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Abstract. We report on infrared laser spectroscopic measspheric amount. Other sources can also be characterized by
urements of the isotopic composition of methaféCHs,  their 23CH,/12CH, ratio, like rice fields or the rumen of cat-
13CH,) in natural air samples with a cavity ring-down tech- tle [4]. The ratio is expressed by the valueséfC, which is
nique. A CO overtone sideband laser is utilized to excitadefined as

a high-finesse cavity which provides an effective optical ab-

sorption path length of 8 km. We achieved a detection limit (°C/*C) gample
of 105 ppt methane in ambient air using an integration timeé ~C = W
of 20 s. This corresponds to a minimum detectable absorption PDB
of 1.9x 10~° /cm. Rapid determination of th&C/*2C iso- 1 12 _ _ _
topic ratio of methane in ambient air without sample preconwhere (*°C/*°C),,, = 1.1237% is the international ref-
centration or gas processing is realized. The present systeanence value. Th&'*C value of different methane sinks and
requires only few minutes for an isotopic ratio measuremengources varies from 10% to —80% [4].

- 1) -1000, (1)

with a precision of 11%. Isotopic measurements of atmospheric air samples are
usually performed with mass spectrometry (MS), some-
PACS: 07.88.+y; 42.62.Fi; 07.57.Ty times in combination with gas chromatography (GCMS).

This technique provides high precision, typicathys'3C =
0.1%0—1%n. However, such measurements require a large
The greenhouse gas methane is the most abundant hydrocamount of gas#1001) and a time consuming gas processing
bon in the atmosphere. Within the last 300 years its averagsf the air sample, which limits the quantity of available data
fraction in the atmosphere has risen frolB 17 ppm and  on §13C of methane.
is still increasing [1,2]. As regards importance for global  Spectroscopic monitoring of methane mixing ratios in
warming, it ranks second after carbon dioxide, since a menatural air samples has been demonstrated several
thane molecule has a 20 year integrated global warmingmes [7—10]. Usually, infrared laser absorption spectroscopy
potential, which is about 23 times that of a carbon diox-is used in combination with a multipass cell and frequency-
ide molecule [3]. Methane also plays an important role inmodulation techniques. To our knowledge, the only spectro-
complex feedback mechanisms in tropospheric and strat&copic measurement dfCH,/*2CH, ratios in natural air
spheric chemistry [4]. These facts indicate the importance ofar from local methane sources was published in [9]. They
accurate knowledge about the sources of atmospheric meachieved a precision af$'°C = + 44%.
thane. The measurement of the abundance of the stable iso- Cavity ring-down spectroscopy (CRDS) with cw lasers is
topes is widely perceived as a key for understanding the unique tool for trace gas detection because it combines high
sources and sinks of methane in the atmosphere. It can Bensitivity and a fast response [11, 12]. Compared to the con-
used to estimate the relative source strength of the diveragntional CRDS scheme with pulsed lasers, the cw approach
biogenic and geochemical as well as anthropogenic sourcégs the advantage of a higher spectral resolution. Moreover,
of methane and their variation with time [5]. Next to the it allows the use of low-power cw laser sources, since the
main isotopomer?CH, (98.8%), one finds about.1% of  fraction of laser light transmitted through the ring-down cell
13CH, [6]. For example, emissions caused by biomass burnis orders of magnitude higher. We have previously demon-
ing are enriched in*C as compared to the average atmo-strated a variant of this technique: the detection of trace gases
via mid-infrared cavity leak-out spectroscopy (CALOS) [13].
*Corresponding author. Recently, we proved that this technique, applied to then3
(Fax: +49-211811-1374, E-mail: muertz@uni-duesseldorf.de) wavelength region, is sufficiently sensitive to measure the rare
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13CH, methane isotopomer in natural air [14]. The® re- 1.2 Data acquisition
gion is ideally suited, since methane shows a characteristic
fingerprint and the number of interfering lines of other atmo-The CO laser frequency is sinusoidally modulated (modula-
spheric components is sufficiently low. tion frequency: 180 Hz) via the laser PZT. First, this enables

In this paper we report the application of CALOS in orderus to frequency-stabilise the laser to its gain profile maximum
to determine thé3CH, /12CH, isotopic ratio in ambient air. by means of a standartf lock-in technique. Second, the
This was achieved without any gas processing or accumuldaser frequency modulation allows us to frequency-stabilise
tion of the rare isotopomer and reveals the possibilities for oua single mode of the ring-down cavity to the laser sideband
fast and sensitive detection method combined with easy ga¥ interest. Thislf locking of the cavity to the laser is per-
handling compared to the conventional MS procedure. formed by controlling the cavity length via the cavity PZT

(see Sect. 1.3).
The laser power is injected into the cavity twice per mod-

1 Experiment ulation period. Each time the laser is in the center of the
cavity resonance, an increase in the transmitted power is
1.1 Cavity leak-out spectrometer observed (power build-up). After the photodetector signal

reaches a threshold, a trigger pulse is generated which turns

The experiments were performed using a CO overtone laseff the sideband power via the EOM. The power decay of the
that operates on about 300 rovibratiomal = 2 transitions cavity field is then recorded by a digital storage oscilloscope
in the wavelength region betweeréznd 41 um with single  (Tektronix TDS 620) with 8-bit vertical resolution. After
line output power on the order of 100 mW [15]. By mixing the averaging over 100 leak-out events, the decay signal is trans-
laser light with microwave radiation in an electro-optic modu-ferred to a personal computer. The decay tirr(éé time) of
lator, tunable laser sidebands are generated. More details ctre leak-out signal is determined by fitting a single exponen-
be found in [16]. tial to the data according to a nonlinear Levenberg—Marquardt

Figure 1 shows a schematic of the spectrometer. Thalgorithm. This is realized via the graphic programming
laser consists of a liquid-nitrogen cooled gain tube whichanguage LabVIEW, which is also used to control the
is filled with a mixture of He, N, CO, and air. The res- experiment.
onator is formed by a reflection grating in Littrow mountand  The absorption coefficient is calculated from the decay
an output couplerR = 98%), mounted upon a piezoelectric time r as
transducer (PZT) to achieve fine frequency control. In het-
erodyne experiments the spectral linewidth of the laser hag 1 <} _ i) i 2)
been determined to be 100 kHz for an observation intervalof € \t 1o
1s [16,17]. The laser light is focused into a CdTe electro- .
optic modulator (EOM) which generates tunable microwaveVith
sidebands covering a spectral range of 8to 18 GHz above d
and below each laser line. The EOM is placed between tw@o = C(1-R’
crossed Rochon polarizers. This setup provides spatial sep- cd-R

aration of the sidebands from the carrier as a result of theifherec is the speed of light] is the length of the cavity and

orthogonal polarisation. The typical power of the sidebands js the reflectivity of the mirrorsr is the decay time of the
IS SOMW US|ng 150 mW of Infl’ared and 20 W of microwave empty Cavity Showing On|y mirror |Osses_

power. The sideband radiation is mode matched by means

of two lenses to excite the fundamental transverse mode of

the ring-down cavity described in detail below. Behind thel.3 Absorption cell and gas handling system

cavity, the two sidebands are separated by means &m0

Czerny—Turner monochromator. This ensures that only th€igure 2 shows a schematic of the absorption cell. The

sideband of interest reaches the liquid-nitrogen-cooled InSbell is made of stainless steel and has two detachable end

photodiode. pieces. The laser beam enters and leaves the cell through
antireflection-coated sapphire windows on both ends. The
cavity mirrors sit on kinematic mounts inside the cell. They
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Fig.1. Schematic of the experimental setup. PZT: Piezoceramic trans- ¢
ducer; PD: photodiode; TWT Amp: travelingave tube amplifier; MW  Fig.2. Schematic of the CALOS absorption cell. The cell is made entirely
Synth.: micravave synthesizer; EOM: electro-optic modulator; RP: Rochonof stainless steel. The PZT allows fine control of the cavity length. One of
polarizer the end pieces is demounted



have a reflectivity of 9985% around. = 3.3um, being of
the plano-concave type with a radius of curvature of 6 m. The
distance between the two mirrors is.52m, corresponding
to a free spectral range (FSR) of 2BBHz. One of the mir-
rors is fixed on a PZT to allow for fine control of the cavity _
length. g
Two gas supplies enable gas flow through the cell. Ir5,
order to minimize contamination by surface-released trac
gases, all parts in contact with the gas flow are made
stainless steel or Teflon. The gas flow is established b
a rotary pump; the flow rate is controlled by an electronica
mass flow controller to be 220 &fmin in standard pres-
sure (1013 mbar) and temperature (300 K) conditions. The
pressure inside the cell is kept constant at 50 mbar indepen-
dently of the gas flow. This is realized via a pressure control
loop consisting of a pressure transducer that supplies a con-
trol unit with the actual pressure inside the cavity and al
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r]:ig. 3. Cavity leak-out spectrum dPCH, in ambient air at a pressure of

electric valve between cell and pump driven by the pressurgymbar.Dots are experimental data. The Error is below 3« 108 /cm,

controller. and the corresponding error bars are smaller than the dot sizeolitiéine
shows the HITRAN data for ¥CH, mixing ratio of 1962 ppb. The spectral
line observed is the P7 E(1) 17 transition of the methari®and

2 Results

2.1 Spectrum of methane in ambient air o

_ _ , 4x107 1 |

For a measurement of tHéCH,/*?CH, isotopic ratio, the <

fraction of both species in the air sample has to be deter- / \

mined. Therefore, characteristic absorption lines were chos 3x10” /

by means of the HITRAN96 database [6]. Due to the larges [

difference in abundance of the two isotopomers thHég#d, = \

spectral lines are strongly overlapped by the neighbouring  2x10" / \ ,F \s /3

spectral lines of?CH,. By choosing a pressure of 50 mbar, & / \ / \ f

the interference of the pressure-broadened spectral lines w&s . / LR \

minimized. There are also several strong water absorptiof 10 7 \J// { y

lines in the spectral region of interest which would interfere ' -

with the methane lines at higher pressure. 0 ' ' ' '

For the measurement of tHéCH, isotopomer we se- 304824  3048.26 304828  3048.30  3048.32

lected the spectral region around 2®Bm, which is p
covered by the upper frequency sideband of the P(11), Wavenumber [cm ]

VvV —Vv’=27-25, laser line. For the measurement of theFig.4. Cavity leak-out spectrum dfCH, in ambient air at a pressure of
13CH4 isotopomer we chose the spectral region aroun@0 mbar.Dots are experimental data. Theeror bars indicate the & un-
30483 cm~!. which can be reached with the lower frequencycertainty in the measurements. Tsaid line shows the HITRAN data for

13 o f o
. f e . a “°CHz mixing ratio of 21 ppb. Three transitions of the methan®and
sideband of the P(lO), vV =25-23, laser line. The are observed: R3 A2(1) 1, R3 F2(1) 1, and R3 F1(1) 1. The data points

13CH, spectrum in this region is relatively weakly overlappedmarked withe; and «; were used for the determination of thR&CH,
by a'?CH, line which can be taken into account via subtrac-mixing ratio
tion of the measuretfCH,; mixing ratio. Water lines do not
significantly interfere in this region.

Figures 3 and 4 show the experimental results. The spe&2 Time resolution and sensitivity of the spectrometer
tra were taken by scanning the microwave source in steps
of 1425 MHz. Each data point represents the mean valué demonstration of the spectrometer’s time resolution is
of ten consecutive decay time measurements which wemgiven in Fig. 5, where the methane fraction observed is plot-
acquired over approximately 20s. The error bars includded versus time. After switching from a sample gas mixture
the uncertainty of the absorption measurement and the uif28 ppb methane in nitrogen) to pure nitrogen, the absorp-
certainty of the decay timey of the empty cavity. For tion signal responds within a few seconds. The gas flow rate
comparison, calculated absorption spectra of methane fas 220 cn?/min in standard pressure and temperature condi-
a total pressure of 50 mbar are shown as solid curves itions. Considering the volume of the ring-down cell (ca. 11)
Figs. 3 and 4. This calculation is based on the line posand the pressure inside the cell (50 mbar), the time needed
itions and pressure broadening coefficients given by théo exchange the gas volume of the cell was calculated to be
HITRAN96 database. The methane spectra obtained veabout 13 s, which agrees reasonably well with the response
ify the HITRAN data for both isotopomers and reveal thatcurve depicted in Fig. 5.
there are no disturbing interferences from other atmospheric In order to determine the detection limit of the spectrom-
compounds. eter, we prepared a gas mixture of 209 piEH, by mixing
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Fig.5. Demonstration of the temporal resolution of the spectrometer. The; g pemonstration of the sensitivity of the spectrometer. The sample gas
sample gas mixture consists of 28 ppb methane in grade 5 nitrogen. The sig= ture is 209 ppt methane in grade 5 nitrogen. From this measurement, the

naII decay time is determined by the gas exchange time of the absorption Cc?vi ection limit for methane in ambient air is estimated to be 105 ppt
volume

a certified gas mixture (2 ppm methane in grade 5 nitro- coefficients using the HITRAN data. In the following, these
gen) which containetPCHj in its natural abundancein a flow calculated coefficients will be denoted and a,, respec-
ratio of 1: 70 with grade 5 nitrogen. This yielded a mixing tively. The ratio@; /& is independent of the methane mixing
ratio of 209 ppt for the'*CH, isotopomer. Figure 6 shows ratio. As can be seen from (2), this ratio can be expressed as
the decay times for pure grade 5 nitrogen and for the sam-

ple of 209 ppt**CH,4. The corresponding absorption coeffi- 1 _ -1
cient of 37 x 10~°cm was observed with a signal-to-noise &, 1, 1—19~1 "

ratio (SNR) of 2. 1. Thus, the detection limit for methane in _ . ) ,
ambient air is 105 ppt, corresponding to a lowest detectabl&nis Yields for the empty-cavity decay time
absorption of 19 x 10~°cm. We think that the noise of the _ _ _1

decay time, short term as well as long term, is mainly causeg, — (1_ ?) . <T11 — g . Tzl) . (5)
by acoustical jitter of the cavity mirrors. Thus, a better acous- a2 a2

tical isolation of the cavity may improve our current detection
limit.

1

(4)

In this way, changes afy which are slower than the time
taken between the two measurementandr; (about 4 s) can
be eliminated. Furthermore, the procedure compensates for
any wavelength-independent background absorption.

The absorption coefficient at the peak of tR€H, line a;
5 obtained by combining (2) and (5) to give

2.3 Determination of the 1> CH, /23 CH, ratio

A fast determination of the isotopic ratio was performed.

by absorption measurements at two different frequencies fo

each isotopomer: at the peak of the absorption line and at 1 g,

a point of low absorption between lines. For tR€H,; meas- 1= ¢ a—a

urement 20 data points were acquired during 100s. The ab- 2— ™

sorption coefficients obtained were converted to mixing ra-  For thel3CH,; measurement 25 data points were acquired

tios using the HITRAN data at the given sample temperaturguring 125 s. Using the absorption coefficient given by (6),

and pressure. In this way, the mixing ratio BCH, in our  we determine the mixing ratio 38CH, in our laboratory air

laboratory air was determined to be 19621 ppb. The un-  to be 211+ 0.25ppb.

certainty given represents the statistical fluctuation in the de- From this we calculate thes'3C value of methane

cay times, which is the major error source in this case. lto be —45+11%, in agreement with the expected value

should be noted that this uncertainty of our measurement igf —474 2%, which is the normab3C value found in the

not identical with the detection limit (see Sect. 2.2). German atmosphere far from specific methane sources[18, 19].
For the exact determination of tHéCH, fraction, acci-

dental changes in the empty-cavity decay titg€long-term

variations) have to be taken into account. A typical value for3 Discussion and conclusion

the empty-cavity decay time i = 12us and the long-term

variations oftg may be up to+0.01ps under unfavorable The accuracy of our spectroscopi¢®C measurement de-

circumstances. Therefore, changesgivere monitored dur- pends on the statistical error arising from the limited SNR

ing the measurement in real-time without interrupting the gasf the spectrometer and on systematic errors introduced by

flow. 7o can be obtained from the measurements of the decafe conversion of the obtained absorption coefficient to the

time 71 at the peak of the strongest absorption line and theorresponding molecular density. We used the line strength

decay timer, between lines (see Fig. 4). For these two wave-and line position values of the HITRAN catalog for this con-

lengths positions we calculated the corresponding absorptiorersion. The uncertainty of the HITRAN line strength and

(e t-u). (6)
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line position data varies very much from line to line and issible. The instrument potentially can become portable if the

not available for all transitions. The fact that we obtainedCO laser is replaced by a compact, tunable solid-state laser,
the expected!3C value indicates that the HITRAN data for for example, a difference-frequency generation setup. Work

the transitions used are sufficiently accurate. It should balong these lines is currently in progress in our laboratory.

noted that the temperature of the gas sample must be accu-

rately measured since the transitions used for the differertcknowiedgements. This work is supported by the Deutsche Bundes-
isotopomers have different lower state energies. For exampl&liftung Umwelt. H.D. acknowledges a grant from the Studienstiftung

the effect of a temperature difference of 1 K upon the ab
sorption coefficients is equivalent tos&°C change of 5%
Therefore we measured the temperature during the experi-
ments with an uncertainty af 0.1 K.

des Deutschen Volkes. We are grateful to R.F. Curl, Rice University, and
J. Reuss, University of Nijmegen, for useful comments on the manuscript.
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