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Abstract—The mean collision cross sections of OH perturbed by foreign gases have been calculated for
microwave and far infrared spectra in the XII electronic ground state. A semi-classical formalism is used,
which includes a parabolic description of the trajectory. The interaction potential is described as a sum of
electrostatic contributions and both short-range and long-range anisotropic forces by using an atom-atom
potential model. Good quantitative agreement is obtained between calculated and experimental linewidths.

1. INTRODUCTION

The OH radical has been the subject of extensive studies because it plays a significant role in
the mesosphere and high stratosphere. Moreover, experiments'? have demonstrated microwave
resonance absorption by this free radical. To make future searches more fruitful, many
laboratory investigations were performed which have yielded very accurate results for elec-
tronic ground state transitions up to the 9th vibrational level.> However, there are only a few*”’
experimental determinations of the pressure broadening of rotational or microwave lines of
OH, while very few calculations of line broadening parameters were performed.® There are two
reasons for this deficiency. Because the free radical concentrations are very low, an experi-
mental set-up with great sensivity is needed; also, free radicals are produced by chemical
reactions and are highly diluted in complex gas mixtures. Thus, broadening of free radical lines
in the absorption cell is caused by all perturbers present, the relative proportions of which are
not accurately known.

Our purpose is to calculate line broadening by foreign gases of the microwave and rotational
lines of OH in a semi-classical formalism® for a realistic intermolecular potential.

2. THEORY

The present formalism was developed® with the aim of treating diatom—diatom collisions, for
which more involved treatments are not yet available. Several assumptions are made about the
nature of the collisions. The colliding particles are assumed to follow classical bent trajectories
and the collisions are binary. The theory is based on the impact approximation, which states
that the duration of a collision is short compared with the time between collisions. Our
treatment can be applied only for moderate gas densities which depend on the nature of the
foreign gas. Starting from Egs. (2)-(11) of Ref. 9, the expression for the half line width at half
intensity of a pure rotational or microwave f « i transition is

yilem™) = c 5 00y
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where n, is the numerical density of the perturbing gas, c the speed of light, f(v) the
Maxwell-Boltzmann distribution of relative velocities. In practice, the velocity average is
approximated by replacing v by ©, where # is the Maxwell-Boltzmann average collision
velocity. The quantity oy is the optical collision cross section summed over all occupied
rotational states of the perturbing molecule with Boltzmann factor p;. An integration is also
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performed over the impact parameter b. The second order S, contributions are defined for
diatomic molecules through

S5 = 2 S 2128535,
85 = ; Sy priz1 = 8y,1), (2)
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S, and S, are obtained by changing the subscript i by f. In these equations, Vniso means
the anisotropic part of the intermolecular potential and P.P. the Cauchy principal part. This
approach, which is based on a partial resummation of the V-infinite series through the
connected terms™ S =S, + .0+ S¥Pin + i(Sh. 2 — Sh.2), avoids the cutoff procedure of the
Anderson theory.!

For the description of the classical translational motion, this model takes into account the
influence of the isotropic interactions Vigo on the trajectory.’? This description represents a
significant improvement to the Anderson theory in which the trajectory is a straight line
described with constant velocity, because it avoids the unphysical situation in which the
colliding molecules interpenetrate, thus leading to infinite values of the transition probability.

We now restrict the formalism to the rotational and A-doubling transitions of the molecule
OH in the electronic ground state 2I1. The ground electronic state of OH is a °II state because of
an unpaired electron. The component of spin angular momentum S = 1/2 along the internuclear
axis (3 =+ 1/2) is coupled to the component of the electronic orbital angular momentum L = |
along the same axis (A = £ 1). The total electronic angular momentum projection is 1 = A +3..
The electronic ground state is an inverted “II state with the II,,(F,) levels at higher energy than
the I1,,,(F,) levels.” The coupling for this state is intermediate between Hund’s cases (a) and
(b). Moreover the ZII state and the upper I state perturb one another, and the interaction
between the rotational and electronic motions in the molecule produce A doubling for each
J(I123p). In the electronic I1 ground state of OH, the vibration rotation energy levels are
adequately described by the wave functions ;g », which are defined for a given vibrational v
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state by™
Yranm = AW )W CIL) + BU)WYC),
Yrnm=— AW Y(CIL ) + BU)W(Tyy,), ©)
with
(X =2+2\" (X +2-2\"
an=(3 354 so=(552)
and

2 2
X= [4(1+%) F A -4)] . A=A/B=—-7501."

These wave functions are linear combinations of the ¥(*Il,;;) and ¥(*Il;;), which are the
eigenfunctions corresponding to pure Hund’s case (a). The effect of the 3 state is neglected in
constructing Eq. (6). Consequently a molecule in the II;;, state has a finite probability of being
found in the II,;, state and vice-versa. Using the results of Green and Zare'® and of Chu,'s the
$(11,;,) and ¢(Ily,) wave functions may be decomposed approximately into the product of
electronic ®,,(*I)) and rotational wave functions ®;q v given by

$Clg) = (Tl - ®U, O, M, €), ™

with
OU,0, M, ) = % [0, 0, M)+ d(J, - 0, M)],

where the ®(J, (}, M) are the symmetric top wave functions and € = £ 1 is the state parity.
The rotational constant of OH is so large (18.544 cm™)' that the rotational levels charac-
terized by the quantum number J are widely spaced (Fig. 1) and the rotational spectrum lies in
the far-infrared. The pure microwave spectrum is due to transitions between A-doublets within
a particular rotational level and was first observed by Dousmanis et al.! For OH, the strong
coupling between rotational and electronic motions of the radical leads to large A-doubling.
Each A-type doubling transition is split by magnetic hyperfine coupling due to hydrogen (which
has nuclear spin I = 1/2) into four components characterized by the total angular momentum
F=J+1I obeying the selection rule AF =0, +1. The two lines arising from the AF =0
transitions are the strongest and are generally the only ones observed. Neglecting the hyperfine
structure, the energy of each component of a particular doublet in the II,,(Fy) or *IL;5(F;) state
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Fig. 1. Energy level diagram of OH showing rotational states of the lowest vibrational level for the 1

and 211, , electronic states (not to scale). The hyperfine structure on the r.h.s. is indicated for the ground state A
doubling.
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is given by F,,(J) = W2, with "

F)= B,,{(J +%)2 -1 —% [4(1 +%)2 FY(Y- 4)]”2} ~DJ, o

FU) = Bv{(l 4 %)2 ~143 [4(1 +%)2 +Y(Y- 4)]”2} - D,J +1),

and"’

_d(;.1 ( _)( 2- A/B) LA +3)U - 1/2)]_ 9
W—2(1+2)[2+B 1+ X ; &)
X has been defined in Eq. (6). In Eq. (9), the upper and lower signs refer to the 1,), and 3

states, respectively.
The numerical values of the rotational constants in the ground *IT state of OH are''"!®

B, =18.544 cm™, Dy =1.9071 X 10%cm™!, A'/B' = -6.073,
q,=386.333%x10%cm ™', and Y =-7.41.

Some linewidth calculations in self-broadening or broadening by foreign gases were made
previously.”® However, the interaction potential was incompletely described and short range
anisotropic forces were disregarded. Due to the large values of the dipolar and quadrupolar
moments of OH (Table 1), the long-range electrostatic interactions between OH and linear
molecules are expected to dominate broadening. In this work, in order to get a realistic
description of the angle-dependent intermolecular potential, we have used both electrostatic
interactions and atom-atom interactions,” which include an anisotropic short-ranged potential.
Thus, the interaction potential V between OH and a foreign gas may be written as

d; &;
V=V,+ Vg =2 (_ﬂ_r1 )2 - —) + Vs + Vs + V0, + V0,0, 10)
ij 42 1i,2j

In Eq. (10), the indices i and j refer, respectively, to the ith atom of molecule 1 and the jth of
molecule 2, ry;,; is the distance between these two atoms, d;; and ¢; are the atomic pair energy
parameters and p and Q are, respectively, the permanent dipolar and quadrupolar moments of
the two molecules. Electrostatic contributions do not exist if the perturber is an atom. In the
frame of Fig. 2, we obtain the following expression for the potential V = V(R, 6,, 6,, ¢;, ¢,) in
terms of the intermolecular distance r, of the intramolecular distances r,; and r,;, and of the
spherical harmonics Y," tied to each molecule:
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Fig. 2. Geometrical frame for interaction between two linear molecules.
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For the atomic interaction between different kinds of atoms, the ¢; and d; may be deduced
by means of the usual combination rules from the attractive parameters ¢, and the van der
Waals radius r,, y for related molecules with the same kinds of atoms, as obtained by Oobatake and
0o0i" for a variety of molecules from second virial coefficients measurements, viz.

1
Foij = E(rw,ii + o
€ = (eiiejj)llzv (13)
1
d;= ) eij(zrm,ij)ﬁ-

3. LINE-WIDTHS CALCULATION

We focus on molecular pairs for which experimental data are available. This is the case for
OH perturbed by Ar for the X°II;,J = 5/2 < 3/2 rotational transition’ and also for OH
perturbed by H, and N, in the X°Il;,, J =7/2 and J = 11/2 microwave transitions.>® Although
the broadening of OH-He was measured for these same transitions because this molecular pair
is of major interest in connection with the atmospheric abundance of He, we have disregarded
this problem because our formalism is not suitable to describe quantum effects tied to He.

The following numerical applications start from Egs. (1)-(5) using the intermolecular
potential of Eq. (10). The detailed expressions of the second-order differential S,(b)=
Sop2+ Spn+ S5 and the S§H(b) = S, are given in Appendix C of Ref. 9. The Sj terms [Eq. (1)],
which result from the non-commutative character of the intermolecular potential, were neglected
since their contributions to line broadening were found to be negligible. Consequently, we put
cos (83, — 53.2) = 1. All calculations refer to room temperature. In order to reduce the computing
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time, the calculations were performed for 9, which is a realistic simplification for the temperature
of concern.

Due to the specific nature of the OH molecule, the dipolar absorption selection rule is
AJ =0, £1; =—> ¥ (the + or — signs refer to the parity of the initial and final levels. In the
ground state v =0, AJ =0 corresponds to the microwave absorption spectrum and AJ =+1
corresponds to the pure rotational absorption spectrum. Moreover, collision-induced transitions

obey the selection rules AJ =0, +1,...,%1,,/; being the order of the spherical harmonics tied
ta tha active malacnla [hara . =1 or 7 Qea Fac (IMNand (1M and AL=0 +9 + 1. whan

WUV QWY W VIV WY I 8] i WV AU, \11) QLI \1&j] GUV mdd] = Uy —dwgs s sy — 57 WIVIE

the perturbing molecule is a homonuclear diatomic molecule (here [, = 2). The parity rules tied to
the [, =1 and [, = 2 collisional transitions are + - ¥ and + — *, respectively. The values of the
Clebsch-Gordan coefficients are listed in Table 2 for the *I1,,, and *II,, electronic states for /; = 1
and 2. Because the OH rotational wave functions in the *II state are linear combinations of pure
Hund’s case (a) rotational wave functions [ZIIl,z and H;,z, (Eq (7)), we must consider not only
induced transitions in the same state (* H.,2—> IIl ,2, H3,2—> I'l3,2) but also induced transmons

hatwoan diffarant ctatac (21T ST and 2T 207 . Fisure 3 enmmoarizac thic citiatinn far tha
UCLWLUILL ULLLVLIVLIL dlated | 11]/2'—’ 113/2 alu 11312_’ 11” s 16 J dUNIIIIALLILYD LD auua lUll AUl Ulv
initial level J, = 7/2 in the Iy, state.
We will now examine different molecular systems.
J
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Fig. 3. Scheme of the collision induced transitions from the o, J; =712 level. —: optical transition;
-w= AT =0, 1, = >3 induced transitions; mwe: AJ =0, 1, 2, >+ induced transitions. The energies

are incm™".
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OH-Ar

As the electrostatic interaction does not exist when OH is perturbed by a rare gas, a good
description of the dispersion interaction is crucial. Figure 4 exhibits the radial part of the
OH-Ar interaction energy. The anisotropic dispersion forces are essentially short-ranged so
that the r™", r™*, r™", and r™' terms in the interaction potential [Eq. (12)] are expected to
dominate broadening. Since the atom-atom development is not rapidly convergent, the neglec-
ted higher order terms may also contribute to the broadening.

The OH-Ar collision cross sections (o) and half widths at half intensity [Avap) were
calculated in the rotational spectrum and in the microwave spectrum for the I1,,, and 2lg_l_m
electronic states. The results are shown in Figs. 5(a) and 5(b). A comparison is also shown for
the 1y, J = 3/2- 5/2 transition with experimental data of Burrows ef al.” (See Table 3). The
theoretical value is in reasonable agreement with experiments. A similar calculation was
performed in the pure Hund’s case (a) by putting A(J) =0 and B(J) =1 in Eq. (6) and replacing
Fy5(J) of Eq. (8) by”

ES

Fi ()= {i

+B,[J(J+ 1)—92]+%}

(+ AR2if Q =3/2and ~ A2if Q = 1/2);
also W of Eq. (9) was replaced by
W=a(J+1/2)if Q=1/20r W=b(J?-1/4)(J +3/2)if @ = 3/2,

with a=0.316cm™ and b=0.011cm™."” We obtain Avyp)=39.7%10cm™ atm™ for the
J =3/2-5/2, 1y, line. This value is only 8% lower than the value calculated in the inter-
mediate case. Thus, the transitions induced between the 2ﬁ3,2 and 41,, states do not contribute
significantly to broadening. This fact permits us to discuss the theoretical results further. To our
knowledge, Ref. 7 constitutes the single datum relative to the broadening of OH by Ar. It would
be very useful to obtain experimental information concerning the J dependence. Because OH is

K cal/mole

03

02

01

-014

~0.21

Fig. 4. The coefficients u,,,,(r) in the spherical harmonics expansion for the interaction betrween OH and
Ar.
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Fig. 5. Calculated half widths at half intensity for the OH-Ar lines; (a) x experimental data for pure
rotational lines of HF-Ar in the same condition (x);** (b) microwave lines.

Table 3. Cross sections and half widths at half intensity for OH perturbed by various gases.

;g};lg::g Transition c (Az) av (1/2) (10'3 om? atm'l)
(a) (b) (a) (b)
Ar rotational (J = 3+3) | 45.53 52.5 43.2 43
(a) (c) (a) (<)
(0 =7/2) 26.64 39-30 65.28 104
H2 microwave
(J = 11/2) 22.82 22 55.91 58
(J = 7/2) 82 74-69 82.67 81
N2 microwave
(J = 11/2) 47.28 79 47.64 86

(a) Values calculated in this work.
(b} Experimental values of Ref. 7.

(c) Experimental values of Refs. 5 and 6.
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similar to HF insofar as the molecular parameters are concerned, a comparison seems possible
between OH-Ar and HF-Ar broadenings. We have reported in Fig. 5(a) some experimental
HF-Ar linewidths values.” The variations with J of the linewidths are very similar as expected.
Thus, our theoretical results on OH-Ar seem credible both as to absolute magnitude of the
widths and J-dependence. A slight differential broadening exists in OH, as was first observed in
NO. This magnetic effect was discussed in a preceding paper.?*

We now discuss the physical mechanisms causing broadening. Detailed calculations have
shown that the predominant contribution comes from the repulsive part of the u,qo term through
the AJ =+ 1 induced transitions (Fig. 4). The contribution coming from the u,q term is lowest
because of the resonance properties in the collisional mechanisms (large value of the rotational
constant By). Since there is no possible resonance between the rotational states of OH and a
rare gas atom, the linewidth decreases rapidly when J increases.

OH-H,

The potential surfaces are presented in Figs. 6(a—). For intermediate and long-range
collisions, the u;, and uy, contributions of the atom-atom potential are negligible compared with
the electrostatic contributions at the same angular dependence (see Figs. 6(b), (c)). This is due
to the fact that the quadrupolar moments of both molecules are positive. Consequently, the
dipole-quadrupole and quadrupole-quadrupole interactions behave like the short-ranged part of
the atom-atom potential. Thus, the broadening of OH-H, lines, for impact parameters b <
3.5A, is caused by dipole-quadrupole and, to a lesser extent, by quadrupole-quadrupole
interactions. On the other hand, for close collisions (o < b < 3.5 A), broadening is due to the
atom-atom ;¢ and 4,y contributions.

The microwave cross sections and linewidths of OH perturbed by H, were calculated for
J;=7/2 and J; = 11/2 in the 1, state. The results are shown in Table 3 and compared with
experimental data of Bastard et al**

Good agreement with experiments is obtained only for the J; = 11/2 line; the experimentally
observed variation of Ay, when passing from J; =7/2 to J; = 11/2, is not at all understood.
Indeed, when calculated in the pure Hund’s case (a), the linewidths are Awyp[J;=7/2]=
61.18 X 10 cm ™" atm™ and A, = 11/2) =53.05x 10 cm™" atm ™. These values are respec-
tively, 6 and 5% lower than the corresponding values of Table 3. Hence, we may also compare
OH-H, broadening with HF-H, broadening. In a recent paper, Mehrotra and Nair”® report
experimental observations and theoretical calculations for HF-H, linewidths in the first overtone
band; for J; = 3, the Ay, values decrease slowly as J; increases. The same behaviour is obtained
for OH-H, in our calculations, as will now be discussed.

Detailed calculations show that, for J;=7/2, the electrostatic and dispersion interactions
with the same angular dependence contribute equally to broadening while, for J; = 11/2, the
dispersion interactions are predominant. Because the rotational constants of OH and H, are,
respectively, 18.54 cm™ and 60.8 cm™ (see Table 2), resonances appear between the rotational
states in both molecules for values of J; obeying the approximate condition

Blhy
Ji B1 ll J2max’ (14)

here, Jymax is the most populated level of the perturbing molecule at the given temperature
(Jomex =1 at 300K).® A resonance due to the u,, interaction appears for J;~7/2 and a
resonance due to the strong u,, interaction appears for J; ~ 11/2. While, at the same time, the
contributions due to the u, and uyy interactions decrease from J;=7/2 to J;=11/2, the
addition of both of these effects results in a slow variation of the linewidth with J.

OH-N,

The OH-N, potential surfaces are presented in Figs. 7(a)~(c) and are very different from
those of OH-H, because of the negative value of the quadrupolar moment of N,. Both the
dipole—quadrupole and quadrupole—quadrupole interactions are now long-range, attractive
forces and the consequence of the addition of the atom-atom contribution is occurrence of an
important well in the energy curves. However, significant effects of the atom-atom potential
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appear only for very strong collisions (impact parameters < ¢), which are not dominant at
room temperature. The broadening of OH-N, lines is thus due essentially to electrostatic
dipole-quadrupole and quadrupole-quadrupole interactions.

The half-widths at half intensity Ay, of the microwave 21y, J;=7/2 and J; = 11/2 lines
were calculated and compared with the experimental data of Refs. 5 and 6. Good agreement is
now obtained between theory and experiment for J; =7/2, the theoretical value for J;=11/2
being half of the experimental value. As expected, the dominant contribution to OH-N,
broadening was found to be due to electrostatic interactions, mainly dipole-quadrupole inter-
action. The rotational constant of N, is very small (B, = 2.01 cm™") compared to that of OH, so
that resonances due to electrostatic interactions would appear for J;~1 [see Eq. (14)].
Consequently, for J; > 1, there is no resonance possible between the quantum states of OH and
those of N,. The variation with J; of the half-width is then a rapid decrease, as was observed in
similar cases (e.g. HF-N,).”
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