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Infrared nitrogen-perturbed NO linewidths in a temperature range of atmospheric interest:
An extension of the exact trajectory model
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Infrared NO-N line-broadening coefficients for the fundamental 1-0 bandabriitio 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 fBramutR branches
of diamagnetic®II,,, and paramagnetiéll,, 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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[. INTRODUCTION Kubo [4], resulting in a scattering operator of exponential

form. In addition, they introduced a trajectory model of para-

A variety of simple molecules exists which are particu- bolic molecule paths. According to this model the curvature
larly challenging for atmospherical purposes, whose rotaof the trajectory is produced by the influence of the isotropic
tional constants are small. The diatomics, ND,, and NO as  potential, enabling one to include anisotropic short-range in-
well as the triatomic C@are representative members of this teractions for which atom-atom potential models can be em-
class. Due to their small rotational constants the number oployed. Compared to the ATC theory, the final expressions

relaxation channels in these systems increases rapidly even®j; the Robert-BonamyRB) formalism are rather compli-

not too high temperatures, making any rigorous quantumg:ate_ol but analyti_cal. The RB approach was then Sl_JccessfuIIy
plied to various molecular system@iatom-diatom,

mechanical tool, such as close-coupling and coupled stat tatom-noble gas, etcfor which collisions at close approach
techniques practically inapplicable. In contrast, semiclassica gas, PP

methods offer themselves as the only valuable approach fqa{re of great importance, especially for diagnostic purposes at
o - . . igh temperatures.
the description of collisional line broadenirithe Doppler

. . For the majority of the aforementioned molecular sys-
effects are negligible for the pressure range to be con&dere@ms, however, the atmospheric temperatures correspond to

here, provided the thermal energy coresponding to the teMg;neyic energiegmore or lessclose to the isotropic potential
perature of the mediumk(T) is sufficiently higher than the || threshold. Therefore, as temperature decreases, the RB
depth of the isotropic intermolecular potential well. approach is expected to progressively lose its accuracy, be-
For many years the approach initially developed bycoming unable to provide meaningful predictions of line-
Anderson[1] and later systematized by Tsao and Curnuttewidths. Given the fact that quantum mechanics is difficult to
[2] was the only semiclassical theory available in the litera-apply, a further refinement of the semiclassical description
ture for anab initio calculation of widths and shifts of iso- appears to be of particular interest.
lated spectral lines; it is often referred to as the Anderson- As a next step, in 1992, Bykogt al. [5,6] proposed to
Tsao-Curnuttgd ATC) theory. As it is based on perturbation apply directly the well-known exact solution of the equations
theory, only long-range intermolecular forces are taken intaf motion of a classical particle influenced by the isotropic
account and straight line molecule paths are employed. Opotential[ 7], thus accessing an “exact” trajectory, yet valid
practical grounds, it turns out that the ATC approach is suitwithin classical mechanics only. However, Bykov and co-
able for systems interacting by strong electrostatic forces. Invorkers performed no computation of linewidths. An at-
order to avoid divergencies of the scattering operator, whichempt to introduce this exact trajectory model in the calcula-
appear at small values of the impact parameter, an artificiaion of the second order contributions to the broadening cross
“cutoff” procedure is imposed. section was undertaken by one of us in collaboration with
An important leap ahead in semiclassical studies waBonamy and Robert in the framework of the RB formalism
made a couple of decades ago by Robert and Bori&inyn  [8]. In that work the isotropic linewidths of self-perturbed
their work they showed that the unphysical cutoff procedurenitrogen were calculated at low and room temperatures as a
can be avoided by applying the linked cluster theorem ofunction of the rotational quantum number. The results ob-
tained from these computations were much more realistic
than those from any previous approach based on other tra-
*Corresponding author. Email address: jeanna.buldyreva@unijectory models, and clearly demonstrated the advantage of
angers.fr the new approach. Since the exact trajectory model is reli-
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able, the conclusion was drawn that an appropriate applicadere,n, is the numerical density of the perturbing particles

tion of the exact trajectory model can be made provided thendp, ;  is their thermal population. In practice, the integra-

representatlor) of the atom-atom interactions in the mtermoﬂon over relative velocityy with the Maxwell-Boltzmann
lecular potential is equally accurate.

The aim of the present paper is twofold. On the one har“ﬂstribution f(v) is replaced by the mean thermal velocity
from a purely fundamental viewpoint, an extension of thev = v8kT/7m* (T is the temperature and™ is the reduced
exact trajectory approach is made to a more gen@matl mass of the molecular pairThe integral over impact param-
complicated case of symmetric top active molecules which eter b is replaced by the integral over the distance of the
are frequently involved in atmospheric processes. It shoul@losest approach. (see, for more details, RB]), wherer .

be mentioned that such a symmetric top extension has alndp are related with each other via the energy conservation
ready been realized in the framework of the RB formalism.qdition

but for a parabolic trajector}9]. A couple of years later, an

application was made to the infrardéR) NO-N, and NO-Q

linewidth coefficientd 10]; but only a few theoretical values =

were reported therein and, for the two temperatures studied b/r = V1= Vig(rc)-

(295 and 163 K the predicted linewidths for high rotational

levels were too small in comparison with experiment. On the

other hand, from the practical point of view, the fact thatAn asterisk denotes the potential’s reduced value defined by
theoretical estimations of NO-N(-O,, -air) linewidths in- VE= 2Viso/Mm* v2.

cluded in theHITRAN-96 databas¢l1] are either too rough or The isotropic part of the intermolecular potential, ap-

e"etf‘ ulnalvailﬁbllf, m_akesv\?n apf“iﬁritaﬁi.mtio calc?leﬁgn pearing in the above expression is usually represented by a
particularly challenging. We note that this case o PE| ennard-Jones dependencé,s(r)=4e[ (o/r) 2— (a/r)®]

turbed by the linear molecules,Nand @ is of great impor- heree and o are two parameters designating the depth of

tance due to the dominant concentrations of nitrogen an?ﬁ ol well h . fh . fth Isi
oxygen in the Earth's atmosphetabout 79% and 21% re- the potential well and the radius of the action of the repulsive

spectively; the concentration of the active molecule NO is forces, respectively. Sindég, does not depend on the vibra-
very low and the role of NO-NO collisions is negligible. tional coordinates of the active molecule, the first-order
This paper is organized as follows. In Sec. Il, the basicpurely vibrational contributiors; s,—S,;, in Eq. (1) van-
points of the exact trajectory implementation in the RB ap-ishes. For linewidths, the imaginary part of the second-order
proach adapted to the case of NO are briefly discussed. |&ntribution8§’f2—S§’i2, which results from the noncommu-

Sec. lll thg!zinewidths for botiR a”,gnp branches of the 1-0 tative character of the interaction potential and which is es-
diamagnetic’ll,, and paramagneticlls, sub-bands are cal- o) for fineshift calculations, can be neglected. Finally,

culated, analyzed in detail, and compared with a bulk of."» o motion is made that only rotational transitions are
experimental data available for different temperatures

[10,12,13. Concluding remarks and further perspectives Ofmduced'by coIIision_s in Fhe perturbing molecul_e and that no
exact-trajectory modeling are collected in the last section. SUmmation on the vibrational quantum numbgris needed.
With all the abovementioned remarks, for the IR absorption

Il. GENERAL FORMALISM case Eq(1) is transformed into

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

The semiclassical formalism of Robert and Bonaf8y Vi~ 2mc JEZ plzﬁcmmZWrcdrc[ L
was initially developed for linear molecules in the funda- ’
mental state. For this purpose, the so-callddssical path o\ 1? o\®
assumption was made, i.e., the angular momenta tied to the X r_) _Z(r_)
active molecule and to the perturber were decoupled. This is ¢ ¢
equivalent to saying that the internal angular momenta for L) _ (C)
egch molecule a%e g?nuch smaller than thg total angular mo- XI-[1= Szl ~(Soret Saiat S2p2i2) 1
mentum, and that the orbital momentum is sufficient to pro- (2)
vide a realistic description of the rotational part of the rela-
tive motion.

In the framework of this approach, for any-type spectrum,
the linewidthy;; (in cm™1) associated with optical transition where the low bound = o 2/(1+ 1+ m*v?/2¢ ],

oo

8¢

m*vz

5

(i—f) is given by The first two contributions appearing in the exponential of
Eq. (2) are analogous to the “outer” tern&{*', S3{**" of the
yfi:& S b fwvf(v)dvfwzwbdb ATC theory, while the last on&%” corresponds to that part
2mC 3, 22 J)o 0 of the Anderson “middle” termSJ"@"® which is diagonal in

. L)
“I1—T1—S8). texd — +s,..+g©) the quantum numbers of the perturbing molecu%,
LSl = (St Spiot Soi2)] = giddie_ 5(©) [14]. All these contributions are given explic-

X €09 (Sy2t+S)2) —(S1jatSsi2) 1} (1) itely by the following relationship$3]:
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2

ho? e : o G,
Sz'i2:2(2ji+1)(2j2+1) ,2], U“’ dtexmwjijz,ji’jét)ﬂimilzm2|Vanisc(r(t))|li m{jamz)| ©)
il2
mm; momy,
b= Sz 212 0)j (4)
iz
o= 2 Sazrizrs )
ir#i2
_ o2 E jim; jim/ . . Sy, . .
Szf2ri2r =~ 20241 =, ijmf,,pcjfmfrvp %dtEXF('wjéj})(]fmf12m2|Vaniso(r(t))|Jfmf12m2>
mimi mfmf
mym;
% |t exptio 1) msmalVansde (Dl ). ©
|
In Egs.(3),(6) ji,jf,j» andm; ,m; ,m, are the rotational and B. Intermolecular potential
magnetic quantum numbers, respectivelyis the order of A realistic description of the intermolecular potential

the coupling tensor between the molecules and the externglays a crucial role when a refined trajectory model is em-
field; for the IR absorption case=1. Primes mark values ployed[8]. Unfortunately, no accuratab initio potential for

after collision. TheS,, contribution for the final statéis  the NO-N, system has thus far been available, to our knowl-
given by simply changinginto f in Eq. (3). When switching  edge. In order to make a meaningful comparison of the re-
(formally) to the case of a symmetric top active molecule,sults obtained with different trajectory models, keeping at the

the corresponding rotational wave functions in E(,(6) same time the advantages of an analytical potential expres-

are no longer the same. sion, we retain the same representation of the intermolecular
In the nitric oxide molecule, because of the strong coudPotential as in the work of Houdeat al. [10]:
ling of the electronic orbital angular momentum along the
-p g . _ . g - . g Vanisd 1) =Vel(r) + Varalr)
intermolecular axis £ =1) with the corresponding spin an-
gular momentum componei= *+1/2, the total electronic d;; &
angular momentum componeiitcan take values 1/2 or 3/2. =V.,0,7 Va0, 1 2|l ==
f ith 2 i AT T2
So, the fundamental state &I, with 2II,,, levels lying 12 2

lower than the?Il 5, ones(normal structurg In addition, the
interaction between the electronic orbital momentum and th
rotational one results into a supplementarydoubling (\-e
and\-f componentsof each §,K) level. The latter effect is N
rather small and has been observed in a few experiments z
only [12]. Since in the RB formalism this kind of coupling is

neglected,\-e and \-f components are indistinguishable

from the theoretical standpoint. Thie-3 coupling in NO is

intermediate between the Hund casasand(b), so the true i
wave functions should be linear combinations of symmetric v
top wave functions corresponding to the pure Hund dase

for sublevelsK =1/2 andK =3/2. Nevertheless, for not too e v
high rotational quantum numbeisthe mixing effects are

minor and the pure Hund case) serves as a good approxi-

mation[15]. The wave functiongJKM) are thus supplied

with three quantum numbeid K, and M. We remind the X

reader thatl is the total angular momentur, is the projec-

tion of J along the molecular axis, arM is the projection of

J along the laboratory axis. To proceed further with the

second-order contributions of E(8),(6), the intermolecular FIG. 1. Geometry of molecular collision in the laboratory fixed
potential must be specified. frame.

In the equation above, the long-range electrostatic \pgiis
eolpproximated by  dipole-quadrupole Vf(le) and

v

-
I1i24

=

-
Ij
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TABLE I. Physical parameters for NO-Nnteraction potential; | and Il stand for different parametrization¥/gf.

€ o djj €jj Irail (or[ryl) Q ® Bo

K A 10 "erg A2 10 Yerg A® A 1026 esu 1018 esu cm?

118.8(1) 358(1)  dyw=0.2910  ey=0.2502  |r;|=0.614  Quo=—-18  uno=0.158 By no=1.6957

104.4(1)  358(1)  dyo=0.1425  ey=0.1911  [r»=0548  Qu=-152 Bo n,=2.01
|r20|=0.603

quadrupole—quadrupoIeV(ngz) interactions; u, and Q,  the polar anglel (see Fig. 1 should be written explicitly.

stand for the dipole and quadrupole moments ofitemol- 10 do this, we start from the most general form of the long-
ecule, respectively. The short-range péstis given by the ~ 'ange interaction energy between two moleculeand 2 of
sum of a pair of atomic Lennard-Jones dependences with tHd? &rbitrary symmetry17] :

atomic pair energy parameteds ande;; ; rq; 5 is the dis- | | |
tance between thigh atom of the first molecule and thén V()= > DY m(DDZ, o (2C 1 m,
atom of the second oneee Fig. 1 V.4 1S obviously com- mlr'nlzl ;'m

posed of its repulsive/p and attractiveVg parts: Viat

=Vp+ Ve. All required parameters for the NOpotential
are listed in Table I. There, the interatomic parametgys
ande;; are low-limit values deduced from homonuclear di-
atomics data of Ref.16] using the usual combination rules

X Cin(0) 2 B (DAL AL, (7)
The orientation of molecules enters this expression through
the Wigner rotational matrice@'m,m(z//,ﬁ,@, whose argu-
Fo,N0= (Mo, NN T 0,00/2, ments are reversed for practical purpdsés, 9,y) are the
three Euler angles of the corresponding molecule relative to
' the laboratory axis. The intermolecular vecfol:(r,(l) is
characterized by the spherical harmoni€,,(Q)
dno=eno(2r ,n0) /2 =J4ml(21+1)Y,,(6,¥); an asterisk accounts for complex
with r,, x being the van der Waals radius for the quasimole-conjugation. The co?mments(”)(r) are defined by the in-
cule X ... X. It should be noted that the atom-atom param—teﬁﬁm'on typen, A™ are molecular parameters, and
etrization for the NO case is rather complicated since no set!iml,m; denote the Clebsh-Gordan coefficiefi8]
of parameters was found to be compatible with the three sets The atom-atom potential dependenceroand ¥ can be
of experimental data for N O,, and NO simultaneously ©Obtained 8] by means of a two-center expansidr9]. Since
[16]; for our calculations, the low-limit values were chosenin this case y; 5 is defined by three vectors;, 1, andr,
since they are of the same order as those used commonlyits nth inversed power appears as an infinite series of three
For further purposes, the dependence of each anisotropgpherical harmonics tied to these vectors orientations in the
potential term on the intermolecular vector moduld on  laboratory fixed frame:

_ 1/2
eno= (enn€oo)

A (20,+1)(2l,+1)(n+p+g—1—3)!11 (N+p+q+I—2)!!
=21 (p—I) (p+1+ DI (g—I ) (q+ 1o+ 1)!!

1 1 ri\Plra
== (_1)|2C:(1)°'2°§4 (%) (ﬁ)

n n
Mg Il r

><{:I-"'‘Sn,l((()‘p,ll‘()‘q,lzfserq,l_]—)} 2 Clm | CI

I,m,l,m
m;mom 1My f2Ma

(1)C1m,(2)Cn( ),

1My
p:|11|l+2’|l+47"'1

q:|2,|2+2,|2+4,.... (8)

For practical calculations this series has to be truncated. FQhe structure of the atom-atom interaction energy expression

our purposes we limit ourselves to the leading=(,,q :
—1,) and first correction g=l,,q=l,+2; p=l,+24 and that of the long-range energy of K@) is that the mo-

=1,) repulsive ¥ vy and attractive Y ,v) terms

only. Forl;=1,=2]=4, their explicit expressions can be

found in Ref[8]. Contributions of higher order are estimated ‘These two forms are related by D}, (4,9,4)=
to be negligible. We note that the single difference betweemf1)m/’mD'mmr(¢,z9,w)[17].
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lecular momentsor polarizabilitieg As are replaced by com- Fol _ (2! D j”dt
binations of atomic parameteds; ,&;j,ry;, ... etc. W 202l + )12+ ) FO)
The representation of the interaction potential as a series
of products of rotational matricéer of spherical harmonigs ) Q)
leads immediately to the conclusion that, according to or- Xexpli(wiir + wap)t] BNET f dt
thogonality properties, only contributions of the same tenso-
rial rank (41,1) are able to generate cross terms. For ex- Cim(Q)
ample, the electrostatic quadrupole-quadrupole term and the Xexd —i(wjj+ wy)t] (10

I+1
atom-atom one of the same symme{24) interfere to give r

;C\;‘;’ff terr{}zgzoportlonal to the product of matrix eIement%omparing Eq(9) with its analog from Ref[8], it is ascer-

and Vi tained, as expected, that the difference with the case of a
linear active molecule is contained in the Clebsch-Gordan
C. Calculation of matrix elements coefficients for the active molecule, which now depend on
the quantum numbeK.
For the atom-atom contributions the corresponding matrix
element read§2]

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

1/2

DJ, _ (l//,'l(},d)) 2|+1 2J+1 ’ !
A (J'K'M'[Y || JIKM) = 23 +1 jKITO jMNIIm=

In the case of the long-range potential of Eg), the corre-  which results in & dependence of appropriate second-order

sponding matrix elements of Eq€3),(6) can thus be ex- contributions totally analogous to the long-range interaction

pressed17] via the Wigner-Eckart theorem case. TheK dependence of connected and linked terms is
defined by theD factor (see Ref[3])

|JKM)=

872

JK: D" [:IK) ., i . .
<J’K’M’|D',k',m|JKM>=( D= 9K DUV = (= 1)l"I2[ (2] +1)(2)+1)

JMIm
2J'+1
><(C" 2(CJf VAW edifes v,

Kl 0) Kl 0)

where the double dots in the numerator serve to distinguish

the reduced matrix element M space. Using the definition WNereW is the Racah coefficientq( independentand v is

the order of the coupling tensor between the molecule and
the external field.
> AN (J'K DL [:3K)=A{M(I'K";IK)

1 1 D. Exact trajectory modeling

To carry out the time integration in the resonance func-
and taking into account that fdg<2 there is at most one tjons[see, for example, E410)] the trajectory model should

nonvanishing molecular parameter, one obtalig be chosen. For a straight-line trajectory or a parabolic shape
one the integration is quite simple leading to analytical ex-
A(n)(J K':JK)=A o rHlCm 08K pressions, whereas for the exact trajectory the procedure is

rather complicated and should be performed numerically.
The exact solution of classical equations of motion governed
where for electrostatic interactiond\{3°"= 4, A®W by an isotropic potential gives the timand the phas# as
=Q, A== etc., that is, respectively, dipole, quadru- functions of the intermolecular distancg7]:
pole, octupole moments. From the equation above, it can

also be seen that for the symmetric top active molecule only t(r)= dr’ e
transitions inside each sub-band are allowet=K rc\/2[E Viel(r)]/m* —M2/m* 22 b
Then, for example, in the case of NO-Nthe outer term (11
for electrostatic (=1,+1,) interactionsS,;, can be written
as -~ r M/m*r'2dr’ N
ry= Cy.
e V2[E—Vigr ) JIm* —M?/m*2r 2 2
_5-2 (M2 A(M)2 2JOZ" (12
h % (ATDA(AD) 2 (cJ 01,0 2(Clo o) Tl

) HereE=m*v?/2 andM =m* by are the energy and angular
momentum of the colliding pair, respectively. Let us now

consider that the collision takes place in the plX@Y (Fig.
where the corresponding electrostatic resonance functiof) so that at=0 we haver=r. and¥ =0. Hence, in Egs.

fI 1l is introduced as follows: (11),(12), the integration constant}gL andc, vanish. In order
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J. BULDYREVA, S. BENEC'H, AND M. CHRYSOS PHYSICAL REVIEW A3 012708

to address a larger audience, it is noteworthy that, by meangdditionally, as the trajectory is symmetric relativelyftg,
of Eq. (11), the integration overin Eq. (10) can be replaced each of the integrals over time in E@) can be replaced by

by the integration over through its integral equivalent from zero to infinity. Their product
. s can be further written as the squared value of the integral of
dt=dr/y2[E—Vis(r))/m* —M?/m*?r?, cog wt+m¥(r (t))]/r' 1, whose arguments are given in the

. o ) ) i exact trajectory approach by
In addition, for the specific axes orientation of Fig. & (

=/2) the angular dependence of spherical harm@hig fy zdz y /
ol= ) =wl:lv,
Co(0.W)= (I—=m)! 12 im¥ pm 0 ‘ 1{22_1+Vi’;o(rc)_zzvito(zrc)}1/2 ‘ ‘
Im( ’ )_ (|+m)| € I(COS )

can be simplified since only the pair sumslaind m give

nonzero contributions in the associated Legendre polynomi-

als Then, the final exact trajectory expression for the electro-
static resonance function reads

y {1_Vi,;0(rc)}1/2dz
mv = mj 2 * 2\ /% 1/2°
1Z{z°— 1+ Vii(ro) —z°Vig(zre)}

(—1)+miz (14+m)!
P"(0)= | _ I [ ~
2 [(I=m)/2]' [ (I +m)/2]! Fel — el
gl = 2 20 Tl
Cc
|
2(21)! (I+m)! (I —m)!
(ke reov) = | (2l ! > 2l 2 2
12 21 +DI2L+D! T 2211 —m)2] (1 +m)/2]!
I+m even
2
X{ f gy Aokt {1 V(o)) Aaly)]
1T YR 14 ViE(ro) — YAV yro
|
y dz and soméIl, sub-band linewidths have been calculated by
Ax( )=f — , the RB approach with a parabolic trajectofiy T) model;
120 HZ = 14 Vig(ro) = 22Vige(zro) 12 more complete theoretical PT results can be found in Ref.

13 [9]. These data are plotted in Figs(ag and 2b) (for K
=1/2 andK = 3/2 cases, respectivgltogether with our exact
where y=r/r.. Variable k.= (w;,+ w,»)r./v plays the trajeptory(ET) results; the corresponding numerical vglues
role of the dynamic resonance parameter and characteriz&e listed in Tables Il and Ill. In order to make a meaningful
how close the pairs of statés’ and 22 are to the exact Comparison between the results obtained by the two trajec-
resonance. All the resonance functions as well as the corréory models, i.e., the PT and the ET ones, we use for this
sponding second-order contributions taken into account iemperature the same parametrizatiorvQf, as in Refs[9]
the present calculation, are collected in the Appendix. (denoted by | in Table)l To analyze how linewidth coeffi-
cients are influenced by short range interactions, we proceed
in our calculation by progressively taking into account the
IIl. APPLICATION TO THE NO-N , CASE different force-field contributions pertaining to the collision.

To check the extended exact-trajectory model developedVe Start by pure electrostati@24) and (123 terms, then
above, we calculate by means of E8) the IR line broad- add t_he corresponding atom-atom and cross terms_, ar_1d end
ening coefficients for the NO-Nsystem in a temperature UP With the(121) atom-atom ones. The latter contribution,
ranging from 163 to 296 K, for which various experimental With no electrostatic analog, is shown here to be almost neg-
data are availablgl0,12,13. The results are plotted on Figs. ligible even for high rotational quantum numbers; this fact
2—6 and some representative numerical values are listed jostifies that the atom-atom series of E8) has practically
Tables II-V. converged. In what follows, the three abovementioned sets

The room temperature case is studied first, for which threef contributions are denoted by ETET', and ET, respec-
sets of experimental data have been obtained by Houdedively. As one can see from Fig. 2, for low rotational quan-
et al.[10] (295 K), Spenceeet al.[12] (296 K), and Ballard  tum numbers the ETterm dominates, whereas for hight
et al. [13] (296 K). In Ref.[10] only a few R-branch line- is unable to reproduce alone; the observed linewidths; this
widths of 2[4, and %14, sub-bands have been measured,feature has been observed already within the PT model
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£ 50 ® 3z 87 g sties
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I
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90 296 K o Spencer et al
295 K A Ballard et al
o Houdeau etal 0 - —-o-ET"
80 s — }9 T
—o—ET" 1S
~ " > 8
g g 225 60 §
£ e E e s T
- )
‘E 504 = { ¢
o I i 40
S 40 z
% 30 T 20 4
2
20 1 b) K=3/2
10 1 _ ‘ . . 8 : : : ‘
b) K=3/2 -25 -20 -15 -10 -5 0 5 10 15 20 25
0

0 g 1I0 1I5 26 25
J FIG. 3. Line-broadening coefficients as a function maf(m

FIG. 2. Line-broadening coefficients as a function of the rota-~ — 3 for AJ=—1 andm=J+1 forAJ=.+1)2for the fundamental
tional quantum number for the fundamental band of NO perturbe and of NO perturbed by Nat 296 K: (a) “Il,, sub-band,(b)
by N, (R branch at 295 K:(a) 2I1,,, sub-band(b) 2I14, sub-band. 1lar2 Sub-band.

the quantum numben. We remind the reader that for tie
léranch,m= —J, while in theR branch it ism=J+1. Since
nd PT calculations have been realized at this temperature, the

[9,10] (PT"-points on the figures Indeed, as far as the high
J values are concerned, rotational energy spacings are larg

thus requiring a violentenergetig collision to occur in order o
q g nt geti Oparametnzanon li(see Table )l for ¢ and o, deduced by

for the nonoptical transitions to be realized. Since these vi Combination rules from Ref24], was made as it was more
lent collisions probe intermolecular distances of close ap- '

proach, for which atom-atom interactions are mainly responfi|[.)|orolori"jlte for the temperature range studied. In comparison
sible, the role of the corresponding contributions for highvi”;r;zthe mg_asurements hOf Sp_en?ar lal. [12], for trk])e K
rotational numbers becomes crucial and can no longer be casg '9. 3a] ourt eoretical vajues seem to be over-
neglected. When the atom-atom and cross te(22€) and estimated for intermediate values |ofi. Nevertheless, they

; ; ; lose to the experimental results of Ballatcal.
(123 are included (ET), excellent agreement with experi- &€ Very ¢ 2 _ o
ment is found, in contrast to the PT model which obviouslyl 13} For theK =3/2 sub-bandFig. 3b)] the ET predictions

fails for high J. Addition of (121) atom-atom contributions g:tr;\onstrate a very good agreement with both experimental
does not influence greatly this res@éee ET curves in Fig. :

2). It is also notewgrthy t);lat the c(oﬁputed Iine—broade%ing For all other temperatures studiésee Figs. 4-% given
coefficients get slightly larger values f&r=3/2 as compared that fewer(or even ng s;ralghtforwa_rd experimental mesure-
to theK=1/2 casesee Tables II,Ill. This exaltation of line- ments have been realized, we widened the set of available
width, when passing from th&ll,, sub-band to thé?Ils, experimental data by scaling the.results of Balleral. from

one (for a given rotational transitionis well known. It was 296 K to the temperatures of interest by the well-known

observed experimentally many years 486,21 and equally empirical relation
reproduced by the PT model calculatifiO]. n(d)

As was mentioned above, at 296 K, exhaustive experi- _ l

. . ¥3(T) 'YJ(TO)( )

mental studies have been realized for bRtandP branches To
[12,13 allowing us to carry out a more thorough theoretical
analysis. The ET values computed in the present work fowith the temperature exponent$J) taken from Ref[13].
this temperature are listed in Tables IV and V, and plotted inlWe note that at 183 KFigs. 5a),5(b)] Spenceret al. [12]
Figs. 3a) and 3b), together with experimental data, against succeeded in experimentally resolving bath\ and f-\
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FIG. 5. Line-broadening coefficients as a functionnofor the
fundamental band of NO perturbed by bit 183 K:(a) °I1,,, sub-
band, (b) 2I1,, sub-bandje) and(f) sets of the experimental data
of Spencetret al. mark thex-e and\-f components.

FIG. 4. Line-broadening coefficients as a functionnofor the
fundamental band of NO perturbed by kit 213 K:(a) I1,,, sub-
band,(b) 2T, sub-band.

components °f.2H1’2 transmo_ns, but the$e‘ dqubllng ef-_ whereB,; and B, are, respectively, the rotational constants
fects are not incorporated in the semiclassical formallsn}  the active and perturbing moleculds,and |, stand for
used here and cannot be distinguished from a theoretic e orders of corresponding spherical hz,armonzics Bnd
standpoint. It can be stated from Figs. 4—6, that with decreaﬁé the most populated state of the pertuber at a, give%xtem-

ing temperature the ET model tends to overestimate the line- . .
. - . X . erature. For the quadrupole-quadrupole interactions
broadening coefficients for intermediate| in the K=1/2 ei|2:2) the J22 vaﬁues carl)cula?ed by Ft)he above equk}:ltio(n

cases, but yields nearly realistic predictions for 3/2; the max

slope of theoretical curves is quite correct in all cases Stud?rheegés\(/i?fesm’cc?r.fe(szplosn?éféit(lifstﬁ géa;grﬁlrgls;n?bf the
ied. We ascribe this overestimation to be due to the rouqhéhoulders obtained with our ET modeling. For the dipole-
ness and imperfection of the initial potential model but not to : . . ’

the failure of the ET approach. As can be seen from Hig). 6 q_uadrupole interaction case, the previag, v_alulezs should
(163 K), where the PT resultgl0] are plotted for compari- SIMPly be doublediq=1],=2) and one obtaindy,,, mark-

son, even at low temperatures the present trajectory modél?d the end of shoulders. Nevertheless, the dipole-quadrupole
ing remains much more useful. interactions seem to us to be too weak to condition the reso-
The adequacy of the ET modeling itself is additionally N@nt energy transfer in the NO,Ncase, and more compli-
confirmed by the fact that our calculation reproduces com¢ateéd mechanisms involving short-range forces should be re-
pletely the “shoulder” in they dependence ofm|, which sponsible for the formation of shoulders at such high
has been clearly observed experimentally. This shoulder fedotational numbers.
ture has been interpreted by Bouanich and Blanf@2} as . The last point to enlighten concerns the general observa-
being due to the predominant influence of resorfanergy ~ tion that the ET model reproduces better #e-3/2 case
transfel quadrupole-quadrupole interactions. A theoreticalthan theK=1/2 one. This feature, which in the framework of
expression to evaluate the,,, value for which the resonant Prévious semiclassical approaches has to our knowledge

interaction is maximum can also be found in R&X3]: never been observed, looks at first sight quite surprising.
Indeed, from the standpoint of a linear molecute<0) one

should expect better results for the lowest fundamental sub-
band K=1/2). However, a deeper analysis of the basic clas-
sical approximationgsee the first paragraph of Sec) tk-

Bal>

141
J o= EJZmaxy

max
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TABLE Il. Nitrogen broadened NGII,,, sub-band linewidths

163K (102 cm Y/atm) at 295 K.
g J exper.[10] PT PT ET ET ET
©

s 0.5 62+ 7 60.1 685 533 674 67.4
, 15 50.5 66.6 66.7
=y 25 72+ 7 548 661 492 66.4 665
2 35 61.1+7 478 659 66.0
t po | |4 Elerdetaltecsed) 45 62.9-7 515 639 462 652 653
a) K=172 e 5.5 62.1+6 446 643 644
S . . 6.5 63.3-6 433 635 637
-25 -20 -15 -10 -5 0 5 10 15 20 25 75 60.8-6 42.3 63.0 63.1
m 8.5 60.2+6 415 626 627
9.5 65+ 6 440 59.4 408 623 624
ol . 163K 10.5 59.3-6 426 586 400 620 622
~ ) : .. 115 58.6-6 39.1 617 61.9
£ her 100 sitmay 12.5 61.1-6 380 613 615
o “ . . 13.5 61.9-6 36.6 60.8 61.0
S 14.5 57.5:-6 350 60.1 60.4
=3 60 . 15.5 55.6-6 332 594 597
I 16.5 57.2-6 294 494 314 586 589
2 R - 17.5 57-6 295 577 581
b ke ié‘{' 185 54.8-6 276 56.7 57.2
X 19.5 55.46 258 557 56.2
0 a5 10 To & 10 15 20 s 205 56.5- 6 19.3 399 240 546 552
m 21.5 51.4-6 224 535 543
225 52+6 208 524 533

FIG. 6. Line-broadening coefficients as a functionnofor the

fundamental band of NO perturbed by kit 163 K:(a) Il,,, sub-
band,(b) 21, sub-band.

veals that the condition of smallness of the internal momenta
as compared to the total momentum is better assure for
=3/2.

(1073 cmYatm) at 295 K.

TABLE lIl. Nitrogen-broadened NG1I 5, sub-band linewidths

IV. CONCLUSION

. . J
In this paper the exact trajectory approach was extended

to the case of a symmetric top active molecule and applied ta.5
the calculation of the IR line-broadening coefficients of nitric 2.5
monoxide perturbed by nitrogen. An exhaustive theoreticaB s

analysis of linewidths was realized for temperatures ranging.5

between 163 and 296 K, which is an interval of crucial im-5.5
portance in the simulation of molecular processes for atmo6.5

spheric purposes. The calculated values improved the scarée®
theoretical data available in the literature significantly and®->
provided values for unstudied temperatures. At high tem-g'

peratures, the exact trajectory model showed an excelleqtl:5
consistency with the experimental data. At low temperatures;,

it yielded predictions of linewidths more reasonable by far13.5
than any of the previously employed trajectory shape mod14.5

els. Therefore, provided a refined intermolecular potential ig5.5

available, the exact trajectory model is expected to serve asl.5
powerful tool for the reliable computation of linewidths.

The realistic results obtained with the exact trajectory18.5
model encourage a similar study of linewidths for the case 0f9.5
NO perturbed by oxygen. Straightforward linewidth mea-20.5

exper.[10] PT” PT ET ET ET

53.9 67.7 67.8

72+7 59.3 68.4 52.6 67.5 67.6
68.47 50.6 66.9 67.0
68.2t7 54.7 65.8 48.5 66.1 66.2
67.3-7 46.6 65.2 65.3
63-6 44.9 64.3 64.4
62.3-6 43.5 63.6 63.7
66.6-6 42.5 63.0 63.2
63.8-6 45.5 60.3 41.6 62.6 62.8
62.3-6 43.9 59.4 40.7 62.3 62.5
64.2-6 39.7 61.9 62.1
60.7-6 38.4 61.5 61.7
61.8-6 37.0 60.9 61.2
60.3-6 35.4 60.3 60.6
55.4-6 33.6 59.5 59.8
57.8-6 30.3 50.2 31.8 58.7 59.1
17.5 60.8-6 29.8 57.8 58.2
55.7-6 28.0 56.8 57.3
53.2:6 26.1 55.8 56.4
54.2-6 20 40.7 24.3 54.8 554

surements for this system had been prevented for a long time

012708-9
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because of its high reactivity. Only recently have such exand, despite their roughness, are included inHh&®AN-96
perimental data become available by Chackegaal. [25] databasd11] for air-broadened nitrogen oxide linewidths.
and Allout et al. [26]. A few theoretical values presently The implementation of the exact trajectory model will there-
available for NO-Q have been obtained in the framework of fore be particularly valuable for this system and is in
the RB approach with the parabolic trajectory mofiED] progress at our institute.

APPENDIX
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TABLE IV. Nitrogen-broadened NGII,;, sub-band linewidths (I cm™/atm) at 296 K.

m exper.[12] exper.[13] ET” ET m exper.[12] exper.[13] ET” ET

—-15 66.8£2 72.2:4.2 53.0 67.8 15 68563.4 53.0 65.8
—-2.5 58.9+3 66.8+2 50.2 65.9 2.5 6671 50.3 65.1
-3.5 63.8:1.2 64.5-1.7 489 65.1 35 6181.2 65.1+1.2 49.0 64.9
—4.5 60.4-1 63.7+1 476 64.6 4.5 60#41.2 63.3t1 476 644

—5.5 59.6:1.1 62.3:0.7 46.0 63.8 5.5 6081.7 61.6-1 46.0 63.6
—-6.5 56.9-0.9 61.951.2 444 64.0 6.5 5881.5 60.9:1.7 444 62.8
-75 56.2£2.1 59.8£1.2 43.1 624 7.5 5841.1 60.7c1 43.1 62.1
-85 55.5-0.6 60.1-1.5 422 62.0 8.5 551.3 60.2£0.8 422 615
-95 56.2£1.5 60-1.7 41.4 61.6 9.5 5262.1 59.5:0.5 414 61.2
—10.5 56.7#1.8 58.6-2.4 408 614 105 5142.8 58.9-0.7 40.8 60.9
—-11.5 55.8:1.2 59.6-5 40.1 61.2 115 54915 58.1-0.8 40.1 60.6
—12.5 55.2£0.6 57.2:2.9 39.2 611 125 5551 58.1+0.9 39.2 60.3
—13.5 54-0.6 55.3:4.2 38.1 609 135 49:62.5 57.5-0.5 38.1 60.0

—-14.5 57.4-2.6 36.8 60.4 14.5 5481 56.8-1 36.8 59.5
—-15.5 53.1-1.8 35.2 59.9 15.5 521.2 56.6-0.9 35.2 59.0
—16.5 52.4-1.4 33.5 59.4 16.5 54:62.9 55.3:1.9 33.5 58.3
—17.5 56.3-1.9 31.6 59.0 17.5 5282 55.5+-1.4 31.6 57.6
—18.5 51.3:2 29.8 58.4 18.5 531.44 54.4-15 29.7 56.8
—-19.5 46.3-1 27.9 57.5 19.5 52%1.5 52.6:1.6 27.9 55.9
20.5 52+1.7 54.8:-3.9 26.0 55.0
215 50.3:3.0 24.3 541
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TABLE V. Nitrogen-broadened NGII 5, sub-band linewidths (I cm™/atm) at 296 K.

m exper.[12] exper.[13] ET’ ET m exper.[12] exper.[13] ET’ ET

—-25 67.5-1.5 75.4-4.5 52.2 67.8

—-3.5 66.x-2.4 66.4-2.8 522 67.0 3.5 64:63.2 67+3.3 52.3 65.9
—-4.5 64.3:3.0 67.4-2 50.3 66.1 4.5 64491.8 66.2-1.2 50.3 65.3
—-5.5 62+1.6 63.5-1.6 48.3 65.1 5.5 680.5 65.8-1.5 48.3 64.5
—-6.5 61.2-0.6 64.3-1.5 46.3 64.1 6.5 62:80.7 64.3-1.2 46.3 63.6
—7.5 60.1-2.3 63.8-1.7 447 63.3 7.5 6181.3 63.8-1.1 447 62.8
-85 59.2-1.8 61.5-3.3 43.4  62.7 8.5 5941.5 63.3:0.9 43.4 62.1
-9.5 60.6-0.3 63+3.3 424  62.2 9.5 5780.9 62-1.1 42.4 61.6
—10.5 57.6:0.9 62.3t4 416 61.8 105 572.4 60.6:1 416 61.2
—-11.5 57.9-3.4 58.5-5.4 40.7 616 115 5982.5 60.4-1 40.7 60.9
—-12.5 58.7%3.8 58.5-4.5 39.8 614 125 560.2 61.4-0.8 39.7 60.6

—13.5 56-1.0 386 61.1 135 5741.8 590.2-1.3 38.6 60.2
—14.5 55.50.8 37.2 60.6 145 581.2 57. 72 37.2 59.7
—15.5 60.9-2.5 356 60.1 155 5481.2 58.8-1.8 356 59.1
—16.5 56.9-0.4 33.8 59.6 16.5 5382.1 57.2£2.9 33.8 584
-17.5 17.5 54.80.7 59.2£2.6 320 577
—18.5 41.8:2.9 30.1 585 185 5481.9 55.1-3.5 30.1 56.9
—-19.5 19.5 4727 58.2£3.8 28.2 56.1
—20.5 46.8-7.4 26.4 56.7 205 5781.6 58.4-8.8 26.4 552
—-215 51+11.0 246 56.1 215 5672.4 246 543
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In the above formulas the following notations are introduced:

0 opo_ 1040449536 <1 e
n ' T . . = :
Civ=(Cl0?  and  D=(-1)i"I2[(2ji+1)(2is 224 875 miten’ T HMZ(LI),
+1)CRCI AN di 1 v11), whereW(jij i ivl) is
the Racah coefficient, and is the order of the coupling EOEC_ 589824 2 M(4:m)T2(9)
tensor between the moleculear system and the external field:; 224 35 nSen ’ :
for the IR absorption case considered here,1. The reso-
nance parametd(. is defined byk.= wr./v. 50RO 49545216
Resonance functions: 24 =7 {75 mzeenM(4;m)I(15)I(9),
Vi
D= —151775824 > M(Lm)TA(14), oy 129024
m odd 2= 5 2 MAEMI1HT(4),
1024
= > M(Lm)T¥(®8), 3072
3 niow = S MAmMI9)L4),
5 m even
78848
== 3 M(LmI(14L(8),
121 15 % pior_ 10277003376 1\ s
224 35 m even ' '
fSh=2 M(3;m)Z3(3),
128 mzodd (BT bop1 6539968512 _
Pt = 2 M(4mI(15I(17),
175 m even
sopo 1605632 o
123 ~ 725 mzoddM(S’m)I (149, 155713536
5= S MAMZ(9)Z(1Y),
00 35 m even
5,5 =2048 >, M(3;m)Z%(8),
m odd o1 405504
S == — > M(AmMIAIL1L7),
DOE0 114688 5 m even
D5 =g 2 M(3ZmI(14HL(8),
m odd
where
0, 3584
=g 2 MEMIIHILES), Mlimy= M —m)!
' 2241 (1=m)/2]1 [ (1 +m)/2]1?
0
fhs=-128 > M(3;mIB8)L(3), and
m odd
1/2
28 * CoiAo(y)kc—Fm{l_Vi*so(rc)} AZ(y)]
fel —__ 4 Z—Z 4 I(n)Ef dy .
g 2, MAMTA), LYY= LV — YAV YT}
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