In situ combustion measurements of CO, by use of a
distributed-feedback diode-laser sensor near 2.0 pm
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High-resolution absorption measurements of CO, were made in a heated static cell and in the combustion
region above a flat-flame burner for the development of an in situ CO, combustion diagnostic based on
a distributed-feedback diode laser operating near 2.0 pm. Calculated absorption spectra of high-
temperature H,O and CO, were used to find candidate transitions for CO, detection, and the R(50)
transition at 1.997 pm (the v; + 2v, + v5 band) was selected on the basis of its line strength and its
isolation from interfering high-temperature water absorption. Measurements of spectroscopic param-
eters such as the line strength, the self-broadening coefficient, and the line position were made for the
R(50) transition, and an improved value for the line strength is reported. The combustion-product
populations of CO, in the combustion region above a flat-flame burner were determined in situ to verify
the measured spectroscopic parameters and to demonstrate the feasibility of the diode-laser sensor.
© 2001 Optical Society of America
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1. Introduction

Carbon dioxide is a major product of combustion and
an important greenhouse gas. As a major product,
CO, is an indicator of combustion efficiency, and, as
a greenhouse gas, CO, might be subject to future
regulation in the form of carbon taxes. Thus mea-
surements of CO,’s presence may prove to be useful
for combustion-control applications or might be re-
quired for monitoring carbon emissions. Unfortu-
nately, affordable sensors that can measure absolute
CO, concentrations nonintrusively in combustion en-
vironments are not yet available.

Previous absorption sensors for CO, combustion
monitoring include diagnostics that use relatively
weak overtone bands near 1.55 pm (Refs. 1-3) and
initial measurements near 2.0 pm that use external-
cavity diode lasers.#-¢ The measurements near 1.55
pm suffered from weak signal strengths and signifi-
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cant interference from high-temperature water ab-
sorption. The latter body of research benefitted
from CO,’s strong absorption at 2.0 pm but was re-
stricted to slow scanning rates (<25-Hz repetition)
caused by the external-cavity diode laser’s mechani-
cal operation and could not access all the isolated CO,,
lines in the band.

The objective of the present research is to develop
an in situ CO, diagnostic for combustion applications
that is based on recently available distributed-
feedback (DFB) diode lasers operating near 2.0 pm.
DFB lasers offer the advantages of high bandwidth
(to as high as kilohertz repetition rates?), ruggedness,
compactness, and affordability, and the longer wave-
lengths that have become available in the past few
years offer access to COy’s strong absorption band
near 2.0 pm. For meeting the objective of this re-
search a candidate CO, absorption transition was
selected [the R(50) line at 1.997 wm], its fundamental
spectroscopic parameters were investigated, and
measurements of CO,’s presence in a combustion
zone by use of the candidate transition were made to
demonstrate the feasibility of the sensor and to verify
the spectroscopic measurements.

2. Theory

The fundamental theory governing absorption spec-
troscopy for narrow-linewidth radiation sources is
embodied in the Beer—Lambert law [see Eq. (1), be-
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Fig. 1. Calculated water and carbon dioxide line strengths in the

near-IR range at 1500 K.?

low] and is described thoroughly in Ref. 8. The ratio
of the transmitted intensity I, and the initial (refer-
ence) intensity I, of laser radiation that passes
through an absorbing medium at a particular fre-
quency is exponentially related to the transition line
strength S; (in inverse centimeters squared times
inverse atmospheres), the line-shape function ¢ (in
centimeters), the total pressure P (in atmospheres),
the mole fraction of the absorbing species x;, and the
path length L (in centimeters):

% = exp(—S;dPx;L). (1)

0

The normalized line-shape function describes the
effects of thermal motion (Doppler broadening) and
intermolecular collisions (collisional or pressure
broadening). The collision width Av. is the FWHM
that results from collisions, and at a given tempera-
ture is directly proportional to the pressure:

Ave =P D Xp2y4_p. 2)
B

In Eq. (2), A is the species of interest, P is the total
pressure, X is the mole fraction of the Bth perturber,

14x107°
12x107°
10x10° —
8x107° —
6x10~°
4x107°
2x10°

R(50)

Absorbance

5007

Fig. 2. Calculated spectra of 10% CO, and 10% H,0 near 1.997 pm under combustion conditions:
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and v, _p is the broadening coefficient for A’s transi-
tions by that perturber. For self-broadening the co-
efficient is often denoted as vy4_4 or <. The
broadening coefficient’s temperature variation is of-
ten modeled in accord with

T,\"
2vy(T) = 2v(T,) (T) , 3)

where T, is a reference temperature, 2y(7T) is the
broadening coefficient at the reference temperature,
and N is the temperature exponent. The thermal, or
Doppler, width Avy, is

T
Avp = (7.1623 X 10 ")y, \3]‘—4, (4)

where v, ; is the frequency of the transition and M is
the mass of the molecule in atomic mass units. For
atmospheric pressure the line shape is a convolution
of the Doppler and the collisional distributions, yield-
ing a Voigt profile. The Voigt profile is governed by
the Voigt a parameter, which relates the thermal and
the collisional widths [see Eq. (5)] with a increasing
as the line shape becomes more collisionally broad-
ened:

_(n 2)1/2 Ay,

Av, (5)

The line strength as a function of temperature for
a particular CO, transition i is governed by its line
strength S, at a reference temperature 7', the parti-
tion function Q(T) of CO,, the frequency of the tran-

5009 5010

L =10cm,P =1atm, and T = 1500

K. The R(50) and the R(56) transitions of the v; + 2v, + v, band at 5007.787 and 5010.035 cm !, respectively, are partially isolated from

high-temperature water interference.
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Fig. 3. Schematic diagram of the experimental setup for the measurement of the absorption spectra of CO, at a range of pressures and

temperatures.

sition v, ;, and the lower-state energy of the transition
E.”. This relation is given by

S.(T) = S;(T) ks (T")exp[— hey’ (1 - 1)}

Q) \T k- \T T,
e ol )
kT kT,
(6)

3. Line Selection

Figure 1 graphically depicts the near-IR line
strengths of carbon dioxide and water over a range of
wavelengths from 1 to 3 pm at a temperature of 1500
K.? The absorption bands near 1.55 pum overlap con-
veniently with commercially available telecommuni-
cations diode lasers and thus were used for previous
measurements of CO,. However, as can be seen
from Fig. 1, sensors at 2.0 pm can provide access to
line strengths that are approximately 2 orders of
magnitude larger than those at 1.55 pm. Thus di-
agnostics that employ these longer wavelengths offer
greater sensitivity.

Calculated absorption spectra based on the
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Fig. 4. Absorbance of pure CO, for various pressures near 5008
ecm tat 7T =294 Kand L = 40 cm.

HITRAN96 database near 2.0 wm were compared for
combustion conditions (7' = 1500 K, 10% H,0, 10%
CO,, balance of air, P = 1 atm, and L = 10 cm) and
used to find isolated CO, transitions. As can be seen
from Fig. 2, both the R(56) and the R(50) transitions
are relatively isolated and thus are candidate lines
for use with a diode-laser absorption sensor. Previ-
ous measurements of CO, near 2.0 pum employed a
research-grade external-cavity diode laser and were
restricted to interrogating the R(56) line at 5010.035
cm ! for combustion monitoring.4#6 However, this
transition’s absorption records were affected by non-
negligible spectral interference from neighboring
high-temperature H,O lines and required compli-
cated 7-line Voigt fits to extract the partial pressure
of CO,. The R(50) transition offers stronger absorp-
tion and superior isolation from high-temperature
H,0 spectra in combustion environments than does
the R(56) line and thus was selected for the diode-
laser sensor in this study.

4. Experimental Setup

Figure 3 shows the basic experimental setup that was
used for the static-cell measurements. The diode-
laser system consisted of a fiber-pigtailed DFB diode
laser operating near 1.997 pm, quartz beam split-
ters and windows, mirrors, lenses, and extended-
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Fig. 5. Sample line shape for static-cell measurements of CO,
absorbance at 5007.787 cm ™~ ! for the R(50) transition with P = 68.1
Torr, L = 40 cm, and T' = 294 K.
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Fig. 6. Measured integrated absorbance area plotted versus the

CO,, pressure at T' = 294 K for the R(50) line at v, = 5007.787
cm~ !, The line strength for this transition is inferred from the

slope to be 0.001355 cm ™2 atm 1.

wavelength-response = InGaAs  detectors  for
monitoring the laser intensity. We tuned the DFB
laser in wavelength over a transition by holding the
diode temperature fixed [near 22 °C for the R(50)
line] and ramp-modulating the injection current from
30 to 150 mA at 8.5 Hz. The DFB laser output was
coupled to low-OH silica fibers to minimize transmis-
sion losses that arise from absorption within the fiber
and then was pitched with a collimating lens into free
space for the cell measurements.

Beam splitters split the fiber output and directed
one path to the IR wavelength meter for measuring
the laser frequency, one path through the solid etalon
(a free spectral range of 2.01 GHz) for monitoring the
wavelength variations during laser tuning, and one
path through the static cell to monitor CO, absorp-
tion. A 12-bit digital oscilloscope was used for data
acquisition.

Room-temperature measurements were made with
the heater turned off and with two different cells and
configurations, including a 20-cm quartz cell with a
double-pass alignment and a single-pass 50-cm
quartz cell. Unwanted interference fringes that
were due to etalon effects in the transmission path
were avoided by the mounting of 0.5° wedged win-
dows at a 3° angle on the cells. Two MKS Instru-
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Fig.7. Line strength plotted versus the temperature for the R(50)
transition at 5007.787 ecm™ 1.
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Fig. 8. Measured collisional widths plotted versus the CO, pres-
sure at T = 294 K for the R(50) line at v, = 5007.787 cm™!. The
self-broadening coefficient for this transition is inferred from the
slope to be 0.149 cm ™! atm ™.

ments Model Baratron pressure gauges with 100-Torr
and 1000-Torr operational ranges and accuracies of
+1% were used to monitor the test-cell pressure.
Temperature variation along the cell was <2%, as
measured by the traversing of a type S thermocouple
through the furnace.

5. Spectroscopic Results

An understanding of the line-strength and the line-
shape variations with pressure and temperature aids
in the development of CO, sensors for combustion
environments. Figure 4 shows the results of pres-
sure broadening at room temperature near 5008
cm ™! for pure CO,. At elevated pressures and mod-
erate temperatures neighboring CO, transitions can
overlap because of strong collisional broadening.
Moreover, the line strengths and the broadening (and
thus the overlap) will change with temperature.
Therefore measurements of the fundamental spectro-
scopic parameters are important for developing accu-
rate sensors.

Figure 5 shows a typical static-cell absorption line
shape overlaid with a best-fit Voigt profile. The
peak-normalized residual is less than 2% with a stan-
dard deviation of 0.5%, yielding a signal-to-noise ra-
tio of approximately 200, and has no structure,
indicating that the Voigt profile adequately models
the absorption line shape. The high-frequency com-
ponent in the residual is likely the result of an acci-
dental etalon in the optical path.

The line strengths at a given temperature were
determined by the integration of the area of each
Voigt fit to the R(50) transition for a range of pres-
sures between 20 and 150 Torr. The integrated ab-
sorbance of an individual transition increases
linearly with pressure. Thus the line strength can
be determined by the performance of a linear fit on
the integrated areas at various pressures, as shown
in Fig. 6, and by use of the slope to calculate the line
strength. Because zero pressure corresponds to zero
absorbance, the linear fit was constrained to pass
through the origin.

The total uncertainty for the individual line-
strength measurements was estimated to be approxi-
mately 3%, resulting from measurement uncertainties
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0.157
0.174
0.149
0.146
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0.000888
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0.000901
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5008.580
“Values from HITRAN96.

*Transition notation:

5006.979
5007.363
5007.787
5008.566

the branch P or R and the lower-state rotational quantum number «J".

of 1% in the total pressure and 2% in the area under
each Voigt profile. The room-temperature (294-K)
line strength of the R(50) transition was measured to
be 0.001355 + 0.00003 cm 2 atm ™!, which is approx-
imately 7% higher than the line strength calculated by
Rothman et al.1° and listed in HITRAN96 (0.001268
em Zatm™'). Because the total experimental uncer-
tainty is approximately 3%, compared with 5% for the
value in HITRAN96, we consider this measured line
strength to be an improvement over the published in-
tensity.

The line strength of the R(50) transition was de-
termined for a range of elevated temperatures, as
displayed in Fig. 7. By use of the measured line
strengths at various temperatures and Eq. (6) an
exponential fit was performed to infer the lower-state
energy E” and to check the accuracy of the transi-
tion’s quantum assignment (the fit is overlaid in Fig.
7 as a solid curve). The lower-state energy was in-
ferred to be 992 = 5 cm !, which agrees with the
value from HITRAN96 of 994.1913 cm ' and there-
by confirms the line assignment. The measured line
strengths are uniformly 7% higher than the values
calculated in HITRAN96, which are overlaid as a
broken curve in the graph.

The estimated detectivity of the R(50) transition at
a combustion temperature of 1500 K and atmospheric
pressure is approximately 200 ppm-m (200 parts in
10 for a 1-m path length), assuming a noise-
equivalent absorbance of 1 X 10~%. At a typical ex-
haust temperature of 500 K the detectivity is
approximately 50 ppm-m. Other transitions in the
2.0-pm band are more suitable for trace-gas detection
at cooler temperatures.

The self-broadening coefficient was measured in a
fashion analogous to that of the line strength.
Room-temperature absorption measurements were
made between 150 and 500 torr, a pressure regime in
which the collisional width is larger than the Doppler
width, and thus collisional-width estimates are of
higher quality. When performing the Voigt fits the
Doppler width was held constant at the appropriate
value for the measurement temperature. The colli-
sional width was extracted from the overall width of
the Voigt fit by use of the calculated Doppler width
and the measured Voigt a parameter. The broaden-
ing coefficient was determined by the performance of
a linear fit on the measured Lorentzian widths at
various pressures, as shown in Fig. 8, and by use of
the slope to calculate the broadening coefficient [see
Eq. (2)]. For the R(50) transition the room-
temperature self-broadening coefficient was found to
be 2y.q¢ = 0.149 = 0.004 cm ™! atm ™!, which is ap-
proximately 4% higher than the value listed in
HITRAN96 (0.1436 cm ' atm™ ') and 1.5% lower
than the published calculation of 0.1514 cm !
atm 1,11 both of which are within our experimental
uncertainty.

Self-broadening coefficients for the R(50) transi-
tion were determined for temperatures as high as
1400 K, yielding a temperature exponent of N =
0.521, which is approximately 1.5% lower than the
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calculated value of 0.529 from Rosenmann et al.11
The total uncertainty for the individual broadening-
coefficient measurements was estimated to be ap-
proximately 4% as a result of measurement
uncertainties of 1% in the total pressure and 3% in
the Lorentzian width extracted from each broadened
Voigt profile.

Measurements of room-temperature line-strength
and self-broadening coefficients were also performed
for the neighboring CO, transitions between 5007
and 5008.6 cm '. These spectroscopic parameters
are summarized in Table 1 along with published val-
ues for comparison. Because these results were ob-
tained with only a 3% experimental uncertainty for
the line strength and a 4% uncertainty for the broad-
ening coefficients, it is expected that they are an im-
provement over the values listed in HITRAN96,
which have uncertainties of 5%-10% for the line
strengths and 10%-20% for the broadening coeffi-
cients. Because the discrepancy between the mea-
sured and the published values is not uniform for the
different transitions that were investigated in this
study, we do not draw any conclusions about the
overtone band strength in general. Note that the
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Fig. 10. Comparison of the measured CO, mole fraction in the
combustion region with equilibrium values. The experimental
uncertainty is shown at only one point for clarity.
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measured line positions for each of these transitions
agreed with the HITRAN96 values within the preci-
sion of the IR wavelength meter (0.01 cm ™).

6. Combustion Measurements

Figure 9 shows the experimental setup for the mea-
surements of CO, concentration in the combustion
region above a flat-flame burner. The 6-cm-
diameter flat-flame burner operated on premixed
ethylene and air and used a shroud flow of N, to
flatten the horizontal flame sheet, stabilize the
flame’s outer edges, and minimize the entrainment
of ambient air into the combustion region near the
burner’s surface.

The flows of ethylene and air were metered with
calibrated rotameters. Fixing the air-flow rate
(30.9 1/min) and varying the ethylene-flow rate
(1.35-3.1 I/min) produced a range of equivalence
ratios of & = 0.6-1.44 (limited by the burner, not
the sensor). Uncertainty in the fuel-flow rate, and
thus the equivalence ratio, was approximately 2%.
The temperature was uniform to within an 8% vari-
ation across the plateau, as measured by the tra-
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Fig. 11. Sample CO, line shape for absorption measurements in
the combustion region by use of the R(50) transition with ¢ = 0.79,
Xco, = 0.105, T = 1690 K, P = 1 atm, and L = 17 cm.



versing of a type S thermocouple across the
combustion region.

The diode-laser system consisted of multiplexed la-
sers operating at 1.343, 1.392, 1.799, and 1.997 pm.
The output beams from all four lasers were combined
into one multimode optical fiber (50-um core diame-
ter, multimode, low-OH silica) and directed through
the combustion region by use of a collimating lens for
simultaneous measurements of H,O, CO,, and gas
temperature along a single optical path (22.8-cm
nominal path length, four passes) that was 1.5 cm
above the burner surface. The beam was demulti-
plexed after the combustion region with a diffraction
grating (830 grooves/mm, 1.25-pm blaze angle)
so that the transmitted intensity from each laser
could be monitored independently. Standard and
extended-wavelength InGaAs detectors (2-mm detec-
tor diameter, 300-kHz bandwidth) were used to
record the transmitted-beam intensities.

The lasers were wavelength scanned at 1250 Hz
(800 ws/single sweep, 800 points/scan) to minimize
beam-steering effects and low-frequency (1/f)
noise. Detector voltages were sampled at 1 MHz
with a 12-bit digital oscilloscope. Signals that
were due to flame emission were typically less than
3% of the laser intensity and were subtracted from
the transmission signals before analysis of the ab-
sorption spectra. The spectroscopic details of the
water and the temperature diagnostics are dis-
cussed in Sanders et al.12

The recorded CO, mole fractions in the combus-
tion region are displayed in Fig. 10 and overlaid
with the equilibrium values at the measured tem-
peratures for equivalence ratios between 0.7 and
1.4. In the lean regime the measured concentra-
tions agree to within 10% of the equilibrium values
and in the rich regime to within 5%. Temperature
fluctuations and edge effects in the flame (especially
in lean conditions), uncertainty in the temperature
measurement (3%), and uncertainty in the line
strengths (3%) are the largest sources of experimen-
tal uncertainty for the concentration measure-
ments, producing an overall uncertainty of
approximately 10%.

Figure 11 shows a sample data trace of a recorded
CO,, absorption line shape along with the best Voigt fit
and the peak-normalized residual. As the baselines,
which corresponded to zero absorbance, were easily
determined for this probed CO, transition because of
its isolation from H,O interference, single-line Voigt
fits were used to determine the integrated area. This
isolation and simplicity is an improvement over previ-
ous in situ measurements of CO, that used the R(56)
transition near 1.996 pm. Note that the transition
used in this study was isolated from CO, interference
that is due to self-broadening from neighboring low-
temperature lines but does show low interference near
5007.7 cm ™! from a high-temperature CO, line.

7. Conclusions

A CO, sensor for combustion environments that used
diode-laser absorption techniques has been developed

and demonstrated. Calculated high-temperature ab-
sorption spectra of CO, and H,0O were overlaid to find
suitable transitions for in situ monitoring, yielding two
candidates: the R(50) transition at 5007.787 cm !
and the R(56) transition at 5010.035 cm ™ ™.

The R(50) transition was selected for the CO,, di-
agnostic on the basis of its line strength and its iso-
lation from water interference at combustion
temperatures. Pertinent spectroscopic parameters
(S, v, E", 2v4qp for this transition were measured
and compared with the literature values, resulting in
an improved value for a room-temperature line
strength with an uncertainty of 3% and a self-
broadening coefficient with an uncertainty of 4%.
Measurements of CO, concentration in the combus-
tion region above a flat-flame burner at atmospheric
pressure were made to verify the fundamental spec-
troscopic parameters and to demonstrate the capac-
ity for in situ monitoring by use of diode-laser sensors
near 2.0 um.
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