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Recent developments of two mid-infrared tunable laser spectrometers dedicated to carbon isotope
ratio determination are presented. First, a field deployable quantum cascade laser-based sensor is
described, along with line selection strategy for 13/12 CO2 ratio measurements. Secondly, an instrument
architecture based on difference frequency generation is presented. The analyses of fundamental
limitations, specifically temperature and pressure stability, and water vapor collision broadening, are
detailed.
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1.

Introduction

Tunable laser absorption spectroscopy is an attractive method for real-time in situ monitoring
of stable isotopes [1]. It therefore has potential applications in many fields including geochemistry, atmospheric chemistry, life sciences and medicine. In particular, the availability
of advanced laser sources emitting in the mid-infrared (IR) ‘fingerprint’ region allows the
development of isotopic ratio instrumentation capable of sub per mil precision and accuracy
by targeting intense ro-vibrational absorption lines. The spectroscopic tunable laser source
must fulfil the following requirements.
• A high power source that allows increased sensitivity for the detection of low gas concentration levels by improving the signal-to-noise ratio of the spectrometer. This also permits the
use of thermoelectric cooled detectors rather than cryogenic detectors, greatly facilitating
field deployment.
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• A narrow spectral laser linewidth is critical to measurement accuracy and discrimination of
closely spaced adjacent absorption lines. It also facilitates retrievals by obviating the need
to account for the instrument apparatus function.
• A wide spectral tuning range is needed to span well-separated isotopic lines and to allow
multi-species monitoring.
• The beam quality is important, in particular, for long range beam transport and coupling to
a multipass cell or resonant cavity used for sensitivity enhancement.
• Fast response of both the laser source and the detection system allows real-time monitoring
of isotopic gas species.
Isotopic sensors based on quantum cascade lasers (QCLs) and on difference frequency generation (DFG) have been developed and presented at the IAEA SIRIS 2004 conference. QCLs
can emit between 4 and 24 µm [2], whereas DFG-based coherent sources using periodically
poled LiNbO3 (PPLN) emit in the range of 3–5 µm [3–5]. Antimonide semiconductor lasers
[6, 7] and interband cascade lasers (ICL) [8, 9] are promising for applications in the 2–5 µm
range, covering the gap in availability of compact semiconductor laser sources between the
telecommunication bands in the near IR and QCLs in the mid-IR.
In this article, we focus mainly on recent research undertaken at Rice University, Houston,
and NCAR, Boulder, on carbon isotopomer concentration measurements, in the context of
volcanology and atmospheric science studies, respectively. We first describe a QCL-based
sensor relevant to carbon isotopomer measurement for volcanic gas studies. Line selection
and the use of advanced semiconductor laser sources are discussed. Furthermore, some design
issues pertinent to the development of a DFG-based carbon isotopomer sensor in development
at NCAR are presented. This discussion emphasizes different fundamental limitations affecting
measurement accuracy and precision, such as temperature and pressure variations and the effect
of humidity on collision lineshape broadening.

2.
2.1

QCL-based sensor for carbon isotopes measurements of volcanic gases
Motivation

Identification and measurement of gases released by volcanoes provide information on magmatic sources and so aid interpretation of volcanic behaviour and eruption forecasting [10].
As well as information on real-time trace gas concentrations in volcanic emissions, isotopic
ratio measurements of species including carbon, hydrogen, nitrogen, oxygen and sulphur provide additional information concerning the gas sources and their geochemical history. Stable
carbon isotopomers, especially 12 CO2 and 13 CO2 , are of particular interest. Carbon dioxide is
typically the most abundant gas released by volcanoes after H2 O. 13/12 CO2 monitoring can be
used as a tracer to discriminate the sources contributing to observed CO2 emissions. Figure 1
illustrates the variations in 12 C/13 C in terms of delta values (δ 13 C) that may be expected from
various carbon sources [11, 12]. These differences enable the potential identification of, say,
an increased magmatic input into observed emissions, which might imply intrusion of magma
beneath the volcano with important implications for hazard assessment.
Real-time continuous monitoring in a volcanic environment presents considerable challenges that must be addressed. The atmosphere surrounding the sensor is often extremely
corrosive due to high temperatures and the presence of acid species including SO2 , HCl and
HF. Optimized and reliable sampling methods must also be investigated to ensure that the
sampling itself does not affect the chemistry of the collected samples or introduce kinetic
fractionation of the isotopic species. Hence, robust, compact and autonomously operating
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Illustration of potential sources of CO2 in volcanic emissions and their typical δ 13 C values.

sensors are preferable [13]. DFG-based sensors have already been demonstrated for measurements of volcanic CO2 emissions [14, 15]. Recently Castrillo et al. [16] reported the first
volcanic carbon isotopic ratio measurements using a spectroscopic ratiometer equipped with
a distributed feedback (DFB) diode laser emitting at 2 µm [16, 17].

2.2

QCL-based sensor for carbon isotopomers

A QCL-based two channel spectrometer was developed for δ 13 C measurements [18] based on
an earlier sensor using a DFG source [19]. The identified target lines for this sensor were located
at 2311.105566 cm−1 (12 CO2 , ν3 ) and 2311.398738 cm−1 (13 CO2 , ν3 ), respectively. With this
selection, the δ 13 C measurements are insensitive to gas temperature variations. However, the
line intensities differ by a factor of about 100, and therefore a dual path length absorption cell
was required. A schematic of the sensor head is depicted in figure 2. The sensor has already
been described in ref. [18]. In brief, the spectroscopic source is a pulsed, thermoelectrically
cooled, DFB QC laser excited by 25 ns current pulses. The dual path length absorption cell
is an astigmatic Herriott cell modified to incorporate an additional short path. After exiting
the cells, the two beams are directed to two thermoelectrically cooled HgCdZnTe detectors.
The complete optical subsystem is housed inside a sealed Delrin case and purged with dry
nitrogen to avoid contamination from atmospheric CO2 or corrosive gases. The associated
sensor electronics are located below the optical platform, as seen in figure 3, which shows the
complete CO2 isotopic ratiometer. A gas control subsystem alternating the flow of sample and
calibration gases into the absorption cell is connected to the instrument.
The operating wavelength of the QCL obtained for this system was unfortunately found to
be ∼8 cm−1 distant from the selected frequencies. Also, an unusually large threshold current
(9 A) prevented the use of a fast (∼400 Hz) subthreshold current ramp to rapidly tune the
laser wavelength. Consequently, the sensor could not be deployed for field evaluation of δ 13 C
measurements to date. However, a 12 CO2 line at 2320.7501 cm−1 and a 16 O12 C18 O line at
2320.4599 cm−1 could be targeted. As the intensity ratio of these lines is ∼20, the basic
principle of the CO2 ratiometer could be demonstrated.
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Figure 2.

Diagram of the QCL-based CO2 isotopic ratiometer.

The performance of the QCL sensor was limited by pulse-to-pulse amplitude fluctuations
(the current design does not include a pulse-to-pulse normalization procedure) and the intrinsic
broad, and asymmetric, laser linewidth inherent with pulsed QCL excitation. The extrapolated
precision of δ 13 C is ∼1 ‰. The application of intrapulse spectroscopy using longer laser
excitation pulses [20, 21] to monitor 13/12 CO2 ratios could be a promising approach to limit
linewidth and pulse-to-pulse variations. Alternatively, the use of room temperature CW DFB
QCLs and ICLs would obviate this issue [22, 23].
2.3 Optimum line selection: towards a dual laser system
The line selection strategy, which consists of choosing optimum absorption lines for the two
isotopomers under study, involves the consideration of several issues.
• The line intensities have to be considered. Ideally, similar intensities would be sought so
that the same cell can be used (i.e. same path length), and to limit potential non-linearities
in the detection system. Hence, the use of a single detector to monitor both reference and

Figure 3.

Photograph of the complete CO2 isotopic ratiometer system.
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signal beams would be optimum. The line intensities have also to be high enough to ensure
the best sensor sensitivity and to allow the use of a compact absorption cell.
• The temperature stability requirement depends on the Boltzmann distribution of the two
respective isotopic transitions. A similar evolution of the two line intensities with temperature is crucial to limit sensitivity to temperature fluctuations. This condition is expressed
by [24]:
T · E = δ · k · T 2 ,

(1)

where δ is the target accuracy on δ, k the Boltzmann constant, T the temperature, E the
energy difference between the lower levels of the two transitions and T the temperature
variation. Hence, in terms of spectroscopic parameters to obtain temperature insensitivity, the
lower energy levels must be identical.
• The potential spectral and collisional interferences by other species have to be considered.
• Well isolated lines are preferred, making concentration retrievals easier.
• Other parameters may be dictated by the spectroscopic source to be used. For example,
ensuring that the two lines are within the available tuning range and that the source linewidth
matches the absorption widths of the selected isotopic line pair.
To implement line selection for any pair of isotopomers of any molecules, we developed
an algorithm based on the aforementioned two first conditions using data from HITRAN
2004 [25]. First, depending on the experimental condition, the minimum line intensities to be
considered have to be defined (cutoff intensity, Smin ). Then, precision parameters are entered
into the algorithm: the minimum acceptable temperature stability T , the relative difference
allowed between the two line intensities S and the minimum frequency separation required
between the two lines ν. All the possible line pairs of the two selected isotopomers within
the available database are then processed. The identified line pairs then have to be critically
examined, taking into account the other aforementioned selection criteria.
The algorithm was applied to potential 12 CO2 , 13 CO2 line pairs. First, the minimum intensity
was set to 10−21 cm−1 /molec cm−2 . This intensity criterion is low for atmospheric studies, but
sufficient for volcanic environments where CO2 concentrations can exceed several percent.
The parameters were chosen as follows: a target delta value accuracy of 0.1 ‰, a temperature
stability of better than 0.5 K, a relative difference in intensities of <10 % and line separation of
at least 0.05 cm−1 . A stringent condition on line intensities is required to achieve the expected
accuracy on the delta value. The currently available thermoelectrically cooled detectors have
been found to have a non-linear response. One hundred and eighty-eight pairs of transitions
satisfy these criteria (figure 4). The points are located in three regions, detailed in the lower
part of figure 4, corresponding to the intersection of the 12 CO2 and 13 CO2 bands indicated on
the upper graph.
Figure 4 indicates that the optimum selection would involve two lines from two different
bands, which would require two laser sources. With the parameters used to establish this
selection, only two pairs belong to the same band (ν3 ) and the smallest frequency separation
is found to be ∼25 cm−1 for 2336.5590 cm−1 (13 CO2 ) and 2311.3990 cm−1 (12 CO2 ). Such a
tuning range is not yet accessible with existing semiconductor mid-IR sources.
By choosing more stringent parameters such as Smin = 10−20 cm−1 /molec cm−2 , T = 10
K, S = 1%, only three line pairs are found. They are listed in table 1. These three line
pairs appear to offer the best strategy to achieve a high accuracy for δ 13 C measurements. An
alternative strategy would be to consider dual laser sources for isotopic ratio monitoring.
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Figure 4. Plot depicting the line pairs satisfying the following criteria: intensity >10−21 cm−1 /molec cm−2 ,
T > 0.5 K, relative intensity difference <10% and spectral separation >0.05 cm−1 . The lower graph provides
details of the three ro-vibrational band intersections appearing in the main graph: (ν3 , ν3 ), (ν1 , ν3 ), (2ν1 + ν3 , ν2 ),
from left to right.
Table 1.
12 CO

Frequency (cm−1 )
3601.4210
3599.7027
3597.9626

3.

Optimum line selection for 13/12 CO2 ratio measurements.
13 CO

2

2

Strength
(cm−1 /molec cm−2 )

Band

Frequency (cm−1 )

Strength
(cm−1 /molec cm−2 )

Band

3.513e−020
3.573e−020
3.525e−020

ν 1 + ν3
ν 1 + ν3
ν 1 + ν3

2294.4811
2295.8456
2297.1862

3.547e−020
3.574e−020
3.499e−020

ν3
ν3
ν3

DFG-based sensor for carbon isotope measurements in atmospheric CO2

3.1 Motivation
The monitoring of carbon isotopic ratios is an effective method to investigate the global carbon
cycle and characterize anthropogenic perturbation effects. While atmospheric concentrations
of CO2 have been slowly increasing over the past 100 years, absolute concentrations are lower
than predicted, using most current global carbon budget models. It has been hypothesized that
a missing CO2 sink exists in the Northern Hemisphere [26]. Identification of CO2 sources and
sinks is possible by discriminating 13 CO2 to 12 CO2 stable isotopic ratios [27]. CO2 fluxes can be
partitioned into subfluxes, such as CO2 uptake and release from plants, soil and oceans (called
assimilation and respiration, respectively) and from combustion. Because carbon harvested
from deep below the Earth’s crust is highly depleted in 13 C, it is easy to discriminate from
oceanic and terrestrial assimilation and respiration.
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DFG-based 12 CO2 /13 CO2 ratiometer

A DFG-based CO2 spectrometer [28, 29] is currently under development at NCAR in Boulder.
As an in situ sensor, it will permit rapid, repeat measurements and improve the estimates of
land disequilibria and discrimination. To achieve these goals, a precision and accuracy of
better than 0.1 ‰ for δ 13 C is required. The spectrometer consists of two side-by-side dual
pass cells with an 80 cm optical pathlength and a novel DFG collection approach, which uses
a single detector and optical chopper to alternate between measurements of the two cells.
The source consists of two seed lasers: a telecom DFB diode laser emitting at 1500 nm
and an optically pumped ytterbium fiber laser operating at 1115 nm. The instrument operates
at 4.3 µm, targeting the ν3 fundamental band of CO2 . The lines selected are at 2299.642
cm−1 (12 CO2 , P41) and 2299.795 cm−1 (13 CO2 , R22). The main advantage of this particular
selection is that the line intensities are almost equal. On the other hand, temperature stability
of the sample is critical to achieve a 0.1 ‰ precision of the delta value, which is challenging
especially during field deployments.

3.3 Fundamental limitations
The line pair selection was made so that the two intensities were close, allowing the design of
a simple cell using only one probe beam to measure both 13/12 CO2 lines. Inherently, the lower
state energies of the selected line pair are different, E ∼ 1160 cm−1 . The expected required
temperature stability, calculated with equation (1), is 6 mK.
The frequency span between the two lines is small. As a consequence, pressure change has
a strong effect on the peak amplitude and overlapping wing contributions from one line to
the other. The theoretical effect of pressure change was investigated for direct absorption and
second harmonic detection. The variation of δ 13 C was calculated as a function of the pressure
change for three different concentration retrieval procedures: peak amplitude estimation, line
profile integration and retrieval based on a least square fitting procedure (reference fitting)
[30]. The results are shown in figure 5.

Figure 5.
methods.

Calculation of the error induced on δ 13 C by pressure change for three different concentration calculation
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2f detection is far more sensitive to pressure changes due to the relationship of the
modulation depth and the half-width of the absorption profile. The integration area technique
was not immune to changes in the absorption profile primarily due to a wing contribution
from neighbouring absorption profiles, contributions of underlying weaker CO2 absorption
profiles, and the finite area of integration across the absorption profile relative to the fitting
windows.
The results for the analysis of pressure instability at 40 Torr are given in the left hand part of
table 2. Reference fitting using direct absorption spectra had the greatest tolerance for pressure
changes, requiring a pressure stability of 620 mTorr to achieve isotopic discrimination of
0.1 ‰. 2f detection techniques were more vulnerable to pressure perturbations requiring
pressure stabilities of 150 mTorr to achieve the same precision.
A fundamental limiting factor not previously considered is the effect of line broadening from
CO2 –H2 O collisions. Self-, air-, and H2 O-collisional broadening were considered to determine the effect of changing humidity on measured 13/12 CO2 ratios. This is particularly relevant
when one considers a reference standard in dry air and a sample gas in humid air, e.g., volcanic
fumaroles, which typically emit steam. The CO2 -H2 O collision broadened coefficients for
12 16
C O2 in the ν3 band have been experimentally measured with line-by-line resolution
by Rosenmann et al. [31]. Results for the R42 and R54 lines yielded collision-broadening
coefficients of 0.146 and 0.144 cm−1 /atm, respectively.
For the theoretical analysis presented here, we will assume a γCO2 –H2 O value of
0.145 cm−1 /atm. However, for the specific CO2 absorption lines used in the isotopic measurements, the appropriate Lorentzian-broadening coefficient for CO2 –H2 O collisions should be
determined. Figure 6 shows the per-mil change in δ 13 C values for 13/12 CO2 lines of interest
for both direct absorption and 2f spectra using integrated absorbance, peak intensities and
reference fitting as a function of the relative humidity (RH) from 0 % (PH2 O = 0 Torr) to
100 % (PH2 O = 31.8 Torr at a temperature of 303.2 K). The right hand part of table 2 gives
the maximum allowable changes in RH to maintain ±0.1‰ δ 13 C precision.
Another way of looking at the results shown in the RH side in table 2 is that it gives the
required measurement precision needed to correct the results so that the water-broadening
error is ≤0.1 ‰. In all cases, if one can measure the RH of the sample to an accuracy of 2.5 %
or better, one can correct the data to achieve ratio errors of <0.1 ‰. At low RH differences
of less than ∼2.5 %, this correction is not needed to obtain this tolerance in the measured ratio.
Most studies have not considered the importance of this effect before, and hence neglecting
the effects of H2 O–CO2 collisions could result in relatively large errors in the CO2 isotopic
ratio. Removal of water vapor from sampled gases risks introducing kinetic fractionation of
13/12
CO2 isotopes.

Table 2.

Required pressure and relative humidity stability to achieve 0.1 ‰ accuracy of the δ 13 C value.
Pressure stability†

Peak
absorbance
Integrated
absorption
Reference
fitting
†

RH stability

Direct
absorption (Torr)

2f detection (Torr)

Direct
absorption (%)

2f detection (%)

±0.237

±0.145

±3.1

±2.6

±0.375

±0.202

±11.9

±3.0

±0.620

±0.149

±3.8

±2.5

Pressure stability obtained for a 40 Torr operating pressure.
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Figure 6. Calculation of the error induced on δ 13 C by relative humidity change for three different concentration
calculation methods.

4.

Conclusion

Our current efforts to achieve accurate measurements of the stable carbon isotopic ratio,
13/12
CO2 , using mid-IR tunable laser sources have been described. Two sensor architectures
were presented for volcanic and atmospheric field applications.
A laser source availability problem prevented the QCL sensor from being tested in the field
as initially planned. A further global analysis of isotopic line selection demonstrated that a
dual laser source system is likely to achieve the best result in terms of δ 13 C precision measurements. Fundamental limitations for a DFG-based isotopic ratiometer have been investigated.
Temperature, pressure and RH stability requirements to achieve a 0.1 ‰ δ 13 C accuracy were
determined and showed that the effect of water vapor collisional broadening is not negligible.
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