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Orbital evolution and promotion effects in the photoionization dynamics 
of 2~ - Rydberg states of OH 

J. A. Stephens and V. McKoy 
Arthur Amos Noyes Laboratory of Chemical Physics, a) California Institute of Technology, Pasadena, 
California 91125 

(Received 16 July 1990; accepted 29 August 1990) 

In this paper, we discuss the photoionization dynamics of the D 2l: - (l1r3pu) and 
3 2l: - (11f4su) Rydberg states of OH, emphasizing the critical role that Rydberg orbital 
evolution plays at intermediate to larger internuclear distances in determining vibrational and 
rotational molecular ion distributions. The orbital evolution process is discussed in terms of 
diabatic and adiabatic molecular states, united atom-separated atom correlation rules, and 
quantum defect functions. Vibrationally resolved photoelectron spectra and angular 
distributions for resonance enhanced multiphoton ionization (REMPI) ofOH via the 
D 2l: - (l1fSu) and 3 2l: - (11f6u) Rydberg states are considered as examples. The results and 
conclusions are relevant to vibrationally and rotationally resolved REMPI studies of all first
row molecular hydrides, due to the similarity of their electronic structure and correspondence 
to their associated united atom. 

I. INTRODUCTION 

Presently there is interest in using resonance enhanced 
multiphoton ionization (REMPI) for the study and prep
aration of molecular ions with well-defined states of elec
tronic, vibrational, and rotational energy. This goal, as well 
as obtaining basic understanding of the dynamical process, 
may be achieved through measurement of vibrationally and 
rotationally resolved ionic state branching ratios and photo
electron angular distributions. I

-
5 The photoionization of 

molecular Rydberg states which are populated by resonant 
absorption of photons is generally expected to occur with the 
preservation of vibrational quantum numbers, due to the si
milarity of the neutral and ionic potential energy surfaces. 
Recently, mechanisms such as electronic autoionization of 
repUlsive excited states5

-
7 and shape-resonance-induced ef

fects 5.8-12 have been shown to give rise to anomalous vibra
tional distributions in REMPI spectra. We recently dis
cussed some results of studies of excited-state photo
ionization dynamics of the D 2l: - ( I1f3pu) Rydberg state 
of OH. 13 The principal conclusion from this work was that 
the combination of conditions for a Cooper minimum and 
rapid changes in Rydberg orbital character at intermediate 
to larger internuclear distances may lead to significant non
Franck-Condon ion vibrational distributions. 

The present paper discusses our earlier work13 in a 
broader context, reports relevant calculational details, and 
presents calculations of vibration ally resolved photoelectron 
angular distributions for the D 2l: - state. We discuss the 
orbital evolution processes associated with the Rydberg 
states in terms of diabatic and adiabatic molecular poten
tials, diabatic correlations between states of the united and 
separated atoms, and quantum defect functions as they de
pend on the internuclear separation. We also study the vibra
tional branching ratios and angular distributions for the next 
member of the Rydberg series converging to the X 3l: - ion, 

a) Contribution No. 8172. 

the 3 2l:2( 11f4su) state. 14.15 The excited 4su orbital evolves 
in a manner "opposing" that of the 3pu orbital of the D 2l: -
state, i.e., mainly into a 2p orbital on the hydrogen at moder
ate ( - 3ao ) internuclear distances. These conditions lead to 
significantly greater Franck-Condon vibrational distribu
tions, although due to a shift (-O.lao ) of the potential mini
mum to larger R relative to the D 2l: - state, the vibrational 
distribution may be very broad. In the absence (or suppres
sion) of the interactions mentioned above, we expect that 
REMPI via higher Rydberg states should result in Franck
Condon distributions obeying the Ilv = v + - v' = 0 pro
pensity rule, allowing in principle more efficient vibrational 
state selection. 

An important dynamical feature of photoionization 
spectra relevant to the present studies are Cooper minima 
(or Cooper zeros) investigated theoretically initially by 
Bates16 and Seaton17 in the photoionization of the outer s 
subshell in the alkali atoms. Systematic studies and discus
sion of general rules for their occurrence for atoms was given 
by Cooper18 and Fano and Cooper. 19 Cooper minima have 
also been identified and studied in the ground state of mole
cules with 3p-type "lone-pair" orbitals.20 Manson et al. 21

,22 

predicted and have systematically studied Cooper minima in 
the excited-state photoionization spectra of atoms whose 
characteristics may differ significantly from those observed 
from the ground state. For molecular excited states, very 
little is known. Fragmentary evidence of Cooper minima ex
ist in the high-n discrete excitation spectra of NO and Na2 • 

Fredin et al. 23 have identified a Cooper minimum in the 
discrete spectra of NO utilizing optical-optical double reso
nance (OODR) techniques via the C 211 (3p1T) state. Mas
nou-Seeuws and Jungen24 have interpreted "fringes" in the 
OODR spectrum25 ofNa2 as being due to Cooper minima in 
transitions from a 3pu to high nsu and ndu Rydberg orbitals. 
Chupka has insightfully noted that Cooper minima may be 
particularly manifest in the excited-state photoionization 
spectra of the diatomic hydrides. 5 Our initial report focused 
on Rydberg orbital evolution and Cooper minimum in the 
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REMPI ofOH, 13 in particular, the non-Franck-Condon ef
fects which may be induced by their combined influence. 
These effects were predicted to be a common occurrence for 
REMPI dynamics of the first-row, diatomic hydrides. The 
accompanying paper by Wang et al.26 presents exploratory 
studies and predictions on the 3 311 (l1r3pO') state of the NH 
radical. In addition to vibrational distributions, the rapid 
evolution of the Rydberg orbital with internuclear distance 
in these systems has important implications for molecular 
ion rotational distributions. In particular, we have predicted 
that the rotational distribution of CH + for REMPI via the 
E' 2l: + (3pO') state should undergo complete inversion 
upon an increase of vibrational excitation ofthe intermediate 
state. 27 It has also been recently predicted that the Cooper 
minimum may be utilized to produce rotationally state-se
lected molecular ions in REMPI. 28,29 

Our initial theoretical studies have shown that changes 
in orbital form at intermediate to larger internuclear dis
tances in the hydrides are particularly crucial in determining 
the nature of resulting vibrational and rotational ion distri
butions. In this regard, the REMPI technique coupled with 
photoelectron spectroscopy may provide a unique possibil
ity to probe in detail the nature of the changes in the Rydberg 
molecular orbitals at larger R, in contrast to techniques 
which probe ionization directly from the molecular ground 
state. 

II. CALCULATIONAL DETAILS 

The calculation of vibrationally resolved cross sections 
and photoelectron angular distributions requires evaluation 
of the relevant photoionization transition moment over an 
appropriate range of photoelectron kinetic energies and in
ternuclear distances. In the adiabatic-nuclei approximation, 
the cross section for photoionization of the v' level of the 
intermediate Rydberg state leading to the v + level of the ion 
is given by3O-32 

O';:v' = 4trE I I (Xv+ IIf,;,~(R)IXv,)12. (1) 
3c Imll 

I L, V are partial-wave components of the length (L) or ve
ld~ity ( V) incoming-wave normalized transition moment at 
internuclear separation R, defined as33

,34 

Ifmll = (k) 1I2('I1J.kt~ Irll l'l1;), (2a) 

v (k) 112 ('TI( - ) IV I'TI) (2b) Ilmil = -E-- .... f,klm Il .... ;· 

In Eq. (1), E is the photon energy, c is the speed oflight, and 
X v' and X v + are the vibrational wave functions of the Ryd
berg and ionic states, respectively. In Eq. (2), '11; is the reso
nant (Rydberg) state of the molecule with N bound elec
trons and '11 f is the final ionic state plus the photoelectron, 
and r Il' V Il (fl = 0, ± 1) are the components of the length 
and velocity form dipole operators in the body frame of the 
molecule, 

For '11; we use Hartree-Fock improved-virtual-orbital 
(IVa) wave functions35 for the D 2l: - ( 1 rr3pO') and 
3 2l: - (Irr4sO') Rydberg states. We used the Cartesian 
Gaussian basis set of our previous study36 of ground-state 
photoionization of OH, augmented by diffuse s- and p-type 
Gaussian orbitals on the center-of-mass with exponents of 
0.05,0.03,0.01,0.005, and 0.001 for the Rydberg orbitals. In 
Table I, we give the calculated total energies [including the 
repulsive 1 2l: - (1 rr3sO') state] at various internuclear dis
tances used in this study. For later discussion, in Table I we 
also give an angular momentum decomposition of the Ryd
berg orbitals according to the factor N lm = Sodrl<!Jlm (r) 12 
(m = 0 for 0' states, m = ± 1 for 1T states), i.e., at all R we 
have the usual normalization for a bound orbital 

'" </JIm (r) y (A <!J(r) = £.. -- 1m r), 
1m r 

Jdr<!J*(r)<!J(r) = INlm = 1. 
1m 

(3a) 

(3b) 

TABLE I. Total energies of OH 2~ - Rydberg states and principal angular momentum composition of nu 
Rydberg orbitals, determined according to Eq. (3)" 

1~4u 1~5u 1~6u 

Rb 
-Etotal 

b %s %p - Etotal %s %p -Elotal %s %p 

1.200 74.8736 88.5 11.5 74.8138 12.1 87.8 74.7804 86.9 13.1 
1.500 75.0923 86.2 13.4 75.0280 13.8 86.0 74.9970 85.3 14.6 
1.834 75.1581 78.9 18.6 75.0868 22.1 77.1 75.0588 75.6 23.0 
2.043 75.1684 68.3 23.7 75.0848 34.9 63.3 75.0619 54,3 42.7 
2.250 75.1772 55.8 28,5 75.0735 57.8 38.1 75.0544 35.6 59.3 
2.500 75.1911 44.0 29.4 75.0555 80.6 12.3 75.0372 11.9 85.8 
3.000 75.2207 32.1 29.9 75.0164 86.4 5.3 74.9930 8.5 90.9 
3.700 75.2494 23.9 26.1 74.9720 78.7 12.9 74.9423 15.9 84.0 

"The calculated vertical excitation energy of the 2~ - (1~5u) state from the x 2n (11T') ground state at 
R. = 1.8342ao is 11.3 eV. The experimental value is 10,2 eV (Ref. 46). Beyond ~2ao, the 4uorbitalloses 
contributions from the "3s" Rydberg state and has important contributions from I = 2 waves and higher (not 
shown, see discussion in the text). 

b Internuclear distances and total energies are in atomic units. 
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For 'I' f ofEq. (2), we employ the frozen-core approximation 
in which the bound orbitals of the ion are constrained to be 
identical to those of '1'; and the continuum photoelectron 
orbital hence satisfies a one-electron Schr6dinger equation. 
This equation and the Coulomb and exchange coefficients 
for the X 3l: - ion have been given in a ground state study of 
OH photoionization.36 As discussed in Ref. 36, the photo
electron orbitals were obtained by the iterative Schwinger 
variational method, the details of which have been discussed 
in previous papers. 33

,34 The basis sets used in the initial sep
arable representation of the static-exchange potential 

u~ I (rlU la;) (U - l)ij(aj IU Ir'), (4) 
i,j 

where the la; > are chosen to be Cartesian Gaussian func
tions, are given in Table II. 

Evaluation of Eq. (1) also requires accurate potential 
curves from which vibrational wave functions can be ob
tained. All vibrational wave functions were obtained by nu
merical integration. For the OH + X 3l: - and OH D 2l: -

and 3 2l: - states, we used the ab initio potential curves of 
Werner et af. 37 and van Dishoeck et al,'S As discussed in 
Sec. III, a complete set of vibrational distributions were also 
calculated using our IVO potential curve for the 
3 2l: - (I r4su) state. 

III. DISCUSSION 

A. Orbital evolution processes in hydrides 

1. Diabatic and adiabatic molecular states 

The discussion and results in the following sections de
pend on changes in both the angular and radial nodal struc
tures of the Rydberg molecular orbital with internuclear dis
tance, a process we have operationally termed "orbital 
evolution." This encompasses electron promotion as well as 
changes in form of the orbital at intermediate (- 2-3.5ao ) 
and larger R, due to "pseudocrossings" of the Rydberg adia
batic potential energy curves. To discuss the evolution pro
cess, it is convenient to point out relations between relevant 

TABLE II. Basis sets used in the separable potential [Eq. (4}). 

Photoionization Center Type of Gaussian Exponents 
symmetry function" 

diabatic (crossing) and adiabatic (noncrossing) potential 
energy curves, alternative representations of the Rydberg 
wave functions, and correlation rules which connect quan
tum numbers of the Rydberg electron in the united atom to 
those of the separated atoms (discussed below). The Ryd
berg wave function may be represented by the expansion 

(5) 
n 

where <1> core represent the N - 1 electrons of the ionic core, 
¢ na are members of a basis {¢2Po - ¢ HI, '¢3s ,<P3p ,<p 4s>¢ 4p' ••• }, 

and A represents antisymmetrization. Here the function 
¢2Po - ¢ H" represents the u antibonding linear combination, 
while other terms represent the Rydberg basis wave func
tions whose electronic coordinate r is specified with respect 
to an atomic center. This representation of the Rydberg 
wave function is physically motivated by the close corre
spondence of the molecule to its united atom over a range 
extending beyond R = 0, and likewise its rapid separation 
into atomic products over a range of R extending to 4 or 5ao. 
Note that the { I <1> core ¢ na I} (diabatic) basis does not diagon
alize the fixed-R electronic Hamiltonian and that Eq. (5) is 
identical in form, but not equivalent to that of an improved
virtual-orbital expansion, since the ¢na in Eq. (5) represent 
the unperturbed (but symmetry-adapted) states of the unit
ed or separated atoms at R = 0 and R = 00. The IVa orbital 
is obtained either from single-excitation configuration-inter
action calculations within the subspace of (prediagona
lized) virtual orbitals of u symmetry,38 or variationally as a 
solution of a one-electron eigenvalue equation.35 Our single
center expansion parameters N'm in Eq. (3) (and Table I) 
are expressed in terms of the expansion coefficients of Eq. 
(5) by 

N'm = I C~I" J dr¢nl' (r)<p'l'm (r). 
nl' 

(6) 

Note that the expansion parameters [' and [are defined with 
respect to the atomic centers and the center-of-mass, respec
tively. Given the known single-center expansion ofthe Ryd-

u 0 Cartesians 8.0,4.0,2.0,1.0,0.5,0.1 
z 1.0,0.5,0.25,0.1 

H Cartesian s 1.2,0.4,0.1,0.05 
z 1.2,0.4,0.1,0.05 

c~m. Sphericall = 0-3 2.0,1.0,0.5,0.1 
0 Cartesian x 8.0,4.0,2.0,1.0,0.5,0.1,0.05 

xz 1.0,0.5,0.1,0.05 
H Cartesian x 1.2,0.4,0.1,0.05 

xz 1.2,0.4,0.1,0.05 
c.m. Sphericall = 1-3 2.0,1.0,0.5,0.1 

'Cartesian Gaussian basis functions are defined as t/Ja.~",,"A(r) =N(x-Ax}'(y-Ay}"'(z-Az }" 

exp( - air - AI'} and spherical Gaussian functions are defined as t/Ja.',"'A(r} = N Ir - AI' 
exp( - air - AI'} Y'm (n, -A)' The Cartesian functions are centered on the nuclei and spherical functions 

are on the center-of-mass (c.m.). 
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berg orbital, i.e., Eq. (3a), one could determine directly the 
coefficients ofEq. (5) by matrix inversion, i.e., C = N·S - \ 
where elements of the overlap matrix S are Snl',lm 

= f dr ¢nl' (r)¢'!:n (r). Thecorrespondingdiabatic potential 
energy at fixed R is given by the diagonal matrix element 
Ed(R) = (<I>core¢nuIH l<I>core¢nu). We have not evaluated 
explicitly the diabatic quantities, since analysis in terms of 
the N1m is presently sufficient. Numerical procedures have 
been advanced to construct directly the diabatic molecular 
potentials, which may be of interest to apply in the present 
context. 39,40 

2. Diabatic correlation rules and pseudocrossings 

Diabatic correlations between united atom and separat
ed atom quantum numbers of diatomic molecules were dis
cussed qualitatively very early by Weizel41 and Mulliken,42 
and formulated theoretically for Ht by Morse and Stuckel
berg.43 For one-electron heteronuclear diatomics, these 
rules have also been rigorously derived by Gershtein and 
Krivchenkov.44 For many-electron heteronuclear diatom
ics, these correlation rules have been discussed in the context 
of asymmetric atom-ion collisions (see particularly Fig. 5 of 
Ref. 45). This correlation conserves the radial quantum 
number nr = n -1- 1, where n is the principal quantum 
number ofthe molecular orbital in the united and separated 
atom limits, either in the one-electron or many-electron sys
tem.45 

In Fig. 1, we show diabatic correlations between the 
united atom and separated atom limits relevant to low-lying 
valence and Rydberg states ofOH. In Fig. 2, we show adia
batic potential energy curves obtained directly from ab initio 
calculationsI4,15,37 and qualitative diabatic potential curves 
(dashed lines) representing the united atom to separated 

United 
Atom 

4p 4pO' 

4s 450' 

3p 3pO' 

2p 2pO' 

R = 0 

Separated 
Atoms 

450' 4so 

_~2_.p~0' iss 

R = 00 

FIG. 1. The correlation diagram between the united atom orbitals of flu
orine and separated atom orbitals of oxygen and hydrogen (see the text for 
discussion) . 

24.0 

20.0 

------:> 16.0 
Q) 

'--' 

>. 0lJ12.0 
s-. 
Q) 

~ 
~ 8.0 

4.0 

0.0 

4p 
4s 
3p 

3s 

2p - ______ 

United 
Atom F 

0.5 1.5 

l(2p)+H(3s,3P) 
.. = O(4s)+H(ls) 

'/~,.. _ O(3p)+H(ls) 
~ O(2p)+H{2s,2p) 
~ O(3s)+H(ls) 

~ O(2p)+H(ls) 

Separated 
Atoms 

2.5 3.5 4.5 5.5 

R (Bohr) 
6.5 

FIG. 2. Potential energy curves for the ground and first ionic states ofOH 
and the excited states of the electronic configuration 21: - (1 ~nO') (from 
Refs. 15 and 37). The fluorine and oxygen atomic energy levels are from 
Ref. 47. The quasidiabatic potential curves are indicated by the dashed 
lines. 

atom correlation of Fig. 1. The potential minimum of the 
D 2~ - state has been set at 10.2 eV, as determined by Doug
las who first identified this state.46 The atomic energy levels 
were obtained from the Moore compilation.47 As the inter
nuclear distance varies, pseudocrossings occur between the 
(diagonalized) adiabatic states I{I au with corresponding 
changes in the eigenvector components C~u' That these 
pseudocrossings occur is enforced by requirements of the 
noncrossing rule of the adiabatic states I{I au and symmetry 
requirements given rigorously by the Wigner-Witmer sym
metry rules.48 

Figure 1 states that promotion of a Is orbital on hydro
gen at R = 00 to a 2p orbital in the united atom must occur, 
as is well known in H2. Likewise, the 3p(J and 4p(J levels can 
be considered promoted from 2s and 3s hydrogen orbitals at 
large R. These promoted levels, however, cross lower atomic 
levels of the united atom in the diabatic representation. In 
the adiabatic picture, the residual Coulomb interactions rep
resented by the matrix elements in the diabatic basis 
(<I>core¢nu IH I <l>core ¢n'u) are large essentially everywhere be
yond R -0, due to the mutual proximity of the united atom 
Rydberg levels n for R > 0 and the noncentral ionic core, 
which mixes Rydberg states with different I. That is, "local
ized" avoided crossings are not apparent in the adiabatic 
potential curves in Fig. 2 and the residual Coulomb interac
tions essential in the present context are accounted for by the 
one-electron, Hartree-Fock-IVO procedure. The residual 
Coulomb interactions and requirement of noncrossing 
therefore enforces a change in the number of radial nodes in 
the Rydberg wave function as R varies. For example, the 5(J 
orbital evolves as "3p(J" (one radial node) to "3sCT" (two 
radial nodes), as reflected in Table I, and verified by examin
ing the radial wave functions. At larger R ( > 3ao ) for the 5(J 
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orbital, the mixing with the oxygen and hydrogen 2p orbitals 
is also apparent from Table I. These critical changes govern 
essential aspects of the photoionization dynamics from these 
Rydberg levels (non-Franck-Condon and Cooper mini
mum effects) as discussed in Sec. III B. 

3. Variation of quantum defect functions with R 

The basic connection among electron promotion, orbi
tal evolution, and the global behavior of the quantum defect 
function with changing nuclear coordinates has been recog
nized,49 particularly in regard to the l~u+ (lugnpuu ) Ryd
berg states ofH2. The quantum defect functions,unl: (R) for 
Rydberg states of ~ symmetry are defined through the Ryd
berg equation (in a. u. ) 

Unl:(R) = U+(R) _ 1 , 
2[n - ,unl: (R)]2 

where Unl: (R) is the potential energy of the neutral Rydberg 
state and U + (R) is the potential energy of the ion. In Fig. 3, 
we show our calculated (static-exchange) quantum defect 
functions as a function of the internuclear distance consid
ered in this work, for the OH 2~ - (4u-7u) Rydberg states. 
Their variation reflects basic changes in forms of the Ryd
berg orbitals with R and also affords a somewhat limited 
comparison with the quantum defect functions of the n~ 
states ofH2 (see Fig. 2 of Ref. 49). In Fig. 3, we see that from 
R - 1.O-1.8ao, the 4u-7 u levels have quantum defects corre
sponding closely to the united atom, e.g.,,u - 1.2 and 0.7 for 
ns and np states, respectively. From R -1.8-3.0ao' all orbi
tals change their form most rapidly, as reflected in Table I 
and the quantum defects of Fig. 3. There the 4u quantum 
defect rises through -0.75. A complete change of unity re
flects almost a pure promotional effect as in the 
1~: (lUg luu) stateH2 .49 The quantum defect of the next ns 

2.00 

1.50 

::l..1.00 

0.50 

0.00 +----,--..,-----,,---..,-----,,-----,---, 
0.5 1.0 1.5 . 2.0 2.5 3.0 3.5 4.0 

R (Bohr) 

FIG. 3. Calculated quantum defect functions forOH 21: - (l1T'nu,n = 4-7) 
Rydberg states. 4u-triangle; 5u--circle; 6u-square; 7u-star. 

series member, the 6u level, rises as R increases due to its 
strong mixing with the adjoint 5u level [note that the 4s 
diabatic curve would cross the 0 ( 3p) level at larger R], but 
a pseudocrossing in the range - 2.5-3.Oao forces its decrease 
towards the H (2p) level in the separated atom. The 5u and 
7u quantum defects, respectively, reflect evolution from 3p 
and 4p united atom levels to 0 ( 3s) and H (2s) levels in the 
separated atom, respectively. 

4. Rate of Rydberglzatlon and orbital evolution 

In OH, as for several other first-row hydrides (e.g., BH, 
CH, and NH50

•
51 

), the 3su Rydberg orbital is penetrating to 
the extent that there is very strong mixing with the localized 
antibonding orbital2po -ISH' From Eq. (5), the first (repul
sive) Rydberg state of ~ symmetry (a = 1) is therefore rep
resented approximately as 

\{Ia= '.u=Cfu= 1 I <l>core (ifJ2Po - ifJH,) I + C~u= 'l<I>coreifJ3sl· 

In OH, this state correlates with the fluorine 3s level at R = 0 
(see Fig. 2). The process of conversion from a valence orbi
tal representation to Rydberg at smaller internuclear dis
tances was termed "Rydbergization" by Mulliken. 51 Mulli
ken51 pointed out that Rydbergization of the first orbital 
would proceed at different rates in different but related mo
lecular states. The rate of Rydbergization of orbital form 
associated with the first repulsive state, as well as evolution 
of the higher bound Rydberg orbitals, is quantitatively re
flected in our partial-wave decompositions in Table I, or 
equivalently as linear combinations of the coefficients C ~u of 
Eq. (5). Note specifically that the Rydberg orbitals evolve 
with R at a rate approximately twice that of the antibonding 
4u level beyond - 2ao. The 4u orbital rapidly stabilizes to 
the 2po and ISH orbitals, while the Rydberg levels interact 
with other members (at the one-electron level) and pseudo
cross throughout the range between - 2-3.5ao. This rate of 
orbital change is also qualitatively indicated in the quantum 
defect functions as R increases (Fig. 3). 

The asymmetric nature of the electronic charge distri
bution as light hydrides dissociate significantly influences 
the rate of orbital evolution, as compared with H2. At 
R = 3.5ao, the Rydberg orbitals of H2 with the same elec
tronic ~ symmetry and excitation level as considered here 
have nearly united atom character.49 Compared with H2 
Rydberg states, the Rydberg orbitals of the asymmetric case 
appear to evolve much more rapidly towards the separated 
atoms. This circumstance is obviously important for any 
photoabsorption or photoionization process via these states. 
This remark is supported by the previous discussion and can 
be understood further by the following considerations: First, 
the amplitUde ofthe excited electron must become associat
ed with one of two distinguishible nuclei at dissociation. This 
is a simplifing circumstance in comparison with homonu
clear diatomics, since even a minimal description of their 
wave functions at large R must be represented as combina
tions of singly and doubly excited configurations to correctly 
represent dissociation. Second, we may estimate from the 
elementary Slater rule'ss2 the effective charge on the core 
experienced by an electron in a 3s or 3p Rydberg orbit to be 
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Z*- + 1.75. Let Z* = Zion + Zresidual' Since Zion = + 1 
and the Rydberg electron has nearly unit negative charge 
outside the core, a "hole" with charge Zresidual - + 0.75 
must reside primarily about one distinguishible nuclear cen
ter. Therefore, even with extensive screening by core elec
trons about the nucleus of higher Z, a Rydberg orbital with 
mean dimensions larger than the internuclear separation 
will sense a relatively localized hole at moderate internuclear 
distances. 

B. Fixed-nuclei quantities 

1. 0 2~-(1~3pu) Rydberg state 

In Figs. 4 and 5, we show our fixed-nuclei cross sections 
for ionization from the D 2l: - Rydberg state, for the 50" -+ kO" 
and 50" -+ k1T channels. The k1T cross sections were discussed 
in Ref. 13; however, we include them here for completeness 
and further discussion and analysis of the Cooper minimum 
in this channel. Focusing on the k1T channel of Fig. 4 (b), we 
see that at small R the cross section is significantly depressed 
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FIG. 4. Calculated (velocity form) photoionization cross sections for the 
50" - kO" and 50"- kTr channels at various internuclear distances. The cross 
sections assume an ionization potential of2.81 eV. 
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FIG. 5. Calculated (velocity form) photoionization cross sections for the 
50" - kTr channels at small internuclear distance. The cross sections assume 
an ionization potential of 2. 81 e V. The Cooper minimum is not apparent in 
the total cross section. 

over a rather large energy range, owing to a "3p -+ kd " atom
iclike Cooper minimum in this channel. As R increases, the 
50" orbital evolves into mainly one of O(3s) character, as 
discussed in the previous section. This state is more spatially 
diffuse, allowing greater overlap with the photoelectron 
wave function, which in tum results in a large increase in the 
cross section at large R. Additionally, the 3s radial wave 
function has two nodes which disfavors a simple cancella· 
tion in the radial matrix element which occurs in the 3p (one 
node) case. We have not found a Cooper minimum at any 
energy at these larger internuclear distances, although possi
bly one occurs below threshold in the discrete. Note that the 
variation of the cross section is weak at small 
R( -1.2-1.8ao ) or large R( -3.0-3.7ao ) due to the rather 
slow evolution of the Rydberg orbital in these ranges. 

In Fig. 4, the 50"-+kO" cross sections show relatively 
weak variation with internuclear distance. (Note the differ
ent ordinate scales in Fig. 4.) In particular, no Cooper mini
mum is evident in this channel. This is a consequence of 
greater penetration of the kO" orbital into the molecular inte
rior (which also has its orientation along the molecular axis) 
and subsequent greater I mixing among its components from 
the anisotropic molecular-ion field. In Fig. 5, we show on a 
different scale the k1T and kO" cross sections at the internu
clear distance R = 1.8342ao, which displays the spectral 
range of the Cooper minimum in comparison with the kO" 
channel. This illustrates that even with tuning of the ionizing 
photon in a (2 + 1) or (3 + 1) two-color REMPI experi
ment, the influence of the Cooper minimum is likely to be of 
consequence over a rather wide spectral range. 

To observe sign changes in dipole amplitUdes associated 
with Cooper minima in molecules, it is most appropriate to 
examine the real, principal-part (standing-wave normal
ized) dipole amplitUdes given by53 
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V/:'Im (r) Y (A») 
I"m r , 

r 
(7) 

where tPl'm' (r) is a partial-wave component of the bound
state wave function given in Eq. (3a), V/:"Im (r) is a partial
wave component of the photoelectron radial wave function, 
and 0" is the length or velocity form dipole operator [see 
Eq. (2)]. The integration over the angular and radial vari
ables results in 

Dfmm' = L C(l',l",m',m,p) (00 drtPrm' (r)O (r) 
1'1' Jo " 

(8) 
where the angular factor C(l ',1" ,m',m,p) is given by Eq. 
(68) of Ref. 53. It is restricted to nonzero values for projec
tions m' = p + m and for orbital momenta I ' + I" + 1 = e
ven, and II" - 11<1'<1" + 1. 

In Fig. 6, we show our dipole amplitudes D ::"m' for 
1= 1-3 components of the 5u-+krr channel at 
R = 1.834200 , The dominance of the 1= 2 component, not
ed earlier,13 clearly defines the Cooper minimum in this 
channel. Since I is not a good quantum number in a molecule, 
however, Cooper minima may appear in more than one 
asymptotic channell, the label on the left-hand side of Eqs. 
(8) and (9). This can be seen in Fig. 3 of Ref. 13, where we 
plotted the incoming-wave normalized amplitudes ID f - ) 12 
and in Fig. 6 for the real amplitudes. Interestingly, the sign 
changes and minima occur in the I = 2 and 3 component at 
the same photoelectron kinetic energy. There is also a weak
minimum in the 1 = 1 component, which is more apparent in 
the renormalized amplitudes discussed in Ref. 13. This can 
be explained as follows: For photoionization of the D 2l; -
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FIG. 6. Calculated real dipole amplitudes (standing-wave normalized, ve
locity form) for the 5u~k11' channel, 1= 1-3 continuum partial waves, at 
R = 1.8342 aQ' 

state, there are only a limited number of partial waves which 
are physically relevant in Eq. (8). At R = 1. 8342ao, the 5u 
orbital is composed of I' = 0 and 1 waves, with the latter 
waves dominant since it is a 3p-type Rydberg orbital at this 
R. For the krr continuum, only the I = 1-3 waves are impor
tant. The projection quantum numbers are m' = 0, m = 1, 
and p = - 1. With these parameters, to a good approxima
tion, only two terms survive for each I, giving 

D flO = - - dr tPoo (r)O _ 1 (r)tPi'1l (r) 1 100 

.J3 0 

1 (00 
- .J5 Jo dr tPlO (r)O - dr)tKll (r), (9) 

where the coefficients - 111/3 and - lIv5 are the angu
lar factors. The radial matrix elements in Eq. (9) indicate 
that in the inner region (body frame) of the molecule, the 
0-+ 1 and 1-+ 2 transitions are dominant for all I. That is, 
even for an asymptotic/wave (I = 3), the I = 2 wave of the 
final state contributes to the dipole amplitude in regions of 
the molecule extending from -O-lOao, where overlaps and 
thus cancellations in the radial matrix element may occur. 
Thus, the minimum in the I = 3 amplitude remains a conse
quence of the 3p-+kd Cooper minimum prominent at 
smaller internuclear distances. The smaller magnitude of 
D flO reflects both the inability of the/wave to penetrate into 
the molecular interior at low kinetic energy, and relatively 
weak rescattering from initial d-wave photoejection. The 
I = 1 component does not show a sign change, due to its 
primary contribution arising from the "3s" -wave radial 
function with two nodes, which prevents simple cancellation 
in this energy range. 

2.3 2'I-(1rr24su) Rydberg state 

In Fig. 7, we show our fixed-nuclei cross sections for 
ionization from the 3 2l; - Rydberg state for the ku and krr 
ionization channels. Note that the effective variation of the 
cross sections with R is weaker than that seen for the D 2l; -
state, for two reasons. First, the normalization factor of a 
Rydberg state is proportional to lIn·312

, where n* is the ef
fective quantum number. Since this increases by one unit for 
the 4s level, the photoelectron matrix elements accordingly 
decrease approximately by this factor. Second, at smaller 
internuclear distances, the Rydberg orbital is of 4s type and 
the extra radial node compared to a 3p Rydberg function 
diminishes a simple cancellation in the matrix element as the 
kinetic energy varies. The Cooper minima for the 
6u -+ ku,krr channels are apparent only at quite small kinetic 
energy and are revealed only upon analysis of partial-wave 
components of the dipole strength. In Fig. 8, we show contri
butions to the dipole strength l; liD f - ) 12 for the 6u -+ krr and 
6u -+ ku channels at the internuclear distances R = 1.20 and 
3.70ao. A similar analysis at small R was discussed for the 
5u-+ krr channel in Ref. 13. In Fig. 8, some of the partial
wave dipole matrix elements show weak Cooper minima. 
These may in general extend across threshold, or even be 
apparent only in the adjoining discrete.23 At R = 1.20ao, the 
4su wave function is strongly mixed with the 4pu level, 
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FIG. 7. Calculated (velocity form) photoionization cross sections for the 
6u~ ku and 6u~ ktr channels at various internuclear distances. The cross 
sections assume an ionization potential of2.81 eV. 

which accounts for the strong I = 0 contribution to the total 
dipole strength. At large R [Fig. 8(b)], the Rydberg wave 
function is strongly mixed among the hydrogen 2s and oxy
gen 3p levels, as discussed in Sec. III. The d-wave Cooper 
minimum which extends into the discrete spectra arises from 
transition from the oxygen 3p orbital which mixes with the 
6aorbital at large R. In Fig. 8, Cooper minima in the partial
wave dipole amplitudes for the 6a-+k1T channel are more 
apparent than the 6a-+ka channel, although they are 
weaker than the corresponding 50"-+ k1T transition. The 
prominent 4s-+kp Cooper minima at R = 1.20 is masked in 
the total dipole strength by the 4p -+ kd amplitude. At large 
R, the weak Cooper minimum in the total dipole strength 
arises from the oxygen 3p-+kd transition as well as other 
partial-wave components, a consequence of the greater I 
mixing at large R and higher levels of Rydberg excitation. 

c. Vibrational branching ratios and photoelectron 
angular distributions 

In Figs. 9-13, we show our calculated vibrationally re
solved branching ratios and photoelectron angular distribu-

tions for the 50" and 60" Rydberg states of OH for (3 + 1) 
REMPI via these states. The 50" branching ratios were pre
viously discussed. \3 We have replotted them here for com
parison with the 60" results and with an alternative normali
zation, such that a sum over accessible ion vibrational levels 
equals unity. 54 The non-Franck-Condon effects apparent in 
the 50" branching ratios in Fig. 9 arises from the combined 
effect of rapid change of the Rydberg orbital with R (par
ticularly at intermediate to larger internuclear distances) 
and a Cooper minimum occurring at small R, where the 
energy levels correspond closely to the united atom levels 
(see Figs. 1 and 2). 

In Fig. 10, we show our calculated branching ratios for 
the 60" Rydberg state. In this calculation, we employed the 
potential energy curve of van Dishoeck et al. 15 

, which when 
interpolated gives an equilibrium internuclear distance value 
of Re = 2.16ao. In Fig. 10, the broad vibrational distribu
tions conform rather well with the Franck-Condon predic
tions, with minimal deviations due to R dependence of the 
transition moment induced by the orbital evolution . 

In Fig. 11, we show calculated branching ratios for the 
60" Rydberg state, employing our calculated IVO potential 
energy curve, which gives Re = 1.97ao and is rather close to 
theX 31: - ion value of Re = 1.9400 , Note that the vibration
al distributions are strongly peaked in the av = 0 transition 
with some apparent deviation from Franck-Condon predic
tions for off-diagonal transitions. The maximum intensity 
predicted for the av#O transition is 18%-20% in the 
av = 1 channel, in contrast to the nearly 40% intensity pre
dicted for the 50" level. This diminished non-Franck-Con
don effect in the 60" level is due to the inherent weaker depen
dence of the dipole transition moment on R, which in tum 
derives from the nature of the orbital evolution at higher 
Rydberg excitation, as discussed in Sec. III. In the absence of 
perturbations of the intermediate level and final-state effects 
which can lead to non-Franck-Condon vibrational distribu
tions in REMPI (such as shape resonances and electronic 
autoionization),5-13 one may generally expect greater ad
herence to Franck-Condon factorization of the transition 
moment, which will result in better vibrational state selec
tion in the hydride ion produced. The large difference 
between Figs. 10 and 11 reflects the considerable uncertainty 
(- ± O.lao ) in the Re values for this state, which changes 
the Franck-Condon distribution itself. 55 

Figures 12 and 13 present vibrationally resolved photo
electron angular distributions for the D 21: - and 3 21: -
Rydberg states. The angular distributions in these figures 
have been plotted in the usual manner, i.e., for an unaligned 
molecular target, we have the distribution 

dO" 
- ex 1 + PP2 (cos (), 
dw 

( 10) 

where P is the asymmetry parameter, () is the angle between 
the direction of the light polarization and the photoelectron 
momentum, and P2 is a Legendre polynomial. Studies of 
rotationally resolved REMPI ofOH and other diatomic hy
drides, which include alignment effects induced by the mul
tiphoton absorption process, have been completed.56,57 In 
Fig. 12, the angular distributions depend on the final vibra-
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tional state of the ion, further indicating the non-Franck
Condon effects induced by the orbital evolution, although 
the effect here is not as strong as induced by shape reson
ances.5,8-13 Furthermore, as apparent in Fig. 12, the angular 
distribution is peaked towards () = 90°, reflecting an asym-
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FIG. 9. Calculated vibrational branching ratios for OH D 2!, (v' = 0-3) 
photoionization. The one-photon energies for the v' = 0-3 frames, respec
tively, are 3.38, 3.48, 3.59, and 3.69 eV. Franck-Condon ratio (solid bar); 
full, length form (slashed bar); full, velocity form (cross-hatched bar). 
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metry parameter with a value approaching f3 = - 1. In the 
angular distribution theory of Dill and Fano,58 the angular 
momentum transfer between the initial state (molecule + 
photon) and final state (ion + photoelectron) is jt 
= jy - I, wherejy is the angular momentum of the light and 
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FIG. 10. Calculated vibrational branching ratios for OH 3 2!, - (v' = 0-3) 
photoionization using the Rydberg potential curve of Ref. 15 
(R,. = 2.1600 ). The one-photon energies for the v' = 0-3 frames, respec
tively, are 3.67, 3.76, 3.86, and 3.95 eV. Franck-Condon ratio (solid bar); 
full, length form (slashed bar); full, velocity form (cross-hatched bar). 
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1 is the orbital angular momentum of the photoelectron. The 
contributions to /3 from angular momentum transfers jt = I 
result in /3Ut) = - 1 exactly. 58 In Fig. 12, the peaking of 
the photocurrent which is largely orthogonal to the electric 
vector of the light E is due to parity-unfavored contributions 
in the 5u-kTT channel with 2l: - final-state symmetry. The 
5u -- ku has a strong I = 0 component which cannot contrib-

v' = 3 -f v+ == 0 v' == 3 -+ v+ == 1 

o 
v' == 3 -+ v+ = 2 v' == 3 -+ v+ == 3 

o o 
v' == 3 -+ v+ = 4 v' = 3 -+ v+ = 5 

C ____ ) 
FIG. 12. Calculated vibrationally resolved photoelectron angular distribu
tions (velocity form) for OH D 2~ ~ (v' = 3) photoionization. 
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0 0 
v' == 3 -+ v+ == 2 v' == 3 -+ v+ = 3 

0 CJ 
v' = 3 -+ v+ == 4 v' == 3 -+ v+ == 5 

FIG. 13. Calculated vibrationally resolved photoelectron angular distribu
tions (velocity form) for OH 3 2~ ~ (v' = 3) photoionization using the 
Rydberg potential energy curve of Ref. 15. 

ute to parity-unfavored transitions. The non-Franck-Con
don effect is most pronounced in the k1T channel, due to its R 
dependence, and this is reflected in the large weight of this 
channel in, e.g., the v' = 3 -- v + = 4,5 distributions. In Fig. 
13, the overall non-Franck-Condon effect in the off-diag
onal angular distributions is weaker compared with those in 
Fig. 12, for reasons discussed in Sec. III. 

IV. CONCLUSION 

In this paper, we have discussed and pointed out the 
relevance of rapid orbital evolution processes in the 2l:
Rydberg states OH, which are applicable to other Rydberg 
states of the first row hydrides as well. The technique of 
REMPI coupled with high-resolution photoelectron spec
troscopy offers a unique possibility to probe regions of the 
configuration space of the Rydberg electron where its orbital 
evolution rapidly proceeds towards the separated atom 
products. Our analysis shows that this occurs over a rather 
short range of internuclear distances in these systems, with 
important spectroscopic implications for both vibrationally 
and rotationally resolved REMPI spectroscopy via these 
Rydberg states. Although the study of continuum features 
such as shape resonances, autoionization, and Cooper mini
ma phenomenon are of fundamental interest in atomic and 
molecular physics, for molecules there is practical interest in 
the preparation of quantum state-selected molecular ions. 
Vibrational state selection in the hydride fragments using 
REMPI techniques may be enhanced by photoionization of 
the higher-lying Rydberg states, since effects due to "clean" 
Cooper zeros in the threshold region may be minimized. 
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This is due to greater I mixing and a more complex nodal 
structure of the Rydberg wave functions, as well as a closer 
resemblance of the Rydberg potential to that of the ion core. 
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