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Abstract
A method for the simultaneous measurement of carbon dioxide (CO2 ) and carbon monoxide (CO) absolute concentrations and temperature using fiber laser intracavity absorption spectroscopy (FLICAS) was developed. FLICAS uses an
erbium-doped broadband laser capable of being tuned in the range 6350 - 6450 cm−1 . The range 6390 - 6410 cm−1 ,
which is emitted by the laser without tuning, allows for simultaneous observation of the CO, and CO2 spectra. Truly
simultaneous observation of these spectra is possible during one laser pulse with duration as short as 3.7 µs. The
experiments were performed in a temperature and flow-controlled cell in order to evaluate the accuracy of the concentration and temperature measurements from 296 to 1200 K. The measured spectra of CO and CO2 are well described
by the HITRAN database, allowing for accurate and simultaneous determination of CO, CO2 and temperature. The
temperature is evaluated using the CO2 spectrum, which includes many ”hot” transitions. The CH4 HITRAN data
are deficient at high temperatures, so this method only allows for the evaluation of methane concentrations at room
temperature. The FLICAS spectra of the”hot” water lines in flames allow to evaluate correctly the flame temperature.
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Introduction

The ability to simultaneously monitor multiple species is
of utmost importance. In many cases, the concentration
ratio is more informative than the absolute concentrations
of individual components. This is due to the dependence
of the latter on possible dilution by other gases at the
point of measurement. For instance, the ratio of CO2
to CO is a well-known indicator of the completeness of
combustion, so measurement of both gases is often required in technical combustion equipment or its exhaust
gases. Accurate and simultaneous measurement of these
gases, along with a precise temperature determination, is
crucial to evaluating the environmental and performance
aspects of combustion and gas-reforming devices.
Detection of CO and CO2 concentrations has been accomplished by various techniques, most of which are
based on tunable diode laser spectroscopy, abbreviated
TDLAS 1–9 . Quasi-simultaneous multispecies monitoring can be accomplished with the fast laser wavelength
scanning technique 4,10–12 . In the very recent work by
Spearrin et al. 12 two mid-infrared quantum cascade lasers
were used for simultaneous monitoring of CO and CO2 in
a scramjet combustor. For temperature measurement with
this method one of the lasers is scanned through two lines
of CO with different energies of the lower levels of the
corresponding transitions. The sensitivity of 1000 ppm
CO for temperature and concentration measurements was
demonstrated. The use of two line method for temperature evaluation limits the dynamic range of these measurements and the scanning requirements results in time
resolution of 10 ms. An alternative approach is based on
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spectroscopy employing broadband light sources such as
superluminescent light-emitting diodes 13,14 , multimode
absorption spectroscopy, MUMAS 6 , or intracavity laser
absorption spectroscopy (ICLAS) 15–18 and its fiber laserbased version FLICAS 19,20 . Thomson et al. 6 used MUMAS for simultaneous detection of CO and CO2 . In spite
of broadband multimode laser source used in MUMAS,
it demands scanning of the cavity length that affects the
temporal resolution. A multipass cell used to improve the
sensitivity allowed maximal optical length of 10 m. Sensitivity of about 1500 ppm was demonstrated for CO at
room temperature.
ICLAS and FLICAS allow truly simultaneous measurement of multiple spectral features with very high sensitivity. The spectral range of FLICAS for a erbiumdoped fiber extends from 6200 cm−1 to 6550 cm−1 and
includes the spectra of several molecules playing key
roles in combustion and combustion-related pollutant formation and abatement: CO2 , CO, H2 O, H2 S, C2 H2 , HCN
and OH 19,20 . Near-IR spectral range includes lines from
overtone and combination transitions, which have relatively low intensity. On the other hand, these transitions
often overlap, allowing for simultaneous monitoring of
several species in one spectrum. Additional advantage
of the ∼1.5 µm spectral range used in this work is the
availability of relatively low cost equipment (optics, ccd)
developed for telecom applications.
The intensity of absorption spectra varies strongly
with temperature due to the temperature dependence of
each molecule’s Boltzmann factor and partition function.
Therefore, even retrieving relative concentrations from
the observed absorption spectra requires a very accurate temperature measurement. Ideally, we use a nonintrusive method to determine the temperature from the
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Fig. 1 Schematic of the experimental setup. L1, L2, and L3
are aspherical lenses, OC is an output coupler, BS is a
beamsplitter, DL is a diode laser, and PD is a photodiode.

Fig. 2 Temperature distribution along the fuel cell for nominal
oven temperature of 973 K, W are optical windows

resolution 1.25 m spectrograph, with a 100 grooves/mm
echelle grating operating in the 11th order of dispersion.
The spectra are recorded by an IR linear CCD camera
(1024 pixels of 25 µm, Sensors Unlimited SU1024LE)
and stored in a computer. The dispersion of the spectrograph is 0.92 cm−1 /mm or 0.023 cm−1 /pixel.
The gas passes through a flow cell – a stainless steel
tube 100 cm long, situated in a temperature-controlled
tubular oven 60 cm long. The entire flow cell-oven assembly is placed inside the fiber laser cavity. The use
of a relatively long tube is associated with the necessity
to have fairly uniform temperature distribution along the
optical path. The example of this temperature distribution measured by thermocouple along the tube is shown
in fig. 2 for nominal temperature of 973 K. The temperature within of the 80% of the oven length deviates from
the nominal value by ±50K and drops sharply outside of
the oven.
Antireflection coated glass windows (12.6 mm thick,
1o wedge) at both sides of the tube are slightly tilted with
respect to the optical axis. The temperature profile along
the optical axis rises sharply at the edges of the heated
part of the tube. Inside the oven, the temperature profile is nearly flat with less than 50 K deviations from the
nominal oven temperature. The gas flows are adjusted
by calibrated mass-flow controllers (1259, MKS instruments).
In FLICAS the light transmission at the absorption line
wavelength is governed by the Beer-Lambert law 19,20 :

same spectral information used for species concentration
measurements.
The FLICAS method observes a relatively large section of the rovibrational spectrum, which makes it possible to measure both temperature and concentration simultaneously. An additional advantage of FLICAS is that it
is insensitive to broadband losses, making it possible to
work directly in harsh environments with strong broadband absorption or light scattering due to soot or other
aerosol particles 18,21,22 .
In our previous work 20 sensitivity of 25 ppm for CO
at room temperature was demonstrated, as well as the
ability to observe spectra of various stable molecules and
radicals. In the present work, we report an application
of FLICAS to measure concentrations of CO, CO2 , CH4
separately and in their mixture at temperature range from
296 K to 1200 K, where in each case the temperature was
extracted from the measured spectra of these molecules.
The experiments were performed using a flow cell in a
tubular oven, permitting us to create conditions with welldefined temperatures and concentrations. The goal of
these experiments is to evaluate the feasibility and accuracy of FLICAS measurements for simultaneous temperature and concentration evaluation.
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Experimental

The experimental setup, similar to the one described in
our earlier publication 20 , is shown in Fig. 1.
The fiber laser intracavity spectrometer is based on the
external cavity erbium-doped fiber laser, which is optically pumped by a single-mode diode laser operating at
980 nm (S-980-9mm-0350, Axcel Photonics). The fiber
used (R37PM01, OFS Fitel) is a single-mode polarization
maintaining Er3+ -doped silica fiber.
The laser emission spectrum can be tuned by translating lens L3 along the optical axis, exploiting the effect of chromatic aberration. The output coupler (OC)
is an external plane dielectric mirror with 5% transmission. It is wedged by 10o to avoid interferometric fringes.
The spectrum of the laser radiation is analyzed by a high

I(ν,t) = I0 (t) exp(−nσ (ν)Le f f )

(1)

where n is the concentration of absorbing molecules,
σ (ν) is the absorption cross section, and Le f f is determined according to
Le f f =

l
ctgen
L

(2)

L is the total length of the cavity; l/L is the filling ratio,
the fraction of the cavity filled by the absorber; c is the
speed of light; and tgen is the time of generation. The total optical length of the laser cavity with a 42-cm-long
2

erbium-doped fiber is L = 181 cm. At room temperature the filling ratio can be determined by the distance
between the optical windows in the cell (l=105 cm), so
the filling ratio l/L=0.58. In experiments at elevated temperatures the total length of the gas absorbing at the oven
temperature is 60 cm, but absorption by the cold gas at
the edges of the tube must also be taken into account.
Immediately after switching the pump laser above the
threshold, the fiber laser displays strong relaxation oscillations which are characteristic of solid state lasers 23 .
The durations of the first few relaxation peaks are much
shorter than the peak separation. In these experiments,
the duration of the pump pulse was chosen such that the
pump power drops immediately after the process of laser
generation begins. Therefore, only one relaxation peak
of fiber laser power was observed. The generation time
in this case approximately equals the time difference between the end of the pump pulse and the maximum of the
fiber laser pulse. Note, that since the duration of the relaxation peak is rather short, most of the light enters the
spectrograph at the time tgen , and therefore the effective
optical length Le f f is well-defined. We estimate the uncertainty in Le f f to be less than 10%. The generation time
tgen in our experiments was 3.7 µs, which corresponds
under our conditions to an effective path length of 644 m.

3

lation. After assigning the spectral lines, the spectra of
individual molecules are simulated with the aid of HITRAN 24 or HITEMP 25 (for its CO2 database), including
collision broadening and line shift coefficients. The line
intensity S(T ) at temperature T is calculated based on
the line intensity at the reference HITRAN temperature
Tre f = 296K:
S(T ) = S(Tre f )

Q(Tre f ) exp(−c2 E/T )
Q(T ) exp(−c2 E/Tre f )

(3)

where E is the energy of the lower transition level, Q(T )
is the partition function from the HITRAN database, and
c2 is the second radiation constant = hc/k=1.4388 cm K.
The correct wavenumber ν 0 corresponding to the spectral
line is determined using the pressure shift δ of the transition:
ν 0 = ν + δ ∗ 1atm
(4)
Thus, the monochromatic cross section σ (ν) is given by
σ (ν) = S(T ) f (ν 0 , T, p, γ)

(5)

where f (ν 0 , T, p, γ) is the Lorentzian lineshape function
and p is pressure:
f (ν 0 , T, p, γ) =

Results and Dicussion

γ(p, T )
1
2
π γ (p, T ) + ν 02

(6)

and the half linewidth γ(p, T ) is calculated using γair
from HITRAN:
 Tre f n
γair ∗ p
(7)
γ(p, T ) =
T

The full spectral range is obtained by tuning the laser
with the L3 lens, as described in the Experimental section. The broadband emission of the laser at a fixed L3
position covers a narrower spectral range. The most of
experiments in this work was performed in the 6390 6410 cm−1 spectral range. We chose this range based
on the following criteria. First, it must allow simultaneous determination of the CO and CO2 concentrations,
with more sensitivity to CO since the CO2 concentration
is substantially higher in most applications. Second, the
selected range must allow temperature measurements and
hence include lines which behave differently as the temperature changes.
The spectral range used in this work complies with
these requirements. In this range, CO can be measured
with high sensitivity and the temperature can be determined from rotational lines with high J numbers in the
CO2 spectrum. The intensity of the CO spectrum in this
spectral range is about 20 times higher than that of CO2 .
As mentioned above, this can be considered an advantage
for many practical applications, where trace amounts of
CO have to be detected on top of a dominant CO2 background.
The spectral lines in our experiments are broadened
mainly by collisions, since the Doppler width is narrower than the Lorentzian collisional linewidth by at least
a factor of five even at 1200 K. However, the apparatus linewidth accounts for additional broadening. Therefore, we use the following procedure for spectral simu-

The coefficient n reflects the temperature dependence of
the air-broadened halfwidth from HITRAN. The spectral baseline was simulated with a 5th-7th order polynomial. The Beer-Lambert law (Eq.(1)) was used to generate the resulting spectrum. In the next stage, the generated spectrum was convoluted with the instrumental
lineshape function approximated by a Gaussian, using a
LabVIEW code based on the fast Fourier transform algorithm.
The polynomial coefficients along with the temperature and molecule concentration(s) were evaluated using
a nonlinear least squares fit (the Levenberg-Marquardt
algorithm), with the aid of a homemade LabVIEW program.
Fig. 3 depicts measured and simulated spectrum of 2%
CO diluted by nitrogen to a total pressure of 1 atm at a
temperature of 298K. The best fit yields 1.9% CO concentration and a temperature of 302K.
The inset in Fig. 3 demonstrates the excellent fit of a
single spectral line. The temperature and concentration
of CO can be accurately evaluated in this spectral range
only near room temperature, since in this range the CO
spectrum contains rotational lines with rotational quantum numbers from 13< J < 21. These states correspond
to the energies of the lower transition level, which are less
than 886 cm−1 . At high temperatures the rotational lines
3
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Fig. 4 Comparison of the CO concentrations extracted from
spectral features with those defined by the mass flow controller
at the room temperature.

Fig. 3 Experimental (solid line) and simulated (dashed line)
spectra of the CO molecule at room temperature. The inset
depicts the R15 line at 6397.58 cm−1 . The dotted line in the
inset shows the apparatus function of the spectrograph,
approximated by a Gaussian. The concentration of CO was 2%
in 1 atm of nitrogen at T = 298 K. The best fit results in a CO
concentration of 1.9% and T = 302 K .
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Transmitance

1.0

in this range have nearly equal intensity, so are unsuitable
for temperature evaluation.
Despite the difficulty in evaluating high temperatures
using the CO molecule spectrum in this range, the CO
concentration can still be evaluated accurately using independently measured temperature values. For instance,
we can extract a temperature from the CO2 spectrum, as
elaborated below. In order to estimate the accuracy of
the concentration evaluation, the fitting procedure was repeated for CO concentrations ranging from 0.1 % to 2 %
of the mixture with nitrogen at atmospheric pressure. The
results are depicted in Fig. 4. The lower limit of the CO
concentrations used in this experiment is imposed not by
the sensitivity of the detection method, but by the accuracy of the mass flow controller used for the CO gas supply. The signal-to-noise ratio at 2000 ppm CO concentration was about 5. That is, the CO concentration can be
measured with the sensitivity of 400 ppm in this spectral
range. Note that the sensitivity at room temperature can
be better in a range near 6375 cm−1 .
In the 6390 - 6400 cm−1 spectral range, the CO2 lines
are very weak at room temperature. However, at elevated
temperatures (above 400 K) these lines can be used for
accurate temperature determination. Fig. 5 demonstrates
a fit of the CO2 spectrum recorded at 970K, and Fig.
6 summarizes the results of this method of temperature
evaluation at various temperatures.
It must be noted that the temperature determination in
experiments at high temperatures is affected by the temperature profile across the tubular oven (see fig. 2). Fortunately, CO2 absorption in this spectral range drops fast
as the temperature decreases, allowing us to evaluate the
real optical length of the absorbing molecules at the nominal oven temperature. In order to evaluate to what extent the non-uniformity of temperature profile affects the
effective temperature extracted from the CO2 spectrum,
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Fig. 5 The experimentally observed FLICAS spectrum of CO2
recorded at 970K (solide line), along with a simulated CO2
spectrum (dashed line). A CO2 concentration of 50% at a total
pressure of 1 atm was used in this experiment. The best fit
yields 47% concentration at T=1000 K

we simulated this spectrum using HITRAN database and
temperature profile shown in fig. 2. The obtained spectrum was further processed by the above described evaluation procedure. The extracted value of 952 K is rather
close to the nominal value of 973 K. Thus, we can conclude that ∼30 K is a reasonable estimation for the accuracy of the uncertainty associated with the use of the
”nominal” oven temperature values.
Fig. 6 compares the temperature evaluation from the
FLICAS spectrum of CO2 to the nominal oven temperature. This graph confirms that the accuracy of temperature measurements is about ±50K over a wide range (300
- 1100 K). Again, this value includes the uncertainty in
the thermal profile of the tubular oven. The sensitivity to
CO2 in the spectral range 6390 - 6400 cm−1 drops as the
temperature increases, due to fast growth of its partition
function. In situations where the CO2 concentration is
low, the temperature can be evaluated using the CO spectrum in the range of 6408 - 6418 cm−1 , to which the laser
can be easily tuned.
This range includes the bandhead of the R-branch of
the rovibrational CO spectrum. It contains CO lines with
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Fig. 7 Experimental and best-fit simulated FLICAS spectra of
the CO/CO2 mixture (1%/50%) at an oven temperature of 773
K. The best fit yields the following results: [CO]=1%,
[CO2 =53%, T=767K

Fig. 6 Comparison of temperatures evaluated from the best fit
CO2 spectra and the nominal temperatures in the tubular oven.
The temperature was evaluated at different concentrations (H
−20 %, N −40%, • −50%)

2.0

rotational quantum numbers from J=21 to J=47, corresponding to low-level transition energies E= 886 to 4300
cm−1 . This range has good temperature sensitivity at
high temperatures. Note that the temperature and the
CO concentration can be evaluated simultaneously in this
spectral range.
Fig. 7 depicts the results of an experiment where
we heated a mixture of 50% CO2 and 1%CO at 1 atm
pressure to a temperature of 773 K. The fitting program utilized the HITRAN database for CO lines and the
HITEMP database for CO2 lines. It optimized the following parameters: temperature, concentrations of CO and
CO2 , and coefficients of the polynomial that fits the baseline. Despite the overlap between CO and CO2 spectral
lines it was possible to perform a rather accurate simultaneous determination of the temperature (the fit yields T =
767 K) and concentrations of CO (the fit yields 1.0%) and
CO2 (the fit yields 53%). This demonstrates the possibility of simultaneous temperature and concentration extraction from a measured multi-species spectrum. It must be
noted that increasing the CO concentration somewhat degrades the accuracy of the temperature determination at
high temperatures, due to the weak temperature dependence of the CO spectrum in this spectral range.
The 6390 - 6410 cm−1 spectral range also allows measurement of the methane spectrum at relatively low temperatures The intensity of the spectrum is not very high,
since the most intense lines are located near 6430 cm−1 ,
within the spectral range achievable with our laser. Nevertheless, the ability to measure the methane concentration together with CO and CO2 is of interest for several
applications such as monitoring combustion completeness and natural gas reforming. The main problem with
measuring concentration and temperature together based
on the FLICAS spectrum of the CH4 molecule is that the
methane spectrum is very complex and the lines may lack
full assignment, especially for energies in the lower transition levels.
Fig. 8 depicts the spectra of the water lines observed in
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Fig. 8 FLICAS spectra of water in metane/air adiabatic flame
with eqvivalence ratio φ = 1.1(black line) with their best-fit
simulations (red line). The simulation yields the temperature of
2090K, and the evaluation using a model based on the detailed
chemical mechanism yields 2200K. The features observed in
the experimental spectrum and missing in the HITRAN
database are shown by the asterisks.

methane/air flame with equivalence ratio φ =1.1. The water spectrum is very complex, HITRAN database contains
extensive data concerning the H2 O spectrum at high temperatures (HITEMP2010). Fitting the spectra with use
of the procedure described above results in the temperature T= 2090 K, which is close to the calculated adiabatic
temperature of 2200 K. Nevertheless, some features of
the experimental FLICAS spectrum of H2 O do not correlate well to the HITRAN database data. The work aimed
to clarification of this issue is currently in the progress.
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Conclusions

Fiber laser intracavity absorption spectroscopy (FLICAS)
was used to simultaneously measure temperature, CO
concentration, and CO2 concentration in the temperature
range 296 - 1200 K. The temperature can be measured
using CO2 lines in the 6390 - 6410 cm−1 range or or
using CO spectral lines in the vicinity of the bandhead
5

(6408 - 6418 cm−1 range). The sensitivity to CO is about
400 ppm at room temperature and about 0.2% at 1200K.
The sensitivity to CO2 is between 1 - 10% depending on
temperature. This range of sensitivities makes FLICAS
sensors suitable for many applications, although it can be
improved at least an order of magnitude by increasing the
generation time.
The main advantages of FLICAS measurements are
the possibility of simultaneously measuring CO, CO2 and
temperature in a very short time (3.7 µs in this work,
without averaging) and operating under conditions of
strong broadband absorption or light scattering, which
are common in flames and other harsh environments.
Accurate absolute concentration measurements demand
knowledge of the optical path length. When this cannot
be easily determined, calibration against known concentrations is required.
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