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ABSTRACT Infrared gas phase spectroscopy is becoming very
common in many life science applications. Here we present
three types of trace gas detection systems based on CO, laser
and continuous wave (cw) optical parametric oscillator (OPO)
in combination with photoacoustic spectroscopy and cw quan-
tum cascade laser (QCL) in combination with wavelength mod-
ulation spectroscopy. Examples are included to illustrate the
suitability of CO, laser system to monitor in real time ethylene
emission from various dynamic processes in plants and microor-
ganisms as well as from car exhausts. The versatility of an
OPO-based detector is demonstrated by simultaneous detection
of 13C-methane and 2C-methane (at 3240 nm) at similar detec-
tion limits of 0.1 parts per billion by volume. Recent progress
on a QCL-based spectrometer using a continuous wave QCL
(output power 25 mW, tuning range of 1891-1908 cm™!) is
presented and a comparison is made to a standard chemilumi-
nescence instrument for analysis of NO in exhaled breath.

PACS 42.62 Be; 42.62 Fi

1 Introduction

Infrared gas phase spectroscopy is nowadays very
common in a wide variety of real life applications. For mon-
itoring industrial processes, air pollution, global warming,
security in public places or biological processes in living
organisms (including the human body) laser-based spectro-
scopic gas sensors have demonstrated to be indispensable
tools [1—4]. They operate in the infrared wavelength region
between 2.5 and 20 pwm, where many of the molecules of in-
terest have their fundamental rovibrational transitions. Laser-
based sensors combine a high detection sensitivity (at the pptv
level, parts per trillion by volume; 1 : 10'?) with selectivity,
large dynamic range and multicomponent analysis.

However, an important limiting element in those sensors is
the laser source itself; there is a limited availability of wave-
length, low power, restricted tunability, large linewidth, etc. In
the mid-infrared, available laser sources include line-tunable
CO and CO, lasers, lead-salt diode lasers, tunable solid-state
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lasers, quantum and interband cascade lasers, and coherent
sources such as optical parameter oscillators (OPO) and dif-
ference frequency generation (DFG) systems. Any break-
through for laser-based gas sensors will largely depend on
the access to proper laser sources at low cost, besides com-
pactness, reliability and the ability to operate under various
atmospheric conditions.

Lasers such as the CO laser and the lead-salt laser are
difficult to incorporate into a commercial device because of
their need for cryogenic cooling. Non-linear generation of in-
frared light via DFG or OPO (based on periodically poled
lithium-niobate (PPLN) crystals) provide a broad continu-
ous tuning range (hundreds of wavenumbers) [5—8]. How-
ever, DFG is inherently restricted to low powers (up to few
mW) [3,9-11], to reach the ppbv level of sensitivity with
such low powers, advanced detection schemes are needed.
OPOs have relatively high power levels (1 W cw) and nar-
row linewidth (typically a few MHz over 15s) and, there-
fore, represent an excellent source for sensitive spectroscopic
gas analysis. In combination with fiber pump laser technol-
ogy the OPO-based sources offer the attractive advantage of
a rather compact set-up. However, up to now OPOs are less
suitable for field applications as the cavity needs occasional
tweaking.

Until a few years ago, direct generation of tunable mid-
infrared radiation using solid-state lasers suffered especially
from limited output power, low temperature operation and
limited tuning properties. However, there have been major re-
cent advances to the development of high power solid state
quantum cascade lasers (QCL) operating at room tempera-
ture. Therefore, these lasers are very interesting in terms of
system integration [12].

To unravel highly dynamic processes in life sciences there
is an increasing demand for real time measurements of trace
gases emissions, molecule specificity and no need for sam-
ple preparation. Capturing all details of emission patterns re-
quires instruments which combine a high sensitivity at mostly
pptv levels at a seconds’ time scale resolution. Such a goal
can be achieved in two ways: (1) By using high power lasers
in combination with simple, robust, and easy to maintain de-
tection schemes. One example of such an instrument is the
CO; laser-based photoacoustic detector for monitoring ethy-
lene (C,Hy4) emission [13]; the CO; laser lines shows a strong
overlap with the Q-branch of the vy-band of ethylene [14].
This CO, laser-based ethylene detector, today commercially
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available as a compact 19-inch rack design [15], performs
as the world’s best instrument for sensitive and fast detec-
tion of the plant hormone ethylene. (2) When high power
sources are not available, other spectroscopic techniques are
used to achieve high performances in terms of sensitivity and
time response such as cavity ring down spectroscopy (CRDS),
cavity enhanced absorption spectroscopy (CEAS), integrated
cavity output spectroscopy (ICOS), and multi-pass absorp-
tion spectroscopy (in combination with wavelength modula-
tion schemes). We have explored various detection methods
in combination with different laser sources for trace gas de-
tection: photoacoustic spectroscopy (PAS) in combination
with CO lasers [16], CO, lasers [17] and OPO [18], cav-
ity enhanced absorption spectroscopy with CO, laser [19],
quartz enhanced photoacoustic spectroscopy (QEPAS) with
OPO [20], CRDS using OPO [21, 22] and wavelength modu-
lation spectroscopy (WMS) with OPO [23] and QCL [24].

In our laboratory we have developed a long-standing tradi-
tion of cooperation with life science research groups via Euro-
pean Union visiting programs [25]. From these cooperations
it is demonstrated that laser-based systems are indispensable
for trace gas detection in many life science fields including
plant physiology, post harvest research, soil science, environ-
ment, microbiology, entomology, ecology, molecular biology,
medicine, and human health. Here, we illustrate the perform-
ance of several trace gas detection systems based on CO;
laser, OPO and QCL, respectively with examples of applica-
tion in various life science areas.

2 Ethylene monitoring with a CO; laser-based
photoacoustic detector

There are numerous reports on the capability of
CO; laser-based photoacoustic systems in detecting gaseous
molecules (SFg, NH3, ozone, etc.) [2]. In particular for the
plant hormone ethylene, the use of such a detector in com-
bination with a flow-through system was proven to be un-
beatable in sensitivity and time response in comparison to
the traditional methods (such as gas chromatography which
is currently the standard technique most widely used). A de-
tailed description of the system is given elsewhere [2, 13,26].
Briefly, the laser-based ethylene detector consists of a CO,
laser and a photoacoustic cell, in which the gas is detected.
Traces of ethylene released by various (biological) samples
can absorb the laser radiation inside the photoacoustic cell; the
absorbed energy is released as heat, which will create a pres-
sure increase inside a closed volume. By modulating the laser
at an acoustic frequency, a periodic pressure wave is generated
that can be detected with a sensitive miniature microphone.
The ethylene concentration is calculated from comparison
of the photoacoustic signals on various laser lines (at which
ethylene has different absorption strengths). The laser-based
instrument allows detection of ethylene emission in a contin-
uous flow system down to 10 pptv over 90 s [26]. In photo-
acoustic spectroscopy (PAS), use of a high power (preferably
a watt level) coherent light source (such as the CO, laser)
is necessary in order to reach sub-ppbv detection levels. The
combination of PAS and the CO; laser has resulted in sim-
ple, robust and easy to maintain designs which are giving PAS
a competitive advantage over other sensitive techniques (e.g.
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FIGURE 1 Ethylene production from various biological samples. (a) Plant
physiology: circadian clock in Arabidopsis thaliana with a peak in the mid-
subjective day; (b) Microbiology: response of cyanobacteria N. spumigena to
changing the light intensities (indicated by arrows) from dark to 5, 10 and
25 umol m~2 s~!, respectively; (c) Post harvest technology: early detection
of B. cinerea (grey mold) infection in tomato fruits. Real time production by
artificially inoculated tomato fruits (at # = 0 h) with B. cinerea (e) starts rising
one day before visible infection as compared to uninfected fruit injected with
water (o); (d) Medicine: on line emission from human breath induced by UV
radiation

cavity ring-down spectroscopy, cavity enhanced absorption
spectroscopy, etc.).

Over the last few years, we have used the laser-based ethy-
lene systems within the life science trace gas facility for on-
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FIGURE 2 Real time monitoring of ethylene concentration in a parking
place at the NOAA facility in Boulder, Colorado (left panel). Outside air was
pumped into the laboratory through 3/8 inch PFA tubing and analyzed with
the laser-based commercial ethylene detector ETD-300, Sensor Sense (right
panel). The peaks in the inset are attributed to vehicles in the immediate
vicinity of the sampling inlet around morning on a working day

line measurement of ethylene in various dynamic processes
in plants and microorganisms, such as seed germination [27],
flower senescence [28], fruit ripening [29], circadian rhythm
in plants (Fig. 1a) [30], nitrogen fixation (Fig. 1b) [31,32],
plant—pathogen interaction (Fig. 1c) [33, 34], plant response
to insect egg deposition [35], interaction with other plant
hormones, i.e. auxin [36], dehydration and drought [37, 38],
programmed cell death [39], hypertensive disorders of preg-
nancy [40], and UV-induced damage to skin (Fig. 1d) [41, 42].

More applications appear at the horizon once the develop-
ment of these detectors move on from the laboratory systems
to the field instruments. A very recent project focused on the
detection of ethylene emission from car exhaust (Fig. 2) at
ground level following the same sampling procedure as de-
scribed in [43]. Another study revealed and quantified ethy-
lene fluxes from petrochemical zones around Houston, TX
(USA) during flight campaigns using CO, laser based ethy-
lene detector (Sensor Sense) that achieves a noise equivalent
minimum detection limit of 70 pptv within a 5 s observation
time [44].

3 Detection of 13CHj using OPO-based system

Recently, cw OPOs were developed to a level
that they combine high power (> 1 W) with a broad tuning
range (2.75-3.83 wm) and narrow line width (4.5 MHz over
1s) [18,21]. For trace gas detection purposes they are com-
bined with photoacoustic spectroscopy. An excellent detec-
tion limitof 0.01 ppbv for ethane at 2996.9 cm~! was obtained
by scanning over the absorption peak in 40 s [45]. The exten-
sion of the OPO wavelength to 4.2 um brought a strong CO,
absorption in range, offering a sensitivity of 7 ppbv (0.3 s RC-
time, measured at the top of the peak) which made it possible
to monitor the breath of a small ant [46].

A recent application of the OPO system included monitor-
ing of '>CH, and '*CH,4 emissions by plants. The study was
provoked by an earlier study published in Nature [47] con-
taining a sparking finding that terrestrial plants can produce
a large amount of methane in aerobic conditions. In collab-
oration with other research groups we have re-examined this
finding using an independent test [48]. For this study we used
13C labeled plants grown in controlled conditions in an experi-

mental soil plant atmosphere system (ESPAS) facility [49].
The ESPAS is a unique hermetically sealed plant growth
chamber (3.5 m?), specifically designed for atmospheric iso-
tope labeling. Four plants species (basil, wheat, maize and
sage) were labeled (IsoLife BV, Wageningen, The Nether-
lands) from seeds on hydroponics for a period of nine weeks
in 13C-CO, (99% '3C, 1% '2C) instead of the natural atmo-
spheric '>C-CO, concentration (1.1% 3C, 98.9% '>C). Since
about 99% of the carbon found in these plants was in the form
of 13C (data not shown) we can expect that nearly 99% of
the methane emitted by these plants is in the form of '3C-
methane. When investigating possible methane emission, it
is preferable to use these '3C labeled plants since the natural
background concentration of '*C-methane is 20 ppbv com-
pared to 1.7 ppmv of '2C-methane.

After 7-8 weeks of growth in the ESPAS growth chamber,
the plants were transferred to continuous-flow gas exchange
cuvettes and on-line analyzed for '3C-methane emission. Ad-
ditionally, gas samples from the ESPAS facility were col-
lected in Tedlar and aluminum-coated Teflon bags and sent to
the laboratory for methane measurements.

The experimental set-up is shown in Fig. 3. The singly-
resonant OPO is pumped by a 1064 nm MOPA system (Light-
wave M6000) that can generate as much as 11 W of out-
put power. The pump laser can be continuously tuned over
48 GHz by means of a piezo. The OPO cavity consists of
a bowtie ring design using a 50 mm MgO-doped PPLN crys-
tal (HC Photonics) and can generate as much as 2.8 W of
idler power [45]. The idler wavelength is measured by a wave-
length meter (model 621, Bristol Instruments). The idler beam
is amplitude modulated by a chopper at 560 Hz and directed to
the photoacoustic cell (Iength resonator of 300 mm, diameter
of 6 mm) which is equipped with three electret microphones.

Methane shows a very pronounced absorption spectrum
around 3000cm~! which is dominated by the strong vs
band [50,51]. Since both *CH4 and '?CH, molecules are
spherical rotors, their spectra are similar but shifted by about
10cm™"! due to the difference in the carbon mass [52]. For
the detection of 3CHy the lines around 3240 nm were se-
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FIGURE 3 Experimental set-up of the cw singly resonant OPO-based PAS
system. The OPO cavity consists of four mirrors in a bowtie ring design,
using a 50 mm MgO-doped PPLN crystal. The idler beam is amplitude mod-
ulated by a chopper at 560 Hz and directed to the photoacoustic cell
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lected based on several criteria. The water vapor absorption
strength at this wavelength is a factor ~ 10° weaker then
methane. Furthermore, the absorption features of 13CH, and
12CHy are sufficiently separated from each other at a photo-
acoustic cell pressure of 250 mbar and the '*CH, absorption
is relatively strong. To subtract interferences from '>?CHy, the
OPO was scanned over a wider wavelength range of 0.5 nm.
A noise-equivalent detection limit of 0.1 ppbv for '>?CHy4 was
found. The absorption strength of 3CHy is about the same
order of magnitude as for '?CHy, thus enriched mixtures of
13CH,4 were detected with the same sensitivity. However, at
the natural background concentration (20 ppbv '*CHy), an ac-
curacy of 3 ppbv for 13CHy is obtained (within 1 min response
time) [21,45].

We measured on-line an overall average concentration of
21ngg~'h~! *C-methane which is 618 times lower than
the average methane emission rates given in [47] for the same
plant species under “sunlight” and “no sun” conditions, re-
spectively. Furthermore, within a six day period, the total
plant biomass in the ESPAS growth chamber increased from
289 to 374 g DW. Based on the measured average methane
emission of 21 ngg~'h~! in our on-line experiment and the
plant biomass in the growth chamber, we expected to measure
495 ppbv *C-methane in the gas samples collected in bags
from ESPAS at the end of this period, a value well above our
detection limit.

In reality, we found an increase over time of less than
1 ppbv *C-methane (Fig. 4), which is only 0.1 and 0.3% re-
spectively of the emissions that would have been expected on
the basis of the rates under ‘sunlight’ and ‘no sun’ conditions
reported in [47].

Additional tests were performed to eliminate the possibil-
ity of eventual I3CH, loss because of leakage or oxidation.
For this purpose a known amount of '3CHy (40 ppb, 1.5 ppm,
100 ppm) was injected in the ESPAS chamber and gas sam-
ples were analyzed (Fig. 4). Furthermore, 400 ppbv of 3CH,4
was injected into the growth chamber and air samples were
taken over a period of six days from the ESPAS (Fig. 5).
All these samples were then measured and showed a non-
significant concentration decrease of 0.3%.
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FIGURE 4 Measurements of '*CHy concentration in the samples collected
from the ESPAS chamber containing the plants. Additional amount of '3CH,
(40 ppb, 1.5 and 100 ppm) was injected in the ESPAS chamber to check for
eventual '3 CHy losses

The results from these tests indicate the same conclusion
that plants produce an insignificant methane amount in aer-
obic conditions [48]. We have also performed on-line meas-
urements of '>?CHy4 from “normal” plants (not 1*C labeled)
placed into closed cuvettes and flushed with methane-free air
before starting the experiment as well as during it. The only
methane recorded (Fig. 6) was due to the flushing out of the
atmospheric methane trapped in the plant cells for several
hours. This could explain, in part, the overestimated methane
reported in [47] as production instead of atmospheric methane
diffusion from plant tissue.

4 Nitric oxide detection with a QCL-based
spectrometer
Detection of nitric oxide (NO) at trace levels is of
major importance for medical, biological and environmental
applications. In plants NO is a key signaling molecule which
acts against oxidative stress and in addition plays a role in
plant pathogen interactions [53, 54]. For humans, the presence
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FIGURE 6 Diffusion of atmospheric methane trapped in the plant cells.
Upper panel: on line photoacoustic monitoring of '>CHy from plants flushed
with methane free air at high flow (1 1/min) for 1 h before the start (t =0 h)
and at 1-21/h flow during the experiment; water is reduced by inserting
a CaCl, scrubber
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of endogenous NO in the exhaled air was observed for the first
time in 1991 [55] and since then exhaled NO was found to be
a sensitive marker for (asthmatic) airway inflammation [56].

The standard technique to measure NO in the gas phase
is by chemiluminescence which features a high sensitivity at
the sub-ppbv level in combination with a time response of less
than one second [57]. A drawback of this technique is the use
of chemical scrubbers which need to be replaced on a regular
basis. In addition, most systems are designed for rather high
flow rates of typically a few hundred milliliters per minute,
which renders them suitable for breath measurements but less
suitable for certain biological applications where relatively
small flow rates are needed [54].

An alternative way to measure NO is via infrared absorp-
tion-based detection techniques that use the fundamental ab-
sorption band of NO centered at 5.3 um (1876cm™") [58].
This method was used more than 35 years ago by Kreuzer
and Patel, who were able to detect concentrations of 0.01 ppm
NO using CO laser-based photoacoustics [59]. The recent ad-
vances of thermo-electrically cooled QCLs operating in the
NO fundamental absorption band gave a strong impulse to the
development of QCL-based NO detectors [24, 60, 61]. Here
we present recent progress on a QCL-based spectrometer and
its application to human breath analysis.

The QCL-based spectrometer is equipped with an astig-
matic multi-pass absorption cell (Fig. 7) for wavelength mod-
ulation spectroscopy on NO. The set-up underwent several
modifications compared to our previous design [24]. Firstly,
a new cw DFB QCL (Alpes Lasers) with a higher out-
put power (25mW) and tuning range of 1891-1908 cm™!
as compared to 5mW and 1847-1854cm~! of the old
laser, was used. CO, absorption is markedly stronger in
the 1891-1908 cm~! wavelength region [58] and CO, lev-
els as found in breath can be measured simultaneously with
NO using only current scanning. The QCL is cooled with
a Peltier element to a temperature of —30 °C. Unfortunately,
the output beam quality of the QCL is rather poor showing
several diffraction rings. Various mirrors and lenses are used
to direct the output beam to a 76-m astigmatic multi-pass
absorption cell (Aerodyne, AMAC-76). To facilitate long-
term unattended operation the liquid nitrogen cooled HgCdTe
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FIGURE 7 Schematic set-up of the cw QCL-based detector. The output
beam of the QCL is collimated using a ZnSe lens (0.5 inch focal length) and
focused by a second ZnSe lens ( f = 45 cm) in the astigmatic multiple-pass ab-
sorption cell. A diode laser is used as a tracer beam by inserting a mirror on a flip
mount. After leaving the absorption cell, the light is focused by a CaF, lens
(f = 15 cm) onto the detector. The detector signal is fed into a lock-in amplifier
and the 2 f signal is sent to a computer via a fast digitizer for data acquisition

photodiode detector has been replaced by a photovoltaic de-
tector operating at room temperature (PV-6, Vigo System,
D > 4 x 108 cm Hz!/2/W). Detector noise was not limiting in
our system as a comparable sensitivity was obtained for both
detectors although the sensitivity of the new detector is two
orders of magnitude smaller. The whole system is enclosed
in a box flushed with dry nitrogen to prevent condensation of
water vapor from the surrounding air on the QCL.

The laser current is swept at a frequency of 200 Hz on top
of which a 125 kHz modulation is superimposed. The detector
signal is pre-amplified and sampled at twice the modulation
frequency by a lock-in amplifier (model SR844, Stanford Re-
search Systems) using a time constant of 100 ps and filter
roll-off of 24 dB /oct.

The wavelength scans were stored using a fast 14-bit data
acquisition card (Gage Compuscope 14200). The width of the
scan is typically 0.25 cm™!. A narrower range (~ 0.06 cm™")
could be used if only the NO peak would be measured. The
pressure in the multi-pass cell is maintained at 100 mbar using
a combination of pressure controller and pump. At lower pres-
sures the system becomes more sensitive to temperature drifts
while at higher pressures spectral interference by a neighbor-
ing CO, absorption line comes into play.

For the data analysis a LabVIEW program has been de-
veloped which allows on-line concentration measurements.
To start with, the signals are recorded from the background
and a calibration mixture with known concentration of
100 ppbv NO (NMI, the Netherlands). The NO concentration
in a sample is determined by correlating (an average of) scans
of the sample with the scan of the known concentration in
which both scans are corrected for the background. The slope
of a linear fit yields the concentration relative to the known
concentration. A similar procedure can be done for CO;. This
approach yields several advantages as compared to the pre-
viously used fitting method based on the second derivative
of a pseudo-Voigt. The new fitting procedure is much more
rapid. In addition, the second derivative fit is not optimal as
the 2 f signal is not symmetric. The new fitting procedure is
suitable to fit any line shape, symmetric or not.

Wavelength fluctuations in the order of a few thousands
of a wavenumber occur due to temperature instabilities. As
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FIGURE 8 Comparison between NO concentrations measured by the
QCL-based NO detector and the NO chemiluminescence detector



348 Applied Physics B — Lasers and Optics

0.05 co,
5 NO
s 0.00
©
c
o
(7]
(=
T -0.4 -0.05 -
3]
3 Vo eeee- etalon
0841~ T g40 ; ;
1903.5 1903.6 1903.7 1903.5 1903.6 1903.7
a Wavenumber (cm™) b Wavenumber (cm™)
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range 0.049 cm™!). (b) Breath measurement revealing a CO; concentration
of 5.8% and NO concentration of 34 ppbv (chemiluminescence 30 ppbv)

a result the absorption peaks are shifted as compared to the
trigger signal. However the distance between the peak of NO
and the (much higher) CO, peak is almost constant. By using
this CO, peak as a reference the systems becomes much less
sensitive to temperature fluctuations. The system was oper-
ated by averaging 400 scans (~ 3s) giving a sensitivity of
the system of 1 ppbv. The system response was compared
to a commercial NO analyzer based on chemiluminescence
(Sievers 280). The response of both detectors (Fig. 8) is nearly
identical. The instrument was applied to the detection of NO
and CO, in human breath. Breath samples were taken off-
line by blowing against a restriction and collecting the sample
in balloons [62]. Samples were directly afterwards measured
by chemiluminescence and the QCL-based spectrometer. Fig-
ure 9a shows measurements of a mixture of CO, and NO
diluted in nitrogen and of only NO diluted in nitrogen. Fre-
quency markers are provided by the etalon trace. In Fig. 9b
a breath sample is displayed. A CO, concentration of 5.8%
is found which is typical for human breath. The NO concen-
tration of 34 ppb corresponds well with the value found by
chemiluminescence of 30 ppbv.

At the moment, optical fringing limits the system sensitiv-
ity to 1 ppbv. We plan to improve the system’s performance by
using a set of lenses internal in the QCL housing to improve
the beam quality and so reduce fringing. A clear advantage
of this NO detection system is that no liquid nitrogen cool-
ing is required, neither for the laser source nor the detector,
making long-term experiments feasible as needed e.g. in plant
biology [54].

5 Conclusions and future outlook

Three different cw light sources have been pre-
sented here i.e, CO, laser, OPO, and QCL in combination
with two detection techniques namely photoacoustic spec-
troscopy and wavelength modulation spectroscopy. Applica-
tions from different fields of life science demonstrate their po-
tential for laboratory and field experiments, respectively. For
detecting a single species, the CO; laser remains a powerful

source especially in combination with PAS. The QCLs seem
very promising because of their wavelength tailorability over
a wide spectral range in the mid-infrared (to far-infrared), in-
creasing output powers (already exceeding 100 mW at certain
wavelengths), operation at room temperature and great poten-
tial for compact design. With further increases in QCL output
powers, photoacoustic spectroscopy can be a cheaper, more
robust and simpler alternative compared to multi-pass absorp-
tion cells or cavity ring down related schemes. The current cw
OPO systems available in our lab are suitable to detect only
a few species simultaneously due to the ‘limited’ pump scan-
ning range of 48 and 150 GHz [20, 21], respectively. Wider
scans are in principle possible by changing the crystal tem-
perature or by gradually changing poling period using a fan
out grating. However, this approach is not suitable for long-
term stand-alone operation as occasional realignment is ne-
cessary due to thermal effects. Widely tunable OPOs have
been demonstrated [63, 64] although in general with relatively
large line widths. If wide tunability and frequency agility can
be combined with a narrow line width, OPO-based instru-
ments may once replace currently operated analytical instru-
ments like FTIRs or gas chromatographs.
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