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Photophysics of O 2 excited by tunable laser radiation around 193 nm
B. L. G. Bakkera) and D. H. Parker
Department of Molecular and Laser Physics, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen,
The Netherlands

~Received 21 October 1999; accepted 10 December 1999!

The photodissociation/ionization dynamics of O2 around 193 nm have been studied using a
narrowband tunable ArF excimer laser and the velocity map imaging technique. Angular and kinetic
energy distributions of the product O1 ions and O(3P2) atoms are recorded and analyzed. The
production of O(3P2) atoms is resonance enhanced on the one-photon level by the B3Su

2(v54)
state, which is part of the B3Su

2←X 3Sg
2 Schumann–Runge bands. Angular distribution

measurements for individual rotational levels of the B state yield values for the anisotropy
parameter,bSR, which are in good agreement with the values predicted by independent
measurements of predissociation lifetimes from spectral linewidths. An average value ofb50.48 is
found for the underlying Herzberg continuum at 193 nm. O2

1 production is enhanced on the
two-photon level via members of thenssg(n21)dpg

1Sg
1 Rydberg series terminating at higher

vibrational levels of the ion. The high Rydberg states autoionize into the O2
1 X 2Pg ground state or

absorb one more photon and then autoionize into theA 2Pu and b 4Su
2 states of O2

1 , which
subsequently fluoresce. Production of O1 from one- and two-photon dissociation of the O2

1 formed
after two-photon absorption is also observed and characterized. ©2000 American Institute of
Physics.@S0021-9606~00!01709-8#
rc
si

ic
9
ge
h’
th
bu
ve
f
rly
u-

i
.
tio
t i
bu
ro
lys

ia
ul
to
r
o
d

ng
in

nd
n-

w-

de-
-

ve-
ore
of

ul
in

i-
l
tes

uct
u-
ea-
tion
oton

the
r

u-
I. INTRODUCTION

Molecular oxygen plays a central role in many resea
fields including atmospheric physics, combustion analy
and in fundamental studies of the quantum mechanics
small molecules. In this article we describe the photophys
of molecular oxygen excited by tunable radiation around 1
nm, a wavelength falling within the Schumann–Run
bands,1 the dominant photoabsorption system in the Eart
atmosphere. Molecular oxygen dissociates on absorbing
vacuum ultraviolet radiation. The speed and angular distri
tion of the atomic products are determined here by the
locity map imaging technique.2 Predissociation lifetimes o
the B3Su

2 excited electronic state and those of the unde
ing Herzberg continuum3 can be determined from the ang
lar distribution anisotropy. These values are compared w
previously measured rates from spectroscopic linewidths4

A narrowband tunable ArF laser generates the radia
used in this study. When this type of laser is focused i
easily capable of driving not only one-photon absorption
also higher order multiphoton absorption and ionization p
cesses. Neutral and ionic products are formed, their ana
yields information on the high-energy states of O2 and O2

1 .
A rich array of interesting and unexpected photodissoc
tion / ionization steps are found to take place following m
tiphoton excitation, many of which provide new insight in
the basic photophysics of molecular oxygen. Furthermo
these newly identified mechanisms can be of practical imp
tance because tunable ArF lasers are very often employe
diagnostics of combustion processes5 under conditions where
the same multiphoton events can take place.

a!Electronic mail: bernard@sci.kun.nl
4030021-9606/2000/112(9)/4037/8/$17.00
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Competition between dissociation and ionization duri
multiphoton absorption is a topic of basic interest in itself
laser ionization studies. Most relevant to this work, Hill a
co-workers6 have studied the competition between the io
ization and fragmentation channels in O2 following excita-
tion by a focused, broadband ArF laser using relatively lo
resolution time-of-flight detection of O1. Our higher
resolution velocity mapping technique, supplemented by
tection of nascent O(3P2) atoms, leads us to a different in
terpretation of molecular oxygen photophysics in this wa
length region. These interpretations become much m
straightforward when using tunable narrowband instead
broadband radiation.

Velocity map imaging has proven to be a powerf
method for investigation of photodynamical processes
molecules.2 The technique is ideally suited for simple d
atomic molecules such as O2 because the large vibrationa
spacing and limited number of possible atomic product sta
results in a unique kinetic energy release~KER! for each
final quantum state channel. Besides providing the prod
quantum state distributions from the kinetic energy distrib
tion, the angular distributions of the fragments are also m
sured, allowing in many cases an enhanced discrimina
between the different decay channels. For a rapid one-ph
dissociation the product angular distributionsI (u) is given
by7

I ~u!}11bP2~cosu!, ~1!

whereu is the angle between the laser polarization and
velocity vector of the particles andP2 is the second-orde
Legendre polynomial. The anisotropy parameterb ranges
from limiting values21 to 2, corresponding to a perpendic
lar (P←S) and parallel (S←S) transition, respectively. If
7 © 2000 American Institute of Physics
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the lifetime t of the excited state is similar to the pare
molecule rotational periodT and the associating rotationa
frequencyn51/T of that state, the anisotropy parameter
given by8

b uu52
~n2t211!

~4n2t211!
~2!

for a parallel transition and

b'521
~n2t211!

~4n2t211!
~3!

for a perpendicular transition. The slow dissociation limiti
values for these anisotropy parameters areb uu50.5 andb'

520.25. Measurement ofb for each channel thus provide
information on the symmetry of the electronic states
volved in the absorption process and their lifetimes with
spect to rotation.

Shown schematically in Fig. 1 are the O2 potential en-
ergy curves most relevant to this study. The bond energ
the ground electronic state,X 3Sg

2 , is 5.115 eV and corre
sponds to the asymptotic limit of two O(3P) atoms. In the
ultraviolet region of the O2 spectrum extremely weak an
sharp absorption from theX 3Sg

1 ground electronic state to
the three electronically excited Herzberg states (A 3Su

1 ,
A8 3Du , andc 1Su

2) take place which change over at 242 n
to the Herzberg continuum~242–180 nm!.3 Although opti-
cally forbidden, photoabsorption / dissociation of O2 due to
the Herzberg continuum is the primary source of O(3P) at-
oms in the stratosphere.9 Deeper into the UV region the
strong but predissociated bands of the Schumann–Ru
system ~205–130 nm! arise from the optically allowed
B 3Su

2←X3Sg
1 transition. They change over to a continuu

below 175 nm corresponding to the second dissocia
limit, O(3P)1O(1D) at 7.08 eV. Predissociation of boun

FIG. 1. Schematic potential energy curves for O2 and O2
1 .
-
-

of

ge

n

levels of the B3Su
2 state, primarily by the5P state, takes

place resulting in the production of two O(3P) atoms.
At higher energies in the O2 spectrum a series of opti

cally allowed mixed valence-Rydbergungeradestates con-
verging on the O2

1 X 2Pu ground state~ionization potential
512.08 eV! are observed.10 SeveralgeradeRydberg series11

converging on the ground state of O2
1 have been character

ized using two-photon resonance enhanced multiphoton
ization, ~211! REMPI. Mixing of those molecular Rydberg
states with repulsive valence states can lead to rapid pre
sociation. The possible dissociation limits O(3P)1O(3P),
O(1D!1O(3P), O(1D)1O(1D), and O(1S)1O(3P) frag-
ments all lie within the energy sum of two ArF laser photon
Because this energy sum also exceeds the ionization po
tial of O2 , two-photon absorption can lead via direct ioniz
tion to the formation of ground stateX 2Pu O2

1(v1

50,1,2,3). The ion has a dissociation energy of 6.66 e
slightly higher than the 6.4 eV photon energy, thus all vib
tional levels of O2

1 X 2Pg higher thanv150 can be photo-
dissociated, leading to O1(4S)1O(3P) products~18.733 eV
limit !. Absorption of two ArF laser photons by O2

1 can also
take place as shown in this study, exciting theX 2Pu v1

50 level to 24.90 eV which lies above the first five (O1

1O! dissociation limits~18.733, 20.700, 22.937, 23.057, an
24.025 eV!. One possibility, dissociation to the O1(2D)
1O(1D) limit at 24.025 eV, is shown in Fig. 1. In summary
O1 production mechanisms shown in Fig. 1 include one- a
two-photon dissociation of O2

1 , while O(3P) atoms can be
formed after the absorption of one or more photons. Num
ous other mechanisms could lead to O1 formation including
ion-pair formation, or nonresonant three-photon ionization
O atoms as suggested by Yang, Hill, and Dixit.6 These are
not observed, however, as shown in this study.

II. EXPERIMENT

A detailed description of the velocity mapping appara
has been reported elsewhere2 thus only a brief summary o
the experimental details will be given here. A pulsed a
skimmed supersonic beam of pure O2 is directed down the
axis of a time-of-flight~TOF! mass spectrometer and cross
at right angles by the line-narrowed (Dn;0.5 cm21) ArF
excimer laser. The 193 nm light~15 ns pulse width, 25 mJ
per pulse,;531016 photons! was focused with a 35 cm len
on to the molecular beam resulting in an intensity of;5
31010W/cm2. The line-narrowed scanning range
51 600– 51 800 cm21 and under the best conditions, a broa
band component with integrated intensity at least equa
that of the line-narrowed accompanies the narrowband
put. The laser can also be operated fully broadband (Dn
;200 cm21) by blocking the oscillator grating.

A series of dichroic mirrors used to direct the bea
serve also to attenuate the horizontal component of the
tially unpolarized beam and result in.95% vertical polar-
ization at the interaction zone. The atomic products of p
dissociation were monitored by two-photon resonan
enhanced multiphoton ionization@~211! REMPI# of O(3P2)
using the 226 nm output of a counterpropagating sec
Nd:YAG pumped frequency-doubled dye laser operat
with Coumarin 47. The probe laser beam was focused o
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the molecular beam using a 20 cm focal length lens and
a typical energy of less than 1 mJ per pulse. The detec
laser pulse arrived;20 ns after the photolysis pulse. T
ensure equal detectivity for all velocity groups the detect
laser wavelength was scanned repetitively across the Dop
profile of the~211! REMPI transition. The formed ions wer
extracted from the ionization region through a ground
time-of-flight tube and crushed onto a two-dimension
microchannel plate / phosphor screen detector read b
charge-coupled device~CCD! camera. Mass selectivity wa
achieved by pulsing on the gain of the detector as the1

ions arrive. Typically, 25 000 laser shots were used to p
duce the final raw image which was then inverted using
inverse two-dimensional~2D!–three-dimensional~3D! Abel
transformation.

The overall quality of the images obtained using the
cimer laser, particularly those taken in combination with t
additional O(3P2) detection laser, were not as high as im
ages obtained using Nd-YAG pumped dye lasers. This co
partially arise from insufficient time-focusing~‘‘pancaking’’
of the 3D image before it hits the detector! due to the longer
pulse length of the excimer~15 ns in comparison to;3 ns
from doubled-dye lasers pumped by a Nd:YAG laser!. More
likely, the problem arises from the rectangular beam geo
etry ~3 by 1 cm! of the excimer laser. The laser is focus
with a simple plano-convex lens on to the molecular bea
with the longer laser beam axis lying parallel to the time-
flight axis. Because the laser beam spatial pattern sh
shot-to-shot fluctuations, the position of the ion origin w
be spread along the TOF axis. Velocity mapping magni
the image by slightly different factors dependent on this
sition, which will thus lower the sharpness of the imag
Shot-to-shot fluctuations in the focal position are particula
disturbing for the two-laser experiments for obvious reaso
Overall, the energy resolution of the excimer-laser-produ
images is estimated to be;60 meV at 1 eV kinetic energy
release, compared to;30 meV for images produced by
Nd:YAG pumped dye laser.12

III. RESULTS

Typical images obtained with the 193 nm light alone a
along with the O(3P2) detection laser are shown in Fig.
Raw half-images are presented on the left-hand sides of
2~a! for the one-laser result and Fig. 2~c! for the two-laser
result, while the Abel-inverted half-image is shown on t
right side of Figs. 2~b! and 2~d!. The images show a series o
sharp concentric rings whose velocity are directly calibra
using the known3 O(3P2) atom signals from the detectio
laser alone, which also produces O(3P2) atoms from the
photodissociation of O2 via one- and two-photon absorption
The radius of the ring is proportional to the velocity of th
products, so after calibration the kinetic energy release
responding to all other rings is determined. Accuracy is h
enough that the number of photons absorbed can be di
guished in the photodissociation processes. Distribution
the total kinetic energy release~i.e., twice the atom kinetic
energy! extracted from the raw images Figs. 2~a! and 2~b!
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are shown in Figs. 3~a! and 3~b!, respectively. These ar
obtained from the inverted image by integrating over the f
angular distribution.

As seen in Fig. 2, each dissociation channel produ
some signal along the vertical axis. The spectral behavio
the kinetic energy distribution can be investigated by fixi
the detection laser on top of the O(3P2) 211 REMPI wave-
length, so that atoms flying along the direction of the la
polarization~no Doppler shift! are detected. The image pro
cessing software is then set to average a vertical slice of
image approximately 10 pixels wide. The computer softw
compresses and stores this slice as an array 1 pixel w
~averaging the approximate 10 pixels! by 286 pixels high.
For each following array the dissociation laser wavelength
stepped. The top and bottom halves~upward and downward
traveling ions! of the 2D array of velocity distribution versu
dissociation laser frequency are then averaged. The top

FIG. 2. Raw~left side! and Abel-inverted~right side! O1 images:~a! and
~b! for 193 nm laser excitation of O2 ; ~c! and ~d! for 193 nm excitation of
O2 with O(3P2) detection.
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of such an array for O1 @and O(3P2)] detection from O2 is
shown in Fig. 4.

The analysis of the different dissociation channels a
function of laser bandwidth and frequency will be discuss
for each channel separately. First, the general features o
images will be summarized. With the 193 nm laser worki
in the broadband mode features are seen in the 0–0.40
0.80–1.50 eV range along with very weak features in
2.70–3.50 eV range, as seen in Fig. 3~a!. These results are in

FIG. 3. Kinetic energy distributions for the images shown in Fig. 2.

FIG. 4. Velocity distribution spectrum of O2 . O atom velocity vs dissocia-
tion laser wavelength. Vertical lines indicate the Schumann–Runge~48–09!
P andR branches, the asterisk indicates the two-photon Rydberg state
a
d
he

nd
e

qualitative agreement with the time-of-flight results of Yan
Hill, and Dixit6 using also a broadband laser, except th
TOF resolution was too low to resolve the individual pea
seen in Fig. 3~a!. The weaker signals around 3 eV were n
reported. When the ArF laser is operated in the narrowb
mode~regardless of wavelength!, essentially the same imag
is observed, but the signals in the 0.80–1.50 and 2.70–3
eV range are around five times weaker.

On adding the O(3P2) detection laser several new ring
appear in the image, mainly at higher energies than the
nm laser-only signals. Two peaks, labeled in Fig. 3, are
to the 226 nm detection laser only and correspond to o
photon dissociation@creating O(3P2)1O(3P) products# and
two-photon dissociation@creating O(3P2)1O(1D) products#
of O2 . Three other rings correspond to dissociation at 1
nm by one-photon absorption@creating O(3P2)1O(3P)
products, 1.29 eV total KER# and by two-photon absorption
@creating O(3P2)1O(1D), 5.65 eV; and O(3P2)1O(3P)
products, 7.62 eV#. A broad shoulder to higher energy a
companying the 193 nm one-photon dissociation sig
grows in strength relative to the main peak at 1.29 eV to
KER when the laser is operated narrowband and reso
with a Schumann–Runge~SR! transition. This is probably
due to space-charge effects in the focus of the 226 nm
tection laser. Note that with the 193 nm laser alone~broad-
band or narrowband!, no signal appears at 1.29 eV, indica
ing that nonresonant three-photon ionization of O(3P) atoms
by the excimer laser does not take place to any signific
extent.

IV. DISCUSSION

In the following sections the photophysical process o
served is discussed according to how many photons h
been absorbed by either O2 or O2

1 . These different stages ar
labeled in Fig. 1 as:~1! one-photon absorption,~2! two-
photon absorption, and~3! three-photon absorption by O2,
and~4! one-photon absorption and~5! two-photon absorption
by O2

1 .

A. One-photon absorption at 193 nm by O 2

The photodissociation and photoionization of molecu
oxygen in the vacuum ultraviolet, especially predissociat
and direct dissociation via the strong Schumann–Runge~SR!
bands and continuum, is an important process in our at
sphere and has accordingly received much attention in
literature. Recent studies on the photodissociation of O2 via
the Schuman–Runge bands have been reported by
et al.13 Huang and Gordon14 and Eppinket al.15 for the SR
continuum, and by Leahyet al.,16 Gibsonet al.,17 and Mat-
sumi and Kawasaki18 for the SR bands. Tonokuraet al.19 and
Buijsse et al.20 have reported similar studies for the low
lying Herzberg continuum. Information on one-photon diss
ciation is obtained from velocity map imaging by examinin
the KER51.29 eV peak labeled in Fig. 3~b!. Most relevant to
this study, Lewis, Gibson, and Dooley4 have examined pre
dissociation mechanisms in the SR bands and extracted
lifetime broadened linewidths from the absorption spectru
In the 193 nm region the SR bands are weak due to p
Franck–Condon overlap (s for excitation of N515–19 to
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B(v54);2310220 cm22) but the underlying, optically
forbidden, Herzberg continuum~HC! is a factor of;3000
weaker (s;7310224cm22) than the SR resonances. Wi
the ArF laser tuned on resonance, the narrowband com
nent will thus strongly favor the SR band, but the alway
present broadband component of the laser radiation
makes a significant contribution. All molecules can abs
the broadband component via the HC, while only the sm
fraction of the resonant highN states can contribute to th
SR signal.

The tunable ArF laser can excite only the higher ro
tional levels~N515,17,19,21,23! of ground state O2 to the
v54 level of the B3Su

2 state. Despite the use of a supe
sonic pulsed expansion, sufficient population remains
these higherJ levels to observe an enhanced O(3P2) signal
on scanning through the resonances, as shown in the 2
m/s region of Fig. 4. Independent measurements15 of the
pulsed valve expansion indicate that the vast majority of
tational population in the beam after the expansion is in
N51, 3, and to a much less extent theN55 state. At room
temperature the populations ofN515, 17, 19, and 21 is 8%
6%, 4%, and 2%, respectively, and after the expansion th
fractional populations are reduced significantly by an u
known amount.

Figure 5 shows the angular distributions for the on
photon dissociation signal at 1.29 eV when using broadb
radiation and narrowband radiation resonant with a SR ba
in this case theP~17! line at 51 736 cm21. Fitting to Eq. 1
yieldsbon50.6960.05 for the narrowband, on-resonance
ser andbBB50.5460.05 for the broadband radiation. No
shown in Fig. 5 isboff50.5160.05 for narrowband, off-
resonance laser excitation. Table I listsbon values measured

FIG. 5. Angular distributions for 193 nm one-photon dissociation of O2 .
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for the P~15!, P~17!, andP~19! transitions corresponding to
the final state rotational quantum numbersN8514, N8516,
andN8518, respectively. Also presented in Table I are t
corresponding calculated rotational periodT and lifetimet
from spectral linewidth measurements of Lewis, Gibson, a
Dooley.4 Filling the values ofT andt into formula~2! gives
the calculated classical value of the anisotropy param
bcalc. It should be noted that theP~N821! branches are only
;6 cm21 separated from theR~N811! transitions, whereN8
is the rotational quantum number of the B3Su

2 state, while
the natural linewidths of these transitions are;4 cm21. It is
thus not possible to excite a singleN8 state and therefore
some mixing of the state 4 quanta higher than the value lis
in Table I will take place.

The measured beta valuesbon show a different value in
Table I than the expectedbcalc. This can be explained by th
fact that the ArF laser has an underlying broadband com
nent when used in narrowband mode. Correction of the m
suredbon values for the broadband component of the la
beam can be done very qualitatively in the following ma
ner. The broadband~BB! b value, which results from the
combination of SR and HC contributions, isbBB50.54
60.05. A measured narrowbandb value is assumed to resu
from 1

2 narrowband excitation and12 broadband excitation
The corrected beta value for the HC,bHC , can be deter-
mined using the corresponding expressionboff5

1
2bHC

1 1
2bBB . The measured valueboff 50.5160.05 implies that

the average value of beta for the Herzberg continuum
bHC50.4860.10. Off resonance, thebHC value appears to
be raised by the broadband component while on resona
the experimentalbon value is lowered by the broadban
component. Because of the large error bars these value
extremely qualitative. The same method is used to derive
beta value for the SR transitions when the laser is set
resonance. Now the expressionbon5

1
2bSR1 1

2bBB is used.
As seen in Table I, good agreement is found between
correctedbSR values from the angular distributions and tho
from the linewidth measurementsbcalc. Leahy et al.16 also
found good agreement between their measured beta pa
eter and beta predicted from the corresponding linewi
measurement, for the B3Su

2 (v57, N854! state.
The fractional population of theN515, 17, and 19 state

can be estimated by combining the values forbHC50.48, the
averageb value for SR̂bSR&50.75 and the relative absorp
tion strengths. Linewidths of the 6~P and R! SR bands are
;4 cm21 full width at half-maximum each, thus the S
components can absorb;12% of the laser light, but with
3000 times more absorption strength than the HC com
nent. Assuming that bBB5^bSR&(0.12)3000(12 f )
al
TABLE I. Measured (bon), predicted (bcalc) and corrected (bSR) anisotropy parameters for selected rotation
levelsN8 of the B3Su

2 (v54) states.T is theN8 state rotational period andt the state lifetime obtained from
the linewidth measurements of Lewis, Gibson, and Dooley~Ref. 4!.

N8 bon Linewidth(cm21) t(10212 s) T(10212 s) bcalc bSR

14 0.6260.05 3.68 1.44 1.53 0.83 0.70
16 0.6860.05 3.81 1.39 1.34 0.78 0.82
18 0.6360.05 3.79 1.40 1.20 0.73 0.72
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1bHC(0.88)(1)( f ) where f is the fractional population o
the N,15 states yields a value off599.96. A fractional
population in the highN levels of only 0.04% is thus suffi
cient to account for the observed SR contributions. Alter
tively, it is only because of the very strong cooling of th
high N states in the supersonic expansion that an estimat
bHC is possible.

Beta values for O(3P2) atoms produced from dissocia
tion of O2 via the Herzberg continuum for dissociation
226 and 204 nm ofbHC50.64 and 0.87, respectively, hav
been reported previously.3 The value reported here for be
at 193 nm ofbHC50.48 fits in well with theoretical analysi
of the Herzberg continuum given in Ref. 3. Of the thr
components active in the HC, theA 3Su

1←X 3Sg
2 transition

is dominant, especially at shorter wavelengths because
A8 3Du← X 3Sg

2 andc 1Su
2← X 3Sg

2 transitions reach thei
maximum at longer wavelengths than theA 3Su

1← X 3Sg
2 .

With progressively shorter wavelengths it is expected t
the dissociation will approach the sudden-recoil limit3, in
which case thej52 atoms should tend toward a more pe
pendicular angular distribution. While a prediction forb in
the sudden recoil limit has not been made for 193 nm dis
ciation, the present value fits well in the suggested tren
and with preliminary results from an extensive theoreti
analysis by Groenboom and A. van der Avoird.21 A more
complete study includingb values for thej51 and j50
states is desirable. Matsumi and Kawasaki18 have reported
branching ratios forj52:1:0 for broadband ArF laser radia
tion of 0.47:0.31:0.22.

B. Two-photon absorption by O 2

Two-photon excitation by the tunable ArF laser cove
103 200– 103 600 cm21 while the ionization energy22 lies at
97 347 cm21. In this energy range two processes can th
occur, dissociation to neutral, ground-state atoms or~auto!-
ionization to form O2

1 . Ionization producing O2
1 in the v1

50 – 3 vibrational levels occurs either by direct two-phot
absorption or by two-photon excitation to autoionizing Ry
berg states converging on either the ground state or exc
electronic states of the ion. Photodissociation by two A
laser photons exceeds the dissociation limits of@O(3P)
1O(3P), 5.115 eV#, @O(1D)1O(3P), 7.08 eV#, @O(1D)
1O(1D), 9.05 eV# and @O(1S)1O(3P), 9.26 eV#.

Dissociation to neutral ground state atoms by tw
photon absorption will first be discussed. This process
probed in this study by detection of O(3P2) atoms, which
gives information on all but the O(1D)1O(1D) dissociation
channel. Results are shown in Fig. 3 where two-photon
sociation to form O(3P)1O(1D) ~5.74 KER! and O(3P)
1O(3P)~7.71 eV KER! are indicated. This is a two-lase
experiment with a separate detection laser which is alw
much less efficient than a one-laser experiment. Despite
the two-photon dissociation channel to O(3P)1O(1D) is
one of the strongest signals suggesting that this is the m
probable event following two-photon absorption. This co
roborates the finding of van der Zandeet al.,23 who found
that the large majority of O2 molecules excited to an energ
abovev152 of the ion dissociate instead of ionize. In the
-
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experiments O atoms from charge exchange collisions of2
1

a 4Pu ions with Cs were measured and evidence was fo
for the production and predissociation of lower vibration
levels of the H3Pu(3ssg) Rydberg state which lie in the
same energy region as probed in this study. In the O a
KER curves the O(1D)1O(3P) channel was strongest bu
evidence was found for activity in all accessible dissociat
channels. In the present work which prepares levels of ov
all geradesymmetry the O(1D)1O(3P) channel is again
strongest. No signal is seen in Fig. 3 at 3.57 eV for activ
in the accessible O(1S)1O(3P) channel.

While the formation of O2
1was not directly monitored in

this study the O1 images shown in Fig. 2~a! reveal informa-
tion on which O2

1 (v1) states are formed. The O2
1 dissocia-

tion data~next section! indicate that mainlyv150, 1, and 2
vibrational levels of ground electronic state O2

1 are pro-
duced, althoughv153 production is energetically allowed
Inspection of Fig. 4 for these dissociation channels show
there is no striking wavelength dependence for production
the specificv150, 1, and 2 states of O2

1X 2Pg(v1). There
is, however, structure in Fig. 4 in the region of zero veloci
which is due mainly to leakage of O2

1 signal through the
front channel plate in the 2D detector, whose gain has b
gated to select the O1 mass. Peaks seen at 51 678 a
51 730 cm21 ~marked with an asterisk in Fig. 4! are assigned
to the 6s-5d 3Sg

2(v55, V51/2) and 9s-8d 3Sg
2 (v54,

V53/2) Rydberg levels converging to thev155 and v1

54 levels of the X state of the ion, respectively. Pratt, D
hmer, and Dehmer24 characterized the lower states of th
sames–d complex previously. A more complete assignme
of these and weaker states observed in the ArF tuning w
dow will be discussed in a separate publication.25 These lev-
els serve as stable platforms for absorption of a third A
laser photon, as discussed in the following.

C. Three-photon absorption by O 2

Three-photon absorption by O2 takes place when the la
ser is resonant with thens– (n– 1)d 3Sg

2 two-photon al-
lowed Rydberg states. This leads to enhanced productio
O2

1 ions, as seen in the zero velocity region of Fig. 4. P
vious studies have shown the same states are detectab
four-wave mixing26 and by laser-induced fluorescence27

which must arise from electronically excited O2
1 ions. These

electronically excited O2
1 ions are reachable only by three

photon absorption by neutral O2 . A fraction of the O2
1 ions

must be formed in the A2Pu excited electronic states tha
subsequently fluoresce in the UV. Visible fluorescence p
sumably due toa 4P –b 4S2 transitions has also bee
observed.27 Laser-induced fluorescence following excitatio
of these states has been previously observed in ArF l
based diagnostics studies5 but the states are assigned here
the first time. Unfortunately, a velocity map image was n
obtained with the tunable ArF laser resonant on one of
two listed bands. Images obtained for states of the same
ries with slightly lower energies indeed show the product
of O2

1 in higher vibrational levels of the A state28 following
three-photon absorption.
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D. Photodissociation of O 2
¿

Molecular oxygen ions are created in theX (v150, 1, 2,
3! states following two-photon, and to a smaller exte
three-photon absorption by O2. Considering the rather long
pulse length of the ArF laser~15 ns!, further absorption by
O2

1 will lead to photodissociation of the molecular ion an
creation of the detected O1 products. Table II lists the lowes
dissociation limits of O2

1 and their dissociation product
along with their molecular states.29

1. One-photon dissociation of O 2
¿

Because the ionic dissociation energy is 6.66 eV, all
brational states exceptv150 can be photodissociated wit
one ArF laser photon of 6.4 eV. The low kinetic ener
signal in Fig. 3 is assigned to one-photon dissociation
X 2Pg (v151,2) to the O1(4S)1O(3P) dissociation limit,
which correlates with2,4,6(S1,P)g,u states. Since the ionic
ground state symmetry isX 2Pg , the one-photon allowed
states are theA 2Pu and 2Su

1 , the latter of which is
predicted30 to be weakly bound and correlates with the fi
dissociation limit. There are no known doubletS,P unger-
ade bound states in the energy region near the first disso
tion limit31 so the oxygen ion can only photodissociate on
repulsive walls of theA 2Pu and2Su

1 states. This results in a
mixture of a parallel and perpendicular transition that sho
be reflected in the angular distribution of the products. T
measuredb parameters for the one-photon dissociation
the X 2Pg(v151) and X 2Pg(v152) are 0.4360.11 and
1.8160.07, respectively. Theseb values, which are similar
to the ones Parker and Eppink32 measured, indicate a contr
bution from the2Su

1 state in a direct dissociation proces
These values were obtained in the one-color experiment
no difference could be observed inb when the excimer lase
was used in small-band or broadband mode.

2. Two-photon absorption by O 2
¿

The set of peaks in the 0.8–1.50 and 2.5–3.5 eV reg
of Fig. 2 are found to be weaker relative to the one-pho
peaks in the 0–0.3 eV region when using broadband li
compared to narrowband light, which suggests that they a
from a two-photon excitation process. Two photon excitat
of the X 2Pg (v150,1,2) states brings the total energy b
tween 24.9 and 25.6 eV. At these energies all the disso
tion limits listed in Table II are energetically accessible. Y
the closest lying limit, O1(2D)1O(1D) ~24.025 eV! is as-
signed in Fig. 2 as the major one in the kinetic energy sp
trum and a small yield in the O1(2D)1O(3P) ~22.057 eV!

TABLE II. Dissociation limits of O2
1 and the correlating molecular states

Dissociation products
Energy Molecular
~eV! states

O1(4S)1O(3P) 18.733 2,4,6(S1,P)g,u

O1(4S)1O(1D) 20.700 4(S2,P,D)g,u

O1(2D)1O(3P) 22.057 2,4(S2,S1,P,D,F)g,u

O1(4S)1O(1S) 22.923 4Sg,u
2

O1(2P) 1 O(3P) 23.750 2,4(S2,S1,P,D)g,u

O1(2D)1O(1D) 24.025 2(S2,S1,P,D,F,G)g,u
,
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channel can also be seen. A two-photon step starting in
X 2Pg state has theA 2Pu or 2Su

1 as intermediate state an
would therefore end according to selection rules in a2Pg ,
2Dg , or 2Sg

2 state. Predissociation or direct dissociati
from these molecular states could be responsible for the
served signals, or curve crossing to repulsive states co
also take place. Dissociation dynamics in this energy reg
for oxygen have been studied using one-extreme ultravi
photon dissociation from the neutral ground state of oxyg
X 3Sg

2 by Ermanet al.33 Their technique probes one-photo
allowed transitions to states that have Franck–Condon o
lap with the O2 ground state. Ermanet al.33 measured the
energy distributions of O1 after XUV photodissociation and
found that the maximum KER is less than 2 eV, and t
distribution looks similar for the full 24–34 eV energy re
gion. They concluded that the dominant pathway is cu
crossing to any dissociative state with good Franck–Con
overlap that correlates with the dissociation limit lying clo
est to the excitation energy. The present results support
observation.

Beebe, Thulstrup, and Anderson have calculated so
states in this region: the2Sg

2 ~2! at 23.42 eV, the2Sg
2 ~3!

23.68 eV, and the2Sg
2 ~4! at 24.89 eV. These states have t

proper symmetry2Sg
2 for two-step excitation, so the prob

ability of these pathways should be reasonably high. T
2Sg

2 ~4! state lies in the excitation energy region but can n
directly dissociate since it correlates with a higher~25.72 eV!
limit. This state can couple with other2Sg

2 states in order to
dissociate. The available2Sg

2 states are: the2Sg
2 ~3! that

correlates toward the observed O1(2D)1O(1D) limit, the
2Sg

2 ~2! that correlates towards O1(2P)1O(3P) ~not seen!,
and the2Sg

2 that has the O1(2D)1O(3P) as limit ~weakly
seen!. According to Ermanet al.3 the closest lying limit is
the most probable pathway and therefore the major one s
is the O1(2D)1O(1D) limit.

The results of the anisotropy parameters for the tw
photon dissociation channels could be fitted well with a o
photon angular distribution, i.e., the use of onlyb as a fitting
parameter was sufficient. This resultingb values were 1.83
60.39 and 1.7460.26 for the two-photon dissociation of th
X 2Pg (v150) and X 2Pg (v151) state, respectively
Qualitatively, these high values suggest a parallel transi
for the first and second steps and it was noted before tha
one-photon transition is also nearly parallel. This sugge
the intermediate state should have aPu character, like the
ground state, but then the final state would be aPg state and
not 2Sg

2 . SeveralPg correlate to the observed dissociatio
limits including the closest-lying O1(2D)1O(1D) limit. It
should be mentioned, however, that other effects such as
alignment due to photoselection, rotation during dissociati
and coherent versus stepwise two-photon excitation co
also play a role in the observed angular distribution anis
ropy.

V. CONCLUSION

The angular and kinetic energy distributions of O1 atom
fragments after O2 photodissociation with a narrowband tun
able ArF were measured and analyzed using the velo
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map imaging technique. Product O(3P2) atoms were also
detected via~211! REMPI with a second laser system. Th
main O(3P2) signals are from two-photon dissociation, on
photon dissociation via the Herzberg continuum, and pre
sociation following the B3Su

2 (v54) ← X 3Sg
2 (v50)

transitions. The Herzberg continuum gives an average v
of b50.48 and the measuredb values for the Schumann–
Runge bands were in good agreement with previous lifet
measurements of the B3Su

2(v54) state. O2
1 X 2Pg (v1

50,1,2) is formed at the two-photon level at all waveleng
and at several specific wavelengths in the laser tuning ra
O2

1 resonances due to~211! REMPI via the nssg(n
21)dpg

1Sg
1 Rydberg states are also observed. The prod

O2
1 X 2Pg vibrational states are photodissociated via a o

or two-photon process.
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