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for Production of O(*P) and O¢D) in OH Photodissociation
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A theoretical analysis is presented for the multichannel type resonance at energies above the dissociation
threshold to Q) in the photodissociation of OH. Dissociations to both oxygenic terd® @td OfD) are

treated. Total cross sections for producing these oxygen terms display asymmetric resonance due to the
guantum interference resulting from complicated interplay of electronic states correlating to these two
oxygenic terms. The branching ratios off( =0, 1, 2), and the vector properties of®)(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®@) and OYD).
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Introduction now. Any approximations for these states would fail to treat
the production of the upper atomic term. Therefore, theore-
Photodissociatidhis a fundamental process that can pro-tical framework to deal with this general and complicated
vide ample dynamic information. Various kinds of interactionssituation must certainly be needed to analyze experimental
between the electronic states and quantum interference beaibservations at energiebovethe threshold to the upper
ween the dynamic pathways may give extremely intriguingatomic term. This type of approach may also be a prelude to
dynamic phenomena. In some simple situations, such as tneating more complicated polyatomic processes, such as the
direct dissociation, in which all the molecular electronic photodissociation of Ci#BrCI'° or CRBr,;! in energy regime
states correlated only with a single atomic term, measurgrom which two different atoms can be produced. To our
ments of the properties of photofragments such as thbest knowledge no investigations treated this interesting
branching ratios and angular distributions may reveal direcsituation, properly including all the interactions discussed
information on the photoexcitation pathways and the symabove to account for the complicated dynamics.
metries of the electronically excited staté$n general situ- We describe in this work theoretical formalism to treat the
ations, however, interplay of different kinds of interactionsproduction of two atomic terms in the photodissociation of
may complicate direct link between experimental observationdiatomic molecules, and present calculations on the photo-
and the mechanism of dynamic processes. Photodissociatiaiissociation of the OH molecule at energies above the
to more than one atomic limit is such a case, because eledissociation threshold to &X). We show that the theoretical
tronic states correlated with different atomic term limits maymethod to treat the photodissociation process of OH below
cross or experience avoided crossing in the Franck-Condaine threshold to GD) may also be employed to compute for
region. Loosely speaking, two kinds of non-Born-Oppenheithis more general situations. Productions of bottDpénd
mer interactions (first, the interactions, such as the spin-orbiD(P) are theoretically treated. We predict the multichannel-
coupling, between the crossing states correlated with differtype threshold resonance at these energies due to compli-
ent atomic terms in the Franck-Condon region, and secon@ated interactions between the electronic states correlated
the interactions in the asymptotic region between the eleowith the two oxygenic terms, €0§) and OfP). Total cross
tronic states correlating with the same atomic term) maysections for producing these oxygenic terms display the asym-
influence the photodissociation processes in this situation. Imetric resonanc¢&’’ peak due to the quantum interference,
this case, dynamics of photodissociation would be very difand the properties of éIf) and OtP) exhibit rapid changes
ferent, depending on the energy regime considered. At enenear the resonance energies.
giesbelowthe threshold to the upper atomic term{@({n
the present case), only lower term{®)j would be produc- Theory and Computational Methods
ed as we have shown in a series of publicafidrsnce the
electronic states correlating with the upper atomic term are We employ the theofythat can treat the very general
closedchannels. In many other studies on the predissocisituations in which there can be more than one atomic term
ation processes, these latter states were neglected for golimiit involved and where there can be all kinds of crossings
reason$® At energiesabove the threshold to the upper and avoided crossings among the electronic states. The
atomic term, however, these molecular electronic statetheory was described in detail in Ref. 4, and we only briefly
correlating with the upper atomic term must be explicitly summarize it here to help present the results in Section lll.
included in the calculation, because theseopemchannels  Two basis sets are employed to describe the dissociation
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dynamics in the molecular and asymptotic region, respecdefined by

tively. The first basis (ABO basis set) is a space-fixed one

derived from Hund's coupling cases. Hund's case (a) basisis ¢ o (€s) = Z (—1)1‘qD<SQS|11q—qEEg£a. 5)
used here, although other coupling cases may also be em- aa

ployed as long as all the interactions are included to evaluatehe integral cross section for dissociation to a particular
the total Hamiltonian. The second basis skMjljoju >, spin-orbit component of the fragment atom is obtained as
which is called the ‘asymptotic’ molecular basis, diagona-

lizes the total Hamiltonian at infinite internuclear distances. 0y o0 = 4772%’2‘]—%& Z (23: + )| 1(3ejlj oj i)
This basis is employed to properly describe the transition R A
amplitudes for the dissociation to each atomic fine structure (6)

state of the oxygenic and hydrogenic terms with total elec- . L
) X : The fragment anisotropy parameter (for the angular distribu-
tronic angular momentum quantum numbei@ndju, respec-

. . . tions) and the alignment parameter are obtained as the ratio
tively. Here,| is the orbital angular momentum quantum : .

A . . ) of the partial cross sections
numberj =jo +ju, andJe (=] + 1) is the total final angular

momentum quantum numb@d. is thez component ofg in _ Ouo;20 7
the space-fixed coordinate system. These two basis sets are Po= Ooo;00 )
related to each other by thiendependent transformation and
matrix <jlj oju | CASp >;. The scattering equation,
_ O02;00
[E-H]| K, jomojusmY0=0, ) S~ Og0;00 ®

respectively (the definitions af’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 metiHddind appro-
priate boundary conditions are imposed at the end of propa-
gation (up to 25 bohr). Convergence of the computed results

. A T . is confirmed by increasing the number of integration steps
1K Jomolumy = J;w | EFeMI of i TLDEM | jim < up to 2500. The potential curves, transition dipole moments
o It and the spin-orbit couplings employed in the present calcu-

Mol uMomy Yy @) lations were described in Ref. 4.

is solved, wheréd is the full Hamiltonian which describes
motion on the excited states akds the wave vector. The
scattering wave functiohk, jomej,m0 is expanded in terms
of energy-normalized continuum eigenfunctidbXMijlj o-
mojn M0 of the total angular momentum operater

Close-coupled equations are solved to obtain the continuum
wave function EJMilj omoju m;'C1 Transition amplitudes to
a specific fine structure component of the oxygen atom are

computed by he Golden Rule, and can be factored using theZ 0y T T BORCRC BEERS O € SN0
Wigner-Eckart theorem to separate the dependenik, dh b ’ 9y

is defined as the statistical average of the energy splittings of
O(CP,j=0,1, 2)in Figure 1. The,*z", %2~ and*l states

Results

T(k joiuli) = S CEIMljoj?|E BIMnO

o correlate with OP), while the AS*, A and 2N states
= Z OeM| 15gMLET(Iejlj ojuldin), 2) 80000 L Tt
where [EMin; > is the wave function for the initial state, and 60000 | |
T (Jeljojn | Jimi) is called the reduced transition amplitude. I
The double differential cross section for the coincidence 40000 L i
detection of photofragments and fluorescence is obtained ¢ e |
o .. - R R 9; 20000 |- D) + HESH]
do.do (851 k) = Z UKst;KDQD(”(st(SS)CKDQD(k)' g r 5 e |
e-nck K<Qs:KpQp 2 ol P)+ H(*S)]
(4) N |
-20000 .
wheressis the polarization vector, relative to the space-fixed | X
(SF) z-axis, of the emitted light from an excited photo- 40000 | . T
fragment. The vector properties of the photodissociatior 05 10 15 20 25 30 35
processes are given in terms of the ratiog’sf which are Internuclear Distance (A)

described in Ref. 3 in terms of the geometrical factor and thFigure 1 Ab initio Potential energy curves of OH. Zero of the

dynami(_:al T fact_or. Ckq is the rer_lormalized spherica_ll energy is defined as the baricenter of the energies’sf, D¢ 0, 1,
harmonics, andp is the photon polarization density matrix 2).
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correlate with OD). At energies between thresholds to 0.0 s B R A —
OCP) and OD), the dynamics is described as predissoci- .
ation of the A>* state by the three dissociati{&, 2>~ and 02 P !

‘N stated;” resulting from the spin-orbit couplings of this
state with the three repulsiV&™, 2>~ and“ states. Since
both of the bound Z&Z* and dissociative’s™ state are
optically coupled with the ground®R state, and since these
two excited states interact by spin-orbit couplings, absorp
tion spectrum in this energy regime may exhibit asymmetric
resonance line shapes as a result of the quantum interferer ;
between two indistinguishable pathways: that is, betweel I ‘ o
the three indirect dissociation patvia the A°>* state and 10 , , . , . [ .
the direct pathlla theZZ— state. 15870 15880 15890 15900 15910 15920
At energies above the threshold to dissociation t®Y)( Energy (cm™)
the photodissociation dynamics may become much morgigure 3. Anisotropy parameterfs of angular distributions fo
complicated for several reasons. First, the channels for ttO¢P,j=0, 1, 2).
O(*D) term are now open, and dissociations both {P)0(
and O{D) compete at these energies. Second, the electronic
states (A>*, ?A and 21) correlating with O[D) play a  exhibit asymmetric featuré$!’ The asymmetry of the two
significant role in the dynamics, and interactions amongesonances can be seen more clearly by noticing that the
them would affect the properties of*Of produced. Third, branching ratios for production of Y, j = 0, 1, 2) changes
interactions among these states correlating witDJoénd  considerably near the resonances in Figure 2. Figure 3
those (XM, 4", 2~ and*N) correlating with OP) may also  depicts the angular distribution anisotropy paramétérs,
affect the outcomes of photodissociation in a complicateaf OCP, j =0, 1, 2) near the resonance. The valuggaire
fashion. For example, these interactions may give rise to thdifferent from each other, and they change rapidly near the
multichannel-type resonance at energies near the threshatdsonance. Different values @f's for OCP, j =0, 1, 2) near
to O(D). The effects of quantum interference may influencethe resonance suggests that angular resolution of photofrag-
the resonances for production offB)(and OYD) in differ- ments may be possible near the multichannel resonance. It is
ent ways. More specifically, the degree of asymmetry of theoteworthy to observe that the valuegBefof about 0.5 are
resonances would be different. In this work, we show thatlifferent from the high-energy recoil limit valuel{ for
the interactions among the electronic states correlating witperpendicular (AQ | = 1, < ) electronic transition at
O(CP) or O{D) can yield threshold resonances at energie®ff-resonance energies. It seems that both of the perpendi-
above the dissociation limit to &) both for dissociation to  cular transitions (A" < X2 and?Z™ < X?M) may inter-
O(CP) and OYD). fere to affect the angular distributions of*B)(j =0, 1, 2).
Figure 2 shows such resonances reached from the initidlhe fluorescence anisotropy paramétérgs of OFP,
ground XT1*y3state § = 15.5 andv = 0). In the total cross j =0, 1, 2) shown in Figure 4 also exhibit similar behaviors
section for producing G, j =0, 1, 2), two resonances are near the resonance. The dissociation t®Pis also open at
observed aE = 15880 and 15908 crh These resonances energies near these resonances, and the spectrum for dissoci-
ation to this state of the oxygen atom is given in Figure 5
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Figure 2. Multichannel threshold resonances lying above the
threshold to GD), reached from the initial ground’X*yzstate §;

= 11.5 andv, = 0). Total cross section and branching ratias fo Figure 4. Fluorescence anisotropy paramefgysf OCP, j =0, 1,
production of OP,j =0, 1, 2). 2).
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Figure 5. Total cross section and anisotropy parameigm@nd B
for production of O(D). 5

resonance & = 15880 cn'is so much smaller than that at 3
E = 15908 cmt‘that it is included as inset. Both anisotropy
parameterg3, and s display rapid changes near the reson-
ances. The asymmetry of the resonaBee15880 crt' is 4,
now very evident. The computed asymmetry of the resonanceb.
and the rapid changes of the vector properties near the
resonance could give useful information when they are com-
pared with the experimentally measured values. Specifically, 6.
the interactions between the bound and the dissociative'
states, and the relative oscillator strengths from the initial
state to the bound and the dissociative states could be deteg
mined by direct computation of the asymmetry parametersg
as shown in our previous wotk. 10.

Since the resonances shown in Figure 2-Figure 5 lie above
the threshold to GD), they do not correspond to the 11.
rovibrational levels of the X" state. They rather seem to
correspond to the shape resonance attributable to the cent-
fugal barrier of the dissociative states. Since the height of thé3-
centrifugal barrier depends on the magnitude of the orbital
angular momentum quantum numbdar the relative motion
of the two nuclei, and sinck =j + 1, there would hardly be
resonances observed for lay if the multichannel reson-
ances are due to the centrifugal barrier. Therefore we carryg
out the computations for lovd, sayJs = 1.5, and confirm
that indeed no multichannel-type resonance is computed.7.
These resonances are, however, different from ordinary
shape resonance, since the effects of the asymptotic intet8.
actions are also seen. For example, it should be noted th&®-
the resonances are seen both in the cross section for dissogf
ation to OfP) and to OP) in Figure 2. If the resonance is
due to the centrifugal barrier of only one of the dissociativeZl'
states, cross sections for dissociation téPPEr to OfD)
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 6fZCH

Since these resonances are predicted to be observed jasgt

Sungyul Lee

above the threshold to the upper atomic ternDf(the
kinetic energy of the atoms produced is small. Thus, these
resonances would correspond to those observed in the
collision of ultracold atom&?® The multichannel reson-
ances predicted in this work in the photodissociation of OH,
therefore, may also be observed in the collision of ultracold
O(*D) and HES) atoms. Experimental study on this type of
multichannel threshold resonances will be very intriguing.
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