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Abstract

The collision-induced absorption feature X*2, (v =0)+X>2, (v =0) — a'4,(v=0)+b'Z;(v=0) in the
wavelength range 467—490 nm has been investigated by means of the laser-based cavity-ring-down technique
at pressures between 0 and 1000 hPa and at 7 = 294 K. Pressure and wavelength dependent cross sections
have been determined leading to a band-integrated value of (2.18 4 0.04) x 10~* cm* molecule 2. Special
care has been given to the wings of the resonance profile and the Rayleigh extinction was taken into account.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The O,-dimer complexes are interesting in molecular physics as well as from an atmospherics
perspective. Already in the early studies on liquid oxygen by Ellis and Kneser [1], it was understood
that the observed broad resonances were related to simultaneous excitation of two O, molecules into
a vibronically excited state, as a result of absorption of a single photon. Also the correct assignment
in terms of quantum numbers was established as early as 1933 [1], i.e. not long after the advent of
molecular quantum mechanics. The resonance at 477 nm, investigated in this study, can be assigned
as a simultaneous excitation of two ground state oxygen molecules, one into the a'A,(v=0) state
and one into b'Xf (v =0).

In the literature on the O,—0O, features there has been some dispute on whether the absorption
is due to true dimers, i.e. bound Van der Waals complexes, or to pairs of unbound O, molecules
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during a collisional fly-by. Ripple structure, observed by Long and Ewing [2] at low temperatures
indicated that bound complexes play a role in the absorption. Ab initio calculations predict a well
depth of some 150 cm~! [3], supporting a large number of bound states. Molecular beam scattering
studies by Aquilanti et al. [4] have unequivocably proven the existence of bound dimers in the
ground state. The slit-jet cavity ring-down studies by Campargue et al. [5] revealed extremely narrow
absorption features of (O, ), in the 630 and 580 nm bands. This proves that Van der Waals complexes,
consisting of two a'4,(v = 0) excited oxygen molecules, are long-lived on the time-scale of the
experiment and are resistant to predissociation. It may be expected that this situation also holds for
the a'A,(v="0)+ blZ;(v =0) complex and that narrow transitions play a role. However, at room
temperature the partition function is dominated by the dissociative continuum of the complex and
the phenomenon of collision-induced or free—free absorption will dominate the 477 nm resonance
feature of oxygen.

The features associated with O,—O, collisional complexes have attracted much interest in atmo-
spheric physics. Pfeilsticker et al. [6] and Solomon et al. [7] have evaluated the role of O4 as an
absorber of solar radiation, and concluded that the globally averaged all-sky absorption by collision
complexes of oxygen is likely to be between 0.9 and 1.3 W m~2 (including the N, — O, complex at
1.26 um). Moreover, in view of its quadratic dependence on pressure, the (O,), features can be used
in remote sensing applications, e.g. in the determination of cloud top heights from satellite data [8].
Recently in situ atmospheric measurements were performed on the UV/vis O,—0, bands yielding the
result that absorption profiles are independent of pressure and temperature in the range of relevance
for the atmosphere [9]. Moreover, the values for the cross section are consistent with those obtained
from high pressure (55 bar) measurements by Greenblatt et al. [10]. From the in situ data a value
for the formation enthalpy of the bound O,—O, dimers could be deduced. The red (630 nm) and
yellow (580 nm) bands are the strongest and would in principle be most useful for remote sensing
purposes, if it were not for the fact that these features are overlaid by other absorption features:
the O, y-band in the red and a water vapor absorption band in the yellow, which is itself used for
satellite data retrieval [11]. The blue feature at 477 nm is easily traceable in atmospheric observa-
tion since inferring absorptions from other gases, e.g. O3, NO, and H,O are either weak (NO, and
H,0) or more identifiable through neighboring bands. For this reason accurate measurement by an
alternative technique is warranted.

Since the early studies in the 1930s in the liquid [1] and gaseous phase [12] a number of laboratory
investigations have been performed to determine the absorption strengths of the collision-induced
0,—0, features [2,10,13—15]. But in view of the weakness of the bands pressures above or at
atmospheric pressure were used to spectrally record the features. In this paper we report on the
use of cavity-ring down (CRD) laser spectroscopic technique applied to the blue (O,), system at
sub-atmospheric pressures as a follow-up to studies on the red and yellow features [16].

2. Experiment and results

The experimental setup and methods reflect those used in a previous study [16] except for a change
of wavelength. The interval 467490 nm was covered by running a Quanta-Ray PDL-3 pulsed dye
laser system (bandwidth 0.05cm™') on Coumarine-480 dye, which was pumped by the 355 nm
output of a pulsed Nd:YAG laser. A stable, non-confocal resonator of length 82 cm is formed by
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Fig. 1. Two typical pressurization traces. The offset I on the vertical axis shows the difference in reflectivity between
the two wavelengths. The inset shows a ringdown transient (negative peak) and the residuals of the single exponential fit
(“fingerprint” pattern). The trace was taken from the pressurization trace at 20951.3 cm ™!, near the end of the trace, the
location is indicated with a label. The residuals show clear signs of digitization noise, especially near the end. The fitting
algorithm stops the fitting procedure in that case. This leads to increased noise-levels near the end of the pressurization
trace. Note that the vertical scale of the inset is for the residuals, the ringdown transient itself has no scale.

mirrors of reflectivity > 99.994% over the investigated frequency range and radius of curvature of
100 cm.

The 0,—O; resonance was recorded in discrete steps, whereby for each position the frequency was
measured with an echelle-grating spectrograph, yielding an accuracy of 0.2 cm~!. While keeping the
frequency fixed at a certain value, pulsed CRD-transients were measured continuously at a repetition
rate of 10 Hz, and oxygen gas was slowly flushed into the CRD-cell. The inlet-flow was controlled
by a needle valve, set to cover a time period of 15-20 min for full pressurization up to 1000 hPa.
A filter with 0.5 um pores was used to extract aerosols from the oxygen gas. Oxygen with a purity
of 99.5% was used without further purification. Two typical pressurization traces are shown in
Fig. 1.

The traces consist of about 1100 data points, with each point recorded at a certain pressure, which
was measured on-line by a capacitance baratron with an uncertainty of 2 hPa. The pressure and the
simultaneously measured temperature were used to calculate the density of the gas, using the ideal
gas law, assumed to introduce only a negligible error at these pressures and temperatures. Each data
point in Fig. 1 is a result of a fit to a ring-down transient which is detected by a photomultiplier,
digitized by an 8-bits oscilloscope (Lecroy waverunner LT 342, used at a sample speed of 20 MS/s)
and finally transferred to a computer for further analysis. The loss rate per unit time (f3,(n)) depends
on the density n. This loss rate follows from a non-linear least-squares fit to the recorded transients,
using a single exponential function and a determination of the base-line.
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As was demonstrated by Naus et al. [17] the ring-down transients from a generic pulsed CRD-
experiment can be straightforwardly interpreted as an absorption strength or cross section under the
condition that the transients are mono-exponential. Then the loss-rate equals:

Bi(n) = B} + G (n)c, (1)

where ¢ is the speed of light and B9 the frequency-dependent loss rate due to the limited and
frequency-dependent reflectivity of the mirrors. In this work the procedure was followed to optimize
the alignment of the ring-down cavity to produce mono-exponential decays by on-line monitoring
of a variance parameter defined in Ref. [17]. The fitting procedure to yield f,(n) from the observed
transients was done in a two-step fashion. In a first step a non-weighted fit was performed, while in
a second step, a weighted fit-procedure was followed, using the weights derived in the first round
of fitting. As discussed in Ref. [17] in this way the information content of the CRD-transients is
optimally used and a true statistical uncertainty to the result can be given. In the wavelength domain
467-490 nm, 53 pressurization curves were measured, two of which are displayed in Fig. 1. These
curves can be parametrized by three parameters

Bi(n) = B + anc + aln’e. 2)

The linear component Jlf in Eq. (2) is the Rayleigh scattering cross section. This value can be
computed from the refractive index and the depolarization ratio, see Ref. [18]. The refractive indices
and King correction factor were taken from Ref. [19]. We kept Jlf fixed to the computed value of
the Rayleigh scattering cross section in our least-squares fit of the remaining two parameters 89 and
oc% to the measured pressure-ramp. The f89 parameter gives information about the reflectivity of the
mirrors. The ocil parameter, representing the quadratic pressure dependence is plotted in Fig. 2 for
the 467490 nm interval. The function used to create the fit shown in the same figure, is discussed
in Section 3.

During the analysis of our data we verified that the o} parameter, if calculated from the fit, had
the expected value. The values we found were very close, but the correlation between 05 and ocg
was relatively high. We therefore used a fit with a calculated and fixed value of 05, which gave us
a better estimate of the O,—0O, contribution.

3. The model-equation for the profile

The O,-0, absorption is complex and involves two multi-dimensional potential energy surfaces.
There is no simple expression that describes the profile; all possible contributions from bound
and free states on the ground and excited state potential surfaces have to be included, weighted
by their proper Boltzmann population factors and kinetic energies. A simplified, empirical pic-
ture that turns out to describe the O,—O;, collision induced transition fairly well, was suggested
by Watanabe and Welsh [20] and later used by several others [21,22,14]. We will follow this
treatment.

Individual collision-induced transitions exhibit a Boltzmann relation between the intensities in the
high- and low-frequency wings. One could consider this as if the kinetic energy of the molecules
that take part in the absorption can compensate a shortage of energy in the photon to make the
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Fig. 2. The absorption profile. The bottom panel shows the measured points (dots) and the fit to these points (drawn
line) The function used for the fit is discussed in Section 3. The top panel shows the difference between the fit and the
measured points. The vertical scale on both is the same.

double transition. This may be represented by
o (ve — AV) heAv
o (ve + A) P kgT

with .7 the intensity of the absorption, v, the central position of the absorption, Av=v — v, T the
temperature of the gas, and %, ¢ and kg are Planck’s constant, the speed of light and Boltzmann’s
constant, respectively.

Eq (3) gives the ratio between the high- and low-frequency wings, but it does not specify the
shape of the line itself. The basic profile is a Lorentzian profile, where the lower energy side is
modified to reflect the fraction of molecules which have an energy high enough to contribute to the
absorption. This leads to

a(T'/2)? 1 if Av >0,
= X
(Av)* + (I'/2) exp(hcAv/kgT) if Av <0,

(3)

(4)

where a and I' are parameters for the amplitude and the width of the absorption, respectively.

The model equation as given by Eq. (4) is fitted to the intensities ocj, found in the first fit of the
loss-rate during a pressure ramp to Eq. (2). The results of this final fit are shown in Table 1. To
find the integrated cross section, the model equation is integrated, using the parameters found in the
fit. The final width parameter one would designate as the FWHM width is of course different, since
the cutoff by the exponent is not included in I'. The cutoff by the Boltzmann factor also causes
our results to be shifted slightly towards lower frequencies, with respect to previous studies. This is
a direct consequence of the treatment of the absorption profile as asymmetric. A comparison with



176~ M. Sneep, W. Ubachs|Journal of Quantitative Spectroscopy & Radiative Transfer 78 (2003) 171-178

Table 1
Parameters found using Eq. (4) as the model function and a least-squares fit

Parameter Measured value

Ve 20930.5 + 1.6 cm™!

Je 477.77 + 0.07 nm

FWHM 241 +7 cm™!

FWHM 5.50 £0.01 nm

r 309+ 7 cm™!

a (6.38 £ 0.16) x 107* cm® molecule ™2
[ o dv (2.18 £ 0.04) x 10~ ecm* molecule 2

The indicated errors are 1o values. A graphical representation of the data and the fit-result can be seen in Fig. 2.

Table 2

A comparison between literature values and our results

Reference fBan g dv Peak height Width Density
(cm*  molecule™?) (cm® molecule™?) (ecm™h) (amagat®)

Tabisz et al. [21] 2.09 x 107 7.3 x 1074 200 100-300

Blickensderfer et al. [23] 24404 x107% 7.1 x 1074 300 + 40 2-4

McKellar et al. [14] 220 x 107% 6.4 x 1074 b 4.4

Greenblatt et al. [10] —» 63406 x 1074 270 1-55 bar

Newnham et al. [15] 2483 4+ 0.048 x 10°% 8.34 + 0.83 x 1074 —° 1000 hPa

This work 2.18+£0.04 x 107% 638 +£0.16 x 1074 241 +7 0-1000 hPa

*Dimensionless density, relative to the density at 273.15 K and 101,325 Pa.
®Not indicated.

previous studies is included in Table 2. The results of McKellar et al. [14], initially in terms of a
cross section divided by the frequency of the transition, were recalculated in the presently used units
for comparison. When comparing all results collected in Table 2 there appears a consistency with a
gradual trend toward higher accuracy in the obtained band parameters, with the exception however
of the values reported in Ref. [15], that deviate substantially, particularly in view of the stated error
margins.

4. Conclusion

Cavity ring-down spectroscopy has been used to determine the band parameters of the X 32;
(1=0)+X2, (v=0) — a'4,(v =0) + b'Z/ (v = 0) absorption feature in a pressure range from
0 to 1000 hPa. In the analysis it was verified that the collision-induced absorption of oxygen is a
quadratic function of pressure, and Rayleigh extinction was taken into account. For the final results
the Rayleigh cross section was set to the computed value, but earlier analysis showed that the linear
component in the loss-rate (see Eq. (2)) compares favorably to the theoretical value. Care has been
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taken to align the ring-down cavity correctly, so that the decay transient can be interpreted as a
single exponential decay, yielding correct cross sections.

The presently derived parameters describing the blue (O, ), feature are consistent with the body of
previously obtained values, while the accuracy is better. The data may be of use for data retrieval by
satellite instruments spectrally covering the blue range, such as in the case of the Ozon Monitoring
Instrument (OMI), which is currently under development.
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