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Infrared nitrogen-perturbed NO linewidths in a temperature range of atmospheric interest:
An extension of the exact trajectory model

J. Buldyreva,* S. Benec’h, and M. Chrysos
Laboratoire des Proprie´tés Optiques des Mate´riaux et Applications, Unite´ Mixte de Recherche UMR CNRS 6136, Universite´ d’Angers,

2 Boulevard Lavoisier, 49045 Angers, France
~Received 27 April 2000; published 11 December 2000!

Infrared NO-N2 line-broadening coefficients for the fundamental 1-0 band areab initio computed by means
of the exact trajectory model extended to the case of a symmetric top active molecule. As intermolecular
potential, the sum model composed of long-range dipole-quadrupole and quadrupole-quadrupole interactions
as well as short-range atom-atom interactions, is taken. Line-broadening coefficients for bothR andP branches
of diamagnetic2P1/2 and paramagnetic2P3/2 sub-bands are reported for various temperatures in the range
163–296 K, thus significantly improving available theoretical results in the common temperature domain,
while proposing values for temperatures that as yet have not been studied. The computed results are found to
be in good agreement with a bulk of the experimental data.
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I. INTRODUCTION

A variety of simple molecules exists which are partic
larly challenging for atmospherical purposes, whose ro
tional constants are small. The diatomics N2 , O2 , and NO as
well as the triatomic CO2 are representative members of th
class. Due to their small rotational constants the numbe
relaxation channels in these systems increases rapidly ev
not too high temperatures, making any rigorous quantu
mechanical tool, such as close-coupling and coupled st
techniques practically inapplicable. In contrast, semiclass
methods offer themselves as the only valuable approach
the description of collisional line broadening~the Doppler
effects are negligible for the pressure range to be consid
here!, provided the thermal energy coresponding to the te
perature of the medium (kT) is sufficiently higher than the
depth of the isotropic intermolecular potential well.

For many years the approach initially developed
Anderson@1# and later systematized by Tsao and Curnu
@2# was the only semiclassical theory available in the lite
ture for anab initio calculation of widths and shifts of iso
lated spectral lines; it is often referred to as the Anders
Tsao-Curnutte~ATC! theory. As it is based on perturbatio
theory, only long-range intermolecular forces are taken i
account and straight line molecule paths are employed.
practical grounds, it turns out that the ATC approach is s
able for systems interacting by strong electrostatic forces
order to avoid divergencies of the scattering operator, wh
appear at small values of the impact parameter, an artifi
‘‘cutoff’’ procedure is imposed.

An important leap ahead in semiclassical studies w
made a couple of decades ago by Robert and Bonamy@3#. In
their work they showed that the unphysical cutoff proced
can be avoided by applying the linked cluster theorem
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Kubo @4#, resulting in a scattering operator of exponent
form. In addition, they introduced a trajectory model of pa
bolic molecule paths. According to this model the curvatu
of the trajectory is produced by the influence of the isotro
potential, enabling one to include anisotropic short-range
teractions for which atom-atom potential models can be e
ployed. Compared to the ATC theory, the final expressio
of the Robert-Bonamy~RB! formalism are rather compli-
cated but analytical. The RB approach was then success
applied to various molecular systems~diatom-diatom,
diatom-noble gas, etc.! for which collisions at close approac
are of great importance, especially for diagnostic purpose
high temperatures.

For the majority of the aforementioned molecular sy
tems, however, the atmospheric temperatures correspon
kinetic energies~more or less! close to the isotropic potentia
well threshold. Therefore, as temperature decreases, the
approach is expected to progressively lose its accuracy,
coming unable to provide meaningful predictions of lin
widths. Given the fact that quantum mechanics is difficult
apply, a further refinement of the semiclassical descript
appears to be of particular interest.

As a next step, in 1992, Bykovet al. @5,6# proposed to
apply directly the well-known exact solution of the equatio
of motion of a classical particle influenced by the isotrop
potential@7#, thus accessing an ‘‘exact’’ trajectory, yet val
within classical mechanics only. However, Bykov and c
workers performed no computation of linewidths. An a
tempt to introduce this exact trajectory model in the calcu
tion of the second order contributions to the broadening cr
section was undertaken by one of us in collaboration w
Bonamy and Robert in the framework of the RB formalis
@8#. In that work the isotropic linewidths of self-perturbe
nitrogen were calculated at low and room temperatures
function of the rotational quantum number. The results o
tained from these computations were much more reali
than those from any previous approach based on other
jectory models, and clearly demonstrated the advantag
the new approach. Since the exact trajectory model is r

iv-
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lic
th
o

n
he

ch
u
a

sm

s
di
l

th
a

r

er

an
-
is

si
p
.

-
o

re
o
.

a-

t
is
fo
m
ro
la

m
n

es
a-

ty

-
he

tion

by

by a

of
ive
-
er

der
-
es-
lly,
are
no

ion

of

t

-

J. BULDYREVA, S. BENEC’H, AND M. CHRYSOS PHYSICAL REVIEW A63 012708
able, the conclusion was drawn that an appropriate app
tion of the exact trajectory model can be made provided
representation of the atom-atom interactions in the interm
lecular potential is equally accurate.

The aim of the present paper is twofold. On the one ha
from a purely fundamental viewpoint, an extension of t
exact trajectory approach is made to a more general~and
complicated! case of symmetric top active molecules whi
are frequently involved in atmospheric processes. It sho
be mentioned that such a symmetric top extension has
ready been realized in the framework of the RB formali
but for a parabolic trajectory@9#. A couple of years later, an
application was made to the infrared~IR! NO-N2 and NO-O2
linewidth coefficients@10#; but only a few theoretical value
were reported therein and, for the two temperatures stu
~295 and 163 K!, the predicted linewidths for high rotationa
levels were too small in comparison with experiment. On
other hand, from the practical point of view, the fact th
theoretical estimations of NO-N2 ~-O2 , -air! linewidths in-
cluded in theHITRAN-96 database@11# are either too rough o
even unavailable, makes an appropriateab initio calculation
particularly challenging. We note that this case of NO p
turbed by the linear molecules N2 and O2 is of great impor-
tance due to the dominant concentrations of nitrogen
oxygen in the Earth’s atmosphere~about 79% and 21% re
spectively!; the concentration of the active molecule NO
very low and the role of NO-NO collisions is negligible.

This paper is organized as follows. In Sec. II, the ba
points of the exact trajectory implementation in the RB a
proach adapted to the case of NO are briefly discussed
Sec. III the linewidths for bothR andP branches of the 1-0
diamagnetic2)1/2 and paramagnetic2)3/2 sub-bands are cal
culated, analyzed in detail, and compared with a bulk
experimental data available for different temperatu
@10,12,13#. Concluding remarks and further perspectives
exact-trajectory modeling are collected in the last section

II. GENERAL FORMALISM

A. Semiclassical approach of Robert and Bonamy for a
symmetric top active molecule

The semiclassical formalism of Robert and Bonamy@3#
was initially developed for linear molecules in the fund
mentalS state. For this purpose, the so-calledclassical path
assumption was made, i.e., the angular momenta tied to
active molecule and to the perturber were decoupled. Th
equivalent to saying that the internal angular momenta
each molecule are much smaller than the total angular
mentum, and that the orbital momentum is sufficient to p
vide a realistic description of the rotational part of the re
tive motion.

In the framework of this approach, for any-type spectru
the linewidthg f i ~in cm21) associated with optical transitio
( i→ f ) is given by

g f i5
nb

2pc (
v2 , j 2

rv2 j 2
E

0

`

v f ~v !dvE
0

`

2pbdb

3$12@12S2,f 2i2
(L) #exp@2~S2,f 21S2,i21S2,f 2i2

(C) !#

3cos@~S1,f 21S2,f 28 !2~S1,i21S2,i28 !#%. ~1!
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Here,nb is the numerical density of the perturbing particl
andrv2 j 2

is their thermal population. In practice, the integr

tion over relative velocityv with the Maxwell-Boltzmann
distribution f (v) is replaced by the mean thermal veloci

v̄5A8kT/pm* (T is the temperature andm* is the reduced
mass of the molecular pair!. The integral over impact param
eter b is replaced by the integral over the distance of t
closest approachr c ~see, for more details, Ref.@3#!, wherer c

andb are related with each other via the energy conserva
condition

b/r c5A12Viso* ~r c!.

An asterisk denotes the potential’s reduced value defined
Viso* 52Viso/m* v2.

The isotropic part of the intermolecular potentialViso ap-
pearing in the above expression is usually represented
Lennard-Jones dependenceVLJ(r )54«@(s/r )122(s/r )6#
where« ands are two parameters designating the depth
the potential well and the radius of the action of the repuls
forces, respectively. SinceViso does not depend on the vibra
tional coordinates of the active molecule, the first-ord
purely vibrational contributionS1,f 22S1,i2 in Eq. ~1! van-
ishes. For linewidths, the imaginary part of the second-or
contributionS2,f 28 2S2,i28 , which results from the noncommu
tative character of the interaction potential and which is
sential for lineshift calculations, can be neglected. Fina
the assumption is made that only rotational transitions
induced by collisions in the perturbing molecule and that
summation on the vibrational quantum numberv2 is needed.
With all the abovementioned remarks, for the IR absorpt
case Eq.~1! is transformed into

g f i5
nbv
2pc (

j 2

r j 2
E

r c,min

`

2pr cdrcH 11
8«

m* v2

3F5S s

r c
D 12

22S s

r c
D 6G J

3$12@12S2,f 2i2
(L) #exp@2~S2,f 21S2,i21S2,f 2i2

(C) !#%,

~2!

where the low boundr c,min5s@2/(11A11m* v2/2«#1/6.
The first two contributions appearing in the exponential

Eq. ~2! are analogous to the ‘‘outer’’ termsS2,f
outer,S2,i

outerof the
ATC theory, while the last oneS2

(C) corresponds to that par
of the Anderson ‘‘middle’’ termS2

middle which is diagonal in
the quantum numbers of the perturbing molecule;S2

(L)

5S2
middle2S2

(C) @14#. All these contributions are given explic
itely by the following relationships@3#:
8-2
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S2,i25
\22

2~2 j i11!~2 j 211! (
j i8 j 28

mimi8m2m28

U E
2`

1`

dt exp~ iv j i j 2 , j
i8 j

28
t !^ j imi j 2m2uVaniso„r ~ t !…u j i8mi8 j 28m28&U2

, ~3!

S2,f 2i2
(C) 5(

j 28
S2,f 28 i28d j

28 j 2
, ~4!

S2,f 2i2
(L) 5 (

j 28Þ j 2

S2,f 28 i28 , ~5!

S2,f 28 i2852
\22

~2 j i11!~2 j 211! (
mimi8mfmf8

m2m28

Cj fmfnr
j imi C

j fmf8nr

j imi8 E
2`

`

dt exp~ iv j
28 j 2

t !^ j fmf8 j 28m28uVaniso„r ~ t !…u j fmf j 2m2&

3E
2`

`

dt8 exp~ iv j 2 j
28
t8!^ j imi j 2m2uVaniso„r ~ t8!…u j imi8 j 28m28&. ~6!
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In Eqs.~3!,~6! j i , j f , j 2 andmi ,mf ,m2 are the rotational and
magnetic quantum numbers, respectively;n is the order of
the coupling tensor between the molecules and the exte
field; for the IR absorption casen51. Primes mark values
after collision. TheS2,f 2 contribution for the final statef is
given by simply changingi into f in Eq. ~3!. When switching
~formally! to the case of a symmetric top active molecu

the corresponding rotational wave functions in Eqs.~3!,~6!
are no longer the same.

In the nitric oxide molecule, because of the strong co
pling of the electronic orbital angular momentum along t
intermolecular axis (L51) with the corresponding spin an
gular momentum componentS561/2, the total electronic
angular momentum componentK can take values 1/2 or 3/2
So, the fundamental state is2P, with 2P1/2 levels lying

lower than the2P3/2 ones~normal structure!. In addition, the
interaction between the electronic orbital momentum and
rotational one results into a supplementaryL doubling (l-e
andl-f components! of each (J,K) level. The latter effect is
rather small and has been observed in a few experim
only @12#. Since in the RB formalism this kind of coupling i
neglected,l-e and l-f components are indistinguishab
from the theoretical standpoint. TheL-S coupling in NO is
intermediate between the Hund cases~a! and~b!, so the true
wave functions should be linear combinations of symme
top wave functions corresponding to the pure Hund case~a!

for sublevelsK51/2 andK53/2. Nevertheless, for not to
high rotational quantum numbersJ the mixing effects are
minor and the pure Hund case~a! serves as a good approx
mation @15#. The wave functionsuJKM& are thus supplied
with three quantum numbersJ, K, and M. We remind the
reader thatJ is the total angular momentum,K is the projec-
tion of J along the molecular axis, andM is the projection of
J along the laboratoryz axis. To proceed further with the
second-order contributions of Eqs.~3!,~6!, the intermolecular
potential must be specified.
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B. Intermolecular potential

A realistic description of the intermolecular potenti
plays a crucial role when a refined trajectory model is e
ployed@8#. Unfortunately, no accurateab initio potential for
the NO-N2 system has thus far been available, to our kno
edge. In order to make a meaningful comparison of the
sults obtained with different trajectory models, keeping at
same time the advantages of an analytical potential exp
sion, we retain the same representation of the intermolec
potential as in the work of Houdeauet al. @10#:

Vaniso~r !5Vel~r !1Vat-at~r !

5Vm1Q2
1VQ1Q2

1(
i , j

S di j

r 1i ,2j
12

2
ei j

r 1i ,2j
6 D .

In the equation above, the long-range electrostatic partVel is
approximated by dipole-quadrupole (Vm1Q2

) and

FIG. 1. Geometry of molecular collision in the laboratory fixe
frame.
8-3
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TABLE I. Physical parameters for NO-N2 interaction potential; I and II stand for different parametrizations ofViso .

« s di j ei j ur 1i u ~or ur 2 j u) Q m B0

K Å 1027 erg Å 12 10210 erg Å 6 Å 10226 esu 10218 esu cm21

118.8~I! 3.58 ~I! dNN50.2910 eNN50.2502 ur 1Nu50.614 QNO521.8 mNO50.158 B0 NO51.6957
104.4~II ! 3.58 ~II ! dNO50.1425 eNO50.1911 ur 2Nu50.548 QN2

521.52 B0 N2
52.01

ur 2Ou50.603
t
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se
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to

x

d

ree
the
quadrupole-quadrupole (VQ1Q2
) interactions; mk and Qk

stand for the dipole and quadrupole moments of thekth mol-
ecule, respectively. The short-range partVat-at is given by the
sum of a pair of atomic Lennard-Jones dependences with
atomic pair energy parametersdi j and ei j ; r 1i ,2j is the dis-
tance between thei th atom of the first molecule and thej th
atom of the second one~see Fig. 1!. Vat-at is obviously com-
posed of its repulsiveVD and attractiveVE parts: Vat-at
[VD1VE . All required parameters for the NO-N2 potential
are listed in Table I. There, the interatomic parametersdi j
and ei j are low-limit values deduced from homonuclear d
atomics data of Ref.@16# using the usual combination rule

r v,NO5~r v,NN1r v,OO!/2,

eNO5~eNNeOO!1/2,

dNO5eNO~2r v,NO!6/2

with r v,X being the van der Waals radius for the quasimo
cule X . . . X. It should be noted that the atom-atom para
etrization for the NO case is rather complicated since no
of parameters was found to be compatible with the three
of experimental data for N2 , O2 , and NO simultaneously
@16#; for our calculations, the low-limit values were chos
since they are of the same order as those used common

For further purposes, the dependence of each anisotr
potential term on the intermolecular vector modulusr and on
F

e
d
e
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the polar angleC ~see Fig. 1! should be written explicitly.
To do this, we start from the most general form of the lon
range interaction energy between two molecules~1 and 2! of
an arbitrary symmetry@17# :

V~r !5 (
l 1l 2l

m1m2m1m2

D
2m1 ,2m1

l 1 ~1!D2m2 ,2m2

l 2 ~2!Cl 1m1l 2m2

lm

3Clm* ~V!(
n

Bl 1l 2l
(n) ~r !Al 1m1

(n) Al 2m2

(n) . ~7!

The orientation of molecules enters this expression thro
the Wigner rotational matricesDm8m

l (c,q,f), whose argu-
ments are reversed for practical purposes1; (f,q,c) are the
three Euler angles of the corresponding molecule relative
the laboratory axis. The intermolecular vectorrW5(r ,V) is
characterized by the spherical harmonicClm(V)
5A4p/(2l 11)Ylm(u,C); an asterisk accounts for comple
conjugation. The coefficientsB(n)(r ) are defined by the in-
teraction type n, A(n) are molecular parameters, an
Cl 1m1l 2m2

lm denote the Clebsh-Gordan coefficients@18#.

The atom-atom potential dependence onr andC can be
obtained@8# by means of a two-center expansion@19#. Since
in this caser 1i ,2j is defined by three vectorsrW1i , rW2 j , andrW,
its nth inversed power appears as an infinite series of th
spherical harmonics tied to these vectors orientations in
laboratory fixed frame:
1

r 1i ,2j
n

5
1

r n (
l 1l 2l

~21! l 2Cl 10l 20
l0 (

p,q
S r 1i

r D pS r 2 j

r D q ~2l 111!~2l 211!~n1p1q2 l 23!!! ~n1p1q1 l 22!!!

~n22!! ~p2 l 1!!! ~p1 l 111!!! ~q2 l 2!!! ~q1 l 211!!!

3$11dn,1~dp,l 1
dq,l 2

dp1q,l21!% (
m1m2m

Cl 1m1l 2m2

lm Cl 1m1
~1!Cl 2m2

~2!Clm* ~V!,

p5 l 1 ,l 112,l 114, . . . ,

q5 l 2 ,l 212,l 214, . . . . ~8!
sion
For practical calculations this series has to be truncated.
our purposes we limit ourselves to the leading (p5 l 1 ,q
5 l 2) and first correction (p5 l 1 ,q5 l 212; p5 l 112,q
5 l 2) repulsive (VD

(0) ,VD
(1)) and attractive (VE

(0) ,VE
(1)) terms

only. For l 15 l 252,l 54, their explicit expressions can b
found in Ref.@8#. Contributions of higher order are estimate
to be negligible. We note that the single difference betwe
or

n

the structure of the atom-atom interaction energy expres

and that of the long-range energy of Eq.~7! is that the mo-

1These two forms are related by Dm,m
l (c,q,f)5

(21)m82mDmm8
l (f,q,c)@17#.
8-4
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lecular moments~or polarizabilities! As are replaced by com
binations of atomic parametersdi j ,ei j ,r 1i , . . . etc.

The representation of the interaction potential as a se
of products of rotational matrices~or of spherical harmonics!
leads immediately to the conclusion that, according to
thogonality properties, only contributions of the same ten
rial rank (l 1l 2l ) are able to generate cross terms. For
ample, the electrostatic quadrupole-quadrupole term and
atom-atom one of the same symmetry~224! interfere to give
a cross-term proportional to the product of matrix eleme
of Vel

224 andVat-at
224 .

C. Calculation of matrix elements

For a symmetric top active molecule the angular dep
dence of rotational wave functions is given by

uJKM&5S 2J11

8p2 D 1/2

D2K,2M
J ~c,q,f!.

In the case of the long-range potential of Eq.~7!, the corre-
sponding matrix elements of Eqs.~3!,~6! can thus be ex-
pressed@17# via the Wigner-Eckart theorem

^J8K8M 8uD2k,2m
l uJKM&5

~J8K8:uD2k•
l u:JK!

A2J811
CJMlm

J8M8 ,

where the double dots in the numerator serve to distingu
the reduced matrix element inM space. Using the definition

(
m1

Al 1m1

(n) ~J8K8:uD2k•
l u:JK![Al 1

(n)~J8K8;JK!

and taking into account that forl 1<2 there is at most one
nonvanishing molecular parameter, one obtains@17#

Al 1
(n)~J8K8;JK!5Al 10A2J11CJKl10

J8K8 dKK8 ,

where for electrostatic interactionsA10
(electr)5m, A20

(electr)

5Q, A30
(electr)5J, etc., that is, respectively, dipole, quadr

pole, octupole moments. From the equation above, it
also be seen that for the symmetric top active molecule o
transitions inside each sub-band are allowed:K85K.

Then, for example, in the case of NO-N2, the outer term
for electrostatic (l 5 l 11 l 2) interactionsS2,i2 can be written
as

S2,i
el 5\22(

l 1l 2l
~Al 10

(n) !2~Al 20
(n) !2(

j i8 j 28
~C

j iKl 10
j i8K

!2~C
j 20l 20
j 280

!2 f̃ l 1l 2l
el ,

~9!

where the corresponding electrostatic resonance func
f̃ l 1l 2l

el is introduced as follows:
01270
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f̃ l 1l 2l
el [

~2l !!

2~2l 111!! ~2l 211!! (
m

E
2`

1`

dt

3exp@ i ~v i i 81v228!t#
Clm* ~V!

r l 11 E
2`

1`

dt

3exp@2 i ~v i i 81v228!t#
Clm~V!

r l 11
, ~10!

Comparing Eq.~9! with its analog from Ref.@8#, it is ascer-
tained, as expected, that the difference with the case
linear active molecule is contained in the Clebsch-Gord
coefficients for the active molecule, which now depend
the quantum numberK.

For the atom-atom contributions the corresponding ma
element reads@2#

^J8K8M 8uYlmuJKM&5A2l 11

4p
A 2J11

2J811
CJKl0

J8K8CJMlm
J8M8 ,

which results in aK dependence of appropriate second-ord
contributions totally analogous to the long-range interact
case. TheK dependence of connected and linked terms
defined by theD factor ~see Ref.@3#!

D ( l 1)5~21! j i1 j f2@~2 j i11!~2 j f11!

3~Cj iKl 10
j iK !2~Cj fKl 10

j fK !2#1/2W~ j i j f j i j f ;n l 1!,

whereW is the Racah coefficient (K independent! and n is
the order of the coupling tensor between the molecule
the external field.

D. Exact trajectory modeling

To carry out the time integration in the resonance fun
tions @see, for example, Eq.~10!# the trajectory model should
be chosen. For a straight-line trajectory or a parabolic sh
one the integration is quite simple leading to analytical e
pressions, whereas for the exact trajectory the procedur
rather complicated and should be performed numerica
The exact solution of classical equations of motion govern
by an isotropic potential gives the timet and the phaseC as
functions of the intermolecular distancer @7#:

t~r !5E
r c

r dr8

A2@E2Viso~r 8!#/m* 2M2/m* 2r 82
1c1 ,

~11!

C~r !5E
r c

r M /m* r 82dr8

A2@E2Viso~r 8!#/m* 2M2/m* 2r 82
1c2 .

~12!

HereE5m* v2/2 andM5m* bv are the energy and angula
momentum of the colliding pair, respectively. Let us no
consider that the collision takes place in the planeXOY ~Fig.
1!, so that att50 we haver 5r c andC50. Hence, in Eqs.
~11!,~12!, the integration constantsc1 andc2 vanish. In order
8-5
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to address a larger audience, it is noteworthy that, by me
of Eq. ~11!, the integration overt in Eq. ~10! can be replaced
by the integration overr through

dt5dr/A2@E2Viso~r !#/m* 2M2/m* 2r 2.

In addition, for the specific axes orientation of Fig. 1u
5p/2) the angular dependence of spherical harmonicClm

Clm~u,C!5F ~ l 2m!!

~ l 1m!! G
1/2

eimCPl
m~cosu!

can be simplified since only the pair sums ofl and m give
nonzero contributions in the associated Legendre polyno
als

Pl
m~0!5

~21!( l 1m)/2

2l

~ l 1m!!

@~ l 2m!/2#! @~ l 1m!/2#!
.

riz

rr
t

pe

e
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Additionally, as the trajectory is symmetric relatively torWc ,
each of the integrals over time in Eq.~9! can be replaced by
its integral equivalent from zero to infinity. Their produ
can be further written as the squared value of the integra
cos@vt1mC„r (t)…#/r l 11, whose arguments are given in th
exact trajectory approach by

vt5kcE
1

y zdz

$z2211Viso* ~r c!2z2Viso* ~zrc!%
1/2

, kc5vr c /v,

mC5mE
1

y $12Viso* ~r c!%
1/2dz

z$z2211Viso* ~r c!2z2Viso* ~zrc!%
1/2

.

Then, the final exact trajectory expression for the elect
static resonance function reads

f̃ l 1l 2l
el [

1

v2r c
2l

f l 1l 2l
el ,
f l 1l 2l
el ~kc ,r c ,v !5

2~2l !!

~2l 111!! ~2l 211!! (
m

l 1m even

~ l 1m!! ~ l 2m!!

22l@~ l 2m!/2#! 2@~ l 1m!/2#! 2

3F E
1

`

dy
cos@A0~y!kc1m$12Viso* ~r c!%

1/2A2~y!#

yl$y2211Viso* ~r c!2y2Viso* ~yrc!%
1/2 G 2

,

by

ef.

es
ful
jec-
this

eed
he
n.

end
n,
eg-
ct

ets

n-

this
del
An~y!5E
1

y dz

zn21$z2211Viso* ~r c!2z2Viso* ~zrc!%
1/2

,

~13!

where y[r /r c . Variable kc5(v i i 81v228)r c /v plays the
role of the dynamic resonance parameter and characte
how close the pairs of statesi i 8 and 228 are to the exact
resonance. All the resonance functions as well as the co
sponding second-order contributions taken into accoun
the present calculation, are collected in the Appendix.

III. APPLICATION TO THE NO-N 2 CASE

To check the extended exact-trajectory model develo
above, we calculate by means of Eq.~2! the IR line broad-
ening coefficients for the NO-N2 system in a temperatur
ranging from 163 to 296 K, for which various experimen
data are available@10,12,13#. The results are plotted on Fig
2–6 and some representative numerical values are liste
Tables II–V.

The room temperature case is studied first, for which th
sets of experimental data have been obtained by Houd
et al. @10# ~295 K!, Spenceret al. @12# ~296 K!, and Ballard
et al. @13# ~296 K!. In Ref. @10# only a few R-branch line-
widths of 2P1/2 and 2P3/2 sub-bands have been measure
es

e-
in

d

l

in

e
au

,

and some2P3/2 sub-band linewidths have been calculated
the RB approach with a parabolic trajectory~PT! model;
more complete theoretical PT results can be found in R
@9#. These data are plotted in Figs. 2~a! and 2~b! ~for K
51/2 andK53/2 cases, respectively! together with our exact
trajectory ~ET! results; the corresponding numerical valu
are listed in Tables II and III. In order to make a meaning
comparison between the results obtained by the two tra
tory models, i.e., the PT and the ET ones, we use for
temperature the same parametrization ofViso as in Refs.@9#
~denoted by I in Table I!. To analyze how linewidth coeffi-
cients are influenced by short range interactions, we proc
in our calculation by progressively taking into account t
different force-field contributions pertaining to the collisio
We start by pure electrostatic~224! and ~123! terms, then
add the corresponding atom-atom and cross terms, and
up with the ~121! atom-atom ones. The latter contributio
with no electrostatic analog, is shown here to be almost n
ligible even for high rotational quantum numbers; this fa
justifies that the atom-atom series of Eq.~8! has practically
converged. In what follows, the three abovementioned s
of contributions are denoted by ET9, ET8, and ET, respec-
tively. As one can see from Fig. 2, for low rotational qua
tum numbers the ET9 term dominates, whereas for highJ it
is unable to reproduce alone; the observed linewidths;
feature has been observed already within the PT mo
8-6
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@9,10# (PT9-points on the figures!. Indeed, as far as the hig
J values are concerned, rotational energy spacings are la
thus requiring a violent~energetic! collision to occur in order
for the nonoptical transitions to be realized. Since these
lent collisions probe intermolecular distances of close
proach, for which atom-atom interactions are mainly resp
sible, the role of the corresponding contributions for hi
rotational numbers becomes crucial and can no longer
neglected. When the atom-atom and cross terms~224! and
~123! are included (ET8), excellent agreement with exper
ment is found, in contrast to the PT model which obviou
fails for high J. Addition of ~121! atom-atom contributions
does not influence greatly this result~see ET curves in Fig
2!. It is also noteworthy that the computed line-broaden
coefficients get slightly larger values forK53/2 as compared
to theK51/2 case~see Tables II,III!. This exaltation of line-
width, when passing from the2P1/2 sub-band to the2P3/2
one ~for a given rotational transition!, is well known. It was
observed experimentally many years ago@20,21# and equally
reproduced by the PT model calculation@10#.

As was mentioned above, at 296 K, exhaustive exp
mental studies have been realized for bothR andP branches
@12,13# allowing us to carry out a more thorough theoretic
analysis. The ET values computed in the present work
this temperature are listed in Tables IV and V, and plotted
Figs. 3~a! and 3~b!, together with experimental data, again

FIG. 2. Line-broadening coefficients as a function of the ro
tional quantum number for the fundamental band of NO pertur
by N2 (R branch! at 295 K:~a! 2P1/2 sub-band,~b! 2P3/2 sub-band.
01270
ge,
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e
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l
r
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the quantum numberm. We remind the reader that for theP
branch,m52J, while in theR branch it ism5J11. Since
no PT calculations have been realized at this temperature
parametrization II~see Table I! for « and s, deduced by
combination rules from Ref.@24#, was made as it was mor
appropriate for the temperature range studied. In compar
with the measurements of Spenceret al. @12#, for the K
51/2 case@Fig. 3~a!# our theoretical values seem to be ove
estimated for intermediate values ofumu. Nevertheless, they
are very close to the experimental results of Ballardet al.
@13#. For theK53/2 sub-band@Fig. 3~b!# the ET predictions
demonstrate a very good agreement with both experime
sets.

For all other temperatures studied~see Figs. 4–6!, given
that fewer~or even no! straightforward experimental mesure
ments have been realized, we widened the set of avail
experimental data by scaling the results of Ballardet al. from
296 K to the temperatures of interest by the well-know
empirical relation

gJ~T!5gJ~T0!S T

T0
D n(J)

with the temperature exponentsn(J) taken from Ref.@13#.
We note that at 183 K@Figs. 5~a!,5~b!# Spenceret al. @12#
succeeded in experimentally resolving bothe-l and f -l

-
d

FIG. 3. Line-broadening coefficients as a function ofm (m
52J for DJ521 andm5J11 for DJ511) for the fundamental
band of NO perturbed by N2 at 296 K: ~a! 2P1/2 sub-band,~b!
2P3/2 sub-band.
8-7
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components of2)1/2 transitions, but theseL doubling ef-
fects are not incorporated in the semiclassical formal
used here and cannot be distinguished from a theore
standpoint. It can be stated from Figs. 4–6, that with decre
ing temperature the ET model tends to overestimate the l
broadening coefficients for intermediateumu in the K51/2
cases, but yields nearly realistic predictions forK53/2; the
slope of theoretical curves is quite correct in all cases s
ied. We ascribe this overestimation to be due to the rou
ness and imperfection of the initial potential model but not
the failure of the ET approach. As can be seen from Fig. 6~b!
~163 K!, where the PT results@10# are plotted for compari-
son, even at low temperatures the present trajectory mo
ing remains much more useful.

The adequacy of the ET modeling itself is additiona
confirmed by the fact that our calculation reproduces co
pletely the ‘‘shoulder’’ in theg dependence onumu, which
has been clearly observed experimentally. This shoulder
ture has been interpreted by Bouanich and Blanquet@22# as
being due to the predominant influence of resonant~energy
transfer! quadrupole-quadrupole interactions. A theoreti
expression to evaluate theJmax value for which the resonan
interaction is maximum can also be found in Ref.@23#:

Jmax
l 1l 25

B2l 2

B1l 1
J2max,

FIG. 4. Line-broadening coefficients as a function ofm for the
fundamental band of NO perturbed by N2 at 213 K:~a! 2P1/2 sub-
band,~b! 2P3/2 sub-band.
01270
al
s-
e-

d-
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el-

-

a-

l

whereB1 and B2 are, respectively, the rotational constan
for the active and perturbing molecules,l 1 and l 2 stand for
the orders of corresponding spherical harmonics, andJ2 max
is the most populated state of the pertuber at a given t
perature. For the quadrupole-quadrupole interactionsl 1

5 l 252) the Jmax
22 values calculated by the above equati

are 7.5~296 K!, 6.5 ~213 K!, 6.5 ~183 K!, and 5.5~163 K!.
These values correspond exactly to the starting point of
shoulders obtained with our ET modeling. For the dipo
quadrupole interaction case, the previousJmax

22 values should
simply be doubled (l 151,l 252) and one obtainsJmax

12 mark-
ing the end of shoulders. Nevertheless, the dipole-quadru
interactions seem to us to be too weak to condition the re
nant energy transfer in the NO-N2 case, and more compli
cated mechanisms involving short-range forces should be
sponsible for the formation of shoulders at such hi
rotational numbers.

The last point to enlighten concerns the general obse
tion that the ET model reproduces better theK53/2 case
than theK51/2 one. This feature, which in the framework
previous semiclassical approaches has to our knowle
never been observed, looks at first sight quite surpris
Indeed, from the standpoint of a linear molecule (K50) one
should expect better results for the lowest fundamental s
band (K51/2). However, a deeper analysis of the basic cl
sical approximations~see the first paragraph of Sec. II! re-

FIG. 5. Line-broadening coefficients as a function ofm for the
fundamental band of NO perturbed by N2 at 183 K:~a! 2P1/2 sub-
band,~b! 2P3/2 sub-band;~e! and ~f! sets of the experimental dat
of Spenceret al. mark thel-e andl-f components.
8-8
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veals that the condition of smallness of the internal mome
as compared to the total momentum is better assured foK
53/2.

IV. CONCLUSION

In this paper the exact trajectory approach was exten
to the case of a symmetric top active molecule and applie
the calculation of the IR line-broadening coefficients of nit
monoxide perturbed by nitrogen. An exhaustive theoret
analysis of linewidths was realized for temperatures rang
between 163 and 296 K, which is an interval of crucial im
portance in the simulation of molecular processes for atm
spheric purposes. The calculated values improved the sc
theoretical data available in the literature significantly a
provided values for unstudied temperatures. At high te
peratures, the exact trajectory model showed an exce
consistency with the experimental data. At low temperatu
it yielded predictions of linewidths more reasonable by
than any of the previously employed trajectory shape m
els. Therefore, provided a refined intermolecular potentia
available, the exact trajectory model is expected to serve
powerful tool for the reliable computation of linewidths.

The realistic results obtained with the exact trajecto
model encourage a similar study of linewidths for the case
NO perturbed by oxygen. Straightforward linewidth me
surements for this system had been prevented for a long

FIG. 6. Line-broadening coefficients as a function ofm for the
fundamental band of NO perturbed by N2 at 163 K:~a! 2P1/2 sub-
band,~b! 2P3/2 sub-band.
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TABLE II. Nitrogen broadened NO2P1/2 sub-band linewidths
(1023 cm21/atm) at 295 K.

J exper.@10# PT9 PT ET9 ET8 ET

0.5 6267 60.1 68.5 53.3 67.4 67.4
1.5 50.5 66.6 66.7
2.5 7267 54.8 66.1 49.2 66.4 66.5
3.5 61.167 47.8 65.9 66.0
4.5 62.967 51.5 63.9 46.2 65.2 65.3
5.5 62.166 44.6 64.3 64.4
6.5 63.366 43.3 63.5 63.7
7.5 60.866 42.3 63.0 63.1
8.5 60.266 41.5 62.6 62.7
9.5 6566 44.0 59.4 40.8 62.3 62.4
10.5 59.366 42.6 58.6 40.0 62.0 62.2
11.5 58.666 39.1 61.7 61.9
12.5 61.166 38.0 61.3 61.5
13.5 61.966 36.6 60.8 61.0
14.5 57.566 35.0 60.1 60.4
15.5 55.666 33.2 59.4 59.7
16.5 57.266 29.4 49.4 31.4 58.6 58.9
17.5 5766 29.5 57.7 58.1
18.5 54.866 27.6 56.7 57.2
19.5 55.466 25.8 55.7 56.2
20.5 56.566 19.3 39.9 24.0 54.6 55.2
21.5 51.466 22.4 53.5 54.3
22.5 5266 20.8 52.4 53.3

TABLE III. Nitrogen-broadened NO2P3/2 sub-band linewidths
(1023 cm21/atm) at 295 K.

J exper.@10# PT9 PT ET9 ET8 ET

1.5 53.9 67.7 67.8
2.5 7267 59.3 68.4 52.6 67.5 67.6
3.5 68.467 50.6 66.9 67.0
4.5 68.267 54.7 65.8 48.5 66.1 66.2
5.5 67.367 46.6 65.2 65.3
6.5 6366 44.9 64.3 64.4
7.5 62.366 43.5 63.6 63.7
8.5 66.666 42.5 63.0 63.2
9.5 63.866 45.5 60.3 41.6 62.6 62.8
10.5 62.366 43.9 59.4 40.7 62.3 62.5
11.5 64.266 39.7 61.9 62.1
12.5 60.766 38.4 61.5 61.7
13.5 61.866 37.0 60.9 61.2
14.5 60.366 35.4 60.3 60.6
15.5 55.466 33.6 59.5 59.8
16.5 57.866 30.3 50.2 31.8 58.7 59.1
17.5 60.866 29.8 57.8 58.2
18.5 55.766 28.0 56.8 57.3
19.5 53.266 26.1 55.8 56.4
20.5 54.266 20 40.7 24.3 54.8 55.4
8-9
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because of its high reactivity. Only recently have such
perimental data become available by Chackerianet al. @25#
and Allout et al. @26#. A few theoretical values presentl
available for NO-O2 have been obtained in the framework
the RB approach with the parabolic trajectory model@10#
01270
-and, despite their roughness, are included in theHITRAN-96

database@11# for air-broadened nitrogen oxide linewidth
The implementation of the exact trajectory model will ther
fore be particularly valuable for this system and is
progress at our institute.
APPENDIX
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TABLE IV. Nitrogen-broadened NO2P1/2 sub-band linewidths (1023 cm21/atm) at 296 K.

m exper.@12# exper.@13# ET9 ET m exper.@12# exper.@13# ET9 ET

21.5 66.862 72.264.2 53.0 67.8 1.5 68.663.4 53.0 65.8
22.5 58.963 66.862 50.2 65.9 2.5 66.761 50.3 65.1
23.5 63.861.2 64.561.7 48.9 65.1 3.5 61.361.2 65.161.2 49.0 64.9
24.5 60.461 63.761 47.6 64.6 4.5 60.461.2 63.361 47.6 64.4
25.5 59.661.1 62.360.7 46.0 63.8 5.5 60.861.7 61.661 46.0 63.6
26.5 56.960.9 61.961.2 44.4 64.0 6.5 58.861.5 60.961.7 44.4 62.8
27.5 56.262.1 59.861.2 43.1 62.4 7.5 58.161.1 60.761 43.1 62.1
28.5 55.560.6 60.161.5 42.2 62.0 8.5 5561.3 60.260.8 42.2 61.5
29.5 56.261.5 6061.7 41.4 61.6 9.5 52.662.1 59.560.5 41.4 61.2
210.5 56.761.8 58.662.4 40.8 61.4 10.5 51.462.8 58.960.7 40.8 60.9
211.5 55.861.2 59.665 40.1 61.2 11.5 54.961.5 58.160.8 40.1 60.6
212.5 55.260.6 57.262.9 39.2 61.1 12.5 55.561 58.160.9 39.2 60.3
213.5 5460.6 55.364.2 38.1 60.9 13.5 49.662.5 57.560.5 38.1 60.0
214.5 57.462.6 36.8 60.4 14.5 54.861 56.861 36.8 59.5
215.5 53.161.8 35.2 59.9 15.5 5261.2 56.660.9 35.2 59.0
216.5 52.461.4 33.5 59.4 16.5 54.662.9 55.361.9 33.5 58.3
217.5 56.361.9 31.6 59.0 17.5 52.862 55.561.4 31.6 57.6
218.5 51.362 29.8 58.4 18.5 5361.44 54.461.5 29.7 56.8
219.5 46.361 27.9 57.5 19.5 52.761.5 52.661.6 27.9 55.9

20.5 5261.7 54.863.9 26.0 55.0
21.5 50.363.0 24.3 54.1
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TABLE V. Nitrogen-broadened NO2P3/2 sub-band linewidths (1023 cm21/atm) at 296 K.

m exper.@12# exper.@13# ET9 ET m exper.@12# exper.@13# ET9 ET

22.5 67.561.5 75.464.5 52.2 67.8
23.5 66.162.4 66.462.8 52.2 67.0 3.5 64.663.2 6763.3 52.3 65.9
24.5 64.363.0 67.462 50.3 66.1 4.5 64.961.8 66.261.2 50.3 65.3
25.5 6261.6 63.561.6 48.3 65.1 5.5 6360.5 65.861.5 48.3 64.5
26.5 61.260.6 64.361.5 46.3 64.1 6.5 62.360.7 64.361.2 46.3 63.6
27.5 60.162.3 63.861.7 44.7 63.3 7.5 61.861.3 63.861.1 44.7 62.8
28.5 59.261.8 61.563.3 43.4 62.7 8.5 59.161.5 63.360.9 43.4 62.1
29.5 60.660.3 6363.3 42.4 62.2 9.5 57.860.9 6261.1 42.4 61.6
210.5 57.660.9 62.364 41.6 61.8 10.5 5762.4 60.661 41.6 61.2
211.5 57.963.4 58.565.4 40.7 61.6 11.5 59.362.5 60.461 40.7 60.9
212.5 58.763.8 58.564.5 39.8 61.4 12.5 5660.2 61.460.8 39.7 60.6
213.5 5661.0 38.6 61.1 13.5 57.461.8 59.261.3 38.6 60.2
214.5 55.560.8 37.2 60.6 14.5 5861.2 57.762 37.2 59.7
215.5 60.962.5 35.6 60.1 15.5 54.861.2 58.861.8 35.6 59.1
216.5 56.960.4 33.8 59.6 16.5 53.862.1 57.262.9 33.8 58.4
217.5 17.5 54.860.7 59.262.6 32.0 57.7
218.5 41.862.9 30.1 58.5 18.5 54.861.9 55.163.5 30.1 56.9
219.5 19.5 4762.7 58.263.8 28.2 56.1
220.5 46.867.4 26.4 56.7 20.5 57.861.6 58.468.8 26.4 55.2
221.5 51611.0 24.6 56.1 21.5 56.762.4 24.6 54.3
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In the above formulas the following notations are introduc

C
J8K
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J8K )2 and D5(21) j i1 j f2@(2 j i11)(2j f

11)Cj iK
( l 1)Cj fK

( l 1)
#1/2W( j i j f j i j f ;n l 1), whereW( j i j f j i j f ;n l 1) is

the Racah coefficient, andn is the order of the coupling
tensor between the moleculear system and the external fi
for the IR absorption case considered here,n51. The reso-
nance parameterkc is defined bykc5vr c /v.

Resonance functions:
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