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Recent precise lmewdth measurements show a differential broademng bemeen viiratron-rotauon lures belonging to the 
2%/2 and 2r15,2 sub-bands of h’0 perturbed by argon or nitrogen. A semdassxal model includmg an&tropic short-range 
mteractions, using bent traJectones, accounts for the effect. The mechamstn causmg this effect 1s discussed. 

1. Introduction 

An experimental study of the vrbration--rotation 
lmewrdths of the allowed fundamental bands of nitric 
oxide was made some trme ago by Alamichel and co- 
workers [l-3]. The interferometric method was not 
sufficiently sensrtive to show a significant difference 
between erther the correspondmg lines of the diamag- 
netic zl11,2 and of the pararna gnetic 2K13,2 sub-bands. 
Nevertheless these authors suggested such a possible 
differential broadening which they estimated through 
a calculation usmg the Anderson theory [4,5]. But as 

they pointed out. such a theory is not so refined as to 

petit a reliable calculation of Qus small magnetic effect. 
Thrs experiment was reinvestigated by TeJwani et al. 

[6] and extended to foreign-gas perturbers (N-, and 02). 
The low-resolution spectrometer also prevented obser- 
vatron of any magnetic effect on the linewidths, the A 
doublet of each 2fIJ,2 and 2113/2 sub-band being not 
suffiaently resolved. These authors also calculated the 
linewidths in the Anderson frame but no attempt was 
made to calculate a differential broadening between 
the two sub-bands. 

Henry et al. [7] reported the first precise measure- 
ments exhrbithrg the abovementroned magnetic effect 
for NO perturbed by argon and nitrogen.More precisely, 
they observed in the fundamental vrbrational band an 
exaltation of the line-broadening coefficient, for a given 
rotational transition, when pas&g fromthe 2H1,2 state 

to the 2113/2 one. These broadening coefficients were 
deduced from an analysis of high-resolution spectra 
obtamed with a grating spectrometer. 

Such results were confiied by Rohrbeck et al. [S] 
with two different techniques, by conventional absorp 
tron spectroscopy as in ref. [7] using a tunable spin-flip 

Raman-laser spectrometer, and by Zeeman modulation 
spectroscopy. 

A reliable calculation aiming to account for such a 
small magnetic effect on the line broadening needs a 
theory including a realistic description of the close col- 
lisi-,ns for NO--N?_ and a fortiori for NO-Ar. indeed 
for these molecular pairs, the close collisions ore very 
efficient for high rotational levels due to the absence 
of significant dipolar interaction. A convenient fortnai- 
ism taking into account the short-range interactions 
has been. proposed 191. The present paper is devoted 
to an a priori calculation of the line-broadening coed- 
Bcients for NO-Ar and NO-N, in the two ‘iIt,2 and 

2rI 312 sub-bands starting from the theoretical approach 
of ref. [9] but adapted to the specific NO case. 

2. Resdrs and discussion 

The semiclassical theory for the present linewidth 
Tf, calculation for a ufJf * UiJi transition has been 
developed in ref. [9] where the corresponding analytical 
expression may be found. This expression aBows a real- 
istic estimation of -yfi avoiding any cut-off procedure 
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by rncluding the arusotroplc short-range mteractron po- 
tentlal and by usrng bent trajectones No a priori deter- 
mmatron of the arusotroplc potential energy 1s avarIable 
for NO-Ar and NO-N, So we have represented rt by 
the superposition of the atom-atom model [lo] and 
of the mu&polar mteractrons (dipole-quadrupole 

VP*Q2 and quad~po~e-quadNpole VQ~Q~). Such a 
reprcsenradon has been successfXly apphed to broad- 
ening for sever-al gas mktures [9,1 l] _ The charactenstrc 
parameters tied to these potentrals are pen III table 1 
fgs. la and lb exhrbrt the behatiour of these potcntrai 
surfaces for NO-Ar and NO-N2 through the radial de- 
pendence of U~,lzrn(~) defined by eq. (33) of ref. 191. 

Recall that the electroruc ground state of the NO 
molecule is a ?lT state because of an unpaued electron 
So the expressIon for -rrr gwen ut ref 191 for dratomic 
molecules rn a C state must be modriied to take into 
account the change of the vrbration-rotation stares 
indeed, the absolute value of the component of the 
electromc orbrtal angular momentum along the mter- 
nuclear a_urs (A = 1) is strongly coupled to the corre- 
spondrngspln angular momentum component (C = + I/2). 
The resuhrng component for the total elecrronrc angular 
momentum Q IS 113 and 312. The R--Z coupling for 
NO 1s rntermedrate between Hund’s cases (a) and (b) 
[ 1 .Z]. The energy level expressrons and the wavefunc- 
trons for the ITI state of NO were taken from refs [16, 
17) hloreover, each level (.I, I() 1s splu in a A doublet 
due to the couphng between the rotation of the mole- 
cuie and the orbital motion of the electrons. Of course 
the transrtrons reduced by collisions betueen the van- 
ous qbrauon-rotation states m a sIl sub-band must 
satrsfy the usual symmetry rules [ 141. 

The calculated values for the half-wrdth at half m- 
tens@ yf, are gven in tables 2 and 3 together wth the 

avariable expenmental data Good conslstancy IS ob- 

tamed for the observed transrtrons of both molecuiar 
paus NO-Ar and NO-N, in particular the mcrease of 
-rfi when passmg from the dramagnetrc zfi,,, sub-band 
to the pararnagnetrc z173,7 one 1s reproduced. Thrs dif- 
ferential broademng ahrch is maxnnum for transitrons 
betseen low rotational levels vanishes for hrgh rotational 
ones m accord wrth the observed behavrour [7] The 
calculatrons were made wrth several sets of energy 
parameters for the N atom m the NO molecule as rt 1s 
nnposslble to decide wluch ones are better at the pres- 
ent stage fl3]. All results are however very close for 
NO-N,, the maximumtiference with respect to results 
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presented in table 3 berng 4% for Jr = 3912. On the con- 
trary, for NO-Ar, only one set of parameters (see table 1) 
grves results in good accord wzth experiment. It is 
rnterestrng to analyze the physical mechanism under- 
lymg such behavrour. 

For simplicity we fusb discuss the NO-Ar case. De- 
t&s of the calculation make It appear that the most ef- 
ficrent colhs~ons are due to the secondcrder contnbu- 
tron V, in the arusotropic potential, mainly through 
the repulsive part of the corresponding [/2bo(r) coeffi- 

clent. Ths IS easdy understood from fig. la since, for 

aL1 intermolecular distances r, the first-order coefficrent 
L/r,&) IS Zess intense than Uzu&)_ In order to present 
a quahtatrve analysis of the magnetic effect on the lute 
broadenmg, only transitions for wluch the resonance 
factor argument is nearly zero are considered_ Indeed, 
for low J, values, all the rnduced transrtions are quasr- 
resonant due to the low rotatronal constant of NO (cf 
table 1) except the transrtrons induced between the 

‘R,,, and 2T1312 states, but their contnbutron was 
found to be neghgrble Note, concemmg the Tine broad- 
enmg, that the NO states may be described by symmetnc- 
top wavefunctrons rJtJKI, with K = 5L = l/2 and 312 for 
the ztTl,z and zlT,, electronic states respectively, cor- 
respondmg to Hund~ pure case (a) coupling_ This argu- 
ment no longer stands rf one considers the posrtrons or 
rntensrtres of the rotauon lures for which the mterme- 
drate couphng descnption is necessary, especially for 
Hugh 3 values. ThL\ leads for z*uS, [r,(b)] (cf. appendur 
C of ref. [9]), which rs the major contnbutron to the 
differential collision cross section, to 

In thrs equation rc and v: are parameters tied to the 
bent trajectory [9] (instead of b and v for a hnear 
trajectory descrrbed at constant velocity), rlir ez, and 
dIl charactenze the atom-atom potential (cf. table 1). 
The resonance functrons f~(k) are defmed in appendrx 
A of ref. [9] and are not equal to’unity for exact reso- 
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Table 1 
Calculated and observed values for the NO-&r halWIdth at 
half mtensrty yft III the R branch (m 10m3 cm-’ arm-t) 

J, K = 112 K = 312 
-_I 

a) b) c) a) b) C) 

l/2 48 7 
317 47.2 
512 46.3 
712 45 5 
912 44 9 

11/2 4-I 5 
1312 4-12 

1512 53 8 
1712 33 J 
19/a 12 8 
‘111 -tz I 

1312 414 
25/z! 40 6 
17/2 39 8 
29/z 39 
3112 38 2 
3312 37 3 
35/l 36 5 
3712 35 7 
3912 34 9 

4112 3-I 1 

55 6 

517 

- 

- 
- 
- 
- 
- 
- 

- 
- 

55 

(51 5) 

(48 5) 
-15 5 

(J3 5) 

(-1’) 
(39 5) 

(37) 
(36 5) 
(36) 

35 5 

(35) 
(35) 
(35) 
(35) 
34 5 

(3-t 5) 
(315) 

(3-t) 
(33 5) 
35 

474 - 

47.5 - 

465 - 
-I5 6 57 3 
-15 
1-t 5 - 

441 - 
436 - 
13 - 

-t23 - 
116 - 
-103 - 
-IO - 

397 - 
38-t - 

375 - 
367 - 
35 9 
351 I 
342 - 

- 

51 

(49) 
(47) 
(-ISi) 

(42 5) 
(42) 
(41) 
JO 

(39 5) 
(39) 
(38) 
(37) 

36 5 

(36) 
(35 5) 
(35 5) 
(35) 

33 

nance due to then dependence on rc and IJ~*. In eq. (1) 
the dependence of 2-oS, [r,(b)] on the ophcal rota- 
tronal quantum numbed (1, and J,) appears only 
through the DC”) factor for n = 2 defined by 

DC”) = (- l)Jl+Jf2 [(25, + 1)(2Jf + 1) 

x IV(J,Jf-J,Jf, ln) (2) 

In eq (2) only the Clebsch-Gordan coefficrents C 
depend on the electromc state through the quantum 
number K s R = i/2 or 312, the Racah coefficient W 
berng K mdependent. Thus. the vanahon of the broad- 

erung coeffctent between the two sub-bands for a 
grven rotatronaf hne J, +Jf results from the depen- 
denceofC(J,2J,.KOIi)C(Jf2Jp,KOK)onK 
Table 4 shows the calculated values of DC”) (n = 1 
and 2) versus J, and K for the R branch. As clearly 
seen m table Ab. the algebraic Dc2) values are substan- 
trally higher for K = 3/2 than for K = l/2 for low J, 

values (by a factor 4 for J, = 3/2) Thrs difference IS 
less and less important as J, mcreases. As a result of 
thrs vanatron of Dt2) versus J, and I\‘, the 2-oS2 [r,_(6)] 
contnbutron to the drfferential coIhsron cross sectron 

a) Calculated \alues [thrs \\orh. m Hund‘s case (a)] 
b, E\perrmental values irom ref 181. 
‘) E~perunental values irom ref [7] Most oi the reported lal- 

ues ( ) have been mtcrpolarcd from fig I of rei [7] The 
expertmental error Is = 5cC 

= In rei [9] the resonance functton f:(O) has been systemat- 
~cahy orrutted as a product factor of D ut the 2VoS[rc(b)) 
contnbutton Thts error uas a typographtul omtsston and 
was not present rn the computattonaf program 

Table 3 
Calculated and observed ralues for the NO-tvu, half-wdth at half mtenuty ~fr III the R branch (m 10m3 cm-t atm-‘) 

-_- __ __--_ 

Jl K = 112 K= 31’ 
-__- _ 

a) b) c) d) e) f) a) b) c) d) e) f) 

I/’ 685 60 1 710 65.0 650 _ _ - - - 

517 66.1 548 - - 68 4 593 - 

912 639 515 - 58 1 (50) 1 65 8 547 - 59 9 (55) - 
19/z 59 4 44.0 - - C-195) 55.0 60 3 455 - - (54) 60 0 

2112 58 6 41.6 - - 495 - 59 3 -139 - - 3312 494 294 520 - (49) 50 2 30 3 520 - & I 
4112 39 9 193 - - - 36 - JO 7 200 - - 47 

a) Calculated values (thts \hork) wtth atom-atom + electrostattc V,,p, and VQ~Q~ mteracttons 

b, Calculated values (thrs work) wtth onlv the electrostattc mteracttons 
c, Evperunental values from ref [6] III whrch the *tl ,,a and ‘fl-,,a components havmg the same J, are assumed to have tdentrcal 

half wdths 
d, Expertmental values from ref. [8 1 
‘) Expertmental values from ref [7] Some of the reported values ( .) have been mterpohted from fx. 1 of ref. [71 
‘) Expertmental value from ref [ 181. 
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Table4 
DependenceofD(n)onJ,mtheRbranch fortheZll,,Z and211g2 sub-bands 
--- 

J, W Cr, CJf 

- 

D(“) 

K=1/2 K= 3/' K=1/2 K=3!2 

(a) n = 1 112 02635 0 1491 -0.2222 
312 01870 00437 0 3928 -00801 -0.7197 
512 01383 00213 0 1917 -00408 -0.3674 
712 0.1090 00127 0.1140 -00248 -02223 
912 00898 0.0084 00756 -00165 -0.1487 
11/z 0.0762 0.0060 0.0539 -0.0119 -0.1065 
1312 00662 00045 00404 -0.0089 -00801 
2112 00434 00019 00171 -0.0038 -00341 
33/z a 0285 0 0008 0.0073 -0 0016 -0 0116 

4112 0.0232 0.0035 00048 -0.0010 -0 0096 

@)n=? 112 0 0 0 
312 0.1528 0.2138 00535 -03201 -0.0801 
512 01263 02333 0.0350 -04083 -0.0613 
712 01034 02402 0.1081 -04443 -0.1999 
912 00867 0.2436 0.1514 -04627 -0.2876 
1112 0.0744 0.2455 0.1779 -04735 -0.3432 
1312 00650 02437 0.2029 -0.4742 -0.3948 
2112 0.0430 02457 0.2345 -0.4855 -04634 
3312 00284 0.2482 0.2433 -0.4932 -0.4835 
-ill2 00232 02487 02455 -0.4961 -0-4897 

- 

IS hrgher for the vrbratron-rotatron lines belongmg to 
the 2f13,1 sub-band than for those belonging to zTIl,z 
(cf. eq. (I) and table 4b), in good accord with the ob- 
served behaviour. 

Note here that the II(t) coeffiaents (cf. table 4a) 
decrease from K = l/2 to K = 312. (for a grven J, value) 
m oppositton to D@)_ Thus the l~“s[rC(~)] contnbu- 
tron resulting from the first-order VI term rn the am- 
sotropic potential ludes partially the differential broad- 
erung considered here. However the V, contnbution 
rs small (cf. fig la). It appears from the above consid- 
eratrons that the magnitude of this differential broad- 
ening between the two sub-bands IS connected to the 
relative contnbutions of the even and odd spherical 
harmonics in the intermolecular anisotropic potenhal 
(cf. footnote to table 1). Moreover, ail the K depen- 
dence comes from the AJ= 0 transitions through the 
D(“) term. For n = I, these are the induced transitrons 
between the A doublets and for n = 2, they are elastic 
transitrons. The result of the calculation is that all the 
AJ= 0 induced transrhons contribute to the broaden- 
ing by a very small amount (cf. tables 2 and 3). 

The above discussion for NO-Ar may easrIy be ex- 

tended to NO-N2. For low J, values, the electrostaric 
V 

mQ2 and irQ,P2 interactions dominate the broaden- 
ing mechamsm (cf. table 3). The Q$,Q~ and VQ,P 
potentrals would exhrbrt the same behaviour as Vr and 
V2 respectrvely. So, the quadrupole-quadrupoie inter- 
acaon, being predominant due to the weak dipole mo- 
ment of NO (cf. table l), introduces a differenhal 
broadening between the two sub-bands as observed 
experimentally. Ln table 3 we report the calculated 
values including the two abovementioned electrostatic 
potentials wrth and without considering the anisotropic 
atom-atom potential contributions. As may be seen in 
table 3, these two sets of values exhibit an increasing 
difference zs J1 mcreases. Recall that all these values 
are calculated usrug bent trajectories ]9]_ Note at this 
point that asimrlar calculation performed with straight- 
lure trajectones described at constant velocities and 
only taking into account the long-range multipolar 
mteractions leads to values closer to the (a) set (cf. 
ref. [6]). But close collisions are domhmt for high JI 
values. Thus the last classical trajectory model becomes 
unrealistic and the corresponding cakulated vah~~ 
lose their fiysicai meaning. 
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Although overall agreement is obtained between 
the present linwidth calculations and the experimen- 
tal data, the q+titative differential broadening is 
dis&sed furtlier. indeed, while a number of authors 
have confirmed the existence of such a differential 
effect [7,8,18], different values for its amplitude have 
been measured (for NO-N, and Ji = 9/2, the experi- 
mental effect varies between 3% [8 3 and 10% [7], the 
calculated one being 3%). NevertheIess for NO-Ar, if 
the measured absolute values are significantly different 
(cf. table 2), the relative differential effect is the same 
(a 11% for Ji = 7/2, the calculated one being 2%). Our 
calculated values seem to underestimate the differen- 
tial broadening so the following points are considered. 
On the one hand, as explained above, the relative con- 
tribution of the even and odd components to the ani- 
sotropic intermolecular potential appears as determi- 
native for such an effect and the present potential 
model suffers some uncertainty for NO [ 131. On the 
other hand, the calculation model does not take into 
account the possible influence of the nature of the 
2fl l/2 and 2H3/2 sub-bands for hard collisions (i.e. 
for impact parameters lower than the kinetic diame- 
ter), all the K dependence coming from the weak col- 
lisions [cf. eqs. (1) and (2)). Indeed this model does 
not include the multiquantum exchanges [9] which 
may be of importance for hard collisions. A more elab- 
orate model including such exchanges like that of ref. 
[19], available for the diatom-atom case, might be 
used to re-examine this point for NO-Ar. 

3. Conclusion 

The present calculated values and the experimental 
ones (tables 2 and 3) compare well. More precisely the 
nebroadening coefficient 7fi exhibits the correct de- 

dence on the initial rotational quantum number Ji 
.~d the observed increase of the line broadening for a 

given vibration-rotation line when going from the dia- 

magnetic 2111/2 to the pararnagnetic ‘IT312 is repro- 
duced. The mechanism causing this differential effect 
has been studieg in $e pxese&.papeIz ,It re@&for 
NO-Ar and NOiN from t&3 elastick&ions in- 
duced by collisions in the initial and, finel optical states 
(Ji + Ji ;Jf ‘Jr) which depend strongly OII the elec- 
tronic state for low Ji values (cf. table 4). 

References 

[ 1 J C. Alamichel, Thesis. Paris (1965). 
[2] C. Alamichel, J. Phys. 27 (1966) 345. 
[ 31 L. HochardDemolliere. C. Alamichel and Ph. Arcas, 

J. Phys. 28 (1967) 421. 
[4] P.W. Anderson, Phys. Rev. 76 (1949) 647. 
[S] C.J. Tsao and B. Curnutte, J. Quant. Spectry. Radiative 

Transfer 2 (1962) 41. 
[6] G.D.T. Tejwani, B.M. Golden and ES. Yeung, J. Chem. 

Phys. 65 (1976) 5110. 
[ 7) A. Henry, F. Severin and L. Henry, J. Mol. Spectry. 75 

(1979) 495. 
[S) N. Rohrbeck, R. Winter, W. Herrmann, J. Wildt and 

W. Urban, Mol. Phys. 39 (1980) 673. 
]9] D. Robert and J. Bonamy, J. Phys. 40 (I 979) 923. 

[ 101 T.B. Macrury. W.A. Steele and B.J. Berne, J. Chem. Phys. 
64 (1976) 1288. 

[ 111 A. Khayar and J. Bonamy, J. Quant. Spectry. Radiative 
Transfer, to be submitted for publication. 

[ 121 J.O. Hirschfelder, C.F. Curtiss and R.B. Bird, Molecular 
theory of gases and liquids, 4th Ed. (Wiley, New York, 
1967). 

[ 13 J M. Oobatake and T. Ooi, Progr. Theoret. Phys. 48 (1972) 
2132. 

[ 141 G. Herzberg, Spectra of diatomic molecules (Van Nostrand, 
Princeton, 1966). 

]lSJ D.E. Stogryn and A.P. Stoyyn, Mol. Phys. 11 (1966) 371. 
[ 161 A. Goldmanand S.C. Schmidt, J. Quant. Spectry. Radiative 

Transfer 15 (1975) 127. 
[ 171 J.A. Miller, C.F. Coll and C.F. Melius, J. Quant. Spectry. 

Radiative Transfer 21 (1979) 193. 
[ 181 J.A. Sell, J. Quant. Spectry. Radiative Transfer 25 (1981) 

[ 191 EW. Smith, M. Ghaud and J. Cooper, J. Chem. Phys. 65 
(1976) 1256. 

544 


