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Angular distributions for photodissociation of O 2 in the Herzberg
continuum
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Photodissociation in the Herzberg continuum of molecular oxygen has been studied at 236, 226 and
204 nm. Using ion-imaging and monitoring of O(3Pj ), j 50, 1, and 2 product-atom angular
distributions, the amount of parallel character of the transition was measured. In order to interpret
these data, analyses of the photoabsorption oscillator strengths and the parallel-perpendicular nature
of the Herzberg I, II and III bands, and extrapolation of these properties into the
Herzberg-continuum region have been performed. Our measured fine-structure-averaged angular
distributions are found to be consistent with this photoabsorption model. In addition, the dynamics
of the dissociation process is discussed, based on the O-atom fine-structure distributions. ©1998
American Institute of Physics.@S0021-9606~98!01317-8#
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I. INTRODUCTION

Photodissociative reactions of diatomic molecules yi
atoms that may either be in the ground state or in an exc
state. Not only the quantum state of each atom, but also
photofragment angular distribution is an important obse
able. In particular, the angular distribution can elucidate
amount of parallel (DL5DV50) and perpendicular (DL
5DV561) character in an electronic transition to a co
tinuum state, information that is unattainable using conv
tional spectroscopic techniques. In contrast to the cas
dipole-allowed transitions, where one matrix element do
nates the transition probability, the situation is different
the weaker forbidden transitions. Here, intensity is borrow
from allowed transitions through one or several second-o
pathways with either parallel or perpendicular character
the nature of the optical excitation is a mixture of paral
and perpendicular, then this will be reflected in the pho
fragment angular distribution. In this way, angular distrib
tions form a diagnostic tool which is of particular interest
the study of forbidden bound-free transitions. In this pap
we use this tool for investigation of the photodissociation
molecular oxygen in the Herzberg continuum.

The structure of molecular oxygen is complicated. Th
for example, is reflected in the fact that oxygen has
bound states below the first dissociation limit, all correlati
with ground-state O(3Pj ) product atoms: the ground sta
X 3Sg

2 and five metastable states, labelleda 1Dg , b 1Sg
1 ,

A 3Su
1 , c 1Su

2 , andA8 3Du . The Herzberg transitions ar
electric-dipole-forbidden transitions from the O2 X 3Sg

2

ground state to theA 3Su
1 , c 1Su

2 , andA8 3Du states.1–3 In
our earth’s atmosphere, the large abundance of oxygen c
pensates for the forbidden character of these transitions,
7220021-9606/98/108(17)/7229/15/$15.00
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their importance to aeronomy4 and atmospheric
photochemistry5 has made the Herzberg transitions the su
ject of considerable study. However, progress in characte
ing the spectroscopy of these states has been slow, due t
weakness of the Herzberg I (A 3Su

1←X 3Sg
2), Herzberg II

(c 1Su
2←X 3Sg

2), and Herzberg III (A8 3Du←X 3Sg
2)

transitions, and also because of the strong pressure de
dence of the Herzberg III transition intensity.6,7 Understand-
ing the spectroscopy requires detailed knowledge of the t
sition dipoles, to be discussed in detail in Sec. IV C. Briefl
the oscillator strength of the Herzberg transitions, includ
the corresponding dissociation continuum, is borrowed fr
dipole-allowed transitions through spin-orbit and orb
rotation interactions, leading to an overall transition of mix
parallel and perpendicular character.

It is principally the Herzberg continuum that is respo
sible for photodissociation of O2 in the 200–240 nm region
We have employed the technique of photofragment imag
to measure the angular distribution of the photofragment
236, 226 and 204 nm. Hence, we have been able to de
mine the parallel-perpendicular nature of the transition to
Herzberg continuum at these wavelengths, assuming a
recoil for the~instantaneous! dissociation process. An expec
tation of the photofragment angular distributions can be
tained from an understanding of the discrete spectroscop
the Herzberg systems. We have reviewed the current exp
mental and theoretical state of knowledge on the Herzb
transitions in O2, employing the best available molecular p
rameters in the construction of a model of the correspond
O2 photoabsorption, both for the bound and the continuo
parts of the spectrum. Calculated cross sections based on
model are then used to independently assess our angula
9 © 1998 American Institute of Physics
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tributions, testing the quality of our knowledge of th
Herzberg transitions.

In addition, we have investigated theadiabaticityof the
dissociation process. The dynamics of diatomic molecu
dissociation affects the relative population of the fin
structure states of the atomic photofragments. In particula
a molecular Born-Oppenheimer state has fine structure,
the case for theA and A8 states, then the dissociation d
namics determines how the population of the molecular fi
structure states redistributes itself over the fine-struc
states of the atoms.8 Photodissociation in the Herzberg co
tinuum produces only ground-state3Pj atoms, withj either
0, 1 or 2. Our experimental setup enables fine-structu
resolved measurements, not only of the rate at which O(3Pj )
atoms are formed, but also of the corresponding angular
tributions. Whether a molecule adiabatically follows a p
ticular potential-energy curve to dissociation, or underg
transitions to neighboring potentials correlating with diffe
ent atomic fine-structure limits, is related to the velocity w
which the dissociating molecule probes these potentials
this way, the dissociation dynamics affects the branching
tio over the atomic multiplet. In addition, as our results w
show, the angular distribution may also differ for each fin
structure component if the fine-structure levels of an exc
molecular state donot contribute equally to a particular fine
structure state of the atomic fragments.9

The molecular photodissociation dynamics can be ch
acterized by an adiabaticity parameter,10,11 j5DRDESO/\v
which compares the recoil timeDR/v, whereDR is a char-
acteristic recoil distance andv is the recoil velocity, with the
characteristic time for spin-orbit coupling\/DESO, where
DESO is the asymptotic spin-orbit coupling. Two limitin
cases, the sudden-recoil limit (j→0), and the adiabatic limit
(j→`), correspond to high and low recoil velocity, respe
tively.

In the sudden-recoil limit, the atomic multiplet distribu
tion is often close to a statistical one, i.e. proportional
2 j 11, the degeneracy of eachj state. However, for an exac
calculation of the fine-structure distribution in this limit,
frame transformation in which molecular eigenstates are
panded in atomic eigenfunctions is required.8

The other extreme is fully adiabatic behavior. In th
case, the projectionV on the internuclear axis, of the tota
angular momentum of the initial Born-Oppenheimer state
conserved during dissociation. At small internuclear sepa
tion R, the electrostatic forces between the nuclei are h
and L and S are coupled to the internuclear axis@Hund’s
case ~a!#. At greater R, the spin-orbit coupling become
dominant over the electronic term in the Hamiltonian, andL
andS couple to each other, butV remains a good quantum
number @Hund’s case ~c!#. An adiabatic correlation
diagram11 can be used to find the specific atomic fin
structure state that connects with the fine-structure leve
the molecule, this procedure amounting to ignoring any c
plings between the noncrossing case~c! potential-energy
curves.

Reality is often intermediate between the limiting cas
In this situation, the couplings between different electro
states must be known accurately. At shortR, spin-orbit cou-
loaded 20 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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plings may induce diabatic transitions between case~a! po-
tentials, while at largeR, where the spin-orbit term is diago
nalized in the case~c! description, nonintersecting case~c!
potentials may be coupled nonadiabatically by terms such
the radial kinetic-energy operator or theL -uncoupling
operator.10 Accurate knowledge of the potential-energ
curves and the strengths of the couplings must be avail
for calculation of the fine-structure branching in this gene
case.11

Several authors have studied fine-structure branchin
the dissociation of O2. Matsumi and Kawasaki,12 and Huang
and Gordon,11 using resonance-enhanced multi-photon io
ization ~REMPI!, and laser-induced fluorescence~LIF! de-
tection of the photofragments, respectively, performed fr
mentation experiments at 157 nm in the Schumann-Ru
~SR! continuum where they measured principally O(3Pj )
fragments withj 52. Photodissociation of O2 slightly above
threshold in the SR continuum has been shown to be f
adiabatic.13 Matsumi and Kawasaki12 have also measure
fine-structure branching ratios and Doppler profiles in the
bands at 193 nm, obtaining results intermediate between
sudden-recoil and adiabatic limits. Leahyet al.,14,15 using
fast-beam photofragment translational spectroscopy, h
measured correlated O(3Pj 1

)1O(3Pj 2
) predissociation

branching ratios for the SR bands, also obtaining results
consistent with both the diabatic and adiabatic limits.
nally, Tonokuraet al.16 reached similar conclusions follow
ing the measurement of fine-structure branching ratios at
nm in the Herzberg continuum. Their results will be di
cussed in more detail in Sec. V A.

II. EXPERIMENT

Ion-imaging techniques have proven to be very valua
in the study of photodissociative processes. The full thr
dimensional~3D! velocity distribution of recoiling fragments
can be projected in one single image, revealing the kine
energy release in the dissociation process and the ang
distribution of the photofragments. A detailed description
conventional ion imaging has been given in Ref. 17. A br
description of this technique and the experimental veloc
mapping setup that we used18 will be presented here.

As depicted schematically in Fig. 1, the vacuum syst
consists of differentially-pumped source and ionizati
chambers. A cold, pulsed molecular beam is obtained b
supersonic expansion of 10%–20% O2 in He as carrier gas a
a stagnation pressure of 2 bar. We estimate the tempera
of the beam to be between 5 and 10 K, implying an2
ground-state population predominantly in the lowest ro
tional level. Subsequently, the beam enters the ioniza
chamber through a 1 mmskimmer, passes a 1 mmhole in a
repeller electrode, and is crossed at right angles by
pulsed, counter-propagating focused laser beams, one b
for pumping the Herzberg continuum, the other for probi
the nascent oxygen atoms by means of REMPI. The ato
ions are formed in the presence of an electric field betw
the repeller and extractor plates~VE /VR'0.7; VR'4000 V!,
and accelerated along the axis of a time-of-flight~TOF! tube
towards the detector. These ions travel on expanding, ne
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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spherical surfaces, where the expansion speed of each
face is determined by the kinetic-energy release in the
responding dissociation channel.

The extractor plate is part of the ion-lens optics, cons
ing of an axially symmetric three-plate assembly, with
mm apertures in the extractor and ground electrodes,
forming an asymmetric immersion lens.18 This lens guides
all particles with the same initial velocity vector to the sam
point on the detector, irrespective of their initial distan
from the ion-lens axis, a technique calledvelocity-map
imaging.18,19 The result is a better spatial resolution than
conventional ion imaging where an extracting wire-grid ele
trode is used. A good resolution is crucial in the two-las
experiments described here, in order to discriminate betw
the different images on the detector.

In the TOF tube, a separation takes place between
of different masses. Simultaneously, the spherical distri
tion of fragment ions is flattened by the acceleration alo
the TOF axis in such a way that the spread in time-of-flig
Dt/t is very small (,1%). This enables mass-selective io
detection with an imaging detector@dual 40 mm micro-
channel-plates~MCP! with a P-20 phosphor screen# by the
application of a timed voltage pulse to the front MCP. T
two-dimensional images appearing on the phosphor sc
are recorded by a CCD camera equipped with a 25
focal-length objective lens. Images are integrated on
CCD chip over a preset number of laser pulses, and su
quent images are summed in a PC where further data an
sis is performed. By choosing the polarization vector of
dissociation laser parallel to the image plane, the so-ca
inverse Abel-transform method20 can be used to reconstru
the original 3D velocity distribution.

The Herzberg states,A, A8, andc, all correlate with the
O(3Pj 1

)1O(3Pj 2
) dissociation limit. Adiabatically, these

states connect to one fine-structure dissociation limit w
j 15 j 252. State-selective detection of the individu
O(2p 3Pj ) atoms is achieved by (211) REMPI through the
O(3p 3Pj 8) states, using wavelengths of 226.233, 226.0
and 225.656 nm forj 50, 1, and 2, respectively. For thi
purpose, a Nd:YAG-pumped dye laser~Spectra-Physics
DCR-2A and PDL-2!, operated with Coumarin-460 dye an

FIG. 1. Velocity-map imaging experimental setup: PV5pulsed valve;
SK51 mm skimmer; axially symmetric ion optics with Rm5repeller at
voltageVR , E5extractor at voltageVE and G5ground electrode; a 15 mm
spacing between the 0.2 mm thick plate electrodes is set using alum
oxide tubes; E and G contain 20 mm apertures such that equipotentia
faces are bent as indicated;^ denotes the laser focus, 108 mm downstre
from the nozzle; TOF tube, 36 cm from laser focus to detector; dual M
detector with PS5phosphor screen; CCD camera connected to the PC.
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frequency doubled in a BBO crystal, is used. In princip
about 0.5 mJ/5 ns UV power with vertical polarization~i.e.,
parallel to the detector face! can be focused onto the molecu
lar beam with a lens of 20 cm focal-length. In order to avo
space-charge problems, the UV power is attenuated to a
0.1 mJ/5 ns. In spite of the considerable laser fluence,
one-photon transition is far from saturated. At the peak of
Herzberg continuum, where the absorption cross sectio
7.35310224 cm2, we dissociate about 1 in 105 molecules.
Furthermore, the detection laser is scanned back and f
over the REMPI transition during image-data acquisitio
thus probing all velocity groups at equal sensitivity a
avoiding Doppler selection. Due to this scanning process,
fine-structure of the intermediate O(3p 3P) state is not re-
solved. The integrated two-photon line strengths are repo
to yield equal sensitivity for the initial fine-structur
states,21–24 which simplifies the study of branching betwee
these states. Since the O(3Pj ) REMPI wavelengths are als
suitable for excitation of O2 into the Herzberg continuum, we
performed, in the first instance, single-laser experiments.
ages obtained with the molecular beam triggered after
laser pulse have been used to subtract the contributio
thermalized ambient background gas.

In the two-laser experiments, a second Nd:YAG-pump
dye laser~Spectra-Physics GCR-11 and PDL-2! is used to
generate excitation wavelengths in the 203–240 nm ran
The ;204 nm light is produced by frequency doubling a
mixing in KDP and BBO crystals the output of the dye las
operated with Sulforhodamine 640 dye. Longer waveleng
are produced by direct frequency doubling in a BBO crys
using the third harmonic of the YAG laser to pump, e.
Coumarin-480 dye. In order to obtain vertical polarization
Berek’s compensator is used. Images from each laser s
rately are subtracted from the images with both las
present, yielding the double-resonant signal free from ba
ground. The UV power was balanced and the focal points
the two laser beams were overlapped carefully in order
maximize the double-resonant signal while maintaining a
mogeneous detection efficiency.

III. RESULTS

In Fig. 2~a!, a raw O1 ion image from O(3P2) REMPI at
225.66 nm is shown. Three rings appear: the inner ring c
responding to one-photon excitation into the Herzberg c
tinuum, leading to O(3P2)1O(3Pj ); the middle ring and the
outer ring due to two-photon excitation, leading to O(3P2)
1O(1D2) ~second dissociation limit! and O(3P2)1O(3Pj ),
respectively. The reconstructed image, Fig. 2~b!, represents a
vertical section through the 3D distribution, and is obtain
by an inverse Abel transform of the raw image. From th
image, the 3D speed distribution in Fig. 3~a! is obtained by
integrating over all angles, the results of which represent
branching between the three dissociation channels.
middle ring is strongest at this wavelength. In contrast,
the j 50 andj 51 images, the two-photon transition is muc
weaker. The reason for this rapid intensity variation w
wavelength is the presence of quasi-bound Rydberg state
the two-photon energy.19 At 225.66 nm, the 3dd 3P0,1(v52!
state25 enhances the two-photon excitation strength. T
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state subsequently predissociates to the O(3P2)1O(1D2)
dissociation limit. This channel shows a distinct quadrupo
angular distribution, indicative of S→S→P
or S→P→P two-photon transitions, for which the angu
lar distribution is described byI (u)}11bP2(cosu)
1gP4(cosu), whereP2 andP4 represent second- and fourth
order Legendre polynomials, respectively,b and g are an-
isotropy parameters, andu is the angle between the reco
and laser-polarization directions. The outer ring is mu
weaker: apparently predissociation to the lower dissocia
limit is weak.26

The inner ring corresponds to one-photon excitation i
the Herzberg continuum, leading to O(3P2)1O(3Pj ) at 0.38
eV kinetic-energy release. The angular distribution of th
fragments is described by the simplerI (u)}11bP2(cosu)
distribution. This ring is quite weak due to the electri
dipole-forbidden nature of the Herzberg transitions. T
character of the Herzberg transition will be discussed in
tail in Sec. IV. Here, the statement that the transition borro
oscillator strength by mixing with other electronic states b
in the ground and in the excited state will suffice. The tra
sition strength comprises two types of contribution, para
and perpendicular, for whichb52 and 21, respectively.

FIG. 2. ~a! Raw O(3P2) ion image obtained using a single laser at a wa
length near 225.67 nm. During 10 000 laser shots of data acquisition
wavelength was scanned back and forth~by ;0.03 nm! across the REMPI
transition. Laser polarization was vertical in the image, and the laser pr
gation direction was from left to right. The center dot corresponds to the2

1

signal at zero kinetic energy which is strong enough to be seen outsid
the mass-selective gate for O1. ~b! Corresponding reconstructed image o
tained by means of an inverse Abel transform. The 3D velocity distribu
is recovered by revolution of the image around the vertical symmetry a
loaded 20 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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Since the dissociation process takes place on a time s
much shorter than molecular rotation, the fragment angu
anisotropy reflects directly the relative importance of the p
allel and perpendicular contributions to the transition. In F
3~b!, the angular distribution measured for the inner ring
displayed, together with a fitted curve~dashed line! yielding
an anisotropy parameterb50.56 for this experimental run
and indicative curves~dotted lines! for b50.46 and 0.66.

In this study, we concentrate solely on the Herzberg c
tinuum, i.e. the one-photon signal. In Table I, the experim
tally determinedb parameters for the inner ring are liste
The tabulated values, classified according to three main
citation wavelengths~204, 226 and 236 nm!, represent aver-
age fittedb parameters determined over a series of imag
The uncertainty listed is, therefore, the standard devia
from the mean value, which is found to dominate the unc
tainty resulting from the fitting procedure for a single imag
The two main sources of error are believed to be associ
with the method for background subtraction, and long- a
short-term variations in detector sensitivity.

-
he

a-

of

n
s.

FIG. 3. Speed and angular distributions obtained from Fig. 2~b!. ~a! The
speed distribution shows three channels, the outer two fast channels c
sponding to two-photon excitations, and the slow channel to one-ph
excitation into the Herzberg continuum. Dissociation limits and kinetic
ergy releases for each channel are indicated.~b! The angular distribution of
the inner ring for this experimental run~solid curve! is fitted with b50.56
~dashed curve!, indicative of the dominance of parallel character in t
excitation process. For comparison, curves withb50.46 and 0.66 are
shown also.

TABLE I. Measured anisotropy parametersb, characterizing the angula
distribution of photofragments formed in the excitation of the O2 Herzberg
continuum at 204, 226, and 236 nm. Atoms are formed in three fi
structure states O(3Pj ), with j 50,1 and 2.

l
nm j 50

b
j 51 j 52

204 0.3560.15 0.5360.15 0.8760.10
226 0.3760.24 0.6160.09 0.6460.08
236 - 0.3160.15 -
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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For the one-laser experiment, the dissociation branch
ratio over the different fine-structure states could only
determined at 226 nm. The measuredj 50:1:2 branching
ratio, normalized to thej 50 intensity, is 1.0060.26:3.33
60.43:9.0060.70. These results have been corrected for
effects of the slight variation in laser intensity at the thr
detection wavelengths forj 50, 1, and 2. Reliable branchin
ratios could not be obtained for the two-laser experime
~dissociation at 204 nm and 236 nm, detection at 226 n!
because the signal in these cases relies on the precise ov
of the focal points of the two lasers: the three detect
wavelengths lie relatively far apart, and when scanning
detection-laser wavelength, dispersive elements in the op
chain cause a significant displacement in the detection-l
focal position. Relative measurements, such as the ang
distribution for differentj states at 204 nm and 236 nm, a
not affected by this overlap problem. For 236 nm measu
ments, however, the strong signal created by the 226
detection laser, especially forj 52, overwhelms the weak
dissociation-laser signal. Only thej 51 signal from 236 nm
dissociation could be extracted reliably from the detecti
laser background.

IV. THE HERZBERG TRANSITIONS

A. Previous work

As explained in Sec. I, the angular distribution of t
photofragments is closely related to the nature of
Herzberg continuum. Understanding the Herzberg c
tinuum requires a thorough knowledge of the Herzb
bands. The discrete spectroscopy of the Herzberg states
been reviewed comprehensively by Slanger and Cosb27

with the review based principally on the high-resolutio
multiple-reflection cell spectrographic measurements p
formed at the Herzberg Institute of Astrophysic
Ottawa.28–31Since the time of the Slanger and Cosby revie
significant new high-resolution measurements have been
formed by Yoshinoet al.32 and Slangeret al.,33 using ultra-
violet Fourier-transform spectroscopy~UVFTS! and cavity
ring-down spectroscopy~CRDS!, respectively. At present
the spectroscopic constants of theA state are known, from
absorption spectra, forv50 – 12, those of thec state for
v51 – 18, and those of theA8 state forv52 – 13.34 Knowl-
edge of the absolute and relative intensities of the Herzb
transitions is far from complete however, most of the ea
estimates being based on spectrographic data. Rece
Huestis et al.35 published experimental oscillator strengt
for the ~8,0!–~11,0! bands of theA←X system, the~13,0!,
~14,0! and ~16,0! bands of thec←X system, and the~9,0!
and ~11,0! bands of theA8←X system, based on CRDS i
absorption, while Yoshinoet al.36 have measured oscillato
strengths for the~4,0!–~11,0! bands of theA←X system us-
ing UVFTS. At present, it appears that the most relia
Herzberg I oscillator strengths are those of Yoshinoet al.36

However, thec←X andA8←X oscillator strengths of Hues
tis et al.35 must be regarded as the only reasonable d
available on the strengths of the Herzberg II and III tran
tions, despite the acknowledged shortcomings of CRDS
providing quantitative intensity information.33,35 From their
loaded 20 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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measured discrete oscillator strengths, Huestiset al.35 con-
cluded that the Herzberg I transition provides;86% of the
total strength of the Herzberg transitions.37 To obtain an im-
proved estimate of this quantity, it would be useful to ha
measurements of the Herzberg II and III oscillator streng
of the same resolution and quality as the Herzberg I UVF
measurements of Yoshinoet al.36

Measurement of the small Herzberg continuum cro
section is a difficult problem, complicated not only by th
necessity to extrapolate to zero pressure in order to rem
the effects of collisional enhancement of the Herzberg
cross-section component, but also by corrections for the
fects of Rayleigh scattering and the predissociation l
wings of the nearby SR bands,B 3Su

2←X 3Sg
2 . Direct,

long-path measurements of stratospheric transmittances d
onstrated that most of the early measurements had over
mated the cross section by as much as 40%.38–40 This in-
spired new laboratory measurements41–43 that confirmed a
lower cross section. However, there remained differences
tween the results obtained in different laboratories from m
surements taken with different path lengths and pressu
and it was not until the work of Yoshinoet al.44 that these
differences were reconciled, resulting in a single recomm
dation for the Herzberg continuum cross section and its p
sure dependence. In this work, we will adopt this recomm
dation for the absolute value of the Herzberg continu
cross section, but we note that more recent measurement45,46

have resulted in even lower values. Thus, the question of
magnitude of the Herzberg continuum cross section can
be regarded as settled completely.

There have been severalab initio studies of the
potential-energy curves of theA, c, andA8 states, with the
recent multireference configuration-interaction with Dav
son correction (MRCI1Q) calculations of Partridgeet al.47

expected to be the most accurate. These calculations s
differences in equilibrium internuclear distanceRe from ex-
periment of only;0.005 Å, compared, for example, wit
first-order configuration-interaction calculations48 which dif-
fer by ;0.04 Å. As far as we are aware, there has been o
oneab initio study, by Klotz and Peyerimhoff,49 on the ori-
gin of the electronic transition moments for the Herzbe
transitions, a challenging theoretical problem. Their stu
restricted to a consideration of transition-strength gain fr
dipole-allowed transitions through spin-orbit interaction
predicted that theA←X transition is of mixed parallel-
perpendicular nature~principally parallel!, while the c←X
and A8←X transitions are entirely perpendicular. Furth
studies of rotational line strengths in the Herzberg I~Refs.
35, 50! and III ~Refs. 31, 35! bands have shown that orbi
rotation couplings produce detectableJ-dependent contribu-
tions to the corresponding effective electronic transition m
ments. Herzberg continuum cross sections51 and transition
probabilities52 calculated using the electronic transition m
ments of Klotz and Peyerimhoff,49 are in only fair agreemen
with the best experimental results.50

In summary, it is clear that, despite a considerable bo
of work on the Herzberg transitions, many uncertainties
main. In particular, it has not been possible, using traditio
spectroscopic techniques, to make direct measuremen
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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the branching ratios into the Herzberg I, II and III transitio
which constitute the Herzberg continuum.

B. Potential-energy curves

Our adopted potential-energy curves for theA, A8, and
c states are shown in Fig. 4.53 In principle, calculations of
cross sections for the Herzberg continua, which peak ne
eV, require significant extrapolations of the inner limbs
the potential-energy curves, away from the more accura
known bound-state potentials which have a common dis
ciation limit at ;5.2 eV. However, it is possible both t
extrapolate reliably using information fromab initio calcula-
tions, and, in some cases, to reduce the reliance on extr
lation by incorporating knowledge gained from experimen
information on the Rydberg-valence interactions involvi
the Herzberg states.

Our adopted potential-energy curve for theA state was
obtained using the following three-stage procedure. Firs
Rydberg-Klein-Rees~RKR! ~Ref. 54! potential-energy curve
was constructed using the spectroscopic constants of Bo
et al.,28 for v50 – 3, and Yoshinoet al.,32 for v54 – 11.55

Second, the RKR potential curve was extended smoothly
yond the experimentally known region. The outer-limb e
tension was of the form56

V~R!5V`2Cn /Rn, ~1!

where the exponentn and the coefficientCn were deter-
mined using the last two RKR turning points and the kno
dissociation limit V`55.2141 eV(5De).

57 Due to irregu-
larities in the upper part of the inner limb of the RKR pote
tial, it was necessary to begin the inner-limb extension
;5.05 eV (v'9). An initial extension was achieved by u
ing the MRCI1Q potential of Partridgeet al.,47 shifted and
scaled to agree as closely as possible with the RKR pote
below v59. The quality of this MRCI1Q potential can be
judged by noting that it was necessary only to increase
well depth by 2.7%, shift to smallerR by 3.2 mÅ, and ex-
pand aboutRe by 1.2% in order to obtain agreement with th
RKR potential. Third, the inner limb of theA-state potential-

FIG. 4. Potential-energy curves of O2 relevant to a discussion of th
Herzberg transitions.
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energy curve in the 9–10 eV region was defined by using
results of a recent study of predissociation in t
3ppu D 3Su

1 Rydberg state,58 represented qualitatively by
the 3p-complex potential-energy curve in Fig. 4. Briefly, th
D state is predissociatedindirectly by the B 3Su

2 state, the
upper state of the SR system, anddirectly by the A state.
Banerjee58 has performed a coupled-channel Schro¨dinger-
equation analysis of the observed predissociation pat
which allows the repulsive limb of theA state, in the cross-
ing region with theD state, to be defined quite accurate
and the Rydberg-valence coupling between theA and D
states of3Su

1 symmetry to be estimated. His results imp
that theA-state potential-energy curve crosses that of theD
state atR51.091 Å, with a slope of236 eV/Å, and that the
Rydberg-valence coupling is 0.052 eV (.400 cm21), much
weaker than in the well-known case of the isoconfiguratio
3Su

2 states.59 Finally, the MRCI1Q A-state inner limb, ad-
justed as described above, was extrapolated smoothly a
;7 eV in order to be consistent with these new results
was found that a short spline extrapolation above 8.9 eV
the modifiedab initio inner limb was almost identical in the
9–10 eV region with the potential determined independen
from the D-state predissociation studies,58 leading to confi-
dence in our inner-limb extension procedures.

Our adopted potential-energy curves for theA8 and c
states were determined by a similar procedure. However,
these states there is insufficient experimental informat
available on the predissociation of Rydberg states of l
symmetry to enable their inner limbs to be defined mo
accurately in the 9–10 eV region than is possible using
ab initio modification techniques described above.60 In the
case of theA8 state, an RKR potential-energy curve w
constructed using the spectroscopic constants of Coquart
Ramsay30 for v52 – 11.55 The inner-limb extension abov
;5.05 eV (v'10) was obtained by modifying the
MRCI1Q A8-state potential of Partridgeet al.47 to optimize
agreement with the RKR potential. This required an incre
in well depth of 2.5%, a shift to smallerR by 4.1 mÅ, and an
expansion aboutRe by 0.8%. In the case of thec state, an
RKR potential-energy curve was constructed using the sp
troscopic constants of Ramsay29 for v51 – 16.55 The inner-
limb extension above;5.05 eV (v'15) was obtained by
modifying the MRCI1Q c-state potential of Partridge
et al.47 to optimize agreement with the RKR potential. Th
required an increase in well depth of 1.0%, a shift to sma
R by 7.8 mÅ, and a contraction aboutRe by 1.2%.

C. Transition moments

The electric-dipole-forbidden Herzberg transitions bo
row intensity from electric-dipole-allowed transitions of th
oxygen molecule through, in principle, spin-orbit and orb
rotation interactions with both the upper and lower states
each transition. In the general case, the effective electro
transition moment is of mixed parallel-perpendicular char
ter, with a number of independent moments necessary
reproduce the observed rotational line strengths for the
crete transitions.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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1. The A 3Su
1
—X 3Sg

2 transition

In a general treatment of3S6←3S7 transitions,61 thir-
teen independent moments have been found to govern
rotational line strengths. In the particular case of t
Herzberg I transition,A 3Su

1←X 3Sg
2 , however, England

et al.50 found that only three independent moments were n
essary to explain the measured line strengths.36 In their first-
order picture, the dominant sources ofA←X transition
strength are the allowed transitionsB 3Su

2←X 3Sg
2 ~paral-

lel! andA 3Su
1←1 3Pg ~perpendicular!, through the interac-

tions B 3Su
22A 3Su

1 @spin-orbit ~SO!# and 13Pg2X 3Sg
2

@spin-orbit and orbit-rotation~OR!#, respectively. This con-
clusion is essentially in agreement with theab initio study of
Klotz and Peyerimhoff,49 which, however, considered onl
spin-orbit interactions, and also with the study of Hues
et al.35 The independent momentsZ, Y andM arise through
the following interactions:62

X 3Sg,61
2 →

i

B 3Su,61
2 ↔

SO
A 3Su,61

1 :Z15Z, ~2!

X 3Sg,01
2 ↔

SO
1 3Pg,01→

'

A 3Su,61
1 :Y15Y, ~3!

X 3Sg,61
2 ↔

SO
1 3Pg,61→

'

A 3Su,02
1 :Y05Y, ~4!

X 3Sg,01
2 ↔

OR
1 3Pg,61→

'

A 3Su,02
1 :M05M , ~5!

X 3Sg,61
2 ↔

OR
1 3Pg,62→

'

A 3Su,61
1 :M15M , ~6!

X 3Sg,61
2 ↔

OR
1 3Pg,0→

'

A 3Su,61
1 :M15M . ~7!

The sum rule for theA←X rotational line strengths, arisin
from all fine-structure levels of the lower state with a giv
J, implies that the square of the effective electronic tran
tion moment is given by63

Meff
2 5@Z214Y224M216M2J~J11!#/g9, ~8!

whereg953 is the lower-state degeneracy, and the perp
dicular:parallel ratio by

M'
2 /M i

25@4Y224M216M2J~J11!#/Z2. ~9!

The transition moments in Eqs.~2!–~9! depend parametri
cally onR, and some depend onJ through the orbit-rotation
coupling. For simplicity, these dependences have been
pressed in the transition-moment notation.

The effective electronic transition moment may be
lated to a~J-dependent! band oscillator strength by the rela
tion

f v8v953.03831026nu^xv8~R!uMeff~R!uxv9~R!&u2, ~10!

wherexv9(R) andxv8(R) are the normalized discrete radi
wavefunctions of the initial and final states, respectively,n is
the transition energy, in cm21, andMeff(R) is in a.u. In the
R-centroid approximation,64 Eq. ~10! becomes

f v8v953.03831026nqv8v9Meff
2 ~Rv8v9!, ~11!

where

qv8v95u^xv8~R!uxv9~R!&u2 ~12!

is the Franck-Condon factor, and
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Rv8v95^xv8~R!uRuxv9~R!&/^xv8~R!uxv9~R!& ~13!

is theR-centroid. Equation~11! can be used to determine a
effective electronic transition moment, including an effecti
R dependence through association ofR with the R-centroid,
using experimental band oscillator strengths. As has b
noted recently by Huestis,65 there are complexities associate
with degeneracy factors involved in the definition of tran
tion moments for forbidden transitions. The effective ele
tronic transition momentsMeff , defined by Eq.~11! and used
self-consistently throughout this work, implicitly contain d
generacy factors which may make their definition incons
tent with some other studies.

We have used the values ofZ (;1.031023 a.u.), Y
(;0.431023 a.u.) andM (;0.0131023 a.u.) determined
by Englandet al.50 from the measured absorption line osc
lator strengths of Yoshinoet al.36 for the ~4,0!–~10,0! A
←X bands, with small adjustments to allow for the slight
different Franck-Condon factors arising from ourA-state
potential-energy curve, in Eq.~8! to determine values for the
A←X effective electronic transition momentMeff . The de-
pendence ofMeff on the rotational quantum number leads
a temperature dependence of the corresponding absor
oscillator strength. We have evaluatedMeff for J511, appro-
priate for calculation of room-temperature cross sections,
for J50, appropriate for interpretation of the measureme
of this work taken at rotational temperatures in the ran
5–10 K. Our results forJ51 are shown in Fig. 5~solid
circles!, plotted as a function of theA←X R-centroid.66

When going from room temperature to the 5–10 K regio
Meff

2 , and thus the absorption cross section, decrease
approximately 5% due to theJ-dependent orbit-rotation cou
pling.

Calculations of theA←X photoabsorption continuum
require a significant extrapolation of the effective transiti
moment towards smaller internuclear distances. Unfo
nately, the precision with which such an extrapolation can

FIG. 5. Effective room-temperature electronic transition moments for
Herzberg transitions of O2. Solid circles: values determined from measur
ments of the discrete oscillator strengths;A←X ~4,0!–~10,0! ~Ref. 50!;
A8←X ~9,0!, ~11,0! and c←X ~13,0!, ~14,0! and ~16,0! ~Ref. 35!. Solid
lines: adopted effective transition moments.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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performed, in the absence of other information, is limite
Therefore, as described further in Sec. IV D, we have cho
to use experimental information on the Herzberg continu
to further refine the transition-moment extrapolation. O
adopted effectiveA←X electronic transition moments ar
given by

Meff~R!5~2.15421.112R!31023 a.u., ~14!

for T5300 K, and

Meff~R!5~2.10421.087R!31023 a.u., ~15!

for T55210 K, whereR is in Å. Our room-temperature
transition moment, shown in Fig. 5~solid line!, is seen to
pass through the error bars of the points determined from
discrete spectrum and increases asR decreases, as predicte
by theab initio calculations.49 The rate of increase, howeve
is significantly greater than that calculated by Klotz a
Peyerimhoff49 and also exceeds that implied from a line
least-squares fit to the discrete points.

2. The A 8 3Du—X 3Sg
2 transition

In a general treatment of3D←3S transitions, Kerr and
Watson31 showed that the rotational line strengths are g
erned by six independent transition moments: one para
(Z1) and two perpendicular~Y1 and Y2! moments arising
from spin-orbit perturbation, and three further perpendicu
moments~M1 , M2 and M3! arising from low-order orbit-
rotation couplings. In the specific case of theA8 3Du

←X 3Sg
2 transition of O2, it was found necessary to reta

all six moments in order to explain satisfactorily the o
served rotational line strengths,67 implying some departure
from the first-order relationsZ150, Y15Y25Y, M15M2

5M35M . Thus, the intensity-borrowing mechanism for t
A8←X transition may involve perturbations by electron
states of many different symmetries and multiplicities. Fir
order transition moments for theA8←X system arise through
interactions involving only3P intermediaries and, in this
approximation, values forY have been calculatedab initio
by Klotz and Peyerimhoff.49

It follows from the sum rule for theA8←X rotational
line strengths31 that the square of the effective electron
transition moment is given by

Meff
2 }Z1

21Y1
21Y2

212J~J11!@M1
21M2

2#

12~J21!~J12!M3
2 . ~16!

Relative values for the individual transition moments d
duced from limited experimental measurements on the~4,0!,
~7,0! and ~9,0! A8←X bands31,35 imply that the first term in
Eq. ~16! is negligible and that theA8←X transition is;99%
perpendicular. Hereafter, we will ignore the small para
component of this transition.

We determined effective electronic transition mome
for the ~9,0! and ~11,0! A8←X bands, shown in Fig. 5 plot
ted as a function ofR-centroid, using the CRDS oscillato
strengths of Huestiset al.35 in Eq. ~11!, together with appro-
priate Franck-Condon factors calculated using ourA8-state
potential-energy curve, and transition energies given by
quart and Ramsay.30 Neither the precision nor the quantity o
loaded 20 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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experimental data enables any conclusion to be made reg
ing the R-dependence of the transition moment. Therefo
we assume the relative slope implied by theab initio calcu-
lations of Klotz and Peyerimhoff49 and adopt a linear repre
sentation of theA8←X effective electronic transition mo
ment, appropriate for room-temperature calculations,

Meff~R!5~3.46121.285R!31024 a.u., ~17!

shown in Fig. 5. Our adopted moment for low-temperatu
calculations was obtained by using the individual~7,0!-band
transition moments determined by Kerr and Watson31 in Eq.
~16!, in order to obtain the ratio between effective mome
for J50 andJ511, and then applying that ratio to the room
temperature moment of Eq.~17!. Our adopted effective elec
tronic transition moment forT55 – 10 K is given by

M eff~R!5~2.79321.037R!31024 a.u. ~18!

3. The c 1Su
2
—X 3Sg

2 transition

Watson68 has given general treatments of1S6←3S6

and 1S6←3S7 transitions, showing that only a single pe
pendicular transition moment is necessary for a descrip
of rotational line strengths in1S2←3S2 transitions. Thus,
the Herzberg II system,c 1Su

2←X 3Sg
2, is free of the com-

plexities involved in the triplet-triplet Herzberg I and III sys
tems. To the first order, only spin-orbit interactions contr
ute to thec←X transition moment which is derived from
mechanisms of the type:49

X 3Sg,61
2 →

'
3Pu,02↔

SO
c 1Su,02

2 , ~19!

and

X 3Sg,61
2 ↔

SO
1Pg,61→

'

c 1Su,02
2 . ~20!

We have determined effective electronic transition m
ments for the~13,0!, ~14,0! and~16,0! c←X bands, shown in
Fig. 5 plotted as a function ofR-centroid, using the CRDS
oscillator strengths of Huestiset al.35 in Eq. ~11!, together
with appropriate Franck-Condon factors calculated using
c-state potential-energy curve, and transition energies gi
by Ramsay.29 Our adopted effective electronic transition m
ment for thec←X system, shown in Fig. 5, is consiste
with these discrete points, but has a relative slope defined
the ab initio calculations of Klotz and Peyerimhoff:49

Meff~R!5~2.95821.620R!31024 a.u. ~21!

Under the approximation whereby any second-order con
butions arising fromJ-dependent orbit-rotation interaction
have been neglected, Eq.~21! is assumed to apply at an
temperature.

D. Cross sections

The cross section for photoabsorption from an initial d
crete state into a continuum state is given by

s~n,J!51.225

310223nu^xnJ8 ~R!uMeff~R!uxvJ9 ~R!&u2 cm2,

~22!
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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wheren is the transition energy in cm21, xvJ9 (R) is the nor-
malized discrete radial wavefunction of the initial sta
xnJ8 (R) is the energy-normalized radial wavefunction of t
final continuum state, andMeff(R) is the effective electronic
transition moment, with the transition matrix element eva
ated in a.u. Temperature-dependent cross sections ma
constructed by calculating cross sections for absorption f
all relevant vibrational and rotational levels of the initi
state using Eq.~22!, weighting with appropriate normalize
Boltzmann factors, and adding. Since it is not possible
resolve the structure of the final continuum state, it is unn
essary to consider the true branch structure of the trans
and the singleQ-branch model implied by Eq.~22! provides
an accurate description of the cross section.

Room-temperature photoabsorption cross sections
the Herzberg I, II, III and total continua calculated using th
method are shown in Fig. 6~solid lines!. The wavefunctions
xvJ9 (R) were determined by numerical integration of the
dial Schrödinger equation for an RKRX-state potential,
while the A-, A8 and c-state potentials described in Se
IV B were employed to determine the upper-state wave fu
tions xnJ8 (R). As has been described in Sec. IV C, whe
necessary, effective electronic transition momentsMeff(R)
evaluated forJ511 were used in calculations of the room
temperature cross sections.

The calculated Herzberg I (A←X) cross section reache
a maximum of 6.89310224 cm2 at 50 380 cm21 ~198 nm!,
while the Herzberg III (A8←X) cross section reaches 0.3
310224 cm2 at 49 080 cm21 ~204 nm! and the Herzberg II
(c←X) cross section 0.10310224 cm2 at 47 680 cm21 ~210
nm!. The calculated total Herzberg continuum cross sec
reaches a maximum of 7.35310224 cm2 at 50 280 cm21

~199 nm! and is in good agreement with the recommend

FIG. 6. Room-temperature photoabsorption cross sections in the Herz
continuum region. Solid lines: calculated cross sections for the Herzbe
II, III and total Herzberg continua. Open circles: recommended experime
Herzberg continuum cross section~Ref. 44!. Closed symbols: effective cros
sections determined for discrete spectra from experimental oscilla
strength densities;A←X ~4,0!–~10,0! ~circles!, oscillator strengths from
Ref. 50;A8←X ~9,0!, ~11,0! ~squares! andc←X ~13,0!, ~14,0! and ~16,0!
~diamonds!, oscillator strengths from Ref. 35;B←X (v8,0) ~inverted tri-
angles, dashed line! and (v8, 1) ~triangles, long-dashed line!, oscillator
strengths from Refs. 73 and 74.
loaded 20 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
,

-
be

m

o
c-
n

or

-

-

n

d

room-temperature Herzberg continuum cross section
Yoshinoet al.44 ~open circles!, reflecting our chosen metho
of optimizing theA←X transition-moment slope. The calcu
lated total Herzberg continuum cross section is dominated
the Herzberg I contribution which rises from 86%
41 300 cm21 ~242 nm! to 94% at the cross-section max
mum. These Herzberg I cross-section branching ratios
ceed those implied by the calculations of Saxon a
Slanger,51 which were based principally on theab initio tran-
sition moments of Klotz and Peyerimhoff,49 but, of course,
are consistent with the discrete-spectrum branching r
measured by Huestiset al.,35 on which our adopted transition
moments were partially based.

Also shown in Fig. 6~solid circles, squares and dia
monds! are effective cross sections related to the experim
tal oscillator-strength densities for the discrete Herzb
transitions, determined using the approximate expression

s~nv80!51.77310212f v80 /~nv811,02nv821,0!, ~23!

where room-temperature band oscillator strengthsf v80 were
taken from Englandet al.50 (A←X) and Huestiset al.35

~A8←X and c←X!, and the effective band wavenumbe
nv80 were taken as theQQ2(11) wavenumbers of Yoshino
et al.32 (A←X), the QQ2(11) wavenumbers of Coquart an
Ramsay30 (A8←X), and the average of theR(11) andP(11)
wavenumbers of Ramsay29 (c←X). The calculated indi-
vidual Herzberg continuum cross sections are seen to be
sistent with the corresponding discrete oscillator-stren
densities, reflecting our choice of effective transition m
ments in Sec. IV C, and as required by the principle of co
tinuity of oscillator-strength density across a dissociat
limit.69 It is worth noting that the experimental~total!
Herzberg continuum cross section of Yoshinoet al.44 in the
dissociation-limit region exceeds a rough extrapolation of
Herzberg Is(nv80), within experimental uncertainty, by a
amount consistent with the measured Herzberg I cro
section branching ratio of 86%, demonstrating the the mu
compatibility of our chosen experimental data sets for
discrete and continuous spectra. On the other hand,
Herzberg-continuum cross section measured recently
Amoruso et al.46 is ;13% lower than the extrapolated
Herzberg Is(nv80), demonstrating the incompatibility be
tween these data46 and the best available measurements
the discrete spectrum.36 This incompatibility has also bee
commented upon by Yoshinoet al.70

Because of the relatively small contributions of th
Herzberg II and III transitions to the total Herzberg co
tinuum, it is theR-dependence of the effective Herzberg
transition moment that has the most important influence
the intensity and shape of the continuum. If, for example,
effectiveA←X transition moment is chosen to have a slo
smaller than that of our adopted moment, consistent wit
linear least-squares fit to the discrete points in Fig. 5, th
the calculated Herzberg I cross section is found to hav
maximum of only 5.69310224 cm2, some 17% smaller than
our calculated maximum A←X cross section, at
50 000 cm21 ~200 nm!, some 2 nm longward of our calcu
lated peak. This difference in cross section is larger than
experimental uncertainty in the Herzberg-continuum cr
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section. Therefore, we have determined the final modeA
←X transition-moment slope by requiring that the calcula
cross section reproduce approximately the measured c
section in Fig. 6, as foreshadowed in Sec. IV C. Small
maining differences in shape between the calculated
measured Herzberg cross sections suggest that the trA
←X transition moment may be increasing asR decreases
faster than linearly. The relative slope of our adopte
A←X transition moment exceeds that calculatedab initio by
Klotz and Peyerimhoff49 for the principal parallel componen
by a factor of;3. The explanation for this discrepancy r
mains unclear.71

The room-temperature Herzberg continuum is ov
lapped by the discrete SR (B←X) transitions forn.47 720
cm21, inhibiting direct observation of the maximum in th
continuum cross section. Therefore, we have considered
the long-wavelength continuum measurements44 in con-
structing our absorption model.72 Effective cross sections re
lated to the room-temperature oscillator-strength dens
due to the (v8,0) and (v8,1) SR bands, shown in Fig.
~solid triangles!, emphasize the rapid onset of the strong
SR absorption. These cross sections were determined u
Eq. ~23! with the measured SR oscillator strengths of Lew
et al.73 and Cheunget al.,74 and the band wavenumbers
Yoshino et al.75 and Cheunget al.,74 with extrapolation
where necessary. Coquartet al.76 have measured O2 photo-
absorption cross sections forT5219 K in the range 196.4–
205 nm, correcting for the effects of SR-band predissocia
line wings in obtaining estimates for the Herzberg continu
intensity. Their results imply a cross-section maximum
8.1– 8.2310224 cm2 in the range 198–199 nm. While thi
cross section is significantly larger than our calculated va
the position of the maximum is in good agreement. Ot
Herzberg photoabsorption models44,76,77predict cross-section
maxima to occur in the range 196–205 nm.

E. Transition character

Having constructed a Herzberg photoabsorption mo
consistent with the best available experimental informati
we are now in a position to consider the predictions of t
model regarding the nature of the Herzberg continuum.
we have shown in Sec. IV C, the only significant source
parallel character is the Herzberg I transition. Under this
cumstance, the relative perpendicular character of the t
Herzberg photoabsorption is given by

r tot
' 5r AX

' r AX1~12r AX!, ~24!

where r AX
' 5M'

2 /(M'
2 1M i

2) is the perpendicular branchin
ratio of the Herzberg I transition andr AX5sAX /s tot is the
Herzberg I cross-section branching ratio.

In Fig. 7, we show, plotted as a function of theA←X
R-centroid, values ofr AX

' ~open circles! obtained using Eq.
~9! with J50 and theA←X transition moments of Englan
et al.,50 obtained from the~4,0!–~10,0! band oscillator-
strength measurements of Yoshinoet al.36 It can be seen in
Fig. 7 that there is a tendency forr AX

' to increase asR de-
creases. Our adopted value for this branching ratio in
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continuum has been obtained by extrapolation towa
shorterR. A weighted least-squares fit to the discrete poi
yields the result:

r AX
' ~R!51.15920.593R, ~25!

shown as a solid line in Fig. 7.
Also shown in Fig. 7 are values of the Herzberg I cros

section branching ratior AX , plotted as a function of theA
←X R-centroid. The discrete points~open squares! were de-
termined using the experimental oscillator-strength densit
described in Sec. IV D, for two regions where there we
near coincidences of Herzberg I, II and III transitions. T
results, 0.8460.06 near 40 740 cm21, and 0.8360.06 near
40 070 cm21, are consistent with the estimate due to Hues
et al.35 of 0.86. Our model value for the Herzberg I cros
section branching ratio~dashed line! was determined follow-
ing calculation of the Herzberg I, II and III continuum cros
sections, using Eq.~22! with J50 and rotationless forms o
the effective transition moments described in Sec. IV C. T
model r AX , as required, is consistent with values in the d
crete spectrum78 and rises slowly asR decreases. Finally
values ofr tot

' for the Herzberg continuum have been det
mined using our adopted values ofr AX

' and r AX in Eq. ~24!,
and are shown as a long-dashed line in Fig. 7.

V. ANGULAR DISTRIBUTIONS

A. Fine-structure-averaged angular distributions

The photofragment angular distributions measured
this work atT55 – 10 K enable the mixture of perpendicul

FIG. 7. Low-temperature branching ratios for the Herzberg systems. O
circles: discrete perpendicular branching ratiosr AX

' for the A←X ~4,0!–
~10,0! bands, determined from the transition moments of Ref. 50. Solid l
adopted perpendicular branching ratio for theA←X system. Open squares
discreteA←X cross-section branching ratiosr AX determined from experi-
mental~room-temperature! Herzberg I, II and III oscillator strengths~Refs.
35 and 50!. Dashed line: calculatedA←X cross-section branching ratio fo
the continuum. Long-dashed line: calculated perpendicular branching r
r tot

' for the total Herzberg continuum. Solid circles: experimental perp
dicular branching ratios for the total Herzberg continuum, determined fr
the current photodissociation angular-distribution measurements. S
squares:A←X cross-section branching ratios for the continuum, inferr
from the current experimental perpendicular branching ratios and
adopted perpendicular branching ratio for theA←X system.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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and parallel character of the total Herzberg continuum to
established independently. It is, therefore, of great interes
compare values ofr tot

' obtained from these angular distribu
tions with the low-temperature model predictions.

Using the fine-structure-specific angular-distribution p
rameters measured at 226 nm~Table I!, and weighting ac-
cording to the corresponding dissociation branching ratio
fine-structure-averagedb50.61260.065 is obtained, imply-
ing that the dissociation has 54% parallel character (b52)
and 46% perpendicular character (b521), i.e. r tot

' 50.463
60.022. The corresponding model value is 0.457, in exc
lent agreement. Since we were unable to determine the
sociation branching ratios at 204 nm, we have estimated
fine-structure-averagedb at this wavelength by assumin
that the fine-structure branching is statistical, justifying t
assumption by noting that the recoil kinetic energy is 343
the spin-orbit splitting. This is not necessarily a good cri
rion for the suddenness of the dissociation. Huanget al.11

mention a case where the recoil energy is 28 times the s
orbit splitting, while the dissociation takes place nearly fu
adiabatically. What matters is the characteristic recoil tim
which must be short compared with the electronic preces
time. In general, this is the case when the recoil energ
large compared with the spin-orbit splitting. From the es
mated fine-structure-averagedb50.69960.077, it follows
that r tot

' 50.43460.026 at 204 nm, in reasonable agreem
with our model value of 0.463. At 236 nm, we were on
able to measure the O(3P1) angular distribution, from which
no conclusion can be drawn. Our experimentalr tot

' ~solid
circles! are shown in Fig. 7, compared with the model v
ues, plotted at their respectiveA←X R-centroid values of
1.259 Å ~226 nm! and 1.223 Å~204 nm!. Tonokuraet al.16

have measured the anisotropy parameter for photodisso
tion of O2 at 226 nm, together with corresponding fin
structure dissociation branching ratios. Their branching
tios (3P0 :3P1 :3P251.0:3.8:9.6) are in good agreement wi
ours, but their anisotropy parameter,b51.660.4, differs
considerably. Such a high value would imply that t
Herzberg continuum has only;13% perpendicular charac
ter, well below the known perpendicular branching ratio
the Herzberg I transition alone~Fig. 7!. At present, we see no
reason to doubt the transition character determined from
tailed high-resolution optical rotational line-strength me
surements in the discreteA←X spectrum. Furthermore, w
note that the anisotropy parameter obtained by Tonok
et al.16 was a result of a fitting process to Doppler profiles
photofragments. However, these profiles did not take i
account any two-photon contributions, which should yield
broadband background. Our measurements clearly show
strong contribution, and for a reliable determination of t
anisotropy parameter this contribution should not be
glected.

It is clear from Fig. 7 that the experimentalr tot
' are in

reasonable agreement with our adoptedr AX
' , implying that

the Herzberg continuum is dominated by the Herzberg I tr
sition. Herzberg I cross-section branching ratiosr AX of
0.9160.07 ~226 nm! and 1.0060.10 ~204 nm!, inferred us-
ing Eq. ~24! with the experimentalr tot

' and the modelr AX
' ,

are shown in Fig. 7~solid squares!. Within the estimated
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uncertainty, which takes into account both the experimen
uncertainty and the uncertainty involved in the modelr AX

'

extrapolation, the ‘‘experimental’’r AX are seen to be in good
agreement with the model predictions.

B. Fine-structure-resolved angular distributions

Thus far, we have looked at fine-structure-averagedb
parameters at 226 nm and 204 nm to obtain information
the nature of the optical transition, ignoring the fact that ea
of the O~3P0 , 3P1 , and3P2! photofragments has a differen
angular distribution, a surprising observation in itself. In th
section, we focus on the individual angular distributions
the three fine-structure states. It is difficult to perform acc
rate calculations on these fine-structure-specific angular
tributions without an intimate knowledge of the angula
momentum couplings of the electronic states participating
the transition, and the small- and large-R interactions with
other states. Therefore, we restrict our considerations to
approximate cases defined by a case~a! description of the
molecular states and adiabatic and sudden-recoil limits
the molecular dissociation dynamics. The approximatio
used make us very cautious in the drawing of conclusio
However, some qualitative features, such as the fi
structure dependence of theb-parameter in the case of
statistical dissociation, are of interest.

1. Adiabatic limit

From the adiabatic correlation diagram for O(3P)
1O(3P),11 it can be seen that all three Herzberg states c
relate with O(3P2)1O(3P2). However, in our experimen
we observe the formation of3P1 and 3P0 fragments at 226
and 204 nm, and3P1 fragments at 236 nm. The presence
these fragments is inconsistent with adiabatic dissocia
behavior.

It is easy to predict the angular distribution of the3P2

fragments measured at 226 and 204 nm in the case of a
batic dissociation. Because only one type of fragment
formed in the adiabatic limit, the angular distribution reflec
directly the mixed parallel-perpendicular character of the
tal Herzberg photoabsorption. Using the model of Sec. IV
to describe the relative perpendicular character of
Herzberg system, we find for the adiabatic anisotropy para
eter:

b j 525r tot
' b'1~12r tot

' !b i5223r tot
' , ~26!

whereb'521 andb i52. From Sec. V A, the modelr tot
'

50.457 at 226 nm and 0.463 at 204 nm. Thus, Eq.~26! gives
b j 5250.629 and 0.611, respectively, at these two wa
lengths. From Table I, the measuredb j 52 at 226 nm is
0.6460.08, in good agreement with the calculated adiaba
value. This agreement for O(3P2) reflects the fact that this is
the dominant fragmentation product, which contains the
erage information on the character of the dissociation. In
sense, theb-parameter for a dominant dissociation produ
provides a less sensitive indicator of the dissociation adia
ticity than do the dissociation branching ratios. Our expe
mental results show that the minority channels may h
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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very different anisotropy parameters. The fact that the m
suredb-parameter for O(3P2) at 204 nm (0.8760.10) dif-
fers significantly from the adiabatic value suggests that
distribution over the fine-structure levels at this wavelen
may not be as dominated by thej 52 fragments.

2. Sudden-recoil limit

The other extreme is the prompt dissociation proce
described in the sudden-recoil limit. It is commonplace fo
prompt dissociation to result in a statistical, or nearly sta
tical distribution over fine-structure states. The distributi
can deviate from statistical when the optical excitations
the different molecular fine-structure states are of differ
strengths. Another exception occurs when it is not poss
to conserveV in the dissociation process.8 This is, for ex-
ample, the case for theA8 3Du(V53) state that cannot con
nect to3P0 in any combination of O(3P0)1O(3Pj ). As has
been shown by Singeret al.,8 the sudden-recoil case can b
treated by writing the molecular wave function as a line
combination of atomic eigenstates, the suddenness of the
sociation ‘‘freezing’’ the angular part of the wavefunctio
The squared coefficients in this expansion determine
branching over the different atomic fine-structure states
Table II, derived from Table IV of Ref. 12, we collect thes
branching ratios for theA state. The coefficientsp andq in
Table II refer to so-called eigenvector coefficients^lalbuL&,
factors that are used in the expansion of the orbital part of
molecular eigenstateuL&5u0& into the orbital part of the
atomic eigenstatesu l a51,la& andu l b51,lb&: p5^00u0& and
q5^6171u0&. Calculation of these factors is not a straigh
forward process and we will use them as adjustable par
eters, under the one restriction that the sum of each row
Table II is unity. This reflects that forV50, 1, and21, the
dissociation probability is unity (12p124q[1).

From an orientational point of view, two classes of mo
ecules are formed following excitation of O2 in the Herzberg
continuum. On the one hand, molecules excited by perp
dicular transitions into the electronic statesc 1Su

2, A8 3Du ,
and A 3Su,02

1 dissociate with an anisotropy parameterb
5b'. On the other hand, molecules are excited into
A 3Su,61

1 states through transitions of mixed parallel a
perpendicular character: we will label the corresponding
isotropy parameterbAX

61 . The dissociation process influenc
the relative contributions of these two classes of molecule
specific atomic fine-structure states. Thus, in general,
O~3P0 , 3P1 , and 3P2! photofragments may have differen
angular distributions. These fine-structure-specific ang
distributions, as well as the fine-structure dissociat

TABLE II. Fine-structure branching ratios of O(3Pj ), j 50,1,2, calculated
in the sudden-recoil approximation, following excitation of O2 into the
A 3Su,V(V502,V561) sub-states. The parametersp andq are clarified
in the text.

j 50 j 51 j 52

V502 4q 6p16q 6p114q
V561 2p12q 3p19q 7p113q
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branching ratios, can be used, in principle, to obtain inf
mation on the correlation between molecular and atom
fine-structure levels, helping to elucidate the~a!diabaticity of
the dissociation process.

In Figs. 8~a!–8~c!, we depict schematically the branch
ing for the sudden-recoil dissociation forming3P2 , 3P1 , and
3P0 atomic fragments. TheV-states of the molecule ar
shown only for theA state, because for this state differe
V-states are associated with differentb parameters. The
cross-section branching ratios for theA(V502) and

A(V561! states have been labelledr AX
02

and r AX
61 , respec-

tively. Furthermore, we make the approximation that theA8-

FIG. 8. Schematic diagrams used for the calculation of fine-structu
resolved angular distributions of O(3Pj ) atoms resulting from photodisso
ciation of O2 in the Herzberg continuum. Indicated are the three Herzb
statesA, A8, and c. Transitions from the O2 ground state to theA(V
502), A8, andc states are perpendicular (b521), while the transition to
the A(V561) state is of mixed parallel-perpendicular character. In pan
~a!, ~b!, and ~c!, the sudden-recoil limit is depicted where3P2 @panel~a!#,
3P1 @panel~b!#, and3P0 @panel~c!# atoms are formed. For clarity,~a!, ~b!,
and~c! have not been incorporated into one scheme. The symbols are c
fied in the text.
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andc-state dissociations result in a statistical fine-structure distribution. Using the notation adopted in Figs. 8~a!–8~c!, we find:

b j 505
r AXr AX

02

~4q!b'1r AXr AX
61~2p12q!bAX

611 1
9 ~12r AX!b'

r AXr AX
02

~4q!1r AXr AX
61~2p12q!1 1

9 ~12r AX!
, ~27!

b j 515
r AXr AX

02

~6p16q!b'1r AXr AX
61~3p19q!bAX

611 3
9 ~12r AX!b'

r AXr AX
02

~6p16q!1r AXr AX
61~3p19q!1 3

9 ~12r AX!
, ~28!

and

b j 525
r AXr AX

02

~6p114q!b'1r AXr AX
61~7p113q!bAX

611 5
9 ~12r AX!b'

r AXr AX
02

~6p114q!1r AXr AX
61~7p113q!1 5

9 ~12r AX!
. ~29!

In order to calculate these sudden-recoil anisotropy parameters, it is convenient to expressr AX
02

and r AX
61bAX

61 in terms of
r AX

' , for which a model has been constructed in Sec. IV E. Using Table I of Ref. 61, it is possible to deduce sum ru
transitions into theA(V502) and A(V561) states. Under the approximation that rotational terms contributing to
transition moment may be neglected at the low beam temperature appropriate to this work, and neglectingM compared with

Z andY, it follows that r AX
02

52Y2/(Z214Y2)512r AX
61 . From this relation, Eq.~9! and the definition ofr AX

' in Sec. IV E, it

follows thatr AX
02

5 1
2r AX

' 512r AX
61 . Using alternative expressions for the averageb parameter for theA←X transition, we can

write r AX
02

b'1r AX
61bAX

615r AX
' b'1(12r AX

' )b i5223r AX
' . Thus,r AX

61bAX
615(22 5

2r AX
' ). Accordingly, Eqs.~27!–~29! become:

b j 505
2 1

2 r AXr AX
' ~4q!1r AX~22 5

2 r AX
' !~2p12q!2 1

9 ~12r AX!

1
2 r AXr AX

' ~4q!1r AX~12 1
2 r AX

' !~2p12q!1 1
9 ~12r AX!

, ~30!

b j 515
2 1

2 r AXr AX
' ~6p16q!1r AX~22 5

2 r AX
' !~3p19q!2 3

9 ~12r AX!

1
2 r AXr AX

' ~6p16q!1r AX~12 1
2 r AX

' !~3p19q!1 3
9 ~12r AX!

, ~31!

and

b j 525
2 1

2 r AXr AX
' ~6p114q!1r AX~22 5

2 r AX
' !~7p113q!2 5

9 ~12r AX!

1
2 r AXr AX

' ~6p114q!1r AX~12 1
2 r AX

' !~7p113q!1 5
9 ~12r AX!

. ~32!
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Model values for bothr AX andr AX
' can be obtained from

Fig. 7 for the different wavelengths of interest. We have u
a least-squares procedure, varying the parametersp andq, to
optimize our calculatedb-parameters with respect to th
measured values. Best agreement was obtained witp
50.009 andq50.037. We have listed the calculatedb-
parameters in Table III. Comparing these values with
measured values in Table I, we can draw the following c
clusions. At 236 nm, the dissociation is not of the sudd
recoil type, since the calculatedb j 5150.70 is well outside
the error bar of the measured value of 0.3160.15. In addi-
tion, at 204 nm the dissociation is still not sudden: althou
the calculatedb j 50 value falls within the error bar of the
measured value, the measured and calculatedb j 51 andb j 52

values are in disagreement. One would expect more par
character in the observed3P1 angular distribution and more
perpendicular character for3P2 , in the case of a sudden
recoil dissociation. Hence it is likely that, also in the inte
mediate regime at 226 nm, the dissociation will not be in
sudden-recoil limit. Therefore, the relatively good agreem
between the calculated and measured anisotropy param
loaded 20 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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at this wavelength must be considered as fortuitous. T
conclusion also follows, of course, from the nonstatisti
fine-structure distribution observed at this wavelength.

We have also calculated the dissociation branching
tios over the fine-structure states, using the denominator
Eqs.~30!–~32!. Normalizing the distribution on thej 50 in-
tensity, we find the values collected in Table IV, which a
not completely statistical. As remarked previously, sudd
recoil distributions can deviate from a perfect statistical d
tribution. However, these small calculated deviations can

TABLE III. Anisotropy parameters, calculated in the sudden-recoil appro
mation, characterizing the angular distribution of O(3Pj ), j 50,1,2, photo-
fragments formed in the excitation of the O2 Herzberg continuum.

l
nm j 50

b
j 51 j 52

204 0.42 0.70 0.58
226 0.43 0.71 0.61
236 0.43 0.70 0.60
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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explain the large deviation from a statistical distributi
measured at 226 nm.

The approximate limiting calculations performed abo
suggest that the dissociation process is neither sudden
fully adiabatic at the three wavelengths under considerat
Not being in one of the limiting cases, we need accur
knowledge of the couplings between different electro
states at short and large internuclear separation for the
culation of theb-parameters. From an adiabatic correlati
diagram,11 it can be seen which electronic states may
involved in the formation ofj ,2 atoms. Theungeradeelec-
tronic states producing O(3P0) are the5Pu and 23Su

1 states,
while O(3P1) can be formed by interaction with1,3,5Pu ,
5Su

2, and 23Su
1 states. Theoretical calculations of the co

pling strengths between the Herzberg states and these s
are outside the scope of this paper.

VI. CONCLUSIONS

Velocity-map imaging has been used to meas
O(3Pj ), j 50, 1, and 2 atom angular distributions arisin
from the photodissociation of molecular oxygen at seve
wavelengths across the Herzberg continuum. The high im
quality afforded by the method has allowed the determi
tion of anisotropy parameters, even for such extremely w
transitions as those involved in the Herzberg systems. Pr
ous attempts to obtain this information using Doppler-pro
measurements16 were possibly obstructed by strong signa
arising from two-photon absorption, which have been o
served clearly in this study.

We have described how photofragment angular distri
tions are related to the composition of the electronic tran
tion moment between the ground state and the Herzberg
tinuum of molecular oxygen. The different componen
contributing to the oscillator strength of the Herzberg co
tinuum can be established by extrapolation of parame
measured for the three Herzberg band systems. To this a
review of the current state of knowledge of these transiti
has been given. This procedure has allowed for an indep
dent determination of the relative Herzberg I cross sec
contribution (r AX) to the total Herzberg continuum. Th
Herzberg I contribution is clearly dominant, rising from 86
at 242 nm to 94% at 198 nm. These numbers exceed
values implied byab initio calculations.49 Using the same
parameters as in the cross-section calculations, the m
parallel-perpendicular nature of the Herzberg I continu
(r AX

' ) and the total Herzberg continuum (r tot
' ) have been de-

termined.

TABLE IV. Branching ratios, calculated in the sudden-recoil approxim
tion, for O(3Pj ), j 50,1,2, formation, following excitation of O2 in the
Herzberg continuum.

l
nm j 50

Branching ratio
j 51 j 52

204 1.0 3.3 5.3
226 1.0 3.3 5.3
236 1.0 3.3 5.3
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The value ofr tot
' is crucial, because this quantity can b

related to our photofragment angular-distribution measu
ments, providing an independent check on the quality of
Herzberg photoabsorption model. Comparing the modelr tot

'

with two values obtained from our angular-distribution me
surements, we found excellent agreement at 226 nm,
reasonable agreement at 204 nm. The slight discrepanc
204 nm does not bring the photoabsorption model into d
pute since we were unable to measure the branching ove
fine-structure states of the atomic fragments at that wa
length and assumed the branching to be statistical, to g
better model. Thus, these two measurements add to the c
ibility of the model developed to explain the oscillato
strength of the Herzberg continuum, but it is clear that m
accurate angular-distribution measurements would allow
development of a significantly improved model.

Finally, we have attempted to understand the implic
tions of our fine-structure-resolved angular distributions. U
ing our knowledge of the character the Herzberg transitio
and making various approximations and assumptions on
~a!diabaticity of the dissociation process, we have found t
neither a fully adiabatic, nor a sudden-dissociation proc
could explain our observations at 204 and 226 nm. App
ently, the diabatic couplings at shortR and the nonadiabatic
coupling between the adiabatic potential-energy curves
largeR play essential roles in the dissociation process, inh
iting both fully adiabatic and fully diabatic behavior. Th
measured anisotropy parameters will serve as a stringen
for any theoretical calculations that might be performed
the O2 potential-energy curves and couplings in this regio
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