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The "Ozone Deficit" Problem: 
O,(X, v 2 26) + 0(3~)  from 

226-nm Ozone Photodissociation 
R. L. Miller, A. G. Suits, P. L. Houston, R. Tournil* J. A. Mack, 

A. M. Wodtke 

Highly vibrationally excited 02(X3Cg-, v 2 26) has been observed from the photodis- 
sociation of ozone (O,), and the quantum yield for this reaction has been determined for 
excitation at 226 nanometers. This observation may help to address the "ozone deficit" 
problem, or why the previously predicted stratospheric 0, concentration is less than that 
observed. Recent kinetic studies have suggested that O,(X 3Cg-, v 2 26) can react rapidly 
with 0, to form 0, + 0 and have led to speculation that, if produced in the photodis- 
sociation of O,, this species might be involved in resolving the discrepancy. The sequence 
0, + hv + 02(X3C,-, v 2 26) + 0 ;  02(X3Cg-, v 2 26) + O2 + 0, + 0 (where hv is a 
photon) would be an autocatalytic mechanism for production of odd oxygen. A two- 
dimensional atmospheric model has been used to evaluate the importance of this new 
mechanism. The new mechanism can completely account for the tropical 0, deficit at an 
altitude of 43 kilometers, but it does not completely account for the deficit at higher 
altitudes. The mechanism also provides for isotopic fractionation and may contribute to 
an explanation for the anomalously high concentration of heavy 0, in the stratosphere. 

Attempts to predict the stratospheric 0, 
concentration date historically to Chap- 
man's pioneering work in 1930 ( I ) .  Despite 
years of effort, there is still a significant 
discre~ancv between the vredicted and 

L ,  

measured 0, concentration in the upper 
stratosphere (2). It has recently been pro- 
posed that if the 0, produced in 0, pho- 
tolysis were sufficiently vibrationally excit- 
ed to react with ground-state 0, to form 0, 

+ 0, this sequence of reactions might pro- 
vide a means for formation of stratospheric 
0, (3-5). The work described here demon- 
strates that highly vibrationally excited 0, 
is indeed formed in the ~hotodissociation of 
0,. The quantum yield of this reaction has 
been.determined so that the importance of 
the mechanism proposed in (3-5) can be 
evaluated. Calculations show that the in- 
clusion of highly vibrationally excited 0, in 
atmos~heric models mav help resolve the 
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wavelengths near 226 nm. The newly de- 
veloped technique of photofragment imag- 
ing has been used to measure the velocity 
distribution of the O(,P) product; conser- 
vation of energy and momentum provide 
the internal energy of the 0, sibling frag- 
ment. In addition, laser-induced fluores- 
cence (LIF) on the Schumann-Runee bands . . - 
has been performed to determine the distri- 
bution of 0, (X3Cg-, u) population in the 
vibrational levels between u = 19 and u = 

26. The experiments taken together indi- 
cate that the vibrational distribution of the 
0,(X3Cg-, u) produced at this dissociation 
wavelength is markedlv bimodal. with one 
peak ne:r w = 14 and inother a; w = 27. 

The chemistrv of 0, has come under 
increasing scrutiny largely because of con- 
cern about stratosuheric 0, loss due to 
human activity. Production of strato- 
spheric 0, is believed to be due solely to 
reaction 1: 

(where h is Planck's constant), which then 
rapidly generates 0, in excess 0, through 
three-body recombination: 0 + 0, + M --+ 
0, + M (M = 0, or N,). Decomposition of 
0, is due to two photochemical pathways: 

as well as to three catalytic processes com- 
monly referred to as the HO,, NO,, and 
C10, cycles (7). Notwithstanding the large 
number of previous attempts (8-23), 
models of stratospheric chemistry under- 
estimate the concentration of 0, when 
compared to observations at altitudes 
between 35 and 80 km (2, 24, 25). This 
discrepancy is particularly. puzzling be- 
cause 0, is in photochemical steady-state 
during daylight hours at these altitudes 
and its abundance is controlled bv such a 
small number of well-studied chemical 
and ~hotochemical  reactions. 

There have been at least two notable 

*present address: Department of Physics, Col. TWO new experiments were performed to attempts to explain the so-called "ozone 
lege, London SW7 282, Un~ted Kingdom. explore the photodissociation of 0, at deficit" problem, each hypothesizing a sec- 
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ond 0, formation channel in addition to 
reaction 1. First, it was suggested that 
O,(alA ) roduced in reaction 2 could ab- I: 
sorb radiation in the At3A, + alAg contin- 
uum and dissociate to yield two oxygen 
atoms, each of which would immediately 
form 0, in excess O2 (26). The hypothesis 
was abandoned when it was determined 
that this absorption system is far too weak 
to dissociate 0, effectively (27, 28). Sec- 
ond, it was suggested that reaction 3 might 
produce 02(X3Cgp) in sufficiently high vi- 
brational levels to be dissociated by sunlight 
(A > 300 nm); again, the resulting two 0 
atoms would each yield an  0, molecule in 
excess 0, (29). Although vibrationally ex- 
cited 0, is produced from reaction 3 (29, 
30) and despite the fact that initial atmo- 
spheric modeling appeared promising (31, 
32), this mechanism was abandoned when 
measurements showed that collisional re- 
laxation of vibrationally excited 0, was 
much faster than its solar photodissociation 
(4, 30). 

A third hypothesis has recently been 
suggested as the result of stimulated emis- 
sion pumping experiments on highly vibra- 
tionally excited 0,(X3Cgp, u >> 0). These 
experiments revealed the possibility that 
02(X3Zg-, u 26) can react directly with 
0, to form 0, + 0 ,  suggesting the third 
possible mechanism (4): 

0, + hv(X < 243 nm) 

-t O 2 ( X 3 C g  ,u 2 26) + O(,P) (4)  

2 X {O(,P) + 0 2 + M  -t O,+M) (6)  

302+hv(X < 243 nm) + 20 ,  

In addition to observing a very sharp in- 
crease in the relaxation rate of O,(u) by 0, 
at w = 26, which is the threshold for reac- 
tion 5, Rogaski et al. d<monstrated that the 
removal rate for O,(u = 26) or O,(u = 27) 
by 0, is 25 or 150 times faster, respectively, 
than the relaxation rate of these species by 
N, (4). 

The key to evaluating the significance of 
this mechanism is to  determine the quan- 
tum yield for the production of 0,(X3Z,-, 
u 2 26), a quantity we denote @u,26(A). 
This yield in turn is the product of two 
factors: a quantum yield that describes the 
probability of reaction 3, denoted @,(A), 
and the fraction that describes the proba- 
bility for reaction 3 to produce such high 
vibrational states of O,, denoted RY2,,(X). 
Thus, @ ~ 2 2 6 ( ~ )  = @3(X)R~r26(A).  

Numerous studies of @,(A) have been 
carried out. It is generally agreed that reac- 
tions 2 and 3 dominate the photodissocia- 
tion of 0, at 248 nm and that the quantum 
yield for 2 is given by @,(248 nm) = 0.85 

to 0.90 so that @,(248 nm) = 0.15 to 0.10 
(33). The primary processes at wavelengths 
shorter than 248 nm have not been as 
thoroughly investigated. The  most recent 
study concluded that: (i) @,(222 nm) = 
0.87; (ii) @,(222 nm) = 0.13; (iii) 
@o(,D,(193 nm) = 0.46; (iv) @0,3,,(193 
nm) = 0.57; and (v) aO2(b1= +,(I93 nm) = 
0.50 (23). From the similarity in yields for 
O( 'D) and 02(b1C,+) it was inferred that at 
193 nm a third 0, dissociation pathway is 
possible: 

with @?(I93 nm) = 0.5. These conclusions 
were all based solely on observation of the 
reactivity of O(,P) as a function of time 
after the photolysis of 0,. 

In this article we present experimental 
evidence which shows that 0, photolysis at 
226 nm produces 0,(X3Zg-) with a bi- 
modal vibrational distribution and a sub- 
stantial yield of 02(X3Zg-, u r 26). The 
evidence consists of: (i) measurement of a 
bimodal '0(,P) translational energy distri- 
bution with one ~ e a k  at a translational 
energy release consistent with reaction 4 
and (ii) direct spectroscopic observation 
that the relative population of 02(X3Z,-, 
u) for u = 19 to u = 26 is also bimodal with 
a relative minimum in the population at u 
= 22. Comparison of the two results by 
considering conservation of energy and lin- 
ear momentum shows that they are in good 
agreement. The two ex~eriments taken to- " 

gether make a compelling case that 0, pho- 
tolvsis at 226 nm results in a markedlv 
bikodal vibrational distribution for thb 
0,(X3Z,-), with one peak at w = 14 and 
another at u = 27. 

We also measured the value of R,,,, 
from which @v,,6 can be derived so that we 
can evaluate the mechanism suggested by 
reactions 4 to 6. Although the yield is small 
enough so that it would not have produced 
a noticeable effect in the experiments of 
Horowitz et  al. (34), it can have an appre- 
ciable effect on stratospheric 0, concentra- 
tions. , A two-dimensional (2D) (altitude 
and 'latitude) atmos~heric model was used 
which suggests that this mechanism may 
provide an  explanation for the discrepancy 
between th'e measured and calculated 0, 
concehtrations in the stratos~here. 

Experimental. Two independent exper- 
iments were carried out in order to deter- 
mine the 02(X3Zg-, u) vibrational distribu- 
tion. These will be referred to hereafter as 
the "photofragment imaging" experiment 
and the "pump/probe" experiment. 

The photofragment imaging apparatus 
has been described in detail elsewhere (35, 
36). A 10 percent 0,-He mixture was 
formed into a collimated and skimmed 
pulsed molecular beam (37) and was then 
crossed at a right angle by the ultraviolet 

(UV) output of a pulsed laser tuned near 
226 nm (38). The tunable laser served both 
to dissociate the 0, and to ionize the se- 
lected O(,P,) fragment through 2+1 reso- 
nance enhanced multiphoton ionization 
(REMPI) that uses an  0 ( 3 p  ,P, +-+- 2p ,Pi) 
transition. 

A n  electric field (-1000 V cm-I) was 
applied to extract the ionized O(,P,) frag- 
ments into a Wiley-McLaren time-of-flight 
(TOF) mass spectrometer (39) mounted so 
that the ion flight direction was perpendic- 
ular to  the horizontal plane defined by the 
laser and molecular beam. The ions traveled 
upward through the field-free 0.5-m flight 
tube (TOF = 3.06 ks) and then struck a 2D 
~osition-sensitive detector that consists of a 
double-chevron microchannel plate assem- 
bly coupled to a fast phosphor screen. The 
image of the phosphor screen was recorded 
by a 512 pixel by 480 pixel charge-injection 
device camera electronically shuttered ( I -  
ks gate width) to capture the signal corre- 
sponding to the mass of an 0 atom. A set of 
256 images was accumulated by a real-time 
video averager with 16-bit resolution. The  
molecular beam valve was turned off and 
another set of 256 images was then summed - 
to obtain background. The net signal minus 
background was accumulated until ade- - 
quate image quality was obtained, typically 
after 5000 to 17,000 total laser shots (40). . . 

The branching ratios for the fine-struc- 
ture states of O(,P,) were determined by 
placing a photomultiplier tube near the 
phosphor screen to collect all of the ion 
signal as the laser was tuned over the O(,P,) 
resonances at laser wavelengths 226.23, 
226.06, and 225.65 nm for j = 0, 1, and 2, 
respectively (41). The output was then sent 
to a boxcar averager gated at the appropri- 
ate arrival time. The laser power was also 
simultaneouslv measured with a ~hotodiode  
in order to normalize the O(,P,) signal in- 
tensity for shot-to-shot fluctuations in laser 
power. 

In the pumplprobe experiment, 0, was 
swept from a temperature-controlled trap by 
dry N,, and its partial pressure was deter- 
mined by the attenuation of the 253.7-nm 
Hg resonance line (42) in an abso-ption 
cell  laced in series with a 25-cm-lone m 

stainless steel photolysis cell within which 
the total pressure was measured by a capac- 
itance manometer. Typical operating con- 
ditions used 0, pressures of 30 to 50 mtorr 
in 100 torr N, flowing at 3.5 li~erslmin. The 
large excess of N, was required in order to 
quench the O( 'D) produced in reaction 2 
ra~idlv,  as discussed below. The 0, was , .  
dissociated by a 20-ns-long pump pulse of 
226-nm light (43). As in previous experi- 
ments (3, 4) ,  vibrationally excited O2 pho- 
toproducts were then probed at a variable 
time delay (2 ks typically) by LIF through 
the well-known B3Z,- + X3C,- Schu- 
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mann-Runge absorption system (44). The 
LIF signal was monitored at right angles 
to the overlapped pump and probe laser 
beams by a photomultiplier tube assembly 
(Hamamatsu R212) equipped with collec- 
tion optics to enhance signal and with a 
filter (UG-11) to reduce scattered light. 
The PMT current was processed by a gated 
integrator and digitized for storage on a PC. 

Results. A typical image obtained for 
the O(3P2) fragment from the 226-nm pho- 
tolysis of O3 is shown in Fig. 1. The image 
is the 2D ~roiection of the nascent 3D . . 
velocity distribution obtained for an align- 
ment of the laser ~olarization vector verti- 
cal and parallel to the plane of the image. 
The ion intensity is represented by a con- 
tinuous "heat" scale with white correspond- 
ing to the highest signal intensity. 

An examination of the O(,P2) image 
shows two pairs of symmetric lobes of in- 
tensity, each with a markedly anisotropic 
(nearly cos20) (45) angular distribution 
about the polarization direction of the pho- 
tolysis laser. The inner lobes correspond to 
low-velocity 0 atom fragments, whereas the 
outer lobes correspond to faster fragments. 
The observed cos20 dependence in the in- 
tensity pattern is consistent with the fact 
that the Hartley band dissociation of 0, is 
known to occur through a parallel transi- 
tion followed by dissociation on a time scale 
rapid compared to 0, rotation (12). How- 
ever, observation of a bimodal 0 atom ve- 
locity distribution was unexpected. 

Images similar to that shown in Fig. 1 
were also obtained for the O(3P1) and 
O(3P,) fragments. These images demon- 
strate- the same qualitative features as the 
O(3P2) product, but the relative intensity 
of the inner lobes to the outer lobes gen- 

Fig. 1. The 2D projection of the 3D OVP,) velocity 
distribution produced after dissociation of 0, at 
226 nm. The length of the calibration bar repre- 
sents 1000 m/s. 

erally decreases as j decreases. 
The procedure for reconstructing the 3D 

velocity distribution from the 2D spatial pro- 
jection has been described in detail (46-50). 
The cylindrical symmetry of the velocities 
around the polarization axis of the laser cou- 
pled with the fact that the 2D projection is 
made perpendicular to this vector allows one 
to reconstruct the entire 3D velocity distribu- 
tion by performing an inverse Abel transfor- 
mation on the 2D image (50). The speed 
distribution of a fragment can then be deter- 
mined by integrating its 3D velocity distribu- 
tion over all angles at each speed (51 ). Many 
images were obtained for the 3P2, 3P1, and 3Po 
0 atoms. For each O(,P,) fragment, the indi- 
vidual images were analyzed to yield speed 
distributions, and these were then converted 
to translational energy distributions and aver- 
aged (52). 

The smooth solid line in Fig. 2 shows the 
average in the center-of-mass frame of the 
translational energy distribution for formation 
of O(3P,) from the 226-nm photolysis of 0, 
[the dotted lines give error limits ( 5  lo )  and 
the ~oints with error bars are discussed belowl. 
ThE distribution was obtained by weightin; 
the average total translational energy distri- 
butions calculated for the O(3P2), OOP,), 

and O(3P0) photofragments by the experi- 
mentally determined branching ratios, (5.4 5 
0.4):(2.7 ? 0.2):(1.0) for O(3P,), j = 2:1:0, 
respectively. These branching ratios were de- 
termined from integrated REMPI signals cor- 
rected for laser power (53) and two-photon 
line strength (41 ). 

The bimodal nature of the O(,P2) image 
shown in Fig. 1 is preserved in the transla- 
tional energy distribution displayed in Fig. 
2. Two peaks are observed; a broad peak 
centered on an O(3P) velocity of -4000 m 
s-I (2 eV total translational energy release) 
that corresponds to the outer lobes observed 
in the image shown in Fig. 1, and a sharp 
peak centered on an O(3P) velocity of 
-1050 m s-' (0.14 eV total translational 
energy release) that corresponds to the in- 
ner lobes. 

The broad peak at higher translational 
energy is consistent with reaction 3. The 
origin of the slower O(3P) fragments, how- 
ever, must be examined carefully to ensure 
that it is the result of photochemical O3 
dissociation. Several alternative sources of 
the slow velocity peak in Fig. 1 have been 
considered and rejected: (i) The slow O(3P) 
fragments might result from the dissociation 
of 0, clusters instead of the monomer. This 

O2 internal energy (eV) 

1 2 3 

Total translational energy (eV) 

Fig. 2. The average translational distribution for the dissociation of 0, to OeP) + 0, (X3$-) at 226 nm. 
The bottom abscissa gives the translational energy, and the top abscissa gives the corresponding 0, 
internal energy. The vibrational levels of 0, are indicated from 3 to 27 on the comb. The smooth line gives 
the energy distribution derived from the photofragment imaging experiment, and the dotted lines give 
21u error limits. The points with error bars give the energy distribution derived from the pump/probe 
experiment. The probability for translational energy release corresponding to formation of 0,(X3$-, v = 

23) has been set equal in the two experiments. The agreement indicates that the 0, intemal energy is in 
vibration. 
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explanation was ruled out when the peak at 
0.14 eV was observed with the same inten- 
sity for images obtained when a lower con- 
centration (0.1 percent 0,-He) beam and a 
heated nozzle were used. (ii) The slow 
O(,P) fragments might result from the sec- 
ondary dissociation of 0, produced in the 
photolysis of 0,. Conservation of energy 
and momentum eliminate this possibility. 
(iii) The sharp peak might be due to the 
photolysis of residual 0, in the 0, trap 
(54). The  O(,P) velocity distributions ob- 
served in these experiments, however, are 
too slow and broad to be explained by this 
hypothesis. (iv) The center spot in the 
O(,P) image might correspond to 0 atoms 
produced from the thermal decompositio_n 
of 0, (22). The observed anisotropy of the 
center lobes eliminates this possibility. We  
thus conclude that the observed slow O(,P) 
fragments are indeed produced as a result of 
0, photodissociation. 

The  total energy available to the prod- 
ucts, E,,,,,, is fixed by Eq. 8: 

Eava,l = Ehu - DOLO, - 01 
- 
- Ekinet~c + E~nterna l  (8)  

where Ehu is the energy of the 226-nm 
photon, Do[02-0] is the bond energy of O,, 
and Ekinetic and E,nte,naL are the kinetic and 
internal energy of the photoproducts, re- 
spectively. The  internal energy is the sum of 
that for the 0 atom and that for the O,, and 
the former is fixed because the laser wave- 
length ionizes a particular ,PI component. 
Consequently, the bimodal Ekinetic evident 
in the image of Fig. 1 shows that 0, is 
formed with a bimodal internal energy 
distribution. 

Although the 0 atom imaging results 
can determine the amount of internal en- 
ergy in the 0, product, they cannot deter- 
mine whether this energy is in vibrational 
or electronic degrees of freedom. The sharp 
peak at -4.3 eV internal energy is consis- 
tent either with production of 0,(X3Zg-, 
w = 27) or with formation of electronically 
excited 02(c1Zu-, A3Zu+, or Ar3AU) (55). 
Pumplprobe experiments demonstrate that 
the internal energy is mostly in vibration. 

Direct evidence for the production of 
0,(X3Cgp, w = 26) can be seen in Fig. 3, 
which shows the (B3Cup, u' = 2 +- X3C , 
wtt = 26) LIF spectrum observed 2 p,s a&er 

0, photolysis at 226 nm. Four of the six 
branches associated with this well-known 
triplet spectral system are clearly resolved 
and two are blended. Assignment of the 
spectral features is simplified by the previ- 
ous work of Creek and Nichols (56) and is 
unambiguous. Similar spectra were recorded 
and assigned for the bands: (B3Cu-, w r  = 2 
+- X3C , v" = 26-19). The LIF signal was 
always found to be linear with the power of 
both the pump and probe lasers. 

The pumplprobe experiments were carried 
out in a large excess of N2 in order to quench 
O(lD) produced by 0, photolysis and thereby 
inhibit the production of highly vibrationally 
excited O2 through reaction 9: 

The  rate constant for reaction 9 is 2.4 X 
1Opl0 cm3 sp l  (57), whereas that for the 
quenching of O('D) by N, is 2.6 x lo-" 
cm3 s-' (57). Thus, under our typical oper- 
ating conditions of 100 torr of N, and 0.03 
torr of O,, less than 1 part in 300 of the 
0 ( l D )  undergoes reaction 9. These condi- 
tions, which have also been found to be 
effective in other studies (30), assure that 
the dominant process of 0 2 ( X 3 C g ,  w >> 0) 
production is from the photolysis of 0,. 
The  dominance was confirmed by deter- 
mining the dependence of the 0, LIF signal 
on 0, partial pressure. The  results of such a 
measurement for 0,(X3Cg-, v = 25) are 
shown in Fig. 4. The  good linear fit to the 
data establishes that 0,(X3Zgp, w = 25) is 
not produced by reaction 2 followed by 
reaction 9, for which a quadratic pressure 
dependence would be expected. 

The relative populations of 02(X3Zg-, 
w") produced in the 226-nm photolysis of 

0, were determined by making comparative 
measurements of the LIF intensities from 
two adjacent vibronic bands, that is, by 
comparing B3Cup, w r  = 2 + X3Zg-, wN and 
B3Cu-, v' = 2 +- X3Cgp, v" - 1, with v'' = 

26-20, while maintaining constant experi- 
mental conditions. This process was repeat- 
ed in a pairwise fashion down through the 
vibrational manifold (that is 26: 25, 25 : 24, 
24:23, and so forth) to give a relative pop- 
ulation distribution for 02(X3Cgp, v" = 26- 
19) (Table 1). 

In order to ensure that the LIF signal 
comparisons between adjacent vibrational 
states were valid in all cases, the LIF emis- 
sion detected from the B-state in the 0, 
Schumann-Runee transitions was alwavs 

u 

from the same vibrational level, w' = 2. In 
each comparison, rhe probe laser was 
scanned over the same number of P and R 
t r i~ le t s  for the res~ective vibronic bands 
an2 the integrated  IF signal was derived. 
This procedure simultaneously eliminates 
the influence of laser linewidth and Honl- 
London factors. The resulting integrated 
LIF signal needed to be corrected only for 
relative laser power and for differences in 
the Franck-Condon factors. The Franck- 
Condon factors were calculated with an 
RKR program and agree quite well with 

Frequency (cm-l) 

Fig. 3. The LIF spectrum of 0,(X32,-, v = 26). The observed transitions belong to the B 32,-, V' = 2 + 
X 32,-, V" = 26 vibronic band of the Schumann-Runge electronic system. P and R denote AN = -1 and 
+1, respectively. The subscripts 1 ,  2, and 3 indicate the three spin components of the spectrum, where 
J = N + 1, J = N, and J = N - 1 ,  respectively. All labeled transitions are for AJ = AN. This spectrum was 
observed 2 ps after the pump laser was fired. The rotational structure is collisionally equilibrated but 
vibrational relaxation has not yet set in. 

SCIENCE VOL. 265 23 SEPTEMBER 1994 



SEARCH ARTICLE 

reported values (58). 
The influence of collisional relaxation 

on the nascent vibrational population dis
tribution was evaluated by monitoring the 
time dependence of the LIF signal for each 
vibrational state. The LIF signal obtained at 
2-fis delay was not measurably different 
than the value back-extrapolated to zero 
time delay in any of the measurements. The 
rate constants for 02(X3Eg~, v) relaxation 
by 0 3 have been shown to be on the order 
of 1 X 10"11 cm3 s"1 (59). The rate con
stants for relaxation by N 2 have also been 
previously measured (4, 30, 60). The colli
sional lifetimes observed in the pump/probe 
experiment were consistent with relaxation 
by a mixture of O3 and N2 . 

Evidence for the 02(X3Eg", v > 26) + 
0 ( 3 P) product channel. A comparison of 
the photofragment imaging and pump/ 
probe results provides compelling evidence 
for the 0 2(X 3E g- , v > 26) + 0(3P) product 
channel The bimodal translational energy 
distribution shown in Fig. 2 is proof of a 
bimodal internal energy distribution in the 
0 2 photoproduct, but it is not clear from 
this distribution alone whether the internal 
energy is electronic or vibrational. 

The relative vibrational distribution de
rived from the pump/probe experiment (Ta-

0 20 40 60 80 100 
Ozone partial pressure (mtorr) 

Fig. 4. The LIF signal dependence on 0 3 partial 
pressure. The LIF intensity of the 32a~, V = 2 <-
X3Eg~, v" = 25 vibronic band is shown as a func
tion of 0 3 partial pressure. If the signal is due to 
one-photon dissociation of 03 , a linear depen
dence is expected. If the signal were due to reac
tion 2 followed by reaction 9, a quadratic depen
dence would be found. 

ble 1) can be used to predict the shape of 
the kinetic energy distribution of Fig. 2 in 
the range from 0.2 to 1.5 eV translational 
energy release. If a kinetic energy distribu
tion derived in this way were to agree well 
with the kinetic energy distribution of Fig. 
2, it would be strong evidence for a bimodal 
vibrational energy distribution in the 0 2 

photoproduct. The results of such an anal
ysis are shown as points with error bars in 
Fig. 2. The probability for translational en
ergy release corresponding to formation of 
02(X3Eg~, v = 23) has been set equal in 
the two experiments, and the horizontal 
error bars are indicated for assignment of 0 
to 15 percent of the remaining available 
energy to rotation, in agreement with pre
vious investigations of the lower vibrational 
levels (61). The very good agreement be
tween the two experiments is evidence that 
02(X3Eg~, v) is produced in a bimodal vi
brational distribution when 0 3 is photo-
lyzed at 226 nm (62). 

The translational energy distribution de
termined from the photofragment imaging 
experiments can be used to determine the 
quantum yield for production of 02(X3E ~, 
v > 26), <I\,>26(\=226 nm). Recall that 
this quantum yield is the product of two 

calculation helps show the principles and 
assumptions involved in the computer mod
el and is presented for clarity. 

We start by calculating the steady-state 
concentration of 02(X3Eg~, v > 26) pro
duced by the photolysis of 0 3 . Let 3\,>26 be 
the overall quantum yield for 02(X3Eg~, 
v > 26) formation from 0 3 photodissocia-
tion, and let 7cD be the total collisional 
removal rate constant for 02(X3Eg~, v > 
26). In the steady-state assumption (t is 
time): 

• = 0 

d[Q2(v)] 

dt 

= [ 0 3 ] f J o 3 ( ^ x ) * v * 2 6 ( M d X 

- kD[02(v)][02] (10) 

where J 0 (X,2,x) is the photodissociation 
coefficient of 0 3 , which depends on 
wavelength (X), altitude (z), and zenith 
angle (x)- 02(v) is an abbreviation for 
0 2 (X 3 E ~, v > 26), and we have assumed 
that 0 2 is principally responsible for the 
collisional removal of 02(v). The spectral 
region over which production of 

factors: Q> >26(\=226 nm) = <I>3(\ = 226 02(X3E , v > 26) is allowed is limited on 
nm)Rv>2 6(\=226 nm). The value of 
Rv>2 6(\=226 nm) can be determined by 
integrating the curve in Fig. 2 from 0 to 
0.275 eV and dividing this by the total area 
under the curve. The result is RV>26(X = 
226 nm) = 0.081 ± 0.015. For the reported 
value <I>3(\'=222 nm) = 0.13, the value of 
<J>vS,26(\=226 nm) is calculated to be 0.011 
and is large enough to have an impact on 
the stratospheric 0 3 budget (4), as we dis
cuss below. 

Possible effect on the stratospheric 0 3 

concentration. Our observation that 
02(X3Eg~, v > 26) is produced in the pho
todissociation of 0 3 allows us to evaluate 
the importance of the mechanism of reac
tions 4, 5, and 6 on the stratospheric 0 3 

concentration. Two calculations are per
formed, a steady-state evaluation of the in
crease in 0 3 production rate and a model 
calculation that includes radiative, trans
port, and chemical effects. The steady-state 

the long-wavelength end by its energetic 
threshold at 243 nm and on the short-
wavelength end by absorption of light in 
the 0 2 Schumann-Runge bands at ~190 
nm. The concentration of 02(X3E ~, v ^ 
26) can be found within the steady-state 
approximation and is shown in Eq. 11: 

[ o » ] 

[ 0 3 ] [ J c O ^ x ^ z e O O d X 
J X<243 nm 

kD[Q2] 
(11) 

Let the reaction rate constant for 5, 02(v) 
+ 02-^03 + 0(3P), be k5 so that the 
branching ratio to these products is 
k5/kD. The additional 0 3 production 
rate due to reaction 5 is then given by Eq. 
12: 

d[Q3 

•=2k 5 [0 2 ] [0 2 (v)] 

Table 1. Derived population ratios and relative population distribution of 02pC3Eg~, v") from the 226-nm 
photodissociation of 03. 

Population ratio v"\v" - 1 Relative population 

(1.54 ± 0.13):1.0 
(1.45 ± 0.15):1.0 
(1.29±0.20):1.0 
(1.51 ±0.15):1.0 
(0.72±0.05):1.0 
(0.70±0.07):1.0 
(0.54±0.05):1.0 

26:25 
25:24 
24:23 
23:22 
22:21 
21:20 
20:19 

1.0 
0.65 
0.45 
0.35 
0.23 
0.32 
0.46 
0.85 

26 
25 
24 
23 
22 
21 
20 
19 

dt 

= 2k5[02] 

[ 0 3 ] [ J 0 3 ( ^X)* V *2600<& 

k r 

&D J X<243 nm 

(12) 

The leading factor of 2 comes from the 
assumption that the O atom produced in 
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reaction 5 will rapidly recombine with 0, 
to form 0,. 

Because the rate of O3 production in the 
conventional mechanism is 2Jo,[02] (63), 
the fractional additional odd oxygen pro- 
duction, F, relative to that provided by O2 
dissociation is given by Eq. 13: 

Because wavelength-dependent data are 
not available, we assume that @w226(A) = 

@,,26(k = 226 nm) and that this yield is 
constant over the integrated wavelength 
interval. Thus, Eq. 13 can be simplified: 

above. We  further assume that k,lk, is uni- 
2. u 

ty. This assumption is supported by recent 
experiments from the Santa Barbara group 
(J.A.M. and A.M.W.) which show that 
only about 1 percent of 0, prepared in o = 
27 appears at a later time in o = 26. We  can 
approximate R243, defined in Eq. 15, as 
being equal to  R240, defined similarly and 
reported in (64). Table 2 shows the results 
of this analysis for altitudes from 40 to 55 
km, where the next-to-last column gives 
the resulting values of F. Table 2 shows that - 
the proposed new source produces odd ox- 
ygen at a rate between 14 and 48 percent of 
the principle O2 photpdissociation source. 

These additional production rates will 
not result in comparable percentage in- 
creases in the steady-state 0, concentra- 
tion, because the rate-limiting step in all of 
the, catalytic destruction cycles involves a 
reaction with 0 atoms, and this species will 

region, the calculated increase is less be- 
caise [0,] decreases. A t  lower altitudes, the 
optical depth increases and the 0, photol- 
ysis coefficient is smaller. Below 10 hPa 
(about 30 km), there is actually a decrease 
in 0, by about 0.7 percent. This decrease is 
a consequence of the increased 0, in the 
upper stratosphere which increases the op- 
tical depth and reduces the 0, photolysis in 
the lower stratosphere. The photochemical 
lifetime of 0, in the tropical lower strato- 
sphere is sufficiently short (months) to  re- 
spond to changes in chemical production. 
Overall, the total tropical 0, column in- 
creases by 1 percent. A t  high latitudes, the 
mechanism is less effective because the op- 
tical depth is larger. The reduced efficiency 
a t  high latitudes contrasts with the previ- 
ous mechanism, which depended on  the 
photolysis of vibrationally excited O2 a t  
longer wavelengths, leading to significant 

have a larger concentration with the new increases at high latitudes (30). 
mechanism. However. the steadv-state cal- The  results of the model calculations p = -  

k, culations suggest that a more' thorough presented here are consistent with recent 
treatment of the atmospheric modeling is analysis by Eluszkiewicz and Allen, who 

[03]0, = 226 nm)[ ]03(h,z,x)dh warranted. concluded that  the 0, deficit was largest 
x < 243 nm Therefore, we have included this new a t  low latitudes (2). Near 1 hPa thev 

Jo2[O2I 
mechanism in a radiative-transport-chemi- 

(14) cal 2D (altitude and latitude) computer 
model that includes both production and 

We can further define RZ43 as the fraction loss processes (65). We  assume in this mod- 
of O3 photolysis taking place at wave- el that the triplet quantum yield at wave- 
lengths shorter than 243 nm: lengths less than 243 nm is @, = 0.13 (23) 

f and that R,,,, at these wavelengths is equal 
I J,,(h,z,x)dX to its measured value at A = 226 nm, name- 

J h<243 nrn -' ly R,,,, = 0.081. We  also assume that all 
R243 = NM ( I 5 )  0 2 ( X 3 S , v  a 26) formed in 0, photolysis 

( ~ ~ ~ ( h X ) d ~  leads to 0, + 0. The model uses the solar 
J - a  

flux and Gs absorption by 0, and 0, to 
From Eq. 15 and recalling that @u226(h) = generate the wavelength-dependent radia- 

Rwz26, we can rewrite Eq. 14 as: tion flux at any given altitude and latitude. 
The resulting flux is used to calculate the 

k5 R Z ~ I / J O I ( ~ , Z . X ) ~ X  molecular concentrations, but because 
= - [031@3Ru 2 26 

'%I J0~[021 these concentrations influence the flux, the 
calculation must be ~erformed in a self- 

calculate a n  0, deficit of about 8 percent 
(see their figure 9a), so that the 10 per- 
cent increase predicted by the new mech- 
anism almost exactly accounts for the def- 
icit. However, near 0.4 hPa where the 
new mechanism increases 0, by -2.5 
percent the calculated deficit is as high as 
20 percent. Nevertheless a substantial 
p r t - o f  the global 0, deficit may now be 
accounted for. Refinements to the model, 
such as a wavelength dependence for @, 
or RoZz6, might improve the agreement, 
but such adjustments seem Dremature in 
advance of experimental measurements. 

Possible effect on heavy 0, distribu- 
tion. The concentration of heavy isotopes 
of 0, in the stratosphere exceeds their nat- 
ural abundance. and the enrichment is 

7 (16) consistent manner u k l l  convergence is nearly independent of mass (6). Valentini 
k5 Jo, + 3 ~ 1 0 3 1  reached. Convergence is typicallyUreached has interpreted the latter observation to 

= - R243Ru 2 26 
k~ Jo,[O;] in a few model time steps. indicate that the enrichment is caused by a 

The increase in 0, calculated bv the svmmetrv effect in the dissociation of 0, 
where Jo,+@P = @3J]o,(X,z,~)dA is ob- model over that calculated without the new rather than by a normal kinetic isotope 
tained from (2) and is the total 0, photolysis dissociation mechanism is shown in Fig. 5. effect (67). He points out that the mnadia- 
rate constant leading to 0(,$). Maximum increases of nearly 10 percent are batic transition involving crossing from the 

We  can now estimate F. For this calcu- observed in the tropical upper stratosphere excited 'A state of 0, to the ground 3C state 
lation we take Rw226 = 0.081 as discussed near.2 hPa (about 43 km) (66). Above this as the third 0 atom leaves can result in 

Table 2. Ratio, F, of O,,production rate by proposed mechanism to 0,produc- 0.21 times the total density taken from (7). The R,,, values are from (64) (see 
tion rate by 0, photolys~s as a function of altitude as well as percentage Increase figure 4.35 for an overhead sun). The Fvalues are fractional additional odd oxygen 
in heavy 0,. The J034P, [OJ, and Jo2 values are from (2). The [0,] values are production rates relative to that produced by 0, photodissociation. 

Altitude '03-3p 

(km) (s-? 

-- 

[O ,I 
(cm-") R240 

F Percentage 
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isotopic fractionation because there are 
twice as many ground state rotational levels 
available to an  asymmetric 0, product as to 
one in which both oxygens have mass 16 
and zero nuclear spin. Despite having ob- 
served the effect of this symmetry on the 
rotational distribution of the O,(lA) prod- 
uct of 0, dissociation, Valentini found it 
difficult to explain the stratospheric enrich- 
ment of heavv 0, with the ~reviouslv ac- , J 

cepted dissociation mechanism. The reason 
for the difficulty is that the atomic oxygen 
product scrambles its isotopic label by in- 
terchange with 0, more rapidly than it 
recombines to form 0,. 

The new dissociation mechanism dis- 
cussed above, on the other hand, does pro- 
vide a route to heavy O3 enrichment: from 
the symmetry argument, O3 with one heavy 
0 atom has an  increased probability of 
yielding triplet products, O(,P) + 0 2 ( 3 2 ) ,  
and some of these triplet dissociations yield 
0, with high enough vibrational energy to 
react with 0, to form 0, + 0 .  Significant- 
ly, one of the original 0, oxygens in this 
mechanism is incorporated directly into a 
new 0, molecule without going through an  
0 atom intermediate. Thus, the probability 
that a heavy 0 atom will remain in the 0, 
pool is slightly increased above the random 
probability. Because O3 is cycled by photo- 
dissociation many times (about 100 to 1700 

times for altitudes from 55 to 35 km) before 
being destroyed by other processes (for ex- 
ample, 0 + 0, + 2 O,), each of the cycles 
acts as a "plate" in a distillation column and 
causes a small amount of enrichment. A 
detailed account of the probabilities shows 
that the enrichment factor per cycle is giv- 
en approximately by E = [I + (19f/3)]/[(1 
+ 2f)( l  + 4f)l, where f = @3R243Rws26' 
The overall enrichment factor for that frac- 
tion F of the 0, produced by the new 
mechanism is EC~C'eS, where cvcles is the 
number of 0, photol&s events per 0, de- 
struction. The total percentage enrichment 
factor will then be E,,, = {1/(1 - F) + 
[F/(1 - F)](E"Y'~'"), so that the total 
percentage enrichment is 100(E,,, - 1) .  
The  last column of Table 2 shows that 
this value ranges from 0.6 to 5.4 percent 
for altitudes from 55 km to 40 km. Al- 
though the absolute magnitude and ap- 
parent altitude dependence from this sim- 
~ l e  analvsis are no t  in agreement with 

u 

observation (6) ,  the new mechanism 
nonetheless ~ r ed i c t s  a substantial heavv 
0, enhance&ent and should be included 
in further models of this phenomenon. 

The dynamics of O3 photodissociation. 
W e  briefly speculate on  a possible mecha- 
nism for production of such a strongly bi- 
modal vibrational distribution. This bimo- 
dality implies two distinct dissociation 

Latitude (degrees) 

Fig. 5. Results from a 2D atmospheric model. Plotted is the percentage difference between a model with 
and without the new 0, production mechanism. Altitude is given as effect~ve pressure and negative 
latitude is the Southern Hemisphere. The results represent a 24-hour average. 

pathways for the O(,P) + 02(3Z,-) chan- 
nel. Either there are two different electron- 
icallv excited states involved in the transi- 
tion, or the initially prepared state possesses 
two entirely different routes to these prod- 
ucts. The  first possibility cannot be elimi- 
nated offhand; indeed, calculations find 
large transition moments for direct excita- 
tion to the repulsive surface which directly 
correlates to O(,P) + 02(3Z,-) (68). How- 
ever, the dominant source of ground-state 
~roducts  from Hartlev band dissociation of 
0, is thought to involve nonadiabatic cou- 
pling of the initially prepared "B" (11B2 in 
C,,; D 'A' in C,) surface with this same 
repulsive surface correlating to ground-state 
products. If there are two distinct regions of 
intersection, then the corresponding prod- 
uct state distributions arising from flux 
through these different crossing regions may 
differ significantly. This phenomenon is ob- 
served in the photodissociation of C10, and 
seen to lead to dramatic mode s~ecificitv in 
the photodissociation dynamicsLin that dase 
(69, 70). 

REFERENCES AND NOTES 

I .  S. Chapman, Q. J. R. Meteoroi. Soc. 3, 103 (1 930); 
Phiios. Mag. 10, 345 (1 930). 

2. J. Eluszk~ew~cz and M. Allen, J. Geophys. Res. 98, 
1069 (1 993). 

3. j: M. Price, J .  A. Mack, C. A. Rogaski, A. M. Wodtke, 
Chem. Phys. 175, 83 (1 993). 

4. C.A. Rogaski, J. M. Prlce, J.A. Mack,A. M. Wodtke, 
Geophys. Res. Lett. 20, 2885 (1993). 

5. M. Allen, J. Geophys. Res. 91, 2844 (1 986). 
6. See M. M. Abbas et ai., J. Geophys. Res. 92, 13231 

(1 987), and references therein; J. A. Kaye, Ed., isotope 
Effects in Gas-Phase Chemistry, vol. 502 of the ACS 
Symposium Series (American Chemical Society, 
Washington, DC, 1992), chaps. 1,  8 to 11, and 14. 

7. P. Warneck, Chemistry of the Natural Atmosphere 
(Academic Press, London, 1988). 

8. 1 .  T .  N. Jones and R. P. Wayne, Proc. R. Soc. London 
A 31 9, 1452 (1 974). 

9. K.  H. Welae. Can. J. Chem. 52. 1424 119741. 
10. 1 .  Arnold, F. J. Comes, G .  K. ~ o o r t ~ a t , ' ~ h e m .  Phys. 

24, 21 1 (1 977). 
11. P.  W .  Fairchild and E. K. C. Lee, Chem. Phys. Lett. 

60, 36 (1 978). 
12. C. E. Fairchild. E. J. Stone. G. M. Lawrence. J. 

Chem. Phys. 69,3632 (1978). 
13. S. T .  Amimoto, A. P .  Force, J. R. Wiesenfeld, Chem. 

Phys. Lett. 60, 40 (1 978). 
14. G. K. Moortgat and E. Kudzus, Geophys. Res. Lett. 

5, 191 (1978). 
15. J. C. Brock and R. T. Watson, Chem. Phys.-Lett. 71, 

371 (1 980). 
16. R. K. Sparks, L. R. Carlson, K. Shobatake, M, L. 

Kowalczyk, Y .  T .  Lee, J. Chem. Phys. 72, 1401 
(1 980). 

17. S. T .  Amimoto, A. P .  Force, J .  R. Wlesenfeld, R. H .  
Young, J. Chem. Phys. 73, 1244 (1 980). 

18. P. H.  Wine and A. R. Ravishankara, Chem. Phys. 69, 
365 (1 982). 

19. G. D. Greenblatt and J. R. Wiesenfeld, J. Chem. 
Phys. 78, 4924 (1 983). 

20. J. J. Valentinl, D. P.  Gerrity, D. L. Phillips, J.-C. Nieh, 
K. D. Tabor, ibid. 86, 6745 (1987). 

21. M. Troller and J. R. Wiesenfeld, J. Geophys. Res. 93, 
71 19 (1 988). 

22. T.  Klnugawa, T .  Sato, T .  Arikawa, Y .  Matsumi, M. 
Kawasaki, J. Chem. Phys. 93; 3289 (1990). 

23. A. A. Turn~pseed, G. L Vaghjlani, T .  Gierczak, J. E. 
Thompson, A. R. Ravlshankara, ibid. 95,3244 (1991). 

24. L. Froidevaux, M. Allen, Y ,  L.Yung, J. Geophys. Res. 
90, 12999 (1 985). 

SCIENCE < VOL. 265 23 SEPTEMBER 1994 



25. R. T. Clancy, D. W. Rusch, R. J.Thomas, M. Allen, R. 
S. Eakman, ibid. 92, 3067 (1 987). 

26. J. E. Frederick and R. J. Cicerone, ibid. 90, 10733 
(19851. 

27. k. ~imonaitis and M. T. Leu, Geophys. Res. Lett 12, 
829 (1 985). 

28. R. P. Saxon and T. G. Slanger, J. Geophys. Res. 91, 
9877 (1 986). 

29. T. G. Slanger, L. E. Jusinski, G. Black, G. E. Gadd, 
Science 241, 945 (1 988). 

30. H. Park and T. G. Slanger, J. Chem. Phys. 100, 287 
(1 994). 

31. R. Toumi, G. J. Kerridge, J. A. Pyle, Nature 351, 217 
(1991). 

32. R. Toumi, J. Atmos. Chem. 15, 69 (1 992). 
33. R. P. Wayne, Atmos. Environ. 21, 1683 (1 987). 
34. A. Horowitz et a/., J. Phys. Chem. 92, 4956 (1 988). 
35. A. G. Suits, R. L. Miller, L. S. Bontuyan, P. L. Hous- 

ton, J. Chem. Soc. Faraday Trans. 89, 1443 (1993). 
36. L. S. Bontuyan, A. G. Suits, P. L. Houston, B. J. 

Whitaker, J. Phys. Chem. 97, 6342 (1993). 
37. The molecular beam pulse duration was 500 ys. The 

nozzle diameter was 300 ym. The nozzle to skimriiei 
distance was 5 cm. The skimmer diameter was 500 
pm. The nozzle-to-laser beam distance was 17 cm. 

38. The tunable UV radiation was produced by frequen- 
cy doubling the output of an injection-seeded Nd: 
yttrium-aluminum-garnet (Nd:YAG)-pumped dye la- 
ser (Quanta-Ray DCR-4, PDL-I) and then summing 
the doubled light with the Nd:YAG fundamental. The 
linearly polarized laser beam (1- to 2-mJ pulse-', 
0.35-cm-' bandwidth, and IO-ns pulses) was colli- 
mated with a telescope and focused into the molec- 
ular beam by a 7.5-cm focal length lens mounted 
inside the vacuum chamber. 

39. W. C. Wiley and I. H. McLaren, Rev. Sci. Instrum. 26, 
1 150 (1 955). 

40. Because of the large Doppler shift of the 0(,P) frag- 
ments [calculated-to be 1.77 cm-l for O(,P,) at 
5975 m s-'1, the frequency of the laser had to be 
scanned over the resonance to ensure that the entire 
velocity distribution was ionized while the image was 
being collected. 

41. The total two-photon absorption cross section for 
the 3p ++ 2p transition is independent of j ;  D. J. 
Bamford, M. J. Dye, W. K. Bischel, Phys. Rev. A 26, 
3497 (1 987). 

42. Ozone for these experiments was prepared from dry 
0, with a commercial ozonator (Welsbach) and col- 
lected on silica gel in a trap immersed in a dry-ice/ 
acetone slurry. The trapped 0, was then pumped to 
remove 0, decomposition products left over from 
the 0, preparation process. 

43. An excimer pumped dye laser (Lambda Physik, 
EMG201 MSC/FL3002) frequency doubled in a 
P-barium borate crystal produced 1- to 3-mJ 

pulse-' in a 3-mm diameter spot. 
44. LIF was accomplished with the visible output (560 to 

400 nm) of a second excimer pumped dye laser 
(Lambda Physik, LPX205i/FL3002, 20-ns pulses, 1 
to 10 mJ, 0.2-cm-' linewidth, and a 3-mm diameter 
spot size). The two counterpropagating laser pulses 
were spatially overlapped and temporally controlled 
with a delay generator (SRS DG535). 

45. The angle 0 is defined as that between the fragment 
recoil direction and the polarization vector of the in- 
cident light. 

46. D. W. Chandler et a/., J. Phys. Chem. 94,4839 (1 990). 
47. D. J. DeRosier and A. Krug, Nature 217, 130 (1 968). 
48. M. Zwick and E. Zeitler, Optik 38, 550 (1973). 
49. L. A. Schepp and B. F. Logan, IEEE Trans. Nucl. Sci. 

NS-21, 21 (1 974). 
50. K. R. Castleman, Digitallmage Processing (Prentice- 

Hall, Englewood Cliffs, NJ, 1979). 
51. Performing the inverse Abel transform on all rows of 

the projected image of Fig. 1 produces a 2D intensity 
profile that corresponds to a "slice" through the 3D 
velocity distribution containing the cylindrical axis of 
symmetry. The slice (not shown) also displays two 
pairs of lobes with an anisotropic angular distribution 
and can be represented as l(v, e), where I is the 
intensity, v the speed (distance from the center), and 
0 the angle from the axis of symmetry. The speed 
distribution of Fig. 2 is then obtained by weighting 
each pixel in the slice by (vsin9) and integrating all 
intensity at a particular radius (speed). 

52. Knowledge of the kinetic energy distribution of the 0 
atom is enough to determine the total energy ap- 
pearing in translation, because the 0, kinetic energy 
can be determined by balancing linear momentum 
for the photodissociation event. 

53. The power dependence of the 2+1 REMPl signal 
was measured for the O(3P2) fragment and found to 
be quadratic, suggesting that the 0, dissociation 
and 0(3p3P,) ionization steps were saturated. 

54. K. Tonokura, N. Shafer, Y. Matsumi, M. Kawasaki, J. 
Chem. Phys. 95,3394 (1 991). 

55. The peak in the image corresponding to high internal 
energy is still present when a two-color photofrag- 
ment imaging experiment is performed in which 0 
atoms are again probed with 226-nm light but the 0, 
is dissociated at longer wavelengths where the 
0,(A3Z,+) and (At3A,) states are inaccessible. This 
experiment-suggests that the internal energy is not 
electronic [R. L. Miller, A. G. Suits, P. L. Houston, in 
preparation] 

56. D. M. Creek and R. W. Nichols, Proc. R. Soc. Lon- 
don Ser. A 341, 51 7 (1 975). 

57. W. B. DeMore et a/., Jet Propulsion Lab Publ. No. 
92-20 (1 992). 

58. R. Harris, M. Blackledge, J. Generosa, J. Mol. Spec- 
trosc. 30, 506 (1 969). 

59. P. C. Cosby, H. Park, R. A. Copeland, T. G. Slanger, 
J. Chem. Phys. 98, 51 17 (1 993). 

60. G. D. Billing and R. E. Kolesnick, Chem. Phys. Lett. 
200, 382 (1 992). 

61. M. J. Daniels and J. R. Wiesenfeld, J. Chem. Phys. 
98, 321 (1993). 

62. Although the product imaging experiment predicts 
that v = 27 is more populated than v = 26, at- 
tempts to observe v = 27 directly by LIF were 
unsuccessful. LIF detection of v = 26 was already 
quite difficult; the spectrum of Fig. 3 required sub- 
stantial signal averaging and is the average of four 
30-min scans. Detection of v = 27 is expected to 
yield about four times less signal because of the 
smaller Franck-Condon factors in the probe step. 
There is also more scattered light background 
when the probe laser is tuned to detect v = 27. In 
addition, we made no attempt to determine how 
much 0, might be present in the 0, trap over 
which N, flowed to the reaction cell. If appreciable 
0, impurity is present in the nominal O,/N, mix- 
ture, then O,(v = 27) might have a short enough 
lifetime to largely disappear by the time the probe 
laser is fired. In any event, it is unlikely that the 
striking agreement b6tween v = 19 and 26 (shown 
in Fig. 2) suddenly diverges at v = 27. Taken 
together, the two experiments leave room for only 
one interpretation: 0, photolysis at 226 nm leads 
to a bimodal vibrational distribution in the 0, pho- 
toproduct with one peak near v = 14 and the 
second at v = 27. 

63. This quantity denotes the wavelength-integrated 
photolysis rate for 0,. 

64. G. Brasseur and S. Solomon, Aeronomy of the Mid- 
dle Atmosphere (Reidel, Dordrecht, Netherlands, 
1984). 

65. R. Toumi, S. Bekki, R. J. Cox, J. Atmos. Chem. 16, 
135 (1 993). 

66. Note that 1 hPa = 1 mbar. 
67. J. J. Valentini, J. Chem. Phys. 86, 6757 (1987). 
68. A. Banichevich, S. D. Peyerimhoff, F. Grein, Chem. 

Phys. 178, 155 (1 993). 
69. H. F. Davis and Y. T. Lee, J. Phys. Chem. 96, 5681 

(1 992). 
70. K. A. Peterson and H. J. Werner, ibid., p. 8948. 
71. The work at Cornell was supported by the National 

Science Foundation (NSF) under grant CHE- 
9224432. We are grateful to S. Rogers for help in 
obtaining some of the imaging data. The work at 
UCSB was supported by NSF grants 
ATM-8922214, CHE-8957978, CHE-8411302, a 
Camille and Henry Dreyfus Foundation Teacher 
Scholar Award (A.M.W.), and an Alfred P. Sloan 
Foundation Research Fellowship (A.M.W.). 

8 April 1994; accepted 8 August 1994 

SCIENCE VOL. 265 23 SEPTEMBER 1994 


