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Abstract

Atomic oxygen formation in a radio-frequency driven micro-atmospheric pressure plasma jet

is investigated using both advanced optical diagnostics and numerical simulations of the

dynamic plasma chemistry. Laser spectroscopic measurements of absolute densities of ground

state atomic oxygen reveal steep gradients at the interface between the plasma core and the

effluent region. Spatial profiles resolving the interelectrode gap within the core plasma

indicate that volume processes dominate over surface reactions. Details of the production and

destruction processes are investigated in numerical simulations benchmarked by

phase-resolved optical emission spectroscopy. The main production mechanisms are electron

induced and hence most efficient in the vicinity of the plasma boundary sheath, where

electrons are energized. The destruction is driven through chemical heavy particle reactions.

The resulting spatial profile of atomic oxygen is relatively flat. The power dependence of the

atomic oxygen density obtained by the numerical simulation is in very good agreement with

the laser spectroscopic measurements.

1. Introduction

Cold non-equilibrium atmospheric pressure plasmas have

high potential for technological exploitation, primarily due to

significant cost reduction and the possibility for treatment of

non-vacuum compatible materials [1–6]. Micro-scaled radio-

frequency driven atmospheric pressure plasma jets (µAPPJs)

operated with helium–oxygen feed gas provide high densities

of reactive oxygen species and radicals in the order of 1021 m−3

at gas temperatures very close to room temperature [7–9]. This

is particularly important for treatment of sensitive surfaces in

bio-medicine [10–13], e.g. localized skin or wound treatment.

Despite enormous potential for technological applications, the

fundamentals of these homogeneous non-equilibrium plasmas

at ambient pressure are only poorly understood. This is

mainly due to the complexity of these plasmas composed

of electrodes in the close vicinity of the confining walls

and a mixture of neutral and charged atomic and molecular

components. Therefore, the understanding of the fundamental

plasma chemistry is vital for the development and optimization

of such plasma sources. Quantitative measurement of

individual particle densities and fluxes provides important

net information, but, in most cases, no details about the

mechanisms involved.

In this paper, results of absolute atomic oxygen density

measurements obtained by two-photon absorption laser-

induced fluorescence (TALIF) spectroscopy [14–17] in the

regions of the core plasma of the µAPPJ are compared with

results from a one-dimensional (1D) numerical simulation.

The simulation is benchmarked by phase-resolved optical
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emission spectroscopy (PROES) measurements. This
comparison yields detailed insight into the plasma chemistry
and the formation mechanisms of ground state atomic oxygen.

2. Experiments

2.1. µAPPJ setup

The setup of the investigated µAPPJ consists of two planar
stainless steel electrodes of tens of millimetres in length, 1 mm
thickness and 1 mm distance [16, 18, 19]. One electrode is
grounded; the other one is driven at 13.56 MHz. The discharge
channel of 1×1 mm2 cross section is guided by the electrodes.
Both front and back of the entire channel are covered by quartz
windows, providing optical access for the applied TALIF
spectroscopy. The device is based on the original concept
of the APPJ introduced by Selwyn and co-workers [20–22],
but scaled down and modified to offer a large solid angle for
optical diagnostics. The downscaled dimensions reduce the
gas flow (1 slm) significantly, while keeping the gas velocity
in the same range of some 10 ms−1. The used gas composition
is helium/oxygen (1000 : 5), unless otherwise noted.

2.2. TALIF spectroscopy

The atomic oxygen density is measured by TALIF
spectroscopy. Tunable ultra-violet (UV) laser radiation is
used to excite oxygen ground state atoms by simultaneous
absorption of two UV photons (λ ≈ 225 nm). The
subsequently emitted fluorescence radiation is measured in
order to gain information about the atomic oxygen density.
The measurements are calibrated with TALIF measurements
on xenon, as introduced in [14, 23]. Densities of several 1019 to
1020 m−3 can be found, even in the post discharge effluent [16].
Nevertheless, by measuring the densities inside the effluent, it
remains unclear whether O atoms are created only within the
actual plasma or also in the effluent, for instance by dissociation
of meta-stable molecular states through vacuum UV radiation
[15]. It is difficult to estimate the actual densities within the
plasma by extrapolation of effluent data due to the interface
region between core plasma and effluent. Thus, it becomes
mandatory to gain diagnostics access also to the plasma core
itself [17].

2.3. Phase-resolved optical emission spectroscopy

Information on the electron dynamics within the plasma core
of the µAPPJ can be obtained using PROES [24, 25]. Here,
temporal and spatial optical emission is measured using a
fast gateable ICCD camera with a high repetition rate of
several megahertz, allowing information to be collected from
each rf-cycle. In this experiment, the emission is spectrally
separated using an interference filter with a central wavelength
of 840 nm and a FWHM of 10 nm to gather information on the
emission characteristics of the atomic oxygen optical emission
line λ = 844 nm (3P → 3So). A defined gate width of 2 ns
shifted in 2 ns steps is used in order to record 37 images during
the rf-cycle of 74 ns. The gate time is shifted in 2 ns increments
to sample the entire rf-cycle. Integration times of several
million rf-cycles yield a high signal-to-noise ratio.

3. Numerical simulation

Since both electrodes of the µAPPJ have an identical surface

area and are capped with dielectric windows along the sides,

the discharge produces a symmetric capacitively coupled

rf-plasma without dc-selfbias. The electron processes occur

symmetric with respect to the centre of the electrode gap,

but they are shifted in time by half of the rf-period. In

addition, the length of the jet is large compared to the electrode

gap, providing plasma chemical equilibrium at typical gas

velocities of some 10 ms−1 . This offers a model approach

that considers only the spatial dimension across the discharge

gap. With such a 1D numerical simulation it is possible to

get further insight into the electron dynamics and the related

atomic oxygen production. The atmospheric pressure plasma

is simulated in a helium/oxygen (1000 : 5) gas mixture at a

gas temperature of Tg = 345 K [7]. In total, 16 chemical

species are considered, namely electrons (e), helium species

(meta-stables He∗, ions He+, excimers He∗
2, molecular ions

He+
2), oxygen species (atoms O, meta-stables O (1D) = O∗,

positive ions O+, negative ions O−, molecular meta-stables

O2(
1") = O∗

2, positive molecular ions O+
2 , negative molecular

ions O−
2 and O−

3 , ozone O3) and the background species

(helium atoms He, molecular oxygen O2). The 116 reactions

among those species taken into account are shown in table 1.

This set of plasma chemical reactions is compiled from the

literature data in [22, 26–29]. The selected reactions were

found to be the most important for the investigated plasma

and parameter regime.

The model is based on fluid equations with a semi-kinetic

treatment of the electrons. Here, the transport coefficients

and reaction rates for electron-impact collisions are obtained

using a zero-dimensional Boltzmann solver in the two-term

approximation [30], accounting for a strongly non-Maxwellian

electron energy distribution function (EEDF). These rates and

transport coefficients are fitted to analytical descriptions as a

function of the mean electron energy, which is solved in the

1D model. The governing equations are mass conservation

(1) and momentum conservation (2) for all species, as well

as the electron energy conservation (3). The set of coupled

differential equations is closed by Poisson’s equation:

∂ni

∂t
= −&∇ &$i +

∑

j

ninjkij , (1)

&$ch = ∓nchµch
&E − Dch

&∇nch; &$n = −Dn
&∇nn, (2)

∂

∂t
(neε) = −&∇ &$ε − e&$e

&E −
∑

j

nenjkL,ej

−
∑

x

3
me

mx

kbνxne(Te − Tg), (3)

where

&$ε =
5

3
&$eε −

5

3
neDe

&∇ε and

x = He, O, O∗, O2, O∗
2.

Here, ni is the density of the species i, &$i the species flux

and kij the rate coefficient. The indices ch, n, e and ε
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Table 1. Elementary reactions and corresponding rate coefficients.

No Reactiona Rate coefficientb Reference

(R1) e + He → He + e f (ε) [30]
(R2) e + He∗ → He+ + 2e f (ε) [31]
(R3) e + He → He+ + 2e f (ε) [30]
(R4) e + He → He∗ + e f (ε) [30]
(R5) e + He+

2 → He∗ + He 8.9 × 10−15 (Tg/Te)
−1.5 [26]

(R6) He∗
2 + M → 2He + M 1.0 × 104 s−1 [26]

(R7) He∗
2 + He∗

2 → 2He + He+
2 + e 1.5 × 10−15 [26]

(R8) He∗ + He∗ → He+
2 + e 1.5 × 10−15 [26]

(R9) He∗ + 2He → He∗
2 + He 2.0 × 10−46 m6 s−1 [26]

(R10) He+ + 2He → He+
2 + He 1.1 × 10−43 m6 s−1 [26]

(R11) e + He+ → He∗(+hν) 5.95 × 10−17 T −0.5
e [27]

(R12) 2e + He+ → e + He∗ 1.63 × 10−21 T −4.5
e m6 s−1 [27]

(R13) e + O2 → O2 + e f (ε) [30]
(R14) e + O2 → O− + O f (ε) [32]
(R15) e + O2 → 2O + e f (ε) [33]
(R16) e + O2 → O+

2 + 2e f (ε) [30]
(R17) e + O2 → O+ + O + 2e f (ε) [34]
(R18) e + O+

2 → 2O f (ε) [32]
(R19) e + O3 → O− + O2 f (ε) [35]
(R20) e + O → O+ + 2e f (ε) [36]
(R21) e + O → O + e f (ε) [36]
(R22) e + O− → O + 2e 2.2 × 10−20 T 0.5

e exp(−26356/Te) [27]
(R23) O− + O+

2 → O + O2 2 × 10−13 300/Tg [27]
(R24) O− + O+

2 → 3O 1 × 10−13 [27]
(R25) O− + O+ → 2O 2 × 10−13 300/Tg [27]
(R26) O− + O+

2 + O2 → O + 2O2 2 × 10−37 (300/Tg)
2.5 m6 s−1 [27]

(R27) O− + O+ + O2 → 2O + O2 2 × 10−37 (300/Tg)
2.5 m6 s−1 [27]

(R28) O− + O → O2 + e 2 × 10−16 (300/Tg)
−0.5 [27]

(R29) O− + O2 → O3 + e 5 × 10−18 (300/Tg)
−0.5 [27]

(R30) O− + O3 → 2O2 + e 3.01 × 10−16 (300/Tg)
−0.5 [27]

(R31) O + O+ + O2 → O+
2 + O2 1 × 10−42 (300/Tg)

−0.5 m6 s−1 [27]
(R32) O+ + O2 → O+

2 + O 2 × 10−17 (300/Tg)
0.4 [27]

(R33) O+ + O3 → O+
2 + O2 1 × 10−16 [27]

(R34) 2O + O2 → 2O2 2.56 × 10−46 (300/Tg)
0.63 m6 s−1 [27]

(R35) 3O → O2 + O 9.21 × 10−46 (300/Tg)
0.63 m6 s−1 [27]

(R36) O + 2O2 → O3 + O2 6 × 10−46 (300/Tg)
2.8 m6 s−1 [27]

(R37) 2O + O2 → O3 + O 3.4 × 10−46 (300/Tg)
1.2 m6 s−1 [27]

(R38) O3 + O → 2O + O2 1.56 × 10−15 exp(−11490/Tg) [27]
(R39) O3 + O2 → 2O2 + O 1.56 × 10−15 exp(−11490/Tg) [27]
(R40) 2O3 → O2 + O + O3 1.56 × 10−15 exp(−11490/Tg) [27]
(R41) O3 + O + O2 → 2O3 2.27 × 10−47 exp(1057/Tg) m6 s−1 [22]
(R42) O + O3 → 2O2 1.5 × 10−17 exp(−2250/Tg) [22]
(R43) O− + O+

2 + O2 → O2 + O3 2 × 10−37 (300/Tg)
2.5 m6 s−1 [37]

(R44) He+ + O− → O + He 2 × 10−13 300/Tg [27]
(R45) O− + O+

2 + He → O + O2 + He 2 × 10−37 (300/Tg)
2.5 m6 s−1 [27]

(R46) O− + O+ + He → 2O + He 2 × 10−37 (300/Tg)
2.5 m6 s−1 [27]

(R47) O− + He+ + He → 2He + O 2 × 10−37 (300/Tg)
2.5 m6 s−1 [27]

(R48) O + O+ + He → O+
2 + He 1 × 10−41 (300/Tg)

−0.5 m6 s−1 [27]
(R49) 2O + He → O2 + He 1 × 10−45 m6 s−1 [27]
(R50) O + O2 + He → O3 + He 3.4 × 10−46 (300/Tg)

1.2 m6 s−1 [27]
(R51) He∗ + O2 → O+

2 + He + e 2.54 × 10−16 (300/Tg)
−0.5 [27]

(R52) He∗ + O3 → O+
2 + O + He + e 2.54 × 10−16 (300/Tg)

−0.5 [27]
(R53) He∗ + O → O+ + He + e 2.54 × 10−16 (300/Tg)

−0.5 [27]
(R54) He+ + O2 → O+ + O + He 1.07 × 10−15 (300/Tg)

−0.5 [27]
(R55) He+ + O3 → O+ + O2 + He 1.07 × 10−15 (300/Tg)

−0.5 [27]
(R56) He+ + O2 → O+

2 + He 3.3 × 10−17 (300/Tg)
−0.5 [27]

(R57) He+ + O → O+ + He 5 × 10−17 (300/Tg)
−0.5 [27]

(R58) e + 2O2 → O2 + O−
2 f (ε) [30]

(R59) e + O2 + He → He + O−
2 8.8 × 10−42T −0.5

e m6 s−1 [27]
(R60) e + O3 → O + O−

2 f (ε) [35]
(R61) e + O3 → O + O2 + e f (ε) [28]
(R62) O−

2 + O+
2 → 2O2 2 × 10−13 (300/Tg) [27]

(R63) O−
2 + O+

2 → O2 + 2O 1 × 10−13 [27]
(R64) O−

2 + O+ → O2 + O 2 × 10−13 (300/Tg) [27]
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Table 1. Continued.

No Reactiona Rate coefficientb Reference

(R65) O−
2 + He+ → O2 + He 2 × 10−13 (300/Tg) [27]

(R66) O−
3 + O+

2 → O3 + O2 2 × 10−13 (300/Tg) [27]
(R67) O−

3 + O+
2 → O3 + 2O 2 × 10−13 [27]

(R68) O−
3 + O+ → O3 + O 2 × 10−13 (300/Tg) [27]

(R69) O−
3 + He+ → O3 + He 2 × 10−13 (300/Tg) [27]

(R70) O− + O3 → O−
3 + O 1.99 × 10−16 (300/Tg)

−0.5 [27]
(R71) O− + O3 → O−

2 + O2 1.02 × 10−17 (300/Tg)
−0.5 [27]

(R72) O−
2 + O → O2 + O− 1.5 × 10−16 (300/Tg)

−0.5 [27]
(R73) O−

2 + O → O3 + e 1.5 × 10−16 (300/Tg)
−0.5 [27]

(R74) O−
2 + O3 → O2 + O−

3 6 × 10−16 (300/Tg)
−0.5 [27]

(R75) O−
3 + O → O−

2 + O2 2.5 × 10−16 (300/Tg)
−0.5 [27]

(R76) e + He∗ → He + e 1.099 × 10−17 T 0.31
e [29]

(R77) e + O∗ → O∗ + e f (ε) [38]
(R78) e + O∗ → O + e f (ε) [38]
(R79) e + O∗ → O+ + 2e f (ε) [38]
(R80) e + O2 → O∗ + O + e f (ε) [38]
(R81) e + O2 → O∗

2 + e f (ε) [38]
(R82) e + O∗

2 → O∗
2 + e f (ε) [38]

(R83) e + O∗
2 → O + O− f (ε) [38]

(R84) e + O∗
2 → O2 + e f (ε) [38]

(R85) e + O∗
2 → 2O + e f (ε) [38]

(R86) e + O∗
2 → O∗ + O + e f (ε) [38]

(R87) e + O∗
2 → 2O∗ + e f (ε) [38]

(R88) e + O∗
2 → O+

2 + 2e f (ε) [38]
(R89) e + O∗

2 → O + O+ + 2e f (ε) [38]
(R90) e + O+

2 → O∗ + O 4.688 × 10−12 T −0.7
e [27]

(R91) e + O+ → O∗(+hν) 4.66 × 10−17 T −0.5
e [27]

(R92) 2e + O+ → O∗ + e 1.628 × 10−21 T −4.5
e m6 s−1 [27]

(R93) O− + O∗
2 → O3 + e 3 × 10−16 (300/Tg)

0.5 [27]
(R94) O−

2 + O∗
2 → 2O2 + e 2 × 10−16 (300/Tg)

0.5 [27]
(R95) O + O∗ → 2O 8 × 10−18 [27]
(R96) O∗ + O2 → O + O∗

2 1.6 × 10−18 exp(−67/Tg) [27]
(R97) O∗ + O2 → O + O2 4.8 × 10−18 exp(−67/Tg) [27]
(R98) O∗ + O3 → O2 + 2O 1.2 × 10−16 [27]
(R99) O∗ + O3 → 2O2 1.2 × 10−16 [27]
(R100) O∗ + He → O + He 1 × 10−19 [27]
(R101) O∗

2 + O2 → 2O2 3 × 10−24 exp(−200/Tg) [27]
(R102) 2O∗

2 → 2O2 9 × 10−23 exp(−560/Tg) [27]
(R103) O∗

2 + O2 → O + O3 2.95 × 10−27 (300/Tg)
0.5 [27]

(R104) O∗
2 + O3 → 2O2 + O 5.2 × 10−17 exp(−2840/Tg) [27]

(R105) O∗
2 + He → O2 + He 8 × 10−27 (300/Tg)

−0.5 [27]
(R106) 2O + O2 → O∗

2 + O2 1.93 × 10−47 (300/Tg)
0.63 m6 s−1 [27]

(R107) 3O → O∗
2 + O 6.93 × 10−47 (300/Tg)

0.63 m6 s−1 [27]
(R108) 2O + He → O∗

2 + He 9.88 × 10−47 (300/Tg)
0.63 m6 s−1 [27]

(R109) He∗ + O∗ → O+ + He + e 2.54 × 10−16 (300/Tg)
−0.5 [27]

(R110) He+ + O∗
2 → O+ + O + He 1.07 × 10−15 (300/Tg)

−0.5 [27]
(R111) He+ + O∗

2 → O+
2 + He 3.3 × 10−17 (300/Tg)

−0.5 [27]
(R112) He+ + O∗ → O+ + He 5 × 10−17 (300/Tg)

−0.5 [27]
(R113) O∗

2 + O → O2 + O 2 × 10−22 [27]
(R114) e + O → O∗ + e f (ε) [38]
(R115) O∗

2 + O3 → 2O2 + O∗ 1.01 × 10−17 [28]
(R116) O∗

2 + O− → O−
2 + O 1 × 10−16 [28]

a M in reaction (R6) denotes an arbitrary collision partner.
b Units: rate coefficients in m3 s−1 unless otherwise noted, Te and Tg in K. f (ε) indicates that the
rate coefficient is calculated on the basis of the two-term approximation EEDF as a function of
the mean electron energy [30].

denote charged species, neutral species, electrons and the

mean electron energy, respectively. µ is the mobility, D is

the diffusion constant and &E is the electric field. kL,ej in

equation (3) represents the loss rate of inelastic collisions, me

is the electron mass, mx is the mass of the corresponding heavy

particle, kb is the Boltzmann constant, νx is the elastic collision

frequency for the corresponding heavy particle, Tg is the gas

temperature and Te is the electron temperature.

The ions are assumed to remain at the same energy

(temperature) as the neutral background gas, thus the ion

4
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energy equation is not solved. This assumption is not fulfilled

in the plasma sheath due to the high electric fields present.

To account for the higher ion temperature, the generalized

Einstein relation is used for ion diffusivity, where the ion

temperature is obtained using Wannier’s formulation [39].

The momentum conservation is written in the drift diffusion

approximation, which is valid at elevated pressure. The main

assumptions of this approximation are as follows: the mean

velocity of the particles does not change much over time due

to the high collision frequency; and the mean free path of the

particles is small compared to the Debye length.

The self-consistent model is closed by the boundary

conditions for each considered species, potential and electron

energy. At the relatively low gas temperature of Tg = 345 K

[7], helium and molecular oxygen are treated as background

gases in the simulation with constant densities across the entire

gap [29, 40, 41]. All other neutral species are kinetically

limited at the boundaries, i.e. thermal flux onto the electrodes

is assumed (&$n &n = 1/4 · nnvthn
, here, vthn

is the thermal

velocity of the neutrals and &n is the normal vector of the

boundary). Helium meta-stables and excimers, as well as

atomic oxygen meta-stables, are assumed to be lost by de-

excitation at the walls (unity surface quenching) [26, 42]. The

sticking coefficient for ground state atomic oxygen is in the

order of 10−4 at atmospheric pressure due to surface coverage

[43]. The probability of surface recombination of molecular

oxygen meta-stables is 10−5 [27]. Thus, sticking is neglected

and zero-surface quenching is assumed for atomic oxygen,

molecular oxygen meta-stables and ozone. The positive ions

are assumed to be mobility limited at the surface, i.e. the drift

term in equation (2) is dominant and the diffusion term is

neglected [44]. During each rf-cycle, the sheath collapses

only for a short time, therefore the drift of negative ions

to the electrodes is neglected, due to their high inertia, and

zero density is assumed at the electrodes. For positively

charged species, unity surface recombination at the electrodes

is assumed. The electron and electron energy flux towards

the electrodes are given by the sum of thermal flux and flux

due to secondary electron emission from the electrodes. The

secondary electron emission coefficient is set to γ = 0.1 and

the energy after release from the electrodes to εwall = 0.5 eV,

according to [29]. The boundary condition of Poisson’s

equation incorporates the fact that one of the electrodes is

driven at a frequency of 13.56 MHz and the other is grounded.

It is known that mode transitions occur in such capacitively

coupled rf-plasmas at atmospheric pressure [46]. In the

transition region between the so called α- and γ -mode, one can

obtain multiple solutions for a fixed driving voltage. To be able

to cover the transition region and the corresponding multiple

solutions, the power is specified rather than the potential of the

powered electrode [26, 47]. The used transport coefficients

for the described boundaries are summarized in table 2. Here,

µ0 and D0 represent the mobility and diffusion constant at

a gas temperature of Tg = 345 K and atmospheric pressure

of p = 1 × 105 Pa. The described self-consistent model

is solved using a time-dependent partial differential equation

solver in COMSOL Multiphysics [48] in combination with

MATLAB [49] for automatization and post-processing. The

Table 2. Transport coefficients used in the numerical simulation.

Species µ0 (m2 V−1 s−1) D0 (m2 s−1) Reference

e f (ε) f (ε) [30]
He∗ — 2.02 × 10−4 [45]
He+ 1.30 × 10−3 Generalized [39]

Einstein relation
He∗

2 — 5.86 × 10−5 [45]
He+

2 2.10 × 10−3 Generalized [39]
Einstein relation

O — 1.29 × 10−4 [45]
O∗ — 1.29 × 10−4 [45]
O+ 2.85 × 10−3 Generalized [39]

Einstein relation
O− −3.53 × 10−3 Generalized [39]

Einstein relation
O∗

2 — 5.51 × 10−5 [45]
O+

2 2.74 × 10−3 Generalized [39]
Einstein relation

O−
2 −2.71 × 10−3 Generalized [39]

Einstein relation
O3 — 7.13 × 10−5 [45]
O−

3 −2.35 × 10−3 Generalized [39]
Einstein relation

Note: f (ε) indicates that the transport coefficients are
calculated on the basis of the two-term approximation EEDF as
a function of the mean electron energy [30].

timescales of the electron dynamics (several nanoseconds) and

the plasma chemistry (several milliseconds) are substantially

different. Therefore, both are decoupled: first the complete set

of partial differential equations is solved for several rf-cycles,

and then only the neutral species reactions are solved on a much

longer timescale. This is done iteratively until convergence is

reached.

4. Results

4.1. Benchmark of the numerical simulation by PROES

Figure 1 shows the spatio-temporal emission characteristics

of the atomic oxygen optical emission line λ = 844 nm

(3P → 3So) across the electrode gap during one rf-cycle.

Subfigure (a) is obtained by the self-consistent model and

(b) by PROES measurements. Both are determined at

powers close to the onset of the γ -mode. The simulated

emission in figure 1(a) is calculated using the sum of the

direct and dissociative electron-impact excitation coefficients

of the O(3P) state with the time and space dependent electron

density, and integrating the resulting time dependence to

account for the effective lifetime of the upper state [50].

At atmospheric pressure conditions it is crucial to account

for collisional de-excitation (quenching) of the investigated

excited state in addition to the spontaneous emission [51].

The effective lifetime of the upper state is calculated to be

τeff = (τ−1 +
∑

q nqkq)
−1 = 5.43 ns, which is significantly

shorter than the natural lifetime of τ = 34.7 ns. Here, nq

and kq are the density of the quenching partner (oxygen,

helium) and the corresponding quenching rate coefficient taken

from [14]. Cascade processes populating the O(3P) state

are neglected, since higher lying states are in general more
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Figure 1. O(3P → 3So) line emission pattern in helium/oxygen
(1000 : 5) within one 13.56 MHz cycle and the electrode gap on a
linear grey scale starting from zero. Results of (a) the numerical
simulation and (b) the PROES measurement.

efficiently quenched by collisions, due to their longer lifetime,

particularly at atmospheric pressure. Here, three different

emission patterns can be observed. The dominant emission

structures can be associated with the sheath expansion (I) and

sheath collapse (II). During sheath expansion, electrons are

accelerated away from the electrode by the fast moving sheath

edge, whilst at the opposite electrode, the intensive sheath

collapse structure is induced by a field reversal effect. This

reversal is due to electrons colliding with the background gas,

thus hindering them from responding to the rapidly changing

sheath potential. Therefore, a space charge builds up, which

leads to an electric field accelerating the electrons towards the

electrodes. In addition a third maximum is observed within the

plasma boundary sheath, close to the electrodes (III). This is

due to secondary electron multiplication as a result of the high

electric fields in this region. These secondary electrons are

generated by heavy particle impact at the electrodes as well as

by Penning ionization in the plasma volume (reactions: (R7),

(R8), (R51), (R52), (R53) and (R109)).

Figure 1(b) shows the experimentally determined spatio-

temporal characteristics of the 844 nm emission line at the same

operating parameters as used for the numerical simulation.

In the case of the atomic oxygen optical emission line at

λ = 844 nm, the short effective lifetime of τeff = 5.43 ns

allows the resolution of the fast electron dynamics within the

rf-cycle (Trf = 73.74 ns). In each half cycle the three emission

structures correspond well in shape and position to the results

of the numerical simulation.

Compared with similar simulations and experiments in

low pressure capacitively coupled rf-plasmas [24, 52], the main

difference is the relative strong emission in the discharge

centre. This emission cannot be explained by the sheath

expansion as a single excitation mechanism. The accelerated

electrons lose their energy within a few micrometres in this

highly collisional regime. Therefore, one would expect

Figure 2. (a) Evolution of the simulated electric field as well as
(b) the simulated total, conduction and displacement current density
in the discharge centre over one rf-cycle.

confined emission structures near the sheath edge. The

numerical simulations reveal that the additional emission in

the discharge centre can be explained by a comparatively high

electric field present in the plasma bulk region at atmospheric

pressure conditions. The bulk electric field oscillates between

±1.5 × 105 V m−1 (figure 2(a)). These high field values are

comparable to sheath electric fields of low pressure plasmas

[53]. The electric field drives electrons produced during sheath

expansion through the discharge gap. Thus, effective electron

production in the plasma bulk, even at elevated pressure, is

possible. Under these conditions the displacement current

density in the discharge centre is in the order of the conduction

current density (figure 2(b)). Thus, the total current is shifted

in phase. In contrast to its low pressure counterparts, the

displacement current in the plasma bulk is not negligible for

atmospheric pressure plasmas.

4.2. Spatial O density profiles

Figure 3 shows the measured atomic oxygen density along

the centre of the plasma channel of the µAPPJ at 12 W

generator power and a gas flow of 1.5 slm He and 9 sccm

O2, thus a helium/oxygen ratio of 1000 : 6. Here, the gas

channel of the µAPPJ is guided by the electrodes up to

z = 40 mm and onwards continued by BK7 glass substrates.

This allows an undisturbed measurement along the gas channel

from the plasma core into the effluent of the jet. The density

remains constant at 2.7 × 1021 m−3 up to the electrode edge at

z = 40 mm, then it starts decreasing exponentially towards

6
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Figure 3. Axial profile of the measured atomic oxygen density at a
gas composition of helium/oxygen (1000 : 6) from the discharge
centre at z = 20 mm into the effluent starting at z = 40 mm. Decay
shows an exponential behaviour.

a constant value of ≈5 × 1020 m−3. Thus, a substantial

O concentration is transported far outside into the effluent

region. The amount of transported atomic oxygen depends on

the atomic oxygen density generated within the plasma core.

Therefore, it is crucial to get detailed information about the O

formation mechanisms inside the µAPPJ.

Figure 4(a) shows a simulated profile of the atomic oxygen

density across the interelectrode gap. The obtained profile is

relatively flat due to the assumption of zero-surface quenching

of O at the electrode surfaces at x = −500 µm and x =

500 µm. Figure 4(b) shows a comparison of the simulated

profile with profiles obtained by TALIF measurements (same

conditions as in figure 3) across the interelectrode gap. The

TALIF signal of atomic oxygen (triangles) was recorded

during plasma operation. For the reference measurement

(open circles), the device was simply flooded with xenon

gas to achieve a homogeneous density distribution [14]. It

can be seen that the signal of the reference gas decreases

towards the electrodes. This decrease is due to geometric

vignetting of the solid angle of detection by the electrodes

during the TALIF measurement. To compare the atomic

oxygen TALIF measurements with the numerical simulation

results, the atomic oxygen profile obtained from the simulation

is multiplied by the relative TALIF signal of the xenon

reference gas (squares). It can be seen that the relative profiles

agree quite well within the given signal-to-noise ratio. The

assumption of zero-surface quenching for atomic oxygen at the

electrodes is validated by this agreement between simulation

and TALIF measurement. Thus, volume processes (particle–

particle reactions) dominate over plasma boundary induced

processes (particle–wall interaction) in the atomic oxygen

production and destruction within the core plasma of the

µAPPJ.

4.3. Power dependency of the O density

Figure 5 compares the atomic oxygen density dependency

on the power obtained from the numerical simulation and

Figure 4. (a) Time averaged simulated ground state atomic oxygen
density as well as (b) relative TALIF signals of atomic oxygen and
xenon.

Figure 5. O density in the discharge centre under power variation.

the TALIF spectroscopic measurements. The two separate

power axes differ significantly from each other. First, only

a small fraction of the generator power is actually coupled

into the plasma, since there are losses in the connecting

cables, matching network and heating of the electrodes, as

well as by rf-radiation of the jet device acting as an antenna

7
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[54]. Secondly, the power set in the numerical simulation

underestimates the actual power input, since the 1D description

neglects losses of the considered species by recombination at

the quartz-glass panes of the jet and by convection due to the

gas flux perpendicular to the simulation domain. Both axes

are matched with the onset of the γ -mode. In the experiment,

this point is determined by the transition into a constricted high

density plasma. In the simulation, the onset can be identified

when the slope of the voltage-power characteristics changes

from positive to negative [41].

The values obtained from the numerical simulation are

scaled down by a factor 0.37 to illustrate the very good

qualitative agreement of the measured and the simulated

dependency. The factor between those values can be explained,

taking the uncertainties of the two different approaches

for the determination into account. The overall reliability of

the TALIF measurements is stated to be within 50% [14].

The result of the numerical simulation, on the other hand,

depends on a large variety of reaction constants for heavy

particle interactions and cross-sections for electron-impact

reactions, the latter having an uncertainty of at least 30% [51].

The numerical simulation results show that the atomic oxygen

density increases slightly sub-linear with power. This cannot

be resolved in the TALIF measurements due to the limited

signal-to-noise ratio.

The comparison with PROES and TALIF results shows

that the employed numerical simulation describes the

qualitative behaviour of the electron dynamics and the plasma

chemistry within the core of the µAPPJ very well. Using

the benchmarked simulation, it is now possible to get further

insight into the details of the formation mechanisms of atomic

oxygen.

4.4. Formation mechanisms of O

Figure 6 shows the most important (a) destruction and

(b) production mechanisms of atomic oxygen time averaged

over one rf-cycle across the discharge gap at an input power

of 0.6 W, which corresponds to a generator power of 12 W in

the experiment (comparable to figures 3 and 4). The main

destruction mechanisms shown in figure 6(a) are all heavy

particle driven. These are in descending order of relevance:

O + O2 + He → O3 + He, (R50)

2O + He → O2 + He, (R49)

O + O3 → 2O2. (R42)

The reaction rates of (R49) and (R50) are similar to

the spatial profile of the atomic oxygen density shown in

figure 4(b). For (R50) it is proportional, whereas the rate of

(R49) goes with the square of the O density profile. In case

of the ozone induced recombination (R42), the atomic oxygen

profile is multiplied by the ozone profile. The latter decreases

from the electrodes towards the discharge centre, leading to

the overall flat profile of the reaction rate of (R42).

Figure 6. Most important (a) destruction and (b) production
mechanisms of atomic oxygen time averaged over one rf-cycle
across the discharge gap at an input power of 0.6 W.

The production, on the other hand, is driven by electron

and heavy particle induced processes:

O∗ + He → O + He, (R100)

e + O2 → O + O∗ + e, (R80)

e + O2 → 2O + e, (R15)

O∗ + O3 → O2 + 2O. (R98)

Reaction (R100) has the same profile as the atomic oxygen

meta-stable density, since helium is treated as a uniformly

distributed background gas. The ozone dissociation (R98) has

a very small dip in the centre, caused by the ozone density

comparable to reaction (R42). The dissociative excitation

of atomic oxygen (R80) shows a double peak structure, as

can be seen in figure 6(b). These two peaks are induced

by the sheath motion represented by the electron dynamics

from the PROES measurements (figure 1). The dissociation

(R15) has only a very slight double peak structure due

to a different energy threshold. The dissociation has a

lower threshold than the dissociative excitation, i.e. more low
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energetic electrons from the plasma bulk region can contribute

to the dissociation, resulting in the time averaged profile in

figure 6(b). Electron and heavy particle driven processes each

contribute approximately 50% to the total production of atomic

oxygen. In figure 7(a) the electron and heavy particle induced

production rates of atomic oxygen are compared to the total

production rate for several input powers. It can be seen that

the relative contributions are comparable for all powers and

that the electron induced production rates are a bit higher than

the heavy particle induced processes. The latter ((R98) and

(R100)) are both dependent on the atomic oxygen meta-stable

density. The main destruction processes of atomic oxygen

meta-stables in descending order of relevance are

O∗ + He → O + He, (R100)

O∗ + O3 → 2O2, (R99)

O∗ + O3 → 2O + O2, (R98)

O∗ + O2 → O + O2, (R97)

O∗ + O2 → O + O∗
2, (R96)

O∗ + O → 2O. (R95)

Integration over the 1D simulation domain of the total

volumetric losses allows comparison with the loss of atomic

oxygen meta-stables by thermal flux to the electrodes. The

surface quenching is found to be below 0.1% of the integrated

volumetric losses, hence it can be neglected. The production

mechanisms are electron and heavy particle driven, as in the

case of atomic oxygen:

e + O2 → O + O∗ + e, (R80)

O∗
2 + O3 → 2O2 + O∗, (R115)

e + O → O∗ + e. (R114)

The contributions of the electron and heavy particle

induced production mechanisms of O∗ compared to the

total production are shown in figure 7(b). Both contribute

approximately equally over the entire power range, whereas

the electron induced processes are slightly higher. The heavy

particle reaction (R115) is dependent on the O∗
2 density. The

destruction of O∗
2 is mainly driven by reaction (R115). The

surface losses in this case are lower than 10×10−6 compared to

the integrated sum of volumetric losses. The main production

processes in descending order of importance are

e + O2 → O∗
2 + e, (R81)

O∗ + O2 → O∗
2 + O, (R96)

2O + He → O∗
2 + He. (R108)

Figure 7. Time and space averaged total, electron and heavy particle
induced production mechanisms of (a) atomic oxygen, (b) atomic
oxygen meta-stables and (c) molecular oxygen meta-stables.

The electron-impact excitation (R81) is the dominant

production process. Figure 7(c) shows that 15% of total O∗
2

production is related to the heavy particle reactions ((R96) and

(R108)) and 85% to the electron driven production.

The production of O∗ is 50% driven by the heavy particle

reaction (R115) and 50% by electron-impact reactions. O∗
2 is

almost exclusively produced by the electron-impact excitation

(R81). Hence, the production of O∗ through reaction (R115) is

indirectly driven by electrons. Here, O∗
2 serves as a precursor

for the O∗ production. The total production of O∗ is directly

((R80) and (R114)) or indirectly (R115) driven by electrons.

The heavy particle induced production of O is further highly

dependent on the O∗ density. Therefore, the production

of O through reactions (R100) and (R98) is also indirectly

driven by electrons. In this case, O∗ serves as a precursor

for O production. Hence, the formation of atomic oxygen

is, as expected, given by electron driven production, either

direct or indirect using O∗ and O∗
2 as precursors, and heavy

particle driven destruction. Taking into account only the most

important production and destruction channels for O ((R100),

(R80), (R15) and (R50)), O∗ ((R80), (R115) and (R100)) and

O∗
2 ((R81) and (R115)), one can derive the following expression
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Figure 8. Time and space averaged electron density and mean
electron energy for the investigated power range.

for the atomic oxygen density:

nO = ne

k15(ε) + 2k80(ε) + k81(ε)

nHek50

. (4)

Here, k50, k15(ε), k80(ε) and k81(ε) are the rate coefficients of

reactions (R50), (R15), (R80) and (R81), respectively. This

electron driven production of ground state atomic oxygen can

explain the slightly sub-linear increase in the atomic oxygen

density in the numerical simulation (figure 5). The atomic

oxygen density depends on the electron density and the mean

electron energy, as can be seen in equation (4). Both are shown

time and space averaged for the investigated power range in

figure 8. The electron density linearly increases with power,

whereas the mean electron energy decreases towards higher

powers.

This decrease can be explained by a change in the time

and space averaged EEDF [51]. With higher powers, the

EEDF at spatio-temporal positions of highest emission (see

structures I, II and III in figure 1) is shifted to higher mean

electron energies. This leads to a higher number of electrons

with sufficient energy to ionize. Hence, the electron density

is increased, as illustrated in figure 8. However, the EEDF

remains at a low mean electron energy for all other spatio-

temporal positions. The time and space averaged EEDF is

defined as the sum of the spatio-temporal EEDFs weighted

with the corresponding spatio-temporal electron density. The

electron density decreases towards the electrode surfaces,

hence it stays relatively low at the spatio-temporal positions

of highest emission. The percentage of hot electrons in the

time and space averaged EEDF therefore decreases with power,

resulting in a decreased mean electron energy. The atomic

oxygen density is linearly dependent on the electron density

but over-linearly dependent on the mean electron energy via the

rate coefficients k15(ε), k80(ε) and k81(ε) (see equation (4)).

This results in the slightly sub-linear increase in the atomic

oxygen density with power, observed in figure 5.

5. Conclusions

A 1D numerical simulation of the µAPPJ core plasma is

presented. In total, 116 reactions among 16 species are

accounted for. The model is based on fluid equations with

a semi-kinetic treatment of electrons. The kinetic reaction

rates and electron transport coefficients are calculated using a

two-term approximation Boltzmann solver.

The model predictions for the properties of mid-energy

electrons are proven by comparing the simulated spatio-

temporal characteristics of the atomic oxygen optical emission

line λ = 844 nm (3P → 3So) with corresponding results

of experimental PROES measurements. The spatio-temporal

structures of both are in very good agreement.

The model predictions for the atomic oxygen density

profile across the discharge gap as well as for absolute

densities under power variation are compared with TALIF

measurements. The simulation supports the experimentally

observed flat density profiles and the corresponding conclusion

for a volumetric dominated atomic oxygen loss. For the

power dependence of absolute densities, both completely

independent approaches agree very well.

Finally, a detailed description of the dominant production

and destruction mechanisms of the atomic oxygen is given on

the basis of the benchmarked numerical simulation. Here,

the production is driven by electron-impact reactions and

destruction by heavy particle recombination.
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