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The solar H Lymare line is, through @ photodissociation, an important source of D}
production throughout the mesosphere and lower thermosphere. To ascertain the energy balance in
this altitude region, it is necessary to know the'DY yield across the solar H Lymam-feature,

since H Lymanea absorption by @ at ~80 km accounts for a substantial fraction of the solar
radiation absorbed in the mesosphere. An earlier laboratory study had provided a value of
0.44+0.05 for the OtD) yield at the center of the solar H Lymanline, where the profile shows

a minimum in intensity due to strong self-reversal of the line. Using tunable laser radiation, we have
determined the JQ) yield from O, photodissociation across the entire H Lymamprofile from

121.2 to 121.9 nm, at a spectral resolution of 0.0015(@rem ). The results reveal a strongly
wavelength-dependent window in the ‘@) vyield, the origins of which are explained using
calculations based on a coupled-channel Sdinger-equations model of the,@hotodissociation.

The calculations, which show significant isotopic dependence near H Lymaredict that the
depth of the quantum-yield window will increase significantly as the temperature is lowered.
© 1999 American Institute of Physids$$0021-96069)00604-2

I. INTRODUCTION Lewis et al® The area of this Lymar profile is the usual
value,®.,=3x 10 photons cm?s™ 1, which is representa-
The coincidence in wavelength between the H Lymaan- tive of a quiet-Sun activity levét’ The line has a minimum
line (\=121.6 nm and a deep window in the Qphotoab-  of intensity at line center due to absorption by geocoronal
sorption cross section has important consequences for thg/drogerf The full width at half-maximur{FWHM) of the
photochemistry of the terrestrial atmosphere. Atmospherigine is 0.08 nm(54 cmi %) and the flux at its center is about
photodissociation of ©by solar Lymane radiatiort contrib-  one-quarter of its peak value. In the laboratory, a typical
utes an important fraction of the total &) production in  hydrogen-discharge lamp has an unreversed, or only slightly
the 75-82 km altitude region, with the remainder comingreversed, Lymane profile which is typically 0.0015 nm
from O; photodissociation in the 200—300 nm Hartley band. wide. To the extent that the é[()) yield may vary across the
Schumann-RungéSR) band absorption leads exclusively to 0.08 nm solar linewidth, conclusions about atmospheric
O(®P)+O(°P) products, whereas it has been known since0(D) processes based on laboratory data obtained using
the work of Leeet al? that the quantum yield for @D) at  such a source could be suspect. In the work of &eal.? a
Lyman- is 0.44+0.05. value of 0.44-0.05 was reported for the &) yield at
Whether O{D) or O(°P) is generated in a particular |yman-, obtained using a laboratory hydrogen-discharge
altitude region is an important question, as it affects both thgamp source. In the 120—130 nm spectral region, it was ob-
chemistry and the energy balance in that region. The chemierved that the GD) yield showed sharp variations. How-
cal reactivities of OtD) and O@P) are quite dissimilar, and ever, it remains unclear whether the measured yield is rel-
the details of the processes by means of which the electronigvant to Q photodissociation by actual solar Lymansince
energy of O{D) and the translational energy of &) are  the laboratory determination was made at exactly Lyran-
dissipated are also distinct. It is therefore essential to detef-e., in the core of the Lyman-profile where the solar irra-
mine the yield of O{D) at Lyman«, and it is particularly  diance has a minimum. It was thus necessary to develop a
important in an experimental determination to use radiationight source with a tunability range of at least 0.1 nm, so that
that has narrow-enough bandwidth to allow measurement ahe entire width of the solar Lymaa-profile could be inves-
the wavelength dependence of the yield within the peculiatigated. For that purpose, we used a tunable vacuum-
solar Lymane line shape. ultraviolet (VUV) pulsed-laser light source with a bandwidth
Figure 1 shows the solar Lyman-profile as param- of ~1 cm ! (0.0015 nm FWHM and a tunability>10 nm.
etrized by Chabrillat and Kockar‘ﬁstogether with the @  This source was designed by Meyer and Fazisd will be
absorption cross section at room temperature measured Réscribed briefly in Sec. II.
Selected potential-energy curves foy &e shown sche-

dpresent address: Tech Semiconductor, Woodlands, P.O. Box 0353, Siﬁnati(ial_ly in Fig. 2. When @'5 excited fr_om its ground state
gapore 917302. ngg into the so-called “window region”(110—-130 nm,
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(CSB calculation of the partial °3; X *% ;" photodisso-
ciation cross section yielding &)+ O(®P) and comparing

FIG. 1. Detailed view of the solar Lymam-profile (the solid line, left axis it with the known experimental photoabsorption cross sec-
as parametrized by Chabrillat and Kockaief. 4) for a quiet-Sun activity  tion.
level, showing its position near the minimum of the Photoabsorption

/ ! ' This article is divided in two main sections: an experi-
cross sectioriRef. 5, connected squares, right axis

mental sectior{Sec. I), which includes a description of the
data-analysis and presentation of the experimental results,
9.6-11.4 eV,'° an area of complex interactions betweenand a theoretical sectioriSec. Il)), where the OD)
Rydberg and valence states, it is free to predissociate to & O(*P) quantum-yield calculation using the CSE method is
number of its lower dissociation limits. The energetically- described and compared with the experimental yield.

and spin-allowed dissociation channels are

_ Il. EXPERIMENT
0x(X3®35, v=0)+hv—0(*P)+0O(*P)

. ) A. O(*D)+0, collisional energy transfer
O(°P)+0O('D
—0CP)+0(D) We measured the relative &) quantum yield from @
—0OCP)+0(19), photodissociation between 121.2 and 121.9 nm at room tem-

with dissociation thresholds of 242, 175, and 133 nm, re}())egaDture USiTgt_ ® of normal _iSOt%piC ;Omaﬁsiti?nli T_he
spectively. In principle, fluorescence is also a possible relax- (D) tpopufa ion \;\./as. monttored using the Toflowing
ation mechanism, but Lest al3 estimated from their experi- energy-transter reaction:
ment that the @ fluorescence yield after photoexcitation in O('D)+0,—0,(b 12; ,
this energy region was:0.001. Predissociation is therefore .
the domigr?;nt grelaxation mechanism. Also, Ridleyallt Where about 40% of the Qb 'Xg) molecules are formed in
have determined experimentally an upper Iir’nit of GOR01 the v=1 vibrational level and the remaining fraction in
for the OBP) +O(*S) dissociation yield at Lymars, Other =0.35% There is strong evidence that the efficient removal
i 15+ _ _ — 11 —1\17

workst?!® have also reported a yield for this channel of of Op(b 24 , v=1) b%Oﬁ(k_l'Ei}o . crr?s )~ pro-
<0.02, in general, between 116 and 125 nm. The channeguce_s pr|.n$:|pally b2y, U:O)LUWh'Ch,'lS (iiseact_lvated
0(P)+0(3P) and OfP)+O('D) are, therefore, the only V€Y inefficiently by Q (k=3.9<10" " cn’s™). T[TI'; en-
significant relaxation pathways availabfe. ableg one to use the fluorescence of tE3,

The photoabsorption spectrum of, @ the window re- _’i( 24(0,0) transition at 762 nm as a measure, of the
gion is dominated by electric-dipole-allowed transitions from(_)( D) pop_ulatloér;. The radiative lifetime of the "4 (v
theX 33 - state into the strongly mixed Rydberg and valence~ ©) State is 11 s The reason for using ref\ctl(m) for our
states O%EJ and®I1, symmetry. Thenpo, °I1, states pre- melasuremegnt is that. direct detecnqn of*DJ using .the
dissociate to the 3P)+0(P) dissociation limit via the O(P)—O(P) emission at 630 nm is much more difficult
repulsive 7, 30, 31, valence state, and thapm,3S since OED) has a radiative lifetime of 147($§1ef. 18 a?dfss

1 u . ] _ _ _

states predissociate principally to the!0)+OCP) limit deactivated very efficiently by Q(k=4x10"*! cm®s™?).
via the i B33 valence state, the upper state of the SR :
transition. For comparison with the experimental results, weB' VUV generation
have also estimated theoretically the'Dj+ O(3P) yield We photodissociated Owith tunable VUV laser light
by performing a coupled-channel ScHiager-equations generated by a two-photon-resonant difference-frequency

v=0,1)+0(°P), 1)
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(2PRDFM mixing process using an ArF excimer laser and a_, x5 (1,2) transition (83438.44 and 82909.46 ch,
Nd:YAG-pumped dye laser. Tuning of the VUV wavelength yegpectively'® in order to calibrate the VUV spectrometer,
was provided by varying the dye-laser wavelengivy  and then VUV was produced using 2PRDFM. The VUV
=2vne— vayd. This VUV laser system has been described,yayelength measured with the spectrometer defined the true
extensively in a recent articl@nd will be summarized here. dye-laser wavelength, sineg,r was tuned to a known two-
The ArF excimer-laser beafd0 Hz,~20 mJ/pulsgand  photon resonance of H This procedure yielded an accuracy
the Nd:YAG-pumped dye-laser beai@oumarin 47, 10 Hz, o <001 nm (+7 cm %) for VUV wavelengths near
~9 mJ/pulsg were focused into a phase-matched gas Mix{ yman«. The bandwidth of the VUV light is not known
ture of H, and Kr (H;:Kr=10:1) or Kr and Ar(KrAr — precisely, but is estimated to be on the order of 1-&m
=1:4.1). The VUV generation efficiency was enhanced by(0_0015 nm FWHM on the basis of a previous experiment

tuning the ArF laser to a two-photon resonance of H ysing the same lasers and VUV generation sch&me.
(103 487.08 crmt) when using the KtKr mixture, or of Kr

(103363.43 cm?) when usipg the Kr:Ar mixture. For our ¢ 0, flow cell

measurements, the Kr:Ar mixture was necessary to generate _

VUV across the Lymane line because the use of,Hro- The VUV beam entered and exited the, @w cell
duces H atoms which absorb VUV at that wavelength. Théhrough Mgk windows situated 28 cm apart. Two pressure
focal points of the two beams were spatially and temporallyd@uges(100 and 760 Torr ranggsneasured the Opressure
overlapped in the mixing cell whose exit window was an the cell. G was flowed at 4.6 slpnistandard liters per
MgF, plano-convex lens R=20 cm). The laser beams minute in order to prevent a build-up of Oconcentration
(VUV, ArF, and dy8 struck the lens off-center and were thus due to the production of O atoms from, Photodissociation.

dispersively separatetihe lens also acted like a prigrin This is particularly important since the photodissociation of

. l + .
addition to being collimated over a distance of about 1.4 nO3 ¢an lead to the production of &) and (b '3 y) via

in vacua At the end of this vacuum path, largé mm diam € Spin-allowed 1dis+so§1iatio.n channels'Dj +O,(a*A)
and small(1.5 mm diam apertures were used to select the 2d O(D) +O,(b '27),* which have respective thresholds

VUV beam and suppress stray light from the ArF- and dye-°f 310.3 and 266.9 nm. Moreover, the @ O, absorption
[oss-section ratio at Lymaa-is about 100. The use of a

laser beams. A red phosphor screen was used to locate tfEOS X . ;
VUV beam and center it in the 1.5 mm aperture. The absosStatic cell is thus not acceptable for this experiment.

lute intensity of the beam was eye-evaluated from the inten- ]

sity of its spot on the phosphor screen. On the basis of &+ Fluorescence detection

single measurement with a pyroelectric energy probe made Fluorescence at 762 nm from tnuglzgﬁx 325(0,0)
immediately after the beam was observed on the phospharansition was detected in photon-counting mode by a cooled
screen, we estimated our VUV energy during this experimenPMT (RCA C31034 operated at 1.9 kV and situated on the
to be <0.5 uJ/pulse. The relative VUV intensity was moni- top face of the flow cell. From its point of emission in the
tored between the 1.5 mm aperture and thefl@w cell by a  center of the cell, the fluorescence passed successively
solar-blind photomultiplier tub€PMT) (EMR model 542G- through a fused-silica plano-convex lens=(5 cm, 4 cm
08-18 operated at 3.5 kV and mounted at right angles to theliam), a glass long-pass filtéBchott RG-715 and a Kodak
beam. This PMT has a Csl photocathode providing00x Wratten 89-B filter. A spherical mirrorR=3 cm, 3.5 cm
more sensitivity at Lymarx than at the ArF wavelengtth  diam) was also placed at the bottom of the cell to enhance
=193 nm. When the pulses from the dye and ArF lasersthe fluorescence collection efficiency. The length of the
were not temporally overlapped, therefore preventing VUVVUV laser beam path seen by the PMihe detection re-
production, the PMT did not generate any detectable signaion) was 1.5-0.5 cm. The distance between the beginning
The output of the PMT was preamplified and fed to a boxcawof this detection region and the entrance window of the flow
averager, the dc output of which was voltage-to-frequencyell was 8-0.5 cm. The pulses from the PMT were pream-
converted. In this form, the signal could be sent into theplified 100X and sent to a dual-channel photon counter
second channel of the photon counter used for th&Dp( (Stanford SR40Dwhose second channel was used to mea-
yield measurement. sure the relative VUV intensity.

The VUV wavelength was tuned by varying the dye-  Theb 'S — X33 (0,0) fluorescence counts were accu-
laser wavelength manually via the position of its grating. Wemulated during a time gate open between 0.4 and 10.4 ms
calibrated the VUV wavelength, and thus, indirectly, theafter the VUV laser pulse. The position and width of the time
dye-laser grating dial, using a VUV spectrometer and knowrgate were determined by the lifetime of théEJ(v=0)
VUV emission lines. We produced VUV emission lines state and the amount of stray light generated by the laser
around 120 nm by generating amplified spontaneous emigulse. The fluorescence lifetime was measured in a simple
sion (ASE) in 50 Torr of H,. When tuning the ArF laser to preliminary laser-induced fluorescen¢dF) experiment. We
the Q(1) line of the E,F'S;«—X'%;(6,0) two-photon excited theb 'S ; —X 33 (1,0) transition of Q at 686.9 nm
transition of H, sufficient population was transferred from with a pulsed Nd:YAG-pumped dye laser and detected the
the ground state to produce ASE from theF state to the b'X;— X33 (0,0) fluorescence at 762 nm. With 100 Torr
B> state, and also subsequent ASE in the VUV from theof O, (99.995% purity flowing in the cell, we observed a
B state to the ground statghe Lyman bands First, we fluorescence lifetime of 2 ms, which is four times shorter
observed theR(1) and P(3) ASE lines of theB!S than the value of 8 ms expected from the quenching of

Downloaded 17 May 2006 to 128.111.246.49. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1952 J. Chem. Phys., Vol. 110, No. 4, 22 January 1999 Lacoursiere et al.

O,(b13F, v=0)b 15\ne first thouaht that this shorter TABLE I. Characteristics and experimental conditions for each wavelength
2( Eg v ) y O, 9 .region used in the D) quantum-yield measurements.

lifetime could be caused by water vapor or another contami-

nant coming from the @ cylinder. The rate constant for \-range P(O,) No.of Nonlin. P(med)
quenching of @(b'X}, v=0) by H,0O is large enough  Region (nm) (Tor)  points  medium  (Torn
(k=5.4x10 2 cmPs™ J£?) to cause this effect, at the specified 1214812164 1426 9 KA 100410
impurity level for the Q cylinder. Since a longer fluores- 5 1214512167 1446 9 KrAr  100-410
cence lifetime results in a better signal, we tried to condense 3 121.65-121.91 871 14 H:Kr  200:20
the impurities by flowing @ through a bath of dry ice and 4 121.79-121.86 871 6 H:Kr 200:20
isopropanol prior to its injection into the cell. Unfortunately, 121.24-121.54 281 12 Hp:Kr— 100:10
6 121.42-121.50 871 3 H:Kr  100:10

this lengthened the lifetime from 2 to only 2.2 ms. Interest-
ingly, we also observed that the fluorescence lifetime de-
pended on the flow cell used. The lifetime was 2 ms with the

stainless-steel cell used for the experiment at Lyraaand 0, b 123—%)( 329—(0'0) fluorescence signal will depend not

only 0.83 ms with a black-anodized coated cell. It thus ap'only on the wavelength dependence of thé @y yield, but

pears that most of the impurities shortening the ﬂuorescencglSO on the wavelength dependence of the absorption
lifetime come from the cell walls, a black-anodized Coatingcross section, as shown by E¢@) and(3). This dependence
being a more efficient adsorber than stainless steel. As @ ot pe reflected in the data analysis. Second, it is clear that

precautionary measure during the experiment at Lyman- y,o nressure dependence of the signal intensity at a given

i i I + () —
efficient at quen.chm.g thé ">, (v=0) state. We do not As the VUV wavelength varies, the pressure giving the op-
know, however, if this actually lengthened the fluorescencg;,, ,m signal will change due to the variation of the &b-

lifetime since the signal at Lymaa-was too low to permit sorption cross section. Since obﬂ2;—>X 325(0’0) fluo-

an easy measurement. _ rescence signal was not very large, it was difficult to measure
In summary, with the setup described above, we detecteﬁ]e O(D) yield across and beyond the solar Lymampro-
15+ 3y —
an average of 13 Ob 29 —X"%4(0,0) fluorescence file at constant @ pressure without losing the signal. We

events per VUV laser shot, with an average signal-toyherefore measured the &) yield over a given wavelength
background ratio of 2.7. The background counts most probzegion and then changed the pressure to measure the yield
ably originate from the typical reddish fluorescence produced, or another region.

when the VUV laser beam, and to a lesser extent the ArF g ja1a were acquired in the following way. After hav-
stray light, traverse the MgFwindows of the cell. ing manually set the VUV wavelength to a given value, the
fluorescence counts and the VUV level were accumulated
simultaneously for 600 laser shots under each of the follow-
ing conditions:(1) with O, flowing in the cell;(2) without

The intensity S(\) (counts per laser pulgseof the O, in the cell;(3) without G, in the cell and with the ArF-
b12$—>X32;(0,0) fluorescence signal at wavelength and dye-laser pulses desynchronized, thus preventing VUV
which is proportional to the GD) quantum yield®ip(\), production;(4) with O, in the cell and the ArF- and dye-laser
is given by pulses desynchronized. Conditidfi) measured the signal

_ proportional to the O{D) production, or “O¢D) signal.”

S(M) = eNapd M) P1p (M), @ Condition (2) measured the fluorescence background, which
where € is the b 1zg—>x 3EQ(O,O) fluorescence detection varied linearly with the relative VUV intensity. Conditid)
efficiency, andN,,d\) is the number of photons absorbed allowed measurement of the background in the VUV chan-
per laser pulse in the detection region. If the number of phonel. The comparison of the fluorescence counts in st8ps
tons per laser pulse entering the cell at waveleighf(\), and (4) was important because it confirmed that stray light
Napd\) will be given by from the ArF laserA=193 nm was not intense enough to

_ _ _ _ produce fluorescence from its absorption by, @r, poten-

Napd M) =f(N)exd —a(M)plog{1—exd —a(Mpl1]}, () tially, O;. The data were taken in segments of six overlap-
wherelo=8%0.5 cm defines the preabsorption region, i.e.,ping wavelength regions. Table | lists for each wavelength
the length between the entrance of the cell and the beginninggion the Q pressure, the number of points, and the non-

of the detection regiorl;=1.5+0.5 cm is the length of the |inear medium used to generate the VUV light.
detection region,o(\) is the absorption cross section

(c? molecule’ ) of O, at wavelength\, and p is the G
number densitymolecules cm?).

One of the difficulties in measuring the ) quantum We measured theelative wavelength dependence of the
yield in the Lymane region is the fact that the {absorption  O(*D) quantum yield, which is proportional to the absolute
cross section increases very steeply when moving away fro®(*D) yield, ®15(\) of Eq. (2). In other words, we did not
its minimum value near 121.6 nffig. 1). This fact has two calibratee, the b 1Egex329_(0,0) fluorescence detection
consequences. First, the wavelength dependence of tledficiency. For each point of a given wavelength region, a

E. Data acquisition

F. Data analysis
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number directly proportional teb:p(N\) was extracted by T 35
normalizing the experimental sign&(\) usingN_,{\) [Eq. 12

(3)]. In Eq.(3), the numbeif (\) of photons entering the cell [
per laser pulse was not measured, but was proportional to the
measured relative VUV intensitl,,, . From Egs.(2) and 1.0

(3), with c(N\)=Ng,d\)/f(N\) as the correction factor ac- [
counting for the variation of the absorption cross section of

w
)

N
&)

(;wo , OL) NOILO3S SSOHO NOILdHOSaY o]

O,, we obtain g 08
i
Dip(N)cS(N)/[e(M)yyy]- 4 ; 20
In the determination o€(\) we used the room-temperature E 06
O, absorption cross section of Lewet al,® corrected for g 15

pressure effects, for wavelength regions entirely contained & |
between 121.4 and 121.9 nregions 1 and 2 in Table),l —g 04

and the parametrized cross section of Desal?? for re- s
gions extending beyond this rangegions 3—& The uncer-
tainty of those cross sections 185%. With this correction

-
=3

procedure, the relative wavelength dependence of th®D( o s 0108
yield was determined within a single wavelength region.

Since each of the six wavelength regions scanned partially oo bt et AT ] 00
overlapped the neighboring ones, the relative'm)( yield ’ 1213 1214 1215 1216 1217 1218 1219
across the entire wavelength range could be obtained by scal WAVELENGTH (nm)

ing the data so that they formed a single continuous curve. _
On average. the uncertainty in the data points 8%. of FIG. 3. Measured GD) quantum yield(squares, left ax)s The param-

. g ! i y . ,p ! . etrized Q absorption cross section of Dost al. (Ref. 22, the dashed line,
which two-thirds arises from uncertainty in the correctionyight axis and the solar Lymane profile (Ref. 4 are reproduced in the
factor c(\). An additional uncertainty of-5% should be bottom part of the figure. The solid line superimposed on the experimental
included to take into account the fact that the Wavelengtﬁiata points is a Qaussmn Iegst-squares fit between 121.46 and 121.67 nm.

. . . The open circle is the previously measured value of @45 for the
range of our experiment necessitated the use of expenmentgtlD) vield (Ref. 3.
O, photoabsorption cross sections from two sources which

differed slightly in their region of overlap.

The quantity of interest for modeling the ) produc-
tion rate by solar Lymane in the mesosphere and lower

Our measured OD) quantum yields are shown in Fig. thermosphergMLT) is the weighted-mean quantum yield
3 and listed in Table II.Z;I'he parametrized, @bsorption  (®15) given by
cross section of Doset al““ and the solar Lymaia profile
of Chabrillat and Kockarfsare reproduced in the bottom part (D1p)= [ Pip(M)I(N)dA = [P (MF(N)or(A)dA ,
of Fig. 3. The solid curve superimposed on the experimental JI(n)dA JE(N)o(h)dA
data points is a Gaussian least-squares fit to equally weighted ®
data points between 121.46 and 121.67 nm. It is important tavhere integration takes place over the solar Lymgprofile.
recall that our yield measurements were not made absolutelyn Eq. (5), J(\) is the photolysis rate of 9 given by the
In the earlier study of Leet al.® it was possible to obtain a productF(\)o(\), whereF()\) is the solar Lymanx flux. It
yield at Lymane relative to measurements in the will be shown in Sec. Ill that the D) quantum yield
Schumann—Runge continuum at 135-175 nm, where it i®i5(\) is also a function of temperature, as is the &b-
accepted that the @D) yield is unity. This was not possible sorption cross sectiomr(\).® In the MLT, the weighted-
in the present situation, with limited tunability of the laser mean OtD) vyield will therefore depend on altitude via the
system. We were therefore faced with two choices: either téemperature dependence ®f\) and®i5(\). Interestingly,
use the earlier laboratory Lyman-value, 0.44-0.05, as a the wavelength distribution of the solar Lymarflux F(\)
point of normalization, or to use the results of our calcula-is also a function of altitude. As pointed out by Nicoféthe
tions (Sec. Il) which indicate that, as the photodissociation shape of the @ absorption cross section within the solar
wavelength approaches the peak of the 120.6 nm ‘“secontlyman-« profile (Fig. 1) will generate stronger absorption of
band” of O,, the yield should become unity. Fortunately, the low-wavelength half of the profile than of the high-
these two choices do not lead to very different final resultswavelength half, thus deforming the profile as the light pen-
Because the short-wavelength yield appears to reach a limietrates the atmosphere. This deformation will cause the
ing value at the same time as the absorption cross section vgeighted-mean JQ) yield to decrease with decreasing al-
rapidly increasing toward the 120.6 nm peak, it seems reditude.
sonable to judge that this limiting value is, in fact, unity. By Given the purpose of this work, here we will limit our-
normalizing in this manner, the laboratory Lymarvalue, at  selves to calculating the weighted-meanD) quantum
121.57 nm, is increased from 0#8.05 to 0.530.05, yield at room temperature using the @bsorption cross sec-
which we believe does not do injustice to the earlier work. tion of Lewis et al.® the parametrized profile of Chabrillat

G. Results and discussion
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TABLE Il. Experimental O{D) yield as a function of wavelength. IIl. THEORY

N (nm?  Regio® OCD) yield® X (hm? Regio® O('D) yield® As implied in Sec. |, the total Pphotodissociation cross
121.243 5 098018 121599 1 0.490.03 section in the \{vindow region may be thought_ of as the sum
121.270 5 1.0£015 121610 2 0.5%0.03 of cross sections for the allowed transitions into the
121.297 5 1.0£0.12 121621 1 049003  Rydberg-valence couplett; and ®Il, states, the JD)
121.324 5 1.060.10  121.632 2 0.450.02 +O(®P) photofragments arising entirely frof | dissocia-
121.351 > 1.080.08  121.643 1 056006 tions. In Sec. Il A, we model the AD)+O(P) quantum
121.378 5 0.920.07  121.648 3 0.480.03 o . : .

121.406 5 097007 121665 3 0.580.03 yield in the vymdow region near Lymaa-using the CSE
121.420 6 0.950.12 121.665 2 0.490.07 method, and in Sec. Il B the results are Compared with our
121.433 5 0.920.07  121.682 3 0.570.03 measured quantum yield.

121.447 2 0.970.11  121.698 3 0.580.03

120460 5 08006 121726 3 onos A Method of calculation

121.479 1 0.8+0.07  121.743 3 0.660.04

121.488 5 0.720.09  121.760 3 068004 1. The CSE method

121.490 2 0.7%0.05  121.777 3 0.660.04

121.501 1 0.720.05  121.794 4 0.670.06 In the case of Rydberg "’F”d vale_nce states c_)f the same
121.502 6 078009  121.805 3 0.740.05 symmetry with molecular-orbital configurations differing in
121.512 2 0.620.04 121.822 4 0.720.06 one or two of the occupied orbitals, such as%ﬂ% and32[,
121.515 5 0.7%0.07  121.833 4 0.740.07 states of Q, respectively, there may be strong interactions
121.523 1 0.7€0.04  121.839 3 0.740.05 which  invalidate the  Born—Oppenheimer (BO)
121.534 2 0.640.04 121850 4 0.750.07 approximatiorf* This breakdown of the BO approximation
121.543 5 0.520.04  121.856 4 0.760.07 ; . . :
121544 1 062003 121862 4 0.740.07 may be addressed by using a CSE model in which the inter-
121.555 2 057004 121.873 3 0.650.06 actions between the BO basis states are included explicitly.
121.566 1 0.520.04  121.890 3 0.690.07 In the adiabatic basis, the adiabatic potential-energy curves
121.577 2 0.480.07  121.907 3 0.860.08  for the BO basis states exhibit an avoided crossing and these
121583 ! 0.540.03 states interact nonadiabatically through an off-diagonal ele-
awavelength calibration uncertainty0.01 nm(see the text ment of the nuclear kinetic-energy operator. In the diabatic
PScan region containing tabulated datum pdgsee Table )l basis, the diabatic BO basis-state potential-energy curves

‘Tabulated uncertainties are statistical, representing one standard deviatiggrgss and interact through an off-diagonal element of the
An additional uncertainty of-5% should be included to account for the use lectrostati H iltoni P ided that let
of two experimental @photoabsorption cross sections which differ slightly elec ros_a IC am', Onlan' rovige at a complete
in their range of overlagsee the text electronic-state basis is employed, then the results of CSE
calculations are insensitive to the choice of an adiabatic or
diabatic basis set. In practice, it is sufficient to include only
] ] enough interacting electronic states to accurately describe
and Kockart$ representing the solar Lymandine shape at gspectra in the energy region of interest. In this work, we
the top of the atmosphere, and our measuretDP(yield.  choose the diabatic BO basis, as this has the attractive prop-
The weighted-mean é_D) yield is calculated using Eq5),  erty that the wave functions, potential-energy curves, and
where the integration is performed on a grid defined by th%oupling matrix elements can be expected to change
experimental data points using the trapezoidal method. Thi§moothly with internuclear separatiét
calgulat|on yields the resthI)_1D>=0:58t 0.06. It is ver|f|ed. The techniques of scattering theBhhave been adapted
easily that the same value is obtained when using the fitteg the calculation of molecular photodissociation cross sec-
Gaussian O{D) yield shown in Fig. 3. This functional form ions. The CSE formalism, detailed by van Dishoetkal 2
of the yield, which may prove useful in atmospheric model-54 Toropet al,?’ is particularly suitable for treatment of the

ing, is given by strong Rydberg-valence interactions ip @d has been ap-
<b()\):1.08—{0.168[0.1](277)1’2]} plied pzrse\gifusly fco explain unusual fea.tures i_n the spectrum
of 0,.“°7>* Details of a CSE formulation suitable for the
X exp{— 0.5 (A —121.623/0.11]%}, (6)  description of rovibronic photodissociation of, @ave been

given by Lewiset al?® Briefly, for a transition from a given

rovibrational level of an initial uncoupled electronic state
into then coupled stategk, which includen, open channels,
the partial photodissociation cross section, in’cro the
open channely is given by

where\ is in the range 121.46-121.67 nm. It is also inter-
esting to note that, when using only the numerator of(&j.
one finds that the low-wavelength héif<121.57 nm of the
solar Lymane profile at the top of the atmosphetEig. 1)
produces two-thirds of the ®D) generated by the full solar

Lyman-a line. O yEJ—iv"3"Q" = 1.225x 10" 2391/
In addition to being consistent with the previous value of 5
the yield at exactly Lymane, our experimental wavelength- X[{(xyes(R) M| Xipryran(R))|?, (7)
dependent D) yield agrees well with the results of a and the total cross section by
semi-empirical CSE calculation. Section Il explains how the N,

calculations were performed and compares them with the

. OEJ—iv"d"Q" = E O yEJ—iv"3"Q" 8
experimental results. y=1
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whereE is the coupled-state energyjs the rotational quan- cross section becomes weak and oscillatory, and, in the ab-
tum number,v is the transition energy in cnt, the degen- sence of experimental information enabling refinement of the
eracy factorg=(2— 8o +7)/(2— 89 »), and the transition 311, model parameters pertinent to this region, cannot be
matrix elements are in atomic units. In E@), x,e;(R) is  regarded as reliable. On the other hand, the stibrayoss

the nxX1 vector of coupled-channel radial wave functionssection which dominates this region of the spectrum can be
with outgoing flux into channey, xi,»yq»(R) is the vibra-  characterized well by a CSE treatment. Lymaries be-
tional wave function of the initial state, and the elements oftween the longest and second bands ¢f*®at ~124.4 and
thenX 1 rotronic transition-moment vectdd are the prod- ~120.6 nm, respectively, very strong predissociating reso-
ucts of appropriately normalized electronic transition mo-nances associated with the=0 andv=1 levels of the
ments M, (R) and rotational matrix elements of the E 33 state, the upper adiabatic state resulting from’thg
direction-cosine operator. The coupled-channel radial waveRydberg-valence interaction. Therefore, in this work we cal-
function vectory,e;(R) is the solution of the diabatic-basis culate only the partial and tota cross sections, estimating
coupled Schidinger equations, expressed in matrix form, the total OtD)+ O(®P) quantum yield in the Lymane re-

) gion using the expression

d 2u
|ﬁ+ ﬁ[El—V(R)—V“"(R)] X,ei(R)=0, (9
Dip(N) =05, (M a(N), (11)
where w is the molecular reduced mads,is the identity
matrix, V(R), of dimensionnXn, is the symmetric diabatic
potential matrix, the diagonal elements of which are the di . L N T IS
abatic electronic potential-energy curvég(R), andV™{(R) section. It is important to ngte that it is assumed implicitly in
is a diagonal matrix with elements given by matrix eIementsEq' (11) that the cross sectlonszl[g)\) ando(M) refer to the
of the rotational part of the molecular Hamiltonian. The cou-S@me isotopic variant or mixture of O For most wave-
plings between the interacting electronic states are given bigngths, cross sections for,@f normal isotopic composition
the off-diagonal elements &f(R), containing the effects of are indistinguishable from those f&0,. However, as will
electrostatic, rotational and spin-orbit interactions. be seen in Sec. Il B, this does not apply to the cross-section
If the electronic wave functions are expressed in theMinimum near Lymanx where it is essential to use 3up
Hund's case(a) e/f parity basi€* then the only nonzero Cross section properly corrected for isotopic effects before
elementsM,(R) arise from dipole-allowed parallel and per- €stimating O{D) quantum yields using Ed11).
pendicular transitions between casg basis states and for- Our CSE model, optimized using experimental informa-
bidden transitions borrow strength via the explicitly calcu-tion over the 110.0-140.0 nm range, provides an accurate
lated upper-state mixing processes. For a finite temperaturéescription of a large number &f, features in the window
the effective partial(or tota) photodissociation cross sec- 'egion of the @ spectrum. A detailed description of the op-
tions can be expressed as the sums of cross sections into tH@ization of the model parameters is given elsewtidre.
upper-statee andf levels, each of which is calculated sepa- Briefly, the model includes th@=3 and n=4 Rydberg
rately as a Boltzmann average of E@) [or Eq.(8)] overthe  States and the lowest valence states®f , °%; and 'S
initial distribution ofv”,J”, and, in the case of a multiplet, Symmetry, and takes into account Rydberg-valence cou-
Q" orF. plings for each symmetry3s;—33 % and 33—
Rydberg—Rydberg spin-orbit couplings-(00 cm't), and
S-uncoupling in the triplet states B J(J+1)). The®3 |
o _ o and’3 | states have been included to allow a description of
In principle, the photodissociation onQear Lymane  the forbidden band systems, p3, fng(_x 32& and
at ~121.6 nm can be modeled by performing separate CSBpr, D 33 P X Sg; . which are visible in the window re-
calculations of the Rydberg-valenctl,—X°%y and®X,  gion. Within the framework of the CSE model, these forbid-
—X%3; total photodissociation cross sections, which weden systems occur by borrowing strength from the allowed
denote as the I1” and “X” cross sections, respectively. 33, —X?33 transition through spin-orbit interactions be-
Since thell, dissociations yield only Gf)+O(*P) prod-  tween components of thep3Rydberg complex. As will be
ucts, the total O{D)+O(°P) quantum yield would then be sgen in Sec. Il B, the inclusion of th& states is particu-
given by larly important for an accurate estimation of the 'Dj
Drp(N) =05, (M/[os (M) +ap(V)], (10  quantum yield near !_ymapz; since thenpm, 323 Rydberg
states, which are spin-orbit-coupled to the isoconfigurational
where oy, (A) is the partial 3 cross section yielding 357 states, are predissociated by thgmy A%S state, the
O(*D)+O(CP), denoted as 21p.” However, significant upper state of the Herzberg| system, which correlates with
uncertainties result in thEl cross section and the quantum the OP)+O(3P) limit. Thus, in certain narrow spectral
yield determined in this way. The nearest identifiablg, regions the O{D) quantum yield pertaining to th® spec-
<—X32§ features in the @ spectrum occur at-135.5 and  trum will fall below the value of unity expected for putg ;
~116.2 nm, associated, respectively, with the lower and uppredissociation. Our calculated cross sections were obtained,
per adiabatic states formed due to the strdHg Rydberg- formally, by summing separate upper-stagdevel and
valence interactioR® In the extensive energy region between f-level calculations. Thes-level block included the twelve
these states, which includes Lymanthe calculated CSEl  diabatic states ofS o, 33, °3.;, and 3}, symmetry,

where, as in Sec. llg(\) is the Q photoabsorption cross

2. The model implementation
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FIG. 4. (a) Diabatic CSE-model potential-energy curdégR) for the s,
states of Q (dashed lines The energy scale is defined relative to the mini-
mum in the ground-stati 329’ potential-energy curve and the electronic-
state nomenclature is discussed in Ref. 34. Strong Rydberg-valence coupli
results in the corresponding adiabatic potential-energy cuis@s lines
exhibiting avoided crossings. The upper-state levels for the longest and se
ond bands are indicated in relation to the adiabBt&tate potential, formed
by the interaction of the pure valence ang 3 andn=4 Rydberg states.
The Lymane region lies between these two levels. Predissociation oEthe
state occurs via thB state which correlates with the &) + O(P) disso-
ciation limit. (b) Diabatic CSE-model electronic transition momemg(R)

for the 3EJ<—X32; transitions (dashed lines together with the corre-
sponding adiabatic momentsolid lines.

FIG. 5. Calculated and measured @om-temperature cross sections. Ex-
perimental photoabsorption cross sections for the longest and second bands,
E3EJ<—X3E§(O,O) and(1,0), (Refs. 40 and 41, solid circlgsgare com-
Whred with our calculated 297 K CSE cross section fot0, (the solid

line). The positions of features arising from forbidden transitions into the
f13 andD 33 states are also indicated. In addition, with the aid of an
expanded cross-section scale, the 288 K photoabsorption cross section of
Lewis et al. (Ref. 5, open circlesis compared with our calculated 288 K
CSE 3 cross section for%0, (the dashed line The calculateds. cross
section is significantly smaller than the measured total cross section at the
cross-section minimum near 121.6 nm, indicating that théDQ¢ O(°P)
quantum vyield is significantly less than unityee the tejt The calculated

288 K CSES, cross section for th€00 isotopomet(the dot-dashed line

is substantially greater than tB80, cross section at Lyman-and must be

. . . . . considered when estimating the quantum yield for normal O
while the f-level block included the nine diabatic states of

3% 1 330, and®3 ) symmetry.

In this work, we concentrate mainly on a description ofj e consisting essentially of tH&,, <X 3. cross section,
the ®X; model. In Fig. 4, the diabatitS, potential-energy ith minor features due to thes; and’S, states, in the
curves V(R) and °3, X33  electronic transition mo- range 119.0-126.0 nm. First, using the diabatic upper-state
ments M (R) used in our CSE model are showdashed potential-energy curves and couplings described above, the
lines), together with the corresponding adiabatic potentialsjjapatic coupled-channel radial wave functionse (R),
and transition momentssolid Iines).34 The diabatic elec- normalized according to the method of Mi?és"vere calcu-
tronic tran§ition moments are taken to ha}ve a liredepen-  |ated by solving Eq(9) using the renormalized Numerov
dence, while the Rydberg-valence couplings, 4033 and 202gethod of Johnsoff. Second, ground-state vibrational wave
cm™*, for n=3 and n=4, respectively, scaling approxi- functions yxey-, calculated using a Rydberg—Klein—Rees
mately with (* _312:24 are taken to beR independent’  potential-energy curve for the®s, state constructed from
While the diabaticB-state valence potential-energy curve the spectroscopic constants of CosBypgether with the di-
crosses the diabatic Rydberg curves, the strong electrostatibatic electronic transition moments of Fig. 4 and appropri-
Rydberg-valence interaction in this basis results in adiabatiate rotational matrix elements, were used with Eg$.and
potential-energy curves which avoid crossing and are of8) to calculate the individual rotational cross sections into
heavily mixed character. In particular, the bound adiabatithe e- and f-level coupled-channel blocksgg ;. xgyqr -
E-state potential is a mixture of the pure valence ard3  Third, forming appropriate ground-state wave functions for a
and n=4 Rydberg states. Conventionally, the lowest twoHund’s coupling case intermediate betwdanand (b), and
vibrational levels of thisadiabatic state are associated with adding thee- andf-level cross sections while performing a
the longest and second bands, the upper-state energies Bbltzmann average over the ground-state fine-structure lev-
which are shown in Fig. 4. However, it should be empha-els, the final room-temperatue cross section was formed.
sized that neither the diabatic nor the adiabatic potential-
energy curves exactly represent the observed energy leve
and it is necessary to employ the CSE method to obtai
realistic energies and cross sections. The adiabaticity In Fig. 5, the'®0, 3 cross section calculated for a tem-
parametet*’ for the lowest®S, crossing is{=1.3, imply-  perature of 297 K is showfthe solid ling, compared with
ing character intermediate between adiabatic and diabatic faxperimental @ room-temperature photoabsorption cross
the E-state levels in this region. sections measured for the lond@stnd secontt bands(solid

Initially, we calculated the room-temperatule cross circles, E<X(0,0) and(1,0), respectively. Agreement be-
section for'®0, defined by the CSE model described abovetween the calculations and measurements is excellent for

S . .
. Results and discussion
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FIG. 6. The significance of second-order effects on the calculated crosK!G. 7. Comparison between calculated and room-temperature experimental
sections for temperatures of 288, 203, and 84 K. Solid lines: Isotopic effecto(*D) +O(®P) quantum-yield spectra for the photodissociation gfr@ar
ratios of the calculated cross sections for normal,Qand °0,. Dashed  Lymanw. Calculated quantum yields were obtained from our calculated
lines: Effect of indirect predissociation of tAB ] states by the\ 33 state; ~ CSEZ1p spectra, corrected for isotopic effects and shifted to longer wave-

ratios of the calculatel1p andS cross sections fol°0,. Both effects are lengths by 0.005 nm, and the experimental photoabsorption spectra of Refs.
included in the calculated D) quantum yields of Fig. 7. 5 and 22(see the text for a discussipriThe calculated minimum quantum

yield, near 121.62 nm, decreases substantially as the temperature is lowered.

these very strong bands, with the largest discrepancy ag@lculations show that, despite the low 0.408% abundance of
~59% underestimation of the cross section for the second’0*?0, its effect on the photoabsorption of, @annot be
band at~120.6 nm. The positions of bands of the forbiddenneglected, especially at low temperatures.
f—X andD«—X systems are also indicated on Fig. 5. The  The effect of indirect predissociation of tﬁ&; states
most significant of these is tH2« X(4,0) band which coin- by theA33 [ state, foreshadowed in Sec. IllA2, can also be
cides with the second band, producing an interestingeen in Fig. 6 where the partial:total cross-section ratio
. . . s . . 16, . . .

quantum-interference effect which will be discussed in detailrs,(M)/os(X) for =0, is plotted (dashed lines This
elsewheré? It is important to note that the excellent agree-“O(*D) 3 quantum yield” decreases to values significantly
ment between the calculated and measured structure on thelow unity near Lymany, confirming the necessity of in-
long-wavelength wing of the second band would not havecluding®s, | states in the CSE model for an accurate descrip-
been possible without the inclusion & | states in the CSE tion of the G photodissociation in this region, especially at
model. low temperatures.

Also shown in Fig. 5, with an expanded vertical scale, is  In Fig. 7, our calculated =288 K isotopically corrected
the'®0, 3 cross section calculated for a temperature of 2880(*D)+O(®P) quantum vyield for the dissociation of ,O
K in the region of Lymane (the dashed ling compared with  (solid line) is shown as a function of wavelength in the
the O, photoabsorption cross section, extrapolated to zercyman-« region, 121.2—-121.9 nm, in comparison with the
pressure, measured at the same temperature by letwiiS  measured room-temperature yig¢lpen circles The calcu-
(open circles In this region, the measured cross sectionlated yield was obtained from our isotopically corrected CSE
passes through a deep minimum, with a cross section son¥: cross section and a photoabsorption cross section con-
10000x smaller than at the peak of the longest band. Thestructed from the cross sections of Levéisal® and Dose
calculatedS, cross section also passes through a deep miret al,?? extrapolated to zero pressure. The calculated cross
mum at a similar wavelength, but this calculated minimum issection was shifted to longer wavelengths by 0.005 nm be-
significantly deeper than the measured minimum. Thigdfore applying Eq.11), in order to improve agreement with
merely reflects the fact that we have calculatedIheross  the measured position for the quantum-yield minimum. Such
section, rather than the+I1 cross section, and indicates that a small shift is within the wavelength uncertainty expected
the O¢D)+O(P) quantum yield is significantly less than for the CSE calculations, and is not unreasonable considering
unity at the cross-section minimum. Rotational structure inthe difficulties inherent in comparing calculated and experi-
the calculated®, cross section at wavelengths longward of mental cross sections, each with its own uncertainty, in re-
the minimum arises from the forbidddr—X(3,0) band. gions of rapidly varying cross section. The calculated quan-

The calculated®0'0 3. cross section fof =288 K is  tum yield varies from 1.0 near 121.2 nm, passes through a
also shown in Fig. the dot-dashed line Due to a signifi- minimum of 0.56 near 121.61 nm, and rises to 0.91 near
cant isotopic shift, the cross section for this isotopomerl21.9 nm, in good agreement with the behavior of the mea-
greatly exceeds that fdfO, at Lyman«. The ratio of the sured quantum yield.
calculateds cross sections for normalGnd*®0, is plotted We have also studied the temperature dependence of the
in Fig. 6 (solid lineg as a function of wavelength near O(*D)+O(®P) quantum yield in the range 121.4—-121.9 nm
Lyman-w for temperatures of 84, 203, and 288*KThe by performing CSE calculations of the isotopically corrected
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