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ABSTRACT We present a high-power (2.75 W), broadly tunable
(2.75–3.83 µm) continuous-wave optical parametric oscillator
based on MgO-doped periodically poled lithium niobate. Auto-
mated tuning of the pump laser, etalon and crystal temperature
results in a continuous wavelength coverage up to 450 cm−1 per
poling period at < 5×10−4 cm−1 resolution. The versatility of
the optical parametric oscillator as a coherent light source in
trace-gas detection is demonstrated with photoacoustic and cav-
ity ring-down spectroscopy. A 17-cm−1-wide CO2 spectrum at
2.8 µm and multi-component gas mixtures of methane, ethane
and water in human breath were measured using photoacoustics.
Methane (at 3.2 µm) and ethane (at 3.3 µm) were detected using
cavity ring-down spectroscopy with detection limits of 0.16 and
0.07 parts per billion by volume, respectively. A recording of
12CH4 and 13CH4 isotopes of methane shows the ability to de-
tect both species simultaneously at similar sensitivities.

PACS 42.65.Yj; 42.72.Ai; 42.62.Fi

1 Introduction

The detection of trace gases plays an important
role in atmospheric and life science research. For instance, to
have a proper understanding of global warming, it is import-
ant to understand the processes that govern the climate sys-
tem [1]. Two very important greenhouse gases that are influ-
enced by anthropogenic activities are carbon dioxide and me-
thane. Only recently, Keppler et al. reported to have found that
plants are responsible for significant methane emissions [2].
Although highly sensitive detection methods are necessary to
determine the minute quantities of methane that are produced
by an individual plant, the total contribution of plants can have
important implications for the global methane budget. Also,
in life science carbon dioxide and methane are indicators of
all kinds of processes. For example, the respiration of insects
can be monitored by detecting carbon dioxide trace emis-
sions [3] and methane has been detected to study the behavior
of plants [4], insects [5] and humans [6].

Trace-gas detectors based on laser spectroscopy are ideal
instruments for detecting low quantities of multiple gases with
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high species selectivity. For this, challenging properties are
needed in the form of novel coherent mid-infrared sources
and detection methods. The envisioned high sensitivity for
trace-gas species requires low-noise light sources with high
power (watt level). A high spectral selectivity for molecular
gases and the total-profiling capability require a maximum
coverage of the molecular fingerprint region (2–20 µm), with
sufficient spectral resolution (< 100 MHz). In addition, for
a fast detection time response such novel mid-infrared sources
have to provide superior wavelength agility. Such demanding
properties can be met using continuous-wave optical para-
metric oscillators (cw OPOs) [7–12] in combination with
sensitive spectroscopic techniques like photoacoustic spec-
troscopy [13–17] or cavity ring-down spectroscopy [18–21].

Photoacoustic spectroscopy is a technique whose sensi-
tivity lies in a proper, adapted design of the photoacoustic
gas cell to the coherent light source. The sensitivity scales
with power, so to be able to detect sub-ppbv (parts per bil-
lion by volume, 1 : 109) concentrations a high-power (watt-
level) coherent light source is necessary, such as a continuous-
wave optical parametric oscillator. Continuous-wave OPO
photoacoustic spectroscopy gives a sensitive trace gas detec-
tion method with a very large dynamic range (108) and easy
alignment.

With continuous-wave cavity ring-down spectroscopy
(cw CRDS) similar trace-gas sensitivities can be reached. It
has two advantages over photoacoustic spectroscopy. Firstly,
this technique directly detects the absorption strength, while
photoacoustic spectroscopy produces an acoustic signal that
is linked to absorption. Secondly, the method is independent
of light power, which makes it very useful in combination
with low-power lasers. However, the sensitivity of CRDS de-
pends on the high reflectivity of the cavity mirrors, which
is a disadvantage. Mirrors are required with a very high
reflectivity (> 99.98%) that can only be maintained over
shorter-wavelength regions of approximately 100 nm (in the
mid infrared). Also, the high finesse of the cavity requires
good mode matching and thus very precise alignment of the
cavity to the coherent source. Finally, the dynamic range of
cavity ring-down spectroscopy is limited by the long effect-
ive path length in the cavity of several kilometers. For gases
with strong absorptions in the mid-infrared region, such as
methane, a typical maximum concentration of 100 ppbv can
be reached when measuring a single absorption feature (for
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photoacoustic spectroscopy typically 1000 ppmv). The dy-
namic range of both methods could be extended by monitor-
ing a spectral window containing absorption lines of different
strengths. However, this sometimes requires scans over wider
wavelength ranges.

Here we report on a continuous-wave, singly resonant,
optical parametric oscillator in combination with both photo-
acoustic spectroscopy and cavity ring-down spectroscopy. In
contrast to our former cw OPO setups [3], a periodically poled
lithium niobate crystal with MgO doping (PP-MgO-LN) has
been utilized, resulting in a substantial increase in power sta-
bility. While a change in wavelength of 1 cm−1 could require
realignment of the entire cavity in the previous setup, the OPO
now gives steady output power on the order of 1 W for the
entire wavelength range. This has made automatic scanning
of the OPO over large wavelength ranges at high resolution
feasible. In the past, high-resolution scans (< 300 MHz) have
been reported by various groups over limited wavelength
ranges [10, 11, 20]. Also, broadly tunable (10 cm−1) OPOs
have been reported before using the translation of a fan-out
periodically poled lithium niobate (PPLN) crystal in combi-
nation with a rotating etalon [14]. However, translation of
the PPLN crystal can affect the OPO performance, because
in time bad spots (local damage) occur in almost all PPLN
crystals. Continuous-wave OPOs that are able to scan over
hundreds of GHz at a resolution < 5 ×10−4 cm−1 have not
been reported yet. Here we have demonstrated such wide,
high-resolution scans by applying a combination of tuning
techniques in a high-power OPO, based on PP-MgO-LN. The
versatility and sensitivity of this system for trace-gas detec-
tion of several species and multiple-component gas mixtures
has been shown with photoacoustic and cavity ring-down
spectroscopy.

FIGURE 1 Experimental setup
of the cw singly resonant OPO
combined with continuous-wave
cavity ring-down spectroscopy.
The OPO cavity is resonant
for the signal wavelength. The
idler beam is sent to a cw ring-
down cavity and to a wavemeter
(HWP: half-wave plate, PBS: po-
larizing beam splitter, PP-MgO-
LN: MgO-doped periodically
poled lithium niobate)

2 Experimental setup

The singly resonant OPO cavity consists of a stan-
dard four-mirror bowtie ring design (Fig. 1) [11, 22]. An
MgO-doped periodically poled lithium niobate (PP-MgO-
LN) crystal is placed between two concave mirrors (R =
10 cm). The remaining two mirrors are flat. All mirrors are
highly transparent for pump and idler, and highly reflective
for the signal wavelength (≥ 99.8% R at 1350–1500 nm).
The OPO is pumped by a single-frequency master oscillator–
power amplifier system (Lightwave M6000), which generated
as much as 11.5 W at 1064 nm and could be continuously
tuned over 48 GHz. This laser combines a narrow line width
(5 kHz over 1 ms) with a high frequency stability (50 MHz/h)
and an excellent beam quality of M2 < 1.1 in a TEM00 spatial
mode. A half-wave plate (HWP) and a polarizing beam split-
ter (PBS) were placed after the pump laser so as to be able to
control the pump power without causing any thermal distur-
bances in the laser.

In contrast to previous experiments, an MgO-doped
(5 mol %) congruent PPLN crystal (50×8.4×0.5 mm) with
poling periods ranging from 29.0 to 31.5 µm (HC Photonics)
was used. Doping with MgO renders several advantages, such
as a three orders of magnitude higher damage threshold and
a wide operating temperature range [23]. The reason for this
is a higher photoconductivity which reduces the photorefrac-
tive damage of the crystal, and a reduction of green-induced
infrared absorption [24]. The power stability during tempera-
ture tuning of PP-MgO-LN is much better as compared to
undoped material, where the OPO often ceased operation.

To control the cavity modes of the OPO, an uncoated
400-µm-thick solid YAG etalon (free spectral range 207 GHz)
was mounted on a galvo driver inside the OPO cavity. With
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the etalon and without any form of active stabilization, we
observed a frequency stability of 4.5 MHz over 1 s by averag-
ing the mode spectrum of a high-finesse cavity and 200 MHz
over 300 s. Since the wavelength is continuously monitored
at high resolution via a wavemeter, only the short-term drift
over 1 s is important for the recorded spectra. A line width
of 7 kHz over 20 µs was observed, which was determined
by analyzing the monochromatic light in the scanning high-
finesse ring-down cavity (free spectral range = 253 MHz,
finesse = 18 500, line width = 14 kHz) following Müller et
al. [25]. The idler and signal frequencies can be tuned be-
tween 2.75–3.83 µm and 1.47–1.73 µm, respectively, as were
measured using a Burleigh WA-1000 wavemeter and an Ad-
vantest Q8382 optical spectrum analyzer. The tuning range
was limited by the mirror coatings of the cavity for the sig-
nal [26]. The maximum idler output power of the OPO is
2.75 W.

For the trace-gas experiments we used a photoacoustic cell
similar to the one described by van Herpen et al. [3]. The
acoustic resonator has an inner radius of 2 mm and a length
of 300 mm. The idler beam of the OPO was amplitude modu-
lated at 560 Hz, exciting the lowest longitudinal mode of the
acoustic resonator [27]. Three electret microphones (Know-
less EK3024) mounted at the center of the acoustic resonator
were used to detect the acoustic signal. The resonant acoustic
enhancement combined with narrow-bandwidth lock-in de-
tection enables ultra-sensitive detection at sub-ppbv levels.

The setup for cw CRDS (Fig. 1) consists of a germanium
acousto-optic modulator (AOM, 100 MHz), a ring-down cav-
ity (L = 59.4 cm) and a fast (HgCdZn)Te photodetector
(VIGO System PDI2-TE4). The AOM deflects a part of the
idler beam (20%) under an angle of 15 degrees towards the

FIGURE 2 Combined pump–etalon scan. By
scanning the pump laser (a) and stepping
the etalon angle after each pump laser scan
(b), a continuous wavelength coverage over
207 GHz can be realized (c). The resolution of
the idler frequency is limited by the resolution
of the wavemeter (inset in (c))

ring-down cavity. The ring-down cavity itself is a high-finesse
optical resonator formed by two mirrors with a high-reflective
coating around 3.3 µm (R = 99.98%, Los Gatos Research).
The length of the cavity was swept continuously at a rate
of 30 Hz over one free spectral range by means of a piezo-
electric transducer (PZT) to bring the cavity into resonance
with the laser wavelength. As soon as the build up of inten-
sity in the cavity reached a predetermined threshold, the AOM
was switched off. The exponential decay of the intracavity
radiation on the detector was then recorded using a wave-
form digitizer (Gage Compuscope CS14100) and fitted using
a fast exponential fitting algorithm by Halmer et al. [28].
A pressure- and flow-control system was used to keep the
pressure in the ring-down cavity at 100 mbar and supply the
gas mixtures.

3 OPO wavelength tuning

The advantage of a singly resonant OPO lies in its
ease of use for performing wavelength scans. If the pump
laser wavelength is scanned, the OPO acts as a passive wave-
length converter; by keeping the signal frequency fixed, the
idler will follow the pump wavelength. Here, we used a Light-
wave M6000 MOPA. This is a high-power pump source with
a wide continuous tuning range and a narrow line width. We
tuned the pump laser OPO combination in three stages:

Firstly, we scanned the pump laser continuously over
48 GHz. Hence, the idler wavelength will be tuned with the
same frequency stability and line width as the pump laser,
keeping the signal wavelength fixed within the OPO cavity.
Although mode hops occur every 12 GHz in the idler due to
mode hops in the pump laser, all wavelengths are still covered
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(Fig. 2). Secondly, a 207-GHz idler tuning can be achieved by
tilting the intracavity etalon in the OPO. Discrete steps in the
idler frequency occurred of the order of 0.07 cm−1 due to clus-
ter hopping over the cavity mode spacing of 0.01 cm−1 [26,
29]. Thirdly, by changing the crystal temperature by 1 ◦C,
1–4 cm−1 of idler tuning is achieved, depending on the crystal
period and the temperature. Temperature tuning of the OPO
cavity without an intracavity etalon results in discrete steps in
the idler frequency in the order of 0.3–1.5 cm−1.

These three scanning methods were combined to cover an
extended wavelength range with high resolution. At a fixed
etalon angle the pump is scanned continuously (with mode
hops every 12 GHz). Next, the etalon is tilted over a small
angle and the pump is again scanned. This procedure is re-
peated until the free spectral range of the etalon (207 GHz)
is covered. A combined pump-tuning etalon-stepping scan is
shown in Fig. 2. After that, the crystal temperature is changed
by 2–5 ◦C and the entire procedure is repeated. In this way,
wavelength scans up to 450 cm−1 at a single period of the
crystal are possible with high resolution (< 5 ×10−4 cm−1).
Although the same scan could be performed without varying
the etalon angle, this process would be significantly slower
due to the increased number of temperature changes. As com-
pared to temperature tuning, varying the etalon angle also
offers a more reproducible way of selecting a wavelength. The
complete scanning process was fully automated and computer
controlled, so that long wavelength scans and sensing of mul-
tiple gases over long periods of time was feasible.

By translating the PPLN crystal to other poling periods,
access is provided to an idler wavelength range of 2.75 to
3.83 µm and a signal wavelength range of 1.47 to 1.73 µm.
Figure 3 shows the signal and idler wavelengths as a function
of the crystal temperature for six different grating periods. In
addition, calculated values using the SNLO nonlinear optics
software are shown [30]. The tuning curves for the different
poling periods show a large overlap due to the wide crys-
tal temperature range. In fact, this wavelength range could

FIGURE 3 Signal (1475–1739 nm) and idler (2746–3829 nm) wave-
lengths of the OPO vs. temperature of the PP-MgO-LN crystal for poling
periods 29.0–31.5 µm. The solid lines are the calculated values from SNLO

also be covered by using just three poling periods. A good
consistency between calculated and measured wavelengths is
obtained after uniformly shifting down the temperature axis
20 ◦C for the calculated wavelengths [14]. Partially, this can
be explained by signal and idler absorption in the crystal. At
an idler output power of 2 W at 3.4 µm the crystal temperature
increased from room temperature to 50 ◦C, which is equal to
2.5 W of absorbed light power. This heating was not caused by
pump beam absorption. Based on energy-conservation con-
siderations, the temperature increase was mainly due to sig-
nal absorption. Although the signal absorption coefficient is
lower, the intracavity signal power is much higher. To operate
the OPO continuously at room temperature, the PP-MgO-LN
crystal was water cooled, extending the operation temperature
down to 18 ◦C.

4 Detection of CO2 by OPO photoacoustics
at 2.8 µm

Figure 4a shows a photoacoustic recording of a part
of the strong 1001-000 and 0201-000 combination bands of
CO2 at 1-bar pressure, demonstrating the capability of the
OPO to cover a wide spectral range in the mid-infrared re-
gion. The water-vapor concentration in the flow was reduced
by scrubbing the gas flow with CaCl2 pellets. The contribu-
tion of each of the gases was determined by fitting the meas-
ured spectrum with the calculated spectra from the HITRAN
database [31] (inset, Fig. 4a). The water-vapor spectrum was
subtracted to reveal the CO2 spectrum. In Fig. 4b a calculated
CO2 spectrum based on data from the HITRAN database is
given. As can be seen, the photoacoustic spectrum is in ex-
cellent agreement with the calculations. The spectrum was
recorded fully automatically by a combination of pump laser,

FIGURE 4 (a) Recorded photoacoustic spectrum of CO2 in laboratory air
(460 ppmv), corrected for the water-vapor contribution by subtracting the cal-
culated water spectrum. The inset shows the calculated water-vapor (gray
line) and CO2 contributions (black line) of which the sum matches the
recorded photoacoustic spectrum (dots). (b) CO2 spectrum calculated from
HITRAN
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intracavity etalon and crystal temperature tuning. The reso-
lution of the spectrum is 0.01 nm and was limited by the
wavemeter, which was set to a lower resolution and a wider
wavelength coverage. By monitoring the wavelength at each
measured point, the complete spectrum can easily be con-
structed despite any mode hops or other jumps in wavelength
that occurred. The recording time for the complete spectrum
was approximately 1 h. This is mainly caused by spectral
overlap in the different types of scan, so that it is guaranteed
that no points are missed. By further optimizing the scanning
method using the wavemeter for direct feedback, the scan time
can be shortened considerably.

5 Photoacoustic detection of methane
in human breath

The OPO is an ideal source for laser spectroscopy,
because a spectral region can simply be chosen where the
gas or multiple gases have strong absorptions with little or
no interference from other gases, such as water vapor. We
have demonstrated this by measuring the breath from two
test persons at a wavelength range where there are absorp-
tions from methane, ethane and water (Fig. 5b). Figure 5a
depicts the calculated spectra from the HITRAN database for
the three gases. The breath of both persons was collected first
in bags (aluminum-coated Teflon). The bags were sampled by
connecting them to a flow system with a flow rate of 5 l/h
and a pressure in the photoacoustic cell of about 250 mbar.
The concentrations of methane and ethane for test person 1
were determined to be 21 ppmv and 13 ppbv, respectively.
The breath of test person 2 contained 4.5-ppmv methane, and
13-ppbv ethane. The reason for the increased concentration of
methane in the breath of test person 1 can likely be explained
by the presence of methanogenic flora in this person [32]. One

FIGURE 5 (a) Photoacoustic spec-
tra measured from the breath of two
different test persons. The recorded
spectra reveal a higher methane
concentration in the breath of per-
son 1, indicating that methanogenic
flora are present. (b) Calculated
absorption spectra based on the
HITRAN database for methane,
ethane and water

of the strengths of photoacoustic spectroscopy is its wide dy-
namic range; only the lock-in sensitivity needs to be adjusted
automatically during the scan. Although the concentrations
for methane and ethane were three orders of magnitude apart
from each other, they still could be measured simultaneously
by selecting spectral areas where the difference in concentra-
tions is partially compensated by the relative strengths of the
absorption lines.

6 Detection of methane and ethane
using OPO cavity ring-down spectroscopy

To determine the sensitivity of the OPO CRDS
system, we measured methane (at 3.221 µm) and ethane (at
3.337 µm) for different concentrations in the ppbv range at
100-mbar pressure. Both absorption peaks were chosen based
on calculated spectra from the HITRAN database. Conditions
for this were high absorption strength and separated features
from water, CO2 and other atmospheric gases.

The methane mixtures were created by using different
flows of N2 (99.999% purity) and a certified mixture contain-
ing 90 ppbv methane buffered in N2 (certified mixture, Air
Liquide). For each concentration a scan was made over the ab-
sorption peak in a time lapse of 200 s with a spectral resolution
of 0.001 cm−1. The concentration was calculated by fitting
the absorption peak and taking the area under the fitted curve.
In this way all the measured points of the absorption profile
are used, which leads to a higher sensitivity. The advantage
of this method compared to a determination of a concentra-
tion on the top of an absorption peak is that any interference
from other gases will be detected and can be taken into ac-
count. From the linear fit in Fig. 6 it can be seen that there
is a relatively large background of 31-ppbv methane already
present in the N2 gas. The noise-equivalent detection limit for
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FIGURE 6 Areas of fitted methane absorption peaks for different con-
centrations. The wavelength of the OPO was scanned over the methane
absorption feature (inset) in 200 s and measured with cavity ring-down spec-
troscopy. The linear fit reveals that a background methane concentration of
31 ppbv was present in the nitrogen. A noise-equivalent detection limit of
0.16 ppbv was found

methane using cw CRDS could be determined to be 0.16 ppbv
over 200 s, corresponding to a minimum detectable absorp-
tion coefficient of 2.0 ×10−9 cm−1. The larger errors at lower
concentrations are partially caused by fluctuations in the me-
thane flow during a scan. The background measurement given
at 0 ppbv methane concentration uses only one flow directly
from the nitrogen-gas bottle.

For the ethane mixtures, a certified mixture of 21 ppmv
ethane buffered in nitrogen was used. The same scans were
made over a shorter time period of 60 s and a lower wavemeter
resolution of 0.01 cm−1. The same procedure as for methane
was followed for fitting and determining the concentrations.
Figure 7 shows the different concentrations of ethane vary-
ing from 5 to 100 ppbv. A noise-equivalent detection limit of
0.07 ppbv over 60 s was determined from this graph, which
corresponds to a minimum detectable absorption coefficient
of 1.4 ×10−9 cm−1.

Figure 8 shows a spectrum of 12CH4 and 13CH4 isotopes
of methane in laboratory air recorded with continuous-wave
cavity ring-down spectroscopy. The spectral region around
3.2 µm was chosen because of the relative strengths of the

FIGURE 7 Areas of fitted ethane absorption peaks for different concentra-
tions. The wavelength of the OPO was scanned over the ethane absorption
feature in 60 s and measured with cavity ring-down spectroscopy. The noise-
equivalent detection limit is 0.07 ppbv

absorption peaks of 12CH4 and 13CH4. Since the abundance
of 13CH4 is a factor of 100 lower in the atmosphere than of
12CH4, the ratio in absorption strengths for the two isotopes
was chosen such that the absorption would be similar. This
spectral region is also chosen for its low water-vapor inter-
ference. Because the absorption strengths of 13CH4 are of the
same order of magnitude as for 12CH4, enriched mixtures of
13CH4 can be detected with the same sensitivity.

One of the drawbacks of cavity ring-down spectroscopy
is its limited spectral coverage. The sensitivity of the detec-
tion method depends on very high reflective mirrors, giving
absorption path lengths of up to 3.5 km in our setup. The

FIGURE 8 (a) Continuous-wave CRDS recording of the 12CH4 and 13CH4
isotopes in laboratory air. The natural abundance is partially compensated by
selecting 12CH4 peaks with two orders of magnitude weaker absorptions. (b)
Calculated absorption spectra for H2O, 12CH4 and 13CH4. The sum of the
calculated absorption features shows a good correspondence to the measured
data

FIGURE 9 CRDS mirror reflectivity over 60-nm spectral range, demon-
strating the limited wavelength range for each set of highly reflective mirrors.
The drop in decay time from 11.6 to 8.2 µs gives an equivalent decrease in
sensitivity
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high reflectivity, however, can only be provided for wave-
length ranges of typically 100 nm. Figure 9 shows a record-
ing of the decay time and the cavity mirror reflectivity over
60 nm. The recording is a lower-resolution scan of the OPO
by varying the crystal temperature only. Absorption peaks
have been discarded, leaving only the maximum decay time
at each wavelength given by the reflectivity of the cavity mir-
rors. It can be seen that a slight decrease in reflectivity will
lead to much lower decay times and thus a lower sensitivity. In
the measured wavelength range, the decay time dropped from
11.6 µs to 8.2 µs, corresponding to an equivalent decrease in
sensitivity.

7 Discussion and conclusion

The versatility and sensitivity of a continuous-
wave, singly resonant OPO combined with photoacoustic and
cavity ring-down spectroscopy has been demonstrated as an
instrument for trace-gas sensing. By using PP-MgO-LN in-
stead of undoped PPLN, the OPO gained in power and wave-
length stability. Moreover, the ability to operate the crystal
from room temperature up to 200 ◦C resulted in a consider-
able increase of the crystal temperature tuning range. In the
previous setup with an OPO based on conventional PPLN, the
OPO could be observed to lose its power completely during
larger wavelength changes by intracavity etalon or tempera-
ture tuning, thus requiring realignment of the OPO cavity. Ad-
ditionally, the PPLN crystal had to be operated above 100 ◦C
to counteract potential refractive damage.

Although the different tuning capabilities of pump, intra-
cavity etalon and crystal temperature have already been rec-
ognized, automating all three methods has proven to be an ef-
fective way for recording wide, high-resolution spectra. It has
been shown that a wide, continuous coverage can be achieved
by using fan-out crystals as well [14, 33]. However, bad spots
occur in the crystals with increasing age and if the crystals
are used at these places, it often results in considerable dam-
age to the crystal. Another advantage of stepped crystals with
multiple poling periods is that a larger spectral range can be
covered, since the difference in poling period lengths can have
a greater variation. A typical fan-out crystal has poling periods
between 29.3 and 30.1 µm, while our stepped crystal contains
poling periods between 28.5 and 31.5 µm.

The spectral coverage of an OPO system also depends on
the power of the pump source. Low oscillation thresholds can
be achieved using longer PPLN crystals and higher mirror re-
flectivity, though the latter inherently leads to a narrowing of
the spectral coverage. Double-resonant techniques to enhance
the pump power in the OPO cavity can overcome threshold
problems as well, but make tuning of the OPO complicated.
Thanks to the high available pump power, idler wavelengths
from 2.75 to 4.8 µm [3] have been reached, limited only by the
intrinsic absorption of lithium niobate.

Photoacoustic spectroscopy is an ideal detection method
for the OPO, taking full advantage of the high power and the
wide spectral range available. Compared to cavity ring-down
spectroscopy, alignment is simpler while similar trace gas de-
tection sensitivities are reached. Photoacoustic spectroscopy,
however, needs longer measuring times per data point (typ-
ically 100 ms), making it a slower spectroscopic method and

thus prevents fast scanning. Higher repetition frequencies can
be reached with cavity ring-down spectroscopy at low powers,
such as what is available above 4 µm with our OPO [26].

CRDS with the OPO resulted in noise-equivalent detec-
tion limits of 2.0 ×10−9 cm−1 and 1.4 ×10−9 cm−1 for me-
thane and ethane, respectively. These were lower than those
found by von Basum et al. [6], which was mainly due to
a lower decay rate and an etalon effect that could be observed
from the cavity mirrors. The detection limit can be improved
significantly by enabling the ring-down cavity for faster mod-
ulation frequencies and shortening the scan time by detecting
at lower resolution. The approach of scanning over absorp-
tion features instead of measuring at the peak does give us the
ability to distinguish between changes in concentration of the
targeted species or the background caused by other absorption
features.

A substantial advancement can be made in the scanning
method of the OPO if it could offer continuous scanning ca-
pabilities without any excessive overlaps of mode hops and
scans that occur at present. This development, which mainly
lies in smarter tuning of the software, will result in cleaner
spectra and shorter recording times. Combined with active
stabilization of the OPO cavity, it would create an invalu-
able tool for high-resolution spectroscopy and the detection
and identification of multiple, larger components in trace-gas
detection.
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