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Sub-ppmv level detection of hydrogen sulphide (H;S) using a 1.578-um distributed feedback tunable diode laser com-
bining with wavelength modulation spectroscopy and second harmonic detection scheme is reported. A home-developed
novel compact dense-pattern multipass gas cell with an effective optical path length of 29.37 m is used to improve sensi-
tivity and reduce sample volume. Detection parameters are optimized, including modulation frequency and amplitude. The
analysis of Allan variance shows that a minimum detectable concentration 60 ppbv is obtained with a lock-in time constant
of 10 ms, and a detection limit of 13 ppbv can be achieved by average in 300 s. The demonstrated H,S sensor has a strong
penitential application in natural gas process for regulating and controlling H,S concentration.
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limit
PACS: 33.20.Ea, 42.55.—f, 42.62.-b, 42.62.Fi

1. Introduction

Hydrogen sulphide (H,S) is a toxic, corrosive, and ex-
tremely malodorous gas. It has been reported that the H,S
contamination is attributed to the second most common cause
of death in workplace environments. The threshold limit value
is 1 ppmv for an 8-h exposure time and 5 ppmv for a 15-min
short-term exposure limit, respectively. However, some work-
ers have been exposed to concentration higher than those val-
ues in workplaces such as waste management, petroleum and
natural gas extraction.!!! The H,S in the atmosphere is re-
lated to the increase of acid rain episodes and air pollution
events. Natural sources of H,S in the atmosphere are predom-
inantly anaerobic bacteria reduction, degradation of organic
matter, and volcanic activities. It has been reported that vol-
canic eruptions are responsible for releasing up to six thousand
times more H»,S into the atmosphere. Anthropogenic sources
such as petroleum extraction, paper mills, and fossil burning
contribute a substantial amount of hydrogen sulphide emitted
into the environment.!*% The H,S is also a significant amount
of natural gas which is extremely corrosive for the gas-pipeline
system, especially when it also contains water vapor in high
concentration. Thus, the concentration of hydrogen sulfide in
natural gas needs to be strictly regulated and controlled. The
International Standards Organization (ISO) sets the maximum
allowable H,S concentration in natural gas to be 14 ppmv.!
Therefore, developing a sensor for monitoring HS in industry
and environment is important.

Tunable diode laser absorption spectroscopy (TDLAS),
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as an important method of on-line real-time analyzing trace
gases, has been widely used. TDLAS offers many unique
advantages, such as its fast speed, and it is highly selective
and highly sensitive in situ quantification of gases without any
sample preparation. In general, long path length absorption
spectroscopy combining with wavelength modulation spec-
troscopy (WMS) is used to improve the measurement sensitiv-
ity and precision.!®?! Weldon ez al.!'%) reported that the H,S
detection had been implemented by using a distributed feed-
back (DFB) diode laser emitting at 1.57 um with wavelength
modulation spectroscopy, and a detection limit of 10 ppmv for
H,S had been achieved. Chen ef al.l'l reported a detection
limit of 670 ppbv (30) for a 2-s averaging time by using off-
axis integrated cavity output spectroscopy (OA-ICOS) with a
1571.6-nm DFB laser. Chandran ez al.!'2! demonstrated H,S
detection by using frequency comb laser and OA-ICOS tech-
nique. Moser et al.!'3) reported sub-ppmv detection of H,S by
using a quantum cascade laser with a 100-m astigmatic Her-
riott multipass gas cell.

In this paper, we report an HS detection by using a novel,
compact, dense-pattern multipass gas cell (DP-MPC) with an
effective optical path-length of 29.37 m. The wavelength mod-
ulation spectroscopy technique and second harmonic detection
technology are employed by using a near-infrared distributed
feedback (DFB) diode laser emission at 1.578 wm. A mini-
mum detection limit of 13 ppbv is achieved by averaging in
300s.
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2. Experimental details

A schematic diagram of the experimental setup is shown
in Fig. 1. A fiber-coupled DFB diode laser (157810CE124-
01, NEL) operating at 1.578 pm and room temperature was
used as a light source. The laser current and temperature were
controlled with a commercial diode laser controller (Model
LDC 501, Stanford Research Systems). Coarse and fine wave-
length tunings were performed by changing the laser’s temper-
ature and current, respectively. Wavelength modulation and
second harmonic detection were used to enhance the detec-
tion sensitivity.!'* The laser wavelength scan was realized by
feeding an external voltage ramp from a function generator
(DG4162, RIGOL) to the laser diode current which sweeps the
laser wavelength back and forth across the absorption line at a
rate of 1 Hz. The sine form wave supplied by the sinusoidal
signal output of a lock-in amplifier (Model SR 830 DSP, Stan-
ford Research Systems,) with a rate of 3.5 kHz was used to
modulate the laser wavelength. The voltage ramp and the sine
wave were combined with a home-made adder and then fed to
the laser driver. The laser beam was collimated with a fiber-
coupled collimator (f ~ 4.8 mm) and subsequently injected
into the compact DP-MPC. The laser beam was reflected 243
times in the DP-MPC, and an effective optical path-length of
29.37 m was achieved. The used compact DP-MPC is similar
to that reported in Ref. [15], which consisted of two 2" sil-
ver coated concave spherical mirrors separated by a distance
of 12 cm. The two mirrors were mounted on an optical board
with a dimension of 200 mmx76 mmx 10 mm and sealed in a
quartz glass tube (Fig. 2). The sample volume of the DP-MPC
is ~ 280 cm?, much smaller than that of a traditional concave
spherical mirror based Herriott (of ~ 700 cm® with reflecting
80 times). The output beam was focused onto a photodetector
(PDA20CS-EC, Thorlabs) with a lens (f = 50 mm). A lock-in
amplifier was used to demodulate the absorption signal from
the photodetector at a frequency of 2f (where f = 3.5 kHz is
the modulation frequency of the sine wave). The time constant
of the lock-in amplifier was set to 10 ms, in combination with a
24-dB/octave slope (detection bandwidth of 7.8125 Hz). The
demodulated signal was subsequently digitalized by a DAQ
card (NI USB-6210, National Instruments) and displayed on a
laptop via a LabVIEW interface. The signal of the photode-
tector was also acquired to monitor the laser’s power.
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Fig. 1. Schematic diagram of experimental device of measurement system.

Fig. 2. Spot distribution (left) and photo of multipass cell (right).

3. Results and discussion
3.1. Selection of H,S absorption lines

The selection of the absorption line for H,S detection is
made based on HITRAN 2012 database.!'¢! The wave length
of the used laser is tunable between 6336 cm™! to 6337 cm™!.
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Fig. 3. Simulated absorption spectra of 20-ppmv H, S, 400-ppmv CO»,
and 1% H,O in the tunable range of the laser.

Figure 3 shows the absorption spectrum of 20-ppmv
H,S, 400-ppmv CO; and 1% H;O in the tunable range
of the laser, which is simulated according to the parame-
ters of HITRAN 2012 database at a pressure of 76 Torr
(1 Torr=1.33322x10%> Pa) with an optical path length of
29.37 m and a temperature of 296 K. The strongest absorp-
tion line of H,S, centered at 6336.617 cm™!, without CO,
and H,O absorption interference, is selected for HpS detec-
tion. The corresponding laser temperature is 19 °C, and laser
current is 80 mA. The amplitude of the triangular ramp is 0.5 V
(peak-to-peak: 1 V), which scans the laser diode current back
and forth from 55 mA to 105 mA (50 mA/V). Figure 4 shows
the simulated absorption spectra of H,S, CO;, and H>O near
the 6336.6 cm~! at a pressure of 760 Torr and 76 Torr, re-
spectively, for the detailed analysis of absorption interference.
Figure 4(b) shows that CO, and H,O absorption can influence
H,S absorption at normal atmosphere pressure (760 Torr) as
a result of pressure broadening. Consequently, the measure-
ment condition of H;S is selected to carry out at low pressure
of 100 Torr. The pressure is controlled by using a pressure con-
troller (MKS) combined with a vacuum pump(SCROLLVAC
SC 15D).
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Fig. 4. Simulated absorption spectra of H,S, CO,, and H,O near
6336.6 cm™ !, at pressure of (a) 760 Torr and (b) 76 Torr, respectively.

3.2. Optimization of modulation parameters

The wavelength modulation spectroscopy (WMS) and
second harmonic (2f) detection!!”! schemes are applied to the
H,S detection. In WMS, the optimization of modulation pa-
rameters including modulation amplitude and modulation fre-
quency is required to maximize the 2f signal amplitude and

(18] To determine the optimum modula-

detection sensitivity.
tion amplitude, 2f harmonic signals of 40-ppmv H,S at dif-
ferent modulation amplitudes are investigated and recorded.
The 2f harmonic signal amplitude of H,S as a function of
modulation voltage is shown in Fig. 5. The optimum sine
wave modulation amplitude is found to be 0.18 V for H,S
detection at a pressure of 100 Torr. The corresponding laser
wavelength modulation amplitude is Avy, =~ 0.087 cm™!. Ac-
cording to the HITRAN database, the 40-ppmv H>S line width
(HWHM) of the targeted absorption lines is Avp ~ 0.04 cm™!.
The optimal modulation index “m” is 2.18 (Avy, = 2.18Avp).
This value is in agreement with the theoretical result of 2.2
(Avy = 2.2Avp). 17!
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influence of modulation frequency on the amplitude of the sec-
ond harmonic signal is investigated. Figure 6 shows the am-
plitude of the 2 f signal as a function of modulation frequency.
The highest 2 f signal of H,S is obtained at a modulation fre-
quency of 3.5 kHz. Therefore, the modulation amplitude of
0.18 V and the modulation frequency of 3.5 kHz are selected
and used in the following measurements.
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Fig. 6. Plot of 2f signal of H,S as a function of laser modulation fre-
quency.

3.3. Background removal

Although wavelength modulation techniques can improve
detection sensitivity by reducing 1/f noise, various types of
background signals can still be present in wavelength mod-
ulation. The main background signals come from residual
amplitude modulation (RAM) and optical interference fringes
(or etalon effect) caused by the interaction of multiple re-
flections in the DP-MPC.['%29 To reduce the influence of
the background signal on the H,S sensor in use, the nitro-
gen background spectrum is measured by injecting high purity
(99.99%) nitrogen into the DP-MPC, as shown in Fig. 7. We
find that the background signals are almost the same during
time series measurement. Therefore, a signal in nitrogen av-
eraged 10 times is recorded as a constant background signal
that will be subtracted from the signal of H,S. As an example,
figure 8(a) shows a 5-ppmv H,S signal obtained directly from
the lock-in amplifier, which contains the background signal.
Figure 8(b) shows the 5-ppmv H,S signal after subtracting the
background signal, from which a clear 2f signal of H,S is
achieved.
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Fig. 5. Measured 2f signal amplitude of H,S as a function of laser
modulation amplitude.
In addition to the modulation amplitude, the modulation
frequency also affects the amplitude of the second harmonic
signal. Under the optimal amplitude modulation condition, the

Background in No/mV
=)
T

—04 | | !
0 0 500 1000 1500

Data points

2000

Fig. 7. Background in nitrogen.
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Fig. 8. (a) Signal of 5-ppmv H, S with background signal, and (b) signal
of 5-ppmv H,S after removing background signal.

3.4. Performance evaluation

To evaluate the H,S sensor’s performance, the linear re-
sponse of the 2 f signal amplitude to H,S concentration is first
measured; the results are displayed in Fig. 9. In the mea-
surement, a calibrated standard gas of 400-ppmv H;S in Nj
is mixed with high-purity nitrogen to obtain gas mixtures with
different concentrations ranging from 1 ppmv to 35 ppmv by
using a gas dilution system (Model 4000, Environics Inc). Fig-
ure 9(a) shows 2 f signals of H,S at different concentrations, in
which the background signal is removed. Figure 9(b) displays
the result of 2f signal amplitude versus H,S concentration.
The linear response of the HyS signal to H,S concentration
variation is confirmed by fitting the data with a linear slope as
shown by a red-solid line in Fig. 9(b). The R squared value for
linear fitting is > 0.99. This demonstrates that a good linear
relationship between the 2f signal and concentration is ob-
tained.

Long-term stability and optimum averaging time for the
present H,S sensor are evaluated by using an Allan devia-
tion analysis based on a continuous, 2-hour, time-series mea-
surement of 5-ppmv H,S. The measured results are shown in
Fig. 10(a), in which each point was obtained in 1 s, and the
unit was changed into ppmv according to the linearity calibra-
tion result shown in Fig. 9(b). The result of Allan deviation
analysis plotted in Fig. 10(b) shows that a minimum detection
limit is 60 ppbv with an acquisition time of 1 s and a mini-

mum detection limit of 13 ppbv can be achieved by averaging

in 300 s. The corresponding noise equivalent absorption sen-
sitivity (NEAS) values are (16)7 x 10710 em~!-Hz~'/2 and
1.5% 10719 cm~"-Hz /2 for 1 s and averaging 300 s, respec-
tively. These results illustrate that the developed H,S sensor
can offer good stability and sensitivity.
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Fig. 9. (a) Measured 2f waveforms for different H,S concentrations
at 100 Torr, and (b) 2f signal amplitude of H,S and fitting curve as a
function of H,S concentration.
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Fig. 10. Allan deviation in ppmv of H,S concentration, obtained from
time series measurements.

4. Conclusions

Sub-ppmv detection of H,S with near infrared diode laser
is achieved by using a compact DP-MPC with a sampling vol-
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ume of 280 cm?. The absorption line of H,S at 6336.617 cm™!
is selected as a target line. A near infrared tunable diode laser
operating at 1.578 um is used as a light source, which of-
fers the advantages of low cost, compact size and operation
at room temperature. By combining with wavelength mod-
ulated absorption spectroscopy technology and back ground
removal method, the detection sensitivity of the H,S sensor
is improved. Allan variance analysis shows that the detection
sensitivity is 60 ppbv in 1 s for H,S detection. The detection
sensitivity can be further improved to 13 ppbv by averaging
300 s. Therefore, it is possible to develop a sensitive, com-
pact, handheld H,S sensor for applications in the natural gas
industries or in industrial process control.
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