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Abstract

Spectroscopic measurements on ethylene were performed using a quasi-room-temperature quantum cascade (QC)
laser operated in pulsed mode in the 10.3 um range. Using transmission spectroscopy, a broadening of the ethylene
absorption spectrum was observed with increasing laser pulse duration, due to an increase of the laser linewidth. This
linewidth was determined from the measured absorption spectra, showing a value of 0.04 cm ~! for a 20 ns pulse

duration and an enhancement coefficient of 6.5x 103 cm

—! per ns in the 20-50 ns pulse length range.

Photoacoustic (PA) detection of ethylene was also performed using the QC laser and a resonant PA cell, with a
detection limit of 60 ppm. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mid-infrared (3—20 pm) is an important spec-
tral range for gas spectroscopy, as most of the
atmospheric constituents and pollutants present
strong rotational—vibrational absorption bands in
this region [1]. The novel semiconductor quantum
cascade (QC) lasers [2] have shown very promis-
ing properties for infrared gas spectroscopy and
are probably the future sources for this kind of
application. Based on a fundamentally new princi-
ple (intersubband transition), their wavelength
can be tailored using the same material over a
broad band in the mid-infrared. Unlike conven-
tional semiconductor laser diodes, their emission
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wavelength does not depend on the band gap of
the material, but is entirely determined by the
quantum confinement of the electrons in a quan-
tum structure grown by Molecular Beam Epitaxy.
This allows to use conventional and technologi-
cally-matured III-V semiconductor materials
(GaAs, InP) to design and fabricate mid-infrared
lasers in a spectral range where narrower band
gap materials are usually used (PbS, PbSe). In
addition to the easier-to-process materials used
for their manufacturing, these unipolar devices
present several advantages in comparison with
conventional lead-salt lasers previously used for
mid-infrared spectroscopy. First, lead-salt lasers
require a cryogenic cooling [3], that is poorly
acceptable for site applications. QC lasers, on the
other hand, are thermo-electrically cooled or may
be operated at room temperature [4,5], only in
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pulsed mode so far. But continuous wave (CW)
operation at room temperature is expected in near
future. Secondly, QC lasers show a much higher
output power than lead—salt lasers, thanks to the
unique cascading scheme used in these unipolar
devices: after the emission of a photon, an elec-
tron is still in the conduction band and can be
recycled to emit other photons in adjacent active
regions of the laser. This device is thus made of a
large number of stages (25-30 typically) and
many photons per electron are emitted, enabling
high optical powers (tens to hundreds of mW)
compared with lead-salt lasers (only several hun-
dreds of pW). Finally, lead-salt lasers are avail-
able only as Fabry—Perot cavities and generally
present a strongly multimode spectrum resulting
in a poor spectral purity. QC lasers are quasi
single-mode in CW operation, even for Fabry—
Perot cavity [4]. Although they become strongly
multimode when pulsed, single-mode emission can
be granted using a distributed feedback (DFB)
structure [6]. In that case, single-mode emission
has been demonstrated in a temperature range
from 80 to 390 K [6,7].

In this paper, we report spectroscopic measure-
ments on ethylene (C,H,) using a quasi-room-
temperature DFB-QC laser emitting in the 10.3
um range. Two different methods were experi-
mented. Transmission spectroscopy with direct de-
tection using an infrared detector was used for
spectra analysis. The effect of the laser pulse
duration on the measured C,H, absorption spec-
trum was analysed. A broadening of the spectrum
was observed, showing an increase of the laser
linewidth with pulse duration. The linewidth en-
hancement was determined as a function of the
pulse duration from the apparent profile of an
absorption line of ethylene. Photoacoustic spec-
troscopy was used for low concentrations mea-
surements. This technique was performed by
coupling the QC laser emission into a resonant
photoacoustic (PA) cell.

2. Characterisation of the QC laser emission

A DFB-QC laser emitting in the 10.3 um range
(Alpes Lasers) was mounted in a hermetic home-

made housing. It was cooled using a 2-stage
Peltier element and a temperature regulator. The
laser beam exits the housing through a 25 mm
ZnSe window. The laser was operated in pulsed
mode. The current pulses were provided by a
pulser with a pulse duration varying between 20
and 50 ns and a duty cycle of 1-2%.

The wavelength of a QC laser can be tuned by
changing either the laser temperature (for coarse
tuning) or the laser current (for fine tuning). The
laser spectrum was analysed using a 75 ¢ mm ~!
grating monochromator and a thermo-electrically
cooled HgCdTe detector (Vigo). Fig. 1 shows the
laser spectra obtained at different temperatures.
The width of the laser lines shown in this figure is
limited by the monochromator resolution and
does not represent the real laser linewidth. A
tuning range of more than 4.5 cm ~! and centred
at 969.5 cm ~! was achieved by changing the laser
temperature over 50 °C. From these spectra, a
temperature tuning coefficient of —0.095 cm !
per °C was obtained. In the same way, a current
tuning coefficient of —0.19 em~' A~' was ob-
tained as a function of the laser current.

The spatial distribution of the laser emission
was measured using a small surface (250 x 250
pm) HgCdTe detector mounted on a motorised
translation stage directly at the output of the laser
housing, i.e. with no collecting optics. The de-
tected power was measured in both directions as a
function of the detector position, that gave the
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Fig. 1. Laser spectra measured at different temperatures using
a grating monochromator. The laser current is 5.2 A, the pulse
duration 30 ns and the repetition frequency 700 kHz.
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Fig. 2. Divergence of the QC laser emission. (a) Schematic
representation. (b) Spatial distribution of the laser beam mea-
sured in the horizontal (b;) and vertical (b,) directions. The
grey points are experimental data and the black lines are the
results of a fit.

horizontal and vertical profiles of the laser beam.
The measured profiles were then fitted to a
Lorentzian curve, that turns out to give a better
fit than a Gaussian curve [8]. The divergence angle
of the laser emission was determined by measur-
ing the beam diameter (full width at half maxi-
mum, FWHM) at different distances from the
laser. Divergence of 18° horizontally and 61° ver-
tically was obtained. Fig. 2 illustrates an example
of the beam distributions measured in both direc-
tions. The laser divergence is also shown schemat-
ically. It appears to be much higher in the vertical
direction than in the horizontal, in opposition to
previous results obtained on Fabry—Perot QC
lasers emitting at the same wavelength [8]. Due to
this high divergence, the laser emission is poorly
collected by a collimating optics, resulting in large
optical losses.

3. Transmission spectroscopy

Fig. 3 shows the experimental arrangement
used for transmission spectroscopy. The laser
emission is collected and collimated with two AR
coated ZnSe lenses (10 and 50.6 mm focal lengths)
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Fig. 3. Experimental set-up for transmission spectroscopy.
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Fig. 4. Absorption spectra of 1.1% ethylene (a) and 0.24%
ammonia (b) measured in a 31.5 cm optical pathlength in the
spectral range of the QC laser. Black lines are experimental
data and grey lines are taken from the HITRAN database. The
laser was driven by 30 ns pulses at a repetition frequency of
700 kHz.

to properly size the beam. It passes through a 31.5
cm gas cell with ZnSe Brewster-angled windows.
The beam is then focused on a thermo-electrically
cooled HgCdTe detector.

Several absorption lines of ethylene and ammo-
nia are observed within the emission range of the
laser. Fig. 4 shows the absorption spectra mea-
sured when the cell was filled, respectively, with
1.1% C,H, and 0.24% NH; in air. These spectra
were obtained by tuning the laser temperature
between — 20 and 25 °C. The experimental re-
sults show a good agreement with the HITRAN
database [9] in the position of the lines, but not in
their magnitude. The measured lines are smaller
and broader than the lines given by HITRAN. For

example, the two C,H, lines around 968 cm —! are
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not resolved experimentally. This effect is due to
the laser linewidth, which is not negligible in
comparison to the width of the absorption lines.
The broad width of pulsed DFB-QC lasers is
thought to be produced by a chirp of the laser
wavelength during the pulse, due to a thermal
heating of the laser [6]. For this reason, it is
preferable to drive the laser with very short cur-
rent pulses. The effect of the pulse duration on the
strong absorption line of C,H, at 969.96 cm !
has been analysed. This line has a broad width
(0.24 cm ~ ! at atmospheric pressure) as it consists
of several overlapping lines of C,H,. The absorp-
tion spectrum was recorded for different pulse
lengths, ranging between 20 and 50 ns, as illus-
trated in Fig. 5. These spectra result from the
convolution of the true C,H, absorption spectrum
with the laser linewidth. This linewidth can thus
be determined from the measured spectra and the
true spectrum given by HITRAN and shown in Fig.
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Fig. 5. (a) Part of the ethylene absorption spectrum measured
with different laser pulses lengths ranging between 20 and 50
ns. The C,H, concentration is 1.1% and the optical pathlength
31.5 cm. (b) Corresponding spectrum at atmospheric pressure
given by HITRAN (in grey). The individual lines are also
represented (in black) with their respective strength.

02 . : :
L]
g 0.15 + g
=
g
£ o01r 1
£
5 %
3 005 .
[)
O L il 1 1
10 20 30 40 50 60

Pulse duration [ns]

Fig. 6. Laser linewidth (FWHM) as a function of the pulse
duration.

5(b). Using a deconvolution algorithm on the
transmission spectra, the extracted linewidths
(FWHM) are represented in Fig. 6 as a function
of the pulse duration. A Gaussian lineshape was
considered for the laser profile, as the exact distri-
bution was unknown. For a 20 ns pulse length,
the linewidth is 0.04 cm~! and then it broadens
by 6.5x 1073 cm~! ns—! in the 20—50 ns pulse
length range. These results agree with the value
published by Zahniser [10], who measured a
Gaussian FWHM of 0.012 cm ~! using a similar
QC laser with a 14 ns pulse duration. Higher
linewidths have been obtained by other investiga-
tors (Sonnenfroh [11], Namjou [12]), but with
different QC lasers. The broadened linewidth is a
penalty related to pulsed QC lasers and currently
limits their use in high resolution spectroscopy.

4. Photoacoustic spectroscopy

PA spectroscopy is a calorimetric technique
based on the PA effect, in which an acoustic wave
results from the absorption of light by a species of
interest. This acoustic wave (the PA signal) is
directly proportional to the energy absorbed in
the sample, thus to the species concentration. It
can be detected using a sensitive microphone. As
the PA signal is also proportional to the laser
power, PA spectroscopy was mainly used with
high power gas lasers in the infrared, such as CO
or CO, lasers [13]. Although very good perfor-
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mances have been reached with these lasers, they
suffer from several drawbacks, such as their large
size, limited lifetime and their restriction to dis-
crete available wavelengths. As a result, only for-
tuitous coincidence between the laser line and an
absorption profile can be used. On the other
hand, QC lasers offer attractive properties for PA
spectroscopy. In addition to the usual advantages
of semiconductor devices, such as compact size
and reliability, they offer continuous tunability,
which allows to exactly centre the laser emission
on an absorption line of the species to analyse or
to scan the laser wavelength through an absorp-
tion line.

PA spectroscopy of C,H, using a DFB-QC
laser operating near room-temperature is pre-
sented here. The laser is operated in the same way
as previously described. Fig. 7 illustrates the ex-
perimental arrangement used for PA spec-
troscopy. The laser emission is collimated and
passes through the PA cell through ZnSe win-
dows. The cell, described in [14], is made of a
central cylinder of length 12 cm connected with
two outer cylindrical buffer volumes used as
notch acoustic filters. The system is operating in
the first radial mode of the central cylinder, which
exhibits a resonance frequency of f=~10.6 kHz.
Fig. 8 shows an experimental measurement of this
resonance, showing a quality factor Q better than
650. The laser is pulsed at a repetition frequency
of 700 kHz and is additionally intensity-modu-
lated at the 10.6 kHz resonance frequency. This
modulation is performed directly on the laser
pulser, by gating the electrical pulses. A micro-
phone is located at the position of the maximum
acoustic amplitude in order to measure the PA
signal. The microphone electrical signal is de-
tected by a lock-in amplifier. After the cell, the
laser beam is detected using a HgCdTe detector
and a lock-in amplifier and the PA signal is
normalised by the optical intensity.
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Fig. 7. Experimental set-up for PA spectroscopy.
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Fig. 8. Radial acoustic resonance of the PA cell, centred
around 10.6 kHz. Black points are experimental data and the
line is a fit by a Lorentzian function. The resonance has a
quality factor Q =680 and a linewidth Av =16 Hz.

The laser, operated at T= — 5.2 °C and I=6
A, emitted at 969.96 cm !, which corresponds to
a strong absorption line of ethylene. The PA
signal was measured for different C,H, concentra-
tions in air. Fig. 9 shows the detected PA signal as
a function of the C,H, concentration. The micro-
phone noise in absence of ethylene was about 0.2
mV. This high value is mainly due to electrical
noise produced by the laser driving electronics.
High current pulses (6—7 A) are required for the
laser operation and electromagnetic noise is radi-
ated by the laser pulser and its low impedance
copper line. This noise is detected by the micro-
phone and the HgCdTe detector. Attention has
been paid to reduce the noise, for example by
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Fig. 9. Detected PA signal as a function of the ethylene
concentration.
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placing the pulser in a shielded housing and by
properly wiring the elements, but a high value is
still present. From this noise level, a detection
limit of 60 ppm C,H, was determined. The sys-
tem performances are below expectation for the
moment, as a result of this high noise level, but
also to the weak optical power launched into the
PA cell. Indeed, the coupling of the optical
power into the PA cell shows a low efficiency,
due to the highly divergent emission of this QC
laser. New configurations are currently investi-
gated in order to take advantage of the specific-
ity of the QC laser emission and to increase the
light coupling into the cell. This improvement,
together with a more efficient reduction of the
pick-up noise, should allow to increase apprecia-
bly the system performances.

5. Conclusion

A DFB-QC laser has been operated in pulsed
mode near room temperature for C,H, spec-
troscopy at 10.3 pum. A characterisation of the
laser has shown a good temperature tunability
of —0.095 cm ' per °C, but a strongly diverg-
ing and asymmetric emission. A full divergence
angle (at half maximum) of 61° was measured in
the vertical direction, but only 18° in the hori-
zontal direction. This makes the collecting of the
laser emission by a collimating optics poorly
efficient, so that large optical losses are ob-
served.

The absorption spectrum of ethylene measured
by transmission spectroscopy has shown an im-
portant broadening of the lines, due to a laser
thermal heating during the pulses, which pro-
duces a wavelength chirp. The laser linewidth
has been determined from the measured appar-
ent profile of a strong ethylene line and taken
into account the true spectrum given by HI-
TRAN. In the 20-50 ns pulse range, the
linewidth enhancement factor was 6.5 x 1073
cm~! ns~! This high value requires the use of
very short electrical pulses to drive the laser for
high resolution spectroscopy.

Finally, PA spectroscopy was performed using
the QC laser with a resonant PA cell. A detec-

tion limit of 60 ppm C,H, was achieved with the
current performances of the system. Improve-
ment of these performances are expected both
by increasing the optical power launched in the
PA cell and by reducing the noise level by a
proper isolation of the laser pulser from the mi-
crophone.
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