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Tunable diode laser based gas detectors are now being used in a wide variety of applications for safety

and environmental interest.

A fiber-distributed multi-channel open-path H2S sensor based on tunable

diode laser absorption spectroscopy (TDLAS) is developed, the laser used is a telecommunication near

infrared distributed feed-back (DFB) tunable diode laser, combining with wavelength modulation spec-

troscopy technology, a detection limit of 20 ppm-m is demonstrated. Multi-channel detection is achieved

by combining optical fiber technique. An on-board reference cell provides on-line sensor calibration and

almost maintenance-free operation. The sensor is suitable for large area field HoS monitoring application.
OCIS codes: 300.6260, 300.6340, 300.6380, 060.2370.

Hydrogen Sulfide (H2S) is a highly toxic and flammable
gas; it is generated as a common by-product of many
industries!!. Early detection of HoS at concentration of
10 ppm in air is essential to prevent its toxic influence
at higher concentration. Existing detection methods for
HsS rely mainly on non-optical point detectors such as
electrochemical and semiconductor devices, while these
traditional detectors have adequate low detection limit,
they exhibit a cross sensitivity to other chemical species
and a tendency to poisoning which are disadvantageous.
In addition, a gas has to reach the detector’s area (sur-
face) at a concentration high enough to cause an alarm.
Gas monitoring is achieved by installing a grid of many
“point” type detectors, in a three-dimensional (3D) grid
formation and correlating their signals, if monitoring over
a large area is required, use of these monitors can be pro-
hibitively expensive. During the last twenty years, the
tunable diode laser absorption spectroscopy (TDLAS)
technology has been intensively studied and has found
broadly applications in the field of environmental mon-
itoring, medical and industrial process(2=°. Their char-
acteristics like non-intrusive, high selectivity, high sensi-
tivity, and fast response time make them more appealing
than conventional point sensors for a reliable HoS detec-
tion. A further advantage of near infrared (IR) TDLAS is
its compatibility with optical fibers, this feature extends
their potential use to distributed sensing, where many lo-
cations, remote from the laser source, can be monitored
by one system.

In this letter, a fiber-distributed multi-channel open-
path tunable diode laser system for HsS detection is
reported, a near IR InGaAs-InP distributed feed-back
(DFB) diode laser emitting at 1.58 pm is used to probe
a single absorption line in the vy + o + v3 combina-
tion band. The emission of diode laser is switched into
eight fibers sequentially by an optical fiber switcher, en-
abling multiple path measurement with a single laser gas
analyzer. Combining with wavelength modulation spec-
troscopy and second harmonic detection technology, the
minimum detectivity that we achieved using this sensor
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is 20 ppm-m for HsS.

Wavelength modulation spectroscopy is a useful trace
gas detection technique. In wavelength modulation spec-
troscopy, the diode laser is modulated about its centre
frequency (v.) by overlapping a high frequency (w) sine
waveform signal over the diode laser injecting current, the
instantaneous laser frequency, v(t), can be represented as

v(t) = ve + mdv coswt, (1)

where dv is the half width at half maximum (HWHM)
of the absorption line, m is wavelength modulation in-
dex. According to the Beer-Lambert law, the transmit-
ted intensity of monochromatic radiation of frequency v
through optically thin absorption gas medium can be ap-
proximately expressed as

I(v) = ()]l = o(v)CL], (2)

where Iy(v) and I(v) are the laser intensities before and
after passing through the absorption medium, o(v) is the
absorption cross-section of the gas at frequency v, C' is
the concentration of the absorption gas, and L is the ab-
sorption optical path length. The transmitted laser in-
tensity is a periodic even function, and can be expanded
in a Fourier cosine series

n=-4oo

I(v,t) = Z H,,(vc) cosnwt, (3)

n=0

where H,(v.) are the Fourier harmonic components. Ne-
glecting the small amplitude modulation accompanying
the wavelength modulation, the harmonic components
can be expressed as (n > 0)

IQ (Vc)

™

H,(ve) = / [1 — o(ve + mov cos)CL] cosnhdf.
0

(4)
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Fig. 1. Schematic of the multi-channel H»S sensor.

Although each harmonic component is proportional to
the gas concentration, the second harmonic component
(2f) of the transmitted light intensity is generally used
as detection signal?=4. A lock-in amplifier can be used
to isolate the 2f signal, the demodulated 2f signal can
be approximately expressed as

Iny o Iy(v)a(v)CL. (5)

The near IR spectrum of HsS has been the subject
of many high resolution studies!®7”, the most strong ab-
sorption band lies in 1.6 pum region, this band actually
composes of several overlapping combination and over-
tone bands, primarily is v1 4+ 15 4+ v3 band which centered
at 1.59 pum. This band can be readily accessible with
telecommunication L-band DFB diode laser and recom-
mended by many authors for gas sensing’~%. Figure 1
shows a schematic of the multi-channel fiber distributed
open-path HsS sensor based on the TDLAS. The sys-
tem can be divided into two parts: central unit module
and multi-channel open-path optics. The central unit
contains the laser, laser temperature and current con-
troller, signal generator, lock-in amplifier, multiplexing
and data processing components. The optics consists
of an integrated transmitter/receiver telescope and a
remote, retro-reflector array for each detection chan-
nels. The maximum optical path length can extend up
to 500 m. The diode laser employed for this study is
a commercially available fiber pigtailed near-infrared
DFB laser from NEL NTT Electronic Corporation. The
laser output wavelength can be coarsely tuned by tem-
perature controlling and fine tuned by injection current
controlling. In order to achieve the expected sensitivity,
a double modulation was applied to the laser diode. The
laser wavelength is slowly scanned through the absorp-
tion line by a sawtooth waveform at frequency of 100 Hz
and simultaneously modulated by a sinusoidal waveform
at frequency of 10 kHz. The laser light is first fed into
a 1:8 optical multiplexer and then sequentially switched
on to 8 different optical paths with a scan cycle of 24
s. Fiber-optic cable carries the laser light to transmit-
ter heads in the fields, which direct the beam along a

path to a reflector. The return light is collected and
focused onto a non-biased photo-detector housed in the
telescope. The transmitter heads are therefore intrinsi-
cally safe. The photo current is returned to the central
unit using coaxial cable. An 8:1 electrical multiplexer
that operates synchronously with the optical multiplexer
is used to coordinate the return electronic signals. The
return electronic signal is then divided into two parts,
one is sent to the lock-in amplifier to get the 2 f absorp-
tion signal, and the other passing through a low-pass
filter and linearly fitted to obtain a caliber for the laser
intensity, the detected signal was then normalized by the
fitted laser intensity to eliminate the influence of the
laser intensity fluctuation arriving at the detector!?].
The normalized 2f signal is coadded and averaged for
100 times to give a measurement absorption spectrum.

The calibration of the system is achieved through an
on-board 10-cm long calibration gas cell filled with stan-
dard high concentration HsS sample gas in the optical
beam path. The absorption signal generated by the cal-
ibration cell is additive to the field absorption signal.
For the species of interest, the measured path-integrated
concentration will increase by an amount proportional
to the concentration of the gas contained in the calibra-
tion cell. The response calibration factors for individual
species are set through comparison of the actual and
expected concentration changes with the calibration cell
in place. The calibration factors for the instrument are
optimized in the laboratory and verified in the field.

The diode laser used here has a nominal operating
wavelength of 1575.4 nm and can be temperature tuned
nearly 6 nm. Figure 2 shows the high-resolution ab-
sorption spectrum of HsS at atmospheric pressure in
the wavelength region of 1573.2—1578.7 nm obtained
by wavelength modulation spectroscopy, the spectrum is
recorded by a simplified single-pass optical setup using a
10-cm absorption cell filled with 5% standard H,S sam-
ple buffered by nitrogen gas. There are several relatively
strong absorption lines of HyS within the tuning range
of the diode laser of which the line at 1576.3 nm is the
best choice for the study.
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Fig. 2. High-resolution absorption spectrum of H2S in the
wavelength region of 1573.2—1578.7 nm.

1.4 ¢ :
121 1333 ppm-m

1ol 1143ppm-m
osl 1[390 ppm-m
0.6 L 8;): ppm-m
0.4 667ppm-m

Z 02 395 ppm-m ,;;A

& 00} _

> -0.2

Z 04} =
§06f .~ 0@
£ 0 100 200 300 400 500 600
g Data points

Do

w

= 12t

@ « measured

i linear fitting

= 1.0r

= 0.8

0.6

0.4

(b)

400 600 800 1000 1200 1400
Concentration (ppm-m)

Fig. 3. (a) Normalized second harmonic signals of H2S at
different concentrations and (b) the linear relation between
the measured and expected concentration values.

The system performance was test by insertion a 10-cm
reference cell flushed with standard HyS gas sample; the
2f signals were normalized by the fitted light intensity
to eliminate the influence of laser intensity fluctuation
through detection region. Figure 3 shows the normal-
ized 2f signals at different HoS gas concentrations and
the fitted linear relation between the measured and ex-
pected HsS concentrations. The good linear character
shows the bright promise for the field use of the laser
based HsS sensor.

Because HsS is affinity for water vapor and tends to
adsorb onto the gas cell surface, it is difficulty for accu-
rately calibrating of low HsS concentration levels when
admitted to the gas sample cell. So the system detection
limit was not directly measured, but extrapolated from
the magnitude of the absorption signal obtained with a
known high concentration and the corresponding signal
noise ratio (SNR). Figure 4 shows the absorption 2f sig-
nal of HyS with a path integrated concentration of 1000
ppm-m and the corresponding noise level; the calculated
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Fig. 4. (a) Normalized second harmonic signal of H2S at con-
centration of 1000 ppm-m and (b) corresponding noise signal.
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Fig. 5. Measured gas concentrations for different H2S gas
samples.
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Fig. 6. Simulated gas leakage detection by the tunable diode
laser based Hs>S sensor.

SNR is approximate 50. Hence the system minimum de-
tection limit can be calculated to be 20 ppm-m. There-
fore, only a path length of 2 m is needed to provide the
10-ppm detection sensitivity. Figure 5 shows the mea-
sured HsS concentrations when flushed the reference cell
with different standard HeS gas samples.

To demonstrate the time response of the system, a
simulated gas leakage measurement was conducted in an
open area. The optical path length is 20 m. A cylinder
containing 1% HyS was attached to a hand-held welder’s
nozzle. The nozzle is mounted 30 cm below the optical
path and flow rate is set at 1 L/min. Figure 6 shows
the measurement results of the simulated gas leakage by
the diode laser based HsS sensor. The figure shows the
immediate response of the system, which is important for
safe alarming gas sensing.

In summary, detectors based on TDLAS have many
advantages over established gas detection techniques in
process, quality, safety and environmental monitoring.
They are not prone to poisoning and do not suffer from
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interferences. They provide fast response and can mea-
sure a wide range of concentration values. In this let-
ter, a fiber-distributed multi-channel open-path HsS sen-
sor based on tunable diode laser absorption spectroscopy
is reported, a telecommunication near IR InGaAs-InP
DFB tunable diode laser is used to detect a single ro-
vibrational line around 1576.3 nm, the detection limit
of 20 ppm-m is achieved through wavelength modulation
spectroscopy combining with second harmonic signal de-
tection, eight optical paths measurement by one system is
realized through optical fiber switcher technology. This
sensor is ideally suitable for large scale field trace gas
detection in petrochemical industry for safety and envi-
ronmental monitoring.
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