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a b s t r a c t

The Forced Harmonic Oscillator (FHO) model is applied to the production of a multiquantum dataset of
V–T and V–D rates for O2–O2 collisions, for T = 100–100000 K. A simplified 1D O2–O2 intermolecular
potential, accounting for long-range interactions, has been obtained through comparison of FHO and ref-
erence state-specific rates. A Morse potential with parameters a ¼ 4 Å

�1
and E = 380 K provides the best

fit between those. This potential has then been applied to the production of the overall multiquantum V–
T and V–D rates, considering 47 vibrational levels. The resulting thermal dissociation rates agree remark-
ably well with experimental dissociation rates.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The modeling of plasmas at high translational temperatures is a
task which fosters challenges different from those involved in the
modeling of lower temperature plasmas such as gas discharges.
The accuracy of such high-temperature models is strongly depen-
dent on the availability of a reliable dataset of heavy-impact vibra-
tion–translation (V–T) and vibration–dissociation (V–D) rates. It is
known that simplified approaches such as the first-order perturba-
tion theory (FOPT) fail at qualitatively and quantitatively describ-
ing such excitation processes. The FOPT approaches are known to
over-predict single V–T rates at translational temperatures typi-
cally in excess of 2000 K. Moreover, they are also not capable of
predicting multiquantum rates, therefore yielding lower rates of
energy transfer towards molecular internal (vibrational) modes,
as well as lower dissociation rates [1,2]. Although these effects
may coincidentally balance out, it is clear that efforts should be
steered away from such simplified models.

With this knowledge at hand, several research teams have put
an effort at providing more accurate heavy-impact datasets.
High-fidelity approaches for the modeling of V–T and V–V transi-
tions in molecular collisions have firstly been introduced by Billing
and his co-workers, which developed and applied semi-classical
collisional methods for the description of collisional processes in
nitrogen, oxygen and hydrogen [3–5]. These methods where then
extended for other collisional pairs (H2–H2, N2–CO, N2–N2) in col-
laboration with and by the Bari group [6–10].

Approaches involving a larger number of higher lying vibra-
tional states, and providing reliable multiquantum rates for the

overall manifold of molecular vibrational levels, have been intro-
duced by Esposito and Capitelli [11,12]. These authors considered
a Quasi-Classical Trajectory (QCT) model for the calculation of V–
T and V–D collisions for atom–diatom N2 collisions, considering a
Potential Energy Surface (PES) provided by Laganà [13]. More re-
cently, Jaffe has utilized a similar approach [14], relying on the
PES proposed by Wang [15] for this same collision system. For dia-
tom–diatom collisions, our group has recently applied the Forced
Harmonic Oscillator (FHO) theory to produce a complete dataset
of reactions for N2–N2 collisions [16]. More recently, a semiclassi-
cal method has been applied by Kurnosov et al. [17], who proposed
rates for the same collision system, as well as for N2–CO.

1.1. Previous studies on the vibrational relaxation of oxygen

For O–O2 collisions, a dataset based on the QCT approach has
been proposed by Esposito et al. [18,19], based on a PES calculated
by Varandas and Pais [20]. This Letter encompasses all the possible
multiquantum transitions for the overall manifold of vibrational
levels of O2, yielding a complete dataset applicable as high as
10000 K.

For diatom–diatom collisions of O2, the previous works avail-
able in the literature have been mainly focused on the modeling
of chemical processes in Earth’s upper atmosphere, and they are
mainly related to the production of Ozone (see Refs. [21,22], which
consider the intermolecular potential of Ref. [23]). Such works of-
ten limit themselves to the calculation of V–V exchange processes
at high vibrational levels ðv P 8Þ and low temperatures
ðT 6 500KÞ, with the exception of a more recent work by Coletti
and Billing [5], which propose a larger dataset of V–T and V–V rates
in the vibrational levels range ð1 6 v 6 29Þ, and in the temperature
range (50 K 6 T 6 1000 K). To obtain such a dataset, an updated
version of the intermolecular potential proposed in Ref. [24],
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accounting for the effects of molecular rotation, is considered and
the obtained rates are compared to those obtained considering an
older potential (Ref. [4]).

Although these datasets exhibit a high-enough degree of accu-
racy for applications such as atmospheric chemistry or gas dis-
charges, they are limited to fairly low-temperature ranges. The
datasets are produced for T 6 1000K and further they do not pro-
vide all the possible multiquantum rates over the overall manifold
of vibrational levels up to dissociation. In order to fill such a gap,
we propose to complement these works with a novel dataset for
vibrational excitation and dissociation by O2–O2 collisions, based
on the FHO approach previously considered for the N2 dataset
developed by our group.

It is nevertheless evident that a method resorting to a 1D Morse
potential cannot produce a manifold of vibrational transitions as
accurate as a method resorting to a full 3D potential, obtained
through more detailed quantum chemistry approaches. However,
the objective of this Letter is not to provide a ‘reference’ set of
state-specific vibrational transition data, but instead to provide a
bridging method capable of providing a complete dataset of rates
for O2–O2 vibrational transitions, which is at worst physically con-
sistent and at best high-temperature accurate and reasonable at
low-temperatures.

A dataset including all the possible multiquantum V–T transi-
tions for O2–O2 collisions is therefore proposed in this Letter. A
thorough validation of such a dataset is difficult, as no experimen-
tally-determined or calculated multiquantum rates are currently
available for comparison (to the authors knowledge). Therefore,
the multiquantum rates obtained through the FHO model have to
be indirectly validated. This is achieved through the comparison
of the predicted thermal dissociation rate against reference exper-
imental dissociation rates, as a correct behavior of dissociation pro-
cesses in equilibrium conditions is evidence that the predicted
state-specific multiquantum rates are at least consistent.

2. Methods

Our research group has been favoring the more general semi-
classic, analytical FHO approach, from which the well known FOPT
approach is derived [25–27]. Such an approach presents the advan-
tage of being (essentially) an analytical approach, which is capable
of yielding results comparable to non-analytic semiclassical and
quantum approaches, without the associated model complexity
and computational burdens. As such, this approach has gained a re-
newed interest following the extensions and generalizations1 pro-
posed by Adamovich and Macheret [28–31]. Lastly, considering a
proper tailoring of the numerical calculation of the FHO transition
probabilities, and the proper selection of an overall manifold of
vibrational levels, Lino da Silva et al. have shown that the FHO theory
can yield detailed and reliable V–T and V–D non-reactive rates for
diatom–diatom collisions, over a very extended temperature range
[1,16,32].

The selection of an adequate intermolecular potential is of par-
amount importance for the calculation of adequate transition
probabilities and rates. As a result of the extensions of the FHO the-
ory proposed by Adamovich and Macheret, one may either con-
sider a more restricted 1D description of the collisional process
[29], or a more general 3D description [31] without the inclusion
of any steric factors. Still this more general analytical description
comes at a cost, as it can only account for fully repulsive intermo-
lecular potentials. On the other hand, the 1D description can
accommodate a more detailed Morse intermolecular potential,

accounting for both short-range repulsive forces as well as any
long range attractive forces.

In our works, we have chosen to restrict ourselves to a 1D
description, with the generalization to 3D collisions through the
application of steric factors. Indeed it has been found that the
application of steric factors, for the generalization of 1D head-on
collisions to 3D trajectories, yields reasonably good reaction rates
[1,16]. More importantly, this allows us to consider a more com-
plex Morse intermolecular potential. While full 3D models can
yield very accurate results at translational temperatures as low
as 1000 K for interactions which are essentially repulsive (such
as for example the N2–N2 pair, with an attractive potential as
low as 200 K [33,17]), they cannot yield accurate low-temperature
state-resolved rates for collisions where the attractive part of the
intermolecular potential is non-negligible. Such is the case for
O2–O2 collisions as it is shown in this Letter.

2.1. Calculation of the vibrational levels and associated energies for O2

An important improvement which we include in our model is
the selection of an accurate manifold of vibrational levels. As we
discuss in a previous work [32], the traditional approach of consid-
ering popular polynomial expansions for the determination of the
number of vibrational levels and their associated energies is inher-
ently flawed, as such polynomial expansions are extrapolated well
beyond their range of validity. Instead, we chose either to select an
accurate intramolecular potential curve from the literature (if
available), or to rebuild one using an extrapolated RKR method
[32]. Then, solving the radial Schrödinger equation over this poten-
tial, achieved through a Discrete Fourier Grid Transform method,
yields the adequate manifold of vibrational level energies. This
method typically returns a number of vibrational levels which is
significantly different from those obtained through a polynomial
expansion (61 instead of 46 for the ground state of N2 [32]). The
input of these differing manifolds of vibrational levels in state-
specific dissociation–recombination models returns thermal disso-
ciation rates with differences of several orders of magnitude [2].
Significant differences are also predicted for the time-dependent
populations of excited species [32].

In the case of the ground state of O2, we have considered the
spectroscopic constants from Ref. [34] to rebuild the potential
curve through an extrapolated RKR method. Solving the radial
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Figure 1. Reconstructed potential curve for the ground state of O2, with the scaled
wavefunction of the first (v = 0) and last (v = 46) vibrational levels shown. The
corresponding Morse potential (––) is also represented.

1 These account for the anharmonicity of intramolecular potential curves; enforc-
ing detailed balance through the symmetrization of the collision energies; etc.
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Schrödinger equation returned a set of 47 bound vibrational levels,
as pictured in Figure 1.

The reconstructed energies can be fitted to a traditional polyno-
mial expansion:

EðvÞ ¼ 1560 v þ 1
2

� �
þ 3:7912� 10�3 v þ 1

2

� �2

� 2:397 v þ 1
2

� �3

þ 0:23527 v þ 1
2

� �4

� 0:012185 v þ 1
2

� �5

þ 3:445� 10�4 v þ 1
2

� �6

� 5:0792� 10�6 v þ 1
2

� �7

þ 3:0408� 10�8 v þ 1
2

� �8

ð1Þ

We verify that the reconstructed potential differs significantly
from the Morse potential which can be obtained by considering
the same spectroscopic constants (Ref. [34]). Unsurprisingly, solv-
ing the Schrödinger equation over this potential yields significantly
different energy levels over the whole vibrational range, with a
predicted maximum vibrational level of 62 instead of 46.

2.2. Intermolecular potential

As previously mentioned, once a reliable theoretical model is
selected, and the proper manifold of vibrational levels is obtained,
all that remains is the definition of an adequate intermolecular po-
tential. From the previous works of Adamovich, it has been found
that a fully repulsive potential with the parameter a ¼ 4Å

�1
yields

reliable O2–O2 V–T rates in the high-temperature limit (>1000 K)
[1]. However, in the low-temperature limit, the obtained rates
were several orders of magnitude below other rates published by
Billing [4]. Our approach consisted in estimating the best Morse
intermolecular potential which would be capable of reproducing
these higher-fidelity semi-classical results from Billing. Different
Morse intermolecular potentials, VðrÞ � Emð1� expð�arÞÞ2, have
been iterated with a fixed repulsive parameter a ¼ 4Å

�1
, and a var-

iable potential well E, accounting for long-range attractive interac-
tions. The best fit against Billing’s rates has been obtained for
E = 380 K, as shown in Figure 2. The corresponding rates of the
FHO model, for a fully repulsive potential, are also shown. As we
can attest from the numerical results, the effects of the attractive
part of the potential are more apparent at lower temperatures,
becoming essentially negligible above 5000 K.

2.3. Model validation in the low-temperature range

Some further comparisons have also been carried against the
more recent semi-classical calculations from Coletti and Billing
[5], for the reaction pair:

O2ðvÞ þ O2ð0Þ ! O2ðv � 1Þ þ O2ð1Þ ðV—VÞ ð2Þ
O2ðvÞ þ O2ð0Þ ! O2ðv � 1Þ þ O2ð0Þ ðV—TÞ ð3Þ

It is of particular interest to compare the FHO model against
other resonant and near-resonant V–V rates, as it is known that
one of the small flaws of the FHO model is precisely its underesti-
mation of such rates at low-temperatures, given that the model
intrinsically treats V–V rates as a product of single-quantum V–T
rates [28,1]. As we can attest in the topmost part of Figure 3, the
FHO rate under-predicts the resonant exchange rate (for v = 1) at
T = 100 K, followed by a decrease of the difference between the
FHO rate and the rate of Coletti and Billing, as we move to larger
quanta, farther from resonance. As expected, this effect no longer
subsides at higher temperatures (T = 1000 K) where the two rates
are almost equivalent, the FHO rate being slightly larger (less than
one order of magnitude). These differences can be mitigated by
reverting to an FOPT approach for such type of rates [28]. In the
case of near-resonant V–V rates, it is very important to properly
quantify the energy gaps between the different vibrational levels.
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Figure 2. Single-quantum V–T rates for 1 ? 0 and 2 ? 1 transitions (bottom to
top). –, FHO model ðE ¼ 380KÞ; ––, FHO model (repulsive potential); �, calculations
of Ref. [5].
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Here we consider the more accurate extrapolated RKR method for
the calculation of these level energies, whereas Coletti and Billing
consider a much more simplistic Morse potential (Figure 1). In
view of the different potentials taken into consideration, it is ex-
pected to have increasing differences in the level energies pre-
dicted by the RKR method and those predicted by the Morse
approximation. However, the lower vibrational levels should be
essentially equivalent, and the differences in the predicted rates
are most certainly a result of the different theoretical approaches
that are utilized in the respective works. As for the non-resonant
FHO V–T rates (bottommost part of Figure 3), they show an excel-
lent agreement with those of Coletti and Billing for the relaxation
of the excited v-levels (v > 10), whereas the agreement is less sat-
isfactory for lower v-states. Furthermore, the FHO rates present the
advantage of being more homogeneous than those obtained by
these methods, which rely on the sampling of trajectories.

These different validations show that the FHO model can be uti-
lized with confidence for the production of multiquantum V–T
rates, considering an average Morse intermolecular potential with
a ¼ 4 Å

�1
and E = 380 K. Figure 4 shows a comparison between our

simplified isotropic potential, and the angle-averaged potential of
Coletti and Billing. We verify that the averaged potential well is
unrealistically low (about 110 K), as compared to our semi-empir-
ical potential well of 380 K, or even the potential well of essentially
repulsive collision pairs such as N2–N2 [33]. Interestingly enough,
if we replace the repulsive potential parameter a recommended
by Coletti and Billing ð3:436 Å

�1Þ by the one recommended by
Adamovich ð4 Å

�1Þ [33], we obtain a potential well very close to
ours (about 440 K).

In the next part of the Letter we will discuss the overall dataset
of multiquantum V–T and V–D reactions that has been produced
using this model.

3. Results

As discussed here for O2 and in previous papers [1,2,16] for N2,
the FHO approach is essentially semi-analytic, only mandating
carefully tailored methods for avoiding overflows and underflows
(as the result of factorization operations introduced by the theory
[1]). This comes as an advantage, as a complete set of V–T and V–D

rates can be produced without the need to conduct extensive tra-
jectories calculations such as with trajectory sampling methods.
Therefore, one may easily obtain a set of thousands of noiseless
rates within a week or two of calculations with a standard PC.

As for our previous work with N2–N2 collisions, we consider
that pure V–V exchange processes can be neglected (a reasonable
assumption for roughly T P 10000 K [28]), and we mainly perform
a scaling of the FHO transition probability such that:

Pði1; all! f1; all; e;qÞ ¼ Pði1 ! f1; eÞ ð4Þ

where e and q are related to the two-state FOPT transition probabil-
ities, with e ¼ PFOPTð1! 0Þ and q ¼ ½4PFOPTð1; 0! 0;1Þ�1=2.

State-specific V–D dissociation rates are calculated according
to:

Pði!; eÞ ¼ Pði! vqbound; eÞ � Pdecay ð5Þ

with Pdecay � 1, and vqbound = v(>46).
Considering such approximations, we finally obtain a dataset of

(46 + 1)2 V–T rates and 47 V–D rates for a temperature range
T = [100–100000 K] by steps of 100 K. A sample of the overall mul-
tiquantum V–T rates at T = 10,000 K is presented in Figure 5. The
V–D dissociation rates for the initial vibrational levels v = 0,
v = 10, v = 20 and v = 30 are presented for the temperature range
T = 1000 K–100000 K in Figure 6.

The V–D rates have been validated following the approach out-
lined in [16]. The corresponding thermal dissociation rates are ob-
tained according to the equation:

KdðTÞ ¼
X

v
Kdðv; TÞ �

NvðTÞ
N

¼
X

v
Kdðv ; TÞ �

QvðTÞP
vQvðTÞ

ð6Þ

and are then compared to the several thermal dissociation rates
proposed in popular chemical datasets from the literature, which
mostly derive from shock-tube experiments carried at high temper-
atures. The different rates are presented in Table 1. These rates have
been merged together in order to provide the lower and upper
bounds against which our thermal FHO dissociation rate is to be
compared. Such a comparison is presented in Figure 7.

As it can attested by such a comparison, our FHO model
provides high-temperature dissociation rates in excellent agree-
ment with those derived from popular chemical datasets (which
themselves derive from experimental rates). Even in the low-
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temperature limit (around 1000 K), the FHO dissociation rate fol-
lows very closely the sharp decrease in the experimental dissocia-
tion rates. In the low-temperature limit (1000 K), the FHO
dissociation rate is only a factor of 1.5 above the upper bound of
the experimental rates, for a value around 5� 10�31 cm3=s, which
anyway is essentially negligible.

In short, the different validations presented in this Letter show
that the proposed FHO dataset provides detailed and reliable V–T
and V–D rates over a very large temperature range.

4. Conclusions

In this Letter, we have have proposed a complete multiquantum
dataset for O2–O2 V–T and V–D collisional transitions, which com-
plements the other available datasets for these kind of reactions,
recently proposed by ourselves and other authors (and referenced
herein). These rates, produced in 100 K intervals in the tempera-
ture range [100–100000 K], for the overall possible multiquantum
transitions can be made available to the community upon request.

In the low-temperature limit, our proposed rates have been
compared to high fidelity rates from previous works mainly fo-
cused in the chemistry of the higher atmosphere. It has been found
that our FHO rates reproduce quite effectively these previous rates,
except for resonant and near-resonant rates – a known weakness
of the FHO approach – at temperatures where translation–vibra-
tion energy transfer processes are limited. In the high-temperature
limit, our produced V–D dissociation rates have shown an excellent
agreement with thermal dissociation rates issued from the litera-
ture. More importantly, the overall manifold of possible multi-
quantum V–T and V–D rates for O2–O2 collisions has been made
available for the first time, through the application of our approach
to the FHO model. In short, this Letter provides a valuable contri-
bution towards the improvement of the different state-resolved
kinetic models considered in a large array of applications (from
low-temperature gas-discharge and atmospheric chemistry
experiments, to high-temperature combustion and shock-tube
experiments).

For example, the introduction of this new dataset should in
principle suffice for allowing the design of sounder and more accu-
rate kinetic models for the simulation of high-temperature plas-
mas. Firstly, collisional rates with different colliding partners
(such as for example O2–N or N2–O2) could be scaled from existing
rates (in this case O2–O and N2–N2), by simply considering a cor-
rective factor accounting for the differences in the reduced masses.
Although this approach might appear crude as compared with a
more detailed approach of building a complete dataset using a
QCT or FHO method, it is considerably less time-consuming and
should still provide reasonably detailed and reliable results. Sec-
ondly, datasets for the very important Zeldovitch reactions of NO
with atomic N and O are also available in the literature [42,43],
and should sufice for the accounting of interacting NO molecules
within the plasma. As the molar fractions of such a species is typ-
ically low, non-reactive impact reactions with NO could in princi-
ple be neglected.

The production of such complete dataset of heavy-impact
reactions, coupled to the several electron-impact datasets already
proposed in the literature, would yield a detailed and reliable
state-to-state model which would be applicable to a large array
of high or low-temperature plasmas, possibly yielding a more
accurate description of the elementary processes therein.
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