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A theoretical analysis is presented for the multichannel type resonance at energies above the dissociation
threshold to O('D) in the photodissociation of OH. Dissociations to both oxygenic terms O¢P) and (('D) are
treated. Total cross sections for producing these oxygen terms display asymmnetric resonance due to the
quantum interference resulting from complicated interplay of electronic states correlating to these two
oxygenic terms. The branching ratios of OCP;. /=0. 1. 2). and the vector properties of OC'P,. j=0. 1. 2) and
O('D) display extensive changes near the threshold resonance as the result of the interactions among the

electronic states correlated with O¢*P) and O('D).
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Introduction

Photodissociation’ is a fundamental process that can pro-
vide ample dvnamic information. Various kinds of interactions
between the electronic states and quantum interference bet-
ween the dvnamic pathways may give extremely intriguing
dvnamic phenomena. In some simple situations. such as in
direct dissociation, m which all the molecular electronic
states correlated only with a single atomic term, measure-
ments of the properties of photofragments such as the
branching ratios and angular distributions may reveal direct
information on the photoexcitation pathways and the svm-
metries of the electronically excited states. > In general situ-
ations, however. mterplay of different kinds of interactions
may complicate direct link between expenimental observations
and the mechanism of dynamic processes. Photodissociation
to more than one atomic lunit is such a case. because elec-
tronic states correlated with different atomic term limits may
cross or experience avoided crossing in the Franck-Condon
region. Loosely speaking. two kinds of non-Born-Oppenhei-
mer mteractions (first. the interactions. such as the spin-orbit
coupling, between the crossing states correlated with differ-
ent atomic terms in the Franck-Condon region, and second.
the interactions in the asvmptotic region between the elec-
tronic states comrelating with the same atomic term) may
influence the photodissociation processes in this situation. In
this case. dvnamics of photodissociation would be very dif-
ferent, depending on the energy regime considered. At ener-
gies below the threshold to the upper atomic term (O('D) in
the present case). only lower term (O('P)) would be produc-
ed as we have shown in a series of publications.*’ since the
electronic states correlating with the upper atomic term are
closed channels. In many other studies on the predissoci-
ation processes, these latter states were neglected for good
reasons.” At energies above the threshold to the upper
atomic term. however. these molecular electronic states
correlating with the upper atomic term must be explicitly
included 1n the calculation. because these are oper channels

now. Any approxunations for these states would fail to treat
the production of the upper atomic term. Therefore, theore-
tical framework to deal with this general and complicated
situation must certainly be needed to analyze experimental
observations at energies above the threshold to the upper
atomic term. This tvpe of approach may also be a prelude to
treating more complicated polyatomic processes, such as the
photodissociation of CH-BrC1'" or CF-Br-"! in energy regime
from which two different atoms can be produced. To our
best knowledge no mvestigations treated this mteresting
situation. properly mncluding all the interactions discussed
above to account for the complicated dynamics.

We describe n this work theoretical formalism to treat the
production of two atomic terms i the photodissociation of
diatomic molecules, and present calculations on the photo-
dissociation of the OH molecule at energies above the
dissociation threshold to O('D). We show that the theoretical
method to treat the photodissociation process of OH below
the threshold to O('D) may also be employed to compute for
this more general situations. Productions of both O('D) and
OC'P) are theoretically treated. We predict the multichannel-
tvpe threshold resonance at these energies due to compli-
cated interactions between the electronic states correlated
with the two oxygenic terms, O('D) and OC'P). Total cross
sections for producing these oxygenic terms display the asym-
metric resonance' =’ peak due to the quantum interference.
and the properties of O('D) and OC'P) exhibit rapid changes
near the resonarnce energies.

Theory and Computational Methods

We employ the theory” that can treat the very general
situations m which there can be more than one atomic term
limit involved and where there can be all kinds of crossings
and avoided crossings among the electronic states. The
theory was described in detail in Ref. 4. and we only briefly
summarize it here to help present the results in Section 111
Two basis sets are emploved to describe the dissociation
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dvnamics in the molecular and asvmptotic region, respec-
tively. The first basis (ABO basis set) 1s a space-fixed one
derived from Hund's coupling cases. Hund's case (a) basis is
used here, although other coupling cases may also be em-
ploved as long as all the interactions are included to evaluate
the total Hamiltoman. The second basis set | JeMilfofy =,
which 1s called the ‘asvmptotic’ molecular basis, diagona-
lizes the total Hamiltonian at infinite internuclear distances.
This basis 1s emploved to properly describe the transition
amplitudes for the dissociation to each atomic fine structure
state of the oxvgenic and hvdrogenic terms with total elec-
tronic angular momentum quantum numbers /i and fx. respec-
tively. Here. / is the orbital angular momentum quantum
number. / = o + jy, and Jr (=7 + 1) 15 the total final angular
monmentum quantum number. M is the z component of .Jr In
the space-fixed coordinate system. These two basis sets are
related to each other by the r-independent transformation
matnix < fljnjy  CASZp >, The scattering equation,

[E-H]| k. jomofums'y =0, 8))

15 solved. where H 1s the full Hamiltoman which describes
motion on the excited states and % 1s the wave vector. The
scattering wave function | &, Jomaiumyy is expanded in terms
of energv-normalized continuum eigenfunction | EJeMilfo-
moinmyy of the total angular momentum operator Jr

| k., jomaiumi’y = 2 |EFFM/{UQ/’-‘[’-;‘:‘> (JeM | fimuy X

JF."mu

(im|jajsmomai'Yy,. @

Close-coupled equations are solved to obtain the continuum
wave function | EJeMjljomajy my'y . Transition amplitudes to
a specific fine structure component of the oxvgen atom are
computed by the Golden Rule, and can be factored using the
Wigner-Eckart theorem to separate the dependence on M;. M

T(k. jojulD = Y. (EJMiljojs|é- xl70n)

JF__r."mu

=Y (M| 1.gMYET(Tiliofzl 0. 2
a

where | JM. 1, > 1s the wave function for the initial state, and
T (Jefliofe | i) 1s called the reduced transition amplitude.
The double differential cross section for the coincidence
detection of photofragments and fluorescence is obtained as

ﬂ_(é,. h= 2

KsQs:hplp

Oks0sikp0p "DKSQS( é‘) C DQD( k).

G
where & is the polarization vector. relative to the space-fixed
(SF) z-axis. of the emitted light from an excited photo-
fragment. The vector properties of the photodissociation
processes are given in terms of the ratios of ¢’s. which are
described in Ref. 3 in terms of the geometrical factor and the
dynamical 7 factor. Cyxy is the renormalized spherical
harmonics. and ¢ is the photon polarization density matrix
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defined by
S8 = 2 (1 THKQs g -Dee;. ()
a7

The tegral cross section for dissociation to a particular
spin-orbit component of the fragment atom is obtained as

3
4 aw
Opo.a0 = 3

1 DT
Tl 2 2+ DIt lialub )l

(6)

The fragment anisotropy parameter (for the angular distribu-
tions) and the alignment parameter are obtained as the ratio
of the partial cross sections

By = Cyp:20 ?
b Gaoaa
and
B, = \ R )
S O

respectively (the definitions of ¢’s included in these equa-
tions are given in Ref 3).

The propagation of the scattering wave function is carried
out by the Renormalized Numerov method."”® and appro-
priate boundary conditions are imposed at the end of propa-
gation (up to 25 bohr). Convergence of the computed results
is confirmed by increasing the number of integration steps
up to 2300. The potential curves. transition dipole moments
and the spin-orbit couplings emploved in the present calcu-
lations were described in Ref. 4.

Results

Figure 1 depicts the potential curves of the electronic
states included in the present calculations. Zero of the energy
is defined as the statistical average of the energy splittings of
QCP,.j=0. 1. 2)in Figure 1. The X°TL *Z". "Z" and “TT states
correlate with OCP). while the AT, “A and 2°TI states
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Figure 1. .4b initio Potential energy curves of OH. Zero of the
energy 15 defined as the baricenter of the eneraies of OCP,. =10, 1,
2).



Photodissociation to Several dtomic Terms

correlate with O('D). At energies between thresholds to
OCP) and O('D). the dynamics is described as predissoci-
ation of the A°Z" state by the three dissociative =™, °Z” and
T states.*” resulting from the spin-orbit couplings of this
state with the three repulsive . "L~ and I states. Since
both of the bound A°Z' and dissociative "I~ state are
optically coupled with the ground X°IT state, and since these
two excited states interact by spin-orbit couplings. absorp-
tion spectrum in this energy regime may exhibit asvimetric
resonance line shapes as a result of the quantum interference
between two indistinguishable pathways: that 1s, betwveen
the three indirect dissociation paths via the A°Z" state and
the direct path via the “Z” state.

At energies above the threshold to dissociation to O('D).
the photodissociation dynamics mav become much more
comphicated for several reasons. First, the channels for the
O('D) term are now open, and dissociations both to OCP)
and O('D) compete at these energies. Second. the electronic
states (A°T'. “A and 2°TD) correlating with O('D) play a
significant role in the dyvnamics, and interactions among
them would affect the properties of O('D) produced. Third.
interactions among these states cormrelating with O('D) and
those (X°IL *Z". “Z” and *IT) correlating with O(’P) may also
affect the outcomes of photodissociation in a complicated
fashion. For example, these mnteractions may give rise to the
multichannel-type resonance at energies near the threshold
to O('D). The effects of quantum interference may influence
the resonances for production of OCP) and O('D) in differ-
ent wavs. More specifically. the degree of asvmumetry of the
resonances would be different. In this work, we show that
the interactions among the electronic states correlating with
OCP) or O('D) can vield threshold resonances at energies
above the dissociation limit to O('D) both for dissociation to
OCP) and O('D).

Figure 2 shows such resonances reached from the initial
ground XITHa state (J;= 15.5 and v;= 0). In the total cross
section for producing O(3Pj_. F=0, L. 2), two resonances are
observed at E = 15880 and 15908 cm™'. These resonances
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Figure 2. Multichannel threshold resonances lving above the
threshold to O 'D), reached from the initial ground XPIT%2 state (J,
= 11.5 and v, = 0). Total cross section and branching ratios for
production of O(*Pj, ;=1 1,2).

Bull. Korean Chem. Soc. 2001, Vol. 22, No. 12 1335

0.0 T T T T T 7 g T

&

3Py
O\e:

1.0 . . L . L i .
15870 15880 15890 75900 15910 75920
Energy (cm™)

Figure 3. Anisotropy parameters Sp of angular distributions of
O(P;,j=0.1.2).

exhibit asymmetric features.'>!” The asymmetry of the two
resonances can be seen more clearly by noticing that the
branching ratios for production of OCP;. j = 0. 1, 2) changes
considerably near the resonances m Figure 2. Figure 3
depicts the angular distribution anisotropy parameters™' fp
of OCP;.j = 0. 1, 2) near the resonance. The values of fn are
different from each other, and they change rapidly near the
resonance. Different values of Bp’s for OCP,.j = 0. 1, 2) near
the resonance suggests that angular resolution of photofrag-
ments may be possible near the multichannel resonance. It is
noteworthy to observe that the values of 3 of about 0.5 are
different from the ligh-energy recoil limit value (-1) for
perpendicular (| AQ2 | = 1, [T < X) electronic transition at
off-resonance energies. It seems that both of the perpendi-
cular transitions (A°X” — X°TT and ™« X°TT) may inter-
fere to affect the angular distributions of OCP;. /=0, 1. 2).
The fluorescence anisotropy parameters™ B¢ of OCP,,
7=0, 1. 2) shown mn Figure 4 also exhibit similar behaviors
near the resonance. The dissociation to O('D) is also open at
energies near these resonances. and the spectrum for dissoci-
ation to this state of the oxygen atom is given in Figure 3
along with the values of fip and Bs. The cross section at the
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Figure 4. Fluorescence anisotropy parameters fs of OCP,.j=0, 1,
2).
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Figure 5. Total cross section and anisotropy parameters Sp and Bs
for production of O('D).

resonance at £= 15880 cm™ is so much smaller than that at
E=15908 cm™ that it is included as inset. Both anisotropy
parameters Sp and fs display rapid changes near the reson-
ances. The asymmetry of the resonance £ = 15880 cm™ is
now very evident. The computed asvmmetry of the resonance
and the rapid changes of the vector properties near the
resonance could give useful information when thev are com-
pared with the experimentally measured values. Specifically.
the interactions between the bound and the dissociative
states. and the relative oscillator strengths from the imtial
state to the bound and the dissociative states could be deter-
mined by direct computation of the asvmmetry parameters
as shown in our previous work. ™

Since the resonances shown in Figure 2-Figure 5 lie above
the threshold to O('D). they do not correspond to the
rovibrational levels of the A°X* state. Theyv rather seem to
correspond to the shape resonance attnibutable to the centri-
fugal barrier of the dissociative states. Since the height of the
centrifugal barrier depends on the magnitude of the orbital
angular momentum quantum number / for the relative motion
of the two nuclel, and since Jr =7 + /, there would hardly be
resonances observed for low Je if the multichannel reson-
ances are due to the centrifugal barrier. Therefore we carry
out the computations for low Jg sav Jr = 1.5. and confirm
that indeed no multichannel-tvpe resonance 1s computed.
These resonances are. however. different from ordinary
shape resonance, since the effects of the asymptotic inter-
actions are also seen. For example, it should be noted that
the resonances are seen both i the cross section for dissoci-
ation to OCP) and to O('D) in Figure 2. If the resonance is
due to the centrifugal barrier of only one of the dissociative
states. cross sections for dissociation to OCP) or to O('D)
would exhibit resonance. Therefore. it seems to be of multi-
channel character, as shown by Freed and co-workers for the
threshold resonances in the photodissociation of CH™ .-

Since these resonances are predicted to be observed just
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above the threshold to the upper atomic term O('D), the
kinetic energy of the atoms produced is small. Thus, these
resonances would correspond to those observed in the
collision of ultracold atoms.*>* The multichannel reson-
ances predicted in this work 1n the photodissociation of OH,
therefore, may also be observed in the collision of ultracold
O('D) and H(°S) atoms. Experimental study on this type of
multichannel threshold resonances will be very intriguing.
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