Journal of Quantitative Spectroscopy & Radiative Transfer 279 (2022) 108063

Journal of Quantitative Spectroscopy & Radiative Transfer | xue

Contents lists available at ScienceDirect =

ournal of
uantitative
pectroscopy &

journal homepage: www.elsevier.com/locate/jqsrt

0,-0, CIA in the gas phase: Cross-section of weak bands, and n
continuum absorption between 297-500 nm

Henning Finkenzeller, Rainer Volkamer*

Department of Chemistry & CIRES, University of Colorado Boulder, 215 UCB, Boulder, 80309, CO, USA

ARTICLE INFO

Article history:

Received 2 October 2021
Revised 29 December 2021
Accepted 30 December 2021
Available online 4 January 2022

Keywords:

Absorption cross section
Oxygen

Collision-induced absorption
Heating rate

DOAS

Remote sensing

ABSTRACT

Oxygen-oxygen collision-induced absorption (0,-0, CIA) of solar radiation heats the atmosphere, affects
radiative transfer, and needs to be considered in spectroscopy applications in Earth’s atmosphere. The
lack of 0,-0, CIA spectra in the gas phase below 335 nm wavelength is limiting remote sensing ap-
plications in this spectral range. This study reports measurements of the 0,-0, CIA cross-section in
the gas phase at high signal-to-noise ratio and spectral resolution, sufficient to fully resolve spectral
band shapes (0.31-0.42 nm FWHM, full width at half maximum) using Cavity Enhanced Extinction Spec-
troscopy at atmospheric pressure, and variable temperature (293, 263, and 223 Kelvin). Excellent agree-
ment with literature spectra is observed for selected strong bands. Several heretofore unmeasured weak
absorption bands are characterized for the first time in the gas phase under controlled laboratory con-
ditions, i.e., the bands centered at 315 and 328 nm (b'Z; + b'T} < X35, + X33, vibrational quanta
change Avie =4,3), 420 nm (a'Ag+b'Tf <« X35, + X33, Avge =2), and 495 nm (a'Ag +a'Ag <
X3 Eg‘ +X3 Eg‘, Avir = 3). The band shape at 344 nm deviates from the available literature, in part owing
to the overlap of neighboring bands that give rise to non-zero continuum absorption. The consistency of
spectral band shapes of transitions with non-zero Avy is used to predict the absorption bands at 301 nm
(b =+ bt Py <—X3Z§ +X3Egi Avie =5), and 397 nm (a'Ag +b! Py <—X3E§ +X3Eg*, Aver =3). A
complete 0,-0, CIA cross section spectrum is presented between 297-500 nm, that is optimized for
use in hyperspectral (and other) remote sensing applications.

© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

tral range (Fig. 1). Theory describes the structure of the observed
absorption features in general terms, but is not yet able to predict

Collision-induced absorption (CIA) is the absorption in sys-
tems of interacting atoms or molecules, where the absorption ex-
ceeds the simple sum of the absorption by the isolated atoms and
molecules [1-5]. For oxygen, electronic transitions forbidden for
isolated molecules by both spin and electric dipole selection rules
become possible in 0,-0, interactions. The absorption ccja [cm~1]
related to binary 0,-0, CIA scales with the square of the oxygen
concentration co, [6]:

Acip = OaACH, (1)

Here, o¢ is the CIA cross section [cm® molec‘z]. The combined
change of electronic state and total vibrational quantum vy, i.e.
the net change of vibronic quanta of the participating X3 g, b! Zg,
and a'Ag states of molecular oxygen during the transition, gives
rise to series of transitions that extend across the UV to NIR spec-
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the cross section at the level of accuracy and precision required in
many spectroscopy applications. Specifically, neither the exact line
shape nor the strength of different transitions can be predicted ac-
curately.

The 0,-0, collision complex in the atmosphere is a natural
greenhouse gas, and 0,-0, CIA is a source of singlet oxygen sug-
gested to be relevant in atmospheric chemistry [8]. The total ab-
sorption of incoming solar radiation for mid-latitude overhead sun
amounts to ~ 1.07 W m~2 in the visible range alone, and 2.03-
2.31 W m2 total [9].

0,-0, CIA overlaps with the absorption of numerous trace
gases of interest to atmospheric chemistry, and therefore needs to
be accounted for in the retrieval of gases such as formaldehyde,
glyoxal, nitrogen dioxide, nitrous acid, chlorine dioxide, bromine
oxide radicals, iodine oxide radicals, sulfur dioxide and others
[10,11] that are relevant to discussions about air quality and life-
times of climate active gases such as ozone and methane. Fig. 2
shows the optical density of 0;-0, CIA (7,0, ) for two geometries:
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Fig. 1. 0¢a(298 K) in the UV-Vis spectral range. Data for wavelengths larger 500 nm are adapted from Thalman and Volkamer [7]. Vibronic transitions involving ground
states (black) and vibrationally excited oxygen (grey) give rise to overlapping spectral features that modify apparent band shapes, and give rise to non-zero broad band

absorption not previously quantified.
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Fig. 2. Overlap between 0,-0, CIA and atmospheric trace gases at UV-Vis wave-
lengths. Also the weaker lines can reach strengths that are significant for the re-
mote sensing of other gases.

Extinction along the Rayleigh scattering path at standard temper-
ature and pressure (STP), and from the top of atmosphere to the
ground. As can be seen, even weak lines can cause optical depths
of ~ 10~4, comparable to the optical depths caused by weakly ab-
sorbing trace gases. The incorrect representation of ocjs in the in-
terpretation of spectra can cause interferences. In the UV spectral
range, Pinardi et al. [12] explicitly studied the sensitivity of HCHO
retrievals towards different literature o¢a and concluded that sig-
nificant interferences occur between o¢s, HCHO, and BrO absorp-
tion features in the 336.5-359 nm interval. Extending the retrieval
interval towards the UV, to include more absorption features of
HCHO, has to some extent been limited by the lack of reference
spectra for oca below 335 nm.

ocia in the atmosphere can be accurately predicted if the atmo-
spheric temperature and humidity profile are known [7]. Therefore,
oxygen is of interest as a calibration gas to determine air mass fac-
tors, and constrains radiative transfer simulations to characterize
aerosols that influence the Earth radiation balance.

While good o¢jp spectra are needed for the above reasons, lab-
oratory measurements at atmospherically relevant conditions are
challenging. For the most meaningful results, large columns have
to be attained by using long light paths, and avoiding high oxygen
pressures, which introduce pressure broadening and terneray in-
teractions. The temperature dependence [e.g. 7,13] needs to be re-
solved, an effect that is particularly relevant for measurement ge-
ometries that cover a wide range of temperatures, i.e., all satellite
geometries [14] and airborne measurements [11,15]. There is a long
legacy of studies investigating ocja in various experimental condi-
tions. Numerous laboratory studies analyzed the absorption in the
UV-Vis spectral ranges in the gas phase [6,7,16-31], in the liquid
phase [32-37], and in solid oxygen [38]. Perner and Platt [39] in-
cluded o for the first time in the interpretation of atmospheric
spectra, and ocjy has been determined from atmospheric observa-
tions in direct sun geometries [13,40,41].

Still, for the transitions at 420, 328, and 315 nm, spectrally re-
solved data in the gas phase currently do no exist. Lampel et al.
[42] detected the bands at 328 and 420 nm in the atmosphere,
highlighting the need for more complete absorption cross sections.

The more recent development of cavity enhanced extinction
spectroscopy (CEES) has created the capability to create large gas
columns in a compact instrument via long light paths, rather than
high pressures. The compact design allows for a straight-forward
temperature control, such that measurements can be carried out
at close-to-atmospheric conditions. While the stronger absorption
features of O,-0, CIA have been characterized using this technique
[7,31], the measurements of the weak bands have been impeded by
(1) progressively stronger Rayleigh scattering at UV wavelengths,
limiting the effective path length inside the optical cavity to few
km only (confer Table 1), (2) small signals requiring a high level of
precision, and (3) limited availability of suitable mirror-light source
combinations.

Using CEES with optimized optical components, an automated
data acquisition and analysis scheme, long integration times in a
stabilized setup, and by using pure oxygen at atmospheric pres-
sure, this study provides information on the heretofore unresolved
absorption of the weak bands in the UV-Vis range below 500 nm,
generating a cross section that is complete in regards to the needs
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Table 1
Experimental Setup: Configuration and characterization.
Spectral Light Filter mirror OCIA Setup  Opt. density  FWHM
range source band  L§, D= -1
nm [nm] [km] [nm]
307-349 LDLS WG320, UG11, Layertec 315 0.60 1.4-10* 0.31%f
dichroic 328 1.1 13-10°3
344 1.0 7.2.1073
349-397 LDLS CVI320, UG11 ATFilms 360 2.0 5.6-1072 0.40%f
380 1.6 2.6-1072
408-427 LED" SP450 CRD Optics 420 7.0 2.0.10°3 0.4241
427-498 LED! GG430 ATFilms 447 16 5.7-1072 0.35%8
477 12 5.0-10""
495 1.0 9.0.10~*

a: Photon path length in argon, b: Spectral resolution, expressed as the full width half maximum (FWHM) of atomic
emission lines; Hg at 334 nm, c: Kr at 368 nm, d: Kr at 432 nm, e: Kr at 450 nm, f: grating with 2400 grooves mm~",
g: grating with 1200 grooves mm~"', h: Lumiled L1F3-U410200014000, i: LED Engin LZ1-10B201

in atmospheric spectroscopy. To cover the temperature range rele-
vant for spectroscopic atmospheric sensing, the cross section was
determined at three temperatures: +20 °C, for surface and labora-
tory applications, —10 °C, the typical effective temperature of the
total column in direct sun measurements, and —50 °C, as found in
the upper troposphere by satellite and aircraft.

2. Experiment and data analysis

The 0,-0, CIA cross section is determined from the measure-
ment of spectral light extinction due to oxygen, i.e., the combi-
nation of 0,-0, CIA and oxygen Rayleigh scattering. The spectral
path length in the optical cavities and the reference light fluxes are
constrained from spectral flux measurements in the presence of ar-
gon and helium [43], i.e., two noble gases with distinct Rayleigh
scattering cross sections that are well-described by theory due to
the absence of a King correction factor [44]. The contribution of
oxygen Rayleigh scattering to the total extinction is accounted for
using theory.

2.1. Experimental setup

The experimental apparatus is shown in Fig. 3. It builds on a
setup used by Thalman and Volkamer [7], but is optimized re-
garding stability and automation for long integration times, and
employs optical elements and light sources optimized for the
new spectral ranges. We used either LEDs or a laser driven light
source (LDLS, Energetiq EQ99FX, purged with nitrogen, coupled by
a 650 um fiber) to provide measurement light in the desired spec-
tral range. Filtering of out-of-band light - light that is not cavity-
enhanced and interferes as stray light - is established with a short
focal length collimating lens and different filters (Table 1). Mirrors
are one inch in diameter with a radius of 1 m. Temperature con-
trol of the cavity jacket is the same as in Thalman and Volkamer
[7]. The surrounding transfer optics are held at a constant temper-
ature to minimize drifts. Using pure oxygen instead of air mixtures
enhances the signal by a factor of approximately 25 without dis-
torting the cross section or introducing ternary interactions [26].
Measurements are carried out at ambient pressure (Boulder, CO,
~ 800hPa), which is monitored by electronic pressure transduc-
ers (Honeywell) and calibrated periodically by a mercury barom-
eter. We used an Acton 2150 Czerny-Turner grating spectrometer
(Princeton Instruments) and a PIXIS400B scientific camera (Prince-
ton Instruments) to record spectra. A spectral resolution of 0.31-
0.42 nm ensures full sampling of the bands.

To minimize measurement bias from lamp intensity drifts while
allowing for long total integration time necessary for photon statis-
tics, an automated recurring measurement sequence was devel-
oped. Every gas is sampled in periods of 7 min duration only,
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== = \
\
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mirror | 1
spectrograph  gas supply system circulating methanol
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Fig. 3. Sketch of the experimental setup. Building on Thalman and Volkamer [7],
the setup has improved stability, the optical bench and transfer optics (specifically,
filters) are held at a constant temperature; gases are injected in the center of the
cavity and vented symmetrically through a shared port.

shorter than the characteristic light source drift times of approx-
imately 15 min. Transitions between gases are established with
3 min of high purge flow (1 Ipm), while for the remaining 4 min
the purge is reduced to 0.1 Ipm, to minimize gas consumption and
prevent back diffusion. Intensities of adjacent argon spectra (the
closer half of the 4 min low flow spectrum) are averaged between
adjacent sets, which in first order compensates for lamp drifts.
Higher order lamp drift effects cancel out statistically. Following
this procedure, ratios of oxygen, argon, and helium are co-added
to reduce photon shot-noise. The intensity ratio Ia;/Iye, informing
the photon path length, is distinct from unity on the order of sev-
eral percent and does therefore not need to be measured at the
same level of absolute precision as measurements of Ix/lp,, where
optical thicknesses can be as small as 1.4 - 10~%. Accordingly, most
of the measurement time is dedicated to characterize Ia/lo,. Only
every fifth ratio of gases, recurring hourly, is dedicated towards
characterizing Ia;/Iqe. This ratio is interpolated to the measurement
time of the oxygen spectra. Pressure changes are not significant on
this timescale. Pressure changes that occur over longer timescales
are considered in the data analysis.

2.2. Data inversion to derive oca

The theoretical path length Ly,c [cm] in an evacuated cavity
without extinction from neither absorption nor scattering is given
by:

I
2= b @

1—R Inr Ray Ray
The CArOp, CHeOye

Lvac =
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where b is the distance between the mirrors [cm], and R is the mir-
ror reflectivity [unitless]. Lyac can be determined from comparing
spectral fluxes I [cts bin~! s~1] in the presence of gases x, where
cy is the concentration [molec cm—3] of gas x calculated from mea-
surements of temperature and pressure, and kaay is the Rayleigh
scattering cross section [cm? molec’l] taken from the literature
[44-46]. In this study, argon and helium were used as gases with
well-known of®. The effective optical thickness D describes the
attenuation of light inside the cavity:

D = cxoxLyac = I\;ﬁ -1 (3)
X

where oy is the extinction cross section [cm? molec™'] of gas x,

and Iy, is the theoretical spectral flux in vacuum. Eq. (3) takes into

account that any extinction process necessarily reduces the length

a photon travels inside the optical resonator (self-limitation) [47].

Solving Eq. (3) for I leads to:

Ivac

= & [ =L(1 L 4
T+ ol & Lac = I (1 + cx0xLvac) (4)

X

For argon and oxygen, considering that oo, has contributions from

agjy and o¢p:
Lvac = Iar (1 + CArUA{:yLvac) (5)
= 102 1+ COzggijvac + CéZUCIALvac) (6)

where o¢, is the 0,-0, CIA cross section [cm? molec‘Z]. Solv-
ing for oqa and assuming no significant pressure and tempera-
ture changes between the measurement of I, for different gases
(Car = CHe = Co, =€) yields:

1 I Ia ~Ray O,Ray

_ Ar Ige ~ Ar He Ray Ray Ray

Oca = E (10 - ]> - 5 T Oar - (002 — O )
2 ‘,—J

AoRay

b 1

(7)

where D is the optical thickness as defined in Eq. (3), La; is the
path length [cm] in argon, A, [cm? molec~1] is the difference in
Rayleigh scattering cross section between oxygen and argon. No-
tably, Eq. (7) does not explicitly involve instrument specific param-
eters such as b, R or Ly, but derives o¢js directly from knowledge
of of and the measured spectral fluxes.

2.3. Baseline correction

Even when great care is taken to minimize interferences and
instabilities during the measurement process, data acquisition and
analysis following Eq. (7) will initially yield a raw cross section
ofy that is not free of artifacts, and a baseline B needs to be
subtracted: ocja = o)’ — B. This baseline is not well understood
and could have different origins, but can be constrained experi-
mentally, as described below. As in the measurement process the

extinction of oxygen, i.e., the combination of O'(l};y and ogyp, is de-
termined, ocja needs to be isolated from agzay following Eq. (7).

Incorrect descriptions of ogjy and o,? could bias A,y and in-
troduce a baseline. We also speculate that the slightly different re-
fractive indeces of gases affect the coupling of measurement light
into and out of the optical cavity [48]. In particular, the refrac-
tion of non-perpendicular light on surfaces of the transfer optics
will differ slightly if the bath gas changes. The reflectivity across
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Table 2

Error budget. The measured uncertainty is estimated as the quadratic sum of all
individual parameter uncertainties, including baseline correction; the final error
leverages trend information for weak bands.

parameter uncertainty [%]
individual measured final

temperature <1

pressure 0.1

fill purity <1

oy 1

baseline correction
303 nm* 97*
315 nm 214 214 65*
328 nm 33 33 33
344 nm 7.3 7.7 7.7
360 nm 0.40 2.5 2.5
380 nm 0.46 2.5 2.5
397 nm* 16*
420 nm 40 40 40
447 nm 4.0 4.7 4.7
477 nm 0.3 2.5 2.5
495 nm 28 28 28

*: extrapolated based on trend information, see Sect. 2.4.

the mirror surfaces is not fully uniform, and slight differences in
the instrument illumination for the different gases will influence
the light path. Ultimately, the need to correct this baseline reflects
an uncertainty in ocja. This baseline is small and not limiting the
overall accuracy for strong bands, but it can limit the overall un-
certainty of the weaker bands (Table 2).

To constrain the baseline, we exploit that the wings of individ-
ual transitions fall off approximately exponentially in wavenumber
space [1,29,49]. We assume the following shape for the baseline B
in each spectral range covered in a measurement:

R R
Tpr (@) = Oe” (@)

(1 e (@))?

8(,AL>1/LA,.

The

B(w) = ¢+ C1w + Cow?* + ¢3

208 (@) - ol (@)
(1 (@)

az ,’f}; )1/Lm
where @ are wavenumbers [cm~!], and ¢; scaling coefficients. The
last two terms are motivated by the assumption that the varia-
tion in coupling efficiency between helium and argon transfers to
the coupling efficiency variation between argon and oxygen. To de-
termine the coefficients c; we exploit that for each notch v, i.e.
the spectral ranges between transition centers, the true cross sec-
tion can be approximated by the superposition of the red and blue
wing (dashed lines in Fig. 4) of the adjacent transitions:

oaa (@) ~ ol (@)

CIA
= ryexp (Rw"*) wing + by, exp (—Bw"¥) wing (9)
——— [ ——
red blue

where Ry, B, > 0 are the fitted slopes of the red and blue wing
[cm], and 1, by > O scaling factors [cm® molec’z]. Then, for the en-
tire set of wvk covered in one measurement, we choose fit param-
eters that optimize 03" — B — 0" — 0. This fitting approach is ro-
bust for stronger bands. For weaker bands the slope of the cor-
responding wings from adjacent vibrational transitions with good
signal-to-noise ratio (SNR) is adopted. The parameterization of the
notches helps to merge data of adjacent wavelength ranges, ac-
quired with a different setup configuration, with only minimal
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Fig. 4. Example of baseline correction. The baseline B is determined and subtracted
from o such that the corrected o = 01aw — B~ ¢V in notches.

discontinuities and distortion. The baseline correction influences
the retrieved shape of the transition in the far wings, but it only
marginally influences the width of the transition and the line
shape as a whole.

2.4. Predicting extremely weak transitions

The extremely weak transitions b'EJ +b'E] < X3%, +
X3Egi Avir =5, and alAg + bl P2y <—X3Eg’ +X3Eg’, AVt = 3,
(Fig. 1) have been detected previously [33,36], but were not mea-
sured directly in this study. In this study we leverage information
from measurements with lower Avy to predict the absorption
in these transitions, and to generate smoother data for the tran-
sition blflg—i-b1 by <—X3E§ +X3E§, Avo = 4. Specifically, we
exploit that band shape, position and line strength follow distinct
trends [36] that justify extrapolation. In this study, we used peak
absorption strength to predict the strength of missing transitions,
but integral cross section could be used similarly. The trends are
discussed in Sections 3.1 and 3.2.

2.5. Wavelength accuracy and error budget

Wavelength calibration is achieved by recording a spectrum
of solar scattered light, and comparing the position of numerous
Fraunhofer lines (present at all wavelengths) by spectral fitting of
a literature solar spectrum [50]. The wavelength of the os spec-
trum is reported as wavelength in vacuum, with an uncertainty of
less than 0.01 nm.

The accuracy of the determined o¢, depends on the accuracy
of the parameters in Eq. (7) and on the extent that the instru-
ment properties vary for different gases. Temperature control is
better than 1%, as in Thalman and Volkamer [7]. Ultra high purity
Ar (99.998%), He (99.998%), O, (99.994%) was used. The complete-
ness of gas exchanges was monitored via spectral intensity mea-
surements and is better than 1%. The total concentration uncer-
tainty is therefore better than 2%. Notably, Eq. (7) neither depends
specifically on the mirror separation, nor on mirror reflectivity, but
ocia is derived directly from measured intensities. Eq. (3) is ac-
curate even for the strongest absorption band studied (477 nm),
where relative deviations of D from the exact solution are much
smaller than 10~ [47,51]. The uncertainty of a}fy was estimated
to be < 1% [44,52]. For oxygen a King correction factor is needed,
with an uncertainty of < 1% [46]. The uncertainty in agjy is there-

fore larger, but only contributes in decoupling the oxygen Rayleigh
cross section from the collision induced absorption (Eq. (7)). It thus
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only introduces a baseline in o}, but does not affect the scal-
ing of the cross section. Uniform intensity shifts during sets of ar-
gon and oxygen measurements may add to the baseline, but do
not affect the differential signal that ultimately determines oj,.
The uncertainty due to baseline correction (Section 2.3) was es-
timated as the standard deviation between baselines determined
for the three temperatures at the wavenumber of peak absorp-
tion. The resulting total accuracy for the different transitions is es-
timated in Table 2 as quadratic sum of the individual uncertainty
sources.

It is difficult to estimate the uncertainty for the extrapolated
transitions. The observed trends for position and strength are clear,
but not rigorously explained by theory. The differences predicted
for different temperatures are not believed to be significant but
rather representative for the accuracy of the measurements. Errors
propagated from fits to the band position (linear spacing) and peak
absorption (exponentially weakening with increasing Aviot), using
uncertainties as weights, yield estimates for the uncertainty in the
final data (Table 2). The transition at 315 nm was measured di-
rectly, but to avoid artifacts from relatively poor SNR in practical
application, trend information and the band shape of the adjacent
transition at 328 nm is leveraged for this transition.

3. Results & discussion

Analysis as outlined above yields cross sections as shown in
Fig. 5.

3.1. Spectral band shapes

The 0,-0, CIA spectrum is the result of absorption in pairs of
singlet oxygen molecules of different vibrational excitation (Fig. 1).
Notably, for a given Avyy, the observed line shape is generally
not due to a single pair of transitions, but results from combi-
nations of multiple transitions. Fig. 6 shows the normalized ab-
sorption relative to the wavenumber of peak absorption for tran-
sitions with given Avy: within the different electronic systems
('S5 + bS], b'EF +al Ag, al Ag+al Ag) at T =293 K. The lat-
ter data are adapted from Thalman and Volkamer [7] and given for
reference. The line shape is not the same for the transitions in the
different electronic systems, and there are also differences within
the systems. Within the b'EJ + b' S < X3%; + X3E, band, the
shape of the Avit =0 line is markedly different from transitions
with higher Avg:. The former can be remarkably well approxi-
mated by a simple Voigt profile (dashed line in Fig. 6). While sim-
ilar is also observed as a good approximation for the Avi =0
transition of the a'Ag +a'Ag system, it does not apply to the
Avr = 0 transition of the a' Ag + b! XS system. Within the lat-
ter system, the line shapes appear to all be rather consistent with
each other. Possible explanations for the different band shape for
Avyr = 0 transitions in the symmetrical systems are further dis-
cussed in Section 4.3.

The transition alAg+b'Eg <« X3E; +X3%;, Avier =2 was
measured at relatively poor SNR, such that the deviation of the
band shape from the Av: = 0, 1 transitions is not believed to be
significant.

3.2. Line positions and strength

Fig. 7 shows the position, peak absorption, width (FWHM), and
integral cross section for measured and extrapolated transitions
within the two electronic bands measured at T =293 K. The hol-
low markers indicate extrapolated properties, crosses data used for
extrapolation. Distinct trends are clearly visible, with the exception
of the b1 S5 + b1 TS « X35, + X3%,, Aver = 0 transition, which
is markedly different in that it exhibits a significantly narrower
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the cold cross sections to the cross section at 293 K (Ao = o1 — 0293¢), the bottom panel shows the ratio (Ao = o1/0293x — 1).
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Table 3

Oscillator strengths [10-43 cm* molec™] and relative oscillator strengths for the electronic transitions below 477 nm. Bracketed values in-
dicate hypothetical oscillator strengths under the assumption of a zero-baseline between transitions in this study.

Greenblatt et al. [24] Hermans et al. [26]

Thalman and Volkamer [7] This study (no baseline)

b'Ty +b'Tf <« X3%7 + X327, A < 380 nm

abs. 3.51 2.66
rel. 1.10 0.83
a'Ag +b! =5 eX32g* +X3}3g*, A <477 nm
abs. 2.16 213
rel. 0.90 0.88

2.82 3.18 (3.08)
0.88 1 (0.97)
2.16 241 (2.24)
0.90 1 (0.93)

FWHM (compare Section 3.1), more than an order of magnitude
smaller peak absorption and integral cross section compared to the
extrapolated values.

3.3. Oscillator strength

The oscillator strength for the two measured electronic transi-
tions is given in Table 3. The effect of baseline correction methods
on the oscillator strength is illustrated by bracketed values that
indicate hypothetical oscillator strengths calculated under the as-
sumption of a zero-baseline correction, i.e., the assumption that
CIA assumes zero between transitions. This analysis suggests that
the baseline contributes approximately 7% in the blue spectral
range and 3% in the UV spectral range. A complete table of inte-
gral cross sections for different Avyy is given in Table S2.

3.4. Comparison of gas-phase measurements in the laboratory

Fig. 8 compares the o¢a spectrum at T = 293K with available
literature cross sections in the UV-Vis spectral range. The more re-
cent cross section determined in He et al. [31] was recorded at rel-
atively poor SNR, limiting the ability for a meaningful comparison.
For clarity it is omitted in the middle and bottom panel of Fig. 8;
it seems to be consistently smaller in the UV spectral range, espe-
cially at 360 nm. For the other cross sections shown, there is gen-
erally good agreement, and differences are generally understood in
terms of differences in the methods used for baseline correction,
and SNR.

Evidently, the exponentially decreasing absorption in the line
wings leads to overlap between neighboring transitions that gives
rise to a broad band continuum absorption that spans much of the
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UV-Vis spectral range as shown in Fig. 8. This significant baseline
absorption between the transitions is on the order of few percent
of the adjacent peak cross section values. Hermans et al. [26] and
Thalman and Volkamer [7] made the assumption that o is zero
in the minima between neighboring 0,-0, bands (see Fig. 8);
those ranges were used as supporting points to approximate their
baseline with a polynomial. Greenblatt et al. [24] did not make a
zero-baseline assumption, but the low SNR in the measurements,
and high pressures applied in that study did not allow to accu-
rately constrain and resolve the baseline absorption minima.

No direct comparison is possible at 315, 328, 420, 495 nm, as
this study is the first to resolve these transitions. This is due to
limited SNR and limited spectral coverage. For the strong transi-

45 300
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tions at 477, 360, and 380 nm, the agreement is good, with de-
viations of few to several percent (for peak cross section values
compare Table S2). The larger cross section found in this study is
partially explained by the contribution of the underlying baseline.
For the 344 nm transition, the determined absorption is notably
wider and stronger than in Hermans et al. [26] and Thalman and
Volkamer [7], likely because of a limited spectral range and the
zero-baseline assumption in these studies. For the 447 nm transi-
tion, ocja in Hermans et al. [26] and Thalman and Volkamer [7] is
approximately 10% smaller than in this study, and Greenblatt et al.
[24] reports a significant baseline. For the 495 nm transition, no
spectrally resolved data exist for direct comparison. However, the
absorption position and strength is consistent with the trends in
the al A+ a' Ay < X3E, + X3X, system (Fig. 1).

For a comparison of the differential cross sections, oj,, as it is
typically used in DOAS fitting, see Section 4.1 and Table 4.

3.5. Comparison of weak transitions with liquid phase measurements

For the weak bands, where no previous laboratory measure-
ments in the gas phase are available, a semi-quantitative compari-
son is possible with measurements in liquid O, by Dianov-Klokov
[36]. The interaction of oxygen molecules in the liquid-phase (at
T =78 K [36]) is distinct from interactions in relatively dilute gases
(at T =293 K), but still meaningful [19], and is also supported from
the comparisons shown in Table S1. Absorption strengths are com-
pared relative to the Avge = 1 transition, and the measured cross
sections are found to be in reasonable agreement for peak wave-
length and peak absorption. Specifically, for the weak transitions
at 315 and 328 nm the relative absorption strength and the po-
sition agree within uncertainties with the data of Dianov-Klokov
[36]. While the position for the extremely weak 301 and 397 nm
transitions is given in Dianov-Klokov [36], the absorption strength
is not unambiguously apparent in the publication and could there-
fore not be compared. The transition at 397 nm is predicted at the
essentially the same position, for the 301 nm transition the po-
sition predicted in this study is 1.9 nm shorter than reported in
Dianov-Klokov [36]. Direct measurements would be needed to as-
sess whether this difference is at least partially also the result of
our extrapolation method. The transition at 495 nm agrees reason-
ably well with Dianov-Klokov [36] both in position and magnitude,
while the transition at 420 nm agrees well in the position, but
the lower absorption strength is only marginally compatible with
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Table 4
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DOAS fit comparison of the differential o¢a with the literature. ¢ is the fit factor (oca — ¢ o — 0), and RMS is the fit residual (root mean square) as

indicator of systematic differences in spectral features.

Target gas Retrieval interval Polyn. degree Greenblatt et al. [24] Hermans et al. [26] Thalman and Volkamer [7]
[nm] cd RMS? c? RMS? cd RMS?
HCHO, BrO 336.5-359 5 1.010 7.4-103 0.956 13.10* 1.102 3.8.10°°
NO3, 0,-0, 338-370 5 1.082 44.10"* 0.987 2.2-10°4 1.032 7.9-10°°
NO,, 0,-0, 425-490 5 1.008 2.8.104 0.994 2.1.104 1.000 6.0.10°

a: fit uncertainty negligible; b: assuming an 0,-0, CIA slant column of 4. 10*3 molec? cm~5

the liquid-phase measurement. The comparison of spectral band
shapes is not possible due to the lack of reference spectra in digital
format for liquid oxygen.

3.6. Comparison of weak transitions with field measurements

Lampel et al. [42] estimated the transition position and relative
peak absorption from regression analysis in atmospheric field data,
by transferring the band shape of the 344 nm transition to approx-
imately 328 nm and of the 447 nm transition to approximately
420 nm. Then, the exact position was derived from allowing the
absorption feature to shift, the relative strength was derived from
fitting the column and comparing it to the column fitted for tran-
sitions at 344 and 447 nm. Table S1 compares our laboratory mea-
surements with the estimates made in Lampel et al. [42]. The tran-
sition at 328 nm is in good agreement regarding both peak posi-
tion and absorption strength, but quantified with lower error bars.
The transition at 420 nm is in good agreement regarding peak ab-
sorption. The transition position is notably longer than in Lampel
et al. [42]. The reason for the relatively large uncertainties in Lam-
pel et al. [42] for this transition lies in the absorption of water
vapor as poorly constrained interference in this spectral range in
atmospheric spectra.

3.7. Temperature dependence

Fig. 5 shows the cross section for T = +20,-10, -50°C. It is
clearly discernible in the strong transitions how the peak cross
section increases towards lower temperatures and how the band
width decreases, consistent with previous studies and the idea
that the interaction time scales with the thermal velocity [1]. For
the very weak transitions with large Avy: measurements have
a lower relative accuracy and give no strong indication whether
for all Avge peak cross sections at cold temperature are gener-
ally stronger than at warm temperature. The comparison of the
cross section at different temperatures yields an interesting fea-
ture: The transition a'Ag+a'Ag < X35, +X3%,, Avier =4, is
discernible at 473 nm, overlaid by the strong transition alAg +
b'EF « X35, +X3%;, Avr=0 (middle and bottom panel in
Fig. 5). The absorption added by this transition is < 1%, but might
be relevant for rigorous interpretations of the band shape.

Fig. 9 shows the peak absorption and integral absorption of
selected bands as scalars in comparison with literature data. The
360 and 477 nm transition are chosen for comparison as they of-
fer goodSNR, the 380 nm transition was chosen as it stands out
within the UV transitions in regard to band shape and intensity
(Section 4.3). The peak absorption cross section increases with de-
creasing temperature, consistent with Thalman and Volkamer [7],
but seemingly varies less strongly with temperature as in that
study. Related, the new baseline method affects the integral cross
section, which consistently shows a marginally significant decrease
with temperature. Hollow circles indicate hypothetical cross sec-
tions if a zero-baseline was assumed in this study, as used in Her-
mans et al. [26] and Thalman and Volkamer [7]. They illustrate the

contribution of the temperature dependent baseline. For the tran-
sition at 380 nm a baseline is virtually absent. The slight decrease
of the integral cross section towards colder temperatures seems to
be marginally significant, and is worthy of further study. Oscillator
strengths increasing with temperature have been found repeatedly
for other systems. With increasing temperature closer encounters
occur, which leads to stronger induced dipole moments and thus
greater intensities [1].

4. Implications & outlook
4.1. Implications for DOAS retrievals

Differential Optical Absorption Spectroscopy (DOAS) [10,53] is a
technique widely used to retrieve certain trace gases in the UV-Vis
spectral ranges (Fig. 2). It builds on the idea that distinct narrow-
band absorption features of trace gases can be separated from
broad-band effects that influence the spectral fluxes smoothly, e.g.
Rayleigh or Mie scattering and molecular continuum absorption. In
DOAS fits, observed optical densities are reconstructed by linearly
combining cross sections of trace gases, differential with respect
to a polynomial in the wavelength retrieval interval, and a polyno-
mial.

Table 4 shows what scaling factors c are needed in the frame-
work of a DOAS retrieval for literature o, to maximize closure
to oca determined in this study. For the typical 425-490 nm re-
trieval window, scaling factors are essentially 1 for all cross sec-
tions. Deviations increase toward shorter wavelengths, where this
study adds new information. The magnitude of retrieved 0,-0,
CIA columns is the critical parameter informing radiative transfer
calculations to determine air mass factors and cloud top heights.
The magnitude of o¢s directly affect closure studies of O,-0, CIA
in the atmosphere, which currently give mixed results [54,55].

RMS (root-mean-square of the DOAS fit residual) is an in-
dicator for what systematic structures arise in the optical den-
sity from fitting ocs that have slightly different spectral fea-
tures. Table 4 lists RMS assuming a typical O,-0, slant column of
4.10% molec? cm~5. RMS is found to be generally below 5-10-4
(unitless residual optical density). For comparison, optical densi-
ties of weak atmospheric absorbers can be on the order of ~ 1074,
RMS is consistently lowest (< 8 -10~°) for comparison to Thalman
and Volkamer [7]. It needs to be noted that the performed test is
only indicative of the relative likeness between the different spec-
tra, and does not replace thorough testing with the full complexity
of real environments and retrievals. It is expected that a more ac-
curate representation of 0,-0, CIA helps to reduce cross talk be-
tween difficult-to-retrieve absorbers like BrO and HCHO that are
retrieved in the same retrieval interval, as illustrated in the ab-
stract figure.

4.2. Implications for heating rates
The total absorption of incoming solar radiation due to 0,-0,

CIA in the visible range alone is approximately 1 W m~2 [9], and
uncertainties in ogja, including continuum contributions, need to
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Fig. 9. Temperature dependence of the peak absorption and integral absorption at 360, 380, and 477 nm.

indicate the effect if the same data are reanalyzed assuming a zero-baseline.

be interpreted in this context. Table 3 shows the oscillator strength
determined in this study in context with literature data. For the
alAg+b'E] < X3%, +X3%; band in the blue wavelength range
differences reach up to 12%. Differences in the b'X) +b' 5] «
X3%, +X3%; band in the UV are even larger. Notably, the oscil-
lator strength of the band in the red-green wavelength range is
approximately 4 times larger than in the blue wavelength range
(~8-10~4 cm# molec 2, Table S2). Considering the spectral distri-
bution of solar incoming energy fluxes that decreases towards the
UV spectral ranges, partially counteracted by stronger scattering at
shorter wavelengths, the discrepancies found for o, in the UV
and blue spectral range could account for errors in heating rates of
several 0.01 W m~2. Full radiative transfer calculations are needed
to accurately assess the heating rates.

The continuum absorption as baseline for transitions con-
tributes a few percent to the oscillator strength (Table 3) and must
not be disregarded in calculations of heating rates. Greenblatt et al.
[24] did not make the assumption of a zero baseline, but the SNR
did not allow to resolve o¢s below ~ 10~47 cm® molec?, and data
are influenced by the high oxygen pressures used. The cross sec-
tion determined in this study differs from existing data in that it
is the only to be spectrally complete in the 297-500 nm spectral
range, it measured o¢s at atmospheric pressure and atmospheric
temperatures, and it contains a physically motivated baseline. Thus,
we believe that it is a good cross section to represent 0,-0, CIA
in the atmosphere in this wavelength range. The effect of contin-
uum absorption on the oscillator strengths of the red-green bands
warrants to be checked.

4.3. Opportunity to develop theory

The extended range of vibronic quanta included in the mea-
surements of 0,-0, CIA in the gas phase is an opportunity to test
and develop theory. One should not disregard that observed line
shapes generally result from the combination of multiple transi-
tions with different rotational quanta in the incoming and outgo-
ing molecules (Fig. 1). E.g., at room temperature, approximately 1
in 200 oxygen molecules is in its first vibrationally excited state.
Consequently, observed trends might not be due to a single effect.
The width of lines (FWHM ~ 300 cm~! at T =293 K, Fig. 9), has
been contextualized with the duration of the collision, i.e. the ra-

Solid circles indicate data from this study, and hollow circles

diatively active lifetime [1]. The width is also comparable to the
kinetic energy change of the molecule pair involved (thermal en-
ergy at T =293 K is equivalent to 204 cm~!). The largest decrease
in kinetic energy (red wings of lines) occurs when the relative ve-
locity of the colliding molecules is reduced to essentially zero in
a collision-induced absorption event. Increases in kinetic energy
(blue wings) are not exceeding thermal energies considerably as
result of the relatively weak interaction during the collision [19].
Effectively, the total line broadening due to change of kinetic en-
ergy can reach few 100 cm~! (FWHM), comparable to lifetime
broadening.

The different probabilities for kinetic energy gain and loss are
understood to be the cause of the marked asymmetry of the lines
and referred to as detailed balance or detailed equilibrium [1]. De-
tailed balance favors kinetic energy uptake, thereby introducing a
blue shift: oca peak absorption positions are shifted blue relative
to predictions that disregard kinetic energy changes, but only con-
sider the energies of the involved oxygen molecules in different
electronic and vibronic configuration (Fig. 1).

The asymmetry expected from detailed balance is not appar-
ent in the transition b'Ef + b1 S < X35, +X3%;, Ave =0 -
and a'Ag +a'Ag < X3, + X3%;, Avie =0 - which can rather
be approximated by a conventional symmetric Voigt profile (see
Fig. 6, and Section 3.1). Additional to the band shape, the strength
and width of this transitions does not follow the trend within
the system (Fig. 9); specifically, the FWHM is 20% smaller than
the other transitions, peak and integral absorption strengths are
smaller than trend expectations by a factor 16 and 12, respec-
tively. We hypothesize that these striking differences are due to
the symmetry in the encounters, where pairs of indistinguishable
molecules enter and leave the interaction. For collisions with weak
coupling and negligible translational energy exchange, one would
expect the line width to be dominated by lifetime broadening and
to be essentially symmetric. The weak absorption (compared to
Avyr = 1) suggest that these transitions are suppressed by a quan-
tum selection criterion.

To our knowledge, the observed trend and the outlier from
the trend in vibronic quanta has not previously been noted in
the literature. The data of this study present an opportunity to
further develop theory in the field of collision-induced electronic
spectra.
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4.4. Outlook

The extinction of light due to oxygen in the UV-Vis spectral
ranges is not limited to O,-0, CIA but includes Rayleigh extinction
and molecular absorption. The contribution of these effects need to
be considered correctly in experiments characterizing the optical
properties of oxygen. The Rayleigh scattering cross section of oxy-
gen ao;y is constrained in the UV-Vis spectral range to only within

1%. Previous studies investigating ngay have assumed 0,-0, CIA to

be absent in the 390-420 nm wavelength range and found larger
positive deviations to theory at wavelengths between adjacent O,-
0, CIA transitions (340, 440, 460, and 520 nm [44]), consistent
with non-zero CIA. The new o¢ja spectra can be used to correct for
the contribution of CIA, and to identify wavelengths that minimize
- if not entirely avoid - 0,-0, CIA contribution in measurements

of ogay at UV and visible wavelengths.

In the red spectral range CIA and molecular absorption of oxy-
gen are overlaid (e.g., a' Ag < X33, 630 nm, Fig. 2). Studies have
used high spectral resolution and variations in pressure (molecular
absorption scales linearly with pressure, binary CIA scales quadrat-
ically) to separate molecular absorption and CIA, but uncertainties
remain in this spectral range. Cavity enhanced (broadband) extinc-
tion measurements have the potential to improve the characteri-
zation of 0,-0, CIA in this spectral range. Future studies should
make an attempt at constraining the continuum absorption here,
also because of its relevance to heating rates.

Cavity enhanced techniques can realize large columns via long
light paths, rather than via high pressures, are compact and use-
ful to allow good temperature control, and benefit from a spec-
tral multiplexing advantage to measure entire bands simultane-
ously. Well defined optical paths are key for accurate cavity en-
hanced measurements. The measurement sequence used in this
study achieves high SNR, but accuracy is not refined by this ap-
proach, and uncertainties remain. Setups that measure a very wide
spectral range simultaneously can leverage information across the
spectral range and thereby have the potential to better attribute
signal variations to optical properties of oxygen (Rayleigh scatter-
ing, CIA, molecular absorption, potentially collision-induced scat-
tering) and instrument effects. Cavity enhanced measurements that
cover a very wide wavelength range with a single set of mirrors
have so far provided only a moderate SNR and limited accuracy
[31]. Prism-based optical resonators [56] have the potential to sys-
tematically exploit the multiplex advantages of cavity enhanced
techniques, but also still face challenges.

5. Conclusions

The development of a stable high-finesse optical cavity, an opti-
mized data acquisition procedure, and a physically motivated base-
line correction allowed broadband measurements of 0,-0, CIA at
high SNR at atmospherically relevant conditions. The generated
data contribute to a more complete picture of O,-0, CIA absorp-
tion in the gas phase. A cross section spectrum is generated for T=
223, 263, and 293 K that is complete in the 297-500 nm range. It
includes previously unmeasured transitions and estimates for ex-
tremely weak transitions in this spectral range. It can be used in
the interpretation of atmospheric spectra acquired in remote sens-
ing applications of trace-gases and cloud top heights.

Where previous data exist, the measurements are shown to be
in agreement with literature data in the gas phase, liquid phase,
and inferences from atmospheric data. The differential cross sec-
tions are evaluated in fits using Differential Optical Absorption
Spectroscopy, and found to agree well with literature cross sections
for strong bands in the blue wavelength range. Deviations in the
UV spectral range are attributed to the previously uncharacterized,
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and non-zero continuum absorption. The resolved band shapes are
expected to more accurately account for 0,-0, CIA as interference
in retrievals of other trace gases. While some benefits may exist
at all wavelengths studied, the largest benefits are expected be-
low 344 nm, and the new cross section is expected to help with
the retrieval of trace gases like HCHO, BrO, HONO, etc., in the UV
spectral range.

Differences in the integral cross section to literature data are
approximately 10% in both the blue and UV spectral range, compa-
rable to an atmospheric heating rate of few 0.01 Wm~2. The con-
tinuum absorption contributes 7% in the blue wavelength and 3%
in the UV wavelength range. Knowledge about the non-zero O,-
0, CIA in the entire UV-Vis spectral range is valuable to guide
future experiments constraining the Rayleigh scattering of oxygen
that rely on the extinction of oxygen. This study confirms previous
reports [7] that the peak cross section increases and the width of
transition decreases at colder temperatures. However, a marginally
significant increase of the integral cross section with temperature
is observed, in line with the idea that higher temperatures lead to
closer encounters, stronger induced dipoles and stronger absorp-
tion. More studies are required to reduce uncertainties in the tem-
perature sensitivity. The generated data include a large range of
vibronic quanta and are an opportunity to test and develop theory.
Specifically, the questions that warrant to be addressed concern a
deeper understanding of the factors that determine the integral ab-
sorption and line shape of individual transitions, and their relative
distribution within a system. The transitions with indistinguish-
able pairs of molecules involved (e.g, b'SS +b'ETf « X35, +
X3 %, Avor = 0) exhibit a strikingly symmetric line shape, differ-
ent from expectations for CIA.

Data availability
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