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An exact quantum mechanical theory is employed to treat predissociation process of the A2S+ state of OH. The 

widths and positions of the lower (〃=2 and v = 3) rovibrational levels are calculated. Energy shifts of the reson저nces 

from the zeroth order (pure Humi's case (b)) positions are shown to be small for AKIO, indicating that the A2£+ 

state can be described as case (b) very w이1 for low N. Due to the differential interactions of the A%、* and A2Z+-i/2 
states with X2II and 22I1 states, small splittings between the Fr and F2 levels are predicted. Calculated lifetimes 

of the resonances agree with experimental results reasonably well.

Introduction

The hydroxyl radical (OH) is an important constituent of 

combustion gas and cometary gas. Many ab initio studies 

have been done on the potential energy curves1'5 and also 

on the spin-orbit interactions2 and transition dipole moments 

between the low-lying electronic states of OH. Photodis

sociation processes of OH have also been of interest in a 

number of investigations, because of the astrophysical impor

tance of the molecule. Dalgamo and coworkers,13,5 for exam

ple, have done extensive studies on the direct photodissocia

tion processes of the low-lying states of OH. The A-X band 

system of OH has been studied for a long time6'8 especially 

because of the potential use in detecting OH fragments by 

laser induced fluorescence technique.

Predissociation is one of the dynamic processes9,10 that re

sult from the breakdown of the Born-Oppenheimer approxi

mation. It is now well known that interactions between the 

binding and dissociating states basically determine the wid

ths and positions of the resonances (or quasi-bound states) 

observed in the photodissociation spectra. There have been 

numerous studies where the relationships between these in

teractions and the characteristics of the resonances have 

been investigated. In these works, the widths and shifts of 

the resonances have been expressed in terms of the matrix 

elements of the interactions between the wave functions of 

the binding states and the continuum wave functions of the 

dissociating states. Continuum wave functions are usually 

obtained by using methods based on scattering theory. Var

ious levels of approximations have been employed in these 

methods, the consequences of which are that some of the 

interactions, which are expected to play a significant role 

in the dynamic processes, are not considered. In Yark아ly's 

recent calculations,2 for example, case (b) limit ha돊 been as

sumed for the X2II and 4II states of OH. In most situations, 

molecular electronic states do not belong to the pure Hund's 

cases. These assumptions had to be made because not all 

of the couplings have been included in the formalism. Parti

cular Hund's coupling cases need not be assumed for these 

states as long as all the nonadiabatic interactions between 

these states and other states correlating with the dissociation 

products are included to evaluate the total Hamiltonian. 

These deficiencies are also evident in Sink et 이:s work,1112 

where asymptotic couplings among the dissociative states 

have not been included. Many interesting observables such 

as the population ratios of the photofragments internal states 

and anisotropy parameters cannot be calculated by employing 

these approximation methods.

Intensities and line shapes are also very important charac

teristics of the resonances that cannot be properly calculated 

by employing approximate schemes where some of the inter

actions are not incorporated. It is well known13 that the reso

nances can exhibit a variety of asymmetric profiles when 

the continuum states, interacting with discrete states, are 

optically coupled with the initial states. These asymmetric 

resonances have recently been observed for the predissocia

tion processes of Cs214,15 and FNO.16 Theoretical analyses of 

the photodissociation spectra of these molecules have pro

vided detailed informations on the underlying mechanisms. 

The quantum interferences between the discrete states and 

the continuum states, which give rise to these very interest

ing non-Lorentzian absorption line shapes, can only be pro
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perly incorporated by employing exact photodissociation for

malism. Recently we have developed17 such an exact theory 

to treat diatomic photodissociation processes to atomic fine 

structure states where several atomic term limits are involv

ed. We have demonstrated that both the continuum-contin

uum interactions between states dissociating to the same ato

mic term and the interactions in the Franck-Condon region 

between states correlating to different atomic terms can sig

nificantly affect the shapes of the resonances in the total 

cross sections as well as in the partial cross sections to each 

of the atomic fine structure components in a very complicat

ed way. It has also been shown that the resulting branching 

ratios of the fine structure states can be dramatically altered 

by these interactions. Implications of these findings have 

been discussed in the spirit of coherent control of electron

ically excited states and selective production of photofragme

nts.

In this paper we briefly describe the exact theory we have 

recently developed. We employ the methods to perform exact 

quantum mechanical calculations for OH photodissociation 

processes at energies between the dissociation thresholds 

to triplet oxygen (0(하P)) and singlet oxygen (0(D)) terms. 

We investigate whether the A2S+ state can be approximated 

as Hund's case (b) by computing the positions of the reso

nances and by comparing them with those of pure Hund's 

case (b) rotational levels. We also evaluate the widths of 

the resonances corresponding to the lower 血=2 and 3) rovi- 

brational levels of the A2E+ state of OH, and compare them 

with the experimental results.

Theory and Computational Methode

Hamiltonian and Basis Functions. Th은 total Hamil

tonian for the dissociating m이ecule in the Adiabatic Bom- 

Oppenheimer (ABO) electronic basis can be written 효s

H以(俨)=H血⑺ + T(r)+H粉, (1)

where HMf) is a diagonal matrix of ABO potential energy 

curves, T(r) is the nuclear kinetic operator and H*。)repre

sents the relativistic Hamiltonian. Only spin-orbit interactions 

are included in the pre앙ent work. Since HM” is diagonal 

in Hund's case (a) basis, H”*(” is expanded in good parity 

Hund's case (a) basis function [fMcASZp>,

\JMcASZp >=(2 - 8aoxo)"1/2 [(2/+D/8n乎2 |观如(a附 |AS£>

+ (1-5AOxo) (~lY+J~s+a Z)7Mn(apy)|-AS-E>], (2)

where p is the parity, J is the total angular momentum quan

tum number, M is its component along the space-fixed z 

axis, S is the total spin, A and £ are the components of 

J and S along the molecular axis, respectively, and c denotes 

any other electronic state labels, o is 1 for E- states, and 

0 for other states. Hund's case (a) basis functions are coupled 

by spin-orbit Hamiltonian and by Coriolis couplings due to 

the rotational part of T(r).

The total Hamiltonian can also be separated into two parts, 

that describes internal motion of the fragments and r이a- 

tive motion, and interactions 7(r) that vanish at large inter

fragment separations,

H*허(分=廿°)十卩&), (3a)
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(3b)

The final states of the dissociating system must be expand

ed in eigenstates of 捫 in order to properly define transition 

rates to individual fragment atomic fine structure lev이s. Si

nce the ABO electronic eigenstates do not dissociate in this 

fashion (it yields a linear combination), it is necessary to 

adopt a molecular basis which at large interfragment separa

tions asymptotically becomes a product of atomic fine struc

ture states 化&伽血舞珀〉and a sperical harmonics Yj^r) des

cribing the rotation of the diatomic about its center of mass. 

Here jo(jn) and 伽o(彻Q are the total electronic angular mo

mentum of the oxygen (hydrogen) fragment and its space- 

fixed projection, respectively, and r is a unit vector along 

the intemuclear axis, cq denotes extra quantum numbers 

needed to describe oxygen fine structure states (that is, spin 

and orbital angular momentum quantum numbers). The 

asymptotic degeneracy of these product atomic states makes 

it convenient to couple these asymptotic states to produce 

states with definite total angular momentum J and its projec

tion M,

UMjlc如= 如州仇H> ⑷

where

= 2 Icq而師o기枷h>〈力시枷a/泌切〉. (5) 
mOmH

Here J=j+L and and〈方싸而所枷明>

are Clebsch-Gordan coefficients. Thus we introduce "atomic 

limit” molecular basis functions which asymptotically become 

simple \JMjlc&&H> states of good parity and which diago

nalize the Hamiltonian at large r. These two bases are rela

ted to each other by an r-independent transformation mat

rix

IcASZp>7= 1/(2-8A0,n>)1/2 (-访q

x y <力瓦aiAAS£>vsicA>]+in-以0城一 v아‘‘ 

矯자

X(一시이〃Q—a> V OT瓦치一人-心一£> 

K血

X < — Afl —A*|c—A> (6)

When there occurs explicit curve crossing in the Franck- 

Condon region, at least two atomic term limits are involved 

in the dissociation process. The nonadiabatic interactions be

tween states correlating to different atomic term limits do 

not vanish at large intemuclear distances in general, and 

this requires special treatments. Becau용e of these nonvan

ishing interactions, atomic limit basis functions that result 

in only one of the atomic term limit do not diagonalize /T0) 

and, consequently, two atomic term limits must be explicitly 

considered and all the ABO states correcting with the요e 

atomic terms should be properly incorporated as well. This 

means that two transformation matrices must be constructed, 

each of which describes correlation to the corresponding 

atomic term. This situation is in direct contrast with direct 

dissociating systems, where all the ABO states involved dis

sociate to the same atomic term limit. In OH predissociation 

the spin-orbit interactions between the A2E+ and 2S-, 

4n states do not vanish at large intemuclear distances. 

Hence, a transformation matrix describes the correlation be
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tween 0(阳)and X2II, %一，4E~, *11 states while another one 

connects O(XD) to A2E+, 2A and 22U states.

Evaluation of the Hamiltonian is performed by using these 

transformation matrices. Each term in the Hamiltonian is 

evaluated in the basis which is most convenient. The electro

nic Hamiltonian is calculated in terms of the ABO molecular 

basis, since it is diagonal in this basis. Hund's case (a) basis 

functions are employed to expand the electronic Hamiltonian. 

Other basis functions can also be used to give identical re

sults, as long as all 나蛇 interactions are included in the cal

culations. Spin-orbit Hamiltonian and rotational term are cal- 

cul건ed in "atomic limit" basis, and are transformed to ABO 

basis by transformation matrices. These two parts are diago

nal in "atomic limit” basis.

Scattering Equations and Photodissociation Cross 
Sections. We solve the 이ose- coupled equations for the 

scattering wave function I血，o协a和彻of energy E,

(反妞一£)|&(須例0/«知疽 (7)

The scattering wave function 也而伽如牲"〉is expanded 

in terms of the continuum wave functions with definite total 

angular momentum,

\软血辨血抑讨7> = Y \EJjlc(j血》
J編！

X <jm(8)

Transition matrix elements to a specific fine structure 

component of the oxygen atom is given by the Golden rule 

expression,

伽Q，脚Z〈既知Q挿7|可1나匕> 

j弭n

XYtv(k). (9)

Applying the Wigner-Eckart theorem to the matrix element 

〈踽H&h이히'%〉, the transition amplitudes become

아이临第F히¥>=£ 印寸"巩见厲> 助如血加).(10) 

q

Here e denotes the radiation polarization vector and xljjlco 

represents the transition amplitude to a specific fine 

structure component of the oxygen atom, which is expressed 

by

硕以雨加=<EJ岫尸興\JM> (11)

where g(r) is the electronic transition dipole moment. The 

cross sections for the dissociation to oxygen fine structure 

state with jo are calculated by

。(義加=£(2/+1诉。"儿加시% (12) 

where |/tv：) is the wave function of the initial state. Bran

ching ratio to each of the oxygen fine structure state is de

fined as the ratio of。(。血 |/v) to the total dissociation cross 

section at the given energy.

Scattering wave functions are propagated by using the Re

normalized Numerov method18 and Cooley's algorithm19 is 

employed to obtain the vibrational wave function of the 

ground state. RKR potentials obtained by Fallon et 요.20 and 

by Horsley et al.21 are employed for the X2!! and A%* states, 

respectively. The 2欧，宕，and 4II states are represented 

by potential curves of Yarkony.2 The 2A and 22n states are 

described by using the ab initio potentials of van Dishoeck

Intemuclear Distance (A.U.)
Figure 1. Potential energy curves of OH.

and Dalgamo.1 Transition dipole moments from the X2!! to 

A2E+ and to 吃~ states are taken from the work of Yarkony2 

and van Dishoek et qLF respectively. The 2A—X2n and 

^II—X2!! transitions are described by ab initio results of van 

Dishoeck and Dalgamo.1 The r-dependent spin-orbit interac

tions between A2S+ and 2S-, 4L , 4II states are taken from 

the work of Yarkony.2

Results and Discussions

Figure 1 depicts the potential curves of the electronic 

states included in the present calculations. Between the th
resholds to 0(호P) and 6(D), A2S+ and states are optica

lly coupled with the ground X2n state. Since the A2S+ and 

2E~ states interact by spin-orbit couplings, and since the 

2S_ state is repulsive, photoabsorption to this energy regime 

may result in asymmetric line shapes. We have shown in 

a series of papers17 that for higher (z47) rovibrational levels 

of the A%+ state, resonances indeed exhibit non-Lorentzian 

absorption profiles. For lower levels (v = 2 and 〃 = 3) conside

red here, however, the Franck-Condon overlap between the 

X2II and 2조」states is very small, and the resonances are 

predicted to be essentially Lorentzian.

The £ states with nonzero spin angular momentum quan

tum number are known22 to be described as Hund's case 

(b) very well. It can be shown23 that the Hund's case (a) 

basis functions 吃聪 and '吃_也 states interact with each other 

by the S-uncoupling operator. Subsequent diagonalization 

leads to case (b) basis, whose rotational levels can be desc

ribed in terms of the quantum number N as N(N + 1)B, 

where N=J—S and B is the rotational constant. Hence the 

Fi (/=N+l/2) and F2 (/=AT—1/2) components of the pure 

case (b) rotational levels have the same energy. In OH mole

cule investigated here, however, the case (a) basis 

and A2E*i/2 states can also interact with other states, and 

this may result in the splitting of the Fi and F2 levels. Dif-
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Figure 3. Positions of the Fi resonances. Solid lines: pure case 

(b) positions.
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Hgure 4. Splittings between the Fi and F2 resonances.

Figure 2. Electronic transitions from the e-components of the 

X2n3/2- Solid lines: transitions from the X2n+3/2 states. Dashed 

lines: transitions from the X2n^3/2 states.

ferential interactions of the 遗云 and 吃一就 states with the 

two 2I1 states (X2II and 22II) by the spin-electronic and L- 

uncoupling operators are known to result in such splittings.23 

In order to elucidate the degree of the deviations of the 

A2E+ state from the pure Hund's case (b), we perform the 

close coupled calculations for photodissociation processes re

sulting from photoexcitation of the X2n3/2 states. Parity blo

cks are set up so that the photoabsorptions of the e-compo- 

nents of the X2!!^ state are only considered. Photoexcita

tions from the /components of the X2!!/ state can be trea

ted simply by exchanging the parity blocks. The angular mo

mentum quantum numbers of the final state, J and N, which 

can be accessed from the X2n^ state with a given initial 

angular momentum quantum number are described in Fi

gure 2. Since the parity of the initial and the final states 

must be different for dipole transitions, X2n+3/2 (X2n~3/2) 

states connect to states with odd (even) N. The calculated 

positions of the Fi resonances are depicted in Figure 3. It 

can be seen that the positions of the Fi components vary 

nearly as linear functions of N(N +1), indicating th가 the 

A2E+ state can be approximated as case (b) very w이 1, at 

least for these lower levels. The positions of the F2 compone

nts exhibit essentially identical behavior. We have 가so eva

luated the zeroth-order (pure basis (b)) rovibrational lev이s 

of the A2E state by using Cooley's procedure.19 The energy 

differences between these pure basis (b) lev이s and the com

puted resonance positions are found to be small (usually 

less that 2 cm-1), again confirming the validity of describing 

the A%+ state as case (b). The F】levels lie higher 

than the F2 levels for all N and v. The splittings between 

the Fi and F2 levels are found to be very small (Figure 

4), although they tend to increase monotonically with N. 

Thus, deviations of the A2S+ state from the pure Hund's 

case (b) are expected to be significant for larger N.

The widths (or lifetimes) of the resonances are very im

portant observables because they manifest the interactions 

between the binding and dissociating states. Total (radiative 

plus nonradiative) lifetimes of the rovibrational levels of the 

A吃+ state of OH have been measured in several studies6,7,24 

from the emission spectra. Since the computed lifetimes in 

the present work are for the nonradiative (that is, predisso-
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Rgure 6. Nonradiative lifetimes for the Fi components of the 

u=3 resonances. Solid line: experimental. Circles: calculated.

ciation) processes, contributions of the radiative lifetimes 

must be subtracted from the experimentally measured life

times for direct comparisons with the present calculations. 

Radiative lifetimes of the v = 2 and v = 3 levels of the A2E+ 

state are taken from the calculations of Yarkony,2 and the 

total lifetimes are the results of Brzozowski24 et al. The re

sults are presented in Figure 5 and Figure 6. Although the 

experimental results are fragmentary, our computed results 

agree reasonably well with the measured lifetimes of the 

rovibrational levels of the A2E+ state. It should also be noted 

that the agreements between the present calculations and 

the experimental results will depend on the accuracy of the 

reported radiative lifetimes. The predissociation of the lower 

rovibrational levels considered in this work proceeds mainly 

through spin-orbit interactions between the A2S+ and 4S- 

states.25' 27 The spin-orbit interactions <A2S+ J M旧欧 

J Nc> between these states are such that the Fi levels are 

coupled more strongly with Nc=NLL while the F2 levels 

interact more strongly with 1-25 Since the nuclear 

wave functions of the state with larger Nc have the clas

sical turning points at larger internuclear distances, interac

tions between the A2E+ and states decrease with increa

sing Nc. Thus lifetimes (widths) of the F2 levels are longer 

(smaller) than those of the F】levels as shown in Figure 

5 and Figure 6.
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