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The descriprion 01 the interaction potential in collisions invo!>ing one or both partners with orbital degeneracy is shown to 
depend on the choice of phase for the azimuthal dependence or the ckctronic waverunctions describing the molecular SKIKS or 
Ihe partners. This has impormnt consequences in the imerpretation of OH(X ‘ll) collisions. especially in regard IO mechanisms 
for A-doublet popularion inversion. Theory and experimem are brought inlo accord for OH + H2 collisions. 

1. Introduction 

There has been a tortuous history concerning the 
phase conventions for linear molecules in orbitally de- 
generate states [l-13] _ Recently an excellent review 
by Alexander and Dagdigian [ 141 has clarified the 
relationship between the sign conventions for the ba- 
sis functions in both Hund’s case (a) and case (b) cou- 
pling and the physical orientation of the electron 
charge distribution with respect to the total angular 
momentum vector J of the molecule [S-7]. However, 
ambiguities still remain in the treairnent of coIIisions 
involving orbitally degenerate species because the ma- 
trix elements of the interaction potential depend on 
the phase convention adopted for the electronic wave- 
func%ns of the separated partners. 

In the scattering process the interaction potential 
relates to fmed nuclear confwrations in which in gen- 
eral there are no orbital @eneracies because the axisI 
symmetry is broken. For example, in an atom-diatom 
collision there exists only a plane of symmetry and the 
electronic states are either A’ or A” in the C, point 
group. Thus the interaction potential, being the expec- 

tation value of the electronic Hamiltonian over the 
electronic coordinates, is diagonal and renI_ However, 
when using the products of the wavefunctions of the 
unperturbed collision partners as a basis, it is necessary 
to defme the parities of the wavefunctions of the sepa- 
rate partners. When one or both collision partners are 
orbitally degenerate this causes the basis functions to 
be complex. and the interaction potential therefore 
has off-diagonal matrix elements whose values depend 
on the phase convention chosen. Before and after the 
collision the parity of each partner is well defined; dur- 
ing the collision the parity of each partnir is lost 
through the lowering of the symmetry (although of 
course the overall parity of the system is conserved). 
For a given Ji + Jf energy transfer event in one part- 
ner, the cross sections for (+) + (+) parity levels need 
not equal that for (-) + (-); nor that for (+) --f (-) 
equal that for (-) + (+) [2,6,7,1S]. This has the con- 
sequence that collisions may cause the Adoublets of 
such a partner to become unequally populated. 

In this Letter we discuss how to ensure consistency 
in defining the matrix elements of the interaction po; 
tential, leading to energy transfer cross sections that 
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are independent of phase conventions, as they must be. 
We were prompted to examine this problem when it 
became apparent that the elegant experimental results 
on OH(X ?lT) + H2(X 1 $‘) scattering obtained by 
Andresen, HCrsler and Liilf [ 161. are at variance with 
earlier theoretical predictions [17-201. Re-exarnma- 
tion discloses inconsistencies in some previous theo- 
retical treatments. In some cases these errors have 
arisen from an incorrect formulation of the molecular 
wavefunctions [ 131, or have been wrongly attributed 
to incorrect assignment of the A-doublets [ 161. If the 
critique of ref. [ 161 were correct, which it is not, it 
would raise serious doubts about the interpretation of 
the unequal A-doublet populations observed, for exam- 
ple, in the photodissociation of H,O [21] and HONO 
[22]_ 

2. Matrix elements of the interaction potential 

The wavefunction for a is+lA state, with AZ 0 
and well defmed parity under inversion of the space- 
fxed coordinates, may be written in the case (a) basis 
set as: 

JnAsDM!C2 2.) = 2-1I2[lnhSZ)IJM,CL) 

It (-l)‘-Sin - hs - z>IJM - C&j] ) (1) 

where the f sign denotes the inversion parity (see be- 
low). Levels with parity (-I)’ for an even number 
of electrons, and (-l)J-1/2 for an odd number of 
electrons, are designated e levels; whereas f levels have 
the correspondingly opposite parity [23,24] _ Here 
InhSZ) is the electronic wavefunction, and ]JMsL) is 
the rotational wavefunction which has the form 

IJ.!G9 = [(U + 1)/8s2] lnDAn (c&)* , (2) 

where Dhn is a Wigner rotation matrix element and 
(4~) are the Euler angles that relate by an active rota- 

tion [IO] the space-fmed frame (xyz) to the mole- 
cule-fixed frame (xyz). 

In the molecule-fixed frame the z-axis lies along the 
internuclear axis but the orientations of x and y are 
arbitrary corresponding to the chosen value of the re- 
dundant Euler angle -y_ Two conventions are in com- 
mon use, -y = 0 (the ZSHA convention [S]) and 7 = 
7r/2 (the H convention [3]). In either case inversion 
of the spatial coordinates, in which (X, Y,Z) + 

(-X, -Y, -Z), is equivalent to reflection of the elec- 
tronic coordinates in a plane passing through the in- 
ternuclear axis, followed by a two-fold rotation about 
an axis perpendicular to this plane acting on the rota- 
tional wavefunctions [3] _ In the ZSHA phase conven- 
tion this is expressed as 

‘sp ” = uJ=c; , 

while in the H convention 

Pa) 

isp = o$‘Cs . WI 

In consequence, the phases of InA!CS) and IJMa) 
are different for the two conventions, but 

z$kkt is identical, namely * 

ispInAS~)IAtfS2) = (-l)J-Sln - AS - Z)IJM - S22). 

(4) 

The electronic function InASZ) can be written 
rigorously as ]nh)ISD only for a one- or twoelec- 
tron system, for which the electronic wavefimction 
can be factor&d into space and spin functions. How- 
ever, for more than two electrons the wavefunction 
can always be represented as an antisymmetric com- 
bination of such product functions. Hence, for under- 
standing the transformation properties under symme- 
try operations, we need only consider one such prod- 
uct_ 

Implicit~m the derivation of eqs. (1) and (4) is the 
convention that 

o$+zA) = (-l)A]n - Ai 

and 

@a) 

u,Y=lnA) = In -A). (5b) 

This is equivalent to writing 

InA) = (-lyL’k,*, exp(iA@,) 

and 

(6a) 

* In ref. (51 the overall phase fator under inversion of the 
space-fixed eDordinate frame is @en as (-l)J+s for * # 0 
states. For cvem~ectron systems (with integal s) this is 
completely equivalent to (-l)J-s. while for odd-&c&on 
systems (haLf-iutegral S) this reverses the paity of each 
wavefunction. For an isolated system such a change has 
PO physical consequences. As f&t pointed out by 
Larsson [lo], ref. [5] mixed the aciive and passive points 
of view ip d_+ving this phase factor. Eq. (A19) of ref. [5] 
should be replaced by its complex conjugate, thereby giving 
the ovenll phase of (-l)J_s. 
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Fig 1. The relationhip between the electronic orbital and 
coUisional coordinates as viewed along the molecule-iixed 
z-axis (the internuclear avis of the AB target). Here R is the 
position vector connecting C and AFI, and its azimuthal angle 
9ismeasuredfromthexzplaneoftheABframe.asisthe 
angle oe describii the azimuthal angle conjugate to the or- 
bital angular momentum vector A of AB. 

In - A) = *,, , exp(-We) , (6b) 

where \k,, , is the orientation-independent part of the 
electronic orbital wavefunction, and Qe expresses the 
azimuthal angle dependence measured from the x-axis 
of the molecule-fmed frame. 

Let a collision partner approach, as shown in f%. 1. 
Its azimuthal angle must be defined with respecf to the 
some x-axis. For simplicity we take the collision partner 
as structureless, and concentrate on the Q dependence 
of the stationary state wavefunctions for the colliding 
partners, which is: 

A’ state: 

*I = \I’,*, cos A(@ - @e) 

= $ [(-l)* exp(-iA$)lnA) + exp(iA$)br - A>] ; 
(73 

= : i [(-lp exp(-iA+)lnh) - exp(iA$))n - A)] _ 
G’b) 

The system described by the electronic wavefunction 
9; interacts over a potential surface V’ (R) = 
(e’ lWeffle’), and that described by *E over a surface 

V” (R) = (e” Iweffle”>, where R is the position’vector 
connecting the centres of mass of the collision part- 
ners (and V(R) is the interaction potential)YIn evalu- 
ating matrix elements of the interaction potential over 
the full scattering basis it is essential to carry through 
the electronic phase factor (-1)” of eqs. (6) and (7). 

The theoretical treatment of Dixon and Field [ 171 
made use of the “perturbed stationary state” method, 
in which a potential is constructed which acts only in 
the space of the nuclear coordinates, following earlier 
work by Bates [25], as generalised by Green and 
Zare [6] to molecular problems_ In this treatment the 
matrix elements of the effective interaction Hamil- 
tonian over the electronic basis of eq. (6) become 

(nAIHefflnA> = (n - AIHeffln - A) = V,,(R) (84 

and 

(n - AlH,t#A) = (nAINe&r - A)’ 

= V2,,(R) exp(2fiG) , @b) 

where R lies in the scattering plane (eq. (3) of ref. 
[ 171). The effective potentials Vu(R) and Vzn (R) 
are related to the Born-Oppenheimer potentials of 
the stationary states of the collision system through 

V0 (R) = $ [(V’(R) + Y” (R)] (9a) 

and 

V2*(R) = ; (-lp [V’(R) - V”(R)] _ (9b) 

Eqs. (9) differ from eq. (4) of ref. [17] by the inclu- 
sion of the phase factor (-lp in (9b). No other 
equation in ref. [17] needs to be changed apart from 
this and the corresponding changes to eq. (6) for col- 
lision partners with spin. 

This change has no consequence for even A (eg. 
A states), but reverses the signs of .the matrix elements 
of V2,, (R), (and thus of its spherical harmonic com- 
ponent V2,2(R) [ 17]), for odd A (eg. ll states, such 
as OH and WI). 

In summary, the use of the full machinery of an- 
gular momentum coupling theory requires a curious 
choice of the phase factor of the electronic wavefunc- 
tions, as fast pointed out by Condon and Shortley 
[26] for atoms. It is the incorporation of this phase 
factor into eq. (4) which carries through into the sense 
of the anisbtropy of the i&action potential, as 
shown in eq. (9) This sign change is independent of 
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the choice of a case (a) basis, as in eq. (l), or a case 
(b) basis, as in ref. [ 171. This problem arises only for 
partners with electronic orbital degeneracy: conclu- 
sions for molecules withK-doubling, such as H,CO 
[2] and NH2 1271, are not affected. 

inversion of certain pairs of hiloublet leveh of OH 
and OD; 

(ii) collisions involving energy transfer out of 
F1 (1:) result in cooling (anti-inversion) in F1 (34) 
and F1 (3;); 

3 - Consequences for me& _ of celestial OH 
maser action 

One of the most remarkable events in radio-astron- 
omy was the observation in 1965 [28] of maser ac- 
tion involving transitions across the groundstate A- 
doublet of OH. Masers are of considerable interest 
since they are found in regions of stellar formation 
(e.g. W3(OH)) and in the atmospheres of late-type 
stars [29.30] _ A variety of possible mechanisms has 
been proposed for the generation of h-doublet popu- 
lation inversion in OH [30] _ These include optical 
pumping cycles, photochemical generation, and com- 
binations of collisional and radiative processes_ 

The last of these mechanisms has been discussed 
by Dixon and Field [ 17,181 among other authors. 
Accurate interaction potentials were not available to 
Dixon and Field at that time, and they based their 
conclusions on crude valence-bond considerations *_ 

Subsequent ab initio calculations on OH + H2 by 
Walch and Dunning [33] and by Kochanski and 
Flower [34] have upheld the sense deduced in ref_ 
[ 171 for the anisotropy, namely that the lowest ener- 
gy configuration is that in which the unpaired x-elec- 
tron of OH is directed towards H2 _ However, the mis- 
sing phase factor in eq. (4) of ref. [17] (see eq. (9)) 
has the consequence of reversing several of the con- 
clusions in that paper. We restate here the revised pre- 
dictions for OH(OD) + H2 collisions based on the con- 
sistent treatment of the azimuthal dependence of the 
interaction potential: 

(iii) collisions involving energy transfer out of 
F1(l~)resultminversionofF2(f),F2(1~)and 

F2(2;); 
(iv) the presence of hyperfme structure will not 

qualitatively affect the conclusions as to whether a 
pair of Adoublets is cooled or inverted by rotational 
energy transfer. 

Andresen, H%usler and Ltilf [16] recently carried 
out a pulsed crossed beam study of rotationally cold 
OH + H2 collisions, in which laser-induced fluores- 
cencc was used to monitor the-resulting OH hdoublet 
populations for various J levels of the FI and F2 mani- 
folds. Starting with OH molecules predominantly in 
Fl (li), they report cooling of the Adcublet popula- 
tions transferred within the F, manifold, the extent of 
which increases with increasing J. By contrast the F2 
manifold shows a tendency to inversion which increases 
with increasing J. Thus the revised predictions of Dixon 
and Field outlined in (ii) and (iii) support the conclu- 
sions that a collisional mechanism by itself cannot ac- 
count for OH maser action in F, (1:) but might be 
an important process leading to maser action in Fz (i). 
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