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Both laser-induced fluorescence and cavity ring-down spectral observations were made in the
Schumann-Runge band system of oxygen, using a novel-type ultranarrow deep-UV pulsed laser
source. From measurements on the very weak �0,0� band pressure broadening, pressure shift, and
predissociation line-broadening parameters were determined for the B 3�u

−, v=0,Fi fine-structure
components for various rotational levels in O2. The information content from these studies was
combined with that of entirely independent measurements probing the much stronger �0,10�, �0,19�,
and �0,20� Schumann-Runge bands involving preparation of vibrationally excited O2 molecules via
photolysis of ozone. The investigations result in a consistent set of predissociation widths for the
B 3�u

−, v=0 state of oxygen. © 2005 American Institute of Physics. �DOI: 10.1063/1.2118507�
I. INTRODUCTION

The oxygen Schumann-Runge �SR� band system is an
extremely important absorption system for the radiation bud-
get and the chemistry of the Earth’s atmosphere. Photoab-
sorption via the SR bands controls the penetration depth of
deep-UV radiation into the lower levels of the atmosphere
and its interaction with other molecules such as N2O, H2O,
HNO3, and fluorocarbons.1 Near 200 nm, where the SR
bands of O2 are weak, and the absorption by ozone is weak
as well, the 1/e value of radiation penetrating into the
Earth’s atmosphere lies in the stratosphere. Predissociation
via the upper B 3�u

− state in oxygen molecules is the source
of ground-state atomic oxygen �3P� in the atmosphere above
60 km. In view of their atmospheric relevance detailed quan-
titative studies into the finest details of the predissociation
phenomena in O2 �B 3�u

−� are warranted.
On the experimental side Lewis et al. have investigated

predissociation phenomena for the main isotopomer,2 for
16O 18O,3 and for 18O2.4 Cheung et al. have also determined
predissociation linewidths for bands �1,0� to �12,0� in 16O2
�Ref. 5� as well as for the 16O 18O and 18O2 species.6 Yang et
al.7 investigated predissociation in v�=10–11 levels by
monitoring laser-induced fluorescence. There have been nu-
merous theoretical studies on the nature of the predissocia-
tion mechanism, where most of the work is based on the
initial framework developed by Julienne.8 Cheung and co-
workers performed calculations to unravel the rotational, vi-
brational, isotopic, and fine-structure effects on the rates of
dissociation.9–12 Alternative calculations on all details per-
taining to the predissociation widths including fine-structure
dependencies were performed by Lewis et al.13 An extensive
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and comparative study on the predissociation was performed
combining data from laser-induced fluorescence spectros-
copy, high-resolution absorption, and vacuum ultraviolet
�vuv�-Fourier-transform spectroscopy.14 Finally, ab initio
calculations on the predissociation mechanism in O2 were
undertaken by Li et al.15

In most studies the lowest B 3�u
−, v�=0 level, which is

the least subject to predissociation, was not included because
the Franck-Condon factor for excitation from the X 3�g

−, v�
=0 ground vibrational level, in the weak �0,0� band is very
small �at the 10−9 level�. Cosby et al.16 were able to investi-
gate the B 3�u

−, v=0 state through a scheme, where O2 in the
v=9, 10, and 21 levels of the X 3�g

− ground state was pre-
pared via laser photolysis of ozone. This has the advantages
that Franck-Condon factors for the bands probing B 3�u

−, v
=0 are largely increased and the spin splittings in the corre-
sponding bands are favorably enlarged.

In the present study new information is obtained on the
predissociation properties of the B 3�u

− upper state, with a
special focus on the lowest v�=0 vibrational level. New
measurements performed at the Amsterdam Laser Centre are
combined with remeasurements at Stanford Research Insti-
tute �SRI� following the experimental scheme of Ref. 16.
The bandwidth of the deep-UV laser excitation source used
in Amsterdam �100 MHz or 0.003 cm−1� is so narrow, that
the true molecular line shape can be determined, resulting
from Doppler, predissociation, and collisional widths. These
linewidth measurements are an extension to a spectroscopic
study on the �0,0� and some other bands that have been pub-
lished separately.17 From a comparison of relative line inten-
sities obtained in cavity-ring-down �CRD� measurements
and laser-induced fluorescence �LIF� information on fine-
structure-dependent predissociation rates is obtained. Also
from a detailed analysis of the spectral line shape of the

3 − 3 −
singly resolved P1�1� line in the B �u-X �g�0,0� band a

© 2005 American Institute of Physics18-1

AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.2118507
http://dx.doi.org/10.1063/1.2118507
http://dx.doi.org/10.1063/1.2118507


174318-2 Hannemann et al. J. Chem. Phys. 123, 174318 �2005�
pressure broadening and a pressure shift coefficient could be
determined. It is for the first time that these collisional ef-
fects are observed in the B 3�u

−, v=0 state; the results are,
however, in good agreement with previous works on higher
v� levels.18,19

In the SRI experiments, the O2 is prepared in excited
vibrational levels and probed by a narrow-band tunable laser.
LIF spectra were recorded for the �0,10�, �0,19�, and �0,20�
bands using the fundamental and second harmonics, respec-
tively, of the tunable dye laser. The advantage of probing the
B 3�u

− state from the excited vibrational levels of the X 3�g
−

ground state are twofold. First, much lower photon energies
are required to access the B 3�u

−, v=0 level, with a corre-
sponding decrease in the Doppler broadening of the transi-
tions. Second, the B 3�u

−, v=0 level can be probed in more
than one band, each with a different spacing of the rotational
and fine-structure lines. The present measurements thus yield
three independent sets of B 3�u

−, v=0 predissociation widths.

II. EXPERIMENT

A. Amsterdam setup and measurements

Two different spectroscopic techniques were applied for
the investigation of the �0,0� Schumann-Runge band absorb-
ing in the deep UV. In both configurations a pulsed
titanium:sapphire laser system is employed, the output of
which is frequency converted to its fourth harmonic to reach
deep-UV wavelengths. This laser source has a bandwidth of
0.003 cm−1 and is tunable in the relevant range near 202 nm.
All spectra were recorded at rather moderate laser-pulse en-
ergies of less than 0.15 mJ/pulse; in the CRD experiments
only a minute fraction of this energy is coupled into the
resonator. Further details were given in Ref. 20.

Cavity ring-down spectroscopy �CRDS� was performed
in a cell of length 80 cm and a diameter of 1 cm, similar as
in a previous study on one of the weaker visible band
systems.21 The optical cavity, spanning the entire cell length,
is formed by two reflective mirrors with R�97% in the
range of 197–203 nm and radius of curvature of 1 m. CRD
recordings were performed at gas pressures in the range of
30–300 mbars, where the pressure was monitored online on
a baratron. The methods for monitoring and evaluating the
CRD transients, and retrieving the absorption spectrum, were
described previously.20

Laser-induced fluorescence measurements were also per-
formed at pressure conditions of 30–300 mbars in a static
gas cell. Fluorescence is collected by a mirror-lens system
and filtered by a number of colored filters transmitting a
broad wavelength band near 300 nm, where fluorescence
originating in the O2 B 3�u

−, v�=0 state is expected. In view
of power fluctuations during a scan the LIF spectra are nor-
malized to deep-UV-laser intensity probed on a photodiode.

Absolute wavelength calibration, in particular, for the
collisional shift measurements, was performed by using an
ATOS wavelength meter, giving an accuracy of 200 MHz or
0.006 cm−1 at deep-UV wavelengths. Relative frequency
spacings as well as linewidths were determined by compar-
ing to transmission fringes of an etalon, yielding an even

better precision on a relative scale.
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B. SRI setup and measurements

The B 3�u
−, v=0 LIF bands were recorded as a by-

product of previously reported measurements of the higher
vibrational levels in the B 3�u

− state.14 The experimental de-
tails relevant to those measurements are given in Ref. 14 and
details of the general technique and analysis are given in Ref.
16, so only the general features of the experiments are sum-
marized here. Two laser beams are used in the SRI configu-
ration: �1� a strong pump laser �4 mJ at 280 nm� dissociates
O3 in a 2% mixture of O3 in He at 40 mbars, to produce
vibrationally excited O2 and �2� a collinear, temporally de-
layed �10–30 �s�, weak �0.5–5 �J�, tunable probe laser ex-
cites the B 3�u

−-X 3�g
− transition in a single-photon absorp-

tion from one of the excited vibrational levels. The O2 B 3�u
−

fluorescence is monitored by a photomultiplier, again after
transmission through a filter centered at 350 nm �full width
at half maximum �FWHM�=50 nm�. The �0,19� and �0,20�
bands were probed using the fundamental of the LPD3000E
laser operating with Exalite 428 or Coumarin 440 dye and
wavelength calibrated by simultaneously recording the Te2

absorption spectrum. The �0,10� band was probed using the
second harmonic of this laser operating with Rhodamine 6G
dye and the fundamental was wavelength calibrated by si-
multaneously recording the LIF spectrum of I2 vapor.

III. PRESSURE EFFECTS

Both pressure and collisional effects on the one hand and
predissociation phenomena on the other give rise to line
broadening on individual spectral lines. The analysis of these
phenomena is therefore intertwined, and at the same time
complicated by the fact that each spectral structure consists
of three unresolved spin components. The P1�1� transition is
a fortunate exception to this rule; it appears as a single re-
solved fine-structure component probing the N=0, J=1, F1

fine-structure level.17 A systematic study was performed of
the line broadening of this single component. An example of
a spectral recording, using the LIF technique at a pressure of
38 mbars, is shown in Fig. 1. Similar recordings were per-

FIG. 1. Spectral recording of the single rotationally resolved P�1� line of the
B 3�u

−-X 3�g
−�0,0� band in 16O2 at 38 mbars. Detection by LIF.
formed in the pressure range of 0–300 mbars.
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The line shapes of these recordings were analyzed taking
into account that they all undergo Doppler broadening,
which for the O2 molecule at 200 nm amounts to �D

=0.107 cm−1 �FWHM�. A Gaussian function of width �D

was convolved with a Lorentzian function of width �L and
the deviations from the resulting function were minimized in
a fitting routine to extract the Lorentzian contribution to the
line broadening. The resulting values from this numerical
procedure to derive a value for the total Lorentzian contribu-
tion �L are plotted in Fig. 2. Physically this �L represents the
combined effect of predissociation and collisional broaden-
ing. Both phenomena cause homogeneous line broadening
and a Lorentzian line shape. A mathematical property of
Lorentzian functions is the simple rule of additivity of their
widths upon convolution, while the convoluted function is
again a Lorentzian.

This makes it possible to disentangle the contributions of
both physical phenomena in a simple manner: the slope in
Fig. 2 represents the collisional broadening effect, assumed
to be linear in pressure p, while the intercept at p=0 yields
the value for the predissociation broadening �pred. A linear fit
to the pressure-dependent data, using the function

�L = �pred + �col p �1�

yields a value for the predissociation broadening,

�pred = 0.097 ± 0.002 cm−1, �2�

for the v�=0, N=0, J=1 state, and a value for the collisional
parameter for the same state,

�col = �2.2 ± 0.3� � 10−4 cm−1/mbar. �3�

The same spectral recordings for the singly resolved
P1�1� line in the �0,0� band were also used to assess colli-
sional shifts in the Schumann-Runge band system. In the fits
line centers were determined as displayed in Fig. 2. From a
fit of the slope to the data in Fig. 2 a collisional shift param-
eter was determined at

−5 −1

FIG. 2. �a� The combined effect of collisional broadening and predissocia-
tion as observed on the P�1� line of the B 3�u

−-X 3�g
−�0,0� band in 16O2.

Lorentzian contribution to the linewidth after deconvolution of the observed
profile with a Doppler component �Gaussian profile� of 0.107 cm−1

�FWHM�. �b� Collisional shift effect as observed on the P�1� line of the
B 3�u

−-X 3�g
−�0,0� band in 16O2.
�shift = �− 7 ± 2� � 10 cm /mbar. �4�
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IV. FINE-STRUCTURE-DEPENDENT
PREDISSOCIATION FROM MEASUREMENTS
IN THE „0,0… BAND

In Fig. 3 typical recordings of the P�3� line of the �0,0�
band in 16O2 are displayed, obtained by LIF and by CRD.
Both spectra were recorded at a pressure of 300 mbars. The
spectra of the P�5� triplet were obtained in the same way. In
P�N� transitions for higher N values as well as in the R
branch the spin splittings are too small for the intensities for
the three individual components to be disentangled.

The rationale of a comprehensive analysis, using the in-
formation contained in both spectra, is as follows. In both
detection methods the linewidths of the individual fine-
structure components are determined by Doppler broadening,
collisional broadening, and predissociation broadening.
Since the spectra were obtained from samples at 300 mbars
in both cases the individual line shape and width of the Fi

components are the same, while the relative intensities for
the fine-structure components will differ in both spectra. In
the fitting procedures a Gaussian profile of a width fixed to
the Doppler broadening of 0.107 cm−1 was convolved with
three variable Lorentzian contributions ��Fi�. The Lorentz-
ian components to the width represent a variable predissocia-
tion width and a constant contribution of 0.066 cm−1

�FWHM� associated with a pressure of 300 mbars; this value
follows from the previous analysis on the P1�1� line and will
finally be subtracted from the obtained fit results. The differ-
ence between the two detection methods is in the intensities;

FIG. 3. Spectral recordings of the three fine structure components of the
P�3� line of the B 3�u

−-X 3�g
−�0,0� band in 16O2, both by CRD spectroscopy

and by LIF at a pressure of 300 mbars. Panel �a� gives direct proof for the
more rapid predissociation of F2 and F3 components, with respect to F1.
Panel �b� shows the resulting fit for the spectral LIF profile using parameters
��Fi�, as described in the text. Panel �c� shows the resulting fit to the CRD
profile. In the lower panels the calculated contributions of each fine-
structure component Fi are plotted, as well as residuals between experimen-
tal and calculated profiles.
in fact we only use the information on the relative intensities
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between fine-structure components in each individual spec-
trum. Since CRD is a method probing direct absorption, the
relative intensities for the spectral fine-structure components
should follow the theoretical line strengths; hence in the fit
on the CRD spectrum the relative intensities were kept fixed
at the values as expected from the Hönl-London factors and
room-temperature Boltzmann factors. For the P�3� line, that
is, P3�3� / P1�3�=0.427 and P2�3� / P1�3�=0.683 and for the
P�5� line P3�5� / P1�5�=0.651 and P2�5� / P1�5�=0.804.

While CRD measures in fact direct absorption, and
therewith probes the excitation oscillator strength, in LIF de-
tection excitation strength and fluorescence yield both affect
the intensity. In the latter scheme the fluorescence intensity is
reduced due to competition with predissociation. The colli-
sional effects giving rise to the additional line broadening, as
studied in the above for the P�1� line, may give rise to
quenching of the fluorescence and affect the intensities ob-
tained in the LIF study. However, that depends on the nature
of the collisional processes and detailed information for such
phenomena is lacking for the Schumann-Runge band sys-
tems. The collisional effects may be related to elastic scat-
tering, to rotational or vibrational energy transfer within the
B 3�u

− state, or to collisional transfer to continuum states.
Considering the competition of predissociation and fluo-

rescence, Fig. 3 shows in a qualitative but direct manner that
the F2 and F3 components are more rapidly predissociated
than the F1 component. If it is assumed that the radiative
lifetime is 50 ns,16,22 then the fluorescence yield is on the
order of 0.1% for a predissociation width of 0.1 cm−1. Thus
the fluorescence rate krad is much smaller than the collisional
decay rate kcol and the predissociation decay rate kpred. Note
that total decay rates ktot relate to �Lorentzian� contributions
�L via ktot=kcol+kpred+krad=2��L. Furthermore it can be
shown that the relative fluorescence intensities �Fi /Fj�LIF can
be expressed in terms of the relative absorption intensities
�Fi /Fj�ABS, via

�Fi

Fj
�

LIF
= �Fi

Fj
�

ABS

kj
tot

ki
tot , �5�

where the ki,j
tot factors relate to the total decay rates of the

excited states, including the collisional effects. Equation �5�
is valid, whether or not secondary fluorescence due to
collision-induced inelastic scattering within the B 3�u

−,
v ,N ,J manifold plays a role.

The full information contained in both LIF and CRD
spectra as displayed in Fig. 3, and similarly for the recording
of the P�5� triplet, is used in one comprehensive fitting
analysis, that is constrained by Eq. �5�. Hence the line
strengths in the CRD and LIF spectra follow different con-
straints in the combined fits. It should be noted that all state-
ments on intensities hold for integrated intensities. The fits
using a combined set of parameters for both traces are shown
in the lower panels of Fig. 3. There the observed and calcu-
lated spectra are displayed, as well as the calculated curves
for the three fine-structure components. Also, displayed in a
separate trace, are the deviations between observed and cal-

culated spectra, demonstrating the quality of the procedure.
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Resulting values for �pred�Fi� from the combined fits are re-
duced by 0.066 cm−1 to correct for the collisional broadening
effect at 300 mbars.

V. LINE BROADENING IN THE „0,10…, „0,19…,
AND „0,20… BANDS

At the very low pressure of O3 ��1 mbar� in the He
buffer gas, pressure broadening of the B 3�u

−-X 3�g
− fluores-

cence spectra is negligible. The emission coefficient of the
�0,20� band is 105 times larger than that of the �0,0� band.
Those of the �0,19� and �0,10� bands are, respectively, factors
of 3 and 40 times stronger than the �0,20�. The essence of the
experiment was to limit the power broadening in these SR
bands, while retaining sufficient signal to noise to accurately
measure the line profiles. To achieve the very low power
densities required for these measurements, the LPD3000E
was operated without its preamplifier and with a severely
attenuated amplifier, at the cost of some degradation in the
laser linewidth. In addition, the output beam was expanded
by a factor of three or more to keep the effect of power
broadening of the SR transitions to less than 10% for transi-
tions terminating in the lower rotational levels. At the re-
quired low power levels, the �0,19� spectra yielded the poor-
est signal-to-noise ratios of the three bands. Probe laser
bandwidths, estimated from the features in the wavelength
calibration spectra, an external etalon, and from analysis of
the LIF line profiles, were approximately 0.04 cm−1 for the
�0,19� band, 0.1 cm−1 for the �0,20� band, and 0.07 cm−1 for
the �0,10� band. In combination with the approximately
room-temperature Doppler broadening, consistent with the
rotational temperature of the rotational line intensities, the
total inhomogeneous �Gaussian� contributions to the LIF
peak shapes were 0.071, 0.122, and 0.125 cm−1 for the
�0,19�, �0,20�, and �0,10� bands, respectively. Spectra are
shown in Fig. 4 for the P- and R-branch lines in each band
terminating in N�=6.

Analysis of the LIF spectra followed the procedure given
in Ref. 14 using the Voigt line shape defined by Eqs. �4�–�7�
of Ref. 16. These LIF line-shape equations include the de-
pendence of fluorescence intensity on lifetime described by
Eq. �5� above. The values of �L obtained in the line fits,
following a small correction for saturation broadening, are
reported here as the predissociation level widths �pred.

The determination of �pred in the �0,20� band encom-
passed all main P- and R-branch lines with N��26. In the
�0,10� band, coverage of the two main branches was com-
plete for N��18, although the F1 and F2 components are
effectively blended in both the P and R branches for N�
�16–20. Coverage of the �0,19� band was much less exten-
sive, with both P- and R-branch lines measured only at N�
=2, 4, 6, and 14. �pred are reported here for B 3�u

−, v=0 at
N�=0–20. From the combination of three bands and two
branches for most levels, each of the values represents the
average of at least three independent measurements, with six
measurements contributing to most of the averages. For each
of the bands, the differences in �pred determined from the P
and R lines terminating in a given N� were randomly distrib-

uted over a range of ±10%. For the F1 components, the dif-
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ferences in �pred among the three bands were also consistent
to within ±10%. However, for the F2 and F3 levels, the val-
ues of �pred determined from the three bands showed system-
atic deviations for levels N��12, where the values of �pred

from the �0,19� band were consistently larger by 26% for the
F2 levels and 29% for the F3 levels, than those obtained from
the other two bands. Apart from the lower signal-to-noise
ratios in the �0,19� band and its relatively scant coverage, no
specific reason for the larger �pred values in this band could
be identified. Consequently, we consider these larger values
to be characteristic of the measurement errors and used all
three bands to determine the average values of �pred and their
uncertainties for the B 3�u

−, v=0 levels. The resulting predis-
sociation level widths �pred are shown by the points in Fig. 5,
where the error bars represent one standard deviation in the

FIG. 4. SRI LIF spectral recordings �points� of the P- and R-branch lines
Schumann-Runge bands. Fits to the transitions, including several weak satel
spectrum show the residuals in the fits.
uncertainty of the values.
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VI. DISCUSSION AND CONCLUSION

There is a vast literature on the predissociation in the
Schumann-Runge bands2–16 reflecting the importance of oxy-
gen dissociation from a theoretical as well as an atmospheric
perspective. The present findings on a fine-structure-
dependent predissociation rate are well documented and are
supported by the theoretical models of Lewis et al.13 and
Tong et al.,12 showing that the F1 is the least predissociated
and that the F2 component is the most strongly affected by
predissociation.

A study of the lowest vibrational level of the B 3�u
− state

in oxygen has been performed by combining input from in-
dependent measurement schemes executed at different labo-
ratories. In their combination the procedures represent the

nating in the N�=6 levels of B 3�u
−, v=0 for the �0,10�, �0,19�, and �0,20�

ransitions, are given by the thick lines. The thin lines at the bottom of each

termi
lite t
state of the art and the resulting values for the predissocia-
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tion widths of the fine-structure levels in B 3�u
−, v=0 form

benchmark results for testing theoretical models of predisso-
ciation in O2. Previously discrepancies between rather
strongly deviating findings obtained with different tech-
niques in different laboratories have been addressed before
with the aim of resolving them.13,14

The present investigations produce reasonable, but yet
not perfect, agreement between findings of different labora-
tories. The remaining deviations may be considered to rep-
resent the true level of experimental accuracies, and may be
associated with the different compromises troubling the ex-
perimental approaches: the requirement of relatively high
pressures in the Amsterdam setup, resulting in relatively
large collisional contributions to the linewidths, and the deli-
cate balance between signal intensity and saturation in the
SRI experiments, and the necessary methods of deconvolu-
tion in both experiments.

We note that improved use of the narrow-band laser
source could be made when detecting in the collision-free
and Doppler-free conditions of a molecular beam; in such
case no deconvolution nor extrapolation to zero pressure
would be required to determine predissociation linewidths.
Unfortunately attempts to observe LIF signals in the B-X
�0,0� band in a molecular beam failed thus far, due to the
extremely small Franck-Condon factor combined with the

FIG. 5. Predissociation widths �pred measured for the B 3�u
−, v=0,N ,Fi fine

structure levels in O2. Points=SRI. Squares=Amsterdam.
small fluorescence rate.
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The present value for the collisional broadening consti-
tutes an independent verification at low and atmospherically
relevant pressures of the results of the Canberra group, first
at high pressures up to 60 bars,18 and subsequently at subat-
mospheric pressures.19 The resulting averaged value of
0.208±0.004 cm−1/bar, measured for excited states with v�
=2–15, is in excellent agreement with the present finding.
The result on the collisional shift, here established for v�
=0 is in agreement with the finding of Dooley et al.19 of
−5.6±0.8�10−5 cm−1/mbar for vibrational levels v�
=13–15.
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