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Results are presented of a comparative study in which three distinct high-resolution experimental
techniques~vacuum-ultraviolet laser spectroscopy, laser-induced fluorescence spectroscopy and
vacuum-ultraviolet Fourier-transform spectroscopy! were used to study predissociation in the
Schumann-Runge bands of O2 B 3Su

2(v8)←X 3Sg
2(v9) with v8513 and 14. Our measurements

are the first to be performed at high resolution for these levels and represent a significant advance
on previous knowledge, characterizing completely the fine-structure and rotation dependencies of
the B 3Su

2(v513 and 14)-state predissociation for the first time. The measured fine-structure-
specific linewidths will result in significant improvements in the parameterization of models
describing predissociation of theB-state and will have an impact on the development of realistic
photochemical models of the terrestrial atmosphere. Good agreement was found between linewidths
measured using vacuum-ultraviolet laser spectroscopy and laser-induced fluorescence spectroscopy,
but unexpected difficulties arose in determining quantitative linewidths using vacuum-ultraviolet
Fourier-transform spectroscopy. For each experimental technique, the instrumental resolution had to
be carefully controlled and monitored in order to ensure reliable interpretation of the measured
spectra. ©1998 American Institute of Physics.@S0021-9606~98!00734-X#

I. INTRODUCTION

Photodissociation in the Schumann-Runge~SR! band
system of molecular oxygen,B 3Su

2←X 3Sg
2 ~175–205

nm!, is a major source of odd oxygen in the stratosphere and
the dominant one in the mesosphere. In addition, photoab-
sorption in the SR bands controls the depth of penetration of
solar vacuum-ultraviolet~VUV ! radiation into the atmo-
sphere. Thus, due to their important role in terrestrial atmo-
spheric photochemistry, the SR bands have been the subject
of considerable study. TheB state is predissociated by a
number of repulsive states correlating with two ground-state
oxygen atoms1,2 and an accurate knowledge of the vibration,
rotation and fine-structure dependence of the corresponding
predissociation linewidths is essential,3 both for the construc-
tion of realistic photochemical models,4 and for the accurate
parameterization of the predissociation mechanisms.1,2

Although there have been many attempts to measure pre-
dissociation linewidths in the (v8,0) SR bands, there remain
significant disagreements between linewidths obtained in dif-
ferent laboratories.5 This contrasts with the situation for the

measured SR-band oscillator strengths6,7 for which good
agreement has been found. The most extensive measure-
ments on the vibration and rotation dependence of the pre-
dissociation linewidths are those of Lewiset al.8 and Cheung
et al.9 The results of Lewiset al.8 (v851219) were ob-
tained from equivalent-width measurements taken using a
2.2 m VUV monochromator with an instrumental resolution
of 4.5 pm (;1.4 cm21) full-width at half-maximum
~FWHM!, while those of Cheunget al.9 (v851212) were
obtained from the near-absolute photoabsorption cross-
section measurements of Yoshinoet al.,7,10,11 taken using a
6.65 m scanning spectrometer with an instrumental resolu-
tion of 1.3 pm (;0.4 cm21) FWHM. The ;20% discrep-
ancy between these two sets of fine-structure-averaged line-
widths forv851212 has been reduced recently to;8% by
a reanalysis5 of the measurements of Yoshinoet al., using
cross sections of improved accuracy12 and a less constrained
method of data analysis.

In order to characterize accurately theB-state predisso-
ciation, it is preferable to measure fine-structure-specific
linewidths. However, for many bands in the SR system, prin-
cipally the broader bands withv851212, the P- and
R-branch triplets are incompletely resolved because the split-
tings of the ground- and upper-state triplet componentsF1 ,

a!Present address: Pacific Northwest National Laboratory, Richland,
WA 99352.
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F2, F3 are similar and the linewidths are comparable with
the fine-structure splittings. In addition, nearv856 the P
andR branches in the (v8,0) spectra overlap, further inhib-
iting the confident determination of fine-structure-specific
linewidths. A substantial improvement in the separation of
fine-structure components was achieved by Cosbyet al.,13

using absorption from higher vibrational levels of the ground
stateX 3Sg

2 to access theB-state. In addition, their use of
laser-induced fluorescence~LIF! to detect the absorptions
served to amplify14–16even small differences among the pre-
dissociation rates of theB-state fine-structure levels, allow-
ing the measurement of fine-structure-specific predissocia-
tion rates for an extended range of rotational levels with
v850,2 at high resolution (;0.06 cm21'0.420.8 pm
FWHM!.

For (v8,0) transitions, the fine-structure separation is
sufficient for the narrowerv8>13 levels to allow the resolu-
tion of individual components with an instrument of suffi-
cient resolving power, but such measurements are rare.
Lewis et al.17 have deduced predissociation linewidths for
resolved F1 levels with v8517, N852226 from high-
resolution (;0.15 cm21'0.5 pm FWHM! photoabsorption
spectra obtained using a coherent VUV source based on
high-order anti-Stokes stimulated Raman scattering in H2 of
pulsed dye-laser radiation. In the absence of explicit spectral
resolution, a determination of fine-structure-specific line-
widths requires some form of synthetic spectral modeling.
Indeed, the analysis by Lewiset al.5 of the cross sections
measured by Yoshinoet al.12 have enabled the determination
of some fine-structure-specific widths forv851, 2, 5, 7–13,
through such deconvolution procedures.

We have undertaken a collaborative study to address the
lack of high-resolution measurements of fine-structure-
specific predissociation linewidths in the SR bands, in order
to characterize precisely the mechanisms for predissociation
of the B state, and to provide accurate data for use in pho-
tochemical models of the terrestrial atmosphere. Three en-
tirely different state-of-the-art high-resolution experimental
techniques are used in different laboratories: vacuum-
ultraviolet laser spectroscopy~VUVLS! at the Australian Na-
tional University ~ANU!; laser-induced fluorescence spec-
troscopy~LIFS! at SRI International; and synchrotron-based
vacuum-ultraviolet Fourier-transform spectroscopy~VU-
VFTS! at the Photon Factory. In this work, we compare criti-
cally these three experimental techniques and illustrate the
comparison with rotation- and fine-structure-specific studies
of the B 3Su

2(v513 and 14) levels using each technique.
These levels are among the narrowest in the SR system, pro-
viding an ideal testing ground for the high-resolution spec-
troscopies employed.

A preliminary report on the VUVLS measurements18

and the results of a VUVLS study of perturbations in the
high-v8 SR bands19 have appeared elsewhere. Details of an
improved predissociation model for theB state, resulting
from a combination of all of the new fine-structure-specific
data, will appear in a further paper.

II. EXPERIMENTAL METHODS

A. Vacuum-ultraviolet laser spectroscopy

The experimental apparatus for VUVLS has been de-
scribed in detail elsewhere.19 Briefly, two-photon-resonant
difference-frequency four-wave mixing20,21 ~2PR-DF4WM!
of excimer-pumped dye-laser radiation in Xe was used to
generate tunable narrow-bandwidth VUV radiation from
177.5 nm to 180.6 nm, in order to measure high-resolution
photoabsorption cross sections for all accessible rotational
lines from the~13,0! and ~14,0! SR bands.

Two dye lasers ~Lambda Physik FL3002E! were
pumped by a common XeCl excimer laser~Lambda Physik
EMG201!. The output of the first dye laser, operated with the
dye Coumarin 307, was frequency doubled in a BBO I crys-
tal and the doubled output was tuned to be two-photon-

resonant with the 6p@ 5
2#2 level of Xe at 78 120 cm21. This

beam was combined with the tunable output of the second
dye laser and both beams were focused into a cell containing
Xe by an off-axis lens. Tunable VUV radiation generated by
the 2PR-DF4WM process was passed through a low-
resolution monochromator which discriminated against un-
wanted wavelengths. The dyes Coumarin 47 and 120 were
used in the second dye laser, allowing tunability in the range
440–459 nm, and resulting in the production of VUV radia-
tion in the range 177.5–180.6 nm. The VUV radiation leav-
ing the monochromator was divided into two beams by a
beam splitter. The reflected beam was monitored directly,
while the transmitted beam passed through an absorption cell
of length 33 cm, equipped with MgF2 windows, before being
detected. Output pulses from solar-blind monitor and detec-
tor photomultipliers were processed by a boxcar averaging
system. The dynode-chain voltage of each photomultiplier
was reduced, in order to limit the peak signal current to a
value such that detector nonlinearity due to space-charge ef-
fects was,1%. Most aspects of the experimental procedure
were computer controlled, including triggering of the exci-
mer laser, synchronous scanning of the dye laser and VUV
monochromator, gas handling, pressure measurement and
data acquisition.

All measurements were performed at room temperature
~293 K!. The phase matching for the 2PR-DF4WM process
was optimized by careful beam alignment and by adjusting
the pressure of Xe, normally in the range 70–90 Torr, to
maximize the VUV signal for the particular scan range. The
lasers were operated at a 10 Hz repetition rate and the moni-
tor and detector signals were averaged over 50 laser shots for
each datum point. The experimental scans varied from
1 cm21 to 10 cm21 in extent, with wave-number increments
in the range 0.015– 0.03 cm21. Scans were performed in
groups of three, with the absorption cell alternately filled
with a pressure of O2 ~99.9% purity! in the range 0.5–100
Torr, then evacuated, then refilled. This scheme compensated
for drifts in photomultiplier sensitivity and the effects of
wavelength structure in the photomultiplier signals which
was not related to O2 absorption.22 Division of the detector
signal by the monitor signal, after correction for scattered
radiation, compensated for the shot-to-shot fluctuations in-
herent in the generated VUV signal. Absolute cell transmit-
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tances were obtained by dividing the full-cell ratios
~detector/monitor! by the empty-cell ratios at each wave-
length. Photoabsorption cross sections were calculated from
the absolute transmittances using the Beer–Lambert law.

Each dye laser was operated with an intracavity e´talon to
minimize the VUV bandwidth. The nominal VUV wave
number was given by

nvuv5n2p2nvis , ~1!

wheren2p was the wave number of the Xe two-photon reso-
nance andnvis was the vacuum-corrected wave number of
the tunable dye laser. The measured wave numbers of
Yoshinoet al.23 for selected sharp, unblended lines of the SR
system~accuracy;0.1 cm21) were used for absolute wave-
number calibration in the VUV. Linewidth uncertainties due
to uncertainties in the relative wave-number calibration of an
étalon scan are expected to be negligible.19

The spectral characteristics of the generated VUV radia-
tion are of central importance in evaluating the reliability of
linewidth measurements made with the VUVLS system,
meriting discussion in some detail. The factors determining
these spectral characteristics include: the bandwidth of the
fundamental radiation produced by the two dye-laser oscilla-
tors; the modification to the oscillator spectral output by the
two-stage pulse amplification and~in the case of the two-
photon-resonant laser! by second-harmonic generation; the
effect of the nonlinear four-wave mixing process; and, fi-
nally, modification of the nonlinear output due to the pres-
ence~under some circumstances! of intense laser fields.

The dye lasers used contain an oscillator and two ampli-
fier stages. The oscillator cavity comprises a grating in Lit-
trow configuration at one end and a dielectric mirror at the
other. A series of prisms beam-expands the radiation from
the pump region onto the grating to maximize the number of
grating rulings illuminated. A specular reflection from one of
the prisms forms the output-coupled beam, which is in turn
reflected from a different portion of the grating to disperse
any unwanted amplified spontaneous emission~ASE!. The
primary frequency-selective element is a Fabry–Perot e´talon
inserted into the cavity between the grating and the prisms.
The étalon has a free spectral range of 1 cm21 and modest
finesse, yielding a bandwidth of,0.04 cm21 FWHM. The
cavity length is;30 cm which gives a longitudinal cavity-
mode spacing of 0.016 cm21, thereby enabling up to three
cavity modes to be present within the e´talon bandwidth. The
oscillator is normally adjusted to favor a single cavity mode
at the center of the e´talon bandpass, with two much weaker
longitudinal side modes being present. In practice, a combi-
nation of mode competition and thermal and mechanical in-
stabilities results in shot-to-shot variations in the mode posi-
tions. Thus, the average spectral profile of the oscillator
output resembles a series of mode peaks whose envelope is
determined by the bandwidth of the e´talon. Some gain nar-
rowing may also occur, reducing the spectral intensity in the
line wings. Such a narrow, multimode-envelope laser output
has been observed in our laboratory using a pulsed spectrum
analyzer~Burleigh PLSA3500!.

The output from the oscillator is amplified twice in
single-pass amplifiers, the latter of which is usually satu-

rated. For the measurement of photoabsorption cross sec-
tions, however, the amplifier pump beams are attenuated to
reduce the effects of ac Stark broadening in the Xe nonlinear
medium. Nevertheless, some gain narrowing and chirping of
the laser pulse is to be expected which will further modify
the laser spectral output, although the relative frequency
shifts involved are only of the order of 1027.24 Spectral
chirping may also occur in the frequency-doubling process
as a result of the fact that the fundamental laser pulse is itself
temporally asymmetric and chirped. The distortion of the
temporal pulse shape due to the nonlinear response~propor-
tional to the square of the instantaneous spectral intensity!
thereby modifies the frequency distribution of the second
harmonic.25

A similar frequency modification can occur in the four-
wave mixing process. In particular, the two-photon-resonant
process will exhibit the same type of sensitivity to the instan-
taneous phase of the fundamental radiation as occurs in
second-harmonic generation. In addition, further modifica-
tion of the VUV bandwidth may arise from ac Stark effects
on the Xe energy levels, including broadening, shifting and
asymmetry.

Thus, due to the complications described above, the
VUV bandwidth is unlikely to be related simply to the fun-
damental laser bandwidths. Hepburn26 has reported a VUV
bandwidth of three times that of the input lasers (0.16 cm21

FWHM! for four-wave mixing in Hg and Mg vapor, once the
tuning of the two-photon-resonant laser had been optimized.
On the other hand, Yamanouchi and Tsuchiya21 reported a
VUV bandwidth of 0.06 cm21 FWHM for 2PR-DF4WM in
Sr vapor, not much greater than the input bandwidths. Our
observed VUV bandwidths were intermediate between these
values, varying significantly in the range 0.06– 0.12 cm21

FWHM according to the details of the particular experimen-
tal set-up adjustments.

In addition, it was found that ASE provided an unex-
pected means of instrumental distortion of the photoabsorp-
tion line shape. ASE from either dye laser, in combination
with the other tuned beam, produced an untuned ASE ped-
estal in the generated VUV signal. Since the bandwidth of
the VUV monochromator greatly exceeded that of the tuned
component of the VUV signal, the broadband ASE VUV
signal was favored disproportionately in the detection pro-
cess, acting effectively as a scattered-light component. Thus,
if the center of a narrow line were totally absorbed, the ob-
served transmittance flattened off at a nonzero value, result-
ing in an underestimate of the peak photoabsorption cross
section and a corresponding modification of the line shape.

In order to monitor the unpredictable instrumental band-
width and eliminate the ASE problem, the following proce-
dure was adopted. A narrow SR line, theR1(21) line from
the ~14,0! band, was chosen as a reference line. The oscilla-
tor strength for this line is well known from conventional
spectroscopic measurements,6 but independent knowledge of
its predissociation linewidth was required for its full charac-
terization. This was obtained by measuring the integrated
absorptivity of the reference line for a range of O2 pressures,
yielding an experimental curve of growth.27 A Voigt curve-
of-growth analysis, using the known oscillator strength and a
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Gaussian widthGG defined by the Doppler component,
after correction for the effects of collision-induced
broadening,28,29 yielded a Voigt mixing parametera
5Aln 2GL /GG50.35, implying a Lorentzian widthGL , due
to predissociation, of 0.05160.007 cm21 FWHM. Since
equivalent width is independent of instrumental resolution,27

this determination of the reference predissociation linewidth
required no assumptions regarding the instrumental VUV
bandwidth.

Once the reference line was characterized fully, it was
scanned daily in order to optimize the experimental adjust-
ments and determine the instrumental bandwidth. This was a
difficult procedure. First, it was necessary to minimize the
effects of ac Stark broadening by progressively reducing the
dye-laser intensities until the apparent width of the reference
line showed no intensity dependence. Second, it was essen-
tial to minimize ASE in the VUV signal. This was achieved
by maximizing the apparent peak absorption of the reference
line while iteratively adjusting the experimental system.
These adjustments included: rotating the pump-beam line
foci so as to be noncollinear with the laser beam; aligning the
two laser beams into the Xe cell to maximize the efficiency
of the 2PR-DF4WM process, thereby enabling operation at
reduced laser intensities; and further attenuation of the
pumping of the three dye-laser stages, as necessary. Follow-
ing this system optimization, line-shape distortions due to
ASE had been eliminated and it was possible to deduce a
daily value for the VUV bandwidth using the least-squares
fitting procedure described in Sec. III, together with the
known strength and width parameters for the reference line.
It was established that this bandwidth remained unaltered
during the subsequent period of data taking. However, it was
necessary to reoptimize the system daily, with a consequen-
tial change in bandwidth, unpredictable within the
0.06– 0.12 cm21 FWHM range.

As is apparent from the discussion above, it is difficult to
define accurately the instrumental line shapea priori. Analy-
ses of the reference line using a Gaussian profile to describe
the shot-averaged instrumental line shape provided good fits
to the experimental cross sections. Therefore, a Gaussian
profile was assumed for the analysis of all measured cross
sections.

B. Laser-induced fluorescence spectroscopy

The experimental protocol for LIFS has recently been
described in detail,13 so only the salient features and some
important modifications will be discussed here. The O2

B-state level is excited by single-photon absorption from an
excited vibrational level of the O2 X 3Sg

2 ground state and is
monitored by detecting the weakB→X fluorescence that
competes with predissociation. Two laser beams, pump and
probe, are required for the experiment. The pump-laser beam
creates vibrationally excited O2 by photolysis of O3,

30 while
the narrow-band probe-laser beam, temporally delayed with
respect to the pump beam, is tuned in wavelength to excite
the B←X absorption. All measurements were made at room
temperature in a dilute mixture of O3 in He at a total pressure
in the range 20–30 Torr.

The probe-laser beam was generated by a dye laser

~Lambda Physik LPD3000E! pumped by a XeCl excimer
laser ~Lambda Physik EMG102!. When low powers were
required, this dye laser was generally operated using only its
oscillator and~attenuated! amplifier stages. A 33 beam-
expanding telescope served to produce a collimated output
beam which was further restricted by a 3 mmdiameter ap-
erture before entering the experimental cell. Two beam split-
ters between the laser and the cell directed portions of the
excitation-laser beam to a monitor e´talon, for verification of
the laser-mode purity, and to an I2 ~LIF, l.500 nm) or Te2
~absorption,l,500 nm) cell for wavelength calibration. For
measurements of the SR~13,15!, ~13,16!, and~14,16! bands,
the frequency of the laser was doubled in a KDP crystal
positioned between the beam splitters and the cell. Exalite
428 or Coumarin 120 dye solutions were used to generate the
blue wavelengths for direct pumping of the SR~13,26!,
~13,27!, and~14,26! bands, while Rhodamine 590 dye solu-
tion was used to generate the fundamental wavelengths for
those bands requiring use of the doubling crystal. An intrac-
avity étalon was used in the oscillator of the probe dye laser,
which produced an~approximately Gaussian! instrumental
bandwidth at the blue wavelengths in the range
0.04– 0.05 cm21 FWHM, as indicated both by the observed
widths of the unblended peaks in the Te2 absorption spec-
trum and by analysis of the SR absorption line shapes. The
linewidth of the doubled laser was typically a factor of&
larger than this, as verified by the observed~Doppler-
corrected! widths of LIF peaks due to impurity OH absorp-
tions in the O3/He sample and by analysis of the SR absorp-
tion line shapes. Laser powers entering the cell were
typically in the range 1–10mJ, as required to minimize satu-
ration broadening of the absorption lines. For the work re-
ported here, the delay in the probe-laser pulse relative to the
pump-laser pulse was in the range 1–10ms, with the shortest
delays favoring excitation from the higher (v9526 and 27!
vibrational levels of the O2 X state.

The pump laser was the KDP-doubled output of a YAG-
pumped dye laser~Quantel TDL-50!, which provided a pho-
tolysis wavelength of 281 nm with pulse energies in the
range 2–5 mJ. Although photolysis of O3 is less efficient at
this wavelength than at the excimer-laser-produced 248 nm
used in previous work,13 the pulse energy stability of the
YAG-pumped system was found to be far superior in main-
taining a uniform population of vibrationally excited O2. The
photolysis beam was apertured to 3 mm diameter, weakly
focused through the cell, and precisely adjusted to counter-
propagate collinearly with the probe beam, so as to maxi-
mize the LIF signal.

Fluorescence from theB(v8513 and 14) levels in the
~13,3–6! and ~14,3–6! emission bands was detected by a
solar-blind photomultiplier through a MgF2 window and an
interference filter centered at 206 nm with a bandpass of 26
nm FWHM. A second photomultiplier with a blue-sensitive
photocathode~R212!, positioned at right angles to the first,
simultaneously viewed the interaction region through a Su-
prasil window and a Wratten 18A filter~centered at 350 nm!
with a bandpass of approximately 50 nm FWHM. Both the
doubled pump beam and the probe beam were linearly po-
larized with the direction of polarization of the doubled ex-
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citation beam and the photolysis beam orthogonal to the di-
rection viewed by the solar-blind photomultiplier. In
contrast, the polarization of the undoubled probe beam was
in the direction viewed by this photomultiplier. However, no
spatial inhomogeneity was observed in the detected fluores-
cence, such as might have been produced by alignment of the
emitting O2 with respect to the probe-laser polarization di-
rection.

The amplified outputs of the photomultipliers were de-
tected by boxcar integrators, whose digitized outputs were
transferred to a laboratory computer after each laser shot,
together with the signals from the monitor e´talon, the wave-
length calibration cell, and the probe-laser power meter. The
computer also controlled the wavelength of the probe laser.
Both lasers were operated at a repetition rate of 10 Hz and
the probe laser was stepped in wavelength by
0.005– 0.010 cm21 after the accumulation of 10, 20, or 30
laser shots. Scans typically ranged from 6 cm21 to 30 cm21

in extent. All scans were wave-number calibrated using the
I2 ~Ref. 31! or Te2 ~Ref. 32! reference lines, yielding accu-
racies of 0.013 cm21 and 0.008 cm21 for the doubled and
undoubled probe beams, respectively.

The variation in 206 nm fluorescence intensity as a func-
tion of probe-laser wavelength constitutes theB←X absorp-
tion spectrum observed by LIFS. Prior to analysis, the raw
fluorescence intensity at each wavelength was linearly cor-
rected for small (,10%) relative changes in the probe-laser
power that may have occurred during the course of a scan
and any wavelength-independent intensity contribution was
subtracted. As discussed previously,13 the absorption line
shapes are subject to saturation broadening and~at much
higher probe powers than used here! to a depletion in the
population of the absorbing level of theX state of O2. There-
fore, the line shapes of selected rotational features in each of
the SR bands were monitored as a function of probe-laser
energy. These empirical changes in line shape were fully
consistent with those expected from the measured~spatially
averaged! laser energy densities and the stimulated emission
coefficients of the various bands.13 All measurements re-
ported here were obtained with probe-laser energies that
were sufficiently low that the required corrections for re-
sidual saturation broadening were,10% of the Lorentzian
component in the Voigt line shape.

C. Vacuum-ultraviolet Fourier-transform spectroscopy

The spectral region of application of Fourier transform
spectroscopy~FTS! has been extended into the VUV at Im-
perial College by means of an interferometer designed spe-
cifically to work at these shorter wavelengths.33 The cut-off
of the prototype interferometer was set at about 180 nm by
the fused-silica beam splitter employed, but the substitution
of a MgF2 beam splitter has increased the range to about 140
nm.34 The limiting resolution of this instrument is
0.025 cm21 FWHM, more than sufficient to resolve the Dop-
pler widths of the lines of the SR bands.

The attainment of a good signal-to-noise ratio~S/N! in
high-resolution absorption spectroscopy is much more de-
manding than in emission spectroscopy because of the noise
characteristics of the technique. Every spectral element seen

by the detector contributes to the noise in the interferogram,
and if the noise is ‘‘white’’~independent of frequency! it is
distributed evenly through the spectrum by the Fourier trans-
form. In the UV, the dominant noise is photon noise, propor-
tional to the square root of the signal. The S/N in the spec-
trum for a quasi-continuum is proportional to (ft/W)1/2,
wheref is the detected photon flux in photons s21 nm21, t
~s! is the total integration time andW ~nm! is the bandwidth.
There are, therefore, two requirements for high S/N: a back-
ground continuum source of high photon flux, and some
means of limiting the spectral bandwidth to the region of
interest to avoid all unnecessary contributions to the photon
noise. Ordinary laboratory continuum sources~the high pres-
sure Xe arc, the deuterium lamp and the argon mini-arc! fall
off rapidly in radiance below 200 nm. The only alternative is
synchrotron radiation. As this is intrinsically very broadband,
the bandwidth must be limited either by optical filters or by
a monochromator. Interference filters are inflexible and inef-
ficient in the VUV, so the preferred option is a monochro-
mator. Ideally, this should be a double monochromator with
zero net dispersion, because the spread of angles passing
through the interferometer from a single monochromator
leads to small wavelength shifts and phase problems across
the pass band.

Recent measurements of absorption cross sections of the
d~0,0! andb~7,0! bands of NO by FTS at IC~Ref. 35! dem-
onstrated these problems. With the continuum source used~a
500 mA positive-column discharge in hydrogen, similar to,
but brighter than, a commercial deuterium lamp! the S/N
obtainable for thed~1,0! band at 183 nm was inadequate.
The 0.3 m Czerny-Turner monochromator used as predis-
perser generated, as anticipated, uncomfortably large phase
variations across the pass band. It was therefore decided to
attempt to use synchrotron radiation as the background con-
tinuum for the absorption measurements on the SR bands.
The particular choice of the Photon Factory was dictated by
the availability on one of the beam lines of a zero-dispersion
monochromator, normally used as the predisperser for the
6.65 m off-plane Eagle spectrograph of Dr. K. Ito,36 who
collaborated with us on the project.

Following shipment of the IC VUV FT spectrometer to
Japan, the instrument was set up downstream of the mono-
chromator. The rectangular beam normally falling on the en-
trance slit of the 6.65 m spectrograph was intercepted by a
cylindrical mirror that focused it as an approximately circu-
lar patch of diameter 2 mm on the circular entrance aperture
of the interferometer, after passing through an absorption cell
78 mm long. The pressure of O2 was set at a value between
0.6 Torr and 10 Torr, depending on the spectral region ob-
served. The bandwidth of the predisperser was normally set
at 2.5 nm. Alignment of the interferometer axis with the
synchrotron beam reflected by the cylindrical mirror proved
to be a difficult task; good fine adjustments to position and
rotation were not available during the limited period at Pho-
ton Factory, and the problems were accentuated by the fact
that the VUV beam emerging from the double-grating mono-
chromator was not coincident with the visible light beam
when the gratings were turned to zero order. The possibility
of small misalignments, or drifts in alignment, was a source
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of some anxiety and is discussed further in Sec. III C. Most
spectra were taken at a resolution of 0.06 cm21 FWHM, but
for some spectra the resolution was set at 0.12 cm21 FWHM
in order to maximize the S/N. This latter value matches the
Doppler width for O2 at room temperature. It should be noted
that the S/N is proportional to the resolution if all other fac-
tors are held constant; if the maximum allowable entrance
aperture is used and filled, the S/N in the photon-noise limit
actually scales with the 3/2 power of the resolution. Thus, a
factor of 2 in resolution requires a factor of 8 in integration
time to recover the same S/N.

The synchrotron flux was attenuated by two mirror and
two grating reflections plus transmission through four un-
coated MgF2 windows before entering the interferometer,
where it underwent six further mirror reflections, one further
window transmission, and a reflection/transmission at the
beam splitter. The photon flux was estimated to be about
1010 photons nm21 s21 at the entrance to the interferometer,
and about 10% of this on the detector~an R1220 photomul-
tiplier with a solar-blind photocathode and a MgF2 window!.
The S/N is proportional to the modulation efficiency of the
interferogram as well as to the square root of the photon flux,
and both modulation and mirror reflectivities fall off rather
steeply with decreasing wavelength in the VUV. It was nec-
essary to integrate for many hours to obtain a good S/N. The
integration was performed by coadding interferograms~each
of which involved a scan time of 6–8 min! in piles of 30 or
so. The individual piles were coadded into larger piles when-
ever inspection showed no sign of a drift in phase between
piles; otherwise each pile was transformed and phase-
corrected separately, and the spectra were subsequently
coadded. Typically, two or three spectra taken over two 12 h
days went into producing a spectrum 2.5 nm wide at a reso-
lution of 0.06 cm21 with a S/N in the continuum of around
40.

In addition to the SR bands, we also measured absorp-
tion in NO from 190 nm down to 160 nm with a resolution of
0.06 cm21, except for the bands of shortest wavelength for
which the resolution was 0.12 cm21.

III. ANALYSIS

In the general case, spanning the range of experimental
conditions represented by the three experiments described in
Sec. II, three broadening processes may make significant
contributions to the instrument-free SR photoabsorption line
shape.37 First, for distances not too far from the line centers,
the predissociation line shape for unperturbed lines may be
taken as Lorentzian.1,2,19 Second, for O2 pressures that are
not too high, the collisional line shape may also be described
with sufficient accuracy by a Lorentzian.28,29 Thus, the total
Lorentzian linewidth isGL5Gp1Gc , whereGp and Gc are
the predissociation and collisional linewidths, respectively.
For the most part, the O2 pressures are low enough for col-
lisional broadening to be neglected, but the VUVLS mea-
surements for the weaker lines of higher rotational quantum
number were taken at pressures up to 100 Torr, resulting in
collisional linewidths up to 0.03 cm21 FWHM.28,29 Third, it
is necessary to consider the Doppler component of the line
shape which has a Gaussian profile~Doppler width GD

'0.12 cm21 FWHM at room temperature!. Thus, the Voigt
profile, a convolution of Lorentzian and Gaussian line
shapes, may be used to describe each rotational line in the
analysis procedure:38 the Gaussian linewidth componentGG

is given by the well defined Doppler width, while the Lorent-
zian linewidth componentGL is the sum of predissociation
and collisional components. For most of the results presented
here, the very high experimental resolution, together with the
relatively low predissociation linewidths, enabled full reso-
lution of individual rotational and fine-structure lines, allow-
ing a simple Voigt line shape fitting procedure to be em-
ployed, independent of any band-model assumptions.

A. VUVLS analysis

In the analysis of the VUVLS results, a nonlinear least-
squares procedure, in which a synthetic cross section based
on the Voigt line shape was fitted to the measured photoab-
sorption cross section, was used to determine independently
the position, oscillator strength, and Lorentzian linewidth
component for each rotational line in a particular scan. In a
few cases, when the resolution of low-rotationF2 and F3

components was insufficient to enable independent fitting,
the ratio of the strengths of these two fine-structure lines was
held fixed at a readily calculable value39 in the fitting proce-
dure. In a few other cases, it was necessary to correct for the
contributions of weak lines from other SR bands which were
obscured completely by the lines of interest. The pseudo-
continuum underlying the SR bands, comprising the wings of
more distant lines, was represented by a quadratic polyno-
mial in wave number, the coefficients of which were also
determined in the fitting procedure. Normally, a constant or
linear background was sufficient to obtain a good fit to the
measured cross section. The Gaussian instrumental bandpass
function was included explicitly in the synthetic cross sec-
tion, through a convolution with the calculated transmittance
spectrum, reproducing the small degradation in cross section
due to the finite instrumental resolution.

B. LIFS analysis

A somewhat similar procedure was also followed in the
analysis of the LIFS line shapes. However, a significant dif-
ference arises in that the relative fluorescence intensities are
not only directly proportional to the photoabsorption cross
sections, but are also inversely proportional to the lifetimes
of the emitting levels. Thus, there is a correlation between
the fluorescence intensity and the linewidth of the Lorentzian
component of the Voigt line shape that describes each fea-
ture in the LIF excitation spectrum.13 The linewidthGG of
the Gaussian component of the Voigt line shape was taken as
a combination, in quadrature, of the instrumental width~Sec.
II B ! and the 300 K Doppler width of the absorption at the
probe-laser wavelength.40 Since much longer absorption
wavelengths were used to produce theB-state levels in the
LIFS studies, this Doppler contribution was relatively small
in comparison with that applying to the two other experimen-
tal techniques, amounting to only 0.05 cm21 FWHM and
0.09 cm21 FWHM at the blue and frequency-doubled probe-
laser wavelengths, respectively. The value ofGG was taken
to be constant for all features within a given scan.
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The line shapes for each of the three fine-structure com-
ponents of a given LIFS rotational line multiplet were ana-
lyzed simultaneously, with the ratios of their individual pho-
toabsorption line strengths held constant at the calculated
values.41 A nonlinear least-squares fit of the three coupled
Voigt line shapes to the observed LIF spectrum yielded val-
ues for the line center and Lorentzian linewidthGL of each of
the three fine-structure components. In addition, values for
the common background intensity of the LIF spectrum in the
region of the multiplet and for the average relative absorp-
tion cross section of the multiplet were also determined in
the fit. The relative magnitudes obtained for this latter pa-
rameter among the rotational lines in a given absorption band
were found to be consistent with those calculated for a 300 K
rotational temperature. The values ofGL obtained from these
fits, following a small correction for saturation broadening
~Sec. II B!, are reported here as the predissociation level
widths.

C. VUVFTS analysis

The peak absorption for the strong lines in the VUV FT
spectra was well over the linear limit. The transmittance
spectra were converted to absorbance spectra by taking the
logarithm and manually fitting a smooth curve to the con-
tinuum between regions of strong absorption. It should then
have been possible to fit a Voigt profile to each line in the
manner described in Sec. III A for the VUVLS results. The
fitting procedure used was part of theGREMLIN suite of pro-
grams written by J. W. Brault specifically for the analysis of
FT spectra.42 Compared with the calculated Doppler width of
0.12 cm21 FWHM, the instrumental width should be negli-
gible for the spectra taken with 0.06 cm21 resolution, and for
those taken at 0.12 cm21 the instrumental contribution can be
allowed for by convolving an appropriate sinc function with
the Voigt. Although the instrumental function should prop-
erly be applied to the transmittance spectrum rather than the
absorbance, checks showed that there was a negligible dif-
ference to the final fit over the range of absorbance recorded
here.

The fitting of the lines showed two anomalies. First, the
Doppler component of the best-fit Voigt function had a
FWHM in the range 0.15– 0.17 cm21, significantly greater
than 0.12 cm21. Clamping the Doppler width at the expected
value gave a worse fit to the line profiles. Second, since the
narrowest lines in the high-resolution spectra had a measured
FWHM of about 0.23 cm21, all the lines should have been
fully resolved even in the lower-resolution (0.12 cm21) runs.
The measured widths in both sets should therefore have been
similar, whereas in fact they were on average greater by
some 0.03 cm21 in the lower-resolution spectra.

In an attempt to throw some light on these anomalies, we
compared the NO absorption spectra taken at the Photon
Factory with those taken previously at Imperial College with
the FT spectrometer and a hydrogen discharge continuum
background.35 The intrinsic line shape of the thed~0,0! and
b~7,0! bands of NO is almost pure Doppler. Whereas in the
previous spectra, the Doppler widths were, as expected,
about 0.12 cm21 FWHM for the room-temperature measure-

ments, the Photon Factory NO spectra appeared to have
anomalous Gaussian widths similar to those in the O2 spec-
tra.

Comparison of the VUVFTS and VUVLS linewidths for
a dozen well isolated O2 lines showed that the FTS lines
were consistently broader, on average by 0.06 cm21 for the
higher-resolution spectra and 0.09 cm21 for the lower-
resolution spectra. Taken together with the internal evidence,
this suggests at first sight that the intrinsic resolution of the
Photon Factory FT spectra was, for some reason, lower than
the value determined by the length of the interferometer
scan. We consider this explanation to be unlikely for two
reasons. First, a broad instrumental function has less effect
on a wide line than on a narrow one, whereas the VUVFTS-
VUVLS differences for lines ranging in width from under
0.2 to 0.3 cm21 FWHM ~in the VUVLS spectra! show no
dependence on linewidth. Second, to account for the ob-
served broadening we have to postulate instrumental func-
tions with widths of order 0.18 cm21 and 0.21 cm21 FWHM
for the ‘‘high’’ and ‘‘low’’ resolution spectra, respectively.
Convolution of the VUVLS spectra with sinc functions of
these widths generates significant ringing, which is simply
not observed in the VUVFTS spectra, so it is necessary to
postulate further a smooth tapering off of the interferogram
rather than a sharp termination. In that case the interfero-
grams would be effectively truncated before the end of the
shorter scans, and the additional scan length of the high-
resolution interferograms would have no effect.

A possible explanation of the discrepancy is the ‘‘illu-
mination shift’’ discussed by Learner and Thorne:43 changes
in the way in which the entrance aperture is illuminated af-
fect the angular distribution of rays through the interferom-
eter and result in small wave-number shifts. Given the inher-
ent spatial instabilities of the synchrotron beam, the long
optical path~two mirrors and two gratings! guiding it into
the interferometer, the difficulties of aligning the latter and
the many hours of coadding, it would indeed be surprising if
there were not small illumination shifts. We have some evi-
dence for them: if the separate piles of interferograms that
make up one final spectrum are transformed separately, there
are found to be small but significant wave-number shifts
~0.01 to 0.03 cm21) between the piles in most cases. Unfor-
tunately, the problem cannot be solved by simply correcting
for these shifts because the lines within each pile are still
anomalously wide, presumably due to shifts occurring during
the accumulation of the pile. The maximum size of an illu-
mination shift depends on the size of the entrance aperture
and hence on the resolution. Illumination shifts of up to
0.03 cm21 for the high-resolution, and somewhat more for
the lower-resolution spectra would appear to be reasonable in
the prevailing experimental conditions. However, the prob-
lem is that coadding a bunch of Voigt lines 0.2 cm21 wide
with displacements of up to 0.05 cm21 or so does not
broaden them enough to account for the observed widths.

We have to conclude that we do not have a satisfactory
quantitative explanation for the anomalous widths of the
VUVFTS lines. Since this problem has never before arisen
over many years of use of the instrument on both emission
and absorption spectra, it does appear to be related in some
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way to the method of use at the Photon Factory. It has the
unfortunate consequence that no reliable predissociation
broadening parameters can be derived from the VUVFTS
spectra without an independent measure of the effective in-
strumental resolution, although line strengths and relative
wave numbers should not be affected.

IV. RESULTS AND DISCUSSION

Before proceeding further, it is pertinent to summarize
some of the expected inherent advantages and disadvantages
of each experimental technique. Both the VUVLS and VU-
VFTS techniques result in the measurement of photoabsorp-
tion cross sections, enabling absolute oscillator strengths, as
well as predissociation linewidths, to be obtained from the
measurements using the fitting technique described in Sec.
III. VUVFTS has the advantage of simultaneous acquisition
of the complete spectrum, but suffers from the need for a
bright, controlled spectral-width continuum source in order
to optimize the S/N. At present, this requires a synchrotron
source. Both the VUVLS and LIFS methods require detailed,
small step-size scans over the spectral features of interest and
suffer from power-dependent bandwidths which must be
controlled carefully. However, it is relatively easy to balance
the conflicting requirements for a good S/N and a minimal
power dependence of the bandwidth using the VUVLS
method, since only moderate source intensity is required
against which to measure the photoabsorption cross sections,
whereas the LIF signal and S/N are directly related to the
laser intensity. The LIFS technique has several unique ad-
vantages. First, as has been noted in Sec. III B, the photon
energy is minimized by selecting a high vibrational level in
the ground state as the origin of the absorbing transition.
This, in turn, minimizes Doppler broadening of the transi-
tion, which scales directly with photon energy. Second, as
mentioned in Sec. I, the ability to choose the lower-state
level in the excitation allows a flexibility in controlling the
separation of the fine-structure components in the absorption
spectrum, which reflect the relative differences in the fine-
structure levels of theB andX states. Third, the fluorescence
intensity of the excitedB-state level is inversely proportional
to its lifetime. Thus, as we have noted in Sec. III B, the
observed relative fluorescence intensities of the SR multi-
plets, in addition to their absorption line shapes, serve as
another, more sensitive measure of their relative lifetimes.
Finally, eachB-state level can be accessed by absorption
from two or more ground-state vibrational levels with differ-
ent absorption cross sections, thus providing an important
check on the influence of saturation broadening, or of unre-
solved line components, on the apparent line shape associ-
ated with the level. Overall, the high resolution provided by
each experimental technique is expected to result in an im-
portant advance over all previous conventional measure-
ments of SR linewidths.

We illustrate the observed characteristics of the different
high-resolution experimental techniques in Fig. 1 which
shows comparable measured and fitted spectra over the
wave-number regions of theB 3Su

2(v514, N512) fine-
structure levels. Both the VUVLS and VUVFTS measure-

ments are given in the form of effective photoabsorption
cross sectionss for the ~14,0! R(11) fine-structure triplet,
while the LIFS measurements are given in the form of rela-
tive fluorescence intensitiesI f measured following excitation
of the ~14,16! and ~14,26! R(11) fine-structure triplets. The
differential wave-number scales of each spectrum are identi-
cal, allowing meaningful visual comparisons of apparent
linewidths. A comparison of the two photoabsorption spectra
indicates that the VUVLS cross section has a greater S/N and
a higher resolution, as evidenced by greater peak cross sec-
tions and smaller apparent linewidths. This lower effective
resolution for the VUVFTS cross section is unexpected, as
has been discussed in Sec. III C. While the LIF spectra have
a smaller S/N, the greater flexibility allowed by excitation of
vibrationally excited ground-state levels is evident in the in-
creased separation of theR2(11) andR3(11) components
when compared with the photoabsorption spectra. In addi-

FIG. 1. Experimental scans~points! and fitted spectra~lines! over the region
of theB 3Su

2(v514, N512) fine-structure levels.~a! VUVLS cross section
for ~14,0! R(11) triplet; Doppler width 0.12 cm21; instrumental resolution
0.10 cm21; apparent width forF1 component 0.21 cm21; Lorentzian width
0.11 cm21. ~b! VUVFTS cross section for~14,0! R(11) triplet; Doppler
width 0.12 cm21; instrumental resolution 0.19 cm21; apparent width forF1

component 0.24 cm21; Lorentzian width 0.10 cm21 ~however, see the text!.
~c! LIFS scan for~14,16! R(11) triplet; Doppler width 0.07 cm21; instru-
mental resolution 0.07 cm21; apparent width forF1 component 0.18 cm21;
Lorentzian width 0.12 cm21. ~d! LIFS scan for~14,26! R(11) triplet; Dop-
pler width 0.05 cm21; instrumental resolution 0.05 cm21; apparent width for
F1 component 0.15 cm21; Lorentzian width 0.11 cm21. ~All widths are
FWHM values.! Each scan covers a similar range of wave numbers, but the
lower transition energies for the LIFS scans result in smaller Doppler
widths, and correspondingly smaller apparent linewidths.
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tion, it is clear from Fig. 1 that the relative intensities of the
fine-structure components vary much more widely in the LIF
spectra than in the photoabsorption spectra. As discussed
above, this is a consequence of the dependence of the LIF
signal on the predissociation lifetime and indicates, more di-
rectly than do the apparent~total! relative linewidths, that the
predissociation linewidths vary significantly with the fine-
structure component, in the orderGp(F1),Gp(F2)
,Gp(F3). Of particular interest is a comparison of the ap-
parent linewidths for theR1(11) transitions from the LIF and
photoabsorption spectra. The LIFS linewidths are smaller for
two reasons: smaller instrumental bandwidth and smaller
Doppler width associated with the lower transition energy.
The narrowestR1(11) line ~apparent width 0.15 cm21

FWHM! occurs for the~14,26! LIF spectrum which has the
lowest transition energy (;23 000 cm21, Doppler width
0.05 cm21 FWHM!, followed by the~14,16! LIF spectrum
~apparent width 0.18 cm21 FWHM, transition energy
;34 000 cm21, Doppler width 0.07 cm21 FWHM!, and the
VUVLS and VUVFTS results for the~14,0! transition ~ap-
parent widths 0.21 cm21 and 0.24 cm21 FWHM, respec-
tively, transition energy;56 000 cm21, Doppler width
0.12 cm21 FWHM!. Nevertheless, when analyzed using the
procedures outlined in Sec. III with appropriate instrumental
functions, each spectrum implies a consistent LorentzianF1

width of ;0.11 cm21 FWHM. Synthetic spectra fitted to
each set of measurements, shown in Fig. 1, are seen to accu-
rately reproduce the experimental results. However, we note
here that, in order to obtain the fitted VUVFTS cross section
in Fig. 1, it was necessary to vary the instrumental resolution
from its nominal value. A resolution of 0.19 cm21 FWHM
resulted in VUVFTS predissociation linewidths and oscilla-
tor strengths in reasonable agreement with the VUVLS val-
ues for all three fine-structure components, in agreement
with the general discussion in Sec. III C. It may be con-
cluded from this example illustrated in Fig. 1 that, despite
the diverse characteristics of the different experimental
methods, each technique is capable of producing reliable pre-
dissociation linewidths, provided that the instrumental func-
tions are well controlled and monitored. In the case of the
VUVFTS measurements, the unexpected and unprecedented
degradation of the effective resolution resulted in a lack of
monitoring, preventing the independent deduction of a reli-
able set of linewidths.

The predissociation widths determined for all rotational
and fine-structure levels of theB state withv513 and 14,
using the VUVLS and LIFS experimental techniques, are
shown in Figs. 2 and 3 and are listed in Tables I and II,
respectively. The results are given as a function of the
B-state rotational quantum numberN, where N5J21, N
5J, or N5J11 for theF1 , F2, or F3 fine-structure levels,
respectively. Unless indicated otherwise, each tabulated level
width represents the average of values determined separately
for P(N11) and R(N21) transitions terminating on the
sameB-state level.44 In a few cases, particularly for lines
near the band heads terminating on levels of low rotational
quantum number, widths measured for satellite-branch lines
have been included in the averages. The listed uncertainties
in the level widths include statistical uncertainties reflecting

the S/N of the measurements and the sensitivity of the least-
squares fitting procedure, together with a contribution re-
flecting incomplete knowledge of the instrumental linewidth.
Uncertainty due to the instrumental contribution is smaller in
the case of the LIFS results, but this is counterbalanced by an
increased uncertainty due to smaller S/N. The VUVLS re-
sults cover a greater range of rotation, up toN528 for v
513 andN530 for v514, primarily because of the larger
S/N and the fact that measurements have been made using a
greater range of O2 pressures. The VUVLS measurements
taken at pressures from 10 Torr to 100 Torr, the maximum
employed, have been corrected for collisional broadening
(0.2 cm21/atm),28,29 as indicated in Tables I and II. The
LIFS results require no such correction since they were taken
at lower pressures.

There is excellent agreement between each set of results:
only in the case of thev514,F1, N526 level do the VU-
VFTS and LIFS linewidths differ by more than the combined
experimental uncertainties. This agreement supports the ap-
plicability of these experimental techniques to the measure-
ment of narrow linewidths, indicates that the calibrations of
the instrumental resolutions have been performed properly,
and supports the reliability of the predissociation level
widths presented here. The complexity of the rotational and
fine-structure dependence of theB(v513 and 14) level
widths is clearly evident from Figs. 2 and 3. The individual
level widths vary over an order of magnitude, from

FIG. 2. Measured fine-structure-specific predissociation level widths for
B 3Su

2(v513) as a function ofB-state rotational quantum numberN. Each
point represents the average obtained from separateP- andR-branch mea-
surements using the VUVLS~circles! and LIFS~crosses! techniques.
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;0.05 cm21 FWHM for v514,F1, N'20, to ;0.6 cm21

FWHM for v513,F3, N526. While there is an essentially
monotonic increase in level width with rotation for theF2

and F3 levels with v513 and theF3 levels for v514, the
remaining fine-structure levels at first decrease in width for
increasing rotation, and then increase, passing through the
minima nearN510 for F1 , v513; N520 for F2, v514;
andN522 for F1 , v514. This general behavior is in good
agreement with the predissociation-model predictions of
Lewis et al.5 In addition, although, for the reasons discussed
in Sec. III C, we are unable to report quantitative VUVFTS
linewidths, VUVFTS cross sections analyzed using the
nominal instrumental resolution yield widths displaying the
same rotational and fine-structure trends as in Figs. 2 and 3.

Prior to this work, there had been very few measure-
ments of fine-structure-specific predissociation level widths
for B(v513 and 14), none of which was performed at high
instrumental resolution. Lewiset al.5 analyzed the photoab-
sorption cross sections of Yoshinoet al.,12 obtaining a few
fine-structure-specific widths forv513,N518226, while
Lewis et al.8 reported a few low-resolution fine-structure
widths for v514. It is clear from an inspection of Figs. 17
and 18 of Lewiset al.5 that their5,8 results are insufficient to
establish the rotation and fine-structure dependence of the
predissociation widths for these narrow vibrational levels.
The present study rectifies this deficiency comprehensively,

providing a complete set of fine-structure-specific predisso-
ciation level widths forB(v513 and 14).

V. CONCLUSIONS

In a comparative study using an array of state-of-the-art
high-resolution spectroscopic techniques, the fine-structure
and rotation dependencies of the predissociation of the O2

B 3Su
2(v513 and 14) levels have been characterized com-

pletely for the first time. The measurements presented here
are the first to have been performed at high resolution for
these levels and represent a significant advance on previous
knowledge.5 In combination with similar measurements for
other vibrational levels, the present fine-structure-specific re-
sults will enable significant refinements in the parameters of

FIG. 3. Measured fine-structure-specific predissociation level widths for
B 3Su

2(v514) as a function ofB-state rotational quantum numberN. Each
point represents the average obtained from separateP- andR-branch mea-
surements using the VUVLS~circles! and LIFS~crosses! techniques.

TABLE I. Measured fine-structure-specific predissociation level widths for
B 3Su

2(v513, N), in cm21 FWHM.

Level N VUVLS LIFS

F1 0 0.15760.008 0.15760.017
2 0.13960.011 0.12160.012
4 0.13260.008 0.11460.012
6 0.12260.009 0.11760.010
8 0.11460.009 0.11660.011

10 0.12260.008 0.11560.006
12 0.10960.008 0.12160.009
14 0.12160.009 0.11960.009
16 0.14960.009 0.14060.027
18 0.14960.014a 0.16860.024
20 0.18760.010 0.19960.019
22 0.23160.026b

24 0.28960.014c

26 0.32260.026c

28 0.40160.022c

F2 2 0.10360.007 0.09260.009
4 0.10960.010 0.10060.014
6 0.10860.011 0.10960.009
8 0.11860.012 0.12560.007

10 0.14460.009 0.13060.007
12 0.14360.009 0.15960.013
14 0.16860.011 0.16960.015
16 0.20660.012 0.20960.026
18 0.22460.022a 0.26260.023
20 0.28460.022a 0.32260.052
22 0.38860.047b

24 0.43160.022c

26 0.48360.034c

28 0.60860.141a,c

F3 2 0.11060.011 0.10260.010
4 0.12960.014 0.13460.013
6 0.16260.017 0.17160.013
8 0.18360.025 0.19960.020

10 0.23360.012 0.23760.014
12 0.23960.013 0.28060.037
14 0.28660.017 0.28860.021
16 0.31660.013 0.32160.018
18 0.34860.042a 0.42260.044
20 0.43360.041a 0.49660.094
22 0.48660.024a,c

24 0.58060.034c

26 0.67860.075c

aDetermined fromR-branch line only.
bDetermined fromP-branch line only.
cCorrected for collisional broadening.
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the standard model1,2,5 for predissociation of theB state, re-
sulting in greatly improved predictive capabilities and more
reliable photochemical models of the terrestrial atmosphere.
Although it was not possible to determine quantitative line-
widths using the VUVFTS technique, the degree of agree-
ment between the linewidths measured using the VUVLS
and LIFS techniques is satisfying and gives confidence in the
applicability of the experimental methods and the reliability
of the results. However, the high-resolution performance
provided by each technique was achieved at the cost of con-
siderable experimental complexity and difficult adjustments
and calibrations. In particular, each experimental technique

suffers, to a greater or lesser extent, from ill definition of the
instrumental resolution which must be carefully controlled
and monitored. Further research into the detailed instrumen-
tal line shapes is warranted.
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