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We present high-resolution line-shape and line-intensity measurements of self-broadened O2 b 1�+
g (v = 1) ←

X 3�−
g (v = 0) band (B-band) transitions measured using the frequency-stabilized cavity ring-down spectroscopy

technique under relatively low pressure conditions. We give line-shape parameters describing collisional
broadening and shifting, and we treat line narrowing in terms of Dicke narrowing or the speed dependence of
collisional broadening. We indicate the importance of the line-narrowing effect which, if neglected, changes the
experimentally determined collisional broadening coefficients by up to 48%. We report measured line intensities
with relative uncertainties below 0.7% and compare these measurements to published data.
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I. INTRODUCTION

The oxygen molecule, O2, has two low-lying excited
electronic states, a 1�g and b 1�+

g , which are approximately
7888 cm−1 and 13,122 cm−1, respectively, above the X 3�−

g

ground state. Magnetic dipole transitions between these
electronic states, a ← X, b ← X, and b ← a, give rise to
a number of rovibronic bands in the visible and near-infrared
spectral regions, which feature prominently in the absorption
of solar radiation by the Earth’s atmosphere. Because the
mixing ratio of O2 in the atmosphere is uniform and relatively
constant over long path lengths, these bands can also be
used in a number of land- and satellite-based remote-sensing
applications such as the determination of cloud-top heights
[1], surface pressure [2,3], column temperature [4], and
CO2 concentration [5–8]. These measurement techniques
require high-accuracy spectroscopic line parameter data (e.g.,
intensities, widths, and positions), which are based on the judi-
cious combination of laboratory measurements and theoretical
models.

Here we focus our attention on the O2 b 1�+
g (v = 1) ←

X 3�−
g (v = 0) band (referred to hereinafter as the B band),

which occurs near the wavelength λ = 687 nm. Properties of
the O2 B band were first reported by Babcock and Herzberg
[9] in their observations of solar spectra, and subsequently,
Giver et al. [10] measured this band in the laboratory using a
long-pass White cell and grating spectrometry. O’Keefe [11]
and Scherer et al. [12] probed the O2 B band with a pulsed
laser in what was the first demonstration of cavity ring-down
spectroscopy (CRDS) for measuring the absorption spectrum
of a gas. Additional CRDS measurements of this band include
those of Xu et al. [13] and those of Motto-Ros et al. [14],
the latter study being based on a continuous-wave CRDS
laser technique. Motto-Ros et al. achieved signal-to-noise
ratios (SNRs) up to 1000:1, which allowed them to observe
collisional narrowing effects. Cheah et al. [15] measured line
intensities, collisional widths, and shifts of many transitions of
the O2 B band using a Fourier-transform spectrometer. Also,
Barnes and Hays [16] measured pressure broadening and shift-
ing in the O2 B band using photoacoustic spectroscopy. Their

data were used to correct atmospheric wind measurements
made from a satellite-borne Doppler imager [16]. A recent
application of O2 B-band spectroscopy includes satellite-
based solar occultation absorption measurements used to
determine temperature and pressure profiles in the Earth’s
atmosphere [4].

In the remainder of the article, we discuss the importance
of line-shape effects for the accurate determination of line
intensities and line-shape parameters, and we present a line-
shape study of several self-broadened transitions of the O2

B band. We use frequency-stabilized (FS)-CRDS [17,18] to
measure spectra over the pressure range 0.13–3.3 kPa. At
these conditions, the line shapes are dominated by Doppler
broadening. The FS-CRDS technique has been proven to
yield high-quality spectra practically free from instrumental
distortion [19–21]. For the transitions and pressure range
investigated in this study, the incorporation of line-narrowing
effects introduces an important and nonnegligible correction
to the Voigt profile. We found that the fitted collisional
broadening coefficients determined from the Voigt profile
were up to 48% smaller than those derived using profiles that
account for speed-dependent effects (speed-dependent Voigt
profile, SDVP) or Dicke narrowing (Galatry profile, GP). Such
a large correction to the collisional broadening coefficient can
be important for many applications based on high-precision,
quantitative spectroscopy of O2. We also report measured
absolute line intensities and compare these results to values
from the literature.

II. LINE-SHAPE EFFECTS

The analysis of line shapes measured in gas-phase absorp-
tion spectra provides important data for validating theoretical
models of atomic and molecular interactions and dynamics.
The ability to accurately model line shape can also be impor-
tant in a variety of spectroscopic applications such as trace gas
detection, atmospheric composition analysis, remote pressure
and temperature measurement, and human breath analysis for
medical purposes (see, e.g., Chap. VII of [22]). However, it is
well known that the theoretical Voigt profile (VP), which takes
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into account Doppler broadening and collisional (pressure)
broadening and shifting of spectral lines, is generally not
valid because of its assumption of statistical independence of
collisional and Doppler broadening [23]. Nevertheless, most
spectroscopic databases (including HITRAN [24], which is
the most comprehensive and commonly used database in the
atmospheric spectroscopy community) provide line-specific
data suitable for calculating only the Voigt profile, and in most
applications, both the speed-dependent effects and collisional
narrowing are neglected because their influence on line shapes
is considered to be small.

Berman [25] derived the SDVP by incorporating into the
line-shape model the dependence of collisional effects on the
absorber or emitter speed. Moreover, assumptions made in
deriving the Doppler component of the line profile are also
not valid for physical conditions where gas pressure is not
infinitely small. Specifically, the mean free path of the absorber
(or emitter) decreases with increasing gas pressure, leading
to an effective decrease of average absorber displacement
(in a given time) along the direction propagation of the
light beam. If this reduction of the mean free path length
is not negligible compared to the wavelength of absorbing
light, it may lead to collisional narrowing of the line (Dicke
narrowing) [26]. Here we note that a simple comparison of
the mean free path and transition wavelength does not enable
one to predict the magnitude of Dicke narrowing for a given
transition. Generally, quantum-mechanical calculations are
required (see, e.g., [27,28]). In the framework of semiclassical
line-shape theory, the reduction of collisional narrowing can
be attributed to correlations between phase- and velocity-
changing collisions [29,30]. The collisional narrowing effect
was observed in many studies and most often analyzed using
two semiclassical models of molecular collisions, leading to
the GP [31] and the Nelkin-Ghatak profile (NGP) [29,32],
based on soft- and hard-collision models, respectively. We note
that the Nelkin-Ghatak line shape is also called the Rautian
profile. More complicated models, which consider both
soft and hard collisions, correlations between velocity- and
phase-changing collisions which effectively reduce the Dicke
narrowing effect, and the speed-dependent effects [33–35],
as well as models using more realistic description of colli-
sions [36–39], have been derived and used for data analysis
(see [22]).

It is often difficult to determine solely from the quality of fits
to experimental profiles the relative contributions to the line
shape of speed-dependent collisional broadening and Dicke
narrowing. This ambiguity occurs because both mechanisms
can tend to reduce the line width. Ritter and Wilkerson [40] first
identified this problem, which was subsequently investigated
by others [23,41–43]. To ensure that fitted line-shape parame-
ters are constant or vary linearly with pressure, three conditions
usually need to be met. First, the measured spectra must have
sufficient SNR to resolve relatively small changes in the line
shape. Second, measurements must be acquired over a wide
pressure range, and third, the set of spectra corresponding to
various pressures need to be simultaneously fit to eliminate
pressure-dependent correlations between fitted parameters
[21,44–46]. However, even when all three conditions are
met but the physical effects mentioned earlier are ignored,
it is sometimes impossible to determine line intensities and

line-shape parameters with subpercent level of uncertainties
that are required in many modern applications.

III. EXPERIMENTAL SETUP

The experimental spectra were measured using a FS-CRDS
spectrometer located at the Institute of Physics of Nicolaus
Copernicus University in Toruń, Poland. The FS-CRDS system
is essentially identical to those developed at the National
Institute of Standards and Technology (NIST) in Gaithersburg,
Maryland [17–19]. The ring-down cell, which was constructed
at NIST, comprises an optical resonator formed by two concave
mirrors, having 1 m radius of curvature, in a nonconfocal
configuration. The nominal cavity length is about 73 cm.
The mirrors have a high reflectivity, R = 0.99973, at the
wavelength λ = 687 nm of our spectral measurement, and
R = 0.98 at λ = 633 nm, corresponding to the wavelength
of the reference HeNe laser used to actively stabilize the
cavity length. The longtime frequency stability of the HeNe
laser is below 2 MHz per 8 hours. To generate the error
signal required for active control of the cavity length, the
HeNe frequency is modulated around the transmission peak
of the ring-down cavity transverse electromagnetic mode
TEM00 with an acousto-optical modulator (AOM). The HeNe
laser frequency has a modulation depth of ±6.5 MHz with
modulation frequency 100 kHz. The low-bandwidth feedback
signal controls displacement of one of the cavity mirrors
mounted on the piezoelectric actuator to maintain a constant
optical path length between mirrors. A low-pass filter at 100 Hz
was applied to reduce noise which can be introduced by the
feedback loop. Therefore only slow thermal drift of the cavity
is compensated by this feedback loop.

The probe laser (external cavity diode laser) is mode
matched to the TEM00 mode of the ring-down cavity, and its
frequency is slowly modulated around the local cavity reso-
nance. The transmission signal of the probe laser beam through
the cavity triggers a second AOM (working at 200 MHz) to
rapidly turn off the laser beam on a timescale shorter than 50 ns.
This event triggers acquisition of the ring-down signal, which
is measured by a 10-MHz-bandwidth Si-PIN detector. For
data acquisition, we use a 14-bit, analog-to-digital converter
working at a sampling rate of 25 MHz. Typical ring-down
time constants are about 9 µs for an empty cavity. At each
frequency step of the spectrum, 300 ring-down decays are
recorded and their time constants are averaged. In order to
change the probe laser frequency, it is tuned to the next TEM00

mode of the cavity and relocked to it. This mode-by-mode
tuning procedure provides a spectrum frequency axis with high
resolution and having a point spacing equal to the cavity-free
spectral range (FSR). The value of FSR was 203.434(4) MHz,
measured with a wavemeter having a combined uncertainty
of 60 MHz, using the technique described in Ref. [17]. The
precision of the frequency axis is limited only by the stability
of the reference HeNe laser. Also, the spectral point density
can be increased by tuning the RF frequency on the AOM,
which shifts the optical frequency of the HeNe laser. The
AOM tuning range is 250–400 MHz and is doubled using a
double-pass configuration [17]. In this fashion, the comb of
cavity modes locked to the HeNe laser tracks the frequency
change of the AOM. At the same time, the probe laser is
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locked to one of the cavity modes. The empty cavity and probe
laser beam were aligned to yield flat baseline cavity losses
without any measurable interference fringes. This FS-CRDS
configuration yields SNRs of O2 spectra exceeding 2000:1
with an exceptionally linear frequency axis and insensitivity to
probe laser power fluctuations. The applicability of FS-CRDS
for high-precision measurements of spectral line shapes and
intensities was verified in previous near-infrared studies of
H2O [19–21] and O2 [47–49] spectra.

For sample preparation, we used high-purity oxygen
(99.995% of 16O2 at natural isotopic abundance having a
16O2 molar fraction of 0.995262). This sample gas was
delivered to the stainless steel ring-down cell through a
vacuum system made of electropolished stainless steel. The
gas pressure was measured with a calibrated, temperature-
stabilized capacitance manometer having a relative uncertainty
of 0.05%, and the cavity temperature was measured by a Hg
thermometer with a standard uncertainty of 0.1 K.

IV. RESULTS AND DISCUSSION

In this study, we chose six R-branch transitions of the O2

B band, and their wave numbers, ν̃0, line intensities, S, and
quantum assignments are given in Table I. These data were
taken from the HITRAN 2008 database [24]. For the first
(strongest) transition, the self-broadened line profiles were
measured at pressures p between 0.13 and 1.2 kPa. All other
transitions were measured together on a common frequency
axis, the pressure range being varied from 1.1 to 3.3 kPa.
Henceforth the measured transitions will be referred to by the
numeric identifiers given in the first column of Table I.

A. Line-shape analysis

We fit VPs to the experimental spectra as well as line
profiles, taking into account collisional (Dicke) narrowing
(GP [31] and NGP [29,32]). We also used profiles that
model the speed dependence of the collisional width (SDVP
[25]). Finally, we used the speed-dependent Nelkin-Ghatak
profile (SDNGP), which includes both Dicke narrowing and
speed-dependent effects [29,50]. In the cases of the SDVP and
SDNGP, we used a quadratic model for the speed dependence
of collisional broadening as given by Priem et al. [41]. To this
end, the reduced speed-dependent collisional width function

TABLE I. List of measured O2 B-band transitions with transition
wave numbers ν̃0, intensities S at temperature 296 K, and lower state
energies E′′. Quantum assignments are in terms of the rotational
angular momentum N and total angular momentum J , where the
double prime indicates the lower state. Data are taken from HITRAN
[24].

Line ν̃0 S E′′ Assignment
no. (cm−1) [cm−1/(molecule/cm2)] (cm−1) �N N ′′ �J J ′′

1 14546.008735 5.886 × 10−25 79.5646 R7 Q8
2 14556.572680 2.962 × 10−26 931.3374 R25 Q26
3 14557.231507 2.262 × 10−25 438.4414 R17 Q18
4 14557.552300 5.412 × 10−26 791.0332 R23 Q24
5 14557.878331 1.498 × 10−25 544.5651 R19 Q20
6 14557.986348 9.294 × 10−26 662.1021 R21 Q22
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FIG. 1. (Color online) The experimental spectra of self-
broadened oxygen lines and residuals from fits of different models
[VP, GP, NGP, SDNGP, SDVP and VP(FD)] to experimental profiles
at pressures (A) 1 and 9 Torr for line 1 and (B) 25 Torr for lines 2–6.

BW (x) [51,52] was approximated by the following function:

BW (x) = 1 + aW (x2 − 3/2). (1)

Here x denotes the reduced absorber velocity and aW is
a fitted parameter. We ignored the speed dependence of
collisional shifting because of the small values of self-shifting
for the transitions investigated here. To evaluate the line-shape
profiles, we used the formulas from Ref. [52].

We present measured spectra of the self-broadened O2 lines
in Fig. 1. Below are residuals R from fits of different models to
the experimental profiles for the highest pressures measured:
1.2 kPa (9 Torr) for line 1 and 3.3 kPa (25 Torr) for lines 2–6.
In the case of the VP, which is based on a fixed Doppler width,
γD , corresponding to the gas temperature, inspection of the
fit residuals clearly indicates that this profile cannot properly
model the measured spectra, and consequently, line-narrowing
effects must be taken into account. On the other hand, the
residuals corresponding to all other profiles considered here
are equally good. This result agrees with observations of other
authors for different molecular systems (see, e.g., [21,40,41,
43]). For low pressures, they found that the observed line
narrowing could be described equally well using models that
include either Dicke narrowing or the speed-dependent effects.
The VP(FD) in Fig. 1 denotes the Voigt profile with fitted
Doppler width.

In Fig. 2 we present the full width at half maximum
(FWHM) collisional width, γL, of the self-broadened O2

lines 1 and 3 as a function of O2 concentration N . The
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FIG. 2. (Color online) Dependence of the collisional width
(FWHM), γL, of the self-broadened O2 lines on O2 concentration
N for (A) line 1 and (B) line 3. See text for details.

circular (green) points are the γL values obtained from
individual fits of the GP to spectra for each pressure. The red
straight line corresponds to the collisional width obtained from
multispectrum fits of the GP to the measured spectra. In the
multispectrum fitting procedure, a set of spectra corresponding
to multiple pressures are fit simultaneously, and the values
of collisional width, γL, and frequency of optical collisions,
νopt, are constrained to vary linearly with gas concentration.
Using these constraints, the linear coefficients, � = γL/N ,
and β = νopt/N , are the fitted parameters. This multispectrum
fitting procedure mitigates the problem of correlations between
fitted parameters. At low pressures, as investigated here, small
changes in the total modeled line width can be realized by
changing either the broadening width, γL, or the narrowing
parameter, νopt. Furthermore, with regard to the quality of the
fits, these two cases are indistinguishable over some parameter
range that is dependent on the SNR of the measured profiles.
This effect is clearly seen in Fig. 2 for the individually
fitted γL at the lowest pressures of both O2 lines 1 and 3,
for which the fitted γL deviates from a linear dependence
on concentration N . The black triangular symbols in Fig. 2
denote the γL values that were also individually fitted with
the GP for each concentration, but in this case, the collisional
narrowing parameters νopt were constrained to those values
obtained from the multispectrum fit. Clearly the linearity of
the γL versus N correlation is improved in comparison to the
results in which γL and νopt were individually fitted. The values
of the collisional widths, γL, obtained from SDVP fits to the
measured profiles are similar to those shown in Fig. 2 for GP
fits.

The blue square points in Fig. 2 correspond to the γL

values resulting from fits of the VP to the experimental data.
We note that all our fits were done with the Doppler width
of the lines constrained to the value corresponding to the
gas temperature. It is interesting that the relative difference
between the γL values obtained from the VP and GP fits is 48%
and 27% for lines 1 and 3, respectively. Such a large difference
obviously cannot be treated as a small effect and indicates the
importance of line-narrowing effects on the overall line shape.
This result has potential applications when the Doppler width
greatly exceeds the collisional width. For comparison, we also
present in Fig. 2 γL values obtained from the VP with fitted
Doppler width VP(FD). These fits, in contrast to the fits of
VP with constrained Doppler width, give γL values that are
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FIG. 3. (Color online) (A, C) Collisional narrowing parameter,
νopt, obtained from the fits of GP and (B, D) the parameter of the
quadratic speed dependence of collisional broadening, aW , obtained
from fits of the SDVP to the experimental spectra of transitions (A, B)
1 and (C, D) 3. See text for details.

systematically bigger than GP fits. With the same number of
fitted parameters, uncertainties of the γL from VP(FD) fits are
significantly greater than those from GP fits.

In Fig. 3 we plot the values of the collisional narrowing
parameter, νopt, obtained from fits of the GP and a parameter
of the quadratic speed dependence of collisional broadening,
aW [see Eq. (1)], obtained from fits of the SDVP to the
experimental spectra of transitions 1 and 3. The symbols with
error bars indicate values achieved from the individual fits for
each concentration, and the red straight lines correspond to the
coefficients obtained from the multispectrum fit. As mentioned
before, the correlation between parameters responsible for
broadening, γL, and for narrowing (νopt for the GP or aW for
SDVP) of the line is more evident for smaller concentrations,
N . This effect increases the uncertainty, shown as error bars,
in νopt and aW as N decreases. Moreover, in Fig. 3(a), there is
a clear correlation between deviations in νopt and γL, both
of which are underestimated at the lowest concentrations.
However, when taken together, they give the correct total line
width of these transitions. This result is further evidence that
the line-shape parameters obtained from the multispectrum fit
procedure are more reliable than those derived from individual
fits at each gas concentration.

Simplified treatment of Dicke narrowing and velocity-
changing collisions neglecting correlation with the collisional
broadening and shifting of the line allows us to estimate
the frequency of velocity-changing collisions [22,29,53]. In
such a case, the frequency of velocity-changing collisions
νdiff = kBT /(2πmAD) is related to the mass diffusion coef-
ficient D [26,29,31] and proportional to the gas pressure or
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concentration. In this expression, kB is Boltzman constant, mA

is the absorber mass, and T is gas temperature. The mass diffu-
sion coefficient can be estimated in the framework of the first-
order approximation [54,55], which is widely used. We carried
out this calculation assuming the Lennard-Jones potential for
description of O2-O2 interaction. The Lennard-Jones potential
was used with parameters σ = 3.433 × 10−10 m and ε/kB =
113 K listed by Hirschfelder et al. [54]. For the atmospheric
pressure and the averaged gas temperature T = 297.01 K,
the gas concentration is N = 247.09 × 1017 molecules/cm3,
and the evaluated D = 0.205 cm2/s corresponds to νdiff =
0.6 GHz. To verify how important in this calculation is choice
of the interaction model, we also used the anisotropic potential
given by Mingelgrin and Gordon [56], which was averaged
over all possible orientations in the way described in Ref. [57].
It was found that the mass diffusion coefficient calculated for
the potential of Ref. [56] is smaller about 5% then the value
obtained for Lennard-Jones potential even if both potentials
are significantly different.

The frequency of velocity-changing collisions, νdiff , lin-
early dependent on the gas concentration evaluated from the
mass diffusion coefficient, D, has been marked on Fig. 3 as a
blue solid line. As can be seen from this plot, observed νopt for
these two lines is significantly bigger than the calculated value
νdiff . It very strongly indicates that the speed dependence of
the collisional broadening is present in the investigated case.
Here one can find some analogy to results obtained by May
and his coworkers [23,58,59]. Authors demonstrated that for
some perturbers, observed narrowing cannot be explained only
by velocity-changing collisions but also the speed-dependent
effects ought to be taken into account in the analysis of
measured spectra.

In Fig. 4(a), we compare the collisional self-broadening
coefficients, � = γL/N , of six O2 lines obtained from fits
of the different line-shape profiles, VP, GP, and SDVP, to
the experimental data. They are plotted as a function of the
upper state total angular momentum quantum number J ′.
We find the usually observed decrease in � with increasing
rotational energy when either the GP or SDVP are fitted,
except for one point having the highest uncertainty. It is
interesting that we observe the opposite dependence, namely,
increasing � with increasing J ′, when the VP is fit to our
measured spectra. In Fig. 4(b), we present the fitted collisional
narrowing coefficients, β = νopt/N , from the GP fits and the
speed-dependence parameter, aW , from the SDVP fits as a
function of J ′. The blue solid line marks the value of the coeffi-
cient βdiff = νdiff/N = 0.243 × 10−19 GHz/(molecule/cm3).
For both fitted profiles, the line-narrowing effect decreases
with increasing angular momentum J ′. This dependence
is consistent with the observed difference between the �

coefficients for the VP and GP or SDVP presented in Fig. 4(a):
When the line-narrowing effect is not taken into account (in
the VP), the collisional broadening � is underestimated.

As was mentioned earlier, the pressure range investigated
here is so low that the SDVP and GP describe the experimental
spectra equally well at our signal-to-noise level. Similar
observations were made by Ritter and Wilkerson [40] for
pressure-broadened A-band lines of O2. For the combined,
approximated speed-dependent Galatry profile (aSDGP) [60]
with quadratic speed-dependent broadening, Priem et al. [41]
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FIG. 4. (Color online) (A) Comparison of the collisional self-
broadening coefficients, �, of six oxygen lines obtained from fits of
different line shape profiles, VP, GP, and SDVP, to experimental data
plotted as a function of J ′. (B) Collisional narrowing coefficients
β from GP fits and the speed-dependence parameter, aW , from the
SDVP fits as a function of J ′.

showed that the effective narrowing of this profile, compared to
the VP, is dominated by a term proportional to νopt + 3aWγL/2
in the low-pressure regime. This leads to a very strong
correlation between fitted parameters νopt and aW , even if
the multispectrum fit procedure is used. Therefore we cannot
independently determine both Dicke narrowing and speed-
dependent contributions for either the aSDGP or the SDNGP.
For each transition, we find that νopt obtained from the GP
fit equals, to within the experimental uncertainty, the value
of 3aWγL/2 determined from the SDVP fit. This result was
previously reported for CO lines [41].

B. Collisional shifting

The FS-CRDS technique allows us to place experimental
spectra measured at different gas pressures on a common
frequency axis if the cavity remains locked to the reference
HeNe laser during the change of gas pressure. This technique
was first introduced by Robichaud et al. [61] and subsequently
applied to the measurement of pressure shifting by air- and self-
broadened O2 b 1�+

g (v = 0) ← X 3�−
g (v = 0) band (A-band)

transitions [47]. Its implementation requires that one precisely
account for dispersion, dn/dλ, in the refractive index n of the
ring-down cavity sample gas. Changes in the gas pressure alter
n at the HeNe laser reference wavelength, and in response, the
active cavity stabilization servo adjusts the cavity length so
that the optical path length (product of geometric length and
refractive index at the reference laser wavelength) does not
change. However, in the vicinity of the probe laser wavelength,
the cavity resonances shift slightly because of dispersion in the
index of refraction of the cavity medium. This systematic effect
can be precisely calculated in terms of the known wavelengths,
pressure, temperature, and composition of the sample gas [61].
Here we use the accurate formulas for the refractive index of
O2 given by Zhang et al. [62].

For a given HeNe laser frequency, we have the following
equation for the frequency νj of the longitudinal mode of order
j of the cavity:

νj = c

2nj (p1,T1)l1
j, (2)

where c is the speed of light, nj (p1,T1) is the refractive index
of O2 at the frequency νj , pressure is p1 and temperature
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is T1, and l1 is the cavity length. Here we have neglected
the ring-down mirror phase-shift terms which have a small
contribution to the correction of our frequency axis. If the
pressure is changed with the cavity continuously locked to
the HeNe frequency, then we can write a second equation for
the pressure p2 and temperature T2:

νj = c

2nj (p2,T2)l2
j, (3)

where l2 is the cavity length at p2 and T2. The cavity servo
changes l1 to l2 to keep the TEMj00 resonance at frequency νj .
Comparing the preceding two equations, the new cavity length
is

l2 = nj (p1,T1)

nj (p2,T2)
l1. (4)

For the probe laser frequency, νq , the corresponding equations
for (p1,T1) and (p2,T2) are

νq(p1,T1) = c

2nq(p1,T1)l1
q, (5)

νq(p2,T2) = c

2nq(p2,T2)l2
q, (6)

where q is the mode order of the cavity at the probe laser
frequency. We note that the probe laser is locked to the cavity,
so the correction to the frequency axis of the probe laser
�νq is

�νq = νq(p2,T2) − νq(p1,T1)

= νq(p1,T1)

[
nj (p2,T2)nq(p1,T1)

nq(p2,T2)nj (p1,T1)
− 1

]
, (7)

which is equivalent to the result given by Robichaud et al. [61]
provided n − 1 � 1.

Our measured collisional self-shifting coefficients � turned
out to be an order of magnitude smaller than the self-
broadening coefficients and were comparable to their com-
bined standard uncertainties. Clearly a wider pressure range
would be required to improve these results. In Fig. 5 we present
measured shifts of lines 1 and 3 versus O2 concentration, and
the error bars indicate the combined standard uncertainties.
The small values of the collisional shift agree with our
observations of symmetrical line shapes for all lines that we
investigated because one potential source of line asymmetry
is the speed dependence of collisional shifting. To our
knowledge, there are no data available in the literature on
self-shifting of these O2 transitions.

C. Measurement of line intensities

CRDS provides a direct measure of the light losses from
the time constant of the ring-down decay τ :

1

cτ (ν)
= αbg(ν) + α(ν), (8)

where α(ν) is the absorption coefficient of the sample gas.
The term αbg is the spectrum background and corresponds to
the mirror losses and all light losses in the cavity, excluding
absorption by the gas sample. For a single, isolated transition,
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FIG. 5. (Color online) Experimental collisional shifting of (A)
line 1 and (B) line 3 vs. O2 concentration. Error bars indicate
combined standard uncertainties.

α(ν) is related to the line intensity, S, gas concentration, N ,
and normalized line-shape function, g(ν − ν0), by

α(ν) = cNSg(ν − ν0). (9)

After integrating over the frequency, ν, one obtains the line area
A = ∫

α(ν)dν. The line intensity for a given gas temperature,
T , can be calculated from the relation

S(T ) = A

cN
. (10)

In Fig. 6 the line areas, A, of all the O2 lines investigated
here are plotted versus gas concentration, N . In all cases, we
observed no deviation from the expected linear dependence
of A with N . The results presented here are based on GP
fits to the experimental data, although we should note that
line areas from the SDVP, NGP, SDNGP, and even VP are
identical to within their standard uncertainties. The relative
standard uncertainties, u(S)/S, of the line intensities, S,
determined from the slopes of the linear functions, A(N ),
presented in Fig. 6 are below 0.7%. This value also accounts
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GP 
profile

FIG. 6. (Color online) Line areas, A, of the O2 lines investigated
here, determined from GP fits and plotted as a function of gas
concentration N .
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TABLE II. Experimental line-shape coefficients and intensities of self-broadened O2 lines obtained from fits of different line-shape
models: GP, SDVP, and VP to experimental data, and their combined standard uncertainties. Line number corresponds to the line number
from Table I. Line intensity S is in units 10−25 cm−1/(molecule/cm2), � is collisional broadening, β is collisional narrowing, � is collisional
shifting in units 10−19 GHz/(molecule/cm3), and speed-dependence parameter aW is dimensionless.

GP SDVP VP

Line no. S � β � S � aW S �

1 6.113(32) 1.165(8) 0.575(16) −0.017(13) 6.116(32) 1.172(13) 0.3251(53) 6.077(32) 0.607(11)
2 0.318(2) 1.031(54) 0.35(11) −0.09(6) 0.317(2) 1.05(7) 0.18(6) 0.3147(21) 0.688(81)
3 2.371(13) 1.0446(42) 0.3281(42) −0.0643(72) 2.381(13) 1.049(6) 0.2096(23) 2.355(13) 0.72(1)
4 0.5705(35) 0.908(31) 0.21(6) −0.053(52) 0.5769(35) 0.94(4) 0.165(32) 0.5722(35) 0.66(5)
5 1.59(1) 1.067(14) 0.301(21) −0.113(41) 1.59(1) 1.020(17) 0.193(11) 1.58(1) 0.81(2)
6 0.990(6) 0.96(2) 0.162(34) −0.157(45) 0.990(6) 0.997(23) 0.12(2) 0.986(6) 0.83(3)

for uncertainties in pressure, temperature, and the frequency
axis determination. Since we worked with nonisotopically
enriched samples, the reported 16O2 intensities are weighted to
the natural terrestrial isotopic abundance, which is consistent
with the convention used in HITRAN [24].

We summarize our experimental results in Table II, in which
we compare our fitted line-shape parameters obtained using
the three models VP, GP, and SDVP. As emphasized before,
we found large relative differences between the collisional
broadening coefficients obtained from the VP, GP, and SDVP
fits (13%–48%). Line intensities reported in Table II are
corrected to the standard reference temperature Tr = 296 K
using the lower state energies given in Table I and partition
function data from HITRAN [24]. In all cases, this correction
was smaller than 1%.

D. Analysis of line-intensity variation with rotational quanta

From Gamache et al. [63], we find the theoretical depen-
dence of S on the lower state total angular momentum quantum
number J ′′ in terms of the band intensity, Sb, and band center
wave number, ν̃b, as

S(J ′′) = CSbgν̃(J ′′)ζ (J ′′)e−E′′(J ′′)hc/kBT

Q(T )ν̃b

, (11)

where h is Planck’s constant, C is a dimensionless normal-
ization factor ensuring that

∑
S(J ′′) = Sb, Q(T ) is the total

partition function, g is a degeneracy factor equal to 3 for
the X 3�−

g ground state, and ζ (J ′′) is the branch-dependent
Hönl-London factor which describes the intrinsic strength
of the transition independently of the Boltzmann factor,
Q−1e−E′′(J ′′)hc/kBT . The Hönl-London factors for b 1�+

g ←
X 3�−

g transitions depend on the coupling of the electron spin
to the molecular axes in the X 3�−

g state. Ritter and Wilkerson
[40] summarized expressions for ζ (J ′′) for b 1�+

g ← X 3�−
g

transitions of O2. Of these, the form of ζ (J ′′) given by
Watson [64] is the most general. Watson specified the coupling
of the electron spin to the internuclear axes for O2 in terms
of the effective Hamiltonian of the triplet ground state. In
this case, the effective coupling is intermediate between
Hund’s type a (electron spin coupled to the internuclear axis)
and Hund’s type b (electron spin coupled to the molecular
rotation axis) [65]. For the effective Hamiltonian of the X 3�−

g

state, Watson gives the precise coupling in terms of the

rotational energy spacing (B = 1.438 cm−1), the spin-rotation
(γ = −8.43 × 10−3) coupling constant, and the spin-spin
(λ = 1.985 cm−1) coupling constant. The Watson expressions
for ζ (J ′′) are branch-dependent and for the RQ-branch
lines presented here have the form ζ (J ′′) = S2

J ′′ (2J ′′ + 1)/2,
where S2

J ′′ also depend on B, and the coupling constants γ

and λ [40].
We present in Fig. 7 our set of six measured (GP fits) line

intensities (triangles) and all lines of the O2 B band that are re-
ported in HITRAN (circles). To compare lines from the R and
P branches, we have defined the angular momentum parameter
m = J ′′ + 1 for R-branch lines (�N = 1) and −J ′′ for
P -branch lines (�N = −1). Our measured intensities are
in good qualitative agreement (but systematically high) with
the corresponding HITRAN values and show similar de-
pendence on m. The calculated intensities from Eq. (11)
(using the Watson expressions for ζ (J ′′) and Sb = 1.49 ×
10−23 cm/molecule [63]) are in good agreement with HI-
TRAN (less than 1% difference) for m > 0 (R branch) but
systematically become smaller than the HITRAN intensities
for m < 0 (P branch), the maximum difference being about
4% at m = −42. We were unable to find a consistent

FIG. 7. (Color online) Our measured O2 B-band line intensities
(triangles), S, and HITRAN values (circles) vs. rotational quantum
number, m.
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FIG. 8. (Color online) Fractional difference between our line
intensities, S, and HITRAN values, SHT . The solid line is a linear
regression, and the error bars correspond to combined relative
standard uncertainties of our measured intensities.

description in the literature of the functional form of ζ (J ′′)
which was used to generate the HITRAN line list. However, the
HITRAN line intensities for the O2 B band b 1�+

g (v = 1) ←
X 3�−

g (v = 0) and O2 A band b 1�+
g (v = 0) ← X 3�−

g (v = 0)
have an identical dependence on J ′′ and branch assignments
that are consistent with Eq. (11). This comparison indicates
that the same ζ (J ′′) factors were used in HITRAN to generate
the intensities for both bands.

As can be seen in Fig. 8, our measured intensities are sys-
tematically higher than the corresponding reported HITRAN
values, with the fractional difference increasing from 3% to
7.5% as m = J ′′ + 1 increases from 9 to 27. A linear regression
to the data yields a slope and y intercept of 0.17(4)% per m

and 2.2(8)% per m, respectively. Assuming a similar trend
were to persist over the entire band (which spans positive and
negative m values) implies that the HITRAN band intensity
would be approximately 2% smaller than our band-integrated
measurements.

Because we expect the rotational dependence of line
intensities to be similar for the A and B bands of O2, it
is relevant to consider our results in light of previous O2

A-band line investigations. These include those of Ritter
and Wilkerson [40], Schermaul and Learner [66], and Havey
et al. [67]. All groups reported similar m-dependent deviations
between experimental line intensities and the theoretical line
lists. For measurements in the P branch, Schermaul and
Learner reported a slope of −0.05% per m by comparison of
their intensities with those based on the Hönl-London factors
of Watson [64]. Using the HITRAN line list as a reference,
Havey et al. measured O2 A-band P -branch intensities with
FS-CRDS and found the slope to be of the opposite sign
and equal to 0.032% per m, and they recalculated the slope
of Schermaul and Learner’s data to be 0.04% per m. We
note that all of these previous slope values were at least a
factor of 3 smaller in magnitude than our measured value
for the O2 B band. Schermaul and Learner [66] assigned

the m-dependent deviations between measured and theoretical
intensities to the Herman-Wallis (HW) effect [68], which is a
vibration-rotation interaction influencing the line intensity. For
rotating molecules with sufficiently small moments of inertia,
the HW effect occurs when the vibrating system does not
behave as a rigid rotor, and consequently vibration-rotation
interactions become important. This mechanism alters line
intensities in absorption [69] and Raman spectra [70]. The
present results are consistent with this interpretation, given
that the magnitude of our measured slope for the O2 B band is
relatively high in comparison to those reported for the O2

A band, with the two bands differing only by upper-state
vibrational quantum number ν ′.

V. CONCLUSIONS

We have demonstrated the applicability of our FS-CRDS
spectrometer to precise and accurate line-shape and line-
intensity measurements of weak O2 B-band transitions. The
line-narrowing effect, which can be equally well modeled
as Dicke narrowing or the speed dependence of collisional
broadening, turned out to be very important with regard to
the line-shape formation of the O2 transitions investigated
here. Use of the Voigt profile with fixed Doppler width
in the line-shape analysis causes underestimation of the
collisional broadening coefficient by almost a factor of 2 in
the extreme case. Moreover, fitting the VP to our measured
spectra also causes an incorrect dependence of collisional
broadening on rotational energy of the molecule. The strong
dependence of fitted collisional parameters on the choice
of line profile at low pressures indicates the importance of
careful line-shape analysis. This is particularly important for
applications based on the precise experimental determination
of Doppler line widths such as recent spectroscopic measure-
ments of Boltzmann constant [71–73], for which the collisional
narrowing and the speed-dependent effects should not be
negligible.

The multispectrum fit procedure applied here significantly
reduced the problem of correlation of fitted line-shape param-
eters at low pressures, thus reducing the uncertainties of our
fitted line-shape coefficients. The self-broadening, shifting,
and narrowing coefficients which we determined were not
reported before. We measured line intensities with subpercent-
level uncertainty, which is much better than available data. Our
intensities range from 3% to 7.5% greater than values in the
HITRAN spectroscopic database. These differences increased
quickly with total angular momentum quantum number and
illustrate shortcomings of current models that describe the
rotational dependence of line intensities for (b 1�+

g ← X 3�−
g )

transitions of O2.
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