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Introduction 

 

 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 flammable gases, as well as explosives. Techniques based on 

laser absorption spectroscopy (LAS) for trace gas sensing, compared to other 

techniques, are considerably faster, highly sensitive and selective. 

Quartz-enhanced photoacoustic spectroscopy (QEPAS) is a LAS technique 

based on photoacoustic detection of trace gases. QEPAS technology is competitive 

with and in many cases preferred to other trace gas sensing methods.  It utilizes a quartz 

tuning fork (QTF) as a sharply resonant acoustic transducer to detect weak 

photoacoustic excitation with extremely small volumes. The QTF is usually coupled 

with a pair of two metallic tubes acting as acoustic organ-pipe resonators. The QTF is 

positioned between the tubes to probe the acoustic vibration excited in the gas 

contained inside the tubes. It was observed that the use of dual-tube increases the 

QEPAS sensitivity 30 times or more. Furthermore, tubes isolate the QTF from 

accidental acoustic resonances in the sensor enclosure, which can otherwise distort the 

QEPAS signal.  

The QTF coupled with a dual-tube system forms the acoustic detection module 

(ADM). When the QTF is excited at one of its flexural mode resonances or their 

harmonics, the two prongs oscillate in counterphase. The center of mass remains at rest 

and all forces are compensated in the support connecting the two prongs. This is in 

contrast with a single resonating single cantilever beam, which has an oscillating center 

of mass that dissipates energy. For QEPAS gas sensing, the QTF resonance quality-

factor Q, defined as the ratio of the total input energy into the device to the energy 

dissipated within a vibration cycle, is the most important parameter. Both resonance 

properties of the QTF, namely the resonance frequency and its quality factor, 
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influences the performance of the ADM. The QEPAS sensor signal can be expressed 

as S ∝ (Q∙P∙α), where Q is the QTF resonance quality factor, α is the gas target 

absorption coefficient and P is the laser power. Furthermore, a high quality-factor also 

implies a small resonance bandwidth, which makes the resonator response more 

selective in detecting external excitations and high Q-values correspond to low 

dissipation losses. Hence, lowering the resonance frequency while keeping high the 

quality factor are the straightforward approaches to enhance the performance of a 

QEPAS sensor.   

 In this thesis, a novel geometry for QTF based on T-shaped prongs is proposed 

and realized. With respect to standard rectangular prong shape, the resonance 

frequency is reduced while the quality factor is not affected. When installed in a 

QEPAS sensor, an enhancement of the signal-to-noise ratio was demonstrated. T-

shaped QTF was acoustically coupled with dual-tube micro-resonator system to 

enhance the response of the QEPAS sensor. The influence of the geometrical 

parameters on the sensor performance, namely the internal diameter and the length of 

the two tubes together with the spacing between the tube and the surface of the QTF, 

has been investigated. The thesis work is organized as follows. Chapter 1 deals with 

basics of quartz enhanced photoacoustic spectroscopy and the Euler-Bernoulli model 

is presented for the calculation of the resonance frequency of a tuning fork vibrating at 

the in-plane flexural modes. In chapter 2, the experimental setup employed to measure 

the resonance frequency and quality factor of QTFs, as well as the architecture of the 

QEPAS sensor is described. In chapter 3, the experimental results together with a 

detailed analysis is presented. Finally, in Appendix procedures for assembly of an 

acoustic detection module are reported. 
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CHAPTER 1 

 

Quartz-Enhanced Photoacoustic Spectroscopy 

 

1.1 Basics on Photoacoustic Spectroscopy 

 

The photoacoustic (PA) effect in solids was discovered by Bell in 1880 [1]. It 

was soon realized that the same effect exists in liquids and gases as well. In these 

preliminary experiments, resonant amplification of the photoacoustic signal was also 

discovered [2]. However, due to the lack of proper instrumentation (such as light 

sources, microphones, and electronics), the PA effect was almost completely forgotten 

for more than half a century. Finally, in 1938, Viengerov introduced a PA system based 

on a blackbody infrared source and a microphone for analysis of gas mixtures [3].  



pag. 4 
 

In the 1960s, an important breakthrough was achieved by the use for the first 

time of a laser light source in PA gas detection [4].  As early as 1972, tuneable CO2 

and CO gas lasers with an optical power of about 1 W were employed [5]. The currently 

available power of near-infrared (NIR) and mid-infrared (mid-IR) semiconductor 

lasers, operating near at room temperature, may offer an alternative solution where 

small size, reliability, low costs, and long lifetime are required. A special advantage of 

these sources is their electronic modulation feature, where both intensity and 

wavelength modulation are possible. 

The PA effect in gases can be divided into three main steps [6]: 

 localized heat release in the sample gas due to relaxation of absorbed light 

energy through molecular collisions; 

 acoustic and thermal wave generation due to localized transient heating 

and expansion; 

 detection of the acoustic signal in the PA cell with a microphone. 

Molecular absorption of photons results in the excitation of molecular energy 

levels (rotational, vibrational, electronic). The excited state loses its energy by radiation 

processes, such as spontaneous or stimulated emission, and/or by collisional relaxation, 

in which the energy is transformed into translational energy. In the case of vibrational 

excitation, radiative emission and chemical reactions do not play an important role, 

because the radiative lifetimes of vibrational levels are long compared with the time 

needed for collisional deactivation, and the photon energy is too small to induce 

chemical reactions [7,8]. Thus, the absorbed energy is completely released as heat, 

appearing as translational (kinetic) energy of the gas molecules. The deposited heat 

power density is proportional to the absorption coefficient and the incident light 

intensity. Since the absorbed radiation is intensity-modulated, the internal heating of 

the sample is periodic.  

The localized heating of a portion of fluid or gas can be viewed as a localized 

stress that is then rapidly transmitted through the rest of the enclosed gas in the 

photoacoustic cell [9]. This effect produces in turn pressure waves, i.e. sound waves, 

having the same frequency of the light modulation. The PAS signal can be amplified 

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 
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resulting sound waves can be detected by a commercial hearing aid microphone. The 

photoacoustic signal S can be expressed by the relation: 

𝑆 = 𝐶𝑃𝛼                                                      (1) 

where C is the instrumental constant, P is the laser power, and α is the gas absorption 

coefficient that can be expressed as: 

𝛼 =  𝑁𝑡𝑜𝑡𝜎𝑐                                                   (2) 

where σ is the cross section of the optical transition, c is the concentration of the target 

gas and Ntot is the total number of molecule per unit volume. It follows that there is 

linear relationship between the sample concentration and the photoacoustic signal. The 

minimum optical absorption coefficient αmin detectable with a PAS-based sensor is 

determined by the condition S = N, where N is the noise level, which is assumed to be 

independent from the optical excitation. This condition sets the minimum detectable 

concentration by the PAS sensor as: 

𝑐𝑚𝑖𝑛 = 
𝛼𝑚𝑖𝑛

𝑁𝜎
                                                (3) 

 The instrumental constant, C, depends on a series of parameters, including cell 

geometry and size, efficiency of the transducer and frequency modulation of the 

radiation.  

When an acoustic cell is used to amplify the sound wave generated by the 

absorbing gas, the resonance quality-factor Q, defined as the ratio of the total input 

energy into the device to the energy dissipated within a vibration cycle, is the most 

important parameter. It is also defined by the equation: 

𝑄 =  
𝑓0

∆𝑓𝐹𝑊𝐻𝑀
                                                (4) 

where f0 and ΔfFWHM are the resonant frequency and the full width at half maximum 

(FWHM) of the resonance profile, respectively. The importance of the quality factor 

lies in the dependence of the acquired signal from the inverse of the resonance width, 

i.e. from the integration time: 
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𝑆 ∝  𝜏 =  
1

∆𝑓𝐹𝑊𝐻𝑀
                                              (5) 

One of the highest reported values for acoustic cells employed in PAS sensors is 

t = 56 ms. Achieving longer integration times in a gas-filled resonator is challenging, 

mainly due to intrinsic losses related to gas viscosity and other relaxation processes. 

The quality factor Q can be experimentally measured and, for classical PAS 

microphones, the measured values of Q and f0 typically fall in the ranges 40–200 and 

1–4 kHz, respectively. 

 

1.2 Quartz-Enhanced Photoacoustic Spectroscopy 

 

Quartz-enhanced photoacoustic spectroscopy (QEPAS) is an alternative approach to 

photoacoustic detection of trace gas utilizing a tuning fork as a sharply resonant 

acoustic transducer to detect weak photoacoustic excitation and allowing the use of 

extremely small volumes [10,11]. Such an approach removes restrictions imposed on 

the gas cell by the acoustic resonance conditions.  

A well-suited material for a resonant high-Q microphone is piezoelectric crystal 

quartz. This material is mass produced and inexpensive; every electronic watch or 

clock is built around a high-Q quartz crystal frequency standard. Usually it is a quartz 

tuning fork (QTF) with a resonant frequency close to 32768 Hz. The mode at this 

frequency corresponds to a symmetric vibration (the prongs move in opposite 

directions). The antisymmetric vibration is piezoelectrically inactive. These QTFs have 

recently become widely used for atomic-force [12] and optical near-field microscopy 

[13] and therefore their properties have been carefully analyzed. In a QEPAS sensor, 

the QTF detects weak acoustic waves generated by target molecules when optical 

radiation interacts with a trace gas.  The pressure wave excites a resonant vibration of 

the QTF which is then converted into an electric signal due to the piezoelectric effect. 

An operational amplifier-based trans-impedance preamplifier circuit was used to detect 

piezoelectric current signal, which will be proportional to the concentration of the gas 

target. A trans-impedance amplifier with a feedback resistor is usually employed to 

convert the piezoelectric current signal in a voltage signal. 
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Unlike a microphone, the QTF is a high-Q element with a narrow spectral 

passband. A typical watch QTF has a Q ∽ 100,000 or higher in vacuum and a Q ∽ 

10,000 at normal atmospheric pressure. Therefore, the corresponding energy 

accumulation time at atmospheric pressure is t ∽ 250 ms, which is a noticeably longer 

time than any practical gas-filled resonator can provide. Acoustically, a QTF is a 

quadrupole, which provide good environmental noise immunity. In fact, the width of 

the QTF resonance at normal pressure is ~ 4 Hz, so only frequency components in this 

narrow spectral band can produce efficient excitation of the QTF vibrations.  

Sound waves in air at 32 kHz have an acoustic wavelength ~ 1 cm, and thus, if 

produced by external acoustic sources, such waves tend to apply a force in the same 

direction on the two QTF prongs spaced by ~ 1 mm. As a result, such sound waves do 

not excite the piezoelectrically active mode in which the two prongs move in opposite 

direction and zero electrical response is produced. Hence, there is only one way to 

cause the QTF to resonate via the photoacoustic effect to produce sound waves from a 

source located between the two QTF prongs. The standard way to realize such a 

condition in QEPAS is to force the excitation laser beam to pass through the gap 

between the prongs without touching them. 

QEPAS sensors have been used with various laser sources including near-

infrared (NIR) and mid-infrared (MIR) semiconductor lasers (both distributed 

feedback and external cavity), optical parametric oscillators (OPO), and fiber 

amplifiers, and have been applied to the detection of different chemical species 

including molecules with unresolved vibrational absorption bands. Compact, sensitive 

and selective QEPAS sensors have been demonstrated to be effective and mature for 

numerous real-world applications. These now include different fields such as 

environmental monitoring (CO, CO2, CH4, H2CO, C2HF5, N2O, NO2), industrial 

emission measurements such as at combustion sites and gas pipelines (HCl, CO2, CH4, 

CO, NOx, CH2O,), urban emission coming from automobile traffic (NOx, SOx), rural 

emission such as horticultural greenhouses and fruit storage (C2H6, C2H4, CH4, N2O), 

control for manufacturing processes (SF6, HCl), detection of medically important 

molecules (NO, CO, NH3, C2H6, H2S), toxic gases (CH2O, HCl, HCN, N2H4, etc.) and 

for planetary science (H2O, CH4,CO, CO2, N2H4, C2H2). 
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For example, a QEPAS-based sensor was installed in a mobile laboratory to 

perform atmospheric CH4 and N2O detection near two urban landfill sites located in 

Houston, TX [14]. The QEPAS sensor recorded concentration values in very good 

agreement (<5% difference) with those measured by a very sensitive CEAS sensor 

realized by Aerodyne Research, Inc. The QEPAS technique is characterized by a very 

large dynamic range from the parts-per-trillion (ppt) level to a few % concentration 

levels. 

In summary, merits of QEPAS compared to conventional photoacoustic 

spectroscopy (PAS) include better QEPAS sensor immunity to environmental acoustic 

noise, a simple spectrophone design, and its capability to analyze trace-gas samples of 

∼ 1 mm3 in volume. These advantages make the QEPAS technology competitive with 

and in many cases preferred to other trace gas sensing methods. 

 

1.3 Quartz Tuning Fork: electro-elastic properties 

 

Piezoelectricity is the coupling between internal dielectric polarization and strain 

and is present in most crystals lacking a center of inversion symmetry. When a stress 

is applied to these materials, it induces a displacement of charge and a net electric field. 

The effect is reversible: when a voltage is applied across a piezoelectric material, it is 

accompanied by a strain. Let us consider a slab of quartz, assuming that its thickness 

is small compared with the other dimensions and assume to subject the plate to a 

pressure parallel to the thickness. If a compressional force is used, the polarization 

parallel to the thickness will be proportional to the stress. In turn, the piezoelectric 

polarization generates charge on electrodes covering the surface, proportional to the 

force causing the strain.  

If a force is applied in the opposite direction, the sign of pressure is reversed and 

the one of the polarization also reverses. In the same way, when an electric field is 

applied along the thickness of the plate, the quartz slab is deformed. This deformation 

changes sign when the polarity of the field is reversed. The deposit of gold on the QTF 

is realized in such a way as to be able to withdraw the charge of the same sign 

accumulated instantly on each prong. Figure 1 shows the typical dimensions and the 

geometry of the gold pattern of a custom QTF used for QEPAS. 
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Figure 1. Schematic view of QTF dimesions. Inset: a top view of the QTF with the electrical configuration for the 

electrodes A and B. 

  

Due to this intrinsic coupling of strain and charge displacement, a QTF can be 

modelled both electrically and mechanically, being each prong as a cantilever. Both 

mechanical motion and electrical response can be modelled using differential 

equations, having equivalent mathematical forms. Thus, a QTF is both a circuit with 

capacitance C, resistance R and inductance L, and equivalently a mass m on a spring, 

with spring constant k and damping factor β.  

The two domains can be coupled through a relation, in which the force driving 

the QTF is proportional to the driving voltage. When a QTF is deformed by an electric 

field, the most widespread way to acquire the electric response is to use a 

transimpedance amplifier with a feedback resistance Rf, as shown in Figure 2. The 

feedback resistor serves to maintain a zero voltage between the electrodes of the tuning 

fork, this is allowed by the presence of the parallel stray capacitance, Cp. 
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Figure 2. Schematic of the circuit used to characterize a QTF. 

 

 The resonance conditions of the tuning fork can easily be derived from the 

resistance, capacitance and inductance values of the equivalent circuit: 

𝑓0 = 
1

2𝜋
√

1

𝐿𝐶
                                            (6) 

and: 

𝑄 =  
1

𝑅
√

𝐿

𝐶
                                               (7) 

 The impedance of such circuit can be written in the following way: 

𝑍(𝑤) =  
(1 − 𝑤2𝐿𝐶) + 𝑖𝑤𝑅𝐶

𝑖𝑤

1

𝐶 + 𝐶𝑝((1 − 𝑤2𝐿𝐶) + 𝑖𝑤𝑅𝐶)
    (8) 

 From the mechanical point of view, a QTF can be considered to be composed 

by two cantilevers bars joined at a common base. The in-plane flexural modes of 

vibrations of the QTFs can be classified into two groups: symmetrical modes, in which 

the prongs move along the same direction and anti-symmetrical modes, in which the 

two prongs oscillate along opposite directions. The in-plane anti-symmetrical modes 

will be the predominant modes when a sound source is positioned between the prongs.  

 When a cantilever beam is bent, it is stretched at some points and compressed at 

others. Lines on the convex side of the bent beam are extended, and those on the 

concave side are compressed. There is a neutral surface in the beam, which undergoes 

neither extension nor compression. It separates the region of compression from the 
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region of extension. Figure 3 shows the first two antisymmetric vibration modes of a 

tuning fork: the first mode (usually referred as the fundamental flexural mode) has one 

nodal point on the common base of the prongs; the second mode (usually referred as 

the first overtone mode), in addition to the nodal point on the base, has a second node 

point at a certain distance from the prong base. 

 

 

Figure 3. (b) First in-plane vibrational mode of a QTF. (c) Third in-plane vibrational mode of a QTF [15]. 

  

1.3.1 Euler-Bernoulli model 

 
The resonance frequencies of flexural mode can be calculated in the 

approximation of independent cantilever vibrating in the in-plane modes. Each prong 

of the tuning fork can be treated as a clamped beam. Assuming that two beams have 

an elastic response: when an applied force is removed, they will return to its original 

shape. According to the Euler-Bernoulli approximation, the description of the vibration 

is given by the following 4-th order differential equation: 

𝐸𝐼𝑦
𝜕4𝑦

𝜕𝑧4
+  𝜌𝐿𝑇

𝜕4𝑦

𝜕𝑡4
=  0                                    (9) 

where E is the Young Modulus, 𝜌 is the volume density of quartz, LT is the beam’s 

cross-sectional area, Iy is known as second moment of beam’s cross-sectional area, y 

and z are the directions in the QTF plane and t is the time. The product EIy is usually 

referred as flexural rigidity. The flexural rigidity, the cross-sectional area and the 

volume density are assumed to be constant along the whole beam. Euler-Bernoulli 
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equation can be solved by separation of variables method: the displacement can be 

separated into two parts, one depending on position and the other one is a function of 

time. This leads to a simplified differential equation for the y direction that can be 

solved by superimposing boundary conditions.  

The boundary conditions come from the support of the QTF. The fixed end must 

have zero displacement and zero slope due to the clamp, while the free end cannot have 

a bending moment or a shearing force (free-clamped boundary conditions). The general 

solution is a linear combination of trigonometric equations leading to the following 

equation for the cantilever beam: 

cos(𝑘𝑛𝐿) cosh(𝑘𝑛𝐿) =  −1                                 (10) 

where kn are the wavenumbers related to the eigenfrequencies fn, given by the following 

expression: 

𝑓𝑛 =  
𝜋𝑇

8𝐿2121 2⁄
√

𝐸

𝜌
𝜐𝑛

2                                   (11) 

where νn identifies the mode number, i.e. n = 0 identifies the fundamental flexural 

mode, n = 1 the first overtone mode, n = 2, the second overtone mode, and so on. The 

first five νn values are reported in Table 1. 

 

 

Table 1. First five 𝜐𝑛 values calculated from the eigenvalues equation. 

 

 The model presented so far is also valid for a single cantilever. One could 

therefore argue that it would be enough to use a cantilever quartz beam of the size of 

the fork’s prong as a QEPAS sensor. However, with the same geometry involved, a 
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QTF typically provides a Q-factor that is far superior to that of a single cantilever. This 

leads to improved sensitivity of the fork when employed in a QEPAS sensor. Indeed, 

a QTF is a system of two coupled cantilever oscillating in opposition. The result is that 

the center of mass remains still, in spite of its arms motion. In contrast, a resonating 

single cantilever beam has an oscillating center of mass. This motion dissipates energy. 

This channel of energy dissipation is obviously not present in a well-balanced QTF. 

The only channels for energy dissipations remain the internal dissipation (thermoelastic 

damping and support losses) and the damping caused by the interaction between the 

QTF and the surrounding gas.  

Dissipations occurring through the center of mass are generally larger than losses 

caused by mechanisms previously mentioned and cause a reduction of Q-factor of 

several orders of magnitude. This explain why a QTF is widely used for a wide range 

of application. The Euler-Benoulli model allows to include damping mechanism effect 

in the differential equation, but there is no way to separate different losses mechanisms. 

When a QTF vibrating at harmonics oscillations of small amplitude is immersed in a 

fluid medium, it tends to induce a motion in the fluid, which gives rise to an energy 

loss and additional inertia. The reaction force is composed by a resistive part, which 

leads to energy dissipation by acoustic loss, and a reactive part, which gives rise to an 

additional inertia to the vibrating QTF body. With these assumptions, Euler-Bernoulli 

equation can be modified by considering a term which includes damping effects 

(damping parameter Cd) and an added mass u per unit length [16]: 

𝐸𝐼𝑦
𝜕4𝑦

𝜕𝑧4
+ (𝜌𝑇𝐿 + 𝑢)

𝜕4𝑦

𝜕𝑡4
+ 𝐶𝑑

𝜕𝑦

𝜕𝑡
=  0                       (12) 

By assuming in a first approximation that damping remains small (u << ρ𝑦0𝑤0) 

it can be shown that an added mass causes a shift of the QTF resonance frequency, Δf 

with respect to that in vacuum: 

∆𝑓 =  −
1

2

𝑢

𝜌𝑇𝐿
                                               (13) 

The exact derivation of the added mass is a complicated problem even for a 

simple structure. For a vibrating prong in steady motion, the added mass is proportional 

to the density ρ of the fluid medium. Since there is a linear relationship between the 

pressure and the density in a gas, we obtain that Δf varies linearly with gas pressure.  
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However, the fluid damping influences negatively the quality factor Q of the 

flexural beam. In fact, the reaction force due to the presence of the gas acting on a 

vibrating QTF leads to energy dissipation by means of an acoustic loss. An extensive 

study of the main loss mechanisms occurring in a vibrating prong will be discussed in 

the next section. 

 

1.4 Damping mechanisms of a cantilever beam 

 

High quality factors for a flexural resonance mode result in low dissipation 

losses for the vibrating prongs and consequently a sharp frequency response. The main 

loss mechanisms in a QTF are due to: (i) air damping, related to the transfer of energy 

and momentum from the QTF prongs to the surrounding medium; (ii) support loss, 

related to transfer of mechanical energy from the vibrating prong to the support; (iii) 

thermoelastic damping, related to coupling between the strain field and the temperature 

field inside the QTF. Air damping is referred to as an extrinsic loss mechanism, while 

thermoelastic and support damping are referred to as intrinsic loss mechanisms. Each 

resonance mode is characterized by a different vibration profile along the prongs axis 

with antinode points that identify the position of maximum vibration amplitudes along 

the prong. As an example, the fundamental mode can be represented by a single point-

mass on the prong tip while the first overtone mode can be modelled as two-coupled 

point-masses oscillating in counter-phase, as shown in Figure 3. In other words, each 

vibrational mode is expected to exhibit a different quality factor because loss 

mechanisms are also dependent on the related vibrational dynamics.  

 

1.4.1 Air damping losses 

 
 

When a QTF vibrating prong is immersed in air, a drag force is exerted on it. 

This force is proportional to the local velocity of the prong in terms of a damping 

parameter Cair. A knowledge of the damping parameter allows a calculation of the 

mechanical quality factor of the damped system. Since Cair is pressure-dependent, the 
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pressure range from vacuum to atmospheric pressure is usually divided into three 

regions, each characterized by a different dominant damping mechanism: an intrinsic, 

a molecular and a viscous region. In the intrinsic region, the fluid pressure is so low 

that the damping is negligible compared to the intrinsic damping of the vibrating beam 

itself. Hence, the Q-factor is independent on the fluid pressure.  

In the molecular region, the damping is caused by independent collisions of non-

interacting molecules with the vibrating beam. In this case the drag force can be 

determined by employing the kinetic theory of gases, leading to a damping parameter 

Cair proportional to the fluid pressure and the beam geometry. In the viscous region, 

the medium acts as a viscous fluid and the drag force is calculated using fluid 

mechanics. W. E. Newell [17] derived an expression for the critical pressure pc where 

the air damping changes from that typical of a molecular region to that typical of a 

viscous region, pc = 0.3 torr/w. With 0.25 mm < w < 0.5 mm, pc is < 1.2 torr.  

In all cases reported in this thesis, the QTFs operate in the viscous region. 

Starting from Euler-Bernoulli assumptions, Blom et al. [18] derived an analytical 

expression for both the total mechanical energy of the vibrating beam and the 

dissipated energy per period, leading to a formulation of quality factor related to fluid 

damping (Qair): 

𝑄𝑎𝑖𝑟 =
2𝜋(𝜌𝑤𝑇 + 𝑢)𝑓𝑛

𝐶𝑎𝑖𝑟
                                    (14) 

Qair does not depend on the vibrating mode shape and for this reason this 

expression can be applied to each vibrational mode, provided the damping parameter 

is known. Hosaka et al. have proposed an approximation for the air damping problem 

of a vibrating prong. They considered each prong of the QTF with a rectangular cross-

section as a string of spheres [18].  

If these spheres vibrate independently of each other, the resulting drag force is 

the sum of the drag force of single spheres. Starting from this approximation, Hosaka 

et al. [19] made two assumptions: (i) the length L of the QTF prong is much greater 

than its thickness T and crystal width w and (ii) every single portion of the beam is 

replaced with a sphere of diameter equals to w. They derived an expression for Cair and 

a formulation of Qair given by: 
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𝑄𝑎𝑖𝑟 =
4𝜋𝜌𝑇𝑤2𝑓𝑛

3𝜋𝜇𝑤 +
3
4
𝜋𝑤2√4𝜋𝜌𝑎𝑖𝑟𝜇𝑓𝑛

                              (15) 

where ρair is the air density and μ its viscosity. Losses due to the air damping, 

proportional to the reciprocal of Qair, consists of two terms: one pressure-independent 

(assuming a negligible dependence of fn on the air pressure) and the other one pressure-

dependent. The Qair depends on the air pressure as well as the resonance frequency and 

the prong sizes. In Figure 4(a), Qair is plotted as a function of the pressure considering 

a QTF having L = 17 mm, T = 1.0 mm and w = 0.25 mm, for both the fundamental and 

the first overtone mode (ρair = 0.079 kg/m3 and μ =1.81·10-5 kg/m·s).  

 

 

Figure 4.  (a) Qair plotted as a function of the gas pressure for a QTF with a prong length and width of 17.0 mm and 1.0 
mm, respectively and a crystal thickness of 0.25 mm for the fundamental (solid black curve) and the first overtone 

(solid red curve) mode. (b) Qair plotted as a function of the ratio between the prong thickness T and its length L for a 
crystal thickness of w = 0.25 mm (●) and w= 0.5 mm (■) at an air pressure of 50 torr [19]. 

fundamental mode

overtone mode

(a)

w = 0.25 mm

w = 0.50 mm

(b)
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In both cases, Qair decreases very rapidly when the pressure drops from 25 torr 

to 150 torr. At higher pressures, Qair levels off and becomes quasi-asymptotic at 

atmospheric pressure. The air damping mechanisms are strongly reduced for higher 

order vibrational modes. For example, at atmospheric pressure, Qair for the 

fundamental mode is three times lower than that related to the first overtone mode. By 

combining the expression for fn and Qair, an explicit dependence of Qair can be derived 

as a function of the prong size. In Figure 4(b), Qair is plotted as a function on the ratio 

T/L, in which L ranges from 3 mm to 17 mm and 0.2 mm < T < 1.4 mm, for w = 0.25 

mm and w = 0.5 mm. The data was simulated at an air pressure of 50 torr. For a fixed 

pressure and crystal width, a quasi-linear dependence of Qair on the ratio T/L is 

observed. The guideline that emerges from this model is that to reduce viscous losses, 

the T/L ratio must be kept high. In addition, the lower the crystal thickness, the higher 

will be the air damping losses. 

 

1.4.2 Support losses 

 
 

Although the history of support losses can be tracked back to the 1960s, this field 

still requires improved models to quantify these types of dissipation. Models describing 

support losses are developed using the theory of elasticity taking into account the beam 

dynamics and stress-wave propagation [20-23]. Several models have been developed 

to analyse support loss and all of them share the following set of assumptions: (i) elastic 

waves are transmitted to the support because of the vibrating shear forces induced by 

the oscillating beam with a fixed end; (ii) energy propagating through the support does 

not reflect back into the resonator; and (iii) the prong-support junction section is 

assumed to have zero-displacement.  

The simplest model was developed by Hao et al. [22], in which the prong is 

supposed to be a rectangular cross-section resonator, attached monolithically to a larger 

support with the same thickness as that of the prong. The crystal thickness w is assumed 

to be much smaller than the elastic wavelength λ of the propagating waves. The 

closed-form expression for the quality factor related to the support loss in a clamped-

free cantilever can be expressed as: 
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𝑄𝑠𝑢𝑝𝑝 = 𝐴𝑛

𝐿3

𝑇3
                                             (16) 

with An coefficients depending on the resonance mode number and the prong 

material. Hao et al. [22] estimated A0 = 2.081 for the fundamental mode and A1 = 0.173 

for the first overtone mode. Other models were developed, all of them agreeing on the 

support losses (L/T)3 dependence, but differing in the coefficient values [20], [21], [23]. 

From these models, the straightforward approach for reducing support losses is 

designing QTFs having prongs with large length-to-thickness aspect ratios. In addition, 

higher order modes suffer higher support losses [22]. An increase of a factor of ~12 on 

support losses is expected for a QTF, when changing from the fundamental to the 

overtone mode. 

 

1.4.3 Thermoelastic damping losses 
 

Thermo-elastic dissipation is an intrinsic structural dissipation mechanism of the 

oscillating elements, which can be expressed using a modelling approach proposed by 

Zener [24]. The physical explanation for this dissipation mechanism is based on the 

coupling between the strain and the temperature fields. Energy dissipation comes from 

an irreversible heat flow due to the local temperature gradient that accompanies the 

strain field. The following equation calculates the quality factor QTED related to 

thermoelastic loss for an isotropic homogeneous beam: 

𝑄𝑇𝐸𝐷 =
𝜌𝑐𝑇

𝐸𝛽2Θ
∙
1 + (

2𝑐𝑇𝑓𝑛𝜌𝑇2

𝜋𝜆𝑇
)
2

2𝑐𝑇𝑓𝑛𝜌𝑇2

𝜋𝜆𝑇

≈
2(𝜌𝑐𝑇)

2𝑓𝑛𝑇
2

𝐸𝛽2Θ𝜋𝜆𝑇
∝

𝑇3

𝐿2
        (17) 

where λT , cT and β are the thermal conductivity, the heat capacity per unit 

mass and the thermal expansion of the prong, respectively, while Θ represents the 

prong temperature. In a first approximation, QTED scales with prong size as T3/L2. In 

addition, thermoelastic damping decreases as the resonance mode number increases, 

implying that the fundamental mode is the most affected by this type of loss 

mechanism. 
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1.5 Guidelines for design of Quartz Tuning Forks 

 

In QEPAS sensors, the light source (typically a semiconductor laser) is focused 

between the QTF prongs and the sound waves produced by the modulated absorption 

of the gas are located between the QTF prongs and force them to vibrate anti-

symmetrically back and forth (in-plane anti-symmetrical mode). When these 

oscillations occur at one of resonance frequencies of the QTF, the induced strain field 

generates surface electric charges due to the quartz piezoelectricity and the total charge 

is proportional to the intensity of the sound waves incident on the QTF prongs. The 

ability of the gas target to rapidly relax the excess energy absorbed from the incident 

radiation plays a crucial role in determining the QEPAS minimum detection limit 

(MDL).  

When the target gas absorbs the exciting laser light, the excess energy is mainly 

dissipated through non-radiative relaxation processes, involving vibrational and 

rotational excited states. The generation of a photoacoustic wave involves an energy 

transfer from the excited states to translational molecular degrees of freedom. The time 

constant τ for these processes typically falls in the microsecond range depending also 

on the specific gas carrier [25].  

Ideally, the condition f << 1/2πτ should be satisfied, where f is the laser 

modulation frequency, which corresponds to one of the QTF resonances. Hence, the 

gas response to the modulation of the incident laser radiation is related to the ability of 

the gas to follow this fast modulation and differs for each gas. 

The record QEPAS sensitivity was obtained in the mid-IR, by employing a 

quantum cascade laser emitting at 10.54 µm as light source, for SF6 detection and 

corresponds to a minimum concentration level of 50 ppt in volume with a 1-s 

integration time [26,27]. This minimum concentration level can be attributed to the 

large measured QEPAS response due to the SF6 fast-relaxing properties and its 

exceptionally large absorption cross sections in the investigated spectral range.  

Furthermore, a low signal noise was obtained by improving the spatial quality 

of the focused laser beam. This condition was obtained by using a hollow core 
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waveguide: a lens was used to focus the collimated laser beam into the waveguide 

entrance. The waveguide acts as a modal filter and a near-perfect Gaussian beam was 

obtained at the waveguide exit [28-30]. A focused lens was placed at the waveguide 

exit and a beam waist as small as 180 μm was measured between the QTF prongs. As 

a result, 99.4% of the laser beam exiting from the waveguide was transmitted through 

the spectrophone without hitting the QTF [27]. 

The result described above determines the directions that should be followed for 

the realization of innovative QTFs optimized for QEPAS sensing applications: 

 reduction of the QTF fundamental frequency down to a few KHz, while 

keeping high the resonance quality factor, in order to increase the QEPAS 

response, especially in slow-relaxing gases; 

 increase the prongs spacing in order to minimize the noise signal due to 

fraction of the optical power that may hit the internal surface of the QTF.  

In addition, large QTF prongs spacing allow the use of laser sources with low 

spatial beam quality, such as LEDs, VCSELs, and fiber-amplified QCLs [31].  

 

1.6 1st Generation of Quartz Tuning Forks 

 

With the aim of determining the dependence of the resonance frequency and 

related quality factor on the QTF relevant dimensions and identify the optimal design 

for optoacoustic gas sensing, P. Patimisco et al. [32] designed a set of QTFs with 

different values of spacing between the prongs, their length and thickness, and crystal 

thickness. The schematics of the designed QTFs are shown in Figure 5, together with 

a standard 32 kHz-QTF.  

Standard photo-lithographic techniques were used to etch the QTFs. Cr and Au 

patterns are photolithographically defined on both sides of the wafer. A three-

dimensional crystal structure is generated by chemical etching in a hydrogen fluoride 

solution, and finally side electrodes are applied by means of shadow masks. 
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Figure 5. Schematic view of custom-made QTF dimensions. Standard photo-lithographic techniques were used to etch 
the QTFs. Cr and Au patterns are photolithographically defined on both sides of the wafer. A three-dimensional crystal 

structure is generated by chemical etching in a hydrogen fluoride solution, and finally side electrodes are applied by 
means of shadow masks [32]. 

 

 The dimensions of the investigated QTFs are listed in Table 2. 

 

Table 2. Dimensions of the standard and custom tuning forks: L (QTF prong length), T (thickness of the prong), w 
(thickness of the quartz crystal) and 2s (spacing between prongs) [32]. 

 

All QTFs were tested at a pressure of 50 torr. In Table 3 the theoretical resonance 

frequencies for the fundamental mode predicted, together with the resonance 

frequencies and related quality factor experimentally measured at 50 torr are reported. 

 

Table 3. Experimental and calculated physical parameters for the investigated QTFs: f0(exp) (resonance frequency of the 
fundamental oscillation mode), ∆f (the full width at half-maximum value of the QTF resonance curve)and Q (quality 

factor). The calculated f0,vac is  also listed [32]. 
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It was obtained a good agreement between the experimental and theoretical 

resonance frequency values which confirms that it is possible to predict this parameter 

with good accuracy by using the Euler-Bernoulli equation. The small discrepancies 

(<5%) between experimental and theoretical values are due to the damping of the gas, 

additional weight of the electrode gold layers, dependence of the elasticity modulus of 

quartz on the crystallographic axes orientation and deviations in geometry between the 

modelled and the real QTFs.  

Considerations about the quality factor is more challenging. As discussed in the 

Section 1.4, the main energy dissipation mechanism occurring in a vibrating prong of 

a QTF are: damping by the surrounding fluid, support loss due to the interaction of the 

prong with its support, and thermoelastic damping. All these loss mechanisms strongly 

depend on prong size and the dynamics of the vibrational mode under consideration. 

Several theoretical models have been proposed for each loss mechanism and their 

dependence on the main physical parameters have been reported in Section 1.4. Each 

loss contribution is independent from the other, but all occur simultaneously for a 

vibrating QTF prong.  

There is no theoretical model capable to take into account all dissipation 

mechanisms. By experimental investigation of 1st generation of QTFs [32], for the 

fundamental mode, the overall quality factor can be phenomenologically related to the 

prong sizes by: 

𝑄 ~ 𝑤
𝑇

𝐿
                                                   (18) 

This relation suggests that the overall quality factor of the fundamental mode 

can be increased by reducing the prong length (L) and increasing both thickness (w) 

and crystal width (T). However, the resonance frequency f0 is proportional to T/L2 and 

therefore the non-radiative gas absorption relaxation rates should be not exceeded.  

By selecting QTFs having the same crystal thickness w = 0.25 mm (QTF #1, 

QTF #2, QTF#4 and QTF #5), together with the standard 32 kHz-QTF (w = 0.3 mm), 

the quality factor scales linearly with the ratio T/L, as shown in Figure 6. 
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Figure 6. Dependence of the QTF resistance ( ● symbols) versus the ratio T/L at pressure of 50 torr. The solid curve is 
the best linear fit considering only the QTF standard (QTF St.) and QTF#1,2,4,5 [32]. 

 

The linear fit of the experimental data was obtained by forcing the intercept to 

zero, leading to Q = 26.68 · 104 T/L. The same results were obtained at atmospheric 

pressure, as reported in Figure 7. 

 

Figure 7. Dependence of the QTF resistance ( ● symbols) versus the ratio T/L at pressure of 760 torr. The solid curve 
is the best linear fit considering only the QTF standard (QTF St.) and QTF#1,2,4,5 [32]. 
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In this case, the best fit is Q = 9.44 · 104 T/L. By comparing these trends with 

simulated data of Qair as a function of T/L (see Figure 4(a), Section 1.4.1), it is possible 

to affirm that air damping losses are the dominant dissipation mechanism both at 

atmospheric pressure and at 50 torr and support losses and thermoelastic damping can 

be neglected.  

 

1.7 Acoustic micro-Resonator tubes 

 

Acoustic micro-resonators (mRs) are important components that are acoustically 

coupled with QTFs to improve the performance of QEPAS sensors. An mR-based QTF 

is usually referred as a QEPAS spectrophone. To date, two different QEPAS 

spectrophone, off-beam [34] and on-beam [10,11] configurations, have been 

developed, as shown in Figure 8.  In the on-beam configuration, two thin tubes are 

aligned perpendicular to the QTF plane, or one single tube with two slits is located 

through the prongs gap. In off-beam-QEPAS, the laser beam and the QTF are separated 

by a physical barrier, i.e., the micro-resonator walls and the QTF senses the pressure 

in the micro-resonator through a small aperture in its center. Thus, in off-beam-QEPAS 

configuration, the mR is a single tube and its length determines the first longitudinal 

mode of the acoustic wave at f0. For this mode, the resonance acoustic pressure 

antinode is at the center of the mR. Hence a small slit is made in the middle of the mR 

and the QTF is acoustically coupled to the mR by placing it laterally to the mR tube 

close to the mR aperture located in its center. A sketch of the off-beam configuration 

is shown in Figure 8.  

The off-beam-QEPAS configuration provide advantages as it facilitates the 

optical alignment and allows more flexibility in the selection of QTF dimensions. 

However, the on-beam configuration has shown best sensing performance with respect 

to the off-beam, and for this reason it is the most used configuration for QEPAS 

sensors. In this thesis work, the on-beam configuration will be adopted for all 

investigated spectrophones. The on-beam spectrophone configuration has the stronger 

acoustic coupling efficiency between the QTF and the mR, offering an optimum signal-
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to-noise (SNR) gain factor of ∼ 30 for standard QTFs [33] excited with lasers operating 

in the near-IR.  

 

 

Figure 8. Two configurations for a QEPAS spectrophone: the most widely used on-beam configuration (a) and the off-
beam configuration (b). 

 

In conventional PAS, the acoustic resonator plays an important role [35]. The 

absorbed laser energy is accumulated in the acoustic mode of the resonator. The 

amplitude of the acoustic wave is scaled by the quality factor Q that is equal to the ratio 

between the energy accumulated in the resonator and the energy loss per cycle. As 

discussed in previous sections, a QTF is a high-Q element with a narrow passband. A 

resonator tube is low-Q acoustic element. A qualitative representation of the quality 

factors of resonators and tuning forks is given in Figure 9. When the air-filled mR tube 

and the QTF are acoustically coupled to form a spectrophone, resonance properties are 

affected: the resonance frequency is slightly shifted, and the quality factor is reduced, 

suggesting that QTF losses energy via interaction with the low-Q acoustic tube [33]. 
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Figure 9. A qualitative representation of the AmR (green and blue lines) and QTF (red line) resonances. Solid curves 
show the mR resonances in nitrogen. Initially, the l = 4.4 mm AmR has a resonant frequency coinciding with the QTF 
frequency. The arrows show the direction of the resonant frequency shift when CH4 is added, increasing the speed of 

sound [33]. 

 

 

1.7.1 Double-tube On-beam configuration 

 

In the on-beam spectrophone configuration, an AmR made of stainless steel tube 

is cut into two pieces and a QTF is inserted between them. The two half-tubes, 

positioned on the two sides of the QTF, confine the acoustic waves and drive the QTF 

prongs to vibrate. The impact of the spectrophone design parameters on QEPAS 

performance was investigated in different experimental studies. The geometrical 

parameters influencing the sensor performance are the internal diameter and the length 

of the two tubes together with the spacing between the tube and the surface of the QTF. 

The length of the two tubes is correlated with the sound wavelength, given by λ 

= v/f, where v is the speed of the sound (343 m/s in air). For f = 32,786 Hz (standard 

32 kHZ-QTF), λ is 10.5 mm. If we assume that the left and right tubes can be considered 

as a single tube neglecting the gap, each tube should be cut to a λ/4 length (l = 2.63 

mm) to form a half-wave resonator. Instead, if the gap between the tubes is big enough 

to make them almost independent, the tube length should be λ/2 (l = 5.25 mm). Both 

assumptions are schematically shown in Figure 10. 
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Figure 10. Acoustic resonance in two tubes: stuck together without gap (a); separated by a large gap so that 

there is no acoustic coupling (b); intermediate case—two acoustically coupled tubes with a quartz tuning fork between 

them (c); (l is the length corresponding to acoustic resonance in the system, and P is the acoustic pressure) [33]. 

 

Experimental studies [36] showed that l = 4.4 mm (internal diameter of 0.6 mm 

and external one of 0.9 mm) yields the highest SNR (∼2,700), which is ∼30 times 

higher than that of a bare QTF at atmospheric pressure [33]. Thus, the optimal tube 

length falls between λ/4 and λ/2, because of the interaction of two resonator tubes and 

their acoustic coupling with the QTF. This observation is supported by a decrease of 

the Q-factor from ∼14,000 (bare QTF) to 3,400. The Q-factor provides also a measure 

of the acoustic coupling between the QTF and tubes, since a high-Q QTF losses energy 

primarily via coupling to the low-Q tubes [37]. The QEPAS SNR is dependent from 

the tube length l and variations as small as 0.6 mm reduce this ratio to ∼1,900.  

The choice of the optimal ID can be related to the QTF prongs spacing. When 

the tube diameter is larger than the prongs spacing, the gap between two tubes becomes 

less important and the tubes are acoustically coupled with the QTF. With an internal 

diameter of 0.84 mm (~3 times the prongs spacing) the optical length is 3.9 mm (S/N 

ratio of ∼2,400), closer to a λ/4 length with respect to the case with l = 4.4 mm, 

confirming the above assumption. As a consequence, a large decrease of the Q-factor 

was also observed (from ∼3400 to ∼1,700) [33]. When the tube diameter becomes 

comparable with the prongs spacing, the acoustic coupling is reduced and the SNR 
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decreases. For an ID = 0.41 mm, the smallest ID tested, the Q-factor increased up to 

~7,500 and the SNR was reduced to ~2,400.  

The gaps size between the QTF and the tubes is a difficult parameter to control 

during the spectrophone assembly and it has a significant effect on its final 

performance. With a large gap, the diverging flow from the two tubes ends cannot 

efficiently push against the QTF prong. Therefore, the gap should not be wider than 50 

μm, when the gap is reduced from 50 to 25 μm, the SNR increases by 13% [33].  

The first implementation of micro-resonator tubes with a custom-made QTF was 

reported in [38]. The tuning fork employed had the same design of QTF#2 with a 

prongs spacing of 0.8 mm, characterized by a fundamental resonance frequency of 

7,205 Hz and a quality factor of 8,530 at atmospheric pressure. The used pair of tubes 

have inner diameter of 1.3 mm. The gap between the QTF and the tubes was fixed to 

30 μm. Five different lengths ranging from 8.4 mm to 23 mm (half of the sound 

wavelength) were tested. Longer tubes were not tested due to the difficulty in laser 

beam alignment and focalization between the QTF prongs.  

An erbium-doped fiber amplified laser with an output power of 1500 mW was 

employed as the available excitation source. A CO2 absorption feature located at 

6,325.14 cm-1 with a line intensity of 1.155·10-23 cm-1/mol was selected as the optimum 

target line. These studies revealed that for tube length of l = 23mm the SNR was 

improved by a factor of ~ 40 compared to that measured for the bare QTF [38]. With 

this spectrophone configuration, the reported Q-factor decreased to ~ 6,300, ~ 26 % 

with respect to the bare QTF. The study in lacks an investigation of different internal 

diameters. In addition, the influence of the spacing between the prongs and the QTF 

on the SNR was not studied.  

A more accurate study was carried out by Patimisco et al. [39] using a QTF 

having the same design of QTF#4, showed in Figure 5, operating in the 1st overtone 

mode. The distance between QTF and tubes maximizing the SNR was 140 µm and 

corresponded to a Q-factor of ~27,100. The Q-factor approaches asymptotically the 

bare QTF value (28,900) when the distance between the tubes and the QTF becomes 

larger than 500 µm and rapidly decreases when this distance is reduced, confirming 

that the shorter the QTF-tube distance the higher is the acoustical coupling between 

them. When the distance is shorter than 140 µm, the SNR decreases because of 
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damping effects generated by the proximity of the tube end to the surface of the QTF. 

Subsequently, the behaviour of three tubes with different internal diameter has been 

studied as the length of the tubes themselves varies. In all cases, both tubes were 

positioned 140 µm distant from the QTF. The results are shown in Figure 11. 

 

 

Figure 11. Left: SNR (black dots) and QTF Q-factor (blue dots) as a function of the distance between the tube and the 
QTF. Data were obtained using a pair of tubes whose ID and length were 1.52 and 6.1 mm, respectively. Right: SNR 
measured with three different Internal Diameter spectrophones as a function of the tube length. Solid lines serve as 

guides for the eye [39]. 

 

The highest SNR (~1600, Q-factor ~25,000) was obtained using two tubes with 

an ID of 1.52 mm and a length of 5.3 mm. This optimal length falls between λ/2 = 6.76 

mm and λ/4 = 3.38 mm. There is an optimal length maximizing the SNR for each ID: 

for the largest ID (1.75 mm) the optimal length is 5 mm, closer to λ/4 confirming that 

the prongs spacing can be neglected and the two tubes are close to form a half-wave 

resonator. For an ID = 1.27 mm the optimal length is 6 mm, which is closer to λ/2 = 

6.76 mm. This behaviour is similar to that observed for the standard 32.7 kHz-QTF.  

In Table 4, we summarized the optimum design parameters of a dual-tube 

spectrophone based on standard 32.7 kHz-QTF, QTF#2 and QTF#4. 

 

Table 4. Best geometry parameters of dual-tube spectrophones realized for three different QTFs: the prongs spacing 

(PS), the internal diameter of the tube (ID), the sound half wavelength (λ/2), the tube length (L), the enhancement of the 

QEPAS SNR with respect to the case of a bare QTF [39]. 
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1.7.2 Single-tube On-beam configuration 

 

Due to the large prongs spacing of 1st generation of custom QTFs, it was possible 

to position a single tube between the prongs of the QTF and thereby avoiding cutting 

the tube into two pieces, as shown in Figure 12.  

 

 

Figure 12. (a) Schematic of the SO-QEPAS spectrophone; (b)(c)(d) symbols of the geometric parameters of the SO-
QEPAS spectrophone, where g is the QTF prong spacing, l is the slit length, w is the slit width, L is the acoustic 

resonator length, ID is the inner diameter, OD is the outer diameter, T is the waist thickness, and Δ is the waist length. 

 

In this case, the behaviour of a single-tube in the QEPAS spectrophone is that of 

an ideal one-dimensional acoustic resonator. The waist of the tube thickness was 

polished in order to reduce OD when it is larger than the prongs spacing. A pair of slits 

was opened on each side of the tube waist, symmetrically in the middle of the tube, 

where the acoustic pressure antinode is located. The sound wave exiting from two slits 

impacts on the internal surface of two prongs and excites in-plane anti-symmetrical 

vibrational modes. This QEPAS configuration is named Single-tube On-beam QEPAS 

(SO-QEPAS). 
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SO-QEPAS was reported for the first time in [40], employing the QTF#2 design. 

Three micro-resonator sets characterized by different internal diameters (0.55 mm, 0.65 

mm and 0.75 mm) and with different lengths, ranging from 47 mm (~ λ) to 25 mm (~ 

λ/2) have been tested. In all cases, the length of the slit is almost half of the outer 

diameter and its width is ~ 90 μm, since larger slits disperse the acoustic energy, while 

smaller sizes limit the acoustic energy escaping from the slits in the micro-resonator 

tubes.  

The maximum signal amplitude for ID = 0.55 mm, 0.65 mm and 0.75 mm were 

obtained for tube 36 mm, 39 mm and 38 mm long, respectively. These values were 

larger than the half-wavelength of the acoustic wave, indicating that the first harmonic 

acoustic standing waves in the resonator were partially distorted by the two resonator 

slits, causing a diverging flow from the tube toward the internal surface of the QTF. In 

contrast to the case of dual-tube, the optimal tube length only slightly changes with the 

internal diameter, thus confirming that a single-tube can be approximated by a 1-D 

acoustic resonator [41]. The SO-QEPAS configuration with an ID = 0.65 mm and L = 

38 mm results in a maximum SNR, 128 times higher than of the bare QTF#2, with a 

quality factor of ~6,700, ~20% lower than that of the bare QTF#2 [40].  

The SO-QEPAS configuration was also employed with QTF#1 [42] operating in 

the first overtone flexural mode at ~17.7 kHz. The tube length was reduced due to the 

high overtone resonance frequency. This approach resulted in a more compact 

spectrophone, facilitating the laser beam alignment through the QTF and the micro-

resonator tube. The tube has an internal diameter of 0.62 mm and the maximum SNR 

(~2300) was obtained for an optimal length of 14.5 mm, resulting ~50 times larger than 

that measured using the bare QTF operating in the 1st overtone resonance mode. The 

slit width and length were ~ 90 μm and ~ 200 μm, respectively.  

 

1.8 Wavelength Modulation Detection 

 

The wavelength modulation (WM) technique is generally used to improve the 

QEPAS SNR and to minimize external acoustic noise for a QEPAS based sensor 

system. The WM description is based on an intensity representation of an optical wave, 
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so that only the absorption of the sample is considered and dispersion effects due to the 

sample can be neglected. The description is based on the instantaneous laser frequency: 

𝜐(𝑡) = 𝜈0 − ∆𝜈 cos(𝜔𝑡)                                                (19) 

where υ0 is the optical carrier frequency and ω = 2πf is the modulation angular 

frequency due to the laser injection current modulated at the same angular frequency. 

In addition to frequency modulation, the current waveform applied to the QCL 

produces a sinusoidal modulation of the laser intensity and is given by: 

𝐼(𝑡) = 𝐼0 + ∆Icos(𝜔𝑡)                                                  (20) 

The amplitude ΔI of the sinusoidal intensity modulation is determined by the 

slope of the laser power versus the current characteristics, which is assumed to be 

constant across a wavelength scan. The instantaneous laser frequency interacts with the 

absorption feature. Expanding the absorption coefficient α(ν(t)) for a small Δν we 

obtain: 

𝛼(𝜐(𝑡)) = 𝛼0 +
𝜕𝛼

𝜕𝑣
|
𝜐=𝜈0

∆𝜈 cos(𝜔𝑡) +
1

2

𝜕2𝛼

𝜕𝑣2
|
𝜐=𝜈0

(∆𝜈)2 cos2(𝜔𝑡)+. . .     (21) 

where α0 can be considered to be the background absorption contribution.  The 

laser is modulated both in intensity and wavelength simultaneously. Thus, assuming a 

small absorption Iabs , from the Lambert-Beer law we have: 

𝐼𝑎𝑏𝑠(𝑡) = [𝐼0 + ∆Icos(𝜔𝑡)] [1 − 𝐿 (𝛼0 +
𝜕𝛼

𝜕𝑣
|
𝜐=𝜈0

∆𝜈 cos(𝜔𝑡) +
1

2

𝜕2𝛼

𝜕𝑣2
|
𝜐=𝜈0

(∆𝜈)2 cos2(𝜔𝑡))]  (22) 

L is the effective length over which the absorption takes place to produce an acoustic 

wave detectable by the QTF (in other words, L is comparable with the thickness t0 of 

the QTF. Hence, the 1ω-signal,  S1ω is given by: 

𝑆1𝜔 = 𝐿∆I𝛼0 − L
𝜕𝛼

𝜕𝑣
|
𝜐=𝜈0

∆𝜈                                             (23) 

and the 2ω-signal S2ω is given by 
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𝑆2𝜔 = −L∆I
𝜕𝛼

𝜕𝑣
|
𝜐=𝜈0

∆𝜈 +
𝐼0
2

𝜕2𝛼

𝜕𝑣2
|
𝜐=𝜈0

(∆𝜈)2                             (24) 

This result shows that the background absorption contributes to the S1ω, whereas 

it does not contribute to S2ω. If we assume that the absorption coefficient has a pure 

Lorentzian lineshape, S1ω has a pure first derivative line-shape with a constant 

background; S2ω consists of two terms: the first term, arising from a residual amplitude 

modulation is proportional to the first derivative, whereas the second is the second-

derivative expression arising from the laser wavelength modulation.  

Hence, S2ω is not a pure second derivative of the Lorentzian lineshape but is 

distorted by a contribution originating from the residual amplitude modulation. This 

distortion does not affect the peak position of S2ω since the first derivative of the 

Lorentzian lineshape vanishes when υ = υ0.  

The generated QEPAS signal is usually demodulated by means of a lock-in 

amplifier both at the fundamental frequency f or the successive harmonics nf. When 

the laser light is modulated at the resonant frequency f0 and QEPAS signal is 

demodulated at the same frequency, the demodulated signal is usually called 1f-QEPAS 

signal, while when the laser light is modulated at the f0/2 and QEPAS signal is 

demodulated at f0, the demodulated signal is referred to 2f-QEPAS signal. In this case, 

the QTF detects sound oscillations at the second harmonic of the modulation frequency 

caused by the double intersection of the absorption line by the laser line during a 

modulation period.  

In Figure 13 1f-QEPAS (2f-QEPAS) spectral scan of a 2.6 ‰ of CO2 in N2 

mixture is depicted at a total gas pressure of 50 Torr, obtained by current modulation 

at 𝑓0 = 32,809.1 𝐻𝑧 (𝑓0 2 = 16,504.55 𝐻𝑧⁄ ) and a peak-to-peak voltage amplitude of 

2.8 V acquired by using a bare QTF (i.e. without mR tubes) and a CW DFB QCL  

targeting the CO2 (0111) – (0110) P(29) rotational-vibrational transition centered at 

2311.515 cm-1 and with a linestrength of 7.458·10-20 cm/mol.  
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Figure 13.  1f-QEPAS (a) and 2f-QEPAS (b) spectral scans of 2.6 ‰ of CO2 in N2 at a gas pressure of 50 Torr of a 

CO2 line centered at 2311.515 cm-1. Blue lines highlight the background of the spectral 1f-QEPAS acquisition [9]. 

 

A strong background signal was observed for the 1f  approach,  originating from  

stray light ending up on the walls of the acoustic detection module. This is confirmed 

by the observation that the amplitude of this offset strongly increases with a 

misalignment of the laser beam in lateral directions so that the beam wings touch the 

QTF. Instead, it was experimentally observed that the 2f approach is background-free. 

Distortions in the demodulated signal displaying an asymmetry on both side of the 

spectrum around the peak (see Figure 13(b)) can be associated to an amplitude intrinsic 

modulation contribution, which is introduced by current modulation. The laser 

wavelength modulation amplitude Δf and light intensity modulation ΔI must be 

optimized at each gas pressure for a highest 2f-QEPAS signal.  
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CHAPTER 2 

 

Experimental Setup 

2.1 Guidelines for 2nd Generation QTFs 

 

Starting from experimental investigation of 1st generation QTFs, basics 

guidelines for the realization of a new generation of QTFs optimized for QEPAS 

sensors can be deduced. The main parameters to be controlled are the resonance 

frequency and the related quality factor. According to Euler-Bernoulli model, the 

resonance frequency of the fundamental flexural mode is proportional to the ratio 

between the prong thickness and its squared length. For QTFs to be implemented in 

QEPAS sensors, it is necessary to keep low the QTF resonance frequency in order 

allow efficient gas excess energy relaxations. In this way, the thermal waves can follow 

changes of the laser induced molecular vibration excitation in the gas. To reduce f0, 

QTFs with small thickness T and large prongs length L should be realized [32]. 

However, moving in such a direction the air damping mechanisms increase [19] (see 
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Figure 4, Section 1.4.1) and the quality factor could drop down. Hence, the prong sizes 

dependence of the resonance frequency should be combined with the prong sizes 

dependence of the quality factor, experimentally determined by the investigation of the 

1st generation QTFs.  

When the crystal thickness is fixed, the quality factor scales linearly as the ratio 

T/L. However, the QEPAS signal is proportional to the QTF quality factor: this means 

that, for a selected frequency, prong sizes should be properly chosen in order to have a 

quality factor as high as possible [32]. The trend of Q-factor as a function of the 

resonance frequency, for different prong sizes, must be derived. For the resonance 

frequency we adopted the well-established Euler-Bernoulli model (see Eq. (12)), while 

for the quality factor we used the relation Q = 9.44·104 T/L determined by the best 

linear fit of the experimental data reported in Figure 7, at atmospheric pressure [19]. 

A LabView-based software was realized in order to combine both trends and relate the 

quality factor and the resonance frequency to each other, at different prong geometries. 

The block diagram of the software code is shown in Figure 14: 

 

 

Figure 14. Block diagram of the software code. realized in order to combine both trends and relate the quality factor 
and the resonance frequency to each other, at different prong geometries. 

 

For each fixed prong geometry (T, L, w), the software calculates the resonance 

frequency and the related Q-factor, and plots ordered points on the x (frequencies) axis 
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and y (Q-factors) axis of the coordinate plane. By ranging L from 3 mm to 20 mm and 

T from 0.2 mm to 3.0 mm, while keeping w = 0.25 mm, the ordered points (Q, f0) are 

shown in Figure 15. 

 

 

Figure 15.  Labview software calculation of the resonance frequency and the related Q-factor, by ranging L from 3 mm 
to 20 mm and T from 0.2 mm to 3.0 mm, while keeping w = 0.25 mm. 

 

The graph clearly shows that for a selected resonance frequency, different prong 

sizes can be chosen, with the related quality factors ranging from a maximum value to 

a minimum one, accordingly. Moving to low resonance frequencies, the range within 

the quality factor spans, as well as the Q-factor values itself, drops down. In particular, 

QTFs with a resonance frequency lower than 5 kHz cannot ensure a Q-factor higher 

than 10,000, at atmospheric pressure. 

For 2nd generation QTF, we decided to reduce the resonance frequency to ~19 

kHz (slightly higher than a half of the standard 32.7 kHz). At this selected resonance 

frequency, the L and T values (with w = 0.25 mm kept fixed) maximizing the quality 

factor (~20,000) are 9.4 mm and 2.0 mm, respectively. Starting with this prong 
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geometry we designed two QTFs differing only in the prong spacing: QTF#S1 having 

a prong spacing of 0.8 mm (Figure 16a) and QTF#S2, with a doubled prong spacing, 

i.e. 1.5 mm (Figure 16b). Being all other geometrical parameters identical, a 

comparison between them in terms of QEPAS performance will allow to establish the 

influence of the prong spacing on the amount of radiation hitting the prong internal 

surface, which typical affects the QEPAS noise level, i.e. the ultimate detection limit. 

  

 

Figure 16. Schematic view of 2nd generation custom-made QTF#S08 (a) and QTF#S15 (b) dimensions. All the 
geometric parameters in the plane perpendicular to the symmetry axis are shown while the thickness of the crystal is 

w=250 µm. 

 

 

2.1.2 T-shaped tuning fork prongs 

 

 

When prongs of a tuning fork are in their natural oscillation motion, the stress 

produced along the prong can be expressed by a longitudinal tensor σ(x,y), where x and 

y identify a Cartesian plane orthogonal to the prong (aligned along the z axis). The 
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stress induces a local polarization p(x,y) of quartz and charges appearing on surface 

can be collected by electrical contacts appropriately deposited along the QTF prong. 

The polarization depends on the stress field as p = [d]σ, where [d] is the quartz 

piezoelectric tensor.  

Assuming that the QTF axes correspond to the quartz crystal axes and 

considering the effects of the polarization perpendicular to the tensile stress, the 

relation between p and σ reduces to the scalar expression p = -d11σ, where d11 is the 

longitudinal piezoelectric modulus. In the elastic regime, in which there is a linear 

relationship between the stress and the strain field, it can be shown that σ is proportional 

to the second derivative of the displacement for a bent prong. Hence, an increase of the 

amplitude of the stress field produces an increase of the piezoelectrically induced 

charges, and subsequently, an enhancement of the QEPAS signal is expected.  

There are no analytical models to predict the intensity distribution of the stress 

field along QTF prongs when the prong deformation is caused by the fundamental 

flexural mode. For this reason, commercial finite element software COMSOL 

Multiphysics was used to design the QTF geometry and estimate the stress field 

distribution. We adopted QTF prong sizes derived Section 2.1, i.e. L = 9.4 mm and T 

= 2.0 mm (and w = 0.25 mm). The obtained stress field distribution is shown in Figure 

17. 

 

Figure 17. Stress field distribution obtained for QTF#S1 using commercial finite element software COMSOL 
Multiphysics to design the QTF geometry. 
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The stress field is localized in the junction between the prong base and the QTF 

support, mainly on prong internal lateral surfaces. When a QTF is used in a QEPAS 

sensor, the laser beam is focused between the QTF prongs, not far from the prong top, 

and it can be treated as the acoustic source for the prong deformation. In other words, 

a prong deformation results from a stress field induced by applied forces close to the 

prongs top.  This means that, if some extra mass is added to the free end of cantilever 

beam, a change of the stress field distribution is expected. Starting from these 

considerations, an innovative geometry for QTF prongs is proposed, in which the prong 

thickness T is not constant along the prong axis. The thickness function T(x) of the 

prong is a piecewise function that can be written as 

𝑇(𝑥) = {
𝑇1     𝑥 ∈  [0, 𝐿0]

 𝑇2     𝑥 ∈  [𝐿0, 𝐿1]
                                           (25) 

This prong geometry will be referred as T-shaped prong. Starting from the prong 

geometry defined in the previous section, the selected T-shaped prong QTF (QTF#T1) 

is reported in Figure 18. 

 

 

Figure 18. Schematic view of 2nd generation custom-made QTF#T1 dimensions. 
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The stress field distribution simulated by COMSOL MultiPhysics is reported in 
Figure 19. 

 

 

Figure 19. Stress field distribution obtained for QTF#T1 using commercial finite element software COMSOL 
Multiphysics to design the QTF geometry. 

 

Compared with QTF#S1, QTF#T1 shows a stress field mostly distributed longer 

along the prong with a sensible higher intensity. As a consequence, an increase of the 

polarization field is expected under the same applied force field, which should 

correspond an increase of the QEPAS performance. 

 

2.2 Design of 2nd Generation QTFs 

 

QTF#S1, QTF#S2 and QTF#T1 have been realized starting from the procedure 

described below. A z-cut quartz wafer with a 2° rotation along the x-axis, which 

provides stable frequency at room temperature, was selected for the realization of 

QTFs. Standard photolithographic techniques were used to etch the QTFs. Cr and Au 

patterns are photolithographically defined on both sides of the wafer. A three-

dimensional crystal structure is generated by chemical etching in a hydrogen fluoride 

solution, and finally side electrodes are applied by means of shadow masks. The 
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temperature of the chemical etching solution was monitored directly by a temperature 

controller and kept at a constant 52 °C. This temperature was chosen because it allows 

chemical etching in a reasonable amount of time while also permitting adequate control 

of frequency by adjusting the etching time. Constant agitation was provided by a 

motor-driven rotary propeller.  

The electrode layout was designed to enhance the fundamental flexural mode. 

Electrodes, consisting of chromium (50 Å thick) and gold (250 Å thick) patterns, are 

applied photolithographically by means of shadow masks defined on both sides of the 

wafer. For all three designs, the side electrode length is reduced on the top and wrap 

around at the end prongs in order to connect the two central electrodes deposited on 

the opposite surface. The gap between center electrode and side electrode is 50 µm. In 

Figure 20, the electrode layout for QTF#S1 is shown.  

 

 

Figure 20. Surface and side view of the two different designed gold patterns for electrical charge collection. The grey 
areas stand for uncovered quartz, while the yellow and gold-yellow area represent the two electrodes of each pattern. 

 

According to the Euler-Bernoulli equation, the resonance frequency of QTF#S1 

and QTF#S2 should be the same, as the model considers the two prongs as uncoupled 

and so the resonance frequency should be not affected by the prong spacing. By 

considering υ0=1.194, ρ=2650 Kg/m3, E=72 GPa, the resonance frequency of the 

fundamental flexural mode is expected to be: 

𝑓𝑆1 = 𝑓𝑆2 =  19067 𝐻𝑧 

For QTF#T1, the Euler-Bernoulli model is not suitable for the prediction of the 

resonance frequency, since the prong thickness is a piecewise function of the prong 

length. However, since T1=T and T2<T (see Figures 16,18), and being f0 proportional 
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to T/L2, a decrease of the QTF#T1 resonance frequency with respect to QTF#S1 is 

expected. 

 

2.3 Electrical characterization 

 

 

Due to the piezoelectricity of quartz, when a stress is applied to a QTF prong, a 

displacement of charge and a net electric field is induced. The effect is reversible and 

when a voltage is applied to a piezoelectric material, it is accompanied by a strain. 

Hence, the QTF response can be obtained by exciting the resonator electrically. As 

described in Section 1.3, a QTF can be simulated by a RLC series circuit with a 

parasitic capacitor in parallel, as depicted in Figure 21.  

 

 

Figure 21. The figure shows the equivalent circuit used to model the electrical properties of the QTFs employed in this 
work: A is the external a.c. voltage from Waveform Generator (WFG), Rf = 10MΩ is the feedback resistor of the 

transimpedance amplifier, Cp is the stray capacitance of the equivalent circuit. 

 

The experimental setup used to characterize custom QTFs via electrical 

excitation is schematically depicted in Figure 22. 
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Figure 22. Experimental setup for the electric characterization of the QTFs. 

 

The instrumentation used can be schematized as follows: 

 

 Waveform Generator (WFG): generates an adjustable voltage signal in 

amplitude, frequency and phase. In particular, a Tektronix AFG 3102 will be 

used, which allows to take, in addition to the excitation signal of the tuning fork, 

a further signal at the same frequency as the excitation one. The second output 

will be sent to the Lock-in Amplifier and will be used as a reference; 

 

 Lock-in Amplifier: allows measurement of the amplitude of the component at a 

given frequency (reference) of an electrical signal, even in the presence of 

background noise of an intensity greater than that of the signal to be detected. 

As an analogue output of the amplifier it is possible to choose the total 

component of the signal, R, with the relative phase, Θ; alternatively, the phase 

can be set to the peak value of the signal. In this way it is possible to separate 

the signal in its in-phase, X, and out-of-phase, Y, components. Generally, the in-

phase component of the signal is picked up, since it contains all the important 

information about the resonant behaviour of the tuning fork; 
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 DC Power Supply (not shown in Figure 21): used to polarize the transimpedance 

amplifier, -5 V and +5V; 

 

 Acoustic Detection Module (ADM): contains everything is needed to turn an 

acoustic signal into an electrical signal: microphone (QTF) and transimpedance 

preamplifier with relative feedback resistor; 

 

 Control Electronics Unit (CEU): acquisition and signal digitalization board, in 

particular a Ni-DAQ 6009 interfaced and managed with Labview software will 

be used; 

 

 

The waveform generator generates a sinusoidal voltage excitation, which results 

in a piezoelectric charge displacement across the QTF prongs. This piezoelectric 

current is then converted to an output voltage by means of the custom-made trans-

impedance amplifier (TA). The TA output voltage is fed to the lock-in, which 

demodulates the signal at the same frequency of the waveform generator. The 

demodulated signal is then sent to a DAQ card (NI USB 6009), which is interfaced 

with a PC for data analysis.  

 

2.4 Optical characterization 

 

In order to measure the QEPAS response, we implemented the investigated 

QTFs in the QEPAS setup, depicted in Figure 23. A single-mode continuous-wave 

quantum cascade laser (QCL) emitting at 7.8 μm was employed as the excitation source 

to generate photoacoustic signals. The laser beam was spatially cleaned by using a 

pinhole and then focused between the QTF prongs using a ZnSe lens with a focal length 

of 50 mm. An aluminium support was realized to accommodate and easily exchange 

the three investigated QTFs.  



pag. 46 
 

 

Figure 23. Schematic diagram of the experimental setup for optical characterization. 

 

The QCL control is ensured by using: 

 

 Temperature Controller (TEC): used to stabilize the QCL temperature. When 

polarized, the temperature of the QCL active region increases via joule effect. 

For this reason, the QCL chip is mounted on a Peltier cooler, a solid-state device 

which transfers heat from one side of the device to the other, with consumption 

of electrical energy. In this way, the temperature of the of the Peltier device on 

which the QCL chip is mounted can be stabilized as long as a heat sink is 

installed on the other side of the Peltier device. TEC is able to regulate the 

temperature of the Peltier device and to stabilize it with an accuracy of 0.01 °C. 

Since the QCL wavelength depends linearly on the temperature, its fluctuations 

can affect the spectroscopic functionality of the laser source. 

 

 Current Driver: used to electrically polarize the QCL. As for TEC, since the 

QCL wavelength depends linearly on the injected current, its fluctuations can 

affect the spectral stability of the laser source. 
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 Optical Power Meter: used both for alignment purposes and for monitoring 

while QEPAS sensor is working.  

 

The QEPAS sensor operates with a wavelength modulation and dual-frequency 

detection approach: the laser beam is wavelength-modulated at a half of the selected 

resonance frequency (peak-to-peak amplitude of 50 mV) while the lock-in amplifier 

demodulates at the resonance frequency. The absorption line is acquired by applying a 

slow ramp (frequency of 5 mHz and amplitude of 340 mVpp) to the current driver 

allowing a linear wavelength-scan. In order to best optimize the parameters, a working 

temperature has been selected, therefore a spectral range, in which there is a sufficiently 

intense water emission line. Since the concentration of water in air is higher than 1%, 

targeting a H2O absorption wavelength with sufficiently high line-strength makes it 

possible to observe a QEPAS signal of at least an order of magnitude greater than the 

noise, even if working at pressure atmospheric and, consequently, avoiding the use of 

any pump system. 

 

2.4.1 Laser beam quality 

 

The spatial beam quality in far field was evaluated by using a pyrocamera, a 

124x124 pyroelectric sensor array with pixel sizes of 0.1 mm. The output beam 

diameter was measured acquiring the far field profile at a fixed distance from the laser 

output and by measuring the radial distances at which the light intensity drops to 1/e2 

of its maximum central value. As described in the previous section, a pinhole was used 

to spatially clean the laser beam profile. In QEPAS, mid-IR laser beams with a clean 

Gaussian spatial mode are highly desirable. Several of the higher order modes can 

appear to some degree, leading to a beam profile, which does not have perfect spatial 

quality. 

The most common method for cleaning up mid-IR beams with poor optical 

quality is to employ a pinhole. A pinhole does not act as spatial modal filter, but it is 
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the most recommended when the beam profile resembles a nearly Gaussian profile with 

a small amount of power distributed on peripheral tails or an Airy pattern, limited by 

the diffraction of light. In both case, the pinhole is capable to cut tails and/or remove 

the airy high-orders pattern. In this way the amount of optical power that could hit the 

internal surface of prongs is considerable reduced (or in the best case totally removed). 

In Figure 24, the beam profile of the collimated laser beam exiting from the pinhole is 

shown. 

 

 

Figure 24. Two-dimensional and three-dimensional visualization in color code of the emission intensity of the 
collimated laser beam. Interference fringes have been eliminated by means of a pinhole. 

 

 The laser beam exiting shows a nearly perfect Gaussian mode profile, with a 

beam diameter along the x and y directions of wx = 1,66 mm and wy = 1,59 mm, 

respectively. 

The collimated beam exiting from the pinhole is focused by the lens and the QTF is 

positioned in its focal plane. To ensure a fine alignment of the QTF, especially when a 

dual-tube micro-resonator system is employed, the QTF+tubes system is fixed to a 3-

axis (xyz) translational mount, together with a mount with 2-angular degrees of 

freedom, which allows fine tilt adjustments of the QTF with respect to the focused laser 

beam. A picture of the sensor system realized in this thesis work is shown in Figure 

25. 
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Figure 25. Left: Photograph of ADM. Above the steel cylinder inserted in the parallelepiped, it is barely possible to 
observe the two prongs of the tuning fork. Right: graphic illustration of the positioning of micro-resonators for SNR 

enhancement. The groove in the photo on the cylinder guarantees the coaxiality of the two tubes. 

 

 The power meter positioned as in Figure 23 is used to measure both the optical 

power passing through QTF+tubes system (P1) and the optical power when the 

QTF+tubes system is removed (P0). The ratio P1/P0 is referred as the coupling 

efficiency. In all cases reported in this thesis work, a coupling efficiency higher than 

98% have been obtained, also when tubes as long as 15 mm have been employed. 

  

2.4.2 Selected absorption line 

 

The QEPAS response of QTFs will be determined by targeting an absorption 

line of one of gases contained in a standard air sample. An on-line database has been 

used to list spectral lines for absorbing molecules in the gas state, the HITRAN 

database. HITRAN is an acronym for high-resolution transmission molecular 

absorption database. It includes the main spectroscopic parameters, namely the 

absorption frequency, the oscillator strength and the absorption broadening, of gas 

absorption lines, useful to predict and simulate the absorption spectra of gas samples 

at different pressure. For the purpose of this thesis work, a gas mixture simulating a 
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standard air sample was properly generated within the HITRAN software. The mixture 

includes the main gas components with their natural abundance: water vapour at 1.7%, 

carbon dioxide at 400 part-per-million (ppm), methane at 2 ppm and nitrous oxide at 

400 part-per-billion (ppb), in nitrogen. The remaining air components (such nitric 

oxide, carbon oxide, sulphur hexafluoride) have a natural abundance lower than 100 

ppb and they were not included in the simulated mixture. The absorption spectrum of 

the gas mixture simulating the air sample within the spectral range of the QCL source 

(1295 - 1299 cm-1) is reported in Figure 26. 

 

 

Figure 26. Hitran simulation of the spectral region investigated in optical characterization. Three absorption peaks of 
water molecules in air (1296,49 ; 1296,71 ; 1297,19 cm-1) are clearly visible. The absorption peaks of the other 

molecules are negligible and of the same order of magnitude as the noise [43]. 

  

The absorption spectrum shows clearly three distinct peaks related to three 

strong water vapour absorption lines. Two peaks (at 1296.49 and 1296.71 cm-1) 

partially overlap while the third peak at 1297.19 cm-1 is well isolated.  

Small peaks are slightly visible within the spectral range 1297.5-1298.75 cm-1, 

with peak values around 6.32‧10-15 cm-1, ∽75 times lower than the highest peak value 

( 4,73‧10-13 cm-1 at 1296.49 cm-1) as shown in Figure 27. 
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Figure 27. Small peaks are slightly visible within the spectral range 1297.5-1298.75  cm-1, with peak values around 
3.88‧10-15 cm-1, ∽120 times lower than the highest water peak value [43]. 

 

These small peaks are generated by an overlap of weak absorption lines related 

to water vapour and methane. For our test, we selected the well-isolated water vapor 

absorption line peaked at 1297.19 cm-1, having intensity of 1,65‧10-13 cm-1. 
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CHAPTER 3 

 

Experimental Results 

3.1 Electric characterization of QTFs 

 

Due to the piezoelectricity of quartz, when a stress is applied to a QTF prong, a 

displacement of charge and a net electric field is induced. The effect is reversible and 

when a voltage is applied to a piezoelectric material, it is accompanied by a strain. 

Hence, the QTF response can be obtained by exciting the resonator electrically. The 

experimental setup used to characterize custom QTFs via electrical excitation is 

schematically depicted in Figure 22. The waveform generator is used to provide a 

sinusoidal voltage excitation to the QTF, resulting in a piezoelectric charge 

displacement on its prongs via an inverse piezoelectric effect. The QTF current is 

converted to an output voltage by means of the trans-impedance preamplifier. The 

output voltage is sent to the lock-in amplifier to demodulate the signal at the same 

frequency of the waveform generator. To determine the resonance properties of the 
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QTFs, namely the resonance frequency and the related quality factor, the frequency of 

the function generator was varied step-by-step and the acquired QTF signal processed 

by the lock-in output via a data acquisition (DAQ) card and a computer (CPU). It is 

well-known that resonance curves of QTFs vibrational flexural modes have a 

Lorentzian lineshape. The resonance peak broadening is proportional to the energy 

losses occurring in the vibrating prongs.  Furthermore, the larger the broadening, the 

higher are the losses. The quality factor Q is a fundamental parameter for characterizing 

the behavior of the QTF resonator subject to the influence of external perturbing forces 

and it can be calculated as the ratio between the resonance frequency and the full-

width-half-maximum (FWHM) value of the resonance curve. Starting from the 

theoretical resonance frequency values predicted by the Euler-Bernoulli model (see Eq. 

(11), Section 1.3.1), we investigated the response of QTF#S1 and QTF#S2 in a spectral 

range around the theoretical value of the fundamental flexural in-plane mode. For 

QTF#T1, we moved the investigation to lower frequencies, as discussed in Section 2.2. 

The spectral responses of the three investigated QTFs at atmospheric pressure, in air, 

are shown in Figure 28.  

 

 

Figure 28. Resonance curves for in-phase components of the QTF current measured at a pressure of 760 Torr in standard air for 
custom 2nd generation QTFs near the fundamental flexural in-plane oscillation mode. The red lines indicate the best-fit curves. 
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 Each resonance curve was thereby fitted by using a Lorentzian function to 

determine the resonance characteristics, i.e., the peak value, the resonance frequency 

and its FWHM values. The small left-right asymmetry for in-phase components with 

respect to the curve peak are due to parasitic currents caused by stray capacitance 

between the two pins of the QTF, which dominated away from the resonance 

frequency. From the best fit curves, the resonance frequency of the fundamental and 

the FWHM of the resonance curve were extracted. Both values were also used to 

calculate the corresponding quality factor Q = f/FWHM. The obtained values are 

reported in Table 5.  

 

 

Table 5. Main results of the electrical characterization performed on the third-generation tuning forks. despite a lowering of the 
resonant frequency the quality factor remains high and comparable with that of the standard QTF. 

 

The discrepancies between experimental and theoretical frequencies values for 

QTF#S1 and QTF#S2 are mainly due to: i) the gas damping effect, giving rise to an 

additional inertia for the vibrating prong; ii) the electrode gold pattern, altering the 

weight of each prong and iii) the dependence of the elasticity modulus of quartz on the 

crystallographic axes orientation. Having QTF#S1 and QTF#S2 the same geometrical 

characteristics for each prong and differing only in the spacing between the prongs, 

comparable resonance frequency values have been measured. This allows to affirm that 

the prong spacing does not affect the resonance properties of the QTF itself and thereby 

the two prongs can be considered as uncoupled, as supposed by the Euler-Bernoulli 

model. For QTF#T1, a lower resonance frequency has been measured with respect to 

QTF#S1 and QTF#S2, as qualitatively predicted by considerations related to the non-

uniformity of the moments of inertia along the prong section (see Section 2.2).   

QTF#S1 and QTF#S2 shares almost the same Q-factor value (15713 for QTF#S1 

and 14955 for QTF#S2), about 20% different from the predicted value of ⁓ 20000 (see 
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Section 1.6). This means that the combination between the Euler-Bernoulli model and 

the experimental dependence of the quality factor with prong width/length ratio is an 

acceptable tool for the prediction of the dependence on the quality factor by the 

resonance frequency. For QTF#T1, we measured a quality factor of 15258, as well. 

Despite the prong T-geometry that led to decrease the prong width from 2 mm to 1.4 

mm starting from 2.4 mm far from prong top, the quality factor has been not affected. 

However, the resonance frequency decreased of about 3.4 kHz. Compared to QTF#S1, 

QTF#T1 exhibits a lower resonance frequency but the same Q-factor value for the 

fundamental flexural mode. For QEPAS, QTFs having low frequencies are preferable 

since many absorbing gases have slow non-radiative relaxation rates: this means that 

by reducing the modulation frequency the gas can relax the energy excess more 

efficiently. In addition, the QEPAS signal is proportional to the quality factor of the 

QTF resonance frequency. Therefore, QTFs vibrating at fundamental mode with low 

resonance frequency and high quality-factors are perfect candidate for QEPAS sensing. 

In Figure 29 Q-factors of the 2nd generation QTFs are compared with best results 

obtained with the 1st generation QTFs, i.e. the fundamental mode of QTF#2 falling at 

7220 Hz and the first overtone mode of QTF#3 at 21415 Hz. 

 

 

Figure 29. Comparison of measured quality factors between 2nd generation QTFs (blue bars) and some 1st generation QTFs 
(red bars). On each bar of the histogram the resonance frequency measured for each tuning fork is shown. 
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Compared with the QTF#2, the new generation QTFs exhibit higher quality 

factors. However, resonance frequencies are also higher. Hence, an increase of the 

quality factor is expected because the quality factor increases as the resonance 

frequency increases, when the prong geometry is properly optimized (see Figure 15). 

A more interested comparison can be done with the overtone mode of QTF#3. QTF#3 

has the fundamental flexural mode at 3.45 kHz with a quality factor of ⁓ 4,000 and the 

first overtone mode at 21.4 kHz with a quality factor as high as ⁓ 11,500. This means 

that moving from the fundamental to the overtone mode, the quality factor increases. 

This can be explained by considering that air damping is strongly reduced when the 

resonance frequency increases (see Figure 4): however, support losses start to 

dominate when overtone modes are excited (see Section 1.4.2). In Figure 29, it is clear 

that new generation QTFs show higher quality factor with lower resonance frequencies, 

compared to the QTF#3 overtone mode. This suggests that is not convenient to design 

QTFs having the first overtone mode around 15-20 kHz (that means the fundamental 

mode in the range 2.5-3.2 kHz), but it is preferable to design the prong geometry having 

the fundamental mode falling within such a spectral range. 

 

3.2 Optical characterization of bare QTFs 

 

As discussed in the previous section, low resonance frequencies combined with 

high quality factor provides high QEPAS signals, which implies that QTF#T1 is 

expected to offer improved performances in terms of trace gas sensing when operated 

at its fundamental mode. In order to verify this assumption, we implemented all three 

QTFs in the QEPAS setup, depicted in Figure 23. A single-mode continuous-wave 

quantum cascade laser (QCL) was employed as the excitation source to generate 

photoacoustic signals. The QCL targeted a water vapor absorption line falling at 

1297.19 cm-1, having intensity of 1,65‧10-13 cm-1, as discussed in Section 2.4.2. The 

laser beam was focused between the QTF prongs using a ZnSe lens with a focal length 

of 50 mm. An aluminum enclosure equipped with two mid-IR AR-coated windows was 

realized to accommodate and easily exchange the three QTFs. The housing was filled 

by standard air with a fixed 1.7% water vapor concentration at atmospheric pressure. 

The QEPAS sensor operates with a wavelength modulation and dual-frequency 
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detection approach: the laser beam is wavelength-modulated at a half of the selected 

resonance frequency while the lock-in amplifier demodulates at the resonance 

frequency. The absorption line is acquired by applying a slow ramp to the current driver 

allowing a linear wavelength-scan, as discussed in Section 2.4. 

First, the vertical position of the laser beam focus along the QTF axis has to be 

optimized in terms of QEPAS signal. To study the dependence of the QEPAS signal 

strength (which is proportional to the total momentum generated by the pressure wave) 

as a function of the vertical position of the laser beam, the laser beam focus has been 

moved from the top to the bottom of the prong, as shown in Figure 30. 

 

 

Figure 30. Optimization of QEPAS signal performed by moving the laser beam focus along the QTF vertical axis. 
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As representative, the experimental QEPAS peak signals, normalized to the 

highest value, obtained for QTF#T1 at different laser spot positions are shown in 

Figure 31. 

 

 

Figure 31. Optimization of QEPAS signal performed by moving the laser beam focus along the QTF vertical axis. 

 

The laser focus position maximizing the QEPAS signal is 2 mm far from the 

QTF top, between the two prongs. The same result was obtained for QTF#S1 and 

QTF#S2. It is worth noticing that, for the fundamental mode the optimum laser beam 

position is shifted towards the prong base with respect to the antinode point, supposed 

to be on the top of the prong. This can be explained by considering that the closer to 

the prong top is the vertical position of the spherical-like acoustic source, the larger is 

the fraction of the pressure wave not hitting a prong. 

The QEPAS spectral scans of the selected water vapor absorption line obtained 

for the fundamental mode of the investigated QTFs are shown in Figure 32. 
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Figure 32. Optical characterization carried out with three different custom 2nd.generation tuning forks on a water emission 
line (1297,19 cm-1) at a concentration of 1.7% in standard conditions. 

 

The highest QEPAS signal was measured with the QTF#T1 (5.48 mV), about 

10% higher than that measured with QTF#S1. The T-shaped prong provided two 
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advantages: i) a reduction of the resonance frequency with no influence on the quality 

factor; ii) an increase of the stress field along the prongs, leading to an increase of 

generated piezoelectric charges. Both advantages are beneficial for QEPAS sensing 

performance, as demonstrated. QTF#S1 shows a QEPAS signal ⁓ 7% higher than 

QTF#S2: this means that even if the electro-elastic properties of QTFs are not 

influenced by the prong spacing, this parameter plays a crucial role in the acousto-

electric transduction efficiency, i.e., the conversion efficiency of the amplitude of the 

acoustic wave in piezoelectric charge production. For a focused laser beam, in the 

approximation of cylindrical symmetry, the amplitude of the acoustic wave incident on 

the prong surface decays as 1 √𝑠⁄ , with s being the distance of the QTF axis position 

from the internal prong surface. The size of the cross-sectional area of the focused 

beam is determined by diffraction to beam waist values and is of the order of the laser 

wavelength. The larger is the prong spacing; the lower will be the sound wave intensity 

hitting the internal surface of the prong.  

In Figure 33 a comparison between the QEPAS peak signals obtained for  

QTF#2 and QTF#3 (1st generation QTFs showing the best QEPAS performance, as 

discussed in Section 3.1) and those obtained with the new generation of QTFs is 

reported. 

 

 

Figure 33. Comparison of measured QEPAS Peak Signals between 2nd generation QTFs (blue bars) and some 1st generation 
QTFs (red bars) on a water emission line (1297,19 cm-1) at a concentration of 1.7% in standard conditions. 
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 The new generation QTFs showed a significant enhancement of the QEPAS 

response when compared with the 1st generation QTFs. With the best design (QTF#T1) 

of new generation QTFs, we improved the QEPAS response by a factor of 4.2 and 7.3 

with respect to QTF#3 and QTF#2, respectively.  

In QEPAS, the most important parameter to compare different sensors is the 

signal-to-noise ratio (SNR), defined as the ratio between the QEPAS peak signal and 

1σ fluctuations of the QEPAS signal in a spectral range (i.e. laser current range) where 

no optical absorptions are detected. In graphs showed in Figure 32, in the range 

between 2.4 s and 24.6 s are free from absorption features, as also highlighted in 

Section 2.4.2. Hence, this range can be used for the estimation of 1σ noise level, for all 

three QTFs, as shown in Figure 34. 

 

 

Figure 34. Noise levels of the three custom 2nd.generation bare tuning forks. 

 

In Table 6 the QEPAS peak values and 1σ noise level together with the SNR are 

summarized, for all QTFs. 
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Table 6. Main results of optical characterization carried out with three different custom 2nd generation tuning forks on a water 
emission line (1297,19 cm-1) at a concentration of 1.7% in standard conditions. 

 

As results, QTF#T1 shows the highest SNR. Hence, it is an excellent candidate 

for the realization of an acoustic detection module for QEPAS sensing. As discussed 

in Section 1.7, an acoustic detection module is composed by a QTF and pair of micro-

resonator tubes (mR). The QTF is coupled with a pair of micro-resonator tubes acting 

as amplifiers for the sound wave. The QTF is typically positioned between the tubes to 

probe the acoustic vibration excited in the absorbing gas contained inside the tubes as 

shown in Figure 25. A significant increase on the QEPAS performance have been 

obtained when dual-tube system is employed, as largely discussed in Section 1.7.  

The geometrical parameters influencing the sensor performance are: (i) the 

internal diameter and (ii) the length of the two tubes together with (iii) the spacing 

between the tube and the surface of the QTF. However, there is no theoretical model 

that relates the sound amplification factor with the size of the internal diameter. A 

theoretical discussion concerning the influence of the tube length on the sound 

amplification will be presented in the next section. 

 

3.3 Micro-resonator tubes 

 

3.3.1 Notes on the Open End Correction (OEC) 

 

A standing sound wave in a tube (or pipe) with an open end has an antinode bit 

outside the end point. Such a small distance is called as open end correction (hereafter 

abbreviated as OEC). In fact, it is known that nearly complete reflection of a dominant 

mode sound wave occurs at the open end of a pipe of circular cross section, if the 

diameter is small compared to the wavelength. Within the pipe, the velocity potential 
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is the same as if the pipe were lengthened by a certain fraction of its radius and the 

open end behaved as a loop [44]. The idea of obtaining the OEC was discussed, for the 

first time, by Rayleigh [45] and comes from the consideration of fluid mechanics. Let 

us suppose a half infinite space with a connected circular tube filled with irrotational 

and uncompressive fluid, and assume a piston moving at a speed of V in the tube. Then, 

the total kinetic energy of the fluid is given by the definition of the OEC: 

 

1

2
𝜌∫(∇⃗⃗ 𝜑)2𝑑3𝑥 =  

1

2
𝜌𝑉2𝑆(𝐿 + ∆𝐿)                                     (26) 

 

where ρ is the fluid mass density, φ is the velocity potential, S is the cross-sectional 

area of the tube, and ∆L is the OEC. The integration region is taken towards the piston’s 

inner circular tube and half infinite 3D space. The nonzero velocity region is not only 

inside the tube but also spread around a branching bay with a speed lower than V. This 

region contributes to the OEC. 

Another way to derive the OEC is given by using the radiation impedance 

(hereafter referred to as the radiation impedance method). Although the theory of the 

method is slightly complicated, a qualitative explanation is possible. When a pressure 

field inside a tube oscillates, the air inside the tube is affected by the reaction force 

from the air outside. This is different from the free edge boundary condition. As a 

result, the pressure field out of the open end oscillates with the one inside the tube. 

Therefore, the antinode appears a little out from the end of the tube and forms the OEC 

[44]. The particle density at the open end can be identified as being similar to the 

reaction force for the diffusion flow in the well, because the diffusion flow in the well 

is given by the difference of the density at the top and bottom. The OEC is defined as 

the length from the top of the well to the point where the density equals zero just above 

the open end. The expression of the OEC given above is quite analogous to the one in 

sound wave theory. This is done only by changing the density into the pressure (which 

is related to the reaction force) at the open end. Ogawa et al. [44] estimated the Open 

End Correction value and was: 
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∆𝐿 =  
8𝑎

3𝜋
 ∿ 0.8488𝑎                                          (27) 

where a is the radius of the cylinder. The OEC should be added to the length of the 

pipe. This result is consistent with that given by Rayleigh [45], when the tube radius is 

small enough compared with the wavelength (a/λ << 1). 

At the same time, Miklos et al. [35] showed that if the cross-sectional dimensions 

of a resonator are much smaller than the acoustic wavelength, the excited sound field 

develops a spatial variation only along the length of the resonator, i.e., a one-

dimensional acoustic field is generated. A narrow pipe or tube can be regarded as a 

one-dimensional acoustic resonator. A pressure wave propagating in the pipe will be 

reflected by an open/closed end with the opposite/same phase. Through multiple 

reflections a standing wave will be formed. Therefore, open–open and closed–closed 

pipes should have resonances when the pipe length is equal to an integer multiple of 

the half wavelength, while an open–closed pipe should resonate when its length is equal 

to an odd integer multiple of the quarter wavelength. Actually, the wavelengths at the 

resonances are somewhat larger. The corresponding resonance frequencies can be 

obtained from the following expressions: 

𝑓𝑛 = 
𝑛𝑐

2(𝐿 + ∆𝐿)
   ,   𝑛 ∈ 𝑁                                   (28) 

where L is the length of the pipe. Here fn corresponds to the open–open or closed–

closed ends. Physically the end correction can be understood as an effect of the 

mismatch between the 1-d acoustic field inside the pipe and the 3-dimensional field 

outside that is radiated by the open end [35]. Our purpose, on the basis of the theoretical 

considerations, is to estimate the length of the micro resonators that brings the best 

SNR enhancement: 

𝐿𝑡ℎ = 
𝑣𝑆𝑂𝑈𝑁𝐷

2𝑓0
− 2∆𝐿                                       (29) 

The factor 2 that multiplies the OEC counts the number of openings of each 

AmR tube and the estimated length, 𝐿𝑡ℎ, is referred to each single tube of the system. 

Table 7 shows the best results obtained in the application of micro resonators to a 
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standard tuning fork and the theoretical expected tube length value. In Table 7, 2a is 

referred as internal diameter (ID) and PS as the QTF prong spacing. 

 

 

Table 7. Results obtained in the application of micro resonators to a standard QTF and theoretical expected length value. 

 

 The internal diameter maximizing the signal has seen evaluated by an 

experimental investigation and resulted to be twice the QTF prong spacing. By using 

such a value, the optimal tube length calculated by using Eq. 29 results 4.73 mm, in 

good agreement with the experimental value of 4.4 mm.  

 

3.3.2 Tubes-QTF distance optimization 

 

The first parameter to be optimized is the distance between the tubes and the 

internal surface of the prong. The gaps size between the QTF and the tubes is a difficult 

parameter to control during the ADM assembly and it has a significant effect on its 

final performance. With a large gap, the diverging flow from the two tubes ends cannot 

efficiently push against the QTF prong. For standard 32 kHz-QTF, the gap should not 

be larger than 50 μm: when the gap is reduced from 50 to 25 μm, the SNR increases 

by 13%. For QTF#5, the distance maximizing the SNR (~1090) is 140 μm.  

In this thesis work, the two tubes having a length of 13.3 mm and internal 

diameter of 1.52 mm were placed at different distances from the prongs, spanning 70 

µm to 2.0 mm. The distances between QTF and AmRs were evaluated with a 

microscope, as shown in Figure 35. 
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Figure 35. Photographs taken with a USB microscope managed via software to determine the best working conditions and 
signal enhancement by optimizing the distance between QTF and tubes. The signal is maximum when the distance is between d = 

120µm (B) and d = 250µm (C), for distances less than 120µm (A, d = 70µm) or higher than 250µm (D, d = 380µm) the signal 
decreases. 

 

For each configuration, the QEPAS signal was acquired. In Figure 36, is 

reported the QEPAS peak signal as a function of the distance between prongs and tubes. 

 

 

Figure 36. QEPAS peak signal measured as a function of the distance between QFT and AmRs. On the right panel is reported a  
zoom around 300 µm  tube-fork spacing, allowing to visualize the best working conditions. Solid lines serve as convenient 

visual guides. 
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The distance between QTF and tubes maximizing the SNR is around 200 µm. 

However, in the range 120µm-250 µm, the experimental curve does show a plateau. 

Indeed, changing the tube-QTF distance from 100 µm to 380 µm the QEPAS signal 

varies by less than 7 %. The QEPAS signal approaches asymptotically the bare QTF 

value when the distance between the tubes and the QTF becomes larger than 1000 µm 

and rapidly increases when this distance is reduced, confirming that the shorter the 

QTF-tube distance the higher is the acoustical coupling between them. When the 

distance is shorter than 120 µm, the SNR decreases because of damping effects 

generated by the proximity of the tube end to the surface of the QTF. The result 

obtained, also confirmed for different internal diameters and tube lengths, is consistent 

with studies carried out on 1st generation QTFs. Therefore, the distance between tubes 

and QTF can be considered as a parameter independent of the others that will be varied 

in this work (length and internal diameter) and will be fixed for all measurements. With 

these considerations, all pairs of tubes to be coupled to the tuning fork will be 

positioned at a distance of ⁓150 µm from the QTF by means of the USB microscope. 

  

3.3.3 Analysis of the optimal geometrical characteristics of AmRs 

 

The tubes were cut manually by using a disc grinder, and the quality of tube 

edges was improved by using a bench grinder and belt sander workstation. In this way, 

the tube length accuracy can be estimated to 0.1mm. The tube length measurements 

were performed by using a caliber, while the quality of tube edge was verified by using 

the microscope. A V-groove with a cylindrical hole was used to locate the two tubes, 

as shown in Figure 25. The pair of tubes were accommodated on the V-groove and 

positioned at a distance from the QTF as close as 150 µm: this procedure was 

performed by using the microscope. As discussed in Section 1.7.1, the length of two 

tubes is correlated with the sound wavelength, given by λ = v/f, where v is the speed of 

the sound (343.8 m/s in air). For f = 12,463 Hz, λ is 27.59 mm. Assuming that the left 

and right tubes can be considered as a single tube neglecting the gap, each tube should 

be cut to a λ/4 length (l = 6.9 mm) to form a half-wave resonator. Instead, if the gap 

between the tubes is big enough to make them almost independent, the tube length 

should be λ/2 (l = 13.8 mm). Hence, we tested tubes having lengths between λ/4 and 
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λ/2, i.e., 10 mm, 11 mm, 12.4 mm, 13 mm, 14 mm and 15 mm. The choice of the 

optimal ID is related to the QTF prongs spacing. When the tube diameter is larger than 

the prongs spacing, the gap between two tubes becomes less important and the tubes 

are acoustically coupled with the QTF. When the tube diameter becomes comparable 

with the prongs spacing, the acoustic coupling between tubes and QTF is reduced; in 

addition, the noise contribution to the QEPAS signal increases due to the difficulty to 

align the laser beam without touching any part of the ADM. For this reason, tubes with 

IDs < 1 mm have not taken into account. Hence, we selected six different internal 

diameters to be tested, ID = 1.36 mm, 1.41 mm, 1.52 mm, 1.59 mm, 1.83 mm and 2.06 

mm. As representative, in Figure 36 QEPAS spectral scans acquired with tubes having 

the same ID = 1.52 mm with lengths of 10 mm, 11 mm, 12.4 mm, 13.1 mm, 14 mm 

and 15 mm are shown.  

 

  

Figure 36. Representative examples of the study of the SNR enhancements as a function of the length with fixed internal 
diameter of the AmRs, performed under the same experimental conditions. The signal of bare diapason is the same as in 

Figure 30 for QTF#T1 and it is hardly visible in these figures because of the great signal enhancements achieved. 

 

While the tube length does not affect the shape of the spectral scan, the peak 

value strongly depends on the tube length. The QEPAS signal is maximized when the 

tube length is L = 12.4 mm and rapidly decrease when a shorter or longer length is 

used. The same behavior is observed for all internal diameters investigated. In Figure 

37, the QEPAS peak values are plotted as a function of the tube lengths, for different 

internal diameters.  
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Figure 37. Development of the QEPAS Peak Signal to vary the length of the micro resonators, for six different internal 
diameters studied. The highest peak value was found with tubes of internal diameter ID = 1.59mm and is 480.8mV, ∽90 

times higher than the Bare QTF peak signal. Solid lines are guides for eyes. 

 

For each investigated ID, the QEPAS signal is maximized when the tube length 

is 12.4 mm. This result allows to affirm that the optimal tube length is not dependent 

from its internal diameter.  The internal diameter maximizing the QEPAS signal is ID 
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= 1.59 mm. Once the optimal internal diameter value is experimentally evaluated, the 

optimal tube length can be predicted by using Eq. (29): 𝐿𝑡ℎ = 12.43𝑚𝑚. 

The theoretical prediction is in excellent agreement with the experimental result. 

However, the theoretical model predicts a dependence of optimal tube length on its 

internal diameter that, at glance, could be in contrast with the experimental results. The 

calculated Lth values for IDs selected for the investigation are plotted in Figure 38. 

 

 

Figure 38. Calculated Lth values for IDs selected for the investigation. 

 

When ID spans from 1.36 mm to 2.06 mm, Lth ranges from 12.6 to 12 mm. In the 

experimental investigation, tube lengths vary by step of 1 mm. For example, moving 

from ID = 1.41 mm to ID = 1.52 mm, the variation of the optimal tube length is about 

0.1 mm. With such a small difference, the QEPAS peak signal is not expected to be 

much affected, as can be seen from Figure 38. This explain why in the experiment we 

have not observed variations of the optimal tube length at different ID. These 

considerations allow to confirm the validity of the theoretical model on the prediction 

of the optimal tube length.  

As discussed in Section 3.2, the most important figure of merit for QEPAS is 

SNR. The 1σ noise level measured for the bare QTF was STDBARE = 0.26mV, obtained 
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in conditions of optimized optical coupling (see Table 6). 1σ noise level has been 

measured in the same way as reported in Section 3.2. With the optimal tube geometry 

(ID = 1.59mm and L = 12.4mm), 1σ noise level results in 0.35mV, ~1/3 higher than the 

value measured for the bare QTF#T1. This can be ascribed to a small fraction of light 

hitting the internal surface of tubes. 1σ noise levels measured for all QTF+tubes 

configurations referring to Fig. 36 are similar, within a discrepancy not higher than 5 

%. For example, for micro resonators with length L = 10mm and with an ID of 1.41mm 

the 1σ noise level results 0.30mV, while for micro resonators with length L = 15mm 

and with an ID of 1.36mm the 1σ noise level is 0.37mV. SNR values are calculated for 

each QTF+tubes configuration. The obtained results are shown in Table 8. 

 

 

Table 8. SNR values obtained by varying the internal diameter and the length of the micro-resonators with optical 
characterization performed on a water emission line (1297,19 cm-1) in a controlled environment, in standard conditions and 

1.7% H2O concentration. 

 

 The tubes having L = 12.4 mm and ID = 1.59 mm showed the highest SNR of 

1360, as well as the highest QEPAS peak signal.  

The SNR values obtained with tubes+QTF system has be to be compared with 

SNR of the bare QTF. Let’s define the SNR Enhancement (SNREnhanc) as the ratio 

between the SNR measured for the bare QTF and SNR measured when the QTF is 

coupled with a pair of tubes:  

𝑆𝑁𝑅𝐸𝑛ℎ𝑎𝑛𝑐 = 
𝑆𝑁𝑅𝐷𝑇

𝑆𝑁𝑅𝐵𝐴𝑅𝐸
                                            (30) 
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Actually, SNREnhanc represents the enhancement in QEPAS performance 

obtained by the employment of a pair of micro-resonator tubes with respect to the bare 

QTF. By using Eq. (30), 𝑆𝑁𝑅𝐸𝑛ℎ𝑎𝑛𝑐 was calculated for all QTF+tubes configurations 

investigated in this thesis work and results are reported in Table 9. 

 

 

Table 9. SNR enhancements obtained by varying the internal diameter and the length of the micro-resonators with respect to 
the bare QTF#T1. 

  

 In Figure 39 the ratio between the QEPAS peak signal with tubes and the 

QEPAS signal of bare QTF and the SNREnhanc, as a function of the tubes internal 

diameter for tubes having L = 12.4 mm are shown. 

 

 

Figure 39. Development of peak and SNR enhancement to vary internal diameters at fixed length (L = 12.4mm). The 
highest SNR enhancement value was found with tubes of internal diameter ID = 1.59mm and is ∽60. 
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The trends obtained are in good agreement with those reported in literature for 

custom-made QTF. The QEPAS peak enhancement reaches a value as high as ⁓ 90 

when the best dual-tube configuration is adopted (L = 12.4 mm and ID = 1.59 mm). 

Both curves experienced a strong asymmetry: starting from the peak value, SNRenhanc 

rapidly decrease when moving to lower inner diameter while the decrease is less 

pronounced when higher inner diameters are employed. 

In Table 10 the best QEPAS signal-to-noise ratio enhancements are listed for the 

standard 32kHz-QTF and for two 1st generation QTF (QTF#2 and QTF#4), together 

with the best result obtained with 2nd generation QTF#T1 

 

 

Table 10. Best geometry parameters of dual-tube spectrophones realized for three different QTFs: the prongs spacing, the 
internal diameter of the tube (ID), the sound half wavelength (λ/2), the expected tube length (Lth), the measured (Lexp) tube 

length and the enhancement of the QEPAS SNR with respect to the case of a bare QTF. 

 

 QTF#T1 showed a record signal-to-noise ratio enhancement. In particular, 

QTF#2 (1st generation) and QTF#T1 shares the same prong spacing (0.8 mm) but the 

optimal tube internal diameter is different, 1.3 mm and 1.59 mm, respectively. For 

QTF#T1, SNREnhanc is a factor of 1.5 higher. This improvement can be ascribed to the 

T-shape of the prong, although a more detailed investigation is mandatory to better 

understand this result. In order to obtain a more precise estimation of all geometrical 

parameters involved, it is necessary to develop a theoretical model based on the 

propagation of the sound wave inside the micro resonators tubes capable to simulate 

the sound field exiting from tube edges, as a function of the angle with respect to the 

tube symmetry axis. 
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Conclusions and future perspectives 

 

 In this thesis work, an extensive investigation of the influence of geometrical 

parameters, namely the internal diameter and the length, of a dual-tube micro-resonator 

system when it is acoustically coupled with a quartz tuning fork (QTF) has been 

reported. The QTF coupled with a dual-tube system forms the acoustic detection 

module (ADM), which is the core of a quartz-enhanced enhanced photoacoustic 

spectroscopy (QEPAS) sensors for gas sensing applications. The resonance properties 

of the QTF, namely the resonance frequency and its quality factor, influences the 

performance of the ADM. Lowering the resonance frequency while keeping high the 

quality factor are the straightforward approaches to enhance the performance of a 

QEPAS sensor. Starting from the results obtained from the 1st generation QTFs about 

the dependence of the quality factor on the prong geometry, combined with the Euler-

Bernoulli model for the prediction of the resonance frequency, a new design of QTF 

was proposed and realized. The realized QTF showed a resonance frequency of 15.8 

kHz with a quality factor as high as 15,000 at atmospheric pressure. Based on this 

design, two innovate variants were proposed. In the first design, a larger prong spacing 

was adopted while keeping the same prong geometry, demonstrating that resonance 

properties of a QTF are not affected by the prong spacing. In the second design, 

COMSOL MultiPhysics simulation results regarding innovative prong geometry were 

used. The simulations demonstrate that the stress field intensity generated by the prong 

deformation is increased when QTF prongs with a T-shape geometry were used. With 

a T-shaped prong geometry, the QTF resonance frequency was reduced to 12.4 kHz 

while the quality factor was not affected. All three novel designs were installed in a 

QEPAS sensor to be tested for the detection of a water vapor absorption line in the mid 

infrared spectral range. The T-shaped QTF exhibited the best QEPAS performance in 

terms of signal-to-noise ratio (SNR). Hence, T-shaped QTF was selected to be 

acoustically coupled with dual-tube micro-resonator system to enhance the response of 

the QEPAS sensor. The geometrical parameters influencing the sensor performance 

are the internal diameter and the length of the two tubes, together with the spacing 
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between the tube and the surface of the QTF. The investigation provided that two tubes 

having each one a length of 12.4 mm and an internal diameter of 1.59 mm, positioned 

each one about 150 µm far from the QTF prong provide the best operating conditions 

in terms of QEPAS SNR optimization. With this condition, an enhancement of the SNR 

of a factor of 60 was obtain with respect to the bare QTF. The SNR enhancement 

obtained is a record value for QEPAS measured employing the dual-tube configuration 

and the highest value reported in the mid-IR spectral range. These results have been 

also used to validate a theoretical model for the prediction of the optimal tube length 

in terms of sound amplification. 

Although the dependence of the tube geometry on QEPAS performance was 

verified and validated, analytical models proposed in literature do not allow to exactly 

predict the acoustic coupling between a QTF a dual-tube system. In order to obtain a 

more precise estimation of all geometrical parameters involved, it is necessary to 

develop a theoretical model based on the propagation of the sound wave inside the 

micro resonators tubes capable to simulate the sound field exiting from tube edges, as 

a function of the angle with respect to the tube symmetry axis. Then, the interaction 

between the exiting sound wave and the QTF prongs should be related with the 

geometrical properties of both acoustic resonators. Hence, the study proposed in this 

thesis work showed the limit of analytical models. Other approaches, such as 

computational methods (for example, finite element method analysis), are mandatory 

for a precise prediction of an acoustic detection module performance. 
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Appendix A 

 

Assembly of an acoustic detection module 

 

 A QTF is the core of the QEPAS detection module. The assembly of an acoustic 

detection module (ADM) can be critical due to small sizes and fragility of parts 

involved. Therefore, it is necessary to develop a precise assembly technique for all 

components composing the detection module. The quality of the welding is essential 

to keep unchanged the QTF resonance properties: for example, the welding of electrical 

pin can lead to overheating of the ADM components that can be damaged very easily. 

This can lead to negative effects on the operation of the tuning fork, such as an increase 

of high parasitic capacitance values out and in resonance conditions. For this reason, a 

welding station has been created ad hoc, shown in Figure 1A. The tuning fork to be 

welded is located in the most suitable groove according its shape and dimensions; the 

connecting pins will be inserted into a plastic cylinder, which will in turn be inserted 

into the groove. This procedure ensures that the pins are parallel to each other and that 

the QTF is parallel to the pins in its section. 

 

 

Figure 1A. Plastic cylinder (right) and welding station (left) of the tuning fork used in this thesis. The pins for the electrical 

connection are positioned in the two holes at the bottom of the cylinder, while the top ones are used as a guide for the 

welding station. The holes are at such a height that the pins are almost in contact with the QTF at the time of welding. 

Direct contact should be avoided because it could easily damage the gold film on the QTF. 
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After the welding process, a measure of the quality factor can be done to test the 

resonance properties of the QTF: an electrical circuit connected directly to the pins of 

the QTF allows to excite it electrically and analyze the output signal, as discussed in 

Section 2.3. For the electrical excitation of the QTF, a waveform generator will be used 

which will synchronize a lock-in amplifier used to read the response signal of the QTF 

due to applied electric field. The QTF signal is converted into a voltage signal by means 

of the use of a transimpedance amplifier. In this configuration, the lock-in amplifier 

will return the amplitude value of the signal component at the same frequency as the 

reference one. Indeed, the QTF is schematized as an RCL circuit: under resonance 

conditions it has a purely resistive behavior and the measured resistance value can be 

used as a probe for the quality of the mechanical  assembly. Another important guiding 

parameter is the analysis of the symmetry of the QTF spectral response curve. An 

asymmetry of the resonant curve is an indication of a not-properly-correct assembly, 

in which for example gold pattern deposited on the quartz was damaged, leading to 

large and deleterious parasitic effects for the analysis to be performed. It is useful to 

remember that the electrical characterization is an operation to be carried out every 

time the QTF is handled. This means that during these activities all the steps have been 

carried out accurately, i.e. the electrical and mechanical characteristics of the crystal 

and of the gold deposit have been preserved. Finally, the ADM will therefore consist 

of: a QTF, a trans-impedance preamplifier, pins for electrical I/O connections and a 

sealed chamber equipped with transparent windows (Transmittivity> 95% for each 

window) at the laser emission frequencies. 

For the assembly of a photoacoustic detection module, it is crucial to 

adiabatically isolate the acoustic cell containing the QTF from the external 

environment. This operation is fundamental if we want to analyze a gas sample without 

external contaminations, such as those caused by concentration variations. Another 

advantage is the possibility to fix the pressure inside the ADM, in order to work with 

better conditions. Figure 2A shows the skecth of an ADM. 
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Figure 2A. Digital reconstruction of an ADM comprised of an underlying housing, containing the pre-amplifier, and a 

section of the cover (box), ie the chamber above the base, which adiabatically seals the acoustic chamber. 

 

 In Figure 2A, the QTF is is circled in blue: the laser beam is focused between 

the prongs, partially visible because they are covered by two steel tubes that act as 

acoustic micro-resonators. To glue the QTF with the ADM support base, a two-

component glue was used, which dries with exposure to air and ensures adiabatic 

isolation. Figure 3A shows a schematization of the box used in the thesis. 

 

Figure 3A. Schematization of the box used. The fixing screws with the base are inserted in the four holes on the upper 

surface. Between the box and the base an O-ring is inserted to guarantee the vacuum seal. 

 

  

The box has been designed in order to glue two tilted windows, useful for the 

focalization of the radiation inside the ADM. The window frame has been tilted a few 

degrees to prevent the radiation impinging on the windows and in this way avoiding 

optical feedback to the laser source. 
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The overall ADM, consisting of QTF, preamplifier, base and box, is then 

electrically connected to the ground to shield the ADM from any electronic noise. A 

photograph of the final result is shown in Figure 4A(b). A final electrical 

characterization was performed to ensure that no components were damaged during 

assembly. The quality factor measured is comparable with that reported in Section 3.1, 

indicating that the QTF was not damaged. 

 

                  

Figure 4A. Photograph of the Acoustic Detection Module without box (left) and complete (right). 

 

 In Figure 4A(a) a focal lens with focal length f = 75mm is shown, positioned so 

that the laser beam is focused between the prongs of QTF. When the laser light touches 

one of two prongs, an undesirable optical noise is produced, deteriorating the 

performance of the ADM. The QTF is barely visible in the Figure 4a(a): it is located 

in the focal plane of the lens in order that the laser beam passes between the prongs at 

a precise altitude, that is about 2 mm below the antinode point of the fundamental 

vibration of the QTF (see Section 3.2 for more details).. 
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