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The photodissociation of O2 in the region from 120–133 nm has been investigated using product
imaging. The spectrum in this region is dominated by transitions from the ground state to the first
three vibrational levels of theE 3Su

2 state. The O(1D)1O(3P) channel is the only product channel
observed by product imaging for dissociation at either 124.4 nm or 120.4 nm. The O(1D2) product
is aligned in the molecular frame in such a way that itsJ vector is perpendicular to the relative
velocity vector between the O(1D) and the O(3P). The variation in the anisotropy of dissociation
is approximately predicted by considering transitions on individual lines and then taking into
account the coherent excitation of overlapping resonances. At 132.7 nm, both the O(1D)1O(3P)
and the O(3P)1O(3P) channels are observed with branching ratios of 0.4060.08 and 0.6060.09,
respectively. At 130.2 nm, the quantum yield for production of O(1D) is 0.7660.28. © 2004
American Institute of Physics.@DOI: 10.1063/1.1809114#

INTRODUCTION

The photochemistry of diatomic oxygen in the vacuum
ultraviolet ~VUV ! energy range has been a subject of many
investigations due to its important role in the atmospheric
chemistry of the earth. Although most of the solar radiation
below 170 nm is absorbed by the thermosphere, the intense
Lyman-a hydrogen emission at 121.57 nm penetrates to an
altitude of about 70 km.1 In the thermosphere, the dissocia-
tion of oxygen controls the atmospheric heating rate through
the deposition of kinetic energy in the photofragments. Re-
cent interest in the heating rate stems from the connection to
drag on artificial satellites, which results in premature disin-
tegration.

O2 absorption in the near vacuum ultraviolet is domi-
nated by the Schumann–Runge bands, which extend be-
tween 175 nm and 205 nm and are assigned to theB 3Su

2

←X 3Sg
2 electronic transition. At somewhat shorter wave-

lengths, between 175 and 130 nm, absorption is primarily to
the Schumann–Runge continuum, which correlates predomi-
nantly to theB state asymptote of O(3P)1O(1D), although
at the higher energies there may be some contribution from a
3Pu state. Finally, discrete features in the spectrum are ob-
served below 130 nm and correspond to absorption to the
Rydberg states of O2 . The spectroscopy in this region is
characterized by Rydberg-valence interactions. Depending
on the strength of the interaction, either a diabatic or an
adiabatic description of the potential energy curves is appro-
priate. Severalab initio studies have investigated the
Rydberg-valence interaction in O2.2–8 Semiempirical esti-
mates for the Rydberg-valence interaction have been ob-
tained by perturbative9–11 and coupled channel12–20 ap-
proaches. The current study was undertaken to understand
better the spectroscopy and dissociation dynamics in this Ry-
dberg region.

In one of the earliest VUV experimental studies of O2

absorption from its ground electronic state, Price and Collins

observed diffuse bands in the far ultraviolet absorption spec-
trum between 65 and 130 nm.21 Their work was followed by
Tanaka’s study in the 100–130 nm wavelength range that led
to the identification of two new absorption bands,22 the so-
called ‘‘second band’’ and the ‘‘third band.’’ These bands are
part of a progression, where the first member is the ‘‘longest
band,’’ named by Price and Collins. In addition, Tanaka ob-
served two other new progressions, later assigned as transi-
tions from the ground state to the 3p pu

1Su
1 and 3p pu

3Su
1

Rydberg states.23 Information about the Rydberg states of O2

was also obtained by absorption studies in which the lower
level was a low-lying metastable electronic state,
O2(a 1D).23–25 Different final states were accessed by al-
lowed transitions from the lower state due to its different
symmetry from that of the ground state. Angular distribu-
tions in electron impact spectroscopy provided complemen-
tary information and helped to identify the location and sym-
metry of several previously unknown excited electronic
states. For example, the 3s sgC 3Pg and 3s sgd 1Pg Ryd-
berg states 6.5–9.5 eV, above the ground state of O2 were
first identified in electron energy loss spectra.26,27 Several
spectroscopic studies have been carried out since then in this
energy regime.28–37

Branching ratios to dissociation products provide insight
into the interactions between the Rydberg and valence states
and are important to an understanding of atmospheric chem-
istry. The spin and energy allowed channels for dissociation
at wavelengths above 110 nm are

O2~X 3Sg
2 ,v50!1hn

→O~3P!1O~3P!, l threshold5242 nm,

→O~3P!1O~1D !, l threshold5174 nm,

→O~3P!1O~1S!, l threshold5133 nm.
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While the reported quantum yield of the O(3P)
1O(1S) channel is small, less than 3%,38–40 the yield for
O(1D) production in the dissociation of O2 below 174 nm is
appreciable and has been measured by several authors.41–46

Van der Zandeet al. reported branching ratios in the predis-
sociation of thed 1Pg andC 3Pg Rydberg states, which gave
insight on the dissociation dynamics.10 Lin et al. recently
studied photodissociation of O2 at 157 nm and obtained the
branching ratio between O(3P)1O(3P) and O(3P)1O(1D)
channels.46 Lee et al. observed in 1977 that the yield of
O(1D) varied significantly between 116 and 177 nm;41 it was
unity and nearly constant above 140 nm and oscillated be-
tween high and low values at lower wavelengths. Lacours-
iere et al. redetermined the O(1D) quantum yields near the
Lyman-a line and found them to vary from unity to 0.48
over a region of less than 0.3 nm.43 Finally, Nee and Lee
measured the photoabsorption cross section and the O(1D)
quantum yield between 105–175 nm.42,44,45They found that
the observed absorption spectrum was in good agreement
with theoretical predictions of Allisonet al.47,48 and that the
O(1D) yield in the 105–130 nm wavelength range departed
significantly from unity for dissociation through theE 3Su

2

statev51 andv52 levels, to 50%, for dissociation through
the E 3Su

2 statev50 level at 124.4 nm.44,45 This last result
appears to contradict the finding of Leeet al.41 Most of the
previous work on the O(1D) quantum yield has detected this
species by the fluorescence emitted following the O(1D)
1O2(X 3S2)→O(3P)1O2(b 1S1) reaction. It has been as-
sumed that a decrease in O(1D) yield from the O(1D)
1O(3P) channel was accompanied by an increase in the
O(3P)1O(3P) channel.

In this study, the velocity mapped product imaging tech-
nique is used to investigate photodissociation of O2 in the
longest band at 124.4 nm, in the band at 120.4 nm, at 151.7
nm, 132.7 nm, and at 130.2 nm. At each of the former two
bands, the anisotropy parameter for dissociation was deter-
mined, and the quantum yield for the O(1D)1O(3P) and
O(3P)1O(3P) channels was determined in the 124.4 nm
band and at 132.7 nm and 130.2 nm. The O(1D2) product at
124.4 nm is observed to be aligned in the molecular frame
such that its angular momentum vector is perpendicular to
the recoil direction, a result that may be understood based on
dissociation through theE 3Su

2 state.

EXPERIMENT

The ion imaging technique and our ion imaging time-of-
flight mass spectrometer~TOFMS! have been described in
more detail elsewhere.49–51 A skimmed molecular beam of
100% O2 was directed along the axis of a TOFMS through
the center holes in the ion focusing optics. Photolysis and
probe laser radiation propagated perpendicular to the mo-
lecular beam axis and intersected the beam midway between
the repeller and accelerator electrodes of the ion focusing
optics. The resulting neutral atomic photofragments were
ionized and focused onto a position sensitive detector at the
end of the TOF tube, consisting of a chevron-mounted,
double microchannel plate~MCP! assembly coupled to a fast
phosphor screen. Both the camera and the MCP assembly

were gated in order to collect ion signal at a given mass. The
ion image was recorded by a CCD camera~Xybion! and the
signal was processed by IMAQ vision~National Instruments!
hardware under the control of computer routines written in
Labview ~National Instruments!.

The vacuum ultraviolet~VUV ! laser radiation used for
photolysis was generated by a nonlinear four wave mixing
scheme in which VUV photons were produced at the differ-
ence frequency (2v12v2) between a two-photon resonance
in krypton and a visible photon. Ultraviolet laser radiation
(v1) at 202.25 nm (5p8@0 1/2,0#←←4p6) or at 212.55 nm

(5p@0 1
2,0#←←4p6) ~Ref. 52! was combined with visible

laser radiation (v2) using dichroic mirrors and focused by a
fused silica achromatic lens into a stainless steel tube con-
taining about 5 to 20 Torr of Kr. The laser radiation and the
resulting VUV radiation entered the TOFMS through a col-
limating lens of LiF or MgF2 which served as the exit win-
dow of the VUV cell. VUV radiation near 124.5 nm and
130.2 nm was generated using two photons of 212.55 nm
light and visible photons of 729 and 578 nm, respectively. At
the lower photolysis wavelength of 120.4 nm, it was neces-
sary to use the two-photon Kr resonance at 202.25 nm, vis-
ible photons near 630 nm and a collimating lens of LiF.

Ultraviolet laser radiation~0.5–1.0 mJ! was produced at
212.55 nm with the use of a BBO I crystal to frequency
double the output of a Scanmate~Lambda Physik! dye laser
pumped by the third harmonic of a GCR-270~Spectra Phys-
ics! Nd:YAG laser. Sum frequency generated laser radiation
at 202.25 nm~;0.5 mJ! was produced by first frequency
doubling 606 nm dye laser light in a BBO III crystal, and
then combining the fundamental and resulting 303 nm radia-
tion in a BBO I crystal after rotating the polarization of the
303 nm light using a1

2 wave plate.
The atomic oxygen photolysis products were probed us-

ing resonance enhanced multiphoton ionization~REMPI!
schemes. O(1D) was probed by~211! REMPI using pho-
tons at 203.7 nm which were generated in similar fashion to
the 202.25 nm light described above. The laser light was
focused at the intersection of the molecular beam and the
photolysis radiation but in a direction counter-propagating
with, and delayed by about 10 ns, with respect to the VUV
light. The O(3P) atomic fragments were probed using a
~1118! REMPI scheme in which the first photon excited the
VUV resonance transition at 130.2 nm. Residual 202.25 nm
or 212.55 nm radiation was sufficient to effect the ionization
step. The generation of a second VUV wavelength in addi-
tion to the VUV photolysis wavelength was accomplished by
sending a second visible laser into the VUV cell, coincident
in time and spatially overlapped with the previously men-
tioned UV and visible lasers which generated the VUV pho-
tolysis light. This scheme was particularly advantageous
since one Nd:YAG laser could be configured to pump three
dye lasers simultaneously, thereby eliminating timing jitter
problems. Also, the spatial overlap of the three lasers co-
propagating through the VUV cell and overlapping with the
molecular beam was simply and reliably achieved on a daily
basis.

A variety of spectra were recorded for diagnostic pur-
poses with a photomultiplier tube used in place of the cam-
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era. The pump–probe scheme used to produce and detect
O(3P) described above by generating two different VUV
wavelengths was characterized by power dependence stud-
ies. The probe visible laser was scanned over the atomic
transition as a function of the laser pulse energies for each of
the three lasers involved. Jet-cooled spectra of molecular
oxygen also were obtained by scanning the photolysis laser
while observing the O1 signal arising from REMPI detection
of the photofragments. Likewise, the spin–orbit branching
ratio of O(3PJ) fragments accompanying O(1D) was deter-
mined by measuring the photomultiplier signal at each
O(3PJ) resonance, correcting for the background off-
resonance signal and accounting for differences in the laser
energy at each resonance.

In view of the large kinetic energies released to the
atomic photofragments, two different lengths of TOF tubes
were used in order to ensure that fast atoms did not miss the
detector. The kinetic energy release was calibrated by com-
parison with the ion image of O(3P) produced in the pho-
tolysis of O2 at the~211! REMPI detection wavelength of
225.65 nm and obtained under the same conditions of ion
focusing. Wherever possible, the probe laser was scanned
across the transition so that the full Doppler spread of veloci-
ties were displayed in the image. Laser energies were moni-
tored to ensure that images were recorded under stable con-
ditions.

Doppler scanned images of the O(3P2) photoproduct
were recorded at photolysis wavelengths of 124.4 nm and
151.75 nm in order to compare dissociation quantum yields.
The latter wavelength was generated by the same four wave
mixing scheme outlined above, but with the third harmonic
of a Nd:YAG laser at 354.6 nm in place of the tunable visible
laser (v2) at 729 nm. With the use of electronic shutters
placed in the two (v2) lasers, three separate images were
accumulated in sequences of 30 laser shots: one at each of
the photolysis wavelengths and one with only the ionization
wavelength present as background. A similar scheme was
used to record O(3P2) images at photolysis wavelengths of
130.2 and 132.7 nm. The latter wavelength was generated
with the second harmonic of a Nd:YAG laser asv2 .

All lasers were linearly polarized and arranged so that
the polarization of the resulting VUV photolysis radiation
was parallel to the plane of the MCP detector. In separate
experiments designed to check for product angular momen-
tum alignment, Doppler scanned images were recorded first
with the polarization of the ionizing radiation parallel and
then perpendicular to the detector plane.

VUV fluorescence was also detected by replacing the ion
optics and TOF tube by anf /1 MgF2 light collection lens and
monochromator in combination with a solar blind photomul-
tiplier tube. In these experiments, the lasers intersected an
unskimmed molecular beam of O2 10 to 30 nozzle diameters
downstream of the jet orifice. The photomultiplier signal was
amplified 125-fold and processed by a gated photon-counting
algorithm written in Labview. Detection of the O(3P2) dis-
sociation product by laser induced fluorescence~LIF! at
130.2 nm provided a strong signal which was useful in opti-
mization of the VUV generation at 124.4 nm, alignment of

the light collection system, and in the calibration of the
monochromator wavelength.

RESULTS

Photofragment excitation spectra

Photofragment yield spectra of O(1D) and O(3P2) as a
function of the excitation wavelength in the O2(E 3Su

2

←X 3Sg
2) ~0,0! band region around 124.4 nm are displayed

in Fig. 1 along with a simulated spectrum; only the relative
amplitudes have been adjusted to obtain the fit. The simula-
tion was calculated using published spectral constants,53,54

line strength factors for coupling behavior intermediate be-
tween Hund’s casesa andb,55 and Fano line shapes.54 Good
agreement of the simulated spectrum with the data was
achieved by modeling the expansion cooling of the ground
state rotational population with a Boltzmann temperature of
20 K, and by shifting the model spectrum by17.5 cm21.
The simulation was not convoluted with an instrument func-
tion since the VUV laser bandwidth was an order of magni-
tude narrower than the Fano lineshape associated with each
of the rotational lines. There was no significant difference
between the experimental spectra of either electronic state of
the atomic oxygen photofragments. The O(3P2) LIF excita-
tion spectrum was very similar to those displayed in Fig. 1,
although slightly broader due to a warmer expansion.

Product speed and angular distributions

Velocity-mapped images of the ionized photoproducts
O(1D) and O(3P2) were obtained at the five wavelengths
denoted by the vertical lines above the spectra in Fig. 1.
Some of these images are displayed in Fig. 2. In every case
the images consisted of a single sharp ring with identical
radii indicating that the O(1D) and O(3P2) were coproducts
of a single dissociation channel. This was confirmed by
analysis of the images using inverse Abel transform algo-
rithms which showed that the O(1D) and O(3P2) products
had the same speed. Due to magnification of the image ring

FIG. 1. Photofragment yield spectra of O(1D) ~solid circles! and O(3P2)
~open squares!. The solid line is a simulation at 20 K. Vertical lines on the
top axis give positions where images were taken.
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by the camera and ion lenses, it was necessary to calibrate
the kinetic energy released in the atomic fragments by com-
parison to O(3P2) images recorded in the 225.65 nm disso-
ciation of O2 and analyzed in the same fashion. Figure 3
contains O(1D) and O(3P2) product speed distributions
from the photodissociation of O2 at 124.4 nm. The speeds at
which atomic products arising from other dissociation chan-
nels would be expected are also indicated.

The apparent angular distribution of the O(1D) images
depended strongly on the polarization direction of the detec-
tion laser. Use of the inverse Abel transform in the analysis
presupposes axial symmetry in the image. Consequently, all
of the analyzed images were recorded with polarizations of
photolysis and detection lasers coparallel with the plane of
the detector. Preliminary analysis involved fitting the angular
distributions with a function of the form

I ~u!5C$11b@P2~cosu!#1g@P4~cosu!#%, ~1!

whereu is the scattering angle with reference to the vertical
axis of cylindrical symmetry~photolysis laser polarization
direction!, P2@ # andP4@ # are Legendre polynomials andC,
b, and g are fitting parameters.b is the usual anisotropy
parameter with limiting values of12 for a parallel transition
and 21 for a perpendicular transition. TheP4@ # term was
included to account for alignment of the electronic angular
momentum of the atomic fragments. The apparent values of
b and g for O(1D) and O(3P2,1,0) for the dissociation at
124.40 nm are given in Table I along with the estimates of
the62s uncertainties from the nonlinear least squares fitting
program. Because the1D and 3P oxygen atoms must have
the same overall spatial anisotropy, the difference in angular
distributions for the cofragments strongly suggests that the
atomic electronic angular momentum must be aligned. This
suggestion is confirmed by experiments changing the polar-
ization of the probe laser and the related analysis, described
next.

Angular distributions consistent with alignment of elec-
tronic angular momentum in cofragments of a photodissocia-
tion process were determined by fitting the following func-
tion to the data:

I ~u!5C@11bP2~cosu!#SmAmFm~u!. ~2!

The angular dependence of the detection step sums the con-
tributions from themJ levels and includes the fractional
population (Am) of eachumJu as fitting parameters. The cor-
responding probe frame angular detectivity functions
@Fm(u)# depend on the details of the transition probed and
are well known for the two photon transitions used to detect
O(1D),56,57 so that values ofb andAm from the O(1D) data
could be deduced from the images. In a similar fashion, an-
gular distributions and fractional population ofumJu states
were obtained from the O(3P2) images, employing one pho-
ton expressions forFm(u).58 Analysis of O(3P0) images
yielded angular distributions without the complication of
alignment sinceJ50. A complete summary of theb andAm

values from all images is presented in Table II. The anisot-
ropy parameters are higher in the wings of the absorption

FIG. 2. Images of O(1D), left, and O(3P2), right, following dissociation of
O2 at 124.39 nm.

FIG. 3. Speed distributions of O(1D) ~upper panel! and O(3P2) ~lower
panel! produced in the 124.4 nm photodissociation of O2 .

TABLE I. Angular distributions of atomic coproducts determined from the
images produced in the dissociation of O2 near 124.4 nm.

Parameters
from Eq. ~1!

Dissociation products

O(1D) O(3P2) O(3P1) O(3P0)

b 20.2460.06 0.9460.10 0.7260.12 0.5660.10
g 20.4860.10 20.0860.10 0.0560.14 20.0360.12
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profile with a distinct dip near the band origin. The align-
ment in electronic angular momentum is consistent with a
predominantlymJ50 distribution.

Similar images of O(1D) and O(3P2) with single rings
were recorded for excitation to theE(3Su

2 ,v851) state at
wavelengths near 120.4 nm. Again the analysis of the images
demonstrated that the O(1D) and the O(3P) had the same
speed and were thus coproducts of the dissociation. The cali-
brated O(1D) speed distribution is shown in Fig. 4 along
with the expected speeds of the energetically possible disso-
ciation channels. Parameters describing the angular distribu-
tions are also given in Table II.

Quantum yields

From the O(3P2) image recorded in the dissociation at
132.7 nm, two rings were observed, corresponding to disso-
ciation to O(1D)1O(3P2) and to O(3P)1O(3P2). After
subtraction of the contribution from dissociation at the probe
wavelength of 130.2 nm, the quantum yields for the two
channels were simply determined from the integrated peak
areas in the speed distribution to be 0.4060.08 and 0.60
60.09, respectively. Figure 5 displays the net image after
background subtraction.

Comparison of O(3P2) signals obtained from images re-
corded at pairs of photodissociation wavelengths were used
to determine relative quantum yields for the dissociation to
O(1D)1O(3P). Since the detection scheme was the same
for each pair of dissociation wavelengths, the quantum yields
F i are related to the Oi signals as follows:

F1 /F25~O1 /O2!~s2 /s1!~SO2 /SO1!~T2 /T1!~ I 2 /I 1!, ~3!

wheres is the O2 absorption cross section, SO is the fraction
of the spin–orbit population appearing as O(3P2), T is the
VUV transmission through the collimating lens, andI is the
VUV laser power at the output of the Kr cell. The O atom
signals were obtained by integrating over the appropriate
peaks in the speed distributions. AsF2 is known, at 151.7
nm ~Ref. 42! and at 132.7 nm~Ref. 42! ~see above!, thenF1

may be determined at 124.4 and 130.2 nm, respectively.
The VUV laser power was not measured directly but was

obtained by monitoring the laser power for each of the sev-
eral lasers involved in the four wave mixing scheme and
using the theoretical power dependence,

I ~vVUV !5a@ I ~v1!#2I ~v2!, ~4!

TABLE II. Anisotropy parameter andumJu populations of atomic coproducts produced in the dissociation of O2

at 124.4 nm, 120.4 nm, and 151.75 nm. Uncertainties are62s. Parameters are from Eq.~2!.

Dissociation
Wavelength

~nm!

O(1D) O(3P2) O(3P0)

b
A(umu51)a/

A(m50) b
A(umu51)b/

A(m50) b

124.37 1.1060.08 0.1260.06 1.5360.08 0 1.3860.14
124.39 0.9860.06 0.1260.05 1.4760.20 0.1 1.360.3
124.40 0.5760.06 0.0860.06 0.9960.18 0.1 0.5160.08
124.41 0.7460.08 0.1260.08 0.8860.17 0.1 0.8560.18
124.42 1.0160.08 0.0860.07 1.3560.24 0.1 1.06 0.2
120.40 1.16 0.4 060.2
151.75 2.16 0.6 060.2

aA(umu52)50 fixed.
bNot sensitive toA(umu52); A(umu51)/A(m50) fixed when no uncertainty is quoted.

FIG. 4. Speed distribution of O(1D) produced in the 120.4 nm photodisso-
ciation of O2 .

FIG. 5. Two dissociation channels are observed for O2 excitation at
132.7 nm.
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wherea includes various factors describing the interaction of
the laser beams with the krypton.59 Since the excitation of
the two-photon Kr resonance was the same for generation of
all dissociation wavelengths, theI (v1) term cancelled when
taking the ratioI 1 /I 2 . The measured power dependences of
the O1 signal on each laser displayed only minor deviation
from the theoretical expectations due to saturation effects.
Index of refraction60 and third order susceptibility (x (3))
values61 were used to calculate the ratio ofa factors for
different dissociation wavelengths according to Eqs.~29! and
~32! in Ref. 59.

The ratios of O atom signals, absorption coefficients,
spin–orbit fractions, lens transmissions, and VUV laser en-
ergies from Eqs.~3! and~4! are given in Table III along with
the relative quantum yields for the pairs of dissociation
wavelengths 130.2 and 132.7 nm, and 124.4 and 151.7 nm.
Characterization of the angular distribution at 151.7 nm is
included in Table II.

Emission from O2 excited to theE state was searched for
as an alternative loss process to dissociation. In the absence
of the probe laser, no VUV fluorescence was detected which
could be attributed to emission from excited molecular O2 at
monochromator wavelengths between 124 and 130 nm
where theE–X ~0,0!, ~0,1!, and ~0,2! bands are expected.
Franck–Condon factor calculations using Morse potentials
indicate that the above three bands would comprise;99% of
the emission intensity from theE statev50 level. Compari-
son of the fluorescence signal from LIF detection of the
O(3P2) dissociation product at 130.2 nm with scattered light
levels in the 124–129 nm region following excitation of O2

at 124.4 nm sets an upper limit on the ratio of quantum
yields F rad/Fdiss of 1026. This observation is in agreement
with the measurements of Leeet al.,41 who found that pho-
ton absorption leads only to dissociation in this region.

DISCUSSION

The experimental O2 excitation spectra taken near 124.4
nm in the E–X ~0,0! band for both dissociation products
O(3P2) and O(1D) agree well with each other and with the
simulation based on spectral constants previously
reported.53,54A discrepancy in the position of the origin (n00)
occurs, which amounts to a difference of less than 0.01%,
and which can be largely accounted for by calibration of the
dye laser wavelengths. The partial resolution of the
predissociation-broadened band intoP and R branch enve-
lopes reproduces the expected dominance ofR branch line

strengths for the low rotational quantum numbers populated
at the experimental rotational temperature of 20 K. Modeling
the predissociation widths of individual rotational lines with
Fano line shapes results in good agreement with the overall
shape and width of the experimental spectra. Extension of
the model to include interference effects between transitions
to upper levels with the sameJ but differentN yields only
minor differences in the simulated spectrum.62

Quantum yield determinations

The quantum yields for the two channels O(1D)
1O(3P) and O(3P)1O(3P) following dissociation at 132.7
nm were determined to be 0.4060.08 ~2s! and 0.6060.09,
respectively, assuming that these are the only two loss pro-
cesses. The wavelength was well determined by the differ-
ence between the excitation of the two-photon Kr resonance
at 94 092.8557 cm21 and the second harmonic of the
Nd:YAG laser. Previously measured O(1D) quantum yields
of 0.4 ~Ref. 42! and 0.37~Ref. 41! ~at 132.4 nm! are in good
agreement with this determination. From the ratio of quan-
tum yields in Table III for 130.2 and 132.7 nm dissociation,
the quantum yield at 130.2 nm is thus obtained as 0.76
60.28. This compares well with previously measured values
of 0.82 ~Ref. 42! and 0.77~Ref. 41! ~at 129.5 nm!. The
uncertainty in the ratio of quantum yields is mainly due to
the subtraction of the noisy background from the O atom
signal at the 130.2 nm dissociation. This also prevented a
meaningful quantification of the yield for the O(3P)
1O(3P) channel at 130.2 nm.

The ratio of quantum yields calculated using Eqs.~3!
and ~4! neglects any difference in absorption cross sections
between room temperature and the 20 K jet expansion con-
ditions since this has been shown to be insignificant for the
Schumann–Runge continuum.19,63 The O(3P) spin–orbit
distributions are assumed to be in the statistical limit at each
dissociation wavelength since the available energies are
more than 2 eV above the O(1D)1O(3P) asymptote and 4
eV above the lower ground state channel. Thea factor in Eq.
~4! was estimated fromux (3)u values given for VUV differ-
ence frequency generation in krypton involving a different
two-photon resonance than we used.61 The difference be-
tween the two-photon energies was less than 2% of the total
and should not affect the ratio of susceptibilities at the dis-
sociation wavelengths near 130 nm. Given the success with
which the ratio of quantum yields at 130.2 and 132.7 nm
agree with previous measurements, it would appear that the
various contributions to thea factor in Eq. ~4!, which de-
scribe the laser interactions in the nonlinear medium, were
fairly well approximated.

Although excitation in the Schumann–Runge continuum
at 151.7 nm and excitation to the mixed Rydberg/valence
E 3Su

2 state at 124.4 nm both result in dissociation exclu-
sively to O(1D)1O(3P), obtaining the ratio of quantum
yields at these two wavelengths provides a more stringent
test of the various approximations outlined above. While the
151.7 nm absorption cross section is insignificantly different
at room temperature and at 20 K, the absorption at 124.4 nm
increases by a factor of 2 between 295 and 79 K.54 Simula-
tion of absorption spectra of the~0,0! band near 124 nm at

TABLE III. Relative O(1D) quantum yields estimated from O atom images
recorded at pairs of dissociation wavelengths. Uncertainties are62s. Pa-
rameters are from Eqs.~3! and ~4!.

Equation~3!
Parameters

l15130.2 nm
l25132.7 nm

l15124.4 nm
l25151.7 nm

O1 /O2 0.9260.30 1.2860.14
s2 /s1 3.75at300K 0.086 at 20 K

(SO)2 /(SO)1 ;1 1.260.4
T2 /T1 1.04 1.36
I 2 /I 1 0.52 0.81

F1 /F2 1.960.6 0.1560.04
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both 79 and 20 K show that the absorption at 124.4 nm
nearly doubles again at the lower temperature. The spin–
orbit distributions for O(3P) accompanying O(1D) are in-
deed at the statistical limit at 124.4 nm, having been mea-
sured to be (J52):(J51):(J50)5(0.5660.15):(0.32
60.13):(0.1360.18), with uncertainties estimated to be
62s. At 151.7 nm, the corresponding population ratio,~0.66
60.11!:~0.2460.09!:~0.1060.07!, appears to be slightly
colder than statistical but the difference is not significantly
different within the uncertainties. At the shorter wavelengths
near 130 nm the population ratios are thus likely to be indis-
tinguishable as assumed above. At longer wavelengths, two
groups have measured spin–orbit population ratios in the
Schumann–Runge continuum, at 157 nm.64,65 Our results at
151.7 nm are closer to those of Matsumi and Kawasaki
~0.74:0.21:0.04! than those of Huang and Gordon
~0.93:0.06:0.01!.

The shorter wavelength at 124.4 nm poses several prob-
lems since both the LiF collimating lens66 and the krypton
begin to absorb significantly. Absorption and transmission
loss through optics is a standard problem. Modeling the
VUV power generated by difference-frequency mixing near
a resonance absorption in the nonlinear medium, however, is
not trivial. Thea factor of Eq.~4! includes quantities depen-
dent on the index of refraction and the nonlinear third order
susceptibilityux (3)u descriptive of the four wave mixing pro-
cess. Although Bideau-Mehuet al. have reported a disper-
sion relationship with wavelength for krypton, their measure-
ments extend down to 140 nm only.60 The accuracy of
extrapolation to shorter wavelengths on the rapidly rising
part of the curve near an absorption is uncertain. Evaluation
of ux (3)u, involves a sum over transition matrix elements di-
vided by energy difference terms between the energy levels
considered in the numerator and the photons involved in the
nonlinear mixing scheme. In difference-frequency mixing,
the dominant energy difference term ideally involves only a
two-photon transition with the medium transparent to all
other possible single photon absorptions. This is not the case
at 124.4 nm due to the Kr absorption feature at 123.6 nm.
Furthermore, since the sum of the VUV andv2 photons is
equivalent to the energy of the two-photon transition,v2 will
also be nearly resonant with a transition between excited
states. In this case where single photon absorptions become
important, other processes which compete with VUV genera-
tion contribute toux (3)u. We did not attempt to calculate
these additional terms or their effect on the efficiency of
VUV generation. As a result, the value reported in Table III
for the ratio of quantum yieldsF124.4/F151.7, based on an
overestimate of the value ofux (3)u at 124.4 nm, is not very
useful. Measuring the VUV laser power directly should lead
to a more reliable estimate of the quantum yield at the
shorter wavelength.

Nevertheless, it is clear from the absence of recoil en-
ergy peaks corresponding to the O(3P)1O(3P) channel
that, following excitation of either O2(E 3Su

2 ,v50) or
O2(E 3Su

2 ,v51), the only dissociation channel produces
O(1D)1O(3P). Thus, the quantum yield of the O(1D)
1O(3P) channel must be unity at both 124.4 nm and 120.4
nm, providing that there are no other decay channels, e.g.,

fluorescence. From the photodissociation experiments with
fluorescence detection, it was estimated by comparison with
LIF signals from the O(3P2) dissociation product, that the
ratio of quantum yields for fluorescence and predissociation
was less than 1026. This observation is basically in agree-
ment with the measurements of Leeet al.41 and with the
120.4 measurement of Lee and Nee,44 but it disagrees with
the value of about 0.5 inferred from Fig. 1 of Lee and Nee
for excitation of O2(E 3Su

2 ,v50).

O„

1D… product alignment

We now turn to a possible explanation for the observa-
tion that angular momentum of the O(1D2) atomic fragment
is aligned with respect to the recoil velocity in such a way
that the populations ofmJ50 andmJ51 are larger than that
of mJ52. Because it is clear that rotational structure is
present, though not completely resolved, for absorption to
O2(E 3Su

2 ,v50), we assume that this excited electronic
state is predissociated by a state leading to the O(1D2)
1O(3P) products. The most common predissociation is by a
homogeneous mechanism,67 for which there would be an
avoided crossing between states of like symmetry; i.e., the
predissociating state would also be of3Su

2 symmetry. In-
deed, the work of Lewiset al.12 shows that the inner wall of
theE state is actually the diabatic continuation of theB 3Su

2

state, as shown in Fig. 6. Thus, a simple path to products is a
nonadiabatic transition between bound vibrational levels of
the E state and the repulsive part of theB state.

The B 3Su
2 state correlates, in agreement with the

Wigner–Witmer rules,53,68,69 to O(1D2)1O(3P), but we
need to determine which of the twoS2 states is responsible.
The combinationPg1Dg gives rise to nine electronic con-
figurations of the diatomic molecule:S1, S2(2), P~3!,
D~2!, andF. Each of theS states has zero angular momen-
tum projection onto the internuclear axis, theP states have
61, theD states have62, and theF state has63, so that
there are 31332123212515 projection states altogether.
These correspond to 15 combinations of the~1,0,21! com-
ponents of thePg atom with the~2,1,0,21,22! components
of the Dg atom. Since there are twoS2 states among the

FIG. 6. Schematic diagram of O2X, B, andE states.
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electronic configurations, it is possible that one or both of
these could cause a homogeneous predissociation of
O2(3Su

2). According to Herzberg, one of theS2 states and
the S1 state correlate with combination of themL561
components on thePg atom with themL571 components
on theDg atom, while the secondS2 state correlates with
the combination of themL50 component on thePg atom
with the mL50 component on theDg atom. Note that there
is no mL562 component that correlates with aS2 state.
The observation that the component of O(1D2) angular mo-
mentum along the recoil axis is predominantlymL50, 1 is
then consistent with the homogeneous predissociation of
O2(3Su

2) by a repulsive state ofS2 symmetry, most likely
the one corresponding principally tomL50. Since the repul-
sive part of theB 3Su

2 state forms the inner wall of theE
state, it would seem that this is likely to be the state respon-
sible for the predissociation. If so, dissociation along this
repulsive state should also produce aligned O(1D2). Indeed,
Parker and co-workers have shown that dissociation of O2

through the Schumann–Runge continuum region near 157
nm produced O(1D2) atoms that are aligned with 93% in
mL50.70,71 This conclusion is also supported by our results
at 151.7 nm in which the detected O(3P2) cofragments are
also found mainly inmL50. Thus, it is clear that the predis-
sociation of the O2 E 3Su

2 state is due to the repulsive region
of the B 3Su

2 state.

Variation of anisotropy parameter with wavelength

Table II gives theb parameters obtained from the angu-
lar distributions of the dissociation products O(1D), O(3P2),
and O(3P0) at five wavelengths in theE–X ~0,0! band. For
all three there is a pronounced dip in the value of the anisot-
ropy parameter near the band center. The agreement of val-
ues for O(1D) and O(3P0) is quantitative within the uncer-
tainties. The O(3P2) data is qualitatively similar but tend to
be higher in value. Since detection of O(3P2) involves exci-

tation to a3S1 state, only themJ50, 1 levels are involved in
the transition and the analysis is less sensitive to alignment
effects.

The variation of the anisotropy parameter with wave-
length across the O2(3Su

2) v50 absorption profile is diffi-
cult to calculate because the rotational spacing and the line-
widths are comparable. For isolated rotational lines,
excitation produces an aligned, rotating excited state that dis-
sociates slowly compared to a rotational period. The angular
distribution can then be calculated using techniques similar
to those used for NO.51 When the rotational lines overlap,
coherent excitation must be taken into account, as discussed
in the Appendix. Figure 7 shows that the agreement between
theory and experiment is qualitatively correct, though not
quantitative.

CONCLUSION

Product imaging has been used to investigate the
O2(E 3Su

2←X 3Sg
2) absorption in the 120–130 nm region.

The products for dissociation throughv50, and 1 of theE
state are exclusively O(1D)1O(3P), to within the error
limit of our measurement. Lee and Nee found that the quan-
tum yield for O(1D) formation is unity for dissociation
through v51 and 2, but only 0.5 for dissociation through
v50,44,45 while Lee et al.41 found a value of unity for the
wavelength corresponding to excitation ofv50. At other
wavelengths, we found quantum yields to be in good agree-
ment with other measurements. At 132.7 nm, both the
O(1D)1O(3P) and the O(3P)1O(3P) channels are ob-
served with branching ratios of 0.4060.08 and 0.6060.09,
respectively. At 130.2 nm, the quantum yield for production
of O(1D) is 0.7660.28.

The angular distribution of the O(1D2) product shows
that the product is aligned in the molecular frame in such a
way thatJ is nearly perpendicular to the axis of recoil be-
tween the two oxygen atoms. This finding is consistent with
a homogeneous dissociation along the repulsive wall of theB
state, as might be expected from the fact that theE state is
formed by an avoided crossing between theB state and a
3Su

2 state leading to O(1D)1O(3P).
The variation in the anisotropy parameterb with wave-

length across thev50 absorption band of theE←X transi-
tion is qualitatively in accord with a calculation similar to
that used previously for NO,51 but taking into account the
coherent excitation of overlapping lines.
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APPENDIX: WAVELENGTH DEPENDENCE OF b

The dependence ofb on wavelength is sensitive to the
electronic character of the ground and dissociating state, the
rotational branch and line excited, and the lifetime of the
dissociating state, which governs the linewidths of the ab-
sorption features. In the case of the O2 E 3Su

2 state, the ro-

FIG. 7. Calculated variation ofb with n ~upper solid curve! and absorption
spectrum~lower solid curve! compared with data forb @symbols with error
bars, open squares for O(3P0) and filled ones for O(1D2)] and a curve
~dashed! representing absorption~from Fig. 1!.
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tational features for thev50 band are incompletely re-
solved, so that at each dissociation wavelength a mixture of
initial states is incoherently excited, and from each initial
state a number of rotational transitions are coherently ex-
cited. We calculate the anisotropy parameter at each wave-
length by calculating what it would be for each initial state
and each transition and then by summing incoherently over
the former and coherently over the latter using weights that
depend on the relative populations of the initial states ex-
cited, the linewidth, and the shift from line center. This cal-
culation is briefly described below; much of it is a one-
photon version of the two-photon calculation we have
presented previously for NO.51

The relative intensity of dissociation products at angleu
with respect to the polarization direction and for a dissocia-
tion frequencyn is given by the equation

I ~u,n!5 (
init levs

(
m52Ji

Ji F (
V521,0,1

(
rot trans

S~V,Ji ,m,Jf !

3P~V,Ji ,Jf ,Fi ,F f !A~Ji ,Jf ,Fi ,F f ,n!dm,V
Jf ~u!G2

,

where S(V,Ji ,m,Jf) is the one-photon probability ampli-
tude for the O2 E 3Su

2←X 3Su
2 transition assuming Hund’s

casea,72 P(V,JiJf ,Fi ,F f) is the correction factor for a mix-
ture of Hund’s casea and b,55 and A(Ji ,Jf ,Fi ,F f ,n) is a
factor that contains information on the line center and broad-
ening for each transition as well as the population of each
excited state,

A~Ji ,Jf ,Fi ,F f ,n!

5$exp~2T~Ji ,Fi !hc/kT!F@n2n0~Ji ,Jf ,Fi ,F f !#%
1/2,

whereT(Ji ,Fi) is the term energy of the initial state, andF
is a function that includes broadening parameters and gives
the intensity of the absorption atn relative to that atn0 , the
line center for the transition. We used a broadening function
based on Fano line shapes,

F~n2n0!5

S q1
n2n0

g D 2

11Fn2n0

g G2 ,

where q5219.21(2.8E205)(@Jf(Jf11)#2 and g55.6
1(0.018)@Jf(Jf11)#, as suggested by the work of Lewis
et al.54 Center frequencies were calculated asn05n00

2Ti(Ji ,Fi)1T(Jf ,F f), whereTi and Tf give the term en-
ergies for the initial and final states, respectively, andn00

580 382.8 cm21.
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