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Commercially available DFB diode lasers

Wavelength (Lm) Detectable gas
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DFB source at 1.393 pm

" Model: SU1393-CF-I-FC

Ty ~ T0mA@23°C
T » o [ 1mW@100mAand23°C |
A - 1.39218 pm @ 23 °C
SMSR >30 dB
AMAT 0.84 A/°C
AMAI 0.063 A/mA
Tuning range 1.3910 ym @10 °C

1.3940 pmr @45 °C
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Abstract

We report construction and operation of a multiplexed laser spectrometer, based on fiber coupled
Distributed Feed-Back (DFB) semiconductor diode lasers, for monitoring concentration of gases emitted
from volcanoes. The main problems related to this particular application, as well as the way of operation
of the apparatus are discussed. The first experimental data, recorded at the test site of Solfatara volcano,
Naples, Italy are reported. To our knowledge, this is the first design of a small, low power consuming
laser spectrometer for geochemical applications.

Introduction

Quantitative data on the time evolution of the chemical composition of the gaseous emissions from a
volcanic area may be related to the state of activity of the volcano. Therefore, continuos monitoring
systems, which are able to work in remote areas and during periods of intense activity, are required. With
this in mind, a laser based sensor, which can be remotely operated using optical fibers, has been
developed. This sensor relies on highly selective laser radiation absorption of overtone transitions for the
gases of interest in the 1.3-1.6 pm spectral range. It allows continuous monitoring of water vapour,

~ carbon dioxide and, possibly, hydrogen sulphide and carbon monoxide in gaseous flows as, for instance,
the natural fumaroles.

Experimental apparatus

A sketch of the experimental set-up is reported in Fig.1.

The sources are two Distributed Feed-Back (DFB) diode lasers emmtting, respectively, at a center
wavelength of 1578 nm and 1393 nm. Both have about 4 nm tunability around the center emission
wavelength and have a linewidth of about 10 MHz. They are tuned into resonance with, respectively, the
(0, 0, G)-(3, 0, 1) vibro-rotational band of CO, and the (0, 0, 0)-(1, 0, 1) band of H»O. The Doppler
linewidth of these lines is about 600 MHz (FWHM), to which further broadening due to atmospheric
pressure operation must be added [1].

The fiber coupled DFB lasers are connected to two collimating input ports, mounted on a 5x4 ¢m
miniature breadboard. On this breadboard are also fixed two small beamsplitters (BS), taking 7%
radiation power from each beam, and then directed onto two InGaAs detectors (PD1, PD2), with a 10 kHz
bandwidth, the electric signals being used for common mode noise rejection. The two transmitted beams
are coupled co-propagating by a dichroic beam-splitter and re-launched into a single-mode fiber by an
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optical output port also fixed on the breadboard. After 30 meters of propagation inside the single-mode
fiber, the two-colours beam is again collimated in air, to cross the interaction region, which is
geometrically defined by two stainless steel optical ports. These ports are screwed onto a stainless steel
block and can be translated, one with respect to the other.

SMF INTERACTION
- REGION

PD1| ——
. FC

v ()

A P

BS
f PD2
L1

FC

FC

PD4

L2

Fig. 1. Schematic diagram of the diode lasers based sensor for remote detection of H,O and CO,.
1.=laser; PD=photodiode; FC=input/output fiber port; BS=beam-splitter; DM=dichroic mirror;
SMF=single-mode fiber; MMF=multi-mode fiber; CL=collimating lens.

Thus, the absorption path-length can be changed between 20 and 30 cm. The output fiber is a multimode
fiber, with a core diameter of 63 um and 0.27 NA (numerical aperture), to reduce launch losses. Indeed,
as will be discussed below, the two-colour beam interacts with a hot jet of gas, with a consequent
degradation of the beam quality, which becomes less critical for fiber launch when a muitimode core is
used.

The 30 meters long multimode fiber takes the radiation back to the rest of the apparatus. The collimated
output from the multimode fiber is finally wavelength selected by a dichroic mirror and detected onto two
InGaAs detectors (PD3 and PD4). Interference effects, due to the fact that a large number of modes can,
in principle, be supported by the multimode fiber, do not significantly degrade the absorption signals.
Total losses of the system, from the laser fiber output to the collimated output from the multimode fiber,
are similar for the two wavelengths and amount to about 8 dB, including the 0.3 dB loss due to the
beamsplitter. Most of the losses (more than 5 dB) occur in the interaction region, even in absence of

flow, due to the critical operation of collimating and re-launching radiation in a second fiber after a beam-
path of more than 20 cm.
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Experimental results and conclusions

The sensor has been tested at Solfatara volcano, Pozzuoli, near Naples, in Italy.

The collimated radiation interacts with a jet of hot gas from the ground, at a temperature of about 160 °C.
The gas contains a large quantity of water vapour (about 80%), about 20% of CO; and trace amounts of
many other components, like CO and H,S. The gas composition puts enormous problems to any optical
system, for many reasons. First of all, water vapour easily condensates wherever temperature decreases
below 100 °C, not only forming fog on the optics, but also large amounts of liquid phase water.
Moreover, simultaneous presence of sulphur and water takes to efficient formation of sulphuric acid on
any device around the fumarolic emissions. Besides this difficult chemical-physical framework, it must be
taken into account that small sized rock particles may be ejected by the fast fumarolic flows. Tt is
therefore evident that very stringent requirements must apply to all the experimental set-up.

Remote operation with optical fibers is the only way to leave all the instrumentation at a safe distance.
Kevlar coating of the fibers has demonstrated to be very resistant to chemical offences, enhanced by the
high temperature of the ground, up to about 70-80 °C, where fibers lie.

One of the most difficult problems to solve was the design of the gas-radiation interaction region. Two
different approaches can be basically used. One is an open-path configuration, in which the gas freely
flows through the interaction region, without any special constraint. The main drawback of this choice is
that the measurements would strongly depend on external atmospheric conditions. Also, when the
stainless steel block with the two fiber ports is held just inside the fumarolic flow, a drastic decrease of
the device lifetime can be easily forecasted, due to the very extreme conditions. The other approach
consists in constraining part of the flow into a tube, which terminates with a cell, equipped with two
transparent windows. The cell fits the interaction region between the two ports.

A recording of a water vapour line, with an open-path scheme and the apparatus close to a moderately
flowing emission, is shown in Fig. 2.

The line scan is performed by current tuning of the laser. This allows scans as wide as 15 GHz to be
performed with short scan time of the order, typically, of a few milliseconds. Such wide scans are
required to fully record the very broad absorption profiles.

02
% 0.15
% 0.1
2 0,05
T O
2 0,05
g .0
=

g .0.15
= 2

0 50 100 150 200

Freguency scan {(arb. un.)

Fig. 2. Example of water vapour detection in a moderately flowing emission
at Solfatara volcano, using an open path scheme.
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This is mostly due to the pressure broadening because of the strong cross-section of water vapour [1].
The effect of linear modulation of the laser current on the transmitted intensity baseline can be seen even
if a dual beam scheme has been used.

Choosing a properly working design for a constrained flow has been very hard. An all-glass iube and cell
design demonstrated quite convenient, due to the excellent chemical properties of the glass, the easy of
cleaning from condensed substances, the resistance to temperature changes, the possibility to easily
solder the transparent windows on the cell, without any special holder. A very difficult task was the
choice of a design which does not decrease too much the flow temperature. In particular, the flow
temperature inside the cell must be greater than 130 °C. Indeed, below about 130 °C and 100 °C the
condensation of sulphur compounds and water vapour, respectively, occurs. In this case, the propagation
of the laser beams is not allowed.

In Fig.3 is shown a water vapour line recorded in the presence of a strong flow inside a glass cell
operating with an external heating, to maintain windows temperature always above 130°C. The flow
reached the cell after a 1.2 meters path inside a dewar glass tube, made with two concentric tubes, the
inner one being separated by the external one, and soldered at the extremes. This allows to minimize
thermal losses of the flow.

Even if all these preliminary tests of the apparatus were performed using a portable generator, the final
goal is 10 build a spectrometer able to operate for as long time as possible without resorting to line
supplied power. In this respect, diode lasers are ideal, due to the extremely low power requirements. A
battery operated system, with possible solar panel integration, could be built, with continuous operation of
several weeks. On the other side, heating the cell is very power consuming. Therefore, we have recently
built and successfully tested a cell which allows spectrometer operation without any external heating nor
thermal insulation. In this case, the windows of the cell were efficiently kept above 130 °C using the
fumarolic emission as heating agent.

0,35

S 03+

5 025 -

g

& 02 -

-

2 015

E

= 0,1 4

g

= 0,05 4

0 T T T T

0 0,002 0,004 0,006 0,008 0,01

Frequency scan (arb. un.)

Fig. 3. Water vapour absorption in the presence of gaseous emissions
strongly flowing inside the sample cell, at Solfatara voicano.
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In conclusion, we have built a new kind of laser based spectrometer, able to operate in extreme
environments and for simultaneous detection of different molecular species, with extremely reduced
power requirements. The apparatus has been successfully tested for several months at Solfatara volcano,
near Naples, paying special attention to materials' resistance and durability and to the design of the
interaction region.

Some preliminary recordings for water vapour lines have been shown. At present, we are working on the
calibration of the apparatus in order to provide an accurate concentration measurement for H,O and COs.
Also, we are going to use wavelength modulation techniques to improve the signal-to-noise ratio for
weaker lines, eventually belonging to less abundant species, as is the case of B0, or C'*0'60.
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