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Abstract. Chemistry models that include dozens of species and hundreds to
thousands of reactions are common in low-temperature plasma physics. The rate
constants used in such models are uncertain, because they are obtained from some
combination of experiments and approximate theories. Since the predictions of these
models are a function of the rate constants, these predictions must also be uncertain.
However, systematic investigations of the influence of uncertain rate constants on model
predictions are rare to non-existent. In this work we examine a particular chemistry
model, for helium-oxygen plasmas. This chemistry is of topical interest because of
its relevance to biomedical applications of atmospheric pressure plasmas. We trace
the primary sources for every rate constant in the model, and hence associate an
error bar (or equivalently, an uncertainty) with each. We then use a Monte Carlo
procedure to quantify the uncertainty in predicted plasma species densities caused by
the uncertainty in the rate constants. Under the conditions investigated, the range of
uncertainty in most species densities is a factor of two to five. However, the uncertainty
can vary strongly for different species, over time, and with other plasma conditions.
There are extreme (pathological) cases where the uncertainty is more than a factor
of ten. Onme should therefore be cautious in drawing any conclusion from plasma
chemistry modelling, without first ensuring that the conclusion in question survives an
examination of the related uncertainty.

PACS numbers:
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1. Introduction

The aim of computational science is to make accurate predictions, in some sense. At
the extreme, grave social and economic consequences may flow from actions based on
erroneous prediction [98]. However, we assume that some consequences follow from all
predictions. Otherwise, why would they be made? That erroneous prediction is all too
likely has been shown by recent investigations into the integrity of computational science
[48, 47]. These alarming discoveries have directed attention towards techniques and
practices that tend to reduce the likelihood of mistakes [114, 98, 99, 115]. This evolving
collection of ideas goes under the general classification of “verification and validation”
or “V&V.” “Verification” is concerned with the correctness of computer programs, while
“validation” is about testing physical models. In this context, the purpose of a computer
program is to find a solution to a particular physical model. Consequently, one should
show that the computer program correctly solves the physical model before comparing
the model predictions with any experiments. In other words, verification should precede
validation. Even if our predictions are made with a certifiably correct computer program,
some uncertainty remains, for two reasons. First, the solution of the physical model will
usually be discrete (for example, in time or space or both), and therefore discretization
errors will occur. Second, the physical model usually incorporates parameters that are
known only within some margin of error, and these errors necessarily infect the solution.
There is, therefore, invariably uncertainty in the computed solutions, and we should
not compare these solutions with experiments, or use them for any other predictive
purpose, without understanding the magnitude of the uncertainties that they embody.
Consequently, “uncertainty quantification” is an essential element of good practice in
computational science. The present paper is concerned with uncertainty quantification
in the context of plasma chemistry modelling. In plasma modelling in general, there are
many sources of uncertainty, arising, for example, from the many assumptions that may
be made when constructing a particular model, but in this paper we focus exclusively
on uncertainty caused by a fallible knowledge of rate constants.

Uncertainty is obviously a concern in the case of chemistry models in low-
temperature plasma physics. Such models may involve dozens of chemical species
and thousands of reactions [117, 41, 95]. Each reaction is characterized by a rate
constant, and these are are never known with certainty. The amount of uncertainty
in each varies depending on the provenance of the data. In this context, a cursory
review of a selection of recent literature [132, 139, 77, 81, 100, 142, 50, 117, 41, 95]
dealing with plasma chemistry modelling reveals two striking features. First, as an
ordinary practice, no information is supplied to characterize the margin of error in
rate constant data, although processes considered especially sensitive or uncertain may
be discussed. Second, the majority of rate constants are chosen on the authority of
previously published chemistry models, and not by reference to a primary source. This
practice often conceals a convoluted process of transmission between the primary source
and the recent literature, with the effect that locating the primary source starting
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from a recent paper may be difficult or even impossible. This means that most
authors do not know the primary authority for their data, and consequently cannot
put an error bar on most of their rate constants. Under these conditions, not only
the authors, but also the community more generally, cannot know what error bars to
associate with the predictions of plasma chemistry models. Without this information,
we cannot be sure that predictions made with plasma chemistry models are fit for
purpose, whatever that purpose might be. A further confounding issue is that the
convoluted pathways by which data are transmitted facilitate a variety of errors and
misunderstandings, with the effect that a subset of the rate coefficients in common use
is clearly incorrect. When considering these concerns, we should note that in other
communities facing similar problems, such as combustion science, much better practice
is evident [143, 118, 125, 70, 94].

The specific aim of the present paper is to quantify the predictive uncertainty in a
particular plasma chemistry model, the one for mixtures of helium and oxygen. This is a
model of middling complexity, by recent standards, with some tens of chemical species
and a few hundred reactions. Our procedure is in essence to associate a probability
distribution with each rate coefficient in the model, and hence, by using a Monte Carlo
procedure in which random rate coefficients are generated from the indicated probability
distributions, we create an ensemble of predictions from the model. This procedure
can be used to investigate how uncertainty in rate coefficients leads to uncertainty in
prediction. Of course, in order to use this approach, we must characterize the uncertainty
in the rate coefficients, and, as we have noted, this information is not customarily
presented in the recent literature. So a major part of the present study is an investigation
of the sources of the rate data for the helium-oxygen system, so that the uncertainty
in this data can be characterised. We will then show that the uncertainty in the rate
data causes appreciable uncertainty in the model predictions, typically of the order of
a factor between two and five, but sometimes much larger. This is comparable with or
even in excess of the error typically claimed for high quality experimental measurements
of plasma species densities, for instance.

The structure of the remainder of this paper is as follows. In section 2, we discuss
general concerns affecting the transmission and selection of rate data. In section 3,
we describe the chemistry model developed in the present work, and we discuss the
particular rate constants selected by us, and the reason for those selections. In section 4,
we describe our computational procedure. The results of the calculations are presented
in section 5, and various issues arising from the results are discussed in section 6. Some
concluding reflections are in section 7.

2. Transmission of rate constants

As we have already remarked, a chemistry model consists of a set of reactions, and
each reaction is characterized by a rate constant. The rate constants are determined by
the convolution of a cross section with the energy or speed distribution of the reacting
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species, at least for binary processes. Ternary processes typically are a convenient
representation of a chain of binary processes involving transient intermediate states,
so there may not be an underlying cross section in the same sense. When all the
reacting species are “heavy,” or non-electronic, there is usually a presumption that the
reacting species have a Maxwell-Boltzmann distribution of energies with a common
temperature, and the rate constant may then be expressed as a parametric function of
this temperature. The form usually chosen is of the extended Arhenius type:

K(T) = AT® exp (-i) , (1)
where T is the temperature, and A, B and C are coefficients to be determined. Most
experimental determinations of rate constants give a result in this form, or a form that
is translatable into this one. Clearly, gathering these data for a complex chemistry
model is a formidable task, since the number of primary sources involved is likely to
be at least of the same order as the number of reactions in the model. Partly for this
reason, most complex chemistry models in use today are the outcome of a historical
process, in which older models are augmented and otherwise adjusted through several
generations of development. An attempt to reach a primary source by following a chain
of citation from a recent paper can involve consulting four or five intermediate works.
Consequently, if we are seeking primary sources, the number of papers to be consulted
may be several times larger than the number of rate constants of interest. This complex
process of transmission is economical in the sense that previous work is not needlessly
repeated, but there are disadvantages. One is that contact with the primary sources
is lost, and when this connection is lost, so is any sense of the quality of the original
data. Another is that when (as has usually been the case in the past) the mechanism of
transmission is transcription of a printed source, opportunities are created for corruption
of the data, or confusion as to its significance.

The process of tracing primary sources for rate data is difficult not just because
of the number of sources that must be consulted, but also because of the common
practice of citing authorities that are not readily acccessible. These include unpublished
theses, unpublished technical reports, and books that are not widely available. Hence
the primary sources cannot easily be found by starting with the reference list of a
recently published model. However, the experience of constructing the model to be
discussed below suggests that the original source for rate constant data is almost
never in obscurity, and is usually a refereed journal in the open (indeed English
language) literature, even though this may be hard to locate. In particular, it seems
that the Russian language sources that some authors cite extensively are usually if
not always of a secondary character. Not infrequently however, there is no primary
source, and a rate constant has been estimated in some way, by someone, at some
time. This is a legitimate and sometimes unavoidable procedure, but the common
practice of subsequent authors treating such estimates as authorities indistinguishable
from a primary source is unhelpful. This practice, and others discussed above, has
the consequence that not only does the typical presentation of a chemistry model in
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the recent literature give no sense of the sources for or quality of the rate data being
used, but also that it is difficult for readers to discover this information for themselves.
In recent years these difficulties have decreased, because most refereed journals are
available in digital form, and many hitherto obscure technical documents have been
published digitally and are freely available. Important examples of this nature include
the extensive compilations by Baurer and Bortner [11] and Ikezoe [55]. The resources
required to pursue archival enquiries into the primary sources for rate data have therefore
been reduced, and this has facilitated the present study.

3. Chemistry model

In this section we describe the chemistry model used in the present work. We begin
by discussing the principles that have been adopted in selecting rate data. These
principles are, of course, influenced by the considerations discussed in the previous
section. Our central concern in seeking the sources for rate data is to associate an
uncertainty with each rate constant. For this reason, the search for a source was
concluded when this data was found, and this has been deemed the “primary source.”
Therefore the category of primary sources includes compilations, when these provide
sufficient information to assign an uncertainty. Indeed, the best of all primary sources
are critical compilations that present a detailed discussion of all the available data,
accompanied by a recommended value with an uncertainty (e.g., Atkinson et al. [7] and
Sander et al. [119]). Only a minority of the rate constants in the present model have
been so treated, those mostly processes important in atmospheric chemistry. When
there is a single experimental authority, we have accepted the uncertainty suggested by
the experimenters, and when there is a sequence of experiments that are not critically
reviewed, we have usually accepted the most recent value. More difficult is the case
where there are only theoretical estimates. In these cases, where there are several
calculations, we have treated the disagreement between them as indicative of the likely
uncertainty, and when there is only a single calculation, we have assumed the uncertainty
from some similar process. Not all these procedures are entirely satisfactory, but they
will usually give results of the right order of magnitude.

A more complex concern is the treatment of electron impact processes. A high
quality set of electron impact cross sections for any molecular or atomic species should be
shown to be consistent with transport data, such as drift velocities, diffusion coefficients,
and ionization coefficients [104]. This is not always possible (such data is not always
available), but it is desirable. In principle, the uncertainties associated with a set of
electron impact processes should be consistent with the transport coefficients, which
themselves are experimentally uncertain. In practice, we have not attempted to impose
this condition explicitly, and electron impact processes have been treated as any other
process. This may be entirely appropriate, but a more detailed study of the problem
would be desirable. We note that a characteristic problem in this context is that the
total excitation cross section is better known that the cross sections for specific states.
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However, the total excitation rate is of course the sum of these other rates, and the
sum of a set of random variables has smaller uncertainty than the component terms.
Therefore, one can expect that reasonable choices for uncertainties in partial excitation
rates will lead to an appropriate uncertainty in the total excitation rate, and hence to
equally appropriate uncertainties in the transport coefficients (for example).

As these remarks suggest, the primary sources are varied in character. This variety
cannot be conveyed completely in any simple scheme of classification, but to provide
some guidance to readers, we have assigned the rate constants in the model to one
of three categories. Category A rate constants have been the subject of at least one
specific investigation, which may be either experimental or theoretical. The quality of
the primary sources for category A reactions varies widely. Some are based on excellent
critical evaluations of multiple independent experiments; others depend on a single
theoretical study. Category B rate constants are determined from some theoretical or
semi-empirical formula. The typical situation for rate constants in this category is that
the formulae involved have been tested against experiments for particular instances, but
not for the cases involved in the present model. The uncertainties assigned are based
on such experimental tests. Category C rate constants have no specific experimental
or theoretical foundation, and are assigned by analogy with other similar processes.
In these cases, the uncertainties have been assigned by considering the range of rate
constants found for similar processes in category A. As we will see, a substantial subset
of reactions in the present model are assigned to category C. Although it is tempting to
characterize these values as “guesses,” this would not be altogether fair. Most category
C reactions are exothermic processes, where closely related reactions are known to occur
at nearly gas kinetic rates. The assumption that these category C processes also proceed
at nearly gas kinetic rates therefore appears fairly well founded. There is some risk that
inadequate understanding of the reaction mechanism leads to an overestimate of the
rate constant in these cases, of course (see Appendix A.4, for an example). We have not
cited earlier papers as authorities for category C rate constants, even when the same
or similar choices have been made, on the grounds that such citation attaches spurious
authority to weakly based data. Naturally, we urge future authors not to cite the present
paper in this connection either, for the same reason.

The set of processes included in the present model has, of course, been influenced
by earlier works, even though these are not cited as authorities for rate data below,
because they are not primary sources. Recent interest in helium-oxygen chemistry has
been stimulated by applications in chemical lasers (where excitation of the Oq(a'A,)
state is the primary concern) and biomedicine [132, 139, 77, 81, 100, 142, 50, 95]. As
we have already noted, plasma chemistry models are typically derived by complicated
paths, and we will not try to follow these historical developments in detail. Nevertheless
some comment may be of interest. Generally speaking, Stafford and Kushner [132] and
Vidmar and Stalder [139] have been highly influential on subsequent works, which have
often imported a substantial subset of their rate data from one or other of these papers
(or both). Stafford and Kushner [132] and Vidmar and Stalder [139] in turn depend
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heavily on antecedent works, such as studies of the oxygen-nitrogen system by Kossyi
et al. [69] and Gordiets et al. [42], and of oxygen by Eliasson et al. [33]. This latter
group of papers cite primary sources extensively, but they also make considerable use
of sources that are now inaccessible, and at this point difficulties arise in following the
chain of citation. As already noted, the situation in this respect has been greatly eased
by the electronic publication of compilations by Baurer and Bortner [12] and Tkezoe
[55], which important and useful sources have thus been removed from the category

7

of “obscure literature.” The policy of the present work is to include all reactions that
can be identified as potentially relevant, recognising that some of these are of minor
importance. In practice, this means that the set of reactions included in the present
model is almost the union of those mentioned in the works cited above. A small number
of reactions have been discarded as clearly erroneous, or lacking any credible authority.

A list of the species included in the model appears as table 1. A complete list
of the reactions included in the present model is presented in table 2. Electronic
supplements to this paper contain the same list of reactions (in a less legible form),
together with further commentary on the choice of some rate constants. Table 2 includes
a reference number for each reaction, the reaction rate in the form of equation (1), and
a dimensionless measure of the uncertainty, i.e. AA/A, where A is the first coefficient in
the Arhenius rate equation (1). We thus allow that only the parameter A is uncertain.
For rates derived from cross sections, this is equivalent to assuming that the shape of the
cross section is better known that the absolute magnitude, as is often the case for data
originating from beam measurements [97]. Moreover, when a rate constant is reported
directly in the form of equation (1), estimates of uncertainty for parameters B and C' are
rarely included. The assumption that only A is uncertain is therefore both convenient,
and responsive to the character of the data practically available. We explain below how
we use AA in Monte Carlo calculations.

It will be evident that vibrational kinetics are not treated in detail. As is well-
known, vibrationally excited molecules are often much more reactive than those in the
ground state. However, in the present work we are concerned with dilute mixtures of
oxygen in helium, and in this case vibrational-translational processes involving helium
quench vibrationally excited molecular states before they participate in other reactions.
A single vibrationally excited level of each molecular species has been included both
for completeness and so that we can verify that the density of vibrationally excited
molecules is indeed small compared to ground state molecules. If this were not so,
one would of course need a more detailed vibrational kinetics model [80]. We assume
that the properties of these vibrationally excited levels are the same as those of the
corresponding ground state, unless there is contrary evidence. In particular, a reaction
involving a vibrationally excited molecule listed as category C in table 2 is assumed to
have the same rate as the same reaction with a ground state molecule.

Only when a temperature dependence is specified by the primary source has this
been included in table 2. (Some authors, such as Stafford and Kushner [132], introduce
conjectural temperature dependencies when none are specified in their sources. This
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is avoided in the present work because it obscures what the sources say, without
demonstrably improving the quality of prediction.)

In the next sections, we discuss the choice of rate constants for a subset of processes
that present points of particular interest or difficulty.

3.1. Electron impact processes

Electron impact cross sections for helium are known with high accuracy. Indeed, highly
detailed data are available for excitation to many electronic states. Since the present
model does not attempt to model the helium excited state manifold in detail, these have
been aggregated into a single excitation cross section, which is assumed to populate the
lowest helium metastable level. The cross sections employed are those compiled by
Biagi, and recently described by Alves et al. [2]. These data are highly consistent
with all known transport data, the uncertainty is small, and their contribution to the
uncertainty in prediction is minor.

Cross sections for atomic oxygen are predominantly from the review of Laher
and Gilmore [72]. These have not been tested against any transport data, and their
consistency is therefore uncertain.

For molecular oxygen, we have chosen to use the well-tried set of cross sections
compiled by Lawton and Phelps [75], with the exception that we replaced the total
ionization cross section of Lawton and Phelps [75] with the partial ionization cross
sections of Straub et al. [135]. This substitution has a neglible effect on the total
ionization rate. The data of Lawton and Phelps [75] are old, but they are known
to be consistent with the available transport data. There is a substantial amount of
more recent information [23, 56, 58, 137, 136, 74|, especially relating to dissociation
processes, but in our view these need to be critically evaluated, compiled into a fresh
set of cross sections, and demonstrated to be consistent with transport data before the
data of Lawton and Phelps [75] should be considered superceded. However, retaining the
Lawton and Phelps [75] cross sections entails that we interpret the inelastic excitation
channels. These include processes with thresholds at 4.5 eV, 6 eV, and 9.97 eV, which
collectively are an important energy loss channel. One of the experimental reference
points is excitation to the O(b'X}) state [75]. Consistency with this data is achieved
by assuming that the 4.5 eV and 6 eV channels lead to excitation of this level, but
this is a problematic assumption because it is not easy to see from the potential energy
curves how this state can be reached—one would expect dissociation to ground state
atoms. This is an unsolved problem at the present time, and in this work we have
preferred consistency with the measured excitation coefficients, and hence disregarded
the problem of the potential energy curves. The 9.97 eV process is assumed to lead
to dissociation to the O + O(*D) limit, which is consistent with other recent works
suggesting that this is the only important dissociation channel [136].

Table 2 lists the electron impact processes with oxygen that are included in
the model. Perhaps not all of these are readily identifiable. Reaction 24 is elastic
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scattering, reaction 25 is rotational excitation, and reactions 26 to 31 are vibrational
excitation channels. The cross section set partitions vibrational excitation into several
channels involving different numbers of vibrational quanta, and resonant and non-
resonant excitation processes [75]. When no better data is available, we assume the
same cross sections apply to electronically excited states, with an adjustment to the
threshold energy when electronic transitions are involved.

A complete set of cross sections for electron impact processes involving ozone
does not exist. We have used such data as are available. These are cross sections
for dissociative attachment [111], and for electronic excitation [44]. Excited states
of ozone appear either weakly bound or dissociative. We have assumed that low
threshold processes lead to dissociation to products including vibrationally excited
oxygen molecules, while higher threshold processes lead to dissociation into electronically
excited states [6]. This is unlikely to be a definitive assignment. Ionization cross section
measurements have been made [86], but these include no data for energies less than
40 eV. We have chosen not to attempt an extrapolation into the energy range of interest
in the present work, and we have instead used the theoretical results of Joshipura et al.
[61].

The Arhenius expressions for electron impact processes that are listed in table 2
have been computed from the cross sections as part of the present study, assuming
a Maxwell-Boltzmann distribution of electron speeds. This assumption is simple,
convenient and suffices for the present work, but non-Maxwellian distributions are
common in experiments, and some more sophisticated machinery should usually be
used to compute an accurate electron energy distribution function [46].

3.2. Neutral Chemistry

Neutral chemical processes involving oxygen species are of atmospheric importance, and
many of these processes have critically evaluated rate constants based on data of good
quality, see for example Steinfeld et al. [133], Atkinson et al. [7], Sander et al. [119].
More than 90 % of reactions between oxygen species have category A rate constants.
Processes involving helium have been less studied, however, and the sources are often
older [60] or obtained by complex fitting procedures [108, 109]. Moreover, a smaller
proportion of these rate constants (~ 50 %) are in category A. This is often because
rates for reactions involving excited helium and oxygen species are not known, and
are supposed to be the same as the corresponding process when only one participant
is excited. Since such reactions usually occur at a nearly gas kinetic rate, gross error
seems unlikely:.

A common situation in experimental studies of chemical kinetics is that the gross
reaction rate between two species is known with much greater precision than the partial
rates for different product channels. Indeed, quite commonly there is no information
about the product channels. In cases such as this, the policy of the present work is to
assume that all energetically allowed product channels are equally likely. This might
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not be true, but including all channels in this way will allow future sensitivity analysis
to scrutinize the importance of each channel, which would not be the case if some were
arbitrarily closed. An instance of this kind is recombination of atomic oxygen radicals

which is exothermic by some 5 eV. Any electronically excited state of the oxygen
molecule can therefore be a product of this reaction. Indeed, the aeronomic community
assumes that all electronic states are populated with equal probability [54]. In the
present model, which only includes three of the six electronically excited states of the
oxygen molecule, we adopt this assumption, but also assume that the unrepresented
upper levels are relaxed by unspecified processes into the states that are explicitly in
the model. The product distribution assumed in the model reflects these assumptions.

Ozone is one the three neutral radical species that are likely to be important in
the effluent or afterglow of the discharge. This molecule is formed by the three body
process

Evidence has accumulated in recent years that the ozone molecules formed in this
reaction are often in excited states [133]. In principle, this could include both electronic
and ro-vibrational excitation, but the drift of recent work suggests that vibrational
excitation is the most important channel [83, 84]. These excited molecules are far more
reactive than those in the ground state, in particular with oxygen atoms. The practical
effect of this is to retard the formation of ozone. Elaborate models featuring many
vibrational levels have been constructed [83], but it is perhaps doubtful whether the
quality of the basic kinetic data justifies such an approach, and in the present work
we have favoured the simpler approach of Marinov et al. [84], which features a single
effective vibrationally excited ozone state. In dilute mixture of oxygen in helium, in any
event, rather efficient vibrational relaxation by helium reduces the importance of these
effects.
Ozone in its vibrational ground state also reacts with atomic oxygen

O+ 03 — 202, (4)

and in recent work it is commonly assumed that the products include electronically
excited states with appreciable branching fractions [71, 95]. However, the primary
sources give no support for this supposition [141, 10, 7, 119], suggesting instead that
the predominant products are molecules in vibrationally excited states.

The process

OQ(&lAg) + Og(alAg) + 02 — 203 (5)

features in many recent models. However, investigation (discussed in Appendix A)
reveals no credible primary source, and we have chosen not to include this reaction in
the present model. The motivation for continued interest in this reaction, in spite of the
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sparse evidence, appears to be inconsistency between calculated and measured Oy(a'A,)
densities [123]. An alternative process, also tending to reduce the Og(a*A,) density, is

O+ Oz(alAg) + 02 — 202 + 0 (6)

This process was introduced by Braginskiy et al. [20] to reduce a disagreement
between experiment and a complex chemistry model, with a suggested rate constant
of 1 —3x107* mbs~!. One would usually regard this as a weak argument for accepting
a process, but further investigations of a more fundamental character by Azyazov et al.
[9] have given credence to this idea. In photolysis experiments, Azyazov et al. [9] found

6,—1

a rate for reaction 6 of 1 x 10™*3 m®% ™!, which for various reasons they found implausibly

large. However, they suggest that
O3(v) + Oz(a'A,) — O + 20, (7)

which has a rate constant some forty times larger than the same reaction with ozone
in the vibrational ground state, is responsible for some of the observed quenching.
The experimental observations are fully explained only with the speculation that ozone
molecules in higher vibrational states are present and even more reactive [9]. In this
complex situation we have retained the rate constant of Braginskiy et al. [20] for
reaction 6, introduced a corresponding process with helium as the third body assuming
that the efficacy of helium in this role is similar to other processes [60], and introduced
reaction 7. Clearly, there is some obscurity here that future work may illuminate.

3.3. Charged species

Important sources for ion-neutral reactions are the compilations by Baurer and Bortner
[12] and Ikezoe [55]. The first of these has a complex publication history with much
piecemeal replacement of material, and attention to detail is consequently important
when citing this work, or verifying a reference to it. Both of these works survey the
literature of the 1960s and 1970s, and to a lesser extent the 1980s, most of which has
not been superceded. For exothermic ion-molecule processes for which no rate constant
has been measured, we assume the Langevin rate constant applies, given by [73, 31]:

2
by — |Tae | (8)
€0t

where « is the polarizability of the neutral collision partner in units of cubic meters, and

1 is the reduced mass of the colliding particles. Polarizabilities of ground state species
are obtained from Miller [90], and for helium metastables from Crosby and Zorn [24].
We assume the latter value also applies to molecular metastables. The polarizability
of atomic and molecular excited states of oxygen appears neligibly different from that
of the corresponding ground states [64, 96, 107]. Equation (8) yields values for known
rate constants that are generally in reasonable agreement with experiments, and these
values are frequently much larger than the corresponding reactions involving neutral
species, which cannot therefore be used as a basis for estimation. Although little has
been added recently to the database for positive ion processes, there is considerable new
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work on negative ion chemistry. In particular, there is a complicated history of revision
in the rate constants for the detachment reaction of the Os(a'A,) state with negative
ions [35, 138, 14]. The most recent work [88, 89] suggests that in addition to detachment
channels, there also exists a charge exchange process

O~ + Oz(a'A,) = O+ 05 (9)

These recent results are adopted in the present model. There is no data for the
corresponding processes involving the O3 and Oy ions, which are therefore assumed
to proceed at similar rates, consistent with observed interactions with other ions [34].
However, the Oy(a'A,) state has insufficient energy to detach the O3 ion, and we assume
that this reaction has a negligible rate.

Two large groups of reactions are described by essentially theoretical approaches.
One of these groups is mutual neutralization, such as

O™ +05 — O+ 0,. (10)

The processes in this class that are included in the present model generally do not have
measured rate constants, and we have used the semi-empirical formula of Miller et al.
[91] in these cases. This expression has been tested against experiments for a large
number of processes, and the uncertainties assigned in the present work are derived
from these experiments. A second group of processes for which we are mostly reliant on
theoretical results are three body recombination reactions such as

O~ 4+ OF + He — O + O, + He, (11)

for which we use an expression apparently first given by Biondi [16], and seemingly not
superceded [36]. Again, uncertainties for these processes are estimated by considering
those cases for which tests against experiments have taken place, which are sparse.
There is evidence that the theory gives results of the right order of magnitude, but
a stronger conclusion appears difficult to draw. Clearly, distinguishing experimentally
between two- and three-body recombination is not straightforward, and such a neat
classification is possibly naive in any case [140].

Approximately a quarter of the reactions included in the model are category B
processes in one or other of classes described above. We assume that the uncertainties
in each of the rate constants for these processes are statistically independent quantities,
in spite of the mutual dependence through the governing formulae. This assumption is
made because the available experiment tests of these formulae do not seem to show
systematic errors. If the errors in these rate constants however were found to be
correlated and not independent, the effect would be to increase the uncertainty in the
model predictions that we discuss below.

4. Computational procedure

Perhaps the most topical use of the He/Os chemistry described above is the large family
of atmospheric pressure plasma devices developed in recent years, often but not always
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with biomedical applications in mind. These devices differ in detail, but the general
concept is the same. The discharge is formed in a channel with a smallest dimension of
around 1 mm. This means that when the plasma is excited by, for example, applying a
radio-frequency potential, an essentially uniform glow discharge is formed. For neutral
species at least, the dominant transport mechanism is associated with the convective
flow of the gas mixture through the channel. Consequently, this kind of device is known
as a “jet” source. As feedstock gas passes through the channel, the neutral and charged
species composition evolves in a quasi one-dimensional manner. When the gas leaves
the channel, excitation of the plasma ceases. Charged and transient radical species then
decay rapidly, and after a short time there remains only a variety of longer-lived excited
species. In general, these species are predominantly responsible for any biological effect
that the effluent from the channel exhibits. The present work is not concerned with
detailed modelling of any particular plasma jet, but since we must assume some specific
conditions, we have chosen to approximate the so-called micro atmospheric pressure
plasma jet (uAPPJ) [121], which is in many ways a typical example. This device is
usually configured with a channel that is 1 x 1 mm? and some 30 mm long. The residence
time of the gas in the channel is about 3 ms at typical gas flow rates. Power is coupled
into the plasma by applying a radio-frequency voltage source between a pair of plane
electrodes forming two sides of the channel. The other sides of the channel are formed
from dielectric slabs, which confine both the plasma and the flowing gas. In the present
work, we represent this system in a simple way by assuming that the plasma together
with the chemistry can be approximated by a zero-dimensional “global” model, in which
balance equations are solved for the electron temperature and plasma species densities
[92]. A constant power is applied for 3 ms. This power corresponds to supplying 1 W
to a system with the dimensions mentioned above. We then follow the evolution of the
plasma for a further 3 ms, to model the chemical development of the efHuent. This is of
course a rough model, omitting many practically important effects, but the plasma and
chemical parameters that are produced are representative of those found experimentally
and in more elaborate models [65, 66].
We characterise the uncertainty in each rate constant in the chemistry model of
table 2 using the log-normal distribution [59]:
‘ 1 (Inz — p)? 19
o) = Lo (<52 (12)
where the parameters p and o are related to the mean z and variance Var(z) of the

distribution by

o= \lln (1 + ij)). (14)

Examples of this distribution are shown in figure 1. For each rate constant, we

assume that the uncertainty is concentrated into the parameter A of equation (1), and



Uncertainty and Error in Complex Plasma Chemustry Models 14

we therefore assign a mean value and a variance to each such parameter, using the
principles that were discussed above in section 3. Specifically, we choose ¥ = A and
Var(z) = (AA)% The virtue of the log-normal distribution in this context is that it
is only defined for x > 0, so it is a suitable choice for random variables that must be
positive, which is of course the case for rate constants. Equation (12) is a convenient
choice, but it is not beyond criticism. For instance, there is a physical upper limit for rate
constants (the gas kinetic value) that may not be properly represented by equation (12).
For this reason (and others discussed below), we characterize our results below in terms
of upper and lower quartile values, which will be relatively insensitive to any unphysical
values for rate constants that might occasionally appear.

We then proceeded to generate a population of solutions for each set of physical
conditions of interest, by generating a random value for each rate constant from the
prescribed distributions, and solving the corresponding set of rate equations as described
in the previous paragraph. At any give time coordinate, this means that each variable of
the model is characterized by some distribution of values. These distributions are highly
skewed, because all the variables are necessarily positive. Consequently, the standard
deviation is not a specially helpful metric. For this and other reasons mentioned above,
we chose to characterize the distributions by upper and lower quartile values, hereafter
denoted by Ny and Ny. This gives a range of values, within which half of the samples
are found. We typically calculated several hundred solutions for each set of physical
parameters.

5. Results

For reasons just mentioned, we will generally represent the results in terms of the range
between the upper and lower quartile values obtained from the Monte Carlo calculations.
However, it is instructive to examine samples of the discrete solutions, and these are
shown in figures 2 and 3. Figure 2 shows a selection of the solutions for the electron
temperature T,. In view of the strong dependence of the rate constants on the electron
temperature, it is not surprising to find that there are not large differences between these
curves. Nevertheless, the range of values that are exhibited vary by some 30 % during
the first 107 s, and by rather less during the quasi-equilibrium interval between 107° s
and 1073 s. Following the end of the discharges at 10~ s, the electron temperature
collapses rapidly towards the ambient gas temperature, which time period is not shown
in this figure. Figure 3 shows a corresponding sample of solutions for the density of the
helium metastable lumped state, He*. The density of this state collapses rapidly at the
end of the discharge, and this period is also not shown. In this case, there are variations
in the density at any given time, and qualitative differences between the curves. For
example, maxima can occur at almost any time, and there is corresponding disagreement
concerning the sign of the derivative. All of these curves are consistent with the rate
constants reported in table 2. Clearly, if one had access to experimental measurements
for comparison with these data, the knowledge that so many outcomes are consistent
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with the rate data should change one’s view of what might count as agreement between
the model and the experiment. Conversely, not knowing that such diverse results are
possible could result in misleading conclusions.

In the remainder of this section, we will focus on excited or radical species formed
from oxygen molecules, since, in general, these species are of greatest interest in
applications. In these calculations, the molecular oxygen density is 0.4 % of the feedstock
gas. Before examining the predictive uncertainty in these species densities, we will briefly
look at the behaviour of these species for central values of the rate constants. There are
six species to consider, and these fall into two groups. The atomic excited states O(* D)
and O(1S), and the molecular O, (b'3]") states are formed by a balance of fast processes
(with a characteristic time less than the discharge period), so that these species decay
rapidly in the afterglow, as show in figure 5. Clearly, there are large differences within
this classification—the atomic states decay much faster than the molecular state, and
the density of the molecular state is much larger. These observations will be relevant to
later discussion. We can also remark that most of the species that will will not discuss
in detail, including all of the charged species, decay on similarly rapid time scales. A
selection of charged species densities is shown in figure 4.

Figure 6 shows the corresponding densities for three states with relatively slow
kinetics. Evidently, both during and after the period when the power is on, the densities
of these species evolve on a time scale that is long compared to the time during which
the plasma is excited. Consequently, relatively high densities remain for some time
after the discharge has ended. Of course, this is why one or other of these species
is usually considered the dominant feature in most applications. Since these are the
only species with any appreciable density in the afterglow, the chemistry then consists
predominantly of reactions between these states, sometimes mediated by other states
that appear transiently. (For instance, this is why the Oy(b'¥}) state persists in the
afterglow after the atomic states have vanished.)

The next three figures (7—9) show the densities of O, Oz(a'A,) and O3 as they
evolve in time under the baseline conditions, using the upper and lower quartile
representation discussed above, such that half of the samples fall between these limits.
As we have noted above, this compact view of the data may conceal both the variety
of permitted solutions, and the presence of the kind of extreme trajectories shown in
figure 3. The range of variation shown in figures 7 and 8 is appreciable but not surprising,
given the typical size of the error bars on the rate constants. Of greater interest is the
data shown in figure 9 for the density of O3, where a much larger range of variation is
seen. This is made clearer in figure 10, where the ratio of the upper and lower quartile
densities is shown. Evidently, this ratio at times exceeds fourteen.

A question that immediately follows is how much these results change as the
conditions are varied. The next three figures show the densities of the same three
species at the end of the discharge period, i.e. at ¢ = 3 ms. For O and Oy(a'4A,), the
range of variation does not change greatly over the range of parameters investigated,
but for Ogs, there is a strong dependence, with a maximum at an oxygen fraction of
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about 0.5 %, as shown in figure 14. The next section will discuss why this happens.

One can also ask about the behaviour of other species that we have not discussed in
detail. If one were to attempt a general statement, one could say that in most cases, the
ratio of the upper and lower quartile densities varies between about two and five. Certain
species that are strongly coupled to the O3 density, such as O3 and O (b'X]), show
predictably larger variations. One can also find very much larger ratios (> 100) for some
species in the late afterglow, but this is neither very surprising nor very interesting, since
it arises from the sensitivity of exponential processes to the rate of decay. Interested
readers may refer to electronic supplements to this paper, which contain results for all
of the species included in the model.

6. Discussion

The results presented in the previous section suggest two immediate conclusions. First,
that the uncertainty introduced into plasma chemistry models from uncertainty in rate
constants is likely to be significant in any context in which such a model might be useful.
This uncertainty is nearly always a factor of two, and is sometimes considerably larger.
Combined with the observation that uncertainty of this character can qualitatively
change the temporal behaviour of plasma species densities, this suggests that, for
instance, a good deal of caution should be exercised when drawing conclusions from
comparisons between models and experiments. Apparently large disagreements might
not in fact be significant, if the uncertainty in both experiments and models has been
properly quantified. Second, we note that the uncertainty in species densities varies
surprisingly with time and as a function of the gas composition, as is clear in particular
from figures 10 and 14. This means that proposing a rule of thumb for estimating
uncertainties will be hazardous. It also makes it of interest to consider how such large
uncertainty can occur.
As a first approximation, the ozone density is controlled by two reactions:

O+0;+M —03+M (15)

The second reaction is also important in determining the O4(b'3") density, if the ozone
density is sufficiently large. Consequently
d[Os]
dt
where the subscripts on the rate constants refer to reaction indices in table 2. There

~ ks [O][02][M] — ki3s[03][O2 (6" )], (17)

are thus three regimes:

(i) When [O,] is small, three body association to ozone is slow and the density of
O2(b'%F) is large. Consequently, the ozone density remains small until the end of
the discharge pulse, when the O, (b'X) density collapses, and ozone density grows.
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(i) When [O,] is large, three body association to ozone is fast, quenching of Oq(b'X)
by ozone is fast, and the density of Oy(b'Y) remains small. Consequently, the
second term in equation (17) is small compared to the first.

(iii) In an intermediate regime, both terms in equation (17) are important, and the
densities of ozone and O, (b'Y) are strongly coupled.

In effect, in the first case, quenching of ozone by O4(b'3;") bleaches the ozone density,
and in the second case, the quenching of O(b'E1) by ozone bleaches the O(b'3)
density. In both these cases, the density of the dominant species is hardly affected by
the density of the suppressed species. In the intermediate regime, where the densities
of these two species are strongly coupled, we find the extraordinary increase in the
uncertainty in these species densities. In this case, it is easy to see why this occurs.
Evaluating equation (17) in the third case involves substracting two random variables
with similar means and standard deviations. However, the result is characterized by the
difference of the means and the sum of the variances (using the approximation of normal
deviates). Hence the ratio of the mean to the standard deviation can be enormously
increased, and this pathology is the cause of the large increase in uncertainty in certain
parts of the parameter space. In the context of the present model, this behaviour is
untypical, because for most species, the dominant reactions involve a single transient
species reacting with a feedstock gas. However, as figures 5 and 6 show, both ozone and
O4(b'E}) can reach relatively high densities, and a binary reaction between these species
can strongly influence the density of both. Consequently, at higher power densities than
those considered here, or with more complex chemistries, one might see pathologies
of this kind affecting more species. A more detailed investigation of these phenomena
would be of interest, but is outside the scope of the present paper. In other chemistry
models, one might also discover other kinds of pathologies, also leading to exceptionally
large uncertainties. One might worry, for instance, about species at the end of long
chains of polymerising reactions.

Another obvious subject for further investigation is the relationship between the
uncertainty in particular reaction rates and the uncertainty in species densities, i.e. one
would like to be able to apportion the uncertainty in species densities to uncertainty in
particular rate constants. This knowledge would, for example, enable one to identify
the rate constants that are most in need of improvement. The simple Monte Carlo
procedure employed in this work yields no information on this subject. A tool for
finding the dominant reaction pathways is a partial but not a complete solution to this
problem [76, 85]. However, many methods do exist that can be used to extract such
data [93, 53, 116], and applying them is a natural direction for future work.

Clearly, a major source of difficulty both in researching rate constants and analysing
sensitivity is the sheer number of processes involved. The model discussed above is
traditional in the sense that it seeks to be as comprehensive as possible, and consequently
includes every process for which a plausible rate constant can be proposed. However,
many of these processes are of at most minor importance under the conditions we have
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investigated, which prompts the reflection that a model with better defined aims could
be much simpler. For instance, we could have decided that our aim was to predict
the densities of the primary active species O, Os(a'A,) and O3, and then included only
those species and reactions that appreciably influence the density of these active species.
If we further decide to limit our interest to dilute mixtures of oxygen in helium, then
the number of processes can be still further reduced. Preliminary investigations in this
direction, which will not be discussed in detail here, suggest that perhaps two thirds of
the reactions in the model are superfluous under these restrictions. A disproportionate
number of the reactions that are discarded in this procedure have weakly based rate
constants in categories B and C, so the reduced model, apart from being simpler,
also contains rate data of higher average quality (this does not, of course, improve
the quality of prediction, since the discarded data were not important anyway, but
it does make clear that the model is better grounded than first appears). In this
context, we can note that there are related fields, such as combustion science, where
the practice of developing relatively simple models with relatively narrowly defined
predictive scope is well-established. This approach is often combined with a relatively
thorough and sophisticated approach to both uncertainty quantification and validation
against experiments, which leads to models that can be employed predictively with
some confidence [143, 118, 125, 70, 94]. This is almost the opposite of the situation in
low-temperature plasma physics.

Of course, a systematic characterisation of parametric uncertainty of the kind
presented above greatly increases the number of cases to be investigated, and there
is a corresponding increase in the amount of computation required. This is tolerable in
the case of the zero dimensional model employed in the present work, but this might
not be so for a multi-dimensional model that is already near the limit of computational
feasibility. In such circumstances, some compromise is inescapable. For instance, one can
assume that global model calculations under similar conditions adequately characterize
the uncertainty, or use global model calculations to identify a reduced list of parameters
to be investigated in the full scale simulation.

As a final note in this section, we draw attention to the appendices. These discuss
in some detail a number of particular examples of faulty rate constant data employed
in recent models. Our purpose here is not to be harshly critical of particular authors
or papers, but rather to draw attention to practices that are pervasive in the field (but
of course not universal). However, we cannot assert that such practices occur without
substantiating the case by mentioning specific examples. Of course, it is of interest to
ask whether the use of inappropriate rate data seriously influences model predictions,
particular in view of the substantial uncertainty that is in any case present. In at least
some of the examples discussed, the effect is at least comparable with the typical level of
uncertainty described above, but perhaps not with the more extreme cases mentioned.
So it seems likely that a substantial amount of published work is at least materially
affected by less than optimal choices of rate data. Of course, that the present work is
itself affected by some lapse or another in the selection of rate data is only too likely.
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For this reason, we encourage careful scrutiny from readers, and welcome corrections
of whatever errors are found. Even if such mistakes are found, however, they will be
unlikely to undermine the leading conclusions of this study.

7. Concluding Remarks

As we have noted above, there has been much concern expressed in recent years about the
integrity of scientific computation. Appreciation has grown that scientific computation
cannot usually deliver exact results, for a variety of reasons. What we can do, however,
is quantify the uncertainty that we cannot eliminate, and ensure that any conclusions
we have drawn are robust in the face of this uncertainty. In other words, the results
of scientific computations, if they are to be taken seriously, should be accompanied
by error bars. The purpose of the present paper is to investigate how large an error
bar should be associated with plasma chemistry calculations. The results presented
above show that a general rule of thumb is difficult to propose, even if we assume that
the particular model we have investigated is typical. However, we might assert that if
consequential conclusions would be seriously undermined by a change of a factor of ten
in some species density, then more detailed investigations should be undertaken. As
we have also seen, recent practice in presenting plasma chemistry models both obscures
the primary sources of rate data, which presents obstacles to systematic uncertainty
quantification, and presents many opportunities for faulty data to persist. Electronic
archives, however, greatly reduce the difficulty of addressing this issue.

As we also suggested above, systematic uncertainty quantification should lead to
a general enhancement in the quality of plasma chemistry modelling, by focussing on
the origins of uncertainty, and hence directing attention towards the rate data where
improvement is most needed. This may assist experimentalists (and perhaps funding
agencies) to choose the most promising areas for further work. The efforts of modellers
may also be usefully prioritised using a knowledge of parametric uncertainty. For
instance, refining the physical model may not be helpful if the changes produced by
such refinements are dominated by chemical uncertainty. But such judgements, of
course, always depend on maintaining a clear view of what is to be predicted, and
why.
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Figure 1. Examples of lognormal probability distributions given by equation (12),
with the same mean, but different variances.

Table 1: Species included in the helium-oxygen system

He
He*
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Figure 2. Sample solutions of the electron temperature for several random choices
of rate coefficients. Each of these curves is a possible realisation of the chemistry
model for the same physical conditions, and all are consistent with the uncertainties

associated with the rate constants. These data, and those in figures 6, 5 and 4 are for
an oxygen fraction of 0.1 %.
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Figure 3. Sample solutions of the helium metastable density for several choices of
random rate coefficients. As in figure (2), each of these curves is a possible realisation
of the chemistry model for the same physical conditions, and all are consistent with the
uncertainties associated with the rate constants. Note only are there large quantitative
differences between trajectories, but there are major qualitative variations as well.
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Figure 4. Densities of selected charged species, showing slow evolution during the
discharge pulse (up to 3 ms), and rapid decay in the afterglow.
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Figure 5. Predictions of the densities of three oxygen excited states that are transient,
in the sense that the equilibrium or quasi-equilibrium densities are determined by
relatively fast processes, so that these species decay rapidly when the discharge is
extinguished at ¢t = 3 ms
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Figure 6. Densities of three oxygen excited states that evolve on slower time scales, so
that their densities fall relatively slowly or even increase after the end of the discharge
at t = 3 ms. These three species are usually regarded as being responsible for the
biological effects produced by the effluent of a He/Oy discharge.
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Figure 7. Atomic oxygen density showing the upper and lower quartile limits of a
large set of random realisations of the model for the same physical conditions. In this
presentation, half of the realized trajectories lie in the shaded region at any given time.
Of course, this implies that half of the trajectories are outside the shaded region. These
data are for an oxygen fraction of 0.4 % of the feedstock gas.
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Figure 8. Oy(a’ Ay) excited state density showing the upper and lower quartile limits,
as in figure 7.
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Figure 9. Ozone density showing the upper and lower quartile limits, as in figure 7.
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Figure 10. Ozone density showing ratio of the upper and lower quartile limits. This
is the same data as in figure 9.
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Figure 11. Atomic oxygen density at the end of the discharge pulse, as a function of
the fraction of molecular oxygen in the feedstock gas.
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Figure 12. Oy(a'A,) density at the end of the discharge pulse, as a function of the
fraction of molecular oxygen in the feedstock gas.
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Figure 13. O3 density at the end of the discharge pulse, as a function of the fraction
of molecular oxygen in the feedstock gas.
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Figure 14. Oj variation at the end of the discharge pulse, as a function of the fraction
of molecular oxygen in the feedstock gas. (The same data as in figure 13.)



Table 2: Reactions and rate constants for the helium-oxygen
system. The rubric for this table is as follows: Column
1 contains a reference number for each reaction; column 2
specifies the reaction; column 3 gives the threshold energy of
the reaction, expressed in eV; column 4 gives an expression
for the rate constant in MKS units, with the electron
temperature expressed in eV and the neutral temperature
in K; column 5 is the dimensionless uncertainty discussed in
the text; column 6 is the source category (discussed in the
text); and column 7 contains references.
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e+ 0g(a*Ay) — e+ Og(aAy) 0.02  3.88x 10717712 exp (- 02 0.6 C N
e+ Og(a*A,) — e+ Oz(atAy,v) 0.19  4.32x 107167157 exp %‘)ij’) 02 C i
e+ 0z(a’Ay) = e+ Oa(al Ay, v) 019 276 x 10717 W exp (~-62) 02 ¢ 3
e+ 0a(a'Ay) = e+ Og(a' Ay, v) 0.38  1.64 x 107167141 exp —%) 02 C g
e+ 0z(alAy) = e+ Oa(al Ay, v) 0.38 1.2 x 10715771015 exp g ‘gf’; 02 C o
e+ Og(atA,) — e+ Oz(atAy,v) 0.57 5.4 x 107157090 exp (-2 02 C E
e+ Og(atA,) — e+ 0z(alAy,v) 0.75 527 x 10757 3 exp (- 5K 02 C )
e+ 02(a'Ay) = 02(b'EF) +e 0.657  5.25 x 107157, 4 exp (4522 03 A [137] ;g
e+ Oz(a'Ay) = e+ O (0'E) 4.5 1.28 x 10747116 exp (—E02 0.6 C §
e+ 0z(alAy) = e+ Oy (b'5H) 60 198 x 107U 0TPexp (~58) 06 C Q
e+ 0s(a'A,) = O+ 0~ 30 414x 10757 exp (<313) 03 A [57] s
e+ 0y(a’Ay) — O(*D) + O~ 30 9.2x 107107 12 exp (62 03 A [57] z
e+ 0s(b'EH) — 2 + O + OF 1873 8.6 x 107107 M exp (- 1521) 01 C ‘;
e+ 0y(b'S}) — 2e + OF 12.06  2.32 x 107157099 exp ( 1023 01 C 2
e+ 0:(b'EH) = e+ 0+0('D) 8.5 3.12 x 1071479 017exp( ;123 06 C &
e+ 0y(b'%}) = e+ 0+ O(1D) 9.97  1.56 x 1071771 exp (30 06 C

e+ 0,(b18F) = e+ O, 1.627  3.97 x 10~ 16770:089 expy ( L) 03 A [75, 106]

e+ 0(b'EF) = e+ 02(a'Ay) -0.657  5.25 x 107157704 exp (— 533 03 A [137]

e+ 03(b'EF) — e+ 05(b'SY) 00 415x 107170 exp (~006) 02 A [75, 106, 137]

e+ 03(b'S}) = e+ 02(b'F) 002 388x 1077 1 2exp (~52) 06 C

e+ 0z(bI8h) = e+ 0a(b12F v) 0.19  4.32 x 107107157 exp —O;ﬁ) 02 C

e+ 0x(b'SF) — e+ 02(b'SH, v) 0.19  2.76 x 10~ M7 103 exp —%) 02 C @



65 e+ 0x(b'EH) = e+ 0o(b'EH, v) 038  1.64x 107107 Mlexp (~072) 02 C

66 e+ O0x(b'EF) = e+ 0o(b' 2, 1) 0.38  1.2x 107197 L05e 02 C

67 e+ O2(b1EF) — e+ 02012, v) 0.57 5.4 x 1071770916 ox g ; 02 C

68 e+ Ox(b'Eh) = e+ 0x(b' 2, 1) 0.75  5.27 x 10717 1B ex .57 02 C

69 e+ Ox(b'ZF) — e+ O0o(b' ) 4.5 1.28 x 1077 116 ex E 3. 37; 06 C

70 e+ O9(b'S) — e+ Oq(b'%)) 6.0 1.98 x 1071470779 exp — 503 73 06 C

71 e+ 0y(b'%) 5 0+ 0" 00 701 x 10717 10 exp (— % ) 05 A [49]

72 e+ 05 — 2+ 0, 468 157 x 107 M7 00 exp (- TL) 20 A [28]

73 e+ 03— e+ 0+ Oy(v) 26 L7 x 1071705 exp (— 35 05 A [44]

74 e+ 03— e+ O(1D) + Oy(a’Ay) 572 3.22 x 1071371186 ( 9. :) 05 A [44]

75 e+03—0+0; 00 1.02x 107157, 1% exp (- 102 03 A [111]

76 e+03— 0" +0, 0.0 3.45 x 107157709 exp ( ; 03 A [111]

77T e+ 05— 2+ 05 1243 5.96 x 10T exp (~1233) 03 A [61, 86]
78  e+07 —30 -6.27  2.07 x 1071377055 0.15 A [144]

79 e+ 03 - 20+ 0('D) -4.3 6.69 x 1071377055 0.15 A [144]

80 e+ 07 - 0+20(D) -2.33  1.55 x 107 137,70-55 0.15 A [144]

81 e+ 05 — 2+ Os 21 212 x 107170 exp (—37) 20 A [122]

82 e+0; —2e+0+0, 32 712 x 107MT0182 oy ( 34) 20 A [122]

83 e+ 03 — 2e+30 84 142107172 exp (—52) 20 A [122]
Neutral chemistry of helium

84  2He + He* — Hej + He 0.0 1.5 x 10746 05 A [26]

85  2He + He™ — He} + He 00  1.3x107% (%)O'G 0.1 A [19]

86  2He* — e+ He + He™ -16.6 4.5 x 10716 05 A [26,105]
87  2He* — e+ Hej -19.0  1.05x 1071° 0.5 A [26, 105
88  He* + Hey — e + He™ + 2He -15.0 5.0 x 10716 1.0 A [26, 105
89  He* + Hey — e + He 4 Heg -15.0  2.0x 1071 1.0 A [26,105]
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90 2He} — e+ He™ + 3He -15.0 3.0 x 10716 1.0 A [26, 105

91  2He’ — e + 2He + Hey -15.0  1.2x 1071 1.0 A [26, 105

Neutral chemistry of oxygen

92 30 = O+ 0, 00 38x1074 () exp (- 1.0 A [60]

93 30 — O+ 02(b'%)) 0.0 1.4 x 10~*2 exp —6%)) 20 A [12, p. 24-42]

94 20+ 03— 0+0; 0.0 4.2 x 10~ exp (172° L5 A [113, 60]

95 20+ 03 — O+ 03(v) 0.0 9.8 x 10~ exp (172 1.5 A [113, 60]

96 20 + Oy — Oz(a'A,) + Os 0.0 6.5 x 1074 3790 exp 1.0 A [129, 60

97 20+ 0y — O2(b'Sf) + 09 0.0 6.5 x 10—45 300 exp 1.0 A [129, 60]

98 0+0('D)—20 0.0 2.0 x 10~ 0.6 A [130]

9 0+4+0(9) —20 0.0 2.5 x 10~ Texp (— %0 1.0 A [120]

100 O+0(S) - 0+ 0('D) 0.0 2.5 x 107 Texp (-3 1.0 A [120]

101 O +20;5 — Oy + Og 0.0  1.8x 10746 (%)26 0.1 A [119, p. 2-3][7, p. 1473][113]
102 O+ 203 — Oz + O3(v) 0.0 4.2 x 10746 @)2'6 0.1 A [119, p. 2-3][7, p. 1473]
103 O+ Oz + Oz(atA,) — O +20, 0.0 1.1 x 1074 50 A [9, 20]

104 O+ O3+ O3 — 203 00  14x10 Texp (- 1050 03 A [60]

105 O+ 02+ O3 — O3 + O3(v) 0.0 3.27 x 10747 exp ( 1050 0.3 A [60]

106 O+ O2(a'A,) = O+ 0Oy 214 1.0 x 10722 1.0 A [119]

107 O+ 02(b'f) — O + 0z(atA,) -0.65 8.0 x 10720 1.0 A [119, p. 1-44][7, p. 1486]
108 O+ 03 — 20 + O 0.0 1.2 x 10~ ¥ exp 114900 03 A [60]

109 O+ 03 — 202(v) 0.0 8.0 x 10718 2%60) 0.2 A [119, p. 1-35][7, p. 1475][10][141]
110 O+ O03(v) — 209 0.0 4.5 x 10718 0.5 A [133]

111 O+ 03(v) > 03+0 0.0 1.05 x 10717 0.5 A [133]

112 O('D) + Oy — O + 05(b'S) 0.0  2.64x 10" Texp ( g) 0.1 A [119, p. 1-35]

113 O('D)+ 03 — O + O3(a'Ay) 0.0 6.6 x 10 Bexp (5 ) 0.1 A [119, p. 1-35]

114 O('D) + 03 — 20 + O2 0.0 1.2 x 10716 02 A [119,7, 133]
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115
116

117
118
119
120
121
122
123
124
125
126

127
128
129

130

131
132
133
134

135
136
137
138
139
140
141

O(lD) + 03 — 202

O('S) + 0y = O + Oy

O(IS) + 02 — O(ID) + O2

O(1S) + Oz(alA,) = 30

O(1S) + 02(aAy) = O + 05 (b'SH)
O(IS) + Oz(alAu) — O(ID) + O
O(1S)+03 - O+ 0('D)+ 0Oy
0('S) + O3 — 20,

O(L9) + 03 — 20 + Oq

209 — 20 + O9

Oy + 02( ) — 209

Oy + OQ( ) — 209

Oz + O2(a* Ay, v) = O2(v) + Oz(a'Ay)
Oz + O2(b'F) — O + 02(atAy)

O2 + O2(b'SF, v) — Og(v) + O2(bPE)
Os + 03 — O+ 20

O2 + O3(v) — Og + O3

202(alA,) — Og + Oo(b1X)
Oz(a'Ay) + O2(b*SF) = Oz + 02 (V')
202 (b'SF) = Og + O2(b'E)
Og(alAu) + 03 =205 +0

O2(atAy) + O3(v) — Oy + O3
O2(b'SH) + 03 — O + 209

O2(b'XF) + 03 — Oz + O3

Og(blzi) + O3 — OQ(QIAU) + O3

203 = O+ O35 4+ O3

O3 + O3(v) — 203

u
+
u
_l’_
u

0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.19
0.0

-0.19
0.0
-0.19

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.2 x 10716
3.0 x 10718

3.2 x 10717
1.3 x 10716
3.6 x 10717
1.93 x 10716
1.93 x 10716
1.93 x 10716

6.6 x 10715
2.0 x 10720

3.6 x 10724 ex

5.0 x 10717

3.8 x 10723

1.5 x 10717

7.26 x 10716
4.0 x 10720
2.7 x 10723
2.7 x 10723
2.7 x 10723
5.2 x 10717
5.0 x 10717

2.4 x 1077 exp
5.5 x 10718 ex
5.5 x 107 ¥ exp

1.65 x 1071
1.0 x 10719

850
exp | — T,
850
i

1.3 x 107 8¢

15
300 59000
T, ) P (_ T, )

220
p(-2)

11435
exp (~17)

o (-42)

_ 135
Tg

135
P\~

_ 135
T,

g
11435
exp (~1)

0.2
1.0

1.0
0.3
0.3
0.3
0.6
0.6
0.6
0.5
0.5
0.2

0.5
0.5
0.1

0.3

0.5
0.2
2.0
2.0

0.2
5.0
0.2
0.2
0.2
0.3
0.5

s QOQE e B R B > PP B

119, 7, 133]
12, p. 24-52][126]

12, p. 24-52][126]

127 128 67]
127, 128, 67]
197, 128

1
1
133]

[
[
[
[
[
[
[
[
[
[12, p. 24-44]
[
[
[
[
[
[
[
[

o w
0

w

—_

02]
119, p. 1-43]

]
119, p. 1-44][63][68]

=

—

133
]

[119, p. 1-43][133]
[133]
119,
119,
[
[
[

N

]
]
]

N

11

133
133

©
N |

)

]
]

Ton chemistry of oxygen
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142
143
144

145

146
147
148
149
150

151
152
153
154

155
156

157

158
159
160
161
162

163

164

165
166
167
168
169

2¢+ 0t -0 +e

2¢+ 05 — 02+ ¢

2¢ + 0] —20s +e
e+0+4+02 - 0+0,
e+ 0t = O('D)

e+ 0t + 02 - 040
e+ 20y — Oy + OF

e+ Oz + OF — 20,

e+ 02+ 03 — O2 + O3
e+05 - O0+0('D)
e+ 05 — O(D)+0(Ls)
e+ 05 = 0+0('D) + 0,

e+0Of = O(D)+0(t9) + 0y

O+0 —e+09
O0+0;,; -0 402

O+02_—>6+03

O+O§—>€+202
O+05 = 02405
0+ 0f — 03 +07
O+0; = 02403

O(*D)+ 0~ 20 +e¢
O('D)+0; — e+ 03
O(!D)+05; — 0~ + 0,
O(*D) + 0 — 20 + 05
O(!D)+0; -0+ 02+0~
O(!D)+0; -0+03+e
O(D) +0f - 0+ 0y + 0F
O(ID) +Of — 03+ 0OF

0.0
0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0
0.0
0.0

2.0 x 107397745
2.0 x 107397745
2.0 x 107397745

1.4 x 10~41 (3090) ex p( go)
3.5 x 10718 (?%0)07

3.3 x 10—44T—2g-5

1.4 x 1074 (3790) exp( @)
3.3 x 1074725

14 x 1074 (3790) exp (—52)
9.1 x 10-157,707

6.0 x 10-157,707

2.02 x 1071477048
1.35 x 10~ 1470-48

2.3 x 10716 (3%0)1'3

g

1.8
7 ( 300
8.5 % 107! (Tg)
—17 ( 300
8.5 x 10 (T)
1.0 x 10717
2.5 x 10716
3.0 x 10716

4.0 x 10716
7.4 x 10716

8.5 x 10~ 17(T—)

8.5 x 10~ 17( )1 ®
3.0x 10716
3.0 x 10716
3.0 x 10716
3.0 x 10716
3.0 x 10716

.8

<73

‘ﬂ\o

0.5
0.5
0.5

3.0

0.25
0.5
0.3
0.5
1.0

0.1
0.1
0.2
0.2

0.4
0.4

0.4

10.0
1.0
0.7
1.0
1.0

2.0

2.0

14
1.4
1.4
1.4
1.4

Womom Q QT ere > B e Q>0 QOOT

(36, eq. 52.49]

[12, p. 24-9]
36, eq. 52.52b)]
[12, p. 24-10]
[36]

, 110, 1]
38, 110, 1]
38, 30]

o

12, p. 24-17]

55 p 198]

55, p. 139]

55, p. 197][12, p. 24-30]

[38
[
[
[
[
[
[
[
[
[
[
73, 96, 31]

73, 90, 31]
73, 90, 31]
73, 96, 31]
73, 96, 31]
73, 96, 31]
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170
171
172
173

174

175

176
177
178
179
180
181
182
183
184

185
186
187
188
189
190
191

192
193

194
195

CNONONONONORONON®)

)+OZ*>€+O+202
)+ 0, = 0+02+4 05
)+ 0, - 202+ 0"
+0" = e+20

=07 +0,
— e+ O3

+ 0§ =20+ 07

—>€+O+03

+ 035 =20+ 05

- O0O+0" 4+ 09

+0f - 0+02+07
+0f -0 +0;
—}—OZ—)G—FO—FQOQ

— 0+ 0240y

(1S)+0; = O™ 420,

0T+ 040z = 02+ 05

Ot +0~
O +0~
OT+0~

— 20
+ 09 — 20+ 09
+ 09 — 204

Ot 4+ 02 - 0+ 07

Ot + 0,
Ot + 0,
Ot + 0,
0" + 03
Ot + O3
Ot + 0y

—)O-l—OQ
+ 09 — O + 209
+ 02 = 024+ O3

—>02+O;

— O+ O3
+ 03 = O+ 09 + O3

0.0
0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0

0.0
0.0

2.0 x 10716
2.0 x 10716
2.0 x 10716
7.4 x 10716

8.5 x 10717 (30
8.5 x 10717 (30) "

1.8

2.0 x 10716
2.0 x 10716
2.0 x 10716
2.0 x 10716
3.0 x 10716
3.0 x 10716
2.0 x 10716
2.0 x 10716
2.0 x 10716
2.93
4.0 x 10742 (%)
N 1.1
3.1 x 1014 (%)
2.5
1.0 x 10737 (%)
N 2.5
1.0 x 10757 (30)
A 0.4
— 300
2.1 x 10 (TT) -
3.92 x 10~ 14 (%) '
2.5
1.0 x 10737 (%)
2.5
1.0 x 10757 (30)
1.2 x 10715
0.9
7.33 x 1014 (T%O)
\ 2.5
2.0 x 10757 (30)

1.7
1.7
1.7
1.0

2.0

2.0

1.7
1.7
1.7
1.7
14
14
1.7
1.7
1.7

0.5
0.4
4.2
4.2
0.1
0.4
4.2

4.2
1.0

0.4
3.0

os AN vellve B oo B ve B vo B vs B vo B o’ B @l sl ve Bl ve Bl vs B vs B ve B oo [l vo Bl v BN @ S @ I ve B oe R o Rl v

[73, 90, 31]
73, 90, 31]
73, 90, 31]
31, 96, 73]
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196

197

198
199
200

201

202

203
204
205
206

207

208

209
210
211

212
213
214

215
216

217
218

219
220

Ot +0; - 0+20,

Ot 4+ 05 + 02 — 0+ 30,
O +09 —+03+e¢

O~ +0;—0; 40

O~ +20y — Oy + O3

0"+ 02+07 -0+02+03
O~ 4+ 02+ Of — O+ 30,
O~ + Oz(atA,) - O+ 0y
O~ + Oy(atA,) — O3 +e
O~ +0(b'S}) - O+ 05
O~ + O(b'S}) = O3 +e
O~ + 05 — 30

O~ +0F - 0+0,
O™ 4+ 03 —e+20,

O 1035 0+0;
O™ +03 = 02+ 0Oy

0~ + 07 — 02+ O3
O~ +0Ff — 0+ 20
O~ +0f — 02+ O3
205 + OF — Oy + OF
205 + 0; — Oy + O]

02+O;_)6+202
0240, —0+0;
OQ+O;+O;_>202+03

Oz + O + Of — 40,

0.0

0.0

0.0
0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0

0.0
0.0
0.0

0.0

7.87 x 1071 (TL)
2.0 x 10737 (30
1.0 x 10718

1.0 x 10718
1.1 x 10742

.5

1.61 x 1014 (?90)

1.61 x 104 (300)

Tg
3.0 x 10716
2.0x 10716
1.0 x 10717

3.07 x 10714

0.4

3.0

5.0
0.5
0.1

3.0

3.0
0.3
0.3
0.6
0.6
0.4
0.4

0.4
0.4
0.4

0.3
0.4
0.4

0.1
0.3

0.1
1.0

3.0
3.0

W W > 3 WW e mQOQE>T W E @

12, p. 24-39)

12, p. 24-15]
55, p. 196]
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221
222

223
224
225

226

227

228
229
230
231
232

233

234
235
236

237
238
239
240
241
242
243
244
245

S
™

<
MM M
etref et et

0 +0™ + 02 = 0 +20,
0 + 0™ 4+ 02 — 02 + O3
03 + 05 + 0z = 30,
O3 + O3 + 02 — 202 + O3
O3 + 05 + 02 — 409

0.0
0.0

0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0
0.0
0.0

0.0

0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

6.7 x 10716
4.2
1.0 x 1071 (300) ™ excp (- 24
2.5
2.0 x 107%7 (42)
2.5
2()x]0‘37(%§)
2.5
2.0 x 107%7 (42)
2.5
2.0 x 10737 %?
2.2 x 1071 (322 exp (G50
7.0 x 10716
6.0 x 1016
3.0x 10716
3.0x 10716
7.0 x 10716

6.7 x 10~ exp (—%SO)
6.0 x 10716
3.0 x 10716

1.0
1.0

3.0
3.0
3.0

3.0

0.5

0.3
2.0
14
1.4
0.6

1.0

2.0
14
14

4.2
4.2
3.0
3.0
3.0
0.4
0.4
0.4
0.4

oo ool ve Bl ve Il os B ve B vo i o Bl ve Bl oe B s AN @ Rl vs BN @ [ oe B ve Rl o st i vo B oo B vw B vo B - oo/

16]
1

BTS2 N =)

1
6

89]

73, 90, 31]
73, 90, 31]
73, 90, 31]

.—..—..—..—..—..:..—..—..—..—..—.

73, 90, 31]

, 90, 31]
, 90, 31]

73, 90, 25, 31]
12, p. 24-36][55, p. 139]

12, p. 24-40]
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0.9

246 OF + 05 — 30, 0.0  6.07x10"4 (%) 04 B [91, eq. 4]
247 O3 + 03 — Oy + O3 0.0 6.0 x 10716 1.0 A [55, p. 196]
1.1
248 05 +0f = 05+ O3 0.0  329%x10°4 (79;)) 0.3 B [91, eq. 3]
1.1
249 05 + O} — 20 + 20, 0.0  1.6x10 (%) 04 B [91, eq. 3]
1.1
250 05 + O} — 30, 0.0  1.6x10 (%) 04 B [91, eq. 3]
251 O3+ 0 — 205 + O3 0.0 8.0 x 10716 1.0 B [73,90, 31]
0.9
252 O + 05 — 205 0.0  519x10°4 (%) 0.3 B [91, eq. 3]
0.9
253 OFf +0; — 205+ O; 0.0  537x10"4 (%) 0.3 B [91, eq. 3]
254 O3 + O3 — e + 30 0.0 8.5 x 10716 1.0 B [73,90, 31]
— + 14 (3000
255 O3 +O0F — O+ 30, 0.0 9.43 x 10 (Tg ) 04 B [91, eq. 4]
0.9
256 O3 + Of — 20, + O3 00 243x 1071 (%) 04 B [91, eq. 4]
0.9
257 Of +0; — 40, 0.0  497x10°4 (%) 04 B [91, eq. 4]
Neutral chemistry of helium-oxygen mixtures
258 He+ He* + O — e +2He + OT 0.0 1.6 x 10743 20 C
259 He + He* + O(!D) — e+ 2He + Ot 0.0 1.6 x 10743 20 C
260 He + He* +O(1S) — e+ 2He + OF 0.0 1.6 x 10743 20 C
261 He + He* + Oy — e+ 2He + OF 0.0 1.6 x 10743 0.5 A [109]
262 He+ He* + O2(a*A,) — e+2He+ 05 0.0 1.6 x 10743 20 C
263 He+ He* + O2(b'X)) = e +2He+ 05 0.0 1.6 x 10=43 20 C
264 He+ He* + O3 — e+ 2He + O + OF 0.0 1.6 x 10743 20 C
265 He + 20 — He + O2(a'A,) 0.0 2.0 x 1075 (209) exp 1.0 A [60, 129]
266 He + 20 — He + O2(b'X) 0.0 2.0 x 1074 30g0 exp 1.0 A [60, 129
2.6
267 He+ O + Oy — He + Oy 0.0  9.0x 1074 (30;)) 0.5 A 7,133, 21]
268 He + O + Oy — He + O3(v) 0.0 2.1 x 10746 :%o 05 A [7,133,21]
269 He+ O + Oz(a'A,) — He+ 02+ O 0.0 4.0 x 1074 3.0 A ]9, 20]
270 He+ O('D) — He + O 0.0 1.0 x 1072 1.0 A [124, 52, 51]
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271 He+ O(*S) = He+ O 0.0 1.0 x 1072 1.0 C
272 He+ O3(v) — He + Oy -0.19 2.0 x 10717 05 A [102]
273  He+ Oz(a'A,) — He + Oq 0.0 5.0 x 10727 0.5 A [13]
274  He + Oz(a'Ay,v) — He + O2(a'Ay) -0.19 2.0 x 10717 05 C
275 He + Oy(b'S}) — He 4 O2(alA,) 0.0 4.3 x 107 0.03 A [63]
276  He + O2(b'Sf,v) — He + Oo(b'E)) -0.19 6.0 x 10717 1.0 A [62]
277 He+ O3 — He + O + O, 0.0  5.61x 10" 6exp (— 11400 0.3 A [60]
278 He + O3(v) — He + O3 0.0 6.0 x 10720 03 A [133]
279 He*+ 0 —se+He+OF 0.0 2.6 x 10716 1.0 C
280 He* + O('D) = e+ He+OF 0.0 2.6 x 10716 1.0 C
281 He* + O(1S) — e+ He+ O7 0.0 2.6 x 10716 1.0 C
282 He* + Oy — e+ He + OF 0.0 2.6 x 10716 02 A [109]
283 He* + Oz(atA,) — e+ He+ OF 0.0 2.6 x 10716 1.0 C
284 He* + O2(b!'%)) — e+ He + OF 0.0 2.6 x 10716 1.0 C
285 He* + O3 — e+ He+ O+ OF 0.0 2.6 x 10716 1.0 C
286 Hes + 0O — e+ 2He + OF 0.0 3.6 x 10716 1.0 C
287 Hes+ O('D) — e+ 2He + O™ 0.0 3.6 x 10716 1.0 C
288 Hej + O(1S) — e+ 2He + OF 0.0 3.6 x 10716 1.0 C
289 Heb + Oy — e+ 2He + OF 0.0 3.6 x 10716 03 A [108]
290 Hej + Oz(atA,) — e+ 2He + OF 0.0 3.6 x 10716 1.0 C
291 Hej + O2(b'SF) — e + 2He + OF 0.0 3.6 x 10716 1.0 C
292 Heb + O3 — e+ 2He + O + OF 0.0 3.6 x 10716 1.0 C
Ton chemistry of helium-oxygen mixtures
293 e+ He+ O — He+ O~ 0.0 1.0 x 10~#7,705 4.0 C
294 e+ He+ Oy — He + Oy 0.0 1.0 x 10~#47,703 20 A [22]
295 e+ He+ O3 — He+ O3 0.0 1.0 x 10~47,705 40 C

2.5
296 He + Het + O~ — 2He + O 00 2.0x107%7 (320) 30 B [16]
297 He+He™ + O; — 2He+ O 0.0 2.0 x 10737 (%0)2'5 30 B [16]
208 He+ He™ + O3 — 2He+ O 0.0 2.0 x 10737 (%)2'5 30 B [16]
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299

300
301

302
303
304
305
306
307
308
309

310
311

312
313
314
315
316
317
318

319
320

321

He + He' + O; — 2He + 209
He + Hej + O~ — 3He + O

He + Hej + Og — 3He + OF
He + Heg + O5 — 3He + Oy
He + Heg + O3 — 3He + O3
He + Heg + O; — 3He + 202
He + O+ Ot — He + OF

He + 0" 4+ O~ — He + 20
He+ 0" +0; — He+ O+ Oy
He+ Ot + 05 — He+ O+ O3
He +O" +0; — He+ O+ 20,
He+ 0O~ - e+ He+O

He + O~ 4 0y — He + O3
He+ O~ + 03 — He+ O + O
He+ O~ + 05 - He+ O+ O3
He + O~ + O — He + O + 209
He + Oy + OF — He + OF

He + Oy + O; — He + O

He + O3 + O; — He + 209

He + O + O3 — He + Oy + O3
He + O3 + Oy — He + 302

He + 05 — e+ He + Og

He + 05 + OF — He + O2 + O3

0.0

0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0

0.0

3.0

3.0
0.3

3.0
3.0
3.0
0.5
3.0
3.0
3.0
3.0

2.0
1.0

3.0
3.0
3.0

0.05

0.5
3.0
3.0

3.0
3.0

3.0
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2.5

322 He+ Oy + O — He+ 30, 0.0 2.0 x 10737 (%) 3.0
323 He+OF +0; — He + 205 0.0 20107 (30)° 3.0
324 He+ Of + 05 — He+ 202 + O3 0.0  20x107% (%)2 ? 3.0
325 He+ O3 4+ Of — He+ 202 + O3 0.0 2.0 x 10737 (%)2 ? 3.0
326 He+ Of — He+ Oy + O5 0.0 3.6 x 10720 0.75
327 He+ Of + Oy — He + 40, 0.0 2.0 x 107%7 (%0 3.0
328 He+ O; — He+ O0y+ 05 0.0 2.2 x 10711 (20 6300 2.0
329 He* 4+ 0~ — 2+ He+ O 0.0  87x10" 1.0
330 He"+03 — He+ O+ 0" 0.0  82x 10—15 1.0
331 He* + O, — 2e+ He+ OF 0.0 8.3 x 10717 1.0
332 He"+ O3 — He+ 0+ 0y 0.0  81x10°1 1.0
333 He" 40y — 2e+He+ 0+ 0y 0.0  81x10715 1.0
334 He* 4+ Of — He+ 02 4 O3 0.0  80x10°1 1.0
335 He*+ O; — 2e+ He+ Oy + O3 0.0 8.0 x 1071° 1.0
336 He' +0 — He+ OT 0.0 5.8 x 10716 1.0
337 He' +O('D) — He + O* 0.0 5.8 x 10716 1.0
338 He™ +0('S) — He + O* 0.0  58x10710 1.0
339 He" +0~ - He+O 0.0  3.12x1074 (TL) 0.4
2.5
340 Het 4+ 0~ + 03 —» He4+ 05+ 0 0.0  20x10737 (3790) 3.0
341 He™ 40y - He+ 0O+ OF 0.0 9.7 x 10716 0.1
342 Het 4 Oy — He + OF 0.0 3.0 x 10717 0.1
2.5
343 He™ + 0y + O; — He + 30, 00 2.0x1077 (32) 3.0
344 He' +Oy(a'A,) - He+ 0+ OF 00  9.7x 10716 1.0
345 He' + Os(alA,) — He + OF 0.0 3.0 x 1017 1.0
346 He® + Oy(b'Sf) — He+ 0+ OF 0.0  9.7x10710 1.0
347 He™ + 05(b'2}) — He + OF 0.0 3.0 x 1017 1.0
1.1
348 He' + 0y — He+ Oy 00 3.26x 1071 (%0) 0.4

349 He™ + 03 - He+ Oy + 07 0.0 2.2 x 10715 1.0
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0.9

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

350 He' + O3 — He + Oy 00 132x1071 (32)
7£0.9
351 He' + O; — He + 20, 00 145x 1071 (42)
352 He; +0~ —e+2He+O 0.0 6.7 x 10715
353 Hey +0OfF — 2He+ O+ O7 0.0 6.2 x 1071°
354 Heb + Oy — 2e+ 2He + OF 0.0 6.1 x 1071°
355 Hej + O3 — 2e+2He + O + OF 0.0 6.0 x 1071°
356 Hej + Of — 2He + 20 + OF 0.0 5.8 x 1071°
357 Hes + O; — 2e+2He + 02 + OF 0.0 5.8 x 10715
358 Hej + O — 2He + O 0.0 9.0 x 10716
359 Hej +O('D) — 2He + OF 0.0 9.0 x 10716
360 Hej +O('S) — 2He + OF 0.0 9.0 x 10716
1.1
361 Hej + O~ — 2He + O 00 31x1071(3X)
2.5
362 Hej +0~ + 0y —2He+ 02+ 0 0.0 2.0 x 107%7 (¢
363 Heg + Oy — 2He+ O + OF 0.0 1.0 x 10716
364 Hej + Oy — 2He + OF 0.0 9.0 x 10716
2.5
365 Hel + Oy + 05 — 2He + 20, 00 2.0x1077 (320)
2.5
366 Hejy + Oy + O; — 2He + 30 0.0 2.0 x 107%7 (%0
367 Hej + Oz(a'A,) — 2He + OF 0.0 1.2 x 10719
368 Hej + Oq(b'¥}) — 2He + OF 0.0 1.2 x 1071
2.5
369 Hej + Oy + O3 — 2He 4+ Oy + Os 00 20x107% (30)
Y11
370 Hej + O; — 2He + O 00  3.26x1071 (30)
371 Hej + O3 — 2He + OF + Oq 0.0 1.6 x 1071
+ 0~ ~13 (300)%?
372 Hejf + O3 — 2He + O3 00  1.34x1071%(30)
+ . 0- ~13 (300)%?
373 Hef + O — 2He + Os 00  1.45x1071%(30)
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Appendix A. Problematic Processes

In the appendices that follow, we discuss details of several processes that emerged as
difficult during the compilation of the present chemistry scheme, in the sense that many
recent models contain doubtful rate data. The examples that we discuss below are not
exhaustive, but have been chosen to illustrate different categories of problems in the
transmission of rate constants.

Appendiz A.1. Errors perpetuated

Ionization of molecular metastables is usually included in chemistry models for mixtures
that include helium:

He; + e — Hey + 2e. (A1)

A cross section for this process was computed by Flannery et al. [37], and the result is
(not surprisingly) similar to the cross section for ionization of the corresponding atomic
state. Consequently, it is remarkable to see rate expressions for these reactions differing
by some two orders of magnitude [112, 101, 82, 95]. These expressions have been re-
evaluated from the cross sections in the present work, and found to be of the same
magnitude. The origin of this error is not clear (conceivably, a typographical mistake),
but this is an instance where a transparently erroneous rate constant has persisted in
the literature for more than a decade. The mistake may have failed to be noted in
some cases because of the practice of computing the atomic metastable ionization rate
by a Boltzmann equation solver, while using a parametric expression for the molecular
metastable [82]. This is also, of course, probably not a very important process, except
perhaps in pure or nearly pure helium.

Appendixz A.2. Illusory sources

The reaction
Og(alAg) —+ OQ(GIAQ) -+ 02 — 203 (A2)

appears in many recent models, e.g., but not exhaustively, Eliasson et al. [33], Hadj-
Ziane et al. [45], Gordiets et al. [42], Soria et al. [131], Liu et al. [82], Mennad et al.
[87], Shepelenko et al. [123], Murakami et al. [95], but the primary source for this
process is obscure. The process was apparently first mentioned by Fournier et al. [39]
in a conference abstract that the present author has not seen. Later discussion [40]
implies that the excited state involved was then thought to be Oy(b 'XF), but the
original proposal was, in any case, qualified by suggestions of alternative mechanisms
that might also explain the experimental observations. As far as can now be discovered,
none of these ideas reached the refereed literature. However, these works were noted
by Eliasson and Kogelschatz [32]. For unclear reasons, they replaced Oz(b '3}) with
Oz(a'A,), but the reference to the work of Fournier et al. [39] is explicit. They also called
this process “questionable” and in effect advised that it be omitted, by recommending
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a rate constant of zero. Nevertheless, this process is in most recent models that treat
ozone kinetics.

In this example, contact with the primary source has been essentially lost, and this
loss has obscured the speculative and equivocal character of the evidence that was first
advanced. Curiously, this was appreciated by Eliasson and Kogelschatz [32], but their
view was generally ignored. Whether this was because their views were unread, even by
those who cited them, is impossible to say. In some cases, interest in this reaction may
have been motivated by over-predictions of the Oz(a'A,) by some models [123], relative
to some experiments, but even if this were so, one would have thought the absence of
primary experimental evidence was worth noting.

Appendiz A.3. Complex sources

The reaction

O(*D) + O3 — 20 + O, (A.3)

is well documented. Sander et al. [119] mention ten relevant experimental studies, and
there have been three critical evaluations since 1987 [133, 7, 119], all reaching essentially
the same recommendation, namely that the gross rate constant is k = 2.4x 10716 m3s~1,
with an uncertainty of +£20 % and equal branching between the channels shown above.
Other channels are energetically open, but appear unimportant [133, 7, 119]. Evidently,
this is a reaction for which expert evaluation is desirable (because the evidence is
complex), but where such evaluation gives an unambiguous recommendation. Good
practice in presenting a chemistry model would therefore be to rely on (and cite) one or
more of these expert evaluations.

A review of eight models featuring this reaction (all published after Steinfeld et al.
[133]) shows that not one follows this obviously desirable practice, and several contain
egregious confusions [45, 69, 42, 132, 131, 43, 82, 95]. Most extraordinary is Hadj-
Ziane et al. [45], who include five product channels with a gross rate constant of
E = 11.2 x 107 m3s~!, almost five times the recommended value. Less extreme
instances of this spurious increase in the gross rate also occur [131, 43, 95], usually
through adding product channels without adjusting the gross rate constant. Gordiets
et al. [42] adopt the recommended gross rate, but only include the first product channel.
The remaining works mentioned above [69, 132, 82| use the recommended rate and
product channels, but none directly cites a critical evaluation as authority for doing so.

In this example, difficulties have arisen from a mixture of misunderstanding of
rather complex experimental data, and uncritical reliance on earlier authors, who
themselves often obscured the sources of their data by opaque citation practices.
Experimentation with the present model shows that changing the recommended rate
for this process by a factor of five shifts the O('D) state density by about a factor
of two, and the densities of other states nearby in the chemistry scheme by smaller
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amounts. This is not negligible, even in the context of the uncertainty analysis of the
present paper.

Appendiz A.4. Reaction mechanisms misunderstood

Negative ions that are stable at around room temperature may be detached in reactions
with excited states, e.g.

O™ + 0q(a*A,) = e+ O + O,. (A.5)

The rate of this reaction has been much discussed, but the balance of recent opinion is
that the rate is close to the gas kinetic, or Langevin, value [88, 89]. One may naturally
assume that this rate may be extended to related reactions involving different ions, e.g.

Og + Og(alAg) — e+ Og + OQ, (AG)

and this reaction features in at least one recent model [95], with an approximately
gas kinetic rate. However, consideration of the energetics of this process shows that it
is appreciably endothermic (because the electron affinity of the Oz ion is larger than
the internal energy of the Oz(a'A,) state) so is unlikely to proceed rapidly near room
temperature. In this instance, the effect of introducing this erroneous reaction can be
seen in the model predictions with some confidence: In the calculations of Liu et al.
[82] and in the present work, Oz tends to be the dominant negative ion. However
in Murakami et al. [95], Oy is the dominant ion, and probably this is because of the
spurious reaction (A.6). In this case, the error is rather elementary, but a wider hazard
is illustrated by this case. As we have shown above, over half of the rate constants
in the present model are not directly based on experiments, but are obtained either
from formulae, or by an assumption of similarity with a related reaction. Failure to
appreciate subtle (or not so subtle) features of the reaction kinetics exposes us to the
risk of inadvertently introducing grossly incorrect rate constants in these cases.
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