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Chapter

1

Introduction
Gas sensing, as a counterpart of the human sense of smell, finds wide applications
beyond the alternative of Olfaction. These include environmental monitoring (e.g. air
quality monitoring [1], dissolved carbon dioxide and methane monitoring [2–5]), industrial
process control (e.g. acetylene impurity monitoring in a hydrogenation reactor [6, 7]),
biological studies (e.g. human breath analysis for health monitoring [8–12], study of
anaerobic processes in insects [13], plant emission monitoring [13–15], and study of fungus
communication [16–18]), to name but a few.
Various established techniques can be applied for gas sensing, and can be categorized
by factors such as cost, operational complexity, sensitivity, selectivity and instrument size.
Electrochemical gas sensing is by far the most widely used technique for safety and process
control in industry, mainly owing to the low cost, portable instrument size and ease of
use [19,20]. In terms of gas detection performance, even though in some niche applications
electrochemical sensors offer spatial resolution and response time that other techniques
can not compete with [21], electrochemical sensors in general offer low gas sensitivity
(detection limit of above 100 part per million by volume) and suffer from poor selectivity
and long term instability [22]. Advanced techniques like mass spectroscopy [23–25] and
gas chromatography [26–28], on the other hand, offer better gas detection sensitivity
(down to 1 part per billion by volume [14]), in combination with selectivity and long term
stability that are sufficient for most applications. However, due to the high cost, complex
operational procedure, and large instrument size involved, these techniques are mainly
applied in dedicated laboratories.
Absorption spectroscopy is another major group of gas sensing techniques that are
applied mainly in laboratories [29] (except some specific applications like CO2 detection
with NDIR [30]). It distinguishes and quantifies gas components by their unique radiation
absorption spectrum, which leads to high selectivity. Since the signal strength in most
absorption spectroscopy techniques is dependent on the optical path length, common
absorption spectroscopy instruments either rely on a long gas cell length (in direct absorption spectroscopy) [29] or high finesse optical cavities (in cavity-enhanced absorption
spectroscopy and cavity ring down spectroscopy) [31, 32] to reach the desired sensitivity.
As a small branch of absorption spectroscopy techniques, photoacoustic spectroscopy
stands out owing to its path length independent sensitivity and simple optical alignment
requirement. Commercial photoacoustic gas analysers, based on this old technique first
discovered by Alexander Graham Bell in 1880, are already playing roles in fields such as
room air quality monitoring and industrial leak testing [33–35]. Because the detection
limit of photoacoustic spectroscopy scales in principle, favourably with miniaturization,
7
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researchers are still investigating further miniaturization techniques of photoacoustic gas
analysers to extend their applications and hopefully to catch up with electrochemical
sensors in terms of the extent of adoption [36–42].
This thesis reports the study of a miniaturization approach where, instead of the whole
gas analyser, only the essential parts for the gas detection miniaturized, and connected to
other parts of the system through solely optical fibres. Such an approach largely reduced
the space required at the gas detection site, and enabled a number of potential applications
that other photoacoustic gas analysers are incapable of. Aligned with this approach, the
thesis is organized in following chapters:
Chapter 2 introduces the theoretical background of photoacoustic gas spectroscopy,
which serves as a theoretical justification of the miniaturization effort in the field of
photoacoustic gas spectroscopy. The chapter also includes a detailed description of the
interference readout argorithm that enables the optical fiber coupling of photoacoustic gas
sensors.
Chapter 3 demonstrates a proof of concept of a photoacoustic gas analyser based on
a miniaturized all-optical detecting sensor. The analyser has a sensor with a cell volume
of less than 6 µL and reaches a minimum detectable concentration of 15 ppb for C2H2
detection.
Chapter 4 presents an improved version of the sensor design described in chapter 2.
The new sensor is self-contained in a 2.4 mm diameter tube connected to the other parts of
the analyser through optical fibres from one direction. The background signal, which was
underestimated in the first prototype, is eliminated with this new design. Sampling-free
yeast fermentation process monitoring in a mini fermenter is further demonstrated with
this sensor.
Chapter 5 reports the development of the first immersion photoacoustic spectrometer
for arcing fault detection in power transformers. The sensor described in chapter 3 is
modified so that it can be directly immersed in transformer oil to measure dissolved C2H2,
with sensitivity and linearity sufficient for arcing fault detection. Moreover, its fast response
time holds great promise for extra-early power transformer fault diagnosis.
Chapter 6 introduces a fully coupled finite element model for frequency response
simulation of cantilever-based photoacoustic gas sensors, as an effort to further support
the development of miniaturized photoacoustic gas sensors. The model covers the whole
photoacoustic process from radiation absorption to pressure transducer vibration, and
considers viscous damping loss. After validation with experimental data, the model is
applied to evaluate the possibility of further optimization and miniaturization of the sensor
design described in chapter 4.
Chapter 7 presents a comparison between piezoelectric and interferometric readouts of
transducer vibration in quartz-enhanced photoacoustic spectroscopy, which is arguably the
most studied direction in photoacoustic spectroscopy for trace gas detection. Comparison
of the signal to noise ratio with both readouts on two tuning fork designs are given. The
key factors influencing the performance of interferometric and piezoelectric readouts are
determined.
Chapter 8 introduces a novel fiber coupled photoacoustic gas sensor concept, where
a single fiber coil is used as the sensing element and a fiber optic strain interferometer is
applied for signal measurement. Preliminary experiments are presented to estimate the
sensor sensitivity and to demonstrate the potential of semi-distributed gas sensing.
8

Chapter 9 offers a discussion of the limitations of this study, and some suggestions
for future development.
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2

Theoretical background
2.1
2.1.1

Principle of photoacoustic spectroscopy
Absorption of radiation by gas molecules

According to quantum mechanics, atoms of a gas molecule are in constant periodic motion
relative to each other. A molecule can vibrate in many ways, and each way is called
a vibrational state. At room temperature, most molecules are vibrating at the ground
state, which is the lowest energy state [43]. As shown in Figure. 2.1, when a light beam
interacts with gas molecules, the photons in the beam can be absorbed when the energy
of the photons matches the energy difference between one excited state and the ground
state of the molecules. Because the excited state is energetically higher and unstable,
the excited molecules tend to lose energy through radiation processes and/or collisions
with surrounding molecules. In the case of vibrational excitation, radiative emission does
not play an important role, because the radiative lifetimes of vibrational levels are long
compared with the time needed for collisional deactivation at the pressure conditions
relevant for this work [44]. Thus, in practice the absorbed photon energy is completely
released as heat.

2.1.2

Absorption spectroscopy

The intensity of incident and transmitted light beams through a gas slab follows the
Beer-Lambert Law:
It (ν) = I0 (ν)e−α(ν)L
(2.1)
where I0 (ν) and It (ν) are the incident and transmitted light intensities at optical frequency
ν. α(ν) (cm-1 ) is the absorption coefficient, which relates to the percentage of photons
absorbed by unit length of the gas slab at optical frequency ν. L (cm) is the optical path
length through the gas sample. Under weak absorption condition, equation 2.1 can be
simplified to It (ν) = I0 (1 − α(ν))L.
In reality, molecules do not only absorb photons with distinct optical frequency, but
with a spectrum of frequencies around explicit absorption lines. If multiple absorption lines
are located close to each other, the gas molecules can be excited to multiple energy states
at the same time, which appears as an overlap of the absorption spectrum. For a uniform
gas sample containing a single absorbing gas, α(ν) can be related to the gas properties
11

2

Theoretical background

Incident

Transmitted

Absorption

Excitation

Photon
𝐸 = ℎν

Molecule

Collisional
relaxation

Heat

Figure 2.1: Process of radiation absorption of gas molecules

Absorber cell

Microphone

Laser source
Modulator

Signal
processing

Figure 2.2: Typical photoacoustic setup

using [45]:
α(ν) = nχ

X

Strj (T )φj (ν, T, P, χ)

(2.2)

j

where n (molecule/cm3 ) is the number density of the gas molecules (calculated using
the ideal gas law), χ is the mole fraction of the absorbing species or the target gas
concentration. Strj (T ) (cm/molecule) is the linestrength of energy state transition j
at temperature T (K). φj (cm) is the transition lineshape function. P (atm) is the gas
pressure. j here considers the overlap of multiple broaden absorption lines at a given
optical frequency ν. Since Strj (T ) and φj (ν, T, P, χ) at certain ν are inherent properties
of gas molecules, one can calculate the absorbing gas concentration by measuring the
incident and transmitted light intensities through a gas sample with known optical path
length, temperature and pressure. This is how direct absorption spectroscopy is applied.
By increasing the optical path length L, one can increase the sensitivity of an absorption
gas spectrometer.
12
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2.1.3

Photoacoustic spectroscopy

Distinguished from direct absorption spectroscopy, photoacoustic spectroscopy utilizes
the heat generated during radiation absorption for gas detection. Figure. 2.2 shows a
typical photoacoustic setup, which consists of a laser source, a modulator, an absorber
cell, and a microphone. For gas detection, the absorber cell is filled with the sample gas
to be measured. The laser beam from the source is sent into the absorber cell. If the laser
is tuned to proper absorption line of the target molecules, part of the target molecules
will be excited and produce heat through collisional relaxation. When the laser beam is
modulated either by intensity or wavelength at frequency W < 1/T , where T is the mean
relaxation time of the excited molecules, the gas sample will be periodically heated, which
leads to periodic pressure variations in the absorber cell when it is properly sealed. The
output signal of the microphone is proportional to the acoustic pressure in the cell, which
is related to the target molecule concentration in the sample. During signal processing,
a lock-in amplifier is generally used to extract the signal amplitude at the modulation
frequency from the output signal. In the case of wavelength modulation, because the laser
wavelength passes the absorption line twice in each modulation cycle, the pressure wave
frequency is double of the modulation frequency. Therefore, second harmonic detection is
applied with the modulation frequency as reference frequency in the lock-in amplifier.
The laws of fluid mechanics and thermodynamics can be used to model the pressure
wave generation in the gas cell. The governing physical equations are the conservation
laws for energy, momentum, and mass, together with the thermodynamic equation of state.
Assuming no viscous losses, by combining all these equations, a linear wave equation about
the acoustic pressure can be derived [44]:
∂t2 p(r, t) − c2 ∇2 p(r, t) = (σ − 1)∂t H(r, t)

(2.3)

where c, σ, r and H are the sound velocity, the adiabatic coefficient of the gas, the position
vector, and the heat density deposited in the gas sample by light absorption, respectively.
This wave equation has two independent solutions: one heavily damped thermal wave
and one weakly damped propagating acoustic wave. The solution corresponding to the
acoustic wave, which is relevant for photoacoustic spectroscopy, can be derived as [44, 46]:
p(w) =

(σ − 1)αLWL 1
(
+ M)
V
iw

(2.4)

where α is the absorption coefficient, L is the optical path length, WL is the excitation
laser power, V is the cell volume, and w is the radial frequency of the modulation. i
is the imaginary unit that indicates a phase shift between the acoustic wave and the
excitation laser modulation. M is a factor related to cell eigenmodes, which can be ignored
when the cell is working at non-resonance mode (when the modulation frequency is much
smaller than the lowest cell eigenfrequency). We can see from equation 2.4 that the
photoacoustic pressure wave amplitude scales inversely with the effective cross section area
of the absorber cell ( VL ). This is the theoretical evidence that justifies the miniaturization
effort in the field of photoacoustic spectroscopy.
Note that equation 2.4 is only valid under following assumptions:



The gas cell is closed
13
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The influence of the microphone to the acoustic wave is ignored
Viscous damping loss on solid surfaces in the cell is ignored

In chapter 5, a finite element model is proposed to simulate the photoacoustic signal
when the assumptions listed above are violated.

2.2

Interferometric readout

Practically, several miniaturization techniques have already been explored on photoacoustic
spectroscopy. With the help of advanced manufacturing techniques such as 3D printing
and micro-fabrication, photoacoustic sensors integrated with small and complex gas cells
and commercial MEMS microphones have been reported [41, 42, 47], which are based on a
similar principle as shown in Figure 2.2. Another most studied technique demonstrating
great miniaturization potential is the so called quartz enhanced photoacoustic spectroscopy
(QEPAS), where tiny high quality factor quartz tuning forks are used to replace traditional microphones, and act as both the pressure transducer and the gas cell [36]. The
photoacoustic sensor in a QEPAS system could in principle be minimized to the size of
the tuning fork. However, to perform gas detection, those small photoacoustic sensors
mostly require coupling of a separate excitation laser, connection to an electrical signal
amplification circuit, and/or connection to a gas sampling system, which makes the space
required for the measurements much larger than the sensor itself. Alternative techniques
are emerging to fabricate miniaturized photoacoustic gas sensors that could work as long
as a power source is provided, by full integration of the excitation laser, the photoacoustic
cell and the microphone in a single silicon chip [48]. Such lab-on-a-chip approaches would
be disruptive once becoming economically sound.
This thesis focuses on the development of a photoacoustic gas sensing technique where
a small photoacoustic sensor is coupled to both the excitation laser and an interferometric
readout system through optical fibres. Such a ”fiber tip” sensor can function well inside
a small space, in liquid or under high electromagnetic fields, with the relatively bulky
excitation laser and readout system located far away from the measurement scene, as will
be demonstrated in Chapter 4 and 5. The interferometric readout technique applied is
crucial, and will be detailed here below.
To transmit the photoacoustic signal through an optical fiber, a fiber-optic microphone
design is used in this work, where the vibration of the pressure transducer is read out
through a fiber coupled Fabry-Perot interferometer, as presented in figure 2.3.
A laser beam emitted from the readout laser is transmitted through a 90/10 coupler
to the readout fiber. We consider the interference between two reflecting light waves:
One from the readout fiber tip to air interface (E1 ), and the other reflected from the
air-transducer interface then transmitted back into the fiber (E2 ). Their electric fields can
be described by the general expressions:

14

E1 = E01 ei(ϕ1 (r)−wt)

(2.5)

E2 = E02 ei(ϕ2 (r)−wt)

(2.6)

2.2

Interferometric readout

90/10 coupler

Transducer

g

Readout laser

Photo-detector

E2

Interferometer

Readout fiber

E1

E0

Figure 2.3: Working principle of the fiber-optic microphone. The transducer can be many forms
dependent on applications. Here it is generalized as an one end anchored cantilever beam, which
can be ”pushed” to vibrate by photoacoustic pressure wave.

where E01 , E02 are the electric field amplitudes, ϕ1 (r), ϕ2 (r) are the phases at position r,
and w represents the angular frequency of the waves. When these two waves interfere,
their electric fields are summed. The resulting electric field therefore become:
E = E1 + E2 = (E01 eiϕ1 (r) + E02 eiϕ2 (r) )e−iwt

(2.7)

To detect this electric field we use a photodetector, which measures the intensity of the
reflected light beam:
Z
2
2
I = EE ∗ dt = E01
+ E02
+ E01 E02 (ei(ϕ1 (r)−ϕ2 (r)) + ei(ϕ2 (r)−ϕ1 (r)) )
(2.8)
from which we can rewrite in terms of the intensity of the two separate reflecting beams:
p
I = I1 + I2 + 2 I1 I2 cos(ϕ1 (r) − ϕ2 (r))
(2.9)
The optical path difference of two reflecting beams is two times the distance between
the transducer and the readout fiber tip (2g). Hence, the phase difference ϕ1 (r) − ϕ2 (r)
is 2π
λ 2g (assuming a refractive index of 1), and the interference light intensity can be
rewritten as:
p
4πg
I = I1 + I2 + 2 I1 I2 cos(
)
(2.10)
λ
The interference signal, which is the voltage output of the photo detector, can be described
as:
Sig = kI + b
(2.11)
where factors k and b are related to the photoelectric and amplifier properties of the
photodetector.
From equation 2.10, we can see that the interference signal Sig will vary in a sinusoidal
fashion when sweeping either the gap size g or laser wavelength λ. In practice, a quadrature
scan procedure (where the laser wavelength is swept in steps, while the wavelength and
15

2

Theoretical background

𝜆𝑚𝑎𝑥

A

𝜆𝑚𝑖𝑛

Figure 2.4: Typical quadrature scan data

corresponding interference signal are recorded) is normally carried out as shown in figure
2.4 to estimate the gap size and to find out the maximum sensitivity operation point of
the interferometer.
When the laser wavelength is fixed, the interferometer signal sensitivity over gap size
change can be written as:
Sengap = |

p
4πg 4π
d(Sig)
| = | − 2k I1 I2 sin(
) |
d(g)
λ λ

(2.12)

Similarly, while gap size is fixed, the sensitivity to wavelength change can be written as:
Senλ = |

p
d(Sig)
4πg −4πg
| = | − 2k I1 I2 sin(
)( 2 )|
d(λ)
λ
λ

(2.13)

which leads to:

λ
Senλ
(2.14)
g
Since the Senλ can be calculated from the quadrature scan data by taking the derivative
at any given data point, equation 2.14 shows that we can also calculate the Sengap
from the quadrature scan data, as long as g is known. Furthermore, to reach maximum
Sengap , we need to choose the laser wavelength so that λSenλ is maximum. Since
the wavelength sweep range (δλ) is much smaller than the wavelength λ generally, the
interferometer sensitivity Sengap reach maximum when Senλ is maximum, which is the
so-called quadrature point as indicated in figure 2.4 as point A. Assuming the quadrature
point is the nth data point in the quadrature scan, we have:
Sengap =

Senλ = |

Sign+1 − Sign−1
|
λn+1 − λn−1

(2.15)

To estimate the gap size g, the adjacent maximum λmax and minimum λmin points around
the quadrature point are found, and then following equation is used:
4πg|

16

1
1
−
|=π
λmax
λmin

(2.16)

2.2

Interferometric readout

When the laser wavelength is set at the quadrature point, one can calculate the
interferometer sensitivity Sengap in the unit of V /nm with equations 2.14, 2.15 and
2.16. In the case of photoacoustic spectroscopy, what is important to measure is not the
gap size, but the gap size variation amplitude, in other words, the transducer vibration
4πAmpg
<< π2 (for
amplitude (Ampg ) induced by photoacoustic pressure wave. When
λ
the interferometer used in this thesis, this means Ampg << 190 nm, which is valid for
general trace gas detection), the interferometer signal oscillation amplitude AmpSig is
approximately linear to the vibration amplitude, and can be written as:
AmpSig = Sengap Ampg =

λ
λ Sign+1 − Sign−1
Senλ Ampg =
Ampg
g
g λn+1 − λn−1

(2.17)

With the use of a lock in amplifier, one can measure the interferometer signal oscillation
amplitude at the second harmonic of the excitation laser wavelength modulation frequency.
Throughout this thesis, the wavelength modulation frequency is set to half the lowest
flexural mode frequency (referred as resonance frequency) of the pressure transducers
to take advantage of the mechanical resonance for signal amplification. According to
the solution of forced oscillation motion equation as detailed in [49], we can relate the
equation 2.4 and 2.17 by:
pw S
Ampg =
(2.18)
Γmw0
where S, m, w0 are the effective area, effective mass, and radical resonance frequency of
the transducer respectively. Γ is called resonance width (full width at half-maximum of the
power curve), which is a frictional term with a unit of 1/s. Hence, combining equations
2.2, 2.4, 2.17, and 2.18, we reach an equation that connects the target gas concentration
(χ) with the photoacoustic signal (Ampsig ):
Ampsig = (

X
(σ − 1)SL
Sign+1 − Sign−1
)(W
)(n
Strj (T )φj (ν, T, P, χ))χ
)(λ
L
Γmw02 gV
λn+1 − λn−1
j

(2.19)
Each part of the right side of equation 2.19 in front of the gas concentration relates to
the sensor design, the property of the interferometer, the excitation laser, and the target
gas radiation absorption properties respectively. Note that to properly relate the target
gas concentration to the photoacoustic signal, the following assumptions need to be valid:







Weak radiation absorption
No consideration of viscous and thermal damping
The cell is closed, works in non-resonance mode
The microphone transducer can be regarded as a rigid wall of the cell
The interferometer works close to the quadrature point, where sensitivity is constant

Equation 2.19 can act as an useful guideline for the initial selection of cell parameters,
transducer resonance frequency, excitation laser, etc. However, as will be shown in the
following chapters, these conditions are difficult to meet fully when developing miniaturized
photoacoustic gas sensors. A finite element model as proposed in chapter 6 is then
recommended for further design optimization.
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Chapter

3

Demonstration of a highly sensitive
photoacoustic spectrometer based on
a miniaturized all-optical detecting
sensor
We report on the development of a highly sensitive photoacoustic (PA) spectrometer based
on a miniaturized all-optical detecting sensor. The sensor has a cell volume of less than
6 µL and relies on a cantilever-based acoustic transducer, which is equipped with an optical
fiber interferometric readout. The spectrometer reaches a noise equivalent concentration
of 15 ppb (300 ms time constant) for acetylene detection using a 23 mW excitation
laser source, which corresponds to a normalized noise equivalent absorption coefficient
of 7.7 × 10−10 W cm−1 Hz−1/2 . The performance offered by this PA spectrometer is
thus comparable to those reported for bulkier PA analyzers. Furthermore, because both
the excitation and detection signals are brought to the PA cell via optical fibers, our
spectrometer can be used in harsh environments, where electronic devices are prone to
failure, and it is specially suitable for multiplexed remote detection applications. We believe
that our study paves the way for the development of PA spectrometers that allow in-situ
gas detection in space-limited circumstances.

This chapter is based on: Zhou, Sheng, Martin Slaman, and Davide Iannuzzi. ”Demonstration of a highly
sensitive photoacoustic spectrometer based on a miniaturized all-optical detecting sensor.” Optics express
25.15 (2017): 17541-17548.
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3.1

Introduction

Photoacoustic spectroscopy (PAS) is a widely used technique for trace gas measurements,
as it offers fast and sensitive detection via a background free absorption phenomenon [50].
A modulated excitation laser beam, tuned to one of the rotational-vibrational transitions
of the targeted molecules, brings the targeted molecules to an excited state. The excited
molecules then go back to the ground state via a non-radiative transition that causes a
periodic heating of the immediate surroundings. This local heating triggers a periodic
thermal expansion, which, in turn, gives rise to a pressure wave. Measuring the amplitude of
the pressure wave via an acoustic transducer, one can quantitatively assess the concentration
of the targeted gas in a sample [51].
Traditional photoacoustic (PA) gas analyzers mostly rely on rather bulky setups that
require a large sample gas volume and are not suitable for space-limited gas detection
applications [52]. It is thus not surprising that a significant part of literature has been
focusing on the design of miniaturized PA sensors that could offer better portability and
local detection capability without compromising the detection sensitivity [39, 53, 54]. It
was for instance showed that, using quartz tuning forks as acoustic transducers [36, 55–58],
one can achieve gas detection sensitivity at the ppt level while reducing the measurement
volume to a few cubic centimeters [59]. Several miniaturized PA sensors with various
cell structures, using commercial microphones as the acoustic transducer, were also
proposed [37–42, 60, 61]. Despite the small sensor dimensions achieved, most of those
sensors cannot work independently in small space. Rather, bulky gas sampling systems
and complex optical alignment are generally necessary for their proper operation. To solve
this problem, in 2013, Cao et a. introduced a novel millimeter scale PA sensor that is
equipped with a fiber-based optomechanical microphone. Using this sensor, the authors
were able to develop a PA spectrometer reaching a noise equivalent concentration (NEC)
of 4.3 ppm and with great in-situ gas detection potential [62]. On the basis of a similar
design, Gruca et al. lowered the sensitivity to a NEC of 330 ppb [63], which is the lowest
sensitivity reported to date at this sensor scale. However, this limit is still far from that
offered by traditional PA gas analyzers [64, 65].
In this paper, we present another PA spectrometer based on a new all-optical detecting
sensor. We show that the spectrometer, which has a total sensor dimension of around
4 mm × 5 mm × 30 mm, offers a NEC as low as 15 ppb, corresponding to a normalized
noise equivalent absorption coefficient (NNEA) of 7.7 × 10−10 W cm−1 Hz−1/2 . To our
best knowledge, such a high sensitivity has not been reported before with PA sensors at
this scale.

3.2
3.2.1

Experimental Details
Photoacoustic Sensor Design

Figure. 1 shows a 3D-sketch of the PA sensor. An optical fiber brings a modulated
excitation laser beam into a miniaturized PA cell, which contains the gas that has to be
analyzed. The acoustic wave generated by the PA excitation reaches the end of the cell,
where it impinges on a micromirror that is attached to the free hanging end of a cantilever
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beam. Another optical fiber, aligned with the micromirror, finally allows one to detect the
deflection of the cantilever, induced by the acoustic wave, via optical fiber interferometry.
Such cantilever design aims at reducing viscous drag losses [66] that traditional cantilevers
(like those used in cantilever enhanced PAS [67, 68]), which have larger drag area, would
suffer from.
For the device presented in this paper, the PA cell was made from a capillary tube (inner
diameter = 0.6 mm; outer diameter = 1 mm). Both ends were first stretched by a pipette
puller (Narishige PC-100) and then cut and polished to proper size. The excitation fiber
was inserted into one end of the PA cell and then sealed around. The distance between
the cleaved end of the excitation fiber and the other end of the PA cell was around 20
mm, leading to a cell volume of less than 6 µL. The inner diameter of the gas outlet was
266 µm, while the gap between the micromirror (300 µm × 300 µm × 30 µm) and the gas
outlet was around 30 µm. The cell outlet inner diameter was chosen to be fully covered by
the micro-mirror. Other cell dimensions were chosen as the best compromise between ease
of fabrication and miniaturization requirements. The cantilever beam was obtained by
first tapering and then laser cutting a single mode optical fiber, resulting in final diameter
of the beam at the anchoring point and at the free hanging end of 27 µm and 14 µm,
respectively, over a length of 2 mm (including the length of the micromirror). The micro
mirror was cut from a borosilicate glass ribbon, which was coated with a Cr and Au layer
to increase reflectivity. The resonance frequency (RF) of the cantilever at atmosphere
pressure is around 1196 Hz. The two stages used to assemble the probe (Stage 1 and
Stage 2 in the figure) were made from 3 mm × 3 mm × 7 mm borosilicate glass ferrules
and were machined by means of a diamond wire cutter. All the different parts were further
aligned and glued to a glass slide (Stage 3).

Figure 3.1: Sketch of the PA sensor. Insets: Enlarged sketch and microscopic views of the micro
mirror alignment against the PA cell outlet and the readout fiber. All drawings are to scale.
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3.2.2

Experimental Setup

Figure. 2 shows the experimental setup used to evaluate the performance of the PA sensor
(see also [63]). Gas mixtures with various C2H2 concentration were obtained by mixing
a standard source gas (2% C2H2) with N2 (5N) at different flow rates controlled by two
mass flow controllers (Bronkhorst EL-FLOW, respectively 2-100 ml/min and 40-2000
ml/min). A 23 mW c-band semiconductor laser (Oclaro, TL5000VCJ) was used as the
excitation laser. Wavelength modulation of the excitation laser was realized by modulating
the laser phase current with an external current source (Thorlabs, LDC 202 C). The
current source was driven by the internal signal generator of a lock-in amplifier (SRS,
SR865). Throughout all experiments reported in this paper, the modulation frequency was
fixed to half RF of the cantilever measured under atmosphere pressure. The peak-to-peak
modulation amplitude was set to 0.27 cm−1 . The vibration of the cantilever induced by
the PA signal was detected by an interferometer coupled through the readout fiber aligned
with the micromirror. To detect the vibration amplitude of the cantilever, the output
of the interferometer was then fed into the lock-in amplifier, which was locked to the
second harmonic of the current source modulation frequency (corresponding to the RF
of the cantilever). Two type of laser interferometers were used in our experiments. A
low noise level interferometer (OP1550 V1, Optics11, [69]), whose working principle has
been described in detail in our previous work [70–72], was used to measure the sensitivity
of the PA spectrometer.Because for high gas concentrations, the PA signal goes beyond
the linear range of the OP1550 V1, to investigate the linearity of the instrument we used
another interferometer (OP1550 V3, Optics11), which is equipped with a fast detuning
technique that guarantees a linear output up to µm scale cantilever deflection [73].

Figure 3.2: A schematic view of the experimental setup.
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To evaluate the sensitivity of the PA spectrometer, we filled the chamber with a 100
ppm C2H2 gas mixture. The gas pressure was set to 430 mbar, which we found to be
the pressure at which our sensor provides the highest PA signal. The wavelength of the
excitation laser was sinusoidally modulated and simultaneously scanned across the P(9)
absorption line of C2H2. Fig. 3 shows the lock-in output signal as a function of central
wavelength of the excitation laser. Data points were taken with a phase current step size
of 0.02 mA, which is close to the accuracy limit of the current source we used. Waiting
time between two adjacent points was 1 s. The lock-in time constant was set to 300 ms.
The peak-to-peak signal amplitude in Fig. 3 is around 124.7 mV.
To estimate the noise, the excitation laser central wavelength was tuned to 1530.53
nm, where PA signal is relatively small within the tunable range of the excitation laser
used. The lock-in output signal was then sampled at a rate of 1 sample per second for
200 seconds, as shown in the inset of Fig. 3. The waiting time between two adjacent data
points is 1 s. Each scan is made out of 36 points and is preceded by a 6 s long pause
that is needed to allow the system to stabilize. The laser tuning time is in the sub-second
regime, and is thus negligible in the calculation of the scan duration, which is therefore
approximately equal to 42 s. From this set of data, we can conclude that the standard
deviation of the noise sample (1σ) is equal to 1.823 × 10−5 V, which, combined with the
the peak-to-peak signal data collected, leads to a signal-to-noise ratio (SNR) of 6840
and a NEC of 15 ppb. For higher gas pressure, one expects a deterioration of the sensor
performance. Indeed, for pressure equal to 970 mbar, we observed a NEC of 23 ppb.
For the sake of completeness, it is also worth calculating the NNEA, which normalizes
the sensitivity performance of an instrument over the excitation laser power and the
absorption line strength. Following [74], one finds:
N N EA =

αP
√
SN R ∆f

(3.1)

where, α is the absorption coefficient which can be calculated according to the HITRAN
database [75, 76], P is the excitation laser power, and ∆f is the detection bandwidth
(which, for Gaussian noise, is the equivalent noise bandwidth (ENBW) of the lock-in
amplifier [77, 78]). Using the parameters listed in table 1, one can conclude that our PA
sensor reached a NNEA of 7.7 × 10−10 Wcm−1 Hz−1/2 .
As a reference, the same set of measurements was performed by means of a commercial
PA gas analyzer (PA201, Gasera, [79,80]) under the same conditions of C2H2 concentration,
pressure, temperature, and excitation laser source. The commercial instrument was able
to reach a NNEA of 2.5 × 10−10 Wcm−1 Hz−1/2 . We can conclude that bulkier traditional
PA analyzer can offer a NNEA that is only a factor of 3 better than what we can achieve
with our miniaturized PA sensor for in-situ applications.
To evaluate the linearity of the PA sensor, gas mixtures of various C2H2 concentrations
were filled into the gas chamber. Fig. 4 shows the peak-to-peak signal amplitude
obtained with wavelength scan experiments similar to those described above, under C2H2
concentrations ranging from 50 ppm to 5000 ppm. All measurements were performed at
around 970 mbar. The product-momentum coefficient squared of the linear fit showed in
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Figure 3.3: Lock-in output signal as a function of central wavelength of excitation laser. Inset:
Noise sample collected when the excitation laser wavelength was tuned away from the P(9)
absorption line.

Table 3.1: Parameters used for NNEA calculation

Parameters
Excitation laser power (mW)
Time constant (s)
ENBW (Hz)
Gas pressure (mbar)
Temperature (K)
Absorption coefficient (cm−1 )
SNR

Value
23
0.3
0.26
430
296
1.165 × 10−4
6840

the figure (R2 = 0.9997) proves that the data are strongly linearly correlated throughout
the entire concentration range explored.
The inset of Fig. 4 further shows the results obtained under C2H2 concentrations
ranging from 50 ppm up to 1.988 × 104 ppm (in log-log scale). It is evident that our PAS
can provide a large dynamic range [78].
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Figure 3.4: Peak-to-peak signal amplitude as a function of gas concentration for concentrations
that go from 50 ppm to 5000 ppm. Inset: peak-to-peal signal amplitude, in log-log scale, over a
much larger concentration range.

3.4

Conclusion and Discussion

We have reported on the development of a highly sensitive PA spectrometer based on
a miniaturized all-optical detecting sensor. Using a 23 mW c-band semiconductor laser
as the excitation light source, we were able to achieve a NEC of 15 ppb (300 ms time
constant) for Acetylene detection at 430 mbar gas pressure and room temperature, which
corresponds to a NNEA of 7.7 × 10−10 W cm−1 Hz−1/2 . To our best knowledge, such a
high sensitivity has not been reported before with PA sensors at this scale, and it is getting
close to that reached by one of the most sensitive PA gas analyzers in the market, despite
much smaller PA sensor size.
The experimental results proved that highly sensitive gas detection with ultra-small
cell volume is possible by utilizing the proposed tapered fiber cantilever as the acoustic
transducer for PA signal detection. Furthermore, because of its all-optical design, our
sensor is electromagnetic noise resistant and is specially suitable for multiplexed remote
detection applications. Potential applications may range from leak detection in industrial
settings [81] to real-time volatile emission detection on plants [82].
The sensitivity performance of the PA sensor could be further enhanced by adapting
other excitation sources that cover stronger absorption lines of the target gases into the
system, by optimizing the PA cell dimensions, and by applying reflective layer coating on
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the cell inner wall. Portability of the miniaturized PA sensor could be greatly improved by
mounting the readout fiber and the cell at the same side relative to the micromirror. Further
studies on the stability of the performance and on the influence of external vibrations on
the detection mechanisms are needed to offer a more comprehensive evaluation of the PA
sensor developed.
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A Fiber-tip Photoacoustic Sensor for
In-situ Trace Gas Detection
Most trace gas detection methods developed so far largely rely on active sampling procedures, which are known to introduce different kinds of artifacts. Here, we demonstrate
sampling-free in-situ trace gas detection in millimeter scale volumes with fiber coupled
cantilever enhanced photoacoustic spectroscopy. Our 2.4 mm diameter fiber-tip sensor is
free from wavelength modulation induced background signal (a phenomenon that is often
overlooked in photoacoustic spectroscopy), and reaches a normalized noise equivalent absorption coefficient of 1.3 × 10−9 W cm−1 Hz−1/2 for acetylene detection. To validate its
in-situ gas detection capability, we inserted the sensor into a mini fermenter for headspace
monitoring of CO2 production during yeast fermentation. Our results show that the sensor
can easily follow the different stages of the CO2 production of the fermentation process in
great detail.

This chapter is based on: Zhou, Sheng, and Davide Iannuzzi. ”A fiber-tip photoacoustic sensor for in situ
trace gas detection.” Review of Scientific Instruments 90.2 (2019): 023102.
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4.1

Introduction

Trace gas detection is important for many scientific and industrial purposes. Yet, the
majority of trace gas detection methods developed so far largely depend on active sampling
procedures in which the target gases have to be pumped [83] or carried [14] to a measurement cell, where the gas sample is analyzed in optimum settings. Even though these
approaches allow one to achieve ultra-high sensitivity, the sampling procedures themselves
often introduce some unavoidable limitations. First of all, due to the diffusive nature of
gaseous samples, gas molecules are easily diluted by the background gas environment once
released by the source. Thus, the measured target gas concentration is largely affected
by experimental variables such as sampling location, rate, and volume. This leads to
inconsistency of gas detection results across different studies [84, 85]. Moreover, in a gas
exchange environment dominated by diffusion, the diffusion rate is directly related to the
gas concentration gradient. Artificial gas source enclosures and active sampling would
normally alter the diffusion rate by changing the gas distribution over the headspace of
the gas source. This effect may even influence the chemical or biological process under
investigation [17, 86, 87]. Further difficulties arise when multiple gas sources are present in
the sampling flow, as traditional sampling based detection methods are unable to track a
specific gas component to its source. This limitation appears as one of the major challenges
of studies, for instance, on human breath [11, 88] and plant tissue gas analysis [14].
Ideally, in-situ gas detection, where target gas concentration is measured directly over
the headspace of the gas source by a small gas detector, could overcome the abovementioned limitations. However, most of in-situ gas detectors developed so far, including
the widely used electrochemical or metal-oxide gas detectors [21, 89] and the recently
proposed miniaturized absorption spectrometers [90, 91], do not meet the sub-ppm level
sensitivity that is often required by trace gas detection applications [14].
Photoacoustic spectroscopy, among other spectroscopic methods, has shown great
potential for in-situ trace gas detection applications [63,92] owing to its high sensitivity and
miniaturization capability [93]. It has been for instance shown that, using a quartz tuning
fork as the acoustic transducer [92], a photoacoustic spectrometer, with sensor dimensions
of 21 mm × 12.7 mm × 8.5 mm, can achieve noise equivalent concentration (NEC) of 83
ppb for Acetylene (C2H2) detection. Utilizing MEMS microphones and miniature integrated
electronic systems, photoacoustic sensors with dimensions of 20 mm × 30 mm × 13 mm
have been developed and tested for CO2 detection in the automotive industry [94]. However,
because of the requirements of precise optical alignment and electronic components
integration, further miniaturization of those sensors remains challenging. As an attempt
to further miniaturize a photoacoustic spectrometer, Y. Cao et al. proposed to physically
separate the sensing element from the excitation source by means of optical fibers [62].
Following this approach, they were able to show that a fiber coupled membrane based
photoacoustic spectrometer, where both the excitation laser and the photoacoustic signal
are fiber coupled to a miniaturized sensor (diameter around 7 mm), can reach a NEC of
4 ppm for C2H2 detection. Following this idea, by combining fiber coupling and microcantilever transducer sensing, our group further pushed the C2H2 detection NEC to 15
ppb with centimeter scale photoacoustic sensors [63, 95].
However, it was noticed that the sensors we reported had a large time-dependent
background signal. Moreover, the last sensor design [95] requires two oppositely mounted
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optical fibers for the excitation and readout laser beam coupling. Because of the rigidity
of optical fibers, such a sensor requires much larger free space to operate than its
dimensions (4 mm × 5 mm × 30 mm), which largely limits its applicability to in-situ trace
gas detection.
In this paper, we present a new fiber coupled cantilever enhanced photoacoustic
gas sensor design that overcomes these limitations. The new gas sensor, which is 10
times smaller in volume and is coupled by optical fibers from only one end, reaches
a background-free C2H2 detection NEC of 24 ppb. With this fiber-tip sensor, we further demonstrate continuous sampling-free trace gas detection inside a test tube with
photoacoustic spectroscopy.

4.2

Method

Fig. 4.1 shows a schematic view of the fiber-tip photoacoustic sensor, which mainly
consists of a non-resonant photoacoustic cell in which the photoacoustic signal is produced,
a cantilever (consisting of a micro-mirror and a carbon fiber beam) that transfers the
photoacoustic pressure into mechanical vibration, an excitation and a readout fiber for the
transmission of excitation and readout laser beam respectively. The photoacoustic cell was
made of a transparent glass capillary tube (length = 11 mm, inner diameter = 600 µm),
tapered at the inlet (inner diameter at entrance = 260 µm) and flame sealed at the opposite
end. A coated (10/100 nm Cr/Au) glass micro-mirror (300 µm × 300 µm × 30 µm) was
suspended by a carbon fiber filament over the cell inlet with a gap size of 10 µm through
which the gas molecules of the environment can diffuse into the cell. The other end of
the carbon fiber filament (length = 340 µm, diameter = 8 µm) was fixed to an anchor
post (the cleaved end of an optical fiber). The carbon fiber and the micro-mirror formed
a beam-mass cantilever system that can bend in response to the photoacoustic signal
generated inside the cell. The excitation light was brought into the photoacoustic cell by
means of an excitation fiber through a 100 µm × 100 µm transparent window previously
created at the center of the micro-mirror by laser ablation. The gap between the excitation
fiber to the micro-mirror is around 50 µm. The deflection of the cantilever was measured
interferometrically (OP1550, Optics11) via a readout optical fiber aligned with the micromirror, as described in [63, 70]. To guide the gas exchange as well as to protect the
cantilever, a quartz protection tube (out diameter = 2.4 mm, length = 14 mm) was fixed
and sealed to one end of the sensor. The new fiber-tip sensor (see Fig. 4.1) has a total
volume of 63 µL and can be easily inserted into various constrained spaces for in-situ gas
detections.

4.3
4.3.1

Results
Sensitivity Measurements

To assess the sensitivity of the fiber-tip photoacoustic sensor, we placed it in a gas chamber
filled with 100 ppm Acetylene (C2H2) diluted in Ar. Gas pressure was set to 0.35 bar
at which our sensor provides optimal PA signal. Gas mixture was obtained by mixing
standard a source gas (1.96% C2H2) and Argon (5N) with two mass flow controllers
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Figure 4.1: Sketch of the fiber-tip photoacoustic sensor. The sealing glue was removed from the
drawing for clarity. All drawings are to scale. Bottom inset: Enlarged view of the micro-mirror
alignment against the cell inlet, excitation fiber, and readout fiber. The center of the micro-mirror
is transparent. Overlaid arrow lines indicate the optical path of the excitation light beam and the
readout light beam. Top inset: A photo of the fiber-tip photoacoustic sensor.
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Wavelength (nm)

Figure 4.2: Lock-in output signal of both the sensor described in [95] (dubbed as ”old sensor”)
and the fiber-tip sensor described in this paper, plotted as a function of the central wavelength of
the excitation laser around the C2H2 P(9) absorption line. Inset: Noise sample collected when the
excitation laser wavelength was tuned away from the absorption line.

(Bronkhorst EL-FLOW, respectively 2-100 ml/min and 40-2000 ml/min). A 24 mW
tunable semiconductor laser with a maximum linewidth of 5 MHz (Oclaro, TL5000VCJ)
was coupled to the excitation fiber for photoacoustic signal excitation. To measure the
photoacoustic signal, the wavelength of the excitation laser was sinusoidally modulated
and simultaneously scanned across the P(9) absorption line of C2H2, which has a line
intensity of 1.211 × 10−20 cm/molecule and linewidth of 0.056 cm−1 at 0.35 bar [75].
The modulation frequency was set to 807 Hz, which corresponds to half of the lowest
flexural mode frequency of the cantilever. The peak-to-peak modulation amplitude was set
to 0.19 cm−1 . Second harmonic detection of the cantilever deflection signal was realized
with a lock-in amplifier (time constant = 300 ms). To measure the noise, the central
wavelength of the excitation laser was tuned away from the absorption line, and the lock-in
output signal was collected every 1 s for 200 s. This protocol allowed us to evaluate the
amplitude of the photoacoustic signal as the peak-to-valley lock-in signal observed during
the wavelength scan and the noise as the standard deviation of the lock-in signal measured
off the absorption line, as illustrated in Fig. 4.2. From this set of data, one can calculate
that the fiber-tip sensor reaches a NEC of 24 ppb, which corresponds to a normalized
noise equivalent absorption coefficient (NNEA) of 1.3 × 10−9 W cm−1 Hz−1/2 .
To further evaluate the long term stability of the sensor system, an Allen–Werle
deviation analysis was performed. The gas chamber was filled with Argon to 0.35 bar.
Three excitation laser operation conditions were tested: laser off, laser on modulated
at the C2H2 P(9) absorption line, and laser on modulated far from the absorption line.
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Figure 4.3: Allan-Werle deviation as a function of the integration time under three excitation
laser conditions: laser off (black curve), laser on modulated at the C2H2 P(9) absorption line (red
curve), laser on modulated far from the absorption line (blue curve)

The lock in output signal was collected every 0.5 s for more than two hours under each
condition. Fig. 4.3 presents the Allan-Werle deviation as a function of the integration
time t. The conversion factor between the lock in signal and the C2H2 concentration used
is 79.6 µV/ppm, based on the wavelength scan data. Since the residual C2H2 inside the
gas chamber is still measurable by the sensor (data not given), there is a deviation curve
offset over others for the condition of laser modulation at the absorption line (red curve).
The Allan-Werle deviation analysis suggests that the sensor noise is dominated by the
short-term acoustic noise coupled from the environment, which can be canceled out by
long integration time. The NEC is 24.7 ppb for 1 s integration time, which is consistent
with the above calculated NEC value based on the wavelength scan measurement. Under
optimum integration time of 230s, the NEC can be reduced to 3 ppb.
As a comparison, in Fig 4.2 we also report the data obtained, in a similar experiment,
with the sensor described in [95]. The graph shows that the two sensors have similar
photoacoustic signal amplitude. As the measurements of the old sensor was done at a
larger gas pressure, its signal curve is wider than that of the fiber-tip sensor. In terms of the
noise data, the old sensor has slightly smaller standard deviation, but shows a significant
background level. Such background signal can be found in several published work on
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Figure 4.4: Lock-in output signal as a function of the central wavelength of the excitation laser
for the old sensor and the fiber-tip sensor in 0.35 bar Argon

photoacoustic spectroscopy where, however, has not been explicitly explained [8, 63, 96, 97].
By applying the wavelength scan described above for both sensors in 0.35 bar pure Argon,
we identified that the background level of the old sensor is wavelength dependent, as
shown in Fig. 4.4.
We believe that the background signal is related to the excitation laser beam interference
inside the cavity formed between the excitation fiber tip surface and the micro-mirror
surface, as explained here below. For simplicity, one can assume single surface reflection
on the micro-mirror, and consider only the interference between the transmitted beam
through the excitation fiber and the first reflected beam from the excitation fiber surface.
The interference beam intensity can be expressed as:
I = I1 + I2 + 2

p

I1 I2 cos (

4πdn
+ 2π).
λ

(4.1)

where I1 and I2 are the light intensity of the transmitted and the reflected beams,
respectively, d is the cavity length, n is the refractive index of the medium, and λ is the
excitation laser wavelength. The 2π component is included to indicate the phase shifts of
the reflected light beam from the mirror surface (π) and then from the excitation fiber tip
surface (π).
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When d  λ, wavelength modulation of the excitation laser leads to intensity modulation of the interference beam, hence periodically heating of components inside the
cavity, including cell walls, windows, and microphone membranes in general photoacoustic
systems. In our case with the old sensor, the cavity length can be approximated as the cell
length, which meet the condition of d  λ. We believe that the periodic heating of the
micro-mirror and the nonlinearity of the intensity modulation [98, 99] is the source of the
background signal at second harmonica. By setting the wavelength to 1530 nm and the
cavity length to 20 mm (equal to the cell length of the old sensor), one can calculate that
the period of λ in Eq. (1) is around 0.058 nm (corresponding to a period of 0.25 cm−1 in
wavenumber), which matches well with the period of the sine-like background signal curve
of the old sensor illustrated in Fig. 4.4.
Additionally, in our experiment the background signal has also shown a slow time
dependence, which, we suspect, results from thermal drift of the system or excitation laser
frequency instability. This fact along with a much more complex interference mechanism
(considering multi-reflection and movements of the components inside the cell) than that
described in Eq. (1) makes background removal in post-processing challenging. For this
reason, the commonly referred NEC or NNEA may not be suitable for evaluating the
sensitivity performance of a photoacoustic sensor, when a time-dependent background
signal is actually setting the sensitivity limit.
In terms of the fiber-tip sensor presented here, because the excitation fiber of the
sensor is directly mounted towards the transparent section of the micro-mirror, the cavity
length is only around 50 µm. The wavelength modulation depth is not enough to induce
detectable intensity modulation. Moreover, due to the conical shape surface formed in
the flame sealing of the cell end, little excitation laser beam can be reflected back to the
excitation fiber by the cell. Hence, no background signal was observed with the fiber-tip
sensor as proved in Fig. 4.4. However, it is to note that the new fiber-tip sensor is less
sensitive than the last sensor we reported, which reached an ideal NEC of 15 ppb (when
ignoring the background signal). This NEC increase is presumably caused by a combination
of factors including window absorption of the excitation light, reduced cell length and cell
wall reflection.

4.3.2

In-situ Gas Detection

To further demonstrate the in-situ gas detection capability of the fiber-tip sensor, we
investigated whether it could be used to monitor the amount of CO2 produced during
a yeast fermentation process in a constrained space. Although this experiment only
represents a proof-of-concept, it is worth stressing that yeast fermentation is one of the
most representative biochemical processes widely used in the industry ( beer elaboration,
antibiotics production, etc.). A schematic view of the experimental setup is shown in Fig.
4.5(a). A 12 mW L band semiconductor laser (Oclaro, TL5000VLJ), which covers the
CO2 absorption line at 1572.02 nm ( with line intensity of 1.74 × 10−23 cm/molecule [75]
), was used as the excitation laser. Wavelength modulation of the excitation laser was
realized by modulating the laser phase current with an external current source at 807 Hz.
The second harmonica signal magnitude (R signal) measured by the lock in amplifier was
used as the photoacoustic signal. The wavelength modulation amplitude was manually
set to reach maximum photoacoustic signal while the central wavelength was fixed at the
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Figure 4.5: In-situ CO2 monitoring experiment during a yeast fermentation process. (a) Experimental setup. (b) Experimental procedure.

absorption line. To resemble a single use bioreactor, a test tube with an inner diameter
of 10 mm was used as a mini fermenter. The fiber-tip sensor was pressed loosely onto
a vertical linear stage by a magnet and directly inserted into the tube to measure the
headspace CO2 produced by the yeast cells.
Fig. 4.5(b) shows the experimental procedure followed for the test. At first, 1 mL of a
0.2 g/mL baker’s yeast solution was added into a test tube. Then, the sensor was inserted
into the test tube, 40 mm above the yeast solution to ensure that the sensor would not be
submersed by the foam produced during the fermentation process. To reach maximum
cantilever deflection detection sensitivity, a quadrature scan of the interferometer was
carried out after the interference signal was stabilized [70]. Afterwards, the sensor was lift
out of the tube so that 0.1 mL of a 0.12 g/mL sucrose solution could be added into the
yeast solution to initiate the fermentation process. The sensor was immediately inserted
back into the test tube after the sucrose solution was added. The CO2 concentration at
the yeast solution headspace during the fermentation process was continuously monitored
over a period of more than 6 hours with a step size of 1 s. To convert the lock-in signal
collected during the fermentation to CO2 concentration values, in-situ calibration was
further carried out. The test tube containing the yeast solution was replaced by another
test tube containing only 1 mL tap water. Subsequently a small gas tube was slid into the
new test tube without touching the sensor. Then a CO2/Ar gas mixture with a flow rate of
100 mL/min and CO2 concentrations ranging from 0 to 20% was filled into the test tube
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Figure 4.6: In-situ CO2 calibration result. Error bars present 3 times the standard deviation of
the raw data points at each concentration step. The curve is a second order polynomial fit of the
data points. Inset shows part of the raw lock in R signal collected as a function of time during
the in-situ calibration. It shows the R signal response to the C2H2 concentration step change from
6% to 7%, with a response time around 30 s.

via the gas tube step by step. The average lock-in R signal at each CO2 concentration step
are plotted in Fig. 4.6. The error bars represent 3 times the standard deviation of more
than 200 raw data points at each concentration step. The nonlinearity of the calibration
data is due to the fact that the photoacoustic signal at high CO2 concentrations is beyond
the linear range of the interferometer we used. Therefore a second order polynomial fitting
of these data points is shown and was used for the lock-in signal to CO2 concentration
conversion. For applications where signal linearity over large gas concentration range is
required, an interferometer equipped with fast detuning technique could be used [73]. The
inset of Fig. 4.6 shows part of the raw lock in R signal collected as a function of time
during the calibration experiment. It indicates a response time of 30s for our sensor to
step gas concentration change.
Fig. 4.7 shows the headspace CO2 concentration measured over time. Five stages of
the yeast fermentation process are easily recognizable as divided by the dot lines in Fig.
4.7(a). Stage one is the period before and shortly after the sucrose solution was added. It
shows the baseline CO2 concentration around 800 ppm as seen in Fig. 4.7(b), which was
partly contributed from the CO2 in the room air (around 400 ppm, measured when the
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sensor is outside the test tube) and partly produced by the yeast cells. The two sharp peaks
(overlaped in Fig. 4.7(b)) at around 2.5 mins indicate noise signal resulting from cantilever
vibrations while the sensor was lifted up and inserted back into the test tube. The following
signal dip at around 3 mins can be ascribed to the cantilever deflection drift caused by
humidity change (relative humidity at the yeast solution headspace was much higher than
in the room air), as described in [100]. Indeed, the concentration value measured returned
back to the 800 ppm base level after the humidity inside the sensor was stabilized. At
the second stage, the fermentation process started to accelerate because of the sucrose
supplement. It could be seen through the test tube that large amount of tiny CO2 bubbles
were floating up the yeast solution and releasing to the headspace air at this stage. The
headspace CO2 concentration reached a first peak of 1.8% at around 20 mins. At the
third stage, because of the forming of a dense yeast cells layer at the top of the solution,
called ”yeast head” [101, 102], small CO2 bubbles released by the yeast cells were blocked
inside the solution, which leads to the headspace CO2 concentration decrease. Instead of
diffusing into the headspace air freely, those small bubbles started to merge with each other
to form larger bubbles under the yeast head. We speculate that the high noise level of the
signal at this stage was caused by the acoustic noise produced by the merging bubbles
(which was not audible to human ears). The stage four started when the yeast head layer
suddenly broke, which led to a collectively collapse of the large bubbles. Headspace CO2
concentration measured at this stage boosted from 1% to 9% within 3 mins and then
rapidly decayed. However, considering the 30 s response time of our gas sensor estimated
from the in-situ calibration measurements, the real transient concentration might be higher
than the measured peak value. At stage five, the headspace concentration dropped slowly,
but as Fig. 4.7(c) shows, even 6 hours after the sucrose solution was added, the headspace
CO2 concentration was still around 1600 ppm, indicating ongoing CO2 production.

4.4

Conclusion and Discussion

We developed a fiber-tip photoacoustic sensor that is background-free and that achieves
a NNEA of 1.3 × 10−9 W cm−1 Hz−1/2 . For better comparison with previous work, an
explanation of the often overlooked background signal induced by wavelength modulation
in photoacoustic spectroscopy was given. Afterwards, we further demonstrated that the
proposed fiber-tip sensor is capable of in-situ trace gas detection even inside a mini
fermenter as small as 10 mm in diameter, where, thanks to the high sensitivity, the amount
of CO2 released during a fermentation process has been resolved in great detail despite
the usage of an absorption line with low line intensity. It is important to highlight that
because such a fiber-tip sensor could be directly placed at the headspace of the gas source
where the target gas concentration is maximum, lower sensor sensitivity is required for
a certain gas detection task compare to sampling based gas detection methods. Since
no active sampling is required, little disturbance would be imposed to the headspace gas
distribution by the sensor. Both of these features are advantageous in applications where
monitoring of trace amount of gas is required while gas releasing activity of the source is
influenced by the headspace gas distribution [86, 103].
We would like to stress that, unlike conventional sampling based trace gas detection
methods where gas species are analyzed under well controlled conditions, our fiber-tip
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photoacoustic gas sensor may have to be exposed to various environmental variables in
a in-situ detection scenario, such as the humidity change and acoustic noise coupling
we illustrated . Thus our fiber-tip photoacoustic technique is not likely to replace any
current sampling based trace gas detection methods, but may act as an effective alternative
in applications where limitations imposed by active sampling cannot be neglected. We
anticipate that such applications may include, among others, trace gas detection over
bacteria culture headspace [104] and localized ethylene detection inside fruit stacks in a
storage house [105].
In order to cope with the anticipated harsh conditions in an in-situ gas detection
scheme, further studies are required on increasing the cantilever resonance frequency and
the signal stability at varying humidity and temperature.
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5

An immersion photoacoustic
spectrometer (iPAS) for arcing fault
detection in power transformers
We report on the development of the first immersion photoacoustic spectrometer (iPAS)
for arcing fault detection in power transformers. The spectrometer consists of a detection
system and an all-optical photoacoustic sensing head mounted inside a small permeable
chamber that allows dissolved C2H2 to diffuse in while keeping transformer oil out. Our
all-optical iPAS sensor can be placed directly inside an oil bath and measure dissolved
C2H2 with the sensitivity and linearity needed for in-situ arcing fault detection. Moreover,
its fast response time holds great promise for extra-early fault diagnosis.

This chapter is based on: Zhou, Sheng, and Davide Iannuzzi. ”Immersion photoacoustic spectrometer
(iPAS) for arcing fault detection in power transformers.” Optics letters 44.15 (2019): 3741-3744.
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5.1

Introduction

The failure of a power transformer often leads to discontinuities in the electrical distribution
network, and gives rise to severe costs for the energy provider. Most early-stage thermal
and electrical faults of power transformers, however, involve gas production resulting from
insulating oil and paper decomposition. Monitoring the concentration of those gases, it
is possible to detect the onset of early-stage faults and, therefore, initiate the necessary
maintenance procedures. It is for this reason that dissolved gas analysis (DGA) has
gained worldwide acceptance as a method for the detection of incipient failures in power
transformers [106, 107]. Among all the key gases that are associated with different type
of transformer failures, C2H2 is the only gas that is specifically released by extremely
high temperature faults (beyond 700 ◦C) [108, 109]. While partial discharge fault may
generate traces of C2H2, the generation of any amount above a few ppm indicates the
occurrence of high-energy arcing. Operating a transformer under sustained high energy
arcing is extremely hazardous and may result in catastrophic failure [110, 111]. Hence, fast
response time of a DGA system is essential to provide sufficiently advanced warning of
impending arcing failure. A typical DGA process, however, is based on a rather lengthy
and inconvenient process where an oil sample is first drawn out of the transformer and
then processed to extract the dissolved gases, which are eventually analysed with gas
chromatography or photoacoustic spectroscopy [106]. Even though some of the latest
commercial DGA systems can reach a sampling rate of 30 minutes, the actual response
time for fault detection is ultimately limited by the time the dissolved gases take to diffuse
from the fault location to the sampling location.
To reduce the response time, it would be ideal to develop C2H2 DGA systems based
on gas sensors that can be directly immersed inside the insulating oil, close to the
locations where faults are more likely to happen (e.g., close to the winding). The high
electromagnetic field generated by the coils, however, would compromise the working
principle of any electronic devices. It is thus not surprising that a number of research
groups have proposed to detect dissolved C2H2 via optical fiber based Raman or absorption
spectroscopy [112, 113], or electrochemical sensors [108]. Those approaches showed great
potential for real-time arcing fault detection, but seem to lack the sensitivity required by
various international guidelines for DGA data interpretation [111, 114].
Pushed by the continuous development of miniaturized photoacoustic sensors [40, 42,
62, 63, 92, 95, 115–117], in this paper we propose the implementation of an immersion
photoacoustic spectrometer (iPAS) for dissolved gas analysis. The fiber-coupled sensing
head, developed on the basis of a previously tested configuration [116], is fully contained
in a small isolation chamber equipped with a permeable membrane that allows dissolved
C2H2 to enter the chamber while keeping liquids outside. We show that our approach
guarantees a detection limit of 0.047 ppm (well within standard C2H2 detection guidelines)
over a membrane limited response time of 180 s.

5.2

Experimental Setup

Our iPAS approach is based on wavelength modulation photoacoustic spectroscopy [118].
Here, the wavelength of an excitation laser beam is sinusoidally modulated around one of
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Figure 5.1: Schematic view of the iPAS system and of the test setups.(a) Schematics of the iPAS
system. (b) Detailed view of the iPAS sensor. The photo shows inner structure of the sensor. (c)
Setup for calibration tests in gas medium. (d) Setup for calibration tests in transformer oil. (e)
Setup for simulating discharge fault monitoring. NIG: Negative Ion Generator

the rovibrational absorption lines of the gas molecule that has to be detected. The deexcitation process that, after absorption, brings the excited molecules back to their ground
state produces a sinusoidal change of the local pressure of the gas (the photoacoustic
signal). Measuring the change of local pressure, one can detect the presence and the
amount of molecules of that specific gas.
Fig. 5.1(a) and (b) show a schematic view of our iPAS system and sensor, respectively.
A photo of the inner structure of the sensor is inserted in 5.1(b) to indicate the scale.
The iPAS sensor, which is similar to the one described in [116], is mounted inside a gas
permeation tube that, upon immersion in oil, protects the sensor while letting gas molecules
diffuse through. The gas molecules inside the permeation tube can then further diffuse
into the non-resonant cell of the photoacoustic sensor via a small aperture between the
inlet of the cell and a flat plate, which is mounted on the free hanging end of a mechanical
beam cantilever. The opposite end of the beam is fixed to an anchor post (anchor fiber in
the figure). The plate is everywhere reflective, except for its centermost part, where it is
transparent. An optical fiber, aligned with the center of the plate brings the excitation
laser beam in the cell, triggering the photoacoustic signal. Another optical fiber, aligned
with the reflective part of the plate, interferometrically detects the vibrations that the
photoacoustic signal induces on the beam-plate cantilever system, whose amplitude is
proportional to the amount of absorbing gas molecules present in the cell.
For this experiment, we used a photoacoustic cell made of a transparent glass capillary tube (length = 13 mm, inner diameter = 600 µm), tapered at the inlet (inner
diameter at entrance = 266 µm) and sealed at the opposite end with high temperature
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flame. The cantilever was made of a fiberglass filament (diameter of 11 µm as measured
on a calibrated microscope, length of 300 um) equipped with a coated micro-mirror
(300 µm × 300 µm × 30 µm, borosilicate glass) suspended at its end. The coating (10/100
nm Cr/Au) at the center of the micro-mirror (an area of 100 µm × 100 µm) was ablated
away before mounting to allow transmission of the excitation laser beam. The distance
between the micro-mirror and the cell inlet was set to 15 µm. As for the gas permeation
tube, after testing different materials (e.g., platinum-cured silicone tubes and PTFE membranes), we decided to opt for a silicone coated fiberglass sleeving (out diameter around
3.4 mm; length of 20 mm). The fiberglass supporting braid of the sleeving guarantees a
certain structural strength, while the tubular silicone rubber coating layer, which has an
average thickness of 115 µm and surface area of 210 mm2 , seems to provide sufficient gas
permeation for this proof-of-concept experiment. The ends of the fiberglass sleeve were
sealed with silicone glue (CAF 4, Elkem Silicones), which may further improve the gas
permeation.
Concerning the iPAS excitation system, in this work we used a near infrared laser
(Oclaro, TL5000VCJ) driven by a current source (Thorlabs, LDC 202C) sinusoidally
modulated by the internal function generator of a lock in amplifier (SRS, SR865). The
driving current was set to modulate the excitation wavelength around the absorption line
of C2H2 at 1530.37 nm with a modulation index of 2.4 and frequency of 989 Hz (half the
lowest flexural mode frequency of the cantilever). A fiber optic interferometer (Optics11,
OP1550) was connected to the readout fiber to detect the cantilever vibration [63], and
coupled to the lock in amplifier to further demodulate the vibration amplitude signal at
the cantilever resonance frequency (see [116]). The time constant of the lock in amplifier
was set to 300 ms.

5.3
5.3.1

Result
Sensitivity and Linearity

The sensitivity and linearity of the iPAS sensor were calibrated in both gaseous media
and oil. For the test in gaseous media, a C2H2/ Ar gas mixture was flushed towards the
sensor situated inside a 15 mL centrifuge tube with a flow rate of 100 mL/min (see Fig.
5.1(c)). The concentration of C2H2 was controlled by calibrated mass flow controllers
(Bronkhorst EL-FLOW) and varied between 0 and 400 ppm. Excitation laser power of
24 mW and 15.8 mW were tested at different C2H2 concentration steps. For the test in
oil, to minimize the diffusion of dissolved gases from the oil sample into the ambient air
during the measurements, we inserted the sensor through a hole drilled on the cap of a 15
mL centrifuge tube and sealed the hole with plastic adhesive (3M Scotch-Weld, DP-8005).
Then a DGA oil standard (True North) with certificated dissolved C2H2 concentration was
injected into the centrifuge tube (with oil volume slightly over 15 mL). After that, the
sensor was inserted in and the cap was tightened as fast as possible (see Fig. 5.1(d)).
After the lock in signal was stabilized and enough data was collected, the sensor was taken
out, and the above steps were repeated for other concentrations (10 ± 10% ppm, 54 ± 7%
ppm, and 103 ± 5% ppm respectively; ± was defined on a 95 percent confidence interval
for true concentration). The excitation laser power was fixed at 24 mW for all oil sample
measurements.
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Figure 5.2: Calibration result in both gas and oil. The concentration of C2H2 in gaseous medium
is converted to equivalent dissolved C2H2 concentration using an equilibrium constant of 0.0816.
The bottom inset indicates the response time in gaseous medium. The top inset indicates the
response time in oil. The spikes in the R signal are due to the sensor motion when unscrewing
and screwing the cap. The response time for different concentration steps has no significant
difference.

Fig. 5.2 shows the power normalized lock in R signal (normalized on the photoacoustic
signal measured at gaseous C2H2 concentration of 100 ppm) averaged over 200 raw data
points at each C2H2 concentration step. All the gas concentration values used in the
gaseous medium test were converted to equivalent dissolved C2H2 concentration assuming
an equilibrium constant [119] of 0.0816. The coefficient of determination R2 = 0.9995
of the linear fit confirms the linear correlation between the photoacoustic signal and the
dissolved C2H2 concentration within the range explored. The bottom and top insets of
Fig. 5.2 show part of the raw lock in R signal collected as a function of time during the
gas medium and oil medium tests, respectively. The bottom inset indicates a membrane
limited T90 response time of less than 3 mins to step gas C2H2 concentration change,
while the top inset shows a T90 response time as long as 45 min for step dissolved C2H2
concentration change, which is limited by insufficient oil circulation around the sensor [120].
The minimum detectable concentration of the sensor for dissolved C2H2 was determined
by wavelength scan [95] when the sensor was immersed in oil sample with dissolved C2H2
concentration of 10 ppm, as shown in Fig. 5.3. The peak-to-peak lock in signal when the
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Figure 5.3: Wavelength scan result obtained with the sensor immersed in an oil sample with a
10 ppm concentration of dissolved C2H2. The lock-in output signal is plotted as a function of the
central wavelength of the excitation laser around the C2H2 absorption line. Inset: Noise sample
collected when the excitation laser wavelength was tuned away from the absorption line.

excitation laser central wavelength was scanned across the absorption line was equal to 4.49
mV, while the standard deviation of the noise signal collected when the central wavelength
was fixed away from the absorption line was equal to 21.3 µV. Hence a minimum detectable
concentration (1σ) for dissolved C2H2 in transformer oil was calculated to be 0.047 ppm
. According to IEEE Std C57.104-2008, for a power transformer without dissolved gas
history data, dissolved C2H2 concentration exceeding 2 ppm should prompt additional
investigation. Clearly, our iPAS sensor is sufficiently sensitive to detect dissolved C2H2
with concentration lower than this threshold.

5.3.2

Discharge Detection

To further validate the ultra-early fault diagnosis capability of our iPAS sensor, we tested
our system in a custom made setup designed to simulate a partial discharge fault in a
transformer (see Fig. 5.4). Two pairs of Au coated electrodes (tip radius of 15 µm)
were inserted and sealed into a 15 mL centrifuge tube at two different heights. The
tip-to-tip distance of two opposite electrodes was kept as small as possible, while the
distance between the two pairs was set to approximately 50 mm. Before the start of the
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Figure 5.4: Photoacoustic signal registered as a function of time during discharge experiments.

measurement, we poured around 15 mL of new transformer oil (Nynas AB, Nytro Taurus)
into the discharge reactor, inserted the iPAS sensor, and closed the cap of the tube to
avoid leakage. The vertical distance between the center of the sensor and the bottom
electrodes was set to around 14 mm. To simulate the remote sensing scenario in a real
transformer, a 15 m long duplex fiber patch cable was used to connect the iPAS sensor
to the detection system. To simulate a discharge, we connected the 5 kV output of a
negative ion generator to one of the two electrode pairs and turned it on for about 4 s,
and then collected the lock in signal for the following 12 hours. The above procedure was
repeated multiple times to compare the influence of the sampling distance (the distance
between the sensor location and the discharge fault location) on the photoacoustic signal
response.
Fig. 5.4 compares the photoacoustic signal response to discharges from the bottom
and top electrode pairs. For a better comparison, the lock in R signal curves were shifted
horizontally to align the discharge events at t=0, and vertically to make the value before
the discharges equal to 0. From the graphs reported, one can see that the delay time
(i.e., the time between the discharge event and the time the sensor starts to detect the
dissolved C2H2 produced by the discharge) for the bottom electrode pair was around 25
minutes, while for the top electrode pair varied from 70 to 180 minutes. This experiment
not only shows that our iPAS works well in a configuration similar to those that it would
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encounter in an actual transformer, but also highlights the limits of conventional DGA
systems in detecting arcing faults. The distance between an arcing fault location and the
oil sampling location typically used in DGA procedure (e.g., the drain valve) can in fact
exceed several meters. From the data reported in Fig. 5.4, one can see that it could take
several days before the C2H2 produced by an arcing fault diffuses to the sampling location
of a traditional DGA system. Although this estimation does not keep into account the oil
convection due to temperature gradient in a real transformer, it still gives a good sense of
the kind of problems that limit standard DGA systems.

5.4

Conclusion and Discussion

In summary, by integrating a miniaturized photoacoustic sensor with gas permeable
material, we extended the applicable domain of photoacoustic spectroscopy from gas to
liquid medium. Specifically, we demonstrated that our iPAS system can detect dissolved
C2H2 in oil with sufficient sensitivity and linearity for arcing fault monitoring of power
transformers. Further evaluation of temperature influence to the photoacoustic signal
response is required as temperature is known to largely vary inside an operating transformer
and is expected to affect both gas absorption coefficient [75] and equilibrium constant of
the gas permeable material [119]. Furthermore, even though the dominant noise emission
of a power transformer is below 1 kHz [121, 122] (i.e., well below the resonance frequency
of the iPAS sensor here described), a thorough characterization of vibration and acoustic
noise inside an operating transformer is required before our iPAS approach can be deployed
commercially. Yet, it is important to stress that our iPAS system could be well adapted
for detection of other transformer fault related key gases (CH4, C2H4, CO2, C2H6), since
highly sensitive photoacoustic detection of those gases utilizing fiber coupled excitation
lasers have already been reported previously [116, 123, 124]. Moreover, we suggest that by
placing multiple iPAS sensors inside a transformer at different locations, and connecting
them to a single detection system outside the transformer through optical switches, one
could realize cost-effective ultra-early arcing fault diagnosis, and it may even be possible to
build a triangulation system that could locate the position where the fault has occurred.
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6

Fully Coupled Model for Frequency
Response Simulation of Miniaturized
Cantilever-based Photoacoustic Gas
Sensors
To support the development of miniaturized photoacoustic gas sensors, a fully coupled
finite element model for a frequency response simulation of cantilever-based photoacoustic
gas sensors is introduced in this paper. The model covers the whole photoacoustic process
from radiation absorption to pressure transducer vibration, and considers viscous damping
loss. After validation with experimental data, the model was further applied to evaluate
the possibility of further optimization and miniaturization of a previously reported sensor
design.

This chapter is based on: Zhou, Sheng. ”Fully coupled model for frequency response simulation of
miniaturized cantilever-based photoacoustic gas sensors.” Sensors 19, no. 21 (2019): 4772.
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6.1

Introduction

Photoacoustic (PA) spectroscopy has been recognized as a sensitive trace gas detection
technique [50]. In a typical PA system, a modulated light beam with a proper wavelength
is sent into a gas sample cell where target gas molecules are excited by the beam. A
pressure wave is produced by the periodic thermal expansion of the gas sample results
from collisional relaxation of excited gas molecules and is detected by various pressure
transducers. The detected pressure wave amplitude is used to evaluate the concentration
of target gas in the sample. Commonly, the acoustic resonance of the gas column in
the cell is used to improve the PA signal and a commercial microphone mounted on the
gas cell is used to detect the pressure wave. Finite element methods (FEM) have been
successfully implemented to evaluate the eigenfrequencies, modes, and frequency response
of PA cells with complex geometries for cell design optimization, as analytical solutions are
restricted to simple cell geometries [125–127]. Furthermore, it has been demonstrated that
FEM can even quantitatively simulate the PA signal [128]. Most FEM models, however,
do not include the pressure transducer in the model. This is feasible when commercial
microphones, which normally have a flat frequency response under 20 KHz, were used as
the pressure transducer. Those microphones can be regarded as part of the rigid wall of
the PA cell when the PA signal frequency is much lower than 20 KHz. However, with
the development of a new branch of PA systems that utilize the mechanical resonance
of the pressure transducers for PA signal improvement, it becomes essential to include
the pressure transducer in the FEM model and consider the acoustic-vibration coupling to
simulate the PA system properly [129, 130]. Additionally, with the continuous development
of miniaturized PA sensors, it is important to include the viscous damping in the FEM
model. In fact, viscous damping may play a dominant role on PA signal reduction when
the viscous penetration depth is at the same order of the gas cell dimensions [131, 132].
Recently, we introduced a series of cantilever-based miniaturized PA sensors to the field
in which customized micro-cantilevers were used as the pressure transducer and glass tubes
with an inner diameter as small as 0.6 mm was used as gas cells [95, 116, 133]. To guide
the development of such gas sensors towards further optimization and miniaturization,
a fully coupled sensor model based on Comsol Multiphysics is proposed in this paper. The
model covers the whole photoacoustic process from radiation absorption to pressure wave
generation, and then to transducer vibration. Viscous damping was included as an energy
loss mechanism. This model is applied to a PA sensor reported in [133], showing that it
can match the experimental data on the sensor frequency response quantitatively well.
Simulations of how different sensor parameters were going to influence the PA signal are
further given, suggesting the possibilities and limitations of miniaturization and signal
enhancement for cantilever-based PA sensors.

6.2

Experimental Setup

The simulation model is based on an experimental setup as schematically shown in
Figure 6.1, which was described in detail in [133]. The PA sensor is shown on the right
part of the figure. It mainly consists of an one end sealed transparent glass tube as
the cell and a cantilever beam hanging a micromirror over the cell inlet as the pressure
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Figure 6.1: Experimental setup.

transducer. The micromirror was made from a piece of square glass plate (width = 300 µm,
thickness = 30 µm), and was made transparent at the center and reflective elsewhere.
Two fibres were aligned towards the micromirror, of which the excitation fiber transmits
the excitation laser beam into the cell through the transparent region of the micromirror,
while the readout fiber points towards the reflective region so that an interferometer
(OP1550, OPTICS11) it is connected to can read the micromirror deflection signal. When
the wavelength of the excitation laser (Oclaro, TL5000VCJ) is modulated around one of
the target gas’ absorption lines (1530.37 nm for Acetylene in this case) by a current source,
gas molecules inside the cell are heated up periodically and hence generate a pressure
wave that vibrates the micromirror. A lock in amplifier (SRS865, SRS) connected to
the interferometer was used to extract the micromirror vibration amplitude signal at 2nd
harmonica of the excitation frequency. All components of the PA sensor were enclosed in
a gas permeation tube because the sensor was designed to be immersed in transformer oil
for dissolved C2H2 detection in our experiments. A photo of the inner structure of the sensor
part in the setup was included in the figure to indicate the scale (optical fibres in the figure
have a diameter of 0.125 mm). To be able to compare the real sensor performance with
the simulation model described hereafter, the sensor’s frequency response was collected
when it was immersed in an oil standard sample (True North) with a certificated dissolved
C2H2 concentration (10(1 ± 10%) ppm ). During data collection, the central excitation
wavelength was fixed at the C2H2 absorption line and the excitation frequency was swept
around half the resonance frequency of the transducer.

6.3

Modeling of the PA Sensor

A sketch of the PA sensor modeled in Comsol Multiphysics is shown in Figure 6.2a.
To reduce the computational cost, a 2D axisymmetric model was used. The cantilever
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Table 6.1: Parameters used for the model.

Parameter

Value

Description

P
t1
r1
l1
r2
t2
g
l2

24
30
300
13
133
50
15
1.5

Excitation laser power (mW)
Micromirror thickness (µm)
Cell main body inner radius (µm)
Cell length (mm)
Cell inlet inner radius (µm)
Cell wall thickness (µm)
Cell inlet to micromirror gap size (µm)
Cell inlet section length (mm)

pressure transducer was simplified with a round silica glass micromirror (diameter of 300 µm,
thickness of 30 µm) combined with a spring foundation constraint that was applied to
it. Ideally, the spring constant of the spring foundation should be set to the same as
that of the cantilever beam of the pressure transducer. However, because the mechanical
properties of the cantilever beam were unknown in our experiments, the spring constant
was chosen to ensure that the resonance frequency value resolved by the model overlaps
with that of the experiment’s result. The permeation tube of the sensor was also not
included in the model for simplicity. Key parameters of the experimental setup that were
directly implemented in the model are listed in Table 6.1.
In order to get a correct assessment of the damping loss around the micromirror and the
cell inner wall, and to include the radiation absorption process directly into the model, the
gas in the gas cell and around the cell inlet was modeled with a thermoviscous interface by
simply using the material properties of standard air defined in the Comsol library. Because
of the viscous property and much higher thermal conductivity of the cell walls, they were
treated as no-slip and isothermal boundaries. A pressure acoustics layer was used to
truncate the computational domain. The cell wall in the pressure acoustic domain was set
as a sound hard boundary. The outer spherical perimeter of the pressure acoustic domain
was set as spherical wave radiation condition so that acoustic wave experiences little
reflection on the perimeter. Other parameters, such as radius of domains and maximum
mesh element size, were chosen to ensure the convergence of the simulation results (e.g.,
parameter independent frequency response, and relative error estimations smaller than
0.005), as well as reasonable computational time.
The energy transfer from the excitation laser beam to the gas molecules in the cell
was modeled using a heat source condition in the air domain inside the cell, with heat
power density calculated below.
Assuming that the transparent window at the center of the micromirror does not affect
the excitation laser beam propagation, the beam divergence from the excitation fiber tip
can be treated as a Gaussian beam with an initial beam diameter (full 1/e2 width), 2w0 ,
equal to the mode-field diameter of the fiber (10.5 µm). The beam radius at a position z
(set z = 0 at the excitation fiber tip surface) can be described as:
s
λz
w = w0 1 + ( 2 )2
(6.1)
πw0
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Figure 6.2: Model of the PA (photoacoustic) sensor (a) and mesh at the micromirror region (b).

with λ being the wavelength. The light intensity of the beam can be then described as:
I(r, z) = I0 exp(−

I0 = kP exp(

2r2
)
w2

2
)
πw2

(6.2)

(6.3)

where I0 represents the on-axis light intensity, P is the power of the excitation laser, and
r is defined as the distance to the beam axis. k is the transmission coefficient of the
excitation laser beam from the laser to the cell, which considers the coupling loss between
fiber connectors and power loss due to micromirror reflection, absorption and scattering.
The heat power density at any location in the domain, which defines the heat source input
in the model, is finally calculated as [129]:
H(r, z) = αI(r, z)

(6.4)

where α represent the absorption coefficient of the target gas in the cell. According to
the calibration result detailed in [133], a dissolved C2H2 concentration of 10 ppm in the
transformer oil corresponds to a gas phase C2H2 concentration of 8 ppm in the gas cell.
This leads to an absorption coefficient of 9.26 × 10−4 m−1 , calculated at atmosphere
pressure and room temperature, based on the HITRAN database [75].
The mesh around the micromirror region is presented in Figure 6.2b. To properly
resolve the excitation laser beam, boundary layer mesh elements were applied to the region
around the cell axis, with a first layer thickness of w0 /2. Similarly, to include the viscous
damping properly, boundary layer mesh elements were applied to the air close to the cell
wall with a first layer thickness of dvisc/5 and edge mesh elements were applied to the cell
inlet to a micromirror gap region with a maximum element size of min(dvisc/3, gap/3),
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Figure 6.3: Experimental and simulated sensor frequency response.

where dvisc is the viscous penetration depth [134], defined as:
r
µ
dvisc =
πρf

(6.5)

with µ as the dynamic viscosity, ρ as the static density, and f as the PA signal frequency.

6.4

Results

The model was run to evaluate the micromirror vibration amplitude as a function of the
heat power density modulation frequency. The simulated pressure profile at the resonance
frequency is included in Figure 6.6. The simulated vibration amplitude of the micromirror
central point around the first Eigenmode is compared to that measured in the experiment,
as shown in Figure 6.3.
From the frequency response curves, one can calculate the quality factor of the
system [135]. The quality factor was calculated to be 10 for both experimental and
simulation results and is independent from the transmission coefficient value set in the
model. This indicates that the model can simulate the viscous damping that occurred in
the sensor very well. Moreover, when k was set to 0.75, the simulated frequency response
of the sensor almost overlapped with the experimental one. When k was varied between
0.5 and 1, the simulated frequency response was at the same order as that measured with
the experiment. This result shows that the proposed model could simulate the frequency
response of real PA gas sensor qualitatively well.
It is well known that, distinguished from conventional absorption spectroscopy, the
signal in photoacoustic spectroscopy is independent from the cell length and becomes
higher when the cell radius is reduced [93]. With increasing interests developed around
photonic chip based gas sensors [90, 136–138], it would be interesting to evaluate the
54

6.4

Results

miniaturization potential of cantilever-based PA sensors, as a guidance for the possible
photonic integration of photoacoustic gas sensors in the future. Parametric sweeps based
on the above model were carried out for this purpose. Single parameters including cell
length, cell inner radius, cell inlet to micromirror gap size, and cantilever spring constant
were swept around their designed values, and the sensor frequency response was simulated
and collected. Three parameters, including resonance frequency, micromirror vibration
amplitude at resonance, and quality factor, were further extracted from the simulated
frequency response and plotted in Figure 6.4.
To calculate the quality factors, simulated frequency response curves were fitted to
a displacement amplitude function of forced oscillation [135]:
b
A= p
2
2
(f − f0 )2 + (rf )2

(6.6)

where f0 , r, b are the fitting parameters. The fitting reached a relative residual smaller
than 10% for all points. The quality factor is then calculated by:
f0
(6.7)
r
As seen in Figure 6.4, the oscillation behavior of the frequency response while sweeping
the cell length suggests some complex coupling between the gas volume and the cantilever.
Assuming an acoustic velocity of 340 m/s, the acoustic wavelength (λ) at 1940 Hz is
about 176 mm, which is approximately two times the period of the oscillations. However,
according to this simulation, the cell length at around 25 mm leads to the highest PA
signal, even though it is much shorter than λ/4. There is a proper hypothesis for this
behavior.
Firstly, due to the diameter shrinkage at the cell outlet region and/or the influence of
the air gap between the micromirror and the cell outlet, a cell with a length of 25 mm acts
equivalent to a λ/4 long tube resonator with one end closed, which has a fundamental
acoustic resonance of around 1940 Hz.
Secondly, when increasing the cell length from 25 mm, every increment of cell length
by λ/2 creates a new match of the cantilever mechanical resonance with a higher acoustic
resonance mode of the tube resonator, which leads to a new vibrational amplitude peak.
This hypothesis is partially verified by the pressure profile data captured while the cell
length was set to 25 mm, 105 mm, and 185 mm respectively, as shown in Figure 6.5.
Pressure standing waves are clearly visible at those cell lengths.
While sweeping the spring constant, the vibration amplitude at resonance (f = f0 )
doesn’t follow the inverse of frequency (1/f ) accordingly as defined by Eq. (6). This
could be explained by a match between the acoustic resonance of the air volume and the
mechanical resonance of cantilever, when the spring constant is around 3 N/m.
Furthermore, increasing the cell radius could increase the PA signal most significantly,
which shows that the cell diameter in the current sensor design is not optimal. The model
predicts that the PA signal increased by two times if the cell radius was changed from 0.3
mm to 0.8 mm, while other parameters are fixed.
The modeling results for gap size sweep indicates that when the gap size was reduced
from 15 µm to 5 µm, the PA signal doubled, which is likely due to better coupling between
the pressure wave and the pressure transducer. A further reduction of the gap size reduced
Q=
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Figure 6.4: Influences of geometrical parameters to resonance frequency, cantilever vibration
amplitude, and quality factor of the PA sensor. Dashed lines indicate original sensor parameters.
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Figure 6.5: Pressure profile in the cell at resonance frequencies when the cell length is set to 25
mm, 105 mm, and 185 mm respectively. The x axis of each graph is manually scaled for visibility.
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Figure 6.6: The left figure shows the simulated pressure profile of the sensor cell at resonance
frequency. The right figure shows an enlarged view of the cell gap region.

the PA signal a lot, most likely due to the so-called ”breathing effect” of the narrow gap
region [139].

6.5

Conclusions and Discussion

In conclusion, a fully coupled cantilever-based PA sensor model was introduced in this
paper. It was applied to a miniaturized PA sensor reported in [133], showing that it could
match experimental results quantitatively well.
The model was further applied to investigate how different sensor parameters were
going to influence the sensor performance. According to the parametric sweep results, it
seems that the signal to noise ratio of the sensor reported in [133] could be further improved
by reducing the gap size, considering environmental acoustic noise as the dominant noise
source [116]. Moreover, it seems that matching the acoustic and mechanical resonances of
the PA cell and the pressure transducer could be an effective signal enhancement method
that is worth further investigation. Furthermore, as seen from the results, the cell radius
and the cell length were already limiting the sensing performance of the current sensor
design. Further miniaturization is expected to increase the influence of viscous damping
on the cell wall and hence deteriorate the gas sensing performance even further. Based on
the modeling results, a semi photonic integration approach, where all components other
than the gas cell are integrated into a photonic circuit, might combine the high sensitivity
of photoacoustic spectroscopy with the mass production potential of photonic chips in
future.
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7

Photoacoustic spectroscopy for gas
sensing: a comparison between
piezoelectric and interferometric
readout in custom quartz tuning forks
We report on a comparison between piezoelectric and interferometric readouts of vibrations
in quartz tuning forks (QTFs) when acting as sound wave transducers in a quartz-enhanced
photoacoustic setup (QEPAS) for trace gas detection. A theoretical model relating the
prong vibration amplitude with the QTF prong sizes and electrical resistance is proposed.
To compare interferometric and piezoelectric readouts, two QTFs have been selected; a
tuning fork with rectangular-shape of the prongs, having a resonance frequency of 3.4 kHz
and a quality-factor of 4,000, and a QTF with prong having a T-shape characterized by a
resonance frequency of 12.4 kHz with a quality-factor of 15,000. Comparison between
the interferometric and piezoelectric readouts were performed by using both QTFs in a
QEPAS sensor setup for water vapor detection. We demonstrated that the QTF geometry
can be properly designed to enhance the signal from a specific readout mode.

This chapter is based on: Russo, Stefano Dello, Sheng Zou, Andrea Zifarelli, Pietro Patimisco, Angelo
Sampaolo, Marilena Giglio, Davide Iannuzzi, and Vincenzo Spagnolo. ”Photoacoustic spectroscopy for gas
sensing: a comparison between piezoelectric and interferometric readout in custom quartz tuning forks.”
Photoacoustics (2020): 100155.
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7.1

Introduction

Laser-based trace-gas sensors have great potential for biological, medical and environmental
applications, especially when long-term stability, real-time monitoring and maintenance-free
conditions are required [77]. Photoacoustic spectroscopy (PAS) is a well-known technique
for trace gas analysis that meets all these requirements, together with high sensitivity
and selectivity, for single- or multi-gas detection [140]. In PAS, the gas is enclosed in a
resonant acoustic cell and a highly sensitive microphone is used to detect optically-induced
sound waves generated by the absorbing gas analyte. Quartz-enhanced PAS (QEPAS)
is a variant of PAS in which the microphone is replaced by a quartz-tuning fork (QTF);
when sound waves are generated between the prongs and one of in-plane anti-symmetrical
flexural modes is excited, prong vibrations are converted in an electrical signal thanks
to quartz piezoelectricity and properly designed gold contact patterns deposited on the
prongs surfaces [141, 142]. The advantages provided using QTFs are: high resonance
quality-factor, small size of the sensing module, and insensitivity to ambient acoustic
noise as well as their cost-effectiveness [58, 143, 144]. Usually, QTFs are acoustically
coupled with a pair of resonator tubes positioned on both sides of QTFs, acting as an
organ pipe resonator to probe and amplify the sound wave [143]. This coupling allows
increasing the detection sensitivity up to a factor of 30 when standard 32.7 kHz-QTFs are
used [57]. Starting from 2015, extensive theoretical and experimental investigations have
been performed to study the acousto-electro properties of QTFs, the acoustic coupling
between the QTF and the tube resonator system [56], the damping mechanisms occurring
in a vibrating prong immersed in a gas [145], and the spatial distribution of the stress
field when prongs are forced to vibrate, with the aim of identifying the prong geometry
to optimize the sensing performance of a QEPAS gas sensor [146–151]. These studies
allowed to increase the QEPAS detection sensitivity and improve the optical coupling
between the QTF and dual-tube resonator system [151]. Also, these studies opened the
way to the implementation of QTF first overtone mode in QEPAS, when its resonance
frequency is lower than 40 kHz [146, 147]. However, piezoelectric readout cannot be used
in applications where high electromagnetic fields would affect the electric signal or for
explosive detection, where electrical sparks may trigger gas deflagration. To overcome
these limitations, deflections of the prongs in QEPAS can be measured by optical readout
methods based on a laser interferometer, which adapts well to multiplexing. Laser
interferometers have demonstrated to be able to measure displacements with accuracies
to the level of the picometer [152, 153]. Compact interferometric systems integrating
near-infrared diode lasers and photodetectors are commercially available. If optical readout
is adopted in a QEPAS sensor, no electrical contacts are needed for the acoustic detection
module. In 2011, M. Kohring et al. employed an optical readout based on a Nomarski
interferometer for QTF-based PAS sensing, exploiting quartz and silicon tuning fork for gas
detection [55, 154, 155]. They demonstrated that the optical readout is limited by the QTF
thermal noise. When compared with piezoelectric readout, the sensitivity and detection
limits reached with the optical readout are similar. Although progresses in QTFs design
identified the figures of merit to be optimized by playing on the prong geometry [148, 151],
there is no equivalent investigation in the literature focused on the optimization of the
interferometric readout of prong vibrations.
In this work, we identified the vibration amplitude of the QTF prong as the figure of
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merit to be optimized for an efficient interferometric readout. We related the vibration
amplitude of the prongs with their geometrical parameters and with the electrical resistance
of the QTF. Hence, we selected two QTFs having different geometry: one optimized for
the piezoelectric readout and the other one for the optical readout. A comparison between
performances of PAS sensing exploiting interferometric and conventional piezoelectric
readout have been performed by implementing both QTFs in a QEPAS sensor setup for
water detection in the mid-infrared spectral range and evaluate the signals obtained using
simultaneously both readout methods.

7.2

Optical and piezoelectric readout

The QEPAS signal is proportional to the product Q · P · α · , where Q is the QTF resonance
quality-factor, α is the gas target absorption coefficient, P is the laser power and  is
the conversion efficiency of the absorbed optical power into sound. A modulation of the
laser intensity causes an alternation of optical absorption and non-radiative relaxation
in the gas, i.e. generation of sound waves. When the laser beam is focused between
prongs, sound waves deflect them. The QTF anti-symmetrical flexural mode is excited
only if the laser modulation frequency match one of flexural modes (or its subharmonics)
resonances. If the modulation frequency is too high, the gas might have not enough time
to fully relax the absorbed energy and, as a consequence, the sound efficiency generation 
is reduced. Hence, the straightforward approach to design QTFs optimized for QEPAS
sensing is to reduce the resonance frequency while keeping a high quality-factor. Both
resonance parameters (resonance frequency and quality-factor) can be calculated from the
geometrical features of the prongs. The resonance frequency of the fundamental in-plane
flexural mode can be well predicted by using the Euler-Bernoulli equation for a single
rectangular cantilever:
s
f = 0.16

T
L2

E
ρ

(7.1)

where ρ = 2650 kg/m3 is the density of quartz, E = 72 GP a is the component of the
quartz Young’s modulus in the vibrating plane of the QTF, T is the prong thickness and
L its length [58, 148]. An experimental investigation described in [148] demonstrated that
the overall quality-factor can be heuristically related to the prong sizes via:
Q = 3.78 · 105

wT
L

(7.2)

where w is the quartz crystal thickness. The piezoelectric readout of the QTF is based
on the detection of local polarization of quartz induced by the mechanical stress when
QTF vibrates at one of flexural modes. The polarization charges can be collected by
electrical contacts deposited on the QTF prongs surface and the polarization depends
on the stress field via the quartz piezoelectric tensor. The stress field is mainly located
at the junction between the prong base and the QTF support and extends across the
support area. It has been shown that if some extra mass is added to the free end of the
prong, an increase of the global stress field is obtained and the stress distribution along the
internal prong surface is enhanced. Based on these arguments, have been realized QTFs
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with prongs having a T-shape geometry (T-QTF) and capable to provide a quality-factor
as high as 15,000 while keeping the fundamental flexural mode at 12 kHz. T-shaped
QTFs have shown the best performance for QEPAS sensing when compared with other
prong geometries [148] and have been selected in this work as the QTF optimized for
piezoelectric readout.
The optical readout is based on measurement of deflections of a cantilever via an
optical interferometric system. If the QTF is excited via photoacoustic effect, very small
deflections of the prongs, in the order of few nanometers or less, are produced. Obviously,
the larger the vibration amplitude of the prong, the higher the optical readout signal.
Assuming that the two prongs are equivalent, each prong stores an elasto-mechanical
energy equal to ka2 /2, where k is the spring constant and a is the motion amplitude,
leading to a total energy of ka2 stored by the fork. By considering the resonator time
τ = Q/2πf , one can infer that the energy loss per unit time is 2πf ka2 /Q. Since the
QTF can be modelled as an RLC series circuit, the generated electrical power Pe = V · I,
where V is the voltage across the QTF and I the generated piezo-current. Assuming that
the mechanical energy loss during each oscillation cycle is fully converted into electrical
power, the amplitude of the motion can be related by the QTF resonance and electrical
properties by the relation:
s
QV I
a=
(7.3)
2πf k
The spring constant k of the fundamental mode of a rectangular prong is determined by
its geometrical parameters and Young modulus as:
k = 0.2575

T 3w
L3

(7.4)

At resonance, the impedance of an RLC circuit is equal to its electrical resistance R, thus
V = RI, that together with equation 7.1, 7.2, and 7.4, leads to the following dependence
for the prong vibration amplitude by prong sizes and the electrical resistance:
√

L2
(7.5)
T 3/2
The electrical resistance is hard to be modelled as a function of prong sizes. For this
reason, when analysing the set of custom QTFs discussed in [148], the experimental values
measured for R have been used and the QTF showing the highest vibration amplitude is
the one labelled as QTF#4 in Ref. [148]. Its fundamental resonance mode frequency is
3442.5 Hz with a quality-factor of 4,000 at atmospheric pressure. This QTF is an excellent
candidate for optical readout approach and will be labelled in this work as I-QTF. The
main geometrical parameters of T- and I-QTF are show in Table 7.1.
a∝

R

Table 7.1: Prongs length L, thickness T and spacing s for the investigated QTFs
QTF Type

Prongs length L (mm)

Prongs thickness T (mm)

Prongs spacing s (mm)

T-QTF
I-QTF

9,4
11,0

2
0,5

0,8
0,6
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Figure 7.1: Experimental setup for the simultaneous analysis of spectroscopic signals with QEPAS
and interferometric PAS techniques. The instrumentation for interferometric readout is in green
colour, while the instrumentation for the QEPAS readout is in orange colour. HUM: humidifier, P:
pinhole, L: focusing Lens, mR: mini-Resonators, QTF: Quartz Tuning, Fork, BS: Beam Splitter,
F: optical Fiber, TA: Transimpedance pre-Amplifier, DAQ: Data Acquisition card, PM: power
meter, PC: personal computer.

7.3

Experimental setup

To compare the performance of the optical and piezoelectric readout methods for a
vibrating QTF, a conventional QEPAS system shown in Figure 7.1 was used.
A single-mode continuous-wave quantum cascade laser (QCL) was employed as excitation source to generate the photoacoustic signal. The collimated laser beam was
spatially filtered by means of a pinhole and then focused between the QTF prongs using
a ZnSe lens with a focal length of 50 mm. The platform allowed an easily interchange
between T-QTF and I-QTF. The percentage of the laser intensity passing through the
prongs of the bare QTFs was ∼ 99.5%, this value drops by few percent when the QTFs
are coupled with pairs of resonators in dual-tube configuration and slight increases of the
noise levels of the PAS signal was observed, as a consequence of small fraction of the laser
beam hitting the internal walls of tubes. At a temperature of 20◦ C, the laser source is
characterized by a central emission wavelength at 7.72 µm. By applying a low frequency
ramp (framp = 5mHz) at the laser current driver, the wavelength emission was tuned to
scan across two water absorption features peaked at 1296.49 cm−1 and 1296.71 cm−1
at atmospheric pressure. Both QEPAS and optical readout were operated in wavelength
modulation and second harmonic detection configuration. The laser beam was sinusoidally
modulated at half of the QTF resonance frequency by adding a sinusoidal dither to the
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current driver. Sound waves deflect the two prongs and the QTF anti-symmetrical flexural
mode is excited, with electrical charges generated on prongs surfaces via direct piezoelectric
effect. The electrical charges are collected by gold electrodes deposited on prong surfaces
and a current signal proportional to prong deflection is generated. This is converted in a
voltage signal by means of a transimpedance amplifier. The voltage signal is demodulated
at the QTF resonance frequency by using a dedicated lock-in amplifier, set with a time
constant of 100 ms.
While, for the optical readout, a commercial fiber coupled interferometer (OP1550 V3,
Optics11) based on Fabry–Perot interference was employed. A C-band DFB laser with
an output power of P = 10 mW hit the lateral surface of one prong through a cleaved
optical fiber, at a distance of ∼ 500 µm. Gold layers deposited on the lateral surfaces
of the QTF prongs allowed smooth and high reflective surfaces for an efficient optical
readout. The laser beam pointed close to the top where the lateral displacement of the
prong is largest. The back-reflected light beams from the prong surface and the fiber tip
surface interfered with each other and were sent to the detection unit to generate a voltage
signal proportional to the interference light intensity. The voltage signal was demodulated
at the QTF resonance frequency by using a dedicated lock-in amplifier, set with a time
constant of 100 ms, the same as the QEPAS technique. When the QTF prongs vibrate,
the voltage signal is modulated due to the modulation of optical path difference of the
two interference light beams. Hence the optical readout output from the lock-in amplifier
could be related to the QTF vibration. In this way, optical and electrical readout of water
detection via QTF vibration can be performed simultaneously. Due to slight variations of
the distance between readout fiber tip and the prong, drifts of the interference signal was
observed during the experiments. To achieve the maximum sensitivity, the interferometer
laser wavelength was swept through channels first to identify the best operating conditions
and then fixed at the quadrature position before each experiment. All measurements
were performed in air at atmospheric pressure, with a stable concentration of water vapor
constantly monitored by an in-line hygrometer.

7.4

Results

In order to exclude any mutual influence of the two readout methods, the piezoelectric
and optical detection were performed both individually and simultaneously. The signals
obtained by using only one readout method and by using both approaches simultaneously
showed the same spectral intensity and profile. This result confirms that there is no
cross-talking between the two readout methods and, therefore, that the use of one does
not affect the performance of the other one. Hereafter, we will only describe the results
obtained while the piezoelectric and optical readout were tested simultaneously. Fig.
7.2 shows the piezoelectric and the optical signal for T-QTF acquired while the laser
wavelength was scanned across the two selected water absorption lines. To facilitate the
comparison, both scans have been normalized to the relative peak value.
The perfect overlap between the spectral scans suggests that both techniques are
suitable to reconstruct absorption features. Far from the two strong absorption peaks, both
interferometric and piezoelectric readouts are background-free. An enlarged view of the
noise fluctuations is visible in the inset of Fig. 7.2. To compare the sensing performance,
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Figure 7.2: Piezoelectric (black curve) and interferometric (red curve) PAS signals normalized
and superimposed, measured using the T-QTF. In the inset is show an enlarged view of the noise
fluctuations.

Figure 7.3: (a) Bare T-QTF (black curve) and dual-tube on-beam piezoelectric signal (red curve).
The SNR enhancement is ∼ 16. (b) Bare T-QTF interferometric (black curve) and dual-tube
on-beam signal (red curve). The SNR enhancement is ∼ 13.

the signal-to-noise ratio has to be extracted. The piezoelectric peak signal is ∼ 30.15 mV
with a 1σ-noise level of 0.36 mV , resulting in SNR ∼ 84. The optical readout has a
peak signal of ∼ 230 µV , with a noise level of 3.8 µV leading to SNR ∼ 60. Hence,
the piezoelectric readout results∼ 40% more sensitive than the interferometric one when
employing T-QTF.
In QEPAS, a tuning fork is acoustically coupled with a pair of resonator tubes, acting
as amplifiers for the sound wave. The system composed by the QTF and tubes is usually
referred as spectrophone. The QTF is typically positioned between the tubes to probe
the acoustic vibration excited in the absorbing gas contained inside the tubes. Tubes
having length of 10 mm and an internal diameter of 1.59 mm were selected and both
positioned about 200 µm far from the QTF surface. Spectral scans measured by the
T-QTF spectrophone are shown in Fig. 7.3, together with the signal acquired with bare
T-QTF, using piezoelectric and interferometric readouts.
65

7 Photoacoustic spectroscopy for gas sensing: a comparison between piezoelectric and
interferometric readout in custom quartz tuning forks

Figure 7.4: (a) Bare I-QTF piezoelectric signal. The SNR is ∼ 23. (b) Bare I-QTF interferometric
signal. The SNR is ∼ 35.

In the dual-tube configuration, the piezoelectric signal increases up to ∼ 503 mV with
a 1σ-noise level equals to 0.37 mV , which lead to a SNR enhancement of ∼ 16 compared
to the bare T-QTF. For the optical readout, an increase of the peak signal up to ∼ 3 mV
with a noise equal to 4 µV is obtained, corresponding to a SNR enhancement of ∼ 13.
Thereby, when implementing resonator tubes the T-QTF piezoelectric detection is ∼ 80%
more sensitive than the interferometric one. This can be ascribed to the fact that T-QTF
was properly designed to offer high QEPAS performance for piezoelectric readout.
In order to confirm the hypothesis that by properly designing the prongs geometry it
could be possible to selectively enhance the sensitivity of the piezoelectric or interferometric
readout, the T-QTF has been replaced with a I-QTF. The spectral scans acquired with
both techniques when the I-QTF is excited at the fundamental mode are shown in Fig.
7.4, at the same experimental conditions previously used.
The peak value acquired with the piezoelectric readout is ∼ 0.55 mV with an estimated
noise of 24 µV , resulting in a SNR ∼ 23, about 3.5 times lower than that obtained
with T-QTF. This result was expected because T-QTF geometry has been properly
optimized for piezoelectric readout, as already discussed. The peak value obtained with the
interferometric technique is ∼ 490 µV with a noise of 14 µV , resulting in a SNR ∼ 35, i.e.,
about 50% higher than the piezoelectric one. Thereby, I-QTF showed best performance
when the optical readout was used. Implementing an optimal on-beam resonator for I-QTF
requires the use of resonator tubes as long as 3, 5 cm, which is unfeasible for QEPAS
technique, thereby we did not investigate the piezoelectric and interferometric readout
behaviors in this case.
A direct comparison between T-QTF and I-QTF when optical readout is used can
be done by estimating the vibration amplitude of both QTFs using Eq. 7.3. The spring
constant was estimated by using a finite element analysis based on COMSOL Multiphysics.
The simulation was set in order to apply a load on the prong free-end and evaluate the
induced deformation in term of static displacement x. The elastic constant can be retrieved
using the linear relation F = k · x. The analysis was performed for both the QTFs and
the results are shown in Fig. 7.5.
The applied load on the upper-left edge of the two tuning forks had an intensity
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Figure 7.5: (a) COMSOL simulation of a boundary load applied at the far end of I-QTF. (b)
COMSOL simulation of a boundary load applied at the far end of T-QTF. The color scales gave
the displacement from equilibrium position, in meters.

of 1 N/m, resulting in a total applied force F = 0.25 mN . The static displacement
induced on the I-QTF is equal to 592 nm and therefore the simulated elastic constant k
turns out to be 422.3 N/m, in excellent agreement with the prediction by using Eq. 7.4
(422.19 N/m). The static displacement induced on the T-QTF instead is 17 nm, resulting
in an elastic constant k = 14, 695.5 N/m. By using the electrical resistance values of
157.5 kΩ and 843.1 kΩ measured for T-QTF and I-QTF, respectively, the ratio between
the vibration amplitude for the QTFs results aI−QT F /aT −QT F = 2.6, comparable with
the ratio between peak interferometric readout signals SI−QT F /ST −QT F = 2.13. Hence,
the larger the vibration amplitude, the higher the optical readout signal. This proves that
the QTF geometry could be optimized when interferometric measurement systems are to
be adopted.
The I-QTF is capable to operate at its first overtone mode of ∼ 21.40 kHz, showing a
quality-factor of ∼12000, suitable for QEPAS operation Thereby, keeping the experimental
conditions fixed, both piezoelectric and interferometric readouts were performed, while
I-QTF is excited at the first overtone mode. The acquired spectral scans for both readout
techniques are shown in Fig. 7.6.
The peak signal obtained from the piezoelectric readout is equal to ∼ 18 mV with
a noise level of 0.35 mV , corresponding to a SNR ∼ 51, 2.2 times higher than that
obtained when the I-QTF operated at the fundamental mode. This result is in agreement
with that observed in [156] and demonstrates the possibility to increase the piezoelectric
readout sensitivity through the use of QTFs optimized to operate at the first resonance
overtone. The signal obtained with the interferometric technique is equal to ∼ 97 µV with
an estimated noise of 2.5 µV, showing a SNR ∼39, comparable with that measured when
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Figure 7.6: (a) Piezoelectric signal acquired with bare I-QTF operating at its 1st overtone mode.
The SNR is equal to 51. (b) interferometric signal acquired with bare I-QTF operating at its 1st
overtone mode. The SNR is equal to 39.

I-QTF vibrates at the fundamental mode. However, a signal 5 times lower with respect to
the fundamental mode has been observed, caused by a lower vibration amplitude of the
overtone mode with respect to the fundamental one. This proves that the interferometric
technique is not influenced by the use of the flexural resonance mode of the I-QTF.
In Table 7.2, all results obtained by using the piezoelectric or the optical readouts are
summarized.

Table 7.2: PAS signals, 1σ noise levels and signal-to-noise ratios (SNRs) measured for I-QTF
(at the fundamental and first overtone mode) and T-QTF, when piezoelectric or interferometric
readouts are selected.

Frequency (kHz)
I-QTF fund mode
T-QTF fund mode
I-QTF overt mode

3.44
12.45
21.40

Piezoelectric readout
Signal (mV ) Noise (mV )
0.55
30.15
18.0

0.024
0.36
0.35

SNR
23
84
51

Interferometric readout
Signal (µV ) Noise (µV ) SNR
490
230
97

14.0
3.8
2.5

35
60
39

Despite the highest PAS interferometric signal (490 µV) has been measured with the
I-QTF, the highest interferometric SNR (60) has been achieved when using T-QTF. This
is due to the 1/f dependence of the noise level, demonstrating that the optical readout is
sensitive to the flicker noise of the acoustic source. Thus, even if the vibration amplitude is
the figure of merit to be optimized to enhance the optical readout signal, moving to lower
frequency negatively affects the noise level. For the piezoelectric readout, the ultimate
noise level is dominated by the thermal noise of the QTF (which scales as the inverse
of the root of the electrical resistance) and the electronic noise of the transimpedance
amplifier, which usually scales linearly with the resonance frequency.
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Conclusions

In this work, we reported on a comparison between the piezoelectric and interferometric
readouts of vibrations in quartz tuning forks (QTFs) when used as sound wave transducers
in QEPAS sensors. We demonstrated that by playing on the prongs geometry design it is
possible to enhance interferometric readout signal with respect to the piezoelectric one
or vice versa. For piezoelectric readout, the QTF showing the highest performance has a
T-shape prong geometry and a resonance frequency of 12.45 kHz. Among custom QTFs
employed so far in QEPAS, the one providing the largest vibration amplitude is the I-QTF,
showing a resonance frequency of 3.44 kHz for the fundamental mode and ∼ 21.40 kHz
for the 1st overtone mode. Both QTFs were implemented in a QEPAS sensor and tested
for the detection of water vapor concentration in the room air. The signal-to-noise ratio
of piezoelectric readout results ∼ 40% higher than the interferometric one when the bare
T-QTF was employed. This SNR difference increases up to 80% when the QTF was
acoustically coupled with a dual-tube resonator system. Conversely, an interferometric
SNR ∼ 50% times larger than the piezoelectric one has been measured when implementing
the I-QTF, having a rectangular prong geometry. When operating at the 1st overtone
mode, the I-QTF provide a piezoelectric SNR ∼ 2.2 times higher than when operating at
the fundamental mode, while the interferometric SNR remains nearly unchanged (∼ 10%
increases).
Finally, with respect to QEPAS, optical readout PAS no longer require restriction on
the use of piezoelectric materials. Consequently, keeping fixed the tuning fork geometry,
materials showing a lower Young modulus such as KBr [157] or KCl [158] could provide
higher sensitivity.
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8

PAS-WRAP: a new approach to
photoacoustic gas sensing
We present a new approach to optical fiber photoacoustic spectroscopy for trace gas
detection. After an explanation of its working principle, we show the results of the
measurements obtained with our first few prototypes. We then analyse the advantages
that this approach may provide, and further discuss how the expertise developed by the
optical fiber sensor community may contribute to the field of photoacoustic gas sensing.

This chapter is updated based on: Zhou, Sheng, Martin Slaman, Grzegorz Gruca, and Davide Iannuzzi.
”PAS-WRAP: a new approach to photoacoustic sensing, a new opportunity for the optical fiber sensor community.” In Seventh European Workshop on Optical Fibre Sensors, vol. 11199, p. 111992S. International
Society for Optics and Photonics, 2019.
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8.1

Introduction

Trace gas detection via photoacoustic spectroscopy (PAS) is a well-established technique
that provides high sensitivity and high selectivity. Over the last forty years, several groups
have been proposing a large variety of different approaches to realize PAS systems of
various kinds (see, for instance, [58, 67]), each of which comes with its advantages and
drawbacks. It was however not until recently that researchers have turned their attention to
PAS systems based on optical fiber sensors that could enable miniaturization, multiplexing,
remote sensing, and utilization in harsh environments (see [116] and references therein).
An optical fiber PAS system typically relies on three main components: an optical fiber
that brings the excitation light to the gaseous sample, a gas cell where the gaseous sample
is confined, and an optical fiber microphone. To trigger the photoacoustic effect, the
wavelength of the excitation light is tuned in a periodic manner to excite the rovibrational
transition of the molecule that has to be detected. The molecules that are excited by
the excitation light go back to the ground state via non-radiative collisions, producing a
periodic local heating of the gas and, thus, an acoustic wave. The acoustic wave eventually
impinges on the optical fiber microphone, which signals the presence of the absorbing
molecules, and, after proper calibration of the setup, the concentration of the absorbing
gas. Most of the optical fiber microphones used in the PAS systems reported so far
consist of a mechanical spring (e.g., a cantilever or a membrane) that is interferometrically
interrogated by means of an optical fiber aligned with the spring. It is however worth
mentioning that a couple of earlier papers have proposed a radically different approach,
where the acoustic wave was detected by measuring the strain induced on an optical fiber
wrapped around the walls of the cell containing the gas sample [159, 160].
In this paper, we introduce a third, novel approach to optical fiber PAS detection,
whereby, combining state-of-the-art optical fiber sensing with a simple mechanical design,
we have been able to reach a configuration that may compete with more established
instruments.

8.2

Working principle

A PAS-WRAP [161] sensing head consists of a cylinder block in which a small gas cell with
an open window is formed (see Figure 8.2). The window is partially closed by a long fiber,
wrapped multiple times around the block, in a sort of flexible optical fiber fence style (or a
guitar string set). Another optical fiber is used to shine light into the cell through the side
wall at one of the rovibrational excitation wavelengths of the gas that has to be detected.
The acoustic wave produced by the photoacoustic effect, then, propagates through the
cell and eventually impinges on the optical fiber fence, setting it into vibration.
A commercial optical fiber strain interferometer (ZonaSense, Optics11) was used to
detect the vibration of the optical fiber fence, using a setting as shown in figure 8.1.
Different from conventional fiber optic interferometers, a reference arm was used alongside
the measurement arm for common mode rejection, as suggested by the manufacturer.
The interferometer is equipped with two tunable lasers that can be tuned into the central
wavelength of the FBGs (in this case 1530 nm and 1550 nm). Laser beams from those
two lasers propagate along the reference and measurement arms, and then are partially
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Figure 8.1: Schematic view of a PAS-WRAP sensing head. The wrapping optical fiber is
connected to an interferometer that can detect the vibrations of the optical fiber fence induced
by the photoacoustic wave.

reflected by the FBGs. The reflected light beams with the same wavelength superpose with
each other and are detected by the photodetectors in the interferometer. From the two
interference signals, an algorithm (which is a trade secret of the manufacturer) is used to
calculate the fiber length change on one arm in between the two FBGs, relative to the other
arm. When the fiber length of the measurement arm oscillates, the oscillation amplitude
can be extracted with an digital frequency analyser embedded in the interferometer. The
mainstream application of such an interferometer is for underwater acoustic wave detection.
In this paper, we used it for photoacoustic signal detection under the assumption that
the photoacoustic wave is strong enough to drive detectable fiber fence vibration of the
PAS-WRAP sensors described above. Hence one could measure the amplitude of the
vibration and determine the concentration of the absorbing gas presented in the gas cell.

8.3

Fabrication of the first prototype

Figure 8.3a shows the first prototype of a PAS-WRAP sensor. To fabricate such a sensor,
a plastic block equipped with a central gas cell and a side excitation fiber inserting hole
was first 3D printed. The gas cell has an opening width of 10 mm × 5 mm and a depth
of 5 mm. A single mode fiber (without the plastic jacket) was wrapped around the block
approximately 20 times to tightly cover the cell opening and form the fiber fence. Two
fiber connectors are then spliced to the wrapping fiber ends. A cleaved excitation fiber is
at last inserted and sealed into the side hole.
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Gas
molecules

Figure 8.2: Schematic view of a PAS-WRAP sensing head. The wrapping optical fiber is
connected to an interferometer that can detect the vibrations of the optical fiber fence induced
by the photoacoustic wave.

WRAPPING FIBER
CONNECTORS

Figure 8.3: (a) Image of the PAS-WRAP prototype tested for this paper. (b) Frequency spectrum
of the output of the optical fiber strain sensor connected to the wrapping fiber observed when
the chamber was filled with 2% of C2H2 in Ar at 0.35 bar and illuminated with a laser beam
wavelength modulated, at a frequency of 2018 Hz, around one of the absorption lines of C2H2
(1530 nm).Note that the high 4th harmonic signal at around 8048 Hz was not expected in normal
photoacoustic gas sensors, and was not present for other PAS-WRAP sensors we developed later
on other than this first prototype. The reason for this signal is unknown.
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(a)

(b)

7479 Hz

(c)

12676 Hz

17161 HZ

Figure 8.4: Eigenmodes of the gas volume in the cell and the fiber fence modelled by a membrane.
(a) First eigenmode of the membrane. (b) Second eigenmode of the membrane. (c) First
eigenmode of the gas volume

8.4
8.4.1

Experimental results and discussion
Demonstration of the proof-of-concept

To test the working principle, the sensor was mounted inside a gas chamber that can be
evacuated and then filled with gas mixtures of well controlled composition (see [116] and
references therein) as shown in figure 8.1. We filled the gas chamber with a gas mixture
composed of 2% C2H2 in Ar at 0.35 bar. The excitation fiber was connected to a wavelength
modulated 24 mW excitation laser tuned to the 1530.37 nm absorption line of C2H2. We
noticed that the vibration signal is dependent on the modulation frequency f , and at
f = 2018Hz the signal reaches maximum. Figure 8.3b shows the maximum vibration
signal. One can clearly distinguish the signals triggered at the excitation frequency’s higher
harmonics. We observed that, moving the central wavelength far from the absorption line,
all the peaks of the graph disappeared – a clear proof that the signal observed in figure
8.3b was indeed the result of the photoacoustic signal induced by the C2H2 absorption.

8.4.2

Eigenmodes analysis

To investigate the origin of the photoacoustic signal dependency on modulation frequency,
eigenmodes analysis was performed to both the gas volume in the cell and the fiber fence.
To simplify the simulation, the fiber fence structure is modelled with a two end fixed
membrane that has the same width as the gas cell window, thickness equal to single mode
fiber diameter (125 µm), and with the material of silica. Figure. 8.4 shows the first (a) and
second (b) eigenmodes of the membrane, and the first eigenmode of the gas volume (c).
It is clear that the signal peaks at higher harmonics of 2018 Hz result from the mechanical
resonance of the fiber fence, instead of the acoustic resonance of the gas volume, because
even the first eigenmode of the gas volume is much higher than the signal frequencies.
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8.4.3

Quasi-distributed gas sensing

Since the interferometer we used can not only measure the signal related to fiber length
change, but also label the signal with zones formed by FBGs, one could potentially extend
the setup to include multiple sensors and realize quasi-distributed gas sensing with the
proposed PAS-WRAP sensors. To test this possibility, the experimental setup was expanded
further as shown in figure 8.5. Two new PAS-WRAP sensors with slightly different designs
than the first prototype were fabricated. Two small mirrors were glued onto the cell wall
of each of the new sensors, so that the excitation laser beam can be reflected multiple
times in the cells. The holes necessary for inserting the excitation fiber were moved to
the corner of the cell and slightly tilted to realize the multi-reflection effect accordingly.
The sensors were mounted in separate gas chambers (S chamber and L chamber). The
large chamber (L chamber) can be filled with C2H2 gas under controlled concentration
and pressure, while the small chamber can only be flushed with 1 bar C2H2 gas mixture.
The two sensors are divided by zones formed by FBGs with distinct central wavelengths
(1530 nm, 1540 nm, and 1560 nm). By matching the wavelength of the lasers inside the
interferometer to one of the zones defined by the FBGs, the device is able to measure the
fiber length variation at that zone. Ideally, the excitation laser should be connected to
an optical switch to transfer the full power excitation laser beam to one sensor at a time.
However, as only a proof of concept, the same excitation laser described above is simply
connected to the two sensors through a 50/50 coupler. Before the experiments, the S
chamber is flushed with 2% C2H2 for a long time then sealed. The L chamber is filled
with Ar and C2H2 mixer with various concentrations. The vibration amplitude spectrum
was recorded when the interferometer was set to each zone.
By sweeping the wavelength modulation frequency from 1500 Hz to 3000 Hz while
the spectral graph was set to peak hold, the frequency response of the sensor in zone 1
was revealed as shown in figure. 8.6(a). Similarly, after switching the interferometer to
zone 2, we got the frequency response of the sensor in zone 2 as shown in figure. 8.6(b).
The result shows that for both sensors, the photoacoustic signal reaches a maximum at a
modulation frequency of around 3100 Hz, so the modulation frequency was fixed at 3100
Hz in following experiments.
To prove the possibility of distributed gas sensing, the interferometer was switched
in between the two zones while gas concentration of the two chambers and the other
interferometer settings remained the same. The result shows that even though the
interferometer is able to show the photoacoustic signal of two zones one at a time with
a zone switching time of around 30 seconds, the spectral signal peak is not stable in
short term. Figure. 8.7 compares the frequency spectrum without and with the peak hold
enabled, when the interferometer was set to read the signal from zone 2. We can see
that both the noise level and the peak value at 6.2 kHz varies a lot in a short time scale.
Figure. 8.8 shows the same signal from zone 2 after 40 minutes later the data in figure
8.7 was captured. It seems that the signal also drifts in the long term. At this stage, it is
difficult to distinguish whether the low signal repeatability is because of the sensor design
(fiber tension relaxation, glue drift, gas cell heating, etc.) or issues with the interferometer
(noise filtering, signal processing algorithm, calibration, etc).
76

8.4

Experimental results and discussion

Zone 2

Zone 1
1530 nm
Interferometer

1540 nm

1560 nm

S chamber

Reference arm
Measurement arm

1560 nm

1530 nm
1540 nm
50 %

L chamber

50 %

Excitation
laser

FBGs:

Fiber connectors:

PAS-WRAP sensors:

Figure 8.5: Setup for testing the concept of quasi-distributed gas sensing.

(a)

(b)

Figure 8.6: Photoacoustic signal while sweeping the modulation frequency with peak held enabled.
(a) Signal from zone 1. The two small peaks around 6200 Hz were third harmonic signals. (b)
Signal from zone 2.
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(a)

(b)

Figure 8.7: Comparison of the vibration spectrum without (a) and with (b) peak hold enabled

(a)

(b)

Figure 8.8: The same vibration frequency spectrum data captured after 40 minutes later the
data in figure. 8.7 was captured.
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8.4.4

Sensitivity estimation

To have an estimation of the gas detection sensitivity of the PAS-WRAP sensor, the
L chamber was evacuated and filled with 0.4 bar C2H2 mixed with Ar gas at various
C2H2 concentrations step by step. The frequency spectrum at each concentration step
was recorded. Peak hold was enabled to capture the maximum peak signal at each
concentration step. The raw data is shown in figure. 8.9. The peak signal value at each
concentration step was then manually picked from the spectral graphs, and plotted along
with the corresponding concentration value in figure. 8.10. A linear fit line was plot along
the data points, while the dashed line indicates the noise level in the spectral graphs
around 6.2 kHz. One can estimate that with current setup, the sensor in zone 2 can reach
a minimum detectable concentration of 0.15% for C2H2 detection. As a comparison, the
photoacoustic sensor described in chapter 2 has a minimum detectable concentration of
15 ppb. So to make the quasi-distributed photoacoustic gas sensing idea practically useful,
one needs to either improve the PAS-WRAP sensor sensitivity dramatically or find a real
world application where the need of multi location gas detection is dominant over the need
for high detection sensitivity.

8.5

Discussion and outlook

It is important to stress that the results reported here are nothing more than the preliminary
outcome of few first prototypes that were designed only to prove that the PAS-WRAP
scheme proposed here is a feasible alternative to existing PAS sensors. The mechanical
details of the gas cell and of the anchoring of the fibers were not investigated. The position
of the optical fiber that brings the excitation light into the cell, the geometry of the cell,
and the number of the winding turns were not optimized either. We did not analyze
whether adding light focusing elements, or acoustic resonant cavities could improve the
sensitivity of the sensor, or whether, analyzing the FBG signal with a lock-in amplifier, one
could increase the signal-to-noise ratio. Furthermore, we did not test whether one could
further enhance the amplitude of the mechanical oscillations by increasing the mechanical
quality factor of the optical fiber fence, stripping and/or etching the optical fiber in the
suspension. Finally, the dimensions of the mechanical block were limited by the bending
losses of the fibers used (SMF28 Corning fibers). Using special fibers that allow for smaller
curvature radii one may implement much smaller sensing heads. Our study is also quite
limited in scope. We did not make quantitative analysis of the sensitivity, reproducibility,
linearity, dynamical range, or response time. More work is under way to explore all of the
aspects described above.
Despite the limitations of the study here reported, it is worth stressing that the PASWRAP design seems to bring a number of interesting features. First of all, the sensing
heads are very easy to fabricate, and they are quite robust, as they do not rely on any
fragile component. Furthermore, it seems that the quasi-distributed gas sensing approach
proposed in this paper is feasible, where signal readout can be multiplexed using the (quasi) distributed approaches already developed for optical fiber infrastructure monitoring,
whereas the excitation laser can be multiplexed with optical fiber switches.The maximum
number of sensors that can be multiplexed would mainly depend on the bending loss in the
sensors, the allowable total ports of the optical switch, and the insertion loss between fiber
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Figure 8.9: Amplitude spectral density at various gas concentration steps
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Figure 8.10: Vibration amplitude over C2H2 concentration. The red dot line indicates the noise
level at 6.2 kHz.

connectors. Multiplexing several sensors would reduce the cost of a multipoint sensing
system, and would limit maintenance costs, because all the electronics and optics could be
kept in a control room that can be easily accessed. One could also use other multiplexing
approaches, including, for instance, the possibility to cascade a series of sensors whose
optical fences have different mechanical resonances. Finally, it is worth stressing that,
changing the excitation laser, one can use one single sensing head to detect a wide variety
of different gases.
As the example of our PAS-WRAP tests shows, photoacoustic spectroscopy represents
an interesting window of opportunity for the optical fiber community. There is a plenty
of room for development for experts in optical fiber interferometry, optical fiber design,
optomechanical MEMS, and photonic integrated circuits, to name the most obvious ones.
We truly hope that this study will trigger a broad interest of this community and foster
the development of a whole new generation of fiber optic PAS sensors.

8.6

Conclusion

We have presented a new approach to optical fiber PAS systems. The scheme proposed
here seems to adapt well to in-field applications, multiplexing, and remote sensing. Studies
are under way to fully evaluate its potential and its applications in, among others, the oil
and gas industry, where it could be used to detect gas leaks in the extraction wells, and in
the food industry, where it could be used to detect the early signs of fruit ripening.
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9

Discussion and outlook
So far, this thesis described mainly the study of fiber coupled photoacoustic gas spectroscopy,
where miniaturized cantilever based photoacoustic gas sensors are developed, improved,
modelled and then tested in some exemplary applications. Though chapter 7 offered
an unbiased comparison between the interferometric and piezoelectric readout methods,
this thesis would be incomplete without an overall discussion of the limitations of the
study, along with some suggestions for future development. This chapter will focus on a
discussion of the issues we were not able to solve and the limitations of the technology
that we have worked on during the study. Some suggestions on future development of
fiber coupled photoacoustic gas spectroscopy will be given, which could hopefully offer
some guidelines to new researchers just entering into this field.
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9.1

Sensor fabrication method

As an exploratory study, much emphasis of the sensor design was given to fast prototyping
possibility, instead of mass production capability. As a consequence, the current sensor
fabrication method involves a lot of manual processes, which include wire cutting of the
mounting block, laser ablation for the fabrication of micro-mirrors, glass tube pulling,
cutting and flame sealing for the cell fabrication, and mounting of all the components
on a manual stage under a stereomicroscope. Those processes are time-consuming,
costly, and require relatively high operational precision. Nevertheless, the repeatability of
critical parameters, including cell outlet diameter, micro-mirror to cell outlet gap size, and
cantilever resonance frequency, were hardly maintained, which is a major drawback when
seeking repeatable sensor performance. A better approach that combines finite element
modelling with micro-fabrication is recommended for future studies.
As suggested in Chapter 6, finite element modelling turned out to be a very good
method for frequency response simulation of cantilever based photoacoustic gas sensors,
where the energy flow from laser beam to gas molecules to pressure transducer can be
modelled fully. One could implement it for new design verification, sensitivity estimation,
and parameter optimization at the initial stage of sensor design before running into the
real sensor fabrication. As for the fabrication method, most components of the cantileverbased photoacoustic gas sensors proposed in this thesis are at a scale that is suitable for
micro-fabrication. Micro-fabrication is a collection of well developed technologies that are
commercially utilized in making micro-devices [162]. Adapting the gas sensor design to
micro-fabrication processes could increase the repeatability significantly. As an example,
figure 9.1 presents such a sensor design, which consists of components that are all suitable
for mass production. Additionally, figure 9.2 shows some sensor parts from a different
angle for clarity. The main component of the sensor is a MEMS chip that functions as not
only a cantilever (V-shaped cantilever), but also a mounting block for both the ferrule
and the gas cell. It has similar structure and size as the MEMS chips inside miniaturized
microphones that are commonly used in smartphones. The micro-fabrication processes of
microphones can be well adapted to fabricate such photoacoustic MEMS chips. A square
shaped ferrule with three holes inside can be used for the mounting and alignment of the
readout and excitation fibers to the MEMS chip, with one hole left for gas diffusion. A
glass tube with one end open can be used as the gas cell, and be sealed onto the flat
surface of the MEMS chip. With such a sensor design, the components can be auto
aligned when mounting, and the sensor performance repeatability is guaranteed by the
high repeatability of micro-fabrication processes.
The working principle of such a sensor is similar to the sensors described in Chapter 4
and 5. When the sensor is placed in the measurement site, gas molecules can diffuse first
through the gas inlet hole on the ferrule, then through the excitation hole and the gaps
around the cantilever into the gas cell. The excitation laser beam, wavelength modulated
around the target gas absorption line, can transmit through the excitation hole directly into
the gas cell and excite the target gas molecules. The vibration of the V-shaped cantilever,
induced by the photoacoustic pressure wave, can then be read out with an interferometer
connected to the readout fiber. Since the cantilever is hidden in between the gas cell
and the ferrule, such a sensor design should be more immune to environmental acoustic
noise than previous designs. This sensor design can also be easily adapted for under liquid
84
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MEMS chip

Gas cell

ferrule

Excitation fiber

V-shaped cantilever

Excitation hole
Readout fiber

Figure 9.1: A photoacoustic gas sensor design that is suitable for mass production. The right
inset shows a top view of the MEMS chip.

Gas inlet
Readout region
Excitation fiber inlet
Readout fiber inlet
Excitation hole

Figure 9.2: The MEMS chip and the ferrule components from different viewing angle

operation by sealing the gas inlet hole with a thin layer of gas permeable material.

9.2

Environmental noise

Since cantilever based photoacoustic gas sensors rely on soft cantilevers for acoustic
wave detection, the sensitivity to photoacoustic signal comes naturally together with the
sensitivity to environmental noise, which includes acoustic noise and mechanical motion
noise. The example of acoustic noise coupling can be seen in the figure 4.7 at stage
3, where the sound produced by merging of bubbles was coupled into the sensor, and
increased the photoacoustic signal noise level significantly. The example of mechanical
motion related noise can be seen whenever the sensor was moved manually, as show in
figure 4.7, 5.2 and 5.4. One would say the noise induced by motion of the sensor is
normally significant compared to the photoacoustic signal. In principle, increasing the
resonance frequency of the cantilever can reduce the noise coupling, but also reduces
85

9

Discussion and outlook

Figure 9.3: The simulated frequency response of the photoacoustic sensor when the spring
constant and the effective mass of the cantilever varies in the same proportion to each other.

the photoacoustic signal, as predicted by both equation 2.19 and the simulation results
shown in figure 6.4. Practically, the cantilever based photoacoustic gas sensor developed
in this thesis may only be suitable for applications where the sensor can be stationary
during measurements and where the environmental acoustic noise frequency is far lower
than the resonance frequency of the cantilever. However, one can not judge the feasibility
without giving the specific requirements of the application. It is likely that the type of
photoacoustic sensors described in this work could work well despite environmental noise
coupling in applications where features like in−situ detection, remote sensing, and high
sensitivity and selectivity are crucial.
One additional simulation using the model described in Chapter 6 shows that by
increasing the spring constant and the effective mass (mass of the micromirror) of the
cantilever with the same proportion, one could significantly increase the sensor quality factor
without significantly changing the resonance frequency. This result is shown in figure. 9.3,
where the x axis is the vibration frequency of the cantilever and the y axis is the vibration
amplitude of a center point of the micromirror. The curves show the simulation results of
the sensor frequency responses when the spring constant of the cantilever beam (k0 ) and
the density of the micromirror (ρ0 ) were swept from (0.1k0 , 0.1ρ0 ) to (10k0 , 10ρ0 ). One
can see from this result that when increasing the sweep factor sweep from 0.1 to 10, the
peak frequency and the peak photoacoustic signal amplitude almost do not change, while
the quality factor of the frequency response significantly increases. If this simulation result
is valid in reality, one could increase the quality factor without decreasing the photoacoustic
signal by optimizing the material choice or cantilever geometry design. In this way, the
signal to noise ratio of the sensor could be improved because less environmental noise
away from the resonance frequency could be coupled to the sensor.

9.3

Influence of temperature

With the current sensor design, both the readout fiber and the cantilever are fixed in place
by glue. Temperature change leads to glue expansion that results in changes of the relative
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optical path difference (2g in equation 2.10) and the interferometer signal sensitivity
(equation 2.12). Therefore, when such changes are not negligible, it is recommended
to perform a quadrature scan every time before each gas concentration measurement.
Furthermore, temperature is also a known factor influencing other parameters relevant
to photoacoustic gas concentration measurements, such as gas absorption coefficient
(equation 2.2) and gas permeable material equilibrium constant [119]. Hence, in certain
measurement environment, such as inside power transformers (where the transformer oil
temperature can vary within a range of more than 100 over a year), another fiber coupled
temperature sensor may be required to capture the temperature data that is necessary for
the calculation of target gas concentration from photoacoustic signal. Such fiber coupled
temperature sensors are commercially available and have been already implemented in
power transformer condition monitoring [163].
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Summary
Photoacoustic gas spectroscopy is a gas analysis technique whose detection limit scales
favourably with miniaturization. This thesis describes mainly the study of a miniaturization
approach where instead of the whole gas analysis system, only the essential part for the gas
detection is miniaturized, and connected to the other part of the system through optical
fibres. This study is a natural extension of our previous work around cantilever-based fiber
coupled photoacoustic spectroscopy, published in 2013 [63]. Several advancements have
been achieved in this study as demonstrated in previous chapters, and can be summarized
as following:
1. The photoacoustic sensor design has been improved. Sensitivity is now 30 times more
than the previous work, and is close to what other bulky commercial photoacoustic
gas analysers can reach. The background signal that is commonly seen in the
literature of photoacoustic sensing has been theoretically explained and eliminated
with a new sensor design. Better understanding of the noise component of cantilever
based photoacoustic sensors has been realized by Allen-Werle deviation analysis.
2. Two niche applications for miniaturized fiber coupled photoacoustic gas sensing
have been explored. One is on sampling-free fermentation process monitoring in
a small fermenter. Interesting phenomenons during the fermentation process have
been revealed. The other is on in−situ dissolved gas analysis for power transformer
condition monitoring. It is so far the first and only demonstration of photoacoustic
gas sensors that can directly work in liquid. The immersed photoacoustic gas sensor
concept we proposed could be used to detect arcing faults of an average sized power
transformer several days earlier than conventional dissolved gas analysers.
3. A finite element model has been proposed based on Comsol Multiphysics for frequency response simulation of cantilever-based photoacoustic gas sensors. The
comparison with experimental data has shown that this model reflects the actual
performance of our devices very well. It has been further implemented to investigate
the miniaturization potential of cantilever based photoacoustic gas sensors.
4. A comparison between the interferometric readout and electrical readout techniques
has been made based on tuning fork photoacoustic gas sensors. The comparison
could serve as a good reference point on signal readout method selection for the
photoacoustic gas sensing community. Few design guidelines have also been proposed
for the development of all optical tuning fork photoacoustic gas sensors.
5. A semi-distributed photoacoustic gas sensing concept has been explored. Preliminary
experiments have been carried out to validate the concept and estimate the sensor
sensitivity and linearity. Current challenges and future potential have been identified.
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6. The limitations of the study reported and the techniques here introduced have
been explicitly discussed in chapter 9, along with some suggestions for further
development.

90

List of publications and achievements
Publications
1. Zhou, Sheng. ”Fully coupled model for frequency response simulation of miniaturized cantilever-based photoacoustic gas sensors.” Sensors 19, no. 21 (2019):
4772.
2. Zhou, Sheng, Martin Slaman, Grzegorz Gruca, and Davide Iannuzzi. ”PAS-WRAP:
a new approach to photoacoustic sensing, a new opportunity for the optical fiber
sensor community.” In Seventh European Workshop on Optical Fibre Sensors, vol.
11199, p. 111992S. International Society for Optics and Photonics, 2019.
3. Zhou, Sheng, and Davide Iannuzzi. ”Immersion photoacoustic spectrometer (iPAS)
for arcing fault detection in power transformers.” Optics Letters 44.15 (2019):
3741-3744.
4. Zhou, Sheng, and Davide Iannuzzi. ”A fiber-tip photoacoustic sensor for in situ
trace gas detection.” Review of Scientific Instruments 90.2 (2019): 023102.
5. Zhou, Sheng, Martin Slaman, and Davide Iannuzzi. ”Demonstration of a highly
sensitive photoacoustic spectrometer based on a miniaturized all-optical detecting
sensor.” Optics Express 25.15 (2017): 17541-17548.

Contribution to conferences
1. Poster presentation: ”PAS−WRAP: a new approach to photoacoustic sensing, a
new opportunity for the optical fiber sensor community”, EWOFS19, Cyprus, 2019
2. Poster presentation: ”A Mini−photoacoustic Sensor for In-situ Trace Gas Detection”,
IABR Breath Summit 2018, Maastricht, 2018
3. Oral presentation: ”A Highly Sensitive miniaturized Fiber-based Photoacoustic
Sensor for in-situ gas detection”, 19th ICPPP, Bilbao, 2017

91

92

Acknowledgments
I guess the tricky thing about writing this chapter is to make sure everyone I am grateful
for feels the appreciation from my words, without me spending another week on the writing.
So I will try a new style, short but right from my heart.
Davide, I enjoyed your supervising style a lot. You almost never tell me what to do, but
are always there when I need your help. Thank you for promoting the idea of independent
researcher from the very beginning and stand by it with your actions, even when this
means I would disagree with your ideas sometimes. Thank you for your timely guidance in
the moment when I was going to be distracted by a new idea I had or a new phenomenon
I discovered in my experiment. Thank you for being you, a mentor, an entrepreneur, and
a changer.
Martin, thank you for all the technical assistance and guidance you has offered willingly
or unwillingly to my project. You complained about it, but still fit yourself into the narrow
corner of my lab / office again and again to connect the gas bottles for me. You also
showed a good example of being serious on the robustness of a setup. The mass flow
controllers you assembled for me just works without any problem for four years. I guess
none of my other equipment lasts so long without the need of debugging. I will definitely
learn from you in my future career.
Marica, you always complained about my insufficient acknowledgment of our friendship.
I’d like to make it official here: You are my best friend in the Netherlands. Thank you for
all the fun you brought, for the accompany in those gray days, for your help to adapt me
more to the western culture and understanding the difficulty of this mission.
Zhiqing Zhang, you pick me up from the airport the first day I landed the Netherlands,
and has been taking care of me ever since. Thank you for all the help, all the practical
tips on life in the Netherlands, and all the discussions on future career. I regret that I
didn’t listen to you to buy a house from the right beginning. Such a good piece of advice
looking from now!
Steven, my neighbor who stares at my computer screen occasionally through the glass
wall, when he is just thinking about his project. Thank you for all the useful discussions
on our projects, and useless but funny chats on everything else. I won’t thank you (and
Luca) for the table tennis matches like you did in your acknowledgments, because your
guys always won! But I would like to play again with you when we have the chance. Last
but not least, thank you for composing the paintings together with me on the glass walls
and doors in between us. I guess that will be our last work in the lab to be wiped out.
I am also grateful for all other colleagues that helped me or spent fun time together.
Here is what I can remember at this moment: Marja, thanks for taking care of the
administrative work for me now and then. Luca, thanks for all the interesting lunch time
stories, the handmade icecream, and showing a good example of living a passionate life.
Nelda, thanks for all the tips I got from you. Erik, thanks for your technical assistance, and
93

Acknowledgments

making sure I was not left alone in parties. Rene, I still need to learn your perseverance,
and wish you get what you deserve in the future. Ata and Hedde, thank you for acting
as my daily supervisor voluntarily in the beginning of my project. Grzegorz, thank you
for your quick but effective help every time I got stucked in my project. Yorick, thank
you for the relaxing chats in UK05 while both of us were doing some very sensitive
fabrications under microscope. Dexter, thanks for exchanging ideas on Eastern and
Western cultural differences during lunch. The PolySense group in Bari, thank you for our
fruitful cooperation, your warm hospitality, and the delicious dinner that I can’t forget.
Finally, I can’t thank too much for the love and tremendous trust I received from my
wife, Guan Cheng. I don’t know if it is called depression, but I did feel totally exhausted
few times in the journey of this PhD project. It never come back after you came to my
life.
„
" „88ˆˆ. ¡ `ì„/
p 0Ù e
"`ìà
Á„1

94

Bibliography
[1] Kuster, W. C., Harren, F. J. & de Gouw, J. A. Inter-comparison of laser photoacoustic
spectroscopy and gas chromatography techniques for measurements of ethene in
the atmosphere. Environmental science & technology 39, 4581–4585 (2005).
[2] Jiang, Z.-P. et al. Application and assessment of a membrane-based pco2 sensor
under field and laboratory conditions. Limnology and Oceanography: Methods 12,
264–280 (2014).
[3] Byrne, R. H. et al. Sensors and systems for in situ observations of marine carbon
dioxide system variables. In Proceedings of OceanObs09: Sustained Ocean Observations and Information for Society, Venice, Italy, 21-25 September 2009, vol. 2, 8
(OceanObs09, 2010).
[4] Boulart, C., Connelly, D. & Mowlem, M. Sensors and technologies for in situ
dissolved methane measurements and their evaluation using technology readiness
levels. TrAC Trends in Analytical Chemistry 29, 186–195 (2010).
[5] Wenner, P. et al. Environmental chemical mapping using an underwater mass
spectrometer. TrAC Trends in Analytical Chemistry 23, 288–295 (2004).
[6] Cappelloni, M. N., Frederick, L. G., Latshaw, D. R. & Wallace, J. B. Determination
of trace acetylene in oxygen with a portable acetylene analyzer. Analytical Chemistry
49, 1218–1221 (1977).
[7] Le, L. D. et al. Development of a rapid on-line acetylene sensor for industrial hydrogenation reactor optimization using off-axis integrated cavity output spectroscopy.
Applied spectroscopy 62, 59–65 (2008).
[8] Mao, X., Zheng, P., Wang, X. & Yuan, S. Breath methane detection based on
all-optical photoacoustic spectrometer. Sensors and Actuators B: Chemical 239,
1257–1260 (2017).
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[154] Köhring, M., Pohlkötter, A., Willer, U., Angelmahr, M. & Schade, W. Tuning fork
enhanced interferometric photoacoustic spectroscopy: a new method for trace gas
analysis. Applied Physics B 102, 133–139 (2011).
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