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ABSTRACT We present the first photoacoustic spectrometer for
gas sensing employing both the fundamental and the frequency-
doubled radiation of a continuously tunable high-pressure CO,
laser with room temperature operation. A quasi-phase-matched
diffusion-bonded GaAs crystal is used in the system for second-
harmonic generation. A pulsed photoacoustic detection scheme
with a non-resonant cell, equipped with an 80-microphone
array, is employed. The wide continuous tuning range in
the fundamental (9.2—10.7 pum) and the frequency-doubled
(4.6-5.35 pm) regimes, together with the narrow linewidth of
540 MHz (0.018 cm™!) for the 10-pm region and of 1050 MHz
(0.0315cm™!) for the 5-pum region, allow the measurement
of gas mixtures, individual species and isotope discrimination.
This is illustrated with measurements on NO and CO;. The
measured isotope ratio "NO/MNO = (3.58+0.55) x 1073
agrees well with the literature (3.700 x 10~3) and demonstrates
the good selectivity of the system.

PACS 42.55.Lt; 42.62.F; 42.65.Ky; 42.68.Ca; 94.10.Gb;
07.07.Df

1 Introduction

Spectroscopic studies on gases have contributed to
the understanding of the fundamental properties of gaseous
compounds. In more recent years, spectroscopy has gained
in importance as a non-contact method for a number of ap-
plications, such as environmental pollutant monitoring [1],
industrial process control [2], plant physiology investiga-
tions [3], medical diagnostics by means of exhalation analy-
sis [4] and crop and fruit storage [5]. Common to all these
applications is the need for an accurate and time-saving tech-
nique to qualitatively and quantitatively record samples with
high sensitivity and selectivity. To satisfy these requirements,
well-established methods like mass spectrometry [6, 7] and
gas chromatography [8] have been introduced. Both methods
yield high sensitivity and selectivity but require some kind of
sample preparation and hence lack time resolution. In add-
ition, they are generally not as universally applicable to all
kinds of compounds as optical spectroscopic schemes. Here,
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we focus on optical absorption-based methods which offer
some distinct advantages, provided that certain elements of
the sensing system, particularly the radiation source and the
detection scheme, are carefully designed. High sensitivity, i.e.
measurement of low concentrations, requires strong, i.e. fun-
damental, absorption features to be chosen. For many small
organic and inorganic species, these lie in the infrared (IR)
region between, say, 3700 cm ™! and 500 cm~! (2.7-20 um).
A widely, and ideally, continuously tunable radiation source
with sufficient power employed in this spectral region is there-
fore preferred and should be combined with a sensitive de-
tection scheme. Several detection methods are in use today,
such as long-path absorption, either as open-path, for example
for fence monitoring, or in a multipass absorption cell [9, 10],
cavity ring-down (CRD) [11] or photoacoustics (PA) [12, 13].
We apply PA detection, which offers some interesting features
such as small cell volume, no requirement for highly reflect-
ing mirrors and no need for a cooled IR detector. Since the
PA signal is registered by a microphone, there is inherently no
wavelength dependency and the same cell can be employed
for different wavelength regions.

High selectivity is achieved by the use of a narrow-
linewidth radiation source. This enables the sensing of
a species in the presence of others, for example in multicom-
ponent samples, or discriminating between isotopes. Lasers,
with their inherent narrow linewidth, are thus ideal radia-
tion sources for this purpose. Further requirements of gas
sensing applications may include operation at room tempera-
ture, small sample volume, continuous real-time monitoring,
a compact and rugged set-up and cost effectiveness and relia-
bility for industrial use. Not all lasers available in this wave-
length region of interest operate at room temperature. For
example, lead-salt diode lasers require cryogenic tempera-
tures if operated in single mode and continuous wave [14].
Thermoelectric cooling may be used for pulsed operation, but
this consumes additional power and produces excessive heat.
Furthermore, condensation of water may cause problems with
cooled laser sources. The recent development of quantum
cascade lasers (QCL) [15], with their tailored emission wave-
lengths and room- or near-room-temperature operation may
become the preferred laser source for gas sensing and other
applications in the future. At present, their tunability is limited
to a few cm~! which restricts their application to the detection
of selected species rather than to the analysis of multicompo-
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nent mixtures. Hence, primary laser sources are not readily
available throughout the whole region of interest in the mid-
infrared (MIR) and far-infrared (FIR). Non-linear frequency
conversion [16], for example difference frequency generation
(DFG) [17] or the use of an optical parametric oscillator
(OPO), is often employed to extend the accessible wavelength
range. A wide selection of high-quality bulk and periodically
poled non-linear optical materials [16, 18] is available and the
list continues to grow.

To underline the importance of a narrow laser source
in spectroscopic applications such as PA, long-path absorp-
tion and CRD, we discuss briefly two recent OPO designs
beyond 5 um as alternatives to our approach of frequency
doubling a CO, laser. Shori et al. [19] report on a pow-
erful OPO exceeding 10 mJ pulse energy at 6.1 wm, which
makes it suitable as a source in a PA spectrometer. How-
ever, no information on the linewidth is given. Vodopyanov
et al. [20] demonstrated an OPO with an etalon (Si plate)
as the wavelength-selective element for narrowing the emis-
sion linewidth. Its wide emission range of 3.8—12.4 pm cov-
ered the fundamental molecular absorption regions of many
species. However, the linewidth of about 0.4 cm™! (12 GHz)
of this free-running OPO was considerably larger than the
width of a typical molecular absorption line at normal pres-
sure, and was thus not adequate for PA or long-path absorption
investigations on gaseous media at pressures of 1 bar and be-
low. Also, CRD relies on a narrow linewidth for high spectral
resolution. The typical cavity length is a few tens of cen-
timetres. For example, in [11] the length was 0.255 m, which
resulted in a spectral mode separation of about 590 MHz.
Hence, several cavity modes are excited and the good spec-
tral resolution would be lost without the application of fur-
ther line-narrowing elements such as a high-finesse etalon
with a wide free spectral range. It should be stressed that the
CRD cavity and the line-narrowing etalon must be coupled
to the laser emission wavelength, which we consider to be
a costly effort.

Here, we describe a continuously tunable CO; laser whose
fundamental (FUN) emission range has been extended by
second-harmonic generation (SHG). Both the FUN (10 pm)
and SHG (5 pm) radiations are applied to a non-resonant
photoacoustic detection scheme. Since measurements em-
ploying this source in the FUN range have been discussed
previously [21,22], we concentrate here on the SHG region.
Table 1 lists selected substances [23—27] with distinct ab-
sorption features accessible with our laser source. The list
contains organic and inorganic species which have an impact
in very diverse areas. In the following, the laser source, in-
cluding the employed SHG crystal, is described first. Some
key specifications and operating parameters are given. The
PA detection scheme is discussed thereafter. PA spectroscopic
measurements on selected gases illustrate the performance of
the spectrometer and are also used to derive parameters such
as linewidth in the SHG region and the pressure regime for the
optimum PA signal.

2 Experimental set-up

The experimental set-up is depicted in Fig. 1. It
comprises the pulsed CO, laser operated in the fundamental
and the SHG regime, a photoacoustic detection scheme and
data acquisition. The FUN emission ranges have been meas-
ured, while the SHG ranges have been calculated, but only
the 10P branch has so far been experimentally verified. The
CO; laser is a home-built continuously tunable high-pressure
laser described in detail elsewhere [28]. Tuning and radia-
tion characteristics are summarised in Tables 2 and 3. All
SHG characteristics listed in Table 3 are deduced from meas-
urements presented here. The linewidths of 540 MHz in the
FUN and of 1050 MHz for the SHG are considerably smaller
than a typical molecular absorption linewidth (> 0.1 cm™!
or 3 GHz) at atmospheric pressure. As shown on the set-
up in Fig. 1, the pump laser is wavelength-tuned by rotating
a flat mirror by a computer-controlled DC-drive. The metal

Species FUN [10wm] SHG [5wm] Potential relevance
(cm™") (cm™1)

Acetaldehyde, CH3 CHO 1200-1060 Incomplete wood combustion, alcohol metabolism, fruit
storage, higher plant respiration

Acetone, (CH3),CO (and 950-930 Solvent, dairy cattle health, metabolic stress, cancer indica-

other ketones) tor, diabetes, blood sugar deficiency,

Ammonia, NH3 970-920 Industrial processes, acid rain, refrigeration, volcanic gas,
agriculture, fertiliser dispersal, kidney and liver disease

Arsine, AsH3 2126 Semiconductor industries, chemical warfare

Bromomethane, CH3Br 1035-930 Soil (pre-planting) fumigation

Carbon monoxide, CO 2200-2100 Combustion, neonatal jaundice, asthma, gastric liver, blood
condition, haeme protein metabolism

Carbon dioxide, CO, 1085-980 2076-2095 Combustion, greenhouse gas, volcanic gas, asthma, gastric
liver, blood/lung gas-interchange

Carbonyl sulfide, COS 2080-2030 Volcanic gas, fumigant, fruit storage

Dimethyl ether, (CH3)2O  1000-930 Propellant, diesel fuel substitute

Ethanol, C;HsOH 1090-1020 Fuel substitute, alcohol metabolism, fruit storage

Ethylene, C,Hy 950 Combustion, plant decay, plant hormone, fruit and vegetable
ripening and storage

Nitric oxide, NO 1920-1870 Acid rain, smog, ozone formation, diabetes, cancer,
anorexia, tuberculosis, amino acids

Water, H,O 1980-1350 Natural respiration, humidity, industrial processes, semicon-
ductor industries

TABLE 1 Selected absorbing species accessible with our laser source. The last column indicates their relevance in different areas
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Photoacoustic spectrometer employing the frequency-doubled continuously tunable CO; laser and the 80-microphone-array measurement cell.

TABLE 2 FUN (10pum) and SHG (5pum) tuning
CO; laser FUN (10 pm) range SHG (5 pm) range ranges
branch  transition (em™h (pm) (cm™") (jpum)
10P P(32)-P(8) 932.47-954.14 10.72-10.48  1864.94-1908.28  5.36-5.24
10R  R(6)-R(30) 965.88-981.81 10.35-10.19  1931.76-1963.62  5.18-5.09
9P P(28)-P(8) 1038.89-1056.89 9.63-9.46 2077.78-2113.78  4.82-4.73
9R  R(4)-R(36) 1067.16-1087.69 9.37-9.19 2134.32-2175.38  4.69-4.60
TABLE 3  Characteristics of the fundamental and

FUN (10 pm) range

SHG (5 pm) range frequency-doubled continuously tunable high-pressure

Pulse energy

Pulse repetition rate
Pulse length (FWHM)
Linewidth

Laser gas mixture
Operating pressure

Max. 80 mJ, minimal 10 mJ
throughout the tuning range

1 Hz typically

140 ns

0.018 cm™! (540 MHz)

5% CO2, 5% N,, 90% He

10 bar typically

CO; laser
Max. 1ml], typically 0.04 to

0.4 mJ

Same as pump rate

Not measured

0.0315 cm™! (1050 MHz)

Same as pump source

Same as pump source

diffraction grating is positioned in Littman configuration at
an incident angle of 77°. It has 150 lines/mm and is blazed
for 943.4cm™! (10.6 um). The first-order reflection off the
grating is reflected back and the zeroth order is coupled out.
An additional reflection off the grating is used for emission-
wavelength recording. This wavelength-tuning configuration
results in a very narrow laser linewidth, well suited for appli-
cations in spectrometers.

The applied non-linear material was a diffusion-bonded
periodically poled GaAs crystal [29]. GaAs has a large non-

linear coefficient, is transparent in the range from 1 to 16 pm,
features low absorption, has a high thermal conductivity,
high average power capabilities and a high damage threshold.
Hence, it compares favourably with well-known non-linear
IR materials such as AgGaSe, [30,31] and ZnGeP, [31, 32].
Table 4 lists some of the commonly used non-linear materials
for CO,-laser frequency conversion with the key parameters;
the non-linear coefficient, transparency range and damage
threshold. Apart from GaAs, CdGeAs; exhibits a very high
figure of merit, but is not yet grown with sufficient optical
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TABLE 4 Selected non-linear optical materials [16, 18]
used for frequency conversion of 10-pwm radiation

Non-linear Non-linear Transparency Damage threshold

optical coefficient range (pulse duration at wavelength)
material [10.6 wm] (pm/V) (pm)

GaAs dis ~ 90 1-16 30 MW /cm? (90 ns at 10.6 um)
AgGaSe; dye =33 0.71-19 10 MW/cm2 (125 ns at 10.6 pm)
CdGeAs, d3e =235 2.4-18 33 MW /cm? (150 ns at 10.6 jum)
GaSe dyp =544 0.62-20 30 MW /cm? (150 ns at 9.3 um)
7ZnGeP, dye =75 0.74-12 60 MW/cm2 (100 ns at 10.6 pm)

quality for operation at room temperature [31]. However, re-
ported non-linear coefficients dj4 (= d36) of GaAs for 10.6 um
vary significantly between 90 pm/V [33], 151 pm/V [34]
and 368.7pm/V [35]. Shoji et al. [36] list values in the
NIR region which suggest a non-linear coefficient in the
10 um region of approximately 90 pm/V. GaAs, a 43m crys-
tal, is not birefringent, and thus periodically poled material
has to be employed for quasi-phase-matching (QPM). Since
GaA:s is not ferroelectric, no technique such as electric field-
poling in LiNbOj3 exists for inducing domain gratings in
an already-grown crystal. The bonding of slabs [29] or re-
cently developed thick-film-growth techniques [33], such as
hydride-vapor phase epitaxy (HVPE) can be used to fabri-
cate orientation-patterned GaAs crystals. The estimated figure
of merit for first-order QPM for the employed crystal [29] is
given by:

2
PM
<de ) N 2.2 d 2~124(m/V)2 (1)
_nw e \T /3 o) P

where n, and n,, denote the refractive indices at FUN
and SHG wavelengths, respectively. The crystal employed
here with overall dimensions of 2 x 4 x 5.6 mm consists of
53 (110) GaAs plates of approximately 106 um thickness,
each for first-order quasi-phase-matching. Both faces are
AR-coated for FUN and SHG wavelengths, but the coat-
ings had already suffered when the crystal was received. As
stated in [29], the conversion efficiency for this crystal is
not equally high across the crystal face. Higher efficiency
is obtained with better transmission in the centre along the
optical axis. To avoid boundary effects, the pump beam
was focused on the face centre. This favours safe operation
rather than high conversion efficiency. Figure 2 shows the
expected quadratic relation between the pump intensity 7,
(polarised along (111)) [37] and the SHG beam intensity I,

given as:
2
QPM
(deff ) 2 2
I2w0(ﬁ'(N'lc) ¥ 2

N is the (odd) number of domains and /. is the coherence
length. As Fig. 2 implies, we achieved SHG pulse energies
Esyg ofupto 1 mJ, corresponding to an (external) energy con-
version efficiency of 1% at a pump energy Eryn of 80 mlJ.
A theoretical estimation (plane-wave non-depleted pump ap-
proximation) with the maximum applied pump intensity 7, of
21.5 MW /cm? gives an external energy (flat-top pulse) con-
version efficiency of 11.4%. Since the anti-reflection coating
was damaged, it was ignored completely and Fresnel reflec-
tion was used. The crystal periodicity was assumed to be per-
fect. This estimation neglects the actual temporal pulse form
exhibiting longitudinal mode beating, spatial intensity distri-
bution of the TEMyy mode, limited crystal transparency of
60% and deviation from ideal periodicity, as well as focus-
ing parameters. Hence, this estimation gives an upper limit
and some parameters, needed for a more sophisticated the-
oretical approach, vary considerably from pulse to pulse,
as is evident from Fig. 2. It should be noted that the actual
conversion efficiency and hence the achievable SHG pulse
energy is limited by the damage threshold of the crystal of
30 MW/cm? [29].

As shown in Fig. 1 above, a compact PA reference cell
filled with 200 mbar CO, was employed for wavelength cal-
ibration of the spectrometer. An angle-tunable beam sampler
made of an uncoated ZnSe flat coupled out a small fraction
of the FUN energy for recording of the pulse energy. Two
gold-coated copper mirrors were applied for beam guiding.
An AR-coated ZnSe meniscus lens with 10”-focal length col-
limated the 2.3-mm-diameter FUN beam onto the non-linear
crystal. An uncoated 2-mm-thick sapphire flat with a cut-off
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wavelength of 5.5 um in Brewster-arrangement for SHG radi-
ation filtered out the FUN pulse.

The PA measuring cell required careful design. The gen-
erated PA signal S(A, ) o< I(A, £) - N -o(X) depends linearly
on the intensity of the incident radiation /(X, f), the number
density N of absorbing molecules and their cross section o(A).
The PA signal is affected by noise originating from window
heating, turbulent gas flow, microphone and electric noise. In
the pulse regime, window-heating signals can simply be dis-
criminated in the data acquisition process by time gating. The
actual PA signal amplitude is determined as the difference be-
tween the peak of the first oscillation and the baseline before
the PA signal. The baseline is assumed to remain unchanged in
the time the two values are recorded. All figures feature such
single events.

Our PA cell [38] employed an 80-microphone array
(Knowles BK 1751 electret microphones). It was sealed with
BaF, Brewster windows and operated in stop and flow modes
at and below atmospheric pressure. The small gas volume
of 0.181, together with a turbulence-free flow rate of up to
0.7 1/min, resulted in a time constant of a few seconds for
a complete gas exchange. The battery-powered bandwidth-
limited low-noise preamplifier (bandpass: centre 15kHz,
width 10kHz) was built into the cell for noise reduction.
Additional high- and low-pass filters suppressed broadband
and high-frequency noise generated by the laser discharge.
A calibrated pyroelectric energy meter (Ophir LaserStar with
measuring head PE 10-SH) recorded the SHG pulse energy,
which normalised the measured PA signal. The PA signal and
the FUN monitor signals were acquired by a digital oscillo-
scope. The fast and sensitive pyroelectric detector (not shown
in Fig. 1), facing towards the grating, generated the trigger
signal for the digital oscilloscope. A computer controlled the
experiment and stored the acquired data. A gas mixing unit
(not shown in Fig. 1) with mass-flow controllers was used for
gas sample preparation.

3 Measurements and results

The PA cell response was deduced from measure-
ments on NO diluted in nitrogen for total pressures ranging
from 58 mbar to 858 mbar. The solid line in Fig. 3 represents
the pressure-dependent absorbance on the basis of HITRAN
data [23]. The PA signal is nearly constant for total gas pres-

sures from near atmospheric pressure down to 400 mbar, but
decreases strongly for pressures below 400 mbar. For a pres-
sure of 200 mbar, the signal has halved. The deviation of the
PA signal from the absorbance shows a similar dependence as
discussed above, it is also more pronounced at gas pressures
below 400 mbar. Both effects are attributed to three causes,
namely the responsivity of the microphone employed here,
the number density of the absorbing species and the overlap
of the laser and absorption lines. The microphone responsiv-
ity [39] depends on pressure and is an inherent property of
the microphone. The number density of the absorbing species
scales linearly with pressure, although its concentration, i.e.
1% NO diluted in N,, was constant in our measurement. With
lowering the pressure, the linewidth of the absorption line is
reduced, with contributions from both Doppler and pressure
broadening. In this case, the amount of absorbed radiation is
determined by the convolution of the (broad) laser linewidth
and the (narrow) absorption line profile. This effect will hence
reduce the observed energy-normalised PA signal.

Despite this drop in sensitivity, it should be emphasised
that PA measurements at lower pressures may still be advanta-
geous because absorption features become more distinct, for
example in cases of multicomponent samples which require
high selectivity to be analysed. This approach is, however,
limited by the available laser linewidth.

NO buffered in N, was measured at concentrations of
493 ppmV and 1% at various pressures and wavelengths at
room temperature in stop-flow mode. Figure 4 depicts a meas-
urement of 493 ppmV NO, buffered in N; at room temperature
and normal pressure. HITRAN data [23] for NO in the range
of the frequency-doubled 10P branch of the CO, laser are
given in Fig. 4a. The Q-branch is shown in Fig. 4b.

Another important issue is the "N/ !'“N isotope ratio,
which can be determined with our system. A non-invasive
spectroscopic detection of N (often together with '3CO,)
would provide a risk-free alternative to radioactive trac-
ers in medical diagnostics, for example, to study nitro-
gen metabolism in humans, for example collagen turnover,
amino acids or Helicobacter pylori [40]. The detection of the
5N/ 13C isotope ratio from N, and CO, mass-spectrometric
measurements may be difficult. There is relatively low nitro-
gen in organic compounds, for example amino acids contain
11-times more carbon than nitrogen. N, and CO (from incom-
plete combustion) produce an isobaric interference at m/z =
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28 (mass-to-charge-ratio). We derived the '"NO/ “NO iso-
tope ratio by measuring '“NO at 1881.039cm™! in Fig. 4c
and PNO at 1878.468 cm™! in Fig. 4d. The resulting value
of (3.58+£0.55) x 1072 is in good agreement with literature
data of 3.700 x 103 [41]. From Fig. 4, it should be noted
that the precision of the isotope measurement could be sub-
stantially improved by measuring at an absorption line in the
1903 cm~! region and also if higher concentrations of NO
were analysed.

The absorption line of NO at 1881.039 cm™! recorded at
apressure of 58 mbar was used for deriving the laser linewidth
in the SHG regime. Taking a Gaussian absorption profile
(for simplicity) and a Gaussian laser line profile, a value of
0.0315cm™~! (1050 MHz) was deduced, as listed in Table 3.

Figure 5 shows a measurement of another relevant gas,
namely CO,. This compound is listed in Table 1, although the
SHG wavelengths are outside the strong absorption region of
CO,. Nevertheless, CO, monitoring is feasible as the experi-

mental data that were recorded at 249 mbar of pure CO; and
their comparison with HITRAN data [23] demonstrate.

The detection limits for NO and CO, for a signal-to-
noise-ratio (SNR) of 3 were derived from measurements
of 493 ppmV NO diluted in N; recorded at 1881.039 cm~!
and from pure CO, recorded at 1899.115 cm~!. To deter-
mine the detection limit, an absorption line was scanned
and the line profile was fitted. The amplitude of the fit-
ted function was then compared to three-times the standard
deviation of the baseline (SNR = 3). For each wavelength
position of the scan, 10 data points were collected, which
corresponded to a measuring time of 10s. The total meas-
urement time for the spectrum shown in Fig 4d for ex-
ample, with wavelength steps of 7.5 x 1073 cm ™!, was about
40 min.

The rather high detection limits of 42 ppmV for NO and of
2.55% for CO, were due to the low pulse energies of Espyg <
1 mJ presently available in the 5 um wavelength range, the

20 T T T T T T T
x  norm. PA[a. u.]

| HITRAN

- -
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norm. PA [a. u.]
(6)]

R % ¢

| | |
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1899.0

wavenumber [cm™]
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1899.3 FIGURE 5 Normalised PA CO, spectrum measured at
a pressure of 249 mbar and room temperature around

1899.115 cm™!, compared with HITRAN data [23]
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fact that only non-resonant PA detection was feasible at the
small pulse repetition rates involved, and, in the case of CO,
the small absorption cross section outside the fundamental
region.

4 Conclusions

Our photoacoustic spectrometer, based on a fun-
damental and frequency-doubled high-pressure CO, laser,
features a wide and continuous tuning range in the 10-pm
and 5-pm regimes and room temperature operation. It is well
suited for spectroscopic investigations, with strong funda-
mental absorption lines of various species falling within these
two wavelength regions. Its narrow linewidth in both regimes,
combined with the fast access of a specific wavelength, en-
ables both selective multicomponent trace gas monitoring and
also fundamental spectroscopic studies on molecules, like
the determination of isotope ratios. The wide emission wave-
length ranges favour a photoacoustic detection scheme, with
its inherent wavelength-independent response. The current
rather low sensitivity of the system could be improved by
applying a multipass PA arrangement [42] or by increasing
the SHG pulse energies with the implementation of a longer
non-linear crystal. It should be noted, however, that even the
current detection limits are of interest, for example in indus-
trial gas monitoring. As example, the maximum permissible
work place concentration for NO (25 ppmV (30 mg/cm?) in
Switzerland) is within reach of the present performance.

Because of the inherent low pulse repetition rate,
a high-pressure CO; laser is not suitable for fast scans over
extended wavelength ranges, which would be necessary when
investigating gas samples which may not be stable over time.
Quantum cascade lasers (QCL) with tailored emission wave-
lengths in combination with PA detection [43—45] could
represent a suitable alternative in such cases. In the future,
external cavity QCLs with extended tuning range, narrow
linewidth and average power greater than 10 mW at room tem-
perature would in fact provide an excellent spectroscopic tool
for numerous applications.
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