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ABSORPTION

Nazarov Abdulaziz Muminovich', Khasanov Mirkomil Mirhidoyat u'g'li?

'Tashkent State Technical University
Address:2 Universitetskaya st.,100095, Tashkent city, Republic of Uzbekistan
E-mail: nazarov_58@ rambler.ru, Phone: +998 88-167-20-29;
2Senior Lecturer at the department “Radio Engineering Devices and Systems” Tashkent State Technical University
Address:2 Universitetskaya st.,100095, Tashkent city, Republic of Uzbekistan.
E-mail: mirkomil.khasanov@tdtu.uz, Phone: +99897- 730-22-65.

Abstract: The article presents the results of experimental studies of a fiber-optic humidity sensor, the principle of
operation of which is based on the method of intracavity laser absorption. A method of intracavity laser absorption is
described, which makes it possible to dramatically increase the sensitivity of the fiber humidity sensor by switching to it. A
schematic diagram of a fiber optical humidity sensor using a differential detection scheme and a design of an active ring
laser fiber consisting of a diode pump laser, a fiber pump beam splitter, two directional couplers, a measuring ring laser, a
ring comparison laser, two pump radiation filters and germanium photodetectors are developed. Graphical results of
experimental studies of a fiber-optic sensor using a differential registration scheme are demonstrated. Measurements are
shown in the range of 1800-1940 nm with a center of ~ 1872 nm, where the absorption of water vapor located in the
cuvette is recorded, and from 1940 to 2090 nm - carbon dioxide located in the monochromator and having three absorption
bands in this spectral region, according to which the frequency scale of the spectrophotometric hygrometer is calibrated.
Comparison of the experimental data with the calculated values showed their satisfactory agreement.
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Annomayusn: Onmuxk moaanu HAMAUK CEHCOPUHUHS MAACPUOABUTI MAOKUKOM HAMUNCATAPYU KEAMUPUTI2AH, YHUHS
UWIAW MAMOUUIY UYKU PE30OHAMOPIU JA3epau I0MUIUL YCyauea acocianean. Muku pe3onamopiu i1a3epHu iomuus yCyau
mascugaanean 66, yHea ymuwl OpKAIU MOAANU HAMIUK CEHCOPUHUHE Ce32UPIUSUHU MYOOaH owupumiea UMKOH 6epaou.
Juppepenyuan xaiio smuw cxemacudar oloaianzan x0a0a ORMuUK Moiaiu HAMAUK CEHCOPUHUHS NPUHYURUAL CXeMACU
6a Kyzeamyeuu OU00 1A3epudd, Ky38amysyu moNaNU HYPHU aXiCPAMY6ul, UKKUMA UYHATMUPSUYOaH, XAIKAIU YIdaul
Ja3epudan, maKkKoCiaul puimacuoan ubopam XaiKa iasepu, UKKUma Ky32amyeuu HypiaHuw Quismpiapu 6a 2epManull
domodemexmopnapuoan ubopam @Gaon moaaru KOHCMPYKyuscu uwinabd uwuxuiead. Jugghepenyuan xauo smui
cxemacudan oudaranean X010a ONMUK MONAAU CEHCOPHU MANCPUOABULl MAOKUK SMUWHUHE 2PAQUK HAMUMICAIapu
kypcamunzan. Ynuawnap 1800-1940 um opanueuda mapxazoa ~ 1872 um, 6y epoa Kioeemadazu cyé GyeuHuH2 OMUTUULL
Katio smunear 6a 1940 oan 2090 um eaua 6yrean xapbonam ameuopud MOHOXPOMAMOpPOd 6a YYma 10MUIUWL Uyauea 3ea
cnekmpan coxada Kypcamuiazan, 6y opKanu CnekmpoQomomempux 2UuspOMempHUHe 4acmoma WKALACUHY Kaiuopiaul
onub 6opunean. Tadxcpuba maviymomaapunu XucoOnanean KuiMamiap OulaH mMakKOCIAHUWU YIAPHUHZ MOC Keauuiu
KOHUKAPIU IKAHIUSUHU KYPCAMOU.

Tasnuy cyznap: pezonamop, 0amuux, KOHOEHCAm, ONMuUK moid, iazep, 0uoo, Gomooemexkmop, CHeKmp.

Annomayusn: Ilpedcmagnenvl pesynbmamvl IKCNEPUMEHMANbHBIX —UCCIEO08AHULL  B0OJOKOHHO-ONMUYECKO20
0amuuKa 61a3CHOCMU, NPUHYUR OeUCMEUsi KOMOPO20 OCHOBAH HA Memooe 6HYMPUPe30HAMOPHO20 JIA3ePHO20 NO2TIOUWEHUSL.
Onucan mMemoo 6HYymMpupe30HAmOPHO20 JIA3ePHO20 NO2IOUWJeHUs, NYmeM nepexood HA KOMOpbil 0dem 603MOJICHOCHIb
KapOUHAILHO NOBbICUMb YY8CMGUMEbHOCHb 80JOKOHHO20 0amyuuKa éiasxcHocmu. Paspabomanvl npunyunuanvhas cxema
60JIOKOHHO20 ONMUYECKO20 OAMYUKA BIANCHOCMU C UCHOAb308AHUEM OUpDepeHyuanbHol cxembl pecucmpayuu u
KOHCMPYKYUsi AKMUGBHO20 B0JIOKHA KOJIbYEB020 J1d3epd, COCMosuje20 U3 OUOOHO20 Ja3epd HAKAYKU, BOJOKOHHO20
ceemooenumensi HAKA4KY, 08YX HANPABIEHHbIX Omeemaumernell, UsMepumenbHo20 KOIbYego2o 1a3epd, KOIblyeso2o iazepa
cpasHeHus, 08yX QUILMPOS UZNYUEeHUS HAKAYKU U 2epMaHuesbix homodemexmopos. IIpodemoncmpuposansl epagdpuieckue
pesyibmamosl  IKCHEPUMEHMANIbHBIX — UCCIe008AHULL  BOJIOKOHHO-ONMUYECKO20 — 0amyuka € UCHONb308aAHUEM
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oupepenyuanvroii cxemuvl pecucmpayuu. Ilposedenvr usmepenust 6 ouanasone 1800—1940 um ¢ yenmpom ~ 1872 um, 2oe
peaucmpupyemcs nocioujeHue napog oovl, Haxoodswuxcs 6 kwegeme, a ¢ 1940 oo 2090 um - yenekucrnozo e2asa,
HAX005e20Cst @ MOHOXPOMAMOpe U UMEIOWe20 8 IMOl CHeKMPAIbHOU 001acmuy mpu HOAOChl NO2IOWeEHUs], N0 KOMOPbIM
npouU3gOOUMCs:  KAIUOpOBKA  YACMOMHOU — WKaibl — cnekmpogomomempuueckozo — euepomempa.  CpaeneHnue
IKCNEPUMEHMANLHBIX OAHHBIX C PACYEMHBIMU 3HAYEHUAMU NOKA3AL0 UX YOOBIEMEOPUMENbHOE COGNAOEHUE.

Knrwoueesie cnosa: pezonamop, 0amuux, KOHOeHCAmM, ONMUYECKOe B0JO0KHO, Jdsep, Ouood, gomodemekmop,
cnekmp.

Introduction

At present, the manufacture of optical fibers is carried out mainly by chemical methods. The
main disadvantage of chemical vapor-phase methods for the manufacture of optical fibers is the high
content of hydroxyl groups — OH. The presence of OH groups in the fiber layer of a silica fiber leads
to an increase in optical losses, in particular, in the wavelength range of 1.35-1.6 um, there is resonant
absorption of radiation by OH hydroxyl groups. To get rid of them, annealing and reflow of the porous
workpiece is carried out in a diffusion furnace in the presence of chlorine for 24 hours. To reduce
optical losses in optical fibers, a high degree of purification of the starting materials from contaminants
is required. Therefore, it is necessary to control oxygen and hydrogen-containing impurities during the
formation of the fiber layer [1].

Infrared absorption is photonic absorption caused by the resonance of interatomic bonds under
the action of radiation with a given wavelength. The main maximum of the absorption band for SiO, is
observed at a wavelength of 9.1 pm with an "exponential tail" and harmonics at a wavelength of 1.7
pm. This significantly limits the long-wavelength region of the quartz glass transmission window to
1.6 um. The introduction of alloying additives to change the refractive index shifts the absorption
edge, in particular, the B,O5 additive leads to an increase in losses, starting with a wave of 1.1 um,
while GeO, and F additives do not affect the increase in losses in the long-wavelength region [2].

It is much more difficult to remove impurities of OH groups, since the hydrogen ion has a very
high affinity for oxygen. The main peak of the resonance absorption band of the OH group is observed
at a wavelength of 2.73 um, the first harmonic at 1.38 um, and the combination band at 1.24 um. The
last two effects strongly affect losses in the operating wavelength range of 1.25 - 1.55 um. With the
content of OH groups 10°® of the mass, the losses at a wavelength of 1.38 um reach 50 dB / km, and by
1.24 um they decrease to 2.5 dB / km. The ratio of the magnitude of these two maxima is influenced
by the presence of a P,O, additive. The resonance of the P-OH bond is observed at 1.6 um. Thus, high
phosphorus concentrations have a strong effect on losses at 1.55 um (compared to 1.3 pm). The
maximum for OH groups observed at a wavelength of 1.38 um mainly affects the losses in the
operating range of semiconductor LEDs and 1.3 um lasers [3, 4].

In the case of using an optical fiber as a sensor for adsorbed OH groups, an erbium fiber laser
with a generation wavelength of about 1.55 um can be used as a radiation source. The relatively small
absorption of OH groups at this wavelength can be increased by adding phosphorus to the sensor fiber.

In the spectrophotometric method for determining the moisture content of gas, in contrast to the
condensation method, even when hydrate formation inhibitors are added to natural gas [3], a value
proportional to the total content of water vapor in the volume is measured and calculated from the
absorption spectra. In the case when there is water in the gas in the vapor and droplet phases, it
becomes necessary to use other physical methods for measuring the concentration of water.

Research Methods and the Received Results

With the development of computer technology and intensive computerization of scientific and
industrial equipment, a situation arises when computer automation of spectrophotometers makes it
possible to fundamentally improve their characteristics. For quantitative gas analysis, the most
attention is attracted by the spectral regions in which the registered gases have maximum or significant
absorption coefficients, and these, as a rule, are the ranges in which the spectral information is
collected in databases and is currently being refined and expanded. The intensities of the strongest
molecular lines and bands are described with high accuracy, which is quite sufficient for solving a
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wide range of applied problems. In this regard, there has always been a great interest in the use of this
information for calibration and directly in the operation of spectral instruments for various purposes
[4]. The spectral bases HITRAN [5], GEISA and HITEMP already contain several million lines and
describe the IR spectrum range quite fully and accurately. They include fairly reliable experimental
and calculated information on the magnitude of the absorption, broadening, and shift coefficients for
molecules. The list of these molecules includes a significant portion of gases, including methane and
water.

The instrument data bank of samples of experimental and model spectra of water and methane
vapors was formed for different pressures and ratios of their content in the mixture. If it is known that
the test substance is a combination of several known and entered in the database of calibration
mixtures, and its spectrum is close to a linear combination of the initial spectra, then the characteristics
of the substance can be calculated through the concentrations of the initial components. In the
proposed algorithm, the concentrations of the basic components are calculated from a system of
equations including the absorption coefficients of the spectra at S points located in the selected spectral
range:

> (ky<T,)=1), i=15, w

where Tj; is an element of the matrix {73} (1=1,S;j=1,N,S>N, S =100 was used, and N was from 2
to several tens) of the absorption coefficients at point i for the base spectrum; k; - the required
concentration; I (v;) - absorption coefficients at point v; for the spectrum of the investigated substance;
N is the number of experimental and model spectra in the instrument data bank.

To obtain physically meaningful solutions of the system containing only positive values of k;,
for the first time to solve such a spectroscopic problem, the regularization method [6] is used in the
form of additional equations-inequalities

k; >0, j=1N. (2)
And the regularizing term is taken in the form

J(R)=Z::{I(Vi)—glij(vi)xkj}2+%{Ax§(kj)2}, 3)

where I(v;) absorption coefficients of the analyzed spectrum at informative frequencies vi; [ (vi) are the
absorption coefficients at frequencies v; for the experimental or calculated spectrum numbered j with a
known value of the parameter or characteristics of the substance (concentration, percentages,
temperature, etc.). The function & (k;) is responsible for limiting in the negative range of k; values:
c 0, ifk; >0,
sk;) = k;, ifk; <0. @
The regularization coefficient A is chosen so that the values of k; that are negative do not
exceed the modulus of the required concentration error. For A = 0, the solution to this problem will
coincide with the solution by the least squares method.
In the future, the sought value of the characteristic f * for the analyzed sample is determined by
substituting the found concentration coefficients k; of the control gas mixtures and their experimentally

observed characteristics f ; of spectra numbered j:

N ~
=3k x . 5)
j=0

In the above method of positive concentrations, the choice of the tuning parameter of
regularization A depends on the specific problem, the optical parameters of the spectrum analyzer, and
other features that arise when finding the characteristics of interest for the substance under study. In
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the future, it is possible to search for functional dependencies using data banks, taking into account the
parameters that combine experimental and model spectra [6].

The absorption index decreases with decreasing wavelength [7].

The optimal wavelength for practical use is 1.94 um. Since the absorption of water in this range
has the property of induced polarization, characteristic of atomic vibrations, this phenomenon is
considered atomic polarization. Water hitting a substance changes its spectrum. If the controlled object
is irradiated with infrared radiation at this wavelength and the power of the transmitted or reflected
radiation flux is measured, then it changes depending on the humidity.

The wavelengths of the measured and basic streams can be optimally selected taking into
account the spectrum of the measured substance, the measuring range of humidity and other
requirements.

When developing a rational design of a highly sensitive fiber sensor, one should take into
account the need to introduce an absorbing medium into the laser cavity. In this case, the use of any
additional elements in the form of absorbing cells leads to additional reflections in the resonator and,
ultimately, to a decrease in the potential sensitivity.

The ideal solution is to completely eliminate external elements and use the active gain medium
of a fiber laser as a sensor directly.

In conventional designs of fiber lasers, the central core of the fiber is covered with a SiO; shell,
which does not sufficiently transmit water vapor; therefore, the response time of the fiber absorption
sensor is very low (response time is hours and days), and the sensitivity is unsatisfactory [8] — [13].

The use of ion-beam or plasma doping methods makes it possible to easily create an erbium-
doped central core of a fiber laser without an outer SiO, shell, which opens up wide possibilities for its
use as a highly sensitive and fast-acting sensor of water adsorbed on the fiber surface [14].

Water adsorbed on the outer surface of the fiber causes strong absorption, despite the fact that
the main beam of laser radiation propagates in the bulk of the fiber. This is due to the fact that in a
single-mode fiber, the maximum of the energy density of optical vibrations is much more displaced
towards the fiber surface than in multimode fibers. With a certain diameter of the central vein, the
maximum density can be found even outside the central vein, in the outer shell. By using a sufficiently
thin SiO, shell, it is even possible to combine the maximum density with the shell surface.

However, this option is very difficult for practical implementation of a laser and has no
advantages in the long-term stability of the sensor. This is because the entire length of the fiber laser is
sensitive to water vapor.

With this design, the fiber laser can be made as a ring laser based on a single-mode fiber, which
can significantly simplify and thin out the longitudinal mode structure of the fiber laser. This will
make it possible to abandon the unstable process of competition between modes in the case of
intraresonant absorption of the ILA and to carry out predominantly "narrowband" ILA. Although this
will result in a loss in sensitivity and spectral selectivity, the stability of the sensor will increase
dramatically, and the radiation registration system is greatly simplified. The need for narrow-band
spectral selection using a Fabry-Perot interferometer is completely eliminated, and a simple
differential amplitude registration becomes possible.

The sensor design based on these principles is shown in Fig. 1. The sensor has two
differentially switched fiber sensing elements with ILA, which are ring fiber lasers with a ring length
of no more than 0.5 m, with a common pumping system from a laser diode using a highly stable fiber
beam splitter of pumping power. The unified pumping system makes it possible to significantly reduce
the pumping-induced instability of the output power of ring lasers and to further increase the stability.
The use of two identical sensitive elements allows not only to increase the stability of operation, but
also, if necessary, to make relative or compensation measurements of humidity, which expands the
functionality of the device.

Characteristics of optical fiber laser absorption sensor:

1. Gas pressure range, MPa 2.5-7.5;
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2. Type of flow hygrometer;

3. Measured water vapor concentration, mg/ m* 30-40 000;

4. Calculated from the concentration of the dew point temperature of water in natural gas, °C

-35...+15;

5. Absolute error in determining the dew point, °C 1;

6. Operating temperature of the medium, °C -20...+35;

7. The time of one measurement cycle is not more than, min 8;

8. The time of entering the mode is not more than, min 15.

The developed sensor for monitoring water vapor with a differential signal recording circuit has
the following parameters: the operating wavelength of an annular laser on an erbium fiber A=1.55 um;
wavelength and pumping power, respectively A=980 nm and Ppump =100 mW,; water steam sensitivity
is 10°-10"° %.

When converting the absolute water vapor content in natural gas to the water dew point
temperature, the values of the natural gas moisture dew point temperature, reduced to a pressure of
3.92 MPa and the water vapor concentration, were used. The range of measured concentrations of
water content at the dew point was from -40 to +8°C. At the same time, the measurement error was
less than 1°C, and the reproducibility was not worse than 0.25°C.

Under the action of water vapor in the working cell, the emission power of the annular laser
decreases, which leads to the appearance of a difference signal from two germanium photosensors. To
extend the dynamic range and increase the sensitivity of the photodetectors, filtering of pumping
radiation is required, which can be carried out either with a light filter or with a specially designed
fiber absorber. Both lasers and photosensors are placed in a passive thermostat to equalize their
temperatures. Temperature equalization is necessary to prevent a temperature shift in the frequency of
generation of the fiber laser, which can change the absorption coefficient of the fiber.

ruomp radiation Ps
filter >/ FD
Rloa
N
A=980 nm m easuring
ring laser

fiber
pomp laser pump
diode -J—yl beam splitter
i:1

(o)

utput signal

“dry cuvette”
ring laser com parison

pump radiation » PS
filter >WFD

E Rload

H,0 adsorption

LIITHTTHIN

10, +F, 04kt

A
W" - W‘ing-shaped fiber

Fig. 1. Block diagram of a fiber optic sensor using a differential registration circuit and design of an active fiber of a
ring laser

The 4th curve in Fig. 2 is the combined absorption spectrum of water vapor (concentration at a
pressure of 10 atm in an air cell of ~ 5500 mg/m®) and carbon dioxide (in a monochromator at a
pressure of 1 atm). After self-adjustment, filtration and logarithmization [6], this spectrum takes the
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form of a 2-curve line, which allows the gas humidity sensor to operate with high accuracy in an
automatic continuous mode.

In the range of 1800-1940 nm with a center of ~ 1940 nm, it was noted that the water vapor in
the cell and the absorption of carbon dioxide from 1940 to 2090 nm in the monochromator, as well as
three absorption poles in the same region of the spectrum, on their basis, the frequency scale of the
spectrophotometric hygrometer.

To quantify the content of water vapor in a gas, it is necessary to solve the problem of
determining the concentration for multicomponent mixtures with overlapping a large range of
measured absorption coefficients. This problem was solved by spectroscopic methods of analysis and
mathematical algorithms for automatic search in the spectra of informative points [6] in combination
with a model of positive concentrations using regularization.

=

:‘é co,
3
5
il
b
§05
g
1
00
2
| | | | I | :
1800 1850 1900 1950 2000 2050 2100

wavelength, nm

Fig. 2. Combined absorption spectrum of water vapor at a pressure of 10 atm in an air cell at a concentration of
~ 5500 mg / m* and carbon dioxide at a pressure of 1 atm in a monochromator.
1-recorded spectrum; 2-the same spectrum after self-regulation, filtering and logarithm.

The original software allows statistical collection, determination of water vapor concentration
from experimental and model spectra recorded in the data bank. Information processing is carried out
using computer programs based on original algorithms and methods of the theory of appearance
detection [6, 15].

Fig. 3 shows a graph of the change in water vapor concentration during one of the periods of
experimental results. The range of water concentration measurement was from ~ 100 mg/m® to ~
11000 mg/m?® when checking the results of the experiment in various modes. By converting the amount
of absolute water vapor in the natural gas to the dew point temperature, the moisture content of the
natural gas was reduced to a pressure of 3.92 MPa and a water vapor concentration using the dew point
temperature. The range of the measured water concentration at the dew point is from —10 to + 40 °C.
At the same time, the measurement error was less than 1 °C, and the reflection coefficient was not less
than 0.25 °C.

Using the mathematical package Curve Fitting Toolbox for the MATLAB program, we will
determine the type of functional dependence, its coefficients, and calculate the criteria for the
suitability of the functional dependence based on experimental data:

f(x)=a,+> . [ sin(wx)+b cos(wx)] (6)
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Fig. 3. Graph of change of water vapour concentration measured by differential signal recording sensor.
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In Table 1, this dependence is compared with the fourth-degree polynomial, which is often used
in practice as a calibration function of humidity sensors.

Table 1.
The values of the fitness criteria of the two calibration functions

f(x) R-square Adjusted R-square SSE RMSE

12.15-5.47¢0s(0.051x)-51.97sin(0.051x)- -0.998 0.997 76.79 2.263
-5.648c0s(2-0.051x)-18.83sin(2-0.051x)-
-4.404c0s(3-0.051x)-11.34sin(3-0.051x)-
-4.044c0s(4-0.051x)-5.367sin(4-0.051x)-
-3.561¢0s(5-0.051x)-2.555sin(5:0.051x)

6.621-10°x%-0.0005x>+1.431x>-1726x+7.637-10° 0.995 0.993 188.584 2.928

Conclusions

The spectroscopic method allows determining the concentration of water vapor in natural gas in
the region of 1872 nm from absorption spectra in a continuous mode. High sensitivity and selectivity
to gas components allowed covering a wide range of water concentrations (2.5-40,000 mg/m®)
measured at a pressure of 30-40,000 MPa.

Possible areas of application of the spectrophotometric hygrometer are gas, oil and chemical
industries and other sectors of the national economy, where it is necessary to control the concentration
of water vapor in technological processes. The spectrophotometer can be of considerable interest in
carrying out scientific research in order to study the absorption spectra of gases at high pressures, as
well as as an aid for the experimental refinement of formulas and tables for recalculating moisture
indicators for various pressures.

Thus, the combination of the capabilities of spectroscopy and mathematical methods of data
processing makes it possible to create automated devices that can significantly increase the efficiency
of spectroscopic methods and greatly facilitate the complex work associated with analyzing spectra
when monitoring the parameters of natural gas, both during its production and during transportation
and processing.
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