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Real time sensor for the HCI detection
at the ppb level
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Giovanni Modugno, Andrea Tozzi

We present a compact analyser for the detection of HCI in the atmosphere at
ppb level. It is based on the absorption of the beam of a distributed feed-back
diode laser inside a Herriott cell at reduced pressure. The noise reduction is
obtained through the two-tone frequency modulation technique, which has
been applied for the first time to practical devices.
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1 Introduction

HCI is a strong acid which has important effects on both the human beings and the
environment. The exposure to 1000-2000 ppm of HCI causes immediate damages to
organisms, and the maximum concentration allowed in workplaces is 5 ppm.! Also, the
anthropogenic emission of chlorine has an important role in the chemistry of the Earth’s
atmosphere. Indeed HCI is the main chlorine reservoir in the stratosphere, resulting from
the reaction of chlorofluorocarbons with O, and its concentration has shown a positive
trend in the last decade.*5 The use of CFC’s is presently limited in many countries, but
there are several industrial processes releasing HCI in the atmosphere, such as paper-
mills and incinerators. For these reasons several analysers for the measurement of the
atmospheric content of HCI have been developed, based on different techniques and in a
wide range of concentrations: for incinerators chimneys a range 0.1-50 ppm is required,
while for stratospheric monitoring the necessary sensitivity is better than 1 ppb. These
analysers are generally based on optical absorption techniques in the infrared. For high
concentration measurements they have black bodies as the light source, while, for very low
concentration, they exploit lead salt diode lasers, which emit in the mid infrared region
of the electromagnetic spectrum, where fundamental rovibrational bands occur for many
molecules, and generally need to be cooled with liquid nitrogen cryostats.> Recently,
close-cycle Stirling coolers for these lasers became commercially available, but their price
is higher than the cost of all the other components of the analyzer. For the air quality
assessment nearby industrial plants the proper concentration range is 10-1000 ppb. This
range is not reachable with the presently available chimney monitors, and the use of LN,
is not allowed, since a remote, low mantenance operation is needed.

Nowadays diode lasers exist operating at room temperature and emitting radiation
in the near infrared region of the electromagnetic spectrum (A < 2 pm), where there are
many rovibrational overtone and combination bands of molecules. These bands are much
weaker than the foundamental ones, and their detection requires long optical path and
frequency modulation techniques.’

In this paper we present a compact diode laser analyser which measures the atmo-
spheric concentration of HCl, with the purpose of monitoring the quality of the air in the
neighbours of industrial plants. The analyser is based on a Herriott-like multipass cell
and on a two-tone frequency modulation (TTFM) technique.” Up to now, this technique
has been applied in scientific measurements, in well controlled environments.®™'9 All the
RF circuitry is usually realized with huge and expensive stand-alone instruments, and
data acquisition is made with oscilloscopes interfaced with personal computers. By taking
advantage of the recent technical developments in the fields of radio-frequency compo-
nents and embedded computers, all the electronics has been made compact and much
cheaper. The tests of the spectrometer show that a detection limit of 11 ppb has been
reached. This is the first time that the specific requirements of this kind of measurement
have been met by a compact and practical device.
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Figure 1: Schematic view of the experimental setup.

2 Description of the instrument

For the realization of this analyser we considered both the final performances and the
robustness and reliability. Particular emphasis has been put on the dimensions and on
the ease of operation of the system.

The measurement technique is based on the Beer-Lambert law for the absorptions.
In order to couple the best sensitivity with a readily available source, we chose one
of the most intense lines of the first overtone band of HCI, centered around 1750 nm;
this is the strongest band which falls in the region where diode laser operating at room
temperature are available. In particular we chose the P(4) line of H**Cl, at the wavelength
of 1792.973 nm, and with a linestrenght of 8.28 - 107! c¢m/mol at 296 K. As for the
detection technique, we have chosen the two-tone frequency modulation, which combines
a strong noise reduction with a relatively low bandwidth for the electronics.

The two main parts of the hardware of the system, which is schematically sketched in
Fig. 1, are the optical setup and the electronics; they have been compacted in two boxes
of reduced dimensions. A diaphragm dry pump is also needed for fluxing of sample gas in
the measure cell. The electronics can communicate with a remote computer via RS-232.

The overall dimensions and weights are: 67 x 27 X 15 cm® and 16 kg for the optical
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Figure 2: Details of the optical setup: DL+RF: DFB diode laser + radio-frequency board;
BS: beam splitter; M: plane mirror; FM: focalizing mirror; FD: fast detector; SD: slow
detector; MC: multipass Herriott cell; RC: reference cell. The outer frame represents the
perimeter of the analyzer, whose dimensions are 27 x 67 cm?.

part; 36 x 31 x 16 cm?® and 6 kg for the electronics module. A picture of the whole system
is shown in Fig. 3.
In the following a detailed description of the analyser is given.

2.1 Optical Setup

The diode laser is a InGaAs/P distributed feed-back (DFB) type (Sensors Unlimited
Inc. SUI-1793-TE), and it is tuned across the chosen transition line by controlling its
temperature and injection current. The emitted radiation is collimated by an objective
lens and splitted by a glass beam splitter, see Fig. 2; the transmitted beam is directed
and focused in a home-made multipass Herriott cell, which is the measurement cell; the
outcoming radiation is refocused and collected on a fast detector (bandwidth 40 MHz).
The beam reflected by the beam splitter is sent through a sealed reference cell, which is
filled with a mixture of 5% HCl in Ar at the total pressure of 100 Torr, and then collected
on a second, slow detector (bandwidth 4 MHz). The latter cell is necessary as a reference,
to lock the laser at the right frequency. The multipass sample cell has a base-length of
42.9 cm and the total optical path is 28.31 m, while its volume is 1.32 1. The sample gas
is fluxed through it at a reduced pressure of about 110 Torr with the help of a diaphragm
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Figure 3: Photo of the analyser. On the left side there is the electronics box, in which we
can see (left to right) the TTFM panel, the laser driver panel and the computer panel.
In the optics box it is possible to see the multipass cell, the aluminum cube containing
the laser, the five mirrors and the beam splitter. The black element holds the reference
cell, the small aluminum boxes contain the two detectors.

pump. The operating pressure has been chosen as a compromise between the number of
absorbing molecules and the pressure line broadening, which enlarges the line profile, so
decreasing its peak height.

All the optical elements are fixed on an aluminium table (67 x 27 cm?) and they have
been properly designed to reduce as much as possible the dimensions and the mechanical
instability.

2.2 Electronics

The electronics includes the laser control board, the TTFM board, and a microcomputer,
which supervises all over the system. The laser control and TTFM boards are home-made
and can be driven by the microcomputer via analog-to-digital converters (ADCs), digital-
to-analog converters (DACs) and digital I/O’s. The three blocks are contained in a frame
including the power supply.

The laser control board contains both the injection current supply and the temper-
ature stabilizer. Regarding the injection current, its value is the sum of a coarse part,
which is hand-set once forever, depending on the laser, and a fine part, which is continu-
ously adjusted via software, through the output of a DAC, in order to keep the frequency
of the emitted radiation at the proper value, according to the absorption signal by the
reference cell. The DAC for current adjust is also used to add a ramp, to continuously
scan the line absorption profile. A digital output drives a relay for the current ON/OFF.
As for the temperature, also in this case the coarse and fine values are respectively set
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manually and adjusted by the software through a DAC. Several parameters can be moni-
tored during operation, as the voltage across the diode, the set and real values of current
and temperature, in order to check the proper functioning.

The TTFM detection” is realized by modulating the laser injection current with two
near frequencies, 800 + 4 MHz. This results in a laser emission containing two couples
of sidebands with 1600 MHz between the couples and 8 MHz within each couple, as
the unwanted low-frequency components are suppressed by the mixer itself or filtered
out. The signal collected from the fast photodetector is then demodulated at 8 MHz.
The main advantage of this detection scheme is to move the demodulation frequency in a
region (5-100 MHz) where the laser excess noise can be reduced to a low level, but without
requiring a very high bandwidth, which results in very small detectors (quite difficult to
align), and in a very careful design of the electronics. The TTFM board contains the
8 MHz local oscillator and a frequency divider for the generation of a 4 MHz signal. This
signal is then mixed to a high frequency (800 MHz) VCO oscillator, giving as output the
sum and difference frequencies 800 + 4 MHz, and then added to the injection current of
diode laser. Moreover the TTFM board receives the signal from the fast detector and,
after filtering and amplifying, demodulates it. In particular, the signal is amplified by
a variable gain amplifier, driven by a DAC; a variable phase shifter, driven by another
DAC, matches the measurement and local oscillator signals, which are finally mixed and
filtered by a low pass filter. In order to avoid long, high frequency cables and signals
reflections, the high frequency circuitry (VCO and mixer) is placed within the same box
containing the diode laser (see Fig. 2). As a precaution, the high frequency signal is
excluded when the laser is not supplied. The fast detector has two separate amplification
stages, a low pass amplifier for the dc level and a high pass amplifier which convey the
ac signal to be demodulated.

All the relevant parameters of the detection are settled by a PC-104 embedded micro-
computer. It is based on a PC processor (486DX4 at 100 MHz), with a 4 MB RAM and
a 2 MB solid state disk. Two I/O boards provide 16 single-ended ADC’s and 8 DAC’s,
all with 12 bit resolution and 40 kHz conversion rate. Moreover, 40 digital I/O lines are
available. These boards are used to interface the above mentioned blocks. Acquisition
and processing of the signal, for a single scan, take about 0.4 s.

2.3 Vacuum

The necessary vacuum level and the flux of ambient air are produced by a dry, membrane
pump (nominal pumping speed at 100 Torr 8 1/m, vacuum limit 8 Torr). Two calibrated
holes insure the right pressure at the flow of 0.9 1/m STP inside the Herriott cell. At this
flow level, and with the cell volume, the time for a complete refreshment of the cell is
about 1 min. The pressure is monitored by a piezo transducer. The vacuum line, up to
the exit of the multipass cell, is made of teflon, glass or stainless steel, in order to avoid
as much as possible sticking or chemical reactions on the walls.!% 13
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