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This review aims to discuss the latest advancements in quartz-enhanced photoacoustic spectroscopy

(QEPAS) based trace-gas sensing. Starting from the QEPAS basic physical principles, the most used

QEPAS configurations will be described. This is followed by a detailed theoretical analysis and

experimental study regarding the influence of quartz tuning forks (QTFs) geometry on their optoa-

coustic transducer performance. Furthermore, an overview of the latest developments in QEPAS

trace-gas sensor technology employing custom QTFs will be reported. Results obtained by exploit-

ing novel micro-resonator configurations, capable of increasing the QEPAS signal-to-noise ratio by

more than two orders of magnitude and the utilization of QTF overtone flexural modes for QEPAS

based sensing will be presented. A comparison of the QEPAS performance of different spectrophone

configurations is reported based upon signal-to-noise ratio. Finally, a novel QEPAS approach allow-

ing simultaneous dual-gas detection will be described. Published by AIP Publishing.
https://doi.org/10.1063/1.5013612
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I. INTRODUCTION

Trace gas detection has long played an important role in

developing and improving the technology and the solutions

employed for gas sensing techniques. Many different types

of gas sensors for a wide range of applications have been

proposed.1–6 Part of these sensors are meant for the health

and safety monitoring purposes.6 Hazardous toxic gases and

air pollutants, such as methane and other hydrocarbons,

which are considered to be environmental threats, exist in

the atmosphere at part-per-million (ppm) concentration lev-

els and below. Gas concentration assessment and control has

become an important global issue to which new technologies

can introduce innovative ways to develop sensitive and

selective sensor systems. A wide range of non-optical gas

detection approaches have been developed, employing labo-

ratory analytical equipment, semiconductor gas sensors, and

electrochemical devices.7 Optical methods for gas sensing

can be either low-cost (but with limited detection sensitivity)

chemical sensors and high-performance (but costly) labora-

tory equipment (such as gas chromatographs). Optical sen-

sors can offer higher sensitivity, selectivity, and long-term

stability with respect to other methods,8,9 with advantages,

such as a much longer lifetime and shorter response time,

which enables real-time and in situ detection. Optical gas

sensors are mainly based on light absorption based on the

Lambert-Beer’s law. The most commonly used techniques

a)Authors to whom correspondence should be addressed: donglei@sxu.edu.

cn and vincenzoluigi.spagnolo@poliba.it

1931-9401/2018/5(1)/011106/19/$30.00 Published by AIP Publishing.5, 011106-1

APPLIED PHYSICS REVIEWS 5, 011106 (2018)

https://doi.org/10.1063/1.5013612
https://doi.org/10.1063/1.5013612
mailto:donglei@sxu.edu.cn
mailto:donglei@sxu.edu.cn
mailto:vincenzoluigi.spagnolo@poliba.it
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5013612&domain=pdf&date_stamp=2018-03-01


include non-dispersive infra-red (NDIR), Tunable Diode

Laser Spectroscopy (TDLS), multi-pass or cavity enhanced

spectroscopy, and Photoacoustic Spectroscopy (PAS).1,2

Photoacoustic spectroscopy is one of the most sensitive opti-

cal detection schemes. It is based on the detection of acoustic

waves, which results from the absorption of light in a spe-

cific targeted gas. Light absorbed excites a fraction of the

ground-state molecular population into higher energy levels.

These excited states subsequently relax through a combina-

tion of radiative and non-radiative pathways. The nonradia-

tive component ultimately generates heat in the localized

region of the excitation light beam and a pressure wave prop-

agates from the source, which is then detected by a micro-

phone. The targeted gas is enclosed inside a resonant

acoustic cell. The quality factor Q and the resonance fre-

quency typically fall in the ranges of 40–200 and 1–4 kHz,

respectively. Photoacoustic detection is unique since it is a

direct monitor of the nonradiative relaxation channel and,

hence, complements absorption spectroscopic techniques.

Furthermore, PAS does not require an optical detector and is

wavelength independent. Other advantages include small

size, large linear dynamic range [from few % to part-per-tril-

lion (ppt) concentration range], and long-term stability.2

These advantages make the PAS technology competitive

with, and in many cases, preferred to, other trace gas sensing

methods. A significant improvement of the PAS technique

was made by replacing the microphone with a high-Q piezo-

electric quartz tuning fork (QTF) with a resonance frequency

close to 32.7 kHz. This frequency refers to the plane flexural

mode in which the QTF prongs move in opposite directions.

This mode is piezoelectrically active (symmetric mode) and

has a Q-value of 1 00 000 or higher when it is encapsulated

in vacuum and >10 000 at normal atmospheric pressure.

QTF-based PAS is referred to as quartz-enhanced photoa-

coustic spectroscopy or QEPAS. This review is aimed to dis-

cuss all advancements in QEPAS technique, since its

invention in 2002. The review is organized in two sections.

In Sec. I, fundamentals of QEPAS are described and differ-

ent QEPAS configurations employing a 32.7 kHz-QTF are

presented. In Sec. II, advances in QEPAS resulting from the

employment of custom-made QTFs are reviewed, such as

the extension of the QEPAS technique into the terahertz

spectral range, the possibility of simultaneous-dual gas

detection, and the acoustic coupling of the QTF with a

micro-resonator tube, capable of amplifying the QEPAS sig-

nal-to-noise ratio by more than two orders of magnitude.

II. QUARTZ-ENHANCED PHOTOACOUSTIC
SPECTROSCOPY

A. Fundamentals

QEPAS represents an alternative approach of traditional

photoacoustic detection of gas traces. The basic idea of

QEPAS is to accumulate the acoustic energy in a sharply res-

onant acoustic transducer, avoiding the use of traditional

gas-filled photoacoustic cells, thereby removing restrictions

imposed on the gas cell design by the acoustic resonance

conditions.10 The transducer is positioned in the acoustic

near-field zone of the laser excitation beam and the cell only

serves to separate the target sample from the surrounding

environment and fix and control its pressure. Conventional

microphones are designed to have flat frequency response

and are not suitable, whereas QTFs are perfect candidates to

detect weak photoacoustic excitation, since they are charac-

terized by a sharp resonant acoustic profile. QTFs operating

in the few kHz range can be used, since the energy transfer

processes in gases occur on a ls time scale11 and the PAS

signal decreases at higher frequencies. The most convenient

is the QTF used in electronic timing devices, such as clocks

and smart-phones as frequency standards, with a resonance

frequency of 32 768 (215) Hz in vacuum. A 32 kHz-QTF has

been the only QTF employed in QEPAS sensor systems for

the first ten years after the invention of this technique in

2002.12 Merits of QEPAS include a simple design, no

requirement for a spectrally selective optical component,

applicability over a wide range of pressure, including atmo-

spheric pressure, capability to analyze trace-gas samples as

low as few cm3 in volume, and immunity to external acoustic

noise. A QTF has an acoustic quadrupole geometry, provid-

ing good environmental noise immunity. The only way to

cause QTF to vibrate via the photoacoustic effect is to pro-

duce sound waves from an acoustic source located between

the two QTF prongs. The standard way to realize such a con-

dition is to focus the excitation laser beam through the gap

between the prongs on the QTF crystal plane. Similar to PAS

based sensing systems, the detection sensitivity of QEPAS

sensor systems are proportional to the exciting laser optical

power.2,12,13 The detected photoacoustic signal can be

expressed in the same way as for PAS10

S / Q � PL � a
f

; (1)

where f is the QTF resonance frequency, Q its quality factor,

a is the gas target absorption coefficient, and PL is the laser

power. Thus, the performance of QEPAS-based sensors can

benefit from the consistently improved output powers of

commercially available near infrared, mid-infrared lasers,

and far infrared lasers due to the technology developments

by the semiconductor industry.

Significant enhancements of the QEPAS signal-to-noise

ratio have also been obtained as a result of the implementa-

tion of micro-resonators (mR). A mR is formed by one or

two thin tubes and the QTF is positioned either between (on-

beam QEPAS14–17,20) or adjacent to the tube(s) (off-beam

QEPAS18,19,21–24) to probe the acoustic vibration excited in

the gas contained inside the tubes. A sub system composed

of the QTF and the mR is called a spectrophone or acoustic

detection module (ADM). In both on-beam or off-beam sen-

sor configurations, it is critical that the photoacoustic excit-

ing radiation does not hit the ADM, as otherwise an

undesirable background that can be several times larger than

the QTF thermal noise level arises, with a shifting fringe-like

interference pattern shape, which limits the detection sensi-

tivity.25,26 A schematic of a typical QEPAS setup, as used in

most reported QEPAS sensor systems, is shown in Fig. 1. A

laser source, typically a quantum cascade laser (QCL) or an

interband cascade laser (ICL), serves as the excitation source
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for generating the QEPAS signal. The ADM is mounted

inside a vacuum-tight cell equipped with optical windows.

The laser beam is focused by a lens between the QTF prongs

and it passes through the ADM. A power meter is used

for monitoring the laser power as well as for optical align-

ment. A function generator is used to sinusoidally either the

laser current at the QTF resonance frequency or one of its

subharmonics.

The flow rate and pressure of the sample gas passing

through the ADM can be controlled and maintained by using

a flow meter and pressure controller, respectively. A control

electronics unit (CEU) is used to determine the main QTF

parameters: dynamic resistance R, quality factor Q, and reso-

nant frequency f. The CEU is also designed to pass on the

amplified signal from a transimpedance pre-amplifier (Pre-

Amp) to the lock-in amplifier to demodulate the QEPAS sig-

nal. A picture of a recently realized ADM is shown in Fig. 2.

QEPAS based sensor systems are usually operated with

a wavelength modulation (WM) and 2f detection configura-

tion in order to suppress background noise originating from

spectrally nonselective absorbers (such as the mR, QTF, and

the optical windows of the ADM). One important advantage

of WM is that only the noise centered within the detection

bandwidth will affect trace-gas measurements. In WM,

the laser beam is wavelength modulated at f/2 frequency and

the lock-in amplifier demodulates the QTF response at f.

Spectral data can be acquired when the laser wavelength is

scanned. For broadband gas species with unresolved rota-

tional spectral structure, the WM approach is not usable since

the laser source cannot be wavelength modulated with a suffi-

cient spectral tuning coverage. Thus, the only possibility is to

operate in an amplitude modulation (AM) configuration,

where the laser is modulated at f and the QEPAS signals are

detected by the lock-in amplifier at the same f frequency.

Unlike WM QEPAS, AM QEPAS is not background free.

However, this AM QEPAS background can be stable over

several hours and hence allows background subtraction.27–29

B. Fiber-based QEPAS

One of the critical issues of a QEPAS sensing system is

the optical alignment. Different approaches, starting from a

standard solution based on focusing lenses, have been imple-

mented to focus the laser light between the QTF prongs and

through the mR, with particular care in avoiding that the laser

beam illuminates the ADM. This condition is more easily ful-

filled if the laser beam power distribution resembles a

Gaussian TEM00 profile, as otherwise the use of a pinhole to

filter out beam tails becomes necessary. Spatial filters reduce

the optical power focused through the QTF and consequently

reduce the QEPAS signal. An effective solution for improving

the mid-IR laser beam profile is the use of single-mode optical

fibers. Both hollow-23–33 and solid-core34–36 fibers have been

demonstrated to be very efficient for both near-IR diode lasers

as well as mid-IR ICL and QCL beam spatial cleaning and

can cover the 2 lm–12 lm spectral range. A schematic of the

optical coupling between laser excitation source and the

ADM via an optical fiber is shown in Fig. 3(a). A laser output

focuser is mounted at the fiber exit in order to provide a focus-

ing distance of several centimeters and produce laser beam

shaping of the light exiting from the fiber and to be transmit-

ted through the ADM without hitting it. Several QEPAS sen-

sors exploiting single mode mid-IR fibers providing enhanced

versatility in terms of flexible laser beam guidance and com-

pactness have been demonstrated.16,24,37–40 Another way to

guide the laser light through the QTF and generate pressure

FIG. 1. Schematic of a typical QEPAS

sensor setup. QTF, quartz tuning fork;

mR, acoustic micro-resonator; ADM,

acoustic detection module; PC, per-

sonal computer.

FIG. 2. Photograph of an ADM. An optical window and the gas inlet and

outlet connectors are also visible.
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waves between the prongs is the exploitation of the evanes-

cent wave effect in optical fibers.41–44 This approach has been

demonstrated in the near-IR and is based on fiber tapering. A

portion of the tapered fiber is positioned in the gap between

the two prongs of the QTF. The laser radiation is guided along

the fiber with a very small beam size and the light coming out

from the tapered portion of the fiber interacts with the gas

sample via the evanescent wave effect. A schematic of the

evanescent-wave approach to excite the gas sample is shown

in Fig. 3(b).

The evanescent field generated in the tapered section

positioned between the QTF prongs can be absorbed by the

target gas molecules surrounding the fiber, thereby generat-

ing acoustic pressure waves that are detected by the QTF.

C. Modulation cancellation method (MOCAM)

Another effective method for reducing or cancelling the

background noise generated by portion of the laser beam hit-

ting the ADM can be accomplished by the modulation can-

cellation method (MOCAM). MOCAM is a variation of

modulation spectroscopy using two light sources.45–47 The

basic concept of MOCAM is that the powers and modulation

phases of two light sources can be adjusted to balance out

the background signal, especially that caused by the stray

light, which limits the measurement accuracy. MOCAM can

detect a small signal in the presence of a large background

noise by physical cancellation of the sensor response.

Different approaches have been demonstrated for MOCAM.

In a configuration exploiting to demonstrate trace gas detec-

tion of broadband absorber species by use of wide stripe

diode lasers,45 a balance laser source, whose emission wave-

length is located outside the target gas absorption band, is

used to intentionally generate an identical background noise

to that caused by exciting laser source, with an emission

wavelength falling within the absorption band of the target

gas. A schematic of this approach is shown in Fig. 4.

If the two lasers are modulated in counter-phase, the

QTF prongs are forced to vibrate in opposite direction by the

two laser sources and, as a result, no QTF vibrations are pro-

duced, and thereby not generating a background noise signal.

Other applications for MOCAM include measurements of

small temperature difference in a gas mixture46 and analysis

of isotopic composition.47 For these types of measurements,

the output powers and modulation phases of the two lasers

resonant with two selected absorption lines are adjusted

in such a way that the signal detected from the reference

sample is zero. Then, in an appropriately designed optical

configuration, the signal from the analyzed sample will be

proportional to the deviation of the absorption line-strength

ratio from the reference sample line-strength ratio. A variant

of MOCAM was the implementation of an electrical driving

signal to induce opposite QTF vibrations with respect to

those generated by the exciting laser source. This approach

is called electronic MOCAM (E-MOCAM). The E-MOCAM

method makes it possible to use commercial high-power

light-emitting diodes (LEDs)48 or fiber-amplified near-IR

sources,49,50 characterized by limited beam qualities, as exci-

tation sources in on-beam QEPAS sensors, by suppressing

the background noise caused by stray light by up to three

orders of magnitude.

D. Beat frequency (BF) quartz-enhanced
photoacoustic spectroscopy (BF-QEPAS)

A QTF flexural resonance mode with a high Q-factor is

advantageous in terms of QEPAS detection sensitivity [see

Eq. (1)]. Indeed, the detected photoacoustic signal is propor-

tional to the QTF resonance Q-factor or more precisely to

the effective QTF integration time t¼Q/pf0,51 if we consider

a fast energy relaxing target analyte. At low pressures, values

over 1 s can be reached for bare QTFs,52 reducing to a few

hundreds of ms when implementing a mR systems.2 In order

to allow the acoustic mode of the resonator to accumulate all

the absorbed laser energy, the measurement period should be

3 to 4 times longer than t, which means a few hundreds of

ms for uncorrelated trace-gas concentration measurements.

This time interval is acceptable for applications, such as

environmental monitoring where no fast changes in the gas

sample composition occur. However, this time interval is too

long for rapid scan trace-gas measurements required for

applications like multi-line detection of the same or different

gas species, where a scan rate >1 Hz is required.53 A recent

and innovative QEPAS technique approach relying on beat

frequency (BF) signals between the QTF resonance fre-

quency f and the laser modulation frequency was reported

in Ref. 51. The BF-QEPAS concept requires that the laser

FIG. 3. (a) Schematic of the single-mode fiber-coupling between the laser

source and the ADM and (b) evanescent-wave approach to excite a gas sam-

ple (blue dots).

FIG. 4. Schematic of the MOCAM approach for detection of broadband

absorbers; GL: Glann Prism.
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modulation frequency differs by Df with respect to the QTF

resonance frequency f. For this condition, a BF-QEPAS sig-

nal with a period of Dt is generated when the laser wave-

length is rapidly scanned across a targeted absorption line

and the QTF signal is demodulated at the same frequency f.
In BF-QEPAS, an acoustic pulse induced by the target gas

absorption is generated as a result of rapid wavelength scan-

ning (>30 cm�1 s�1), which causes the prongs of the QTF to

vibrate in a short period of time. Subsequently, while the QTF

relaxes the vibrational energy at its natural mode frequency via

loss mechanisms, the QTF signal is demodulated at the laser

modulation frequency f. When the averaging time is short

enough (<100 ms) to provide a sufficient system detection

bandwidth, a BF signal with an exponential decay envelope is

generated from the QTF-transient response. The concentration

of the trace gas, the resonance frequency, and Q-factor of the

QTF can be obtained by measuring the peak amplitude, Dt and

the decay time s of the BF-QEPAS signal, respectively. An

example of the acquired signal is shown in Fig. 5.

Using this approach, it is possible to retrieve the QTF

resonance frequency f and its Q-factor, as well as, the target

gas concentration, all in measurement times as short as

30 ms. Such a method provides a comparable detection sensi-

tivity with respect to conventional QEPAS when detecting

fast relaxing molecules such as H2O. It is worth noting that

the BF-QEPAS technique can be employed in any QEPAS-

based sensor systems without any hardware changes of a

conventional QEPAS ADM system.

E. Intracavity QEPAS

The QEPAS technique is characterized by direct propor-

tionality between the signal amplitude and the laser power

available for gas excitation. An increase of the optical power

focused between the QTF prongs improves the minimum

detection limit of a QEPAS sensor. Approaches like multi-

pass and/or cavity optical build up are used to increase the

interaction length of the laser beam in the gas sample. The

first demonstration of a QEPAS sensor exploiting a build-up

cavity with high-finesse for laser optical power enhancement

was reported in Refs. 54 and 55. This novel QEPAS

approach combines QEPAS with cavity enhanced absorption

spectroscopy (CEAS) and is called intra-cavity QEPAS (I-

QEPAS). Using this configuration, CO2 detection sensitivi-

ties in ppt concentration range were achieved.54 A schematic

of the I-QEPAS configuration is shown in Fig. 6.

In the first I-QEPAS demonstration, a bow-tie resonator

system configuration composed by two concave mirrors and

two plane mirrors was implemented. The quartz tuning fork

(QTF) was positioned at the cavity waist between the two con-

cave mirrors. In I-QEPAS experiments, it is crucial to lock the

resonance frequency of the cavity to the laser during the slow

linear scan time in order to retrieve a spectral scan of a selected

gas absorption line. The simplest way is to adjust the cavity

length by using a piezoelectric actuator attached to one of the

cavity mirror mounts. The improvement in terms of sensitivity

with respect to conventional QEPAS setup (operating under

the same conditions of molecular linewidth, pressure and laser

output power) is equal to the power enhancement factor occur-

ring in the optical resonator (�240 in Refs. 54 and 55)

Recently, novel compact bow-tie cavities capable to reach

power enhancement factors over 300 have been realized,56,57

promising even further improvements in detection sensitivity.

Since to-date a bare QTF was used in I-QEPAS based sensors.

Additional improvements are expected by adding a mR to the

photoacoustic detection module, potentially leading to the real-

ization of sensors with a ppq detection limit. However, a useful

figure of merit to compare different types of QEPAS sensors is

the normalized noise equivalent absorption (NNEA). The min-

imum detectable absorption coefficient (amin) can be normal-

ized with the laser power PL and the detection bandwidth DfB

to determine NNEA, defined as NNEA¼PL�(amin)/�DfB.

Typical NNEA values reached with mid-IR QEPAS sensors

fall in the range of 10�8–10�9 W�cm�1 Hz�1/2 with an integra-

tion time of 1 s and assuming typical optical powers of a few

tens of milliwatt.2 Taking advantage from the optical power

build-up occurring in the cavity, I-QEPAS experiences a

reduction of the amin with respect to the QEPAS technique

when the same laser source is used (which means the same PL

value), corresponding to a reduction of the NNEA value to the

10�12 W cm�1 Hz�1/2 range.

F. QEPAS configuration based on dual
micro-resonators and dual quartz tuning forks (QTFs)

A simplified model, which considers the total momen-

tum of a pressure force acting on the two prongs of the QTF

FIG. 5. Experimental results of BF-QEPAS obtained with 2.5% water vapor

at room temperature and atmosphere pressure. The blue exponential line rep-

resents the best fit of the local maxima of the BF-QEPAS signal, which

allows to extract a decay time s¼ 17.5 ms. The period of the oscillation is

Dt¼ 4.9 ms. FIG. 6. Schematic of the I-QEPAS configuration.

011106-5 Patimisco et al. Appl. Phys. Rev. 5, 011106 (2018)



due to a point-source sound wave positioned between the

QTF prongs, has allowed calculating the optimal laser beam

focus position with respect to the vertical axis for a bare

QTF.2 The results agree with a more detailed theoretical

model of a QEPAS sensor proposed by Petra et al.58 and

show a very good agreement with experimental results.2 For

example, for a standard QTF operating at 32 kHz, the opti-

mal vertical position is located at 0.33 mm below the QTF

opening and centered between its tines.2 However, the pres-

ence of a mR and its interaction with the QTF alter the

acoustic characteristics of the ADM, and the optimal focus

position has to be experimental determined. An experimental

investigation of the mR position effects was reported in

Refs. 59 and 60 and demonstrated that the QEPAS signal-to-

noise plot as a function of the mR vertical position shows a

maximum centered on a nearly flat curve. This flat curve

region is sufficiently wide that it allows the positioning of

two mRs in a QTF, as shown in Fig. 7. This novel QEPAS

configuration has been referred to as “double mR QEPAS.”

The lowering of the ADM Q-factor due to the acoustic

coupling of the QTF with the two mRs leads to an ADM

response time 20 times faster compared with a bare QTF and

to a wider response bandwidth. Hence, the signal amplitude

and phase of the double mR spectrophone become insensi-

tive to small drifts of the resonant frequency compared to the

high-Q bare QTF and to the single mR spectrophone. Such a

double mR configuration can provide two advantages: (1)

two laser excitation sources from different optical wave-

length scans perform the optical signal addition or cancella-

tion by means of the spectrophone, avoiding laser beam

combination as required by MOCAM and (2) the spectro-

phone can implement ultrafast two-gas measurements by

switching between two detection channels. Performing a two

spectra signal cancellation with the line-locked mode of two

lasers at a specific concentration ratio of two target gases,

the double mR spectrophone is able to measure directly the

deviation of the concentration ratio. The deviation can then

be used as a feedback to control gas valves to maintain a spe-

cific gas mixing ratio, which is important for controlling gas

chemical reactions, gas mixtures or optimizing combustion

processes.

Another configuration relies on the use of two QTFs in a

single ADM.61 In this multi-quartz-enhanced photoacoustic

spectroscopy (M-QEPAS) sensor system, the acoustic wave

signal is detected by multiple QTFs simultaneously and the

electrical signals generated by the QTFs is added in order to

increase the effective signal amplitude. A schematic of the

M-QEPAS configuration is shown in Fig. 8.

The results reported in Ref. 60, showed that, compared

with QEPAS sensor using a bare single QTF, M-QEPAS

employing two bare QTFs provided a signal enhancement of

1.7 times for the same operating conditions. Further improve-

ment in detection sensitivity of the M-QEPAS configuration

was achieved by employing acoustic micro-resonator tubes

for both QTFs, as demonstrated in Ref. 62. Two kinds of

multi-QTF based “on-beam” QEPAS spectrophones were

realized. Schematics of these two configurations are shown in

Fig. 9.

When two QTFs were placed close to each other and in

parallel and coupled with two mRs [see Fig. 9(a)], the Q-fac-

tor of the multi-QTFs system becomes higher than that of

each QTF in a “standard” on-beam configuration using the

same mR system. This configuration yielded a 1.4 times

enhancement compared to the traditional single QTF based

“on-beam” spectrophone and a 33 times enhancement com-

pared to the single bare QTF based spectrophone. For the con-

figuration shown in Fig. 9(b) with the two QTFs spaced by

one of the mR tubes, the Q-factor increases with respect to

the two QTFs in a “standard” on-beam configuration, but the

QEPAS signal is 1.6 times higher than that of the traditional

single QTF based “on-beam” spectrophones signal and 36

times higher than that of the single bare QTF based spectro-

phone. The signal enhancement can be further improved by

using a phase shifter to adjust the phase difference among

FIG. 7. Schematic of double mRs QEPAS. FIG. 8. Schematic of M-QEPAS with two QTFs.
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multi-QTFs and a capacitance in series with one of the QTFs

to perfectly match the resonance frequencies.

III. QEPAS WITH CUSTOM QTFs

Prior to 2013, all the QEPAS sensors reported in the lit-

erature employed commercial standard QTFs operating at

the fundamental in-plane flexural resonant mode, with a fre-

quency of �32.7 kHz. However, the standard QTFs structure

and its operating frequency were optimized for timing pur-

poses and not for spectroscopic applications. Two main fac-

tors pose limitations to the use of standard QTFs for QEPAS

sensing. First, the QEPAS signal depends strongly on the

energy relaxation rates associated with the targeted gas spe-

cies. The relaxation time constant sT depends on the specific

molecule and on the specific gas carrier (typically either

air or N2) and intermolecular interactions. For gases,

vibrational-translational (V-T) time constants sT fall typi-

cally in the ls temporal range.63 To ensure that the energy

transfer occurs efficiently for a fast modulation f of the inci-

dent laser radiation, it is necessary to satisfy the condition

f� 1/2psT.64 Therefore, QEPAS is more sensitive to the

energy relaxation rate compared to the conventional PAS,

which is commonly performed at f< 4 kHz.10,65 For gas spe-

cies with a slow relaxation rate (such as CO, CO2 and NO),

the thermal waves in the gas cannot follow fast changes of

the laser induced molecular vibration excitation. Thus, the

generated photoacoustic wave is weaker than it would be in

case of fast V-T energy equilibration.2 Second, standard

32 kHz-QTFs are characterized by a small volume between

their prongs (�0.3� 0.3� 3 mm3). Hence, the use of light

sources with a limited beam quality, like LED, a fiber ampli-

fied laser, or a laser emitting in the THz spectral region

(k> 30 lm), is precluded, since they do not allow adequate

focalization of the excitation beam between the prongs

spaced by �300 lm. The best method to circumvent these

limitations is to employ QTFs with larger prongs spacing

and operation frequencies possibly <20 kHz to approach gas

relaxation rates, but typically a decrease in f leads to a

decrease of the resonance Q-factor,66 so that a trade-off opti-

mization of the above parameters must be found. In Secs.

III A–III H, we will review the results obtained in modelling,

design, and development of novel QTFs devoted to QEPAS

gas sensing systems.

A. QTF modeling

A QTF can be considered as two identical cantilevers

coupled by a low-loss quartz bridge. A schematic of a QTF

is shown in Fig. 10.

The in-plane flexural vibrations modes of the two prongs

can be classified as in phase (symmetric) and out of phase

(antisymmetric). The flexural antisymmetric modes, in which

the two prongs oscillate in antiphase, are the only vibrational

modes employed in QEPAS based sensor systems.67 The res-

onance frequencies of the QTF can be calculated in the

approximation of an independent cantilever vibrating in in-

plane modes. Each prong of the tuning fork can be treated as

a clamped beam. In this approximation, the frequencies of the

vibrational modes are obtained by including a free-motion

condition on one boundary of the prong and a clamped condi-

tion on the other (clamped-free boundary condition) and then

solving for the propagation of a shear acoustic wave.

Assuming that an elastic Young modulus E of the QTF mate-

rial, a moment of inertia I of the prong, and a cross-sectional

area A¼T�W are constant along the prong length for small

amplitude oscillations, the motion of each prong can be

described using a one-dimensional model and the resonance

frequencies in vacuum are given by68

fn;vac ¼
pT

8
ffiffiffiffiffi
12
p

L2
p

ffiffiffi
E

q

s
�2

n ; (2)

where q¼ 2650 kg/m3 is the quartz density, E¼ 72 GPa is

the component of the quartz Young’s modulus in the vibrat-

ing plane of the QTF. Lp and T are the tuning prong length

and thickness, as depicted in Fig. 10. The first two eigenmo-

des values are obtained for �n¼0 ¼ 1.194 (fundamental

mode) and for �n¼1 ¼ 2.988, (first overtone mode). Let us

consider a QTF vibrating in a fluid medium. The vibration

will induce a motion of the fluid and thus the QFT will

FIG. 9. (a) and (b) Two kinds of multi-QTF based “on-beam” spectrophones.

FIG. 10. Schematic of a custom QTF with a gold contact pattern. The coordinate system with the y-axis parallel to the beam axis of the prong is depicted. In

this way, the prongs bending for in-plane flexural modes occur in the xy-plane.
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experience an energy loss (part of the energy is transferred to

the fluid or to the bulk) and additional inertia. Therefore, this

situation can be modelled by adding a reaction force of the

fluid consisting of two terms: a resistive term (which leads to

energy dissipation by acoustic loss) and a reactive term

(which leads to the additional inertia of the QTF). Taking

into account both effects, the Euler-Bernoulli equation

expresses the vibrational profile of the single prong results69

EIy
@4y

@4x
þ Cd

@y

@t
þ qAþ uð Þ @

2y

@t2
¼ 0; (3)

where Cd is the damping parameter, which accounts for

energy loss and u is the added mass per unit length, t is the

time, and x and y directions are represented in Fig. 10. If the

damping parameter is negligible, the extra mass term causes

a variation of the resonant frequencies of the QTF flexural

modes, which now can be calculated as

f 0n ¼
p

8L2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EI

qAþ uð Þ

s
�2

n : (4)

If the relation u « q�A is verified, then is possible to calculate

the frequency shift Df due to gas as

Df ¼ fn � f 0n
f 0n
¼ � 1

2

u

qA
: (5)

The added mass is proportional to the density q0 of the fluid

medium. Since the relationship between the pressure P and

the density q0 in a gas is P / q0, Df varies linearly with the

gas pressure and it is possible to rewrite Eq. (5) as

fn pð Þ ¼ fn; vac � kp;nP; (6)

where kp,n ¼ fn,vac�u/(2q�W�T). The energy dissipation due to

acoustic losses in the fluid leads to a reduction of the Q-fac-

tor of the flexural mode resonance. A fluid damping parame-

ter can be introduced, which is proportional to the density qo

and the viscosity g of the fluid. Assuming that P / qo and g
does not noticeably change with P, the influence of the fluid

damping on Q can be expressed in terms of the energy loss

1/Q(P) at the gas pressure, and considering the damping

parameter in the form Cd ¼ a�P,70 where a is a parameter

specific of the tuning fork, the dependence of the Q-factor

from the pressure results in

QðPÞ ¼ Q0

1þ Q0a
ffiffiffi
P
p ; (7)

where Q0 is the Q-factor under vacuum conditions. This

analysis describes the behavior of a cantilever beam.

Therefore, it is feasible to use a single quartz cantilever

beam of the size of the fork’s prong as a photoacoustic trans-

ducer. In this case, a tuning fork is a system of two coupled

cantilevers oscillating in opposition. The result is that, in

spite of its arms’ motion, the center of mass remains fixed in

position. In contrast, a resonating single cantilever beam has

an oscillating center of mass. This motion dissipates energy,

while this energy dissipation channel is not present in a well-

balanced QTF. In a cantilever, the losses due to the center of

mass motion are generally large and lead to a reduction of

the Q by several orders of magnitude. This explains why

only QTFs are used for QEPAS applications.

B. Custom QTFs design and characterization

While the resonance frequencies fn,vac can be estimated

using Eq. (3), a prediction of the QTF Q-factor via an analyt-

ical method is not possible, since too many extrinsic and

intrinsic losses mechanisms contribute to its value. Extrinsic

losses mechanisms are due to interactions with the surround-

ing medium, while the intrinsic losses mechanisms include

support losses (interactions with its support structure) as well

as thermo-elastic losses. In addition, less predictable factors

such as processing anisotropy, crystal quality, and gold pat-

terning contribute to the final Q-factor value. In Refs. 67 and

71, a set of QTFs with different values of prong spacing,

lengths, and thicknesses as well as crystal thickness were

designed, fabricated, and evaluated, leading to a determina-

tion of the dependence of the QTF parameters and perfor-

mance on their relevant dimensions. The investigated QTF

samples’ dimensions are listed in Table I, while Fig. 11

shows the schematic of seven different QTF designs.

The QTFs were realized starting from a z-cut quartz

wafer with a 2� rotation along the x-axis. The z-cut is the

dominant low frequency (up to 50 kHz) crystal-cut, which

provides thermally stable flexural vibrational modes frequen-

cies. Standard photolithographic techniques were used to

etch the QTFs. Cr and Au patterns are deposited on both

sides of the wafer. The main QTF parameters (resonance fre-

quencies, related Q-factors, and electrical resistance) were

determined by electrically exciting the QTF with a sinusoidal

voltage signal generated by an arbitrary function generator

(AFG). The current signal is collected and converted into a

voltage signal by a transimpedance amplifier and sent to a

lock-in amplifier, which demodulates the signal at the same

angular frequency set by the AFG. A schematic of the setup

used for these measurements is shown in Fig. 12.

TABLE I. Dimensions of standard and custom tuning forks studied in Refs. 67 and 71: Lp (QTF prong length), T (thickness of the prong), W (thickness of the

quartz crystal).

Parameters QTF standard QTF #1 QTF #2 QTF #3 QTF #4 QTF #5 QTF #6

Lp (mm) 3.0 3.5 10.0 10.0 11.0 17.0 16.8

W (mm) 0.34 0.25 0.25 0.5 0.25 0.25 0.8

T (mm) 0.35 0.2 0.9 1.0 0.5 1.0 1.4

Prong spacing (mm) 0.3 0.4 0.8 0.5 0.6 0.7 1.0
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The extracted resonance frequency of the fundamental

f0(exp) flexural mode and the related Q0-factors under vacuum

conditions are compared in Table II, together with the theo-

retical f0,vac, calculated using Eq. (4). In Table II, the electri-

cal resistances R and the Q-factor (Qatm) measured at

atmospheric pressure are also listed.

The small discrepancies (<5%) between experimental

and theoretical values are due to additional weight of the elec-

trode gold layers, dependence of the elasticity modulus of

quartz on the crystallographic axes orientation, and deviations

in geometry between the modelled and the actual QTFs.

In Fig. 13, the results obtained by plotting the QTFs

resistances and Q-factors measured for the QTFs fundamen-

tal vibrational mode at atmospheric pressure (see Table II)

versus the geometrical parameters of the QTFs are shown.

Theoretically, R is related to geometrical parameters, since

R� Lp
2/W�T 1=2.68 A linear correlation is observed between

resistances and Lp
2/W�T 1=2 values, except for QTF#1 and

QTF#4 where the discrepancy is due to the different charge

collection efficiency determined by the gold contacts QTF

patterns. Noteworthy is the linearity between Q-factors ver-

sus WT/Lp values [see Fig. 13(b)]. This result allows to pre-

dict empirically the trend of the Q-factor from the prongs

size.

For QEPAS applications, R should be kept low and the

Q as high as possible. Both conditions can be obtained by

increasing W and the ratio T/Lp. However, the resonance fre-

quency f increases with T/Lp
2 and f should not exceed 40 kHz

since the thermal waves in the gas cannot follow rapid

changes of the laser induced molecular vibration excitation.

Hence, custom QTFs have been used for QEPAS sensing

applications and led to new approaches in QEPAS based sen-

sor technology as reported in the following paragraphs.

C. QEPAS in the THz range

The THz range is the most promising spectral range for

QEPAS applications provided that efficient non-cryogenic,

compact THz laser sources will be realized in the near future.

In the THz spectral range, gas absorption is mostly due

rotational-translation (R-T) molecular transitions and the

related relaxation rates are up to three orders of magnitude

faster with respect to V-T transitions in the mid-IR.63 If oper-

ating with fast relaxing transitions, it is possible to operate a

QEPAS based gas sensor at low pressures. With this condi-

tion, the energy losses due to mechanical viscosity and fric-

tion from the gas are reduced and the Q-factor increases,

FIG. 11. x-z plane view of standard and custom designed tuning forks. The

size scale is indicated on the left side. The grey areas represent uncovered

quartz, while the gold-yellow area represents gold electrode patterns.

FIG. 12. Schematic of a setup used for

electrical characterization of QTFs.

The excitation sine voltage is supplied

by a high-resolution arbitrary wave-

function generator (AFG), which also

provides the reference TTL signal for

the lock-in amplifier. The QTF current

output is converted to a voltage by

means of a transimpedance amplifier.

The QTF is mounted inside a vacuum

chamber to perform low gas pressure

measurements. Red arrows mimic the

gas flux direction.

TABLE II. Experimental and calculated physical parameters for the QTFs:

resonance frequencies of the fundamental mode f0,vac (calculated) and f0
(exp)

(measured) and related quality factor Q0. The electrical resistances R and the

Q-factor (QAtm) measured at atmospheric pressure are also listed.

QTF type f0,vac (Hz) f0(exp) (Hz) Q0 QAtm R (kX)

QTF standard 32743.61 32762.84 88 719 13 690 94.6

QTF #1 13746.59 14049.20 10 862 3980 1913.3

QTF #2 7577.81 7230.27 36 564 8400 301.7

QTF #3 8419.79 8439.51 47 020 13 150 455.6

QTF #4 3479.25 3456.69 23282 3880 990.2

QTF #5 2913.42 2869.07 34 800 5210 810.1

QTF #6 4176.48 4250.01 50 130 17 850 194.1
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leading to enhanced amplification of the QEPAS signal.

Moreover, at low pressure, the absorption lines are narrow,

and the sensor selectivity improves. The extension of the

QEPAS technique to the THz spectral region was initially

delayed, mainly due to the difficulty of a proper effective

focalization of the THz laser beam between the prongs of the

standard 32 kHz-QTF, since the space between the prongs

(300 lm) is comparable with the wavelength of the THz radia-

tion. In addition, available THz sources are characterized by

beam profiles with limited spatial quality. The extension of

QEPAS in the THz range was first reported with QTF#6,72,73

which has a similar geometry as a commercial 32.7 kHz-QTF,

but a prong spacing that is six times wider. A prong design

with spacing of �1 mm (see Table I) facilitated focalization of

the THz laser beam between the prongs without hitting them.

For a first demonstration, a THz QEPAS sensor was designed

to detect methanol and to operate at 10 Torr at the resonance

frequency of the fundamental mode at 4.245 kHz. A cryogenic

THz QCL emitting �40 lW at 3.93 THz (�76.3 lm) was used

as the light source. The oscillation strength of the selected

methanol transition is 4.28� 10�21cm�1. The QEPAS sensor

achieved a detection sensitivity of 7 ppm in 4 s, corresponding

to a NNEA¼ 2 � 10�10 W cm�1 Hz-1=2, comparable with the

best results of mid-IR QEPAS systems, demonstrating the use-

fulness of the QEPAS technique in the THz range. In fact, the

record NNEA value to-date for QEPAS was obtained in the

THz range,74 operating at the same experimental condition

of Refs. 72 and 73, but employing QTF#5. A detection sensi-

tivity of 160 ppb of methanol in 30 s and a NNEA¼ 3.75

� 10�11 cm�1 W Hz-1=2 were achieved. A photograph of the

THz QEPAS setup employed in Ref. 74 is shown in Fig. 14.

The main difference between QTF#6 and QTF#5 is the

prong spacing. Since for a focused laser beam the decay of

the incident acoustic wave pressure on the prong depends

critically on the distance between the focused laser beam

position and the internal prong surface, the reduction of the

prong spacing from 1 mm (QTF#6) to 700 lm (QTF#5) led

to an improved acousto-electric transduction efficiency and

thereby better sensor performance. Further reduction of the

prongs spacing is not feasible, because the prongs spacing

becomes comparable with the THz QCLs focused beam size

(�500 lm) and this would lead to a strong increase of the

background noise. Another demonstration of THz QEPAS

system was reported in Ref. 75 for the detection of hydrogen

sulfide (H2S) detection. The system architecture is based on

QTF#5 and exploited a quantum cascade laser (QCL) emit-

ting 1.1 mW at a frequency of 2.913 THz. The tuning range

of the QCL allowed the excitation of a H2S rotational

absorption line with a line-strength of S¼ 1.13 � 10�22 cm/

mol. A H2S detection sensitivity of 30 ppm in 3 s and 13 ppm

for a 30 s integration time was achieved, corresponding to a

NNEA¼ 4.4 � 10�10 W�cm�1�Hz�1/2, which is significantly

better than values previously reported for mid-IR and near-

IR H2S QEPAS sensors.38,76,77

D. Single-tube micro-resonator systems

Acoustic micro-resonators are important components to

improve the performance of QEPAS sensors.2,14 Among the

FIG. 13. (a) Dependence of the QTFs resistances versus (• symbols) versus the ratio Lp
2/W�T1=2. QTF St. is the standard QTF. The solid curve is the best linear

fit considering only the standard QTF (QTF St.) and QTF#2,3,5,6, using the function R¼ n� Lp
2/W�T1=2, with n¼ 0.346 kX/�mm. (b) quality factor Q (• symbols)

versus WT/Lp. The red dashed line is the best linear fit, using the function Q¼m� w�T/Lp, with m¼ 3.04 � 105 mm�1. All measurements have been performed

at atmospheric pressure.

FIG. 14. Photograph of the THz QEPAS based trace gas sensor employed in

Ref. 74. The inset on the upper right-hand side of Fig. 14 shows an enlarged

view of the QEPAS cell. The upper part of the QTF inside the cell is also visible.
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different QEPAS spectrophone configurations, the on-beam

one showed the strongest acoustic coupling efficiency

between the QTF and the mR, resulting in an optimum signal

to noise (SNR) gain factor of �30 (Ref. 14) for a standard

32 kHz-QTF. The on-beam spectrophone configuration con-

sists of two stainless steel tubes with the QTF inserted

between them. The two half mR tubes, positioned on the two

sides of the QTF, confine the acoustic waves and drive the

QTF prongs to vibrate. However, the insertion of the QTF

distorts the resonance mode of acoustic standing waves in

the mR, as shown schematically in Fig. 15(a), resulting in a

reduced pressure field amplification factor and an optimal

mR length falling in the range k/2<L < k, where k is the

acoustic wavelength.14,79

By decreasing the distance between the two tubes, the

distortion of the acoustic mode can be reduced. However,

the tubes cannot be located too close to the QTF otherwise

damping effects start to dominate.14 The optimal distance

between 32 kHz-QTF and tubes was experimentally found

and falls in the range of 25 lm–50 lm. The distortion of the

acoustic mode confined within a resonator can be signifi-

cantly reduced by positioning a single-tube between the

prongs of the tuning fork. A pair of slits must be opened on

each side of the tube waist, symmetrically in the middle of

the mR, where the acoustic pressure antinode and the QTF

are located, as schematically shown in Figs. 15(b) and 16. A

single tube cannot be employed for the 32 kHz-QTF, since

the space between the prongs is only 300 lm: a single tube

�1 cm-long and with internal diameter <300 lm would

make optical alignment difficult in the near-IR and impracti-

cal in the mid-IR and THz spectral ranges. In contrast, the

possibility to operate with custom QTFs with a prong spac-

ing of up to 1 mm (see Table I) opens the way to the imple-

mentation of a single-tube mR configuration in an on-beam

QEPAS spectrophone (SO-QEPAS configuration).

The first demonstration of SO-QEPAS spectrophone

was reported in Ref. 80, employing QTF#2 having a prong

spacing of 800 lm. The optimal single tube mR geometrical

parameters resulted in an internal diameter of 650 lm and a

length of 38 mm, considering that the acoustic wavelength k
for the QTF#2 operating at 7.2 kHz is �48 mm. Since the

behavior of the single-tube on-beam mR is similar to that of

an ideal one-dimensional acoustic resonator, the optimal sin-

gle tube length is close to k/2, while in a standard dual-tube

mR system the total length is close to k. The reported opti-

mum full length of the mR for the traditional two-tubes on-

beam spectrophone configuration for QTF#2 is 46 mm.78

The signal-to-noise amplification factor obtained with the

SO-QEPAS configuration resulted in an enhancement factor

of �130 in comparison with the bare QTF#2,80 while for a

standard two-tube mR the highest reported value is �40.78 A

more comprehensive study of the impact of the tubes geome-

try (both single- and dual-tube configuration) on the QEPAS

sensor performance employing custom QTF#2, QTF#5, and

QTF#6 is reported in Ref. 71.

E. QEPAS with QTF operating in the first overtone
flexural mode

In QEPAS sensing, the resonance frequency of the QTF

must be limited below 40 kHz to ensure that the transfer of

the excess energy absorbed by the target gas follows effi-

ciently the fast modulation f of the incident laser radiation.2

For gases with slow energy relaxation rates (such as CO,

CO2, and NO), the energy transfer does not efficiently follow

the laser modulation at 32 kHz.25,26 Hence, relaxation pro-

moters (typically H2O or SF6) are added to the gas sample

mixture in order to increase the energy relaxation process.

FIG. 15. Schematic of the acoustic

pressure distributions in two different

spectrophone configurations, (a) two

tubes separated by a large gap; (b) a

single-tube spectrophone configuration.

FIG. 16. Schematic of the single-tube micro-resonator configuration.
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Using this approach, enhancements of two orders of magni-

tude in the QEPAS signal have been reported.2,26,64,82,83

This requires accurate measurements of the promoter con-

centration and additional sensor calibration. A reduction of

the operational frequency fulfills the f� 1/2psT condition

for slow-relaxing gases and was one of the main motivations

that guided the realization of custom QTFs. However, the

first overtone modes frequencies are also reduced with a

decrease of the fundamental resonance frequency to �3 kHz.

This opened the way to the implementation of QTF overtone

flexural modes for QEPAS trace gas sensing. By using Eq.

(4), it can be verified that the first overtone mode frequency

is �6.2 times higher than the fundamental mode. For a

32 kHz-QTF, the first overtone mode falls at frequencies

�200 kHz (Ref. 81) and cannot be implemented in a QEPAS

based sensor system. The first demonstration of QEPAS sys-

tem exploiting a QTF operating on the first overtone flexural

mode is reported in Ref. 84. In this case, QTF#5 (having a

fundamental resonance frequency at 2.8 kHz and a first over-

tone mode at �17 kHz) was implemented in a QEPAS based

sensor system operating in the near-IR spectral range. The

selected target gas was water vapor and allowed a compari-

son of the QEPAS signal using both the fundamental and

first overtone QTF flexural modes.

The fundamental and the overtone mode exhibit differ-

ent quality factors because the loss mechanisms depend on

both the resonance frequency and on the vibrational dynam-

ics of the resonance mode. The dominant loss mechanism is

vibration damping due to the medium surrounding the vibrat-

ing QTF. A resonating QTF prong in a medium can be physi-

cally treated as a solid body immersed in an airflow with a

small Reynolds number (i.e., in case of laminar flow). The

damping dynamics are derived from the Navier-Stokes equa-

tion and the continuity equation for incompressible fluids.

When the prongs are oscillating at the n-th natural flexural

frequency, the quality factor associated with air damping

Qair can be assumed to be proportional to87

Qair /
4pqTW2fn

3plW þ 3

4
pW2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pqalfn

p ; (8)

where qa is the air density, l is the air viscosity. Qair

increases with the resonance frequency, since the air damp-

ing effect decreases with an increasing overtone mode order

n. If 3/4pW2�(4pqalfn)� 3plW, the Qair factor can be con-

sidered to be quasi-independent of the crystal width W,
which implies that fn � 4 l/(pqaW2). In standard QTF oper-

ating conditions (room temperature and pressure in the range

10–760 Torr), this approximation is valid for overtone modes

and leads to the following simplified dependence for the

Qair, overtone based on its geometrical parameters:

Qair;overtone /
8

3

qT
ffiffiffiffi
fn

pffiffiffiffiffiffiffiffiffiffi
pqal
p / T3=2

Lp
: (9)

For a QTF, the air damping mechanisms are strongly reduced

when the QTF vibrates at the overtone mode with respect to

the fundamental mode. A second loss mechanism to be

considered for a vibrating QTF is support losses. Support

losses are due to dissipation of the prong vibrational energy

through its support. Hence, support losses are influenced by

the vibrational dynamics of the resonance mode. In terms of

the Q-factor, the contributions of extrinsic and intrinsic loss

mechanisms depend on the vibrational dynamics of the

selected resonance mode, since each vibrational mode can be

characterized by different distributions of its effective mass.85

The fundamental in-plane flexural mode can be represented

by a single point-mass on the prong tip, while the first over-

tone can be considered as a system of two-coupled point-mass

subsystems, located at two antinodes. The different distribu-

tion of the effective mass affects mainly the support losses.

Since the dimensions of the support are assumed to be much

larger than those of the prong, flexural vibrations can be

treated using the single cantilever beam theory. The contribu-

tion of the quality factor due to support losses is given by86

Qsup /
1

k2
n

LP

T

� �3

; (10)

where kn is a constant that increases as the mode number

increases. Hence, Qsup is mainly influenced by the ratio

between the prong length and its thickness and decreases for

higher order modes. For overtone modes, the higher the Lp/T
ratio, the lower will be the mechanical stress onto the QTF

support. The total losses can be evaluated by considering the

sum of the different factors causing energy dissipation and

hence the overall quality factor for a QTF operating in air

can be expressed as

1

Q
¼ 1

K0

1

Qsup

þ 1

Qair

� �
: (11)

The factor K0 takes into account the fraction of the col-

lected piezoelectric charge with respect to the total generated

charge due to the partial coverage of the QTF surface by

electric contacts. To reduce the support losses of the over-

tone modes, the factor (Lp/T)3 should be increased [see Eq.

(8)], leading to an increase of the air damping losses, affect-

ing negatively the overall quality factor. Thus, even if the

support losses increase with the mode number,86 it is possi-

ble to obtain a larger Q-factor for overtone modes with

respect to the fundamental mode by optimizing the QTF

prongs dimensions in order to strongly reduce the air damp-

ing mechanisms, which is the dominant loss mechanism.

The first overtone flexural mode can be modeled as 2-

coupled point-masses, each one positioned at an antinode

and oscillating in counter-phase. The two antinodes identify

the position of the maximum vibration amplitudes along the

prong. A typical calculated vibration profiles of the QTF

prongs at the first overtone flexural mode for maxima dis-

placements conditions is shown in Fig. 17 (for QTF#5) as a

function of the distance from the support base for the first

overtone mode. The vibrational profile was calculated

assuming standing waves propagating along the two QTF

prongs. The QEPAS signal is strongly dependent on the posi-

tion of the laser focusing point along the QTF symmetry

axis. When the focusing spot is located at the antinodes
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points of the vibration profile, where the maximum vibration

amplitude is allowed, the QEPAS signal is maximized.

The optimum laser focusing position along the QTF

symmetry axis must be identified for each QTF design by

measuring the correlated QEPAS peak signals obtained by

slowly scanning step by step the laser focusing position

along the QTF symmetry axis. A representative first overtone

flexural mode QEPAS scan, obtained for QTF#4, is shown in

Fig. 18. The discrepancy between the QEPAS signal at two

antinodes results from the spherical symmetry of the exciting

acoustic wave.

The closer to the prong top is the vertical position of the

acoustic source, the larger is the fraction of the pressure

wave not hitting the QTF prong. This effect downshifts at

0.8 mm the optimum vertical position of the laser spot for

the antinode at the prongs top2 and do not influence the lower

antinode at 4.7 mm that becomes the more efficient one. A

similar behavior was observed for other QTFs.52,71,84 More

detailed investigations of custom QTFs operating in the

overtone flexural modes are reported in Refs. 52 and 71. The

resonance frequencies for the overtone mode (f1) and related

Q-factors (Q1) are reported in Table III.

A selection of six custom QTFs were investigated to

compare QEPAS signals obtained operating at the QTFs fun-

damental and first overtone flexural modes. QTF#2 and

QTF#5 were implemented in QEPAS sensor systems

employing a single-mode diode laser as an excitation source,

targeting a water absorption line at 7299.43 cm�1 with a

line-strength of 1.01� 10�20 cm/mol,52 whereas QTF#4 and

QTF#6 were tested using a QCL emitting at 1296.49 cm�1,

in resonance with a water absorption line having a line-

strength of 1.70� 10�22 cm/mol.71 In all cases, the gas sam-

ples consisted of air containing a fixed concentration of 1.7%

of water vapor. The focused laser spot was positioned

between the two prongs at the vertical positions maximizing

the QEPAS signal. In particular, when operating at the QTFs

first overtone mode, the lower antinode point was selected.

The operating gas pressure and laser modulation amplitude

were optimized for each QTF fundamental or first overtone

modes. A comparison between the QEPAS spectral scans

measured for the two vibrational modes of the investigated

QTFs are shown in Fig. 19.

For QTF#4, QTF#5, and QTF#6, the QEPAS peak sig-

nal acquired when operating at the QTFs overtone mode is

higher than the corresponding one measured using the funda-

mental mode. These results confirmed that, by optimizing

the QTF design, it is possible to favor the first overtone flex-

ural mode operation with respect to the fundamental mode

one in terms of QEPAS signal.

F. Single-tube micro-resonator coupled with QTF
operating at the first overtone flexural mode

With respect to the standard 32 kHz-QTF, the realization

of QTFs with lower resonance frequency and larger prongs

spacing is advantageous in terms of gas target relaxation

rates and optical sensor alignment. However, implementing

dual-tube or single-tube mR for QTFs having resonance fre-

quency <10 kHz becomes challenging. The length of the mR

is correlated with the sound wavelength, given by k¼ v/f,
where v is the sound speed (343 m/s in air). As an example,

FIG. 17. Deformation of the QTF prongs (a) and normalized lateral dis-

placement for the QTF#5 first overtone mode calculated as a function of dis-

tance from the support and normalized with respect to the maximum value

occurring at 17 mm (b). Blue circles represent the point-mass subsystems.

Both deformation and vibration profiles have been calculated using Comsol

Multiphysics software.

FIG. 18. Normalized QEPAS signal as a function of the beam distance from

the QTF support measured for the first overtone mode of QTF#4 at atmo-

spheric pressure. The laser beam position was scanned along the symmetry

axis of the QTF. All data are normalized to the QEPAS highest signal, mea-

sured for the first overtone mode at d¼ 4.7 mm.

TABLE III. Experimental and calculated QTFs physical parameters: reso-

nance frequencies of the first overtone flexural mode f1,vac (calculated) and

f1
(exp) (measured) and related quality factor Q1. The operating pressures are

also listed.

f1,vac (Hz) f1(exp) (Hz) Q1 Pressure (Torr)

QTF standard 200263.1 191784.66 8500.0 vacuum

QTF #1 86088.96 86574.40 9464.2 760

QTF #2 47456.56 41075.90 10770.3 75

QTF #3 52729.52 51009.13 15895.2 760

QTF #4 21789.04 21497.23 24533.8 75

QTF #5 18245.50 17788.95 31373.8 75

QTF #6 25786.05 25413.10 9800.0 760
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for an f as low as 10 kHz, k¼ 3.43 cm. As discussed in Sec.

III D, the optimal mR length falls between k/2 and k, because

of the mR acoustic coupling with the QTF, closer to k for

dual-tube mR,14 while closer to k/2 for a single-tube mR.80

For QTFs operating at frequencies <10 kHz, the optimal

length of the mR system is several cm. This makes optical

alignment challenging when operating with mid-IR and

inhibits operations with a THz laser or excitation sources

with limited beam profiles. For example, for QTF#6 operat-

ing at 4.2 kHz and implemented in the first demonstration of

a THz QEPAS sensor system,72 the optimal single-tube mR

length is �8 cm. For QTF#2 operating at 7.2 kHz, this length

is reduced to �3.8 cm, still more than 4 times larger than the

length of the dual-tube mR used for the commercial 32 kHz-

QTF (�9 mm).

Since the first overtone frequency is �6.2 times higher

than the fundamental one, operating at the first overtone will

require a significantly reduced mR length, combined with a

higher mode quality factor, when the prong sizes are appro-

priately chosen. The first demonstration of a QEPAS system

implementing a QTF operating at the first overtone flexural

mode and coupled with a single-tube mR is reported in Ref.

88. A schematic of the employed setup is shown in Fig. 20.

A single-mode continuous-wave distributed feedback

(DFB) laser emitting at 1.37 lm was employed as the excita-

tion source to generate photoacoustic signals, targeting a

water vapor absorption line. QTF#5 was implemented for

this demonstration and the support losses were significantly

reduced due to the optimization of geometrical ratio Lp/T,

providing a more than 2� higher Q-factor for the overtone

mode with respect to the fundamental mode.52,84 The maxi-

mum signal amplitude was obtained for a single-tube length

of 14.5 mm, larger than k/2 (9.5 mm), proving that the first

harmonic acoustic standing waves in the mR were partially

distorted by the two slits present in the resonator. The high-

est signal amplitude obtained is �50 times larger than that

measured using a bare QTF operating in the first overtone

resonance mode and �380 times higher than that obtained

with the bare QTF operating in fundamental resonance

mode. The achieved sensitivity enhancement factor is �13

FIG. 19. QEPAS spectral scans of a

gas mixture containing air with a 1.7%

water concentration for the fundamen-

tal mode (black solid line) and for the

first overtone one (red solid line) of the

QTF#5 (a), QTF#2 (b), QTF#4 (c), and

QTF#6 (d). QTF#2 and QTF#5 were

operated at 75 Torr, while QTF#4 and

QTF#6 were operated at atmospheric

pressure.

FIG. 20. Schematic of the experimen-

tal setup. DFB: distributed feedback

laser; PC: personal computer; Rf: feed-

back resistance.

011106-14 Patimisco et al. Appl. Phys. Rev. 5, 011106 (2018)



times higher than that attained by a conventional QEPAS

spectrophone based on a commercial 32 kHz-QTF.14

G. Double antinode excited quartz-enhanced
photoacoustic spectrophone

Different from a fundamental flexural mode, the first

overtone mode oscillation shows two antinodes, oscillating

in counter-phase. Hence, it is possible to excite two reso-

nance antinode points simultaneously by using two laser

beams if their phase shift is properly adjusted. The first dem-

onstration of a double-antinode excited quartz-enhanced

photoacoustic spectroscopy (DAE-QEPAS) system was

reported in Ref. 89, implementing QTF#5 and a dual-tube

mR system. The schematic of the double antinode excited

QEPAS (DAE-QEPAS) spectrophone is depicted in Fig. 21.

The QTF is positioned between the two mRs tubes to

probe the acoustic vibration excited in the gas contained

inside the tubes and the two mRs are positioned at heights

corresponding to the lower and higher QTF first overtone

resonance antinode points. The schematic of the DAE-

QEPAS setup is shown in Fig. 22.

A pigtailed distributed feedback (DFB) laser emitting at

1.37 lm was employed to generate the photoacoustic signal,

by exciting a H2O absorption line located at 7306.75 cm�1

with a line intensity of 1.8� 10�20 cm/mol. The PZT phase

compensator was used to adjust the phase between the two

laser beams passing through the two mRs in order to maxi-

mize the QEPAS signal. The phase shift between the two

antinode points is �180�. The laser beam passed twice

through the lower mR and once through the upper mR, excit-

ing the two QTF resonance antinodes simultaneously with a

compensated phase. The largest QEPAS SNR was obtained

employing 8.5 mm-long tubes for the two mRs. The achieved

signal amplitude was �3 times higher than that obtained

with standard on-beam QEPAS, �100 times higher than that

obtained with a bare QTF operating at the first overtone

mode and �500 times higher when operating at the funda-

mental flexural mode resonance. A comparison of the best

results achieved with the different on-beam spectrophone

configuration reported to date is shown in Table IV.

The minimum mR length for custom QTFs demonstrated

so far is 14.5 mm comparable with the standard 32 kHz-QTF

mR length (�10 mm). Further improvement of the SNR gain

factor can be achieved either by assembling two single-tube

mRs exploiting the SO-QEPAS configuration or by designing

and implementing an octupole configuration for the QTF gold

FIG. 21. Schematic of the DAE-QEPAS spectrophone.

FIG. 22. Schematic of the DAE-

QEPAS setup. DFB: distributed feed-

back diode laser; OC: optical circulator;

PZT: piezoelectric transducer; HVA:

high voltage amplifier; PM: power

meter; PA: pre-amplifier; PC: personal

computer; Rf: feedback resistance.
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pattern in order to increase the charge collection efficiency of

the first overtone flexural mode resonance. The possibility to

increase the space between the prongs, potentially up to few

mm will allow to employ mR tubes with a large ID, thereby

simplifying optical alignment and making the QEPAS spec-

trophone less sensitive to external vibrations in future field

applications such as sensing on trains or on-drones.

H. Simultaneous dual-gas detection

Multi-gas on-line detection is a topic of considerable

interest in recent years because of its important applications

in environmental monitoring, medical diagnosis, industrial

process control, agriculture and food industries, and pollu-

tion monitoring. In several cases, like isotope concentration

ratios, to retrieve the actual ratio value, the concentration

measurements of two isotopes must be performed simulta-

neously. This is also the case when it is required to control

the relative concentration of two different gas target in a

matrix that rapidly changes with time, as in agricultural

applications or from sample to sample, as in breath analysis

(e.g., NO and H2O). With a standard QEPAS approach,

simultaneous gas detection is not feasible since the force

sensing based QTF cannot recognize the molecular source of

an induced acoustic wave. Even when a single laser source is

able to separate two absorption features referred to two

different gas species, there is a delay in time in the measure-

ments of two different target gas concentrations, since the

laser source has to be tuned from one absorption line to the

other absorption line.

However, due to the reduction in the fundamental reso-

nance frequency achieved with custom QTFs, the first over-

tone flexural mode becomes available for QEPAS operation,

allowing the simultaneous excitation of the QTF both on the

fundamental and first overtone modes, using the same or

two different laser sources. Recently, this approach was

employed in the first demonstration of simultaneous dual-gas

sensing, based on a QTF frequency division multiplexing

(FDM) technique.90 The QTF in a dual-gas QEPAS sensor is

excited simultaneously at the fundamental and first overtone

flexural modes by two independently modulated lasers. The

two target gases are detected via demodulation of the custom

QTF piezoelectric signal at the fundamental frequency f0 and

the first overtone frequency f1, respectively, by means of two

lock-in amplifiers. The schematic of the developed dual-gas

QEPAS system is shown in Fig. 23(a). QTF#5 was enclosed

inside a gas cell and two laser beams were focused on the

QTF plane. The focused beams were positioned near to

the antinode point for the fundamental flexural mode

[blue dot in Fig. 23(b)] and close to the first overtone flexural

mode lower antinode point [red dot in Fig. 23(b)], respec-

tively. The QTF was connected to a custom transimpedance

TABLE IV. Comparison of on-beam QEPAS Spectrophone configurations. OD: other tube diameter and ID: inner tube diameter.

QTF Configuration QTF# OD (mm) ID (mm) mR length (mm) Gain factor References

Custom Bare QTF 2 1 80

Two-tubes 2 1.5 1.3 46 40 78

Single-tube 2 0.9 0.65 38 130 80

Single-tube þ overtone 2 0.98 0.62 14.5 380 88

Double antinode þ overtone (dual-tube) 5 1.58 1.3 19 500 89

Standard Bare QTF Stand. 1 2

On-beam Stand. 1.24 0.8 10.0 30 14

FIG. 23. (a) Schematic of a dual-gas

QEPAS sensor system based on a QTF

combined vibration at fundamental and

first overtone modes. TA: transimpe-

dance amplifier. (b) QTF#5 with two

focused laser beam spots represented

by the red and blue dots.
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amplifier, which delivered the amplified signal to two lock-

in amplifiers for wavelength modulation detection.

A preliminary test with both laser sources tuned to the

same wavelength at 1368.6 nm, resonant with a H2O absorp-

tion line was performed to verify that there are no cross-

talking effects between the fundamental and the first overtone

flexural mode QEPAS signals, when the QTF was operated in

the combined vibrations. No interference effects and no

excess noise were observed when the QTF operates in com-

bined vibrational motion with respect to the pure fundamental

or first overtone flexural mode. The capability of the QEPAS

sensor to perform simultaneous dual-gas spectral detection

was demonstrated by implementing a DFB laser source target-

ing an acetylene (C2H2) absorption line located at

6541.96 cm�1 with a line-strength of 3.5� 10�20 cm�mol�1

(Ref. 91) and a diode laser targeting a H2O absorption line.

The QEPAS spectra of both H2O and C2H2 were acquired

continuously without signal cross-talking. The sensor perfor-

mance in terms of NNEA coefficient for H2O and C2H2 are

9.12� 10�7 cm�1�W/Hz1/2 and 1.51� 10�7 cm�1�W/Hz1/2,

respectively. The difference in performance is due to the dif-

ferent QEPAS response of QTF#5 for the fundamental vibra-

tional mode with respect to the first overtone mode, which is

�6 times higher for the latter. This difference can be adjusted

by optimizing the QTF prongs geometry.

Applications of a dual-gas QEPAS system include detec-

tion of gases with slow energy relaxation rates (such as NO,

CO, and CH4). As mentioned previously, to enhance the

QEPAS signal, relaxation promoters (typically H2O or SF6)

are added to the gas mixture and are crucial to control their

concentration levels. Thereby, the additional detection channel

can be devoted to monitoring the relaxation promoter concen-

tration and using this information to normalize the slow-

relaxing gas QEPAS signal amplitude.82 Further improvements

of dual-gas QEPAS sensors performances can be achieved

by adding dual- or single-tube acoustic micro-resonators to

enhance the generated photo-acoustic wave intensity.

IV. CONCLUSIONS AND OUTLOOK

This review has focused on recent advances in the

QEPAS sensing technique for the detection and monitoring

of trace gas species. Progress to-date in terms of custom

QTF development, spectrophone configurations, and new

approaches for QEPAS sensing were reviewed. Compared

with a 32 kHz-QTF configured with a dual tube mR system,

representing the standard for QEPAS sensors, the first gener-

ation of custom QTFs67 results in better sensing perfor-

mance, as demonstrated in Ref. 80, where QTF#2 coupled

with a single-tube mR provided a 4 times higher SNR factor

and a �1.5 improvement factor of the NNEA (1.21� 10�8

cm�1 �W=
ffiffiffiffiffiffi
Hz
p

for QTF#5 as compared to 1.8� 10�8

cm�1 �W=
ffiffiffiffiffiffi
Hz
p

for the 32 kHz-QTF), at the same operating

conditions. Furthermore, the possibility to increase the

prongs spacing makes the optical alignment less critical,

especially with laser sources having limited spatial beam

quality. Custom QTFs allowed the extension of the QEPAS

technique in the THz range, where, due to the fast rotational-

vibrational relaxation rates, the QEPAS technique is more

efficient, as demonstrated by the record NNEA factor

achieved so far [3.75� 10�11 cm�1 W�Hz-1=2 (Ref. 74)] The

reduction of the fundamental flexural mode resonances in

custom QTFs opened the way to the exploitation of the first

overtone mode for QEPAS sensing. This leads to the demon-

stration of new approaches such as the double antinode

excited QEPAS and the first demonstration of simultaneous

dual-gas detection with an optical sensor due to the possibil-

ity to excite simultaneously the QTF at the fundamental and

the first overtone flexural modes.

In conclusion, several novel approaches of QEPAS

based trace gas sensors have been demonstrated, potentially

improving the sensitivity, size, robustness, and cost, making

these sensors mature for real-world applications, including

environmental monitoring [CO, CO2, NO, CH4, H2CO,

C2HF5, N2O, NO2 (Refs. 25, 26, 29, 48, 54, 55, and 92–95)],

industrial applications [HCl, CH4, C2H6, H2S, SF6 C2H2

(Refs. 16, 38, and 96–98)], agricultural applications [C2H4,

CH4, N2O (Refs. 94 and 99)], and breath analysis (NO, CO,

NH3, C2H6, H2S, HCN).25,26,38,96,100,101 Thanks to the com-

pactness and robustness of QEPAS based sensors modules,

other interesting real world chemical sensing applications

such as sensing-on-drones and on rail vehicles can be

envisaged.
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