between 4 and 7 × 1021 m−3. For SEA the mean electron
energies are lower (4.0 to 4.5 eV) than for ERA. No difference
can be observed between SEA and SEA∗.

In literature, electron temperatures in the range between 2
and 3 eV are given for the COST microplasma jet [26, 33, 34]
which are related to mean electron energies between 3 and 5 eV
under the assumption of a Maxwell–Boltzmann distribution,
thus there is an reasonable agreement with the SEA method.
However, the energies differ signi"cantly when ERA is used,
although Greb et al [8] reported a good agreement (3–6 eV)
with this method in a comparable jet. The difference shows
clearly that ERA is most reliable when performed with phase-
resolved measurements, otherwise the in!uence of excitation
via metastables and other processes is too large.

In addition to a difference in the absolute atomic oxygen
density and mean electron energy, also a difference in the
con"dence intervals of ERA and SEA is noticeable. While
the uncertainties for ERA are up to 90% (25% for ERA∗), for
SEA uncertainties of around 5% are obtained. This difference
results from the more clearly de"ned crossing points of the
excitation ratios in the SEA scheme. This means that the ranges
of dissociation degree and mean electron energy for which
the experimentally measured ratios are consistent with the
calculated ratios, are smaller. In addition, it becomes clear
that the SEA method can access a larger energy range of the
EEDF, which should allow it to provide a more robust estimate
of the mean energy. Nevertheless, the con"dence intervals
indicate only the uncertainties of the calculation and not the
systematic uncertainty caused by the numerous assumptions
of actinometry.

Overall, the use of the SEA scheme together with time
integrated spectra allows for a realistic estimation of both
the atomic oxygen densities and mean electron energies. On
the other hand, the use of ERA with time integrated spec-
tra is capable of providing realistic estimations of atomic
oxygen density under these speci"c conditions, but strongly
overestimates the mean electron energy.

In summary, helium state-enhanced actinometry presented
in this paper offers the possibility to determine atomic oxygen
densities and mean electron energies simultaneously. SEA and
TALIF measurements show good agreement for the atomic
oxygen density in the COST microplasma jet and mean elec-
tron energies known from the literature could be reproduced.
Known systematic errors in classical or energy-resolved acti-
nometry can be reduced. The use of time-averaged emission
makes only one spectrometer necessary. This signi"cantly
reduces the experimental complexity compared to laser diag-
nostics or phase-resolved spectroscopy measurements. Nev-
ertheless, if a different plasma source is used, the systematic
error due to time-integrated measurements should be exper-
imentally veri"ed. Furthermore, the helium line used can be
observed in a large number of plasmas without the need to
change the gas mixture. However, SEA can also be used in
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plasma sources operated without helium by using a low helium
admixture. This makes this diagnostic feasible for a larger
number of applications in research and industry.
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