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Absolute OfD) quantum yield from the photodissociation reaction gfa 308 nm should be determined

accurately with high precision for its atmospheric significance. This is because it has been used as a reference

in previous relative measurements to obtain th&EDpguantum yields as a function of photolysis wavelength

in the near-UV region. In this study, the near-UV pulsed-laser photolysis; ofith the direct detection of

the O{D) and OP) photofragments using a technique of vacuum UV laser-induced fluorescence has been
applied to determine the absolute'D) quantum yield from @ photolysis. The absolute &) quantum

yield at 308.0 nm at room temperature (2282 K) is determined to be 0.804 0.048 (95% confidence
interval), in which the uncertainty is much smaller than the values recommended for use in atmospheric
studies. The GD) quantum yield values at photolysis wavelengths between 307 and 311.5 nm are also
presented.

Introduction the atmosphere is determined by the product of its absorption

cross-section and the sunlight intensity. The sunlight spectral

intensity below 300 nm is negligible in the troposphere and

lower stratosphere, while the optical absorption cross-section

of Oz above 330 nm is negligibly small. Thus, the DY

) guantum vyields between 300 and 330 nm are of the most
atmospheric significance.

In the near-ultraviolet (UV) region, £¥lissociates into atomic
and molecular oxygen through five energetically allowed
channels:

O, + v — O('D) + Oya'A,) (A <309 nm)

. AR 3¢ — < There have been extensive experimental studies on tg) O(
OCP)+ 0% % ) (4 =1180nm) 2) quantum vyield from @ photolysis of Q as a function of
—0('D) + OZ(XSZg_) (. < 411 nm) A3) wavelength around 368330 nm3* Most of them measured
relative values of the GD) quantum yield at various photolysis
- O(3p) + Oz(b12g+) (A < 463 nm) 4) wavelengths. To determine the absolute yield values from the
relative measurements, a standard absolute yield value at a
—O¢P)+ Oz(alAg) (A <612 nm) (5) specific wavelength is required, and the'D) quantum yield

at 308 nm has been utilized as the standard in many studies.
The long wavelength limits given in parentheses indicate the There are only a few reports on the absolutéBp(quantum
thermodynamic threshold for each chanhtom the viewpoint yield measurements in this wavelength redioh Additional
of atmospheric chemistry, the &)) atom is the most important ~ work to more accurately determine the absolute value éDP(
species among the photoproducts. OH radicals in the stratospherguantum yield in this wavelength region has been needed,
and troposphere and NO molecules in the stratosphere arebecause the standard value affects the overall accuracy of the

produced from the reactions of W) with H,O and NO, yields at other wavelengths.
respectively: In this paper, we report an experimental study to determine
the absolute GD) quantum yield from @ photolysis at 308.0
O(lD) + H,0—20H (6) nm at room temperature (298 2 K). Both O¢D) and OgP)
atoms have been directly detected using a technique of vacuum
o('D) + N,O— 2NO (7) ultraviolet laser-induced fluorescence (VUV-LIF). By treating

the VUV-LIF intensities carefully, the absolute quantum yield

The reactive species created by these reactions, OH and NoValue at 308.0 nm has been deter_mined with reduced un_certainty
are immensely important in atmospheric chemistry. OH radicals @ compared to the former studies. Thé@)(quantum yield
initiate the atmospheric degradation of most natural and values at photolysis wavelengths between 307 and 311.5 nm
anthropogenic emissions entering the atmosphere. NO is a@r€ also determined. Results are compared with the previously
crucial ingredient of the stratosphere. Therefore, the quantumepPorted values and the current NASA/JPL recommendation
yield for O(D) production in the UV photolysis of ozone is a  for use in atmospheric modeling.
key input for modeling calculations in atmospheric chemisfry.

Here, we call the probability of the formation of anDJ
atom in the photolysis of an{Inolecule at a given photolysis The experimental setup used in this study was almost the
wavelength as OD) quantum yield. Photolysis rate ofs@n same as that in our previous studies of iotochemistry.”
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We present only a brief description pertinent to the current study technique allows detection of &) and OfR,) atoms at such
here. Both O{D) and OfP) photofragments produced in the low pressures and short pumprobe delay times and that
UV photolysis of Q were probed using the VUV-LIF technique. secondary reactions of &) and OfP) can be ignored. For
The probe laser beams for the O(@8—2p'D)) and O(385°— example, the room-temperature rate constant for tH®O¢
2p*P) transitions atl ~ 115 and 130 nm, respectively, were O, reaction was reported to be (3:8.18) x 107! cm?
generated by nonlinear frequency conversion processes in Xemolecule! st at 298 K214 Formation of OfP) atoms

Ar or Kr. For the 115-nm generation, the phase-matched through this reaction did not interfere with the measurements
frequency-tripling scheme was achieved by focusing the UV of the OP) yield. The helium buffer gas used in these
photons (345 nm) from an excimer laser pumped-dye laser into experiments is an inefficient quencher of!D(*> and has a

a cell containing Xe/Ar mixture (10 Torr/200 Tor.For the negligible effect on the detection of &) under our experi-
130-nm generation, the VUV laser light was generated by a mental conditions. The photolysis laser wavelength was moni-
four-wave differential mixing schemeyyyy = 2w1 — wsy, in tored with a wavemeter (Burleigh, WA-4500).

Kr gas!! Two dye lasers were pumped by a single excimer laser We checked the photolysis laser power dependence of the
(Lambda Physik, Compex 201, Scanmate 2E and FL3002E).LIF signal of O{D) and OP) atoms. It was found that the
Output from the first dye laser was frequency-doubled in a O(*D) and O@P) LIF signal intensities were linearly dependent
pB-barium borate (BBO) crystal to generate 212.56 nm which is on the photolysis laser power. The photolysis laser power for
resonant to the two-photon transition of Kr. The wavelength of the spectral measurements was typically 0.3 mJ/pulse. The
the other dye laser for the detection offBy) atoms was about ~ approximate fraction of photodissociated ozone molecules was
578 nm. Both laser outputs were overlapped using a dichroic estimated to be about 1% in the photodissociation zone under
mirror and focused into the cell containing Kr (20 Torr). The our experimental conditions. During the experiments, the
VUV photons at 115 or 130 nm were introduced into a reaction photolysis laser power was monitored on a shot-by-shot basis
chamber through an LiF window that separated the rare gasusing a pyroelectric laser power meter (Molectron, J4-09). The
cell and the reaction chamber. The VUV radiation collinearly photolysis laser power did not vary muctiZ0%) as a function
counterpropagated with the photolysis beam in the reaction of wavelength between 306 and 314 nm.

chamber. A part of the generated VUV photons was reflected
into a photoionization cell containing 3 Torr of NO by a thin
LiF plate. By monitoring the photoionization current from the

NO cell, relative intensity variations of the VUV laser were The ratios for both OD) and OP,) LIF intensities at seven
2
measured. , photolysis wavelengths (307, 308.5, 309, 309.5, 310, 310.5, and
The photolysis laser beam, being tunable between 307 and3q1 5 nm) relative to those at 308 nm were measured. The
311.5 nm, was obtained b}’ frequency-doubling of the funda- yhqioysis laser wavelengths were alternatively changed between
mental output from an Nd:YAG pumped-dye laser (Lambda e4ch of the seven wavelengths and 308 nm, while monitoring

Physik, Scanmate 2C-400) in a KD*P crystal. A mixture of tWo  {he OgD) and OBP;) LIF at 115.22 and 130.22 nm, respectively.
dyes (DCM and Sulforhodamin 640) in methanol solvent was por the' LIF intensity ratio measurements, several sets of

gsgd in the dye laser to obtain the photolysis radiation so that experimental runs were performed at each photolysis wave-
its intensity was almost constant between 614 and 628 nm. A |ength. As indicated in our previous studies on the photolysis
color glass filter (Toshiba, UV-D33S) was inserted in the beam ¢ 053,%7 the populations of 3P)) among the spirorbit states
path to separate the fundamental and UV output. The bandwidthyere measured by recording the fluorescence excitation spectra
of the UV radiation W_a13w0.3 cnt! (fwhm). The time delay using the transitions of 38°—2pP around 130 nm at the
between the photolysis and probe laser pulses was controlledynotolysis wavelengths stated already. No remarkable depen-
by a pulse generator (Stanford Research, DG535) and wasgence of the-populations on the photolysis wavelength was
typically set to be 100 ns. The LIF signal was detected along opserved within the measurement uncertainties. Thus, the total
the vertical dlrectloq, orthogonal to the propagation direction OEP) yield at various wavelengths is proportional to the LIF
of both the photolysis and probe laser beams, by a solar-blind ntensity of OfP,). For O¢P)) photofragments, the translational
photomultiplier tube (EMR, 541J-08-17). The fluorescence energy is partly relaxed under our experimental conditions. The
detection direction was parallel to the electric vector of the Doppler broadening of the resonance line of the €§3s2pP,)
photolysis laser and perpendicular to that of the probe laser.transition at 130.22 nm has been measured at all photolysis
This photomultiplier tube was equipped with a LiF window and  wavelengths studied here. No obvious dependence of the
a KBr photocathode and is sensitive only in the wavelength proadening on the photolysis wavelength was observed, which
range 106-150 nm. The output from the photomultiplier was  is consistent with our previous repoftsFor O¢D) photofrag-
accumulated using a gated integrator (Stanford Research, SRments, little translational energy release was observed, because
250) over ten photolysis laser shots and stored on a personathe O¢D) + O,(a'Ag) pathway, which has a thermochemical
computer. The detection limits of our VUV-LIF detection system  threshold wavelength of 309.45 nm, is mainly responsible for
for O('D) and OfP) were estimated to be on the order of20  O(ID) formation in the photolysis wavelength range studied
10'% atoms cm?, here34 No obvious dependence of the line profiles on the
The Q; gas was produced by passing ultrapure(@agoya photolysis wavelength was observed, which is consistent with
Kosan, 99.9995%) through an ozonizer. The reaction chamberour previous reports’
was evacuated by a rotary pump, and a mixture gH® was The near-UV absorption spectrum of @oes not show any
slowly fed into the chamber through a poly(tetrafluoroethylene) features narrower than0.1 nm even at low temperatute,
needle valve. The total pressure in the chamber was maintainedndicating that the photoexcited states have extremely short
at 1.5 Torr and the partial pressure of ®as approximately lifetimes due to photodissociation processes. The atomic
10 mTorr. The total pressure was measured by a capacitanceroducts in the photolysis of {Inust be OYD) and/or OfP) at
manometer (MKS, Baratron 220) during the experiments. It wavelengths longer than 234 nm, which is the thermochemical
should be noted that the high sensitivity of the VUV-LIF threshold for production of the second-lowest electronically

Results
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TABLE 1: Ratios of the O('D) and O(P) LIF Intensities at
Wavelengths between 307 and 311.5 nm, Relative to Those
at 308 nm, in the Photolysis of @ at Room Temperature

(298 + 2 K) and Absorption Cross-section Ratios of Q

A (nmy Rip(4i)° Rap(Zi)° Rabd4i)?
307.0 1.20Qk 0.094 0.981: 0.048 1.138
308.0 1 1 1
308.5 0.867+ 0.080 1.302+ 0.068 0.942
309.0 0.773t 0.084 1.498 0.080 0.912
309.5 0.644% 0.064 1.665k 0.140 0.795
310.0 0.495% 0.064 1.829+ 0.084 0.749
310.5 0.414+ 0.088 1.92H0.128 0.708
3115 0.289% 0.046 2.156+ 0.176 0.656

a Photolysis wavelength in nmi.Fluorescence intensity ratio for
O('D). The quoted error bars include possible systematic and 2
precision uncertainties in 016 measurements. See eq 9 in the text.
¢ Fluorescence intensity ratio for €%). The quoted error bars include
possible systematic andrdrecision uncertainties in 36 measure-
ments. See eq 10 in the teftAbsorption cross-section ratio for;O

See eq 11 in the text. The values are calculated from the absorption 2

cross-section measured by Malicet et®al.

excited OfS) atom! The photolysis quantum yield ofGhould
be unity in the UV absorption band around 3820 nm

@1p(2) + Pgeld) =1 (8)
where®;p(1) and®3p(1) are the quantum yields for &@3) and
O(CP) formation from @ photolysis, respectively.

The ratios of the relative production yields for 0} and
O(P) at photolysis wavelengthis (i = 1—7) to those at 308
nm, Rip(4i) andRsp(4i), were obtained from the observed LIF
intensities which were normalized by the photolysis laser
intensities. The ratio for @D) formation was defined as follows;

OapdA)P1p(A)  Fip(4)1,(308)

Ruolh) = (308YP,(308) ~ Fio@OBY (1) )
and for OfP) formation;
Ryly) = Oand ) Papldy)  Fap(d)1(308) 10

0apd308)D;(308)  F3(308)p(A;)’

whereoapd /i) is the photoabsorption cross-section of ozone at
Ai, 15(4i) is the photolysis laser intensity &t andFip(4;) and
Fsp(l) are the LIF intensities of GD) and OfP) at 4;,
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Figure 1. A plot of (Rsp — Ran9 VS (Rep — Rup) for the various
photolysis wavelengths between 307 and 331.5 nm (see text). The
wavelengths associated with each data point are given in Table 1. The
slope of the plot corresponds to the absolutéDp@uantum yield at
308 nm. A straight line indicates the result of the weighted linear least-
squares fit analysis of the experimental data.
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Figure 2. Partial cross-sections for the formation of'Df and OEP)
in the photolysis of @and total photoabsorption cross-sections gf O
as a function of photolysis wavelength. A solid curve indicates the
absorption cross-sections of; @easured by Malicet et &. Filled
(@) and open ©) circles indicate the partial cross-sections for the
formation of O{D) and O¢P), respectively, which were calculated from
the relative fluorescence intensity measurements with th#D)O(
quantum yield of 0.804 at 308 nm. Filled squam} ihdicate the total
cross-sections calculated from the partial cross-sections (see text). Error
bars include systematic and precision uncertainty.

312

basis of eq 12, we determined the valuedir(308) by the

respectively. The ratios of the photoabsorption cross-sectionsweighted least-squares fit analysis method. The obtained value

to that at 308 nm were also defined as

O-abg’li)

Rapd4) = 5.(308) (11)

The precise photoabsorption cross-sections gfirOthe UV

of ®1p(308) is 0.804+ 0.048 (95% confidence interval), in
which the error includes possible systematic and statistical
uncertainties. In the regression analysis, random errors in the
fluorescence intensity and laser power measurements, the upper
limit of the systematic error in the measurements (2%), and the
upper limit of the errors in the absorption cross-section ratios

region at room temperature have been measured by three(1%) are taken into account. The partial cross-sectiopéli):

groupst’19 The RypdAi) values derived from the three reports

Fip(4i) ando(4i)-Fsp(4i) versus the photolysis wavelength thus

coincided with each other within less than 1% accuracy at sevendetermined are plotted in Figure 2. The'D) quantum yields

wavelengths and 308 nm.
If we useRip(4i), Rsp(4i), andRapd4i) in eqgs 8-10, we obtain
the following expression

Rep(4) — Rapd4i) = @1p(308)Rep(4i) — Ryp(4)] (12)

The values oRyp(4i) andRsp(/;) obtained in this study are listed
in Table 1. The values d®;,d4;) calculated from the absorption
cross-sections of Malicet et &lare also listed in Table 1. Figure
1 shows the plot oRsp(4i) — Rapd4i) versusRsp(4i) — Rip(4i),
where the slope corresponds to the valuabg$(308). On the

at 4; have also been determined, which are listed in Table 2.
We have also calculated tkde; p(308) value using the absorption
cross-section data reported by Molina and Moliriastead of
those by Malicet et a8 The difference between the two results
for the ®1p(308) value was negligibly small<(0.2%).

Discussion

In this study, the absolute quantum yield foD) production
from O; photolysis at 308.0 nm at 298 2 K has been
determined to b&;p(308)= 0.804+ 0.048. Table 3 indicates
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TABLE 2: O(!D) Quantum Yield from O 3 Photolysis in the

Wavelength Range of 307311.5 nm at 298 K

Takahashi et al.

photofragment yield spectra of &) and O¢P), ands;p and
sgp are the detection sensitivity factors for'0Of and OFP),

Dip(1)° respectively. Pairs o§p and szp values were determined so
2 (nmy this worle NASA/JPL recommendation that the sum of1pY1p(4) and szpYsp(4) could reproduce the
307.0 0.845¢ 0.084 0.865 0.09 absorption spectrumapdA). The absolute value of the &)
308.0 0.804L 0.048 0.79¢ 0.08 quantum vyield is calculated aB;p(1) = S1pY1p(4)/[S10Y1D(A)
3085 0.740+ 0.081 0.74f 0.07 + s3pYap(4)]. In our previous studie®? because of both the run-
309.0 0.682+ 0.084 0.67+ 0.07 by-run fluctuations including systematic and random errors in
309.5 0.613+ 0.071 0.60+ 0.06 the wavelength continuous spectra and fitting errors for deter-
318-2 8-23& 8-%2 8-2% 8-82 mination of the sensitivity factors, the resultant values of the

. . . , , 1 . . 0 ;

3115 0.354L 0.060 0.34% 0.04 O('D) quantum yield accompanied a 15% uncertainty between

. . . 305 and 329 nm. In the present study, we have focused on the

2Photolysis wavelength in nni.O('D) quantum vyield value at  accurate determination df;15(308). Clearly, the uncertainty of
_photonS|s wavelengtii. ¢ The error corresponds to 95% confidence ®15(308) is reduced in this study by measuring the fluorescence
intervals.d The error indicatest10% (do) precision uncertainty, as intensity ratios at seven waveleng®e(4) andRse(;) repeat-
noted by Sander et &l. . Ng : i) rep

edly and by adopting the rigorous mathematical method

described already (eqs-82) to determine thé;p(308) value.

In most previous studies on the determination of théD)(

TABLE 3: Absolute Measurements of the Quantum Yield
for O(!D) Production from O3 Photolysis at 308 nm at Room

Temperature quantum yields in the UV photolysis ofthe relative quantum
®1p(1) uncertainty ref yields have been measured, and the absolut®)Xfuantum
0.804 +0.048 this work yield value at 308 nm has been utilized as an anchor to obtain
0.79 +0.10 ref8 the O{D) yield values as a function of photolysis wavelerf§ti3
0.79 +0.12 ref 6 The uncertainty ofP;5(308) is propagated td;p(1) at other
0.79 +0.02 ref5

wavelengths in such relative measurements. Reduction of the
uncertainty is essential for a precise estimation of the production
rates of atmospheric radicals such asHe chemical reaction
between the GD) produced from UV photolysis of 9and

h . f th lue in thi dv with th . H,O provides an important source of atmospheric OH radfcals.
the comparison of the value in this study with the previous proise estimation of OH production rates is crucial for

measurements 01)1'3(308) at room temperature. Our value_ IS determining atmospheric lifetimes of atmospheric molecules
in good agreement with the previously reported values within ¢, 45 Chi CO, and natural and anthropogenic hydrocarbons,

the quoted uncertainties, while the uncertsainty in our present po.a.se OH is a strong oxidizer, and thus, the reactions of OH
study is reduced significantly. Talukdar et®and Greenblatt with those constituents proceed very efficiently in the tropo-

]‘flmd Wesenfelﬂfmeaﬁuredl thz tl|me prcr)1f|le gf & resonance sphere and stratosphere. Furthermore, intercomparison studies
31(J)grescence aiter the pulse -asher photo IS|SOCI6]:.'[|IOH3$EMO of chemical actinometers and spectroradiometers measuring
nm at room temperature. The temporal profile ofFY( ;5up)) are clearly dependent on the accurate and precise

initially jumps because of its direct formation in the photolysis laboratory determination of the uantum vield425
of Os, followed by an exponential rise controlled by the y W q yield:

following reactions of O{D) and a slow decay due to diffusion:

aThe error bars correspond to the 95% confidence intePvehe
error bars include systematic error and grecision.c kig/kis = 1.0
was assumed.
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