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Oxygen-broadened and air-broadened linewidths for the NO infrared absorption bands
by means of the exact-trajectory approach

J. Buldyreva,* S. Benec’h, and M. Chrysos
Laboratoire des Proprie´tés Optiques des Mate´riaux et Applications, Unite´ Mixte de Recherche, CNRS UMR No. 6136,
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Semiclassicalab initio values of oxygen-broadened and air-broadened NO infrared linewidths are reported
in the range of atmospheric temperatures 163–299 K. The calculation is based on the authors’ recently
developed extended exact trajectory approach implemented within the Robert-Bonamy formalism for colli-
sional line broadening. The results obtained are found to be in excellent agreement with recent straightforward
measurements.
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I. INTRODUCTION

During the last decades the nitric monoxide infrared
sorption has been extensively studied both experiment
and theoretically. The motivation for undertaking such stu
ies is the abundance of NO in the upper Earth’s atmosph
Stratospheric injections and aircraft emissions are two
amples among a variety of NO sources. In practice, meas
ments of the NO concentration require accurate data of l
widths, intensities, and line positions, over a wide range
temperatures and pressures for different perturbers. Tw
the most important perturbing species are nitrogen and o
gen since they are the main constituents of the air.

Given that experimentation with NO-N2 is quite easily
feasible, the need for a better understanding—from the
oretical standpoint—of the structure and dynamics of t
system through a meaningful comparison with the exp
ment appeared very early, and semiclassical studies
NO-N2 had been attempted already in the 1970s@1–4#. In
spite of the advent of high-speed computers, semiclass
approaches are still preferable as compared to straigh
ward quantum-mechanical computations because of the c
plexity of the aforementioned system. In this context, it tu
out that Robert and Bonamy’s~RB! @5# theory is the most
advanced of all semiclassical approaches thus far develo
However, because it uses parabolic trajectories~PT! to de-
scribe the relative motion of two colliding molecules, th
formalism is known to provide inaccurate linewidths for hig
values of the rotational quantum number@2#. Recently, we
proposed a more rigorous methodology for symmetric
active molecules@6# based on the exact trajectory~ET! ap-
proach@7,8# and implemented within the RB formalism. A
good agreement with the experiment was found for b
2P1/2 and 2P3/2 subbands in the temperature range 163–2
K. We thus managed to substantially improve the theoret
values of the literature, and this enabled us to complete
for NO for temperatures which were unstudied until that tim
@6#.

In the present paper we are rather focusing on an an
gous but complementary study involving oxygen-broade
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NO infrared linewidths. The high reactivity of O2, which
readily reacts with NO to form NO2 through the reaction
2 NO1O2→2 NO2, had for a long time inhibited experi
mentalists to make straightforward measurements. In fac
far, the only way to assess the role of oxygen as a pertu
was through theoretical analyses. However, such estim
suffer from the lack of reliability and rigor because of th
arbitrariness in the way to parametrize the NO-O2 intermo-
lecular potential surfaces in conjunction with thea priori
unknown degree of validity of the theoretical results whi
strongly depend on the response of the model used.

Only very recently some experimental data for NO-O2

linewidths at 299 K@9# and 295 K@10# became available, by
two research groups independently. The experiment
Chackerianet al. @9# dealt with the fundamental band an
was held in an environment of oxygen of constant press
A particular experimental setup was for this purpose ela
rated, which made use of a flow system to eliminate
buildup of NO2 and to replace the concentration of NO. Th
second experiment, that by Alloutet al. @10#, dealt with the
first overtone band; the partial pressure of NO incide the
decreased during the recording of the interferogram. A s
cial method was used therein to obtain collisional widt
from Fourier-transform spectra. The experimental data
ported by these two groups may therefore serve as a re
ence for making useful comparisons with theoretical res
to be reported here, ending up with rigorous predictions
broadening coefficients for NO perturbed by the air.

As far as theoretical results are concerned, the first ca
lation of linewidths for the aforementioned systems was h
by Tejwani et al. @1# in the framework of the Anderson
Tsao-Curnutte~ATC! theory@12,13#, but their approach was
invalid for nonpolar molecules (N2 and O2) and led to un-
satisfactory results. Later on, a more rigorous computa
was carried out by Houdeauet al. @2# within the RB formal-
ism using parabolic trajectories, and theoretical data ba
on their results have been included in the HITRAN96 da
base for NO pertubed by air@11#. It should, however, be
pointed out that the latter information is very approxima
the reported values being identical for all lines~see the foot-
note of Table 2 of Ref.@11#!.

Our paper is organized as follows. In Sec. II we brie
©2001 The American Physical Society05-1
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TABLE I. Physical parameters characterizing the intermolecular potential NO-O2; atomic Lennard-Jones
parameters are given for the three available parametrizations: low limit~I!, midpoint~II !, and high limit~III !.

di j
a ei j

a ur 1i u,ur 2 j u a Q b (10226 esu!
~erg Å12) ~erg Å6) (Å) m (10218 esu! B0

c (cm21)

dN-O50.1424~I! eN-O50.1910~I!
dO-O50.0673 (I) eO-O50.1459 (I)
dN-O50.2547 (II) eN-O50.2502 (II) ur 1Nu50.614 QNO521.8 B0NO51.6957
dO-O50.1326 (II) eO-O50.1980 (II) ur 1Ou50.537 QO2

520.39 B0O2
51.4377

dN-O50.4286 (III) eN-O50.3185 (III) ur 2Ou50.603 mNO50.158
dO-O50.2479 (III) eO-O50.2606 (III)

aReference@19#.
bReference@2#.
cReference@11#.
ca
w
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n

9
-
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are
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In
present the features of the RB formalism adapted to the
of NO viewed as a symmetric top active molecule, and
recall the essential points of the ET approach. In Sec. III,
latter approach is applied to the calculation of oxyge
perturbed NO linewidths, for both2P1/2 and 2P3/2 electronic
subbands and for various temperatures ranging from 29
163 K. Then, the NO-O2 results are combined with analo
gous data, recently provided by the authors for NO-N2 @6#,
03270
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so that the air-broadening coefficients for the atmosph
constitution are calculated. In Sec. IV the main results
summarized and some perspectives are given.

II. THEORETICAL TREATMENT

Because of an unpaired electron, nitrogen monoxide is
intriguing and particulary challenging diatomic molecule.
al
-

FIG. 1. Comparison between theoretic
O2-broadened NO linewidths for different param
etrizations of the atom-atom potential~this work!
and experimental data of Chackerianet al. @9# at
299 K: ~a! 2P1/2 subband,f and e designate
L-doubling components;~b! 2P3/2 subband.
5-2
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OXYGEN-BROADENED AND AIR-BROADENED . . . PHYSICAL REVIEW A63 032705
contrast to ordinary diatoms, its ground electronic state is
a 2P type and splits up into two components, namely2P1/2
and 2P3/2, via spin-orbit interaction. The corresponding r
tational wave functions are those of a symmetric to
uJKM&, characterized by a rotational quantum numberJ, a
magnetic oneM, as well as by an additional quantum numb
K, which designates the projection of the total angular m
mentum on the internuclear axis. The possible values of
latter quantum number are thus defined by the sum of
corresponding components of spin (S561/2) and of elec-
tronic (L51) angular momenta:K51/2 or K53/2. We re-
call that the case of linear molecules with aS-ground elec-
tronic state corresponds toK50. The effects of an additiona
L-doubling caused by the coupling between the rotation
the molecule and the orbital motion of the electrons c
sometimes be observed experimentally for NO@4,9,10#, but
these effects are neglected in the context of the semiclas
formalism to be applied here.

In order to make the RB approach@5# ~which was initially
developed for linear molecules in the groundS state! appli-
cable to the more general case of a symmetric top ac
molecule, an extension of the formalism is required.

A. The Robert-Bonamy formalism for a symmetric top active
molecule

The approach proposed a couple of decades ago by R
ert and Bonamy@5# constitutes an important leap ahead
semiclassical studies since it manages to significantly
prove the well-known~but insufficient! ATC theory. This
became possible by means of an exponential form of
scattering matrix~which now avoids the ambiguous cuto
procedure! and a more physical model of a curved trajecto
~which now is a parabola! governed by the isotropic poten
tial.

Within this approach, for the case considered here,
linewidth ~in cm21) g f i associated to a radiative transitio
f← i is reduced to

g f i5
nb

2pc (
j 2

r j 2
E

0

`

v f ~v !dvE
0

`

2pbdb$12@12S2,f 2i2
(L) #

3exp@2~S2,f 21S2,i21S2,f 2i2
(C) !#%. ~1!

Here nb stands for the numerical density of the perturbi
particles andr j 2

denotes their thermal population. For pra

tical calculations, the integration over the relative velocityv
with the Maxwell-Boltzmann distributionf (v) is replaced by
the mean thermal velocityv̄5A8kT/pm* (T is the tempera-
ture andm* is the reduced mass of the molecular pair!. The
integral over the impact parameterb is replaced by the inte
gral over the distance of closest approachr c ~for more de-
tails, see Ref.@5#!, wherer c andb are related with each othe
via the energy conservation condition

b/r c5A12Viso* ~r c!.

The asterisk denotes the isotropic potential’s reduced v
defined byViso* 52Viso /m* v2. As Viso the Lennard-Jones
03270
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form VLJ(r )54«@(s/r )122(s/r )6# is often taken, where
the two parameters« and s designate the depth of the po
tential well and the radius of action of the repulsive force
respectively.

Explicit expressions for the various second-order con
butions S2 in Eq. ~1! are tedious and lengthy, and can b

TABLE II. O2-broadening coefficients~in cm21 atm21) for NO
at 299 K; our exact trajectory~ET! values are given for the mid
point parametrization II.

m 2P1/2( f ) 2P1/2(e) 2P1/2
2P3/2

2P3/2

Expt. @9# Expt. @9# ET II Expt. @9# ET II

21.5 59.67~78! 59.59~87! 49.54
22.5 49.43 59.21~5! 51.30
23.5 54.59~33! 55.64~32! 49.39 57.97~40! 51.07
24.5 52.10~45! 52.60~34! 49.29 55.07~33! 50.87
25.5 50.79~58! 51.63~50! 49.12 54.20~23! 50.63
26.5 48.90~59! 49.38~36! 48.92 52.70~37! 50.37
27.5 48.43~27! 48.33~60! 48.70 51.88~33! 50.10
28.5 48.27~39! 47.75~64! 48.48 50.44~21! 49.84
29.5 47.38~47! 47.45~62! 48.24 50.85~22! 49.58
210.5 46.78~59! 46.78~44! 48.01 49.56~20! 49.32
211.5 47.31~36! 47.13~54! 47.75 49.31~22! 49.05
212.5 47.40~47! 46.17~62! 47.47 48.76
213.5 46.15~50! 45.07~53! 47.10 48.15~30! 48.38
214.5 45.59~11! 44.83~10! 46.64 47.22~37! 47.92
215.5 46.21~46! 43.43~68! 46.18 46.25~68! 47.46
216.5 46.74~30! 43.53~34! 45.69 46.98~26! 46.96
217.5 45.16~61! 44.15~15! 45.26 46.53
218.5 44.59~74! 42.53~73! 44.86 48.05~150! 45.13
219.5 42.45~83! 41.15~93! 44.46 45.72
220.5 42.25~36! 40.35~67! 44.03 43.67~16! 45.29
221.5 43.72~25! 41.13~94! 43.61 45.25~180! 44.86
1.5 60.93~40! 60.42~07! 50.23
2.5 57.71~26! 56.98~25! 49.67 58.45~73! 51.55
3.5 54.65~40! 54.34~67! 49.51 57.41~10! 51.33
4.5 53.16~35! 51.69~47! 49.37 55.11~25! 51.04
5.5 51.38~63! 51.01~64! 48.19 54.06~26! 50.75
6.5 49.95~78! 48.96~63! 48.97 52.92~22! 50.45
7.5 50.00~30! 47.86~57! 48.74 51.46~35! 50.17
8.5 49.18~60! 47.44~41! 48.50 50.70~30! 49.89
9.5 48.03~77! 46.38~54! 48.27 50.35~27! 49.62
10.5 47.72~89! 45.62~64! 47.03 49.35
11.5 47.50~67! 46.10~17! 47.77 49.00~30! 49.07
12.5 47.37~65! 45.41~61! 47.48 48.91~28! 48.77
13.5 47.10 48.66~8! 48.38
14.5 47.30~40! 43.80~54! 46.65 47.73~10! 47.93
15.5 48.07~10! 43.88~03! 45.18 47.09~48! 47.46
16.5 46.65~33! 43.89~09! 45.70 45.65~40! 46.98
17.5 47.12~34! 42.46~40! 44.26 46.12~29! 46.53
18.5 45.63~46! 42.93~45! 44.87 45.80~13! 46.13
19.5 42.99~67! 42.38~23! 44.46 44.73~38! 45.73
20.5 44.21~53! 39.50~47! 44.05 43.62~85! 45.31
21.5 45.57~62! 40.02~91! 43.59 43.49~96! 44.85
22.5 40.06~17! 39.95~1.80! 43.14
5-3
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FIG. 2. Comparison between theoretic
O2-broadened NO linewidths for different param
etrizations of the atom-atom potential~this work!,
midpoint values of Houdeauet al. @2# obtained
with parabolic trajectory~PT!, and experimental
data of Alloutet al. @10# at 295 K;~a! 2P1/2 sub-
band,~b! 2P3/2 subband.
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found in Ref.@5#. We simply note that all what is needed
matrix elements of the anisotropic potentialVaniso over ro-
tational wave functions of the molecular systemu j imi j 2m2&
before and after the collision. Under the classical path
sumption, this function is factorized as a product of wa
functions corresponding to the active molecule and to
perturber, so that the matrix element can be written a
product of separated matrix elements. When the active m
ecule no longer is linear, its wave functions, thus far sph
cal harmonicsYlm(q,f), have to be modified, and for th
case of a symmetric top they have to be replaced by@14#

uJKM&5S 2J11

8p2 D 1/2

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

In Eq. ~2!, Dm8m
l (c,q,f) are the Wigner rotation matrice

~whose arguments have been reversed for practical purpo!
described by the three Euler angles (f,q,c) relative to the
orientation of the molecule in the laboratory-fixed frame.

When the anisotropic potential is represented by a se
over anisotropy ranks of two interacting moleculesl 1 , l 2, the
matrix element gives rise to the Clebsh-Gordan coefficie

Cj 0l 10
j 80 ~for the collisional transitionj→ j 8) for a linear active

molecule, and toCjKl 10
j 8K in the case of a symmetric top. Not
03270
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in passing that this modification, i.e., when switching fro
K50 to K5” 0, has already been implemented within
parabolic-shape trajectory and reported in the past@15#, but
no mathematical argumentation was made therein. A m
detailed derivation has, however, been given throughout
presentation of our exact trajectory approach@6#.

B. Exact trajectory approach

The exact solution of the classical equations of motion
a particle in the action of an isotropic potential is well know
@16#. But only in 1992 was it proposed to incorporate it in
semiclassical calculation of spectral parameters@7,8#. It is
noteworthy and somehow surprising, however, that in Re
@7,8# this ET approach, conceived to provide high accurac
was implemented within the ATC theory. Moreover, on
lineshifts for some systems were calculated and repo
therein, despite the fact that the degree of validity of t
modeling should be checked more extensively by further
plications. Last year, two such applications were made in
frame of the RB formalism for the vibrational line shifts o
H2-He @17# and for the isotropic linewidths of self-perturbe
nitrogen@18#. In contrast to the preceding studies, where
active species were atoms or ordinary diatomic molecu
we managed to extend this approach to the case of a s
5-4
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metric top active molecule and to apply it to the infrar
linewidths of NO broadened by N2 @6#.

The main idea of the ET approach consists of using c
sical expressions for the time and phase of relative molec
motion as functions of the initial kinetic energy and the is
tropic potential, aiming at replacing the integration of mat
elements over time by integration over intermolecular d
tances for a given value of the impact parameter~for more
details, see Ref.@6#!. Although the computational effort is
much higher than that for analytical straight-line or parabo
trajectory expressions, a far better precision is attained
vided that the potential employed is equally rigorous.

III. CALCULATION OF LINEWIDTHS

For NO-O2 ~as for NO-N2), no ab initio potential-energy
surface is available. Its anisotropic partVaniso between two
molecules 1 and 2 is thus represented as a superpositio
long-range electrostatic interactions~dipole-quadrupole
Vm1Q2

and quadrupole-quadrupoleVQ1Q2
), as well as of

atom-atom ones accounting for short-range forces,

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 .

The summation is taken over thei th atoms of the first mol-
ecule and thej th atoms of the second molecule. The atom
pair energy parametersdi j , ei j , r 1i ,2j as well as the multi-
polar moments for the considered systems are listed in T
I. This expression forVaniso is the same as that of Refs.@2,6#
and enables us to realize a meaningful comparison of res
obtained with different trajectories.

We first calculate the linewidths of NO embedded in
environment of oxygen. Different temperatures, rang
from 299 K down to 163 K, are studied, allowing us to che
the applicability of our approach. Then, using the up-to-d
NO-N2 theoretical data from our previous work@6#, we com-
pute the broadening coefficients for NO perturbed by the

A. The NO-O2 case

Let us start our analysis by the temperature of 299 K,
which a series of experimental linewidths by Chacker
et al. is available@9#. Since the optimal parametrization o
the NO-O2 potential isa priori unknown@19#, computations
are done against the quantum numberm for the three param-
etrizations which are available: low-limit~I!, midpoint ~II !,
and high-limit ~III ! @19#; we recall that for theP branch,m
52J, while in theR branch it ism5J11. Results are il-
lustrated in Figs. 1~a! and 1~b!. What is attested there is tha
the calculated linewidths strongly depend on the way to
rametrize; therefore, a good estimation of the atom-atom
rametersdi j ,ei j is of crucial importance. For both2P1/2 and
2P3/2 subbands, for not too low rotational numbers, the m
point parametrization for the exact trajectory approach p
vides an excellent agreement with the experimental d
only for very low rotational numbers some deviation in t
03270
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TABLE III. O 2-broadening coefficients~in cm21 atm21) for
NO at 295 K; our exact trajectory approach~ET! values are given
for the midpoint~II ! and high-limit ~III ! parametrizations.

m 2P1/2
2P1/2

2P1/2
2P3/2

2P3/2
2P3/2

2P3/2

Expt.
@10#

ET II ET III Expt.
@10#

PT @2# ET II ET III

21.5 51.57 56.37
22.5 51.45 56.30 52.13 56.73
23.5 51.37 56.26 51.89 56.58
24.5 51.30 56.18 51.68 56.44
25.5 51.12 56.04 69 51.44 56.25
26.5 55 50.92 55.87 60 51.18 56.05
27.5 56 50.69 55.70 50.89 55.84
28.5 49 50.45 55.50 59 50.62 55.63
29.5 52 50.20 55.31 50.35 55.42

210.5 55 49.95 55.13 50.07 55.22
211.5 54 49.68 54.94 57 49.78 55.01
212.5 49.38 54.72 49.47 54.79
213.5 55 48.97 54.46 49.06 54.52
214.5 48.50 54.18 48.59 54.24
215.5 48.03 53.89 48.11 53.94
216.5 47.52 53.58 47.60 53.63
217.5 47.07 53.30 47.15 53.35
218.5 46.65 53.01 46.72 53.06
219.5 46.21 52.70 46.28 52.74
220.5 45.74 52.39 45.81 52.43
221.5 45.27 52.08 45.33 52.12
222.5 44.81 51.79 44.87 51.82
223.5 44.31 51.49 44.37 51.53
224.5 43.89 51.20 43.94 51.24

1.5 52.26 56.82
2.5 51.69 56.45 52.38 56.90
3.5 51.52 56.34 56.3 52.16 56.75
4.5 51.38 56.23 51.85 56.55
5.5 51.20 56.08 51.56 56.33
6.5 50.96 55.90 51.9 51.26 56.10
7.5 50.73 55.71 50.97 55.88
8.5 50.48 55.52 50.67 55.66
9.5 50.23 55.33 50.3 50.39 55.44

10.5 54 49.97 55.14 50.10 55.24
11.5 50 49.69 54.94 49.81 55.03
12.5 49.38 54.72 49.4 49.48 54.80
13.5 49.97 54.46 51 49.07 54.52
14.5 48 49.51 54.18 48.60 54.24
15.5 51 49.03 53.89 55 48.1 48.12 53.9
16.5 49 47.53 53.58 47.61 53.64
17.5 47.07 53.30 47.15 53.35
18.5 47 46.65 53.01 46.2 46.72 53.0
19.5 46.21 52.70 46.28 52.74
20.5 45.75 52.40 45.82 52.44
21.5 45.28 52.09 44.1 45.34 52.13
22.5 44.78 51.79 44.85 51.82
23.5 44.33 51.49 44.39 51.53
24.5 43.87 51.20 43.92 51.24
5-5
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trend is observed~for numerical values see Table II!. We
ascribe the inability of the ET approach to predict accur
linewidths for smallJ to the roughness of the atom-ato
parameters. Indeed, for the system considered, the lo
range electrostatic interactions are very weak:m150.158
310218 esu andQ2520.39310226 esu, the latter value to
be compared withQ2521.59310226 esu for NO-N2.
Hence, in opposition to NO-N2 where the linewidths for
small J are mainly due to electrostatic interactions@15,2,6#,
the corresponding contributions for NO-O2 no longer are

TABLE IV. Comparison between theoretical values of NO-O2

linewidths at 163 K;R branch of the2P3/2 subband~parametriza-
tion II is employed in both approaches!.

J PT ~Ref. @2#! ET ~this work!

2.5 91.0 84.4
5.5 83.5 82.0
8.5 81.3 79.6

11.5 78.2 76.1
14.5 74.1 72.8
17.5 69.7 69.2
20.5 65.2 65.9
03270
e

g-

dominant~dashed curves on Fig. 1! and, therefore, no more
are they able to give rise to the characteristic ‘‘shoulde
@20,6#. The role of short-range forces are thus very import
for these rotational numbers and a slightly inaccurate par
etrization may remove all advantages of the~sensitive! exact
trajectory approach.

Another series of experimental data~with uncertainties of
about 10%! was obtained by Alloutet al. at 295 K @10#.
These data are plotted together with our corresponding
oretical values~for parametrizations I–III! in Fig. 2. In ad-
dition, for the K53/2 case@Fig. 2~b!# available theoretical
results of Houdeauet al. @2#, obtained with parabolic-shap
trajectories with parametrization II, are also included. Ta
III gathers all numerical values. For the diamagnetic su
band, Fig. 2~a! shows that for theR-branch (m.0) line-
widths the midpoint parametrization remains preferable
for the P branch (m,0) the high-limit parametrization
seems to work better. The same tendency is observed fo
paramagnetic subband, as well@Fig. 2~b!#. It should also be
stressed that the predictions of the PT approach are alm
identical to our ET results, both obtained with parametriz
tion II. Only slight deviations are observed at extreme valu
~both low and high! of the rotational quantum number. Th
tendency of the parabolic trajectory approach to prov
ir-
i-
FIG. 3. Comparison between theoretical a
broadened NO linewidths for different parametr
zations of the NO-O2 atom-atom potential~this
work! at T5295 K: ~a! 2P1/2 subband,~b! 2P3/2

subband.
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FIG. 4. Temperature dependence of a
broadened NO linewidths calculated with the e
act trajectory~ET! approach~midpoint parametri-
zation for NO-O2) and analogous result
obtained with the parabolic trajectory~PT! ap-
proach@2#: ~a! 2P1/2 subband,~b! 2P3/2 subband.
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larger linewidths for smallJ while smaller ones for largeJ in
comparison to the exact trajectory ones, has already b
reported@18,6# and should be recognized as a signature
the two compared approaches.

For other temperatures, no experimental values for
oxygen-broadened NO linewidths are available, but so
calculations have been performed by Tejwaniet al. @1# and
by Houdeauet al. @2#. As was mentioned above, the valu
of Ref. @1# are unsatisfactory and therefore there is no int
est for these results to be reproduced. So, in Table IV
report our ET results together with the PT values of Ref.@2#
for 163 K ~midpoint parametrization!. It can be stated from
Table IV that the linewidths obtained with both trajecto
approaches are very close to each other. Only some di
ences are again observed for very small rotational quan
numbers.

B. The NO-air case

Having already computed the line-boadening coefficie
of NO for both perturbers, namelygNO-N2

and gNO-O2
, the

air-broadened linewidths are deduced by the simple wei
ing expression,
03270
en
f

e
e

-
e

r-
m

s

t-

gNO-air50.79gNO-N2
10.21gNO-O2

,

since, within binary collision regime, a single NO molecu
is either perturbed by a N2 molecule or by an O2 one, whose
concentrations in the atmosphere are of 79% and 21%,
spectively, and the linewidth is an additive spectral prope

Aiming to analyze the influence of the different atom
atom NO-O2 parametrizations ongNO-air, we plot in Fig. 3
(2P1/2 and 2P3/2 subbands! the corresponding linewidths fo
295 K; we note that for the NO-N2 case the low-limit pa-
rameters were found to be more appropriate for modeling
experimental data. Due to the dominant concentration of2
in the atmosphere, the general tendency of the theore
curves is analogous to that referring to the NO-N2 case, but
the electrostatic interactions~dashed line curve! are no
longer dominant even when rotational numbers get sm
values. Furthermore, the ‘‘shoulder,’’ which thus far was o
served in theumu-values interval 5–15@6#, is now hardly
reproduced. We also note that, despite the great differen
between the parametrizations checked for NO-O2, the air-
perturbed linewidths are not of high sensitivity, relative d
viations between theoretical results amounting to 2–3%.

Finally, in Fig. 4 the variation of thegNO-air as a function
of m, for different temperatures in the range 295–163 K,
5-7
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plotted. Apart from Tejwaniet al.’s work @1# for the R
branch of the subband2P1/2 at 300, 250, and 200 K an
Houdeauet al.’s work @2# for the R branch of the subband
2P3/2 at 295, 250, 200, and 163 K, no otherab initio theo-
retical results have, to our knowledge, ever been reported
the temperature range considered. Analogously with the c
clusions drawn for nitrogen and oxygen, these plots sh
that our air-broadening coefficients are substantially sma
than those of Houdeauet al. for low values of the rotationa
quantum number but greater for high ones. A straightforw
numerical comparison is made in Table V.

TABLE V. Comparison between theoretical values of NO-
linewidths;R branch of the2P3/2 subband.

T 295 K 163 K
J PT ~Ref. @2#! ET ~this work! PT ~Ref. @2#! ET ~this work!

2.5 68.5 64.3 112.3 103.3
5.5 63.8 62.3 105.4 99.3
8.5 60.8 60.5 100.8 96.7

11.5 58.5 59.5 93.0 93.6
14.5 55.4 57.9 83.8 89.0
17.5 51.5 55.8 73.0 83.6
m

G

io

R

.

.

R

.
di

03270
or
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w
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d

IV. CONCLUSION

In this work the extended exact trajectory approach,
cently developed by the authors@6#, was applied to infrared
line broadening. Linewidths for the fundamental band of N
perturbed by oxygen and air wereab initio calculated for
different temperatures of atmospheric interest. This calcu
tion significantly completed the scarce theoretical data wh
until the present work were available in the literature.

A straightforward comparison of our results for NO-O2

with the experimetal values by Chackerianet al. @9# and Al-
lout et al. @10# allowed us to make a detailed analysis
different ways to parametrize the atom-atom part of the
teraction potential. In spite of the fact that the influence
the three different parametrizations on the oxygen-broade
linewidths was found to be strong, these parametrizati
only weakly affect the linewidths for the air.

The results obtained with the exact trajectory once m
clearly demonstrated the advantages of this approach, e
cially for the low temperatures for which the parabolic tr
jectory ~PT! is inadequate. Given the fact that the use o
model interaction potential masked to a certain extent
subtleties of the approach, a more advanced study emplo
refined NO-O2 and NO-N2 potential surfaces wheneve
available would be of particular interest. This should allo
us to draw definite conclusions on the degree of validity
our approach as well as on its accuracy.
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