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Abstract A new sensing platform to simultaneously

identify and quantify volatile C1 to C4 alkanes in multi-

component gas mixtures is presented. This setup is based

on an optically pumped, broadly tunable mid-infrared

vertical-external-cavity surface-emitting laser (VECSEL)

developed for gas detection. The lead-chalcogenide VEC-

SEL is the key component of the presented optical sensor.

The potential of the proposed sensing setup is illustrated by

experimental absorption spectra obtained from various

mixtures of volatile hydrocarbons and water vapor. The

sensor has a sub-ppm limit of detection for each targeted

alkane in a hydrocarbon gas mixture even in the presence

of a high water vapor content.

1 Introduction

The identification and quantification of mixtures of gaseous

hydrocarbons is of great interest for many industrial

applications. Among them is the analysis of C1 to C4

alkanes (i.e., methane, ethane, propane, and butanes) in gas

mixtures used in the petrochemical industry. Such analysis

is important in a variety of applications, including natural/

biogas gas composition analysis, energy content measure-

ment (BTU measurement), fuel blending and control,

optimization of power generation (fuel cells, gas turbines),

and monitoring of hydrocarbon leaks at pipelines and

refineries [1–4].

Mainly due to the small tuning range of current infrared

laser modules around 3,000 cm-1 (3.3 lm), gas sensors

based on infrared laser technology mostly restrict their

application to small molecules (e.g., methane) and to a

single target molecule per device. Analyzing hydrocarbon

mixtures using infrared lasers is a complicated task since

their spectra are heavily overlapping. The presence of

water vapor and its associated optical absorption further

complicates this task. To derive the actual gas composition

from the measured optical absorption spectrum, a large and

continuous tuning range coupled with a fast tuning capa-

bility of the mid-infrared laser source is desired. A large

tuning range allows the measurement of multiple target

compounds (e.g., C1 to C4 hydrocarbons) and to analyze

them with a single laser source. For narrow molecular lines

(e.g., methane), a larger number of absorption lines is

recorded, while the whole absorption band of larger mol-

ecules (e.g., propane and butane) can be accessed as well

[5]. Furthermore, the broad emission range allows the

recording of not only the absorption lines of the targeted

hydrocarbons, but also of a large portion of the background

absorption. This leads to a much better selectivity and

robustness against possible interfering gas species.

Today’s infrared light sources around 3,000 cm-1

include blackbody emitters, nonlinear optical converters

[6–10], interband (ICL) [11–13] or quantum cascade lasers

(QCL) [14, 15], distributed feedback diode lasers (DFB)

[16, 17], and more recently mid-IR vertical-external-cavity

surface-emitting lasers (VECSELs) [18–20]. Blackbody
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emitters have a low spectral density, and nonlinear optical

converters like optical parametric oscillators (OPOs) and

difference frequency generation (DFG) are of high cost,

bulky, and complicated to set up. The tuning range of DFB

lasers is by a factor of 50 smaller compared to mid-IR

VECSELs. Broadband-tunable ICLs/QCLs use an external

cavity, resulting in a higher complexity and price.

In this work, a sensing platform to simultaneously

identify and quantify volatile C1 to C4 alkanes in multi-

component gas mixtures is presented. The source is a mid-

IR VECSEL with emphasis put on the extension of the

tuning range around 3.3 lm. The developed system is

evaluated using mixtures of the target volatile hydrocar-

bons and water vapor.

2 Experimental arrangement

2.1 VECSEL

The VECSEL [18–20] is based on narrow band gap IV–VI

semiconductors (lead chalcogenides) and is pumped by a

1.55-lm diode laser. The laser consists of a flat PbEuTe/

EuTe bottom mirror, a IV–VI-based active layer, and an

external top mirror. The active layer comprises PbSe

quantum wells in PbSrSe host material. The materials

employed enable emission wavelengths in the

2,200–3,300 cm-1 range at room temperature (RT). The

top mirror based on six SiO2/Si pairs is movable in the

vertical direction by a piezoelectric actuator, which shifts

the emission wavelength by more than ± 75 cm-1 around

the center wavelength. Scan frequencies up to the kHz

regime are feasible, since tuning is achieved purely

mechanically. Due to the short cavity length of typically

\50 lm, the emission occurs in a single longitudinal

TEM00 mode with quasi-perfect Gaussian shape. The

VECSEL is thermoelectrically stabilized and operates at

RT with a pulsed output power of [10 mWp. The pulses

are 5 ns long with a pulse frequency up to 150 kHz. The

laser used for the presented work is tunable from

2,950 cm-1 to 3,100 cm-1 and is ideal to detect all main

features of the C1–C4 alkanes, including baseline.

2.2 Optical gas sensing

The gas sensing setup is depicted in Fig. 1. It consists of

the VECSEL presented above generating the tunable mid-

IR beam, which is collimated with a CaF2 lens (focal

length: 20 mm), polarized (IGP 227, Cambridge Physical

Sciences), and split with a CaF2 plate into two beams. The

reference beam passes through a reference cell (length:

50 mm) filled with CH4 (ca. 2 %vv) diluted in N2 at

980 mbar. The signal beam is sent to a homemade Herriot

[21] multipass cell (total pathlength: 13.35 m) containing

the sample under investigation. Both the signal and the

reference beams are detected with thermoelectrically

cooled MCT detectors (PDI 2TE-4, Vigo System). The

pulse repetition rate of the VECSEL is 93.77 kHz, and the

detector signals are demodulated at this frequency using

two lock-in amplifiers (SR830, Stanford Research) with a

1-ms time constant. The lock-in outputs are recorded in a

computer by a DAQ card (PCI-6052E, National Instru-

ments). The VECSEL wavelength is tuned by applying a

voltage ramp (0–100 V) on the VECSEL piezo element.

This ramp is generated by the analog output of the DAQ

card amplified by a piezo driver (SQV 1/500, Piezomech-

anik). Each ramp is generated within 2 s, and 2,000 points

are collected from each detector during each ramp. The

reference beam and the reference cell are used to calibrate

the VECSEL emission wavelength by recording the posi-

tion of methane absorption lines. Owing to the high sta-

bility of the VECSEL output intensity, no intensity

normalization is used except dividing the measured signal

with a spectrum of the sample cell filled with pure N2. All

measurements are taken at atmospheric pressure

(980 mbar) and room temperature (295 K).

Various gas mixtures are generated by diluting N2

(purity 5.0) with certified reference gas mixtures of meth-

ane, ethane, propane, and butane in N2. The dilution pro-

cess is conducted with a mass flow controller (Serie800,

Sierra). Water vapor is added to the gas mixtures by bub-

bling the gas through liquid water and determining the

resulting water content with a capacitive humidity meter

(HMI-31, Vaisala).

3 Results and discussion

Figure 2 presents individual spectra of methane, ethane,

propane, butane, and water vapor recorded with the

VECSEL
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Fig. 1 Schematic representation of the sensing setup
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VECSEL-based setup. Each spectrum is averaged hundred

times, and the total recording time is thus

2 s 9 100 = 200 s. These spectra represent reference

spectra that are used in the following to fit and quantify

spectra of unknown composition. The laser linewidth is

determined by deconvoluting the measured methane spec-

trum, resulting in a laser linewidth (FWHM) of 1.3 cm-1.

This linewidth is larger than one of the other laser sources

in the 3,000 cm-1 range [6]; nevertheless, it is small

enough to successfully record methane spectra at atmo-

spheric pressure and thus more than sufficient to measure

heavier hydrocarbons.

The gas concentration of a sample is obtained by fitting

(least square fit) its measured absorption spectrum with the

reference spectra presented in Fig. 2. Increasing the

acquisition time permits to reduce the noise and the

residual sum of squares (RSS) of the fit. Figure 3 presents

the RSS of the fit as a function of the total acquisition time

for methane (20 ppm) in nitrogen. The RSS reaches a

minimum after 40-s acquisition time. A 20-s acquisition

time represents a good trade-off between the acquisition

speed and RSS.

Various gas concentrations for each target gas have been

investigated, and Fig. 4 depicts the measured (i.e., deter-

mined after fitting the measured spectra) versus the set gas

concentrations. The solid line in the graphs has a slope of

one and thus represents the case of a perfect measurement.

The vertical error bars represent the ±1r (standard devia-

tion) range obtained from successive measurements. The

horizontal error bars correspond to the estimated errors

associated with the mass flow controller and the gas purity.

Since Fig. 4 shows a linear behavior with a slope close to

one, the limit of detection for the various investigated

hydrocarbon gases is obtained from the standard deviation

of the fitted concentration in pure N2. This limit of detec-

tion is 0.3 ppm for each of the investigated hydrocarbons

diluted in pure nitrogen.

A main advantage of the large tuning range of the

VECSEL is the ability to simultaneously measure multiple

hydrocarbons. In Fig. 5, spectra of two mixtures of meth-

ane, ethane, and propane are shown. Fitting the measured

spectra with the reference spectra allows the determination

of the individual gas concentrations. For such gas mixtures

of hydrocarbons, the limit of detection is around 0.5 ppm

for each gas component depending on the actual gas

composition.

In many practical applications of hydrocarbons sensing,

various other gases are also present in the sample under

investigation. Among them, carbon dioxide (CO2), oxygen

(O2), nitrogen (N2), and water vapor (H2O) are the most

often encountered ones yet only CO2 and H2O vapor are

infrared-active molecules. Since water vapor exhibits the

most interfering potential, its influence on the

determination of the hydrocarbons content is further

investigated. A spectrum of the three lighter hydrocarbons

in the presence of water (1.7 %vv, 70 % relative humidity)

is shown in Fig. 6. The presence of water causes stronger

optical absorption and for certain wavelengths buries the

spectra of the hydrocarbons. However, the broad tuning

range of the laser allows collecting spectral information at

wavelengths where water interferences are low enough to

efficiently derive the concentrations of all targeted hydro-

carbons. In the presence of water vapor, the limit of

detection for each of the various hydrocarbons investigated

increases to about 0.6 ppm depending on the exact gas

composition. This limit of detection is only approximately

two times worse than that for dilution in pure nitrogen

thanks to the large tuning range of the VECSEL.
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Fig. 2 Methane (CH4), ethane (C2H6), propane (C3H8), butane

(C4H10), and water vapor (H2O) spectra measured with the VEC-

SEL-based setup. All spectra are averaged over 100 scans (total

acquisition time: 200 s) and used as reference spectra (see text). The

spectra are shifted vertically for better clarity
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Fig. 3 Residual sum of squares [RSS, i.e., R (Absfitted–Absmeasured)2]

versus total spectrum acquisition time for methane (20 ppm) in

nitrogen
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4 Conclusion

Using a multipass absorption cell and the mid-IR VECSEL,

the absorption spectra of the targeted C1 to C4 hydrocar-

bons, water vapor, and mixtures thereof have been recor-

ded over 150 cm-1 within 2 s. Averaging over 10 spectra

leads to a sub-ppm limit of detection for all investigated

hydrocarbons even in the presence of a high water content.

The broad and fast tuning range of the mid-IR VECSEL is

the key component of this optical gas sensor. The broad

tuning range allows reducing optical interferences and

deriving the individual target gas concentration even in

complex gas mixtures. The fast tuning of the laser permits

a high sensing rate especially if a narrow tuning range or a

moderate sensitivity is required. The setup described in this

work is promising for the identification and quantification

of mixtures of gaseous hydrocarbons in many research and
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Fig. 4 Experimentally

determined concentration versus

set gas concentration. The line

in the graphs has a slope of one

and thus represents the case of a

perfect sensor behavior. The

vertical and horizontal error

bars represent the ±1 standard

deviation (r) range
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Fig. 5 Measured spectra (gray lines) of methane, ethane, and

propane mixtures. The upper line corresponds to 23 ppm of CH4,

24 ppm of C2H6, and 19 ppm of C3H8; the lower line to 12 ppm,

13 ppm, and 10 ppm, respectively. The dotted lines show the fitted

lines. The spectra are averaged over 10 scans (total acquisition time:

20 s)
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Fig. 6 Measured spectrum (gray lines) of a mixture of methane,

ethane, propane, and water vapor. The concentrations are 23, 24,

20 ppm, and 1.7 %vv, respectively. The black dotted line shows the

fitted line. The spectrum is averaged over 10 scans (total acquisition

time: 20 s)
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industrial applications including online monitoring in

industrial processes.
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