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We report on the use of direct frequency comb spectroscopy to accurately measure the concentrations
of 12C16O2 and 13C16O2 isotopologs in a gas sample. We demonstrate an accuracy of 0.5% and 12% for
concentration measurements of 12C16O2 and 13C16O2, respectively, with the measured isotopic ratio in
excellent agreement with that expected from their natural abundances. The precision of the concentration
measurements is also high, at 0.03% and 1.24% for 12C16O2 and 13C16O2, respectively. The measurement
technique is verified to be highly linear for concentrations ranging over 3 orders of magnitude. Direct
frequency comb spectroscopy can be applied to numerous molecular species, and is therefore a promising
technique for measurements in environmental monitoring and biomedical sciences.
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I. INTRODUCTION

Accurate measurement of the isotopic composition of
a gas sample is useful in a wide variety of applica-
tions. The 13C:12C ratio of CO2 is particularly important
in the environmental sciences, including paleoclimatol-
ogy [1,2], carbon cycling studies [3–5], oceanography [6],
atmospheric science [7], and monitoring of greenhouse-
gas emissions, sequestration, and storage integrity [8,9].
Isotopic analysis is also used in biomedical applications,
including metabolic flux analysis [10,11], detection of the
bacterium Helicobacter pylori (which causes gastric ulcers
and gastric cancers) [11], and assessment of liver function
and disease, gastric emptying, bacterial overgrowth, and
pancreatic function [11].

To correctly measure the relative concentrations of iso-
topologs, techniques with high precision, high accuracy,
a large dynamic range, and of course isotopolog differ-
entiability are required. A commonly used technique is
mass spectrometry, which fulfills most of these require-
ments but typically suffers from an inability to differentiate
between species of similar atomic mass (e.g., 13C16O2 and
16O12C17O). More recently, instruments based on optical
spectroscopy have been developed to measure isotopic
ratios by exploitation of the nuclear-mass-dependent fre-
quency shifts of the ro-vibrational absorption peaks [12].

These optical techniques include cavity ring-down spec-
troscopy [11–13], Fourier-transform infrared (FTIR) spec-
troscopy [14,15], dual-comb spectrocopy [16], and direct
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frequency comb spectroscopy (DFCS) [17,18]. While pos-
sessing excellent precision and accuracy, cavity ring-down
spectroscopy requires many sequential measurements as
the interrogation laser frequency is scanned, and makes
complex gas analysis cumbersome when it is necessary
to have a large scan range. FTIR spectroscopy overcomes
this by measuring many chemical absorption signatures
at once; however, this comes at the expense of long
data-acquisition times. Without careful calibration, FTIR
spectroscopy can result in inaccurate wavelength deter-
mination due to imperfections in the mechanical scans.
Dual-comb spectroscopy has been used to measure CO2
molecular spectra for 13C and 12C in open-air paths;
however, this technique requires two optical frequency
combs, making the system relatively costly and com-
plex. Nonetheless, recent work on miniaturizing frequency
combs might eventually offer a rational way forward in this
area [19–23].

In the work reported in this paper we use direct fre-
quency comb spectroscopy without an enhancement cavity
to analyze the 12C16O2 and 13C16O2 isotopologs of CO2.
We demonstrate accurate, highly precise, and linear extrac-
tion of the concentration of both isotopologs over a large
dynamic range. DFCS has been used for isotopic analysis
of CO2 before but only with an enhancement cavity [17].
The spectroscopy method used in this work operates in the
eye-safe near-infrared spectral band, and has the additional
benefits of requiring only a single frequency comb as a
light source, which is measured with a fixed and robust
spectrometer based on spatial frequency dispersion. This
reduction in complexity makes the system appealing for
applications outside the laboratory.
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II. EXPERIMENTAL METHODS

A. Optical experiment

The experimental setup is shown in Fig. 1. An opti-
cal frequency comb (Menlo Systems FC1500) is used
as the interrogation source, which spans approximately
1500–1600 nm. The carrier-envelope-offset frequency
( fCEO) of the comb is locked to a cesium-beam clock
(Datum CsIII), while the repetition rate, frep ≈ 250 MHz,
is stabilized by our locking one comb mode to a cavity-
stabilized reference laser (NKT Koheras Boostik E15) at
1560 nm. The comb light is split into two paths by a
50:50 fiber coupler. The first path is used for spectroscopy
and is further split into two paths, with use of a wedged
beam splitter, into the reference path (for optical compari-
son) and the sample path, which contains a double-passed
3.25-m-long sample cell (296± 1 K) at atmospheric pres-
sure. A gas mixer (Environics Series 2000) uses N2 as
a buffer gas to adjust the CO2 concentration within the
sample cell, with the CO2 gas containing a natural abun-
dance of CO2 isotopologs. The second fiber-coupler output
is sent to a length-stabilized low-finesse (approximately
200) Fabry-Perot cavity with bandwidth of approximately
50 MHz that transmits every 36th comb mode. The fil-
tered optical frequency comb is sufficiently sparse that the
spectrometer can isolate each mode, which allows iden-
tification and assignment of a relative frequency to each
comb mode, allowing calibration of the relative frequency
axis (to within an overall frequency offset) [24–26].

Automated shutters select light from the sample, refer-
ence, and cavity paths, with the collinearity of all three
paths ensured by coupling via a four-port 50:50 coupler.
The spectrometer is based on a virtually-imaged-phased-
array (VIPA) etalon (Light Machinery) with a finesse of
approximately 100 and free spectral range of approxi-
mately 50 GHz, which spreads the comb light vertically
as a function of wavelength [27]. The VIPA is followed
by a diffraction grating with 600 lines/mm to remove fre-
quency ambiguity of the VIPA by dispersing the beam
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FIG. 1. A simplified diagram of the experiment. Fiber-coupled
paths are shown in gray, and free-space optical paths are shown
in blue for the optical frequency comb. FP, Fabry-Perot; WBS,
wedged beam splitter.

horizontally [28]. This results in a two-dimensional array
of comb modes imaged on an (In,Ga)As IR camera (Xen-
ics XEVA-1.7-320), with a spectral range of approximately
2.9 THz (approximately 25 nm) in the horizontal direc-
tion and just over one VIPA free spectral range in the
vertical direction. Two images are acquired for both the
reference path and the sample path; one bright image, fol-
lowed by a dark image with matched integration time for
camera-dark-field subtraction.

B. Image analysis

To extract the CO2 absorption signature from the images
taken by the spectrometer [26], the dark frames are first
subtracted from each bright image before a pixel-by-pixel
camera nonlinearity correction is applied. To reduce noise,
100 measurements of each of the sample and reference
images are averaged together. To ascertain the accuracy
and precision of the measurements, ten nominally identical
sets of 100 images are taken for statistical purposes. The
procedure to extract the absorption signature from these
averaged images may be found in more detail in Refs.
[25,26]. As described in Ref. [26], we use the optically
filtered comb image (with an effective mode spacing of
9 GHz), together with the known repetition rate and off-
set frequency of the comb, to derive an accurate mapping
from the position on the detector to the relative optical
frequency.

C. Spectral fitting and number density extraction

A concentration measurement of 12C16O2 and 13C16O2,
and hence the isotopic ratio, is obtained by our fitting the
experimental spectrum with a model absorption spectrum
based on parameters from the HITRAN 2012 database
[29,30]. There are differences in the optical transfer func-
tion of the signal and reference paths due to effects such
as beam divergence, etalons, and polarization rotation
between paths. This broad-scale background is measured
by our filling the sample cell with N2 to remove any
absorption features and then fitted with an eighth-order
Fourier series containing eight cosine and eight sine com-
ponents. This model is then used to remove the broad-
scale background variations from each spectrum recorded
as a result of this difference in optical transfer function
between paths. Any slight shot-to-shot variations from
this background, originating from alignment fluctuations,
are accounted for with an additional third-order polyno-
mial. There are three absorption bands that fall within
the observed spectral region: the 30012← 00001 overtone
band of 13C16O2 and the 30013← 00001 and 31113←
01101 overtone and hot band, respectively, of 12C16O2,
totaling 307 ro-vibrational features, which are all mod-
eled as Voigt line shapes. The parameters of each peak
are available from the HITRAN database, including line
strengths [Sηη′ (Tref)], where η and η′ denote the lower
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FIG. 2. Data for a pure CO2 gas sample averaged 1000 times (blue markers) showing the 13C16O2 30012← 00001 spectral band
and the 12C16O2 30013← 00001 and 31113← 01101 overtone and hot band, respectively. A fit (gray) to the 307 ro-vibrational
features is shown. Fit residuals (top) show peak-height issues due to the use of the HITRAN-recommended Voigt line profile and some
broad-scale structure as the spectrum and background are not separable during fitting.

and upper states of the transition, respectively, line centers
(νηη′), the lower state energy of the transition (Eη), pres-
sure shifts, and pressure-broadened line half widths due
to both air and self-broadening. The spectrometer imposes
an instrumental broadening on the spectrum, the shape of
which is close to that of a Voigt function with a Lorentzian
half width at half maximum of 0.01± 0.001 cm−1 and
Gaussian 1/e half width of 0.012± 0.001 cm−1. We
obtain this through observation of individual comb modes
using the optically filtered frequency comb image. Doppler
broadening of 0.06841± 0.00002 cm−1 for each absorp-
tion line is also included in the model. The HITRAN
parameters are provided at a reference temperature Tref
of 296 K. This requires a temperature correction to
be included for certain parameters, including the line
strength:

Sηη′ (T) = Sηη′ (Tref)
Q (Tref)

Q (T)

e
−c2Eη

T

e
−c2Eη

Tref

1− e
−c2ν

ηη′
T

1− e

−c2ν
ηη′

Tref

, (1)

where c2 = hc/kB, h is the Planck constant, c is the speed
of light in a vacuum, and kB is the Boltzmann constant
[30]. The total internal partition function [Q (T)] of each
isotopolog must also be altered for temperature, with the
full calculation simplified by use of a polynomial approxi-
mation [31].

We perform a least-squares optimized fitting of the
model to the experimental spectrum, with the only free
parameters being the two isotopolog number densities, the
temperature, and background terms. The fitted and exper-
imental spectrum for a pure sample of CO2 is shown in

Fig. 2 for 1000 averages, with an enlarged portion shown
in Fig. 3. Underestimation of the peak heights is appar-
ent as seen in the blue residuals and is a known problem
with the use of the Voigt line shape recommended for use
with the HITRAN database by the HITRAN collaboration,

FIG. 3. Enlargement of of the R16–R22 features of the
30012← 00001 spectral band of 13C16O2 among the much-
larger R40–R46 lines of the 30013← 00001 band of 12C16O2.
Note the odd-numbered transitions are forbidden due to molecu-
lar symmetry [32]. The main graph shows the total fit as a solid
gray line, data in blue markers, the 13C16O2 fit as a dot-dashed
purple line, and the 12C16O2 fit as a dashed pink line. Fits are
offset by +0.02. In the residuals graph, blue dots are residuals of
data from the total fit and pink dots are residuals of data from the
total fit with the 13C16O2 contributions omitted.
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which does not take into account more-complex collisional
dynamics [33–37].

III. RESULTS

To demonstrate the spectrometer’s ability to accurately
measure the ratio of isotopologs over a wide range of
absorption strengths (or concentrations), we present the
spectrometer with gas mixtures made up of CO2 and N2.
Measurements are made at CO2:N2 concentration ratios
in the sample cell of 100%, 75%, 50%, 25%, and 10%.
The analysis is applied to extract the number density of
the two targeted isotopologs for the five CO2 concen-
trations examined. Figure 4 shows the measured number
density of both isotopologs against those predicted by
a third-order-corrected ideal-gas-law calculation (dashed
gray line) [38,39]. Isotopic ratio measurements are shown
in Fig. 5, and are in excellent agreement with the natural-
abundance values of 98.420% and 1.106% for 12C16O2
and 13C16O2, respectively, with the remaining isotopologs
present in trace amounts [38]. The measurements have a
precision of 0.03% and 1.24% for the 100% CO2 mea-
surement for 12C16O2 and 13C16O2, respectively. The mea-
surement precision is taken to be the standard deviation of
ten concentration measurements, each of which is retrieved
from fits to a spectrum containing 100 spectra averaged
together.

The accuracy of the 12C16O2 density measurements is
in agreement with the virial-corrected ideal-gas law to
within 0.5%, while the 13C16O2 measurements agree to
within 12%. The discrepancy for 13C16O2 arises from the
small absorption (only approximately 1%) when compared

×
10

×10

×10

×
10

FIG. 4. Average measured densities of 13C16O2 (open red cir-
cles) and 12C16O2 (filled blue circles) for ten sets (reference and
signal) of 100 images against densities predicted by the virial-
corrected ideal-gas law. The expected 1:1 density line is shown
in dashed gray [38].

:

FIG. 5. The measured 13C16O2:12C16O2 isotopic ratio derived
from ten sets (reference and signal) of 100 images for each CO2
concentration against gas-mixer concentration (blue markers).
Error bars are a quadrature sum (see the main text). The ratio
predicted by the HITRAN database is shown in dashed gray for
the natural abundances of the isotopologs in question.

with the 12C16O2 peaks, as seen in Fig. 3. The accu-
racy of our optical concentration measurements, shown in
Fig. 4, is limited by four major contributors: the residual
background transmission structure, uncertainties in the
known absorption strengths and shape of the spectral
lines, and spectral broadening from the VIPA. Residual
background structure was unable to be adequately fitted
as the background and absorption spectra are not com-
pletely separable. This contributes uncertainties of 0.2%
and 8% to the measured concentrations of 12C16O2 and
13C16O2, respectively. The uncertainties in the absorption-
line strengths are taken from HITRAN [37]. Assuming
the errors for each peak are uncorrelated, we estimate
the weighted standard error in the ensemble of Sηη′ to be
0.1% for 12C16O2 and 0.3% for 13C16O2 [40,41]. These
values are calculated by our weighting the quoted error
for each line by the absorption-line strength and summat-
ing over the ensemble for each isotopolog. Correspond-
ingly, smaller absorption features result in a higher error
for 13C16O2. These uncertainties set the ultimate accu-
racy limit of the spectrometer, and form the limit for all
optical spectroscopy isotopolog-concentration measure-
ments. Increases in the accuracy of HITRAN line strengths
would in turn increase the accuracy of the spectral fit-
ting and extracted number densities. Another contributor
to the error is the use of the HITRAN-recommended Voigt
molecular line shape, which has been shown to lead to
underestimates of line intensities in high-resolution spec-
tral measurements [33,37]. The slight asymmetry and fre-
quency dependence in the VIPA spectrometer broadening
is not accounted for during fitting, with the net effect of
each on the density estimated at 0.4% for both isotopologs
[26]. This issue can be removed by use of the rarefied
comb to interrogate the gas, which completely eliminates
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TABLE I. Optical uncertainties and their relative effect on
number density measurements.

Effect 12CO2 (%) 13CO2 (%)

HITRAN 2012 Sηη′ (Tref) uncertainty 0.1 0.3
Spectrometer broadening and 0.4 0.4

asymmetry
Residual background structure 0.2 8.0
Combined optical uncertainty 0.5 8.0

The uncertainties listed are percentages of the measured number
density at the 1σ level for 12CO2 and 13CO2. Detailed discussion
of the derivation of the values can be found in the main text.

spectrometer broadening [24]. These optical uncertainties,
listed in Table I, are combined in quadrature with the mea-
surement precision to yield total uncertainties of 0.5% and
12% for the 12C16O2 and 13C16O2 absolute number den-
sity measurements, respectively, which are displayed as the
error bars in Figs. 4 and 5. The gas mixer has a specified
accuracy of 0.75% of the requested concentration for both
N2 and CO2; this is displayed as the horizontal error bars
in Fig. 4 for both isotopologs.

Agreement of the measured isotopic ratio with the
natural-abundance value (Fig. 5) over the full range of
CO2 concentrations examined demonstrates the excellent
linearity of the concentration measurements by the DFCS
technique. Deviations from a linear measurement, �L, are
quantified by our taking the ratio of two concentrations u1
and u2, scaled by their known CO2:N2 ratios, r1 and r2:

�L = 1− u1

r1

/
u2

r2
. (2)

If the measurement is linear, each ratio u1/r1 and
u2/r2 should produce the same measured concentration.
Our taking all possible comparisons such that r1>r2 and
u1>u2 gave a deviation from a linear measurement of
(−0.15±0.47)% for 12C16O2 measurements. The 13C16O2
concentration measurements gave a deviation from linear-
ity of (−2.6±8.6)%, with increased error due to a lower
signal-to-noise ratio. Comparison between 12C16O2 and
13C16O2 over a concentration range of 3 orders of magni-
tude gave a deviation of linearity of (−4.9±8.5)%, again
limited by the signal-to-noise ratio of the 13C16O2 absorp-
tion peaks. This demonstrates a large dynamic range of
highly linear concentration measurements, which can be
increased with more averaging and/or a longer absorption
path length.

IV. CONCLUSION

We demonstrate accurate concentration retrieval of
the 12C16O2 and 13C16O2 isotopologs of CO2. Agree-
ment between concentration measurements and the virial-
corrected ideal-gas law is shown to be within 0.5% for
12C16O2 and 12% for 13C16O2, with the measured ratio in
excellent agreement with that expected from the natural

abundance of both isotopes. The measurement technique is
demonstrated to be highly linear, with deviation from a lin-
ear measurement being (−4.9±8.5)% over a concentration
range of 3 orders of magnitude. These results demonstrate
the ability of DFCS to correctly measure the relative con-
centrations of isotopologs with high precision, accuracy,
and a large dynamic range, making it a promising tech-
nique for measurements for environmental monitoring and
biomedical sciences.
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