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Fast quenching of metastable Oz(alAg) and 02(b129+) molecules by
O(°P) atoms at high temperature

A.V. Volynets', D.V. Lopaev?, T.V. Rakhimova', O.V. Proshina®, A.A. Chukalovsky', J.R. Booth?

!Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Russian Federation
“Laboratoire de Physique des Plasmas, CNRS, Ecole Polytechnique, UPMC Univ Paris 06, Univ:Paris-Sud,

France

Abstract

Oxygen molecules in the lowest metastable state, O,(a'Ag), play @n impertant role in oxygen
plasmas due to their high reactivity and significant concentrations." The accumulation of high
densities of Oz(alAg) occurs due to its low quenching rate. This,paper demeonstrates the existence, at
high gas temperatures (700-1700K), of fast quenching of Og(alAg) by-O(*P) atoms, a process that
has not been considered in previous models. Experiments were carried out at oxygen pressures of
10-100Torr in an 81MHz CCP discharge in a quartz tube Wi.th external electrodes. This setup
provides high absorbed power density, leading to both high gas temperatures and significant O(P)
densities. We observe that the Oz(alAg) density is significantly limited at high gas temperatures by
rapid quenching by atomic oxygen . The results were interpreted using a self-consistent 1D
discharge model. The observations can only be explained by the inclusion of a rapid quenching
reaction: O,(a'Ag) + OCP) — 0,(X°%y) + O(°P); with an activation energy in the range of 0.54-
0.69eV. The rate constant was determined over a wide range of discharge conditions (P = 20-100
Torr and T4 = 800-1700 K), givin{values between 3-10™xexp(-8000/T) cm®/s to 1.5-10" xexp(-
6300/T) cm®/s. A possible mechanism for this process is discussed. Measurements of the density of
metastable Oz(blzg+) molecules also indicated the existence of quenching by atomic oxygen, with a
somewhat lower activation energy.of ~0.32 eV. The variations of the measured [02(b129+)]/N mole-
fraction could be fitted by thexmodel using a rate constant - 2-10™.exp(-3700/T) cm?/s for this
process. These guenching processes of metastable Og(alAg) and Og(b12g+) molecules by oxygen
atoms are important for oxygen plasmas and could have a significant impact on the Kinetics of
oxygen-containing mixtures at higher gas temperatures, for example in plasma-assisted combustion

or in high-pressure plasma processing reactors.
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1. Introduction

Oxygen plasmas have been the subject of much research. It attracts attention due to their
high chemical reactivity, due to high concentrations of active particles including oxygen atoms and
electronically excited metastable molecules, notably singlet oxygen, Oz(alAg). These reactive
species are essential in many technological plasma processes [1], [2], lasers [3]-[8] and combustion
[9]1-13].

The dissociation degree of oxygen molecules in plasmas can be very highs(> 20% [14]),
while Oz(alAg) yield can reach ~15% [15]-[17]. Significant amounts of these species define not
only the reactivity of O, plasmas but also strongly influence the plasma itself. For example, the
destruction of negative ions through detachment processes with O(’P) and Oz(alAg) controls the
electronegativity of O, plasmas, and thereby influences other parameters'such as the electric field,
electron energy distribution function (EEDF) etc. [18]-[21] . Therefore,«itsis very important to
understand and model the kinetics of atomic and singlet oxygen::The generally accepted kinetic
scheme for processes involving O(?P) and Oz(alAg) with neutral species has been well established
[3], [4], [22]-[27]. However, the mechanisms of Oz(alAg) production.and quenching via reactions
involving transitory species requires further detailed investigation. While it is commonly accepted
that volume reactions are known relatively well, surface processes are less well characterized, and
can have a strong effect at lower pressures. At ‘higher pressures volume processes become
dominant. While reactions between stable species are generally well known, processes with radicals
have been less studied. Even when rate constant data is available, it is often scattered over a wide
range.

Volume quenching of Oz(alAg) in reactions with oxygen atoms is one of most important
processes determining its concentration:, This process has been observed in different oxygen-
containing plasmas [19], [22], [23],.[28], [29] and photolysis experiments [30]. In [8], [28], [31]
the quenching of Oz(alAg) in a pI;ma afterglow was explained by reactions with vibrationally
excited ozone molecules; which are produced by the initial stage in three-body recombination with
0, [32]. In [3], [23], [33].the three-body recombination of O(*P) atoms with Og(alAg) was invoked
to explain the observed fast loss of Oz(alAg) at gas temperature Ty < 700K. This three-body
reaction was used as “gross”-reaction to describe a two-step mechanism of Oz(alAg) loss due to
stabilization of ‘the‘excited compound state of O3 to the repulsing part of the bounded electron
states. In all these studies mechanisms are invoked to explain observed increases in the quenching
rate with.pressure,/but the effect of the gas temperature was ignored. Nevertheless, these studies
demonstrated that fast quenching of Oz(alAg) by O(®P) atoms has a significant effect on the Oz(alAg)

concentration'and whole plasma behaviour.
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This paper presents a detailed experimental study of Oz(alAg) quenching by O(’P) atoms.
For this goal we studied a dense oxygen plasma at relatively high gas pressure (10-100Torr) in a
quartz tube, conditions which minimize the surface influence on Oz(alAg) quenching. The plasma
was generated by a 81MHz CCP (capacitively coupled plasma) discharge with external electrodes
to provide high absorbed power, and thereby high density of O(°P) atoms at gas temperatre up to
~1700K. These specially created conditions allowed us to observe directly very fast Oz(alAg)
quenching by oxygen atoms. Detailed comparison of the experimental data to a 1D¢self-consistent
discharge model enabled different possible mechanisms to be investigated, and the:determination of
rate constants for the corresponding quenching process. Additionally, the behavior of Ozmolecules
in the second metastable state, b'Z,", was also studied. These results showed'that an.analogous fast
quenching reaction by O(*P) atoms also exists for Oz(b129+), but with a lower activation energy.

The paper is organized as follows. Details of the experiment and seme important results are
presented in Section 2. The discharge model and kinetics scheme are.described in Section 3. Section
4 is devoted to the model-based analysis of the data and discussion of the results. At last, a

conclusion is given in Section 5.

2. Experiment 3
The experimental setup is shown in Figure 1, and has been presented previously in detail. Here we
will present briefly only the features relevant to this.study. The capacitively-coupled plasma (CCP)
in O, gas was generated in a quartz tube (wall thickness - 2mm) of length 200 mm and inner
diameter 10 mm with external electrodes running the whole length of the tube. The electrodes were
driven by a 81 MHz generator at power 50-500 W, producing a quasi-uniform plasma column along
the tube over a wide pressure range~(10— 100 Torr). Significantly, there are no the arms without
plasma in the tube ends where ozone can accumulate. To avoid tube heating and to keep the surface
conditions stable, the electrodes We?e cooled by internally-flowing water, with soft carbon inserts
providing good thermal,contact between the tube and the electrodes. A matching network allowed
the reflected rf power to be minimized, and did not exceed 1-2 W, but some rf power was dissipated
in the matching network. Since the discharge is close to symmetric, both the rf voltage and rf
current waveforms:were close to sinusoidal. Therefore the rf power consumed by the plasma can be
estimated from the measured effective values of the rf voltage and rf current and their phase shift,
measured directly at the'electrodes using corresponding probes and a phase-vector meter.

The rf generator could operate in both continuous and pulsed modes, with variable power
modulation depth. This discharge configuration provides high specific power input; along with the
high gas,pressure this leads to high gas temperatures. This also produces high O, dissociation
degree, since the loss probability of atomic oxygen on quartz is rather small (~10®), and no metal

parts are present inside the tube.
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Pure oxygen (99.99 %) was used for most measurements. 2.5% of Kr was added to oxygen
in some cases for actinometric measurements. This small addition of krypton is not expected to
strongly influence the discharge parameters due to the higher ionization potential for Kr compared
to O,. The small O, flow rate of 20 sccm provided gas residence times longer than the lifetime of all

active species produced in the discharge.

IR spectrometer +
InGaAs photodiode

‘ @oz + 5%Kr

‘ Water
Copper electrodes
Plasma Light shielding
rf probe
81 MHz Generator ‘ @
L rf probe
[ 1. L — | matchbox _
? To the pump
Uy, Jo, AD = 4
it meter
PC automatization - s M Iris diaphragm
; adiometer
= & LabVIEW (762'or 845 nm) Lens
ol
| @ Spectrometer (visible)
NI DAQ board Optical detector

(PMT/ICCD camera)

Figure 1. Experimental setup (see text for details).

Optical emission spectroscopy was used the main tool in this research. Light from the
discharge was observed through optical guality quartz windows fused to both ends of the quartz
tube. The emitted light was passed through a variable iris diaphragm and focused onto the entrance
slit of a visible or a near IR monochromator, fitted with appropriate detectors: an ICCD matrix or
PMT (for visible spectral range) and an InGaAs photodiode (for the near IR spectral range).

Programs created in the NI LabVIEW environment and a NI DAQ device were used to
control the discharge, record.the results of the optical diagnostics, and process the obtained data.

2.1 0y(b'2y") and Ty measurements

The gas'temperature Ty was determined from the observed A-band Oz(blzg+,v=0) — 02(X3Zg',v:0)
emission by fitting to spectral simulations as described previously [14], [34], [35]. The Ox(b'Z,")
emission was collected through the quartz window in the end of the tube. Iris diaphragm and

condensorallowed to select area of the discharge, from which the emission were collected [34]. The

4
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spectral resolution was adequate to resolve the rotational structure of the P-branch. This technique
provides an accuracy of Ty determination about £20K. The spatial resolution was not able to fully
resolve the spatial profile of Ty, but was enough to isolate the emission from axial region (with
diameter ~2-3mm). Therefore we were able to determine both the temperature near the axis - Tg.axis,
and the temperature averaged over the tube diameter - Ty aver.

The 02(b129+) density averaged over the tube diameter (in accordance with thatidischarge
emission selected by the spectrometer slit, see Figure 1) was estimated from the integral of the A-
band intensity after subtracting the background emission, and performing an absolute intensity
calibration. The absolute calibration was based on direct measurement of the O,(b'Zq",v=0) —
OZ(X3Zg',v:O) radiation power from a small part of the tube limited by darksscreens, as shown in
Figure 1. The emission intensity was determined using and absolutely-calibrated radiometer, fitted
with and interference filter (765 nm, bandwidth ~10 nm FWHM). The absolute:-measurements were
carried out at the lowest powers and at pressures below 40 Torr, in order to minimize background
emission. The Og(b12g+) density was then obtained from the radiometer measurements as follows:

2
R (7

where Pyaq IS power measured by radiometer, hv/e=41.62.¢eV, ‘0\ = 8.34.107 [36] is the Einstein
coefficient, L is distance from tube axis to the radiometer detector head (L >> Rupe), 7 IS
convolution of measured Oz(blzg+,v=0) — OZ(X3Zg',v:O) Spectrum with the transmission of the
interference filter at 765 nm, V is emitting volume and & is correction factor accounting for
contributions of 02(b129+) and background. emissions into the radiometer signal (the correction
factor & was estimated from measured discharge spectra in the range of Og(b12g+,v=0) — OZ(X?’Zg'
,v=0) band). The measurements were performed at two different distances (14 and 24 cm) of the
radiometer head, in order to estimate\the possible uncertainty of the absolute calibration.

2.2 O(*P) measurements

The optical emission actinometry. technique was used to estimate the mole fraction of atomic
oxygen. The applicability of this well-known method for the given conditions has been previously
discussed in detail[34]. A specificity in this case is that two actinometer gases, Ar and Kr, were
used simultaneously. 2.5% Krand 2.5% Ar were added to O, This percentage was assumed not to
influence the plasmarparameters. The two actinometer gases were used because of the high
pressures in this study. Under the conditions studied, the effective electric field in the plasma bulk,
and the corresponding electron temperature, are quite small. This increases the uncertainty in
estimating,.actinometric coefficients, i.e. the coefficient relating the emission intensity ratios to the
atom.densities. The gap between the excitation energies of the observed emitting levels of oxygen

and krypton is smaller than characteristic electron temperature T, (~1.8-2.2 eV), whereas the gap
5
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between those for Ar and Kr is higher. Therefore the ratio of the Ar to Kr intensities is sensitive to
Te changes, and thereby gives additional control for O atom actinometric coefficients.

The following atomic lines were used: O(P)—O(’S) (777 nm), Kr(2ps)—Kr(1s4) (758 nm),
Kr(2ps)—Kr(1ss) (811 nm) and Ar(2p;)—Ar(1sy) (750 nm). It is worth noting that in the considered
pressure range (10 — 100 Torr) collisional quenching of emitting states prevails oversradiative

decay:

oCP SK" 1, [Kr
A Kr

while dissociation excitation of O, could be neglected because of low T.. N is the total gas density.
Ck.° is the so-called actinometrical coefficient:

Zi A‘? +k(§)[02] Krr: keKr ~ k‘? Kn: keKr
2 An Tk TO] A kP kg A KD

where A;; is Einstein coefficients of radiative transition from the i-th_upper (emitting) state to j-th

Cir = )

lower state, kqO and qur are quenching rate constants of the,upper state of O and Kr atoms in
collision processes with neutral particles (O5), S,° and S, are'sensitivities of spectroscopic system
at the wavelength of O and Kr atoms. Finally, k.° and k& are excitation rate constants by electron
impact from ground to the upper emitting state of O'and Kr atoms. The excitation rate constants
were calculated by convolution of the corresponding excitation cross section with EEDF. The value
of the excitation rate constant is rather sensitive to the shape EEDF as well as to small changes of
the effective electron temperature, T.. However, the ratio between the excitation rate constants is
less sensitive, and if the considered energy levels are close the ratio will vary only little. This is the
case for the chosen O and Kr states. Thus, the ratio between the excitation rate constants were
calculated in advance using the experimentally estimated E/N¢s and the available excitation cross
sections [37]-[40]. Effective values Qf the reduced electric field, E/N¢s, were estimated from the Kr
to Ar line emission ratio with'2.5% of Ar and Kr added to O, [34]. Since in this case of O/Kr the
shape of the EEDF has little influence‘on the actinometric coefficient, the BOLSIG+ software [41]
was used to calculate the EEDF as.a function of E/Ne. The Einstein coefficients were taken from
the NIST database [42].

Precise values of quenching rate constants are very important for the correct determination
of O(P) atom \density at high pressure. Unfortunately, these values are not well-known, and
furthermore’may depend upon the gas temperature. However, any temperature effect is partly
compensated, due to the fact that the actinometric coefficient includes the ratio between the
quenching rateconstants. All the above questions have been considered in detail previously [34].

Overall, the accuracy of the oxygen atom density determination depends on the uncertainties
ofuboth. [O(®P)]/N and Ty The uncertainties in [OCP)]/N can be quite high due to all the

uncertainties in the parameters used in equations (1) and (2), but above all due to the uncertainties
6
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in the cross sections of the quenching rate constants. Following the data from [34] and making a
comparison with model (see below), we estimate the uncertainties of the absolute measurements of
[OCP)]/N to be within +£30%.

2.3 0y(a'4,) measurements

Similar to 02(b129+), the Oz(alAg) density was measured by OES. The discharge emission Spectrum
around 1270nm of the O,(a'Agv=0) — O(X°%y,v=0) band was detected 4Using the IR
monochromator with InGaAs detector. The detector signal after trans-impedanceé amplifier (2-10*
V/A) was fed to the DAQ card. A typical discharge spectrum is shown in Eigure 2. The spectral
resolution (~2.5 nm) was adequate to clearly observe the Oz(alAg) emission band. However
compared with 02(b129+), the level of background emission was higher, This is due to weak atomic
oxygen lines occurring on the wings of the Oz(alAg,v:O) — OZ(X329',V?O) band, as well as
chemiluminescence from excited NO," molecules (present due to some nitrdgen in the tube). The
small amount of nitrogen (< 0.05 %) was in the tube due to small leaks in'gas and vacuum systems
(flow leak was less than 0.01 sccm, which is typical for most plasmarreactors using seals for glass
tubes and windows).The quantity of nitrogen, and correspondingly NO; is very small. However the
NO; emission is very bright, since it is an allowed transition, and;therefore can always be even seen
next to the very weak Og(alAg) emission. Sinee the background emission consisted principally of
this wideband (almost continuous) contribution in‘the range of the Oz(alAg,v:O) - OZ(X3Zg',v:O)
band, the background emission was estimated as.shown in Figure 2. The background was then
subtracted to give the value of the Oz(alAg) emission intensity.

The Oz(alAg) density averaged over the tube diameter was obtained from the absolutely-
calibrated the emission intensity /integrated, over the Oz(alAg,v:O) - Og(X3Zg',v:0) band. The
calibration was made by measuringsthe Oz(alAg) radiation power using the same radiometer as in
case of the Oz(blzg+) calibration. Since the radiometer uses a Si-based detector which is not
sensitive to IR Og(alAg) radiation, direct measurement of Oz(alAg) radiation power was not possible.
Therefore the absolute‘calibration of Oz(alAg) emission measurements was carried out by measuring
the radiation power from the oxygen atom 845 nm line using the radiometer, and simultaneously by
the monochromator + InGaAs detector system. An interference filter (845 nm, bandwidth ~10nm
FWHM) was.used on the radiometer detector head to select the 0845 nm line from the discharge

emission. The Oz(alAg) density was then determined by:

J-Ioz(a)dﬂ’ . 5845 . 4721—2 : P0345
J‘|0845d/1 Nsp1270 hv-AV 1cgs

[0,(a'A,)]=
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where Poggs is 0845 nm line power measured by radiometer, L is a distance to the radiometer
detector head from tube axis (while L >> Rype), 7irsss IS the transparency of interference filter (60
%) at 845 nm, hv /e= 0.98 eV, A =2.256-10 is the Einstein coefficient for the transition, V is the
emitting volume (the same as in calibration for 02(b129+)), Nspeas and 77sp1270 are products of the
InGaAs sensitivity and the reflectivity of the mirrors and grating of monochromator for 845 and
1270 nm respectively, /logssdA and / lo2@dA are the spectrally-integrated intensities of the'© atom
845 nm line and the Oz(alAg) 1270 nm band measured by monochromator + InGaAs detector

system. The accuracy of the absolute Oz(alAg) density is estimated to be within +20%.

1 — 3¢ _
O,(a Ag, v=0) - O,(X Zg, v=0)

O atoms ~

Intensity (a.u.)

background level

1240 1260 1280 1300
wavelength (nm)

Figure 2. Example of an measured emission spectrum around 1270 nm at 20 Torr and 41W of input
rf power. The estimated level of background emission is shown in grey, while the emission of the
Og(alAg,v:O) - 02(X3Zg',v:0) band is shown in red. The weak O atom lines in accordance with

NIST database are marked by arrowss.

Firstly, we investigated the"O,(a'A,) kinetics during full discharge modulation. This was
principally to characterize processes with Oz(alAg) molecules in afterglow, where the role of oxygen
atoms and ozone can be essential. The temporal behavior of the discharge emission at wavelengths
corresponding to Oz(alAg) peak emission at 1270 nm and background emission at 1252 nm was
recorded. Anrexampleds presented in Figure 3a. In the discharge afterglow only the Oz(alAg)
emission is observed, The dynamics of the Og(alAg) density at 30 Torr and different input rf powers
is shown in Figure 3b.

After turning on discharge, the Og(alAg) density increases quickly during the first few tens
ms;.then starts to saturate. At low input rf power the saturation occurs later, indicating a lower rate
of @,(a'Ay) quenching. With increasing rf power the initial rate of increase in the O,(a'A,) density

8
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increases. However, saturation occurs in a shorter time at high power, and at the highest powers the
density of Oz(alAg) actually decreases at longer times. It should be noted that the gas temperature
(and the corresponding gas density) stabilizes in ~3 ms. Indirectly, this is confirmed by the sharp
jump up of the Og(alAg) density after discharge extinction and the corresponding gas cooling (see
below). This time approximately corresponds to characteristic time for thermal conduction in the
radial direction. Thus, this behavior of the Og(alAg) density over hundreds of milliseconds can only
be explained by the presence of significant collisional quenching of Og(alAg) in‘the discharge,
caused by a species whose density grows with increasing input rf power. The only pessible
candidates for this quenching are O(®P) atoms and O; molecules. However; measurements have
shown that the O3 density is very low in the active discharge [34]. Moreover, nearlyall of the ozone
is found close to the cold walls, and is essentially absent in the plasma region due to fast
decomposition at high gas temperature. The ozone concentration is/loo lew (by several orders of
magnitude) to cause the observed rate of Oz(alAg) quenching. Since.the electron density stabilizes
quickly (in a few hundred of microseconds), O(3P) atoms are the only quenching species present in

high enough concentration to explain the Oz(alAg) loss during discharge'pulse.

discharge afterglow Ky 6 discharge afterglow
g R 20 Torr, 118 W | 5= y
S O,(a’A)) emission (D) E 30 Torr
oo oo ; ) —_78W
~ |l e © ~ 4 —_— 120W |
> S = /‘ —
 — emission LL <c: e
= TR P
QO 0 4 < 2 NI\t T
- | Bgnd emission S ~ |
SN vt oy, O
C el
v+ | ON OFF RF powern —_—
"O“l | | - SN O J =
00 05 10 15 20 00 05 10 15 20
time (s)™ > time (s)
a) b)

Figure 3. a) Examples® of ithe dynamics of the discharge emission: at 1270nm (Oz(alAg) +
background) (blue), Background at 1252nm background (grey) and the difference (:Oz(alAg)
emission ) (red) during full discharge modulation at 20 Torr. The dashed lines correspond to zero,
“0”, for each signal. b) Dynamics of Oz(alAg) density during full modulation at 30 Torr and

different input rf powers.

Immediately after turning off the discharge, a fast (during ~3 ms) rise of the Og(alAg) density
is observed, which can be attributed to gas cooling and convection towards the discharge center. As
seen; this jump becomes more marked at higher input rf power, due to the higher gas temperature.

Subsequently, the gas temperature approaches the wall temperature, and the Oz(alAg) density in the
9
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afterglow follows an exponential decay ~exp(-v22® t) with a constant loss frequency v°%® which

loss loss

is almost independent of the rf power. This shows that the discharge does not create any significant
density of stable species which can quench Og(alAg) (Osfor instance).

Figure 4a shows the variation of the O,(a'Ay) loss frequency in the afterglow, vo%® | as a

loss

function of gas flow velocity at different pressures. It progressively increases with flow velogity at
all pressures, demonstrating the effect of the gas residence time on Oz(alAg) loss. The'extrapolated
values for zero flow velocity correspond to the Oz(alAg) loss frequency due targas-phase, processes
at each pressure. These extrapolated values are plotted as a function of the O, density.in Figure. 4b.
The O, density can be calculated simply from the gas pressure, since gas temperature has relaxed to
equilibrium with the wall Ty ~ 285K. The pressure dependence can be approximated by a linear
function, with an intersection at zero O, density corresponding to the Oz(alAgﬁoss frequency due to
quenching on the tube wall. From this, one can determine a Oz(alAg) surface loss probability, ya ~
4-10”. This is in good agreement with other measurements of y, on quartz'surfaces outside plasma
[43]. The slope of the linear dependence provides a rate constant for the quenching of Og(alAg) by
0, molecules of k,° ~ 1.4-10™*® cm?/s at 285K. This k, *value also agrees very well with data in
the literature [43]-[46]. This shows that neither oxygen‘atoms.or ozone cause significant Oz(alAg)
quenching in the afterglow. Indeed, as was shown in [34], the.characteristic time for O(°P) atom
recombination (both volume and surface) is short; ~2-3 mssThus, the majority of the O(*P) atoms
are able to recombine during the initial high temperatures at the beginning of the afterglow.
Furthermore, any O3 molecules created in thissperiod will also be destroyed by fast reactions at
these high temperatures. We tried to measure the. dynamics of O3 density in the discharge afterglow

using UV absorption [34]. This showeththat the ozone density in the afterglow is low (< 5-10%° cm’

%) and comes mostly from O diffusion from a thin layer near the cold wall where ozone
N

accumulates during the discharge.
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Figure 4. a) Oz(alAg) loss frequency in the afterglow as function of gas flow velocity at different
pressures. The symbols are experimental data, and the lines are fits. b) Loss frequency of Oz(alAg)
at zero gas flow as function of O, density (Tyq ~ 285K). The intersection at zero O, density
corresponds to the Oz(alAg) loss frequency on the tube wall (y, ~ 4-10°) while the slope of the linear
dependence corresponds to the O,(a*Ag) quenching rate constant by O, molecules: k,** = 1.4-10*®

cm’/s.

During the active discharge period the Oz(alAg) loss frequency is noticeably. higherthan in
the afterglow (for example see the [Oz(alAg)] dynamics in Figure 3 during fulbmodulation of the rf
power and the dynamics of the Oz(alAg) mole fraction during partial modulation shown in Figure 9).
Therefore the observed fast quenching of Og(alAg) in the discharge cansonly. be attributed to OCP)
atoms. Measurements of the Og(alAg) dynamics during partial modulation\of the rf power have
shown that the rate of this quenching significantly rises with pressure and input power (i.e. gas
temperature) increase. Therefore higher gas temperatures notably.speed up the Oz(alAg) quenching
by O(®P) atoms, indicating that this reaction has a significant activation energy barrier. It should be
noted that such a reaction has not been proposed prior to.this study.

@
3. Model
The self-consistent 1D model of an rf discharge used here is similar in principle to that presented by
Braginskiy et al. [23] and will only be deseribed briefly here. The transport of electrons and positive
and negative ions is described by the continuity equations, the drift diffusion approximation is used
to calculate charged species fluxes.. The discharge is assumed to operate in the so-called rf-
discharge a-mode, and therefore secondary electron emission is not included.

The average electron energys.&, is deduced from the electron energy balance equation. The
electron induced reaction rates, the electron mobility and diffusion coefficients as calculated as
functions of & and ne by solving the'local (OD) Boltzmann equation for the EEDF in the two-term
approximation [23]. The solution:0f the 0D Boltzmann equation is a pre-processing step to generate
so-called & -based lookup tables (electron related coefficients as functions of & and ng) that are then
used during the/plasma simulation. This method can be applied to intermediate pressure plasmas
[23], [47], provided that the electron energy balance takes into account non-local effects such as
electron thermal conductivity.

The self=consistent electric field is found by solving the Poisson equation. The rf voltage
amplitude is adjusted to match the average specific power input calculated from the measured

absorbed power and the plasma volume (16cm?). The calculated specific power input was defined

11
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as the spatially-averaged power dissipated into electrons and ions in the plasma along the whole
inter-electrode space of 1 cm.

We decided that this is the most appropriate way to compare our experimental data to the
1D rectangular simulation, given that the geometry of the discharge tube and the profiled electrodes
is complex and three-dimensional. At the same time using 1D-simulation is enough for the present
task. This is because we a consider spatially- homogeneous rf discharge in the a-mode, and,validate
the spatially-averaged densities of the relevant neutral species - OCP), Og(alAg), Og(b129+), with the
measured data to reveal specific features of volume plasma chemistry such as reactive quenching
reactions for O,(a'Ag) and O,(b'Zy").

The spatial distributions of the neutral components are also calculated. by continuity
equations. The wall loss probabilities for the active radicals are shown in Table 1. These correspond
to the experimentally-estimated values for the quartz tube (except for O('D)"and O, where O,"
denotes sum of Herzberg states). It should be noted that for the pressure range under study only
heterogeneous quenching of O(°P) plays a significant role, so the value.of yo is significant [34],
whereas the concentrations of other electronically excited-atoms»and'molecules are determined

totally by fast volume reactions (see the next section).

o
Table 1. Surface loss probabilities for neutral radicals (O2* denotes sum of Herzberg states).

Surface Reaction Loss propability y (quarts)
0,(a"Ay) 0.00005
0,(b'z,") 0.1

O,* 1
O(°P) 0.001
o('D) 1

N

The spatial distribution of the gas temperature was found from the solution of the gas thermal
energy balance equation. In_order to effectively take into account the thermal conductivity and
diffusion of neutral species»in the perpendicular transverse direction (across the tube toward the
tube wall sectors which do not side with electrodes) we increased the thermal conductivity

coefficient ) and the diffusion coefficient D in the following way:

L -2
Def-f =c1'D, Neff = C2'M, C1= (f_cyl)_z ~ 2.33 ¢,=0.8-C; (1)

plane)

where Lcyi= (2.4/R) is the characteristic diffusion length for an endless cylinder of radius R and
Lplade = (n/2R)? is the characteristic diffusion length for two endless parallel plates with a distance of

12
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2R between them. The value of c;, is lower than c¢; by a factor of 0.8 which takes into account the
different cooling rates of regions of the tube wall, those sides with metal electrodes having a wall
temperature of 300K, compared to the transverse wall that is cooled only by to quartz thermal
conductivity and outside air convection. It should be noted also that we do not simulate directly the
tube wall area and the cooling inside it, therefore the gas temperature near the tube wall“Tg \ is the
boundary condition for the gas temperature equation. Ty, is model parameter since, it was
measured in [34] with great uncertainty. According to the results of [34], we chose two different
values of Ty w= 400K and T4 w= 300K to investigate its influence on the simulation results. This
may be valuable not only for the resulting gas temperature distribution inside the tube, but also for
the spatial distribution of different neutral species, since many volume _reaction rates between
neutral species depend on the gas temperature, and the resultant spatial distribution of different
neutral species across the tube can be essentially inhomogeneous. ==

The O, plasma reaction mechanism and electron cross section database used were almost the
same as that described in [23]. However, at these elevated gas temperatures and pressures, the
transformation of energy stored in electronically excited metastables/is dependent not only on
electronic and heterogeneous processes, but also by processes invelving atomic oxygen, the rate
constants of which can significantly depend on gas temperature. Therefore, in this section we will
make a brief description of the processes included in our update?i kinetic scheme, which determine
the transformation of electronic excitation in ‘reactions with-neutral particles, presented in Table 2.
Besides, some possible mechanisms for the reactions of Oz(alAg) and Oz(b129+) with OC’P) atoms

are considered also on the base of the data available in the literature.

Table 2. Neutral kinetics for Oz(alAg) and Oz(blzg+) included in updated kinetic scheme [23].

# Reaction Re;te qun Stanf:[’ Reference
N cm’/s, s, cm°/s
(R1) [O(D)+0,— 0,(X’%)+0 0.64 " xexp(67/T) [48], [49]
(R2) | O('D) + 0; — Ox(b'Tg")+ O 2.56:10 xexp(67/T) [48], [49]
(R3) | Oy(b'Ey") + O(P) — OCD) + 0,(X’%) 3.39-10™x (300/T)**xexp(-4201/T) [50]
(R4) | Oy(b'z,) + 07> @:(X%%,) + O, 7.4-10xT®xexp(-1104)/T) [51]
1 3 3y - 3 .1\16
2
(R5) | 0,(@'A,) + OCP) - 0,(X°%y) + O(CP) 7-10 [52]
(R6) | O2(b'2g)# OCP) - 0,(a'A,) + O(P) 810™ [53]
9 )
. _ll -
R7) | Qalaas) + OCP) - 0:(X5y) + OCP) L3107 exp( 6300/T) this work,
310 xexp(-8000/T) see text
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02(b'%,") + OCP) — O,(a'Ay) + OCP)
or 0,(X°zy) + OCP)

this work,

(R8) see text

2:10 " xexp(-3700/T)

The quenching of the excited oxygen atoms O(*D) in collisions with O, molecules is an
important channel for the excitation of metastable states 02(b12g+) in oxygen plasmas via reaction
(R2), see Table 2. This process had been studied well both experimentally [48], [54]-[62] and
theoretically [63]. Here we used the value - 4-10™ cm®s™ for the total rate constant/at 298K, @as
recommended in [49], with the temperature dependence described in [48]..,The branching ratio
between channels (R1) and (R2) was taken from the experimental data of [54], [56], [57], equal
20% and 80% respectively. It should be noted that a significant part of the excitation energy in
reaction (R2) goes to Oz(b129+,v:1) state (~40%) [58], [62]. However, we attributed it all to the
ground vibrational state Oz(blzg+,v:0) due to rapid relaxation of Oz(blzg+,v:1) by O, molecules
[64]. N

We included reaction (R3) in our new Kinetic scheme since it.may.play an essential role at
high gas temperatures. This reaction is the reverse of the Oz(b129+) production process (R2) and its
rate constant was obtained from [50] using the calculated thermodynamic equilibrium constant

combined with the measured rate of the forward reaction (R2). In addition, the reaction (R4) was

exp((-

taken into account with the temperature dependence 'kgay(T) = (7.4+0.8)-10™"-T%°

1105.7+53.3)/T) em’s™ (see Table 2) in accordance with/recent data of [51].

The key difference between the present scheme and that presented in [23] is our treatment of
the reactions of Oz(alAg) and 02(b12g+) with O’P)\atoms. In the previous kinetic scheme [23] the
quenching of metastable states Oz(alAg) and 02(b12g+) by OCP) atoms simply treated by reactions
(R5) and (R6) (see Table 2) with rate constants estimated from room-temperature conditions in
[65]-[68] for (R5) and in [53] (R6) respectively. Here we will denote these as “collisional
quenching” processes. The available literature data on the value rate of the (R5) reaction constant
krs) range from 1.3-10™ cm%™ 0 1-10™ cm®™. In this work, we used the value - kgs=7-10"°
cm’s™, recommended in'[52]. However, the wide scatter of the available data on ks, indicates the
need for a more detailedsstudiesionthis reaction. The rate constant used for the O2(b'Z,") quenching
reaction (R6) is kgey=(8+2)10™ cm’s™, which corresponds to the experimental data of [53].
Production of Oz(alAg) in this reaction is faster than the ground state 02(X3Zg') due fact that no
change of spin is.involved. The efficiency of this channel with O,(a'A,) is taken to be 0.75 as
recommended in [69]

Additionally, in our previous reaction scheme [23], volume loss of Og(alAg) was included as

via three-body process:

Os(a'Ay) + OCP) + 0, — 02(X3%y) + 0, + OCP) (R5a),

14
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with a rate constant of — kirsay= (1+2.5)-10°* cm™®s™ with no temperature dependence. The inclusion
of reaction (R5a) allowed us to fit the Oz(alAg) experimental loss rate [3], [23], [47], [70], [71] over
a range of gas pressures 7-30 Torr and gas temperatures from 300K up to 750K. The rate constant
Krsay Was estimated from the best agreement between the simulation results and“numerous
experimental data on the Oz(a'A,) production in discharges for oxygen-iodine lasers [3];[23], [47];
[70], [71]. The necessity of introducing reaction (R5a) in [23] was revealed by the fact that the
mechanism of fast Og(alAg) quenching by vibrationally excited ozone - O3(vib), which successfully
works in plasma afterglow or photolysis experiments [28], [31], [72], becomes.ineffective,under the
discharge conditions, when the rate of Og(alAg) excitation is higher than the/O3(vib) production rate.

It should be pointed out that previous experiments [3], [23], [47], [70], [71] aimed to
maximize the Oz(alAg) yield, which is vital for discharge oxygen-iodine laser (DOIL). HgO-coating
of the tube walls and admixing of small amount of NO for removing. O(*P).atoms were applied to
decrease the O,(a'Aq) volume loss. Therefore the volume guenching of O(a'Ag) by O(CP) was
largely suppressed in [3], [23], [47], [70], [71] in comparison with the'present experiment. The new
experimental data on Og(alAg) and Oz(b12g+) concentrations, obtained in the present work over a
wide range of gas pressures (10-100 Torr) and (importantly)sat higher gas temperatures (700-
1700K) reveal a strong temperature dependence of the rates of Oz(alAg) and Og(b12g+) volume
quenching by O(’P) atoms (see next section for details). Therefore we substituted (R5a) reaction by
the temperature dependent quenching reaction (R7) for Oz(alAg). Besides, for generality a new

quenching reaction (R8) for 02(b12g+) was alse included:

Oy(a'Ag) + OCP) — 0,(X°z,) +0(CP) k®7)= Ka1a€Xp(-Ea1a/Tg) (R7),
0,(b'Zy") + O(’P) >@a(@lAg) +O(P) Key= ko1seXp(-Ep1s/Ty) (R8),

which we will denote here as a “reactive quenching” processes. Their activation energies, Eaix and
Enix, Were estimated by fitting the’simulation results to the present experimental data.

All the above considered guenching reactions, (R3), (R5) - (R8), can be understood though
the manifold of/potential energy surfaces (PES) for the ozone molecule O3 [73], [74]. Since the
quenching of electronicstates in these bimolecular reactions is endothermic [52], they will occur
mostly through non-adiabatic transitions between different states in the O3 intermediate [73], [74].
Note that the rate.constants for the reactions (R5) and (R6) are rather high compared to quenching
on noble gases or molecules like O,(X) [45], which also indicates in this favor. In this regard, the

separation of the considered reactions into “reactive” and “collisional” quenching were introduced
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here for convenience to distinguish reactive channels occurring through a long-lived activated O3
complex, from collisional quenching (see below).

A correct description of the reaction paths for Oz(a'Ag) + O(P) and O,(b'Z,") + OCP) over a
wide temperature range requires detailed dynamical quantum-mechanical calculations, taking into
account a sufficient number of O3 potential energy surfaces (PES) as well as their non-adiabatic
couplings. This is a challenging future task for the quantum chemistry community. Based.on the
literature on O3 PES’s one can only suppose possible mechanisms for Oz(alAg) and 02(b12g+)
reactive quenching by O(®P) with reasonable activation energy barriers.

An example of PES sections for several Oz molecular states at fixed lengths of.the second
0O-0 bond and bond angle (6 = 116.81°) adapted from [73] are presented insFigure 5. They allow
investigation of different possible pathways for reaction (R7). The first involves‘the creation of a
long-lived activated complex, O (2°A™), with an energy barrier in the/entraneéwalley of about 0.55
eV. The 2°A”excited state is partially mixed with low-lying “electronically excited states
(13A”;13A’;:1*A”) near the repulsive region of their potentials, due to strong non-adiabatic couplings
[74]. This activated complex O3 will subsequently decay to.form.an.0O, molecule in the ground
electronic state, since these ozone states (1°A”;1°A’;1'A”) asymptotically correlate with the OCP) +
02(X3%) dissociation limit [74]-[76].

IA" - symmetry:
—— llAu
—— ]_3A"
I\
—e— A"
—— 43An
53An
—— 63A"
73An
A' - symmetry:
1'A'(X)
—2'A'(RY)

Figure 5. One-dimensional section of ozone molecule PESs along the O—O bond for the lowest
three singlet.and twelve triplet states in A" and A" symmetries. The length of the dissociating O-O
bond is fixed at 2.4a, and the bond angle is fixed at 116.81°. The adiabatic energies are shown. R®
refers to the diabatic potential curve relevant for dissociation in the Huggins—Hartley band. Adapted
fromuref. [73]. The possible energy barriers in reactions (R7) and (R8) are shown by red and blue

alrrows.
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The other possible paths for Oz(alAg) quenching are connected with the repulsive character
of the Oz(alAg) interaction with O(P) over long distances (see Figure 5). The transition from
Oa(a'Ag) + OCP) to the O(X'Zy) + O(P) system occurs through an area of multiple crossings
between several adjacent PESs, allowing non-adiabatic transitions between the PESs [73], [74].
According to Figure 5, the energy barriers for the Oz(alAg) + O(’P) pathways can vary/0vera wide
range from ~0.48eV to ~0.81eV. It should be pointed out that Figure 5 represents only.one section
of the PESs for the lowest states of O3, which is not necessarily a reaction pathway along the
reaction coordinate. Determining the exact values of the energy barriers would require detailed
quantum-mechanical calculations of the PESs in the vicinities of their intersections for all molecular
symmetries, as well as calculations of the minimal energy paths for each corresponding reaction.

Such reaction paths in the repulsive region could compete withsa~path associated with
activated-complex Oz formation on 2°A” PES. Full clarificationtof the branching ratio between
these channels, and the overall reactivity of Oz(alAg) quenching by O(*P), would require detailed
studies over the whole temperature range. However, note that reactions which occur through spin-
forbidden transitions contribute mainly at low gas tempetatures, while the “reactive” channel with
significant energy barrier become crucial at high Tgas{77]. Havigg this in mind we can validate the
“reactive” quenching path - introduced here as reaction (R7) - via our experimental data at T >
800K, while assuming that the rate for the collisional quenching channel is known from the low
temperature literature data on (R5). Using this as a first-approximation, in our plasma simulations
the value for the activation energy barriervalue for the reaction (R7) was found to be more than
0.48 eV (see below).

The same considerations cansbe applied to 02(b129+) quenching of reaction (R8). As before,
this can occur via several complex interactions between different PESs of O3 excited states, as can
be seen from Figure 5. However, t@ product channel O(P) + Og(alAg) appears more preferable at
first glance. Note hereqthat only one section of the PESs is presented. Therefore, this can be
considered as assumption. Nevertheless, in a similar way to Og(alAg), one can expect an energy
barrier to reaction (R8). According to Figure 5 this energy barrier should be about 0.32eV. We use
this value for temperature,dependence of the rate constant of reaction (R8) in our simulations (see
next section). Note/that @ comparable activation energy for the reaction (R8) was also assumed
earlier in [78], [79] in‘the lower temperature range T, < 800K.

In_this work, the proposed mechanisms for the quenching reactions of Oj(a'Ay) and
oz(blzg+) are validated against the experimental data for the temperature range 700K < Ty < 1700K.
In the madel‘we used an Arrhenius form for the rate constant of reaction (R7), Krn= KawaeXp(-

Eaia/Tg)inwhere the two parameters, activation energy Eaia and rate constant ki, were deduced
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from best fitting of the simulation results to the experimental data on [Oz(alAg)]/N and [Oz(alAg)].
The rate constant for the Oz(blzg+) reactive quenching in reaction (R8) was assumed to behave in
the same manner, Krs)= Kn1zeXp(-Ep13/Tg). The activation energy Epix and the rate constant Kyis was
then obtained in the same way by fitting the simulation results to experimental measurements of
[Oz(blzg+)]/N (see next section for details).

While modeling the experimental data we considered two scenarios, since the distribution
over the different exit channels in the reaction (R8) is still under discussion:
Scenario A: Oz(blzg+) molecules are assumed to be quenched via reaction (R8) ta'the ground. state,
0,(X%%y):

Oa(a'Ag)+ OCP) — 02(X°zy) + OCP) K®?) = 3-10™-exp(-8000/T)cm°/s
Oa(b'Zy") + OCP) - 0,(X%2) + OCP)  kere) = 2-10™-exp(-3700/T) cm*/s

Scenario B: we assume that quenching reaction (R8) leads to farmation of the Oz(alAg) state:

Oa(a'Ag)+ OCP) — 02(X°zy) + OCP) kg = 1.5-10™"-exp(-6300/T)cm®/s
O,(b'Zg") + O(P) — 02(a'Ag) + OCP) K(rs) = 2-10"%exp(-3700/T) cm®/s

Since in Scenario B the reaction (R8) becomes a significant additional source for Og(alAg)
production, the temperature dependence Kgz(T).was corrected as discussed below. The quenching
rate constants of O,(a'Ay) and O,(b'Z") intboth scenarios were found from the best fit to

experimental data over the whole rangeef studied conditions.

4. Results and Discussion N

Before a detailed discussion onithe reactive quenching of Oz(alAg) and Og(b129+) by OCP) atoms, it
is important to ensure that the model correctly describes the experiment and reproduces all of the
available experimental data, including the electrical discharge characteristics. The jVC (current-
voltage) or jPC (current-power) characteristics are fundamental parameters of high-pressure
discharge in dielectric tubes;,which allow the characterization of the plasma. The current-power
characteristies'of the. discharge are shown in Figure 6a. Dark circles are experimental data, solid
lines are model results. The transition from o-mode to y-mode is clear, indicated by a grey
rectangle. Only the a-mode was considered in the model, and therefore data from the y-mode were
excluded.from/'the comparison. As seen, the model reproduces the general trends with rf power and
pressure and also the current density values. This agreement of the simulated and experimental jPCs
and‘the reduced electric fields indirectly confirms our description of the electron density [34]. The
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calculated electron density as function of input rf power is shown in Figure 6b. It is seen that, for all
considered conditions, the electron density, ne, varies over the limited range (2-6)-10'° cm™. We
attempted to determine n. experimentally using the microwave hairpin probe, placing the hairpin
antenna on the external side of the tube. Unfortunately in this case the hairpin resonance was very
broad, and did not allow accurate measurements of n.. However, it could provide an estimation of

electron density within an accuracy of (4+2)-10"° cm™,
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Figure 6. a) Discharge current density j=J,+sin(A¢e) as funetion,of rf power dissipated in the plasma.
A is the phase shift between the rf voltage and the rf current. The dark circles are experimental
data, the solid lines are modeling results. The transition to the y-mode is shown by a grey rectangle.

b) calculated electron density as function of input rf power.

Another important parameter affecting Oz(alAg) and Og(b129+) quenching by OCP) atoms is
the gas temperature. The gas temperature Tg ais In the area close to the tube axis is shown as a
function of input rf power in Figure 7. The model results for two values of the temperature near the
tube wall Ty w, 400K (solid lines) and 300K (dashed lines) are also presented. The calculated Tg axis
increases by 50-90K with .increasing Ty w. The model results with Ty w= 400K are closer to the
measured values of Ty axis, €specially at higher gas pressures and rf power inputs. It should be noted
that this increase is almost within the scatter of the experimental data. As can be seen in Figure 6,
the model results on Tquayis are generally in good agreement with the measured temperature over the
whole range of gas pressuresand rf power inputs.

The mole fraction of atomic oxygen, [O(3P)]/N, as function of input rf power at different
pressures is presented in Figure 8. The dark circles represent actinometry data, the lines are model
resultsusing the'two different values of the gas temperature near the walls (400K (solid lines) and
300K (dashed lines)). As seen from Figure 8, calculated values of [O(3P)]/N are in good agreement
with the actinometry data over the whole range of discharge parameters under study. At lower

pressures of 10-30 Torr, the transition from a-mode to y-mode is evident from a noticeable change
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in the measured [O(®P)]/N dependence on power input, as discussed above in Figure 6. As seen in
Figure 8, the calculated [O(?P)]/N is somewhat higher at Ty w =400K than at 300K, since the three-
body atom recombination rate in reaction O(3P)+O(°P)+0, — 20,, which cases significant O(P)

atom loss, decreases with increased T4 due to the temperature-dependent rate constant.
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Figure 7. Gas temperature at the tube axis, T.ais, (darkcirclesare experimental data, lines are
simulation results) as a function of the input rf power for all used’discharge conditions. The solid
lines correspond to assuming Tg wto be 400K inimodel, “and'300K (dashed lines ). (see text for
details)
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Figure 8. Mole fraction of atomic oxygen, [O(?P)]/N, as function of the input rf power at different
pressures. The dark circles are actinometry data, lines are model results assuming the temperature
near walls to be 400K (solid lines) and 300K (dashed lines). See text for details.
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In this way, the good agreement obtained between the experimental data and the model for
the gas temperature and the [O(’P)]/N mole fraction allow us to evaluate the rate constants for
O,(a'Ag) and 0y(b'Z,") reactive quenching by O(°P) atoms in reactions (R7) and (R8). It should be
also pointed out that the basic characteristics of the discharge, notably jPC, ne, T4 and [OCP)]/N are
hardly affected by the different scenarios for Og(alAg) and Og(blzg+) quenching by O(®P) atoms,
discussed earlier. This situation allows us to examine the quenching mechanism in more/detail.

Experiments using partial modulation (< 20%) of the rf power were performed to investigate
the Oz(alAg) kinetics under active discharge conditions. The plasma parameters equilibrate rapidly
during partial modulation (the characteristic time is of the order of a few hundred mieroseconds,
indicated by the Kr and Ar emission intensities [34]).The gas temperature also'responds quickly (~3
ms) to small changes in the rf power (as seen in Figure 6). The Og(alAg) mole fraction dynamics -
[Oz(alAg)]/N, for three pressures 10, 20 and 40 Torr during partial modulation are shown in Figure
0.

The dynamics of the gas density, N, was estimated fromsthe dynamics of the gas temperature
using the dependence on rf power shown in Figure 7 and assuming a-relaxation time of 3 ms. Any
uncertainty connected with this would slightly influencé on [O2(a'Ag)]/N dynamics immediately
following the power modulation. As seen above, the Oz(alAg) mole fraction drops as the pressure
and the discharge power are increased. It is worth noting that this was observed for all studied
discharge conditions. The Ox(a*Ag) mole fraction isiebserved to change in the opposite direction to
the power modulation, and the amplitude.increases with both pressure and rf power. Only for the

lowest input rf power and low pressure do the Oz(alAg) mole fraction remain almost unchanged.
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Figure 9. Oz(alAg) mole fraction dynamics, [Oz(alAg)]/N, during partial (~20%) modulation of the

rf power.
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The mole-fraction [Og(alAg)]/N and the absolute density [Og(alAg)] are shown as a functions
of the input rf power for different pressures in Figure 10 a) and b) respectively. The experimental
data are presented together with model results. The calculated values for [Oz(alAg)]/N and
[Oz(alAg)] were spatially averaged along the inter-electrode distance to compare with experimental
data, since the Oz(alAg) and 02(b12g+) emissions were averaged over the tube diameter due.to the
spectrometer slit. (See Part 2 for details).

The model results in the case of Scenario A, presented in Figure 10, agree well"with the
experimental data over the whole range of discharge parameters under,Study. The relative
contributions of different Og(alAg) loss processes are presented in Table 3 for,some sets of

discharge parameters.
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Figure 10. Mole fraction, [Oz(alAg)]/N - (a) and [Oz(alAg)] density - (b) as a function of input rf
power for different pressures and T, =400K. Dark symbols are experimental data, lines are
modeling results. Solid and dashed lines correspond to scenarios A and B respectively. The dotted
lines correspond to the “old” kinetic scheme without taking into account the reactions (R7) and (R8)

(see text for details).

Table 3. Relative contributions from different volume source and loss reactions for Ox(a*Ay).

Scenario A.

Reaction 10 Torr | 10 Torr | 30 Torr 30 Torr | 60 Torr 60 Torr
48W 128W 80w 160 W 160W 240W

Source‘channels

O,te > Oz(alAg)+e 33% 40% 54% 61% 65% 67%

O,**+0,/0(°P) »0,(a'Ag)+ O/0(P) | 11% 11% 18% 18% 23% 23%

0,(b'Z,)+O(°P) —>0,(a'Ag)+O(°P) 53% 42% 27% 19% 11% 10%

22




Page 23 of 36 AUTHOR SUBMITTED MANUSCRIPT - PSST-103958.R1

oNOYTULT D WN =

Collisional quenching (R6)

Other reactions 3% 7% 1% 2% 1% 0%
Loss channels

Oy(a'Ag)+e —» O,(b'Z,)+e 46% 36% 33% 18% 13% 8%
Oa(a'Ag)+e — Ote 24% 20% 17% 10% 7% 4%
0,(a'Ag)+O(’P) — 0,+0(°P) 14% 8% 12% 5% 5% 2%

Collisional quenching (R5)

0,(a'A))+O(P) —» O,+O(°P) 3% 26% 20% 61% 63% 80%
Reactive quenching (R7)

Other reactions 13% 10% 18% 6% 12% 6%

It is important to note that at gas pressures in the range 10-20 Torr, reactive quenching (R7)
only weakly contributes to the Oz(alAg) losses, especially at lower rf power\inputs. This is due to
the low O atom density and reduced gas temperature. As follows,from" Table 3, under these
conditions the main Oz(alAg) losses are i) electron excitation frem Oz(alAg) to 02(b12g+) and ii)
secondary electron impact (electron de-excitation to the ground-state). This fact is fully confirmed
by experimental data on [Oz(alAg)]/N dynamics during partialhmodulation of the rf power, presented
in Figure 9. At the low pressure of 10 Torr and the lowest inputrf power of 48W the experimental
data on [Og(alAg)]/N stay almost unchanged during 20% rf power modulation. This can occur only
if the Oz(alAg) loss terms are directly proportional to.the electron density, in similar way to the
0,(a'Ag) source term.

Reactive quenching (R7) becomes the deminant process for Oz(alAg) loss as the pressure is
increased, whereas the role of quenching by electrons significantly reduces, as follows from Table
3. One can also see that, at moderate pressures of about 30 Torr, the relative role of process (R7)
noticeably increases with rf power, duéito‘the simultaneous increases in gas temperature and O(’P)
density.

The model results assuming Scenario B are also presented in Figure 10, along with scenario
A for comparison. In case of Scenario B, the reactive quenching of Oz(blzg+) to Oz(alAg) in reaction
(R8) provides an additional source of Oz(alAg). This source becomes more significant at low gas
pressures, because the Oz(blzg+) density increases significantly as the pressure is decreased - see
Figure 11. As a result;the rate constant (R7) for Scenario B needs to be slightly higher to fit the
observations, compared to Scenario A. This further requires a reduction of the energy threshold to
6300 K from 8000K. Even using these adjustments, the modelled [O,(a'Ag)l/N and [Oa(a'Ag)]
values at, 10 Torr are still about 30% higher than in Scenario A. This is because the additional
source.of Oz(alAg) in reaction (R8) in Scenario B is maximal at low pressure, whereas the effect of

Oz(alAg) reactive quenching in (R7) is small, as illustrated in Table 3 and Figure 9. This is due to
23
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the relatively low gas temperature and O(®P) atom concentration, as discussed above. Nevertheless,
the error in our absolute calibration is estimated to be of the same order (~30%) whereas the error in
relative emission measurements is ~10%. As a result, it is currently difficult to decide between the
two scenarios. As seen in Figure 9, they both provide reasonable agreement to the existing
experimental data.

For comparison, the results of simulations using the previous kinetic scheme [1}.are also
presented in Figure 10 for 20, 60 and 100 Torr. The old scheme includes a 3-body mechanism for
Oz(alAg) quenching - (R5a) with a temperature-independent rate coefficient, in,the place of the
reactive quenching process (R7). As can be seen, simulations using reaction (R5a) are able to
predict the observed pressure trends up to 60 Torr. However, they alsogpredict a rise of the
[02(a'Ag)]/N mole-fraction and the [O2(a*Ag)] density with rf power. This substantially contradicts
the experimental trend. In contrast, calculations including the reactive‘quenchingprocess (R7), with
either scenario A or B, are in good agreement with the observations. This is further confirmation of
the existence of a reactive quenching process (R7) which exponentially increases with gas
temperature.

The Oz(blzg+) mole fraction, [Oz(blzg+)]/N, is shown in Figure 11 as a function of rf power
for different pressures, along with the model results for scenarioiA and B. As can be seen, the two
scenarios have little effect on the modelled [Oz(b129+)]/N, since the rate constant kre) = 2:10°
1. exp(-3700/T) cm¥s, is the same in both cases.

The relative contributions of different production and loss channels for Og(b129+) are
presented in Table 4 for several sets of “discharge parameters. The main production channel of
02(b12g+) is reaction (R2), while ©(‘D) atoms are produced directly from O, dissociation and by
electron impact excitation of O atoms. As:for the loss channels, reactive quenching (R8) is the main
loss process for Oz(b129+) over t@ whole range of conditions studied. However, at low gas
pressures (10-20 Torr) and low rf power, quenching of Oz(b12g+) by OCP) atoms by (R6) also
makes a notable contribution to thetotal loss rate.

In addition to comparing. the spatially averaged Oz(alAg) densities and the mole fractions
(02(a'Ag)/N, 02(b'Zg")/N and OCP)/N), it is useful to consider also their calculated spatial
distribution. The key reactive quenching reactions, (R7) and (R8), strongly depend on gas
temperature, which'is not spatially uniform, and neither are the densities of neutral species. As a
result, the freactionsrates will vary across the tube in a complex fashion. Although the actual
dischargesgeometry is complex, the 1D model can provide qualitative understanding of these spatial

effects.
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Figure 11. Oz(b12g+) mole fraction, [02(b12g+)]/N, as a function of input rf powerfor different

pressures and T, w=400K. Dark squares are experimental data, lines aresthe simulations. Solid and
dashed lines correspond to scenario A and B respectively (see text for details).

Table 4. Relative contributions from different volume source and loss reactions for O(b'Zy").

Scenario A.

Reaction 10 Torr | 10 Torr (30 Tor? 30 Torr | 60 Torr | 60 Torr
48W 128W 80W 160 W | 160W | 240W

Source channels

O,(a'Ag)+e — O,(b'E,")+e 35% 25% 33% 14% 14% | 9%

Oyt+e — 0,(b'S,")+e 9% 8% 21% 19% 30% | 28%

0,+0('D) > O,(b',")+0O(P) (R2)- | 51% 64% 35% 58% 41% | 49%

(R3)

Other reactions 5% 3% 11% 9% 15% 14%

Loss channels

0,(b'=,")+O(P) — O,(a'A+O(*P) 1. {55% 31% 34% 21% 16% | 14%

Collisional quenching (R6)

0,(b'Z,)+O(’P) = O,+O(P) 38% 65% 57% 72% 68% | 76%

Reactive quenching(R8)

Other reactions 7% 4% 9% 7% 16% 10%

Figure 12a presents calculated spatial transverse profiles of the Oz(alAg), Oz(b12g+) and
O(P)/absolute:densities, as well as the spatial distributions of the gas temperature for a pressure of
30 Torr-and.input rf power of 160W. The concave distributions of Oz(alAg) and OCP) densities,
showing.a minimum in the center, reflects the spatial distribution of the gas temperature and the

resultant minimum in the total gas density in the center of the tube. In contrast, the spatial
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distribution of the mole fractions Oz(alAg)/N and O(P)/N presented in Figure 12b are almost
uniform. The spatial distribution of the Oz(b12g+) density is more complex, although it also has a
minimum in the center. The mole-faction, Oz(blzg+)/N, is not uniform but dips in the center, due to
the high volume loss frequency for O,(b*Z,") compared to O(a'Ag) and OCP).

In order to understand the effect of the gas temperature near the wall, T, v, dashed lines in
Figure 12a and 12b indicate the spatial distribution of the same species and the gas temperature with
the gas temperature near the wall set to T w= 300K. The influence of Ty v parameter on the axial
gas temperature and the O(*P) atom mole fraction was already discussed earlier {see Figure 7 and
8). As for the Oz(alAg) and Og(blzg+) densities, they are about 1.5-2 times higher at T »w=300K than
at 400K. This difference is much greater than can be explained simply by the'change,in T4, but must
instead be caused by the decrease in reactive quenching rates (R7) and (R8) with decreasing gas
temperature. This is confirmed by Figure 12c, where spatial distributions.ofsthe different reaction
rates, R = KN4N, are presented for both cases T4 w=300K than at 400K. As issSeen, the rates of both
reactions (R7) and (R8) are reduced as the gas temperature decreases, whereas the temperature-
independent reaction rates of (R5) and (R6) increase, due tosthe increase in Oz(alAg) and Oz(b12g+)
densities. The rates of reactions (R5) and (R6) haveaconcave profiles, similar to the spatial
distributions of the related species Oz(alAg), 02(b12g+) and O(3PL At the same time the rate of (R7)
has a strongly convex shape that reflects mostly the gas temperature profile which has an
exponential dependence on T, despite the concave, profiles of Oz(alAg) and OC’P). Thus Oz(alAg)
molecules are destroyed efficiently in the center of the tube, where the gas temperature is maximal.
The distribution of the rate of reaction (R8):is more'complex, as it depends on both the exponential
dependence of the reaction rate on'T4 and concave profile of the Og(blzg+) density. In addition, the
spatial profile of the rate of (R8) is wider than for (R7) (see in Figure 12) due to its lower activation
energy compared to (R7). Based on\ the above analysis, it should be pointed out once more, that
even small uncertainties in Tg ,, and the resultant ~50-100K change in Ty would lead to a visible
change in the calculated «values. for/the Oz(alAg) and Oz(b12g+) densities, and also add some

uncertainty in our estimations of the rate constants for (R7) and (R8).
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Figure 12. Calculated spatial profiles of O,(a'Ay), O2(b'%,"), OCP)(densities and gas temperature
(a) and mole fractions (b); and spatial distributions of reaction rates (R5)-(R8), rate = k[Na][Nb] (c)
for the Scenario A (see the text). The solid lines are the results:for T, = 400K, and dashed lines
for Tg w=300K.

The resultant temperature dependences for the rate constants.of the reactive quenching reactions,
(R7) and (R8), are shown in Figure 13 for the both scenarios A and B. Quite good agreement is seen
between the experimental and simulation for the Og(alAg) density over a wide range of conditions
(P =20-100Torr and T4 = 800-1700K),for.conditions where process (R7) dominates Oz(alAg) loss,
allowing us to validate the rate constant kr7y with quite good accuracy. The uncertainty in the value
of k7 Is associated with the uncertainties in the products of reaction (R8), which may follow
scenarios A or B — see Figure 13.

Note that the mechanismsof Qp(a'Ag) reactive quenching by O(*P) atoms — (R7), which was
proposed here for the first time and validated against an experimental dataset over a wide range of
discharge conditions, plays. a crucial role. It significantly increases the quenching of Oz(alAg) at
temperatures above ~800K. compared to the commonly used collisional quenching reaction (R5)
(see Table 3 and Figure 13).
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Figure 13. Temperature dependencies for the rate constants of Oz(alAg) reactive quenching in
reaction (R7) for both scenarios A and B. The same rate «censtant for reactive quenching of
Og(blzg+) in reaction (R8) was used in both scenarios. The/orizental'lines are the rate constants of
“collisional” quenching of O(a'Ag) in (R5) and O,(b'=,*Yin.(R6). The grey area between two (R7)
rate constants used in scenarios A and B indicates possible uneertainty in krz value. A vertical
dashed line at T=800K indicates an approximate boundary, where O,(a'A) reactive quenching in

(R7) starts to play a crucial role (see the text).

5. Conclusion

Fast quenching of Og(alAg) by O(®P)ratoms at high temperature was experimentally observed at the
first time. The experiments were carried out.in an 81MHz CCP discharge in oxygen at pressures of
10-100Torr in a quartz tube with-external electrodes to provide high power input, i.e. both high
temperature and significant O(°P)/density simultaneously. It was observed that the rate of Og(alAg)
quenching by O(*P) atoms rises rapidly with gas temperature above ~800K.

Possible mechanisms, of Oz(alAg) quenching by OCP) atoms were considered, based on
analysis of available' PESs for the Oz molecule, and were consistent with the presence of a high
activation energy barrier in reactive channel Oz(alAg) + O(®P). This mechanism was included in an
updated scheme ‘of kinetic processes in O, plasma. The experimental results were interpreted with
the aid of a self-consistent 1D model of the CCP discharge. This model showed that only the
inclusion of a temperature-activated channel for Oz(alAg) quenching by atomic oxygen allows the
experimental data to be reproduced. Without this channel the model even predicts some trends in

opposition the experimental observations.
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A comprehensive consideration of the relative contributions of different loss processes for
Oz(alAg) in the model showed that at lower gas pressures (10-20 Torr) this reactive quenching only
makes a weak contribution, and is dominated by electron impact processes (excitation from
Oz(alAg) to Oz(blzg+) and secondary electron impact). At pressures above 20 Torr reactive
quenching progressively dominates the Oz(alAg) loss, especially at higher rf power input due to the
simultaneous increase in gas temperature and O(°P) density. The excellent agreement of the.model
with the experimental measurements of the Og(alAg) density allowed us to determine the rate
constant of Oz(alAg) quenching on O(®P) atoms with good accuracy, giving a valuéwithin the.range
310" xexp(-8000/T) cm®/s to 1.5-10™xexp(-6300/T) cm®/s over a widesrange ofidischarge
conditions (P = 20-100Torr and T4 = 800-1700K).

Comparison of the experimental results for Oz(blZg+) to the model also showed that an
analogous reactive quenching process occurs for 02(b12g+) molecules. @nly by including in the
model a fast 02(b129+) quenching reaction by atomic oxygen, with activation@energy about of ~3700
K, were we able to explain the measured low concentrations‘of Oz(blzg+) and its variations with
discharge parameters. Best fitting of the simulation results to the [Oz(b129+)]/N data provided a rate
constant of 2-10™"-exp(-3700/T) cm®s. This observed_quenching of O,(a'Ag) and Oa(b'z4") by
oxygen atoms has a significant impact on the dynamics of oxygen plasmas, and is likely to play a
major impact on the kinetics of oxygen-containing discharge mixtures at higher gas temperatures,
for example in plasma-assisted combustion or inhigh=pressure plasma processing reactors.
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