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Summary. — We will report here on the design and realization of an optoacoustic
sensor for trace gas detection. The sensor consists of a commercial quantum cas-
cade laser and a resonant photoacoustic cell. Two different cell configurations have
been investigated: a “standard” H-cell and an innovative T-cell. We will describe
the results obtained in the detection of different gases, such as nitric oxide, which
plays an important role in environmental pollution and in medical diagnostics, and
formaldehyde, a gas of great interest for indoor and outdoor air pollution.

PACS 07.88.+y — Instruments for environmental pollution measurements.
PACS 42.62.Fi — Laser spectroscopy.

PACS 42.72.Ai — Infrared sources.

PACS 42.55.Px — Semiconductor lasers; laser diodes.

1. — Introduction

The detection of trace gases with concentrations in the parts in 10° (ppbv) and sub-
ppbv range is of great interest in a wide range of applications such as pollution moni-
toring, toxic-gas detection, human breath analysis for medical diagnostics and industrial
process control.

In recent years, the development of new mid-infrared laser sources, i.e. gas lasers (CO,
COy), lead-salt diode lasers, coherent sources based on difference frequency generation,
optical parametric oscillators, quantum and interband cascade lasers, has given a new
impulse to infrared laser-based trace gas sensors. Among them, single-mode quantum
cascade lasers (QCLs) have become very attractive for mid-infrared gas sensing tech-
niques thanks to single-frequency operation, narrow linewidth, high powers at mid-IR
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wavelengths (3 to 24 ym), room temperature and continuous wave (CW) operation [1].
They overcome some of the major drawbacks of other traditional mid-IR laser sources,
i.e. lack of continuous wavelength tunability and large size and weight of gas lasers,
large size and cooling requirement of lead salt diode lasers, complexity and low power of
nonlinear optical sources.

In combination with these laser sources, photoacoustic spectroscopy (PAS) offers the
advantage of high sensitivity (ppbv detection limits), large dynamic range, compact set-
up, fast time-response and simple optical alignment, if compared with other more con-
ventional spectroscopic detection schemes, such as multi-pass absorption spectroscopy,
which offer similar performances but require more sophisticated equipments.

PAS is based on the generation of an acoustic wave in a resonant gas cell resulting
from the absorption of modulated light of appropriate wavelength by molecules. The
amplitude of this sound wave is directly proportional to the gas concentration and can
be detected using a sensitive microphone if the laser beam is modulated in the audio
frequency range [2].

We will describe here an optoacoustic sensor designed for the detection of two different
gases: nitric oxide (NO) and formaldehyde (CH2O).

The detection and quantification of NO play an important role in environmental
pollution monitoring and in medical diagnostics. NO is formed during high-temperature
combustion process, such as car exhaust, and it is implicated in the depletion of ozone
layer and the generation of photochemical smog and acid rain [3]. More recently it has
been demonstrated that NO is involved in biological functions and human pathologies.
In particular, NO detection in human breath is important in non-invasive diagnostic of
asthma and inflammatory lung diseases [4, 5].

CH>O is considered a carcinogenic pollutant in the atmosphere and of concern in the
indoor environment. CH5O plays an important role in atmospheric chemistry, where it
comes out as an intermediate species in the oxidation of most biogenic and anthropogenic
hydrocarbons. It is also known as a primary emission product of incomplete hydrocar-
bon combustion [6], so represents an ubiquitous component of both remote and polluted
urban atmospheric environments. The CH>O concentrations in polluted urban environ-
ments are in the order of 10-20ppbv, whereas in non-urban locations concentrations
from 0.01 to 10 ppbv have been observed [7-10]. Moreover, formaldehyde is a chemical
widely used in the manufacture of building materials and many household products like
foams, consumer paints and polymer products. Outgassing of formaldehyde from these
materials may lead to high CH2O concentration levels in indoor air. Even at low con-
centrations, formaldehyde can lead to health risks and may be associated with various
diseases, such as bronchial asthma, atopic dermatitis and “sick building” syndrome. At
concentrations of 100-500 ppbv irritation of eyes, nose and throat has been reported. At
higher concentrations CH2O leads to headaches and dizziness, and at 100 ppmv (parts
per million in volume) exposure can be fatal [11].

2. — Photoacoustic spectrometer

The standard approach to detecting the acoustic signal generated by the modulated
laser radiation in a weakly absorbing gas utilizes an acoustic resonator [12-14].
The PA signal measured by the microphone is given by

S=C-P\)-a),



QUANTUM CASCADE LASER-BASED PHOTOACOUSTIC SENSOR ETC. 615

hv Resonator with one
Laser .
or more microphones
Computer Electronics

Fig. 1. — Typical PA spectrometer.

where C'is the cell constant in the unit of Vem/W, P the optical power of the laser source
and « the absorption coefficient which is related to the gas concentration (NN, number
density of molecules) and absorption cross-section (o) by @ = No. The cell constant
depends on the geometry of the sample cell, the beam profile, the microphone response
and the nature of the acoustic mode.

In our laboratories we have developed quantum cascade laser-based photoacustic sen-
sors interesting for trace gas detection in pollution monitoring, industrial process control
and medical diagnostic with a detection limit down to few tens of ppbv.

The optoacoustic sensors consist of a resonant cell, a commercially available dis-
tributed feedback quantum cascade laser source (QCL-DFB) and a signal acquisition
and processing equipment. The light sources were supplied by Alpes Laser with drive
electronics for pulsed operation at room temperature. A schematic diagram is shown
in fig. 1.

The absorption of modulated laser radiation by molecules generates an acoustic signal
in the cell, used for photoacoustic measurements. The PA signal can be amplified by
tuning the modulation frequency to one of the acoustic resonances of the sample cell.
In this resonant case the cell works as an acoustic amplifier; the absorbed laser power
is accumulated in the acoustic mode of the resonator for () oscillation periods, where
Q@ is the quality factor, typically in the range of 10-300. The excited sound waves can
be detected by one or more microphones and the microphones signal is measured by a
lock-in amplifier.

Two types of resonant photoacoustic (PA) cell configurations have been investigated:
a standard H-cell and an innovative T-cell.

2'1. H-cell. — The resonant photoacoustic cell characterized by a H geometry consists
of a cylindrical stainless-steel resonator of 120 mm length and 4 mm radius, with two
60 mm (A/4) long buffer volumes connected to its endings in order to reduce by destruc-
tive interference the background signal, due to the heating of the two ZnSe windows,
sealing the cell at its ends. To reduce the influence of adsorption/desorption processes
at the inner surfaces of adhesive molecules, such as CHyO and NO, a PA cell with gold-
coated inner walls cell has been realized. The resonator, placed in a massive aluminum
housing to minimize sensitivity to external noises, was designed to be excited in its first
longitudinal mode at 1380 Hz; it was equipped with 4 electret microphones (Knowles EK
3024) with sensitivity of S,,, = 20mV /Pa, placed on the antinode of the acoustic mode
to increase the signal-to-noise ratio. The electrical signal, fed by the microphones, was
pre-amplified and then measured by a digital lock-in amplifier (EG&G Instruments) with
a 10s integration time constant. The laser radiation was collected with an AR-coated
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Fig. 2. — Schematic diagram of the photoacoustic H-cell.

ZnSe lens (2.54 cm focal length, f/1) and collimated by a beam condenser (0.2X) to avoid
reflections on the cell walls. In fig. 2 we show a schematic of the H-cell.

In order to calculate the resonance frequency and the quality factor, we have measured
the response of the cell in air using white noise as source. In fig. 3 the frequency response
of the H-cell is reported; for our experiments we have selected the first longitudinal
mode at 1380 Hz, showing a Q-factor of 45. The fundamental longitudinal eigenmode
corresponds to that of a pipe with two open ends as reported in the inset of fig. 3.

2'2. T-cell. — The resonant T-cell is characterized by a T geometry consisting of
two intersecting volumes: an optical absorption volume and an acoustical resonance
cylinder. This design allows independent optimization of the key parameters affecting
the sensitivity of the PA sensor. The internal walls of the optical cavity have been shaped
in order to produce multiple light reflection and subsequent focusing in the cavity center.
We can change the resonator length and radius using a mechanical system in a range
between 60-113 mm for the cylinder length and 8-12 mm for the internal diameter. At the
end of the resonance cylinder an electret microphone (Knowles EK 3024) is mounted.
This design does not require a collimated laser beam. This allows to use a mid-IR
optical fiber to couple the laser source and the PA cell eliminating any optical alignment
issue. The inner walls are gold coated in order to reduce adsorption/desorption effects
of adhesive and highly polar molecules, such as CH20O, on the walls of the PA cell. In
fig. 4 a schematic of the T-cell is reported.

The electrical signal, fed by the microphone, was pre-amplified and measured by a
digital lock-in, with a 10s integration time constant.

We have studied the response of the T-cell in air as a function of the resonator length
L using as source white noise. In fig. 5 the frequency response of the T-cell, corresponding
to the fundamental longitudinal eigenmode of a pipe with one open and one close end,
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Fig. 3. — Response of the H-cell photoacoustic sensor to a white noise source. From the fit of
the data (dotted line) we extract the resonance frequency and the related @-factor. In the inset
a schematic of the fundamental longitudinal eigenmode of the resonator (pipe with two open
ends) is reported.
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Fig. 4. — Schematic diagram of the photoacoustic T-cell.

for a cylinder length of 88 mm and a diameter of 12 mm is reported. This acoustic mode
is characterized by a resonance frequency of 830 Hz with a @-factor of 10. This results
the best resonance configuration, in terms of quality factor, PA signal and immunity to
external noise sources.

3. — Experimental results

Both the two PA sensors have been fully calibrated in terms of detection limit and
minimum detectable absorption coefficient using certified gas mixtures [15,16].

3'1. Formaldehyde. — The laser used is a commercially available QC-DFB laser working
in single-mode emission at a wavelength around 5.62 ym, where the formaldehyde C=0
stretching mode (v, fundamental band) is located [17].

For highly sensitive spectroscopic detection of CH5O, suitable absorption lines char-
acterized by high absorption intensity and free of cross-interferences of other gases have
to be selected. Since strong absorption lines of HoO fall in the spectral region of laser
tunability, we performed an analysis of reference spectra of CH,O and H5O, obtained
by ref. [18] and HITRAN database, respectively [19], in order to evaluate their possible
interferences.

For PA detection of CHyO we selected the absorption line at 1778.9cm ™!, where
we have a small overlap with water lines. This line is characterized by a strength of
5.68 x 1072° cm/molecule. The lasing emission has been fixed over this line by setting
the temperature of our QC laser at T = 13.7°C. A certified 99.8-ppmv CH50 in Ny
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Fig. 5. — Response of the T-cell photoacoustic resonator to a white noise source, for a longitudinal
resonator length of 88 mm. The resonance frequency and the related Q-factor were calculated
from the fit of the data. In the inset the fundamental longitudinal eigenmode of the resonator
(pipe with one open and one close end) is reported.
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Fig. 6. — PA signal vs. CH20 concentration measured using the H-cell. The symbols represent
experimental data, the solid line is a linear fit. The vertical arrow marks the noise equivalent
(signal-to-noise ratio of 1) minimum detection limit of 150 ppbv.

mixture was used to obtain known concentrations of the investigated gas via two mass
flow controllers (Brooks Instrument). We use a chemical trap (Entegris mod. 35KF) to
reduce the water vapour concentration in the certified mixture down to 0.1 ppbv. The
pressure in the PA cell was kept at 1 bar. The background signal was measured by filling
the PA cell with pure nitrogen and the electronic noise, due to electromagnetic noises and
uncorrelated with the modulation frequency, was detected with the laser beam off. Each
measurement was performed after an accurate purging of the cell to avoid contributions
from adsorbed-desorbed molecules. The purging of the system was accomplished by a
small vacuum diaphragm pump.

Figure 6 shows the PA signal measured using the H-cell as a function of CH20O con-
centration and corrected for in-phase component of the background.

In fig. 7 preliminary results obtained with the alignment-free optoacoustic sensor
based on the photoacoustic T-cell are reported.
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Fig. 7. — PA signal vs. CH20 concentration measured using the T-cell. The symbols represent
experimental data, the solid line is a linear fit. The arrow marks the noise equivalent (signal-
to-noise ratio of 1) minimum detection limit of 15 ppbv.
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TABLE 1. — H- and T-cell sensor performances.

CH20 T-cell H-cell
Detection limit (ppbv) 15 150
Min. det. abs. coefficient (cm ™' W/Hz'/?) 1.6 x 1077 2.0 x 1078
Qmin (cm™1) 5.2 x 1078 6.6 x 1077

In figs. 6 and 7, the solid lines are linear fits of the background-corrected data and
show a strong linear relationship between the PA signal and the CH>O concentration.

From the experimental data measured using the H- and T-cell we can extract the sen-
sor detection limit and minimum detectable absorption coefficient, normalized to power
and detection bandwidth. The detection limit was calculated by considering a signal-to-
noise ratio (SNR) of 1 from the following equation:

o SNRU7
a

where ¢ is the standard deviation of the linear fit and a the slope of the calibration
curve (calibration factor). Sensors performance can be described also by the minimum
detectable absorption coefficient, normalized to power and detection bandwidth:

Q'min ]DO

VAT

where i, is the minimum detectable absorption coefficient at a SNR = 1, P, the
average laser optical power and Af the equivalent noise detection bandwidth.

In table I the H- and T-cell sensor performances are summarized. Both the detection
limit and the minimum detectable absorption coefficient extracted for the T-cell config-
uration result about one order of magnitude better than those measured for the H-cell
and this improvement results to be mainly due to the improved laser-cell coupling and
to the reduction of the background signal obtained for the T configuration, which results
also more compact and portable.

To quantify CH2O concentrations, several laser-based spectroscopic sensors have been
developed. One of the best results obtained was achieved using a more conventional spec-
troscopic detection scheme based on lead salt diode laser-based and a multipass optical
cell with an effective optical path length of 100 m [20]. With this spectrometer detection
of atmospheric formaldehyde was performed with a replicate precision < 0.050 ppbv for
a 1 minute integration time, but cryogenically cooled laser light source and detector are
required.

D =

3'2. Nitric oxide. — The light source used in this optoacoustic setup is a QC-DFB
laser operating in pulsed mode at a wavelength around 5.34 ym. In order to maximize
the laser power, limiting chirping effects, we worked with pulse duration of 42ns and a
duty cycle of 1.4%. The laser beam intensity was modulated by a mechanical chopper
at the first longitudinal resonance frequency of the photoacoustic H-cell. For our sensor
calibration we selected the P(1.5) NO lines located around 1871.06 cm~!, having a maxi-
mum intensity of 0.8 x 1072° cm/molecule. The lasing emission was tuned over these lines
by setting the temperature of our QC laser at T' = 22 °C. The concentration of NO was
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Fig. 8. — PA signal vs. NO concentration measured using the H-cell. The symbols represent
experimental data, solid line is a linear fit. The arrow marks the noise equivalent (signal-to-
noise ratio of 1) minimum detection limit of 150 ppbv.

reduced from 10 ppmv to 460 ppbv in steps and the magnitude of the photoacoustic signal
was measured by the lock-in amplifier. Every time the gas concentration was changed,
the working modulation frequency was optimized in order to follow the slight variation
of cell resonance frequency. The background signal, mainly due to the periodical heating
of the PA cell windows and walls, was measured by filling the PA cell with pure nitrogen;
the noise, due to external acoustic and electromagnetic noises and mainly uncorrelated
with the modulation frequency, was detected with the laser beam off.

Figure 8 shows the measured PA signal as a function of NO concentration corrected
for in-phase component of the background. These measurements were performed after
an accurate purging of the cell to avoid contributions from adsorbed-desorbed molecules.
The solid line is a linear fit of the background-corrected data and shows a strong linear
relationship (r? ~ 0.99) between the PA signal and the NO concentration. In this case
we obtained from the experimental data a minimum detectable absorption coefficient of
1.3 x 10~7cm ™!, a minimum detectable absorption coefficient normalized to power and
detection bandwidth of 2.0- 107 W - cm~! Hz~!/2 and a detection limit of 150 ppbv.

Higher NO sensitivities were demonstrated with mid-IR spectrometers based upon a
cw DFB QCL and a multiple-pass optical cell.

As an example, in 2006 Moeskops and co-workers [21] monitored the un-resolved NO-
doublet at 1850.18 cm ™~ using a single-mode thermoelectrically cooled cw QCL combined
with wavelength modulation spectroscopy and an astigmatic multipass cell with an ef-
fective optical path of 76 m. They achieved a detection limit of 0.2 ppbv for NO in N2
with a 30s integration time at 76 Torr. However, this sensitivity can only be reached
with complex and bulky apparatus as multipass cell and cryogenically cooled low-noise
detector which are of poor interest in the development of selective and sensitive optical
sensors for field applications.

4. — Conclusions

PA trace gas sensors, based on a quantum cascade lasers, have been developed and
calibrated. Two different resonant cells have been employed and the laser wavelengths
have been carefully selected in order to achieve strong NO and CH>O absorption, while
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keeping the possible interferences from other species as low as possible. The PA sensors
have been fully calibrated in terms of detection limit and minimum detectable absorption
coefficient. A detection limit of 150 ppbv has been obtained for both the NO and CH,O
sensors using a H-cell configuration. Preliminary results obtained with the new PA cell
characterized by a T geometry demonstrate that detection limit of few tens of ppbv and
record normalized noise equivalent concentration in the range of 10~? cm~' W/Hz'/2 may
be obtained; in particular, for CH5O, a sensitivity improvement of one order of magnitude
compared to the reported results with a conventional PA cell with H geometry has been
obtained.

In addition to this, photoacoustic spectroscopy has the potentiality to result in simple,
robust, cheaper and easy to maintain designs, less sensitive to the problems of interfer-
ence fringes and optical misalignments, giving PAS a competitive advantage over other
sensitive techniques and the possibility to obtain a man-portable sensor. In fact, although
sub-ppbv CH0O and NO detection sensitivities have been reported with the more conven-
tional absorption spectroscopy in a multipass optical cell [20,21], these techniques need
sophisticated and/or cumbersome equipments, not suitable in applications which require
compact and portable sensors. In particular, multi-pass absorption spectroscopy requires
high-volume multi-pass cell and sensitive cryogenically cooled low-noise detectors.
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