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Abstract

An electronic version (containing minor editorial changes) of the quasiclassical
and reduced dimensionality quantum state-to-state rate coefficients calculated for
the N + Na(v) — N + Ny(v') reaction are given at different translational and
rotational temperatures for a wide range of initial vibrational states. The orig-
inal printed text was published as A. Lagana, G. Ochoa de Aspuru, E. Garcia
1996. Quasiclassical and quantum rate coefficients for the N + N reaction by the
Universita di Perugia, PERUGIA.

ISSN: 2279-8773



Virt&l-Comm.5.2014.11

1. Introduction

The accurate calculation of the detailed (from a given reac-
tant vibrational state v to a given product vibrational state v')
rate coefficients of the

N(*Su) + No("SF v) = N(*S,) + No('S,0) (1)

elementary reaction is of key importance for modelling the com-
position of the air both under equilibrium|[1] regimes and non-
equilibrium regimes.[2] This has prompted us to carry out ex-
tended quasiclassical trajectory[3] and reduced dimensionality
quantum calculations[4] of these rate coefficients.

Quasiclassical (QCT) calculations were carried out using dif-
ferent potential energy surfaces (PESs). The more extensively
used PES is a LEPS[5] potential having a collinear barrier of
1.56 eV. Other calculations were carried out on model PESs of
the LAGROBO type[6] obtained by linearly combining three ro-
tating bond order model potentials|[7] for all the possible N +
Ny channels.

On the same PESs quantum calculations were also performed.
However, since a full three dimensional quantum calculation of
N + Ny rate coefficients is still out of reach even when using
the most advanced computer technology presently available, we
adopted a reduced dimensionality quantum procedure of the
Reactive Infinite Order Sudden (RIOS) type.[4] The RIOS ap-
proach has the advantage of making the dynamical problem two
dimensional by decoupling both orbital and rotational motions.
Then, the three dimensional nature of the process is regained in
an approximate way by averaging over the collision angle ©.
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In our investigation the temperature 7' of the system (or,
more in detail, its translational 7. and rotational T,.,; compo-
nents) was analyzed by varying T3, from 500 K to 8000 K and
T, from 500 K to 4000 K.

2. The quasiclassical calculations

Although quasiclassical approaches are conceptually simple,
to carry out state-to-state calculations at different temperatures
of the system is not a trivial computational task. In fact, in
a quasiclassical approach, the detailed (from a given reactant
vibrational state v to a given product vibrational state v’) rate
coefficients are formulated as

_ %59(2) + De /M
bt irsLrot) = Ty 8720

/0 dE, Eye Prlkleg . i(Ey) (2)

where g is 2 for even and 1 for odd rotational levels, p is the re-
duced mass of N-Ny, k is the Boltzmann’s constant, )z is the Ny
rotational partition function, Fy,. is the translational energy, ¢;
the energy of the jth rotational state, and o0, is the degeneracy
averaged detailed reactive cross section o, summed over the
product rotational states j'. The quasiclassical detailed cross
section is defined as a five dimensional integral. When using a
Monte Carlo technique this is usually approximated as

Th: M
Tjutjt = ﬁax Zl fojwir(€1,62, 3,64, &5) (3)

4
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where M is the number of values of the fy;.;/(&1,62,E&3,&,&)
function considered for the Monte Carlo approximation and b,
is the maximum value of the impact parameter leading to reac-
tive encounters. fy;.i/(&1, &2, &3,€4,&5) is a Boolean function.
Its value is 1 only when, after integrating the motion equations
(trajectory) starting from a given initial values of the five £ vari-
ables with a vibrational and a rotational energy corresponding
to those of the quantum wvj reactant state, the final outcome
can be assigned to the v'j’ quantum state of the products. This
assignment is made using the nearest integer method.|8]

To calculate state-to-state rate coefficients for M, reactant
vibrational states, My, translational temperatures, Mr, , ro-
tational temperatures using batches of My, (in our calcula-
tions not less than 10%) trajectories, a total number of M =
My, My, M1, , Mpaien, trajectories need to be integrated. When
the number of vibrational states M, (the value of M., is also
related to the value of M, since when the number of internal
states increases, the size of the trajectory batch has to be in-
creased both to have a suitable statistics and to allow larger
impact parameters) and/or the number of temperatures to be
considered is fairly high, the cpu time needed for the calculations
is so large that there is no alternative to the use of parallel|9]
computers. In our case, quasiclassical trajectory calculations

were carried out on parallel Cray and IBM machines as well as
on a hypercube nCUBE 2.[10]

3. The RIOS calculations
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In the adopted RIOS approach, the degeneracy averaged de-
tailed reactive cross section o,;, needed to evaluate rate coef-
ficients of equation (2) is approximated in terms of the ground
rotational state cross section o,;—g, values using the relation-
ship 0y (Ey) = 0yj—0w (Ey — €4) wWhere g,; is the energy of
the vjth vibrotational state. The ground rotational state cross
section is formulated as

1
Toieow(Epy) = (20 +1) [ 180 (; By)[ deos®  (4)

k2
where k? = 2u(E — ¢,), E is the total energy, ¢, is the energy
of the vibrational state v and S, is the proper element of the
S matrix. The S matrix is evaluated by integrating the coupled
differential equations

LZCZ? - D] ¥(R;0) =0 (5)

obtained from the Infinite Order Sudden formulation of the
Schrodinger equation

2 2 2
Y AT

—RIOS
ROR? 7’87“2 R2 2 (R, 7:©)

= B=MOS(R,1;0) (6)

by expanding the scattering RIOS wavefunction Z*O%(R, r; ©)
in terms of the functions (,(r; R, ©) of the bound coordinate r
eigensolutions of the equation

[ n d?

e ViRe) - 4@ma@:o 7
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R and r are the usual mass scaled Jacobi coordinates belonging,
where appropriate, to the reactant or to the product arrange-
ment. In the intermediate strong interaction region for sake of
computational convenience, use is made of related circular co-
ordinates.

Equation (6) is obtained from the exact (electronically adi-
abatic) nuclear Schrodinger equation by applying at the same
time both the centrifugal sudden and the energy sudden approx-
imations. In equation (6), 4; = A %I(I+1) and B; = A 2j(j +1)
are the coefficients of the decoupled orbital and rotational terms
of the Hamiltonian with [ and j being the related quantum num-
bers.

The calculation of the RIOS rate coefficients for the same
range of temperatures considered for quasiclassical trajectories
is also a too heavy computational task for an ordinary sequential
computer. In a quantum approach, in fact, one has first to
solve the stationary Schrodinger equation for the whole range of
energies relevant for the integration of equation (5). Therefore,
to deal with both the large number of energy integration grid
points and the increase of the basis dimension with energy, an
efficient implementation of the code on parallel computers is
again needed. The stability as well as the efficiency of our RIOS
code when running on parallel computers have been recently
investigated.[11]

4. Tables of results

Calculated rate coefficients are reported in the enclosed tables

7
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for a given translational and rotational temperature. Units are
10%cm>molec™'s™! with x being given in the round brackets.
Initial vibrational states v (first row) are given in steps of 5 units
while all the relevant final states v’ are reported (first column).

Calculated rate constants are reported in the following order:

1. QCT non reactive LEPS values (Tables I - XX);
QCT reactive LEPS values (Tables XXI - XL);
QCT non reactive L0 values (Tables XLI - XLIV);
QCT reactive L0 values (Tables XLV - XLVIII);
QCT non reactive L1 values (Tables XLIX - LII);
QCT reactive L1 values (Tables LIII - LVI);

QCT non reactive L2 values (Tables LVII - LX);
QCT reactive L2 values (Tables LXI - LXIV);

QCT non reactive L3 values (Tables LXV - LXVIII);
QCT reactive L3 values (Tables LXIX - LXXII);

. RIOS reactive LEPS values (Tables LXXIII - XCII);
. RIOS reactive L0 values (Tables XCIII - CXII);

© 0 N o ooe W

—_ = =
w N = O

. RIOS reactive L1 values (Tables CXIII - CXXXII);

—_
W

(
. RIOS reactive L2 values (Tables CXXXIII - CLII);
. RIOS reactive L3 values (Tables CLIII - CLXXII).

—_
Ot
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Quasiclassical non reactive results have to be taken with some
caution. As is well known, elastic (v = v’) rates are by defini-
tion unconverged. Inelastic ones, have been calculated using
the same value of maximum impact parameter as reactive data.
This and the poorer performance of the NI method for non re-
active transitions makes related computed rate constants less
accurate. In addition, since the main checks for the reliabil-
ity of the empirical PESs used for the calculations was carried
out by comparing with measured thermal rate constants,[12] the
non reactive portion of the surface is not guaranteed to properly
describe non reactive collisions.

Infinite order sudden values are reported only for reactive
rates. In fact, the dynamical constraints introduced to apply
the RIOS computational scheme prevent a physically acceptable
description of non reactive events.
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T'rot= 500.

Ty= 500.

QCT LEPS NON REACTIVE

Table 1

P T e s o on e o e Ton T o o o e e ot o o ot e o o T o T o o o e o o T i R N i N N N e T e DR s e

__________________________________________________
I N e N N e N e i W I e N N N N N e e N i N g N e N i e M e R S

o o Lo on Lo on on Lo T s s s s s o e s e o o e o o o o o o o T e o o o e R e e R R e R

___________________________________________
e e e e e e N e e e e e e e e e e e e e e e e e e S e e e e e e e e e e e e e e N e

N N N N P P P P~ P P~ P P~ P~ P~ P~ ™ P =~ P P~ P~ P~~~ =~~~

______________________________________
R e N e N e N i e e g S P P e e N i B e e W e P e e N S e g

N N P~ = P = P P = P~

________________________________
e e e e e e e e e S e e e e e S e e e e e S e S e e S S N S e

P S

___________________________
e e e e S N e e e e N e e N e N S N e N S S N e S e

AN AN N N N N N N N N N N N N N N N N N N

_____________________
e N e e e e N e e N e S S e S N e e

N N P~~~ P~~~

________________
I S N S I e e T e e g

P

___________
N N N N N N N N N N
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T 0:=1000.

T= 500.

QCT LEPS NON REACTIVE

Table I1

P R s s o e e s e o o o e o e e o e o o e T o s e o o e T o o i R o R N N i N N N i e Lt e R

___________________________________________________
e e e e e e e e e e e e e e e e e e e e e S e e e e e e N e e e e e e e S e e S e S N e S e e S S e

P o s o o s s Do e s o s o o o T o e o o e o o o o o e o o e o T e o s s e T T e e een e e

____________________________________________
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e S N e N e e N e e e S e

N N N N P P P P P~ P~ = P P~ P~ P P~ P P P~ P P~ P~ P~ P~ ™ =~ P~~~

_______________________________________
e e e e e e e e e e e e e e e e e e e e e N e N S N N N e

N N

__________________________________
e e e e e e S e e N e e S e S S e S e e e e e S e e S N e e e e S

N N N N N =

__________________________
e e e e N e N N e e S S e e e S S S e e e N N S e

AN AN N N N N N N N N N N N N N N N N N N S N

______________________
e N N e e e e e e e e e e N e S N e S N

N N N P~ P~~~

________________
P T e e S S T e S e T e N S

P

___________
N N N N N N N N N N
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T 0:=2000.

QCT LEPS NON REACTIVE Tt= 500.

Table II1

Pon T e e o o on T T s et o e T e T o e o o e o T e o 1 o o T o o e e o e N N N L T R e e T Do Lo Lon o R

_____________________________________________________
e e e e e e e e e e e e e e e e e e e e e e e e S e e e e e e e S e e e N e e e e e S S e S e S S e e e

P o o e L e e e o o o o o o o o o e o o e o T o o o o o o T o e o o T e e e N N e e e o Do en

______________________________________________
e e e e e e e e e e e e e e e e e e e S e e e e e e e S N e e S e e N S S N e e e e e N e

o N N N S N P P P P P P~ P =~ P P~ P P P~ P P P~ P P~ P P~ P~ P P~~~ ~ ~

________________________________________
e e e e e e e e e e e e e e e e e e e e N N S e S e N N e N N

N = P P~ = =~ = P = = = P~

__________________________________
e e e e e e e e e S e e S e e S e S e e e e e S e e S N e S e e S

AN AN AN N AN SN SN AN SN SN N SN N SN SN N SN N N N N N N N N N

___________________________
e e N e e e e e N e N e N e S e S S e e e N N e e e

AN AN N AN N N N N N N N N N N N N N N N N

_____________________
e e e e e e e e e e S e N N e e e S e

N N N N P P~~~ P~~~

_________________
e N N N N S N S

Py

___________
N N N N N N N N N N
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T’0+=4000.

Ty= 500.

QCT LEPS NON REACTIVE

Table IV

P T s s e ot e T o o T o o o o e o e e e e e o T s T T e T e o T e R i R N N N i N N N i e e e T o T T

______________________________________________________
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e S e e S e e S S e S e e S S S S e N S e

P T e e o T o o o o o o o o o o o T T o e o o e o o o o o o o T e o o e s i R e U e e e e s N

________________________________________________
e e e e e e e e e e e e e e e e e e e e N e e e e e e e e e e e e e e e e N e S e e N e e e e

N N N S P P P P P~ P P P P~ P~ P P~ P P P~ P P~ P P P~ P P~ P P P~ P =~ P~ P~~~ ~

______________________________________________
R N N e M L P e e e i R W M P e M M S M N N N i e e N S W S e N i N i e o S g

N N = P P = P P P = P = =~~~

___________________________________
e e e e e e e e e e e N S e e S e S S e S S e S e e S e e S e e S e

N AN AN N AN AN SN AN SN SN SN SN N SN SN N SN N N N N N S N N SN N

____________________________
R S S M g e S M e W M N W e e M M P S e W P P g e

AN AN N N AN N N N N N N N N N N N N N N N N N N

_______________________
A o N e W N 0 S i e W N e N e N e N M g

PRy

_________________
e e e e N N N S e

Py

___________
N N N N N N N N N N
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T'ot= 500.

T»=1000.

QCT LEPS NON REACTIVE

Table V

P o o o o T e T o o o T o o o e o T o s e o T T e o T i o e R N N N N N N L R N e TR Lo DR

____________________________________________________
e e e e e e e e e e e e e e e e e e e e e S e e e e e e e e N e e e e e e e e S e e N e S e e N S e e

P o o e o T o o o o o o o o o o o e T o e o T T o o s i i S N N i i e N N i o e o e s o

________________________________________________
e e e e e e e e e e e e e e e e e N e e e e e e e e e e e e e S e e e e e e e e S e e e e e N

N N N P P P P P P~ P P = P P~ P~ = P P P~ P P~ P P~ P~ P =~ P~ P~~~ ~

_________________________________________
e e e e e e e e e e e e e e e e e e e e e e N N N N e e N N N

N N

__________________________________
e e e e N e e e e N e e S e e S e e e e N S e S e N S e N S e S S

L T e Tt e s T e T T T s e T e et T e s e s e e e e e T TR

____________________________
I e N N e e N M M S e e i e W P R S N i

AN AN N N N N N N N N N N N N N N N N N N S

______________________
e e N e e e e N e N N e e S e S N e e e

PRy

_________________
e e N S N S S N S N

Py

___________
N N N N N N N S N e
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T’0:=1000.

T»=1000.

QCT LEPS NON REACTIVE

Table VI

e o o o o T s T T o o T e o o e o T o o e o T e o o s i i N N e N N i T N e N N i T s e e Ton Do s

_____________________________________________________
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e S e S S e N S e e e e S e e N e S S e e N

P o o e o T o o o e o T o o o o o T o o o o T e o o i e S NN T e N N N T T T s T Do R e

_______________________________________________
A s N N S N N e N N N O N e N N e N e e e L S e i O i S N N g

N N N P P P P P P~ P P = P P~ P P~ =~ P P P~ P P~ P P P~ P P~ S~ P~~~ ~

_________________________________________
T i N I N N N N W g

N N = P

__________________________________
e e e e e e e N e e S e e S e S S e S e e S e e S N N S N e S
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__________________
I S N e i S N S L g g

Py

___________
N N N N N N S N N e
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T’ 0:=2000.

T»=1000.

QCT LEPS NON REACTIVE

Table VII

L o o o T e e T T o T o o ot T e o T o o e e T T o T o o i e N T NN i i N N N e T N T e T e s oy T R

_________________________________________________________
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e S e e N e e e e e e e S S e S e S S N e e e S N e

P o o e o T o o T o o o o o o e T T o o e o o T e i e N N N T s e Do on Ton L T e o

___________________________________________________
e e e e e e e e e e e e e e e e e e e e e e e e e e N e e e e e e e S e e N e e N e e e S e N e e e

o N N N N P P P P P P~ P P P P P~ P~ P~ = P P P~ P P~ P P~ P~ P P~ S~ P~~~ =~~~
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D i N N B A N S B e e P R S S NS e e e P N e g g

N N N

____________________________________
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NN N AN N N N N N N N N N N N N N N N N N N N
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T’ 0:=4000.

QCT LEPS NON REACTIVE T»=1000.

Table VIII

P e o e T e e T T o o o o ot T e o T T ot e e T T s T o o i e N N N i i N N N e e N N e T T o LR o on

_________________________________________________________
e e e e e e e e e e e e e e e e e e e e e S e e e e e e e e S S e e e e S e e e e N S e e S e S N e e N e S e e

e o o o o o o o o o o e o o o o o T e o o o o e e Y s i T S N i N N N N N e o T L s T s

____________________________________________________
e e e e e e e e e N e e e e e e e N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e N e

N N S N P P P P~ P~ P P P~ P~ P P P~ P P~ P P P~ P P~ P~ P~~~

__________________________________________
N e N e S S T e N S N e g

N N P = P P = P = P = = = = = = .

______________________________________
e e e e e e e e e e e N S e S S e S e e N e e S e e S N S S e S S e S N N
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