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Abstract Quartz-enhanced photo-acoustic spectroscopy (QEPAS) is one of the
most robust and sensitive trace-gas detection techniques, which in the mid-IR
range offers the advantage of high sensitivity, compactness and fast time-response.
One of the main features of the photoacoustic techniques is that no optical detec-
tion is required. Thus, the use of the QEPAS technique in THz range would allow
to avoid the use of low-noise but expensive, bulky and cryogenic bolometers. The
results obtained in the development of QEPAS sensors for trace gas detection of
several chemical species, employing mid-IR and THz laser sources will be re-
viewed. Normalized noise equivalent absorption coefficients (NNEA) down to 10°
' em'W/Hz" and part per trillion concentration detection ranges have been at-
tained.

Introduction

The development of compact optical sensors for trace gas sensing is of interest
for a number of applications, including atmospheric chemistry, volcanic activity,
industrial processes, and medical diagnostics (Sigrist 2003). Conventional photoa-
coustic spectroscopy (PAS) is a well-established trace gas detection method based
on the photoacoustic effect (Elia et al 2009). In this method, light energy absorbed
by a gas is converted to heat that generally occurs via molecular collision-induced
non-radiative relaxation of excited states. This absorption causes the gas to ex-
pand. If the light is chopped or modulated, the expansion produces pressure waves
that can be detected using a microphone. The common approach used to detect the
acoustic signal utilizes an acoustic resonator filled with the gas. In this way the
absorbed laser power is accumulated in the acoustic mode of the resonator. In or-
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der to obtain an optimal acoustic signal, the laser modulation frequency is typical-
ly selected to match the first acoustic resonance of the cell, given by the equation f
= v/2L, where v is the speed of the sound and L is the length of the cell. Most of-
ten the Q factor is in the range 40-200 and f = 1000 - 4000 Hz. Ideally, PAS is a
background-free technique because only the absorption of modulated laser radia-
tion generates an acoustic signal. However, background signals can originate from
nonselective absorption of the gas cell windows and external acoustic noise, which
can be reduced by means of a proper isolation of the cell from any mechanical vi-
brations. Quartz-enhanced photoacoustic spectroscopy (QEPAS) sensors are based
on a recent approach to photoacoustic detection which employs a quartz tuning
fork as an acoustic transducer (Kosterev et al 2002, Elia et al 2009). In this way,
the common approach is inverted: the absorbed energy is not accumulated in the
gas but in the sensitive element, i.e. the tuning fork. These quartz tuning forks
have recently become widely used for atomic force and optical near field micros-
copy and therefore their properties have been carefully analyzed. A standard tun-
ing fork (S-QTF) used in electronic watches for timepiece applications has a reso-
nant frequency close to f, = 32,768 (i.e. 2"°) Hz. The mode at this frequency
corresponds to a symmetric vibration mode where the prongs move in opposite di-
rections. S-QTF has tipically Q = 100,000 or higher when it is encapsulated in
vacuum and a Q = 8,000 at atmospheric pressure. At this resonant frequency,
QEPAS devices result in a high immunity of to background acoustic noise as a
consequence of the following behavior and the ambient acoustic noise density ap-
proximately follows a 1/f dependence, so it is very low above 10 KHz. In addition,
sound waves emanating from a distant source tend to apply a force in the same di-
rection upon the two tuning fork prongs, not exciting the piezoelectrically active
mode in which the two prongs move in opposite directions.

Mid-IR QEPAS

To detect a trace gas, modulated laser radiation is directed between the tines of
the tuning fork and absorbed by the gas which gives rise to an acoustic pressure.
This pressure wave excites a resonant vibration of the tuning fork thereby generat-
ing an electrical signal via the piezoelectric effect, thanks to thin gold or silver
films deposited on the quartz surfaces. The electrical signal can be measured as ei-
ther a voltage or a current, depending on the electronic circuit used. The majority
of reported QEAPS sensors include a spectrophone (the module for detecting la-
ser-induced sound) consisting of a S-QTF and a microresonator composed of a
pair of thin metal tubes (Kosterev et al 2005a, Kosterev et al 2005b, Lewicki et al
2007, Kosterev et at 2010, Liu et al 2010, Dong et al 2011, Dong et al 2012). It
was shown that the microresonator yields a signal gain of at least one order of
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magnitude. The sensor including optical pathlength is very small (a few mm in
length) and can be located within a larger sample volume.

The generation of a photoacoustic wave involves the energy transfer from in-
ternal to translational molecular degrees of freedom. If a ro-vibrational state is ex-
cited, a collision-induced vibrational to translational (V-T) or rotational to transla-
tional (R-T) relaxation are followed. The V-T or R-T energy transfer times for a
particular molecule is dependent on the presence of other molecules and intermo-
lecular interactions. The QEPAS measurements that are usually performed at a de-
tection frequency of ~32 kHz are more sensitive to the energy relaxation rate
compared to the conventional PAS (which is commonly performed at < 4 kHz fre-
quency). In case of slow V-T or R-T relaxation with respect to the modulation fre-
quency, the translational gas temperature cannot follow fast changes of the laser
induced molecular vibrational excitation. Thus the generated photoacoustic wave
is weaker. On the other hand, in case of fast energy relaxation processes, the am-
plitude of the photoacoustic signal is not affected by the relaxation time. Thus for
fast-relaxing excited energy levels the photoacoustic signal S is given by:
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where « is the absorption coefficient, P is the exciting radiation power, and F is a
micro-resonator enhancement factor included in this equation to account for a par-
ticular QEPAS sensor design.

In addition, the Q factor depends on the pressure P and can be expressed as:
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where Q,,. is the quality factor in vacuum and « is a parameter dependent on a
specific quartz tuning fork design. From Equ. (2), it is clear that the Q-factor de-
creases at higher pressure but, on the other hand, the energy transfer in energy re-
laxation processes is faster at higher pressure, resulting in more efficient sound
excitation. In addition, merging of closely spaced absorption lines should be taken
into account at higher pressures and broader linewidth than desirable can limit the
gas spectral selectivity. So, the operating pressure is an important parameter to
choose.

Due to this intrinsic coupling of strain and charge displacement, the tuning fork
can be modeled both electrically and mechanically. Thus, the tuning fork can be
described as a circuit with a capacitance C, a resistance R, and an inductance L. A
generally accepted way of observing the tuning fork electrical response is to uti-
lize a transimpedance amplifier with a feedback resistance Rr. Feedback maintains
a zero voltage between the tuning fork electrodes. Thus, the resonant frequency is
related to the electrical parameters,
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while the impedance at resonance was equal to its resistance.

It is verified in many experiments that the QEPAS spectrophone noise is pri-
marily determined by the thermal noise of QTF. The QTF noise measured at the
transimpedance amplifier output at the resonant frequency f; is equal to the ther-
mal noise of the equivalent resistor R:

@ = RF\/T ®)

where <v,2\,> is the root-means-squared (rms) voltage noise at the transimped-

ance amplifier output, 4f is the detection bandwidth, K is the Boltzmann constant
and T 'is the tuning fork temperature.

Different QEPAS configurations have been demonstrated, two of them exploit
a longitudinal acoustic resonance in an organ pipe type micro resonators (mR).
The first of them was originally proposed by Kosterev et al. (Kosterev et al 2005a)
in which the light come through the QTF and the two co-axial adjacent resonator
tubes and is used in most of the reported QEPAS sensors. The second was report-
ed by K. Liu et al (Liu et al 2009) and called “Off- Beam (OB) QEPAS”. In this
second configuration the mR is a single tube with a small opening in the middle,
and a QTF is coupled to the mR by putting it outside the mR tube near the open-
ing. Very recently, Y. Cao et al. (Cao et al 2012), demonstrate evanescent-wave
PAS, which uses tapered optical micro/nano fibers (OMNFs) for photoacoustic
signal generation. An OMNF is threaded through the gap between the two prongs
of a QTF. Light is guided along the OMNF with a very small beam size, and no
precise optical alignment is needed. Modulated light from a single longitudinal
mode laser is transmitted to the OMNEF, and the evanescent field is absorbed by
the target gas, generating an acoustic pressure wave that is detected by the QTF.
Finally, an innovative spectroscopic technique, the modulation cancellation meth-
od (MOCAM) that relies on the use of two QEPAS sensors have been demonstrat-
ed for isotope, gas temperature and concentration measurements (Spagnolo et al
2011a, Spagnolo et al 2011b, Spagnolo et al 2012)

Several chemical species, such as NH;, NO, CO,, N,O, CO, CH,O0, etc.. have
been detected with QEPAS sensors, using laser emitting in the 1-10 um spectral
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range (Kosterev et al 2005b, Lewicki et al 2007, Phillips et al 2007, Schilt et al
2009, Curl et al 2010, Kosterev et al 2010, Liu et al 2010, Spagnolo et al 2010,
Dong et al 2011, Spagnolo et al 2011b, Dong et al 2012, Spagnolo et al 2012,
Spagnolo et al 2013a, Spagnolo et al 2013b) and the results reported so far are
summarized in Table 1.

Table 1. QEPAS detection of trace gases.

Molecule (Host) Fre- Pressure, NNEA, Power, NEC,
quency torr cm ' 'W/HZ'"? mW ppmv
cm’
H,0 (N,)** 7306.75 60 1.9-107 9.5 0.09
HCN (air: 50% RH)*  6539.11 60 46107 50 0.16
CoHy (No)* 6523.88 720 4.1-107° 57 0.03
NH; (Np)* 6528.76 575 3.1-10° 60 0.06
CoHy (No)* 6177.07 715 5.4-10° 15 1.7
CH4 (N2+1.2% H,0)*  6057.09 760 3.7-10° 16 0.24
NoHy 6470.00 700 4.1-107° 16 1
H,S (N)* 6357.63 780 56107 45 5
HCI (N, dry) 5739.26 760 52-10° 15 0.7
CO; (N+1.5% H,0)*  4991.26 50 14-10°® 4.4 18
CH,0 (N2:75% RH)* ~ 2804.90 75 8.7-10° 7.2 0.12
CO (N2+2.2% H,0) 2176.28 100 1.4 - 107 71 0.002
CO (propylene) 2196.66 50 7.4-10% 6.5 0.14
N,O (air+5% SFe) 2195.63 50 1.5-10° 19 0.007
NO (N,+H,0) 1900.07 250 7.5-10° 100 0.003
CoHsOH (Ny)** 1934.20 770 22107 10 90
CoHFs (Np)*** 1208.62 770 78107 6.6 0.009
NH; (Np)* 1046.39 110 1.6-10°® 20 0.006
SFe 948.62 75 27107 18 5-10°

* - Improved microresonator

** - Improved microresonator and double pass through ADM

*** _ With amplitude modulation and metal microresonator

NNEA — Normalized Noise Equivalent Absorption coefficient

NEC — Noise Equivalent Concentration for available laser power and 1 second constant time, 18
dB/oct filter slope

The normalized noise equivalent absorption coefficient measured to date using
QEPAS are better than the best conventional PAS results and experimental study
of the long-term stability of a QEPAS sensors showed that the sensors exhibit low
drift, which allows long term data averaging thus allowing significant improve-
ment of the signal-to noise ratio in concentration measurements. In mid-IR range
(4-12 pm), continuous wave quantum cascade laser (QCL) sources capable of
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thermo-electrically cooled, room-temperature operation, single mode emission
with mode-hop-free frequency tuning, high power (tens to hundreds of mW), and
intrinsic narrow emission linewidth are the best performing light sources and are
commercially available. In combination with these laser sources, QEPAS offers
the advantage of high sensitivity (part-per-billion (ppb) detection limits), large dy-
namic range, compact set-up, fast time-response and simple optical alignment.
Very recently, a record detection limit of 50 part per trillion (ppt) has been report-
ed for SFg, corresponding to a normalized noise equivalent absorption (NNEA)
value of 2.7-107"" W-cm™-Hz ", employing an external cavity QCL and a single
mode mid-IR hollow-core waveguide (Patimisco et al 2012, Spagnolo et al 2012,
Patimisco et al 2013a, Spagnolo et al 2013a, Spagnolo et al 2013b) with internal
core diameter of 300 pum for guiding the laser beam.

THz QEPAS

QEPAS technique is an excellent candidate for high performance gas spectroscop-
ic techniques at long wavelength, i.e. in the THz range, mainly for two reasons: 1)
no optical detection is required, allowing to avoid the use of expensive, bulky and
cryogenic bolometers; ii) QEPAS signal strongly depends from the energy relaxa-
tion rates of the absorption gas species. In gas absorption processes that occur in
the THz range, R-T relaxation rates are involved, and it was demonstrated that R-
T relaxation rates are up to three order of magnitude faster with respect to V-T one
(Flygare 1968) commonly involved in the mid-IR absorption. Thus the possibility
to work with fast relaxing transition levels allows to operate at low pressure, so
taking advantages of the very high QTF Q-factors (see Eq. 2) and enhancing the
selectivity of the QEPAS sensor systems. In the last few years, the rapid growth of
THz QCLs is stimulating a resurgence in THz spectroscopic application. In fact,
THz QCL can provide single-mode emission with considerable frequency tunabil-
ity and with output powers up to one hundred mW in continuous wave operation
at cryogenic temperatures. In addition, THz QCLs have recently demonstrated in-
teresting performances in high resolution molecular spectroscopy, mainly thanks
to their frequency stability. Despite this, the extension of the QEPAS technique to
the THz spectral region has been delayed, mainly due to the difficulty of a proper
focalization of the THz laser beam between the prongs (300 um distance for
S.QTF). Indeed, one of the main criticism in QEPAS experiments is represented
by the laser beam waist between the prongs of the fork. The laser beam has not to
touch the prongs, otherwise an undesirable non-zero background due to the laser
contribution arises. This background is often several times larger than the thermal
noise level of QEPAS sensor, limiting the detection sensitivity (Spagnolo et al
2010, Dong et al 2011). For this reason we adopted a custom-made quartz tuning
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fork (C-QTF), about 6 times bigger than the commercial ones (Patimisco et al
2013b). In Fig. 1 a schematic of the S-QTF and C-QTF is reported:

C-QTF

S-QTF
P o 1mm

Fig. 1 Schematic of Custom quartz tuning fork (C-QTF) and standard quartz tuning fork (S-
QTF).

The prong spacing is ~ 800 um. The single prong is L = 17.7cm long and 1.4
cm wide, with a thickness of 0.8 mm. In order to employ C-QTF in a QEPAS
sensing system we have to verify that it behaves like a S-QTF in terms of reso-
nance frequency and quality factor. The in-plane resonance frequencies of the tun-
ing fork can be found analytically by considering one prong of the fork as a canti-
lever beam. In the fundamental mode of oscillation, the tines move in opposite
directions and the center-of-mass of the fork remains unchanged. The frequency of
the vibration modes of a single beam are obtained by solving the classical Euler-
Bernoulli equation, including clamped-free boundary condition. Thus the reso-
nance frequencies can be predicted by the following equation:

=28 B ©)
8L\ p

where G is the radius of gyration of the beam cross section that for a bar with rec-

tangular cross section is equal to 1A/12 times the thickness, E is the elastic Young

modulus and p is the density of the quartz. The first four solutions of Eq. 6 (E =

0.72 - 10" N/m” and p = 2650 Kg/m’) for C-QTF and S-QTF (3.2 mm long and

0.33 mm wide) are shown in Table 2.

Table 2 n values and the resonant frequencies for the S-QTF and the C-QTF fork employed in
this work, calculated from Equ. (6).

n f. (Hz) - S-QTF f, (Hz) - C-QTF
1.194 31978 4118
2.988 200263 25786

5 560764 72204

7 1099097 141520




A control electronics unit (CEU) is used to determine the equivalent electrical
parameters of the quartz tuning fork and to estimate the quality factor Q, the reso-
nant frequencies f,, and the resistance of the C-QTF. Two resonance frequencies at
fi-1 = 4.245 kHz and f,; = 25.4 kHz have been observed at atmospheric pressure
in pure N,, as reported in Fig. 2. These two resonant frequencies can be easily as-
cribed to the first and the third in-plane resonance (see Table 1). The discrepancies
from the theoretical values, calculated under vacuum conditions, are due to damp-
ing effects of the ambient gas, additional weight of the electrode gold layers, de-
pendence of the elasticity modulus of quartz on the crystallographic axes orienta-
tion and deviations in geometry between the modeled and the real C-QTF.
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Fig. 2 Frequency profiles measured at atmospheric pressure in pure N».

To study the damping effects induced by the environmental gas on the quality
factor, we measured the resonant frequency f; and f; and the respective quality
factor Q, and Qs as a function of the N, pressure. In Fig. 3 are shown the experi-
mental results. f; (f3) versus the gas pressure is linear in the whole investigated
pressure range 10-700 torr, as theoretically predicted (Patimisco et al 2013), with a
slope of -1.19 - 10~ Hz/torr (-4.49 10 Hz/Torr) and the intercept value is 4246.3
Hz (25404.5 Hz), which gives the resonant frequency in the vacuum. The Q, (Q;)
factor pressure dependence shows an exponential behavior, as predicted in eq. 2,
and rapidly decreases with the gas pressure. The best fit parameters obtained using
Equ. (2) are: a = 1.98 -10° Torr" and Q, = 146350 for Q;, and a = 8.73 - 10~
Torr™" and Qy = 13180 for Q.
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Fig. 3 QTF resonance frequency fi measured as a function of the N, gas pressure (a); f3
measured as a function of the N, gas pressure (c); solid lines are linear fit to the data. Q, factor
measured as a function of the N, gas pressure (b); Qs factor measured as a function of the N, gas
pressure (d); solid lines are the best fits obtained by using Equ. (2).

THz QCL-based QEPAS sensor

A picture of the THz QCL-based QEPAS sensor is shown in Fig. 4. A THz
QCL is used as the excitation source for generating the QEPAS signal. It is a sin-
gle-mode bound-to-continuum QCL emitting at 3.93 THz (76.3 pum), driven in
CW mode and mounted on the cold finger of a continuous-flow cryostat equipped
with polymethylpentene (TPX) windows. 90° off-axis paraboloidal gold mirrors
are used to collimate/focalize the THz beam. At 6° K, the laser optical frequency
can be scanned over a 0.025 cm ™' by applying a low-frequency (10 mHz) voltage
ramp up to 1 V to the external analog modulation input of the QCL current supply,
with laser output powers up to 180 pW. A sinusoidal dither at frequency f; or f; is
contemporarily added to the low-frequency voltage ramp, to obtain up to 0.01 cm™
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optical frequency modulation. The signal generated by the quartz tuning fork is
amplified by a custom designed transimpedance amplifier (Ry = 10 MQ). Subse-
quently the signal is demodulated by a lock-in amplifier (Stanford Research Mod-
el SR830) and digitalized by a USB data acquisition card (National Instruments
DAQ-Card USB6008), which is connected to a personal computer. By means of a
pyroelectric camera (mod. Spiricon Pyrocam II1-C), we measured a focused beam
waist of ~ 430 pum after the second parabolic mirror (see Fig. 4) well below the
gap between the QTF prongs (~ 800 um). As a results, in the THz QEPAS exper-
iments almost all of the laser beam were transmitted through the C-QTF without
touching it.

1%t Parabolic
mirror

VY,
i
THZ QCL
source

. &' I~ e
/ QEPAS t o
ALY Cell =
2" Parabolic (S L ——
mirror . Tt AN Py
N 4t Parabolic
; / A mirror ¢ 3

Fig.4  THz QCL-based sensor.

We selected methanol as the target gas molecule. Methanol is widely used as a
solvent, detergent or even denaturant additive for industrial ethanol. The selected
methanol absorption line was the (v=1, K=6, J=11) = (1, 5, 10) rotational transla-
tional transition, falling at vj;,e = 3.9289 THz (131.054 cm ') with line-strength S
=428 - 10*" cm/mol in HITRAN units. Gas mixtures with different methanol
concentrations in pure N, have been obtained by diluting methanol vapors, col-
lected from a reservoir held at the vapor pressure (P = 120 Torr at 300K), with
pressurized N,. Instead, for measurements at low concentrations, we used a certi-
fied 100 ppm methanol/N, gas mixture.
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To find the optimal operating conditions in terms of QEPAS signal-to-noise ra-
tio, we investigated the effects of gas pressure and modulation amplitude. The op-
timal sensor operating conditions were found to occur by using the first resonant
frequency f; of the C-QTF (see Fig.2), and at a gas pressure of 10 Torr and a
modulation amplitude of 600 mV (Patimisco et al 2013b). Under this operating
conditions, the linearity and detection sensitivity of the methanol channel were
evaluated by measuring its response to varying methanol concentration in pure N».
In Fig. 5 is shown a spectral scan of the certified 100 ppm methanol sample (the
lowest concentration tested) in N, at 10 torr.

0.20

o o
N N
o ()]
1 1

QEPAS signal (mV)
o
o
()]

0.00

131.048 131.052 131.056 131.060

Frequency (cm™)

Fig. 5 QEPAS acquisition of a methanol/N2 sample with a certified concentration of 100
ppm and lock-in integration time of 3 sec.

The data in Fig. 5 are collected by setting the lock-in amplifier time constant to
3 seconds and the filter slope to 12dB/oct, corresponding to an equivalent noise re-
lated bandwidth of Af i, = 0.05558 Hz. It was verified that with such integration
parameters the observed spectral lines were not distorted by the lock-in detection.
The total fundamental noise also includes the feedback resistor noise and the oper-
ational amplifier noise, integrated over the full lock-in detector bandwidth. How-
ever, the power density of these noise sources is usually low and therefore expand-
ing the detection bandwidth beyond the tuning fork response does not significantly
increase the noise level. The extracted tuning fork thermal noise, by using Equ.
(5), is ~ 0.12 puV (R corresponding at f} is 6.5 MQ ). For 100 ppm methanol con-
centration the experimentally measured noise level (rms of short term point-to-
point scatter) was in the £25 pV range, several time larger than the thermal noise
level. This can be mainly ascribed to the QCL power fluctuations. The QEPAS
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peak signal for 100 ppm methanol concentration results ~ 170 puV, thus the corre-
sponding Noise Equivalent Concentration (NEC) is ~ 15 ppm.

High-resolution QEPAS scans of a methanol/N, calibrated mixtures with dif-
ferent methanol concentrations with lock-in integration time of 500 ms are shown
in Fig. 6.

51 4.32%

QEPAS Signal (mV)

T T T T
131.046 131.049 131.052 131.055  131.058

Wavenumber (cm™)

Fig. 6 Spectral scan of three representative methanol concentrations at 0.75%, 3.22% and
4.32% at 10 torr using N> as the diluting gas, obtained by a current modulation of fj, a peak-to-
peak voltage amplitude of 600 mV and a lock-in integration time of 0.5 sec. The background
signal has been removed.

We found a clear not-zero background signal: we verified that it is stable over at
least one hour and this permit an efficient background subtraction by post pro-
cessing of the spectra, thus improving the resolution, but also increasing the over-
all measuring time.

To verify the linearity of the THz QEPAS signal as a function of the methanol
concentration, the sensor was operated in the locked mode, i.e. with the THz QCL
frequency set to the center of the absorption line. The experimental data are easily
linearly fitted, confirming the linearity of the system response to the concentration
(Borri et al 2013, Patimisco et al 2013b). In order to characterize long-term drifts
and establish signal averaging limits, we performed an Allan analysis in terms of
the QEPAS signal at zero methanol concentration (pure N,) (Borri et al 2013). For
this analysis, the laser frequency was locked to the methanol absorption line at
131.054 cm ™', and pure carrier gas N, was introduced into the housing where the
C-QTF is placed. For 4 s averaging time (and related bandwidth of 0.04169 Hz)
we achieve a detection sensitivity of 7 ppm, corresponding to a normalized noise
equivalent absorption coefficient (NNEA) of 2.7 - 10" cm™ W/Hz.
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Conclusions

In this work we have reported an overview on the results obtained using QEPAS
technique for trace gas sensing. Mid-IR quantum cascade lasers represent the ideal
radiation sources for QEPAS gas sensing thanks to their excellent spectroscopic
and technical properties, i.e., narrow linewidth, tunability, reliability and room-
temperature operation. We described also the first THz QEPAS sensor employing
a THz quantum cascade laser operating in continuous-wave and a custom-made
quartz tuning fork. The normalized noise equivalent absorption coefficient ob-
tained is comparable with the best result obtained in the mid-IR and in strong
competition with the sensitivities achieved with the most performing cryogenic
bolometers. THz QEPAS detection limit can be further improved by employing
THz QCL with higher emission power (> 100 mW has been already demonstrated
(Williams et al 2006)) and selecting molecules such as HF, H,S, OH, NH;, HCN,
having absorption strengths larger than 10" cm/mol, potentially pushing down to
the part per trillion concentration the QEPAS detectivity range.
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