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ABSTRACT A compact, diode-based difference-frequency laser
system combined with a photoacoustic detection scheme is pre-
sented for trace-gas sensing. It features a broad, continuous
tuning range (3.2–3.7 µm), a narrow line width (154 MHz),
and room-temperature operation, and thus allows numerous gas
species to be measured both isolated and in mixtures of differ-
ent gases. Several trace-gas species of environmental interest
were detected, and gas mixtures were analysed. The detection
limits are in the low-ppmV range, e.g. 1.3 ppmV for methane,
1.8 ppmV for ethane, and 1.2 ppmV for hydrogen chloride.

PACS 42.62.Fi; 42.65.Ky; 07.07.Df; 42.68.Ca

1 Introduction

The applications of trace-gas sensing comprise
many different areas such as air pollution measurements in
urban and rural environments, and monitoring of gas concen-
trations at working places, in fruit storage chambers, or in
exhaled breath for medical diagnostics. For all these and for
many other applications, a fast and accurate measurement of
small concentrations of various gases is essential. Today, there
exist several approaches to analyse gas samples with sufficient
sensitivity and selectivity. We concentrate on laser spectro-
scopic techniques, which offer the large advantage of meas-
urements which do not require any pretreatment and/or accu-
mulation of the concentration of the analysed sample, unlike,
for example, more conventional methods such as gas chro-
matography or mass spectrometry. Depending on the actual
implementation of the laser-based spectrometer, different re-
quirements need to be fulfilled. For sensitive detection, strong,
i.e. fundamental, absorption lines in the mid-infrared region
of the electromagnetic spectrum (3–15 µm) should preferably
be chosen along with a sensitive detection scheme. In order
to achieve high selectivity, e.g. for measuring different gases
with the same system or for measuring isotopic ratios, the
line width of the light source employed needs to be narrow,
thus favouring lasers as light sources. For multi-component
measurements, the tuning range of the system needs to be
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broad and preferably continuous. For potential applications in
industry where in situ measurements are of advantage, room-
temperature operation and a compact set-up are required.

The development of a system which meets as many of the
above-mentioned features as possible is a challenging task.
Since there is no broadly tunable narrow-band mid-infrared
laser source readily available, we took advantage of nonlinear
frequency conversion, in particular of difference-frequency
generation (DFG). The difference frequency at ω3 results
from nonlinear mixing of two incoming photons at frequen-
cies ω2 and ω1 in a nonlinear optical crystal. In order for
this process to take place, both energy and momentum need
to be conserved [1]. In recent years, this approach has been
pursued by various research teams, mainly fostered by ad-
vances in diode and solid state laser technology, as well as in
the availability of nonlinear optical crystals and periodically
poled materials of good quality [2–9].

Our diode-based difference-frequency laser system com-
bines a narrow line width, a large continuous tuning range
(3.2 µm to 3.7 µm) in the so-called finger-print region where
many small organic and inorganic molecules have their fun-
damental absorption lines, and room-temperature operation in
a compact set-up.

The photoacoustic (PA) detection scheme used has the ad-
vantage that the signal measured by microphones does not
exhibit a distinct intrinsic wavelength dependence, because
neither optical elements with wavelength-dependent proper-
ties nor special infrared detectors are needed for a PA detec-
tion scheme. In addition, the single-pass PA cell is easy to
align in the set-up. The drawback of using a PA detection
scheme in combination with DFG, though, is the rather low
DFG power in the micro- or milliwatt range. In photoacous-
tics, the measured signal scales linearly with the absorbed
laser power. Higher incident power thus results in a better
sensitivity.

2 Experimental set-up

The set-up employed for our measurements is
depicted in Fig. 1 and has been described in detail previ-
ously [10, 11]. It basically consists of two infrared laser
sources, a nonlinear crystal, and a photoacoustic cell. In con-
trast to the earlier set-up, the system presented here includes
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FIGURE 1 Compact set-up used for trace-gas meas-
urements, based on a difference-frequency laser source
and a photoacoustic detection scheme. L1–L4: lenses,
BS: beam splitter

an oven with a temperature-control unit for the nonlinear peri-
odically poled LiNbO3 (PPLN) crystal.

The pump laser at frequency ω1 is a diode-pumped
Q-switched single-mode Nd:YAG laser in a nonplanar ring
oscillator (NPRO) configuration (InnoLight GmbH, Han-
nover) [12]. It yields pulses with a peak power of about 5 kW,
a pulse duration of 6 ns, and a pulse-repetition rate (PRF)
of 4–8 kHz. The signal laser is a continuously tunable cw
external-cavity diode laser (ECDL, EOSI, Newport) with an
average power of about 5 mW. The wavelength range acces-
sible with the ECDL lies between 1500 nm and 1600 nm. The
two laser beams are focussed onto the nonlinear crystal where
the DFG process takes place via quasi-phase matching. Due
to energy conservation, the wavelength of the generated light
can easily be calculated from the wavelengths of the signal
and pump lasers. The nonlinear optical crystal employed for
the measurements is an AR-coated PPLN crystal with eight
different grating periods between 28.5 µm and 29.9 µm and
a length of 50 mm (Crystal Technologies, Palo Alto).

The tuning of the generated difference-frequency wave-
length is carried out by varying two parameters. On the one
hand, the wavelength of the signal laser is changed in order
to reach different wavelengths. Energy conservation deter-
mines which wavelength will be generated if the quasi-phase-
matching condition is fulfilled, i.e. if the crystal period length
is appropriately chosen. On the other hand, the period length
is adjusted by selecting the right grating period of the PPLN
crystal (out of eight periods as given by the crystal manu-
facturer) and by heating the crystal to the right temperature.
Although the temperature acceptance bandwidth of LiNbO3

is rather large (17 ◦C), the crystal still needs to be heated to
roughly the optimised temperature. Figure 2 shows the grating
periods for most efficient frequency conversion as a function
of temperature for five of the eight grating periods. The other
three grating periods of the PPLN are not used for DFG due to
the limited ECDL tuning range.

Only by selecting the right grating and by varying both pa-
rameters – temperature and signal wavelength – is efficient
phase matching over a large wavelength range possible.

The resulting DFG radiation has a tuning range between
3.2 µm and 3.7 µm and a line width of 154 MHz at an aver-
age power of about 2 mW [13]. The line width resulting from
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FIGURE 2 Tuning characteristics for five different grating periods of the
PPLN crystal. ∆T is the temperature-tuning range (35–125 ◦C) of the PPLN
for the overlapping wavelength ranges shown. The solid line represents the
calculated tuning curve

a pure DFG process is given by the convolution of the line
widths of the two lasers. As the ECDL is very narrowband
(< 100 kHz), the line width of the DFG beam is essentially
given by the line width of the Nd:YAG laser. The DFG line
width has been determined directly from spectroscopic gas
absorption measurements on formaldehyde (CH2O) at re-
duced total pressure [13]. However, there are always two
additional processes present when generating the difference
frequency: optical parametric generation (OPG) and amplifi-
cation (OPA). DFG is a process where two incoming waves
interact in a nonlinear material. If the phase-matching con-
dition is met, frequency conversion will take place. The in-
tensity of the generated light scales with the intensities of the
two incoming beams. The wavelength of the generated light
is given by energy conservation, which results in the narrow
line width of the DFG beam. OPA, in contrast, is a process
where three incoming beams interact in a nonlinear material.
Two of the beams are amplified at the cost of the third beam.
This process can only take place if either the intensity of the
incoming pump beam (the laser beam with the highest fre-
quency) is high enough to generate a photon at the signal and
at the idler wavelengths, which can then in turn be amplified,
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i.e. if the pump beam is intense enough to undergo an OPG
process, or if there already exist photons at the signal and idler
wavelengths, e.g. from DFG or some other source like quan-
tum noise. As OPA is an amplification process, its intensity
scales exponentially with the input electric field. Thus, for
high pump intensities the OPA process will become dominant
over the DFG process. The wavelength and thus the line width
of the generated beam in an OPG/OPA process depend on the
various acceptance bandwidths for nonlinear processes; in the
case of PPLN, mainly on the temperature acceptance band-
width (17 ◦C) and thus results in a large line width. In order to
keep the narrow line width of 154 MHz, the average DFG laser
power is usually kept at or below about 2 mW. Owing to the
large temperature acceptance bandwidth, the DFG line width
is in this case not influenced by temperature fluctuations of up
to a few ◦C. A higher power up to 14 mW has been generated,
yet with a broadened line width of 195 GHz at 14-mW output
power (i.e. about three orders of magnitude larger) due to op-
tical parametric processes simultaneously taking place. If the
selectivity of the system is not an important issue, e.g. in a gas
mixture with only a few components with well-separated ab-
sorption lines, higher output powers can be taken advantage of
to enhance the sensitivity of the PA measurements.

The DFG beam is focussed into a single-pass resonant
photoacoustic cell. The PA cell is equipped with four minia-
ture electret microphones (Sennheiser) and has especially
been constructed for the laser system [11]. The first longitudi-
nal resonance frequency of the PA cell occurs at 5.7 kHz and
coincides with the pulse-repetition frequency of the Nd:YAG
pump laser. The jitter resulting from the passive Q-switching
of the Nd:YAG laser is < 1%. As the resonance curve of the
PA cell is rather broad (FWHM = 1.38 kHz resulting in the
low Q-factor of 4), this jitter does not have a major impact
on the sensitivity of the PA cell. The PRF of the laser can
in addition be stabilised by fine tuning the diode current of
the Nd:YAG laser to actually meet the resonance frequency
of 5.7 kHz of the PA cell during the whole measuring period.
The compact cell has two buffer volumes housing the gas in-
lets and outlets, which are placed at pressure nodes of the
first longitudinal acoustic resonance. These means substan-
tially suppress noise originating from the gas flow whenever
measurements are performed on flowing gas.

The cell is sealed off with two BaF2 windows at Brew-
ster angle again placed at pressure nodes of the acoustic res-
onance to reduce the window heating signals. Furthermore,
the air-tight seal allows measurements at lowered pressure
(down to about 200 mbar) where the absorption features be-
come more distinct. At even lower pressure (below about
200 mbar), the responsivity of the microphones drops sig-
nificantly as studies with similar electret microphones have
shown previously [14].

The measurements are carried out fully automated con-
trolled by a computer. Thus, sensing over long periods of time
is feasible.

3 Measurements and results

We employed the system to monitor several trace
gases at different wavelengths and under different experimen-
tal conditions. The system can be used both for measuring sin-

FIGURE 3 Measurement of methyl bromide buffered in synthetic air at
room temperature and atmospheric pressure. The solid curve represents
a Lorentz curve of the pressure-broadened absorption line. The background
signal of synthetic air is represented by the data points at the bottom

gle gases at low concentrations, and for analysing mixtures of
different gases. Synthetic air (79.5% nitrogen and 20.5% oxy-
gen) was used as buffer gas for the measurements presented
here, which were all carried out at room temperature and at
different total pressures. The use of synthetic air ensures that
the pressure broadening is the same as in ambient air.

Figure 3 shows a recorded spectrum of methyl bromide
(CH3Br) around 3.382 µm. Methyl bromide is widely used in
agriculture and plays a key role in atmospheric chemistry [15].
Like many additional spectra taken of CH3Br, as well as of
other gases, this spectrum serves as a reference spectrum
which allows us to analyse multi-component gas samples.
Since there is no HITRAN data [16] available for CH3Br,
and since the NIST database [17] only offers a resolution
of 0.1 cm−1, i.e. much lower than the resolution achieved
with our system (0.005 cm−1), the measured data has been
compared to a Lorentz curve. The current detection limit for
CH3Br (ν1 band) is 250 ppmV at a signal-to-noise ratio (SNR)
of 3. An averaging time of 2 s per data point was chosen,
resulting in a total measurement time of about 20 min. The
strong scattering of the PA signal can be attributed to large
power fluctuations and the short averaging time used for these
preliminary measurements. If time resolution is not an is-
sue, longer averaging times could result in improved detection
limits, especially at low DFG power levels where the optical
parametric processes can be neglected.

Figure 4 shows the recorded spectrum of a two-component
gas sample containing 9 ppmV ethane (ν7 band) and 10 ppmV
methane (ν3 band) buffered in synthetic air. Methane is known
as one of the major greenhouse gases while ethane is consid-
ered as an important compound to study the effect of stress
on living tissue, particularly on plants [18]. The measurement
example clearly demonstrates the advantage of the large and
continuous tuning range as strong absorption lines of the two
gases can be used for detection, which considerably improves
the detection limits of both gases. The insets of the figure in-
dicate that, despite the large tuning range, the resolution of
each recorded spectrum is good and by far sufficient for multi-
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FIGURE 4 Combined spectrum of 9 ppmV ethane
and 10 ppmV methane diluted in synthetic air,
recorded at room temperature and 1-bar total pres-
sure. The solid lines in the insets represent the
calculated spectra using the HITRAN database
(right-hand scale). The data points represent the
normalised PA signal amplitudes (left-hand scale)

component measurements. The figure shows the measured
normalised PA signals in comparison to the calculated spectra
using the HITRAN database.

The PA signal fluctuations at the peak of the absorption
lines are larger than at the base. A possible explanation is the
fact that the DFG power for these two measurements was in
the range of 3 mW, indicating that OPG/OPA processes en-
larged the line width of the DFG radiation. The noise level
was determined from the baseline signal. The fluctuations of
the PA signal at peak absorption could be reduced by oper-
ating the system at lower incident DFG (OPG/OPA) power
as shown in Fig. 5. This observation implies that a reduced
power results in an improved SNR of the generated PA signal.
It should be noted, though, that this statement is a particu-
lar feature of the DFG system used here. The measurement
of these two gases at the spectral resolution shown in the
two insets takes about 40 min each. If the resolution is low-
ered, e.g. by taking fewer data points for each species or by
reducing the averaging time for each data point, the record-
ing time can significantly be reduced. Between the measure-
ments, only the temperature of the nonlinear crystal needs
to be changed slightly. As mentioned above, the nonlinear
quasi-phase-matching process responsible for the frequency
conversion is characterised by a rather large temperature ac-
ceptance bandwidth of about 17 ◦C. In this case, this is an
advantage since the temperature only needs to be roughly
adjusted to the optimum temperature. From these measure-
ments, the detection limits of methane and ethane at the wave-
lengths indicated in the figure can be calculated, yielding
1.3 ppm (SNR = 3) for methane and 1.8 ppm (SNR = 3) for
ethane.

Figure 5 shows the detailed measurement of 90 ppmV me-
thane in a mixture of 500 ppmV methyl bromide and 9 ppmV
ethane diluted in synthetic air carried out at room temperature
and at two different total pressures (1 bar and 300 mbar). The
measurement of methane was not carried out at the maximum
absorption strength, but in a section of the electromagnetic
spectrum where there is no interference from the other gases
present in the cell.
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FIGURE 5 Detailed measurement of 90 ppmV methane in a mixture with
500 ppmV methyl bromide and 9 ppmV ethane buffered in synthetic air at
room temperature and two different total pressures. The solid lines repre-
sent the calculated spectra according to the HITRAN database (right-hand
scale). The data points represent the normalised PA signal amplitudes (left-
hand scale). The background signal for synthetic air at a pressure of 1 bar is
plotted at the bottom

The obtained data agrees well with the calculated data
from the HITRAN database. The figure again demonstrates
the advantage of a narrow line width allowing highly re-
solved measurements. Especially, at a lowered pressure where
the pressure broadening is reduced, the individual absorption
lines of methane become well visible (300 mbar in the case
of Fig. 5). The PA signal decrease with decreasing gas pres-
sure is in qualitative agreement with the HITRAN data calcu-
lated for the two pressures. The decrease of the PA signal is,
however, somewhat stronger than predicted, which is caused
by a slightly reduced microphone responsivity at lower pres-
sure. This aspect, though, has been investigated in more detail
previously with another type of electret microphone and dif-
ferent experimental conditions [14]. In that study, single laser
pulses and a nonresonant PA cell were employed. In addition,
the laser fluence was high enough to saturate the absorption.
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The reduction of the microphone responsivity in the above-
cited study was particularly pronounced for pressures below
300 mbar, but may be different for the microphones used in
the present study.

The discrepancy between the recorded and the calcu-
lated spectra at 3.3802 µm, which is more pronounced at
lower pressure, most probably results from a water absorption
line. Other deviations, e.g. around 3.380 µm and 3.305 µm,
might result from the presence of methyl bromide. The ele-
vated floor can also be explained by the presence of methyl
bromide.

A further aspect concerns the noise level of the recorded
signal, which is smaller at lower pressure. A similar ef-
fect was found in another study with a quantum-cascade
laser with similar output power as the DFG source used
here [19]. A possible explanation of this observation is
that at lower pressure the coupling of ambient noise out-
side the cell into the cell is reduced owing to the reduction
of the acoustic impedance difference between the outside
and the inside of the cell. Although both these observa-
tions – with the DFG source and the quantum-cascade laser
– seem to indicate that it could be advantageous to oper-
ate a PA system at lower pressure to improve the noise
level (and possibly the signal-to-noise ratio), further inves-
tigations are required before general conclusions can be
drawn on its implications for PA gas measurements. It has
also to be kept in mind that a reduction of the gas pres-
sure can only be favourable for continuously tunable laser
sources unless the emission spectrum of a line-tunable source
coincides exactly with the peak absorption of the sample
analysed.

From the measurements (shown in Figs. 3–5 and others),
the detection limits of several gases could be determined as
listed in Table 1 at a signal-to-noise ratio of 3. In addition,
the theoretically calculated detection limits of other gases ac-
cessible with the system are given based on their absorption
strength. Compared to long-path absorption measurements
using DFG systems where detection limits down to ppbV
levels have been demonstrated (see e.g. [7]), the detection lim-
its achieved here are obviously higher. It should be noted,
however, that the PA detection scheme offers several advan-
tageous features as discussed below, notably easy alignment
and small cell volume (120 cm3 in this study). In addition,

Gas Formula Absorbancea Wavelength Detection MAKb

limit

Ethane C2H6 0.383 3.348 µm 1.8 ppmV 10 000 ppmV
Methane CH4 0.181 3.381 µm 3.8 ppmV 10 000 ppmV

0.493 3.270 µm 1.3 ppmV
Methyl bromide CH3Br 3.382 µm ∼ 250 ppmV 5 ppmV
Methyl chloride CH3Cl 0.062 3.372 µm 11 ppmV 50 ppmV
Hydrogen chloride HCl 0.613 3.375 µm 1.2 ppmV 5 ppmV
Carbonyl sulfide OCS 0.018 3.410 µm 40 ppmV
Nitrogen dioxide NO2 0.046 3.428 µm 15 ppmV 3 ppmV
Ozone O3 0.0027 3.460 µm 250 ppmV 0.1 ppmV
Formaldehyde H2CO 0.239 3.574 µm 3 ppmV 0.5 ppmV

a Absorbance A = log(1/T ); T = transmission for a concentration of 100 ppm diluted in synthetic air (20.5%
oxygen, 79.5% nitrogen) at room temperature and 1-bar total pressure, calculated for a path length of 1 m and
a concentration of 100 ppmV

b MAK = maximum permissible working place concentration

TABLE 1 Detection limits of the gases
measured and for some selected gases ac-
cessible with the system

many applications, e.g. working place surveillance, do not re-
quire ppbV detection sensitivity.

Table 1 gives the name of the gas and the chemical for-
mula as well as the absorbance, the measured or calculated
detection limit at the wavelength specified, and the maximum
permissible working place concentration (MAK). The ab-
sorbance is the value given in the HITRAN database for a gas
concentration of 100 ppmV at room temperature and one bar
total pressure for an absorption path length of 1 m at the wave-
length specified. The maximum permissible working place
concentrations are taken from [20]. The comparison of the
detection limits and the MAK data implies that certain sub-
stances can easily be monitored at working places, especially
methane and ethane while, for other substances, the detection
limit needs to be improved. As mentioned above, the signal
in a PA detection scheme is proportional to the incident laser
power, to the number of absorbing molecules and their ab-
sorption cross section, and to the Q-factor of the gas cell in the
case of an acoustic resonance. The absorption cross section is
an intrinsic parameter of the gas species analysed. The absorp-
tion strength and hence the absorbed power can be optimised
by choosing an appropriate wavelength of the light source.
The Q-factor of the cell and the incident laser power can both
be tailored. Increasing the laser power would involve either in-
creasing the power of the incident laser beams or, preferably,
better adjustment of the nonlinear crystal. The maximum the-
oretically achievable average power for pure DFG radiation
(neglecting all absorption and reflection losses) is approxi-
mately 3 mW, which is close to the measured DFG power,
indicating that at the current incident laser powers other non-
linear processes are either already present or just about to
become important. As mentioned above, higher signal and
pump power would improve the idler power, yet at the cost of
a broader line width due to increased power originating from
OPG/OPA processes. Thus, it might be difficult to further en-
hance the DFG power by readjusting the nonlinear crystal.
Hence, the most promising approach to improve the detection
limits lies in the design of a PA cell with a higher Q-factor,
in multi-pass configuration, and/or insertion of more micro-
phones.

When increasing the Q-factor of the PA cell, care has to
be taken of the cited frequency fluctuations of the Q-switched
Nd:YAG pump laser. A 20-times higher Q-factor (of 80), for
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example, would result in a resonance width of about 70 Hz
(FWHM) and hence the jitter of the Nd:YAG laser of less than
1% (about 50 Hz) would result in PA signal fluctuations of
almost 50%.

A probably more promising approach would be a multi-
pass configuration as successfully realised in another study
[21]. With a 36-fold increase of the path length a 19-fold
PA signal enhancement was achieved. This type of signal
enhancement, though, is at the cost of the compact cell de-
sign. In addition, a multi-pass configuration requires highly
reflecting mirrors. An even more straightforward approach
might thus be a resonant cell equipped with more micro-
phones. A compact nonresonant 80-microphone cell has been
presented in [22]. It could be demonstrated that the PA sig-
nal scales with the number of microphones (N) whereas the
signal-to-noise ratio scales with N1/2. Even in combination
with a resonant cell, a substantial signal enhancement can be
expected. An improvement in the detection limits by a factor
of 10 to 100 thus appears feasible with a carefully designed
compact PA cell.

4 Conclusion

A laser spectroscopic scheme for trace-gas sensing
based on difference-frequency generation and photoacous-
tic detection has successfully been applied to trace-gas de-
tection and multi-component analysis with detection limits
in the low-ppmV range. The broad and continuous tuning
range allows multi-component measurements. In a gas mix-
ture, each species can be analysed at a wavelength where
the absorption features are very distinct and unique. On the
one hand, the large tuning range enables higher sensitivity.
On the other hand, it also extends the dynamic range by the
possibility to monitor one and the same species at different
wavelengths exhibiting different absorption cross sections. In
addition, the narrow line width of the laser source helps dis-
tinguishing between different components of the gas mixture
even if the absorption lines of the gas under investigation ap-
pear at almost the same positions. Thus, the stated detection
limits are not only valid for interference-free measurement
conditions, but in most cases also apply to multi-component
mixtures because the DFG wavelength can be tuned to an
appropriate wavelength. The narrow line width also allows
high-resolution measurements, e.g. at lowered pressure only
limited by the accuracy at which the wavelength of the two
incident laser beams can be measured (≤ 1 pm).

The photoacoustic detection scheme has the advantage
that the alignment of the cell is fairly easy, unlike multi-pass
cells. Furthermore, the transverse beam profile is less criti-
cal. In addition, no optics exhibiting wavelength-dependent
transmission and/or reflection characteristics is used, which
is important for measurements over a large tuning range. This
also reduces contamination problems encountered in field
experiments. The same PA cell can also be employed for

other wavelength ranges, which is not generally possible for
other detection schemes such as cavity ring-down. Finally,
no cooled detectors are required as the signal is recorded by
microphones.

The drawback of the system is that the laser power of the
DFG signal is rather low for photoacoustics, thus limiting the
sensitivity of the system. Improvements of the PA cell de-
sign and an enhancement of the DFG laser power by further
optimising the adjustment of the nonlinear crystal or employ-
ment of a nonlinear material with higher conversion efficiency
should result in considerably lower detection limits.
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