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Introduction

Throughout the whole range of trace gas detectors, which includes electro-
chemical, semiconductor as well as analytical sensors, optical sensors have
acquired particular importance in recent years as a result of major develop-
ments in optical sources and detector performance. Nowadays, these sensors
o�er high sensitivity, selectivity and real time response, large dynamic range
in concentration as well as non-invasive and in-situ operation.

Photoacoustic spectroscopy (PAS) is a gas-detection technique which di�ers
from other optical techniques because involves the photoacoustic e�ect, i.e.
the generation of sound waves as a consequence of the absorption of modu-
lated light by a target gas. Therefore a photoacoustic sensor can spare use of
optical detectors, since needs only a resonant cell and a sensitive microphone
respectively for acoustic wave enhancement and detection.

Quartz-enhanced photoacoustic spectroscopy (QEPAS) is an innovative ap-
proach to PA spectroscopy which replaces the heavy, bulky and thus def-
initely not practical resonant cell by a millimetric-size quartz tuning fork.
Since quartz is a piezoelectric material, acoustical waves can be detected via
transduction of vibrations into a current signal, avoiding use of microphones.
Furthermore, due to their electrochemical structure, tuning forks are almost
immune to environmental noise. All these features make quartz-enhanced
photoacoustic sensors extremely interesting for industrial, biomedical and
military applications requiring a high sensitive and real time in-situ moni-
toring.

The thesis work has been organized in two steps. In the �rst step,
a laboratory-prototype QEPAS sensor for ethylene detection was realized
at Polysense Laboratories, in Physics Department of University of Bari,
reaching a sensibility of 30ppb with an integration time of 10s using a dis-
tributed feedback quantum cascade laser emitting at 10.337µm. In the second
step, the laboratory prototype sensor was moved to Thorlabs laboratories in
Dachau to make sensor components more compact, robust, and easy-to-use,
by implementing a DAQ card and a sensor user-interface Labview software
for signal readout. The compact and low-noise QEPAS sensor was exhibited

vii



viii INTRODUCTION

at SPIE-Photonics West 2018 Conference in San Francisco, California, USA.

Thesis organization

In Chapter 1 are reviewed the most commonly used trace gas detection
techniques, with particular attention to optical detection techniques and
photoacoustic spectroscopy. Then, motivations for ethylene detection are
presented, together with the state-of-the-art ethylene sensors, both chemical
and optical. Di�erent techniques have been compared in terms of minimum
detection limit in concentration.
Chapter 2 is devoted to a detailed description of the QEPAS technique,
starting from the electrical and mechanical properties of quartz tuning forks.
The enhancement of the performance when a dual-tube microresonator sys-
tem is acoustically coupled with a tuning fork are also discussed.
In Chapter 3 is described the apparatus used for ethylene QEPAS detection
at University of Bari. All results obtained are presented and discussed.
Chapter 4 deals with approaches to sensor compactness achieved at Thor-
labs Laboratories. Furthermore, the Labview-based software is presented and
discussed in detail.

In Appendices the experimental setup used in order to obtain an �open-
air� methane detector in atmosphere is reported.



Chapter 1

Trace gas spectroscopy

1.1 Introduction to trace gas spectroscopy

The detection and measurement of trace gas concentrations is important for
both the understanding and monitoring of a wide variety of applications, such
as environmental monitoring, industrial process control analysis, combustion
processes, detection of toxic and �ammable gases, as well as explosives. For
example, trace gas sensors capable of high sensitivity and selectivity are re-
quired in atmospheric science for the monitoring of di�erent trace gas species
including greenhouse gases and ozone, and in breath diagnostics, nitric oxide,
ethane, ammonia and numerous other biomarkers.

Trace gas sensors can be categorized in four di�erent groups, based on the
physical mechanism that is used for detection: analytical (that means mostly
gas-chromatography and spectrometry), electrochemical, semiconductor and
optical sensors. Analytical techniques do not o�er real-time response, are
costly, invasive and occupy a large spatial footprint. Electrochemical gas
sensors can be relatively selective for a single gas detection, the sensitivity can
reach the part per billion (ppb) scale and operate with very small amounts of
current, making them well easily implementable in portable, battery powered
instruments [1]. However, they experience hysteresis and the functioning
is a�ected by water humidity. Moreover, one important characteristic of
electrochemical sensors is their slow time response: when �rst powered up,
the sensor may take several minutes to settle to its �nal output value and
when exposed to a midscale step in gas concentration, the sensor may take
tens of seconds to reach 90% of its �nal output value.

Sensors based on Laser Absorption Spectroscopy (�LAS�) are considerably
faster with response times of < 1s, su�er from minimal drift, o�er high gas
speci�city, capable of down to part-per-quadrillion (ppq) detection sensitiv-
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2 CHAPTER 1. TRACE GAS SPECTROSCOPY

ity [1][2] and permit real time and in-situ measurements. The principle of
molecular absorption is based on the transitions of an electromagnetic wave
by chemical gas species. If a gas molecule is irradiated by light, it is excited
to a rotational-vibrational energy level manifold. Absorption lines are spe-
ci�c for each chemical species. To-date LAS has been developed mostly in
the so called molecular �nger-print mid-IR spectral region from 3 to 12µm,
which covers the gas species fundamental transitions.

1.1.1 Molecular roto-vibrational lines and spectral range

of interest

Normal vibrational modes of polyatomic molecules in gas phase contain
closely spaced (1 − 10cm−1 di�erence) energy states related to rotational
transitions. A vibrational transition causes a change of the bond length af-
fecting also molecular rotation: for this reason a transition is referred to a
roto-vibrational transition.
For a single vibrational mode occurring at room temperature, the lowest en-
ergy state (the �ground state�) is the only one occupied: this is not true for
rotational states associated to vibrational ones, because of the small energy
gap between the levels. The conservation of angular momentum for an ab-
sorbing photon generates a selection rule: by de�ning J as the rotational
quantum number, only ∆J = ±1 transitions can occur.

Figure 1.1: Pictorial representation of molecular roto-vibrational transitions avail-
able at vibrational fundamental mode. In red the R branch (∆J = +1), in violet
the P branch (∆J = −1). Dotted blue lines stay for the (forbidden) Q branch
(∆J = 0).
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Taking into account only the fundamental transitions (occurring when ∆V =
±1, where V is the vibrational quantum number), the previews selection
rules give rise to an R-branch (∆V = +1 and ∆J = +1), a P-branch (∆V =
+1 and ∆J = −1) and a Q-branch (∆V = +1 and ∆J = 0). The Q-
branch can be observed only in polyatomic molecules or diatomic molecules
with electronic angular momentum in the ground electronic state, due to the
conservation of photon angular momentum.

Figure 1.2: Roto-vibrational theoretical spectral lines. Same legend as in Fig. 1.1.

Energy transitions as depicted in Fig. 1.1 would produce spectral lines as
well as those schematically depicted in Fig.1.2. However, by considering the
�Spin-Orbit coupling� and the e�ect of centrifugal distortion, as energy in-
creases, the R-branch lines become increasingly similar in energy (i.e., the
lines move closer together) and as energy decreases, the P-branch lines be-
come increasingly dissimilar in energy (i.e. the lines move farther apart).
Thus, spectral lines will appear as well as those represented in Fig.1.3.

Figure 1.3: Roto-vibrational spectral lines including most important anharmonici-
ties. Same legend as in Fig. 1.1.

For a vibrational mode, the absorption of infrared light is caused by a peri-
odic change in the dipole moment of the molecule. By considering a dipole
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moment µ = ex, where e is the electrical charge and x the displacement, the
Transition Matrix element can be de�ned by:

M(V, V ′) =

∫ +∞

−∞
ψ∗(V ′)µψ(V ) (1.1)

When µ remains constant during transition,M(V, V ′) ∝
∫ +∞
−∞ ψ∗(V ′)ψ(V ),

which vanishes because wavefunctions of di�erent normal modes are orthog-
onal to each other. However, by using the Fermi's Golden Rule, it can be
shown that M(V, V ′) is proportional to the transition rate. This means that
homopolar diatomic molecules, which have no dipole moment because of their
symmetry, cannot give rise to IR active absorption lines [3]: this particular
feature can be seen for example in air IR absorption spectra, where N2 and
O2 lines are missing.
For no-homopolar diatomic molecules, in the visible and near-IR region
(wavelength range from 0.7 to 3µm) overtones of vibrational modes (this
energies are related to transitions with (∆V = ±2, ±3 . . . ) are present,
which have slow non-radiative collision-induced vibrational to translational
(V-T) relaxation rates and weak line-strengths, about one or more orders of
magnitude lower than those related with fundamental modes. In the mid-
IR region (3 − 12µm) most of fundamental modes (related to transitions
∆V = ±1) occur. In THz range (from 15µm up to 1mm), pure rotational
fundamental modes (the angular momentum conservation forbids rotational
overtones for single photon absorption, and multi-photon absorption requires
high optical intensities), which have line-strengths comparable to those re-
lated to fundamental roto-vibrational modes fall. In such a spectral range,
non-radiative relaxation rates are fast because collision-induced rotational to
translational (R-T) energy relaxations are involved. R-T relaxation rates in
THz range are up to three orders of magnitude faster than V-T ones involved
in the mid-IR and near-IR absorption [3].

1.1.2 Optical detection techniques

In the mid-IR and THz spectral regions quantum cascade lasers (QCLs)
and interband cascade lasers (ICLs) are the optimal choice, due to their high
output power, compactness, narrow spectral linewidth and broad wavelength
tunability. Two main QCL con�gurations are used: (i) distributed feedback
(DFB) QCLs having a Bragg re�ector built on top of waveguide, or (ii)
external cavity QCLs (EC-QCLs).
As the name itself implies, the feedback necessary for the lasing action in
a DFB is not localized at the cavity facets (as in Fabry-Perot lasers) but is
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distributed throughout the cavity length. This is achieved using a grating
etched so that the thickness of one layer varies periodically along the cavity
length (see Fig.1.4). The resulting periodic perturbation of the refractive in-
dex provides feedback by means of backward Bragg scattering, which couples
the forward- and backward -propagating waves. Mode selectivity of the DFB
mechanism results from the Bragg condition. According to the Bragg condi-
tion, coherent coupling between counter-propagating waves occurs only for
wavelengths satisfying a precise relation with grating period Λ (for normal
incidence):

Λ = m
λ

2µ̃
(1.2)

Where λ
µ̃
is the wavelength inside the cavity (µ̃ is the e�ective refractive in-

dex) and m is the Bragg di�raction order [4]. The overall e�ect of periodicity
is both the rise of a photonic bandgap centered on the Bragg wavelength and
a re�ectivity r(k) depending on detuning factor δ between the propagating
wavevector and the Bragg wavevector: lasing threshold increases rapidly for
modes having higher values of δ. Thus, by tailoring the bandgap position
(given by corrugation periodicity) in order to �nd matching with gain pro�le
of the active medium, a single longitudinal mode can be achieved.

Figure 1.4: A depiction of a DFB laser �pure index guided�, with the grating written
over the active layer.

In DFB QCLs, the laser wavelength can be �nely tuned usually up to 5cm−1,
by varying the injection current, i.e. by modifying the matching conditions
between cavity mode selection and gain spectrum (which depends on input
current). Both outcomes, the single longitudinal mode and the tunability of
the lasing wavelength itself are crucial for spectroscopic purposes.

In EC QCLs, longitudinal mode selectivity can arise from interference
between the waves propagating in two cavities, the laser cavity itself and
an external cavity. The external cavity is realized by placing a concave
spherical re�ector at a distance of about near one of two laser facets. The
laser wavelength can be tuned by changing (thermally or electronically with
a piezoelectric transducer) the external-cavity length. A dispersive feedback
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can be obtained by replacing the external lens with a grating (see Fig. 1.5) or
by using a frequency-selective �lter. The external grating allows a wavelength
tuning larger than 50 nm, easily achievable by rotating the grating [5].

Figure 1.5: A depiction of a EC-laser, with its collimating optics.

A Laser source, typically used as light source in an optical sensor, must
satisfy three fundamental characteristics: a single-mode emission having nar-
row linewidth, a �ne wavelength tunability in a range as wide as possible and
a good beam spatial quality (i.e. all no-TEM00 modes have to be suppressed).
In most optical spectroscopic applications, a well collimated output beam can
be also required: when Edge-Emitting Lasers (EEL) are used, which are af-
fected by a signi�cant beam divergence, this condition is typically reached by
means of collimating lenses with short focal length (< 1cm) mounted close
to the active region.

The simplest optical detection technique is the LAS, where a laser beam
passes through a sample cell �lled with the analyzed gas. Detection is based
on application of the Lambert-Beer Law:

I = I0e
−αL (1.3)

where I is the intensity of light transmitted through the gas cell, I0 is the
intensity of light incident on the gas cell, α is the absorption coe�cient of the
sample (typically with units of cm−1) and L is the cell's optical pathlength
(typically with units of cm). The absorption coe�cient α is the product of
the gas concentration and the speci�c absorptivity of the gas ε. In weak
absorption limit (αL << 1), (1.3) is conveniently linear with L:

I ≈ I0(1− αL) =⇒ ∆I

I0

≈ αL (1.4)

Where the ratio ∆I
I0

is called absorbance. Limits of detection can be quanti-
�ed in Noise Equivalent Absorbance (NEA) or Normalized Noise Equivalent
Absorbance (NNEA). By convention, ∆I is Root Mean Squared (RMS) of
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intensity variation: to have NEA of 106 therefore means that a 1 part per
106 change in RMS received light intensity corresponds to a Signal to Noise
Ratio (SNR) of unity [6].

Most important limit of LAS technique is relationship between sensitivity
and linear dimension of the sample cell (as can be argued from 1.4). In
order to avoid this restriction, multipass cells have been introduced into LAS
sensors: these are extremely long pathlength cells constituted by means of
high re�ectivity dielectric-coated (sometimes astigmatic) mirrors. Among all
the multipass geometries, Herriott cell deserves a special mention.

A manifold of optical detection techniques employs multipass cells not only as
passive, but rather active optical medium. Among these, Cavity-Ring Down
Spectroscopy (CRDS), Cavity Enhanced Absorption Spectroscopy (CEAS)
and O�-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) have proven
to be solid and reliable.

In CRDS, light coupled into a high �nesse cavity builds up and decays
exponentially as the source is turned on and o�. Absorption measurements
are made via the exponential decay time; any loss in the cavity results in
a reduction of the decay time, and as long as overall losses are small, de-
cay times can be measured using high sensitivity detectors operating with
hundreds kHz (up to 1MHz) bandwidths. Sources of loss in the cavity
are mirror nonzero transmittance, scattering or any misalignment, as well as
spectral absorption by analyzed gas. The last contribution can be isolated
by means of a reference measurement. In a CRD- sensor the Lambert-Beer
Law (1.3) can be rewritten as

I = I0e
− t
τ
−αct (1.5)

Where e−
t
τ is the contribution due to other sources of losses and e−αct the one

due to gas absorption. There are three forms of CRDS source modulation: a
Continuous Wave (CW) rapidly switched o� (after that the detector observes
smooth exponential decay), a single input pulse (resulting in a series of pulses
modulated by an exponentially decaying envelope) and a rapidly modulated
CW source which introduces at the detector a phase shift equals to 1

τ
[6].

CRDS is an ultra-sensitive all optical detection technique, but has two main
disadvantages: �rst of all, does not permit a wavelength scan; secondarily,
technique speed may be reduced, especially when computationally intensive
�tting algorithms such like the Levemberg-Marquardt ones are used.

CEAS has the same optical setup of CRDS, but di�ers from this last
because CRDS measurements are made in time domain (thus employs up to
1MHz detection bandwidth) whereas in CEAS, the measured intensity of
light leaking out from the cavity is integrated over time periods much longer
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than the ringdown time, enabling the use of simpler electronics while still
retaining the long pathlengths of high-�nesse cavities (10-100 kHz detection
bandwidth). CEAS approach consists in involving integration over a large
number of cavity modes by dithering either the cavity length and/or the laser
wavelength [6].

In both CEAS and CRDS techniques laser beam is �On-Axis�, i.e. parallel
to optical axis: another method is the �O�-Axis� ICOS, which geometry
increases the round-trip time of the cell by arranging a reentrant condition
after a large number of passes in the manner of a Herriott cell: this in turn
creates a more densely spaced series of cavity modes with a narrower free
spectral range (FSR), as illustrated in Fig. 1.6.

Figure 1.6: on left, CEAS signal as a function of cavity modes. On right, OA-ICOS
one.

Other practical issues with all techniques involving multipass cells either
as passive or active optical element, is a time-keeping alignment and the
need of calibration. Even if the re�ectivity of the mirror coatings can be
known with su�cient precision at the wavelength of operation indeed, in
practice cavity losses can be introduced by small changes in geometry during
alignment, scattering from imperfections in the mirror surfaces, or surface
degradation in use. Maintaining a stable pathlength under �eld conditions
is an engineering challenge, requiring thermo-mechanical stability, isolation
from dust in sampled air and temperature management to avoid condensation
of water.
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All of these issues, therefore, make cavity enhanced or multipass techniques
not especially practical for in-vivo measurements [6].

1.1.3 Photoacoustic Spectroscopy

Optical gas sensors are mainly based on light absorption based on the Lambert-
Beer's law. The most commonly used techniques include non-dispersive infra-
red (NDIR), Tunable Diode Laser Spectroscopy (TDLS), multi-pass or cavity
enhanced (CEAS) and cavity ring-down spectroscopies (CRDS). Photoacous-
tic Spectroscopy (PAS) is a technique also based on an optical absorption
process, such as CRDS, ICOS and CEAS, but di�ers in the physical phe-
nomenon exploited for detecting the concentration of gas target molecules
absorbing the laser light. When light at a speci�c wavelength is absorbed by
the gas sample, the excited molecules will subsequently relax to the ground
state either through emission of photons or by means of non-radiative pro-
cesses. Non-radiative relaxation produces localized heating in the gas, which
in turn results in an increase of the local pressure. If the incident light inten-
sity is modulated, the generation of thermal energy in the sample will also be
periodic and a pressure wave, i.e., a sound wave, will be produced having the
same frequency of the light modulation. The PAS signal can be ampli�ed by
tuning the modulation frequency to one of the acoustic resonances of the gas
sample cell. The key advantage of this technique is that no optical detector
is required and the resulting sound waves can be detected by a commercial
microphone. Thus, for PAS becomes mandatory to choose for the laser mod-
ulation a frequency Ω < 1

TR
, where TR is the non-radiative relaxation decay

time of the selected gas, otherwise the molecules couldn't follow oscillation
of the incident wave and the resulting signal would be lower and distorted.

In order to �nd a relationship between PAS signal and gas absorption coe�-
cient, the absorbed energy per cycle has to be evaluated. Neglecting sample's
saturation, absorbed energy per cycle related to the transition |i >→ |k >
can be written as:

∆E = Niσik∆xPL∆t (1.6)

Where Ni are the targeted gas molecules in the |i > state per unit volume,
σik the absorption cross-section, PL the incident optical power and ∆x, ∆t
respectively cycle period and absorption pathlength (both depending on cell's
geometry). Since, as previously said, this absorbed energy is partially con-
verted into kinetic energy of all the N molecules (per unit volume) inside the
cell, ∆E in (1.6) is also equal to [7]:
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(1− ηk)∆E =
1

2
fNV kB∆T (1.7)

Where ηk is the radiative e�ciency of the targeted transition, f the num-
ber of degrees of freedom accessible for each molecule in the gas cell and ∆T
the temperature variation due to the collisions. When equilibrium is reached,
if the chopping frequency is su�ciently high for neglecting heating transfer
to the cell's walls, the following equation can be written treating the gas as
ideal (i.e. using the relation pV = NV kBT ):

1

2
fNV kB∆T =

1

2
f∆pV =⇒ ∆p =

2(1− ηk)∆E
fV

(1.8)

Therefore, because the pressure variation is proportional to the microphone
signal by sensitivity (Sm), follows that:

S = Sm∆p = Σm
2(1− ηk)Niσik∆xPL∆t

fV
(1.9)

Sm is related not only to the microphone's, but also to the whole acoustical
system's features. In particular depends on the cell size and geometry, on
the chosen frequency for modulating, on the e�ciency of the transducer and
on the Quality factor of the whole acoustical resonator, de�ned by:

Q =
f0

∆f
(1.10)

which expresses the energy stored/energy dissipated per cycle ratio. Here,
f0 is the resonant frequency and ∆f its bandwidth (the so called �full width
half maximum�). Q-factor gives an important measure of the cell selectivity
in frequency domain, thus it is fundamental to keep it as high as possible.
The traditional PAS, even though is a really sensitive technique for measuring
small absorptions, su�ers by mainly three noise sources: noise coming from
radiation that is incident upon the walls of the sample cell; non-selective
absorption of the gas cell window and external acoustic noise. Precisely for
overcoming these problems, di�erent designs for PAS have been implemented:
resonant cells with acoustic bu�ers, windowless or di�erential cells (which use
the di�erence between an illuminated sample cell and the reference one in
order to remove external noise), to name but a few [1].

1.2 Applications for ethylene sensors

Before starting a detailed illustration of both the groundbreaking spectro-
scopic technique constituting the focus of this thesis, and the experiments
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that have led to the realization of the �rst all-compact and portable proto-
type shown in the SPIE Photonics West 2018 in San Francisco, California,
it is important as well to understand the reasons behind our choice to detect
ethylene.

1.2.1 Breath diagnostic

It is a fact in modern medicine, that abnormalities observed in regard to the
human body can help to retrieve information useful to prevent the outbreak
of several diseases. Since in the early stages of medicine, for example, odor
molecules in breath were described as �evil humors�, and today are diagnosed
as uncontrolled diabetes, renal or dental disease etc.
Since 1971 a large amount (up to several hundreds) of Volatile Organic Com-
pounds, from now on VOCs, were detected in very low concentrations, mostly
originating from the blood of the test subjects [8].
Nowadays is known the origin of just a few VOCs, and therefore what their
presence might indicate in test subjects' exhaled breath.
A �biomarker� is a molecule that is expelled from the body or extrapolated
by force in order to provide information about the current state of the body
itself. In the case of human breath analysis, the biomarkers can be more
quickly identi�ed with respect to urine/stool or blood samples, because the
exchange between blood and air in the lung alveoli is a quicker process.
There are over one thousand sub-compounds identi�ed in human breath,
which concentration range from ppb to percentages: several of these com-
pounds are established as biomarkers for particular diseases and metabolic
disorders. When measuring biomarkers in exhaled breath, in most cases the
normalization factor is carbon dioxide [8].
In Fig.1.7 are reported the most important biomarkers having a vibrational
resonance in the mid-IR range and a signi�cant indication of disease or mal-
function of the human body [8].
As can be argued from table in Fig.1.7, Ethylene (C2H4) is a biomarker both
for oxidative stress for radiation damage of the human skin and for lipid per-
oxidation in the lung epithelium, but also for renal failure of elderly patients
due to the increased oxidative stress of the cells after hemodialysis. Healthy
subjects, for example, are expected to excrete between 6 and 7ppb ethylene,
while elderly people being subject to hemodialysis can produce also more
than 750ppb after treatment. In the same way, when skin is exposed to UV-
radiation the human body instantly starts producing ethylene: taking into
account that it needs about 2 minutes for reaching the lungs for exhalation,
can be demonstrated that a 15 minutes exposure increases the ethylene levels
in human breath to approximately 36ppb [8].
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Figure 1.7: Biomarkers, concentrations in healthy and unhealthy individuals and
related metabolic diseases.

1.2.2 Agricultural monitoring

Recent studies show that an amount of ethylene derived from acetate or acids
of the Krebs cycle and large enough to stimulate ripening, is always present
within a fruit before the respiratory climacteric begins: ethylene is not only a
byproduct, but rather acts as a ripening hormone for fruits and as a growth
and plants development in�uencer. [9] The following table reports internal
content of ethylene and the threshold concentration for ethylene action in
various fruits [10]: a climacteric fruit have to accumulate enough ethylene
to initiate its respiratory rise, before ripening. That explains the interest for
an ethylene sensor in the agricultural sector; for both fruits and vegetables
monitoring during transport and quick quality-freshness control for users at
the point of sale.

As can be observed from table in Fig.1.8, the concentrations required for
fruit ripening lie in most cases between 0.1 and 1ppm, and hence in storage
facilities the ethylene level has to be kept below those thresholds [10][11].
Furthermore, detectors have to be portable and easy to calibrate.
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Figure 1.8: Ethylene concentration and threshold in various climacteric fruits, at
onset of and prior to respiratory rise.

1.3 Ethylene detection techniques

To conclude the �rst chapter, is worthy to give an overview concerning state-
of-the-art ethylene detection techniques and their minimum detection con-
centrations, in order to facilitate comparison with the results obtained during
this thesis. The ethylene detection techniques can be divided in two main
categories: chemical and optical sensors.

1.3.1 Chemical sensors for ethylene

In 2011 Marcel Zevembergen et al. presented an electrochemical sensor ex-
ploiting a thin Ionic-Liquid (IL) layer as electrolyte, where IL consists of ions
at room temperature. Zevembergen's approach relied on a thin IL layer cov-
ering a disk working electrode (WE, 1mm diameter) in which ethylene can
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freely di�use. If a su�ciently high potential is applied to the working elec-
trode, ethylene is oxidized and the resulting current reveals the presence and
amount in the gas phase. The resulting minimum detection concentration
achieved was 25ppm, corresponding to a sensitivity of 12pA/ppm [12].

A reversible chemoresistive sensor for agricultural monitoring was sug-
gested from Birgit Esser et al. in 2012. The sensing mechanism relied on
the high sensitivity in resistance of single-walled carbon nanotubes (SWNTs)
to changes in their electronic surroundings. The ethylene-sensitive material
was a mixture of SWNTs with a copper complex based upon a �uorinatedtris
(pyrazolyl)borate ligand. This mixture was dropcast between gold electrodes,
and the change in resistance in response to ethylene exposure was measured.
The copper complexes partly bind to ethylene molecules, resulting in a re-
sistance change. Esser's sensor showed a minimum detection concentration
down to around 1ppm, improvable to sub− ppm by addition of 0.4− 0.6µm
polystyrene beads [11].

An automated capillary gas chromatographic (GC) system to measure
ethylene emitted from biological materials was suggested for the �rst time
by Pham-Tuan et al., in 2000. The system consisted of an on-line sampling
device, a thermos-desorption preconcentration apparatus and a capillary gas
chromatograph with a �ame ionization detection system. The �ame ioniza-
tion detection technique signi�cantly improved gas chromatography, lowering
minimum detection concentration from 10− 100ppm down to sub-ppb (12).
The totally automated GC sensor proposed by Pham-Tuan et al., although
it was more bulky with respect to other sensors mentioned on this list (for
example, target plant or fruit have to be separately placed in a glass bulb)
has reached near real-time response at ppt-level (approximately, minimum
detection concentration is 4ppt) [13].

1.3.2 Optical sensors for ethylene

In 2004, Weidmann et al. presented a multipass cell LAS-based sensor for
ethylene monitoring in vehicle exhausts: this optical sensor used as a light
source a TE-cooled QCL operating in a pulsed mode at a wavelength of
◦10µm, in order to excite a rotational component of the fundamental ν7

band. The in�uence of pulse-to-pulse �uctuations was minimized by use of
a reference beam and a single detector with time discriminating electronics.
Multipass cell consisted in a 100m optical path-length astigmatic Herriott
cell. Wiedmann's sensor achieved a minimum detection concentration of
30ppb ethylene diluted in N2 (at 53.8Torr) for a 10kHz pulse repetition rate
and 80s integration time. By means of both a track-and-hold approach and
a laser wavelength above the most intense absorption line in the ν7 band, the
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minimum detection concentration was improved down to 2ppb [14].
In 2006 Wahl et al. suggested an application of cavity ringdown spec-

troscopy (CRDS) to the detection of ethylene in ambient air in a cold stor-
age room of a fruit packing facility over a several months period. A CRDS
system having a 21cm long three-mirror ring cavity design (able to remove
optical feedback into the laser) employed a 20mW DFB tunable laser diode
in order to target the ethylene absorption peak occurring at 1618nm. The
proposed sensor was able to reach a 2ppb detection limit of ethylene in air
[15].

J. Manne et al. demonstrated in 2010 a OA-ICOS sensor for ethylene and
ammonia detection. Manne's sensor relied in a 970cm−1 center wavenum-
ber DFB QCL excited with short current pulses (from 5 to 10ns), coupled
into an high-�nesse cavity having two 25.4mm diameter dielectric-coated
plano�concave mirrors with a 1m radius of curvature and spaced at a dis-
tance of 0.53m, achieving an optical path length of ∼ 76m . The cavity was
installed into a 53cm long sample cell with a volume of 0.12L. In order to
improve the signal-to-noise ratio, demodulation approach followed by numer-
ical �ltering was employed. The minimum ethylene detection concentration
achieved was ◦20ppb with 5s averaging time [16].

Finally, two di�erent ethylene PAS-based sensors are worth to mention.
The �rst one is a PA-spectrometer for ethane and ethylene simultaneous
detection, proposed from Martis et al. in 1998 for applications in plant phys-
iology [17]. This sensor, which used a CO-overtone laser for targeting the
3.1−3.6µm ethylene absorption lines, achieved 2ppb ethylene detection limit
during monitoring times longer than 1h. The second one was a intracav-
ity PA-spectrometer projected for breath analysis purposes by Dumitras et
al. in 2008 and used for evaluating the di�erence of ethylene concentration
in breath between smokers and non-smokers patients. This sensor used a
selfconstructed and optimized rugged sealed-o� carbon dioxide laser, step-
tunable on more than 60 vibrational-rotational lines in the range 9.2− 10.8µ
. Light was coupled into a PA cell made of stainless steel and Te�on to re-
duce the outgassing problems and consisting of an acoustic resonator (pipe),
windows, gas inlets and outlets, and microphones. The pipe, closed with
two ZnSe windows at the Brewster angle, had an inner diameter of 7mm
and provided an optical pathlength of 700mm. Minimum detection concen-
tration of this sensor was lower than 10ppbV , but needed several minutes
measurements [18].
In Fig.1.9 and in Fig.1.10, are brie�y tabulated and depicted (respectively)
all the results previously exposed.

By comparison between Table 1.9 and Fig. 1.10 can be argued that gas
chromatography (GC) is the only non-optical technique able to reach a con-
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Figure 1.9: Minimum concentration detected with various ethylene detection tech-
niques.

Figure 1.10: Comparison concerning Sensitivity and Response time between the
most common Ethylene detection techniques.

siderable detection sensitivity, comparable with (or in some cases even lower
than) optical sensors. Despite that, GC sensors are bulkier than optical ones
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and less suitable for non-invasive in vivo measurement. Less bulky sensors
are, typically, semiconductor and electrochemical ones: nevertheless, they
experience hysteresis and are sensible to water humidity and also need long
time response and thus cannot be employed for in-situ real time measure-
ments.



18 CHAPTER 1. TRACE GAS SPECTROSCOPY



Chapter 2

Quartz-enhanced photoacoustic

spectroscopy

2.1 Introduction to quartz-enhanced photoacous-

tic spectroscopy

Quartz-enhanced photoacoustic spectroscopy (from now on �QEPAS�) rep-
resents an upgrade with respect to the PAS technique, because it replace
acoustic cell and microphones with a Quartz Tuning Fork (from now on
�QTF�), which acts as a sharply resonant acoustic transducer. The use of
QTFs allows detection of weak acoustic excitation and at the same time needs
for very small volumes, since light doesn't have to be resonant with the gas
cell so the acoustic detection module has just to accommodate the resonator.
Thus, the laser light is modulated at one of QTF's resonance frequencies and
excites the gas molecules between the prongs of the QTF, which ampli�es
the sound e�ects thanks to the resonant conditions, and detects the pressure
waves at the same time.

Since 1960s tuning forks, traditionally used to adjust the pitches of musical
instruments, are used as timekeeping elements in modern clocks, watches and
smartphones because of their stability, precision and low power consumption.
For such timing applications quartz is the �rst and natural choice, being a
low-loss and low-cost piezoelectric material. Since time measurement were
initially their �rst applications, QTFs geometry and crystal cuts were op-
timized to maintain a well �xed resonant frequency in a wide temperature
range, from −40◦C up to 90◦C [19]. Anyway, only in 2002 Standard 32 kHz-
QTFs designed for timing applications have been implemented in a photoa-
coustic gas sensing system in order to transduce an acoustic into an electrical
signal. If in standard PAS the Q-factor of the resonator falls in the range

19
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between 40-200, QTFs have Q-factors of tens of thousands at atmospheric
pressure, up to hundreds of thousands if vacuum-encapsulated [20]. Further-
more, a QTF based acoustic detector has the twofold advantage of increasing
the transduced signal, and �ltering out (or even removing) the noise due to
external acoustical excitation [21] [19] [1].

A standard QTF made of quartz, which is a piezoelectric material, has a res-
onance frequency of about 32kHz at the fundamental mode and a bandwidth
of ∼ 4Hz (at atmospheric pressure); this means that the only external noise
able to excite the QTF has to have the frequency components within this
narrow band. Considering that a 32kHz sound wave in air has an acoustic
wavelength of 1cm, almost an order of magnitude greater than the spacing
between the prongs, it can be assumed that such waves apply forces only in
the same direction to both prongs; These antisymmetric vibrations don't lead
to any charge displacement, since such oscillation modes are piezoelectrically
inactive [1].

2.1.1 Quartz tuning forks

To a �rst approximation, QTF acoustic resonators can be considered as a
pair of cantilever bars (called �prongs� or �tines�) �xed at a common base.
QTF resonance frequencies are determined by the shape and size of prongs
and the material they are made of.

Figure 2.1: Depiction of standard QTF with Chromium/Gold pattern.
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Quartz, like most crystals lacking a center of inversion symmetry, shows
piezoelectricity: when the crystal cell is strained by an external force, di-
electric polarization occurs and super�cial charges in whole crystal can be
collected through an appositely deposited metal contact, resulting in a piezo-
current proportional to the intensity of the strain itself and, in QEPAS case,
therefore also to the intensity of the sound wave. In the same way, being the
phenomenon reversible, a voltage applied to the crystal will produce a me-
chanical strain in the material. Piezoelectric devices are commonly used for
example for making highly responsive actuators and either force or pressure
sensors (such as microphones). The inverse piezoelectric e�ect can be used
for electrical characterization of the QTF: this means that a sine wave at
�xed amplitude is given to the QTF and so QTF response can be recorded
by varying the frequency across one of the QTF resonances. As any other
resonator, this response theoretically has a Lorentzian shape centered on the
resonance frequency, still, parasitic capacitance can introduces a huge defor-
mation due to the imaginary part of the conductance. This argument will
be explained more in detail later in this chapter.

2.1.2 Fundamental and �rst overtone vibrational modes

Symmetrical modes of QTFs can be modeled both mechanically and electri-
cally through di�erential equations having equivalent mathematical form. In
the electrical domain, a QTF can be described as an RLC series circuit. In
order to transduce the piezocurrent in a voltage signal. a transimpedance
ampli�er is implemented, with high feedback resistor of Rf = 10MΩ to set a
zero voltage between the QTF's electrodes and level o� as much as possible
the e�ect of the parallel straight capacitance CP . The fundamental resonance
frequency can be expressed as:

f0 =
1

2π

√
1

LC
(2.1)

Where L is the equivalent inductance and C the equivalent capacitance, while
the Q factor (de�ned in eq.1.10), in a QTF takes the following form:

f0 =
1

R

√
L

C
(2.2)

A �rst approximated mechanical model can be achieved neglecting the self-
coupling between the prongs (therefore considering the fork as two indepen-
dent cantilevers) and taking into account the Euler-Bernoulli fourth-order
di�erential equation (where elastic modulus, inertia and cross-sectional area
are supposed to be constant):
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EI
∂4y

∂x4
+ ρA

∂4y

∂t4
(2.3)

Where E is the Young modulus, ρ the density of quartz and A = T · L, x
and y are the in-plane x and y-axis coordinates respectively while t is time.
Assuming that the displacement can be separated into two parts, the �rst
dependent on position while the second on time, through the separation of
variables an easier second order equation can be obtained, which in turn
can be solved imposing the boundary conditions. In particular, the so called
�free-clamped boundary conditions� mean that one end of the prong is �xed
(zero displacement and zero slope) at the base and the other one free to move
with zero bending moment and shearing force. The solution, a linear com-
bine of trigonometric functions with di�erent modes, leads to a wavenumber
equation:

cos(knL) cosh(knL) = −1 (2.4)

Using the relation between wavenumbers and frequencies, which is known as
�dispersion relation�, the following formula can be obtained (1):

fn =
πT

8
√

12L2

√
E

ρ
n2 (2.5)

Where T and L are the dimensions as in Fig. 2.1. Here, n is an integer
number related to the harmonic mode: for example, the fundamental mode
has n = 1.194 while for the �rst overtone is n = 2.298 [19]. This means
that the resonant frequency of the �rst overtone is 6.3 times greater than
the fundamental one. Therefore, the �rst overtone mode of the standard
QTF is expected to fall at 201.6 kHz, but is totally useless for spectroscopic
purposes. Based on estimated values of the relaxation rates of the fastest gas
species, modulation frequencies good for QEPAS should not exceed 50kHz.
In a QTF, the principal loss mechanisms in�uencing its Q factor are extrinsic,
mainly due to the damping interaction with air, and intrinsic coming from
the interaction of the prong with the support (the so called �support losses�).
At the fundamental mode, support losses can be neglected and the Q-factor
can be phenomenologically related to the prongs geometrical parameters by
Q ≈ wT

L
.

Of course, the quality factor cannot be increased inde�nitely just by increas-
ing the T/L ratio, since the relaxation time of the gas imposes an upper limit
to the ratio T/L2, thus to the resonance frequency.
It is important to underline that Q-factor and the resonance frequency to a
lesser extent, is a function of pressure. This can be easily argued considering
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the dependence between pressure, i.e. number of collisions per unit area
and unit time, and damping losses in the energy transfer process inside the
resonator. The relation is given by the formula [1]:

Q(P ) =
Q0

1 +Q0a
√
P

(2.6)

Where P is the pressure, Q0 the Q-factor of the resonator in vacuum and
a is a constant depending on the resonator mechanical properties. Hence,
also the QEPAS detection sensitivity is a function of pressure, but its de-
pendence is nevertheless in�uenced by several other factors. Lower pressures
reduce the line collisional broadening, increasing the chances to resolve �ne
structures of a gas species or even lines belonging to di�erent absorbers. The
quality factor takes as well advantage of lower pressures since the damping
due to the surrounding medium decrease. On the other hand, pressure can-
not be reduced inde�nitely since the gas target molecule involved in the light
absorption process are few, and the e�ectiveness of the relaxation process
is compromised as well because of the scattering centers low concentration.
Therefore, the identi�cation of the optimum working pressure is the result
of a trade-o� from all of these factors. it is also worth mentioning that, a
variation in pressure is re�ected in a speed of sound variation of, thereby in
the resonance frequency.

These circumstances led to customization of the QTFs, choosing geometry
in order to obtain even lower fundamental frequencies, but still a high Q-
factor and an electrical resistance as low as possible. From one side this
would allow the detection of slow relaxing gases (such as, for example, CO);
on the other side make �rst overtone available for QEPAS purposes (see Fig.
2.2).

The Q-factor of an overtone mode, di�erently from the one of a fundamental
mode, is mainly determined by the support losses. Hence [21], the previous

relation here becomes Q−1 ≈ Q−1
supp ≈ n2

(
T
L

)3
.

This contribution can be kept to a minimum by increasing the L/T ratio,
with the tradeo� given by the fact that with a too high ratio the damping
mechanism due to surrounding medium becomes even more relevant, leading
to a decrease of the overall quality factor. It is experimentally demonstrated
[21] [22] that by an appropriate design of the QTF prongs geometry, overtone
vibrational modes provide higher QEPAS signals with respect to fundamental
ones and at the same time comparable noise levels, increasing the overall
Signal to Noise Ratio (SNR).

Furthermore, taking into account that the �rst �exural mode is character-
ized by two anti-nodal points of motion of the prongs, the charge collection
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Figure 2.2: From left to right QTF in a steady state, fundamental �exural mode and
�rst overtone mode with a depiction of point mass subsystems and the displacement
depending on position.

can be further optimized by implementing an octupole gold pattern con�gu-
ration.

2.1.3 Acoustic micro-resonator tubes

To further enhance the QEPAS signal, acoustic micro-resonator (mR) com-
posed by metal tubes have been employed. Such a system, consisting of QTF
and mR, is often referred either as Spectrophone. A typical mR ampli�ca-
tion system consists of two identical tubes, aligned perpendicular to the QTF
plane (see Fig. 2.3). As for QTF prongs, it is mandatory during the mea-
surements that light passes through the tubes without touching the internal
walls of the tubes, otherwise this would produce photothermal noise.
The acoustic coupling between QTF and mR tubes induces a decrease of
the overall quality factor from 15− 20% up to maximum 50%. This can be
explained by considering that QTF (at fundamental mode) is an acoustic
quadrupole, instead the mR is an acoustic dipole with a higher acceptance
bandwidth, so the high-Q QTF loses energy primarily by coupling with the
low-Q mR oscillator [1].
This decrease can be used as well as a measure of an e�ective acoustic cou-
pling. If it is too low, this means that the tubes are too far away from
the QTF (uncoupled system). On the contrary, it can happen that a tube
touches the gold pattern: in this case the tube and the two prongs of the
QTF are short-circuited and no piezocurrent can �ow out of the resonator.
The speci�c dimensions (length, inner diameter) of the tubes and the dis-
tance tube-prongs are parameter that can be easily determined experimen-
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Figure 2.3: Depiction and top view of an On-beam QEPAS spectrophone with a
dual tube mR.

tally. This approach consists in testing di�erent tubes with di�erent sizes
and �nding the combination that maximize the QEPAS signal. As rough
guidelines, inner diameter have to be chosen slightly larger than the prongs
spacing and each tube length has to be in the range λs/4 < l < λs/2, where
λs is the wavelength of the sound wave [1]. A good tradeo� for the distance
tube-prongs can be the distance at which a 20% decrease of the Q-factor is
observed, and typically falls in the range 30− 150µm depending on the size
of the tubes with respect to the QTF.
The optical con�guration in which the light passes through both the tubes
and between the QTF prong is called On-beam QEPAS. This con�guration
has three main disadvantages:

1. the acoustic standing wave condition is not perfectly realized since
open-ended tubes introduces sound energy-losses and the discontinuity
represented by the QTF in the middle of the two tubes distorts the
acoustic wave maximum.

2. the optical noise may a�ect sensibly the signal in case the all spectro-
phone results undersized with respect to laser beam dimensions.

In order to avoid these problems, a new approach was investigated, the
�O�-beam QEPAS�, where the mR is a single tube parallel to the QTF plane
and placed at the same vertical position of the vibrational antinode (see
Fig.2.4). In correspondence of the middle of the QTF the tube has a slit,
from which the pressure waves spread out and propagates towards the QTF
prongs. Even though o�-beam con�guration makes the alignment easier and
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relaxes the mR size constrains with respect to QTF dimensions [1], this
con�guration experimentally does not achieve the same level of detection
sensitivity as an on-beam QEPAS system [19] [1].

Figure 2.4: Depiction of an O�-beam QEPAS spectrophone.

Larger prongs spacing of the second and third generation custom QTFs
allow not only the employment of lower quality beams or lasers emitting at
longer wavelengths up to THz, but also makes possible to set up a single
tube between the prongs of the QTF.

In this case, a single-tube employed in a QEPAS spectrophone behaves as an
almost ideal one-dimensional acoustic resonator. The walls of the tube need
to be polished in the middle in order to reduce the outer diameter and let the
QTF accommodate the tube between its prongs. Afterwords, A pair of slits
have to be opened on each side of the tube waist (see Fig 2.5). The sound
wave exiting from two slits impacts on the internal surface of two prongs and
excites in-plane symmetrical vibrational modes. This QEPAS con�guration
is named Single-tube On-beam QEPAS (SO-QEPAS) [23].

The optimum slit dimensions are experimentally found as well. Too small
slits reduce drastically the signal revealed, too large ones otherwise reduce
the overall Q-factor (i.e. the single tube will behave like a double tube).
Typically the slits thickness should be at least identical to the QTF crystal
thickness.

On-beam double tube and single tube mR implemented on a custom QTF
can achieve a SNR gain factor of even about 40 and 130 respectively, as
compared with the bare QTF [23]: that's what makes this two con�gurations
interesting and useful for the QEPAS gas sensing.
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Figure 2.5: Depiction of a single tube on-beam QEPAS spectrophone, of the single
tube itself and of its top and side view.

2.2 Detection schemes

2.2.1 Measurement of resonance Quality factor

As previously said, by QTF characterization is meant the study of QTF
electrical response at di�erent frequencies. Due to the reciprocity of the
piezoelectric e�ect, QTF oscillation can be induced by external voltage exci-
tation. A sine wave signal with varying frequency is given to the QTF, and
output signal is collected and converted in voltage signal by the preampli�er.
Output signal itself is a sine wave which absolute magnitude have to be a
Lorentz function of frequency, as the resonators theory states.
By �tting obtained data with a Lorentz function it is possible to deduce
the resonance frequency (frequency at which there is absolute magnitude
peak), the FWHM and consequently evaluating Q-factor as resonance fre-
quency/FWHM ratio.
In Fig. 2.6) there is a real data plot of a QTF response as a function of
frequency, obtained with a Fast-Fourier Transform device (see Chapter IV).
How can be evinced from the plot in Fig. 2.6), QTF response doesn't have a
symmetrical shape. More often an anti-symmetrical lobe occurs, the expla-
nation of which needs a more detailed theory.

Complex magnitude, called Magnitude of conductance, is given by the
following formula (the derivation of which is beyond the topic of this thesis)
[24]:

Y (ω) =
ω2C2R(

1− ω2

ω2
0

)2

+ ω2C2R2

+ j

ωCp +
ωC

(
1− ω2

ω2
0

)
(

1− ω2

ω2
0

)2

+ ω2C2R2

 (2.7)

Where j is the imaginary unit, ω0 the excitation frequency, Cp R and C
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Figure 2.6: ADM composed by a S15-model QTF (see paragraph 4.1.1) excited
at 10 mV, measurements obtained at atmospheric pressure with preampli�er from
Thorlabs GmbH. Data are plotted using OriginPro 8.5.1.

the same parameters previously seen in the electrical resonator model. The
absolute value of Y (ω) is then:

||Y (ω)|| =

√√√√√√
 ω2C2R(
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+ ω2C2R2


2
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+ ω2C2R2


2

(2.8)
Even at resonance frequency, imaginary part contributes to the overall

absolute value giving a term proportional to the parasitic capacitance. It's
precisely the imaginary part, and in particular the parasitic capacitance af-
fecting the whole resonator, the one responsible of the anti-symmetric lobe
visible in Fig.2.6. In order to obtain a correct Q-factor evaluation, only real
part of conductance have to be �tted with a Lorentz function. This procedure
consists in three steps:

1. Fit experimental data with eq.2.8, in order to �nd the best �t values
for C, R, Cp and ω0. In Fig. 2.7, for example, there are data points
related to a bare S15 QTF response as a function of frequency, �tted
using magnitude of conductance proposed in eq.2.8. Graph in Fig.
2.7 shows the functional pro�le �tting of magnitude of conductance,
predicting the asymmetric lobe too.
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2. Build the real part of eq. 2.7, using the best �t parameters previously
obtained. In Fig 2.8 is reported the real part of magnitude of conduc-
tance obtained from �t parameters of Fig. 2.7. As can be seen from
plot in Fig.2.8, a symmetrical Lorentzian shape is restored, allowing a
mathematically correct evaluation of the Q-factor.

3. Fit this �rebuilt� function with Lorentz one and extrapolate the new
ω∗0 and FWHM.

Figure 2.7: ADM composed by a bare S15 QTF, excited at 10 mV. Measurements at
atmospheric pressure with preampli�er from Thorlabs GmbH (dots). Fit is depicted
as a solid curve. Graph built with the software Wolfram Mathematica.

Figure 2.8: Real part of conductance. Graph built with the software Wolfram Math-
ematica.
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This procedure needs a powerful computing software, because of the number
of parameters and the complexity of the absolute magnitude function. In
order to characterize the QTF used for the various experiments of this thesis,
a software using the tools of Wolfram Mathematica has been implemented.

2.2.2 Lock-In Analysis

The Lock-In detection is a powerful technique widely used in spectroscopy
for the purpose of increase the SNR and become essential when noise level is
equal or even several orders of magnitude greater than signal [?]. A Lock-In
detector receiving a reference periodic signal and a noisy input signal, uses a
�Phase Sensitive Detector� (PSD) in order to select only that part of input
signal having the same frequency and phase as the reference one.
Assume to have a reference (Sr) sine wave and a noisy signal (Ss):

Sr = Ar cos(ωrt+ δr) Ss = As cos(ωst+ δs) +
∑
ωn

An cos(ωnt+ δn) (2.9)

Multiplying the reference by the signal this result is obtained:

Sr · Ss =Ar cos(ωrt+ δr)As cos(ωst+ δs)

+
∑
ωn

An cos(ωnt+ δn)Ar cos(ωrt+ δr)
(2.10)

And then, for the sine and cosine products formulas:

Sr · Ss =
1

2
ArAs cos(ωst+ δs + ωrt+ δr) cos(ωst+ δs − ωrt− δr)

+
1

2

∑
ωn

AnAr cos(ωnt+ δn + ωrt+ δr) cos(ωnt+ δn − ωrt− δr)

(2.11)

Multiplied signals Sr · Ss are then integrated, making factors such as
cos(ω1t + ω2t) constants. By choosing for the reference the same frequency
as for the signal, the cos(ωst + δs − ωrt − δr) term can be made constant it
too. Taking into account that noise has randomly distributed frequencies,
almost all the noise can be removed extracting only the DC o�set from a
low-pass �lter (with the important exception of noise at the same frequency
of the reference). This �ltering process is even more accurate choosing higher
integration times for the low-pass �lter [7].
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Thus, choosing a reference frequency ωs ≈ ωr , the DC component of the
multiplied signal in eq.2.11 becomes SDC = S cos(φ). Even if Lock-In value
is a DC o�set, displays a dependence on φ, where φ = δs − δr. A solution
in order to obtain a phase-independent Lock-In analysis is to multiply Ss
both by Sr and by the π

2
shifted reference signal, S∗r , in correspondence of

which low-pass �ltered DC component is S∗DC = S sin(φ). Usually, in Lock-
In analysis, SDC and S∗DC are conventionally called, respectively, X and Y
channels. The quantity

√
S2
DC + (S∗DC)2 =

√
X2 + Y 2 is called R, or Lock-In

magnitude.
An equivalence arises between (X, Y ) channels and phasorial representation.
In a QEPAS system such equivalence can be further improved by considering
R proportional to the conductance magnitude evaluated at the resonance
||Y (ω0)||. If the parasitic capacitance Cp is low if compared to the ADM
capacitance C, in the imaginary part of ||Y (ω0)|| also the nonvanishing term
ωCp can be neglected: the circuit becomes purely resistive (||Y (ω0)|| = 1/R)
and there is no phase distortion due to circuitry. This means that on the gas
absorption peak between X and R there is a �xed phase relation φ, always
present due to the absorption-relaxation delay time between laser modulation
(reference) and QTF response (signal): it is therefore reasonable to shift the
X − R axis in order to make X coincide with R (i.e. imposing an �auto-
phase� to the Lock-In signal). In this con�guration, every time during a wide
wavelength scan the laser emission line crosses the chosen absorption peak,
X and R would coincide and Y would be comparable with zero: this behavior
is a useful tool both for noise evaluation and e�ective peak recognition. It is
important to emphasize that di�erent absorption peaks mean di�erent phase
relations, and in the �noise valley� (where there are no absorption lines) the
phase relation between X and R becomes again completely random.

2.2.3 Wavelength modulation and higher harmonics de-

tection

In a QEPAS based sensor system, the Wavelength Modulation (WM) de-
scription is based on an intensity representation of an optical wave, thus the
only interaction radiation-matter taken into account is the absorption pro-
cess: all dispersion e�ects are neglected. Laser frequency modulation can
be expressed, considering instantaneous laser frequency, with the following
formula:

ν(t) = ν0 −∆ν cos(ωt) (2.12)

Where ν(t) is the optical carrier frequency, ∆ν is frequency modulation am-
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plitude and ω is the modulation angular frequency. As previously said, the
most common way for introducing a frequency modulation in a DFB QCL
keeping temperature constant is modulating at the same frequency the laser
injection current. Thus, a sinusoidal modulation of the laser intensity occurs,
according to:

I(t) = I0 + ∆I cos(ωt) (2.13)

Both ∆I and ∆ν can be determined by the slope of the laser power (laser
emission frequency respectively) versus the current characteristics, which is
assumed to be constant across the wavelength scan. Instantaneous laser
frequency interacts with the absorption feature, i.e. α(ν) is sensible to wave-
length modulation: expanding α(ν(t)) and neglecting O(∆ν)2 orders the
following result can be obtained:

α(ν(t)) = α0 +
∂α

∂ν
|ν=ν0∆ν cos(ωt) +

1

2

∂2α

∂ν2
(∆ν)2(cos(ωt))2 (2.14)

Where α0 is the background absorption contribution. Because, as previ-
ously said, laser is modulated both in intensity and in wavelength simulta-
neously, from the �rst-order Taylor expansion of Lambert-Beer Law (eq.1.3)
the following relation can be found:

Iabs(t) ≈ (I0 + ∆I cos(ωt))

·
[
1− L

(
α0 +

∂α

∂ν
|ν=ν0∆ν cos(ωt) +

1

2

∂2α

∂ν2
|ν=ν0(∆ν)2(cos(ωt))2

)]
(2.15)

Whereby L means the e�ective length over which the absorption takes place
to produce an acoustic wave detectable by the QTF.

By �1f-detection� is meant a Lock-In detection using as reference and
modulation the angular frequency ωmod = ωres , where ωres is the chosen
resonance angular frequency of the QTF. In this con�guration only the �rst
order-terms of Iabs(t) excite the QTF, and therefore QTF DC-signal is pro-
portional to:

S1f = α0L∆I − LI0
∂α

∂ν
|ν=ν0∆ν (2.16)

Supposing for the absorption coe�cient a pure Lorentzian line-shape, S1f has
a pure �rst derivative Lorentzian line-shape with a constant o�set.
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Likewise, by �2f-detection� is meant a con�guration in which 2ωmod =
ωres, and therefore only the second order-terms excite the QTF. QTF DC-
signal in this case is proportional to:

S2f = −L∂α
∂ν
|ν=ν0∆ν∆I +

I0

2

∂2α

∂ν2
|ν=ν0∆ν (2.17)

Unlike 1f-signal, the 2f one is not a�ected by background absorption: S2f

has a second derivative Lorentzian line-shape (arising from the laser wave-
length modulation) distorted by an asymmetry due to the presence of the �rst
derivative (coming from a residual amplitude modulation due to the linear
term in eq. 2.17). In Fig. 2.9 are depicted both 1f and 2f pro�les, supposing
for absorption line-shape a normalized Lorentzian function, centered at the
origin.From the plot in Fig. 2.9 can be easily argued that distortion does not
a�ect the peak position. That's because the �rst derivative of a Lorentzian
function vanishes if calculated at the center frequency [1].

Figure 2.9: From left to right: 1f-signal shape, supposing a unitary o�set; 2f-signal
shape, imposing a factor 0.3 to the �rst derivative. Both functions are plotted using
the software Wolfram Mathematica.

During absorption process three important contribution have to be taken into
account in order to predict the e�ective shape of line broadening: the �fun-
damental� broadening due to Heisenberg's Uncertainty Principle (constitut-
ing the ineradicable line-width �core�), the Doppler e�ect and the collisional
broadening. The last one rises up at increasing pressure. At typical QEPAS
working pressures (starting around 50Torr and growing up to atmospheric
pressure) this contribution determines the overall line-width and gives to the
absorption FWHM a Lorentzian-like shape. Doppler e�ect contributes giving
a Gaussian blur of the line tails: the overall α(ν) can therefore be properly
described using the Voigt function. Nevertheless, considering Lorentzian
shape for the absorption function does not produce appreciable error in this
pressures range.
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The heavy presence of background signal in the 1f-con�guration, originating
from stray light ending up on the ADM walls or by misalignment of the laser
beam in the lateral direction, so that beam wings touch QTF prongs or tube
walls, makes 2f detection the con�guration of choice of most QEPAS sensor
systems [1]. Every QEPAS signal has to be also separately optimized tuning
the modulation amplitude.

2.2.4 Allan variance analysis

Allan variance analysis is the analysis of choice for the purpose of determining
the long-term stability of a sensor system: allows the investigation of drifts
and at the same time enables establishing signal averaging limits [25]. Given
a set of M time-series data acquired using a Lock-In integration time τ0, the
Allan variance is de�ned as the averaged standard variance:

σ2(τ0) =
1

M

M∑
k=1

1

2
(yk+1 − yk)2 (2.18)

As Allan variance analysis is meant the plot of σ2(τ) as a function of τ = mτ0,
with m as an integer number: σ2(mτ0) is by de�nition

σ2(mτ0) =
m

M

M
m∑

k′=1

1

2
(yk′+1

m − yk′m)2 (2.19)

Where

yk′
m =

1

m

m∑
Jk′=1

yjk′ (2.20)

And the k′ are consecutive sets of m adjacent values. Typically, starting
values for integration time are about 50− 100ms, and a typical dataset has
usually 103 − 105 values. An Allan Variance acquisition can last therefore
even several hours. Depending upon what is looking for, there are four
di�erent con�gurations for data acquisition: dark-noise, o�-resonance and
on-resonance.

Dark noise con�guration consists of acquiring signal from the QTF keep-
ing the laser switched o�: allows the investigation of �uctuations due
to the QTF vibrations.

O�-resonance con�guration can be obtained either locking the laser emis-
sion away from any absorption peak in its wavelength range, or �ushing
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in the ADM an inert gas such as pure nitrogen or oxygen. In both cases
laser emission is modulated by, for example, a sinusoidal dither. This
acquisition allows the investigation of laser power �uctuations, but is
also an important alignment test: opto-thermal e�ects a�ecting long
time Allan variance grow up with the worsening of misalignment.

On-resonance con�guration is the most important and used con�gura-
tion, obtained locking (and modulating) the laser on the selected ab-
sorption peak. Through this measurement can be highlighted �uctua-
tions of either the gas concentration or the laser power [25].

Let's de�ne the Minimum Detection Limit (from now on MDL): MDL is
the minimum gas concentration detectable by QEPAS system, i.e. concen-
tration corresponding to a unitary SNR. Since On-resonance Allan deviation
describes the noise �uctuations at a �xed signal value, it is by nature pro-
portional to MDL. If the starting concentration is known, Allan Deviation
can be easily expressed in terms of MDL, giving a user-friendly description
of the sensor (user can predict which concentration is able to detect with the
chosen integration time). The standard deviation of the QTF thermal (or
�Johnson�) noise can be expressed using the electrical description of prongs
oscillations, obtaining:

σth = Rg

√
2kBT

πRτ
(2.21)

Where Rg is the gain resistor of the transimpedance ampli�er, kB the Boltz-
mann constant, R is QTF resistance and τ the chosen integration time. Rg

itself introduces noise �uctuations, but these ones can be neglected if com-
pared with thermal noise, for values of Rg ranging between 10 − 100kΩ. If
thermal noise is the dominant �uctuation source, σth ∝ 1√

τ
. This constant

decrease expected for Allan deviation over long integration times suggests
that a QEPAS sensor allows unlimited data averaging without base line or
sensitivity drifts. But if Johnson noise trend well �ts with experimental re-
sults for con�gurations such as dark noise and �o�-resonance� (in the letter
case with an accuracy depending on the alignment quality, getting worse only
for longer times), the on-resonance Allan plot follows the same trend only for
low integration times: at higher ones QEPAS sensitivity starts to deteriorate.
This special behavior, that may be related to laser intensity �uctuations, de-
termines the e�ective lowest MDL achievable with the investigated QEPAS
sensor [25].
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Chapter 3

Realization of a sensor for

ethylene detection

3.1 Ethylene absorption line selection

The �rst step for trace gas detection consists in the selection of the absorption
line to be targeted. However, this choice depends on the available light
sources. In order to evaluate the ethylene spectrum, the online open-source
tool of HITRAN (acronym for High Resolution Transmission) database was
used, via the website hitran.iao.ru. HITRAN is a compilation by Harvard-
Smithsonian Center of Astrophysics, which collects spectroscopic parameters
that several computer codes use to predict transmission, absorption spectra
and coe�cients of the most 49 common and important molecules (and their
isotopes). The online tool allows to generate a �spectral lines� simulation after
choosing the molecules of interest and their isotopes, the wavenumber range
and the temperature/pressure conditions. Similarly, it is possible to launch
an absorption coe�cient simulation, via selecting the desired function-shape.

According to the HITRAN 2000 Database, ethylene is characterized by two
spectral regions with signi�cant absorption in the mid-IR. The �rst region
corresponding to the range 2100−3200cm−1 (3.1−4.7µm), which contains the
ν9 and ν11 fundamental bands; the second region lies in the 800− 1100cm−1

(9.1 − 12.5µm) range and contains the ν4, ν7 and ν10 bands [14]. Among
these, ν7 has the most intense absorption lines, in particular the strongest
line (8.747 × 10−20cm/mol) falls at 949.65cm−1. Hence the ideal choice for
ethylene monitoring is targeting this line.

Unfortunately, there was no QC laser available in the lab having access to
this optimal absorption feature.

The light source selected for this thesis is the QD10337HHLAS, a DFB

37
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QCL equipped with an High Heat Load (HHL) package made by Thorlabs
GmbH. This package includes an internal thermistor and Thermoelectric
Cooler (TEC) as laser temperature controllers and stabilizers. The laser has
a nominal wavenumber of 967.40cm−1 (10.337µm) and a tunability range
of 1.7cm−1: thus its wavenumber can tune from 965.7cm−1 (10.355µm) to
967.50cm−1 (10.336µm). It is worth noting that the output power changes
with the emission frequency, being higher at a lower frequency.

In Fig.3.1 are reported two HITRAN simulations for the isotope of choice
H12

2 C
12CH2, the most common in nature (97, 7%). The �rst simulation refers

to ethylene absorption lines, the second one to absorption spectrum at dif-
ferent pressure condition (750Torr and 120Torr).

Figure 3.1: Top: HITRAN absorption coe�cient simulation in the
QD10337HHLAS emission wavenumber range, both at 750Torr (red curve)
and 120Torr (blue curve), keeping �xed T = 25◦C. Bottom: the Voigt pro-
�le is the chosen function shape HITRAN Spectral lines simulation in the
QD10337HHLAS wavenumber range, keeping �xed T = 25◦C. Encircled point
corresponds to the line occurring at 966.385cm−1.

As can be observed in Figs.3.1, the most intense line (2.28×10−20cm/mol)
in this range falls at 966.385cm−1, where QD10337HHLAS laser has an out-
put power of 76.8mW . The higher resolution at lower pressure (arguable
from the same �gure) is due to the reduction of collisional broadening. Thus,
operating at sub-atmospheric pressures provides a better peaks resolution
and also improves the QTF response, as stated by eq.2.6.
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3.2 Laser beam spatial quality

As previously mentioned in Chapter 2, beam tails hitting QTF prongs or
tubes walls can give rise to undesirable nonzero background that can be
several times larger than thermal noise level of QEPAS signals. Therefore, it
is mandatory to use lasers having high spatial quality beams or, alternatively,
�clean� the laser beam by means of pinholes (spatial �ltering) or hollow core
�bers (modal �ltering).
As depicted in Fig 3.2, beam pro�ling was performed focusing the collimated
laser beam by means of an anti-re�ection (AR)-coated ZnSe lens, which had
a focal length of 75mm. A pinhole was mounted on the lens holder.

Figure 3.2: Setup used for beam pro�ling.

A mid-infrared pyrocamera (Pyrocam III, Ophir Spiricon) with 124 × 124
pixels, each one having a size of 0.1 × 0.1mm3, was positioned at the focal
plane of the lens, allowing measuring the beam spatial intensity distribution.
From the matrix output values of the pyrocamera it is possible to retrieve
the beam 2D or 3D pro�le. In Fig.3.3 are shown two representative 2D
beam pro�les taken along the X and Y axes. Both arrays of data were �tted
using Gaussian pro�les, under the assumption that in the output beam has
a TEM00 mode pro�le. Fits are reported in Fig.3.3.

Figure 3.3: Gaussian �t (blue curves) of central row and column, made using Origin
8.5.1.
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Adjusted R-squared values of the �ts reported in Fig.3.3 were, respec-
tively, RY = 0.999 for Y-axis and RX = 0.996 for X-axis. Beam Gaussian
waists (radial distances at which the light intensity decreases to 1/e2 of its
maximum central value), resulted to be wY = 0.29mm and wX = 0.30mm.
The close to unity R-squared values and the comparable beam waists demon-
strate that the laser beam has a nearly TEM00-like pro�le.
The chosen con�guration for beam cleanup displayed a 6.2% optical power
reduction. New adjusted R-squared and waists were, respectively: R′Y =
0.999, R′X = 0.996, w′Y = 0.29mm and w′X = 0.29mm. In Fig. 19 are
reported both contour plots displaying laser beam before and after beam
cleaning.

Figure 3.4: Beam 2D pro�les obtained by means of Contour Plot tool of the software
OriginPro 8.5.1. Both are taken at 302.7mA, the �rst from left leaving the pinhole
open, the second in the �nal con�guration.

By comparing the contour plot on the left with the one on right of Fig.3.4,
it is clearly visible that the laser beam after spatial �ltering holds the same
pro�le, except for a tail removal in the X direction. This con�guration allowed
an optical noise reduction despite that the beam pro�le remained almost
unchanged.

3.3 Ethylene detection

3.3.1 Quartz-enhanced photoacoustic setup

The aim of this thesis was realization of a compact, high sensitive and
portable QEPAS sensor for ethylene detection. Hence, the sensor architecture
was kept as compact and robust as possible to allow applications requiring
in situ monitoring. The whole setup is depicted in Fig.3.6. As mentioned
in 3.1. paragraph, the selected light source was the QD10337HHLAS DFB
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QC laser operating at ∼ 10.337µm. The collimated output beam was focal-
ized by means of an AR-coated ZnSe lens having focal length of 75mm and
�ltered by means of a pinhole mounted on the lens holder. The ADM was
positioned so that the QTF could be exactly at the lens focal plane, having
the focalized spot matching the position of the vibrational anti-node of the
QTF. The selected QTF was a CC-2 model: this model has a prong length of
11mm, a prong width of 0.5mm, a crystal thickness of 0.25mm and a prong
spacing of 0.6mm. CC-2 fundamental mode resonance frequency occurs at
3.4kHz, while the �rst overtone frequency falls at 21.5kHz. This QTF has
shown to provide its best QEPAS performance when operating at overtone
mode (20). The CC-2 employed during this experiment, when electrically
excited at the overtone mode at 120Torr, has shown a frequency bandwidth
of ∆f = 1.03Hz, corresponding to a Q-factor of 20880. The QTF was cou-
pled with a mR consisting in two thin metal tubes having each one length of
4mm, inner diameter of 0.84mm and outer diameter of 1.65mm. The whole
spectrophone was enclosed in the ADM (see Fig.3.5) composed of a compact
vacuum-tight gas cell equipped with two ZnSe windows with antire�ection
coatings as well as gas-in and gas-out connectors. The ADM contained also
a low noise pre-ampli�er chip for the QTF signal readout. The gas line con-
sisted of a pure N2 tank, a tank containing 100ppm C2H4 diluted in N2, two
�ow controllers, a pressure controller and a vacuum pump.

Figure 3.5: ADM designed for a CC-2 model QTF. Preampli�er is on top of the
ADM and QTF is mounted with the prongs upside down. On the left, a picture of
the CC-2 QTF. The CC-2 gold pattern is designed in order to operate at overtone
modes.

Starting from a certi�ed concentration of C2H4, lower concentrations can
be obtained by using pure N2 as the diluting gas. Two needle valves and
two �ow controllers were employed to set the gas �ow of the dilution to a
constant rate of 20sccmmin−1. The piezoelectric signal generated by the
QTF was ampli�ed by a custom designed transimpedance ampli�er (having
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a feedback resistor of 10mΩ). Subsequently the signal was demodulated by a
lock-in ampli�er (7265 Dual Phase DSP Lock-in Ampli�er, Signal Recovery)
and digitalized by a USB data acquisition card (not shown in Fig.3.6), which
was connected to a personal computer. All the QEPAS measurements were
performed in wavelength modulation, using 2f con�guration: fast modula-
tion was indeed an electronically-generated sine wave having frequency of
10.75kHz fed to QCL current driver.

Figure 3.6: QEPAS setup for ethylene detection experiments performed at Univer-
sity of Bari.
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3.3.2 Spectral scans at di�erent concentrations

Spectral scans were performed adding a triangle-shaped slow ramp to QCL
current driver (as shown in Fig.3.6) in order to recover the absorption line
spectral pro�le. The ramp shape was chosen in order to avoid sharp changes
(entailed by a saw-tooth ramp) in laser current that might damage the active
component. As a direct consequence of the triangle-shaped ramp, signal
pro�le was periodic and mirrored itself at every ramp inversion. This feature
is welcome in QEPAS measurements: indeed, is a useful proof that peaks
occurring correspond to e�ective molecular absorption lines.

A wide spectral scan was performed at 120Torr, using ramp having ampli-
tude of 720mV and frequency of 1.25mHz. Ramp amplitude is proportional
to the current range, but the conversion factor depends on speci�cs of the
laser driver. The QD10337HHLAS laser driver involved in this experiment
experienced a conversion relation of 100mV → 12.5mA. Thus, 720mV were
enough to span all the laser current tuning range (∼ 90mA). Sampling rate
is �xed and given by lock-in integration time (in this experiment 100ms): the
higher amplitude and modulation are, the fewer will be data points taken for
each ramp. In Fig.3.7 are reported experimental data of this spectral scan,
obtained by wavelength fast-modulating at 10.75kHz with a modulation am-
plitude of 23mV . Only the decreasing-current (increasing wavenumbers) side
of this ramp is shown in Fig.3.7.

Since the ramp modulation is �xed, exists a linear relationship between mea-
surement time and lasing wavenumber. Hence is allowed not only a qual-
itative, but also a quantitative comparison (and correct peaks recognition)
between real experimental data plotted in Fig.3.7 and theoretical prediction
reported in Fig.3.1, while taking into account that QEPAS signal in dou-
ble frequency (2f) detection has a second derivative Lorentzian pro�le, as
explained in 2.3.3. paragraph.

The experimental peak measured at 361s (see Fig.3.7), the �rst occurring
from left after ramp inversion, is therefore related to the absorption line
at 965.795cm−1 (Fig.3.1). Two pairs of absorption lines, the �rst occur-
ring at 966.130cm−1 and 966.143cm−1, and the second at 966.284cm−1 and
966.298cm−1 (see Fig.3.1), are not separated at this pressure due to their
line-width, still too wide with respect to their spectral distance because of
residual collisional broadening, and appear as two single peaks both in the-
oretical prediction ( at ∼ 966.134cm−1 and ∼ 966.292cm−1 in Fig 3.1) and
in experimental plot (at 411s and 438.6s in Fig.3.7). Peaks occurring at
455.1s, 475.2s and 501.3s correspond to the absorption lines at 966.385cm−1

(the one that will be used for the QEPAS ethylene sensing), 966.493cm−1

and 966.626cm−1 respectively. Other peaks, occurring at wavenumbers in
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Figure 3.7: Spectral scan obtained with 720 mV ramp amplitude and 3.6 mHz ramp
frequency and performed at 120 Torr. Data plotted using the software OriginPro
8.5.1.

the range from 966.8cm−1 to 967.4cm−1 (see Fig3.1), are too overlapped to
be recognized.
As previously mentioned, in order to obtain di�erent gas concentrations, the
100ppm C2H4:N2 mixture were further diluted by means of a second pure N2

tank. The dilution formula used for balancing of �ows is:

PeFeC0 = X(PnFn + PeFe) (3.1)

Where Fe and Fn are �ow of the ethylene pipeline and nitrogen pipeline
respectively, which are (as reported in Fig.3.6) 50sccm and 100sccm. Pe and
Pn are �ow controllers valve apertures, measured in percentage. C0 and X
are respectively the non-diluted and the desired ethylene concentration. In
this case, C0 = 100ppm. Was imposed the further condition that the �ow
had to remain constant for all dilutions, in order to work at the same �uid
dynamic conditions. This constraint can be expressed as:
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PnFn + PeFe = 20.8sccm (3.2)

Four dilutions have been made: 75ppm, 50pppm, 25ppm and 12.5ppm. In
Fig.3.8 are reported spectral scans performed at all these four concentrations
(and in the non-dilution condition). The new ramps are shorter (100mV
amplitude), zoomed on the peak occurring at 966.385cm−1 and executed
using a ramp frequency of 5mHz.

Figure 3.8: Spectral scans at di�erent concentrations (see legend), obtained with
100mV ramp amplitude and 5mHz ramp frequency and performed at 120Torr.
Data plotted using the software OriginPro 8.5.1.

Plots reported in Fig.3.8 strongly suggest a linear dependency between
peak QEPAS signal and ethylene concentration. As appears from both plots,
the one reported in Fig.3.7 and that in Fig.3.8, the most intense peak (corre-
sponding to the absorption line at 966.385cm−1) generates a QEPAS signal of
85.84mV at 120Torr (evaluated at 100ms integration time). The modulation
amplitude providing the higher QEPAS signal for the targeted absorption line
resulted to be of 23mV .
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3.4 Line-locked measurements and sensor cali-

bration

Line-locked measurements consist in keeping current (and emission wavenum-
ber) �xed on the absorption line selected for several seconds (or few minutes).
Hence, a line-locked acquisition can be correctly performed only when the
absorption line of choice is well recognized by means of a spectral scan.
This measurement is typically used for evaluation of the noise �uctuations
(depending both on laser output power �uctuations and on gas �ow �uctu-
ations) and consequently of signal-to-noise ratio (SNR), as the mean signal
value/standard deviation ratio. It should be noted that in SNR evaluation
is involved only the standard deviation (i.e., noise �uctuations) and not, as
would logically be expected, the noise background level (i.e. the measured
signal without absorption): if the second one indeed, being a constant o�set,
can be removed during data post-processing, the �rst one constitutes the
only e�ective limit to detection sensitivity.

Five acquisitions were performed at di�erent concentrations (100ppm, 75ppm,
50ppm, 25ppm and 0ppm) keeping �xed pressure at 120Torr and laser cen-
ter current at 442.1mA, where the selected absorption line (966.385cm−1)
occurs, but fast modulating the same laser current at 10.75kHz modulation
frequency using a 23mV modulation amplitude. For 0ppm, or no-absorption
measurement, is meant a line-locked acquisition performed �ushing pure N2

inside the gas line. As for spectral scans presented in the previous para-
graph, the lock-in integration time is set to 100ppm. In Fig.3.9 is reported
the acquisition performed at 100ppm ethylene concentration.

As shown in Fig.3.9, the standard deviation of the line-locked signal is
SD = 0.08578mV . Hence, the proposed sensor achieved a SNR of:

SNR = Mean/SD ≈ 1000 (3.3)

at 100ppm ethylene concentration and 100ms integration time. It must be
pointed out that SNR is a function of both gas concentration and integration
time. MDL is de�ned as the concentration providing a signal equal to the
noise level, i.e., SNR = 1. Thus, by referring to Fig.3.9, the proposed sensor
has a minimum detection limit of (at τ = 100ms):

MDL(τ) ≡ C

SNR(C, τ)
≈ 100ppm

1000
≈ 100ppb (3.4)

However, detection sensitivity can be further improved considering longer
integration times (see following paragraph).
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Figure 3.9: Line-locked acquisition at 100 ppm, data plotted using OriginPro 8.5.1.

In Fig.3.10 are plotted the line-locked mean QEPAS signals values ob-
tained at di�erent concentrations, as a function of concentration itself. A 2%
error on X-axis is kept for all concentrations obtained by dilution: 100ppm
and 0ppm are supposed known without uncertainties. Standard deviation at
τ = 100ms is considered as error on Y-axis.

From Fig.3.10 it can be observed that the QEPAS signal scales linearly
with the ethylene concentration, as PAS theory (see paragraph 1.1.3.) pre-
dicts. The �tting line is called �calibration curve� and allows determining
concentrations by measuring the QEPAS signal for sample gas matrixes with
unknown ethylene concentration. The calibration factor resulted to be

S = 0.85
mV

ppm
· C (3.5)

Where S stays for QEPAS signal and C for ethylene concentration. As
can be argued from Fig.3.10, experimental point related to 25ppm is not
well �tted: this feature can be ascribed to the fact that �ow controllers has
di�culties to maintain a stable �ow of 20.8sccm when at Pe and Pn variables
in eq.3.2 are assigned so di�erent values. Thus, uncertainty related to 25ppm
data is underestimated.
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Figure 3.10: Peak QEPAS signal at di�erent concentrations, data (at 120Torr)
plotted using OriginPro 8.5.1.

3.5 Minimum detection limit

Allan variance analysis, presented in detail during paragraph 2.3.4., is the
noise-processing of choice in order to estimate the amplitude of noise �uctua-
tions when Lock-In integration time changes, and therefore needs a long-term
measurement of several hours performed avoiding any noise source external
to the setup. As mentioned in the same paragraph, on-resonance Allan devia-
tion (σAD) is proportional to Minimum Detection Limit (MDL). Combining
indeed eq.3.3 with eq.3.4, by replacing σAD → SD can be obtained:

MDL =
C

SNR(C, τ)
=

C

S(C, τ)
· σAD(C, τ) (3.6)

Where S and C are peak QEPAS signal and ethylene concentration. In
Fig.3.11 is reported the on-resonance Allan deviation analysis performed at
100ppm ethylene concentration and 120Torr pressure condition, keeping laser
current locked at 442.1mA, with emission resonant to the selected ethylene
absorption peak. On the Y-axis is reported MDL instead of Allan deviation,
obtained substituting S = 85.84mV and C = 100ppb in eq.3.6, for a better
and more rapid determination of the QEPAS sensor performances.

The �rst point in the Allan deviation plot reported in Fig.3.11 corresponds
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Figure 3.11: Minimum Detection Limit as a function of integration time, Allan
variance analysis. Plot obtained in OriginPro 8.5.1

to ∼ 100ppb, and was already determined in paragraph 3.3.3. as MDL for
100ms integration time. As it was predicted in paragraph 2.3.4., for times
< 15s MDL decreases almost linearly with time (according to eq.2.21), while
for longer times starts deteriorating. This behavior can be ascribed to laser
instability in terms of optical power and slow frequency drift. Another con-
tribution comes from �uctuations of the pump.
As previously said in paragraph 2.3.4., the lowest MDL achievable from this
sensor is given by tradeo� between Johnson noise and long-time drift, taking
into account that working time have to be as short as possible in order to
provide real time response. With an integration time of 10s, MDL can be
improved from 100ppb down to 30ppb: this condition ful�lls the typical time
and sensibility requirements for applications in the fruit transportation and
storage industry.
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Chapter 4

Realization of a compact sensor

prototype

4.1 Introduction to compaction issues

Once the QEPAS ethylene sensor was realized and validated at University
of Bari, the �nal goal was the sensor size reduction with the aim to realize
a compact prototype to be shown at the SPIE-Photonics West conference in
San Francisco, California, USA.
Sensor size reduction was achieved starting from the QEPAS setup depicted
in Fig.3.6, by means of both a hardware rearrangement and the implemen-
tation of a Labview program able to manage the whole measuring process,
avoiding the use of bulky instruments like the Lock-In and the function gen-
erator. All this QEPAS sensor rearrangement has been carried out in the
Thorlabs GmbH laboratories, in Dachau, Bavaria, Germany.
SPIE's safety standards does not allow the use of any gas tank especially
one containing ethylene, due to its toxicity and �ammability, even if at low
concentrations. Due to these restrictions, the QEPAS setup presented in
chapter 3 was converted into a �openair� water vapor breath sensor.

4.1.1 Acoustic detection module characterization

The ADM involved in the new setup was composed by an S15 QTF coupled
with a single tube mR. The selected single tube had length of 17.5mm, inner
diameter of 1.2mm and outer diameter of 1.6mm. S15 model, belonging to
the third QTFs generation, displays prong width and length respectively of
2mm and 14.5mm, prong spacing of 1.5mm and crystal width of 0.26mm. Its
fundamental frequency falls at 15.833kHz. In order to �nd the best operating
conditions, an electrical characterization (using excitation amplitude of 2mV )

51
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of the ADM response as a function of working pressure has been performed.
Every dataset was �tted as explained in paragraph 2.3.1.. The resulting
Lorentzian pro�les (real part of conductance) at three di�erent pressures,
resonance frequencies and related Q-factors obtained in all the investigated
pressure range from 80Torr to 350Torr are reported in Fig.4.1.

Figure 4.1: ADM response at three di�erent pressures are taken as example:
100Torr (pink curve), 200Torr (green curve) and 300Torr (blue curve). In the
right top table are reported the resonance frequencies and related Q factors mea-
sured as a function of the gas pressures.

By examining Fig.4.1 it can be observed how the operating pressure can in�u-
ence the ADM performances, as predicted from eq.2.6. Even if the prototype
had to be an �open air� sensor, and therefore couldn't require a gas line such
as the one in Fig.3.6, it seems clear just by looking at Fig.4.1 that including
a gas line and a pump (thus working at sub-atmospheric pressures) was still
the best solution. It's worth to note that resonance frequency resulted to be
stable in time for all the investigated pressure range.

4.1.2 Performance evaluation and impact of pump �uc-

tuations on overall noise

The last step in this preliminary study is composed by two tasks:

• evaluation of the new ADM optical performances;

• determination of the impact that pump �uctuations has on the overall
signal noise.
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Initially, the setup built up in Germany was tested with ethylene (using
the same line proposed in section 3.1.) at �xed concentration of 100ppm
in order to compare its performance with the ones realized at University
of Bari (presented in chapter 3). The most important di�erences between
setup depicted in Fig.3.6 and this new one are the implementation of a new
ADM and the use of the �QEPAS Engine�. �QEPAS Engine� is a device
realized by Thorlabs and able to feed fast electrical modulations to the ADM
and to gather and plot the signals coming from the ADM itself by means
of a Fast Fourier Transform (FFT) algorithm, instead of using a Lock-In
ampli�er as done in Bari (FFT technique is explained in [26]). In Fig.4.2
is reported a long-term line-locked acquisition performed at 175Torr: on Y-
axis is reported the QEPAS signal expressed in arbitrary units as elaborated
by using the QEPAS Engine.

Figure 4.2: Long term line-locked acquisition of QEPAS signal. Integration time is
250ms.

As can be observed in Fig.4.2, the resulting SNR is ∼ 94.34, approximately
10 times lower than the one obtained in Bari, corresponding to a MDL of
∼ 1.06ppm. This discrepancy is not mostly due to the di�erent operating
pressures conditions but also to the use of a di�erent QTF and to the lower
sensibility of FFT technique with respect to the Lock-In analysis [26].
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The same setup was used for study of the noise generating from �uctu-
ations induced from the pump vibration, positioning the pump in di�erent
positions inside the sensor prototype system.
Five spatial con�gurations (presented below) were tested: Standard con-
�guration, con�guration 1, con�guration 1bis, con�guration 2, con-
�guration 2bis.

Standard con�guration corresponds to whole setup located on the optical
table. The pump, placed on a damping foam, was positioned away from
the ADM.

con�guration 1 ADM, laser and the same pump were located a on a bread-
board. Pump was placed near the ADM and deprived of damping foam.
The whole setup was on an optical table.

con�guration 1bis similar to the previous one, but pump was placed on
damping foam.

con�guration 2 as in con�guration 1, but the whole setup was located on
a transportable table.

con�guration 2bis di�ers from con�guration 2 because the pump was mounted
on sorbothane supports.

In Fig.4.3 are reported line-locked mean QEPAS signal value and standard
deviation corresponding to each one of the previous con�guration, obtained
keeping pressure �xed at 120Torr, �ow at 26sccm and integration time at
300ms. Acquisition related to standard, 2 and 2bis con�gurations are plotted
as representatives.

All measures were taken at 5V pump excitation voltage, corresponding
to the maximum voltage value that can be given to the component. Thus,
the pump was maintained on its most noisy working condition.

From data reported in Fig.4.3 can be argued that introduction of oscil-
lations dumpers such as sorbothane supports or foam can e�ectively reduce
12% of the noise due to pump �uctuations, signi�cantly attenuating the noise
increase due to a not performing support (in this experiment, the breadboard
table). Moreover, placing the pump away from ADM or close to it doesn't
lead to appreciable discrepancies in terms of noise level.

4.1.3 Water vapor absorption line selection

The most important issue regarding water vapor optical spectroscopy is the
identi�cation of well performing light sources. Most QCLs have emission
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Figure 4.3: Top: average QEPAS signal and standard deviation related to the �ve
con�gurations tested. On bottom, line-locked acquisitions performed in standard

con�guration (blue plot), con�guration 2bis (red plot) and con�guration 2

(black plot).

ranges appositely tailored in order to avoid water absorption lines, usually
an interferent for the detection of less common molecules in air. The best per-
forming available light source turned out to be a DFB QCL having nominal
emission wavelength at 5.27µm and a tuning range of ∼ 4cm−1. At working
temperature of 20◦C, the tuning range of this laser is 1900 − 1904cm−1. In
Fig.4.4 are reported water vapor absorption lines and air absorption coe�-
cient falling in this spectral range. As �air� is meant, in this case, a mixture
of N2 (78.63%), O2 (20.90%), H2O (0.43%) and other compounds for less
than 0.04%.

From Fig.4.4 can be observed that the only air absorption peak occurring in
this range belongs to water vapor. The water's line, with a linestrength of
1.35× 10−24cm/mol, is extremely weak, being ∼ 103 times less intense than
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Figure 4.4: On top, HITRAN simulation of air absorption spectrum at pressure of
750Torr (in red) and 120Torr (in blue) in the wavenumber range of the selected
QCL. On bottom, water vapor absorption lines in the same range.

the one used for ethylene detection in Chapter 3. However, this line can be
detected due to the high water vapor concentration in air (few %).

4.2 Approaches for sensor compactness

As previously said in Section 4.1., both hardware rearrangement and im-
plementation of an all-inclusive monitoring and driving software (using the
ambient Labview) were fundamental steps which led to a full compact and
remote-controlled sensor.

4.2.1 Data acquisition card as an alternative to external

devices

Every QEPAS component that can be driven by current or voltage applied,
such as laser and TEC controller or pump and �ow controller, has at least
an own motherboard.
Each motherboard keeps the role of giving to the related component the
driving current/voltage and providing connections with other components.
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Usually, contains at least microprocessor, RAM and chipset. May occur that
a component has other boards or processors. In this case, the whole set
of motherboard and other boards relative to a single component is usually
called �electronic cards�. Electronic cards are enclosed in an external (with
respect to the component) device which is able to provide a user interface,
as for example screen and keyboard or a touch-screen. The approach to
compaction consisted in replacing all (or almost all) the external devices
connecting directly the electronic cards to a supplementary data acquisition
card (DAQ) which, in turn, was connected to a PC (via the usual DAQ card).
This procedure has the double advantage of allowing compaction (removing
bulky devices) and enabling remote user �all-inclusive� interface, because
keyboards and touch-screen of each instrument is replaced by a common
Labview-based program. In Fig.4.5 is reported a picture of the supplementary
DAQ used for connecting all the QEPAS components.

Figure 4.5: Photograph of the supplementary DAQ used for P-West prototype.

Referring to Fig.4.5, the pin assignments are:

A Potentiometers for manual drive of pump (the right one) and �ow con-
troller (the left one) by screws.

B Inlet/Outlet sockets for software drive.

C Sockets for manual/software drive of pump and �ow meter and pump and
�ow meter power supplies.



58 CHAPTER 4. COMPACT SENSOR REALIZATION

D QTF and preampli�er power (and inlet/outlet) supply.

E Left empty for future tasks.

F QTF response outlet.

G QTF modulation inlet (for external electrical characterization) and outlet.

H Laser reference outlet (useful if an external Lock-In device is used).

I Laser modulation outlet (for current driver). From this pin the modulation
frequency comes out already halved (for 2f detection).

J Pressure/Flow controller socket.

Figure 4.6: Depiction of �rst approach to QEPAS sensor compaction.

The sensor schematic is depicted in Fig.4.6. Referring to this �gure,

1. Are electronic cards for ADM, pressure controller, �ow meter and con-
troller and laser driver.

2. Is the Peltier TEC and the laser head of Thorlabs Turnkey Laser (TLT)-
QCL model.

3. Is the S15 ADM (preampli�er holder is depicted in green) mounted on
a �xable 3D-translation stage.

4. Are gas inlet/outlet.
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5. Is the pump, mounted on sorbothane supports (not shown in �gure).

6. Is the pressure/�ow controller.

The QC laser for water line detection was mounted on TLT-QCL housing,
because of a similar pin assignment. The DAQ is not shown in Fig.4.6

4.2.2 Software user-interface: the Labview program

The whole Labview program had not only the task of represent a user-
interface for all the QEPAS components shown in Fig.4.6 (together with the
temperature/humidity meter TSP01), but also to provide a software Lock-
In analysis of the QEPAS signal gathered by DAQ and an Allan Variance
analysis of long term acquisitions. Software is also able to give ramp and
modulation to laser current driver (or directly to its electronic cards). This
program was made, for the most part, by J. Peupelmann for Thorlabs GmbH.
However, an interface for TLT and for power meter PM100 were separately
done by the author of this thesis. Successively, both Labview Virtual In-
struments (VIs) were �rst tested and then implemented in Peupelmann's
program together with an auto-phase Labview-VI for the Lock-In analysis.
Schematically, the whole program block diagram consists in a 2-windows �at
sequence. In the left window are called all the variables used for the program.
On the right one, there are three while cycles. The upper while cycle contains
an event case structure triggered by a control in the front panel, when the two
cycles below contain each one a case structure divided in more than 20 frames.
Usually a frame represents a single action, for example laser �ring or QTF
readout, but may happen that an action needs more frames for compiling (is
the case of Lock-In analysis or modulation frequency generation). A queue

links event case structure to the below-standing case structures.
When initialized, the program remains for most of the time in an empty
default frame: if user clicks a button (thus a control) on the front panel,
activates the corresponding trigger on the event case structure. Each event
inserts in the queue a command like �go to frame 20�. Thus, in one iteration,
the below-standing frame structure goes to the chosen frame and makes the
correlated action. Where necessary, more frames can be looped and auto-
matically activated. The presence of two independent case structures allows
the software to make simultaneously two actions (or one action while another
loop is still running).

The front panel of this program is reported in Fig4.7. As can be observed
from this �gure, the front panel is divided in eleven pages, or �les. Each
component or external device has its user interface in an own �le. Referring
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Figure 4.7: Front panel of the QEPAS software. The Settings page is shown.

to the settings page, shown in Fig4.7, the sample rate settings for analog to
digital signal conversion and vice versa can be found on the top-left of the
page. These are fundamental values for frequency generation (sampling D/A
rate) or QTF response readout (sampling A/D rate). On the top-right can be
found the components menu. Here can be selected the desired components.

The program is equipped with a data logging for save data or plots into
selected folder (bottom left). Components readout and resource selector is
placed on bottom right side. When the component is correctly connected to
the DAQ, its resource appears as selectable in the drop-down menu. Out of
the page, on the right side, can be seen all the most important indicators
reassumed: as SNR in meant the QTF Signal/ Standard Deviation ratio, as
usual.

The Laser On/O� button allows to switch on or o� the laser. It works only
if TEC controller is already on, and laser temperature di�ers from the one
chosen by user less then tolerance limit (in this case, 2◦C). The Start Mea-
surements/Measuring button starts measuring process (which involves a
manifold of frames automatically queued). The measure can be arrested by
using the same button. The edge-triggered button Reset allows to restart
suddenly the measure but deleting data that are not recorded. To conclude,
on bottom right can be found the quit button Programm beenden (from
German, literally �quit the program�), for a correct program shutdown.
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Figure 4.8: QTF Signal page in the front panel.

In Fig.4.8 there is the page related to QTF and laser modulation. As can
be observed, from the box on the top-right of the page can be selected the fast
modulation and amplitude of the QTF or the laser. Software allows to give an
o�set to the laser wavelength-modulation. Any modulation can be turned o�
by clicking on the blinking Boolean control RF-Output. The upper graphic
indicator plots the QTF response acquired from the DAQ card, with the
sampling rate indicated in Settings page, while the lower graphic indicator
is devolved to the plot of the Fourier transform of the acquired signal (thus,
the lower graph plots the frequency components of the signal). The Fourier
transform can be modeled and �ltered by the controls in the box on the
right. By switching the �Output select� user can decide if modulate the laser
or the QTF but cannot modulate both at the same time. This expedient is
helpful when user needs to switch repeatedly between QTF characterization
and e�ective QEPAS measurement, it's a solution which prevents that user
starts a QTF characterization measurement forgetting to shut down the laser
modulation.

In Fig4.9 is reported the Lock-In interface. User can set integration time,
the low-pass (LP) cuto� frequency of the �lter and can tune the reference
signal phase, for manual auto-phase.

The upper graph and the numeric indicators in the left bottom part show
R, X, and Y Lock-In signal value. The lower graph shows the recorded plot.
This program uses for the Lock-In analysis, as low-pass �lter, a Butterworth
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Figure 4.9: Lock-In page in the front panel.

shaped �lter having a transfer function given by the equation

||Gn(jω) =
1√

1 + ω2n
(4.1)

Where n is the �lter order (in this case, n = 3) and ω the frequency. A low
LP frequency cuto� needs a high integration time for better performances.
The performance discrepancy between a hardware Lock-In detector and a
software one, such as the Lock-In implemented in this program, lies mostly
on the sampling rate of the DAQ. Hardware Lock-In indeed works with con-
tinuous signal, while the software one has to handle a discrete set of data.
Thus, the best way to improve the software Lock-In performances (until the
limit of the hardware's one) is to use a DAQ with a sampling rate as high as
possible.

The Q-factor page, shown in Fig.4.10, allows to extract the QTF parame-
ters such as center frequency, span range and spectral resolution. Then, user
can press Sweep button to start the acquisition. Due to block diagram struc-
ture, is strongly recommended to deactivate the out-of-page button Mea-
suring (see Fig.4.7) in order to have a faster execution of the acquisition.
QTF signal is analyzed both by means of Lock-In and FFT analysis and the
corresponding data are plotted in the graphic indicator. Once the scan is
completed, user can press �rst text and then Calculate QTF Specs but-
ton. The �rst one makes a Lorentzian �t of data, the second one evaluates
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Figure 4.10: Q-factor page in the front panel.

the same QTF parameters and speci�cs de�ned in paragraph 2.2.1., using
the previous �t. All the �t results are displayed in the numerical indicators
placed on bottom left part of the page. Here are also reported QTF current
(QTF_I0) and voltage peak-to-peak (Vpp).

Volatage ramps to be fed to the laser can be de�ned using the interface
depicted in Fig.4.11. Here user can, from control placed on top right, set
ramp parameters such as starting voltage o�set (by control O�set Tun-
ing Step) and ramp amplitude (O�set Span). Ramp frequency cannot be
selected, indeed is �xed by ramp amplitude because of loop iteration time
(∼ 50ms). A graphic indicator shows Lock-In signal as a function of voltage
o�set (proportional to acquisition time). With Laser Sweep and Set to
Max buttons user can start the ramp or decide to stop on maximum value
reached. This feature was implemented in order to simplify fast switch be-
tween spectral scan and line-locked acquisitions. It's worth to note that ramp
starts on center value, which coincides with o�set tuning step, and moves for-
ward to higher o�set values. When maximum o�set value is reached, it starts
inversion. Ramp direction can be easily argued from Triangle sign light. It
is on for increasing o�set values. Software will perform the ramp inde�nitely,
until the user press again on Laser Sweep button.

Allan variance page, shown in Fig.4.12, contains only the graphic indica-
tor. After the user selected the calculation method, by pressing onCalculate
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Figure 4.11: Laser Sweep page in the front panel.

Figure 4.12: Allan Variance page in the front panel.

button it will be performed the Allan variance analysis of the last recorded
dataset.

In Fig.4.13 is shown the power meter interface. This panel has been
realized by the author of this thesis. A single optical power meter is composed
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Figure 4.13: Power Meter page in the front panel.

by a photosensitive device, able to detect incident radiation, and by electronic
circuitry for data processing. The Labview Vis implemented in this program
is optimized for PM100D power meter of the Thorlabs Company. PM100D is
not a single power meter, but a console of detectors. Thus, this interface can
perform power measurement in a wide spectral range, just by selecting the
correct photosensitive device. From this page the user can set the wavelength
of interest and the averaging time. It is recommended to press on Set Zero
Point, which sets to zero the current value of optical power, only if the
light source of interest is turned o� or shaded. A graphic indicator shows
optical power trend as a function of iteration time. This interface has also
an analogical and digital indicator of current optical power value and a box
for device manufacturers speci�cs.

In Fig.4.14 is reported the laser driver interface. This panel has been also
realized by the author of this thesis. Here the user can set temperature and
laser current setpoints (bottom right area), enable external modulation and
set the current limit (top right area). A warning light will blink when the
current limit is reached. Temperature, laser and TEC current values can be
monitored both by graphic and numeric indicators. TEC controller can be
switched on or o� by the button TEC ON/OFF.

Both, mass/�ow controller and pump can be driven from interface shown
in Fig.4.15. User can set desired pressure setpoint (in Torr) from the control
on the top right of the page. At the same way, can be selected pump voltage
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Figure 4.14: Laser driver page in the front panel.

Figure 4.15: Mass/�ow controller and pump page in the front panel.

setpoint from control on bottom right. Pump can be switched on or o� by
means of the Vacuum Pump control button: maximum pump excitation value
is 5V . Two Graphic indicators show pressure and �ow trends as functions of
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iteration time.

Figure 4.16: Temperature and humidity meter page in the front panel.

Fig.4.16 shows the interface for temperature/humidity meter. From this
page, user can only check temperature value and trend over times as well as
humidity value and trend over times (from graphic indicators). The page has
indicators also for manufacturers speci�cs.
To conclude, �Service� interface page in intentionally left black for future
uses. In this software version, contains only a few error indicators.

4.3 Design and realization of a 19� rank box

Two main issues have arisen trying to realize the setup reported in Fig.4.6.
The �rst one was that the QCL laser for water vapor detection displayed
a strong beam divergence and thus needed a collimating lens as close as
possible to the emitting surface. The solution found was to remove the front
plate of the laser holder (visible in Fig.4.6) and consequently mount a cage
system for optics (collimating and focalizing lenses) assembly directly on the
laser metal jacket, as shown in Fig.4.17.
The second one was the installation of the QCL source. Since removing
laser driver electronic card from its touch-screen display resulted dangerous
for both, display and motherboard, the whole laser controller device was
installed in the �nal prototype (see Fig.4.17).
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Figure 4.17: Top view of the P-West prototype. It can be seen the laser driver
(1), the optical assembly cage system (2) and the ADM (3). Courtesy of Thorlabs
GmbH.

The holding box dimensions were 10′′ × 19′′ × 17′′, which correspond to
222×484×435mm3. The Draft of the QEPAS Assembly prototype is shown
in Fig.4.18.

Referring to this �gure, all the components presented before can be iden-
ti�ed. The prototype contains:

1. Vacuum pump, turned upside down and mounted by means of sorboth-
ane supports on the top-panel.

2. TLT package and DFB QCL emitting at 5.27µm, cage system with
collimating (1.5mm focal length) and focalizing (75mm focal length)
ZnSe AR-coated lenses.

3. S15 QTF with single tube enclosed in an ADM equipped with two ZnSe
AR-coated windows. The bottom part of the ADM, depicted in green,
is a low noise pre-ampli�er chip for the QTF signal readout having
feedback resistor of 10MΩ.

4. Pressure and Flow/Mass controller, mounted on the side of the rank
box.



4.3. DESIGN AND REALIZATION OF A 19� RANK BOX 69

Figure 4.18: QEPAS Assembly draft. Courtesy of Thorlabs GmbH.

5. Supplementary DAQ card described in 4.2.1. paragraph (mounted with
DAQ-DAQ coupling sockets corresponding to back-panel splits).

6. TSP01 temperature/humidity meter.

To conclude, a real image showing the �nal structure of the QEPAS pro-
totype presented at SPIE Photonics West is reported in Fig.4.19.
The QEPAS breath sensor is tested, in San Francisco, from a special guest:
the QEPAS technique inventor, Prof. Frank K. Tittel (right side of Fig.4.19).
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Figure 4.19: Photograph of QEPAS P-West prototype. Front panel with gas in-
let/outlet (on top), and back panel (on bottom). On the right side, Frank K. Tittel
is testing the breath sensor prototype.



Conclusions

The goal of this thesis was the realization of a compact and high-sensitive
quartz-enhanced photoacoustic sensor for ethylene detection, with the �nal
aim to implement it for both agricultural monitoring and breath diagnostic
applications.

The �rst step was the realization, at PolySense lab of the physics depart-
ment of Bari, of a QEPAS sensor for ethylene detection, employing a second-
generation custom quartz tuning fork. The resulting sensor achieved a 30ppb
detection sensitivity using a 10s integration time. The performances of the
proposed ethylene sensor is therefore comparable with (or even better than)
the ones reached by S. Schilt et al. in [27], by Nguyen et al. in [28] or by Zhen
Wang et al. in [29], which used for their QEPAS setup a standard tuning
fork. Furthermore, this detection sensitivity (which already ful�lls agricul-
tural monitoring or breath sensing needs) can be signi�cantly improved by
targeting the most intense ethylene line in the mid-IR spectrum, occurring
at 949.65cm−1.

The second step of this thesis project involved both PolySense group and the
Thorlabs GmbH Company in the realization of the �rst �open air� QEPAS-
based breath sensor, including a size reduction of the QEPAS setup previ-
ously realized in Bari. Several measurements were performed to characterize
the new QTF employed for the compact prototype (belonging to the third
generation of custom QTFs) and successively evaluating both the QEPAS
performances and the impact of pump position on the overall noise �uctua-
tions.

The main approach for sensor compactness consisted in replacing external
analysis and driving bulky devices, line lock-in and function generation with
a Labview-based software (called QEPAS Demo), able to provide to all the
user-interfaces usually present in a QEPAS sensor, and a single DAQ card
which sorts signals to voltage or current driven components and receive QTF
response. PolySense group task, in this case, was not only to assist on the
physical characterization of the sensor during the realization of QEPAS Demo
software, made by Thorlabs engineers, but also to realize part of the software
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itself (such as the laser driver and power meter interfaces and an auto-phase
for the Lock-In analysis). The �nal prototype, enclosed in a 19� rank box,
was successfully shown at SPIE Photonics West 2018.
Future developments shall move towards a further size reduction but main-
taining the same performances, in order to address the industrial needs, or
try to improve the detection sensibility down to sub ppb or ppt minimum
detection limits. These goals need the implementation of new generations
ADM (in the �rst case) or use of cavities for signal enhancement (detec-
tion technique known as Intracavity QEPAS). Study of silicon piezoresistive
properties may lead, in the future, to PAS-based Micro-Electro-Mechanical-
Systems (MEMS) sensors, which would combine the low noise PAS trace gas
detection technique to a highly integrated micrometrical device.



Appendix A

Methane �open air� sensor

A.1 Methane detection

Methane concentration in atmosphere is around 1.75ppm, and that makes
this gas an optimal and natural testing ground for �open air� sensors able to
reach few ppm or even sub ppm detection sensitivities. At the end of Decem-
ber, soon after the QEPAS prototype to be shown at the SPIE Photonic West
Exhibition in San Francisco was realized, Thorlabs proposed to build up an-
other QEPAS open-air sensor at Thorlabs Laboratories, aiming at methane
detection in air as a further proof of the QEPAS technique potentialities.

A.2 Methane and air absorption lines

Two DFB QC lasers produced by Thorlabs, were able to target su�ciently
strong CH4 absorption features: M779L and M779N, operating in the spec-
tral range from 1215cm−1 to 1219cm−1 and 1216cm−1 to 1220cm−1, re-
spectively.
In Fig.A.1 and Fig.A.2 are reported, respectively, methane absorption line
in M779L and M779N tuning range.

As can be observed in Fig.A.1, the most interesting absorption line falls
at 1216.2cm−1, with a linestrength of 3.27 × 10−21cm/mol (∼ 10 times
weaker than the one selected for ethylene in chapter 3). M779L Laser, from
datasheet, provides an output power of ∼ 110mV at this wavenumber.

Fig.A.2 shows that M779N has a twofold advantage. Absorption line at
1216.2cm−1 occurs at the beginning of its wavenumber tuning range, where
the laser displays its highest optical power (∼ 145mW ). Furthermore, the
tuning range contains also a stronger line falling at 1219.6cm−1 and having
a linestrength of 5.94 × 10−21cm/mol even if the laser here displays barely
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Figure A.1: Methane absorption lines falling in M779L operating spectral range.

37mW optical power. For both reasons, the M779N laser was chosen as light
source for methane detection.

This component can be driven only by a ITC4020QCL Laser Driver/ TEC
controller model, thus the Labview-based Laser/TEC driver software made
for the Prototype was converted from TLT-driver into ITC-driver.

In Fig.A.3 is reported the absorption spectrum of air in the range of
interest, where the air sample has the same composition of the air mixture
considered in chapter 4. As can be seen from at Fig.A.3, in the M779N
operation range there is a strong absorption peak due to water vapor falling at
1218.5cm−1. Whilst this peak interferes with methane detection, it was also
a good opportunity for performing easier alignment checks and comparing
QTF bare and coupled signals using this peak, characterized by a higher
signal with respect to the one expected for methane.

A.3 QTF and microresonator characterization

In this experiment was employed the QTF-S08, a third generation QTF hav-
ing a prong length of 14.5mm, a prong width of 2.0mm, a crystal thickness
of 0.25mm and a prong spacing of 0.8mm. This QTF was coupled with a
double tube microresonator (mR) system, realized by cutting �at-ended nee-
dles (see Fig.A.4). Final dimensions were 10.3mm length and 1.3mm inner
diameter for each tube.

For characterizations at 750Torr, bare QTF and QTF coupled with dou-
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Figure A.2: Methane absorption lines in M779N spectral range.

Figure A.3: Air absorption spectrum in 1214 − 1219cm−1 range at di�erent pres-
sures (see the legend).

ble tubes were encapsulated using metallic cap without the ZnSe AR-coated
windows, i.e. in �open air� con�guration. The software described in 4.2.2.
was employed as a waveform generator and for data acquisition and process-
ing.

For the bare QTF, fundamental resonance frequency occurred at 15837.26Hz,
with a related Q-factor of 37605, while the QTF coupled with the dual tubes
microresonator system show a Q-factor of 29444 for a resonance frequency
of 15837, 35Hz. The observed frequency shift is due to the acoustic coupling
of the QTF with the microresonator. This also explains the 22% Q-factor
intensity decrease.
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Figure A.4: Microresonator image captured with an electronic microscope. Com-
parison between industrial and manual cuts. Top view (top) and side view (bottom)

A.4 �Open air�-methane detection

A.4.1 Setup for �open air�-methane detection

Experimental setup was similar to that one previously described in paragraph
3.3.1. and depicted in Fig.3.6. The M779N DFB QCL was �rst collimated
using a ZnSe AR-coated collimating lens having 1.5mm focal length and then
focalized using a ZnSe AR-coated focalizing lens having 75mm focal length
between the QTF prongs, taking care that the laser light pass inside the
tubes and trough the QTF without hitting them.
With respect to Fig.3.6, the whole gas line was removed and the ADM was
mounted in the �open air� con�guration. Waveform generator and Lock-In
detector were replaced by the Labview software and the DAQ supplementary
card, which allowed remote control of laser driver, optical detector and mass
�ow controller as explained in paragraph 4.2.2..

A.4.2 Spectral scan and line-locked acquisition

Two spectral scans were performed setting 0.5mV as o�set tuning step and
500mV as o�set span on the Laser Sweep page. The �rst one was performed
employing only the bare QTF, the second one using the QTF coupled with
the double tubes mR described before. Both ramps were centered on water
vapor absorption peak, to evaluate the SNR improvement due to the mR
(see Fig.A.5 and Fig.A.6). The water vapor concentration was assumed to
be remained almost constant during these measurements since they were
taken in a short time.
By looking at Fig.A.5, it is clearly visible that the use of a dual tube mR
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Figure A.5: On the left, spectral scan of a H2O absorption line falling at
1218.5cm−1, measured using the bare QTF. On the right, spectral scan of the same
H2O absorption line but employing QTF coupled with a dual tubes mR.

Figure A.6: Line-locked acquisitions both with bare QTF and coupled QTF (with
dual mR tubes).

strongly enhanced the QEPAS signals. In Fig.A.6 are reported line-locked
acquisitions performed by keeping the laser emission resonant with the H2O
absorption line peak, both for the bare QTF and for the QTF coupled with
the mR. The mean QEPAS signal for bare QTF resulted to be 10.8mV ,
while for mR+QTF system results 364mV . Therefore, the QEPAS signal is
enhanced by a factor 33.8 when adding the dual tubes mR. Such an increase
is not too di�erent from the enhancement factor ∼ 40 reported in literature
[23] [1].

As a �nal step, it was performed a wide (750mV ramp amplitude) and a
zoomed (250mV ramp amplitude, using 0.3mV steps) spectral scan around
the methane absorption line falling at 1219.6cm−1. Results can be observed
in the plots reported in Fig.A.7.

As can be observed by looking at Fig.A.7, a noisy 2f-like shape mirrors itself
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Figure A.7: Wide spectral scan (left) and zoomed spectral scan (right).

after ramp inversion, occurring at the iteration number 350. Comparison
between laser datasheet and Hitran database indicated that the peaks falling
at the iteration numbers ∼ 490 and ∼ 225 correspond to methane absorption
line. However, to con�rm these results it will be necessary to employ higher
CH4 certi�ed concentration.
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