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Experimental verification of line- and band-shape asymmetry
in the Schumann—Runge system of O
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High-resolution, laser-based photoabsorption cross-section measurements in the weakly absorbing
windows between th€11,0 and (16,0 Schumann—Runge bands of, ®ave been performed

at liquid-nitrogen temperature and the results compared with corresponding coupled-channel
Schralinger-equation(CSE and line-by-line model calculations. While the symmetric-line-
shape-based line-by-line model cross sections differ significantly from experiment, the excellent
agreement found between the CSE and experimental window cross sections serves to confirm
clearly for the first time the CSE-model predictions of band shape asymmetry and
guantum-mechanical interference effects, especially in(flie0—(14,0 band region. ©2003
American Institute of Physics[DOI: 10.1063/1.157451)2

I. INTRODUCTION the cross section in the “window” regions of low absorption
between adjacent vibrational bands. Since these regions cor-

The Schumann—RungéSR) bands of Q, B33,  respond to the deeper penetration of solar VUV radiation into
<—X32;(v,0) (175-205 nmy are of central importance to the middle atmosphere, such interference effects have the
the photochemistry of the terrestrial atmosphere. Photodiss@otential to influence the atmospheric photochemistry at
ciation of G, in the SR bands is a fundamental driver of those lower altitudes. These effects result in SR line- and
ozone formation in the middle atmosphere, while SR-banthand-shape asymmetfy,the consequences of which have
opacity controls the atmospheric penetration of solar vacuumeen investigated, e.g., for the case of NO photodissociation
ultraviolet (VUV) radiation. in the middle and upper atmosphere, by Minschwaner and

The complex SR-band spectrum of @sults in the ab-  Starke!! However, the experimental evidence for band-shape
sorption of solar VUV radiation over a wide range of alti- asymmetry has either been indirect, or somewhat tenuous. It
tudes. Thus, proper description of this process requirefas been pointed out elsewhétkat there is a need for fur-
knowledge of absolute photoabsorption cross sections overtaer measurements, concentrating on the SR cross-section
range of wavelengths and temperatures. Furthermore, in owindows, in order to resolve this matter.
der to study atmospheric photochemical processes which oc- In this work, we present new measurements of SR-band
cur primarily over restricted wavelength ranges, it is neceswindow cross sections, obtained using VUV laser-
sary to have access tugh-resolutionphotoabsorption and spectroscopic techniques, which provide the first convincing
photodissociation cross sections, since predissociation linexperimental evidence demonstrating band-shape asymmetry
widths in the SR bands span a range frond cm * full-  in the SR system. Our cross sections support the CSE-based
width at half-maximum(FWHM) to well under 0.1cm'  SR-band modél, which inherently includes the effects of
FWHM."? As it is impractical to obtain experimental cross quantum-mechanical interference, rather than the traditional
sections for the full range of applicable atmospheric condi{_orentzian-based line-by-line models, which do not.
tions, some form of SR-band modeling is required. This has
traditionally involved the development of line-by-line
models®~’ culminating in the high-resolution, temperature-
dependent polynomial model of Minschwaredral,® which The experimental setup was essentially the same as that
covers the range 49 000—57 000Tcm(175-204 nm, on a  described in detail elsewheté? Briefly, coherent, tunable
0.5 cm ! grid, for temperatures of 130—-500 K. Such models,VUV light was generated by a two-photon-resonant four-
each based on the best experimental data available at theave difference-frequency mixing technique in Xe gas
time, and all assuming that tigestate predissociation can be (~40 Torr), using two dye laserdambda Physik FL3002
represented by the symmetric Lorentzian line shape, havE) pumped by a XeCl excimer las@cambda Physik EMG
contributed much to an understanding of the photochemica201 MSQ. The output of one dye laser, fitted with an intra-
implications of VUV photoabsorption and photodissociationcavity ealon, was frequency doubled by a BB@-Ba,0,)
in the SR bands. | crystal, yielding 256-nm light, which was two-photon reso-

It has been suggested recenitlypwever, in a theoretical nant with Xe 6[5/2],, while the other, without antalon,
study using the coupled-channel Sdafirger-equatioiCSE  was varied between 465 and 442 nm, resulting in VUV gen-
techniqgue and a physically based SR-band model, tharation in the wavelength range 176.6—180.1 nm, with a
quantum-mechanical interference affects the magnitude dfandwidth~0.3 cm ! FWHM. On leaving the Xe cell into

II. EXPERIMENT

0021-9606/2003/118(24)/10924/5/$20.00 10924 © 2003 American Institute of Physics



J. Chem. Phys., Vol. 118, No. 24, 22 June 2003 Schumann—Runge system of 0, 10925

which the dye-laser beams were focused, the resultant VUV 10
radiation was separated from the non-VUV light by a 0.2 m
scanning monochromatdActon Research VM502and was

then divided by a beam splitter in order to monitor the inci- 10"
dent VUV intensity. The transmitted VUV beam was intro- <
duced into an~10 cm long Q absorption cell chilled to
liquid nitrogen(LN2) temperaturdeffective cell temperature
79 K). The intensities of the incident (., and transmitted

(I 4ep beams were measured using solar-blind photomultiplier
tubes(EMI 9413 and gated integratoreEEG&G Princeton
4422).

In order to account for shot-to-shot variations and slow
drifts of the laser intensities during a wavelength scan, in
each set of cross-section measurements, and | 4o; were 0% =
measured under the empty-cell conditioff,{,, 15, the Wave Number (cm™)
full-cell condition (1%, 15.), and the empty-cell condition

: 2 2 _FIG. 1. Comparison between rotationless SR-band cross sections computed
agan qmo”’ Ide')' Then, for each wavelength, the photoab using the CSE(solid curve and Lorentzian line-by-lingdashed curve

sorption cross sectioo (cn?) was determined using the methods. Peaks are labeled according to the vibrational quantum number of

cm’)

Cross Section (

Beer—Lambert law, i.e., the B 33 state.
1 1
o= — iln 2|de{|mon (1)
nl 1918 +12.12 )" spin—orbit interactions with repulsivdl,,, 3I1,, °II,, and

33 © states, together with rotational interaction with g,

Wher.en (cm ) anQI (cm) are the number density of %Y state. The coupled-channel radial wave function for these
gen in the absorption cell and the cell length, respectively. . : : X
. o nteracting excited states is computed by solving the
and all intensities have been corrected for the effects of scat:. . . 16 4 ;
tered radiation. To improve the precision of the measured"’j‘batlc'b"j\SIS CSE™® while the corresponding photoab-
o prove b . sorption cross section is determined by numerical quadra-
ments, our final cross sections were determined as averagges

. : re, using the coupled-channel excited-state wave function,
of the values obtained in at least 5 scans, each performe[a] g P

with signal averaging over 10 laser shots for each wave- e radial wave function of th 29 state, and thé —X

. . ; ~“electronic transition momenf. The model parameters em-
length point. Wavelength calibration was performed usin . . .
. 13 loyed, i.e., the potential-energy curves, couplings, and elec-
the SR-band wave numbers of Yoshiebal. : " . :
.tronic transition moment, described in Ref. 14, were deter-
The measurements were taken at LN2 temperature in . - . ) .
S . ; .~ mined by careful comparison with available experimental
order to minimize the effects of rotational smearing, which.

) ) . . information on SR line positions, oscillator strengths, and
increases the window cross sections, tending to obscure the P 9

effects of the quantum-interference-induced asymmetry be[_)red|ssomat|on line widths.

. . SR cross sections were computeds a function of en-
ing studied here. All wavelength scans were performed at an. v for the isotopomer&0. and %00, for the case of
O, pressure in the range 75-100 Torr, to minimize the sta- gy P 2 '

2. L . : zero rotation, and also full rotational spectra corresponding
tistical uncertainties in the weak window cross sections. FO{0 a temperature of 79 K. The 79 K cross section for normal
valid comparisons with theoretical calculations, it was nec—o was formed by weighﬁng th'0. and %00 cross sec-
essary to correct for the effects of pressure on the cross seg2. %"\ o o ral abundance ratio 0.995 92:0.00408. The
tIOI’IS.. .Th's was achieved by directly measuring the pres.surgomputed cross sections inherently include the effects of SR-
coefficients at selected wavelengths in the window regions, | vinium absorption from rotationally excited-state
using signal averaging over 1000 laser shots for each preg- 1418 axclude the effects of underlying absorption
sure point. Subsequently, the 75-100 Torr scans were €Ol e tc; transitions into other statds
rected to zero pressure using pressure coefficients obtaineéfI '
by linear interpolation for wavelengths between those used
for the direct experimental determinations. It should be noted”: RESULTS AND DISCUSSION
that this procedure willindercorrecthe cross sections in the In Fig. 1, the zero-rotation CSE cross section i, in
more strongly absorbing regions of the bands where the rathe region of the(11,0—(16,0 SR bands(solid curve is
tational lines are more closely spaced, due to underestimagompared with a corresponding line-by-line model cross sec-
ing the local pressure broadening effects. However, in theion taken from Ref. 9(dashed curve As concluded by
windows, which are of primary interest in this work, there Lewis et al.”’ relatively high window cross sections, coupled
are not expected to be any significant systematic errors.  with large relative differences between the CSE and line-by-
line cross sections, make this spectral region the best candi-
IIl. THEORY date for experimental verification of the predictions of either
model. Hence, this defines the region of interest in this work.
The CSE-theoretical techniques and SR model employeth particular, as would be expected, the line-by-line model
here have been described in detail elsewhégriefly, pre-  predicts aninimumwindow cross section between ttE3,0

dissociation of theB 33| state of Q is treated in terms of and(14,0 bands, the twmarrowestbands in this regioRC In
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FIG. 2. T=79 K pressure dependence of the SR cross-section minimum
nearA=176.69 nm. Solid circles: experimental results. Solid line: linear fit
to experimental results; intercept 2.15(%2)0 %! cn?, slope 1.93(25)
%102 cné/Torr.
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contrast, the CSE model predictsraximumwindow cross
section in this region, due to a constructive quantum-
interference effect between these two bands. Furthermore,
the CSE model predicts a very strong asymmesse, e.g.,
Ref. 10 for the (12,0 band, as opposed to the relatively
symmetric band shape implied by the line-by-line model.
Experimental cross sections in the corresponding win-
dow regions were found to vary approximately linearly with
O, pressure, as has been reported elsewHefae pressure
dependence found at 176.69 nm (56597 ¢ém e.g., is illus-
trated in Fig. 2. Cross sections, extrapolated to zero pressure,
determined here for fixed wavelengths near several reference
cross-section minima spanning the energy range of interest,
shown in Fig. 8a) (solid circles, are in excellent agreement
with previous LN2-temperature resultsrosses obtained
using a lowerresoluton ~1.3cm! FWHM)

—_—
(2]
~

Cross Section (cm®)

3
8

=30 T T T T : T . T T : |
o 2 N TR TR NS RO N NN SER SN M S (N N N
L . 10
NE . 55550 55600
-1
oeor % E (b) . Wave Number (cm™)
Io | T ]
= ')|< FIG. 4. Energy-dependerf=79 K cross sections in the vicinity of SR
§ 10 [ o x E - (v,0)— (v+1,0) inter-band minima. The experimental resuitpen circles
o | - x = l have been extrapolated to zero pressure, three-point averaged, and corrected
% x = for the effects of non-SR underlying continua, allowing comparison with
,;*f 0.0 } } + } 4 | } 1 — SR-model calculations obtained using the 8tis work, solid curvesand
— | ' | Lorentzian line-by-line(Refs. 8, 23, dashed curyetechniques. The indi-
§ a0 L X i vidual cross sections of Fig.(®, corrected as above, are shown as open
s 202 (@ squares(a) (11,0~(12,0. (b) (12,0~(13,0. (¢) (13,0~(14,0. (d) (14,0~
S ] (15,0. (e) (15.0~(16,0.
< 20 | i -
S
g | ]
0 *
o 10 - * —
:Jé’ - x * - 1 monochromator-based systéfrFor the most part, however,
. L . L . | . | . T i F i
00 — e ey 50 500 10 the present pressure coefficients, shown in Figp) 3solid
Wavelength (nm) circles, exceed those of Ref. 2Atrosses

@ In Fig. 4, the present energy-dependent experimental 79
FIG. 3. (a) Experimental cross sections, extrapolated to zero pressure, ; ; ; _
several reference minima in the SR bands. Solid circles: This work. Crosseik cross sections in the windows between (14,0~(16,0

Ref. 21.(b) Corresponding pressure coefficients. Solid circles: This WOI’k._SR banc_ls(ppen circle are compared with _the correspond-
Crosses: Ref. 21. ing predictions of the present CSE modsblid curve$ and
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those of the line-by-line model of Minschwanet al® 20 e e
(dashed curves The experimental cross sections, extrapo- [
lated to zero pressure as described in Sec. Il, have also bee
corrected downwards to allow for the effects of non-SR un- _ 45| ]
derlying continua. For this purpose, thbeoretical con- - i
tinuum of Ref. 19 was employed, which has the advantage o
being anindependentetermination, insensitive to any SR-
model assumption®. This correction ranges from
~0.3-1.5¢10 22 cn?, increasing with increasing transition
energy, and has only a minor influence. The resulting “pure-
SR” experimental cross section provides a valid comparison
with the CSE-model results, which include only SR contri-
butions, and with the line-by-line model restfitahich have X
been provided to 33 free of the contributions of underlying oo b
continu 32.4 55500 56000 A 56500
Overall, it is clear from an examination of Figs(af+ Wave Number (cm )
4(e) that the CSE-model cross sections are in much betteflG. 5. Comparison between CSE and line-by-line modeéfs. 8, 23
agreement with the experimental results than are the |ine_b>p_redictions and exper_imental values of SR cross sections at deepe_st win-
line cross sections, especially in Fig:(;a)4—4(c), correspond- gows between band's in thi&1,0—(16,0 region. T_he data, taken frqm Fig. '

, are plotted as ratios of the model and experimental cross sections. Solid
ing to the (11,0—(14,0 inter-band windows. Particularly circles: CSE model:experimental. Crosses: line-by-line model:experimental.
Striking is the behavior of the wings of th@_Z'O) band, Error bars reflect only the experimental uncertainties.
where both the experimental and CSE cross sections are sig-
nificantly lower than line-by-line result in the low-energy _ . )
wing [Fig. 4@], and significantly higher in the high-energy the vyeakly absorbing window regions at very low tempera-
wing [Fig. 4b)]. Thus, the experimental results support theture in qrder to demonstrate the eX|sten_ce of t_he quantum-
existence of the quantum-mechanical interference-induceffiechanical effects excluded from the line-by-line models.

band-shape asymmetry predicted previo<Rsince the Final_ly, we emphasize that the above comparisons concern
specifically thediscretepart of the SR system, the present

line-by-line model is predicated on the symmetric Lorentzian N , ) )

predissociation line shape. A previous, partially successfurIeSUItS,nOt belr!g mtended tp be used 'd|re.ctly in atmospheric-

attempt to illustrate this asymmetry relied on 1€, LN2 modelling applications, which must, inevitably, address the
. issue of the underlying continuum in a coherent fasifoi.

cross section of Yoshinet al,?® which had not been in- ear. h {hat & CSE-based treatment of the SR
tended to define the window cross sections with any preci-Seems clear, however, that a -based treatment ot the

sion bands will form the basis of a superior atmospheric model.
The largest relative discrepancy between the CSE and
line-by-line 79 K cross sections occurs in the window be-V. CONCLUSIONS

tween the(13,0 and (14,0 bands, in the 56 150 cnt re- Laser-based measurements of Schumann-Runge photo-

gion, just as found for the rotationless case in Fig. 1. Theynsormytion cross sections in the weakly absorbing windows
excellent agreement between the experimental and CSE Wiyatween thé11,0 and (16,0 bands have been performed at
dow cross sections in Fig.(@ thus supports the CSE pre- |iquid-nitrogen temperature and the results compared with
diction of a strong constructive quantum interference be‘corresponding coupled-channel Satirger-equation and
tween the(13,0 and (14,0 transition amplitudes in this jine-py-line model calculations. The excellent agreement
region, contrary to the intuitive expectation that,.smce thesgyund between the CSE and experimental window cross sec-
are the narrowest transitions in this general region, as mefjions serves to confirm the CSE-model predictions of band
tioned in Sec. Ill, that there should be a very deep windowshape asymmetry and quantum-mechanical interference ef-
here. Indeed, the line-by-line model echoes this expectationects, especially in thé11,0—(14,0-band region. On the
predicting a deep window, sir_me it assumes sym_metric lin@ther hand, the symmetric-line-shape-based line-by-line
shapes and has no mechanism to account for interferen¢godel cross sections display significant systematic differ-
effects. _ . ~ences from both the experimental and CSE window cross
The relative performances of the CSE and line-by-linesections. This work provides the first clear evidence for
band models are summarized in Fig. 5, where the ratios ohand-shape asymmetry and interference effects in the SR

the model and experimental Cross sections are p|0tted for t@stem, Wh|Ch iS Of Significant fundamentai interest_
deepestcross-section minima in the range of tli&l,0—

(16,0 SR bands. Whereas the CSE:experimental rasokd
circles are within 13% of unity in all case$, the line-by-
line:experimental ratiogcrossep range between 0.26 and The authors thank Professor Minschwaner for making
1.76. We note, however, that both the CSE and line-by-lineavailable his line-by-line model SR cross sections Tor
models are capable of excellent agreement with experiment 79 K. This work is part of the Solar-Terrestrial Environ-
in the more strongly absorbing band regidsse, e.g., Ref. mental Program, supported by the Institute Planning Com-
9). It has been necessary to concentrate here specifically anittee of the Australian National University.
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