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[1] The quantum yield for O(1D) production in the photolysis of ozone in the ultraviolet region as
a function of wavelength and temperature is a key input for modeling calculations in the
atmospheric chemistry. To provide the modeling community with the best possible information, the
available data are critically evaluated, and the best possible recommendations for the quantum
yields are presented. Since the authors of this paper are the principal investigators of the groups
which have provided most of the recent experimental data for the O(1D) quantum yields, the basic
assumptions made by each group, the input parameters used in obtaining the quantum yields, and
possible sources of systematic errors are well examined. The fitting expression of the O(1D) yield as
a function of photolysis wavelength l and temperature Tis presented in the ranges of 306 nm � l �
328 nm and 200 K � T � 300 K. The recommendation values of the O(1D) quantum yield for 290
nm � l � 306 nm and 328 nm � l �350 nm are also presented. The formation mechanisms of
O(1D) in the photolysis of ozone which result in the wavelength and temperature dependence of the
O(1D) yields are interpreted. INDEX TERMS: 0317 Atmospheric Composition and Structure:
Chemical kinetic and photochemical properties; 0365 Atmospheric Composition and Structure:
Troposphere—composition and chemistry; 0340 Atmospheric Composition and Structure: Middle
atmosphere—composition and chemistry; KEYWORDS: Ozone, Photolysis, Quantum yield,
Ultraviolet, Singlet oxygen atom, atmospheric modeling

1. Introduction

[2] In general, electronically excited species do not play a major
role in the chemistry of the Earth’s lower atmosphere (i.e., below
�40 km) since they are short-lived owing to collisional deactivation
by N2 and O2. For this reason, other competing chemical reactions
are normally unimportant for such species in the atmosphere. The
most notable exception is the first electronically excited state of
oxygen atom, O(1D). O(1D) is not onlymetastable (radiative lifetime
�148 s) but also highly reactive toward a number of atmospheric
trace gases. The primary reason for the extreme importance of this
very low abundant species is that a small fraction of O(1D) reactions
creates highly reactive species from highly unreactive species; this
minor pathway for O(1D) loss is often the major pathway for the
generation of the reactive species. Specifically, the OH radical in the
stratosphere and troposphere and NO (and eventually all nitrogen
oxides) in the stratosphere are produced mostly due to the reactions
of O(1D) with inert H2O and N2O.

ðR1Þ O 1D
� �

þ H2O ! 2OH

ðR2Þ O 1D
� �

þ N2O ! 2NO

The reactive species created by these reactions, OH and NO, are
immensely important in the atmosphere. (1) OH is the most
important initiator of the degradation of the majority of natural and
anthropogenic emissions entering the atmosphere. (2) OH reactions
provide the pathways that convert chemicals in the atmosphere,
sometimes from active to inactive forms and at other times from
inactive to active forms. (3) OH is a major catalyst for lower
stratospheric ozone removal. (4) Nitric oxide is a crucial ingredient
of the stratosphere, and (R2) leads to NOx (NO + NO2), which is
the most important catalyst for ozone destruction in most of the
stratosphere. (5) NOx also suppresses the catalytic destruction of
ozone by halogens by sequestering them in unreactive forms such
as ClONO2.
[3] The major source of O(1D) in the lower atmosphere is the

photolysis of ozone in the Hartley and Huggins bands. The
strong increase in the ozone absorption cross section below 330
nm and the consequent absorption by overhead ozone lead to
the sharp decrease of the solar actinic flux, becoming practically
0 below 290 nm in the lower stratosphere and troposphere.
Since the photolysis of atmospheric ozone depends on the
overlap of the wavelength-dependent actinic flux and on the
ozone absorption cross section, the opposing wavelength
dependence of these two quantities essentially restricts the
photodissociation to �290–330 nm [Hofzumahaus et al.,
1999]. This is precisely the wavelength region where O(1D)
production increases from near-zero values around 330 nm to
near-unity values around 290 nm. Therefore the calculated
atmospheric O(1D) production rate is very sensitive to changes
in the quantum yield for its production in the photolysis of
ozone in this wavelength range. It is also this region where the
UV absorption cross sections of ozone and the quantum yields
for O(1D) production are highly sensitive to temperature. Thus
accurate definition of the quantum yields for O(1D) production
in ozone photolysis as a function of wavelength and temperature
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is essential for atmospheric chemistry [Ravishankara et al.,
1998].
[4] Until a few years ago it was suggested, on the basis of many

previous data sets, that the O(1D) production drops monotonically
from near-unity value at �290 nm to 0 by �310 nm [DeMore et
al., 1994], the threshold for the energetically allowed channel,

ðR3Þ O3 þ hn ! O 1D
� �

þO2 a1�g

� �
:

It was assumed that the spin conservation would require that
the coproduct of O(1D) be O2(

1�) since the upper state of
ozone accessed by absorption in the strongly allowed transition
is a singlet. There were, however, some laboratory data that
indicated the presence of a ‘‘tail’’ in O(1D) quantum yield (i.e.,
a nonzero quantum yield) beyond this threshold [Brock and
Watson, 1980b; Trolier and Wiesenfeld, 1988]. Adler-Golden et
al. [1982] had pointed out that vibrationally excited ozone
could generate O(1D) via the spin-allowed channel (R3) well
beyond the 310-nm energetic threshold calculated for the
ground state of ozone, and in contrast to the early NASA/Jet
Propulsion Laboratory (JPL) recommendations, an evaluation by
Steinfeld et al. [1987] recommended a tail in the O(1D) yield
which extended out to 325 nm. Ball et al. [1993] reported
quantum yield measurements of O2(a

1�) (the O(1D) coproduct
from the spin-allowed photodissociation of ozone) showing a
tail that is very similar to the one for O(1D) reported
previously. Michelsen et al. [1994] further developed the
concept of Adler-Golden et al. [1982] and presented a model
calculation that described well the measured tail of the room
temperature O(1D) quantum yield reported by Brock and
Watson [1980b] and Trolier and Wiesenfeld [1988] and
O2(a

1�) reported by Ball et al. [1993] up to �320 nm. Their
model assumed that the tail is due only to photolysis of
vibrationally excited ozone; it did not take into account the
spin-forbidden process, which was not known at that time.
Their mathematical expression became the basis for the NASA/
JPL recommendation in 1997 [DeMore et al., 1997]. Field
experiments that compared J(O1D) photolysis frequencies
measured directly by chemical actinometer with data obtained
from solar actinic spectra and O(1D) quantum yield spectra
[Müller et al., 1995; Shetter et al., 1996] were also consistent
with the tail. Inclusion of the tail led to a much better
agreement between measurements and calculations as a function
of solar zenith angle and total overhead ozone column.
[5] The recent laboratory work represented in this paper has

yielded new measurements of the O(1D) quantum yield as a
function of wavelength and temperature with direct and indirect
detection methods, showing clearly that the tail exists [Armerding
et al., 1995; Takahashi et al., 1996a, 1998a; Ball et al., 1997;
Silvente et al., 1997; Talukdar et al., 1998; Bauer et al., 2000;
Smith et al., 2000]; all groups, except for Smith et al. [2000], are
represented in this paper. More interestingly, some of these new
measurements also show that the quantum yield does not go to 0
even at wavelengths as long as �330 nm when the temperature is
cold enough to eliminate the existence of significant fraction of
ozone in its vibrationally excited level. This nonzero yield has been
attributed to the spin-forbidden channel for O(1D) production

ðR4Þ O3 þ hn ! O 1D
� �

þ O2 X3��
g

� �

and has now been clearly demonstrated via recent laboratory
measurements [Takahashi et al., 1996b; Denzer et al., 1997, 1998].
[6] The significance of these changes in O(1D) quantum yields

is very important to atmospheric calculations. Müller et al. [1995]
have indicated that the tail contributes at least 30% of the
noontime J(O1D) in summer in Jülich (solar zenith angle =
28�) and that total integrated O(1D) production is enhanced by

1.38 owing to the tail. Furthermore, there are many situations in
the atmosphere where the available wavelengths are restricted to
>310 nm. Such situations include high solar zenith angles and
large overhead ozone columns, both common at high latitudes
during late fall to early springtime. Of course, high solar zenith
angles occur every day at all sunlit locations at least for a short
period. Talukdar et al. [1998] suggested that the contributions of
the tail and the spin-forbidden dissociation process can make the
J(O1D) value 3 times larger at solar zenith angle of 85� than the
value estimated without them.
[7] Currently, the data set for the quantum yields for O(1D)

production in ozone photolysis at wavelengths between �308 and
�330 nm has not been evaluated. This is because the changes in
the quantum yields have been reported only recently and because
there still exist significant quantitative differences in the reported
values, even though all the recent studies qualitatively substantiate
the tail and the existence of the spin-forbidden photodissociation
pathway (R4).
[8] To rectify the lack of a good recommendation for the

quantum yields for O(1D) in ozone photolysis, a panel of
laboratory scientists and one field measurements scientist work-
ing in the area of ozone photodissociation were brought together
as a part of the joint Stratospheric Processes and their Role in
Climate (SPARC)/International Global Atmospheric Chemistry
(IGAC) activity on laboratory studies. This paper is a result of
this activity. The aim of this paper is to critically evaluate the
data available to date and to develop the best possible data set
for atmospheric modeling. To enable in-depth evaluation of the
data, the principal investigator(s) from each data set belong to
this panel and are authors of this paper (because Smith et al.
[2000] published their paper after the panel was formed and had
already made the preliminary evaluations, they were not repre-
sented in this effort). The panel discussed the basic assumptions
made by each group, the input parameters such as the absorption
cross sections used in obtaining the quantum yields, and
possible sources of systematic errors. In addition, a clear choice
of a reasonable ‘‘anchor’’ point for the quantum yields allowed
renormalization of the data to specific wavelengths. Trends in
wavelength dependence of the quantum yields were examined
for possible sources of systematic errors and differences. Such
critical evaluations are not possible by an outside data panel,
which would not have access to much of the needed but
unpublished information. Each principal investigator provided
such information for this evaluation and enabled a better
evaluation where some data could be discarded, corrected,
and/or renormalized. This paper lists all the steps and reasons
for the choice of data used in this recommendation and the
physical basis for the generation of both ground and electroni-
cally excited oxygen atoms. Furthermore, a comprehensive easy-
to-use equation is employed to represent the best possible data
set for atmospheric modeling.

2. Experimental Considerations

[9] The difficulties connected with the measurement of O(1D)
quantum yields from photolysis of ozone are primarily associated
with the need for a narrowband, wide tunable source of photolysis
radiation, the direct monitoring O(1D), and the very large dynamic
range (especially in ozone cross section) that the measurements
span. For a similar photolysis fluence and ozone concentration the
concentration of O(1D) produced varies by six orders of magnitude
between 250 and 350 nm. In addition, the lifetime of O(1D) with
respect to either reaction or quenching is extremely short in most
common gases; exceptions are gases such as He, Ne, Ar, SF6, and
CF4.
[10] Most of the experimental data used in producing this

evaluation used some type of pulsed tunable laser as the photolysis
light source. Such lasers provide a relatively high-power narrow
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bandwidth source of tunable radiation. However, the variation in
photolysis laser fluence, i.e., energy per unit area (or at least the
relative values at different wavelengths), needs to be monitored
accurately as the wavelength of the laser changes, and this
measurement is not trivial. Since these lasers operate in the visible
and require harmonic generation techniques to reach the UV, some
changes in beam profile are unavoidable as the lasers are tuned.
The recent study by Smith et al. [2000] used broadband with
bandwidths that varied between 0.05 and 4 nm.

2.1. Direct Techniques for O(1D) Atom Monitoring

[11] Experimental O(1D) monitoring techniques are conven-
iently divided into techniques which monitor O(1D) directly via
spectroscopy or indirectly via approaches which allow the O(1D) to
interact with another gas to produce a species that is more
conveniently monitored as a ‘‘spectroscopic marker’’ for O(1D).
O(1D) can be monitored by its emission O(1D)! O(3P) at 630 nm.
This emission is both spin and electric dipole forbidden with a
lifetime of 148 s; nevertheless, direct emission was used to monitor
relative O(1D) quantum yields between 221 and 243.5 nm [Cooper
et al., 1993]. It is also possible to monitor O(1D) in absorption via
the 3s 1D0

2� 2p1D2 transition at 115.2 nm, and this technique has
found limited, and controversial, use in kinetic studies [Heidner
and Husain, 1973]. It has not been applied to quantum yield
measurements. Three approaches using laser excitation have also
been published. Pratt et al. [1991] reported (2 + 1) resonance-
enhanced multiphoton ionization (REMPI) detection of O(1D)
using the 3p1F3 and 3p1P1 transitions at 203.5 and 205 nm. Richter
and Hynes [1996] reported observation of (3 + 1) REMPI tran-
sitions to the 3d1F3 and several other closely spaced levels at �276
nm. Both sets of REMPI transitions lie within the wavelength
region where O3 absorbs strongly; hence the focused REMPI probe
laser generates an interference signal because it produces O(1D)
which it then detects. The (2 + 1) excitation wavelength lies in a
minimum in the UV absorption spectrum of O3 and requires
generation of deep UV radiation; however, G. Hancock and co-
workers [Ball et al., 1997; Denzer et al., 1997, 1998] have
successfully applied it to O(1D) yield measurements between 305
and 330 nm. The (3 + 1) wavelength, 276 nm, is easily generated
using currently available tunable lasers, but this excitation wave-
length lies close to the peak in the ozone absorption cross section.
Hence background interferences are sufficiently severe that this
detection scheme has little utility for yield studies at long wave-
lengths. Finally, laser-induced fluorescence (LIF), using single
photon excitation of the 3s1D0

2 � 2p1D2 transition, has been
demonstrated by Takahashi et al. [1996a, 1996b, 1997, 1998a].
This is technically the most demanding approach, requiring sum
frequency generation of vacuum ultraviolet (VUV) radiation with
two tunable lasers. Nevertheless, it appears to offer high sensitivity,
specificity, and no significant interference effects.
[12] Potential complications from the use of direct laser-based

detection techniques can arise when they are used in conjunction
with another laser to photolyze ozone. The first of these arises
because a polarized detection laser excites a subset of the magnetic
sublevels of O(1D). In the absence of an electric or magnetic field
these levels are degenerate and equally populated. However, a
polarized laser may produce a preferential population in some of
these sublevels; thus ‘‘an orbital alignment effect’’ can occur. If the
‘‘alignment effect’’ varies as the photolysis wavelength is changed,
the probe laser signal may not reflect the overall atomic production
rate. A second complication occurs when the atom is produced
with a large amount of translational energy, such that its Doppler
line width exceeds that of the probe laser. Again, the laser excites
only a subset of the atoms, those whose velocities match the
excitation laser profile. It is important to note that the presence of
these effects will not necessarily cause errors in a relative yield
measurement and may also be present in the indirect detection
schemes. However, if the population of the levels that are moni-
tored changes in a manner which does not reflect the total change

in population as a function of photolysis wavelength, errors will
occur. Orbital alignment effects have been seen in the production
of O(1D) from the photolysis of N2O [Suzuki et al., 1996; Ahmed et
al., 1999; Neyer et al., 1999]; however, such effects seem to be
either absent or not to affect yield measurements in O3 photolysis.
Effects of changes in the Doppler profile of O(1D) will depend on
the bandwidth of the excitation laser. Takahashi et al. [1998a]
found that it was necessary to correct their O(1D) yield measure-
ments by up to 50% to compensate for Doppler broadening at the
longest wavelengths at which they made measurements, whereas
Ball et al. [1997] concluded that their measurements were unaf-
fected by such effects.

2.2. Indirect Techniques for O(1D) Atom Monitoring

[13] Because of the difficulties associated with direct observa-
tion of O(1D) many studies have utilized indirect detection,
allowing the O(1D) to react with another molecule which is more
easily monitored. Clearly, the disadvantage of this approach is that
it is indirect and that O(1D) production is inferred. In this case,
knowledge of the detailed chemistry associated with production of
the ‘‘spectroscopic marker’’ is desirable and may be obtained by
careful variations in experimental conditions. Several studies have
photolyzed O3 in the presence of N2O. The reaction of O(1D) with
N2O produces NO, which then undergoes further reaction with
ozone, producing electronically excited NO2* that can be detected
by its chemiluminescence. It is very difficult to quench vibration-
ally hot NO by bath gases that do not also quench O(1D). The
kinetics of this system are complicated by the fact that NO is
produced with a great deal of vibrational excitation, and this
appears to enhance the rate of its reaction with ozone. This
approach was used in several early studies [Kuis et al., 1975;
Moortgat and Warneck, 1975; Philen et al., 1977; Arnold et al.,
1977; Fairchild and Lee, 1978; Brock and Watson, 1980b],
including two which used tunable laser photolysis and which failed
to report the tail in the O(1D) yield. Smith et al. [2000] also used
this approach, with the exception that they used chemical ioniza-
tion mass spectrometry (CIMS) for detection of the product NO2.
Brock and Watson [1980b] used laser photolysis in the first
published study which reported the existence of the tail, while
Smith et al. [2000] used broadband photolysis and again reported
observation of the tail; thus it appears that neither the chemistry of
the N2O/O(

1D) system nor the mode of photolysis is responsible
for the failure of early studies to observe the tail. Trolier and
Wiesenfeld [1988] used energy transfer from O(1D) to CO2

followed by detection of the infrared emission from vibrationally
excited CO2. More recently, three groups have monitored the OH
produced by the reaction of O(1D) with water, H2, or methane.
O(1D) reacts at close to gas kinetic rates with hydrides with a well-
understood chemistry. Furthermore, H2O is very efficient at
quenching vibrationally excited OH and does not ‘‘react’’ with
vibrationally excited OH. Each study utilized LIF to monitor the
OH, although they used different excitation schemes. Talukdar et
al. [1998] excited the A-X (1-0) transition at 282-nm monitoring (1-
1) and (0-0) fluorescence at 308–315 nm. This detection scheme
discriminates effectively against scattered probe laser light. Since
the excitation transition lies within the absorption spectrum of
ozone, the probe beam generates some O(1D) atoms which can
react within the time frame of the probe pulse to generate an
interfering OH LIF signal. This increases the background or
‘‘noise’’ signal relative to the LIF signal from OH produced by
the photolysis laser but introduces no complications. Armerding et
al. [1995] monitored the formation of OH in its ground vibrational
level exciting the A-X (0-0) transition at 308 nm; in this scheme,
OH interference is reduced substantially, but the excitation and
detection wavelengths are similar. Noise from the detection of
scattered probe light is the main factor limiting detection sensitiv-
ity. The reaction of O(1D) with H2 and CH4produces OH with a
substantial amount of vibrational excitation. Silvente et al. [1997]
and Bauer et al. [2000] monitored OH (n = 1) by exciting the A-X
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(0-1) transition at 351 nm and monitoring blue shifted fluorescence
at 308 nm. This approach minimizes noise and OH interference
effects and allowed Bauer et al. [2000] to monitor O(1D) yields out
to 375 nm. This scheme assumes that the internal state distribution
of the OH does not change with photolysis wavelength. If the
translational energy of O(1D) varied as a function of photolysis
wavelength and this were to change the internal state distribution of
OH, it would be a problem. Bauer et al. [2000] monitored OH
formation in relatively high pressures of He such that O(1D) should
have been translationally thermalized. Silvente et al. [1997] moni-
tored OH produced by O(1D) that was much closer to the nascent
translational distribution. In addition, Bauer et al. [2000] used both
H2and CH4 as reactant hydrides and obtained identical results
suggesting that this is not a significant problem.
[14] As noted above, Smith et al. [2000] used a combination of a

monochromator and a Xe arc lamp for photolysis of N2O/O3

mixtures with CIMS detection of the NO2 product. The NO
molecule reacts with the O3 and then produces NO2. The NO2 is
ionized by an ion-molecule reaction with O3

�. Finally, the NO2
�

ion is detected with a quadrupole mass spectrometer. This method
can distinguish O(1D) from O(3P) without using any laser system.
Also, unlike the previous studies that utilized the O(1D) + N2O
reaction, vibrationally excited NO should not be a problem since
NO2was detected directly and all of the NO (ground and vibra-
tionally excited) was converted rapidly to NO2. Their observation
of the tail confirms that this is not an artifact produced by the high
peak power associated with laser photolysis. However, they used
large bandwidths for the photolysis light (0.1–3.6 nm, full width at
half maximum (FWHM)), while the bandwidths in the laser
experiments are much narrower (<0.01 nm). The high-resolution
O(1D) quantum yield data [Takahashi et al., 1996a, 1998a; Bauer
et al., 2000] show variations on a much finer scale than the
bandwidths used by Smith et al. [2000]. This implies that the yield
values for the specific wavelengths presented by Smith et al. [2000]
may have problems if the quantum yield varies significantly within
their detection bandwidth. Therefore the yield for a given wave-
length presented by Smith et al. [2000] is a weighted average for a
wavelength that should account for the variation of the absorption
cross section of ozone and O(1D) quantum yield in ozone photo-
dissociation.

2.3. Other Experimental Factors

[15] While the convergence of recent measurements is gratify-
ing, significant and puzzling discrepancies remain even between
the various studies used in this recommendation. No obvious single
experimental factor seems to emerge as the culprit. The discrep-
ancies that remain are significant, and further studies to resolve
them are required. In the opinion of the authors the variation of the
photolysis fluence coupled with changes in beam profile with
changes in wavelength remains a significant potential source of
systematic error in such measurements.
[16] The power meters used by a Japanese group [Takahashi et

al., 1996a, 1998a] and a National Oceanic and Atmospheric
Administration (NOAA) group [Talukdar et al., 1998] were inter-
compared to test if the measurements of relative laser fluence as a
function of wavelength were a source of error (details of this
intercomparison are available at http://www.sparc.sunysb.edu/

html/RefData.html). First, the NOAA power meter was calibrated
at 248 nm relative to the National Institute of Standards and
Technology (NIST) standard. This calibration showed that the
power meter was accurate to better than 3% at 9 m J pulse�1(close
lose to the values used in NOAA studies) and to better than �7% at
0.5 m J pulse�1. Second, the Japanese power meter was compared
with the NOAA power meter at 351 nm and found to respond
linearly with laser energy but with a relative response that differed
by �10%. Third, the Japanese and NOAA power meters were
intercompared at 248, 282, and 308 nm. The responses of both
power meters were linear and again differed by �9% at all
wavelengths. Therefore it is safe to assume that there was no
systematic difference in the measurement of the laser fluence as a
function of wavelength in these two power meters over the range of
wavelengths used for O(1D) quantum yields discussed here.
Although we have not measured the relative response at every
wavelength used or intercompared the power meters used by all the
groups, they should not be different because of the principle of
operation of these power meters. Furthermore, the normalization of
the quantum yield data to 308 nm removes the differences in
response on an absolute scale. The relative response as a function
of wavelength could still contribute to the uncertainty, but this
contribution cannot be more than 15–20% on the basis of the
experience with the two power meters discussed above. Such
possible differences in the response are included in the estimation
of the uncertainties in the evaluated values.

3. Data Treatment and Recommendations

[17] The recommendations for the O(1D) quantum yields in the
photolysis of O3 were derived using the following procedures.
First, on the basis of data from the studies considered here the
quantum yield of O(1D) at 298 K at 308 nm was set to 0.79.
Second, we derived a wavelength dependence of quantum yields at
298 K between 306 and 328 nm by checking and renormalizing the
experimental data presented by several groups and then averaging
them. The wavelength dependence at 298 K was also anchored at
308 nm. Third, we determined the parameters in the chosen
expression (see section 3.3) for 306 nm < l < 328 nm and 200
K < T < 320 K by fitting the temperature-dependent yields
obtained above to this expression. All the data used in this
evaluation are available as supplementary material and can be
accessed from the SPARC Data Center web site (http://www.sparc.
sunysb.edu/html/RefData.html).

3.1. Absolute Quantum Yield at 308 nm at Room
Temperature

[18] There are several absolute measurements of O(1D) quantum
yields in the photolysis of ozone at 248, 266, and 308 nm
[Talukdar et al., 1997; Takahashi et al., 1996a, 1998a; Greenblatt
and Wiesenfeld, 1983; Amimoto et al., 1980]. Since the photolysis
of ozone at wavelengths longer than 300 nm is of importance in
atmospheric chemistry, the absolute measurements at 308 nm are
most important among those studies. Table 1lists the results of the
absolute measurements at 308 nm. Two types of experimental
method were used for the measurements of the absolute yield.
Talukdar et al. [1997] and Greenblatt and Wiesenfeld [1983]

Table 1. Experimental Data of Absolute O(1D) Quantum Yield �(1D) in the Photolysis of O3 at 308 nm

at Room Temperature

�(1D) Uncertainty Reference Method

0.79 ±0.10 Talukdar et al. [1997] time profile of O(3P) resonance
flourescence intensity

0.79 ±0.12 Takahashi et al. [1996b] photofragment yield spectra of
O(3P) and O(1D) by VUV-LIF

0.79 ±0.02 Greenblatt and Wiesenfeld [1983] time profile of O(3P) resonance
fluorescence intensity
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measured the time profile of O(3P) resonance fluorescence after the
pulsed laser photodissociation of O3. The temporal profile of O(3P)
initially jumps due to the direct formation in the photolysis of O3,
followed by an exponential rise controlled by the following
reactions of O(1D) and a slow decay due to diffusion.

ðR5Þ O 1D
� �

þ O3 ! 2O2;

which is rate coefficient k5, and

ðR6Þ O 1D
� �

þ O3 ! 2O 3P
� �

þ O2;

which is rate coefficient k6. The absolute O(1D) quantum yield
value was calculated from amounts of the initial jump and the
exponential rise of the O(3P) signal on the basis of experimental
results that the two rate coefficients are equal (k5/k6 = 1.0) [DeMore
et al., 1997; Talukdar et al., 1997]. Although both groups used
XeCl excimer laser light as a light source at 308 nm, we estimate
that the difference is <1% from the usage of a monochromatic light
at 308.0 nm. However, Takahashi et al. [1996a, 1998a] measured
photofragment yield spectra of both O(3P) and O(1D) after the
photolysis of O3 by scanning the photolysis laser wavelength
between 308 and 326 nm and by monitoring the O(3P) and O(1D)
concentration with a VUV laser-induced fluorescence technique.
The sum of the photofragment yield spectra for both O(1D) and
O(3Pj) atoms with absolute scales should correspond to the
absorption spectrum (ABS) of the O3 molecule

sABS lð Þ ¼ s1DY1D lð Þ þ s3PY3P lð Þ; ð1Þ

where sABS(l) is the absorption spectrum of O3 at wavelength l,
Y1D(l) and Y3P(l) are the experimentally obtained photofragment
yield spectra of O(1D) and O(3Pj), and s1D and s3P are the detection
sensitivity factors for O(1D) and O(3Pj), respectively. Since the
yield spectra of O(1D) and O(3P) are not parallel in the wavelength
range of 308–328 nm, a pair of the s1D and s3P values were
determined so that the sum of s1DY1D(l) and s3PY3P(l) reproduced
the absorption spectrum sABS(l). The absolute value of O(1D)
quantum yield is calculated as �(l) = s1DY1D(l)/sABS(l).
[19] As listed in Table 1, the published absolute values for the

O(1D) quantum yield S at 308 nm are in good agreement with each
other in spite of using the two different experimental techniques.
We adopted the value of 0.79 for the O(1D) yield at 308 nm at
room temperature as a standard (‘‘anchor’’) point. The quoted
uncertainty is in the range of 0.02–0.12 from the value at this point
(Table 1) from the different studies. The value of 0.02 for the
uncertainty estimated by Greenblatt and Wiesenfeld [1983] seems
to be too small because the uncertainty of the assumption of k5/k6 =
1.0 should be >2–3%. Additional work to determine more accu-
rately the absolute value of O(1D) quantum yield at 308 nm is
needed since this value affects the overall accuracy of the yields at
other wavelengths.

3.2. O(1D) Quantum Yield at 298 K in the Wavelength Range
of 306–328 nm

[20] There are many studies on the quantum yields between 306
and 328 nm at room temperature (298 K). To obtain a wavelength
dependence of the O(1D) yield at 298 K in the wavelength range of
306–328 nm, the recent experimental data sets reported by eight
groups are used [Talukdar et al., 1998; Takahashi et al., 1996a;
Ball et al., 1997; Armerding et al., 1995; Bauer et al., 2000; Brock
and Watson, 1980b; Trolier and Wiesenfeld, 1988; Smith et al.,
2000]. In these studies the existence of the tail around 315 nm is
obvious. The wavelength dependencies measured by the different
laboratories look quite similar, but there are some differences
among the reported values of the quantum yields. In these studies

the relative O(1D) concentrations were measured at various wave-
lengths for O3 photolysis, for example, by detecting the laser-
induced fluorescence intensity of OH radical produced by the
reaction O(1D) + H2O ! 2OH. Then the relative O(1D) concen-
tration obtained at each photolysis wavelength was divided by a
value of the published absorption cross section. In most of the
recent studies [Talukdar et al., 1998; Ball et al., 1997; Armerding
et al., 1995; Bauer et al., 2000] the absorption cross sections
reported by Malicet et al. [1995] were used to calculate relative
quantum yields. Trolier and Wiesenfeld [1988] used the absorption
data reported by Molina and Molina [1986]. Smith et al. [2000]
also used the absorption data by Molina and Molina [1986] but
included the as-yet-unpublished higher-resolution data from their
laboratory. Brock and Watson [1980b] used absorption cross
sections measured by Moortgat and Warneck [1975]. The differ-
ence between the two sets of absorption data from Malicet et al.
[1995] and Molina and Molina [1986] is small (<2%) in the
wavelength range of 306–316 nm and is <6% between 317 and
328 nm. The choice between the two absorption data sets does not
lead to a large error in the calculation of the O(1D) quantum yields.
However, we have recalculated the quantum yield data obtained
from relative measurements by Brock and Watson [1980b] using
the absorption cross sections by Malicet et al. [1995] since the
absorption cross sections which Brock and Watson [1980b] orig-
inally used differ from the recent two absorption data.
[21] We have renormalized the data sets to reduce the systematic

error before averaging them. The renormalization factors for the
data sets were chosen to achieve the best consistency among the
yield curves over the full 307–320 nm wavelength range. The
average of the renormalized data set was scaled to have the value
of 0.79 at 308 nm, which is the standard point we employed. Table
2 lists the renormalization factors, the renormalized O(1D) yield
data sets of the eight groups, and their average values. It should be
noted that the data set reported by Takahashi et al. [1996a] is not
renormalized since they used an absolute method to obtain the
yield value as described in section 3.1. The highly wavelength-
resolved data of Takahashi et al. [1996a] were binned into 1-nm
intervals in this calculation. In the averaging of the values at 308
nm the extremely large value reported by Ball et al. [1997] was
excluded. We have checked experimental results reported by others
in addition to the eight groups. Since those results had exceedingly
different wavelength dependence from the data sets by the eight
groups, we omitted those data in the calculation to obtain the
quantum yields at 298 K in the wavelength range of 306–328 nm.
The renormalized values of the data sets reported by the eight
groups and their average values are plotted in Figure 1. The
absorption cross sections at 295 K reported by Malicet et al.
[1995] are also listed in Table 2 and were used to calculate the
absolute quantum yields from the relative measurements of O(1D)
concentrations in the studies by Talukdar et al. [1998], Ball et al.
[1997], Armerding et al. [1995], and Bauer et al. [2000]. The
differences of the absorption cross sections between 295 and 298 K
are estimated to be negligibly small (<2%).
[22] We used 1.0-nm intervals for the derived quantum

yields at 298 K, and later we also used 1.0-nm intervals in
the calculation of the fitting expression for the temperature
dependence. The 1.0-nm intervals seem insufficient to resolve
the fine structures in the ozone absorption spectrum. There is
some evidence for structure between 312 and 320 nm, which
can be seen in the high-resolution quantum yield spectrum of
O(1D) reported by Takahashi et al. [1996a]. The 1-nm intervals
are also insufficient to resolve the structure in a solar actinic
flux spectrum. However, Hofzumahaus et al. [1999] have
shown that the calculation of J(O1D) (photolysis frequency of
O3 to form O(1D)) using 1-nm resolution is <2% different from
the higher-resolution calculation even at solar zenith angles
below 80�. Therefore we believe that the 1-nm resolution is
sufficient for current atmospheric calculations.
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[23] The accuracy of the photolysis wavelength should be also
considered. It has been indicated that a wavelength shift of only 0.1
nm would add another systematic difference of 2–3% in the
calculated J(O1D), even if the actinic flux spectrum is recorded with
a bandpass of 1.0 nm [Hofzumahaus et al., 1999]. Wavelengths in
this paper are expressed by the values in air (not in vacuum) as
wavelength values in air were used in the reports of the O3 absorption
cross section [Molina and Molina, 1986; Malicet et al., 1995].

3.3. Temperature Dependence of the Quantum Yield

[24] To obtain the parameters for the expression to calculate the
recommended values in the ranges of T = 200–320 K and l =
306–328 nm, we have used the experimental data of the temper-
ature dependence reported by Talukdar et al. [1997, 1998],
Takahashi et al. [1998a], Hancock and Hofzumahaus [1997],
Bauer et al. [2000], and Smith et al. [2000] as well as the averaged
data at 298 K described above. First, the temperature dependence
of the O(1D) yield at 308 nm was examined. In the first approx-
imation it was assumed that the O(1D) quantum yield linearly
depends on temperature. The linear least squares fitting to the
detailed experimental results at 308 nm, assuming a quantum yield
of 0.79 at 298 K, leads to the equation

� 308 nm;Tð Þ ¼ 6:10 	 10�4T þ 0:608 ; ð2Þ

where T is temperature (in K). Figure 2 shows the plots of

Table 2. O(1D) Quantum Yields in the Photolysis of O3 Between 306 and 328 nm at 298 Ka

l,
nm

Talukdar
et al.
[1998]b

Takahashi
et al.

[1996a]b

Ball
et al.
[1997]c

Armerding
et al.

[1995]d

Bauer
et al.
[2000]e

Brock and
Watson
[1980b]f

Trolier and
Wiesenfeld
[1988]g

Smith
et al.
[2000]b

Averageh Fitting
Resultsi

JPL
1997j

IUPAC
1997k

Abs., l cm2

306 0.85 0.85 0.89 0.86 1.02 0.90 0.84 0.884 0.884 0.908 0.950 1.76E-19m

307 0.85 0.84 0.89 0.87 0.83 0.92 0.91 0.80 0.862 0.862 0.851 0.877 1.54E-19
308 0.78 0.79 0.83 0.81 0.80 0.73 0.79 0.790 0.793 0.740 0.773 1.35E-19
309 0.67 0.71 0.75 0.72 0.62 0.66 0.66 0.70 0.683 0.671 0.605 0.677 1.24E-19
310 0.55 0.56 0.60 0.51 0.40 0.53 0.52 0.62 0.534 0.523 0.476 0.600 1.02E-19
311 0.40 0.42 0.39 0.42 0.32 0.41 0.37 0.44 0.395 0.394 0.380 0.388 9.18E-20
312 0.33 0.35 0.30 0.32 0.26 0.31 0.31 0.35 0.316 0.310 0.315 0.303 7.87E-20
313 0.27 0.32 0.26 0.24 0.24 0.27 0.29 0.34 0.278 0.265 0.280 0.262 6.80E-20
314 0.22 0.30 0.22 0.22 0.22 0.23 0.29 0.27 0.245 0.246 0.265 0.238 6.29E-20
315 0.21 0.29 0.23 0.24 0.24 0.25 0.22 0.240 0.239 0.263 0.235 5.10E-20
316 0.25 0.27 0.21 0.21 0.22 0.23 0.22 0.28 0.236 0.233 0.237 0.221 4.66E-20
317 0.23 0.26 0.21 0.22 0.20 0.23 0.26 0.230 0.222 0.212 0.209 4.12E-20
318 0.19 0.23 0.18 0.16 0.21 0.21 0.24 0.203 0.206 0.203 0.194 3.70E-20
319 0.21 0.26 0.14 0.22 0.20 0.27 0.217 0.187 0.223 0.178 2.71E-20
320 0.15 0.21 0.12 0.13 0.15 0.12 0.19 0.19 0.157 0.166 0.090 0.148 3.25E-20
321 0.14 0.20 0.14 0.09 0.17 0.148 0.146 0.067 0.121 2.00E-20
322 0.11 0.15 0.11 0.11 0.15 0.126 0.128 0.031 0.097 2.42E-20
323 0.09 0.13 0.09 0.13 0.110 0.113 0.043 0.092 1.96E-20
324 0.08 0.13 0.09 0.09 0.13 0.104 0.101 0.037 0.080 1.20E-20
325 0.09 0.10 0.06 0.08 0.05 0.07 0.11 0.080 0.092 0.010 0.070 1.73E-20
326 0.09 0.11 0.13 0.08 0.10 0.101 0.086 1.11E-20
327 0.09 0.12 0.07 0.10 0.093 0.082 8.38E-21
328 0.08 0.09 0.11 0.06 0.12 0.093 0.080 1.30E-20

aThe renormalized values of the results reported by eight groups and the average values are listed.
bA renormalization factor of 1.00 was used in this work.
cA renormalization factor of 0.93 was used in this work. Data point at 308 nm has been excluded as an outlier.
dA renormalization factor of 1.05 was used in this work. Data points at 327.5 and 330 nm have been excluded owing to their very large errors bars (56%

and 72%, respectively).
eA renormalization factor of 1.03 was used in this work.
fA renormalization factor of 1.05 was used in this work. Data reported by Brock and Watson [1980b] have also been recalculated with respect to the

absorption cross section, as described in section 2.2.
gA renormalization factor of 0.93 was used in this work.
hAverage of the values from the eight groups.
iValue is calculated with (3) and parameter values in Table 3.
j See DeMore et al. [1997].
kSee Atkinson et al. [1997].
lAbsorption cross sections of O3 at 295 K. Taken from Malicet et al. [1995].
mRead 1.76E-19 as 1.76 	 10�19.
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Figure 1. Wavelength dependence of the O(1D) quantum yield in
the photolysis of O3 at 298 K. The renormalized values of the data
sets reported by eight groups [Talukdar et al., 1998; Takahashi et
al., 1996a; Ball et al., 1997; Armerding et al., 1995; Bauer et al.,
2000; Brock and Watson, 1980b; Trolier and Wiesenfeld, 1988;
Smith et al., 2000] and their average values are plotted. The
recommendation values calculated with (3) for 298 K is also
plotted.
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experimental results of the O(1D) quantum yield at 308 nm versus
temperature and also shows the fitting results of (2). The
experimental data at temperatures other than 298 K, reported by
the above five groups, are normalized to �(308 nm), calculated
from this expression. Again, the data at 228 K by Takahashi et al.
[1998a] were not renormalized since they used an absolute method
to obtain the yield value. Figure 3 shows the renormalized values
of the quantum yield data at and near 227 K, the original data of
which were obtained by Takahashi et al. [1998a] and Hancock and

Hofzumahaus [1997] at 227 K, Talukdar et al. [1998] at 223 K, and
Smith et al. [2000] at 226 K.
[25] For the fitting expression an equation containing three

Gaussian-like functions, a temperature term, and a constant term
was used

� l;Tð Þ ¼ q1

q1 þ q2

� �
A1 exp � X1 � l

w1

� �4
" #

þ q2

q1 þ q2

� �
A2

T

300

� �2


 exp � X2 � l
w2

� �2
" #

þ A3

T

300

� �1:5

exp � X3 � l
w3

� �2
" #

þ c;

ð3Þ

where

qi ¼ exp � ni
RT

� �
; ð4Þ

and X1 � 3, A1 � 3, w1 � 3, n2, and c are fitting parameters, l is
given in nanometers and T is given in degrees kelvin, and values of
n1 and R are 0 (cm�1) and 0.695 (cm�1 K�1), respectively. This
expression has some physical basis. The constant term c is
included to represent the spin-forbidden channel and is assumed
to be wavelength and temperature independent It is assumed to
be temperature independent since we expect this channel to be
occurring from the ground state of O3. It is assumed to be
wavelength independent because there are no data to support either
wavelength-dependent structure or variation. The first rapidly
dropping function is supposed to represent the spin-allowed channel
from the ground vibrational state of O3. The second and third terms
represent the dissociation from the vibrationally excited states. The
need for two terms is clear in reproducing observed quantum yields.
The (T/300) termwas needed to adequately fit the data. Furthermore,
the expressions derived on a physical basis by Adler-Golden et al.
[1982] andMichelsen et al. [1994] did not fit the data as well as (3). It
should be noted that once the complete mechanism for ozone
photodissociation andUVabsorption by ozone is understood, amore
physically based model can be derived. Evidence for these processes
and the possible reasons for their origin are given in section 4.
However, the rigorous considerationof thephysicalmechanismsmay
make the calculation processes of �(l, T) too complicated to use in
practical models [Taniguchi et al., 2000].
[26] The values of the parameters were obtained by fitting the

expression to the data using a nonlinear least squares method. In the
least squares calculation the weight of the average data at 298 K was
set to 8, while those of the other individual data were 1. The obtained
best fit parameters are listed in Table 3. We recommend the values
calculated using (3) and parameters in Table 3 for theO(1D) quantum
yields in the wavelength range of 306 nm < l < 328 nm and in the
temperature range of 200 K < T < 320 K. Table 4 lists the calculated
quantum yields at various temperatures and various wavelengths
using (3) and the parameter values in Table 3. The calculated yield
curves at the temperatures of 298 K and 227 K are plotted in Figures
1 and 3, respectively, for comparison with the experimental data.
[27] The comparisons of the values calculated at 298 K using the

expressions in this work and JPL 1994 [DeMore et al., 1994], JPL
1997 [DeMore et al., 1997], and JPL 2000 [Sander et al., 2000]
recommendations are shown in Figure 4. Between 307 and 325 nm
the results of this work and the JPL 2000 recommendations at 298 K

0.65

0.70

0.75

0.80

0.85

0.90

0.95

200 220 240 260 280 300 320

Temperature (K)

Talukdar et al. [1997]
Talukdar et al. [1998]
Takahashi et al. [1998a]
Hancock et al. [1997]
Bauer et al. [2000]
0.79 at 298 K
Linear Fitting

O
(1

D
)

qu
an

tu
m

yi
el

d

Figure 2. Temperature dependence of the O(1D) quantum yield
in the photolysis of O3 at 308 nm. The experimental results
reported by Talukdar et al. [1997, 1998], Takahashi et al. [1998a],
Hancock and Hofzumahaus [1997], and Bauer et al. [2000] are
plotted. The straight line indicates the results of the linear least
squares fitting under the condition of the fixed point of 0.79 at 298
K, (2) in the text.
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Figure 3. Wavelength dependence of the O(1D) quantum yield in
the photolysis of O3 at and near 227 K. The renormalized values of
the data sets are plotted, the original data of which were obtained
by Takahashi et al. [1998a] and Hancock and Hofzumahaus [1997]
at 227 K, Talukdar et al. [1998] at 223 K, and Smith et al. [2000] at
226 K. Solid line indicates the recommendation curve calculated
with (3) for 227 K.

Table 3. Parameters for (3) to Calculate Recommendation Values

of O(1D) Quantum Yields

i = 1 i = 2 i = 3

Xi, nm 304.225 314.957 310.737
wi, nm 5.576 6.601 2.187
Ai 0.8036 8.9061 0.1192
nI, cm

�1 0 825.518
c 0.0765
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are in good agreement with each other. It should be noted that the
JPL 2000 recommendations were based partly on the previous
discussions of our panel in progress. The O(1D) quantum yield
values calculated using (3) and parameters in Table 3 for 298 K, 253
K, and 203 K are plotted in Figure 5.
[28] We also tried to use linear polynomial functions up to sixth

order for temperature and sixth order for wavelength in a similar
way used in the JPL 1994 recommendation [DeMore et al., 1994].
However, even the 6 	 6 orders function with 49 adjustable
parameters did not reproduce the experimental results as well as
the above expression in the wavelength range of 306–328 nm.
[29] The primary uncertainties of our recommendation values

come from the absolute value at 308 nm which we employed as
an ‘‘anchor’’ point (Table 1). Then the relative measurements for

the wavelength and temperature dependence give some errors.
The fitting of (3)to the experimentally obtained values also
produces some errors. At room temperature (298 K) we estimate
the uncertainties of the quantum yield values calculated with (3)
are ±10% (1s) for �(l, 298 K) � 0.4, while the uncertainties
are estimated to be ±0.04 in the absolute value for �(l, 298 K)
<0.4. At temperatures other than room temperature the uncer-
tainties of the yield are estimated to be ±15% for �(l, T ) � 0.4
and ±0.06 for �(l, T ) < 0.4.

Table 4. Recommendation Values of the O(1D) Quantum Yields in the Photolysis of O3 at Various

Temperatures Calculated with (3) and the Parameters in Table 3

Wavelength, nm 321 K 298 K 273 K 253 K 223 K 203 K

306 0.893 0.884 0.878 0.875 0.872 0.872
307 0.879 0.862 0.850 0.844 0.838 0.836
308 0.821 0.793 0.772 0.760 0.748 0.744
309 0.714 0.671 0.636 0.616 0.595 0.585
310 0.582 0.523 0.473 0.443 0.411 0.396
311 0.467 0.394 0.334 0.298 0.259 0.241
312 0.390 0.310 0.246 0.208 0.169 0.152
313 0.349 0.265 0.200 0.162 0.126 0.112
314 0.332 0.246 0.180 0.143 0.108 0.095
315 0.325 0.239 0.173 0.136 0.102 0.090
316 0.317 0.233 0.168 0.133 0.100 0.088
317 0.300 0.222 0.162 0.129 0.098 0.087
318 0.275 0.206 0.152 0.123 0.096 0.086
319 0.246 0.187 0.141 0.116 0.093 0.085
320 0.214 0.166 0.129 0.109 0.090 0.083
321 0.183 0.146 0.117 0.101 0.087 0.082
322 0.155 0.128 0.107 0.095 0.084 0.080
323 0.132 0.113 0.098 0.089 0.082 0.079
324 0.114 0.101 0.091 0.085 0.080 0.078
325 0.101 0.092 0.086 0.082 0.079 0.078
326 0.091 0.086 0.082 0.080 0.078 0.077
327 0.085 0.082 0.080 0.079 0.077 0.077
328 0.081 0.080 0.078 0.078 0.077 0.077
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Figure 4. Comparison of the recommendation values of O(1D)
quantum yields at 298 K in the wavelength range 305–330 nm
from this work ((3)with the fitting parameters in Table 3), JPL
1994 [DeMore et al., 1994], JPL 1997 [DeMore et al., 1997], and
JPL 2000 [Sander et al., 2000].
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Figure 5. Recommendation values of O(1D) quantum yields
calculated with (3) and the fitting parameters in Table 3 for 203,
253, and 298 K in the wavelength range 305–330 nm (solid lines).
Contributions made by the various dissociation processes to the
quantum yields for O(1D) atoms from O3 photolysis are also
indicated. Region I corresponds to the O(1D) formation
following excitation of parent vibration less molecules and
dissociation via channel (R3), O(1D) + O2(a

1�g). Region II
(vertical hatching) indicates the contribution from the hot-band
excitation process leading to O(1D) formation via channel (R3),
O(1D) + O2(a

1�g), at 298 K, while region III (diagonal hatching)
represents the contribution from the spin-forbidden process leading
to O(1D) formation via channel (R4), O(1D) + O2(X

3P
g
�) .

ACH 1 - 8 MATSUMI ET AL.: O(1D) QUANTUM YIELDS IN THE O3 PHOTOLYSIS



3.4. Quantum Yields at Wavelengths Shorter Than 305 nm

[30] For the wavelength range of 290–305 nm the value of 0.95
has been recommended by JPL 1997 [DeMore et al., 1997] and
JPL 2000 [Sander et al., 2000]. However, two recent experimental
studies reported by Talukdar et al. [1998] and Taniguchi et al.
[2000] have indicated that the O(1D) yield values in the wave-
length range of 290–305 nm is �0.90, using the standard point
value of 0.79 at 308 nm. The yield values of Trolier and Wiesenfeld
[1988] and Ball et al. [1997], which we renormalized above, also
indicated values �0.90. Talukdar et al. [1998] have reported the
yield values do not depend on the temperature of O3 in this
wavelength range. The results of no dependence on the temperature
can be explained by the small contribution of the hot-band
excitation in this wavelength range, as will be described in section
4. The averaged value of the O(1D) quantum yield is 0.90 over this
wavelength range. Although it is likely that there is structure in the
quantum yield spectrum in this wavelength range, the amplitude of
the structure is <0.05. Therefore we recommend the yield of 0.90
in the range of 290–305 nm, which is independent of the temper-
ature. The uncertainties of our recommended values in the 290 nm
< l < 305 nm range are estimated to be ±0.09.
[31] For the wavelength range of 220–290 nm the absolute

yield at 248 nm is reported to be 0.91 ± 0.06 by Talukdar et al.
[1998] and 0.94 ± 0.01 by Greenblatt and Wiesenfeld [1983], while
the yield at 266 nm is 0.88 ± 0.02 by Brock and Watson [1980a].
The yield value in the wavelength range of 220–290 nm should be
0.85–0.95. However, the contribution from these wavelengths to
O(1D) production in the stratosphere and troposphere is not
significant. Our understanding of ozone photochemistry would
benefit from a better definition of the O(1D) quantum yields in
this region.

3.5. Quantum Yields at Wavelengths Longer Than 328 nm

[32] The O(1D) quantum yield does not drop to 0 even at the
wavelength longer than 328 nm. The formation of O(1D) is
attributed to the spin-forbidden dissociation to O(1D) + O2(X

3�g
�),

(R4), as will be described in section 4. The energetic threshold for
this spin-forbidden process (R4) is �411 nm. This implies that the
formation of O(1D) can continue to 411 nm. Bauer et al. [2000]
have measured the relative O(1D) yield up to 370 nm. They have
proposed the O(1D) yield of 0.064 ± 0.006 between 325 and 375
nm. Smith et al. [2000] have reported the quantum yields are nearly
constant (�0.12) and independent of temperature between 328 and
338 nm. In the wavelength range of 329–340 nm we recommend
the value of 0.08±0.04, which is independent of the temperature.
The J(O1D) value is still sensitive to the O(1D) quantum yields
around 330 nm at large solar zenith angles. Therefore more
measurements are needed with various experimental techniques
around 330–340 nm. The O(1D) formation in the atmosphere
above 340 nm is not significant owing to the small absorption
coefficient of O3.

3.6. Atmospheric Implications

[33] The recommendation for the quantum yield of O(1D) in this
work quantitatively includes the contributions of the photodisso-
ciation of vibrationally excited ozone and the spin-forbidden
dissociation channel. For selected conditions (total ozone column
of 300 Dobson units (DU), 298 K) we have compared the lower
tropospheric photolysis frequencies, J(O1D), calculated using our
recommendations and those by DeMore et al. [1994, 1997].
DeMore et al. [1994] did not account for the O(1D) production
from vibrationally excited ozone or from the spin-forbidden
channel, and DeMore et al. [1997] did not account for the spin-
forbidden channel. Using ground-based measurements of the solar
actinic flux [Hofzumahaus et al., 1999], we find that the photo-
dissociation from vibrationally excited ozone contributes �25–
40% to the overall O(1D) production rate for solar zenith angles
from 40� to 80�, respectively. The contribution of the spin-

forbidden channel is small at low solar zenith angles and reaches
a value of �30% at a solar zenith angle of 80�. These enhance-
ments agree well with the model results reported for similar
conditions by Talukdar et al. [1998], whose quantum yields are
close to our data average (see Table 2). The J(O1D) values
calculated using Talukdar et al.’s [1998] parameterization and
our recommendations agree within 2% at ground and ambient
temperature for all solar zenith angles up to 90�. In the upper
troposphere and the lower stratosphere the relative impact of the
spin-forbidden channel is much larger since it is temperature
independent, whereas the contribution from the vibrationally
excited ozone becomes less important at lower temperatures. A
detailed discussion for these conditions can be found in the work
by Talukdar et al. [1998], whose low-temperature quantum yields
also agree well with the recommendation given in this work.

4. Formation Mechanisms of O(1D) in the
Photolysis of O3

[34] There are five energetically possible fragmentation path-
ways in the UV/visible photolysis of O3

O3 þ hn l < 310 nmð Þ ! O 1D
� �

þ O2ða1�gÞ

O3 þ hn l < 411 nmð Þ ! O 1D
� �

þ O2ðX 3��
g Þ

ðR7Þ O3 þ hn l < 463 nmð Þ ! O 3P
� �

þ O2ðb1�þ
g Þ

ðR8Þ O3 þ hn l < 612 nmð Þ ! O 3P
� �

þ O2 a1�g

� �
ðR9Þ O3 þ hn l < 1180 nmð Þ ! O 3PÞ þ O2ðX 3��

g

� �
;

where the long wavelength limits given in parentheses indicate the
thermodynamic thresholds for the fragmentations at 298 K when
the parent O3(X

1A1) molecule is excited from its vibrationless level
(n00 = 0) [Atkinson et al., 1997]. For photodissociation in the
Hartley band at l < 300 nm it has generally been accepted that
channels (R3) and (R9) are predominant, with reported quantum
yields of �0.9 and 0.1, respectively [Adler-Golden et al., 1982].
The literature shows evidence for all the spin-forbidden channels,
(R4), (R7), and (R8), as well as spin-allowed channels (R3) and
(R9) occurring in the UV region above 300 nm, generally referred
to as the Huggins band [Wayne, 1989]. Production of the O(1D)
atoms above 310 nm has been attributed to both channel (R3) via
the photodissociation of internally excited O3 and the spin-
forbidden dissociation channel (R4) [Adler-Golden et al., 1982;
Michelsen et al., 1994; Takahashi et al., 1996a, 1996b, 1997,
1998a; Silvente et al., 1997; Ball et al., 1997; Denzer et al., 1997,
1998; Talukdar et al., 1998; Bauer et al., 2000 ]. The contributions
made by these excitation processes to the quantum yields for O(1D)
atoms from O3 photolysis are schematically indicated in Figure 5.
These excitation processes are schematically shown on an energy
level diagram in Figure 6 and are now discussed in turn. This
section shows the origin of the processes, which together lead to
the complex variations of O(1D) quantum yield as a function of
wavelength and temperature. This discussion also justifies, to first
order, the expression for the quantum yield that is adopted in this
evaluation.
[35] The transition responsible for the Hartley band takes the

molecule from its ground X1A1 state to an electronically excited
1B2

state [Wayne, 1989], and the angular distribution of the fragments
is consistent with this being a mainly parallel dissociation (the
transition dipole moment lying in the molecular plane and perpen-
dicular to the C2v axis), with dissociation of the bent O3 molecule
dominantly in (R3) being rapid in comparison with molecular
rotation [Fairchild et al., 1978; Suits et al., 1993; Thelen et al.,
1995; Blunt and Suits, 1997; Takahashi et al., 1998b; Hancock et
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al., 1999]. The origin of the structured part of the Huggins band at
wavelengths above �310 nm, however, has been the subject of
some debate. Transitions are seen which support vibrational
structure, but no distinct rotational lines can be observed, and the
electronic parentage has been assigned as transitions to the same
1B2 state as for the Hartley band, which supports bound vibrational
levels below the threshold to process (R3) [Katayama, 1979] or to
bound vibrational levels of a 1A1 state reached in a two-electron
transition from the ground 1A1 (0, 0, 0) state but with an odd
quantum number change in the antisymmetric stretch mode n3,
making the overall symmetry 1B2 [Joens, 1994] and presumably
gaining intensity from the nearby one-photon 1B2 state. Measure-
ments of the rotational contours of the Huggins bands have been
carried out [Sinha et al., 1986; Takahashi et al., 1997], with the
most recent measurements favoring the rotational constants which
are calculated for the second 1A1 state [Takahashi et al., 1997].
Translational anisotropy measurements are unable to distinguish
the two possibilities but are consistent with both, as positive values
of the translational anisotropy factor b are both predicted and
measured [Denzer et al., 1997, 1998; Hancock et al., 1999].

4.1. Photolysis of Internally Excited Ozone

[36] The most recent experimental approach to determine the
bond energy for the dissociation of jet-cooled O3 into O(1D) +
O2(a

1�g) yields a value of 386.59 ± 0.04 k J mol�1, and the
standard heat of formation of O3 at 0 K is calculated to be
�fH

0(O3) = �144.31 ± 0.14 k J mol�1 [Taniguchi et al., 1999].
This corresponds to a wavelength limit at 0 K of 309.44 ± 0.02 nm
for channel (R3). Formation of the O(1D) atoms at l > 309.45 nm,
however, was observed in the flow cell experiments at 200–320 K,
and we attribute the temperature-dependent part of the quantum
yield to the photodissociation of vibrationally excited parent O3.
The energy difference in the threshold energies for the cold and hot
bands was measured to be 1056 ± 20 cm�1 from the difference in
the threshold photolysis wavelengths [Takahashi et al., 1997]. The
vibrational spacing for the antisymmetric stretching n3 vibration of
O3(X

1A1), 1042 cm�1 [Barbe et al., 1974], is equal to this differ-
ence within experimental error (the n1 and n2 levels are at 1103 and
701 cm�1), and therefore the active vibrational mode in the hot-
band excitation is assigned to the antisymmetric vibration. The
thermal population in the n3

00 = 1 level of O3(X
1A1) is calculated to

be only 0.6% of that of the n00 = 0 level at room temperature, but

the Franck-Condon factor for the vibrational transition is suggested
to several tens of times or more; larger for the n3

00 = 1 level than for
the n00 = 0 level because of preferential overlap of the potential
surfaces of the ground and excited states [Michelsen et al., 1994;
Taniguchi et al., 2000]. The influences of population in the other
vibrational states (n1 symmetric stretch and n2 bending) are not
known because of a lack of detailed Franck-Condon factors for the
possible transitions, although the experimental evidence clearly
shows the importance of the n3 level. Thus the contribution of the
hot band is nonnegligible in the near-UV region.

4.2. Spin-Forbidden Processes

[37] In the Huggins band region, there is clear evidence for the
existence of a spin-forbidden channel forming O(1D). Measure-
ments of the translational energy distributions of the O(1D) frag-
ments have shown that they contain contributions from species
formed with kinetic energies well above those possible on ener-
getic grounds from process (R3) and are entirely consistent with
those expected from process (R4) [Takahashi et al., 1996b; Denzer
et al., 1997, 1998]. We attribute the temperature-independent part
of the quantum yield above 320 nm to this process. At shorter
wavelengths it can still be distinguished from the spin-allowed
step; photofragment spectroscopy experiments have shown it to be
observable at 313 nm [Denzer et al., 1998], and the approximate
constancy of the quantum yield for the lowest temperature data
above 313 nm suggests that there is a persistent spin-forbidden
yield at about the 8–9% level above this wavelength at all
temperatures. There is no evidence at present for a contribution
of this magnitude at shorter wavelengths, where only the spin-
allowed processes (R3) and (R9) have been observed.
[38] We now consider the parentage of the spin-forbidden

products. The assignments of both Joens [1994] and Katayama
[1979] suggest that the initial absorption in the structured region is
to a singlet state, so that absorption would be followed by a curve
crossing to a dissociative triplet state. Lifetimes of the states
reached by absorption in the structured bands are seen to increase
with increasing wavelength in measurements of both line widths
[Takahashi et al., 1997] and translational anisotropies [Hancock et
al., 1999]. This observation is consistent with an energy-dependent
intersystem crossing rate and would not be expected for direct
absorption to a dissociative triplet state. Thus we favor singlet to
triplet crossing following spin-allowed absorption in this region,
although we cannot rule out a contribution from any (as yet
unassigned) singlet to triplet absorption.
[39] Measurements of Doppler widths [Takahashi et al., 1996b]

and translational energies [Denzer et al., 1998] have shown that the
ratio of spin-allowed to spin-forbidden O(1D) formation is smaller
on peaks in the Huggins band than in the troughs between them. If
absorption on the peaks has a marked component that corresponds
to transitions to bound levels of an upper singlet state which then
predissociates to form channels other than process (R3)(including
formation of ground state O(3P) atoms), whereas absorption in the
troughs has a relatively larger component from the hot bands of
ozone, then there is a possibility of the O(1D) quantum yield
showing some structure. Furthermore, as the absorption peaks
become more pronounced at lower temperatures, any structure
may be temperature dependent. Only one set of quantum yield
data, that of Takahashi et al. [1996a, 1998a], shows continuous
measurements over the structured region; all other data are taken at
specific wavelengths. Their room temperature measurements show
the photofragment yield spectrum of O(1D) to be virtually structure
free between 310 and 325 nm, and thus the quantum yield shows a
small anticorrelation with the absorption spectrum [Takahashi et
al., 1996a, 1998a]. At low temperatures above 320 nm, there is
slight structure on the photofragment yield spectrum which corre-
lates with that in absorption [Takahashi et al., 1998a], and results at
longer wavelengths show that the photofragment yield follows
closely the absorption spectrum [Bauer et al., 2000]. The effect on
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Figure 6. Schematic diagram of the potential curves as a function
of dissociation coordinate with the possible dissociation channels
indicated. The energies of the vibrationally excited molecule are
not shown to scale and serve to illustrate excitation to form O(1D)
and O2(a

1�g) products from hot-band excitation at photon energies
where the process is energetically forbidden for the ground
vibrational state.
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the O(1D) yield of taking into account any local variations in the
tail will be small in comparison with the change brought about by
the new recommendations but would warrant further investigation.

5. Summary

[40] To rectify the lack of a good recommendation for the
quantum yields for O(1D) in ozone photolysis, the panel of the
scientists working in the area of ozone photodissociation has
critically evaluated the data available to date and developed the
best possible data set for atmospheric modeling. The experimental
techniques used in the experiments of O(1D) quantum yield
measurements were reviewed. The quantum yield of O(1D) at
298 K at 308 nm was set to 0.79 on the basis of absolute quantum
yield measurement studies. The wavelength dependence of quan-
tum yields at 298 K between 306 and 328 nm was derived by
checking and renormalizing the recent experimental data presented
by the eight groups and then averaging them. The wavelength
dependence at 298 K was anchored at 308 nm. The comprehensive,
easy-to-use equation (3)was employed for 306 nm < l < 328 nm
and 200 K < T < 320 K by fitting the experimental data of the
temperature dependence as well as the yields at 298 K obtained
above to (3). The recommendation for the quantum yield of O(1D)
in this work quantitatively includes the contributions of the hot-
band excitation and the spin-forbidden dissociation channel. These
contributions significantly affect estimations of the O(1D) produc-
tion rate in the troposphere and stratosphere.
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