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ABSTRACT 
 
Trace gas analysis by near-infrared Tunable Diode Laser Absorption Spectroscopy (TDLAS) has evolved over the past 
decade from a laboratory specialty to an accepted, robust, and reliable industrial process monitoring and control 
technology.  Early industrial-quality TDLAS analyzers occupied full instrumentation racks and frequently cost several 
hundred thousands of dollars to purchase and install.  The technology has now been refined to the point where complete 
TDLAS analyzers are available in lightweight battery-operated packages similar to a smoke detector that cost a few 
thousand dollars.  This paper summarizes the current state-of-the-art in near-IR TDLAS sensors, focusing on miniature 
low-cost devices, and some of their applications. 
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1. BACKGROUND 
 
TDLAS enables sensing trace concentrations of many critical gases in a broad array of applications.  Until the 1990s, 
TDLAS for gas analysis was suitable for laboratory use only, requiring highly trained individuals to operate high-
maintenance devices and provide expert interpretation of the outputs.  During the past decade, however, the technology 
has emerged from the laboratory to become a reliable, robust, and (for selected industrial applications) commercially 
available means for continuously measuring and, in some cases, controlling extremely small concentrations of selected 
gas analytes.  
 
TDLAS gas analyzers rely on well-known spectroscopic principles and sensitive detection techniques coupled with 
advanced diode lasers, and often with optical fibers.1-4  The principles are straightforward: Gas molecules absorb energy 
in narrow bands surrounding specific wavelengths in the electromagnetic spectrum.  At wavelengths slightly different 
than these “absorption lines”, there is essentially no absorption.  Specifically, when the laser wavelength (or its 
reciprocal, the frequency, usually expressed in wavenumbers or cm-1) is tuned to correspond to a particular absorption 
feature of the target gas molecule, the light transmitted across a measurement path containing the target gas is attenuated 
according to the Beer-Lambert relation: 

 [ ]lNS(T)gII 00 )(exp, ν−ν−= νν  (1) 

where: 
 Iv is the transmitted intensity 
 ν is the laser frequency 
 l  is the optical path length through the gas 
 Iν,0 is the initial laser intensity 
 S(T) is the temperature-dependent absorption line-strength (a fundamental spectroscopic property of the 

molecule) 
 N is the target species number density, and  
 g(ν - ν0), called the lineshape function, describes the frequency dependence of the absorption feature 

strength. 
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The argument of the exponential function is the fractional change in the laser intensity across the measurement path and 
is conventionally known as the absorbance.  By (1) transmitting a beam of light through a gas mixture sample 
containing a quantity of the target gas, (2) tuning the beam’s wavelength to one of the target gas’s absorption lines, and 
(3) accurately measuring the absorption of that beam, one can deduce the concentration of target gas molecules 
integrated over the beam's path length.   
 
Practical and robust commercial TDLAS instrumentation came into existence during the 1990's made possible by the 
advent of reliable monochromatic near-infrared (NIR, 1.2 to 2.5 µm, or 4000 to 8500 cm-1) diode lasers that operate 
continuously and unattended near room temperature (as opposed to early NIR diode lasers that required cooling by 
liquid nitrogen).  These lasers (specifically the distributed feedback, or DFB, variety that include a grating-like optical 
element which forces each laser to emit light at a specified NIR wavelength) offer linewidths less than 0.003 cm-1, 
which is considerably narrower than molecular absorption linewidths that are typically 0.1 cm-1 at atmospheric pressure.  
Furthermore, by accurately controlling the laser temperature and the electrical current that powers the laser (the 
"injection current"), the laser wavelength may be tuned rapidly and precisely over a range of about ± 2 nm around its 
specified wavelength.  More recently, Vertical Cavity Surface Emitting Lasers or VCSELs have become available, 
providing similar performance characteristics in the 700-900 nm range of wavelengths.5,6 
 
Typically, each TDL system is built using a laser having a specific design wavelength chosen to optimize the sensitivity 
to a particular target gas.  The wavelength is selected to correspond to a specific absorption line of the target analyte gas 
that is free of interfering absorption from other molecules.  In most TDLAS instruments, the laser's fast tuning 
capability is exploited to rapidly and repeatedly scan the wavelength across the selected gas absorption line.  While this 
scanning occurs, the fraction of emitted laser power that is transmitted through the gas mixture is monitored with a 
photodetector.  When the wavelength is tuned to be off of the absorption line, the transmitted power is higher than when 
it is on the line.  Measurement of the relative amplitudes of off-line to on-line transmission yields a precise and highly 
sensitive measure of the concentration of the target gas along the path transited by the laser beam. Furthermore, well-
established noise reduction techniques known as frequency or wavelength modulation spectroscopy (WMS)7,8 and 
Balanced Ratiometric Detection (BRD)9 are frequently employed in TDLAS instruments to make them exquisitely 
sensitive to very weak absorption of the laser power.  Thus, TDLAS instruments offer a combination of high sensitivity 
to trace concentrations of many gases, freedom from cross-species and external interference, and fast response.  
Examples of gases that can be sensed with TDLAS, and typical minimum detectable path-integrated concentrations, are 
listed in Table 1.  

 
Figure 1 illustrates a commonly utilized TDLAS 
system architecture.10  The instrument is separated 
into two distinct yet interconnected components 
called the Control Unit and the Measurement Path or 
Sensor Head. Signals to control the laser originate 
within the Control Unit.  The laser source is often 
co-located with the Control Unit and its beam 
carried to the Measurement Path via an optical fiber.  
Alternatively, the laser source may be located at the 
Measurement Path and connected by electrical wires 
to the Control Unit. At the beginning of the 
Measurement Path, the laser beam exits the fiber (if 
utilized) and is transmitted into the gas sample. At 

the opposite end of the Measurement Path, the laser beam impinges upon the photodetector which converts the beam, 
and the target gas absorption information it carries, into an electrical signal that is returned to the Control Unit via 
electrical cable. At the Control Unit, the signal is processed and the path-integrated target gas concentration is reported.  
Noise reduction in sensitive BRD and WMS detection techniques is accomplished by use of an optical or electronic 
reference signal that communicates directly between the laser source and the signal processing electronics.   
 
In general there are three distinct Measurement Path configurations in use today - Extractive, Open Path, and Standoff.  
Extractive sampling is utilized for control of manufacturing processes and pollution monitoring in industries that 
include: petrochemicals, energy production, pharmaceuticals, polymers, fine chemicals, pulp and paper, and 

Table 1.  Some Gases Measured by TDLAS 
 

Gas 
Detection Limit 

(ppm-m) Gas 
Detection Limit 

(ppm-m) 
HF 0.2 HCN 1.0 
H2S 20.0 CO 40.0 
NH3 5.0 CO2 40.0 
H2O 1.0 NO 30.0 
CH4 1.0 NO2 0.2 
HCl 0.15 O2 50.0 



ceramics.11,12  In these applications, target gas 
concentration is measured within an optical cell 
installed in a measurement chamber through 
which the gases of interest are continually 
drawn.  The optical path length within the cell 
is designed to provide the required sensitivity to 
the target gas.  A multipass optical cell (Herriot 
cell) may be utilized to provide a long optical 
path length within a small volume, in many 
cases yielding sub-ppm sensitivity with one 
second or faster response.  In some 
applications, the measurement cell is heated or 
operated at non-atmospheric pressure to 
maintain the sampled gas in the same chemical 
state as the process from which it is extracted.   
 
Figure 2 shows an early TDLAS Open Path 
TDLAS product developed by Spectrum 

Diagnostix.13  This and similar products have been utilized by industry for monitoring emissions of toxic or explosive 
gases, such as hydrogen fluoride, hydrogen sulfide, and ammonia, in or around petrochemical refineries, aluminum 
smelters, and fertilizer plants.14,15  In permanently installed Open Path configurations, the laser beam is transmitted 
along a line of sight that can be up to a few hundreds of meters in length.  An optical transceiver is securely mounted at 
one-end of the path, and a retroreflector is mounted at the opposite end.  The laser beam makes a round trip between 
these two elements, and senses the concentration of target gas along the path.  For these applications, the transceivers 
may be designed and certified for permanent outdoor or indoor installation in dusty, corrosive and potentially explosive 
environments, while the Control Unit is located in a control room or similar benign environment.   
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Figure 2.  Example open-path TDLAS industrial process perimeter monitor. 

 
The rack-mounted Control Console pictured in Figure 2 employs the Wavelength Modulation Spectroscopy (WMS) 
noise reduction technique, which is similar to phase sensitive or lock-in amplification.  The laser control and signal 
processing sections are comprised of analog electronics.  The system was designed to service up to four independent 
measurement paths using a single laser source.  Noise due to power supply ripple and measurement path crosstalk were 
made insignificant by using independent linear power supplies for each measurement.  Thus, the entire system occupied 
an instrumentation rack, weighed several tens of pounds, and required a continuous source of AC power. 

Figure 1.  TDLAS gas detector system. 
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2. SINGLE-BOARD TDLAS CONTROL UNIT 
 
To address emerging applications for compact TDLAS sensors, we have now developed a TDLAS Control Unit 
incorporating all functions needed for Wavelength Modulation Spectroscopy on a single 6-in. square printed circuit 
board with digital signal processing (DSP) and an embedded microcontroller.  All of the laser control, thermal control, 
signal processing, and data reporting functions are performed on this board, which draws only 1.5 W of power.  The 
system can be battery powered.  It is typically powered by two AA-sized rechargable Li-ion batteries, which provide 
more than eight hours of continuous operation between charges.  Battery charge control circuitry is built onto the circuit 
board.  The total cost for all board components, excluding the laser, is a few hundred dollars. 
 
The TDLAS Control Board offers three forms of communication with users or other equipment: 
 
• A serial port, using the RS-232 protocol, is used for communicating output data as well as for system configuration.  

In the set-up mode, by communicating via a PC or PDA, the user can adjust laser operating parameters such as 
temperature, average current, and modulation depth.  These parameters, once set, are stored in RAM and the PC 
can be disconnected during normal operation.  Should the PC remain connected, during normal operation the serial 
port continuously streams data including measured analyte concentration, system status including any faults or 
warnings, and other information describing operational parameters.  Software on the PC can receive and 
graphically display this information.   

• A System Peripheral Interface (SPI) data link carries much of the same information as the RS-232 serial port.  The 
SPI link is generally utilized with custom-designed compact low-power displays.  An example is described in 
Section 3.2 below.   

• An audio output, which has been configured to provide an audible tone having a pitch that is related to measured 
analyte concentration.  This enables the device to be utilized as a simple alarm rather than a quantitative analytical 
tool.   

 
3. APPLICATION EXAMPLES 

3.1 GasScan  
Figure 3 shows a device that we have assembled demonstrating a complete battery-
operated TDLAS system in a package comparable in size and weight to a home 
smoke detector.  The package contains a 2 in. optical measurement path, seen as the 
silver section in Figure 5, across which the laser beam is projected.  The device 
utilizes the audio output to act as an alarm, and provides a DB-9 connector for 
connection to the serial port.  A jack is provided for connecting a battery charger, 
and there is a power switch.  To activate the device, it is merely switched on and 
requires less than 10s to “warm-up” and function.  With minor modification, the 
package can be configured with an optical fiber connector to allow use of an 
external measurement path.  Potential applications for this device include: Industrial 
or Commercial Toxic Gas Alarms, On-line trace gas process monitoring and 
control, Environmental Monitoring, Combustible Gas Alarms, and Combustion Gas 
(Fire) Sensors. 

3.2  Remote Methane Leak Detector 
Figure 4 illustrates an example use of the single board TDLAS system with an external standoff optical path and a local 
user-interface display.  The device shown is known as the Remote Methane Leak Detector or RMLD.16  In this example 
standoff TDLAS sensor, passive reflectance of a laser beam projected onto walls and other topographic targets enables 
measurement of path-integrated target gas concentrations over distances up to a few tens of meters.  Figure 5 illustrates 
the optical configuration.  The RMLD system includes a handheld optical transceiver and a shoulder-mounted 
controller.  The two sections are connected by an umbilical cable bearing an optical fiber and a few wires.  Gas 
concentration information is communicated via the audio output, and via the SPI data link to an LCD alphanumeric 
display.  The same configuration can be adapted to sense any of the gases listed in Table 1. 

Figure 3.  Complete TDLAS system 
packaged like a smoke detector. 



The RMLD was developed for inspection of municipal natural gas pipelines.17 It is 
expected to replace currently-utilized flame ionization detectors and to largely simplify 
the work of surveyors who periodically walk the length of each buried gas pipe to 
check for leaks.  Its method of use is illustrated in Figure 6, while Figure 7 shows a 
time history of gas concentration measured while sweeping the laser beam across a 
leak area in a municipal pipeline.   
 

3.3 Oxygen Sensor 
The single board TDLAS system has also been adapted to operate a VSCEL, producing light near 760 nm 
(13,158 cm-1), and used to measure oxygen.  The intended application for this measurement is to continuously monitor 
the performance of aircraft fuel tank inerting systems.  These systems, installed on many military and some new 
construction civilian aircraft, protect fuel tanks from explosion by reducing the oxygen concentration in the vapor space 
above the fuel, the “ullage”, from typical ambient levels of 21% to about 9%.. Inerting is accomplished by feeding 
engine compressor bleed air to an Air Separation Module (ASM), which removes oxygen, and supplying the resulting 
Nitrogen-Enriched-Air (NEA) stream to the ullage.  Currently there is no available sensor technology that cost-
effectively and safely measures NEA O2 concentration in the ullage or other potentially flammable portions of the 
inerting system. 
 
Figure 8 illustrates the concept for an ullage oxygen sensor system based on the single-board TDLAS platform. With 
this optical technology, only passive materials contact the fuel. A few low-power intrinsically-safe opto-electronic 
components mount externally to the fuel tank. These components communicate electrically with a compact control unit, 
installed in the aircraft electronics stack, which provides outputs to the inerting system controller and to a cockpit 
indicator.  Figure 9 shows the oxygen spectral absorption spectrum from the HITRAN database, accessible with the 
VCSEL source. 

Figure 4.  Natural gas leak 
surveyor using an RMLD 
to inspect a gas meter. 

Figure 5.  Optical configuration of standoff TDLAS sensor. 

Figure 6.  Illustration of surveyor inspecting a gas pipeline. 

Figure 7.  A municipal gas leak signature detected 
with RMLD. 
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4. CONCLUSION 

 
TDLAS has become a reliable technology accepted 
for use in many industrial applications: Open-Path 
TDLAS systems monitor emissions of toxic or 
explosive gases in aluminum smelters, petro-
chemical plants, and agricultural areas; Extractive 
and in-situ TDLAS systems are employed for 

process monitoring and control of chemical, combustion, or manufacturing processes. While the uses of these high-end 
installations continues to expand into novel and complex applications, on-line combustion analysis and control for 
example,18-20 the compact, reliable, low-power, and reduced cost devices illustrated in this paper have enabled new 
applications including standoff TDLAS for natural gas pipeline leak surveying.  These novel applications are likely to 
lead to production of more than 1000 units per year, propelling this technology into the mainstream of the optical sensor 
marketplace and continuing to expand the diversity of uses. 
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Figure 9.  Near-IR oxygen absorption spectrum. 
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