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A photoacoustic gas sensor exploiting a quantum cascade laser as a radiation source is
demonstrated. A detection limit of ⬃1 ppm with 1 ms response time is found using a Peltier-cooled
Fabry–Pérot InGaAs-based quantum cascade laser emitting at 9.4 m, and a commercial
microphone as a detector. The photoacoustic cell consists of a Helmholtz resonator preceeded by a
low-pass acoustic filter. This geometry is well adapted to the shape of the laser beam and allows for
an effective filtering of ambient acoustical noise. The relative simplicity of the system is particularly
attractive for applications where sensitivity, robustness, and ease of fabrication are all fundamental
requirements. © 2002 American Institute of Physics. 关DOI: 10.1063/1.1480463兴

I. INTRODUCTION

providing hundreds of meters of optical path length, or cavity ringdown spectroscopy. Due to their high cost and complexity, we believe that in spite of their performance, these
systems will hardly satisfy market needs except in some particular niche applications.
For a couple of decades, laser photoacoustic spectroscopy 共LPAS兲 has emerged as a valid alternative to all-optical
spectroscopic techniques, and sub-ppb detection limits are
now obtained in commercial systems for trace gas
applications.11–14 In LPAS, the intensity 共or the wavelength兲
of the laser source is modulated at a frequency v m lying in
the acoustic range. A heat transfer occurs from the optically
excited molecules to the surrounding ones producing a pressure wave of frequency v m , which is detected by means of
an acoustic transducer. The use of a simple commercial microphone as a detection element constitutes a great advantage of LPAS with respect to transmission spectroscopy techniques. This is particularly relevant when MIR sources are
employed. In fact, in this case, nitrogen cooled HgCdTe infrared detectors provide the only viable solution for reaching
the required sensitivities, in spite of being expensive and
impractical. This is the reason why, although limits of detection in the part per million 共ppm兲 and sub-ppm range were
demonstrated with QCL’s in standard transmission
configurations,15 nevertheless, it is not clear whether these
solutions will ever compete against systems exploiting near
IR DL’s.1
In this article, we present the operation of a gas sensor
prototype based on the photoacoustic effect, exploiting a
QCL as a radiation source. The main guideline driving the
conception of the sensor was that of maximizing its simplicity while keeping a reasonable sensitivity. Previous works
demonstrated photoacoustic spectroscopy with QCL’s by exciting the fundamental longitudinal acoustic mode of a cylindrical chamber.16,17 In fact, up to one order of magnitude
larger Q factors could be obtained in a configuration exploiting the resonance of radial modes.12 Unfortunately QCL’s
suffer from strong beam divergence, which hinders the possibility of an efficient excitation of such modes.18 This is the

Diode lasers 共DL’s兲 represent the ideal sources for application to in situ optical gas sensing. Among their most useful
properties, the possibility of electrically tuning the emission
wavelength has allowed for the introduction of a whole family of wavelength modulation techniques which, during the
last few years, considerably improved the sensitivity, selectivity, and response time of optical gas detectors.1 Also, from
the point of view of commercial applications, their reduced
size and low cost are two fundamental features making DL’s
particularly competitive with respect to gas lasers and other
types of solid-state lasers.
Up until a few years ago, DL’s did not provide adequate
performance, i.e., single mode emission with output powers
in the mW range at room temperature, in the midinfrared
共MIR兲 region of the electromagnetic spectrum. This represented a major limitation to the ultimate sensitivity and selectivity of gas sensors since most molecules have their more
intense absorption lines and specific spectral shape in this
wavelength range. Indeed, beyond ⬃2.5 m wavelength, the
only DL’s available were lead salt lasers 共3–30 m兲 which
suffer from low output powers and operation at cryogenic
temperatures.2,3 Recently, a new class of solid-state lasers
has emerged providing output powers in the mW range together with close to and room-temperature operation. Quantum cascade lasers 共QCL’s兲 are semiconductor lasers which
rely on intersubband rather than interband transitions as with
conventional DL’s.4 – 6 Thanks to this, devices can be designed with an emission wavelength within the 3–25 m
range, therefore virtually spanning the whole MIR
spectrum.7
Applying QCL’s to gas sensing, parts per billion 共ppb兲
and sub-ppb detection limits could be reached, therefore
proving the potentialities of this new type of source.8 –10
However, such elevated sensitivities were obtained via relatively exotic spectroscopic solutions such as multipass cells
a兲
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FIG. 1. Schematic drawing of the photoacoustic cell and of the experimental setup. Diameters of first and second cylindrical chamber are 30 mm and
20 mm, respectively, while the interconnecting channels are 10 mm in
length and have a diameter of 6 mm. The length of the second chamber can
be varied from 20 to 2 mm and the diameter of the pinhole from 5 to 0.5 mm
共see text and Figs. 2 and 3兲. The photoacoustic cell is made of brass and
internal surfaces were polished in order to maximize the reflection of radiation. The QCL/was driven in pulsed mode 共Alpes Lasers Laser Driver 100兲
with 80 ns pulsewidth and 300 kHz repetition rate. A further slow modulation in the kHz range was added to generate the photoacoustic signal. Gas
was introduced in the cell via the back-side inlet channel and could flow out
through the short channel close to the ZnSe window 共the thickness of the
volume beside the window is 0.5 mm兲. Shaded regions represent pictorially
the propagation of the pressure wave that is generated in the first chamber.

reason why here we have chosen to develop a Helmholtz
resonator. Compared to the excitation of longitudinal modes,
this solution represents an alternative that is particularly well
adapted to the shape of QCL’s beam. Since we were not
particularly concerned with selectivity, all measurements
were performed using a multimode emission Fabry–Pérot
QCL that was amplitude modulated.

II. DESIGN OF THE PHOTOACOUSTIC CELL AND
EXPERIMENTAL RESULTS

Figure 1 shows the experimental setup together with the
schematic drawing of the photoacoustic cell. This consists of
a first chamber connected via two 6 mm diameter channels to
a second chamber containing the detection microphone. The
second chamber plus the connecting channels form a Helmholtz resonator.12,19–22 This type of resonator does not rely on
the generation of standing wave modes.16,17 Instead, sound
amplification is obtained 共via left to right oscillations of the
gas volume inside the channels. These oscillations generate a
periodical compression and expansion of the gas enclosed in
the chamber. At resonance, this produces an enhancement of
the average pressure inside the chamber with respect to the
pressure in the connecting channels. In this instance, the geometrical parameters were selected in order to obtain a resonant frequency v 0 in the kHz range.19
In the middle of the outer side of the photoacoustic cell
共Fig. 1兲, a 500 m diameter pinhole is drilled so that the first
chamber is terminated on both sides by two openings. This
produces a low-pass acoustic filter which attenuates ambient
noise as well as window noise generated by radiation absorption in the window which closes the cell.12,19 By a suitable
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FIG. 2. Photoacoustic and noise spectra of the cell measured by means of a
spectrum analyzer 共Stanford SR760 FFT兲. Solid line: Photoacoustic response obtained by filling the cell with ethanol vapors 共see Ref. 24兲 and
sweeping the slow modulation frequency from 0 to 3.5 kHz. The length of
the inner chamber was set to ⬃15 mm. Dashed line: Noise spectrum obtained by integrating the microphone signal for a few minutes with the QCL
switched off. Inset: Photoacoustic spectra obtained by increasing the length
of the Helmholtz resonator from ⬃2 to ⬃20 mm.

design, the cutoff frequency of this filter was set at ⬃200 Hz,
i.e., well below the resonant frequency of the inner Helmholtz resonator.
The operating principle of the photoacoustic sensor is
the following. By electrically modulating the amplitude of
QCL radiation at v 0 and by focusing the laser beam on the
pinhole, we generate a sound wave inside the first volume.
This wave enters into the connecting channels giving rise to
forced pressure oscillations that are amplified by the Helmholtz resonator and finally detected by the microphone.
Therefore, while strongly attenuating environmental and
window noise, the low-pass filter does not affect the photoacoustically generated sound wave since this is created inside
the first chamber. This way, the present cell design allows for
an effective increase of the signal to noise ratio.22 Furthermore, this photoacoustic cell adapts particularly well to
sources with strongly divergent beams. In fact, a beam with a
wide aperture will excite a maximum gas volume in the first
cavity as well as directly inside the channels 共Fig. 1兲.
A multimode Fabry–Pérot InGaAs-based QCL 共Alpes
Lasers S1838兲 with a spectral bandwidth of ⬃30 cm⫺1 centred around an emission wavelength of 9.4 m, was employed to obtain the frequency response of the present gas
sensor 共Fig. 2兲. We used ethanol vapors as absorbing gas.23,24
The device was mounted on a custom made Peltier cooling
system and operated in pulsed mode with 80 ns pulsewidth
and 300 kHz repetition rate at a temperature of 240 K. We
measured a few mW of average power. A further slow amplitude modulation in the kHz range was superimposed to the
fast one, resulting in a train of pulses. This slow frequency
was continuously swept between 1 Hz and ⬃3.5 kHz. QCL
laser radiation was collected and then refocused on the 500
m pinhole 共Fig. 1兲 by means of two ZnSe lenses 共f /0.5 and
f /2, respectively兲. The acoustic signal was finally collected
by means of a Sennheiser Elektret microphone, model KE
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FIG. 3. Noise spectra for different diameters of the pinhole drilled in front
of the first volume 共Fig. 1兲. From upper to lower curve, diameters sizes are
5 mm, 3 mm, 1 mm, and 0.5 mm respectively. On the left-hand side, we
clearly observe a decrease of the cutoff frequency of the acoustic filter for
decreasing hole diameter. A global reduction of the noise intensity is also
reported thanks to progressive isolation from external environment.

13-227, and fed into a spectrum analyzer. Measurements
were performed with a continuous gas flow.
The pronounced peak at 1.3 kHz in the solid curve of
Fig. 2 is due to the Helmholtz resonator, while on the lowfrequency side, we clearly observe the effect of low-pass
acoustic filtering. The Q factor of the cavity is obtained from
the ratio ( v 0 /⌬ v ), where v 0 is the resonance frequency and
⌬ v is the width of the peak at 1/冑2 of the maximum.25 From
Fig. 2, we obtain Q⫽24 which is in agreement with
calculations.19 This represents the pressure amplification of
our resonator, i.e., the ratio of the acoustic pressure amplitude within the cavity to the driving pressure amplitude inside the channels. The dashed curve of Fig. 2 represents the
noise spectrum, obtained by integrating the microphone signal over several minutes with the QCL switched off. By
comparison with the solid curve 共curves were normalized in
order to obtain the same values at low frequencies兲, we have
a clear demonstration of the effect of the acoustic filtering:
external noise at 1.3 kHz is reduced while the photoacoustic
signal is left unaltered. Similar measurements were performed on a cell consisting of a simple Helmholtz cavity. As
expected, in that case, both photoacoustic and noise spectra
showed a pronounced peak at the resonant frequency, resulting in a factor of 10 lower signal to noise than that obtained
with low-pass filtering. In the inset of Fig. 2, we report the
photoacoustic spectra for different volumes of the Helmholtz
resonator. The Q factor increases by a factor of ⬃5 with
increasing volume, i.e., by decreasing the resonant frequency
from 2.7 to 1.3 kHz 关for a simple Helmholtz resonator Q is
proportional to ( v ) ⫺1 兴.19 In the same frequency range, the
noise intensity at resonance was found to increase only by a
factor of 3 due to the effect of the acoustic filter. Therefore,
by setting the resonant frequency at ⬃1.3 kHz, we optimize
the performance of the cell.
In Fig. 3, we report the noise spectrum of the resonator
as a function of the diameter of the pinhole drilled in front of
the acoustic filter 共Fig. 2兲. As expected, decreasing the hole
diameter from 5 to 0.5 mm has two major consequences: 共i兲
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FIG. 4. Signal to noise vs ethanol vapors concentration in ppm. Linear
extrapolation leads to ⬃1 ppm minimum detectable concentration. Data was
collected with a continuous gas flow. Microphone signal was preamplified
and measured with a lock-in amplifier 共Stanford SR530兲 locked at 1.34 kHz
共10 ms integration time兲. This frequency corresponds to the peak of the
photoacoustic spectrum shown in the inset. Inset: Photoacoustic spectrum.
Filtering of the preamplifier is responsible for the rapid decrease of the
signal at low frequencies 共compare with Fig. 1兲.

cutoff frequency is shifted toward lower frequencies, and 共ii兲
the overall noise level is substantially reduced due to a more
effective acoustic isolation. To this extent, it is to be noted
that due to the lateral dimensions of the QCL, ⬃30⫻5 m,
the size of the diameter could be further reduced to at least
⬃100 m without any power loss. On the other hand, a
compromise can be found between the need for a sufficiently
low noise level and the size of the pinhole. In fact, considering the beam divergence of the QCL,18 a hole with a few
mm in diameter is sufficient to collect all the emitted radiation when the laser is positioned just in front of the ZnSe
window 共see Fig. 1兲. With such a solution, one could eliminate the focusing optics. This would have a clear advantage
in terms of lower costs, but also in terms of lower power loss
due to reflections at interfaces.
Finally, we evaluated the detection limit of our sensor.
This is reported in Fig. 4, which shows the dependence of the
measured signal to noise for decreasing ethanol concentration. The laser was operated in pulsed mode as described
herein with a slow modulation frequency v m ⫽1.3 kHz 共see
inset. We measured a collected average output power of ⬃10
mW over a single train of pulses (T⫽240 K). The microphone output signal was fed into a lock-in amplifier after
passing through a filtering and preamplification stage.
Over the measured range of concentrations the Beer–
Lambert law can be linearized and this explains the observed
linear decrease of the photoacoustic signal.12 The extrapolated minimum detectable concentration is ⬃1 ppm and is
limited by electrical pickup noise. The sensitivity obtained is
comparable to that reported in Ref. 16 with 1 s integration
time. Here, we want to stress that data points were acquired
with only 10 ms integration time. In fact, the response time,
thanks to the small volume of the cell and the magnitude of
v m , is below 1 ms.
The present performance shows that the sensor is potentially interesting for a variety of applications ranging from
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industrial process control to pollution monitoring. However,
we believe that the sensitivity of the sensor can still be improved. Toward this end, the following critical points will be
addressed in the future: 共i兲 reduction of electrical pick-up
noise, 共ii兲 reduction of acoustic noise, and 共iii兲 increase of
cavity Q factor. Furthermore, the possibility of completely
eliminating the optics while still maintaining an effective
noise filtering is an option that we are exploring experimentally. With respect to photoacoustic detection schemes based
on the excitation of longitudinal modes, which need a focused beam,16,17 this would represent a considerable advantage in terms of simplicity and ease of fabrication. These
results were obtained using a multimode Fabry–Pérot QCL.
Actually, the use of DFB devices, which are commercially
available, would greatly improve the selectivity of the sensor
for applications where spectral interference is a major concern.
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