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Recent precise linewidth measurements show a differential broadening between vibration—rctation lines belonging to the
2 Iy, and 2113,-2 sub-bands of NO perturbed by argon or nitrogen. A semiclassical model including anisotropic short-range
interactions, using bent trajectones, accounts for the effect. The mechanism causing this =ffect 1s discussed.

1. Introduction

An experimental study of the vibration—rotation
linew1dths of the allowed fundamental bands of nitric
oxide was made some time ago by Alamichel and co-
workers [1—3]. The interferometric method was not
sufficiently sensitive to show a significant difference
between either the cornresponding lines of the diamag-
netic 21'11/2 and of the paramagnetic 2H3,2 sub-bands.
Nevertheless these authors suggested such a possible
differential broadening whaich they estimated through
a calculation using the Anderson theory {4,5]. But as
they pointed out. such a theory is not so refined as to

permit a reliable calculation of this small magneticeffect.

This experiment was reinvestigated by Tejwani et al.
[6] and extended to foreign-gas perturbers (N, and O,).
The low-resolution spectrometer also prevented obser-
vation of any magnetic effect on the linewidths, the A
doublet of each 2H;;, and 2[13;, sub-band being not
sufficiently 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 exhibiting the abovementioned magnefic effect
for NO perturbed by argon and nitrogen. More precisely,
they observed in the fundamental vibrational band an
exaltation of the line-broadening coefficient; for a given
rotational transition, when passing from the 211 1/2 state
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to the 2[l3/, one. These broadening coefficients were
deduced from an analysis of high-resolution spectra
obtamned with a grating spectrometer.

Such results were confirmed by Rohrbeck et al. [8]
with two different techniques, by conventional absorp-
tion 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-
lisizns for NO—N, and a fortiori for NO—Ar. Indeed
for these molecular pairs, the close collisions are very
efficient for high rotational levels due to the absence
of significant dipolar interaction. A convenient formal-
ism taking into account the short-range interactions
has been_proposed [9]. The present paper is devoted
to an a priori calculation of the line-broadening coef-
ficients for NO—Ar and NO—N, in the two 2, and
213, sub-bands starting from the theoretical approach
of ref. [9] but adapted to the specific NO case.

2. Resulis and discussion

The semiclassical theory for the present linewidth
7, calculation for a vgJy < v;J; transition has been
developed in ref. [9] where the corresponding analytical
expression may be found. This expression allows a real-
istic estimation of yg; avoiding any cut-off procedure
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by including the anisotropic short-range interaction po-
tential and by using bent trajectones No a prion deter-
mination of the anisotropic potential energy 1s available
for NO—Ar and NO—N, So we have represented 1t by
the superposition of the atom—atom model [10] and
of the multipolar interactions (dipole—quadrupole
V4,0, and quadrupole—quadrupole ¥g g,). Such a
representation has been successfully applied to broad-
ening for several gas mixtures [9,11]. The charactenstic
parameters tied to these potentials are given in table 1
Figs. 1a and 1b extubit the behaviour of these potental
surfaces for NO—Ar and NO—N, through the radial de-
pendence of Uj,1,;,m(r) defined by eq. (33) of ref. [9].
Recall that the electromc ground state of the NO
molecule is a 211 state because of an unpaired electron
So the expression for y¢, @ven in ref [9] for diatomic
molecules in a 2 state must be modified to take into
account the change of the vibration—rotation states
Indeed, the absolute value of the component of the
electronic orbital angular momentum along the nter-
nuclear axis (A = 1) 1s strongly coupled to the corre-

sponding spin angular momentum component (X =*1/2).

The resulting component for the total electromc angular
momentum £ 1s 1/2 and 3/2. The A—X coupling for
NO 1s intermediate between Hund’s cases {a) and (b)
[1.2]. The energy level expressions and the wavefunc-
tiens for the 211 state of NO were taken from refs [16,
171 Moreover, each level {(J, K) 1s split in a A doublet
due to the couphing between the rotation of the mole-
cule and the orbital motion of the electrons. Of course
the transitions induced by collisions between the van-
ous vibrauon—rotation states in a 2I1 sub-band must
satisfy the usual symmetry rules [14].

The calculated values for the half-width at half in-
tensity ¥y, are given in tables 2 and 3 together wath the
available eapenmental data Good consistency 1s ob-
tamned for the observed transitions of both molecular
pairs NO-—Ar and NO--N, [In particular the increase of
v¢i when passing from the diamagnetic 211 /2 sub-band
to the paramagnetic 2I1,; one 1s reproduced. Thus dif-
ferential broadening which i1s maximum for transitions
between low rotational levels vanishes for hugh rotational
ones 1n accord with the observed behaviour [7] The
calculations were made with several sets of energy
parameters for the N atom in the NO molecule as 1t 1s
mnpossible to decide which ones are better at the pres-
ent stage [13]. All results are however very close for
NO-N,, the maximum difference with respect to results
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presented in table 3 being 49 for J, = 39/2. On the con-
trary, for NO—Ar, only one set of parameters (see table 1)
gives results i good accord with experiment, It is
mteresting to analyze the physical mechanism under-
lying such behaviour.

For simplicity we first discuss the NO—Ar case. De-
tails of the calculation make it appear that the most ef-
ficient collisions are due to the second-crder contnbu-
tion ¥, in the anusotropic potential, mainly through
the repulsive part of the corresponding U,gq(r) coeffi-
cient. Ths 15 easily understood from fig. la since, for
all intermolecular distances 7, the first-order coefficient
U, 00(r) 15 less intense than Usgq(r). In order to present
a qualitative analysis of the magnetic effect on the line
broadening, only transitions for which the resonance
factor argument is nearly zero are considered. Indeed,
for low J, values, all the induced transitions are quasi-
resonant due to the low rotational constant of NO (cf
table 1) except the transitions induced between the
2[1;,, and 2113/, states, but their contribution was
found to be negligible Note, concerming the line broad-
ening, that the NO states may be descnbed by symmetric-
top wavefunctions ¥ i3y with K =2 = 1/2 and 3/2 for
the 2113 and 2113, electronic states respectwely, cor-
responding to Hund’s pure case (a) coupling. This argu-
ment no longer stands 1f one considers the positions or
intensities of the rotauon lines for which the interme-
diate coupling description is necessary, especially for
hugh J values. Thus leads for 2:0S,[r (b)] (cf. appendix
C of ref. [9]), which 1s the major contribution to the
differential collision cross section, to

2083 [re(6)] = B (/Ao )?
{
O A e CR-TY JO
y

9 (? g %)(?% dy ) 2012+ D) 14 O]

-z ( e d;) rePe[2+ D(l))f}.‘:(on} ()

In this equation r and v, are parameters tied to the
bent trajectory [9] (instead of b and v for a Iinear
trajectory described at constant velocity), ry;, e, and
d,, charactenize the atom—atom potential (cf. table 1).
The resonance functions f77(k) are defined in appendix

A of ref. [9] and are not equal to'unity for exact reso-
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Table 2 nance due to their dependence on r_ and v_*. In eq.(1)
Calculated and observed values for the bi(})—-\_rlhah'-:\;ldth at the dependence of 2.05_, [rc(b)] on the optical rota-
half intensity yg in the R branch (in 1072 ecm™ atm™") tional quantum number‘é (‘[l and Jt‘) appears only
J, K=12 K=32 through the D™) factor for n = 2 defined by

— D™ = (—1y*r2[2s, + 1)U/ + 1)

a) b) c) a) b) c)
X CW,nJ,KQK)CWUrnJpK 0K)2U2

1/2 187 556 55 — - -
3/2 472 ~ (515) 474 - - X W(J,JpJ, Jg. 1) 2)
5/2 46.3 ~ (48 5) 475 - -
7/2 455 - 155 46 5 - 51 In eq (2) only the Clebsch—Gordan coefficients C
9/2 4149 517 (435) 456 573 (49) depend on the electronic state through the quantum
}__15/3 4:3 - 2 35 - &7 number K = = 1/2 or 3/2, the Racah coefficient I
145; 13 2 - :‘;3;) :1‘; - Ezi—g; being K independent. Thus, the vanation of the broad-
172 434 _ (365) 436 _ 42) enung coefficient between the two sub-bands for a
19/2 41238 - (36) 13 - 1 given rotational line J, > J¢ results from the depen-
2172 421 - 355 123 - 40 dence of C(J,2/,.K0K)C(Js2J;, KOK)on K
%3/3 414 - (35) 116 - 393) Table 4 shows the calculated values of D) (n = |
25/2 406 - (35) 108 - (39 and 2) versus J, and K for the R branch. As clearly
27]2 398 - (35) 10 - (38) ble 1b. the aleeb D) yal bst
292 39 _ (35) 392 _ (37) seen in table 4b, the algebraic values are substan-
31/2 382 - 315 38 4 - 365 tially hugher for K = 3/2 than for K = 1/2 for low J,
33/2 373 - (345) 375 - (36) values (by a factor 4 forJ, = 3/2) This difference 1s
B 365 - (345) 367 - (35 5) less and less important as J, increases. As a result of
i;f; -331 ; _ g;);) _.3;; ? - 8:)5) this vanation of D) versus J, and K, the 2:05,[r ()]
12 331 B 33 312 _ 33 contribution to the differential coliiston cross section
3) Caiculated values fthis work. in Hund’s case (a)}
b) Expernimental values from ref {8]. * In ref {9) the resonance function fpp(O) has been systemat-
<) Experimental values from ref [7] Most of the reported val- 1cally omitted as a product factor of D 1n the 2'()S[r‘:(b)]
ues ( ) have becn interpolated from fig 1 of ref [7] The contribution This error was a typographical omission and
expermmental error 1s =~ 5% was not present in the computational program
Table 3
Calculated and observed values for the NO -N» hali-width at half intensity v 1n the R branch (in 1073 cm™ atm™!)
J, K=1/2 K=3/2
a) b) <) 4 e) f) a) b) ) d) €) )
1/2 685 601 710 650 650 - - - - - - -
5/2 66.1 548 - - - - 68 4 593 - - - -
9/2 639 515 - 581 (50) - 658 547 - 599 (55) -
19/2 59 4 44.0 - - (19.5) 550 603 455 - - (54) 600
21/1 586 42.6 - - 495 - 59 4 139 - - 54 -
33/2 49 4 294 520 - “9) — 502 303 520 - 52) -
41/2 399 193 - - 16 - 407 200 - — 47 -

a) Calculated values (this work) with atom—atom + electrostatic V#lQ'- and VQxQz mnteractions

b) Calculated values (this work) with only the electrostatic nteractions

<) Experumental values from ref {6] i which the 211, and 2I1,/, components having the same J, are assumed to have 1dentical
haif widths

4) Expenimental values from ref. 181

€) Experimental values from ref [7] Some of the reported values ( .) have been interpolated from fig. 1 of ref. [7]

f) Expenmental value from ref {18].
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Table 4
Dependence of DU on J, in the R branch for the 211;,, and 2[13,, sub-bands
J, w C;5,Crp D)
K=1/2 K =3/2 K=1/2 K=312
(@yn=1 1/2 02635 0 1491 - —0.2222 -
3/2 0 1870 0 0437 0 3928 —00801 -~0.7197
5/2 01383 00213 01917 —0 0408 -0.3674
7/2 0.1090 00127 0.1140 -00248 -0 2223
9/2 0 Cc898 0.0084 0 0756 —00165 —~0.1487
11/2 0.0762 0.0060 0.0539 —0.0119 —-0.1065
13/2 0 0662 0 0045 0 0404 -0.0089 ~00801
21/2 00434 00012 00171 —-0.0038 ~0 0341
3372 0 0285 0 0008 0.0073 —0 0016 ~00116
41/2 0.0232 0.0095 00048 —0.0010 -0 0096
(byn=2 1/2 0 0 - 0 -
3/2 0.1528 0.2138 00535 —-03201 —0.0801
5/2 01263 02333 0.0350 —04083 —0.0613
712 01034 0 2402 0.1081 —04443 —0.1999
9/2 0 0867 0.2436 0.1514 —04627 —0.2876
11/2 0.0744 0.2455 0.1779 —04735 —0.343¢1
13/2 0 0650 02437 0.2029 —-0.4742 —0.3948
21/2 0.0430 0 2457 0.2345 —0.4855 —-04634
33/2 00284 0.2482 0.2433 —0.4932 —0.4835
41/2 00232 0 2487 0 2455 —-04961 —0.4897

1s hugher for the vibration—rotation lines belonging to
the 2[13;, sub-band than for those belonging to 211y,
(cf. eq. (1) and table 4b), in good accord with the ob-
served behaviour.

Note here that the D) coefficients (cf. table 4a)
decrease from K = 1/2 to K = 3/2 (for a given J, value)
mn opposition to D). Thus the 105 [r (#)] contrbu-
tion resulting from the first-order ¥; term n the ani-
sotropic potential hides partially the differential broad-
ening considered here. However the V; contnbution
1s stnall (cf. fig 1a). It appears from the above consid-
erations that the magnitude of this differential broad-
ening between the two sub-bands 1s connected to the
relative contnbutions of the even and odd spherical
harmonics in the intermolecular anisotropic potential
(cf. footnote to table 1). Moreover, all the K depen-
dence comes from the AJ = 0 transitions through the
D™ term. For n = 1, these are the induced transitions
between the A doublets and for n = 2, they are elastic
transitions. The result of the calculation is that all the
AJ = 0 induced transitions contribute to the broaden-
ing by a very small amount (cf. tables 2 and 3).

The above discussion for NO—Ar may easily be ex-

tended to NO—N,. For low J, values, the electrostatic
Vu,0, and Vg, o, interactions dominate the broaden-
ing mechamsm (cf. table 3). The Vg, and Vg, 0,
potentials would exhibit the same behaviour as V; and
V', respectively. So, the quadrupole—quadrupole inter-
action, being predominant due to the weak dipole mo-
ment of NC (cf. table 1), introduces a differential
broadening between the two sub-bands as observed
experimenially. In table 3 we report the calculated
values including the two abovementioned electrostatic
potentials with 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 cs J, increases. Recall that all these values
are calculated using bent trajectories [9]. Note at this
point that a similar calculation performed with straight-
Line trajectones descnbed at constant velocities and
only taking into account the long-range multipolar
interactions leads to values closer to the (2) set (cf.

ref. [6]). But close collisions are dominant for high J,
values. Thus the last classical trajectory model becomes
unrealistic and the corresponding calculated values

lose their physical meaning.
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Although overall agreement is obtained between

the present linwidth calculations and the experimen-

~tal data, the quantitative differential broadening is

"‘dxscussed further. 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 J; = 9/2, the experi-
mental effect varies between 3% [8] and 10% [7], the
calculated one being 3%). Nevertheless for NO—Ar, if
the measured absolute values are significantly different
(cf. table 2), the relative differential effect is the same
(=11% for J; = 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 (13]. On the
other hand, the calculation model does not take into
account the possible influence of the nature of the
211y, and 213, sub-bands for hard collisions (i.e.
for impact parameters Jower than the kinetic diame-
ter), all the K dependence coming from the weak col-
lisions [cf. egs. (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
ne-broadening coefficient ; exhibits the correct de-
dence on the initial rotational quantum number J;
. the observed increase of the line broadening for a
ziven vibration—rotation line when going from the dia-
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magnetic 211, to the paramagnetic 2113/, is repro-
duced. The mechanism causing this differential effect
has been studjed in the present paper, It results for

NO—Ar and NO-N, from the in:
duced by collisions in the initial and ﬁnal optwul states
(; = J;:J5 = Jp) which depend strongly on the elec-
tronic state for low J; values (cf. table 4).
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