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An optical gas sensor based on an erbium-doped fiber laser (EDFL) for measuring acetylene
(CoHy) is presented. Here, by taking advantage of the thermooptic properties of a silicon (Si)
wafer, the fiber laser emission line is set at 1532.81 nm, where a strong ro-vibrational absorption
of the acetylene molecule occurs. Moreover, in our setup, the gas concentration induces cavity
losses that affect laser transient characteristics. Here, by measuring the time delay (z;) from
the laser transient, it was possible to measure the CoH, concentration within the range from 0
to 22% with a sensitivity of 1.17 x 1072 ms/% and a minimum detectable concentration of 942
ppm. Finally, it is shown that the sensor requires only 18.5 ms to complete a measurement.

1. Introduction

The detection of gases is very important for environmental and industrial purposes;
therefore, it is important to have sensors capable of measuring gas concentrations with high
precision. For instance, for coal mine hazard detection applications, CH4 sensors with a
dynamic range of 0-100%"?) are of interest as well as sensors for monitoring CO, O,, acetylene
(CoH3), and COz(l) are required. Therefore, sensors capable of detecting the concentration of
each of these gases with high sensitivity and low cross sensitivity to other gases are necessary.
In particular, C;H, is a highly flammable gas that is used in several industrial applications.
Its lower explosive limit of 2.5% and upper explosive limit of 100% by volume make this
gas extremely hazardous. Currently, a broad range of acetylene sensors based on different
technologies, such as metal oxide semiconductor (MOS),(3_5) optical,(é_g)
sensors,”) are available. Each of these technologies has advantages and limitations. For
instance, MOS sensors are small and can be integrated on a chip; however, their sensing
element needs to be operated at a high temperature (<150 °C). Moreover, their response time (zy)
and recovery time (z,) are on the order of seconds and some of them have poor selectivity. For
instance, Iftekhar Uddin e al.®) developed a Ag-loaded ZnO-Gr hybrid nanostructure-based
acetylene gas sensor with a measurement concentration range of 1-10000 ppm, a /7, of 25/80
s, and an operating temperature of 150 °C. Tamaekong et al. reported an acetylene sensor based
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on Pt/ZnO thick films with a measurement concentration range of 836—10000 ppm, a z,/z, of
6/65 s, and an operating temperature of 300 °C.® Qiao et al. reported an acetylene sensor based
on mesoporous ZnO nanosheets that achieved a measurement concentration range of 1-4000
ppm, with a z,/z, of 11/5 s, and it was operated at 400 °oC.® Moreover, some MOS-based sensors
can have limited selectivity; therefore, their response can be affected by other molecules, such
as water vapor. On the other hand, optical sensors are another important option to detect gases
and there exist different architectures to implement them. Typically, these gas sensors have
a faster response and can have a high sensitivity and a high selectivity to the target molecule.
However, these sensors can be more expensive and have complex technical configurations.
In particular, gas sensors based on erbium-doped fiber lasers (GS-EDFLs) can be used to
monitor different gases that have absorption bands within the NIR region, since the gain of
erbium-doped fiber (EDF) amplifiers covers the C and L telecommunication bands.'? The
another advantage that EDF systems offer is that these can be implemented with commercial
fiber components allowing the use of cost-effective GS-EDFLs. Besides, some erbium-doped
fiber laser (EDFL) configurations offer frequency stability and fine tuning capabilities,!' !
which are important characteristics for designing gas sensors based on optical spectroscopy
techniques. For instance, some authors have presented GS-EDFLs based on the direct
absorption tunable laser absorption spectroscopy (DA-TLAS) technique. In this technique,
the laser emission line is tuned around the spectral region where one or some ro-vibrational
absorption lines of the target gas occur in order to resolve, analyze, and then determine its
concentration.©™®  Therefore, this type of sensor requires a laser whose emission can be
spectrally tuned and free of mode hopping over the spectral range where an absorption line of
the target gas occurs. Additionally, some authors have proposed GS-EDFL based on the line-
locked tunable laser absorption spectroscopy (LL-TLAS) technique, where laser emission must
be wavelength-locked instead of being tuned.!*1®) Here, the laser emission wavelength must be
matched with one absorption line peak of the molecule, which implies that the laser must have
very high wavelength selectivity and stability. In the mentioned works based on these two last
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techniques, the gas cell can be either inside of the laser cavity. Basically,
in ideal sensors based on TLAS, the laser intensity must remain quasi constant and is monitored
by an optical detector after the gas cell. Here, the changes in laser intensity will be due to the
level of absorption of the ro-vibrational line, which will directly depend on the concentration.
Furthermore, in other GS-EDFL sensors, the gas is used to induce losses in the laser cavity,

in order to induce changes in laser transient behavior.1" 2%

These configurations make it
possible to acquire the sensor output signal easily and accurately using reliable and low-cost
electronics, and to process this information to determine the gas concentration. In this type
of sensor, the laser pump power is modulated in order to allow the measurement of the laser
transient behavior. Therefore, in this work, a gas sensor based on an erbium-doped fiber ring
laser for measuring C,Hj is presented. Here, the EDFL is based on a silicon (Si) wafer that acts
as a spectrally tunable filter. The spectrum generated by the Si wafer can be finely shifted and
locked by controlling the temperature of the wafer. The temperature was adjusted in order to
match the EDFL center wavelength with the center of a strong ro-vibrational absorption line

of acetylene. Here, the gas cell was incorporated in the cavity ring laser and therefore cavity
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losses were varied depending on the C,H, concentration (C). These cavity losses affect the
time delay (zz), which is taken as the reference characteristic of the laser transient. Hence, we
were able to determine C by monitoring 7y with a maximum sensitivity of 1.17 x 102 ms/% for
the concentration range of 0—22% and a minimum detectable level of 942 ppm. Finally, it is
demonstrated that one main advantage of this sensor arrangement is that it can be used for quasi
real-time applications since its response time is of 18.5 ms.

2. Experimental Setup

The sensor arrangement based on an EDFL for measuring acetylene is shown in Fig. 1.
Here, a piece of EDF (Liekki Er80-8/125) of 98 cm length was pumped with a pigtailed diode
laser, emitting at A = 976 nm and delivering a maximum output power of 300 mW, through a
wavelength division multiplexer (WDM). The luminescence generated by the EDF traveled
from ports 1 to 2 of the circulator where the Si wafer of 85 pum thickness was coupled. A
thermoelectric cooler (TEC) was used to vary the Si wafer temperature. The interference
spectrum generated by the wafer was used to define the laser emission wavelength. This
spectrum was reflected towards port 3 of the circulator and, afterwards, it was divided into two
signals with the 90/10 coupler. Ten percent of the signal was recorded using an optical spectrum
analyzer (OSA, Yokowaga AQ6370C) with a resolution of 0.02 nm and used to monitor the laser
emission wavelength. The 90% output was spliced to a pigtailed collimator that was assembled
by using a GRIN lens, a matching sleeve, and a pigtailed ferrule. This collimator was aligned
with a microscope objective and an FC/PC fiber optic pigtail that was spliced to a 50/50
coupler. Between these components, the gas cell was placed, where the gas—light interaction
occurred. One output of the 50/50 coupler was spliced to a variable optical attenuator (VOA)
and afterwards to the WDM in order to close the ring cavity. The laser output was provided by
the signal of the other output of the 50/50 coupler, which was monitored with a photodetector (PD)
and its waveform was recorded with an oscilloscope.

WDM Si wafer
Laser 980/1550nm
Diode EDF
L Coupler _, |Gascell | oo nler
900
Ozscilozcope = GSﬁ

Fig. . Experimental setup for measuring C;H, concentration.
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2.1 Operation principle and measurement technique

In this work, the transient behavior of the EDFL based on a Si wafer was investigated as
the CoH;, concentration was varied. It is known that the laser transient basically depends
on medium properties, pump power, and cavity losses.?" In our setup, cavity losses can be
modified by the interaction of light with the target gas as the gas cell is part of the laser cavity
(Fig. 1). For such a reason, it is necessary that the emission line of the EDFL is centered at
the wavelength where one strong absorption of the gas molecule occurs in order to maximize
cavity losses. The EDFL used for sensing gas absorption was based on a bulk, uncoated, and
double-side-polished Si wafer of 85 pum thickness, which acts as a spectrally tunable Fabry—
Perot filter. By taking advantage of the thermooptic properties of Si, the interference spectrum
generated by the wafer could be finely shifted over a spectral window of ~3.9 nm width, which
is indeed the free spectral range (FSR) of such a spectrum. Hence, by varying the temperature
of the wafer, we can finely tune the emission line of our EDFL. The wafer temperature was set
with a standard TEC, which was stabilized with a proportional-integral-derivative controller
electronic stage. This allowed us to maintain the temperature of the Si wafer highly stable, with
a standard deviation of 0.02 °C. This shows that the laser emission wavelength is fixed with an
estimated standard deviation of approximately 0.12 pm. To use our EDFL to sense C,H>, the
emission line of the EDFL was set at 1532.81 nm, where a strong ro-vibrational absorption of
the acetylene molecule occurred (Fig. 2). It is important to mention that the VOA (Fig. 1) was
used to induce additional cavity losses and adjust the laser operation and performance.

Once the mechanism to induce cavity losses was set, the pump power was modulated
with a pulse train waveform (Ms). In this manner, it is possible to monitor the laser transient
behavior when the laser pump is suddenly switched on and until it becomes stable over time.
In particular, from the laser transient behavior parameters, we focused on the time delay (z).
It is defined as the time between the moment when the pump is switched on and until laser
emission (Lg) reaches the midamplitude (4;s/2) of the level when Lg is stabilized [see Fig. 3(a)].

20+
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Fig. 2. (Color online) Absorption spectrum of C,H, and laser emission of EDFL based on a Si wafer. The C,H»
spectrum is shifted to 22 dBm for clarity.
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Fig. 3. (Color online) (a) Laser transient behavior (Ls) as the pump diode laser is modulated with the pulse
waveform Mg and definition of 7 in the inset of (a), the laser transient Lg for different concentrations is shown. (b)
Laser time delay as a function of CoH; concentration measured for the concentration range from 0 to 22%.

In our experimental work, the laser transient behavior was measured using a fast photodiode
(PD) and recorded using an oscilloscope. In addition, the frequency of Mg will be limited by
the time that the laser requires to reach the stabilization level Ag (¢,,) plus the time required by
the laser to reach the off state (¢,). Therefore, the maximum modulation frequency, expressed
as fnax = Uton + tof), will be limited by #,, and ¢, , which are obtained when the laser reaches
the lower 7,.

3. Results and Discussion

In our experiment, the pump power was modulated with Mg at 20 Hz in such a way that
it emitted 0 and 243 mW for the low and high levels, respectively [Fig. 3(a)]. Moreover, by
adjusting the VOA and TEC temperature, the laser was tuned to 1532.81 nm with the cell filled
with 0% C,H; concentration. At this concentration, 7z, is related to the static cavity losses of
the EDFL. Afterwards, according to the Beer—Lambert law,?? the cavity losses were varied
by changing the CoH; concentration. Here, the time required to reach the laser threshold
condition will increase as the cavity losses increase.?">?3 In the inset of Fig. 3(a), we observed
that the time delay becomes longer as the C,H; concentration increases. In Fig. 3(b), a detailed
experimental evolution of the time delay as a function of C;H» concentration and its exponential
fit are presented. Here, the C;H, concentration range was from 0 to 22%, and the high level of
pump power was 243 mW. From this figure, the nonlinear behavior of 7; becomes evident as C
increases. This behavior is due to the nonlinearity of the laser dynamics itself and the nonlinear
increase in losses as a function of gas concentration. In addition, for the pump power with a
high level of 243 mW, 1,, was 18 ms and 7, was 0.5 ms when C was 0%, allowing My to be
modulated with a f,,,,, of 54 Hz.
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3.1 Sensitivity and minimum detectable concentration

The laser transient behavior depends on several parameters and, in general, the time delay
(zg) will be reduced as the power increases because a shorter time is required to reach the
threshold population inversion as the gain of the EDF increases.?'*3) Therefore, to observe the
effects over the laser transient, the pump diode laser was modulated with three different train
pulse waveforms, in which their high levels were 243, 250, and 257 mW and their modulation
frequency was 20 Hz. For these power levels, the measured z; as a function of C is presented in
Fig. 4. Here, it can be observed that z; decreases as the power pumped by the diode increases,
as it was expected.

In addition, the sensor sensitivity can be expressed as the ratio between the time delay
change and the C,H; concentration change, S = Azy/AC. Here, the fitting curves of the
experimental results shown in Fig. 4 were used to estimate the sensor sensitivities, which are
shown in Fig. 5. From this figure, we noted that 7; becomes less sensitive to changes in gas
concentration as the pump power increases. This is because the laser transient characteristics
are more sensitive to changes in given laser parameter (in our case, cavity losses) when the
pump power is just above the laser threshold.?%?*~2> Consequently, the sensor sensitivity will
be governed by the compromise between the power delivered by the diode laser and the cavity
losses. In this way, for our sensing arrangement, the longer S was approximately 1.17 x 107
ms/% for the concentration range of 0 to 22% when the pump diode laser delivered pulses of
243 mW (Fig. 5).

The minimum detectable concentration was estimated as C for which the signal-to-noise
ratio is equal to 1, which can be expressed as [t4(C) — 74(Co)]/c = 1, where o is the standard
deviation of the time delay when the CoH» concentration is Cy = 0% and 74(C) is the fitted time
delay as a function of the concentration (Fig. 4). Therefore, from a series of time delay transient

0.012
7.0 a)  Ty=6713+0.0233 exp (C/12.142)
—_ Pump power
6.8+ 5 0.0101
m Pump power °\ 243 mW
£ 6.6 H 243 mW ) - - -250 mW
= £ 0.0081 ....257mw y
A 250 mW ~ ’
> 641 ® 257 mW > R
8 6.2 T 7 =5.938 +0.0285 exp (C/15.204) S 0.006+ -
o A ——Ar——-"A =
E 60— A 2 0.004-
Fggl T 7 =5.599 +0.0295 exp (C/15.873) 3
56,___’.._4—,—0——*" 0.002 {—="

0 5 10 15 20 o 4 8 12 16 20
C2Hj concentration (%) C,H, concentration (%)

Fig. 4. (Color online) Time delay as a function of Fig. 5. (Color online) Sensitivity as a function of
C,H» concentration considering that the pump diode C,H> concentration.

is modulated with a pulse train waveform (Ms) with

three different power levels.
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graphs measured during 5 min, a ¢ of 1.8 x 10~* ms was obtained. In this manner, the estimated
minimum detectable concentration was 942 ppm when the pump diode laser delivered pulses of
243 mW.

4. Conclusions

In this work, we reported an acetylene gas sensor in which a gas cell is inserted into the
cavity of an EDFL and is based on a silicon wafer. By taking advantage of the thermooptic
properties of silicon, it was possible to center the laser emission where a strong ro-vibrational
absorption line of the acetylene molecule occurs. Here, the acetylene concentration was
determined from the time delay characteristics of the laser transient response. In this manner,
the sensitivity achieved for the concentration range of 0-22% was approximately 1.17 X
102 ms/% and the minimum detectable concentration was 942 ppm. Finally, this sensor
arrangement can be used for quasi real-time applications since it can be used to measure the gas
concentration in 18.5 ms.
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