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We demonstrate that dual-comb spectroscopy, which allows one to record broadband spectra with high
frequency accuracy in a relatively short time, provides a real advantage for the observation of pressure-
broadening and pressure-shift effects. We illustrate this with the ν1 þ ν3 vibration band of 12C2H2. We
observe transitions from Pð26Þ to Rð29Þ, which extend over a 3.8 THz frequency range, at six pressures
ranging up to 2654 Pa. Each observed absorption line profile is fitted to a Voigt function yielding pressure-
broadening and pressure-shift coefficients for each rotation-vibration transition. The effectiveness of this
technique is such that we are able to discern a clear dependence of the pressure-broadening coefficients on
the nuclear spin state, i.e., on the ortho or para modification. This information, combined with the pressure-
shift coefficients, can facilitate a detailed understanding of the mechanism of molecular collisions.
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Spectroscopy has a long history: from Fraunhofer’s
discovery of dark lines in the solar spectrum to recent
detailed studies of the interaction between materials and
radiation. It was fundamental in the invention of lasers,
which have in turn further advanced the frontier of
spectroscopy itself. Development of the optical frequency
comb based on a mode-locked laser has dramatically
simplified precise optical frequency measurements in
the visible and near infrared regions [1–3]. The optical
frequency comb has also been used as a broadband light
source for Fourier transform spectroscopy [4–6]. In
particular, dual-comb spectroscopy is useful for quickly
obtaining broad spectra while still maintaining high spec-
tral resolution and high frequency accuracy [7,8]. These
features are suitable for a comprehensive investigation of
pressure effects on rotation-vibration transitions across an
entire molecular vibrational band.
The ν1 þ ν3 band of acetylene has been repeatedly

studied spectroscopically for application to optical com-
munications. The center frequencies of most of the rotation-
vibration lines of this band have been determined with an
uncertainty of about 15 kHz in sub-Doppler resolution
spectroscopy [9] and of about 2 kHz using optical fre-
quency combs as a frequency ruler [10]. Dual-comb
spectroscopy has also been applied to this band in
Doppler-limited resolution [8,11,12], and the line-center
frequencies found there are in excellent agreement with
those determined by sub-Doppler resolution spectroscopy

[10]. Pressure effects on the spectral lines of this band due
to collisions between the acetylene molecules (self-pressure
effects) have been investigated using continuous-wave (cw)
lasers [13–16]. However, to the best of our knowledge, no
previous work has used optical frequency combs as a light
source in the study of pressure effects. With dual-comb
spectroscopy, pressure effects of tens of lines can be
investigated under common experimental conditions such
as gas pressure, temperature, laser power, and optical
alignment.
When molecules contain identical nuclei, the statistical

weights of the molecular levels depend on the molecular
symmetry and the spin of the identical nuclei [17]. For the
ground vibrational state of 12C2H2, as for H2, those rota-
tional levels with odd angular-momentum quantum number
J are called the ortho modification and have a nuclear spin
weight of three, while those with even angular-momentum
quantum number are called the para modification and have
weight one. In the absence of nuclear spin interactions,
only ortho-ortho and para-para transitions are allowed, in
general.
In this Letter we find that, although the overall trend of

the pressure-broadening coefficient varies rather smoothly
with J, there is a distinct alternation of its value around this
trend. We find that transitions involving ortho levels tend
to have larger broadening coefficients than the transitions
involving adjacent para rotational levels, that is, adjacent
values of J. For example, the pressure broadening of the
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Rð7Þ transition is 12% larger than that of the Rð8Þ
transition. To our knowledge, ortho-para-dependent pres-
sure broadening has not previously been observed.
Figure 1 shows an overview of the experimental setup.

Details are described elsewhere [12]. The two femtosecond
Er-doped fiber lasers each generate a separate frequency
comb. One of these is led through the sample chamber and
is therefore called the signal comb. Light from the other
comb serves as a local oscillator (local comb). These two
combs are set up with very slightly different repetition rates
frep;S and frep;L ¼ frep;S − Δfrep. An entire interferogram is
recorded in the time ðΔfrepÞ−1, which is typically of the
order of 10 ms, considerably shorter than in conventional
Fourier transform infrared spectroscopy (FTIR). The spec-
trum is then obtained by Fourier transformation of the
interferogram. In this Letter the repetition rate of the signal
comb frep;S is set to 48 MHz. Each of the two comb modes
and each carrier envelope offset frequency are respectively
phase locked to a common 1.54-μm cw laser and rf
synthesizer. These two phase locks reduce the relative line
width of the two combs to less than 1 Hz. This enables
us to accumulate many data runs to enhance sensitivity.
Furthermore, we can decrease the difference between the
repetition rates of the two optical frequency combs, Δfrep,
and thus increase the Nyquist-condition limited spectral
span to enable us to observe the entire ν1 þ ν3 vibration
band of 12C2H2 in one shot.
The sample absorption cell is inserted in the optical path

of the signal comb. A 20-cm-long cell is used for the
measurements with the sample at pressures of 2654 Pa and
1962 Pa, a 50-cm-long cell for those at 1047 Pa and 396 Pa,
and a White cell (15 cm long, 10 round trips) for those at
60 Pa and 25 Pa. The sample pressure is measured with a
piezoelectric transducer (PZT) gauge, with a guaranteed
accuracy of �1% for pressures higher than 133 Pa. For
sample pressures less than 133 Pa, the PZT gauge is
calibrated with air using an absolute pressure gauge.
The value of Δfrep is usually set at 45 Hz or, for the

pressure of 60 Pa, 33 Hz. Interferograms are averaged
10000 times using the coherent averaging technique [18],

and the total measurement time is 222 s for Δfrep ¼ 45 Hz
and 303 s for Δfrep ¼ 33 Hz. The environmental temper-
ature of the laboratory including the sample cells is kept
at Troom ¼ 22.5� 0.5 °C.
According to Lambert-Beer’s law, the power transmitted

through the absorption cell is

IðνÞ ¼ I0ðνÞ exp½−σVðν; ν0Þ�; ð1Þ
where I0ðνÞ is the incident power of radiation, ν is the
optical frequency, ν0 is the center frequency of an absorp-
tion line, σ is the intensity factor, and Vðν; ν0Þ is the Voigt
function [19]:

Vðν; ν0Þ ¼
ΔL

π
3
2ΓG

Z þ∞

−∞

exp½−ðν − ν1Þ2=Γ2
G�

ðν1 − ν0Þ2 þ Δ2
L

dν1: ð2Þ

Here, ΔL and ΓG are Lorentzian width (half width at
half maximum) and Doppler width (half width at 1=e
maximum), respectively. Since I0ðνÞ cannot be measured
directly, we instead use IrefðνÞ, the detected power of
radiation transmitted when the cell is evacuated. The
measured spectral transmittance is then calculated as the
ratio of the measured transmitted power, IðνÞ and IrefðνÞ,
that is, as IðνÞ=IrefðνÞ. Figure 2(a) shows the transmittance
of the 12C2H2 lines around 197.2 THz with a sample
pressure of 60 Pa. The frequency axis of the spectrum is

FIG. 1. Setup of present dual-comb spectrometer: PBS
(polarization-dependent beam splitter), λ=2 (half-wave plate),
BD (balanced detector).

(a)

(b)

FIG. 2. (a) Transmittance spectrum around 197.2 THz with a
sample pressure of 60 Pa. (b) Normalized absorbance of the Rð9Þ
transition with different sample pressures. The horizontal axis is
the frequency relative to the transition frequency measured with
sub-Doppler resolution spectroscopy [10]. The Doppler width
(half width at half maximum) for this transition is 238 MHz.
Because of the large absorbance, small noise near the line center
is enhanced in this type of plot.
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scaled with the absolute frequency, and the frequency
uncertainty of the spectrum is less than 20 kHz.
Figure 2(b) shows the normalized absorbance of the

Rð9Þ transition for the six different sample pressures.
The Lorentzian width, which increases in proportion to
the sample pressure, is appreciable in comparison to the
Doppler width at the high pressure points. The center
frequency, Lorentzian width, and intensity factor are deter-
mined by fitting the measured transmittance IðνÞ=IrefðνÞ to
themodel function of ða0 þ a1νÞ exp½−σVðν; ν0Þ�. Each line
in the present study is fitted over the range ν0 − 2 GHz to
ν0 þ 2 GHz. Here, the Gaussian width in the Voigt function
is fixed for each line at the theoretical value of the Doppler
width at the laboratory temperature of 22.5� 0.5 °C.
The factor of ða0 þ a1νÞ is inserted as a simple linear
model to correct for the difference between IrefðνÞ and
I0ðνÞ in the 4-GHz frequency range of the fit.
The Lorentzian width ΔL of the Rð9Þ transition is

shown as a function of the sample pressure P in Fig. 3(a).
Neither natural nor transit-time broadenings are consid-
ered because the magnitudes of these are less than our
measurement uncertainty. The pressure-broadening coef-
ficient b is determined for each transition by a weighted
least-squares fitting of the Lorentzian widths to the linear
expression, ΔL ¼ bP. This same analysis is carried out
for all transitions from Pð26Þ to Rð29Þ, which range in
frequency from 194.5 to 198.3 THz. The resulting
pressure-broadening coefficients for each rotation-
vibration transition are shown in Fig. 4(a) by red circles
for ortho transitions and blue diamonds for para transi-
tions. Here, m ¼ J00 þ 1 for the R-branch transitions, and
m ¼ −J00 for the P-branch transitions, where J00 is the
rotation angular-momentum quantum number of the lower
level of the transition. Although the typical uncertainty is
about 0.5 kHz=Pa, the pressure-broadening coefficients
for some transitions have larger uncertainties due to poor
signal-to-noise ratio or overlap with hot-band transitions
or transitions of isotopologues. In Fig. 4(a) the R-branch
transitions (m > 0) exhibit a clear zigzag structure, indi-
cating an ortho-para dependence of the pressure broad-
ening. For the P-branch transitions (m < 0) this is less
evident due to the lower signal-to-noise ratio.

The pressure-broadening coefficients could be modeled
by the empirical expression used for the same ν1 þ ν3
transition in 13C2H2 by Kusaba and Henningsen [20],

bðmÞ ¼ f0ðmÞ; ð3Þ

where

f0ðmÞ ¼ b1 þ b2jmj þ b3 exp½−b4jmj�: ð4Þ
However, this model cannot describe the ortho-para alter-
nation seen in Fig. 4(a). To model the observed ortho-para
alternation, we introduce a second term to Eq. (3),

bðmÞ ¼ f0ðmÞ þ f1ðmÞ: ð5Þ

(a) (b)

FIG. 3. The pressure effects of the Rð9Þ transition plotted as a
function of the sample pressure. (a) Lorentzian width. (b) Line-
center shift.

(a)

(b)

FIG. 4. Pressure coefficients plotted as a function of m,
where m is J00 þ 1 for the R-branch transitions and −J00 for
the P-branch transitions. (a) Pressure-broadening coefficient.
The spin-independent curve is from Eq. (4) with para-
meters of b1¼46.0ð6ÞkHz=Pa, b2¼−0.72ð3ÞkHz=Pa, b3 ¼
31ð10Þ kHz=Pa, and b4 ¼ 0.81ð18Þ. The fitted line contains
the spin-dependent part of Eq. (5) with c1 ¼ 0.205ð14Þ kHz=Pa.
The assumed Boltzmann distribution in Eq. (6) has peaks at
m ¼ −9 and þ10. (b) Pressure-shift coefficient. The fitted
line is from Eq. (7) with parameters of d−1¼3.3ð9ÞkHz=Pa,
d0¼−2.17ð12ÞkHz=Pa, d1 ¼ −0.063ð11Þ kHz=Pa, and d2 ¼
−0.0028ð5Þ kHz=Pa.
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The spin dependence of the pressure broadening is not
caused by the magnetic intermolecular interaction because
it is much smaller than the electric one. Instead, we attribute
the difference between the ortho and para broadening to
their different spin weight in the Boltzmann population of
the rotational level of the perturber, which collides with the
absorber illuminated with the resonant radiation and gives
rise to the “rotational resonance” [21–23]. This effect is
taken into consideration by giving the new term as

f1ðmÞ ¼ c1ð2J00 þ 1ÞgI exp½−hBJ00ðJ00 þ 1Þ=ðkBTÞ�; ð6Þ
where c1 is an overall scaling factor. Other than the factor
c1, f1ðmÞ only depends on J00 (the rotational quantum
number associated with m). Here, h is Planck’s constant,
and kB is the Boltzmann constant. The nuclear spin weight
is denoted by gI. The rotational constant of the ground state,
B, is 35.274974274 GHz [10], and the sample gas temper-
ature is assumed to be 296 K.
The five parameters, b1, b2, b3, b4 of f0ðmÞ and c1 of

f1ðmÞ, are obtained by a weighted least-squares fitting
of Eq. (5) to the observed broadening coefficients. The
parameters determined in the fitting are presented in the
caption of Fig. 4(a) together with the expected uncertain-
ties, in parentheses, given in units of the last digit. The
fitted function is shown by the upper (jagged) curve in
Fig. 4(a) and can be seen to agree very well with the
experimental pressure-broadening coefficients, not only
reproducing the general trend of the broadening coeffi-
cients as a function of angular-momentum quantum
number, but also reproducing the alternation seen in the
experimental results, even including the decrease of the
magnitude of this alternation at higher J00 levels (higher
values of jmj).
Equation (5), incorporating the f1ðmÞ term defined in

Eq. (6), thus provides a relevant model for the observed
ortho-para-dependent pressure broadening. The collision-
induced transitions are subject to a certain selection rule
determined by a type of intermolecular interaction. They
mainly occur between the molecules of the same nuclear
spin modification because the dominant intermolecular
interaction does not change the nuclear spin state.
Among them, specific collisions, in which the absorber
and perturber exchange the rotational quanta, efficiently
contribute to the spectral broadenings. Such an effect is
often called rotational resonance [21–23]. In the case of
12C2H2, the electric quadrupole-quadrupole interaction is
dominant, and the absorbers in the J00-rotational level are
thereby in rotational resonance with the perturbers in the
J00 � 2-rotational levels. Therefore, f1ðmÞ contains the
number of absorbers which are approximately proportional
to the number of perturbers in rotational resonance with the
absorbers. The differing populations of the collision part-
ners, because of their different spin statistical weights gI ,
then lead to an ortho-para dependence of the broadening, as
described by the f1ðmÞ term in Eq. (6).

The self-pressure-broadening coefficients are generally
expressed, similarly toEq. (5), as a sumof the non-rotational-
resonant and rotational-resonant terms. In the case of HCN,
because the second term is larger than the first term, the
self-pressure-broadening coefficients of the rotational levels
behave in a similar manner as the rotational population
[24,25]. In the present case of 12C2H2, the two terms in
Eq. (5) are separately determined from the measurement
because of the different spin statistical weights, although the
second term is smaller than the first term. It usually provides
inaccessible information of intermolecular interactions.
As far as we are aware, ortho-para dependence has

not previously been observed, even though several
other works have investigated self-broadening, including
Refs. [13,20,26,27] as well as other references therein. In
the work of Kusaba and Henningsen [20], the pressure-
broadening coefficients of the ν1 þ ν3 band of 13C2H2 were
also measured for each rotation-vibration line. Their results
are consistent with the present values within their 4%–6%
uncertainty limit. The ortho/para ratio in 13C2H2 is a less
favorable 5∶3 ratio compared to the 3∶1 ratio in 12C2H2.
For instance, the large differences of the pressure-
broadening coefficients are observed to be 4.9 kHz=Pa
between the Rð7Þ and the Rð8Þ transitions of 12C2H2. If our
expression in Eq. (6) is valid, we expect the difference of
the pressure-broadening coefficients between the Rð7Þ and
the Rð8Þ transitions of 13C2H2 to be less than 2.7 kHz=Pa.
This value is comparable with their measurement uncer-
tainty and is therefore consistent with their nonobservation
of ortho-para dependence.
The pressure dependence of the line-center frequencies

is also observed and is shown for six sample pressures for the
Rð9Þ transition in Fig. 3(b).We take the frequency deviations
from the sub-Doppler resolution measurement [10] as the
line shifts, whichwas performed over a pressure range of 1 to
4 Pa. The pressure-shift coefficientsΔ for thePð26Þ toRð29Þ
transitions data are then obtained by aweighted least-squares
fitting of the observed shifts to a simple linear function of
the pressure. This figure clearly shows that the pressure-
shift coefficients are 1 order of magnitude smaller than
the pressure-broadening coefficients. These coefficients are
determined with a typical uncertainty of 0.4 kHz=Pa.
Figure 4(b) shows the pressure-shift coefficients as a function
of m, with red circles and blue diamonds used for the ortho
and para transitions, respectively. These coefficients are then
fitted to an empirical polynomial function of m,

ΔðmÞ ¼ d−1m−1 þ d0 þ d1mþ d2m2: ð7Þ
Here, we add the term proportional to m−1 because impact
theory predicts a gap in the pressure shift between the Pð1Þ
andRð0Þ transitions [22]. The fitted parameters are presented
in the caption of Fig. 4(b), with the expected uncertainties, in
parentheses, given in units of the last digit. Figure 4(b) is
consistent with Fig. 9 of Ref. [20], although the gap was
barely observed there. The green curve in Fig. 4(b) represents
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the fitted function. The parameter d−1 is statistically deter-
mined even though the data for the transitions withm ¼ −2,
−1, 1, and 2 are not included in the fitting because their line-
center positions are not well determined due to overlapping
lines and/or poor signal-to-noise ratio. Those points are
therefore shown with fainter symbols in Fig. 4(b).
The m dependence of the pressure-shift coefficients has

different slopes for the P- and R-branch transitions. No
clear ortho-para dependence is evident in these results.
Figures 3(a) and 3(b) indicate that the pressure shift is 1
order of magnitude smaller than the pressure broadening.
Therefore, if the spin modification effect is of the same
relative magnitude as for the pressure broadening, higher
precision would be required to observe any ortho-para
dependence of the pressure-shift coefficients.
There have been two conventional methods for

determining spectral line parameters such as the center
frequency, peak intensity, and line width. One is
Michelson-type FTIR which uses a blackbody radiation
source and is the current state-of-the-art method. The other
is cw laser spectroscopy. The former has a wide spectral
range but is less sensitive. In contrast, the latter gives
faithful line shapes with high sensitivity. However, with this
technique the spectral lines are recorded one by one, taking
considerable time during which experimental conditions
can change. Furthermore, the tunable range of the cw laser
is usually too narrow to record an entire vibrational band.
Here, we have verified that a third method, dual-comb
spectroscopy, has advantages over both conventional meth-
ods in accuracy, sensitivity, short data acquisition time,
spectral coverage, and, compared to cw laser spectroscopy,
greatly improved line-to-line consistency due to the simul-
taneous nature of Fourier spectroscopy.
In summary, we have demonstrated that dual-comb

spectroscopy is a powerful tool to carry out broadband
studies with high precision in a short time. It allows us to
determine the pressure-broadening and pressure-shift coef-
ficients of the entire ν1 þ ν3 band of 12C2H2. In the
subsequent analysis we identified a hitherto unobserved
ortho-para dependence of this pressure broadening. These
surprising results provide data for further understanding of
the mechanism of molecular collisions.
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