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A  power-boosted  quartz-enhanced  photoacoustic  spectroscopy  (QEPAS)  sensor  is  developed  for  sub-ppm
H2S  trace-gas  detection  in the  near-infrared  spectral  region.  The  sensor  is  based  on  off-beam  QEPAS  with
an erbium-doped  fiber  amplified  1582  nm  distributed  feedback  (DFB)  laser.  The  offset  of the  sensor  floor
noise caused  by  stray  light and  gas  flow  can  be  removed  by an  electrical  modulation  cancellation  method,
which  lowers  the  noise  to the theoretical  thermal  noise  level.  The  sensor  was  optimized  in  terms  of  gas
pressure  and  current  modulation  depth  for H2S detection  at 6320.6  cm−1. The  linearity  of  the  sensor
race gas detection
uartz enhanced photoacoustic

pectroscopy
pectrophone
rbium doped fiber amplifier
odulation cancelation method

response  to the  laser  power  and  H2S concentration  confirms  that  saturation  does  not  occur.  With  ∼1.4  W
optical  excitation  power  and 67 s averaging  time,  a H2S detection  sensitivity  of  142  ppbv  (parts  per  billion
by  volume)  is achieved  at atmospheric  pressure  and  room  temperature,  which  is the  best  value,  reported
in  the  literature  so far  for H2S QEPAS  sensors.  A side-by-side  sensitivity  comparison  for  different  sensor
systems  is  also  reported.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Hydrogen sulfide (H2S), one of the major air pollutants glob-
lly, is a colorless, toxic, flammable gas, which is mainly released
nto the atmosphere by burning of natural gas, fossil fuel, and other
ulfur-bearing fuels as well as volcanic eruptions [1]. H2S can also be
ound in well water (occurs either naturally in well water or due to
he presence of sulfate-reducing bacteria) and anywhere elemental
ulfur is exposed to organic material [2] as well as sewers, swamps
nd waste treatment industries [3]. H2S has an important impact
n atmospheric chemistry as the product of the oxidation reaction
ith oxygen contributes to the formation of acid rain [4]. In the
eld of renewable energies, such as geothermal power plants, the
onitoring of underground H2S emission has significance in pro-

ecting people living in proximity of geothermal installations [5].
2S detection is also relevant in the field of clinical human breath
nalysis, because of its role as a biological signature of several

athological conditions [6]. Furthermore, H2S even at low concen-
ration levels is dangerous to human health. Long term exposure
o concentrations below 150 parts per billion (ppb) by volume can

∗ Corresponding author. Tel.: +86 3517018904; fax: +86 3517018927.
E-mail addresses: donglei@sxu.edu.cn, lei.dong@rice.edu (L. Dong).

ttp://dx.doi.org/10.1016/j.snb.2015.06.049
925-4005/© 2015 Elsevier B.V. All rights reserved.
cause headaches, irritability, conjunctiva congestion, poor memory,
and dizziness [1,6]. Hence, there is a need in developing reliable,
cost-effective H2S sensors, capable for detecting H2S at sub-ppm
(parts per million) concentration levels for applications in envi-
ronmental monitoring, human pathologies research, and industrial
process control [7].

Photo-acoustic spectroscopy (PAS) is a traditional spectroscopic
technique [4,7–10]. PAS has many attractive features, compared
with other optical spectroscopic technique, such as relative sim-
plicity, ruggedness and wavelength independence. Detection of
H2S concentration levels using PAS based optical gas sensor plat-
forms were reported by numerous researchers. Szabó et al. [7]
employed wavelength modulation, resonance frequency tracking
and an easy-to-use method enabling in situ calibration to inves-
tigate H2S detection, obtaining a detection sensitivity of 6 ppm
when using a 1574.5 nm diode laser. Varga et al. [4] reported an
H2S detection limit of 0.5 ppm (3�) with long averaging times
(∼30 min) by means of PAS and a single-mode, fiber-coupled,
telecommunication-type diode laser operating at 1574.5 nm. How-
ever, conventional microphone-based photo-acoustic cells are

sensitive to environmental noise as their low resonance frequency
values, typically <2 kHz, and their sizes are considered to be large
[11,12]. Quartz-enhanced photoacoustic spectroscopy (QEPAS),
first reported in 2002, is a modification of conventional PAS, in

dx.doi.org/10.1016/j.snb.2015.06.049
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.06.049&domain=pdf
mailto:donglei@sxu.edu.cn
mailto:lei.dong@rice.edu
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hich a commercially available piezoelectric quartz tuning fork
QTF) acts as an acoustic wave transducer to detect the sound signal
enerated by the trace gas absorbing the excitation laser beam [13].
he high resonant frequency f0 (∼32,768 Hz) and narrow resonance
idth (3−5  Hz) of the QTF improve QEPAS selectivity and immunity

o environmental acoustic noise [14,15]. Recently some QEPAS-
ased H2S sensors with different excitation laser sources have also
een reported. Viciani et al. [5] and Kosterev et al. [16] studied the
EPAS-based H2S sensors with a near-infrared distributed feed-
ack (DFB) laser. Furthermore, the QEPAS sensor for H2S by means
f mid-infrared and THz laser sources were investigated by Cumis
t al. [17] and Spagnolo et al. [18], respectively.

In all QEPAS-based H2S sensors mentioned above, only the one
mploying the 7.9 �m mid-infrared laser as excitation light offers
he capability of detecting H2S at sub-ppm concentration levels in a
ew second integration time [17]. This is mainly due to the fact that
undamental bands in the mid-infrared region are at least one order
f magnitude stronger than the transitions in near-infrared region
19]. However, near-infrared diode lasers can be attractive in trace
as detection, since they can be operated at room temperature with
ow cost, long life (>10 years), low power consumption, and can
e readily coupled to commercial optical fiber systems [3,20,21].
owever, this approach is a big challenge to achieve H2S detection

n the near infrared overtone absorption band region at sub-ppm
oncentration levels.

A distinct advantage of QEPAS is that the performance of QEPAS-
ased sensors can be improved as the excitation laser power is

ncreased, since the QEPAS detection sensitivity scales linearly
ith excitation laser power. Optical fiber amplifiers, developed

or the telecommunications industry to deliver optical signals
ver long distances, are commercially ready available, robust and
ow cost [22–25]. In an optical fiber amplifier, a short length of
ingle-mode optical fiber, when doped with a small amount of
n appropriate rare-earth ion, such as erbium, and then pumped
ith a ∼980 nm semiconductor diode, can be used to achieve

mplification factors of up to 3 orders of magnitude for input
ignals that occur within the gain bandwidth of the dopant
26]. Although amplification can theoretically be achieved over a
ide range of wavelengths (0.651–2 �m),  it is sufficiently mature

nough only in three telecommunication bands (1450–1550 nm,
520–1570 nm,  and 1565–1610 nm). Fortuitously, an ideal H2S
bsorption line near 1.582 �m,  free from H2O and CO2 interfer-
nce, occurs in the erbium doped fiber amplifier (EDFA) operating
and [22].

In this paper, we describe a QEPAS sensor combined with an
DFA for H2S detection. Benefiting from the watt-level power
utput of an EDFA, the detection sensitivity of the QEPAS based
ensor using a near infrared laser source is considerably improved.
erformance of power-boosted quartz-enhanced photo-acoustic
pectroscopy is investigated and optimized.

. Description of experimental system

A schematic of the power-boosted QEPAS sensor for H2S detec-
ion is depicted in Fig. 1. A near-infrared distributed feedback (DFB)
iode laser (FITEL Inc. Model FRL15DCWD-A82) with a center wave-

ength of 1582.1 nm served as the excitation source. The DFB laser
as mounted onto a driver board which was connected to a com-
uter via a RS232 serial port. Hence the DFB laser temperature and
urrent can be controlled by means of computer. The DFB laser
eam was directed to an EDFA (Connect Laser Technology Ltd.
odel MFAS-L-EY-B-MP) by means of an optical fiber. The EDFA
ffers an adjustable output power from 30 mW to 1500 mW with
he same wavelength as the seed laser. An opto-isolator (Connect
aser Technology Ltd. Model A12104132) was utilized to protect
he DFB laser against back reflections. The output laser beam from
ors B 221 (2015) 666–672 667

the opto-isolator was focused into a 100 �m-diameter light spot by
a fiber-coupled focuser (OZ optics Ltd. Model LPF-01) with 10 mm
focal length, and an acoustic detection module (ADM) was placed
at the focal point of the focuser. As a result, the laser beam passed
without touching any surfaces. The ADM for the power-boosted
QEPAS sensor incorporates a QTF and an acoustic micro-resonator
(AmR) that leads to a further enhancement of the QEPAS signal.
AmRs are usually in either an “on beam” or “off beam” configu-
ration. In the “on beam” configuration, two identical metallic thin
tubes are placed along the excitation laser beam and close to QTF
with a 20–50 �m gap [14,27,28]. Optimum “on beam” QEPAS yields
a signal-to-noise ratio (SNR) gains of ∼30 times than the origi-
nal bare QTF based QEPAS geometry [29]. However, very careful
active optical alignment is required for the “on beam” scheme as
the gap between the QTF prongs is only 0.2–0.3 mm  wide and the
total length of the AmR  beam path is ∼8–10 mm [14]. Therefore,
the “on beam” scheme is not used for power-boosted QEPAS sen-
sors. Instead, as shown in Fig. 1, the “off beam” configuration was
employed. The excitation laser beam was  coupled through the AmR,
while the QTF was placed external to the AmR and “listened” to the
photo-acoustic signal via a small slit made in the middle of the AmR.
This “off beam” configuration can optimally avoid touching the QTF
by the laser excitation beam. Although the “off beam” configuration
has a weaker SNR gain in contrast to the “on beam” configuration,
the high power employed can easily compensate for the loss. A thin
metal tube of 5.84 mm  in length with a 0.8 mm inner diameter and
a 1.24 mm outer diameter was  chosen as the AmR. The QTF was
placed as close as possible to, but not touching, the slit (∼0.65 mm
in length and ∼0.15 mm in width). All the geometrical parameters
of the tube are optimal for “off beam” QEPAS as reported in Refs.
[30–32].

The ADM was  enclosed inside a gas enclosure with two antire-
flection coated CaF2 windows. A gas mixing and sampling system,
consisted of two  mass flow controllers (MFCs) (Beijing Seven star
Electronics Co. Model D07-12A, D07-19B) and two gas cylinders
were constructed and located upstream to generate a H2S/N2 gas
mixture of a fixed concentration. A pressure controller (MKS Instru-
ments Inc. Model 649B13TS1M22M) and a vacuum pump (Oerlikon
Leybold Vacuum Inc. Model D16C) were placed downstream to
control and maintain the power-boosted QEPAS sensor system
pressure. The flow rate was  set at a constant rate of 100 sccm.

A 2f wavelength-modulation spectroscopy (2f-WMS)  approach
was implemented by applying a sine wave to the driver board to
modulate the laser wavelength [33]. The sine wave was supplied
by function generator 1(Agilent Model 33210A) and its frequency
was set to one half of the QTF resonant frequency (f = f0/2). When
the QTF-generated current signal was detected, the signal output
from one electrode of the QTF was directed to a custom made
transimpedance amplifier with a feedback resistor of Rg = 10 M�
to convert the current signal into a voltage signal, and directed to
a lock-in amplifier (Stanford Research Systems, Model SR830) for
demodulation in the 2f mode. Meanwhile, the other electrode was
connected to ground (the switch I in Fig. 1 was set to position 1
and the function generator 2 was disabled). For all measurements
reported in this paper, the lock-in amplifier was set to a 12 dB/oct
filter slope and a time constant, � = 300 ms.  All of the data acqui-
sition and processing for this power-boosted QEPAS sensor was
controlled by a computer based Labview program.

3. Effect of high power laser excitation

3.1. Analysis of saturation effect
Generally, the QEPAS signal can be expressed as [34]:

S = CADMP0C˛(p)ε(p)Q (p) (1)
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obtained R2 value of 0.999 proves the linear response of the sensor
to laser power and confirms that the sensor had not reached the
saturation condition [37]. In this case, further evaluation tests were
Fig. 1. Schematic of the power-boosted QEPAS sensor. MFC: mass flow

here CADM is the ADM constant, P0 is the power of the incident
aser radiation, p is the gas pressure, ˛(p) is the peak intensity of the
f absorption spectrum, ε(p) is the conversion efficiency and Q(p) is
he quality factor of the acoustic resonator. However, at high exci-
ation optical power, Eq. (1) may  be no longer valid and a saturation
ffect has to be taken into account [35–37]. The absorption of the
ncident light causes gas molecules to be excited to higher energy
evels which then decay via spontaneous emission or collisional
e-excitation [38,39]. When the laser power is low, the molecular
umber densities N of the lower state can maintain this process.
eanwhile, the relationship of the upper state molecules number

ensities Nu and the total molecules number densities N can be
xpressed by the following expression [40]:

Nu

N
= (I/h�)(Sline/��	)

2(I/h�)(Sline/��	)  + �−1
0 + �−1

1

(2)

here I is the light intensity, Sline is the absorption line strengths,
 is the frequency of the incident laser, 
v is line width of the
ransition, �0 and �1 are non-radiation relaxation time and radi-
tion relaxation time, respectively. When the laser intensity is
ufficiently high, the following condition will be met:

(I/h�)(Sline/��	)  � (�1−
0 +1−

1 ) (3)

nd Eq. (2) is simplified to a constant:

Nu

N
= 1

2
(4)

That implies that the depletion from the vibrational excited level
lows in comparison with the pump rate due to the high laser
ower. There are no more molecules to be excited to higher energy

evels with increasing laser power. In other words, the transition
s saturated. The QEPAS signal will not benefit from further higher
aser excitation power.
In order to avoid the nonlinear response of the sensor from the
aturation effect, an experiment to check the saturation level was
arried out. A certified mixture of 50 ppmv H2S in nitrogen (N2) was
sed. Several 2f-QEPAS spectral scan acquisitions with an optimal
rollers; NV: needle valve; V: valve; ADM: acoustic detection module.

modulation depth of 20 mA were obtained for different laser pow-
ers at atmospheric pressure (p = 760 Torr) and room temperature
(Troom = 297.2 K).

The actual output powers from the EDFA were varied from
100 mW to 1500 mW which corresponds to 80.6 mW to 1402 mW
displayed on a power meter (Ophir Optronics Solutions Ltd. Model
660745) behind the QEPAS spectrophone, due to transmission
losses from the CaF2 windows and the ADM. The laser power mon-
itored behind the QEPAS spectrophone was  used to analyze the
experimental results.

The measured QEPAS peak values with the different powers are
reported in Fig. 2. A linear fitting routine was implemented. The
Fig. 2. Power-boosted QEPAS signal as a function of the actual power measured
after the spectrophone.
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Fig. 3. Noise analysis of the power-boosted QEPAS based H2S sensor. The squares,
circles and triangles showed the background noise caused by stray light and gas flow
H. Wu  et al. / Sensors and A

erformed at an incident laser power of 1402 mW in order to obtain
he highest QEPAS signal.

.2. Background noise analysis and elimination

The background noise must be analyzed, as the detection sensi-
ivity of a trace gas sensor is determined by the SNR. For a traditional
EPAS sensor a laser source with low power and good beam quality
an be used, as verified in several experimental studies that showed
hat the observed QEPAS noise is equal to the thermal noise of the
TF and the feedback resistor [41–44]. The thermal noise can be
xpressed as:

V2
N−R +

√
V2

N−Rg
= Rg√

2

√
4kBT�f

R
+

√
4kBTRg�f

√
2

(5)

 = 1
Q

√
L

C
(6)

here Rg = 10 M� is the amplifier feedback resistor, kB is the
oltzmann constant, 
f  is the detection bandwidth, T is QTF tem-
erature, and R, L and C are the electrical parameters of the QTF
hen represented by an equivalent series resonant circuit. The QTF-

elated parameters can be obtained by analyzing the QTF response
rofile as a function of excitation frequency. The response profile
as obtained by applying a sine wave excitation voltage from func-

ion generator 2 (Agilent Model 33210A) to the QTF electrode which
s connected to ground when the QEPAS signal is detected. Specifi-
ally, in this mode, the switch I in Fig. 1 was set to position 2, switch
I was disconnected and the attenuator was disabled. When the fre-
uency of the excitation signal was scanned, the lock-in amplifier
as set to the 1f mode to demodulate the piezoelectric signal pro-
uced by the excited vibration, and the time constant was set at
00 ms.  A theoretical thermal noise of 2.23 �V was obtained with
easured parameters of the QTF (f0 = 32757.86 Hz, Q = 9064 and

 = 278.5 k�).
Subsequently, the virtual noise of the power-boosted QEPAS

ased H2S sensor was measured via a 2f WMS  approach. The diode
aser wavelength with an output power of 1402 mW was  set to tar-
et a H2S absorption line at 6320.6 cm−1. The gas enclosure was
rst filled with pure N2 at atmospheric pressure and room tem-
erature. An offset floor of ∼39.02 �V was observed which is ∼17
imes higher than the theoretical thermal noise value, as shown in
ig. 3. This offset floor is partly caused by the stray light from beam
uality of the EDFA laser output. This stray light leads to periodical
eating of the QTF surface [40]. The absorption of the CaF2 windows
nd the ADM is another reason. This offset floor is a side effect when
sing a watt level laser [32] because there are no experiments that
xhibit an offset floor for diode lasers emitting several tens of milli-
atts [30,32]. An additional offset of ∼6 �V was observed when the
2 flow was 100 sccm, so that the total offset floor was ∼20 times

arger than the QEPAS thermal noise level.
In order to minimize or eliminate the higher offset floor, an elec-

rical modulation cancellation method (E-MOCAM) was used as
hown in the dotted box in Fig. 1. The basic concept of this method is
o electrically induce the QTF vibrating with an opposite phase with
egard to the vibration caused by stray light and gas flow, so that
he offset floor is cancelled [41,45,46]. To implement E-MOCAM, the
witch I in Fig. 1 was set to position 2, and the switch II was switched
n. A sine wave supplied by function generator 2 was sent to the
TF electrode. This sine wave has the same frequency as the QTF

esonant frequency f0, but the opposite phase. The correct phase

elationship was ensured by the trigger from function generator 1
o function generator 2. In this case, the amplitude and phase of
he two sine waves can be adjusted independently. In addition, an
lectrical attenuator was utilized to provide amplitude tuning at the
(100 sccm), background noise caused by stray light (0 sccm), and the final noise after
activating E-MOCAM, respectively.

microvolt level for the balancing signal, as shown in Fig. 1. The vir-
tual noise was  measured again after the E-MOCAM was activated.
The 1� value of the noise was now 2.52 �V which is in agreement
with the thermal noise.

4. Optimization and performance of power-boosted QEPAS
sensor for H2S detection

In Eq. (1),  ̨ depends on the laser wavelength modulation
depth and ˛, ε and Q are all pressure dependent. Hence, in order
to optimize the sensor performance, both the gas pressure and
laser wavelength modulation depth must be chosen appropriately
[47,48]. The optimization was carried out with a 50 ppmv H2S in N2
mixture. The detection was based on 2f WMS  approach by dither-
ing and scanning the laser current, as described in Section 2. The
phase and amplitude of the sine wave that is used to balance the
background noise were adjusted carefully every time the gas mix-
ing pressure was  changed. A H2S absorption line at 6320.6 cm−1

was chosen as the target line as mentioned previously in Section
3.2. An example of the 2f signal of 50 ppm H2S acquired at 300 Torr
and 760 Torr is shown in Fig. 4a. The peak absorption of the H2S
power-boosted QEPAS 2f signal was  depicted in Fig. 4b as a func-
tion of the gas mixing pressure and laser current modulation depth.
At higher pressure the target line merges with its weaker neighbor
at 6320.5 cm−1 and 6320.9 cm−1. This explains why  the signals for
lower pressure (P ≤ 300 Torr) show different changing characteris-
tics with respect to the signals for higher pressure (P ≥ 400 Torr).

A maximum QEPAS signal was  observed at 400 Torr and with a
current modulation depth of ∼15 mA.  In fact, the power-boosted
QEPAS signal value with 20 mA current modulation depth at the
pressure of 760 Torr is only ∼8% lower than the maximum H2S
signal. It is more convenient to operate the power-boosted QEPAS
sensor at atmospheric pressure with only a slightly higher modula-
tion depth because in this case the sensor system can be simplified
by removing both the pressure controller and flow meter. Hence,
further evaluation tests of the power-boosted QEPAS based H2S
sensor were performed at atmospheric pressure with a 20 mA  cur-
rent modulation depth. Based on the measured noise level and
the data depicted in Fig. 4b, a 1� minimum detectable concentra-

tion limit of 734 ppb was obtained at 1 s data acquisition time and
1402 mW laser power. The time constant of lock-in amplifier was
300 ms  corresponding to a detection bandwidth of 
f  = 0.833 Hz.
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Fig. 4. (a) Power-boosted QEPAS spectra of the same H2S absorption lines acquired
at  300 Torr and 760 Torr, respectively. (b) Power-boosted QEPAS signal correspond-
ing to the peak H2S absorption near 6320.6 cm−1 for different gas pressures and laser
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Fig. 5. (a) Power-boosted QEPAS signal repetitively recorded as a function of time
for  H2S concentration values ranging from 1 ppm to 50 ppm. (b) Same data averaged
and  plotted as a function of H2S concentration.
urrent modulation depths. All measurements were performed with a 50 ppmv H2S
n  N2 mixture and a 300 ms  lock-in amplifier time constant.

ence the corresponding normalized noise equivalent absorption
NNEA) coefficient for H2S is 9.8 × 10−9 W cm−1/

√
Hz.

The linearity of the power-boosted QEPAS based H2S sensor was
valuated by measuring its response to the different H2S concen-
rations from 0 ppm to 50 ppm. The data acquisition time was set to

 s and the results of repetitive measurements are plotted in Fig. 5a.
ata for each step are averaged and plotted against the H2S concen-

rations in Fig. 5b. The results confirm the linearity of this sensor
esponse to the H2S concentration.

To evaluate the long term stability of such a power-boosted
EPAS sensor an Allen–Werle deviation analysis was  performed.
he ADM was filled with pure N2 at atmospheric pressure and
oom temperature, and the laser frequency was locked to the H2S
bsorption line at 6320.6 cm−1. The result of this analysis is shown
n Fig. 6. The Allan–Werle deviation follows a 1/

√
t  dependence for

ime sequences ranging from 1 s to 67 s, which indicates that white
oise of the QTF remains the dominant noise source. Mainly limited
y the stability of the EDFA, the Allan–Werle deviation experiences
 sensitivity drift following a
√

t  dependence when the averaging
ime exceeds 100 s. Thus the optimal detection sensitivity can be
educed to 142 ppb for a 67 s integration time.

Fig. 6. Allan–Werle deviation as a function of the data averaging period. Solid circles
trace: laser frequency was  locked to the H2S absorption line at 6320.6 cm−1, data
acquisition time 1 s. Dotted line: 1/

√
t  slope. Dashed line:

√
t slope.
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Table  1
Intercomparison of QEPAS based sensors for H2S detection operating in different spectral ranges.

Near-IR Near-IR [5] Mid-IR [17] THz [18]

This paper [16]

ADM configuration Off-beam On-beam On-beam On-beam Bare QTF
Frequency (cm−1) 6320.6 6320.6 3788.56 1266.93 97.11
Laser  power (mW)  1402 38.3 3 45 0.24
Linestrength (cm mol−1) 1.11 × 10−22 1.11 × 10−22 1.67 × 10−21 1.51 × 10−21 1.13 × 10−22

Detection limit 734 ppb 10.1 ppm 4 ppm 1.3 ppm Not available
NNEA  (W cm−1/

√
Hz) 9.8 × 10−9 5.8 × 10−9 2.4 × 10−9 2.1 × 10−8 4.4 × 10−10
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[

[

[

[
[

[
T.F. Gallagher, Diode laser spectroscopy of H2

34S around 0.82 �m,  J. Mol. Spec-
Detection limit for longer integration time 142 ppb @67 s No

Laser sources at three different spectral regions have been used
s the exciting radiation in QEPAS-based sensors for H2S detection
enefiting from the wavelength independence of the QEPAS based
race gas sensor. A side-by-side comparison for the three different
EPAS based sensors is shown in Table 1. With the same excitation
avelength of 6320.6 cm−1 in Ref. [16] and our work, the detection

imit was not proportional to the excitation laser power as expected
rom Eq. (1). The reason for this discrepancy is due to the differ-
nt configurations of the two sensor architectures. The sensitivity
nhancement factor for the off-beam configuration is lower than
hat of the on-beam design. However, the highest sensitivity was
btained with the reported power-boosted QEPAS-based sensor. In
act, the higher excitation laser power compensates for the smaller
nhancement factor provided by the off-beam QEPAS sensor con-
guration as well as the weaker absorption line strength compared
ith the absorption lines in the mid-IR or THz spectral regions.

. Conclusions

In summary, a power-boosted QEPAS-based H2S sensor system
as developed using an EDFA and a 1582 nm DFB laser. E-MOCAM
as employed to remove the offset noise floor of the zero QEPAS

ignal. The first demonstration of the use of an EDFA enhanc-
ng QEPAS-based sensor detection scheme in the near infrared
s reported. With a laser power of 1.4 W,  the sensor achieved a
ast (1 s integration time) H2S detection sensitivity of 734 ppb at
tmospheric pressure and room temperature. The detection limit
an be further decreased to 142 ppb with an integration time of
67 s. Our reported QEPAS sensor system obtained the lowest
2S detection limit compared with other H2S QEPAS platforms

eported in the literature. The influence of water vapor on the
easurement results was not investigated in this study. Water

an affect the QEPAS signal amplitude by acting as a promoter of
ibrational–translational relaxation process based on Refs. [5,16].
his effect is also valid at high excitation optical power. Further
mprovement of the detection sensitivity should be feasible for an
n-beam ADM configuration by improving the beam quality of the
igh power laser output from an EDFA by means of a more efficient
ptical beam collimator. Furthermore, the offset noise floor can
lso be removed by employing a custom QTF with a larger gap size
etween two prongs, which will simplify the sensor configuration
nd offer a more rugged and stable QEPAS sensor performance.
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