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Executive summary 

 

An earlier SIMRAC project, GEN 705, successfully demonstrated that the Open Path Remote 
Sensing (OPRES) based technology could be used for the detection of methane gas in the 
mining environment.  The technology is based on differential absorption lidar (DIAL) that uses 
tuneable laser radiation to detect the absorption of methane in the atmosphere. High spatial 
resolution (<1 m) and good concentration discrimination (~0.1%) were envisaged. The detection 
principles had also been demonstrated with the use of a laboratory laser source together with a 
dedicated detection system that was developed by the National Laser Centre.  

The objective of this project was to develop an autonomous methane ranging open path remote 
detector for laboratory and underground tests. The development of a compact laser source to 
be integrated with the detection system was a further objective.  CSIR Mining Technology, as 
the initiator of the original concept, functioned as the primary contractor with the National Laser 
Centre as a major subcontractor. 

The report in Appendix A discusses the problems experienced with current laser design, 
including experimental design flaws, component failure, and human error. It also describes a 
test in which the laser failed to detect methane even at very high concentrations. A new laser 
design to correct the experimental design flaws of the first laser is further described. Simulations 
of this new design were carried out and these indicated the suitability of the design for methane 
detection.  

Appendix B contains a paper that was presented at the High Power Chemical and Gas Laser 
conference held in Prague, Czech Republic, September 2004. This paper describes a novel 
approach to wavelength selection in an optical parametric oscillator and will appear in 
conference proceedings published by the International Society for Optical Engineers (SPIE), 
USA during 2005. 
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1 Introduction 
In order to provide a full perspective of this project, a summary of the SIMRAC work by Kononov 
et al. (2000) forms the basis of this introduction. The original concept was to develop a time 
Ranging Open Path Remote Sensing device. Figure 1.1 demonstrates the principle of operation 
for remote gas sensing. This technology enables the detection and delineation of flammable gas 
concentration along the open path thus ensuring that the safety regulation requirements for 
routine methane monitoring and early warning are met. 

The employed technology is known as Differential Absorption Lidar (Lidar - Light Detection and 
Ranging) with the acronym DIAL, a form of optical radar. Short impulses of two wavelengths of 
infrared laser light are projected along the path of interest. This light is backscattered off the 
dust particles in the air and is collected by a receiving telescope. One wavelength, the primary, 
is matched to a strong absorption line of the gas species of interest (see Figure 1.1) The other, 
the reference, is unattenuated by this gas but lies at a wavelength close enough to the primary 
wavelength to ensure that differences in transmission characteristics are negligible. The 
methane concentration at any particular distance from the sources can be resolved from the two 
received signals by analysing their ratio at a time corresponding to that taken for the light to 
travel from the transmitter to the area of interest and back to the receiver. 
 
It was impossible to apply currently available DIAL technology directly for use underground 
applications, as the best spatial resolution of such a system is only about 15-30 m. This 
limitation is a result of both optical timing aspects and a lack of backscattering particles in the 
atmosphere.  
 

Tunable Laser 

Methane gas cloud 

Wavelength 

M
e

th
a

n
e

 A
b

s
o

rp
tio

n
 

λoff λon 

Detector 

Receiver 

 
Telescope 

Signal Processing 

and Control In
te

n
s
ity

 

C
o

n
c
e

n
tra

tio
n

 

Range 

 

Figure 1.1  Principle of Operation 
 
 
However, a substantial amount of airborne dust is present in the mine atmosphere and with the 
advent of a new convolution-based DIAL technique, a system fit for underground application (1-
2 m spatial resolution) is feasible. The hardware and processing software for the OPRES (Open 
Path Remote Sensing) system has subsequently been developed and tested in laboratory 
conditions. The laser diode based device required a custom-built powerful laser impulse diode 
at 1,665 nm (ON wavelength). Therefore, for the concept demonstration, the National Laser 
Centre (NLC) used a commercially available continuous wave (CW) laser diode, driven at higher 
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current than rated, in an attempt to obtain a higher output power. This concept demonstration 
was successful and the objective of this project was to develop an autonomous methane 
ranging open path remote detector for laboratory and underground tests. The development of a 
compact laser source to be integrated with the detection system was a further objective.  It will 
be shown by this report that this objective was, for several reasons, not fully achieved.  
 

1.1 Differential Absorption Light Detection and Ranging 
(DIAL) technology 

Laser remote sensing is based on the projection of a short laser pulse, followed by the reception 
of radiation reflected from a distant dedicated or topographic target or from atmospheric 
constituents such as molecules, aerosols, clouds or dust. 

When comparing Open Path Remote Sensing (OPRES) and DIAL technologies from an optical 
point of view, a few common features can be noted. Both technologies measure an infra-red 
(IR) beam of specific wavelength attenuated by absorption by the gas of interest (ON 
wavelength). Both technologies employ a second wavelength (OFF wavelength), which is as 
close as possible to the ON wavelength, but free of attenuation by the gas of interest. Other 
attenuating factors present will be practically identical for ON and OFF wavelengths, enabling 
the cancelling out of all attenuation except for that due to the gas of interest. (Figure 1.2) 
(Rothman, 1998).  
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Figure 1.2  Methane absorption lines 
 

The main difference between an OPRES and a DIAL system is that in DIAL very short impulses 
are used as opposed to the continuous waves employed in the OPRES system. Due to 
scattering some part of the IR light will be reflected back towards the IR light source where it is 
registered by a receiver. Hence the received signal strength depends on the gas concentration 
and the level of scattering (Figure 1.3). 
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Figure 1.3  DIAL technique 
 

The same length of impulse of OFF wavelength propagates through the same optical path and 
experiences the same level of scattering. Therefore, only the ratio of the received ON and OFF 
signal is proportional to the gas concentration.  

Assuming that a laser has launched an IR light impulse of 333 ns duration, such an ON or OFF 
impulse propagates through the atmosphere and occupies 100 m length of the optical path at a 
time. In order to obtain a spatial resolution the receiver is synchronised with the laser. The 
receiver should be opened for 666 ns to receive the whole portion of scatted light from any of 
100 m section of the path. Theoretically, by delaying the receiver opening after the end  of the 
launched impulse from zero to, for example 5999 ns enables the information on gas 
concentration along a 1000 m path with 50 m resolution (Figure 1.3  DIAL technique), to be 
obtained. The DIAL technology has found very wide applications in atmospheric studies. (Ikuta 
et al, 1999, Prasad et al,1996). 

1.2 Project status 

This project was primarily undertaken by the National Laser Centre. Appendices A and B 
describes the developments undertaken; the problems encountered; and the suggested future 
research and development required.  The project status is briefly summarised by the following:  

 

The original project objectives for the remote detection of methane gas were: 

• High spatial resolution (<1m) - localized concentrations 

• High sensitivity (<0.2% CH4 concentration) 

• Eye safe laser operation 

• Compact and portable rugged system 

• Intrinsically safe 

• Build a technology demonstrator system 

• Test system to determine product requirements 

The following was achieved (with the date of accomplishment shown): 

• Demonstrated differential absorption measurements successfully in lab (2002) 

• Successfully demonstrated dual wavelength optical parametric oscillator (OPO) 
design (2003) 

• Switchable at 20 Hz between wavelengths (2003) 
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• High output powers achieved (2003/2004) 

• Paper  presented at conference on the dual OPO wavelength capability (2004) 

• Re-designed laser/OPO  to overcome inherent problems of previous design (2004) 

 

The project did not achieve all of these objects for the reasons described in Appendix A. These 
reasons are summarised as follows: 

1.  The development of a compact all solid state laser was hampered by several failures:- 

• Problems with laser diode collimation-low efficiency 

• Problems with laser polarization-no OPO output 

• Above led to laser diode failure- due to harder pumping 

• Poor optical coatings- sourced from another manufacturer 

• Laser crystal damage- reduced tenability 

2.  The methane absorption measurements failed:- 

• Laser line-width found to be too large 

• Characteristic of OPO design 

• Initial OPO design has a broad line-width output 

• Lack of accurate diagnostic equipment led us to discover the problems late  

 

2 Conclusions and Recommendations 
The project did not succeed in achieving its objectives because the original concept developed 
for the remote detection of methane failed in several aspects. The initial design was analysed 
and areas for improvement identified that will result in a compact portable methane detection 
system. The development of the new OPO (optical parametric oscillator) has started. 

The OPO intended for the detection of methane was designed and modelled.  The results from 
the simulation of the OPO’s performance indicate that this OPO will be highly suitable for 
spectroscopic applications and can be successfully adapted to a portable methane detector. 

Although some problems were experienced with the laser source design, resulting in an inability 
to perform the final methane detection sensitivity tests, it is believed that the current process to 
design a narrow linewidth laser source will result in a technology demonstrator that can be 
thoroughly tested before further product miniaturisation and ruggedisation are attempted.  

It is recommended that should any future work be supported or required by the Mine Health and 
Safety Council, the National Laser Centre should be the primary contractor. CSIR Mining 
Technology could play a leading role with respect to industrialisation, underground testing and 
intrinsic safety certification. 
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1 Current laser design 

1.1 Introduction 

The Open Path Remote Sensing (OPRES) project of 2001 ended with the successful 
demonstration of methane detection in a man-made tunnel. The lasers used were large 
laboratory lasers designed specifically for high resolution spectroscopy. The use of this laser 
system ensured good results. The next step was to scale the laboratory system down to a 
portable methane detector. Initially, laser diodes at the absorption wavelength of methane were 
purchased, as these systems satisfied the portability aspect. However, these commercially 
available lasers failed in the application because of line-width and low average power. After 
further investigation a compact diode pumped intracavity optical parametric oscillator (IOPO) 
design was proposed and built. This design is contained in National Laser Centre’s internal 
report  NLC-LTE10-REP-005. This is the laser design concept discussed in this chapter. 

1.2 Laser-associated problems 

1.2.1 Poor laser diode collimation 

A schematic of the old laser design is shown in Figure 1.1. Previous attempts to get the laser 
working with two laser diodes failed, even though calculations showed that there was sufficient 
pump energy for the laser to work. After the collimating optics had been adjusted in a way not 
shown on the design plan, the laser worked. Even so, this adjustment was not optimal because 
it was determined that the optics ordered did not fit the part number of the optics simulated, i.e. 
the wrong collimating optics were being used. With three laser diodes operational, maximum 
pulse energy of 3.3 mJ at 37 ns was achieved. With a laser beam spot size of 0.75 mm, this 
gave rise to a field intensity of 5 MW/cm2 just outside the laser, and an estimated internal 
intensity of 50 MW/cm2 with a R = 90% output mirror. While calculations showed that this was 
sufficient to drive the KTP non-linear crystals, the experiments showed otherwise. This pointed 
to some other problem in the system. The circulating beams were circularly polarised and not 
linearly as intended. During these investigations several laser diode failures were experienced.   

 

Figure 1.1  Laser design schematic 
 

1.2.2 Optical damage on mirrors and crystals 

When the laser was operated with field intensities as high as 50 MW/cm2, coating damage on 
the output coupler was observed. This observation was surprising since a damage threshold of 
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500 MW/cm2 had been specified to the manufacturer. Because the damage was experienced 
when the system was operating according to the design, the damage was at the centre of the 
optic. It is the opinion of the National Laser Centre that the coatings provided by the 
manufacturer were not of a high quality. A new optic had to be ordered from a more reliable 
manufacturer. The input mirror from the same manufacturer also showed signs of damage. This 
damage proved more serious since the ablated coating debris had landed on the crystals and 
damaged them. The crystals had to be replaced. 

 

Figure 1.2  Optic with damage at the centre 
 

1.2.3 Polarisation problems 

A unique design feature of the OPRES system was the ability to switch between the “on” and 
“off” wavelengths corresponding to the absorption maximum and absorption minimum of 
methane, by switching the polarity of voltage applied across the pockels cell. This caused the 
polarisation to be rotated by 90 degrees. However, it was found that the incorrect voltage has 
been calculated and was being applied. This voltage caused the laser beams to be circularly 
polarised which made it impossible for the Optical Parametric Oscillator (OPO) to work. During 
this time, only two working laser diodes were available. For this reason, another pumping 
scheme for the OPOs had to be found.  

 

1.3 Some successes: A novel method of wavelength 
selection in an optical parametric oscillator 

An external laser to pump the optical parametric oscillator (OPO) was considered. This is shown 
in Figure 1.3. 
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Figure 1.3  Development unit used for methane detection trials 
 

The wavelength selection was achieved by rotating a half-wave plate and good results were 
achieved. A paper, which appears in the appendix of this report, was prepared subsequent to 
these positive results and was presented at the High Power Chemical and Gas Laser 
conference held in Prague in September 2004. The investigation on which the paper was based 
showed the OPO worked well. 

1.4 Experiments with the modified system 

With the OPO system working very well in the development unit, it was attempted to repeat the 
methane detection experiments in the man-made tunnel. Both the “on” and “off” wavelengths 
were directed towards the tunnel, which had been filled with methane. No absorption was 
detected. The output wavelengths were then measured with an optical spectrum analyser from 
the National Metrology Laboratory. Very broad peaks of the OPO wavelengths were measured. 
Measurements with a monochromator also indicated that the wavelengths were different by 10 
nm from the “on” and “off” wavelengths. Several attempts to tune the OPO output wavelengths 
proved unsuccessful as a result of previous crystal damage about the central axes of the 
crystal. This problem seriously impeded progress on the project, mainly because the laser 
source as designed and constructed failed to deliver sufficiently narrow band radiation, and the 
reworking of the OPO crystals as well as the OPO resonator design caused broad band 
radiation and not at the correct absorption feature in the methane gas.   

1.5 Signal processing 

The signal processing hardware required for the testing of the development unit was 
constructed and is now in place. Unfortunately, testing of the signal processing software and 
embedded control software could not be completed, since the wavelength produced by the 
development unit did not coincide with any absorption features in the methane absorption 
spectra, as explained in Section 1.4.    

1.6 Summary 

Many difficulties were experienced with the OPRES laser. These difficulties have resulted in the 
project being far behind schedule. Whilst this delay has cast some doubt on the ability of 
National Laser Centre to deliver on the project it should be considered that no such system is 
yet available for use in the mining environment. It is a research field that is being intensively 
pursued by many large research laboratories overseas. The next section of this report will show 
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that problems with the present design have been identified and corrections to the design have 
been implemented. 

2 Laser source design report for a methane 
monitor 

2.1 Introduction 

The OPRES project concerns the development of a technology demonstrator for the detection 
of methane gas in a mining environment.  The technology is based on differential absorption 
lidar, which uses tuneable laser radiation to detect the absorption of methane in the 
atmosphere.  High spatial resolution (<1m) and good concentration discrimination (~0.1%) are 
envisaged.  The detection principles have been successfully demonstrated with the use of a 
laboratory laser source, together with a dedicated detection system developed by the National 
Laser Centre. 

Work in the latter part of this project has aimed at the development of a compact laser source to 
be integrated with the detection system.  A novel design incorporating a fast wavelength-
switching optical parametric oscillator (OPO) laser was built and tested during the previous 
project phase.  This section of the report will illustrate the technical details of the design as well 
as the result of a number of tests performed.  Finally, the current work will be outlined. 

The current laser source design failed to detect methane. The operating wavelengths were 
found to be different from those of the design specification (Laser Source Design Report, 2002). 
The operation of the OPO also suffered from shot to shot variation in output energy. It also had 
a broad bandwidth typical of a free running OPO. For differential absorption lidar (DIAL), a 
successful operating laser source is constrained by the following requirements: 

• Wavelength must be tuneable to match appropriate absorption lines of the gas under 
investigation; 

• The bandwidth and the spectral stability should be considerably smaller than the line 
width of the absorption line targeted; 

• High spectral purity (> 99%) has to be guaranteed; 

• A sufficient pulse energy and average power are required; 

• A high repetition rate is desirable; 

• The “on” and “off” wavelengths should be as close as possible (Amoruso, 2002). 

Further, Cahen et al. (1981) suggest in their work that an error of the order of 1% in gas 
measurements is obtainable only if the ratio between the laser bandwidth and the molecular 

absorption line width is less than 0.3. As a result, only lasers with a narrow band width (δλ = 
0.03 cm-1) will be successful in DIAL measurements. The OPO in the OPRES laser that 
demonstrates a novel approach in wavelength selection is regarded as a broadband, free-
running OPO with optical bandwidth in the region of 10 cm-1 (Haub, 1995). For this reason, this 
OPO will prove difficult to use in the application intended where detection concentrations of part 
per billion (ppb) are required. Thus, in order that the OPO could be used as the source for 
tuneable radiation, it was necessary to redesign the OPO cavity together with the pump source. 

2.2 Requirements for a differential absorption lidar (DIAL) 
system 

The development of a tuneable DIAL system for range resolved measurements is a challenging 
task. DIAL systems, together with the target gases, need to be carefully studied so that correct 
wavelength regions and thus the correct tuneable source can be determined. To make the 
system compact and portable complicates matters further.  The possibility of incorporating the 
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OPO into the laser should be considered only after both systems have been characterised 
separately. 

Figure 2.1 shows the DIAL system as described by AMORUSO et al. (2002).  
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