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Abstract: Ultra-high sensitive and stable detection of hydrogen cyanide (HCN) based on a
quartz-enhanced photoacoustic spectroscopy (QEPAS) sensor was realized using an erbium-
doped fiber amplifier (EDFA) as well as a miniaturized 3D-printed photoacoustic detection
channel (PADC) for the first time. A HCN molecule absorption line located at 6536.46 cm™
was selected which was in the range of the EDFA emission spectrum. The detection
sensitivity of the reported EDFA-QEPAS sensor was enhanced significantly due to the high
available EDFA excitation laser power. A 3D printing technique was used to develop the
compact PADC, resulting in a size of 29 x 15 x 8 mm?® and a mass of ~5 g in order to improve
the sensor stability and implement sensor applications requiring a compact size and light
weight. At atmospheric pressure, room temperature and a 1 s acquisition time, a minimum
detection limit (MDL) of 29 parts per billion (ppb) was achieved, corresponding to a
normalized noise equivalent absorption (NNEA) coefficient of 1.08 x 108 cm=*W/Hz 2, The
long-term performance and the stability of the HCN EDFA-QEPAS sensor system were
investigated using an Allan deviation analysis. It indicated that the MDL can be improved to
220 parts per trillion (ppt) with an integration time of 300 s, which demonstrated this
compact, integrated and miniaturized 3D-printed PADC based sensor had an excellent
stability.
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1. Introduction

Hydrogen cyanide (HCN) is a colorless and extremely poisonous gas molecule. It is usually
released in industrial processing and is an important precursor to many chemical compounds.
Exposure to HCN of < 4.7 ppm, as recommended by the National Institute for Occupational
Safety and Health, NIOSH, is the maximum safe exposure concentration level, because HCN
inhibits the consumption of oxygen by biological cells [1,2]. Due to genetic characteristics,
not all people are able to perceive the almond-like odor of HCN [3,4]. Furthermore, HCN was
identified as a biomarker in the breath of cystic fibrosis (CF) patients [5]. HCN is also
generated by the incomplete combustion of nitrogen-containing polymers, such as plastics,
polyurethanes and paper. Therefore, HCN detection is important in early fire detection
warning on board of aircraft or spacecraft [6,7]. In addition, the presence of HCN has also
observed in planetary atmospheric environmental exploration [8].

In recent years, several techniques for HCN detection have been investigated. An
electrochemical sensor uses doped graphene and other electronic materials as a key
component which changes the conductance after exposure to HCN gas with merits of
compactness and low cost. However, electrochemical sensors are constrained due to poor
detection limits and a long response time [9,10]. Colorimetric chemical sensors are of special
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interest because of their low cost and selectivity. But such sensors have the shortcomings of
limited detection limits, long response time and temporal degradation [11]. Sensor platforms
based on laser spectroscopy such as surface-enhanced Raman spectroscopy (SERS), tunable
diode laser absorption spectroscopy (TDLAS) and photoacoustic spectroscopy (PAS) can be
used for HCN gas detection. These sensors typically achieve a detection limit of ppm or ppb
HCN concentration levels [12-14].

An innovation of microphone-based photoacoustic spectroscopy (PAS), namely quartz-
enhanced photoacoustic spectroscopy (QEPAS) was first reported in 2002 [15]. The QEPAS
technique utilizes a tiny piezoelectric quartz tuning fork (QTF) as the sensing element to
detect the acoustic wave which is generated by the targeted gas analyte as a result of light
absorption. The standard QTF is commercially available, inexpensive, millimeter sized with a
high Q-factor (~10,000 at 1 atm and~100,000 in vacuum) and a narrow resonance frequency
band, which results in excellent immunity to environmental noise [16]. In comparison to a
SERS gas sensor, the QEPAS-based sensor does not need to sample the gas analyte and
therefore can maintain online detection. Furthermore, the QEPAS-based sensor is compact
compared to TDLAS, since the photoacoustic signal is not proportional to the length of
absorption path. Therefore, with its merits of high sensitivity, fast response and compactness,
the QEPAS based gas sensor is an excellent method for trace gases detection [17-21].

In this paper, an ultra-high sensitive detection of HCN based on an erbium-doped fiber
amplifier (EDFA) amplified QEPAS sensor with a miniaturized 3D-printed photoacoustic
detection channel (PADC) is reported for the first time. With the use of a 3D-printed PADC,
the optical and photoacoustic detection components of the reported sensor are more compact
and reliable in contrast to a conventional QEPAS system. An EDFA with a maximum output
power of 1200 mW was utilized to amplify the diode laser output power. A QTF with low
resonance frequency of 30.72 kHz was utilized as the acoustic wave transducer. The
performance of gas sensor was investigated and optimized, which resulted in a ppt-level HCN
detection sensitivity. Further potential performance improvements for the current sensor are
also discussed.

2. Experimental setup
2.1 Selection of HCN absorption line
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Fig. 1. The calculated near infrared (NIR) HCN absorption line based on the GEISA database:
(a) the absorption line in the NIR range; (b) line strength within the 6420-6600 cm™ spectral
range

The calculated near infrared (NIR) HCN absorption line strength based on the GEISA
database is shown in Fig. 1. The strongest HCN absorption region is located in the 6420-6600
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cm spectral range, corresponding to a commercial optical communications band, which has
many available cost-effective laser sources. Figure 1(b) illustrates the HCN molecular
absorption line strength within the 6420-6600 cm™ spectral range, which covers both the R
and P branches [22]. In this experiment, a strong absorption line of 6536.46 cm™ (1529.88
nm) in the R-branch was selected, which is free from spectral interference of other gas
species.

In a QEPAS based sensor system, the signal amplitude S is governed by the following
equation [23]:

aPQ
f

S

M

0

where « is the absorption coefficient, P is the optical excitation power, Q is the Q-factor of
QTF and fy is the QTF resonance frequency. Since the signal amplitude varies linearly with
the optical excitation power, the performance of the QEPAS sensor can be improved by
increasing the excitation laser power. This property differs from other spectra based sensor
such as SERS and TDLAS [12,13]. Diode lasers are usually used in QEPAS technique
because of their compactness and narrow line width. However, the laser output power is in
the milliwatt range, which limits the QEPAS sensing performance. Optical fiber amplifiers,
which are widely used in optical communications (with three operating wavelength bands, S
band: 1450-1550 nm, C band: 1520-1570 nm, and L band: 1565-1610 nm) can be employed
to provide a significant optical signal amplification. Therefore, a commercial erbium-doped
fiber amplifier (EDFA) was implemented to enhance the diode laser output power. To
minimize the dominant amplified spontaneous emission (ASE) noise in an EDFA, a narrow-
band filter with a bandwidth of 1.2 nm and a center wavelength of 1530.33 nm was utilized,
which resulted in an output spectrum of ~1529.73-1530.93 nm. The selected absorption line
of 1529.88 nm is in the range of EDFA.
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Fig. 2. 1.53 um CW-DFB diode laser output performance as function of injection current and
at three operating temperatures of the laser thermoelectric cooler (TEC)

The diode laser output performance was investigated and is shown in Fig. 2. The
experimental determined temperature and current tuning coefficients of the laser were —0.43
cmYem™ and -0.025 cm™/mA, respectively. The maximum optical power emitted by the
diode laser operating at a temperature of 16 °C and an injection current of 120 mA was 22
mW. Therefore, the diode laser can be tuned to target the HCN absorption line of 6536.46
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cm~! by setting the TEC operating temperature of diode laser at 16 °C to obtain the highest
output power.

2.2 3D-printed photoacoustic detection channel

mR Grin Lens
— — L]

(b)

Surface: Flow rate (m/s)
Arrow Surface: Velocity field

Grinlens

(¢) Gas out Gas in

Fig. 3. The 3D-printed PADC: (a) A designed 3D model; (b) 3D-printed PADC including a
grin lens, a QTF and mRs; (c) the flow field within the PADC

In a traditional QEPAS system, the excitation laser is delivered to the PADC by a group of
lenses [24-26]. As a result, the large size and unstable optical configuration from discrete
components limits the sensor’s performance and practical applications. The 3D printing
technique with the advantages of high integration and stability provides an ease of fabrication.
In this research, the PADC was made by a 3D laser printing technique which used an UV-
curable resin as the processing material. Figure 3 shows the design of PADC, the fabricated
product as well as the assembled optical and photoacoustic detection components, and the
flow field within the PADC simulated by COMSOL Multiphysics software. The 3D-printed
PADC has a length of 29 mm, a width of 15 mm and a thickness of 8 mm. With an internal
volume of 1.5 cm?, the assembled gas chamber of the 3D-printed PADC was sealed by a
quartz glass window with UV-curing glue. The laser was transmitted and focused by a fiber-
connected grin lens with a diameter of 1.8 mm. Beyond the grin lens, there was a QTF as well
as a pair of micro-resonators (mRs) with a 25 pum gap. The laser beam could pass through the
QTF prongs and the mR without touching. The remainder of the laser power was transmitted
out of the PADC through a quartz glass window behind the mRs. All the components were
assembled together and the total weight of the 3D-printed PADC including the grin lens, QTF
and mRs was ~5 g.

2.3 Experimental setup

The experimental configuration of HCN detection sensor system is depicted in Fig. 4.
Wavelength modulation spectroscopy (WMS) with 2nd harmonic detection was employed for
sensitive HCN concentration measurements. Modulation of the laser current was controlled
by applying a sinusoidal dither to the direct current ramp at the half of the QTF resonance
frequency (fo). A 1.53 um continuous wave, distributed feedback (CW-DFB) fiber-coupled
diode laser was used as the laser excitation source. The diode laser output was amplified by
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an EDFA with two-stage amplifier and was delivered to the 3D-printed PADC via a grin lens.
Inside the 3D-printed PADC, the HCN molecules were stimulated by the excitation laser in
order to generate an acoustic wave at a frequency, which was equal to twice the laser
modulation frequency. The acoustic wave between QTF prongs was accumulated and
amplified by a pair of mRs, so that the piezoelectric signal generated by the QTF was
enhanced. Subsequently, a low-noise transimpedance amplifier (TA) with a 10 MQ feedback
resistor and a lock-in amplifier were employed to increase and demodulate the piezoelectric
signal into a 2f signal (namely the QEPAS signal). The data acquired by the sensor system
was processed by a computer (PC) using LabVIEW software. A mass flow controller with an
uncertainty of 3% was used to dilute a 50 ppm HCN:N mixture and to control the flow rate at
120 mL/min. The sensor was operated at atmospheric pressure and room temperature.
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EDFA
CW-DFB
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Mass Flow
Controller
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Fig. 4. Schematic of the EDFA-QEPAS sensor system for HCN detection

3. Results and Discussion

In the reported research, a QTF with a f, of 30.72 kHz was used. According to Eq. (1), a QTF
with lower resonance frequency is advantageous in order to obtain a larger QEPAS signal
[27]. Therefore, the advantage of the QTF with f, of 30.72 kHz was compared to a standard
32.768 kHz QTF. The experiments were performed for the same conditions and the results are
shown in Fig. 5. It can be seen that the 2f amplitude signal increased 1.2 times when a QTF
with a fo of 30.72 kHz was employed compared to that of a 32.768 kHz QTF. Two parameters
contribute to an increase of the QEPAS signal. One parameter is the lower resonance
frequency fo. The other is Q-factor of QTF which was measured experimentally. The Q-
factors for QTF with a f, of 32.768 kHz and 30.72 kHz were 5,546 and 6,267, respectively.
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Fig. 5. 2f signal for two QTFs with different f, values of 30.72 kHz and 32.768 kHz at the
same experimental conditions
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A significant improvement of the QEPAS signal can be obtained when a pair of metallic
tubes acting as a micro-resonator (mR) is included in the QTF sensor architecture. The
optimum length of mR tubes should be in the range of A/4~As/2, where A is the sound
wavelength. Hence a range of 2.8~5.5 mm is the optimum length of mR tubes with a sound
velocity of 340 m/s and a frequency of 30.72 kHz. In this experiment, the inner diameter of
stainless tube was chosen to be 0.5 mm and different lengths of 3.0, 4.0, 5.0 and 5.5 mm were
investigated, respectively. The measured 2f signal amplitude with different mRs as a function
of the laser wavelength modulation depth is illustrated in Fig. 6. From Fig. 6, it can be seen
that the maximum signal was achieved when two mR tubes with a length of 5.0 mm were
utilized. Furthermore, the 2f signal amplitude increased when the modulation depth increased
and it did not change appreciably when the modulation depth was >0.26 cm™. Therefore, the
mR tubes with a length of 5 mm and a laser wavelength modulation depth of 0.26 cm™ were
employed in the following investigation.
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Fig. 8. 2f signal with EDFA amplified output power of 1200 mW and the background noise
with pure N,

To improve the sensitivity of HCN detection system, the EDFA-QEPAS sensor
performance was investigated when the optical output power of amplified diode laser was
varied from 300 to 1200 mW. The measured 2f signal amplitude as a function of the EDFA
output power and the HCN concentrations (5-50 ppm) is depicted in Fig. 7. The amplitude of
the 2f signal improved with increasing EDFA amplified output power and the concentration.
The calculated R-square value of a linear fit of the 2f signal for both is equal to ~0.99, which
indicates that the reported HCN sensor exhibits an excellent linearity response of the
excitation laser power levels as well as the HCN concentrations. Saturable absorption effects
did not occur, which means that the EDFA-QEPAS performance can be further improved
when an EDFA with an even higher amplified power output is adopted. Figure 8 depicts the
2f signal when an EDFA output power of 1200 mW and an HCN concentration of 50 ppm
were used. The background signal was measured when the 3D-printed PADC was filled with
pure N». Based on the data depicted in Fig. 8, the 16 minimum detection limit (MDL) of the
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HCN EDFA-QEPAS sensor was 29.6 ppb for a 1 s time constant of the lock-in amplifier. The
corresponding normalized noise equivalent absorption (NNEA) coefficient is 1.08 x 108
cm*W/Hz Y2, which was calculated from the following equation: NNEA = (oumin-P)/VAT,
where amin is the minimum detectable absorption coefficient for SNR = 1, P is the optical
power and VAf is the detection bandwidth.

To assess the long-term stability of EDFA-QEPAS sensor based HCN detection, an Allan
deviation analysis was performed. The 3D-printed PADC was filled with pure N, and the
measurement lasted for more than two hours. The result is shown in Fig. 9, which implies that
a MDL of 220 ppt was achieved when the integration time for the HCN-QEPAS sensor with a
3D-printed PADC is 300 s. The MDL improvement was two orders of magnitude and
demonstrated that this compact and miniaturized 3D-printed PADC based sensor has an
excellent stability.

= Allan plot

Allan deviation (ppb)

0.1

1 10 100
Time (s)

1000

Fig. 9. Allan deviation analysis for time series measurements of pure N,
4. Conclusions

In conclusion, an ultra-high sensitive EDFA-QEPAS sensor with a miniaturized 3D-printed
PADC for HCN detection was demonstrated. An EDFA with an amplified output power of
1200 mW was employed to enhance the detection sensitivity of the reported HCN sensor.
Furthermore, a 3D-printed PADC was developed in order to improve the sensor stability and
be useful in real world applications of such a HCN sensor system. The detection channel is a
compact device containing optical and photoacoustic detection components with a dimension
of 29 x 15 x 8 mm? as well as a mass of the whole structure of ~5 g. A QTF with a resonance
frequency of 30.72 kHz was utilized as the acoustic wave transducer. After optimizing the
laser wavelength modulation depth and the length of the mR tubes, a MDL of 29 ppb for
HCN detection was obtained with a 1 s integration time and an EDFA amplified output power
of 1200 mW, which corresponds to a NNEA of 1.08 x 10® W-cm™-Hz'2 With an
integration time of 300 s, the MDL was significantly improved to be 220 ppt and
demonstrated that this compact, integrated and miniaturized 3D-printed PADC based sensor
is capable of excellent stability. In addition, since no saturable absorption effects were
observed with a 1200 mW excitation laser applied, the sensor’s capability can be further
improved when an EDFA with a higher amplified output power and an optimized humidity
condition are implemented.
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