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Abstract—New version of diode laser (DL) absorption spectroscopy (DLAS) for determining the hot
zone temperature is developed. The method is based on the combination of slow scanning of the radi-
ation frequency of a probe DL around the absorption line of a test molecule of the medium and fast
radiation frequency modulation with an amplitude on the order of the absorption line width.
The developed version of the wavelength-modulation (WM-DLAS) is based on the two-beam differ-
ential scheme, the logarithmic signal conversion, and the registration of absorption at the first har-
monic of the modulation frequency. The two-beam differential registration scheme and the logarith-
mic conversion of absorption signals have made it possible to reduce substantially the nonselective
absorption of probe radiation and registration noise determined by excessive noise of lasers. The appli-
cation of the first harmonic has ensured a higher sensitivity of the proposed version of WM-DLAS.
Using the technique developed in this study, we have measured the temperature of water vapor in
atmospheric air in the range 700—1100 K. The results are compared with the data obtained using com-
mercial thermocouples. The difference in temperatures measured by a standard thermocouple and its
mean value determined using the technique developed here is 40 K for a temperature of 1000 K and
30 K for 800 K.
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1. INTRODUCTION

At present, spectroscopic methods with diode lasers (DLs) are widely used for studying processes
in gas mixtures of various types (atmosphere, flames, and multicomponent gas flows). In view of their rel-
ative simplicity and high sensitivity in the detection of atoms and molecules, the method of absorption
spectroscopy with DLs (diode laser absorption spectroscopy, DLAS) has been developed most compre-
hensively. This method is widely used for contactless detection of main components of air (H,O, CO,
CO,, CH,, etc.) [1-8]. In hot zones, the DLLAS method makes it possible to measure the temperature, the
total pressure of gas mixtures, and the partial pressures of main molecular components with a time reso-
lution in micro- and millisecond ranges [9—12]. The main advantages of the DLAS method include its
relative simplicity, comparatively low cost of basic components, and the possibility of delivering DL probe
radiation to a hot zone via a optic fiber. The latter factor makes it possible to arrange the sensitive detecting
part of the DLAS sensor far from the hot zone with high acoustic and electric noise [13].

The method for determining the temperature of a medium using DLAS is based on measuring the inte-
gral absorption at several lines of a test molecule, which have different lower levels of transitions [14].
In turn, the integral intensities of absorption lines are determined by fitting the experimental spectrum
by the model spectrum constructed using spectroscopic databases. Having determined the temperature of
the medium in this way, it is possible to find the concentrations of molecular components of the mixture
from the absorption of DL probe radiation at the optical length in the object.

By now, various versions of DLAS have been developed for determining the temperature of the
medium, which are based of direct absorption spectroscopy (DAS) as well as several versions of spectros-
copy with modulation of the wavelength of the probing DL (wavelength-modulation spectroscopy,
WMS). The DAS method for determining the parameters of a medium is the simplest [15—17].
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This method operates well when the fluctuations of the base line (BL) are not very strong as compared to
the absorption signal so that the integral intensity of the absorption line can be determined with an accept-
able accuracy. In the opposite case of a low line intensity, BL variations substantially reduce the accuracy
in determining temperature. Such a situation is typical in the case of a high turbulence in the gas zone,
the instability of DL radiation and detecting systems, as well as for a high level of irradiation of the detector
by broadband radiation of the hot zone being probed.

In WMS, the influence of noise on the accuracy of determining the intensities of absorption lines is
substantially lower [18, 19]. In this method, apart from a slow scanning of the DL wavelength within the
tuning range (with frequencies f ~ 1 kHz), fast modulation of the wavelength is performed in the limits
comparable with the absorption line width and with frequencies f ~ 10—100 kHz. A useful absorption sig-
nal is detected at harmonics kf using synchronous detection. In this case, a low-frequency flicker noise is
suppressed, and the signal/noise ratio increases (i.e., the MS sensitivity is higher than the DAS sensitiv-
ity). This is important when DLAS is used for diagnostics of turbulent hot zones of the type of internal
combustion chambers, hot exhausts of jet engines, and combustion processes in gas flows.

A serious disadvantage of first WMS versions was the required calibration of the systems for each spe-
cific realization of the sensor. This difficulty has been overcome in the next WMS versions. Systems that
do not require calibration (calibration-free wavelength modulation spectrometry, CF-WMS) have been
developed [20—23]. In view of the absence of a generally accepted term for this method, it will be referred
here as calibration-free WMS. Most often, normalization of absorption signal harmonics kf/nf (usually
2f/1f) is used. The combination of the normalization with the processing of absorption signals with
account of DL tuning characteristics makes it possible to determine the hot zone parameters without cal-
ibration of the sensor using the measurements in a cell containing a gas mixture with known composition
and parameters. In any version of the WMS method, it is necessary to determine preliminarily and exactly
the tuning and modulation characteristic of the DL used for obtaining information on the parameters of
the gas being tested. It should be noted that the algorithms for processing the data in the MS method are
also much more complicated as compared to the DAS method.

One of radical methods for eliminating the dependence of the output signal of the sensor on nonselec-
tive variations of the intensity of laser radiation being detected is the use of a scheme with logarithmic sig-
nal conversion. Several techniques for the application of LC together with WMS-DLAS was described in
the literature. In [24, 25], the LC of signals in detecting chlorine atoms in a glow discharge enabled
researchers to suppress excessive laser noise. In [26], the ability of a logarithmic scheme to ensure a large
dynamic range of the output signal linearity was demonstrated. The CF-WMS method including the com-
bination of WMS with LC was used for determining the concentration of absorbing molecules [27—30].
However, in all publications, the second harmonics was detected at a relatively low modulation frequency
of the laser radiation wavelength, and isolated absorption lines were measured.

In our earlier publication [31], we proposed a version of the CF-WMS method using a combination of
the LC of experimental data and MS with the registration of the first harmonics of the absorption signal
of a test molecule. The proposed version of DLAS and the processing algorithm substantially simplify the
experimental data processing as compared to other versions of CF-WMS. The method proposed in [31]
was employed for determining the integral intensity of a single absorption line of the H,O molecule at the
atmospheric pressure and room temperature.

In this study, we investigate the possibility of application of the method proposed in [31] for determin-
ing the hot zone temperature by measuring the first harmonics of the signals for two absorption lines of
a test molecule. We have used two DLs emitting in the range 1.3—1.4 um. The radiation wavelengths of
the lasers were alternatively scanned in the absorption region of the chosen H,O line (temporal multiplex-
ing) with a frequency of 122 Hz. The DL wavelengths were modulated simultaneously with a frequency of
~ 50 kHz. In the data detection and processing system, we used the LC of the signals from both lasers, the
differential scheme of registration, and synchronous detection, which made it possible to reduce substan-
tially the noise level and the influence of background.

2. THEORETICAL FOUNDATION OF THE METHOD
The absorption of light is described by the Bouguer—Lambert—Beer law

L
= expl-ov)] = exp {—Z [ Sj<T>Nigj<v)dl,] (1)
0 J 0
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where /, is the laser radiation intensity after the passage through an absorbing medium of length L [cm];
I, is the intensity of laser radiation; ou(v) is the dimensionless absorption coefficient; v is the laser radiation
frequency; S(7) [cm/mol] is the intensity of the jth transition; N, [mol/cm?] is the concentration of the
test molecules; and g(Vv) [cm] is a function describing the absorption line-shape that depends on the tem-
perature, pressure, and composition of the gas mixture and is determined by the mechanisms of its broad-
ening.

The line intensity is a function of temperature and is described with admissible accuracy by expression

_ 01y) _heE'(1 1 5
50 S(TO)Q(T)GXP{ k (T Toﬂ @

where T, is reference temperature; Q(7) is the statistical sum that depends only on temperature; 4 is the
Planck constant; c is the velocity of light; E" is the energy of the lower state of transition, and k is the
Boltzmann constant. Since the integral of g(v) equals unity by definition, integral absorption 4; [cm™'] at
an individual transition in a homogeneous medium can be expressed as

oo L
A(T) = j o, (V)dv = IS_,(T)Ndl = S,(T)NL. (3)
—oo 0

The gas temperature can be determined by measuring absorption at two different wavelengths corre-
sponding to different energies of the lower level of the transition. In this case, ratio R of integral absorp-
tions for a homogeneous medium, which is a function of temperature and is independent of concen-
tration N and length L, is given by
_4A _50)

4 S(T)
Therefore, to measure the gas temperature, it is sufficient to measure the integral intensities of the
absorption lines for two transitions. Expression (3) shows that to determine integral intensity 4; of a line,
it is necessary to measure its spectral line-shape g(v). In actual situations, for determining g(v), the fitting
of the experimental data not only by an isolated contour, but also by spectral intervals in the vicinity of the
chosen lines is used.

The errors in temperature measurements usually depend on the accuracy of the measurement of DL
probe radiation parameters and on the accuracy of determining the line-shapes. In actual industrial facil-
ities and experimental setups, there are many factors limiting these accuracies. These issues will be con-
sidered below in the description of the measuring technique and data processing.

In this study, we propose the differential scheme with wavelength (optical frequency) modulation of DL
radiation, logarithmic conversion of photosignals, and the registration of the first harmonics of absorp-
tion signals to minimize the error in determining temperature [31].

Let us consider the operation principle of such a scheme. The main fraction of DL radiation through
a single-mode fiber in the sample channel is delivered to the test object. A part of radiation is directed to
the reference channel that does not contain the absorbing medium. The signals from photodetectors of
the sample and reference channels are delivered to the logarithmic converter and then to the differential
amplifier. The absorption is detected using a synchronous detector at the first harmonic of the DL wave-
length modulation frequency. Assuming that photodiodes operate in the linear region of the dynamic
range, photocurrent i in the sample channel can be written as

i5() = Gy () T,()Ty5 () exp(=01) + E(@)] + ingise ©)

where G, is the watt—ampere responsivity of the photodiode; /,(¢) is the DL radiation intensity; T,(#) and
T,4(?) are the frequency-dependent and independent components of the transmission coefficient of the
sample channel (7, is determined as a rule by the interference effects and does not include absorption by
molecules); E(?) is the intensity of broadband radiation incident on the photodiode; and i, ;.. are the noise
sources that are not associated with radiation in the sample channel.

It can be seen from expression (5) that the intensities of laser and broadband radiations, as well as
uncertainties and instability of the transmission coefficient, affect the accuracy of measurement of the
absorption coefficient. For high laser radiation intensities and for appropriate spectral and spatial filtra-
tions, the effect of the noise current and broadband radiation can be ignored. This simplifies expres-
sion (5):

4

is = GS[IO(t)Ts(t)TVs(t) exp(_a‘)] . (6)
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An analogous expression can be written for the reference channel, in which selective absorption
is absent:

i, = G [T, ()T, (D] (7)
After passing signals through the logarithmic converter, the voltages at the outputs of the sample and
reference channels are

U, = K{InG, + InT, + In T, + In[1,(*)] - o}, (8)
U, = K{InG. +In7, + InT,, + In[1,(")]}, )

where K is the logarithmic conversion coefficient. After subtraction, the voltage at the output of the dif-
ferential amplifier is

Ugs =K(1n@+1nﬂ+m&j+1<oc. (10)
GS ACS TVS
The first term in the parentheses is a constant, while the second term fluctuates with characteristic fre-
quencies that normally range from zero to several tens of kilohertz. For the sensor design developed for
our experiments, the third term associated with interference noise is reduced significantly [31]. Therefore,
if the absorption coefficient is modulated at frequencies of several tens of kilohertz and higher, the output
signal from the LC at the modulation frequency becomes proportional to the absorption coefficient.

The DL radiation frequency is modulated by varying the injection current. The DL radiation frequency
increases (or decreases) upon a change of this current; for this reason, for a periodic scanning of the
absorption line profile, the laser is pumped by a saw-tooth or triangular current with a relatively low scan-
ning frequency (hundreds or thousands of Herz). For modulation of the DL wavelength, a sinusoidal cur-
rent of frequency fequal to several tens of kilohertz is added to the pumping current. Apart from radiation
frequency modulation, modulation is performed for the radiation intensity, which can be written in this
case in the form

1,(t) = I, + acos2mft + ;) + bcos(4mft + ), (11)
while the optical frequency can be written as
VvV =V + mcos(2nft). (12)

Here, 1_0 and V are the radiation intensity and optical frequency, which are averaged over the modula-
tion period; a and b are the linear and nonlinear amplitudes of intensity modulation; y, and \, are the
phase shifts of the signals modulating the optical frequency and the intensity for the first and second har-
monics, respectively, and m is the amplitude of the optical frequency modulation.

Absorption coefficient o can be written in the form of Fourier series:

ov) = oV + mcos(2mft)) = ZH,,(\_/, m)cos(2nnft). (13)
0
Here,
1
Hy(V,m) =L I oV + mcos Q)dg; (14)
2n
T
H,(vV,m) = 1 I oV + mcos @) cos(n@)do; n>0. (15)
T
—T
The first harmonic of the output voltage takes the form
Uy (Vom) = I{ln (T—J +1n (TL] } + KH,(V, m). (16)
Ts 1f Tvs 1f

The term in the square brackets represented the base line. Since the base line and the absorption signal
become additive after the logarithmic conversion, it becomes possible to separate them using the differ-
ence in their frequency characteristics.

In most technical applications, the noise spectrum lies in the low-frequency region. Synchronous
detection at a laser modulation frequency noticeably exceeding the upper boundary of flicker noise makes
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Fig. 1. Block diagram of experimental setup: (/, 2) laser diodes;; (3) temperature controllers; (4) pumping current con-
trollers; (5) saw-tooth voltage former; (6) sound generator; (7, §) fiber-optical splitters; (9) reference channel photodiode;
(10) Mach—Zehnder fiber-optical interferometer; (/) photodetector of the interferometric channel; (/2) objective lens;
(13) measuring cell with a tube furnace; (/4) sample channel photodiode; (15) logarithmic convertors; (16) differential
amplifier; (/7) synchronous detector; (18) lower-frequency filter; and (/9) data collection system.

it possible to separate effectively the output signal component, which is proportional to the first harmonic
of the absorption coefficient.

In this study, we used two DLs for determining the gas medium temperature because for a limited
wavelength range of DL tuning, it is impossible to find the spectral region in which high-intensity absorp-
tion lines of water with noticeably different energies of the lower transition levels are located. When two
lasers are used, the slow scanning parameters were selected for each laser to ensure the registration of the
absorption lines that are optimal for determining the gas temperature. The modulation frequencies for
both lasers were chosen identical. Directing radiations from the two lasers alternately into the sample
channel, we obtained a sequence of spectral interval scans with alternating values of the first harmonics of
the absorption coefficients for two H,O lines at the synchronous detector outputs. These spectra were sub-
sequently used for determining the gas temperature.

3. EXPERIMENT
3.1. Experimental Setup

To verify the method, we performed absorption temperature measurements for air containing water
vapor. The schematic diagram of the experimental setup is shown in Fig. 1.

For measuring spectra, we used distributed feedback laser diodes / (NEL209042) and 2 (Zacher
Lasertechnik 1343-05-BFY). The required temperature and injection current were maintained by con-
trollers 3 (Thorlabs TED350) and 4 (Thorlabs LDC202), respectively. Scanning of the lasers in the
required spectral interval was performed by varying the injection current using self-made saw-tooth volt-
age generator 5 operating at a frequency of 122 Hz. The wavelength modulation of DL radiation was per-
formed by a sinusoidal current of frequency f= 50 kHz from generator 6 (Instek GFG-8219a), which was
summed with the scanning current. For detecting signals in different spectral ranges, the laser worked
alternately; the scan durations and modulation frequencies were identical for both lasers, but the ampli-
tudes of the saw-tooth and sinusoidal current components were optimized individually for each laser.

Laser beams were superposed in the same single-modal fiber by fiber-optical splitter 7; then mixed
radiation was split by the same splitter into two parts (50%/50%). A part of radiation (40%) was directed
via splitter § to photodiode 9 of the reference channel. Other 10% of radiation were fed to the input of the
interferometric channel consisting of a Mach—Zehnder fiber-optical interferometer /0 and photode-
tector /1 with a transmission band of 10 MHz. The interferometer included two fiber-optical splitters and
a patch cord with a length of ~30 cm. The free spectral range of the interferometer was 0.012 cm™!.

After the splitting in fiber-optical splitter 7, the main part of radiation (50%) was collimated by short-
focus objective lens 72 (Thorlab F240APC-C)) and was directed to measuring cell /3 consisting of
a quartz tube furnace of length 30 cm with an inner diameter of 25 mm and two quartz inserts with outer
diameters of 20 mm. The inserts were pushed into the furnace from two sides until they were separated by
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a gap of length 8 cm approximately at the center of the tube furnace, where the temperature gradient was
minimal. The inner end of each insert had a wedge-type quartz window, which reduced interference dis-
tortions of the signal. The opposite ends of the inserts had attachments for the input and output radiation
in the cell. These attachments were also used for flushing the inner parts of the inserts with dried argon.
This allowed us to localize the region containing water vapor inside the quasi-homogeneous region of the
furnace. The temperature in this region was measured by K-type thermocouples at three points (at the
center and at the edges). For the maximal heating to 1300 K, the temperature variation in the measuring
volume did not exceed 8 K.

At the exit of the cell, radiation was focused by a lens (£ = 3 cm) and registered by pin-photodiode 14
made of InGaAs (Hamamatsu). The signals from the sample and reference channels were fed to logarith-
mic converters /5 (based on assemblies of MAT-04 transistors and Analog Device AS 8034 operation
amplifiers) and then subtracted and amplified by differential amplifier /6. The difference signal was
detected at modulation frequency f by self-made synchronous detector /7 designed based on an Analog
Device AD633 multiplier. After filtration by low-frequency filter /8, the signal was fed to the data collec-
tion and processing system (NI USB 6281 DAQ, National Instruments) and then to the computer.

3.2. Choice of Absorption Lines of the Test Molecule

The choice of the optimal lines from a set of H,O lines in the near IR range was based on the search
software [32] developed based on minimization of measuring errors 87 of integral intensities A; of the
lines.

Explicit expression for quantity &7 with account for relations (2) and (4) can be written in the form

5 1/2
5T :T—[Lz+L2J 3, (17)
T \S7 S

where T,+= hcAE/k and AE is the energy difference between the lower levels of two transitions in H,O. In
actual conditions, noise existing in the system leads to statistical errors in the measurements of integral
intensities A; of the lines. To estimate error &7, we assume that it is possible to detect a change in the
absorption of 1073 (0.1%) against the noise background For an absorption line width of ~ 0.05 cm™!, this
corresponds to integral absorption A4,,;, ~ 5 X 107 ¢

The experimentally determined values of 4; = SjNL depend not only on §;, but also on layer thick-
ness L and vapor concentration N. The choice of the lines for measuring requires analysis of the 4(7)
dependence in the range of temperatures being measured, i.e., the account for the temperature depen-
dence of not only S}, but also of water vapor concentration N. Since A,,;,, = OSNL, we have 65 = A,;,/NL.
For constant total pressure P and relative water vapor concentration 7, the expression for N takes form
N = kT, and error 3T of temperature measurement can be expressed as

3 1/2
sT=AL | L L 4 (18)
Lo PYL\ S S,

For 7= 1000 K, P =1 atm, x = 0.02, and L = 10 cm, optimal integral absorption A,,;, = 10~* cm™!
corresponds to &S, ~ 3.4 X 1072 cm/mol. For other temperatures, 8.5 is determined from relation 85 =
0S8, T/ T,, and expression (18) takes form

3 1/2
sT=-1—|Li L} 59 (19)
effT S] Sz

For a pressure of 1 atm, we have selected lines at frequencies of 7185.6 and 7466.34 cm~'. For the cho-
sen pair of lines and for given values of the statistical error, dependence d7(7) is shown in Fig. 2.

3.3. Selection of Parameters for Scanning and Modulation of Lasers

The fundamental factor in temperature measurements is the transmission of radiation beams from
both lasers through the same optical path. For this reason, in the sensor prototype proposed here, tempo-
ral multiplexing is used, and the signals from the two lasers are measured using the same detection system
(DS) that consists of photodetector /4, logarithmic converters 15, differential amplifier /6, and synchro-
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Fig. 2. Tempfirature dependence of statistical error 8 7 of the cell temperature estimate on measuring 7 for lines 7185.6 and
7466.34 cm™ .

nous detector 17 (see Fig. 1). It is important that the signals of the first derivatives of absorption lines of
both lasers, get into the linear DS region.

First, the tuning of parameters of scanning and sinusoidal modulation of lasers was performed. Pre-
liminary investigations have shown that laser characteristics differ significantly; for this reason, the ampli-
tudes of the saw-tooth voltage and sinusoidal modulation amplitude were tuned separately.

First, the DLs were tuned by applying the saw-tooth voltage for measuring spectra near the chosen
absorption lines (lasers 7 and 2 were tuned in the vicinity of frequencies 7185 cm~! and 7466 cm™!, respec-
tively; henceforth, these lasers will be referred to as laser 7185 and laser 7466). Then we analyzed the mod-
ulation characteristics of the lasers in the chosen scanning ranges. The absolute value of the laser wave-
length modulation was measured using the pattern of oscillations at the photodetector output in the inter-
ference channel. Figure 3a shows the dependences of modulation amplitude m of the optical frequency of
the lasers on current modulation frequency f. It can be seen that for a fixed intensity modulation ampli-
tude, the values of m decrease quite rapidly upon an increase in ffrom 45 to 1000 kHz. For this reason, all
subsequent measurements were taken at frequency /= 50 kHz. Figure 3b shows the dependences of optical
modulation amplitude m on laser current modulation amplitude for this frequency. It can be seen that in
the measurement region, amplitudes m increase linearly with increasing current modulation amplitude.
At the same time, laser 7466 is modulated much better than laser 7185 (for the same current modulation
amplitude, the value of m for the former laser is three times larger).

The dependences of the amplitudes H, (peak-to-peak) of the first harmonic signals on optical fre-
quency modulation amplitudes m are shown in Fig. 4. Since laser 7466 radiation line is weak, the modu-
lation amplitude m, for this line has been established from the maximal signal of the first harmonic, which
has been attained for m, ~ 0.04 cm~!. Conversely, for the strong line of laser 7185, modulation ampli-
tude m, was reduced to make the first harmonic signals for both lines commensurate and located in the
linear range of the registration system. The value of m, was chosen at ~ 0.02 cm~!. The experimentally
established values of m; and m, were determined from the transmission spectrum of the interferometer.

3.4. Temperature Measurements

After the attainment and stabilization of the required temperature, argon flushing of quartz inserts was
performed. Simultaneously, argon was flushed through the inner part of the furnace. Despite the pro-
longed (for several minutes) puffing, the photodiode of the sample channel registered the residual signal
of water absorption near the line 7185 cm~!, which is associated with the presence of small unflushed gaps
in the cell and the residual concentration of water vapor in the high-purity argon tank. This signal was
recorded as a background signal and was subsequently used in processing of the results of measurements.
Then the argon flow through the inner part of the oven was discontinued, and this part was filled with
atmospheric air saturated with water vapor at room temperature. After the temperature stabilization, the
signal was registered.
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Fig. 3. Dependences of modulation amplitudes m of the laser optical frequency on modulation frequency ffor fixed cur-
rent modulation amplitudes (a) and on the current modulation frequency at a frequency of 50 kHz (b).

4. PROCESSING OF SPECTRA AND RESULTS

We recorded spectra at temperatures in the range 700—1100 K. Optical frequency modulation ampli-
tudes m, and m, were set at 0.0195 and 0.0342 cm™!, respectively. At each temperature, 18 scans were reg-
istered in each measurement. The scans were summed, and fitting to theoretical spectrum H,(V) was per-
formed.

The spectrum processing algorithm was analogous to that used in [31]. First, in experimentally
recorded spectra, we passed from the time scale to the frequency scale. The frequency scale of tuning v
was determined using the interferometer with a free spectral range of 0.012 cm~!. The theoretical spectrum
[33, 34] was constructed in accordance with expressions (15) and (16) with the experimentally established
values of modulation amplitudes m, and m,. In contrast to [31], not one but two regions with frequencies
of 7185 and 7466 cm~' were fitted simultaneously. We assumed the Voigt type of the absorption line
shapes. In each range, the fitting parameters were the positions of the absorption line centers and their
Lorentz widths. The common fitting parameter in the two ranges was temperature 7. As a consequence,
the Voigt profiles were fitted with appropriate Doppler widths.

The fitting was performed by the nonlinear least squares method. As proposed in [13], the contribution
from the first three orthogonal polynomials was subtracted from the experimental and simulated (fitting)
spectra. From the analytical point of view, this is equivalent to fitting of the base line in expression (16)
using a parabola [13].

The technique developed in this study was used for processing the results of a series of experiments on
measuring different temperatures. For each temperature, three measurements were taken, and its average
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Fig. 4. Theoretical dependences of the amplitudes of the first (1f) harmonic of signal H; of f the H,O absorption line on
modulation amplitude m of the optical frequency for lines 7185.6 cm~! (solid curve) and 7466.34 cm™! (dashed curve)
at a temperature of 1000 K; m; and m, are the experimentally chosen values for lasers 7185 and 7466, respectively.
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Fig. 5. Results of fitting of theoretical spectra H; (solid curves) to experimental spectra U, f(dotted curves) for thermo-
couple readings 7= 826 K (a) and 1074 K (c) and residuals 6 = U, s— 1 between experimental and model spectra (b, d).

value was determined. Temperature difference A7 measured by a standard thermocouple and its mean
value determined using this technique was 40 K for 1000 K and 30 K for 800 K.

For example, Fig. 5 shows the results of measurements and fitting of theoretical spectra for thermo-
couple readings of 826 and 1074 K. The temperatures obtained as a result of fitting were 828 and 1070 K,
respectively.
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5. CONCLUSIONS

In our investigations, we have demonstrated the effectiveness of our version of modulation spectros-
copy DLAS (MS-DLAS) for determining the hot zone temperature. We have used the combination of
slow (with frequency 122 Hz) tuning of laser radiation wavelengths in the vicinity of the water absorption
lines and fast (with frequency ~ 50 kHz) modulation of wavelengths.

In the proposed MS-DLAS version of the method, we used the two-beam differential scheme with
logarithmic conversion of experimental data and registration of the first harmonics of absorption signals
of water molecules. The logarithmic conversion of signals and the two-beam differential scheme made it
possible to substantially reduce the nonselective absorption of probe radiation and excessive laser noise.

Using the technique developed in this study, we have performed a series of experiments on measuring
the temperature of air containing water vapor in the range 700—1100 K. Average deviation A7 of the results
of MS-DLAS and the readings of commercial thermocouples over the entire measuring cycle in the entire
temperature range was 40 K.

The use of the first harmonic in the MS-DLAS method has a number of advantages. First, the (peak-
to-peak) amplitude of the absorption signal at the first harmonic is approximately twice as large as at the
second harmonic (and the more so, at higher harmonics), which increases the sensitivity of the sensor.
Second, the registration of the second and higher harmonics of the absorption signal requires a broader
band of the detecting system, which in turn requires the use of more costly sensor elemental base. In the
case of simultaneous measurement at several wavelengths, one of the methods for separating the signals
from two lasers is the modulation of the latter at different frequencies (multiplexing with separation in fre-
quency) that differ from each other significantly. In this case, the use of the first harmonic makes it pos-
sible to lower the requirements to the detecting system. In addition, when the p—# junction is used as
a logarithmic converter, nonlinearities increase with increasing frequency of the signal being detected,
while nonlinearities for the first harmonic are minimal. Finally, the fitting of experimental spectra by the
simulated theoretical spectrum of the first harmonic is much simpler than by spectra of normalized
signals 2f/1f, in which each term is the sum of intermodulated contributions to the Fourier expansion.
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