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radiometry of water vapor in a CH4–air premixed
flat flame

Damien Weidmann and Daniel Courtois

We deal with the design of a diode laser heterodyne radiometer and its application in a combustion
process. We present some experimental results obtained with a CH4–air premixed flat flame as the
optical source. The goal is to prove that heterodyne detection techniques are relevant in remote detec-
tion and diagnostics of combustion and can have important applications in both civil and military fields.
To the best of our knowledge, it is the first time that this demonstration is made. The radiometer, in
spite of the low-power lead-salt diode laser used as a local oscillator, enables us to record high-
temperature water-vapor emission spectra in the region of 1315 cm�1. © 2003 Optical Society of
America
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1. Introduction

Laser heterodyne radiometry offers the great advan-
tage of being a completely passive technique to
achieve remote sensing. This feature provides dis-
cretion, which is particularly attractive for military
and surveillance applications. In addition, in con-
trast to an active way of sensing in which a probe
laser beam is needed, a totally passive technique al-
lows long-range monitoring.

This technique is particularly attractive in the
middle-infrared region of the electromagnetic spec-
trum, which corresponds to the emission or absorp-
tion spectra of several atmospheric molecules. It
offers both high spatial and spectral resolutions and
great sensitivity.

The laser heterodyne radiometer can be used
mainly in two ways. In the first one, the Sun �or any
other distant radiative source� is used as a blackbody
source whose radiation goes through the Earth’s at-
mosphere. In this case, the radiometer resolves ab-
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sorption spectra of atmospheric molecules. In the
second one, the source of radiation is the emission of
molecular gas, which can be detected if a thermal
contrast with the background exists. In this case,
the radiometer resolves the emission spectra of the
radiating molecular species.

These two techniques were originally developed
with a CO2 laser as the local oscillator. Several au-
thors reported concentration measurements of atmo-
spheric constituents.1–6 The characterization of
weak molecular emission lines was mainly used in
the field of astronomy, to detect emission lines from
extraterrestrial atmospheres.7–9 But use of a gas
laser as a local oscillator is restrictive on the fre-
quency tunability. For this reason, semiconductor
lasers are preferred to gas lasers.

Semiconductor lasers allow a wide frequency tun-
ability; any region of the optical spectrum can be
theoretically reached. But they are far from an ideal
laser: The emitted beam is astigmatic and elliptic,
and the single-mode optical power available is
low.10,11 In any case, the advantage of continuous
frequency tunability is prevalent. A number of au-
thors have reported some heterodyne experiments
with semiconductor lasers: Frerking and Muehlner
were the pioneers,12 and several other researchers
probed the Earth’s atmosphere13–16 or interstellar ob-
jects.17

In this paper we apply the infrared heterodyne
detection technique to characterize the thermal emis-
sion of a high-temperature molecular species pro-
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duced by a combustion reaction. This technique has
the advantage of being able to perform passive
remote-sensing experiments in the burned gas region
of combustion reactions. For example, this tech-
nique can be applied to characterize pollutants gen-
erated by aircraft thrust nozzles or industrial
burners. Molecules such as NO, NO2, CO, and SO2
can be detected in the middle-infrared region.

In this paper we report the conception of the het-
erodyne radiometer dedicated to observe emission
lines in the postflame region of a CH4–air low-
pressure flame. The instrument was checked by ob-
servation of combustion water-vapor lines, but it can
be used for any molecules when the optical frequency
of the semiconductor laser is changed.

2. Theory

A. Principle

The basic feature of heterodyne detection consists of
the superimposing of two electric fields on a square-
law photomixer: A radiation comes from the source
to characterize, and a radiation comes from a refer-
ence laser called the local oscillator �LO�. Let us
consider a plane wave as the LO and a quasimono-
chromatic wave as the source.

When the second-order terms �self-beat of two spec-
tral components of the source� are neglected, the pho-
tocurrent is given by

Iph�t� �
�e
h�� �PLO � Ps

2
� � ELOEs���

� cos���LO � ��t � 	
d�� , (1)

where PLO and PS, respectively, are the LO and the
source power, � is the effective heterodyne efficiency,
and �� is the mean optical frequency. Equation �1�
indicates that the source spectral information is con-
tained in the photocurrent but converted down into
intermediate frequencies.

B. Photocurrent Analysis

So, the intermediate-frequency component of the pho-
tocurrent contains the source spectral information.
More detailed theoretical developments of photomix-
ing can be found in the literature.18–20 In any case,
the photocurrent analysis must be made at the pho-
tomixer output to extract the information of interest
about the source.

Conventional techniques, based on fixed-frequency
LO, consist of analyzing the photocurrent with com-
plex devices such as filter banks,21 acousto-optical
spectrometers,5 or superheterodyne rf mixing tech-
niques.22 In these cases the setup rapidly becomes
heavy and expensive; a high-speed photomixer is nec-
essary, and the well-known problem of folding effect,
owing to a double-side band detection, has to be taken
into account.23

In this paper we took advantage of the diode laser
tunability. Indeed, if the LO is continuously tun-

able, a simple rf low-pass filter or a low-bandwidth
photomixer is convenient; see Fig. 1.

The low-pass filter fixes the half-analysis band-
width of the system and therefore its resolution.
The square-law rf detector delivers a voltage propor-
tional to the rf power contained in the analysis band-
width. As a consequence, the signal Vhet at the
radiometer output is directly proportional to the op-
tical power integrated in the analysis bandwidth and
centered on the LO frequency:

Vhet � �
�LO��B�2�

�LO��B�2�

�Es����2d�. (2)

By continuously adjustment of the LO frequency, the
radiometer then records the part of the source spec-
trum in the LO tunability range.

C. Signal-to-Noise Ratio Considerations

In the ideal case, a heterodyne detector is shot noise
limited. In this case, the postdetection signal-to-
noise ratio �SNR� is24

SNR �
�Ps

h��B
�B
. (3)

�B
 is the postdetection term of the radiometer �in
the case of a Dicke radiometer�, where B is the anal-
ysis bandwidth and 
 is the integration time. This
postdetection SNR expression is valid only if the
power SNR is much smaller than unity. It is always
the case for a radiometer detecting weak radiations.
An explanation of the postdetection term’s origin was
given by Menzies.25

In the term �, called the effective heterodyne effi-
ciency, we include all the degradation parameters
that can occur: beam misalignments,26 photomixer
quantum efficiency, transmitting optics and medium,
amplitude modulation, and polarization sensitivity.
In the case of radiometry, if gas emission linewidths
are greater than B, as we will see in Section 4, the
power emitted by the source can be expressed by

Ps � �2B���� L�
0�T�, (4)

where ���� is the source emissivity factor, T is the
source temperature, and L�

0 is the Planck radiance.

Fig. 1. Basic diagram of a tunable LO heterodyne radiometer.
The signal-processing line is simple thanks to the LO continuous
tunability. In the case of a fixed LO, a high-speed photomixer and
a rf spectrometer �filter bank, acousto-optical spectrometer, or su-
perheterodyne spectromete� would be required.
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As Ps is proportional to B, the SNR is directly pro-
portional to �B
.

In the special case in which the LO is a semicon-
ductor laser, some new noise features must be taken
into consideration. Indeed, such a laser can produce
excess noise owing to the multimode nature of its
emission. The sensitivity of the heterodyne instru-
ment is thus decreased. Harward and Sidney gave
an analysis of the different kinds of excess noise from
observed diode laser noise spectra.27

In addition, the optical power emitted by mid-
infrared diode lasers is often low. We can no longer
keep the shot-noise-limited assumption. Menzies
discussed the additional noise sources and their im-
pact on the quality of a heterodyne radiometer.25

Allario et al. proposed criteria for good operation with
diode lasers used as LOs28: 700 �W of power at the
facet output, 80% of spectral purity, and an excess-
noise-equivalent power less than 0.8 times the inci-
dent power on the photomixer. These criteria are
extremely restrictive. A commercial laser that
obeys all these criteria at one time is rare, and we
have never worked under these diode laser operating
conditions.

3. Instrumentation

A. Lead-Salt Lasers as Local Oscillators

In our experiment, a diode laser provided by Laser
Components �Germany� was used as the LO. This
component consists of a double heterojunction of lead-
salt semiconductors working above the temperature
of liquid nitrogen �80–110-K range�. This laser has
a Fabry–Perot cavity simply obtained by one cleaving
the output facets. A sketch of the laser is given in
Fig. 2.

Frequency tuning can be done either by varying the
temperature or by varying the injection current. We
explored and discussed these tuning mechanisms in a
previous paper.29 At best, the single-mode spectral
range of continuous tuning that can be reached is 1.5
to 2 cm�1 with tuning rates of 19.6 cm�1�A and 0.66
cm�1�K. In this paper, once a convenient operating
point was found, we kept the temperature fixed and
applied an injection current ramp to tune the laser
frequency.

The transition between two successive continu-
ously tunable spectral zones is abrupt; it consists of a
laser mode hop. The hop spread is directly defined
by the laser cavity length and is, in our case, around
5.5 cm�1. Between two single-mode zones, the laser
often operates multimode. A LO multimode opera-
tion is not relevant for heterodyne detection: The
partition noise would be prevalent, and any mode
selection technique is useless.30 Figure 3 shows a
diagram of a lead-salt laser’s spectral behavior.
Clearly, to achieve heterodyne detection, one must
know single-mode emission operating points. A
complete laser-mode cartography is necessary.

The laser we used can cover a spectral range be-
tween 1315 and 1368 cm�1 with an almost good spec-
tral quality �side-mode rejection � 1000� but a low
output power �around 200 �W�. Owing to the 5.5-
cm�1 mode-hopping phenomenon, this covered range
is, of course, discrete. To discriminate between low-
and high-quality spectral modes, we inserted a high-
finesse �approximately 30� confocal Fabry–Perot eta-
lon in the laser optical path. It provides a 0.01-cm�1

relative frequency calibration. Figure 4 presents
etalon signals when the laser emission reveals single
and multimode emissions. The absolute frequency
calibration of the laser was made via direct absorp-
tion spectroscopy through a reference gas cell.

This kind of laser has low spectral quality, typi-

Fig. 2. Lead-salt laser with the typical geometric parameters.
The emitted beam is elliptic and astigmatic.

Fig. 3. Main spectral characteristics of a lead-salt laser. The
continuously tunable spectral range is, at best, 2 cm�1. The
mode-hop spread depends on the laser cavity length and is in our
case 5.5 cm�1. At mode hops, a multimode emission often occurs.

Fig. 4. Signals provided by the confocal Fabry–Perot etalon.
From these records, a relative frequency calibration of the laser
emission can be reached. In addition, they allow an optical diag-
nostic of the laser emission by discrimination of �trace �a�
 single
and �trace �b�
 multimode emissions.
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cally, a longitudinal-mode spectral linewidth is be-
tween 10 and 100 MHz,31,32 and has low power
compared with a gas laser. They are extremely sen-
sitive to optical feedback. But these drawbacks are
balanced by the continuous frequency tuning advan-
tage. More details about these lasers can be found
in the literature.33

B. Burner as Optical Source

Our aim is to validate the efficiency of a heterodyne
radiometer by probing the exhaust gases of a com-
bustion reaction and therefore by recording molecu-
lar emission spectra of the species located in a
postflame region. A specific, laboratory-built burner
was designed.34

This burner is able to generate a stable, low-
pressure, flat premixed flame from methane and air.
The system is equipped with a depression manometer
and precision flow meters to control the methane–air
mixture. The working pressure range is between 70
Torr and the atmospheric pressure. The reaction
combustion mainly produces water and carbon diox-
ide. Here we are interested in detecting water va-
por. The temperature in the postflame region is
high owing to the exothermic reaction; water vapor
then thermally emits radiation that goes through a
BaF2 window to be collected.

This radiation is combined with the lead-salt diode
laser beam on the photomixer for heterodyne detec-
tion. The emission spectra will provide useful infor-
mation on the abundance, the pressure, and the
temperature of the probed species.

C. Instrument Design

The actual design of our heterodyne radiometer is
given in Fig. 5. It is a scaled top view of the optical
bench. Figure 6 is a simplified diagram of the opti-
cal arrangement.

The LO beam, emitted by the �diode laser� DL, is
collected by a f�2 off-axis parabolic mirror �OAP1�.
It can go, or not, according to the flip mirror’s posi-

tion, through a Czerny–Turner spectrometer for
coarse wavelength evaluation. An intermediate DL
image is formed on the diaphragm d1 by the L1 lens.
Then the LO beam is split into two parts by a ZnSe
50–50 beam splitter �BS1�. The reflected beam is
focused on the liquid-nitrogen-cooled HgCdTe photo-
mixer, and the transmitted beam goes into the direct
absorption spectroscopy module, which will be de-
scribed later.

The signal beam, coming from the postflame region
inside the burner, is collected by a f�4 off-axis para-
bolic mirror �OAP2� placed on an adjustable beam-
steering mount. This signal can be chopped �MOD1�
against a reference beam that comes from a 77-K
blackbody in order to increase the thermal contrast.35

A filter �low pass with a cutoff frequency of 1500
cm�1� is placed in the source optical path to limit the
optical bandwidth of intense sources. It is particu-
larly useful when we use a 1500-K blackbody source
instead of the burner for instrument alignment. An
L2 lens forms an intermediate image of the source in
the diaphragm d2, which is conjugated with d1 by
BS1. The signal beam is then focused on the photo-
mixer.

Now let us describe the direct absorption spectros-
copy module used for diode laser frequency calibra-
tion. At the output of BS1, the L6 lens forms a DL
image where the transmitted laser beam is chopped
�MOD2�. The beam is collected again by the L7 lens.
Next, the beam is once again divided into two parts.
The first one goes through a 20-cm reference gas cell,
filled with 1 Torr of sulfur dioxide, for an absolute
laser frequency calibration, and the other one goes
through a confocal Fabry–Perot etalon for a relative
frequency calibration and a laser spectral quality di-
agnostic.

As shown in Fig. 1, the photocurrent intermediate-
frequency component is amplified by two 30-dB gain
voltage amplifiers. A 90-MHz low-pass filter then
defines the 180-MHz detection bandwidth of the in-

Fig. 5. Instrument-scaled optical setup.
Fig. 6. Simplified optical diagram of the optical arrangement.
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strument, namely, a 0.006-cm�1 resolution. The
intermediate-frequency power is detected by a
square-law rf diode, and the output signal is sent to a
lock-in amplifier. The signal is numerically re-
corded by the acquisition system and saved on a com-
puter hard drive.

4. Emission Basic Model

Before presenting the typical results, we are going to
introduce an emission model describing the observed
spectra.

We have to solve the radiative transfer equation
under assumptions of local thermodynamic equilib-
rium and nonscattering medium. The one-
dimensional general solution is given by

L��l � � L��0�exp��K���l
 � K���

� �
0

l

L�
0�T� x�
exp��K����l � x�
dx, (5)

where L��l � is the radiance at the l abscissa expressed
in W m�2 Sr�1 Hz�1, K��� is the absorption coeffi-
cient, and T is the temperature. The total spectral
optical power is

�� � �
S

�
�

L��X3�cos���dSd�, (6)

where X3 is the burner length as shown in Fig. 7, the
integration is performed on the source surface S, and
� is the emission solid angle. For the case of the
heterodyne detection, the antenna theorem gives us a
new constraint on the etendue, which is limited to the
square of the wavelength.36 With the small-angle
approximation, the total detected flux in the instru-
ment bandwidth B is then

� � �2 �
�LO��B�2�

�LO��B�2�

L��X3�d� � �2BL��X3�, (7)

with the realistic approximation that the detection
bandwidth is small compared with the emission line-
width. Here B is 180 MHz.

Now we apply these notions to the burner’s specific
geometry sketched in Fig. 7. For modelization, the
burner is divided into three isothermal layers with a
mean effective temperature. This model was vali-
dated by previous absorption spectroscopy experi-
ments.34 There are two identical cold layers
corresponding to the medium around the flame and a

high-temperature layer corresponding to the post-
flame region.

Knowledge of K��� is necessary for computing the
resultant power, independently of the geometry.
This quantity depends on temperature, so we calcu-
late it by using the spectroscopic HITEMP96 database,
the high-temperature extension of HITRAN96.37 K���
is pressure dependent, too, and we assume that pres-
sure is identical in the three layers.

5. Typical Spectrum

Figure 8 is a plot of an experimental spectrum and
the corresponding calculated one �solid curve�.

The flame used is a 93-Torr one. Methane and air
are injected, respectively, at flows of 0.4 and 2.2
g�min. To record this spectrum, we tuned the diode
laser with a 28-mA spread current ramp around 1020
mA. The diode laser’s temperature is fixed at 96 K.
The analysis bandwidth is 180 MHz. The integra-
tion time is 1 s, and the acquisition time is 2 s. So
the total spectrum recording time is 17 min. In re-
gard to the LO, it generates a 130-�A photocurrent.
This corresponds to an incident power on the photo-
mixer of, at best, 100 �W.

On this water-vapor emission spectra, a line from
the �2 vibrational band and two lines from the 2�2–�2
hot band appeared, whose spectroscopic data, taken
from Hitemp96, are listed in the Table 1.

The parameters used for the calculated spectrum
are as follows: a temperature of 2200 K for the high-
temperature layer, which is the theoretical CH4–air

Fig. 7. Geometry used for the description of total flux emitted by
molecules in the burner’ postflame region.

Fig. 8. Experimental and calculated spectra of combustion water
vapor in the postflame region of the burner.

Table 1. HITEMP96 Data for 2000-K Lines Observed on the Experimental
Spectrum

Frequency
�cm�1�

Line Strength
�cm�1�molecule

cm�2�

Lower State
Energy
�cm�1�

Vibrational
Band

1305.488100 2.193 � 1020 2225.4690 �2

1305.703061 2.298 � 1021 3391.1310 2�2–�2

1305.739657 6.911 � 1021 3391.1260 2�2–�2
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combustion temperature, and an effective tempera-
ture of 800 K for the cold layer. This temperature
was fitted to take into account temperature and con-
centration profiles in the burner. The flow-meter’s
measurements give us a water-vapor pressure of 28.6
Torr and an air-broadening pressure of 65 Torr. The
analysis bandwidth is 180 MHz, and the radiance at
the abscissa origin is the one of a 300-K blackbody.
The burner length is 94 mm, and the hot-layer length
corresponds to the flame diameter: 25 mm. All the
parameters used in our emission model to compute
the calculated spectra are listed in Table 2.

The first calculated line on the left is overesti-
mated. Indeed, the calculated flux is the one at the
output of the burner. We did not take into account
the atmospheric water-vapor absorption occurring on
the LO and source optical legs for this frequency,
which is of the order 1.7 � 10�2 m�1. In any case,
here our aim is to perform a first validation. To
reach retrieved quantitative information, such as
concentration or temperature profiles, one must de-
velop a sophisticated algorithm.

For the doublet on the right, atmospheric vapor
does not interfere: At these frequencies the atmo-
spheric absorption coefficient is around 4 � 10�5 and
9 � 10�5 m�1.

Under our experimental conditions, as we can see,
the left line of the doublet is nearly at the detection
limit of the instrument. From the inspection of the
experimental spectra, we deduced the noise level and
a detection limit of 1.3 � 10�13 W �equivalent black-
body temperature of 450 K� with a 100-�W LO power.
The theoretical detection limit of a perfect heterodyne
receiver would be 7 � 10�16 W �equivalent blackbody
temperature of 200 K�.

6. Concluding Remarks

This paper has shown that a tunable diode laser het-
erodyne radiometer is actually relevant for
combustion-process remote measurements. Here
we have designed an instrument using a lead-salt
diode laser as a tunable local oscillator. We used it
to detect water-vapor emission spectra in the burned
gas region of a methane–air premixed flat flame.
For this purpose we have presented a spectrum re-
corded in the spectral region of 1315 cm�1. Our in-
strument has been proven to be able to passively

detect fluxes of the order of 1.3 � 10�13 W with a
0.006-cm�1 resolution.

First, we undertook this paper to validate the use of
a tunable laser heterodyne radiometer for combus-
tion detection and diagnostic. As infrared molecular
spectra represent a perfect signature of molecules,
such an instrument could be useful as qualitative
remote detector of any high-temperature gas. Such
an instrument can be applied to characterize combus-
tion in an aircraft thrust nozzle or any engine jet pipe.
Detecting high-temperature pollutants involved in
industrial plants that use burners could be a useful
application, too.

A future direction will be to work on quantitative
inversion models. Quantitative measurements be-
come relevant when some information about the
source can be reached.7 If the temperature profile of
the probed source is known, the concentration profile
can be retrieved and, vice versa. For example, the
instrument can be relevant for remote pollutant-
concentration measurements in any exhaust duct.
In the case of an isothermal medium, the two-line
method can provide temperature, and, from emission
line shape, concentration can thus be deduced.

The heterodyne detection is particularly attractive
for remote and passive characterization of distant
sources owing to its etendue limitation. This char-
acteristic can be useful for concentration or temper-
ature cartography or both.

The first and main way to improve the heterodyne
radiometer detection limit is to use a more suitable
LO. The quantum cascade lasers38 are promising as
heterodyne system LO.39 Compared with lead-salt
lasers, their tunability is reduced, but the power
emitted is of several milliwatts, and the spectral
quality is better.

In this paper we used a laboratory burner as the
source. For real combustion processes, such as in-
dustrial burners or aircraft thrust nozzles, the flux
emitted will be greater because combustion temper-
ature will be higher.

The authors greatly thank R. T. Menzies of the Jet
Propulsion Laboratory for supplying interesting re-
marks and useful advice about this paper.
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thermal emission from atmospheric gases by laser heterodyne
radiometry,” Infrared Phys. 34, 407–413 �1993�.

36. A. E. Siegman, “The antenna properties of optical heterodyne
receivers,” Proc. IEEE 54, 1350–1356 �1966�.

37. L. S. Rothman, C. P. Rinsland, A. Goldman, S. T. Massie, D. P.
Edwards, J. M. Flaud, A. Perrin, C. Camy-Peyret, V. Dana,
J. Y. Mandin, J. Schroeder, A. McCann, R. R. Gamache, R. B.
Wattson, K. Yoshino, K. V. Chance, K. W. Jucks, L. R. Brown,
V. Nemtchinov, and P. Varanasi, “The HITRAN molecular
spectroscopic database and HAWKS �HITRAN Atmospheric
Workstation�: 1996 edition,” J. Quant. Spectrosc. Radiat.
Transfer 60, 665–710 �1998�.

38. J. Faist, A. Tredicucci, F. Capasso, C. Sirtori, D. L. Sivco, J. N.
Baillargeon, A. L. Hutchinson, and A. Y. Cho, “High-power
continuous-wave quantum cascade lasers,” IEEE J. Quantum
Electron. 34, 336–343 �1998�.

39. G. Sonnabend, D. Wirtz, and R. Schieder, “THIS-Infrared re-
mote sensing with a tunable and transportable heterodyne
spectrometer,” paper B13 presented at the Third International
Conference on Tunable Diode Laser Spectroscopy, Zermatt,
Switzerland, July 8–12, 2001.

20 February 2003 � Vol. 42, No. 6 � APPLIED OPTICS 1121


