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Absorption spectra of molecular oxygen were measured in the laboratory under temperature and pressure conditio
prevailing in the Earth’s atmosphere. Spectra of pure O2, O2 1 N2, and O2 1 Ar were recorded in the 41 700 to 33 000 cm21

region (240–300 nm) at a maximal optical path difference of 0.45 cm using a Fourier transform spectrometer and a multip
reflection gas cell. The different components of the spectra, namely the discrete bands of the three Herzberg systems,
Herzberg continuum, and the collision-induced diffuse Wulf bands, were separated. The contribution of the Herzberg ban
was first subtracted using the line parameters determined previously [A. Jenouvrier, M.-F. Me´rienne, B. Coquart, M. Carleer,
S. Fally, A. C. Vandaele, C. Hermans, and R. Colin,J. Mol. Spectrosc.198, 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 ba
and the Herzberg continuum. The characteristics of the Wulf bands have been investigated in details: vibrational analys
pressure effect, foreign gas effect, and a simulated spectrum are reported. The Herzberg continuum cross section is determ
below the dissociation limit. A comparison with literature data is given. The new O2 absorption cross sections and O2–O2

collision-induced absorption cross sections are useful in connection with atmospheric measurements of ozone and other tr
gases in the UV spectral region.© 2000 Academic Press

Key Words:oxygen; absorption cross section; collision-induced bands; Fourier transform spectroscopy; UV; Herzberg
continuum; Wulf bands.
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1. INTRODUCTION

Accurate retrieval of atmospheric trace gas conce
tions and vertical profiles from UV–visible spectra req
the knowledge of absolute absorption cross sections o
absorbing species, including oxygen. Laboratory-meas
cross sections are thus essential as reference data for
spheric and stratospheric monitoring from the ground,
loons and aircraft platforms, and satellites. Furthermore
radiative budget of the atmosphere, which influences the g
climate, is controlled by the absorption of solar radiation
trace gases.

The strong ozone Hartley band (230–300 nm), which is
to retrieve tropospheric ozone concentrations (1, 2), overlaps
with oxygen bands. Despite the low-absorption cross secti
oxygen in this region (;10224 cm2 molecule21 compared t
;10217 cm2 molecule21 for ozone), the abundance of oxygen
the atmosphere leads to absorbances of the same or
magnitude as those of O3. Reliable ozone concentration m
surements thus require the knowledge of accurate oxygen
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sections. Similarly, concentration measurements of arom
species by DOAS or DIAL techniques require the elimina
of oxygen absorptions from atmospheric spectra (3).

The absorption spectrum of molecular oxygen betw
33 000 and 41 700 cm21 is composed of the discrete Herzb
I, II, III band systems (A3S u

1–X3S g
2, c1S u

2–X3S g
2, and

A9 3D u–X3S g
2 transitions), the weak underlying Herzberg c

tinuum, and the broad collision-induced absorption bands
triplet structure (4–7) attributed to O2–O2 and O2–X. The latte
were observed in the 1920s–1930s at high pressures in th
phase and in liquid oxygen (8–10). Wulf (8) first ascribed thes
so-called high-pressure bands to the formation of ox
dimers. Later, several authors studied the pressure depen
of their cross sections in pure oxygen as well as in the pres
of a foreign gas, e.g., N2, Ar, CO2 (11–19). They demonstrate
he quadratic pressure dependence of the Wulf band inten
nd discussed the nature of the O2–X interaction. The triple

bands were attributed either to a stable dimer or to a coll
pair. Various studies (6, 20–22) suggested that the trip
structure of the Wulf bands originates from the collisi
induced relaxation of the selection rules for theA9 3D u 4
X3S g

2 electric dipole forbidden transition. Our recent exp
mental work (23) led us to conclude that the Wulf bands
en-
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11FTS OF THE O2 HERTZBERG BANDS. III
caused by collision-induced absorption (CIA) rather than
oxygen dimers. This will be confirmed in the present pap

Concerning the continuous absorptions, we would lik
specify the terminology used in this work. Up to now,
Herzberg continuum, generally measured from 195–200 n
the dissociation limit (240 nm), was considered to be the
of a pressure-independent and a pressure-dependent co
tion. These two contributions have no specific name.
suggest to label the pressure-independent term theHerzberg
continuumand to be aware that it has a contribution in
bound region below the dissociation limit. The pressure-de
dent contribution below the dissociation limit will be des
nated as theWulf bandsand above the dissociation limit as
Wulf continuum.The sum of the pressure-dependent and
dependent terms (called earlier the Herzberg continuum)
simply be called thedissociation continuum.

This study, which is part of a complete reinvestigation of
entire O2 spectrum from the UV to the near-IR (23–26), is

ased on low-resolution spectra recorded at atmospheric
ures in the UV region (33 000–42 000 cm21). The objective i

to subtract the contribution of the discrete Herzberg band
to determine the intensity of the collision-induced absorp
bands up to the dissociation limit. This will make use of
previous high-resolution rotational analysis of the Herz
bands carried out by us (24, 25). Cross sections for the O2–O2

bands will be provided and the effect of foreign gases (N2, Ar)
will be presented and interpreted. Removal of the lines o
Herzberg bands enables us to measure the Wulf ban
atmospheric pressures, as opposed to previous studies,
were carried out at higher pressures at which the Herz
bands were assumed to be negligible.

2. EXPERIMENTAL

The absorption spectra of gaseous molecular oxygen
recorded using a Bruker IFS120M Fourier transform spect
eter (FTS) combined with a multiple reflection cell of 50
base path. The cell characteristics and configuration wer
scribed in detail by Lux and Jenouvrier (27).

The experimental conditions, which are summarized in Tab
re the result of a compromise between a reasonable mea

ime (;1 h) and a good signal-to-noise ratio. It was decide
perate at low resolution (R 5 2 cm21; MOPD 5 0.45 cm)

because the present study concerns continuous absorption
overlapping discrete Herzberg bands will be removed from
low-resolution spectra by using the high-resolution (fully
solved) spectra which were recorded previously (24).

In practice, spectral intensities (I ) were recorded for a seri
of pressures, and a blank spectrum (empty cell) was mea
before and after each series (I 0). Each spectrum was record
n eight blocks of 128 scans in order to be able to event
iscard erroneous blocks, and to monitor the lamp drift

ime. The problem of lamp aging was examined in an atte
o predict the values ofI 0 at the exact time of a particul
Copyright © 2000 by
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sample block measurement. It was found thatI 0 varies by
0.3–2.0% over the recording time of eight blocks, but doe
vary linearly with time, preventing linear interpolation. T
average of the 16 blocks of blanks was therefore used.

Measurements were carried out at room temperature a
pressures less than, or equal to, 1 atm. Three platinum
resistance thermometers placed inside the cell measured t
temperature. The temperature difference between the three
mometers never exceeded 2 K; the temperature variation d
one experiment (sample and blank spectra) was negligible
pressure was monitored by an MKS Baratron capacit
manometer with a calibrated full-scale sensor of 133 or 1333

The samples studied were either pure O2, dry synthetic ai
from commercial bottles (O2 5 20 6 1%), O2/N2 mixtures, o
O2/Ar mixtures. The two mixtures were prepared directly in
cell by successively introducing the oxygen and the buffe
(the pure O2, N2, and Ar having a certified purity.99.5%)

he results obtained with dry synthetic air and O2/N2 mixtures
prepared directly in the cell and left to rest for 2 h were the
same. Two hours appears therefore to be sufficient to ac
a homogeneous mixture.

Spectra were recorded by using the double-sided forw
backward recording mode of the FTS and a boxcar apodiz
function.

3. RESULTS AND DISCUSSION

3.1. Separation between Structured and Diffuse Bands

The absorbanceA, calculated from the measured intensi
and I 0, is related to the oxygen pressure as

A 5 lnS I 0

I D 5 ~sO2HS 1 sO2HC! PO2 l k

1 ~sO2–O2 1 sO2–X g! PO2

2 l k 2 1 ARS,

[1]

whereA is the Napierian absorbance,I is the sample spectru
intensity,I 0 is the blank spectrum intensity,sO2HS andsO2HC are
the Herzberg band systems and Herzberg continuum ab

TABLE 1
Experimental Conditions for the

Absorption Measurements
Acade
mic Press
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12 FALLY ET AL.
tion cross sections, respectively (cmmolecule ), sO2–O2 and
sO2–X are the collision-induced absorption cross sections5

molecule22), l is the path length (cm),PO2 is the oxygen
pressure (hPa),g is the X/O2 mixing ratio, ARS is the absor-
bance equivalent to the photon loss due to Rayleigh scatt
andk is equal toN0T0/P0T whereN0 is the Loschmidt numbe
(2.687 3 1019 molecule cm23), T0 and P0 are the norma
temperature and pressure (K and hPa), andT is the sampl
temperature (K). For pure O2 experiments,g equals zero. Th
total pressure of the O2–X mixture experiments was varied, b
the value of g was maintained constant and close to
atmospheric N2/O2 ratio ('4).

On the right-hand side of Eq. [1], the first term va
linearly with pressure and is composed of the absorption
sections of the three Herzberg systemssO2HS and of the Herzber
continuumsO2HC. The second term corresponds to the quad
pressure-dependent part of the absorbance and is due to2–O2

and O2–X (X 5 N2 or Ar) collision-induced absorptions.
It follows from Eq. [1] that the effective oxygen cro

ection, which includes the three contributions to the spec
i.e., the Wulf bands, the discrete Herzberg bands, an
erzberg continuum), is given by:

seff 5
A 2 ARS

PO2 l k
. [2]

Measurements at various pressures from 100 to 1000
allowed us to separate the three components of the spectr
the following procedure:

(a) Absorbance equivalent to the photon loss due to
Rayleigh scattering is calculated according to the equa
given by Bates (28) and subtracted from the experimen
absorbance (Fig. 1a).

(b) A low-resolution (2 cm21) absorbance spectrum of t
O2 Herzberg lines is calculated (Fig. 1b) with the Winp
program written by Hurtmans (29). This computer progra
synthesizes a spectrum by applying a Voigt line profile
theoretical values of the line positions and intensities. It
convolves this spectrum with the instrumental effects (tru
tion, apodization, and field of view) in order to match
closely as possible the experimental data. In the present
the line parameters were determined from our high-resol
study (24, 25) and can be obtained upon request or by do
load from the IASB-BIRA website (http://www.oma.be/BIR
IASB/Scientific/Topics/Lower/LaboBase/Laboratory.html).

(c) To remove the Herzberg lines, the difference betw
the experimental absorbance and the calculated absorba
calculated and smoothed using a low-pass filter. This filt
difference is expressed in cross-section units and ca
written as:

s9 5 sO2HC 1 ~sO2–O2 1 sO2–X g! PO2 k. [3]
Copyright © 2000 by
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Steps (a) to (c) are repeated for spectra recorded at s
pressures (Fig. 1c). For pure O2 experiments, a set of 50s9
values (corresponding to 17 pressures) was obtained d
three different measurement periods. Preliminary results
the first period have been presented previously (23, 30, 31).
Erroneous data, due to experimental and technical prob
such as clipping of the light beam emerging from the cell, w
discarded, and the final data set is restricted to 21 v
corresponding to 14 pressures.

(d) For experiments with pure O2, a linear least-squares
of s9 versusPO2 is performed for each measured wavenum
The slope, divided byk, yields the collision-induced cros
section sO2–O2 (Fig. 2a) and the intercept at zero press
provides the Herzberg continuum cross-sectionsO2HC (Fig. 2b).

(e) For the experiments with O2–X mixtures, the limited
data set prevents the performance of a least-squares fit. T
fore, a value of the collision-induced absorption cross-se
sO2–X is obtained by using Eq. [3], in whichsO2–O2 andsO2HC

are determined using procedure (d).

It should be emphasized that the proper removal of

FIG. 1. (a) Overview of an experimental absorbance spectrum of
oxygen at 600 hPa (resolution5 2 cm21). (b) Simulated absorbance spectr
at the same pressure and resolution. (c) Examples ofs9 (see text) at thre
different O2 pressures.
Academic Press
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13FTS OF THE O2 HERTZBERG BANDS. III
Herzberg lines is an essential prerequisite to study accu
the Wulf bands. The reason lies in saturation and resol
effects. First, the strongest Herzberg lines are saturated e
low-oxygen pressure, but saturated lines are only detecta
high resolution. Second, the Herzberg lines are not fully
solved in the low-resolution spectra (2 cm21). This implies tha
the line profile does not vary linearly with oxygen pressure3).
These specific problems result in strong line residuals in
linear least-squares fit, as was already demonstrated (31). A
line-by-line removal of the Herzberg bands and a smoothin
the result give a much better result, but the O2–O2 collision-
induced absorption cross section still presents some re
noise (see Fig. 3 in Ref.23).

.2. Error Analysis

The error in the effective cross-sectionseff is determine
using the expressions

dseff

seff
5

dA

A
1

dT

T
1

dPtot

Ptot
1

dl

l
[4]

with

dA 5 NS1

I
1

1

I 0
D ,

where N is the noise of a spectrum resulting from 10
oadded scans. In Eq. [4],dT/T, dPtot/Ptot, anddl /l are equa

to 1, 0.08, and 0.5%, respectively. The error in the mod
cross section (ds9) is obtained by filteringdseff with the sam
low-pass filter as the one used for the data. Errors in the
and intercept obtained from the least-squares fitting are d
mined with the formula recommended by Presset al. (32)

hich is applicable when the uncertainty associated with
easurement is known. The error in the collision-indu

FIG. 2. (a) The O2–O2 collision-induced absorption cross-sectionsO2–O2.
f the cross sections are shown and plotted as error bars for a few poi
Copyright © 2000 by
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bsorption cross-sectiondsO2–O2 (Fig. 2a, lower graph an
error bars) is obtained from the standard deviation on the
(ds) as

dsO2–O2

sO2–O2

5
ds

s
1

dT

T
, [5]

heredT/T is negligible with respect tods/s.
The error in the Herzberg continuum absorption cross

tion dsO2HC is equal to the standard deviation on the inter
(Fig. 2b, lower graph and error bars).

The uncertainty on the O2 effective cross section vari
roughly from 1 to 30% depending on the spectral region
the pressure. At the maximum intensity of nonsaturated l
the error is about 1–5%; 5–15% are usual values between
and in the region above the dissociation limit, the error rea
10–15%. Similarly, the errors insO2–O2 and sO2HC are of the
same order of magnitude. Toward the visible part of the s
trum where absorbances or cross sections are close to
high percentage errors are obtained. To evaluate bette
accuracy in the latter case, absolute errors are given. In F
and 2b, the cross-sectionssO2–O2 and sO2HC are presented t-
gether with their errors (lower parts and error bars on the
plot). The error increases with the intensity of the lines, w
become saturated at high pressure, but also for wavenu
larger than 40 000 cm21, due to the cutoff of the lamp
emissivity.

3.3. The Wulf Bands

Figure 1a shows the total absorbance resulting from
Herzberg bands and their underlying continuum overlappe
the diffuse triplet Wulf bands. Figure 2a (and also Fig
presents the absorption cross section corresponding to the
bands calculated by the procedure described in Section

The pressure effect on the Wulf bands can be evaluated

The Herzberg continuum absorption cross-sectionsO2HC. Standard deviation
on the main graphs. Also shown on plot (b) is the dissociation limitD 0.
(b)
nts
Academic Press
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14 FALLY ET AL.
Fig. 3 (see also Fig. 1c). From the pressure range of this s
it appears clearly that the shape and position of the triplet
independent of the gas pressure. Only their strength incr
with pressure, as already pointed out by Dianov-Klokov (11).

3.3.1. Vibrational analysis. The positions of the triple
are presented in Table 2 and compared with literature data
failed to detect the 0–0 and 1–0 bands. The 11–0 and
triplet positions are difficult to determine because of the o
lapping of the triplet structures whenv9 increases, as is show
in Fig. 2a and Fig. 5. Considering the broadness of the p
the absolute positions are in good agreement with the resu
previous authors. The constant decrease of the distanc
tween the bands is characteristic of a converging band pro
sion. This is illustrated in Fig. 4a, where theDG(v) values
corresponding to the energy separation between succ
bands are presented:DG(v) varies from;800 to;300 cm21

for v9 5 1 to 10. Our data are the most uniform, but the so
unexplained anomaly detected by others atv9 5 8 (8–10) is
still observable as a slight break in the straight line. Bec
band origins cannot be determined for the diffuse triplets
DG(v) plotted in Fig. 4 are the differences between waven
bers measured at the maxima of the bands.

In Fig. 4b, theDG(v) values of the Wulf bands and of t
A9 3D u state are compared. The latter are obtained from
recent rotational analysis of theA9 3D u state (24). The intervals

etween the peaks are consistent with previous studies (9, 10).
hey are close to the values of the triplet splittings for
9 3D u state, which vary from 149.6 to 118.2 cm21 for v9 5 2

o 11, according to the spin–orbit coupling constantsA derived
y Jenouvrieret al. (24).
Strong similarities between the diffuse triplets and

9 3D u 4 X3S g
2 transition, in terms of relative positions a

triplet splitting, are thus demonstrated. These results rein
the conclusions of previous studies (6, 20–22) that the Wul
bands are due to an enhancement of the forbiddenA9 3D u 4
X3S g

2 transition caused by the relaxation of the dipole-for-
den selection rule during collision.

FIG. 3. Pressure effect on the structure and position of the 7–0 Wulf b
The cross sections are vertically shifted to zero at 38 840 cm21 for a bette
comparison.
Copyright © 2000 by
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3.3.2. Absorption cross section in pure oxygen.The col-
lision-induced absorption cross-sectionsO2–O2 at room temper-

ture is presented in Fig. 5, together with a compariso
iterature data.

To our knowledge, there are only two papers present
omplete Wulf bands absorption cross section (from;34 000

cm21 to the dissociation limit) in pure oxygen at room temp-
ature (12, 17). Zelikina et al. (17) studied compressed a
liquid oxygen, taking advantage of the fact that at these
high pressures the absorption of the Herzberg bands bec
negligible. Only Shardanand (12) made measurements at v
ious pressures and separated the O2 and the O2–O2 contribu-
tions by a least-squares linear regression. Several other p
(14, 19, 33–35) deal with the region above the dissociat

TABLE 2
Wulf Bands Positions and Comparison

with Literature Data

d.
Academi
c Press
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15FTS OF THE O2 HERTZBERG BANDS. III
limit and gave data for wavenumbers greater than 40 000 c21.
These literature data, described as “the pressure-depe
component of the Herzberg continuum,” are shown in Fig
One can clearly see that the most recent experimental v
given by Yoshinoet al. (35) connect well with the Wulf band

hich suggests that their values can be attributed to the
ontinuum.
The collision-induced absorption cross-sectionsO2–O2 is in

good agreement with earlier results, despite the different
sure ranges used in the studies. Our higher resolution r

FIG. 4. Relative positions of the Wulf bands: Wavenumber interval
ween the central peaks of each triplet and comparison (a) with literature
b) with theA9 3D u state.

FIG. 5. The O2–O2 collision-induced absorpt
Copyright © 2000 by
ent
.
es

lf

s-
lts

improve the accuracy of the absorption cross section in
region of the Wulf bands.

3.3.3. Absorption cross sections in gas mixtures.In this
work, spectra were recorded at constantX/O2 mixing ratio
(with X 5 N2 or Ar) with increasing total pressure.

Figure 6 compares thes9 cross sections of pure O2 and of
O2–X mixtures (withX 5 N2 or Ar) at the same total pressu
From these experiments, several conclusions can be dra

First, they show that the intensity of the Wulf bands depe
on the total pressure, and that the shape and position o
triplets are independent of the nature of the gas in the pre
range and spectral interval of this study. In other words
Wulf bands exhibit the same features whatever the collis
partner. This observation provides additional evidence to
presented earlier (23) that the Wulf bands are produced
ollision-induced absorption (CIA) and not from dimer abs
ion.

Second, it can be seen in Fig. 6 that the differences (a
nd (a)–(c) between O2–O2 and O2–X cross sections record

at the same total pressure are nonzero and increase sligh
the UV side, but show no obvious triplet structure. To
knowledge, the fact that the differences do not contain
triplet structure, implying that the intensities of the O2–O2 and

2–X triplets are in the ratio of 1:1, was never mentio
before. If the reliability of the differences is not obvious si
they are of the same order of magnitude (0.53 10224 cm2

molecule21 atm21) as the experimental error, the good ag-
ent between our collision-induced cross sections and

iterature data (Figs. 5 and 7, see below) allow us neverth
o assume that they are real. In addition, the difference

-
ta,

cross section and comparison with literature data.
ion
Academic Press
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16 FALLY ET AL.

Copyright © 2000 by
directly proportional to the total pressure; they are most p
ably due to a collision-induced continuum arising only fr
O2–O2 interactions.

Third, O2–N2 and O2–Ar cross sections are practically equ
which means that N2 and Ar act with nearly the same efficien
to induce absorption in the pressure range used in this s

The O2–N2 and O2–Ar collision-induced absorption (CIA
cross sections, calculated as explained in Section 3.1
presented in Fig. 7. The O2–O2 CIA cross section is also draw
in this figure for comparison. The almost equal O2–N2 and
O2–Ar CIA cross sections agree well with previous studies11,
14, 15, 17), despite the high degree of uncertainty (up to 10
generated by a limited data set, numerous steps in the p
dure, and extreme experimental conditions. One should
point out thatsO2–X is obtained from Eq. [3] by subtracting t
sO2–O2 contribution; this implies that, in the O2–X mixture, the
collision probability between O2 and X molecules and th
collision probability between O2 molecules are assumed id-
tical. This is a reasonable assumption as O2 and N2 molecules
are both homonuclear with comparable diameter and mas
thus show similar polarizabilities.

Values for the ratiosO2–O2/sO2–N2 can be obtained from th
literature (11, 14, 15, 17, 19). These ratios range between
and 2.5 in the Wulf bands region and are most often clo
2.0, as shown in Table 3. We obtain a mean ratio of 1.86 0.1
measured at the positions of the central triplet peak. The r
at the 2–0 and 3–0 band positions are not calculated be
CIA cross sections are close to zero.
ctra
FIG. 6. Comparison of absorption cross sections (correspondings9
iven in Eq. [3]) of oxygen in pure O2 and in mixtures with N2 or Ar. The

bottom part of each figure represents the differences between the two
of the upper part.
a

ors
FIG. 7. Comparison of the O2–X collision-induced absorption cross sections (bold solid line for O2–N2 and normal solid line for O2–Ar) with literature dat
dashed lines and markers). The O2–O2 collision-induced absorption cross section (thin solid line) is also drawn for comparison. The data of Zelikinaet al. (17)

are calculated from their O2–O2 absorption coefficients (m11) and their mean ratiossO2–N2/sO2–O2 andsO2–Ar/sO2–O2 (g12); the latter is calculated by the auth
to be the same in the triplet region as in the 200–240 nm region.
Academic Press
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17FTS OF THE O2 HERTZBERG BANDS. III
The dependence of the ratiosO2–O2/sO2–N2 with wavelength
has been considered in the literature: Horowitzet al. (22)
deduced a constant ratio in the 205–240 nm region (48
41 670 cm21); Zelikina et al. (17) commented that the ratio
he same in the triplet region as in the 200–240 nm region
hardanand (14) obtained an increasing trend of the ratio w
avenumber in the 200–250 nm region. Our results sh

elatively constant ratio at the positions of the central tr
eak and also in the 41 000–42 000 cm21 wavenumber regio
see Table 3), but this constant ratio does not hold for w
engths situated between the peaks, in agreement with th
f structures in the differences presented in Fig. 6.
Straightforward conclusions concerning the difference

ween O2–O2 and O2–X collision-induced absorption cannot
formulated from our results, but a general agreement is f
in the literature, i.e., O2–N2 and O2–Ar collisions presen
almost identical cross sections, lower than that of O2–O2 col-
isions by approximately a factor of 2. However, we fi
stonishingly that the difference presents no structure
ight indicate that an additional unknown mechanism is

ponsible for part of the total CIA cross section.

.4. Modeling of the Wulf Bands

The O2–O2 Wulf bands have been modeled using the th
of collision-induced absorption. Collision-induced transitio

TABLE 3
O2–O2 and O2–X Collision-Induced Absorption Cross-Section

Ratios sO2 –O2/sO2 –X, and Comparison with Literature Data
Copyright © 2000 by
–

nd

a
t

e-
ck

-

nd

nd
-

y
,

characterized by Raman-like selection rules (DJ 5 0, 62)
ave been analyzed in detail by Placzek (36), who present
öln–London factors for linear molecules in their ground st
A stick spectrum was first generated, using approp
odels and constants for the two electronic levels invol
or the ground electronic state (3S g

2), the matrix elements o
the Hamiltonian described by Cheunget al. (37) and the
onstants of Amiot and Verge`s (38) were used. For the excit
tate (A9 3D u), the matrix elements of Hockinget al.(39) were

used with the revised constants of Jenouvrieret al. (24). The
relative intensities of the different vibrational bands were
duced from the experimental integrated cross sections, w
have been determined from the Herzberg III system ana
(25).

A simulated spectrum of the Wulf bands is then obtaine
broadening each line with a Lorentzian line profile adjuste
best reproduce the CIA observed profiles. This profil
made asymmetric, by adding to the profile a Boltzmann fa
e2hcDn/kT, which reflects the fact that absorption on the h
frequency side of the line is associated with an incre
translational energy with respect to the low-frequency s
Bosomworth and Gush (40) have shown that a lineshape fu
tion including an exponential tail gives a better represent
of the H2 infrared lines. We have thus considered the follow
line profiles, already defined by Tabiszet al. (20),

I 1~n! 5
I 0

1 1 ~Dn/d! 2 for n0 , n , n0 1 1.75d

I 1~n! 5 Ae~2BDn! for n . n0 1 1.75d

I 2~n! 5 I 1~n!e~2hcDn/kT! for n , n0,

[6]

wheren0 is the central position of a line of intensityI 0, d is the
half-width at half-maximum (570.0 cm21 in our simulation),A
andB are constants chosen so thatI and its first derivative ar
continuous atn0 1 1.75d.

Results of the model, multiplied by a constant in orde
match the data, are compared to the experimental values i
8. The diffuse triplet structures, arising from the triplet na
of the upper state, are well reproduced for all the vibrati
transitions taken into account. The relative intensities o
vibrational transitions are in good agreement with the ex
mental data. The model fails, however, to reproduce the
wavenumber part of the spectrum, as no transitions to
continuum have been taken into account.

3.5. The Herzberg Continuum Absorption Cross Section

The Herzberg continuum, presented in Fig. 2b with e
bars, is compared in Fig. 9 to a calculated curve an
literature data. The small peaks and the negative value
pearing in the experimental cross section can be negl
because they are due to calculation artifacts and are no
nificant. The region of the Herzberg continuum below
Academic Press
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18 FALLY ET AL.
dissociation limit represents the long wavelength extensio
the bound-free Herzberg continuum into the bound reg
This is illustrated in the high wavenumber part of Fig. 9 wh
it is seen that our experimental curve is perfectly in alignm
with the literature data.

The shape of a continuum below the dissociation l
corresponds to a decreasing exponential function related
population of the excited rotational levels in the ground s
This part of the Herzberg continuum has therefore been

FIG. 8. Comparison between the Wulf bands obtained expe

FIG. 9. Comparison of the Herzberg continuum absorption cross
Copyright © 2000 by
of
n.
e
t

it
the
e.

-

ulated by a cumulative Boltzmann population distribution
the rotational levels of the ground state (38), without taking
nto account theJ dependence of the dipole transition mom
The relative intensities are multiplied by a constant to con
with the experimental data at the dissociation limit. This
culated curve is presented in Fig. 9 and agrees well with
experimental curve. One has to mention a similar study
cerning the continuum which underlies the Schumann–R
bands of O2: Lewis et al. (41) presented extensive measu-

entally (solid line) and calculated by a model (dashed line) (see text).

ction obtained in this work with literature data, and with a calculated c
rim
se
Academic Press
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19FTS OF THE O2 HERTZBERG BANDS. III
ments and theoretical calculations of the Schumann–R
continuum absorption cross section in the 175–180 nm re
and verified that the continuum is due to absorption f
rotationally excited levels of the ground state.

4. ATMOSPHERIC INTEREST

These new laboratory cross-section data, combined wit
O2 line parameters obtained from fully-resolved high-res-
tion spectra presented previously (24), allow us to calculate
synthetic spectrum at any desired resolution and pres
These measurements should be very useful to interpre
rectly the atmospheric spectra in which the signatures of
eral species (aromatic hydrocarbons, ozone, etc.) str
overlap with the oxygen spectrum. They should lead to
proved concentration measurements in atmospheric s
using differential optical absorption spectroscopy (DOAS
differential absorption light direction and ranging (DIAL),
pointed out by Volkameret al. (3).

It is worth mentioning that the construction of a synth
spectrum should be done with great care, on account of e
that the convolution technique can introduce (2, 3, 42). The
usual procedure, which compares absorbances of atmos
spectra with convoluted cross sections, produces nonlinea
of absorbance with concentration. This is because the co
lution and the logarithmic functions do not commute; the c
section has therefore to be converted into a spectrum b
being convoluted by an instrumental function. Moreover,
spectral absorption features in the cross section have to be
resolved in order to avoid a dependence of lineshape
concentration.

The combined pressure effect of N2 and O2 depends o
wavelength and its contribution to the absorbance of O2 in the
atmosphere can only be roughly assessed. In the r
41 270–42 000 cm21, the pressure effect contributes to 5
55% of the total absorbance at ground level (1000 hPa).
fraction, which decreases with increasing altitude, is still
25% at the tropopause (;10 km or 265 hPa) and becom

egligible (,1%) at an elevation of 35 km (5.7 hPa). Sim
esults have been presented by Horowitzet al. (Table 5 in Ref

22) for the region 205–240 nm (48 780–41 670 cm21). In the
Herzberg bands region (34 000–41 270 cm21), the contribu-
tion of the combined pressure effect is much more varia
due to the presence of the Herzberg lines. At the ground
the pressure effect contributes to 100% of the absorban
the baseline between the lines, and from 10 to 25% a
maximum intensity of the most intense lines of each band.
fraction also decreases with pressure.

In view of these percentages and of the recent finding
Zipf and Prasad (43) concerning the implication of the O2–N2

photochemistry in the production of NOx, it appears that th
bsorption of solar radiation by the O2–N2 bands may represe

an efficient source of NO/NO2 in the stratosphere and possi
Copyright © 2000 by
ge
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in the troposphere. This new stratospheric NOx source will in
turn influence the ozone formation.

5. CONCLUSIONS

As part of an extensive study concerning molecular oxy
(23–26), the oxygen spectrum is examined in the UV regio
ow resolution (2 cm21). The study of its pressure depende
has led to the separation of the different components, i.e
O2 Herzberg bands, the Herzberg continuum, and the
bands. New O2–O2 collision-induced absorption cross sectio
obtained with better precision and accuracy than earlier re
are presented. The Herzberg continuum has been exten
the bound region, far below the dissociation limit.

These new laboratory data, combined with our line pa
eters of the Herzberg systems (24, 25), allow to calculate
oxygen cross sections for any pressure condition; this in
should improve atmospheric measurements.

In the pressure range and spectral region of this study
intensity of the Wulf bands shows a quadratic dependenc
pressure (PO2PX), but their shape and position do not vary w
pressure. Besides large uncertainties, it is shown that th
lision-induced absorption (CIA) cross sections obtained
different O2–X interacting pairs depend on the nature of
moleculeX. The O2–N2 and O2–Ar collision-induced absorp-
tion cross sections are almost equal but are about twice
than the O2–O2 CIA cross section. However, the shape of
triplets bands is not modified at all.

The crude simulations performed for the Wulf bands and
the Herzberg continuum are in good agreement with the
perimental results. The data are available in digital form u
e-mail request or by download from the IASB-BIRA web
(http://www.oma.be/BIRA-IASB/Scientific/Topics/Lowe
LaboBase/Laboratory.html).
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