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Absorption spectra of molecular oxygen were measured in the laboratory under temperature and pressure conditions
prevailing in the Earth’s atmosphere. Spectra of puse@ + N,, and Q + Ar were recorded in the 41 700 to 33 000 ¢m
region (240-300 nm) at a maximal optical path difference of 0.45 cm using a Fourier transform spectrometer and a multiple
reflection gas cell. The different components of the spectra, namely the discrete bands of the three Herzberg systems, the
Herzberg continuum, and the collision-induced diffuse Wulf bands, were separated. The contribution of the Herzberg bands
was first subtracted using the line parameters determined previously [A. Jenouvrier, Mri€niée B. Coquart, M. Carleer,
S. Fally, A. C. Vandaele, C. Hermans, and R. CollnMol. Spectrosc198, 136—162 (1999)] from high-resolution data.
Spectra recorded at various pressures then made it possible to determine by linear regression the intensity of the Wulf bands
and the Herzberg continuum. The characteristics of the Wulf bands have been investigated in details: vibrational analysis,
pressure effect, foreign gas effect, and a simulated spectrum are reported. The Herzberg continuum cross section is determine
below the dissociation limit. A comparison with literature data is given. The newt8orption cross sections and-Q,
collision-induced absorption cross sections are useful in connection with atmospheric measurements of ozone and other trace
gases in the UV spectral regions 2000 Academic Press

Key Words:oxygen; absorption cross section; collision-induced bands; Fourier transform spectroscopy; UV; Herzberg
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1. INTRODUCTION sections. Similarly, concentration measurements of aroma
species by DOAS or DIAL techniques require the eliminatiot
Accurate retrieval of atmospheric trace gas concentraf oxygen absorptions from atmospheric spec8a (
tions and vertical profiles from UV-visible spectra require The absorption spectrum of molecular oxygen betwee
the knowledge of absolute absorption cross sections of @B 000 and 41 700 cm is composed of the discrete Herzberg
absorbing species, including oxygen. Laboratory-measurgdll, Il band systems A’S;-X°%,, ¢'3,-X°%,, and
cross sections are thus essential as reference data for tropo2A ,—X°3,, transitions), the weak underlying Herzberg con
spheric and stratospheric monitoring from the ground, balruum, and the broad collision-induced absorption bands wi
loons and aircraft platforms, and satellites. Furthermore, ttriplet structure 4-7) attributed to -0, and Q—X. The latter
radiative budget of the atmosphere, which influences the globatre observed in the 1920s—-1930s at high pressures in the
climate, is controlled by the absorption of solar radiation byhase and in liquid oxyge®10. Wulf (8) first ascribed these
trace gases. so-called high-pressure bands to the formation of oxyge
The strong ozone Hartley band (230—-300 nm), which is usgfiners. Later, several authors studied the pressure depende
to retrieve tropospheric ozone concentratiobs3), overlaps of their cross sections in pure oxygen as well as in the presen
with oxygen bands. Despite the low-absorption cross sectiongifa foreign gas, e.g., NAr, CO, (11-19. They demonstrated
oxygen in this region {10 * cm® molecule’ compared to the quadratic pressure dependence of the Wulf band intensit
~10""" cm’ molecule * for ozone), the abundance of oxygen ilind discussed the nature of the-& interaction. The triplet
the atmosphere leads to absorbances of the same ordepg{ds were attributed either to a stable dimer or to a collidir
magnitude as those of;OReliable ozone concentration meapajr. Various studies6 20—23 suggested that the triplet
surements thus require the knowledge of accurate oxygen creggcture of the Wulf bands originates from the collision:
induced relaxation of the selection rules for tAé °A, <

o . ; . .
* postdoctoral Researcher with the Fonds National de la Recherche Scién2¢ €lectric dipole forbidden transition. Our recent experi:
tifique (Belgium). mental work 23) led us to conclude that the Wulf bands are
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FTS OF THE Q HERTZBERG BANDS. il 11

caused by collision-induced absorption (CIA) rather than by TABLE 1
oxygen dimers. This will be confirmed in the present paper. Experimental Conditions for the
Concerning the continuous absorptions, we would like to Absorption Measurements

specify the terminology used in this work. Up to now, the  Cellbase length (m) 50
Herzberg continuum, generally measured from 195-200 nm to :z:z:::"r’; ‘12;“(':;3;“ (m) 2013'26322412’0323
the d|530C|at|o_n limit (240 nm), was considered to be the sum 9 Xe (Not s fres, 450 W, 950 W, Ushio)
of a pressure-independent and a pressure-dependent contribu-petecior solar blind UV vacuum diode
tion. These two contributions have no specific name. We Temperature (K) 287.0 - 289.7
suggest to label the pressure-independent termHirzberg Pressure range (hPa) 100 to 1000 (pure)

! . . . . 400 to 1013 (20% Oz, 80% N2 or Ar)
continuumand to be aware that it has a contribution in the  Resolution (cm™) 2
bound region below the dissociation limit. The pressure-depen- Maximal optical path difference (cm) 0.45

dent contribution below the dissociation limit will be desig- g“mb:f"ft@'added scans . 12(2)4
nated as th&Vulf bandsand above the dissociation limit as the ~ ~eoorng ime per experiment (min)
Wulf continuumThe sum of the pressure-dependent and -in-

dependent terms (called earlier the Herzberg continuum) will )
simply be called thalissociation continuum. sample block measurement. It was found thatvaries by

This study, which is part of a complete reinvestigation of thé-3—2.0% over the recording time of eight blocks, but does n
entire O, spectrum from the UV to the near-IR3-26, is Vary linearly with time, preventing linear interpolation. The
based on low-resolution spectra recorded at atmospheric p@4erage of the 16 blocks of blanks was therefore used.
sures in the UV region (33 000—42 000 cih The objective is Measurements were carried out at room temperature and
to subtract the contribution of the discrete Herzberg bands apfgssures less than, or equal to, 1 atm. Three platinum w
to determine the intensity of the collision-induced absorptid§sistance thermometers placed inside the cell measured the
bands up to the dissociation limit. This will make use of thiémperature. The temperature difference between the three tf
previous high-resolution rotational analysis of the Herzbefgometers never exceeded 2 K; the temperature variation duri
bands carried out by ug4, 25. Cross sections for the ©0, 0One experiment (sample and blank spectra) was negligible. T
bands will be provided and the effect of foreign gases @\) Pressure was monitored by an MKS Baratron capacitan
will be presented and interpreted. Removal of the lines of tifeanometer with a calibrated full-scale sensor of 133 or 1333 hF
Herzberg bands enables us to measure the Wulf bands athe samples studied were either purg @ry synthetic air
atmospheric pressures, as opposed to previous studies, wiief commercial bottles (O= 20 + 1%), G,/N, mixtures, or
were carried out at higher pressures at which the Herzb&pg/Ar mixtures. The two mixtures were prepared directly in the

bands were assumed to be negligible. cell by successively introducing the oxygen and the buffer ge
(the pure Q, N,, and Ar having a certified purity>99.5%).
2 EXPERIMENTAL The results obtained with dry synthetic air angd XD mixtures

prepared directly in the cell and left to restr & h were the

The absorption spectra of gaseous molecular oxygen wéfme. Two hours appears therefore to be sufficient to achie
recorded using a Bruker IFS120M Fourier transform spectro@-nomogeneous mixture.
eter (FTS) combined with a multiple reflection cell of 50-m Spectra were recorded by using the double-sided forware
base path. The cell characteristics and configuration were g8ckward recording mode of the FTS and a boxcar apodizati

scribed in detail by Lux and Jenouvrie?7). function.
The experimental conditions, which are summarized in Table 1,
are the result of a compromise between a reasonable measuring 3. RESULTS AND DISCUSSION

time (~1 h) and a good signal-to-noise ratio. It was decided to . .
operate at low resolutionR(= 2 cm; MOPD = 0.45 cm) 3.1. Separation between Structured and Diffuse Bands
because the present study concerns continuous absorptions. ThHée absorbanca, calculated from the measured intensities
overlapping discrete Herzberg bands will be removed from theand|,, is related to the oxygen pressure as

low-resolution spectra by using the high-resolution (fully re-

solved) spectra which were recorded previougH).( lo

In practice, spectral intensitie) (were recorded for a seriesA = In<|> = (0oms T Tomc) Po, | K [1]
of pressures, and a blank spectrum (empty cell) was measured
before and after each serids)( Each spectrum was recorded + (00,0, F 00, x V) P35, 1 K? + Agg

in eight blocks of 128 scans in order to be able to eventually

discard erroneous blocks, and to monitor the lamp drift witivhereA is the Napierian absorbandeis the sample spectrum
time. The problem of lamp aging was examined in an attemiptensity, |, is the blank spectrum intensityo,,s andoo,c are

to predict the values of, at the exact time of a particularthe Herzberg band systems and Herzberg continuum abso
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tion cross sections, respectively (tmolecule?), oo, o, and ' ' '
0,,-x are the collision-induced absorption cross sections’ (cm
molecule®), | is the path length (cm)P,, is the oxygen
pressure (hPa)y is the X/O, mixing ratio, Ags is the absor
bance equivalent to the photon loss due to Rayleigh scattering,
andk is equal toN,To/P,T whereN, is the Loschmidt number
(2.687 x 10" molecule cm®), T, and P, are the normal
temperature and pressure (K and hPa), @&nid the sample
temperature (K). For pure Gexperimentsy equals zero. The
total pressure of the ©X mixture experiments was varied, but
the value ofy was maintained constant and close to the
atmospheric MO, ratio (=4).

On the right-hand side of Eq. [1], the first term varies
linearly with pressure and is composed of the absorption cross
sections of the three Herzberg systams,s and of the Herzberg
continuumo,c. The second term corresponds to the quadratic
pressure-dependent part of the absorbance and is dug-@, O ,
and O—X (X = N, or Ar) collision-induced absorptions. ' ‘ ‘ ‘
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It follows from Eq. [1] that the effective oxygen cross .2 1 © ]
section, which includes the three contributions to the spectrumg _ £C 2o
(i.e., the Wulf bands, the discrete Herzberg bands, and the? 3*°[ s C=1000 hPa|
Herzberg continuum), is given by: € B1st 1

c g A
10" 8
A—A g2
Tt = o Tk 2 2 ]
o 0.0 - L L 1
42000 40000 38000 36000 34000

Measurements at various pressures from 100 to 1000 hPa Wavenumoer (o)

allowed us to separate the three components of the spectrum ByG. 1. (a) Overview of an experimental absorbance spectrum of pur
the following procedure. oxygen at 600 hPa (resolutioa 2 cm™). (b) Simulated absorbance spectrum

at the same pressure and resolution. (c) Examples’ dsee text) at three

(a) Absorbance equivalent to the photon loss due to tA&erent O pressures.

Rayleigh scattering is calculated according to the equations
given by Bates 48) and subtracted from the experimental
absorbance (Fig. 1a). Steps (a) to _(C) are repeated for spectra recorded at seve
(b) A low-resolution (2 cm?) absorbance spectrum of thePressures (Fig. 1c). For pure, @xperiments, a set of 56"
0, Herzberg lines is calculated (Fig. 1b) with the Winpro¥@lues (corresponding to 17 pressures) was obtained duri
program written by Hurtmans2@). This computer program three_ dlffere_nt measurement periods. Prel|m|nary results fro
synthesizes a spectrum by applying a Voigt line profile € first period have been presented previoug, 30, 3).
theoretical values of the line positions and intensities. It théfffoneous data, due to experimental and technical problen
convolves this spectrum with the instrumental effects (trunc&Uch as clipping of the light beam emerging from the cell, wer
tion, apodization, and field of view) in order to match adiscarded, _and the final data set is restricted to 21 valu
closely as possible the experimental data. In the present wdiRrreésponding to 14 pressures. _ _
the line parameters were determined from our high-resolution(d) For experiments with pure Oa linear least-squares fit
study @4, 25 and can be obtained upon request or by dow®f o’ versusP_oZ_ls performe_d for each m_ez_isur_ed wavenumbel
load from the IASB-BIRA website (http://iwww.oma.be/BIRA-The slope, divided by, yields the collision-induced cross-
IASB/Scientific/Topics/Lower/LaboBase/Laboratory.html). S€ction go, 0, (Fig. 2a) and the intercept at zero pressure
(c) To remove the Herzberg lines, the difference betwedfovides the Herzberg continuum cross-sectigic (Fig. 2b).
the experimental absorbance and the calculated absorbance {§) For the experiments with X mixtures, the limited
calculated and smoothed using a low-pass filter. This filteré@ta set prevents the performance of a least-squares fit. The

difference is expressed in cross-section units and can fgre, a value of the collision-induced absorption cross-sectic
written as: 0o,x IS obtained by using Eq. [3], in which, o, and oo,uc

are determined using procedure (d).

o' = Oomc T (0o,0,+ To,x ¥) Po, k. (3] It should be emphasized that the proper removal of th
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FIG. 2. (a) The Q-0, collision-induced absorption cross-sectiog, o,. (b) The Herzberg continuum absorption cross-seatigfc. Standard deviations
of the cross sections are shown and plotted as error bars for a few points on the main graphs. Also shown on plot (b) is the dissociaion limit

Herzberg lines is an essential prerequisite to study accuratahsorption cross-sectiofioo, o, (Fig. 2a, lower graph and
the Wulf bands. The reason lies in saturation and resolutierror bars) is obtained from the standard deviation on the slo
effects. First, the strongest Herzberg lines are saturated eve(ba) as

low-oxygen pressure, but saturated lines are only detectable at

high resolution. Second, the Herzberg lines are not fully re- 800,00, s 8T

solved in the low-resolution spectra (2 ch This implies that p =TT (5]
the line profile does not vary linearly with oxygen pressi®e ( 002
These specific problems result in strong line residuals in th . - .

linear Iezst-squgres fit, as was alreadygdemonstraﬂs)d A wehereST/ T IS negligible with resp.ect tos/s. .

line-by-line removal of the Herzberg bands and a smoothing ofThe error in the Herzberg contmuum. apsorpnon cross-se
the result give a much better result, but the-O, collision- tion 8o o,4c iS equal to the standard deviation on the intercer

induced absorption cross section still presents some residﬂ:a{_?r'] 2b, Iowir_g:aph atnr? erro;fbatr_s). i .
noise (see Fig. 3 in ReR3). e uncertainty on the Qeffective cross section varies

roughly from 1 to 30% depending on the spectral region an
the pressure. At the maximum intensity of nonsaturated line
. ) . ) ) the error is about 1-5%; 5-15% are usual values between lin
The error in the effective cross-section; is determined ang in the region above the dissociation limit, the error reachy
using the expressions 10-15%. Similarly, the errors io,_o, and oo, are of the
same order of magnitude. Toward the visible part of the spe
doer  OA N oT N 0P N ol 4 trum where absorbances or cross sections are close to z¢
o A T Piot I [4] high percentage errors are obtained. To evaluate better t
accuracy in the latter case, absolute errors are given. In Fig.
with and 2b, the cross-sections,,_o, and oo,,c are presented to
gether with their errors (lower parts and error bars on the ma
1 1 plot). The error increases with the intensity of the lines, whicl
oA = N<| + |>y become saturated at high pressure, but also for wavenumb
° larger than 40 000 cil, due to the cutoff of the lamp’s
Emissivity.

3.2. Error Analysis

where N is the noise of a spectrum resulting from 102
coadded scans. In Eq. [4.T/T, 6P /P, andél/l are equal

to 1, 0.08, and 0.5%, respectively. The error in the modifie%S' The Wulf Bands

cross sectiondg”’) is obtained by filteringpo; With the same  Figure 1a shows the total absorbance resulting from tf
low-pass filter as the one used for the data. Errors in the sldferzberg bands and their underlying continuum overlapped |
and intercept obtained from the least-squares fitting are detidre diffuse triplet Wulf bands. Figure 2a (and also Fig. 5
mined with the formula recommended by Pressal. (32) presents the absorption cross section corresponding to the W
which is applicable when the uncertainty associated with eashnds calculated by the procedure described in Section 3.1
measurement is known. The error in the collision-induced The pressure effect on the Wulf bands can be evaluated frc

Copyright © 2000 by Academic Press
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™ 3.3.2. Absorption cross section in pure oxygefthe col-
lision-induced absorption cross-sectiop, o, at room temper
ature is presented in Fig. 5, together with a comparison 1
1 literature data.

To our knowledge, there are only two papers presenting
complete Wulf bands absorption cross section (fre34 000
1 cm ' to the dissociation limit) in pure oxygen at room temper
ature (12, 17. Zelikina et al. (17) studied compressed and
liquid oxygen, taking advantage of the fact that at these vel

39400 39300 39200 39100 39000

Wavenumber (cm™")

M high pressures the absorption of the Herzberg bands becon
30900 negligible. Only Shardanand?) made measurements at var-
ious pressures and separated thea@®@d the Q-O, contribu

FIG.3. Pressure effect on the structure and position of the 7-0 Wulf banggng by a least-squares linear regression. Several other paf

The cross sections are vertically shifted to zero at 38 840'dor a better

comparison.

(14, 19, 33-3p deal with the region above the dissociation

TABLE 2

Fig. 3 (see also Fig. 1c). From the pressure range of this study,
it appears clearly that the shape and position of the triplets are
independent of the gas pressure. Only their strength increases
with pressure, as already pointed out by Dianov-Klokb%)(

3.3.1. Vibrational analysis. The positions of the triplets
are presented in Table 2 and compared with literature data. We
failed to detect the 0—0 and 1-0 bands. The 11-0 and 12—-0
triplet positions are difficult to determine because of the over-
lapping of the triplet structures when increases, as is shown
in Fig. 2a and Fig. 5. Considering the broadness of the peaks,
the absolute positions are in good agreement with the results of
previous authors. The constant decrease of the distance be-
tween the bands is characteristic of a converging band progres-
sion. This is illustrated in Fig. 4a, where theG(v) values
corresponding to the energy separation between successive
bands are presentedG(v) varies from~800 to ~300 cm*
for v/ = 1 to 10. Our data are the most uniform, but the so far
unexplained anomaly detected by otherssat= 8 (8—10 is
still observable as a slight break in the straight line. Because
band origins cannot be determined for the diffuse triplets, the
AG(v) plotted in Fig. 4 are the differences between wavenum-
bers measured at the maxima of the bands.

In Fig. 4b, theAG(v) values of the Wulf bands and of the
A’ °A, state are compared. The latter are obtained from our
recent rotational analysis of t *A, state 4). The intervals
between the peaks are consistent with previous stufljeld\.

They are close to the values of the triplet splittings for the
A’ °A, state, which vary from 149.6 to 118.2 chfor v/ = 2

to 11, according to the spin—orbit coupling constahtierived

by Jenouvrieret al. (24).

Strong similarities between the diffuse triplets and the
A’ °A, < X®3 transition, in terms of relative positions and
triplet splitting, are thus demonstrated. These results reinforce
the conclusions of previous studie®, 0—-22 that the Wulf
bands are due to an enhancement of the forbiddef, <
X°3, transition caused by the relaxation of the dipole-forbid
den selection rule during collision.

Copyright © 2000 by Academic Press

Wulf Bands Positions and Comparison
with Literature Data

Wulf Finkelnburg & Herman This work
(8) Steiner (9) {10)
v (cm" )iid Vvac (cm-1)TI Vvac (Cm-1 )1[ Vvac (cm-1)ﬂ
0-0 34190
34319
34425
1-0 35016
35002 35139 35176
35300
2-0 35755 35768 35773
35804 35909 35910 35923
36025 36022 36063
3-0 36486 36488 36509
36556 36619 36621 36657
36740 36744 36790
4-0 37164 37166 37210
37244 37330 37312 37353
37411 37420 37467
5-0 37839 37829 37861
37879 37982 37973 38003
38084 38068 38134
6-0 38450 38408 38473
38499 38584 38594 38617
38703 38712 38746
7-0 39036 39052 39044
39085 39158 39150 39186
39312 39305 39317
8-0 39592 39596 39576
39714 39702 39718 39712
39829 39821 39830
9-0 40036 40030 40029
40161 40165 40169 40167
40294 40278 40289
10-0 40424 40433 40420
40556 40554 40551
40671 40696 (40686)*
11-0 40971 (40686)*
40870
40975

# v = Mean position of the bands; | vyac = Vacuum wavenumber;

* = Triplets are superposed due to converging bands.
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900 ; LB — I B, wui (9 improve the accuracy of the absorption cross section in tt
800 . Fe_ M gltnlfelnburg& region of the Wulf bands.

- N, einer (9)

5 ;22: e -':ﬁi;mﬁg,ﬁm) 3.3.3. Absorption cross sections in gas mixfcu_relsn th?s

g 500 | B quk, spectra were r_eco_rded a'F constaO, mixing ratio

“ ool 1 (with X = N, or Ar) with increasing total pressure.
a0 3 b Figure 6 compares the’ cross sections of pure &and of

e L0 1 1 1 3 O X mixtures (withX = N; or Ar) at the same total pressure.

800 - X X‘{‘;gb&”;& Thiswork | From these experiments, several conclusions can be drawn

_ 700 - : | First, they show that the intensity of the Wulf bands depenc

g 600 | -1 on thetotal pressure, and that the shape and position of tt

S 500 - - triplets are independent of the nature of the gas in the pressi

g a00 | 7 range and spectral interval of this study. In other words, th
0 ~_ 1 Wulf bands exhibit the same features whatever the collision
2000 Y partner. This observation provides additional evidence to th

t2 38 4 5 6 7 8 9 10 m 12 presented earlier2@) that the Wulf bands are produced by

FIG. 4. Relative positions of the Wulf bands: Wavenumber interval be(—'j()lIISIOn-mduced absorptlon (CIA) and not from dimer absorp

tween the central peaks of each triplet and comparison (a) with literature drHQ,n' ) ) ) )
(b) with the A’ °A, state. Second, it can be seen in Fig. 6 that the differences (a)—(

and (a)—(c) between £0, and O—X cross sections recorded
at the same total pressure are nonzero and increase slightly
limit and gave data for wavenumbers greater than 40 000.cmthe UV side, but show no obvious triplet structure. To ou
These literature data, described as “the pressure-depend@miwledge, the fact that the differences do not contain ar
component of the Herzberg continuum,” are shown in Fig. Hiplet structure, implying that the intensities of the-@, and
One can clearly see that the most recent experimental val@s-X triplets are in the ratio of 1:1, was never mentionec
given by Yoshineet al. (35) connect well with the Wulf bands, before. If the reliability of the differences is not obvious since
which suggests that their values can be attributed to the Wtliey are of the same order of magnitude (X510 * cm’
continuum. molecule* atm™) as the experimental error, the good agree
The collision-induced absorption cross-sectiog)_o, is in  ment between our collision-induced cross sections and tl
good agreement with earlier results, despite the different préigerature data (Figs. 5 and 7, see below) allow us neverthele
sure ranges used in the studies. Our higher resolution restttsassume that they are real. In addition, the differences s

2} = Dianov-Klokov (11)
_ \\o O Ditchburn & Young (34)
10 By & Shardanand (14)
E NS O Yoshino et al. (36)
o \O\ L s Shardanand (12), from fig. 4
5 RN — - Zelikina et al. (17), from fig.
3 "o —— This work
= 8 3
= )
2
©
3
g
5 61
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S
2
©
o 4
8
=]
o
£
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S
Z 5|
O
5]
o b v oo .
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FIG. 5. The O-0, collision-induced absorption cross section and comparison with literature data.
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FIG. 6. Comparison of absorption cross sections (corresponding’ to
given in Eq. [3]) of oxygen in pure ©and in mixtures with N or Ar. The
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directly proportional to the total pressure; they are most prol
ably due to a collision-induced continuum arising only frorn
0,-0, interactions.

Third, O—N, and O—Ar cross sections are practically equal,
which means that Nand Ar act with nearly the same efficiency
to induce absorption in the pressure range used in this stud

The O—N, and O-Ar collision-induced absorption (CIA)
cross sections, calculated as explained in Section 3.1, @
presented in Fig. 7. The ©0, CIA cross section is also drawn
in this figure for comparison. The almost equaj-®, and
O,—Ar CIA cross sections agree well with previous studiEs (
14, 15, 17, despite the high degree of uncertainty (up to 100%
generated by a limited data set, numerous steps in the pro
dure, and extreme experimental conditions. One should al
point out thato,_« is obtained from Eg. [3] by subtracting the
00,0, CONtribution; this implies that, in the ©X mixture, the
collision probability between ©and X molecules and the
collision probability between Omolecules are assumed iden
tical. This is a reasonable assumption gsa®d N, molecules
are both homonuclear with comparable diameter and mass &
thus show similar polarizabilities.

Values for the ratiooe, o,/00,.n, C&N be obtained from the
literature @1, 14, 15, 17, 1P These ratios range between 1.6
and 2.5 in the Wulf bands region and are most often close
2.0, as shown in Table 3. We obtain a mean ratio of1.8.1
measured at the positions of the central triplet peak. The rati

bottom part of each figure represents the differences between the two spe@{réhe 2-0 and 3-0 band positions are not calculated becat
of the upper part.

CIA cross sections are close to zero.

N w B o
T T T T
-

’

Absorption cross-section (10™* em® molec?)

-
T

o L L .

02-N2, Dianov-Klokov (11)

02-N2, Shardanand (14)

02-N2, Shardanand (15)

——— O2-N2 calculated, Zelikina et al (17)
—--— O2-Ar calculated, Zelikina et al (17)
—— 02-N2, This work

—— 02-Ar, This work

— 02-02, This work

o m

42500 41500 40500 39500

38500 37500 36500 35500

Wavenumber (cm™)

FIG. 7. Comparison of the @-X collision-induced absorption cross sections (bold solid line fefNQ and normal solid line for @-Ar) with literature data
(dashed lines and markers). The-@, collision-induced absorption cross section (thin solid line) is also drawn for comparison. The data of Zsl#in(d7)
are calculated from their £0, absorption coefficientsu;) and their mean ratios o, n,/ 06, 0, aNd 06, /00, 0, (v12); the latter is calculated by the authors
to be the same in the triplet region as in the 200—240 nm region.
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TABLE 3 characterized by Raman-like selection rulés](= 0, =2)
0,-0, and O,—X Collision-Induced Absorption Cross-Section have been analyzed in detail by Placz&k)( who presents
Ratios &o,-0,/00,x, and Comparison with Literature Data Holn—London factors for linear molecules in their ground state
- bk 81 sz 2z z O This work A stick spectrum was first generated, using appropria
20 | 35923 ¥ # models and constants for the two electronic levels involve
| e o s For the ground electronic statéX(;), the matrix elements of
50 | 38003 | 226 185 158 the Hamiltonian described by Cheurey al. (37) and the
60 22617 207 169 154 constants of Amiot and Vergg38) were used. For the excited
7-0 186 2.00 . . - .
80 | asm2 | 194 132 12? state QA_’ Ay, the_matrlx elements of Hockwg al. (39) were
40000 163 170 179 166 used with the revised constants of Jenouveeal. (24). The
i i JT A relative intensities of the different vibrational bands were de
100 | 40851 ' 180 163 duced from the experimental integrated cross sections, whi
40816 213 192 183 171 have been determined from the Herzberg Il system analys
11-0 40870 228 1.81 1.59 (25)
41098 1.93 1.67 *
41406 196 165 A simulated spectrum of the Wulf bands is then obtained b
:;:‘;; (iif) :zz 1‘;‘2’ e 2z 1T 1se broadening each line with a Lorentzian line profile adjusted t
4478 | 195 178 148 17T 247 best reproduce the CIA observed profiles. This profile i
44444 196 178 made asymmetric, by adding to the profile a Boltzmann factc
P e e "’ T which reflects the fact that absorption on the high
47619 229 224 202 194 frequency side of the line is associated with an increase
;s;s; 2(5); 246 a3 2 translational energy with respect to the low-frequency sid
- — Bosomworth and Gusht() have shown that a lineshape func-
1.8540.21" 2.00.+0.16 1.840.1*  1.7#0.1*

tion including an exponential tail gives a better representatic
of the H, infrared lines. We have thus considered the following
line profiles, already defined by Tabist al. (20),

DK = Data of Dianov-Klokov (Table 2 in ref. 17); S1 = calculated from co,.0, and oo,n, of Shardanand
(14); S2 = calculated from 6o,.0, and co,N, of Shardanand (75); Z = calculated from co,.0, and co,n,
of Zelikina et al. (17); O= calculated from ao,.0, and ao,, of Oshima et al. (19); N2 = 60,-0,/00,y, AT

= 60,0,/00,ai # = CIA cross-sections close to 0; § = Data of Zelikina et al. (Table 4 in ref. 17); * =

Average and standard deviation of the given values. | N _ Io f < < i 1 758
(V)_l-l—(Av/S)z orvo<v<uy, )
The dependence of the ratig,, /00, v, With wavelength | *(v) = Ael"BAV) for v> v, + 1.755 [6]

has been considered in the literature: Horowétzal. (22)

deduced a constant ratio in the 205-240 nm region (48 780! (¥) = 1 "(v)e! "0 for v < v,

41 670 cm™); Zelikina et al. (17) commented that the ratio is

the same in the triplet region as in the 200—240 nm region; amierew, is the central position of a line of intensity, 5 is the

Shardanandi() obtained an increasing trend of the ratio witthalf-width at half-maximum+£70.0 cm* in our simulation) A

wavenumber in the 200—250 nm region. Our results showaadB are constants chosen so thaind its first derivative are

relatively constant ratio at the positions of the central tripl€ontinuous at, + 1.755.

peak and also in the 41 000—42 000 ¢rwavenumber region  Results of the model, multiplied by a constant in order t

(see Table 3), but this constant ratio does not hold for waveatch the data, are compared to the experimental values in F

lengths situated between the peaks, in agreement with the 18K he diffuse triplet structures, arising from the triplet natur

of structures in the differences presented in Fig. 6. of the upper state, are well reproduced for all the vibratione
Straightforward conclusions concerning the difference b#ransitions taken into account. The relative intensities of th

tween Q-0, and O—X collision-induced absorption cannot bevibrational transitions are in good agreement with the exper

formulated from our results, but a general agreement is fountental data. The model fails, however, to reproduce the hig

in the literature, i.e., @N, and O-Ar collisions present wavenumber part of the spectrum, as no transitions to t

almost identical cross sections, lower than that g¢£@, col- continuum have been taken into account.

lisions by approximately a factor of 2. However, we find

astonishingly that the difference presents no structure afé. The Herzberg Continuum Absorption Cross Section

might indicate that an additional unknown mechanism is re- tpq Herzberg continuum, presented in Fig. 2b with erra

sponsible for part of the total CIA cross section. bars, is compared in Fig. 9 to a calculated curve and |
3.4. Modeling of the Wulf Bands Iltera_ture_ data. The s_mall peaks and thf—:- negative values ¢
pearing in the experimental cross section can be neglect

The O~0, Wulf bands have been modeled using the theohecause they are due to calculation artifacts and are not s
of collision-induced absorption. Collision-induced transitionsiificant. The region of the Herzberg continuum below the
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FIG. 8. Comparison between the Wulf bands obtained experimentally (solid line) and calculated by a model (dashed line) (see text).

dissociation limit represents the long wavelength extension whted by a cumulative Boltzmann population distribution o
the bound-free Herzberg continuum into the bound regiotie rotational levels of the ground stateB), without taking
This is illustrated in the high wavenumber part of Fig. 9 wherato account the dependence of the dipole transition moment
it is seen that our experimental curve is perfectly in alignmeifihe relative intensities are multiplied by a constant to conne:
with the literature data. with the experimental data at the dissociation limit. This cal
The shape of a continuum below the dissociation limdulated curve is presented in Fig. 9 and agrees well with tf
corresponds to a decreasing exponential function related to éxperimental curve. One has to mention a similar study col
population of the excited rotational levels in the ground stateerning the continuum which underlies the Schumann—Run(
This part of the Herzberg continuum has therefore been sitvands of Q: Lewis et al. (41) presented extensive measure

1.7
O Ditchburn & Young (34)
1.5 A Shardanand & Rao (13)
—&— Yoshino et al (35)
b —+— Jenouvrier et al (33)
g 1.3 k ,
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FIG. 9. Comparison of the Herzberg continuum absorption cross section obtained in this work with literature data, and with a calculated curve
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ments and theoretical calculations of the Schumann—Rurigghe troposphere. This new stratospheric N©urce will in
continuum absorption cross section in the 175-180 nm regitumn influence the ozone formation.

and verified that the continuum is due to absorption from

rotationally excited levels of the ground state. 5. CONCLUSIONS

As part of an extensive study concerning molecular oxyge
4. ATMOSPHERIC INTEREST (23-26, the oxygen spectrum is examined in the UV region a
low resolution (2 cm'). The study of its pressure dependence
These new laboratory cross-section data, combined with thas led to the separation of the different components, i.e., t
O, line parameters obtained from fully-resolved high-resol®, Herzberg bands, the Herzberg continuum, and the Wu
tion spectra presented previousB4), allow us to calculate a bands. New @-O, collision-induced absorption cross sections
synthetic spectrum at any desired resolution and pressuwbtained with better precision and accuracy than earlier resul
These measurements should be very useful to interpret care presented. The Herzberg continuum has been extendec
rectly the atmospheric spectra in which the signatures of sakie bound region, far below the dissociation limit.
eral species (aromatic hydrocarbons, ozone, etc.) stronglyrhese new laboratory data, combined with our line paran
overlap with the oxygen spectrum. They should lead to ineters of the Herzberg system®4( 25, allow to calculate
proved concentration measurements in atmospheric studiygen cross sections for any pressure condition; this in tul
using differential optical absorption spectroscopy (DOAS) ahould improve atmospheric measurements.
differential absorption light direction and ranging (DIAL), as In the pressure range and spectral region of this study, tl
pointed out by Volkameet al. (3). intensity of the Wulf bands shows a quadratic dependence
It is worth mentioning that the construction of a synthetipressureRo,Py), but their shape and position do not vary with
spectrum should be done with great care, on account of errpressure. Besides large uncertainties, it is shown that the ¢
that the convolution technique can introdu@ 8, 49. The lision-induced absorption (CIA) cross sections obtained fc
usual procedure, which compares absorbances of atmosphdifierent O—X interacting pairs depend on the nature of the
spectra with convoluted cross sections, produces nonlinearitiesleculeX. The O—N, and O—Ar collision-induced absorp
of absorbance with concentration. This is because the contion cross sections are almost equal but are about twice low
lution and the logarithmic functions do not commute; the crogsan the @-O, CIA cross section. However, the shape of the
section has therefore to be converted into a spectrum beftiiplets bands is not modified at all.
being convoluted by an instrumental function. Moreover, the The crude simulations performed for the Wulf bands and fc
spectral absorption features in the cross section have to be filllg Herzberg continuum are in good agreement with the e
resolved in order to avoid a dependence of lineshape witkrimental results. The data are available in digital form upo
concentration. e-mail request or by download from the IASB-BIRA web site
The combined pressure effect of, nd O depends on (http://www.oma.be/BIRA-IASB/Scientific/Topics/Lower/
wavelength and its contribution to the absorbance pirQhe LaboBase/Laboratory.html).
atmosphere can only be roughly assessed. In the region
41 270-42 000 cnt, the pressure effect contributes to 50— ACKNOWLEDGMENTS
55% of the total absorbance at ground level (1000 hPa). This
fraction, which decreases with increasing altitude, is still 20_This research project was funded by the Belgian State, Federal Office f

0 cientific, Technical, and Cultural Affairs and the Fonds National de I
25% at the tropopause~a0 km or 265 hPa) and becomeiecherche Scientifique (Belgium). We are grateful for support provided by tt

negligible (<1%) at an elevation of 35 _km (5'7 hPa)_. Simila"c:entre National de la Recherche Scientifigue and Institut National des S
results have been presented by Horowital. (Table 5 in Ref. ences de I'Univers (France) through the Programme National de Chim
22) for the region 205—-240 nm (48 780—-41 670 ’éyn In the AtmospHeique. The technical assistance provided by A. Rizopoulos and J.-i
Herzberg bands region (34 000-41 270*&)11 the contribu Ll:jX is gi]ratefully ac_knowled_ged. \ivie/:v_thanI; Dr.dD. Hurthmeinfs Ifor klndly_ pro—.
tion of the combined pressure effect is much more variablgi "9 the successive versions of Winprof and many helpful suggestions
. achieve the best possible simulation of the discrete part of thep@ctrum.

due to the presence of the Herzberg lines. At the ground level,
the pressure effect contributes to 100% of the absorbance on
the baseline between the lines, and from 10 to 25% at the
maximum intensity of the most intense lines of each band. Thig ¢, camy-Peyret, B. Bergquist, B. Galle, M. Carleer, C. Clerbaux, R
fraction also decreases with pressure. Colin, C. Fayt, F. Goutail, M. Nunes-Pinharanda, J. P. Pommereau, \

In view of these percentages and of the recent findings of Hausmann, U. Platt, I. Pundt, T. Rudolph, C. Hermans, P. C. Simon, A. (
Z|pf and Prasadé(3) Concerning the implication of thengz Vandaele, J. M. Plane, N. Smith, Atmos. Chen23, 51-80 (1996).

. . . . 2. A. C. Vandaele and M. CarleefAppl. Opt.38, 26302639 (1999).

photochemlstry n the_pr_OdUCtlon of NOit appears that the 3. R. Volkamer, T. Etzkorn, A. Geyer, and U. Plagfmos. Environ.32,
absorption of solar radiation by the;N, bands may represent 37313747 (1998).

an efficient source of NO/NCn the stratosphere and possibly 4. G. HerzbergCan. J. Phys30, 180-210 (1952).
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