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Photodissociation of singlet oxygen in
the UV region
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Wim J. van der Zande and David H. Parker*

Photodissociation of singlet oxygen, O2 a1Dg, by ultraviolet radiation in the region from 200 to 240 nm

has been investigated using velocity map imaging of the atomic oxygen photofragments. Singlet oxygen

molecules are generated in a pulsed discharge and studied by one-laser photodissociation and

detection around 226 nm as well as two color photodissociation at various wavelengths in the range

from 200 to 240 nm. A simple model of the discharge on and off signal indicates efficient conversion of

O2 X3Sg
�(v = 0) in the parent beam to O2 a1Dg(v = 0–2). Minute amounts of highly excited vibrational

levels of ground state O2 X3Sg
�(v > 0) are detected but no evidence is found for production of the O2

b1Sg
+ state. Over the decreasing wavelength range 240–200 nm the a1Dg-state signal relative to the

X3Sg
�(v = 0) signal decreases strongly. Around 226 nm the a1Dg(v = 0–2) states averaged branching ratio

percentage for O(3Pj j = 2 : 1 : 0) is found to be 56 : 36 : 8 (�5%), respectively. The anisotropy parameter

for photodissociation of a1Dg(v = 0–2) averages to b = 1.3 � 0.4. The a1Dg(v = 0) photodissociation cross

section is found to 3–10 times stronger than theory predicts. Furthermore, the photodissociation image

shows a strong parallel character, (i.e., transition moment parallel to the molecular axis) while theory

predicts a predominantly negative character.

1. Introduction

Molecular oxygen, O2, is a fascinating1 molecule involved in many
processes occurring on Earth. Oxygen plays a pivotal role in the
maintenance of life, and in mechanisms by which life is extin-
guished and materials destroyed. Many of these mechanisms are
photochemically driven, making photodissociation, the first step
in photochemistry, an interesting topic for fundamental research.2

Over the past years our group has investigated several aspects of
the photodissociation of isolated O2 and weakly bound O2–X van
der Waals complexes in the ultraviolet region.2–11 In this study we
investigate photodissociation of the O2 a(1Dg) state; also known as
‘singlet oxygen’, in the 200–240 nm region. Singlet oxygen has a
rich chemistry12 which is distinctly different from that of the
ground triplet state of O2 X3Sg

�. While to our knowledge there
is no previous publication of an experimental study of the photo-
dissociation of this state, an upper limit of 8 � 10�22 cm2 for
the absorption cross section of O2 a(1Dg) in the wavelength
region 190–290 nm has been estimated.13 Comparisons of our
data with previous predictions by theory14,15 reveal a number of
unexpected aspects of singlet oxygen photodissociation.

A large amount of knowledge about the spectroscopic
and dynamic properties of O2 is encoded in the potential

energy curves16,17 of the lowest valence electronic states shown
in Fig. 1. O2 is unique in its high number of electronic states
and absence of allowed electric dipole transitions between the
lower states.18 The only electric dipole allowed triplet–triplet
absorption of the O2 molecule near the first dissociation limit is

Fig. 1 Potential energy curves for the lower electronic valence states of
molecular oxygen;16,17 the curves most relevant for this study are high-
lighted in color. The inset shows the energy positions (from ref. 18) of states
populated in the discharge beam. States with energy spacing comparable to
the experimental resolution are indicated by their energy in eV.
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the Schumann–Runge (SR) B3Su
�’ X3Sg

� transition. All other
transitions from the ground state O2 and from the two low-lying
metastable spin singlet electronic states, a1Dg and b1Sg

+, are very
weak. For all three lowest energy states, the very small absorption
strength is due to spin–orbit and spin–rotation coupling with
optically allowed electronic states lying at higher energy.14,18,19

The next three upper excited electronic states: c1Su
�, A03Du,

and A3Su
+ are known collectively as the Herzberg states. Excita-

tion to the Herzberg states, labeled as Herzberg I, II, and III for
the A3Su

+, c1Su
�, and A03Du ’ X3Sg

� are symmetry-forbidden
transitions, respectively, appear as very weak, narrow-line bands
between 270 and 242 nm. Franck–Condon overlap determines the
spectral envelope of the transitions from the lower X3Sg

� a1Dg and
b1Sg

+ states of O2. As can be seen in Fig. 1, these states overlap
optimally with the unbound parts of the potential energy curves of
the Herzberg states (and the higher-lying B3Su

� state) causing the
absorption curve to peak in the broad, weak continuum between
242 and B180 nm, where the Herzberg I continuum provides the
largest cross section from the electronic ground state, rising from
86% at 242 nm to 94% at 198 nm.4

The X3Sg
�’ a1Dg, b1Sg

+ transitions with radiative lifetimes
of 4000 s and 150 s respectively,18 are electric-dipole forbidden
both by orbital and spin selection rules, but can be induced by
magnetic-dipole and electric quadrupole interactions. The very
weak magnetic dipole oscillator strength of the b1Sg

+ ’ X3Sg
�

transition around 762 nm is due to admixture of ground state
character via spin–orbit coupling to the b state.20 The lowest
excited metastable a1Dg state is remarkably long-lived, also under
collision conditions, and the density of oxygen molecules excited in
this state is usually determined spectroscopically by X3Sg

�’ a1Dg

emission at 1268 nm. Rotational structure of these bands clearly
reveals a magnetic dipole nature of both transitions.18

The transitions starting from the a1Dg state to the c1Su
�, A03Du,

and A3Su
+ Herzberg states are collectively labeled in this paper as the

Chamberlain bands; this name applies specifically to the A03Du ’

a1Dg component. These bands provide a means for probing singlet
oxygen and for understanding singlet oxygen photodynamics on
exposure to ultraviolet light. Photoexcitation of singlet oxygen in the
UV, the topic of this investigation, is predicted to be of similar
strength as photodissociation by UV excitation from the ground
state. In view of the low steady-state singlet oxygen concentrations it
may thus be unimportant in atmospheric photochemistry.

In our laboratory we study bound-free transitions of O2

by detecting the speed and angle distribution of the photofragment
O(3Pj=2,1,0) or O(1Dj=2) atoms using the velocity map imaging
technique,21 where j indicates the atomic fine-structure state
using the notation of ref. 4. The quantum state of a product atom
is determined by state-selective detection of one atom; from the
measured speed distribution, momentum conservation yields
the quantum state of the other atom. The angular distribution of
the photodissociation products is described by:

IðyÞ ¼ 1

4p
1þ bP2ðcos yÞ½ � (1)

where P2(x) = 1
2(3x2 � 1) is the 2nd order Legendre polynomial, y

is the recoil angle with respect to the polarization axis and b is

the anisotropy parameter (�1 o b o 2). I(y) is an important
observable that can elucidate the amount of parallel (b = 2) and
perpendicular (b = �1) character in an electronic transition to a
continuum state, information that is unattainable using conven-
tional spectroscopic techniques.4 In contrast to the case of electric
dipole-allowed transitions, where one matrix element dominates
the transition probability, the situation is different for the weaker
forbidden transitions of O2. Here, intensity is borrowed from
allowed transitions through one or several second-order pathways
with either parallel or perpendicular character. If the nature of
the optical excitation is a mixture of parallel and perpendicular
pathways, then this will be reflected in the photofragment angular
distribution. In this way, angular distributions form a diagnostic
tool which is of particular interest in the study of forbidden
bound-free transitions. We show here that the product O-atom
speed and angular distributions yields unique information on
the UV photodissociation of singlet oxygen.

The Herzberg continuum arising from excitation of O2

X3Sg
�(v = 0) begins at 242.3 nm, the lowest energy dissociation

threshold D0 = 5.117 eV, which corresponds to production of
two O(3P2) atoms; the Schumann Runge continuum (SRC)
begins at the second threshold, D1, at 7.084 eV (175.0 nm),
corresponding to O(3P2) + O(1D) products. An overview of the
UV absorption spectrum of the X3Sg

�, a1Dg and b1Sg
+ states of

O2, which are all essentially due to continuum absorption, is
summarized in Fig. 2.

Fig. 2 Compilation of the dissociation continua of O2 in the UV-VUV
region, using the color coding of Fig. 1. The Schumann–Runge continuum,
with maximum value of 7 � 10�17 cm2 is adapted from ref. 22, the Parker
continuum spectrum with maximum of 1 � 10�21 cm2, was calculated
by Lewis et al. in ref. 23, the Herzberg I continuum with maximum of
9 � 10�24 cm2, measured by Buijsse et al. in ref. 4 and is similar to the
spectrum shown here, which was calculated by Saxon and Slanger
in ref. 15 and scaled to the experimental absorption spectrum. The
Chamberlain continua shown here are also taken from ref. 15.
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The bound–bound Schumann–Runge bands begin with the
(0,0) band at 202.5 nm with a narrow-line peak intensity
of B4.5 � 10�23 cm2 (ref. 24) and continue to 175 nm where
they connect smoothly in intensity with the SRC, which peaks
at B142 nm with a very large cross section of B1.7 � 10�17 cm2.
The B3Su

� ’ b1Sg
+ transition, first reported experimentally by

our group5 and analyzed by Lewis et al.23 and Minaev,25 is almost
200 times weaker than the SRC and peaks at B185 nm with a
predicted cross section of B1 � 10�21 cm2. Our group4 has also
reported the experimental deconvolution of the three Herzberg
continua; the dominant A(3Su

+) ’ X(3Sg
�) transition, shown

in Fig. 2, has a measured maximum cross section of B9 �
10�24 cm2 around 200 nm. The Chamberlain continuum has
only been studied by theory. Klotz and Peyerimhoff14 reported
ab initio calculations of forbidden transitions in O2. Their data
was used by Saxon and Slanger15 to predict the absorption
continua from the X3Sg

�, a1Dg and b1Sg
+ states. The calculations

of ref. 15 for the A3Su
+ ’ X3Sg

� Herzberg I continuum and the
A3Su

+ ’ a1Dg and A03Du ’ a1Dg Chamberlain continua are
shown to scale in Fig. 2. The A03Du ’ a1Dg transition, first
described experimentally in atmospheric emission studies by
Chamberlain,26 is predicted to be strongest, with a cross section
of B4 � 10�24 cm2 peaking at 250 nm. Calculations of the
A3Su

+ ’ b1Sg
+, and A03Du ’ b1Sg

+ transitions by Saxon and
Slanger15 yield continua that are even weaker and peak at longer
wavelengths (>300 nm) than those explored in this study.
Transitions to the upper c1Su

� state are weak for both the
Herzberg and Chamberlain continua and are not mentioned
furthermore in this paper.

The goal of the present experiment is to study photodisso-
ciation of the a1Dg state of singlet oxygen. Our previous study5

of photodissociation of the b1Sg
+ state used O2 (X3Sg

�, v = 0, J)
rotational state selective photoexcitation of the X3Sg

� state by
intense narrow-band pulsed radiation at B762 nm to the b1Sg

+

state, followed by both photodissociation and detection of the
O(3P) and O(1D) fragments at 226 and 205 nm, respectively.
Direct excitation of the a1Dg state was not possible due to the
extremely low cross section for the a1Dg ’ X3Sg

� transition.
Instead, we use a pulsed electric discharge taking place during
the supersonic expansion of pure O2 or a 10% O2–Ar mixture
from a pulsed nozzle to produce excited oxygen molecules.
Electric discharges have been used as a means of generating
metastable molecules in the gas phase since the early 1900s.
Such discharges produce rotationally cold but vibrationally hot
beams of NO, OH,28 SH,29 S2,30 etc. In the case of molecular
oxygen, in addition to formation of vibrationally hot O2

X3Sg
�(v > 0) a discharge can produce the low-lying metastable

a1Dg and b1Sg
+ states. Houston and coworkers,31 for example,

have studied Rydberg transitions from the a1Dg and b1Sg
+

states of O2 formed in a low pressure microwave discharge.
From Fig. 2, however, it is predicted that in the 240–200 nm
region we study, the Herzberg I continuum is stronger than
the a1Dg state continua. It should thus be difficult to study
photo-dissociation of the a1Dg state in a molecular beam
containing mainly X3Sg

�(v = 0) with only small concentrations
of singlet oxygen.

2. Experimental setup

The experiments were carried out using a velocity map imaging
(VMI) setup which has been described in detail elsewhere.6 Pure
oxygen gas or a 10% O2–Ar mixture at a backing pressure of 2 bar
was led to a pulsed valve (Jordan Company) with a 0.4 mm
diameter orifice. Just in front of the nozzle, 2.5 mm downstream,
a stainless steel ring (4 mm diameter, 0.5 mm thickness) was
mounted. During each passing gas pulse, the voltage on the ring
was pulsed to a negative high voltage (�1000 V DC) which
produced an electrical discharge between the ring and the
grounded nozzle for the production of singlet oxygen. The
production efficiency was dependent on the width, delay and
voltage of the pulse applied to the ring. It was observed that a
negative voltage pulse (�1000 V, 10 ms) was more suitable for a
high production of singlet oxygen as compared to a positive
voltage (which is more suitable for the production of, e.g., S2,
from a discharge in H2S30). A 0.5 mm diameter tungsten filament
was placed adjacent to the discharge ring and a current of around
1.5 A was passed through it. This glowing filament emitted
electrons that helped to initiate and stabilize the discharge.
This electrode had to be cleaned after a period of a few weeks
to restore the discharge efficiency.

The discharge measurably depletes the population of ground
state O2 in the beam showing a 2 to 5-fold decrease in the O2

(v = 0, low J) signal when the discharge is ‘on’. The degree
of depletion increases with the applied voltage difference
(negative). Products are O(3P2) atoms and vibrationally and
electronically excited but rotationally cold O2 molecules. A scan
of the two-photon resonance enhanced multiphoton ionization
(REMPI) of the 3d4s3S1g

� Rydberg state at 225.0 nm11 shows that
the remaining ground state O2 molecules in the beam are
rotationally quite cold (Trot B 30 K) with the discharge on.
In this work, photodissociation of a mixture of low rotational
states, primarily N = 1, 3, and 5, of ground and electronically
excited O2 is reported. Compared to rotational states, vibrationally
excited states do not relax effectively in the supersonic beam.27,28

We note that previous studies of pulsed discharge beams of OH,28

SO32 and NO27 found vibrational populations for the ground
electronic state that can be roughly described by temperatures
of 2000, 1000 and 6500 K, respectively.

The pulsed discharge beam was passed through a 2 mm
diameter skimmer, forming a collimated molecular beam that
was directed along the axis of a time of flight (TOF) spectrometer.
Further downstream from the skimmer in the collision-free zone,
the molecular beam passed through a 2 mm hole in the repeller
plate of the velocity mapping ion optics assembly and crossed
at right angles the laser beam.

Radiation in the 215–240 nm range (1–4 mJ per pulse) was
generated by a frequency-doubled dye laser pumped by the
third harmonic of a Nd:YAG laser. Radiation below 215 nm was
generated using a frequency doubled pulsed Nd:YAG laser
(Spectra-Physics DCR-3A) operating at a repetition rate of 10
Hz to pump a dye laser (NarrowScan) which was operated at
various wavelengths by using different dyes including Coumar-
ine 47 and a mixture of Sulforhodamine B and DCM dyes in
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order to cover a wavelength range of 600 to 625 nm. Subse-
quently, frequency doubling was achieved by an angle-tuned
KDP/BBO (beta-barium borate) crystal yielding B4 mJ per pulse in
the 300–312 nm range. A wave plate (ALPHALAS GmbH) and a BBO
crystal following the KDP crystal were used to triple the frequency of
the dye laser which produced a power of 0.7–0.8 mJ per pulse
and B0.6 cm�1 line width in the 200 to 208 nm range. The
polarization was further purified using a Brewster angle polarizer
and is usually fixed with the electric field

-

E of the linearly polarized
laser beam set parallel to the face of the imaging detector (labeled
here as V polarization). The laser beam was then focused into the
interaction region between the repeller and extractor by means of
a 15 cm focal length spherical lens. In the two color experiments,
one Nd:YAG pumped dye laser was used for dissociation in the
203–240 nm wavelength region and a second Nd:YAG pumped
dye laser was used to probe the O(3Pj=0,1,2) fragments. The pump
and probe laser beams were separated in time by B20 ns and
carefully overlapped spatially.

O(3Pj=0,1,2) atoms were detected via (2 + 1) REMPI via the 3p
3P state at 226.233, 226.060, and 225.654 nm, respectively.
O(1D) photofragments were also detected by (2 + 1) REMPI via
the 1F ’ 1D and 1P ’ 1D transitions at 203.815 nm and
205.473 nm, respectively. During image acquisition, the probe
laser wavelength was scanned over the Doppler profile of the
REMPI transitions in order to ensure equal detection sensitivity
of all product velocities. Atomic oxygen ions formed by state-
selective REMPI are velocity mapped onto an imaging detector
containing of a pair of 40 mm Chevron microchannel plates
(MCPs) coupled with a P47 phosphor screen. Mass selection is
achieved by gating the voltage on the front MCP at the arrival time
of the mass of interest. The image on the phosphor screen was
captured by a charge coupled device (CCD) camera mounted
behind the phosphor screen. Ion images appearing on the phos-
phor screen at each laser shot were subsequently sent to a PC for
signal processing (thresholding, event counting and accumula-
tion). Crushed images were averaged over typically 20 000 laser
shots which were then inverted using the BASEX33 inversion
algorithm incorporated in the acquisition software (DaVis,
LaVision). The speed and angular distributions are extracted from
customized routines running under DaVis.

In some of the experiments a slicing technique was employed
using delayed extraction described by Chestakov et al.34 Photo-
dissociation and ionization take place in field-free conditions, and
pulsed voltages are applied to the repeller and extractor electrodes
B1 ms after formation of the ions. The detector is gated by a high
voltage pulse supply with short period of time (B25 ns) in order to
detect the middle slice of the Newton sphere. Slicing selects a cut
through the Newton sphere of dissociating molecules. Slicing was
found to yield slightly better resolution than crushing.

3 Results
3.1. Images and calibration

A typical velocity mapped image of O(3P2) atoms formed by
photodissociation of a beam of 10% O2–Ar with the discharge

‘off’ and ‘on’ is shown in Fig. 3. Also shown in Fig. 3 is the total
kinetic energy release (TKER) curve obtained by integrating the
Basex-inverted image I(y,r) over the angular distribution to
obtain I(r) with r the image radius (velocity), weighting I(r) by
the integration factor 1/r, and plotting I(r)/r versus r2. With the
discharge off, three peaks with well-known total kinetic energy
release (TKER) are observed11 which are used to calibrate the
TKER curves. Because the fragments have equal mass,
the oxygen atoms each acquire half of the release energy, i.e.
KER = TKER/2. The calibration signals correspond to the one-
photon process O2 + 1hn- O(3P2) + O(3Pj), and the two-photon
processes O2 + 2hn- O(3P2) + O(1D2) and O2 + 2hn- O(3P2) +
O(3Pj). At the O(3P2) detection wavelength (225.654 nm, 5.4944 eV),
the dissociation channels are observed at 0.377 eV TKER for the one-
photon process and at 3.905 eV TKER and 5.871 eV TKER for the
two-photon processes. The two-photon channels become dominant
at laser pulse energies higher than 2 mJ. In the present study the
pulse energy is below 1 mJ per pulse and the two-photon channels
are weak, but still useful for initial calibration of the kinetic energy
release (KER) of the product O(3P) atoms. An additional calibration
was provided by a two-color study with photodissociation of the
discharge beam of O2 using a F2 laser, which yields a strong
O(3P2,1D) probe laser signal at 0.78 eV TKER.6

In Fig. 4 discharge images using a single laser for dissocia-
tion and detection of O(3Pj, j = 2, 1, and 0) are compared; the
corresponding TKER curves are shown in Fig. 5. In Fig. 6 and 7
two-color pump–probe images and TKER curves for the dis-
charge beam are shown for O(3P2) probe of 217 nm and 239 nm
dissociation (pump), respectively.

Two-color studies are particularly challenging because a
probe laser signal (Fig. 3) will appear alongside signal from

Fig. 3 Raw O(3P2) images with discharge ‘off’ (left side) and ‘on’ (right
side). In the inset a color bar code for intensity is shown along with
the direction of the linearly polarized laser E field, which lies parallel to
the detector face (V polarization). Superimposed on the images are the
corresponding kinetic energy distributions. The peak at zero total kinetic
energy release (TKER) corresponding to cold O(3P2) atoms is undercounted
by the event centroiding software used to average the image.

!

Paper PCCP

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 R
ad

bo
ud

 U
ni

ve
rs

ite
it 

N
ijm

eg
en

 o
n 

22
/0

1/
20

14
 1

1:
33

:0
5.

 
View Article Online

http://dx.doi.org/10.1039/c3cp54696a


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 3305--3316 | 3309

the pump laser, resulting in many overlapped rings. Since the
probe laser must be sufficiently intense to drive the 2 + 1 REMPI
O atom detection process, we rotate the polarization of the
probe laser to lie perpendicular to the detector (labeled here
H polarization) and employ the time-delay slicing method34 to
obtain Fig. 6 and 7. The lower trace, labeled 226, in Fig. 6 is the
probe laser only signal with H polarization, where essentially
only the X3Sg

� (v = 0) peak at 0.377 eV from eqn (1) is observed
above background. Slicing detects only the central part of the
Newton sphere of product ions as they arrive at the detector.
Using H polarization, the central part of a b = 2 sphere does not
contain fragments in a sliced image. It is noted that using
slicing a b = �1 sphere will appear similar to a b = 2 sphere
rotated by 901, and a b = 0 sphere will yield the same isotropic
ring in both H and V polarizations. We find that the X3Sg

�(v = 0)
peak is much less reduced in intensity than the other peaks
using V polarization (Fig. 3) implies that the other peaks have
beta values larger than b = 0.6, known4 for O(3P2) detection
following photodissociation of O2 X3Sg

�(v = 0) at 226 nm. Data
for the column VH b* in Table 1 is taken at the a1Dg(v = 0) peak

but contains a significant contribution by the H-polarized
detection laser. Because the VH b* data is roughly constant
over the range of dissociation wavelengths and the background
from the detection laser is also constant, it appears that the b
value for a1Dg(v = 0) itself does not change greatly over the
same range.

Fig. 4 Raw O(3Pj, j = 2, 1, 0) images 226.233, 226.060, and 225.654 nm
using milder discharge conditions (less depletion) than those of Fig. 3. See
the caption of Fig. 3 for other details.

Fig. 5 TKER curves extracted from the three O(3Pj) j = 2, 1, 0
images shown in Fig. 4. Positions of the signals for photodissociation of
X3Sg

�(v = 9–15) in the 0–1 eV range and X3Sg
�(v = 0) at 0.377 eV are

indicated along with the a(1Dg)(v = 0–3) peaks.

Fig. 6 Sliced image using two color dissociation of O2 at 217 nm with
detection of O(3P2) at 226 nm. The polarization of the detection laser is set
to H (perpendicular to the detector plane) in order to decrease the amount
of detection laser signal. Note that in the signal from only the H polarized
detection laser (lower trace) the X3Sg

�(v = 0) peak, labeled 226 in the TKER
curve and the image, is still present compared to the other peaks seen in
the J = 2 curve of Fig. 5, taken with V polarization. The highest velocity ring
becomes too large for the ion lens with slicing, and is slightly distorted.
Discharge conditions are similar to those used in Fig. 4.

Fig. 7 Same conditions as Fig. 6, with dissociation at 239 nm. The middle
part of the image is presented at 16� less gain to show the relative strength
of the cold atom signal.
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Under favorable conditions where accidental overlap of the
pump and probe laser signals in the TKER distribution is
minimal we managed to obtain sliced two-color images using
VV polarization, which resulting in a b value at 230 nm dissocia-
tion in Table 1. b values for the peaks seen in the 1.0–2.0 eV
TKER region of Fig. 3, which we ascribe to photodissociation of
a1Dg state O2 based on the TKER values are listed in Table 1.

3.2. Parent beam depletion and cold O(3Pj) atom production

With the discharge turned on, the three peaks in Fig. 3 corres-
ponding to the parent molecules X3Sg

�(v = 0) (the only peaks
observed with the discharge off) decrease by a factor of B2.5, while
a very intense signal appears at the middle of the detector
corresponding to zero velocity O(3P2) atoms, and new rings appear
in the middle part of the image. Images of the zero velocity or ‘cold
atom’ signal are distorted due to space charge and undercounted
in intensity due to saturation of the detector and to overlap of
events in the event counting software. Setting the electrostatic lens
away from velocity mapping to spread the signal over the detector
in order to avoid saturation we can compare the integrated area of
the peaks in the 1–2 eV TKER region of Fig. 3 (which we later
ascribe to photodissociation of O2 a1Dg-state) to the area of
the cold O3P atom signals. For both a mild discharge with 30%
depletion of the O2 X3Sg

�(v = 0) signal (Fig. 4–7) and a more
intense discharge with 70% depletion (Fig. 3) the cold atom signal
is roughly 100 times stronger than the signals attributed to
photodissociation of the O2a1Dg state. While O(3P) is detected
directly, in order to detect O2 a1Dg it must first be converted to
O(3P) by photodissociation. A conversion efficiency of 1% would
then indicate equal amounts of O2 a1Dg and cold O(3P) atoms. The
cold atom signal is substantially smaller for O(3P1) than for O(3P2),
and the O(3P0) cold atom signal is much smaller than that for
O(3P1), showing little distortion or evidence for undercounting.
We conclude that the supersonic expansion cools the fine-
structure distribution of the O(3Pj) atoms down to the O(3P2) state.
Nearly no cold O(1D) is found.

Formation and photodissociation of ozone or larger On>2

molecules possibly formed in the discharge is expected to yield
fragments with kinetic energy release. The absence of signal from
higher masses than O2

+ with non-zero TKER values suggests
that formation and photodissociation of ozone or larger mole-
cules is unimportant.

3.3. Photodissociation of discharge-excited O2

Assignment of the higher velocity signals arising from the
discharge requires first a consideration of the energy resolution
of the apparatus, which in the present case is limited by space
charge effects due to the cold O(3Pj) atoms, and electron recoil
in the 2 + 1 REMPI detection process.28 Extensive experience
with O2 dissociation and ionization processes allows us to
estimate a practical resolution of 0.02 eV for peaks with
TKER o 2 eV. This is insufficient for rotational resolution but
a factor of ten better than the vibrational energy spacing of O2

X3Sg
�(v) (Fig. 1). Shown in the inset of Fig. 1 are the energy

positions of nearly iso-energetic vibrational levels of the X3Sg
�,

a1Dg, b1Sg
+ states.18 For example, b1Sg

+(v = 0) and X3Sg
�(v = 9)

are not distinguishable by their TKER if both states dissociate
to the same final limit. The a1Dg(v = 0) and X3Sg

�(v = 5) levels
are quite close, especially taken into account the differences in
the internal energies of the O(3P1,0) fragments. Formation of
O(3P1) or O(3P0) lowers the TKER by 0.0196 and 0.0281 eV,
respectively, compared to formation of O(3P2). An additional
complication is that a higher energy initial state that dissociates
to the second dissociation limit D1 [O(3P2) + O(1D)] can overlap
signal from an initial state lying 1.967 eV lower in energy which
dissociates to D0, where 1.967 eV is the O(3P2)–O(1D) energy
spacing. The X3Sg

�(v = 11) state dissociating to D1 and
X3Sg

�(v = 0) dissociating to D0 [O(3P2) + O(3P2)] yield O(3P2)
atoms with essentially the same TKER.

Consider the following possible pathways 1–5 for photodis-
sociation of vibrationally or electronically excited O2 at
225.65 nm (5.4944 eV) with O(3P2) + O(3P2) or O(3P2) + O(1D)
as products for D0 and D1 respectively

(1) X3Sg
�(v o 9) + hn (Herzberg continuum), diss. to D0 limit

(v = 0 TKER: 0.377 eV)
(2) X3Sg

�(v = 5) + hn - B3Su
�(v = 4) (SR band), prediss.

to D0 limit (TKER: 1.313 eV)
(3) X3Sg

�(v > 8) + hn - B3Su
� (SR continuum), diss.

to D1 limit (v = 11 TKER: 0.378 eV)
(4) b1Sg

+(v = 0) + hn - B3Su
� (Parker continuum), diss.

to D1 limit (TKER: 0.0370 eV)
(5) a1Dg(v = 0, 1, 2) + hn- A03Du (Chamberlain continuum),

diss. to D0 limit (v = 0 TKER: 1.327 eV)
Pathway (1) one-photon dissociation of the X3Sg

� state O2

via the Herzberg continuum: below X3Sg
�(v = 9) one-photon

dissociation between 242 and 200 nm produces O(3P) atoms
exclusively. Photodissociation of X3Sg

�(v = 0) in the Herzberg
continuum between 242 and 200 nm has a well-known4 signa-
ture in the velocity map image of the O(3P) product atoms. The
angular distribution parameter beta is positive, ranging from
b = 0.8 at 205 nm to 0.4 at 240 nm. At 226 nm the branching
ratio fraction for O(3Pj) j = 2 : 1 : 0 formation was found4 to be

Table 1 Angular anisotropy b parameters observed by detection of O(3Pj)
atoms from the photodissociation of O2 a(1Dg)(v = 0–2) at the listed
dissociation wavelengths. Uncertainties are estimated from a combination
of repeated measurements and the quality of fit to the b equation. With V
polarization the electric field of the linearly polarized dissociation laser
is parallel to the plane of the imaging detector; H polarization is
perpendicular to the detector plane

Dissociation
wavelength (nm) Atom VH ba VV b a(v = 0) b a(v = 1) b a(v = 2)

239 O(3P2) 0.4 � 0.2
230 O(3P2) 0.5 � 0.2 1.3 � 0.2
228 O(3P2) 0.35 � 0.2
225.65 O(3P2) 1.7 � 0.2 1.3 � 0.2 0.4 � 0.2
226.06 O(3P1) 1.3 � 0.4 1.3 � 0.4 1.1 � 0.4
226.23 O(3P0) 1.5 � 0.6 1.5 � 0.6 1.0 � 0.6
223 O(3P2) 0.6 � 0.2
223 O(3P1) 0.6 � 0.2
217 O(3P2) 0.6 � 0.2
205 O(3P2) 0.2 � 0.4

a Combined a(v = 0) signal and background produced by the detection
laser with H polarization.
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0.68 : 0.25 : 0.07. The optical signature is mixed in character due
to the complex pattern of spin–orbit coupling giving strength to
the X3Sg

� - A3Su
+, A03Du, c1Su

� transitions. The TKER and b
values for photodissociation of X3Sg

�(v = 0) observed in the
images shown in Fig. 3 and 4 at 226 nm and Fig. 6 and 7 for 217
and 239 nm, respectively, match the expected values quantita-
tively with the discharge off. With the discharge on, the TKER
values are in agreement but the b value is not reliable due to
contributions from underlying signals.

Pathway (2) predissociation of bound levels of the B3Su
�

state should also be considered, where these B3Su
�(v0) levels

could be populated by accidental resonance of the wavelength
of the dissociation laser with highly structured B3Su

�(v0) ’

X3Sg
�(v00) bound–bound transitions. Predissociate produces

two O(3P) atoms. The B3Su
�(v0 = 4) ’ X(v00 = 5)P15R13 transition

is, for example, nearly resonant with 225.654 nm (vacuum)
light, as seen in the spectrum from Leahy et al.35 The P15R13

transition has been studied by direct excitation from the
ground state, i.e., B3Su

�(v0 = 4) ’ X3Sg
�(v = 0) using a tunable

ArF excimer laser followed by imaging detection of O(3P2)
atoms.7 The 90 ’ 700 and 120 ’ 800 transitions are also close
to resonance with 225.654 nm. It was found in our previous study,7

however, that exact resonance was necessary, i.e., mistuning by
a few cm�1 led to no resonant signal.

Pathway (3) photodissociation via the Schumann–Runge
(SR) continuum: vibrational states X3Sg

�(v > 8) when excited
by a 5.4994 eV photon have enough energy to reach the optically
allowed Schumann–Runge (SR) continuum, Fig. 2, which has
an optical signature of b = 2. The B3Su

� states correlates
adiabatically with D1, the second dissociation channel
[O(1D) + O(3Pj)] where j = 2 is the major component. Gordon
and coworkers36 found the ratio O(3Pj) j = 2 : 1 : 0 as 0.90 : 0.08 : 0.02,
which was confirmed in our subsequent studies.3,6 In the images
shown in Fig. 3, 4, 6, and 7 for O(3P2) detection a clear set of rings in
the TKER region of 0–2 eV matching the energy spacing expected
for photodissociation of X3Sg

�(v > 8) is observed. Vibrational
quantum numbers of the peaks observed using O(3P2) detection
are labeled in Fig. 5.

These X3Sg
�(v > 8) signals from the discharge have been

described briefly in a previous publication6 and interesting
trends in their beta parameter will be presented in a subsequent
publication. With single laser photodissociation and O(1D) detec-
tion at 203.815 nm and 205.473 nm only the X3Sg

�(v > 6) signals
are observed, no peaks corresponding to photodissociation of
a1Dg or b1Sg

+ states could be identified.
We point out the apparently strong intensity of these

X3Sg
�(v > 0) peaks is due to the very large cross section of the

SR continuum (Fig. 2). If we assume a vibrational temperature
for the discharge of 2000 K (as found for OH formed in a water
discharge under similar conditions28) the signal for photo-
dissociation of X3Sg

�(v = 12) (TKER 0.54 eV) arises from
molecules with a fractional population of only B3 � 10�6. Saxon
and Slanger37 have calculated the B3Su

� ’ X3Sg
� dissociation

cross section for X3Sg
�(v = 12) at 226 nm as B5 � 10�19 cm2 for

the SR continuum (leading to O(3P) + O(1D) products). The
dissociation cross section for the A3Su

+ ’ X3Sg
�(v = 0) of the

Herzberg I continuum at 226 nm is 3 � 10�24 cm2 (Fig. 2). It is
thus not surprising that pathway 1 for X3Sg

�(v = 0) and pathway
3 for X3Sg

�(v = 12) yield comparable signals, even though the
population of the highly vibrationally excited X3Sg

�(v > 0) states
is quite small. Because saturation of the X3Sg

�(v = 12) dissocia-
tion step is likely at our laser flux, a more quantitative analysis
of the X3Sg

�(v > 0) population is not possible.
As for the lowest vibrationally excited levels X3Sg

�(v = 1, 2)
no significant signal is found for two-photon dissociation of
X3Sg

�(v = 1, 2) in the discharge ‘on’ image. Apparently, the
population of discharge-produced X3Sg

�(v = 1, 2) is small
for the lowest v levels. A similar conclusion was drawn for
discharges of NO molecules.27 We conclude that the total
population of X3Sg

�(v > 0) is a minor (o2%) fraction of
excitation products due to the discharge.

Pathway (4) Photodissociation of the b1Sg
+-state at 226 nm

takes place through the B-state continuum, producing near the
threshold for photodissociation exclusively O(3P2) + O(1D)
products with b = 2. The TKER is quite small (0.037 eV), and
if signal exists it will be obscured by the strong signal at the
center of the O(3P2) image arising from cold atoms produced in
the discharge. We note that the b1Sg

+(v = 0) and X3Sg
�(v = 9)

levels are essentially iso-energetic. The X3Sg
�(v = 9) signal

strength changes considerably at different dissociation wave-
lengths due to oscillation in their Franck–Condon factors
(FCF).37 We observe such a behavior; consider peak labeled 9
in Fig. 4 and 6. Peak 9 is strong at 226 nm, weaker at 223 nm
(not shown) and at 217 nm it is very weak, presumably due to a
small FCF. The near disappearance of signal at the position of
peak 9 means that there is no significant amount of b1Sg

+(v = 0)
in the discharge beam.

The above shows that the peaks in the TKER curves can be
unambiguously interpreted. Below we come to the core of the
results on singlet oxygen.

3.4. Photodissociation of O2 a1Dg(v = 0, 1, 2)

The relatively strong signals in the 1–2 eV TKER distribution in
Fig. 4 are assigned by their peak positions as photodissociation
of the a1Dg-state of O2: a1Dg(v = 0, 1, 2) + hn - A03Du, A3Su

+

via the Chamberlain continua to limit D0. At the shorter
wavelengths studied, 200–205 nm, the D1 limit is accessible
for photodissociation of a1Dg(v = 0) but no signal for this
channel is observed; although a weak signal could be obscured
by other signals. Also, photodissociation at 157 nm, does not
yield signal attributable to a1Dg-state dissociation to D0 nor D1.
However, a small O(1D) signal due to photodissociation of
X3Sg

�(v = 5) in the discharge by two 157 nm photons was seen,
which indicates the experiment is reasonably sensitive to
weakly populated excited states. These observations suggest
that D0 is the primary dissociation limit for a1Dg-state photo-
dissociation in the UV-VUV region.

In this section we present data concerning the vibrational
state dependence for a1Dg-state photodissociation, the relative
branching between O3Pj products, the wavelength dependence
of the a1Dg-state signal, and the angular anisotropy (b) for the
a1Dg-state photodissociation process.
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(1) The vibrational state dependence for photodissociation
of a1Dg(v) seen in the TKER curves of Fig. 5, which is quite
reproducible and the same for both discharge conditions,
shows an interesting variation in peak heights at the different
O3Pj detection wavelengths for the signals from photodissocia-
tion of a1Dg(v = 0, 1, and 2). The relative branching into the
three O3Pj product channels is anomalous, particularly for
O(3P0) detection the a1Dg(v = 1) signal is a factor of 2–3 stronger
than that seen in the curve for O(3P2) detection. While the
a1Dg(v)-state dependent photodissociation cross sections at 217
and 239 nm shown in Fig. 6 and 7 reflects a strong variation in
FCF, the relative vibrational signal strengths at 226 nm should
not reflect changes in FCFs with these very similar dissociation
wavelengths of 226.233, 226.060, and 225.654 nm. It seems also
unlikely that the vibrational state has an effect on the relative
cross sections to the three Herzberg states. A different O(3Pj)-
state branching ratio for each vibrational level is also unlikely.
As stated earlier, the same pattern is seen for both 30% and
70% depletion conditions, which makes overlap with signal
from X3Sg

�(v > 0) is not likely. Finally, the beta signature of any
other overlapping process must also be quite positive since the
trends in beta for a1Dg(v = 0–2) photodissociation listed in
Table 1 are similar. Although we have no explanation for the
irregularity in O(3Pj) signal from the different a1Dg(v) states,
the present evidence suggests that the variation is due to
differences in the a1Dg(v) dynamics.

(2) The j-state branching between the O(3Pj) products in the
beam can be roughly estimated from the one-color O(3Pj)
images obtained at 226 nm, shown in Fig. 3, where the laser
intensity and the number of laser shots averaged are the same.
X3Sg

�(v = 0) and a1Dg(v = 0–2) are probed by the same process
and the branching ratios for O(3Pj) at the probe wavelengths are
known for X3Sg

�(v = 0) photodissociation.4 By scaling each
TKER distribution at the X3Sg

�(v = 0) signal to the known j
branching ratio and comparing the integrated a1Dg(v = 0–2)
peaks (in light of the preceding discussion), the data set yields a
ratio of 55 : 35 : 10 for the a1Dg-state j = 2 : 1 : 0 yield. An indepen-
dent estimate of the a1Dg-state j = 2 : 1 : 0 yield was obtained from
a two-color experiment where signal at 0.78 eV TKER is created
by 157 nm dissociation of X3Sg

�(v = 0) and probed by the REMPI
detection laser, and the a1Dg state signal is both created and
probed by the REMPI laser. By scaling each TKER distribution at
the 157 nm signal to known branching ratios6,34 a relative yield
for j = 2 : 1 : 0 of 58 : 36 : 6 was obtained. Each approach has
challenges; the X3Sg

�(v = 0) signal must be corrected for overlap
by X3Sg

�(v = 11) in the former method, while the second method
requires the same spatial overlap of two laser beams for the three
different measurements. Averaging results of the two
approaches, we estimate the branching ratio for the v-state
averaged a1Dg(v = 0–2) state signal as 56 : 36 : 8, with at least
5% uncertainty for each value. The behaviour is similar to that of
X3Sg

�(v = 0) state, although the vibrationally resolved a1Dg(v)
data suggest significant deviations for each vibrational level.
Note that the apparent overpopulation of the v = 1 signal in the
j = 0 channel seen in Fig. 5 has only a small effect on the
branching ratio due to the low yield of j = 0.

(3) The wavelength dependence of the a1Dg(v = 0) signal can
be qualitatively determined by comparing the X3Sg

�(v = 0) and
a1Dg(v = 0) signals in Fig. 4–7, where the same (mild) discharge
conditions were used. For the photodissociation wavelength
steps from 217 to 226 to 239 nm, the relative amount of
a1Dg(v = 0) signal compared to X3Sg

�(v = 0) signal is increasing
towards longer wavelengths. This trend is also seen in data not
presented here; at 200 nm there is no discernible a1Dg-state
signal and a very weak signal at 205 nm. Fig. 2 shows that the
a1Dg(v = 0) cross section also increases in the same wavelength
range while the X3Sg

�(v = 0) cross section decreases. This data
suggests that the Chamberlain continuum shown in Fig. 2 is
indeed relevant, i.e., a continuum is being probed that peaks
towards wavelengths longer than 239 nm. The data is not
consistent with a continuum peaking in the deep UV-VUV
region such as 13Pu ’ a1Dg or B3Su

� ’ a1Dg as discussed
later in the text.

(4) Data for the angular anisotropy (b) for a1Dg-state photo-
dissociation is presented in Table 1. The beta values obtained
using the VH geometry do no relate to the a1Dg only but contain
also other contributions. The effective beta values are roughly
constant over the studied wavelength region, implicating that
also the beta value for the a1Dg state will be roughly constant.
In our studies9,10 of the photodissociation of van der Waals
clusters containing O2 we observed indirectly O2 a1Dg-state
photodissociation with an angular anisotropy value of b = 0.8,
which is consistent with the values shown in Table 1. In principle,
the beta values measured for O(3P2) and O(3P1) can be affected
by atom alignment.38 O(3P0) can show no alignment, however,
the beta values measured for j = 0, 1, and 2 are similar,
suggesting that alignment effects, if present, are small. The
preceding discussion about slicing with H polarization also
supports a positive beta value, larger than b = 0.6. At 226 nm an
average over the O(3Pj) levels weighted by the j-level branching
factor yields b = 1.3 � 0.4 for a1Dg(v = 0–2) and b = 1.55 � 0.4 for
a1Dg(v = 0) only.

4. Discussion

In the results section it was shown that the discharge beam
contains a large signal for O(3P2) atoms, a trace but easily
detectable amount of highly excited vibrational levels of ground
state X3Sg

� O2, a significant signal for the a1Dg state compared
to ground X3Sg

�(v = 0) signal and no detectable O2 b1Sg
+

state. Over the decreasing wavelength range 240–200 nm the
a1Dg-state signal relative to the X3Sg

�(v = 0) signal decreases
strongly, at 226 nm the a1Dg(v = 0–2) states averaged branching
ratio percentage for O(3Pj j = 2 : 1 : 0) is found to be 56 : 36 : 8
(�5%), and for 226 nm dissociation wavelength range the
a1Dg(v = 0–2) states the j-state averaged b = 1.3 � 0.4 and b =
1.55 � 0.4 for a1Dg(v = 0) only.

On energetic grounds, population of the b1Sg
+-state (v = 0 at

1.63 eV) may be expected, especially since X3Sg
�(v > 0) levels as

high as v = 16, which has 2.76 eV internal energy, are observed
(Fig. 4). Studies by Setzer et al.39 of fast flow discharges
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containing singlet O2, however, indicate that while the
a1Dg-state of O2 is not rapidly quenched by collisions, deactiva-
tion of the b1Sg

+-state is efficient. In support of collisional
b1Sg

+-state deactivation we note that the introduction of extra
water (which is usually already present in low amounts in gas
handling systems) is found to increase the a1Dg-state popula-
tion in the discharge. Adding excess water to the discharge was
not found to be advantageous in this study because this also
leads to OH production with additional O(3P) photofragment
signals from OH photodissociation;28 these OH photodissocia-
tion signals overlap primarily the X3Sg

�(v > 0) state signals.

4.1 Simple model to estimate ra/rX at 226 nm from measured
signals

Inspection of the data set of Fig. 3 with 70% depletion shows
that comparing the relative intensity of the signal arising from
the a1Dg(v = 0) state, defined as Son

av0, seen only with the
discharge on, to the relative intensity of the signal Son

Xv0 arising
from the X3Sg

�(v = 0) state with the discharge on, yields the
ratio of signals (Son

av0/Son
Xv0) B 4, and for the data set shown in

Fig. 4 and 5 with 30% depletion (Son
av0/Son

Xv0) = 1.3. We note that
both channels are probed through the same 2 + 1 oxygen atom
ionization process. Hence, the signal strengths reflect the
product of the relative photodissociation cross sections and the
relative populations. Upon 30% depletion of the ground state, this
fraction is distributed over oxygen atoms (the cold signal in the
centre) and a1Dg(v = 0–2) state population. It is very difficult to
assess the branching between these two channels as this implies
knowledge of the a1Dg-state photodissociation cross section.
However, it is noted that already with 30% depletion – implying
that maximally the a-state population to X-state population is
1 : 2 – the signal strength of the a1Dg state is larger than that of the
ground state by 30%. We conclude that the photodissociation
cross section of the a1Dg state is at least 2.5 times as large. In the
case of 70% depletion, if this 70% depletion ends up fully in the
a1Dg state, the conclusion is also that the photodissociation cross
section is at least twice as large. From this simple observation, we
conclude that the a1Dg state photodissociation cross section is
significantly larger than that of the ground state. We have ignored
here the presence of the strong O(3P) cold atom signal also created
by the discharge, and point out that 70% (or even 30%) conver-
sion of O2 X3Sg

�(v = 0) to O2 a1Dg is unlikely. From the above
estimates, 10% conversion (at 30% depletion), which is quite
substantial, would imply that the photodissociation cross section
of the a1Dg state is B10 times larger than the prediction by theory.

From theory by Klotz and Peyerimhoff14 and Slanger and
Saxon,15 the sum of the A3Su

+, A03Du ’ X3Sg
� cross sections at

226 nm is B4.6 � 10�24 cm2 while the A03Du, A3Su
+ ’ a1Dg

cross section sum is B3.7 � 10�24 cm2, yielding sa/sX = 0.8.
A ten-fold increase in sa to 4 � 10�23 cm2, for example, is still
20 times less than the upper limit of 8 � 10�22 cm2 determined
in ref. 13. Note that Saxon and Slanger15 needed to rescale the
ab initio theory down by a factor of 0.6 in order to match
experimental measurements of sX. A theoretical revaluation of
the total photodissociation cross section for the Chamberlain
continuum, sa, is also necessary.

4.2 Adiabatic and sudden limits for O2 photodissociation via
Chamberlain continuum

As described in detail in ref. 4, O2 photodissociation dynamics
can be described in two limiting cases, the sudden-recoil limit,
and the adiabatic limit, corresponding to high and low frag-
ment recoil velocity, respectively. In the sudden-recoil limit, the
atomic multiplet distribution is often close to a statistical one,
i.e. proportional to 2j + 1, the degeneracy of each j state, this
yields for O(3Pj j = 2 : 1 : 0) a 5 : 3 : 1 statistical population ratio.
However, for an exact calculation of the fine-structure distribu-
tion in the sudden recoil limit, a frame transformation in which
molecular eigen-states are expanded in atomic eigenfunctions
is required.40 The other extreme is fully adiabatic behavior. In
this case the projection of the total angular momentum of the
initial Born–Oppenheimer state on the internuclear axis, O, is
conserved during dissociation. Dissociation at threshold
is described by the adiabatic limit. An adiabatic correlation
diagram36 can be used to find the specific atomic fine-structure
state that connects with the fine-structure level of the molecule.
For both the Herzberg and Chamberlain continua, the adiabatic
limit allows only O(3P2) production, while experimentally all three
fine-structure states are observed. While our study of the Herzberg
continuum4 showed that the limiting case of sudden-recoil was
also not reached, it was found useful in predicting the O(3P2)
branching ratios and angular anisotropy parameters. In ref. 4 a
sudden limit analysis for the A3Su

+ state was presented. Because
the A03Du state is also important for the Chamberlain continuum,
the results of a sudden limit treatment of the O = 1, 2, and 3 levels
of the O2 A03Du state described the Appendix are presented in
Table 2. For the case of A03Du O = 3, is not possible to conserve
O in the dissociation process, so this level cannot connect to
O(3P0) in any combination of O(3P0) + O(3Pj).

4.3 Comparison of Herzberg and Chamberlain continua

Branching ratios and beta values for photodissociation of O2 via
the Herzberg continuum A3Su

+, A03Du, c1Su
�, ’ X3Sg

� and
Chamberlain continuum, A3Su

+, A03Du, c1Su
�, ’ a1Dg at

226 nm are compared in Table 3 using the same format as ref. 4.
Inspection of the experimental values in Table 3 indicates a

higher yield of O(3Pj) j = 1, 0 compared to O(3Pj) j = 2 is produced
by dissociation via the Chamberlain continuum compared to
the Herzberg continuum. In the sudden limit analysis of the
A03Du state (Table 2) an increased yield of O(3Pj) j = 1, 0
is predicted for pathways involving O = 2 and 1. Assuming
the O = 2 pathway is most important (as discussed next), the
branching ratios for the Chamberlain continuum are in closer
agreement with the sudden limit model than those for the
Herzberg continuum; this may reflect the additional 1 eV in

Table 2 Fine-structure branching ratios PO( j) (eqn (A.5)) for O2 A03Du in
the sudden recoil limit

A03DuO\O3Pj j = 2 1 0

O = 1 4/12 6/12 2/12
2 7/12 3/12 2/12
3 9/12 3/12 0
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total excess energy available for dissociation of the a1Dg-state
compared to the X3Sg

�-state for dissociation by the same
photon energy (5.49 eV).

In terms of the b parameter, both the Herzberg and
Chamberlain continua are forbidden transitions where spin–
orbit coupling with optically allowed transitions is the main
mechanism for acquiring transition strength. The allowed
transition determines the parallel – perpendicular character
of the transition while spin–orbit coupling between sub-states
with the same initial and final O = L + S values determines the
weighting factor for each parallel or perpendicular pathway. For
the Herzberg continua the dominant sources of transition
strength are the Schumann–Runge B3Su

� ’ X3Sg
� (parallel),

and A3Su
+ ’ 13Pg (perpendicular) transitions, where the over-

all positive beta character (Table 3) indicates that pathways
involving the Schumann–Runge transition are strongest.

Pathways for gaining intensity for the forbidden A03Du ’

a1Dg Chamberlain continuum transition, adapted from Klotz
and Peyerimhoff,14 are shown in Fig. 8. Since the a1Dg-state has
only O = �2, its pathways are less numerous than those for the

Herzberg continuum. For example, it is not possible to borrow
intensity from the strong B3Su

� ’ X3Sg
� parallel Schumann–

Runge transition because the X3Sg
� state has no O = �2 values,

these are needed for a1Dg–X3Sg
� spin orbit coupling. Instead,

parallel oscillator strength can be gained from the allowed
11Du ’ a1Dg transition, the 11Du state can spin–orbit couple
with the A03Du final state, but not with the A3Su

+ state (not
shown in Fig. 8) which has no O = �2 values. Calculations by
Klotz and Peyerimhoff,14 and by Minaev,19 predict that the
allowed A03Du ’ 3Pg perpendicular transition with spin orbit
coupling to a1Dg(O = 3) is dominant, the parallel pathway with
O = 2 is one third as strong, the allowed a1Dg ’ 1Pu perpendi-
cular transition with spin orbit coupling to A03Du O = �1 are
insignificant, one-hundredth of the O = 3 intensity. In addition,
the A3Su

+ ’ a1Dg transition, which is a third as strong as the
A03Du ’ a1Dg transition (Fig. 2) can only borrow from allowed
transitions of perpendicular character. Previous theory thus
predicts a strongly perpendicular character for the Chamber-
lain continuum while our experiment indicates a strongly
parallel nature characterized by beta larger than unity.

From Table 3 the O(3Pj j = 2 : 1 : 0) branching ratios from the
A03Du O = 2 state under the sudden approximation yields
j 2 : 1 : 0 = 7 : 3 : 2. Since a b value of B1.3 indicates 77% parallel
and 23% perpendicular character the perpendicular part
appears to increase mainly the j = 1 yield relative to j = 0,
under the assumption of the sudden analysis. Because the
sudden approximation does not quantitatively explain photo-
dissociation in the Herzberg continuum, its application to the
a1Dg(O = 2) upper state of the Chamberlain continuum is quite
qualitative. In accord with the strong parallel character
observed in our experiment, it does indicate an increase in
importance of the O(3Pj) j = 0 state as final product compared
to the Herzberg continuum. This trend is in agreement with the
j-state branching ratios found experimentally in this study.
Not being in one of the limiting cases, we need accurate
knowledge of the couplings between different electronic states
at short and large internuclear separation for an accurate
calculation of the b-parameters and branching ratios.

In summary, the cross section for the Chamberlain continua
appears to be much stronger than that of the Herzberg
continuum at 226 nm, in contrast to theory which predicts that
the Herzberg continuum cross section should be slightly
higher. With the additional result that the Chamberlain
continuum has a strong parallel character where theory pre-
dicts perpendicular character, we can suggest that the parallel
O = 2 pathway via the 1Du state shown in Fig. 8 may be more
important than expected. In the calculations of Klotz and
Peyerimhoff14 spin–rotation coupling was not considered. Our
sample, however, should be quite rotationally cold, which
suggests that spin–rotation coupling may not be important.4

From energetic grounds we do not expect contributions from a
different transition other than the Chamberlain continuum.
For example, the threshold for the B3Su

�’ a1Dg continuum is
at 203 nm; calculations by Minaev19 predict that this transition
is equally strong as the A3Su

+ ’ X3Sg
� transition. However, we

see no evidence for a1Dg-state dissociation at 200 nm; and at

Table 3 Beta values and O(3Pj) branching ratios for the Herzberg4 and
Chamberlain continua (this work) for photodissociation of O2 X3Sg

�(v = 0)
and O2 a1Dg(v = 0) at 226 nm. Branching data is presented in the same
format as ref. 4

O(3Pj) j = 2 j = 1 j = 0

A, A0, c ’ x
b 0.64 � 0.08 0.53 � 0.09 0.37 � 0.24
Branching 9.00 � 0.70 3.33 � 0.43 1.00 � 0.26

A0, A0, c ’ a
b 1.7 � 0.3 1.3 � 0.4 1.5 � 0.6
Branching 7.0 � 0.8 4.3 � 0.6 1.0 � 0.6

Fig. 8 Pathways of acquiring transition strength for the A03Du ’ a1Dg

transition from spin–orbit coupling (SOC) with allowed transitions,
adapted from Klotz and Peyerimhoff.14
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205 nm only a weak signal is seen, consistent with the blue edge of
the A03Du ’ a1Dg transition. Predissociation following bound–
bound B3Su

� ’ a1Dg transitions, which have quite low Franck–
Condon factors, do not yield peaks at the observed kinetic energy
release. Minaev19 also predicts that the 13Pu ’ a1Dg transition,
which as shown in Fig. 8 has a parallel character, is especially
strong; the 13Pu state dissociates to D0. This transition, however,
should lie at much shorter wavelengths. Furthermore, we did not
see any evidence for a1Dg-state dissociation to D0 (or D1) at 157 nm.
The Chamberlain continuum with its unexpectedly large cross
section and strongly parallel character appears to be the dominant
dissociation pathway for the a1Dg state in UV-VUV region.

5. Conclusions

Our study of a pulsed discharge beam of O2 has revealed several
surprising results. First, the discharge can be adjusted to
remove from 30% to more than 70% of the initial O2 X3Sg

�(v =
0) molecule present in the beam. Surprisingly large populations of
excited a1Dg-state in the v = 0, 1 and 2 levels are also indicated,
these populations may even exceed those observed for cold oxygen
atoms. Due to their enormous photodissociation cross sections,
we also observe trace amounts of highly vibrationally excited
ground state molecules. While essentially no b1Sg

+-state is
formed, this may be consistent with the higher collisional quench-
ing rate of the b1Sg

+-state compared to the a1Dg-state.
From the predictions by theory of the strength of the

a1Dg-state photodissociation cross section in the wavelength
range 240–200 nm, we should expect only a weak signal
from a1Dg-state compared to that of X3Sg

�(v = 0). However,
the a1Dg-state signal is strong; a very simple model of the
discharge shows that the photodissociation cross section must
be at least but more probably more than 3 times stronger than
theory predicts. Furthermore, the photodissociation image
shows a strong parallel character, while theory predicts a
predominantly negative character. While we do not expect these
results to have much effect on models of the atmospheric
photochemistry, where the fraction of a1Dg-state is only 10�5,
this work does call for a new ab initio calculation of the
transition moments and intensity borrowing for forbidden
transitions of a1Dg-state O2. After so many decades of investiga-
tion, molecular oxygen, with its complex electronic structure
and strongly forbidden transitions, still holds surprises.

Appendix

The sudden recoil limit for the fine-structure branching ratios
for dissociation of the O2 A03Du,O=1,2,3 states of O2 was discussed
previously by Vroonhoven and Groenenboom.41 Briefly, the
molecular state is described by |(L)LSSi, with Hund’s case (a)
quantum numbers L = 2, S = 1, and O = L + S and the total
electronic orbital angular momentum L = 2. This molecular
state is projected onto coupled fine-structure states defined by

ja jbð ÞjOj i ¼
X
oa;ob

jaoaj i jbobj i jaoa jbob jOjh i; ðA:1Þ

where h jaoa jbob| jOi is a Clebsch–Gordan coefficient. The
expansion coefficients in

ðLÞLSSj i ¼
X
j

ja jbð ÞjOj i ja jbð ÞjO ðLÞLSSjh i; ðA:2Þ

can be derived from eqn (5) of ref. 1 using the unitarity of the
Clebsch–Gordan coefficients,

ja jbð ÞjO ðLÞLSSjh i ¼ LLSS jOjh i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ja½ � jb½ � L½ � S½ �

p
1 1 ja

1 1 jb

L S j

8>>><
>>>:

9>>>=
>>>;

ðA:3Þ

where [X] � 2X + 1 and the last factor is a 9-j symbol. The
correlated fine-structure branching ratios are given by

PO ja; jbð Þ ¼
X
j

ðLÞLSS ja; jbð Þj jOh ij j2: ðA:4Þ

Summation over jb,

POð jÞ ¼
X
jb

PO j; jbð Þ; ðA:5Þ

gives the O(3Pj) branching ratios shown in Table 2.
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