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O(*D) and O@Pj) photofragments produced in the photodissociation of ozone in the wavelength
range 305—-329 nm both at 295 and 227 K have been detected directly using a technique of laser
induced fluorescenc@.IF) in the vacuum ultraviolefvuv). Photofragment excitatioPHOFEX

spectra for both species have been measured by scanning the photodissociation laser wavelength
whilst monitoring vuv-LIF at 115 nnfO(*D)] and 130 nm[O(3P]-)]. After applying suitable
corrections for the relative detection sensitivities, suitably weighted combinations of these PHOFEX
spectra were found to provide a quantitative match to the pargab&brption spectrum both at 295

and 227 K, thereby providing a method of determining both the wavelength and temperature
dependence of the absolute'D( quantum yield,®;5(\,T). Hot band excitation of internally
excited Q molecules and dissociation via the spin-allowed channel yieldintPP¢ O,(a lAg)
products makes the dominant contribution to the quantum iglgi A, T) in the wavelength range
310-320 nm. Fok >320 nm, however, both the Doppler profiles of the nasceADP@toms and

the temperature dependence of thel@) yield indicate that the G0) atoms must arise
predominantly via the spin-forbidden channel yielding'D)+ O,(X 32&). The analysis allows a

first determination of the absolute branching to this chansket 0.08) following G; photolysis in

the wavelength range 318—329 nm. The present work highlights remaining deficiencies in the latest
NASA/JPL recommendations regarding the wavelength and temperature dependence dbthe O(
yield resulting from Q@ photolysis atA>320 nm. © 1998 American Institute of Physics.
[S0021-960628)01617-1

I. INTRODUCTION excited from its groundy”=0) state* Channel(1) domi-
nates at <310 nm, with a reported quantum yield 6f0.9

topic of t i int t b fits pivot hroughout the intense Hartley band absorpti@0-310
rg?éc'noegtfki' ﬁpnn etrr:f%ra%t'.n:f; aC.etcagfstehg Elastr?’m;t m). Much recent intere$t'® has focussed on possible con-

N establisning xidative capacity . Mh's al4ihutions from the spin-forbidden fragmentation channels
mosphere. It has long been recognized that, simply on ene

getic grounds, no fewer than four different fragmentationfz) and(3) and, in particular, on the various possible forma-

pathways might contribute to the overall decay of ozonetIon mechanisms for GP) photoproducts following ozone

) - . ! photodissociation ah=310 nm, i.e., below the energetic
molecules following excitation in the all important UV . .
wavelength region around 310 nm: threshold 1;0r the spin-allowed procgss, since the forma-
tion of O(*D) at A>310 nm has direct impact on tropo-
O3+ hp(A<310 nm—O('D)+O4(a lAg), (1)  spheric OH radical concentratiofs. Hancock and
1 . co-workers’~% investigated Qa *A,) fragment formation
Ogthv(A <411 nm—O("D) +Ox(X Eg ): @ following photoexcitation of @withirg1 this long wavelength
Oz+hr(A<611 nm—O(°P)+ O,(a lAg), 3 region, both by studying the temperature dependence of the
5 s Oy(a 1Ag) yield and by time-of-flight TOF) mass spectros-
Os+hp(A=<1180 nm— O(°P) + Ox(X "% ), (4) copy. Their studies show conclusively that both hot band
where the long wavelength limits given in parentheses indi€Xcitation [and subsequent fragmentation via chan(igl
cate the thermodynamic threshold for the various fragmentaand dissociation via the spin-forbidden chan(®I contrib-
tion pathways in the case that the parent ozone molecule i€ to the observed £a 'A) yield; partition function and
Franck—Condon considerations dictate that the spin-

forbi n pr m me the main r n
30n leave from Graduate School of Environmental Earth Science, Hokkaido0 bidde Process ust become the a oute to any

The near ultraviolet photochemistry of ozone remains

1 . . .
University, Sapporo 060-0810, Japan. Oy(a “Ag) product formation at the longest excitation wave-
Author to whom correspondence should be addressed. lengths §>320 nm).
0021-9606/98/108(17)/7161/12/$15.00 7161 © 1998 American Institute of Physics
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As long ago as 1980, Brock and Watémuggested that taining a dry-ice—methanol slush. This same slush mixture
channel(2) was responsible for the observed production ofwas used to cool a simple copper radiation shielguipped
O(*D) atoms following excitation of @at energies below with appropriate apertures for passing the pump and probe
the threshold for channél), but it is only recently that the laser beamsmounted around the interaction region in the
confirmatory experimental measurements have becomehamber. The gas temperature was measured using a fine
available. The most compelling experimental data comes ithermocouple located just downstream of the photodissocia-
the form of photofragment excitatio®HOFEX) spectra for  tion region. The chamber is evacuated by a rotary pump
production of OfD) atoms following Q photolysis in the  (Alcatel, 2520, 330//min) through a liquid N trap, and
bulk at 298 and at 227 K, and in a supersonic moleculamaintained at a total pressure of 1 Torr as measured by a
beam®~*3The room temperature PHOFEX spectrum in thecapacitance manometéMKS, Baratron 220, 2 Torr full
range 308-326 nm shows a smooth, apparently unstructuregban.
variation in the OfD) signal with photolysis laser wave- The photolysis radiation, tunable over the range 305—
length, which is attributable to spin allowed- 329 nm, was generated using a Nd:YAG laser pumped dye
photodissociatior{process(1)] of the small percentage of |aser operating at 10 Hz repetition rate with a mixture of
vibrationally excited ozone molecules present in a 298 KDCM and Sulfornodamine 101 dyes, and subsequent fre-
samplet®*® Analysis of the PHOFEX spectrum suggests thatquency doubling using a KIP crystal mounted in an au-
prior excitation in thev; (asymmetric stretching moglés  totracking system(Spectra Physics GCR-190, PDL-3 and
most efficacious in promoting the fragmentation procéss. WEX-2, respectively, The bandwidth of the uv radiation
This “hot band” contribution becomes progressively lesswas ~0.2 cmi* (FWHM). Wavelength calibration, in the
significant as the sample temperature is reduced to the extefisible, was achieved by measuring the fluorescence excita-
that the jet-cooled PHOFEX spectrum for forming’0)  tion spectrum of iodine vapor and comparing it with pub-
atoms shows well resolved structtfte”” which mimics the  |ished dat#! The required second harmonic radiation was
known'"*® vibronic structure of the Huggins band of ozone. jsolated using a uv transmitting filtéFoshiba, UVD33% A
O('D) Doppler line shape analysfsconfirms that these photodiode(itself calibrated against a Scientech, AC50UV
O('D) atoms arise from excitation of vibrationally ground |3ser power metgwas used to monitor the uv photodisso-
state Q molecules and subsequent fragmentation via thejation pulse intensity throughout each experiment in order
spin-forbidden pathway?). In this paper we report detection tg allow subsequent normalization of the photofragment vuv-
of both OFP) and O(D) atoms by vacuum ultraviolet laser | |F signal intensities. The uv output had an energy of
induced fluorescencdvuv-LIF) following photolysis of ._q mJ/pulse, varying by only-20% over the entire 305—
flowing ozone samples over the wavelength range 305-32829 nm wavelength range, and a beam diameter in the inter-
nm, both at room temperature and at 227 K. Comparingction region of~4 mm.
these PHOFEX spectra with the parent absorption spectrum e o(3pj) and OfD) photoproducts were both de-
(recorded at the appropriate temperaftit& allows determi-  tected by vacuum ultraviolet laser induced fluorescence
nation of the wavelength dependence of the absolute quangyy.-LIF). The former are monitored most conveniently via
tum yields for forming OP) and O¢D) atoms at 295 and e 35 35— 2p 3P, transition at~130 nm(130.22, 130.48
227 K. Companion studies, at a number of user selectednq 130.60 nm foj=2, 1 and 0, respectively The neces-
wavelengths, of the way in which the respective yields Valysary vuv radiation was generated by two photon resonant
over the temperature range 227-298 K demonstrate a clegd,r.wave difference frequency mixing 2 — w,) in kryp-
means of distinguishing the relative contributions that spiny,p, gas(14 Torp, using two tunable dye lasers pumped si-
allowed fragmentation of vibrationally ‘hot’ ozone mol- multaneously by an XeCl excimer las@wo Lambda Physik
ecules and the spin-forbidden dissociati@ each make to | 3002's and Lextra-50 The output of one dye laséop-
the overall O{D) product yield. The present findings serve erating with Bis-MSB dye in 1,4-dioxahevas frequency-
to reinforce the need for further revision of the long wave- 4, pjed using a BBO crystal to yiek, = 212.56 nm, which
length part of the NASA/JPL recommendaﬂ%r;ega_rdmg is two photon resonant with theps1/2],— 1S, transition of
the quantum yield curve for GP) atom formation in the . The second dye laser was operated with Coumarin 540A
near ultraviolet photodissociation of ozone. in methanol solution to generakg=578.1, 572.8, and 570.6

nm which, when mixed with twaw; photons, correspond to
Il. EXPERIMENT the appropriate vuv frequencies for detectingslqo atoms

The experimental arrangement and procedures are essemith j=2, 1, and 0, respectively. &) atoms were detected
tially the same as in our previous studies of ozoneby vuv-LIF on the 3 'D%—2p !D transition at 115.22 nm.
photolysis®1® Ozone was prepared by passing ultra-puse O Radiation at this wavelength was generated by phase-
(Nihon Sanso, 99.9995p4hrough a commercial ozonizer matched frequency tripling of the output from a single XeCl
and trapping the product on cooled silica gel. The producpumped dye lasdioperating on PTP in 1,4-dioxane at 345.6
was degassed at liquid,Nemperature and stored in a black- nm, ~5 mJ incident pulse enerfyin a xenon(40 Torp/
ened glass bulb. £(5% mixture in Aj was flowed into the argon(160 Torh gas mixture?
reaction chamber through glass tubing and a needle valve The laser beafrs) for the four-wave difference mixing or
made of poly-tetra fluoro ethylene. The sample gas temperdrequency tripling were focusedf =200 mm fused silica
ture was varied, over the range 227-298 K, by surroundindeng into a stainless steel cell containing Kr or Xe/Ar gas
the final stage of the gas delivery system with a jacket conand emerged, along with the generated vuv radiation,
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FIG. 1. Photofragment excitatidiPHOFEX spectra for O{P) and O(D) = FiG, 2. Photofragment excitatiiPHOFEX spectra for O{P) and O¢D)
photofragments recorded at 295 K together with their sum spectrum. Thepstofragments recorded at 227 K along with their sum spectrum. Open
open circles are Qabsorption cross sections at 295 K reported by Malicet .jrcles are Q absorption cross sections at 228 K reported by Malitel.

et al. (Ref. 20. The horizontal axis represents the wavelength of the Uv(ret. 20. The horizontal axis represents the wavelength of the uv photodis-
photodissociation laser, whilst the vertical scale is for the absorption crosgqciation laser, and the scaling for the vertical axes are similar to that in
section. Scaling factors for the individual PHOFEX spectra are determinegt;q 1

so that the sum spectrum fits the absorption cross sections shown by open

circles(see the text

lll. RESULTS

through an LiF window into the reaction chamber where itA- Determination of the wavelength dependence of
collinearly counterpropagated with the photolysis beam. Anh€ absolute O (*D) production yield from the
other LiF window mounted in the chamber beyond the pho-phOtOd'S‘Soc'atlon of ozone
todissociation region reflected part of the probe laser pulse Figures 1 and 2 show PHOFEX spectra of the’@))
towards a vuv monochromator, and the intensity of transmitand O¢D) photoproducts recorded over the range 305-329
ted vuv radiation was monitored using a solar-blind photonm at a gas temperature of 295 and 227 K, respectively.
multiplier tube (Hamamatsu, R1259 The delay time be- These were obtained by scanning the photodissociation laser
tween the photolysis and probe laser pulses was controlledavelength and monitoring the resulting resonance fluores-
by a pulse generatqiStanford Research, DG5Band typi- cence when the wavelength of the probe vuv laser was fixed
cally set at 50—60 nébut could be extended to as long as 25at the center of, respectively, tha*5°—2p 3P, resonance
us) with a jitter of <10 ns. line at 130.22 nm and thes3'D%-2p D transition at
The vuv-LIF signals associated with both the!Dj and ~ 115.22 nm. The total pressure in the interaction region was
the O(3PJ-) photoproducts were detected along the vertical30 mTorr, of which 10% was §) and the pump—probe time
axis, orthogonal to propagation direction of both vuv probedelay was 50 ns. As previousl) checks were madgt pho-
and photodissociation laser beams, using a solar blind phdelysis wavelengths of 305, 308, 312, and 322) nmensure
tomultiplier tube(EMR, 541J-08-1Y equipped with an LiF that the LIF signal scaled linearly with the intensity of the uv
window and a KBr photocathode sensitive only to radiationphotodissociation laser pulg€ig. 3). In both cases the raw
in the wavelength range 105-150 nm. This fluorescence dexperimental PHOFEX spectrum has been corrected for
tection direction is parallel tey,;, the electric vector of the variations in the intensities of both the photodissociation and
uv photodissociation radiation, and perpendiculalfgye, vuv probe laser intensitie@hotons/pulse
the electric vector of the vuv probe laser. The output of the  Various factors need to be considered before any quan-
photomultiplier was preamplified and averaged over 10 lasetitative analysis of either PHOFEX spectrum. Consider first
pulses using a gated integratt®tanford, SR-250 Given  the PHOFEX spectrum for forming &®,) atoms. For it to
that the PHOFEX spectra for both &) and OfP;) atoms  be a valid measure of thtotal O(°P) yield we need to
were recorded whilst scanning the wavelength of the uv phoestablish the wavelength dependence of the fine-structure
tolysis laser at 0.0075 nm/s we estimate the actual resolutiopopulations among th¢ levels of the OEPj) atoms pro-
of the PHOFEX spectra to be 1 cm . We emphasize the duced from the photodissociation of,OThis was checked,
fact that the extreme sensitivity of the vuv-LIF techniqueas beforé;'% by scanning the vuv probe laser wavelength at
allows detection of O(D) and O(:“Pj) atoms at such low © a number of(fixed) photodissociation wavelengths and re-
pressures and at such short pump—probe delay times amarding the excitation spectrum of the%]?@) atoms at both
signal integration times that secondary reactions—even, fa227 and 295 K. Relative sensitivity factors for the three
example, the reaction of &) atoms with Q molecules, 3s3S°—2p 3P; transitions were obtained by comparing the
which occurs at the gas kinetic collision rae=1.2—2.8 three peak areas recorded at long time del@@sus, corre-
% 1071° cm® molecule * s 121> —can safely be ignored. sponding to a fully thermalized fine-structure population dis-
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FIG. 3. Photodissociation laser power dependence of the vuv laser-induced
fluorescence signal for the &) photofragments resulting from ozone pho-
todissociation at 322 nm. Fluorescence is detected on $h8—2p D
transition at 115.215 nm. The straight line shows the best fit from a leas
squares fitting of the data points. Thg @essure was 4 mTorr and the time
delay between the photodissociation and vuv probe beams was 60 ns.
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FIG. 4. Vacuum ultraviolet laser-induced fluorescence spectra féPJO(
| =2,1,0 photofragments from the photodissociation afddthree different
wavelengths at 227 K. The horizontal axis shows the wave number of the
vuv probe laser light. The Opressure was 3 mTorr for each of the three
upper panels and the time delay between the photodissociation and vuv
. . . . . . . probe laser pulses was 50 ns. The thermalized spectra shown in the bottom
tribution) with the corresponding population ratios predictedpanel were measured with 2 mTorr of @ 1.5 Torr of Ar buffer gas, a
through use of the Boltzmann equation. These sensitivitgissociation laser wavelength of 305 nm, and a time delay between the
factors were then app“ed to the re'ative peak areas measur@hptolysis and probe laser pUlSES of 28. All results are normalized
. - . . against the intensity of the vuv probe laser light. The vertical scaling has
n eXC|tat|on_ spectra taken at ShC(ﬁ_O n9 t_lme dEIayS In been chosen so that the height of thé®y) line shape is the same in each
order to derive the nascent ﬁF(]-) spin—orbit state popula- panel.
tion ratios. Results obtained at 227 K for three photodisso-
ciation wavelength€305 nm, 312 nm and 328 nnare re-
sults are listed in Table |. Key points to note afé: the  range. It is identical in appearance to that shown in Fig. 1
values obtained at the three different photodissociatiomnd from hereon we assume that measurements involving
wavelengths are the same within experimental error, i.e.Q(*P,) atoms provide a faithful indication of the behavior of
there is no discernable change in the fine-structure branchingie complete O{P) atom vyield.
ratio within the range of photodissociation wavelengths con- A second factor also needs to be considered. The exoer-
sidered here(ii) the values obtained here at a sample temyjcity of process(4) ensures that the 063°S°—2p 3pj)
perature of 227 K are the same, within experimental error, agansitions have Doppler widthgyv,,, comparable to the
those found earliért® at 295 K at other photodissociation probe laser bandwidth The PHOFEX spectrum shown in
wavelengths within the same range, i.e., there is no discerrrig. 1 was obtained by setting the probe laser wavelength at
able temperature dependence to thegFQI fine-structure  the center of the O®3S°-2p °P,) lineshape. Such a
branching ratio. As a final check, we recorded the PHOFEXPHOFEX spectrum will only give a faithful indication of the
spectrum for forming G{P4) atoms from the photodissocia- total OCP) atom yield if the Doppler lineshape remains con-
tion of O; at 295 K over the same 305-329 nm wavelengthstant across the 305-329 nm wavelength range. Figure 4
shows Doppler lineshapes of the nascen?.FQI atoms pro-
TABLE |. Fine-structure branching ratios of the %) atoms produced duced via @ photodissociation at 305.0 315.65, and 328.0

from the photodissociation of On the wavelength range 305-328 nm. "M Wwith, in each casegpn, perpendicular tokype (the
propagation axis of the probe lagetogether with a line-

Aphot' ™ Nj=2 Nj=1 Nj=o shape measured for a thermalised sample dPP@toms at
305.0 227 068002 031002 016001 long (20 us) time delay. The latter provides a measure of the
312.0 227 0.620.02 0.30:0.02  0.09-0.01 experimental resolution;-0.82 cm* (FWHM, modelled as
328.0 227 0.620.02  0.30-0.02  0.08:0.01 a Gaussian where no intracavity etalon was installed into
Boltzmann 227 0.788 0.174 0.037 the dye laser for vuv generation. Parent thermal motion at
308.¢F 295  0.65-0.02 0.27-0.02  0.08-0.01 227 K will contribute a Doppler spread of 0.2 ¢ thus we
316.6 295  0.63-0.03 0.28:0.02  0.09-0.01 deduce the bandwidth of the 130 nm probe radiation to be
324.0 295 063002 028002 009001 ~0.79 cm* (FWHM). We confirm that to within the avail-
Boltzmann 295 0741 0.209 0.050 able resolution the experimental line shape remains constant
Statistical 0.555 0.333 0.111 across the 305—-329 nm wavelength range. We comment here

that Ball et al® have measured the kinetic energy release of
#Photodissociation wavelengths in units of nm.

1 i is-
bSample gas temperature in units of K. the_Oz_(a _Ag) photofragments resulting from ;(photodis
Taken from Reference 10. sociation in the wavelength range 280-331 nm, and found

dDegeneracy ratios, (2-1). that the Q(a 1Ag) fragments produced aX,n,>320 nm
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have higher kinetic energies than those formed via photodia;photzg,zs nm has to be scaled by a factor of 1.25 and 1.56
sociation at shorter wavelengths. They attributed this to disrelative to the signal intensity recorded at 305 nm for 227
sociation via the spin-forbidden chanr@). The maximum  and 295 K, respectively. Doppler profiles recorded with a
recoil velocity that the resulting GP;) atoms could have is higher resolution probe laser equipped with an intra-cavity
~3800ms?t assuming Nphor=320nm and that the etalon will be described later.
O,(a 1Ag) partner fragments are formed in their vibration- Having established that the various PHOFEX spectra
less and rotationless level. Detailed kinetic energy and/oprovide reliable measures of the wavelength dependence of
internal energy distributions for the products resulting fromthe O¢D) and O(’*Pj) atom yields, it should be possible to
channel(3) have yet to be reported, but it is quite possibleplace these spectra on ahsolutescale by requiring that the
that the OfP) atoms generated with £a *Ay,v"=0, sum of the two PHOFEX spectra equates to the absorption
J"=0) cofragments could have larger kinetic energies tharspectrum of the @ molecule recorded at the same sample
those formed in association with,(X 32;) fragments if the  temperature. Such a procedure is valid given that the photo-
latter carry high internal energies. As Fig. 4 shows, we cardissociation quantum yield of {Os essentially unity in this
discern no obvious variation in the 0§3s°—2p 3P,) line  wavelength range. As befofaye require that
shape or FWHM linewidth over the photodissociation wave-
length range 305—329 nm. Thus we conclude that PHOFEX Tapd N, T)=01p(N, T) +03p(N,T)
spectra such as that shown in Fig. 1, recorded with the probe —
laser wavelength fixed at the O¢3°—2p 3P,) line center S10Yap(h. T)+ 85 ¥ap (A T), ®
can provide an accurate reflection of the photodissociatiomwhereo X, T) is the G absorption cross section at wave-
wavelength dependence of the total’©y yield. length\ and temperatur& taken from Malicetet al,?° and

The effects of Doppler broadening also need to be coneip(N,T) and ozp(\,T) are the(temperature dependént
sidered carefully when interpreting the DY) PHOFEX  partial cross sections for £absorbing and dissociating to
spectra shown in Figs. 1 and 2. We have shown previdtisly form O(*D) and O8P;) atoms, respectivelyy;p(\,T) and
that the Doppler profiles of AD) fragments resulting from Yzp(\,T) are the experimentally obtained photofragment
photolysis of jet-cooled @molecules show a marked sensi- yield spectra of OfD) and O€P;) at temperaturdl, and
tivity to the parent excitation wavelength; oY) atoms re-  S;p ands;p are adjustable coefficients reflecting the different
sulting from the spin-forbidden predissociati¢®), most evi- ~ detection sensitivities for @D) and OfP;) atoms, respec-
dent at\ pnoe>315 nm, exhibit significantly broader Doppler tively. As Figs. 1 and 2 show, it is possible to obtain very
profiles than the JD) atoms arising via hot band excitation satisfactory replications of the jOabsorption spectrum
and the spin-allowed dissociatidi). Since Av;p, exceeds throughout the wavelength range 305-329 nm at both 227
the vuv probe laser linewidth, it is necessary to correct theéand 295 K simply by summing the relevant PHOFEX spectra
O('D) PHOFEX spectrum obtained by exciting at the line €ach weighted with an appropriate choice of sensitivity co-
center of the 8'D°—2p D transition to allow for the wave- €fficient. The uncertainties on the partial cross sections for
length dependence of the probe sampling efficiency. Thus P(*P;) and O{D) atom formation from @ photolysis over
was necessary to record Doppler spectra of thEDQ(frag-  the entire 305-329 nm wavelength range are abio@% as
ments resulting from @photodissociation at both 295 and estimated from consideration of run-by-run fluctuations of,
227 K at many different excitation Wave'engths_ We mea_ﬁrst, the y|e|d SpeCtrum measurements and, Second, the fit-
sured the Doppler profiles of the nascent:D) photofrag-  ting errors of the sensitivity coefficients in E).
ments at various photodissociation wavelengths in the range Given Figs. 1 and 2 we can derive the wavelength de-
of 305-329 nm under the same experimental conditions aRendent quantum yield for forming &) atoms from Q
for the PHOFEX measurements at 295 and 227 K. Abovdhotodissociation at 227 and at 295 K using the expression
Nphor=310 nm, the measured linewidths increase smoothl _
W'i)th increasing wavelength reflecting the fact that, on ener)-éplD()\’T)_UlD()\’T)/[UlD()\’T)JFU3P()\’T)]
getic grounds, the slow atoms from chanf®l must make a =31pY1io(N, T)/[S1pY1p(N, T) +S3pY3p(N,T)],
smaller and smaller contribution to the total ‘D( yield. ©6)
Thus, unlike the case for the €R) yield considered above,
the photodissociation wavelength dependent Doppler broadvhere ®,,(\,T) is the quantum yield of GD) produced
ening of the OfD) resonance line means that thelDJ from O; photodissociation at the wavelengtrand tempera-
PHOFEX spectrum obtained simply by setting the vuv probeure T. Figures 5 and 6 show the wavelength dependence of
laser at the line center of the O$3D°-2p D) transition the O¢D) quantum yield so derived for both temperatures,
does not give an accurate measure of théD)(yield. The  together with the current JPL/NASA yield curve recommen-
O(*D) PHOFEX spectra shown in Figs. 1 and 2 are deriveddations for use in stratospheric modellin§he uncertainties
as follows: each point in the raw experimental spectrum isn the present quantum yield values are estimated to be
first normalized with respect to both the pump and probe-15% of the actual vyield values. As commented
laser intensities, and then further corrected by a scaling fagreviously'® the PHOFEX spectra for forming &D) atoms
tor proportional to the effective excitation linewidth appro- in the photolysis of @are smooth in this wavelength range,
priate for that particular wavelength. For example, compenwhilst the OFP) PHOFEX spectra carry the vibrational sig-
sating for this wavelength dependent Doppler broadeningatures associated with the Huggins band systemsoPA® a
requires that the intensity of the &I§) PHOFEX spectra at result, small dips are evident in both the D) quantum
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?QO}NSZ(TE gbsgrptlgn s”pefctru:n (')tf ozDortle at 2?5 Kh’ repoll;te:!hby Mah@t | photoproducts were detected directly via the vuv-LIF technique. Both the
aree f.rom’;allsz:i ;/Ie[é(;af {30;%3?h)gseainadil:():zltr;§ lfy(t)r\:\:a nopyen rehg&ebnuggg gfetime delay between the photodissociation laser light and vuv probe(BGer
from Trolier and WiesenfeldRef. 3. The broken line shows the latest ns) and the pressure of ozoité mTory were kept constant throughout the

i ts. The broken li how th t NASA/JPL da-
NASA/JPL recommendatiofRef. 2 for the wavelength dependent ) g())(ge;n;ir;hs Wav?ele;%t(ﬂe;?nefmze)s show the curren recommenda
quantum yield from @ photolysis at 295 K. T

O(*D) and OFfP) atom detection following @photolysis in
yield curves shown in Figs. 5 and 6 at each wavelengtjhe wavelength range 270—305 nm are now underway in our
where these vibronic maxima occur. As Fig. 5 demonstrate gboratory. - 1
the present room temperature ‘D) quantum yield mea- . IéAIso pIotteddlrE)Flg. Etarle tthgzggaKi?%.photofragtment
surements are in good accord with those reported in our pré’-Ie S measured by bastal. a - 1 1IS serves lo re-
vious study at 298 K with the recent direct measurements Inforce the stnlgng similarity between t?e quantum yield
of Ball etal’® and with the earlier data of Trolier and CUTves for forming OtD) atoms and @(a A fragments,
Wiesenfeld® although the various results appear to showat Ieasf3foml’h°§322 nm, that has been noted previously at
some small discrepancies at wavelength805—306 nm. 295 K

Experiments analogous to those reported here, but invoIvin% Temperature dependence of the absolute O (D)
. u u

guantum yield from the photodissociation of

ozone

Figures 7 and 8 illustrates in more detail how the'D)

. quantum vyield from ozone photodissociation varies as a

1£H 18 function of temperature for a number of selected wave-
lengths in the range 305-325 nm. The pressure of sample

. 27K

|
', absorption

Td.)
E
- ' 8 X . L
5 E gas in the reaction cell was maintained constant throughout.
= & All bar the 305 nm data in Fig. 7 were derived by monitoring
W
3 5
E 05 :‘ = 0.4 T T T T T T T
= g )
S ) >
2 S 318 nm
do g R }E-
QO =2 i i i/ -~
¢ ' e PO L — o
0 312 370 328 5 j%% F% 324.86 nm
Photodissociation wavelength / nm 0 T Y I
FIG. 6. The OD) quantum yield from the photodissociation of ozone at Temperature / K

227 K plotted as a function of dissociation wavelength. Separated results

marked with open triangles and squares were reported byeBall (Ref. § FIG. 8. MeasuredP,, as a function ofT (227-295 K for A n,—=318 and
The absorption spectrum of ozone at 228 K, obtained by Maditet. (Ref. 324.86 nm. O{P,) atoms were detected directly via their vuv-LIF and the
20) is also showr(dashed ling offset vertically for clarity. The broken line  plotted O¢D) quantum yields are derived as{I3p(\,T))—see the text.

is the latest recommendation by NASA/JRRef. 2 for the wavelength  The broken lines show the current NASA/JPL recommenddfred. 2 for

dependent D) quantum yield from @ photolysis at 227 K for use in  the temperature dependence®f, at each wavelength for use in strato-
stratospheric modelling. spheric modeling.
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both O¢D) and OFP,) atoms, whilst that shown in Fig. 8 95K 27K
comes from measurement of ) atom yields only. Each :
plot was obtained by selecting a photodissociation wave-
length and monitoring the vuv-LIF signal of the f) or
O(®P,) atoms whilst gradually changing the gas tempera-
ture. Again, a number of correction factors need to be ap-
plied in order to equate the measured signal strengths with
absolute quantum yields. Consider first the'D) data sets
(open symbolsin Fig. 7. The signaB;p(A,T) recorded at a
chosen photodissociation wavelengtlas a function of tem-
peratureT was normalized with respect to both photodisso-

318.80 nm

ciation and vuv probe laser pulse intensities, and then scaled =) 5 4 5 +
as follows to give the required @D) quantum yield:
Doppler shift / cm™
Sip(\,T) . . .
Do\, T)=DP1p(N,29) X —F— FIG. 9. High resolution Doppler profiles for the nascentf) atoms gen-
S1p(A,299 erated from the photodissociation of ozone at: 318.80 nm and 286K
left); 324.85 nm and 295 Kbottom leff; 318.80 nm and 227 Ktop right;
O'abs()\ 1295 T (7) and 324.85 nm and 227 kbottom lef). An intracavity etalon was installed
oapd N, T) ~ 295 in the dye laser used to generate the necessary vuv probe radiatien

width ~0.2 cm'1). The photolysis laser and vuv probe laser radiation coun-
The first term simply references the measured signal to thterpropagate through the reaction chamber. The pressure of ozone in the

; - : reaction cell was 4 mTorr and the photolysis—probe time delay was 60 ns.
®1p(),295) value determined from Fig. B;p(,295) is The observed Doppler profiles are shown as dots, while the solid lines

the measured signal at 295 K. In practice, this correctionepresent the curves obtained by fitting the superposition of a wide compo-
term was only significant for the two data sets taken at theent (broken ling corresponding to channé®) and a narrow component

longest wavelength@ig. 8). The third term reflects the tem- (dotted ling corresponding to channél)—see the text for further details.

perature dependence of the parents’ absorption at wavelength

\,2% and the final term allows for the fact that we take mea- . . . .
. - . dyp curves at intermediatk ,;,; fall off with decreasingT,

surements at constaptessurewhilst the relevant quantity is bi _ 319 pd 1 herd . decl

the number density which, if we assume ideal gas behavioﬂ1OSt notably ahho=312 and 318 nm, wherd,, declines

: : ; ; by ~2.5 on cooling from 295 to 227 K. Such results provide
will scale inversely with temperaturé p(\,295) in Eq.(7 :
y P 10 ) a(7) Ierther strong support for the idea that much of the' )

yield observed at these excitation wavelengths results from

in this study, as shown Fig. 5. X ) X
photolysis of internally excited parent molecules.

The filled points in Fig. 7 were obtained by monitoring
the OGP,) atom yield at the chosen wavelengths, as a func-_ , )
tion of temperature, correcting for the temperature depen: High-resolution Doppler profiles of the nascent
dence of the parent number density and absorption crosg—( D) photoproducts
section as in Eq(7), referencing to the relevadi;p(\,295) We measured the high resolution Doppler profiles of the
value derived from Fig. 5 and plotting the result as (1nascent O{D) photofragments from ozone at various pho-
—®,p) vs T. Such an analysis is valid given that we havetolysis wavelengths, scanning the vuv probe laser wave-
already established that the @’Q) spin—orbit branching ra- length around 115.22 nm with an intracavity etalon. The
tio and the lineshape of the 0§3S°—2p 3P,) probe tran- linewidth of the etalon narrowed probe laser was
sition are insensitive to bothandT over the ranges relevant ~0.2 cni'l, as estimated from Doppler measurements of
to Fig. 7. The match between these complementary data seisermalized OfD) atoms. Figure 9 shows the Doppler pro-
for N pho=308, 310 and 312 nm is reassuringly good, as idiles of the nascent AD) atoms from ozone at photolysis
the agreement between the present 308 nm data and the mgavelengths of 318.80 and 324.85 nm at 295 and 227 K,
cent ®,5(T) measurements reported by Talukdatrall®  respectively. Both these wavelengths are beyond the long
The present measurements also agree tolerably with theavelength threshold for chann@dl). The measured Doppler
®,p(N,T) model currently recommended by NASA/JPL profiles consist of two components, one much wider than the
(dashed lines in Fig.)7for wavelengths\ =305 and 312  other, as shown in Fig. 9. As indicated in our previous jet-
nm2 but the agreement with the JPL/NASA cooled study! the wide component comes from the spin-
recommendatiorfideaves a lot to be desired far,,,=308,  forbidden process leading to &F)+O,(X %) products
310, 318 and 324.85 nm. Especially fof,,=318 nm the [channel(2)]. The width simply indicates that the large ex-
discrepancy between our data and the NASA/JPL recomeess energy associated with dissociation cha(Zygbermits
mendation is clearly large. This discrepancy is discussegroduction of fast O{D) atoms. The narrow component is
later with relation to the high-resolution Doppler profile of attributable to the spin-allowed process leading to formation
the nascent GQ) photofragments. Figures 7 and 8 show of O(*D)+ O,(a 1Ag) products[channel(1)] following par-
d,p to be temperature independent both at the shortest areht hot band excitation; its narrowness reflects the very small
longest wavelengths, indicating that the'D) atoms pro- excess energy associated with the spin-allowed excitation
duced at these wavelengths result almost entirely from exciprocess at this excitation wavelength. Figure 9 demonstrates
tation of O; molecules in their grounduv('=0) state. The the increased relative contribution of the wider component at
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TABLE Il. Absolute channel branching for the procesgébsand(2) in the uv photodissociation of Qlerived
from analysis of the high resolution Doppler profiles and the PHOFEX spectra of t2) @hotofragments.

Relative branchiny

T A hot

K (M OHOTIOENT) OSET® OHAT GHOT)  BSHOLTIL- 0O DI

295 318.80 2.810.28 0.25@:0.038 0.066:0.005 0.184-0.028 0.0810.007
319.36 2.520.24 0.23@¢:0.035 0.065-0.005 0.165:0.025 0.0780.006
320.05 1.990.42 0.206:0.030 0.06%0.014 0.13%0.017 0.07%0.016
321.00 1.56:0.59 0.195-0.029 0.076:0.010 0.1190.017 0.086:0.011
322.00 0.850.11 0.15@:0.023 0.08%#0.017 0.0690.010 0.08%0.018
322.71 0.46:0.03 0.126:0.018 0.082-0.009 0.0380.006 0.085:0.009
323.80 0.6%0.08 0.146:0.021 0.08%0.015 0.05%0.008 0.0880.016
324.86 0.240.03 0.106:0.015 0.08@:0.029 0.026:0.002 0.082:0.029
325.28 0.2%0.06 0.096:0.014 0.07%0.011 0.01%0.003 0.0740.011
325.54 0.26:0.03 0.095-0.014 0.0720.007 0.016:0.002 0.08@:0.007
327.50 0.22-0.03 0.105-0.016 0.086:0.017 0.01:0.003 0.0880.017
327.99 0.130.03 0.09:0.014 0.08@:0.023 0.016:0.002 0.0810.023

227 318.80 0.66:0.06 0.105:-0.016 0.0630.010 0.0420.006 0.066:0.011
322.71 0.020.02 0.095-0.015 0.09%0.014 0.002-0.001 0.093%0.014
324.86 0.0#0.01 0.095:-0.014 0.094:0.013 0.00%0.001 0.094:0.013

&Channel branching for channelly and(2) obtained by fitting the narrow and wide components apparent in the
O(*D) Doppler profiles(see the text ®35(\,T) and ®35(A,T) are the OtD) quantum yields via the
spin-allowed(SA) and spin-forbidderiSF processes, respectively, at photolysis waveleigind at tempera-
tureT.

bTotal O(D) quantum yield ah and atT, which is obtained from the PHOFEX spectra measurem@ids.

5 and 6.

‘Calculated from the channel branching and the total'D)( quantum yield, using the relation of
DTN T) = DTN T) + @ Ip(\,T).

dChannel branching to the triplet surface at the crossing point ofRtharface with the triplet surface corre-
lating to channel2) (see the text and Fig. 11

the longer photolysis wavelength and at the lower temperafhe “partial” quantum yields so obtained are also listed in
ture. Each Doppler profile in Fig. 9 contains contributionsTable Il. We note that the quantum vyields for the spin-
from the wide (broken curvg and narrow(dotted curvg  forbidden channe(2) are almost independent of both pho-
components. Their relative contributions to each Doppletolysis wavelength and temperature.

profile were calculated by a least square fitting procedure, so

that the sum spectrurtsolid curve reproduced the experi-

mentally obtained profile. In the fitting procedures, the!V. DISCUSSION

shapes of the narrow and wide components were assumed 40 Model of the photodissociation processes

be independent of the photolysis wavelength and temperaf ozone

ture. This approximation is justified by realising that the
shape for the spin-allowed proce@sarrow componentis
determined largely by the laser linewidth, whilst the Doppler
width associated with the spin-forbidden contributigvide
componentis likely to be little changed given that the avail-
able energy for proces®) changes by only-13% over the

A reasonable consensus is now beginning to emerge as
to the detailed form of the AD) quantum vyield versus
wavelength curve, its temperature dependence and, at least
qualitatively, the explanation for the observed behavior. Nu-
merous previous studies indicate an approximately constant

1 . . . .
photolysis wavelength range used. All measured Dopple ( ?r)] ():{\uaniusnasyleld fo_trh(g) prl%oglsgogégt?r? at wav?—
profiles were well reproduced by this fitting procedure, thusengk S pho‘\t h r:rr;n W'_30é'3 'th_ ' | - 1he tptrr(]aseln
allowing estimation of the branching between chanrigjs work suggests that @lpno= nm the value is at the low

and(2) at a range of excitation wavelengths in the range c)fend of this range. The energy threshold for the spin allowed

f i h i} =310.20.2
318'80._327'99 nm at bo.th 295 and_ 227(Kable 1. The nr;glr?e'l'nr::tgn CvZTuneE( oie((::(lji::ss p;: dtii;o‘vr\)/g)\t/elgenogth (i)s ap-
branching ratio uncertainties quoted in Table Il are the stan- " 1D . .

roached but remains greater than zero right out to

dard deviations returned in the fitting procedure. Given th . .
viat . ! g p , M oho=329 nm(Figs. 5 and Band even to 336 nrif. It is the

total O('D) quantum yields®12®  obtained from analysis . D . )
(D) g y 1D y precise behavior in this long wavelength region, and its ex-
planation, that is the topic of current concern.

of the PHOFEX spectrgalso listed in Table it is thus
Sgisns-:‘kc))lrebi:j(zjecr?l(;lrjmﬁtgpm-ealgsv)egucitzrr:é%%dznfdr?bn%éthe The_data shown in Figs. 5, 6, and 7 serve tq reinforce the
respectively at each excitation wavelength from the relation cor)clusmn that ;pm-alloweﬂ:hannel(l)] photodlssoqatl_qn
of internally excited ozone molecules makes a significant
Total . SF A contribution to the OYD) quantum yield ai pnoe>310 nm.
Q5 =Pp+ P ®) Clearly, the pedestal in the 310-320 nm part of thé)(
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yield curve is more evident at 295 K than at 227Kgs. 5
and 6, or under molecular beam conditioHs? This pedes- B,
tal is associated with the spin-allowed photodissociation of T 51 A\ R
1
&
&

vibrationally excited ozone moleculés!? Such an interpre- o O(D) + Oya'ag)

tation is supported by the temperature dependence of the

®,p curves shown in Figs. 7 and 8, by the form of the oD+ 0x°5)

PHOFEX spectra for forming both &) atomg? and the g0 £

Oj(a *Ay) copartners;® by measurements of the recoil ki- Hot . 0CP)+ Oala)

netic energies of the latfeand by modelling studie¥. bandi| N S 4
Furthermore, in the results section, we have provided Cold band OCP) + OX’%,)

clear evidence that the spin-forbidden dissociation process \

(2) contributes to the formation of AD) atoms at long N,

wavelengths. As Figs. 5 and 6 demonstrate, the current
NASA/JPL recommendations for use in stratospheric model-
ing still underestimate the ®D) quantum yield from @
photolysis at)\phot>320 nm. Figure 8 show®y to be al- FIG. 10. Schematic diagram of the model for the photoexcitation and dis-
most temperature independem}\@got=324.86 nm, implying sociation processes of;@t the wavelength rangey,,>310 nm with sec-

. _tional curves of low-lying potential energy surfaces of &ong the disso-
that the bulk of the measured ED:() atoms arise from pho ciation coordinateR(0O,—0). The potential curves are taken from the Ref.

tolysis of ground state O©molecules. Energetic consider- 23 except for the triplet curves correlating to the spin-forbidden channels.
ations then dictate that these fast fragments can only arise viggmmetry representations are@, point group. OtD) formation via hot

the spin-forbidden channéR). Jet-cooled studiés!? show band excitation foIIov_ved by spin-allowed_dissociat[quhannel(l)] is in_di-
that the fastest OD) atoms arise when exciting within vi- €aed by the broken lines and arrows, while thémyand OFP) formation
. . ) . . processes following excitation of vibrationless ozone molecules are indi-
bronic absorption bands associated with the Huggins systengated by solid lines and arrovisee the text
and exhibit maximum Doppler shifts fully consistent with
fragmentation via channé®). With warmer samples, the at-
tendant rotational congestion leads to some Huggins banglA; —X *A; one photon transitiot?'%2’~?°Hot band exci-
contribution to the absorption at all of these long wave-tation to the repulsive limb of the excité®, (and/or 2*A;)
lengths. The measured Doppler profiles of the photofragmendtate above the dissociation limit for the spin-allowed pro-
O(*D) atoms in Fig. 9 demonstrate the dominant role of thecess(1) results in rapid dissociation to &)+ 0,(a 1Ag)
spin-forbidden proces&®) as the source of the &) atoms  products. Such hot band excitation is indicated by the broken
observed at the long photodissociation wavelengths. The rexrrows in Fig. 10. Excitation of ground state(® A, ,v”
sults shown in Table Il indicate that the ¥X) production =0) molecules at photolysis wavelengths 310 nm cannot
yield via the spin-forbidden GD)+Oy(X %) channel exceed the energetic threshold for'D{+O,(a *A,) pro-
has almost constant valu@gh~0.07—0.08) over the pho- duction and thus these molecules predissociate predomi-
todissociation wavelength ranges of 318—329 nm and is alantly to OFP)+0,(X ®%;) fragments[channel(4)], fol-
most independent of the gas temperature. lowing surface crossing from the photoprepat&d (and/or
Figure 10 shows schematic sections through potentia@ 'A,) state to a repulsive statgabelled R).%® The latter
energy surface$PES$ that can provide a rationale for the process is indicated by the solid arrows in Fig. 10. The yield
photoexcitation and dissociation processes of ozone at ph@f ozone molecules undergoing radiationless transfer from
tolysis wavelengths\ ,;,o~310 nm. These potential curves the initially preparedB, (and/or 2'A;) state to theR repul-
are taken from Ref. 23, except for the triplet curves correlatsive state can be expressed as—@375). The O(D)
ing to the spin-forbidden channels. The number and nature d#HOFEX spectrum obtained following excitation in the
the excited electronic states of ozone reached by one photamavelength ranga ;,,=>320 nm at 227 KFig. 2) and in the
excitation in this wavelength range remains the subject oprevious jet-cooled studitsis seen to mimic the vibrational
some controversy. The strong absorption centered adtructure evident in the parent absorption spectrum. The
~250 nm, the Hartley band, extends into this wavelengttdominant dissociation process at these wavelengths involves
range. The Hartley band has been assigned unambiguously flormation of OEP)+O,(X 325) products [channel (4)]
the strongly allowed'B,—X A; transition. The vibronic whilst the minor yield of OfD) atoms arise mainly via the
structure evident in the absorption spectrum of & A spin-forbidden channdR). These facts strongly suggest that
>310 nm is traditionally referred to as the Huggins bandthe spin-allowed O{P) + O,(X 329’) products{channel(4)]
system. The literature contains two possible interpretationand the spin-forbidden D)+ O,(X 325) products[chan-
for the Huggins system(a) absorption to weakly bound nel (2)] originate from thesame photoexcited state'B,
states supported in the shallow minima in the Q-e&it  and/or 2'A;) of the parent, and that it is unnecessary to
channels of the excitetB, PES, lying below the dissocia- invoke any direct excitation to a parent triplet state to ac-
tion limit to O(*D) + Ox(a *A4)*"?*~*®and (b) transitions to  count for the observed ‘spin-forbidden’ product yield. Thus,
the 2'A; electronic state. The observed weakness of thén the spirit of Fig. 10, we propose that the spin-forbidden
Huggins system in the former interpretation is ascribed tgroducts arise as a result 6§ coupling from the'B,/2 A,
small Franck—Condon factors whilst, in the latter case, it isstate to theR state potential andi) a subsequent intersystem
attributable to the orbitally forbidden nature of the crossing(ISC) from theR state to the triplet surface corre-

O,- O bond length

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7170 J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 Takahashi et al.

1 y - y T T T forbidden process continues to still longer photolysis wave-
lengths than those studied here with a similieg., ~8%)
yield, though we also recognise that the absorption cross-
section of ozone becomes very small at these wavelengths.
Conversely, at the short wavelength limit we suspect that the
relative contribution from the spin-forbidden &) forma-
tion route decreases rapidly and becomes negligible at wave-
lengths N pho<310 nm, because the rate of radiationless
transfer to theRk state and, subsequently, to the triplet surface
is unable to compete with the fast direct photodissociation to
singlet products above the threshold for charigl

In the lower stratosphere and troposphere of the Earth,
O(*D) atoms produced via channély and(2) can undergo
312 390 398 reaction with water vapor in the atmosphere to form OH
radicals, the most important oxidizing agent for many
species® Thus, both for our understanding of the chemical
FIG. 11. Schematic diagram depicting the contributions made by the variouprocesses occurring in the Earth’s atmosphere and for estab-
dissociation processes contributing to the quantum yield spectra f@)O( lishing its oxidative capacity, it is important to determine

atoms from Q photolysis in the wavelength range 305-329 nm. The solid accurately the wavelength and temperature dependence of
curve is the quantum yield spectrum obtained experimentally at 2@5d< 1 . . . . .
5), while the broken curve is that obtained at 227(Kig. 6). Region | the O(D) yield arising from the photodissociation of;0

(shadedl indicates the contribution from the hot band excitation processThe present results indicate that the current NASA/JPL
leading to OfD) formation via channel1) at 295 K, region Il (black recommendatiodsstill underestimate the AD) quantum
e o s o e brssa, 24 3 flom ozoni photoysi at the onger wavelengts, espe-
O('D) formation following excitz;{tion of parent”=0 molecules and dis- Cla”y _at)\phm>320 nm where we show that th,e h):() quan-
sociation via channefl). tum yield has almost no dependence upon either temperature
or photolysis wavelength—findings that are understandable

once we have showiby Doppler line shape measurements

lating with the products GD) + O,(X 329—)_ We can define a_nd by studies of the temperature dependen_ce of the(
the following branching ratios in this latter crossing region:y'eld] that the domlnqnt route.to é]p) formation at these
®IOTAL/(1- D SA) and S5/(1— SA) describing, respec- longer wavelengths is Fhe spin-forbidden procéz)s The
tively, that fraction of the dissociating molecules that remaindeduced_ greater than hlthertq agsumeélll‘)(weld. from Q
on the R surface and yield GP) atoms via channe(3) ph_otoly5|s At phor>320 nm W!” likely have part|cula'r sig-
and/or(4) and the fraction that transfer to the triplet surfacen'f'qaﬁce f(I)r phgtocTemlstry in the atmosphere at high solar
and fragment via chann€2). These branching ratios can be zenith angle and at lower temperatures.
calculated from the present experimental results. Table II
SF/(1 _ dSA ; )

S.hOWS th.at the values db;p/(1 q)lD.) S0 der_lved areé Con- g quantitative analysis of the O (*D) quantum yield
sistently in the range of Q.Gﬂ).Ol, WIFh no discernible de- 0m ozone photolysis
pendence upon the precise photolysis wavelength or the gas
temperature. Thus we conclude that, for all investigated pho- ~ The temperature dependence of the/ @) atom forma-
tolysis wavelengtha ynor>318 nm,~8% of the dissociating tion from ozone photolysis can be simulated using the pho-
molecules ‘cross’ from th& state to the triplet state surface todissociation model proposed above. The PHOFEX spec-
and dissociate via chann€g). trum of O(D) from ozone photolysis under jet-cooled

Figure 11 depicts schematically the contributions thatconditions lrevealed two appearance threshold wavelengths
the various possible dissociation processes make to the mef® the O(D) formation prOCGS_Se]&Z»- The two threshold
sured OED) quantum vyield spectrum in the wavelength wavelengths were interpreted in terms of excitation of
range 305-329 nm. Region | in Fig. 11 indicates the contriground state @molecules, at 3180.2 nm, and to a hot band
bution that hot band excitation and dissociation via channeXcitation, at 320.20.2 nm. The energy difference between
(1) makes to the JD) yield at 295 K, whilst region II these two threshold wavelengths accords well with the anti-
illustrates the wavelength dependence of the spin-forbiddefymmetric stretchlnlg fundamental frequency in He'A;
process resulting in GD) formation via channel(2). The  State (”3=19,42 cm ). Thus it was concluded that popula-
approximate partitioning of regions | and Il is indicated in tion in thevz=1 level of the ground state makes the main
Fig. 11. Region Il corresponds to &) formation via contribution to the hot band excitation. The fractional popu-
channel(1) following excitation of @ molecules in their lation in thevi=1 vibrational level at temperatufk is ex-
ground vibrational level. Clearly, the spin-forbiddfchan-  Pressed by a Boltzmann factor

nel (2)] contribution to the overall 3Q) quantum yield E(v)=1)
© p[_ E(v4=1)
=R 7 ©

becomes progressively less important as we move to shorter kT
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excitation wavelengths but, in the long wavelength regionf(,,gzli-r): .
(A phot>325 nm), it is the dominant route to ) forma- E ex E(»")
tion. It seems reasonable that'®() production via the spin-
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wherek is the Boltzmann constant and we use the condition
E(v")>KkT for all vibrational states. From Eq9) we can
deduce that f(vz=1, 227 K)=1.35x10"% and f(v}

=1, 295K)=6.19x10 3. Even at 295 K, the fractional
population in thevz=1 level is very small, although the
contribution that hot band excitation makes to the'm)
guantum yield spectrum is larg€ig. 11). This large contri-
bution is explicable in terms of the Franck—Condon factor
for optical excitation from the3=1 level at these wave-
lengths being 10 to 100 times larger than that for excitation
from the zero-point level'#1® The ratio of the relative
populations in the3=1 level at 227 K and 295 K i$(v5

=1, 227 K)fi(vz=1, 295 K)=0.22. This is entirely consis-
tent with the present measurements of the temperature de-
pendent OtD) quantum yields at\ ppo=318.80 nm, viz. r
®35(227 K)/D3T5(295 K)=0.23 (see Table I, and rein- 02
forces our conclusion that hot band excitation and dissocia-
tion via the spin-allowed channél) is the dominant source - == -
of O(*D) atoms at this photolysis wavelength. Moving to 0 St
longer wavelengths, e.g., 322.71 or 324.86 nm, the only Temperature / K

spin-allowed dissociation route to &§) atoms should in-

volve hot band excitation from tha}gZZ level of FIG. 12. Plots comparing the experimentally derived temperature depen-

. . . dence of the O(D) quantum yields measured at photolysis wavelengths of
1
O5(X *A;). The measured contributions attributable to the312’ 318, and 324.86 nifas shown in Figs. 7 and)&ith the results of

spin-allowed channéll) at both of these wavelengths, at 227 simulations using E(10) (smooth curves—see the text for further details

and 295 K, are in the rati®;5(227 K)/®55(295 K)~0.04

(see Table ) which is in excellent agreement with the ex-

pected Boltzmann factor of 0.220.04. threshold wavelength for £luv”=0) molecules to dissociate
We now proceed to parameterize the measured waveda channe(1), the contribution ofb S5 (X, T) was ignored

length and temperature dependence of théD)(quantum in the simulation. The simulated quantum yiel@snooth

yield from ozone photolysis based on the model proposed igurves agree well with the present experimental dedpen

Sec. IV A. The total quantum yield for &D) formation at and closed circleswithin the experimental errors. Regions |

photo|ysis Wave|ength at temperaturd, (I)-{STAL()\,T), is and Il beneath the total @D) quantum y|8|d curvébroken

expressed by the following simple equation with reference tdine) in each panel of Fig. 12 indicates the absolute contri-

O(1D) Quantum yield

324.86 nm

the value of the O{D) quantum yield at 295 K; bution made by hot band excitation followed by spin-
TOTAL o A allowed dissociation via channél), and by spin-forbidden
@15 (N T)=PH(N,T) +Pp(N,T) dissociation[channel (2)], respectively. Clearly, the mea-

sured temperature dependence of théB)(quantum yield

— _ ®HSA SA
=0.081-®3p(\ )]+ @Tp(A,T) can be explained most satisfactorily in terms of the dissocia-

=0.08+ o,gg@fgLD()\,T)+cp§'gT()\,T)] tion model described in Sec. IV A.
=0.08+0.92 ®T5"°(\,T) V. CONCLUSION
+0.92 ®HOT(N,295 - f(v,T)/f(v,295), Both O('D) and OFP;) atom photoproducts from the

(10 uv photodissociation of ozone have been detected directly
using the technique of vacuum ultraviolet laser induced fluo-

where®35 (N, T) and®35(\,T) are O¢D) quantum yields rescence at wavelengths around 115 and 130 nm, respec-
arising from the spin-forbidderjichannel (2)] and spin- tively. The photofragment excitatiofPHOFEX) spectra for
allowed [channel (1)] processes, respectively, and both O(D) and OP) atoms were recorded by monitoring
OO\, T) and®HST(N,T) are the OtD) quantum yields the respective vuv-LIF signals while scanning the photodis-
for the spin-allowed dissociation via chann(@) following  sociation wavelength between 305 and 329 nm. Very careful
v”"=0 and v">0 excitation processes, respectively. Thisanalysis of these PHOFEX spectra permits determination of
model implies a slight temperature and wavelength deperthe wavelength dependence of the absolutéD)(produc-
dence for the contribution made by the spin-forbidden pro+ion yield from the uv photodissociation of ozone at both 295
cess(2). Figure 12 illustrates how well this parametrization and 227 K. The detailed temperature dependence of the
[Eqg. (10)] reproduces the temperature dependentD)( O(*D) yield throughout the range 227—295 K has been in-
guantum yields measured at the photolysis wavelengths ofestigated at a number of photolysis wavelengths within this
312, 318, and 324.86 nm. The simulations use the presemange. Comparison between the present results and the most
O(*D) quantum yields experimentally obtained at 295 K atrecent recommendations by NASA/JPL for the wavelength
each excitation wavelength as the reference values. Since alhd temperature dependence of the'l@) yield from O
three photolysis wavelengths are longer than 310.2 nm, thphotolysis highlights remaining deficiencies in the recom-
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