
Appl Phys B (2012) 108:369–375
DOI 10.1007/s00340-012-5018-5

Water-based enhancement of the resonant photoacoustic signal
from methane–air samples excited at 3.3 µm
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Abstract Photoacoustic spectroscopy is widely applied for
trace-gas detection because of its sensitivity and low de-
tection limit. In a previous work, where we studied the
potential application to methane monitoring under a reso-
nant excitation at 3.3 µm, we showed that the signal from
methane–nitrogen mixtures decreases with the addition of
oxygen. This effect is due to an energy exchange between
the ν4 asymmetric stretching mode of methane and the first
metastable level of oxygen. This process makes oxygen ac-
cumulate energy, thus hindering the generation of the pho-
toacoustic signal. In this work, we study the possible addi-
tion of water, as a good collisional partner of oxygen, in or-
der to obtain a greater sensitivity. We develop a model based
on rate equations and find good agreement between the-
ory and measurements. The experiment is carried out with
a novel cell of rectangular cross section and a Q factor of
165 ± 1. We find that 0.7 % water content is large enough
to obtain a signal as high as in the methane–nitrogen case at
atmospheric pressure.
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1 Introduction

Methane is one of the main greenhouse effect gases. Its con-
centration has been increasing at a high rate due to mul-
tiple sources; in fact, it trebled during the last 150 years
reaching a level of around 1.7 ppmV. Therefore, the avail-
ability of sensitive and selective methods for monitoring of
methane in the atmosphere and its emission sources is im-
portant. The photoacoustic (PA) technique is a well-known
method for trace-gas detection because of its wide dynamic
range, selectivity and sensitivity [1, 2]. Thus, its application
to methane detection is worth studying [3, 4].

In a previous paper [5], we showed that the PA signal
from methane–dry air mixtures, excited by an optical para-
metric oscillator (OPO) at around 3.3 µm, is smaller than
those found in methane–nitrogen mixtures because of oxy-
gen’s slow relaxation rate. The close-matching vibrational
levels (methane’s νb-bending mode and oxygen’s ν-mode)
exchange energy through vibration–vibration (V–V) pro-
cesses in around 10−8 s for mixtures in air at atmospheric
pressure [4]. In this way, most of the energy absorbed by
methane is stored in the metastable ν level of oxygen in-
stead of being totally transferred to kinetic energy. This phe-
nomenon raises the PA detection limit and, sometimes, the
system output may deviate from linearity [4]. That is why in
these cases it is useful to look for a good collisional partner
for oxygen to speed up energy release to the surroundings
through vibration–translation (V–T) processes. It has been
shown [4] that adding helium to the gas mixture increases
the signal significantly, but a helium fraction as high as 10 %
is needed to attain the amplitude obtained from methane in
pure nitrogen because its energy exchange rate is not fast
enough. Moreover, helium is not a natural component of the
atmosphere, so adding it to a flow at atmospheric pressure
introduces an undesirable difficulty to the measuring sys-
tem. Therefore, finding a gas with faster V–T transfer rates
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is worth pursuing. Huestis [6] showed that water presents a
fast energy exchange rate with oxygen and, most important,
it is a natural constituent of the atmosphere. In this sense,
some authors [4, 7] have shown that water is an appropri-
ate candidate as a collisional partner of oxygen to improve
methane monitoring by the PA technique in the mid-infrared
region. Moreover, water also increases the PA signal from
CO2 samples in N2 excited at 1431 nm [8].

It is worth mentioning that there are several works that
refer to the PA signal decrease due to the vibrational energy
stored in metastable states of diatomic molecules after exci-
tation of certain molecules. As an example, we can mention
the effect of N2 on IR-excited CO2 [9–11] or HCN [12] and
the subsequent signal increase after adding other gases (H2O
or noble gases).

In this work, we experimentally show that adding water
to a methane–air mixture (excited at 3.3 µm) increases the
PA signal. In addition, we show that the results are fairly
described by means of a numerical kinetic model. The mea-
surements on methane samples in different buffer gases are
performed in a novel, simple acoustic cavity that allows us
to obtain good sensitivity and low detection limit.

2 Model for the PA signal generation

The resonant PA technique is based on the excitation of a
gas by laser radiation modulated at an eigenfrequency of an
acoustic cavity. The laser wavelength is suitably chosen to
excite the target gas species. The molecules transfer the ab-
sorbed energy through collisions to the surrounding buffer
gas. This energy release produces an acoustic wave, readily
detected with a microphone. A small V–T relaxation time
(compared to the modulation period) ensures that little en-
ergy is lost through collisions between the molecules and the
cell’s wall.

In a previous work [5], we presented a simple kinetic
model to calculate the released heat in methane–nitrogen–
oxygen. Using an OPO tuned at 3.3 µm, we found an ad-
equate agreement between the model and the experimental
results. We concluded that it is necessary to add a new com-
ponent to the system to increase the signal from methane–air
samples. In this work, we choose water owing to its relax-
ation properties and because it is a natural component of
the atmosphere. In the next sections, we revisit our kinetic
model, this time introducing one excited vibrational level of
water to analyze if the PA signal increase is predictable.

2.1 Hypothesis of the model

The vibrational modes of methane can be divided into two
groups: the IR-active one, consisting of two modes conven-
tionally denominated ν3 and ν4, and the IR-inactive one, in-
volving the ν1 and ν2 modes. The wavenumbers of the ν2

and ν4 bending modes (νb) are 1533 and 1311 cm−1, re-
spectively. On the other hand, the ν1 and ν3 stretching modes
(νS ) at 2917 and 3019 cm−1, respectively, have wavenum-
ber values approximately twice those of the bending modes.
These particular characteristics lead to a distribution of the
vibrational levels in polyads. For example, the first polyad,
the dyad, is formed by two states ν2 and ν4. The second
polyad, the pentad, is formed by 2ν2, 2ν4, ν2 + ν4, ν1 and
ν3. The proximity of the states inside a polyad enables a very
fast energy exchange (approx. 10−9 s at atmospheric pres-
sure), called intermode transfer. Another important charac-
teristic of methane is that energy transfer between polyads
happens essentially through the lowest vibrational quantum
(ν4).

Oxygen is a molecule with only one non-IR active vi-
brational mode (ν), whose value closely matches methane’s
bending vibrational modes. For this reason, there is a strong
energy exchange between the dyad and ν. Once the oxygen
is excited, the energy is stored in it because of its large re-
laxation time; this leads to a smaller PA signal compared to
the CH4–N2 case.

The water molecule has three vibrational modes ν1,
ν2 and ν3 which correspond to symmetric stretching at
3657 cm−1, bending at 1595 cm−1 and asymmetric stretch-
ing at 3756 cm−1, respectively. As the three modes are IR
active, this molecule presents a wide absorption spectrum.
Some authors [4, 6, 13] have shown that there is a strong
interaction between water and oxygen that speeds up V–V
and V–T exchanges. In this way, the energy stored in oxy-
gen can be rapidly released into kinetic energy through col-
lisions with water.

To develop a kinetic model that allows predicting the PA
signal, taking into account the energy levels and their inter-
actions, we assume some hypotheses necessary to simplify
the problem:

1. As stated formerly, the methane levels are distributed
in polyads. We consider only the exchange between the
ground state and the first two polyads.

2. The redistribution of energy inside a polyad is almost in-
stantaneous. In this way, we can represent the pentad en-
ergy levels as νS (symmetric and asymmetric stretching
modes) and 2νb (harmonic and combination of the bend-
ing modes) and the dyad as νb .

3. The energy exchange between polyads and with the other
gases happens only via the lowest energy quantum (hν4).

4. Second-order processes are neglected. With this hypothe-
sis, together with the third one, we can ignore the doubly
excited levels of oxygen and water.

5. The V–T relaxation processes from the excited water
molecules are very fast. Therefore, the PA signals from
water and methane can be considered separately and lin-
early combined.
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Fig. 1 The 11 excited level system is simplified to five. The figure does not show the nitrogen levels because they are not involved in the V–V
energy exchanges

6. The first-order perturbation theory of the harmonic os-
cillator predicts a scale factor that relates the relaxation
rates of high vibrational levels with the first excited state.

2.2 Processes involved in the model

After excitation of a methane molecule, the intermode trans-
fer process redistributes the absorbed energy through colli-
sions. The optically excited level νS transfers its energy at a
fast rate to 2νb . This exchange can occur through collisions
with species M (methane, nitrogen, oxygen or water) in its
ground state and is described as

CH∗
4(νS) + M

kM
1−→ CH∗

4(2νb) + M. (1)

This process shows how the methane molecule releases a
fraction of its internal energy h(νS − 2νb) and becomes ex-
cited into the 2νb state. The rate constant corresponds to kM

r ,
where M represents the four possible molecules involved in
the process and r is the process number.

The next processes involve the redistribution of energy
between polyads and with oxygen and water, taking into ac-
count V–V transfers:

CH∗
4(νb, S) + CH4

(
0, S′) k2−→ CH4(0, S) + CH∗

4

(
νb, S

′),
(2)

CH∗
4(2νb) + CH4

k3=2k2−→ CH∗
4(νb) + CH∗

4(νb), (3)

CH∗
4(νb) + O2

k4−→ CH4 + O∗
2(ν), (4)

CH∗
4(2νb) + O2

k5=2k4−→ CH∗
4(νb) + O∗

2(ν), (5)

CH4 + O∗
2(ν)

k6−→ CH∗
4(νb) + O2, (6)

CH∗
4(νb) + H2O

k7−→ CH4 + H2O∗(ν2), (7)

CH∗
4(2νb) + H2O

k8=2k7−→ CH∗
4(νb) + H2O∗(ν2), (8)

H2O∗(ν2) + CH4
k9−→ H2O + CH∗

4(νb), (9)

O∗
2(ν) + H2O

k10−→ O2 + H2O∗(ν2). (10)

In process (2), S and S′ represent two different symmetries.
In (3), (5) and (8) the perturbation theory scale factor is used.
The V–T processes are

CH∗
4(νb) + M

kM
11−→ CH4 + M, (11)

CH∗
4(2νb) + M

k12=2kM
11−→ CH∗

4(νb) + M, (12)

H2O∗(ν2) + M
kM

13−→ H2O + M, (13)

O∗
2(ν) + M

kM
14−→ O2 + M. (14)

Considering all these processes, a new energy level diagram
is possible. Figure 1 shows the original system of 11 excited
states and a reduced one of five levels. This new model leads
to a rate-equation system of five linear differential equations
in which the νS mode population includes an oscillatory ex-
citation term. This system can be solved numerically to find
the time evolution of the level populations.

The rate constants are shown in Table 1, including val-
ues given by different authors. As far as we know, there are
methane–water interactions that have not been published, so
we estimated some relaxation rate values taking into account
the values of other similar known interactions. For example,
since process (1) has a rate of around 108 s−1 atm−1 with
O2, N2 and CH4, we assume that k

H2O
1 should be of the same

order of magnitude. In addition, typical relaxation rate val-
ues for polyatomic molecules in low vibrational levels were
assigned to other V–V relaxation rates like (7) and (9) and to
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Table 1 Rate constants of processes involved in the kinetic model

Rate constants (s−1 atm−1)

k
CH4
1 2.13 × 108 [1]; 5.3 × 108 [2]; 1.1 × 109 [3]; 1.1 × 109 [4]

k
O2
1 4.6 × 108 [14]; 8.7 × 108 [16]

k
N2
1 4.6 × 108 [16]; 8.7 × 108 [15]

k
H2O
1 ∼108a

k2 2.7 × 108 [4]; 2.28 × 108 [14]; 2.7 × 108 [15]; 2.4 × 108 [16]

k4 2 × 107 [4]; 3.27 × 107 [16]

k6 3 × 107 [4]; 3.3 × 106 [16]

k7 ∼2 × 107a

k9 ∼2 × 107a

k10 1.3 × 106 [6]

k
CH4
11 8 × 105 [4]; 7.6 × 105 [15]; 7.9 × 105 [16];

k
O2
11 1.3 × 105 [4]; 1.4 × 105 [16]

k
N2
11 8 × 104 [4]; 7.6 × 104 [15]

k
H2O
11 ∼105a

k
CH4
13 ∼106a

k
O2
13 106 [17]

k
N2
13 106 [17]

k
H2O
13 1.2 × 109 [6]

k
CH4
14 1 × 106 [4]

k
O2
14 6.3 × 10 [4]; 6.6 × 10 [6]

k
N2
14 4 × 10 [4]

k
H2O2
11 1.1 × 106 [4]

aTypical V–V and V–T relaxation values for polyatomic molecules
in low vibrational levels

the V–T exchange described in (11). Having considered that
we had approximate values of the different rates, we verified
that the final numerical result does not change significantly
even if these rates vary by one order of magnitude.

2.3 Results for the released power density

Once we have the solution for the populations, the next step
calculates the released power density H(t), defined as

H(t) =
∑

r,M,L

hνrk
M
r NMN∗

L, (15)

where hνr is the energy involved in the V–T process r ,
NM the population density of the fundamental state of the
molecule M and N∗

L the population density of the excited
molecule L. Using these results, in a previous paper [5]
we confirmed that, exciting the sample at a modulation fre-
quency of 2230 Hz, the presence of the typical percentage

Fig. 2 The solid line shows the model results with 0.04 % CH4, 20 %
O2, 1 % H2O and 78.96 % N2 at atmospheric pressure. The dashed line
corresponds to a sample of 0.04 % CH4 and 99.96 % N2 at atmospheric
pressure. The model predicts a growth in the signal in the case of water
presence. Both calculations were done considering a laser power of
176 mW, analogous to the experimental measurements. T is the laser
modulation period (430 µs)

(20 %) of oxygen in methane–air samples (3.95 × 10−4 atm
of methane at atmospheric pressure) determines a 80 % re-
duction of the PA signal compared to the value obtained with
pure N2 as buffer. On the contrary, Fig. 2 shows that the
heat generated by the modulated IR excitation in methane–
nitrogen mixtures, calculated with our model, is compara-
ble with that obtained in methane–air with 1 % of water.
In this case, the energy stored in oxygen is released to ki-
netic energy through the interaction with water, and the am-
plitude shows a slightly higher value than in CH4–N2 mix-
tures. We show, in the next section, that this increase is also
observed in the experimental results and is predicted by a
kinetic model which includes all the methane and oxygen
energy exchanges with water described in Sect. 2.2 [4, 7].

3 Photoacoustic cell

The cylindrical resonator with buffers at both ends is a
widely employed PA cell. Excited at the resonance of the
first longitudinal mode, it shows a low quality factor (less
than 50 in most cases [1]). On the other hand, the cylin-
der, and also the sphere, excited at frequencies of the ra-
dial modes show a large quality factor (more than 1000 in
some cases) but the microphone’s location and the cell vol-
ume are critical for a good sensitivity [18, 19]. Generally
speaking, in order to minimize the background signal due
to window heating and multiple reflections, it is convenient
to place the Brewster windows at the nodes of the acoustic
mode. This configuration is not easily modelled and the de-
sign may be complicated [20]. As an example, we refer to
the resonator designed by Meyer and Sigrist [21] that con-
sists of a cylinder asymmetrically connected with two buffer
volumes closed by windows at the Brewster angle. This cell
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Fig. 3 (a) Scheme of the photoacoustic cell. (b) Side view of the pho-
toacoustic cell. Notice the overlap between the acoustic mode ω002 and
the laser path through the cell (θB : Brewster angle)

was specially designed to excite a radial mode. Based on
these requirements (high Q, small volume, windows placed
at acoustic nodes), we designed an aluminum acoustic cavity
shaped like a rectangular parallelepiped, shown in Fig. 3a.
The length of the cell is L = 15 cm and the sizes of the
transversal cross section are a = 5 cm and b = 3 cm. With
these values, the eigenfrequencies can be calculated as

ωlmn = c0
(
(Kl)

2 + (Km)2 + (Kn)
2)1/2

,

Kl = lπ

α
, Km = mπ

b
, Kn = nπ

L
,

l,m,n = 0,1,2, . . . ,

(16)

where c0 is the sound velocity and l, m and n are inte-
gers. The cell’s dimensions (a, b < L) avoid the overlap-
ping of resonance peaks and allow resolving neighbouring
eigenfrequencies. In this way, we chose a modulation fre-
quency of 2270 Hz, corresponding to the (002) mode with
ω002 = c02π/L. Notice that the transverse modes are out-
side the microphone bandwidth (<10 kHz) and the odd lon-
gitudinal modes have a node at the microphone location. Fi-
nally, as the signal goes as 1/ω, the higher even longitudinal
modes ((004), (006), . . .) show lower amplitude.

The designed stand allows easy alignment of the cell in
the beam path and great reproducibility (Fig. 3b). The CaF2

Fig. 4 Resonance curve. �f = 14 Hz

windows are located at opposite sides at the acoustic nodes,
at Brewster angles relative to the laser beam path.

The gas inlet and outlet ports were also placed at the
(002) mode nodes to reduce possible perturbations due to
flow turbulence. In addition, to attain lower losses, the cell’s
inner wall was mirror polished. The measured quality fac-
tor was 165 ± 1 (see Fig. 4), a higher figure than that of the
cylindrical cells we used before, with similar resonant fre-
quency. With all these features we obtained a low-noise cell
with good sensitivity and high signal-to-noise ratio.

The eigenmodes ulmn(x, y, z) of this cell are of the form

ulmn(x, y, z) = cos(Klx) cos(Kmy) cos(Knz) (17)

and form a basis to expand any pressure distribution
p(x, y, z) as

p(x, y, z) =
∑

l

∑

m

∑

n

Almn cos(Klx) cos(Kmy) cos(Knz).

(18)

Here Almn is the pressure amplitude of the (lmn) mode
and can be determined by solving the inhomogeneous wave
equation with a released power density term. In Ref. [5],
we showed that H(t) can be expressed by a sum of a con-
stant term representing the heat mean value and an oscil-
latory term multiplied by an amplitude H . As a result, the
amplitude A002 turns out to be proportional to H and the
normalized overlap integral (F002).

Finally, the PA signal is proportional to H and the cell
constant, which was determined by calibrating the system
with a mixture of methane in nitrogen and using the absorp-
tion cross section of methane integrated over the OPO line
width.

4 Experiment

The experiment was carried out using an OPO (M-Squared,
model Firefly-IR-100, line width <10 nm, 190 mW at
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3.3 µm), tuned at 3.3 µm, mechanically modulated with a
chopper (Terahertz Tech. Inc. C-995) at the PA cell reso-
nance frequency of 2270 Hz. The PA signal was acquired by
a small, low-noise microphone (Knowles EK-3132) placed
at the middle of one of the side walls (see Fig. 3a). A lock-in
amplifier (Stanford Research SR830), which uses the chop-
per output as the reference signal, performed synchronous
detection. A power meter (Gentec XLP12-15-H2) was used
to measure the OPO power for normalization purposes. The
measuring system (including the OPO wavelength, chopper
repetition rate and communication with the lock-in ampli-
fier) was automated and controlled by a computer.

The amplitude of the PA signal for different mixtures of
methane (Alphagaz 99 %), air (L’Air Liquide 99.5 %, 80 %
N2, 20 % O2, H2O < 5 ppmV, hydrocarbons < 1 ppmV,
CO+CO2 < 0.5 ppmV) and water (distilled water at vapour
pressure) was studied at 3.3 µm in order to compare ex-
periment with theory. The gas mixtures were prepared in
a line connected to a high-vacuum pump. The gas samples
were prepared in the PA cell by mixing a fixed quantity
of methane (3.95 × 10−4 atm), different pressures of wa-
ter (from 0 to 0.016 atm or 1.6 %) and chromatographic
air up to atmospheric pressure. Special care is needed when
dealing with water measurements because of its fast adsorp-
tion at the cell walls. Heating the cell avoids this problem
but most microphones do not withstand high temperatures.
For this reason, we designed an alternative method. With a
manometer (MKS Baratron model 622A) we determined the
water pressure change inside the cell (without air) and no-
ticed that, during the first minutes, it shows an exponential
decay as a function of time but, later on, it changes linearly
with a small slope. We found that at low water content, the
pressure decays until it reaches a stationary value. At higher
water amounts (more than 0.007 atm), after 10 min of adding
water to the cell, the decay becomes linear and the rate can
be obtained experimentally using the slope of a linear fit on
the last part of the water pressure vs time curve. In this way,
the amount of water inside the cell can be estimated within
a 10 % error. After preparing the desired water quantity, the
other gases (methane and air) were added to carry out the
PA measurement.

Figure 5a shows the experimental results superimposed
on the kinetic model prediction. In agreement with the
model, it is clear that for 3.95 × 10−4 atm of methane and
more than 0.6 % of water the signal is slightly greater than
the one with methane and nitrogen only. It is important to
point out that water has an absorption peak near the one of
methane, at 3.3 µm. For this reason, it was necessary to ob-
tain a calibration curve for water at that wavelength, so every
measurement of the PA signal could be processed by sub-
tracting the corresponding water signal taking into account
amplitude and phase. Figure 5a shows the experimental re-
sults of the PA signal at different water contents superim-
posed on the values (solid line) calculated from the kinetic

Fig. 5 (a) PA signal of methane at fixed pressure (3.95 × 10−4 atm)
varying the water concentration. The water signal was subtracted from
all the data. The large error bars in the last part of the curve are given
by the 10 % of error in determination of water concentration in the
sample. The solid line corresponds to the kinetic model (note that this
curve is not a fit). (b) Kinetic model for PA signal varying both methane
and water percentages in the mixture

model, based on the cell constant that had been determined
from methane–nitrogen mixtures. No fitting parameter was
used to compute the theoretical curve.

We calculated the PA signal for different concentrations
of water and methane (Fig. 5b) taking into account that the
ambient methane abundance is 1.7 ppmV. From the figure,
it is clear that more than 0.7 % of water is high enough
to recover the amplitude of the PA signal characteristic of
methane–nitrogen.

Our system presented a limit of detection of 0.95 ppmV
(with 0.7 % of water in 1 atm total pressure) given by
the standard deviation of the background. A lower detec-
tion limit, adequate for ambient air monitoring, could be
reached with a narrower line width OPO, since in our case
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the methane integrated cross section is about one-tenth the
maximum at 3.314 µm.

5 Conclusions

The new cell geometry shows advantages that allow fulfill-
ing most of the usual PA requirements with a simple design.
In this sense, it was possible to place the Brewster angle
windows at the nodes of the acoustic mode, reducing sig-
nificantly the background noise. As an extra benefit, we ob-
tained a Q factor higher than the value of a cylindrical cell
with λ/4 filters.

Water, a natural constituent of the atmosphere, proved
to be an efficient collisional partner of oxygen. We found
a good agreement between a simplified kinetic model and
the measurements. It is important to remark that the knowl-
edge of the setup constant together with this model allows
predicting quantitatively the PA signal from methane–air–
water samples.
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