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Oxygen and Other Atmospheric Gases
W.A. Chupka, 5.D. Colson and E.E, Eyler
Yale University

Final Report (May 15, 1989)

I. Introduction

The purpose of the work done under this contract can be broadly
described as follows: (1) to locate and characterize previcys v
unknown or very poorly known excited states of diatomic oxygen
(and other important atmospheric gases), (2) to explore and
elucidate thz spectroscopic, photophysical and other dynamical
characteristics of molecules in thnse states and (3) to develop
methods for preparing the molecular ions as purely as paossible in
selected vibronic states (for subsequent studies of their
reactivities as a function of internaj excitation).

In spite of nearly a century of countless studies of the
spectroscopy of 02, there exist glaring gaps of understanding of
its excited states as may be seen from the many questionable and
even total lack of assignments in the most recent compilation of
diatomic spectral data1. This gap 1is especially prominent and
important below the ionization 1limit, and expecially above the
onset of the Schumann-Runge continuum at 175nm. Thus, in contrast
to the case of most common diatomic molecules, there 1is no
spectroscopic determination of its first ionization potential, no
assignment of any Rydberg series converging to that limit and even
the identification of the lowest (330) member of the energetically

lowest Rydberg series converging to the first ionization limit was
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inaccurate, having been done by inelastic electron scattering. This
situation is due in large part to the fact that from two oxygen
atoms in their lowest electron conrigurations, a total of 62
valence states are formed. A few of the lowest states are bound
but mest are repulsive, with potential curves which intersect
those of the Rydberg states and iInteract with them to varying
degrees. Some interactions are so strong as to result in adiabatic .
curves of mixed Rydberg-Valence character which are not readily
recognizable spectroscopically. Other interactions which are
weaker nevertheless produce such strong predissociation of the
Rydberg state that rotational analysis is impossible and hence
ugseless in characterizing the state. Still weaker interactions
produce predissociation that severely suppresses photon emission
and eliminates emission spectroscopy as a useful tool except in a
very few cases, Since Rydberg-Valence interaction strength
decreases as (n*)_3i where n* is the effective principal quantum
number, the higher Rydberg states might seem to provide useful
data. However at the necessary high values of n* the absorption
gpectrum (for instance) is hopelessly congested by the rapidly
converging and overlapping bands. .

Modern techniques including the use of multiphoton ionization and
multi-laser spectroscopy coupled with mass and photoelectron
spectroscopy have made it possible to do experiments which can
evade many of the difficulties which have thwarted classical
spectroscopists., This report, together with the attached
appendices, records the progress wWe have made in the course of
this contract.

The work on O2 in this laboratory began even before the

2
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2,3

initiation date of this contract. The initial result '~ was the
first location of the low2st Rydberg states of the 02 molecule by
an optical spectroscopic technigue. These states were the v=0-4
vibrational levels of the 3Hg and iﬂg (3sg) states which are
optically forbidden by one-photon excitation from the ground 3Z—g
state of 02. Since these states were op;icaliy forbidden by
classical absorption they had previously been located only by
theoretical calculationu and by inelastic electron scattering '
witnn some errcr. The electron scattering data were far too crude
©o provide informition on the lifetime of these states. However,
tnhe spectroscopic data showed (from line width measurements and
application of the uncertainty principle) that all levels were
predissociated to greatly varying degrees.

Under this contract, the study of the (3sg) Rydberg states has

continued and has been extended to Rydberg states which had never

been previ~tusly detected by any method, namely the 4s-3d and S5s-4d

]

Ryvdberg complexes. Before continuing, we explain why, if thes
states are optically forbidden from the ground state of 0, and
[
nence do not concribut2 to its conventional absorption spectrum,
these stotes are important. Firstly, these states can play a
decisive role in non-optical processes such as dissociative
electron-ion recombinatinn and other physical processes occuring in
the upper atmosphere and in plasmas. In fact the (3sg) Rydberg
. . . 6 .
states have been shown in recent work to play the dominant role
+
in diszsziative charge exchange reactions of 02 ions. This latter
: . 2,3 .
Wwork depended heavily on our previous work . An excellent revi=w

wnich defails both theoretical and experimental approaches to the

problem of dissociative recombination has been written by Bardsley
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and Biondi7. A more recent theoretical treatment applied

specifically to O2 has been given by Gubermans. Secondly, the
strength of the interaction of these Rydberg states with the
repulsive valence states which are responsible tor their
predissociation yields a general parameter which characterizes the
strength of interaction with all ns and nd Rydberg states. This
latter parameter can be obtained from our linewidth measurements .
and the necessary analysis has been in progress. Thirdly, while
these states do not contribute to ordinary optical absorptinn, they
play a large part in the interaction of O2 with electrons (as

shown by scattering experiments ) and other particles and in the
increasingly important area of non-linear interaction with intense
light beams, In fect, the way we observe these states is by a two-
photon resonant, three-photon 1ionization experiment using an
intense focused laser beam.

The facts that 1) predissociation is so pervasive throughout all
th~ oveited arntag of Oc arA4 that 2) dissociative continua are so
prominent in the ordinary ultra-violet absorption spectrum make it
essential, for an adequate fundamental understanding of the
photophysics and chemistry of 02, that the valence states *
responsible for these effects be identified and the amounts of the
various atomic products of these dissociative processes be
determined. While the lowest nuergy ordinary absorption
continuumfithe intense Schumann-Runge continuum) has been well
characterized and i%s products(}F and 'D oxygen atoms) reliably
identified for sometime, very little {3 reliably known for

optically allowed states at higher energies and nothing (until the

recent charge exchange work6 which supplemented our work) is
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known experimentally of the dissociative behaviour of optically
forbidden states and continua. In the course of this work, we have
develaoped, in part, techniques to detect and identify products of
dissociative processes.

A further very brief digression into the reasons for the general
impcrtance for the study of Rydberg states, especially those
convarging to the first ionization 1limit, will be useful at this
point. The class of molecular states which are most intractable to
both thecretical and experimental investigations are continuum
states, i.z. both dissociative and ionization continua and yet these
states play very important roles in the %“ehavior of molecules at
high energies { 5eV) and in media where lonization occurs such as
discharges, plasmas, etc. Our investigations deal with both types
of continuum problems in both direct and indirect ways. We now
focus on ionization continua. The onset of ionization at threshold
is really a continuation of Rydberg excitations beyond n== (i.e.
the "same channel"”). The very successful Quantum Defect Theory of
Seaton9 makes explicit use of this connection, whereby the quantum
defect parameter § of bound Rydberg states [determined by fitting
Rydberg state energies referred to the ionization potential to the
expression E=-Ry/(n-§)2] becomes “—1 times the ghase zhif+, &,
which characterizes continuum functions. Thus the study of Rydberg
states 1is the best and most detailed way to characterize an
ionization continuum for energiss within several or more eV of the
ionization 1limit. The greater detall results from the fact that
angular momenta are readily characterized for Rydberg states from
the rotaticnal structure while nearly the only way such

cnaracterzaticn 22 be done from measurement of {onization
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continua is bv measuring the electror. angular distribution, and

even th~. only gives informaticon about the superposition of

several angular momentum amplitudes (a8 few other rarely useful

tecnnijques exist, such as polarization studies of fluorescence frem
-

excited ions and rotationally resclved photoelectron spectra). Thus

state information can be used to predict photoelzairon

o

argua.ar distributions but the reverse cannct te done

Similarly, one 92¢ best ways of experimentally determining the

sosizion of dissaniative (repulsive) valence states, (practically

“nhe on
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and molecular systems at higher energies below and above their

ionization limits.

II. Experimental Methods

A number of state-of-the-art experimental techniques used in this
work are briefly described as follows.

a) Resonantly-Enhanced Multiphoton Ionization (REMFI) (single
color): By using a wavelength-tunable, focused and pulsed laser
beam, excited states of molecules (and atoms) can be formed and

ionized by a process which can be schematically indicated as:

A loN1ZATION LimiT

ResoNANT STATE

-

GROUND STATE

where the resonant state is usually reached by two or three
photons. (The above sketch illustrates what will be called a 2+1
REMFPI process) Since the 1ionization intensity i{s enormously
enhanced when the photons are energetically resonant with one of
the states of the molecule, a plot of ion intensity versus laser
wavelength resembles a conventional spectrum. (see fig 2. which
shows the spectrum of the 3d=w ‘Zg+ state produced from the
metastable ‘Ag state of 02)‘ One advantage of the multiphoton
resonant excitation is that it can provide excitation of states
which are forbldden in conventional one-photon spectroscopy. Thus

for molecules with a certer of symmetry {(such as 02). g++*g and

8
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u€~+y transitions are forbidden for one-photon excitation but are
allowed for even numbers of photons absorbed. Also many other
kinds of experiments hbecome feasible due to the high
concentrations of excited states and of photons that can Dbe
attained with pulsed lasers.

b) Opuical-Optical Double Rescnance (CODR): Because of the high
spatial and temporal concentrations of excited specles and photons
attainable with pulsed lasers, it becomes possible to perform such

an OODR experiment as:

4y TONIZATION LiM!T
Wi PROBED STATE

b PUMPED STATE

GRIUND STATE

FIGURE 3

is kept fixed and w«, is scarned., Thus the

In this experiment w >

1

gpectrum generated originates from a single rovibronic excited
state, providing a spectrum of state E which is enormously
simplified and more easily analyzed. However, not all "pumped"
states are suitable for this technique. For instance, 1t must
sufficiently long-lived with respect to predissociation and with

respect to photolonization by w Part of the effort of this

.
contract has been directed to finding such 2 suitable state{s) for

OP or to devising techniques to otherwise circumvent unsuitable

circumstances,

10




c) Time-of-flight Mass Spectrometry: The short time of ion

formation by a =10 nsec laser pulse lends itself to ion mass
analysis by acceleration by a constant voltage and then a simple
measurement of the time-of-flight to & charged-particle detector.
The mass analysis provides nearly perfect assurance that the
recorded spectrum is that of the molecule of interest rather than
. that of some readily ionizable impurity. Thus NO, which has a
readily detectable spectrum at the part-per-million level, is
distinguished by production of a mass 30 ion, easily separated from
the mass 32 ion 02+. The apparatus also has the ability not only
to detect and identify fragment ions ({(such as O+), but also to
measure the Kkinetic energy released on formation, from a
measurement of the time-of-flight peak width. This is one method
used to determine the state of excitation of product atoms and
ions since kinetic energy is the only form of external energy
release in the case of a diatomic molecule.
d) Time-of-flight Fhotoelectron Spectrometry: Again, the short
time of photoelectron formation lends itself tc the time-of-flight
method for electron Kkinetic energy analysis. We use a recently-
developed technique of magnetic collimation whereby essentially
all the photoelectrons emitted in a 2w solid angle are
magnetically collimated with minimum flight-time deterioration
before entering the flight tube region. This near 50 percent
detection efficiency makes it possible to energy analyze
photoelectrons from relatively weak transitions. Such measurements
are very valuable in several ways: (1) they provide a method for
identifying resonant states and distinguishing between badly

nverlapped transitions; (2) they oprovide the only certain

11
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measurement of the internal energy distribution of the lons
produced, and (3) they provide valuable information about the
details of the process of photoionization of the resonantly excited
states.

e) Supersonic Molecular Beams: Wherever possible we have used the
phenomenon of rotational cooling by supersonic jet formation in
order to collapse the extensive rotational distribution
characteristic of a room-temperature gas to that of the gas at
temperatures of the order of 10K. This cooling is accomplished by
expanding the gas at the highest practical pressure through an
orifice which is very much smaller than the molecular mean free
path. We have used a pulsed gas valve where possible, in order to
minimize the pumping speed, and also continuously emitting nozzles
where necessary. The narrower rotational distribution results in
spectral simplifica.ion, although not to as high a degree as the
OODR technigue.

f) Microwave Discharge Excitation Source: In addition to using the
ground ’Zg- state of 0, as the initial state of our experiments,

2

we have used a microwave discharge in O2 at low pressures (=10
Torr) to generate the long-lived metastable 1Ag state <f O2 and
inject it into the photoionization region of our time-of-flight
mass spectrometer. This technique has been used by an earlier
worker in this field but we have improved it to obtain much
superior spectra. As will be explained later, this enabled us to
obtain extensive spectra of singlet 3d Rydberg states which were

readily analyzable and will be of great help in the interpretation

of the much more intractable triplet spectra.
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III. Results

Since in any one experiment we often investigated several
aspects of the contracted research, and since major results became
clear only after several different experiments, it 1is probably
clearer for the reader to have the results gathered under several
main toplic headings. Otherwise, while a reading of the attached
appendices would constitute the most comprehensive and detailed
final report, it would tend to obscure the most important
ancomplishments in a mass of detail. Therefore we present the
research results in a distilled form as follows.

A. Detection, analysis and assignment of <the Us-3d and 5c-Uid
Rydberg complexes of O2
1) The Triplet System

The v=0-3 levels of the 4s-3d levels of the 5s-4d Rydberg
complexes have been identified by a (2+1) REMFI process (appendices
5 and 8). The electronic states are g (gerade) states and are
accessed from the 328- ground state of 02. The reason for the
description as a "complex" is due to the fact that ns and (n-1)d
Rydberg electrons have approximately the same effective principal
quantum number (i.e. binding energy), and hence have about the same
energy. Since the nso¢ orbital and (n-1)do orbital have the same
symmetry, the resulting states can interact and perturb each other
yielding "mixed" states which complicates analysis and assignment.
These states have not been detected previously by any method
although a theoretical calculation exists.u Vibrational analysis
(and rotational analysis of two bands) shows that the states are
very nearly pure Rydbergs in character, with no detectable

perturbation. Line widths are laser band-width limited (=1 cm-1)
13
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indicating 1little or no predissociation. However, only one band

system, 3d63IIg could be identified reliably by rotational analysis
and the theoretical calculations are of limited reliability in band
assignment., In fact, one of the major goals of this part of the
research is to assess the accuracy of these calculations. Since
publication of appendices 5 and 8, better spectra of higher
resclution and improved signal/noise ratio have been obtained and
are in the process of analysis with good prospect of success in

additional assignments.

2) The Singlet System

Since the analysis of these data is still proceeding and no paper
can yet be written, these experiments and their results will be
described in somewhat more detail than those for which reprints
and manuscripts are available and are appended here. Using the ‘Ag
metastable state of O2 prepared in a microwave discharge, the
energy region of the 4s-3d Rydberg complex was explored and a
number of states identified by a 2+t REMPI process. Due to
improved laser resolution and somewhat less band complexity and
overlap compared with the triplet system, it has been possible to
identify positively every band of significant intensitv. This
analysis is now nearly complete, and has yielded positive
identification of (3dn)‘Ag. (3dﬂ)‘£g+, (3d6)‘¢8 and (3d6)’4>g states in
the v=0-3 vibrational levels (see appendix 15). Nearly all line
widths are laser~bandwidth 1limited (s 0.1 cm-1) and therefore
nearly all 1lifetimes are > 10-10 sec. Relative rotational line
intensities of most of the bands follow theoretical values given

by generalized Honl-London 1line strength formulas for 2-photon

transitions (Note that such line strength formulas depend only on

14
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geometry as expressed by Wigner 3-j symbols and hence do not
require knowledge of the physics of the transition), However, in a
number of cases, measured rotacicnal 1line in.ensities decrease
with increasing rotation compared with theoretical values,
indicating the existence of heterogenecus predissociation, 1i.e.
predissociation by valence states with values of A (or @) differing
from that of the Rydberg states, hence requiring significant
coupling between electronic and rotational degrees of freedom. In
some of these cases, e.g. the (3d11)‘Ag state, linewidths at higher
rotational quantum number (J 4 or 5) become larger than the laser
bandwidth and the widths and hence decay rates become measurable.
In these cases the linewidths increase with rotational quantum
number as expected for tne proposed heterogeneous predissociation.
Quantitative analysis of these effects 1is still 1in progress.
Successful analysis may lead to the identification of the valence
states responsible for the predissociation and, at least in some
cases such as the 1Ag state, will give parameters characterizing
the particular Rydberg-Valence interaction.

The success in characterizing in detail many {(not yet all) of the
3d Rydberg states is important in many ways.

a) These are the first gerade Rydberg states of O, to yield

2
spectra with so many bands which are rotationally analyzable in
such detail. (The earlier work on the 3sc¢ states provided only two
bands which were rotationally analyzable to some degree and there
is some question about one of them). In fact, in the detail of
analyzable rotational <tructure, these spectra are aunerior tn

those of any (u or g) Rydberg states of 02. For instance, band

origins are so accurately located for all vibrational levels v=0-3

15




that there is a very good probability that they represent more
+
accurate values for the vibrational spacings of the O2 ion, the

core of the Rydberg state, than the values obtained from band head

+
positions of the spectrum of the bare O ion itself. Certainly

2
this will be the case if we succeed in obtaining similar spectra
for the Ud Rydbergs, since the very small bonding or anti-bonding
effect of the Ud Rydberg will be completely negligible at least
for the 'A_ and 't ' states.
8 g

Table I gives the energies of the bvand origins determined from
our data for the singlet 3d 1<1>g, 1A8 and ‘Zg+ states which we have
observed. The vibrational spacings are compared to literature
values11 obtained from extensive analysis of many bands of the A -
X transition of the 02+ ion and eorrespond to the RKR potential
curve which best explains both band positions and intensities. It
should be noted that from molecular orbital correlation diagrams
nd§ Rydberg orbitals are expected to be very slightly bonding
while ndrw orbitals are expected to be very slightly antibonding
for small displacements from the equilibrium internuclear
separation. Comparisons among the data of Table I agree with this
expectation. Extension of those data to the Uu4d Rydbergs should
give very accurate and reliable vibrational spacings for the 02+
ion.

b) We have with certainty located the (3(1(5)‘<l>g and all three
components (Q=2,3 and 4) of the (3d§)°¢ states (for v=0-3). The
positions of none of the (3d§) Rydberg states were calculated in
the earlier theoretical worku and hence this 1is the first
determination of their energies by any method. Furthermore, the

intensity of the formally-spin-forbidden transition ’«;g(£2-=3)‘~‘~‘t\g is
16
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Table I. Energies and Vibrational Spacings (in cm™!) of Some 3d
Singlat Rydberg States of Oxygen
Y ”:g ‘.\g 14 $9, A (Cat)
-
0 85684.5 85506.3 85035.2 84832.2
{1871.1) (1872.1) (1866.9) (1880.6) (1872.6)
1 87555.6 87378.4 86902.1 86712.8
{1840.3) {1839.4) (1840.0)
2 89395.9 89217.8
(1804.5) {1804.3) {1807.4)
3 91200.4 91022.1
L
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nearly the same as that of the allowed ’4>g(9=3)**‘Ag transition.

This fact and the relative energies of all three Q-components of

the %% state give a very clear indication of the breadkown of the
usual LS-type coupling scheme which is only semi-quantitatively
alluded to in the theoretical paperu. Upon further analysis our
experimental spectra should address this problem quantitatively
and be very helpful in treating the general problem of transition
between coupling cases in the Rydberg states of 02, a problem
which very often complicates analysis of Rydberg spectra.

¢) The reliable determination of the energies of assigned
electronic states in the 3d singlet Rydberg manifold will be of
great assistance in reliably assigning states in the triplet
manifold. This is due to the fact that, in general, the energy
ordering is expected to be the same (as indicated by the
theoretical calculations), with the triplet states lying belcw the
singlets by =0.01-0.04 eV. The ongoing re-analysis of improved
triplet spectra is proceeding with this in mind.

d) In the rotational analysis of three of the electronic
excitations, namely excitations to the (3d5)‘¢>g(9=3), (3d6)3¢8(ﬂ=3),
(3d6)’A8(Q=2) states, certain aspects of line-strength theory have
been used which apparently have not been appreciated before,
although they are implicitly contained in well-~known theory for
two-photon excitation. Namely for Q=3 <« Q=2 transitions the R(Y)
line strength is identically zero while all other R's are not.
While a very few comparisons of multiphoton line-strength theory
with experiment have been made, they have never dealt with either
of the types of transitions given above and, given the commonly

large fluctuations in pulsed laser intensity, state assignment
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based on line stftrengths is not usually very trustworthy. However

in this case, the complete absence of the R(4) line in the (3d8)'¢

8

4+ ‘Ag spectrum provides strong support for our assignment.
Similarly for the excitation of the (3(11!)‘13g state (an Q=2 «« Q=2
transition), the 1line strength 1is composed of two different
transition tensor components for 1linearly polarized 1i ht while
one of these components becomes exactly zero for circularly
polarized light. In the excitation to (BGn)‘Ag the component which
becomes zero for circularly polarized light 1is responsible for
over 90% of the intensity for linearly polarized light and the
dramatic difference between the two spectra (see fig.h) s
additional proof of the electronic assignment. Differences between
spectra taken with linearly and circularly polarized light have
been used before in tne case of (polyatomic) symmetric top
molecules, but this is the first case of such a strong difference
for a diatomic molecule.

e) There remain some important questions brought out by this
research and which remain to be answered (an example of the trite
but true description of a good piece of research as one which
raises more questions than it answers). Only a few will be
mentioned here. In the singlet system we have found only the
(3dn)‘£g+, (3dn)‘A8 and (3<ns)‘q>8 states. The (3d0)‘ﬂ8, (usc:)‘ng and
(3d8)' _ states are formally allowed by 2-photon selection rules
but we have not been able to detect these states. At our very
highest laser powers we have seen some very weak peaks which may
belnng to owne of these states but we cannot exclude other
possibilities, since not enough lines to permit analysis were seen,

This is eapeclally disturbing in the case of the (uso)‘ng state
19
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Since Lhe (350)*ng state appears very strongly in the 2-photon
apecvtrum, even though these latter states are mostly strongly
predissociated while the (4sg) state should be less predissociated
and hence easier to detect by REMFI. In single photon spectroscopy
one expects (and finds) Rydberg intensities to decrease as (n')-3
where n* is the effective principle quantum number. "All else
being equal"” one expects the same decrease {(by =3.5 in this case)
for the Usg state in 2-photons in which case the state would be
very readily detectable. However, the 2-photon amplitude involves
a complicated sum over many states and also the (lUsg) state
differs from the (3so) state in having considerable admixture of
(3do) so that a rationalization is possiole, although a reliablie
explanation is not readily apparent at present. Another unanswered
questicn 1s the following. We have seen very strong transitions
from the singlet ‘Ag metastable state to the Qe3 spin-orbit
component of the triplet ’08 state and this formally spin-
forbidden transition is obviously (from the spectrum) due to strong
Interaction with the Q=3 component of the singlet ‘@g sState. Why
don't interactions of comparable magnitude occur between other
singlet and triplet states of the same value of , for instance
between (3dﬂ)’Ag(Q-2) and (3dﬂ)‘A8(Q-2)? From the absence of
resulting spectra we infer that such interactions must be at least
about two orders of magnitude weaker than that for the ’@g - ‘og
case. The explanation i3 not readily apparent btut should come from
a detailed understanding of angular momentum coupling strengths in

the molecule.

3)General Overview of (gerade) Rydberg States
21

4~J--lIlllllIIIlIllIllIlIIIIIIIIlIIIIIIIIIIIlIIlIlllllllIIIIlIIIIII-II--------




We have made very great progress in locating and characterizing

the s (2=~0) and d (L«2) Rydberg states. We can eliminate, for all
but the most esoteric processes, the g (meaning =4, not meaning
gerade here) Rydberg states as being unimportant. Thus, when we
have located all members of the U4s-3d complex, (both singlets and
triplets) and characterized their interactions with each other and
with valence states, the major part of the level structure of the
gerade Rydbergs converging to the ground state of the ion will be
well understood. Doing the same for the 5s-4d and higher Rydbergs
will be less important since well known and reliable scaling laws
can predict the most important properties of all higher Rydbergs.
One exception {8 the characterization of certain vibronic
interactions which can produce the phenomenon of vibrational
autoionization above the icnization limit.

The most important remaining block of information necessary for
an overall understanding of the entire gerade structure and

spectrum of O, below its ionization limit i3 the set of repulsive

2
gerade valence potential curves in this region and the strength of
their interaction with the Rydberg states. The only information
presently available on this subject, (other than the inferences
that can be drawn from the predissociation widths of our data) is
the set of theoretical calculations made by a number of
group58’12”3. All these groups calculate their valence state
potential curves using molecular orbital basis functions which are
spatially compact, 8o that they are not suitable for descrihing
Rydberg states with their far more extended (or diffuse) orbitals.

Thus they calculate diabatic potential curves which exclude the

possibility of describing the interaction of a Valence state with a
22
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Rydberg state. Calculations employing basis sets suitable for
describing both Rydberg and valence states are difficult and have
only rarely been done in high quality calculation. A few such
calculations involving a few u (ungerade) Rydberg states of 02
have been done and will be discussed later. While we cannot, from
our data alone, extract experimental curves for the valence states
which are predissociating our Rydberg states, we can often use the
theoretically calculated curves to identify a single plausible
predissociating valence state and then vary 1its position and
interaction strength in an attempt to reproduce our experimentally
measured predissociating rates. For instance for the (3dw)‘Ag
Rydberg state we have four vibrational levels, v=0-3, for which we
have linewidth data and we have identified the lowest energy ‘Hg
valence state from the theoretical calculations as seemingly the
only plausible predissociating state. Therefore we expect to be

able to extract the interaction energy and optimize the position of

the valence state potential curve to give agreement with our data,

B. The E (3pn)’£u- state of 02. Demonstration of its mixed Rydberg-
Valence character.

Only two states of the u (ungerade) Rydberg system of O2 have
been identified up to the present., They are the E(3pw)’£u- and the
F (3pc)’ﬂu states. While ahsorption features corresponding to these
states have long been known, only recently have they been assigned
with any confidence based on a theoretical calculation‘u showing
that both states are really strongly mixed Rydberg-Valence states.

The calculated potential curves, shown in Fig.5(a) and (b) result

from one of the very few accurate calculations of Rydberg-Valence
23




interaction. They also demonstrate why the Rydberg states
optically allowed from the ground state are essentially unknown
except for the E and F states, since the higher u Rydbergs will be
similarly perturbed and difficult to identify.

We have confirmed the mixed Rydberg-Valence character of the E
state directly by measuring the photoelectron spectrum produced by
(2+1) REMPI via the v=0 level of the E state as the resonant
intermediate and shown in Fig.5(c). If the E state were a "normal"
unperturbed Rydberg state, the photoelectron peak corresponding to
producing the ion in the v=0 state should be the most intense,
whereas it is one of the least intense. In Appendix 2, a more
quantitative discussion of the photoelectron spectrum is given in
terms of the Rydberg=Valence potential curve of Fig.5(a). More
recently Wang et a115, using improved potential curves very
similar to those of Fig.5(a) have calculated a photoelectron
spectrum which gives even better agreement with our data, but
which we believe is not appropriate to our experiment. Briefly, we
prefer a calculational method which assumes that the process of
formation of the E state is not coupled coherently to the
subsequent photoionization of the E state, while their method
assumes that the overall (2+1) REMPI process is completely
coherent. The arguments for ocur point of view are given in the
preprint Appendix 12, This disagreement 1s not simply academic,
since it concerns a very important aspect of the general REMPI
process including the validity of many conclusions regarding
lifetimes of intermediate states drawn by other researchers in

this t‘ield.16 As detailed in the preprint of Appendix 12, each

procedure is correct in two different limits of laser conditions
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and intermediate state 1lifetime. The correct treatment §or

conditions far from these two different 1limits remains to be
developed, although we present arguments to show that most cases
for which REMPI is used correspond to our "incoherent process"

limit.

C. Fhotoionization and Photoelectron Spectroscopy of ns and nd

Rydberg States {Appendices 5,6,7 and 8)

Until the 1last several years it was generally thought that
photoionization of a Rydberg state was a very simple and well
understood process. Since the Rydberg orbital is very nearly
hydrogenic, except for being shifted inward by an amount
determined by the quantum defect, the photoionization cross
section versus photon energy was thought to be hydrogenic. Indeed
if the ionization continuum is also assumed to be hydrogenic,
theory shows that the cross section would be hydrogen-like, i.e.
having a finite value at threshold and decreasing slowly with

energy such as:

)
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For instance a calculation of the photolonization cross section by
Cohn17 has precisely such behavior,

If the photoionization cross-section has such behavior and if the
Born=Oppenheimer separation of electronic and nuclear motions was
valid, it 1is easy to show by the Franck~Condon principle that
photoionization of a true unperturbed Rydberg state should leave
the vibrational quantum number of the ion core unchanged, i.e. that
a Av=0 selection rule should hold for photoionization. Such a Av=(0
selection rule is indeed shown to hold very well in a large number
of cases and forms the basis of the best current method for
preparing molecular ions in selected vibrational states as has
been done by a number of worker's.1

However, an increasing number of strong deviations from the Av=0
selection rule has been observed and a general consideration of
possible reasons for these deviations has been given.19 In that
analysis, the example of flagrant violation of the Av=0 rule in
the photoionization of the C (pr)‘nu state of H2 was attributed to
photon absorption by the ion core of the Rydberg state to produce
an electronically doubly excited state which was repulsive (i.e.
purely dissociative potential curve) but autoionized as it
dissociated. This process has since been confirmed by more
accurate theoretical calculations.20
In that paperm. two other general phenomena were mentioned as
potentially very effective in causing Av#0 transitions. These were:
(1) shape resonances in the ionization continuum, and (2) Cooper
minima in the {onization continuum. At the time that paper‘19 was
written there were no examples of ejther.

In the course of our work on this contract we measured the
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photoelectron spectrum produced by (2+!) REMFI via the 33¢ states
in an attempt to see whether that process afforded a satisfactory

method for production of vibrationally state-selected O * fons.

2
The photoelectron spectra showed very significant deviations from
the Av=0 rules, especially for v=1 and 3 (see appendix 6). In this

+
case, enough is known about the absorption spectrum of the O ion

2
core to eliminate core-absorption as the mechanism for the Av#0
transitions. However, an examination of theoretically calculated
potential curves for excited valence states of 02 led us to
believe that a shape resonance might be responsible in this case. A
shape resonance is an electronically excited state, lying above the
ionization potential, and in which the electron is temporarily
bound by virtue of some potential barrier (i.e. by the "shape" of
the potential) in this case due to an angular momentum (i.e.
centrifugal) barrier. It can also be thought of as a valence state
lying above the ionization 1limit and which differs from the
ifonization continuum by only one orbital. In fact, the shape
resonance in question is actually formed by the repulsive 3°u
valence state of Fig.5(b) when it goes above the potential curve of
02* shown in fig.5(a). The strong interaction (energy splitting of
=2eV) shown in Fig.5(b) is a semi-quantitative indication of the
width of the resulting shape resonance. (It would be gquantitative
except that this width changes rapidly with internuclear distance,
and in fact it is just this change of width and energy position of
the resonance with internuclear distance which makes the Franck-
Condon approximation invalid and causes Avé0 transitions.)

This explanation of strong Avé0 transitions as due at least in

great part to the effects of a shape resonance were verified by
28




theoretical calculations and both our results (appendix 6) and the
calculations of McKoy and co—wor‘kersz1 were published together as
Communications to the Editor. The effect of a shape resonance was
further confirmed by measuring the angular distribution of the
photoelectrons ejected in lionization of the (3s¢) v=0-3 Rydberg
states (appendix 7). The measured angular distributions were in
very good agreement /see Table 1 of appendix 7) with calculations
of McKoy and co-workers (also given in appendix 7). The measured
angular distributions for the AvéQ transitions were much more
nearly isotropic than those for the v=conserving transitions (see
Fig.1 of appendix 7). This can be explained by the (scmewhat
simplified) picture that while v-conserving transitions consist in
large part of transitions "directly" into the continuum, the Av#0
transitions result predominantl; from transitions in which the
emerging electron 1is trapped briefly by the angular momentum
barrier and "rattles around" a few times bvefore escaping, hence
producing a more nearly isotropic angular distribution.
Photoelectron spectra were also taken for the (2+1) REMPI process
via the triplet Us-3d complex states as described in appendix 8.
These photoelectron spectra aiso show very considerable
intensities for AvéO transitions for ionization via most of the
resonant levels as can be seen in Fig.3 of appendix 8. This
observation {s Jmportant for the following reason. The (3s0)
Rydberg states are rather strongly predissociated and this factor
apirt from the shape resonance, can contribute somewhat to Av#0
transitions by an amount which {s not readily calculated
accurate.y. However, the members of the Uis-3d complex are so

weakly predissociated (if at all) that this factor cannot make any
29
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significant contribution to Avé0 transitions and yet we find them
to occur. Therefore it {s certain that the reason for Avs#0
transitions does not 1lie in distortions (perturbations) of the
Rydberg state but must be attributed to unusual features in the
ionization continuum, From calculated potential curves (see Fig.9
of appendix 8) it can be seen that the situation in the continuum
is more complex than that for ionization via the 3s¢ Rydbergs. Not
only does the shape resonance still play a roie (although

diminished compared to the 3s¢ case) but other valence states

which do not form shape resonances {because they differ in
electron configuration from the continuum by more than one
orbital) can become important because they can autoionize by
configuration interaction. That is, they autoionize by exchanging
energy between two eleclions rather than by an electron tunneling
through a potential barrier as in the case of a shape resonance
(These latter states are sometimes called "core-excited" or
"Feschbach" resonarices).

The f{mportance of these investigations of shape and other
resonances lies in the following. Firstly there is the intrinsic
interest in a fundamental phenomenon. Shape resonances in such
diatomic molecules as N2 and NO have drawn considerable scientific
interest in the past decade or so. An excellent review is given by
Dehmer et a122. All previous experimental work on shape resonances
accessed them by ionization of inner core electrons from the
ground vibrational and electronic state of the molecule. In our
case, Wwe were able to vary both vibrational and electronic states
and hence probe a larger range of internuclear distance which, as

detailed earlier, changes both position and width of the shape
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resonance. Also our method circumvents certain problems of

autoionization structure which plagued earlier investigations of
shape resonances by the excitation from the ground state of 02.

In a very apt analogy we have just begun to make use of a
technique which allows us to look at ionization (and dissociation)
continua from many angles and many distances (i.e. from many
states of different energy spanning a wide range of internuclear
distances) instead of from one viewing point (the ground electronic
and vibrational state of the molecule). While a continuum, for
instance the cu continuum of 02+ + e in which our sh-pe resonance

(as well as core-excited resonances, etec) is embedded, is

unchanging no matter how one accesses it, what the experiment sees

of it depends on the initial state. This technique of using various
Rydberg states (as well as valence states where possible),
especially if two-color experiments are practical, promises

enormous advances in the understanding of continua.

D. Ion State Freparation

One of the goals of this contract was to find a method for

+

2

levels. Initially it was hoped that ionization via the various

preparing O ions as purely as possible in selected vibrational
vibrational levels of 330 Rydberg state would result in adequate
preparations, but this was not the case as discussed earlier.
However, in the investigation of the 3d Rydberg states, ioniz:~*ion
via one of the states, tentatively identified as (3d6)°n_, did

8

produce fairly pure (>80%) preparations of 02+ ions in the

vibrational levels v=0-3 as detailed in appendices 5 and B. See

especially Figure 4 of appendix 8. This shoula ove a very useful
31
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technique in investigating the effects of vibrational excitation of
*he 02' ion on its reactions with neutral molecules. It may even
be possible to study the effect of vibrational energy in other
processes such as dissociative recombination in which theoretical

calculations predict the effect can be very large7'8.

E. Detection of 0 atoms (appendix 14)

Oxygen atoms in the three fine-structure components of the
ground °F state were detected by a (2+1) REMPI process as
deacribed in appendix 14, The atoms were formed by dissociation of
ground state 02 by the same laser pulse which was used for
detection. The detection sensitivity was estimated crudely to be of

the order of 106 atoms/cm3

and the REMPI spectrum readily
distinguishes among the fine structure levels (Fig.! of appendix
14). This detection method should be especially wuseful in
identification of the state of O atoms produced by various pulsed
methods. It was developed here as a tool in determining the states
of oxygen atoms produced in the many predissociating states
observed in this study, but has not yet been successfully applied
to this problem.

The process of multiphoton photodissociation of O2 which produced
the 0 atoms 1is of considerable interest. It 1is tentatively
determined to be a 2-photon dissociation producing two ground
state atoms statistically distributed among the fine-structure
components. This process may be useful in producing ground state O

atoms with controlled and variable kinetic energy for further

experiments,
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F. Pump-FProbe (OODR) Studies

The feasibility of pump-probe methods has bheen extensively
Investigated and serious difficulties have been found. The 3so
Rydberg states provide very poor pump states because of the very
short lifetime of most levels. However, experiments irdicate that
an intense effort using photoelectron spectra may very well be
successful. The U4s-3d and 5s-4d levels would provide excellent
pump states but would require infrared probe lasers which we do
not have at present. The energies and other characteristics of
those levels which would serve as good pump states to be probed
by a second laser are given in appendix 8.

A perhaps more promising set of possibilities have resulted from
the work using the ‘Ag metastable state of 0,. One of the (330)‘Hg
levels (apparently near v=2) has fairly sharp rotational structure
and may serve well as a pumped state. In addition most of the 3d
singlet Rydbergs referred to in section A(2) have very sharp
rotational structure indicating long lifetime, but again infrared
probe lasers would be required for upward excitation.

Other possibilities using resonant "bleaching" methods exist and

have been considered but not yet tried experimentally.

G. Excitation of (and via) repulsive states
As a test system for developing methods for studying dissociation
and other dynamical processes of 02. studies were carried out on

Clz. The excited states and potential energy curves of C12 have

many qualitative similarities to those of Q, but the energies are

2

lower making transitions more easily accessible with our lasers.

We demonstrated the feasibility and certain advantages of carrying
33
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out multiphoton transitions via repulsive intermediate states. This
demonstration {llustrated for the first time a new metuiod for
following the time-evolution of rapidly decaying states which has
considerable promise. We also investigated a case of very strong
Rydherg-valence interaction producing an adiabatic potential curve
with two minima. Details are given in appendices 1 and 3. 1In
addition the identification of specific atomic states produced in
photofragmentation is demonstrated in appendix 4. This 1latter
process of photodissociation is also potentially wuseful in
providing a source of Cl atoms of precisely known and variable

kinetic energy and in a specific electronic state, the ?p /> ground

3

level, for kinetic studies of Cl atomic reactions.

H. Anomalous Lineshape Studies

The potential utility of certain lineshape phenomena in
determining decay rates of excited states was demonstrated for N2
(see appendix 9) and applied to0 the v=2 level of the .pm K21
Rydberg state of NO. Neither the lifetime nor the mode of decay of
this state was known previously. We have determined that its

lifetime 1is < 2 nsec and the decay 1is predominantly by

predissociation. The details are giver in appendix 10,
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Dynamics and spectroscopic manifestations of two-photon bound-bound
absorption through a repulsive intermediate state

Leping Li, Robert J. Lipert, Haiyoon Park, William A. Chupka, and Steven D. Colson
Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut 06511

(Received 28 August 1987; accepted 29 September 1987)

The work by Heller et al.' on the time-dependent theory
of Raman scattering provides a simple physical picture
which separates the static effect due to the coordinate de-
pendence of the electronic transition dipole, from the dy-
namic effects that arise from wave packet propagation on the
Born-Oppenheimer surfaces. These concepts have been apt-
ly applied by Kinsey and his co-workers to the study of emis-
sion spectroscopy of dissociating molecules as a means of
probing details of dynamics in extremely short-lived spe-
cies.’

Both the theory and experiment can be extended to two-
photon absorption between two bound states through a re-
pulsive intermediate state, since Raman scattering is just a
special case of a two-photon process. In this extension, the
wave packet dynumics on the repulsive potential <urface will
be probed by projection of the evolving wave packet into the
discrete levels of an excited, instead of ground, state. At the

J Chem. Phys 87 (11}, 1 December 1987
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same time, the wave packet propagation on the repulsive
potential surface will enable us to obtain information about
excited bound states in regions which are normally inaccessi-
ble due to unfavorable Franck—Condon factors.

Toapply this idea we have recently carried out an exper-
iment on the Cl, molecule by a 2 + 1 multiphoton ionization
process in which the first photon falls into a fairly strong
repulsive continuum but far from any effective bound trans-
fer state. A detailed spectroscopic analysis will be given in a
separate paper.’ Here we focus on the role of the repulsive
state as an intermediate in a two-photon, bound~bound tran-
sition, and illustrate a conceptually intuitive connection
between the spectroscopic features and the underlying wave
packet dynamics on the repulsive potential surface.

The experiment was performed in a time-of-flight mass
spectrometer under collision-free conditions in a cw {ree jet
of a 1% Cl,/He gas mixture. The molecular beam was
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ergy.
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crossed by the tunable doubled output of a YAG-pumped
dye laser of 8 ns pulse width, and approximately 1 cm™!
bandwidth.

The MPI spectra of chlorine exhibit two very long vi-
bronic progressions. One of them is assigned to the
M, — X '%", and the other to the *II, — — X '2 " two-
photon transitions. In the limited wavelength region
scanned at present, the observed singlet progression extends
from v’ = 0 to v’ = 15 with only moderately decreasing in-
tensity and the triplet progression extends to v’ > 10Q.since
the top of the double well barrier of *IT, lies near v’ = 75.%

The appearance of these astonishingly long progressions is -

obviously due to the presence of a repulsive state at the one-.
photon energy since 100 eV inelastic electron scattering
data,® which should represent the Franck-Condon factors
between the ground and excited states, show a very strong
decrease in relative intensity from a maximum at v’ = 2 to
undetectable values for v’ > 6.

Forthelong’I1, — — X 'S progression, one expects to
see a dramatic change of the spectral profiles for levels below
and above the barrier due to the change of rotational con-
stant from a value somewhat larger to one much smaller
than that of the ground state. Thus transitions to (inner
well) levels below the barrier should give blue shaded pro-
files while levels above the barrier ought to yield strongly red
shaded profiles. This is exactly what we have observed. As
shown in Fig. 1, the blue shaded profile corresponding to

=9 is in marked contrast to the red shaded profiles for
v'=88and 89 of the ’I1, — —~X '3 progression. The essen-
tial physical features of this two-photon, bound-repulsive~
bound absorption process can be viewed in the spirit of the
established time-dependent semiclassical quantum the-
ory."? At7 = 0, the wave packet on the repulsive potential is
the initial ground state vibrationless wave function prepared
by one-photon excitation. It has vanishingly small Franck-
Condon overlap with the excited bound state beyond the

290.2

vertical region. No longer in the stationary state, it evolves in
time and moves on the excited repulsive surface. Along the
direction of motion, the wave packet will sequentially devel-
op significant overlap with higher and higher stationary ei-
genfunctions in the upper bound states. The time evolution is
determined by the shape of the potential and the position of
the wave packet at t = 0. Typically, short-time behavior is
dominated by forces (¥ /dR), and the spreading of the
packet is governed by second derivatives (d ¥ /dR ?).% Since
the second. photon absorption into the,excited bound state
depends crmcally upon the local Franck—Condon overlap,
two-photon- abdorption through a repulswe intermediate
stateis a very sensitive probe of the change of the wave pack-
et position and shape due to its evolution on the repulsive
potential. At the same time, this enables us to probe highly
excited vibronic levéls which are otherwise inaccessible due
to the very small Franck-Condon overlap. Thus, the obser-
vation of the two unusually long progressions is merely a
spectroscopic manifestation of the wave packet dynamics on
the repulsive potential and its subsequent excitation by the
second photon absorption into the discrete levels of the excit-
ed bound state that have the correct energy and right
Franck-Condon overlap at a given time during the laser
pulse.

. Although our interpretation parallels that given by Kin-
sey et al.” the spectroscopic information obtained in the two
sets of expetiments are quite different. I our case the wave
packet is projected onto an excited bound state by absorption
of the second photon and detected by subsequent one-pho-
ton ionization. This has the advantage that spectroscopic
information can be obtained on numerous excited states in
regions far from the ground state equilibrium position (rath-
er than just the ground state). A further advantage of this
method stems from the very high detection efficiency of
mass-selected ion signals, in contrast with the difficulty of
detecting the small number of photons emitted by a very
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short-lived ( € 1 ps) molecule. In addition, the bound-repul-
sive—bound, two-photon excitations can be made to compete
more effectively with photodissociation by increasing the
probe laser intensity, an advantage similar to that of the sti-
mulated emission pumping.” However, the vibronic intensi-
ties observed in emission are simpler to analyse than those in
MPI. The latter result from a convolution of absorption and
lonization ¢ross sections.

In conclusion. we have demonstrated experimentally
that the study of two-photon, bound-bound transitions
through an intermediate continuum is an effective way to
obtain spectroscopic information on highly excited states in
normally inaccessible regions, and in principle can provide
an alternative method for probing the dynamics of dissociat-

ing molecules. Also the potential surface of the ground state
is usually better known than those of excited states.

This work was performed under Contract No. F19628-
86-C-0214 with the Air Force Geophysical Laboratory and
sponsored by the Air Force Office of Scientific Research
under Task No. 231004. We would also like to thank Dr. Jim
Lo Bue for his assistance during this work.
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Observation of strong Rydberg-valence mixing in the £ 33 state of O, by

341 MPI| photoelectron spectroscopy

Paul J. Miller, Leping Ui, William A. Chupka, and Steven D. Colson
Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut 06511

(Received 21 October 1987; accepted 11 November 1967)

The photoelectron spectrum (PES) of the £°2

state of O, has been measured with 3 + 1

multiphoton ionization (MP1). The observed vnbratxonal progression in the PE spectrum is
interpreted as due to ionization from a (3p7)*X; Rydberg state which is strongly mixed with

the (m, 'm)B %,
calculation by Buenkcr etal.

i. INTRODUCTION

In recent studies, the lowest two Rydberg states of oxy-
gen, {350)'11, and *[1,, have been identified and some mo-
lecular parameters measured by two-photon resonant three-
photon ionization.'? These two states are well behaved,
predominantly single-configuration Rydberg states, and by
far the strongest peak in the respective photoelectron spectra
corresponds to &v = 0 in the ionization step. More recently,
we have extended our investigation to states of higher ener-
gy. In this region of energy the spectroscopy, level structure,
configuration description, and state assignments become
more complicated and difficult. The major cause of this state
of affairs is the extensive occurrence of Rydberg-valence in-
teractions oi' widely varying strengths, often resulting in
such strongly avoided crossings as to yield drastically dis-
torted adiabatic potential curves. The resulting rotational
and vibrational level structures are quite different from those
of the ion and the corresponding photoelectron spectra can-
not be analyzed in terms of a simple diabatic description of
the potential curves. One of these examples is the so-called
“longest band,"” whose upper state was initially assigned to
the v’ = 1 level of the (3pm)E >, Rydberg state by Ogawa
etal.® on the basis of its isotopic shift. Subsequent theoretical
calculations** have shown that the E state potential curve is
formed by a very strongly avoided crossing, yielding an un-
usually shaped potential curve and an anomalous isotope
shift. These calculations strongly support the assignment of
the *longest band” to the £ ~X(0-0) transition.

In this paper, we report the measurement of the photo-
electron spectrum of the E *Z " state which was resonantly
populated by three-photon excitation, and probed by a
fourth photon ionization at a wavelength of 373.12 nm. The
phatoelectron spectrum of the (3pw)E *Z Rydberg state
shows strong evidence for mixed Rydberg-valence charac-
ter. Our observation and analysis agree well with the identifi-
cation of the upper state of the longest band as a strongly
mixed Rydberg-valence state as predicted by Buenker er
al.** The relative band intensities of the photoelectron spec-
trum can also be rationalized in terms of their calculation.

il. EXPERIMENTAL

The 3 + 1 resonance enhanced multiphoton ionization
(REMPI) experiment was performed using a XeCl excimer
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valence state. The observation of this mixing is in near agreement with the

pumped dye laser (Questek 2240, Lambda Physik FL2002)
with a pulse width of approximately 8 ns and a repetition
rate of 11 Hz. The photoelectron spectrum of the E state at
80 404.01 cm ™' was obtained through three-photon excita-
tion using QUI dye. The output of the dye laser had a pulse
energy of 1 mJ and was focused with a 3 in. lens into the
ionization region (about 5§ mm from an effusive nozzle) ina
“magnetic bottle” time-of-flight photoelectron spectrom-
eter.® The electrons were detected and amplified by multi-
channel plates mounted at the end of a 50 cm flight tube and
fed into a transient digitizer (Tektronix 7612D) interfaced
to an LSI11/23 computer for electron kinetic energy analy-
sis and signal averaging. The resulting PE spectrum con-
tained an average of 10 000 laser shots and had an experi-
mental resolution of = 15 meV for the lowest energy peak.

1il. RESULTS AND DISCUSSION

The measured photoelectron spectrum, seen in Fig. 1,
shows increasing electron intensities from »* =0 t0 3, and
very much lower intensity for v* = 4 (see Table I). This
result contrasts sharply with the photoelectron spectra of the
Jso Rydberg states which are only slightly perturbed and
conform strongly to the Av = O selection rule expected for
unperturbed Rydberg states.” This expectation is based on
the fact that an ion in a specific electronic state and the well-
described Rydberg state with that specific ion core have
nearly identical potential curves in the region of small nu-
clear displacements. The Franck-Condon principle then
leads to an intensity maximum at Av = 0 for all vibrations in
one-photon ionization. However, according to the large
scale ab initio calculations on the E *X " state of molecular
oxygen (which include extensive configuration interaction),
one expects to see departures from v-conserving photoioni-
zation from this state. This is the case since the diabatic
(3pm)*Z; Rydberg and the (r, *m2 )2 valence states
undergo strong configuration interaction (0.98 ¢V minimal
splitting at = 2.28 bohr) resulting in two adiabatic potential
curves. The equilibrium internuclear distance of the bound
potential curve (r, = 1.206 A)is considerably greater than
that oftheX‘H, stateof O;* (7, = 1.1164 A), giving rise to
intense peaks corresponding to Av3 0 transitions.

However, it has been shown® that anomalous photoelec-
tron spectra of unperturbed Rydberg states can sometimes

© 1988 American ingtitute of Physics
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} TABLE L. Relative Franck—Condon factors.
ve}
J vy Experimental
ol 0-0 1
E v e2 1-0 2.1
e 2-0 2.26
5 ] vieo 3-0 3.16
< | | . 40 0.8
:é 4
:
e 4 v =0
8 voed
: \ | pure Rydberg state. However, the E state is a mixture of the
. 7, m; and the 7} 7, 3pw, configurations in which the coeffi-
cients of the valence and the Rydberg components vary rap-
1 idly with internuclear distance, especially near the potential

2 4 B 8 1 12 1.4 1.8 1.8 minimum. Furthermore, the photoelectron spectrum main-
ly arises from the photoionization of the Rydberg compo-

ELECTRON KINETIC ENERGY (eV) . X . 2 +
nent, since the formation of the 7}, =, X “Il, state of O;" by

FIG. 1. The three-photon resonance enhanced one-photon ionization pho- direct ionization would require a two electron jump from the
toclectron spectrum of the longest band of O, at 373.12 nm. In the present ﬂi ~ configuration of the valence component. Therefore,
one color expenment, the highest energetically accessible vibrational quan- y

tum number of O." in its X? I, state is 4. Partial photoelectron spectra 3 accurate calculation of the photoelectron intensities must
taken at higher resolution clearly resolve the spin-orbit splitting of the O, take account of this factor. The semiquantitative behavior of
ground state ( =200 cm ~') for each vibrational level. the Rydberg character of the E state as a function of internu-
clear distance is shown in Fig. 2(F). (The calculation used a
two-level model'® with the calculated* interaction matrix

element W, = 0.49 eV. Separations of the unperturbed lev-
result from photoexcitation of the ion core followed by auto- els were estimated from Fig. | of Ref. 4.) The consequence of

ionization of the doubly excited state produced. This situa-  the introduction of this factor is equivalent to a further
tion is extremely unlikely in the present case, since the near- outward shift and distortion of the v’ = 0 wave function of
est allowed absorption by the bare ion core is about 13 730 the £ state.
cm ! above the photon energy (26 337 cm ™) used in this We note that according to Buenker et al. this valence
experiment. While the position of the doubly excited state is state also contains a considerable amount of the secondary
only crudely estimated by this procedure, the error (at the configuration (3o, I7} 1n? 30,). This configuration still
internuclear distance of concern here) is very unlikely to be requires a two-¢lectron jump for ionization. High photoioni-
of the magnitude to invalidate our qualitative analysis. zation probability for such configurations could only occur
The gross features of the observed photoelectron spectra by one-electron excitation to a still higher autoionizing va-
can be discussed by reference to Fig. 2. This figure shows the lence state. An examination of the calculations of Michels''
potential curves calculated by Buenker et al. together with  shows no such optically allowed state in this energy region.
the relevant vibrational wave functions. The energy levels We also note that if the original assignment by Ogawa of
are taken from Huber and Herzberg.? For the present semi- the longest band to the (1-0) transition is correct, then the
quantitative purpose, harmonic oscillator wave functions Franck~Condon factors calculated for ionization of v’ = 1 of
are used for O,". An approximate wave function for the  the E state will be very different from those calculated for
v = 0 level of the £ state was calculated by a perturbation v’ = 0. A cursory examination of the Franck-Condon over-
technique. The Franck~Condon region is shown by vertical  laps indicates that the maximum will likely occuratv™ = 3.
lines. The center line indicates the position of the maximum  However, the Franck-Condon factors for the other values of
of the wave function. It should be noted that this maximum v* will deviate significantly from our experimental data.
is shifted from the potential minimum to a Jarger value of the Also, this possibility seems unlikely in light of the high quali-
internuclear distance, due to the very asymmetric shape of  ty of the ab initio calculations by Buenker et al.
the potential curve. A careful examination of the figure In this experiment we only see transitions from the
shows that the Franck-Condon factor will increase from v’ = 0 of £ state to levels of [T, state with v less than or
V" =0 to a maximum at either v* = 2 or 3 then decrease cqual to 4 since our four-photon energy is only 685 cm ™!
considerably forv™ = 4. above the v* = 4 [, threshold. However, it is possible to
In order to make a quantitative comparison with the  produce ions with v™s larger than 4 in a two-color experi-
experimental data, a detailed calculation is necessary mak-  ment where part of the photoionization can be carried out by
ing full use of both experimental parameters and theabinitio  photons of higher energy.
vibrational wave functions computed by Buenker ef al. In We have also carried out wavelength scans of the “lon.
&ddition it is important to take into account the variation of  gest band” in a supersonically cooled beam with both linear-
the transition moment to the ionization continuum with in-  ly and circularly polarized light. While the spectra were ro-
ternuclear distance. This factor is normally negligible fora  tationally collapsed compared to room temperature, no

J. Chem. Phys., Vol. :8. No. 5, 1 March 1988
]

EEEEEE——— e



rlev)

3
z

1204

1204 y {

1004 1004
80+ 804
so«L 404

10N x’ng n

R

Miler gtal. The £°5; ot O,

B

e

rleV) ooy
/

1204

W00«
804
604
ey — - v v
188 228 28 208 120 108 228 s 1. 17
Ridorw) Riborv )
y———y ——r—y——v
10 229 2 1 e
Ridarv}
FIG. 2 Adiabatic potertial curves calculated by Buenker ef al., together with vibrauonal wave funcuion; of Q,” for v - = O0—. The outer vertical lincs show
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Rydberg character with internuclear distance. This vanaton is shown in (F) and discussed in the text.

distinct rotational structure was resolved and no discernible
difference was observed between the spectra obtained using
the two polarizations. In addition, wavelength scans were
also carried out in the photoelectron spectrometer by moni-
toring simultaneously each of the photoelectron bands of
Fig. 1. Agamn all scans yielded ideutical band shapes and
energy positions within experimental error. From these ob-
servations, it seems virtually impossible that the observed
band might be a composite'* of more than one transition 10
closely lying intermediate states, each with ts own charac-
teristic photoelectron spectrum.

1V. CONCLUSION

3 + 1 resonance enhanced MPI-PES via £°3 state
shows all vibranonal excitations of the ground state of O,
that are accessible by the iomzing photon energy. This ob-

served spectral behavior in the PES is shown to anse via one
particular intermediate Rydberg state with strongly mixed
valence character, the upper state of the so-called longest
band. At internuclear distances relevant tfor optical absorp-
tion, the extensive mixing manifests itself in the photoelec-
tron spectrum. Our data clearly show that as calculated by
Buenker er a/., the potential curve of the £ state 1s very
strongly distorted from that of an unpertutbed Ip~ v
Rydberg state and that an udiabanic desenption of its poten-
tial curve s more appropriate in the spectroscopic analysts of
this state.
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Appendix 3

Mass-resolved, two-photon resonant, three-photon ionization of jet-cooled Cl, has been used to
study the spectroscopy and photophysics of the lowest energy, double-well '1i, and *T1, states
of mixed Rydberg (4s0) and ion-pair character. Inner well levels from v’ = 0 (64 027 cm™")
tov =13 (/3 3+3cm ; have oeen ovbserved for ‘.ri, of the aass 70 nuolsl ‘ar enlernin:
isotope. Inner well levels for *[1, have been observed from v’ = Q at 63 472 cm ™" to the top of

the barrier, and well beyond that to levels spanning both wells. Observation of these long
progressions is attributed to excitation via a repulsive continuum at a well-phonon level. The
photophysics of this latter process as well as the mechanism for copious atomic ion formation
are discussed. Variation of linewidth with vibrational quantum number due to the
predissociation of inner well levels is observed and attributed to repulsive valence states. The
data are in good agreement with the theoretical calculations of Peyerimhoff and Buenker, and

Tuckett and Peyerimhoff.

1. INTRODUCTION

Although a large number of conventional spectroscopic
investigations have been carried out on molecular chlo-
rine,' ™~ characterization of the electronically excited gerade
states remains very limited and poor. This situation is pri-
marily due to the fact that excitation of these states by single-
photon absorption from the ground state is forbidden but
also partly due to the complication resulting from strong
Rydberg-valence and ion-pair state interactions, and the dif-
ficulty of working with such a corrosive gas. While conven-
tional spectroscopy has produced significant information on
the optically allowed ungerade states, only recently has mul-
tiphoton spectroscopy and inelastic electron scattering
yielded some useful information on the g states. The outer
well of the lowest bound g states, the E(0," ) and f(0,")
states, have been investigated by stepwise (two-color) two-
photon excitation.?-'® However, the inner well (with 4so
Rydberg character) of the state, [T, in Hund'’s case (a)
notation, and that of the related 'I1, state, have been investi-
gated only by the relatively low resolution technique of in-
elastic electron scattering,''~'* in which isotope effects re-
quire isotopically pure samples or can barely be measured
due to inadequate resolution.

All recent studies of Cl, have benefited enormously
from the high quality ab initio calculations of Peyerimhoff
and Buenker.’ Their calcualtions have convincingly demon-
strated the importance of Rydberg-vaience interactions,
which often resuit in double-well potential curves with ap-
parently anomalous vibrational frequencies, and vibrational
level-dependent predissociations and Franck-Condon fac-
tors. Of particular relevance to the present study is the de-
tailed shape of the '[1, potential curve and the strength of
the interaction of the Rydberg potential curve with that of
the repulsive 7, — o, valence state in the inner well. The
appearance of the mulitiphoton ionization ( MPI) spectrum
will depend very sensitively on the strength of this interac-
tion which will determine whether an adiabatic or diabatic
approximation is more appropriate.

4808 J Chem. Phys 88 (8). 15 Apri 1988

Part of the purpose of this experiment was to meazre
accurately the energies of the vibrational levels with ampli-
tudes predominantly in the inner wells of the 'I1, and *I1,
states, to determine the barrier height for the ’[1, state, and
to study the photophysics of the atomic ion production in the
multiphoton process.

Il. EXPERIMENTAL

A mixture of 1.0% Cl, (with natural isotopic abun-
dance) in He (CryoDyne Specialty Gases) was expanded
cw through a 25 um nozzle at a backing pressure of 3 atm
into a vacuum chamber maintained at 1.0 X 10~* Torr. Ap-
proximately I mm from the nozzle the gas jet produced by
free expansion intersected a laser beam from the frequency
doubled UV output of a Nd:YAG pumped dye laser (Quan-
ta-Ray DCR-2, PDL) focused with a 6 in. lens. The laser
bandwidth was around 0.3 cm~'. The resuliting photoions
were accelerated into a time-of-flight mass spectrometer by a
repelling field of 300 V/cm. The ion signals in mass channels
35, 37,70, 72, and 74 were monitored as a function of wave-
length. The resulting mass spectra varied greatly with wave-
length according to the identity of the two-photon resonant
state. A typical set of mass spectra ai different wavelengths is
shown in Fig. 1. The resulting MPI spectra (not corrected
for variations in laser output across the dye tuning curves)
are shown in Fig. 2. The data of Fig. 2 were taken with the
nozzle at room temperature. In order to identify vibratio al
“hot bands”, the spectrum from 308.1 to 318.3 nm was also
taken with nozzie heated to about 1000 °C.

lll. RESULTS AND DISCUSSION

The mass spectra in Fig. | are recorded at three different
wavelengths, each corresponding to a resonance of one iso-
tope of Cl,. It is obvious that the atomic ion signal in mass
channels 35 and 37 are well correlated with their precursors
in the molecular channel. Indeed the MPI spectra of both
atomic 1ons are superpositions of those of their precursors.

© 1988 American institute of Physics
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FIG. |. Time-of-flight mass spectra of chlorine. From the top to the bottom,
the two-photon excttation energies corespond to the resonances of °Cl..
"ICl,, and ™Cl,. respectively. The atomic chlorine 10ns of masses 35 and 37
are attributed to the one-photon dissociation of the ground state molecular
jons of vanous chlorine 1sotopes (see the text for detailed discussions).

demonstrating clearly the power of the MPI mass spectrom-
etry technique for separating the isotope effects and observ-
ing photodissociation, the physics of which will be discussed
later.

As pointed out before, the MPI spectra, in Fig. 2 were
recorded simultaneously for ion mass 35, 37, 70, 72, and 74.
In the mass 70 MPI spectrum, the most intense feature is a
regular vibrational progression which is readily assigned to
the inner well of the two-photon allowed (4s0) 'Tl, Rydberg
state since the measured excited state vibrational frequency
(=654 cm ' for lowest v) is very close to that of the X *[1,
state of the Cl,” ion ( =645 cm ~'). The high degree of regu-
farity of this progression and the near equality of its frequen-
cy with that of the ion provide strong evidence that a diabatic
description is more appropriate than an adiabatic one for the
inner well Rydberg-valence interaction calculated by Peyer-
imhoff and Buenker.’

Another interesting feature in the spectrum, especially
apparent in the atomic ion channel, is a nice progression with
very low vibrational spacings ( = 120cm '), with bands all
shaded very strongly to the red and imbedded in the more
intense high frequency progression assigned to the inner well
(4s0)'T1,. The very low vibrational frequency and very
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FIG. 2. MPI spectra of molecular(°Cl,) and atomic(**Cl) chlorin.. The
long progressions of transitions 1o both singlet aiid triplet 71 states are due
to the one-photon excitation ot ground state wave packst to the repsisive
state and its subsequent evolution on that potenaal curve. The bands which
have very small vibrational frequencies (=120 cm™') and are shaded
towards the red are attributed to the two-photon excitations to the [evels
above the double well barrier of the 1, state.

small rotational constant strongly suggest that the two-pho-
ton excited vibrational levels lie above the barrier of the dou-
ble well associated with the *I1, potential curve.

Although the rotational lines are not resolved in this
work, we do expect some variation in the linewidth since all
these levels are crossed by a repulsive curve, and will be pre-
dissociated to some extent. The spectra in Fig. 3 correspond
to a certain portion of the spectrum in Fig. 2, but were taken
at reduced laser intensity and in the lower molecular beam
density region. [t is clear that considerable rotational cooling
has been attained, and ac Stark broadening has been mini
mized. From the spectra, we can establish an upper limit to
the width due to predissociation, and locate the vibrational
levels where predissociation is most strong due to the favor-
able Franck-Condon overlap between the bound (4so0)
Rydberg state and the repulsive (7, —o,) valence state.
Other features in the spectra of Fig. 3 are also valuable in our
overall spectral analysis and will be discussed iater in this
paper.

A,

According to Peyerimhoff and Buenker,’ the unper-
rurbed (7, —4s5)11, Rydberg state interacts with the repul-
sive | 'TT, (7, + o,) valence state at very small internuclear
distances and with the ion-pair valence state at large internu-
clear distance (see Figs. 3, 10, and 12 of Ref. 3), resulting in
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FIG 3 Partofthe spectrum of “Cl. 1sotope taken at low laser power and in
the most expanded region of the molecuiar beam The spectrum cicarly ¢x-
tubits the nange of width due to the predissoctation as a function of viora-
1:onal quantum number. [t also reveals the close stmilanty ot the band con-

wurs of the transmons I — —X'Z - and the I, - —X T The
‘ntense @ branch observed at low temperature 1s characteristic of two-pho-
on =0~ (1 = | rransitons of diatomic molecules.

a rather complex asymmetric double well potential. In the
energy 1 owon covered by this MPI experiment, the vibra-
tional levels of the uuter well have very unfavorable Franck~
Condcn factors directly with e ground state, as well as
extremely low photolonizatior efficiencies. However we
note that the first photon of the two-photon resonant process
actually falls in a continuum primarily due to the repulsive
C 'I, state. This situation could result in significant excita-
tion to outer-well levels which could best be detected by flu-
orescence. Nevertneiess no such detection was attempted in
our present experiment.

The origin of the '[1, state has been determined crudely
by Spence et al. (7.939 eV)'? and by Stubbs er al. (7.946
eV) ' by inelastic electron scattering. An earlier work by
Jureta er al.'' was reinterpreted by Spence ef al. to give a
value of 7.95 eV. Only Stubbs er a/. had sufficient resolution
{18 meV FWHM) to resolve bands well enough to give fair-
ly good vibrational intervals. We assign the origin to the
band at 64 027 cm ' (7.9384 eV) for the **CI"°Cl isotope.
Tables I and II give the energies for all the observed vibronic
levels of inner well 'I1, and *[1, states, and levels above the
double-well barrier of the '[1, state.

One problem associated with identification of th : onigin
1s the possibihity that some of the bands in the region of origin
may be hot bands. In fact, the reinterpretation by Spence et
al.'"involved reassignment of the origin band of Jureta o1
al.'" as a hot band. We find the assignment of Spence ef al. to
be correct. "We also identify hot bands, not only by precise
posttion measurement, but also from the results of the heat-
ed-nozzle expeniment.

At room temperature about 3% of Cl, is the v’ =1
state, and one might expect very weak hot bands. especially
with supersonic jet cooling. Nevertheless, a series of weak
hands 15 observed and assigned to transitions onginating

TABLE I Observed two-photon transition energies of the inner-well leveis
of the 'I1, and "1, 1on-pair states.

Progresston [ (cm ™) Progression Il (cm ™ ')

v M, - = X'T, (" =) Me = X'Z (0" =0)
“Cl, Cl, cl, Ct,
0 64 027 64 021 64 021 63472
1 64 681 64 673 64 659 64 126
2 65332 65 312 65 294 64 785
3 65 986 65958 65929 65 430
4 66 640 66 601 66 562 66074
5 67270 67234 67 184 66 723
A #7005 67 853 67 800 67354
7 68 534 68474 68 412 67979
8 69 220 69 149 69 082 68 650
9 69 779 69 702 69 624 69 220
10 70 392 70 307 70223
1 70 998 70 906 70 812
12 71 600 71 501
13 72187 72081 71970
14 72771 72 658 72 546
15 73 343 73227 73 106
from v” = 1 level because they show a constant frequency

shift from the corresponding series built upon the origin.
Although we have strong rotational cooling, apparentiy we
have little vibrational cooling, as is very often the case. How-
ever the observed hot bands are more intense than expected
from 3% population of v” =) level. Consideraiion of the
potential curves of Cl, in the ground state (r, = 1.8915 A)

TABLE 1. Observed energies of the above barrier levels of the double-well,
', ion-pair state of chionine mzlacules.

e VT =y

v tem ')
] /0074
2 70 219
3 70 366
K 70 510
5 70 648
6 70 788
7 70 929
9 71211

10 71347
11 71 493
12 71629
i3 71759
14 71 875
15 72 007
16 72136
17 72263
iR 72 394
19 72518

20 72 645

M .

A -2888

3 “1016

24 73 140

28 73259

26

27 73492

28 73617

29 73733

30 73 851
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and tn the 45 Rydberg state (r,) ot the Cl,” = 1988 A)
indicates that the Franck-Condon tactor tor the 10 hot
band is considerably larger than that tor the 0-0 transition.
Analysis of high temperature data taken from 308.1 to 318.3
nm leads to positive identification of hot bands in Fig. 2. This
identification 1s further supported by the measured isotope
shifts which are slightly to the red for the origin band but to
the blue for the 1-0 hot band. Higher hot bands onginating
from ¢ =2 are also prominent at the temperature of
1000 °C but undetectable at room temperature (Fig. 2).

The measurement of iostope shifts 1s very valuable not
only in the identification of orgin bands, but also 1n confirm-
ing assignments of higher vibrational levels and characteri-
zation of the few unassigned bands of Fig. 2. Also evident 1s
the importance of isotopically pure spectra since the isotope
shifts for the highest observed values ot ' = 15 areabout 116
cm °' for masses 70-72. and about 237 cm "' for masses 70—
~4.Such shifts will result in serious degradation of resolution
in nonisotopically selective experiments carried out on chlo-
rine with natural isotoptc abundance.

It has been noted earlier that the relative intensities of
the bands of Fig 2 have not been vorrected tor laser powet.
Moreover, the ' = 2 band in Fig. 2 was found to be <o in-
tense that the laser intensity was deliberately attenuated in
scanming the band in order to avoid instrumental saturation
effects. This band is actually observed to be the most intense
one of the whole progression, a fact which is consistent with
the data of Stubbs ef al.'?

B.11,

An optical-optical double resonance technigue has been
applied by Shinzawa ef a/.*'" to study the vibrational levels
in the outer well of the £(0, ) component of this state. Due

cperaticn f the Franck—Condon principle, the outer
well was accessed in this study since the puinped state was
the lowest bound 0, component of '] state which has a
large equilibrium internuclear distance. In their experunent.
the detected levels are well below the maximum of the dou-
ble well. These workers also detected a second 0, state
which they iabeled as f.

We have identifizd a series of vibrational levels ascribed
to the inner well of this stawc, beginning with the origin band.
and extending well above the barncr Although thisstate has
three spin-orbit components, {2 = 0,1, and 2. we have ap-
parently detected only one. We suggest that the observed

1 .
w tll

component belongs to (I = | from the following consider-
atons: (1) The {1 = | component can "‘borrow oscillator
strength” from the allowed 'IT,. {1 = | state of the same

spin-orbit symmetry; (2} The observed band profiles of
some of the best-resolved. most-cooled bands are essentially
identical for both the singlet and triplet progression under
the barner and correspond to the shape cxpected for a single
laser, two-photan transition with {1 - 0 ~{) = | for which
the Q branch line strength decreases ramdly with increasing
J. whereas in other transtuons. the hine strength increases
linearly with J " It is clearly seen in Fig 3 that the Q branch
of the hest resolved bands ascribed to hoth ‘I, and "1, ire
MOost prominent in the coldest spectra

cer-panr states o O
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Previous mformation regarding the ongin of the “I1,
inner well state 1s very poor. The data of Jureta eral.'! indi-
cates that the triplet vibrational levels lie roughly half way
between those of the singiet system in disagreement with our
data. The much higher resolution data of Comer et al.'*
show clearly that the triplet levels are unresolved from the
singlet levels in agreement with our data. Although Comer e!
al. do not even discuss the triplet state, the spectra in their
Fig. 2 taken at S eV scattered energy and 90° show fairly
convincingly that the origin of the triplet system nearly coin-
cides with, but is at slightly lower (by about 0.01 eV) energy
than a hot band at about 7.881 eV, which is in excellent
agreement with our value of 7.8696 eV. Careful comparison
of their data taken at 5 eV and 90° with that taken at 100 eV
and 2° reveals a broadening to the high energy side of all
peaks except 0-0, indicating that ali triplet bands except the
origin are slightly above the singlet bands as is clearly ob-
served in our spectra. Ou. .dentification ot the ongin is also
supported by the isotope shift and the high temperature data
which enabled us to make positive identification of possible
misleading hot bands.

As in the case of '1T, system. the vibrational level spac-
ing 1n the region near the ongin is fairly regular and very
nearly that of the 1on. This strongly suggests that a diabatic
picture 1s more appropriate and that the obeerved red shift of
heavier isctopes (s not unexpected.

Due to the low intensity of the iriplet bands and their
frequent near coincidence with hot bands, their positions are
not as reliably determined as in the case of the singlet system.
This is particularly true in the region near the top of the
tarrier separating both wells wiiere some erratic behavior
can be expected as was observed by Moeller et al. (e.g., see
their Fig. 5)* who studied the one-photon allowed 1'%
state which also has a double well potential. Due to these
difficulties we cannot reliably determine the exact position
of the top of the barrier of *I1, state. However, we are able to
identify levels above the barrier certainly down to the level 2
70 074cm ' Levels very near or below the barrier are prob-
ably identified up to v’ = 9 at 69 220 cm ~'. Thus, the top of
the barrier is probably located in the vicinity of 69 250 + 100
em ™' (8.586eV), whichis 5778 cm ' (0.71 eV) above the
" = 0 level of the inner well.

The assignment of levels to either the inner well or above
the barrier is readily done by making use of the <rriking dif-
ference in band profile and spacing. Levels of the inner weli
are shaded slightly to the blue while those above the barrier
are shaded drastically to the red as can be seen from Figs. 2
and 3. This behavior is due to the change of rotational con-
stant trom a value somewhat larger to one much smaller
than that of the ground state.'"

We also have good evidence for vanation of predissocia-
tion with vibrational quantum number of inner well levels ot
both ', and *1, states. In Fig. 3 are shuwn vibrational
band contours which were measured with the lowest possi-
ble laser powersin order to avold broadening effects (satura-
tion. ac Stark effects, etc.). The vanation in linewidths 1s
attributed to the vanation of the overlap of the vibrational
wave functions between the bound 4s¢ Rydberg and the
7 - repulsive valence states + 'I1. and 'I1,) as calculated

e —————————————————
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by Peverimhotf and Buenker.’

C. Unidentified bands

Only two strong and a few very weak bands in our spec-
tra remain unidentified. The strong band at 73 440 cm '
. for two-photon energy) appears in all mass channels, has
well resolved structure and very nearly zero isotope shift
which suggests that it may be the origin band of a new sys-
tem. Attempts at identification by comparison with the elec-
tron scattering data were inconclusive. An extension of this
~v~=rment 10 shorter wavelengths is necessary to complete
the identification.

The other unidentified band at 66230 cm™' (and
66 165 cm ') of two-photon energy does not appear in the
electron scattering spectrum at any energy and angle. This
strongly suggests that it may be a three-photon resonance.
The electron scattering spectrum shows a level at this energy
(12.319 eV or 99395 cm ™ '). The level is assigned as the
¢ = 4 [evel of an unidentified state which was thought to be
spin forbidden from its energy and angle dependence. Our
vbserved isotope shift is consistent with that vibrational
Jquantum number but the band appearing in our spectrum
was very strong and no other vibrational bands of this system
were observed.

D. Photophysics

1. Effects of one-photon absorption by the C 'IT,
repuisive state

Unlike most MPI experiments tne first photon in our
experiment is absorbed by the moderateiy strong dissocia-
tive continuum of the C 'I1,, state. The decadic molar extinc-
tion coefficient varies from about 62 at 320 nm to 2.3 at 270
nm, ” corresponding to absorption cross sections of 0.24 to
0.0009 mb (10~ '* cm*) over the range of our data 2nd an
oscillator strength £ for the entire band of about 1.0x 1077,
T'he next nearest one-photon allowed transition of very
much larger oscillator strength is the transition to the lowest
optically allowed (with fprobably of the order 0of 0.1) Ryd-
berg state, the 4po, 'Il, state at about 9.228 eV (from
Comer et al.), with “*virtual level lifetime” of about 10~ '®s,
This value 1s about two to three orders of magnitude shorter
than the time required for the dissociating Cl, molecule on
the '[1, repulsive potential curve to extend beyond the range
of significant transition probability to bound excited states.
Thus. 1t1s very plausible that the repulsive state serves as the
main ‘transfer” level and we can expect some unusual ef-
tects, particularly on Franck-Condon factors.

In a muluphoton transition in which all significant
transfer or virtual levels are very far off resonance compared
to the widths of their respective Franck-Condon envelopes,
an average energy denominator can be used, in the manner of
the Bebb and Gold approximation,'” in summing over all
vibrational levels of a transfer level and the final resuit yields
a Franck-Condon factor which to a good approximation,
involves only imtial and final states. In simplistic terms, the
system remains in virtual levels for times very much shorter
than a vibrational period and hence ‘“‘does not move.” The
*wo-photon transition of NO is an example of such a case.

However, the present transition should provide a counter
example and in fact the long progressions observed in Fig. 2
result from this circumstance. A detailed study of its ramifi-
cations in terms of ultrafast intramolecular dynamics will be
discussed in a separate paper.'® Although the relative inten-
sities of Fig. 2 are only very crudely accurate, they are dra-
matically different from the electron scattering data of
Comer eral.'? taken at 100 eV and 2°. The relative vibration-
al band intensities of that data should represent the Franck-
Condon factors between ground and excited states. While
the electron impact data show a very strong decrease in rela-
tive intensity from the maximum at v’ =2 to = 1% of that
atv’ = 6and v .. ~tectable peaks for v’ > 6, our data extend to
v' = 15 with no very great decrease in intensity. Actually the
laser intensities at v’ = 0 and v’ = 15 are very close, but the
2 + 1 MPI intensities are nearly *he same for both peaks.
This is as expected for transitions through a dissociating
state to the attractive limb of the inner well. On the other
hand, there seems to be no significant enhancement of the
intensity of v" = 0 relative to v' = 2 as compared with the
electron scattering data. This is readily explained since the
wavelength region near v’ = 0 ( =313 nm) is fairly close to
the maximum of the absorption cross section at about 330
nm and therefore corresponds to a “‘vertical” transition to
the repuisive curve with the resulting wave packet moving
outward only. Since the potential curve of the 'TI, state is
displaced slightly to a shortcr internuclear distance than that
of the ground state, sigrificant enhancement of v’ = 0 is not
to be expected.

Another possible effect of the dissociative transfer state
is significant excitation of outer well levels of approximate
states. The electronic transition moments at the larger inter-
nuclear distances where these states have predominantly
ionic character can be very large, corresponding to charge-
transfer transitions. The Franck-Condon factors are not in-
significantly small when the effects of kinetic energy on these
factors are corsidered as pointed out first by R. S. Mulli-
ken.'® These outer well states are expected to be detected
with very poor sensitivity in our experiment because of very
low Franck—Condon factors in the ionization step. However,
it is possible that some of our very weak unidentified bands
may be due to these levels. Such outer well levels are prob-
ably much more readily detected by fluorescence as in the
experiments of Tanaka et a/.*-'¢

2. Production of atomic ions

The dominant mechanism for production of atomic ions
is very probably due to photoionizatin of the resonant state
to produce Cl,” ions followed by photodissociation of the
ions. A casual examination of the He I phtoelectron spec-
trum™? of Cl, would suggest that one-photon photodissocia-
tior of Cl," in the energy region of Fig. 2 (3.90-4.58 eV)
would be extremely weak, since this energy region is well
above the band envelope of the optically allowed *I1, state in
the PES. However, this inference is incorrect since the ionic
ground *I1, and the first excited *1,, states have internuclear
distances that are respectively smaller (1.89 A) and larger
(2.21 A) than that of the neutral molecular (1.988 A ) which
leads to a large shift of the Franck—Condon region for ab-
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sorption by the 1on. This cransition has been studied in emis-
ston”'"** and the optical and photoelectron spectra are in
good agreement between thernselws as well as with the cal-
culated potenuial curves of Tuckett 2nd Peyenmhoft ' The
transition “IT, — 11, is the type #* -- 7 and should be fairly
strong. Tuckett and Peyerimhoff measured a radiative life-
ume of =410 ns corresponding to an osaillator strength of
the order of 0.02 which if distributed over an energy range of
0.5-1.0 eV vyields a continuum cross sectian in the range
10 ~"*~107 " cm-, such a cross section would result in strong
photodissociation at our laser power. The calculated poten-
tial curves indicate that the Franck-Condon region for
¢ = 0 of the 1on is centered about very high vibrational lev-
els (extending weakly into the dissociative continuum) and
that higuer vibrationai levels of the 1on would be even more
favorably photodissociated.
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ADIABATIC DISSOCIATION OF PHOTOEXCITED CHLORINE MOLECULES
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State-selected hot chlonne atoms: are cleanly produced 1n the *P,,; state by photodissociation of Cl. in the waveiength region
hetween 323.6 and 331 0 nm. lomizauon (by 3+ 1 MPI) with mass spectral analysis has been used 1o probe the atomic Cl state.
The 1dentification ot the repulsive state is determined from a state correlation diagram based on Mulliken's work and from

Franck-Condon considerations based upon potential energy curves calculated by PeyenmhofT and Buenker. The resuits are con-
sistent with adiabatic dissociation of the photoexcited chlorine molecules.

1. Introduction

Continuous absorption by chlorine molecules near
and in the UV region of the spectrum is due to elec-
tronic transitions from the ground X '} state to the
repulsive limbs of the potential curves of vanous ex-
cited states { 1-3]. Photoexcitation at these energies
resuits in the generation of chlorine atoms which
carry off excess energy in the form of translatioral as
well as electronic excitation. The fragment energy will
change with the photoexcitation energy, making the
process very useful for hot atom reaction studies.
Ideally, one can completely control the translational
energy of the reactive atoms by tuning the excitation
energy. Unfortunately, for systems like the halogens
which have large spin-orbit splittings, one is often
uncertain of the partitioning of the energy between
translational and electronic (spin) excitation.

Chlorine atoms play a key role in numerous gas-
phase chemical reactions, including stratospheric re-
moval of ozone {4]. Their role in an electric dis-
charge 15 central to the op.ration of the XeCl excimer
laser, It is thus important to be able to prepare and
detect chlornne atoms with high selectivity and sen-
sitivity. Despite their important role in hot atom
chemistry, photodissociation processes have not been
easy to study 1n detau. $-zctroscopically, dissocia-
tive transitions ordinanly appear as broad, aimost
structureless, continua, and i1n nhotochemical sys-
tems the dissociation tragments often lose their ini-

tial energy or react before being directly observed.

The development of the photofragment spectrom-
eter by Wilson and co~-workers (5] and its applica-
tion to the study of the photodissociation of
molecules have been highly successful [6]. In their
experiment, the nature of the transitions between the
ground state and repulsive state (i.e. parallel or per-
pendicular transitions) is determined from the an-
gular distribution of the photofragment yield, while
the product internal energy (electronic in diatomic
but including rotational and vibrational in poly-
atomic molecules) is inferred from measurements of
the translational energy distribution. As an alterna-
tive, we use resonance-enhanced multiphoton ioni-
zation (REMPI) to probe the chlorine atoms and
measure directly the internal energies of the photo-
fragments from which their transiational energy is
determined by energy coaservation. This is espe-
cially convenient and accurate for diatomic mole-
sules since their fragments are atoms which are much
easier to analyze. From the exact knowledge of the
electronic energies of the photofragments, the known
dissociation energy of the ground state, and the pho-
toexcitation energy used to dissociate the molecules,
we ~re able to determine the translational energy of
chlorine atoms with spectroscopic precision.

With th's approach, we have carried out a study
on chiorine in a molecular beam where both the pho-
todissociation and the 3+1 MPI of the resuiting
chlorine atoms are accomplished with one laser op-
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erating in the wavelength region from 323.6 to 331.0
nm. All the atomic peaks in the spectrum have been
assigned exclusively to transitions from the lowest
P,,, groutd state of chlonne atom, even though
transitions from the *P, ., state are energetically ac-
cessible in our wavelength scan. Thus, all excess pho-
ton energy goes into translational energy of the
photofragments and state-selected “*hot” chlonne at-
oms are prepared with continuously adjustable
translational energy in this wavelength region.

2. Experimental

A muxture of 1.0% Cl,,He (CryoDyne Speciaity
Gases ' v as expanded continuously througha 25 um
nozzle at a backing pressure of 3 atm 1nto a vacuum
chamber maintained at | x10~* Torr. Approxi-
mately | mm away from the nozzle the molecular
beam was crossed with a tunable UV laser beam fo-
cused by a 6" focal length lens and obtained by dou-
bling the output frequency of a Nd: YAG-pumped
dye laser (Quanta-Ray L/CR-2, PDL). The resulting
photoions were accelerated into a time-of-flight mass
spectrometer by a repelling field of 300 V/cm. Only
¥Cl1* and *’Cl™* are observed between 3236 and 3110
A. and both ions were monitored simultaneously as
a function of wavelength. The resulting REMPI
spectrum was not corrected for variations in laser
power across the dye tuning curve.

[n our experiment, the Cl atoms were produced by
one-photon absorption and subsequent dissociation
of Cl, in the UV region where the Cl atom has sev-
eral three-photon-allowed tranmsitions from both
‘P,,; and *P,,, states.

3. Results and discussions

The relevant energy levels for states involved in
the photodissociation and the subsequent multipho-
ton tonization of chlorine atoms reported here are
illustrated in fig. |. The corresponding REMPI spec-
trum 1s shown 1n fig. 2 with assignment of each peak
listed 1n table 1.

The assignment of the 3+ 1 MPI spectrum ot the
chlorine atom 1s based upon the data of Radziemski
and Kaufman {7], guided by three-photon selection
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rules {6,9], i.e. the absolute value of AJ must be less
than or equal to 3, and the parity change must be odd.

A careful examination of our assignments reveals
that no atomic °P, ,, state can be linked to any of the
14 observed peaks even though transitions from this
state shouid occur in the same wavelength region.
This fact immediately indicates that the repulsive Cl;
state excited produces “P;,, atoms exclusively. Thus
the transiational energy of the Cl atoms is precisely
determined at a given wavelength, since the disso-
ciation energy of the Cl, ground state 1s well known
(1] (19997.28 cm~"'). In the wavelength range of
this experiment the kinetic energy of the ClI atoms is
vaned over the range 0.63-0.68 eV.

It 1s interesting to note that, due to the large trans-
lational energy of the photofragments, we actually
observe a double-peaked signal in each of the two
atomic ion isotope mass channels. One peak is due
to those ions produced with initial velocity in the
forward direction and the other with initial velocity
in the opposite direction. The difference in their ar-
rival time is due to the time required to reverse the
veiocity of the second set of ions, i.e. the so-calied
“turn-around time’. lons with transverse velocity
components have reduced collection efficiencies.
Otherwise one would expect to see a peak broad-
ening rather than a doubling. However. the precise
shape of this double-peaked structure should depend
on laser polarization, the direction of the transition
moment ( parallel or perpendicular) and instrumen-
tal parameters. Similar experiments have been suc-
cessfully carried out (e.g. refs. [5,11]).

From the measured “‘turn-aroundy time” and the
value of the repelling field, we calculate the trans-
lational energy of photofragments to be in agreement
with the exact value derived above. Conversely, we
can use the known exact value to calibrate the ef-
fective field of the instrument for direct measure-
ment of kinetic energies of photofragments from
other molecules.

Although it is easy to determine the product state,
1t 1 not trivial to determine the repulsive state of Cl,
involved in the photodissociation. The reassignment
of the state symmetry near this wavelength region to
C 'T1, by Wilson and co-workers [ 10] illustrates the
difficulty met by previous workers.

However, the high quality, ab initio calculation of
Peyerimhoff and Buenker [11] enables us to predict
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Fig 1. State correlation diagram of chiorine. The configuration designation (e.g. 2440) corresponds to the occupation number of the

(5a,), (2%,), (2%,) and (50, ) orbitais respectively.

which repulsive state of Cl, is most likely to be ex-
cited. It is quite clear from their calculated potential
curves that the best candidate is the 'T1, state, since
it falls into the region where the one-photon exci-
tation from the ground X 'I; state has the most fa-
vorable Franck-Condon factor for transitions to
those states originating from *P, +*P, atoms.
Following Mulliken {12] and using the non-cross-
ing rule (states of the same 2 and same u or g sym-
metry cannot cross) a correlation diagram can be
constructed for all 23 Q components derived from
two Cl atoms in their ground configuration (see fig.
2). It can be seen from the figure that the 'I1, state
correlates with two “P,,; atoms. However the prod-
ucts predicted by the correlation diagram will be
produced only to the extent that the dissociation

process proceeds adiabatically. Our observation that
only ?P;,, atoms are detected shows that the process
is indeed highly adiabatic in this wavelength region.

Finally, we wish to point out that for 2<320.0 nm
C1* were produced predominantly by photodisso-
ciation of the molecular ion [13], i.e.

hy
Clf (X 1, — CIF (A1)

ho

—~ = CI* (°P,) +CI(?P,) .

When 4 is greater than 323.6 nm, no Cl7 is detected
up to 331.0 nm. We also note that in an MPI celi ex-
peniment on Cl, near 400.0 nm. multiphoton tran-
sitions originating from both °P,,; and P;,; states
have been identified in a recent paper [14]. Both
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Assignment of three-photon resonance-enhanced multiphoton 1onization spectrum of chlorine atoms

Symbol J Term value (cm ') Symbol J Term value (cm~*)
34 ‘P 1/2 91660.58 3dF 7/2 91906.79
3/2 91538.50 5/2 91089.45
5/2 91069.02
3d*F 9/2 90948.55 5s(2) 5/2 91680.99
772 90749.36 3/2 91343.50
idp 1/2 92194.19 Ss'{1] 3/2 92151.38
372 91564.30 1/2 92140.13
53" {0} 172 92602.70
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results demonstrate the wavelength selectivity of dis-
sociative state excitation as well as the high sensi-
tivity of the MPI technique in detecting and
identifying smail amounts of chlorine atoms.
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Production of vibrationally state-selected O} via newly discovered 4s-3d

and 5s-4d Rydberg states of 0,
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While resonant multiphoton ionization via Rydberg
states has proved to be an effective method for preparation of
vibronically state-selected tons in some cases, ' this method
has not previously been successful in the important case of
O.. For example, (2 + 1) multiphoton ionization-photo-
electron spectroscopy (MPI-PES) of the 3so, O, C'lI,
(v"=0-3) Rydberg state has shown strong non-
Franck-Condon behavior in one-photon ionization of the
' = 1-3 levels.™* [lonization via the v’ = O level occurs ex-
clusively with Ar =0 (Ar=1" —v") solely because the
ground state Oy, v = = 0 level is the only one accessible at
the three-photon total energy.] The presence of significant
intensity in the Av# 0 photoelectron peaks has been attribut-
ed in large part to the presence of a shape resonance in the o,
ionization channel at threshold (and probably a Fano-type
resonance in the 7, channel as well).*’ Due to the shape
resonance, the transition dipole moment of the one-photon
ionization step is strongly R dependent. As a result, the
Franck-Condon approximation is no longer applicable and
significant off-diagonal (Av#0) photoelectron peaks are
observed.

The presence of the o, shape resonance makes produc-
tion of state-selected Q,", v * > 0 unfeasible via one-color
(2 + 1) MPIofthe O, 3so, Rydberg state. O," is obviously
an important molecule in atmospheric chemistry and the
facile production of state-selected ions with v * > 0 would be
invaluable for studies of ion-molecule reactions and other
chemical and physical processes. Since the width of a shape
resonance typically increases with decreasing internuclear
distance (hence increasing energy).® its influence on the
photoionization cross section would be expected to decrease
at higher energies above threshold. Therefore, the use of one-
color (2 + 1) MPI of O, via Rydberg levels energetically
above the 3so, state holds better promise for preparing vi-
brationally excited state-selected O, ions. However, spec-
troscopic observation of higher gerade Rydberg levels has
not, to our knowledge, been achieved to date. With this goal
in mind, we have investigated by (2 + 1) MPI spectroscopy
the energy region corresponding to the O, 45-3d and 55-4d
Rydberg states. Wavelength scans were performed in a time-
of-fight muss spectrometer while monitoring the m/e = 32
mass channel and photoelectron spectra were obtained using

J Crern Phys 89 (6). 15 September 1988

a time-of-flight photoelectron spectrometer with 27 sr col-
lection efficiency.’

The triplet 45-3d Rydberg state origins were calculated
by Cartwright er al.® to lie in the 10.39-10.6]1 eV energy
region. (We note that the 3d5, states were not considered in
Ref. 8.) The lowest Ss—4d Rydberg state is calculated to be at
11.17eV. In addition, although Rydberg states in the singlet
manifold are formally spin forbidden, they cannot be com-
pletely ruled out as evidenced by the appearance of 3so, '[I,
levels in (2 + 1) MPI from the O, X ‘. ground state.”'¢

A search for the 45-3d levels by (2 + 1) MPI has re-
vealed at least five vibrational progressions (labeled A, B, C,
D, and E in Fig. 1) corresponding to the v’ = 0-3 levels of
these states. Also observed, as verified by photoelectron
spectroscopy, are v’ = 0 levels attributable to 5s—4d reso-
nances [Fig. 1(d)]. Additional 5544, v’ > O levels have also
been seen and will be presented 1n a later publication.

A significant feature of the progressions in Fig. 1 is the
sharpness of the rotational structure. The rotational
linewidths (FWHM) are on the order of =~ 1.0cm ™', which
is the bandwidth limit of the frequency-doubled laser radi-
ation. In contrast, the lower 3so, 3[]3 Rydberg levels are
much more strongly predissociated and only the v’ = 2 level
has resolvable rotational structure (FWHM~6cm~")."
In addition, the vibrational spacings of the 4s-3d bands are
nearly identical to those of the ion. The sharpness of the
rotational structure and the spacings of the vibrational levels
suggest that the 45s-3d states are relatively unperturbed and
their potential energy curves should be nearly identical with
that of ground state O,". Nevertheless, some off-diagonal
(Av#0) photoelectron peaks are observed'? (especially in
progressions B, C, and D) which would indicate an R-de-
pendent transition moment that can be attributed to strongly
R-varying features (e.g., a shape resonance) in the ioniza-
tion continuum at the three-photon energy. The Av#0 PES
peaks are reduced in intensity relative to the Av = O peak as
compared to those in the PES spectra of the 3so, levels,*
which is to be expected for a shape resonance increasing in
width at higher energies.

Possible overlap between two Rydberg states differing
by one vibrational quantum number may also be affecting
the observed photoelectron spectra obtained for the levele f
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progression C. The PES show two predominant peaks corre-
sponding to v' and v' 4+ 1. The two peaks have different
wavelength dependences indicating they arise from different
states. However, a search for the origin of the band with
v + 1 excitation failed to find a state with any appreciable
intensity at the appropriate energy. If there is indeed an over-
lapping v’ + 1 state, it may only be observable by intensity
borrowing from the nearly coincident C, v’ level. Therefore,
this state would not be readily observable below the C,v" = 0
level.

The vibrationally cleanest photoelectron spectra are ob-
tained for progression E and show over 80% production of
O, X ‘Il, (¢v* =1v")."” The electronic assignment of this
progression has not been determined, although a plausible
argument can be made for a 3d5, state. Observation of the E,
" bands at higher energies than the other v’ bands would be
consistent with the usual energy level splittings of ndA Ryd-
berg states, i.e., increasing energy from ndo to ndm to ndb.
Ejection of an ndé, electron would not occur through the o,
continuum, thus avoiding the influence of the shape reso-
nance. Unfortunately, the angular momentum coupling case
is an intermediate one for the 4s5-3d states" which makes

electronic and rotational state assignments difficult. De-
tailed analysis and theoretical calculations will be necessary
to interpret our spectra more fully.

“'Work performed under Contract No. F19628-86-C-0214 with the Air
Force Geophysics Laboratory, sponsored by the Air Force Office of Sci-
entific Research under Task 231004. Support also provided by the Na-
tional Science Foundation (CHE-8318419).
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Shape resonance and non-Franck-Condon behavior in the photoelectron
spectra of O, produced by (2+1) multiphoton ionization via 3so Rydberg

states®

Paul J. Miller, Leping Li, William A. Chupka, and Steven D. Colson
Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut 06511-8118

Recently, Suretal.' and Katsumata ef al.” have reported
photoelectron spectra resulting from (2 + 1) multiphoton
ionization (MPI) through the 3so, *T1, (v = 2) state of O,.
In addition to the strong Av = 0 peak, the latter also ob-
served significant intensities due to Av>0 transitions. For
the Av = 0 peak, their spectra showed the strong angular
dependence expected for direct photoionization of a 3so,
Rydberg electron, while the Av#0 peaks showed no signifi-
cant angular dependence, indicating non-Franck-Condon
behavior associated with shape and/or autoionizing reso-
nances.

We have measured the (2 + 1) MPI photoelectron
spectraof the v’ = 0-3 vibrational levels of both 'I1, and *I1,
states of the 17, 3sg, Rydberg configuration. The spectra of
the *Il, states, obtained by a 27 steradian photoelectron
spectrometer,” are shown in Fig. |. Strong deviation from v
conservation is apparent for v" > . the spectra resemble
those of H, via the C'Il, Rydberg state*’ in which the
anomalies are due to autoionization of a repulsive state hav-
ing an autoionization lifetime comparable to or greater than
the dissociation time.*’

Since the vibrational spacings of the O, Rydberg levels
and the rotational constant for v’ = 2 are nearly the same as
those of the ground state of the ion, we conclude that the
Rydberg-valence interaction is too weak (especially for
¢' = 2) to produce the observed Ay 0 photoelectron inten-
sity. In addition, preliminary photoelectron spectra of many
levels of the 4s-3d complex exhibit similar anomalies even
though these levels are much less predissociated (per-
turbed) than the 3so, levels. Another potential mechanism
for Av#0 processes is autoionization following Rydberg
core excitation. However, consideration of the excited core
3so, Rydberg states seen in the one-photon spectrum®’
<hows that core excitation transitions are not resonant ex-
cept for " = 1 and would have very small Franck-Condon
factors and low transition probabilities. Photoelectron spec-
train this region'” '* do not support attribution of our anom-
alies to this process.

According to calculations, the Franck-Condon re-
gion at our three-photon cnergies is crossed by the repulsive
parts of a number of valence state potential curves. Only one
of these states, the lowest 'T1, state of configuration 7 0, is
strongly allowed (350, ~0,) and should have fairly large

13 16
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oscillator strength. However, the configuration of this va-
lence state differs from that of the continuum with the same
symmetry by only one molecular orbital. Hence above the
ionization limit it adds to the oscillator strength density of
the o, channel and the state exists only as a shape resonance
in this channel. Such a shape resonance has been calculated
to occur in the threshold region for (17,) "' photoioniza-
tion of O,." If we estimate® its width from the calculated
minima]l splitting between this valence state and the (3po, )
1, Rydberg state,'"* we obtain =~ 3.1 eV. This value is a
lower limit, since shape resonances typically increase in
width with decreasing internuclear distance.'® Since this
width is much larger than the vibrational spacing (i.e., auto-
ionization is fast compared to nuclear motion), the adiabatic
approximation of Dehmer et al."’ is appropriate and the de-
parture from the Franck~Condon approximation is attribut-
ed to an R-dependent transition moment due to the shape
resonance. This mechanism for inducing non-Franck-Con-
don vibrational distributions was predicted'® and observed®
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Shape resonance influence on the photoelectron angular distributions

from O, C 91, v=0-3
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J. Winniczek and M. G. White

Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973
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Vibrationally resolved, photoelectron angular distributions are reported for the (2 + 1)
REMPI of the C *I1, (350, ), v = 0-3 Rydberg levels of O,. Ionization transitions leading to
different vibrational final states (v*) of O," exhibit markedly different angular distributions,
suggesting different ionization mechanisms. The experimental data are qualitatively
reproduced by very recent ab initio calculations which attribute the non-Franck-Condon
behavior to the presence of a ko, shape resonance imbedded in the ionization continuum.
Much of the remaining anomalous behavior is attributed to a Fano-type resonance in the I1,

channel.

LINTRODUCTION

Recent (2 + 1) resonantly enhanced multiphoton ioni-
zation-photoelectron spectroscopy (REMPI-PES) studies
of the O,, C*I1,(3s0,), v' = 0-3 Rydberg levels have re-
vealed strong non-Franck-Condon behavior in the one-pho-
ton ionization step of the intermediate resonant level.'> Such
an effect was surprising since the potential energy curve of
the 350, Rydberg state is expected to be quite similar to that
of the ground state ion. This is based on the fact that the
rotational analysis of the 3so,, V" =2 level (the only level
with resolvable rotational structure) gives a rotational con-
stant virtually identical to that of the ion.* In addition, the
vibrational spacings of the Rydberg and ion levels are also
nearly idex*ical. In one-photon cransivions between states of
similar geometry, the Franck-Condon principl. strongly fa-
vors Ar = 0O transitions over all others. The presence of sig-
nificant intensity in Av#0 transitions has important impli-
cations in techniques that rely cn v-conserving ionizing
transitions, e.g., the preparation of state-selected mciccular
jons for subsequent ion-molecule reaction studies.*”

Previously, strong non-Franck—-Condon behavior in the
REMPI-PES of H,, C 'T1, (v’ = 0-4) has been observed by
Pratt et al.*” Photoelectron angular distribution measure-
ments have shown significantly different behavior for the
Av =0 and Av#0 photoelectron peaks.” The anomalous
photoelectron spectra were subsequently attributed to exci-
tation of the Rydberg ion core followed by electronic auto-
jonization of the doubly excited state.®® This indirect ioniza-
tion process was shown to account for the intensities of the
Av+ 0 photoelectron peaks observed in REMPI-PES. Such
a situation, however, is not expected in the case of O, since
the only energetically accessible core-excited levels all have
very small Franck-Condon factors, three are form. ".y spin
forbidden (*I1—*11), and only one is accidentally resonant.
A second mechanism involving a shape resonance at the ion-
ization threshold has been proposed to account for the non-
Franck-Condon behavior of (2 + 1) REMPI-PES of the
0,, C Il Rydherg state.”'” To further investigate the role
of a shape resonance at the three-photon energy, we have
obtained the photoelectron angular distributions for the
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C°Il,, v' = 0-3 levels. Our results strongty support a reso-
nant ionization mechanism (i.e., a shape resonance and pos-
sibly autoionizing valence states as well) as being responsi-
ble for the Av#0 photoelectron peaks.

Photoelectron anguiar distributions measured by
(n+ 1) REMPI using a single, linearly polarized light
source are expressed by''™!*

W, (6) < Z @z Py (cos 6). (1)
K=o

Here P, (cos 8) terms are Legendre polynomials (order
2k), @ is the angle between the light polarization and the
photoelectron propagation vectors, and the a,, coefficients
contain information on the partial wave character of the out-
going photoelectron in addition to alignment information of
the resonant intermediate state. For spherically symmetric
states (J<1/2) or states depolarized by collisions, the high-
est-order, nonzero Legendre polynomial in Eq. (1) is
P,(cos 6). Higher-order terms may become important in
one-photon ionization of highly aligned states. The maxi-
mum order is limited by k., = n + 1 but angular momen-
tum constraints can reduce k,,, further In an {(n + 1)
REMPI process in which only one intermediate J' level is
populated and the rotational state of the ion is unresolved,
Kk nax is given by the smallerof n + 1,J' + 1, 0rl_, (where
{ ax is the maximum orbital angular momentum of the eject-
ed photoelsctron).''* For our purposes, information on
! ..x Would be very useful in determining the extent of the
contribution of high / partial wave components to the outgo-
ing electron. Indeed, a shape resonance can be ascribed to a
high centrifugal barrier (hence high / contribution) which
leads to temporary trapping of the electron. Any fit of the
photoelectron angular distributions that involves higher or-
der terms (k = 2,3) terms may be the signature of higher /
contributions to the outgoing photoelectron angular mo-
mentum due to scattering by the ion core and would be in
accord with the presence of a shape resonance. The angular
distributions presented in the following sections are intend-
ed to investigate this possibility.

© 1888 American institute of Physics
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in ground state photoionization of N,, and later treated
quantitatively by employing accurate (Hartree-Fock) pho-
toelectron wave functions.”’ Such calculations have now
been carried out on O, (see the following paper) and show
that the ¢, shape resonance is responsible for a significant
part of the non-Franck-Condon effects observed in our data.
While these calcuiaiions yield significant intensities for
Av=0 transitions and agree reasonably well for the Av < C
transitions (except for v’ = | which is the most perturbed
level and for which an accidental resonance occurs at the
three-photon level), they suggest that still other mechanisms
which preferentially enhance Av > O processes play a signifi-
cant part.

These remaining discrepancies could be due to several
factors, the most likely of which are the following. First,
niiial states may be more perturbed than supposed. Second,
a number of autoionizing valence states have been calculat-
ed'"'" to cross the ion potential energy curve in the same
region as the shape resonance and could lead to enhance-
ment of Av > 0 transitions, although such excitations from
the Rydberg state require configuration mixing. Of particu-
lar importance ts the 'S, (Schumann-Runge) state which
interacts strongly with np7, Rydberg states'* and thus inter-
acts with the 7, ionization continuum with a width we cal-
culate to be = 0.6 eV This can result in a Fano-profile struc-
ture (probably with ¢=0) in the ‘T, part of the =7,
ionization channel at fixed R. The position of the feature will
vary rapidly with R, yielding off-diagonal Franck—Condon
factors even in the adiabatic approximation, which will be
only weakly valid. A similar i, teraction in the ‘A, part of the
CLothesattove, nnrow 05 20.09%4 2V and probably too
low in energy. These mechanisms are discussed further in
the following paper. Finally, since the very broad 7,0, re-
pulsive valence state (shape resonance) overlaps the thresh-
old region, this implies strong excitation of vibrationally ex-
cited high-n Rydberg states which can autoionize with
preference for highest values of v.”?

While a complete explanation of our data requires more
thearcetical effort, this work shows the importance of shape
resonances in photoionization of Rydberg states and sug-
gests that the study of shape resonances by photoionization
of Rydberg states can valuably complement standard tecli-

niques. Choice of Rydberg orbital allows some variation of
the outgoing partial waves.

Several vibrational levels can be used, making accessible
a wide range of internuclear distances as compared wiiii the
narrow range afforded by the v = 0 ground state now used
exclusively. In the present case, the very extensive autoion-
ization features which hinder the study of excitation from
the ground state are suppressed. Two-color experiments
should greatly extend these studies.

*"Work performed under Contract No. F19628-86-C-0214 with the Air
Force Geophysics Laboratory. Support also provided by the National
Science Foundation (CHE-8318419).
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iv EXPERIMENTAL

Analeaveraged photoelectron spectra of the O, C 11,
el were obtained at Yale Unnversity using a tme-of-

00 TOFY "magnetic bottle” photoelectron spectrom-
woe e detals of which are published elsewhere.” In order

o oangle-resolved photoelectron studies, & TOF
~wter with = 1e 100 7 sr collection angle was em-
Saoned a7 Orockhaven National Laboratory Detatls of the
oo TOF spectromerer have been desertbed pre-

- [he laser instramentanion used consisted of a
S cumped dve-taser cQuanta Ray DCR-2A and
I e the Jyes RESECDROTO and SROJC (Excron s
Cr e fegernov-doubled ourput Quanta Ray WEX of the

Conorwas tocused by a 100 mm rused-sihica lens into the

speo Teter where 1t ntersected a cw heam 4)((): at right
argies 1o the flight tube axis The sdusive beam was pro-

i o and rosalicd in ne abseryable rotational cooling.

{user powers were keptsufficienthy low inorder to mmimize

Coulerr nroaden,,, effects i the photoelectron spectra.
Fooooangicresobved studies, the laser polanzation was

nned T Daan polarizing poemoand rotated by a Soletl-

avper
“

LY
0
3 U
(&)
(-

N

Babinet compensator (Karl Lambrecht). Electron signal
was collected as a function of the angle (8) between the laser
polarization vector and the flight tube axis of the spectrom-
eter. Signal averaging was accomplished by using a transient
digitizer (Le Croy, 8828) in a "buacar” mode in which the
appropriate vibrationai peak was integrated after averaging
the TOF spectrum for a given number of laser shots. For the
stronger Ar = 0 photoelectron peaks, angular distributions
were obtained in 10° increments at 100 laser shots per incre-
ment over twenty 360° scans. Angular distributions of the
weaker Ar# 0 peaks were obtained in 20° increments at 100
laser shots per increment over 40 scans of 360°. Data collec-
tion and polarization rotations were controlled through the
appropriate CAMAC modules interfaced to a PDP 11/73
minicomputer.

ill. RESULTS

The (2 ~ 1) REMPI photoelectron spectra of the
C *I1,. " = 0-3 levels have been presented previously '~ and
the ¢ = 2 spectrum is reproduced in Fig. 1. Also shown are
the photoelectron angular distributions for the ¢ * vibration-
al final states of O. . The experimental angular data are

ot
//
-
,/
e
8] 180
g =2 FIG 1 12« 1) REMPL photoclectron
spectrum and angular distobutions for the
CoH e 2antermedhate state of O The
Lser wavelength was 2879585 nm. The solid
curves n the angular distributions are feast-
sguares ts fo the data pomts - 3 and Fy
Foorsew the text
CONETIT ENERS Y ey
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TABLE I Angular distnbution coefficients for (2 + 1) REMPL of O
CH, o =03

o . (Expty*  w i Theory)™  a, (Expt)*  a, (Expt)?®
0 0 1A 1.46 -0.02 - 0.05
1 ¢ 027 017 0.09 0.07
1 ! 1 06 1.5} -~ 0.08 - 018
i 2 (.94 055 0.00 009
2 O 012 042 0.00 002
B 1 067 0.27 0.08 - 002
N 2 175 1.63 0.06 - 03
2 3 104 0.51 0.02 - .08
3 0 036 23 0.15 006
3 1 015 0.20 c.7 (0¥
i 2 RN 028 0.65 g.01
3 3 164 1.66 014 - (.08
3 4 £)R9 0.79 .10 - 0.02

*Error esumated to he — 0.0
" Reference 1o, velecity form only

shown as points and the smooth curves are least-squares fits
of the datato Eq. (1) with x_,, = 3. Fitted cocfficients, ¢, ,
are givenin Table I for all the C, v’ = 0-3 intermediate states
investigated in this work. Excitation wavelengths were cho-
sen to match those used in the previous angle-integrated
studies” and no attempt was made to excite specific rota-
ttonal lines within a1’ vibrational band. As can be seen from
Fig. 1 and Table I, the Av = O photoelectron angular distri-
butions are stror.gly peaked at 8 = 0° (and 180°) and are
very well described by asimple [ — a.P5(cos §) distribution
~ith a, ~ 1.6, In this case, we can roughly identify a, with
the usual B asymmetry parameter used to describe angular
distributions in conventiona! PES from unaligned ground
states. This approximation ignores small contributions to z,
which depend on higher moments of the alignment distribu-
tion (A, and A4,). The asymmetry parameter can take on
values in the range — 1< A<2 with the maximum ( 5= 2)
corresponding to lonization into a single / = 1 continuum.
The relatively high value of @, (or B, for the Av = 0 transi-
tions is consistent with ionization from a 3so, Rydberg state
tor which “a " 1/ = 11 continua are expected to be strong.
By contrast, the Av =0 angular distributions exhibit much
fess asymmetry with an overall trend of decreasing a. coeffi-
cient for decreasing + " (v° =1, to v’ = 0). Further-
more,  several Ar:=()  distributions  have  substantial
P lcos ¢) character {e.g..r’ = 3/v " .= 2)indicative of high
[continua and excitation-induced ahgnment. The large var-
tations in the angular distributions for the different Ar ioni-
zation channels clearly indicates a strongly R-dependent
1onization mechanism,

Table I also includes theoretically calculated a. values
which include the effects of a ko, shape resonance predicted
to lie near the three-photon energy.’® These calculations
treat the R Aenandence of the transition dipole moment ex-
plicitly and have been successful in accounting for much of
the Ar # 0 peak intensities.>'” Excitation-induced alignment
of the mmtermediate state was not included in the calcula-
tions, so that onlv @, coefficients could be derived. For the
A = Otransitions, the calculated ¢, coefficients are in excel-
lent guantitative agreement with experiment. Agreement is

less satisfactory for the Av30 values, although it should be
noted that the experimental uncertainties are larger due to
the weaker signal of the “off-diagonal” peaks (see Fig. 1).
On a qualitative basis, the inclusion of the shape resonance
reproduces the overall decreasing trend in the off-diagonal
a, values and their small value relative to the Av = O transi-
tion.

Since the calculated shape resonance is associated with
strong enhancement of / = 3 continua, it is somewhat sur-
prising thatangularterms with A = 2 and 3 [see Eq. (1) ] are
not more prominent in the observed angular distributions.
As noted earlier, the a,, (A > 1) coefficients depend on both
the ionization dynamics associated with higher / continua
and higher order moments of the alignment distribution. Ei-
ther factor could result in small contributions from higher
order terms. In the present experiments, rotationally non-
specific excitation could lead to a nearly spatially isotropic
distribution of intermediate C state levels by exciting
through overlapping branches which result in opposite
alignments, e.g., R and Q branches. Alternatively, the con-
tribution to the dynamical factors from the various / con-
tinua may cancel and substantially reduce the a,, coef
cients. Cancellation of this kind was found in a theoretical
siudy of {3 + 1) REMPI of H, '” in which ionizing transi-
tions with AJ = + 3 are suppressed as a result of algebraic
cancellation of do and d transition strengths. The overall d-
wave contribution to the ionization step, however, was
strong. Given the success of the present calculations in pre-
dicting the a, coefficients (which also depend heavily on the
inclusion of f~wave (! = 3) continua), the observation of
small a, and a, coefficients most likely results from a combi-
nation of the factors discussed above and not to tiie absence
of high / components in the continua.

V. DISCUSSION

The decreasing a, values for the Av#0 peaks is qualita-
tively similar to that previously observed in (3 + 1) MPI of
H, C'l1, (v' = 0-4).” In the case of H,, non-Franck-Con-
don behavior has been attributed to excitation of the Ryd-
berg ion core (Iso, — 2po, ) followed by electronic autoion-
ization."” In the present case of (2 + 1) REMPI of the O.,
C ', state, the angular distributions and vibrational
branching ratios are qualitatively, and in some instances
quantitatively, reproduced by the shape resonance calcula-
tions of Stephens er al.'™'" As a result, the observed non-
Franck-Condon behavior can be ascribed in large part to the
existence of a kg, shape resonance in the 3o, — ko, ioniza-
tion continua. Discrepencies between the calculated and ob-
served Av#0 peak intensities and angular distributions still
remain and cannot be solely attributed to the effect of the
shape resonance. Including the effects of intermediate state
alignment could improve the angular distribution calcula-
tions, however, lack of rotational selection in the present
experinient precludes an accurate assessment of this effect.
The additional intensity in the off-diagonal photoelectron
peaks may possibly be accounted for by a repulsive state
which is autoionizing on a time scale comparable to or faster
than its dissaciation time as in the case of H,. The prime

candidate for this second mechanism is the 7,7, 'S, va-
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lence state responsible for the broad Schumann-Runge ab-
sorption bands seen below threshold. In the single-contigu-
ration approximation, this valence state would not be
accessible via one-photon absorpuon from a 3so, Rydberg
level vzl w350 ) since it requires a two-clectron change.
However.strong contiguration interaction oceurs, at least in
the final state. since caleulations™ and experiment'” have
shown strong Rydberg-valence mixing between this valence
state and the 3p7 Ryvdberg state {71 7 3p7, : Thisinterac-
ton will also extend to higher npm, Rydberg states and to
the adjorming = continuum vieldimg a calculated (see Fig, 1
of Ret. 7 autotomization width of =0.6 eV {about twice a
This interaction should result in a
Fano-protile feature in the & romzation channel with ¢ =0,
1e . a window resonance,” at an energy which 1s a strong
tunction ot internuclear distance and theretore produces an
R-dependent photoronmizanion cross section. Thus, even in
the adiabatic approximation. off-diagonal Franck-Condon
factors aie expected. However, since the autetonization and
. neither the adiabatic

sibrational spacing .

dissociation hifetimes are com parant
approximation nor the method applied to the H. cass arc
very appropriate and a more comphicated thecretical weat-
mentisindreated. Neverthelosamisvery bikelv thar this state,
embedded in the = can lead to non-Franck-
Condon offects v well as anomalous angular distributions,
Alsooit may be important to consider the interaction of

contintum

the Ao shape resonance with bugh Iving npo, Rydberg
states i addition to the fonization coatinuum. As noted pre-
viouslv,” the Ao, shape resenance arises from the ‘11,
tm,r,y valence vonfiguration extended above threshold.
Below threshold, this valence state has been calculated to

mi stronghy with the 3po, Rudberg state.’” It vl therefore

IRLERATH

aleo mixstronglv with higher npr Rydberg lovs
tinues up nto the ionization continuum. The popufating o
vibrationally excited high-n Rydberg levels thot can au

otamze will faver production of O 7 in the hichest o7 dev-

els™” and consequently affect the angular distributions.

Very recently, several vibrationat levels of the 45-3d and
Sedd complexes of O have been obhserved and their (2 - 1)
REMPI-PES mcasured. ™' The photoelectron spectra of
many of these lew el continue to show very signtficant Av 20
processes and offer the opportunity of extending the investi-
gation of the continuum resonances to still higher encrgies.
Angular distribution studies of these photoelectron spectra
are underway and will be even more valuable if carried out

P
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with rotational resolution as has been demonstrated for
NO,:Z
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Multiphoton optical and photoelectron spectroscopy of 4s-3d and 5s-4d
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The 45-3d and Ss-4d Rydberg complexes of O, have been observed by (2 + 1) resonance-
enhanced multiphoton ionization spectroscopy. All states show sharp rotational structure.
Vibrational analysis (and rotational analyses of two bands) shows that all observed states are
purcly Rydberg in character with no detectable perturbations. Phoioclectron spectra of the
more intense peaks show the Av = O transition to be dominant, but large contnbutions from
Av#0 transitions are observed and attnbuied to features in the ionization continuum. The
Av+0 transitions are relatively weak for bands ascribed to excitation of a 3d4 Il state and
provide a method for producing nearly pure vibrational preparations (v* = 0-3) of O,” ions
in the ground electronic state. Large amounts of O™ ions are observed and possible
mechanisms of formaton are discussed.

INTRODUCTION to detect and identify members of nd series, (iii) to take

A large number of Rydberg senes extending to high photoclectron spectra via these series in order to explore the
principai quantum numbers and converging Lo excited states possibility of production of vibronically state selected Oy'
of the O, 100 have been identified.' ™ 1n contrast, only the ions, and (iv) to extend the study of resonances in the ioniza-
very lowest members of Rydberg series converging to the tion continua. The studies of the 1onizauon continua should
ground state have previously been identified. This situation forma valuable complement to the similar studies'’ on the 3
s due 1n large part o the fact thut the npr *X” and npa 11, state tqr several ceasons. The high_cr members of both #s and
Kydberg ser: =, which are single-photon optically allowed nd series are expected to be significantly less perturbed or
from the X °E,” ground state, interact very strongly with plrednssocmtcd by val'cncc states .than is the 35 member. The
valence states of the same symmetry, yielding adiabatic po- hxghcr photon encrgles of this smgle-cglor experiment per-
tential curves which differ greatly frcin that of the ground mit l‘hc exploration ofhl.ghgrcr.xcrgy.rchons of the ionization
state O," i1on. This results in very complex spectra and iden- continuum. The phothopnuuon via nd levels (especially
ufication of the higher members of the series has not been nd8) permit some variation in the photoionization contin-
made.** With the assistance of high quality theoretical cal- uum channels.

culations, the lowest member of these senes have only re- EXPERIMENTAL

cently been reliably identified and well charactenized. The (2 + 1) resonance-enhanced multiphoton ioniza-
~ Amongthe optically forbidden Rydberg states converg-  tion spectra of O, were obtained by detecting the O, and
ing to the ground state of the O;" ion, only the 350 *if, and O™ ions with a time-of-flight mass spectrometer. The output
'H, states hud been identified in inelastic electron scatrening of a XeCl exciner pumped dye laser (Questek 2240, Lamb-
experiments ®7 Recently, these states were studied by a da Physik FL2002) was frequency doubled by focusing into
(2 + ') resonance-enhanced  multiphoton  ionization a S-BaB,0, (BBO) crysial. The frequency-doubled faser
(REMPL) process.* ' In these studies, rotational analysis beam was refocused into a molecular beam formed by super-

of the v = 2 band of the s ’ll‘ —X ‘E," transition, the sonic expansion ¢ gas from cither a pulsed or cw nazzle. The
v =0 band of the 3so '(T, = — X 2~ transitior and the gas used was either pure oxygen or a 25% mixture of O, in
v = Ibaad of the 3so "I, -~ —a "5, transition were report- argon. In this expeniment, the fundamental laser beam was
ed. Mnst of the other bands of thiese systems were strongly not sepurated from the frequency-doubled beam since there
nredissociated and showed no rotational structure. was no evidence that it had any effect on the REMPLspectru
In a conunuation of the above studies, it was recognized or photoclectron spectra.
that the photoelectron spectrum produced in these experi- The ionization signal was detected and amplified by an
ments xhibited strong non-Franck-Condc  enavior due eleciron muitiplier tube and/or microchannel plate, and fed
10 a shape resonance and an autoionizing res..aance in the into a Tektronix 7912D programmable digitizer interfaced
assoctated onization continua.'? The O, molecule serves as to an LST 11/23 computer for mass analysis and signal aver-
a vonvement molecule Tor vestigating these effects since aging. Wavelength scans in the 230-210 nm region were ob-
good theoretical calculations of the positon of the shape twned by recording the 1onization signal in the m/z = 32
resonance and ats etfect on the ¥ (internuclear distance) (O Yand m/z = 16 (O ) mass channels.
dependence of the photolon, 10N cross section exist. Photoelectron spectra were obtained at different excita-
The wrpose of this investigatien was (1) to extend the tion energies by focusing the frequency-doubled laser beam
ns Rydber, sertes 1o higher principal quantum numbers, (1) 10 a point about S mm from an eflusive nozzle 1n a time-ot-
6678 J Chermn Phys 82 (11) 1 Decembur 1988 64 © 1988 Amarican Institute of Physics
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t, i otoelectron spectrometer with 27 sr collection effi-
giency.'’ The photoelectron signal was detected and amplhi-
fied by microchannel plates.

RESULTS AND DISCUSSION

The (2 ~ 1) REMPI spectraare s.own in Figs. | and 2.
Figure L shows predominantly the bands associated with the
v = 0 levels of 45-3d complex, while Fig. 2 ~hows pre-
domunantly those hands assoctated with excitation of the
yo= 0-2levens of Ss—d complex. Since the v’ = Jand v’ = 4
levels of the 45-34 complex overlap the o' =0 and ¢’ = |
levels of the 35—4d complex, these sections of the spectrum

Il

l

are reproduced in both figures, aligned in frequency so as to
exhibit the vibrational progressions within the two Rydberg
complexes. With a few possible exceptions, all the rotational
peaks are laser resolution hmuted in width (=l cem™'). The
few possible exceptions may be composite or slightly ac
Stark broadened features. In no case is the rotational
linewidth (FWHM) greater than 3 cm ™', The extent and
complexity of the cold spectra of Figs. | and 2 immediately
indicate that it 1» not due to the 4:0 and Sso Rydberg siates
alone but must be due to the 45-3d and Ss—4d complexes, as
expected from theoreucal calculations. Nevertheless, the
spectra must contain bands due to the 450 and $so “[1, Ryd-
berg states and possibly the 450 and 350 'l1, states as well
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We note that although the 3so members of these two series
are fairly strongly predissociated, the 450 members (mixed
at least to some extent with 3do) are much less predissociat-
ed. This is expected since the square of the perturbation ma-
trix element for a Rydberg~valence interaction is expected to
scale approximately as (n*) ~’, where n* is the effective
principal quantum number. Therefore, predissociation
should be lower for the 4s¢ state by approximately the factor
(1.88/3.00)" = 0.25 if the Franck-Condon factor is neglect-
ed. A visual comparison of the two spectra suggests that the
degree of narrowing for the 4so state may be several times
more than that, indicating that the Franck—Condon factors
for the Rydberg-valence mixing are smaller as well. This is
expected for the strongly repulsive state assumed to be re-
sponsible for the predissociation. This lack of predissocia

tion together with the unperturbed nature of the vibration:;
levels give assurance that any sigmficant non-Franck-Con-
don peaks in the photoelectron spectrum must be due to
either the invahidity of the Bom -Oppenheimer separation or
to unusual features in the 10mzation continua,

Electronic state assignment

The ground state of the O, molecule has the configura-
tion (o, (1o, ) (20,) (20,1 (3o, ) (lm, ) (1m, )7 The
Rydberg series which converge to the ground state of the
() 1on and which are the strongest two-photon allowed
weries from the ground state of O- involve excrtatior from ihe
17, valence orbital to nserand nd(o.7.6) orbitals giving ‘T

M1, and ‘A, states formed on the O," X *I1, ion core. The
lowest member of the series, the 3so *I1, state has been pre-
viously identified by (2 + 1) REMPL.® The next member of
the n5 senies, 45 Jﬂ,, is expected to form part of a 45-3d
complex since s and 4 electrons have comparable quantum
derects, modulo one, and indeed the spectra shown in Figs. |
and 2 can be explained by such a complex. Such complexes
have been very well investigated in the case of NO.' In that
case, it was shown that this interacticn results in a strong
mixing between the ndo and (n + 1)so series with a value of
910cm ™' for the interaction matrix element for the 4s0-3do
pair. A comparable interaction strength in oxygen is suggest-
ed by the calculations of Cartwright et a/.” who calculate the
t50- 3daenergy difference tobe 0.22 ¢V compared 10 0.23 eV
for NO, although the energy order 1s reversed. It1s plausible
to attribute much of this energy difference to s—d tnteraction
since otherwise the calculated energy difference seems too
large.

Table | shows the theoretical Ty, values for the gerade
Rydberg states of O, obtained by the ab inirio calculations of
Cartwright ef al.® Also shown are the measured energies of
peaks (A)-(X) (see Figs. 1 and 2) as well as those of the
previously observed 3so Rydberg states. The calculated en-
ergies, after a slight downward adjustment, are also shown at
the top of Figs. { and 2. This adjustment, 7S em ' for 45-3d
and 30 cm ™' for Ss—4d. was esumated by companng the
calculated values for the 3so states with the experimental
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ones and scaling the ¢rror in the wnization potentials by
(n*) 7. Two states, the 3do 11, and 'l1, (v = 0) states,
are not shown in Fig. | since they are off scale to lower
energies. However, their calculated energies are coinciden-
tally about one vibrutional spacing ( = 1870 cin ™"') below
peak (G). The photocleciron spectrum of | cak (G) i»
shown in Fig. 3. The spectrum shows an unusually large
imntensity of the v = | peak, namely about one third of that
of the expected v™ = 0 peak, while all other peaks are much
lower. These two photoelectron peaks also show very ditfer-
ent wavelength dependence, as shown in Fig. S, indicating
that the region about peak (G) probably contains two over-
lapping bands corresponding 1o the v* = 0 und V' = 1 levels
of two different electronic states. The same situation holds
for all lugher vibrational bands of that region. Theretore, we
tentatively assign the o' = 1 band of Fig. Stothe 3do 11, (or
possibly '[1,) state. An REMPLMS wavelength scan of the
region where the corresponding v” — U level should be locat-
ed yielded a very weak structure (see Fig. 6) about 30 times
less intense than the o' = | peak of . 5. From Franck-
Condon factors alone one would expect it to be lower only by
4 tactor of 2 or so. The reason tor this diserepancy is not
known. It is possible that the v 5 0 peaks are abnormally
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FIG 4 Phnatoelectron spectraof v’ = O-3levels of theband (L) in F1g. | and
tentatively ssigned to the 3dé Rydberg state (see the text) This band
yields the purest prepacations of vibrationally excited O," ion.

high due to 1ntensity borrowing from near resonant v’ 3 |
levels.

Unfortunately, Cartwright et al.® have not calculated
the position of the 3d4 *[1, or '[1, state. We tentatively as-
sign peak (L) (also its progression) to that state for the
following reasons. The calculated average energy of the 3d7w
triplet complex is 10.59 V. Both the 3d7 and 3d5 are unper-
turbed by the 45¢. The normal splitting pattern of a d orbital
has the energy increasing with 4, i.e., 6 above 7 above o.
Thus, we expect 3d8 to be above the average of 3dw, prob-
ably at 10.60 eV or slightly higher. The 3d6 Rydberg orbital
will be split by interaction with the *I1, ion core into [l and ¢
state at higher and lower energies, respectively. This spiit-
ting will be about twice that of the 3dm orbital into 2 and A
states (0.02 ¢V total splitting) yielding the ® states (optical-
ly forbidden 1n two-photon absorption) at =~ 10.58 eV and
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FIG S Wavelength scan of the photoelectron intensity in the region of
hand {G), monitering both v = 0Oand v" = | photoelectron peaks. Rela-
tive rotational peak intensities differ to a small extent between this scan and
that of the total ran scan shown in Fig. | due 1o the different rotationci
temperature and )aser intensity employed in the photoelectron scan.
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FIG. 6. Wavelength scan of the O, intensity in the region expected for two
photon excitauion of the v = 0 3do Rydberg state (see the text).

the [T states at about 10.62 ¢V (or =85660 cm ™'} or some-
what higher which is in fair agreement with the position of
the (L) band.

While it is clear that the calculated general placement of
the 4s-3d complex is very good and some correlations are
suggestive, no reliable assignments can be made. In fact the
assignment of states is more complex than the table of calcu-
lated energies and a thoughtless application of selection rules
suggests.

The complexity of any analysis is due in large part to the
fact that the angular momentum coupling case is intermedi-
ate between LS and JJ. The singlet~triplet splittings calcu-
lated for vanous states of the complex range from 0.01 to
0.04 eV and are thus comparable to the spin—orbit splitting
in the *I1, ground state of the O," ion. This is in contrast to
the case of the 3so states where the singlet-triplet splitting is
found to be about 700 cm ™! for v’ = 0, and LS coupling is
appropriate resulting in a fairly normal triplet structure for
the *I1, state with a spin-orbit coupling constant of = 100
cm ™', Evenin that case, the significant intensities of the '[1,
transitions are at least partly due to LS uncoupling with
resultant singlet-triplet mixing. In the case of the 4s-3d
complex this mixing will be very strong, reducing the dis-
tinction between singlets and triplets, and therefore we can-
not assume that transitions to singlet levels will be weak.

Since the singlet-triplet spiitting of these Rydberg states
will scale roughly as (n*) ~°, we can expect that at sufficient-
ly high values of n*, a JJ coupling scheme will become ap-
pi. pnate and will be characterized by pairs of bands separat-
ed by =197 cm ™', the value of the spin-orbit splitting of the
;" 1on. This situation is apparently still not reached for the
5s—4d complex since no such separations are clearly evident.
The spectrum is further complicated by the fact that term
spiittings, which also scale with (n*) 7, are now compara-
bie to, and 1n some cases less than the spin—orbit coupling. In
principle, rotational analysis of the more extensive spectrum
of a warmer gas should be a great help i the assignment.
However, for much of the spectrum this will probably re-
quire both higher resolution and greater intenstties than
used in this expenment, although ac Stark effects will be a
luniting factor. Experimentally, some help in state assign-
ment may possibly result from a study of photoelectron an-
gular distnbutions.
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vibrational analysis

While a detailed electronic assignment 1 not done in
this work, assignment of vibrational Yeve!s can be made with
confidence, primanly from the result of the photoelectron
spectra (see Figs. 3 and 4), and the great similanty of the
pands corresponding to different vibrational levels. The
spectra in Fig. | have been vertically aligned using the peak
(L) and its counterparts in the higher vibrational quantum
number band systems. Those of Fig. 2 used the peak (U).
The excellent correspondence of most of the other strong

mos! intense peaks, the values of w, and w, x, calculated
from each progression and the values for the O," 1onnits

TABLE Il Observed position of band ongins and derived vibrational con-
stants (i cm ") for the 45-3d complex.

Peak v obs. av w, w, X, n*
A i 85 156.8 0.0 1393 1 16.2 2,993
| 370224 01
2 33854 06
3 9 6568 ~ 01
4 924253 ~ut
o 9 %S 1873 00 1495 § i~ 05 3002
; 87 050.3 00
N 8 8412 01
3 ) 680 { -0
4 32 4468 ~ 0.1
E U 85 198.0 (eX}] 18938 15.95 3003

37 06J.6 - 0.7

o o

ground state. The close agreement between the vibrational
constants for all the Rydberg states and those of the O, ion
is convincing evidence that none of the states are detectably
perturbed. This i1s an important consideration in the inter-
pretation of the photoelectron spectra to be discussed later.

Table II also contains some evidence relevant to elec-
tronic state assignment. We note that peak (L) and its pro-
gression yield the largest values of w, and w, x,. This implies
that the Rydberg electron in this orbital is slightly less anti-
bonding (or slightly more bonding) than the electron in the
other Rydberg orbitals. A consideration of the molecular
orbital correlation diagram'? shows that the 348 orbital has
just that characteristic.

The ongins (v' = 0 bands) of the 55—4d complex were
found tooverlap the v’ = 3 region of the 4s-3d complex. This
was readily established by inspection of this region [see Fig.
2(d) ], noting the presence of additional structure absent for
the lower energy regions and by noting that this additional
structure appears at energies corresponding to effective prin-
cipal quantum numbers increased by approximately one
above those for the 4s-3d origin. This assignment was con-
firmed by the photoelectron spectra of two of the most
prominent bands attributed to the 55—4d complex. Figure 2
shows the spectra attributed to the v’ = 0-2 bands of the Ss-
4d complex, aligned using the peak (U) so as to exhibit the
nearly identical line positions for these vibrational levels.
Since the vibrational progressions could be observed only for
the first three members, vibrational constants could not be
accurately measured. As expected, the energy difference

|
2 . 4 . , .
} f:) :ggg ?o between v’ = 0 and v’ = 1 bands is nearer to that of the O,"
y 3 ion than for the 4s-3d complex but the second difference is
4 92454.0 0.2 p
G 0 352184 0.0 18952 1615 3.009 too large for undetermined reasons.
! 37 110.8 0.8
; B8 _9]42.0 - 8 Z TABLE I11. Observed position of band ongins for the 5s—4d complex and
! 07406 -0 higher members.
4 92 506.1 01
H 0 85256.8 00 18960  16.1 3.010
b3t - 03 Peak . O N A .
D %9534 — 1.2 cal v (em™ n
3 %) 751.0 06 -
+ oasi7 o M 0 906042 4028
) < agn ) ! 924729 1868.7
i 7 852820 00 18971 161 1014 <
,. 11474 -0 2 94 300.8 18279 40.8
2 9506 - 1.0
L mee Tos N 0 906137 4031
" 42 S48.3 01 i 924287 1869.0
K L 453869 00 18918 156 3026 : 943110 18283 07
1 K7 248.% 07
, W(ZJH‘) 30 P 0 90 680.1* 4.051
1 WEEL1 — 07 ! 925483 1868 2
b b
. 42 650 L o 2 94 377.1 1828 % 39.4
0 S 69 O 18993 164 6
k S 5308 R 0 907406 4069
: 59397 8 06 ! 9“"0: ‘i';’“ -
\ 1950 0o bl 94 440. S 18301
4 2 Y 1 — !
0l U 0 90 8679 4109
1 927383 1870 4
. [, 882 2 94 567 9 X296 40.8
e “ LAl W 0 91035 § 5036
1 94 899 7 1864 2
0y ¢ i, KHT 16 S X 0 94 349 1 0031
fAv Vo “Overlapped with peak (D) (¢ = 3)
Tat e tive prgwopal guasiem number

"Ovenapped with peak (G (¢ = )
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The two fairly large peaks, peak (W) and peak (X) in

Fig. 2 do not fit into the Ss—4d complex. They may corre-

spond to the v’ = O bands of the strongest members of the 65—
Sd and 7s-6d complexes as suggested by the values of their
apparent effective principal quantum numbers.

Rotational analysis

If we assume that band progression (L) corresponds to
3d6 ', or *N, — — X I transition and that the upper
state behaves like Hund’s case (a), we expect 15 rotational
branches corresponding to AJ = 0, + 1, + 2 foreachof the
spin components in the ground state. But, since the three
spin components of each /¥ in the ground state have almost
the same energies (the largest separation is about 2 cm ™ '),
we notate the rotational branches according to the values of
AN. In order to distinguish the transitions from £, F,, and
F,components in the ground state, weadd 1, 2, and 3 as nght
subscript to AN, respectively.

Figure 7 shows the rotational assignment for the 3d5 I,
(v = 1) =X 5 (v" = 0) transition from which a rota-
tional constant B, = 1.72 + 0.0]1 cm™', and an origin
v, = 87 561.0 + 1.0cm ™' were obtained. Rotational analy-
sis of the ¢ =3 band (Fig. 8) of the 3d§II,
(V' =3)——X’Z (v° =0) transition gave a rotational
constant B, =168 +001 cm™', and an origin
v, = 91197.0 + 1.0cm ™ '. The rotational line positions for
this transition are shown in Table [V. Most of the observed
rotational lines fit to within | cm ™' of their least squares
calculated positions. The v' = 0 and 2 levels of the 3d6 state
were not analyzed due to either weak signal or paucity of
rotational lines.

For a 11 state, there are three spin-orbit components
and each component shows a different rotational structure.
In the case of a transition to the F, component of a *[1 state,
there occur all 15 rotational branches, i.e., N3, 0y, 0y, P, P,,
P, Q. 0. O R, Ry, Ry, S, 5, and T, branches. But for the
F, component, there should occur M, ¥,, and O, branches
butno R,, S,, and T, branches. For the £, component, there
should occur S,, T, and U, branches but no &,, O,, and P,
branches. In addition to these differences, some rotational
structures with low rotational quantum numbers are also
different from those of the F, component of the *[1 state. As
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FIG. 8. Rotational structure and analysis of the v/ = 3 band of the 3d6 11,

state [band (L) in Fig. 1(d)). The dots indicate calculated positions of
rotational lines.

shown in Figs. 7 and 8, we apparently observed all 15
branches which should occur only for the transition to the F,
component of a *11 state. Thus we can plausibly assign this
state to the F, component of the 3d5 *I1, state. However, we
could find no convincing evidence for the other F, and F,
components and the rotational structure of the transition to
the F, component of a *[1 state is the same as that of a ‘il
state since they have the same { = 1 quantum number.
Therefore there is still a possibility that this state could be a
'I1 state although the strong intensity of this band (see Fig.
1) argues somewhat against this assignment. However, as
discussed earlier, the transition to the 3so ‘[T, state shows
stronger intensities than expected, and one might plausibly
expect relatively strong intensities for transitions to the sing-
let states of the 45-3d Rydberg complex. An REMPI expeni-
ment using the spin-allowed transition from the metastable
a 'A, state of O, made by microwave discharge'' will be very
helpful for reliable assignment of this state.

Photoelectron spectra and ion state preparation

Simple application of the Franck~Condon principle to
the single-photon ionization of well described single-config-
uration Rydberg states of molecules leads to the prediction
that the vibrational quantum number of the ion core will be
conserved almost exclusively. Photoionization of certain
Rydberg states of some molecules such as NH,, NO, and N,
show such behavior.'*"'"® However, thereis a large and grow-
ing number of examples which show large deviations from
this behavior. A general analysis of reasons for such appar-
ently anomolous behavior has been given.'” Among these
reasons are the presence of shape resonances and autoioniz-
ing resonances in the ionization continua. The latte- reson-
ances may be core- or doubly excited resonances, or valence
states which are either optically allowed or even farbidden
but strongly autoionizing into the optically allowed contin-
uum. Recently, strong Av= O transitions in the photcelec-
tron spectra of 3so *[1, Rydberg states of O, have been as-
cnibed 1o specific resonances.' "™ However, many of thelso
Rydberg levels are strongly predissociated and significantly
perturbed, while the 45-3d and 5s-4d Rydberg states de-
scribed in this work are not detectably perturbed and there
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TABLEIV. Expenmental and caiculated rotational line positions (incm ~') and deviations (A = v, — v,
mem™') forthe 3d8 N, (V' = land v = 3)— — X '3 transinions.

v =3 (By= 168)

Obs. Branch Calc. A Obs. Branch Calc. A

87531.0 Q,( 1) 87 530.7 —-0.3 91 184.8 PAT) 91 183.7 -~ 1.1

875382 0,(5) 87537.1 — 1.1 Py(5) 91 184.1 -07

§7 540.2 0,(}) 87 5458 -04 91 187.1 P.(3) 91 186.5 - 0.6

875558 P.(}) 87 554.6 - 12 91 1389 P.(3) 91 138.6 -03
£,(3) 87 554.7 - 1.1 Pi(3) 91 138.5 - 04

875622 Q.1 37 $60.1 —21 911932 Qi) 91 194.1 0.9
Q. 87 562.0 -02 Qb 91 196.0 2.8
Q2,3 87 563.0 08

87 570.2 R, 87 568.9 -3 91201.4 R.(1) 91202.7 1.3
(1) 37 569.9 -03

87579.8 R.( 87 578.7 - 11 91 2125 R({3) 912119 - 06
R} 87 578.8 -10 R,(3) 912121 -04
$ih 87579.2 -06

875910 RS 87 590.7 -03 912232 R, (35) 91 223.1 —-0.1
R,\(3) 87 590.7 -03 R 1Sy 912231 -0

87 593.4 b 87 593.0 -0 912273 7.0 91227.2 - 0.1

875966 S,(3) §75959 ~07

87 005.5 R,(T) 37 604 .9 -06 912360 R.(T 91 236.1 0.1
R,(7) 87 604.9 -6 RAT 91 236.1 0.1

876135 S0 3T 614.7 P2

376159 I3 876166 07

87 620.7 R, (9) 87 621.4 07 912515 K9 91251.0 -0.5
Ry9) 476213 g6 Ry 91 251.1 -04

876391 K1) 87 640.2 it 91 267.2 R.(11) 91 268.1 0.9
R, (1) 87 640.1 1.1 R{1D) 91 2679 1.1

876616 R.(13) 87 661.3 —-03 91 287.0 R,(13) 91 286.9 -0.1
R,(13) 87 601.2 - 04 K,(13) 91 286.7 -03

87 684.1 R.(15) 87 634.7 0.6 31 308.0 R.(15) 913079 - 0.1
R,(15) 87 684.5 0.4 R,(15) 911307.7 -03

87 709.8 R.(1T 877104 0.6 91329.0 R, (1M 913308 1.8
R, (1T 87710.2 0.4 R,(1T) 91 330.6 1.6

877380 R.(1D) 87 738.5 0.5
R,(19) 877382 0.2

* Explanauion of notauon: The example of O,(7) corresponds to an O branch (AN = — 2) onginaung from

the £, component (¥ * = 7) of the ground state of O,.

fore provide more ideal levels for the study of ihe effecis of
such resonances. One of the important goals of this research
is to find Rydberg states whose photoionization produces
nearly pure preparations of specific vibrational state of the
O, 1on. An initial report of this work has emphasized this
aspect.?!

Figure 4 shows the photoelectron spectra of band (L)
which was tentatively assigned to the 3d5 [, Rydberg state.
As shown in this igure, all vibrational levels of this state
show strong peaks for v” = v’ but very weak peaks for
v" v From the analyses of these spectra, we can estimate
that over 80% of photoelectrons are produced by Av =0
(re., v° =v') 1omzatton. This Av =0 ionization corre-
sponds to ejection of the Rydberg electron, with preserva-
tion of the electronic and vibrational state of the O," ion
care. Thus resonance-enhanced muluphoton ionization via
the 3dé 11, Rydberg state can be a usetul source for the pro-
duchonof the v = 0, 1,2, and Ylevels of the O, jon in the
X 1L, ground state.

In the stngle-color expenments of this work, the final
photoionization step excites continua at considerably higher
energies than in the case of the 3so Rydberg states. Also the

identity and relative amplitudes of various continua are ex-
pected to be different since most, if not all, of the Rydberg
states have a large amount of d character. The photoelectron
spectra, taken using the more intense peaks of Figs. I and 2,
are shown in Figs. 3 and 4. Qualitatively, 1t is seen that al-
though the Av = 0 transition is (nearly ?) always the most
intense one, very considerable intensity is observed for
Av#0 transitions in most spectra. Photoelectrons corre-
sponding to higher vibrational bands of the O;" ion than
shown in the spectra of Figs. 3 and 4 could not be observed
due to a retarding potential of a few volts apphed at the
beginning of the photoelectron spectrometer flight tube.
This was necessary in order to maintain vibrational resolu-
tion of the fairly energetic ( =4 ¢V), low v~ photoelectrons.

Figure 9 shows the potential energy curve for the
ground electronic state of the O, ion. Also shown are the
potential energy curves for the valence states most likely
responsible for the Av# 0 transitions 1n the photoomzation
of the 3so Rydberg states. "> 1t should be noted that above
the potential energy curve of the O, ion, the 1°T1 state
becomes a shape resonance in the ¢, ionization continuum.
The curves, which are taken from Guberman,™* ditter from
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F1G. 9. Potential energy curves for the various O, valence states (including
the | *H1, shape resonance) which are expected to influence the photoelec-
iron spectra of the Rydberg states. Also shown is the ground state O po-
tential energy curve. Honzontal lines (with schematic vibrational wave
funcuions) indicate the energies reached by the photon ionizing the v’ = -3
levels of the 45~34 Rydberg states.

other theoretical calculations®*?* by «< ~0.3 eV. In the case
of the 3s0 Rydberg states the final (continuum) energies
(i.e., three-photon energies) were 12.22, 12.57, 12.92, and
13.26 eV forv =0, 1, 2, and 3, respectively, and it is easily
seen that, at these energies, the valence states shown, espe-
cially the 1°T1, (shape resonance) and 123 states, have
very favorable Franck~Condon factors from a Rydberg state
with a potential energy curve nearly identical with that of the
O;," ion. However, the transitions (= 15.88, 16.23, 16.57,
and 16.90¢V forv =0, 1, 2, and 3, respectively) from 45~-3d
levels go to considerably higher energies as shown in Fig. 9.
In this figure, the horizontal lines in the region =16-17 eV
show the final energies reached from the 45-3d Rydberg
states with v = 0-3. These lines are drawn to span the classi-
cal {vertical) Franck—-Condon region accessed by transition
from a Rydberg state with potential energy curve identical
with that of the ion and qualitative vibrational wave func-
tions are shown.

Itis apparent that, at least for the 45-3d Rydberg states
with lower values of v, the } 2" and 1°S states will be
much less important than for the 3so Rydberg states. If the
position of the shape resonance is actually shown by the
111, curve, its effect for v = O might also be expected to be
rather small. However, a calculation®® of the cross section
for O, 3so — ko, photoionization at the internuclear dis-
tance R = 2.09 g, shows the maximum due to the shape res-
onance to be at =7.2 eV with a width of = 2.6 ¢V as indicat-
ed in the figure. The variation of the resonance position with
internuclear distance should run roughly parallel to the

Park ot a/.: Rydberg compiexes of O,

11, curve shown. Thus, the theoretical calculations indi-
cate that the o, shape resonance will probably affect the
photoelectron spectra of all vibrational levels of the 4s-3d
complex which have strong o, continua.

The 1 32, and 1 *°Z " valence states should have much
less effect on the 4s-3d photoelectron spectra thaa in the case
of the 3so states. However, the photoionization of the 4s-3d
states is beset by complications which do not affect the pho-
toionization of the 3so states. There are a total of 62 valence
states resulting from the ground configuration oxygen in *P,
'D, and 'S states and they all autoionize (i.e., go above the
O, potential curve) at sufficiently small internuclear dis-
tance. Even if, as with Guberman,?? we discard those which
differ by more than two orbitals in addition to all singlet
states (which may not be justified since some of our observed
levels may have significant singlet character), ten states re-
main. Of these, the ones which pass through the vibrational
wave functions of Fig. 8 are shown in that figure and can
plausibly be expected to affect the photoelectron spectra.
Furthermore, while core excitation of the 3so Rydberg states
was shown to be *ery unlikely since it would require a spin-
forbidden a ‘I, — X *[1, transition, the photon energics
used in exciting the 45-3d Rydberg states are exactly in the
range for the allowed core-excitation 4 *IT, — X *[1, which
is a well known, although not very strong, transition (radia-
tive lifetime = 0.6 s, /= 0.001 36). The effact of corz ex-
citation (i.e., excitation to 4s-34 Rydberg states withan O,"
A 11, core) will be negligibly weak for at least v = 0, duc to
a very small Franck-Condon factor ( =2X 10™*) in addi-
tion to the low oscillator strength. Larger values of the
Franck~Condon factor { 107 '-107?) for v = 1-3 make it
possibie that core excitation plays a significant part in pro-
moting Av5#0 transitions (since the decay of these core-ex-
cited states occurs by configuration interaction and is gov-
erned by the Franck-Condon factor between the
core-excited Rydberg state and the ground state of the O,"
ion?® with its very different potential energy curve), but the
low oscillator strength makes it unlikely that the effect will
play a dominant role. In order to contribute significantly,
these bound core-excited autoionizing states must have ap-
preciable widths so that the requirement for exact resonance
is relaxed. They must also have sufficiently large autoioniza-
tion efficiency relative to predissociation. Some of these
states will be excited from the ground state of O, by a single
photon and these questions can be addressed by examination
of that spectrum. The single-photon ionization efficiency
curve?’ in the relevant region from 720~785 A shows a
wealth of broad autoionization structure, some of which al-
most certainly belongs to the states of interest here. How-
ever, assignment is practically impossible at present due to
overlap with stronger series converging to many vibrational
levels of the @ *Il, and b*Z states of the O;* ion. This
great complexity is graphically illustrated by the Hel photo-
electron spectrum.’

Two general statements can be made about the REMPI
photoelectron spectra. All vibrational levels of the band (L)
progression ( Fig. 4) show little intensity in the Av#0 transi-
tions. The spectra of v’ = 0 Rydberg states (see Fig. 3) are
among those which have least intensity in Av 0 peaks, espe-
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dally if one excludes progression (G) which probably over-
taps the v = 1 level of the 3do Rydberg state as mentioned
enslier. The first observation can be rationalized by our ten-
tative assignment of this progression - . 4d6 Rydberg state.
In its photoionizatior. there will be a propensity for
Al= + 1 and AAd =0, + 1. Ther fcrethe o, continuum
with its shape resonance will contnbuts only weakly to the
total phototonization cross section and this source of Av# 0
transitions will be absent. The second observation can be
explained by noting that the core excitation will be negligi-
ble, as is noted above, and any effects due to the R depen-
dence of the phototonization cross section (e.g., due to the
shape resonance) is minimized by the small amplitude of the
vibration. Quantitative explanation of the spectra will re-
quire detailed calculations such as those carmied out by
McKoy and his co-workers. However, 1n light of all the fac-
tors mentioned above which make the Franck—Condon prin-
ciple invalid, the observed photoelectron spectra are not at
all surpnsing.

Production ot O~ ions

i the present experiments, the structure 1n the wave-
length dependence of the O 7 intensity was qualitatively the
same as that of the O, intensity. However, the ratio
0 /0, was found to vary considerably from one peak to
another. Some representative data is shown in Fig. 10.

Two general mechanisms can be invoked to explain the
data: (1) Oxygen atoms could be formed by predissociation
of the resonant Rydberg states and the atoms then photoion-
ions formed in the REMPI process may be subsequently
nhotodissociated.

In the first mechanism, the vanation of the O*/0;
ratio can be attrnibuted to variation in the predissociation rate
of the different states or, less plausibly, to variation in the
branching ratio to different atomic states of O atoms (the
two-photon energy 1s sufficient to yield either P + 3P or
’P + 'Datoms). Variation of predissociation rate could af-
fect the O /0," ratio only if some of the rates were so low
that predissociation is substantially incomplete in the time of
the laser pulse duration. Strong (2 + 1) REMPI production
of the O™ ion from P,  , atoms formed by an as yet uniden-
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tified multiphoton dissociation process has been aobserved®
at 225.7 nm, i.e., the region between v’ = | and v’ = 2 of the
4s-3d spectra of Fig. 1.

In the second mechanism, O," ions produced by
REMPI may be photodissociated by a two-photon process.
As mentioned earlier in connection with core excitation of
the 45-3d Rydberg states, the transition A *T1,-X ‘1, is
known to occur in this region. However, in contrast to the
excitation of Rydberg states, the lines of which can be very
broad due to autoionization and predissociation, the lines in
this case are very sharp (radiative lifetime = 0.69 us,
/=0.001 36)* and exact resonance with a 45-3d Rydberg
transition is unlikely. Nevertheless, the one-photon near-
resonance condition could greatly enhance a two-photon
dissociation process. We have measured the O ™ /O, ratioin
this region and photoelectron specra show that we produce
large amounts of O;, v" =13 ions. The A4°Il,
(v = 17)-X*1, (v* = 3) transition should appear in this
region. However, the resulting data of Fig. 10do not give any
support to this mechanism although the O™ /0;" ru:io ap-
pears to show other broad structure.

Evaluation of the mechanism could be advanced greatly
by two-color expenments and by measurements of the kinet-
1c energy of the O™ ions.
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Anomalous line shapes in delayed optical-optical double resonance studies

of Nza)
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Optical-optical double resonance (OODR) experi-
meits using ionization detection on several short-lived vi-
bronic levels of N, have reveaied an unexpected phenome-
non of considerable potential importance to this widely used
technique. In these pulsed-laser experiments, the first
(pump) laser populated thea 'IT,, " = | state, which is suf-
ficiently long lived (=100 us) to allow measurement with
either a simultaneous or time-delayed second (probe) laser.
The probe laser was used to stury transitions between the

806 J Chem Phys 90 (1}, January 1989
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a 'ﬂs. v = 1 level and several vibrational levels of the ¢, 'IT,
andc,’ '2” Rydbergstates. When the two pulses were over-
lapped in time, normal double resonance peaks were ob-
served as sharp or power-broadened Lorentzian line shapes,
depending on the intensity of the probe pulse [sce Figs. 1(a)
and 1(b)]. W en the high-power probe pulse was delayed
by = 13 ns, w...ch ensured no significant temporal overlap
with the pump pulse, those peaks that were readily power
broadened, (specifically those corresponding to transitions

©® 1888 American Institute of Physics
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FIG | Opucal opn.al double resonance peaks obtained by pumping the
two-photon S(2) transition tathe v = 1 level of the g 11, state and probing
the one-photon fransition to the v — 2 level of the ¢, 'I1,, state of N.. (a)
Low probe laser power { =10 uJ/pulse) and no delay between the two
pulses (by High probe laser power (= 100 uJ/pulse) and no delay. (¢)
High probe laser power ( = 100 J/pulse) but with 13 ns delay.

toc, '2),v=0andc, 11, v=2) showed a pronounced
central dip that appeared to go to the baseline {see Fig.
1(c)]. In general, if a transition could not be power broad-
ered, there was no change in peak shape when the probe
pulse was delayed. One such example was the transition to
thee,” ', v - 2 state. In addition, peaks corresponding to
probe transitions to states with lifetimes long compared with
the duration of the probe lasei nulse do not exhibit such dips.

If, under strong dip conditions of Fig. 1(c), some 355
nm hght was introduced simultaneously with the probe
pulse, the dip decreased in magnitude. Increasing the inten-
sity of the 355 nm pulse produced a further decrease :n the
relative size of the dip along with an enormous increase in
the signal fevel. At high 355 nm pulse encrgies the normal,
power-broadened peak shape was recovered.

The appearance of strong dip in Fig. 1(¢) can be easily
understood in terms of a kinetic modcel which has been pro-
posed to explam a stmilar effect seen in the one-color reso-
nant photsionization of electron-impact produced metasta-
hle atoric helium * When the probe laser is resonant and

delayed in time, the rising edge of the laser pulse is strong
enough to saturate the transition to the ¢, 'I1,, v = 2 state
and yet is too weak to ionize this level at a significant rate.
The ¢, 'I1,, v = 2 state decays to a nonionizing level ex-
tremely rapidly, and the entire population of the a 'Tl,,
v = Istateis depleted before the probe pulse becomes strong
enough toionize the ¢, 'I1,, v = 2 state efficiently. When the
probe laser is off resonant, the early part of the pulse cannot
“bleach away” the a '[1,, v = 1 state population, and the
signalis due to the intense central (in time) pait of the pulse
that can photoionize the upper state at a rate faster than its
spontaneous decay rate. When both lasers are overlapped in
time, the loss of population via the short-lived ¢; 'I1,, v = 2
state still occurs during the pulse. However, the population
of the pump state is constantly replenished by the temporally
overlapped pump pulse, thus preventing complete bleach-
ing.

The proposed mechanism requires that the pper state
lifetime is significantly shorter than the probe pulse width.
In addition, the probe transition on resonance must be so
strong that it is readily power broadened (i.e., saturated) at
such low laser intensity that the photoionization rate is con-
siderably smaller than the decay rate of the upper state. In
the case of N,, radiative decay is the dominant decay chan-
nel, and the lifetimes of the ¢, "1, and ¢,” 'Z " states are
both about 1.0 ns.” The necessity of the second requirement
is clearly illustrated by the fact that those peaks which could
not be power broadened under the conditions described in
Pig. 103) snuwad no change in Lzak shape wlhicn (e probe
pulse was delayed. This difference in behavior is due to the
much smalfer rate of the probe transition which in this case
only occurs in the high intensity part of the probe laser pulse.
However, the ionization rate during the intense part of the
pulse is so high that the molecules have no time to decay
before they are ionized. The mechanism is further supported
by the effect of the overlapped 355 nm radiation. This much
higher intensity pulse significantly increases the ionization
rate, which then effectively competes with the rapid radia-
tive decay of the ¢c; 'T1, orc,''Z " state. Thisis evidenced by
the enormous increase of the overall signal as the dip is re-
moved at high 355 nm pulse energies.

Although the neccssary tast decay is radiative in the
present case and in the helium experiment,’ we point out
that, unlike atoms, molecules can decay rapidly to very poor-
ly ionizing states by a number of additional processes Pre-
dissociation and other radiationless transitions (e.g, inter-
system crossing and internal conversion) will be effective
mechanisms if the bound-bound probe transition is very
strong and the ionizing transition is relatively weak. Thus,
this dip phenomenon is expected to occur in many other
molecular systems. One case involving a state wiih previous-
ly anknown lifctime has already been observed for the NO
molecule.” In that case, the decay has been shown 10 be pre-
dominantl; predissociative. The cheervation of this phe-
nomenon readily places an upper himit on the lifetime of the
probe state. Such limits are ofters difiicult to obtam using
other techniqgues. Finally, it should be noted that, in general,
the anomalous line shapes of 10nizaton detected OODR
studies will not be observed in fluorescence-detected OODR




studies. However, dips in flugrescence from a puinped state
due to double resonance and dips in 1ons due to stimulated
emission 2an be observed and have been used as an impor-

tant double-resonance technique **
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Muitiphoton ionization studies of NO: Spontaneous decay channels in the
(4pm)K 2I1(v = 2) Rydberg state
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Time-delayed optical double resonance multiphoton onization (MPI) studies involving
(ApmiK TH(v = 2) — (3394 °S™ (v = 1)+ — X *T1{¢ = 0) NO show dramatic loss of the
ionization signal amphitudes on a time scale that 1s very short relative to the hifetime of the 4
state. From direct compari<nns of MPI and laser induced fluorescence ( LIF) dip temporal
profiles, it is concluded that loss of the signal amplitude results from inefficient iomzation of
the K state. MPI temporal profiles measured in a supersonic jet are identical with tiose
measured in a cell indicating that collisional effects are not important. For delay times 7> 20
ns, ionizaiion signals can be observed only at high probe laser intensities. The resultant spectra
exhibit marked power broadening and a pronounced dip appears in the center of each of the
power broadened resonances. {he observed line shapes are rationalized in terms of the spatial
and temporal distributions of the probe laser field in conjunction with a dynamical competition
between pnotoionization and spontaneous decay channels in the K state. Such arguments lead
10 an upper bound on the K *[1(v = 2) lifetimie of =2 ns. The short lifetime of K 2[1(v = 2) is
attributed to indirect hetercgeneous predissociation through the (4po)M *Z ~ state and/or to
homogeneous predissociation via the g *f1 continuum.

i. INTRODUCTION

Upucal-optical double resonance multiphoto:: ontza-
von { OODR-MP1; spectroscopy nas proven t6 be a power-
ful tec.imiyue for the study of high Rydberg states of diatom-
ic motecules " The double resonance approach yiclds the
necessary spectral simplification in regions of high density of
states and phoicicnization detection provides extreme senst-
tivity and the ability to investigate nonradiative states. Ia
contrast to spectral stmpitficaticn achieved by rotational
and vibratonal cooiing within a supersonic expansion, the
double resonance method allows preparation of specific ro-
vhronie levels aver a wide range of internal energles. Sys-
tematic vanaton of the prepared state provides for the thor-
ough examinanon of congested spectral regions and for the
investiganion of perturoations level by level.

In the case of nitric oxide, the (35014 °S " Rydberg
state 1s a convenient and interesting intermediate state. 7'
A chosen rovibronic 12vel of the A statce 1s populated by reso-
nant two-photoa =xcitation of the A" 11 ground state hy the
pump laser. The probe laser s scanned throngh single-pho-

process has been ngorously established in cei! experiments
using a time delay between the pump and probe pulses.*™ "
Indeed, the EZ (0 =1)=4°3X"(v"=0) and
S (W =0)~A4S (v =1) traasiions have becn
:sed” to study the time dependence of rotationa’ relaxation
within 4 "X % (v=0,1./ = 3.5-21.5) induced by collistons
with NO, Ar, N, and C.H,.

In preparation for optical-radio frequency—optical tn-
ple resonance experiments designed to establish the utility of
phototonization detection methods in the measurement of
fine structure and magnetic hyperfine structure parameters
of excited electronic states, a 30 ns delay was introduced
between the pump and probe laser pulses.'” With this delay.,
spectra involving K "1 (¢' = 2)—A4 "3 " (" = 1) were ob-
served to change dramatically! The initial experiments were
conducted on .V = 3 of the A(v = ) state. Under the de-
laved conditions the amplitude ot the MPI spectrum was
drastically reduced. The ¥ = 6 and 9 levels of the A (v = 1)
state were also nvestigated. At these higher rotational lev-
eis, K'T1(v =2} 1s perturbed by F A(v=3) such that

= both KAl 2)—d4-27 00" =1LV =69 and
ton resonances with the higher Ryldberg state of interest e . Q> . o ) )
, . - . ) FrA(d =3 —4-27(¢" -~ 1,NV" = 6.9) transitions are ob-
shich s subsequent!y jomized by absorption of one or mor ;
servable. Under the delaved conditions all signals .nvol-

additional photons trom the total laser tield. A plot of the
phototomzaiion current as a function of probe laser frequen-
cyv gives a rotaticnally resolved excrtation spectrum of the
higher Rydberg state. Such expeniments have provided the
Jrstotmervations of several Rydberg-Rydberg transinons”
and have helped tn clucidate comiplex Rydbery valence
.nultistate interacuons, !

Whiie OODR-MPI expertmients are tepreally conduct-
ed with tne pumg and prebe faser pulses overlappedin tiae,
rae discrete intermediacy of the 4 state in the absorntion
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vingK “[l¢¢" = 2) were again greatly reduced in amplitude;
the F A = 3ye-4 "% (0" = 1.V" = 9)signalsremained
sharp and strong. These results cannot be rationalized by a
significant !nss of the 4 state populatien during the delay
interval. Such g conjecture 1s inconsistent with the known
lifetime of this state,”™' with the results of Ito and co-
workers™ " described above, and weth the observations that
the F- 40315 signai ampiitudes were undimimshed. The
fatter result also argues agamnst any rationalization, such as
adiabatic toilowing in the pump transinon, that depen i<
apon cubs@ntive difercn - s o che eaicnd o which the o

state 1s populated in delaved and = ndelayed experiments
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mer. the grounded tungsten gnid was removed. the tight
tube was maintained at S » 107 Torr, and the detector was a
Thorn EMI 9642/2B electron muiuplier. In the current ex-
peniments. pure NO, at a stagnation pressure of 30 psig, was
expanded continuously through a 12.5 um nozzle into the
main vacuum chamber which was maintained at 10 ~* Torr.
Th= laser interaction region was approximately S mm down-
stream from the nozzle.

The lo orsystem consisted of two independent. tunable
Jduvlaser systems. The pump faser, that used to populate the
A state, was 4 Lambda Physik 2002 dye laser (Coumarin
+H, CH.OH» excited by a Questek 2240 excuner laser oper-
ated Hn XeCl (308 nm). The probe laser, that used to stimu-
late the K—4(2,1) transitions. was a Quanta-Ray PDL-I]
dve laser { Coumarnin 450/CH . OH) excited by the third har-
monic {355 nm) from a Quanta-Ray DCR-2A Nd:YAG
laser which was operated n the long pulse ( = 8 ns) mode. In
this configuraton, the temporal relationship of the pump
and probe dye laser pulses could be varied at will (see below )
without affecting (he spanal overlap of the beams.

The pump laser delivered pulse energies of =S ml. This
neam was attenuated as necessary using a Glan-Taylor po-
Linzer and was focused onto the interacuon region using 4

SEUmm noripad focal bereih Jens. Probe Jaser pulses of 1 mJ
corrgy were ueed and thes heam was not focused except as
noied otherwise. In all expeniments the Pnearly polarized
pump and probe laser beams counterpropagaied through the
interaction region with their electric field vectors onented ar
right angles to one another.

In certain of the molecuiar heam experiments, one addi-
tonal laser beam (532 nm ) was used to directly ionize the A
state populattion. This beam was dentved from a Quanta-Ray
DCR-11 Nd:YAG laser and, when used, counterpropagated
with respect to the pump laser beam.

Alltiming sequences were controlled by a Stanford Re-
searchi Svstems DGS3S delay/pulse generator interfaced to
an PST 125 compator Duning time scans, the delr svas
incremented it 2o miters s, Data was acnuired using 4
Tektronx A1 dual chunnel digitizer fitted with A Lo
sermes vertieal amplifiers.

. RESULTS

Figure 1 summarizes the vanious stimuiated and sponta-
neous transitions used i the expeniments. Figure 2A ey
tratesaone-photon K[l 200 473 7 S LV 3
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CIG 1 Schenauc energy ievel diagram summanzing the sauaalated and
spontaneous transinons used 1t the experiments

fluorescence and the amplitude of the MPI signal as a fun--
tion of delay time r between the pump and probe laser pulses.
Figure 3 illustrates the effect on the decay of the A state
fluorescence induced by prcbing P, (J° =35) of
KT =2)~AZ*(v” = |,N" = 3) at negative and at
positive delay times. (Negative time is defined by a condition
in which the probe laser pulse precedes the pump laser
pulse.) Figure 4 depicts temporal profiles of che LIF snd

(

!

‘
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FILUQRESCENCE AMPLITUDE

-30 270 470

TIME (ns)

FIG. 3 Decay curves illustrating the effect on the A state fluorescence n-
duced by probing P, (J* = 3.5) of K(v = 2}~ 4" = LN " = 3) attwo
different delay times. The solid curve represents the best fit of 1 convolution
of a Gaussian impulse function and a single exponential deca, ‘unction to
data obtained at negative delays. The set of data points depicis the fluores-
cence profile obtained with 7 =20 ns. Pump: O,.(J" =55) of
AW = LN =3)— - X(»" =0).

MPI responses: the initial portion of a fluorescence decay
curve (Fig. 3, r = 20 ns) is directly compared to an MPI
temporal profile obtained by scanning the delay time in 2 ns
increments. Each rotational branch of the K —A4(2,1) spec-
trum was examined in turn and each manifested comparable
temporal dependencies.

A series of experiments was then conducted in the mo-
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SIONAL AMPLITUDE
——

o a A

A
.30 90
TIME (ns)

FIG. 4. Temporai dependencies of the LiF and MPI responses measured in
cell expenments at | Torr pure NO. A: Fluorescence decay, r = 20 ns (Fig
1). B: MPL Pump: O,,(J" =5.5) of A(v' = LN =3~ —X(v” =0).
Probe: P ((J* =3 5)of KV =) —A(v" = 1LLN" = 1),

lecular beam apparatus. MPI temporal profiles measured
under the collision-free conditions of a supersonic jet expan-
sion were indistinguishable from those measured in the cell
{Fig. 4B). Figure SA shows an OODR-MPI spectrum ob-
tained in the beam apparatus with the laser pulses over-
lapped in time and in space. In thic case, the pump laser was
tuned to resonance with the P, + 0,,(J " = 4.5) rotational
brarches of the two-photon 4 — — X(1,0) band such that
both the F, and F, spin components of A (v = 1,N = 3) were
populated; as in all prior experiments, the probe laser beam
was not focused. This spectrum 1s again consistent with pre-
viously reported spectra.’ The spectrum reproduced in Fig.
5B was recorded under identical experimental conditions ex-
cept tnat the intensity of the probe laser pulse was increased
by focusing the beam onto the interaction region using a 300
mm nominal focal length lens. With the probe laser beam
focused, introduction of a delay time = = 20 ns afforded the
spectrum illustrated in Figure 6A. Note the pronounced dip
in the center of each of the power broadened K. A(2.1)
resonances. Figure 6B shows the spectrum observed when
iomzing the K state population using an intense, 532 nm
pulse that was overlapped in time with the delayed,

probe laser pulse.

IV. DISCUSSION

Figure 2 illustrates the dramatic loss in the signal ampli-
tudes found in optical-optical double resonance multipho-
ton ionization experiments involving
K’ll(v' =2)—~A’Z* (v" = 1) when the probe laser pulse
is delayed by 7,520 ns relative to the pump laser pulse. It was
conceivable that such observations could be associated with
an anomalously fast decay of the 4 state population, with a
diminished abi. ity to stimulate the X — 4(2,1) transitions, or
with inefficient 1onization of the K state by the probe laser
field. Each of these potentialities was considered in turn

With the probe laser pulse preceding the pump laser
puise, the A state fluorescence follows a single exponential
decay curve (Fig. 3) giving a radiative lifetime for the
A{v = 1) stateof 115 + Snsat | Torr pure NO. This result s
in :xcellent agreement with expectations based upon inde-
pendent measurements of the zero-pressure radiative life-
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time'™"" and of the rate coefficient for quenching of
A4(v = 1) by ground state nitric oxide.'"™'”*® Loss of the
OODR-MPl signal clearly occurs on a time scale that is very
short relative to decay of the A4 state population.

The dip in the A(v = 1) fluorescence induced by excit-
ing the various rotationai branches of K--4(2,') at r = 20
ns {Fig. 3) establishes that under the conditions of these
experiments the 4 state population can indeed be bleached.
Such fluorescence dips are readily detected at delays 7> 50
ns. Direct comparison of a dipped fluorescence profile and
the temporal dependence of the MPI response (Fig. 4) dem-
onstrates unambiguously that the K — 4(2,1) transition can
be easily saturated at delay times that are iong compared to
loss of the ionization signal. {nspection of Fig. 4B indicates
that the MPI temporal profile is nothing more than the con-
volution of the pump and probe pulse widths. It is concluded
that ionization of the K state by the prove laser field is highly
inefficient.

Given this conclusion and assuming that the cross sec-
tion for the one-photon, bound—continuum transition is a
siowly varying function of frequency over the domain of the
pu.... and probe fields (v, =23 183 cm ™', v, =22455 to0
22520 cm '), one must physically rationalize the precipi-
tous drop in the MPI signal amplitudes as the laser pulses
Just separate in time. Viewed from a different perspective, it
is equivalent to consider why the spectra become so strong
when the laser pulses are overlapped in time. Although the
lifetime of the K state is unknown, these observations are
consistent with the hypothesis that the K state undergoes
rapid decay, via spontaneous or collisionally induced pro-
cesses, provided either that the presence of the pump laser
pulse serves to replenish the X state population, or that the
higher intensity of the pump laser field merely affords an
ionization rate that is sufficient 10 compete successfully with
the decay process. The facts that pumping of the
A— —X(1,0) transition was maintained well below satura-
tion while the K — 4(2,1) transition was saturated (Fig. 4A)
argue strongly against the former condition. Based upon the
above hypothesis, it was therefore expected that by increas-
ing the intensity of the probe laser field the photolonization
rate would become more competitive with the decay rate
thereby enhancing the MPI spectral amplitudes observed at
delay times greater than the laser pulse widths.

Figure 5 illustrates the effect of probe laser intensity on
the MPI spectrum measured in the molecular beam appara-
tus with the pump and probe laser pulses overlapped in time.
At high probe laser intensity (Fig. 5B) the K —A4(2,!} sig-
nals exhibit substantial power broadening and several addi-
tional spectral features appear. These new features, labeled
with an asterisk in the fig ure, are tentatively assigned to one-
photon transitions to the (3d8)F ‘A(vr = 3) Rydberg state.
These F--A4(31) transitions presumably result from
K INv=2)~F'A(v=3)~BN(r=2930)~
B’ “A(v = 8,9) perturbations which are known® to occur at
values of /5 6.5. At high probe laser intensity, signals result-
ing from omzation of the K state levels are now readily ob-
served at delay ttrites 7+ 50 ns. In all cases, a pronounced dip
occurs in the center of each of the power broadened
Ko Acl.]1) resonances (Fig. 6A)
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A. lonization dips
Analogous dips in the 1onization yieid as a functon of
laser frequency have been recently observed in multiphoton
ionization investigations of the 2 'S metastable state of heli-

um,”'  of dense magnesium vapors,” of the

*

ION CURRENT

WAVELENGTH (nm)

EF'3; (vp = 0) state of molecular hydrogen,”” and of the
a 'Tl, (v = 1) metastable staie of molecular nitrogen.”* Each
of these systems share the common feature that the icniza-
tion process is resonantly enhanced through an intermediate
state that is subject to rapid decay. The mechanism by which
a particular intermediate state decays may vary widely. For

F1G. 6. Time-delayed ( r = 20 ns) optical-
aptical double resonance MPI spectra illus-
A trating the effects of ionization of the
K{(v = 2) state population by different laser
fielas. A- Probe laser at high intensity. B: In-
tense $32 nm excitation simultaneous with
.2 hugh intensity probe laser puise. Spectra
were measured in the molecufar beam appa-
ratus. Pump P+ O0,.(J =451 of
(v = LV = 3« —Xie” =0) Anaster-
ise indicates signis tentatively assigned to
R21 Fodie =) :—4 TOo0T 2 LAY 5 as
A

discussed e he rexs
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example, the 3 'P state of He and the ¢, ‘[17 (v =2} and
¢, '2, (v =0) Rydberg levels of N, undergo radiative de-
cay,”'"* while the dpr 'I17 (v = 1) state of H, undergoes
predissociation.”’ In the case of densc magnesium vapors.
the 3s3p 'Pstate s involved in a collisional process leading to
the rapid formation of the 4 'Z_* state of magnesium dimer
which subsequently predissociates to atomic levels that are
pot 1onized.”” Whatzver the mechanism, the rate of decay of
the intermediaty le /el must be comparabie to 11, tate of pho-
toionization.

‘" Recall that dips in the centers of power broadened 1oni-
zation signals are observed when the resonant intermediate
state (the K state in the current expeniments) is populated by
‘and ionized by the same laser pulse. Under such conditions
the observed line shapes can be qualitatively understood in
terms of the temporal and spatial distributions of the driving
laser field in conjunction with a dynamical competition
between the photoionmization and pertinent decay chan-
vels.”! Two conditions must be satisfied for the observation
of such line shapes. The first condit'on is that the rate of
decay must be greater than or approximately equal to the
inverse of the rise time of the laser field. The second condi-
tion is that, at the resonance condition. the cross section for
the bourd-bound transition to the intermediate state must
be much greater than the cross section for the bound—contin-
uum transition leading to photoions. At the resonance con-
diticn the ratio of the cross sections is therefore such that the
rising edge of the laser field readily saturates the intermedi-
ate level long before the field intensity is sufficient o ionize
that level. Given the first condition specified above, ¢ i< situ-
ation allows ample time for the intermediate level t) decay
before it can be ionized. The result is a low ion yield, or dip,
at the resonant frequency of the bound-bound transition. As
the laser is detuned from the resonance condition, the cross
section governing population of the intermediate level de-
creases rapidly while the cross section for ionization remains
essentially constant: the ratio of the cross sections quickly
approaches unity. The intermediate level is now populated
oniy when the field intensity approaches its maximum, be-
coming sufficiently high to posv 2~ broaden the transition to
compensate for the detuning. At such high intensities the
rate of ionization competes successfully with the rate of de-
cay. The result is wings that reflect normal power broadened
line shapes.

The effects of the spatial distribution of the laser field
are closely associated with those of the temporal distribu-
tion. At the resonant frequency, the volume element sur-
rounding the focal point in which the field intensity is ade-
quate to populate the intermediate level increases as the field
amplitude increases with time. In this expanding volume ele-
ment, the field always becomes intense enough to populate
the intermediate level well before it becomes intense enough
to ionize that population. Once again there 1s ample time for
the population to decay before it can be ionized. Thus the
region of space about the focal point contnbutes directly to
the low 10n yield observed at the resonant frequency of the
bound-bound transition. As the laser 1s detuned from reso-
nance, the field intensity required to populate the int~- medi-
ate level rises rapidly and the effectual interacticr. . egion
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shrinks accordingly. A more rigorous description of these
etfects that 1s based upon two dressed states coupled to a
continuum and that sausfactorily reproduces the observed
line shapes has been presented by Haberland, Oschwald, and
Broad."'

This rationalization of the line shapes 1s predicated on
the facts that any real laser pulse has a finite rise time, and
that the rate of photoionization 1s a function of the ume
dependunt tield intensity, whereas the rate of decay is inde-
pendent of that intensity. Such ar explanauon yiclds the ob-
vious prediction that if a second laser field of sufficient inten-
sity 1s used to drive the jonization process. then the dips will
vanish leaving only the power broadened ionization profiles.
Such an experiment has been conducted in the case of the
K(v = 2) state of NO using a very intense, 532 nm pulse
overlapped in time with the probe laser pulse. Figure 6B
clearly demonstrates that under these experimental condi-
tions no dips are observed in the ionization profiles.

Photoionization excitation spectra exhibiting dips in the
centers of the power broadened X — A4(2.1) resonances and
the disapp=arance of these dips in the presence of a second.
more intense 1onization field strongly support the conclusion
that the K (v = 2) state of NO is subject to rapid decay. Esti-
mates ot the rise time of the probe laser pulse lead to an upper
bound on the K “ii{v = 2) lifetime of =2 ns.

B. Decay channeils

The mechanism by which the K (v = 2) state decays re-
mains to be identified. Note that the only decay channels
that need be considered are ones leading to low energy atom-
ic or molecular states that cannot be ionized under the condi-
tinns of these experiments. The possible channels include
collisional deactivation, radiative decay, and predissocia-
tion. The observations that the MPI temporal dependencies
measured in a supersonic jet expansion are identical to those
measured in the cell and that the dips in the 1onization pro-
tiles occur in molecular beam experiments preclude the im-
portance of collisional deactivation of the K state popula-
tion.

No report of emission from the K state of NO has been
found in the literature. However, an estimate of the radiative
lifetime of this state can be made because the lifetime of a
member ofan (n/d} Rydberg progression is, to good approx-
imation. directly proportional to the effective principal
quantum number n* raised to the third power.** The radia-
tive lifetime of the (4pm)K "Il Rydberg state can therefore
be estimated from the experimentally measured radiative
lifetime of the (3p7)C “I1 Rydberg state. For rotational lev-
els below the threshold for predissociation (J<3.5), the life-
time > of C(v = 0) is 32 + 5 ns. Using the quantum de-
fects reported by Miescher and Huber,”® one calculates the
radiative lifetime of the K state to be = 100 ns. The short
ufetime of the K(v = 2) level cannot be attributed to radia-
tive decayv.

This conclusion is supported by experimental evidence.
Constder the dipped fluorescence decay profile illustrated in
Fig. 3. Were the K state to undergo rapid radiative decay, 1t
would be reasonable to expect that a sigmificant fraction of
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the K state population would decay to the lcw vibrational
levels of the A state.’® The subsequent emissions from the 4
state levels would certainly be detected as a secondary maxi-
mum 1n the fluorescence profile appearing just after the dip
induced by excitation of the X state. No such secondary
maxima are observed. In fact, following the dip, the fluores-
cence decay profiles do not deviate from a single exponential
decay function having a time constant that is identical, with-
in experimental uncertain:, to the lifetime of the originally
sumped A(v = 1) state.

By default, the short lifetime of the (4pm)K 11 (v = 2)
level must be ascribed to predissociation. Each member of
the (npr) Rydberg series is perturbed by the B 11 valence
state'* such that those vibronic levels lying above the disso-
ciation limit of the 8 state to N{*D) + OCP) at =71 630
cm ™ are strongly predissociated. The K(v = 2) level lies
well below this dissociation limit at 69 019 cm ™' and there-
fore does not undergo direct predissociation via the B state
continuum. While coupling of the K(v=12) and
B(v = 29,30) vibronic levels®'*** makes possible the exis-
tence of an indirect predissociation channel, this potential
explanation is deemed uniikely because firm evidence for
predissociation of the bound levels of the B state is lacking.
The weakness of the K (v = 2) couplings to the vibronic lev-
els of the L *11 valence state™ '* argues against any significant
indirect predissociation channel involving this valence state.
Deliberation of the potential energy crurves' ' ¥ of the eler-
tronic states of NO yields no reasonable candidates tor pre-
dissociation of K(v = 2) by spin—conserving homogeneous
or by direct hetcrogeneous mechanisms.

Miescher and co-workers®*® have shown that the
(4pm)K 1 and (4po)M I states of NO constitute a p
complex satisfying the Van Vleck hypothesis of “pure
precession.””***? This hypothesis assumes the “unique per-
turber” approximation*>** such that the A doubling of the
(npr)*1l state is a direct manifestation of the heterogeneous
perturbation of that state by the (apo)2Z member of the
complex. This situation is of significance because the M 2+
levels are known to be strongly predissociated through the
repuisive 4 ' X * state.**>° The applicability of the hypothe-
sis of pure precession means that the effects of indirect heter-
ogeneous predissociation of the K 2[1 levels can be evaluated
in terms of a simple system of two weakly interacting states.
Furthermore, the analysis requires knowledge of a minimal
number of observables: the M — X(2,0) linewidth in absorp-
tion, the rotational constant, and the energy separation of
the K(v = 2) and M(v = 2) levels.

Consider a system of two eigenstates |£ ) and | ) corre.
sponding to the (npr) and (npo) members of the p complex.
The widths [ (in cm ™ ") of the two levels are related by**

_ 2

T, = (cy )T, (n
where the coeffi~"ent ¢, describes mixing of the cigenstates.
Perturbation theory expresses this mixing coefficien. as

cee = He /BE, ()

where H,, is the matrix element charactenizing the interac-
tion and AE,; is the energy separation between the two dis-
crete eigenstates. The weighting term in Eq. (1) can there-
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fore be written explicitly in terms of the A doubling &v,, (/)
such that

Av,, (J
= av, () r.. (3)
) AE;
For Hund's case (a), the hypothesis of pure precession gives
Av (Y =qJ(J + 1), (4)
where the A doubling parameter q is defined by
11 [ 1
q:ZB,. 4+ 1) (5)
AE..

o

in which B, is the rotational constant and / is the orbital
angular momentum quantum number. Using B, =2cm ',
!=1and AE = 373 cm "', Eq. (5) yields g =0.043 cm '
(@ons = 0.035°). In absorption, the M(v=2) level of
N0 is found to be diffuse.*** lacking rota‘ional struc-
ture, with Iy, _,, =5 to 10 cm~'. For the range of
K (v =2) rotational levels (J = 1.5 t0 4.5) probed in these
experiments, substitution of Eq. (4) into Eq. (3) affords
Cuin 2y =21t030x 107 cm ™' These levei widths corre-
spond to predissociation lifetimes,** given by (27cI’) 7', of
the order of 2 t0 0.2 ns.

While this indirect heterogeneous predissociation
mechanism predicts liferimes that are consistent with the
experimental observations, it must be noted that this channel
¢au acvount for only half of the observed dips: the M 2T+
state can couple only to the [1* component of the K state.
For example, this channel can rationalize the dip found in
the Q,, + R,, line of the K— 4(2,1) MPI spectrum, but not
that found in the Q,, + R,, line (Fig. 6A). No ‘2~ state is
available to provide an energetically feasible, analogous pre-
dissociation channel for the [T~ component of K(v = 2).

Some additional predissociation channel must also be
operative. The only remaining possibility is direct homoge-
neous predissociation via the continuum of the a “I1 valence
state. Weak predissociation of the (3pm) C *Tl levels is attrib-
uted to the a ‘Tl state.”®*' Thus, as in the discussion of the
radiative lifetime above, consideration of the predissociative
properiies of the C state allows estimates of the predissocia-
tive properties of the K state.

The onset of predissociation in the (3pm)C 1 state oc-
cursat v = 0,J=3.5. At higher J, C(v = 0} predissociates at
a measured rate”® ¥ of =10°s™'. For C(v = 1), alifetime
ot €0.3 ns has been reported.*’ In absorption, the vibrational
levels (v = 0 to 6) of the C state are sharp at a spectral reso-
lution of =0.1 cm ~'; yet emission from the v> 1 levels is not
ohserved.?® [A low resoiution emission spectrum of
C(v = 1) has been recently reported in an experiment using
dispersed synchroton radiation as the excitation source.** ]
This balance between sharp absorption features and unob-
servable emissions iraplies that the predissociation lifetimes
of all of these vibrational levels of the C Il state fall within
the range of 0.5 to 5x 10 '’ 5. The electronic part of the
perturbation matrix element charactenzing predis=~ciation
scales as (n*) ~ "' The potential energy curve of the *I1
state is, however, not known with sufficient accuracy -
low reliable calculation of Franck—Condon integral.  as-
sumting that the Franck-Condon factors for the K “T11-a N1
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Miller et ai.. lonization studies of NO 761

e are comparable to those for the € “Tlea ' inter-

v then the bfetme will scale approximately as (n%)%
i the predissociation hifetimes of the lower vibrational
fewonvof the K7H state are expected to fall within the range
Wit Sos Predissoctation of K 211 - 2) NO via the
S state predicts Iifetimes that are consistent with the ex-
~atal observanions, This direct homogeneous channel
wcoount for the dip observed in each hine of the

: G020 MPEspectrum,

v. CONCLUSIONS

The anisuat line shapes observed in resonsatly en-

i jonizaton spectra mvolving

PR PR I S S 1) NO are interpreted in terms
Vv rmcal competition between photoionization and

2) mtermediate fevel. The
Staton thai such dine shapes are a manifestation of the
sane of the fuser foid feads to an upper bound on the

Sianeoys decay of the K -

A 20 betime of = 2 ns From a careful examination
ihe eoremital decay channels based upen fundarental
sl prnoiplos s concluded that the short lifetime of

Y N S
dewociaton through the (4po) ML
Cromarencous pradissociation via the e ' continoum.
%~ the ancthods of aptical-optical double resonance

s et on onization spectroscopy are extended to inves-
crons ol the eh Ryvdberg states of an increasing number
~omes and molecuoles, the faser phenomenon exemplified

e gy prrove toobe of peneral utility 1in uncovering the

erintensofdyiamical processes that are not otherwise easi-

23 s the reaudt of indirect heterogeneous
state and/or of di-

Ve azed

ACKNOWLEDGMENTS

Phe conthoes thank De. D) Normand and Dr. 3. Marel-
Copire G Erades Nuclearres de Saclay, for communica-
theie resnits on molecutar hvdrogen prior to pablica-
SR IR es the support of a
CoiteelE Reecarch Girant from Research Corporation. This
Corwens sponsoredaim part by the Air Foree Geophysical
coeers urrder Contract Noo FI9628-86.C-0214 and by
Ao Office of Scientific Rescarch under Task No.
ral o Addimonal support from the National Science
Eovmdanen tCHES 3184195 18 also acknowledged.

vratefelily aeknowledp

ot a3 Codion Addy Doacer Spedtrose 2071 TR
DAt Her Phys Chem 320 13y (198 1)
ceA Chapk S D) Cataen 0 Gauvacg, Pho Avouns,
Tob e ] P Chem 90, 10%6 ¢ 1 9%e)
, oA Clapk LS T Calaons D Gauvaca, Pl Avouns,
o T N e s O ey Thy T8RS 11947

VoG d b e

‘Y. Anezaki, 7 Ebata, N Mikams, and M Ito, Chem. Phys. 97, 152
(1985).

"Y. Anezais, T. bata, N Mibaa, oou
(1984).

'T. Ebata, Y. Anezaki, M. Fuju, N. Mikanu, and M. Ito, J. Phys. Chem 87,

4773 (1983).

"T Ebata, Y. Anezaki, M. Fujpy, N Mikami, and M. Ito, Chem. Phy< 84,
151 (1984)

T Ebata, N. Mikami, and M tio ] Chem Phys. 78,1132 (1983

T Ebata, T. lmajo, N. Mikare, and M to, Chem. Phy< Lett 89, 45
{(1982).

"I Fbata, H Abe, N. Mikoonn, and M Tto, Chem. Phys Lett 86, 445
(1982).

S C Wallace and K. K. Inne<, 2 Chen Phvs 72, 4R05 (1980)

K. Dressler and E. Miescher, - {75 Phys 75,4310 (1981)

"R. Gallusser and K. Dressler, ¢ ¢ v Divs. 76, 4311 (1982)

"R, 3. Miller, D T. Hiernackt anel ¢ i3 Unlson (unpublished resulis)

'“H. Zacharias, J. B. Halpera, and K i Welge. Chem Phys. Teic 43, 41
(1976)

U)F. Buras, T ) McGee, and § sarses, Chem. Phys Lett 121, 171
(19RS).

"W._ R Ferrell, Ph.D. thesis, Univeraty of Tonnessee, 19%XS

"A. M. Woodward, W. A Chupha ondd S DD Criicon ] Fhys Chem 88,
4567 (1984

"M Asscher and Y. Haae, I Chem )

TH. Haterland, M. Oschwatd, ant s T Broad f Phys B 20,3367 134987

T Zhang, H-T Zhou, QR 11} Yuna d -7 Zhavand Y -X Niv )
Phys B 21, 589 (1988}

D, Normand and 1. Morellec (poronal communieation)

LT WAL Chllpk‘d, and S T Pt l Cheme Phys 90, 6 (1980

“H A Bethe and E. E. Salpeter, Quantum Moechamics of One and | oo
Flectron Atoms (Plenum, New York, 19773, p 269

. Brzozowski, P. Erman, and M ¢ vora, Phys Scr. 14, 290 (1976,

"H. Rottke and H. Zacharnas, ] % Phy- 83, 4831 (]98S)

K. Tsukiyama, T. Munakata. M T-rickoshi. and T Kasuya., Chem
Phys. 121, 55 (1988)

*’E. Miescher and K. P. Huber, Int Rev Sei Phys Chem. Ser 2 3, 37
(1976).

“This assertion is based upon consideration of the abserved Ruores e
branching ratio ( = 0.7} of the Cstate tv the 4 and Ystates (Refs 3114
To the extent that the radiative rates e the various emissive transitions
scale as (n*) "', the fluorescence hranching ratio of the K state will be
approximately equal to that of the € state. Thus = 407% of the K state
population would decay to the 4 state

YA B Callear and M. J. Pilling, Trans Faraday Soc. 66, 1618 {127

YW, Groth, D. Kiey. and U. Schorath, J Quant Spectrose, Radat. ¢ rans-
fer 11, 1475 (iv41).

YU Scheingraber and C. R. Vidal, 1. Opt. Sev. Am B2 343 (1985

YA Giusti-Suzor and Ch Jungen. J Chem Phy< RO, 986 (1984)

YA Lagergvist and E. Micscher, Canc ] Phye 44, 1525 (1966)

YR Grimore, 1. Quant Spectroxe Radiat Transfer §, 169 (1968,

H. . Michels, Adv. Chem Phvs. 45,225 (1981)

Y. Dressler (unpublished results)

WK Dressler and E Micscher, Astrophy< 7141, 1266 (1965).

““J. H Van Vieck, Phys. Rev. 33, 467 (1929,

MRS Mulliken and A. Chricty, Phys. Rev 38 87 (1931,

“'H. Lefchvre-Brion and R. W Iaeld, Perturbations in the Spectra of Di-
atomic Molecules (Academic, Orlando, 19R6), pp. 226-21.

RN Zare. A L Schmeltekopl, Wl Harrop, and D L Alhnition, 1
Mol Spectrosc 46, 37 (1973

“Reference 42, pp. 175-37R

E. Miescher and F. Alberts, 1 Prhos Chem Refl Data 8 304 (1976)

“Reference 42, p Y41,

O B d'Azy, R L. Deigado, and A Tramer, Chem Phys 9 327 (1075

Y LeDuff, M Chergur, and B Bourew, Chem Phos Lett 123 445
(1986)

M i, Chem Phys< 89 10}

3 o

5 Neer o cvnne
CERIETEERT A N I AT

1

J Cham Phys. Vol 90, No. 2, 15 January 1989

“




Appendix

Origin of Slow Electron Generation in the 1+1 Photoionization

Process via the (350)A5ﬁ(v=0) State of NO Molecules
William A. Chupka and Leping i1

Sterling Chemistry Laboratory, Yale University

Now Haven, Connecticut 0A511
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In recent years many mezsurements have been made  of
cnots2lectron spectra produced Sy multiphoton ionjzation of NO
with its Rydberg states a&as itne rescnant  Intermediate.  Since
cotential curves of unperterbed Sydoerg states wWith a specific ion
core are very nearly identical with wrnose of the bare ion, a Av=0
selection  rule  is generaliy exmected Lo hold for their
or.ouoionization, Violation have c=en fo.und Wwnich can be attributed
s gperturbaticn cof the Rydberg state, In cases for which the
Ayczerg state is photoionized by t“wo orotons, viclations have been
snown ©o be due to accidental . esgrnancves ot the penultimate photon
anergy. However, one strong violaticn has  teen found which
involves single-photon ioniaticn of 41 Znperturbed Rydberg state,

ramaly the (353)A2£+. v=0 state of NC. The photoelectron spectrum

5

r.:s  Deen measured by Miller .unt Tompton and by Viswanathan,
soreta and Reillyz.

e ontained 1+1 photoelectron ccest -z via AZL (v=0) state show i

docinant peak corresponding te tre  2x

Av=0 peak producing

oy

pecred
Woodn tne v, =C level, In additicr, a rougnly comparable peak was
ooserved wWnich corresponded to srecuvtion of NO' ion with v,=5
rogetrner with electrons of =10 rneV of «inetic energy. Furthermore,
Viswavatnan et al. observed that tre tast (aAv=0) electrons had an
anguliar distributicon which peak2¢ In  tne direction of photon
poiirizaetlion and was very weak st oright oangles, l.e. approximately

Z

4 2088 distribution expected [or singie-pnoton ionization of an s

{

lectron {if intermediate state aiignment effect is negligible). In

(@]
cr

ontras tne sSi0W electrong nzd a2 nearly isotropic angular

distritution which was observed in Doth 2+2 as well as 1+°
lorization schemes”z. Viswanstran et =1, a1s0o snowed that even
troukh tne rotational structure of tne A<X transiticn of room
tercersturs NO eystended over =/2.0nm, tre ancnzlous slow electrons
Were  oroluced only over a mush narrswer wavelengzih region of

sLLt Goinm. Tney

ooservations  as  providing

T ol liny evidence “nat oa resornant Ltolonizing state (s involved

inR othe v o=f, 1ons. However, ot sttempl 35 Deen Tace Lo




identify such a state. It is tne purpose of this paper to identify
.rne state and show that it's decay characteristics can explain the
coservations.

e N0W present evidence thart tne Apg, v=7 Rydberg state is
~vsronsible for the observed .2W ejectrons in the 1+1 REMPI

. 2regs via the 339, va0 state. [rne position of this level has not
ceer reported but can be estinsld accurately in zhe foilowing

marner, The 8pg, v=2 level hus nzen reported3 to Lz ozt 77,333

Bt

cmo Y. (It nas also been seern 1 the single-photon lonization
spectrum Of Jat-~-cooled NO“). Foro o suth a hign principle guantum
~unber, tre vibrational interve.s will ve given accurately (except
N 11

for small perturdations) by 1ne intervals for tre ion. These

N

irtervals are also given in Tair.o .2 of ref.%. The energy interval

setween v =2 and v =7 {5 given s 11,006 em

"

which, w~hen 3dded to

I v . -1

L33 cm ', gives tne positic po,v=7 as R840, cm . This

]

-

voLue, livided by 2, correspor.s w2 a one-photen sivelength of

. o.74nm. Tne wavelength glven 1+ rofererces 1 and 2 is 226.0nm.

Arile the close agreeaent is gratifying, we rmist cunsider other
©o83ibilities as well., We have [sllowed tfe abcve prescription for
s,z,d and f Rydberg states roported in ref.3 and tind no other
‘Jlverg state with 't core whicn is close enouxn i energy Lc

:ount for the slow electron generation at 226.2nm.
Anctner possibility that shoula be considered i3 core-excitation
Lo the 33¢ Rycberg 3tate of Ut:ae seriecc converging Lo the at’

R - . e : . s
state of the NO ion. Some struclure which might be atiributed to

¢

tris 3tate has been observed by Keese and Rosenstock’. However,
“he e ergy corresponding to two 226.2nm photons falls in a valley
Letween observed structure, Also the core excitation is spin-
forvidden, and the resulting autoicnization by <configuration

interaction will yield 2 ‘oroad6 photoelectron vibrational

+

dtatributicn totally unlike tnat observed. Thus this possibility

can e excluded,




Three more factors must be addressed successfully in order to
support the above identification: (1) The autoionization must favor
strongly the production of tnre v, =6 state of the ion; (2) the

intensity of e slow electron peak must be explained in light of

the very sma.. Franck-Condon factor for the 3sc,v=0 + 8pg,v=7
transition; (% tne nearly isctropic angular distribution must be

explained. We aduress these in turn.

it is nct sufficjent to ascrible glibly the production of v, =6
iocns to vibraticonal autoionization with its strong Av==1 propensity
rule. The reason for caution derives from the fact that the npn
Kydbergs are «~ell known to be predissociated strongly and to be
Subject to predissociation-induced autoionization7 to which the
tv==1 propensity rule does not apply. The degree of predissociation
of the higrar autoionizing npg states is not known, but will
surely become great at sufficiently high values of n ard N (total
2ngular momennum  excluding eistron and nuclear spins) due to
g~uncoupling ana conseguent mixing with the npwr state of the same
n and . These  f~uncoupled  levels will then decrease in
autolonization efficiency and ne shbject to predissociation-induced

autoionization witn increasing fraction of Av # 0 transitions.

we . estimate the mixing of 8poc with 8pm due to f-uncoupling.

S5ince these states well satisfy the conditions of "pure

precesston"d Wwe calculate vhe A-doubling parameter q =
2822(2+1)/vzn = (.4 cm_1 using the value wve o = 50 em”!

Table 2.3 of raf.3. We then estimate the contribution, Argpo. to

from

the decay width of the 8pg state due to the perturbation by the
8pn state using - simple two-state perturbation treatment as:

QN(M»1) e ofNE(N»x)zjv (1)

-

r P N «
A'ch YL Z,n ern .
The ratio Ar&po/r%pﬂ is given in Table I frocm which 1t i3 seen
“nat strong mixing occurs for N>3. This s supported by the

observed line spacing and wildins shnown in Fig.l which is a section

4------I-IlllllllllllIlllllllIIIIIIIIIIIIIIIlIIIIlllllllllllllllllllllli




of t,hé single photon ionization spectrum of rotationally cold NO.u
It 18 readily seen that the N=2 peak of the 8po, v=Z state is
significantly broadenea by Interaction with the nearty 8pr, vs=2
state (the same situation should hold for the 8pog, v=8 state as
welll. In contrast, the 9so0, vs2 peaks8 show no sign ¢! troadening
since there is no strong interaction with a predissociacing state.
we note that a careful examination of this figure sicws that the
effective rotational constant, B, 1is slightly larger than that of
the ion for the fpg state due Lo the A-doubling, while thit of the
93¢ stare is somewhat smaller, due to interaction =itn the Zac

state.?

For larger values of N we can expect increasing rate of
predissociation, strongly decreasing autoionization efficiency anc
the weak emergence of Av#( in addition to the Av # ~! transiticns.
However, we note that tne slow electron phenomenon Is due to tne
lowest values ¢f N since the experiment of Miller and Comptonv’
was carried out on supersonic jet=cooled NO molecules nearly
exclusively in the lowest rotaticaal state and t(he experiments ¢f
Viswaratnan et al.2 were carried cut at the same waveliengtih region
near 226.2nm, Therefore we need not be concerned withn

predissonjation by mixing witn the 3ot state.

The fpg state may be homogeneously predissociated 7S thus may
be subject Lo predisscciation~inducec¢ 3utoionization. Although tre
8po state is probably significantly predisscci ~ed, w-= snow that
tne amount of predissociation-induced autolonization 1s negligitle
compared with purely vibrational autoionization. First we estimat«
the rate of vibration:l! autoionization of the frg, v=7 cvate, For
this purpose we need the value of déo/dR, i.e. tne oorivative of
the nps quantum defect as a function of internucliear distance.
Gilusti~-Suzor and J'Jngen7 rave - stimated the value of tnis guantity
for the npn stites and givaen dé_/dr = =l f3.5.07 "0 wWe can e
certain that tne valus for the ngo states will e significantly
larger than this wvalue due S0 the fact that 1in  xaoln from

geparated atoms e united  atcm, Lthe gsrincipal qu=nturn number

cranges Ly unity for ria but cervains uncrnanges for onon (see Uig




10,1

7, p.329 of ref.5). In tne case of H, it is larger by a

factor of =5, We note that direct estimation of this quantity using

2 value of the

eguztion (29) of ref.7 together with the cabulated’
~otatlonal constant, B, for the (3po)D’X‘ state of NO would yield
an  incorrectly small value for déo/dR, since this state |is

the A' valence state giving it a rotational

w
(s
]
2
‘e
)
T
-
[
3
Q
@®
(&%
-l
-~

~stant anomalously near that of the icn, The appropriate

@]
Cr

crerturbed value 1S presently not available, We also ncte that
1

2
T

~

tre uzlue of a8 /dR for Hy is = 0.18 (a.u.)”! (or 0.34 ATY) and we

do not expect it to be much larger for NO. Therefore we use a

vii.e of 0.5 (a.u)”! or 0.3C AT'. which cannot be in error by

mane Snan a facter of about one and a half.

Tee  rate  of cibtrational autolionization may be calculated by

rrwias given {n references 1C and 1'%,

- i-_:. \12 _1
CoowodmE in )T o VY cm , ()
A y A
WETe
' déA
vy ipen YTl -
2 = <y [FEL fw .
dR
torow o Lurely hermonic oscallator
} d4
voo o
TR e el
2 A
Bwiucw dR
for v e =1, {,e. wrere state v decays LC the continuum v-1, The
CunressiTno 1r Bh. 2 s1mpaifies to
a8
A .
I Ty T - ' 'rl,\'-
nicMeaer
Yi




where Mg 1s the reduced mass in atomic mass units (e.g. 7.467 for

NO) and the quantum cefect is =0.66 for npo and =0.75 for npn.13

Using Eq.(3), we calculate the vibrational autoionization width to
be 2.1 cm-] for 8pog, v=7. It is also of interest to calculate the
vibrational autoionization width for the 8pg v=2 state which has
been observed in absorptionw as well as in single photon
ionization of a jet-cooled NO molecular beamu. Using Eq.(3) and the
1

parameters given above we calculate [ = 0.0 cm The observed

width has been given as ~ 1 cm™ | (see Table 3 of ref.14) and this
is in agreement with the peak widths shown in Fig.1. Therefore we
conclude that a significant fraction of the width is due to

vibrational autoionization.

We now estimate the extent of predissociation of the 8pom v«
state, we can make a crude estimate by comparing the integrated
intensity of the 8pg, v=2 peaks from the Fig.t with the intensity
of the kpg, v=2 continuum {(i.e. the continuum to which the npg, v=2
series converges), since they are related by the condition of
continuity of oscillator strength. The intensity of the kpog, v=2
continuum may be estimated as follows. The continuum shown in
Fig.. consists of v=0 and v=1 continua of all partial waves. From
Franck~Condon factors for photoionization (see p.28 of ref.15), the
v=2 (all partial waves) is about 0.56 of the sum of v=0 and 1
continua (i.e. the continuum of Fig.1). Furthermore, the Kkpo
absorption cross section relative to the total absorption cross
section for all partial waves for high Rydberg states (and hence
adjoining continuum) is estimated to be 21% (Table V of ref.7).
Thus the intensity of the kpg, v=2 continuum is estimated to be
=0.56x0.21 = 0.12 of the continuum of Fig.1. If the 8po, v=2 peaks
of Fig.! represented 100% autoionization (i.e. corresponded exactly
with absorption) their integrated intensity should be approximately
equal to the hypothetical 1intensity of the kpg, v=2 continuum
integrated from n=7.5 to n=8.5, The latter integration was derived

from Fig.! of ref.4 using the factor 0.12 estimated above. This
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procedure yields the estimate that the 8pg, v=2 band of Fig.1 is
low in intensity by a factor of four or so, i.e. the autoionization
efficiency is =25% and the predissociation rate is =3 times
greater than that of autoionization, Thus yielding a total width of
about Lx0.6=2.4 cm” with an error of about a factor of two, still
in reasonable agreement with the crude estimates of = 1 em™'. The
same procedure applied to the 9pg, v=2 and 10po, v=2 states (data
of Fig.1! of ref.4) yields autoionization efficiencies of about 10%
and 25%, respectively.

It is also of importance tn comnare thz Characceristics of tne
8pw, v=2 and 8pg, v=2 bands of Figure 1, From experimental
absorption spectra (see Table V of ref.7) the ratio of relative
abscorption cross sections, of(pm)/o{po), is estimated to be = U5/21
=2.,1, A comparisoin of the integrated intensities of the bands of
Fig.1 yields the ratio 8pn/8ps =0.15. Therefore we estimate that
the autoionization efficiency of the B8pm, v=2 state is only
=0.25x0.15 = 0.04, From similar examination of npw states which
can autoionize with Av==1, we conclude that the autoionization
efficiency is generally =0.1 or less, i.e. .iie "survival factor" for
predissociation {s > 90%. Most of this autoionization Iis
predissociation induced and will be spread over the entire
photoelectron spectrum. We now show that only a minor part of
photoelectron spectrum produced by autoionization of npog, v=7 will

be due to predissociation~induced autoionization.

While the electronic contribution to the rate of autoionization
and predissociation both scale as (n*)-3. the Franck-Condon factor
for predissociation has no simple behavior with either n or v. A
review of reported widths of npg states with n>4 and ve) - §

shows them to be in the range of 1 to 3 cm™

and we can assume
that the predissociation width of npog, v=7 will be in that range,
if no other predissociating state becomes effective, However, as
can be czeen from EQ.(3) the vibrational autoionization rate
increases linearly with v, so that the autolonization width
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calculated above is 2.1 cm-]. Therefore we estimate that

predissociation and autionization rates are comparable giving a
total decay width of = 4 cm_“. The predissociation can be expected
to yield < 10% predissociation~-induced autoionization spread over
the photoelectron spectrum (v,=0 to 6) while the vibrational
autojonization is expected to yield > 90% yield of slow electrons
and v, =6 iorns. Thus the v,=1 - 5 photoelectron peaks are expected
to be at most several percent of the intensity of the v _=6 (slow
electron) peak. The experimental results are in accord with this

estimate.

The remaining aspect to be considered is the magnitude of the
very small Franck-Condon factor to be expected for the A, v=0 ~»
8po, v=7 transition. We <can readily estimate the order of
magnitude required to explain the intensity of the slow=electrons
relative to the fast ones., First we estimate this relative
intensity. The most reliable data are those of viswanathan et al.2
who used a time-of-flight photoelectron spectrometer. We integrate
the peaks shown in their Fig.3D which shows the spectrum taken
with laser polarization parallel to the electron flight direction
and with an accelerating potential of =9 Volts. This insures
practically complete collection of slow electrons and nearly
complete collection of fast ones, as is indicated by the fact that
the fast "turn-around" peak has an area very nearly equal to that
of the forward fast peak in spite of the fact that the former will
have consicerably 1lower collection efficiency due to loss of
electrons with considerable perpendicular component of velocity.
We find the ratio slow/fast to Ye =0,20 which is certainly an

upper limit and should not be in error by more than 20 % or so.

However, the experimental conditions of Mille~ and Cocmpton are
closer to ours, i.e. they wused rotationally <cold NO while

Viswanathnan L al, used rcca temperature NC and the latter data

(%

may Include transitions from higher rotational states which woul

e mec o stiongly predissociated, thus lowering this ratio from the
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vaiue =1,0 obtained from the data of 2 for this ratio.

We now estimate the relative cross sections for direct ionization
of the 3sog state and for electronic excitation (i.e. without

Franck-Condon) of the 8po state with dechry width, as discussed
1

above, of =4 cm~ ', The oscillator strength of the transition D,3po

+ A,380 was measured by wPay16 to be 0.18 and calculated by

7 to be 0.30., We take it to pe 0.25. Using

Gallusser Aand Dressler
the well-known (n*)—B—depenJence of oscillator strength, we obtain
the oscillator strength of the transition A,3s¢g » 8po to be f =

0.25(2.737/7.66)3 = 3.011. We then calculate the average cross-

section for absorption over the U cm-1 broad line by 18
ne?h df -16 ar '
g = T — = 1,09810 cm?ey — (1)
me  QE dE
4

We take df/dE = 0.011/(5.0x10™" eVv) = 22 (ev)”', and get ¢ =
1.098x10"'0x22 = 2.4x1072% cm? for absorption and about half that
for ionization. This cross section is approximately 10? - 10° times
greater than that expected for direct photoionization of the A
state. Thus a Franck=Condon factor of the order of 10-3 or
somewhat greater would suffice ti cx-lain the intensity of the

low-energy electrons.

A Franck-Condon factor on the order of 10'3 requires some
justification. The molecular parameters of tne A,350 state are
virtually identical with those of the ion (we = 2374.3 and 2376.4
cm"1 respectively; Be = 1,9%65 and 1.99727 cm'T respectively) so
that tue [rcnok=fondon factor between v=_ and 7 is many orders of
magnitude smaller than 1073, However, ine Lidpic frarck=Condon

approximation is certainly not appropriate in this case, as we now

show.

If we assume that the Horn-Oppenheimer approximation is valid (an
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assumption to be discussed later), the Lransition amplitude for a

n

particular vibraticnal channel Vi * Vg is given by]

Dve,vi) = "y (R)* D(R) Xv  (R) dR

, (<)
f i

where y(R) is a vibrational wave function and D(R) is the R-
aependent dipole amplitude where R is the internuclear distance.
Tne Franck-Zondon approximation consists of assuming that D(R) is
independent of R, While this approximation i3 often fairly accurate
for vibrational transition probabilities which are significant
fractions of the total electronic transition prcbabllity, it should
always Dbe suspect for such small values (510'3) as we consider
here (and also for 1large values of both vibrational quantum
numbers for which the wave functions extend over a considerable

range of internuclear distance).

Of particular relevance to the present discussion is the set of
potential curves shown in Fig.2, All the curves &u%t one (the A'
curve labelled "Michels") are adapted from Fig.1! of a paper by

0

Bardsley2 on dissociatiove recombination of electrons with NO*

ions, The curve for NO is accurately known from extensive

el The remaining curves are those of

vibration~rotation spectra.
excited valence states of NO. All but A' are bound states with
observed vibrational levels. The B and B'states are particularly
accurately characterized, the L and I states somewhat 1less so.21
However, the position of the purely repulsive A' state is

1nferred22

only from its presumed perturbation and predissociation
of other states and is very uncertain. Its location will have a
very significant clfect on photoelectron spectra and we argue here
that {t s situated about 3 eV higher than given in Bardsley's
paper 2ana {s more l1kely located near the curve labelled

A'(Michels).
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The A' state is unique among the valence states shown in another

respect. It's configuration23

. * * )

”'(308)%1nu )UBGU differs from
those of the Rydberg  states tand  adjoining continuum),
“'(308V(1nu*)u(nix), by one orbital only (The u and g symmetries
are approximate only). Therefore above the NO® curve it exists

24 % . .
in the ¢ continuum. It is in fact the

only as a shape resonance
same orbital responsible for the well known shape resonances in

N225, c026 and 0227-29.

The position of this shape resonance at the equilibrium
internuclear distance of NO in {ts ground state has Dbeen
calculated by Smith et al.30 and probably observed experimentally
by Scuthworth et al.31 and both determinations are shown by the
vertical bars in Fig.2. This position for the shape resonance is
supported by the calculated potential curves of Michelsz3. His
calculated curves for the B, B', L and 1 valence states are {n good
agreement with the curves of Gallusser and Dressler used by
Bardsley, and shown in Fig.2, except for the A' state which he
calculates to be about 3 eV higher. Tn Fig.2, we show Michel's
A'state curves as measured from his plotted curves slightly
extrapolated. The error in transferring this curve from his small
scale figure is less then #0.5 eV. Nevertheless it is seen to be in
good agreement with the calculation of Smith et al. and the data
of Southworth et al., and in gross disagreement with the curve

used by Bardsley.

There are several important consequences of moving the A' curve
to the position calculated by Michels. Firstly, the cross section
for dissociative recombination of the =2 state of NO' as
calculated by Bardsley seems too large by a factor of =2 (see his
Table 1). Secondly, the higher position of the shape resonance
explains why the 1+1 photoelectron spectrum of Viswanathan et al.
at wavelcnpgths in the region of 226 nm, except for the very narrow
resonance at 226.2 nm, shows no detectable Av # ( transitions and
on the narrow resonance shows only aAv = 0 and Av = 6 peaks, as
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does the spectrum of Miller and Compton. The two photon energy is
about 11.0 eV which would place it near the center of the shape
resonance accoraing to Bardsley's curve. This would result in
sifnificant intensity of Av # O transitions but cannot be directly
responsible for the relatively intense slow {Av=0) peak. This

2k which has been successful in predicting

follows from the theory
vibrational distributions resulting from the effects of shape
resonances. Since these resonances are generally much broader tan
vibrational spacings, it 1is appropriate to use an adiabatic
approximation which consists of using equation(5) with a R~
dependent transition moment. The variation of this moment over the
relevant range of R 1s usually sufficiently slow that a Taylor
series expansion about the equilibrium value of R 1is justified,
with the first few terms of most significance, If harmouaic
oscillator wave functions are used, it 1is easily seen that
transitions with Av = n come only from terms of the power n and
greater, An example of an unusually strong effect of a shape
resonance is that of 02. The accurate calculations of Stephens et
al.29 for Av # 0 processes showWw a monotonic decrease in intensity
as |av] increases from zero. No such transitions are seen in
either experimentsl'z, strongly supporting the absence of the A'

shape rescnance at the lower energy.

wWhile the A' shape resonance is very probably too high in energy
to play a direct part in the photoionization process considered
here, it can play an indirect part since it certainly affects the
potential curves of high~n &~yZ.¢s g states in the region of R where

]9), thereby

it drops below the NO' curve (see Fig 1 of ref.
affecting Franck-Condon factors by breaking the near-orthogonality
of the Rydterg and ion vibrational wave functions for high values
of v in the neighborhood of 7. (It could also lead to small snifts
in energy levels as well, of «course, making our excellent
agreement with the caiculatcd position of the 8po, v=7 level

fortuitous)
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Another source of an ennanced Franck-Condon factor for v=7 is the
presence of the other valence states of Fig.2, especially the I and
B states, While the transition moment for their excitation from
the A,3s¢ state is very small since the ‘transition Iis
configurationally forbidden (which would reguire a "twc~electron
Jjump™), they will be effective (see p.1490 of ref,19) since they
interact with the ¢ and =n ionization continua respectively with
fixed-nuclei widths of 0.048 eV and 0.074 eV, r‘espectively.zo’22 At
a fixed (internuclear ««istance those states would manifest
themselves as Fano-type resonances with q=0 ("windowe-resonances")
in the ionization continua with which they interact, the position
of the resonance being R-dependent. Since the autoionization widths
of those resonances are much smaller than vibrational intervals,
they will 1lead predominantly to predissociation and a minor
fraction of autoionization spread over all energetically allowed
vibrational levels of the photcelectron spectrum as in the case of
H2.19’32 The predissociation will also lead to population of any
high n and v Rydberg states whose decay widths include the photon
energy used, specifically the 8po,v=7 state but also any other
state of lower n and higher v in this energy range. All such
states will decay by vibrational autoionization (in addition to
predissociation) predominantly witnh Av= minimum, yielding the slow

electron peak.

The quantification of the effective Franck-Condeon factor fer the
production of the v _=6 "slow electron" p2ak is not readily
accomplished and this remains the o¢only weak part of our
explanation. Nevertheless the above considerations at least make

plausible the required factor of =107 .

The nearly isotropic ingular distribution of the slow electrons
remains to be rationalized. Tne fast electrons have a nearly cos’e
distribution as is expected for photoionization of the 3so¢ electron
into a p partial wave nearly exclusively ({i.e. the asymmetry

parameter3u, B=2). Any type of resonance in which the outgoing
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nlectr‘bn is temporarily trapped so that it makes many "collisio-s"
with the 1ion core will lead to enhanced angular momentun
exchange. In our case this will lead to decrease of the value of R
toward the isotropic value of Bg=0., This general trend has been

confirmed theoretically and experimentally many times.zu

While the angular distribution of electrons detached from a p
orbital in a negative ion should be isotr‘opic33 at threciold du2 to
suppression of the d-~wave relative to the s~wave by an angular

18 such a barrier does not exist for pure Coulomb

momentum barrier,
field., However, a shielded (Coulomb field as in a many electron
atom or molecule can have such an effective barrier and direct
photoionization of a p electron or ©ohotclonization via an
intermediate resonance in which core-scattering can lead to 8=
waves, one can expect the dominance of s~waves at threshold and
hence an isotropic distribution. This is nicely illustrated Dby a
calculation by Berr‘y3u (see his Fig.5) which shows the s=-wave
dominating overwhelmingly for the first 0.7 eV above threshold in
a model calculation of vibrational autoionization by dipole and
quadrupole jinteraction leading to s,p and d outgoing waves from an
initially bound p electron, It {s of interest to examine the
scattering process by which the 8pc electron is scattered into an
s=-wave 30 efficiently. Normally this requires a large variation of
ion core dipole moment as a function of internuclear distance R.
The dipole moment of NO' has been calculated3'5 (referred to the
center of mass) to be 0.72 Debye at Re and to vary approximately
linearly with internuclear distance with dD/dR=3.4 Debye/A., It is
interesting to note that in Berry's calculation, he used a value
dD/dR=1,4 Debye/A and found the autoionization rate of s partial
wave 1s about 80 times larger than that of the d partial waves
near threshold energies (less than 0.7eV). Therefore the very large
value of 3.4 Debye/A of NO' not only rationalize "¢-mixing" in the
resonant autoionization state but also suggest that a significant
part of the vibrational autoionization may be attributed to the

long range interactiorn between 8pog Rydberg electron and the

100




oscillating dipole moment of NO'* ion core.
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Figure Captions

Fig.1 = One photon ionization spectrum of cold NO showing N=C, 1
and 2 lines of 8pg, vs=2 and the strongly predissociated 8pmw, v=2.
Note evidence of interaction by pure precession leading to visible

broadening of the Ns=2 liue.

Fig.2 = Potential curves of excited valence states of NO and of
the ground state NO* ion. Note that the A' state becomes a shape
resonance above the NO' curve. Experimental evidence suggests that

the higher energy A' curve is the correct one.
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Appendix 12

Photoelectron Spectrum of the E state of 02
William A. Chupka and Leping Li

Sterling Chemistry Laboratory, Yale University

New Haven, Connecticut 06511
Abstract

It is argued that the photoelectron spectrum of the mixed Rydberg-
valence E state of O2 as measured by Miller et al [J. Chem. Phys.
88, 2972(1938)] is better described by the mcthod given in that
paper than by the calculational method given recently by Wang et
al [J. Chem. Phys. 89, 4654(1988)], since the latter method treats
the overall three-photon process as c¢oherent whereas experimental
evidence indicates that the last step, in this and most other

cases, is uncoupled from the excitation process.
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Photoionization and photoelectron speetroscopy of Rydberg states
nas proved to be a valuable tool for investigating the properties
of the Rydberg states and their photoionization continua as well
as for the preparation of ions in specific rovibronic states. The
simple application of the Franck-Condon principle to the
photnionization of unperturbec single-configuration Rydberg states
vields the prediction that the vibronic state of Lne ion core wiil
be preserved and 3 number of such cases are known experimentally.
However a  growing numbter of cases exist for wWwhich strong
violations of this propensity rule occur. An analysis of reasons
for such violations has been given in terms of unusual features in
the ionization continua, such as shape and core-excited resonances.

It nhas also been shown1

that the photoelectron spectrum can also
be a sensitive indication of perturbations of the Rydberg state.
Recently an extreme case of such a perturbation has becen studied
for the O2 moleculez. The E’Iu— state has been described as formed
by the very strongly avoided crossing of the B’Zu- valence state
(upper state of the Schumann-Runge bands) with the 3pn 3Zu-
Rydberg state. The three-photon resonant, four-photon ionization
spectrum of the v=0 level of this state shows that the peak
corresponding to the formation of the v=0 state of the ion is a
minor onc comprising =10% of the total intensity. The observed
photoelectron distribution was qualitatively explained Dy an
approximate method which considered the overlap integrals of the
v=0 vibrational wave function of the calculated adiabatic E state
potential curve and those of the jon, weighted by the fraction of
Rydberg character of the E state as a function of internuclear
distunce, since photoionization of the valence state is
configurationally forbidden. Recently Wang et alu'5 have obtained
both adiabatic and diabatic potential curves for the E and B states
by modelling the observed photoabsorption cross-section to high

precision using a coupled Schrodinger equation method6

and by
comparing calculated with measured isotope effects. They consider
their potential curves to be superior to previously calculated

ones which are similar but have significant differecnces. Using
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. . . U
~heir pow#sntial curves tney calculated  the photozlectron spectrum

2 and

in two ways. The first method, suggested by Miller et al
which Wang et al consider too crude an approximation, used the v=0
vibrational wave function of the uncoupled adiabatic E3Zu-
ootential. The second, which they consider far more appropriate,
used the Rydberg solution of the diabatic coupled <rhrodinger
equations in tr. overlap integral with 1ion vibrational wave
functions. Both methods reproduce the general trend of the
observed spectrum bhut the method of Wang et al produced somewhat

better overall agreement with experiment.

while the latter metnod would be appropriate for certain
experiments and represents an important step toward the proper
treatment of Liiec MPI experiments, it is suggested here that it
suffers from an approximation which makes it less valid than the

first method for the experimenrt in question. The method of Wang et

al depends on the assumption that the overall multiphoton
ionization process 1is coherent, i.e. that the amplitude for
production of a specific final state, f, of the lionization
continuum from the initial state i, is proportional to the usual7
fourth rank tensor element

L., <flule><¢lulk><klulj><jluli>

i K
with approériate photon permutations and energy denominators,
where ¢ is the function of Wang et al and all other states 1i,j,k,
and f are stationary states, Howzver, for experiments of the type
of Miller et al, all experimental evidenoe8 indicates that the
ionization step is not coherent, i.e. a real population of the
resonant, stationary state is created and then photoionizated over
a time determined by the photoionization cross section of the
resonant state and the laser intensity and describable by a rate
equation. In fact researchersg-11 have successfully wused rate
equations to model the competition between predissociation and
photoionization in order to determine relative predissociation
rates from MPI rotational line intensities. The narrow rotational

structurs observed in such experiments sttests to the long life of
LG




the resonant state in the laser field.

All this previous experience suggests that, for the experiment in
question, the non-stationary function of Wang et al should be
propagated in time and its formation, decay and photoionization
integrated over the laser pulse. This is not simple and is
complicated by the fact that the temporal and spatial structure of
the 1laser pulse is not well-controlled. However, some semi-
juanritative estimates can be made from the Rydberg-valence
interaction energy and the known properties of the v=0 level of
th:e E state, In the absorption spectrum of “02 the band is

diffuse'?,

while for '°0, the rotational structure'3 is well
resolved with line widths $ fcm™'. Thus the line widths for €0,
are very unlikely to be much broader than = 50m—1 corresponding to
a lifetime of 10'12 second. The non-stateionary state of Wang et
al will evolve in a time of the order of femtoseconds to
approximately the v=0 wave function of the adiabatic E state
potential and a small amplitude of dissociative part, the whole

then decaying according to the predissociation rate of about 1012

i -1

sec” ! (the photoionization rate is estimated to be = 3x1010 sec ,

laser pulse length =10 nsec, energy =1mJ, focal diameter =100y,

2y,

cross section =107 17 cm Subsequent photoionization of this state

corresponds to the method one.

Thus, while the method of Wang et al {s certainly appropriate for
modelling the absorption spectrum of 02 and could be appropriate
for processes proceeding coherently via this absorption such as
(off-resonant) Raman scattering, it is of questionable suitability
for the photoionization experiment of Miller et al unless extended
25  described above. However it may be possible to perform
experiments which might approach the conditions required by their
mathod. An experiment using a (few) femtosecond pulse, whose
Fourier transform spans the E-B interaction region would be
appropriate b very difficult at present., The effective

experiments]l time might be shortened by operating sufficiently far

.




cff resonance as in fluorescence emission spectroscopic

t but photoionization intensities are too weak under

experiments
such conditions with present laser powers, and greatly increased
laser powers could introduce other effects. Since the coherent
four~-photon process will have some finite amplitude, it would be
interesting to attempt an approach toward conditions mentionec
above (e.g. by use of pico- or sub pico-second lasers) in order to
assess its possible importance and elucidate this poorly-studied

aspez2t of resonant MPI.

Finaily, one may ask why, if the diabatic coupled method is less
appropriate than the adiabatic one, does it produce somewhat
better agreement with experimental data in this case. Several
reasons are plausible. The calculated photoelectron intensities are
very sensitive to the position and shape of the adiabatic E
potential curve and a small shift could change the order of
agreement, An R (internuclear distance) dependence of the
photoionization cross section, of the kind found in the ungerade
ionization continuum of gerade Rydberg states of 05, could have an
equivalent effect, While the presently relevant gerade continuum
has recelved little tneoretical attention, the c¢ilculations of
Guberman show that a number of autoionizing gerade valence states
exist in the relevant region although they do not give strengths
of interaction with Rydberg states or continua. Nevertheless it is
clear that very close quantitative agreement cannot be expected,
nor used reliably to assess the validity of calculational methods,

if these and other17

properties of the continua are ignored.
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Appendix 14

Detection and Identification of O Atoms formed

by Multiphoton Dissociation of Og_

Ground  state ('P,,, o) oOxygen atoms were detected as products of a
rultiphoton dissociation process initiated by a single color pulsed laser
veam in the wavelength region around 225-226 nm. The detection process
used a 2-photon resonant, 3-photon ionization process (with mass
resolution of product ions) illustrated by the following scheme

0(2p* *P) » » 0¥(2p®3p *P) » 0*(2p? “S) + e

A figure (Fig.1) showing the resonant MPI spectrum of the three fine
structure (spin-orbit) components of the P ground state of the oxXygen
atom is attached. The total fine structure splitting in the resonant
(upper) state is only 0.7 em™' and is unresolved in the figure. These
results illustrate the high sensitivity for detection of ground state

oxygen atoms attainable by MPI methods,

It is of some interest to determine the mechanism of formation of the
ground state oxygen atoms. The complete absence of molecular oxygen
ions in the same mass spectrum showed that they did not result from
photodissociation of molecular ions. Instead the process must initially
involve photodissociation of molecular oxygen by either one or two
photons (higher order processes can be neglected at the laser powers
used). The photons have about 5.5 eV energy compared to the

dissociation energy of 5.1 eV for moleculsr oxygen so that a single
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photon process is energetically possible. However the absorption cross
sertion in this region of the spectrum is extremely small (~ 4.6 x 107°*
em?) ity

and at our laser powers we estimate c¢rudely that the possibility

of a two-pnoton dissociation process must also be consicered.

snnoorder to distinguish between one- and two-photon processes, a
measurement was made of the kinetic energy of the 0% ion. While, in a
two-photon process, not all the excess en:rgy above the dissociaticn
limit is necessarily available as kinetic snergy since the undeteccted
oxygen atnm can be either 3P, 'D or 'S states, the four possible kinetic
snergins are sufficiently different to allow us to distinguish among the
varicus possibilities. The kinetic energy measurement was made by
measuring the time-of-flight of 0% ions as a function of the electric
field strength in the region of ion formation. The resulits, which are
somewhat tentative since the ion source configuration was far from
optimum for this purpese, suppurt a two-photon dissociation process

forming two ground state (°P) atoms.

Possible states which can be excited by two photon absorption from the
ground ’Zg' state nf 0, can be obtairnred from potential energy curves
~aleulated by Guberman?® and others. The 1 3”g state of Guberman's Fig.h
ar, less likely, the 1 ‘ng state of the same figure are the most

plausible cundidates.,

Extension of such measurements as thcoo give promise of exploring very

Pighly excited states, forbidden in one-photon ahsorption, whieh way play
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a part in other photophysical process in oxygen, such as e.g., the

dissociative recombination processes treated by Guberman and others.

MPI methods for detecting 'D and 'S oxygen atoms have been planned, but

not carried out due to termination of this contract.
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? This weak transition is ascribed by Huber and Herzberg, "Constants of
Diatomic Molecules" (Van Nostrand Reinhold, New York, 1979) to the
transition A °I,* « X *fg7 which is highly forbidden. See their
footnote e on p.496,
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