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Abstract. Traditional laser temperature measurement method has a slow warn-
ing speed because of its poor temperature measurement scheme. To solve this
problem, a new tunable laser temperature measurement method is designed based
on the spectral absorption process. According to the number of atoms, the gas
molecular types are divided, and then the absorption line broadening is set based
on the absorption process. On this basis, according to the relationship between
the output light intensity and the incident light intensity, a tunable laser tempera-
ture measurement scheme is designed. In the experimental part, the measurement
model of gas concentration and temperature field was constructed according to
the absorption area ratio, and two temperature environments of —70 °C and 210
°C were set. According to the test results, the warning speed of this method is
3.39 min, 4.13 min and 7.43 min faster than the three groups of traditional meth-
ods at —70 °C, and 2.91 min, 4.08 min and 7.31 min faster than the three groups
of traditional methods at 210 °C. Therefore, this method is more timely.

Keywords: Spectral absorption - Tunable laser - Temperature measurement
model - Light intensity - Temperature field - Early warning effect

1 Introduction

In view of the importance of temperature field to combustion diagnosis, advanced and
effective temperature measurement method has been a hot spot in the field of combus-
tion research. For this reason, a high-precision wavelength tuning method of modulated
grating Y-branch (mGy) tunable laser is designed in reference [1]. The temperature mea-
surement is realized through high-precision wavelength scanning calibration of coarse
scanning combined with fine scanning. According to the characteristics of tunable laser
grating in reference [2], a new type of tunable distributed Bragg reflection laser based
on sampling grating is designed. SG is used to replace the uniform grating of traditional
DBR laser, and the temperature measurement and adjustment of different DBR laser
tuning range are realized in a monolithic integrated chip.

On the basis of the above traditional methods, this paper introduces the application
method of spectral absorption technology to further optimize the temperature measure-
ment method. The method divides gas molecules according to the number of atoms,
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and then sets absorption line broadening based on spectral absorption process. Then
according to the relationship between the light intensity and the incident light intensity,
a tunable laser temperature measurement scheme is designed, so as to provide more
reliable technical support for the temperature measurement in dangerous and complex
environments.

2 Design of Tunable Laser Temperature Measurement Method

2.1 Classification of Gas Molecules

According to the number of atoms, molecules can be divided into diatomic molecules
and polyatomic molecules. In addition to a small number of monatomic and diatomic
molecules, most of gas molecules are polyatomic molecules. Therefore, the rotation of
polyatomic molecules is studied. According to the interaction of rotation, vibration and
electron motion, three mutually orthogonal directions passing through the molecular
center of mass are selected, which are called the principal axes, and the corresponding
moment of inertia is the principal moment of inertia. According to the different cases of
moment of inertia, the molecular rotation can be divided into four categories: three prin-
cipal moment of inertia are not equal, called asymmetric gyro molecules; two principal
moment of inertia are equal, called symmetric gyro molecules; three principal moment
of inertia are completely equal, called spherical gyro molecules; if the rotational inertia
of the axis direction of the symmetric gyro is very small, the inertia ellipsoid is close to
a circle Cylindrical molecules are called linear molecules. According to the degree of
symmetry, linear molecules are divided into two types: centrosymmetric and noncen-
trosymmetric. Except for a few exceptions, the angular momentum of the electrons of
linear polyatomic molecules in the ground state around the inter nuclear axis is zero,
and the pure rotational energy level of the molecules is as follows:

E 2 2
E:ZI(J—FI)—CJ J+1 (1)
In formula (1): E represents rotational energy; a represents Planck constant; b rep-
resents speed of light; Z represents rotational constant; J represents rotational term; C
represents constant term. CJ 2(J + 1)? in formula (1) comes from the non rigidity of the
molecule, which represents the influence of centrifugal force. Compared with ZJ (J + 1),
it is very small, so it can be omitted [3]. The selection rule of rotational quantum num-
ber J for pure rotational spectra of linear molecules is AJ = +1. Assuming that J'
is a higher state and J” is a lower state, then according to formula (1), the rotational
spectrum of linear molecule can be expressed as:

g=F(J')-F(J") 2

Substituting J' = J” + 1 = J + 1 into the above formula, we can get the following
result:

§=2Z(J +1)—4CU +1)° (3)
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According to the above formula, the pure rotational spectra of linear molecules
are a series of spectral lines with approximately equal distance. For a symmetric gyro
molecule, the two equal principal moment of inertia Gy and G, are expressed by Ga,
and the third principal moment of inertia G, is expressed by Gp, then the molecular pure
rotational energy level of the symmetric gyro molecule is:

FU,W)=Z(J + 1)+ (A —BW? 4)

In formula (4): A and B are the ratios of Planck’s constants ¢ and 872 and the
speed of light to G4 and Gp; W represents the magnitude of the J component of the
rotational quantum number. A symmetric gyroscope molecule has a symmetry axis, and
the permanent dipole moment of the molecule is along the direction of the symmetry
axis. The selection rule of W and J is:

®)

AW =0
AJ =0, %1

In pure rotational spectroscopy, the first set of conditions means that there is no
transition, the transition at AJ = J' — J” = —1 will not occur, and the transition will
occur only at AJ = +1, that is, only those adjacent energy levels with the same W can
merge with each other. The position of the spectral line of the infrared rotation spectrum
of the symmetric gyro molecule is:

g=FJ' W)—FJ" W) =2ZJ +1) (6)

According to formula (6), the pure rotation spectrum of the symmetric gyro molecule
is a set of equidistant spectral lines. If the molecule does not have a three-fold axis or a
higher weight axis, all three principal moments of inertia are generally different. Such
molecules are asymmetric gyroscopic molecules. Most polyatomic molecules are asym-
metric gyroscopic molecules, which can be regarded as an intermediate situation between
long symmetrical gyroscopic molecules and flat symmetrical gyroscopic molecules [4].
According to quantum mechanics, the energy level of asymmetric gyroscope molecules
cannot be expressed as an explicit functional formula similar to the energy level formula
of symmetric gyroscope molecules. The three main moments of inertia of the asym-
metric gyro molecules are called G4, Gp and G¢ in the order of their increase, and
are similar to the labeling method in the case of symmetric gyro molecules, and the
following quantities are introduced:

a a a

A=—— B= ,C =
826Gy 872bGp 872bGc

(7

If the molecule has a permanent dipole moment, in the case of dipole radiation,
the choice of the rotational quantum number J is: J = 0, 1. For asymmetric gyro
molecules, transitions can occur between groups of energy levels belonging to different
J values, and transitions can also occur between groups of energy levels belonging to a
given J value at AJ = 0. Asymmetric gyro molecules have a large number of rotational
transitions, and the rotational spectral lines are very rich. At present, only some very
simple molecules have been studied in detail. The moments of inertia of the molecules
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of the ball spinning around all axes passing through the center of mass are completely
equal. The molecules simply rotate around a fixed axis in space, and the fixed axis can
have any orientation relative to the molecule. The energy level of the ball gyro molecule
can be obtained on the basis of the symmetric gyro molecule energy level formula (4).
Let G4 = Gp, namely A = B, obtain the molecular pure rotational energy level of the
ball gyro molecule as:

FU)=21J +1) (®)

In formula (8): J represents all values starting from 0, and the molecular energy
depends on the quantum number J. Only when the molecule has a permanent dipole
moment, the pure rotation spectrum can be produced. If the molecule has two or more
symmetry axes, the permanent dipole moment of the molecule is zero, and the spherical
gyro molecule does not display the infrared rotation spectrum. Divide the types of gas
molecules according to the above formula.

2.2 Set Absorption Line Broadening Based on Spectral Absorption

Absorption line type can be used to describe the shape of absorption line in spectroscopy,
which is a very important parameter when measuring gas concentration. The reason
for the absorption line is that the energy of the gas molecule jumps to produce the
absorption line. In an ideal state, the absorption line should be a straight line, but in
actual situations, due to various interference factors, the absorption peak of the gas to be
measured is a broad line type. The light absorption coefficient « of gas is related to the
peak f of the linear function. Since the linear function is used to describe the change of
the wavelength or frequency of the coefficient of the gas absorption spectrum, the peak f
should be located at the center frequency of the function. Therefore, the light absorption
coefficient « of gas can also be expressed as a normalized linear function centered on
the center frequency of the spectral line, and its form is as follows:

a(g) = Kf (g — goN €))

The spread of spectral lines can be divided into three types of broadening: natural
broadening, collision broadening and Doppler broadening. Among them, the natural
broadening is determined by the nature of the molecule or atom itself, and it is caused
by the instability of spontaneous radiation without being affected by the external envi-
ronment [5]. The linear function of natural broadening is Lorentz type, and its linear
function is:

A 1
fi(g) = sz (10)

T (-0 + (2)

In formula (10): go represents the center frequency of different types; Agy represents
the half-height width of the line type.
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Collision broadening is caused by the collision between background molecules and
radiation molecules. It is also caused by the instability of gas molecules in the excited
state. Molecules will return to the ground state after a short residence time in the excited
state. The residence time determines the characteristics of collision broadening. There-
fore, the collision broadening is the same as the natural broadening, and their linear
functions are Lorentz type. Doppler broadening is caused by the irregular motion of
molecules or atoms in space, that is, the instability of molecules or atoms in space

2
fo(g) = i Eexp _41n?2 §— 80 an
goV m Age

In formula (11): Agg is the width at half height of Gaussian line [6]. So far, according
to the characteristics of spectral absorption, the broadening of spectral line is set up.

2.3 Design of Tunable Laser Temperature Measurement Scheme

According to the Lambert Beer absorption law of spectrophotometry, the relationship
between the intensity P of a beam of light passing through the absorption medium and
the intensity Py of the incident light can be expressed as follows:

P = Pyexp(—pD) = Pyexp(—yND) (12)

In formula (12): B is the absorptivity; D is the absorption length; 1 is the absorption
cross section; N is the particle number density of the absorption medium. The absorption
cross section can be calculated by the following formula:

n=UT)Qu(f) 13)

In formula (13): U (T) is the spectral line strength of the absorption medium, which
is the inherent parameter of the absorption peak and is only related to the transition
energy level and temperature; Q is the pressure; u(f) is the linear function of u(f) [7].
Substituting formula (13) into formula (12), the parameters after integration are obtained:

U(T)PNL = —/ln<£>dg (14)
Py

The right half of formula (14) is the integral absorptivity of the whole absorption
peak. Because the absorption line strength of the medium is only a function related to
temperature, the integral absorptivity of two different absorption peaks can be compared
to eliminate the particle number density and pressure in the formula, and a new value
of line strength a can be obtained. When the two selected absorption peaks are two
different rotational transitions of the same vibrational band, the integral absorption ratio
of formula (14) is finally obtained. The integral absorptivity of each absorption peak
is U(T) parameter that can be obtained by experimental measurement, and then the
integral absorptivity 6 can be obtained, so as to determine the relationship between the
flame temperature and the measured value 6 [8].
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For the absorption spectrum temperature measurement technology, the selection
of absorption spectrum line is very important, which should meet the following three
basic principles: first, the interval between the two spectrum lines should not be too
far or beyond the tuning range of the laser, and the spectrum line should be clean
and free from the interference of other absorption spectrum lines; second, the selected
absorption spectrum line should have a certain strength to ensure a good measurement
signal-to-noise ratio; third, the selection of absorption spectrum line should have a good
measurement signal-to-noise ratio The two absorption lines have proper lower level
separation, which makes the measurement have enough temperature sensitivity.

2.4 Building the Measurement Model of Gas Concentration and Temperature
Field

When the temperature distribution is known, the measurement model of gas concen-
tration and temperature is constructed. In algebraic iterative reconstruction, the initial
value of the iteration has a great influence on the reconstruction result. If the initial value
of the iteration deviates too much, the reconstruction error will be large, and even the
reconstruction result will be distorted. Therefore, the initial value close to the real value
should be given as much as possible in the actual measurement reconstruction process.
In order to give a reasonable two-dimensional distribution of gas concentration and tem-
perature, tunable optical absorption signal is used to predict the gas concentration and
temperature field. When two lasers with different wavelengths pass through the same
test area, the path length and gas component concentration must be the same

_s@ ST foab . (1 1
"= %0 = St exp[ m Ez)(T To>:| ()

In formula (15): S1(T") and S»2(7T') denote the absorption area at the temperature of 7';
S1(To) and S>(Tp) denote the absorption area at the initial temperature of; m denotes the
absorption strength; E1 and E> denote the energy value under two conditions [9]. Then
the actual value of absorption line wavelength is found in HITRAN database to determine
the relationship between line strength and temperature. With the change of temperature,
the line strength of the two absorption lines changes, and the relationship between the line
strength ratio of the two absorption lines and the temperature is generated. According to
the temperature relationship of line strength at different nodes, the range of line strength
in the temperature field is determined, and the relationship between line strength and
temperature in different intervals is analyzed [10]. As shown in Fig. 1, it is the schematic
diagram of the measurement model for gas concentration and temperature field.
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Fig. 1. Schematic diagram of gas concentration and temperature field measurement model

So far, the design of tunable laser temperature measurement method based on spectral
absorption is completed.

3 Experimental Study

In order to verify the reliability of the tunable laser temperature measurement method
based on spectral absorption, this method is compared with three groups of traditional
temperature measurement methods, setting different temperature levels, comparing the
temperature warning effect of the four groups of methods, and testing the temperature
difference of the four methods.

3.1 Experimental Preparation

For this experimental test, an overall control circuit of the experimental operating system
is constructed to perform the temperature measurement process of tunable laser. The
accessories of the circuit mainly include: power adapter, RS-232 port, power indicator,
single power level conversion chip, alarm, temperature sensor, matrix keyboard, memory,
communication selection, function selection, trigger button, antenna, induction module,
communication module, LCD, output indicator and power switch. On this basis, the serial
port is debugged. Before debugging, connect the development board with the serial port
line and power line, insert the SIM card on the back of the operating system circuit
board, use the jumper cap to connect the communication, select the P and Q positions
on the port, connect the power supply, press the trigger button and connect the wireless
network. At this time, the system operation indicator starts to flash, which proves that
the experimental system is established and can be applied to the temperature test. The
parameters of the experimental platform are shown in Table 1.
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Table 1. Experimental parameters

Serial number Name Parameter value
1 Temperature difference information 10 GB, 50 GB
2 System memory 32 GB

3 Working frequency 600 MHz

4 CPU main frequency 360 MHz

After setting the experimental parameters, the two groups of temperature field test
environment were set as T1 and T2, and the temperature warning critical values of the
two groups of environment were —70 °C and 210 °C respectively. The environmental
temperature of the two groups was known, and reached the warning threshold value
from the 5th min and the 9th min respectively. Four groups of temperature measurement
methods were used to measure the temperature in the experimental environment.

3.2 Test Results at =70 °C

After debugging the experimental test system, real-time temperature measurement is
carried out for the temperature change in the test background. The temperature mea-
surement method designed in this paper is taken as experimental group A, and the three
groups of traditional methods are taken as experimental group B, group C and group D
respectively. Figure 2 shows the measurement results of four methods when the critical
temperature is —70 °C.

As can be seen from Fig. 2, group abegan to recognize abnormal temperature from the
5th, 32th min, and quickly reached the critical value of early warning. However, the three
groups of traditional methods only warned the abnormal temperature from 8.45 min,
9.16 min and 12.5 min respectively. In order to ensure the authenticity, reliability and
universality of the experimental test data, a total of 8 rounds of tests were carried out at
this stage, and the results are shown in Table 2.

According to Table 2, the average values of the four groups of test data are 5.13 min,
8.52 min, 9.26 min and 12.56 min respectively. Comparing the four groups of test results,
it is found that the warning speed of the temperature measurement method designed in
this paper is 3.39 min, 4.13 min and 7.43 min faster than the three groups of traditional
methods respectively.
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Fig. 2. Test results at —70 °C
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Fig. 2. continued

Table 2. Temperature warning speed test (min)

Test group Group A Group B Group C Group D
1 5.32 8.45 9.16 12.5

2 5.07 8.48 9.25 12.63

3 5.15 8.52 9.49 12.58

4 5.04 8.63 9.29 12.44

5 5.11 8.54 9.08 12.47

6 5.10 8.55 9.22 12.69

7 5.06 8.49 9.34 12.58

8 5.22 8.48 9.27 12.55

3.3 Test Results at 210 °C

Keep the basic test conditions unchanged and change the test environment to 210 °C.
Figure 3 shows the measurement results of four methods when the critical temperature
is 210 °C.

According to the curve change trend in Fig. 3, the designed temperature measurement
method has the fastest warning speed in the face of high temperature test. Similarly, 8
rounds of tests were conducted, and the temperature warning results of each round are
shown in Table 3.
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Fig. 3. continued

Table 3. Temperature warning speed test (min)

Test group Group A Group B Group C Group D
1 5.35 8.55 9.24 12.63

2 5.29 8.29 9.33 12.58

3 5.14 8.54 9.25 12.6

4 5.22 5.76 9.28 12.62

5 5.25 8.55 9.37 12.55

6 53 8.52 9.41 12.49

7 5.24 8.47 9.4 12.46

8 5.18 8.61 9.35 12.58

According to Table 3, the average warning time of the four groups was 5.25 min,
8.16 min, 9.33 min and 12.56 min, respectively. According to the above calculation
results, when the critical temperature is 210 °C, the warning speed of the designed
temperature measurement method is 2.91 min, 4.08 min and 7.31 min faster than the
three methods respectively. Based on the above two sets of test results, it is verified
that the temperature measurement method designed in this paper has good temperature
warning effect in high temperature and low temperature environment.

4 Conclusion

On the basis of traditional temperature measurement methods, the tunable laser tem-
perature measurement technology is optimized by means of spectral absorption, which
provides a more reliable technical means for the current temperature measurement.
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However, due to the limitation of research time, the method in this paper still has some

deficiencies. For example, the amount of calculation is too large, and the calculation of
various data is completed under the guidance of a large number of formulas, so there
may be some calculation errors. Therefore, in the future research, it will be considered to
design a supplementary detection module for real-time testing of various data to improve
the reliability of temperature measurement results.

Fund Projects. Doctoral project of Beijing Polytechnic,A tunable laser temperature measure-
ment method based on spectral absorption (2017Z004-006-KXZ).
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