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The performance of a home-built tunable diode laser (TDL) spectrometer, aimed at multi-line detection of carbon
dioxide, has been evaluated and optimized. In the regime of the (3001)III/ (000) band of 12CO2 around 1.6 mm, the
dominating isotope species 12CO2, 13CO2, and 12C18O16O were detected simultaneously without interference by water
vapor. Detection limits in the range of few ppmv were obtained for each species utilizing wavelength modulation (WM)
spectroscopy with balanced detection in a long-path absorption cell set-up. High sensitivity in conjunction with high
precision —typically ±1‰ and ±6‰ for 3% and 0.7% of CO2, respectively— renders this experimental approach a
promising analytical concept for isotope-ratio determination of carbon dioxide in soil and breath gas. For a moderate
12CO2 line, the pressure dependence of the line profile was characterized in detail, to account for pressure effects on
sensitive measurements.

1 Introduction
The identification and quantification of factors governing stable
isotope abundance in natural systems has been of major interest to
geochemists for the past decades.1,2 Recently, the theoretical
concepts and analytical tools used and developed in this field found
widespread application in the observation of atmospheric phenom-
ena, biological and biogeochemical processes. The isotope ratios of
carbon, nitrogen, oxygen, hydrogen, and sulfur offer an excellent
means to obtain basic information about biological process
dynamics. Particularly, the isotope ratio of carbon dioxide plays a
fundamental role, since CO2, representing a link between biotic and
abiotic domains, can be used as molecular probe in a variety of
processes, such as soil organic carbon turn-over.3–6 Isotope ratios
usually are expressed in terms of the so-called d (“del”) notation in
per mille (parts per thousand, ‰) relative to a standard material
(eqn. (1)). Concerning the stable carbon isotope ratio, material from
the Pee Dee Belemnite (PDB) formation in South Carolina serves
as a standard.

(1)

Typical d13C ratios of natural materials cover the range of ca.
250‰ to +10‰. Positive values relative to PDB are restricted to
marine carbonate materials. Organic soil components and plant
materials usually are strongly depleted in the heavier isotope.
Fractionation due to transport or biochemical transformation is
commonly limited to a d13C variation (Dd13C) of few per mille.
Several excellent reviews summarize the origin and extent of
isotope effects in atmospheric chemistry as well as in plant ecology
and soil science.7–10

Though experimentally demanding, isotope-ratio mass spec-
trometry (IRMS) dominates the field of isotope selective gas
analysis. A very high precision of ±0.1‰ is maintained on a routine
level, allowing for observation and discussion of small effects.11

Due to rapid recent developments, sophisticated optical techniques
provide more flexible alternatives. A number of studies have
addressed important applications for infrared (IR) lasers. Reports
include, e.g., isotope selective measurements of water and carbon
gases (CO2 and CH4) in ambient air in the mid-IR, reaching a
precision of ±0.2‰ for CO2, thus competing with standard

IRMS.12,13 Similar results were obtained by Esler et al. using high-
resolution FTIR spectroscopy and sophisticated calibration routines
for 12C/13C isotope ratio determination in atmospheric CO2 in the
field.14 The same equipment could be also used for trace gas
analysis (CH4, CO, N2O), thus underlining the flexibility of the
method.15 Non-dispersive IR and laser optogalvanic spectroscopic
evaluation of isotope ratios in human breath gas has found
application in clinical research.16,17 These techniques, however,
suffer from cross-sensitivity towards water, and therefore require
sample preparation. A precision of ±0.22‰ was obtained for a 5%
CO2/N2 mixture using cavity ring-down spectroscopy.18 A first
isotope selective in situ study of atmosphere-ecosystem exchange
of carbon dioxide has been conducted by Bowling et al.19 This
study comprises sophisticated optical techniques and elaborated
biogeochemical concepts.

Near infrared (NIR) diode laser spectrometers are commonly
applied in in situ measurements of CO2 and CO in combustion
flows.20,21 Only few groups met the demands of isotope selective
measurements of CO2 on the d13C scale also in the NIR. Recently,
Chaux and Lavorel obtained a precision of ±5‰ at 1.6 mm in pure
CO2 under reduced pressure.22 Much better precision (±0.3‰) has
been obtained from analysis of the stronger lines at 2.0 mm with a
concentration of 2% CO2 in N2.23,24 Werle has provided a recent
review of spectroscopic applications of NIR lasers.25

In this paper we demonstrate the performance of a tunable diode
laser (TDL) spectrometer, working around 1.6 mm, concerning
simultaneous multi-line detection of carbon dioxide (for a spectral
overview see Fig. 1). In particular, the opportunities and limitations
with respect to high-precision isotope ratio evaluation in this
wavelength regime are discussed. The TDL spectrometer has been
evaluated for isotope-ratio determination of carbon dioxide in
ambient air (typically 350 ppmv CO2), in soil gas (typically
1,000–20,000 ppmv CO2), and in breath gas (typically
30,000–50,000 ppmv CO2). The stability and precision of the
experimental set-up is examined by replicate measurements and
evaluation of the limits of detection (LOD). For a moderate 12CO2

line, the pressure dependence of the line profile is characterized in
detail, to account for pressure effects on isotope selective
measurements.

2 Experimental
Fig. 2 depicts the experimental set-up for isotope selective TDL
spectroscopy. The spectrometer is based on a temperature stabi-
lized external-cavity-diode-laser (ECDL; TEC 500 Sacher La-
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sertechnik, Marburg, Germany) with a maximum output power of
8 mW and an emission line width of < 1 3 1024 cm21. The laser
is tunable within the spectral range of 6,000 to 6,400 cm21 via
mechanical manipulation of the cavity. Fine tuning is achieved by
piezoelectrically controlled setting of the cavity. The mode
hopping-free spectral range is 1.0 cm21. The laser light is divided
into a sampling and a reference beam by a 50% beam splitter. After
passage of a second 50% beam splitter in the reference path, 25%
of the total emitted power is detected with a room-temperature
InGaAs photodiode (reference detector PD-2). A wavemeter (WM)

(Burleigh WA-1100, Harpenden, UK) is used for wavelength and
output power control. To avoid parasitic feedback from the WM
mirrors to the laser, this beam is blocked during measurement. A
planar mirror in the sampling path directs the laser light into a
Herriott-type multi-pass-cell (MPC1000S; Scienca Industria Tec-
nologia, Florence, Italy; tube length 1.12 m; volume 8.25 l),
equipped with two confocal gold mirrors (reflectivity at 1.6 mm >
98.2%) yielding a total light path of 100.9 m. The outcoming beam
is focussed on another InGaAs photodiode (sample detector PD-1)
by an aspheric mirror. The photocurrents of the detectors are
processed by a balanced receiver (BR V 1.0, Adrop, Nuremberg,
Germany).

Frequency tuning and modulation is performed by a piezoelectric
system. The laser emission (frequency nL) is periodically scanned
over a spectral range of ca. 0.5 cm21 by applying a triangular-
shaped voltage to the piezo crystal with a scan frequency fs of 0.033
Hz. Higher repetition rates induce growing wavelength hysteresis
of the laser output. Rise and fall time of the piezo-voltage are set to
15 and 5 s, respectively. Individual scans are separated by a time
delay of 10 s for the sake of laser relaxation. The complete
frequency scanning program is PC-controlled (Lab VIEW).

For noise reduction a wavelength modulation (WM) technique is
employed.27–29 The piezo-voltage, which controls nL, is super-
imposed by a small oscillating voltage (modulation frequency f =
800 Hz, typical modulation amplitude dn = 0.02 cm21) from the
modulation output channel of a digital lock-in amplifier (EG&G
7260 DSP Lock-In, Wokingham, UK). The AC-coupled output of
the BR is processed by the lock-in amplifier (harmonic detection;
low-pass filtering). The time constant is 100 ms with 12-dB/oct
digital filtering, giving a detection bandwidth of 2.5 Hz. Output
signals are transferred to a 16-bit data-acquisition-system (DAS
D1614, Department of Experimental Physics, University of
Szeged, Hungary) and subsequently sent to a PC for further
processing. One spectrum consists of 2048 points.

Ideally, WM spectroscopy is a zero-baseline technique. Due to
the small emission bandwidth of the probing laser and imperfect
antireflection surfaces, optical interference fringes usually form
sinusoidal background signals, superimposed with the spectra of
interest. Since the dominant fringes are relatively stable for several
minutes, subtractive background correction with the response from
the evacuated cell (residual pressure < 1025 bar) is performed.
Overall, a measurement cycle, including evacuation, background
measurement, sample gas purging, and sample measurement is
conducted within 4 min. 300 to 50,000 ppmv CO2/N2 gas mixtures
(from Messer-Griesheim, Darmstadt, Germany) were used as
concentration standards without further preparation. CO2 concen-
trations below 300 ppmv were obtained by dilution of a 300 ppmv
reference sample with CO2-free synthetic air. Breath gas samples
were introduced into the absorption cell without preparation. The
samples were injected into the MPC by hypodermic needles
through a Teflon septum, to be exchanged after each 20 injections.
The leakage rate was approximately 0.1 to 0.5 mbar per day, thus
the leak error throughout the total background and sample
measurement period was negligible.

3 Theory and spectral analysis
Since fundamentals of WM spectroscopy with tunable diode lasers
have been described in detail elsewhere,27–29 only a brief summary
is given here. Light attenuation in absorbing media is quantified by
Beer’s law (eqn. (2)), with the light intensities I0(n) (non-
attenuated) and I(n) at frequency n (in cm21), the number density
of absorber N (in molecules cm23), the optical path length L (in
cm), and the absorption cross-section s(n) (in cm2 per molecule).
The latter comprises the line strength S (in cm21 cm2 per molecule)
and the pressure-dependent absorption profile shape function g(n)
(in cm), also called line shape function.

I (n = I0 (n) exp(2s(n) NL) (2)

Fig. 1 Tabulated line strengths S of the main isotope species of CO2 and
of water in the ro-vibrational bands around 1.6 mm (from the HITRAN
database, 12CO2 main band: (3001)III / (000), S values given for 296 K
include isotope natural abundances with relative percentages 12C16O2:
98.420; 13C16O2: 1.106; 12C18O16O: 0.395; arrows indicate the studied
spectral range in which no strong water lines are found).26

Fig. 2 Scheme of the TDL spectrometer; optical path simplified for clarity
(see text for abbreviations).

A n a l y s t , 2 0 0 4 , 1 2 9 , 7 7 2 – 7 7 8 7 7 3



The attenuation at the center of an absorption line is both
dependent on absorber number concentration and total pressure.
The influence of temperature on line strengths results from
Boltzmann distribution of population densities.27 The absorption
lines highlighted in Table 1 exhibit a small but distinct temperature
dependence (e.g. for a temperature increase of 1 K, 23.4 and
21.6‰ for 12CO2 R(0) and 13CO2 P(16), respectively). However,
larger temperature effects (up to almost +30‰) are obtained for the
12CO2 (R(38), R(57)) and the 13CO2 (P(18)) satellite lines,
suspected to overlap at least in part with the wings of the major
lines. As a consequence, rather than considering total peak areas,
quantitative analysis in the following is based on evaluation of
signal intensities at the line centers. Using tabulated values for S
and the air broadening coefficient gair (see Table 1), for known
pressure and absorber concentrations, line widths Dn (in cm21,
referring to full widths at half maximum, FWHM) and absorbances
are calculated. For a total pressure p = 150 mbar at atmospheric
CO2 concentration (350 ppmv) absorption coefficients at the line
center (amax = smaxN) cover the range of 10210 to 1027 cm21.
Taking into account the path length (L = 100.9 m), absorbances of
as low as 1026 to 1023 are expected under our experimental
conditions.

Conventional absorption spectroscopy therefore has to deal with
the problem that very small transmission alterations usually are
superimposed by huge background signals. Contrarily, WM
techniques provide a powerful means for background reduction,
since they discriminate signals strongly by curvature. Narrower
signals are enhanced, while broader features suffer considerable
attenuation. While the laser frequency nL is scanned linearly across
an absorption line, a high frequency sinusoidal voltage modulates
the laser output around the instantaneous emission frequency with
a modulation amplitude dn and a modulation frequency f (in Hz), cf.
eqn. (3):

n = nL + dncos(ft) (3)

The transmitted light intensity can be expressed as a Fourier
series. The Fourier components Anf(nL) at the harmonics of f are
each proportional to the absorber concentration.29 Individual
components Anf(nL) are measured by a lock-in amplifier. Only for
small modulation amplitudes, direct proportionality between the
nth derivative of the absorption line profile s(n) and the Fourier
component of the nth harmonic is obtained. Usage of modulation
amplitudes close to the line width induces a substantial increase of
signal strength and sensitivity, but also a deviation from proportion-
ality. In the following, the values measured by the lock-in amplifier
are denoted as nf-amplitudes (Anf) and are given in volts.

Fig. 3 shows harmonic spectra (1 5 n 5 5) obtained for a 6,900
ppmv mixture of CO2 in N2 at 60 mbar. The main absorption lines
12CO2 R(0) and 13CO2 P(16) are resolved at this pressure. A small
feature at 6,228.61 cm21, partially overlapping with the R(0), is
identified as the 12CO2 R(57) line (see inset). The 12CO2 R(38) and
the 13CO2 P(18) lines cannot be resolved from the dominating main
lines. Noise levels are calculated from the spectra as the root-mean-

square of base-line deviation in absorption free spectral regions.
Individual signal-to-noise-ratios (SNR) are calculated for each
harmonic. The SNR is maximized for the 2nd harmonic detection.
Though noise suppression is even more pronounced for the higher
harmonics, this effect is predominated by the substantial signal loss.
From the SNR data for the 2nd harmonic spectra, the least
detectable absorbance is estimated to 2 3 1026. This value, based
on a SNR of 1 at 1 Hz noise-bandwidth, is in good agreement with
the results of other groups with similar experimental setups.30–32 By
use of sophisticated high-frequency modulation spectroscopy,
detectable absorbance levels of 1028, in the range of shot-noise, are
reported.33,34 This significantly higher sensitivity is achieved only

Table 1 Overview of spectral data for CO2 absorption lines in the spectral window around 6,228.5 cm21 (HITRAN data base);26 major lines under
investigation are given, minor adjacent lines are in italic; the 12CO2 P(16) line was used for detection limit determination

Species
Frequency
n/cm21

Sa/
cm21 cm2 molec21 EBb/cm21

(ST 2 S)/
Sa (‰)

gair
c/

cm21 bar21 Line

12CO2 6,228.163 2.64 3 10226 1664.2 +24.2 0.1299 R(50)
12C18O16O 6,228.202 1.01 3 10226 388.7 +3.0 0.1346 P(32)
13CO2 6,228.436 2.00 3 10225 106.1 21.6 0.1461 P(16)
13CO2 6,228.484 7.42 3 10227 782.3 +9.5 0.1437 P(18)
12CO2 6,228.611 7.42 3 10227 1957.4 +29.1 0.1269 R(57)
12CO2 6,228.690 1.71 3 10224 0 23.4 0.1874 R(0)
12CO2 6,228.726 1.32 3 10226 1966.2 +29.2 0.1331 R(38)
12CO2 6,214.588 1.65 3 10223 106.1 21.6 0.1461 P(16)

a S is given for 296 K, the relative temperature variation in line strengths is calculated with ST for 297 K.27 b Lower state energy of the transition. c Air-
broadening (FWHM) coefficients.

Fig. 3 Harmonic amplitude Anf detection of the 12CO2 R(0) and the 13CO2

P(16) lines of CO2 in N2 (6900 ppmv) at a total pressure of 60 mbar; inset
highlights the 12CO2 R(57) line, scaled-up by a factor of 30 (single-scan
spectra, background corrected; frequency scale centered at 6,228.55 cm21;
modulation frequency fm = 800 Hz; lock-in time-constant 100 ms with
detection bandwidth of 2.5 Hz, modulation voltage Uosc 25 mV correspond-
ing to modulation amplitude dn = 0.0275 cm21; settings optimized for 2nd
harmonic detection; SNR based on the 12CO2 R(0) line; note different
ordinate scales).
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with far more expensive and experimentally demanding equip-
ment.

4 Characterization of the TDL spectrometer
a Pressure dependence and experimental broadening
coefficients

Conditions for optimized sensitivity have to compromise between
highest signal strength possible and minimal pressure broadening
of the signal. Direct absorption measurements usually yield
proportionality between signal strength and pressure only for small
values of p. Due to collision broadening of the line profile, the
absorbance at line centre approaches a constant value with
increasing pressure. However, proportionality is retained between
peak area and p. In the case of 2nd harmonic detection, the observed
2f-line shape is strongly influenced by detection system parameters,
particularly the modulation amplitude, dv. Signal intensity is
maximized if modulation amplitude and absorption line width are
almost equal (dv ≈ 1.1Dv). Higher modulation causes signal
broadening, damping (illustrated by the 12CO2 R(0) line in Fig. 4a),
and, in extreme, line symmetry losses. This signal broadening
convolutes to the real line profile function. In the low-pressure
regime (p < 80 mbar) proportionality of signal amplitude and
pressure is fulfilled. Both the line centre 2f-amplitude (Fig. 4b) and
the peak area exhibit decreasing values in the high-pressure
domain. Approaching ambient pressure, the absorption bands were
not resolved, due to strong overlap. As a main consequence of the
spectrometer characteristics, the mentioned interplay of signal
strength and line width defines an optimal pressure range of 50 <
p < 150 mbar. For our cell, the corresponding sample volumes are
of 400 < Vs < 1,200 cm3. The choice of pressure conditions
therefore not only reflects the analytical problem, but has to
consider sample accessibility and abundance as well. Considering
analysis of natural systems, we have chosen 60 mbar (Vs = 500
cm3) as default pressure.

In the 50–150 mbar pressure regime the resulting line shape at
ambient temperature is made up by Doppler and collision
broadening (Voigt profile). In contrast to direct absorption
spectroscopy, the extraction of exact line width values from
harmonic spectra in the Voigt regime is not straightforward. From
either purely Doppler- (ca. p < 10 mbar) or collision-broadened (p
> 150 mbar) 2f-spectra, experimental line widths can be obtained
directly: in the collision broadening regime, the FWHM of the
underlying Lorentzian transforms to the frequency difference of the
secondary 2f-maxima in the harmonic spectra. In the case of
Doppler-broadened lines, the FWHM of the Gaussian is approxi-

mated in the 2f-notation as the frequency distance of the zero-
crossings scaled by the factor of (2 ln2)1

2.
Voigt profile line widths DvVoigt can approximately be calcu-

lated by eqn. (4).27 The Doppler (DvDoppler) and collision (Dvp) line
widths are obtained from well known gas kinetic (eqn. (5), with T
in K and M in g mol21) and empiric (eqn. (6)) relations:27,28

(4)

(5)

DvP = gairp(T0/T)n (6)

For 292 K and v0 = 6,228.690 cm21 for the line center
frequency, a Doppler width of 0.0115 cm21 is obtained for the
12CO2 R(0) line. For evaluation of Dvp, the tabulated value of the air
broadening coefficient gair (0.1874 cm21 bar21, see Table 1) comes
to use. The temperature dependence of the pressure broadening
contains the empirical coefficient n = 0.74.26 Shown in Fig. 5 are
the experimentally determined and the calculated line widths Dv for
a pressure range covering three orders of magnitude. Despite the
simplified approaches, the experimental and calculated line widths
are in excellent agreement in the regime of collision broadening. A
slight but systematic overestimation of Dv is evident for the
Doppler-broadened lines. This is supposed to result from the fact
that the 2nd derivative and the 2nd harmonic signals are not strictly
proportional.

In order to evaluate the performance of the TDL spectrometer,
pressure broadening of the 12CO2 R(0) line was investigated in four
gases in the pressure range 150–1000 mbar. CO2 concentrations
were 6,900 ppmv for the experiments in nitrogen and air, and
10,400 ppmv for the experiments in argon. Under these conditions
the contributions of self-broadening can be neglected. Line profiles
are attributed to be purely collision broadened, i.e. of Lorentzian
line shape. The line widths Dv obtained in dependence of the total
pressure are shown in the inset of Fig. 5. Slopes of the linear fits
directly provide the broadening coefficient g. The good (self-
broadening) or very good (air-broadening) agreement of experi-
mental and literature data underlines the reliability of the
spectrometer set-up and data processing routines (see Table 2).

b Sensitivity: The limits-of-detection (LOD) and
multi-species analysis

In order to evaluate the sensitivity of the TDL spectrometer, 2nd
harmonic spectra of the strong absorption line at 6,214.59 cm21

Fig. 4 2nd harmonic detection of the 12CO2 R(0) line for 6900 ppmv CO2

in N2 (Lock-in time constant 100 ms, modulation frequency 800 Hz,
modulation amplitude 0.011 cm21); (a) absorption spectra for three
exemplary pressures (A: 20 mbar, B: 100 mbar, C: 300 mbar), offset for
clarity; (b) Pressure dependence of the A2f amplitudes at line center, A, in
absolute values.

Fig. 5 Line widths Dv (FWHM) of the 12CO2 R(0) line for a concentration
of 6900 ppmv in N2 in dependence of sample pressure (experimental data as
points; line calculated from eqn. (4)); Inset: Pressure dependence of
experimental line widths Dv of the 12CO2 R(0) line in pure CO2 (downward
triangles), air (upward triangles), N2 (circles), and Ar (squares) at 292 K
(lines are linear fits to the measured data (R2 > 0.993)).
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(12CO2 P(16)) were measured in the concentration range of 30 to
6,900 ppmv. In the low concentration regime, the plot of the line-
center amplitudes (derived from spectra in Fig. 6a), against the
overall concentration reveals good linearity (Fig. 6b). The LOD for
this line was determined as 2 ppmv.

(7)

The given limits of detection are calculated according to eqn. (7)
from the standard deviation of the intercept (s(A0), in Volts) and the
slope (m, in Volts per ppmv) of the linear signal-concentration plots
(Figs. 6–8).

Due to the broad tuning range of the ECDL, a variety of species
can be determined quantitatively and simultaneously. However,
simultaneous multi-species detection demands for compromise
with respect to the individual sensitivities. Not in every case are the
strongest lines of the different species accessible in a single spectral
window. Fig. 7a comprises exemplary spectra of a weak 12C16O2

and a moderate 12C18O16O line. For comparison, also two human
breath gas samples were injected and measured. As expected, water
does not interfere with the investigated carbon dioxide lines. This is
important for breath and soil gas analysis, where water concentra-
tions usually reach saturation. As detection limits, 900 and 7 ppmv
are obtained for 12C16O2 and 12C18O16O from linear plots of the line
center amplitudes (Fig. 7b). For the latter molecule, a relative
percentage of 0.395 (according to PDB standard) is assumed for
calculation. Regarding 16O/18O isotope ratio determination, the
achieved sensitivity is expected to be sufficient for pure CO2,
whereas the smaller concentrations in human breath (30,000 to
50,000 ppmv) still demand improved baseline stability. Corre-
sponding LOD are derived as 20 and 1 ppmv for a pair of 12CO2 and
13CO2 lines, also suitable for simultaneous detection, (for exem-
plary spectra and calibration plots, see Fig. 8). For the 13C line a
relative percentage of 1.106 is assumed (PDB standard). The
achieved spectrometer stability is expected to be sufficient for
precise 12C/13C isotope ratio determinations in soil gases. A double
logarithmic plot of 2f-amplitudes versus carbon dioxide concentra-
tion (Fig. 9) summarizes the results of the concentration measure-
ments presented above. Linearity is maintained over a large
concentration range covering three orders of magnitude. The slopes
have the expected value of unity. For example, the 12CO2 R(0) and
13CO2 P(16) lines, chosen for isotope ratio determination, show
excellent agreement herewith (1.006 ± 0.007 and 1.000 ± 0.014,
respectively).

5 Spectroscopic evaluation of 12C/13C isotopic
ratios of CO2

Based on SNR considerations (see Fig. 3), an optimal isotope ratio
resolution of ca. ±3.0‰ is expected for a concentration of 6,900
ppmv. This improves to ±1.0‰ measured for a higher CO2

concentration of 30,000 ppmv, typical for human breath. The
overall experimental precision is evaluated from complete fill–
measurement–evacuation–refill cycles. The results of 10 such
cycles for a sample concentration of 6,900 ppmv at 60 mbar are
shown in Fig. 10.

For the 12CO2 line the mean amplitude equals to 10.475 V with
a standard deviation of ± 49 mV (±4.8‰). The respective values for
the 13CO2 are 1.538 V ± 11 mV (±7.1‰). The corresponding 12C/
13C amplitude ratios result in a mean value of 6.81 ± 0.04 (±6‰).

It is notable that the overall isotope precision achieved in replicate
measurements here, namely ±6‰ for 6,900 ppmv CO2/N2 at 60

Table 2 Experimental broadening coefficients g at 292 K for the 12CO2 R(0) line

gCO2/cm21 bar21 gair/cm21 bar21 gN2/cm21 bar21 gAr/cm21 bar21

Experimental 0.268 (0.003) 0.187 (0.004) 0.177 (0.004) 0.138 (0.007)
Tabulateda 0.2526 0.1874 — —

a Tabulated values taken from HITRAN96,26 numbers in brackets denote the standard deviation of the coefficients.

Fig. 6 (a) 2f-spectra of the 12CO2 P(16) line for concentrations of 10 to
200 ppmv of CO2 in synthetic air (p = 60 mbar); (b) line center amplitudes
A (absolute values) in dependence of concentration; points: experimental
data; line: linear fit (R2 = 0.9998).

Fig. 7 (a) 2nd harmonic spectra of the 12C16O2 R(50) and 12C18O16O
P(32) lines of CO2 in N2 in the concentration range from 6,900 to 50,900
ppmv; dashed lines correspond to breath gas samples, injected without
sample preparation; all spectra obtained at p = 60 mbar; (b) 2f-amplitudes
in line center A (absolute values) versus total concentration for 12C16O2 and
12C18O16O; symbols: experimental data; lines: linear fits.

Fig. 8 (a) Exemplary 2nd harmonic spectra of the 12CO2 R(0) and the
13CO2 P(16) lines for concentrations in the range of 1000 to 7000 ppmv;
pressure p = 60 mbar; wavenumber scale centered at 6,228.55 cm21; 13CO2

lines scaled by a factor of three for comparison; (b) 2f-amplitudes (absolute
values) for 12CO2 and 13CO2 in line center versus total concentration;
symbols: experimental data; lines: linear fits.
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mbar (path length 109 m), is superior to the precision of ±5‰ for
the analysis of 2.5 mbar pure CO2 (path length 32 m) reported in a
recent TDL study at 1.6 mm.22 From the values in Table 1 a
theoretical line center ratio of 6.58 is obtained. Working pressure
and ambient temperature have been accounted for in the calcula-
tion. It is felt that experimental and calculated ratios are close
enough to be satisfying at present. However, quantitative compar-
ison of the given values would demand for calibration with
isotopically certified samples. This task marks the oncoming
experimental challenge.

6 Conclusions

A highly sensitive and selective TDL spectrometer, working at 1.6
mm, has been developed and implemented. The chosen experi-
mental approach, based on the broad tuning range of an ECDL,
offers a great deal of experimental versatility. With the very same
set-up, both sensing of numerous trace compounds and quantitative
analysis of simultaneously recorded species can be performed. For
three isotope species of carbon dioxide, detection limits in the lower
ppmv range were obtained. Absorption line parameters (broadening
coefficients) derived from harmonic spectra were in good agree-
ment with tabulated values. The overall experimental results
regarding pressure effects, detection limits, and precision of 2nd
harmonic detection, provide the base for determination of isotope
ratios in carbon dioxide with high precision. At present, residual

background fluctuations in the harmonic spectra prevent high-
precision measurements at atmospheric concentration levels. For
the higher concentrations in soil systems or breath gas samples,
satisfying or good precision is obtained. Improvements in sensitiv-
ity and precision are expected from a further optimization of the
spectrometer optics. Particularly the dampening of parasitic optical
feedbacks is going to be addressed.
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