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c(OpMUPOBAHHBIN BOJOKOHHBIMH OPATTOBCKUMH PELIETKAMH, KOTOPbIE 3alliCaHbl Ha KOHIIAX OTPE3Ka JIETMPOBAHHOTO
BoJIoKHA. C ITOMOIIIBIO MaTeMaTHYECKOTrO MOJICIIMPOBAHNSI BBIITOJTHEHA ONITUMHU3AIHS ITAPAMETPOB JIEMEHTOB Jia3epa st
JIOCTHKEHUS TeHEepalMK Ha OIHOM MPOJI0JIbHOM Mozie Ha JUTMHE BOJIHBI 1550 HM, COOTBETCTBYIOLIEH MUHUMAIBLHBIM 110~
TEPSIM CTAHJAaPTHOTO TEICKOMMYHHUKAIIHOHHOTO BOJOKHA. TeopeTndeckast MOJIETh OCHOBAaHA Ha TIOYYCHUH PEIICHUS IS
CTAIlMOHAPHOTO COCTOSTHUS CHCTEMBI CKOPOCTHBIX YPaBHEHUH TSl ONITHYECKUX ITOJICH C YIETOM B3aHMMOCHCTBUS MEKIY
SHEPreTHYECKNMH YPOBHSIMHE JIerHpoBaHHOTO HoHamu Er' —Yb®'" kBapuesoro Bonmokma. CrcreMa ypaBHEHHi pelneHa
C MCTIOJIb30BaHIEM UTEPAIIMOHHOTO METO/Ia B IPOrpaMMHOM Kozie Matlab, 9To TO3BOIUIIO IPOBECTH aHAJTIN3 3aCEICHHOCTH
SHEPreTHYECKUX YPOBHEH HOHOB 3pOus U UTTepOusL. JIj1st BhrancieHns pyHKINH OTpaXKeHHUs OPITTOBCKUX PEIICTOK IPUMEHEH
pa3paboTaHHBII aBTOpaMH AJITOPUTM Ha OCHOBE MeTo/ia JIMHUH. C MCHONIb30BaHMEM IPOTrpaMMHOT0 rakeTra Optisystem 1po-
HM3BEIICH PACUET JMHAMIKH YCTAHOBICHHS TeHEPAIIH TIPEIOKESHHOTO JIa3epa Ha OCHOBE JIerHpOBaHHOTo HoHamu Er’” — Yb**
OIITHYECKOTO BOJIOKHA. [I0Ka3aHO, YTO MPH ONTHMAIBHBIX MMapaMeTpax 3JIEMEHTOB Jla3epa MOKHO ITOTYYHUTh OTHOYACTOT-
HYIO TEHEepanuIio B HEMPEPHIBHOM peKiMe ¢ MoHOCTEI0 0,67 BT Ha mymmHe BomHbI 1550 HM npu MomHOCTH Hakadku | Bt
¢ nuddepenuansHOl 3P HEeKTUBHOCTHIO (T. €. 3 (HEKTUBHOCTHIO HAKIIOHA KPUBOW 3aBUCHMOCTH MOIIHOCTH CHTHAJIA OT
MOIIIHOCTH HAaKa4YKu), paBHOU 67 %.

Knrouegoie cnoga: BOTOKOHHO-ONTHYIECKUHN JIa3ep; OJHOYACTOTHASI TEHEPALMs]; BOJOKOHHAsI OpP3ITOBCKAsl PEIIETKa;
nerupoBarHOe noHaMu Er — Yb ontrdeckoe BookHO; pe3oHartop @adpu — Ilepo.

A SINGLE-FREQUENCY LASER
ON THE BASE OF Er — Yb CO-DOPED
OPTICAL FIBER WITH FIBER BRAGG GRATINGS

J. ALRUMEITHI*® I. . GONCHARENKOQO"®

Technology Innovation Institute, Masdar City 9639, Abu Dhabi, United Arab Emirate
®Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
‘University of Civil Protection, Ministry for Emergency Situations of the Republic of Belarus,
25 Masynabudatinikoti Street, Minsk 220118, Belarus

Corresponding author: J. Alrumeithi (juma.alrumeithi@tii.ae)

The structure of the compact narrow-band fiber lasers operating in a single longitudinal mode (single-frequency la-
sers) has been considered. The single-frequency fiber lasers are widely used in WDM telecommunication systems, high-
resolution sensors, spectrometers, as well as for lightimaging detection, detection of gravitational waves and creation of
multikilowatt laser systems based on coherent combining of laser beams. The proposed laser is based on the short length
of optical fiber co-doped with Er’* and Yb** ions. For cavity feedback a Fabry — Perot resonator is formed by using fiber
Bragg gratings written on the ends of the doped fiber section. On the base of the numerical simulations the optimisation
of the laser elements parameters has been carried out in order to achieve the single longitudinal mode laser generation at
1550 nm wavelength that corresponds to the minimum loss generated by the telecommunication fibers. The theoretical
model is based on the steady state solutions of the rate equations resulting from the optical fields and ions interaction in-
side the Er* — Yb®" co-doped silica fiber. The mathematical equations are solved using an iterative method by Matlab to
provide an analysis of the energy levels of erbium and ytterbium ions doping the silica fiber. For the calculation of the fiber
Bragg grating reflectivity the original algorithm based on the method of lines has been applied. A series of simulations
have been performed by using the Optisystem software to obtain the modelling of the dynamic behaviour of the proposed
Er’* — Yb*" co-doped fiber laser. The optimised Er’* — Yb** co-doped fiber laser demonstrated a continuous wave power
of 0.67 W at 1550 nm wavelength for a pump power of 1 W with a slope efficiency of 67 %.

Keywords: fiber laser; single-frequency generation; fiber Bragg grating; Er — Yb co-doped fiber; Fabry — Perot resonator.

Introduction

The single-frequency erbium-doped fiber lasers are considered as a key tool due to their high potential ap-
plications in WDM telecommunication systems operating with wavelengths around 1.55 pum, high-resolution
sensors, spectrometers, for lightimaging detection, detection of gravitational waves and creation of multikilowatt
laser systems based on coherent combining of laser beams [1-14]. They are attracting a great deal of interest
and high demand because of their ability to provide fiber compatible laser sources with a narrow linewidth (tens
of kilohertz), low level of optical noise, high output power, low threshold pump power and a high stability of
output parameters. Single-frequency fiber lasers are being actively developed, primarily due to their compact-
ness compared to solid-state counterparts and better output characteristics compared to semiconductor lasers.
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Short fiber lengths and wavelength selective filters such as the fiber grating are desired to maintain the stability
and provide single-frequency operation to avoid the mode hopping issue. However, a few centimeters long fiber
does not provide a satisfactory pump absorption and leads to insufficient and low output power. Although, the
expectation of considering high erbium concentrations contributes to increase the pump absorption and provide
a high desired gain but the ion-ion interactions leads to the waste of energy by exchanging the energy between
the ions of erbium and critically reducing the laser efficiency and deplete the erbium metastable level [15].
In order to provide the solution to these problems the co-doping the gain medium of the fiber with erbium (Er’")
and ytterbium (Yb*") ions has been proposed [2; 11; 12; 16; 17]. By providing the optimal concentrations of the
rare-carth ions, the pair induced energy transfer from Er’* and Yb®" provides the desired pumping requirements
for the erbium and allows to rescale the concentrations of the erbium without a high reduction in the efficiency
due to the cooperative up conversion. The contribution of Yb** sufficiently avoids the formation of Er’* clusters
and allows an effective contrasts of the energy transfer. Additionally, the Yb** allows the extension range of the
acceptable pump wavelengths and the highest absorption cross section is defined at 980 nm. The pumping of
Yb*" at 980 nm provides the best performance and high efficiency to construct a compact fiber lasers.

In this work we propose a theoretical model for the analysis of a compact single-frequency fiber laser based
on Er’" — Yb** co-doped fibers; the continuous wave (CW) operations of single-frequency fiber laser using the
Bragg gratings as wavelength filtering components at the ends of the section of the doped fiber and conside-
ring the principle of the linear cavity configuration of the Fabry — Perot architecture to generate a high light
confinement to satisfy the laser performance requirements. The theoretical work proposed are proved to have
a great agreement with the published experimental results associated with compact single-frequency Er’" — Yb**
co-doped fiber lasers.

The main objective of this work is to analyse the possible design of a compact single-frequency high power
laser on the base of short length of optical fiber co-doped with Er’” and Yb’" ions. The laser cavity is created
by Bragg gratings written on the fiber ends. Short fiber length leads to insufficient pump radiation absorp-
tion. The optimal concentrations of these ions should be established by solving propagation-rate equations.
Additionally, we provided the numerical analysis of the influence of the fiber Bragg grating parameters on its
transmission function. On the base of the analysis the proper selection the parameters will be done to provide
the single-frequency regime of the laser generation.

Making the propagation-rate equations for Er — Yb composition

The system of rate equation resulting from the energy level system between the Er’” and Yb*" ions are con-
sidered as a complex and difficult to solve without any boundary conditions and estimations. Figure 1 shows
a simplified energy level of the system with neglecting some transitions that exhibit the small and less influence
on the characteristics of the laser.

N, 4
Ly
Ay
C
2. Ny L" R A 4I
Fs, ] ] 1172
A l
T N, s
Energy L
r r transfer ”‘; VI‘/‘
I/V56 VV65 13 31 Cup
r
Ags r Ay
T W, W, T
2 N5 \ Y / N] 4
F,, Lisp
Yb3+ Er3+

Fig. 1. Simplified energy level diagram of Yb** and Er** ions

These assumptions didn’t affect significantly the overall results of the laser system performance and cha-
racteristics while maintaining the accuracy of the model. As the gain medium is pumped at 980 nm, the system
of rate equations resulting can be written as [7; 18; 19]

ON.

atl =—W, N, = W3N, + 4, N, + Wy N, + CupN22 = CopaNi Ny + CupN32 — C,.N\Ng,
oN, 2
7: WiaNy — 4Ny =Wy N, + 4, Ny — 2C, N5 + 2C, NN,
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oN, 2
?: WisNy — A, Ny + AjyNy — 2C, N3 + 2C, NN,
ON;
?Z_VVSGNS + AgsNe + WesNg + C,.N N,

N5 + Ng = Ny,

where N,, N,, N; and N, are the populations of *I,s,, *I,5», *I,,, and “I,;, energy levels corresponding to the
Er’" ions, also Ny and N, are the populations of °F,,, and °Fs), energy levels corresponding to the Yb*" ions;
W, represents the stimulated transition probabilities (i represents the transition from i to j); 45, and A4 terms
relats and identifies the spontaneous transition probabilities, also A5, and 4 4; represent the non-radiative relaxation
probabilities; C,,,, C,,14 and C,, are the transformation of the coeficients associated with the increased frequency
and cross-relaxation between the Er’* and Yb*" ions; Ny, and Ny, identify and introduce the concentrations of the
Er’* and Yb*" ions. It should be noted that for this model we neglected the diverse of mechanisms and conditions
that contribute to broaden the energy levels, as well as the associated related temperature instability [7].

Inside of the laser gain medium, the optical field at pump and laser wavelengths propagates in the longi-
tudinal z-direction. Therefore, each of these fields will be described by a differential equations governing by

the spatial variation of the optical power. The variation of the pump power P, (z, vp) and the power of laser
radiation PVi (z, Vy-) over the length specified for the cavity of the laser is described by the system of differential
equations that identified as the propagation equations and can be written as [7; 18; 19]

dP, |z, _ _ _
%:_Fp I:GErBNl ~ OypselVs — GYb65N6:|};7(Z’ Vp)_ lp%(Z, \A ),
dP;(z, v, _ _
% = 4T, [om](vj )N, = GV, )Nl]P;(Z, vy)
£ 21,8V, T O (V) Ny £ 1, P (2, vy ) (1)
Pp(o’ Vp):I;O’

P.(o, v,

(0 )

]

Ry(v; )RS (L. V)= Py (L. v,).
R(v,)P5(0.v,) =P (0.v,),

where j = 1, ..., M (M represents the number of the longitudinal modes that can be produced by the laser);
Vv,, v, and [, [ are the frequencies of the radiation and the losses of the pump wave and the generated wave;

R, ( V; ) and Rz(vj ) are the reflectance of the cavity mirrors; L is the length of the laser cavity; Of,; and Gy,,; are
the absorption and emission cross section of the Er’ and Yb*" ions. The sign «plus» in the notation Pj (z, vsj)

corresponds to the forward propagation of the optical radiation, respectively the sign «minus» represents the op-
tical radiation propagation in the reverse direction [7]. The overlap integrals between the cross section of the
radiation fields and the active region of the waveguided identified as I, and T|; based on the assumption of
considering the Gaussian intensity distribution of the fields of the pump radiation and the signal radiation can
be determined by the following relationship [20]:

2
I,=1-exp a_g ,
mm

where a, is introduced as the active radius of the fiber, and ,, is the transverse size of the radiation field, as
m = p for the pump wave and m = gj for the corresponding signal wave. The term 2Av;Av,IGp,,, (vj )]Vz ex-
pressed in equation (1) provides the description of the input noise equivalent power [7].
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Fiber Bragg grating parameters to provide
the single-frequency regime of the laser generation

We start with the numerical analysis of the uniform periodic Bragg grating with the high-reflection (HR).
The fiber core radius is R, = 2.88 um, the refractive index in the core of the first homogenous region is
n.,, = 1.4500, and the refractive index of the cladding is n, = 1.4125. The number of the grating periods
is N =22 620, the grating period is A = 0.537 82 um, the grating length is L, = 24.442 mm, and the relative
difference between the grating core refractive indices is An,, = 0.000 1. The reflectivity of the uniform periodic
grating with the selected parameters was assigned in Matlab [21; 22] and the simulation result is shown in fig. 2.
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Fig. 2. Reflectivity of a uniform periodic fiber gratings
with number of periods N =22 620 and An,, = 0.0001,
leading to a total reflection 97 % with narrow central peak wavelength 1550 nm

The modelling results of the uniform periodic grating reflection spectra (Bragg wavelength Ay = 1550 nm)
with a reflectivity of 97 % based on the parameters specified in the simulation, and this considered sufficient
for the HR Bragg grating to be implemented and inserted as reflector for the Fabry — Perot cavity feedback.

The second numerical analysis of the uniform periodic grating was performed for the partial reflection (PR)
Bragg grating [21; 22]. The fiber core radius is R, = 2.88 um, the refractive index in the core is n,,, = 1.4500,
and the refractive index of the cladding is n,;, = 1.4125. The number of the grating periods is N = 6610, the
grating period is A = 0.537 82 um, the grating length is Ly, = 7.109 98 nm, and the relative difference between
the core refractive indices is An_, = 0.000 1. The modelling results of the uniform periodic grating reflection
spectra (Bragg wavelength A; = 1550 nm) with a reflectivity of 55 % based on the parameters specified in the
simulation is shown in fig. 3.
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Fig. 3. Reflectivity of a uniform periodic fiber gratings
with number of periods N= 6610 and An_,=0.0001,
leading to a total reflection 55 % with narrow central peak wavelength 1550 nm
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Therefore, the results considered are reliable and convenient for the PR Bragg grating and could be imple-
mented and inserted as the partial reflector of the Fabry — Perot cavity for the outcoupling.

Following to the calculations for the Fabry — Perot cavity, the transmittance maxima corresponding to the
Fabry — Perot resonance is observed to overlap with desired reflectivity spectrum based on the physical length
of the cavity [23]. Figure 4 shows the fiber cavity transmittance spectrum using the uniform Bragg grating, the
length of the Fabry — Perot cavity L = 1 cm, and neglecting the absorption associated with the Bragg grating as
reflectors for the proposed configuration. The peak wavelength of the uniform fiber Bragg grating is centered
at 1550 nm. The cavity transmission spectra (see fig. 4) were obtained based on the proposed configuration of
the Fabry — Perot cavity in order to produce the single mode fiber laser generation. The central resonance of the
Fabry — Perot cavity is at the desired Bragg wavelength (A = 1550 nm) of the uniform gratings.
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90 - ﬂ T
80 T

Fabry — Perot transmission

70 b

60 T

50 b

40 ]

Reflectivity, %

30 .

20 - -

12 , . AV U.U VVWWWWVWVVWWVV\NVW_

1.5480 1.5485 1.5490 1.5495 1.5500 1.5505 1.5510 1.5515 1.5520
Wavelength, pm

Fig. 4. Transmittance spectra of the Fabry — Perot fiber cavity formed
by uniform fiber Bragg gratings

Fiber laser setup

The schematic digram of the proposed Er*" — Yb** co-doped fiber laser is shown in fig. 5. The pump source
is the laser diode operating at 980 nm, the beam of this fiber laser system is collimated first and then propaga-
ted through the optical isolator to secure the system from any back reflections from the fiber ends that can damage
the input source identified as the diode laser for the proposed fiber laser optical system. The pump radiation
is focused directly into the Er — Yb fiber through the first HR fiber Bragg grating, which is 97 % reflecting at
1550 nm. The section of the 1 cm length Er — Yb fiber with a numerical aperture of 0.32 and the outcoupling
of the light is based on the output PR fiber Bragg grating, which has 55 % reflecting at 1550 nm.

HR Bragg grating PR Bragg grating

> ouput

> Er -Yb" co-doped fiber

——

. Optical
Diode laser isolator

Fig. 5. Schematic diagram of the Er*" — Yb*" co-doped fiber laser

Fiber laser simulation

The proposed fiber laser setup is modelling by using the Optisystem software to reach the suitable design
that should be implemented. Optisystem software allows to establish the reliable optical design to determine
the fiber laser architecture for the Er’* — Yb*" co-doped fiber laser. Evaluate cost and performance by calcu-
lating the output power, maximum noise figure, maximum gain ripple and minimum pump power depend on
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the optical system specifications such as pump wavelength range, passive component losses, component costs

and so on. The results of the simulation is shown in fig. 6. Er’" — Yb*" fiber laser is excited and pumped by
the laser diode at wavelength of 980 nm. The power of the pump source was swept from 0 to 1 W by the

CW diode laser. The pump radiation was focused into the Er’* — Yb*" co-doped fiber through the HR fiber
Bragg grating. This component is introduced as the bidirectional reflective filter and can be considered as
the fiber Bragg grating for the Optisystem platform. The HR fiber Bragg grating has the 97 % reflecting at
1550 nm and 99 % transmitting at 980 nm. Two optical delays were introduced in the setup of the optical sys-
tem to generate optical signal delay in order to enable the calculations of the simulation. A length of 0.01 m
of Er'" — Yb®" fiber is introduced with a numerical aperture of 0.32, Er’" ions density in 5.0 - 10% ions per
1 m® and Yb*" ions density in 6.25 - 10% jons per 1 m® of the Er’" — Yb*" co-doped fiber optical components
simulates the fiber laser setup when solving the numerically the rate and propagation equations for a steady-
state case and considering the non-linear phase changes by propagating the signal by using the non-linear
Schrodinger equation. The outcoupling of the fiber laser is based on the PR fiber Bragg grating (55 % reflec-
ting at 1550 nm). The buffer selector is used for selecting the signal data associated with a specified iteration
in a series of iterations based on the proposed fiber laser setup. Convert to sampled signals defines the input
signal type to be converted to sampled signals.

Analysis of the simulation results

The CW power of 0.67 W at 1550 nm is demonstrated for a launched power of 1 W with a slope efficiency
of 67 %. Figure 6 shows the optimised design of the optical system for the compact Er** —Yb*" co-doped fiber
laser and the results indicated for the best slope efficiency with the length of 0.01 m. The performance of the
proposed setup will start to degrade as we increase the length of the fiber. Figure 7 shows the results of the ob-
tained output power. The noise power at the output of the optical system by using the built in Optisystem optical
power meter is presented in fig. 8.
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Fig. 6. Optisystem simulation setup for Er** — Yb** co-doped fiber laser
with the optimal length L =0.01 m
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Fig. 7. Output power measured
by the built in optical power meter (Optisystem software)
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Fig. 8. Noise power at the output measured
by the built in optical power meter (Optisystem software)
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Evaluation of Er’* — Yb** co-doped fiber laser

The demonstrated Er’* — Yb*" co-doped fiber laser for single-frequency operation can be determined as
the function of grating reflectivity and resonator length. In all calculations discussed in this research, we assu-
med the fiber laser having pair of Bragg gratings without loss, the laser wavelength of 1550 nm based on the
uniform Bragg grating reflectivity and the fiber with the core radius R, = 2.88 wm, core refractive index of
n,.,=1.4500 and cladding refractive index of n,; = 1.4125. The cavity length is L = 1 cm. We have considered
the strong pump regime, which results in high lasing power based on the optical system components and
properties. The reflectivity of the Bragg grating reflectors written in a single-mode fiber laser is selected to pro-
vide the single mode operation. The uniform Bragg reflectors are modelled using the method of lines theory.
Uniform Bragg gratings reflectivity of 97 % is demonstrated for the HR fiber Bragg grating and 55 % for the
PR fiber Bragg grating to couple out the light from the end of the fiber laser system. The cavity configuration
for the single-mode operation based on the Fabry — Perot resonator demonstrated a dominant lasing mode at
the central resonance (Bragg wavelength A; = 1550 nm). Analysis of the reflection of uniform Bragg gratings
is treated according to the method of lines theory approach. The proposed configuration of the uniform Bragg
reflectors results in the single-frequency operation of the 1 cm section of the Er'" — Yb’" co-doped fiber laser.
A length of 0.01 m of Er'" — Yb®" fiber is established with the numerical aperture of 0.32, Er’" ion density is
5.0 - 10% ions per 1 m® and Yb>" ions density is 6.25 - 10*® ions per 1 m*. A CW power of 0.67 W at 1550 nm
is demonstrated successfully for a launched power of 1 W with a slope efficiency of 67 %. The laser slope
efficiency is found to be maximum at the proposed compact Er** — Yb**co-doped fiber laser based on the Bragg
gratings. This configuration and design were chosen to achieve the high slope efficiency and reasonable stability
with respect to the desired frequency at 1550 nm. Er'" — Yb*" co-doped fiber laser was designed and tested using
the analysis of the Optisystem software to demonstrate reliable numerical results. All the modeled components
and parameters for the demonstrated Er*" — Yb*" co-doped fiber laser are shown in the table.

Parameters of Er** — Yb** co-doped fiber laser

Parameter Symbol Value
Pump wavelength kp 980 nm
Signal wavelength A 1550 nm
Cavity length L 1 cm
Pump power F, 1w
Core radius R, 2.88 um
Doping radius R, 2.88 um
Core refractive index ng, 1.4500
Cladding refractive index ng 1.4125
Numerical aperture NA 0.32
HR fiber Bragg grating reflectivity FBGyr 97 %
PR fiber Bragg grating reflectivity FBGpy 55%
HR fiber Bragg grating length FBGyp, 24.44 mm
PR fiber Bragg grating length FBGypyg, 7.11 mm
Fiber laser total length FLaser, 4.155 cm
Temperature T 300 K
Bandwidth B, 2 nm
Emission lifetime of Er’* Er, 10 ms
Emission lifetime of Yb** Yb, 1.5 ms
Ko 5.283 - 10** m%/s
Energy transfer coefficient K; 54 5.283 - 10* m’/s
K 365 0.344 - 10** m*/s

11



Kypnaa Besopycckoro rocyiapcTBeHHOro yaupepcurera. ®usuxa. 2023;2:4-13
Journal of the Belarusian State University. Physics. 2023;2:4-13

Ending table

Parameter Symbol Value

Anr,, 1-10°s"
Non-radiative transitions

Anr;, 1-10°s™
Total population of Er** Ng, 5.0 - 10* ions per 1 m*
Total population of Yb** Nyy, 6.25 - 10* jons per 1 m’
Sampled signal power S, 0.67 W
Noise threshold Ny -100 dB
Noise dynamic Ny 3dB
Total power losses S, 033 W
Efficiency FLaser, 67 %

Conclusions

A theoretical model of the Er’* — Yb*" co-doped fiber laser device was established and developed. The mo-
del was based on the steady state solutions of the rate equations resulting from the optical fields and ions
interaction inside the Er’" — Yb*" co-doped silica fiber. Initially the steady state rate equations were solved by
Matlab program based on the method of rate equation pair solver. The numerical analysis of the fiber Bragg
gratings configuration to establish a single-frequency fiber laser were computed by applying the method of
lines. The optical resonator considered as a Fabry — Perot resonator configuration bases on the Er*” — Yb**
doped silica fiber to obtain a single longitudinal mode. The simulations and modelling results of the Fabry —
Perot transmission spectrum of the uniform periodic Bragg grating and apodised fiber grating were obtained
with Matlab software. The optimised Er’" — Yb*" co-doped fiber laser demonstrated the CW generation with
the power of 0.67 W at 1550 nm for a launched power of 1 W with a slope efficiency of 67 %.

The theoretical model presented and developed in this research neglects the Bragg gratings reflector losses.
However, as expected there is a very small slight difference between the proposed results and experimental
data discussed in this work. The difference is due to the computing different software and programs that con-
sider different algorithms and parameters associated with the optical system components of executing and
evaluating the performance of Er’" — Yb*" co-doped fiber laser.

In conclusion a sufficient solid theoretical model of Er'” — Yb*" co-doped fiber laser was successfully es-
tablished and developed. The performance of the laser in terms of the obtained sampled power demonstrated
an increase of approximately 16 % efficiency over the previously published and discussed experimental data
presented in this research work.
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yacTel MMajaromiero my4ka, MpoXOoIsIero Yepe3 Kpynibli JTMH3000pa3Hblii HAKOHEYHUK aKCHKOHA M OKPY)KAIOIIYIO €ro
KOHHYECKYIO TOBEPXHOCTb. [I0Ka3aHo, YTO NEpHOIMIHOCTH KOJICOAHHUH 3aBUCHUT OT ITapaMeTpa 3aKpyIJICHHUS: TIPH YBEIH-
YEHUH JIAHHOTO NapaMeTpa MEepUOANIHOCTh KOIeOaH!H (2 Takke paJiyc IEHTPAIIbHOTO MAaKCUMyMa) YMEHBILAETCS, a UX
aMIUINTYJa yBenn4uuBaeTcs. [Ipeaioxken n anpoOupoBaH METO/I ONPEIesIeHNs 3aKPyIICHUs pealbHOTO akcukoHa. [Tomy-
YEHHBIC PE3YJBTaThl MOTYT OBITh TTOJIC3HBI /I YTOYHEHHUS XapaKTePUCTUK N3TOTABIUBACMbIX aKCUKOHOB.

Knrouegoie cnosa: akcukon; 6ecceneBbl Mydyky; qudpaknus; nHTep(epeHnns; HHTCHCUBHOCTh CBETA.
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The attention is focused on the real shape of the tip of the axicon, which is not sharp but rather oblate. The imperfect
axicon with rounded tip approximated by a hyperboloid is considered, and the properties of the beam generated in far
field behind such an axicon are analysed theoretically and experimentally. It has been demonstrated that if the axicon tip
deviates in its apex from the ideal sharp tip in the range of tens of micrometers, the transversal intensity distribution is
strongly oscillatory. Meanwhile, the ring width (area, within which normalised intensity is larger than 0.5) is smaller as
compared with the case of ideal axicon. These oscillations result from the interference of parts of the incoming beam pro-
pagating through the round, lens-like axicon tip and the conical surface surrounding the tip. It is shown that the periodicity
of oscillations depends on the parameter of bluntness: if this parameter increases the periodicity of oscillations (as well
as the radius of the center of the light ring) decreases, and their amplitude increases. The method for determination of the
bluntness of real axicon is proposed and tested. Obtained results can be useful for correction of characteristics of conven-
tional axicons.

Keywords: axicon; Bessel beams; diffraction; interference; intensity of light.

Introduction

Axicons are a family of cylindrical symmetrical optical elements that produce a line focus rather than a point
focus from incident collimated beam [1]. There are several types of axicons, working either by reflection or
by transmission, and being either converging or diverging, but the most common one is probably the conical
lens. Recently, new types of axicons are created using metasurfaces [2; 3]. Axicons are widely used in many
applications, ranging from optical coherence tomography [4] and multi-photon imaging [5; 6] to manipulation
and sorting of micro objects like biological cells [7-9] and generation of non-linear optical interactions
(including plasma formation) in solids [10—12], liquids [13—15] and gases [16—19]. This interest is mainly
due to the ability of axicons to form the light beams whose transversal intensity distribution is described by the
zeroth-order Bessel function of the first kind. Meanwhile, this distribution is invariant along the beam propa-
gation. Such beams are called as «quasi-non-diffracting» ones.

As a rule, considering the features of the field behind the axicon authors ignore diffraction effects on the
axicon edges and assume an ideally sharp tip (see, for example, [20—25]). However, in most of the experi-
mental realisations, the obtained pattern is more complicated than predicted such a way. Recently, it is shown
that the diffraction from the axicon edges causes noticeable modulation of the on-axis optical intensity along
the beam propagation [26—28]. Moreover, due to manufacturing constraints [29], the tip of the axicon de-
viates from the ideal cone shape and becomes rather round, causing significant aberrations in the intensity
profile [30-32] (introducing modulations in the on-axis intensity). These oscillations result from the interfe-
rence of parts of the incoming beam propagating through the round, lens-like axicon tip and the conical surface
surrounding the tip [30]. Meanwhile, for narrow beams the axicon acts similarly as a conventional lens. Axicons
with smaller base angles (longer zones of diffraction-less) are more prone to such aberrations. Results, obtained
in works [30—32], demonstrated that axicon blunt profile should be taken into account for most applications,
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especially those requiring high, smooth and continuous on-axis intensities. But determination of the bluntness
value stays important problem because it needs a complex and expensive equipment.

In the present paper, we study the modifications induced by the bluntness of the conical lens vertex on the
transverse intensity distribution of the beam. We show in particular that the round-tip axicon causes the oscilla-
tions in transversal intensity distribution. The periodicity of them can be used for estimation of bluntness and,
as a consequence, optimisation of the transverse size of the incident beam.

Theory: the beam behind axicon

Axicons — conical lenses — are optical elements that have rotational symmetry about the z-axis (fig. 1, a).
They generate a quasi-Bessel beam throughout their depth of focus (DOF) region. It is known that beyond
the DOF, the beam gradually transforms into a ring of constant width and increasing the radius as it pro-
pagates. The important parameters that characterise an axicon are its front face radius R, the base angle o
and the refractive index n (see fig. 1, a). These parameters together determine the length of the DOF of the
axicon.

DOF

Fig. 1. 1deal refractive axicon ray tracing for the Gaussian input (a),
DOF and approximation of its the rounded tip by hyperbola (b)

Let us consider now the input light beam to be a collection of rays traveling parallel to the z-axis. All these
rays refract at the conical surface of the axicon towards the axis with the same angle 6. All the rays at one
radial distance, come to focus at one point on the axis. The rays incident at the extreme of the axicon (i. e. the
furtherest radial distance) determine the DOF of the axicon, as shown in fig. 1, a. As follows from Snell’s law,
sin® = nsina. Thus, for the small angle o, the DOF is calculated by the formula

_R
(n—l)(x.

But when the incident beam waist and the axicon radius are approximately equal, the contribution of diffrac-
tion on the edges becomes significant. It displays in oscillatory axial intensity [28]. Owing to this, as a rule, the
beam waist is chosen smaller than axicon diameter D = 2R, and the length of focal line becomes less:

W
(n—l)oc’

where w, is the half-width of incident beam on the front face of axicon.

Consider now the field formed by axicon with rounded tip (fig. 1, b). It was found that the latter can be
correctly approximated by hyperbola [31] that yields a very good match between the calculations and ex-
periments. The center of used coordinate system is combined with the tip of the perfect axicon, and z-axis is
directed from the input surface.

The axicon surface is approximated by the hyperbola

22
Z 1
2 ph @)

where a and b are parameters characterised the curve. From equation (1) it follows

zz—%\/b2+r2. 2)

DOF =

F=

16



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

Here gz tg%, T is the apex angle (the angle between asymptotes of hyperbola). Then we can rewrite equa-

tion (2):
=4 /a2 + rzctgzg = —\/a2 + rztgzoc.

Parameter a (below — parameter of bluntness) characterises the shape of axicon, namely, the smaller the para-
meter a the closer the axicon shape to the ideal.
The transmission function of the axicon with rounded tip is determined by following relation:

t(r) = exp(—iko (n - l)qa2 + rztg20c), 3)

where £k, denotes the free-space wavenumber associated with frequency . It should be noted that for a — 0
and small angles o equation (3) transfers to well-known formula for transmission function of ideal axicon:

toert (1) = exp[ —iky (n = 1) rtga].

Let the field in the front face of axicon is the Gaussian beam:

where W, = n% Here (as well as above) w is the half-width of the beam. According to scalar wave optics, the

field on distance z from the axicon is described by the integral

_ 2, 2
rl, \/lij.exp[ iko(n - 1)\/a2 + rltg’o + ik, i ;-z )Jo(kzrrl )rdr. (4)

Let z > F. For this case the forming field is the conical beam. Let use equation (4) for calculation of its transver-
sal intensity distribution. For definiteness we suppose below that A = 532 nm (A is the wavelength); R=1.77 cm;
n=1.4657; oo=2° w, =2 mm. Thus, /=12 cm. In fig. 2 the transversal intensity distribution in the pla-
ne z =45 cm is represented for the case when we ignore the bluntness of the axicon tip (¢ = 0) and take it into
account. It is seen that if @ = 0 the ring field is characterised by negligible oscillations. For axicon with blunt
profile the transversal intensity distribution is strongly oscillatory. Meanwhile, the ring width d (area, within
which normalised intensity is larger than 0.5) is smaller as compared with the case of ideal axicon. These os-
cillations result from the interference of parts of the incoming beam propagating through the round, lens-like
axicon tip and the conical surface surrounding the tip.

2
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Fig. 2. Transversal intensity distribution of the field formed by ideal axicon (black curve)
and axicon with blunt profile with @ = 8 um (red curve).
Parameters: A =532 nm; R=1.77 cm; n = 1.4657; 0. =2°, w; =2 mm; z =45 cm

17



Kypnaa benopycckoro rocyiapcTBeHHOro ynupepcurera. ®@usuxka. 2023;2:14-21
Journal of the Belarusian State University. Physics. 2023;2:14-21

The periodicity of oscillations depends on the parameter of bluntness a. As illustrated in fig. 3, if parame-
ter a increases the periodicity of oscillation (as well as the radius of the center of the light ring) decreases, and
their amplitude increases.

It should be noted that diffraction pattern behind axicon is strongly dependent on the base angle o. For
example, as seen from fig. 4, the change of angle o on 0.1° causes the shift of intensity maximum in the plane
z=45 cm on approximately 380 um. But variation of the base angle does not cause the change of the periodicity
or amplitude of intensity oscillation.

A
1.0
~|Z 0381
z 1
£ 0.6
£
= ]
2
2 041
g
E ]
z
0.2

T Y T T T T T T
1000 2000 3000 4000 5000 6000 7000
Transversal coordinate, pm

Fig. 3. Transversal intensity distribution of the field formed by axicon with blunt profile
with a =3 um (black curve), a = 5 um (red curve), a = 8§ um (blue curve).
Parameters: A =532 nm; R=1.77 cm; n=1.4657; 0. =2° w, =2 mm; z =45 cm
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Fig. 4. Transversal intensity distribution of the field formed by ideal axicon (@) and axicon
with blunt profile with @ = 3 um (b) at base angle o = 2° (black curve) and o. = 1.9° (red curve).
Other parameters: A = 532 nm; R = 1.77 cm; n = 1.4657; w; =2 mm; z =45 cm

Thus, position of maximum of transversal intensity distribution is the function of two parameters (parame-
ter of bluntness a and value of the base angle o), which are determined in manufactory specification, as a rule,
very roughly. Using the features of diffraction patterns in far field behind the axicon one can estimate these
characteristics. In detail this problem will be consider in next section.
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Experiment

In experiment the incident Gaussian beam was transformed by a commercially available axicon Thorlabs
with the front face radius R = 1.27 cm and the base angle o = 2° (according to manufactory specification).
Transversal intensity distribution was registered by CCD camera. Measured beam waist is equal 246 um. Axi-
con was placed on the distance of 2.94 m from the laser. The diffraction patterns from two axicons with the
same «nominaly» parameters, experimentally observed in the plane z = 45 cm, is represented in fig. 5. As seen
from fig. 5, despite equal «nominal» base angles of axicons diffraction patterns, formed by them, strongly differ
as in position of the maximum of transversal intensity distribution (for the first axicon — 5265 um, and for the
second axicon — 5648 um) as the amplitude of oscillation. It indicates the bluntness of their tips and difference in
characteristics of axicons.
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Fig. 5. Diffraction pattern and transversal intensity distribution
for the case of the first (a, b) and the second (c, d) axicons

For determination of these characteristics we measure diffraction patterns from the axicon in some planes
(z=45 cm, z = 60 cm and z = 80 cm). Results of measurements for definite z (for example, z = 45 cm) are
compared with the transversal intensity distributions calculated according to equation (4) for every possible
pair of values o and a (value o changes from 1.8 up to 2.2° with the step 0.1°, and value a changes from 3
up to 30 um with the step 1 um). Thus, the pair of values . and a, is determined, for which coincidence
of measured and calculated transversal intensity distributions takes place. Further, we verify the correlation
between measured and calculated (for o, and @) transversal intensity distributions for another z (for example,
z=60 cm and z = 80 cm). Satisfactory fit between curves for fixed z testifies that the pair of parameters o, and a,
is chosen rightly.
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In fig. 6, there are presented measured and calculated transversal intensity distributions for the first and the
second axicons. As a result of technique described above we obtained that for the first axicon oo = 1.85° and
a =10 pum, for the second axicon o. = 1.9° and a = 8 um.
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Fig. 6. Experimentally (black curve) and theoretically (red curve)
obtained transversal intensity distribution of the field behind the first () and the second () axicons.
Parameters: A =532 nm; R=1.77 cm; n=1.4657; 0. = 2°, w; =2 mm; z =45 cm

Conclusions

We considered an imperfect axicon with rounded tip approximated by a hyperboloid, and we analysed
theoretically and experimentally the properties of the beam generated in far field behind such an axicon. In the
course of the study we have established that if the axicon tip deviates in its apex from the ideal sharp tip in
the range of tens of micrometers, the transversal intensity distribution is strongly oscillatory. Meanwhile, the
ring width d (area, within which normalised intensity does not exceed 0.5) is smaller than in the case of ideal
axicon. These oscillations are caused by the interference of parts of the incoming beam propagating through
the round, lens-like axicon tip and the conical surface surrounding the tip. It is shown that the periodicity of
oscillation depends on the parameter of bluntness a: when it increases the periodicity of oscillations (as well
as the radius of the center of the light ring) decreases, and their amplitude increases. We have proposed and
tested the method for determining the bluntness of real axicon.

Obtained results can be used to correcting the characteristics of conventional axicons.
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PACYET PACITPEAEAEHUSA YNCAA ®OTOOTCUYETOB
B CUCTEMAX PETMICTPAIINN OAYKTYALIUU
MHTEHCUBHOCTH ®AYOPECLHEHIINN

B. B. CKAKYH", B. B. ATAHACOBHY"

1)Ee/lopyccmu? eocyoapcmeennviil ynusepcumem, np. Hesasucumocmu, 4, 220030, e. Munck, benapyco

HccnenoBanne MOJICKYIISIPHOTO COCTaBa BEIIECTBA HA OCHOBE pacyueTa pactpeieNICHNs YUCIa (POTOOTCUETOB SIBISIETCS
3¢ GEKTUBHBIM METOIOM aHAJIN3a SKCIEPUMEHTAIBHBIX TaHHBIX BO (DIIyOpeCleHTHOH (DIyKTyaIllMOHHOMN CIIEKTPOCKOIHH.
OTOT METO OTHOCHUTCS K UMCITy HEMHBA3HBHBIX U IO3BOJISIET U3YYaTh IPOLECCHI AUMEPH3ALIUH MOJIEKYIISIPHBIX KOMILIEKCOB
B JKMBBIX KJIETKAX, YTO BOCTPEOOBAaHO B OMOI0THH, MeunnHe U (hapmaneBTuke. [lomyueHne TeopeTHuecKoro pacmpezeme-
HUSI 9rcia POTOOTCUETOB COMPSIKEHO C PSIJIOM TPYAHOCTEH KaK ajJropuTMHUYECKOT0, TaK U BEIYMCIUTEILHOTO XapakTepa.
[TpoBeneH cpaBHUTENBHBII aHAIN3 TPEX OCHOBHBIX METOJIOB PacueTa pacnpeaeeHus Yicia (OToOTCUETOB 1 MPEIIoKeHa
METOJMKA, rapaHTHUPYIOIIasa €ro KOPPEKTHOC BBIYMCIICHNUE BO BCEM AHUAITa30HE U3MCHECHM TapaMETPOB MOACIN U INMPHUHBI
KaHaJla perucTpalnuu. BelBoJ aHaIUTUYECKUX BBIPaKEHUH MPEACTaBIIEH JJIs ClIydasi TayCCOBCKOM almmpOKCUMAIUU IIPO-
(U 3aCBETKH C KOppeKuuel Ha BHE(OKYCHOE H3ITydeHHe U HOPMHUPOBKH Ha IepBbIe ABa MOMeHTa npoduit. Apyrue
CHoCcOo0BI annpoKcUManuy Npoduitst 3acBETKH 1 HOPMUPOBKY OIIEHHUBAEMBIX ITapaMEeTPOB MOXKHO OCYIIECTBUTH aHAJIO-
rugHo. [IpennokeHHass METOIMKa IPOrpaMMHO peann3oBaHa B makere FFS Data Processor, KOTOPBIH HCTIONB3yeTCs IS
DI00aJIBHOTO aHAIKM3a IOTOKOB (POTOOTCUETOB BO (IIyOPECLEHTHOH (IyKTyallUOHHON CHEKTPOCKOIMU U 00eCIeunBaeT
3¢ (PeKTHUBHBIN pacyeT pacrpeaerIeHus Yucia GOTOOTCUETOB B IIMPOKOM ANANa30HE OIEHUBAEMbBIX ITAPAMETPOB.

Kniouegvie cnosa: dhiyopecuentHas GpayKTyalllOHHAs CHEKTPOCKOIHUS; pacupeenenue uncna Goroorcueros; PUD;
FIDA; PCH; mpousBoasmas pyHKITHS gucia POTOOTCUETOB.

CALCULATION OF PHOTON COUNTING DISTRIBUTION
IN FLUORESCENCE INTENSITY FLUCTUATIONS
REGISTRATION SYSTEMS

V. V. SKAKUN?, V. V. APANASOVICH"
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The study of the molecular composition of a substance based on the calculation of photon counting distribution is an
effective method for analysing experimental data in fluorescence fluctuation spectroscopy. This method is non-invasive
and makes it possible to resolve the processes of dimerisation of molecular complexes in living cells, which is in demand
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in biology, medicine and pharmaceuticals. Obtaining a theoretical photon counting distribution is a complicated task in
both algorithmic and computational sense. In this paper, a comparative analysis of the three main methods for calcula-
ting photon counting distribution is carried out and an effective method for its calculating is proposed, which guarantees the
correct calculation of photon counting distribution over the entire range of variation of the model parameters and the width
of the counting time interval. The derivation of all expressions is given for the case of a Gaussian approximation of the
brightness profile with correction for out-of-focus emission and normalisation to the first two moments of the profile.
Other ways of approximating the brightness profile and normalising the estimated parameters can be made similarly.
The proposed technique is implemented in FFS Data Processor software package, which is designed for a global analysis
of photocounts in fluorescence fluctuation spectroscopy and allows efficient calculation of photon counting distribution in
a wide range of estimated parameters.

Keywords: fluorescence fluctuation spectroscopy; photon counting distribution; PCD; FIDA; PCH; generating func-
tion of the number of photocounts.

BBenenune

OnyopecuenTtHas Gpruykryaruonnas cnekrpockomnus (ODC) mo3BomnseT uccae0BaTh BEMIECTBO KaK i Vitro,
TaK u in vivo Ha OJHOMOJIEKYIISIPHOM ypOBHE 0€3 HapyIleH!s] TepMOIMHaMU4ecKoro paBHoBecHs [ 1]. Bce meto-
161 DC 0ObeauHACT OO MPUHIIMIT TPOBEACHUS U3MEPEHUH: perucTpanus GryopecieHIu IPOU3BOAUTCS
U3 MPEJeNbHO MAJIOTO OTKPHITOr0 00beMa, KOTOPBIH ONpeAesIeTcs JIy4oM Jiazepa, ChOKYCHPOBAHHOTO KOH)O-
KaJbHOW ONTHYECKON CHCTEMOI C BHICOKOI YHCIIOBOH anepTypoil 1 OAHOPOTOHHOH YyBCTBUTEIBHOCTHIO [2].
OneHKH TapaMeTpoB HCCIIEAYEMOT0 BEIECTBA SBIISIFOTCS PE3yIbTaToOM CTaTHCTHUECKOTrO aHaln3a (ayKTya-
1 MHTEHCUBHOCTH (UTyOpECICHLIUH, KOTOPbIE MOTYT IPOUCXOANTH BCIEACTBUE H3MEHEHHS KaK KOJIMYeCTBa
¥ MECTOTIONIOKEHUSI MOJICKYJT MJIM MOJIEKYJISIPHBIX KOMILIEKCOB B MaJIOM HEOJHOPOIHO OCBEIICHHOM 00beMe,
TaK ¥ UX XapaKTepPUCTUIECKON SIPKOCTH (T. €. CPEAHEr0 KOMn4IecTBa (POTOHOB, N3TYUCHHBIX OAHON MOJIEKYIOH
WJIM MOJICKYJISIPHBIM KOMITJIEKCOM B €AMHUILY BpeMeHH). [Ipennonaraercsi, 4To MOJNEKYISIPHBII KOMILIEKC 00-
JaJjaeT eCTeCTBEHHOM (uyopecueHueld 1100 HeceT Ha ceOe OJHY MIIM HECKOJBKO (IyOpECICHTHBIX METOK
U PETUCTPUPYETCs B IKCIIEPUMEHTE Kak eAnHoe 1enoe. CoueTaHne BEICOKON YyBCTBUTEIBHOCTH U HEHHBA3HB-
HOCTH MPHUBOAUT K MHTCHCUBHOMY NMPUMEHEHHUIO 3TUX METOMOB Il H3MepeHus: kodpduunenra auddysun
0EJIKOB, a TAK)KE MHAEKCA CTEXHOMETPUH OEKOBBIX KOMIUICKCOB, aHAIM3a TUHAMUKHU OBICTPBIX MOJIEKYIISIPHBIX
IpOIIECCOB M (POTOXUMHUYECKUX PEAKIMH B KHUBBIX KIETKaX, HCCICAOBAHUS MIPOLIECCOB AUMEPU3ALIH U H30-
mepuzanuu [1; 3; 4].

Haunbonee uzsectapiM Metogom POC spnsiercss MeToa (IyopecleHTHONH KOPPEISIMOHHON CIEKTPOCKO-
nun (fluorescence correlation spectroscopy, FCS), m0o3BoJsIoIMil Ha OCHOBE aHaIM3a aBTOKOPPEISIIUOHHON
¢dyskimu (AK®) notoka poTooTcueToB paspeiiarh CMeCh BELISCTB, pasinyaroniuxcs 1ud@dy3noHHbIM KO3 (h-
(uruentom [2; 5]. Jlist pa3penieHus cMecu BEIECTB, Pa3InYarolIuXcs XapaKTePUCTUICCKON SIPKOCTHIO HITH
WH/IEKCOM CTEXHOMETPHH (HampUMep, CMECH MOHOMEpP — AMMED), MIMPOKO MPUMEHSIOTCS aHajIu3 pachpee-
JICHHWsI MHTEHCUBHOCTU QuiyopecueHiuu (fluorescence intensity distribution analysis, FIDA) [6; 7], ananu3
ructorpamm cuera GoToHoB (photon counting histogram, PCH) [8—10] 1 KyMyJIsSIHTHBIH aHaIu3 GOTOOTCUETOB
(fluorescence cumulants analysis, FCA) [11-13]. Metonst FIDA, PCH u FCA ucnons3yrT pacrpe/eieHue
yucna (oroorcyetoB (PUD) (metoast FIDA u PCH — nampsimyto, a metox FCA — uepe3 mpoMeKyTOUHOE BbI-
yrcieHne (PakTopraIbHBIX KyMYJSIHTOB yncia (oroorcueros). Crenyer oTMeTuTh, uto Metonsl FIDA u PCH
OTIIMYAIOTCS CIOCOOOM MX aJITOPUTMHYECKOH pean3aliuu, BEIOOPOM (PYHKIWH, alpOKCUMHUPYIOLIEH MPOQHIb
3aCBETKH, 1 HOPMHUPOBKOH, ONpezesstoniell abCOMOTHbIE 3HAaYCHHS OLIEHUBACMBIX MapameTpoB. OCHOBHBIMHU
OLICHWBAEMBIMH TIApaMETPAMHU SIBIISIOTCSI KOHIIGHTPALIUS BEIeCTBa (CpeaHee KOMUEeCTBO MOJIEKY B 00beMe Ha-
OJrONICHNs) U MOJICKYJISIpHas (XapaKTepucTuieckas) spkocTb. M3sectro, uro metonst FIDA, PCH u FCA mare-
MaTU4eCKU YKBUBAJICHTHBI, T. €. OHH MOTYT OBbITh BBIBE/ICHBI B O0ILIEM BHJE U3 €ANHOW MPOU3BOISIICH QyHK-
uu (I1dD) yucna poroorcueros [13; 14].

B HacTosiee Bpemst akTyaibHBIM SBJISIETCS IPUMEHEHHE TEXHUKU TaK Ha3bIBAEMOTO TI00aIbHOTO (MHAue
coBmecTHOro) ananuza AK® u PU®D, komOunupyroiero meroasl FCS u PCH (unu FIDA) [4]. B sTom ciy-
yae 0OBIYHO BBITIOJHSICTCS aHaan3 MHOXecTBa PUD, BHIYMCICHHBIX ¢ pa3HOU IIMPUHON KaHaia (MHTepBaia)
peructpanuu [4]. ITockonbKy Bo Bcex paccMoTpeHHbIX MeTogax @PC oneHkH mapamMeTpoB MOIy4aroTcs ¢ Mo-
MOIIBIO UTEPALIMOHHOTO aHAM3a AKCIICPUMEHTAIBHBIX JAHHBIX M0 METO/Y HAMMEHBIINX KBaJpaToB, TO 00bEM
BBIUKCIIEHUA MOXKET OBITH OYeHb BelHK. Tarke THIUYHBIM 1t PDC gBisercss aHaau3 OOJIBIIOT0 KOJIHYE-
CTBa JINOO MPOCTHIX TIOBTOPEHUH U3MEPEHUH, THOO0 M3MEPEHUH MTPU MaJI0 OTIMYAIOIIUXCS YCIOBHUSX, UTO CIIe
3HaUMTEIbHEE YBEIMUMBaeT BpeMs BbiuncieHnil. Eciu monens FCS mpencraBieHa OTHOCUTENBHO MPOCTHIM
AHAINTHYECKUM BbIpakeHHeM, To B Metofax FIDA u PCH st pacueta mpuUMEHSETCS CIIOKHBINA aJITOPUTM,
TpeOyIOIINI YUCIICHHOTO MHTETPUPOBAHMUS U (B 3aBUCUMOCTH OT MeToza) JInbo npeodpazoBanusi @ypee, 1160
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BBIYMCIIEHUS] MHOKECTBA TIOCJIEI0BATENbHBIX KOHBOMOUMMU. Ecnu anroput™, peanusyomniuii pacuetr PUO, e
sBsieTcst 3 (HEKTUBHBIM, TO 3TO MOXKET MPUBECTH K HEJIOMTYCTUMO OOJIBIIINM 3aTpaTaM BPEMEHH Ha BBITIOTHE-
HUE aHaJIU3a.

Pemiennem npo0Giiemsl ctan MeToz ObicTporo pacuera PUD Ha ocHOBe pasnoxenus B psj Teitnopa (060-
3HauuM ero kak FGFC), npu koTopoM yaaercst u30aBUThCS OT YHCICHHOTO HHTETPUPOBAHMS CIIOKHON (yHK-
uuu [14; 15]. Ho, x cokaneHuto, JaHHBIA METOMI UMEET CyIIeCTBCHHBIC OTPAaHUICHHS Ha 001aCTh H3MEHEHUS
napameTpoB Mojenu. C yBeTrnueHHeM 3Ha9eHU IPKOCTH JTMOO0 IHMPHUHBI KaHaJla perucTpanud (3Ty ABa mapa-
MeTpa BCeT/ia Hepa3phIBHO IMPUCYTCTBYIOT B MOZICITH B BU/IE€ IIPOU3BEICHUS ), a TAKKE YMCIIa MOJIEKYJ B 00beMe
HaOmroieHust B paccunThiBacMoM PUD HauynHAIOT NOSBISATHCS HCKaxeHus (puc. 1, 6). Jlaske pu He3HAYHUTEIb-
HOM JajbHEHIIeM yBeIUYeHUH 3HaUYeHUH mapaMeTpoB Bua PU®D MoeT MOTHOCThIO UCKa3uThes (puc. 1, 2),
W BECh pacueT 3aKOHYHMTCS BBIUMCINTENbHOU ommbkoi. Ha puc. 1, a, npencrasnen npumep pacdera PUOD
HEMOCPEICTBEHHO BOJIIM3M IPAHHUIIBI €70 KOPPEKTHOTO BhIYHMCIEHU. [Ipy nanpHeinemM yBenu4eHny IIMPUHBI
KaHalla perucTpanuu B npeaenax mexnee 1 % eraucienne PUD cTaHOBUTCS HEBO3MOKHBIM.

ala o/b
T T T T T T
0,020 |- E 0,020
0,015 - i 0,015
g =)
Z o010l | 2 0,010
0,005 - | 0,005
0
0 1 Il Il 1
50 100 150 0 50 100 150
Yucno ¢oroorcueTon Yucno ¢oroorcyeron
6lc eld
0,025 200
0,020
100 H
0,015
=) S
2 0,010 g 0
0,005
-100
0
. ! ! -200 ; 4
0 50 100 150 0 50 100 150
Yucno poroorcyeTon UYncno ¢oroorcueTon

Puc. 1. Bug PU®: g — koppeKkTHOE BBIYUCIICHUE; O — & — NCKaxkeHnst popmer PUD,
HaOJII0aeMbIe TIPH YBEJIMYCHUHN IIMPUHBI KaHAJIAa PETHCTPALMH B Ipejeax Menee 1 %
Fig. 1. Photon counting distribution (PCD) shape:

a — correct calculation; b — d — distortion of PCD shape, observed
with an increase in the counting time interval within less than 1 %
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Crnioco0 pacuera PU®, ucnions3yemsiit B metofe FIDA, Taxke He NUIIEH HEOCTATKOB (IPUHATHIE B HEM
BUJI alMPOKCUMAIIUH TIPOQPUIIS 3aCBETKH U CIIOCOO HOPMUPOBKH MPUBOJIAT K MOSBJICHUIO OIIMOOK [16] u He-
CTaOMJILHOCTH aHaJIM3a JaHHbIX ), 8 HAN0O0JIee BRIYUCIUTEIbHO-yCTOHUNBRIM MeTosl PCH siBisieTCst 04eHb Meji-
neHubsM. [lockonpky Meton FGFC He paboTaeT Bo Bceil 001acTH OMpeeICHUs TapaMeTPOB, BCTACT BOIPOC
0 BeIOOpE MeToma pacuera PU®D B 3aBUCHUMOCTH OT 3HAYCHHUI OTICHUBACMBIX TIAPAMETPOB M CO3TAHUHI METOIU-
KM, a JIUIs LIeJIeH MPOrpaMMHOM peau3aliui — ajlropurMa, ooecredrnBaroux seraucicHiue PUY®D B Oosbiiiom
Jrana3oHe N3MEHEHUS MapaMeTpOB MOJICTH U ITUPUHBI KaHAIA PETUCTPAIIHH.

Ilenpro HacToOsMIIEH PaOOTHI ABJISICTCS UCCICIOBAHIE METOOB BRIUUCIICHIS PUD B crcTeMax perucTpanum
(hryKTyaluii MHTCHCUBHOCTH (UIyOPECLICHIINH, a TakkKe pa3padborka 3hhekTuBHOM MeTonuku pacdera PUD,
YCTOWYHMBOH K OIMOKaM B IIMPOKOW 00JIACTH JIOITYCTUMOTO U3MEHEHUS! TapaMeTPOB MOJICITH.

TeopeTn'{ecmle OCHOBbBI HCCJICAOBAHUSA

Anamu3 PU® B ®DC. Kak uszectno, ananu3 PUD B @DOC npou3BoAUTCS 10 METOY HAMMEHBIIINX KBa/I-
PaToB C MCIOJIb30BAHUEM UTEPALMOHHBIX METOJ0B ONTHMHU3aIu. Yalie BCero mpuMEHSIETCs XOPOIOo 3apPeKo-
MEH I0BaBIIIHi ceOs B TaHHOM oOnactu Metoy JlesenOepra — Mapksapra [17]. DkcriepuMeHTaIbHOE pacipe-

JCICHUEC P(l’l) PaCcCYUTBIBACTCA KaK rHCTOIrpaMmMma 4Yuciia (I)OTOOTC‘{GTOB n, NOJIYYCHHBIX B XO4€ OKCIIEPUMEHTA

C IIMPHUHOM KaHalla peructpauuu 7, Ipu 3TOM 72 MEHSIETCS OT HyJIS 10 MAaKCHMAaJIbHO BBIMABILETO YHCia GOTO-
0TCYETOB m. B kauecTBe KpUTEpHsl KadecTBa NMPH aHATIN3€ OJHON KPUBOW MCIOIB3YETCs B3BELLICHHBIN KpHUTE-
puit Xz’ 3aaBaeMblil POPMYIOH

(P(n) - P(n))’

2
Gn

2

1 m
2 _
X _m—lnz:“o

rae / — 9Mcio OLIEHUBAEMBIX IIPU aHAJIN3E TaPAMETPOB; P( n) — Teoperudeckoe (MoaenbHoe) PUD, Beruncinen-
HOE TIPH 3a/IaHHBIX TapaMeTpax UCCIEeTyeMOM MOJIEKYISIPHOM CHCTEMBI U 3KCIIEPUMEHTAIbHON YCTaHOBKHY;
O, — CTaHJAPTHBIE OTKJIOHEHUS 3HAYCHUN dKcriepuMeHTansHoro PU®. BeipaskeHue 11 pacueTa KpUTEpHs X2
npy TII00AILHOM aHanu3e HecKoNbKuX KpuBbix PUD npuseneHo B padore [18]. CranmapTHbe OTKIOHEHHS
BBIYHCIIIIOTCS B TIPEITION0KEHUN OMHOMHUATBHOM CTaTUCTHUKY [8].

Meton FIDA. Y100HBIM HHCTPYMEHTOM JIJISl H3Y4YCHHUS CBOMCTB ITOTOKA 3apETUCTPUPOBAHHBIX (POTOOTCUE-
TOB, HeCyIIUX HH(MOopMaIuio 00 uccieryeMoM BelecTse, spisiercs: [1d uncna Touek moToka, onpeaessieMast

xak G(§)= <E_,”> =Y P(n)&", rae & — nexoropas BeromorarenbHas nepemennas (0 < & < 1). Pacnipenerne-

HUE P(n) JIETKO HAWTH uepe3 oOparHoe mpeodpazoBanne Oypbe 0T XapaKTePUCTHICCKON (DYHKITUH, TTOTydac-
Moit u3 T1® myTreM 3amMeHbl HOPMATHLHOMN MEPEMEHHOI & Ha KOMIUIEKCHYIO SKCIIOHEHTY €' %:

P(n)=BH<D’1(G(ei‘P)), n=0,1,..., m—1, (p=2%, (1)

rae BII® — 6picTpoe mpeodpazoanne Dypoe.
Hpoussogsimas yrkuus G(&) pacnpesenetus P(n) ucia GOTOHOB, U3IyYCHHBIX (IIyOPECLECHTHBIMU

MOJIEKYJIaMH, HAXOASIIUMICS B PABHOBECHOM COCTOSIHUH B OTKPBITOM OObeMe HaOirojeHusi V' B TeueHue
KOPOTKOTO MHTEpBaJla perucTpanuu 7, MOXeT ObITh 3amrcaHa B CieAyIomeM Buje [6]:

G(E)=exp| 3.C (e@‘l)qu(”—l)dr , )
i v

e B (r) — (yHkIus npoduIist 3aCBETKHU, OMUCHIBAIOIIETO MMPOCTPAHCTBEHHOE PACIIPEICICHUE 3aperHCTPUPOBAH-

HOW MHTEHCUBHOCTH (uryopecueHnn; C; — KOHIIEHTPALMs MOJIEKYJI i-ii KOMIIOHEHTBI; ¢; — XapaKTepUCTUYECKasT
SPKOCTh MOJIEKYJ i-i KOMIIOHEHTHI, OTpeessieMast KOJTHIeCTBOM (POTOHOB, NCIYIEHHBIX OJHON MOJIEKYJION
B €JIMHUITY BPEMEHH, M paBHAs MPOU3BEIEHIIO MHTEHCUBHOCTH 3aCBETKH B (hoKyce, Kod3(h(hUIMeHTa MOTIIONEHAS
JIa3epHOTO M3ITy4eHHsT MOJIEKyJIaMH BEIIIECTBA, KBAHTOBOTO BhIXoa (hiryopecreHnn u 3(h(HeKTHBHOCTH CUCTEMBI
peructpannu. Beipaxkenue (2) modydeHO B MPENNOI0KEHNH, YTO BKJIA KKIOH MOJIEKYIBI B 3apETHCTPHPO-
BaHHBIN MMOTOK (DOTOHOB HE3aBUCHM, HHTEHCHUBHOCTH (MTyOPECIIEHITUH TIOCTOSHHA B Mpe/ieax IIMPUHBI KaHala
(maTepBana) peructpanuu 7, a mporeccamu GoTopa3pymIIeHUs U HACHIIIIEHNS MOYKHO TIPEHEOPEUb.

KirroueBoit ocodernocThio MeToma FIDA sBisieTcst ammpokcumartust poduis 3aCBETKH 3KCTIOHEHITAATTh-
HOHM (yHKITMEH OJHOTO apryMeHTa ¢ IpeoOpa3oBanueM nuddepeHnnana 3Toro apryMeHTa B BUIC TTOJTHMHO-
Mma [6; 7]:
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dl‘_ 2 3 _ B,
E—Ao(x+ax + bx ),x—ln B(r) ,

rae a u b — napameTpbl, 3aBUCSILIIE OT UCIIOJIB3YEMOH B SKCIICPUMEHTE amapaTrypsbl (lanee — MHCTPYMEHTalIb-
HbIC TapameTpbl). Takoe NpUOIIKeHNE O3BOJISIET YUECTh pa30poC 3HAYCHUH, BEI3BAHHBINA PAa3IMUUEeM ONTHU-
YeCKUX MapaMeTPOB M3MEPHUTEIILHON CUCTEMbI M BOSHUKHOBEHHEM CHCTEMATHYECKUX OLIMOOK B PE3yJIbTaTe e
paszbanaHcupoBKU. 3HaueHus 4, U B, npeuiaraeTcs BBIYUCIATh U3 CUCTEMBl ypaBHEHHI HOPMUPOBKHU BUa [6]

JB dr—l JB dr—l (3)

Metoa PCH. B merone PCH misa HaXO)KIIeHI/IH pacnpeneneHI/m P(n), 3apETUCTPUPOBAHHOTO OT JABYX
1 Oosiee MOJIEKYJI, HCITOJIb3YETCS MOCIEN0BATEILHOE BHIYHCIEHHUE KOHBOIONUN OJJHOMOIEKYIsipHOro PUD
1

p"(n, ¢, %) [8] o dopmyre

p(l)(n, q, V :—JP01 n, qTB( ))d 4)
0 Vo

rae Poi(n, n) oOo3nauvaet pacnpenenenue Ilyaccona ¢ mapaMeTpom 1, a U3MEPEHUs IPOU3BOASATCS B 00beMe
HaOmonenus V. Pacnpenenenue P (n), 3aperucTpupoBaHHOE OT N MOJIeKyI ¢ KoHIIeHTpanuel C B OTKPBITOM
obwveme Habmonenus V, (N = CV,), ecTb cyMMa OTHOMOJIEKY/ISIPHBIX paclpeaeIeHHH p(l) (n, q, % ), CBEPHYTBIX

MeXIy co0oii j — 1 pa3 v B3BELICHHBIX HAa BEPOSTHOCTh HaxokaeHus j =0, 1, ... MoneKkyn B o0beMe HaOmozie-
Hus (1o pacnpenenenuto Ilyaccona ¢ mapamerpom CVy) [8]:

an Zp an01(],CV)

1,n=0, )

D e Ve @ o O) (. o)
P (n,q)=p" ®...® p(n q), p(n q) {O,niO.

Jj—1pa3
[Ipu omHOpOTOHHOM BO30YXKIAeHHH (DYHKIHS MPO(HIS 3aCBETKH B(r) aNIpOKCUMHUPYETCS TPEXMEPHBIM
ACMMMETPHUYHBIM I'ayCCOBCKUM PACIPEe/IeICHUEM, BBITSHYTBIM 110 OcH z [19]:
—2(x2 + yz) 272
BG(r)=BG(x, V, z)=BOexp —— | (6)
g 2y
e 0, U z, XapaKTepU3yroT aleHe HHTEHCUBHOCTH (NIyOPECLICHIIMH B [IONIEPEYHOM U aKCHAJIbHOM HaIpaB-
JICHUH COOTBETCTBEHHO, B, = B(O) MOJIaraeTCsl PaBHBIM equHUIe (TPO(UIF HOPMUPOBAH Ha €UHUILY B MaK-

cumyme). B @DC o6bem Habmr0n€HUs V| ABIISETCS OTKPBITHIM (MOJIEKYIIBI MOTYT O€CIPENATCTBEHHO TOKUAT
3TOT 00bEM M, HA00OPOT, BXOIUTH B HETO BCJIEACTBHE CBOOOAHOM Auddy3un) U HE UMEET YETKO OYepUeH-
HBIX (pU3HUYECKUX TpaHuIl. J{JIs1 ompeneneHns: KoIn4ecTBa MOJICKYJ, yUacTBYIOIIMX B TpoIiecce M3IydeHUs

(hOTOHOB, UCTIONB3YIOT BEJIMUMHY MIPUBEACHHOIO 00beMa Vyg, = JB(r)dr WJIM YaIle BCEro Tak Ha3bIBAEMOT0
s¢dpextuBHOTO 00BEMA [9; 20] 4

2
j B(r
sz . (7)

[TockonbKy HHTEHCHBHOCTH ()ITyOPECIICHITUH 6BICTp0 najiaeT o Mepe yIaneHus oT poKyca u pa3mMep KIOBETHI
C BEIIECTBOM HAMHOTO OOJIbIIIE, YeM pa3Mep OCBEIIEHHOW 00JacTH, MHTETPUPOBAHNE B BRIpaKeHUH (7) mpo-
M3BOJUTCS B OECKOHEUHBIX Tpenenax. [Ipu 01H0(hOTOHHOM BO30YKICHUH U HOPMATH3auHu K 3QPEeKTHBHOMY
oobemy (N 5= CV ;) onnomonexyisipHoe PUD umeer Bun [9; 10]

Pide(n q)= J_ fv(n, qTe™ )dx, n=12,..,

@)
Pégc =1- z P%G ” q

n=1
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A
rae y(n, x) — HerosHas raMMa-QyHKIus; O = —— — KOHCTaHTa, B3ATas TaKOH, 4To npoussenenue OV Oyner

eff
JOCTaTOYHO BEJIHMKO, YTOOBI IOJTHOCTBIO BKIIIOYaTh 00beM Habmonenus V. CoorserctenHo [9; 10],

( o> G Zp n, q P01 ], CV Zp n, q P01(],Q ) 9)

B koneunom cuere PO cmecu M HE3aBUCUMBIX (bnyopecunpymmnx KOMIIOHEHT OyJieT cBepTkoii PUD
Kakmoro Buza [8]:

P(”):P(”» Nege, 1> ‘11)® ®P(” Nege, u1> ‘IM) (10)

[Ipumenenne ypaBHenwuii (8) u (9) I anmpOKCUMAIMKA SKCIIEPUMEHTABHBIX JaHHBIX, MTOIYYEHHBIX 110
METOy OTHO(OTOHHOTO BO30YKICHHUSI, B OONBIIMHCTBE CIy4aeB HE MPEACTABISCTCS BOZMOKHBIM H3-32 3HAa-
YUTEILHOTO OTKIOHEHHSI (DAKTHUECKOTO MPOQHIIS 3aCBETKH OT MPEATOIAraeMoro TpeXMEepHOTO aCHMMETPHY-
HOTO rayccoBckoro npuommwkenus [9]. s ynmydienust moaenu B padote [9] ObLTH BBEACHBI JOMIOTHUTEIILHBIC
rapaMeTpsl alpoKcUMalnu £}, onpenensiemMble KaK OTHOCUTEIbHAS pa3HOCTh MEXIly HHTErpajioM k-ii crere-

HU (haKkTHYeCKOM (QYHKIUH TPOQUIIS 3aCBETKH ¥ = jB )dr (HOpMHUpOBAaHHOIi Ha €IMHUIY B MAKCHMyME

v
(By=1)) 1 HHTETpaIOM €€ TPEXMEPHOM IayCCOBCKOH aNMpPOKCUMAINH X 3p6. 4

F = L T XanG k. (11)
X306, k
Ucnonb3oBanue F, B Buzne ¢opmyinsl (11) OpuBOIUT K CIEIYIOLIEMY BBIPAXKEHUIO OJHOMOJIEKYJISIPHOIO
PUD [9]:

k—n k
1+F = 4. T)'F
pg%ac(”, QC):—zz ngI)JG( Z ( . )3 -
(1+F7) Qi=n (k- n)(2k)2

I€ ¢ — XapaKTepUCTUYECKasl APKOCTh C yUETOM BBEJCHHOI KOppeKUuU. B GONBIIMHCTBE CllydaeB TOIBKO
HoIpaBKa MepBOro mnopsiaka (Bce F, paBHbI Hy/IO, KpoMe F|) HOCTaTOYHA Ul JOCTHKEHHs XOPOLIEro COOT-
BETCTBUS DKCIIEPUMEHTAIBHBIM JIAHHBIM.

Metoa FGFC. Metop 6picTporo BeraucieHuss PU® depes pasznokeHHne SKCTIOHSHTHI 1O HHTETPAIOM
B BIpakeHUH (2) B psaa Telinopa ObuT HE3aBUCHMO U MTOYTH OJTHOBPEMEHHO pa3paboTaH IByMsl aBTOPCKUMHU
koiwtektuBamu' [14; 15].

PaznoxuM 3KCTIOHEHTY TIOA MHTETpaJIOM B BeIpaykeHuH (2) B psia Teiinopa:

|- g T [ B (x)ar
G(&)=exp ZCiZ k!V —1|r=

— exp Zcii (E_,—l) (Boqz'T) Xk

k!

[Ipunumas Bo BHuManue Gopmyiy (11), nomyuaem

- (e 1\ k
=exp zc,z(é 1) (BoqiTic'(l+Fk)X3DG,k ' a2

Psn B Beipaxkennu (12) OvicTpo cxomutes nipu TUNHYHBIX st @DC 3HaveHnsx mapametpos. [locTownH-
CTBOM IIPUMEHEHUS BRIpaXEHUS (12) ABIAETCS TO, UTO B ATOM CITydae He TpeOyeTCs YUCICHHOTO HAXOXKICHIS
MHTETPaJIa OT CI0KHOM QyHKIMHU. Bee Y5 ;, MOTYT OBITh HaliieHbl aHauTHYeCKH [14; 15]:

!Correction for out-of-focus emission in fluorescence fluctuation spectroscopy; generalization of the algorithms [Electronic
resource] : [poster on conf. «The 9™ Carl Zeiss sponsored workshop on FCS and related methods» (Stockholm, 2006 Dec. 4—6)] /
V. V. Skakun, E. G. Novikov, O. A. Mayboroda. URL: http://elib.bsu.by/handle/123456789/48832 (date of access: 15.11.2022).
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3

+o0 -3
32
X3pG, k = j BSkDG(r)dr = Byk 2 (5) ®2- (13)

Kax u B Mmetone FIDA, pesynbTupyioliee pacmnpeneacHue P(n) oJIyJaeTcs yepe3 o0parHoe mpeodpazona-
Hue dypse (1).

Pe3yabrarsl u UX 00CyxK/AeHNE

Kak yxe ormeuanocs Bo BBeneHuu, metos; FGFC, He TpeOyromuii pacuera omnpe/ieleHHBIX UHTETPAIOB
OT CJIOKHOHM (DYHKIIWY, SIBJIICTCSI BEIUUCIUTEIBHO-3(D(DEKTUBHBIM, HO MEET CYIICCTBCHHBIC OIPaHUYCHUS Ha
00JIaCTh U3MEHEHUS MTapaMeTPOB MOJICIH U IIUPUHBI KaHAIA perucTpanuu. /s onpe/iesieHus: ICTOYHHUKA YKa-
3aHHOU TIpoOaeMbl Halizem [1D ayis ciryyast HOpMUPOBKH Ha TIEPBBIE JIBA MOMEHTA MPoduIIs 3acBeTKH U chop-
MYJIHpPYEM aJITOPUTM e pacuera. BbiOOp HOPMHUPOBKH Ha MEPBBIC JBA MOMEHTA MPOQUIISL 3aCBETKH, BIICPBBIC
npennoxkeHHsli B Metoge FIDA [6], siBisieTcst oueHb NEpCIEeKTUBHBIM, TaK KaK HAPSAy C TEOMETPUUCCKUMU
napaMeTpamu IpopuiIs ), U z, MO3BOJIET OLIEHUTh HEU3BECTHOE 3HaUeHKE NMPOGUII 3aCBETKU B (okyce B,
4TO 00CCICUNBACT MOYYCHUE HE3aBUCUMBIX OT CIIOCO0a KOPPEKIIUU MPOGUIIS OICHOK YUCIIa MOJICKYI U SIp-
koctu [13; 15].

[Ipu pazpaboTke anroputma pacuera PUD caenaem cieayronye ynpoueHus: KOPPEKLIUs Ha CBOOOIAHYIO
TUQPPY3UI0 U TIEPEXOJIbI B TPUILICTHOE COCTOSIHHE HE YYUTHIBAIOTCS, MEPTBBIM BPEMEHEM U BEPOSITHOCTHIO
MOSIBJICHUSI TIOCJICUMITYJILCOB JETEKTOpa MOXKHO MpeHeOpeub. JlaHHbIe YIPOIICHUS MPAKTHUSCKH HE CYKAIOT
00JIaCTh MPUMEHEHUS MTOJTyUYEHHBIX Pe3ylbTaTtoB. Koppekiius Ha BBIICYTOMSIHYThIC TMHAMHUYECKHE TPOIIECChHI
(haKTUYECKH MTPOU3BOJIUTCS IMyTEM IepecueTa OIICHUBAEMBIX ITAPAMETPOB B CaMOM Havasie BeraucieHus: PUD,
a KOPPEKIUs Ha HEUIeaIbHOCh PETUCTPHUPYIONICH anmnapaTypbl — yKe Ha (DMHAIBHOM cTajuu. AJITOPUTM pac-
yeta PY® no metoxy PCH ¢ koppekuueit Ha iuHaMU4ecKre IpoIecchl U HEUJ1€aabHOCTh IETEKTOPA U3JI0KEH
B paborax [4; 18]. Koppekuus Toro e Buna st meroga FIDA npencrasiena B myonukarusix [7; 21].

Beenem obo3Hauenue 4, = 0)(2)20 B BeIpakeHuu (13) u, COOTBETCTBEHHO, B BhIpaskeHuu (3). st onpenene-
HUSI HEU3BECTHBIX I1apaMeTpoB 4, U B, OyeM UCI0JIb30BaATh CUCTEMY HOPMUPOBOUYHBIX YPaBHEHUH

[B(r)dr=y,, [B*(r)dr=y,. (14)
4 4
[ToacraBum Beipaxkenue (13) B popmyiy (11), u u3 pemenus: cucteMsl ypaBHeHu# (14) nmomyanm

(1+ )yt 5 - 2\/5(1+Fl)x2

o= b= (15)
3 1+ F;
nz(l_'_Fl)zxz ( 2)%
Torna I[1® uucna goroorcueros (12) mpumer B
3 = ((E-1)BygT) (1+F,
GZMN(E:):eXP anAOCiz« ) . )3( k) =
f ST k(2k)
k
1+ F = ((E=1)2v2(1+ F) g T) (1+F,)
= exp —ZZZNZMM,.Z( ; 3) , (16)
(1+R) " k=1 (1+ 7)) k(2k)2
Ct ax
TJIe BBEICHBI APAMETPHI N, v = —- U ¢, 1y = ——= (uHaekc 2MN 0603Ha9aeT HOpMUpPOBKY Buza (3) um (14)).
2N S
B pabore [13] ObL10 MOKa3aHO, YTO MPU JAAHHOM BHJE HOPMHPOBKU HAOIIOaeMO€ 3HAUCHUE SIPKOCTH ¢,y
OTJIMYACTCS OT UCTHHHOM SIPKOCTH ¢ HaKTOPOM vy, = X2 _ L [MogcraBum mocieqHee BeIpaeHUe B Gop-
: X 242
myny (16):
k
1+ F. = ((E-1)(1+F)q¢T) (1+F
GZMN(E.:):eXp —22 ZNZMV,iZ(( ( lk) ) (3 k) . (17)
(I+R) L (14 F) k(2k)2
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JocronrctBoM Bhipaxenus (17) sBisieTcs BOSMOKHOCTH MOJTyYEHHUS OLEHKH SIPKOCTH ¢ HETOCPEICTBEHHO
B TIpoLiecce aHanM3a. B mpoTHBHOM cilyuae 3Hau€HHE SPKOCTH MPUXOAMIOCH Obl IEPECUUTHIBATH KAXKAbIH pa3
Ipy1 HeOOXOAUMOCTH CPaBHEHHS C Pe3yIbTaTaMH aHaIN3a, OIy4YEeHHBIMH IIPH APYTOM BUI€ HOPMHUPOBKH. be3
KOpPEKINH Ha BHE(POKYCHOE N3NTydeHre Beipaxkerne (17) mpumMer BUa

= ((&- 1)%’T)k

Gouw (i) =¢eXp zNzMN,i z 3 [ (18)
f k=1 k1(2k)2
Beuny cummerpuun I1® otHocuTenbHO yactoThl HaiikBrcra pacuer [1d MOKHO NPOU3BOJUTH TOJIBKO MPU
m 21n m
n=0,1,..., > o=— € = ™. OcraBrunecs 3HAYCHHS TIPH 71 = 5 +1,. — 1 BeramcIsIOTCS 110 hopMyTIaM

Greal (I’Z) = Greal (I’l’l - I’l),
Gimag(n) = _Gimag (m - I’l),
e G,y (n) m Glmag( n) — IelicTBUTENbHAs 1 MHAMAst 9acTh 11d COOTBETCTBEHHO.

(19)

Taxum 00pa3oM, aJITOPUTM pacyera P‘-IdD nio metony FGFC (o0o3naunm ero xkak AL 1) uMmeeT cremyromnuii Bus.
1. MHummanusanus napaMerpos: m = 2! (pu 5ToM [ BRIGHPAETCS TAKHM, 4TOOBI 71 TIPEBBIIIATIO MAKCHMATh-

HO BBITTABIIIEE YUCIIO (DOTOOTCUETOB WIIH OBLITIO paBHO eMy U pe3ynbTupytomiee PUD momHoCTRIO 00pamanoch
27tn
B HYJIB), ¢ =

2. Pacuer chl) o hopmyne (18) msan=0,1, ..., % CyMMHupOBaHUE T10 k TIPOU3BOAMTCS 0 TEX MOP, MOKA

CyMMa aGCOHIOTHLIX 3HAYEHUN )Z[eI/ICTBI/ITeJIBHOI/I M MHAMOM YyacTel O4YCpCaAHOro 3HAYCHUA HO)Z[ 3HaKOM CyMMbI
HE CTAHEeT MEHBIIE HEKOTOPOTO 3apaHee 3aJaHHOro MajIoro YKiCia eps (HampuMep, eps = 107°), onpeensomero
TOYHOCTh pacuera. BhIUMCIICHUS BBIMOIHSAIOTCS B PEKYPPEHTHOM BUjIE: IpH k = 1 cO31ar0TCs MIepeMEHHbBIC

¢
e B ~ _Z(e —l)qiT
z=(e" -1)gT ns= —» 34TeM B IIHKJIC JUIA k=2,3, ... mOCIIeOBaTEeIbHO PACCUUTHIBAIOTCS Zz = T
2
- 2
ns=s-+ -
(24):

3. Pacuer ocraBmmxcs % — 2 3nauenuit PUD no ¢popmyse (19).

Anroput™ Beraucienus PU® nis npyrux BUIOB HOPMHUPOBKH U aIIIPOKCUMAITIH TTPOQIIIS 3aCBETKH OT-
JUYaeTCs OT U3JI0KEHHOTO TOJIBKO BEIOOPOM mapameTpoB A u B 1 hopMyIoii pacdera ).

Wmes anroput™m pacuyera PUD, peanmsyem ero Ha si3pike M B cpere ucnionnenus Matlab n TpOaHaM3NpyeEM
NPUYMHBI OSIBJICHUS ITPOOJIEM C BBIYUCIICHHEM PUICD U HX ciefcteue. Bragane pacemoTpum ciry4ai KoppeKTHoro
orurcnenus [1®. [Tapamerpsr monenu: g =2 - 10° (hOTOOTCUETOB B CEKYHIY OT OJHOM MOJIeKybl;, 7 =1 - 10° ¢
N, ,v=10. Koppexiust Ha BHe()OKYCHYIO 3aCBETKY HE YUUThIBAaeTCs. UHCIIO TOUEK, B KOTOPBIX PACCUUTHIBACTCS H(D,
cocraBinsieT Benuuuny m = 128. Ha puc. 2, a, npeacrasieH rpaguk AeHCTBUTENBHBIX 3HAUYCHUH BBIPAKEHUS TIOM
akcrionenTol B [1D (18), a Ha puc. 2, 6, mokazano PUD, sensrorieecs: pe3ynbraroM 00paTHOTO MpeoOpazoBaHUs
®dypoe (1) ot [1D.

ala
0 T T T T T T 0,12 T T T
0,10 4
o —02F -
0
E @ 0,08 i
s _ - -
£E04 2 0.06 -
=5 >
= 20,6 . 0,04 .
o o
=
0,02 y
0.8} 4
1 1 1 1 1 Il O I I I I I
20 40 60 80 100 120 5 10 15 20 25 30
Yucino $poTooTcueToB Yucno $poTooTcueToB

Puc. 2. I'paduk nefiCTBUTETBHBIX 3HAYCHUN BBIPAKECHUS
noxt axkcrionenToit B [1D (18) (a) u pesynsrupytomee PUD (6)

Fig. 2. Graph of the real values of the expression under the exponent
in generating function (18) (a) and the resulting PCD (b)
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[py yBeTHYCHHH IIHPHHBI KaHama peructparuu 10 1,1 - 107 ¢ Ha rpaduke IeHCTBHTETBHBIX 3HAYCHMIA
BBIPaKEHHUS MTOJT OKCIIOHEHTOH (pHC. 3, @), a TakKe Ha rpauKe MHUMBIX 3HAYCHUH (TaHHBIC HE MPECTABICHBI)
MOSIBJISIFOTCS OCIMJUISAIINE, XOTSI CAMO PACTIPE/ICNICHIE TIO-TIPEIKHEMY PACCUUTBHIBACTCS TOCTATOYHO KOPPEKTHO
(oueHku napameTpoB N,y U ¢, HOIy4EHHBIC 110 METOY MOMEHTOB [13] Ha OCHOBE BBIYHCIICHHBIX pacHpee-
JICHWUH, COBMAAIOT C UCXOMHBIMH 3HaueHUsIMHU). Ho mpobiema ¢ BRIYHCICHUAMH ocTaeTcsi. Hampumep, mpu
yMeHbIIeHUH yrcia Mosiekya ¢ 10 1o 1 8 PU®D ¢ Xoporiio 3aMeTHBIME MEPUOaMU HAOTIOAIOTCS HEOObINNE
ocusiiu (puc. 3, 6).

ala o/'b
0 T T T T T 0 035 1 T T T T T T

0.5 0,030 F -
]
= 0,025 .
=8 -10F |
S = 0,020 - -
g2 S
==z -1,5F 1 5 | 1
29 a 0,015
ﬁ 2 20r 1 0,010 F ]

25F Il 0,005 - ]

0 L MW
73,0 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 20 40 60 80 100 120

UYucno poroorcueTon Yucno ¢oroorcueToB

Puc. 3. I'paduk 1eficTBUTEIBHBIX 3HAYEHHUH BBIPAKCHUS
1oy sxcrionentoii B [ (18) mpu 7= 1,1 - 10~ ¢ (@) u pesynsrupyromee PUD npu Nyyw=1(6)

Fig. 3. Graph of the real values of the expression under the exponent
in generating function (18) at 7= 1.1 - 10™* s (a) and the resulting PCD at N, ;= 1 (b)

[pu naneHelieM yBeIMUESHUH MIMPUHBI KaHAJIA PETHCTPAIMK BEJIMYMHA OCIMUIAINN HAYMHAET CUIBHO
BO3pAcTaTh, U yxke npu mmpure 1,2 - 107* ¢ Bix PUD MeHseTCs ¢ CynepmyaccoHOBCKOTO Pacipe/IeseH s Ha
Ha0OP OCIWUISIIIHIA, TP HEYSTHBIX 3HAYCHHSIX YMCITa (POTOOTCUETOB MIPUHUMAIOIINX (PH3UUCCKH HENPUEMIIe-
MBbI€ OTpUIIATeIbHbBIC 3HaYeHUS (pUC. 4, 0).

ala 6/b
30 T T T T T 1,0
20 - .
&) 0,5
2o 10F . 9 ’ H’
A= =
E = 0 —
e = x
25 10 1 g
z |
7201 I 0,5
30+ i
_40 Il 1 1 Il | _1 0 | 1 | | Il
100 200 300 400 500 50 100 150 200 250

Yucio hoTooTcueToB Yucio hoTooTcueToB

Puc. 4. I'padux 1eiicTBUTEIBHBIX 3HAUCHUN BBIPAKECHHS
noxt 3xcrioneHTo B [1D (18) mpu 7'=1,2 - 10%¢ (a) u pesynsrupytoniee PUD (6)

Fig. 4. Graph of the real values of the expression under the exponent
in generating function (18) at 7=1.2 - 10™* s (a) and the resulting PCD ()

OTMeTI/IM, UTO MOSIBJICHUC AK€ HE3aMCTHBIX IJ1a3y HCKaKCHUM (bOpMI:I PUD B OTCYTCTBUC 3KCIICPUMCH-
TAJBHOTO IIyMa IMPUBOAUT K CYIICCTBECHHBIM OIIMOKAM B OLICHKAaxX rnapamMeTpoB. I[J'Iﬂ BBISICHCHHA ITPUYNHBI BO3-
HUKHOBCHUS OCHI/IJ'I.HSHII/Iﬁ pacCMOTpUM, 4TO NPCACTABIAIOT c0001i 3HaUEHUS oA 3HAKOM CYMMBbI OT CAUHUILIBI 10

o v m o
Oeckoneunoctu B popmyie (18) Ha yactore HalikBrcTa (1151 HaIero ciryyast paBHO# E), TJIe pa3Max O CITMIIISITHA

MaKkcuMaJeH. FIcxo/ust n3 Bria pa3ioKeHnst 9KCIIOHEHTHI B psit Teiinopa u Toro ¢dakra, uro § — 1= ¢"® — 1 mpunn-
MaeT OTpHUIATeNIbHbIC 3HAUCHNS, CIICYeT OXKHJIaTh 3HAKOTIEPEMEHHBIH Psijl ¢ OBICTPO3aTyXatOIIMMHU 3HAYCHUSIMU
Kak JUisl AeHCTBUTENBHON, TaK M JUII MHUMOM KOMIIOHEHTHI (TIOJIOKUTEIIbHBIC 3HAUCHHUS [Tl YETHBIX k, OTpHU-
LaTeIbHbIC 3HAUCHHS [T HeYETHBIX k). BUIl JelicTBUTENBHOM KOMIIOHEHTHI JIJIsI TIEPBBIX JIBYX PACCMOTPEHHBIX
CJIy4aeB MPEACTaBIICH Ha pUc. 5 (MHUMast KOMIIOHEHTa uMeeT roxoxkuil Bua). C yBenuueHueM npoussenaenns g1
pa3Max 3Hau4€HUH 3HAKOIIEPEMEHHOIO psjia CTPEMUTENbHO BO3pacTaeT (CM. puc. 5, a) U ObICTPO OCTUTAET
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BEJIMYUH, KOT/Ia BCJICICTBUC OTPAHUYCHHOCTH KOJIMYESCTBA PA3PsA0B ISl PEICTABICHUS JECATUUHBIX YHCEIT
B BBIYHCIICHHE 3HAKOTIEPEMEHHOTO Psila HAUMHAET BHOCUTHCS CYIIECTBEHHAs OITHOKA (CM. pHC. 5, 0).

ala 0/b
0,10 T T T T T T T T T

(O]

0,05
0
~0,05

-0,10

~0,15

JlelicTBUTEIbHBIC 3HAYCHHUS
paznoxenus B psij Telnopa

JlelicTBUTENbHBIE 3HAUEHUS
o 14
pasnoxenus B pag Teitnopa, x10
(e}

~0,20 L I I I I I I I I I
2 4 6 8 10 12 14 16 20 40 60 80

Howmep unena psina Howmep unena psna

|
(o)
(=)

Puc. 5. Bun nelicTBUTENbHON KOMIIOHEHTHI B pasiioxkeHuu B paa Teisiopa nis ciyuaes,
paccMOTpEHHBIX Ha puc. 2 (koppekTHoe BbruucieHne PUD) (a)
u puc. 4 (mpodiemsl ¢ Berauciaennem PUD) (6)

Fig. 5. The form of the real component in the expansion in a Taylor series
for the cases considered in fig. 2 (correct calculation of PCD) (a)
and fig. 4 (problems in calculation of PCD) (b)

Crenyromum 1o 3¢ pextuBHOCTH pacuera PUD sBiserca meton FIDA, B KOTOpOM OTCYTCTBYET pa3iioKeHHE
IKCTIOHEHTHI B psint Ternopa. MoxHO cpasy e IPOTrHO3UPOBATh PElIeHHE MPOOIIeM, BBISIBICHHBIX JIJIsl METOA
FGFC. ITockonbky B MeTonie FIDA ucnonb3yeTcs MoJTMHOMHUANBHAS allpOoKCUMaIvs TpoQuitst 3aCBETKH, IS
pa3paboTku anroputMa pacueta PUD HeoOXoquMo BHaYasle MPOU3BECTH 3aMEHY MPOQUIIS Ha TayCCOBCKHIA.
B pa6ore [16] Ob110 MOKa3aHO, YTO MPUMEHEHNE MOTMHOMHUAIEHON alllPOKCUMAIIUY TPUBOANT K TIOTEPE OTHO-
3HAYHON WACHTH(DUITUPYEMOCTH MOJICITH (MMEETCSI JI0 TPEX PEIICHNH, 00eCIIeUNBAIOIIIX MOTYYeHUE HIICHTHY-
HBIX PE3YyJIBTAaTOB) U TMOSABJICHUIO TUIOCKOCTH Pa3phbiBa B OOJIACTH OMpEAETICHHs MapaMeTpoB KOPPEKIINH, T7ie
3HadeHus [1O ycrpeMisiroTcs B 66 CKOHEUHOCTb. McIonb30Banne TPEXMEPHOT0 aCHMMETPUYHOTO I'ayCCOBCKOTO
pacnpezesicHus ¢ KOppeKiued Ha BHE()OKYCHOE U3JTyUCHUE SBIISICTCS TIPOCTHIM, OHATHBIM U 3()()EKTUBHBIM
pemenuem ais ananuza Jaaasix OOC [4; 9; 20].

B nexapToBoii cructeMe KOOpAMHAT BhIpakeHHe (2) MOXKHO MPEICTaBUTh B BUJIE

G(&)=exp{ X G [[[ (el 702~ 1) avdyetz . (20)

st cBeneHusl TpeXMepHOTo MHTerpana B BbipaxkeHHH (20) K OAHOMEPHOMY IpejiaraeM HCIoiIb30BaTh
crenuagbHoe Mpeodpa3oBaHUe U3 JEKapTOBOI CHCTEMBbI KOOPAMHAT B MOAU(DUIIMPOBAHHYIO CHEPUUECKYIO

CUCTEMY KOOpJUHAT: ]
X =rm,cosPsinc
0 B

Y =rm,sin@sino, (21)
Z=2z,FCOSO.

Slkobnan Takoro mpeoOpa3oBaHUs paBEH BEIWYHHE /g = (Dé Zor2 SinQL, U BBIpOKEHHUE IS B(r) B BUJC

opmyJisl (6) ynporaercs 10 B(r)= B ¢, Tloc/e HHTerpUPOBAHKS TIO © 1 O, BhpaxeHue (20) IpuMeT BUJ
0 pup ¢ p p

G(E)=exp Z4nm§zocif(e(é_l)”"m"eZrz - ljrzdr : (22)
i 0

o X
st Gostee TeCHOTO cpaBHEHHs ¢ GopMyIIoii (2) caellaeM 3aMeHy mepeMeHHbIX 21 = x. Torma r = \ ,E

V2dx

u dr = ——, u [1® npumer BHJ

4/x
G(&)=exp z\/gnco(z)zociJ.(e(ifl)q"TB"e_x - 1) Jxdr .
i 0
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Co0OTBETCTBEHHO, UMEEM B(r) =Bje " udr= \/;dx. C y4eToM AaHHBIX BBIPAKCHUH CTAHOBUTCS MOHSAT-
HBIM BBIOOD MOJTMHOMHAIBHOM almpOKCUMAaIAY PO 3aCBETKH.

Kak u panee, BBeieM 0003HaueHHe A= co(z)zo B BBIpaKeHHH (22) ¥ [T OTNIpesieNieH!s] HeM3BECTHBIX Tapa-
MeTpoB A, u B, OyaeM UCHonb30BaTh CUCTEMY HOPMHUPOBOUYHBIX ypaBHeHUH (14). AHaIOrM4yHO, U3 pPELICHUs
cucteMbl ypaBHeHUH (14) momyanm Beipaskenne (15). B atom cirydae [1® grciia hoTOOTCUETOB MPUMET BUT

o e
GzMN(&) =exp 24TCAOC1.J.(€(§1)%‘TBO€ 2 ljrzdr _
i 0
o) _ M ) e—zrz
=¢exp 24(1+5>szijl e(é ) 1+ F, Goaan i -1 rzdr ,

i \/E(1+F1)2 0

2
rJie BBEACHBI 0003HAYCHUS N, = h q 9xa [Ipon3Bens 0OGpaTHyIO 3aMeHy g = Lo Xi _ Gomy

20N = X1 X2 2\/5 ’

2
aHAJIOTUYHO BeIpakeHuto (17) momyunm

A(1 +F2)N2MN,i j‘° E=Dmale™

G () =expi Y 2 —1|r2dry. (23)

i \/E(1+F1)2 0

Be3 koppekunu Ha BHeoKycHOe n3nyueHue ¢popmyia (23) ynpouiaercs:

oo

4N i —Zrz
Gy (&) =exp Zﬂj(e@‘l)%“ —l)rzdr . (24)

R

Takum o06pazom, anroputm pacyera PUD no metony FIDA (0603Haunm ero kak AL2) nMeeT ciemy i BUjI.

I
1. Manupmanuszanus napaMeTpoB: m = 2° (py 5ToM / BBIOUpAETCs TAKKM, YTOOBI /71 IPEBBIILIATIO0 MAKCUMAIbHO

21tn
BBITIABIIIEE YMCIIO (POTOOTCUETOB U pesyibTupytoniee PUD nmomHOCTHIO 00paIianocs B Hylb), ¢ = o

2. Pacuer PUD mo popmyne (23) unu (24) mst n=0, 1, ..., 2 Ecm WCITOJIB3YEeMBIN aJITOpUTM pacueTa

OIIPE/ICJICHHOTO MHTErpajia He IMOIePKUBACT 3a/laHne OECKOHEUHBIX MPEeNIOB, TO BHIYUCICHUE UHTETpaa
JUISL CITydasi rayCCOBCKOM amnmpoKCUMAIUK TPO(UIIsS 3aCBETKH MOYKHO IPOBOIUTH B nipezenax ot 0 1o 2,6. Ecmu
Tpedyercs Ooliee BBICOKAs TOUHOCTH PACUETOB, TO BEIYUCIISIEMbIH HHTETPAJl MOYKHO TIPEJICTABUTH B BUJIE CYMMBI
JBYX ompezeneHHbIX naTerpanos (ot 0 1o 2,4 u ot 2,4 10 5).

3. Pacuert ocraBmuxcs % — 2 3nayennii PYD no dopmye (19).

Breruncnenne PUD no popmyrnam (23), (24) u (1) He mMeeT HeocTaTka, BeisiBIeHHOTO i1 MeToga FGFC.
['paduku 3HaYCHNH KaK TOAKCIOHEHIMAILHOTO BeipaxkeHus B [1D, Tak u camoro PU®D st cimyuaes, paccMoT-
PEHHBIX Ha puc. 2 U 4, HE UMEIOT HUKAKUX OCUMIIISIINHN (pHC. 6).

Brruncnenns octaioTcsi KOppeKTHBIMHU (PaKTHUECKHU AJIsl BCETO Mana3oHa napaMeTpoB, IPUMEHSIEMOTo Ha
npaktuke B @DC. [{ns ciyyast raycCoBCKON almpoKCHMaIMU NPO(UIIS 3aCBETKH MOABIHTErpasibHast (QYHKLUS
MPAaKTHYECKU BO BCEH 001aCTH M3MEHEHUS MapaMeTPOB MOJIEIN HE UMEET Pa3phIBOB, BEIOPOCOB, OOJIBIIOTO
rpajiveHTa u APYrux MpooieM, 3aTpyAHSIOMINX B3SITHE ONPeIeIeHHOTO HHTerpana (puc. 7). MoxXHO 3aMEHUTh
MHTErpal B 0ECKOHEUHBIX MPEAeIax HHTETPajJoM B KOHEUHBIX npeaeiax (ot 0 1o 2,6) (ycTaHOBIEHO AMITUPU-
YEeCKH MyTEM aHaJIN3a MOIBIHTErPajIbHON (DYHKLUH, BEIYUCICHHON C Pa3HBIMH NapaMeTPaMu).

Hecmotps Ha To uT0 B 1anHOM criocoOe pacuera PU®D Ha mepBblii B3I BCE XOPOILO, TPOOIEMBbl BBIYHC-
JUTEIBHOTO XapaKTepa BCe K€ MPHUCYTCTBYIOT. MHOrA pacyeT 3akaH4YMBACTCS YMCICHHOW OMMOKOH, yarie
BCETO CBSI3aHHOW C BBIYMCIICHHUEM SKCHOHEHTHI. [TpobieMbl ¢ HCronb30BaHNEM JTAHHOTO ajJrOPUTMa TaKKe
XapaxkTepHBbl ISl MOJTMHOMHAIILHOTO npodmist. [lpn npubnmxeHnn HHCTPYMEHTANBHBIX TapaMeTpoB a U b
K oOnactu paspsiBa (cM. [16, fig. 3]) BeIuMcIeHNe HHTETpaIa OOBIYHO 3aKAHYMBACTCS YHCIEHHON OMINOKOM.

HauGonee cTabnmbHBIM ¥ CBOOOAHBIM OT ITPOOIIEM BBIYHCIUTENBHOTO XapaKTepa SIBISIETCs allTOPUTM, OCHO-
BaHHBII Ha NCIIOJIB30BaHUU OJJHOMOJIEKYIIsIpHOro PUD ¢ mocnenyromuM B3sTHEM OT HETO KOHBOMIIOIMH [8; 18].
Ho sToT anroput™ sBnsieTcs U Haubosiee MEAJICHHBIM, OCOOCHHO JUIsl CiTydasi, KOrlla MakCUMallbHOE YMCIIO
¢doTooTcueToB, HAOMIOTAEMOE B AKCIIEPUMEHTE, JINOO KOJIMYECTBO MOJIEKYJ B 00beMe HaOJIIOIeHHSI CTAHOBUTCS
oonpmuM. Beipaxenus (5) u (8) monydeHsl i HopManu3anuu K 3Q(GekTuBHOMY 00beMy U HE MO3BOJISIOT
clleNIaTh BBIBOJ] O BBIOOpPE 3HAUEHUs UCKYCCTBEHHO BBEAEHHOIO napamerpa ). 3HaueHUe IpKOCTH ¢ - SBISIETCS
(dyHKIMEH BBEIECHHBIX TapaMeTPOB KOppeKLuuu mpoduis [13].
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Fig. 6. Graphs of the values of the expression under the exponent in generating function (a, c)
and the resulting PCD (b, d) for the cases considered in fig. 2 (a, b) and fig. 4 (¢, d)
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Ocy1iecTBIM BBIBOJI aHAJTUTHYECKUX BRIpaKeHUH 11 pacueta PU® B ciyuyae raycCOBCKOI anmpokcuMa-
iy mpodust 3acBeTku (6) ¢ By # 0 u HopMupoBKku Buaa 2MN.
Jig cBeieHust TpeXMEpPHOTo MHTErpaia B ypaBHeHHH (4) K OTHOMEPHOMY ITPUMEHNM TpeoOpa3oBaHue CH-

cTeMbl koopauHaT (21). Beipaxenue (6) CBOTUTCS K CleAyOmMeMy BUAY: B (r) = B(,e_zr2

B nanHoMm mpeoOpa3oBaHuH KOOPAMHAT pa3Mep oObeMa HaOIoaeHus V(| Ipy 3aJaHHOM PaJuyce 7, 3aBUCUT OT
HapaMeTpoB O U Z;:
H2n T
Vo= I I J.r W,z sinadrdedo. = ?”o 0z,
000
[Tocne uHTErpUpOBaHUs O @ U O, BBIpakeHHe (4) IpUMeT B

0 n 22
pg%G(n’ q) = —J.(qTBOe—ZrZ) equBOe 2 rzdr —
hn! o

n 2,2
=5 (qTBOe_zrz) e B0 L2 g (25)

o . (1) —
OOparnM BHMMaHHE, YTO IOJIYYCHHOE pacrpeelieHne BepOSTHOCTEH HOPMHPOBAHO: 2 Ping(n, q)=1 nns
n
1r060ro 7. B @OC 06bem HabmroneHus sABiseTcs OTKphIThIM. Kora 06beM HaOMIOIEHUS OTKPBIT, BBIOOD pa-

IMyca 7, IMeeT Pellarollee 3HadeHue: }{, pacTeT PONOPLUOHATIBHO r(f , IOATOMY KOJIMYECTBO MOJIEKYI B 3TOM
o0beMe |, CIe0BaTeNIbHO, KOJIMYECTBO CBEPTOK, HEOOXOoAMMBIX Aisi pacuera PUD, yBennunBaeTcs: oueHb
OBICTPO, UTO AeaeT alropuT™ HedpdeKkTuBHBIM. UIHY pajguyca Hy>KHO OpaTh Kak MOXKHO MEHBIIIE, HO TaK,
9T0OBI OHA MIOTHOCTBIO TEPEKPBIBaIa 001acTh BO30YKIeHU MoJIeKyIl. [IpuemiieMbIM KpUTEprEeM MOXKET OBITh

(1)

§2 DG(O, q)>0. IlonpiHTerpanpHast (GyHKIUS B BbIpaxeHUH (25) ObIcTpo oOpaiiaercst B Hyldb C POCTOM 7,

st mrodoro k > 0. DTo MO3BOJSIET YCTAaHOBUTh OSCKOHEUHBIH BEPXHMU Npenesl MHTEIPUPOBAHUS B BBIpa-

eHud (25) v mpoBOIUTH BhIYHCIeHHS B Oornee 3ddexrnBHOM BHe [9] uepe3 HEmomHyr raMmma-(QpyHKITHIO
X

Y(a, x)= Je_’t“ Lt

0 3 s
Phon, a)=—[[n. 7B )ax, n=1,2, ..
4ryny

m (26)

Y0, 9)=1-Y p(n, q).

n=1

Beipaxxenue (26) 3aBUCUT OT 7, a BbIpakeHUe (5) — OT HEU3BECTHBIX O U Z,. 151 yCTpaHEHUs! HEU3BECT-

0
HBIX BBEJICM HOHATUE CCBHUIOYHOTO oobema V;, obo3HadeHne A, = 0; 2y 1 KoHCTaHTy () =—— aHaJOTUYHO
TOMY, KaK 3TO OBLIO clIelnaHo B padote [9]: ref

Pl g)=— Iv(n qTBye ™" )dx, n=1,2,..,

QVref 0
P( Neers 4 2 3DG n, q P01(], COVet )= z ngc(”a q)Poi(j, NrefQ)a
= j=0
IIpu HOpMI/IpOBK Buja (14) monyunm Beipaxkenue (15), a Takxe

V(+E)x j" 22(1+ F)x,

2

Y| n
OV, (1+ F) xins (14 £)1
1+F, f 2W2(1+F) )

anle dx, n=1,2, ...,

rae N = CV,

ref

1 252
sz)x;(”, q2MN)= Suvle 2 \de =

b

== n
OVR(+ ) mi | 1HE
P(n, Ny ‘]2MN z ” qZMN)POI(J’ QNZMN)
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_O Lk

e V=V Xl 1 BBEJICHBI 0003HauYeHUs N, = Qoyn = R OO01ee BbIpaXkeHHE ISl OJHOMOJIE-
1

eff
%2 X2
KyasipHoro PU® ¢ yueToM KOppeKiuu Ha BHE(OKYCHYIO 3aCBETKY MPUMET BUJT (BBIBOJI HCXOJJHOTO BBIPAYKECHUS
nokasas B pabore [9])

k—n k
1+ F. & ByqT) F, m*A
Pgll))Gc<n,CIQMN)=p§1[))G(n,q2MV)+ 23 z (0 ) k 0 _
(1+F) on2dyn!* ="
-n k
1+F & (-1)" (2ﬁ(l+FI)q2MNT) F,

(+RY O (14 B (k- n)(26)5

= ngc(”a Doy ) + @7

Ecnu npumeHsieTcst KOppeKIust TOJIBKO 10 Broporo nopsiaka (F # 0 u F, # 0), To Beipaxenue (27) ynpo-
mjaeTcs:

K aowl F (q2MNT)2
1+F Q 1+ F, 0
) ) (szNT)Z

P3DGC(”a qZMN)z PglL))G(”» %sz) + ET, n=2.

(1)

P3pGe <”> qrmN ) = Pglz))c;(na qZMN)

, n=1,

q q
D _ domy MOJTYIHUM (DHHAITBHBIE BBIPAKCHUS:
X2 \/5

(1) 1+ F, F [
p n, q
3DG( ) Q\/_1+F (')[

[Tocne 3ameHsI TNIEPEMCHHBIX ¢ =

e 2% ]dx n=12,...,

(1)

F  qT F, (qT)
P3DGC(”,61)=p§%G(n,q) 94 5 (¢7)

1+F 2J20 1+F, 80’

F, (qT
Pg%ac(”’ q)=p§%c;(”a q) + 1 +2F (16Q)

n=1, (28)

ITpu 3Havyenuu r, = 2,4 noablHTErpanbHas (QyHKIMS NPAKTUYECKH IOJHOCTbIO OOpaliaeTcs B HyIb,
L 45
I/1'Ye:f 3\/E
KynsipHOro PU®, 4To 3HAUUTENBHO CHUKAET CKOPOCTh BBIYUCICHUH. DMIUPUYECKH YCTaHOBIEHO [18], uTO
3HaueHne O, HeoOXOAMMOE Ul IPHEMJIEMO TOYHOTO pacdera pacnpeneneHus P(n), 3aBUCAT OT IpousBese-

nus 7. Ipu g7 < 10 ero MoKHO G€30MIaCHO YCTAaHOBUTH PAaBHBIM €AMHUIE, TOrAA Kak 1iist ¢ 1 > 10 3Hauenue QO
JIOIKHO OBITH JOCTATOYHO OOJIBIINM, YTOOBI IIOJIHOCTBIO OXBATUTHL 00bEM HAOIIOAEHUA. DTO HEOOXOAUMO IS

=10,4. IIpu Oonpmux 3Ha4eHUAX () MPUXOAUTCA AENaTh OONbIE KOHBOIIOIHA OJHOMOJIE-

COXpaHEeHHsI HOPMHUPOBAHHOTO pacipeiesieH s BEpOATHOCTEH pgll))GC (n, q, MN) npu Mr00bIX g u T.

B nemnsix ynporeHust mpuBeieM 371eCh aIropuT™ 0e3 KoppeKuun Ha BHeoKycHoe n3nydenue (F; =0u F, =0)
(006o03HaunM ero kak AL3) (MTONHBIH aaTOPUTM IS CITydas HOpMaIn3auy K 3 PeKTHBHOMY 00beMy IoapoOHO
paccMmoTtpeH B padorte [18]).

1. Beruucnenue PY® qyg Monexyn nepBoi KOMIIOHEHTHI. 3HaU€HUs TapaMeTpoB ¢ U N IOJlaratoTcs pas-
HBIMH ¢ ¥ N,/ | COOTBETCTBEHHO. [1apaMeTp O paccUMTBIBACTCS CIETYIOMIMM 00pPa30M: €CIIU TIPOM3BEICHUE
SIPKOCTH MOJICKYN ¢ W IMHPUHBI KaHayia peructparuu 1 He npesbimaeT 10, To O = 1, ecnu oo MeHbIre 50,
To QO = 6, eciin MeHblte 100, To O = 12, B npotuBHOM citydae Q = 20. Co3naeTcst pe3ylnbTUPYIOINN BEKTOP
3HAYEHU I P(n) pasmepa m + 1 ¥ HHUIHAIN3UPYETCS HYJISAMHU.

2. Boruucnenue 3Hauenus pacnpenenenus Ilyaccona npu n = 0 (BP0 = Proiss (0 NQ) M Q) M 3HAYCHUS

n, , IPU KOTOPOM 3TO pacrpeziesieHne OIM3Ko K CBOeMy MakCHMalbHOMY 3HadeHuIo. Pacnpenesnenue [lyac-
max
coHa (MoJ1a pacipeaeIeHus) IPUHIMAET MAaKCUMaIbHOE 3HAYCHUE IIPH 7, PABHOM CaMOMY IIapaMeTpy pacupe-

nenenusi. COOTBETCTBEHHO, 1, = |_NQJ, rae L J 03HAayaeT OKpyIIIeHHE K OmKaiieMy 1eIomy.
max
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3. Pacuet onnomonekyasipaoro PU® no dopmyrne (28). [TockonbKy nHTErpan B BelpaskeHUH (28) pacxo-
nutcs npu n = 0, TO BEIUNUCIEHUE OCYIECTBIAETCS MO CIEAYIOLEH CXeMe: BHaYajle pacCUUTHIBAIOTCS BCE

3HAYEHUS p(l)(n, q) npun=1,2, ..., m, 3aTeM BBIYHCIIAETCS 3HAUCHNE p(l)(O, q) =1- 2 p(l)(n, q). [Tonesno
n=1
cpasy e NPOBEPUTH YCIOBUE p(l)(O, q) = 0. Ecniu 0HO HE BBINOJIHAETCS, CIEAYET YBEIMUNTh 3HAUEHUE Tapa-

metrpa (). MHTerpan B OECKOHEUHBIX TpejesaXx MOXKHO 3aMEHUTh MHTETPajioM B KOHEYHBIX mpefenax (ot 0
10 2,6) Wi CyMMO# IBYX OmpeneneHHbIX nHTerpaioB (ot 0 mo 2,4 u ot 2,4 10 5), ecnu TpeOyeTcsl BRICOKAs
TOYHOCTb BBIUMCIICHUH U MIPOU3BeicHNE ¢ MpUHIUMAET OOJIBIIOe 3HAYCHUE.

4. Beruncnenue B3BeleHHOH cymmsl (5) mpu j = 0. PaccuntsiBaeTcst 3HaueHHe P(O) = B isso-

5. Beraucnenue B3BemeHHOM cyMMel (5) ipu j = 1. 3HaueHus p(l)(n, q) KOTIUPYIOTCSI BO BCTIOMOTaTEIbHBIN
MACCHB Ul paCueTa KOHBOJIFOLIUI P(j ). Haxomarcs 3naueHust Boisso = ProissoNO 1 P(n) = P(n) + P(j )(n)PPoissO7
n=0,1,...,m NO

6. Bbruncienue B3BeLICHHO CyMMbI (5) iput j =2, ..., n,, . [lepecuntbiBaetces 3HAICHUE Fhyig = Proigso —

P, oiss 0iss0

j -1 1
U BBIIIOIHAETCS CBEPTKA pU )(n) =pU )(n) ® p( )(n, q). Ecnmu B0 > €ps, BBIYUCIAETCS 3HAYECHUE P(n) =
=P(n)+ pU )(n)Ppoisso, n=0,1, ..., m, Toe eps — HEKOTOPOE Masoe 4rucio (Hanpumep, 10™), onpegernsiomee
TOYHOCTb PAacyeTa B3BEIIEHHON CYMMBI.
7. Beranciienue B3BELICHHOH cymMsbl (5) mpu j=n, +1,.... IlepecuntsiBacres 3HaucHue P,

0iss 0

0iss0

N j -
= Bisso —Q Ecm B > €ps, BBIIOIHAETCA CBEPTKA pU )(n) = pU 1)(n) ® p(l)(n, ¢) ¥ BBIYMCIAETCS 3Hade-

HHe P(n) = P(n) + P(’)(n)PP n=0,1,...,m Ecmu B, < eps, BBIYUCIECHUS NPEKPAILAFOTCH.

8. Pacuer PU® mu1s BTOpOI M nocnenyomux KoMnoHeHT. [loBropstoTes n. 1-7 qaHHOTO anropurma.

9. Pacuer pesynsrupytomero PY® mo ¢opmymne (10).

st ouenkn BpeMeHu pacdera PUD o BceM Tpem paccMOTpEeHHBIM B paboTe anropurMam ObLT MPOBEICH
CJICAYIOLIMIA BBIYMCIUTENBbHBINA SKCIEpUMEHT. Bpemst pacueta onpenensuiocs A 100 moBTopeHuil pacuera B [UK-
Jie. AJITOPUTMBI OBLIH 3aIPOTrPaMMHUPOBaHbI Ha s13bIKe M M BBITOJHUIIUCH B cpeae Matlab 202 1a. DkcniepuMeHT
poBoAMiIcs Ha KomibioTepe ¢ nporeccopoM Intel Core 15-10400 (MmakcumanbHas TaktoBas yactora 4,3 I'T),

onepaTuBHOM maMiaThi0 DDR4 o6nemom 16 I'6 (2666 MI'tr) m SSD-nuckom Samsung 970 Evo tuma NV2.

0iss0 2

Bpems pacuera PUD no anroputmam AL1, AL2 u AL3
PCD calculation time using AL1, AL2 and AL3 algorithms

BpeMH BBI‘II/ICJ'IeHI/If/’I, MC, IIpHU apaMeTpax
Anroput™ q=6- 10* (hOTOOTCUYETOB B CEKYHTY g=2-10° HOTOOTCUETOB B CEKYH/LY
oT OZ[HOﬁ MOJICKYJIbI; oT O,HHOﬁ MOJICKYJIbI;
T=5-107¢; Nyyy=5;m=64 T=5-107¢; Nyyy=10; m=512
ALI (o merony FGFC) 23 408
AL2 (o meroxmy FIDA) 482 4006
AL3 (o metoxy PCH) 809 10 720

W3 3Havuennit, mpeicTaBiIeHHBIX B TAOIHIIE, OYEBUIHO, YTO IPUMEHATh HanOoJee CTaOMILHBIN METOJT pac-
yera PUD ¢ BBIYMCICHHEM IOCIIEIOBATEIIbHBIX KOHBOMIOIMM HEI(D(HEKTUBHO. YUNTHIBAS, YTO B II00ATHLHOM
aHaIu3e NpUXOAUTCs paccuuThiBaTh PUD cOTHU, THICSYM U JECATKH THICSY pa3 MPU CaMbIX Pa3HbIX MapaMeT-
pax, pa3paboTka 3h(HEeKTHBHOM METOAMKH pacueTa CTAaHOBUTCS KpaliHe BOCTPeOOBaHHOI 3a1aueii.

Ha ocHOBaHMM ITPOBEEHHBIX UCCIEN0BAHNN MIPEAJIaraeTcs clieayroas mertoauka pacuera PU®. Ecnu 3Ha-
YEHHE [TPOU3BEIACHHS CyMMBI SIPKOCTEH MOJIEKYJ BCEX aHAJIM3UPYEMBIX KOMIIOHEHT Ha MIMPUHY KaHala PErucT-
paluy He NMpeBBIIIaeT HEKOTOPOTo 3apaHee ONpeAeIeHHOro 3Hadenus g1, ., To pacuer PU®D ocymecTsisercs
4yepe3 MpoMeKyTouHoe Bbruucienne [1d uucna GoTooTCueToB ¢ MOCIEAYIOMNUM MPUMEHEHHEM 0OpaTHOTO
npeoOpazoBanust Oypre, rpu 3ToMm 11D paccunteiBaercs nmo metony FGFC (anroputm AL1).

IIpu nocTukeHny NpOU3BEACHUEM CYMMBI IPKOCTEN MOJIEKYJI BCEX aHAIM3UPYEMbIX KOMIIOHEHT Ha ITUPUHY
KaHaJla PerucTpanuu 3Ha4eHus g7, ., a TakXke B ClIy4ae BOSHUKHOBEHHUS OMIMOKU BBIYUCIUTEIBHOIO XapaKTepa
nipu ucnionb3oBanum Metona FGFC pacuer PU® BrimonuseTcs gepes npoMexytodnoe Berancienne [1d gucna
(hOTOOTCUETOB C MOCIEAYIONIMM TPUMEHEHUEM 00paTHOro npeodpazoBanusi Oypee, HO yxKe MO aITOPUTMY,
npemioxkeHHOMY B Metozie FIDA (anroputm AL2).

[Ipr BO3HUKHOBEHUH OIIMOOK BBIYUCIUTEIBHOTO Xapakrepa pacueT PUD mposoxutcs mo metony PCH

(Cc TOMOTIBIO MTOCIIEIOBATENLHBIX KOHBOJIOINI oHOMOIeKyasspHoro PU®D) (anroputm AL3).
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Anroputwm Beruncierns PU®D, peanusyroninii npeiokeHHy0 METOANKY, UIMEET CIIEAYIONINA BU]I.

1. Mannuanu3sanus napamerpos. [is rayccoBCKOro mpoguis 3acBeTKU 3HaueHue g7, . MOXKHO MOJIOXKUTb
paBHBIM 20 (YCTaHOBJICHO SMITUPHYECKH).

2. Bpruncienue npou3BeIeHUsI CYMMBI SIPKOCTEH MOJIEKYJT BCEX aHAJIM3UPYEMBIX KOMIIOHEHT Ha IIHPHHY
KaHaja peructparnuu (0003Ha4uM ero Kak ¢75).

3. Pacuer PUO:

e ecnu gI5 < g7, Ucnionb3yercst anroputm ALL;

® eCJIM BO3HHUKAET OIIMOKa BHIYHCIUTENIHHOTO XapakTepa (ee MOXKHO 00paboTaTh B KOHCTPYKINH try... catch)
wia q15 > g7, peanuzyercst anroputm AL2;

® eCIT BO3HMKAET OIIMOKA BEIUMCIUTEIBHOTO XapakTepa, TO MpuMeHsieTcs aaroputm AL3.

Pa3paboTaHHbIil aNropuT™M peanu3oBaH B MporpaMMHoOM obecrieduennu FFS Data Processor. OH mokasain
CBOIO 2P PEKTUBHOCTH MPH aHAIU3E MPOIECCOB TUMEPHU3AIINH 3eJICHOTO (DITyopecupyromero 0enka B ) KUBBIX
KJIeTKax AuKkTrocTenuyMma [4]. KoppekrHocTs Bbrunciaenuin PU® nposepsiiachk myTem ObICTPOI OLICHKH Iapa-
METPOB MOJIEIH 110 MeToxy MoMeHTOB [13]. [lomydueHHBIE OIEHKHU SIPKOCTH M KOJTUIECTBA MOJIEKYII B 00BeMe
HAOJTIONEHNS CPAaBHUBAJIMCH C NCTUHHBIMHU 3HAYEHHUSIMH, UCTIOIB3YeMbIMU TIpu Bbruuciennu PUOD. Bo Bcem
JMANa30He M3MEHEHMs [TapaMeTPOB MOJIEIIM OTHOCHTEIbHAS OIIMOKa He npesbimana 107 (mpu Haubonee xa-
pakrepubix st DOC mapameTpax ommdOKka HAXOAUIACH B MPEAeax 1079—10712), YTO CBUJIETEIILCTBYET O BbI-
COKOM TOYHOCTH BBIYMCIICHUH.

3akjaueHmne

BrIsiBIIEHHBIE OTpaHUYEHHUS HA JOIYCTUMBIN JUana30H OLICHUBAEMBIX IIAPAMETPOB CYILIECTBEHHO CY>KAOT
chepy npumMeHeHus ObicTporo ayropurma pacdera PUD no metony FGFC. Ecnu aiist pa3oBoro BeIYUCICHUS
PY® ¢ koHTpOsIEM 00NIacTH ONpe/IeNIeH s TTapaMeTPOB €ro UCTIONH30BAHUE OTPABIAHHO U J1aXKe PEKOMEH/I0BaHO,
TO 7Sl II00aNBHOTO aHalN3a JaHHBIA aTOPUTM HerpreMieM. [IpiuMeHeHne ObICTPOTo alropuTMa pacuera
PY® B uTepaninoHHOM aHAIM3E TAK)Ke YPEBATO BOSHUKHOBEHHEM TPOOIIEM BBIYMCIUTEIBHOTO XapaKkTepa, Tak
KaK 3HAYCHHUs OLIEHUBAEMbIX MTApaMETPOB MOTYT BBIITH 32 TIPEJEIIbl, IPU KOTOPBIX 00eCIeYNBACTCSI KOPPEKT-
HBIH pacyer PUD. CrenyonmuM 1o BEIYUCITUTENLHON 3()()EKTUBHOCTH SIBISIETCS. allTOPUTM, HCIIONIb3YEeMbIH
B Metozie FIDA. HecmoTps Ha 0TCyTCTBHE CIIOKHOCTEH, CBSI3aHHBIX C BBIYMCIEHUEM SKCIIOHEHTHI ITyTEM pas-
noxxeHus ee B psia Teinopa (4To B HAaLIEM CiTydae IPUBOJHT K MOSIBICHUIO 3HAKOIIEPEMEHHOTO psijia), TPpoOIIeMbl
BBIYMCIIUTEIBHOTO XapaKTEPa BCE K€ MPUCYTCTBYIOT. Tak, HECKOJIBKO HKCIIOHEHT, BIOXKEHHBIX APYT B JIpyra,
CTIIOCOOHBI OBICTPO BBI3BATH NIEPETIONHEHUE PA3PSAHON CETKH MITH JKe IIPUBECTH K TIOTepe TOYHOCTH. Elie oHO#M
npoOiieMol sIBIsieTCs: HeOOXOIMMOCTh UCTIONIb30BaHUSI 00paTHOro npeodpazoBanusi Pypbe, B CBOIO O4epeib
HAKJIaJIbIBAIOILErO orpaHuueHus Ha Beruucisiemyro [1D. Yucno Touek B I1dD 10/mKHO OBITH KPaTHO CTEIICHU
JBOWKH, YTO MPU OONBIIMX 3HAYCHUSIX 71 9aCTO MPUBOJUT K MHOXXECTBY HEHY)KHBIX BBIYHCICHUH, €CIIM MaK-
CHMAaJIbHO BBINAaBIIee YUCIO (OTOOTCUETOB JIUIIL HEHAMHOTO MPEBOCXOAMT MPEIBIAYIIYIO CTEIEHb JBOWKH.
Ecnu ke, HaoGopor, [1d He momHOCTRIO OOpataeTcs B Hylb IIPH BEIOPAHHOM KOJIMYECTBE TOYEK, TO 3TO MPHU-
BOJIUT K MOsIBJICHUIO apTedakTta Ha PUD mociie npuMenenus ooparuoro npeodpasosanus Oypre. Haubonee
CTaOMIILHBIM U CBOOOTHBIM OT MPOOJIEM BBIYHCIMTEILHOTO XapaKTepa SBISETCS aTOPUTM, OCHOBAaHHBIN Ha
BBIYMCIIEHUN OAHOMOJIEKYIIIpHOro PUD ¢ mocieayoomuM IpUMEHEHUEM TOCIIE0BATEIbHBIX KOHBOJIFOLUH.
Ho, k coxanenuto, TaHHBIA AJITOPUTM OYEHb MEJIJIEHHBIH.

Bce Brleckazannoe moTpedoBaio pa3padoTKH METOAUKH BhrauciieHuss PUD, ocHOBaHHOH Ha UCTIONB30Ba-
HHH TIOJIOKEHHI Cpa3y BCEX TPEX METO/IOB, PACCMOTPEHHBIX B IaHHOMH cTarke. /111 000CHOBaHUS 3TOH METOIUKH
MOJTY4EHbl AaHATUTHYECKUE BRIPAKEHHS M AITOPUTMBI pacuera PUD, KoTopbie MOTYT IPUMEHSTBCS B TII00aITb-
HOM aHaJlu3e XapaKTEPUCTHK 3apErHCTPUPOBAHHOTO IMOTOKA (POTOOTCUETOB U OTIIMYAIOTCS] BHIYUCIUTEIHHOM
3 PEKTHBHOCTBIO M YCTOWYNBOCTBIO PE3YJIbTAaTOB. BBIBO aHAIMTHYECKUX BBIPAKEHUH MOYKHO TOBTOPUTD U JJISI
JPYTHX BHJIOB alPOKCUMALIUK TPOQHIIS 3aCBETKH M HOPMUPOBKH MapaMeTpoB. OcOOEHHOCThIO pa3paboTaH-
HOM METOAMKHU SIBJISIETCS HAXOXKICHUE HCTUHHOTO 3HAYEHHUS SIPKOCTH HEIIOCPEICTBEHHO B ITPOLIECCE aHAJIN3A.
B nporuBHOM ciydae TpeboBasics Obl TiepecyeT MOTy4YEeHHBIX OLIEHOK AJISi CPABHEHUSI PEe3y/IbTaTOB aHAIN3A.

[IpencraBneHHble MeTOANKA U aNrOpUTMBbI pacdeta PUD MoryT npuMeHsThCs TpU pa3padoTKe MPOrpaMMHOTO
obecrieueHust A1 aHanu3a JanHbix B DOC, a Tarxoke Ipu NPOBEACHUN UCCIICOBAaHNH, TPEOYIOIINX BEIYHCICHHS
MHOXKECTBA aHATU3UPYEMBIX XapaKTEPUCTHK B OOJIBIIOM JHana30He OLCHUBAEMbIX ITapaMeTPOB.
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OOPMUPOBAHUE ITEPEKAIOYAEMBIX
ANOPAKIIMOHHBIX PEIIETOK B CAOE X KMAKOI'O KPUCTAAAA
METOAOM ITOASAPU3AIIMOHHOU T'OAOTPAOUUN

E. I1. TAHTEJEEBA", 0. C. KABAHOBAY, E. A. MEJIbHUKOBA"

YBenopycckuii 2ocydapemeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Muncxk, Beiapycn

IIpencraBieHbl pe3ynbTaThl SKCIICPUMEHTOB 110 PEATU3aIMK U ONTHUMHU3AIUK YCIOBUH rojorpapuuecKoil U mossipu-
3aIMOHHO-TOJIOTPA(QUICCKOM 3alKCH MOBEPXHOCTHON aHM30TPOIHMU B TOHKUX TUICHKaX CBETOUYYBCTBHUTEILHOTO a30Kpa-
cutens AtA-2 B niensax popMUPOBAHHUS IIEKTPUICCKH YIPABISIEMBIX TH(DPAKIIHOHHBIX CTPYKTYP B CJI0€ HEMATHUCCKOTO
JKUJIKOTO KPUCTAIIA. YCTAaHOBJICHA ONTUMANBHAS [UTUTEIEHOCTD KCITO3UIINHY TUICHOK a30KpacuTesst AtA-2 uHTepdepeH-
[IUOHHOM KApTHHOMU JIByX KOT€PEHTHBIX CBETOBBIX ITyYKOB, 00ECIIEUNBAOIIAs MAKCHMAIbHOE 3HAYECHHE TUPPAKI[HOHHON
s dexruBHOCTH T TOPSKOB audpakumu m = —1 u m = +1. [IpogeMoHCTpUpOBaHA BO3MOXXHOCTD CO3aHMS MTEPEKITIO-
YaeMbIX AU(PPAKIIHOHHBIX PEIICTOK C MPOCTPAHCTBEHHBIM MEPUOIOM 1—7 MKM, a TAK)KE PEUICTOK ¢ BHJIOYHOM THUCIIOKA-
Ue, (OPMHUPYIOIIMX CHHTYISPHBIC CBETOBBIC MYYKHU (ONTUYCCKHE BUXPHU) C 3aaHHOW BEJIMYMHON TOIMOJIOTHUECKOTO
3apsa. [IpuBeIcHBI SKCIIEPUMEHTAIBHBIC 3aBUCHMOCTH TU(DPAKIIMOHHOMN 3P PEKTHBHOCTH MOPSIKOB Audpakmuu m =—1
u m = +1 OT BeTMYUHBI YIPABISIONETro HanpsokeHust. C MCIOIb30BaHUEM METO/Ia ONTHYCCKON HHTep(hEpOMETPHH HC-
CJIE/IOBAHO MTPOCTPAHCTBEHHOE PACTIPE/ICIICHNUE CBETOBOTO MOJISI (POPMHUPYEMBIX CHHTYIISIPHBIX CBETOBBIX ITYYKOB, & TAKKE
MIPOAHATM3NUPOBAHA X CTAOMIBFHOCTH B JMaNa30He pabounx HanpspkeHUH Ha s4eiike 0—10 B. Pe3ynprars! nccnemoBanus
NPEJCTABIISIOT MHTEPEC C TOUKU 3PEHHSI CO3AaHMsI yCTPOUCTB U CUCTEM YIIPaBICHHUS IPOCTPAHCTBEHHOM, (ha30BOM U 10~
JISIPU3AIUOHHON CTPYKTYPOU JIa3ePHOTO U3ITYUCHHUS.

Knrwouegvie cnosa: ontruaeckue BUXpH; MOJISpU3aiMoHHas rojorpadus; qudpakuus; ha3oBble INTACTUHKH; a30KPpacH-
TEIlb; JKUJIKUE KPUCTAIUIBL; (DOTOOPHEHTALHSL.

bnazooapnocme. Pabora BeinonHeHa rnpu (GUHAHCOBOW MOAJEPIKKE TOCYAAPCTBEHHON POrpaMMBbl HayUHBIX HCCIIe-

nosanuil «KonsepreHius-2025».
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FORMATION OF SWITCHABLE LIQUID CRYSTAL DIFFRACTION
GRATINGS BY POLARISATION HOLOGRAPHY

Ye. P. PANTSIALEYEVA® O. S. KABANOVA®, E. A. MELNIKOVA®
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Experimental results on realisation and optimisation of conditions for holographic and polarisation-holographic re-
cording of surface anisotropy in thin films of light-sensitive azo dye AtA-2 in order to form electrically switchable dif-
fraction structures in a layer of nematic liquid crystal are presented. The optimum duration of exposure of films of azo dye
AtA-2 by an interference pattern of two coherent light beams that provides a maximum value of diffraction efficiency for
diffraction orders m =—1 and m = +1 has been found. A possibility of creating switchable diffraction gratings with a spatial
period of 1-7 um and gratings with fork dislocation forming singular light beams (optical vortices) with a specified value
of a topological charge is demonstrated. Experimental dependences of diffraction efficiency of diffraction orders m = —1
and m = +1 on the value of applied voltage are presented. The spatial distribution of light field of generated singular light
beams has been investigated by optical interferometry technique, and their stability in the range of applied voltages on
the cell of 0—10 V has been analysed. The results of the study are of interest in point of view of fabricating devices and
systems for controlling the spatial, phase and polarisation structure of laser radiation.

Keywords: optical vortices; polarisation holography; diffraction; phase plates; azo dye; liquid crystals; photoalignment.
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BBenenue

B nacrosiiee Bpems 0oibiioe BHUMaHHUE YIeNseTcsl pa3paboTke MepeKIoyaeMblX JU(GPaKIHOHHbIX dJie-
MEHTOB, PeaJN3yIONNX yIpaBIeHNE POCTPAHCTBEHHBIMH, ()a30BBIMHU U MOJIIPU3AIMOHHBIMA XapaKTEPUCTH-
KaMH cBeTa. B yacTHOCTH, ONTHYECKUE CTPYKTYpPhl HA OCHOBE OMHAPHON MJIM HENPEPBIBHO M3MEHSIOIEHCS
B TIPOCTPAHCTBE a3UMYTaILHON OpPUCHTAIIMH MOJIEKYI skuikoro kpuctamia (JKK) ycrenrHo npumMeHstoTes B Ka-
yecTBe TUGPAKIIMOHHBIX PEIIETOK, OCYIIECTBISIONNX MTPe0Opa3oBaHNe aMILUTUTYIHOTO U (pa30BOTO TPOQUIS
CBETOBBIX IyukoB [ 1-3]. Bricokas ontuueckas anuzorpomnus JKK-cpeibl B COBOKYITHOCTU CO CIIOCOOHOCThIO
KK-MomneKyn n3MeHsTh OPHEHTAIINIO BO BHEIITHEM JJIEKTPUIECKOM IT10JIe OTKPhIJIa HOBBIE TIEPCIIEKTUBHI B 00-
JIACTH MPOM3BOICTBA TUPPAKIUOHHBIX PEIIETOK C YIPABIIEMbIMU ONTHYECKUMH cBoMicTBamu [4—6]. Xapak-
TEPU3YSCh BBICOKOH 3(p(HEKTUBHOCTHIO B MIMPOKOM JHMAaNa3oHe JUIHH BOJH, Audpakinonnsie KK-cTpykTypbl
00JTaIaroT PSAAOM MPEUMYIIECTB, CPEIU KOTOPBIX — MPOCTOTA TEXHOJIOTHH W3TOTOBJICHHS, KOMIAKTHBIE pa3-
MEpBI, IOCTYIHAs [[eHa, MOJSPU3AIMOHHO YIIPABISIeMOE Paclpe/ieiieHue YHEPTUH, a TaAKKe HU3KUE paboune
Hanpspkenus [7; 8].

Ha mpakTuke mmpoko TpUMEHSIOT [Ba crioco0a co31aHusl ypaBsieMO MPOCTPAaHCTBEHHO MOYJIUPOBaH-
HoM opueHTauuu aupekropa KK:

® [CTIOJI30BAHNE CUCTEMbI IEPUOJMUYECKHU PACTIONOKEHHBIX AIIEKTPOIOB B siUEKE ¢ OAHOPOAHO OPUEHTHU-
poBanabM JKK-crmoewm [7];

® HCIIOJIP30BAHKME TEKCTYPUPOBAHHBIX MOUIOKEK s opueHTannu JKK-cios B siueiike ¢ OIHOPOIHBIMU
ANEeKTpoaaMH [9].

Bropoii cioco6 mpezmnonaraer npruMeHeHE TEXHOIOTHA MUKPOHATHPAHUS, (POTOIUTOTPAPHH HITA TEKCTY-
pUpOBaHHON (POTOOPUEHTALIMH TOBEPXHOCTHO-OPHEHTHPYIOMIMX [ICHOK.

BeckontaxTabIil MeTon oroopuenTtaruu [10] obecnieynBaeT BOZMOKHOCTD TOYHOTO YIIPABIIEHUS pacipe-
nenenneM aupekropa JKK Ha IByMepHOW MOBEPXHOCTH, YTO MO3BOJISIET U3TOTABIMBATH JIOKAJTbHO-HEOTHO-
pOAHBIC TUPPAKIHOHHBIE ONTHYECKHE CTPYKTYphl. Cpelii CBETOUYBCTBHTEIBHBIX MaTEPHAIIOB, TPUMEHIEMbIX
1t poroopuenTanuu KK, munupyromiye mo3uliy 3aHIMaloT a30KPacUTENN U a30ToIuMepsI. Vcrons3oBanne
B KaU€CTBE OPUEHTUPYIOLICH Cpeibl CBETOUYBCTBUTEIBHBIX a30KPACHUTEINCH, XapaKTEePU3YIOLINXCSl YHUKATbHBI-
MH (POTOXUMHUYIECKIMH CBOMCTBAMH U 00eCIIeUNBAOMNX d(H(PEKTUBHYIO ONTHICCKYIO 3aMKCh C MMPOCTPAHCT-
BEHHBIM Pa3pereHueM ~1 MKM, CIOCOOCTBOBAIO PAa3BUTHIO COBPEMEHHON TEXHOIOTUYECKON MIaT(OPMBbI AJIs
CO3IaHUS ONTHYCCKUX MUKPO- M HaHOCTPYKTYp [11; 12]. 171t popmMupoBaHHs MOBEPXHOCTHO-OPUEHTHPYIOIIHNX
CTPYKTYD B IUICHKE a30KpacHUTEIeH MOTYT IPUMEHSATHCS PA3IMIHBIE METO/bI OOITYYEHHUsI, CPEAN KOTOPBIX BBI-
JEeTSIOTCS 9KCIIOHMPOBaHUE uepe3 aMIUIUTYIHYIO (hOTOMACKY, Jla3epHOE CKaHUPOBAaHHUE, a TakxkKe ronorpadu-
YecKast 3aIucCh.
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JKK-cTpykTypbl Ha OCHOBE ()OTOOPHEHTHPYEMBIX a30KpACUTEINEH IMPOKO UCTIONB3YIOTCS ISt POPMUPOBa-
HUSI ONITHYECKUX BHXPEH, KOTOPBIE HAXO/IAT HOBBIC IPUMEHEHHS B PA3ITUUHBIX 007acTsIX POTOHUKH, TAKUX KaK
ONITHYECKOE MAaHUITYTMPOBAHNE MUKPOYACTHIIAMH, BU3yaJIH3alns OH000OBEKTOB C BBICOKUM MPOCTPAHCTBEHHBIM
paspelieHueM, ja3epHas 00padoTKa MaTepHasIoB, KOJUPOBAHUE U Iiepeiada HHGOPMAIIUH [0 ONITOBOJIOKOHHBIM
JIMHUSIM CBSI3H, IETCKTUPOBaHUE B acTpodusuke u 1p. [6]. [loBbIIEHHBII HHTEpEC K ONTHYECKUM BHXPSM 00Y-
CJIOBJICH UX HEOOBIYHBIMH CBOWCTBAMH — CYIIECTBOBAHUEM BHHTOBBIX JUCIOKANWH ((ha30BBIX CHHTYISIPHOCTEN)
BOJIHOBOTO (DpOHTA B 0COOBIX TOUKAX. B MaHHBIX TOUKAX aMITUTY/Ia CBETOBBIX KoJIeOaHMii 00paaeTcs B HyIIb,
a ¢aza sBIIAETCSA HEOMPEIeIEHHOM.

Lenb HacTodAIel paboTH — ONTUMH3AIINS YCIOBHH MO PU3AITMOHHOM U TTOJISPU3AIOHHO-TONIOr padnaeckon
3aITUCH TTOBEPXHOCTHON aHW30TPOIHNH B IUIEHKAX CBETOUYBCTBHUTENBHOTO a30KpacuTens AtA-2 1 H3rOTOBIICHNE
Ha 9TOI OCHOBE MepeKIToYacMbIX AU pakoHHbIX KK-cTpyKTYyp ¢ BHIOUHOM IUciokanuei s (hopMUpoBa-
HUSI CHHTYJISIPHBIX CBETOBBIX ITyYKOB (ONTUYECKHUX BUXPEl) C 3aJaHHON BETMYMHOMN TOTIOJIOTHYECKOTO 3aps/a.

MaTepHaJ'II)I U METOAbI UCCJICAOBAHUA

B xone BbInONHEHUsT paObOTHI OBLIM W3TOTOBJICHBI SKCIIEpUMEHTANIbHBIC 00pasiibl — Tpu JKK-siueliku tumna
«coHaBUY» (nanee — siuetika Ne 1, siaetika Ne 2 u siueiika Ne 3) a1t oTpaOOTKH METOAMKH CO3JIaHUS JU(PpPaK-
IIUOHHBIX MUKPOCTPYKTYp. Kopmyc stuetiku Ne 1 cocTaBisui CTEKIISTHHBIC TOMIOKKHU, HE COACPIKAIIUE IIEKT-
pomoB. BHyTpeHHME TOBEPXHOCTH CTEKIISTHHBIX MOTOKEK stueiiku Ne 2 v staeiikut Ne 3 ObUTH TOKPBITHI OTHOPO/I-
HBIM ITPO3pavyHBIM TOKOITPOBOJISIIMM CIIOE€M OKCHA WHIMS — OJIOBa.

i hopMEpoOBaHUsI TEPUOUUECKUX TOBEPXHOCTHO-OPUEHTUPYIOIINX MUKPOCTPYKTYD Ha MOJJIOKKAX SUCCK
UCIIOJIB30BAJICSI METOJI TEKCTYPUPOBAHHOW (DOTOOPUECHTALIMY TUICHOK a3okpacuTteiisi AtA-2 [13]. Ha Tiiarens-
HO OYHIIICHHBIC TTOBEPXHOCTU CTEKJISTHHBIX MOMJIOKEK METOIOM POJ-KOyTHHTa HAHOCUIUCH TOHKHUE TICHKH
(Tomuaa ~30 HM) CBETOUYBCTBUTEILHOTO a30Kkpacurest AtA-2 [14], pa3paboTaHHOTO U CHHTE3UPOBAHHOTO
B MHcTuTyTe XMUHM HOBBIX MarepuaioB HAH benapycu. BaxxHo oTMeTHTb, YTO OpUEHTHPYIONIHE CBOWCTBA
TUICHOK a30Kpacuteliss AtA-2 GpopMUpYIOTCS TIpU O0JIYUYSHUHU UX JIMHEHHO-TIOSPU30BAHHBIM CBETOM, ITPHYEM
HarpaBJIeHNEe HaBEJCHHON OpHMEHTAIlMH MOJIEKYN KpacuTells MepHeHINKYIIPHO HAPaBICHUIO TOISIpU3alluu
AKTHBHPYIOIIETO U3ITyUYEHHS M BIOCIEACTBUU MOXKET OBITh JIETKO H3MEHEHO MyTEM JOTIOJIHUTEIBHOTO 00ITy-
YyeHus1 POTOOPUEHTAHTA aKTUBUPYIOLIMM H3ITyUYSHUEM C OTIMYHBIM HalpaBleHUEeM nossipusanuu. lanee noa-
TOTOBJICHHBIE TIOJIOAKKH CKJICUBAINCH SMTOKCUIHBIM KiieeM. Benrunna Bo3yIIHOT0 3a30pa B JAHHBIX A4Yeiikax
3ajJ]aBajiach C MIOMOIIBIO KaJHMOPOBaHHBIX MHUKpocdep U coctapisuia 7 MkM. [Ipu mocnenyromemM SKCIOHU-
POBaHUU MOJTOTOBJIICHHBIX SYSCK MHTEP()EPSHIIMOHHON KapTHHOM, SIBJISIFOIEHCS] PE3yJIBTaTOM KOT€PEHTHOTO
CIIO’KEHUS JIBYX JIa3€PHBIX ITYYKOB, HA MOBEPXHOCTSX MJIEHOK a30KPACUTEIIS CO3aBAJIUCH YCIOBHS I MUKPO-
CTPYKTYPHPOBAHHOM nepuomdeckoit opuenrtayun qupextopa XKK. [Tocne 3anonnenus oOmydeHHbIX sYeeK He-
marudeckuM KK co3aHHbIC ONTHYECKHE 3JIEMEHTBI PUOOPETaIH CBOWCTBA aHM30TPOITHBIX JU(DPAKITUOHHBIX
CTpyKTyp. B pabore ucnonb3oBaics MOJI0XKUTENbHbINA HeMarndeckuil kpucramn tuna XKK-1289 (n, = 1,67,
ny, = 1,49) (AO «HUOIIUK», Poccus).

Merton ronorpaduueckoi 3arucH OTIMYHO TOAXOIUT sl HOPMHUPOBAHUS TOBEPXHOCTHON aHH30TPOIUU
B TJICHKaX CBETOUYBCTBUTEIHHOTO a30Kpacutenst AtA-2, umeromnero nonocy nornomienus 450-520 um, mo-
CKOJIBKY JIJISl JaHHOTO JIMana30Ha JUTHH BOJIH JIETKO 1M0/100paTh KOrepeHTHBIH J1a3epHbli HCTOUHUK U3ITyUeHHS.
Jyist o0urydeHust IICHOK a30KpacuTeltst MHTep(EPSHIIMOHHON KapTHUHOM JIBYX CBETOBBIX ITYYKOB IPUMEHSUIUCH
METO/IbI ToJIorpaUueCcKO 3aMrcu U NOJSPU3aMOHHON (BeKTOPHOI) rojiorpaduu. Ha puc. 1 npuseneHa co-
OTBETCTBYIOIIAs CXeMa HKCIIEPUMEHTAIbHON YCTaHOBKH. B KauecTBe HCTOYHNMKA KOTE€PEHTHOTO U3TyUEeHHS HC-
TIOJIb30BAJICS ApTOHOBBIN J1azep / ¢ ATUHON BOJIHBI 488 HM M BEpTUKAIBHOM Mosspusanuei. JInnelno-nonspu-
30BaHHOE M3JYYECHHUE C MOMOIIBIO CBETOJCIUTEIBHOTO KyOrKa 2 aMIUTUTYAHO Pa3Aessiioch Ha JBa CBETOBBIX
My4Ka, KOTOpbIC 3epKaiaMu 3 U 4 CBOJWIIUCH B TUIOCKOCTH sTYEHKH 8 M MHTEPPEpUpOBaIH Ha MOBEPXHOCTH
azornonuMepHoi mieHkr. CyMMapHasi MOLTHOCTh MHTEP(EPUPYIOIINX CBETOBBIX MYYKOB B MPOIECCE 3aAMUCH
cocrasisuia 12 MBT nipu momanu uatepdepeHronHon kaptunsl S = 0,04 em?. Tl YIIPABIEHUS COCTOSTHUEM
NOJISIPU3ANNN HHTEP(HEPUPYIOIINX CBETOBBIX MYYKOB HCIIOIB30BAINCH (Pa30BbIC TNIACTUHKHU 5 U 6 — MOIYBOJI-

A N . " A
HOBast (5 JUTSE MeTO/Ia Tonorpaduuaeckoii 3anmucu (saeiika Ne 1 u sigeiika Ne 2) n 9eTBEpTHBOITHOBAS Z JUTSE

METO/Ia MOJIIpU3aloHHON rojjorpaduu (suerika Ne 3) coorBercTBeHHO. B stuetike Ne 3 st 3anucu audpak-
uonHoro JKK-ajemenTta, GOpMUPYIOIIETO CHHIYIIIPHBIC CBETOBbBIC ITyUKH (ONTHUYECKHE BUXPH) C 3aJaHHON
BEITMIMHON TOTIOJIOTHIECKOTO 3apsiaa |l | =1, B omHO U3 TUIeY MHTepPepoMeTpa yCTaHABIUBATIACH CITUPAIIbHAS
(hazoBas miactuHka 7. MOHUTOPHHT (POPMUPOBAHUS PEIIETKU B IMIPOIECCE 3aITMCH PEATN30BIBAJICS C HCIIONb-
30BAHMEM CUUTHIBAIOLLIEIO FEIMH-HEOHOBOIO Jlazepa 9 ¢ JuIMHOM BOIHbI 632,8 HM, MowHOCTBIO 0,5 MBT 1 Bep-
TUKAJHHON TOJNSIpHU3aNed, N3Ty4eHHe KOTOPOTO HAIpaBISIOCh B 00acTh MHTEP(HEPEHIIMOHHON KapTHHBI,
a MTHTEHCUBHOCTh JU(PParkpOBAHHOTO CBETA PETHCTPUPOBANIACH C TIOMOMIBIO oTorprueMHuKa /().
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Puc. 1. Cxema dKCIIEPUMEHTAIBHON YCTAaHOBKH JUIsl TOJIOrpadyuueckoi 3arucu
JT(PAKIHOHHBIX PELICTOK B TOHKUX a30IOJIMMEPHBIX [UICHKAX:
1 — aproHoBbIH Ja3ep (AauHa BOMHBI 488 HM); 2 — CBETOEIUTEbHbIN KyOHK;
3, 4 —3epkaina; 5, 6 — MOIYyBOIHOBAs (151 TOIOTPahUIECKOI 3arnch)
U 4CTBEPTHBOJIHOBAS (17151 IOJISIPU3ALMOHHON rojiorpaduyecKkoit 3anncu) GpazoBbie IIIACTHHKHY;
7 — (a3oBast ruIacTUHKA JUIS 3aITMCH ONTHYECKOTO BUXPSL; 8 — siueiika;
9 — rennii-HeOHOBBIH J1a3ep (IIrHA BOIHBI 632,8 HM); 10 — (hOTOIPUEMHUK

Fig. 1. The scheme of the experimental setup for holographic recording
of diffraction gratings in thin azo polymer films:
1 — argon laser (wavelength 488 nm); 2 — beam splitter cube; 3, 4 — mirrors;
5, 6 — half wave phase plate (for holographic recording) and quarter wave phase
plate (for polarisation holographic recording); 7 — phase plate for optical vortex recording;
8 — cell; 9 — helium-neon laser (wavelength 632.8 nm); /0 — photoreceiver

OnTumusanus ycaoBui ronorpaguieckoi
U NOJIAPH3ALMOHHO-T010rpauuecKoi 3aNUCH NOBEPXHOCTHOMH
AHU30TPOINHUM B IUVIEHKAaX a30KpacuTesisi AtA-2

B nensix onTuMuzanuu napaMmeTpoB roixorpadguyeckoi 3anucu TUQpakmoOHHbIX CTPYKTYp ObLIa poBe/ie-
Ha cepusi SKCTIEPUMEHTOB C pa3HbIM BPEMEHEM SKCIIOHUPOBAHUS ¢ TUICHOK a30KpacHTelsl HHTePepeHIIMOHHON
KapTUHOM JIBYX 3alMCHIBAIOIINX CBETOBBIX My4KOB. C MCIONB30BaHUEM IIJIOTHO MPHJIETaoniel aMITUTy THON
(hoToMacku Ha MOBEPXHOCTHU stuekiku Ne 1 ObLTH BBIJICIICHBI IECTh 00MacTell Kpyriioi (GopMbl, B TipejieiaX Ko-
TOPBIX PEaTH30BbIBAIACEH 3AUCh TU(PPAKIMOHHBIX CTPYKTYP C Pa3HBIM BpEeMEHEM YKCIIOHUPOBAHHSI.

C NOMOIIIBIO TIOTYBOTHOBBIX (ha30BbIX TUIACTUHOK ObIIa peann3oBaHa reoMeTpHs ToJI0rpadUuecKor 3ammucu
T(QPaKIMOHHON PEIETKH ¢ IEpUOAOM A = 6,5 MKM ¢ UCTIOJIb30BaHUEM KOTEPEHTHBIX BEPTHKAIBHO MOJISIPHU-
30BaHHBIX CBETOBBIX ITyYKOB (puC. 2). Bpems sKcrioHMpoBaHuUs ¢ MOJATOTOBICHHBIX 001acTell azononumep-
HBIX [UICHOK HHTEPPEPEHIIMOHHON KapTHHOW C CyMMapHOH ONTHYeCKOW MOIIHOCTEIO 12 MBT BappupoBanoch

B nquamasone 5—120 c.

ala o/b 6lc

Puc. 2. DxcniepumenTanbhbie Gororpadun:
a — nudpaxunonnsii JKK-anemenr (staeiika Ne 1);
6 — obmras kapTuHa qudpaKIuy H3TyYeHUS TeIHi-HEOHOBOTO Ja3epa;
6 — ann3orponHas audpaxunonnas KK-crpykrypa ¢ nepuogom A = 6,5 Mkm

Fig. 2. Experimental photos:
a — the diffraction liquid crystal (LC) element (cell No. 1);
b — the general diffraction pattern of a helium-neon laser radiation;
¢ — the anisotropic diffraction LC structure with a period of A = 6.5 um
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ITocne 3aBepiieHws poriecca roorpaduaecKo 3ammcH ssaeika 3ampasisiiack HematndecknM JKK-matepuaiom
B YCJIOBHUSIX H30TPOITHON (pa3el. i1 n3ydeHus qudpakIinOHHBIX CBOMCTB H3T0TOBIEHHBIX JKK-CTPYKTYp HCTIONH-
30BaJIach SKCIIEPUMEHTAJIbHAS YCTAaHOBKA, BKJIIOUAOLAsl TeJINi-HEOHOBBIH J1a3ep, FeHEPUPYIOILUH y3KOHAIPaB-
JICHHBIN JTy4 CBETA C JUTMHOW BOJHBI 632,8 HM U BEpTHKAJIBHOM MOJspU3aIiiel, HPUCOBYIO Auadparmy, reHepaTop
MIEpPEMEHHBIX CUTHAJIOB MPSMOYTOIBEHOH (hopMbI (¢ yacToToi 1 KI'IT) u poToaeTeKTop, perucTpUpyIomnii HUHTEH-
CUBHOCTb M3JTy4eHHUs, 11(parupoBaHHOTO B /-1 MOPSIOK. 3HaYeHUs AU(paKIMOoHHOM dddexTtuBHOCTU 1, (B %),
XapaKTepH3yOIIeH paciipe/ieieHHe YHEPTUH TPOIIE/IIEro CBETa 10 TOpsAKaM TH(paKIum 7, pacCUNTHIBATIHCH
o opmyme

n,, = L. 100,
Iy
rae /,, — MHTEHCUBHOCTb CBETA B m-M NOPsAKe MU(PaKIUK; /) — THTEHCUBHOCTb CBETOBOTO ITy4Ka, I1aJal0IEro
Ha PEILETKY.

B Tabn. 1 npuBeneHb! SKCIEpUMEHTAIbHBIE PE3YAbTaThl H3MepeHH Au(pakunoHHON () (HEKTHBHOCTH TO-
psiaxoB mudpakiuu m =0, m = 1 u m = 2 qisa uzroropneHusix KK-pemerok, oTIM4aonmxcs BpeMeHeM dKC-
MTOHUPOBAHUS IJICHOK a30KpacuTesst. B COOTBETCTBHHM C JAHHBIMU HKCIIEPUMEHTA MOJKHO 3aKITFOYHTh, YTO JIS
JOCTIKEHHS MaKCUMaJIBHOTO 3Ha4eHus nudpakunonHol 3¢ dexrusHocTH 1, = 6,3 % B nopsiake audpakunu
m = 1 BpeMs DKCTIOHUPOBAHUS IICHOK a30KPACHUTENs JIOIDKHO COCTaBIATH 60 c. MeTOIoM MoNspu3aiioHHON
MHKPOCKOITMH yCTaHOBJIEHO, YTO nepuoa copmupoBannbix KK-pemietok paBer 6,5 MKM. DTO OTHOCTBIO CO-
OTBETCTBYET F€OMETPHHU HCIIOIb3YEMOI CXeMBbI ToI0TpaguyecKoi 3anucu A(PakIuOHHBIX CTPYKTYP.

Tabnuma 1

JAudpakunonnbie 3pGpeKTUBHOCTH
nopsiaxoB quppakuuu m=0,m=1um=2
NpH Pa3HOM BPeMeHH IKCIIOHUPOBaHus, %o

Table 1
Diffraction efficiencies
of diffraction orders m=0,m=1and m=2
for different exposure times, %
Bpewmst [Mopstmok audpaxumn
IKCIIOHHPOBAHHUS, C m=0 m=1 m=2

5 89,5 4.4 0,8
10 93,7 2,6 0,5
20 95,7 1,6 0,5
30 90,3 4,3 0,5
60 85,3 6.3 1,0
120 92,9 2,9 0,6

OnHuM 13 crocoOO0B MOBBIIICHUS TUpakinoHHOH 3 dexTnBHOCTH KK-3716MeHTa SBIISEeTCS YBEINUYCeHUE
tommuHel JKK-cnost, oqHako ¢ Touku 3perus 3(h(pekTuBHOTO (OPMHUPOBAHNS aHU3OTPOITHOM CTPYKTYPHI TOM-
LIMHA ME30T€HHOTO CJIOSI HAKJIaAbIBAET OTPAaHUYEHUS Ha BEIMYMHY MUHUMAaJbHOro nepuoaa JKK-pemerku.

JJIeKTpUYeCcKoe yIpaBjieHue
audpakunonHoi 3ppextuBHocTHIO KK-pemerku

st peanuzannyl QyHKIUH JIEKTPHYECKOTO YIpaBieHus AudpakiinonHoi ¢ dexruBHOCTRIO XKK-pemerku
UCIIoNIb30Baach siueiika Ne 2. MetoioM ronorpapuueckoil 3aicH BEPTHKAILHO MOJSIPU30BAHHBIMU CBETO-
BBIMH ITy9YKaMHU B HeH Oblia chopmupoBana audpakmuonHas XK-pemerka (puc. 3) ¢ mpocTpaHCTBEHHBIM
nepuopoM A = 1 MKM. YMeHblIeHHe nepuoaa An(ppakLUOHHONW CTPYKTYpPbI IO CPAaBHEHHUIO C IIEPHOIOM -
(pakunOHHOU CTPYKTYpHI, chopMupoBanHoi B siuerike Ne 1 (A = 6,5 MKM), 00yCIIOBIICHO IPOBEACHUEM JKC-
MEPUMEHTAIBHON OLEHKH MPOCTPAHCTBEHHOTO Pa3pelleHus] pETUCTPUPYIOIIEH cpebl — a30KpacuTesst AtA-2.
YcnoBust KOTEPEHTHOTO CIIOYKEHUS ITyYKOB 00€CIIEYMBAIIMCH C IIOMOIIBIO MTOTYBOTHOBBIX ()a30BbIX ITACTHHOK.

Jlaree TIpOBOMMIIOCH IKCTIEPUMEHTATIBHOE U3YUICHUE 3aBUCUMOCTH TU(pakimonHo dddexrnBHOoCcTH JKK-pe-
LIETKH OT aMIUIMTY/bI YIIPABISIOIIETO HANPsDKeHUs Ha stueiike Ne 2 1uisi pa3iuyHbIX COCTOSIHUIN MOJIIpU3aliu
CUHTHIBAIOIIIETO M3ITYYCHHS, @ IMEHHO JTMHEHHON (BepTHKAIBHON U TOPU30HTAIBHON) U KPYroBO# (TIpaBoit
1 neBoi) nossipuzauuu. Ha puc. 4 u 5 npuBeaeHbl 3aBUCUMOCTU TUPPAKIMOHHON 3(PEKTUBHOCTH U3ITy4de-
HUSL, AMHParupoBaHHOTO B MOPSIIKU m = —1 1 m = 0, OT BeJIMYMHBI HANPSDKEHHUS Ha sYeike (JuQpaKkHoOHHbIC
3¢ PEKTUBHOCTH MOPSAKOB TUpakiuu m =—1 u m = +1 coBnagarot (Tadm. 2)).
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Puc. 3. DxciepumenTanbHast poTorpadus
o01ueii kapTHHbBI AU(PAKINK H3Ty4CHHs FeNi-HEOHOBOTO Jiasepa Ha stueiike Ne 2
Fig. 3. Experimental photograph
of the general diffraction pattern of a helium-neon laser radiation on the cell No. 2
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—— BeprukanbHas nuHelHas noysipusalms — —— [Opu30HTaNIbHAS JIMHEMHAs NOIspU3aLus
Puc. 4. 3aBucumoctn qudpakuroHHON 3)(HEKTHBHOCTH OT YIPABIISIOLIETO HAPSKESHIS
IIpU TMHEHHOH (BEPTUKAJIBHOM U TOPU30HTAIBHON) MOISPU3ALUN CYUTHIBAIOIIETO U3y UCHUS:
a — 1 opsifika qudpakumu m = —1; 6 — i nopsiaka audpaxuuu m = 0
Fig. 4. Dependences of the diffraction efficiency on the control voltage
for linear (vertical and horizontal) polarisation of reading radiation:
a — for diffraction order m = —1; b — for diffraction order m = 0
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Puc. 5. BaBucumoctr 1udpakiunoHHOH 3QGEKTUBHOCTH OT yIPaBISIONIETO HAIPSKCHHS
TIpH KPYTOBOH (JIEBOI M TpaBOii) MONSAPHU3ALUH CUUTHIBAIOLIECTO H3TYYCHUS:
a — s nopsiaka qudpaxuuu m =—1; 6 — aas nopsiaka audpakiuu m = 0
Fig. 5. Dependences of the diffraction efficiency on the control voltage
for circular (left and right) polarisation of reading radiation:
a — for diffraction order m = —1; b — for diffraction order m =0
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CHmKEeHHE MaKCUMAaJIbHOTO 3HAYCHUs MU pakimoHHON 3 pekTuBHOCTH B mopsakax audpakuuu m = —1
u m =+1 nas sueiixu Ne 2 1o cpaBHEHUIO ¢ TaKOBBIM AJst stueiiku Ne 1 (1), = 6,3 %) cBA3aHO ¢ yMEHbILICHUEM
TIEPUO/Ia rOJIOTpaHUECKOM 3aMUCH, KOTOPBIH B cityuae stueiiku Ne 2 Obut B 5 pa3 MeHbIe TonmuHbl XKK-cnos,
YTO HE [TO3BOJIAIIO CO3/IaTh KAYECTBEHHYO MOIYJISAIIMEO ONTUYCCKOW aHH30TPOITUH B 00beMe HemaTuueckoro JKK.

Tabnauma 2
JAudpakunonnbie 3pGpeKTUBHOCTH
nopsaakoB qupakuuu m=—-1,m=0u m=+1
MPH Pa3HOi MOIAPU3AINH CYNTHIBAIOLIETr0 H3Iy4eHus, %o

Table 2
Diffraction efficiencies
of diffraction orders m =—-1,m =0 and m = +1
for different polarisation of reading radiation, %
[Mopsinox nudpaxumn
[onspuszanus
m=-1 m=0 m=+1
BeprukanbHas nuHeiiHas 1,4 97,1 1,4
lopuzonTtanpHas TuHeHHas 1,3 97,3 1,3
JleBas kpyrosas 1,2 97,5 1,2
[IpaBas kpyroBas 1,2 97,5 1,2

dopMHUpOBaHUE ONITHYECKOT0 BUXPH
€ MOMOUIbI0 JIEKTPHYECKH YIIPABJIsieMOI0
auppakunonnoro XKK-3iemenra

J11st M3roTOBNEHUS 3IEKTPUUECKH TepekirodaemMoro qudpakuunonnoro XXK-snemenra, popmupyroero om-
THUYECKHE BUXPH, IIPUMEHSIICS METO TOJISIpU3aIlioHHOH Tonorpadun [3; 5; 15], ocHOBaHHBIH Ha HABEICHNUH I10-
BEPXHOCTHOM aHU30TPONHH B (POTOUYBCTBUTEIBHOM CJI0€ a30Kpacutelisi AtA-2 npu KOT€PEeHTHOM CIIOKEHUH
CHHTYJISIPHOTO ITy4Ka C INIOCKOH BOJTHOM. B ncnonp3yemoit onTuyeckoi cxeme Ha Iy TH KaX10To U3 uHTepdepu-
PYIOIINX CBETOBBIX IIYYKOB [IOMELIATINCH YeTBEPTHBOIHOBBIC (ha30BbIE MIIACTHHKH (CM. pHC. 1), 9TO 1T03BOIMIO
c(hopMHpOBaTh OPTOTOHAJIBHBIE UPKYISPHBIC IIyUKH € JIEBOH U paBoil nossipu3anueil. C moMoIbIo Crupaib-
HO# (pazoBoit mnactuaku VPP-m633 (RPC Photonics, CIIIA) omopHbIil rayccoB my4ok ObLT mpeoOpa3oBaH
B CHHTYJISIPHYIO CBETOBYIO BOJIHY (ONTHYECKUH BUXPh) C TOMIOJOTHYECKUM 3apsiiOM |Z | =1. CXoxJeHue CBeTo-
BBIX ITyYKOB Ha 3KCIIEPUMEHTAIbHOM 00pasie — suelike Ne 3 — obecneunsio GopmMupoBaHue JU(PpaKIMOHHOMN
CTPYKTYPBI C IEPUOAOM A = 2,5 MKM.

Janee ObuT MPOBEACH aHAIN3 CBETOBOTO MOJISI B OONACTH MEPEKPHITUSI CUTHAIBHOTO M OMOPHOTO MYYKOB
(puc. 6). OTcyTcTBUE KapTHHBI HHTepdepeHunu (cM. puc. 6, a) U ee MOSBICHUE TIPH HCIIOIb30BAHUH JTHHEH-
HOTO aHaJHM3aTopa nepesa Kkamepoiu (cM. puc. 6, 6) CBUIETEILCTBYIOT O PeajH3aluy 3alycH MEePUOJHYECKU
MOJIYJIMPOBAHHOTO MOJISIPU3ALMOHHOTO COCTOSHUS CYMMApHOTO CBETOBOTO TOJISL.

[Ipu orcyTcTBUM YNpaBiSIIOIIETO HaNpspKeHUs Ha staeiike Ne 3 mepruoa copMUpOBaHHON MOSPHU3ALMOHHO-
ronorpadudeckum MetoaoM audpakunonHoi XKXKK-cTpyKTyphl cocTaBuil BenunHy A = 2,5 MKM.

st ynpasnenus aupakunoHHON 3¢ EKTUBHOCTBIO M3roToBIeHHON KK-CTpYyKTyphI K 271€KTpoiam sdeii-
k1 Ne 3 mpuKIabpIBaioch ypasistoniee HanpsbkeHue B quanasone 0—10 B. Ha puc. 7 npuBeaeHsl cooTBeT-
CTBYIOILIME 3aBUCUMOCTHU TU(PPaKIMOHHOHN 3P PEeKTUBHOCTH NOPSIAKOB qudpakiuu m =—1,m=0um =+1 npu
KPYTOBOH MOJISIPU3ALMK CYMTHIBAIOLICTO W3Ty4YeHUsl. MaKkCUMaIbHOE 3HAUCHHE TUPPAKIUOHHON dPPEeKTHB-
HOCTH B MOpsAKax Audpakuuu m =—1 u m =+1 gocturaercs Npu BEIMUUHE YIPABISIOIIETO HANPSDKCHHUS Ha
siueiike ~2,5-3,0 B, uro o0ycnoBieHo yacTHUHON nepeopueHTanueil nupextopa KK Bo BHemIHEM 3J1eKTpH-
yeckoM roste (epexon @penepukca [16]). JlanpHelinee yBelnndeHne YIIPaBIsSONIETo HapsKkeHus (B 5—6 pa3
10 CPAaBHEHMIO C HOPOTOBBIM HampsikeHueM nepexona @penepuxca U, = 1,1 B) npuBoauT k nepeopueHTalum
JKK-mosekyn 13 miiaHapHOTO HOJOXKEHHUs (BIOJb MOBEPXHOCTU MOAJIOKEK) B TOMEOTPONHOE (IEpHeHINKY-
JSIPHO MTOBEPXHOCTH TOIUIOKEK), YTO CONPOBOKAACTCS HCUE3HOBEHHEM AU PakInOHHBIX cBoiicTB XKK-ciost.
CoracHO MOMyYeHHBIM 3KCIEPHMEHTAIBHBIM JTAHHBIM ACHMMETPUYHBIC 3HAYEHHsS MaKCUMaIbHOW TuUdpaKuu-
OHHOH 3(PEKTUBHOCTH /ISl OPTOTOHAJIBHBIX LUPKYISPHBIX TOsipu3aunii (Tadn. 3) cBUAETENbCTBYIOT O (op-
MHUPOBAHHH MOIAPU3ALHOHHON PEIIETKH B CJIOE a30KPACUTENsI B MIPOLIECCE MOIAPU3ALMOHHO-TOIOrpaduIecKor
3anucu [17].
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Puc. 6. CxeMbl CI0KEHUSI OPTOrOHATIBHBIX MOJISPU30BAHHBIX JIa3€PHBIX IIyUYKOB
U COOTBETCTBYIOIIHE MUKPO(HOTOrpadhuy pe3yIbTHPYIOMIETO CBETOBOTO TOJIS:
a — 6e3 MCIOIb30BaHNs AHAITM3ATOPa; 6 — C MCIIOIb30BaHUEM aHAIN3aTOPa

Fig. 6. Schemes of addition of orthogonal polarised laser beams

and the corresponding microphotographs of the resulting light field:
a — without an analyser; b — with the analyser
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Puc. 7. 3aBucumocTtn 1udpakunoHHON (PPEKTHBHOCTH OT YIPABIISIONIETO HANPSKCHUS
IIpU KPYTOBOH (J1€BOM M MPaBoOii) MOMAPU3AIMN CYUTHIBAIOIIETO U3TyUYEHHS:
a — s opsiika audpakuuu m = —1; 6 — st nopsika audpakumu m = +1; 6 — st nopsiaka audpakuuu m = 0
Fig. 7. Dependences of the diffraction efficiency on the control voltage
for circular (left and right) polarisation of reading radiation:
a — for diffraction order m = —1; b — for diffraction order m = +1; ¢ — for diffraction order m =0
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Tabnuma 3

MaxkcumaJibHble 3HAYCHUS
au(ppakuMoHHBIX 3¢ PekTUBHOCTEIH
U1 HOpAAKOB Audpakuuu m =—1 u m = +1 a4eiiku Ne 3, %

Table 3

The maximum values of diffraction efficiencies
for diffraction orders m = —1 and m = +1 of the cell No. 3, %

[opsinox nqudpaxumn
[onspuszanus
m=-—1 m=+1
JleBas kpyrosas 2,6 3,0
[IpaBas kpyroBas 2,9 2,6

Amnanus ($Ha3zoBoli CTPYKTYPBI ONITHUECKOTO BUXPsI, popmupyeMoro mudpakunoHabM XKK-amementom (sueii-
ka Ne 3), mpoBOAMIICS METOIOM KOTEPEHTHOTO CIIOKEHHUSI CHHTYJISIPHOTO CBETOBOTO Iy4YKa C IIOCKOW KOTepeHT-
HOW BOJIHOM ¢ moMmoInkio uHTephepomeTpa Maxa — Llenaepa (puc. 8). OcoOeHHOCTBIO TIONTyuaeMoil uHTepde-
PEHIIMOHHON KapTHHBI (CHHTYJISIPHOTO Ty4Ka C TUIOCKON BOJIHOM) SIBJIIETCST 0Opa30BaHME XapaKTePHON BHUIIKH,
KOJITYECTBO Pa3BETBICHUI KOTOPOI TTO3BOISIET OIPEIEIUTH a0COMOTHYIO BETTMYMHY TOTTOJIOTHYECKOTO 3apsa |l |

BoccranoBnenne nonspu3anroHHON roJIOrpaMMbl TPOBOJMIIOCH C TIOMOLIBIO I'eTUI-HEOHOBOTO Jla3epa.
Ha puc. 9 npencrasinena Mmukpodororpadus 3aperucTpupoBaHHON UHTEP(EPEHIIMOHHON KapTUHBI II0CKON
KOTePEHTHOW BOJIHBI M OIITUYECKOTO BUXPSI C TOMOJIOTUIECKUM 3apsoM |l | =1 (mopsimox mudpakuuu m = 1).

3 4

—

8 11

Puc. 8. llpunnunuansHas cxema narepdepomerpa Maxa — Lennepa:
1 — renuii-HeOHOBBIH azep (rHa BOMHBI 632,8 HM); 2 — IPOCTPaHCTBEHHBIN GUIBTP; 3, /(0 — MUH3BL
4, 9 — cBeTOAICUTENIbHBIC KYOUKH; 5, 6 — 3epKalia; 7 — TOMOJIOTHYECKUN TUPPAKIIHOHHBINA 3JICMEHT;
8 — ueTBepTHBOIHOBAS (ha30Bast IIACTHHKA; /] — dKpaH

Fig. 8. The schematic diagram of the Mach — Zehnder interferometer:
1 — helium-neon laser (wavelength 632.8 nm); 2 — spatial filter; 3, /0 — lenses;
4, 9 — beam splitter cubes; 5, 6 — mirrors; 7 — topological diffractive element;
& — quarter wave phase plate; // — screen

Puc. 9. Muxpocgororpadus kKapTUHEI HHTep(epeHINH
ILIOCKOH BOJHBI 1 ONITHYECKOTO BUXPS C TOMONOTMYECKNM 3apsitoM /| = 1.
[lyHkTHpOM BbIIENEHA 00IaCTh BUJIOYHOM AUCIOKALUI

Fig. 9. The microphotograph of the interference pattern
of a plane wave and an optical vortex with a topological charge |l| =1.
The forked dislocation region is highlighted with a dotted line
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Ha puc. 10 npuBenens! npoduiu pacrpeneieHns HHTEHCUBHOCTH CBETOBBIX ITyYKOB B HAIIPaBJICHUH TO-
psaaka qudpakuuy m = +1 Mpu pa3HbIX 3HAYEHUAX YIIPABIIAIONIET0 HaNpsHKkeHNs Ha siueiike Ne 3. XapakTtepHoe
[IPOCTPAHCTBEHHOE PACIpE/IEIeHUEe NHTEHCUBHOCTU CBETOBOIO IIOJIA C MPOBAJIOM B IIEHTPajbHOM 00nactu
MOATBEPXkKAAET BUXPEBYIO IPUPOAY AU(ParnpoBaHHBIX CBETOBBIX ITyYKOB.

Puc. 10. Mukpodororpaduu npoduiieii pactpeaeneHusi HHTEHCHBHOCTH BOCCTaHOBICHHOTO
B TIOPSIIOK AU(PAKINH 7 = +] ONTUYECKOTO BUXPSI IPH N3MEHEHHHN BHEIITHETO ynpasJstomiero Hanpsokenus (U)

Fig. 10. Microphotographs of the intensity distribution profiles of the reconstructed
in diffraction order m = +1 optical vortex when the external control voltage (U) changes

ComacHO MOJTy4YeHHBIM IKCIIEPUMEHTAIBHBIM JIAHHBIM (DOpMUpPYEMbIe ONITHYECKIE BUXPH SIBIIIOTCS CTa-
OMIILHBIMH M COXPAHSIOT CBOIO MPOCTPAHCTBEHHYIO CTPYKTYPY NMPH H3MEHEHUH YIIPABIISIIOIIETO HAIPSHKEHNS Ha
sueiike B auanasone 0—10 B. YMeHbIeHne HHTEHCUBHOCTH AU(parupoOBaHHBIX CHHTYIISAPHBIX ITyYKOB C POCTOM
YIPaBIIAIONIETO HAMIPSKEHU 00yciioBieHo nepeopuenTanueit XKK-monekyn, npuBozsimieii K n3aMeHeHHIo ¢a3o-
Boif 3a1eprkku B J)KK-cioe 1, COOTBETCTBEHHO, K CHIKEHHIO T pakiinoHHoi 3 dexruBHOoCTH KK-CTPYKTYpHI.

Taxkum o0pas3om, pazpaOoTaHHBIN IEKTPUUYECKHU NepeKIodaeMblil qudpakunonubii JKK-anemeHT Ha oc-
HOBE (DOTOUYBCTBHUTEIHHOTO OPUEHTHPYIOIIETO CJI0s a30KpacuTens AtA-2 mo3Bonser GopMHUpPOBATH YCTONYH-
BbI€ CHHTYJISIPHbBIE CBETOBbIE MyYKH (ONTHYECKHE BUXPH) C 33JaHHON BETMYMHOM TOIOJOTHYECKOTO 3apsija,
YTO MPEACTABIACT MPAKTUIECKUI HHTEPEC C TOUKH 3PEHUS Pa3padOTKN U CO3/IaHUS CUCTEM ONTHYECKOTO 3a-
XBaTa MUKPOYACTHI], BEHICOKOpPA3pEeIaIoieil MUKPOCKOIHIH, BOPTEKC-KOpOHaporpaduu u ap.

3aKjaoueHne

Mertoz NoISIpU3AIMOHHON ToJI0rpagUIeCcKOr 3aliCH B TOHKUX IUICHKaX azokpacurens AtA-2 mo3BossieT
(dopmupoBars nepexitodaeMbie Audpakinonabie JKK-cTpyKTyphl, B TOM YHCie XapaKTepU3YIOIIUeCcs: BUIIOYHOM
nucnokaned. J{ns nosbimenust 3hGekTHBHOCTH roorpaduueckoi 3amicu JupakiuOHHBIX PEIETOK BBITOTHEH
9KCIEPUMEHTANbHBIN aHaIN3 ONTUMAJIBHBIX YCIOBHUN 3KCTIOHUPOBAHMS CBETOYYBCTBUTENBHBIX IUIEHOK a30-
kpacutens AtA-2 nHTep(EepeHIIMOHHON KapTUHON KOT€PEHTHBIX CBETOBBIX MYYKOB. YCTAHOBIJIEHO, YTO MPHU
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UCIIOJIb30BaHUH CBETOBBIX ITyYKOB MOITHOCTBIO 3—5 MBT MakcuManbpHOe 3HaYeHUe AU(PAKINOHHON dPdek-
TUBHOCTH B MOpsiAKe AU(paKkuuu m = | JoCTUraeTcs IPU BpEMEHU SKCIIOHUpoBaHust 60 ¢. DTO COOTBETCTBYET
BEJIMYMHE dKCIIO3UIMOHHOM 10351 ~0,72 JIkK.

Bricokoe mpocTpaHCTBEHHOE pa3perieHue (hOTOTyBCTBUTEILHOM Cpebl — a30KpacuTes s AtA-2 — ITO3BOIHIIO
chopmupoBars AU(PaKIMOHHYIO penieTKy ¢ nepuogoM A = 1 mxm. [TokazaHo, 4To yMeHbIIIEHHE TIEpUO/Ia 3a-
nychIBaolIei nHTepPepeHIUOHHON KapTuHBI ¢ 6,5 10 1 MkM B XKK-cioe TonmuHON 7 MKM COIPOBOXKAAETCSI
YMEHBILIEHHEM MOAYJISILIMY ONITHYECKON aHU30TPOIINH H, KaK CIEICTBHUE, CHIKEHUEM TUPPaKIMOHHOH 3 dek-
tuBHOCTH JKK-pemetku. [I[puMenenne B mporiecce Mmosipu3aoHHO-TOOTpadnIeCcKO 3aIuCcH CITHPaTbHON
(ha3oBoii MIACTHHKY M03BOIIsIET popmupoBarh qudpaxironnbie XXK-cTpyKTypsl ¢ BUTOYHOM TUCTOKAIIMEH JIIst
TeHEepaly CUHTYJISIPHBIX CBETOBBIX ITyYKOB. DKCIIEPUMEHTAIBHO YCTAHOBJIEHO, YTO CTPYKTYpa MPOCTPaHCTBEH-
HOTO pacnpe/iesIeH!sI ”THTEHCUBHOCTH B IIONIEPEYHOM CEUEHHH BUXPEBOTO MOl JU(PParupOBaHHBIX CBETOBBIX
IIyYKOB COXpaHAETCs CTaOMIIBHON MPH M0Aa4e YIIPABIISIIOLIETO HAIIPSDKEHUS Ha STYCHKY.

O6nacTb IpUMEHEHHs MTOMYYEHHBIX Pe3yJIbTaTOB BKIIOYAET pa3pabOTKy M CO3JaHHE CHUCTEM YIIPaBICHUS
(ha30BO-NONAPU3AIMOHHON CTPYKTYPOI CBETOBBIX MYYKOB, ONTHYECKUH 3aXBaT U MaHHUITYJTHPOBAaHHE MUKPO-
YaCcTHLAMU, BU3YaJTU3aLUI0 OMO0OBEKTOB ¢ BBICOKUM IPOCTPAHCTBEHHBIM Pa3pelIeHHEM, JIa3epHYI0 00paboTKy
MaTepuasoB, KOAUPOBAHUE U Iepeaady HHPOPMALMH IO ONTOBOJIOKOHHBIM JIMHUSAM CBS3H.
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BAUSIHUE AAUTEABHOU U BBICTPOM1 TEPMOOBPABOTOK
HA ®OPMUPOBAHUE I'PAHUIIBI PASAEAA
AAIOMVHUHN — TIOAUKPEMHUHA

B. A. IHJIMIIEHKO" -, H. C. KOBAJIBYYK", /. B. )KHT' YJIUH",
JI. B. LHIECTOBCKHH", B. M. AHUII[HUK?, B. B. IOHAPA/]0OB?

D« Hnmezspany — ynpasnsiowas komnanus xondunea « Aumezpany,
yn. Kazunya, 121a, 220108, 2. Munck, Berapyco
Z)Beﬂopyccmu? 2ocyoapcmaennulll ynugepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, benapyco

HccnenoBano BIHMSHUE JUTUTENBEHON M OBICTPOH TepMOo0OpabOTOK Ha (hOPMUPOBAHKE I'PAHUIIBI pa3jiesia aTFOMUHAN —
TIOJIMKPEMHHI Ha CTPYKTypax allOMUHHI — IMOJMKPEMHHH — IBYOKHUCH KPEMHHUSI B LIEJISIX N3YYCHUS] OMUYECKNX KOHTAK-
TOB B JIGMEHTHOU 0a3e MHTErpajbHBbIX MUKpOCXeM. [loiyueHHbIe CTPYKTYpbl OBLIH MOABEPIHYTHl Pa3IMYHBIM BUIAM
TEpMOOOPaOOTKHU: CTaHAAPTHOMY (IUTUTEIbHOMY) TepMudeckoMy oTxury (450 °C, 20 muH, cpena N,), HCHONB3yeMOMy
JUISL CO3/IaHUSI OMMYECKMX KOHTaKTOB Ha ATalle MPOU3BOJICTBA MHTEIPAIBHBIX MUKPOCXEM, H OBICTPOMY TEPMHYECKOMY
omxury (450 °C, 7 ¢, cpena Ar). YCTaHOBJICHO, YTO MIPH JJIUTEIBHON TepMOOOPaOOTKE MPOUCXOAUT IMOJHOE PACTBOPCHUE
MOJIMKPEMHHS B QITIIOMHHUH C TTOCIIEYIOIIEH cerperannei B BUJe OTACIBHBIX OCTPOYTOJIBHBIX KOHITIOMEPATOB ITOJIHKPEM-
HUSI Ha TIOBEPXHOCTH JIBYOKHCH KPEMHHS, YTO MOXKET ITPUBECTH K MOJHOMY OTKa3y pabOTOCIOCOOHOCTH MHTETPAIbHON
MUKpocxeMsbl. [Ipu OpIcTpoii TepMo0OpadboTKe mogooHoro 3 dekra He Habmogaercs. Takum oO6pa3om, mpu popMUpOBaHHH
OMHYECKOI0 KOHTaKTa IIFOMUHMI — NOMMKPEMHHI Ha dTare MPOU3BOJICTBA HHTETIPATBHBIX MHKPOCXEM ILIEIeCO00pa3HO
HCIIONIB30BaTh OBICTPYIO TEPMOOOPAOOTKY, KOTOpas CyIIECTBEHHO YMEHBIIACT PACTBOPEHUE MOIMKPEMHHS B aJIFOMHHUH
U TE€M CaMbIM CIIOCOOCTBYeT (POPMUPOBAHUIO OMHYECKOTO KOHTAKTA.

Knrwueswvie cnosa: T'paHulla pasacia AIIFOMUHUT — HOJIPIKpGMHPIﬁ; OMHYECKHUI KOHTAKT, 6LICTpa$I TepM006pa60TKa;
WHTETPAJIbHAA MUKPOCXEMA; pacTpoBas JICKTPOHHAA MUKPOCKOIIHA, G)HCPFO,HI/ICHCPCI/IOHHHﬁ MUKpOAHAIN3.
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EFFECT OF LONG-TERM
AND RAPID THERMAL TREATMENTS ON THE FORMATION
OF THE ALUMINUM - POLYSILICON INTERFACE

U. A. PILIPENKA™", N. S. KOVALCHUK?®, D. V. ZHYHULIN",
D. V. SHESTOVSKI®, V. M. ANISHCHIK®, V. V. PONARIADOV"®

Y«Integraly — Holding Management Company, 121a Kazinca Street, Minsk 220108, Belarus
®Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus

Corresponding author: D. V. Zhyhulin (zhygulin@mail.ru)

The influence of long-term and rapid thermal treatments on the formation of the aluminum — polysilicon interface on
aluminum — polysilicon — silicon dioxide structures in order to study the ohmic contacts in the element base of integra-
ted circuits are considered. The obtained structures were subjected to various thermal treatments: standard (long-term)
thermal annealing (450 °C, 20 min, N, environment) used to create ohmic contacts at the stage of integrated circuit
manufacturing and rapid thermal annealing (450 °C, 7 s, Ar environment). It is established, that during long-term thermal
treatment, polysilicon is completely dissolved in aluminum, followed by segregation in the form of separate acute-angled
polysilicon conglomerates on the surface of silicon dioxide, which can lead to a complete failure of the integrated circuit.
With rapid thermal treatment, this effect is not observed. Thus, when forming an ohmic aluminum — polysilicon contact
at the stage of integrated circuit manufacturing, it is advisable to use rapid thermal treatment, which significantly reduces
the dissolution of polysilicon in aluminum and thereby contributes to the formation of an ohmic contact.

Keywords: aluminum — polysilicon interface; ohmic contact; rapid thermal treatment; integrated circuit; scanning elect-
ron microscopy; energy dispersive microanalysis.

BBenenue

[Ipu ycunuBaromieiicss TEHACHIMN K MOBBIIICHHIO TNIOTHOCTH KOMIIOHOBKH COBPEMEHHBIX WHTETPATBHBIX
mukpocxeMm (MMC), a 3Ha9HT, K YMECHBIICHHUIO MTPOCKTHBIX HOPM BCE OOJIbINICEe 3HAUCHHUE MTPUOOPETACT CHU-
KEHHUE TEIIOBOM Harpy3KH, OKa3bIBaeMOH Ha MOIYIPOBOJHUKOBYIO IJIACTHHY B Iporiecce GOpMHUPOBAHUS Ha
Heit snemenTHOH 62361 UMC. 310 TpeOyeT pa3paOOTKH HOBBIX TEXHOJIOTHYECKHUX MTPOLECCOB, UCTIONB3YIOLINX
0o OoJiee HU3KYIO TeMIeparypy, JInbo Goiiee KOPOTKOE BpeMsi UX MpoBeneHus. JlaHHasi TeHACHIHs 00y-
CJIOBIICHA HEOOXOAMMOCTBIO 3HAYUTEIBHO YMEHBIIUTD JITUTEIBHOCTD AH(D(Y3HOHHBIX MPOIECCOB, HMEIOIINX
MECTO IPU BBICOKOTEMIIEPATyPHBIX 00padOTKaX, a TAKKE MPAKTUUECKU HCKIIIOUYHUTh 3arpsi3HEHKE MOy IPOBOI-
HUKOBOT'O MaTepHaja HeKOHTPOJIMPYEMBIMU NpUMEcIMU. OCOOEHHO OCTPO ITOT BONIPOC CTOUT MPH (HOPMHUPO-
BaHMM OMHUYECKHX KOHTAKTOB K KPEMHHUIO U MOJIMKpeMHUIO. [Iponecc co3manns Takux KOHTAKTOB MTPEACTaB-
nsieT co00i OCaXICHHE aTFOMUHUS Ha KPEMHHH M IIOJTMKPEMHHH € TTOCIIETYIOIUM IPUMEHEHHEM [UTHTEITLHON
Tepmoobpadotku (510 °C, 10 mun nmu 450 °C, 20 muH [1]). [IpocTeiimee nmpencrapieHne 0 B3aUMOICHCTBUN
QIIOMUHHMS C TIOIYIPOBOJHUKOM 3aKJIIOUAETCSI B TOM, YTO NpU TU(GQPy3ur MeTaia B KPUCTAIMYECKYIO pe-
LIETKY KPEMHHUsI IPOUCXOAUT ociablieHre W pa3pblB KOBAIEHTHBIX CBsizeill Si— Si ¢ 00pa3oBaHHEM MOJBHK-
HBIX aTOMOB KpeMHus [2]. IIoTok aToMOB KpeMHHMSI B HallpaBiIeHUN MeX(pa3HON TPaHHIIbI ATIOMUHUN — KpeM-
HHUM COIIPOBOXKIAETCS IOTOKOM aTOMOB AJIFOMHMHUSI, OPUEHTHUPOBAHHBIM B IPOTHBOIIOIOKHOM HalpaBJICHUH.
Takum 00pa3oM, BO3HUKAET NPoLece B3auMHOT0 AU (Hy3MOHHOTO MepepacipeiesiCHUs Kak MeTajljla B KpEMHHUH,
TaK U KpEMHUsI B MeTajljie, KOTOPBIA yCHIIMBACTCS MPH JUIUTEIBHON TEPMOOOPaOOTKE, UTO MPUBOAUT K 3HAYM-
TEJILHOMY YXyIIICHHIO MapaMeTpoB coznaBaeMbix IMC, a crieoBaresibHO, K CHHKEHHIO TPOIIEHTA BBIXOJIA TO/I-
HBIX W3aemwi [3].

OnHUM M3 METOOB, YMECHBIIAIOMINX AU(PPY3MOHHBIE TPOLECCH PU BHICOKOTEMIIEPATYPHBIX 00paboT-
Kax, B TOM 4KciIe pyu (GOPMUPOBAHIH OMUYECKUX KOHTAKTOB, SBISICTCS] MPUMEHEHUE OBICTPO TepMOOOpa-
ootku (BTO) [4-20]. Onnako B myOnukanusix [4—20] onuchbIBaeTCs JUIIb B3aUMOICHCTBUE aTIOMUHUEBON
METaJNIM3alUU C MOHOKPUCTAINIMYECKHMM KPEMHHUEM IIPH CO3JaHUHM OMUYECKUX KOHTAKTOB. IIpu 3ToM He
3aTparuBaroTCs BONMPOCH! (POPMHUPOBAHUS OMUYECKOTO KOHTAKTA aJJIOMUHUN — HOJIMKPEMHUH, €ro MOBEICHUS
IIpU pa3MYHBIX TeMIIepaTypHBIX Harpy3kax B mpoiiecce co3nanus anemeHTHoi 6a3el UMC. IlpoBenenue
TaKHUX UCCIIEIOBAHUI I103BOJIUT YCTAHOBUTH OCOOCHHOCTH (DOPMUPOBAHMSI OMUYECKUX KOHTAKTOB HE TOJIBKO
K ITOJINKPEMHHUEBBIM PE3UCTOPAM U KOHJEHCATOpaM, HO U K IOJIMKPEMHHUEBBIM 3aTBOpPaM IOJIEBBIX TPaH3U-
CTOPOB, YTO HEMIPEMEHHO CKaKETCSl Ha MX BBIXOJHBIX XapaKTEPUCTHKAX, & 3HAYMT, U Ha PaOOTOCIIOCOOHOCTH
Bceit UMC.
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MaTepua.nLl U METOAbI UCCJICAOBAHUSA

Ha xpemuueBbix miactunax mapku KJAb-10 nuamerpom 100 MM u opueHrtanueit <111> nuporeHHbIM
okuciieHneM 1pu Temreparype 850 °C popmupoBasics okcul KpeMHus ToamuHoN 70 HM. 3aTeM Ha OKCHJ
KPEMHHMsI METOJIOM ra30(ha3HOro 0CaxICHUsI HAHOCHUJIICS CJION TOJIMKPEeMHUs TOJIMHOM 0,25 MKM, Ha TIOBEPX-
HOCTH KOTOPOTO MarHETPOHHBIM METOJIOM HAIbUIAIACh IJICHKA aTFOMUHUS TOMUHOHN 1,5 MxMm. [lia Hambiie-
HUS TUIEHKHY MCTIOJIb30BaIach alFOMHHNEBAst MHIIEHb ¢ 1 % npumecu kpeMHus. YacTh MOIYYEHHBIX CTPYKTYP
QITIOMUHHI — TIOTUKPEMHHN — JIBYOKHCh KPEMHUS TIOIBEPTaJIUCh Pa3InYHbIM BUIaM TepMOOOpaOOTKH: CTaH-
JapTHOH (anuTenbHoi) Tepmoodpabotke (450 °C, 20 mun, cpena N,) u BTO (450 °C, 7 ¢, cpena Ar). Ipyras
9acTh CTPYKTYP HE IMOABEPTaTUCh Bo3aeHCTBIIO TeMiteparyphl. IIporiecc BTO macTiH BRITONTHSIICS B cpefie Ar
ipu armocdeprom nasiennu cucremoit YbBTO ITUT-1801 (OOO «IlepcrieKTHBHBIE HHHOBAIIHOHHBIE TEXHO-
noruny, benapyce). ATMocdepa Ar Oblia BeIOpaHa B LEJSX HCKIIOUCHHS MPOLECCOB OKUCICHHS alOMUHUS
npu TepMooOpadoTke. [IacTHHbI 00MyYanuch ¢ HETUIAHAPHON CTOPOHBI OTOKaM# (OTOHOB 20 ralOreHHBIX
JIAMTI UMITYJIECAMU TTOCTOSTHHON MOTIIHOCTH JTUTEIHLHOCTHIO 7 C. MOIIHOCTD M3JIYUICHHS JIAaMIT 0OeCTieurnBaa
JOCTH>KEHHE TeMIleparypbl Harpesa miacTulbl 450 °C B Teuenue 7 c.

HccnenoBanue rpaHulpl paszaena aJlOMUHUN — TOJIMKPEMHUM U ONpeesieHHe AIEMEHTHOIO COCTaBa OCy-
HICCTBIISINCH Ha CKOJIC TUIACTHHBI C TOMOIIBIO PACTPOBOIO AIEKTPOHHOTO MUKpockoma (POM) S-4800 (Hitachi,
SInoHus) ¢ YHEProANCIePCHOHHBIM criekTpomeTpoM Quantax-200 (Bruker, I'epmanms).

Pe3yabTarsl U BX 00CyKIeHUE

Bnusinue anurensHoi Tepmoobpadotku n BTO Ha ¢opmupoBaHHe rpaHHIBI pa3ziena aJlOMUHUA — MOIH-
KpeMHHUi1 moka3zaHo Ha puc. 1-3.

ala 6/c

B —
R S -
AnroMUHB

e e o1 J
= ® AN o 8f

7.0 kV x20.0 k SE(U) 7.0 kV x100 k SE(U) 500 nm

Puc. 1. POM-u3o06paxenus
CTPYKTYPBI aIFOMUHUI — MOJMKPEMHUI — JIByOKUCH KPEMHUSI 0€3 TepMO0OPaOOTKH:
a — IOBEPXHOCTh aTFOMHUHUSI 0€3 HAKIIOHA; 6 — MOBEPXHOCTh aJTFOMHHUSI TIOJT HAKIIOHOM; 6 — CKOJI CTPYKTYPBI
Fig. 1. SEM images of the aluminum — polysilicon — silicon dioxide structure without thermal treatment:
a — aluminum surface without tilt; » — tilted aluminum surface; ¢ — structure cross section

ala

erMHHeBaﬁ IJIaCTUHA

7.0 kV x15.0 k SE(U) 7.0 kV x40.0 k SE(U)

Puc. 2. POM-u3o6paxenus
CTPYKTYPBI QIFOMHHHUN — HOJIMKPEMHHI — JIByOKHCH KPEMHUS
nocrne JUITensHol TepmoobpaboTku (450 °C, 20 muH, cpega N, ):
a — IOBEPXHOCTH aJIFOMUHUS 0€3 HAKIIOHA; 6 — HOBEPXHOCTh aJIFOMUHUS [IOJI HAKIIOHOM; 6 — CKOJI CTPYKTYPBI

Fig. 2. SEM images of the aluminum — polysilicon — silicon dioxide structure
after long-term treatment (450 °C, 20 min, N, environment):
a — aluminum surface without tilt; 5 — tilted aluminum surface; ¢ — structure cross section
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6lc

ATIOMUHHHT

JByokuch
KpeMHHS

Honuxpemumii

Puc. 3. PDM-n3o0paxenus
CTPYKTYPHI allFOMHHUI — MOJTUKPEMHUI — IByoKuCh KpeMuus mocie BTO (450 °C, 7 ¢, cpena Ar):
@ — TIOBEPXHOCTb AJIFOMUHMS 0€3 HAKJIOHA; 6 — IOBEPXHOCTH aJIFOMUHMS [OJ] HAKJIOHOM; 8 — CKOJI CTPYKTYPbI

Fig. 3. SEM images of the aluminum — polysilicon — silicon dioxide structure
after rapid thermal treatment (450 °C, 7 s, Ar environment):
a — aluminum surface without tilt; b — tilted aluminum surface; ¢ — structure cross section

AHaIu3 MOMYYCHHBIX JIAHHBIX [MOKA3all, YTO HMEEeTCS 3HAYNUTENbHAS pa3HUIla MEX/y JUTHTEILHONH TepMO-
obpabotkoii (450 °C, 20 muH, cpena N,) u BTO (450 °C, 7 c, cpena Ar). [Ipu pnurensHol TepMooOpadoTKe
MTPOUCXOMT MOJHOE PACTBOPCHUE MOJIUKPEMHUS B aJIFOMHHUU C TIOCIIEAYIOIICH cerperanueii B BUAE OT/IeNb-
HBIX KOHIJIOMEPATOB MOJMKPEMHUS Ha MTOBEPXHOCTH JBYOKHUCH KPEMHHS. DJIIEMEHTHBIH COCTAB JaHHBIX KOH-
[JIOMEPATOB MPUBEJICH Ha pucC. 4.

Al

_5 ! Conepxanue
] Ovement i ar. %  wmac. %
1 --------- Ao m—————————— -
] 0 12231 14,06
7 AL 1079 084

] Si 1769 85,1
: 0

HMHTEeHCHBHOCTH CIEKTpa

0 0,5 1,0 1,5 2,0 2,5 3,0
Dueprus, k3B

Puc. 4. DHEProANUCIIEPCHOHHBII CIIEKTP KOHIJIOMEpaTa IOJIUKPEMHHUs (CM. pHC. 2, 8, ToUKa /)
Fig. 4. EDX spectrum of the polysilicon conglomerate (see fig. 2, ¢, point /)

Bricora KOHITIOMEPATOB MOJHUKPEMHUA MOXET 3HAYUTEIILHO IMPEBLIIIATL TOJIIIVHY HaITbUICHHOH TIJIEHKHA
amfoMuHAsA. [locKoNbKy amoMuHUI ropa3io 6oiiee MATKHI MaTepual, YeM MOJTUKPEMHHN, TO CBOUMH OCTPHI-
MU YIJIaMH TIOJMKPEMHUH JIETKO MTPOTHIKACT IUICHKY aTFOMHHUS HACKBO3b (CM. PHUC. 2, @ ¥ 6), 9YTO MOXKET MPH-
BECTHU K 3aMBIKaAaHUIO COCCAHHNX TOIIOJIOTHYCCKHUX CJIOCB I/IMC, d 3HA4YUT, U K I[IOJIHOMY OTKa3y MHUKPOCXCMHEI.

JlJis OLIeHKH pa3MepOB 00pa30BABIINXCS KOHITIOMEPATOB MOJMKPEMHUS TUICHKA aJIFOMUAHUS Oblila CTpaBJie-
Ha B pacTBOpe Ha ocHOBE (PochOpHOI U a30THOM KHCIIOT, B KOTOPOM ITOJIMKPEMHMH He TpaBuTcs. Ha puc. 5
npeacTaBiieHbl POM-1300pakeHHst KOHTIIOMEPATOB TTOJIMKPEMHHUS [TOCIIe CTPABIUBAHUS CIIOS AIFOMUHUS U X
3JIEMEHTHBIN COCTaB.

U3 puc. 5, a u 6, BUIHO, YTO MIICHKA MOJUKPEMHUSI IIPEBPAIACTCS B KPYITHBIE KOHITIOMEPATHI TIOJTHKPEM-
HUS C OCTPOYTOJIBHBIMU KpasMH Ha TIOBEPXHOCTH JIBYOKHCH KPEMHUS, YTO MOXET CKa3aThCs Ha paboTo-
cnocooroctu UMC, ipu co3aHny KOTOPBIX UCTIONB3YIOTCS CIIOH TTOJTMKPEMHUS, HMEIOIIIUE KOHTAKTHI C allto-
MUHHEM.
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x10.0 k SE(U)
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Copneprkanue, art. % Touxka /
Touka /  Touka 2 Touka 2

14,68
63,62

WVHTEeHCUBHOCTH CIIEKTpa

0 0,6 1,0 1,4 1,8 22
Oneprus, k3B

Puc. 5. POM-n300paceHus1 KOH[IOMEPATOB MOJIUKPEMHHS Ha TIOBEPXHOCTH ABYOKHUCH KPEMHHUSI
0e3 HaKJIOHA (@) ¥ MOJ] HAKJIIOHOM (6), a TaK)Ke MX SHEPTrOJAUCIICPCHOHHBIN CIIEKTD (8)

Fig. 5. SEM images of the polysilicon conglomerates on the silicon dioxide surface
without tilt (@) and tilted surface (b), as well as EDX spectrum (c)

3akiaoueHune

[Tpumenenune nmuTensHBIX TepMooOpadoTok (450 °C, 20 muH) npu npousBoacTe coBpemeHHbIX UMC ¢ mo-
CTOSIHHO YMEHBIIAIOIUMHUCS TPOEKTHHIMI HOPMaMHK PUBOAXT K yxyaeHuto napamerpoB UMC u, kak cienct-
BHUE, HU3KOMY TIPOIICHTY BBIXOa TOMHBIX M3Aenuid. JlaHHOe 00CTOSTENbCTBO O0YCIOBIEHO TEM, YTO C YMEHBIIIe-
HHUEM NPOEKTHBIX HOpM n3rorosnenns MMC Bce Gonbliee 3HaueHHe nprodpeTatoT aAuddy3noHHbIE TPOLECCH
Ha TpaHULAX pasjeia TOIOJOIMYECKUX CIIOEB. TaK, B MECTe CONPUKOCHOBEHUS OMUYECKOIO allOMHHUEBO-
IO KOHTAaKTa K MOJIMKpeMHHUEBBIM 3aTBopaM MOII-TpaH3uCcTOpOB, pe3UCTOPOB, KOHAEHCATOPOB MPOUCXOAUT
pacTBOpeHHE TOJIUKPEMHUS B aJIIOMUHHUU C TOCIEAYIONel cerperanyeil B BUae OTAEIbHBIX OCTPOYTOIbHBIX
KOHIJIOMEPATOB MOJIMKPEMHHUSI, KOTOPbIE HE TOJIBKO YXY/IIAIOT BhIXOJHBIE XapakTepuctuku UMC, Ho u nipu-
BOJISIT K X TTOJTHOMY OTKa3y B Pe3yJbTaTe 3aMbIKaHHUS TOMOJIOTHYECKHX cioeB. OJJHUM U3 CIOCOOOB yMEHbBIIIe-
HUsI 1D (HY3MOHHBIX MTPOIIECCOB B MUKPOAJICKTPOHUKE SIBJISIETCS 3aMEHA CTaHAAPTHOTO TEPMUYECKOTO OTKHTa
Ha BTO, mo3Bomsronyro n3dexars pa3pyluieHUs OMHYCCKIX aJIOMUHUEBBIX KOHTAKTOB K TTOJMKPEMHHEBBIM
TOTIOJIOTHYECKUM 3JIEMEHTaM, a 3Ha4UT, YBEJIMUUTH MPOLEHT BbIxoa rogusrx UMC.
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OAHOCTAAUNHBIN TEMITAATHBIN 30Ab-TEAb CUHTE3
TOHKOIIAEHOYHBIX ®OTOKATAAU3ATOPOB HA OCHOBE TiO,
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W3 cycnensnit Ha 0ocHOBE OECKHCIIOTHOTO 30514, o0pasyromiero aunokcua tutana (TiO,), n Tnokapbamuzaa B pasnnd-
HOM KOHOCHTPAIKU MOJTYYCHBI TOHKOIVICHOYHBIC IMMOKPBITUA T102 Ha MOHOKPUCTAJINIMYCCKOM KPEMHHUHU. HCCJ’IG}IOBaHBI
Mopdotorus, (pa3oBblii COCTaB U HOTOKATATUTHIECKHE CBOMCTBA CHOPMUPOBAHHBIX TUICHOK. METOJIOM CIIEKTPOCKOIINU
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OpHocTaauiHbIHA TeMIUIATHBIN 30J1b-TeJIb CUHTE3 TOHKOIJICHOY-
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KOMOMHAIIIOHHOT'O PacCEesiHUSI CBETa YCTaHOBIICHO (opMHUpoBaHHe cMecH (a3 aHaTas3a u pyTia B ieHke TiO,, mpuuem
IPH HOBBIILICHUH TeMIIepaTypbl oTkura cTpykryp TiO, — Si ¢ 550 o 850 °C nons pyTuiia yBenuuuBaeTcs. 3aperucTpu-
poBaHa (hOoTOKaTAIUTHUYECKAss aKTMBHOCTH IOJYYEHHBIX CTPYKTYP B OTHOIIEHHH TECTOBOTO OPraHWYECKOTo 3arpsi3HU-
Tenst — Kpacuress poramuia b. OTMedeno, yTo npu 00IydeHIH BOIHBIX pacTBOPOB poamuHa b Y®-u3nydyenuem (ammna
BOJIHBI 365 HM) B IPUCYTCTBHH CO3JaHHBIX IJICHOYHBIX CTPYKTYp Ha MpoTsHkeHnH 60 MUH HaOmonaercs: o0eciBeunBa-
HHE 10 48 % KpacuTesst OTHOCUTENBHO €T0 NCXOAHON KOHIeHTpatun. Hawryummii pe3ynbsrar moxassisaet mieHka TiO,,
c(OpMHUpPOBaHHAsI 3 CYCIICH3MU C MaKCUMaJIbHOW KOHIIEHTpaluel Thokapbamua (96 Mr/min) nmpu Temreparype oTKura
850 °C. Obcyx1eHbI TepPCIEeKTUBBI HCIIOIb30BAaHHS TTOTyUYEHHBIX TOHKOIJICHOUHBIX TOKPBITHI B CHCTEMaX OUUCTKH BOABI
OT OPraHUYECKHX 3arps3HEHUH.

Knrwouesvie cnosa: 30ib-reiib CUHTE3; TEMIUIATHBIA METOI; AUOKCHUJI TUTaHA; (DOTOKATAIN3; PYTHII; aHATa3; THOKap-
OamuI.

bnazooapnocme. Pabota BrinonHeHa npu (UHAHCOBOH noaaepkke bemopycckoro pecryonukanckoro Gonaa GpyHaa-
MEHTaIBHBIX uccienoBannil (mpoekt ®21Y36I-002).

ONE-STEP TEMPLATE SOL-GEL SYNTHESIS
OF TiO,-BASED THIN-FILM PHOTOCATALYSTS
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Thin-film coatings of TiO, on monocrystalline silicon wafers were obtained from suspensions based on acid-free
titanium dioxide producing sol and thiocarbamide in various concentrations. The morphology, phase composition and
photocatalytic properties of the fabricated films have been investigated. Formation of a mixture of anatase and rutile
phases in a TiO, film was revealed by the Raman spectroscopy, with the proportion of rutile increasing with an increase
in the annealing temperature of the TiO, — Si structures from 550 to 850 °C. The photocatalytic activity of the obtained
structures with respect to the test organic pollutant, the Rhodamine B dye, was established. When aqueous solutions of
Rhodamine B are irradiated with UV light (wavelength 365 nm) in the presence of fabricated film structures for 60 min,
up to 48 % destruction of the dye is observed relative to its initial concentration. Moreover, the best result is shown by
the TiO, film formed from a suspension with the maximum concentration of thiocarbamide (96 mg/mL) at annealing
temperature of 850 °C. Prospects of the obtained thin-film coatings for the purification of water from organic pollutants
are discussed.

Keywords: sol-gel synthesis; template method; titanium dioxide; photocatalysis; rutile; anatase; thiocarbamide.
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BBenenne

OuncTKa BOABI OT OPraHUYECKUX 3arpsI3HEHUH ITyTeM UX Pa3fioKEeHUs Ha Oe30I1acHbIe COSANHEHHMS B TeUe-
HHE MHOTHX JIET yAE€p>KUBAET UHTEPEC HccieaoBareneii no Bcemy Mupy. Mcnons3zoBanue oTokaTainzaropos
(ocobenHo npu akTUBaUKU UX YD-n31ydeHrueM) Al PELICHUs JaHHOH 3a/1a4i UMEET PsAJ] IPEUMYILECTB epes
JPYTUMH METOIaMH, CPEeIy KOTOPBIX — OTCYTCTBUE pacxofa PearcHTOB, BHICOKAS 3((EKTUBHOCTD PasiioxKe-
HUSI LIMPOKOTO PsiJia OPraHN4YeCKUX COCIMHEHHH, OIHOBpEMEHHas aHTHOaKTepHuaibHas 00paboTka pacTBOPOB
B OTHOIIIEHUH CAHUTAPHO 3HAYMMBIX MUKPOOPTAHU3MOB U T. 1. [ 1-3]. B xumMuueckoil TeXHOIOTHH TIpU paboTe
C JKUAKMMH M ra3000pa3HbIMU peareHTaMi OOBIYHO MCHOIB3YIOT KaTalu3aTopbl B AUCIEPCHOM BUAE, TaK KaKk

59



Kypnaa Besopycckoro rocyrapcrseHHOro ynusepcurera. ®usuxa. 2023;2:58-65
Journal of the Belarusian State University. Physics. 2023;2:58—-65

B OTOM CJIydae B OOJbIICH CTENICHU 3a/IeHCTBYETCS NMOBEPXHOCTh KAaTATUTHYECKUX YACTHII, YTO TOBBIIIACT
3P PEKTUBHOCTH TEXHOJIOTUYECKOTO Tporiecca. sl O4MCTKH BOJBI TAKXKE MPUMEHSIOTCS (OTOKATaTIH3aTOPhI
B MEJKOAMCIIEPCHOH (haze, 0OIHAKO MX MCIOIB30BAHUE MIPEANoaraeT HHTEHCHBHOE NiepeMelnBanue (BCTps-
XHMBaHHUC) PEAKIIMOHHOW cMecH sl obecriedeHus 2P HEeKTHBHOrO KOHTAKTa MOBEPXHOCTH (OTOKATaIM3aropa
C MOJICKYJIAMH 3arpsi3HUTENS] U BPEMEHHBIC 3aTparbl Ha (QUIBTpaluio, HEHTPUPYTUPOBAHUE H OTCTAHBaHHUE
OYMIIEHHON JKUAKOCTH IS TIOCIEAYIONIero yaaneHust yactull. [1pu ucrnonb30BaHuy yIbTPaIUCIEPCHBIX TO-
POIIKOB ()OTOKATATM3aTOPOB, COCTOSIIMX U3 HAHOYACTHI PA3IMYHOTO pa3Mepa, MPUCYTCTBUE (OTOKaTaIn3a-
TOopa 0OHAPYKUBAETCS B yXKE OUMIIIEHHOM C €0 MOMOIIBIO BOJIE, YTO HETaTHBHO CKAa3bIBAETCS HA €€ Ka4eCTBE
Y OTPUIIATENIHHO BIMAET Ha COCTOSHUE OKpYysKatoleil cpensl [4]. [IpuMenenne AUCIepCHBIX MaTepHalioB s
(hOTOKATaTMTHYECKON OUYMCTKH BO3AYyXa TAKXKE ABISAETCS CIOKHOM, a B HEKOTOPBIX CIIydasx U HEBO3MOKHOM
3ajauei, TpeOyIoNIeH JOTIOIHUTEIBHBIX Mep 10 00ECIIEUEHHIO OYUCTKH BO3/TyXa OT YacTHUI ()OTOKATAIH3aTOPA.
JHannas nmpo0iieMa MOXeT OBITh pelieHa MPH HCII0JIb30BaHIMH MMMOOMIIM30BaHHBIX HAa ONPEICIICHHOM MOTIOKKE
(oToKaTanM3aTopoB, KOTOPHIE MO3BOJISIIOT 3HAYUTEIHHO YITPOCTHTH ITUKIT (POTOKATAIUTHYECKON OUUCTKH BOJIBI
3a CUET UCKITIOUCHUSI MTPOIICYPhl PUIBTPAIUH PEaKIIMOHHON CMECH.

[Tomyuenue ¢porokarann3aTopoB B BUe 00bEMHBIX (KEpaMUYECKUX ) MaTepHAIIOB OTKPHIBAET BOBMOKHOCTH
CHHTE3a CJIOKHBIX KOMIIO3HTOB, HAIpUMEp, TBEPAO(Pa3HBIM METOIOM, 30JIb-T€JIb METOJOM, METOJIOM CIpeii-
MUpOJTU3a U Ap. B TO e BpeMs MPpaKTH4EeCKH BCe COBPEMEHHbIE METOIbI CHHTE3a, B YACTHOCTH 30JIb-T€JIb METO/I,
JIeTIAI0T BO3MOXKHBIM ()OPMUPOBAHHE HAHOCTPYKTYPHPOBAHHBIX KOMIIO3UTHBIX TUICHOK C Pa3BUTOH MOBEPX-
HOCTBIO. [IperMyIiecTBaMu IMIICHOYHBIX (DOTOKATATUTHYCCKH aKTUBHBIX TOKPBITHH Ha TTOJIOYKKAX SIBISTIOTCS
X MOOMIIBHOCTB, MIPOCTOTA UCIIOIB30BAHUSI M BOCCTAHOBJICHUS (OYMCTKH MPH HEOOXOJUMOCTH) ¥ BO3MOXK-
HOCTH KOHTPOJISI CBOMCTB IJICHKH, B TOM YHCIIE TIyTeM BbIOOpa MaTepHuasoB JUIsl €€ CHHTe3a U KOH(pUTYpalun
MTOBEPXHOCTH TOMJIOKKH.

Muoroo6pasue GpU3HKO-XUMHUUECKUX METOJIOB CHHTE3a, HCIIOIb30BaHHE MUKPO- U HAHOCTPYKTYpUPOBaH-
HBIX TOJUIOKEK U KOMOWHUPOBAaHUE PA3IMYHBIX MAaTEPUAIOB B €MHOM IIUKJIC CHHTE3a IMO3BOJISIFOT MTOIYYaTh
TUIGHOYHBIE (POTOKATAIH3ATOPBI, 3O(EKTHBHOCTD PA3JIOKEHHS TECTOBBIX 3arpsi3HUTENCH ISl KOTOPBIX COTIO-
CTaBUMa C TAaKOBOMH IS TOPOIIKOBBIX Marepruaiios [5; 6]. Emie 0jHO BayKHOE IPEUMYIIECTBO IMMOOHUIIN30BaH-
HBIX ()OTOKATAIN3aTOPOB — BOBMOKHOCTh OPraHU3alliK KaK MPOTOYHON CUCTEMbI OUMCTKH BOJIBI MIIA BO3/YXa,
TaK ¥ CHCTEMBI C 3aMKHYTBHIM IUKJIOM [ 7-9].

OnHUM U3 caMbIX aKTHBHO UCCIIEYEMbIX B TEUCHHE MHOTHX JICCATHICTUI HETOKCUYHBIX (oTOoKaTanmza-
TOPOB, aKTUBUPYEMbIX YD-u3ityueHueM, sapisiercs: quokcu tutada (Ti0,). CuHTe3upyeMblii 30/1b-I€llb METO-
JIOM Ha Pa3UYHbIX MOJUIOKKAX, BKIIOYasi KPEMHUH, TTOPUCTHIM aHOTHBIA OKCHJT aTIOMMHUS, CTEKJIa U MeTall-
nudgeckue GoIbru, OH JEMOHCTPUPYET BRICOKYIO (DOTOKATATUTHIECKYIO aKTHBHOCTH BO Beex ciydasx [10; 11].
[IpenmMyecTBaMu 3011b-T€Tb CHHTE3a JUOKCHIA TUTAHA SBISIOTCS OTHOCUTENIbHAS MPOCTOTA JTAOOPATOPHON
TEXHOJIOTHH C BO3MOKHOCTBIO MacIITabMpPOBaHNsl, KOHTPOJIb COCTaBa KOHEYHOTO MaTepHralia Ha dTare CHHTE3a
3011ei, (POpMUPOBAHKE KaK CIUIOIIHBIX, TAK M OCTPOBKOBBIX MOKPBITHH Ha PA3IMYHBIX MOJUIOKKAX, & TAKKe
BO3MOXKHOCTb OJTHOCTAIMHHOTO CHHTE3a T€TEPOCTPYKTYP U MaTepHalioB C BEICOKMUMH 3HAYEHUSMH yAETbHON
MTOBEPXHOCTH 3a CYET J00aBJICHHS TEMIUIATHOTO areHTa (IojJuMepa, OpraHMueCKOro COSAMHEHNS ), KOTOPBIN
BBUJIy OoJiee HU3KHX, YeM Temreparypa GopMUpoBaHusi OCHOBHOU (ha3bl, TEMIIEPATyp TOPEHHS U UCTIAPECHUS
(hopMHUpYET B TOTOBBIX IJICHKAX MYCTOTHI, IOJIOCTH M MAaKPOCKOIIMYECKYIO 3€PHHUCTYIO CTPYKTYpY [12—-14].

Lenbio naHHO pabOTHI SBISIOTCS CHHTE3, HCCIIEIOBaHNE U aHau3 ()a30BOro cocrasa U OTOKaTaIuTHYIC-
CKuX CBOHCTB M1eHOK TiO,, I0oJIyueHHbIX Ha MOJJI0AKKAX MOHOKPHCTANIMUECKOI0 KPEMHHUS U3 CYCIIeH3UN Ha
OCHOBE OECKHCIIOTHOTO 307151, 00pa3yroIero JUOKCH TUTaHA, U THOKapOaMu/ia B pa3inIHON KOHIICHTPAIIUH.

MaTepI/IaJ'II)I U METOAbI HCCJICAOBAHUSA

Jnst momydeHus (POTOKaTAINTUYECKU aKTUBHBIX IIeHOK TiO, mpuMeHsIM MOAN(DHUKALIUIO KJIACCHYECKOTO
30IIb-Tellb CHHTE3a — TEMIUIATHBIN 30J1b-TeJIb CHHTE3. B 3TOM BapwaHTe mpearnoiaraeTcsi BO3MOKHOCTD TT10JI-
HOI'0 TCPMUUYCCKOTO PA3JIOKCHUA TaK HAa3bIBACMOTI'O XEPTBCHHOI'O TEMILIATA. B kauecTBe TeMIIJIaTHOTO MaTe-
puana ucnone3zoBanu Truokapdamun (CS(NH,),) uucroroii 97,5 % (I'OCT 6344—73), KoTOpBIA pacTBOpsIIN
B OCCKHCIIOTHOM 30JI€ — MPEIIECTBEHHUKE JUOKCHIA THTAHa, TOJTYyYeHHOM Ha OCHOBE TaHoua, OyraHona-1,
aneTuianeroHa, terpansomnponokcuna tutana (Ti{OCH(CH,;),},) uucroroit 99,99 % (Sigma Aldrich, CILIA)
Y BOJIbI, KaK MOAPOOHO onucaHo B padote [6]. BeiaeacTeue yMepeHHOM pacTBOPUMOCTH THOKapOaMuaa B BO-
Jie U CTIUpTaxX, 00pa3yloux TUCIIEPCHOHHYIO CPEIy 30JI1-OCHOBBI, HAOIIOAANAch €ro0 NepeKPUCTAIUTH3ALUS
MIPU PacTBOPEHHH, YTO B KOHEYHOM MTOTEe MPUBOAMIO K (POPMUPOBAHUIO cyclieH3uH. Ee roMoreHHoCTh 00e-
CIIEYMBAIIN ITyTEM TepeMelnBanus B TedeHne 150 MuH co ckopocThio 850 06/MHH Ha TabopaTopHOM BCTpSI-
xuBarene [KA Vortex 4 digital (/IKA-Werke, l'epmanust) ¢ opOUTaIbHON TpaeKTOPHEH BCTPSIXUBAHUS (IUaMETp
op6utsl 4,5 Mmm). CycrieH3un cofiepskajy pa3IndHOe KOJMYEeCTBO TeMIutata (cM. Tabnuiy). [lnenkn Gpopmu-
poBanu Ha MOAIOKKax pasMepom 20 x 20 MM, BBIpE3aHHBIX M3 TUIACTUH MOHOKPHCTAJUINYECKOTO KPEeMHHUS
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mapku 100 SKBC 0,01(100)-460 (TY Pb 200181967.026—-2002), oxkynauuem B 1 mi cycnensuu. Ilocne usz-
BIIeUeHUS 00pa3er CyIIIIn Ha Bo3ayxe mpu Temmeparype 60 °C. 3aTeM mporenypy IMOBTOPSUTH €Ie OAWH pa3,
(hopMupys TakuM 00pa3oM ABYXCIOWHOE HOKPBHITHE KCEPOTeisl C BKJIIOUCHNEM TeMIrIaTa. Jlajee MOIoKKY C Ha-
HECEHHBIMH TJICHKAaMH OTKUTali Ha Bo3ayxe npu temmeparype 550 u 850 °C B Teuenue 60 MuH (cM. Tabnuity).

MapxupoBka u onucanue o0pasnos
Marking and description of samples

MapkupoBka CopneprkaHue THOKapOaMua Temneparypa
oOpasua B CYCIICH3UH, I/MJI orxwra, °C
1 0,012
2 0,048 550
3 0,096
4 0,012
5 0,048 850
6 0,096

Uccnenosanue ¢azoBoro cocrasa mieHOK Ti0, MpoBOAMIN METOAOM CIEKTPOCKOIMUH KOMOMHALIMOHHOTO
paccesinust ceeta (KPC), uyto 00yciioBieHo Manoi ToMmuHONH (OpMUPYEMOro MOKPBITHS U 0KHJACMbIM HH-
TEHCUBHBIM CHTHAJIOM OT MOHOKPHCTAJIJIMYECKOTO KPEMHUS MPHU HUCCIEI0BAHUN CTAHAAPTHBIM METO/IOM M-
(hpaxun peatreHoBckux aydeit. Cnextpsl KPC peructpupoBany mpu KOMHATHOW TEMIEpaType ¢ IIOMOIIBIO
koH(pokaapHOTO criekrpomeTpa Nanofinder High End (LOTIS TII, benapych — Slmonust). st BO3OyKaeHUs
CHUTHAaJIa UCTIOI30BaJIM TBEPIOTENBHBIN J1a3ep (uHa BOIHEI 532 HM, MomtHOCTh 20 MBT). U3nyueHnue nazepa
(hoxycHpoBa M Ha TOBEPXHOCTH 00pa3iia 00beKTUBOM C yBenuueHueM * 100 (uuciosas aneprypa 0,95), uto
OTIPEIEIISUI0 pa3Mep 001acTH BO30yKaAeHUs ~1 MKM B AuaMeTpe. MOIIHOCTB JIa3epHOTO U3Ty4eHUs], KaK Ipa-
BUJIO, 0CIIa0Msun 10 2 MBT Bo n30exkaHune TerIoBoro moBpexaeHus 00pasna. OTpakeHHbIH CBET AUCTIEPTUPO-
BaJICS AU(PPAKIIMOHHON pemeTkoi, coaeprxkaieid 600 mTpuxoB Ha 1 MM, YTO MO3BOJISIIO TOTYYaTh CIIEKTPab-
HOE paspelieHne He Xyke 3 cM . [Tonapu3atop B KaHAIE PErHCTPALMK He YCTaHaBTHBAM. CIIeKTPATbHYIO
KaJIMOPOBKY OCYILLIECTBIISUIN 110 JIMHUAM M3JIy4EHUs ra30pa3psgHoi JaMIlbl, o0ecrieunBaeMasi TOUHOCTh Obliia

He Xyxe 3 cM |. BpeMst HaKorIeHus curHama coctasmsuo 10 c. B kauecTBe (pOTONPHEMHHKA HCIIOIb30BAIA
oxyaxkaaemyro kpemaueByto CCD-Matpuiry. PesxxuM Bo30y>KIeHIS BEIOMPATH UCXOIS U3 HEOOXOIUMOCTH HUBE-
JIMPOBAHUS JIFOMHUHECLEHTHOTO CUTHAJIA IPUCYTCTBYOLIMX B IIJICHKAX YIJIEPOIHBIX OCTaTKOB, 00YCIIOBICHHBIX
pasJIoKEHUEM TeMILIara.

Uccnenosanne GoToKaTaauTHIECKOH aKTUBHOCTH C(HOPMHUPOBAHHBIX TIEHOK TiO, MpOBOAMIN B OTHOLICHHU
TECTOBOTO OPTraHWYECKOTO 3arpsi3HUTENS — KpacuTelns pogaMuHa b (B BOTHOM pacTBOpe ¢ MCXOAHOW KOHIIEHTpa-
et 10 mr/im). DxcrioHnpoBanue pactBopa ¢ oopasuamu TiO, — Si ocyIecTBIsIIN U3TyYeHHEeM PTyTHOH YD-naMIbl
(mmmHa BostHBL 365 HM, MontHOCTE 8 BT). Ilepen skcriornpoBanrem 00pasisl 30 MUH BBIIEP)KUBAIM B TEMHOTE J0
YCTaHOBJICHUS aICOPOLIMOHHOIO paBHOBECHS. [ [poLieHT pa3noskeHust KpacuTes sl OLICHUBAIN 110 M3MEHEHHUIO HHTCH-
CHBHOCTH MaKCUMyMa ITOITIOLICHHS KPACUTEJISl B PACTBOPE 10 CPABHEHUIO C TAKOBOH B HCXOAHOM pacTBope. CrieKT-
PBI TIPOITyCKaHMST PETHCTPUPOBANIM IIPU KOMHATHOI TeMneparype B quanazone JiuH BosH 400—700 HM ¢ miarom
ckanupoBanus 1 HM Ha criektpodoromerpe Proscan MC 122 (SOL Instruments, benapychs).

Pe3yabTarhl 1 NX 00CyKI1eHue

ITnenxn TiO,, copMupoBaHHEIE HA MOHOKPHUCTATMYECKOM KPEMHHH, XapaKTEePU3YIOTCS pPa3BUTON TEKCTY-
POI MOBEPXHOCTHU C KBa3UPABHOMEPHON MAaKPO3EPHUCTOCTHIO U TUITMUHBIM Pa3MEPOM OJHOPOIHBIX o0IacTen
(mo 50 mxm) (puc. 1). Takoit OCTPOBKOBBIIA XapaKTep MOKPHITHS ABIISETCS OTIIMIATEIHHON YePTON TEMILTATHOTO
CHHTE3a, OH 0COOCHHO aKTyaJleH JUIsl JOTOKATAITUTUIECKHUX IIOKPBITHH, TaK KaK 3HAUUTEIbHO BIUSIET Ha MUKPO-
LUPKYJSIIMIO )KUAKOCTU M TOBBIIAET 3 (PeKTUBHOCTD OUUCTKH [ 15]. dopmupoBanue nogo6Hoi Mopdonorun
TUIEHOK MOYET OBITH CBSI3aHO CO CJIab0il pacTBOPUMOCTBIO MPEKypcopa — THOKapOaMuia — B paCTBOPHUTEISAX,
MCTIOJIB3YEMBIX B 30JI€, a TAKXKE €ro CTAaOMILHOCTBHIO, UYTO TEM HE MEHEE He MPENITCTBYET XOPOIIei cMadrBae-
MOCTH U MOJIY4YEHHUIO BU3YyaJIbHO OIHOPOAHBIX IJICHKOOOPA3yIOIUX AUCIEPCHH.

Crextpel KPC cuntesnpoBanubix mieHoK Ti0,, HOpMHUPOBaHHBIE 110 CAMOMY WHTEHCUBHOMY ITHKY, ITPHU-
BeJICHBI Ha pHC. 2 (MapKUPOBKa 00pa3lloOB COOTBETCTBYET TabmuIe). st Bcex o0pa3IioB HAOMIOMASTCs Xapak-
TEpHBI HA0OP MUKOB, MOATBEPKAAOIIMX GpopMUpoBaHue (a3 aHaTaza U PyTUIa B IUICHKAX (0003HAUEHBI KaK
A 1 R cOOTBETCTBEHHO), OJTHAKO BBH]y OJM3KOTrO PacloyioKEeHUs] OCHOBHBIX JIMHUI aHatasa u pytuia (145,6
u 1439 cm ! COOTBETCTBEHHO) HACHTH(HKAIMS OCHOBHOIO nuka (0603HaueH kak A/R") mpeacrasmsercst 3a-
TPYAHUTEILHON U3-32 HEJIOCTATOUHOM pa3pelaroliei criocoOHOCTH MPUOOpa B BHIOPAHHOM [l HCCIICIOBAHMUS
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koH(puryparuu [16]. Tem He MeHee Hamuune UkoB 446,1 u 610,1 cM ! MO3BOISET HAIEKHO UIACHTUOUIIUPO-
BaTh 00Opa3zoBaHue (pa3bl pyTHIIA, @ POCT MHTEHCUBHOCTH YKa3aHHBIX MMKOB CBUJICTEIILCTBYET 00 0XKKJIAEMOM
YBEIMYEHHHU NPOLEHTAa ero cofaepkanus B mieHke TiO, mocne orxura mpu temmneparype 850 °C. KoceHHo
9TO TIOATBEPYKIACTCS yMEHBIICHHEM HHTCHCHBHOCTH THKa ~145 ¢M |, Tak KaK 9Ta JHHHS SPKO BRIPAKEHA IS
aHaTa3a ¥ B 3HAYUTEIFHO MEHBIICH CTENEHU — sl pyTmia [16].

}‘

REETRT
Lo s

Puc. 1. TloBepXHOCTH TUIEHOK Ha oOpasnax 3 u 6,
c(OpPMHUPOBAHHBIX U3 CYCHECH3UI ¢ MAKCHMAJIbHOW KOHI[EHTpaluel THokapbamuaa

Fig. 1. Images of the surfaces of samples 3 and 6
formed from suspensions with a highest concentration of thoicarbamide
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Puc. 2. Crextpst KPC menok TiO, Ha MOHOKPHCTAINIMIECKOM KPEMHHH TI0CIIE OTKUTa
npu Temneparype 550 °C (o6pasust 1-3) u 850 °C (obpasubt 4—6)
Fig. 2. Raman spectra of TiO, films on monocrystalline silicon after annealing
at temperature of 550 °C (samples 1-3) and 850 °C (samples 4—6)

O600mas ananu3 cnekrpoB KPC, MoxxHO yTBep»,aaTh, 4TO NpH Temreparype omkura 550 °C BHe 3aBu-
CHUMOCTH OT KOHIIEHTPallUu TeMIuiata (popMHUpyeTCs MOKPHITHE, COCTOSAIICE MPEUMYIIIECTBEHHO M3 aHaTa3a
¢ HeOOMBILION MPUMECHIO PYTHIIA, a MOBBIIICHHE TeMreparypbl oTxura 70 850 °C npuBOAUT K 3HAYUTEIEHOMY
pPOCTY KOHIIEHTpallUK PyTHJIa B IJICHKE.

WnenTudukanuio yraepoaHoi Gas3sl B paMKax JAaHHOTO SKCIIEPUMEHTa He TIPOBOJIUIIN, TOCKOIBKY (hDHU3HKO-
XMMHUYECKHE MPOIIECChl TEPMUUECKOTO Pa3ioKeHHs THOKapOaMu/ia MpeAoIaraloT ero IoJIHOe pa3pylleHue,
a TIOoJTy4aeMbli U3 HEro MUPOIUTUUECKUM pa3iokeHueM rpadurononoOHbiil HuTpua yraepoaa (g-C;N,) Hauu-
HaeT yCKOPEHHO pasfiaratbes yke nmpu temmeparype 560 °C BILIOTH 10 TIOTHOM NECTPYKIIUU IIPHU TeMIIepaTy-
pe 750-760 °C [17]. Bo Bcex 3apeructpupoBanubix criekrpax KPC mist oToxkeHHbIX npu Temieparype 550 °C
00pa3uoB xapakrepusle 11 g-C;N, (BKittouas pasynopsaodeHuslii g-C;N, ) muHun He BbisiBaeHs! [18]. OtcyT-
CTBHE CUTHaJA rpaUTONo100HOr0 HUTPHUIA YIIIepoaa TpeOyeT JOMOTHUTEbHBIX HCCIIEA0BAHNN XUMUUECKUX
npespatenuil B cucteme CS(NH,), — TiO, a1s ycTaHOBIEHHS BO3MOXKHOIO KaTaIU3UPYIOLIEro BIUSAHUS (a3bl
a”arasa Ha paspyuenue g-C;N, npu temneparype Boiie 450 °C.
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UccnenoBanue GoToKaraIuTUIECKON AECTPYKIIMH OPraHUIeCKOro KpacuTelsl pojaMuHa b B BogHOM pac-
TBOpPE MPH IKCIIOHUpOBaHUN Y®D-n3inyueHneM B mpucyrcTBuu oOpas3nos TiO, — Si moka3ssiBaeT 3((pexTus-
HOCTB Pa3JIOKEHUs], COMIOCTABUMYIO C TAKOBOM IS TOHKOTIJICHOYHBIX 00pa3IloB, OIYYEHHBIX U3 TEX JKe 30JIeH
0e3 momudukanuy, a Takxke rerepoctpykryp TiO, — g-C5N, [19].

Jist menok TiO,, cuHTe3UpOBaHHBIX IpH TeMneparype orxura 550 °C, xapakrepHa 0ojiee aKTUBHAS TEM-
HOBas ajicopOuus (puc. 3, @), IpU 3TOM TOCTE IECTPYKIMU COPOUPOBAHHOTO KPACUTENSI pa3IOKeHUE 3aMe]l-
asercs. J{ns mnenok TiO,, cuHTe3npOBaHHBIX NpH Temmeparype orxura 850 °C, TeMHOBast ancopOIys BbIpa-
JKCHA MEHBIIIE, HO Pa3IoKCHUE UACT Jydile Oiaroaaps o0pa3oBaHuio cMecu (a3, B TOM YHCIIE 3a cUeT Ooee
aKTHBHOM abcopOumu YO-nznydenus: pyTuioM. JJonomHUTENBHBIM (HakTOpoM MOBbIIIeHHS 3 HEeKTHBHOCTH
Pa3JIOKEeHHUST KPACUTEIIS SIBISICTCS BBIpaXKeHHas THAPO(HOOHOCTE pyTHIIa, KOTOpasi TPUIaeT NOBEPXHOCTH MaTe-
puaia cCBOHCTBa CaMOOYHMCTKH, YTO JUIS BOJXHBIX PACTBOPOB BHIPAYKACTCS B MOBBIIICHUH IPOIICHTA PA3JIOKCHUS
KpacuTess U HaOJIr0IacMOM H3MEHEHHH XapakTepa KpuBoi GoTtokaranutudeckoit necrpykuuu [20; 21]. Ctout
OTMETHUTb, YTO JIJIsl BCEX TUICHOK 3a()MKCHPOBAHO TIOBBINICHUE (POTOKATAIUTHYECKON aKTUBHOCTH TIPH YBEIINYe-
HUH KOHI[CHTpAI[MK THOKapOaMuia, pUYeM JIJIsl INICHOK, CHHTE3UPOBaHHBIX Ipu Temiepatype 850 °C, nanHas
3aBHCUMOCTH BBIPaKEHA CHIIbHEE. ABTOPHI MOJIAraf0T, YTO ITO MOXKET OBITh CBS3aHO C (POPMUPOBAHUEM PaA3BH-
To# moBepxHOCTH IuIeHKH TiO, B mporecce yaaaeHus ra3000pa3HbIX IPOAYKTOB TEPMHUUECKON IEKOMITO3HIIUH
THOKapOaMmu/Ia U3 Kceporesi B poriecce oTkura. KocBeHHO 3To OATBEpKIaeT aHAIN3 TEMHOBOH a/ICOpOLINH:
YBEITMUCHHUE KOHIIEHTPAITMH THOKapOaMuUIa B KCEPOTEISX C IMOCISAYIONNM OTKUTOM Tipu Temmepatype 850 °C
MPUBOJUT K YBEIIMUCHUIO TEMHOBOU ancopOIuu kpacurtens. B cimydae omkura mpu temmeparype 550 °C na-
OmrofiaeTcst oOparHast CUTYyaIusl, KOTOpasi MOJKET OBITh 00bsSICHEHA MEHBIIIEH CKOPOCTBIO Ta300TACICHHUS H, CO-
OTBETCTBEHHO, MEHEE PA3BHTON TTOBEPXHOCTHIO.
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Puc. 3. Kunetuka paznoxeHus pogamMusa b B BoqHOM pacTBope
TIpu SKcTIoHNpoBanun YD-n3mydenuem (AIrHa BOIHBI 365 HM) B mpucyTcTBHH 00pasmos TiO, — Si,
copmupoBaHHBIX oTxurom npu temmneparype 550 °C (a) u 850 °C (6).
O6inacts TeMHOBOH BeIIepKKH (30 MUH) OTMeUeHa Cepoil 3aJIMBKON

Fig. 3. Kinetic of photocatalytic destruction of Rhodamine B
in the aqueous solution under the UV irradiation (wavelength 365 nm) in the presence
of the TiO, — Si samples fabricated by annealing at temperature of 550 °C (a) and 850 °C (b).
The dark exposure area (30 min) is marked with a gray fill

3akaueHmne

W3 cycnensuit Ha 0CHOBE OECKUCIOTHOTO 30JIs1 — MpeamecTBeHHuKa Ti0, 1 THOKapOamMua, CTIONb3yeMOTro
B KaUC€CTBEC arcHTa JJid TCMIUIaTHOI'O CUHTE3a, IOJTYYCHbI IIJICHOYHBIC (I)OTOKaTaIII/ISaTOpI)I Ha MOHOKpPUCTAJLJIN-
YEeCKOM KpPEMHHH, 00JIaIa0IINE Pa3BUTHIM MAKPOCKOITMUECKUM perbedomM moBepxHocTr. Kak rmokaszan aHamms
cnektpos KPC, nosbimenue remneparypst omxura kceporeneit TiO, ¢ 550 no 850 °C cnocobcTByeT yBenu-
YCHHUIO COACPIKAHUA (1)331)1 pyTniia B TOTOBBIX IIJICHKAX, @ TAKKE IMOHMKXCHHUIO TEMIICPATYPhl ACCTPYKIIUU 06-
pasyromierocs B cucteme CS(NH,), — TiO, rpadutonogo6Horo HUTpHIA yIiaeposia, YTo0 MOKET ObITh CBA3aHO
C KaTaJIUTUYeCKUM 3 (PeKToM MPUCYTCTBYIOLIETo aHarasa. Bee nomyuennsie crpykrypst TiO, — Si nemoHcTpH-
pPyroT q)OTOKaTaJII/ITI/I‘IeCKyIO AKTUBHOCTb B OTHOIIECHUUN T€CTOBOI'O OPraHNMYC€CKOI0 3arpsA3HUTEIIA — KPpACUTECIIA
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ponamuna b (B BogHOM pacTBope npu akTuBanuu Y®-uznyuenuem). [Ipu yBenmmueHHN KOJTMYECTBa THOKapOa-
MUJIa B CyCIICH3UH JUTSI TUICHOK, OTOXOKEHHBIX TIpH Temrieparype 550 °C, nadmonaercsi pocT GOTOKATaIUTH-
YeCKOM aKTUBHOCTH, OJJHAKO JIaIbHEHIIIee OBhIIIeHNE Y(PPEKTUBHOCTH PA3JIOKECHHUS TECTOBOTO 3arPsI3HUTEIS
JOCTUTAETCA C yBeNIW4YeHneM temmnepatypsl orxura 1o 850 °C. IIpu 3ToM BeICOKOTEMIIepaTypHas o0padoTka
TaKKe CHMKAeT Ha 5 % TEMHOBYIO aJCcOpPOLMIO /IS MJICHOK, IMOJYYEHHBIX U3 CYCHEH3UH C OMHAKOBBIM CO-
nepaHueM THokapbamuia. MakcuManbHast fecTpykuus kpacutens (48 %) oTMeueHa B IPUCYTCTBUH TUICHKH,
MOJIYYCHHOM U3 CYCIIEH3UH ¢ cojiep:kanueM Tnokapoamua 0,096 r/mi, mocie omxura npu temieparype 850 °C,
9T0 00YCIIOBJICHO KaK (hopMUpOBaHUEM pa3BUTOTO penbeda 3a CYeT CHKUTaHUs TEMILIATa, TaK U OITUMAIIbHBIM
JUIsL TAHHBIX YCIIOBUM COOTHOIIeHHeM (a3 aHaTtaza u pytuia B mieHke TiO,. IIpencTaBieHHbIe pe3ynbTaThl
MOKAa3bIBAIOT MEPCIIEKTHBHOCTD PA3BUTHSI TEXHOJIIOTHUI TEMIUIATHOTO CHHTE3a JUIsl TONy4YeHHUs (P PEKTHBHBIX
TOHKOIUICHOYHBIX (poToKaranuzaTopos. Mcrnonp30BaHie UCCIEOBAHHBIX TOHKUX TICHOK TIEPCIIEKTHBHO B CH-
creMax (POTOKATATUTHUECKON OYMCTKH BOJIBI M BO3/TyXa OT OPraHUYECKHUX 3arpsI3HEHNH U TATOTEHHBIX MUKPO-
OpraHH3MOB.
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KOHAEHCHUPOBAHHOI'O COCTOAHNA

CONDENSED STATE PHYSICS

VK 539.213.2

IAEKTPOPUINUYECKUE CBOUCTBA
TOHKHUX ITAEHOK OKCHUAA NHAVA

B. C. BOJIOBYEBY, B. K. IOJITUH?, A. E. IOYTEHHBIH®

YBenopyccruii 2ocyoapemeennbiii mexnonoeuueckuti ynugepcumen,
yn. Ceeponosa, 13a, 220006, e. Munck, Berapyce
2)Befzopyccmw? 20CY0apCcmeeH blll azpapHblll MexXHUYecKull yHugepcumen,
np. Hezasucumocmu, 99, 220012, o. Munck, berapyco
dHeszasucumviii uccnedosameny, e. Munck, Berapyco

HccnenoBaHsl a1eKTpOGU3MIECKIE CBOMCTBA TOHKHX TUIEHOK OKcHaa MHusL. CTPYKTypa M XUMHYECKHI COCTaB TIje-
HOK M3Yy4eHbI METOJaMH AJIEKTPOHHOH AUPPaKIMK, CKAaHUPYIOLIEH JIEKTPOHHONH MHKPOCKOITUH, PEHTIeHOBCKOW (oTo-
JNIEKTPOHHOM CIIEKTpOCKoNuU. TeMmnepaTypHas 3aBUCUMOCTb IPOBOJMMOCTH IUIEHOK M3MEpEHA IPU MOCTOSTHHON KOH-
LEHTPaluy KUCIOPOAa METOIOM LUKINYECKOH TepmonecopOuu. Iloka3aHo, 4To B3anMOIEHCTBUE alCOPOUPOBAHHBIX
YaCTHI] C IICHKOM MPUBOIUT K 00pa30BaHMIO PA3IMIHBIX aCOPOIIMOHHBIX COCTOSIHUM, BIUSIIOLIMX Ha 3JIEKTPO(QU3NUECKHE
cBOlicTBa IUIEHKU. Ha OCHOBE pe3ylnbTaToB HCCIIENOBAHUS MIPEUIOKEH MEXAHU3M IIPOBOAUMOCTH. PocT nmpoBoauMoCTH,
CBSI3aHHBIN C YMEHBIICHUEM KOHIIEHTPAIMU aJICOPOMPOBAHHOTO KHCJIOPO/a, O0YCIOBICH TEM, YTO aJCOPOMPOBAaHHBIN
KHCJIOPOJ HIPAET POIIb HEHTPOB PACCESTHUS HOCUTEIEH 3apsA/ia, U CHHKEHUE €r0 KOHIIEHTPALUU IPUBOIUT K YBEIIMYEHUIO
MOAIBMYKHOCTHU HOcuTeel 3apsija. [loiyueHHbIe pe3ysabTarbl MOI'YT ObITh HCIIOIB30BAHbI B MUKPOJIEKTPOHHBIX JATYNKAX
1 CEHCOPAaX, TIOCKOJIBbKY OHM 00/1a/1atoT 60J1ee BBICOKUM OBICTPOICHCTBHEM 1 3HAYUTEIBHO MEHBIINM JIpeiioM noka3aHui,
YeM PE3UCTUBHBIE CEHCOPBI.

Knroueswie cnosa: CCHCOPBI; MCXaHU3M IIPOBOAUMOCTH,; TOHKA IIJICHKA; IIPbIKKOBAA IPOBOAUMOCTD, TepMO,I[eCOp6L[I/IiI.
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ELECTROPHYSICAL PROPERTIES
OF THIN FILMS OF INDIUM OXIDE
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The electrophysical properties of thin films of indium oxide have been researched. The structure and chemical com-
position of the films were studied by electron diffraction, scanning electron microscopy and X-ray photoelectron spectro-
scopy. The temperature dependence of the conductivity of these films was measured at a constant oxygen concentration
by cyclic thermal desorption. It is shown that the interaction of adsorbed particles with the film leads to the formation of
various adsorption states that affect the electrophysical properties of the film. Based on the results of the study, a mecha-
nism of conduction is proposed. The increase in conductivity associated with a decrease in the concentration of adsorbed
oxygen is due to the fact that adsorbed oxygen is the centers of scattering of charge carriers, and a decrease in its con-
centration leads to an increase in the mobility of charge carriers. The results can be used in microelectronic sensors and
sensors, since they have a higher response speed and significantly less reading drift compared to resistive sensors.
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BBenenune

YpoBeHb pa3BUTHS TEXHOJOTHH M TPEOOBaHUS HAyYHO-TEXHUYECKOTO MPOTrpecca Ha COBPEMEHHOM JTarie
00yCIIOBITBAIOT HEOOXOIMMOCTD MOBBIIICHUS 9PPEKTUBHOCTH KOHTPOJISI OKPYKAIOIICH CPE/Ibl U YIIPABICHHSI
TEXHOJIOTHYECKUMHU TIpoLiecCaMu. DTO MPEATNoaraeT UCIOIb30BaHNE Ta30BbIX CEHCOPOB, MEHSIOIINX CBOIO
MIPOBOJIMMOCTD B PE3YNIBTATE OKUCIUTENBHBIX PEAKIIHIA ¢ KHCIOPOAOM M BOCCTAaHABIMBAIOIIMMHA PeareHTaMH,
K KOTOPBIM OTHOCSITCSI MHOTHE Ta3bl, @ TAKKe Mapbl OOJBIIOr0 YHCIIa OPraHUYeCKUX BEelecTB. B HacTosiee
BpeMsl aKTHUBHO pa3pabaThIBAIOTCS CTPYKTYPHI ISl TAKUX DJIEMEHTOB OPTaHUYECKOH AIEKTPOHUKH, KaK XHUMH-
YecKHre ceHCOpsI [ 1], Ononormyeckue ceHCOpPHI [2] U coiHedHbIe OaTapey ¢ YAy4IICHHBIMU XapaKTepUCTHKA-
mu [3].

OZIHOI71 N3 HCPCIICHHBIX HpO6JIeM XUMHYECKON CCHCOPUKU ABJIACTCA CO3aHUEC BBICOKOYYBCTBUTCIIBHBIX
1 CEJEKTUBHBIX JaTYMKOB ra30Boro aHanusza. Cpeau HUX NepCHeKTUBHBIMU CUUTAIOTCS MOIYIPOBOAHUKOBBIE
ra3osbie cerHcopsl (I1I1I'C) ancopOunoHHOTO THTIA, BHITTOTHEHHBIE 10 MUKPOAJIEKTPOHHON TPYTIITOBON TEXHO-
noruu. [lepcnextuBunocts [I1I'C o0ycnoBnena HU3KOW MaTEPUAIO- U YHEPTOEMKOCTHIO, XOPOIIIeH BOCTIPOU3-
BOJIMMOCTBIO ITapaMeTPOB, MHHUATIOPHOCTHIO ¥ MCKITFOYUTEIHHBIM yI00CTBOM 00pa0OTKN CUUTHIBAEMOM HH-
q)OpMaHI/H/I. KpOMe TOT'0, CYIIECTBYET BOBMOKHOCTD UX M3IOTOBJICHUA B BU/JIC MHTCTIPAJIbBHBIX MUKPOCXEM.

W3 MHOXECTBa pa3iMyHbIX KOHCTPYKUMH U npuHiunoB padots! [ITII'C agcopOunoHHOrO THIA MIMPOKOE
MIPUMEHEHNE Ha MMPAKTHKE IOy YHIIA XeMOPE3UCTUBHBIE CEHCOPHI, IEHCTBHE KOTOPBIX OCHOBAHO HAa N3MEHEHHUH
CONMPOTUBJICHUSA CCHCOPHOT'O 3JICMCHTA IIPpU B33HMOILCI>'ICTBI/IH C KOHKPCTHBIM Ira30M. HpI/I 3TOM 3aBUCUMOCTDb
MIPOBOJIMMOCTH KOHJICHCHPOBAHHBIX TIEHOK OT KOHIIEHTPAIIMU aJICOPOMPOBAHHBIX MPUMECEH OIpeeseTcs
MeXaHU3MOM 3JIeKTporepeHoca. Tak, HarpuMep, B TOHKUX KOHJEHCUPOBAHHBIX IIJIEHKaX OPraHMYeCKUX MOJTy-
IIPOBOJIHUKOB C MPBDKKOBBIM MEXaHU3MOM IPOBOIUMOCTH aJICOPOMPOBAHHBIC IIPUMECH BIIHSIOT Ha SHEPTHUIO
AKTUBAIMH MPOBOJMMOCTH W KOHIIEHTPAIMIO IIEHTPOB JIOKAIHU3AINN, KOTOPhIe 00ECIEeUUBAIOT AIEKTPOIIepe-
Hoc [4; 5]. B niieHKax noimynpoBOJHUKOB € 30HHBIM MEXaHU3MOM IIPOBOUMOCTH aICOPOMPOBaHHbBIE IPUMECH,
KaK ITPaBUIIO, U3MEHSIOT KOHIIEHTPAIIUIO HOCUTENEH 3apsiia, He BIUsS IPHU STOM Ha BEJTMUYHUHY SHEPTHH aKTH-
Ballv MPOBOAMMOCTH. B MeTamnueckux miaeHKax aILCOp6I/IpOBaHHI)IC MPUMECHU MMPAKTUYICCKH HE OKA3bIBAIOT
JIEHCTBHS HA TIPOBOAMMOCTb.

C y4eToM TOTO 4TO ra30Bbie CEHCOPHI ()YHKIMOHUPYIOT B MPHUCYTCTBUU aJICOPOMPOBAHHOIO KHCIOPO/A,
MOJIEKYJIbI KOTOPOTO BIMSIOT Ha JIEKTPOIPOBOJHOCTD, ISl ONTHMHU3ALNN CEHCOPHBIX CBOMCTB MOJOOHBIX
YCTPOWCTB MPUHIUITHAIEHO BaKHO 3HATh MEXAHN3M TAaKOTO BIUSHHS, BKIIIOYast BKJIal COOCTBEHHBIX 3JIEKTPOH-
HBIX COCTOSIHUI M COCTOSTHUI a7cOpOMPOBAHHOIO KUCIIOPO/Ia B MPOLIECCHI AIEKTPOIEPEHOCa.

Hcnone3oBanue mieHok okcuaa uHaus (In,O;) B KauecTBe ra3o4yBCTBUTEIBHBIX MATEPUAIIOB CAEPKUBACTCS
BBICOKOM KBa3UMeTaJJIMUeCKOM SJICKTPOIIPOBOAHOCTHIO U HU3KOH CeJIEKTUBHOCTEIO. ITOBBICUTH YYBCTBUTECIIb-
HOCTb H CEJICKTHBHOCTh TaKUX IJICHOK MOXKHO ITyTeM MOTU(PUKAIINN UX XUMUYECKOTO COCTaBa M CTPYKTYPBI,
YTO JeJIaeT aKTyaJIbHBIMH HCCIIEIOBAaHUS B 3TOW obnactu. llenpro HacTosimei pa®oThl SBIsIETCS M3ydeHHE
BJIUSIHUS a7ICOPOUPOBAHHOTO KHCIOPOAA Ha AMEKTPO(YU3NUECKHE CBOMCTBA CEHCOPHBIX MIEHOK In,O5.
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MaTepnanbl U METOAbI HCCJICAOBAHUSA

OOBEKTOM HCCIIeI0BaHUs BBICTYNAIU TOHKME MIeHKU In,O; (Tommuna 30—-80 HM), KOTOpble OBLIM IO-
JyYEeHbI TEPMUYECKUM OKUCIICHUEM TUICHOK MHMS, OCKICHHBIX METOJOM MarHETPOHHOTO HANBbUICHUS TIPU
[IOCTOSIHHOM TOKE. BBIOOp AaHHOMN MJICHOYHOM TEXHOJIOTMH OOYCIIOBJICH TE€M, YTO OHA MO3BOJISIET (HhOPMHUPO-
BaTh OKCHIHBIE CJIOW TOJIIIUHONW OT HECKONBKHUX HAaHOMETPOB /10 HECKOJIIBKMX COTEH HaHOoMeTpoB. Hambuie-
HUE TIEHOK WHINS OCYIIECTBIUIOCHh Ha BaKyyMHOM yHUBepcaiabHOM 1octy BYII-5M (Selmi, Ykpanna) mpu
yckopsitonieM Harpspkenun 0,5 kB u toke paspsiga 0,15 A. JlaBiaeHue B mporecce HambUICHHUs! COCTABIISIIO
0,1-1,0 ITa. B xauecTBe ra3a 11 TpaBIeHHUs UCTIOIB30BAJICS aPTOH, KaTOJIOM BBICTYTIAJl WH/ANEBbI HAKOHEYHHK.
[Inenkn UHAMA OCAXIATNCh HA MOHOKPHCTAJUIMUECKIE KPEMHHUEBBIC TTACTHHBI, TOKPBITHIC UAIEKTPUIECKUM
CIIOEM 3IHUTaKCHAIbHOro okcuaa kpemuus (Si0,), okcunom amomunus (Al,O,) u cmronoi. ITocie ocaxxaenus
IUIEHKU UHWS NOABEPTaIiCh OKUCIECHHUIO B My(eIbHOM IEKTPUYECKOM Yl B HEM30TEPMUIECKOM PEXKUME!
B TeueHue 40—60 muH npousBoauics Harpes 1o temneparypsl S00—600 °C, a 3atem Ha npoTskeHHH 60 MUH
OCYIIECTBIISIICS U30TepMUUecKui oTKuUT Tipu Temrepatrype 500 u 600 °C (Temmeparypa u BpeMsl OKHUCIICHIS
MoA0OpaHbl SKCIEPUMEHTAIBHO).

Jiist u3MepeHus MEeKTPOPU3NIECKUX CBOHCTB HCIOIB30BAIUCH JINOO AIIEKTPOIBI U3 MPOBOISIIECH KOHTAKT-
HOH NacThl, HAHECCHHBIE Ha IOBEPXHOCTbH IJICHKH, JINOO BCTPEUHO-IITHIPEBAsi CHCTEMA HUKEJIEBBIX 3JIEKTPO/IOB,
pacnonokeHHasl 1MoJ] MIeHKOH. B KadecTBe MOANIOAKKH MPUMEHSIIACh CITto/la (MyCKOBUT) TONIUHON 10 MKM,
HHU3Kas TEIUIONPOBOAHOCTD KOTOPOM MO3BOJISIET PEAIM30BbIBATh OOJIBIINE IPAIUEHTHI TEMIIEPATYP, @ BEICOKOE
yAEIbHOE COMPOTHBIICHUE 00ECIIEYNBACT XOPOILYIO IECKTPOU3OIISLHIO.

[TpoBOAMMOCTS MJICHOK IPH MOCTOSHHOM TOKE OIpeAe/IsIach ¢ IOMOIIIbIo aekTpomerpa B7-57/1 (I1O «ben-
Bap», bemapycs). Temneparypabie 3aBUCHMOCTH NPOBO/IMMOCTH B HHTEPBAJIe TEMIEPATYp OT 370 no 450 K
M3MepsUICh B BakyyMe (maBienne 102 ITa) MeTooM mukimueckoil Tepmoaecopoumu [6-8]. CyTh 1aHHOTO
METOZla COCTOUT B HarpeBaHUM 00pasla A0 HEKOTOPOW TeMmeparypsl 1, 1 ero MocIeAyIoIeM OXJIAKICHNH,
B [TpOIIeCCe KOTOPOTO M M3MEPSIETCS 3aBUCMOCTD IMTPOBOIUMOCTH OT a0COTIOTHON TeMIIepaTyphbl, UIMEIOIIast BHT

G=G, exp(—ﬂj, (D)
kT

rae G, — NpeIdKCIOHEHINAIbHBI MHOXKUTEND; £, — S3HEeprus aKTUBALlUU IIPOBOAUMOCTH; k — IOCTOSHHAs

Bonwpimvana; 7 — aGcommoTHAS TeMITeparypa.

Konnenrpauus aacopOMpoBaHHOTO KUCIOPOAA IIPH OXJIAXKACHUM HE YBEJINYMBAIACh, TAK KAaK H3MEPEHUS
MPOBOAMIKCH B Bakyyme. O0pasell mociieioBaTelI-HO HarpeBascs 10 Bce 0osee BEICOKHX TeMITepaTyp, KOTO-
PBIM COOTBETCTBOBAJIM BCE OOJIee HU3KHE KOHLIEHTPALUH aICOPOMPOBAHHOTO KUCIopoaa. M3Mepenue Temie-
paTypHBIX 3aBUCUMOCTEH MPOBOANMOCTH P OXJIAKACHUH TTIO3BOJISIET [TOTYYUTh HA0OOp TeMIIepaTypHBIX 3aBH-
CUMOCTEH ITPOBOAUMOCTH, OTBEYAIOLINX PA3JIMYHBIM KOHLIECHTPALUIM aICOPONPOBAHHOIO KUCIOPOJa B OJHOM
1 ToM ke oOpasue. Ha ocHoBe 3T0r0 Habopa MOKHO ONpPeAeTUTh 3HAYSHHUs POBOJUMOCTH (IIpH TEMIIEpaType
300 K), mpensKCcrioHeHINaIbHOTO MHOKUTEIIS M SHEPTUHN aKTUBAIIUHU MPOBOIMMOCTH, COOTBETCTBYIOIINE Pa3-
HBIM KOHLIEHTPALHSIM aicOPONPOBAHHOTO KUCIOPO/A.

dazoBast cTpykTypa U MOPQOIOTHS TOBEPXHOCTH HCCIICAOBATUCH METOJIOM CKaHHPYIOMICH AJIEKTPOHHOM
MHKPOCKOTIHH C HCITONIb30BaHueM MUKpockoroB H-800 u S-806 (Hitachi, Simonus).

Pe3yabTarhl 1 UX 00Cy:K1eHHE

AHaIu3 MeKTPOHHBIX JTU(PPAKTOrpaMM MOKa3al, YTO eTUHCTBEHHON UIACHTH(OUIIMPYEMON KpUCTaInye-
CKOM (ha30li B OKCHIHBIX TUICHKAX B MPOLIECCE OKUCIICHHUS SIBISIETCS KyOnueckas ¢a3a ¢ MOJMKPUCTAIUINIECKOH
crpykrypoit In,0;. s mnenok In,O; xapakrepHa 3epHUcTas CTpykrypa (puc. 1, a) ¢ pasmepom vactui ot 10
1o 70 M. OcHoBHas 10715t gactuil (okoio 80 %) mpuxoanuTcs Ha MHTEPBAI OT 15 10 50 HM, MAKCIMYM HaXOJUTCS
B auanazoHe 25-30 uMm (puc. 1, 6).

PentrenoBckuii POTORIEKTPOHHBIN CIEKTP UHIUS XapaKTEPU3yeTCsl HATMUUEM JIBYX CHEKTPaTbHBIX JTMHUN
¢ sHeprusimu cBsizu (£) 444,4 u 452,0 5B 3a cuer MYJIETHIUICTHOO PaCIIeILICHHS 3d-ypoBHs. XUMHUYECKUHA
cuBur uHud In 3ds,, B OKCUIHOM MJIEHKE OTHOCUTENIBHO JIMHUU In’ (I/ICXOIIHOG 3HauUEHHE CpeHEN YHEPTUH CBSI3U
443,53B) coctarmsier 0,9 3B, 9TO0 MOYXHO OOBSICHUTH COCTOSTHHEM In** (TT0 UMEIOTIIMMCSI CTTPABOYHBIM JTAHHBIM,
U3MEHEHHME YHEPIUU CBS3H KOHGGJICTCSI B npenenax 0,8—1,2 3B). PentreHoBckuii OTORIEKTPOHHBIN CHEKTP
KHCIIOpOZA MPENCTaBIeH Ha pHC. 2. [IMKOBas JIMHUSA UMEET SIPKO BBIPAKEHHYIO ACHMMETPHIO, YTO YKa3bIBAET
Ha HAJIMYHE MTEPEKPBIBAIOIINXCS TUKOB, PA3THYAIOIIUXCS IO SHEPTHH, (POpME M HHTEHCUBHOCTH, C SHEPTUAMHU
cBs3u 529,95 u 531,9 »B.

doTodneKTpOHHAs TMHUA ¢ dHepruel cBs3u 529,95 5B nveeT 00MbIITyI0 HHTEHCHBHOCTB U COOTBETCTBYET CO-
CTOSTHUIO PEILETKU KHCII0PO/ia (CONIACHO CIIPABOYHBIM JJaHHBIM CpeHss oHeprus cBs3u O, B coeiuHeHuu In, O,

68



Du3NKa KOHAEHCHPOBAHHOTO COCTOSTHUS
Condensed State Physics

cocrasisieT 530 3B u Bapsupyercs ot 529,1 10 530,9 3B). [llupokas 060s104Ka (GoTOMEKTPOHHBIX JIuHUH O 1s
B obnactu 531,0-534,5 3B cBsizaHa ¢ 1ocTaTouHO OONBITUM YHCIOM (HOPM KHUCIOPO/Ia U €r0 COCTMHEHUH, al-
COpOMPOBAHHBIX HA TTOBEPXHOCTH. DOTORIEKTPOHHAS TUHUS C dHEpTHEeH cBs3n 531,9 9B MOXeT COOTBETCTBO-
BaTh pa3InYHbIM (hopMaM aiIcOpOMPOBAHHOTO HA MOBEPXHOCTH KHUCIOPO/Ia, 8 TAKXKe KHCIOPO/a, BKIIFOUEHHOTO
B THJIPOKCHJIBHYO TPYIIILY.

[NoyuenHbIe TeMIiepaTypHble 3aBUCUMOCTH MIPOBOJMMOCTH, MPEICTABICHHBIC HA PHC. 3, TIOKAa3bIBAIOT, YTO
110 Mepe AecopOLMU KUCIIOPO/ia IPOBOAUMOCTb IIEHOK In,O5 Bo3pacTaet, a caMu TeMIIepaTypHble 3aBUCUMOCTH
nojpunHstoTest ypaBHeHuto (1). Tor ¢akt, 4yTo B mpoiiecce TepMOAECcOpOLIMU KUCIOPOa DJHEPTUs aKTHBAIIUH
HPOBOJMMOCTH IIJIEHOK In,O; CyIecTBEHHO M3MEHSIIACh, TIOATBEPKIAAET MPBIKKOBBIN MEXaHNW3M MIPOBOAU-
MoOCTH [4; 5] B 3TOM Marepuaie, Korua MePeHoC NEKTPOHOB MOKET OCYIIECTBISATHCSA KaK MO0 COOCTBEHHBIM
COCTOSIHUSIM C PaJilyCOM JIOKAJIN3AIMHU @, TaK ¥ 110 IPUMECHBIM COCTOSHHSAM C PAJIyCOM JIOKAJIU3AIUH d,.
B cootBerctBUM ¢ Gopmynoi (1) Bce u3MepeHHBIE TEMIIEPaTypHBbIE 3aBUCUMOCTH SIBIISTIOTCS JIMHEHHBIMU TI0

1
koopanHatam In G — T (cm. prc. 3). DTo HOKa3BIBAET, UTO OJMH M3 KaHAJIOB IIEPEHOCA SJIEKTPOHOB (COOCTBEH-

HBI{ WM IPUMECHBIH) SBIISETCS, IO CYTH, IPE00IaJatoIIuM.

ala o/b

-
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(9]
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Puc. 1. COM-n306paxenne mieHok In,O, Ha cimione (a) U pacTpeseneHne X 9acTHIl 110 pazmMepam (0)
Fig. 1. SEM images of In,O; films on mica (@) and size distribution of their particles (b)
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Puc. 2. PentreHoBckuil (hOTOTEKTPOHHBIN CIIEKTP KUCIOpOa
Ha MOBEPXHOCTHBIX MIeHKax In,0;

Fig. 2. X-ray photoelectron
spectra of oxygen on In,O5 surface films
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Puc. 3. TemnepaTypHbIe 3aBUCHMOCTH IIPOBOIMMOCTH TIEHOK In, 05,
U3MEPEHHBIC B BaKyyMe IIPH TEMIIEpaType Hadaa OXJIKICHUS:
1-100°C;2-110°C; 3120 °C; 4 —130 °C; 5 — 140 °C;
6—-150°C; 7—160 °C; 8§ — 170 °C
Fig. 3. Temperature dependences of the conductivity of In,O; films
measured in vacuum at the temperature of the beginning of cooling:
1-100°C;2-110°C; 3-120°C; 4 - 130 °C; 5 — 140 °C;
6—150°C; 7—-160 °C; §— 170 °C

Poct npoBoaumoctu (cM. puc. 3) ¥ IperdKCIOHEHIMAIbHOr0 MHOXKUTENS (puc. 4) mwieHok In,O, npu ne-
cOpOLMH KHCIOPO/ia CBUAETEIBCTBYET O TOM, YTO YMEHBIIEHHE KOHIIEHTPALUH aacOPOMPOBAHHOTO KHCIIO-
poJia IPUBOIUT K YBEIHMUEHHUIO MTOJBMKHOCTH HOCHUTENEH 3apsna. M3 aToro ciemyer, 4To aicopOMpOBaHHBIN
KUCJIOPOJ] UTPAET POJIb LIEHTPOB PACCESTHUS.

-9,1

InG,, Cm

-9,7 I I I L
370 390 410 430 450

T,.K

Puc. 4. 3aBucuMOCTb PEIIKCIOHEHINATBHOTO MHOKHTENS TIeHOK In, 0,
OT TeMIIepaTypbl Hauaa OXJIaxkIeHHsI

Fig. 4. Dependence of the pre-exponential multiplier of In,O; films
on the temperature of the beginning of cooling

B T0 )¢ Bpemst 2HeprHsl aKTHBAITIH TIPOBOIUMOCTH TUICHOK TP IECOPOITHH KUCIIOpOaa YMEHbIaeTcs (puc. 5).
CrenoBaresibHO, CHU)KEHHE KOHLICHTPAIIMHY aJICOPOMPOBAHHOTO KMCI0PO/1a BbI3bIBACT CMEILCHHE YpoBHI Depmu
OJIHIKE KO JIHY 30HBI IPOBOJIMMOCTH. DTO TIOKA3bIBACT, YTO YPOBHH aJICOPOUPOBAHHOTO KUCIIOPOAA pacroia-
raroTCsl HUKE CEPEAUHBI 3AIPEIICHHON 30HBI.

Jns ompenelieHuss KaHajla MEepeHoca DIICKTPOHOB 3HAUCHHS MPEAIKCIIOHEHIINAIBHOTO MHOXKHTEIS
Y DHEPrUM aKTUBALMHU MPOBOJUMOCTH IUIEHOK In,O, rpaduueckn npeacrasieHs! B koopauHarax InG, — E,

(puc. 6).
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Puc. 5. 3aBHCMMOCTb SHEPIUHU aKTHBALUH IPOBOJIUMOCTH IIEHOK In,O;

OT TeMIIepaTyphl Hauasla OXJIaxICHHUS

Fig. 5. Dependence of the activation energy of the conductivity of In,O; films
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Puc. 6. 3aBHCUMOCTB SHEPTUU aKTUBALIUH ITPOBOAUMOCTH
OT MPEAIKCIIOHEHIINATBHOTO MHOXKUTENS TIEHOK In,05

B TeMrlepaTypHoﬁ 3aBUCUMOCTHU NPOBOAMMOCTH

Fig. 6. Dependence of the activation energy of conductivity

on the pre-exponential multiplier of In,O; films
in the temperature dependence of conductivity

\i

SHGPFI/ISI AKTHBalluu MPOBOAMMOCTH U HpeHSKCHOHCHHI/IaHLHBIfI MHOXKUTCJIb MOTYT OBITh 3aITUCAHbBI B BHUAC

cooTHoleHul [4; 5]

1
_ 0, 99¢% 13
4me e

E

a

o
G, =Gy exp -— |

an3

2)

3)

7€ e — 3apsi/l ANEKTPOHA; # — KOHLEHTPALUs LIEHTPOB JIOKAIU3ALUY; €, — MEKTPUIECKas IOCTOSIHHAS (IUIIEKT-
puueckasi IPOHUIIAEMOCTh BaKyyMa); € — OTHOCUTEIIbHASL JUIEKTpUUECKas IPOHULAEMOCTb; Gy — IOCTOSIH-
Hasl, 3aBUCSAIIAS OT pajnyca JIOKAIU3allu1 JIEKTPOHOB; O = 1,73 — mepKOIAIMOHHAsS KOHCTAHTa; d — PaJnycC

JIOKaJIM3alu 3JICKTPOHOB.
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WckmiounB n n3 BeipaxkeHui (2) u (3), MOXKHO MOJTyYUTh CIEAYIOIIEe COOTHOIICHHUE:!

0,990.¢>

11’1G0 = lnGO3 - m
0 a

“
B cootBeTcTBHM € COOTHOIIIEHUEM (4) 3aBUCHMOCTh SHEPTUH aKTHBAIIUU TIPOBOJMMOCTH OT TPEIKCIIOHEH-
[IUAJTLHOTO MHOYKHUTEIIS SIBIISICTCS TMHCHHOMN, UTO TIOATBEPIKIACTCS pe3ysIbTaTaMH dKCTIEpUMEHTa (CM. puc. 6).
®opmymna (3) — OTIMYUTENIFHOE COOTHOIIIEHHE /ISl PBDKKOBOTO ANIEKTPOTIEPEHOCA, TO3TOMY JINHEHHAas! 3aBHU-
CHUMOCTb, TIPEJICTABIICHHAS HA PUC. 6, OJJHO3HAYHO MOATBEPIKIACT NPHIKKOBBI MEXaHNU3M MTPOBOJMMOCTH B TOH-
KUX IUIeHKax In,Os;.

Takum 006pazom, 0OHAPYKEHHBIH POCT IPOBOIUMOCTH, CBS3aHHBIN C yMEHBIIIEHHEM KOHIIEHTPAIINH a7cop-
OMPOBAHHOTO KHCIOPO/A, OOYCIOBIEH TE€M, YTO aICOPOMPOBAHHBIN KHCIOPOA MPEACTABISAET COO0M HEHTPHI
paccesHUsI HocUTeleH 3apsjia, TOATOMY CHIDKECHHE €To KOHIICHTPAIIMHU ITPUBOJIUT KaK K YBEITHUCHHIO TIOJIBUK-
HOCTH HOCHUTEINEH 3apsia, Tak U K cMeleHnto yposHs depmu B mienkax In,0;, yMeHbIIast TEM CaMbIM dHEp-
THIO aKTHBAIIUH ITPOBOAUMOCTH.

OTtmeTnM TakXke, yTo OOHAPYKEHHBIN APPEKT MOXKET UMETh MPAKTHUECKOE NMPUMEHEHUE TIPU CO3IaHUHU
a1IcOpOLIMOHHO-PE3UCTUBHBIX CEHCOPOB KUCIOPO/A.

3aKjaoueHune

Pesynbrarhl Hcciie10BaHUs IOKA3BIBAIOT, YTO B3aUMOJICHCTBHE aJICOPOMPOBAHHBIX YACTHIL C TUICHKOW In, 0,
MIPUBOAUT K 00pa30BaHHIO PA3ITUYHBIX aJCOPOIIMOHHBIX COCTOSHUH, BIHSIONINX Ha MIEKTPO(MU3NUECKIE CBOWCTBA
rieHKH. OCHOBHBIM BHJIOM HECOOCTBEHHBIX MOBEPXHOCTHBIX COCTOSHHI, OKA3bIBAIOIINX CHIIBHOE BIUSHUAE Ha
ANIeKTpo(hU3MUECKHEe MapaMeTphl TUICHOK, SBISIFOTCS. COCTOSHUS, OOYCIIOBIICHHBIE XeMOCOPOIHEer KHCIOPOoa.
Ha naHHBIX MOBEPXHOCTHBIX COCTOSIHUSX TPOUCXOIUT JIOKAIHU3AIHS CBOOOIHBIX AIIEKTPOHOB, YTO HEMOCPE/I-
CTBEHHO CKa3bIBAa€TCA HA MapaMeTpax 3JEKTPONEPEHOCa U TEPMOIIEKTPUUECKUX CBOMCTBaX mieHoK. Kucio-
po, OyIydu aKIenToOpoM IEKTPOHOB, XeMOCOPOUPYETCsl Ha TIOBEPXHOCTH OKCHJIOB B OOJIBIIIMHCTBE CIIy4acB
B 3apsDKEHHOM (hopMme, T. €. CO3/IaeT B 3allpelIeHHON 30HE JIOKaJIbHBIE YPOBHU. VCXOs W3 3TOTO, OHUM M3
MEXaHM3MOB BO3JICHCTBUS afCOPOIMH ra30BBIX YACTHI] HA TEPMOIJICKTPUIECKIE CBOMCTBA IJICHOK MOXKET OBITh
VM3MEHEHHE KOHIICHTPAIIMH WU 3apsI0BOM ()OPMBI aICOPOUPOBAHHOTO KHCopoaa. OOHapYKEHHBIH POCT IPO-
BOJIMMOCTH, CBSI3aHHBIN C YMEHBIIIEHUEM KOHIICHTPAIIHH aJICOPOUPOBAHHOTO KHCIOPOa, 00YCIOBIIEH TEM, UTO
aJIcCOpOMPOBAHHBIN KUCIOPOJ] MPEICTABISIET COOO0M IIEHTPBI PacCesHUs HOCUTENEH 3apsijia, U CHIDKEHUE ero
KOHIICHTPALIUU MIPUBOJIUT K YBEJIMUYEHUIO MMOIBHKHOCTU HOCUTEIIEH 3apsia.
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HEKOTOPBIE ACIIEKTBI ITEPBUYHbBIX YEPHBIX ABIP
B PAHHEN BCEAEHHOUM N1 NTHOAALIMOHHASA KOCMOAOTUS

A. D. IHAJIBIT-MAPTOJTHH"

1)Hhtcmumym s0epHuix npoonem BI'Y, yn. bobpyiickas, 11, 220006, 2. Munck, bBerapyce

[IepBuuHbIe YepHBIE IBIPHI MOTYT BO3HUKHYTh B paHHeH BceneHHOM He3aBUCHMO OT TOTO, KaKOH KOCMOJIOIMYECKUI
CleHapuil ee paciuupeHus: (MHQISIMOHHBIN, IUKINYECKUH Wi Apyroi) peanusyercs. OJHAKO caMo CyIIeCTBOBAaHHE
JTAHHBIX 00BEKTOB MOXKET H3MEHNTH OCHOBHBIC ITapaMETPhI BBIICYKa3aHHOTO CIICHAPHSI, €CIIM OHM BO3HUKAIOT /10 HayaJsa
€T0 OCYIIECTBICHUS, T. €. B IIEPBbIE MIHOBEHUsI nocsie bombioro B3pbiBa. B cBsizn ¢ aTMM nccnenoBanne hopMuposa-
HUA ¥ UCIIAPEHUS IIEPBUYHBIX YEPHBIX ABIP ABIAETCH 3()(GEKTHBHBIM HHCTPYMEHTOM IJIS H3YUCHUS POLECCOB B PaHHEH
BcerneHHOiA, B 4aCTHOCTH IPAaBUTAIIOHHOTO KOJUIANCA, Pa3IMUYHbIX KOCMOJIOTHUECKUX MOJIEIIeH, a Takxke (PU3UKH BhICO-
KHX 9HEpruil. B HacTosiee Bpemst Takue YepHbIe AbIPHI OOBIYHO HCCIIEAYIOTCSI B paMKax MOIYKJIACCHYECKOH allpoKCH-
Malyy, T. €. KOrJla BTOPUYHO KBAaHTOBAHHBIE IT10JISI MAaTEPHU PACCMATPUBAIOTCS HA (POHE KJIACCHYECKOTO IPOCTPAHCTBA-
BpeMeHH. Ho Tak Kak »HEprum, MpH KOTOPHIX 00pas3yloTcsi TIEPBUYHBIC YEPHBIC ABIPHI, YAaCTO OMM3KH K IIAHKOBCKUM
SHEPTHSIM, TIOJOOHOE PACCMOTPEHUE HE MOXKET CIUTATHCS YAOBICTBOPUTEIBHBIM, HOCKOJIBKY B 3TOM CIIy4ae CTaHOBSITCS
CYLIECTBEHHBIMU KBaHTOBO-I'PaBUTALMOHHBIE G deKkThl. B paboTe mokasaHo, kKak MOPOKAECHHBIC JaHHBIMH d(pdeKTamu
KBaHTOBO-I'PaBUTAI[IOHHBIC MTONPABKU YUYUTHIBAIOTCS B MHQISIMOHHBIX KOCMOJIOTHYECKUX MOJICIISIX, €CITU B TOUH]IIS-
LIMOHHYIO 3TI0XY BO3HUKAIOT IIEPBUYHBIC YepHbIE AbIPHI. [Ip0oeMOHCTPHPOBAHO, YTO B paMKax CIPaBEUIMBOCTH 0000-
IIIEHHOTO NPUHIUIIA HEONPEIEICHHOCTH 3TH TIONPABKH MOTYT OBITh BBIYMCIICHBI JUISl BCEX OCHOBHBIX MH(ISIIMOHHBIX
rapaMeTpoB, TaKUX Kak MaciTaOHbIN (hakTop, mapamerp Xab0ia, mapaMeTpbl MEUICHHOTO CKaTbIBAHUS U JIP.

Knrwuesvie cnosa: TMEPBUYHBIC YEPHBIC IbIPHI; I/IH(bJ'IS[I_[I/IOHHaSI KOCMOJIOTUs; KBAaHTOBO-TPaBUTAIMOHHBIC ITOIIPABKU.
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SOME ASPECTS OF PRIMARY BLACK HOLES
IN THE EARLY UNIVERSE AND INFLATIONARY COSMOLOGY

A. E. SHALYT-MARGOLIN®

nstitute for Nuclear Problems, Belarusian State University,
11 Babrujskaja Street, Minsk 220006, Belarus

Primary black holes can arise in the early Universe irrespective of what cosmological scenario of its expansion (infla-
tionary, cyclic or other) is realised. However, the very existence of these objects can change the basic parameters of the
above scenario if they arise before the beginning of its realisation, i. e. in first moments after the Big Bang. Therefore,
the investigation of the formation and evaporation of primary black holes is a powerful tool to study the processes
in the early Universe, in particular, the gravitational collapse, various cosmological models, and also high energy physics.
At present these black holes are studied most often within the semiclassical approximation, i. e. in the case when the se-
condary quantised fields of matter are considered against the classical space-time background. But since energies at which
primary black holes arise often are close to Planckian energies, such consideration cannot be considered satisfactory,
since in this case quantum-gravitational effects become essential. This paper demonstrates the ways to include the quan-
tum-gravitational corrections generated by this effects in inflationary cosmological models if primary black holes arise
in the preinflationary epoch. It is shown that, due to the validity of the generalised uncrtainty principle, these corrections
may be calculated for all the fundamental inflationary parameters, specifically, for the scale factor, Hubble parameter,
slow roll parameters, etc.

Keywords: primary black holes; inflationary cosmology; quantum-gravitational corrections.
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BBenenune

B cooTBeTcTBUM € COBPEMEHHBIMH TIPE/ICTABICHUSIMA HanOoee BLICOKHE SHEPTHH, PU KOTOPBIX JIOJKHBI
HPOSIBIIATHCS (PU3NUECKHE 3aKOHBI, ONIPEACIISIOTCS MIJIAHKOBCKUMH SHEPTHAMH Ep = 10" I'sB. MmerHO [P ATUX
9HEPTrHSX CYLIECTBEHHYIO POJIb HAYMHAIOT UTPaTh KBAHTOBO-TpaBUTAIIMOHHBIE A dekThl. Tak, B padote [1] chop-
MYJMpPOBaHA TUTIOTE3a O TOM, YTO TPaHUI[a PIMEHIMOCTH U3BECTHOW KBAHTOBOI TEOPHH OIS [2] HAMHOTO HIXKE
IUIAHKOBCKOH sHepruu Ep. B myOnukanusix [3; 4] oTa runores3a JoKa3zaHa B IPEIIOI0KEHIH, YTO IPOCTPAHCTBEH-
HO-BpEMCHHAs (MHaue KBaHTOBasI) meHa [5—10] mpu MIIaHKOBCKHX MAacCIITadaxX COCTOUT M3 MHUKPOCKOIIHUECKUX
YepHBIX JbIp (MU KBaHTOBBIX YepHBIX AbIp (KU/I)) ¢ pagmycom [lIBapimminbaa, OIM3KUM K ITIAHKOBCKOM JIJTH-
He /[, (cM., HanpuMmep, [9; 10]). Berony nanee nmpenmomnaraercst, 4T0 IPOCTPAHCTBEHHO-BPEMEHHAsI IIEHa COCTOUT
3 KU /1.

CraenyeTr OTMETUTb, YTO AJISl YEPHOH ABIPBI OOJIBIIOTO pa3Mepa KBaHTOBO-TpaBUTAMOHHBIE 3(deKTh! nc-
Ye3alole Majibl i TIO3TOMY, KaK MPaBUIIO, HE YYUTHIBAIOTCS IPY BRIYUCICHIUH TEMIIEPATypPhl, SHTPOIIHU | APY-
rux nmapamerpoB. Hanporus, mis KU/ yxasannsie 3 ekThl SBIAIOTCS BECbMa CYIECTBEHHBIMH, BBHY YETO
00513aTeNbHO JTOJKHBI YUUTHIBATHCS B pacueTax.

SIcHO, 94TO B KOCMOJIOTHH, 110 KpaifHE# Mepe NpH O4eHb BBICOKUX HEPTUAX (OJIM3KUX K TUTAHKOBCKHUM), T. €.
B paHHel BceneHHOM, KBaHTOBO-TpaBUTAIIMOHHBIE d(PEKTHI TAKKE TOJDKHBI OBITH YUTEHBI B JTFOOOM Citydae,
HE3aBHCHMO OT TOTO, OCYIIECTBISAETCS WHOISIIIMOHHBIN clieHapwii Win HeT. Torma 3Ti 3¢ (deKTs MOTYT T0-
POXIATHCS YSPHBIMH JIBIPAMHU MaJIbIX Pa3MepoB, U B yactHoctd KU/I.

B nanHOM ciydae MOXXHO CUHTATh TH YEPHBIE ABIPHI MAIBIX PAa3MEpPOB IMEPBUYHBIMH YEPHBIMU JIBIPa-
mu (ITY) [11] u uccrnenoBaTh BONPOC O TOM, KaK MOCIIEAHNE BIUSIOT HA U3BECTHBIE KOCMOJIOTHYECKUE T1a-
pameTphl B panHe#t Beenennoii. B HacTosiiell pabore Ha4yaTo Takoe MCCIICI0BAHNE B paMKaxX UHQIISIIUOHHOM
mapaaurMel. [lokasaHo, Kak yuyeT KBaHTOBO-TPABUTAIMOHHBIX TOMPABOK IS BBIIEYKa3aHHBIX YE€PHBIX JBIP,
BO3HHKAIOMINX B JOMHQIIUOHHYIO 3TI0XY, MOJKET M3MEHSTH OCHOBHBIC TapaMeTpbl HHAIALUN — MacIITaOHbIH
(haxtop, mapameTp Xab06ia, mapaMeTphl MEIJICHHOTO CKaThIBAHWS.

IlepBuYHBIe YepHbIE AbIPBI

UepHsie apIpbl, 00pasyromyecs B panHel BeeneHHoi, Ha3piBatoT nepBu4HbIMU. Hanbosee o0mmm MexaHms3-
MoM (opmupoBanus [TY]] sBisieTcs TpaBUTAIIMOHHBIN KOJITAIIC MaTEPUH BRICOKOH TUIOTHOCTH, TOPOKICHHBIN
KOCMOJIOTHUECKHUMHU BO3MYIICHUSIMHU, KOTOPbIE BOSHUKAIOT, HAIPUMED, B Ipoliecce HHOIsAn (HO HeoOs3arelib-
HO) B panHeit Beemennoii [11]. Omuako unes hopmuposanus [1Y]] mosBuiiack HaMHOTO paHBIIE, YeM TIEPBBIC
WHQIIAMOHHBIE MOJICIIH, B YaCTHOCTHU B pabote [12] 1 He3aBucHMO B cTaThsx [13; 14].
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K nacrosimiemy Bpemenu B ucciienoBanuu [TH/] monyueH psji BaxKHBIX pe3ysbTaToB, CPEAU KOTOPBIX — J10-
CTaTOYHO TOYHas oleHka maccel [TY]] M H(t), oOpa3syromieiicst B TeueHHue BPEeMEeHH ¢ Tocie bombIioro B3psI-

Ba [15-17]: g t
MH(t)zEzlols(lo_B). (1)

W3 Beipaxkenus (1) HemocpenctsenHo cienyet, yro [TH]] obmamaioT mupokuM crekTpom macc. B gact-

HOCTH, JUIS IJTAHKOBCKOTO BPEMEHH fp, = 10°* ¢ TTYJT mmeer IUTAaHKOBCKYIO Maccy M, (t) ~107°1, T. e. B 3TOM
cllyyae KBaHTOBO-TPaBUTALIMOHHbIE 3G (EKTHI OyAyT CyLIECTBEHHBIMH.

YcraHoBieHo, uTo uccaenosanue Gopmuposanus u ucnaperus [T/ snsercs 3ppekTHBHBIM HHCTPYMEH-
TOM JUIsl U3YUEHUs IPOLIECCOB B paHHE BceneHHOHN, B 4aCTHOCTH IPaBUTALIMOHHOTO KOJUIAICA, Pa3InYHbIX
KOCMOJIOTHYECKHX MOJICTICH, a TakKe (PM3MKH BEICOKHMX SHEPTUi ¥ KBAaHTOBOM rpaBuTannu. B nocnenuem ciydae
B KBAaHTOBO-IPaBUTALIMOHHON 00sacT 00pa3oBaHUE YCTONUMBBIX IUIAHKOBCKUX OCTaTKOB IOCJE HCIAPEHUS
YEPHBIX JbIP MOXKET HAJIOXKHUTh BasKHBIC OIPAaHUYCHUS Ha 3HAYEHHSI U3BECTHBIX KOCMOJIOTHYECKUX [TapaMeTPOB.

[Mox KY/I moHMMArOTCS IIBapIIIIMIBIOBBI YEPHBIE JABIPHI C PAIIyCOM TOPU30HTA COOBITHI U MACCOM, OITN3-
KHMH K TUIAHKOBCKHUM: 7" = 7'y o< lp, m = m,,,;, < Mp [18]. 3nech u nanee st 0603xaueHus napamerpos KY/1
WCTIONIB3YeTCs HWKHUH uHACKC gbh (quantum black hole).

Boznmkaer ecrectBeHHbIH Bompoc: «Kak moryT obpazoBeiBatbess KU/[»? [lepBriii 1 Hanbonee o4eBu -
HBII Iy Th (POPMHUPOBAHUS TAKUX 0OOBEKTOB — HCIIApeHNE OONBIION (KITaCCHUECKOW) YEPHOM JIBIPHI BCIIECTBHE
ycraHoBieHHOTo C. XOKHHTOM TerIoBOro m3nmydeHus [19] u oOpazoBanus Ha (PMHAIHHOM 3Tare dTOTO HC-
MapeHns] YCTOMYMBOTO TUTAHKOBCKOTO ocTarka. CleyeT OTMETUTh, YTO BCE MPECTaBICHHbBIE B padore [19]
BBIUUCJICHHS CIPABEIMBLI JIUILb B PAMKaX MOJYKJIACCHYECKON alNPOKCUMALIUH, T. €. KOTJa BTOPUYHO KBaH-
TOBaHHBIC 10JIsI MATEPUHU pacCMaTpPHUBAIOTCS Ha (POHE KITacCHUECKOTo npocTpaHcTBa-BpeMeHH. Ho ¢punanbHas
9acTbh JAHHOTO U3JTyYCHUsI OCYIIECTBIACTCS TOJIBKO IPH INIAHKOBCKUX MaciuTadax, T. €. B 00J1acTH, Ii¢ KBaHTOBO-
rpaBUTAlMOHHbIE () (EKTHI ABIAIOTCS CYLIECTBEHHBIMU U MTOIYKJIACCHYECKasl alllpOKCUMAays TepsieT cuity. Kak
MMOKa3aHO BO MHOTHX PaboTax, B 3TOM CITydae MOKET 00pa30BaThCsl YCTONUMBBIN IITAHKOBCKUH ocTtaTok [20; 31].

Opnnako B cuiy dopmynsl (1) KU/ moryT Bo3HHKaTh B paHHeil Bcenennoii B kauectse [1Y]] B Teuenue

IUIAHKOBCKOI'O BPEMEHH /p = 10* ¢. HesaBucnmo ot crioco6a o6paszopanmst KUJI KBaHTOBO-rpaBHTAIIHOHHBIE
3¢ GEKThI I HUX SBJISIFOTCS CYIECTBEHHBIMHU.

Bo Bcex ciydasx MOXHO HAaTH KBAHTOBO-TPAaBUTALIMOHHBIC TIOMPABKU 11 OCHOBHBIX XapaKTEPUCTHUK Uep-
HBIX JIBIp, KoTopblie 1ist KU/ OyayT 3HaYMTEeThHBIMU.

B wacTHOCTH, eciu pu TIepexoie K BHICOKUM (ILJTAHKOBCKUM) SHEPTHUSM CIIPABEIINB 000OIICHHBINA TPHH-
LU HeonpeaeneHHoctu [21-23]

h ol 2
(8Xx)(8P) > 3 1+ h—z(SP) , (2)
TO CYLIECTBYIOT HMKHUE IIpelebl A pajuyca TOPU30HTA COObITUH » = r,;, U Macchl M = M, yepHOl
neipbl [23, formula (20)]:

_ _ f _OC\/;
rmin_(SX)O_\/;(X‘IP’ M, = 2\/§M ) (3)

e O, € — MOZIEIbHO-3aBUCUMBbIE ITapaMeTPBl IEPBOTO MOPSIAKA; 7. o< [p, M o< M.
B pamkax 00001eHHOTO TTPHHIIMIIA HEOTPEACIIEHHOCTH (2) KBAaHTOBBIE (TOUHEE, KBAHTOBO-TPAaBUTAIIHOH-
HBIE) KOPPEKIINH TeMITepaTyphl U3TyUYeHUs XOKHHTA YePHOH ABIPBI Maccoil M uMeroT BUA [23]

2 4 6
M, M, M,
TquL2 1+i(—°) +i2(—°j + 493(—()) +... 4)
g2 2e\M ) T8\ M ) T a8l \ M
rae HepBbIﬁ WICH ABJIACTCA JIMAUPYIOLIUM.

31ech U jajnee sl CKOPOCTH CBETA ¢ UCHOJIb3YEeTCss HOPMUPOBKA ¢ = 1.
B cnyyae npruMeHeHHs 3TOH HOPMHUPOBKH JUIS IIBAPIIIMIBIOBBIX YEPHBIX JIBIP UMEET MecTO (opmyna [24]

rey=2MG, %)

TIE 7'gy =1, — PAANYC TOPU30HTA COOBITHI IIBAPLILMIBI0BOM YepHOM IbIpbl. Toraa Gpopmyna (4) MoxeT ObITh
nepenycana B BUae

2 4 6
1 1 (7. 5 (r. 49 (r
1+ — + —

min _~ | Imin min + (6)

=———|1+
gz 2e\ v ) 8P\ M ) 48eP (T
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W3 dopmyi (5) u (6) HEMOCPENCTBEHHO CIETYET, UTO JIJISl YePHBIX IBIP C MACCON U PaInyCOM TOPHU30HTA COOBI-
TH, OIM3KUMU K MUHUMANIBHBIM (M = M), 1), = 7,1, ), B yacTHOCTH 1y1s1 KU /I, cnemyromue nocie Taupyonero
WICHBL B CymMMax (4) 1 (6) Takxke BHOCAT CYIICCTBEHHbII BKIA/L B TeMrieparypy Ty , ¥ AOJDKHBI YIUTHIBATHCSL.

OueBuaHO, uTo hopmyisl (4) u (6) MOXKHO paccMaTpUBaTh KakK (KBAHTOBO-IPaBUTALIMOHHYIO) Ae(OPMALHIO

TEMIIepaTypbl U3IyuyeHHss XOKWHTa YepHOU AbIpel Ty = Py—y B IOJYKJIACCUYECKON ammpokcumanuu [24]
1

C TITapaMeTpoM Jedopmartuu P

2
r

min _ -
— a o (7
R(4)
RZ( A) (4)
rne R(A) =r,, — PaAnuyC TOPU30HTA COOBITUH YEPHOMU JIBIPHI.

CrnemyeT OTMETHTb, 94TO ITOT apaMeTp e opmaliui ObLT BBEIIEH paHee B pabotax [25; 26], Koria u3yJanach
BBICOKOHEpreThIecKas (TIpH TIIaHKOBCKHUX MaciTadax) pedopMariis KBaHTOBOM MEXaHWKHU B TepMUHAX Aedop-
MHPOBAHHOM KBAaHTOBO-MEXaHUUECKOM MATPULIbI TNIOTHOCTH. [JOCTOMHCTBOM TaHHOTO MapaMeTpa SIBISETCS TO,
YTO OH MaJIblid, O€3pa3MEepHBIii, ¥ TOITOMY T10 HEMY yI00HO pa3nararhb B psii.

AHaJOTHYHBIE PE3YyNBTaThl CIPABEAJIUBbI M MPU BBIUNCICHWN APYTUX BEJIWYHH, B YaCTHOCTH DHTPOIHU
YEPHBIX JIBIP.

Nudpassuuonnas Mmoaesb
u ITY/l, Bo3HuKa0IMe B JOUHPIANMOHHYIO IIOXY

MerTprka MIBapIIINIbI0BONH YepHON ABIPHI UMeeT BUJ [27]

-1
e (1 _ %)dﬁ . (1 _ %) i — P, (®)

IIpn nccrnenoBannn panneit Beemennoi ms [TY]] metpuka [Bapmmruipaa (8) 3aMEHSICTCS METPHKOM
IBapummnbaa — ne Cutrepa [30], KOTOPOUl HAAENIAIOTCS WBAPLILNUIBAOBBI UEPHBIE IBIPHI C MAJIBIM PAIIyCOM
TOPHU30HTA COOBITHI, BOHUKAIOIIHE B JJOUH(ISIIMOHHYO ATIOXY:

~2

dr
f(7)
8 2MG AP
rme f (r) =1-— - T, 7 — Majasi BeJIM4rMHa, a A — KOCMOJIOTHYECKasl TTOCTOSTHHAS.

ds*=—f(F)dt* + +72dQ?, 9)

Taxast uepHas pIpa B 00IIeM CITydae MOXKET UMETh JIBa TOPU30HTA, COOTBETCTBYIOIINX IByM Pa3HbIM HYJISIM
¢bynkuun f (17), — TOPU30HT COOBITUI YepHOU ABIPHI U KOCMOJIOIMYECKH TOPU30HT. B wacTHOCTH, Tak Oyzer,

Korma BenmuauHa M siBisieTcs Mautoi [28; 29], u 9To Kak pa3 paccMaTpuBaeMbIi citydail B crury ¢hopMyisr (1).
=2

r ~
Mertpuka (9) oTnyaercs OT METPHUKH (8) TOJIBKO WICHOM =5 B QyHKIUH [ (r) Ho cormacHo coBpemeH-
HBIM JIaHHBIM KOCMOJIOTHUECKasi KoHcTaHTa A ucuesatolie Mana. Kpome Toro, man paguyc I[TYJ1 7, cnenosa-
~2
r o
TENBHO, YUCI0 —— TakXke Mano. Takum o0pazom, B 3TOM cirydae MeTpHKH (8) 1 (9) ¢ BBICOKOH TOYHOCTHIO

COBMAJIAIOT U U3 JIBYX HyJel pyHKImu f (17) BBIOMpAeTCS TOT, KOTOPBI COOTBETCTBYET TOPH3OHTY COOBITHI
YEpPHOU ABIPHI.

B o0mem ciiyyae B KOCMOJIOTHH, B YaCTHOCTU MH(ISALMOHHON, MeTpHKa (9) 3amuchiBaeTCsl B TEPMUHAX
koH(popmHoro Bpemenu N [30]:

4 2

3.3 )3 3.3 3.3
ds*=a>(m)]—am? + | 1+ 20 | o B B g2 20 | (10)
r r r

MGH, )3
rae L= (To) (H, — napamerp ne Currepa — Xab0sa), MmaciITaOHbIH (GakTOp a ecTh PyHKIUS KOHPOPM-

HOTO BPEMEHHU 1] BUJa
-1
G(T'l)=—a n<o0, (11)
H(t,)n
7 YOOBIIETBOPSIET YCIOBUIO 7y, < 7' < o0, a 3HAUCHHUE ¥, = —UUN B cucTeMe KoopauHar (10) cooTBeTCTByeT CHHIY-
JISIPHOCTH YEPHOMU JBIPHL.
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B cuny hopmynsl (5) LL MOXKET OBITh 3aIMCaHO CIECTYIOLIMM 00pa3oM:
1

_ [ty 3

rae 7 =ry, — paguyc 4epHou Ibipbl ¢ MeTpukoi llIBapummibna — ne Cutrepa (9), KOTOpBIH, KaK yKa3aHO
B HayaJse pasjena, C BBICOKOM TOYHOCTBIO YAOBIETBOPSET YCIOBHIO (5) IS MIBAPIIIMIBGI0BON YEPHOH JIBIPHI.
Kpome toro, nperosnaraercs, 4To UCXOHAsI YepHas AbIpa, METPHKa KOTOPOU yioBieTBOpsieT hopmyiie (9), mo
pa3Mepy CTpOro MPeBOCXOANT «KMHUHUMAIBHYIO» YEPHYIO IbIPY (3) M HAXOIUTCS B €€ ToJe:

M>M,.

Onnako [ u3 dopmyisl (12) umeer Takol BUI TOJIbKO O3 ydeTa KBAaHTOBO-I'PABUTALMOHHBIX MOIPABOK.
B pabote [23] 3Tn monpaBKu OBIIM yYTEHBI AJIS1 POU3BOIBHON MIBAPUIIIBIOBOIN YepHOU ABIPHI B paMKax
CIPaBeJIMBOCTH 00OOIICHHOTO TPUHIUIA HeomnpeaesieHHocTH (2). B crarbsix [33; 34] olleHeHO MUHUMAITb-
HOE IpUpaIleHUE [UIOIAAN TOPU30HTA COOBITHH YEPHOH JBIPbI, HOMIOIIAIOIIEH YacTUIy pasMepoM R ¢ sHep-

ruei E: (AA)O = 4113 (ln 2)ER. B xBaHTOBOM paccmoTpenuu R ~ 28X u E ~ 0P u3 Gpopmyisr (2).

Ha ocHoBaHuu 3Toro0 pesynasrara B padote [23] ObUIO MOyUSHO SIBHOE BhIPAYKECHHUE JUISI KBAHTOBO-TPABUTA-
LIMOHHOM MonpaBku (0003HAYCHHOM Yepe3 (AA)O) K TUTOIIA/T! TOPU30HTA COOBITHIA JIFOOO0H MIBAPIIIAIILI0BOM
YEPHOM JBIPBI, €CIIM UMeeT MecTo dopmyia (2) [23, formula (27)]:

1 1 4y
~ 2 —— —— —

(AA)O = 4[5 In2exp 2W( eI (13)
rae A — IIomaab rOpU30HTa COOBITHI JaHHON MIBapLILUIIBA0BOM YepHOH ABIPBI; A = 47t(8X )3 — IUIOLIAIb
ropuzoHTa coObiTuil «MuHIManbHOW» KU/ (3). Toraa, yuuteiBas Beipaxenue (7), hopmyiny (13) MmoxxHO niepe-
MMcaTh B BUJIC

rM>rmin’

1
(A4), =4l ln26xp(—EW(—éocR(A)D. (14)
B | i 14 |
pIpaxkeHue W —5Og(4) | B TIPABOH HaCTH (dhopmyner (14) mpencraBiseT 3HaYEHHE B TOUYKE —2O%R(4)

¢ynkuu Jlambepra W(u), yaoBIeTBOpsIONIel ypaBHenuto [23, formula (9); 35, formula (1.5)]
W(u)eW(u):u. (15)

SIcHO, 9TO TS YepHOU ABIPHI OOJIBIIIOTO pa3Mepa C INIONMIAIbI0 TOPU30HTA COOBITHIH 4 BETUYHHA ITapaMeT-
1
pa nedopmanuu O R(4) HICU€3AIOTIE Masa 1 Onmu3ka K Hyar0. B aTom citydae 3HaueHMe W(—Eoc R(4) | TOXE

HaXOAUTCS BOIH3U W(O) Jlerxo BUAETH, 4TO W(O) =0 sBnsercs sBHBIM penieHueM ypapHenus (15). Torma

B IpaBoit gacTu Gpopmynsl (13) nmeem
1 1
exp(—EW(—EaR(A)jj = 1,

1, CIIEIOBATEIbHO, C BEICOKOW TOYHOCTHIO
(Ad), =4l;In2.

Takum 06pa3oM, Ul YEPHBIX IbIp OOJIBIIOrO pasMepa, T. €. Korna 4 > A, BenuunHa nompasku (14) Oyner
OYeHb MaJjla, ¥ €€ MOXKHO HE YUHUTHIBATb.

OpmnHaxo U1 MBAPIIIWIBLI0BON YEPHOHN ABIPHI C MATOU TIOMIAABI0 TOPH30HTA COOBITUN A BEIMUNHA O R(4)
SIBIISICTCS IOCTATOYHO OOJIBIION U MPHOIMIKASTCS K SUHHULIE, KOTAA PalyC TOPU30HTA COOBITHI 7 Mall 1 OJIH-
30K K «\MHHUMAJBbHOMY» paguycy 7, 13 Gopmyisl (3). B aTom ciayuae yder nomnpaBku K IIIOMIAAX TOPU30OHTA
coObIThi (14) 6yner HeoOxoauM. OH MOXKET UIPaTh CyLIECTBEHHYIO POJIb B BBIYUCICHUH CKOPPEKTUPOBAHHBIX
KOCMOJIOTHUYECKHX ITapaMeTpoB B paHHel Bcenennoi. O4eBUAHO, YTO KBAHTOBO-IPaBUTALMOHHAS MTONIPaBKa
Buna (13) u (14) saBnseTcst KBaHTOBOH JeopMaIrield MOTyKIacCHYECKON TEOpPHUH YEPHBIX JIbIP B paMKax OIpe-

0
TeJIeHMsI, TaHHOTO B padote [36], ¢ mapameTpom nedopmariiuu v = Olp( )

CTOUT OTMETHUTH, YTO B yKa3aHHOM CIIy4ae MPe/roiaracTcs CpaBeyInBOCTh 0000IMICHHOTO MTPUHITUIIA He-
OTpe/IeNICHHOCTH (2), KOTOPBIN YCTaHABIMBACT HUXKHUE TIPEICIBI JIJISl paJnyca FOPU30HTA COOBITHIA U MAacCh
gepHO# IBIpHI (3). Ho U3 3TOTO yCIOBUSA HE CIEAYET, 9TO «MUHUMAIbHAS) YepHas IbIpa ¢ mapameTpamu (3)
00s13aTeTTLHO CYIIECTBYET.
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B CHUJIy TOI'O YTO HIBaApUIIMJIBA0BA YCpHas JAbIpa C YUCTOM KBaHTOBO-FpaBHTaHHOHHOﬁ KOppEKUMHU TI0IIaan
TOPU30HTA COOBITHIA OCTaeTCs MIBAPIIIAILIOBOH, T. €.

A+ (AA),=4nR*(4, q), (16)

C HCIIOIb30BAHMEM BbILICTIPUBEACHHBIX GOPMyYI MOXHO Halitn R(A4, q) — 3HaueHue pajuyca rOPU3OHTA CO-
OBITHI C yUeTOM KBaHTOBO-I'PaBUTAIIMOHHOMN monpaBku (13).
N3 popmynst (16) momyuaem

R(4,q)= \/(41:)*‘(14 +(A4),) =, [(4n)" (4nR2(A) + 412 anexp(—%W(—éocR(A)DJ. (17)

SIcHO, 4TO MaJble YepHBIE IBIPBI, A1 KOTOPBIX ronpaska (13) OyzaeT cyliecTBeHHOI, He 0053aTeNIbHO SBIIS-
torcst KU/I, n ux paanyc ropu3oHTa COOBITHH 7, MOXKET YIOBJIETBOPSTH YCIOBUIO

Fag > Ty
Ecmu, xak B pabore [30], mpenmnonoxuts, uto B (popmyne (12) W =const, To 3ameHa (VM zR(A)) -

- (qu = R(A, q)) NPUBOMUT K 3aMeHe Hy — H| ,, yIOBICTBOPSIIOLICH YCIOBUIO
1

1 -
(mgHy 3 quHO,q 3
W 4 4 '

(18)

Tak kak MOTEHIMATBHAS SHSPT TSI HHQIISIIHH V((po) CBsI3aHa C HayaJIbHBIM IapaMeTpoM Xabona [, ypas-

V
HenneMm Ppuymana HZ = (_(Pg)’ TO U3 GopMysl (18) momydaeM KBAaHTOBO-TPaBUTAITMOHHBIC TTOTIPABKH JIJIS
V(9,): P
2772 EITR
V((Po)—>V((P0) =3MyH; ,=———M,.
1 167,
q

AHAJIOTUYHO B 3TOM CIIy4ae MOTYT OBITh HaliJIeHbl KBAHTOBO-TPABUTAI[IOHHBIE IIOTPABKU KO BCEM OCTATBHBIM
MHQIIAIUOHHBIM MapaMeTpam. Tak, momnpaBka K MacTaOHOMY (hakTopy a (n) (11) ompenensiercst mo Gopmyre

a(n)—a(m) = n,n<o,

q 0.q
a’(n)

nonpaska K napamerpy Xa66na H (1) = 3aJaeTcsl BBIPaKEHUEM

a*(n)
a’(n
H— Hq = #, (19)
a*(n),
a MoIpaBKa K IapaMeTpaM MEIJIEHHOIO CKaThIBAHUS, HAIPUMED, K € UMeeT Bu [32]
H H,
(EZ—EJI—) Eq:—H—qz . (20)

tpux B popmyne (19) oboznauaet nuddepeHmpoanue 1o 1), a Touka B hopmyse (20) — nuddepermmpo-
BaHHE IIO /.

VYernoBue € < 1 1715t MEATICHHOTO CKaThIBaHKS B MH(ISIIIOHHOM ciieHapuH [32] B cuuty mornpasku (20) TpaHe-
(opmupyercst B ycnosue €, < 1, KOTOPOE JOIKHO OBITH JIOTIOJHUTENBHO MCCIEN0BAHO VIS OLEHKU IPaHULIbI

i, = R(A, q), T. €. TI0 CYTH TPaHULbl TapaMeTpa aehopmManuu o R(4) T3 ¢dopmyn (14) u (17).
Ecnu yunTteiBaTh npolecc uainyueHus mpapumuibaoBoit [TU]], To B cuily BhIlIEIPUBENEHHBIX PE3YyIbTaTOB

M,

B KQYeCTBE €€ Ha4aIbHO Macchl Haslo Opars He M, a M, = . B o0mem ciryuae nporiecc Takoro u3mydeHus

B MOJABIISIOIIEM OOJNBIIMHCTBE padoT, B YaCTHOCTH B myOnukauuu [30], paccmaTpuBaeTcs: TOJIBKO B paMKax
MOJTYKJIACCHUECKOH anmpokcuManuu (0e3 yuera KBaHTOBO-TPaBUTAMOHHBIX 3((EKTOB), ¥ IO3TOMY MPEIIIO-
naraercst, yTo ITY/] MOKeT NOIHOCTBhIO UCIIAPUTHCSL.

OpnHako B UCCIIEyeMOM CJIy4ae 3TOro IIPOM30HTH HE MOXKET B CHJIy CIIPaBeUINBOCTH 0O0OIIEHHOTIO IPUH-
numna HeomnpezeneHHocTH (2) u popMHUpOBaHUS B pe3ylbTaTe MCIApeHUss MUHUMAIBHOTO (HEMCUYE3atoIIero)
IJIaHKOBCKOro ocTarka (3) [31].
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Torma MOXKHO TTOIYYHUTE OIICHKY ITOTEPH MACChl YePHOM JBIPHI IIPH €€ H3ITyUICHUH, HO YKE C yUeTOM KBaHTOBO-
TPaBUTAITMOHHON TOMPaBKU M3 00mux dopmyin. Tak, B paccMaTpuBaeMOM CIydae CKOPOCTh MOTEPH MacChI
YepHOU JBIPHI OyeT UMeTh BHT [24]

M ol A (21)

dt Hq=M,

rae Ty , — TeMmeparypa 4epHOil AbIpbI Maccoil M, ¢ y4eToM KBaHTOBO-IPAaBUTALMOHHON IONpPaBKH (4);

A, - r;J;amaab TOPU30HTA COOBITUM ATON YEPHOU ABIPHI (AMq:4nrA2,[q :4nR2(A, q) u3 gopmynsl (16));
T

C=""37
60%°c
Torna ¢popmymna (21) sxBuBaneHTHa BeipakeHuto [24, formula (10.1.19)]

— xoHctanta Credana — bonbimana.

2 2
dM M, M,
L _p| 2| =21 N, (22)
dt Mq tp

rie b = 2,59 - 10, a N — uncio BHIOB YacTHiL. Wurerpupys ypaBHeHue (22) 1o BEIOPAaHHOMY MPOMEXYTKY
BpEMEHHU, Hapumep 1o At = t, 4 — t, The {) = 10* ¢ (nmaHKoBCKOE BpeMs) U Lol = 10* ¢ (Bpemst Hauana
WHOISAIMN), MO)KHO HAaWTH TMOTEPI0 MacChl YEPHOW JIBIPBI C YUYETOM KBAaHTOBO-TPAaBUTAIIMOHHOW MOMPaBKU
K MOMEHTY Hauajla HHQIISHH.

Crnenyet ormeTnTh, uTO [TH/] Masoro paanyca He MOTyT 00pa30BBIBATHCS B pe3ynbTrare MHAIISAINHN, @ BOSHUKAIOT
TOJIBKO JI0 Havasia MHQIIIIMY WK B caMoM ee Hadane. B yactHocty, [T4/], dopmupyembie B koHLIE HHAIISLNY, HE
MOT'YT OBITh KBAHTOBBIMH, TaK KaK HHQJISIINS HAKII IpIBACT yCIIOBHE HA HIKHUH Tipeien criekrpa mace [TY]][16; 17]:

-2
T,
M>Mmin=MP % ’
P

rae Tp, — TeMneparypa nocTuH(GIIIUOHHOTO pasorpesa [32]; T, = 10" I'sB — mmankoBcKast TeMIepary-
pa. 13 coBpemMeHHON HAOMIOAATEIBHOMN (IKCIIEPUMEHTATIBHOM) KOCMOJIIOTUH HEMOCPEICTBEHHO CIEAYET, YTO
oy = 10 ToB [16], Ho Torma M, = 10°M, = 10 1, Tak kak M, = 10 . B oT0M ciyqae M > M, = My,
cienoBarenbHO, Takas [TY]] He MmoxkeT ObITh KBaHTOBOH. Takum oOpazom, [TY]] manoro paanyca B ”HQIIALINOH-
HOW KOCMOJIOTUH MOTYT 00pa30BBIBAaTHCS TOJIBKO B OUEHb paHHeil BeeneHHoH, T. €. 10 Havaaa HHOISIUN W
B CaMOM €€ Haualle.

3aKjIoueHune

B Hacrosimieii crarbe MpogeMOHCTPUPOBAHO, KaK B SBHOM BHJE MOTYT OBITh BBIYHMCIICHBI KBAHTOBO-TPA-
BUTAIIMOHHBIE NTONPABKH K OCHOBHBIM KOCMOJIOTMYECKUM IapaMeTpaM B HH(ISILUOHHOM CLEHAPHUHU, TIOPOXK-
nennsle [TY/] B noundusauuonnyo snoxy (panuss Beenennas). 13 npeacrapineHHbIX GOPMYIT HETIOCPEICTBEH-
HO cnenyeT, yro s [TY/] manoro paanyca 3TH MONPaBKH OCOOCHHO BEJTMKH, U MOTOMY OHH MOTYT BHECTH
CYIIECTBEHHBIC KOPPEKIIMH B OCHOBHBIC TIApaMeTPbl HHQIISIHH.

HecmoTpst Ha TO 4TO BBIBOJ BBILICTIPUBEACHHBIX (DOPMYI IPOCT U HEMOCPEACTBEHHO OCHOBAH Ha KBAHTO-
BOIl TEOPUU YEPHBIX JIBIP, MMOyUYEHHBIC PE3ybTaThl SBJISIOTCS HOBBIMH M MOTSHIINAIBHO BaKHBIMHU JUJISI HC-
CJIeIOBaHUS MIPOIIECCOB B paHHeH BceeneHHo.

HoBu3Ha nomyyeHHBIX pe3ylbTaToB 3aKJII04AETCS B TOM, YTO JI0 ATOTO KBAaHTOBO-TPAaBUTALMOHHBIE 3 (deK-
o1 4t [TY/] B paMkax MHQISIMUOHHONW KOCMOJIOTUH HE Y4MThIBanIuCh, u [TY/] paccmarpuBaimuch B pamMKax
MOJTYKJIACCUYECKOM arMpoKCUMAaIMK HE3aBUCUMO OT BPEMEHHU MX BOZHUKHOBeHUs. OTHAKO, KaK MMOKa3bIBAIOT
dopmynsl (1)—(4) u (6), a Takxke ganHbie padoT [9; 10; 20-23], B oueHb paHHUE BpeMeHa (OJIM3KUE K TUIAH-
KOBCKHM) 3TO OyZIeT y>K€ HEBEPHBIM, U KBAHTOBO-IPABUTALIMOHHBIE MONIPABKY MOTYT CYLIECTBEHHO CABUIATh
UHOIIIMOHHbBIE TapaMeTPhI.

CormacHo pesynbTaraM, IOIyYEHHBIM B cTaTbe [3], KBaHTOBas TeopHs O [2] B IPENNOI0KEeHUAX AaH-
HOHI pa®oThl UMEET BEPXHIOI I'PaHUIly NIPUMEHMMOCTH FE, KOTOpas HaMHOIO HMXKE IUIAaHKOBCKOH dHepruu
(E < Ep). OueBuHO, YTO KBAHTOBO-IPaBUTALIMOHHBIE MIONIPABKU, O KOTOPBIX 111 Peub BbIILIE, OyayT Hanbo-
Jiee CyILleCTBEHHBI B UHTepBalle sHeprull £ < £ < E,, T. €. B TO! 001aCTH, I1€ aKTyaJIu3UpyeTCsl MUHUMAJIbHAs
mHa (3) 1 Teopus TepecTaeT OBITh JIOKATBLHOM.

Kax u3BecTHO, MHIISILIMOHHAS] KOCMOJIOTHS XapaKTepU3yeTCs KOCMOJIOINYECKUMH BO3MYLICHHAMH Pa3IMIHON
TIPUPOJIBI ( CKATSIPHBIMIEL, BEKTOPHBIMH, TEH30pHBIMU [32; 37; 38]; BeKTOpHBIE BOMYIIEHHUS OOBITHO HE YUUTHIBAOTCS,
TaK Kak OHH O4eHb ObICTPO cranaioT). Torna n3 pe3yasTaToB HACTOSIIEH CTaThH CIEAYET, YTO Ha PaHHEH CTaauu
UHQISIMY TOTKHBI OBITH YUTEHBI KBAHTOBO-TPABUTAIIMOHHbIE ONPABKU 3THX BO3MYIIEHHH, mopoxneHHbie [T/,
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OUTSTANDING SCIENTISTS

9 anpenst 2023 r. ucrionmamock 100 JteT co THS poXK-
JIEHUST COBETCKOTO U OEIOPYCCKOTO YUIEHOTO-(PpU3HKa,
TOKTOpa GU3NKO-MaTeMaTHIeCKUX HayK, mpodeccopa,
3aCTy’KEHHOTO pabOTHUKA HAPOITHOTO OOpa3oOBaHUS
Pecmryonmukn bemapych Antona ArToHOBHYA JIaOyIbI.

A. A. Jlabyna pomwics B 1923 1. B 1. bakynsr [py-
YKaHCKOTO paitoHa bpecTckoii oomacTu (Ha TEpPUTOPHUN
3aragHoi bermopyccun) B kpecThsiHCKOU ceMbe. Ero po-
JIATENN — TPYHAOIIOOUBEIE OeTOpyChl AHTOH YJIbSHOBHAY
u ®eonocus [IpokonoBHa — caenaiu Bce, YTO OT HUX
3aBHCEII0, YTOOHI JaTh CHIHY 00pa3oBaHre. AHTOH AH-
TOHOBUY OKOHYMII YETHIPEXJIETHIOIO CENTCKYTO IIKOITY
1 TTOJTLCKYT0 001IIe00pa3oBarebHyI0 THMHA3HIO B [1py-
YKaHax, a Mmocyie MprucoenuHeHns 3anaaHoi bemopycenn
k BCCP yumcs B pycckoii cpemneii mxone. A. A. Jlaby-
na — ygacTHUK Bemmkoit OteuectBenHo# BoiHEL C 1944
o 1945 1. on BoeBan B Bocrounoii [Ipyccumn, 3arem
B MaHBWKYpHH B TIOIKOBOM pa3BeIke B cocTaBe 3-1o be-
JIopycckoro u 3abaitkanbckoro (ppoHToB. Harpaxnen
opaenom Crnassl I1I cremenn, opmenom Kpachoit 3Be3-
11, opreHoM OTedecTBeHHOM BOMHEI 1 cTeneHn n MHO-
TUMH MEJaIsIM{, B TOM YHUCIIe MEIalIsiMU «3a B3ATHE
Kénurcoepran, «3a modeny Haxg I'epmanueii B Benmkoit
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AHTOH AHTOHOBHUY
AABYAA
(1923-2011)

Anton Antonovich
LABUDA
(1923-2011)

—_—— e

OteuectBennoi Boitae 1941-1945 Ty, «3a mobemy Ha
SAnonwneit». [Tocne nemobunmuzanuu B 1947 1. pabotai
YUHTEJIeM Ha9aJbHOM MIKOJIBI, C OTIMYNEM OKOHYHI
npyxanckoe negyuamwmmie. C 1949 o 1954 r. yaumncs
Ha (PU3UIECKOM OTAEIICHUH (PU3UKO-MATEMATHIECKOTO
dakymereTa BI'Y, 3aTtem — B acttupanrtype. C 1957 mo
2010 r. padotan B BI'Y, mpoiinsg myTh OT acCHCTEHTA
1o npodeccopa. B 1959 1. 3amuTnn KaHIUIATCKYIO
JUCCepTaIiio Ha TeMy «lcciemoBanre HMITYITbCHOTO
paspsia yepe3 TOHKYI0 METAJTHYECKYI0 IMPOBOJIOY-
Ky», a B 1988 I. — TOKTOPCKYIO AWCCEPTAIINIO HA TEMY
«CreKkTpambHO-ONTHYECKast ANATHOCTHKA TITa3MBbI [T
nenedt MukpodnekTporukm». C 1960 mo 1976 1. s1B-
JISATICST 3aMECTHUTENIeM JekaHa (GU3UIECKOTO (haKyIlb-
tera. B 1976 1. BO3MIIaBWII OTKPBIBITHICS (aKyIbTET
pannou3NKN 1 AIEKTPOHNUKH, KOTOPBIM PYKOBOIHII 10
1980 1., 3aTem ¢ 1980 o 1992 1. 3aBenoBai kadeapoit
(br3uIecKol AMEKTPOHUKH, ¢ 1992 T. 3aHMMAaIT TOIDK-
HOCTB TIpoeccopa 3Toit Kadeaps.

OO6acTei0 HaydHBIX HHTEpEeCcOB A. A. JIaOymer sB-
TSTUCH (pr3KKa ¥ IMarHOCTHKA ra30pa3psiTHOH T1a3Mbl
M ee MPUMEHEHHNE B DIEKTPOHUKE ¥ MHKPOAIIEKTPO-
auke. [lo nanmmaruee Antona AaToHoBrn4a B 1980 T
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CO3J1aHO y4eOHO-HAYYHO-TTPOU3BOACTBEHHOE 00BE/I-
uHenue «bI'Y — HITO “Unaterpan”» u Hadata 1ieieBas
MIO/ITOTOBKA CTICIIAIMCTOB TI0 MEKPOAJIEKTPOHHKE JIJISI
3TOTO MPEINPUATHS, 3aTEM 3/1€Ch K€ OBIIT OTKPHIT (u-
nvan kadenpsl Guznveckon mekTpoHuk. B 1988 T
npu kadenpe GU3nIecKoi HIEKTPOHUKH OpraHH30BaHa
Hay4HO-HCCIIe0BaTEIbCKast JJabopaTopusl CIIEKTPab-
HOTO KOHTPOJIS B IJIa3MEHHOM TEXHOJIOTMH, OCHOBATe-
JIeM ¥ HayYHBIM PYKOBOJIHTENIEM KOTOPOH SIBIISLICS ITPO-
(deccop A. A. JlaOyna. PazpaboraHHble B T1abopaTtopuu
CHCTEMBI CIIEKTPaIbHOTO KOHTPOJISI M aBTOMATHUECKOTO
yIpaBJICHUS] HEOJJHOKPATHO JCMOHCTPUPOBAIUCH HA
BricraBke noctuxenuit HapoaHoro xossiictea CCCP,
MEXTYHAPOAHBIX U PECIyOIMKAaHCKUX BBICTaBKaXx,
YCIIEIITHO UCTIONB30BAINCH HA MHOTUX OTEUECTBEHHBIX
U 3apyOeKHBIX MPEIIPUATHSIX, & TAKXKE B yUCOHOM
mpoIecce.

A. A. Jlabyna siBnsieTcst apTopom 6omee 230 Hayd-
HBIX TyOJNHKAIWHA, CPEH KOTOPBIX — M3JaHHbIC B CO-
aBTOPCTBE yUeOHO-METOJIMYECKHE TTOCOOHSI K IpaK-
TUKYMaM 1o (PU3UKe MOTYIPOBOJAHUKOBBIX ITPUOOPOB,
MOJTYTIPOBOAHUKOBOM AJIEKTPOHHUKE, MUKPOIJIEKTPO-
HHKE, TNIA3MEHHON TEXHOJIOTHH B MUKPOAJICKTPOHHKE,
a TaKk)Ke KypChl JISKIUHI 110 PU3NYECKO MHKPOAJIEKTPO-
HUKE, TEOPETHUYECKUM OCHOBAM PaJMOTEXHHUKH, OC-
HOBaM PagUOdICKTPOHUKUA. AHTOHOM AHTOHOBHYEM
noy4ens! 10 aBTOPCKUX CBUETENBCTB Ha N300peTe-
uust. OH moaroToBui 1 qoKTOpa M 6 KAaHAUIATOB HayK.

Ha nporsxennn juntensHoro Bpemenn A. A. Jla-
Oyna mojasiepKuBajl TECHOE HAy4YHOE COTPYIHHYE-

cTBO ¢ y4eHbIMH Co(UHCKOTO YHHBEpPCUTETa UMEHU
Kimmmenrta Oxpuackoro (bonrapust), Sremnonckoro
yHUBepcuTeTa 1 KOoImajinHCKOTo TEXHUYECKOTO YHHU-
Bepcutera (ITombima), Menckoro ynuBepeurera nme-
uu @punpuxa lumiepa (I'epmanus), HEOTHOKPATHO
YUTAaJ JIEKIIUH 32 TPAHUIeH U BBICTYIIAN C TOKJIaJJaMH
Ha MEXTyHapOIHBIX KoH(pepeHusx. OH ABIIICS die-
HOM OprxkoMuTeTa MeXyHapOIHOH JIETHEHN LIKOJIbI
10 TUIA3MEHHOW MHKEHEpUHU NoBepXHOCTH B Koma-
JIUHE, YIEHOM-KOPPECIOHIEHTOM MeKIyHapOaHOTO
Hay4HOTo paauocorosa (Union Radio-Scientifique In-
lernationale, URSI) mo pasneny mia3MEeHHBIX UCCIIE-
JOBaHuUH, dwieHoM [10bCKOTO BaKyyMHOTO OOIIECTRA,
BXOJIMJI B COCTaB PEKOIIIETHH KypHaia «BakyymHas
TEXHHUKA 1 TEXHOJIOTHSI», @ TAK)KE B COCTAaB yYEHOTO CO-
BeTa (akynabreTa paguo(U3UKU U DIICKTPOHUKH, CIIe-
[UATA3UPOBAHHOTO COBETA IO 3aIlUTe TUCCEPTAIHA.
3a MHOTOJIETHIOIO TIOAOTBOPHYIO HAayYHO-TIEAAro-
THUYECKYIO ¥ OPTaHM3aIMOHHYTO ACITEIHHOCTE B 1992 1
A. A. JlaGyne mprCBOCHO MTOYETHOE 3BAHHE «3aCITy>KEH-
HBII pabOTHUK HApOIHOTO 00pazoBaHus PecmyOnuku
Bbenapycb». On 0b11 HarpaxieH rpamotoit [Ipesuany-
Ma Bepxosnoro Cosera BCCP, mo4eTHsIMH IpaMOTaMH
MuHHUCTEpPCTBA BBICIIETO W CPEAHETO CHEIHaTIbHOTO
obpazoBanust BCCP u pexropara BI'Y, HarpynHbeim
3HaKOM MMHHCTEPCTBA BBICIIETO U CPEIHETO CIICIH-
anpHOTO 0OpazoBanust CCCP «3a omnuHble ycrexu
B paboTey.
YMmep A. A. Jlabyna 8 anpens 2011 1.
B. M. Bop3oos'

1 o ~ o ~
Bnaoumup Muxaiinosuy Bop3006 — NOKTOp (U3MKO-MaTeMaTHYECKUX HayK, Ipodeccop; 3aBeaylomuil kapeapoit hpusndeckoi
SNIEKTPOHHUKH ¥ HAHOTEXHOJOTHil (hakymbTeTa pagioOU3HKH U KOMIIBIOTEPHBIX TEXHOJOTHH Bemopycckoro rocynapcTBEHHOTO YHHU-

BEpCHUTETA.
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