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Abstract: In the present chapter some prototype gas and gas-surface processes occurring within the hypersonic flow layer
surrounding spacecrafts at planetary entry are discussed. The discussion is based on microscopic dynamical calculations
of the detailed cross sections and rate coefficients performed using classical mechanics treatments for atoms, molecules
and surfaces. Such treatment allows the evaluation of the efficiency of thermal processes (both at equilibrium and non
equilibrium distributions) based on state-to-state and state specific calculations properly averaged over the population of
the initial states. The dependence of the efficiency of the considered processes on the initial partitioning of energy among
the various degrees of freedom is discussed.
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1. INTRODUCTION
The dissociated species produced in the hypersonic flows
during a spacecraft planetary entry [1, 2] may significantly
alter both the heat content of the surrounding gas layer and
the heat load put on the thermal protection system (TPS) of
the vehicle. This is due to both homogeneous [3, 4] and
heterogeneous [5, 6] processes occurring around and at the
surface of the vehicle, respectively. Such processes may be
reactive (with production of new species and exchange of
energy) or non reactive (with exchange of energy only).
Typically, they may involve either collisions of atoms (or
molecules) with molecules or collisions of atoms with
surfaces.
Depending on the re-entry planet (or satellite) the
involved gas phase chemical systems may vary significantly
and, in the case of Earth, nitrogen (atom-diatom and diatomdiatom) systems have been, as expected, the most
investigated ones [7-9]. Similar calculations have been
performed also for hydrogen and oxygen systems [10-14].
As to gas surface processes, because of the fact that the
characteristics of the actually used TPS materials are usually
undisclosed, modeling has been performed on simpler
materials like α - and β -quartz or β -cristobalite.
Traditionally, this kind of dynamical calculations are
performed to the end of evaluating fully thermalized rate
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coefficients k(T). More recently, however, dynamical
calculation have also been performed for distinct internal
(initial i and final f ) states to evaluate the corresponding
detailed rate coefficients ki, f (Tcol ) (thermalized only for the
collision energy Ecol distribution associated with the chosen
collision temperature Tcol ). If only a subset of internal states

i′ (say vibrations) is explicitly considered, the remaining
degrees (say rotations) can be thermalized using a separate
rotational temperature Trot or the same as the collision one
[7, 8, 10, 11, 13]. Such detailed computational studies bear
rich information about energy disposal and state population
(and as a consequence about microscopic mechanisms)
especially when non equilibrium distributions are considered
and rate coefficients are linked to the σ i, f (Ecol ) state-to-state
cross section function of the Ecol collision energy.
In order to carry out accurately such detailed dynamical
calculations, properly formulated atomic and molecular
interactions have to be used. This makes the cost of the
related massive computational campaigns feasible only by
exploiting the High Performance Computing (HPC) power
of the new generation of supercomputers (see PRACE [15]).
However, because of the difficulty of getting timely grants
able to allow a continuous and systematic performing of
computational campaigns, it is expedient to exploit grid
computing. Through the affiliation to the Virtual
Organization (VO) COMPCHEM [16] (that gathers together
several scientists operating in the field of Chemistry,
Molecular and Materials Sciences and Technologies
(CMMST)) it is, in fact, possible to run massive calculations
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of the dynamical properties of the chemical systems of
interest. The mentioned VO, in fact, is part of the European
Grid Infrastructure (EGI) [17] and supports the use of the
European grid in building collaborative computational
endeavours for the study of complex molecular systems.
This is grounded on the use of the various sections of the so
called Grid Empowered Molecular Simulator (GEMS) [18,
19] that coordinates in a single workflow the construction of
potential energy surfaces, the integration of dynamical
equations and the statistical averaging of their outcomes to
evaluate in a full ab initio fashion rate coefficients.
Accordingly the paper is organized as follows: The basic
theoretical and computational ingredients of such calculations
are sketched in section 2. Three typical applications of such
approach to systems relevant to the modeling of spacecraft reentry (atom-molecule, molecule-molecule and atom-surface) are
discussed in sections 3, 4 and 5, respectively.
2. THEORETICAL AND COMPUTATIONAL OUTLINES
Kinetic models of use in gas dynamics and plasma
chemistry applications usually rely on a database of thermal
rate coefficients. However, in order to link them to detailed
properties of both theoretical and experimental origin, k(T )
is better decomposed into the state-to-state rate coefficients
of the intervening processes as follows

k(T ) = ∑∑
i

f

− ε /k T

gi e i B int
ki, f (Tcol )
Qint (Tint )

(1)

In Eq. (1) gi is the multiplicity of the initial eigenstate i
of energy ε i , kB is the Boltzmann constant and Qint (Tint ) is
the partition function of the internal energy at the
temperature Tint . In the case of atom-diatom processes, the
roto-vibrational state vj of the initial diatom to the rotovibrational state v′j ′ of the final diatom detailed rate
coefficient kvj,v′j′ (Tcol ) (i.e., ki, f (Tcol ) term in Eq. (1)) is
formulated as
∞

kvj,v′j′ (Tcol ) = 8 / kB3Tcol3 πµ ∫ Ecolσ vj,v′j′ (Ecol )e
0

− Ecol /k BTcol

dEcol (2)

In Eq. (2) µ is the reduced mass of the reactants, Ecol is
the collision energy of the system and σ vj,v′j′ (Ecol ) is the
corresponding detailed state-to-state cross section. Detailed
state-to-state cross sections are then related to the state-tostate partial (fixed value of the total angular momentum
quantum number J ) probabilities Pvj,J v′j′ (Ecol ) as follows

σ vj,v′j′ (Ecol ) =

π ∞
∑(2J + 1)Pvj,J v′j′ (Ecol )
k 2vj J =0

(3)

in which k 2vj is the reactant wavenumber while Pvj,J v′j′ (Ecol )
can be derived from the exact quantum S matrix elements
(calculated at fixed value of J by integrating related exact
quantum scattering equations [20] using a fully ab initio
potential energy surface (PES)) by means of the following
relationship:

Λ

Pvj,J v′j′ (Ecol ) =

49

Λ′

max
max
2
1
J
SvjΛ,
∑
∑
v′j ′Λ′ (Ecol )
2 j + 1 Λ=− Λmax Λ′=− Λ′max

(4)

with Λ ( Λ′ ) being the initial (final) body fixed projection
of the total angular momentum J and Λ max = min( j, J ) . To
carry out an exact calculation of the S matrix elements the
nuclear Hamiltonian Ĥ N is applied to the Λ component of
the time dependent partial wave Ψ JΛ (R,r,Θ,t) (or similarly
to the time independent analogue Ψ JΛ (R,r,Θ) ). Most often,
in order to evaluate cross sections and rate coefficients use is
made of classical (cl) methods, which approximate the stateto-state probability as the fraction of the trajectories starting
from state vj and ending in state v′j ′ , after all, trajectory
calculations fully exploit the characteristic features of the
High Throughput Computing technologies of EGI including
the low level bridging of HTC with HPC [21]. This has
allowed a straightforward use of the basic GEMS scheme
because, as specified below in more detail, related PESs are
also formulated as empirical functional forms fitted to ab
initio data [22]. As commented in the next sections,
additional approximations are needed when moving towards
more complex systems (like molecule-molecule and
atom/molecule-surface systems [23]).
3. ATOM-DIATOM SYSTEMS
As atom-diatom case we consider here the O + N 2 (vj)
and N + O2(vj) reactions for which the quasi-classical
trajectory (QCT) method was adopted. Despite the scarcity
of detailed (vibrational and rotational) experimental data to
compare with, the theoretical interest for these reactions has
been kept high because of their relevance in air kinetics [24].
Here we report on a systematic scan of the whole vibrational
ladder in collision processes. As to the first system, the
following reactive channels were considered:

O + N 2 (vj) → N + NO(v′j ′ ) reactive channel

(5)

O + N 2 (vj) → O + N + N dissociation

(6)

though also non-reactive events (not reported here) were
investigated. In the roto-vibrational energy exchange
computational study, final rotation contributions are summed
up, while initial rotational ones are averaged over Boltzmann
distributions so as to mimic the dependence of the calculated
quantities on the rotational temperature for a wide range of
values. The target of such calculations were the computation
of cross section values and their averaging in order to
provide an estimate of the rate coefficients (inversion from
rate coefficients to cross sections has shown neither to be
reliable nor to be of general application [25]).
This allowed us to provide rate coefficient estimates also
for non-equilibrium distributions and three body
recombination rates [26], which in the case of fairly heavy
species like oxygen and nitrogen are also likely to be the
only contributions to recombination, because of the likely
negligibility of resonant processes [26]. Concerning the O +
N2 reaction, the PESs adopted are those of Ref. [27] which
are believed to be the best currently available for this system.
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The dynamics is calculated adiabatically on two PESs ( 3 A′′
ground state, 3 A′ first excited state). Then the results are
summed up by weighting the two contributions with an
electronic factor value of 1/3 [28]. For the N + O2 reaction
the PESs used are those of Ref. [29], with the ground state
being 2 A′ and the first excited one being a 4 A′ state. Also
in this case independent sets of results have been obtained on
the two PESs which are then summed with 1/6 and 1/3
electronic factors respectively.
The software used for such calculations has been entirely
developed by some of us [30], and then specifically adapted
for distributed computations on the grid [17]. At each time
step of the trajectory, a second integration is performed using
a smaller step in order to check the accuracy of the
integration (as discussed in Ref. [31] in this way a good
balance of accuracy and computational effort is achieved,
due to the possibility of efficiently adapting the timestep on
the run). In order to carry out the analysis, the center of mass
translational energy was binned in 1000 intervals of 10 meV
in the interval of values ranging from 1 meV to 10 eV so as
to cover temperature intervals ranging from 300 to 10000 K.
A uniform density of 5000 trajectories per Å of impact
parameter and per eV of translational energy has been used
in the calculations leading to a total number of integrated
trajectories higher than 400 millions for each chemical
system. Stratified sampling has been used in all these
calculations, with typical maximum impact parameters in the
range 4 to 7 Å. The whole ladder of initial vibrational states
has been scanned together with a sufficient number of
rotational states in order to reliably reconstruct the whole
rotational distribution by interpolation. As a consequence,
one can estimate the value of the rate coefficient at all
accessible rotational temperatures. The roto-vibrational
ladder of levels has been calculated using the WKB
approximation directly from the asymptotes of the three
body potential. Related results well compare with those of
more accurate calculations.
As to the accuracy and reliability of the calculations, a
comparison is given in Ref. [28], where quasi-classical and
wave packet results concerning the reactive channels of O +
N2 reaction are shown together. The comparison is always
excellent but at very low energies for the excited PES. A
comparison of our results for the reaction channel with the
well known quasi-classical results of Bose and Candler
obtained on their PES [32] and with the Baulch et al. ones
fitted to experimental data [33] is given in Fig. (1). From the
figure it is apparent the good agreement of our results with
the latter data while the agreement with the former (the
theoretical ones) is not as good because they are quite lower
in the whole temperature range. This, however, can be
rationalized in terms of the significant differences of the two
PESs and in particular by the presence in the newer surfaces
of a C2v minimum, as discussed in Ref. [28], that lacks in the
older PESs. As to dissociation, a comparison between our
results and those obtained from the fit of experimental
data of Shatalov [34] is given in Fig. (2). In the Figure our
results appear to closely follow the latter on the whole
temperature range going from 2000 to 10000 K confirming
the reliability of the PESs used. An analogous calculation
has been performed for the N + O2 collision, considering

Laganà et al.

both abstraction reaction and dissociation channels. Also in
this case the comparison is quite good, as can be seen in the
following figures. In Fig. (3) the thermal reaction rate
coefficient obtained in this work for the reaction:

N + O 2 → NO + O

(7)

is shown as a red curve and compared with that of Sayós et
al. obtained on the same PESs [35] (blue curve) and
experimental data of Ref. [36] (green curve). The agreement
looks quite satisfactory especially at intermediate
temperatures. Concerning the comparison at high
temperature, it is worth noting that there is a factor two error
in the experimental result [36], while the theoretical result
has been calculated with an approximate method [25]. As a
consequence, the agreement is satisfactory. As to
dissociation, literature data appears to be quite scattered.
However, our results appear to be in good accord with the
Shatalov results shown in Fig. (4).

Fig. (1). Thermal rate coefficients for N2 + O → NO + N reaction
compared with results in literature. (plus markers) this work;
(asterisks) Baulch et al. [33]; (squares) Bose and Candler [32].

Fig. (2). Thermal rate coefficient for dissociation in N2 + O
collisions compared results in literature. (plus markers) this work;
(solid line) Shatalov [34].

Atom diatom calculations were also performed for the H2
+ He collision process that, in addition to its relevance to the
study of the space vehicle entry into Jovian atmosphere [37],
is one of the most important collision processes in molecular
clouds [38]. The whole set of cross sections for non-reactive
roto-vibrational energy exchange and dissociation, including
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quasi-bound states of reactants and products, has been
calculated in the translational energy range 0.001-10 eV,
with a density of 50000 trajectories per eV and per Å of
impact parameter (with maximum value 7 Å). For this work
the PES of Muchnick and Russek (MR PES) [39] has been
used. Indeed, the BMP PES [40] of Boothroyd et al. is the
more recently published one for the considered system and is
based on a large number of ab initio points (much larger than
that used for the MR PES). However, comparisons by Lee et
al. [41] with experimental data have shown some problems
about the fitting of the surface, while similar comparisons on
the MR PES confirm its reliability.
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relaxation (from v =1 to v′ =0, including thermalized
rotation) are compared in the first of them. The agreement is
excellent starting from about 2000 K. As shown in Ref. [43],
in this system there is a strong correlation between rotation
and vibration, and this correlation extends also to very low
translational energy ranges, where the changes in rotovibrational actions can be less than one quantum, resulting in
no roto-vibrational transition in the framework of quasiclassical method. This explains the failure of the method at
low energy, as evidenced by Fig. (5). Concerning
dissociation, on the contrary, this effect is obviously lacking.
As a consequence, the agreement with approximate quantum
method estimates reported in Ref. [44] is much better, as
shown in Fig. (6), where the two results differ mainly in the
temperature region around 10000 K for at most a factor two.
On that ground by considering the discretization of the
continuum (as well as the coupled states approximation used
in Ref. [44]) and taking into account the high initial
vibrational level considered, it would be not surprising to
find that quasi-classical results reproduce the (not yet
available) experimental data. However, it is interesting to
note that, at least for this system, quasi-classical rotovibrational energy transfer results clearly fail to provide an
adequate final analysis of product properties at low
translational energy (<0.1 eV), while they well reproduce
quantum mechanical dissociation in the same range.

Fig. (3). Thermal rate coefficients for N + O2 → NO + O reaction
compared with results in literature. (plus markers) this work; (cross
markers) Sayós et al. [29]; (asterisks) Baulch et al. [36].

Fig. (5). Vibrational relaxation rate coefficient obtained in this
work (plus markers) compared with results by Orlikowski [42] by
close coupling calculations (cross markers).
Fig. (4). Thermal rate coefficient for dissociation in N + O2
collisions compared results in literature. (plus markers) this work;
(solid line) Shatalov [34].

The above mentioned density of calculated trajectories is
based on the integration of about 6 billions of trajectories
needing approximately 9.5 years of cpu time. Again such a
huge calculation has been made possible by the grid
implementation of the already mentioned distributed code
that runs efficiently on several serial machines even if
networked on slow connections.
In order to assess the validity of the calculations, a
comparison of vibrational energy exchange and dissociation
are given in Figs. (5, 6), respectively. The close coupling
calculation of Orlikowsky [42] concerned with vibrational

4. A MOLECULE-MOLECULE SYSTEM
For the case of the CO2-CO2 collisions, which have been
to some extent already illustrated in Ref. [45] and are of
fundamental importance because of the widespread presence
of the carbon dioxide molecule on Earth and in planetary
atmospheres (such as the Martian one), the effect of
vibrations and rotations of the involved molecules has to be
included in the kinetic model because it strongly affects
polarizabilities, charge distributions and modifies the
interaction, accordingly. This is particularly true for
collisions occurring at critical temperature and plasma
conditions in which high internal energy levels can be
significantly populated and strong excitation of the colliding
molecules can be induced by an energy exchange between
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different degrees of freedom. Such effects are taken into
account by using the so called bond-bond approach [46], a
method for the description of the intermolecular interactions,
illustrated in detail for some specific applications in Refs
[45, 47-50]. This approach apart from associating the
interaction with physically meaningful properties of the
collision partners, offers the advantage of allowing its
flexible analytical formulation that includes explicitly the
dependence of the potential functional on the internal
degrees of freedom (stretching and/or bending) of the
monomers and is suitable for application to even more
complex cases [51, 52]. To further refine the formulation of
the interaction, the PES must also depend on the orientation
of the molecular polarizability and on the molecular charge
distribution. For the CO2 dimer case such dependence was
derived in Ref. [45] where the obtained PES was also
improved thanks to a comparison with ab initio data and the
measured second virial coefficients. The dependence on the
orientation has been treated by adopting a hyperspherical
representation of the potential energy surface, by expanding
the parameters of the interaction in terms of harmonic
functions, a very useful practice in dealing with interaction
anisotropies and for the disentangling some of the most
subtle aspects of the stereodynamics of the collisions (see,
e.g, [53, 54]). It is worth to point out here that such
representation indirectly takes into account also three body
effects and is specifically tailored to describe two interacting
CO2 molecules with high internal and rotational excitation.

Fig. (6). Dissociation rate coefficient for He + H 2 (v = 14, j = 0)
collision obtained in this work (plus markers) compared with results
by Paolini et al. [44] by quantum method (solid line).

The developed intermolecular potential energy function
was merged with an intramolecular potential energy
function, which accounts for the energy of the two isolated
molecules [55]. The resulting interaction energy function
was used to carry out extended calculations of state-to-state
collision cross sections using the QCT method. As already
mentioned, QCT techniques are, up to date, the only viable
approach to full dimensional dynamics and to the calculation
of the collisional cross sections for systems having more
than four atoms especially when extended data bases of
state-to-state properties are needed. The combined use of the
above mentioned complete PES and QCT techniques makes
up a versatile computational tool for extended studies of
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CO2-CO2 collision dynamics, which is being ported on high
performance computing facilities and implemented in the
European Grid Infrastructure, through the COMPCHEM VO
[16], while a similar procedure is being adopted to get
efficient tools to study also reactive processes (see, e.g., refs.
[56, 57]). The processes considered here are:

CO 2 (va1 ,va2 ,va 3 ) + CO 2 (vb1 ,vb2 ,vb 3 ) →
CO 2 (va1
′ , va2
′ , va′ 3 ) + CO 2 (vb1
′ , vb2
′ , vb′ 3 )

(8)

where the va(b)i ( i = 1,2, 3 ) are the quantum labels of a
normal-mode model for symmetric stretching (1350 cm −1 ),
bending (678 cm −1 ) and asymmetric stretching (2388 cm −1 )
respectively, before (unprimed) and after (primed) the
collision event. At equilibrium CO2 is a linear molecule, with
degenerate (ground) bending states. Bending excitation
generates rotation around the O--C--O molecular axis and an
additional quantum number, l, is needed to label the
discretized total molecular angular momentum projection on
the quantization axis z (yet the associated energy is
neglected because its magnitude is often smaller than the
typical statistical error of massive QCT calculations (nearly
5%)). Indeed, the huge amount of calculations required to
build a significant set of state-to-state cross sections for
kinetic models by covering a sufficiently wide range of
conditions, suggests to adopt an even simpler model,
imposing separability between rotations and vibrations.
Accordingly, the CO2 molecule is approximated as a linear
rigid rotor (though dynamical effects induced by the
modification of the molecular shape occurring during the
collision are in any case properly taken into account by
computing the true intermolecular potential). The most
efficient scheme for calculations, that fully exploits the
intrinsic parallelism of the QCT method, consists in setting
the initial conditions of each batch of trajectories in the
following way: the collision energy Ecol is given a fixed
value; the initial rotational angular momentum of the two
molecules is selected randomly by a uniform sampling of the
Boltzmann distribution corresponding to the rotational
temperature. The most obvious option for a rotational
temperature value is to set this temperature equal to the
translational one (a typical choice for this type of massive
computational campaigns [45]); the initial vibrational states
of the two molecules were defined by choosing two triples of
integer numbers (one for each molecule) corresponding to
the va(b)1 ,va(b)2 ,va(b)3 quantum numbers. Then initial
coordinates and momenta for the relative motion are set by
assigning a random value to the impact parameter b in the
range [ 0 , bmax ], where bmax , the maximum impact parameter,
was taken as a truncation limit. The molecules are then
randomly oriented and the initial distance between their
molecular centres of mass are set large enough to make the
related interaction negligible and the rotation of each of them
that of a linear rigid rotor with rotations and vibrations being
uncoupled. As typical of QCT methods, the final states of the
two product molecules are discretized using a binning
procedure. The corresponding cross sections, which can be
thought of as a target area, are directly obtained by
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multiplying probabilities by a factor π bmax
. In the calculation

presented here, we adopted bmax = 20 Å, in order to take full
account of long range force effects.
The problem of calculating state-to-state cross sections
by the QCT method rises, as a side issue, the problem of
separating the internal degrees of freedom of a triatomic
molecule. The energy content of each vibrational degrees of
freedom must be be subsequently discretized (quantized)
using a binning procedure. Quantization can be achieved
using a separable normal mode harmonic model because the
energies corresponding to each normal mode can be directly
calculated by projecting the classical phase-space vector of
the system final states onto the normal mode vector basis.
The rotational compontent of the energy stored in the two
bending degrees of freedom can then be extracted by giving
the two corresponding normal coordinates a representation in
terms of polar coordinates (as stated above, this rotationa
component is neglected in our calculations) [58]. Although
this simple method may lead to an inaccurate labeling of the
vibrational states for highly excited molecules, this is usually
of negligible impact when the quantum states lie well below
the strong anharmonic region of the potential. An
approximate estimate of the deviation of the harmonic model
from the actual behavior of the system, can be indeed made
by comparing the harmonic vibrational energy levels of CO2,
for a single mode of vibration, with the ones associated with
the same vibrational state of the corresponding standard
Morse potential (for example, the energy difference for the
symmetric stretching va1 = 11 is about 10% [45]). Moreover,
such deviations have negligible impact on final thermalized
results. In fact, the assignment of the final classical state to a
quantum one is actually only instrumental to the setting of an
integration energy grid for the evaluation of the thermal
average. In other words, a difference in the labeling of the
states on which the thermal average is performed changes
only the location on the energy grid of the integration points
without affecting the final estimate of the integral. Attention
has only to be paid when dealing with the evaluation of
detailed properties in which a rigorous correspondence
between states and energy values need to be adopted. There
are situations in which the internal dynamics of a colliding
molecule is strongly anharmonic, so that the harmonic
binning approximation breaks down. This is the case, for
example, of high rotational temperatures, when the rotationvibration energy exchange can highly internally excite the
molecules, in which a full separation of vibrational degrees
of freedom makes no longer sense and a binning based on
the total molecular vibrational energy would be preferable.
Examples of the calculated QCT cross sections and
probabilities for CO2+CO2 inelastic collisions at a collision
energy of 3.47 eV and a rotational temperature of 40000 K
are shown in Tables 1 and 2 for colliding molecules initially
set either in a ground or in an excited vibrational state. Such
a high collision energy and rotational excitation of
molecules, although might appear as too severe conditions,
are not infrequent when modeling, for example, shock waves
in re-entry studies. It can be seen that, due to the quite high
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amount of energy available, a large number of vibrational
states are populated as an effect of the collisions, and
consequently there are not dominant vibrational transitions.
This behaviour of the cross sections and probabilities,
consisting in a slowly decreasing trend, is quite common for
collision probabilities at higher energies and rotational
temperatures (the opposite would be found at low energies),
and it has been also encountered in previous calculations
[45].
Table 1.

Final States, Cross Sections and Probabilities for the
Process CO2 (0,0,0) + CO2 (0,0,0) at Collision Energy
Ecol = 3.47 eV and Molecular Angular Momentum
Randomly Selected from a Boltzmann Distribution
at 40000 K

v'a1 ,v'a2 ,v'a 3

v'b1 ,v'b2 ,v'b 3

Prob.

Cross Section (Å2)

1 0 0

0 0 0

0.07426

103.0

1 1 0

1 0 0

0.06706

95.0

1 0 0

1 0 0

0.06179

86.0

1 0 0

0 1 0

0.04790

65.0

1 1 0

0 0 0

0.03779

53.0

0 1 0

0 0 0

0.02961

39.0

1 2 0

1 0 0

0.02781

39.0

1 1 0

0 1 0

0.02631

36.0

0 0 0

0 0 0

0.02258

32.0

1 0 0

0 2 0

0.02164

29.0

1 1 0

1 1 0

0.02078

29.0

1 2 0

0 0 0

0.01847

26.0

1 0 0

0 3 0

0.01898

26.0

1 2 0

1 1 0

0.01650

23.0

0 2 0

0 0 0

0.01448

20.0

1 0 0

0 4 0

0.01281

18.1

1 1 0

0 2 0

0.01213

17.2

0 1 0

0 1 0

0.01204

15.4

1 2 0

0 1 0

0.01157

15.2

1 3 0

1 0 0

0.01063

15.0

1 1 0

0 3 0

0.01028

14.7

0 3 0

0 0 0

0.01101

14.5

1 0 0

0 5 0

0.00844

12.1

0 3 0

0 1 0

0.00883

11.9

0 2 0

0 1 0

0.00810

10.7

0 4 0

0 0 0

0.00758

10.4

1 1 0

0 4 0

0.00698

10.3

1 3 0

0 0 0

0.00724

9.8

1 4 0

1 0 0

0.00617

9.1

1 3 0

1 1 0

0.00604

8.5
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5. ATOMS RECOMBINATION ON A SURFACE
The atom recombination on a silica surface, as already
mentioned, is also a process strongly related to the vehicle
surface temperature and to the flow conditions of the
surrounding gas phase. In TPSs two classes of materials are
used: reusable and ablative ones [59]. The first type of
materials are characterized by the fact that after atmospheric
entry no property or mass changes are expected and high
emissivity, low thermal conductivity and low surface
catalytic efficiency are related requirements. On the contrary,
the second type of materials are, instead, expected to
accommodate high heating loads and rates by means of mass
losses and phase changes. Two coefficients (i.e., γ i and β i )
are used to suitably quantify the wall catalytic efficiency in
typical computer fluid dynamics (CFD) simulations of the
aerothermodynamics of these hypersonic flights [5]. The
catalytic recombination coefficient ( γ i ) is usually obtained
from the recombination probability of the i th atomic species
to form diatomic molecules on the surface while the
chemical energy accommodation coefficient ( β i ) represents
the ratio of energy released to the surface per atomic
recombination with respect to the maximum energy
transferable. The values of these coefficients fall within the
range 0 ≤ γ i , β i ≤ 1 and depend on temperature and
total/partial pressures (i.e., γ i (T, P)). Although some
experiments have been carried out to measure such
coefficients [6], some of the related publications quote the
only effective catalytic efficiency values ( γ eff ,i = γ i′ =

γ i ⋅ β i ) and only a few of them quote β i coefficients that in
CFD simulations are frequently assumed to be 1 (i.e., fully
energy accommodation assumption). On the contrary,
theoretical investigations developed at molecular dynamics
level [60] have shown that only a fraction of the total
exothermicity delivered in the Eley-Rideal (E-R)
recombination processes of O and N on silica surfaces is
transferred to the substrate as heat flux and that the main part
of that energy is disposed into rotation, vibration or
translation motions of the newly formed molecules.
Therefore, the energy accommodation coefficient β i
associated with the recombination reaction can hardly be
taken as a unit. Despite the availability of results of groundbased tests, flight tests and numerical calculations play a key
role in investigating the characteristics of hypersonic flights.
In particular, theoretical calculations are needed to
understand the catalytic effects of TPS materials. A typical
rather known TPS is the reaction-cured glass (RCG) coating
used in the Shuttle high-temperature reusable surface
insulation (HRSI) tiles (94% of SiO2, 4% of B2O3 and 2% of
SiB4). Silicon based-materials are usually modeled as silica
surfaces (such as α - or β -quartz and β -cristobalite). The
latter (a polymorph of silica stable at high T similar to those
of the amorphous silica used in TPSs) has been considered in
previous related theoretical studies. Frequently, microkinetic
models are used to simulate the heterogeneous chemical
kinetics of dissociated airflow impinging on different kinds
of surfaces [61-63]. Related results are in quite good
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agreement with experimental data and allow the calculation
of γ i and β i coefficients along with their dependence on
both temperature and pressure. Due to the importance of
atomic adsorption, E-R reactions become usually the main
step of the parametric microkinetic models. Accordingly, in
the present work, a comparative study of atomic hydrogen
and atomic oxygen E-R recombination over a β -cristobalite
surface is discussed. To this end an analysis of the
corresponding cross sections and the γ E−R contribution to
the global γ coefficient is carried out. β -cristobalite is the
most stable silica polymorph at the high temperatures
involved during the space vehicle re-entry. In order to
analyze the behavior of this material during the re-entry
conditions in terrestrial and jovian atmospheres, we have
considered a surface model of this polymorph to study the
chemical processes occurring in hypersonic conditions due
to the interaction of H or O atoms with the shuttle tiles since
atomic and molecular oxygen or hydrogen are the main
components of terrestrial and jovian atmospheres,
respectively. Therefore, this contribution presents an analysis
of the catalytic effect of silica with respect to the
recombination of these atomic species. In particular, we have
focused on the H and O recombination occurring via the socalled E-R mechanism, according to which an impinging
atom from the gas-phase recombines with an atom already
adsorbed on the surface:

A gas + silica → A ad *silica + ΔE(1)
A gas + A ad *silica → A 2,gas (v, j) + silica + ΔE(2)

(9)
(10)

where, in our case, A=O (or H) and ΔE(i ) is the reaction
exothermicity of the considered elementary process that can
be transferred to the surface by the ith process. Obviously,
the adsorption of an atom over the surface (i.e., process (9))
is a necessary step to produce the E-R reaction (i.e., process
(10)). The dynamical results reported throughout this work
have been obtained using different methodologies: the
semiclassical (scl) [64, 65] and classical (cl) collisional
methods with a Generalized Langevin Oscillator (GLO) [66].
As previously mentioned the most critical step in molecular
dynamics studies is the determination of a sufficiently
accurate PES able to describe correctly the process under
investigation. For the case of H, H2 interaction over β cristobalite some of us have recently developed a
multidimensional PES based on electronic structure DFT
calculations [67] whereas for the case of the O, O2
interaction over β -cristobalite two different PESs have been
developed by the two groups: a first one based on DFT
cluster calculations [68] and another one based on DFT
periodic boundary conditions calculations [69].
As far as the PESs of the O, O2/ β -cristobalite system is
concerned, the results of Ref. [68] and Ref. [69] are in
substantial agreement between them. In practice, in both
studies the most active site over the silica surface with
respect to the O atom chemisorption was found to be that on
top of a Si surface atom at an equilibrium distance of 1.54 Å
and with a chemisorption energy of nearly 5.5 eV. In the
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case of the PES for H adsorption on β -cristobalite, the most
active site presents the same structure as the one found for O
adsorption over β -cristobalite but with a shorter equilibrium
distance of 1.50 Å and with a weaker interaction energy of
2.1 eV [67]. An independent and detailed description and
discussion of the reaction probabilities obtained for the two
heterogeneous processes considered here can be found in
Refs. [63, 70, 71]. Here we focus on the calculation of the
reactive cross sections for the two E-R recombination
reactions:
Table 2.

Final States, Cross Sections and Probabilities for
Collisions the Process CO2 (1,0,0) + CO2 (1,0,0) at
Collision Energy Ecol = 3.47 eV and Molecular
Angular Momentum Randomly Selected from a
Boltzmann Distribution at 40000 K

v'a1 ,v'a2 ,v'a 3

v'b1 ,v'b2 ,v'b 3

Prob.

Cross Section (Å2)
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O gas + O ad *silica → O 2,gas (v, j) + silica

55

(11)

and

H gas + H ad *silica → H 2,gas (v, j) + silica

(12)

In the dynamics simulations of both reactions, the preadsorbed atom (i.e., O ad or H ad ) is located over the central Si
atom (the most important adsorption site), while the initial
(x,y) coordinates of the impinging gas atom (i.e., O gas or
H gas ) are chosen randomly over all available positions inside
the surface unit cell. Incoming O gas atoms impinge on the
surface at Ecol values falling in the range (0.008-3.8) eV,
while for the H gas atoms this occurs in the range (0.04-3.0)
eV. Despite the fact that the surface temperature (T S ) in the
case of scl calculations is T S = 1000 K and in the case of cl

1 1 0

1 1 0

0.05323

72.0

1 2 0

1 1 0

0.04945

67.0

1 1 0

0 1 0

0.04061

55.0

2 1 0

1 1 0

0.02649

36.0

2 0 0

1 1 0

0.02507

35.0

1 3 0

1 1 0

0.02527

34.0

1 1 0

0 2 0

0.02101

29.0

calculations is T S =1100 K, the reported cross sections can
still be directly compared because the dependence of the
reactivity on T S is small. An important parameter of the
process of a gas-phase atom impinging on a solid substrate are
the orientation angles ( θ v , ϕ v ), with θ v being the angle
between the incoming atom velocity vector and the normal to
the surface plane and ϕ v being the azimuthal orientation angle
over the surface plane. For our calculations, we have
considered the normal incidence angle (i.e., θ v =0 o ). At this

1 2 0

0 1 0

0.01700

24.0

incidence angle, ϕ v is undefined. From a theoretical point of

2 0 0

1 2 0

0.01363

20.0

2 1 0

1 2 0

0.01318

18.0

view, for an E-R reaction, the reactive cross section ( σ E−R ) is
usually defined as

1 4 0

1 1 0

0.01266

17.8

1 3 0

1 2 0

0.01274

17.5

1 1 0

0 3 0

0.01229

17.1

1 2 0

1 2 0

0.01233

16.6

1 2 0

0 2 0

0.01132

16.0

2 0 0

0 1 0

0.01140

15.6

1 3 0

0 1 0

0.00974

13.7

2 1 0

0 1 0

0.00945

13.4

0 2 0

0 1 0

0.00876

12.6

3 0 0

1 1 0

0.00872

11.7

0 1 0

0 1 0

0.00795

11.3

2 2 0

1 1 0

0.00791

10.7

1 1 0

0 4 0

0.00815

10.6

1 5 0

1 1 0

0.00763

10.5

2 1 0

1 3 0

0.00722

10.0

2 1 0

2 0 0

0.00682

10.0

2 1 0

0 2 0

0.00677

9.6

1 4 0

1 2 0

0.00665

9.5

2 0 0

1 3 0

0.00665

9.0

σ E−R = ∫

2π

0

∫

bmax

0

P(b,ϕ )b db dϕ

(13)

where b is the impact parameter, P(b,ϕ ) is the opacity
function and ϕ is the orientation angle of the impinging
particle. Such expression becomes simpler in the case of
axial symmetry,

σ E−R = ∫

bmax

0

(14)

P(b)b db

though, due to the usual cell symmetries of the solid surface,
it is possible that P depends on the angle. At the same time,
in order to sample correctly the impact parameter b ( b = 0
for the initial position of A ad on the cell), according to the
standard Monte Carlo method its value should be taken from
2
. Frequently,
a b 2 uniform distribution between 0 and bmax
due to the fact that we are interested not only in the E-R
process but also in the different competitive processes, a
uniform cell sampling is carried out for the incoming atom.
This allows to calculate all reaction probabilities Pi (for the
i th channel) with a comparable quality. Therefore, for each
process in the case of an orthogonal unit cell ( i.e. , as is the
case of the β -cristobalite surface discussed in this paper),

σi = ∫

ax

0

∫

ay

0

Pi (x, y) dx dy ≈

A N
∑wi ( χ1, χ 2 ) j
N j=1

(15)
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where ax and ay are the lattice parameters, A is the unit
cell area ( A = a ⋅b ), N is the total number of selections
made and wi ( χ1 , χ 2 ) is either equal to 1 or 0 for all the j initial selection (i.e., trajectory) depending on whether the i channel is reached or not. The two random numbers χ1 and

χ 2 are selected in a way that 0 ≤ χ1 , χ 2 ≤ 1 , with x = χ1 ⋅ ax
and y = χ 2 ⋅ ay . Finally, the probability of each Pi channel is
taken equal to the N i / N fraction of trajectories assigned to
the ith-channel.
If the surface corresponds to a periodic structure, only a
minimum unrepeated unit cell should be sampled. This is
entirely correct for a clean surface while some corrections
should be introduced for a pre-covered one. Thus, if only one
atom is adsorbed into the unit cell, the previous expressions
holds. However, for higher coverages, alternative targets
(i.e., ad atoms) are introduced. Therefore, if the same total
unit cell is used, the calculated cross section ( e.g. , for the ER reaction) should be divided by the number of equivalent
targets. Likewise an atomic adsorption process, the
corresponding cross section should be divided by the number
of equivalent adsorption sites.
In Fig. (7) the cross sections σ E−R calculated for the
oxygen atom recombination (i.e., reaction (11)) using both
scl (semiclassical [64, 65]) and cl (classical [66])
dynamics methods are plotted together with the ones
obtained for the hydrogen atom recombination (i.e., reaction
(12)) using the scl technique. In the following, σ E−Rscl
refers to the calculated cross section using the scl approach,
while σ E−Rcl refers to the cross section obtained using the cl
approach. In the case of oxygen atom recombination (see
Fig. 7), there is a good agreement between the scl and cl
cross sections at low collision energies (< 0.1 eV). At
intermediate energies (  0.1-0.5 eV) the agreement seems
to be much worse, improving again at higher energies (  1
eV). However, additional cl and scl cross sections would
be necessary to compare appropriately this behaviour (see,
eqs. (11) and (12), respectively). Using only the scl method
we can infer that the energy threshold for the two processes
is different. In particular, the recombination reaction for H is
more efficient than that for O. This depends on the fact that
the pre-adsorbed H atom is more weakly bound than the O
atom and is therefore more prone to recombine. The two
reactions exhibit also a different trend with collision energy.
In fact, while in the case of oxygen recombination, σ E−Rscl
decreases as Ecol increases, the opposite is true for hydrogen
recombination whose σ E−Rscl increases with Ecol up to a
maximum value of 5.0 Å 2 at collision energies around 0.4
eV. Another important aspect of the recombination reactions,
of relevance for the TPS problem, is the reaction
exothermicity partitioning between the internal degrees of
freedom of the new-formed O2 and H2 molecules and the
surface. In Fig. (8) we compare the percentage of energy
transferred to the internal degrees of freedom and to the

Fig. (7). σ E−R values calculated on the on β -cristobalite PES using
semiclassical approaches for oxygen (blue dots and lines) and
hydrogen (red dots and lines) atoms recombination. The σ E−R
values calculated for the oxygen atom (green dots) recombination
using the classical approach is also shown.

Fig. (8). Reaction exothermicity percentage transferred to
vibrational (blue bar), rotational (green bar), translational (black
bar) motion of the formed O2 and H2 molecules and to the phonons
surface (red bar), using the semiclassical approach for Ecol = 0.06
and 0.1 eV and T S = 1000 K.

surface phonons using the scl approach. The comparison is
made at two collision energies ( Ecol = 0.06 and 0.1eV). From
Fig. (8) it can be inferred that, in the case of the formation of
the O2 molecules, the largest fraction of available energy is
disposed into rotation, whereas in the case of the formation
of H2 it is disposed into vibration. Besides, the coupling with
the surface silica atoms is more active in the case of oxygen
recombination because of the different molecular masses of
O and H. In fact, in the formation of the O2 molecules, the
percentage of energy exchanged with the surface phonons
reaches a value of 15%, about three times larger than the
energy transferred to the surface in the case of H2 formation.
The vibrational energy of the newly formed molecules is

Molecular Physics of Elementary Processes Relevant to Hypersonics

higher for H2 than for O2. This can also be inferred from the
vibrational distributions, P(v) , reported in Fig. (9). The two
distributions were obtained at low energy. In particular, the
O2 distribution (see Fig. 9a) is obtained for a thermal
condition ( T = Tgas = TS = 1000 K that could well correspond
to an Ecol of 0.12 eV if 3/2k B T is assumed for this kind of
condition) and using the cl method on the CRP PES [66].
On the contrary, the H2 distribution (Fig. 9) is obtained for
Ecol = 0.06 eV using the scl approach on the recently
reported PES of Ref. [67]. The main difference between the
two distributions is that for the O2 molecules it is thermal
while for the H2 ones it is inverted. Moreover, the number of
vibrational states implied is larger in the case of H2
distribution (0 ≤ v ≤ 12) than in the case of the O2 one
(0 ≤ v ≤ 8) although the collision energy of the incoming H
atoms is lower than that of the O atoms. One has also to take
into account that the vibrational levels present a higher
separation in the case of H2 molecule due to a lighter mass.
These distributions agree as well with the shape of the PESs.
Thus, for the case of the O2 distribution the uppermost
populated level v = 8 corresponds to an internal energy of
E( v = 8, j = 0 ) ≈ 1.5 eV (under harmonic oscillator and
rigid rotor approximations) that agrees perfectly with the
exothermicity of E-R process ((11)) on the CRP PES [66]
( ΔEE−R = 1.4 eV) the extra contribution from the initial Ecol
close to 0.12 eV. For the case of the H2 distribution the
highest populated vibrational level v = 12 corresponds to an
internal energy of E( v = 12, j = 0 ) ≈ 2.44 eV that agrees
also perfectly with the exothermicity of E-R reaction ((12))
in the recently published PES [67] ( ΔEE−R = 2.4 eV) and the
extra initial Ecol = 0.06 eV.
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6. CONCLUSIONS
In the present paper we report on the exploitation of the
computing power made available by the European Grid
infrastructure to carry out massive computations of the
detailed cross sections of gas phase and gas surface collision
processes for systems relevant to the modeling of planetary
entries. The rigorous detailed quantum treatments has been
recalled though for practical purposes (memory size and
computing time) trajectory approaches have been preferred.
For similar reasons semi-empirical formulations of
the PESs have been adopted even if their parameters have
been regularly used to tune their main features to that of
rigorous electronic structure calculations. At the same time
trajectory outcomes have been compared with those of other
theoretical treatments and experimental data in order
estimate their accuracy and support their validation.
The picture emerging from our work is that
computational approaches to the microscopic modeling of
the processes occurring during the atmospheric entry of
spacecrafts are deemed to be successful if inserted into more
global model treatments. The success of such approach is
clearly ascribable to the use of Grid technologies which
allow a detailed investigation of the efficiency of state-tostate processes through the use of the so called Grid
Empowered Molecular Simulator without depending on
large scale facilities.
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