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Abstract

Photoacoustic spectroscopy is a widely recognised technique to measure trace
gases at parts-per-million (ppm) or parts-per-billion (ppb) level using semi-
conductor laser in the near infrared range. This technique is based on the
generation of an acoustic wave in a gas excited by a modulated laser beam
at a wavelength corresponding to a absorption line of the gas species, and
on the detection of this sound using a sensitive microphone. Various sensors
have been developed in the past decades in the field of atmospheric pollution
monitoring, in the semiconductor industries, in medical applications and in
life science applications.

This work aims at presenting the development of a new sensor for multi-gas
detection at sub-ppm level using distributed feedback (DFB) semiconductor
lasers developed for the optical telecommunication market in the near infrared
range. A novel resonant photoacoustic cell that consists in three resonators
was designed and characterised. The sensor was developed to monitor up to
three different gases for the monitoring of microclimatic parameters of living
organisms and for the manufacturing of the next generation of optical fibres
used in the optical telecommunication network application.

The buffer gases used in these two applications are extremely different and
have a very important impact on the calibration of the photoacoustic sensor.
In particular, effects of the physical gas parameters on the photoacoustic signal
are theoretically and experimentally compared. Relaxation effects related to
these different buffer gases were observed in particular situations and gave rise
to drastic changes in the photoacoustic response. A model is developed and
quantitatively compared with experimental data.

Finally, the sensitivity of the sensor is an important parameter, since
many applications require detection limits down to ppb levels. The use of
an Erbium-doped fibre amplifier made ammonia detection at concentration of
2.4 ppb possible. Ammonia monitoring with typical ambient concentration of
water vapour and carbon dioxide at atmospheric pressure could be successfully
achieved using an innovative approach.

Keywords

Photoacoustic spectroscopy, molecular relaxation, NIR, semiconductor laser
diode, multi-gas sensing
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Version abrégée

La spectroscopie photoacoustique est une technique de spectroscopie large-
ment répandue pour la détection de traces de gaz au niveau d’une particule
par million (ppm) ou d’une particule par milliard (ppb). L’utilisation des
lasers à semi-conducteurs développés récemment et employés en premier lieu
dans les télécommunications optiques permet d’obtenir ce type de sensibilité
dans le proche infrarouge. La spectroscopie photoacoustique est basée sur la
génération d’une onde acoustique dans un gaz créée par la modulation d’un
laser dont la longueur d’onde correspond à la longueur d’onde d’absorption
du gaz à mesurer. La détection de cette onde acoustique se fait au moyen
d’un microphone pourvu d’une sensibilité élevée. Plusieurs capteurs basés sur
cette technique ont émergé depuis les années 80 dans les applications telles
que la détection de polluants dans l’atmosphère, dans le domaine des sciences
de la vie et dans les industries à semi-conducteurs.

Le présent travail vise au développement d’un nouveau capteur multi gaz
utilisant des lasers à semi-conducteurs fabriqués pour l’industrie des télécom-
munications optiques dans l’infrarouge proche. Un nouveau type de cellule
comportant trois résonateurs excités dans leur premier mode longitudinal a
été conçu et caractérisé. Le capteur développé permet, dans une première
application, la mesure de trois différents gaz pour la détection des conditions
microclimatiques d’animaux de laboratoire. La deuxième application vise la
mesure de composants hydrogénés dans la fabrication de la nouvelle génération
de fibres optiques permettant l’utilisation d’une large bande spectrale pour la
transmission optique de signaux.

Les gaz porteurs utilisés pour ces deux applications sont de nature très
différente et influencent directement la détection du signal photoacoustique.
Une investigation théorique et expérimentale détaillée de ces effets sur le signal
photoacoustique ainsi que sur les paramètres physiques du gaz est présentée.
Les effets de relaxation moléculaire observés dans ces différents gaz porteurs
font également l’objet d’une recherche théorique et expérimentale.

Finalement, la limite de détection d’un tel capteur est fondamentale pour
certaines applications qui nécessitent des niveaux de détection extrêmes, de
l’ordre du ppb. L’utilisation d’un amplificateur optique dopé à l’Erbium per-
met la détection d’ammoniaque à ces niveaux de sensibilité. Une approche no-
vatrice permet la détection de traces d’ammoniaque à pression atmosphérique
incluant les effets du dioxyde de carbone et de la vapeur d’eau comme in-
terférents.
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Chapter 1

Introduction

Infrared spectroscopy is an efficient method to detect various gaseous species,
since many of them absorb in this spectral range. The bases of infrared spec-
troscopy were theoretically explored by A. Einstein in 1905 and N. Bohr in
1913 who postulated the quantization of the electromagnetic field [1] and the
energy levels of atoms [2], respectively. In 1915, Einstein described in details
the interaction between light and absorption through the transition probabil-
ity coefficients between two levels of energy [3]. An important breakthrough
was achieved with the contribution of G. Herzberg to the description of molec-
ular transitions [4, 5]. In parallel with theoretical investigations, experimental
developments were performed since the beginning of the 20th century. At that
time, the developed spectrometers were used with broadband sources in com-
bination with filters to selectively detect the gases of interest. However, the
poor selectivity and sensitivity of these sensors made them of rather limited
interest.

An important technological breakthrough occurred with the advent of
lasers in the early sixties. These sources are particularly well adapted for
infrared spectroscopy, since they offer many advantages, such as, for exam-
ple, high power and monochromatic emission. A wide variety of laser sources
currently available (semiconductor lasers, gas lasers, quantum cascade lasers)
covers almost the entire infrared spectrum and makes the detection of multiple
gas species possible. In particular, distributed feedback laser diodes emitting
in the near infrared (NIR) range are excellent light sources, since they present
many advantages, such as excellent spectral properties, modulation capabili-
ties through the injection current (intensity or wavelength modulation), long
lifetime operation, low cost due to a mass production mainly devoted to the
optical telecommunication market.

Infrared spectroscopy is a particular technique for gas traces detection
among several other conventional methods like for example, gas chromatog-
raphy, chemiluminescence or fluorescence. Gas chromatography requires the
preparation and the extraction of the gas sample resulting in a long response
time and in an impossible continuous measurement. Chemiluminescence is
based on a chemical reaction of the gaseous sample, thus modifying the com-
position of the initial gas which is, for instance, in medical applications not
possible. Fluorescence is less adapted to molecular analysis since the cross-
sections are weak and thus directly limit the sensitivity of such systems. Laser
infrared spectroscopy offers key advantages in comparison to the above men-
tioned techniques. For instance, short response time, continuous and real-time
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trace gas monitoring (from part-per-million (ppm) down to part-per-billion
(ppb) range) are with this technique possible. Moreover, the design of portable
instruments, particularly well adapted for in-situ measurements is achievable.

Laser photoacoustic spectroscopy (LPAS) is a specific technique that dif-
fers from conventional optical absorption spectroscopy methods based on the
Beer-Lambert law which states the exponential attenuation of the transmit-
ted intensity (Fourier-transform infrared spectroscopy, cavity ring-down spec-
troscopy, intracavity spectroscopy). Photoacoustic spectroscopy is a calori-
metric method, in which the optical energy absorbed in a gaseous species is
directly measured through the heating produced in the medium. The con-
version from optical energy to heat is induced by molecular absorption of
photons at proper wavelength and subsequent non-radiative relaxation of the
excited state (collisional relaxation). The small local temperature variation
in the sample is associated to a pressure variation. When the deposited op-
tical energy is modulated, a periodic heating is produced, thus generating a
modulation of the sample pressure. This results in an acoustic wave, which
can be detected using a sensitive miniature microphone.

This technique provides several advantages over standard absorption spec-
troscopy methods:

• The absorbed energy (not the transmitted energy) in the gas is measured
so that no signal is produced in absence of the gas species and thus no
background signal is present.

• The detection of the photoacoustic signal is performed using a sensitive
microphone and is thus wavelength- independent.

• The response of the system is linear over several order of magnitude with
the gas concentration. Theoretically, one calibration point is sufficient
to characterise the sensor response.

• A simple sensor configuration makes low (sub-ppm) to extremely low
(ppb) detection limits possible.

• The size of the system is kept small, which offers the possibility of
portable instruments compatible with industrial environments.

LPAS is a widely recognised method that is applied in many different appli-
cations. The most important applications are listed below:

• Environmental pollutants monitoring: ammonia in agricultural environ-
ment [6] or in road traffic emission [7, 8], H2O in atmospheric research
[9], contribution of N2O to the destruction of ozone [10], study of H2O,
CO2 and C2H4 in urban areas [11].

• Medical diagnostics: NO monitoring to analyse vital processes in the
human body [12], NH3 in the human breath [13].

• Industrial process control: NH3 in the semiconductor industry [14], NO
in exhaust system [15] or hydrogenetated compounds in the manufac-
turing of optical fibre process [16].

• Life science field: CH4, H2O and CO2 emission by cockroaches and
scarab beetle [17] or microclimate monitoring of living organisms in an-
imal house [18].
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• Storage et transportation of fruit industry to control the ripening process
of different fruits (ethylene monitoring) [19].

• Detection of gas leaks in hazardous work environment by the use of SF6

[20].

• Detection of various doping agents used by athletes [21].

All of these applications require high sensitivity, high selectivity, short re-
sponse time and transportable instruments, which makes photoacoustic spec-
troscopy a good candidate to fulfil these needs.

The present work aims at developing a multi-gas sensor using semiconduc-
tor lasers emitting in the near infrared range. A first cell prototype based on
a single resonator makes multi-gas sensing possible through frequency mul-
tiplexing. An improvement of this configuration based on a three resonator
set-up is then discussed. Multi-gas sensing is of primary importance to be
compliant with the applications that are investigated.

The first application concerns the life science field where microclimate
parameters of mice haa to be monitored. In particular, CO2, NH3 and H2O
are simultaneously recorded. The second application concerns the optical fibre
manufacturing process where hydrogenated compounds has to be detected.
For this case, CH4, HCl, and H2O are monitored in a particular buffer gas
specific for the manufacturing of the preform.

The influence of the buffer gas on the PA signal is treated in details,
since the conditions between the two applications are very different. This
investigation leads to unexpected results due to molecular relaxation. This
phenomenon is analysed for CH4-O2 and HCl-N2/O2 systems resulting in a
drastic deterioration of the performance of the system.

Finally, detection of ammonia at ppb level is presented and measurements
down to a few ppb are shown. In addition, the interference of CO2 and H2O
on the ammonia signal is treated.

Organisation of the work

This work mainly consists in four chapters.

• The chapter 2 presents a brief description of the basics of spectroscopy
necessary to understand the photoacoustic theory. The second part is
dedicated to the theory that describes the heat production rate for ther-
mal equilibrium and the generation of acoustic wave in photoacoustic
spectroscopy.

• In chapter 3, a brief review of different acoustic resonators are presented
followed by the design of the photoacoustic cell and its characterisation.

• The chapter 4 is mainly dedicated to photacoustic applications. In par-
ticular, a first example in the life science field is described. A second
application in the optical fibre manufacturing process is presented with
in-situ and automated measurements during a period of 11 days. Finally,
a sensor design to reach extreme detection limits (in the ppb range) of
NH3 is proposed.
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• The chapter 5 deals with molecular relaxation effects in photoacoustic
spectroscopy. A brief theory is first given to explain the basics of mole-
cular relaxation. The second part is dedicated to the description of
two experimental examples in CH4-O2 mixture and in HCl-N2-O2-He
mixtures.
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Chapter 2

Photoacoustic spectroscopy

2.1 Introduction

This first chapter is dedicated to the theory that describes photoacoustic
spectroscopy. The first part deals with the fundamentals of absorption spec-
troscopy, mainly the intensity, the shape and the width of absorption lines.
This description is required to the interpretation of the photoacoustic signal.
The second part of the chapter is dedicated to the description of photoacoustic
spectroscopy through fundamental laws of fluid mechanics and thermodynam-
ics.

2.2 Absorption spectroscopy

The detection of individual gaseous species using optical methods is based
on selective interaction processes between radiation and matter. Three main
interaction processes can be considered for the detection of gases: Raman
scattering, fluorescence emission and absorption processes. Raman scattering
offers the advantage that a laser emission at only one wavelength is suffi-
cient for the detection of numerous gases, since the selectivity is given by the
characteristic frequency shifts relative to the incident wavelength. The main
drawback of this method is the weak scattering cross sections and possible
interference with fluorescence. Laser-induced fluorescence is well adapted for
the detection of atoms or radicals but is less suitable for the detection of gas
species, since the cross sections are small (comparable to Raman scattering
[1]).

The most important optical process for spectroscopic detection of gases
is based on absorption. The absorption wavelengths and strengths that are
specific to each molecule allow the identification of the gaseous compounds
and the determination of their concentrations. Absorption cross sections of
molecules are typically on the order of 10−22 cm2 to 10−20 cm2 in the near
infrared (NIR) at atmospheric pressure and thus six to eight orders of magni-
tude larger than Raman cross sections [2]. This results in a drastic increase
in detection sensitivity and absorption spectroscopy is thus the most widely
spectroscopic detection scheme used for trace gas monitoring.
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2.2.1 Intensity of absorption lines

The fundamental theory governing absorption spectroscopy is embodied by
the Beer-Lambert law. The transmitted light intensity through an absorbing
media of length l is:

I(ν̃) = I0e
−am (2.1)

where I0 is the incident light intensity, ν̃ is the wavenumber in cm−1 and am

is the absorbance of the medium. The wavenumber ν̃ is defined by:

ν̃ =
ν

c
=

Em −En

hc
(2.2)

where ν is the frequency of the lightwave in Hz, c the speed of light in vacuum,
h the Planck’s constant, En is the lower energy level and Em is the upper
energy level.

The absorbance is linked to the absorption coefficient α(ν̃): am = α(ν̃)l.
The absorption coefficient is related to the cross section σ(ν̃) of the molecules
by:

α(ν̃) = Nσ(ν̃) = −1
l

ln
[
I(ν̃)
I0

]
(2.3)

where N is the gas density in (mol/cm3). The cross section can be represented
by a normalised function g(ν̃), describing the absorption line shape, and by
the line intensity S expressed in (cm−1/(mol cm−2):

σ(ν̃) = Sg(ν̃), S =

∞∫

0

σ(ν̃)dν̃ (2.4)

The measurement of the absorption coefficient allows to obtain the gas density:

N = − 1
lSg(ν̃)

ln
[
I(ν̃)
I0

]
(2.5)

and thus the concentration C of the gas:

C =
N

Ntot
(2.6)

The total density of molecules at temperature T and pressure p0 is given by:

Ntot = NL
296
T

p0 (2.7)

where NL = 2.479 · 1019 mol cm−3atm−1 is the Loschmidt number.
The linestrength S of an absorption transition depends on the population

Nn in the lower quantum state, which is a function of the Boltzmann distrib-
ution, and the probability of the transition (given by the Einstein coefficient
Bnm

1) between the upper state m and the lower state n, which depends on
the specific spectroscopic constants associated with that molecule’s particular
transition:

S =
1
N

hν̃nm

c
BnmNn

[
1− exp

(
hcν̃nm

kT

)]
(2.8)

1The probability of transition between two states |m〉 and |n〉 is Bnm = 8π3

3h2c
|RnmRnmRnm|2,

where RnmRnmRnm is the matrix element of the dipolar moment.
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Figure 2.1: Linestrength dependence on temperature for H2O (black curve) at 1369
nm corresponding to the transition (0 0 0)21,2 → (1 0 1)31,3 [4], for HCl (dashed
curve) at 1738 nm (line R4) corresponding to the transition (0) → (2) and for CO2

(grey curve) at 1572 nm (line R18), corresponding to the transition (0 0 0) → (2 20

1).

where k is the Boltzmann constant and the population of the lower state Nn

is given by

Nn =
Ngn

Qint
exp

(
−hcEn

kT

)
, Qint =

∑
n

gn exp
(
−hcEn

kT

)
(2.9)

Qint is the total internal partition function, En is the lower-state energy of
the transition and gn is the degeneracy of the lower state. By combining 2.8
and 2.9, the linestrength at temperature T is obtained:

S(T ) =
hν̃nm

c
Bnm

gn

Qint(T )
exp

(
−hcEn

kT

)[
1− exp

(
−hcν̃nm

kT

)]
(2.10)

S(T ) can be expressed as a function of S0 obtained at a reference temperature
Tref :

S(T ) = S0
Qint0

Qint(T )
Tref

T

[
1− exp

(−hcν̃nm
kT

)]
[
1− exp

(
−hcν̃nm

kTref

)] exp
[
−hcEn

k

(
1
T
− 1

Tref

)]

(2.11)
The linestrength is usually tabulated at room temperature (Tref = 296K) in
databases [3]. Equation 2.11 is used to determine line-strengths at different
temperatures as far as the partition function Qint is known (see Figure 2.1).

The total internal partition function Qint(T ) can be approximated by the
product [5]:

Qint(T ) = QnQνQJ (2.12)

where Qn is the nuclear, Qν the vibrational and QJ the rotational partition
function. For rotational-vibrational transitions only Qν and QJ contribute to
the total internal partition function

Qν =
∑

ν

gν exp
(
−Eν

kT

)
(2.13a)

QJ =
∑

J

gJ exp
(
−EJ

kT

)
(2.13b)
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ν̃1

(cm−1)
ν̃2

(cm−1)
ν̃3

(cm−1)
Am

(cm−1)
Bm

(cm−1)
Cm

(cm−1)
σm

CO2 1333 667 2349 - 0.39 - 2
H2O 3657 1595 3756 27.88 14.52 9.28 2
HCl 2886 - - - 10.59 - 1

Table 2.1: Normal vibrational frequencies (ν̃1, ν̃2, ν̃3), rotational frequencies (A, B,
C) and symmetry factor σ for CO2, H2O and HCl [5, 7].

By considering the harmonic approximation 2, the vibrational partition func-
tion is given by:

Qν =
[
1− exp

(
−hcν̃1

kT

)]−d1
[
1− exp

(
−hcν̃2

kT

)]−d2

. . . (2.14)

where di is the degeneracy of the normal mode ν̃i. The rotational partition
function depends on the symmetry of the molecule. For linear molecules, a
power series valid for kT ¿ hcBm

3 can be obtained

QJ =
1

σm

kT

hcBm
(2.15)

where σm is the symmetry factor given by the symmetry properties of the
molecule and Bm the rotational frequency of the molecule. For non-linear
molecules, the power series gives:

QJ =
1

σm

√
π

AmBmCm

(
kT

hc

)3

(2.16)

where Am, Bm, and Cm are the rotational frequencies in cm−1. The vibra-
tional and rotational fundamental frequencies and the symmetry factor are
given in Table 2.1 for some molecules [5, 7]. The total internal partition
function given by (2.12) can be written for linear molecules

Qν =
1

σm

kT

hcBm

[
1− exp

(
−hcν̃1

kT

)]−d1
[
1− exp

(
−hcν̃2

kT

)]−d2

. . . (2.17)

and for non-linear molecules:

Qν =
1

σm

√
π

AmBmCm

(
kT

hc

)3 [
1− exp

(
−hcν̃1

kT

)]−d1

×
[
1− exp

(
−hcν̃2

kT

)]−d2

. . . (2.18)

2The harmonic approximation is obtained by taking the first and second order terms of
the power series defined for the central potential linking two molecules [6].

3The rotational energy is given by EJ = BmhcJ(J + 1), where Bm is the rotational
frequency and J the rotational quantum number.
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2.2.2 Spectral lineshapes and widths

In addition to linestrength, lineshapes and widths parameters are important to
characterise the absorption line. Broadening of an absorption feature occurs
mainly due to three processes: natural line broadening, Doppler broadening
and collisional broadening. These three effects are discussed in the next para-
graphs.

2.2.2.1 Natural line broadening

Natural line broadening is due to the finite lifetime of the energy levels. Except
the fundamental level, all excited levels are characterised by their lifetime [8]:

τ =
1

Anm
(2.19)

where Anm is the Einstein coefficient due to spontaneous emission. It is related
to Bnm defined in subsection 2.2.1:

Anm = 8πhcν̃3
nmBnm =

64π4ν̃3
nm

3h
|RnmRnmRnm|2 (2.20)

This finite value of the lifetime manifests in a broadening ∆E of the energy
level, which is given by the Heisenberg uncertainty relation [9]:

τ∆E ≥ h̄ (2.21)

By combining 2.20 and 2.21, the resulting transition line broadening is:

∆ν̃nat =
∆E

hc
≥ 32π3ν̃3

3hc
|RnmRnmRnm|2 (2.22)

The dependence of ∆ν̃nat, the frequency spread, on ν̃3 results in a much larger
value for an excited electronic state, typically 1× 10−3 cm−1 (30 MHz), than
for an excited vibrational state 1×10−7−6.7×10−7 cm−1 (3-20 kHz) or rota-
tional state 3× 10−14 − 3× 10−15 cm−1 (10−4-10−5 Hz), because of the much
greater ν̃ for an excited electronic state. Since each atom or molecule be-
haves identically, natural line broadening is an homogeneous line broadening
which results in a characteristic Lorentzian line shape. Natural line broaden-
ing is very small for vibrational-rotational transitions and is experimentally
not observed in normal conditions, since other processes (Doppler, collisional
broadening) result in a much more important broadening.

2.2.2.2 Doppler broadening

When an atom or a molecule has a velocity component va in the same direction
than the propagation of a beam of light, a shift occurs in the frequency ν̃a

at which the photon is absorbed. This effect is called the Doppler shift. The
shifted frequency ν̃a can be expressed as a function of the frequency ν̃0 of an
atom or a molecule at rest:

ν̃a = ν̃0

(
1± va

c

)
(2.23)

The molecules of any gas are in constant motion and the distribution of their
random velocities is described by the Maxwell distribution. The molecules



12 Chapter 2. Photoacoustic spectroscopy

200 240 280 320 360 400
4

6

8

10

12

x 10-3

Temperature (K)

∆
ν

D
 (

c
m

-1
) H2O

HCl

CO2

∼

Figure 2.2: Doppler width (HWHM) for CO2 at 6361.26 cm−1 (1572 nm), for H2O
at 7306.74 cm−1 (1369 nm) and HCl at 5753.97 cm−1 (1738 nm) as a function of
temperature.

move in a random way resulting in a inhomogeneous broadening, which is
characterised by a Gaussian distribution:

gD(ν̃) =

√
ln 2
π

1
∆ν̃D

exp
[
− ln 2

(ν̃ − ν̃0)2

∆ν̃2
D

]
(2.24)

where ∆ν̃D is the half-width at half-maximum (HWHM):

∆ν̃D =
ν̃0

c

√
2RTln2

M
= ν̃0(1.132× 10−8)

√
T

M
(2.25)

where M is the molar mass (kg), T the temperature (K) and R the perfect
gas constant (JK−1mol−1). Figure 2.2 illustrates the increasing Doppler width
with temperature for CO2 at 6361.26 cm−1 (1572 nm), for H2O at 7306.74
cm−1 (1369 nm) and HCl at 5753.97 cm−1 (1738 nm). As can be seen from the
figure, Doppler broadening affects H2O more than CO2 and HCl due to the
lighter molar mass of water vapour. Typical Doppler broadening for molecules
of 0.020 to 0.060 kg of 3.3 ×10−3-1 ×10−2 cm−1 (100-300 MHz) in the near
infrared (NIR) (1.3-2 µm) and 6.7 ×10−4-1.3 ×10−3 cm−1 (20-40 MHz) at 10
µm are obtained.

2.2.2.3 Collisional broadening

When collisions occur between gas phase atoms or molecules there is a transfer
of energy which leads effectively to a broadening of the energy levels. If τcoll

is the mean time between collisions and each collision results in a transition
between two states, there is a line broadening ∆ν̃L of the transition. Using
the uncertainty relation of Heisenberg (see equation 2.21):

∆ν̃L ≥ 1
2πτcoll

(2.26)

This process is, like natural broadening, homogeneous and produces a Lorentzian
lineshape:

gL(ν̃) =
∆ν̃L

π

[
1

(ν̃ − ν̃0)2 + ∆ν̃2
L

]
(2.27)
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Figure 2.3: Collisional broadening for 50 ppm HCl at 5753.97 cm−1, for pure CO2

at 6361.26 cm−1, for 1% H2O at 7306.74 cm−1 and 350 ppm CO2 (at 6361.26 cm−1)
diluted in air. Pure and 350 ppm of CO2 are compared to emphasize the different
brodening coefficients (self-broadening coefficient and air broadening coefficient).

Since the probability of collisions increases with pressure and thus the mean
free path decreases, the width of the lineshape ∆ν̃L (HWHM) raises with
the total pressure of the gas p0 through a broadening coefficient g. A small
temperature dependence of the half-width also occurs and is characterised by
a coefficient n:

∆ν̃L = gp0

(
Tref

T

)n

(2.28)

where Tref is the reference temperature, typically 296 K. The temperature
coefficient n is in ranges between 0.5-0.8 [3], whereas the broadening coefficient
g depends on the considered transition and on the gas composition. The
broadening coefficient includes the self-broadening coefficient gself and the
foreign-broadening coefficient, generally due to air-broadening gair. The width
of the line shape considering these two parameters and the partial pressure
pself of the substance is given by:

∆ν̃L = [gselfpself + gair(p0 − pself ]
(

Tref

T

)n

(2.29)

Figure 2.3 shows the pressure broadening for 50 ppm HCl, pure CO2, and
typical atmospheric concentrations of CO2 (350 ppm) and H2O (1%). It can
be seen that the broadening is not only dependent on the molecule but also
on its concentration since self-broadening and air broadening coefficients are
different. At atmospheric pressure and room temperature, the line width is
typically of the order of 0.05-0.1 cm−1 (1.5-3 GHz). The pressure broadening
at line center produces an important reduction of the molecule’s cross-section,
since the product of the molecule’s maximum cross-section (σmax) by the
width of the line is constant for a Lorentzian distribution:

∆ν̃Lσmax =
S

π
(2.30)

2.2.2.4 Voigt profile

In the common case for which both Doppler and collisional broadening are
significant and none can be neglected, the appropriate lineshape is a combina-
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Figure 2.5: Approximation of the Voigt profile by a Lorentzian distribution at stan-
dard temperature and pressure conditions (T=296 K, p0=1 atm) for 50 ppm of HCl
in air at 5753.97 cm−1. Dots represent the Voigt distribution and the solid line the
Lorentzian approximation.

tion of the two. This combination of lineshapes leads to a Voigt profile which
is the convolution of the Lorentzian and Gaussian distribution, given by:

gV (ν̃) =

∞∫

0

gL(ν̃ ′)gD(ν̃ − ν̃ ′)dν̃ ′ (2.31)

Figure 2.4 compares a Lorentzian (collisional broadening) and a Gaussian
(Doppler broadening) lineshape with the same HWHM. The Gaussian line-
shape has a peak value that is about 50% higher than the Lorentzian, but
drops off much faster in the wings. A Voigt profile resulting from the convolu-
tion of the Gaussian and Lorentzian profiles is also shown. An approximative
relation linking the Voigt HWHM ∆ν̃V to Doppler and collisional broadening
can be used:

∆ν̃V = 0.5346∆ν̃L +
[
0.2166∆ν̃2

L + ∆ν̃2
D

]1/2 (2.32)

At standard temperature and pressure conditions (T=296 K, p0=1 atm),
the collisional broadening is approximatively one order of magnitude larger
than Doppler broadening, so that the Voigt profile is well approximated by a
Lorentzian shape (Figure 2.5).
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Figure 2.6: Discovery of the photoacoustic effect by Alexander Graham Bell with his
photophone.

2.3 The photoacoustic effect

2.3.1 History of photoacoustics

The photoacoustic (PA) effect, also called optoacoustic effect, was discov-
ered in 1880 by A. G. Bell [10], first in solids and then in gases, when he
presented his work on the photophone to the American Association for the
Advancement of Science. His new instrument (Figure 2.6) consisted in a voice-
activated mirror, a selenium cell and an electrical telephone receiver. The rays
of the sun were reflected from the voice-activated mirror which modulated the
beam through the vibrations of the speaker. The beam was then collected at
a distance station by a parabolic reflector, in the focus of which a sensitive
selenium cell was placed, connected in a local circuit with a battery and a
telephone. Since the resistance of selenium varies with the intensity of light,
the voice-modulated sunlight beam resulted in an electrically reproduced tele-
phonic speech.

After the excitation of this discovery, experiments on this effect rapidly
ceased, and were abandoned during more than 50 years due to a lack of instru-
mentation, like suitable light sources, microphone and electronics. In 1938,
Viengerov introduced a PA system based on a blackbody infrared source and
a microphone in order to evaluate species concentrations in a gas mixture [11].
This first infrared spectrometer based on photoacoustic spectroscopy (PAS)
received the name of spectrophone. In the 1960s, an important breakthrough
was achieved by the first use of a laser source in PA gas detection [12] and
the real development of photoacoustic spectrometry began. In the 1970s and
1980s PA detection boomed as high sensitivities were achieved by using CO
and CO2 lasers [2, 13, 14]. Because of their high power (in the Watt range)
and their monochromaticity, these sources turned out to be excellent candi-
dates to reach sub-ppb detection limits. In the 90s, semi-conductor diode
lasers operated in the near infrared (NIR) appeared to be excellent sources
for PA detection, due to their reliability, tuneability and modulation capa-
bilities [15, 16]. New laser sources such as periodically poled lithium niobate
(PPLN) optical parametric oscillators (OPOs) [17, 18] and quantum cascade
lasers [19, 20, 21] operating in the fundamental infrared spectral region are
currently developed and are expected to break new limits in terms of sensi-
tivity. This sensitivity improvement is possible since fundamental absorption
bands occur in the infrared and are therefore several orders of magnitude
larger than the overtone bands located in the NIR.



16 Chapter 2. Photoacoustic spectroscopy

2.3.2 Description of the photoacoustic effect in gases

The photoacoustic effect consists in the generation of sound when a material
is illuminated with modulated or pulsed light. The PA effect can be divided
in three steps [22]:

• Heat release in the sample material due to relaxation of optical light
absorption through molecular collisions

• Acoustic and thermal wave generation due to localised transient heating
and expansion

• Detection of the acoustic signal in the PA cell using a microphone

In the first step, photons are absorbed by the material and internal energy
levels (rotational, vibrational, electronic) are excited. The initial state is
reached after loss of energy by radiation processes (spontaneous or stimulated
emission) or by nonradiative deactivation. In the case of vibrational exci-
tation, radiative emissions and chemical reactions do not play an important
role, because the radiative lifetimes of vibrational levels are long compared
to the time needed for collisional deactivation at pressures commonly used in
photoacoustics. Furthermore, the photon energy is too small to induce chem-
ical reactions [23, 24]. Thus, in practice, the absorbed energy is completely
thermally released, appearing as translational energy of the gas molecules.

In the second step, sound and thermal wave generation are theoretically
described by fluid dynamics and thermodynamics. The governing physical
laws are the energy, momentum and mass conservation laws, given through
the form of the heat-diffusion, Navier-Stokes and continuity equations, respec-
tively. Details on the solutions of these processes are explained in subsection
2.4.2.

The last step consists in the detection of the generated acoustic wave
using a microphone. The solutions of the equations describing the system
are strongly dependent on the type and on the geometry of the PA detector.
The acoustic properties of the PA cell can be determined independently using
acoustic modeling techniques or by measuring them in an acoustic laboratory.
Once these acoustic properties are known, the response of the PA cell for any
kind of PA excitation can be determined by calculation.

2.4 Photoacoustic signal generation

Photoacoustic signal generation is generally described in two steps. The first
one concerns the heat production in the gas sample and the second one the
generation of acoustic waves.

The first aspect deals with the absorption processes experienced by a par-
ticular gas sample and the subsequent energy transfer from vibrational to
translational degrees of freedom (V −T relaxation). The net resulting energy
transfer is a heat production rate H. This process is developed in subsection
2.4.1.

The second aspect of PA theory deals with the acoustic wave generation
which is directly related to the heat production. This part is treated in sub-
section 2.4.2.
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2.4.1 Heat production rate for thermal equilibrium

Heat production in a gaseous sample excited by an intensity modulated laser
beam may be described by the use of molecule population levels [25]. For the
simple case where the absorbing gas containing a molecule density N can be
modeled by a two-level system consisting in the vibrational ground state of
density (N −N ′) and the excited state with a density N ′, the density N ′ can
be calculated by the following rate equation:

dN ′

dt
= (N −N ′)σφ−N ′σφ− N ′

τ
(2.33)

where σ is the absorption cross section and φ is the photon flux. The in-
verse time τ−1 can be expressed by the sum of reciprocal time constants of
nonradiative and radiative relaxation:

τ−1 = τ−1
n + τ−1

r (2.34)

The first term on the right-hand side of equation (2.33) represents the absorp-
tion of the photons at frequency ν̃ = (E1 − E0)/hc (see (2.2)). The second
term stands for the stimulated emission of photon while the third one repre-
sents the spontaneous emission of photons and the non-radiative relaxation.
For typical atmospheric conditions, τn is on the order of 10−6 − 10−9s, while
τr is between 10−1 − 10−3s [2]. In consequence, the spontaneous emission of
the vibrational levels are long compared to the time needed for a collisional
deactivation, and τ can be approximated by τn. Thus, the whole absorbed
energy in the sample is generally released as heat. However, in some particular
situations (for instance, kinetic cooling [2, 26, 27] or methane monitoring in
oxygen (see chapter 5)) only part of the absorbed energy is released as heat.
For weak absorptions, the excitation rate σφ is small, so that the density of
the excited state is considerably smaller than the total density of molecules
(N ′ ¿ N). Therefore, the stimulated emission term can be neglected and the
rate equation (2.33) reduces to:

dN ′

dt
= Nσφ− N ′

τ
(2.35)

For a complex harmonic modulation of the incident radiation, the photon flux
can be expressed as

φ = φ0(1 + eiωt) (2.36)

where ω = 2πf is the angular modulation frequency. The rate equation is
then given by

dN ′

dt
= Nσφ0(1 + eiωt)− N ′

τ
(2.37)

In equation (2.37), only the time-dependent term with the angular frequency
ω contributes to the PA signal. By searching a solution of the type

N ′ = N ′
0e

iωt (2.38)

one obtains

N ′
0 =

Nσφ0τ√
1 + (ωτ)2

e−iϕ (2.39)
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where ϕ = arctan(ωτ) represents the phase lag between the number density
N ′ of the excited state and the photon flux φ. The solution of equation (2.37)
can finally be written as:

N ′ =
Nσφ0τ√
1 + (ωτ)2

ei(ωt−ϕ) (2.40)

The heat production rate H (by volume and unit time) is related to N ′ by

H = N ′hc∆ν̃

τn
(2.41)

where hc∆ν̃ is the average thermal energy released due to the nonradiative
deexcitation of the excited state. If the deexcitation process results in the
conversion of the excited state to the ground state, as assumed with the two-
level system, then ∆ν̃ ∼= ν̃laser. Taking into account that τn

∼= τ and from
equation (2.40), the heat production rate can be expressed as

H = N ′hcν̃laser

τ
= H0e

i(ωt−ϕ) (2.42)

with

H0 =
NσI0√

1 + (ωτ)2
(2.43)

where I0 = φ0hcν̃laser is the incident light intensity.
For low modulation frequencies ω ¿ 106, ωτ ¿ 1 (except for the particular

cases discussed above), the heat production rate is simplified to obtain

H = H0e
iωt (2.44)

and
H0 = NσI0 = αI0 (2.45)

where α is the absorption coefficient of the gas sample. The condition ωτ ¿ 1
is usually satisfied since the modulation frequencies are in the kHz range.
In these conditions, since φ = 0, there is no phase lag between the heating
of the media and the modulation of the optical intensity. However, in some
particular cases, the condition ωτ ¿ 1 is not fulfilled even for modulation
frequencies in the kHz range since τ−1

n can be of the same order of magnitude
than ω. This particular case is discussed in details in chapter 5.

2.4.2 Generation of acoustic waves

As already mentioned in subsection 2.3.2, sound and thermal waves can be
described by classical disciplines of physics such as fluid mechanics and ther-
modynamics. The physical laws governing the system are the equations of
Navier-Stokes, of thermal diffusion, of continuity and a state equation. The
physical quantities characterising the PA and photothermal processes are the
temperature T , pressure P , density ρ and the three components of the par-
ticle velocity vector vvv. This complex problem cannot be solved for a general
case and some simplifications must be included. For instance, changes of T ,
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P and ρ induced by light absorption are usually very small compared to their
equilibrium values so that new variables can be introduced:

P (rrr, t) = p0 + p(rrr, t) (2.46)
T (rrr, t) = T0 + Ta(rrr, t) (2.47)
ρ(rrr, t) = ρ0 + ρa(rrr, t) (2.48)

where p0, T0 and ρ0 are the equilibrium value of pressure, temperature and
density respectively and p, Ta and ρa are the small additional terms arising
from the sound. In addition, the fluid is assumed to be at rest except for
the motion due to the presence of sound. Considering this assumption, the
fluid velocity vvv is also one of the ”small” quantities. This allows to make
the assumption that squares, cross-products and higher order products of
the acoustical variables can be neglected. In that sense, a linearised wave
equation is derived. To include thermal conduction and friction in the fluid,
the linearised Navier-Stokes equation can be used [28]:

∂vvv

∂t
= − 1

ρ0
∇p(rrr, t) + Dv∇(∇ · vlvlvl) (2.49)

where Dv = 4η/3ρ0 + ηb/ρ0. η represents the coefficient of shear viscosity
and is associated with shear motion in the fluid, and ηb is the coefficient of
bulk viscosity (also called volume viscosity) and has its origin in relaxation
phenomena associated with the compression of the fluid. The velocity vector
vvv can be separated into a sum of two components, a longitudinal (vlvlvl) and a
transverse (vtvtvt) component. Only the longitudinal component contributes to
the acoustic pressure and therefore the transversal component is neglected4.

The fluctuations in sound pressure are accompanied by temperature fluc-
tuations and a thermal diffusivity equation can be derived:

K

ρ0Cp
∇2Ta(rrr, t) =

∂

∂t

(
Ta(rrr, t)− γ − 1

γβT
κT p(rrr, t)

)
− H(rrr, t)

ρ0Cp
(2.50)

where K is the thermal conductivity, Cp is the heat capacity at constant
pressure, γ = Cp/Cv is the ratio of the specific heat at constant pressure to
the specific heat at constant volume, βT is the coefficient of thermal expansion,
κT is the isothermal compressibility and H is the density of the deposited heat
power (see subsection 2.4.1).

Four equations have been used until now to describe the system (the three
components of the Navier-Stokes equation and the diffusivity equation). To
complete the model, an equation of mass-density continuity (equation (2.51))
and a thermodynamic equation of state to interrelate the acoustic contribu-
tions to the density, pressure and temperature (equation(2.52)) must be given:

∂ρa(rrr, t)
∂t

+ ρ0∇ · vlvlvl = 0 (2.51)

ρa(rrr, t) =
(

∂ρ

∂P

)

T0

p(rrr, t) +
(

∂ρ

∂T

)

p0

Ta(rrr, t) =
γ

c2
s

(
p(rrr, t)− βT

κT
Ta(rrr, t)

)

(2.52)
4Since the transversal component is unrelated to the acoustic pressure it may be neglected

in the bulk fluid. However, transverse flow may be important when boundary conditions
must be satisfied.
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where cs is the speed of sound defined by:

cs =

√
γRT

M
(2.53)

To obtain the modified wave equation, the divergence of equation (2.49) is
taken and vlvlvl is eliminated by using the equation of mass-density continuity
(equation (2.51)):

∇2pa(rrr, t) =
∂2ρa(rrr, t)

∂t2
−Dv∇2 ∂ρa(rrr, t)

∂t
(2.54)

Finally, ρa(rrr, t) is eliminated by using the equation of state (2.52):

∇2pa(rrr, t) =
γ

c2
s

[
∂2

∂t2
−Dv∇2

](
pa(rrr, t)− βT

κT
Ta(rrr, t)

)
(2.55)

Two independent solutions of the coupled equations (2.50) and (2.55) may
be derived [22]. The first solution consists in an acoustic wave of a wave-
length ranging from a few centimetres to a few metres. The second solution
is a strongly damped thermal wave of sub-millimetre wavelength which can-
not propagate faraway from the heated region. As the properties of these
two waves are very different, their detection can be measured independently.
Photothermal detection is a particular technique to measure the thermal wave
[29, 30] and is not considered here. Photoacoustic spectroscopy is based on the
detection of the acoustic wave using a microphone. The solution of (2.50) and
(2.55) can be obtained by assuming that the dimensions of the cell are large
compared to the distribution of the thermal wave. As this wave is strongly
damped, this condition is usually fulfilled in PAS. In these conditions, the sec-
ond derivatives of Ta(rrr, t) can be neglected. By combining (2.50) and (2.55),
a unique pressure equation is obtained.

∇2p(rrr, t)− 1
c2
s

∂2p(rrr, t)
∂t2

+
1
c2
s

Dv
∂

∂t
∇2p(rrr, t) = −(γ − 1)

c2
s

∂H(rrr, t)
∂t

(2.56)

This equation is a damped wave equation, where the last term of the left-
hand side is a viscosity loss term and the part on the right-hand side is a
source contribution. The loss term makes this equation impossible to be
solved analytically and it is therefore solved by neglecting this part in first
approximation. Losses are introduced in a further step as a perturbation of
the solution [31]. Thus, the following equation is considered:

∇2p(rrr, t)− 1
c2
s

∂2p(rrr, t)
∂t2

= −(γ − 1)
c2
s

∂H(rrr, t)
∂t

(2.57)

Equation (2.57) is an inhomogeneous wave equation that can be solved by
taking the time Fourier transform on both sides and expressing the solution
p(rrr, t) as an infinite series expansion of the normal mode solution pj(rrr, t) of
the homogeneous wave equation [23]. Taking the Fourier transform of (2.57),
the following expression is obtained:

(
∇2 +

ω2

c2
s

)
p(rrr, ω) =

[
γ − 1

c2
s

]
iωH(rrr, ω) (2.58)
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and

p(rrr, t) =

∞∫

−∞
p(rrr, ω)e−iωtdω (2.59)

H(rrr, t) =

∞∫

−∞
H(rrr, ω)e−iωtdω (2.60)

The boundary conditions enable to find the normal modes solution of the
homogeneous wave equation. These normal modes are the acoustic modes for
a cavity and are described for a cylindrical cavity of radius Rc and length
L. Since the walls of the photoacoustic cell are rigid, the component of the
acoustic velocity normal to the wall equals zero at r = Rc. The acoustic
velocity is related to the pressure by (see equation (2.51))

vlvlvl(rrr, ω) =
1

iωρ0
∇ · p(rrr, ω) (2.61)

The acoustic wave must satisfy the boundary conditions

∇⊥p(rrr, ω) |r=Rc = 0 (2.62a)
∇⊥p(rrr, ω) |z=0,L = 0 (2.62b)

These boundary conditions determine the normal mode solutions pj(rrr, ω) of
the homogeneous wave equation

(∇2 + kj

)
pj(rrr, ω) = 0 (2.63)

with

k2 =
ω2

c2
s

(2.64)

For a cylindrical cell, (2.63) can be written in cylindrical coordinates (r,Φ, z)

1
r

∂

∂r

(
r
∂pj

∂r

)
+

1
r2

∂2pj

∂Φ2
+

∂2pj

∂z2
+ k2

j pj = 0 (2.65)

The solutions of this equation are given by [32]

p(rrr, ω) =
cos
sin

(mΦ) [AJm(krr) + BYm(krr)] [C sin(kzz) + D cos(kzz)] (2.66)

where Jm and Ym are bessel functions of the first and second kind, respectively.
In order to satisfy the boundary conditions defined in (2.62), the different
parameters of (2.66) are given by

B = C = 0 (2.67a)

kz = k
π

L
, k = 0, 1, 2, ... (2.67b)

kr = αmn
π

Rc
, m = 0, 1, 2, ..., n = 0, 1, 2, ... (2.67c)

where αmn is the nth root of the equation involving the mth order Bessel
function

d

dr
Jm

(
αmnπr

Rc

)
|r=Rc = 0 (2.68)
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παmn n=0 n=1 n=2 n=3
m=0 0 3.832 7.016 10.173
m=1 1.841 5.331 8.526 11.706
m=2 3.054 6.706 9.969 13.170
m=3 4.201 8.015 11.346 14.586

Table 2.2: Values of παmn for some of the first azimutal and radial modes of a
cylindrical acoustic cavity.

The first values of παmn are given in table 2.2. The normal modes of the
cavity are given by

pj(rrr, ω) = pj cos(mΦ) cos
(
k
πz

L

)
Jm

(
αmn

πr

Rc

)
j = [k, m, n] (2.69)

where pj is a normalization coefficient determined by the orthogonality of the
modes: ∫

p∗i (rrr, ω)pj(rrr, ω)dV = Vcδij (2.70)

where Vc is the volume of the cell. pj is given by

1
pj

=
1√
εkm

√
1−

(
m

παmn

)2

Jm(παmn) (2.71)

where ε00 = 1, ε01 = ε10 = 2 and εkm = 4 for k + m > 1. The boundary
conditions given by (2.62) are valid for a cylindrical cavity closed at both ends.
For the case of a both-ended opened cavity, the boundary condition at z = 0
and z = L changes and the input and output acoustic impedances Z are equal
to zero, resulting in boundary conditions for the longitudinal component of
p(rrr, ω):

p(rrr, ω) |z=0,L = 0 (2.72)

In order to satisfy the boundary conditions defined in (2.72), the different
parameters of (2.66) are given by

B = D = 0 (2.73a)

kz = k
π

L
, k = 0, 1, 2, ... (2.73b)

kr = αmn
π

Rc
, m = 0, 1, 2, ..., n = 0, 1, 2, ... (2.73c)

The normal modes of an open cavity at both ends are given by

pj(rrr, ω) = pj cos(mΦ) sin
(
k
πz

L

)
Jm

(
αmn

πr

Rc

)
j = [k,m, n] (2.74)

The eigenfrequencies are the same for an open-open or a close-close cavity and
are given by

ωj = 2πfj = πcs

√(
k

L

)2

+
(

αmn

Rc

)2

(2.75)

The eigenvalues (k, m, n) represent the longitudinal, azimutal and radial in-
dices, respectively. For the normal modes of a cavity, pure longitudinal modes
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Figure 2.7: First two longitudinal, azimutal and radial eigenmodes of a both-ended
opened cylindrical acoustic cell. Dark gray zones correspond to the nodes of the
acoustic waves, and light gray zones to the antinodes of the acoustic wave.

(m = n = 0), azimutal modes (k = n = 0) and radial modes (k = m = 0)
are distinguished. The first two modes of each type for an open-open cavity
are represented in Figure 2.7. All other eigenvalues stand for mixed modes.
The resonant frequencies of the longitudinal modes are overtones of the fun-
damental mode, ωk00 = kπcs/L = kω100. The radial and azimutal modes
are described by the Bessel functions and their resonant frequencies are not
overtones of the fundamental frequency. Radial modes concentrate the energy
along the axis of the resonator, whereas the axis symmetry is broken for az-
imutal modes (n 6= 0). For example, azimutal modes with (k = 1) tend to
concentrate the energy near the walls. The acoustic pressure p(rrr, ω) within
the cell is given by the sum over all the normal modes.

p(rrr, ω) =
∑

j

Aj(ω)pj(rrr, ω) (2.76)

Substituting equation (2.76) in (2.58) and taking into account that pj(rrr, ω) is
a solution of the homogeneous wave equation, we obtain

∑

j

Aj(ω2 − ω2
j )pj(rrr, ω) = iω(γ − 1)H(rrr, ω) (2.77)

The amplitude of the mode pj(rrr, ω) is obtained by multiplying (2.77) by
p∗j (rrr, ω) and integrating this expression over the cell volume. As the eigen-
states verify the orthogonality function (2.70), we obtain

Aj(ω) = − iω

ω2
j

γ − 1
Vc

∫
p∗j (rrr, ω)H(rrr, ω)dV

1−
(

ω
ωj

)2 (2.78)

The integral in the numerator on the right side of equation (2.78) represents
the coupling between the heat source H(rrr, ω) and the normal mode pj(rrr, ω).
The denominator represents the mode resonance with Aj(ω) becoming infinite
as ω approaches the resonant frequency ωj . This physically unreasonable
situation is the result of the absence of any loss mechanism in equation (2.57).
It may be corrected by modifying equation (2.78) to include a mode damping
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described by the quality factor Qj :

Aj(ω) = − iω

ω2
j

γ − 1
Vc

∫
p∗j (rrr, ω)H(rrr, ω)dV

1−
(

ω
ωj

)2
− iω

ωjQj

(2.79)

The method to obtain Qj is described in details in 2.5.1.
In order to show explicitly the dependence of the acoustic signal on the gas

absorption and light intensity, it is necessary to replace H(rrr, ω) in equation
(2.79) using equation (2.44) and (2.45). The intensity of the beam is expressed
by considering a beam of total power P0 and of normalised distribution g(rrr):

I0(r, ω) = P0g(rrr) (2.80)

Equation (2.79) becomes

Aj(ω) = − iω

ω2
j

γ − 1
Vc

αP0L

1−
(

ω
ωj

)2
− iω

ωjQj

1
L

∫
p∗j (rrr, ω)g(rrr)dV (2.81)

The photoacoustic signal is proportional to the absorption coefficient, to the
incident optical power and to the length of interaction and is inversely propor-
tional to the modulation frequency and to the cell volume. In the particular
case where the optical beam is Gaussian with a radius a,

g(rrr) =
2

πa2
e−2 r2

a2 (2.82)

the integral of (2.81) becomes

Ij =
1
L

∫
p∗j (rrr, ω)g(rrr)dV = pje

−µj (2.83)

where pj is the normalisation coefficient defined by (2.71) and 1/µj represents
the coupling factor between the optical beam and the acoustic mode pj(rrr, ω).
The acoustic energy is proportional to the square of the pressure and is given
by [28]

Ej(ω) =
|Aj(ω)|2

ρc2
s

=
(γ − 1)2 (αP0Lpje

−µj )2

ρc2
sV

2
c

ω2

(
ω2

j − ω2
)2

+ (ωωj/Qj)
2

(2.84)
Near the resonance (ω ∼= ωj), the following approximation is done

ω2
j − ω2 = (ωj + ω)(ωj − ω) ∼= 2ωj(ωj − ω) (2.85)

The acoustic energy is thus given by

Ej(ω) =
1
4

(γ − 1)2 (αP0Lpje
−µj )2

ρc2
sV

2
c

1(
ω2

j − ω2
)2

+ (ωj/2Qj)
2

(2.86)

This equation represents a distribution of Lorentz with half-width at half-
maximum given by

∆ωj =
ωj

2Qj
(2.87)
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Using equations (2.81) and (2.83), the photoacoustic signal at the resonant
frequency becomes

Aj(ωj) =
Qj

ωj

αP0(γ − 1)pjL

Vc
e−µj (2.88)

When the modulation frequency is equal to one of the eigenfrequencies of the
cavity, the energy from many modulation cycles is accumulated in a standing
acoustic wave and the system works as an acoustic amplifier. The final signal
amplification is determined by the total losses of the resonator. After an initial
transient state, during which energy is accumulated in a standing acoustic
wave, a steady state is reached in which the energy lost per cycle due to
various dissipation processes is equal to the energy gained per cycle due to
the absorption of photons. At resonance, the amplitude is Qj times larger
than the amplitude out of the resonance frequency, i.e. the amplification is
equal to the value of the Q factor. The acoustic energy is divided by a factor
2 between the centre of the resonance and ω = ωj + ∆ωj , implying a decrease
of
√

2 for the photoacoustic signal. The HWHM can also be defined in term
of pressure:

Aj(∆ωp,j) =
√

Ej(∆ωp,j) =
1
2
Aj(ωj) (2.89)

The relation between the pressure and energy line width is obtained:

∆ωp,j =
√

3∆ωj (2.90)

The acoustic mode of order 0 (k = m = n = 0, ω0 = 0) corresponds to an
uniform pressure variation in the cell,

p(rrr, t) = A0(ω)eiωt (2.91a)

A0(ω) =
i

ω

γ − 1
Vc

αP0L (2.91b)

This situation corresponds to a non-resonant system, where the modulation
frequency is much smaller than the lowest resonance frequency. In this case,
the sound wavelength is much larger than the cell dimension, so that the
sound cannot propagate and standing waves cannot be formed. The average
pressure in the cavity oscillates with the modulation frequency. Note that this
only applies for closed resonators, because in an open resonator the pressure
change simply drives gas in or out until the equilibrium pressure is reached
[33].

The photoacoustic signal for non-resonant system is proportional to the
absorbed power (αP0) and decreases in 1/ω and 1/Vc. Advantages of reso-
nant systems over non-resonant configurations can be expressed by comparing
the amplitude of the pressure waves given by (2.88) and (2.91). Taking into
consideration that the acoustic mode excitation is optimal (µj ¿ 1) and that
(αP0/Vc) is identical for the two cases, we obtain

∣∣∣∣
pj(rrr, ωj)
p0(rrr, ω)

∣∣∣∣ =
ω

ωj
pjQj (2.92)

The gain obtained from the quality factor Qj permits the operation of reso-
nant systems at much higher frequencies than non-resonant systems, providing
additionally a higher photoacoustic signal. Finally, continuous measurement
can be performed with resonant configurations (see also discussion 3.2).
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2.5 Loss mechanisms

The energy accumulation attainable in the standing wave of a resonant cavity
is many times larger than the energy loss occurring during a single period of
an acoustic oscillation. However, the acoustic amplification effect is limited by
various dissipation processes. These losses can be divided into surface effects
and volumetric effects.

Surface losses are due to the interaction of the standing wave with solid
boundaries of the cavity and can be divided into the following categories [34]:

1. Wave reflection losses due to the compliance of the chamber walls

2. Dissipation at the microphone diaphragm

3. Viscous and thermal dissipation inside the boundary layers at the smooth
internal surfaces

4. Losses due to wave scattering at surface obstructions such as the gas
inlet, microphone and windows.

Reflection losses depend on the density and wave speed of the gas and on the
density and wave speed in the reflecting wall and can be determined using
acoustic laws [32]. By selecting an appropriately rigid material to build the
acoustic resonator, these losses are kept to an insignificant level.

The losses due to the microphone diaphragm require a more careful ap-
proach based on energy dissipation considerations, since the energy loss through
the microphone and the ability to detect the pressure variations are inter-
related. However, since the microphone surface is small (a few mm2), the
corresponding energy loss can be neglected [34].

Viscous and thermal dissipation can be described in terms of velocity and
temperature gradients near the wall. Throughout the major portion of the
resonator volume, the expansion and contraction of the gas occur adiabati-
cally. Near the walls, however, the process becomes isothermal because of the
high thermal conductivity of the cell. This leads to heat conduction within
a transition region called the thermal boundary layer which is responsible
for the thermal dissipation process. In this boundary layer, the expansion of
the gas occurs partially adiabatically and isothermally. The thickness of the
boundary layer is given by [32]:

dth,j =

√
2KM

ρ0ωjCp
(2.93)

where K is the gas thermal conductivity, ρ0 the density of the gas, Cp the
heat capacity at constant pressure and M the molar mass of the gas.

The viscous dissipation can be explained by the boundary conditions im-
posed by the walls. At the surface, the tangential component of the acoustic
velocity is zero due to the viscosity η, whereas in the inner volume of the
cavity it is proportional to the gradient of the acoustic pressure (see 2.61).
Viscosity losses occur near the transition region, which is called the viscous
boundary layer. Similarly to the thermal boundary layer, a thickness of the
viscous layer can be obtained [32]:

dη,j =

√
2η

ρ0ωj
(2.94)
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The thickness of the thermal and viscous layers decreases with the angular
resonant frequency ωj . The thickness of these layers is similar in air at stan-
dard temperature and pressure conditions. Pure radial modes (k = m = 0)
have no viscosity loss on the lateral surfaces since the sound velocity contains
only a radial component. Viscosity loss occurs only on the walls situated at
the extremity of the PA cell. The total energy loss is thus lower for radial
modes than for longitudinal or azimutal modes, considering a proper design
of the resonator. In the case of spherical resonators, no surface viscosity loss
occurs for radial modes. Extremely high quality factors (Qj

∼= 2000− 10000)
can be achieved for carefully designed spherical resonators [35].

Volumetric or bulk losses are caused by processes that tend to establish
equilibrium in the propagating wave [32] and can be divided in the following
categories:

1. Free space thermal and viscous dissipation

2. Relaxation losses

3. Diffusion effects

4. Radiation effects

Friction due to compressional motion results in viscous losses, while the volu-
metric thermal losses are attributable to the transfer of organised energy into
dispersed heat due to the resulting temperature gradients in the gas. The
combination of these phenomena, termed the Stokes-Kirchhoff losses, can be
estimated [32], and amounts to an insignificant source of energy dissipation
[34].

Diffusion losses are usually negligible [33] but molecular relaxation in wave
propagating through polyatomic gases proves to be much more significant.
Losses of this type with finite energy transfer rates between translational-
vibrational, vibrational-vibrational, and vibrational-rotational energy states
are, however, heavily dependent upon the presence, even in small quanti-
ties, of certain polyatomic impurities such as water vapour. Accurate pre-
dictions of losses attributable to the relaxation effect therefore depend upon
precise knowledge of the characteristic relaxation times of the energy transfer
processes among the various compounds of the gas. The determination of
these relaxation times is possible from the resulting dispersion frequency and
the strong broadening of the acoustic resonance profile [36]. A detailed study
of relaxation effects is presented in chapter 5.

Radiation dissipation is negligible for completely closed cavity resonators
because of the nearly perfect reflection of the sound at the walls. On the
other hand, radiation losses through openings, pipes connecting the resonator
to buffer volumes, cannot be neglected. However, the radiation losses can be
reduced by increasing the acoustic input impedance of the openings [37] which
is achieved by terminating the cavity resonator at the openings with acoustic
band-stop filters, which prevent the sound from escaping from the resonator.

2.5.1 Quality factor

The quality factor Q is a key parameter that takes into account the accumu-
lated sound energy and the losses in the photoacoustic system. The physical
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definition of the Q factor is

Q =
2π accumulated energy

energy lost over one period
(2.95)

The contribution of the surface losses to the quality factor for a cylindrical
cavity is given by [36]:

Qsurf,j = ωj

1
ρ0c2s

∫ |pj(rrr, ωj)|2 dV

1
2Rη,j

∫ ∣∣u‖(rrr, ωj)
∣∣2 ds + 1

2Rth,j

∫ |pj(rrr, ωj)|2 ds
(2.96)

where

Rη,j = ρ0ωjdn,j (2.97a)

Rth,j =
(γ − 1)
ρ0c2

s

ωjdth,j (2.97b)

dη,j and dth,j are defined in (2.94) and (2.93), respectively.
For pure radial modes, expression (2.96), reduces to

Qrad
surf,j =

L

dn,j + (γ − 1)dth,j(1 + L/Rc)
(2.98)

and for longitudinal modes,

Qlong
surf,j =

Rc

dn,j + (γ − 1)dth,j(1 + 2Rc/L)
(2.99)

The volumetric losses also contribute to the quality factor:

1
Qvol,j

=
ωj

2c2
s

[
4
3

η

ρ0
+ (γ − 1)

κ

ρ0Cp
+

ηb

ρ0

]
(2.100)

where ηb is an effective viscosity coefficient that contains relaxation losses.
The surface losses are dominant in PA systems operated at a pressure higher
than 0.1 atm [38] and where relaxation processes are negligible. The quality
factor Q containing both surface and volumetric losses is given by:

1
Q

=
1

Qsurf
+

1
Qvol

(2.101)
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Chapter 3

Photoacoustic cell design

3.1 Introduction

This chapter is dedicated to the design and characterisation of a photoacoustic
(PA) cell developed for multi-gas sensing. It begins with a description of dif-
ferent PA cell configurations with particular emphasis on cylindrical cavities.
The selection of the acoustic cell configuration based on two main applications
requirements is described. In addition, the different acoustic modes present
in cylindrical resonators are discussed, with a particular attention to the first
radial and first longitudinal mode, leading to an optimised cell design.

Different modulation schemes applied to PA spectroscopy are reviewed.
An optimum modulation scheme used in combination with the excellent prop-
erties of semiconductor lasers results in an optimal PA signal generation.

The characterisation of two cell prototypes is given in section 3.5. A
first design enables to find out the best geometric dimension to grant the
optimal cell constant, whereas the second cell includes new developments in
term of multi-gas sensing, automatic tracking of the resonance frequency and
stabilisation of the laser wavelength.

To conclude the chapter, the tracking of the resonance frequency and the
stabilisation of the laser wavelength is discussed. These two important points
are necessary to secure long-term unattended operation of the sensor.

3.2 Acoustic resonators

PA cells are usually referenced in two categories in literature: resonant and
non-resonant cells. This terminology is misleading, since all PA cells can be
operated at an acoustic resonance or far away from their resonances [1]. Thus
it is preferable to label the system according to the resonant or non-resonant
mode of operation.

If the modulation frequency is much smaller than the lowest resonance
frequency, the cell is operated in a non-resonant mode [2]. For this kind of
operation, the acoustic signal in inversely proportional to the angular modu-
lation frequency (ω) and to the cell volume (Vc), as shown in relation (2.91).
Such cells usually have a volume of 1-10 cm3, and the modulation frequency is
in the 10-100 Hz range [3]. This kind of cells is generally used in combination
with broadband sources, like arc lamps, for which fast modulation is impos-
sible. They also require spectral filtering in order to selectively interrogate
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suitable absorption bands. Another drawback of non-resonant systems is the
poor isolation from ambient noise due to the low operating frequency and the
importance of 1/f noise. Finally, no continuous monitoring is possible since a
closed resonator is needed to allow a pressure wave to be generated (see dis-
cussion at end of subsection 2.4.2). A gas sampling technique is thus needed
for non-resonant systems, which consists in introducing the gas in the cell and
then hermetically closing it. Only at that time, the photoacoustic signal is
produced and can be measured, and, after that, the cell needs to be re-opened
to have the gas flowing through. In consequence, non-resonant systems have
a long response time and a poor sensitivity for trace gas monitoring. For all
these reasons, resonant systems are preferable.

For resonant configurations, the modulation frequency is tuned to one of
the eigenresonances of the PA cell (ω = ωj). The acoustic wave is amplified
by the quality factor Qj , which can be higher than 700 for some experimental
configurations [4, 5]. By combining (2.76) and (2.81), it can be seen that not
only the jth but all eigenmodes of the acoustic resonator are excited:

p(rrr, ω) =
∑

j

− iω

ω2
j

γ − 1
Vc

αP0L

1−
(

ω
ωj

)2
− iω

ωjQj

Ijpj(rrr, ω) (3.1)

The amplitude of the considered resonance is proportional to the quality factor
Qj , while the amplitude of the other resonances are reduced by the factor
(ω2

j − ω2). Therefore, distant resonances are not excited as effectively. If the
eigenresonances are well separated and the Q factor of the particular resonance
to be used is large enough (Qj > 50), the selected resonance can be excited
much more effectively than the others, so that only the resonance frequency
at ωj contributes significantly to the signal (2.88) [1].

When a resonance of frequency ωj is excited by the laser beam modulated
at ω = ωj , and the microphone is located at the position rrr = rrrM , the sound
pressure is obtained by combining (2.79) and (2.88):

p(rrrM , ωj) = −(γ − 1)
Qj

ωj

L

Vc
Ijpj(rrrM , ωj)αP0 (3.2)

The quantities in the prefactor of (αP0) on the right hand side of (3.2) are
independent of the light power and the absorption coefficient and can thus be
regarded as characteristic quantities of the system. These quantities can be
grouped and are defined as the cell constant in literature [1]:

Cj(ωj) = −(γ − 1)
Qj

ωj

L

Vc
Ijpj(rrrM , ωj) (3.3)

The PA signal amplitude can be written as

SPA = p(rrrM , ωj) = Cj(ωj)αP0 (3.4)

The cell constant Cj(ωj) expressed in (Pa·cm/W) describes the sensitivity of
the system at a given resonance frequency. The cell constant is sometimes
also expressed in (V·cm/W) which includes the microphone response given in
(V/Pa). The cell constant depends on the size of the resonator, the frequency
and the quality factor Q of the resonance selected to perform the measurement
and the spatial overlap of the laser beam and the acoustic wave. Therefore, the
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name cell constant is misleading, since it characterises the whole measurement
system (including the acoustic resonator, the microphone position and the
laser beam profile with spatial location) rather than the PA cell itself.

The cell constant can be written using the expression for the quality factor
(2.87):

Cj(ωj) = −(γ − 1)
1

2∆ωj

L

Vc
Ijpj(rrrM , ωj) (3.5)

Equation (3.5) shows that the cell constant mainly depends on the cavity
section (Vc/L) and on the resonance width (2∆ω). The way to improve the cell
constant is limited. For instance, the overlap integral between the laser beam
and the acoustic wave pattern can be optimised for the chosen eigenmode, but
is barely higher than one. The only parameter that is possible to modify is the
section of the cavity. By reducing the section, the cell constant will increase.
Unfortunately, the resonance width is also proportional to the section, which
depends on the ratio between the surface and the volume of the cavity. By
reducing the section, this ratio increases and the cell constant is reduced.
Therefore, it is not possible to have simultaneously a small cross section and
a narrow resonance width, so that a trade off has to be found.

Different types of resonant systems were reported in literature. The simple
radial, azimutal or longitudinal resonances occurring in cylindrical cavities
are discussed in details in subsection 3.2.1. Advanced configurations based on
Helmholtz resonators, multipass resonant cells, intracavity cells and miniature
PA resonators are discussed in the next subsections.

3.2.1 Cylindrical cavities

Cylindrical cavities present several advantages, such as the possibility of vari-
ous mode excitations, the geometric symmetry that coincides well with that of
the laser beam propagating along the axis and the simplicity of construction.
The resonance frequencies are described by (2.75). The simplest resonances
are fundamental modes, whose frequencies are given by (see also Figure 2.7):

f100 =
cs

2Leff
f010 =

α10cs

2Rc
f001 =

α01cs

2Rc
(3.6)

αmn is the nth root of the equation involving the mth order Bessel function
(see Table 2.2 and equation (2.68)), Leff is an effective length that includes
a correction factor due to boundary effect at the resonator ends, and is given
for a tube open at both ends by [6]:

Leff = L +
16
3π

Rc (3.7)

The cell constant depends on the selected mode, since the overlap integral
between the optical beam and the acoustic mode varies with the cell configu-
ration. The overlap integral (see (2.83)) of a Gaussian beam of radius a (2.82)
propagating along the axis and the first radial acoustic mode is given by:

I001 =
1
L

L∫

0

dz

2π∫

0

dΦ

Rc∫

0

2
πa2

e−2r2/a2 J0(πα01r/Rc)
J0(πα01)

rdr (3.8)
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where the normalisation coefficient pj has been replaced by

p001 =
1

J0(πα01)
(3.9)

Assuming that the beam radius is much smaller than the radius of the cavity
(a ¿ Rc), the overlap integral becomes 1

I001 =
1

J0(πα01)
exp

[
−1

2

(
πα01a

2Rc

)2
]
∼= 1

J0(πα01)
(3.10)

The amplitude of the first radial eigenmode is determined by using relation
(2.69) and (3.9):

p001(rrr) =
J0

(
α01

πr
Rc

)

J0(πα01)
(3.11)

Finally, the microphone should be placed at the maximum of the acoustic
wave (rrr = rM = 0):

p001(rrrM ) = −2.48 rM = 0 (3.12)

The location of the microphone at position rM = 0 is in practice not optimum,
since it coincides with the cavity axis, and thus with the optical axis. However,
it is possible to keep the location of the microphone at this position, if the
optical axis is changed using a diagonal excitation. This modification reduces
the overlap integral and thus the cell constant (see also subsection 3.3.2).
Simulations were performed in the ideal situation (maximum of the overlap
integral and maximum of the microphone signal). By combining expressions
(3.3), (3.6), (3.10) and (3.12), the cell constant of the first radial mode can be
determined:

C001 = −(γ − 1)Q001
L

Vc

Rc

α01csπ

1
J2

0 (πα01)
(3.13)

The same procedure can be applied to determine the cell constant of the
first longitudinal mode. The overlap integral is given by

I100 = −2
√

2
π

(
e−2R2

c/a2 − 1
) ∼= 2

√
2

π
(3.14)

and the maximum of the acoustic wave is obtained by

p100(rrr) =
√

2 sin(
πz

L
) (3.15a)

p100(rrrM ) =
√

2 z = zM = L/2 (3.15b)

Finally, the cell constant is determined

C100 = −(γ − 1)Q100
4
π

Leff

Vc

Leff

csπ
(3.16)

Many works based on cylindrical cavities have been reported in literature.
Radial resonances [8, 9, 10, 5] are particularly well adapted when high power

1When a ¿ Rc, the integral variable r of expression (3.8) can be extended to infinity,

and the following equation is used [7]:
∞R
0

re−χr2
Jo(βr)dr = 1/(2χ)e−β2/4χ
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lasers (such as CO2 lasers) or high flow rates are used, as window noise and
flow noise can be reduced by proper cell design. In addition, radial modes have
higher quality factors, since viscous losses are weaker on the cell walls 2. Con-
figurations based on azimutal resonances were also reported with DFB lasers
[11] or in carbon mass monitoring application [12]. Longitudinal configura-
tions [13, 14, 15, 16] present the principal advantage of being very efficiently
excited at resonances in the kHz range. In addition, buffer volumes enable an
efficient filtering of window and ambient noise [17].

3.2.2 Helmholtz resonator

The Helmholtz resonator usually consists in two volumes V1 and V2 that are
connected by a thin duct of radius a and length l (Figure 3.1). It is the acoustic
equivalent of a simple mechanical oscillator composed of a mass and a spring.
The air in the volume plays the role of the spring, while the air mass in the duct
corresponds to the moving mass of the mechanical oscillator. The first volume
is illuminated by the laser beam, and the second one contains the detection
microphone. This type of resonator does not rely on the generation of standing
acoustic modes 3, but rather on amplification of the sound from left to right
oscillations of the gas volume inside the channel. These oscillations generate
a periodical compression and expansion of the gas enclosed in the chamber,
which are amplified at the Helmholtz resonance frequency. The response of
the Helmholtz cell has been described in details in literature [19, 20] and its
resonance frequency is given by

f =
cs

2π

√
Ac

V ′leff
(3.17)

where cs is the sound velocity, Ac is the cross section of the capillary, leff is
the effective length of the capillary that includes the boundary effects at the
resonator ends [6] and V ′ is an effective volume expressed by

1
V ′ =

1
V1

+
1
V2

(3.18)

The Helmholtz resonator offers several advantages such as the use of small
volumes [21] with low resonance frequency and the possibility to increase the
signal-to-noise ratio by using differential schemes [22, 23]. The Helmholtz con-
figuration is particularly appropriate in combination with the use of divergent
sources, such as quantum cascade lasers (QCL) [24] or semiconductor lasers
in the mid-infrared (MIR) range [25], since no overlap integral between the
laser source and the acoustic mode appears in the cell constant.

2No viscous losses are present on the lateral cell surfaces, since the particle velocity is
composed of pure radial components. Only the extremity surfaces contribute to viscous
losses, thus reducing the total viscous losses.

3The design of the resonator must satisfy the condition 2π
Λ

d À 1, where d represents the
largest dimension of the resonator and Λ the acoustic wavelength, to avoid any standing
wave [18].
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Figure 3.1: Schematic representation of the Helmholtz resonator [25]. The first vol-
ume is illuminated by the laser beam without any collimating element. The micro-
phone is placed in the second volume for the detection of the acoustic signal.

Microphone

Longitudinal 

resonator

Buffer

volume

Buffer

volume

LD

Mirrors

Figure 3.2: Multipass resonant PA cell in a Fabry-Perot configuration. The confocal
configuration simplifies the alignment of the cavity [27]. LD: Laser diode.

3.2.3 Multipass resonant cell

Multipass PA cells (Figure 3.2) have found recent developments for specific
applications where a very high sensitivity is needed [26]. The increase of power
inside the cell is obtained by the use of external mirrors, for instance, in a
Fabry-Perot configuration [27] or in a Herriott [28] multipass arrangement
[26]. For the former case, a confocal optical cavity is built in order to simplify
the alignment of the set-up. A typical finesse of 300 was achieved for this
optical cavity, leading to a 100-fold effective gain factor in the optical power.
For the latter, an effective power gain of 19 was obtained with 36 passes in a
70 cm cavity, resulting in a total path length of 23.7 m. The increase of power
enables excellent detection limits down to ppb levels.

The main drawback of this kind of configurations is the inherent com-
plexity of the system. For example, the length of the optical cavity needs
to be actively stabilised to a semi-integer of the laser wavelength in order to
stay in resonance. Additionally, this stabilisation needs to be efficient when
coupled to the acoustic cavity. Since the PA signal generation requires the
incident light to be chopped at an acoustic frequency, it must be checked that
this additional modulation does not affect the whole stabilisation. Finally,
the mechanical stability of the optical cavity is an important aspect to avoid
losing the tracking of the resonance.
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Figure 3.3: Schematic representation of the Quartz-enhanced PAS configuration [30].
LD: Laser diode, L1, L2: Lenses, PD: photodiode.

3.2.4 Miniature photoacoustic cells

New PA configurations were recently developed in order to miniaturise the
PA cell. An original technique based on Quartz-enhanced photoacoustic spec-
troscopy (QEPAS) was investigated in 2002 by Kosterev et al. [29]. The
principle is based on the use of a regular clock-frequency stabilisation ele-
ment, a quartz tuning fork. This element is used as a resonant transducer for
the acoustic signal (see Figure 3.3) [30]. In this case, the accumulated energy
is not present in the gas-filled cell, but in the tuning fork. Such an approach
removes restrictions imposed to the gas cell by acoustic resonance conditions.

The advantages of such transducers are their very high Q factor (Q >10000
at atmospheric pressure), a virtual immunity to ambient acoustic noise on
account of being an acoustic quadrupole, and their very small size (∼ 5 mm
typical dimensions). Finally, this approach makes a gas cell optional and,
if still needed, can be as small as a few cubic millimetres in volume and of
arbitrary shape. However, since the resonance frequency of the tuning fork is
about 32.8 kHz which is one order of magnitude higher than conventional PA
configurations, the system is more sensitive to relaxation processes for several
molecules of interest [31]. Finally, QEPAS requires low pressure operation in
order to grant a high quality factor.

3.3 Design of the photoacoustic cell

3.3.1 Selection criteria of the photoacoustic cell

The design of the PA cell depends on many parameters mainly given by the
requirements of the applications. Two principal applications, one in the life
science field and one in the optical fibre manufacturing were investigated in
this thesis. In the first application, three different gases (NH3, CO2 and
H2O) were monitored in an animal house containing mice. Water vapour and
carbon dioxide were monitored at ambient levels, whereas ammonia had to be
measured at sub-ppm level in individually ventilated cages. In the optical fibre
manufacturing application, hydrogenated compounds (CH4, H2O and HCl)
were monitored in a specific process gas in the sub-ppm range. Monitoring of
these gases is of crucial importance for the manufacturing of the novel low-
water-peak fibres. A detailed discussion of these in-situ measurements are
discussed in chapter 4.
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The first criterion of choice was based on the use of semiconductor lasers
which present excellent properties for trace gas detection (see subsection
4.3.1). Their compactness, reliability, low cost and modulation capabilities
make these sources excellent candidates for spectroscopic applications. The
small diffraction of the beam in the near infrared (NIR) allows the use a small
resonator diameter of a few millimetres. Moreover, the compatibility of these
sources with optical fibres offers the possibility to easily align the laser beam
into the resonator.

The second important parameter required by the above described appli-
cations, is the detection of several species at sub-ppm level using a single
PA sensor. This important criterion leads to a particular design of the PA
cell. Since the output power of semiconductor lasers is rather low (several
milliwatts) in comparison to gas lasers (typically in the Watt range), a PA
cell made out of three resonators was built, in order to detect up to three
different gases. This geometry offers the possibility to use 100% of each laser
output power, thus optimising the detection limit in the sub-ppm range. A
single resonator configuration implies the coupling of the different lasers (using
standard optical fibre couplers), resulting in a reduced total power, implying
a worse sensitivity of the sensor.

Finally, the nature of the detected molecules plays an important role for
the design of the PA cell. For instance, NH3, H2O and HCl are polar mole-
cules, which are subject to stick on the cell surface, thus reducing the re-
sponse time of the cell. In addition, adsorption-desorption processes [3, 32]
occur with these molecules, which increases the difficulty to have stable con-
centrations, especially for sub-ppm levels. In order to reduce these effects,
investigations on the appropriate coating were performed. A Teflon coating
was deposited on the inner cell surface, which presents excellent properties to
minimise adsorption-desorption processes for ammonia detection [33]. A gold
coating was used for the detection of H2O to reduce adsorption-desorption
processes. The same gold coating was used for the detection of HCl, which
resists to this corrosive molecule. In addition, special care was addressed to
the sealing of the cell in order to perform sub-ppm detection of H2O. Imper-
fect sealing results in water vapour diffusion inside the cell due to the high
ambient H2O concentration (typically 50% of relative humidity, corresponding
to 1.2% of absolute water vapour concentration at room temperature).

3.3.2 Selection of an optimal geometry

In order to determine the best configuration between radial and longitudinal
modes, the geometrical dimensions of the cavity (radius Rc and length L) were
optimised to obtain the largest cell constant. In addition, the effect on the
quality factor and the resonance frequency was also investigated. Azimutal
modes were not considered since they need an off-axis beam excitation to be
efficient, and thus breaking the symmetry of the cylindrical cavity [34]. Fur-
thermore, azimutal modes present important losses that considerably reduce
the sensitivity of the PA cell. The reduction of the losses is nevertheless pos-
sible, but requires large cell volumes incompatible with portable instruments.

Since the resonance frequency depends on the length L and radius Rc of
the resonator (according to (2.75) and (3.7)), a precise calculation is required
to obtain the optimal dimensions of the resonator. A comparison between the
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Figure 3.4: Theoretical dependence of the resonance frequency of a) the first longitu-
dinal mode (1 0 0) and b) the first radial mode (0 0 1) as a function of the geometric
dimensions (L and Rc) of the resonator.

resonance frequencies of the first longitudinal mode and the first radial mode
as a function of Rc and L is shown in Figure 3.4. The considered gas medium
for calculations is nitrogen (N2). Some physical constants of several gases also
useful for these simulations are given in Table 3.1.

The resonance frequency range is mainly restricted to several kHz owing
to two reasons. The lower boundary is limited by the 1/f electronic and
ambient acoustic noise. In practice, a frequency of about 1 kHz can be con-
sidered as the lower tolerable limit. The upper frequency boundary is limited
by the bandwidth of the microphone. Sensitive microphones usually operate
at up to 10-15 kHz, which thus corresponds to the maximum of the resonance
frequency. These two frequency limits have direct consequences on the dimen-

Substance ρ0

(kg/m3) γ
M

(kg/mol) η (Pa·s) K
(W/mK)

Cp

(J/(mol·K))

He 0.178 1.63 0.0040 2·10−5a 152·10−3 20.9
N2 1.25 1.401 0.0280 1.75·10−5 26·10−3b 29.1
O2 1.43 1.398 0.0320 2·10−5 26.7·10−3 29.3
Air 1.293 1.402 0.0288 1.8·10−5 25·10−3 29.1
CO2 1.98 1.293 0.0440 1.38·10−5 0.71·10−3 36.8

Table 3.1: Physical constants of some gases at 20◦C and 1 atm.

aat 27◦C
bat 25◦C
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Figure 3.5: Frequency dependence in air of the first longitudinal mode in function of
the length of the resonator.

sions of the resonator, which have to be considered to determine the optimal
length and radius of the cavity. For the first radial mode, a radius of 15 mm
corresponds to a frequency of 14.2 kHz, thus being the lower size limit. The
length of the tube is indifferent, since it does not contribute to the value of the
resonance frequency. Considering the first longitudinal mode, the maximum
length of the resonator is 170 mm, corresponding to a frequency of about
1 kHz. Longer cavities would lead to inferior frequencies and thus increase
the 1/f noise. Finally, it is useful to represent the dependence of the first
longitudinal resonance frequency as a function of the length of the resonator
for different resonator radii (Figure 3.5). This figure shows that the influence
of the correction factor (3.7) decreases with length and can be neglected for
tubes longer than 200 mm.

The comparison of the optimal quality factor expected for the two above
described modes is presented in Figure 3.6. The quality factor of the (0 0
1) mode is much larger than for the (1 0 0) mode due to a smaller surface
losses contribution (see also subsection 3.2.1). Long resonators increase the
cell volume without adding any supplementary friction effects, thus slightly
increasing the quality factor. For the first longitudinal mode, Figure 3.6 shows
that the quality factor increases with the radius Rc of the resonator and is
less sensitive to the length Lc, considering that the length of the resonator is
longer than 50 mm. The influence of the radius Rc on the quality factor of
mode (1 0 0) is presented in Figure 3.7. Since the thickness of the thermal
and viscous boundary layers do only slightly vary with the radius 4, the main
contribution comes from Rc in the numerator of (2.99). Referring to equation
(2.101), the quality factor is composed of surface and volume losses. For
the case of the longitudinal resonator, the volumetric losses are two orders of
magnitude lower and can thus be neglected, so that the total quality factor is
given by the surface quality factor (see also Figure 3.7).

The calculation of the cell constant as a function of the dimensions of the
resonator for the first radial and first longitudinal mode is presented in Figure
3.8. The maximum cell constant for both modes is obtained for small radius
dimensions and for long resonators. However, the radius cannot be much
smaller than 15 mm (given by the resonance frequency condition), resulting

4The thickness of the thermal and boundary layers for longitudinal modes is principally
influenced by the length of the resonator. The thickness decreases for shorter resonators.
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Figure 3.6: Quality factor Q of a) the first longitudinal mode (1 0 0) and b) the
first radial mode (0 0 1) as a function of the geometric dimensions (L and Rc) of the
resonator.
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Figure 3.7: Influence of the resonator radius Rc on the quality factor Q100 for different
resonator lengths. The circles represent the total quality factor Qtot and the solid
line the approximation by the quality factor Qsurf due to surface losses.
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in a cell constant of 4760 Pa·cm/W for a 200 mm long resonator. Doubling
the length of the resonator results in a cell constant of 5170 Pa·cm/W, thus
increasing only slightly the sensitivity. Furthermore, these ideal cell constants
values have been calculated by considering that the microphone was placed
in the centre of the output flange (Rc = 0) and with an axial laser excitation.
This is in practice rather not possible, since the optical beam propagates along
the resonator axis and passes through a window fixed on the centre of the outer
flange. A diagonal excitation or an off-axis microphone detection is however
possible, but results in a decrease of the cell constant. For instance, a diagonal
excitation with an angle of 12◦ results in an overlap integral reduction of 40%
in comparison with an axial excitation [35]. If the microphone is placed on
the circonference of the resonator, the reduction of the detected pressure is
60%.

For the first longitudinal mode, the dimensions of the cavity influence the
cell constant by different ways:

1. The signal varies in L/Vc = 1/πR2
c , so that a small radius contributes

positively to the cell constant.

2. The frequency decreases with L, so that a longer length is preferable
since the signal varies in 1/f .

3. The quality factor is mainly influenced by Rc and according to (2.99),
Q increases with Rc.

By taking into account all these conditions, it turns out that the optimised
cell constant is achieved for infinite long tube and for infinite small radius.
However, the length is limited by the frequency condition that should not be
smaller than 1 kHz. This results in a length of 170 mm. The size of the radius
is limited by practical building constraints and must allow the beam passing
through the resonator without touching the wall in order to avoid wall noise.
Thus, the ideal radius of the tube is found to be 3 mm.

Finally, it must be pointed that the calculations made above are valid
for a resonator opened at both ends. Longitudinal modes excited with an
axial or diagonal optical beam cannot be formed in a resonator closed at both
ends, since the overlap integral in such a configuration vanishes for symmetry
reasons.

The geometric dimensions defined above result in a frequency of the first
longitudinal mode of 997 Hz in pure N2, in a quality factor of 30 and a cell
constant of 8900 Pa·cm·W−1 (calculations obtained from equations (2.75),
(2.99) and (3.3), respectively). The cell constant is improved by a factor 1.9
in comparison to the first radial mode (for dimensions of Lc = 200 mm and
Rc = 15 mm) with axial excitation and with the microphone placed at Rc = 0.
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3.4 Modulation schemes applied to spectroscopy

Different modulation schemes can be used for the generation of the PA sig-
nal. Two different categories can be defined. The first one consists in the
modulation of the laser radiation, directly through the injection current or
by using an external mechanical chopper, an acousto-optic modulator or an
electro-optic modulator. The second technique consists in modulating the ab-
sorption of the gas itself by means of the Stark effect [36, 37, 38, 39] or Zeeman
effect [40]. This method is valid only for molecules that are sensitive to these
effects, for instance NH3, H2CO or NO2 for the Stark effect [41] and NO for
the Zeeman effect. An electric field (Stark effect) or a magnetic field (Zeeman
effect) is modulated at the resonance frequency of the cell and produces a
periodic molecular absorption due to a change in the molecules energy lev-
els. This technique presents the main advantage of being very selective, since
only the active molecule contributes to the PA signal. The other molecules
do not interfere with the interrogated species even though their presence is
important. Finally, an intensity modulation at frequency f1 in combination
with an absorption modulation at frequency f2 with a signal detection at the
sum or the difference of the two frequencies was successfully performed for the
detection of ammonia among water vapour and carbon dioxide [39].

Modulation of the laser radiation is however the most widely used tech-
nique since this method is simple, very efficient and can be applied to all
molecules. In addition, the modulation of semiconductor lasers is possible
by modulating their injection current (see subsection 4.3.1). Two principal
regimes are obtained depending on the modulation depth. Either intensity
modulation (IM) or wavelength modulation (WM) may be predominant de-
pending on the modulation conditions of the laser injection current. In gen-
eral, current modulation produces combined IM-WM [35], but two extreme
situations may be observed in which one type of modulation is strongly dom-
inant. When the laser is square modulated from threshold to a large current,
an on-off modulation of the optical power is achieved and IM is dominant.
An example of a methane spectrum recorded around 1651 nm with IM is
presented in Figure 3.9. In a WM-dominated regime obtained using a small
current modulation on a large DC current, the PA signal directly depends
on the modulation depth and an optimum value may be determined (Figure
3.10). In this latter case, a residual IM is always nevertheless observed but
has a small influence compared to WM. When IM is applied, the PA signal is
proportional to the profile of the absorption line and the spectrum is directly
observed (see Figure 3.9). In a WM-dominated regime, the PA signal detected
at the modulation frequency f (first harmonic detection) looks like the first
derivative of the absorption line profile [43]. Detection of the PA signal at a
higher harmonic nf (for instance 2f , 3f detection) is also possible and leads
to a signal similar to the nth derivative of the lineshape [44]. In that case,
since the detection frequency must correspond to the resonance frequency of
the resonator, the modulation frequency fmod corresponds to

fmod =
fres

n
(3.19)

In this work, the WM-dominated regime with the optimised modulation
depth is considered for trace gas monitoring if not otherwise specified.
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Figure 3.11: Schematic representation of the longitudinal PA cell. The input col-
limator is fibre-pigtailed and makes an easy connection with semi-conductor lasers
possible. The first longitudinal mode is represented inside the resonator in a grey
gradation. The darker zone represents the antinode of the acoustic wave. The micro-
phone is located at the centre of the resonator where the maximum of the standing
acoustic wave occurs.

3.5 Characterisation of the photoacoustic cell

3.5.1 Performance of the cell

A PA cell operated in its first longitudinal mode based on the calculations
developed in section 3.3 was built. The cell is made out of a central stainless
steel tube acting as an acoustic resonator (see Figure 3.11). This central tube
has a fixed length of 170 mm and a radius of either 3 mm or 6 mm. Two
different radii were studied in order to validate the simulations performed in
section 3.3. A larger volume of each side of the resonator was designed to
act as efficient acoustic notch filters. The length of the volumes can be easily
adjusted by the way of a moving piston. The influence of the volumes length
on the coupling between the ambient acoustic noise and the resonator was
investigated, in order to find the most favourable geometry. The ideal volume
length corresponded to a quarter wavelength (L = 85 mm), in agreement
with previous publications [17]. The diameter of the volumes was chosen in
order to ensure a high acoustic impedance mismatch between the resonator
and the volumes [45] to achieve an efficient reflection of the acoustic wave at
the opened ends. Additionally, the diameter must be large enough to place
the gas inlet and windows. For this configuration, the diameter of the buffer
volumes was 100 mm. A sensitive electret microphone is located in the centre
of the resonator, where the maximum of the acoustic wave occurs (see the
first longitudinal mode pattern in Figure 2.7). A 1 mm diameter hole was
drilled through the resonator and the surface of the microphone (22 mm2)
was mounted flush with the resonator wall to efficiently detect the acoustic
wave. The PA signal was then amplified by a low noise pre-amplifier (gain
G = 200) and measured using a lock-in amplifier with a time constant set to
10 s. An optical fibre terminated by a built-in collimator is fixed on the first
flange of the cell, enabling an easy alignment of the laser beam and the output
flange is equipped with an anti-reflection coated window.

The characterisation of the PA cell was performed by measuring its first
longitudinal resonance using a certified gas mixture of 5000 ppm of methane
(CH4) buffered in nitrogen. The two different resonators of length L = 170
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Figure 3.12: First longitudinal resonance of the PA cell with two different resonators
of length L = 170 mm and radius (a) Rc = 3 mm and (b) Rc = 6 mm. Circles
are experimental points and the curves are the result of a Lorentzian distribution fit.
The quality factor corresponds to the ratio of the half width at half maximum of the
PA signal to the resonance frequency.

mm and radii Rc = 3 mm and 6 mm have been investigated. The parameters
of the resonance (central frequency, quality factor) have been extracted from
a fitting procedure of the experimental data. The PA energy (square of the
PA amplitude) was fitted by a Lorentzian distribution in order to determine
the quality factor and the resonance frequency of the PA cell. These results
are shown in Figure 3.12. A comparison between the measurements and the
theoretical values calculated from equations (3.3), (2.75) and (2.99) was es-
tablished and is summarised in Table 3.2. A good qualitative agreement is
obtained between calculation and measurements. In particular, the experi-
mental quality factors are less than 10% smaller than the calculated values,
which indicates a good quality of the internal surface of the resonators. The
difference between the calulation and the experiment is in agreement with
previously published values [46, 14]. It can also be seen that the resonance
frequencies are situated around 1 kHz, which fulfils the condition discussed
in subsection 3.3.2. As expected from the simulations, the smaller radius
resonator (Rc = 3 mm) has demonstrated the best performances. The experi-
mental cell constant can be derived from expression (3.4) by measuring the PA
signal obtained in well-controlled conditions, i.e. with a certified concentration
of a gas of known absorption and by measuring also the laser power P0. With
the typical sensitivity of the microphone of 10 mV/Pa and taking into account
the gain (G = 200) of its preamplifier, a cell constant of 13232 (Pa·cm·W−1)
is obtained with the 3 mm radius resonator and 6552 (Pa·cm·W−1) with the 6
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Geometric parameters Simulation Experimental results

Radius
(mm)

Length
(mm)

Volume
(ml)

Freq.
(Hz) Q

Cell
constant

(Pa·cm/W)

Freq.
(Hz) Q

Cell
constant

(Pa·cm/W)
3 170 4.8 997 30.0 8900 974.2 28 13232
6 170 19.2 969 58.5 4600 963.8 54 6552

Table 3.2: Comparison of the performances of the PA cells. Theoretical values have
been calculated from equations (3.3), (2.75) and (2.99) and experimental values have
been measured using a gas mixture of 5000 ppm CH4 in N2.

mm radius by using IM. The experimental cell constant improved by a factor
2 when reducing the resonator radius from 6 mm to 3 mm, as expected from
the calculation. The difference between the experimental and calculated cell
constant is mainly due to the uncertainty of the sensitivity of the microphone.
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Figure 3.13: Picture of the PA cell consisting of three resonators operated in their first
longitudinal mode. Gas reference cells and a piezo transducer allow the stabilisation
of the laser wavelength and the tracking of the resonance frequency, respectively.

3.5.2 Improvement of the photoacoustic cell

Since the geometric dimensions of the photoacoustic cell were experimentally
optimised, a new cell with fixed dimensions was built. The upgraded version
allows multi-gas sensing, active tracking of the resonance frequency and sta-
bilisation of the laser wavelength (tracking of the resonance frequency and
stabilisation of the wavelength are described in section 3.6). The new cell
is composed of three acoustic resonators of length L = 170 mm and radius
Rc = 3 mm, enabling the possibility to measure up to three different gases
(Figure 3.13). The buffer volumes length is kept to a quarter acoustic wave-
length (Lbuff = 85 mm) and the diameter was optimised (d = 50 mm) to
enable the implementation on the outer flange of all required elements, such
as windows, loudspeaker and gas inlets. A gold coating was deposited on the
internal surface of the cell to reduce adsorption-desorption processes inside the
cell for H2O and HCl [33]. A Teflon coating was deposited for the detection
of NH3 to reduce adsorption-desorption processes as well. A gas reference cell
in combination with a photodiode make possible the implementation of an
active stabilisation of each laser wavelength, and a piezo-electric transducer
is used as a loudspeaker to actively track the resonance frequency.

The resonances of the gold coated PA cell were measured in each tube.
The resonance frequencies and the quality factors in each tube were so similar
that they could be considered as identical. An example of the resonance and
the quality factor measured with 5000 ppm of CH4 is presented in Figure
3.14. The quality factor is of the same order as in the previous cell, but is
however slightly reduced probably due to an imperfect gold deposition inside
the resonators and to a reduced impedance mismatch with the buffer volumes
due their smaller diameter. The acoustic response of the PA cell to a broad
frequency scan (800-10000 Hz) using 5000 ppm of CH4 is shown in Figure
3.15. According to (2.88), the first longitudinal mode is the most efficiently
excited, which is experimentally verified. Odd order longitudinal modes ( (3
0 0), (5 0 0) and (7 0 0)) are also excited with decreasing amplitude due to
the 1/f dependence of the PA signal and a reduced overlap integral between
the laser beam and higher acoustic modes. Even modes are theoretically not
excited for symmetry reasons (see for instance mode (2 0 0) in Figure 2.7).
However, a mode located at about 4 kHz is slightly excited, corresponding to
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Figure 3.14: First longitudinal resonance of the gold coated PA cell of one of the
resonator. The resonator geometric dimensions are L = 170 mm and Rc = 3 mm.
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Figure 3.15: Acoustic response of the gold coated PA cell. The longitudinal modes
are identified on the resonances of the tube.

the first azimutal mode of the buffer volume.
The response time of the PA cell is an important parameter that influ-

ences trace gas detection. The response time can be determined by applying
a step concentration at the entrance of the PA cell and by measuring the
corresponding signal variation. Since the gas renewal is directly dependent
on the flow rate, a maximum flow rate should be used. However, high flow
rates induce acoustic noise in the resonator and are thus limited. In order
to determine the critical value, the microphone noise was recorded while no
gas passed through the resonator. The flow rate was then increased until
the added acoustic noise was significantly higher than the microphone noise
(Figure 3.16). Results show that a flow rate up to 1000 sccm (standard cubic
centimetre per minute, 1000 sccm ≡ 1 l/min) is possible without adding any
extra acoustic noise. The response time of the PA cell is then determined by
applying a step concentration of CH4 with a flow rate of 1000 sccm. In order
to precisely determine the time decay constant, an exponential fit was used
(Figure 3.17). By considering 95% of gas renewal (1-1/e3), the response time
is equal to 26 s.

Finally, it must be pointed out that the developed cell does not allow simul-
taneous measurements of the three species, since crosstalk between the distinct
resonating tubes is present (see Figure 3.18). The modulation frequency of
the laser connected to the beam collimator in tube one, was scanned through
the acoustic resonance while the PA signal was recorded in the three tubes.
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Figure 3.16: Acoustic noise as a function of the flow rate. A flow rate up to 1000 sccm
can be used without adding extra noise. Errorbars shown on the plot correspond to
the standard deviation of the PA signal recorded in a 10-min period with a lock-in
integration time of 10 s.
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Figure 3.17: Response time of the PA cell to a change of CH4 concentration. Cir-
cles are experimental points and the line is the result of a fit by an exponential
distribution. A response time of 26 s (=3τ) corresponding to 95% of gas renewal is
obtained.
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Figure 3.18: Crosstalk between the three resonators. The modulation frequency of
the laser connected to the beam collimator in tube one, was scanned through the
acoustic resonance while the PA signal was recorded in the three tubes. A crosstalk
signal of 17% in tube 2 and 12% in tube 3 with resect to the total PA signal in tube
1 has been observed.

A crosstalk signal of 17% in tube 2 and 12% in tube 3 with respect to the
total PA signal in tube 1 has been observed. However, simultaneous detection
of three gases is not necessary in applications where only slow variations of
concentration are expected and long integration times are used (up to 30 s)
as considered in this work (see chapter 4). Cross-talk between the tubes may
probably be reduced by increasing the distance between the centre of each
tube.
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3.6 Resonance frequency tracking and wavelength
stabilisation

In order to secure long time and automatic trace gas measurements, an active
tracking of the resonance frequency is necessary. Additionally, the laser fre-
quency tends to drift after a few hours of operation and needs to be actively
stabilised on the absorption line. These two active tracking and stabilisation
are described in the next subsections

3.6.1 Acoustic resonance frequency tracking

The resonance frequency is directly dependent on the sound velocity (cs),
which depends on temperature (T ), molar mass of the gas (M) and ratio of
the specific heat capacities at constant pressure and volume (γ). According
to (2.75) and (2.53), the resonance frequency of the first longitudinal mode is
expressed by:

fres = cs
1

2Leff
=

√
γRT

M

1
2Leff

(3.20)

where Leff is defined by (3.7) and R is the perfect gas constant.
The amplitude of the PA signal rapidly decreases when the measurement

frequency is shifted by a few Hertz off the resonance. Near the resonance
frequency (f = fres(1+δ), δ ¿ 1), the amplitude of the signal is given by [47]:

∣∣∣∣
A(f)

A(fres)

∣∣∣∣ ∼=
[
1 + Q2(1− (1 + δ)2)2

]−1/2 (3.21)

A frequency change of 10 Hz produces a reduction of the PA signal of 10% for
a Q factor of 28. Variations of tens of Hertz are typical when the buffer gas
is changed. A temperature variation of 5◦C at room temperature results in a
frequency shift of 8.5 Hz, producing a signal loss of 7.5%. In order to secure
a long-term operation at the correct frequency, an active stabilisation of the
resonance frequency has been implemented using a piezo-electric transducer
as a speaker. The tracking is usually achieved by monitoring the response in
another mode of the PA cell, since the ratio of the eigenfrequencies of two
modes is constant [48] for a fixed PA cell geometry (see Figure 3.19). In
this case it was more convenient to use the first longitudinal mode of the
second buffer volume for this tracking. An electronic circuit maximises the
acoustic signal detected by the microphone and records the corresponding
reference frequency. The measurement frequency (fmeas) is then obtained by
multiplying the tracking frequency (ftrack) by the constant ratio of the two
eigenfrequencies. In order to vary the resonance frequency, a gas mixture
composed of oxygen (O2) and (He) was used. By changing the O2 percentage
in the O2-He mixture, the resonance frequency was shifted from 1257 to 1162
Hz. The measurement frequency resulted in a stability of better than 0.4 %.
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Figure 3.20: Shape of the absorption line measured with the reference (solid line)
and linear cell (dashed line). The maximum of the PA signal is slightly shifted from
the centre of the absorption line.

3.6.2 Laser wavelength stabilisation

The stabilisation of the laser frequency is important for long-term unattended
operation, since the wavelength must be adjusted at a precise and fixed point
to obtain the maximum PA signal. For WM, the maximum does not corre-
spond to the centre of the absorption line, but is slightly shifted (see Figure
3.20).

Although the laser temperature is stabilised to 0.01◦C using an appropriate
laser diode controller, its frequency tends to slowly drift in time. Figure
3.22 shows the frequency drift for a laser diode emitting at 1651 nm used
for methane detection. The stabilisation is performed using a reference cell
containing 100% of CH4 at reduced pressure in combination with a photodiode
(see Figure 3.21). The recorded signal is amplified using a lock-in amplifier
and demodulated at 1f . The lineshape looks like a first derivative with an
amplitude equal to zero at the centre of the absorption line if the phase of the
lock-in detection is correctly adjusted, and varies linearly in the vicinity of this
point. This signal is thus used as an error signal in a PI regulation loop and is
added as a DC offset to the modulation amplitude. The frequency variation
was recorded while the laser was placed in an oven with a starting temperature
of 44◦C and then let to reach the ambient temperature after several hours (see
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Figure 3.22: a) Frequency drift of a laser diode emitting at 1651 nm over a temper-
ature variation shown in b). An active stabilisation reduces the frequency drift by a
factor of about 100 over a temperature variation of 18◦C.

Figure 3.22b). Finally, the drift of the laser frequency is recorded using an
external linear cell, since the drift cannot be deduced from the error signal.
The linear cell is used in combination with a photodiode and wavelength-
modulation spectroscopy (see the lineshape in Figure 3.20) [35]. A frequency
deviation of this laser corresponding to 2 GHz results in a signal reduction of
54% by considering a Lorentzian absorption line of linewidth 0.062 cm−1 at
atmospheric pressure in air [49]. In contrast, the frequency shift of a few tens
of MHz obtained with the active stabilisation does not result in a significant
signal loss.
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[5] S. Schilt, L. Thévenaz, M. Niklès, L. Emmenegger, and C. Hüglin, “Am-
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Chapter 4

Trace gas monitoring

4.1 Introduction

This chapter aims at describing two principal applications performed using
the developed PA sensor in environments that differ from the laboratory situ-
ations. The in-situ measurement campaigns made the validation of the system
in industrial conditions possible. However, before operating the sensor in off-
laboratory circumstances, an extensive test phase in well-controlled conditions
has been performed.

After a description of the main issues and objectives of the two applica-
tions, an important section is dedicated to laboratory results, starting from
the selection of appropriate laser diodes and followed by calibration processes.
In-situ trace gas monitoring in the life science and in the optical fibre manu-
facturing process is presented in sections 4.4 and 4.5, respectively.

Finally, a system providing a detection limit at ppb level for ammonia
monitoring in ambient air is described in section 4.6.

4.2 Description of the applications

4.2.1 Life science application

Laboratory animal housing systems have recently undergone an important
evolution resulting from the development of individually ventilated cages (IVC).
The principal advantage of these systems is the efficient limitation of conta-
minants penetration into the cages. This system maintains over long periods
a clean environment from the microbiological point of view and makes an
immediate access of the researcher to the animals possible.

The conditions in an animal house are usually controlled and are main-
tained in strict limits. For the rodents, the temperature is fixed to 22±2◦C,
the relative humidity is kept between 45% and 65%, while the air renewal in
the cages is set between 15 to 20 per hour.

The use of a sensitive multi-gas sensor operated in continuous and real-time
mode offers new possibilities towards complete monitoring of microclimate pa-
rameters in the IVC. For this purpose, the concentration of three physiological
gases of interest, namely ammonia (NH3), carbon dioxide (CO2) and water
vapour (H2O), has been continuously recorded from the atmosphere of IVC.
The measurement campaign was carried out during a complete cycle of the
bedding, in order to analyse the microclimate in the cages. The bedding is
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Figure 4.1: Standard and Low-water-peak fibre spectral attenuation. The different
telecommunication bands and the coarse wavelength division multiplexing (CWDM)
are identified.

regularly changed (usually once per week) in order to secure a high level of
hygiene to preserve animals’ health. For instance, the threshold limit of NH3

for human being is fixed at a maximum of 25 ppm in working environments
[1].

The concentration level of these gases is relevant for the well being of
the laboratory animals, an important contribution to the quality of in vivo
research. Ammonia, produced by animals’ urine, and water vapour, caused
by the perspiration of the animals, reflect the quality of bedding and the
ventilation rate inside the cage and thus, the level of hygiene. Carbon dioxide
is an indicator of the physical activity of living organisms allowing assessment
of the circadian activity of the mice in the cages.

Measurements performed in the animal house were achieved using the PA
cell that consists in one resonator. Multi-gas sensing was achieved by using
three different laser modulation frequencies within the acoustic resonance fre-
quency. Results of these measurements performed in the animal house are
presented in subsection 4.4.2.

4.2.2 Optical fibre manufacturing process application

The PA cell described in chapter 3 consisting in three resonators in combina-
tion with the laser diodes emitting in the NIR was used to monitor hydrogen
chloride (HCl) and water vapour (H2O) at sub-ppm level for process con-
trol in the manufacturing of the novel low-water-peak fibres used in optical
telecommunications. Spectral attenuation of a typical standard optical fibre
and a low-water-peak fibre is presented in Figure 4.1. The different spectral
bands defined for optical telecommunications are also displayed on this fig-
ure. This new type of fibres, also called metro fibres or zero-water-peak fibres
(ZWPFs), is designed to enable optical transmission in the E-band (1360-
1460 nm), so that this window can be opened for implementing cost-effective
coarse wavelength division multiplexing (CWDM) technology for current or
future network applications [2]. In addition, a lower attenuation in the S-band
(1460-1530 nm) makes optical amplification by Raman effect possible instead
of the classical use of fibre lasers, the pump being spectrally positioned in the
E-band.

The presence of a strong OH− absorption peak centred at 1383 nm in
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standard silica optical fibres is mainly due to moisture contamination that
occurs during the manufacturing process of the fibre preform, usually realised
in Europe using modified chemical vapour deposition (MCVD). In this process,
various gaseous chlorides (SiCl4, GeCl4, POCl3) are diluted in a carrier gas
that flows through a rotating fused silica tube. The carrier gas mainly contains
oxygen (O2), together with helium (He) at a concentration of a few tens of
percent in order to homogenise the gas temperature and therefore to improve
the deposition rate of GeO2 and SiO2 on the inner wall of the silica tube.
Silicon tetrachloride (SiCl4) and germanium tetrachloride (GeCl4) are used
to create the step index between the core and the inner cladding of the fibre.
Phosphoric chloride (POCl3) is used in the cladding in order to lower the
vitrification temperature to avoid mechanical deformation of the tube. The
typical gaseous chemical reactions occurring between the chlorides and oxygen
during the manufacturing of the preform are the following [3]:

SiCl4 + O2 → SiO2 ↓ +2Cl2 (4.1)
GeCl4 + O2 → GeO2 ↓ +2Cl2 (4.2)

4POCl3 + O2 → 2P2O5 ↓ +6Cl2 (4.3)

When water contaminations diffuse in the gas mixture, HCl is produced as a
result of the strong reactivity between water and chloride compounds:

SiCl4 + 2H2O → SiO2 ↓ +4HCl (4.4)
GeCl4 + 2H2O → GeO2 ↓ +4HCl (4.5)

POCl3 + 3H2O → H3PO4 ↓ +3HCl (4.6)

The measurement of the HCl concentration in the process gas is therefore an
excellent indicator of the quantity of water contamination present in the gas
mixture. In addition, the residual level of water vapour is monitored in order
to quantify the contribution of H2O in the process. Finally, methane is also
an hydrogenated compound that may be an indicator of the gas purity used
in the process.

The main source of contamination generally occurs during the replacement
of an empty bubbler containing the chlorides. Unfortunately, this change has
to be made manually for the POCl3 container and requires the opening of the
gas line, resulting in water ingress into the line. The purge time after the
container’s exchange is a critical parameter, since it directly influences the
production of new preforms by placing the facility in a stand-by situation. The
developed PA sensor is therefore used as a diagnostic instrument to monitor
the quality of the carrier gas after the replacement of a bubbler.

Calibration of the sensor performed in the laboratory is presented in the
next section and in-situ measurements are described in subsection 4.5.2.

4.3 Laboratory performances

This section aims at presenting the different selected lasers used in the appli-
cations described in the preceding section. Their characteristics are described
and discussed in the first subsection. Additionally, the sensor response to
various gases and the detection limits obtained for each case are described
in details. Finally, the effect of the buffer gas on the photoacoustic signal is
explained in subsection 4.3.3.
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4.3.1 Laser selection and characteristics

Trace gas monitoring requires extreme performances in terms of sensitivity
and selectivity. High sensitivities are necessary to reach detection levels in
the part-per-million (ppm) or part-per-billion (ppb) range. Since photoa-
coustic spectroscopy (PAS) is proportional to the laser power, high laser power
is needed to reach these levels of sensitivity. Selectivity makes the detec-
tion of one species among many others possible, thus requiring narrow laser
linewidths. Various laser sources applied to spectroscopy have been reported
in literature. They all present advantages and drawbacks:

• Gas lasers (CO,CO2) present the main advantage of their high power
(several Watts) and make thus possible to reach extreme sensitivities
in the ppb level. Unfortunately these lasers are very cumbersome and
emit only at discrete frequencies. For instance the CO2 laser emits lines
spaced by 2 cm−1 in the 9-11 µm, whereas the spacing of the emission
lines of a CO laser is 4 cm−1 between 5 and 7 µm [4]. The detection
of a particular species is therefore only possible if the absorption line
accidentally coincides with an emission line of the laser. Finally, the
lifetime of CO2 lasers is limited due to deterioration of the gas discharge.

• Optical parametric oscillators (OPO) present several advantages in term
of power (several hundreds of milliwatts [5]) and tuneability (0.5-12 µm).
The improved quality of nonlinear optical media and the availability of
high performance pump lasers have increased the use of OPOs. Extreme
sensitivities in the ppb level for CO2 detection [6] and sub-ppb for ethane
[7] were achieved using this kind of sources in conjunction with PA
spectroscopy. The main drawback of OPOs is the complexity of the
system which rather limits off-laboratory use and make them expensive
sources. In addition, the rather broad linewidth (0.25 cm−1) [8] limits
the selectivity of the system for sub-ppm detections.

• Quantum cascade lasers (QCL) are recently developed semi-conductor
lasers emitting in the middle infrared (MIR) region. These lasers are
based on intersubband transitions [9] which is a totally different prin-
ciple than classical laser diodes based on interband transitions. This
offers a great flexibility for designing the emission frequency that must
be a fraction of the band gap. Accordingly, these QCLs can be oper-
ated at an emission wavelength within the 3-25 µm range using mature
long band gap InP or GaAs technology and therefore virtually spanning
the entire MIR spectrum [10]. Additionally, they present good spectral
properties, since distributed feedback (DFB) structures enable single fre-
quency emission and mode-hop free operation over a continuous range of
a few inverse centimetres. Power of several tens of milliwatts in contin-
uous wave operation at room temperature [11] has been demonstrated.
Unfortunately, these devices are not available yet for spectroscopy and
must be still operated in continuous mode at low temperature (liquid
nitrogen or thermoelectric cooling)) or in pulsed mode at ambient tem-
perature. Finally, their use is complex (high current operation requiring
a specific electronic supply) and these devices are expensive which hardly
satisfies market needs except in some particular applications.
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• Tuneable semiconductor laser sources emitting in the IR region are based
on different semiconductor materials like lead salt (PbS, PbSe, PbTe)
in the 4-30 µm range or antimonide (GaInAsSb, GaAlAsSb, GaSb) in
the 2-3 µm range. These lasers are tuneable over a few inverse centime-
tres (subject to mode hoping) and provide power in the range of 0.1
mW for lead salt lasers and of several tens of milliwatts for antimonide
sources [12]. The main disadvantage of these sources (except GaSb) is
their operation at low temperature (cryogenic or liquid nitrogen tem-
perature) which requires cumbersome and expensive equipment, thus
widely incompatible with cost-effective and in-situ monitoring.

In addition to these sources emitting principally in the MIR, semiconductor
DFB lasers emitting in the near infrared (NIR) (1-2 µm) region developed for
optical telecommunication systems present excellent properties for photoa-
coustic spectroscopy. Unfortunately absorption in the NIR is one or several
orders of magnitude weaker than in the MIR, since fundamental bands oc-
curs in the MIR whereas overtones are located in the NIR [13]. However,
line intensities located in the NIR combined with the excellent properties of
laser diodes and with a carefully PA system design, make sensitivities in the
ppm down to the ppb level achievable. The principal properties of these laser
diodes are their excellent spectral characteristics (single-mode emission), their
tuneability of a few nanometres and their modulation capabilities through the
injection current (intensity or wavelength modulation).

The spectral properties of the laser are essential for spectroscopy in order
to minimise the influence of interference with other species in the spectral
vicinity of the interrogated absorption line. Single-mode emission is thus
required to fulfil this condition. Single-mode emission can be obtained by
various techniques, that can be divided in three categories: injection locking
[14], cavities coupling and selective wavelength reflection. The last category is
the most widely used in optical telecommunications (1.3-1.55 µm) and is based
on distributed feedback structures 1. The side-mode suppression ratio (SMSR)
is usually better than 30 dB for this kind of lasers. The emission line of the
laser can be continuously tuned by changing its operating temperature or its
injection current. This important property enables to analyse an absorption
feature by scanning the laser emission line. However, in order to obtain the
correct absorption line profile, the emission linewidth must be much narrower
than the absorption linewidth. If this is not the case, the measured profile
gmeas(ν) does not exactly represent the absorption line gline(ν), but rather
the convolution with the emission line glaser(ν).

gmeas(ν) =

∞∫

0

gline(ν ′)glaser(ν − ν ′)dν ′ (4.7)

The absorption linewidth is in the order of a few GHz (see subsection 2.2.2)
at atmospheric pressure, whereas the laser linewidth is about a few MHz. The
condition ∆νlaser ¿ ∆νline is thus generally always satisfied. A measurement
of the linewidth of a typical laser diode emitting in the NIR was performed

1Laser diodes based on this technique also cover particular wavelengths developed for
spectroscopic applications, such as 760 nm for oxygen, 1651 nm for methane, 1742 nm for
hydrogen chloride and 2004 nm for carbon dioxide monitoring.
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Figure 4.2: Linewidth measurement of a laser emitting at 1532 nm. The linewidth is
obtained by the delayed self-heterodyne technique which gives twice the real laser
linewidth at half-maximum (autocorrelation spectrum) [15]. The resulting laser
linewidth is thus equal to 1.0 MHz (FWHM).

using the delayed self-heterodyne method [15]. Results for a laser diode emit-
ting around 1532 nm is presented in Figure 4.2. A Lorentzian fit applied
to the experimental data results in an autocorrelation spectrum of 2.0 MHz
linewidth (FWHM) corresponding to twice the laser linewidth. The resulting
1.0 MHz linewidth (FWHM) demonstrates the validity of the above condition.

Another important property of laser diodes is their wavelength tuneability.
It enables the possibility to analyse an absorption line profile by scanning the
laser emission line or to precisely centre it on the maximum. The laser can be
continuously tuned without mode hops by changing the temperature (coarse
adjustment) or the injection current (fine tuning). A tuneability of a few
nanometres is possible, thus enabling to reach several absorption lines of the
same species, or even different species located in the same spectral range.

The selection of the laser diodes has been made in conjunction with the
species that had to be investigated in the life science and in the optical fibre
manufacturing process applications. Preliminary tests were performed with
methane, since this gas has to be monitored for the optical fibre manufacturing
application and is, in addition, easy to handle. For instance, CH4 is non-
corrosive and is not a polar molecule that requires any particular cell coating.
A strong CH4 absorption line is located at 1650.96 nm corresponding to the
R4 multiplet in the 2ν3 band. Hence, a DFB laser diode operated in this
spectral region was selected.

An example of the covered spectral range around 1651 nm is presented in
Figure 4.3. The spectral range is 1648-1652 nm when the laser temperature
was tuned from 278 K to 313 K. It results in a temperature-tuning coeffi-
cient of -12.6 GHz/K and a current-tuning coefficient of -0.81 GHz/mA. The
characteristics of this laser are summarised in Table 4.1.

A photoacoustic spectrum of CH4 has been measured by tuning the laser
temperature and by recording the PA signal. This spectrum is shown on
Figure 4.4 and is compared with the absorption spectrum calculated from
the HITRAN database [16]. A good qualitative agreement between the two
spectra is obtained. However, the spectral resolution of the sensor is weaker
than the calculated lines,which results in an incomplete resolution of some of
the absorption lines. This is due to a large current modulation depth (from
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Gas CH4 CO2 H2O NH3 HCl

Wavelength
(nm) 1651.0 1572.3 1368.6 1531.7 1737.9

Spectral range
(nm)

1648-
1652

1570-
1574

1368-
1371

1530-
1533

1735-
1739

Temp. tuning
(GHz/K) -12.6 -13.4 -15.8 -13.9 -12.5

Current tuning
(GHz/mA) -0.81 -0.69 -0.72 -0.85 -0.86

Tset (K) 300.1 292.7 286.2 294.1 291.9
Iset (mA) 120.5 115.4 117.34 125.1 127.4
Average power
(mW) 23 23 22 24 16

Table 4.1: Characteristics of the lasers used for trace gas monitoring. Tset and Iset are
the temperature and current operating point of the corresponding laser, respectively.
The average power is obtained for the operating conditions at Tset and Iset.
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Figure 4.4: PA spectrum of CH4. The Black curve shows the experimental data and
the grey line represents the corresponding absorption spectrum calculated from the
HITRAN database [16]. The grey arrow shows the selected line for CH4 detection.

threshold to the maximum current rating, corresponding to ±70 mA), which
induces a temperature variation of the laser during the current pulse and
thus changes the instantaneous wavelength (chirp). This effect results in a
broadening of the apparent linewidth of the laser. Moreover, the temperature
variation is not necessary symmetric with the current pulse, which results in
a slight asymmetry in the laser linewidth.

The life science application requires the measurement of carbon dioxide,
water vapour and ammonia with corresponding wavelength of 1572 nm, 1369
nm and 1532 nm, respectively. The spectra obtained with these three lasers
and the PA sensor are presented in Figure 4.5, Figure 4.6 and Figure 4.7. For
CO2, a good qualitative agreement with the HITRAN database is obtained
for the position and the relative intensities of the lines. However, a slight
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Figure 4.5: PA spectrum of CO2. The Black curve shows the experimental data and
the grey line represents the corresponding absorption spectrum calculated from the
HITRAN database. The grey arrow shows the selected line for CO2 detection.
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Figure 4.6: PA spectrum of H2O. The Black curve shows the experimental data and
the grey line represents the corresponding absorption spectrum calculated from the
HITRAN database. The grey arrow shows the selected line for H2O detection.
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Figure 4.7: PA spectrum of NH3. The Black curve shows the experimental data and
the grey line represents the corresponding absorption spectrum measured by FTIR
spectroscopy [17]. The grey arrow shows the selected line for NH3 detection.

asymmetry is present on the measured spectrum probably due to the intensity
modulation of the laser (see the explanation above for the laser used for the
CH4 spectrum). In addition, since the PA signal is quite weak for the CO2

concentration used in this measurement (5000 ppm), the noise level is rapidly
reached away from the centre of the absorption lines. For water vapour, the
two different spectra present a good matching in line position and intensities.
Finally, ammonia was not compared with a calculated spectrum, since no data
exists in this spectral range. However, it could be compared with a measured
spectrum obtained by FTIR spectroscopy [17]. The characteristics of each
laser used for the mentioned species are presented in Table 4.1.

Finally, as far as the application of optical fibre manufacturing process
is concerned, hydrogen chloride was monitored at 1738 nm, in addition to
water vapour. The recorded spectrum is presented in Figure 4.8 and the laser
characteristics are summarised in Table 4.1.
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the grey line represents the corresponding absorption spectrum calculated from the
HITRAN database. The grey arrow shows the selected line for HCl detection.
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bration purpose.

4.3.2 Calibration and detection limits

In order to investigate the detection limits achievable with the developed
system, different certified cylinders containing the gases of interest were used
to perform the calibration (see Figure 4.9). Four mass-flow controllers (two
100 sccm, one 500 sccm and one 1000 sccm) and cylinders of pure N2, O2 and
He were used to prepare precise dilutions. The calibration curves were usually
obtained with a flow rate of 1000 sccm and a time constant of 1 s set on the
lock-in amplifier. The modulation of the lasers was performed through the
injection current (wavelength modulation) and the amplitude was optimised
to obtain the largest PA signal (see section 3.4).

A first calibration was carried out using CH4 diluted in nitrogen. Methane
was supplied in a concentration of 5000 ppm buffered in nitrogen and an addi-
tional nitrogen cylinder (purity of 99.9999%) was used to extend the dilutions.
The response of the sensor to various concentrations of methane in N2 is shown
in Figure 4.10. The sensor response to different methane concentration demon-
strates an excellent linearity over four orders of magnitude, starting from 5000
ppm down to 0.5 ppm. The detection limit is defined by considering a signal-
to-noise ratio (SNR) of 3, where the noise level was recorded during a period
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Figure 4.10: Response of the sensor to different CH4 concentrations diluted in N2.
The detection limit defined for a SNR = 3 is 90 ppb.

of 15 minutes and using an integration time fixed on the lock-in of 10 s. This
resulted in a average noise of 5.3 ± 2.3 µV 2, corresponding to a noise equiva-
lent CH4 concentration of 30 ppb. The detection limit for CH4 diluted in N2

is extrapolated from the crossing point of the linear fit and three times the
noise level, corresponding to 90 ppb for an average laser power of 23 mW.

2The error corresponds to one standard deviation over the average value.
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Figure 4.11: Response of the sensor to different CO2 concentrations diluted in air
containing 50% of relative humidity at a temperature of 23◦C. The detection limit
defined for a SNR = 3 is 38 ppm.
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Figure 4.12: Response of the sensor to different H2O concentrations for the range of
ambient humidity levels in air.

4.3.2.1 Gases calibration for the life science application

Calibration curves for CO2, H2O and NH3 were obtained in a buffer gas sim-
ilar to the one encountered in the animal house (ambient air at atmospheric
pressure). For CO2 calibration at 1572.3 nm (corresponding to the R18 line
of the (2 20 1) band), the buffer gas was composed of 80% N2, 20% O2 and
50% of relative humidity at 23◦C and is presented in Figure 4.11. A detection
limit of 38 ppm was achieved for an average laser power of 23 mW, obtained
using the same method than described above for CH4 (SNR = 3).

Calibration for water vapour was performed at 1368.6 nm, corresponding
to the transition (0 0 0)21,2 → (1 0 1)31,3, in two different conditions. The
first calibration was obtained using dilutions around the ambient water vapour
concentration in a buffer gas composed of 80% N2 and 20% O2, since it was
the expected range concentration encountered in the animal house (see Figure
4.12). The Beer-Lambert law is poorly approximated by a linear function in
this case, since high water vapour concentrations in combination with a high
absorption coefficient (α=1.72 cm−1) are experienced, and an exponential fit
is thus required. However, around 55% ± 10% of relative humidity, a linear
response of the sensor is nevertheless obtained without adding any significant
error, and was used for the calibration in the animal house. A detection limit
in these conditions is difficult to extrapolate and a response at lower water
vapour concentration is required. In order to determine the detection limit for
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Figure 4.13: Response of the sensor to different H2O concentrations diluted in nitro-
gen. The detection limit (SNR = 3) is equal to 26 ppb.

water vapour, a certified cylinder of 50 ppm H2O diluted in nitrogen was used
to perform a calibration curve. A crucial issue to achieve this measurement
is to secure an air-tight cell sealing. Since a high water vapour concentration
is presented in ambient air, minute leaks lead to water ingress into the cell.
Additionally, adsorption-desorption processes need to be taken into account
[18]. Unfortunately, a residual water concentration of about 5 ppm was still
present in the PA cell and in the gas tubes. The contribution of this residual
level occurs like an offset on the linear response and was subtracted to the
final calibration curve (see Figure 4.13) and a detection limit achieved in these
conditions was found to be 26 ppb for an average laser power of 22 mW.

The response of the sensor to ammonia concentrations diluted in nitrogen
at 1531.7 nm is presented in Figure 4.14. Stable concentration levels of am-
monia are difficult to obtain due to the polarity of the molecule. However,
adsorption-desorption processes may be reduced by appropriate cell coating
(teflon coating), which was not applied on the prototype cell made of a single
tube resonator. A detection limit achieved in these conditions was found to
be 0.2 ppm for an average laser power of 24 mW.
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Figure 4.14: (a) Response of the sensor to different NH3 concentrations diluted in
nitrogen. (b) NH3 calibration curve. A detection limit of 0.2 ppm is obtained (SNR =
3).

4.3.2.2 Gases calibration for the optical fibre manufacturing appli-
cation

Calibration of the PA sensor was performed under similar conditions to those
experienced on-site. Different gas mixtures and various concentrations of hy-
drogenated compounds were obtained from certified cylinders of HCl, H2O, He
and O2 using mass-flow controllers. The influence of the chloride compounds
(SiCl4, GeCl4 and POCl3) was not considered in the calibration phase, as
these chemical products are very corrosive, difficult to handle and require a
neutralisation process before being rejected into the environment. However,
since the concentration of POCl3 and GeCl4 did not exceed 3% and SiCl4
10.5% in the measured carrier gas (see Table 4.4 in subsection 4.5.1), their
influence on the spectroscopic parameters (foreign-gas broadening coefficient
of the considered absorption line) is expected to be minor. The effect of the
chlorides on the resonance frequency was taken into account, since the gas
mixture in the factory was adapted to obtain the same resonance frequency
as used for the calibration.

A typical calibration curve for HCl was obtained by diluting a certified
mixture of 50 ppm HCl buffered in He, with pure O2 and He (60% O2 and
40% He) (Figure 4.15a). The resonance frequency and the quality factor
obtained in these conditions were respectively 1137 Hz and 20. Calibration
for water vapour at low mixing ratio is delicate owing to the polarity of the
molecule and its resulting adsorption-desorption processes problems already
mentioned in the preceding section. Therefore, higher H2O concentrations
(up to a few ppm) in combination with a flow of 1000 sccm have been used to
determine the calibration slope and to extrapolate the detection limit (Figure
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Figure 4.15: Calibration curves for (a) HCl and (b) H2O in a 60% O2-40% He mix-
ture. Error bars shown on the plot correspond to the incertainty on HCl and H2O
concentrations generated with the MFCs (horizontal axis) and to the standard devi-
ation of the PA signal recorded in a 5-min period (vertical axis) The integration time
was 1 s for HCl and 10 s for H2O. Dots are the measured datapoints and the line is
the result of a linear fit.
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4.15b). The range of H2O concentrations considered in the calibration (5-
10 ppm) is of the same order of magnitude than experienced on-site after
the change of the POCl3 bubbler (0.4-1.8 ppm). Water vapour monitored in
GeCl4 resulted in a lower level down to the 100 ppb range (see section 4.5.2
dedicated to in-situ measurements). Results obtained for methane monitoring
using the same set-up have shown an excellent linearity over several orders of
magnitude (5000-0.5 ppm) and down to a value of a few detection limits, so
that it is considered with confidence that the linearity is maintained also for
H2O down to the detection limit. H2O calibration was performed by diluting
a certified mixture of 50 ppm H2O buffered in nitrogen with O2 and He, so
that a residual of several percents of N2 was still present in the He-O2 mixture.
A detection limit (defined for a signal-to-noise ratio SNR = 3 and with 10 s
integration time) of 60 ppb for HCl and 40 ppb for H2O resulted from these
calibration curves.

4.3.3 Influence of the buffer gas

The calibrations performed in the preceding subsection have shown the de-
pendency of the PA signal as a function of the analysed species diluted in
various buffer gases. The PA signal does not only depend on the gas to be
measured but also on the diluting gas. The influence of the buffer gas on the
cell constant is summarised as follow:

• The resonance frequency is directly proportional to the sound velocity,
which depends in particular on the molar mass M of the gas:

cs =

√
γRT

M
(4.8)

where R = 8.3144 J/(mol K) is the constant of perfect gases, T is the
temperature and γ is the ratio of the specific heat at constant pressure
to the specific heat at constant volume. Resonance frequencies in light
molecules gases are much higher than in heavy molecules gases. The in-
verse behaviour is obtained for the PA signal due to the 1/f dependence
of the cell constant (see equation (3.3)).

• Some physical constants are strongly different between two buffer gases.
These parameters occur in the expression of the quality factor (density
ρ0, thermal conductivity K, molar mass M , specific heat Cp, viscosity
η), and directly in the cell constant (parameter γ). The values of these
parameters are listed in Table 3.1 for different gases.

• The buffer gas may also influence the width of the analysed absorp-
tion feature, and thus the value of the absorption coefficient on the line
centre, as the foreign pressure broadening coefficient can fairly vary be-
tween two buffer gases. For example, pressure broadening coefficients of
the methane R3 quadruplet in the 2ν3 band measured in the 1.65 µm
range in different diluting gases have shown a variation as high as 50%
between air and helium [19].

In addition to the above mentioned effects, the buffer gas may also have a
dramatic influence on the generation of the PA signal in some particular con-
ditions (specific gas mixtures) due to slow molecular relaxation effects. This
point is not considered here, but will be addressed in detail in chapter 5.
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Figure 4.16: Variation of (a) the resonance frequency, (b) the quality factor and
(c) the cell constant as a function of the gas composition. Circles are experimental
data and grey lines are theoretical values calculated from (2.75), (2.99) and (3.3),
respectively.

The effect of the buffer gas has also been investigated experimentally in the
case of CH4 using the set-up described in the previous section. Gas mixtures
made of 100 ppm of CH4 diluted in different buffer gases have been prepared
with mass flow controllers. The first longitudinal resonance of the PA cell has
been measured in each diluting gas and a Lorentzian distribution has been
fitted on the experimental points through the PA energy 3 in order to extract
the resonance frequency, the quality factor and the cell constant. Buffer gases
made of various compositions of N2 and He have been used. Figure 4.16 shows
the variation of the experimental parameters as a function of the relative
concentration of N2 and He, which is compared with theoretical values.

These results show that the experimental resonance frequency matches
very well the calculated value, excepted in the case of pure helium, where the
measurements were noisier than in other conditions. This is principally due to
the higher frequency (2500 Hz), which directly influences the PA signal (1/f
dependence) and reduces the signal accordingly.

3The Lorentzian distribution corresponds to the energy of the PA signal, which is pro-
portional to the square of the PA signal (see equation (2.84)).
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Figure 4.17: Calibration curves for CH4 in 100% N2, 50% O2-50% He and 90% O2-
10%. The PA signal is 30% lower in the 50% O2-50% He mixture than in pure N2 and
twice weaker in the 90% O2 -10% He mixture. Circles and crosses are experimental
points and lines are the results of linear fits.

The variation of the quality factor shows also a clear tendency, which is in
good agreement with the calculation. However, the experimental values are
lower (20% for the maximum variation) than the calulated values, probably
due to additional losses caused by an imperfect inner surface of the resonator.

The experimental cell constant presents a different value than the pre-
dicted values obtained from calculations. The strong difference between N2

and He results mainly from the high difference in the resonance frequencies
obtained in pure N2 or He (respectively around 1 kHz and 2.5 kHz), but also
from the strongly different (γ-1) parameter occurring in the expression of the
PA signal. Additional phenomena may still increase the different behaviour
observed between N2 and He. The lineshape of the measured absorption fea-
ture may fairly differ between these two buffer gases, as previously discussed.
A possible frequency-dependent response of the microphone may also con-
tribute to this effect, as the resonance frequency is strongly different between
N2 and He. These phenomena may affect the experimental value of the cell
constant, but have not been considered in the calculation.

Finally, three calibration curves were performed with CH4 diluted in 100%
N2, 50% O2-50% He and 90% O2-10% He using a constant flow rate of 500
sccm. Methane was provided in a certified gas mixture of 5000 ppm in N2,
which means that a residual of 1% or less of nitrogen was still present in the
O2-He mixtures for CH4 concentration below 50 ppm. The response of the
sensor to methane concentration is presented in Figure 4.17 showing the effect
of the buffer gas on the PA signal.

The PA signal is 30% lower in the 50% O2-50% He mixture than in pure
N2. This is due to the higher resonance frequency (around 1300 Hz) induced
by the faster acoustic velocity in He and some other physico-thermal constants
of the gas. In the 90% O2 -10% He mixture, the PA signal is reduced by a
factor two compared to pure N2. The main reason for this is due to molecular
relaxation process of methane in presence of large amount of oxygen (see
Chapter 5).

All these results confirm that the buffer gas composition is a significant
parameter in trace gas monitoring by PAS and has to be carefully investigated
for the sensor calibration.
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Molecule λ
(nm) Buffer gas α a

(cm−1)
P0

(mW)
D

(ppm)
α · P0 ·D

(cm−1mW·ppm)
CH4 1651.0 100% N2 0.44 23 0.09 0.91
CH4 1651.0 50% O2-50% He 0.44 23 0.12 1.21
CH4 1651.0 90% O2-10% He 0.44 23 0.2 2.02
CO2 1572.3 80% N2-20% O2 0.002 23 44 2.02

CO2 1572.3 80% N2-20%
O2+ 50% RH 0.002 23 38 1.75

H2O 1368.6 100% N2 1.72 22 0.026 0.98
H2O 1368.6 60% O2-40% He 1.72 22 0.040 1.51
NH3 1531.7 100% N2 0.28 24 0.2 1.34
HCl 1737.9 60% O2-40% He 1.4 16 0.06 1.34

aα is calculated at 1 atm for air broadening. The effect of the buffer gas on the absorption
coefficient is not taken into account.

Table 4.2: Summary of the detection limits obtained for different gases in various
buffer gases. λ is the wavelength of the laser, α is the absorption coefficient at line
centre, P0 is the incident laser power and D is the detection limit defined for a
SNR = 3.

4.3.4 Conclusion

The summary of the different gas species investigated in various buffer gases
is presented in Table 4.2. The last column represents the product of the
absorption coefficient α by the incident laser power P0 and the detection
limit D. This product is ideally constant for a given PA cell operated in
identical measurement conditions. However, as discussed in subsection 4.3.3,
the buffer gas strongly influences the PA signal and modifies the detection
limit. Moreover, two different PA cells (one with a single resonator and one
with three resonators) and different microphones were used to perform these
measurements, which makes the comparison of the product αP0D difficult. In
addition to the difference due to the buffer gas, molecular relaxation effects
play an important role on the PA signal (see chapter 5 on page 109).

Finally, sub-ppm detection limits were achieved for most of the species (ex-
cept CO2) in the various buffer gases required by the applications, frequently
below 100 ppb.

4.4 CO2, NH3 and H2O in-situ monitoring: appli-
cation to life science

4.4.1 Sensor architecture

Three fibre-coupled DFB laser diodes emitting in the optical telecommunica-
tion wavelength range, respectively at 1369 nm for H2O detection, at 1572
nm for CO2 and at 1532 nm for NH3 were chosen for this particular applica-
tion. The characteristics of the different lasers were presented in Table 4.1.
The emissions from the lasers used for CO2 and H2O are combined using a
fibre coupler that is terminated by a collimator directly mounted on the outer
flange of the buffer volume of the PA cell. The average optical power at the
laser operating point is 23 mW for the 1572 nm laser (CO2 detection) and
21 mW for the 1369 nm laser (H2O), but a very small fraction of this latter
power is actually launched into the cell. The reason is the reduced absorption
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Figure 4.18: Schematic representation of the PA sensor based on three DFB lasers
and the PA cell operated in its first longitudinal mode. The lasers are modulated
at three different frequencies f1, f2 and f3 and three lock-in amplifiers extract the
corresponding concentration.

of the CO2 molecules in the spectral range of interest, so that the power from
the laser for CO2 detection must be maximised in the PA cell using a strongly
unbalanced (5/95%) directional coupler (see Figure 4.18). The resulting loss
of power of the laser for water vapour monitoring does not have any conse-
quence, because a detection limit of 26 ppb is achievable by the sensor using
the full laser power (see subsection 4.3.2.1), whereas much higher concentra-
tions (in the percent range) have to be measured in this particular application.
An additional optical attenuator was used to further reduce the power of this
laser launched into the PA cell in order to obtain a PA signal for water vapour
of the same order than for CO2 and NH3 to avoid saturation of the lock-in
amplifiers.

The fibre from the third laser (NH3 detection) is also terminated by a
collimator that is mounted on the outer flange of the other buffer volume of
the PA cell, so that the laser radiation propagates in the opposite direction
along the PA cell. This configuration enables to benefit from the entire optical
power of this laser (24 mW), thus improving the detection limit of NH3, which
is necessary to detect the low NH3 concentration expected on-site.

The three laser beams simultaneously propagate along the cell axis in
order to efficiently excite the first acoustic longitudinal mode of the resonator.
The sound waves generated as a result of molecular absorption are detected
using a single electret microphone, located in the centre of the resonator. In
order to separate the acoustic signals generated by the different species, the
lasers are modulated at three slightly different frequencies, all located in the
same resonance peak of the acoustic cavity, as shown in Figure 4.19. The
laser for NH3 detection is modulated at the resonant frequency f1 in order
to benefit from the largest acoustic amplification, where an acoustic quality
factor Q = 28 is achieved in the resonator. The lasers for H2O and CO2

detection are modulated at frequencies f2 = f1 − 5 Hz and f3 = f1 + 5
Hz, respectively. With these small differences between the three frequencies,
the loss in the acoustic amplification is minor (less than 5%), whereas cross-
talk between the corresponding acoustic signals is suppressed through highly
selective lock-in detection at frequencies f1, f2 and f3, respectively. This
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Figure 4.19: Acoustic resonance of the PA cell. Circles are experimental points and
the curve is the result of a Lorentzian fit. The three laser modulation frequencies are
represented.

configuration enables the simultaneous and selective measurement of the three
gases of interest. Finally, an electronic module controls the laser modulation
and processes the data.
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Figure 4.20: Picture of the installation for in-situ measurements in the animal house.
Air is pumped from the cage into the PA cell and reinjected in the animal cage. The
PA cell is hidden by the acoustic surrounding box to ensure low ambient noise.

cage 1 cage 2 cage 3 cage 4 cage 5
6F 2F 3F 1M&2F 6M

cage 6 cage 7 cage 8 cage 9 cage 10
5F M&F&11P 5M 1F M&F&7P

cage 11 cage 12 cage 13 cage 14
M&F&11P 1M&2F 5F 2M

Table 4.3: Cages description containing mice. M: male, F: female and P: pups.

4.4.2 Experimental results

On-line and real time measurements of ammonia, water vapour and carbon
dioxide were performed during a period of two weeks (from day 1 to day 11)
in individually ventilated cages housing laboratory mice at the EPFL animal
house (see Figure 4.20). Fourteen cages containing a different number of
animals ranging from 1 adult to a couple with 11 pups (see details on Table
4.3) have been monitored. For this purpose, air was pumped out from one of
the cages into a Teflon tube at a flow rate of 1000 sccm. This flow rate results
in a fast response time of the sensor without inducing additional acoustic
noise.

The gas passed through the PA cell and the concentration of the three gases
was determined. Ammonia concentration was monitored in the different cages
on a half-week basis after the bedding cleaning. The average values are shown
in Figure 4.21. At Day 7, one cage already exceeds a concentration of 25
ppm, which corresponds to the human threshold limit value for this chemical
substance in working environment. After 11 days (date of the next bedding
change), a second cage also presented a value over this limit and three others
were about to reach it. A high level of ammonia, close to 70 ppm, has been
observed in the dirtiest cage. This high level may be dangerous for animals
health if it is maintained during several days.

CO2 and H2O concentrations monitored continuously during three days in
a selected cage are presented in Figure 4.22. CO2 variations show a 24-hours
time period, representing night and day activity. Correlation between water
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Figure 4.21: Evolution of ammonia concentration from day 2 (after bedding change)
to day 11 in different cages.
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Figure 4.22: Evolution of H2O and CO2 levels in a selected cage containing 6 males
from day 4 to day 7.

vapour and carbon dioxide cycles are also observed, showing an increase of
perspiration of active animals. CO2 monitoring is also important as it enables
the detection of eventual ventilation breakdowns for which an increase of the
CO2 concentration in the cages may be critical for the animals’ survival. As
an illustration, CO2 was monitored in cages disconnected from the ventilation
(see Figure 4.23). A drastic increase of CO2 can be immediately observed
after the aeration interruption, showing the importance of properly working
ventilation. The air renewal flux in the cages has also been measured by
injecting a fixed carbon dioxide concentration (5000 ppm) into an empty cage
and measuring the CO2 concentration decay when the injection is stopped
(see Figure 4.24). The CO2 measurement shows an exponentially decaying
curve with a time constant of 2 minutes. 95% of CO2 wash out is obtained
after 6 minutes (3 times the decay constant), corresponding to an air flow of
1.63 l/min for a cage of 9.75 litres or 10 cage air renewals per hour.
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Figure 4.23: CO2 accumulation in cages disconnected separately from the ventilation.
An equilibrium level is reached after 30 to 45 minutes depending on the number of
animals.
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Figure 4.24: Measurement of the ventilation flow of an empty cage. A fixed CO2

concentration is first injected into the cage. When an equilibrium state is reached,
the injection is stopped and the decay of the CO2 concentration is monitored. The
flow is obtained by an exponential fit on the experimental data.
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Figure 4.25: Gas distribution system for the preform manufacturing. The PA sensor
is inserted in a line parallel to the process line. Mass-flow controllers (MFC) and
electro-valves enable dilutions of different gas mixtures.

4.4.3 Conclusion

In-situ application of the sensor has been demonstrated for the monitoring of
microclimatic parameters in individually ventilated cages in an animal house
which validates the sensor for off-laboratory applications. Continuous mea-
surements have been successfully performed during two weeks and 24 hours
a day without any maintenance of the sensor. Simultaneous measurement
of NH3, CO2 and H2O has provided a better understanding of the evolution
of the bedding conditions in the cages. These results fully demonstrate the
suitability of the photoacoustic technique for this application, thanks to its
high sensitivity and selectivity and unattended operation. Finally, circadian
activity level of animals can also be studied with this technique.

4.5 Multi-hydrogenated compounds monitoring in
optical fibre manufacturing process

4.5.1 Experimental details

The PA sensor is based on the 3-resonators cell described in section 3.5.2 (see
also Figure 3.13) in combination with semiconductor laser diodes emitting in
the near-infrared region. Water vapour was monitored at 1369 nm and HCl
at 1738 nm. Methane was finally not monitored, since it was expected that
the principal gas pollutant came from water vapour and its transformation
into HCl. A gold coating deposited on the inner surface of the cell was used
to reduce adsorption-desorption processes. This is an important aspect to
achieve accurate measurements of gas traces with a reasonable response time
in the case of polar molecules such as HCl and H2O, which tend to stick on the
walls of the cell. Heating of the cell is an alternative technique to reduce this
kind of processes [18], which is however difficult to implement in an industrial
environment.

In order to monitor HCl and H2O concentrations in the manufacturing
process of the ZWPF, the PA sensor has been inserted in a line parallel to
the process line (Figure 4.25). The carrier gas was made of He, O2 and an
additional O2 flow saturated with either SiCl4, GeCl4 or POCl3. The chloride-
saturated gas was generated by bubbling pure O2 in a container filled with
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Chloride T (◦C)

Saturated
vapour
pressure
(mb) [20]

He
(sccm)

O2

(sccm)
O2+chloride
(sccm)

Chloride
concentra-
tion (%)

POCl3 32 66.5 450 150 400+29 2.79
SiCl4 39 534.6 700 200 100+115 10.31
GeCl4 39 215.9 500 400 100+28 2.68

Table 4.4: Gas mixtures and chloride concentrations used for HCl and H2O monitor-
ing.

Chloride conc. (%) H2O conc. (ppm) HCl conc. (ppm)

Chloride Meas.
gas

Process
gas

Meas.
gas

Process
gas

Meas.
gas

Process
gas

POCl3 2.79 0.088 0.92 0.03 15 0.47
SiCl4 10.31 7.85 - - 2.6 2
GeCl4 2.68 2.81 0.095 0.1 0.76 0.8

Table 4.5: Comparison of chlorides, H2O and HCl concentrations between the buffer
gas used for PAS measurements and the process gas used in optical fibre manufac-
turing.

SiCl4, GeCl4 or POCl3 at fixed temperatures of respectively 39◦C, 39◦C and
32◦C. Measurements were performed in a gas mixture which slightly differed
from the carrier gas used in the process (see Table 4.4 and 4.5). The principal
reason is that we aimed at quantifying the contribution of each chlorides
separately, whereas SiCl4, GeCl4 and POCl3 are mixed together in the process
gas. A total flow rate of 1000 sccm has been used in order to secure a fast
response time without adding any extra acoustic noise. Electro-valves were
used to commute from the preform line to the measurement line, making trace
gas monitoring without preform processing possible. The precise gas mixture
compositions were chosen in order to have a similar resonance frequency as
used in the calibration phase (see subsection 4.3.2.2). The final concentrations
and gas mixtures used for HCl and H2O measurements are summarised in
Table 4.4.

Before starting trace gas measurements, the PA cell was continuously
purged with nitrogen (N2) during three days to grant that no impurity was
introduced by the sensor. This is particularly important for H2O due to the
sticky nature of this polar molecule [21] and its high natural abundance, since
the PA cell has been subject to a H2O concentration as high as 1%, corre-
sponding to typical humidity content in air.

During the campaign, a continuous N2 flow of about 1000 sccm passed
through the cell when no chloride was flowing through the sensor in order to
maintain a clean environment. HCl and H2O were measured during a 11-day
period after the insertion of a new POCl3 bubbler in order to evaluate the
required purge time of the installation. After this time a preform has been
manufactured to fulfill the requirements for a low-water-peak fibre. At the
end of the campaign, additional measurements were carried out with SiCl4
and GeCl4.
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Figure 4.26: Typical concentration measurements over several minutes. (a) HCl and
(b) H2O concentration on day one (black curve) and day two (grey curve) after the
POCl3 bubbler exchange. The decrease of the concentration of HCl is due to purging
of the POCl3 container by a continuous flow of O2. H2O concentration variations
originate from two contributions: real water vapour content in the process gas and
desorption effects (see text for details).

4.5.2 Results and discussion

Figure 4.26 shows representative measurements of HCl and H2O performed
in the gas mixtures described in Table 4.4 immediately after the change of
the POCl3 bubbler and one day after. A very high concentration of HCl
(up to 0.3%) was present at the beginning, showing that the carrier gas was
highly contaminated due to the change of the POCl3 container. In contrast,
the water vapour level was in the ppm range due to the fact that most of
the water content present in the gas was readily transformed into HCl (see
chemical reaction (4.6)). As oxygen was flowing through the POCl3 bubbler,
the HCl concentration decreased along with time due to the purge of the
container. The evolution of HCl and H2O concentrations over 11 days is
presented in Figure 4.27 and 4.28.

The variation of the HCl concentration shows a regular decrease during the
purge of the container: on day one, the bubbler was changed, producing a high
degree of water contamination transformed into HCl and after a continuous
purge of the container with O2 during 49 hours, the concentration decreased
to reach a level of 5 ppm. No purging and no measurement were performed the
following day (day four) as a result of a machine maintenance. Therefore, a
higher HCl concentration of 40 ppm was observed at the beginning of day five
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Figure 4.27: HCl concentration level evolution over 11 days. The grouped circles
represent several measurements performed on the same day during a time period
varying from a few tens of minutes up to one hour. Each circle corresponds to one
measurement point (integration time of 10s) taken at the beginning or at the end of
that period.
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Figure 4.28: H2O concentration level evolution over 11 days. The grouped circles
represent several measurements performed on the same day during a time period
varying from a few tens of minutes up to one hour. Each circle corresponds to one
measurement point (integration time of 10s) taken at the beginning or at the end of
that period.
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due to water desorption in the teflon head of the container when the O2 purge
was interrupted. The concentration decreased down to 21 ppm after 2 hours
of purging. After a new break of two days (week-end), the concentration
increased again up to 77 ppm to reach a level of 15 ppm after 5 hours of
continuous flow of O2.

The evolution of the water vapour concentration over these days was quite
different as the range of observed variations (from a maximum of 1.8 ppm
to a minimum of 0.40 ppm) was much reduced compared to HCl, and the
H2O concentration did not change in a regular way. During the purge, the
measured H2O concentration decreased with time at high HCl levels (day 1
and beginning of day 2), but tended to increase in an intermediate range of
HCl concentration of 10-100 ppm (see day 2, 5 or 8).

To explain this behaviour, the measured H2O signal probably originates
from two different contributions. The first one is due to the real water vapour
content in the gas that results from residual water introduced in the line
during the exchange of the POCl3 bubbler and not transformed into HCl.
This contribution is expected to be dominant in the early phase of the purge
and to decrease with the purge time in a similar way as observed for the HCl
concentration (see Figure 4.26). A second contribution may result from a
process of water desorption from the walls of the cell and possibly from the
line. This contribution seems to be significant after a definite purge duration,
corresponding to an intermediate range of HCl concentrations of 10-100 ppm.
This process is believed to be responsible for an increase of the observed H2O
concentration as illustrated in Figure 4.26b.

It must be emphasised that the concentration of these contaminants is
much lower in the real carrier gas used in the preform manufacturing process,
since the total carrier gas mixture is different. The POCl3 concentration in
the process is 0.088 % (compared to 2.79% for the measurements) meaning
that HCl and H2O concentrations are reduced accordingly (See Table 4.5).
However, the sensitivity of the sensor is sufficient to monitor HCl in the real
process gas.

After these eight days of purging, a first preform has been manufactured
and a fibre has been drawn in order to analyse its different parameters, in
particular the spectral attenuation. To be compliant with the International
Telecommunication Union (ITU) recommendation for a low-water-peak fibre
[22], the attenuation measured at the maximum of the OH− peak at 1383 nm
must be lower than the attenuation at 1310 nm after hydrogen (H2) ageing
[23]. Attenuation curves of the fibre manufactured from the preform processed
on day nine is presented in Figure 4.29. A second fibre manufactured seven
days later is shown on the same figure. These measurements were carried
out after the drawing of the fibre, but without performing H2 ageing. How-
ever, H2 ageing is not systematically performed and a security margin of 0.02
dB/km is added to the attenuation coefficient to take this effect into account.
A maximum of 0.34 dB/km at 1383 nm is acceptable for the fibre to be con-
sidered as a low-water-peak fibre. On Figure 4.29, no significant attenuation
improvement in the E-band and S-band region can be noticed between the two
fibres. In addition, both fibres present an attenuation of 0.320 dB/km (fibre
of day eight) and 0.318 dB/km (fibre of day 15) at 1383 nm, which satisfies
the criteria defined above.

Finally, HCl and H2O were monitored in gas mixtures containing GeCl4
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Figure 4.29: Attenuation of the low-water-peak fibres manufactured 8 days (solid
line) and 15 days (dashed line) after the replacement of the POCl3 container.

and SiCl4 to identify the contribution of these chloride compounds to the OH−

peak. Figure 4.30 displays the measured concentrations in the case of GeCl4
for the gas mixtures described in Table 4.4. The measured concentrations were
below 1 ppm for HCl and around 0.1 ppm for H2O. The same measurements
using SiCl4 are presented in Figure 4.31. Unfortunately, H2O could not be
measured due to condensation of the gas owing to the high saturated vapour
pressure of SiCl4 and the large temperature difference between the bubbler
(39◦C) and the ambient air temperature (20◦C). Here again, the gas mixtures
used for the evaluation of H2O and HCl contamination were slightly different
from the one used in the process. The GeCl4 and SiCl4 concentrations used in
the process are 2.81% and 7.85% respectively compared to 2.68% and 10.31%
in our measurements, meaning that the measured HCl and H2O concentration
were comparable to the real process concentrations.

In order to compare the different contamination sources, typical chloride
concentrations present in the process gas are used to extrapolate HCl and
H2O concentrations from the obtained measurements (see Table 4.5). The
substitution of the POCl3 bubbler results in an HCl concentration of 15 ppm
and a H2O concentration of 0.92 ppm (last measured points before preform
manufacturing after eight days of purging) corresponding to 0.47 ppm of HCl
and 0.03 ppm of H2O in the gas mixture used in the process. HCl and H2O
concentrations resulting from the GeCl4 bubbler correspond to 0.76 ppm and
0.10 ppm in the process gas, respectively. Finally, HCl coming from the SiCl4
container results in a concentration of 2 ppm. This comparison shows that the
principal contamination source comes from the SiCl4 container, considering
that the purge of the POCl3 bubbler was performed during a sufficient period
of time.
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Figure 4.30: HCl (a) and H2O (b) measurements in a gas mixture of 100 sccm O2

saturated with GeCl4, 400 sccm O2 and 500 sccm He.
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Figure 4.31: HCl (a) and H2O (b) measurements in a gas mixture of 100 sccm O2

saturated with SiCl4, 200 sccm O2 and 700 sccm He.
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4.5.3 Conclusion

Laser diode photoacoustic spectroscopy has demonstrated to be an efficient
and reliable measurement technique for trace gas analysis in process gases,
especially well adapted to on-line continuous detection and quantification of
contamination down to a few tens of ppb. Sensitivity obtained using mW-
power laser diodes is sufficient to detect hydrogenated contaminants to a level
low enough to secure a ZWPF production. Finally, it was demonstrated that
the system can be used in other environment than in atmospheric conditions,
such as high purity and highly corrosive gases.

4.6 Ammonia trace measurements at ppb level

4.6.1 Introduction

Sensitive and continuous ammonia monitoring is relevant in various applica-
tions, such as DeNOx processes widely used in power plants and incinerators
to reduce NOx emissions [24], process control in the semiconductor industry,
where extremely low levels of NH3 in clean rooms may drastically deterio-
rate the performances of lithography process [25], environment monitoring to
quantify NH3 emissions from animal production facilities and automobile traf-
fic [26, 27] or in medicine to analyse NH3 levels in breath as a diagnostic tool
[28]. Whereas detection limits in the parts-per-million or sub-ppm range are
sufficient for some of these applications (i.e. DeNOx process), most of them
require much better performances at parts-per-billion level.

Semiconductor distributed feedback lasers emit typical powers of several
tens of milliwatts enabling sensitivities in the sub-ppm range for many species
(see section 4.3.2) , including ammonia [29]. Better detection limits down
to ppb level require higher output power generally achieved using gas lasers
(CO and CO2 lasers). However, the use of fibre amplifiers combined with
standard telecom diode lasers is an attractive alternative to these cumber-
some gas lasers to improve the detection limits towards ppb levels. The first
use of an erbium-doped fibre amplifier (EDFA) in combination with PAS was
reported by Webber et al. in 2003 for NH3 detection [30]. Even if these au-
thors reported a detection limit of a few ppb of NH3, this was extrapolated
from higher concentration and no real measurement below 100 ppb is actually
shown. Monitoring ammonia at sub-ppm level is a challenging task due to
the sticky nature of this polar molecule and the related adsorption-desorption
problems [31, 32]. The work reported here aims at presenting ammonia mea-
surements at atmospheric pressure down to a concentration of a few ppb in
dry air (80% nitrogen, 20% oxygen) and at evaluating carbon dioxide and
water vapour interferences in typical atmospheric conditions.

4.6.2 Sensor design

The photoacoustic sensor is based on the 3-resonators PA cell described in
chapter 3 in combination with a laser diode emitting near 1532 nm. For NH3

measurements, only one resonator with the corresponding laser diode was
used, whereas the two other lasers were not connected (Figure 4.32). A special
teflon coating was deposited on the inner surface of the resonator in order to
reduce adsorption-desorption processes [33]. The PA signal was amplified and
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in dry air (80% N2-20% O2). CO2 and H2O (generated by a N2 flow through a H2O
saturator) can be added to the mixture to study the interference of these species.

measured using a lock-in amplifier with a time constant usually set to 10 s. The
PA signals were demodulated at the modulation frequency (1f detection) or
at twice the modulation frequency (2f detection) [34]. These two techniques
were investigated and compared to determine the optimal configuration to
achieve the minimum detection limit

The diode laser is operated in wavelength-modulation mode at either the
frequency of the first longitudinal mode of the PA cell (1f demodulation) or at
half of the PA cell resonant frequency (2f demodulation). The temperature-
and current-tuning coefficients are -13.9 GHz/◦C and -0.85 GHz/mA. This
fibered configuration allows an easy insertion of the EDFA to boost the optical
power launched into the PA cell. The optical amplifier was operated in the
saturation regime and delivered about 750 mW of amplified power at 1531.67
nm from the 18.5 mW laser, thus providing a 16 dB gain to the laser optical
power. The total power of the EDFA including spontaneous emission was
about 1 W.

The gas handling system was composed of a certified mixture containing
100 ppm of NH3 buffered in nitrogen. N2 and O2 cylinders were used for
dilution and a certified mixture of 5000 ppm of CO2 was used for quantitative
interference measurements. H2O interference was also investigated by passing
part of the flow through a saturator which consists in a water-filled glass
cuvette placed in a thermostat bath (see Figure 4.32). The flow exiting the
cuvette was saturated in water vapour and the humidity was only dependent
on the bath temperature. Dilutions were obtained with mass-flow controllers
with a total flow of 1000 sccm in the PA cell. This flow reduces the adsorption-
desorption process of ammonia in the PA cell and ensures a fast response time
of the sensor without adding any extra acoustic noise. However, low NH3

concentrations obtained with mass-flow controllers are approximative because
of the adsorption-desorption processes.

The actual NH3 concentrations in the gas stream after the gas mixing sys-
tem and ahead of the PA cell are measured with an Omnisens TGA300Series
trace gas analyzer. The analyzer is based on resonant PAS in combination
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with a high power CO2 laser. Calibration of the instrument has been vali-
dated by using continuous gas generator, based on the dynamic evaporation
of an aqueous ammonia solution into a continuous N2 gas stream while being
cross-checked with the impinger method (ion chromatography) [35]. The ana-
lyzer features online measurements at relatively high flow rates of up to 5000
sccm and short response times. Its wide measurement range (0.1 ppb - 6 ppm)
and linearity of r2 > 0.9998 over the measurement range, low detection limit
(0.1 ppb) and demonstrated accuracy (0.25 ppb or 1%) makes this analyzer a
reference ammonia sensor in the industry and is being used for contamination
monitoring in the semiconductor industry and for atmospheric pollution and
air quality monitoring applications [35]. The analyser calibration accuracy to-
gether with its measurement linearity and range enables precise measurements
even at low ppb level and was used throughout the tests as a reference.

4.6.3 Results and discussion

4.6.3.1 Performance of the sensor

In order to quantify adsorption-desorption processes in the system, the sensor
response time was investigated. The response time of the sensor was first
measured at high ammonia concentration (at ppm level) and then in the ppb
range. A concentration step from 1 ppm down to 0.5 ppm at 1000 sccm was
applied to the sensor and an exponential fit was used to precisely determine the
time decay. By considering 95% of gas renewal (1− 1/e3), the response time
was equal to 95 sec. The same process was then applied at low concentration
(step from 40 ppb to 20 ppb NH3) and a response time of about 6 minutes was
obtained. This decay time was compared with the TGA reference instrument
and was found to be 85 s. The difference between the two instruments is
principally due to the quality of the coating deposited on the inner surface
of the PA cell. In addition, the coating deposition inside the resonators and
in a short 6 mm stainless steel tube at the inlet of the PA cell could not be
properly applied for technical reasons.

Two modulation schemes were investigated in order to achieve the best
minimum detectable concentration. Firstly, wavelength-modulation mode
with first-harmonic detection (1f detection) was investigated. This modula-
tion scheme yields to a PA signal which is proportional to the first derivative
of the absorption feature. The principal drawback of 1f detection is the pres-
ence of either window or wall noise which contributes to the PA signal [36].
Window and wall noise are due to the residual intensity modulation (IM)
associated to wavelength-modulation when the laser current is modulated.
The use of an EDFA in the saturation regime reduced the IM index from the
laser by almost a factor 10 (Figure 4.33), but a residual noise level was still
present. The modulation amplitude was first optimised to maximise the PA
signal. However, this configuration was not optimal due to the high noise
level associated to the residual IM. The modulation amplitude was therefore
rather chosen to maximise the signal-to-noise ratio instead of the PA signal
amplitude. In this case, the current modulation amplitude applied to the laser
was 6 mA corresponding to 1/4 of the amplitude used to maximise the PA
signal.

The detection limit of the PA sensor was determined by measuring NH3

dilutions in dry air (80% N2, 20% O2) from 150 ppb down to 6 ppb and by
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Figure 4.33: Residual intensity modulation of (a) the DFB laser and (b) with the
EDFA operated in the saturation regime. The signals are normalised to the DC value
and the laser modulation frequency is 1 kHz.

measuring the noise level. Ammonia concentrations were precisely monitored
with the commercially available Trace Gas Analyser (TGA) provided by Om-
nisens SA. NH3 concentrations obtained from mass-flow controllers differed as
much as 30% in comparison with the TGA value (see Table 4.6), thus prov-
ing the importance of a properly calibrated instrument. Experimental results
obtained with 1f detection with respect to NH3 concentration are shown in
Figure 4.34. The minimum detectable concentration is given by the crossing
point between the linear fit and the noise level. In the present configuration,
the noise level is as high as 20 µV (due to wall or window noise) which is
about 5 times higher than the microphone noise level. A concentration of 6
ppb NH3 passed into the sensor could not be detected. In this configuration,

MFC’s NH3 con-
centrations (ppb)

TGA’s NH3 con-
centrations (ppb)

Error (%)

100 92 8
50 44 12
25 25 0
12.5 17 36
10 12 20
5 6.5 30

Table 4.6: Comparison of NH3 concentrations calculated from mass-flow controllers
(MFC) adjustment and measured with Omnisens’ Trace Gas Analyser (TGA).



98 Chapter 4. Trace gas monitoring

0 25 50 75 100 125 150
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

NH3 concentration (ppb)

P
A

 s
ig

n
a

l 
(m

V
)

Figure 4.34: PA signal demodulated at 1f as a function of ammonia concentration.
Error bars shown on the plot correspond to one standard deviation of the PA signal
recorded in a 5-min period with an integration time of 10 s. The line is the result of a
linear fit. The dashed line is the noise level obtained by the average over 5 minutes of
the PA signal recorded with N2 purge. The noise-equivalent detection limit is about
12 ppb.

0 5 10 15 20 25 30
0

1

2

3

4

5

6

7

Modulation depth (mA)

 N
H

3
 P

A
 s

ig
n
a

l 
(m

V
)

0

0.1

0.2

0.3

0.4

0.5

 C
O

2
 P

A
 s

ig
n
a

l 
(m

V
)

Figure 4.35: Amplitude of the NH3 and CO2 PA signals as a function of the laser
current modulation depth in the case of a sinusoidal waveform with 2f detection. An
optimal modulation depth of 20 mA is determined for the detection of ammonia.

the noise-equivalent detection limit is around 12 ppb.
The detection limit may be significantly improved by reducing the noise

down to the level of the microphone noise. Since wall noise and window noise
result from the residual IM, they mainly occur at the laser modulation fre-
quency and have negligible contribution at higher harmonics. Therefore, a
second-harmonic (2f) detection scheme was applied to improve the sensor
performances. For this purpose, a sinusoidal waveform modulation was ap-
plied to the laser at half the resonance frequency. The modulation depth was
optimised to maximise the PA signal for NH3 detection. Results are presented
in Figure 4.35, which shows the dependence of the PA signal as a function of
the modulation depth for NH3, as well as for the neighbouring CO2 line at
1531.7 nm. An optimal value of 20 mA was obtained for the NH3 line. The
PA signal demodulated at the resonance frequency (2f) looks like a second-
derivative of the absorption feature. Results obtained with 2f detection with
respect to NH3 concentration are presented in Figure 4.36. High concentra-
tions starting from 90 ppb were diluted to achieve low concentrations down to
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Figure 4.36: PA signal demodulated at 2f as a function of ammonia concentration.
Error bars shown on the plot correspond to standard deviation of the PA signal
recorded in a 5-min period with an integration time of 10 s. The solid lines are the
result of linear fits. The dot-dashed line corresponds to the residual level obtained
with a N2 purge. The dashed line is the system noise level (average over 5 minutes,
10 s integration) observed after an intensive purge of the sensor with high N2 flow
saturated with water vapour. The noise-equivalent detection limit is 2.4 ppb.

nearly 6 ppb. 6 ppb was the lowest concentration achievable with the available
mass-flow controllers. Unfortunately, a residual level of a few ppb of ammonia
(dot-dashed line in Figure 4.36) was very difficult to wash out from the cell
and the gas line due to the sticky nature of NH3 and thus contributed to low
PA signals. In that case, the sensitivity of the sensor seemed to be limited
by this residual level. However, by carefully purging the PA cell during one
night with a high air flow saturated with water vapour, the sensor was prop-
erly cleaned and the residual level was reduced to the noise of the microphone
integrated over 10 s (dashed line in Figure 4.36). This configuration yields to
a noise-equivalent detection limit of 2.4 ppb, thus improving the sensitivity
by a factor 5 compared to 1f detection.

4.6.3.2 CO2 and H2O interference with NH3

In order to identify H2O and CO2 interferences with NH3, a PA spectrum
of these compounds was measured at atmospheric pressure using the EDFA
and an external chopper for the modulation of the incident laser beam (Figure
4.37b). For this measurement, a mechanical chopper has been preferred to the
direct modulation of the laser injection current in order to produce pure IM.
In such conditions, the generated PA spectrum is proportional to the gas ab-
sorption coefficient, which makes easier the comparison between experimental
and calculated spectra. Concentrations of 1.15% of H2O (corresponding to
50% of relative humidity at 20◦C), 5000 ppm of CO2 and 5 ppm of NH3 were
used to record each spectrum separately. The DFB laser diode temperature
was tuned between 5◦C and 40◦C covering a spectral range from 1530 nm to
1534 nm. CO2 and H2O spectra calculated from HITRAN database [16] and a
FTIR NH3 spectrum obtained from the PNNL database [17] are presented in
Figure 4.37a. A good agreement between experimental and databases spectra
is observed. The strongest NH3 absorption line is located at 1531.67 nm where
H2O and CO2 also contribute to the PA signal. Since ammonia detection is
performed using a wavelength-modulation scheme in combination with 2f de-
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20◦C) and 400 ppm of CO2 correspond to an ammonia equivalent concentration of
36 and 100 ppb. The frequency shift represents the shift to apply on the laser DC
current to obtain a 0 contribution of CO2 interference.

tection, the same scheme was applied to quantify H2O and CO2 interferences.
A scan of the absorption lines of 1 ppm NH3, 4000 ppm CO2 and 1.9% H2O in
a balance of dry air (80% of N2 and 20% of O2) was carried out by tuning the
laser current from 60 mA to 120 mA, corresponding to a frequency scan of 51
GHz (see Figure 4.38). The output power of the EDFA was considered as con-
stant over this scan since the amplifier was used in the saturation regime. In
order to determine the equivalent NH3 concentration due to the contribution
of CO2 and H2O, an average value of the corresponding PA signals measured
at the centre of the NH3 line was determined over 5 minutes (10 s integration
time). Typical CO2 and H2O concentrations present in atmosphere were con-
sidered to deduce the interference contribution. Thus, it was determined that
400 ppm of CO2 and 1.15% (50% of relative humidity at 20◦C) correspond to
36 ppb and 100 ppb of NH3 at 1531.67 nm, respectively.

These interferences can be reduced by operating the system at low pres-
sure [30], but operation at atmospheric pressure was nevertheless preferred
to maintain a simple configuration. In that case, water vapour contribution
can be compensated by measuring the ambient humidity with a commer-
cially available hygrometer or spectroscopically at another wavelength of the
laser. In the latter case, an appropriate choice of wavelength, where only
water vapour contributes to the absorbed signal, is necessary, for instance at
λ = 1530.94 nm. This contribution may then be subtracted from the overall
signal measured on the NH3 line at 1531.67 nm. For CO2 interference, the
same procedure may be applied with a different wavelength of λ = 1532.25
nm.

However, a simple and original approach may also be implemented to sup-
press the interference from ambient CO2. The proposed method takes advan-
tage of the slight shift between the centre of the NH3 and CO2 absorption lines
around 1531.67 nm. The main NH3 absorption feature located at 1531.67 nm
(6528.79 cm−1) is made of two close lines that overlap at atmospheric pressure,
whereas the centre of the strongest CO2 line is shifted by only 0.1 cm−1 from
the NH3 feature. As a result of this shift and of the different broadening coef-
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Molecule wavenumber
(cm−1)

Line strength
(cm−1/(mol
cm−2))

γair

(cm−1)
γNH3

(cm−1)

NH3 6528.76 2.52E-21 0.1 0.45
NH3 6528.89 1.34E-21 0.1 0.45
CO2 6528.893968 5.19E-25 0.0676 0.0818

Table 4.7: Parameters of the strongest NH3 and CO2 lines around 1531.67 nm used in
the simulations of the 2f -PA signals according to the data from Webber et al. [37] and
HITRAN [16]. γair and γNH3 are air and self broadening coefficient at atmospheric
pressure, respectively.

ficients of these lines (see Table 4.7), the zero-crossing point in the 2f signal
of the CO2 line is located only -1.19 GHz (-0.04 cm−1) away from the centre
of the NH3 line in the modulation conditions used in the experimental set-up.
By operating the laser at this specific wavelength, the CO2 contribution to the
PA signal may be efficiently reduced, while keeping a strong signal from NH3.
In order to demonstrate the efficiency of this method for the reduction of the
CO2 interference, some simulations of the 2f -PA signals from NH3 and CO2

have been performed in similar conditions as encountered in the experiment
(Figure 4.39). For this purpose, the 2f -PA signals corresponding to 1 ppm
NH3 and 4000 ppm CO2 have been calculated using a theoretical model of the
harmonic signals generated in WM-PAS [34]. The laser modulation amplitude
has been chosen to maximise the PA signal for NH3 at atmospheric pressure
as in the experiments, thus corresponding to a modulation index (ratio of
the frequency modulation amplitude to the width of the target absorption
line) m = 2.2 for NH3. The same modulation depth has been considered for
CO2, hence corresponding to a larger modulation index due to the smaller
linewidth of the CO2 line. The effect of the ambient pressure on the CO2 and
NH3 signals has been considered in order to demonstrate that the proposed
CO2-interference reduction scheme is not pressure sensitive. It can be noticed
in Figure 4.39 that the NH3 signal is reduced by only 10% when the laser is
slightly tuned to the zero-crossing point of the CO2 2f signal compared to
the maximum signal achieved at the centre of the NH3 absorption feature. In
the same time, the CO2 interference is reduced by two orders of magnitude
when the laser is slightly frequency shifted to this specific wavelength. The
equivalent signal for 4000 ppm of CO2 is reduced to 4 ppb NH3 over a pres-
sure range of ± 10% around atmospheric pressure, thus corresponding to a
sub-ppb interference for a typical atmospheric concentration of 400 ppm CO2.
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4.7 Conclusion

A PA gas sensor was developed to monitor ammonia at ppb level. Since the
power of laser diodes is limited to several tens of mW, a configuration using
an optical amplifier was investigated to reach such extreme sensitivities. In
addition, a well-adapted modulation scheme in combination with an optimised
PA cell design are essential to achieve the best signal-to-noise ratio. A carefully
designed system results in a powerful sensor capable of measuring a few ppb
of ammonia. Finally, interferences from H2O and CO2 must be taken into
account to measure NH3 in ambient air. An original method consisting in
a wavelength shift of the laser to measure these compounds separately have
been proposed to overcome this problem. The robustness of this technique
over pressure variations has been validated by simulating 2f -PA signals from
NH3 and CO2.
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Chapter 5

Molecular relaxation in
photoacoustic spectroscopy

5.1 Introduction

Molecular relaxation is of primary importance in photoacoustic spectroscopy,
since the PA signal is the result of molecular absorption of photons and sub-
sequent deactivation of the excited rovibrational state via inelastic collisions 1

with the neighbouring molecules. The PA signal directly depends on the heat
production rate that is function of the relaxation time (see equations 2.42 and
2.43). When the condition ωτ ¿ 1 is not fulfilled, the PA signal starts to
decrease. This chapter is dedicated to the influence of molecular relaxation in
PAS.

Molecular collisions occur through different internal energy transfer of the
molecules (translation, vibration or rotation). A theoretical description of
elastic collisions in inert gases (see subsection 5.2.1) and inelastic collisions in
diatomic molecules (see subsection 5.2.2) is given in section 5.2. Section 5.3 is
dedicated to vibration-translation (V-T) energy transfer and section 5.4 deals
with vibration-vibration (V-V) energy transfers. Finally, section 5.5 gives a
brief overview of rotation-translation (R-T) energy transfers.

Finally, two examples of molecular relaxation are given in section 5.7 and
5.8. The first example treats molecular relaxation in a CH4-O2 system, and
the second one is dedicated to HCl detection in N2 and O2.

5.2 Molecular collisions

Molecules normally gain and lose vibrational and rotational energy in colli-
sions. Radiative lifetimes of molecules excited in the infrared range are very
long and can be neglected under most conditions. The nature of the collision
process is thus of fundamental importance and will be discussed in this sec-
tion. A simple model used to describe the collision process between inert gas
molecules which have no internal degrees of freedom is first discussed. This
model is based on classical kinetic theory of gases without the use of quantum

1A perfectly elastic collision is defined as one in which there is no loss of kinetic energy
in the collision. An inelastic collision is one in which part of the kinetic energy is changed
to some other form of energy in the collision (internal energy).
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Figure 5.1: The Lennard-Jones intermolecular potential.

theory [1]. The same principle will then be applied to vibrating and rotating
diatomic molecules.

5.2.1 Elastic collisions between inert gas molecules

A conventional representation of the intermolecular potential energy curve is
given by the Lennard-Jones equation:

V (r) = 4ε

[(σ0

r

)12
−

(σ0

r

)6
]

(5.1)

where V (r) is the potential energy at separation r, ε is the depth of the po-
tential well at intermolecular distance rm and σ0 is the separation at zero
energy (V (r) = 0). A typical potential energy curve is shown on Figure 5.1.
The term (σ0/r)6 represents the long-range attractive forces (London disper-
sion forces in the case of inert gases), and gives rise to the gentle decrease in
V (r) as the molecules first approach. The term (σ0/r)12 represents the short-
range repulsive forces (due to overlap of electron orbitals), and produces the
much steeper rise in V (r) as they approach closer. The total energy remains
constant at 1/2mv2 (a particle of mass m approaching a fixed molecule from
r = ∞ at speed v) throughout the collision and is represented on Figure 5.1
by a horizontal dotted line. The particle first accelerates as it runs down the
attractive potential to rm and is then retarded by the steep repulsive poten-
tial until it stops at a height V (r) = 1/2mv2. This is known as the classical
turning point and corresponds to a separation rt smaller than σ0. Inert gases
and simple polyatomic gases give a fair approximation to the Lennard-Jones
potential. Some parameters of a few molecules are given in Table 5.1.

Potentials different to the Lennard-Jones often give a better fit for par-
ticular systems, but all show the same general characteristics and use values
for ε, rm and σ0 defined similarly. A detailed treatment of the potentials
available for both spherical and non-spherical symmetric molecules is given
by Hirschfelder, Curtiss and Bird [2].

In any kind of elastic collision, it may be assumed that there is a completely
free interchange of translational energy between the collision partners, subject
to the laws of conservation of energy and momentum. The rate of transfer of
translational energy between molecules is the gas kinetic collision rate, defined
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Gas σ0 (Å) ε (J/mol) Z a (ns−1)
He 2.576 84.1 9.54
N2 3.749 665.3 8.68
O2 3.541 732.2 6.35

CH4 3.796 1197 10.8
CO2 3.996 1582 6.91

Table 5.1: Collision parameters used in the Lennard-Jones potential for different
molecules [1].

aat 273 K and 1atm

2d02d0

r

v
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Figure 5.2: Collinear collision between a vibrating molecule and a non-vibrating
diatomic molecule.

by the number of collisions made by one molecule per second 2:

Z = 4nmσ2
0

√
πkT

m
(5.2)

where nm is the number of molecules in unit volume, m the molecular mass, k
is the Boltzmann constant and T is the temperature. Values of Z calculated
by (5.2) are given in Table 5.1 .

For mixtures of two gases A and B, the number of collisions per second
made by one molecular of species A with molecules of species B becomes:

ZAB = 2nmB

(
σ0A + σ0B

2

)2
√

2π(mA + mB)kT

mAmB
(5.3)

5.2.2 Inelastic collisions between diatomic molecules

The simplest model to address is a collinear collision between a vibrating
diatomic molecule, AB, and a non-vibrating molecule, CD. This is likely to
be the most efficient configuration for energy transfer, and is represented in
Figure 5.2. AB is supposed to be a simple harmonic oscillator, for which the
equilibrium internuclear distance is 2 · d0. CD is a non-vibrating molecule
with the same internuclear distance, and r is the distance between the centres
of mass of the two molecules.

2For real molecules following the Lennard-Jones type intermolecular potential, it is dif-
ficult to precisely define what is considered as a collision. It is convenient to consider both
energy transfer and chemical kinetics to define a gas kinetic collision rate, Z as the number
of occurences per second in which the molecular centres approach a certain distance.
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Landau and Teller developped an elementary theory of vibrational energy
transfer based on that simple molecules model [3, 4]. They assumed that only
the repulsive part of the intermolecular potential is steep enough to influence
energy transfer, so that the long-range attractive potential can be neglected. If
the repulsive potential is represented by a simple exponential decay function:

V (r) = V0e
−αr, (5.4)

the probability P10 for a vibrational transfer from the first vibrational level
to the ground level (1 → 0) can be calculated by classical time-dependent
perturbation theory on the assumption that P is proportional to the square of
the Fourier component of the varying force at the oscillator frequency ν. This
assumes that all collisions have a translational energy, 1

2mvvv2 À hν, and gives
P10 proportional to exp(−4π2ν/αvvv). The distribution of molecular velocities
is given by the Boltzmann distribution, and the proportion of molecules with
speed ≥ v is exp(−mv2/2kT ). Integration over the range of possible speeds
gives the average probability of deactivation per collision at temperature T
as:

P10 = exp

(
−3

(
2π4µν2

α2kT

) 1
3

)
(5.5)

This model gives the value of P10, the average probability per collision for
a ν (1 → 0) transition to occur. To be able to compare it with experimental
results, this value must be related to a transfer rate. The average number
of collisions required for a molecule in the ν = 1 state to deactivate to the
ground state is:

Z10 = P−1
10 , (5.6)

The gas kinetic collision rate (5.2) is Z collisions made by one molecule per
second. The average time required for a molecule in the state ν = 1 to
deactivate is thus:

β =
Z10

Z
=

Z10

4nσ2
0

√
πkT
m

(5.7)

β is known as the vibrational relaxation time, and is the characteristic time
for reaching the equilibrium between translational motion and intramolecular
vibration. Since Z is proportional to the molecular density n, and hence to
pressure, β varies inversely with pressure.

Equation (5.7) is an approximation, since it was tacitly assumed that all
molecules are in the ν = 0 state except one excited to the ν = 1 state. In
fact, the population in the 2 levels corresponds to a Boltzmann distribution.
Further, the process is reversible, P01 for the reverse transfer must be given
by:

P01 = P10exp

(
− hν

kT

)
(5.8)

Taking this into account, the correct form of relation (5.7) for a simple har-
monic oscillator is [4]:

Z10 = Zβ

[
1− exp

(
− hν

kT

)]
= P−1

10 (5.9)
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An alternative way of expressing measurements in terms of a rate constant
τ−1 for energy transfer, can be defined by the relation:

τ−1 = β−1p−1
0 (5.10)

where p0 is the pressure, and τ−1 is usually expressed in s−1atm−1 or in
s−1torr−1.

Any quantitative treatment for R-T transfer involves complicated geomet-
rical factors, as the varying interactions between all four atoms need to be
considered (see Figure 5.3). A further complication arises out of the fact that
for most molecules the separation between lower rotational quantum levels is
so small that, except at low temperature, a wide range of rotational energy
levels are populated under equilibrium conditions. This is in contrast with
V-T transfer, where the majority of the molecules are in the ν = 0 level, and
only ν (0 → 1) is important. R-T transfer can be treated by a purely classical
model, and Parker [5] showed that rotational relaxation can be characterised
by a single relaxation time τr, involving the whole rotational energy of the
molecule, but not to a single rotational transition.

5.3 Vibration-translation energy transfer

The elementary discussion of inelastic collisions in the preceding section has
shown the difficulty of setting an exact and rigorous theory of energy trans-
fer. Even if a completely satisfactory theory were available, its quantitative
application would be severely limited by the lack of accurate and realistic in-
termolecular potentials distribution. The theory which has been most widely
used for quantitative comparison with experimental measurements of vibra-
tional relaxation is the Schwartz, Slawsky and Herzfeld (SSH) theory [4]. This
accounts semi-quantitatively for most of the principal features of vibrational
energy transfer, and gives fair quantitative predictions for simple molecules.
This theory will be used to provide a basic theoretical framework and to illus-
trate the relative importance of the various factors that influence the transfer
probabilities.

5.3.1 Intermolecular potentials

The first requirement in any theory of energy transfer is to define an inter-
molecular potential V (r). Analytical solutions of the collision problem require
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an exponential potential, as was used in the classical Landau-Teller theory.
The potential used by the SSH theory is

V (r) = V0e
−αr − ε (5.11)

This is shown diagrammatically in Figure 5.4, where it is compared with
the Lennard-Jones potential. It is essentially a repulsive potential, and the
attractive forces, represented by −ε, are regarded as simply increasing the
velocity of relative motion, thereby favouring a higher transition probability.

Molecular collision parameters (see Table 5.1) derived from experimental
measurement of transport properties have to be fitted to equation (5.11). Two
methods are generally used for doing this [4] (see also Figure 5.4). Both meth-
ods equate the two potentials at the classical turning point rt. Method B also
equates the two curves at a second point, σ0. Method A makes the exponen-
tial curve tangential to the Lennard-Jones curve at the classical turning point.
Method B, which gives a larger value of α, is usually found to better agree
with experiment. Both rt and α will vary with the incident velocity, and the
value α∗ (corresponding to the molecular speed with the highest transition
probability, v∗), is used in the calculations. Similar fitting techniques may be
applied to potential other than the Lennard-Jones.

5.3.2 Transition probabilities

The probability P
i−j(a)
k−l(b) that during a binary collision vibrational mode (a) of

one molecule changes its quantum state from i to j, while simultaneously a
second mode (b) in the other molecule changes its state from k to l, is given
by SSH theory as:

P
i−j(a)
k−l(b) = P0(a)P0(b)

[
V ij(a)

]2
[
V kl(b)

]2
× 4µ

kT

× exp
(
− ε

kT

)(
8π3µ∆E

h2

)2 ∞∫

0

f(ū)dū (5.12)



5.3 Vibration-translation energy transfer 115

where

f(ū) = ū
α4

(
rt
σ0

)
exp

(
− µū2

2kT

){
exp(L−L′)

(1−exp(L−L′))2

}
(5.13)

L = 4π2µ
α ū (5.14)

L′ = 4π2µ
α v̄ (5.15)

µ is the reduced mass of the colliding pair of particles mutually approaching
with an effective velocity ū and recede with velocity v̄, P0 is the steric factor
and

[
V ij

]2 is the vibrational factor (see below). The integration is over the
thermal distribution at temperature T of the molecular velocities assumed to
be Maxwellian. ∆E is the amount of energy exchanged between the vibra-
tional and translational degrees of freedom:

−∆E = hνa(i− j) + hνb(k − l) =
(
v̄2 − ū2

) µ

2
(5.16)

In a simple V-T transition, only mode (a) changes its state, and k = l so that
the pre-exponential term

[
V kl(b)

]2 becomes unity. SSH calculations are best
performed by making a numerical integration of (5.12).

When ∆E is large, the integration can be solved analytically in terms of α∗

to give the formula deduced by Tanczos [6], which is valid for ∆E > 200 cm−1

and forms a more convenient basis for discussing the influence of different
factors on the transition probability. The Tanczos equation is

P
i−j(a)
k−l(b) = P0(a)P0(b)

(
r∗t
σ0

)2 [
V ij(a)

]2
[
V kl(b)

]2
8

(π

3

) 1
2

×
[
8π3µ∆E

α∗2h2

]2

ζ
1
2 exp

[
−3ζ +

∆E

2kT
+

ε

kT

]
(5.17)

where

ζ =
µu∗2

2kT
=

(
∆E2µπ2

2α∗2h̄2kT

) 1
3

(5.18)

The Tanczos equation can be considered in four parts: (1) the geometrical,

or steric factors, P0; (2) the collision cross-reference factor
(

r∗t
σ0

)2
; (3) the

vibrational factors [V ]2 and (4) the translational factor represented by the
reminder of the equation.

1. The steric factors, P0, are required to account for the fact that the
molecules are not spherically symmetrical and that some collision ori-
entations are more effective than others. They are usually taken as
1/3 (the average of cos2 θ taken over a sphere) for diatomic molecules
and for longitudinal vibrations of polyatomic molecules. For non-linear
polyatomic molecules and for bending modes of linear molecules, P0 is
taken as 2/3. The theory takes no account for rotational transitions,
and assumes that the orientation remains constant during a collision.
The assumptions are invalid for hydrogen and hydrides 3 where a very
low moment of inertia is associated with rapid rotation and with wide

3A hydride is a compound of hydrogen with more electropositive elements, like NH3 or
H2O.
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spacing of rotational quantum levels; further discussion of these effects
will be given later. The fact that certain orientations will be preferred
for collisions involving polar molecules is also ignored, which limits the
accuracy of the treatment for these molecules at lower temperatures.

2. The collision cross-reference factor,
(

r∗t
σ0

)2
, is the ratio of the intermole-

cular separation at the classical turning point to the separation at zero
energy, σ0, which is used in calculating the gas kinetic collision number
Z. It converts probabilities calculated for a collision cross-section πr2

t

to the usual elastic cross-section of kinetic theory, πσ2
0.

3. The vibrational factor,
[
V ij(a)

]2, is the square of the matrix element
for the transition between the two vibrational states i, j of molecule
(a). It represents the coupling of the initial and final states, i and j,
of the oscillator under the influence of the perturbation produced by
the collision, and corresponds to the square of the Fourier component of
the varying force at the oscillator frequency which is found in classical
theory. It depends on the repulsion parameter α and frequency and
amplitude of the vibration.

4. The translation factor gives expression to the change in kinetic energy of
translation involved in the inelastic collision. The involved parameters
are the reduced mass of the colliding molecules, µ, and the temperature
T , which together determine the velocity of approach; ∆E, the amount
of vibrational energy transferred in the collision, and the intermolecular
repulsion parameter α. It must be pointed out that all the terms involve
∆E2 with the exception of the second exponential term exp(−∆E/2kT ).
This alone changes sign for the reverse process P

j−i(a)
l−k(b) , and the two

probabilities differ by a factor exp(−∆E/kT ) in accordance with the
principle of detailed balancing (see equation (5.8)).

The exponential term of the translation factor controls the tempera-
ture dependence of P , since the whole pre-exponential part of equation
(5.17) is only weakly temperature-dependent. The dominant term is
usually the negative first exponential term, exp(−3ζ). This predicts
that logP will vary with T 1/3 as in the Landau-Teller expression (5.5).
But for cases where the attractive potential (represented by −ε) is large,
the positive third exponential term exp(+ε/kT ) can become dominant,
giving rise to a higher transition probability which vary inversely with
T . The SSH theory thus predicts qualitatively the minimum in the
Landau-Teller plot (logP versus T 1/3) which is observed for strongly
polar molecules, and the curvature observed for all other molecules at
lower temperatures. Quantitative prediction under these conditions is
unsuccessful due to the failure of equation (5.11) to give adequate ex-
pression to the effect of the attractive potential, and the SSH theory
consistently underestimates P for strongly polar molecules and at lower
temperatures.

5.3.3 Modified theories

Two fundamental limitations of the SSH theory have been pointed out in the
preceding section:
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• Inadequate expression is given for the attractive part of the intermole-
cular potential. This becomes important for all molecules at low tem-
peratures or for strongly polar molecules at all temperatures.

• The relative orientation of the molecules is regarded as constant during
the collision, and the possibility of simultaneous rotational transitions
is disregarded. These assumptions are valid for molecules with large
moments of inertia, but not for hydrides or deuterides.

Better account may be taken for the attractive forces for non-polar (ap-
proximately isotropic) molecules by using the Morse double exponential po-
tential:

V (r) = εe[−α′(r−rm)] − 2εe[−
1
2
α′(r−rm)] (5.19)

This allows an analytical solution and leads to an alteration in the exponential
factor in equation (5.17) which may be written as [7]

P (T ) = A(T ) exp

[
−3ζ +

4
π

√
εζ

kT
+

16ε
3π2kT

+
∆E

2kT

]
(5.20)

where A(T ) represents the whole, weakly temperature-dependent pre-exponential
factor in equation (5.17). This assumes a spherically symmetrical potential
and gives a good prediction for the temperature dependence of P for simple
non-polar molecules at lower temperatures. This method can only be used
when sufficient transport data are available to obtain the force constants for
equation (5.19).

For polar molecules, which are strongly anisotropic, the angle dependence
of the intermolecular potential must be taken into account, and also the pre-
dominance of preferred collisional orientations at lower temperatures. This
requires modification of both the pre-exponential and the exponential terms
in equation (5.17). Shin has derived the expression [7]:

P (T ) =
A

16(a2 − b2)
ζ

3
2 exp

[
−3ζ +

4
π

√
εζ

kT
+

16ε
3π2kT

+
∆E

kT
+ 2a

]
(5.21)

where

A =

√
4π

3

(
4πmα∆E

h̄2

)2

X2 (5.22)

a =
µ2

εσ3
0

(
ε

3
4 ζ

1
4

(kT )
3
4

)
(5.23)

b =
(

µQ

εσ4
0

)(
ε

2
3 ζ

1
3

(kT )
2
3

)
(5.24)

where X is the matrix element. This equation takes into account both dipole-
dipole and dipole-quadrupole forces (µQ). This expression contains an ad-
ditional positive exponential term 2a, which also varies inversely with tem-
perature and will be important for molecules with high dipole moment and
small molecule diameter, such as NH3. It predicts with fair accuracy the in-
version of the temperature dependence of P (T ) observed at low temperatures
for molecules such as SO2 [8].
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Interaction between molecular vibration and rotation (V-R and V-(T,R))
was proposed by Cottrell et al. [9] in order to account for the observation that
many deuterides show lower values of P10 than the corresponding hydrides,
in spite of their substantially lower vibrational frequencies (which in simple
SSH theory would correspond to faster relaxation). Cottrell suggested, that
since the actual rotational velocity of the hydrogen atoms in most hydrides
is larger than the translational velocity of the molecule, vibrational energy
transfer into rotation will be more probable than transfer into translation. He
produced a quite quantitative theory based on the model of interaction of a
classical rotator and quantized oscillator, which was further developed and
applied to a wide range of molecules by B. Moore [10]. It gives an expression
for P10 which formally resembles the SSH expression (5.17), but with the
important difference that, since the angular velocity of rotational rather than
the translational velocity of the molecules plays the important role, ωd is
substituted for the translational velocity and I/d2 for the reduced mass (ω is
the angular velocity, d the bond length of the hydride molecules and I is the
moment of inertia). The dominating negative exponential term ζ of the SSH
equation (5.17), which may be written in the abbreviated form of equation
(5.20) as:

P (T ) = A(T ) exp(−3ζ) = A(T ) exp

[
−3

(
∆E2µπ2

2α∗2h̄2kT

) 1
3

]
(5.25)

This expression can be replaced by the new terms:

P (T ) = A(T )′′ exp

[
−3

(
2π2I∆E2

d2α2kT

) 1
3

]
(5.26)

This theory, which treats vibrational relaxation as entirely due to V-R trans-
fer, gives good prediction of the deuteride/hydride ratio, but predicts absolute
rates which are generally too low.

A classical collision theory for vibrational energy transfer in hydrogen
halides (HCl for instance) has been developped by Shin [11]. This solves
the classical equations for the collision model of a rotation-averaged oscillator
and a rigid rotator in which two hydrogen atoms interact strongly at close-in
collisions. It takes into account of the effects of both translational and rota-
tional motion (V-T and V-R transfer occurring simultaneously), and gives a
good fit with experimental measurements for HCl, DCl, HBr and HI over a
temperature range 800-2000K, where a classical Landau-Teller temperature is
predicted and found.

Both the pure semiclassical V-R theory and Shin’s classical V-(T,R) theory
treat rotational motion of the molecule as classical. This seems to be justified
for molecules, such as hydrogen halides, where the quantum vibrational level
spacings are very much larger than the quantum rotational level spacings,
but it breaks down for polyatomic molecules having much lower vibrational
frequencies. If both energy modes are regarded as quantized, two competing
factors have to be taken into account. A ∆j transition, simultaneous with, and
in the opposite direction to a δν transition, will exert a favourable effect on
the transition probability by decreasing ∆Eint, the amount of internal energy
transferred to translation, since

∆Eint = ∆Evib −∆Erot (5.27)
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This will tend to favour a large value of ∆J and of ∆Erot. This effect is
balanced by the necessity for conservation of total angular momentum in col-
lision, which favours a small value of ∆J . Various theoretical calculations
have been made, and all predict that a ∆ν = ±1 transfer will normally be
accompanied by ∆J transition with magnitude depending on the mass and
moment of inertia of the molecule. For a heavy molecule, such as I2, the mo-
mentum requirements are more easily met, and ∆J values up to ±14 (with an
optimum at 6 to 8) are predicted theoretically and confirmed experimentally
[12]. For lighter molecules such as O2 and N2, ∆J = ±2 is the most prob-
able transition, being 50 % more probable than ∆J = 0, and four orders of
magnitude higher than ∆J = ±4 [13]. The two major characteristics affect-
ing the comparison between relaxation behaviour of polyatomic gases and of
diatomics are:

1. Polyatomic molecules possess several vibrational modes, each of which
contributes to the molecular vibrational heat capacity, and can, in prin-
ciple, relax independently.

2. Polyatomic molecules are structurally flexible and change their effective
shape both during vibration, and, more important during collisions.

The first consideration turns out to be relatively undisturbing. The vast ma-
jority of polyatomic molecules show a single vibrational relaxation process
involving the whole vibrational heat content of the molecule. This is due to
rapid intramolecular V-V transfer, which maintains continuous equilibrium
of vibrational energy between the active fundamental modes. The whole vi-
brational heat content of the molecule then relaxes in a single V-T transfer
via the lowest mode (which will usually have a higher V-T transfer rate than
upper modes). This mechanism is characterised by a single overall relaxation
time, β, which may be related to β1, the actual relaxation time of the lowest
mode, by the equation:

β1 =
C1

Cs
β (5.28)

where Cs is the total vibrational heat content and C1 the contribution to the
lowest mode. It has been pointed out [14], that this relation is valid only when
the V-V rate is faster than the V-T rate, and when C1 represents a major part
of the vibrational specific heat, which is usually the case. The intramolecular
V-V transfer will be discussed in section 5.4.

The consequence of the second argument is much more serious. For most
polyatomic molecules even an approximately quantitative description of an
elastic collision is currently impossible, while for inelastic collisions, first-order
perturbation theory is inadequate. In consequence, the theory discussed in the
preceding subsections can only be applied qualitatively for most polyatomic
molecules. However, quantitative calculations have been performed for CH4,
since collision parameters are well known for this spherical symmetry molecule.

It was stated in subsection 5.3.3, that vibrational transitions ∆ν = ±1
in molecules of moderate molecular weight are usually accompanied by si-
multaneous rotational transitions, ∆J = ±2. The amount of internal energy
transferred to translation in a V-T, R transfer of this kind will be:

∆Eint = ∆Evib ±∆Erot (5.29)
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Figure 5.5: Energy-level diagram for simultaneous vibrational and rotational transi-
tions.

If the rotational transition accompanying a ν = 1 → 0 vibrational transition
is ∆j = ±2, the energy-level diagram for a relaxation of a state, (ν = 1)(J∗)
is as shown in Figure 5.5.

The most probable transition is likely to be that involving the smallest
transfer to translation, i.e. from (ν = 1)(J∗) to (ν = 0)(J∗ + 2). For this
transition,

∆Eint = ∆Evib −∆Erot = hν −B(4J∗ + 6), (5.30)

so that the magnitude of the effect of the simultaneous rotational transi-
tion on the total relaxation process depends critically on B = h/(8π2cIB),
the rotational constant of the molecule. The slow V-(T,R) transfer into the
(ν = 0)(J∗ + 2) level is followed by a very rapid thermal equilibration of the
rotational level in the (ν = 0) state: i.e. if J∗ is the mostly populated rota-
tional level at the experimental temperature, there is a rapid R-T transfer,
predominantly from (J∗ + 2) to J∗. The total effective transfer from internal
to translational energy is thus ∆Evib, but the rate dominant step is the slower
V-(T,R) transfer involving the smaller quantity ∆Eint.

5.4 Vibration-vibration energy transfer

5.4.1 The SSH theory for non-resonant and resonant transfer

The SSH expression (5.12) for P
i−j(a)
k−l(b) , the probability that a vibrational mode

(a) of one molecule changes its quantum state from i to j, while simultaneously
a second mode (b) in the other molecule changes its state from k to l, applies
equally to V-T transfer (where k = l) and to V-V transfer (where k 6= l). For
the V-T case, ∆E, the energy exchanged between vibrational and translational
degrees of freedom, is

∆E = hνa(i− j) (5.31)
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For the V-V case
∆E = hνa(i− j)− hνb(k − l) (5.32)

(cf. subsection 5.3.2). Non-resonant V-V transfers are conveniently handled
in terms of the analytical solution of equation (5.12) due to Tanczos (equa-
tion (5.17)), which was used as the basis for discussion of V-T transfer in
the preceding section, and is valid for values of ∆E ≥ 200 cm−1. Similar
criteria should apply for dependence on vibrational frequency, quantum num-
ber, single versus multiple quantum transfer, collision mass, temperature, and
intermolecular potential.

For a V-V transfer between different molecular species the additional pos-
sibility arises of a resonant transition, where

hνa(i− j) = hνb(k − l) (5.33)

and ∆E = 0. For resonant and near-resonant transfers a different analytical
solution, also due to Tanczos [6], applies for values of ∆E ≤ 50 cm−1:

P
i−j(a)
k−l(b) = P0(a)P0(b)

[
V i−j(a) · V k−l(b)

]2 64π2µkT

α2h2
exp [ε/kT ] (5.34)

Resonant transfers are much faster than non-resonant transfers, and there is
no term in ∆E, so that all near-resonant transfers with ∆E ≤ 50 cm−1 behave
as if resonant. Dependence on the frequency of the exchanging modes arises
through the pre-exponential term

[
V i−j(a) · V k−l(b)

]2. Since each squared

vibration factor for a single-quantum transition,
[
V (i−l)−i

]2
, is inversely pro-

portional to frequency, this gives rise to inverse dependence of P on the square
of the frequency. Resonant transfers between high frequency modes thus have
a collision probability much smaller than unity. This is because, although
there is no net transfer of energy from vibration to translation, the change
in vibrational quantum state can only be brought about by a time-dependent
force [4]. (The same factor also operates for non-resonant transfers (equation
(5.17)), but will usually be far outweighed by the exponential dependence
on ∆E.) The last pre-exponential term predicts a weak positive dependence
on temperature and a weak positive dependence on reduced mass. The only
exponential term is that depending on the intermolecular attractive parame-
ter, exp[ε/kT ], so that quite a small value of ε will be sufficient to outweigh
the pre-exponential term and produce an overall negative temperature depen-
dence for resonant V-V transfer, which will in general be much more sensitive
to intermolecular attractive forces than non-resonant transfer. Quantitative
treatment of such transfers by SSH theory is again unsatisfactory due to in-
adequacy of the assumed potential.

5.4.2 Intermode transfer in polyatomic gases

For this subsection, single (V-V) relaxation processes in polyatomic gases are
considered. Intramolecular transfer of energy between different vibrational
modes can only occur in collision, as the energy difference between the modes
must be made up as translational energy. For a molecule with two vibrational
modes of frequency ν1 and ν2 there are three possible vibrational transitions,
which are illustrated on the energy-level diagram in Fig. 5.6 :
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Figure 5.6: Energy level diagram showing transitions for a molecule with two active
vibrational modes.

1. Transfer of translational energy from 1→0 relaxation of the mode ν1,
with relaxation time β1:

A∗ν1(υ = 1) + A → A(υ = 0) + A + E1

2. Transfer of translational energy from 1→0 relaxation of the mode ν2,
with relaxation time β2:

A∗ν2(υ = 1) + A → A(υ = 0) + A + E2

3. The complex transfer of one quantum of vibrational energy from mode
ν2, to the mode ν1, with relaxation time β12:

A∗ν2(υ = 1) + A → A∗ν1(υ = 1) + A + (E2 − E1)

The values of β1, β2, and β12 may, in principle, be calculated by SSH
theory. Since only one molecular species is involved in all three processes,
their relative magnitudes are mainly determined by the values of E1, E2 and
E2 −E1. For the model represented in Fig. 5.6 the fastest relaxation process
is the complex transfer (3), and the slowest the V-T relaxations of mode ν2 by
process (2). This means that β2 > β1 > β12. Vibrational energy thus enters
the molecule via process (1), which is rate controlling, and rapidly flows in
complex collisions via the faster process (3) to the upper mode. Process (2)
is too slow to play any role. This is known as a ’series’ mechanism and is
characterised by a single overall relaxation time β, which can be related to β1

by β1 = (C1/Cs)β, where C1 is the heat capacity contribution due to mode
ν1 alone, and Cs the total vibrational heat capacity.

This kind of behaviour is shown by the vast majority of polyatomic mole-
cules. The most usual pattern of fundamental vibration frequencies is such
that the energy gaps between the upper modes are much less than the energy
level of the lowest mode. The general picture is that rapid vibration-vibration
transfer maintains continuous equilibrium of vibrational energy between the
various fundamental modes of the molecule, and that the whole of this energy
relaxes in a single vibration-translation transfer process via the lowest mode.
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Figure 5.7: Calculated collision numbers for V-V transitions in CH4 [15].

It is interesting to consider in detail the relaxation processes in an actual
polyatomic molecule, CH4, where SSH calculations for V-T transfer are in
fair agreement with acoustic measurements. Collision numbers calculated by
SSH theory by Stretton [15] for representative transitions are shown on an
energy-level diagram in Fig.5.7. It is clear that each of the upper modes, ν2,
ν1, ν3 can transfer its energy into the lowest mode, ν4, or its first harmonic,
much faster than the V-T transfer of ν4. The first harmonic of ν4 relaxes very
rapidly to the fundamental level by single-quantum resonant intramolecular
V-V transfer:

CH4 (2ν4) + CH4 → CH4 (ν4) + CH4 (ν4)

The overall picture is thus of relaxation of the total vibrational energy via ν4

with a single relaxation time. Laser fluorescence experiments were made on
CH4 by Yardley and Moore [16], who excited the ν3 mode by a mechanically
chopped He-Ne laser beam λ = 3.39µm, and obtained the relaxation time for
ν4 by observing the phase shift between the excitation and the fluorescence
from both modes over a wide range of chopping frequencies. They found a
value Z10 = 14000 for V-T relaxation of ν4, in satisfactory agreement with
the theoretical value of Z10 = 12500 shown in Figure 5.7. The importance of
the relaxation process in CH4 in PAS will be illustrated in section 5.7 in the
case of a CH4-O2 mixture.

5.5 Rotation-translation energy transfer

The general characteristics of R-T transfer, and how these differ in important
respects from those of V-T transfer, were discussed in subsection 5.2.2. De-
tailed theoretical treatments of rotationally inelastic collisions fall into three
classes, quantum mechanical, classical, and semiclassical. The area of appli-
cation of each method depends on the magnitudes of the rotational and trans-
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lational quantum numbers involved. When both rotational and translational
quantum numbers are small, as in collisions involving H2 and He, the quan-
tum method is applicable. For systems specified by low rotational and high
translational quantum numbers, e.g. HCl + Ar, the semiclassical method may
be applied. For the very large number of systems involving heavy molecules
with large moments of inertia, where both quantum numbers are large, the
classical method is the most suitable. Calculations bases on all three methods
require an accurate intermolecular potential, V = V(r,θ), particularly its an-
gular dependence, which is only available for a few simple systems. Reviews
of the theoretical treatment R-T transfer have been published by Secrest in
1973 [17].

The first classical treatment of rotational transfer was due to Parker [5],
who investigated collisions between two homonuclear diatomic molecules, AB
and CD. He adopted a potential function

V = a
[
e(−αrAC) +e(−αrAD) +e(−αrBC) +e(−αrBD)

]

−b
[
e(−

1
2
αR)

]
(5.35)

containing both repulsive and attractive terms, and confined his attention to
coplanar encounters with the initial rotational energy zero. Solution of the
classical equations of motion showed that rotational relaxation could be char-
acterised by a single relaxation time, βR, involving the whole of the rotational
energy of the molecule. This leads to a rotational collision number, ZR, given
by

ZR =
Z∞R[

1 + π
3
2

2

(
T ∗
T

) 1
2 +

(
π2

4 + π
) (

T ∗
T

)] (5.36)

where Z∞R = 1/16(αd/ε)2 and T ∗ = ε/k, (α, d (nuclear separation), and
ε are the intermolecular potential parameters). Equation (5.36) predicts a
slight positive temperature-dependence for ZR (transfer becomes less efficient
at higher temperatures and speeds of rotation). The Parker theory has been
elaborated by Brau and Jonkman [18].

Widom [19] used a classical ’rough sphere’ model for the rotational relax-
ation of a spherical-top molecule in collision with an inert gas molecule, and
found the simple expression

ZR =
3
8

(1 + b)2

b
(5.37)

where b = I/µa2, I being the moment of inertia, µ the reduced mass of the
colliding molecules, and a the molecular diameter. Equation (5.37) predicts
a minimum value ZR = 1.5 when I = µa2 and b = 1. This model neglects
attractive forces entirely and predict values of ZR which are independent of
temperature.

The role of rotational excitation in the overall heating and cooling processes
of the heavier diatomic and polyatomic gases is unimportant. R-T transfer
is very rapid, multiple quantum transitions occur easily, and the rotational
population distribution reaches equilibrium almost as quickly as the transla-
tional. For H2 and hydrides the picture is different. R-T transfer is much



5.6 Influence of molecular relaxation in PA spectroscopy 125

slower, also it plays a more important role in the overall heating and cool-
ing processes, as vibrational modes of such molecules do not become active
until relatively high temperatures. The rotational excitation process differs
fundamentally from the vibrational because of the different ways in which the
quantum levels are distributed: the energy gap between successive vibrational
levels becomes gradually smaller (owing to anharmonicity) as ν increases,
while the gaps between successive rotational levels become rapidly larger as
J increases (see Figure 5.5). This means that R-T transitions, ∆J = ±1, be-
come progressively less efficient as J and ∆E increase, while R-R transitions,
even when involving neighbouring levels, are nearly always non-resonant and
inefficient.

5.6 Influence of molecular relaxation in PA spec-
troscopy

The detection of methane and hydrogen chloride in the application of opti-
cal fibre manufacturing process was performed in a buffer gas that was very
different to trace gas monitoring in ambient air. As it was explained in subsec-
tion 4.3.3, the photoacoustic signal is directly influenced by the composition
of the buffer gas. Furthermore, molecular relaxation of the excited rovibra-
tional state into sample heating (i.e. V-T deexcitation) is a key step in the
generation of the PA signal. This effect can be considered as instantaneous
in most cases, since it is much faster than the period of the laser modulation
and has thus no consequence on the PA signal. However, it turns out that
this relaxation is much slower in some particular gas mixtures, and the cor-
responding long relaxation time can strongly influence the generation of the
PA signal. Such a phenomenon leads for example to the well-known effect of
kinetic cooling of CO2 observed in the MIR region, which arises when a mix-
ture of CO2 diluted in N2 is analysed with a CO2 laser [20, 21]. In that case,
the analysed gas sample is cooled, rather than heated, by the excitation laser
beam, which results in a 180 degrees phase lag of the PA signal with respect
to the laser modulation. A similar effect has also been recently described
in the NIR range, when detecting CO2 at 1.43-µm using an external cavity
laser diode [22]. Molecular relaxation has also been studied in the QEPAS
technique (see subsection 3.2.4), since the modulation period is much reduced
(30 µs) in comparison to traditional PAS systems (in the millisecond range).
In particular, the impact of humidity in HCN detection [23] and molecular
relaxation of CO2 at λ = 2µm [24] was described.

The relaxation time of some particular molecules may be orders of mag-
nitude longer [25, 26, 27, 16, 28, 29]. In particular, this is the case for a few
diatomic molecules, such as N2 or O2 (see Table 5.4), and for collisions with
some particular partners (N2 and O2, too). Therefore, heat release may be
delayed in a gas mixture if the excess energy of the excited molecules can be
channeled by collisions, through vibration-to-vibration (V-V) energy trans-
fers, to a long-lifetime transition of the surrounding molecules. As a result,
the PA signal is severely damped when the time scale of the V-T processes is
comparable to or longer than one period of the laser modulation. Molecular
relaxation also occurs in a completely different situation where the relaxation
time of the V-T process between the molecule to be detected and the collisional
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partner itself is slow (HCN in N2 [23]).
The dependence of the PA signal with respect to the molecular relaxation

time τ is given by (see equation (3.4) with the use of equation (2.43) instead
of (2.45) for the heat production rate):

SPA =
CcellCαP0√
1 + (ωτ)2

(5.38)

where Ccell is the cell constant defined in equation (3.3), C is the gas con-
centration, α is the absorption coefficient, P0 the incident optical power and
ω = 2πf is the angular modulation frequency. The phase of the PA signal is
given by tanφ = −ωτ . When the relaxation process is fast enough, the con-
dition ωτ ¿ 1 is fulfilled and the PA signal is independent on the relaxation
time (see equation (3.4)) and is in phase with the laser modulation (φ = 0).
The situation is drastically different when the relaxation process is slow. In
that case, ωτ À 1 and the PA signal is phase shifted with respect to the laser
modulation (φ 6= 0) and becomes directly linear with the relaxation rate:

SPA
∼= CcellC

αP0

ω
τ−1. (5.39)

In a gas mixture, the relaxation rate of an excited state of a molecule M is
given by a weighted sum of the relaxation rates corresponding to collisions
with the different types of surrounding molecules Mi and taking into account
the concentration Ci of each species:

τ−1
M =

∑

i

Ci τ−1
M−Mi

(5.40)

5.7 Molecular relaxation in CH4 detection

The PA cell made of one resonator in combination with a laser diode emitting
at 1651 nm 4 were used to investigate relaxation effects in methane monitoring.
Different buffer gases (N2/O2 mixtures in different proportions, adjunction of
several percents of water vapour or helium) have been used in the experiments
in order to study the influence of molecular relaxation on the PA signal. Since
the foreign-broadening coefficient of the CH4 absorption feature of interest
changes with the composition of the carrier gas [30], intensity modulation (IM)
has been preferred since it is less dependent on the width of the absorption
feature than wavelength modulation (WM). For this purpose, the laser current
was square-modulated between threshold and a value close to the current limit,
in order to achieve complete IM (IM index M = 1). However, pure IM was
not achieved in these conditions, since residual WM also occurred as a result
of the laser chirp induced by the current pulses. But since measurements
were performed at atmospheric pressure where the CH4 absorption feature is
several GHz wide, the effect of the residual WM was very weak compared to
IM (i.e. the laser chirp was much smaller than the width of the absorption
feature) and its influence on the PA signal could be neglected.

4The laser diode used in this section was different to the one described in subsection
4.3.1. In particular, the average output power at the operating point was 8 mW, resulting
in a detection limit of 0.18 ppm (SNR = 3) in dry N2.
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Figure 5.8: Scheme of the experimental set-up including the PA sensor and a gas-
mixing system made of four mass-flow controllers to generate different CH4 concen-
trations and carrier-gas compositions.

Various CH4 concentrations and carrier gas compositions have been pre-
pared from certified cylinders using a multi-gas controlling unit and mass flow
controllers (5.8). Two cylinders of CH4 buffered in nitrogen (5000 ppm and
100 ppm) and three pure gases (N2, O2 and He) have been used. With four dif-
ferent mass flow controllers, CH4 concentrations ranging from 5000 ppm down
to 0.4 ppm could be generated when N2 was used as the carrier gas, and from
2000 ppm down to 0.4 ppm in N2/O2 mixtures (with a precision on the CH4

concentration that was dependent on the dilution factor, but always better
than 10%). The flow rates in the mass flow controllers were always adjusted
in order to have a total gas flow of 500 sccm in the PA cell. The water vapour
content in the gas mixture could also be adjusted by passing part of the flow
in a saturator, i.e. a water-filled glass cuvette placed into a thermostat bath.
The flow exiting the cuvette was saturated in water vapor and the humidity
was only dependent on the bath temperature. The humidification of the gas
sample was important to study the influence of molecular relaxation effects,
as water vapour is usually an efficient catalyst that enhances the vibrational
relaxation rate of many species [1].

Relaxation effects were investigated in methane monitoring in different
N2/O2 mixtures, as well as the effect of various catalysts (H2O, He) that
may promote the vibrational relaxation of the CH4-O2 system. As relaxation
effects strongly depend on the frequency of the excited acoustic wave, different
resonances of the PA cell have been considered. The three first longitudinal
modes of odd order - labelled (100), (300) and (500) - have been used, with
typical resonance frequencies in air of 1 kHz, 3 kHz and 5 kHz (the even modes
cannot be used as they are not excited by the laser beam in this geometry due
to symmetry reasons).

5.7.1 Relaxation effects in the CH4-O2 system

The variation of the PA response corresponding to 100 ppm of CH4 in different
dry N2/O2 mixtures is shown in Figure 5.9. For this measurement, the entire
acoustic resonance (amplitude and phase) has been recorded by scanning the
laser modulation frequency. The phase measurements do not represent ab-
solute values, as some additional electronic phase shifts may be present even
in absence of molecular relaxation effects. However, the reference phase of the
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Figure 5.9: Variation of the PA response corresponding to 100 ppm CH4 as a function
of the O2 fraction in N2 in the buffer gas. (a) PA amplitude of the three first odd-order
longitudinal resonances of the PA cell, labelled (100), (300) and (500); the line is the
result of a fitting process (see text for details). (b) Phase of the PA signal measured
at the first longitudinal resonance; the solid line represents a linear fit of the data.
Error bars shown on the experimental data correspond to the standard deviation of
the fitting process used to determine the parameters of the acoustic resonance. Two
different measurements are displayed for each experimental condition.
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lock-in detection was kept fixed during all the measurements, so that relative
phase variations may be attributed to relaxation effects.

The parameters of the resonance (amplitude, central frequency and phase,
Q factor) have been extracted from a fitting procedure on the experimental
data and the level of uncertainty of each parameter has been determined from
the standard deviation of the fitting process. The PA energy (square of the
PA amplitude) was fitted by a Lorentzian distribution in order to determine
the centre, amplitude and Q factor of the resonance. The phase data were
fitted by a fifth order polynomial and the value at the centre of the resonance
(given by the Lorentzian fit) was determined.

From these measurements, it turned out that the Q factors were only mar-
ginally modified between measurements in pure N2 and O2 (for example, it
was reduced from Q ∼= 23 in pure N2 to Q ∼= 21 in O2 for the first longitudi-
nal mode). The PA amplitude in Figure 5.9(a) is reduced by more than one
order of magnitude when measured in O2 in comparison to the case of pure
N2 and the signal is already strongly reduced in N2/O2 mixtures containing
only a few percents of O2. The behaviour is similar for the three considered
modulation frequencies (1 kHz, 3 kHz and 5 kHz), but the data are less accu-
rate at higher frequency due to a severe reduction in the signal-to-noise ratio,
which results from the combination of the 1/f dependence of the PA effect and
the decrease of the overlap integral between the laser beam and higher order
acoustic modes which produces an overall 1/n2 dependence (n is the mode
number). The phase variation of the PA signal is also shown in Figure 5.9(b)
for the first longitudinal mode. A linear change is observed when increasing
the O2 concentration. The strong reduction of the PA signal observed when
switching from pure N2 to O2 as a carrier gas and the associated phase vari-
ation are induced by particular molecular relaxation effects occurring in the
CH4-O2 system and are almost not influenced by the Q factor of the resonance
or by other physical parameters of the buffer gas.

The unexpected experimental results reported in Figure 5.9 about the
monitoring of methane in oxygen by PAS are related to singular molecular
relaxation effects occurring in the CH4-O2 system. They may be explained by
considering the deactivation pathway followed by the CH4 molecules excited
by the laser radiation. A complete description of the spectroscopic properties
of CH4 is given in [26] and the rovibrational energy transfer processes in CH4-
N2/O2 mixtures are also discussed in a series a papers [26, 27, 31]. The main
spectroscopic characteristics of the CH4 molecule that are essential for the
understanding of the experimental results are reminded.

The CH4 molecule has four vibrational modes: two bending vibrations
ν2 (asymmetric) and ν4 (symmetric), and two stretching vibrations ν1 (sym-
metric) and ν3 (asymmetric). The first excited bending levels ν2 and ν4 are
located at 1533 and 1311 cm−1 and the stretching levels ν1 and ν3 at 2917 and
3019 cm−1, approximately two times higher in frequency than the two former
ones. Consequently, the vibrational energies of methane can be viewed as
clusters (called polyads) of states interacting together through Fermi or Cori-
olis resonances, as shown in Figure 5.10. The spacing between two successive
polyads is about 1500 cm−1. Due to the strong interactions existing between
the states in a given polyad, the spectroscopic analysis of any vibrational state
needs to take into account simultaneously all the states of the polyad to which
the level belongs [26].
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Reaction
Rate
(s−1atm−1)

Ref.

R1 CH∗4(nν4)+CH4 → CH∗4((n−1)ν4)+CH∗4(ν4) 2.7·108 [25]
R2R2R2 CH∗4(nν4)+CH4 → CH∗4((n− 1)ν4)+CH4 8·105 [25]
R3 CH∗4(nν4)+O2 → CH∗4((n− 1)ν4)+O∗2(ν) -
R4R4R4 CH∗4(nν4)+O2 → CH∗4((n− 1)ν4)+O2 1.3·105 [26]
R5R5R5 CH∗4(nν4)+N2 → CH∗4((n− 1)ν4)+N2 8·104 [25]
R6R6R6 N∗2(ν)+N2 → N2+N2 1 [27]
R7R7R7 O∗2(ν)+O2 → O2+O2 63 [27]
R8R8R8 O∗2(ν)+N2 → O2+N2 40 [27]
R9R9R9 O∗2(ν)+H2O → O2+H2O 1.1·106 [28]
R10 O∗2(ν)+CH4 → O2+CH∗4(ν4) 2·107 [16]
R11R11R11 O∗2(ν)+CH4 → O2+CH4 1·106 [28]
R12R12R12 O∗2(ν)+He → O2+He 2.3·104 [29]

Table 5.2: Examples of some relaxation rates of some vibrational states of CH4 with
different collisional partners. Reactions labelled in bold correspond to V-T processes,
the others to V-V processes.

This characteristic is important for the understanding of the collisional re-
laxation of methane. In particular, very fast energy transfers (in the nanosec-
ond range) occur between the states of the same polyad (intermodal transfer)
for both CH4-CH4 and CH4-O2 collisions. Therefore, the energy transfer be-
tween two polyads essentially occurs via the exchange of one ν4 vibrational
quantum (see reactions R1 and R3 in Table 5.2), since this is the smallest en-
ergy quantum. The relaxation through the ν2 level is less probable, since the
relaxation time is much longer than through ν4 (see Figure 5.6 in section 5.4).
For CH4-O2 collisions, the de-excitation of the CH4 molecule is accompanied
by a resonant excitation of the first vibrational state of oxygen, O∗

2(ν) located
at ν = 1556 cm−1, due to its proximity with the CH∗4(ν4) level. For weak
CH4 concentrations, the transfer to the lower polyads occurs predominantly
via the resonant process R3 and at each relaxation step, the energy released
by CH4 is transferred to oxygen molecules. As a result, the whole 1.65- µm
laser energy initially absorbed in the CH∗4(2ν3) state finally accumulates in
the O∗

2(ν) vibrational state of oxygen. According to Table 5.2, the relaxation
time of this state at atmospheric pressure (τO2−O2 = 1/63 s) is much longer
than one period of the laser modulation (around 1 ms for 1 kHz modulation
frequency), so that no PA signal is coherently generated with the laser modu-
lation. This explains the very small PA signal observed when measuring CH4

in O2. The situation is totally different for CH4 diluted in N2, as the first
vibrational state of N2 has a larger energy than CH∗4(ν4) level, so that no
efficient V-V transfer can occur.

In the different N2/O2 mixtures considered in Figure 5.9, two different
relaxation pathways may be followed by the CH4 excited molecules. The
first one involves CH4-N2 collisions that result in the V-T process (reaction
R5) that generates a PA signal at all considered modulation frequencies. The
second involves CH4-O2 collisions that result in the resonant V-V transfer (re-
action R3) and in an accumulation of the energy in the O∗

2(ν) excited state.
CH4-CH4 collisions may be neglected here since the considered CH4 concen-
tration is several orders of magnitude smaller than N2 and O2 concentrations.
In the second relaxation pathway (CH4-O2 collisions), the transfer into kinetic
energy is limited by the long relaxation time of the excited O∗

2(ν) state for
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both O2-N2 and O2-O2 collisions according to reactions R7 and R8 in Table
5.2. A very high value of the parameter ωτ is obtained in this case for each
resonance (ωτ ∼= 100, 300 and 500 for modes (100), (003) and (005), respec-
tively). According to equation (5.39), it implies that this energy is almost
entirely lost for the generation of the PA signal for the three resonances and
only the energy relaxed through CH4-N2 collisions contributes to the PA sig-
nal. When the O2 concentration is raised, the amount of energy transferred
to O2 rapidly increases and the PA signal is reduced accordingly, which qual-
itatively explains the behaviour observed in Figure 5.9(a). The fact that only
the V-T process induced by CH4-N2 collisions contributes to the PA signal
explains the similar behaviour observed for the three considered frequencies.
In addition, the phase of the PA signal is also affected when increasing the O2

concentration, since the relaxation time corresponding to CH4-N2 collisions
depends on the N2 concentration. This leads to a linear variation of the phase
as qualitatively observed in Figure 5.9(b).

A quantitative model based on the explanations given above was applied to
attempt to extract relaxation times (see Appendix A for details of the model).
In principle, the relaxation time τCH4−N2 can be obtained by a fitting proce-
dure on the data from Figure 5.9. This fitting requires the value of τCH4−O2

corresponding to the V-V transfer described by reaction R3. Unfortunately,
this value was not found in the literature, so that the relaxation time τCH4−N2

could not be determined. The fitting process was thus used to obtain a value
of τCH4−O2 by taking a value of τCH4−N2 that was reported in reference [25].

Relation (A.10) was used for the fitting process, since the PA signal is
proportional to the heat deposition rate. For the first longitudinal frequency,
the relaxation rate was k(100)CH4−O2 = (1.05 ± 0.052)106 s−1 atm−1, for
the third longitudinal frequency, the relaxation rate was k(300)CH4−O2 =
(1.16 ± 0.085)106 s−1 atm−1 and finally for the fifth longitudinal frequency,
the relaxation rate was k(500)CH4−O2 = (1.33±0.12)106 s−1 atm−1. The error
is given by the standard deviation of the fitting process. All these values are
consistent among them, but can unfortunately not directly be compared to
other values. However, a rate constant of the transfer O2-CH4 was found in
[32]. According to the same authors, the ratio kCH4−O2/kO2−CH4 is simply the
ratio of the equilibrium populations of level O∗

2(ν) to CH∗4(ν4). Since these two
levels are in resonance, their population is assumed to be the same. The corre-
sponding rate constant found in [32] is kO2−CH4 = (1.61± 0.3)106 s−1 atm−1,
in fair agreement with the experimental values. However, it must be pointed
out that the results obtained by the fitting process are highly dependent on
the value of kCH4−N2 , so that the product between these parameters is con-
stant. The experimental value obtained in this case is thus an approximation
that gives an idea of the order of magnitude of the value.

Due to the strong and very fast coupling between CH∗4(ν4) and O∗
2(ν)

states, the negative influence of oxygen on the generation of the methane PA
signal is already significant even for small O2 concentrations (some percents)
in the carrier gas. Therefore, such a situation may even be encountered when
monitoring CH4 in ambient air (21% O2) in relatively dry conditions. In
addition, this effect is due to the resonant coupling between the lower CH4

energy level (ν4) and the first vibrational mode of O2 as described herein. It
is therefore independent of the upper level of the molecular transition excited
by the laser radiation. This has been confirmed by measurements performed
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Figure 5.11: Variation of the PA signal (amplitude of the first longitudinal resonance)
as a function of the O2 concentration in the buffer gas for two different excited CH4

transitions: 2ν3 in polyad P4 (λ = 1651 nm) and ν1 + ν4 in polyad P3 (λ = 2372
nm). A CH4 concentration of 100 ppm was considered and the PA signals were
normalised at each wavelength to the value obtained in pure N2. Error bars shown
on the experimental data correspond to the standard deviation of the fitting process
used to determine the parameters of the acoustic resonance.

in the 2.37 µm range (ν1 + ν4 band belonging to the lower polyad P3) using
a new type of GaSb-based semiconductor DFB lasers [33]. It may be noticed
in Figure 5.11 that the reduction of the PA signal observed when increasing
the O2 concentration in the carrier gas is comparable between the 1.65-µm
and the 2.37-µm absorption bands (it is even slightly more important at 2.37-
µm).

A similar behaviour has already been reported for the detection of CH4

in O2/N2 mixtures in the fundamental ν4 vibrational band [34]. In that case,
a 150 deg phase lag of the PA signal was observed and this phenomenon was
considered as a kinetic cooling effect, due to its similarity with the CO2 kinetic
cooling. The behaviour reported here for the CH4-O2 system is also induced
by molecular relaxation effects, but some experimental evidences show it is
distinct from a kinetic cooling. Firstly, the CH4 transition of interest (2ν3

or ν1 + ν4) does not belong to a hot band, in opposite to the kinetic cooling
of CO2. Furthermore, the observed phase shift of the PA signal is very far
from the theoretical value of 180 deg achieved in the case of kinetic cooling.
Molecular relaxation effects in the CH4-O2 mixture are responsible for a delay
in the PA signal generation, but no effective cooling occurs.

5.7.2 Parabolic response of the sensor with respect to CH4

concentration

The response of the PA sensor to varying methane concentration is shown in
Figure 5.12 for different buffer gas compositions: pure N2, 60% O2/40% N2

dry and humidified with 0.15% or 1.1% of water vapor (absolute humidity).
For these measurements, both the amplitude and the phase of the PA signal
have been continuously recorded at the center of the first resonance during 5
minutes. The average value and the standard deviation of the data have been
determined in each case. A mixture containing 60% of O2 and 40% of N2 was
chosen for the following reasons: (i) in order to be not influenced by other
undesirable parameters (variation of the resonance frequency, broadening of
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Figure 5.12: Amplitude (a) and phase (b) variation of the PA signal measured at
the first longitudinal resonance as a function of the CH4 concentration for different
carrier gases: pure N2, dry 60% O2/40% N2, 60% O2/40% N2 humidified with 0.15%
and 1.1% H2O (absolute humidity). Error bars shown on the plot correspond to the
uncertainty on the CH4 concentration generated with the MFCs (horizontal axis) and
to the standard deviation of the PA signal recorded in a 5-minutes period (vertical
axis). Lines in (a) are the result of a fit by a linear function (for pure N2 and O2/N2

with 1.1% H2O) or by the sum of a linear and a quadratic term (for dry O2/N2 and
O2/N2 with 0.15% H2O). In (b), lines correspond to a constant phase for N2 and
O2/N2 with 1.1% H2O and to a linear fit for O2/N2 with 0.15% H2O. For the dry
O2/N2 mixture, the line is just an interpolation between the experimental points.
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the absorption line), it was chosen to keep always the same mixing ratio
between N2 and O2 for all considered CH4 concentrations; (ii) as the certified
cylinders were buffered in N2, it was not possible to dilute methane in pure
O2; with only 60% of O2, a wide variety of methane concentrations could be
achieved, ranging from 2000 ppm down to 0.4 ppm; (iii) molecular relaxation
effects already have a strong influence in a mixture containing 60% of O2 as
shown in Figure 5.9.

Figure 5.12 shows a similar response of the sensor when either pure N2

or a O2/N2 mixture with a high H2O content (1.1% absolute humidity) is
considered. In both cases, a very good linearity (R > 0.99) is obtained over
more than four orders of magnitude of concentration. The phase of the PA
signal also remains constant over the full range of CH4 concentrations. The
CH4 level resulting in a noise-equivalent signal was found to be 60 ppb for the
first longitudinal resonance (for 10 s integration time).

The measured signal was even slightly higher in the humidified O2/N2

mixture than in pure N2, which may suggest that a very small influence of
relaxation effects even occurs in pure N2. This assumption seems to be con-
firmed by the small phase difference observed between these two carrier gases.
The relaxation time may be estimated by the use of the difference in the phase
values between these two cases and by using relation (A.11). The phase dif-
ference is -5.1◦, corresponding to a relaxation time τCH4−N2 of 6·10−6 s at
1 atm or a rate kCH4−N2 of 16·104 s−1atm−1 which is twice the value given
in reference [25]. Here again, the experimental value does not exactly match
the value given in the literature, but gives a good approximation. The dif-
ference between the measured and the experimental value may be due to a
small change in the experimental conditions when the phase is measured in
humidified O2/N2 mixture or in pure N2. In the two cases, the frequency
is slightly different (926 Hz in pure N2 and 965 Hz in the humidified O2/N2

mixture) which directly influences the phase.
A strongly different behaviour was observed when a dry or weakly humid-

ified (0.15% absolute humidity) O2/N2 mixture was used as a carrier gas. In
these cases, the PA signal was no longer linear, but was expressed as the sum
of a linear and a quadratic term (clearly visible for the dry O2/N2 mixture).
The CH4 concentration resulting in a noise-equivalent signal was depreciated
to 2.5 ppm in dry O2/N2 (for 10 s integration time). The phase of the PA
signal is also changing as a function of the CH4 concentration, and the phase
variations are larger for the dry O2/N2 mixture.

The parabolic response with respect to the CH4 concentration observed in
presence of O2 is also a clear indication of the importance of relaxation effects
in the CH4-O2 system. Whereas the collisional V-T relaxation of O∗

2(ν) is
very slow for O2-O2 collisions, it is more than four orders of magnitude faster
for O2-CH4 collisions (see reaction R11 in Table 5.2). So even for small CH4

concentrations, the relaxation time of O∗
2(ν ) state is reduced when increasing

the CH4 concentration. According to equation (5.40), a linear variation of the
relaxation rate is obtained for small CH4 concentrations:

τ−1
O2

∼= τ−1
O2 - O2

+ CCH4τ
−1
O2 - CH4

(5.41)

By combining equations (5.39) and (5.41), the dependence of the PA signal
can finally be expressed as the sum of a linear and a quadratic term, which
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fully explains the experimental observations:

SPA
∼= Ccell CCH4

αP0

ω

(
τ−1
O2 - O2

+ CCH4τ
−1
O2 - CH4

)
(5.42)

Therefore, the experimentally observed parabolic response results from a dou-
ble linear dependence of the PA signal to the CH4 concentration. The first
contribution is the usual linear variation on the gas concentration, due to
the increasing amount of energy absorbed in the sample. The second is di-
rectly induced by the variation of the molecular relaxation rate with the CH4

concentration as described by equation (5.41).

The phase variation of the PA signal observed in dry or weakly humidified
(0.15% H2O) O2/N2 mixtures is more difficult to be quantitatively explained.
However, a qualitative interpretation may be given based on the previous
argumentation about V-T transfers in a CH4/N2/O2 mixture. The phase
evolution observed in the dry O2/N2 mixture may be qualitatively explained
by the characteristics of the relaxation scheme occurring in different ranges
of concentration. For low CH4 concentration, the energy transferred to O∗

2(ν)
via the resonant process R3 is lost for the PA signal due to the long-lifetime
relaxation of O∗

2(ν). In that case, only V-T process due to CH4-N2 collisions
(reaction R5) contributes to the PA signal and the phase of this signal is ex-
pected to tend to 0 degree, which seems to correspond to the tendency of the
experimental curve at low CH4 concentration. On the other hand, the O∗

2(ν)
V-T relaxation is strongly fastened at high CH4 concentrations (reaction R11)
and becomes comparable to or faster than one period of the laser modula-
tion. Therefore, the energy transferred to O∗

2(ν) partially contributes to the
PA signal and the phase tends again to 0 degree when the O∗

2(ν) relaxation
is fast enough, i.e. at high CH4 concentration. In the intermediate range
of concentration, the two above mentioned relaxation pathways contribute to
the PA signal, with their own amplitude and phase depending on the CH4

concentration. In particular, the contribution of O2-CH4 collisions leads to a
phase shift since the factor ωτ is non-negligible in the intermediate range of
concentration (ωτ ∼= 1). When a small quantity of water vapour (0.15% as in
Figure 5.12) is added to the sample, the relaxation of O∗

2(ν) is promoted and
even at very low CH4 concentration, the energy transferred to O∗

2(ν) slightly
contributes to the PA signal. This contribution increases with the CH4 con-
centration due to the associated reduction of the relaxation time (see equation
(5.41)). In this case, the phase of the PA signal changes monotonously with
the CH4 concentration as observed in figure 5.12(b).

If the above qualitative arguments allow to explain the observed experi-
mental results, a more detailed analysis reveals large deviation of the mea-
sured values from the data calculated by the relaxation rates given in Table
5.2. This discrepancy may result from some erroneous values indicated in Ta-
ble 5.2, but it may also indicate that the relatively simple relaxation scheme
we have considered is incomplete and that other processes may contribute to
the relaxation or other physical processes may play a role in the generation of
the PA signal. In particular, the rotational energy transfer that contributes
to the relaxation scheme of methane was not taken into account.
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Figure 5.13: Amplitude (a) and phase (b) dependence of the PA signal corresponding
to 20 ppm of CH4 as a function of the H2O content in the carrier gas (composed of
60% O2 and 40% N2) for the three acoustic resonances. Error bars shown on the
plot correspond to the standard deviation of the PA signal recorded in a 5-minutes
period. In (a), the lines are the results of a fitting process (see text for details). In
(b), the lines are an interpolation between experimental points.

5.7.3 Enhancement of the V-T process rate in CH4-O2 mixture
using a catalyst

Not only CH4 is efficient to promote the V-T relaxation of O∗
2(ν), but some

other species may also act as a catalyst for this relaxation. For example, wa-
ter vapour is known to promote the vibrational relaxation of several species,
including O2 (see reaction R9 in Table 5.2). This is confirmed by the exper-
imental results shown in Figure 5.13, where the variation of the PA signal
(amplitude and phase) corresponding to 20 ppm of CH4 is displayed as a
function of the water content in the 60% O2/40% N2 carrier gas. For these
measurements, both the amplitude and the phase of the PA signal have been
recorded at the centre of the three resonances during 5 minutes and the av-
erage value and the standard deviation of the data have been determined. A
constant signal amplitude is obtained for water vapour contents higher than
1% (absolute humidity), but a strong reduction of the signal is observed below
1% humidity. Furthermore, measurements performed using different acoustic
resonances have shown that the decrease of the PA signal occurs at larger H2O
concentrations for higher frequencies. A similar behaviour is observed on the
phase of the PA signal. All these observations qualitatively demonstrate the
catalyst effect of water vapour for the relaxation of O∗

2(ν).
A quantitative analysis to extract the relaxation time τO2−H2O was per-
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formed by fitting the data obtained in Figure 5.13. This model was based
on a simple two level system, where the whole energy is stored in the excited
O∗

2(ν) level and deactivates to the ground level through reactions R7, R8, R9

and R11, resulting in a total relaxation rate:

τ−1 = CO2τ
−1
O2−O2

+ CN2τ
−1
O2−N2

+ CH2Oτ−1
O2−H2O + CCH4τ

−1
O2−CH4

(5.43)

The fitting function applied on the data is given by:

SPA =
S0√(

1 + (ωτ)2
) (5.44)

where S0 is the signal obtained when no relaxation effects occurs, i.e. at high
H2O concentrations. The fitting process was applied on each resonance fre-
quency resulting in a relaxation time τO2−H2O of 4.16·10−7, 2.94·10−7, 2.7·10−7

s at 1 atm for the first, third and fifth longitudinal mode respectively. It re-
sults in a relaxation time 1.5 times larger for the first longitudinal mode in
comparison with the fifth longitudinal mode. These relaxation times are to be
compared with the value given in relation R9, resulting in a relaxation time
of 9.09·10−7 s atm, which is 2.2 times larger than the value measured in the
first longitudinal mode. This difference may be explained by the fact that the
direct V-T energy transfer CH4-H2O was not considered in the model. Even
though no relaxation value was found in literature, the corresponding relax-
ation time is expected to be small due to the catalyst properties of H2O. This
influence on the measured relaxation times may also explain the difference
between the three resonances, since it is not clear how this deactivation path
occurs. This discrepancy prevents the development of a precise quantitative
description of the relaxation of the considered system based on the relatively
simple relaxation scheme that has been proposed and using typical relaxation
rates previously published in the literature.

Another species that has demonstrated to efficiently promote the vibra-
tional relaxation of O2 is helium (see reaction R12 in Table 5.2). This is of
great importance for the application described in section 4.2.2 (CH4 moni-
toring in the manufacturing of ZWPF), as helium is used in large quantities
(several tens of percents) in this process. The beneficial influence of helium as
a catalyst for the V-T relaxation of O∗

2(ν) in the generation of the PA signal
is illustrated in Figure 5.14.

The amplitude of the PA signal is displayed as a function of the CH4 con-
centration in four different carrier gases: N2, O2, He and a mixture of 90%
O2 and 10% He. Excepted for N2, the results displayed in Figure 5.14 were
not achieved with pure carrier gases. Since the CH4 certified cylinders were
buffered in nitrogen, a residual of N2 was always present in the gas mixtures
considered in Figure 5.14. However, this N2 residual was smaller than 2%
for CH4 concentrations below 100 ppm and its influence on the experimental
results is estimated to be of minor importance, so that it can be neglected.
The signal measured in He is lower than in N2 due mainly to the much higher
resonance frequency (around 2.5 kHz) induced by the faster acoustic velocity
in He and to the smaller quality factor of the resonance that results from
the difference in some other physico-thermal parameters of the gas, such as
the density, viscosity and thermal conductivity. But the difference observed
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Figure 5.14: Variation of the PA signal corresponding to the first longitudinal reso-
nance as a function of the CH4 concentration for different carrier gases (N2, O2, He
and 90% O2/10% He). A residual of a few percents of N2 is always present in the
gas mixtures since the CH4 certified cylinders were buffered in nitrogen. Error bars
shown on the plot correspond to the standard deviation of the PA signal recorded in
a 5-minutes period. Lines are the result of a fit by a linear function for N2, He and
O2/He mixture, and by the sum of a linear and a quadratic term for O2.

between N2 and He is not at all related to relaxation effects. With the adjunc-
tion of only 10% of helium, the signal measured in O2 reaches almost the same
level as in pure He. The O∗

2(ν) relaxation rate in an O2/He mixture may be
calculated according to equation (5.40): with 10% of helium, it decreases from
15 ms (in O2) to 0.4 ms, which becomes smaller than the laser modulation
period. Consequently, the absorbed laser energy contributes to the generation
of the PA signal and the usual behaviour is again observed (linear variation of
the PA signal with the CH4 concentration). This positive influence of helium
makes possible the detection of methane at sub-ppm level for process control
in the manufacturing of the ZWPF.

5.7.4 Conclusion

The importance of collisional relaxation processes in the PA signal generation
has been demonstrated in the particular case of CH4 detection in dry O2 and
O2-N2 mixtures. A negative influence of molecular relaxation effects has been
observed, which resulted in a strongly reduced and phase-shifted PA signal.
The origin of this phenomenon lies in the existence of a fast resonant V-V
coupling between CH∗4(ν4) and O∗

2(ν) vibrational states, associated to a small
V-T relaxation rate of the O∗

2(ν) excited state. This effect is independent on
the frequency of the excited CH4 transition and is therefore expected to occur
with any laser source used for the detection of CH4 in O2/N2 mixtures by
PAS. This has been confirmed by the experimental results obtained on two
different NIR absorption bands of methane (2ν3 at 1.65-µm and ν1 + ν4 at
2.37-µm) using two types of semiconductor DFB lasers.

A qualitative theoretical explanation of the relaxation phenomena involved
in the experimental observations has been proposed. However, the relaxation
rates calculated from data reported in the literature for different processes con-
nected to the considered system are much smaller than the values estimated
from the experimental measurements. This discrepancy shows that the pro-
posed model is only a qualitative description of the observed phenomena and
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is not able to predict quantitative data, such as an accurate value of the am-
plitude or phase of the generated PA signal. Other relaxation processes that
were not taken into account probably also contribute to the PA signal. The
proposed model is also only a qualitative model of the relaxation phenomena
and cannot describe the full process of PA signal generation.

The beneficial effect of several species acting as a catalyst that promotes
the V-T relaxation of the CH4-O2 system has been demonstrated. Among
these substances, methane itself is one of the most efficient. As a result, a
unusual parabolic variation of the PA signal with the CH4 concentration has
been observed. A non-linear response with respect to the concentration of the
target species has already been reported by other authors in PAS in the case
of a gas mixture containing several species diluted in a N2/O2 carrier gas. A
well-known case occurs for the detection of NH3 in a sample containing NH3,
CO2 and H2O in a N2/O2 buffer gas [35]. Although this situation is also in-
duced by relaxation effects (kinetic cooling of CO2), the non-linear response
was produced in that case by the superposition of several PA signals with
a different phase. The behaviour reported here is different, as the observed
parabolic response occurs for a single species (CH4) diluted in a N2/O2 buffer
gas. This parabolic response results from a double linear dependence of en-
tirely different origin. In addition to the usual linear response of the PA signal
with respect to the gas concentration (due the increasing amount of energy
absorbed in the sample), a second linear variation is induced by relaxation ef-
fects. Other species that have shown a beneficial effect on the V-T relaxation
of the CH4-O2 system are water vapour and helium.

The dramatic reduction of the methane PA signal generated in O2 and
its high dependence on the humidity rate was also observed in O2/N2 mix-
tures containing only a few percents of O2. Therefore, this phenomenon may
also affect the monitoring of methane in ambient air (21% of O2) by PAS,
for example for atmospheric researches or greenhouse gases emission monitor-
ing. This effect must be considered especially when working in relatively dry
conditions, which certainly occurs for fields measurement during winter time,
or when measurements are performed at reduced pressure (in altitude for ex-
ample). The positive effect of He also makes the PAS-based sensor suitable
for sub-ppm CH4 detection for process control in the manufacturing of the
novel LWPF. Without this beneficial influence, the monitoring of methane by
PAS in this application would not be possible, due to the strongly reduced
sensitivity induced by relaxation effects.

5.8 Molecular relaxation in HCl detection

Similar measurements were performed with hydrogen chloride to investigate
relaxation processes, first in nitrogen and then in oxygen. A certified cylinder
of 50 ppm HCl diluted in He was used to make the different dilutions with N2

or O2. The variation of the percentage of N2/He or O2/He has different effects
on the PA signal besides relaxation effects. It was discussed in subsection
4.3.3, that the buffer gas principally influences the resonance frequency, the
quality factor and the cell constant, which are all directly related to the PA
signal. For instance, the frequency was about 1000 Hz in N2 and 2700 Hz
in He. Moreover, the sensitivity of the microphone is frequency-dependent
and the broadening of the considered absorption line is different in helium
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Figure 5.15: Normalisation curves performed in H2O diluted in a mixture of N2-He
(dashed curve) and in a mixture of O2-He (solid curve). The PA signal difference is
mainly due to the difference of the line broadening coefficients of H2O in O2 and in
N2.

than in oxygen or nitrogen. In order to separate the effects due to molecular
relaxation from the other effects, a normalisation curve was performed.

The selected gas used for normalisation was H2O, since no relaxation ef-
fects occur for this substance. The PA signal was recorded in the same gas
mixture (N2/He and O2/He) than the one used for HCl measurement. A con-
centration of 1% of H2O was measured at 1369 nm. Results are presented in
Figure 5.15. This normalisation curve takes into account the effects on the
quality factor, on the resonance frequency and on the microphone response.
However, additional effects due to the broadening of the linewidth were not
corrected with this normalisation. For instance, the broadening of the water
vapour absorption line is dependent on the buffer gas and is different than for
the HCl absorption line. A theoretical investigation through simulations was
performed to estimate the error produced by the line broadening.

Wavelength modulation was applied through the laser injection current
with a fixed amplitude optimised to maximise the PA signal in air for H2O
and in a 50% O2-50% He mixture for HCl. This amplitude was then kept
fixed during all measurements, whereas the DC current was slightly adjusted
to maximise the PA signal.

The pressure broadening of the R3 HCl line in the 2ν band located at
1742.4 nm 5 is about 80% larger in O2 than in He and more than 3 times
higher in N2 than in He (see Table 5.3) [36]. The broadening coefficients for
the H2O absorption line located at 1368.7 nm in He, N2 and O2 were not
available, so that the parameters were taken from an absorption line located
at 1393.5 nm [37]. The differences in the broadening coefficients between these
two lines were about 3% and 4% for the air and self broadening coefficients,
respectively. It was thus considered that the broadening coefficients in He, N2

or O2 mixtures were similar for the two lines.
The simulations were performed for a Lorentzian distribution and for two

types of modulation, pure intensity modulation and pure wavelength modula-
tion 6. Intensity modulation takes into account the broadening coefficient of

5No data was found for the R4 line used in this work, but since the air and self broadening
coefficient were similar for the R3 and for the R4 lines (see Table 5.3), the effect of the gas
mixture was considered to be the same for the R4 line.

6For WM, the phase on the lock-in was adjusted to obtain the maximum of the PA signal.
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Measurements Simulations

H2O HCl H2O HCl

λ (nm) 1368.7 1738.9 1393.5 1742.4
Identification See a R4 See b R3

Strength
(cm−1/(mol·cm−2)

1.01·10−21 9.67·10−21 2.72·10−22 1.16·10−20

γair (cm−1) 0.093 0.0537 0.0958 0.0624
γself (cm−1) 0.51 0.2178 0.488 0.2408
γHe (cm−1) - - 0.0221 0.0221
γN2 (cm−1) - - 0.1130 0.0753
γO2 (cm−1) - - 0.0644 0.0401

Table 5.3: Parameters of the line used in the measurements and in the simulations.
The broadening coefficients are given at a pressure of 1 atm.

a(0 0 0)21,2 → (1 0 1)31,3
b(0 0 0)32,2 → (1 0 1)30,3

the line, whereas the effect of the modulation depth does not contribute. For
WM, the signal depends on the normalised WM index m given by [38]

m =
∆ν

∆νr
(5.45)

where ∆ν is the frequency deviation of the optical carrier and ∆νr is the
absorption line width. m is thus dependent on the gas composition, since the
broadening of the line changes and produces a variation of the PA signal.

Results of the simulations performed in a He-N2 mixture are presented in
Figure 5.16. For IM modulation, the ratio of the absorption coefficients varies
from 0.168 in 100% N2 to 0.135 in He, resulting in a change of 20%. For WM,
the ratio of the PA signals changes by less than 25%. In consequence, the
residual error produced by the normalisation curve is estimated to be about
25%.

Identical simulations were performed in a He-O2 mixture whose results are
shown in Figure 5.17. For IM modulation, the ratio of the amplitudes varies
from 0.187 in 100% O2 to 0.135 in He, resulting in a change of 28%. For WM,
the ratio changes by about 7%. In consequence, the maximum residual error
produced by the normalisation curve in a mixture of O2-He is estimated to be
less than 10%. The variation of the ratio HCl/H2O is smaller for WM than
for IM, probably due to the fact that the effect of the line broadening on m
is partially compensated by the variation of the absorption coefficient in the
centre of the line.

Finally, this normalisation curve has been realised with a laser that was
different to the one used to measure HCl concentration resulting in a difference
in the modulation parameters. In particular, the ratio ∆ν/∆i, where ∆ν is
defined above and ∆i is the modulation current, changes with the modulation
frequency [39] and is laser dependent. However, since the lasers were provided
by the same manufacturer and that the operating points were similar, this
effect was neglected.

HCl is a polar diatomic molecule with one vibrational mode whose first
energy level (ν = 1) is located at 2886 cm−1. The spectroscopic properties
of HCl required to understand the relaxation effects are described in [40, 41,
42, 43] and rovibrational energy transfer processes in HCl-O2/N2/He are also
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Figure 5.16: (a) Simulation of the maximum of the absorption coefficient (IM) and
the corresponding 1f signal (WM) as a function of the N2 fraction in the buffer gas
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measurement.
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Figure 5.18: Energy level diagram of HCl, showing the laser excitation to the ν = 2
state and the subsequent relaxation scheme through V-V transfer to N2 or O2.

discussed in a series of papers [44, 45, 46, 47]. In addition, the relaxation rates
for different reactions are summarised in Table 5.4.

5.8.1 Relaxation effects in the HCl-He-N2 system

In order to investigate molecular effects of HCl in a He-N2 mixture, the re-
sponse of the sensor to 5 ppm HCl in different ratios of He-N2 was measured.
Results are shown in Figure 5.19. A rapid decrease of the PA signal occurs
when N2 is added in the gas mixture due to relaxation effects. For a concen-
tration of N2 larger than 70%, the PA signal is almost stable and reaches a
value reduced by 75% in 90% of N2 compared to the pure He mixture. These
results may be explained by considering the deactivation pathway followed by
HCl molecules excited by the laser radiation and the energy levels of HCl and
N2 in combination with the corresponding rate constants (see Figure 5.18 and
Table 5.4).

The principal properties are described in the following paragraph to un-
derstand, at least qualitatively, the effects of relaxation in an HCl/He/N2

mixture. Since the laser diode emits at 1738 nm corresponding to the vibra-
tional state (ν = 2) of HCl, this level is highly populated and rapid subsequent
deactivation to the lower level (ν = 1) occurs through collisions with N2 and
He. This transition is the most probable, since it corresponds to the small-
est energy quantum. HCl molecules in the (ν = 1) level deactivate through
collisions with He and N2 (HCl-HCl collisions were neglected due to the low
HCl concentration(<50 ppm)). The deactivation from level (ν = 2) and from
level (ν = 1) occurs identically through two different pathways, one through
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Reaction
Rate
(s−1atm−1)

Ref.

R1R1R1 HCl∗(ν = 1)+HCl → HCl(ν = 0)+HCl 6.3·105 [47]

R2R2R2 HCl∗(ν = 1)+He → HCl(ν = 0)+He 1.5·103 [44]
R3R3R3 HCl∗(ν = 1)+H2O → HCl(ν = 0)+H2O 3.8·108 [47]
R4 HCl∗(ν = 2)+HCl → HCl∗(ν = 1)+HCl∗(ν = 1) 7.2·107 [40]
R5 HCl∗(ν = 1)+O2 → HCl(ν = 0)+O∗2(ν = 1) 8.1·104 [44]
R6 HCl∗(ν = 1)+N2 → HCl(ν = 0)+N∗2(ν = 1) 6.6·105 [47]
R7R7R7 N∗2(ν = 1)+N2 → N2(ν = 0)+N2 1 [27]
R8R8R8 N∗2(ν = 1)+He → N2(ν = 0)+He 1.45·102 [48]
R9R9R9 N∗2(ν = 1)+H2O → N2(ν = 0)+H2O 1.1·105 [27]
R10R10R10 O∗2(ν = 1)+O2 → O2(ν = 0)+O2 63 [27]
R11R11R11 O∗2(ν = 1)+He → O2(ν = 0)+He 2.3·104 [29]
R12R12R12 O∗2(ν = 1)+H2O → O2(ν = 0)+H2O 1.1·106 [28]

Table 5.4: Examples of some relaxation rates of some vibrational states of HCl with
different collisional partners. Reactions labelled in bold correspond to V-T processes,
the others to V-V processes.
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Figure 5.19: Variation of the PA signal amplitude corresponding to 5 ppm HCl as a
function of N2 fraction in He. The PA signal is normalised by the PA signal recorded
for H2O and normalised to the value obtained in pure helium.
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Figure 5.20: Simulation of H based on equation (A.15) and normalised by H(CN2 =
0) for different values of kHCl−He (in s−1atm−1).

He collisions and one through N2 collisions. Collisions with He molecules oc-
cur via relation R2, which is a direct V-T transfer that contributes to the
PA signal. However, a relaxation time found in [44], τHCl−He = 6.7 · 10−4 s
at a pressure of 1 atm is not short enough to ensure ωτ ¿ 1 (in this case,
ωτ = 12), so that the PA signal is already expected to be reduced in He.

When N2 is added to the gas mixture, according to the energy diagram,
part of the energy released is transferred to the first level of N2 (ν = 1, ν̃N2 =
2330 cm−1) through V-V process, which is the most probable energy transfer
(see section 5.4). The path through N2 is much more efficient (400 times) than
through He (see reactions R2 and R6), so that part of the energy transfers to
N2. In this case, the energy transfer is not resonant (in contrast with CH4

deactivation in O2) and only the part of the energy ∆E = ν̃HCl − ν̃N2=555
cm−1 contributes to the PA signal. The reason for this, is that the deactivation
of the excited level of N2 to the ground state via V-T transfer is very slow
(τ = 1 s at 1 atm), so that ωτ À 1 and no PA signal is coherently generated
with the laser modulation. The percentage of energy stored in the first excited
level of N2 (ν = 1) is 80%, corresponding to ν̃N2/ν̃HCl. The presence of He in
this case does not improve the situation, since the relaxation time of the V-T
transfer N2-He is not small enough (τN2−He = 6.9 · 10−3 s at 1 atm, reaction
R8) to obtain the condition ωτ ¿ 1 and to recover part of the PA signal.

A more quantitative analysis based on the model described in Appendix
A was attempted. Simulations of relation (A.15) for different rate kHCl−He

are presented in Figure 5.20. These simulations show that the heat produc-
tion rate H is strongly dependent on the parameter kHCl−He and that the
behaviour of the signal is completely different for the considered k values. A
fair matching between experimental results and the simulation is obtained for
a very high value of kHCl−He = 100 · 103 s−1atm−1, which is two orders of
magnitude higher than the value given in reference [44]. It must be pointed
out, that the parameter kHCl−He is again dependent on the value of kHCl−N2

and that the product between these two rates is almost constant. However,
the value of k given in reference [44] seems to be underestimated, since the
PA signal would already be reduced by a factor 12 in pure He, which is in
disagreement with the experimental results shown in Figure 5.19.
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Figure 5.21: Variation of the PA signal amplitude corresponding to 5 ppm HCl as a
function of O2 fraction in He. The PA signal is normalised by the PA signal recorded
for H2O and normalised to the value obtained in pure helium.

5.8.2 Relaxation effects in the HCl-He-O2 system

The variation of the PA response of 5 ppm HCl in different dry mixtures
of He-O2 is shown in Figure 5.21. An increase of the PA signal is obtained
until the concentration of O2 reaches 30%. From that point, the PA signal
starts to decrease and reaches, in 90% of O2, a value close to the one in
pure He. These experimental results may be explained by considering the
deactivation pathway followed by HCl molecules excited by the laser radiation.
The deactivation of HCl from level (ν = 2) to (ν = 1) and (ν = 1) to (ν = 0)
is the same than explained in the preceding section, N2 partner being replaced
by O2 molecules. From the (ν = 1) level, collisions with He are also the same
than mentioned in the HCl/He/N2 system.

When O2 is added to the gas mixture, a second pathway is opened, so that
molecules deactivate through O2 as well. According to the energy diagram,
part of the energy released is transferred to the first level of O2 (ν = 1,
ν̃O2 = 1556 cm−1) through V-V process, which is the most probable energy
transfer (see section 5.4). In this case, the energy transfer is not resonant
(in contrast with CH4 in O2 deactivation) and only the part of the energy
∆E = ν̃HCl − ν̃O2=1330 cm−1 that is not transferred in the first level of O2

contributes to the PA signal. Here again, the deactivation of this level to
the ground level does not contribute to the PA signal when no He is present,
since the relaxation time is very long (τ=1/63 s at 1 atm). In Figure 5.21,
the PA signal increases after a few percent of O2 which can be explained as
follow: the relaxation of HCl is about 50 times more efficient with O2 collisions
than with He (see reactions R2 and R5), so that the V-V process given by
R5 is the preferred. In this process, only part of the energy (ν̃HCl − ν̃O2) is
transformed into kinetic energy contributing to the PA signal, the remaining
being transferred into internal energy of O2, which has a long relaxation time
in the case of collisions with O2. However, the presence of He plays the role
of a catalyst for this relaxation (as already described for the case of CH4),
which drastically reduces the time decay of the O2 excited state (see reaction
R11). Therefore, the energy stored in the O2 (ν = 1) level deactivates fast
enough to contribute to the PA signal. This 2-step relaxation pathway is more
efficient than the V-T process due to HCl-He collisions, which explains the
initial increase of the PA signal observed when adding O2 to He. However,
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Figure 5.22: Amplitude dependence of the PA signal corresponding to 5 ppm HCl
as a function of the H2O content in the carrier gas composed of 50% O2 and 50%
He. Dots represents the measurement points and the line is the result of a fitting
procedure (see text for details).

when the percentage of O2 increases, the concentration of He is insufficient to
reduce the relaxation time and the PA signal starts to decrease.

Finally, the PA signal in 90% O2 is more important than in 90% N2, since
the part of the energy that is transferred into internal energy (to O2 or N2)
and that is lost for the PA signal (long relaxation time) is weaker because
ν̃O2 < ν̃N2 .

No quantitative model is proposed for this situation since this case is even
more complicated than the one experienced before. The model should include
a supplementary effect coming from He that plays the role of a catalyst and
allow the deactivation of the first excited state of O2 to the ground state.

5.8.3 Improvement of V-T transfers by the use of a catalyst

The role of water vapour as a catalyst was demonstrated in subsection 5.7.3 for
the CH4-O2 system. The same procedure was applied to the HCl-He-O2 and
HCl-He-N2 systems. Figure 5.22 shows the PA signal for a concentration of 5
ppm HCl and a varying water vapour concentration in a mixture of 50% He-
50% O2. The water-vapour content in the gas mixture was adjusted by passing
part of the flow through a saturator, i.e. a water-filled glass cuvette placed
in a thermostat bath. The flow exiting the cuvette was saturated in water
vapour and the humidity was dependent only on the bath temperature. The
H2O concentration was then varied by changing the ratio dry O2/(O2+H2O).
The water vapour concentration was continuously recorded with a commer-
cially available hygrometre to ensure the correct concentration. The PA signal
increases as soon as a fraction of percent of H2O is added to the mixture. The
effect of H2O on the deactivation of the first level of O2 is immediate, since
the relaxation time is drastically reduced (see reaction R12) which improves
the generation of the acoustic wave.

A quantitative relaxation time τO2−H2O is obtained by applying a fit cor-
responding to the equation:

SPA = Soff +
S0 − Soff√(
1 + (ωτ)2

) (5.46)
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Figure 5.23: Amplitude dependence of the PA signal corresponding to 5 ppm HCl
as a function of the H2O content in the carrier gas composed of 50% N2 and 50%
He. Dots represents the measurement points and the line is the result of a fitting
procedure (see text for details).

where Soff is the value obtained for the dry O2-He mixture (0% H2O), S0 is
the full PA signal obtained in absence of relaxation effects, ω is the angular
modulation frequency and τ−1 = CH2Oτ−1

O2−H2O + CO2τ
−1
O2−O2

+ CHeτ
−1
O2−He is

the overall relaxation time. This fit results in a relaxation time τ = (9.52 ±
0.9)10−8 s at 1 atm 7 which is a factor 10 lower than the value given by
reaction R12 (τ = 9.1 · 10−7 s at 1 atm).

The same procedure was applied in the HCl-He-N2 system (50% He-50%
N2) whose results are presented in Figure 5.23. An increase of a factor 4 of
the PA signal is obtained after the addition of 0.8% of H2O in the He-N2

mixture. Here again, the deactivation of the first N2 excited level is efficiently
achieved due to the catalyst effect of H2O (see reaction R9). The effect is even
more efficient in the N2-He mixture than in O2-He, since He does not act as
a catalyst for N2. A quantitative relaxation time was extracted by the same
fitting procedure than described for the He-O2 system resutling in a relaxation
time of τ = (1.2± 0.07)10−7 s at 1 atm which is a factor 70 smaller than the
value given by reaction R9 (τ = 9.1 · 10−6 s at 1 atm).

The extracted relaxation times were in both cases smaller than the value
given in reference [27], probably due to the fact, that the (V-T) relaxation
process HCl-H2O (see reaction R3) was not considered. The very efficient
corresponding rate in combination with a small fraction of water vapour can
thus not be neglected for the determination of τN2−H2O or τO2−H2O.

5.9 Conclusion

Relaxation effects have been studied experimentally and theoretically for CH4

in an oxygen-nitrogen system and for hydrogen chloride in an oxygen/nitrogen-
helium system. The influence of molecular relaxation has demonstrated a dra-
matic impact on the detection of these two species in particular conditions.
The qualitative behaviour of the presented systems has been well understood:
energy transfers through V-T or V-V processes were identified and explained
and the role of catalysts (like H2O or helium) on the PA signal has also been
described in details.

7The error is the standard deviation given by the fitting process.
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Theoretical models were proposed to understand quantitatively these com-
plex processes. Unfortunately, these models fail to give a coherent quantitative
analysis, probably due to two principal reasons.

The first reason find its origin in the experimental measurement of relax-
ation times. Neither in CH4, nor in HCl, the relaxation effects were entirely
dissociated from other effects. For instance, in CH4 monitoring the influence
of the slight change in frequency was neglected, which probably influences the
relaxation time derived from phase measurements. Moreover, line broaden-
ing effects in the different gas mixtures were not taken into account, which
modifies the amplitude of the PA signal in different mixtures. In HCl, a
normalisation curve was performed to try to get rid of external contributions.
The frequency, quality factor and response of the microphone were normalised,
but the influence on the PA signal of the line broadening and the modulation
parameters of two different lasers were not taken into account by the normal-
isation.

The second reason is due to the difficulty to find reliable relaxation times
published in the literature. In the worst case, no values were found and in
other cases the order of magnitude seemed to be incoherent compared to the
experimental observations.

Nevertheless, all these relaxation measurements contribute to the under-
standing of the generation of the PA signal and how they influence the response
of the sensor.
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Chapter 6

Conclusion

Laser photoacoustic (PA) spectroscopy is the core topic of this thesis and is
a specific technique particularly well adapted for multi-gas sensing from the
sub-ppm range down to the ppb level. The essential contribution of this work
has been to demonstrate that the use of semiconductor lasers in combination
with a carefully designed photoacoustic sensor makes trace gas detection in
industrial applications possible. In addition, two methods have been devel-
oped to perform multi-gas sensing using a single instrument. The first method
consisted in the use of a single resonator in combination with frequency mul-
tiplexing whereas the second technique was based in a 3-tube configuration.

The design of the PA cell has been carried out on the basis of simulations in
order to optimise the configuration of the acoustic resonator. The selection of
a resonant configuration based on the first longitudinal acoustic mode opened
possibilities towards multi-species detection in one single sensor with low (sub-
ppm) to ultra-low (ppb) detection limits for various gases of interest. An
original design of a PA cell made out of three acoustic resonators makes the
whole sensor compact and portable. In addition, the design of the PA cell was
oriented to be optimised for DFB semiconductor lasers emitting in the NIR.
Their reliability, their single-frequency emission and their optical power in the
mW range (typically 10 to 25 mW) made these sources ideal candidates to
fulfil the severe requirements of a sensor to be used in industrial environments.

A first application in the life science field was investigated to test the sen-
sor in off-laboratory conditions. Three different gases (CO2, NH3 and H2O)
relevant to the well-being of rodents in individually ventilated cages were
continuously and simultaneously monitored during a period of two weeks.
Original results concerning the circadian activity of mice and important pa-
rameters concerning the animal house system (air renewal in cages, air ven-
tilation breakdown simulations, change of the bedding) were obtained during
this measurement campaign.

The second application addressed the manufacturing of the novel low-
water-peak fibre in industrial environment. Hydrogenated compounds (mainly
HCl and H2O) were monitored at sub-ppm level during a period of eleven
days. Original results concerning the identification and the contribution of
the different contamination sources were obtained. These important results
gave information about the purity level of the carrier gas that was reached
after the change of chloride containers. Moreover, the stand-by time before a
new preform could be manufactured was estimated, thus reducing the number
of preforms that would not comply with the severe requirements of low-water-
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peak fibres.
This industrial application faced very different conditions than those ex-

perienced in trace gas monitoring in ambient air, particularly concerning the
buffer gas. Careful calibration of the sensor in similar conditions than those
experienced on site was carried out in the laboratory. This investigation led to
unexpected results originating from molecular relaxation. This phenomenon
was addressed in details for CH4 and HCl in mixtures of N2 and O2. This effect
has shown a drastic decrease of the sensor sensitivity making the sub-ppm de-
tection limit unattainable. However, substances acting as catalysts (H2O, He)
improved significantly the performance of the sensor. Moreover, these original
results showed that this effect may become important for methane detection
in ambient air (21% of O2) if relatively dry conditions are experienced.

Finally, the possibility to reach extreme detection limits (ppb level) by the
use of an erbium-doped amplifier was demonstrated for ammonia detection.
The contribution of interferences from other species (CO2, H2O) at this low
concentration levels was investigated. An original method to reduce this effect
has been developed and successfully validated through simulations and then
using test gases.

Perspectives

PA spectroscopy is a powerful technique particularly well adapted to on-site
measurements. The overall compact and simple set-up is a key advantage in
comparison with standard absorption spectroscopy techniques, which require
long absorption paths to reach equivalent sensitivity. Development of PA
towards isotope monitoring in medicine, earth science or biology applications
is a challenging task. In particular, the stability of the signals has to be
carefully controlled in order to obtain a very high precision on the isotope
ratio.

The continuous development of new light sources and improvements in
terms of optical power are a key issues to increase the sensitivity of the sensors.
The use of currently developed quantum-cascade lasers opens new spectral
regions in the MIR where stronger absorption lines occur and where no light
amplification is possible. Sensitivities towards ppb levels in the MIR seem
reasonable to achieve for species with high absorbing cross-section.

In the future, PA spectroscopy can be seen with confidence as playing a
key role in trace gas sensing, in the view of a progress through optimisation
of the production tools and of a more secure environment.



Appendix A

Modelling molecular
relaxation

In order to understand quantitatively the effects in molecular relaxation, a
model based on multi-levels deexcitation processes is proposed. The simple 2
level model described in subsection 2.4.1 is not appropriate for CH4 and HCl
deexcitation, since the deactivation path goes through 4 steps for CH4 and
through 2 steps for HCl. Figure A.1 shows the general energy diagram used
in the model. The model also includes a collisional partner Mc, like N2 of
O2. The upper level population (ν = 4) is obtained by solving equation (see
equation 2.37):

dN4

dt
= Nσφ0(1 + eiωt)− N4

τ
(A.1)

where only the time dependent term contributes. The solution of this differ-
ential equation is of type:

N4 = N04e
iωt (A.2)

with (see also equation 2.40)

N04 =
Nσφ0τ

1 + (ωτ)2
(1− iωτ) (A.3)
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Figure A.1: Energy diagram used for modelling molecular relaxation.
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For the third level, the rate equation is given by (where the source term has
been replaced by N4/τ):

dN3

τ
=

N4

τ
− N3

τ
(A.4)

Solving this equation by the same way than for the level (ν = 4), N03 is found:

N03 =
N04

1 + (ωτ)2
(1− iωτ) (A.5)

The same procedure is applied for the population of level 2 and 1:

N02 =
N03

1 + (ωτ)2
(1− iωτ) (A.6)

N01 =
N02

1 + (ωτ)2
(1− iωτ) (A.7)

CH4 in a N2-O2 mixture

For the case of CH4 in O2, the laser is excited to the 2ν3 and the correspond-
ing energy transfer occurs via the exchange of one ν4 quantum (see details in
section 5.7). This deexcitation is accompanied by a resonant excitation of the
first vibrational excited state of oxygen. As was already discussed in subsec-
tion 5.7.1, the entire energy that is stored in this level does not contribute to
the PA signal due to the long relaxation time of O2

∗(ν = 1) to deactivate to
the ground level.

The heat deposition rate of level i is obtained by considering the ways of
deactivation. In particular, the probability that the transfer occurs with one
of the colliding partner (in this case N2) has to be taken into account. For
instance, the heat deposition rate for level i is given by (see equation (2.41)):

Hi =
hcν̃4

τCH4−N2

N0iCN2

τ

τCH4−N2

(A.8)

where CN2 is the concentration of N2, τ is the relaxation time that includes
all possible paths to deactivate (through N2, via V-T transfer and through O2

via resonant V-V transfer):

τ−1 = CN2τ
−1
CH4−N2

(V − T ) + CO2τ
−1
CH4−O2

(V − V )

= τ−1
CH4−N2

+ CO2

(
τ−1
CH4−O2

− τ−1
CH4−N2

)
(A.9)

The term CN2τ/τCH4−N2 represents the probability that the transfer occurs
through N2 collisions.

The total heat deposition rate is given by:

Htot = H1 + H2 + H3 + H4 =

=
hcν̃4

τCH4−N2

CN2

τ

τCH4−N2

Nσφ0τ

[1 + (ωτ)2]4

×
[
4− 4 (ωτ)2 − i

(
10ωτ + 5 (ωτ)3 + 4 (ωτ)5 + (ωτ)7

)]
(A.10)

The phase of this expression is given by (it is considered that ωτ is small, so
that only the first order term contributes):

tanϕ = −5
2
ωτ (A.11)
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The factor 5/2 obtained for the phase is due to the multiple level deactivation.
For the first step (level 4 to level 3), the deactivation occurs through τ . For the
second step (level 3 to 2), the deactivation also occurs through τ , thus from
level 4 to level 2, the total relaxation time is the sum of the two. The same
procedure can be applied for the next levels, resulting in a total relaxation
time for level 4 to level 0 of 10 τ (1+2+3+4), so that the mean time measured
corresponds to 10/4, 4 being the number of levels.

HCl in a N2-He mixture

The case for HCl is similar to the one described above, concerning the multiple
level deactivation. In this case, only two levels participate to the deactivation
since the laser excited the second level of HCl. However, the deactivation
through N2 (V-V process) is not resonant, as it was the case for the CH4-O2

system.
HCl relaxes by two possible ways at each step:

• V-T transfer through helium with a probability of CHe
τ

τHCl−He

• V-V transfer through N2 with a probability of CN2
τ

τHCl−N2

where CHe and CN2 are the concentration of He and N2, respectively, and τ
is

τ−1 = CHeτ
−1
HCl−He(V − T ) + CN2τ

−1
HCl−N2

(V − T )

+CN2τ
−1
HCl−N2

(V − V ) (A.12)

The deactivation of HCl through N2 is probably mainly dominated by the
(V-V) process [1], so that the (V-T) transfer can be neglected:

τ−1 = CHeτ
−1
HCl−He(V − T ) + CN2τ

−1
HCl−N2

(V − V ) (A.13)

The heat production rate for level 2 and level 1 is given by:

H2 = N02

[
hcν̃HCl

τHCl−He
CHe

τ

τHCl−He
+

hc (ν̃HCl − ν̃N2)
τHCl−N2

CN2

τ

τHCl−N2

]

H1 = N01

[
hcν̃HCl

τHCl−He
CHe

τ

τHCl−He
+

hcν̃HCl

τHCl−N2

CN2

τ

τHCl−N2

]

(A.14)

The second term on the right-hand side of these equations represents the
energy that contributes to the PA signal, since the energy transfer to N2 is
not a resonant (V-V) transfer.

The total heat rate and the population of N01 and N02 are obtained by
the method explained above:

Htot =
Nσφ0hcτ2

[
1 + (ωτ)2

]2

[
ν̃HCl

τ2
HCl−He

CHe +
ν̃HCl − ν̃N2

τ2
HCl−N2

CN2

] [
2− i

(
3ωτ + (ωτ)3

)]

(A.15)
The phase is given by:

tanϕ = −3
2
ωτ (A.16)

which is consistent with the explanation given above.
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Nomenclature

List of symbols

α Absorption coefficient

αmn nth root of the equation involving the mth order Bessel function

β Vibrational relaxation time

βT Coefficient of thermal expansion

∆ωj Half-width of the acoustic resonance of mode j

∆ν̃V Voigt halfwidth (HWHM)

∆ν̃L Collision halfwidth (HWHM)

∆ν̃D Doppler halfwidth (HWHM)

∆ν̃nat Natural halfwidth (HWHM)

∆E Amount of energy between two transitions

ε Depth of potential well

η Coefficient of shear viscosity

ηb Coefficient of bulk viscosity (or volume viscosity)

γ Ratio of the specific heat at constant pressure to the specific
heat at constant volume

κT Isothermal compressibility

Λ Acoustic wavelength

µ Reduced mass of the colliding pair

ν Frequency of the lightwave

ω Angular modulation frequency

ωj Angular frequency of mode j

φ Photon flux

ρ0 Equilibrium value of density

ρa Density fluctuations
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σ Cross section of the molecules

σ0 Distance at zero energy

σm Symmetry factor of the molecule

σmax Maximum cross-section of the molecule

τ Relaxation time

τn Nonradiative relaxation time

τr Radiative relaxation time

τcoll Mean time between collisions

ν̃0 Line centre frequency

ν̃ Wavenumber

ν̃a Doppler frequency shift

ν̃i ith vibrational normal mode

ϕ Phase lag between the number density N ′ of the excited state
and the photon flux φ

ū Incident velocity

v̄ Receding velocity

a Beam radius

Ac Cross-section of the capillary (Helmholtz resonator)

Aj Pressure amplitude of mode j

Am Rotational frequency of the molecule

am Absorbance of the medium

Anm Einstein coefficient due to spontaneous emission

Bm Rotational frequency of the molecule

Bnm Einstein coefficient due to stimulated emission

C Concentration of the gas

c Speed of light in vacuum

Cj Cell constant of mode j

Cm Rotational frequency of the molecule

Cp Heat capacity at constant pressure

cs Speed of sound

Cv Heat capacity at constant volume
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di Degeneracy of the normal mode ν̃i

dη,j Thickness of the viscous boundary layer of mode j

dth,j Thickness of the thermal boundary layer of mode j

EJ Rotational energy

Ej Acoustic energy of mode j

Em Upper energy level

En Lower energy level

Eν Vibrational energy

g Broadening coefficient

g(ν̃) Absorption line shape

gD Gaussian distribution

gL Lorentzian distribution

gn Degeneracy of the lower state

gV Voigt distribution

gair Air-broadening coefficient

gself Self-broadening coefficient

H Heat production rate (by volume and unit time)

h Planck’s constant

I Transmitted light intensity

I0 Incident light intensity

Ij Overlap integral of mode j

J Rotational quantum number

Jm Bessel function of the first kind

K Thermal conductivity

k Boltzmann constant

L Length of a cylindrical cavity

l Length of the absorbing media

Leff Effective length of the cylindrical cavity

M Molar mass

m Molecular mass

N Gas density
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n Temperature coefficient

N ′ Gas density of the excited state

NL Loschmidt number

nm Number of molecules in unit volume

Nn Population in the lower quantum state

Ntot Total density of molecules

p Pressure fluctuations

P0 Average optical power, steric factor in SSH theory

p0 Equilibrium value of pressure

pj Normalisation coefficient of mode j

pj(rrr, ω) Pressure distribution of mode j

Pij Probability of transition from state i to state j in a collision

P
i−j(a)
k−l(b) Probability of simultaneous transitions, i− j and k − l

pself Partial pressure

Q Quality factor

QJ Rotational partition function

Qn Nuclear partition function

Qν Vibrational partition function

Qint Total internal partition function

R Perfect gas constant

Rc Radius of a cylindrical cavity

rm Intermolecular distance

rt Separation at classical turning point

Rnm Matrix element of the dipolar moment

S Linestrength

T Temperature

T0 Equilibrium value of temperature

Ta Temperature fluctuations

Tref Reference temperature

V Intermolecular energy potential

V ′ Effective volume (Helmholtz resonator)
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va Velocity of the molecule

Vc Volume of the cell

Ym Bessel function of the second kind

Z Number of collisions per second

vlvlvl Longitudinal component of vvv

vtvtvt Transverse component of vvv

vvv Particle velocity vector

List of acronyms

CWDM Coarse wavelength division multiplexing

DFB Distributed feedback

EDFA Erbium-doped fibre amplifier

FTIR Fourier transform infrared spectroscopy

FWHM Full-width at half-maximum

HWHM Half-width at half-maximum

IM Intensity modulation

ITU International Telecommunication Union

IVC Individually ventilated cages

MCVD Modified chemical vapour deposition

MFC Mass-flow controllers

MIR Mid infrared

NIR Near infrared

OPO Optical parametric oscillator

PA Photoacoustic

PAS Photoacoustic spectroscopy

PNNL Pacific Northwest National Laboratory

ppb Part-per-billion

PPLN Periodically poled lithium niobate

ppm Part-per-million

QCL Quantum cascade lasers

QEPAS Quartz-enhanced photoacoustic spectroscopy

sccm Standard cubic centimetre per minute
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SMSR Side-mode suppression ration

SNR Signal-to-noise ratio

SSH Schwartz, Slawsky, Herzfeld

TGA Trace Gas Analyser

WM Wavelength modulation

ZWPF Zero-water-peak fibre
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