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ABSTRACT A pulsed optical parametric oscillator (OPO) op-
erated in an optical cavity with a grazing-incidence grating
configuration (GIOPO) was used for sensitive photoacoustic de-
tection of trace quantities of dinitrogen oxide (N2O). The (ν1 +
ν3) combination vibration band of N2O was excited with the
idler beam of the GIOPO at 2.86 µm using an optical cavity op-
timized for the idler beam. The linewidth of the GIOPO could
be reduced to 0.4 cm−1, allowing the rotational structure of
the absorption spectrum to be resolved. A concentration sensi-
tivity (signal-to-noise ratio = 3) of 60 parts in 109 by volume
(60 ppb V) N2O in synthetic air was obtained. This may be suf-
ficient for continuous monitoring of N2O in the atmosphere.
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1 Introduction

Molecule-specific detection and real-time moni-
toring of trace amounts of nitrogen oxides are not only im-
portant for monitoring changes in the atmosphere (“nitro-
gen cycle”) [1] but also in other fields, such as agriculture,
medicine, and biology [2]. Nitrous oxide (laughing gas) has
been found to be one of the most effective greenhouse gases,
due to its strong absorption in transmission regions of the
atmosphere. According to recent studies, the ambient con-
centration of N2O is approximately 310 ppb V [2] (parts per
billion (109) by volume). For continuous monitoring of N2O
in the atmosphere, a sensitivity in the 60-ppb V range may
be needed. In order to distinguish N2O from other pollutants,
a molecule-selective technique, such as infrared absorption
spectroscopy, must be employed.

To achieve the necessary sensitivity and selectivity, high-
resolution laser techniques in the infrared (IR) and near-
infrared (NIR) fingerprint regions can be applied. There-
fore, the availability of tunable laser sources with suitable
linewidths is essential for the further development of optical
diagnostic techniques used in trace gas analysis. For practical
applications, the main requirements for the light sources are
small size, low weight and cost, narrow linewidth, large tuning
range and no liquid nitrogen cooling.
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Recent developments in compact NIR and IR all-solid-
state tunable lasers, such as tunable semiconductor lasers,
quantum-cascade lasers and devices utilizing non-linear opti-
cal mixing in non-linear crystals (OPOs, difference frequency
generators (DFGs), optical parametric amplifiers (OPAs)),
have significantly advanced the application of optical absorp-
tion techniques in sensitive trace gas analysis. The optical
techniques commonly employed are optical absorption spec-
troscopy with optical detection [3, 4], cavity-ringdown spec-
troscopy [5] and photoacoustic spectroscopy [6–9]. These
techniques require tunable single-frequency lasers, such as
distributed feedback (DFB) diode lasers or quantum-cascade
lasers. Non-linear OPO, DFG or OPA devices can also be
used, but the finite linewidth of such devices may reduce the
selectivity and may significantly modify the absorption spec-
tra of the measured species.

Usually, semiconductor lasers are operated in the continu-
ous-wave (CW) mode. For spectroscopic applications, single-
mode distributed-feedback (DFB) diode lasers should be ap-
plied. The main advantage of using DFB lasers is that they
provide excellent selectivity for neighboring narrow absorp-
tion lines. Since these lasers can be easily modulated and
have the potential for rapid wavelength scanning, the detec-
tion sensitivity can be enhanced by amplitude- or wavelength-
modulation of the laser and lock-in amplification of the de-
tector signal. Another possibility is to average many spectra
recorded by rapid scans over a selected wavelength range.
However, the widespread utilization of these lasers has been
hindered by one or more of the following shortcomings: low
power, limited continuous tuning range and stringent elec-
tronic and temperature control to maintain wavelength stabil-
ity. For high sensitivity, the absorption path has to be increased
and sophisticated detection methods (derivative spectroscopy,
double-frequency modulation, etc.) have to be applied. This
can be achieved only by complex and expensive systems. In
the case of photoacoustic spectroscopy, the highest available
laser power, additional acoustic resonance amplification and
phase-sensitive lock-in signal processing are used to enhance
the sensitivity.

For field applications under atmospheric conditions,
the pressure-broadened linewidth of the detected species
(0.1–0.3 cm−1) reduces the significance of the ultra-narrow
linewidth feature of these lasers. However, a larger continu-
ous tuning range is needed to achieve the necessary spectral
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selectivity in multicomponent mixtures. These requirements
can be fulfilled by the above-mentioned tunable non-linear
laser systems. Therefore, these laser sources currently play an
increasing role in trace gas analysis [3, 10, 11].

A periodically poled lithium niobate (PPLN) OPO using
a simple grazing-incidence grating cavity configuration
(GIOPO) for broad and fast wavelength tuning has been de-
veloped [12] for the mid-infrared region. Depending on the
power of the Nd:YAG pump laser, this GIOPO is capable
of producing 20–120 mW of infrared power with a band-
width of 0.2 cm−1 at 1–2 µm and of 0.8 cm−1 at 3 µm. Since
pressure-broadened linewidths are in the range of a few tenths
of a wavenumber, the GIOPO output bandwidth is suitable
for exciting single well-separated rotational–vibrational ab-
sorption lines or Q-branch lines of many gases under typical
atmospheric conditions. For example, the absorption spec-
trum of the asymmetric stretching vibration ν3 of methane
was measured recently with the GIOPO [13], and a separation
of the methane lines from neighboring water lines was pos-
sible despite the finite linewidth of the GIOPO [14]. However,
the rotational structure of the vibrational bands of heavier
molecules (CO2, N2O, NO2 etc.) cannot be resolved with this
laser, because the separation of the rotational lines is much
smaller for these molecules (∼ 1 cm−1) than for methane
(∼ 10 cm−1).

Since the GIOPO is pumped by a laser-diode-pumped Q-
switched Nd:YAG laser at several kilohertz (< 10 kHz) rep-
etition rate, it is possible to match the repetition rate with
the acoustic resonance frequency of a resonant photoacoustic
cell. A differential PA detector [6] designed for sensitive PA
spectroscopy has been combined with the GIOPO for sensi-
tive gas analysis using the photoacoustic technique. In a pre-
vious experiment [13], the signal output of the GIOPO was
used in combination with a single resonant cell to excite me-
thane gas in the first overtone 2ν3 in a nitrogen atmosphere,
resulting in a detection sensitivity of 30 ppb V. In an improved
experiment, the idler beam of the GIOPO was used to excite
the fundamental ν3 vibration and to measure the concentration

FIGURE 1 Set-up for photoacoustic trace gas
measurements with the GIOPO as a light source

of methane in ambient air in situ [14]. In these measurements,
the sensitivity was increased to 1.2 ppb V due to the higher
absorption coefficient of methane at 3 µm and an improved
differential PA detector.

2 Experimental set-up

The experimental set-up is shown in Fig. 1. The
GIOPO was similar to that described in [12], only the laser-
diode-pumped Q-switched Nd:YAG laser had a smaller power
(∼ 2 W) and the optical cavity was optimized for the idler
output of the GIOPO. A PPLN crystal was pumped by
the 1064-nm beam of the Nd:YAG laser. The front and
rear surfaces of the crystal plate were antireflection coated
for 1064 nm and the wavelength region of the idler beam.
A 1064-nm filter and an antireflection-coated Ge filter were
used to block the residual pump laser light and the signal
output of the GIOPO, transmitting only the idler beam. The
usable wavelength range of the idler was determined by the
period of the poled region selected and the temperature of
the PPLN crystal. The three PPLN crystals available, each
with eight periodically poled regions, provided a total tunabil-
ity range between 2.5 µm–4.5 µm. Continuous fine tuning of
the idler wavelength over a range of approximately 15 cm−1

was performed by scanning the tuning mirror using a micro-
stepping motor controlled by a PC. A larger scan range
(∼ 150 cm−1) was obtained by a combination of temperature
and stepping-motor tuning. The output power after the Ge
filter was typically approximately 25 mW. A gold-coated cop-
per mirror, with a radius of curvature of 406 mm, was used to
focus the infrared beam into the resonator tube, which had an
inside diameter of 5.5 mm and a length of 40 mm.

The differential PA detector employed was designed for
fast time response, low electronic and acoustic noise and high
sensitivity. The device had a fully symmetrical design, with
dual acoustic resonator tubes sandwiched between two acous-
tic filters. A more detailed description of the PA detector can
be found elsewhere [6]. The repetition rate of the pump laser at
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1064 nm was controlled by the internal reference signal of the
lock-in. The frequency was adjusted to match the longitudinal
acoustic resonance of the cell at approximately 4 kHz.

The preamplified photoacoustic signal was measured
using a digital lock-in amplifier (Stanford model 830, time
constant: 1 s) and recorded with a PC. The X and Y com-
ponents of the lock-in output signal were normalized to the
power of the infrared output of the GIOPO and plotted as
a function of wavelength to obtain the PA spectrum.

All measurements were carried out at a gas flow rate of
200 sccm. A certified mixture of 50 ppmV N2O in synthetic
air was diluted by mixing with a stream of synthetic air. High-
resolution mass flow controllers (MFCs, Tylan FC 260 series)
were employed to control the gas flow. The volume flow of
synthetic air was controlled by a 300 sccm MFC, while three
different MFCs (50 sccm, 10 sccm and 1 sccm) were used to
adjust the flow of the certified gas. The mass flow controllers
were adjusted to maintain the total volume flow at 200 sccm.

3 Results and discussion

The measurements were performed in three steps.
First, the wavelength range of the N2O measurements was de-
termined by using the HITRAN database [15]. The (ν1 + ν3)
combination band of the symmetric and asymmetric stretch-
ing mode between 3420 and 3510 cm−1 was selected for the
PA measurements (Fig. 2a). The temperature of the PPLN
crystal and the grating angle were selected in such a way that
the idler output was centered close to 3492 cm−1 (2.864 µm)
with maximum power. The differential PA cell was aligned
for minimal background at 200-sccm synthetic air flow. The
noise was measured by blocking the laser beam. First, the
noise performance was checked with gas flow. The broadband
intrinsic noise (measured with a broadband voltmeter) of the
miniature electret microphones of 15–20 µV was relatively
large. However, this noise was completely uncorrelated with
the modulation frequency. The in-phase (NX ) and quadra-
ture (NY ) components of the noise measured by the lock-in
were around 20 nV. These values depended on the time con-
stant of the lock-in. Theoretically, NX and NY should become
approximately zero with increasing time constant. This ten-
dency could be observed in the present measurements. In
contrast, the fluctuations of the noise components were quite
stable. Therefore, the standard deviations of the noise com-
ponents (time constant 1 s) were regarded as the NX and NY

components of the noise. The values of NX and NY were
around 60 nV in all experiments. The BX and BY components
of the background signal measured for synthetic air were
about thirty-times larger (∼ 2 µV). Since the background and
the noise should be added as uncorrelated quantities, the sum

of BX and NX is given as
√

B2
X + N2

X , the contribution of the
noise to the background and to the PA signal can be neglected.

The second step was the measurement of the absorption
spectrum of N2O. A certified mixture of 50 ppmV N2O in
synthetic air was made to flow through the PA cell while
the GIOPO was tuned over the selected spectral range by
applying combined temperature and stepping-motor tuning.
The measured PA spectrum of the (ν1 + ν3) band is shown
in Fig. 2b. This spectrum was compared to simulated spectra
obtained by convolving the HITRAN spectrum with Gaus-

FIGURE 2 a HITRAN spectrum of the (ν1 +ν3) combination band of 1%
N2O in synthetic air. The absorbance was calculated for a 100-cm path
length. b The measured PA spectrum of the whole band

sian lineshapes with different full-width at half-maximum
(FWHM) values. Best agreement was found for a Gaussian
lineshape with 0.4 cm−1 FWHM. The relevant parts of the
convolved HITRAN spectrum and the measured PA spectrum
are shown in Fig. 3a and b. Since the measured and calculated
spectra are almost identical, the FWHM of the idler can be re-
garded as being approximately 0.4 cm−1, about half the value
of the idler linewidth in the previous methane measurements
(∼ 0.8 cm−1) [14]. This result shows that the optimization of
the optical cavity for the idler wavelength and the reduction
of the internal losses within the optical cavity by antireflection
coatings ensures a linewidth that is narrow enough to resolve
the rotational structure of several important trace gases under
atmospheric conditions.

Due to the finite linewidth of the GIOPO, the effective
absorption coefficient was smaller than the value given by
HITRAN modeling. The value of the maximal absorption co-
efficient at 3492 cm−1 is 3.87 cm−1 according to HITRAN
and about 1.65 cm−1 for the convoluted spectrum. Thus, the
effective absorption coefficient of N2O was estimated to reach
only about 45% of the HITRAN value.

The sensitivity of the GIOPO-PA system for N2O was de-
termined by calibration measurements. The idler wavelength
was set to the center of the peak at 3492 cm−1 and the GIOPO
power was optimized by adjusting both the grating and the
PPLN-crystal temperature.

Three calibration measurements were carried out. The
concentration of N2O was reduced from 7500 ppb V to
350 ppb V in 6 steps (MFC 50), from 2500 ppb V to 40 ppb V
in 11 steps (MFC 10) and from 225 ppb V to 20 ppb V in 6
steps (MFC 1). The errors involved in the concentrations



388 Applied Physics B – Lasers and Optics

FIGURE 3 a Convolution of a 0.4 cm−1 broad Gaussian lineshape
(FWHM) and the HITRAN spectrum of Fig. 2a. b The measured PA
spectrum

could be determined from the errors of the mass flow con-
trollers (2% of the full range). Since the absolute error of the
MFCs was constant, the relative error increased drastically for
low settings of the MFCs. Therefore, the error in the concen-
tration approached 100% at the lowest settings of the three
MFCs.

The in-phase (UX) and quadrature (UY ) components of
the preamplified microphone signal were measured by the
lock-in. The corresponding components of the background
(BX , BY ) were determined in a pure flow of synthetic air,
while the NX and NY components of the flow, acoustic and
electromagnetic noise were obtained by blocking the laser
beam. The X and Y outputs of the lock-in and the output
of the light power meter (WL ) were read out and stored by
the LabView program. Altogether, 3 × 50 data values were
collected at each concentration setting. The mean values of
these data blocks were regarded as the measured UX , UY

and WL values at the corresponding concentration, while the
standard deviations (σ) of these data were regarded as the er-
rors of the measured UX , UY and WL values. The measured
UX and UY lock-in amplitudes were normalized to 25-mW
light power (the average power during the three calibration
measurements), in order to find comparable values. The stan-
dard deviations of the light power data were below 0.5 mW
(∼ 2%).

Since the background is usually coherent with the laser
light, i.e. it has quite a stable phase lag of ΘBG to the lock-in
reference, and the true PA signal S has a different but constant
phase lag ΘPA, both quantities can be regarded as vectors with

components:

SX = S cos θPA SY = S sin θPA
BX = B cos θBG BX = B sin θBG

(1)

The components of the measured microphone signal U
can then be considered as sums of the corresponding S and
B components. Taking into account that the PA signal S is
strictly linear [6, 9] with the concentration w, that is, S = aw,
both UX and UY must be linear functions of the concentration:

UX = aXw+ BX

UY = aYw+ BY
(2)

where aX and aY are the X and Y components of the photo-
acoustic sensitivity (given in µV/ppb V).

It follows from (2) that the absolute magnitude U of the
measured PA signal is not a linear function of the concen-
tration [9, 14]. Therefore, the usual method of evaluation of
PA measurements, i.e. fitting a linear function to the meas-
ured (U, w) data pairs, may give a smaller slope than the true
one. Therefore it is preferable to evaluate the UX and UY data
points separately.

The calibration measurements were evaluated in the fol-
lowing way. The SX and SY components of the PA signal were
determined by subtracting the measured background compon-
ent Bk from the corresponding microphone signal compo-
nents Uk. This procedure was carried out for each calibration
measurement. Then straight lines through the origin were fit-
ted to the entire set of corrected data points of both vector
components Sk = Uk–Bk. The fit parameters ak provide the
components of the sensitivity vector a. The absolute value of
a, calculated from the aX and aY components, can be regarded
as the sensitivity of the photoacoustic N2O detector.

The sensitivities determined by the fit wereaX = 0.00313±
0.00001 µV/ppb V and aY = 0.00243 ± 0.00001µV/ppb V.
The calculated PA sensitivity was a = 0.00405 ±
0.00001 µV/ppb V. The measured PA amplitudes√

(UX − BX)2 + (UY − BY)2 and the calculated linear PA sig-
nal S = aw are shown in Fig. 4. The errors in the PA signal
and concentration are shown as error bars for each data point.
The lower sensitivity limit can be defined as the concen-
tration at which the PA signal is equal to the noise. Since
both noise components are around 60 nV, the lower sensi-
tivity limit (SNR = 1) can be estimated as 20 ppb V. This
sensitivity limit, however, could not be realized in mixing
experiments. Although gas mixtures with nominal concentra-
tions of 20, 30 and 40 ppb V were mixed by the gas mixing
system and PA measurements were performed, the mixing
error in the concentration exceeded 100% at these low con-
centrations. Therefore, the lowest measurable concentration
should be defined by SNR = 3. In this case, the lower limit
will be approximately 60 ppb V. As can be seen in Fig. 4,
both the signal and concentration errors are then smaller
than 50%.

Since the PA signal is proportional to the product of
the light power and absorption coefficient, the sensitivity
of the detector itself can be estimated by multiplying to-
gether the GIOPO power, the actual absorption coefficient
(Fig. 3) and the lower concentration limit: D = 0.025 W ×
1.65 cm−1 × 60 × 10−9 ∼= 2.5 ×10−9 W cm−1. The result is
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FIGURE 4 Calibration curve of photoacoustic N2O detection. Dots, meas-
ured and background-corrected PA signal; line, linear fit

somewhat larger than the previously published sensitivity
of the same differential PA detector of 1.4 ×10−9 W cm−1,
which, however, was derived for SNR = 1 [14].

The linear concentration dependence of the PA signal and
the known behavior of the background facilitate the calibra-
tion of the PA detector for a given species. It is sufficient to
measure the X and Y components of the microphone signal
U and background B and to calculate the PA signal amplitude
as S =

√
(UX − BX)2 + (UY − BY)2 of a certified gas mixture

of concentration c. The photoacoustic sensitivity can be deter-
mined as a = S/c. In order to reduce the error caused by the
uncertainty in the concentration, of course, it is better to use
three calibrated mixtures with different concentrations and to
calculate the photoacoustic sensitivity as the arithmetic aver-
age of the three individual a values.

Unknown concentrations of a given gas can be obtained by
calculating the photoacoustic amplitude S from the measured
U and B values, and by dividing S by the value of a deter-
mined by the simple method described above.

4 Conclusion

It has been demonstrated that the spectral reso-
lution of a GIOPO–PA system is sufficient to resolve the rota-
tional structure of the (ν1 +ν3) combination band of N2O. Ac-
cording to the HITRAN spectrum of Fig. 2, the separation of
the individual lines around 3492 cm−1 is only 0.6–0.7 cm−1.

These lines are well separated in the measured PA spec-
trum (see Figs. 2b and 3b). Since lines separated by 0.5 cm−1

around 3505 cm−1 could also be resolved, the spectral reso-
lution of the set-up was better than 0.5 cm−1.

The lower limit of the sensitivity of the N2O concen-
tration measurements at SNR = 3 was 60 ppb V. The actual
limitation was given by the accuracy of the mixing proced-
ure. The sensitivity achieved could be sufficient for contin-
uous monitoring of N2O in the atmosphere, if the interfer-
ence with water vapor can be sufficiently reduced. By taking
into account the value of the absorption coefficient of N2O,
the absorption coefficient still measurable by the PA set-up
can be given as αmin = 1 ×10−7 cm−1. The detector sensitiv-
ity D defined as the product of the GIOPO idler power of
0.025 W and the minimum absorption coefficient is given as
D = 2.5 ×10−9 W cm−1. The values of both αmin and D agree
reasonably well with our previous results obtained for me-
thane and ammonia.
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