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The vibrational distribution of O 2„X 3Sg
2
… produced in the photodissociation

of ozone between 226 and 240 and at 266 nm
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Resonance-enhanced multiphoton ionization coupled with time-of-flight product imaging has been
used to study the O3(X 1A1)1hn→O(2p 3PJ)1O2(X 3Sg

2) product channel in the UV
~ultraviolet! photodissociation of ozone at photolysis wavelengths of 226, 230, 233, 234, 240, and
266 nm. These imaging experiments, together with a measurement of the branching ratio into the
different spin orbit states of the O atom, allowed the determination of the yields of the O2 product
in vibrational states greater than or equal to 26 as a function of wavelength. It was found that at 226,
230, 233, 234, and 240 nm, the yield was 11.861.9%, 11.561.2%, 8.262.0%, 4.761.8%, and
0.660.1%, respectively. ©2000 American Institute of Physics.@S0021-9606~00!01203-4#
ur
ith
th

in

an
p-
rg
s

e
e
t

u-
ly

e

of

for
ere

ce,

re-
os-
e

ing
n-
ed
ere.
nts
i-
of

ore
ed

-

oxy-
ed
e
one
e in
y a
ich
ould

ir

ag

il,
d.
INTRODUCTION

The Hartley band of ozone is a broad absorption feat
from about 200–310 nm consisting of a continuum w
some structure superimposed on it. Upon absorption,
molecule dissociates, predominantly following the sp
allowed channels

O3~X 1A1!1hn→O~1D2!1O2~a 1Dg! ~1!

and

O3~X 1A1!1hn→O~3PJ!1O2~X 3Sg
2!. ~2!

The singlet channel is the dominant of these two ch
nels with a yield of 85%–90%. Interestingly, the minor tri
let channel yields oxygen molecules with a bimodal ene
distribution with a significant fraction of the molecule
formed in very high vibrational states.1 The cause for this
vibrational bimodality is not known. The possibility that th
high vibrational excitation comes from elimination of th
central oxygen atom with recombination of the end atoms
form the O2 product is appealing, but the angular distrib
tions of the products suggest that this is not a like
mechanism.2 The O(3PJ) atoms produced in coincidenc
with both the O2(v>26) and O2(v,26) have similar high
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and positive anisotropy parameters, whereas elimination
the central atom, at least along aC2v path, would produce a
negative anisotropy parameter. A more likely explanation
the bimodality might be that there are multiple regions wh
the dissociative triplet surface leading to the O(3PJ)
1O2(3Sg

2) products crosses the bound excited surfa
which correlates with O(1D)1O2(1Dg).2 Another possible
explanation is that there is more than one excited state
sponsible for the absorption. In order to evaluate these p
sibilities, it is necessary to know how the yield of th
O2(3Sg

2 ,v>26) product varies with wavelength.
In addition to the fundamental interest in understand

the dynamics of this photodissociation, it is important to u
derstand the quantity and fate of the vibrationally excit
oxygen molecules generated from ozone in the stratosph
Even though only 10%–15% of the photodissociation eve
follow this minor channel, a relatively large amount of v
brationally excited O2 may be generated because the cycle
O1O2 recombination and ozone dissociation occurs m
than 50 times, depending on altitude, for every ozone form
by photodissociation of O2 or lost by catalytic decomposi
tion.

Previous studies have suggested that this energetic
gen might be implicated in a solution to the well-studi
ozone deficit problem.3,4 In the upper stratosphere and th
mesosphere, that is, at altitudes from about 35–80 km, oz
is in a photochemical steady state. The ozone abundanc
this region of the atmosphere is thought to be controlled b
relatively small number of chemical reactions, each of wh
is well characterized. Therefore, ozone concentrations sh

e,

o,

Po-
9 © 2000 American Institute of Physics



nt
in
th
ch

a
le
ve
an
ifi

ha
d

e
ibr
e-

ho

a

a
fu
w
e

e
s

ed
-

he
av

o
ine

n
sim

n
on

de-

g
ture

e
was
ser
er to

,

nsure

nm
ical

-
lse
the
ncy

-
ith

ed
oth
cia-
oth

obe
sed
th
oth
r to

An
ract
d
c-

me
ized
ong
y a
ble
s-
rded

ut-
xy-
hot

ral
tal

n-

1280 J. Chem. Phys., Vol. 112, No. 3, 15 January 2000 Geiser et al.
be amenable to model simulations. However, this appare
straightforward calculation has given rise to a long stand
and puzzling problem in stratospheric ozone chemistry,
so called ‘‘ozone deficit.’’ The deficit refers to the mismat
between measured stratospheric ozone concentrations
modeled ones, both as functions of altitude. The mode
values appeared to generally fall lower than the obser
quantities, so there seemed to be a deficit in our underst
ing of ozone chemistry. The actual magnitude and sign
cance of the deficit is a matter of some debate.5–12 Recent
use of O3 observations that appear to be more accurate t
those used previously suggest is that there is no nee
question the standard models.10–12

Even if a deficit exists, it now seems unlikely that th
previously proposed new ozone source based on the v
tionally excited O2 is valid. The proposed additional ozon
producing mechanism is given by the following scheme:13

O31hn~l,243 nm!→O2~X 3Sg
2 ,v>26!1O~3PJ!, ~3!

O2~X 3Sg
2 ,v>26!1O2~X 3Sg

2 ,v50!

→O3~X 1A1!1O~3PJ!, ~4!

23$O~3PJ!1O2~X 3Sg
2!1M→O31M %. ~5!

Net: 3O2~X 3Sg
2!1hn→2O3

Although several recent experimental studies on the UV p
todissociation of ozone have confirmed that O2(3Sg

2 ,v
>26) is produced in the dissociation of ozone,1,14–20there is
no direct experimental evidence for the occurrence of re
tion ~4!. The stimulated emission pumping~SEP! experi-
ments performed by the Wodtke group13–21 indicated that at
295 K there is a large increase in the rate for O2(v) disap-
pearance whenv increases from 25 to 26. Reaction~4! was
implicated because the energy at which this rate incre
occurs corresponds to its thermodynamic threshold, and
ther relaxation experiments tended to support this vie
However, several groups have now studied theoretically
ther the reverse of reaction~4!22–27 or reaction~4! in the
forward direction,25,26,28–34and none have found evidenc
for the reaction using either the semiempirical Varanda
Pais potential25,26,29,31–34or ab initio surfaces.28,30

Regardless of whether or not the vibrationally excit
O2(3Sg

2) product is involved in ozone production, it is im
portant to characterize its production rates in the stratosp
and to understand the dynamics of its formation. We h
thus proceeded to determine the yield of O2(v>26) as a
function of ozone dissociation wavelength. The technique
time-of-flight product-imaging has been utilized to determ
the yield of O2(X 3Sg

2 ,v>26) at five ozone photolysis
wavelengths between 226 and 240 nm. The experime
procedure and subsequent analysis of the data are very
lar to that performed by Milleret al.1 for ozone dissociation
at 226 nm. We have repeated the measurement at 226
since improvements have been made to our experime
technique that substantially increase the velocity resoluti
ly
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EXPERIMENT

The product imaging experimental details have been
scribed more fully elsewhere.2,35 A molecular beam of ozone
was formed by flowing helium with about 810 Torr backin
pressure over ozone maintained on silica gel at a tempera
of 278 °C. The subsequent mixture of,1% ozone was ex-
panded through a pulsed 250mm diam nozzle and collimated
by a 500mm diam skimmer mounted about 5 mm from th
nozzle orifice. Further downstream, the molecular beam
crossed at right angles by two counter-propagating la
beams, one serving to dissociate the ozone and the oth
probe the resulting O(3PJ) fragments using the
O(3p 3P2,1,0←←2p 3PJ)211 REMPI ~resonantly en-
hanced multiphoton ionization! scheme at 226.23, 226.06
and 225.65 nm forJ50, 1, and 2, respectively.36,37 Due to
the large Doppler width of the O(3PJ) fragments it was nec-
essary to scan the probe laser over the resonance to e
that the images detect all product O(3PJ) atom velocities
with equal sensitivity.

The dissociating laser radiation between 230 and 266
was produced by frequency doubling the output of an opt
parametric oscillator~Spectra-Physics MOPO-730! pumped
by an injection seeded Nd:YAG laser~Spectra Physics GCR
230!. Typical laser powers were 1–3 mJ/pulse with a pu
duration of 8–10 ns. The tunable light needed to probe
O(3PJ) fragments at 226 nm was generated by freque
doubling the output of an injection-seeded, Nd:YAG
pumped dye laser and then summing the doubled light w
the Nd:YAG laser fundamental; typical powers achiev
were 1.0 mJ/pulse with a pulse duration of 8–10 ns. B
lasers were operated at 10 Hz. For studies of photodisso
tion at 226 nm, the laser at this wavelength served as b
the photolysis and the probe laser. Photolysis and pr
beams were directed into the vacuum chamber and focu
into the interaction region by 25 and 7.5 cm focal leng
plano-convex lenses, respectively. The polarizations of b
the photolysis and probe laser beams were perpendicula
the plane defined by the molecular and laser beams.

The velocity mapping-ion counting technique35,38 was
used to obtain high-resolution photofragment images.
electrostatic lens was employed that served both to ext
the ionized O(3PJ) fragments from the interaction zone an
to de-blur the image. The magnification factor of this ele
trostatic lens was measured to be 1.1760.02 by dissociating
O2 and detecting the oxygen atom fragment with the sa
REMPI scheme used in the ozone experiments. The ion
fragments were accelerated into a flight tube mounted al
the axis of the molecular beam. The ions were imaged b
position sensitive detector consisting of a chevron dou
micro-channel plate~MCP! assembly coupled to a fast pho
phor screen. The image on the phosphor screen was reco
by a 6403480 pixel charge coupled device~CCD! camera.
Both the MCP and CCD camera were electronically sh
tered to collect signal corresponding to the mass of the o
gen atoms. Signal levels were kept below 200 ions per s
to avoid saturation of the MCP for images with bright cent
features. Data were accumulated typically for 100 000 to
laser shots.

One experimental complication is the potential ‘‘co
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FIG. 1. Table of the reconstructed 3D
distributions of the O(3PJ) fragments
from ozone photodissociated at 226
230, 240, and 266 nm.
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tamination’’ of the images obtained in two-color experimen
by signal due to dissociation by the 226 nm probe radiati
Careful adjustment of both the spatial and temporal ove
between the two laser pulses, coupled with the high powe
the photolysis pulse and low ozone concentration in the m
lecular beam allowed images to be acquired with minim
probe contamination. In spite of these precautions, som
the images with photolysis wavelengths between 230
240 nm were contaminated with one-color 226 nm sign
This signal was removed by subtracting an appropria
scaled amount of pure 226 nm signal from the image
much smaller source of background contamination was
present due to the one-color signal from 230 to 240 nm
diation. Images of these background signals were collec
and their contribution was subtracted from the two-co
product images. The resulting data is a two-dimensional p
jection of the O(3PJ) photofragment’s three-dimensional v
locity distribution. Because the projection is made perp
dicular to the electric vectors of the dissociation and pro
radiation, it is possible to reconstruct the original thre
dimensional velocity distribution using the inverse Ab
transform.39–41

The branching ratios for the fine structure states of
O(3PJ) were measured by placing a 2 in. diam active area
photomultiplier tube~Thorn EMI 9235QB! near the phos-
phor screen to collect all of the ion signal as the probe la
was tuned over the O(3PJ) Doppler profile at laser wave
lengths of 226.23, 226.06 and 225.65 nm forj 50, 1, and 2,
respectively. The output of the photomultiplier was sent t
boxcar averager gated at the appropriate arrival time.
probe laser power was simultaneously measured with a p
todiode in order to normalize the O(3PJ) signal intensity for
fluctuations in laser power.
.
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RESULTS

Our experimental efforts have concentrated on
O(3PJ) fragments formed in the minor photodissociatio
channel of ozone, probed through a 211 REMPI scheme, at
six photolysis wavelengths between 226 and 266 nm. T
images shown in Fig. 1 are slices through the reconstruc
three-dimensional distributions of the O(3PJ) fragments at
four of these wavelengths. The electric vector of the dis
ciating light is parallel to the vertical direction in the plane
the image. The images have been altered slightly to cor
for the inverse Abel transform singularity along the vertic
axis by fitting the angular distributions to aA@1
1bP2(cosu)# distribution and interpolating across th
middle 12 pixels for radii greater than 10 pixels. The reco
ered O(3PJ) velocity distributions from the inverse Abe
transformed slices can be separated into angular and s
components. Angular distributions are determined by in
grating over the desired speed interval for each angle.2 Ex-
traction of the speed distribution is achieved in an analog
manner by integrating over all angles for each speed.
speed distributions can be further transformed, using the
of conservation of momentum, into total translational ene
distributions for the O3→O2(X 3Sg

2)1O(3PJ) dissociation.
From pump–probe experiments detecting the LIF~laser

induced fluorescence! signal from O2(X 3Sg
2 ,v526), it is

known that the imaged oxygen atoms are paired with gro
electronic state O2 molecules.1 The vibrational distribution of
the O2 product can, therefore, be determined by imaging
atomic fragment and using conservation of energy,

KE5Ehn2D0~O2–O!2TO2
~v !

1ZPEO2
2FvO2

~J!2EO~3P j ! , ~6!
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FIG. 2. The total translational energ
distributions for the dissociation of O3
to O(3P2)1O2(X 3Sg

2) at 226, 230,
233, 234, 240, and 266 nm. The vibra
tional levels of the O2(X 3Sg

2 ,J50)
fragment are indicated by the comb
The dotted curves represent the unce
tainty in the signal intensity arising
from counting statistics. Similar data
though differing in the details of the
distribution, were obtained for the
O(3P1) and O(3P0) fragments.
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where D0~O2–O! is the ozone dissociation of energ
1.052360.0026 eV,42 TO2

(v) is the vibrational term,
Fv,O2

(J) the rotational term calculated from the spectr
scopic constants given by Laher and Gilmore,43 ZPEO2

is the
zero-point energy of the O2 fragment, andEO(3PJ) are the
O(3PJ) energies obtained from Moore’s table.44 The energy
distributions together with a comb indicating the energy
the vibrational states of the O2 fragment formed in conjunc
tion with O(3P2) are shown in Fig. 2. It is interesting to no
that virtually all of the oxygen molecules formed are vibr
tionally excited. The population of interest for the ozo
deficit problem is that inv>26. This population is deter
mined from the images for each spin–orbit state as a fu
tion of wavelength and is shown in Table I. The uncertaint
reported in Table I take several factors into account. Unc
tainty in the intensity of the image arises from counting s
tistics and from variation in the detector’s efficiency in
different quadrants. There is uncertainty in the energy a
arising from uncertainty in the magnification factor and t
flight time.

The branching ratios into the various O(3PJ) states were
surprisingly difficult to measure. The power dependence

TABLE I. The percent population of O2 from the triplet channel inv>26 as
a function of photolysis wavelength and spin–orbit state of the cou
fragment. Note that the thermodynamic threshold for the generation
O2(v526) is at 241.6 nm.

226 nm 230 nm 233 nm 234 nm 240 nm

O(3P2) 14.562.0 16.863.8 15.260.2 6.960.9 0.7060.10
1163a

O(3P1) 5.560.5 5.160.7 0.760.2 0.860.2 0.3060.10
5.962.0a

O(3P0) 3.660.5 4.160.6 0.460.2 0.660.2 0.1060.05
4.662.0a

aReference 15.
-

f

c-
s
r-
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f

the ionizing laser at the center of the Doppler profile w
measured before each scan of the Doppler profile to prov
proper normalization of the power dependence. It was fou
that the combination of our laser power and sample conc
tration put us on an inconvenient place on the satura
curve, leading to dependencies ranging from quadratic to
bic. The laser power was measured during the scans, an
resulting profile was normalized for variations in this powe
The data was also normalized by the two-photon l
strength,37 but this correction was small. The results a
shown in Table II. The reported uncertainties represent 2s of
9, 4, 3, and 3 measurements at 226, 230, 240, and 266
respectively.

The total fraction of O2(v>26) generated from the pho
todissociation of ozone at a particular wavelength is given

r
of

TABLE II. The branching ratios into the three spin–orbit states of t
oxygen atom fragment as a function of photolysis wavelength in the Har
band. Note that a statistical yield would give a branching ratio of 5:3:1, o
percentages, 55.5:33.3:11.1.

O(3P2) O(3P1) O(3P0)

226 nm 6969 2363 7.762.2 this work
45 39 16 a

5964 3062 11 b

55 35 15 c

45610 36610 18610 d

230 nm 5563 3164 1462 this work
240 nm 6765 2565 7.960.4 this work
266 nm 6663 2661 8.562.6 this work

5563 2363 1263 e

308 nm 6663 2763 961 e

aReference 46.
bReference 1.
cReference 14.
dReference 15.
eReference 52.
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Fv>26~l!5Ft~l!Rv.26~l!, ~7!

where Ft(l) is quantum yield of triplet channel an
Rv.26(l) is fraction of triplet channel product formed inv
>26 at that same wavelength. The photofragment prod
imaging data combined with the measured branching ra
allows the determination of the latter value as

Rv>26~l!5

(
J
F3PJ~l!FJ,v>26~l!

(
J
F3PJ~l!

, ~8!

whereFJ , v>26(l) is the fraction of O2 formed in coinci-
dence with O(3PJ) that is in v>26, shown in Table I, and
F3PJ(l) is the branching ratio of minor channel product in
O(3PJ), shown in Table II. The branching ratio was n
measured for 233 and 234 nm dissociation. At these wa
lengths a statistical population was assumed with estim
uncertainties of 10%, 6%, and 3% in theJ52, 1, and 0 state
respectively. The resulting populations are summarized
Table III and plotted in Fig. 3.

The imaging data also provides angular information. T
measured angular distributions at 226, 230, 240, and 266
agree qualitatively with those measured earlier in o
laboratory.2 In this previous work, both the 226 and 230 n
images showed a slightly lower anisotropy parameterb at
low velocities than in the data presented here. This resu
consistent with the observation that the previous ima

TABLE III. The total percentage of minor channel product created inv
>26 as a function of photolysis wavelength.

Wavelength
~nm!

Percent population
in v>26

Assuming
statistical

226 11.861.9 10.3
230 11.561.2 11.5
233 ¯ 8.2
234 ¯ 4.7
240 0.660.1 0.5
ct
s

e-
ed

in

e
m
r

is
s

were affected by saturation of the central feature on
MCP. Note that theb values for very high velocities are
likely to be incorrect because there arev-J correlations for
the O(3P1) and O(3P2) velocities.

DISCUSSION

The velocity mapping-ion counting technique increas
the resolution of imaging data. This is clearly seen when i
compared with the data from the conventional Wiley
McLaren imaging apparatus1 or even the more recent dat
employing solely the velocity mapping technique.38 This im-
provement allowed the observation of previously unresolv
structure in all the photolysis images collected here. T
structure spans multiple vibrational levels and is indicat
that a complicated photodissociation dynamics occurs in
three atom system.

A further quantitative improvement over the previo
imaging work was due to the discovery that the intense c
tral feature of many of the images was saturating the posi
sensitive MCP, but only in those locations with high ion flu
Thus the relative intensities of faster fragments~lower vibra-
tional energy in the O2 fragment! were artificially augmented
in previous work.1,2

Takahashiet al.45 have reported a measurement of t
translational energy distribution for the O(3PJ) fragment
from 266 nm photodissociation of ozone. The atomic fra
ment was detected using VUV-LIF~vacuum ultraviolet-laser
induced fluorescence!. Although the resolution of this data i
extremely low, it agrees qualitatively with that reported he
except for the strong minimum observed in their data
about 0.8 eV. We are unaware of any other measuremen
the O(3PJ)1O2(3S) translational energy distributions a
wavelengths of 230–240 nm.

Our measurements of the branching ratios are sign
cantly different than many of those obtained in other labo
tories. These data are shown in Table II. There seems to
wide range of scatter in the different measurements at
t

b-
-

e

FIG. 3. Plot of the quantum efficiency
for the formation of O2(v>26) as a
function of wavelength. The value a
193 nm is taken from Strangeset al.
~Ref. 17!. A 10% branching ratio into
the triplet channel is assumed. The a
sorption cross section taken from Mo
lina and Molina~Ref. 51! for ozone is
plotted as the dashed curve on th
right hand axis.
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TABLE IV. The ozone photodissociation wavelength in nm corresponding to the energetic threshold f
formation of vibrationally excited O2 with O(3PJ) based on the recent measurement of Jongmaet al. ~Ref. 53!.

O2(v526) O2(v527) O2(v528) O2(v529) O2(v530) O2(v531)

O(3P2) 241.6 236.3 231.4 226.9 222.8 219.0
O(3P1) 240.7 235.4 230.6 226.1 222.0 218.2
O(3O0) 240.3 235.0 230.2 225.8 221.7 217.9
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nm, and none of them quite agrees with our values; for
ample, every measurement finds less O(3P2) than we do.
The closest value to ours is the measurement that was p
ously performed by this group. Also at 266 nm we find mo
population in O(3P2) than the other measurement. Our va
ues are fairly constant at all four wavelengths and agree m
closely with the literature values at 308 nm, the except
being at 230 nm, where we found an essentially statist
distribution. It seems likely that our values are high. O
possible contribution to this would be the presence of th
mal oxygen atoms from the decomposition of ozone on
metal surfaces of the sample line.

The goal of these experiments was to measure the f
tion of O2(v>26) formed in the triplet channel. Our resul
are shown in Table III. Given the concern with the measu
branching ratios into the different spin–orbit states
O(3P), we might ask how dependent these values are on
exact branching ratios used. The final column shows
fraction of O2(v>26) calculated if a statistical distribution i
assumed. These two sets of values represent what see
be the two extremes of the branching ratio. The result
fractions of O2(v>26) formed are not significantly differen

Previous measurements of the fraction of O2(v>26)
formed in the minor channel for photodissociation at 226
were consistently lower than our current value, although t
agree closely with each other. Milleret al.1 measured 8.1%
while Syage16 found 7.9%62.0% in v>26. The results
should be higher than the previous imaging measurem1

because of the saturation effect discussed above, in which
relative intensities of slower fragments~higher vibrational
energy in the O2 fragment! were artificially suppressed. Al
though our new measurement is not as close to that of Sy
as the previous measurement, the new value is still within
error limit. Kinugawaet al.46 show a translational energ
distribution for the O(3P1) fragment that agrees qualitative
with our data. However, their data seem to have more in
sity in the lowest vibrational levels (v50 – 3).

One motivation for these particular experiments was
be able to evaluate possible implications for the ozone de
problem. If a deficit exists and if O2(3Sg

2 ,v>26) leads to
formation of two ozone molecules, then accurate values
the amount of vibrationally excited O2 formed as a function
of wavelength would be needed for proper modeling. Pre
ous data on the yield of O2(v>26) were available only a
193 and 226 nm, and models assumed a yield as a func
of wavelength that passed through these points and the e
getic threshold for O2(v526) at 241.6 nm. The experimen
reported here have added several points to the high w
length end of this region. It is particularly important to cha
acterize the yield in this wavelength region because
-
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ozone absorption cross section increases rapidly with wa
length as shown in Fig. 3. The wavelength dependence of
yield is tied to the altitude dependence of ozone concen
tion because the solar flux changes significantly with a
tude; see, e.g., Ref. 47.

The points in Fig. 3 give the wavelength dependence
the O2(v>26) yield. Also shown is the original fit by Toum
et al. using only data at 193, 226, and 243 nm.18

Q51.493 8820.012 125l12.4599310215l2. ~9!

Although the fit does not capture the onset of O2(v>26)
near 234 nm, it does about as well as can be done usin
quadratic polynomial.

Given the current state of the theoretical work on re
tion ~4!, the model calculation18 represents an upper limit fo
ozone production because it assumes that all of the O2(v
>26) reacts to form ozone. Even if reaction~4! occurs, it is
unlikely that all of the excited oxygen molecules follow th
reaction. The dependence of the O2(v>26) yield on wave-
length shown by the points in Fig. 3 is similar enough to th
assumed previously that it appears likely that the new m
surements will not change the previous results. We t
again come to the conclusion that, if there is a mechan
for generating ozone from the vibrationally excited O2, then
the production yield of O2(v>26) from ozone photolysis
partially accounts for the ozone deficit problem, particula
at the lowest altitudes at which the problem is manifest
does not account for the ozone deficit at higher altitudes

Although it should eventually be possible to expla
much of the structure in each of the individual images, m
theoretical effort is first needed concerning the nature of
electronic states of ozone reached by these dissocia
wavelengths. A few conclusions can nonetheless be m
First, the two regions in the bimodal distribution seen in t
lower wavelength images arise from distinct processes. T
is seen clearly by examining the angular distributions. F
the slower fragments, there is a well definedb value, while
for the fast fragments av-J correlation becomes pronounce
leading to a different yet less well definedb value.2 This
observation is strong evidence that two different proces
lead to these products.

Second, there appears to be a distinct threshold for fo
ing O2(v>26). The photodissociation wavelengths corr
sponding to the energetic thresholds for forming O2(v) in
association with the three spin–orbit states of the ato
product are shown in Table IV. The highly excited fragmen
begin to be observed near 234.5 nm, a wavelength that
responds to the formation rotationally excited molecules
v527. This is also clearly seen from the vibrational com
in Fig. 2.
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Third, there are clear differences in the images for d
sociation at the same wavelength while probing differ
spin–orbit states. Two effects contribute to these differen
One is the slight difference in energy in the atomic stat
most easily seen in the data at 234 nm where the O(3P2)
data clearly has the strong contribution from vibrationa
excited O2 while the other spin–orbit states do not. In th
case the threshold for the dynamical process that forms
vibrationally excited products has been crossed by
158.265 cm21 of the spin–orbit excitation. The second effe
is that due to the nature of theJ-level. It is known that there
is a v-J correlation from the angular fits as well as from t
fact that when the polarization of the probe laser is rota
90°, the image changes. The extent of this correlation ca
different for different values ofJ. This is most evident for the
case whereJ50, as in this instance there is nov-J correla-
tion.

The bimodal feature in the lower wavelength images
accounted for by the presence of the two processes for w
evidence has been presented above. There is also a
bimodality in the data from 266 nm dissociation. The ene
distribution displays peaks at 2.7 and 3.6 eV. This distrib
tion raises further questions since the process crea
O2(v>26) at lower wavelengths is no longer energetica
accessible. One possibility is that it arises from a previou
unobserved spin-forbidden process in the Hartley band.
ergetically, the lower energy feature corresponds to the ch
nel.

O31hn→O~3P!1O2~b 1Sg
1!.

This channel has recently been observed in the 335–352
region of the Huggins band.48 Such a channel is not incon
sistent with previously determined branching ratios in
Hartley band. These determinations typically rely on meas
ing the amount of O(3P) as a function of time and inferring
the channels present from the observed kinetics. Such a m
surement accounts for the amount of O(1D) versus O(3P)
formed but not which channels gives rise to these specie

We cannot say that the low energy feature is indeed
to this spin-forbidden channel without further corroboratio
that is, direct measurement of the O2(b 1Sg

1) product, for
example by a 211 REMPI process.49 Such work is currently
underway in our laboratory. There are several complicati
in this measurement. First, only one rovibrational state of
O2(b 1Sg

1) may be probed at a time. Thus, if this spi
forbidden process occurs, the amount of signal is depen
upon the nascent rovibrational distribution. Second, O(1D)
readily reacts with O2(X 3Sg

2) to form O2(b 1Sg
1).50 Be-

cause O(1D) is readily formed in the UV photodissociatio
of ozone, this reaction is likely to give a significant bac
ground signal. However, if this channel does occur, it is p
tinent to ask what its wavelength dependence might be.
interesting to note that the images at other wavelengths h
peaks or shoulders at the energetic threshold for this s
forbidden channel.

CONCLUSIONS

Product imaging has provided detailed information
the vibrational distribution of O2(3Sg

2) produced in the dis-
-
t
s.
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sociation of ozone at wavelengths between 226 and 240
and at 266 nm. The distributions for wavelengths of 233
and below are bimodal, with one peak in the distribution n
v514 and another nearv527. At wavelengths of 235 nm o
longer, the peak at thev527 disappears. When combine
with a measurement of the branching ratio to different spi
orbit states of the O(3PJ) atom, it is possible to determin
the fraction of O2(3Sg

2) produced in levelsv>26 as a func-
tion of wavelength. The wavelength dependence of this fr
tion is similar to that used previously to calculate the effe
of O2(3Sg

2 ,v>26) on the production rate of ozone, so th
we do not expect the conclusion to be different: If there is
ozone deficit production of O2(3Sg ,v>26) may account for
the ozone deficit near 40 km, but cannot account for
deficit at higher altitudes, even if all the O2(3Sg

2 ,v>26)
leads to production of ozone via a reaction similar to Eq.~4!.

The vibrational distribution of the O2(3Sg
2) and the an-

gular distributions of individual parts of this distribution in
dicate that there is more than one dissociation mechanism
production of O2(3Sg

2). Additional hints about the dissocia
tion mechanism are provided by the sharp onset with
creasing wavelength of the O2(3Sg

2 ,v>26) yield and by the
variation in the vibrational distribution of O2(3Sg

2) with the
spin–orbit state of the sibling O(3PJ).
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