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TOJIOTPAMMBI OCYIIECTBIISIIOCH C TOMOIIBIO HEMPEPBIBHOTO JIa3€pa C IPyTroW JUIMHOW BOJIHBL, YTO MO3BOJIAIIO TPOCTPAHCT-
BEHHO PAa3/IeIMTh 3allMChIBAIOIINI U BOCCTaHABIMBAIOIIN Iy4kH. Tarxke ObUI peann3oBaH HHTEP(EPEHIIMOHHBIN METO
OIpe/IesICHHs TOMOJIOrMYECKOT0 3apsiia ONITHYECKOr0 BUXPSI C UCIOIb30BaHUEM MPOLIEIIEro U BOCCTAHOBIEHHOTO JTy4eH.

Knioueswie cnosa: ronorpadus; hoTopeppakTHBHBIC KPUCTAIIIBI; ONTHYECKHE BUXPH; CHIIMKAT BUCMYTA; HHTEP(EpeH-
IIMOHHAs KapTUHA.

Bnazooapnocme. Pabora BhIIOIHEHA B paMKax IOCy/1apCTBEHHON UCCIIEI0BATEIBLCKON porpaMMbl «POTOHUKA 1 AITEK-
TPOHHMKA JUIsSl MHHOBAIMI» U ITpU (pUHAHCOBOH noaaepskke KnTalickoro HamoHansHoTo GoHa 00ydeHus 32 pyOemroM.

RECORDING OF A VOLUME TRANSMITTING VORTEX HOLOGRAM
IN A PHOTOREFRACTIVE CRYSTAL OF BISMUTH SILICATE

XIE ZHAO', I. G. DADENKOV*, E. A. MELNIKOVA®", A. L. TOLSTIK"

Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
Corresponding author: I. G. Dadenkov (dadenkov.ivan@gmail.com)

Abstract. Recent breakthroughs in vortex beam research, characterised by structured beams bearing orbital angular
momentum, have significantly transformed various applications of beams. These advancements have notably impacted
fields such as advanced optical manipulation, high capacity optical communications, and super-resolution imaging. Un-
doubtedly, the development and refinement of generation and detection techniques for vortex beams play pivotal roles in
enabling and enhancing their applications. In this work, pulsed recording of dynamic holograms of singular beams in photo-
refractive bismuth silicate crystals is realised. The experimental setup presented in this work is based on the recording of
transmissive volume dynamic holograms, which allows us to use a wide spectral range to reconstruct the holographic image.
A volumetric static hologram recorded in a photopolymer layer was used as a singular beam source. The restoration of the
recorded hologram was realised using a continuous laser with a different wavelength, which allowed the recording and
restoring beams to be spatially separated. An interference method for determining the topological charge of an optical
vortex from the transmitted and restored beams was also realised.

Keywords: holography; photorefractive crystals; optical vortices; bismuth silicate; interference pattern.
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Introduction

Singular dynamic holography represents a novel advancement in the field of dynamic holography, particularly
distinguished by its utilisation of light beams characterised by phase singularities, commonly referred to as optical
vortices. A defining characteristic of these singular beams is the presence of specific points known as screw dislo-
cations on the wave front. At these points, the light’s intensity drops to zero, and the phase becomes undefined.
An interesting phenomenon occurs when one traverses around a screw dislocation in the beam’s cross section:
the phase undergoes a change by an amount of 2n/. Here, / denotes the topological charge, a crucial parameter
in this context. Screw dislocations can be categorised based on the sign of / into positive (right-handed) or
negative (left-handed) dislocations. One of the remarkable attributes of singular light beams is their ability to
conserve their topological charge as they propagate. Despite the inevitable diffraction divergence, which affects
the beam [1-4].

Photorefractive crystals, known for their nonlinear electro-optic properties, are highly effective for real-time
capture of volume phase holograms [5]. These materials play a crucial role in the architecture of holographic
storage solutions. Their unique capabilities make them ideal for a range of applications, including adaptive
interferometry, associative memory systems, optical image enhancement, as well as data archiving and manipu-
lation. The holographic recording process in these crystals relies on the spatial reallocation of charges under the
influence of light rays, interacting with various impurity and defect centers that possess distinct properties [6; 7].

Singular optics and generation

Singular optics focuses on the exploration of wave field vortices and phase singularities, along with their
inherent topological properties. These singularities, also known as optical vortices, are characterised by a zero
intensity at their core, rendering the phase undefined. This phenomenon is often referred to as a «phase defect»,

5
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where the light’s phase exhibits a 2w spiral pattern around the beam’s central axis during coherent transmis-
sion, a common occurrence in wave propagation [8].

The so-called vortex beam is a beam with a continuous spiral phase. In other words, the wavefront of the
beam is neither flat nor spherical, but vortex-like with singularity. The vortex beam has a propagating property
of cylindrical symmetry. In the center of this beam is observed a dark spot, exhibiting zero light intensity and
maintaining this level of intensity throughout the propagation process. The phase wavefront of the vortex beam
is distributed in a spiral shape, so the wave vector has an azimuth term, and it rotates around the vortex center.
And precisely because of this rotation, the light wave carries orbital angular momentum.

In 1992, L. Allen and his colleagues [9] showed that a Laguerre — Gaussian beam can have a spiral phase
structure, which has a significant orbital angular momentum per photon. In the center of this spiral phase there
is a singularity, since the phase here is indeterminate, and the field amplitude also disappears so that a «black
center beam» is formed at the center of the light wave. This revealed new understanding of the relationship
between macroscopic optics and quantum effects. The complex amplitude of a singular light beam propagating
along the axis z, can be written in the following form:

[l 2
E(r,0)=4, L1 exp| & +il0 ],
To 1y
2 2 . . . . .
where r =4/x" 4+ y7, x, y are Decart coordinates of a point in the cross section of a singular beam of radius 7,

(the center of the coordinate system is at the beam center); 6 = arctg (%j is an azimuthal angle; / is a topolo-

gical charge. Computer modelling of the optical vortex propagation profile is shown in fig. 1, b.
a b

Fig. 1. Photo of the vortex beam (a)
and the result of numerical modelling of the singular beam profile ()

Interference methods are widely used to determine the topological charge of an optical vortex. They involve
the observation of special interference patterns when an optical vortex interferes with other waves. For exam-
ple, when an optical vortex and a plane wave interfere, a characteristic fork is observed in the interference pat-
tern (fig. 2, a). The light field intensity distribution of the interference pattern of an optical vortex and a plane
wave can be described by the following formula:

/

|
2 2! 2. .2\
I(x, y) ~ A12 + A% (#J + 2A1A2[¥j cos(z%c - larctg(%j}
I

o 0

Various methods can be used to produce optical vortices. One of them involves the use of in-cavity mold
selection, where the Laguerre — Gaussian beam, a common example of a phase vortex beam, is generated in
a cylindrically symmetric stable resonator. This is achieved by combining an associated Laguerre polynomial
with a Gaussian distribution, and by fine-tuning the resonator’s components, such as the cavity mirrors, to pro-
duce the desired Laguerre — Gaussian output.

Another innovative approach is the development of digital lasers, which represent a departure from con-
ventional lasers that typically produce a single mode [10]. To access different modes in traditional setups,
adjustments to the resonator’s parameters are necessary. However, digital lasers, which have emerged in recent
years, enable the generation of any desired laser mode, including vortex beams, without the need for structu-
ral modifications to the resonant cavity. This is accomplished through computer control, where varying electrical
inputs dictate the laser’s output, allowing for the creation of optical vortices.
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Fig. 2. Photography of the interference pattern of beams recording the hologram («),
beams restoring the hologram (b) and computer modelling (c)

Application a spiral phase plate (vortex lens) is an effective method for creating a vortex beam, charac-
terised by its helical wavefront. This is achieved by transforming the wavefront of a standard Gaussian beam
into a helical shape. By using a phase modulation device that imparts varying phase delays at different angular
positions 6, the planar wavefront is reshaped into a helical form. A spiral phase plate, a type of optical element,
facilitates this transformation [11].

Another approach involves the use of a fork-shaped grating (see fig. 2, a), a diffractive element with a specific
fork-like profile. As a Gaussian beam pass this grating, in the diffraction pattern in the first order direction in
the far field a vortex beam is formed. The topological charge of the vortex beam is determined by the number
of grating splits. Due to their ease of fabrication and cost-effectiveness, fork-shaped gratings are widely used
for vortex beam generation [12]. The simplest method of obtaining such a fork-shaped grating is to record a static
hologram, which is formed as a result of interference of singular and plane waves. Such a hologram was used in
the paper to obtain an optical vortex.

Photorefractive crystals

Photorefractive crystals are a class of nonlinear electro-optic materials known for its ability to dynamically
record volume holograms. Their significance lies in their application within holographic storage solutions, playing
a pivotal role in the development of advanced optical systems. These materials are integral to a wide are used
in range of technologies including adaptive interferometry, associative memory systems, optical amplification,
and the field of holographic recording and data management. The underlying mechanism of hologram formation
within photorefractive crystals revolves around the spatial redistribution of electric charges under the influence
of the light field in the interference pattern. This redistribution occurs between different parts of the crystal, as
a result of which they acquire different optical properties under the action of the light field. Notable examples
of photorefractive materials include lithium niobate (LiNbO,), barium titanate (BaTiO), bismuth silicon oxi-
de (BSO), and bismuth germanium oxide (BGO) [13].

The focus of this study is recording holograms of singular beams in sillenite-type photorefractive crystals.
Sillenites have garnered significant attention in the photorefractive domain due to their exceptional sensitivity
and minimal energy requirements for pulse recording ~1-10 mJ - cm 2 [14; 15]. In sillenite crystals, the photo-
refractive effect arises from the activity of both electrons and holes, contributing to the demonstration of two types
of photoconductivity. Although electron-driven conductivity predominates, the presence of hole migration
tempers the resultant space charge field from the electron grating, leading to a dynamic equilibrium between
the two types of charge carriers.

Experimental setup and results

To study the processes of recording dynamic holograms in photorefractive crystals, an experimental setup
was assembled, the scheme of which is shown in the fig. 3. The second harmonic of pulsed Nd : YAG laser /
with wavelength A = 532 nm and a pulse duration of 20 ns was used as a recording source. Then the laser radiation
is divided into two identical beams by a semi-transparent mirror 8. A plate 9 with an already recorded hologram of
a singular beam in photopolymer was placed on the path of one of the beams. Mirror 3 directed the reconstructed
singular beam to the crystal as a signal beam. Another beam from semi-transmitting mirror § was also directed to
the crystal by mirror 4 as a reference wave. As a result of interference of these beams in the crystal a hologram
was formed.

The resulting hologram was reconstructed using a continuous helium-neon laser /7. To determine the topo-
logical charge, both the transmitted and diffracted beams of this laser were used in the interference scheme.

7



Kypnaa Besopycckoro rocyiapcTseHHOro yuusepeurera. ®usuxa. 2024;3:4-9
Journal of the Belarusian State University. Physics. 2024;3:4-9

This scheme includes mirrors 6 and 7 as well as a dividing cube /3. To equalise the intensities of the waves
involved in the interference, a neutral light filter /2 was installed on the path of the passed wave. The obtained
interference pattern was recorded using camera /4.
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Fig. 3. Scheme of the experimental setup for recording dynamic hologram
of singular beam in bismuth silicate crystal:
1 —Nd : YAG laser (second harmonic, 532 nm);
2,3,4,5, 6, 7—mirrors; § — semi-transmitting mirror;
9 —vortex grating (/ =1); 10 — BSO crystal; 7/ — helium-neon laser (632.8 nm);
12 —neutral optical filter; /3 — divide cube; /4 — CD camera

Figure 1 shows images of the singular beam, which was used as a signal wave for recording the pulse holo-
gram and the result of numerical modelling of the singular beam profile. As can be seen from the figure, the
obtained beam has a «doughnut-like» of the spatial intensity distribution with a minimum in the center, which
is characteristic of an optical vortex.

The interference of an optical vortex and a plane wave in a bismuth silicate crystal resulted in the recording of
the interference pattern shown in fig. 2, a, with a characteristic «fork». The obtained hologram can be reconstruc-
ted by helium-neon laser radiation by selecting the correct angle of incidence of radiation according to the Bragg
condition. As a result of diffraction, we form a diffracted beam, which is an optical vortex. Further, the classical
interference scheme of topological charge determination is used by determining the number of splits (additional
lines) and the direction of the «fork». Figure 2, b, shows the interference pattern of the past and diffracted beam
of the helium-neon laser. As you can see, the number of splits and their direction coincides with the topological
charge of the fork-like diffraction structure used to record the grating in the crystal.

Conclusions

To record and recover singular dynamic holograms in photorefractive bismuth silicate crystals, we have deve-
loped an experimental scheme involving the use of a pulsed laser for record hologram and continuous laser light for
its reconstruction. A static hologram, which is a fork-like diffraction grating was used as the source of the optical
vortex. When light passes through it, an optical vortex propagates in the direction of the first order of diffraction.
After reconstruction of the obtained dynamic hologram of the singular beam, two beams (the passed and the recon-
structed beams) were observed at the crystal exit. These beams were brought together and an interference pattern
with a characteristic fork was recorded on the CD camera. A distinctive feature of this scheme is the use of the
passed beam as a plane wave source for the interference analyses of the topological charge of the optical vortex.
As many photorefractive crystals have optical activity, the use of two passing beams can compensate the effect of
optical activity and obtain a high quality interference pattern with a high visibility value.
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KAACCUODPUKAIINS TEOTPAOUYECKOI'O ITPONUCXOXAEHU A
AEKAPCTBEHHBIX TPAB C ITOMOIIbIO MHOTI'OITAPAMETPUYECKOI'O
CITEKTPAABHOI'O AHAAU3A

II. C. KOJIOJOYKA", M. A. XONACEBHY"

1)Hycmumym Guszuxu um. B. . Cmenanosa HAH Benapycu,
np. Hezasucumocmu, 68, 220072, 2. Munck, benapycw

Annomayus. Ha npuMepe poMaliky anteyHoil, n3roroiaeHHoi B Poccun n benapycu, npoBeneHa kinaccuukanus
reorpauuecKoro MPOUCXOKICHUS U MTPOU3BOUTEIS JICKAPCTBEHHBIX TPAB METOIaMH MHOTOIIAPAMETPHUUCCKOTO aHAITN3a
CIIEKTPOB ONTHUYECKOM MmioTHOCTH 70 % CHIUPTOBBIX HACTOEK B auamnazoHe /uiiH BojaH 230-2600 M. s nmocTpoeHust
KJIaCCU(PUKAIIMOHHBIX MOJIENICH PUMEHSIIICh METO/] IVIAaBHBIX KOMITOHEHT, METOJI ITOCTPOCHUS JIEPEBbEB KIIaCCU(PHUKAIINN
1 METOJ1 BEIOOpA CIIEKTPAIbHBIX EPEMEHHBIX. MeTo/ INIaBHBIX KOMIIOHEHT MO3BOJISIET CYIIECTBEHHO YMEHBIINTh pa3Mep-
HOCTb IIPOCTPAHCTBA IPHU3HAKOB, B KOTOPOM OCYIIECTBIISIETCS TIOCTPOCHHE JIepeBbeB Kiaccupukanmu. MakcuManbHOe
KOJIMYECTBO PACCMATPUBAEMBIX TTIABHBIX KOMIIOHEHT OTPAaHWYECHO BeTHMYUHOH 10, 4TO TaeT BO3MOKHOCTH OMHCATh Oonee
0,999 obmieit nucepcuy W3MEPEHHBIX CHEKTPOB. JlepeBbs KiIaccH(PHUKANN TPU MPOBEICHUH JCCATHKPATHONH Kpocc-
BaJIMIAINH WACHTUDHUIMPYIOT CTPAHy IIPOUCXOKICHUS 00pa3IOB B YETHIPEXMEPHOM MPOCTPAHCTBE U MPOU3BOIUTENS
B TPEXMEPHOM MPOCTPAHCTBE TNIABHBIX KOMIIOHEHT IIMPOKOIIOIOCHBIX CIIEKTPOB ONTHUYECKOH IIOTHOCTH C TOYHOCTBHIO
6omee 0,93. PamkxnupoBaHue CIIEKTPATBHBIX IIEPEMEHHBIX B IMTOPSKE YMEHBIICHUS MOIYIIS CPETHETO OTKIIOHCHUS OTITHYC-
CKOH TNTIOTHOCTH OT YCPETHEHHOH BETMYMHBI TIO3BOJISIET MOBBICUTH TOYHOCTD KIIACCU(PHUKAIMOHHBIX Mojienel. JloctoBepHas
KJIaCCU(UKAIHS Teorpa(uIeckoro MpOUCXOKICHHS POMAIIKH alITEYHON JOCTHTACTCS B IPOCTPAHCTBE [TABHBIX KOMIIOHCHT
20 u3 2623 nepeMEHHBIX, UMCIOIIUXCS B IIMPOKOMOIOCHBIX CIIEKTPax. TOYHOCTh KITACCU(PHUKAIINN TIPOU3BOAUTEIIS ObLIA
nioBbItieHa 110 0,94 3a cuet BbiOOpa 14 CHeKTpaibHBIX IEPEMECHHBIX.

Knroueswie cnosa: CHGKTpaJ’ILHHﬁ aHaJIn3; MCTO/ ITIaBHbIX KOMIIOHCHT; ICPEBO KJIaCCI/I(i)I/IKaHI/II/I; BI>I60p CIICKTpaJIb-
HBIX IEPEMCHHBLIX; JICKAPCTBECHHOC PACTUTCIILHOC ChIPLE.
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CLASSIFICATION OF THE GEOGRAPHICAL ORIGIN
OF MEDICINAL HERBS USING MULTIVARIATE SPECTRAL ANALYSIS
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68 Niezaliezhnasci Avenue, Minsk 220072, Belarus
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Abstract. Classification of the geographical origin and manufacturer of medicinal herbs was carried out by multivariate
analysis of the optical density spectra of 70 % alcohol tinctures in the wavelength range 230-2600 nm using the example
of chamomile from Russia and Belarus. Principal component analysis, classification and regression tree method, and
spectral variable selection were used to build the models. The principal component analysis allows one to significantly
reduce the dimension of the feature space. Classification and regression trees are being constructed in it. The maximum
number of principal components considered is limited to 10, which made it possible to describe more than 0.999 of the
total dispersion of the measured spectra. Classification and regression trees with tenfold cross-validation classify the country
of origin of samples in a four-dimensional space and the manufacturer in a three-dimensional space of the principal compo-
nents of broadband optical density spectra with an accuracy of more than 0.93. Ranking the spectral variables in decreasing
order of the absolute value of the average deviation of optical density from the average value made it possible to improve the
accuracy of classification models. A reliable classification of the geographical origin of chamomile is achieved in the space
of principal components of 20 variables out of 2623 available in the broadband spectra. The manufacturer’s classification
accuracy was improved to 0.94 by selecting 14 spectral variables.

Keywords: spectral analysis; principal component analysis; classification and regression tree; spectral variable selec-
tion; medicinal herbs.

BBenenue

[llupokoe ucronb30BaHUE JEKAPCTBEHHOTO pacTUTeabHOro ChIphs (JIPC) Ha mpoTsikeHMHM MHOTHX CTO-
JETUHU SBIAETCS OCHOBOUM HapoaHoil Menuuuubl. Hayunbsie uccnenosanust JIPC orpanuueHsl OTCyTCTBUEM
OOIIETPUHSIITON HCCIIEA0BATEIHCKOW METOIOIOTHH JUIsl OIICHKH HETPaIUIIMOHHON MeuiuHsl [ 1]. [lst onpe-
JeneHus kadecta U noanuHHocT JIPC mpu KaueCcTBEHHOM M KOJWYECTBEHHOM aHANN3E OTACIBHBIX TPaB
WM MHOTOKOMIIOHEHTHBIX IPENapaToB, KaK MPaBUIIO, UCTIOJIB3YIOTCS OJUH FUIH JBa (hapMaKOJIOTHIECKHU
aKTHBHBIX KOMITOHEHTa. Takas orieHKa He JaeT MoJHoTo npeactasieHus o JIPC, mockomnbKy 3a TeparneBTH-
yeckui 3(HEeKT MOKET OTBEUaTh MHO)KECTBO aKTUBHBIX KOMIIOHEHTOB, KOTOPbIE TPYIHO HIIM HEBO3MOXKHO
pasnenuts. Kpome Toro, HaOOp U cofepkaHne XUMHISCKUX KOMIIOHEHTOB, BXOASIIUX B cocTaB JIPC, moryT
BapbUPOBAThCS B 3aBUCHMOCTH OT CE€30HA cOOpa, reorpauaecKoro MpoOrUCXOKICHUS, MPOIICCCOB 3aTOTOBKU
U MHOTHX ApyTux (akropos. B cBsa3u ¢ atum juis uaeHtudukauu JIPC MOXXHO HUCIIOJIb30BaTh «OTIIEYATOK
najbiay [2] — xapakTepHbIi MPoQHIIb, KOTOPII OTpaKaeT CIOKHBIA XUMUUYECKHI COCTaB aHATU3UPYEMOI0
o0pasia 1 MOXeT OBITh MONYYeH C MOMOIIBI0 XPOMATOTpapHIECKUX, CIIEKTPOCKOMUIECKAX NI WHBIX Me-
TOJIOB. DTOT MPODHITH IOJDKEH XapaKTepHU30BaThCs PyHIaMEHTAIbHBIMU MIPU3HAKAMH CXOJICTBA M PA3ITHIHS.
C noMOUIBI0 «OTHEYATKOB MAJIBIIEB» MOKHO C HEKOTOPOH BEPOSITHOCTHIO ONMPEesiTh NoAIUHHOCTE JIPC
U UACHTUPUIIUPOBATH ero [3—5], naxe eciiv Habop U (WIK) KOHIICHTPAIIMKA XapaKTEPHBIX KOMIIOHEHTOB OT-
JUYAIOTCS JJIs pa3HbIX 00pa3IoB.

Lespr0 MPOBOIMMOTO MCCIICIOBAHNUS SIBIISIOTCS pa3paboTKa MOJCIIH KIIaCCU(PUKAIIMK, OCHOBAHHOM Ha MPH-
MEHCHHH «OTIICUATKOB MAIBIIEBY» B YIBTPahHUOICTOBON, BUAMMON U ONKHEH HH(PpaKkpacHO abcopOImOHHON
CIIEKTPOCKOIINH C UCIIOb30BaHUEM METO/Ia ITIaBHBIX KOMIIOHEHT ( principal component analysis, PCA) n meTona
IIOCTPOEHUsI iepeBbeB Kiaccubukaunu (classification and regression tree, CART), nist onpeneneHus reorpa-
(hryeckoro mpoucxokieHus u npousBoauteist JIPC Ha mpumepe poMaIKy anTeyHO! | TIOBBIIICHUE TOYHOCTH
KJIaCCH(HKAIIMU C TIOMOIIbIO BRIOOPA CIIEKTPAJIbHBIX TIEPEMEHHbIX.

MaTepnaJn,l U METOAbI UCCJICAOBAHUA

Criextpb! onTryeckoi IioTHOCTH 70 % CIMPTOBBIX HACTOEK 00PA3IIOB POMAIIIKHY alITEIHOMN OBLITN 3apETHCTPHPO-
BaHbI Ha criekTpodoromerpe Shimadzu UV-3101PC (Amonnst) co crekTpanbHOM MIMPHHOMN ey | HM B THana3oHe
JuiH BoiH 230-480 uwM ¢ marom 0,5 HM U B nuamazone JutrH BoiH 4802600 M ¢ marom 1 HM. BriOpannas
LIMPHHA LIEJTU Ha TOPSIIOK MEHbIIE XapaKTEPHBIX IIUPHUH 0COOCHHOCTEH CIIEKTPOB pacCMaTprBaeMbIX 0ObEK-
ToB. J1J151 IPOBEICHUS MCCIIEIOBAHU MCIIONB30BaIach pOMallKa arTeyHas JIByX pousBoauTeiei us benapycu
(Morunésckast u Butebekas obmactu; cymmapHo 38 00pasnoB) u AByX mpousBonuteneil u3 Poccun (Teepn
u Anraiickuii Kpait; cyMmMapHO 35 00pasIioB).

11



ZKypnaa Besopycckoro rocynapcrseHHOro ynusepcurera. ®usuxa. 2024;3:10-16
Journal of the Belarusian State University. Physics. 2024;3:10-16

B kadecTBe MeToMIa HCCIIeAOBAHUN TIPUMEHSIIIACH ONITUYECKAs aOCOPOIIMOHHAS CTIEKTPOCKOTIHS, 00hEKTaMU
HCCIICMOBAHMS SIBSUTUCH CTUPTOBOIHBIC HACTOWKH JICKAPCTBEHHOTO CHIPBSL. [[7151 aHamm3a CeKTPOB UCIIONB30-
Basmnch Metonibl PCA [6] m CART [7].

B nmannom uccienoBanuu meton PCA npumensieTcs iis aHayiv3a WH(GOpPMaIIMK, BBISBICHUS BHIOPOCOB
Y YMEHBIIICHHsI pPa3MEPHOCTH MTPOCTPAHCTBA MTPU3HAKOB, B KOTOPOM Oy/IeT MPOBOIUTHCS Kiaccudukaius 00-
pa3ioB. BMeCTO HCXOJHOTO MHOXKECTBA CIIEKTPAJILHBIX TIEPEMEHHBIX HA0OP JTAHHBIX MOXKET OBITh OITMCAH C UC-
M0JIb30BaHMEM HEOOJIBIION0 KOJIMYECTRA IIABHBIX KOMIIOHEHT 0€3 3HAUUTEJIbHOM MOoTepH naHHbIX. [ToapooHO
ocHOBHI MeTos1a PCA u3nokeHsl B cTaThe [8].

B nacrosmieit padore fepeBo KiacCHU(pUKAIMK CTPOUTCS B MPOCTPAHCTBE HAWIEHHBIX TIIABHBIX KOMIIO-
HeHT [9-12]. Mcnonb3yeTcs clieayIonumii Hanboiee 9acTo BCTPEUYAroONIuiicst anroputm peaimsanun Metona CART.
B npocTpaHcTBe IMIaBHBIX KOMITOHEHT BCE 00Pa3Ilbl pa30MBArOTCS Ha ABE TPYIIIHI Pa3IMIHBIM 0Opa3oM. [lamee
BEIOMpaeTCs BapuaHT pa30HEHUs, IPU KOTOPOM MaKCHMAaIIbHOE KOJMUYECTBO 00Pa3I0B OTHOTO KJlacca MoTmajjaroT
B OJIHY TpyImimy (3T0 mepBbId y3en naepea). JlanpHeiiee pa3oueHne MpoI0inKaeTes OJA00HBIM 00pa3oM J10
TEX TOp, TIOKa He Oy/IeT TOCTUTHYTO OTPAaHUIHMBAIOIIEE YCIOBUE. B TaHHOM CiTydae TaKUM YCIIOBUEM SIBISICTCS
YXyAIIEHHE TOYHOCTH KITaCCH(UKAITMOHHON MOJIENH TIPY TIPOBEICHNH IECATUKPATHON KPOCC-BaTHIAIlNH.

Pe3yabTarhl U MX 00CyKIeHUE

[lepen npumenennem metona PCA BeINONHSIIACH IPEIBAPUTEIIbHASI 00pa00TKa CIIEKTPOB IMOCPEACTBOM
neHTpupoBanus. Ilociae 3TOTO MPOBOAUIOCH YMEHBIICHUE Pa3MEPHOCTH MATPHIBI UCXOAHBIX JTaHHBIX
(2623 cmekTpansHBIX epeMeHHBIX) ¢ Tomombio PCA. Ha srane mpumenenuss PCA yautsiBaeTCs H30bI-
TOYHOE KOJMYECTBO [NMIABHBIX KOMIOHEHT, orpaHnueHHoe BennunHoi 10. Ha puc. 1 nokasano, uyro 10 ras-
HBIX KOMIIOHEHT onuchiBaroT 0,999 2 obmieit aucniepcuu nanHbIX. Ha aTane nocrpoeHus kinaccu(hruKauOHHBIX
MojieieH BRIOMPAIOTCSI KOMIIOHEHTBI, KOTOPBIC SIBJISIOTCS HanOO0JIee 3HAYUMbBIMU JIJISI OTIPEICIICHHSI CTPaHbI
TIPOUCXOXKICHHS U TIPOU3BOIUTEIIS JIEKAPCTBEHHOTO cpeacTBa. Hirke mokazaHo, 9TO KOJTUIECTBO TAKUX KOM-
MTOHEHT HE MPEBHINIACT 5.
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Puc. 1. OObsicCHEeHHasI TUCTIEPCHST CIIEKTPOB
ONTHUYECKOH MIIOTHOCTU 73 HACTOEK POMAIKHU alTeYHOH
B 3aBUCHUMOCTH OT KOJINYECTBA [VIABHBIX KOMIIOHEHT

Fig. 1. Explained dispersion
of the optical density spectra of 73 chamomile tinctures
depending on the number of principal components

Ha puc. 2 n300paxeHsl cyeta B mpocTpaHcTBe Hanbonee nHpopmaruBHEIX niepBoit (PC1) u Bropoii (PC2)
[JIaBHBIX KOMIIOHEHT, KOTOpbIe CyMMapHO onHckiBatoT boiee 0,96 aucnepcun naHHbIX. BuaHo, 4To Ha 1Bymep-
HoM Tpaduke nBa oopasua JIPC ogHOTO U3 POCCHIICKUX MTPOU3BOAMTEIICH MOMAAI0T B KIJIACTEPhI, COCTOSIIINE
U3 MIPOAYKIUH IPYTHX Mpou3BoanTenei. [Ipu 3ToM ¢ TOUKH 3peHns OIpeieNIeH s CTPaHbl IIPOUCXOXKICHUS 3Ha-
YHUMBIM SIBIISIETCS MONAJJaHUe B KJIACTEPHI, COCTOSIINE U3 TPOIYKIIMU Oenopycckux nmpousBoautenei. [Tomama-
HHE 0003HAUYECHHOTO KPYXXKOM 00pasia B KiIacTep MPOXYKLUUH, 0003HAYEHHOH 3BE3104YKOH, HE CKa3bIBacTCs Ha
TOYHOCTH OTIPEIeNICHHS CTPAHBI IPOUCXOXKICHHUS, & CYIIECTBEHHO TOJILKO IIPH ONPEAETICHUU PETHOHA TIPOU3-
BOJZICTBA B TIPEEIax OTHOW CTPAHBI.
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Puc. 2. Cyera CIEKTPOB ONTUYECKON IUIOTHOCTH HACTOEK POMAIIKHU alTeYHOM
B IIPOCTPAHCTBE NEPBOIf U BTOPOH ITTABHBIX KOMIIOHEHT
(P®1, PD2 — poccuiickue npousBoaurenu; Pb1, PB2 — 6enopycckue npon3BoauTenn)

Fig. 2. First and second principal components scores
of the optical density spectra of chamomile tinctures
(P®1, PD2 — Russian manufacturers; PB1, P2 — Belarusian manufacturers)

KnaccudukarnumonHoe nepeBo ObIJI0 TOCTPOSHO Ha OCHOBE MOMy4YeHHBIX 10 TITaBHBIX KOMITOHEHT C ITPUMe-
HEHHEM JIECATUKPAaTHON Kpocc-Banuaanui. OHO mpecTaBieHo Ha puc. 3. TouHOCTh onpenenenus reorpadu-
YEeCKOro MPOUCXOXKICHHSI POMAIIIKH anTeqyHol cocTaBuia 6omnee 0,93.

W3 puc. 3 BUAHO, 9TO /IS TIOCTPOSHUS MOJICIH UCIOB30BaIMCh TonbKo niepBast (PC1), Bropas (PC2), yet-
BepTas (PC4) u maras (PCS) rmaBHbIe KOMITOHEHTH. MOXHO CHENIaTh BBIBOA O TOM, YTO MMEHHO OHH HECYT
B ceOe nH(popmaiuto, HauboJiee MOJIC3HYHO JIJIs KITacCU(UKAIUU reorpaduuecKoro MporuCXoxJaeHUs paccMmar-
pusaemoro JIPC meronom CART B npocTpaHcTBe IIaBHBIX KOMIIOHEHT ITUPOKOIMOJIOCHBIX CIIEKTPOB ONTHYE-
ckoit rotHocTH 70 % CHUPTOBBIX HACTOEGK. B TIpOCTpaHCTBE TeX ke TNIABHBIX KOMITOHEHT ObLIa IOCTpPOSHA
monens CART mist kmaccuukanmuy poOMaIiky alTeIHOHN 10 TPOU3BOIUTEINIO (PHUC. 4), TOUHOCTH KOTOPOH pHr
JIECATUKPATHON Kpocc-Banuaanuu npessiiiaet 0,93.

Krnaccugukamontoe nepeBo 1S onpeaeneHus IPOU3BOIUTENISI POMAILIKH allTeYHON MOXKET TaKKE BBITIOIHSTH
(hyHKITHIO OTpeieieH s reorpagpuyecKoro MpouCXokKIeH s 00pasiioB. Mozenu Ha puc. 3 1 4 TOKa3bIBAIOT BapHa-
THUBHOCTH KJIACCH(HKAIIMOHHBIX AEPEBHEB: PA3IMIHBIC MOJIENTH MOTYT XapaKTepH30BaThCS OTMHAKOBOIM TOYHOCTBIO.
Onnako knaccudukanyst reorpaduuecKkoro MpoUCXOXKICHUsI POMAILIKH aTEUHOM SIBIISIETCSI 00Jiee YHUBEPCATBHO,
MIOCKOJIbKY HE OIPaHHUYCHA YETHIPbMS IIPOM3BOIUTEISIMH, HO TPEOyeT TOMOIHUTEIbHON BalUAALHH.

PC2 <—-0,450462 PC2>-0,450462

PC1 <-10,572 PC1>-10,572 PC4 <-1,11876 PC4>-1,11876

PC5<2,59483 PC52>2,59483

2 1

Puc. 3. KnaccupuxanuoHnHoe 1epeBo Al ONpPeIeTICHHUsI CTPAHBI TPOUCXOMKICHUS
pomarku anreunoii (/ — Pocens; 2 — bemapycn)

Fig. 3. Classification tree for determining the country origin
of chamomile (/ — Russia; 2 — Belarus)
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PC3 <-0,235941 PC3 >-0,235941

PC1 <-2,91532 PC1>2-2,91532

PC2 < 0,0538059 PC22>0,0538059

PD1 PB1 PB2 P2

Puc. 4. KnaccupukannoHHOE IEPEBO ISl ONPENeIICHHS IPOU3BOTUTENSI POMAIIKH alTeUyHOMH
Fig. 4. Classification tree for determining the manufacturer of chamomile

JU1st NOBBILICHHUS TOYHOCTH KJIACCU(UKALMK KO BCEMY CIIEKTPAJIbHOMY AMana3oHy OblI IPUMEHEH METO[
BbIOOpA CIEKTPAJIbHBIX IEPEMEHHBIX 110 3HAYCHUIO MOJYJISI CPETHETO 110 BCeM 00pa3laM OTKIOHEHHUS ONTHYe-
CKOH IJIOTHOCTH OT yCpeIHEHHOW Benn4uuHbI (puc. 5). KonndecTBo BEIOPaHHBIX CIIEKTPaIbHBIX IEPEMEHHBIX
JIOJIKHO TPEBBIIIATH KOJIMYECTBO PACCMATPUBAEMBbIX IIaBHBIX KOMIIOHEHT. [1o 3toii npuunne meton PCA Obin
peanu30BaH Jisl IPOCTPAHCTB CIEKTPAJIbHBIX IEPEMEHHBIX pa3MepHocTr oT 11 10 2623, T. €. ot 11 cnekTpasb-
HBIX [IEPEMEHHBIX, XapaKTEPU3YIOLINXCs HAMOONbIIMMY BeJIMUMHAMH COPTUPYIOILETo Mapamerpa, 10 BCEro
M3MEPEHHOT0 CIeKTpa B uara3oHe e BoH 230—2600 HM, KOTOPBIi OBLUT yIOPSIIOYEH 110 yOBIBAHMEO MOYJIS
CpPEeIHEro OTKJIOHEHHUSI ONTHYECKOH IUIOTHOCTU OT YCPEIHEHHON BEJINYHHBI.

45 1,4-10"
10 ———Pd1
O+ o e Pq)z —15
PEL 112710
ssHOIND L L i e PE2 =
= \ 41,0-10" 2
Q
e 3,01 N e
) N - | N SE=
£ 2,5H] \ _ | —40,8-10 g
= i N — 4T /’ .. 5
g 20k e // s ﬁ
§ s . \_/\—«*“ _ . i 0,6 -10 Qé
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g S Bt 04-10" &
=}
1,0 . » =
0.5 1 02-10
0 L e p i || || [l I l.ul]..

0
260 280 300 320 340 360 380 400
JliHa BOJIHBI, HM

Puc. 5. Moaynb cpeiHero OTKJIOHEHHsI ONTHYECKON TIIOTHOCTH
OT YCPEAHCHHO! BeIMYMHBI (Tpad)K YepHOTO I[BETA),
CHEKTPHI ONTHYECKOH MI0THOCTU 70 % CIMPTOBBIX HACTOEK
00pa3oB POMAIIIKK alTeYyHON U BRIOPAHHBIC JIJIs TPOBEICHUS KiIacCU(DUKAIINU CTPAHBI
ripoucxoxkaeHust 20 CIEKTPabHBIX IEPEMEHHBIX (BEPTUKAIBHBIC THHIN)

Fig. 5. Absolute value of the average deviation
of optical density from the average value (black graph),
optical density spectra of 70 % alcohol tinctures
of chamomile samples and 20 spectral variables (vertical lines)
selected for country origin classification

CyI]_IeCTBeHHO BO3pocCHInC HOTpe6HOCTH BBIYUCIHUTCIBHBIX PECYPCOB, IO CPABHCHUIO C KJ'IaCCI/I(bHKaI_II/IeI\/JI

10 IHUPOKOIIOJIOCHBIM CIICKTPaM, IMPUBEJIN K OTPAHUYCHUIO Pa3MCPHOCTH MPOCTPAHCTBA ITIABHBIX KOMIIOHCHT
JUTSI TIOCTPOEHUS KITAaCCH(PUKAITMOHHOTO JIepeBa BETMUNHON He Oosee 3. KimaccudpukannoHabie MOAETH OBLTH
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pa3paboTaHbl Juist Bcex KOMOMHAIMA 3 13 10 mIaBHBIX KOMIIOHEHT, IOCTPOCHHBIX B IPOCTPAHCTBAX BHIOMpae-
MBIX CHEKTPAJIbHBIX NMEPEeMEHHBIX. TakuM 00pa3oM, OTHOBPEMEHHO pelainch aBe 3a1a4du. [lepBas 3amaua
3aKJIF0YANIach B BEIOOpPE CIIEKTPAIBHBIX MEPEMEHHBIX M3 WX YIOPSIOUYSHHOTO MHOXKECTBA U MOCTPOCHUH Je-
CATHMEPHOTO TPOCTPAHCTBA ITIaBHBIX KOMIIOHEHT. BTopas 3ajada cocrosia B MOCTPOCHUU KaTHOPOBOYHOM
MOJICJIM MAaKCUMaJIbHOM TOYHOCTH B IMPOCTPAHCTBE IIAaBHBIX KOMIIOHEHT pa3MepHocTH He Ooiee 3 u3 10 pac-
CMaTpUBaeMbIX TJIABHBIX KOMIIOHEHT. Ha puc. 5 mpencraBineHbl BEIOpaHHBIE U IOCTPOSHHS ONTHMAIbHOM
Monenu 20 CIIEKTPaIBHBIX IIEPEMEHHBIX BMECTE CO CIIEKTPaMH ONITHYCCKOH TUIOTHOCTH CIIyJaiHBIX 00pa3IioB
POMAIIIKH anTeqHON 13 Kax10# rpymisl. [lepeBo, HanOomee TouHO KiraccuUIpyFolee reorpaduieckoe mpo-
ucxoxaenue nanHoro JIPC, npencrasneno Ha puc. 6. KnaccupuxaunoHHoe 1epeBo B JByMEPHOM NPOCTPAHCTBE
tpetbeit (PC3) u yerBeproti (PC4) raBHBIX KOMIIOHEHT, TOCTPOSHHOM 110 20 BEIOPaHHBIM CIIEKTPAIbHBIM Iepe-
MEHHBIM, XapaKTePHU3yeTCs JOCTOBEPHOCTHIO KJIACCH(UKAIIMH PACCMOTPEHHBIX 00Pa3I0B POMAIIIKH alITCYHOM
MIPY TTPOBEICHNH IECATUKPATHOMN KPOCC-BaTUAAIINH.

PC4 <0,0608423 PC4 >0,0608423

PC3 <-0,0493819 PC3 >-0,0493819

2 1

Puc. 6. KnaccudukayonHoe 1epeBo
JUISL OLIPE/ICIICHUS CTPAHBI ITPOUCXOMKICHHS
pomamiku anteunoit (/ — Poccusi; 2 — bemapycs)
C BBIOOPOM CIIEKTPAJIbHBIX TIEPEMEHHBIX

Fig. 6. Classification tree for determining
the country origin of chamomile (/ — Russia; 2 — Belarus)
with spectral variable selection

AHaJIOrMYHBIA METOJT BBIOOPA CIIEKTPAJIbHBIX TIEPEMEHHBIX ObLT TPUMEHEH U 151 YIYUIICHUS MOJICIIH KJlac-
cru(UKAIIK POMAIITKH alTeIHOU 1Mo Mpon3BoauTeNto. Hammydmas Tounocts (Oonee 0,94) Oblna MOCTUTHYTA
B ripocTpanctie Bropoii (PC2), tperseit (PC3) u nsroii (PCS) miaBHBIX KOMITIOHEHT (puc. 7) ipu BeiOope 14 criek-
TpaJIbHBIX TIepeMeHHbIX (puc. 8). B aToM citydae ynanoch JOOUTHCS HE3HAYUTEIHHOTO MOBBIIIEHUS TOUHOCTH
kiaccudukanuu. Takas 0COOEHHOCTh comacyercs ¢ 0oJjiee BBICOKOW CIIOKHOCTBIO 3aa4M KIIACCU(PUKAIIUU
MIPOU3BOJIUTEIIS TIO CPABHEHUIO C 3a/1a4eil Kiaccu(pukanum reorpauueckoro IpouCXOKICHHSL.

PC3 < 0,00578987 PC3 >0,00578987

PC2 <-0,0816758 PC5<0,0121889 PC52>0,0121889

PC2>-0,0816758

P2 PB1
PC5 <—-0,0643941 PC5>-0,0643941

PC2<0,379516 PC22>0,379516

Pb1 POl PB2 Pb1

Puc. 7. KnaccuukaioHHOE IePEBO TS ONPEIIICHHUS TPOM3BOIUTEIS POMAIIKH allTeTHON
Fig. 7. Classification tree for determining the manufacturer of chamomile
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Puc. 8. Moaynb cpeiHero OTKJIOHEHHsI ONTHYECKON TIIOTHOCTH
OT YCPEIHCHHOM BeTMUNHBI (TpaduK YEPHOTO I[BETA), CIIEKTPhI ONTHYECKOM IIOTHOCTH
70 % cIEPTOBBIX HACTOEK OOPA3IIOB POMAIIKH AN TEYHOH U BEIOPAHHBIE IS IPOBEICHNUS
KJIACCU(PUKALIUH TPOU3BOMUTENSI 14 CIIEKTPATBHBIX IEPEMEHHBIX (BEPTUKAIbHBIC JIHUH )

Fig. 8. Absolute value of the average deviation
of optical density from the average value (black graph), optical density spectra
of 70 % alcohol tinctures of chamomile samples and 14 spectral variables (vertical lines)
selected for manufacturer classification

3akJrouenue

B pabore npoaeMoHCTpHPOBaHBI BO3MOKHOCTH IMTPUMEHEHHS METOI0B MHOTOIIApaMETPHUECKOTO aHAIIN3a JJIS
MOCTPOEHUS MOIeNeH Kinaccudukanuy reorpapuyeckoro npoucxoxaeHus u npoussoautens JIPC mo cniektpam
ONTHYECKOH MIIOTHOCTU CIIUPTOBBIX HACTOEK.

Hcnonp3oBanne MeToa BEIOOPA CIEKTPATFHBIX TIEPEMEHHBIX 110 YMEHBIIICHHUIO MOJYIISI CPETHEH 110 BceM 00-
pasuam BeTMYUHBI pa30opoca ONTHYECKOHN IIOTHOCTH JUTS IIOCTPOSHHUS MAJIOMEPHOTO ITPOCTPAHCTBA TIIABHBIX KOM-
MOHEHT W MPUMEHEHHS B HEM METOJ0B KJIACTEPHOTO aHAIIN3a MO3BOJIMIIO TOCTHYb JOCTOBEPHOHN KiIacCH(UKAIIMI
00pa3LOB POMAILKH ATEYHON POCCUICKOTO U OEIOPYCCKOro MPOU3BOACTBA. JIOCTUTHYTast TOUHOCTD ONPEACTICHUS
TIPOW3BOMIUTEIIS IAHHOTO JIEKAPCTBEHHOTO ChIPhsi cocTaBmia 0,94, 4To JOCTaToYHO AJIs TPAKTUIECKOTO ITPUMEHEHHUSL.
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CUHTE3 1 POTOKATAANTUYECKASA AKTUBHOCTD
IT'ETEPOCTPYKTYP TiO,/Ti
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Annomayus. MeTo0M XUMHUECKOTO CTPYKTYPHUPOBAHUS C TIOCICAYIONIMM OT)KATOM HA OCHOBE TUTAHOBOM (hOJIBIH
nonydeHa rerepoctpykrypa TiO,/Ti ¢ pa3BUTON ceTYaTO-UroNIBYATON OBEPXHOCTHIO, CHOPMUPOBAHHOI KBA3UYIIOPAIO-
YEHHO MepeCceKaroIMMUCI HAHOHUTSIMU JUOKCHIa TUTaHa CO CpeaHel Tonmunoi 55 um. [o pesynabsratam peHTI€HOBCKOTO
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T (PaKIIHOHHOTO aHAIM3a U CHEKTPOCKONNU KOMOMHAIIMOHHOTO PacCesTHUs CBETA yCTaHOBICHO 00pa30BaHUE HA TOBEPX-
HOCTH TUTAHOBOW ()OJIBTY TTOCIIE XMMHUYECKOH U MMOCIeayIOIeH TepMHuYeckoll 00pabOTKH TOHKOTO CTPYKTYPHUPOBAHHOTO
OKCHJIHOTO CJIOSI, COCTOSIIIET0 M3 cMeCcH MoaMMOopHbIX Moxudukarmii TiO, —aHaTasza u pyTuiia, IpuyeM aHaTa3 SBIsSeTCs
JTOMHUHUpYIoIeH pa3oii. DoTokaranuTHyeckas akTHUBHOCTB TeTepocTpyKTypsl TiO,/Ti B OTHOIICHNH MOZIGIIBHOTO 3arpsi3-
HUTEJS METHIIEHOBOTO CHHETO B BOJHOM pacTBOpE NpH akTuBaiuu YOD-uznyuennem (365 HM) MPUBOAMT K Jerpajaliun
9 % xpacurens B TedeHue 50 MUH, 4TO SBIIAETCS BEBICOKMM ITOKA3aTENIeM AJIsl TOHKHX TUICHOK. [loy4eHHbIe cTpyKTypHpO-
BaHHBIE ()OTOKATATUTHYECKU AKTUBHBIE CJIOW JIMOKCHIA TUTAHA MOTYT PUMEHSITHCS B TOPTATUBHBIX YCTPOMCTBAX OYUCTKU
BOJIBI M BO3/yXa, a TaKke OJarogapsi BBICOKOPa3BUTON MOBEPXHOCTH MOTYT CTaTh OCHOBOM JUISi CEHCOPHBIX YCTPOMCTB
U TUIA3MOHHBIX MaTepPHAIIOB.

Kntouegvie cnosa: HAHOCTPYKTYPBI; TMOKCH THTaHa; (OTOKATANN3; (yHKIIMOHAILHBIE HAHOMATEPHAIBI.

bnazooapnuocme. ViccienoBanus BBITIOTHEHBI B paMkax npoekra @23V3b-061.

SYNTHESIS AND PHOTOCATALYTIC ACTIVITY
OF TiO,/Ti HETEROSTRUCTURES

M. A. YAUSEICHYK"® L. S. KHOROSHKO®®, D. I. GAGLOEVA°,
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Abstract. The heterostructure TiO,/Ti with developed surface based on titanium foil was obtained by the chemical
structuring and subsequent annealing. The surface of heterostructure formed by the quasi-ordered massive consists of
nanowires with average diameter about 55 nm. According to the results of X-ray diffraction analysis and Raman spectro-
scopy, the formation of a thin structured oxide layer consisting of a mixture of polymorphic modifications of TiO, — anatase
and rutile — on the surface was established herewith anatase-dominated. The photocatalytic activity of the heterostructure
TiO,/Ti against the model pollutant methylene blue in aqueous solution under UV-irradiation (365 nm) activation has
been established at 9 % in 50 min, which is a good value for thin films. The obtained structured photocatalytically active
titanium dioxide layers can be used in portable water and air purification devices and, due to the highly developed surface,
become the basis for sensor devices and materials for plasmonics.

Keywords: nanostructures; titanium dioxide; photocatalysis; functional nanomaterials.
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BBenenue

Junoxkcun tutana TiO, Ha MPOTSHKEHUN MHOTHX JIET SIBISICTCS OIHUM M3 CaMBIX MOMYISPHBIX M aKTHBHO
HCCIIEMYEMBIX MaTEPHAIIOB VIS TeTepOTeHHOTO (hoToKaTam3a [ 1-7]. doTokaTaIMTHIECKH aKTHBHEIE MaTepra-
JIbl HA OCHOBE JIMOKCHJIA TUTaHA OTIIMYAIOTCSI CPABHUTEIBHOM MTPOCTOTON TEXHOIOTHH MTONYyUCHHUS], BAPHATHB-
HOCTBIO popM-PakTopa (MMOPOIIKOBBIE 1 HIMMOOMIN30BaHHBIE KaTajIu3aTopbl, HAHOCTPYKTYPHPOBAHHBIN /1~
OKCHJI TUTaHa B BUJE HUTEH, CTOJOUKOB U T. [I.), @ TAK)KE HATMUYUEM aHTHOAKTEPHAJIbHON aKTUBHOCTH [6—8].
Cpenu nomumopdubix Mmogudurauuii TiO, Hanbosiee BHICOKYI0 3G GEKTUBHOCTD PA3JI0KEHHS MOJUTIOTAHTOB
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JIEMOHCTPUPYIOT aHATA3 U PyTHJI, XapaKTEPU3YIONTUECS ONTHYECKOM IMUPUHON 3amperiennoi 30661 3,0 u 3,2 3B
cooTBeTcTBEeHHO [1; 9; 10]. bpykut ncnonb3yercst pexe BBUAY Ooyiee CIOKHOM MPOLeAyPhl CHHTE3a U CTa0H-
JM3alru KpucTamnueckol ¢asel [2]. [TTaBHBIMU HeoCTaTKaMU JUOKCHJIA TUTaHA KaK THUITUYHOTO HIMPOKO-
30HHOTO IIOJIYTIPOBOIHUKA SBJISIFOTCS €r0 ciladasi 4yBCTBUTEIBHOCTD K BUIMMOMY M3JIydEHHUIO M HEOOXOUMOCTh
akTuBanmu Y®-u3nydenuem. [loBbimenne GoTokaTaIuTHUECKON aKTHBHOCTH MaTepHajIoB Ha OCHOBE THOKCHIA
TUTaHa MOYKET OCYIIECTBISATHCS KaK C TOMOIIBIO JIETHPOBAHUS JUIsI CCHCUOMIIN3ALMU K BUIUMOMY U3JTy4YEHHUIO,
TaK ¥ 3a c4eT (OpMHUPOBAHUS BHICOKOPA3BUTON HAHOCTPYKTYPHPOBAHHOM ITOBEPXHOCTH, ITOJIYUEHUE KOTOPOH
BO3MOXKHO XUMHUYECKUMH METOJIaMH 1 COYETaHHEM XUMHUYECKUX U TEPMUUECKHUX METOJHK.

Lenbto naHHOI pabOTHI sIBIsETCS HCCIeqOBaHUE MOP(OIOrUY U (POTOKATAIUTUIECKOH aKTUBHOCTH TOH-
KHX CJIOCB AMOKCHIA TUTaHA, IIOJYyYaeMbIX HA TUTAHOBOW (oJibre, MyTEeM COUYETaHHs METOAOB XMMUYECKOTO
Y TEPMHYECKOTO OKUCIICHUS.

MaTepua.m)l U METOAbI UCCJICAOBAHUSA

Juokcun tutana Ha noBepxHOcTH THTaHOBOM (oibsru BT1-0 (TOCT 19807-91) nonyvanu AByXcTaauii-
HBIM MeTozioM (puc. 1). Ha nmepBoii ctaanu npeaBaputensHo ounineHHyo B 10 % pacTBope a30THOM KHUCIIOTHI
(hoseTy TEPMOXMMHUYECKH OKHCIISUTH B KHTIAIIEM pacTBope nepokcuaa Boroposa (30 %) B reuenne 10 muH, Ha
BTOPOI1 CTaJMHU MPOBOAMIIN OTKHT 00pa3LoB Ha Bo3nyxe npu Temmeparype 550 °C B teuenne 30 MuH.

Mopdosnoruro mory4eHHBIX CTPYKTYP HCCIIEA0BATN C TIPUMEHEHHEM CKaHUPYIOIEH 3JeKTPOHHON MUKPOCKO-
run (COM) Ha mukpockorie EVO10 (Carl Zeiss, I'epmanust). OnpeneneHne TOMIINH HAHOHUTEH OCYIIeCTBISITH
C UCIIONIb30BaHUEM MPOTPaMMBI [mage.J, CTAaTUCTHUYECKUI aHAIN3 POBOJMIIN CpecTBaMu nakera MS Excel.
®Da30BEIi cOCTaB OKCUIHOTO CJIOS OMIPEISIISIT METOJIOM PeHTTeHOBCKOM audpakiuu (P]) Ha qudpakrTomerpe
Maxima_ X XRD-7000 (Shimadzu, SInoHust) ¢ MICTOYHUKOM XapaKTEPUCTUIECKOTO PEHTTEHOBCKOTO M3ITyYCHUS
CuK, (A =1,5406 A). 3anuch nannbix npoussoawIu B reomerpuu bparra — Bpenrano (0—20) ¢ marom 0,01°
nipu 0030pHOM HccienoBanuu U ¢ marom 0,005° npu neranpHOM m3ydeHuH. MccnemoBaHus METOIOM pama-
HOBCKOM CIIEKTpOCKONNHU (KOMOMHAIIMOHHOTO paccesiHus ceeta (KPC)) mpoBoawiy Ha 30HI0BOM HaHOJIA00pa-
topun « MHTEI'PA Crektpa» (OOO «HT-MT», Poccust) ¢ kpacHBIM JTa3epHBIM HCTOYHUKOM BO30YKICHUS
(A =633 am, P =1 MBT).

o/b

Puc. 1. Cxemarndeckoe n3o0paxxeHne 3TanoB noaydeHns oopasmnos TiO,/Ti:
a — XUMHYecKoe okuciieHne oopasua B 30 % pacTBope IepoKcuia BOIOPOAa;
6 — TepMHUECKOe OKHCIICHHE Ha Bo3ayxe npu 550 °C

Fig. 1. Schematic representation of the stages of obtaining TiO,/Ti samples:
a — chemical oxidation of the sample in a 30 % solution of hydrogen peroxide;
b — thermal oxidation in air at 550 °C

Karanutuueckyio akTHBHOCTh CTPYKTYpP ONPEENISIIN 10 U3MEHEHUIO KOHIIEHTPAIIUA TECTOBOTO 3arpsi3-
HUTENs — opraHudeckoro kpacurens metuneHosoro cunero (C,,H,¢N;SCI) — nocne BoszneiicTBust Ha Hero
VY®-u3nyqenus B npucytcrsun obpasua TiO,/Ti u B orcyrcTBue obpasua TiO,/ Ti. I3MeHeHHne KOHIIEHTpauuu
OLIEHMBAJIX 110 CHU)KEHHUIO HHTEHCUBHOCTH OCHOBHOTO IMKA IIONVIOLEHUS] METUJIEHOBOTO CUHETO B BOJIHOM pac-
TBOpPE, KOTOPYIO ONPEACISUIN ¢ TOMOLIBIO IBYXJTydeBoro crnekrpodoromerpa Evolution 300 UV-Vis (Thermo
Electron Scientific Instruments LLC, CI1IA) ¢ paspemenneM 1 HM. ClIeKTpbI peruCTPUPOBAIIH B AMANA30HE JITTHH
BoitH 400—800 HM co ckopocThio ckanupoBanus 1200 aM/MuH. KoHIIEHTpanus KpacUTEINS B HCXOIHOM PacTBO-
pe cocrasmsana 5 - 107 MOIB/1I, peakMOHHBIH 06beM PacTBOpa COCTABIAT 2 ML B mporecce uccaen0Banms
pacTBOPHI B KBApIIEBBIX KIOBeTax roMemnany mox Y®P-ucrounuk (Jamma Omnilux UV 400W E-40 (I'epmanus),
A = 365 HM), CIeKTphI perucTpupoBaiu Kaxasie 10 MuH. [l ycTaHOBIEHHS aACcOPOIMOHHOTO PaBHOBECHS
00pasiibl BBACPKUBAIIM B TECTOBOM PAaCTBOPE MPH TEMHOBOM PEXUME (T. €. B YCIOBHUAX MHHUMH3AINU BO3-
JIEHCTBHS ONTHYECKOTO M3Iy4YeHNs1) B TeueHne 30 MuH.
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Pe3y.111,TaT1,1 H UX oﬁcymne}me

Coderanne XUMHICCKOW U TEPMHUIECKOH 00paboTku crmocodcTByeT Ooee 2h(HEeKTHBHOMY OKUCICHHUIO TH-
TaHa, JIOCTATOYHO YCTOWYMBOTO K BHEIITHUM BO3ICHCTBHSM, 32 CUET TEPMOCTHUMYIHPOBAHHOTO POPMUPOBAHUS
IIOBEPXHOCTHOTIO CJ10s OKcua-quruapokcuaa turada TiO(OH),, koTopslii, B CBOO 04epeb, IPH AadbHEHIIEH
TepMUICCKOW 00pabOTKe pazpyImraeTcs ¢ 00pa3oBaHHEM IIEJIEBOTO okcuaa. Ha pwuc. 2, a—a6, peacTaBIcHBI
n300paxeHus: noBepxHocTu cTpykrypsl TiO,/Ti, nomyuenasie COM-METOOOM IPU PA3JIMUYHOM YBEIMYCHUH.
JlanHbIe N300paKeHNUS CBHICTEIILCTBYIOT O BRIPAKEHHOM CETYATO-HTOJIBYaTOM HAHOCTPYKTYPUPOBAHHOM pelibe-
(he OKCHUIHOTO CJI0S TTO BCEH MMOBEPXHOCTH 00pasiia, Ipu OOJBIIEM YBEIIMUCHUH TakKe HabmomaeTcst popmu-
pOBaHUE KBA3UICPUOANICCKON CTPYKTYPHI (CM. pHC. 2, 8).

2ld
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Puc. 2. COM-n306paxenus nosepxuoctu TiO,/Ti, nomyuennsie npu yseanuerun x7000 (a), X15 000 (6) u x65 000 (s),
U pacrpe/iesieHre TOIIMH HAHOHUTEH OKCHIIHOTO CJIOSI HA IIOBEPXHOCTH TUTAHa (2)

Fig. 2. SEM images of the TiO,/Ti surface obtained at the magnifications x7000 (@), x15 000 () and x65 000 (c),
and thickness distribution of nanowires of oxide layer on the titanium surface (d)

HaGmromaembiif pa3BUTHIN TOBEPXHOCTHBIN pelibed, KOTOPBIN XapaKTepU3yeTCsl HTOIBIaTOH MOp(hoIoTHEeH
1 KBa3HYITOPSIOUCHHOM CeTYaToi CTPYKTY PO, COCTOSIIEH U3 TIePeCEKAIOMNXCSI HAHOHUTEH, pOpMUPYETCS 3a
CUeT HepaBHOMEPHOCTH TU((Y3MOHHBIX MTPOIIECCOB, CBOMCTBEHHOM TOBEPXHOCTH TUTAaHOBOH (hosbru. Tak, mist
BBICOKOYHCTOTO (99,99 %) THTaHa M 71 TUTAHOBBIX CIUIABOB, BKJIIOYAs MCIIONB3YeMbIi B HACTOsIIEH padoTe
CIJIaB, XapaKTEPHBI HEKOTOPBIE 0COOCHHOCTH HauaIbHBIX CTa/INH TEPMUYECKOTO OKMCICHHS, TPOBOIMMOTO TPH
TeMIiepaTypax HIKEe TEMIIEparyp, COOTBETCTBYIOMHUX (Ga3zoBoMy mepexony B camoMm Mmetaiie (800-900 °C).
[Ipu cTanAapTHBIX YCIOBUAX HArPEBaHUS TUTAHA HA BO3yXE OKHUCIUTEIHHBIE TPOIIECCHI, PUBOISIINE K yTOMIIE-
HUIO OKCHTHOTO TTOKPBITHS, HAYMHAIOT IPOTEKaTh pH Temreparypax Boime 600 °C [11-14]. Cnoii ectecTBeHHOTO
peHTreHoaMop(HOTO OKCH/IA TONIITUHOW HECKOIHLKO HAHOMETPOB (3 HM), KOTOPHIH 110 COOTHOIICHHWIO TUTaHA
1 KHACJI0poa OJIN30K K COOTHOLLUEHMIO TUTAHA U KUCIIopoaa, copepskamuxcs B Ti0, [11; 15], obpasyercs Ha no-
BEpXHOCTH THTaHa ipu KoMHaTHOU Temrieparype (20 °C). B cirydae MOBBIIICHHSI TEMIIEPATYPhI YBEIIMIUBACTCS
cKopocTh uddy3un KUCIOopoa B TATAHE, TP 3TOM €T0 KOHIIEHTPAIIMS PACTET B OCHOBHOM B PUIIOBEPXHOCT-
HOM CJI0€, COKpAIIasich Ha TPaHUIIE pa3aesia OKCHJI — METaJUL, UTO CIIOCOOCTBYET OBICTPOMY TOPMOXKEHHUIO U TIpe-
KpaIleHHIo IpoIiecca TEPMUIECKOTO OKICICHHS TP OTCYTCTBUH BHEITHUX BIUSIOMNX (PaKTOPOB (aipHEHTIIee
MOBBIIIIEHUE TEMITEpaTyphl MW JaBIEHUS KUCIOPOAa B PeaKIMOHHOW kKamepe). TOJIMHUHBI TaKuX CIOEB He
npeBbimaroT 00sraHO 100-200 uM [12; 14; 16]. IIpenBaputenbHas XuMudeckas 00padoTKa, BKITIOUAOIIAast Ha-
CBIIIIEHNE TIOBEPXHOCTH TUTaHA KUCIOPOIOM ¢ 00pa3oBaHHeM aMOP(HBIX OKCHIOB B THIPOKCHAOB, CIIOCOOHA
YBEIMYUTH TOJIMHY TEPMHUYECKH OKHACIISIEMOTO CIIOS Ha MMOBEPXHOCTH METAUTMYECKOTO TUTAHA B HECKOJIBKO
pa3. B "acTHOCTH, peaknuns TUTaHA C MEPEKUCHI0 BOJOPOA HAUMHAETCS YK€ TIPU KOMHATHOM TeMIepaType
¢ oOpa3oBaHHEM MepeKUCH-TuTHaApokcuaa [13]:

Ti + 3H,0, = Ti(OH),0, + 2H,0.

B cBoro ouepenp, momydeHHOE COEMMHEHUE MTPU HarPEBaHUHU pasiiaraeTcs ¢ popMUPOBAHUEM OKCHJA, a J10-
MOJTHUTEIEHOE OKCHIMPOBAHUE OBEPXHOCTH CIIOCOOCTBYET YBEIMYECHHIO TONIIMHBI 00Pa3yIOIIEerocsi OKCHA.
B Hamrem akcriepuMenTe, HCXOAS U3 KoimdecTBa pactBopa (250 mur) u miomamy ¢omnsru (5 X 5 % 2 cm), npu
Temneparype okono 115 °C u npu J0ITyIIeHnH, 9TO BCE BO3MOKHBIE 00bEMbI PEareHTOB BCTYIIHIIN B PEAKIIHIO 32
yKa3aHHOE BpeMsi, 00beM MOITyYEHHOW MEePEKUCU-THAPOKCUIA B TIepecyeTe Ha TMOKCH]] THTaHA COOTBETCTBYET
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TOJIMHE OKUCICHHOTO 1105t 0Ko10 200 HM'. Kpome Toro, B3aHMOJIeHCTBIE THTAHA C BOIHBIM PACTBOPOM HEPOK-
cHJIa BOJIOPO/Ia ITPY TIOBBIIICHHOW TeMIepaType CrocoOCTBYET JONOIHUTEIFHOMY (OPMHPOBAHUIO HA TIOBEPX-
HOCTH (OJIBIH psia aMOPMHBIX OKCHIHBIX coenuuennit turana Ti,O,, KOTOpbIe NIpH JalbHEHIIEM OT)KUIE Ha
BO3/IyXe JOOKHUCISIOTCS B ycToiunBble Gopmsl TiO,, mpuueM pasnuune ko3()GHIIEHTOB TEIIOBOTO PacIIupe-
HUS B Py OKCH/IOB THTAHA PUBOIUT K 0OPA30BAHHIO OMOMHHTENHHO PA3BHTOIO perbeda mosepxuocTu” [13].
Takum 00pa3oM, UCXOS U3 PEKUMOB XMMHUYECKOTO U TEPMUYECKOTO OKHCIICHHMSI, TOJIIMHA OKCHJIA B paccMar-
puBaeMoM ciydae He npesbimaer 500 HM, Goniee TOUHAs HHCTPYMEHTAIbHAs OLCHKA TONIIHMHBI cinos Ti0, Ha
JTAHHOM JTare He OCYIIECTBIIIACH, OHA SBIISICTCS OHOHM W3 IeNeH JambHEHIINX NCCIIeIOBAHUM.

[IpoBeeHHBII CTATUCTUYCCKUI aHAIM3 TOJIIIMH HAHOHUTEH Ha cllydaiiHO BbIOpaHHbBIX 30 yyacTkax (oib-
ru pazmepoM 15 x 10 MM (KOTMYECTBO HAHOHUTEH Ha KaXKIOM ydacTke paBHsUIOCh (500 £ 5) miT.) mokasai,
YTO TOJNIIMHBI TOAYHHSIOTCSI HOPMaJIbHOMY 3aKOHY pactpeneneHus. CpeiHee 3HaueHHe TONIIUHBI HAHOHUTEH
coctasiseT (55,68 £ 0,96) um mst 95 % moBeputensHOTO MHTEpBaia 10 CTHIOACHTY, MEANAHHOE 3HAUCHUE —
(54,06 £ 0,96) M. br30CTh CpemHEr0 U MEIUAHHOTO 3HAYCHUH TOJIIMH HAHOHUTEH CBUIECTEILCTBYET O XO-
polieil OHOPOTHOCTH TpoIiecca OKCUAMPOBAHUS UCTIONB3YeMOH (HONBIU MPH 3aJJaHHBIX pPEKUMaxX CHHTE3a
U IPUMEHUMOCTH METO/Ia IBYXCTaIUHHOTO XUMHKO-TEPMHUUECKOTO OKUCIICHHUS JIJIs TONYYCHUST HAHOCTPYKTY-
pupoBaHHBIX IIEHOK Ti0,.

Mo pesynsraram PJ/l-ananusa moBepxHOCTHBIN cioit cTpykTypsl TiO,/Ti coctout u3 cmecu (a3 anarasa
u pyTHia (peduexchl B obnactu 3HaueHuit 20 pasuet 25° (JCPDS 71-1167) u 27,5° (JCPDS 75-1753) cootBer-
CTBEHHO (BCTaBKa Ha puc. 3, @)). COOTHOIIEHUE TTUKOB, ITOTYyUYEHHBIX JJIS TATAHOBOM MOUIOXKKH (CM. puc. 3, a,
JCPDS 44-1294) 1 OKCHIHOTO CIIOSI, TAK)KE CBUICTENBCTBYET O Masioi TommuHe popmupyemoro TiO,.
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Puc. 3. luppakrorpamma rerepoctpykrypsl TiO,/Ti
(Ha BCTaBKe MpeacTaBieHa qudpakrorpamma, momydenHas ¢ marom 0,005°) (a)
u cuexrpsl KPC TiO,/Ti (6)

Fig. 3. Diffractogram of TiO,/Ti heterostructure
(on the insert, a diffractogram obtained with increments of 0.005° is presented) (a)
and Raman spectra of the heterostructure TiO,/Ti (b)

YuuTthiBas CBHJICTEILCTBA HU3KOTO KOJUYECTBA COACPKAHUS OKCHIIHOW (ha3hbl Ha TTOBEPXHOCTH 00pasia,
a TakXke OTCYTCTBHE Ha mudpakrorpamme Bcex peduiekcoB aHarasza, kpome pedaekca (101), mis yToaHeHMS
(ha3o0BOTO COCTaBa OKCHIHOTO CJIOSl U MOJATBEPIK/CHUS HATMYHMS UMEHHO JaHHOHM monuMopdHoi Moaudurka-
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LIMU BellleCcTBa ObLIN MPOBEICHBI UccienoBanus ¢ npumeHerneM KPC-criekrpockonuu (puc. 3, 6). B ciekrpe
KPC oTuernuBO BUAHBI MUKHU ¢ MakcuMyMamu 145;395; 514 u 642 CM’I, COOTBETCTBYIOIIHNE KOJIEOATeTbHBIM
MoJaM cTpykrypHoii mogudukaunn TiO, Tuna aHatasa ¢ mpocTpaHCTBeHHOW rpymnmoit [4,/amd [17]. O6-
nacth 200—400 cM ' XapaKTepH3yeTcst OTCYTCTBUEM KOIeOaTeIbHBIX IMHUH C HHTEHCHBHOCTBIO, COMOCTABHMOI
C BBIIICYKA3aHHBIMH [TMKAMH, YTO CBUICTEJILCTBYET 00 OTCYTCTBHM B oOpasiie ¢a3bl Opykuta. bojee Toro,
orcyrctBre B criekTpe KPC mukoB, CBsI3aHHBIX CO CTPYKTYpPOH pyTHIIA, a TAK)KE HEBHICOKAS HHTEHCHBHOCTH
CBSI3aHHBIX C JAHHOU CTPYKTYpOW INHUH Ha audpakTorpamme (CM. prc. 3, @) TO3BOJISIFOT CIIENIaTh BEIBOJ O 3HA-
YUTEILHOM Npeodiaganuy Gas3bl aHatasa Hall (pa3oi pyTHiia B MOBEPXHOCTHOM cJioe oOpasia.

HccnenoBanre CrieKTPOB MOIVIONMIEHUS PACTBOPOB METHIICHOBOTO CHHETO TTocie YD-001ydeHus B IPUCYT-
crBuU retepocTpyKTyphl TiO,/Ti moka3piBaeT CHUKEHHE MHTEHCUBHOCTH MAaKCMMyMa OCHOBHOIO ITHKa I10-
IJIOILICHUS Ha IJIMHE BOJIHBI 664 HM, a TaKk)Ke BEIPABHUBAHUE JIOMOJTHUTEIBHOIO TUKA HA JUIMHE BOJIHBI 615 HM
(puc. 4, a), 4TO CBUJIETEIIBCTBYET O JISrPaIallii KPACUTEIIS B IPUCYTCTBUM (DOTOKATAIN3aTOPa B TCUCHUE BPE-
MEHH 3KCITOHHPOBAHUSI.
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Puc. 4. DBomonns CEKTPOB MOMIOMCHUS METHIICHOBOTO CHHET0 B BOIHOM pacTBope (5 - 107 MOJIB/JT)
nox peiicteueM Y@ (A = 365 um) B pucytctun obpasuos TiO,/Ti (a);
KUHETHUKA Pa3IOKCHUS METHUIICHOBOI'O CUHETIO ITPU OKCITIOHUPOBAHHUU
YO-mnyuennem (A = 365 um) B npucyrctBuu obpasuos TiO,/Ti (6);
3(hGEKTUBHOCTH Pa3I0KEHHUS TECTOBOTO 3arPSA3HUTEINS C TEUCHHEM BPEMEHH YKCTIOHUPOBAHUS (6)

Fig. 4. Evolution of the absorption spectra of methylene blue in the aqueous solution
under the UV-irradiation (A = 365 nm) in the presence of the TiO,/Ti samples (a);
kinetic of photocatalytic destruction of methylene blue in the aqueous solution
under the UV-irradiation (A = 365 nm) in the presence of the TiO,/Ti samples (b);
efficiency of decomposition of the test pollutant over the irradiation time (c)
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Kpowme Toro, HabmoaeTcst cMelieHne MakCHMyMa TTOTIIOIEHUS] METHIICHOBOTO CHHETO TIPH JUTUTETTHHOM 00ITy-
YEHHUH, YTO CBSI3aHO C MOCIIEI0BATEIbHBIM IEMETHIINPOBAHNEM, J€aAMIHUPOBAHUEM H ITOCTIEAYIOIINM OKHUCIICHHEM
HCXOMTHBIX MOJICKYJT METHJICHOBOTO CHHETO (Oosee moapoOHO MEeXaHU3M JCKoIopu3anuu ((hoToneCTPYKITHN)
METHJICHOBOTO CHHero omnucad B [18]). Bnusnust agcopbuun kpacutens crpykrypoit TiO,/Ti Ha koHIIeHTpa-
IIUI0 MCXOJHOTO PAacTBOpPa MHCTPYMEHTAJIBHO HE 3aperuCTPUPOBAHO MO MPUUYMHE MAJIBIX TOJIIIUH OKCHIHOTO
CJI0s1, I3MEHEHNE KOHIIEHTPAITUU KPACUTEIS TTOCJIe TEMHOBOM BBIZICPKKH B Teuenne 10—-30 MUH HE TOCTUTATIO
BenuunHb! 60s1ee 0,1 %, BBUAY 4ero JaHHBIC 0 TEMHOBOU afcopOIiy Ha rpaduKax HE IPUBOISTCS.

3a Bpemst YD-o6myuenns crpykryp TiO,/ Ti B Teuenne 50 MuH pa3ioxkeHUIo oasepraercs nopsiaka 9 % kpa-
cutens (puc. 4, 6 U 6), 4TO B COYCTAHMH C MAIBIMH 3HAYCHUSIMHU 1UTOAAH (64 MM®) 1 ToiHbL (~400—500 HM)
CBUJICTEIILCTBYET O JOCTATOYHO BHICOKOH (hOTOKATAIMTHICCKON aKTUBHOCTHU UCCIICYEMbIX TOHKOIIIICHOUHBIX
00pasIoB, CONOCTaBUMOM C (POTOKATATHTUICCKON aKTUBHOCTBIO TNIEHOYHBIX ()OTOKATAIN3aTOPOB, IMOJTydae-
MBIX 30JIb-TeJIb MeToaoM [19; 20].

3akaueHmne

Hcnons3yemoe mpu cunrese cTpykryp TiO,/Ti coueTaHne XMMHYECKOTO U TEPMUUECKOTO BO3IEHCTBHS 110-
3BOJIHJIO C(HOPMHUPOBATH HA MOBEPXHOCTH TUTAHOBOM (HOJILIM CIIOW JMOKCHIA TUTaHA TONIUHON 10 500 HM,
XapaKTEePHU3YIOMINHCS BBICOKOH CTENEHbI0 HEOIHOPOAHOCTH M KOMOMHUPOBAHHBIM (pa30BBIM COCTABOM, UTO
noATBepxkaaercs pesynpraramu Pll-ananmmusa u KPC-cnekrpockonuu. [loxydennas qByxcraauifHbIM XUMHUKO-
TePMHYECKUM OKuciIeHneM rerepoctpykrypa TiO,/ Ti uMmeet pa3BuThIi pesbed MOBEPXHOCTH, IIPEACTABISIOMINIA
co00¥1 KBa3WyMOPSIIOUCHHYIO CETYATYI0 CTPYKTYPY C XapaKTePHBIMHU pa3MepaMu HaHOHHUTEW OKOJIO 55 HM.
[eTepocTpyKTypbl IEMOHCTPHPYIOT BBICOKYIO (POTOKATAINTHYECKYIO aKTUBHOCTh B OTHOIICHHH TECTOBOTO
3arpsI3HUTENS — OPTaHMUECKOTO KPACHTEINsI METHIICHOBOTO CHHETO B BOJHOM pactBope. Uepe3 50 MuH 3kcmo-
HupoBaHust YD-uznyuenuem (A = 365 HM) pacTBOpa METUIICHOBOTO CUHETO (MCXO/IHAS KOHIICHTPAIUS KPacu-
Tens 5 - 107 MONB/1T) B IPHCYTCTBUU CTPYKTYPHI TiO,/Ti ormMeuaeTcst CHUKEHHE KOHIIEHTPALUK KPACUTEIIS IO
CPaBHEHMIO C UCXOMHBIM pacTBOpoM Ha 9 %. [lomyuennsie crpykrypsl TiO,/Ti MOTYT OBITH HHTEPECHBI AT
CO3JJaHUsI HE TOJILKO 3 PEKTUBHBIX TOHKOIIJICHOYHBIX (DOTOKATAIN3ATOPOB, BKITIOUAs CHCTEMBI JIJISI IPOTOYHBIX
PEaKTOPOB U MOPTATUBHBIX YCTPOWCTB, HO M MPUJIOKEHNUH MJIa3MOHHKH, IIOBEPXHOCTHO-YCHUIIEHHON paMaHOB-
CKOHM CIIEKTPOCKOIIMH, a TAK)KE CHCTEM MOHHTOPWHTA KOHIICHTPAIUNA MOJIEKYJ U TPOTEKaHUSI XUMHUYECKUX
peaknuii [21-23]. 3amaueii nanpHEHIINX HCCIIEIOBAaHUH ABIgeTCs co3nanue Ha ocHoBe TiO,/Ti rerepocTpyk-
TYp, COAEPKAIINX OKCUIHBIC U METAITMYECKIE HAHOYACTHUIIBI, CTIOCOOCTBYIOIINE CEHCUOMIN3AINH CTPYKTYP
K U3JTy4ECHHUIO BUJMIMOTO JHaIa30Ha.
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Annomayus. Ilpu TecTHpOBaHUN HayIHOH anmaparypsl «BupeocnekTpanbHas cucTeMay, pa3paboTaHHOM s UCTIONB30-
BaHMs B paMKax KOCMHUYECKOIO SKCIIEPUMEHTA « YparaH» Ha pOCCUHCKOM cerMeHTe Mex1yHapoJHOM KOCMUUYECKON CTaHIIMY,
oOHapy»eHa podieMa JBOCHHS H300paKeHHs (BOSHIKHOBEHHUS IPH3PAKOB). YCTAHOBIICHO, YTO TaHHBIHN (h(eKT 00yCIoBICH
0COOCHHOCTSIMU ONITHYECKOH CXEMBI almaparypsl: n300paxeHne (HopMHUpyeTcs Ha IPHEMHONW MaTpHIle B OTPAKEHHOM OT
CBETOZEJIUTEILHOM ITaCTHHBI cBeTe. [1peioxkeH mporpaMMHBI METO/l KOPPEKIIMH TIPU3PAKOB Ha M300paKEHUsIX, U OLIEHEHA
ero a¢¢extuBHOCTS. [locTpoeHa nepBudHas Moaenb (GopMUPOBaHUS MPU3PAKOB Ha M300paxeHuu. Ilo pesynbraram uccie-
JIOBaHHs1 BO3HUKHOBEHMS IIPU3PAKOB HA CHUMKAX, ITOJIy4EHHBIX HAay4yHOH anmnaparypoil «BuaeocnekrpaiibHas cucremMay» Ipu
CHEMKE KOJUTMIMHUPOBAHHOTO M3ITyHIeHHNs TOYEYHOTO NCTOUYHMKA Ha ONTHYIECKOM CTEHJIE, OIPE/IEIIEHBI 00Iee CIIOKHBIE 3aKOHBI
MIPOCTPAHCTBEHHOTO (hOPMUPOBAHMS MIPH3PAKOB TT0 CPABHEHHIO C TIEPBUYHON MOAEIBIO, KOTOPBIE YTOYHEHBI B HOBOH MOZIEIIHL.
CoBMmerieHne pa3padoTaHHOH MPOCTPaHCTBEHHO-IPKOCTHOM MOIENH ()OPMHUPOBAHNSI IPU3PAKOB U PEKYyPCHBHOTO METO/IA X KOp-
PEKIIMH O3BOJIMIIO YCTPAHUTB ITPU3PAKH C H300paXkKeHUH, OTy4aeMbIX Hay4qHOMH anmaparypoi « BuyieocnekrpaibHas cucTemMay.

Knroueswvie cnosa: NByKpaTHOE OTPAKEHUE, MAPASUTHOE OTPAKEHIE; IPU3PAKU; CBETOCIIUTEIh; 00paboTKa n300pa-
JKCHUH; IpOrpaMMHasi KOPPEKIIUs.

Brazooapnocms. ABTopsI BhIpaxaroT npusHateabHocTh W. 1. BpyukoBckoMy 3a U€I0 U TPOBEAECHUE IKCIIEPUMEHTOB
¢ nazepHbIMK auoaamu U B. C. @enoceeBy 3a moMorns B 00paboTKe MOTyYEHHBIX JaHHBIX.

METHOD FOR MATHEMATICAL CORRECTION OF GHOSTS
IN AN IMAGE AFTER REFLECTION FROM THE BEAM SPLITTER PLATE
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Abstract. When testing the scientific equipment «Videospectral system», developed for use as part of the space ex-
periment «Uragan» on the Russian segment of the International Space Station, a problem of double image (ghosts) was
discovered. It has been established that this effect is due to the peculiarities of the optical design of the equipment: the image
is formed on the matrix in light reflected from the beam splitter plate. A software method for correcting ghosts in images is
proposed and its effectiveness is assessed. A primary model for the formation of ghosts in the image has been constructed.
Based on the results of a study of the appearance of ghosts in images obtained by the scientific equipment «Videospect-
ral system» when shooting collimated radiation from a point source on an optical stand, more complex laws of the spatial
formation of ghosts were determined, in comparison with the primary model, which were clarified in the new model.
The combination of the developed spatial-brightness model for the formation of ghosts and the recursive method of their
correction made it possible to eliminate ghosts from images obtained by the scientific equipment «Videospectral systemy.

Keywords: double reflection; parasitic reflection; ghosts; beam splitter; image processing; software correction.
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BBenenue

[Ipu ucnonb30BaHUM ONTHUYSCKUX CHCTEM CO CBETOJCIUTENIEM BO3HHMKACT MPoOJieMa JIBYKPAaTHOTO OTpa-
JKEHUs OT ero rpaHeit (puc. 1), 9TO MPUBOAMT K TOSBIICHHUIO ABOSIIETOCS M300pakeHus (ghost reflection).
Jus popmupyrorerocst mapa3uTHOro u300pakeHUs B JaHHOH paboTe Iyl
HCIIOJIb3YETCSl TEPMUH «IIpHU3paK». Bu3yaabHO (OTOCHUMOK C TPH- ¢
3pakam¥ MpecTaBisieT co00H JBosIIeecs: H300paKeHHe, B KOTOPOM
O7lHa KOMIIOHEHTA 4eTKas U spkas ([,), a Apyras, napasuTHas, MEHee
uHTeHcuBHas (/,) (em. puc. 1).

Ha texymmuiit MOMEHT CyIIeCTBYET BO3MOXKHOCTh allIapaTHOTo yCTpa-

HEHUS IBYKPAaTHOTO OTPAXKEHHUS ITyTeM NPUMEHEHUSI 0COOBIX ONTHYECKIX
CXEM — TOHKOIIJICHOYHBIX MPOCBETIIAIOIINX HOKpI:ITHfI, CBETOACIUTCIIb-
Horo ky0a. Tak, B padore [1] B KadecTBe CBETOACTUTEIHLHOTO 3JIECMEHTA

IPCIUIOXKCHO UCTIONB30BATh KIIMH C HEOONBLINM YIIIOM, TAKUM, YTOOBI 18~ pyc. /. Slpnenue ABYKPATHOTO OTPAKEHHS

Aaromiee M3JIy4CHHUE, OTpakarouieecsa OT BTOpOfI rpadnu, NpeTepIricBajio OT I'paHeil CBeTOJEIINTEIIS
[IOJIHOE BHYTPEHHEE OTPa)KeHUE U OCTAaBAJIOCh BHYTpH KinHa. OnHAKO Fig. 1. The phenomenon of double reflection
noso0Hoe perieHrne paboTaeT TONBKO B CIydae ¢ KBa3uIapaleIbHbIM from the edges of the beam splitter
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myuykoM. KpoMe Toro, oTCyTCTBYET MpOIIEAIINi My4OK, KOTOPhI MOXKET MCIONb30BaThCs (Kak, HalpuMmep,
B paccMaTrpuBaeMoM Ipuodope). M3BecTHBI pelieHnsi ¢ NPUMEHEHHEM TOHKUX IUIEHOK Ha OCHOBE HUTPOLEJI-
JII0I03HOW MeMOpaHbl. 3-3a HeOOBION TOMITUHEI TICHKH (OKOJIO 2 MKM) MPU3paK MPAKTHICCKHA CITUBACTCS
C OPUTMHAJIBHBIM OTpaxkeHHeM. Ho onucaHHOe perieHne He MOXKET MCII0JIb30BAThCS B ONITUYECKOH araparype,
TOJIBEP>)KEHHOW BUOpAIlUU, BBUJIY YyBCTBUTEIBHOCTU TUICHKH K aKyCTHYECKUM KosieOaHusiM. B nuteparype
OIIMCaHO NMPUMEHEHNE CBETO/ISIUTENHHOTO Ky0a, OHAKO OH MMeeT MpoOIeMy MHOKECTBEHHBIX OTPaKEHUH.

JIt000¥ U3 ONMKMCaHHBIX aINMapaTHbIX METOJIOB PEIICHHUS TPOOIEMbI ABYKPATHOTO OTPAKCHUS HAKIIA [bIBACT
OrpaHUYCHHA HAa TCOMCTPUIO ONTUYECKON cUcTEeMEL. B CUJTY 3TOI'O MEPCIEKTUBHBIMU SABJIAIOTCA METOABI ITPO-
TPaMMHOW KOPPEKIIMH, CTaBIINE BO3MOKHBIMH C POCTOM IPOU3BOAUTEIHHOCTH KOMITHIOTEPOB.

CyuiecTByIoLye METOIbl yCTPAHEHHS OTPKEHUHN JETSTCS Ha TPU KaTerOpUH B 3aBUCMOCTH OT THITa BXOJI-
HBIX JaHHBIX, UCIIOJIB3YEMbIX JUISI CO3JIaHUsI CKOPPEKTUPOBAHHBIX N300pakeHUH 0e3 mpu3pakoB: 1) Koppek-
LU0 TI0 OIMHOYHOMY M300paskeHHIo [2—5]; 2) KOPPEKIHIO IO HECKOIBKUM U300paskeHusM [6—8]; 3) ynanenne
MYJIBTUMOJAIBHOTO OTpaxeHus [9; 10].

B pabore [2] ncnionb3yeTcs 6a3a JaHHBIX C TaK Ha3bIBAEMBIMU €CTECTBECHHBIMHU YYaCTKaAMU H300pakEeHHH.
[IpennokeHHBIN B IyOMUKAIMK [3] alNropuT™M OCHOBBIBAETCS Ha KIACCH(PHMKAIINY MMUKCEIOB KPaeB OOBEKTOB.
B crarbe [6] Hcmonb3yOTCsl HECKOJIBKO N300paKeHUH, CHATBIX ¢ KOPOTKMM BPEMEHHBIM HMHTEPBAIOM. B pa-
6ote [7] HECKOIBKO M300paKEHUN ¢ OTPAKEHUSIMU KOPPEKTUPYIOTCS C TIOMOIIBIO alTOPUTMa Ha OCHOBE pac-
mMpeHHoro MEHOKUTeIs Jlarpamka. [IpaMeHeHHbIN B TyOnuKauu [ 8] moaxo ] HCTIOIb3yeT TOHKHE H3MEHEHHU S
B OTPa)XKEHUH OTHOCHUTENBLHO (pOHA B HEOOIBLIOM HaO0pe M300paKEHNH, OIYYEHHBIX C HEMHOTO Pa3INYatOIIIXCs
Touek 0030pa. B pabdote [9] ucmons3yrorcs JaHHBIC JAaTYHKOB, KOTOPBIC UMEIOT ABa (POTOAMOMA HA MMHUKCEIT,
JUTS TIOJTY9EHUS IBYX CyOanepTypHBIX N300payKeHHI CIIEHBI 3 OJHOTO CHATOTO m300paxenus. B crarse [10]
OIMCBIBACTCSl KOPPEKIMS N300paKEHHI, CHATBIX IUICHONITHYECKON KaMepOi.

Nmerotest paboTHI, MOCBSIIEHHBIC CO3IaHHUI0 (PU3NYECKON MOJICITH OTPaYKEHHUS OT ITOYTIPO3PAYHON CpeIbl
C YU4ETOM HOJISIPU3ALMH IPOIIEIIIET0 U OTpaskeHHOro uzinydyenus [ 11]. [Ipennararorcs MeTobl Ha OCHOBE aJIro-
pUTMOB I1yO0KOTr0 00yueHus [12], Tpedyromye cynecTBeHHBIX KOMIBIOTEPHBIX MOLTHOCTEH. XOpoIIHe pe3yib-
TaThI TOKA3BIBACT aJITOPUTM, UCTIONB3YIOIIHI MOIENh rayccoBoi cmecu (Gaussian mixture model, GMM) [5].
JlaHHBII METOJ SIBIISICTCS. YHUBEPCAIBHBIM U HE TPEOYeT MpeIBapuTeIbHBIX TA00paTOpHBIX H3MepeHuid. OTHaKOo
BpeMst 00paboTKu ogHOTO N300paskeHus pazmepoM 400 x 600 Kk 3aHMMaeT 22 MUH [IPU UCTIOIB30BaHUH 22 sep
nporieccopa. Eciu npeanonokuTh, 4To CI0KHOCTh alTOPUTMA JIMHEWHO 3aBUCUT OT YHCIIA MTUKCEIIOB, TO JUIS
Oompimx n3oopakenuii (100 Mnk) Bpems koppekiuu coctaBut 120 4. BMecTe ¢ TeM 3aBHCHMOCTH MOXKET OBITh
HE TOJILKO JIMHEHHOM, HO 1 OoJiee BBICOKOTO Nopsiaka. [IpeacraBieHHble BbIlIE alrOpUTMbI OMTUCHIBAIOT APYTYIO
reoMeTpHIO, Korja GoTorpadgupoBaHue 00bEKTa MPOUCXOIUT Yepe3 MONyNPO3padHbIi MaTepran (Hanpumep,
0KHO). B Hacrosimeit pabote paccmarpuBaeTcs cirydai, Korja mpruOop perucTpupyeT MapasuTHYIO CIIBUHYTYIO
KOITMIO UCXOTHOTO O0BEKTa M3-32 0COOEHHOCTEH cBOei onTnieckoi cxembl. [1o 3Toii mpuyrHe ObUT TPEIoKeH
COOCTBEHHBII METOJ] KOPPEKITUH MPU3PAKOB HA N300paKEHUAX.

Annaparypa M noJiyuyeHue 3KClepUMeHTATbHbIX JaHHBIX

Jucrannuonnoe 3oHaupoBanue 3emin (33) B coBpeMeHHOM Mupe Bee O0JIbIIe TPOHUKAET B pa3HbIE Cepbl
JeATeNIbHOCTH uenioBeka. CenbcKoe X03sMCTBO, reoie3nsl, KapTorpadupoBaHie, MOHUTOPHHT COCTOSTHHS TOBEPX-
HOCcTH 3emiid, MUpOBOTO OKeaHa  aTMoC(hepsl — OCHOBHEIE, HO HE €IUHCTBEHHBIC 00macTn npuMeHeHms J133.

Onnoit u3 3amay kocMuueckoro sxkcnepumenta (KD) «Yparan» [13—17], koTopslil mpoBoanTCs Ha OOPTY
poccuiickoro cermenta MexxayHapoaHoii kocmuueckoit cranuuu (PC MKC), siBnsiercst oTpaboTka HayqyHOH
anmaparypbl ¥ MeTo/1oB n3ydenus 3emun. Haubonpmee Baumanne B KO «Yparan» ynemnsercs HaOMIOASHATO 32
NOTEHIMAIBEHO ONIACHBIMH M KaTacTPO()UUECKUMH SBICHUSMH, BOSHUKAIOIIMMH Ha 3emite. [{iis n3yueHus oObex-
TOB W SIBJICHWUH Ha MOBEPXHOCTH 3EMITH U B ee aTMoc(hepe IPUMEHSIOTCS pa3HbIe BUJIbI HAyYHOH armaparypehl,
B TOM 4HCJIe IPpUOOpPBI, paboTaromye B pa3aIMyHbIX 00JIACTAX CIIEKTPa 3JIEKTPOMAarHUTHOIO n3inydeHus. [1o aToit
npuurHe Ui peanuzannu KD «Yparan» coznaercs 1 MCIONb3yeTcs Hay4yHas annapaTrypa, ciocooHasi paborarsb
B Pa3JIMYHBIX CIIEKTPAJIBHBIX JHAra30Hax, YTO MMO3BOJISET KOMIUIEKCHO UCCIIEI0BATh H3y4aeMble B paMKaX dKc-
TIeprMeHTa 00BEKTHI U siBeHus1. OOHapy)KeHHe KaKoro-Ir00 GakTopa B UCCIIEIyeMOM SIBICHUH WIIH TIPOIIecce
T00BIM U3 HConb3yeMbIX B KO «Yparan» nmpuOOpoB MOXKET CUTHAIM3UPOBATh O Havaje BaKHOTO, MHOTIA
JaKe KaracTpoguyeckoro, coobITHst Ha 3emiie. OJJHUM U3 IPHOOPOB CIIEKTPATBHON ChEeMKH SIBIISICTCS HAyYHAs
anmaparypa «Buneocniekrpanbnas cucremay» (HA «BCC») [18], kotopast 6b11a pazpadorana MHCTUTYTOM TIpH-
KJIaHbIX pu3ndeckux mpodnem nmenu A. H. Cepuenko BI'Y mo rexanueckomy 3aganuio PakeTHo-KocMu4eckoit
xoprnoparmu «Heprusi» umenu C. I1. KoposeBa B pamkax BBIITOTHEHHS TOCYIapCTBEHHOTO KOHTPAKTa. YiIyd-
menHas Monudukanust HA «BCCy, otnmngaromiasicst 00I6IIHM pa3perniecHrueM GOTOCHUMKA U paccMaTpruBaeMast
B 1aHHOH padote, noctasnena Ha 6opt PC MKC B mae 2023 1. [locranosuikom KD «Yparan» (PakeTHo-KOC-
Mudeckas kopropanus «Queprus» umenn C. [1. Koponesa) B 2023 1. B xoze TectoBbIX BKItoueHu HA «BCCy»

'Pellicle beamsplitters // Edmund Optics, Ltd. : website. York, 2024. URL: https://www.edmundoptics.eu/f/pellicle-beamsplitters/
12443/ (date of access: 10.01.2024).
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BBITIOJTHEHA CheMKa MEXTyHapoIHbIX MojauroHoB cetn RadCalNet B messix Bepudukanuu TaHHbIX. B pamkax
TOCYJapCTBEHHOTO KOHTPAaKTa COBMECTHO C pa3paboTuyukoM (MHCTUTYT NpUKIAIHBIX QU3HYECKUX MPOOIeM
nmenn A. H. CeBuenko BI'Y) npoBenen aHainu3 Mogy4eHHBIX JaHHBIX.

HA «BCC» mpenna3nadeHa mJis MPOBEACHUS HAYYHO-TIPUKIIAIHBIX HCCienoBanmii B xome KD «VYpa-
rau» [19] ¢ 6opra PC MKC. Ona npencrasisier co0oii yCTpONUCTBO, TO3BOJISIONICE MOIyYarh (POTOU300paxe-
Hus (11 600 x 8700 k) B BUAMMOM AHMana3oHe JJTUH BOJH U Oosee 270 CIIEKTPOB OTPAKEHHOTO W3TYUYCHUS
MOJICTUJIAIOUINX MTOBEPXHOCTEH TpeX ceKTpoMeTpoB B nuamnazone 400—-950 um ¢ paszpenieHueM 2—5 HM.

Ocobennocteio HA «BCCy siBisieTcst cmonb3yeMasi CoocHas cxeMa (puc. 2): ¢ TTOMOIIBI0 CBETOMCTUTEIIS
(TuTocKoTmapaIenbHas MOMyTpo3padHas TiacTuHa 4 u3 crexia Mapku K8 ToammHoi 8§ MM, pacmonoKeHHas
oA yroM 45° K ONTHYECKOW OCH M MMEIOIIasi HHTepPEepeHINOHHOE MOKphITHE sl oTpaxkenus 20 % uzmy-
YCHUS B IPEACTABICHHON I€OMETPHUHN) CBETOBOM MOTOK, CIIPOCLIUPOBAHHBIN 0OBEKTUBOM [—3, pa3aenseTcs Ha
nBa noToka. OOUH U3 HUX [POCLUPYETCsl HA MIPUEMHYIO MaTpuny 5 Onoka n300pakeHHi, a Ipyroi NCIoJIb-
3yeTcs Juis POPMHUPOBAHUS TpeX 0OJIACTel CIIEKTPOMETPUPOBAHKS MaTPHUUHBIX criekrpomeTpoB /—11. [pume-
HEHUE CBETO/ICUTEINS IPHUBOJMUT K BOSHUKHOBEHUIO d(deKkTa ABOAIIECrocs H300pakeHHs Ha Moy4aeMbIx (oTo-
CHHMKaX, TaK KaK CBETOBOH IIOTOK OTPAKaeTcsl HE TOJIBKO OT IEPEAHEH, HO U OT 3a{HEel IPaHH CBETONCITUTEIIS.

Ha puc. 3 mokazano m3o0pakeHre KOHTPOJIBLHON MUPHI, MoTydeHHoe ¢ momomsio HA «BCCy». Heoopy-
YKEHHBIM TJIa30M BHJIHO ABOSIIEECs N300paKeHNE: TEMHbBIE IMHUW MHUPBI JTyOIUPYIOTCSl ¥ HAKJIA bIBAIOTCS HA
OJIHOTOHHBIN ()OH C HEKOTOPHIM CMEIICHUEM BBEPX.

Puc. 2. Ynpouennas ontuueckas cxema HA «BCCy:
1 — BXOIHOI 00BEKTHB; 2 — ANIEKTPOMEXaHUYCCKUI 3aTBOD; 3 — KOHBEPTED;
4 — TuIoCcKoNapasuieNibHast MOMYPO3pavyHas MIACTHHA Y3714 CBETOACIHUTEINS; 5 — [IBETHASI IPUEMHAs MaTPHUIIA;
6 — mudpoBoii amantep (3aIHUK); 7 — BTOpast INIOCKOCTh H300pakeHHsT; § — CBETOBOIBI;
9 — BXOJIHBIC IIEJH TTOJIIMXPOMATOPOB; /() — BOTHYThIE TOIOTPa(QUIECKUAEC PEIICTKH;
1] — mpreMHBIE MaTPHUILBI TTOIMXPOMATOPOB

Fig. 2. Simplified optical design of the scientific equipment «Videospectral system» (SE «VSS»):
1 —input lens; 2 — electromechanical shutter; 3 — converter;
4 — plane-parallel translucent plate of the beam splitter assembly; 5 — color photodetector matrix;
6 — digital adapter (back); 7 — second image plane; § — light guides;
9 — entrance slits of polychromators; /0 — concave hologram gratings;
11 — receiving matrices of polychromators

<& 1Ipm3paxu

Puc. 3. llonygennsrit HA «BCC» hoToOCHUMOK TeCTOBOW MHUPBI
C mapasuTHBIM H300pakeHneM (TIPU3PAKOM)

Fig. 3. The image of a test target
with a ghost reflection taken by SE «VSS»
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Mopenu (popMupoBaHus M KOPPEeKIMHU NPU3PAKOB

MepBuunas Mogens popMupoBanus npudpakos. Huxe npeyncrasieHa ynpoiieHHas Moaels GopMu-
pOBaHMsI MPU3PAKOB B OMHCAHHON reoMeTpud. OCHOBHYIO HJICI0 MOJEIH MOYKHO H3JIOKUTh, PACCMOTPEB
npouecc GOpMHUPOBAHUS UTOTOBOTO N300pakeHUs], perucTpupyeMoro horokamepoi. YacTh majgaromero Ha
TIEPETHIOI0 TPaHb MMOYTPO3PAYHOH TUTACTUHBI (CBETOACIUTENS) CBETOBOTO Iy4YKa OTPAKAaeTCs B HAMIPABICHUH
IpUEeMHOHN MaTpHIbl (poToKameps! U POpMUpPYET Ha Hel n3o00paxernne. YacTh CBETOBOTO ITydKa MPOXOIUT CKBO3b
CBETOJIETUTEINb, OTPAKAETCS OT €r0 3aHEH IpaHy U BBIXOJUT Yepe3 IepeIHION0 TPaHb B CTOPOHY IIPUEMHOMN
MaTpHIIbl, TAe (hopMupyeTcs nmapazuTHoe n3oOpakeHue. Takum o0pa3oM, UTOroBoe N300paskeHNe Ha MPHEM-
HOI MaTpuIIe SBISETCS Pe3yAbTaTOM CIOKEHHs (110 MHTEHCUBHOCTSIM) IBYX N300paKeHHH. DTH 1Ba H300pasKeHUSI
(B mepBOM ITPUOIMKEHUN ) TEOMETPUYECKU CABUHYTHI APYT OTHOCUTEIBHO APYTa Ha MOCTOSIHHYIO BETUUUHY d,
OTIpeeIsIeMY0 TONIMHON cBeToenuTess. OCHOBHOM BKJIa]l B UTOTOBOE H300paKeHHE JaeT N300pakeHHe, TTOITy-
YeHHOE TIPU OTPAKEHHH OT IepeHeid rpanu. [locie koppeknny ero HeoOXoIMMO 0CTaBUTh, YOpaB U3 HTOTOBOTO
1300pakeHNsT KOMIIOHEHTY, CQOPMHUPOBAHHYIO OTPaXEHUEM OT 3aJHEH TpaHu cBeToenuTens. M3o0paxkenwne,
TIOJTyYeHHOE B pe3yNbTaTe OTPaKeHUs OT MepeiHel rpaH, OyaeM Ha3bIBaTh HEHMCKKEHHBIM H300paKeHUEM, U30-
OpakeHue, MOTYYCHHOE B PE3yJIbTaTe OTPAXKEHUS OT 33/IHEH rpaHH, — H300paKeHUEM-TTPU3PAKOM, & UTOTOBOE
n3zo0paxeHue, peructpupyemoe Gorokamepoil, — MCKakeHHbIM H300paxkeHneM. Henckaxxennoe n3o0paxeHne
¥ N300 paKeHUE-TIPU3PaK OTIMYAIOTCS TOIBKO JIByMsI TapaMeTpaMu — HHTEHCUBHOCTBIO (TIEpBOE sip4e BTOPO-
T'0) ¥ KOHCTAaHTHBIM CABHUTOM JIPYT OTHOCHUTENBHO JIPYyTa.

Ha puc. 4 cmopenpoBaHo HCKakeHHOE N300pakeHUe, pETUCTPUPYEMOE TPHEMHON MaTpuLiei (hoToKaMeps
MIPU ChEMKE CBETIIOT0 KpyTra Ha TeMHOM (poHe (CM. pucC. 4, @) UM TEMHOTO KpyTa Ha cBEeTIIoM (poHe (cM. puc. 4, 0).
Bonee xoHTpacTHbIi Kpyr / (HeHCKa)KeHHOE M300pa)KeHHE) BO3HUKACT M3-32 OTPAKEHHsI CBETOBOTO ITy4Ka
OT TIepeiHel TPaHM CBETOACTHUTENS, a MEHEe KOHTPACTHBIN KpYr 2 (MCKaKEHHOE M300pakeHue) sIBISeTCS
PE3yABTaTOM OTPaKEHUS OT 3a]{HeH TpaHu. JlaHHOEe cMOIeTMpOBaHHOE N300paxeHue (cM. puc. 4, 6 ) aHaJo-
TUYHO peaJbHOMY M300paKeHUIO TECTOBOW MHPHI C YEPHBIMHU MOJIOCAMH U UX MPU3paKaMU, TOTyICHHOMY
HA «BCC» (cwm. puc. 3).

ala o/b

Puc. 4. CMmonenupoBaHHOE HCKKEHHOE N300pakeHNe Ha MPUEMHOM MaTpuIle,
MOJIy4eHHOE IIPH CheMKe KpyTa B Pe3yJsibTare OTPaKSHHUs CBETOBOTO My4YKa
ot nepenueit (/) u 3agHeii (2) rpaHeil NOIyNPO3pavHON IIACTHHEL:

a — n300paKeHne CBETIOr0 Kpyra Ha TeMHOM (poHe;

0 — 1300pakeHNe TEMHOTO Kpyra Ha CBETJIOM (hoHe

Fig. 4. Simulated distorted circle image on the matrix, as a result of the light beam reflection
from the front (/) and back (2) edges of the translucent plate:
a — image of a light circle on a dark background;
b —image of a dark circle on a light background

PaccmoTpum miporieccsl oTpakeHus1, IPOUCXOAIINE Ha cBeToenuTene (puc. 5). Cxema oroOpakeHa B IpH-
OMKEHNH, YTO TaIAI0IIII Ha CBETOACITUTENh CBETOBOM ITyYOK SBJISIETCS MapayuIeIbHBIM (B AEHCTBUTEILHOCTH
OH CXOJISIIIHICS OT 0OBEKTHBA), a OTPAKCHHE OT 3aIHEH IPaHU MPOUCXOAUT JIUITH OJHOKPATHO (IambHEUIee
PaccMOTpEHHUE OTPAKEHUI HEleIecO00pa3HO BBUIY UX OUeHb ci1aboro BiusiHU). Jliist ynoOcTBa BOCIIPUSTHS
XOJI IBYX Pa3HbIX CBETOBBIX JyueH, MaJjaroliuX Ha CBETOICIUTENh, 0003HAYCH KPACHBIM U CUHUM IIBETOM.
IIpeacraBuM MHTEHCHBHOCTbH HAJAIOILEro Jyda B BHIE ciaraeMslx /, u /,, Tae /, — NHTEHCUBHOCTD Jy4a,
KOTOPBII OyZeT MOJIHOCTBIO (CyMMapHO OT IepeIHel U 3aJHel rpaHei) OTpaKeH OT cBeToAeIuTes; /, — UH-
TEHCUBHOCTBH JTy4da, KOTOPBIN MPONIET Yepe3 CBETOACTUTENh (IOITIOMICHHEM CBETOSIINTEINS TTpeHeOperaem).
MHTEHCUBHOCTH CBETOBOT'O JIyda, OTpaX€HHOI'0 OT Hepez[Heﬁ IpaHu CBETOACIUTEIIA, MOXKHO IPEACTABUTL B BUAC
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(1 - p)] 0> @ HFHTEHCUBHOCTb CBETOBOIO JIy4a, OTPAYKEHHOTO OT 3a/Hel rpanu, — B Busie pl,. CyMma 3TuX IByX

UHTEHCUBHOCTEH paBHa /,, a napameTp p JexkuT B auanasoxe ot 0 no 1. ITapamerp p MOXXHO MHTEPIIPETUPOBATh
KaK OTHOILEHNE MHTEHCUBHOCTH OTPAYKEHHOTO OT 33HEH IPaHH N3Ty4EHUS KO BCEH HHTEHCUBHOCTH OTPaXKEHHOTO
n3inydeHus. PaccMorpum opMupoBaHue 3HaYEHNS] FHTEHCUBHOCTH KOHKPETHOT'O MUKCeNa Ha IPUEMHOMN MaTpuIie.

CuHuit CBETOBOM JTyd OTpa)kaeTcsi OT NepeJHelN IpaHu CBETOACIIUTENS U MTaJaeT Ha MMUKCEN C KOOpAHMHATaMU (x, y)
B IpueMHoi Matpule ¢otokamepbl. KpacHbIi CBETOBOI Ty B pe3y/bTaTe OTPaKEHHs OT 3aHEH rpaHH TarkKe
nonajaet B mkcen ( x, y). TakuMm 00pa3oM, HHTEHCUBHOCTh M3JTy4eHHUs [, alaloIIero Ha MUKCel (x, y) npu-

€MHOM MaTpUIIbl, COCTOUT U3 HHTEHCUBHOCTH OTPAKEHHOTO OT MEPEAHEH rpaHu JTyda («HEUCKKEHHOT0) MTHKCe-
J1a) ¥ THTEHCHBHOCTH OTPAXKEHHOTO OT 3a{HEeW IpaHH JIyda («Ipu3padHoro» nukcesna). KpacHslil cBeTOBOM 1y4

Mocyie OTpaKeHHs OT NepeIHeH IpaHu Momnai Obl B TTHKCENT (x, yv+d ) MIPUEMHOM MaTpULLbl, HO ATOT XOJ JIy4a
Ha cXeMe He 0TOOpakeH.

_ > X

L{x,
(. 3 IIpuemnas
y MaTpuLa

(1 _P)Io(x’ Y)
Plo(x’ y)

plo(x, y+d)

Iy(x, y) +1,(x y)
I,(x. y)

Io(x, y +a’)+[f(x, y +d)

CBeToaenuTensb

Puc. 5. Xoz CBETOBBIX JIy4ei, (OPMHUPYIOIINX H300paxkeHne
Ha IPHEMHON MaTpHuIle (OTOKaMephbl

Fig. 5. The light rays path which form image on the camera matrix

Moz[em, BO3HUKHOBCHHA MPU3PAKOB MOXKHO C(bOpMyanOBaTB CICAYHOIINM 06p3.30M1 Ha HCHCKAXXCHHOC
I/I306pa7KeHI/I€ HaKJIaAbIBACTCA CMCUICHHOC 110 BEPTUKAIIN UACHTUYHOC I/I306pa)KeHI/IC C ONPCACIICHHLIM IIPO-
LEHTOM HEIIPO3PAYHOCTH. I[aHHYIO MOJI€JIb MOXHO BBIPAa3UTh B BUJIC

1(x, »)=(1=p)Io(x, ¥) + Pl (% »), 1)

L(x, y)=1y(x, y + d), ()
7€ X, ¥ — KOOPJMHATHI H300pakeHus (Hauano KOOPAWHAT HAXOAMUTCS B JICBOM BEPXHEM yTiTy); [ (x, y) — 3Haue-
HUE UHTEHCHBHOCTH IHKCENa M300paskeHUs C IPU3PaKoM B cOOTBETCTBYOMMX RGB-kananax; / O(x, y) — 3Ha-
YeHHUE MHTEHCUBHOCTH MHUKCEJIa HEMCKaXEHHOTo M300pakeHus (0e3 mpuspaka); Ig(x, y) — 3HA4YEHUE WHTEH-

CHUBHOCTH TTHKCEIa H300pakeHHUSI-TIPU3paKa; p — Do Hempo3padHocTd (oT 0 g0 1) n3o0pakeHUs-TIpH3paKa
[IPY HAJIO’)KEHUHU HA HEMCKa)XeHHOEe 300pakeHne; d — BETMYMHA CMEILCHHS 110 BEPTHKAIN N300pakeHUsI-ITPHU-
3paka OTHOCHTEIHHO HEHMCKAKEHHOTO M300paKeHNS.

Crout oT™MeTHTh, uTo 24-6uTHOE RGB-M300paskeHne NCIONB3YeT O 8§ OUT Ul IPECTABICHUS KPACHOH,

CHHEH U 3eJIEHOH COCTaBISIOMUX. UTOOBI HE TIeperpysKarh GOPMYIIbI, HHISKCHI Uil 0003HAYCHUsI KOHKPETHO-
ro KaHajia (Ired(x, y), Igreen(x, y), Iblue(x, y)) He BBOJIMJIMCH, U JlaJiee B CTaThbe OHU OIycKaroTcs. Bce uHTeH-

CUBHOCTH [ 03HAa4arOT HHTEHCUBHOCTH B KaXJI0M M3 KaHaJIOB I/I306pa)KCHI/ISI " paCCMaTpuBaArOTCS HE3aBUCUMO.
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Bripaxkenus (1) u (2) — 370 nepBUYHas yNpoIIeHHas MOAETh (POPMUPOBAHUS PE3YIBTHPYIOLIETO N300pa-
JKECHUSI, KOTOpast AaeT MPeACTaBICHUE O MPOollecce BOSHUKHOBEHHS N300paKeHUsI-IIPU3paKa, HO He YUUTHIBAET
CXOIMMOCTH Iy4Ka OT OOBEKTHBA U APYTHe ONTHYECKHEe dPQEKThl, XapakTepHble s peanbHoit HA «BCC».
B Hell yuuThIBaeTCS TOIBKO JABYKPATHOE OTPAKEHUE OT TPAHEH CBETONEITUTEIS.

IlepBuuHasi MoeIb KOPPEKIIUH MPHU3PaKoB. BTOpsIM 3TanoM Oblu1a pa3paboTka METOAOB YCTPAHEHUS
MIpU3pakoB ¢ m3o0pakeHnss. OCHOBHON 0COOCHHOCTHIO BOCCTAHOBIICHHUS MCXOIHOTO M300paKCHHS TI0 MCKa-
KCHHOMY M300paKEHUIO C MIPU3PAKOM SIBJISIETCSI TO, UTO JJIsl aHAIM3a UMEETCS TOIBKO M300paskeHue /, a KoM-
MOHEHTA-TNPU3pPaK /, OTCYTCTBYET.

W3 dpopmynsl (1) MOKHO BBIPa3UTh UKCENbl HEUCKAKEHHOTO N300pasKeHUSI:

I(x,y) - pl(x,y
1) ) =L ()
I-p
Ecnu B BeipaxkeHnu (2) caenars NpuOImxeHne U 3aMeHUTb /|, Ha [ (n300paxenue / GopMupyeTcs B OCHOB-
HOM U3 /), TaK KaK OTpa)keHHe OT 3aJHEl IpaHu ci1aboe), TO MoIyduM (GopMyily IJIs 3allUCH IIEPBOTO pa3pado-
TAHHOTO METOJ1a KOPPEKIIUU IPU3PAKOB:

I(x,y)—p[(x,y+d)
Io(x, p)= : 3)
I-p

I'paduueckas nHTEpIpETALIUS METOA: UMEETCS HCKAXKEHHOE N300paxeHue /, KoTopoe HyKHO U30aBUTH OT
mpu3paxoB. V3 3Toro n3o0paxeHust IyTeM JUHEHHOTro CABUra Ha d 10 BEPTHKAIH CO3/1aeM N300paxKeHue, Ko-
TOPOE CYUTACM IICEBONPU3PAKOM /,. BeI9uTaeM (C yHETOM H0JIHM HETIPO3PAIHOCTH) U3 H300pakeHHs [ TICeB/10-
npuspak /,. IlapamMeTpsl d 1 p JOIDKHBI OBITH ONPEICIICHbI 3apaHee.

PexypcuBHasi MoJeJib KOPPEKIUM MPU3PAKOB € Y4eTOM HeJMHEHHOii MpoCcTPaHCTBEHHOI Moae/IH
(¢opmupoBanus npuspakos. [Ipu geranpHoM aHanuze GoTocHUMKOB, crienaHHbix HA «BCC» (B ToM ymcie
puc. 3), MO)KHO 3aMETHTB, YTO TIPU3PAKK (HOPMHUPYIOTCS 10 OOJIee CIOKHOMY 3aKOHY, UEM MPOCTO CMEILICHUE
n300paKeHUs! 10 BEpTHKaIU. Ecian NpuMeHsATh METOl KOPpeKUuHn n3o0paxeHus, noiryuyeanoro HA «BCCy,
C MPOCTOH MOzeNnblo (POPMHUPOBAHUS MIPU3PAKOB, HE YUMThIBaroUlel adeppaunii u 3QpQeKToB, KOTOpbIE BO3-
HUKAIOT [IPU OTPAKEHUH OT IUIACTUHBI CXOISIIIUXCS ITyYKOB, TO IIPU3PAKU OyoyT yCTPaHEHBI JIUIIb YAaCTUUHO.

Jiist yTOYHEHUsI MPOCTPAHCTBEHHON Moie Tl POPMUPOBAHUSI TIPU3PAKOB OBbLT IPOBEJICH JIA00PATOPHBIN JKC-
nepuMeHT (puc. 6), B Xolle KOTOPOTO PErHCTPHPOBAIUCH N300pasKeHHS JTa3epHOTO MyYKa U €ro MPU3PaKoB
¢ nomoursio HA «BCC». Henpospaunas auadparma, nmeromasi orsepctue auamerpom 0,1 M, ¢ pacnosno-
JKCHHBIM 32 HEH MOy ITPOBOAHUKOBBIM JIa3€pOM pazMelianach B OKaIbHON INIOCKOCTH c(hepuiIecKoro 3epKaja
(F = 1,4 m). ChopmupoBaHHBIH MTapauIeTHHBI MOHOXPOMATHYECKUH ITyYOK MTO/IaBAJICA Ha BXOJHON OOBEKTHB
HA «BCCy, xoTopas pacmojiarajiach Ha TOHHOMETPUICCKON YCTaHOBKE, 00€CIIeUnBaOIIeH BpaleHne mpuodopa
B JIBYX B3aMMHO IEPIEHANKYIIPHBIX 0CAX, YTO MO3BOJIMIIO IepeMenaTh C(hOpMUPOBAHHOE 0OBEKTHBOM H300pa-
JKeHHUE KBa3UTOUCYHOTO NCTOYHUKA 110 THIOCKOCTH JIeTeKTopa. Beero Obi10 3apeructprpoBano 25 n300pakeHui,
B Ka)JIOM U3 KOTOPBIX MOJOKEHHE JIa3€PHOIO My4yKa M, COOTBETCTBEHHO, MPHU3paKa M0 OTHOLIEHHIO K IOJII0
n3o0paxkeHus MeHsuock. Ha puc. 7 npeacraBieHO KOMOMHUPOBaHHOE H300paskeHHUE, TTOYYEHHOE HAIOKEHUEM
9THUX 25 N300pakeHUH, Ha KOTOPOM BHIHBI BCE 3apETUCTPUPOBAHHBIC JIA3EPHBIC IyUKH U UX MIPU3PAKH.

4
S~

I

.¥]

Puc. 6. Cxema 3KCrIEpUMEHTA 110 OIPEACICHUIO
MPOCTPAHCTBEHHO Mo/IeN (JOPMUPOBAHHS TPU3PAKOB:
1 — nasepHblii 1oz ¢ nuadparmoit; 2 — chepuyueckoe 3epKaio;
3 — noBoporHas miarhopmMa (TOpU30HTAIEHAS TIIOCKOCTB);
4 — moBopoTHas ardopma (BepTUKaIbHas TNIOCKOCTh); 5 — HA «BCCx»

Fig. 6. Experiment scheme for determine the spatial model of ghosts:
1 — laser diode with a diaphragm; 2 — spherical mirror;
3 — rotating platform (horizontal plane); 4 — rotating platform (vertical plane); 5 — SE «VSS»
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ITpuzpax

Puc. 7. 3apeructpupoBaHHbIE J1a3epHbIE IIyUKH (JKEIThIE TOUKN)
U UX TIPHU3PAKU (KPACHBIE BBITSHYTHIE OBAJIbI)

Fig. 7. Registered laser beams (yellow dots)
and their ghosts (red elongated ovals)

Paccuurana marpuna ¢ koopauHaTaMu npuspakos Ui Kaxaoro u3 101 082 464 nukcenos. Ee Buzyanusa-
1yt (B BUAE BEKTOPHOTO MOJIS) MIpeAcTaBieHa Ha puc. 8. CTpernka yKas3blBaeT, KyJa HHUKCEeI-«Ipooopasy (Hada-
JIO CTPEJKH) N300pakeHusl 1aeT CBOM mpu3pak (KoHew cTpenku). Hadano cuctemMbl KOOpAUHAT TPaAULIUOHHO
HaXOJUTCS B JIEBOM BEPXHEM YITTy M300pakeHHs. 3HAYEHHsI TI0 OCSM X U y COOTBETCTBYIOT HOMEpPY CTOJIOa
1 HOMEPY CTPOKH HHTEPECYIOILETo IIMKCEIa COOTBETCTBEHHO. TakuM 00pa3oM, HCIIOIb3yeMOe paHee Ipuou-

JKeHHe (POPMUPOBAHHSI IPH3PAKA KOHCTAHTHBIM CIBUTOM Ha d MOKHO yJIy4IINTh BBEACHHEM g, (X) 1 gy( y)-
(GYHKIMI KOOpIMHAT NIUKCETa-TIPU3paka OT KOOPIUHAT ero «Ipoodpasay. Jlanee Takxke OyIyT UCTIONB30BATHCS
oOparHbie QyHKINU g;l(x) ug, l( y), KOTOPBIC SIBISIFOTCS (PYHKIMSMHU KOOPIUHAT MTHKCENIa-«IIpoodpazay oT

KOOpAMHAT MUKCENa-Tpu3paka.
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Puc. 8. BextopHoe 1oiie «1poo0pa3oB» U UX HPU3PAKOB:
Hauano crpenku (x, y) — «pooGpas» npuspaxa;
KOHeI[ CTPeJIKH (gx(x), gy(y)) — IIpU3paK
Fig. 8. Vector field of prototypes and their ghosts:
the beginning of the arrow (x, y) is a prototype of a ghost;
the end of the arrow (gx(x), gy(y)) is a ghost
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WHuTeprionupoBaHHbIE TOBEPXHOCTH 3HAYCHUH PA3HOCTH dX U dy MEXAYy COOTBETCTBYIOIIMMHU KOOpAUHATA-
MU ITUKCEJIOB (i, j) 1 MX NIPU3PAKOB, BEIYUCIISIEMBIX IO GOpMyIaM

dyy == 2,( % )

dx,.j =X, gx(x,.j ),

IIe X; U Yj; — KOOPAMHATHI IIHKCENa (i, j ), npejicTaBiIeHbl Ha puc. 9. [IpuBeieHHbIE TOBEPXHOCTH MOATBEPIK-
JTAIOT CIIOXKHBIN XapakTep GopmupoBanus npuspakoB B HA «BCCy.

ala o/b
1180
100
1175
200 50 1180
100 FREXSR 0 1175 1170
1170
ax 0 =50 gy 1165 1165
1160
1155 1160
-200 1150
0 150
10 000
200 6000 135

x 2000 8000 7

Puc. 9. InTepnonupoBaHHble IOBEPXHOCTU 3HAYCHUH pa3HOCTU
MEXIy X-KOOpAWHATaMH (@) U y-KOOpAWHATAMH (6 ) TUKCEIOB-«IIPO0OPa30B» M UX MPU3PAKOB

Fig. 9. Interpolated surfaces of the difference
between x-coordinates (a) and y-coordinates () of pixels-prototypes and their ghosts
Cne/:[y}omee YTOYHCHUEC HepBH‘-IHOﬁ MOJCJIK KOPPCKIUHN NPU3PAKOB CBA3aHO C JIYUIIUM YUCTOM MOACIN (1)0p—
MHPOBAHHA TPU3PAKOB. Ha 3Hauenus MHTEHCUBHOCTHU IHKCENA C KOOpAuHaTaMu (X, y) BJIMAKOT 3HAYCHUA HH-
-1 -1 -1 -1
TCHCUBHOCTHU IMHUKCCJIa C KOOpAUHATAMHU (gx (X), gy (y)) O,I[HaKO IMUKCEJI C KOOpAUHATAMU (gx (X), gy (y))
TAKIKE ABJIACTCA PE3YJIbTATOM HAJIOKCHUS IIPHU3PAaKa Ha HCHUCKA’KCHHOC HSOGpa)KCHI/IC, T. €. Ha 3TOT IIUKCCJI OKa-

1 -1 1 -1
3bIBACT BIIMSHHUE THKCEN ¢ KOOPIMHATAMH ( g, (gx (x)), g, (gy ( y))) U T. 1. JlaHHAs MOJEJb ONMCHIBACTCS
(hopmymoit

I(x,y)—pl,(xy
Iy(x, )= ( )l_pgl( )

1(8:'(x): &' () = Plea(x. )

Igl(x’ y):

b

“4)

]gn—l('x’y): 5

La(xy)=1| &'(&" - (&' (™)) &' (&' (&' ) |

n n

TAC X, Yy — KOOPpAHUHAThI I/I306pa)KeHI/I$I (Ha‘laJ’IO KOOpAHWHAT HAXOAUTCH B JICBOM BEPXHCM yI‘J'Iy); I(x, y) — 3Ha-
YCHHUC MHTCHCHUBHOCTH ITMKCEJIa I/I306pa)KCHI/I$I C MMPpU3paKoOM B COOTBCTCTBYIOLIUX RGB—KaHaJ’IaX; [O(X, y) -
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3HaUCHNE MHTCHCUBHOCTH MHKCENIa HEMCKaKEHHOTO M300paskeHus (0e3 mpu3paka); Ig(x, y) — 3HAYCHUE WH-

TEHCUBHOCTH THKCENIa H300pakeHHUSI-TIPU3paKa; p — 1o Herpo3padaocta (0T 0 1o 1) m3o0paskeHus-Ipu3paka
P HAJIOKCHUH Ha HEMCKAXKCHHOE M300paKeHUE; 1 — KOJIMYESCTBO MTEPAIUU 110 YUETY BIUSHUS HA MTUKCEI-
HpU3PaK ero «mpoodpasza»; g, (x) ug, ( y) — ()yHKIIUM KOOPIUHAT MMHUKCEIa-IIPU3paKa OT KOOPJIUHAT €T0 «IPo-
obpazay; g’l(x) u g’l( y) — (YHKIIUU KOOPAMHAT MUKCEIA-«IIPO00pa3a» OT KOOPIUHAT MUKCENIa-Tipru3paKa.

C TouKH 3peHus IporpaMMHON peasn3anuu Mojaeiu (4) GyHkIuu gil(x) u gil( y) MPEJICTABIISIOT OO0
JIBE MATPHIIBI C TEM K€ YUCIIOM CTPOK ¥ CTOJIOIIOB, YTO U B M300PAKCHHUH, KOTOPOE HYKHO CKOPPEKTUPOBATh.
B kaxiom snemenTe (i, Jj ) MaTpHIIbl, COOTBETCTBYIOLICH (DyHKIHH g’l(x), XPaHSTCS X-KOOPMHATHI TTUKCE-
J1a U300paxeHUs, KOTOPBIH SBISETCS «IIPOOOPa30oM» MpU3paka Jjis STOr0 JIEMEHTa MaTPHIIBl. AHAJIOTHYHO
YCTPOEHA U BTOpas MaTpPHIIa C y-KOOpAWHATAMH TIpU3paKa.

[IpemnoxkeHHass MOJIeb BKJIFOYAET B CeOsl IEPBUYHYIO MOJICIB (3), KOTOpas SIBJISIETCS YaCTHBIM CIIydaeM
PEKYPCUBHON MOJIENN C KOJIMYECTBOM MAaKCUMAJIbHBIX UTepauuil n =1. BpeMeHHas CII0KHOCTh aJIrOpUTMa
KOPPEKIINY TPU3PAKOB JTUHEHHO 3aBUCUT OT 72, @ TAKXKE OT YKCIIA MMUKCETIOB N300pakeHusI. MOXXHO TOBOPUTH
0 TOM, YTO aJIFOPUTM pabOTACT 32 JIMHEHHOE BPeMsl, WX 32 BpeMs O(n) YTO SIBJIIETCS XOPOILICH XapaKTepuc-
TUKOH anroputma [20].

Taxkasi peKypcCHBHAsI MOJICJIb OTIPEICICHISI 3HAUCHUSI MHTCHCUBHOCTH HEUCKA)KEHHOTO MMHUKCEeIa UMEET CBOU
OTPaHWYCHHS, KOTOPBIC CBS3aHBI C KOHEYHOCTHIO Pa3MepPOB caMoro m3o0paxenus. [l mukcena BOIU3M Kpast
M300paKEHUS MOJKET OTCYTCTBOBATH IMUKCEI-IIPOOOPas3y.

Henpo3paunocts npuspaka. B Mmonensx dhopmupoBanus u3o0paxenuii ¢ npuspakamu (1) u (4) npucyt-
CTBYET IapaMeTp p, KOTOPbII MOYKHO HHTEPIIPETUPOBATh KaK AOIIO Herpo3padHocTh (0T 0 10 1) m3o0paxeHus-
MpHU3paKa Mpu HAJIOKEHUH Ha HEUCKAKEHHOE N300pakeHre. B IBHOM BHIE p BBIPAXKACTCS CICAYIOUTIM 00pa3oM:

_]O(X’y)_](x’y) 5
r= : (%)
Io(xy) = I,(x ¥)
JlaHHBIA TapaMeTp MOKHO OIICHHTH IO Pe3yiIbTaTaM JIab0paTOPHBIX W3MEPEHHUH JIa3epHBIX IMy9KoB. JlJis
ATOTO Ha puc. 7 BBIOUpAETCs mapa Ja3epHbIil 00pa3 — ero mpuspak. B Jokann30BaHHONM TTPOCTPAHCTBEHHON

00JIaCTH JIa3ePHOTO TpU3paKa (xg, yg) Ha M300paKeHUU Io(xg, Ve ) =0 (aOcoJOTHO YepHOE H300paKEeHHUE),

[I03TOMY p YTIPOLIAETCs JI0 BBIPAKESHUS
! ( Yoo Ve )
pP=—F— - (6)
Iy (x g Ve )
CTOUT OTMETHUTB, YTO JIa3epHBIE 00pa3bl U UX MPU3PAKHU NPEACTABICHBI HE B BU/IE OJHOIO IIMKCENa, a B BUIC
MIATEH CI0KHON (GOPMBI, TOATOMY (hopMmyrna (6) MPUMET aJanTHPOBAHHBINA BUA

2 I(x )

x,yeS,

D INIEE))

x,yeS8,

(7

IJI€ B YMCIHTEIIE HAXOAUTCS CyMMa HHTEHCHBHOCTEH IMKCEIIOB B 00JIACTH CBETOBOTO IATHA IPU3PAKa S, & B 3Ha-
MEHaTele — CyMMa HHTEHCHBHOCTEH IMKCENIOB B 00JIaCTU CBETOBOTO IIATHA JIa3epHOro obpasa .

[IpoBeneHs! pacyeThl apamMeTpa p Ui KaK0H Mmaphl Ia3epHbIid 00pa3 — ero Npu3pak, u Moily4eHo ycpe-
HeHHoe 3HaueHue p = 0,16. OnHaKo YacTh MUKCEJIOB B JIA3EPHBIX 00pa3ax MMEIOT MaKCUMAaJIbHO BO3MOKHBIE
3HA4YeHHUsS 255 B KpaCHOM KaHaje, YTO TOBOPUT O HEJOCTaTKe JUHAMUYECKOTO JHara30Ha MPH JaHHBIX yCIIo-
BUSIX CheMKH. To ecTb 3HaMeHaTelb Gopmyiisl (7) 1oMKeH ObITH OOJIbIIE, YeM 3HAMEHATEN b, MOITYYCHHBIH 10
pe3yibTaTaM dKCTIIEpUMEHTa. YKa3aHHOE 00CTOATENhCTBO MMPUBOANT K TOMY, 4TO paBeHCTBO p = 0,16 mpeod-
pasyeTcs B HepaBeHCTBO p < 0,16.

[ToBTOPUTE SKCTIEPUMEHT CO ChbeMKOH J1a3epoB ¢ mpuMeHeHneM HA «BCC» B 1pyrux ycinoBHsAX He IPeCTaB-
JISITOCH BO3MOYKHBIM, TTOATOMY TIapaMeTp p ObLI pacCUMTaH JPYTrHM cCIocoOoM. B kavuecTBe TaHHBIX JIJTs aHAIIN3a
MCTIOJIB30BaJICSl (POTOCHUMOK TecTOBOW MHpBI, oiayueHHbIH HA «BCCy» (cm. puc. 3). O xapakrepusyercs
HaJIMYMEeM YePHBIX JTMHUN, X TIPU3PAKOB U OJJMTHAKOBHIM PAaBHOMEPHBIM OKpY>kKatonuM ¢poHoM. MeTonnka pac-
4eTa napaMeTpa p BBIIISIUT ceAyomnM o0pa3oM. bepercs ycpeaHeHHas o 00acTi 5 X 5 K MHTEHCHBHOCTb
IIMKCENIOB HA TEMHOU JIMHUH (), yCpeiHEeHHAs 110 001acTh 5 X 5 K MHTCHCHBHOCTB ITMKCENI0B PABHOMEPHOTO
okpy»xatolero ¢oHa (/,) 1 ycpeqHeHHas 10 00j1acTi 5 X 5 K MHTEHCUBHOCTb IIMKCEJIOB Ha IIpU3paKe JIuHUU (/).
Hanee no ¢popmyse (5) BerUucsieTcs napameTp p. PacueTsl HOBTOPSAIOTCS A Pa3HBIX yYacTKOB H300paKeHus,
U TIOJTyYCHHBIE 3HAYCHUS YCPEAHAIOTCS. Pe3ynbrarsl u3MepeHni npeacTasieHsl B Tao. 1.
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Tabnuma 1
Jlo1s1 HeMPO3PaYHOCTH MPHU3PAKOB, PACCUUTAHHAS MO U300paKEHUIO
TecToBOH MUPBI, noydyeHHoMy HA «BCC»
Table 1
The proportion of ghosts calculated from the image of a test target taken by SE «VSS»
CpenHsist ”HTCHCHBHOCTD CpenHsisi ”HTCHCUBHOCTD CpenHsisi ”HTCHCUBHOCTD Jlonst
I;Igll;’fyll’ MTUKCEJIOB Ha TEMHOW JIMHUK [IHKCEJIOB PABHOMEPHOTO (DOHA | MHKCEIOB Ha MPU3PaKe JTNHUH HeNpO3pauHOCTH
R G B RGB R G B RGB R G B RGB Tpuspaka

1 1 66 45 37,3 0 137 | 90 75,7 1 128 | 85 71,3 0,11
2 1 48 31 26,7 1 161 | 108 90,0 0 148 | 98 82,0 0,13
3 0 68 49 39,0 0 156 | 103 86,3 0 148 | 99 82,3 0,09
4 0 75 52 423 0 150 | 99 83,0 0 140 | 93 77,7 0,13
5 0 58 38 32,0 1 117 | 76 64,7 0 114 | 73 62,3 0,07

B pesynbrare npuMeHeHus JaHHON METOAMKY NoIy4deHo 3HadeHune p = 0,09 co crangapTHBIM OTKIIOHEHHEM
o BeiOopke 0,026, 4to cornacyeTcs ¢ paHee IpUBEICHHBIM HepaBeHCTBOM p < 0,16.

Takum 00pa3zom, 1o uToram Ja00pPaTOPHBIX UCCIEIOBAHUM YTOUHEHA TPOCTPAHCTBEHHO-SIPKOCTHASI MOJICITh
(hopMHPOBaHMS NPU3PAKOB U MPEIIOKEHA UX PEKYPCUBHAS KOPPEKLIHUSI.

Pe3ysbTaThl KOppeKINH MPU3PAKOB

Koppekuusi cMoaenmpoBaHHOro u3odpa:kenusi. Boioop unciaa urepauuii. Pazpadorano nporpammuoe
oOecniedenre Ha si3pike Matlab, peanu3syromiee npeayioKEHHBIH METOJ KOPPEKIMK TPU3PaKoB. sl OLEeHKH
KauecTBa yCTPaHEHHS NPU3PAKOB PAa3HBIMU NMPOrPAaMMHBIMU METOAaMH HCIOJIb30Bajach NEPBUYHAS MOJEIb
(hOpMHpOBaHHS IPH3PAKOB. B3STO TECTOBOE H300PaKEHHE TOPOACKOH 3aCTPOMKH’ ¢ GOMBIIMM YHCIIOM Pa3HO-
00pa3HBIX OOBEKTOB, U cOrIacHO Moaenu (1) creHepupoBaH u HanoxeH npuspak (puc. 10). XapakrepucTHKH
IIPOBEPOUHON Mozenu: pa3Mep nzoopaxenus 3840 x 2360 nk; 105151 HENPO3padyHOCTH Npuspaka p = 0,1; cmere-
HUE [IpHU3pakKa 1o BepTuKaibHOU ocu d = 132 nk. JlaHHbIE XapaKTEPUCTUKH SBISIFOTCS JOCTATOYHO TUIIOBBIMHU
1 MOTYT UCIIOJIB30BAThCS KAK TECTOBBIE.

ala o/b

Puc. 10. ®orocanmok Tokno co CreHepupOBaHHBIM MPHU3PAKOM (a)
M €T0 yBeJINYCHHBII (hparMeHT (6)

Fig. 10. A photograph of Tokyo with a generated ghost (a)
and its enlarged fragment (b)

[IporecTrpoBaH peKypcHBHBIA METOA YCTpaHEHUsI TPU3pakoB (4). Pesynbrarsl npencrasnens! B Tadm. 2. Mc-
CJIEZIOBAHO BIMSHUE MaKCUMAJIBHOTO YK CIIa UTepalyii 7 10 yueTy npu3pakoB. KauecTBo ycTpaHeHUs IpU3paKkoB
¢ (OTOCHUMKA OLIEHUBAJIOCH CIEAYIOIIMM 00pa3oM. J{JIsi HeMCKaKEHHOTO U CKOPPEKTUPOBAHHOTO N300paskeHN I
IIPOBOAMTCS TOIMKCEIBHOE yCPETHEHNE TPEX LIBETOBBIX KAHAIOB B OJHH (pacyeT cpeiHeil HHTCHCUBHOCTH
nukcena). Jlanee u3 Takoro 0JHOKaHAJILHOTO HEMCKAXEHHOTO N300paKeHNs TOIMKCEIbHO BEIUUTAETCS OIHO-
KaHaJIbHOE CKOPPEKTUPOBAHHOE M300pakeHNE, U TOJIy4aeTcsl pa3HOCTHOE H300pakeHHe, BCE OTpULATEIIbHBIE
HWHTEHCUBHOCTH ITUKCEJIOB KOTOPOTO 3aMEHSIOTCS Ha MOJIOKUTENbHBIE. Bee MMKCenbl pasHOCTHOTO H300paskeHus

*File: Tokyo Tower and Tokyo Sky Tree 2011 January. jpg [Electronic resource]. URL: https://commons.wikimedia.org/wiki/File:
Tokyo Tower and Tokyo Sky Tree 2011 January.jpg (date of access: 10.01.2024).
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CYMMHPYIOTCSI U JICJISITCSI HA KOJTMYECTBO MMUKCENIOB N300paxeHus. Takum o0pa3om, pacCUUTHIBACTCS CPEITHSIS
pasHocTth (diff ) ”HTEeHCHMBHOCTEH THKCENOB HEUCKAKEHHOTO M CKOPPEKTUPOBAHHOTO M300paKEHHH.

Tabnuua 2

Bausinne MakcMMAIbHOI0 YHCJIA HTePALMiA
B PEKYPCHBHOM MeToO/le YCTPAHEHMsI IPU3PAKOB
HA CPeIHIOI0 Pa3HOCTh HHTEHCHUBHOCTEN NMUKCEI0B
HCXOHOTO M CKOPPEKTHPOBAHHOI0 N300paKeHH I

Table 2

The influence of the maximum number of iterations
in the recursive ghost removal method on the average difference
in pixel intensities of the original and corrected images

Hrerno wreparui resonmocke neeron
0 (6e3 KoppeKIrn) 3,082
1 0,389
2 0,110
3 0,095
4 0,093
5 0,093

Cpenssist pa3HOCTh HHTCHCUBHOCTEH MUKCEIOB HEMCKAKEHHOTO M300paKeHHS U M300paKeHHS C TpU3pa-
koM (diff;)) cocraBnser 3,082. ITocne nmpuMeHEHUsI PEKYPCUBHOTO METOA YCTPAHCHUS MIPU3PAKOB 3HAYCHUE

nanHoro napamerpa (diff, i=1, ..., 5) cHmKkaercs. YBelnueHne MaKCUMAJIbHOTO YHCIIa UTepaluii # yMEHbIIIa-
et Benuuuny diff, uTo moaTBEpIKAACT MPEAIONOKEHUE O TOM, YTO POCT YUCIIA UTEPALIUI TPUBOJIMT K JIydIIeMy
iff,
0

pe3yibTaTy yCTpaHEHUs PU3paKoB. ECau MoCTpouTh 3aBUCHMOCTh 3HAYSHHH OT YHCJIa UTepanni /1, TO

diff.
1
MOYKHO OILIEHHTh, BO CKOJIBKO Pa3 YBEIHMUMBACTCS KAYECTBO CKOPPEKTHPOBAHHOTO M300paKEHH S [10 CPABHEHHUIO

C Ka4eCTBOM MCXOIHOT0 u300paxenus (puc. 11).
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Koadpuument yBennuenuns

KadecTBa KOPPEeKIUH (
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Yucno ureparmii ()

Puc. 11. YBenudeHue kauecTBa KOPPEKLUY [IPU3PAKOB
€ POCTOM MaKCHMAJIbHOTO YUCIIa HTEePALUii
PEKYPCHBHOTO METOJd YCTPAHCHUS IIPU3PAKOB

Fig. 11. Increasing the quality of ghost correction with an increase
in the maximum number of iterations of the recursive ghost removal method

[To xapaxkTepy rpaduka 3Toif 3aBUCHMOCTH MOXKHO CJI€TIaTh BBIBOJI O TOM, YTO C YBEJIIMYCHUEM YUCIIA UTEPa-
LUUA POCT TOUHOCTHU KOoppeKuuu 3ameisiercs. [lpu n > 3 oH CTAaHOBUTCSI COBCEM HE3HAUUTEIbHBIM, @ UMEHHO
0,002 B aOCOTIOTHBIX 3HAUCHHUSIX HHTCHCUBHOCTCH.

Kpome uncnenHol OLeHKN Ka4yecTBa yCTpaHEHUs! MPU3PAKOB, YUUTHIBATIACh SKCIIEPTHAS OLICHKA BBU/Y BbI-
COKOM KOHTPAcCTHOH 4yBCTBUTEIBHOCTH YEJIOBEUECKOIo Ima3a. Tak, Ha pe3yibrarax KOPpPEKIUU TECTOBOTO
M300pakeHus, MpecTaBIeHHoro Ha puc. 10, mpu # = 1 BUAHBI €Ba 3aMETHbIC OYepTaHUs 3/laHKs Ha (OHE
ofHOTOHHOTO Heba. [Ipu n = 2 3Tu ocTaroyHble IpU3paKy ObBUIM yCTpaHeHkI (puc. 12).
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Puc. 12. Pe3ynbrar yCTpaHEHUS IPU3PAKOB IIPU 71 = 2
Fig. 12. Result of eliminating ghosts with n =2

JanpHeliniee yBeTHMYeHUE 71 BU3YAIbHO HE M3MEHSUIO Pe3yJIbTaT KOPPEKLUUH. Takoe MoBeAeHUE JIETKO 000-
CHOBBIBaeTCs TeM, 4TO 1pu p = 0,09 Ha HHTEHCUBHOCTH NMUKCENA-IIpU3paKa BIUseT 9 % MHTEHCUBHOCTH Hep-
BOTO MUKcena-«mpoodpaza» (n = 1) u mums 0,81 % MHTEHCUBHOCTH BTOPOTO MHUKCETa-«IIPpoodpazay (n = 2).
OueBHIHO, UTO JaNbHEHIIEe yBETUUYEHNE /1 TIPUBEACT K €Ille MEHBIINM BKJIaJlaM MOCIEIyIOINX MUKCEI0B-
«tpoodpazony» (0,07 % u T. a.). I1o 310l npuyYMHE IPHU UCHIOIB30BAaHUU METOIA KOPPEKIHU C 71 = 2 IOCTUTACTCSI
ONTUMAJIbHBIN OajlaHC MEKAY TOYHOCTHIO YCTPAHEHHS IPU3PAKOB U BPEMEHEM Ha MPOBEJCHUE BHIYNCIICHHH.

Koppexuusi npu3pakos Ha ¢orocHUMKaX, caedaHHbIx HA «BCC». Ilocie uccinenoBanus 0COOCHHO-
CTel yCTpaHeHHMsI IPU3PAKOB HA TECTOBOM M300pakeHNH OblIa BHIIIOJHEHA MMPOBEPKa YCTPAHEHHS IPU3PAKOB
Ha n300pakeHus1x, nomyueHHbIx HA «BCCy». Ha puc. 13 npencrasnen porocHuMok MHHCKa, 3aperUCTPHPO-
BaHHbI HA «BCC» u3 3nanus Uuctutyra npukiagusix ¢pusnueckux npodiem nmenn A. H. Ceuenko BI'Y.

st yeTpaHeHus pU3pakoB Ha n3oopaxenun, cHsitoM HA «BCCy», BEIOpaH peKypCUBHBII METOJ € 1 = 2.
B mensix jeMoHCTpanny pa3inniuii MeKay MPOCTON MPOCTPAHCTBEHHON MOIEIBIO (DOPMHUPOBAHHUSI TPU3PAKOB
1 YTOUHEHHOH MOJEIbIO, MOJYUYCHHON B pe3yibTare J1abopaTopHbIX U3MEPEHHH, BBITIOIHEHA KOPPEKLHSI ITPH-
3paKoB ¢ IOMOLIBIO ATHX JBYX IPOCTpPaHCTBEHHBIX Moaeneil. Ha puc. 14, 6, octanuch ciieapl mpu3paxos, B TO
BpeMs Kak Ha puc. 14, g, Mpu3paku yCTPaHCHEI.

Puc. 13. Dorocuumok MuHcKa,
3apeructpuposannsiiit HA «BCC»

Fig. 13. A photograph of Minsk registered by SE «VSS»

ala o/b 6lc

Puc. 14. Pe3ynbTar ycTpaHeHHS IPU3PAKOB Ha YBEIIMUCHHOM (parMeHTe n3odpakenus, noxydeaHoro HA «BCC»:
a — N300paKeHHe ¢ IIPU3PAKOM; O — pe3yJIbTaT yCTPAHEHHS IPU3PAKOB PEKYPCUBHBIM METOJIOM
C MPOCTOH MPOCTPAHCTBEHHOI MOJIEINBIO; 8 — PE3YIIbTAT YCTPAHEHUS IPH3PAKOB
PEKYPCHBHBIM METOJIOM C YTOYHEHHOH MPOCTPAHCTBEHHOH MOJIEIIBIO

Fig. 14. The result of eliminating ghosts on an enlarged fragment of the image obtained by SE «VSS»:
a — an image with a ghost; b — the result of eliminating ghosts by the recursive method with a simple spatial model;
¢ — the result of eliminating ghosts using a recursive method with a refined spatial model
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B omnmume ot uccnenoBaHus KauecTBa yCTpaHEHHS CTeHEPHPOBAaHHBIX MPU3PAKOB, Kak Ha puc. 10, nath
KOJJMYECTBEHHYIO OIIEHKY Ka4eCTBY YCTPaHECHUs MPU3PAKOB Ha N300pakeHus X, mony4deHHsix HA «BCCy, no-
BOJILHO MPOOJIEMATHYHO, TaK KaK OTCYTCTBYET HEHCKa)KEHHOE M300paskeHHe, C KOTOPHIM MOXHO MPOBOJNUTH
cpaBHeHue. KadecTBeHHYI0 (9KCIIEPTHYIO) OIICHKY JaTh Tpoie. Tak, Ha puc. 15 npeicrasieH GOTOCHUMOK Te-
CTOBOM MHpHI, omyueHHbIH HA « BCCy» 11 cuMMeTprYHO pa3/iesieHHbIH Ha JiBe yacTu. JIeBast uacTh n300paxeHus
(cm. puc. 15, a) He moaBeprantach KOPPEKIHNH, a JJIsI IPaBOH YacTH U300paxeHus (CM. pucC. 15, 6) BBHITIOTHEHO
yCTpaHEeHHUE MPHU3PAKOB PEKYPCUBHBIM METOJIOM ¢ 71 = 2. Bce mpu3paky TeMHBIX TUHUN OBUIM yCTPaHEHBI TI0
BCEMY IOJII0 M300paKeHHUsI, KPOME TIOJI0CHI B HIDKHEH YacT (POTOCHUMKA C BBICOTOM, cocTaBisitoiieit 14 % or
BBICOTHI H300pakeHus1. JTa 00IacTh BO3HUKAET, TAK KaK HE0OXOIUMast JIJIsl yCTPaHEHUsI TPU3PaKoB HHPOpMa-
WS OTCYTCTBYET Ha (DOTOCHUMKE.

ala o/b

Puc. 15. ®orocHnMOK TecToBOH MUpHI, omydeHHbIH HA « BCC»:
a —4acTb U300pa’keHUs], HE MIOABEPTaBIIasics KOPPEKLIUH;
6 — 4acTh N300paXKeHHs, U1l KOTOPOH BBINOJHEHO YCTPAHEHUE IPU3PAKOB

Fig. 15. A photograph of the test target obtained by SE «VSS»:
a — part of the image that has not been corrected;
b — part of the image that has been deghosted

[IpennoxeH YUCIEHHBIN cIOCcO0 JaTh KOJTUYECTBEHHYIO OIEHKY KadeCTBY yCTpaHEHHs mpuipakoB. Kax
U B cITy4yae pacyeTa JIOJIHM HEeMPO3pavHOCTH MPU3PAKOB, HCIIOIB3YeTCsl H300pakeHne TeCTOBOM MUpbI. OHO Xa-
paKTepHU3yeTcsl HATMYMEM YEPHBIX JIMHHUN, UX TPU3PAKOB M OIMHAKOBBIM PAaBHOMEPHBIM OKPYKAIOIIUM (DOHOM.
Ha puc. 15 6b11a BeIOpaHa npsiMmoyrojibHast 00sacTh 11, mokpsiBaroias mpu3pak TeMHOMN JTMHUN. BhIlie 1 HUKe
9TOi 00/1acTH BHIOpAHBI aHAJIOTHYHBIE M0 pazMepy npsiMoyroiibHbie obnactu | u I11, Ha KOTOPBIX OTCYTCTBYIOT
TIpU3paKy TeMHBIX JTUHUHN. /s oTuX obnacTeil paccumTaHbl CpelHNE 3HAUCHNS WHTEHCUBHOCTH IHUKCEIIOB

(Tabm. 3).

Tabnuma 3
Paznmunsa mexay oduacramu I-111 nns u3obpakennii ¢ npuspakamu
U M300pakeHHii ¢ ycTpaHeHHeM MPU3PAK0B PeKYPCHBHBIM MeTOI0M
Table 3
Differences between regions I-III for ghosted images
and images with recursive deghosting
CpenHsist ”HTEHCHBHOCTb TTMKCETIOB CpenHsist ”HTEHCHBHOCTD TTKCEIIOB
061acTh JULSL N300paXKeHUsI C IIPU3paKaMu JUIsl U1300paXKeHUsI C YCTPAaHEHHEM HPH3PAKOB
R G B RGB R G B RGB
I 1 138 91 76,67 1 137 90 76,00
II 0 135 89 74,67 0 138 91 76,33
III 1 143 94 79,33 1 137 91 76,33

OtHouienue cpeaueit sipkoctu oonactu 11 k yepenuenHoit sipkoctu obnacteit [ u 111 muist nzo0pakeHus ¢ mpu-
3pakamu paBHo 0,957, a 17151 1300pakKeHus ¢ BBIMOTHEHHOH KoppeKiuei npuspakos coctasiseT 1,002. Apyrumu
CJIOBaMH, JI0 KOPPEKIUK MPU3PaK TEMHOHN JUHUK TeMHee oKpyxaroiero ¢gona Ha (1—0,957) - 100 = 4,3 %,
a TIocJIe KOPPEKIUH 00J1acTh C yCTpaHEHHBIM MTPU3PaKoM sipue okpyxatomiero ¢pona na (1,002 —1) - 100 =0,2 %.
[Momy4eHHBIH pe3ynbTaT CBUACTEILCTBYET O Ka4eCTBEHHOM YCTPaHEHHH NPU3PAKOB HA H300pasKeHNH.
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3akjaueHmne

ITocTtpoena mepBuyHass MOIeTs GOPMUPOBAHIS MPU3PAKOB Ha m300pakeHNH. Pa3paboTan peKypCHBHBIMA
METOJl KOPPEKITNY TIPU3PAKOB Ha N300paKEHUAXK, U OTICHEHA €T0 d(h(DEKTHBHOCTS.

[Ipoananm3mpoBaHO BIUSHIE MAKCUMAIILHOTO YHCIIa UTEPAIlil HA pe3yIbTaT yCTpaHeHHUS TPU3PaKoB. BoI-
OpaHO ONMTHMAbHOE 3HAUCHHE YWCIa UTeparuil (n = 2), malpHEHIIee YBEIMUCHHE KOTOPOTO IPOIOIIKAET
YBEJIMYMBATh BPEMsI pacdeTra, HO MPaKTHYECKH HE BIHSIET HAa Ka9eCTBO KOPPEKIUH (POCT YMCIIa UTEpannii 10
n = 3 MO3BOJUT JIOTIOTHUTENLHO YUUTHIBaTh BKIaAbI Bcero 0,07 % cocTaBmsiomniei mpuspaka).

HccnenoBano ¢popmMupoBaHre IPU3PAKOB Ha H300paskeHUAX, monydeHHBIX HA «BCCy» mpu chbeMKe KOJITH-
MHPOBAaHHOTO U3JTYYEHHS TOYEUHOTO NCTOYHMKA Ha ONITHYECKOM cTeH ie. [1o pe3ymnbraram ncciieoBaHus orpe-
JIEJIEHBI O0JIee CII0KHBIE 3aKOHBI ITPOCTPAHCTBEHHOTO ()OPMHUPOBAHNS IPU3PAKOB 110 CPABHEHUIO C IEPBUIHON
MOJIENTBI0, KOTOPBIE YTOYHEHBI B HOBOM MOZIeNi. BrIBeieHa 3aBUCHMOCT KOOPIMHAT IPU3PAKOB OT KOOPIWHAT
HX «IpoodpazoBy. OmpeneneHa T0Jsk HCXOMHOTO n300paxkenws, morydeHHoro HA «BCCy, B mpuspake.

CoBmMmerieHre HOBOH MPOCTPAHCTBEHHO-IPKOCTHOW Moaenu (POPMUPOBAHUS MPU3PAKOB U PEKYPCHBHOTO
METOAa WX KOPPEKITNH MO3BOJIMIO YCTPAaHUTh Mpu3paku Ha moimydaeMeix HA «BCCy» camMkax. Pasnuune
MEX/Ty ITPU3PAKOM TECTOBOH MUPBI M OTHOPOIHBIM (DOHOM Ha M300pakeHUH IO KOPPEKITUHN COCTABIIIO0 4,3 Y%,
a mocye xoppexiun — 0,2 %.

OpHaKo MPOrpaMMHOM KOPPEKITHH ITPU3PAKOB TPUCYI] HEJOCTATOK: IS IPU3PAKOB Ha M300paKeHNH, TI0-
nygaemoM HA «BCC», cymectyeT obmacts (14 % oT ero oOmieil miomaan), KOTopasi He MOXKeT ObITh TIOA-
BEPTHYTa KOPPEKIIHH, TaK KaK «IIPo0oOpa3bh» MpU3PaKkoB OTCYTCTBYIOT Ha ()OTOCHUMKE.

Pa3paboTaHHbIil METO KOPPEKIINU TIPU3PAKOB, a TAK)KE MPUBEICHHBIC METOIBI Ta00PAaTOPHBIX N3MEPEHHUN
1 00pabOTKH MOTyYeHHBIX PE3yabTaToB MOTYT 3(h(hEeKTHBHO MIPUMEHATHCS I PEIICHHUS 3a/1a9i YIydIIeHUS
Ka4geCcTBa N300paKCHUH.
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LASER PHYSICS
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PEJXVM ABTOKQAEBAHI/Iﬂ M3AYYEHUSA AA3SEPA
C PEBOHAHCHOU ®A30BOM HEAMHEVHOCTBIO

E. B. THMOILEHKO", B. A. OPEBHY?

YMoeunésckui eocyoapcmeennblil ynusepcumem um. A. A. Kynewosa,
yi. Kocmonaemos, 1, 212022, . Moeunés, benapyce
DBenopycckuii 20cyO0apcmeentbiil YHUSEPCUMEN NUWeBbIX U XUMUYECKUX MeXHOT02Ul,
np. muoma, 3, 212027, e. Moeunés, benapyco

Annomayua. IlpencraBneHa pe3oHaHCHAs MOJIENb TeHEPALNH TOIYIIPOBOIHUKOBOTO JIa3epa, N3Iy4aromero Ha JTi-
Hax BojH MK-auana3oHa, B KOTOpo# ydTeHa HeJIMHEHHast (pa3oBasi epecTpoiika pe30HaAHCHOIO MaTePHAIbHOTO OTKIIMKA
CpeJibI ¥ TTOJIsI BBIHYKJICHHOTO M3Ty4eHHs. CXeMa MOJeIIMPOBaHNS TeHEPAIl OCHOBBIBACTCSI HA MOTU(HKAIINN YpaBHe-
Hui MakcBeiuta — bioxa [uist MaTepuaioB ¢ KBaHTOBO-pa3MepHBIME dhdekramu. [Ipu ycIoBUM OTHOCHUTENBHO BEICOKOH
KOHLIEHTPALIMY KBAHTOBBIX TOYEK, IPEACTABIEMBIX JUIIOIBHBIMU YaCTULAMH, TS 9TUX CPeJl THITUYHO COYETaHHe HEllU-
HEHHBIX 3()(EKTOB, BBI3BIBAIOMINX JUHAMUKY ()a30BOTO COOTHOIMICHHS IOJS U PE30HAHCHOW monsipu3oBaHHOCTH. K HUM
OTHOCSIT B3aUMHOE BIIMSIHUE OJMKHUX TTOJISH JIUTONIBHBIX YaCTHII, PE30HAHCHYIO HEJIMHEHHYI0 pedpaKiinio, ONTHYECKUN
a¢dekr Illrapka. PesynbraTsl yMcIEHHOr0 pacueTa U KaueCTBEHHbBIH aHalM3 MOJEIH MOKa3alu, YTO 0co0asi HEeyCTOi-
YHBOCTb M3JTy4eHHs 00ycioBieHa ontudeckuM 3¢ ¢dexrom LlTapka, KOTOPBIM TOIEPKUBACTCS ICHCTBEHHBIN YPOBEHB
aMITIMTYIHO-(Da30BOM cBs3M B cxeme Jyiazepa. [IpoeMoHCTpUpOBaHO, YTO MMEHHO (DPAaKTOP HEITMHEHHOTO MITAapKOBCKOTO
CMEIICHNs Pe30HAHCHOW JIMHUHM YCHIICHHS CIIOCOOCH /1eCTa0MIN3UPOBaTh yCTOHUMBBIC COCTOSIHUS JIA3€PHOM CHCTEMBI.
Bo B3anMOCBsI3H ¢ OCTAIIEHBIMU MeXaHW3MaM# (Ga30Boil HemuHEHHOCTH 3 dekT LlTapka mopoxkIaeT aBTOMOAYISAIIOH-
HYI0 IMHAMUKY B BBIHYKJCHHOM U3JIy4YE€HUU, CTUMYJIUPYsI UHTEPECHBIN ¢ IPAKTUYECKOU TOUKH 3PEHUS PEKUM CaMOIIO-
JACPKUBAIOINXCA l'[yJ'ILC&LII/Iﬁ WHTCHCUBHOCTH.

Knrouesvie cnosa: nasepHoe N3IydeHUE; TOTYPOBOIHUKOBBIC KBAHTOBO-Pa3MEpHBIC CTPYKTYPbI; CAMOITYJIbCAIIH HH-
TEHCHBHOCTH; onrtnaeckuii apdext [Tapka.
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SELF-OSCILLATION MODE OF LASER RADIATION
WITH RESONANT PHASE NONLINEARITY

E. V. TIMOSHCHENKO?®, V. A. YUREVICH"

*Mogilev State A. Kuleshov University,
1 Kasmanawtaw Street, Magiliow 212022, Belarus
°Belarusian State University of Food and Chemical Technologies,
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Corresponding author: E. V. Timoshchenko (timoshchenko@msu.by)

Abstract. The paper presents a resonance model of generation of a semiconductor laser emitting at wavelengths in the
IR-range, which takes into account the nonlinear phase transformation of the resonant material response of the medium
and the field of stimulated emission. The scheme for modelling the generation is based on a modification of the Maxwell —
Bloch equations for materials with quantum-size effects. Under the condition of a relatively high concentration of quan-
tum dots represented by dipole particles, a combination of nonlinear effects causing the dynamics of the phase relationship
of the field and resonant polarisation is typical for these media. These include the mutual influence of near fields of dipole
particles, resonant nonlinear refraction, and the optical Stark effect. The results of numerical calculation and qualitative
analysis of the model showed that a special instability of the radiation is caused by the optical Stark effect, which main-
tains an effective level of amplitude-phase coupling in the laser scheme. It is shown that it is the factor of the nonlinear
Stark shift of the resonant gain line that is capable of destabilising stable states of the laser system. In conjunction with
other mechanisms of phase nonlinearity, the Stark effect generates self-modulation dynamics in forced emission, stimula-
ting, among other things, a regime of self-sustaining intensity pulsations that is interesting from a practical point of view.

Keywords: laser radiation; semiconductor quantum-dimensional structures; intensity self-pulsations; optical Stark effect.

BBenenune

CrabunbHOe TONyYeHHE PETYIISIPHBIX CEPHi KOHTPACTHBIX UMITYJIBCOB CyONHMKO- M MMMKOCEKYHIHOW U~
TEJILHOCTH OOBIYHO TPeOyeT UCTIONH30BAHHS BEICOKOTEXHOJIOTHYHBIX JIa3epHBIX cucTeM. OcoObIe MepCIeKTUBBI
B MUHHATIOPU3AIMH TAaKUX JIA3ePOB, IPUMEHIEMBIX B MPEACIbHO KOMITAKTHBIX YCTPOHCTBaX HAHO()OTOHUKH,
CBSI3aHBI C BO3MOXHOCTBIO MCTIOJIH30BAHNSI KBAHTOBO-PAa3MEPHBIX MOTYTIPOBOHUKOBBIX CTPYKTYp B KaueCTBE
MaTepHaJIoB JIJIsl aKTUBHBIX d5ieMeHTOB [ 1-3]. LlenenanpapneHHOe N3MEHEHNE XapaKTEPUCTUK CTPYKTYPBI U3-
JIydeHUsS B yCTPOHCTBAX MOHMKEHHON Pa3MEPHOCTU MIPOMCXOAUT 32 CUET BapUallii YPOBHS MOCTOSHHOIO BO
BPEMEHH TOKa HaKauKH WM MapaMeTPOB KOMIIAKTHOI'O IMACCHUBHOIO IUCIIEPCHOHHOTO IEMEHTAa B cCXeMe 00-
patHOii cBsi3u'. CTPYKTYpHbIE JEMEHTHI (HAIpHMep, KBAHTOBBIE TOUKH) HCIIONb3YEMbIX B J1a3€PHO OITHKE
MOJTYIPOBOJHHUKOBBIX CIIOEB C KBAHTOBO-Pa3MEPHBIMH 3 eKTaMu XapaKTepHU3yroTCsl OOJIBIINMH AUTIOIBHBIMI
MOMEHTaMH, CBS3aHHBIMHU C 3KCUTOHHBIMH NEPeXoAaMu (MX BEJIMYMHA OLCHUBACTCA B HECKOJBKO JECSTKOB
nebaes) [4]. CyOMUKpPOHHBIC 1 HAHOMETPOBBIE CJIOM Ha OCHOBE MOAOOHBIX CPEJl ¢ BHIPAXKEHHBIM PE30HAHCHBIM
OTKJIMKOM Ha I0JIe KOTEPEHTHOTO M3JIy4eHHUs] MOTYT 00JIaiaTh CHIIbHOW HETMHEHHOCTBHIO, B 3TUX 00bEKTax
BO3MOKHO HaOMI0IeHNE KOTEPEHTHBIX oNTHYecKuX 3 dexToB [4—6] n HeMMHEHHBIX (Ha30BBIX Bapualui Aek-
CTBYIOILIETO B ciI0€ MoJisi. banaHc sHeprum NCTOYHMKa BO30YKICHHUS, KOPPEIUPYIOLIETO M M3y4aeMOro Mo
B TAKOH CTPYKType MOKET OBITh pACCMOTPEH TPAAULIMOHHO, T. €. B paMKax JIByXypOBHEBOH CXeMbl 00pa3yIoLIux
€€ pe30HAHCHBIX YacTHUI] — KBaHTOBbIX u3iydareneid (K1), mpeacraBieHHBIX 3I€MEHTapHBIMU JUITOISMH.

XapakTepHBIMH CIIEICTBUSMH MPOSBICHHS HETMHEHHOCTH PE30HAHCHOTO MAaTePHAILHOTO OTKITMKA KBAHTOBO-
Pa3MepHBIX CTPYKTYp Ha MOJIE KOTEPEHTHOTO M3ITy4EHHS SBISIOTCS (haKTOPhI, 00y CIIOBIMBAIOIIIE TEPEHOPMUPOBKY
(ha30BOT0 COOTHOIIEHHS IEHCTBYIOIIETO CBETOBOTO OIS 1 MOJIIPU3AIIMOHHOTO OTKJIMKA BeiecTBa. K HUM oTHOCAT
BIIMSIHUE TUII0Nb-IUIIONBHOTO B3aMMOZEHCTBHS Ha PE30HAHCHYIO YaCTOTY yCHIIMBAIOILIETO €051 [ 7], pE30HAHCHYTO
HeMHeHHY0 pedpakmuro [8] u ontrueckuii agdexT Lltapka [9; 10]. B pabote, monokeHHONH B OCHOBY HACTOSI-
LIeH CTaThy, IPEICTAaBICHA HeCTAallMOHApHAs OaaHCHAs MOJEIb TMHAMUKHU BbIHY)KICHHOTO U3JIyYEHUsI C yUETOM
BBILICYTIOMSIHY THIX B3aMMOCBSI3aHHBIX HEJTMHEHHBIX (a30BbIX 3P(PEKTOB, THIMUHBIX AJIsl PE30HAHCHOTO B3aUMO-
JEHCTBUS CBETOBOT'O TIOJISI C BEILIECTBOM KBaHTOBO-Pa3MEPHBIX CTPYKTYp. UKCIIEeHHOE MOAEINPOBAaHHE ITpoLecca
W3JTy4YCeHUS IPOBEACHO JUIS TapaMeTPOB MOTYyIPOBOAHUKOBBIX JIa3¢pOB Ha KBAHTOBBIX TOUKAX.

ITocranoBka 3axa4u ¥ (opMyTHPOBKA CXeMbl pacyera

Bo03MOXXHOCTB MPOSIBIICHHST HEIMHEHHBIX (a30BbIX A3P(PEKTOB OKa3bIBACTCS BHICOKOH B YCIOBHUSX CPaBHU-
TEJBbHO OOJBIION KOHIIEHTPALIMH 3JIEMEHTAPHBIX aKTUBHBIX LIEHTPOB, MPEACTABICHHBIX TUMOIbHbIME K. Dd-
(hexThI (ha30BOI MepeCTPONKN M3TyUEHHUS CBA3aHBI ¢ onTudeckuM dhdexTom IlTapka, TUTONb-TUTIONBEHEIM

UKykoe A. E. Jlasepsl i MEKpOTasephl Ha OCHOBE KBAHTOBBIX TOUEK : yuel. mocoGue. CII6. : ITomutex-npecc, 2019. 42 c.

42



JlazepHas ¢pu3nka
Laser Physics

B3aMMOJICHCTBHEM U aBTOMOYJISAIIMOHHBIM CMEIICHHEM YacTOTHl BBIHYKACHHOTO M3TY4YeHHS U3-3a BIUSHUS
TIOTJIOIEHNS B KBa3UPE30HAHCHBIX Tiepexoaax. M3BecTHO, UTo B psijie TBEPIOTEIbHBIX JIa3€POB, BKITIOUAs MOJTY-
TIPOBOTHUKOBBIE, TP BO30YKIEHUH peaKCallOHHBIX KoJeOaHui (T. €. KojaebaHu, mapamMmeTpsl KOTOPBIX 3a-
BUCSIT TOJIKO OT COOTHOLIEHUS] BPEMEH pellaKCcalluy MO0JIsl B CPEJIE U PE30HATOPE CO CKOPOCTHIO BO30YKICHUS )
MOTYT pa3BUBAThCS MEPEXOAHbIE CEPUH TOCTATOYHO KOPOTKUX MyNbcalluii. PerymnspHas mocienoBaTenbHOCTh
UMITYJIbCOB BO3HHKAET JIaXe B YCIOBUAX MTOCTOSHHOTO YPOBHS HAKAUKU U OTCYTCTBHS MOIYJIHPYIOIIUX dJIEMEH-
TOB B pe3oHaTope. B paboTe nocrasieHa 3ajaya OLEHKH CII€ACTBUI HEJIMHEHHOCTU B MaTepUaIbHOM OTKJINKE
maccuBa KU, 00pa3yronmx yCuInBaronui 3IeMeHT, Ha JTUHAMUKY CBETOBOTO IT0JISI KakK (hakTopa IMPOU3BOILHOTO
Nepexo/ia U3JIydeHHUs Jlazepa B pEKUM CaMOIIONICPKUBAIOIINXCS TYJIbCALIUN.

AHanm3 HeMMHEHHON JAWHAMHMKM M3JTy4eHHs B OTHOCHTEIbHO HH3KopasMepHoM MaccuBe KW mpoBomurtcs
B paMKax OaJaHCHOTO NPUONIMKEHUS U1l HAPSDKEHHOCTH 1ons £ (t) C 4aCTOTOH (® B YCHJIMBAIOLIEM DIIEMEHTE

1 JJ1s1 BEPOSITHOCTHBIX MIEPEMEHHBIX, ONPEACIIONINX €r0 PEaKIMIo Ha CBETOBOE MOJIE U BO30YK/ICHHUE HAKAUKOH.
[Ipu mpeanonokeHuu 0OJHOPOJHOIO YIINPEHNS CIIEKTPAIbHON JIMHUM YCUIIEHUS C IEHTPaJIbHON YacTOTON M,
9TH BEPOSITHOCTHBIE IEPEMEHHBIE SIBISIOTCS COIACOBAHHBIMU C TIEPEMEHHOH I10J151 BETMYMHAMU BEPOSTHOCTHU
MOJIIPU30BAaHHOCTH P M Pa3HOCTHU HACEJIEHHOCTEH ypOoBHEH pe30HaHCHOro nepexoa 7. VicxoaHble ypaBHEeHUs
JUIsl IEpEMEHHBIX TOJIsI M PE30HAHCHOTO OTKJIMKA U3BECTHBI Kak cuctemMa MakcBemna — biioxa [11] u tpaau-
LIMOHHO UCIIOJIB3YIOTCS ISl aHAJIN3a JMHAMUKY TeHEpalii B OAHOYAaCTOTHOM Ipuommkennu. Cucrema Gpopmy-
JMpyeTcs ¢ MPUMEHEHNEM NPeACTaBIeHUH ABYXypOBHEBON KBAHTOBO-MEXaHNYECKON MaTpPULIbI IJIOTHOCTH:

f{_f:Ti(R—cE), %z%nE—Tﬂ(l—iA),
‘ ’ (1
dn_j—-n pg, # B Ao 2
E_T—ﬁ(p E+pE’), A=Ay ==& [T,

r1e R — KOMIUIEKCHAsI IIEPEMEHHA, OIIpeelIsieMas BEPOSTHOCTBIO IOJITPU30BAHHOCTH P; L — MATPUYHBII JIEMEHT
JMIIONBHOTO MOMEHTA Tepexosia; N — 00beMHasi KOHIEHTpAIMs aKTUBHBIX LIEHTPOB; 1, U G — BpeMsl IpoxXoja
CBETa 10 PE30HATOPY U KOA((HUIMEHT TOTeph B PE30HATOPE COOTBETCTBEHHO; 1; U T, — BpeMeHa IPOoJ0JIbHOM
u noriepeyHoi ((ha3oBoi) penakcaluu nepexoia COOTBETCTBEHHO (B ClIydae MOJTYPOBOIHUKOBBIX aKTHBHBIX

CpPel 3TU BEJIMYMHBI COOTBETCTBYIOT BpeMEHaM MEK30HHOW U BHYTPHU30HHON pellaKCcallin); % — KOMIIOHEHT,

1
XapakTePU3YIOIIUi CKOPOCTh HAKAYKH. B BRIpaKeHUE I YaCTOTHOM OTCTPONKY A BKJIIOUEHBI HOPMUPOBaHHAs
JMHENHAA OTCTPOMKA YaCTOTHI ITOJIS OT YaCTOTHI pE30HAHCA A = (co O )T2 Y 3aITMCAHHBINA aHAJIOTUYHO, Ha-

npumep, B [12; 13] HenrHEHHBIN KOMITIOHEHT, OTIPENENSOIINN CMEIIEHUE YaCTOThI M3-32 ONITHIECKOro d(hdekra
[ITapxka, rae Ao — nedext nonsipuszyemMocT (paznmuue nonspusyemocterd KM Ha ypoBHSIX OCHOBHOTO ITEpexo/ia).

Janee ctaBuTCS 3a/1a4a yueTa pe30HaHCHOW HeJTMHEWHOU pedpakiinu, KOTopast MOKET OBITh PEIlieHa ITyTeM
00001IeHuUS ABYXYPOBHEBOW CXEMbI B3aMMOJIEHCTBHUS B COOTBETCTBHH C TIOAXO/I0OM, 000CHOBaHHKIM B [12]. AHa-
norudHo [ 14] mepemMeHHas NOJISIPU30BAaHHOCTH B 3TOM IIPECTABICHUH OTPEIeIseT BKIIA]] KBA3UPE30HAHCHOU
MOJISIPU3YEMOCTH:

N .
R :g[up +i2mAogy(n — 1y ) E |, )

rae N — o0bemHast koHueHTpauust KU; ny — HekoTopoe HadalbHOEe 3HaU€HUE HHBEPCHH.

ITepepacnpenenenne KU mo ypoBHSIM mepexo/ia B MpoIiecce HaKaqKy U TIPH HACBIIEHUH PUBOIUT K O€3bI-
HEPLIIMOHHOMY B OTHOIICHWH BapHAIMii HHBEPCUH CMEIIECHHIO ()a30BOTO COOTHOIICHHS TIONS M PE30HAHCHON
MOJISIpU30BaHHOCTH. B TakoM cirydae yder ontudeckoro s¢dekra llltapka BronHe mpaBOMEpHO COYETAETCs
C pPacCMOTpPEHHUEM CIIEJICTBHI PE30HAHCHOHN HETMHEWHON pe(paKIti, ITOCKOIBKY KOX(P(PHUIIMEHT HETHHEHHOCTH,
OTIPEICIISTIOIIIH BeTmuuHy d(DdekTa, TakKe MPOTOPIIHOHANICH Ae(EKTy TOIIPU3yeMOCTH AdL.

B cBs131 ¢ mocTaBnenHoM 3aa4elt yueta (pa3oBoii pe30HaHCHON HEMTMHEWHOCTH 0C000 BayKHA TIEPEHOPMHPOB-
Ka ()a30BOr0 COOTHOIIIEHHS OIS U MOJISIPU30BAHHOCTH M3-32 BIUSHIUS ONKHUX MOJIEH INUTIONEH Ha TIONI0KESHUE
PE30HAHCHOM YacTOTHI CHEKTPATLHOM JIMHUN yCHiIeHusl. IMEHHO TOATOMY JTOITyCKaeTCs, 4To B (hOpMUPOBAHUH
OTKJIMKA CPEeJIBI TIOJT ISHCTBUEM TIOJIS CyIIECTBEHHA JIOKallbHast TTonpaska JlopeHia, ycraHaBIuBaromas OTIHIre
nevictBytorero va KU mosst £’ ot mosst E. B nanpHeimeit MomuduKauyu CHCTEMbl KHHETHIECKUX YpaBHe-
HUI paccMaTprBaeTCs CIeIyrollee COOTHOIIECHHUE ASHCTBYIONIETO U KOPPETUPYIOMIETO (M3Ty4aeMoro) MoJis:

iR o
E'=FE+ ? [Tpon3BOANTCS COOTBETCTBYIOIIAS 3aMEHA IIEPEMEHHOM JIJIsl HAPSYKCHHOCTH I10JIS1 B YPaBHEHUSIX

brioxa B cucteme (1) u mpeacTaBICHUN TTOIIPU30BAHHOCTH (2).
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B nocnenyromumx npeacTaBieHUIX yA00HO UCTIOIB30BaTh HOPMUPOBAHHBIC TIEPEMEHHBIC, a TAKKE BBECTH
HOBBIC 0003HAUCHHUS TTapaMEeTPOB HETMHEHHOCTH W HAaKAYKH:

_ 2nAo _WN
g,

T .
CZ%VY—iTzE, p:p _15 J’:%, K:ia B 807 Y_

o 2
T, W,
st 3anmcy OanaHCHOW CXeMbl SHEProoOMeHa M3JIyUeHHsI U HaKauKHd B YCHJIMBAIOIIEM DJIEMEHTE Jaliee
npuMeHsieM aanadaTnyeckoe npuonmxkeHne cucteMsl (1). Ero cuntaroT 10mycTUMBIM TIPH OOJTBIIOM Pa3iniyiu
BpeMeH penaxcauuu 1, > T, (B cilyuae HEKOI€pEHTHOIO B3aUMOJEHCTBYSI I0JIs U3JIyUEeHUsl C aKTUBHOH cpe-
JIOM, KOTJja XapaKTepHOE BPeMs pa3BUTHUS U3ITyUCHH, HAIPUMED JUINTENBHOCTh CBETOBOIO UMITYJIBCA, MOXKET
3HAUUTEIBHO TMPEBBIIATh Bpems (pa3oBoii perakcanun). B 3Tom npeanonaokeHny noasipu30BaHHOCTD OLCHHU-
BaeTCs Kak 0e3bIHEPIUOHHO «CIIEIAIas 3a MMoJeM, U B CHHTYJISIPHOM TIpe/esie YpaBHEHHUs il BEpOITHOCTH
MOJIIPU30BAaHHOCTH TOJIy4YaeM
e 1-iA
DA e

P g B

(3)

T.

B=A—i(AA+7yy), A=1+By(y - ), Aon—BﬁMz.
1

[TpuHMMas BO BHUMaHKE COOTHOIICHHS (3), 3amuiieM MoAn(YUKAIMIO CKOPOCTHBIX YPaBHEHHH, CIICTYFOLITHX
u3 cucteMsl (1), B BUae

d—Xzi(Gy—l)X, Z—yzlq—(1+GX)y,
T

dr T,
2! “4)

T.
G={A*+| A/ Aj—B=2X |+
0 ﬁle Yy

B npencraBneHusix cuctemsl (4) A XapakKTEPUCTUKHU U3TyUYCHUS UCTOIb30BaHbl IEPEMEHHAS NHTCHCHUB-
HOCTHU X(r) = |e(r)

4 o
TepeMeHHas BpeMEeHH T = T U CKOPOCTHOH IapaMeTp BPEeMEHU KU3HU (DOTOHA B PE30HATOPE T,, HOPMUPOBAH-

1
HBIC I10 BECJIMYHNHC ]I, B ,I[aJ'IBHefIH.IHX OLCHKaX IMPCAIIOIaracTcs TakxKe, 4T0 Y, = 1.

Beipaxenue G B cucteme (4) ONMUCHIBACT, B CYIIHOCTH, HENMHEHHBIN (OpM-(DaKTOp IMHUH YCUIICHHS U HAPSTY
C IMHEMHOM OTCTPOUKON YaCTOThI COJIEPKUT TPU HEJIMHEHHBIX KOMIIOHEHTA, BKJIIOYEHHE KOTOPBIX OIIPEIeSIEHO
3HAUUMOCTBIO IUIOJIb-AUIIOIBHOTO B3aUMOACHCTBHS, PE30HAHCHON HEJIMHEHHOW pedpakUy U ONTHYECKOTO
sddekra Hlrapka.

2 o
, HOPMUPOBAaHHAA MO0 BECIUMYMNHE XAPAKTCPHOU MHTCHCHUBHOCTHU HACBIIICHWA YCUJICHUA,

YeToHYNBOCTh pellIeHUI U PesKMM aBTOKOJIe0aHu i

B cxopocTHBIX ypaBHeHHAX (4) OTpaskeH psijl B3aNMOCBA3aHHBIX HEMHEHHBIX 3 (EKTOB, BOSMOKHBIX TIPH
JMHAMUYECKUX CLICHAPUIX Pa3BUTHUS BEIHYKICHHOTO U3JIy4eHusl B CTpykTypax n3 KU, npencraBisronux sKcu-
TOHBI WJIM KBAHTOBBIE TOUKHU B MCITOJIb3YEMBIX B JIa3€pHON ONTHKE MOTYIPOBOJHHUKAX.

KauecTBeHHOE M3yueHHE MOBEICHUS peIeHUN 1t X (r) BOJIM3M PAaBHOBECHOTO COCTOSIHUSI C HEHYJIEBOI
MOIIHOCTBIO X IIPEXkK/IE BCEro JaeT BO3MOKHOCTh OLICHUTh 30HY IIapaMeTpOB CUCTEMBI (4), B KOTOPOi 3TO
cocTosiHMe ycToiunBO. Ha BpeMeHHOI 11Kajie KpUBbIe, ONMCHIBAIOLINE PEILICHUS I 00eNX IIePEMEHHbIX, BbI-
XOJIl M3 HauaJbHBIX TOUYEK, MOCIE PsJla OCHMIUIALNHN 3aTyXal0T K pAaBHOBECHBIM 3HAUEHUSAM. Bripakenus ans
PaBHOBECHBIX 3HaY€HUH X, Vg CIIEAYIOT U3 CUHTYJIPHBIX IIPEAEIOB CUCTEMBI (4):

2

BT Vs = Vs — 4s

- 2 v o -
K= Xg + ys, Xg=A7y+ , Ag=1+By(ys-1). (5)
2T, Ag

Jluneapusarus cuctemsl (4) B OKpECTHOCTH TOUEK paBHOBeCHs (5) MO3BOJISIET 3aMKcaTh aHajIor OalaHCHON
cxeMbl (4) U1 OTHOCUTENBHO MalbIX perieHui AX (‘C) u Ay(r) B HEKOTOPOH obnactu (a30BOHl MIOCKOCTH
(X , y), coziep Kaliell FeOMETPHIECKOe MECTO TOUEK X, V. JIMHeapu30BaHHBIN aHAJIOT CXEMBI IIPENICTABIIACTCS

B BUJIC CHCTEMbI TMHEHHBIX AU(depeHaIbHbIX YpaBHEHHH
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FX, -
T, dAX __FXs ax 4! MXSAy,
dt s s
FX, X
| EXs ylax - 1+ (1-M)=S |Ay,
dt Vs s

. . (6)
F=B2A4| Ag| Ay— B2 X [+ vyg |,
BT] s| “s| 2o Ble S s

T T
_ 2 2
M =2yBAg+ |1+ B| Ay —B=—=Xs ||| 45| Ay — B=—=Xs |+ 15
2T, 2T,
Ha ocHoBge (6) hopmynupyeTcst XapaKTepUCTHISCKHIA TIOJTMHOM OTHOCHTEIBHO ¥ — KOMILIEKCHOTO K03 (du-
[IMEHTA 3aTyXaHUs B TTOKa3aTese YKCIIOHEHITHATHFHOTO PEIICHHUS exp(xr) CUCTEMHI (6).
Hawubornee peanbHbl OCHULIMPYIONIUE PEUICHUS, HO €CIIH OCHUUIAINAN ONPEACICHHO PEIaKCHPYIOIINE,
T. €. 3aTyXal0T K paBHOBECHBIM 3HAYEHHUSM, TO cUCTeMa (4) OMUCHIBAET MEePEXo]] 1a3epa K yCTaHOBUBIIEMYCS
CTaIlMOHAPHOMY peXXUMY u3inyueHus. Toraa ocobas Touka (X S ys) Ha (ha30BOM IIOCKOCTH (X , y) cuctemsl (3)

TIpeJICTaBIAeT OO0 YCTOWYMBBINA (DOKYC U SBISIETCSA aTTPAKTOPOM (Pa30BBIX KPHUBBIX. XapaKTePUCTHUECKUN
TTOJIMHOM, BBIPQKEHHBIN KBAIPATHBIM YpaBHEHUEM, JIOJKEH 00J1a/1aTh KOMILIEKCHO-COIPSKEHHBIMU KOPHIMU

(Rex + l\/B)

X1,2:f-

BeIpaskeHus ISl BEMECTBEHHON YacTH KOPHEH M JUCKPHMMHMHAHTA XapaKTEPUCTHYECKOTO YPaBHEHHS 3a-

ITUCBIBAIOTCS CIIELYIOLUM 00pa3oM:
F X 4 F X ’
Rey=—|1+|1-M-— - ,D:T—(l—M—F)XS— L+ 1-M - — =S|, (7)
r) Vs r r)Ys

CoBMeCTHO ¢ COOTHOLIECHUAMH (5) 3Ha4eHUs KOpHEH (7) MOTYT OBITB [T0JIOKEHBI B OCHOBY KPUTEPHSI Xapak-

TEPUCTHKH MOBEICHUS TPAeKTOpUil Ha (a30BOM IMIIOCKOCTH (X , y) B OKPECTHOCTH PABHOBECHOTO COCTOSHHS

(X S )’s)- VYeroituuBocts oxyca X, yg nomyctuma mpu yenosuu Rey < 0. [Ipeacrasnenue B (7) Benuuun Rey

u D byHKUMAMHU yg ynoOHO Ul HOCIEAYIOUIEro napaMeTpU4ecKoro pacyera 3aBUCMMOCTEH THIa RCX(K).
IlepemeHHas BenuuuHA yg IPU TOM CUUTAETCSl HEOTPULIATEIbHBIM JMHEHHO HAPACTAIOIIUM B OIIPEIEIEHHOM
JTIara3oHe mapamMeTPOM.

ITpu ompeneneHnn yciaoBus aBTOKOIEOAHUH, OYEBUIHO, CIEAYET BBIACIUTH 30HBI apaMeTpoB (4), rae
TOYKH X, Y5 HECTAOUIIBbHBI IO THILy HEYCTOHUUBOrO (oKyca. YX0J TPaeKTOPHUii, COOTBETCTBYIOLIUX OCIUII-
JATOPHBIM pelieHusM (4), U3 OKPECTHOCTH TOYKHM PaBHOBECHS JOJKEH 03Ha4aTh, YTO UX aTTPaKTOPOM
OKaXeTCs PeaeTbHBIA UK. Takoe MoBeeHne PeIIeHnH 00yCIOBIEHO HEN30SKHBIM MEPHUOAMIECKH MPO-
HCXOMAIIUM HaCBIIIEHUEM POCTa y(t) MpH YBETMYEHUH MOITHOCTH BBIHYKJIEHHOTO H3JIydeHUsT X (r) C To-

CIIeYIONINM CHIDKeHUEM (cOpocom maBepcnn). Ocobasi ToUuKa OKa3hIBAETCS HEYCTOMINBEIM (POKYCOM, €CITH

JD

Rey > 0. Takoro pona HEyCTOWYHUBOCTh COOTBETCTBYET MEPUOJNYECKOMY PEUICHUIO C 4acTOTOU = B3

y JIMHEapU30BaHHBIX ypaBHEHUH. McxonHas cucteMa (4) XxapakTepu3yeTcsl OCHMIUIITOPHBIMU PEIIEHUSIMU
must X (1) u p(t), aMImaTy e KOTOpBIX cTabUIM3upyroTes. Torna MOLEIbIO OMUCHIBACTCS Pa3BUTHE CLC-
Hapus peryJspHbIX HE3aTyXaroUUX Myiabcanuil. Takol pexuM U3aydeHus, peaanu3yeMblil IPU TOCTOSIHHOM
YpOBHE HAKauKH, HHTEPECECH C MPAKTHUECKOW TOUKH 3PCHHUS. Y CJIOBHE €r0 JIOCTHIKUMOCTH YIOOHO WILTIO-
CTPHPOBaTh Ha IIKaJe apaMmeTpa BO30YKICHUS K IS pa3HBIX 3HAYEHUH OTCTPOUKH 4acTOTHI (puc. 1, a).
ITonoxxeHueM ToUeK NepeceueHrs KpUBbIX RGX(K) C TOPU3OHTAJIBLHON OCBHIO ONIPEJETAETCS TaK Ha3bIBAEMbII
BTOPOI IOPOT reHepanuu (ypoBEeHb HAKAYKHU K, HAYMHAS C KOTOPOTO BO3MOXKHA CAMOTIPOM3BOJIbHAS HEYCTOM-
YUBOCTbH BBIHYKJIEHHOTO U3JydeHHs ). YacToTa penakcalliOHHBIX MyJIbCAallMi ¢ POCTOM HAaKa4KH JOJIKHA
yBenn4uBarhbes (puc. 1, 6).
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Rey A Qi
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Puc. 1. 3aBucUMOCTH eHCTBUTEIBHOM (a) 1 MHUMOIL (0) yacTeil KopHel
XapaKTepPUCTUIECKOTO YPaBHEHNUS OT YPOBHS BO30YK/ICHNS (HAKAIKH):
Ay=-0,04 (1),A;=0(2),A,=0,04(3),3=0,15,y=0,34,
1,=70-10°,1,=2,0-10"¢, ,=50-10"¢
Fig. 1. Dependences of the real (a) and imaginary (b) parts of the roots
of the characteristic equation on the excitation (pumping) level:
Ay=-0.04 (1), Ay =0(2),A;=0.04 (3), 3 =0.15,y=0.34,
7,=7.0-10°,7,=2.0-10"s,7,=5.0-10"%s

B onienke maciitada npejickasbiBacMbIX SIBJICHUH (Kak MPHU pacueTe MOPOrOBbIX XapaKTEPUCTHK COIIACHO
cootHomeHusM (5) u (7), Tak ¥ TIPH YUCIICHHOM MOJCIIMPOBAHUH Ha OCHOBE YpaBHEHHH (4)) HCXOMMIIN TIPH-
MEPHO M3 TeX MapaMeTPOB JIIsi KBAHTOBO-PA3MEPHBIX JIa3¢POB, KOTOPHIE B3SIThI U3 JIUTEPATYPHI ISl CTPYKTYPbI
KBaHTOBBIX TOYCK B cliosix [nAs/(Al)GaAs na nomioxkax GaAds v cnosix InGaAs/InAlAs va nomnoxkax InP,
M3JyYarolMX B 3aBUCMMOCTH OT KOHIICHTPAIIMM KBAHTOBBIX TOYECK M YPOBHS ONTHUECKUX IMOTEPh (B pacueTax
N~(1...4)- 10" M, 6 ~ 0,5) B uamasone mmus Boxe 1250—1290 mm [2; 3] n 1030-1195 am [15].

MopespoBaHue pejIaKCAMOHHON TUHAMUKH U3JIyYeHHs]

PacyeTs! mporeccoB U3IIy4eHUs] OCHOBBIBAIUCH HA YHCJIICHHOM HHTETPUPOBAHUH KHHETHYECKOH cucTeMBlI (4)
meTosioM Pynre — KyTTsl. HaganbpHbIe ycI0BHSA COOTBETCTBOBAIN BBITIOIHEHHIO aMITJIUTYAHOTO YCIIOBHS FeHepa-
LMK, T. €. Ipeamnonaranock, uro y(t=0) = yq. IIpu oToM Benmauna X (t = 0) Ha HECKOIBKO IOPSIKOB MCHBLIIE
PaBHOBECHOTO 3HAYECHMSI, T. €. HA HAYaJIBHOM 3Tarle MOACIMPOBAHUS MPOIECCa BBIHYKICHHOTO U3JIyYECHUS
pelaiach 3aa4a yCUJICHUs €1adoro curuana. Xoja KpUBBIX, ONMCHIBAIOLIMX peuleHus (4) a1 HOpMUPOBaH-
HOW MOIITHOCTH B 3TOM Juana3oHe BenudnH X (T = (), He 3aBUceN OT uxX BbIOOpa. Ha puc. 2 u 3 pa3BepTku
JTUHAMWYECKON KapTUHBI BBIHYKACHHOTO M3JIy4eHUS JJIs IEPEMEHHON MOIIHOCTH X (t), MOJTy4YeHHBIE TTyTEM
MOJICTIMPOBAHUSI IIpOLiecca, IPUBEACHBI B HAHOCEKYHAHOM ANANa30He BPEMEHH.

Ha puc. 2 npencraieHbl pe3ylbTaTbl MOASTUPOBAHUS, KOTOPbIE Jal0T BO3MOKHOCTh CPAaBHHUTH Pa3BUTHE
K0J1€0aTeJIbHOTO NpoLecca B AMHAMUKE IIEPEMEHHBIX X, ¥ B YCIIOBHSIX IIOJIHOI'O y4€Ta HEJIMHEHHbBIX MEXaHU3-
MOB MOAYJSIIMU (CM. PHC. 2, @) U IIpeHeOpekeHns: (pakTopamu, BbI3BIBAIOLIMMHU HEYCTOHYMBOCTE MpoLecca
u3IydeHus (CM. puc. 2, 6 1 8).
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Puc. 2. BpemeHHast CTPyKTypa HOPMUPOBAHHON MOIIHOCTH BBIHYKICHHOTO H3ITyICHHS:

B=0,15(a, 6), =0 (s), BTQ: 1,5-107 (a), BTQ: 0 (6, 6),
v=0,34(a,6),y=0(8), k= 2,61, Ay=0,7,=7- 10*3,1 7=20-10"¢
Fig. 2. Temporal structure of normalised stimulated emission power:
B=0.15(a, b), p=0(c), '3’% =1.5-107 (a), BTi =0(b,c),
¥=0.34(a,b),y=0(c), :2.61, Ay=0,7,=7- 10*3,1 ,=20-10"s
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Puc. 3. BpemeHHAs pa3BepTKa MOITHOCTH BBIHYXJICHHOTO M3JIy4eHUs (a—0),
MOIIIHOCTh B O0JIee BHICOKOM pasperieHun (@' —2') u Gpa3oBbie MOPTPETHI pemieHuit (a” — 2", d'):
k=23 (a),x=2,4(0),x=2,45(8),x=2,5(2,0),=0,12 (a—2), =0 (0),
y=0,34 (a—2),y=0(0), Ay =0,04,7,=7-107, T, =50-10"¢c, I, = 1,0 - 10? ¢

Fig. 3. Time sweep of the stimulated emission power (a—e),
power in higher resolution (a'—d"), phase portraits of solutions (a"—d", €'):
k=23 (a), k=24 (b),x=2.45(c),k=2.5(d, e), =0.12 (a—d), =0 (e),
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Paznmune B Xo7ie 3aBUCMOCTEW Ha pHC. 2 CBHICTEIBCTBYET O TOM, YTO aBTOKOJIEOaHUsI MOIIIHOCTH Pa3BU-
BAaIOTCS B CIy4yae MPUCYTCTBHS IITAPKOBCKOTO CMeleH . «Packaukay cTallmOHapHOTO COCTOSHUS MTPOUCXOIUT
WMEHHO Onaronaps CylieCTBOBAaHHIO aMIUTUTYIHO-(a30BON CBsi3u BeiencTBre dpdexra Lltapka, KOTOpPHIi
SIBIISICTCSI PEIIAIOIINM JICCTa0MIM3UPYIONIMM (aKTOPOM, ¥ TOJIBKO B ATHX YCIOBHUSX MOXKET (POPMUPOBATHCS
CepUs PETYISPHBIX HE3aTYXAIOIINUX UMITYTBCOB (CM. puC. 2, @). OJHAKO PEKUM CaMOTIOICP KUBAIOIIIUXCS ITYITh-
canuii BO3HMKAET TPH MPEBBIIIEHUN OMPEISICHHOTO YPOBHS HaKauKH, COTJIACOBAHHOTO C MaTepHaIbHBIMHU
napamMeTpaMy YCHIIMBAIOIIETO JIEMEHTa, YpOBHEM 0OpAaTHOM CBSI3U B PE30HATOPE W HAYAIBHOW OTCTPOHKOMN
4acTOThI A, @a30BbIe 3 (eKTh pe30HAHCHON HENUHEHHOH pedpaKIny U AUTIOIb-TUTOIEHOTO B3aUMOICHCTBHS,
TIPUBOJIAIINE K CMELICHHIO YaCTOThI OIS TpH Tiepepactpeaenennn KM nmo ypoBHAM nepexo/ia, T0MoTHUTEIHHO
CTUMYJIUPYIOT OCHMJUIAIIUN MOITHOCTH. OTH (aKTOPHI CIOCOOHBI 3aMEIIIUTh NEPEXOAHBIN K CTAIlHOHAPHOMY
PEXKUMY U3ITYUEHHS 3Tall, HO HE OKa3bIBAlOT MOIYJIMPYIOIIETO IEHCTBHS, TOCTATOYHOTO JIJISl CTUMYJISIIUH aBTO-
koJjicOanuii (cM. puc. 2, 6). Ynucnennsie pemieHust (4), Kak U B cliydae IMOJIHOTO OTCYTCTBUS (ha30BO HEJTUHEH-
HOCTH (CM. pHC. 2, 8), OITMCHIBAIOT MIEPEX0]] K CTAIMOHAPHOMY PEKUMY M3ITyUSHHsI, ”HBEPCHAs HACEIEHHOCTh
CTaOMIM3UPYyETCs Ha 3HAYCHHSX, COOTBETCTBYIOIIMX TTOPOTOBOMY YPOBHIO YCHUIICHHMS.

B o6ocHoBaHHe BBIBO/IA O IPUHIMIHAIIBHON 3HaYMMOCTH P dexTa [lltapka MOKHO HCXOAUTH U3 OLIEHKU
YCIJIOBUI HEYCTOMYHUBOCTH OCOOBIX TOUYEK, OMPEACIIEHHBIX cooTHOMEHUAMH (5) 1 (7). BBIBOABI 0 XapakTepuc-
THKaX aBTOMOJTYJISIIIMOHHOTO PeXKMMa OCHOBBIBAJIUCH Ha aHATIN3€ OOJIBIIOr0 KOJMYECTBA BAPHAHTOB MOJICITUPO-
BaHUs Tpoliecca U3JIyueHUs, MO0OHBIX TPUBEICHHBIM Ha (parMeHTax puc. 3 Bapuantam. Oco00 HHTEpECeH
TIePEX0/I K CIIEHapHIO aBTOKOJIE0aHNUH 110 Mepe TOTO, KaK YPOBEHb HAKauK{ TOCTUTAeT KPUTHUECKOTO 3HAYCHHUS,
a 3aTeM MPEBBIIIAET ero (BTOPOIi MOpor reHepainm) (cM. puc. 3, 6—2). MoXKHO OTMETHUTb, Kak H3MeHsieTcst hop-
Ma 00pa3yroIUX KBa3UPETyIIPHYIO WIH IIEPHOTUUECKYI0 BPEMEHHYIO CTPYKTYPY BCIUIECKOB MHTEHCHBHOCTH,
a TaKkKe UX KOHTPACT U CKBAKHOCTb.

Cunranocs Takke 1e1eco00pasHbIM MPUBECTH Pl ABTOMOAY/ISIIMOHHBIX Pa3BEPTOK MOIIHOCTH M3ITy4EHUS

Ha ¢oHe n300pakeHust (Pa30BBIX KPUBBIX B TNIOCKOCTH (X , y). Coueranue 3HAYSHUIA K ¥ OCTAIBHBIX MCITONb-

30BaHHBIX [IPU UHTETPUPOBAHKUH (4) mapamMeTpoOB MPUMEPHO COOTBETCTBYET 3aBUCHMOCTH, MIPEACTABICHHON
KpuBoii 3 Ha puc. 1, a. Takoro posa BapuaHThl pe3yJabTaTOB MOJEINPOBAHUS IPUBEACHBI HA pUC. 3.

Ha ¢parmenrtax a u 6 puc. 3 WIUIIOCTPUPOBAHBI TIEPEXOIHBIE PEXKUMBI C «BBIXOJOM» Ha CTallMOHAPHYIO
W3JTy4aeMyI0 MOIIHOCTb, aMIUIUTY/a U KOHTPACT OCUMJUISILHNA, €CTECTBEHHO, CHIKAIOTCS (cM. puc. 3, a' n 6").
da3oBble KpUBBIE C Pa3HBIM TEMIIOM BXOISAT B OKPECTHOCTh OCOOBIX TOUeK (cM. puc. 3, @” u 6"). Pa3zBepTka
MOIIHOCTH Ha pHUC. 3, 0, ¢ (a30BBIM MOPTPETOM Ha pHC. 3, 0', paccuUTaHHAas AJsl OTCYTCTBUSI HETUHEHHOCTH
(B = 0) 1 oTHOCHTENFHO BBICOKOTO 3HAUEHHS K, TUIIUYHA AJISI OOBIYHBIX TEPEXOIHBIX PEKUMOB, U €€ OBICTPO
penakcupyroluiast K HEKOTOpOMY YCTaHOBUBILIEMYCSl 3HAUEHHIO HOPMUPOBAHHOM MOIIHOCTH JTUHAMUKa IIPU3BaHa
MOATBEPAUTD, YTO aBTOKOJIEOAHHS B 3TOM CIIydae TaKkKe HE Pa3BUBAIOTCA.

Pexxum camononaepKuBaroIuxcs MyJabCalii B TedeHHE AeHCTBUS HEPEPHIBHON HAKaYKK «CTapTyeT» HaunHas
C ONpeIeIEHHON BETMYMHBI CKOPOCTH HaKa4uKH (CM. pHC. 3, 6 1 2), (pa30BbIe KPUBBIC B KAYECTBE aTTPAKTOPa UIMEIOT
npeaeabHbI HUKI (cM. puc. 3, 6" u 2”). C HapacTaHUEM MapaMeTpa K yBEJIMYUBAIOTCS CKBAYKHOCTD U MUKO-
Basi aMIUIUTY[a MOIIHOCTH, CHIKAETCS JUIUTENIbHOCTh UMITYJIbCOB M YCHIIUBAETCSl aCUMMETpPHUSL UX (PPOHTOB
(cMm. puc. 3, ¢' u 2'). Takoe noBezeHNE KPUBBIX MOXKET OBITH OOBSICHEHO TEM, YTO MOBBIIIAETCS YPOBEHb MOAY-
JSIMU: TIPU OTCTPOUKE OT pe30HAHCa MHBEPCHUS HapacTaeT B OONbLICH CTENEHH (10 BBITOJIHEHUS IIOPOTOBBIX
yCIIOBUH reHepanun). Mi3MeHeHne HHBEPCHHU 3-3a HETMHEHHOTO YaCTOTHOTO CMEILEHHUs TProOpeTaeT ocodyio
HEYCTOHUMBOCTh. B CBOIO o4epenp, epexoa B pexXUM aBTOKoJIeOaHH TpeOyeT NTOBOJILHO HE3HAYUTEIBHBIX
ABTOMOAY/ISIIMOHHBIX KOJIeOaHNI MHBEPCUH M CBA3aHHOTO C Hel cpeiHero ypoBHs ycusieHus [9]. 3ateM Ha dase
Pa3BUTHS BBIHYKEHHOTO M3JIy4Y€HUs HEJIMHEHas TepecTpoiiKa 4acTOTHI BO3BPAIAE€T CBETOBOE I0JIE€ M OTKIINK
CpeZbl B COCTOSTHHE, OJIM3KOE K PE30HAHCY, B PE3YJIbTaTe BHICBEUMBACTCS 00Jiee MOIIHBINA U KOPOTKHI HMITYJIBC.
Wmnynbcesl, GopMHUPYIOIIKE MEPUOIMYECKYIO OCHMILISITOPHYIO CTPYKTYPY B BBIXOJHOM U3JTy4YE€HHH, aCHMMET-
PHUYHBL, YTO YKa3bIBa€T HA POJIb JUHAMHUYECKON HEMMHEHHOCTH B ()OPMUPOBAHUH UX (DPOHTOB.

3aKjIroueHune

[MpemnoxenHas B paboTe pe30HaHCHAs MOJIEIb TeHepaluy, yYuThiBatomias 3G extsl hazoBoii mepecTporku
MaTepHajJbHOTO OTKJIMKA Cpebl (MpeIcTaBiIeHa aHcaMOIeM JABYXypOBHEBBIX THIIOJCH) Ha TOJIe U3ITyYCHUs,
M03BOJIMJIA OIMCATh MPOLIECC aBTOKOJICOAHUH BHIXOJHOM MOIITHOCTH MOTYIPOBOJHUKOBBIX Ja3€pPOB, H3ITy4ato-
mux B OnmmkHeM MK-nnanasone. Ha ocHoBe a3 dexToB (ha3oBoii JMHAMUKH B UCTIOIB30BAHHOM IPHOIKSHUH
OIMCaHMsI PHEProOOMEHa IOJIsl U3JTYUCHHsI M TOKAa HAKauKU OINPEZesICH JIMIIb BUA QyHKIUU (hopM-(pakTopa
CIIEKTPAJILHO JINHUU YCUIICHUS, TIO3TOMY MOJICI)Ib B3aUMOJICHCTBHSI OTHOCUTEINBLHO IpocTa. J[Be cTeneHu cBo-
007161 (HOPMUPOBaHHBIE IEPEMEHHbBIC MOLITHOCTH M3JTyYCHUsI © HTHBEPCHOW 3aCEICHHOCTH) Aal0T BOBMOKHOCTb
NPUMEHEHHUS] KaYeCTBEHHOTO aHAJIN3a YCTOMYMBOCTH CTAI[MOHAPHBIX COCTOSHUIN B 3aBHCUMOCTH OT YPOBHS
BO30YXKIICHHS.
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VYuer (axropa HeIMHEHHOIO IITAPKOBCKOIO CMEILEHHsI PE30HAHCa BBUJY €I0 CIIOCOOHOCTHU Ae€CTaOUIN3U-
pOBaTh YCTOHYMBBIC COCTOSIHUSI CUCTEMBI ¥ 00YCIIOBIIMBATH aBTOMOYIISIIHOHHYIO TMHAMUKY B BEIHYKICHHOM
W3ITYyYSHUH TPEACTaBISACTCS TPUHIUIHAIBHBIM. MOYXXHO TPEATIONIOKUTH, 4TO HabIrojaemMas B MOy POBOIHU-
KOBBIX KBAHTOBO-Pa3MEpPHBIX CTPYKTYpax HelIMHeWHas pedpakius siBIsieTCs CISCTBUEM NIepepactpeieICHHsI
pe3oHaHcHbIX KU 110 ypOBHSIM OCHOBHOIO MEPEX0/ia € pa3InyreM NOIIpu3yeMoCTH. Torna ciaenyeT yuuThlBaTh
orntrueckuii ¢ ekt Lltapka ¢ THITUIHBIM K0P PUIIEHTOM HETMHEHHOCTH, KOTOPBIH TaKyKe MPONOPIHOHAICH
JnedeKTy nonsapu3yeMocTH. [Ipon3BoauMast UM OTCTPOIKa YCUIICHHS 3aBUCHT OT MHTEHCUBHOCTH. B ycimoBusix
JICHCTBEHHOCTH OJIFKHHX TIOJICH aKTHBHBIX IICHTPOB Ha IUAJICKTPHUYECKYIO BOCTIPUIMYHBOCTD YCHITUBAIOICTO
QJIEMEHTA U TMOJIOKEHHUE [IEHTPa CIIEKTPAILHOW JIMHUK YCHIICHHUS, OTIPEJICIIIEMOr0 YPOBHEM WHBEPCHUH, 00a
(akTopa HeTMHEHHOH (a30BON OTCTPOUKH SBIISIOTCS] KOHKYpUpYROIMMHA. Ha pa3HbIx dTamax GopMupoBaHUst
UMITYJIbCOB, 00Pa3yIOIIUX CTPYKTYPY U3ITy4EHHsI, OHU CIIOCOOHBI yCHIIMBATh OJIMH JIpyroro. B memom pesynbra-
ThI MOJICJINPOBAHMSI U KAUECTBEHHOIO aHAJIN3a PACCMOTPEHHON MOJIENH ITOKA3aJIH, YTO HAPSIY ¢ OCTAIIBHBIMU
MeXaHU3MaMH HeJIMHEIHON mepecTpoiku ()a30BOro COOTHOUIEHHS MO U PE30HAHCHOM MOISPU30BAaHHOCTH
addexr [Itapka criocoOeH CUIBHO CTUMYITHPOBATh aMILUTUTYTHO-(A30BYIO CBS3b B M3TYUYCHUH, 00YCIOBINBAs
pa3BUTHE CaMOMOIEP>KUBAIOLITUXCS ITYIBCAIMH MTPH ITOCTOSTHHOM YPOBHE BO30YKACHHUS.
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yepes arMocdepy, a TakyKe H3MEPEHUH SHEPTUH 3JICKTPOHOB, MO3UTPOHOB ¥ TAMMa-KBAHTOB IEKTPOMArHUTHBIMHU KaJlo-
pUMETpaMH, UCHOJIB3YyEeMBIMH B (PU3MKE BEICOKMX SHEPTHH M HA OPOUTAIBHBIX TaMMa-Teneckonax. OOmupHbIe TEOpeTH-
YeCKHE M SKCIIepUMEHTaNbHBIC nceaenoBanus 1950—80-X rT. mokasanu, 4To IpH ABHKEHUH YaCTHIL TI0]1 yIJIaMH TTOPSI/IKa
rpajgyca 1 MEeHee K OCSIM U IUIOCKOCTSIM KPHCTAJJIOB IPOLIECCH PACCESTHUS, U3TyUeHHsI U POXKJICHUS Tap JEMOHCTPUPYIOT
KOTEPEHTHYIO MPUPOIY M MPETEepPIeBAlOT KaYeCTBEHHBIE U3MEHEHHS. B 3aBHCHMOCTH OT aTOMHOTO HOMEpa BEIleCTBa
KpHUCTaJjIa CTEIIEHh KOT€PEHTHOTO YBEJINYEHUSI MHTEHCHUBHOCTH M3IYYEHHUS U BEPOSTHOCTH POXKJICHHS Tap B HEM JI0-
cruraet 10—100 pa3 mpu SHEPTUAX YACTHIL OT ACCATHIX TOJICH JI0 SMHUI TEPANICKTPOHBOIBTA, TPUBOAS K HACTOIBKO JKE
MacmTabHOMY YMEHBUICHHUIO d(QEKTUBHOMN paJralliOHHON JUTMHBI, XapaKTepH3YIOIeH CKOPOCTh pa3BUTHs JIMBHS. [1iist
MOJICIMPOBAHUSI BBHICOKODHEPIeTHUECKHUX DJICKTPOMATHUTHBIX JIMBHEH B OPHEHTHPOBAHHBIX KPUCTAIIAX B CTAThe MPE/I-
CTaBJICHA POTPAaMMa, COUETAIOMIAsl PA3BUTHIC HAMHU U IIPOTECTUPOBAHHBIE COBMECTHO C HICCIIEJOBATEISIMH N3 YHUBEPCHUTETA
®eppaps! 1 Hatmonansnoro uncrutyta siaepaoit ¢pusuku (INFN) (Mramms) B EBponelickoMm LeHTpe sSAEpHBIX HCCIIe0-
BaHui (CERN) MeTo1bI OnHcaHus KOTepEeHTHBIX MPOLECCOB PACCESIHUS, U3TYUECHUS U POXKJICHUS Tap B KPUCTAIIIMYECKOM
pELIETKE ITPU BBICOKUX DHEPTHSAX U MAJIbIX OTKIIOHEHHSIX UMITYJIbCOB YaCTHI] OT INIABHOTO KPUCTAITMYECKOTO HAITPABIICHHUS
¢ anroputMamu WHCTpyMmeHTapus Geant4 st MOIEIMPOBAHUS aHAJOTHYHBIX MPOIIECCOB B MPHOIMKEHUH aMOp(HOI
CpeJibl IPH HU3KUX SHEPTUSAX M OONIBIINX OTKIOHEHHUAX UMITYJIbCOB YacTHIl. [Iporpamma MokeT OBITh HCTIONB30BaHA KaK
JUISI IPOBE/ICHHS HA/IS)KHBIX PACUETOB XapaKTEPUCTHK JIEKTPOMAarHUTHBIX JINBHEH B KPHCTAILIAX B HACTOSIIIEE BPEMsI, TaK
U JIJIsL BHEJIPEHUSI YCOBEPIICHCTBOBAHHBIX TEOPETUUECKUX MOXO0B B IEISIX TOBBIIICHHS TOYHOCTH M TPOU3BOIUTEb-
HOCTH PacdeToB B OyayIIeM.

Knrouegvie cnosa: 3neKTpOHBI; TO3UTPOHBI; TaMMa-KBaHTbI; PENIITHBUCTCKUE YACTUIIBI; U3IIyUCHUE; POXKICHHUE T1ap;
MOJIETTUPOBAHNUE; TEKTPOMArHUTHBIE JTUBHU; 3JIEKTPOMarHUTHbIE KaCKabl.

bnazooapruocms. Pabota BeinonHeHa npu GUHAHCOBOU monaepkke bemopycckoro pecmyonukanckoro ¢ponaa hyHaa-
MEHTaIBHBIX uccienoBannii (mpoekt @22MII-006 «Pa3paboTka cpencTB MOAECTUPOBAHUS MMPOIIECCOB U3TYUEHHS raMmma-
KBAaHTOB 3JICKTPOHAMH M TIO3UTPOHAMH, 00pa30BaHUs 3JCKTPOH-TIO3UTPOHHBIX ITap TaMMa-KBAaHTAMH BBICOKMX SHEPTHI
¥ KaCKaJHBIX MOCIIEIOBATEIBHOCTEH ITUX MPOIECCOB B OPHUCHTUPOBAHHBIX KPUCTAIIAX U HX MPUIOKCHUHA B (PU3HKE
BBICOKUX DHEPTHUI).

SIMULATION OF THE HIGH-ENERGY
ELECTROMAGNETIC SHOWERS IN ORIENTED CRYSTALS

V. V. TIKHOMIROV", V. V. HAURYLAVETS®,
A. S. LOBKO, M. S. SACHYUKA", S. L. CHERKAS*

*Institute for Nuclear Problems, Belarusian State University,
11 Babrujskaja Street, Minsk 220006, Belarus
®Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Corresponding author: V. V. Tikhomirov (vwtikh@mail.ru)

Abstract. The sequences of processes of gamma-quanta emission by electrons and positrons and of the production of
electron-positron pairs by gamma-quanta that form electromagnetic showers play the significant role in the formation of the
spectra of hard electromagnetic radiation of astrophysical sources, in the passage of cosmic radiation through the atmophere,
as well as in the measurement of the energy of electrons, positrons and gamma-quanta by electromagnetic calorimeters,
used in high-energy physics and on orbital gamma-ray telescopes. Extensive theoretical and experimental studies have
showed in the 1950—80s, that when particles move at angles of the order of a degree or less with respect to the axes and
planes of crystals, the processes of scattering, radiation and pair production exhibit a coherent nature and undergo qualita-
tive changes. Depending on the atomic number of a crystal ions, the degree of coherent increase in the radiation intensity
and the probability of pair production multiply 10-100 times at energies from tenths to units of teraelectronvolt, leading to
an equally large-scale reduction in the effective radiation length, which characterises the rate of a shower development.
To numerically simulate high-energy electromagnetic showers in the oriented crystals, the programme has been deve-
loped that combines the methods for describing coherent processes of scattering, radiation and pair production in a crystal
lattice at high energies and small deviations of particle momenta from the main crystalline directions, developed by us and
tested jointly with scientists from the University of Ferrara and the National Institute for Nuclear Physics (INFN) (Italy)
at the European Centre for Nuclear Research (CERN), with the Geant4 toolkit algorithms for simulating similar processes
in the approximation of an amorphous medium at low energies and large deflections. The programme can be used both
for reliable simulations of the characteristics of electromagnetic showers in crystals at present and for implementation of
upgraded theoretical approaches in order to improve the accuracy and productivity of simulations in the future.

Keywords: electrons; positrons; gamma-quanta; relativistic particles; radiation; pair production; simulation; electro-
magnetic showers; electromagnetic cascades.
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BBenenue

[Iporieccer m3mydeHns raMMa-KBaHTOB 3JIEKTPOHAMHE ¥ TIO3UTPOHAMH U POXKICHUS AIEKTPOH-TIO3UTPOHHBIX
rap raMMa-KBaHTaMH OIPEIENAIOT B3aUMOCHCTBHE C BEIIECTBOM JJIEKTPOHOB, TO3UTPOHOB M TaMMa-KBaHTOB
C DHEPTHUSAMH JECSITKH METadJIeKTPOHBOIBT U BBIIIE. MHOTOCTYIIEHYAThIe TIOCIIEIOBATEILHOCTH 3THUX MPOIIEC-
COB, IMEHYEMBbI€ JIEKTPOMAarHUTHBIMH JINBHAMH WJIH 3JIEKTPOMAarHUTHBIME KacKaJ aMH, UTPAIOT CYIIECTBEH-
HYIO pOJib B (JOPMHUPOBAHUH CIIEKTPOB aCTPO(U3NIECKUX WCTOYHUKOB JKECTKOTO M3ITyUEHUS, MPOXOKIACHUN
KOCMHYECKOTO M3IIyIEeHHUS uepe3 aTMocdepy, a TaKKe PETUCTPAIINH U H3MEPEHUH YHEPTHH dJIEKTPOHOB, TIO3H-
TPOHOB ¥ TaMMa-KBaHTOB 3JIEKTPOMAarHUTHBIMH KaJIOPUMETPaMH, UCTIONB3YEMBIMU B (PH3UKE BHICOKHX DHEP-
THHA 1 Ha OPOUTAIBHBIX TaMMa-TEJIeCKOTaX.

OOmmpHBIC TEOPETUUSCKIE U IKCTIEpUMEHTANIbHEBIE rccnenoBanus 1950—80-x rr. mokazamw [ 1-7], aTo ipu
JBYOKEHUH YaCTHI] IO/ YIIIaMHU TOPSAKA Tpalyca M MeHee K OCSIM M TTOCKOCTSIM KPHCTAJUIOB MPOIECCH pac-
CesTHUS, M3TYYCHUS ¥ POXKICHHS TTap JEMOHCTPHUPYIOT KOTEPEHTHYIO IPUPO/IY U MPETEPIICBAIOT KaueCTBEHHBIE
n3MeHeHus. B wacTtHOCTH, TIposBIIsIOTCA AP GEKTH KaHATMPOBAHHS, KOTEPEHTHOTO PACCEsHUS 3apsHKEHHBIX
YaCTHI] IIETTOYKaMH aTOMOB, W3TYYEeHHUS MTPU KaHATUPOBAHUH, KOTEPEHTHOTO TOPMO3HOTO M MATHUTOTOPMO3HOTO
V3ITydeHUs U pOXKIeHus nap. Haunnas ¢ sHepruif, COCTaBISIONINX €UHHIIBI — AECSITKH THTadJIeKTPOHBOIBT,
WHTEHCUBHOCTD N3ITyYeHNS TaMMa-KBAaHTOB AIEKTPOHAMH U TTO3UTPOHAMH U BEPOSITHOCTH POXKICHUS DJIEKTPOH-
MTO3UTPOHHBIX TTap TaMMa-KBaHTAMH B KPHCTAJIaX KPaTHO MPEBHIMIAIOT aHAIOTUIHBIE BEJTMIUHBI B aMOP(hHOM
BEIIIECTBE, a CAMH MPOIIECCHI COMMPOBOXKTAOTCS 3HATUTSIILHBIMU MOJISIpU3aiioHHbIME ddexTamu [ 1-5]. B 3a-
BHCHMOCTH OT aTOMHOTO HOMEpa BEIIeCTBa KPHUCTAJUIa CTETIEHh KOTEPEHTHOTO YBEITMYEHUSI HHTEHCUBHOCTH
U3JIYYEHHUS] U BEPOATHOCTH poxkaeHUs nap B HeM jnocturaer 10—100 pa3 nmpu sHEprusx 4acTHUIl OT JIECATHIX
TIOJIeH IO eIIMHMIT TEPAdIeKTPOHBOJIBTA, TPUBOAS K HACTOIBKO JK€ MaCIITA0HOMY YMEHBIICHHIO Y PEKTHBHON
panalnoOHHON JUTMHEI, XapaKTepu3yIolIeld CKOPOCTh Pa3BUTHS JTHBHSL.

[epeuncnennsie 3 PeKTh OTKPHIBAIOT ITMPOKUE TIEPCIIEKTHBHI TSI COBEPIICHCTBOBAHMS IETEKTOPOB, MTPH-
MEHSEMBIX B (PU3MKE BBHICOKMX DHEPTUN M KOCMHUSCKHUX HcciaenoBaHusax [8; 9]. B memsax ux geMoHCTpaIin
C HAIllUM y9acTHEeM OBUIM TOCTaBJICHBI SKCTIEPUMEHTHI 10 HAONIOICHHIO 32 YCKOPEHHUEM AJIEKTPOMArHUTHBIX
JIUBHEH, TTOpoXkIaeMbIX 31ekTponamu [10; 11] u ramma-kBanTamu [12], a Takke TPOBEIECHO pa3HOCTOPOHHEE
MOJISTMPOBAaHNE UCTOYHUKA TTO3UTPOHOB ISl TPOCKTUPYEMBIX KOJIJIAH/IEPOB HA OCHOBE MCIIOJIB30BAHHS W3-
JTy9EeHUS AIEKTPOHOB B KprcTamax [13].

B nacrosmiee BpeMst MOeTMpOBaHNE KaCKaIHBIX AIEKTPOMAarHUTHBIX POIIeccoB ¢ moMotbsio Geant4 [14; 15]
Y TIOAOOHBIX MPOTPAMMHBIX HHCTPYMEHTOB 00C€CIIEUNBACTCSI TOIBKO ATt aMmopdHOI cpenbl. OgHako pa3padoT-
Ka KOHCTPYKIIUH JI€TEKTOPOB HOBOTO THITA TPEOyeT BCECTOPOHHETO MOAEITUPOBAHUS MPOTSHKEHHBIX KacKaj-
HBIX TIpoIieccoB B Kpuctamwiax [5; 11; 16]. s mepBUYHON OIEHKH MTPEUMYIIECTB MPUMEHEHUS KPUCTAILIOB
B DJIGKTPOMATrHUTHBIX KaJopuMeTpax HaMHu ObLT IpejioxkeH moaxoxn [ 17], ocHoBanHbIH Ha BBeneHnn B Geant4
k03()(pHUIIMEHTOB, yUUTHIBAIOIINX BO3pACTaHNE HHTEHCUBHOCTH M3ITyYEHUS U BEPOSITHOCTH POXKICHHUS T1ap, BBI-
3BIBAEMOE KOT€PEHTHBIMHU 3P PEeKTaMy B KpUCTAIIIaX. ITOT MPHUEM BIIEPBbIE IIO3BOJIIII OTIEHUThH CMETIIEHHE ITHKA
SHEPTOBBIACTICHNS U COKPAIIEHNE TIPOOTBHON YTEUKH EKTPOMAarHUTHBIX IMBHEH B KpHCTANJIaX BOIb(ppamara
ceuaua PbWO, (PWO), ucnonb3yeMbIX B 3JICKTPOMarHUTHOM KajopuMeTpe aerekropa CMS (koMIIakTHOTO
MIOOHHOTO COJICHOHAa) bombIoro aapoHHoOro Koywtaiiaepa B EBponeiickoM eHTpe SIepHBIX UCCICIOBAaHUIA.
OpHaKo JaHHBIA MOAXO HE MO3BOJISUIT yUeCTh MOIU(UKAIIMIO CTIEKTPOB M3ITyUeHHS U 00pa30BaHUs Map B KpPH-
CTaJJIaX M UX YIJIOBYIO 3aBUCHMOCTB, a TaKXKe He 0071a/1a)T POCTHIMH BO3MOKHOCTSMHU YTOUHEHHSI CBOMX TIPE/I-
ckazanuil. [Ipeamaraemas craThs MOCBsIIEHA BAPHAHTY PEIICHNS YKa3aHHBIX MMPOOJIeM Ha OCHOBE MHTETPAIlUU
M3BECTHBIX METOJIOB PacyeTa XapaKTePUCTHK JMBHEBBIX MTPOIECCOB B aMOP(HOM BeIIeCTBE B pa3paboTaHHYIO
HaMH TIPOTpaMMYy pacdeTa XapaKTepUCTHK PACCESHUS, H3IYICHIS U pOXKICHUS Tlap B Kpuctamiax [10; 11; 18].

Pacmimpenne Bo3MoKHOCTEll MOAeTHPOBAHUS
3JIEKTPOMATHUTHBIX JIMBHEl B KPHCTAJLIAX 32 c4eT HHTerpanuu
€ MeTOIaMM AHAJTOTHYHBIX Pac4eTOB B aMOP(HOM BelllecTBe

[Ipu 3HAYMUTENBHBIX PHEPTUSX YACTUL] U TOJILUHAX KPUCTAJIIOB B PA3BUTHUU JIMBHSI €CTECTBEHHO BBIICINUTh
JIB€ KQUECTBEHHO Pa3IMYHbIC CTaJWHU: HAYaJIbHYI0, MHOTOKPATHO YCKOPEHHYIO IOJ BIUSIHUEM KOTCPEHTHBIX
3¢ PEKTOB MPH BBICOKHUX (JECSTKH TMIavIEKTPOHBOJIBT U 00Jiee) SHEPIHsX U MaIbIX (OPsIKAa MUJUTUpaAHaHa
U MEHee) yIIax OTKJIOHEHHS HalpaBJIeHUH UMITYJIbCOB YAaCTHIL OT IFIABHOTO KPUCTAIIMUECKOTO HAIIPABJICHUS,
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¥ KOHEUHYI0, BKJIIOYAIOIIYI0 MAaKCUMAJIbHOE Pa3BUTHE U MOCIENyIOIIee 3aTyXaHue JMBHS BCIIEACTBHE Tpe-
00J1a1aHusl MOHU3ALMOHHBIX SHEPreTHUECKUX MOTEPh ICKTPOHOB U MO3UTPOHOB HaJl paJMallMOHHBIMU NIPH
SHEPrUsAX YacTHIl JECATKH — COTHH MEraljeKTpOHBOJIBT. IIpakTika MoJenrpoBaHUsl KOTEPEHTHBIX paanua-
IIMOHHBIX MPOIIeCCOB B KpucTtamiax [9—13;17; 18] ma ocHoBe MeTona baiiepa — Karkosa [5] nemoncTpupyet
BO3MOYKHOCTB €T0 MOJIHOTO NMPOBEEHMS JIMILb JUIsl KOPOTKOW HayaJIbHOM CTaJuy pa3BUTHS JIMBHA, HA KOTOPOU
SHEPTHUH 3apsHKEHHBIX YaCTHUIl YCIIEBAIOT YMEHBIINTHCSA B HECKOJIBKO pa3 Ha MIJUIMMETPOBOI JUTHHE, UX YHCIIO0
HE MPEBBIIIACT HECKOIBKHX JCCATKOB, a BEJIMYUHA YIJIOB OTKJIIOHEHHSI — HECKOJIBKUX MUJIIHpaauas. B To xe
BpeMsI IPU HaYaJIbHBIX SHEPTUAX COTHHU TUTadIEKTPOHBOJIBT U 00JIee YHCII0 YaCTUI] JIMBHSA Ha KOHEYHOM CTa U
JOCTUTaeT MHOTUX ThICSY, a BEJINYKMHA YIJIOB OTKJIIOHEHUS] — MHOTUX I'pagycoB. TpyloeMKOCTh TOYHBIX pac-
YEeTOB BO3PACTAET MPH 3TOM Ha OJMH-/BA TOPAJIKA 3a CUeT OONbIICH ITHMHBI TPASKTOPUH, Ha BA-TPU MOPSIKA
3a CUeT YBEIMYEHNUS KOJIMUECTBA YaCTHIl U Ha OJMH-/1BA IIOPsKA 33 CUET YMEHBLICHUS 111ara HHTETPUPOBAHUS
YpaBHEHUH BMKEHUSI YACTHUII, OTKJIOHUBILUXCS HA TAKHE 3HAYUTENIbHBIC YIVIbl. YKa3aHHbIC (DaKTOPHI 1EJIal0T
MIPOBEICHNE TIOJTHOTO MOJICIITMPOBAHUS PAa3BUTHS BHICOKOIHEPTETHUECKUX JIMBHEH B KPUCTAIUIAX MPOTSKEH-
HOCTBIO 00Jiee HECKOJIbKUX PaJuallMOHHBIX JJIMH Ha ocHOBe MeToza baiiepa — KarkoBa npakrudecku HEBO3-
MOYKHBIM U 3aBEIOMO U30BITOUHBIM.

Wrak, yckopeHue pa3BUTHs JIMBHEH Ha MOPSAIOK U 0ojee MPOSIBISETCS B KPUCTAIaX TOJIBKO HA MaJlbIX
uHax [3-5; 9—13; 16; 17]. JloBonbHO OBICTPO MpOLECChl U3TYYEHUS U POXKACHUS [Tap IePEeCTalOT pajiuKaib-
HO OTJINYATHCS OT aHAJOTHYHBIX MPOIIECCOB B aMOP(HOM BEIIECTBE MO NMPUYMHE OCITA0ICHUS KOTePEHTHBIX
3¢ eKTOB B pe3ynbTraTe MaJeHusl SHEPTUi YacTUIl M 3HAYUTEIbHBIX OTKJIOHEHUH UX MMITYJIbCOB OT ITIaBHBIX
KpHUCTAJUIMYEeCKUX HanpaBieHuii. Kak crnencTere, mpoBeieHrne TpyIoeMKUX pacyeToB MeTooM baitepa — Karkosa
OKa3bIBACTCsl MPUHLIUIINAIBHO HEOOXOANMBIM JIUIIB 17151 HEOOJBIIOT0 YMCia YaCTHIL JOCTATOYHO BEICOKHX SHEP-
T'Hid B y3KOH 001acTH HarpaBIeHUH JBIKEHUS. B CBSA3M ¢ 3TUM, €CITM UCKITIOYHUTH YUET BIMSHHUS KOTEPEHTHBIX
IIPOLIECCOB NIPHU HU3KUX SHEPIUAX U OONBLINX OTKJIIOHEHUSX UMITYJIbCOB YaCTHUII U IPOLOJIKATh MOAEIMPOBaHNE
ANIEKTPOMAarHUTHOTO JIUBHS Ooliee ObICTpbIMU MeToaaMu [ 14; 15], ncronb3yeMbIMU IPU PACCMOTPEHNUH aMop(-
HOTO BEeIIeCTBa, MOYKHO COBMECTHTB JIETAILHOE OMMCAHUE 3HAUUTEIHHOTO 3(dekTa KorepeHTHOTO YCKOpEHHSI
Pa3BUTHUS JIMBHS C IPOCIICKUBAHUEM THICSIY M 00JIee TPACKTOPHUIl €ro YacTUI] Ha CTaJu¥ MaKCUMaJIbHOTO pa3-
BUTHS U IIEPEX0/ia K 3aTyXaHHIo.

XapakTepHblii MacITald yIJIOB IPOSBICHUS! KOTEPEHTHOI'O YCUIICHUS MIPOLIECCOB U3IYUYEHHS U POXKICHUS

rap Ipu SHCPIrussX HECKOJIBKO I'MI'a’JICKTPOHBOJIBT U BBILIC 3a1aCTCA BEIIMUMHOMN %0, rae V(v) — aMIlIUTyaa yCpea-

HEHHOTO IMOTEeHIINAaa aTOMHOM IETIOYKH WJIH IJIOCKOCTH; 711 — Macca IOKos dIeKTpoHa [4]. [l riiaBHBIX KpH-
CTAJUIMYECKUX OCEH ATa BEIMYHMHA COCTABIISET, HAPUMEp, OKOJIO 2 Mpaj ajist Bonbhpama u 0,3 Mpaz mist
KpeMHUsI B amMasa. st KpICTaITHIeCKUX TUIOCKOCTEH OHa 00BIYHO B 5—7 pa3 MeHbIe. B obmactu sHepruid,
MPU KOTOPBIX HUHTEHCUBHOCTD U3YUCHUS U BEPOSATHOCTH POXKIICHHUS Map B KPUCTAIIAX 3aMETHO MPEBOCXOST

AHAJIOTUYHBIC BCIIMYUHBI B aMOp(bHOM BCIIECTBEC, YIoJl EO MMPEBLIIIACT YT'OJI KaHAJIMPOBAaHUA B HECKOJIBKO pa3

u boee. HOCKOJ'H:Ky 1pHU yrjax rnajgcHus 0> EO 1 J0CTATOYHO BBICOKUX SHEPIrUAX 4aCTHUI] POJIb KOTCPCHTHLIX
IpoLecccoB 6BICTp0 YMCHBIIACTCA, 3TU MPOLICCChI HGO6X0,I[I/IMO YUYUTBIBATH TOJIBKO A0 YITIOB, COCTABJISIFOIIUX

3-5 yroB WO’ a mpu OOJIBIINX BEJIMYMHAX IEPEXOAUTh K MOJICIIM aMOp(HOro Bemectsa [14; 15], npexycMoT-

PEB TIPU 3TOM BO3MOXKHOCTh €€ YTOUHEHHS B OyIyIem.

M HTEeHCUBHOCTD KOTCPCHTHOI'O U3JTYYCHUA B IMOJIAX aTOMHBIX HETIOYCK CPABHUBACTCSA C MHTCHCUBHOCTBIO
HEKOTePCHTHBIX IPOLECCOB MPH SHEPTHU &4, cocTapisiromeit 0,5-1,0 ['9B st nenodex ¢ HanMeHbIINMH
MEXATOMHBIMU PaCCTOSHUSMU U aMIUTUTYJIaMU TeIUIoBbIX konieObanuii u 1,0—1,5 3B u Gonee s octaib-
HBbIX IICITOYECK. Yro xacaercs mpouecca KOrepeHTHOIro poXIACHUA 1ap, TO IMPU SHEPTUAX (bOTOHOB HECKOJIBKO
TUTa’3JIEKTPOHBOJIBT W HUXKE €T0 BEPOSITHOCTh HECYIIIECTBEHHO OTIIMYACTCS OT BEpOSITHOCTH bete — ["aliTnepa
B aMOp(HOM BEIIECTBE.

ITockonpky HabOp mHCTpyMeHTOB Geant4 [14; 15] He pacronaraer BO3SMOKHOCTSIMH 4acTOTO KPaTKOBpE-
MEHHOTO ITOJIKITFOUCHUS B XOJIE MOJISIIUPOBAHUS AJICKTPOMATHUTHBIX JIMBHEH B KPUCTaJIaX, ObUT BBIOPAH My Th
BHEAPEHHS €TO MPOIIeYP B aJITOPUTM MOJEINPOBAHNS KaCKaJHBIX MIPOIECCOB B KprucTamax. [lpuctynas x pea-
JU3AIUH ATOH UACH, CIeyeT UCXOIUTh U3 TOTO, YTO JaHHBIM MHCTPYMEHTApUH pa3palaThIBalICsS B Ka4eCTBE
YHHUBEPCAIBHOTO CPECTBA, OMHICHIBAIOIIETO MPOIECCHl PACCESTHUS U M3YUYSHHS B OUY€Hb HMIMPOKOM JIHama3o-
HE MmapaMeTpoB. B To jke BpeMs yCIIOBHUS HCIIONB30BaHMS KOTEPEHTHBIX MPOIIECCOB PACCESHUS U M3ITyUeHUs
B KpHCTaJJIaXx 3aMETHO OTPaHUUYEHHBI, YTO MTO3BOJISIET CY3UTh PacCMaTpUBaeMblil HUKEe MUHUMAIILHBIA HA00D
HeoOxXomnMBIX mporienyp Geant4 u yCKOPUTE UX peaTHU3aIlnio.

Paccesinue. EcTtecTBeHHO Hauath C mpoiiecca paccesHus. [loMruMo TOro, 4TO CTOJIKHOBEHUS 3JIEKTPOHOB
" TO3UTPOHOB C aTOMaMHU IMOPOXKAAIOT MPOLECChI U3JIYUYCHUSA U POXKIACHHUA I1ap B aMop(I)HOM BCIICCTBEC, OHU
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TaKXKe BBI3BIBAIOT OTKIIOHEHHE DIICKTPOHOB M MTO3UTPOHOB, OIPEACIISIONISe pacipe/elieHHEe YaCTHIL JIUBHS TI0
HarpaBiieHusIM JBrkeHus. B Geant4 u psiie pyrux MakeToB MOJICITUPOBAHKE MPOIIECCa PACCESTHUS TPOBOUTCS
Ha 0a3e cedeHus paccesHUs YIbTPapeIITUBUCTCKUX AIIEKTPOHOB 1 IO3UTPOHOB aTroMoM [ 15, sect. 8.2.1]

d*c _ 47%a’ 1)

= =,
2.2(n2 2

dQ - pr (62 + 07)
rae Z — aTOMHBIA HOMEp BELIECTBA; Ol — MOCTOSIHHAS TOHKOW CTPYKTYPBI; p U U — UMITYJILC M CKOPOCTH dJIEK-
TpoHa; dQ =0d0d¢p — snemMeHT TenecHoro yma; 0 < 1 u ¢ — NOJSAPHBIA U a3UMYTaTIbHBIA YIJIBI PACCESHUS;

f oz . . .
0,.=—/LI13+3, 76[3—2 — 3¢ (eKTUBHBI MHHUMAIBHBIN YTOJI, ONMCHIBAIONINI BIMSHUE Ha PaccessHUE dKpa-

sc
PR 1
HUPOBAHUS SACPHOTO MOTCHIIMAIA aTOMHBIMH JIEKTPOHAMH, B Ompe/eneHnd Koroporo R =0,885a,7 3 nay—
paiyc SKpaHUPOBaHUs 1 OOPOBCKHIA PaJlyc COOTBETCTBEHHO, a [3 — CKOPOCTh YaCTHIIbI B SIUHUIIAX CKOPOCTH
cBera. MaKkCUMaJbHBIH JKe YToJl paccesiHis OTPaHMYMBACTCS B JIOTapU(MHYCCKOM MPHOIMKSHUH MPEIeIIbHBIM
yriom [15, sect. 8.2.1]
’ 12h

n 2

p 7, n 4
rzie 7, — pamuyc aapa. Ouenka unterpaia (1) o nomsoMy TenecsoMy yriy 6 = 4nZa’R*~1,5-1072 . Z3 cm®
MOKA3bIBAET, YTO MIPU TUIIUYHBIX KOHIIEHTPAIUAX aTOMOB 1 ~ 5 - 102 em™ JUTHHA TIpobera 3JIeKTPOHOB HE JI0-

0

cruraer Mukpomerpa. [lockonbky paauanonHas JuimHa X, cocrasiseT 3,5 MM B Bosb(ppame U 9,36 cM B KpeM-
HHUHM, HOHITHO, YTO MOJHOE aHAJIOI0BOE MOJEIMPOBAHHUE MPOLIECCa PACCESHUS C HACTOJIBKO MaJIbIM ILIaroM SB-
JSIeTCS. U3JIUIIHUM.

Jnist onTUMU3aUK BIOOpa 11ara MOAEIMPOBAHMS IIPOLIECCa PACCESIHNS BBEIEM ITPOMEXKYTOUHBIN yroi 0,
0,. < 0, < 0,, u OyneM onuChHIBATH MHOI'OYHCIIEHHBIE OTKJIOHEHUS YaCTHILl HA «MaJble» yribl 0 < 0,, caenys
TEOPUH MHOTOKPATHOTO paccestHus [1; 15; 19], a penkue ciyuan paccessHus Ha «Oombmue» yrisl 0, < 6 < 0,
MozepoBaTh MeTogoM MounTe-Kapio, pasbirpbiBast (onpernesisisi BEpOSITHOCTHBIM METO/IOM) CHavaja JJIMHY

paccestHus
Inr

lsc = no s (2)
o 4nZ’o?| 1
po* |6 +63

— UHTCTPAJIbBHOC CCUCHUC PACCCAHUS HaA YIJIbI 92 <0< On. HByMGpHBIﬁ YToJl OAHOKPATHOI'O pac-

I7Ie 7 — ONPEAENAEMOE Ha €IMHUYHOM MHTEpBAJIE IICEBA0CTyYaiinoe uncio [14; 15]; o, =

1
02 +02

n

cesHus 0, pa3bIrpbIBacTCs C UCMOIb30BaHUEM cedeHus (1). 3aTteM Kk HeMy 100aBIISETCSA YIOJd MHOTOKPAaTHOIO

pacceaHusa Oms Ha OJIMHE (2), pa3BIFpLIBaeMBIﬁ C UCTIOJIb30BAHUEM IrayCCOBa paCpeCaACIICHUA U CPECAHCTO KBA-
para yria pacCCaHUuA Ha CIMHUYHOM JJIMHE

2.2 2 2
02 Enlscjezdzczw In 1+9—22 —%
pv 0 05+0
Cremyst OTMCAHHOMY QJITOPUTMY U BEIOHpast 6% paBHBIM 10%-10° Ofc, MOKHO COKPaTUTh YHMCJIO 111ar0B MOJIEIH-
poBaHUsI IIpoliecca pacCesiHUs B JECSTKU — COTHH Pa3 IIPU COXPaHEHHUHU ycioBus [, < X,

H3ayuenne. [ MogenTupoBaHus Mpolecca N3ITYYSHNU UCXOAHBIM SIBIISIETCS TOIHOE (TPOUHTETPUPOBAH-
HOE TI0 HEPTHAM ® > M, 1€ O, — MUHUMAaJIbHAs 3Heprus (HOTOHA, ¥ HAIPABICHUSIM UCITyCKaHHS (JOTOHOB)
CEUECHHUE ITOI'0 Ipolecca G, ,. [IocKkoIbKy npoLeccsl U3IydeHUs UCCIIEAYOTCS JIUILb B KpUCTaJIJIaX HEMHOTUX
XUMUYECKUX dJIeMeHTOB (anmmas, Si, Ge, W, PWO), BMecTo mapaMeTpu3aiuu CEUCHHI 110 aTOMHOMY HOMe-
py [18, sect. 8.2.1] mporie ucnoas30BaTh UCXOnHbIC JaHHBIC [20] M1 OTAETBHBIX AIEMEHTOB. OTMETHUM, YTO
B pabore [20] BBIOpaHO HCKITIOYUTEIBHO HU3KOE 3HadeHue o, (0,1 3B), obecneunBaromiee NOIHY0 HE3aBUCH-
MOCTH OT HETO pe3yasraTtoB MojenupoBanus. [lonoOHo qnmuHe paccesHus (2), ceueHue M3IydeHus: UCTIONb-
3yeTCs [Tl Pa3bIrPhIBAHUS JUTMHBI TPOOETa YaCTHIIBI 10 TOYKH UCITYyCKaHHUS raMMa-KBaHTa

Inr
lrad = . (3)

NG g

B ciyyae /4

TBIBAKOTCA MOHU3AIIMOHHBIC NTOTCPU SHEPIrUuun H3J'Iy'-IaIOI.LIeI>i YaCTHUIbI HA JJIHNHEC [

sc?

> lsc Pa3bIrpbIBACTCA CYMMapHLIﬁ YToJ OAHOKPATHOTO U MHOI'OKPATHOI'O0 paCcCesaHUs U pacCHu-
MMPOMU3BOAUTCA 3aMCHa
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liag = lraq — Iy, @ JUTMIHA [, pa3BIPBIBACTCS CHOBA U CPABHUBACTCA C /. IIpH BBINOIHEHUH YCIOBUS [yq < [,
Pa3bIrPLIBAETCS YTOJ MHOTOKPATHOTO paccesinus 0,,, M pacCUNTHIBAIOTCS MOHW3ALMOHHBIE IOTEPHU Ha JTMHE /4,
poM3BOAMTCS 3aMeHa [, — [, — [, Pa3bIrPBIBAIOTCS HOBOE 3HAYEHUE /4 ¥, ITIABHOE, DHEPIHs HCITYIIEHHOTO

¢dorona. C s1oi nenbio auddepeHmaibLHoe CEeUeHNE U3ITyYeH s peIcTaBisgeTcsa B Gopme QyHKIHN
dcrad — S(x)
do  S(xy)xInx,

() o (O]
napamMeTpa x = 7, e { — KUHEeTU4IecKas SHEPIrus U31ydaromen 4acTulbl X, = TC, a (I)YHKI_II/ISI S(x) OIMcCaHa

I .
B pabote [21, sect. 8.2.2]. Jlanee pa3birpbiBaeTCsi 3HAYCHIE BBEICHHOTO MapameTpa x = e’ 0, e 7; — Cydai-
S(x)

S (xo )
IUTS pacdeTa SHepruy TaMMa-KBaHTa ® = X/, OMPEAETAIONIe TakkKe KUHETHUYECKYIO SHEPTHIO0 UCITYCTHBIIEH
€ro yacTHuIlsl f — . Ecim ske mocennee HepaBeHCTBO HE BBITIOTHIETCS, Pa3bITPhIBAHNE SHEPTUHN N3ITy4YEHHOTO
raMMa-KBaHTa IMMOBTOPACTCA 10 €TI0 YCHCHIHOﬁ pcannsanuiu.

ITomumo sHEpTUU POTOHA, PA3BITPHIBACTCS OTKIOHEHNE YACTHUIIBI IIPH €r0 UCITYCKAaHUU. J{J1s1 9TOTO TeHepH-
pyeTcs cHadaia ciuyJyaifHast BeTMIUHA

Hoe yucino. [Ipy BbIOIHEHUN YCIIO0BUSA 7,y < , T11e 7, — Ipyroe Cciy4aiiHOe Yicio, 3HAUCHUE X UCIIONb3yeTCs

0,625, 1; < 0,25,
b= @)
1,875, 1 20,25,
a 3aTeM IapaMeTp
1
y=-22n) )

o mu
OIMpeACTIAOIINU BEIMUYNHY 0= ?, KOTOpas UCIOJIb3YCTCA Aajie€ B KAUYCCTBEC MOJIIPHOTO yIJIa paCCesHUs IIPpU

BBITIOJTHEHUH yCi1oBusA O < 1. B MpOTHBHOM CiTydae IOBTOPSIETCS €T0 Pa3bITPhIBAHKE C HCIIONB30BaHIEM (hop-
My (4) u (5). ABUMyTaIBHBINA YTOJ paccestHAs PaBHOMEPHO pa3birpbIBaeTcst Ha uHTepBae ot 0 10 21.
Po:xnenue map. MonenpoBaHye poxK/ICHUS TTaphl TAK)KEe HAYMHAETCS C Pa3bITPhIBAHMS [UTMHEI IIPOOera raMmma-
KBaHTa 10 GopMyJie, aHaJOTHYHOU BhIpakeHHsM (2) 1 (3), ¢ NCroap30BaHUEM TOTHOTO cedeHus. [lockompKy
KacKaJTHbIE TIPOIIECCHI HCCIEYIOTCS Ha TIPAKTUKE B KPUCTAIUIAX HEOOIBIIOTO YMCIa XUMHYECKUX DIEMEHTOB,
BMECTO MapaMeTpU3allii CeUYSHHS POXKICHUS TIaphI 0 aTOMHOMY HOMepy [ 18, sect. 6.5.1] Takike HCIIONB3YIOTCA
WCXOJHBIE TaHHbIE [22] 1715 paccMaTpuBaeMbIX dJIeMeHTOB. OCTaHOBUMCS Ha MOJISIIMPOBAHUH PaCIIpeIeICHUS
SHEPI'HH B TIape, CYIIECTBEHHO Pa3IMyalonIeMcs I KOTEPEHTHBIX M HEKOTEPEHTHBIX IporieccoB. B amophHOM
BEIIECTBE ITO PacCIpeeNIeHUE SIBIISETCSI CAHMMETPHYHBIM U ONMCHIBaeTCs nudepeHnmnansHpIM cedeHIeM

9oz 4(05-0f F+ 7| ®
F () =30,(¢) - @ (c) - F(2), g
Fy(6) =30, (s) + 5 a(2) - F(2), ®

TII€ € — DHEPTUS MTPOU3BOJIBHON YacTULlbl napbl. OyHKIUU q)l(s), @2(8) ur (Z ) TPUBEIICHBI B PYKOBOJICTBE

nonb3oBaresst Geant4 [15; 21], a koaddunments! 4,, A, BBeAEHbI A COKPALLIEHHOHN 3alluCcH BbIpaskeHus (6),
JIETATEHBIA BHJT KOTOPOTO HaM HE TTOHAn00uTCs. [ToBoIOM I1sl yIToMUHAHUS 3/1eCh SBHBIX BhIpaxkeHui (7) u (8)
SIBIISICTCS CIIEYIOIIee OOCTOSATENHCTBO: KaK HAIM BBIKIIAJKH, TAaK U CPABHEHUE PE3yJIBTATOB YMCICHHBIX pac-

. 1
9eTOB ¢ TpadrkaMu KTacCHIecKoil MoHorpaduy [23] ykas3pIBalOT Ha TO, YTO 3HAK «MHUHYC» TIEpel IPOOBI0 5

B BeIpakeHHH (8) B 00EHX BEpCUAX PYKOBOACTBA Mmoib3oBarelst Geantd [15; 21] ommboueH, a «IIpaBUILHBI
criekTp [23] ymaeTcst BOCTIPOM3BECTH TOIBKO ITOCTIE €r0 HCIIPABIICHUS Ha CTOSTIHHA B opmyte (8) 3HaK «ITTIOCY.

Bripaxkenue (6) Takxke MO3BOJSIET MOSCHUTD, YTO SHEPTHsI BBIOPAHHOM YaCTHIIBI MAPbI Pa3bIrPhIBAETCS TOC-
Jie BEpPOSATHOCTHOTO BBIOOPA TIEPBOTO JIMOO BTOPOTO CIIAraeMoro B KBAIPaTHBIX CKOOKaX 10 COOTBETCTBYIOIICH

eMy dopmyie

[P

€=0,5- (0,5 - 8mm)r
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NI
=g + (0,5 — € )7

r7e 7 — nceBaocyyaitnoe uncno. HakoHen, MONSpHbIA yroi O BbUIeTa YacTHIIBI OTHOCHTEIBHO HAMPABICHUS
HUMITYJIbCA POAUTEILCKOTO (POTOHA Pa3bITPBIBACTCS C UCMONb30BaHUEM anroputMa [21]
16 m |3, 1 <0,25,
0= ——ln(r2r3)—
15 € |1,1r20,25,
IZe 7} , 3 — TAKXKE IICEBAOCITyYaiHbIC YHCIIa. A3UMYTANIBHBII YTOJ BEIIETA POXKIAIOIIMXCS YACTHUI] TO-IIPEKHEMY
PaBHOMEPHO pasbIrphIBacTCs Ha nHTEepBae oT 0 10 27.

HOCJICI[OBaTeJIbHOCTL MOJI€C/JIUMPOBAHUSA MMPOLECCOB
B JJICKTPOMATrHUTHOM JIUBHE

HpI/I MOACINPOBAHNU PA3BUTHA BBICOKOOHCPICTUYCCKOTI'O SJICKTPOMArHUTHOTO JIMBHA, 06pa3yeM0ro npo-
neccaMu U3JIy4CHU U POXKACHUA I1ap, 3alIMCBIBAOTCS KOOPAWHATLI TOUCK UCITYCKAHU A, SHCPTHUU U HAITPABJICHUS
HUMITYJIbCa TaMMa-KBAHTOB, U3J1Y4YaCMbIX UCXOJAHBIMU 6o POKAAOIIUMUCH SJICKTPOHAMU W MMO3UTPOHAMMU,
a TaK)KC aHAJIOTMYHBIC XaPAKTCPUCTUKU IJICKTPOHOB U IMMO3UTPOHOB, POKAACMBIX NaJA0IITUMU WX U3JTYyYCHHBIMHA
paHee raMMa-KBaHTaMH, KaK 3TO UIIJTFOCTPUPYCT OJIOK-cXeMa Ha puc. 1. COXpaHeHHLIe JAAHHBIC UCTIOJIB3YHOTCA
I MOACIIMPOBAaHUSA O6pa30BaHI/I$I nap, pacceaHus, MOHU3AIIMOHHOTO TOPMOKCHUA U U3ITYUCHUS BTOPUIHBIX
SJICKTPOHOB U MMO3UTPOHOB, a TAKIKC POXACHUA AP U3JTYYCHHBIMU I'aMMa-KBAHTAMU BIJIOTH A0 3aBCPIICHUSA
MMPOCIICIKUBAHUA TpaeKTOpI/Iﬁ SJICKTPOHOB U NO3UTPOHOB U UCUCPIIAHNA CIIMCKA COXPAaHCHHBIX TAMMa-KBAaHTOB
C SHCPIUsAMHU, NPCBLIITAOIITUMHA onpez[eneHHHﬁ Iopor, KOTOpBIfI qaiie BBI6I/IpaCTC$I B o0OnacTu JCCATKOB — COTCH
MCTadJICKTPOHBOJIBT. I[aHHaH IIOCJICI0BATCIIBHOCTD Z[eﬁCTBHfI OJWHAKOBa JJIs aMOp(l)HOF 0 BCIICCTBA U KpUCTAJlja.

T'amMmma-kBaHT

3amyck Ha4aJbHOM 4aCTHIIbI
A

e, e

Y

MoyienupoBaHue TPaeKTOPHH € U U3ITydeHHUs N, raMMa-KBaHTOB <

Bropas
YacTHUIa Tapbl

A

SIBnsiercs
YacTHIA HaYaIbHOM?

Her

EcTb enre raMMa-KBaHTBI
Ut obpaborku?

»  PasbirpbiBaHue pOXKICHUSA HaPbl

Her

IIpoucxonur nu
pO’K/IeHHE Maphbl?

[lepBas
4acTUIa apsl

Puc. 1. Bok-cxema ajaropuTMa MOACIHPOBAHHUS HJICKTPOMArHUTHOTO JINBHS
Fig. 1. Flow chart of the electromagnetic shower simulation algorithm
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[ukn MofenupoBaHusl HAUMHAETCS C 3allycKa YacTHLIbl, TaJlatollell Ha KpucTaul, — 31ekrpoHa (1Z, = 1),
nosurpona (1Z,=+1) unu ramma-kBanrta (IZ,=0). B nepBbIxX AByX cilydasx IPOBOJUTCS MOJEIUPOBAHUE
JBIKCHHS C YIETOM PACCESHUSA, MOHU3ALMOHHBIX TIOTEPDh U U3nyueHust. [Ipu 9Tom N, MCIyIIEHHBIM raMma-

KBaHTaM IIPUCBAMBAIOTCA HOMCpPaA Iy = 1, 2, ceey Ny U B IaMsATH COXPAHANOTCA 3HECPrusa (D([y ), npoaoJibHasd

¥
Taxoke A1 COOTBETCTBYIOIIETO MPOCIEKUBAHNS YACTHUI], MAJAIOMINX Ha KPUCTAII U POXKIAIOUINXCS B HEM,
BBOtUTCS mapametp IP. [lg mepBhIX "4acTUI] OH MOJIaraeTcsl paBHBIM HYIIO, a JUIA BTOPBIX YaCTHI] 3a/1aeTCs
CII0OCOOOM, OIMMCAHHBIM HIKE.

Ecnu HauasbHOM yacTuLell saBisercs ramma-KBaHT (IZ, = 0), To ocymiecTBiseTcs Iepexoa K MOJeIupoBa-
HUIO POXKCHHUS TIAPBI C YBEJINYCHUEM HOMepa [, PACCMOTPEHHBIX KBAHTOB Ha CAMHHILY. AHAJIOTHYHBII Tiepe-
XOJl OCYIIECTBIISIETCS TaK)Ke TOCTEe 3aBEPIICHHUS] MOJICITMPOBAHMUS ABMKEHUS M U3ITyUeHUs JIEKTPOHA U TO-
3UTPOHA MPEBIIYIIEH Maphl PU HATMYMH KBAHTOB JU1st 00pabotku (1, < N,). B oTCyTCTBHE K€ M3y YCHHBIX
kBaHTOB (N, = 0) WM 1o 3aBepIICHUH UX paccMOTperus (1, = N,) nociie OKOHYaHHs MOZCITUPOBAHHUS TPACK-
TOpHI1 IEKTPOHA U TIO3UTPOHA TMOCTEeIHEN Maphl BHIMOIHAETCS TEPEX0o K cieTyroliel HadalbHOM YacTHIle.

KOOpAnHaTa TOYKH UCITY CKaHU A Zy (IY ) H TIOIICPCYHBIC KOMIIOHCHTBI CKOPOCTH V, ([Y ), v ([y ) KaXXI0ro KBaHTa.

[Ipu MonenupoBaHNM POKAECHUA MApbl OYepPETHBIM KBAHTOM SHEPTUU oa(ly) €ro BEpOATHOCTh, TuddepeH-
[UaJIbHAs 110 PHEPTMH € OJHOM M3 YacTHIl Maphl ¢ 3apaaoM [Z - e, ucnonb3yeTcst A pa3bIrpbIBaHUS pac-

npe/ieIeHUs] SHEPTHH B TMape. 3aTeM PacCYMTHIBACTCS MHTErpajgbHAs BEPOSITHOCTH WPP((D(L{ )) U PasbIrpbl-
Inr

WPP((D(IY ))

9TOH KOOPAMHATHI 3a MPEAENbl KpUCTaIa (Zpp = /) PHEPTUs U MONEPEYHbIE KOMIIOHEHTBI CKOPOCTH KBAaHTa
COXPAaHSIOTCS [UIs TTOCJICAYIOIIETO aHalN3a U UCIIOIb30BAHHS XapaKTEPUCTHK U3TyUEHHsI, TOKUHYBLIETO KpH-
craju. Jlanee B ciyvae NCUEpIIaHusl CIIMCKA COXPAHCHHBIX XapAaKTEPHCTHK M3ITyYCHHBIX raMMa-KBaHTOB (1, = N,)
OCYLLECTBIISICTCSI TIEPEXOJL K CIIE/YIOLIeH HavalbHO| yacTuue. B nportusHoM ciyuae (7, < N,) mozxenupyercst
POXIICHHE TIaphl CIEIYIOUIMM KBAaHTOM U3 CIIHCKA.

ITpn nonanaHuy k€ TOUKH POXKICHUS Mapbl BHYTPb KpUCTAILIA (Zpp < [ ) MOAEIUPYIOTCS CTApTYIOLINE U3
9TOM TOYKH ABWKEHHE M M3JIydCHUE YaCTHUL] POAMBLICHCS mapbl, 3apsa IZ - e u sHeprust € OOHOM U3 KOTOPBIX
y’Ke OBbIIIM pa3bIrpaHbl IPU BEIYUCICHUN BEPOATHOCTH POXKACHHSA Mapbl. [1s1 yripaBieHus epexoaoM K MOJIeNH-
POBaHUIO IBMYKEHHSI BTOPOH YAaCTHILIBI MAPhI M MTOCIEIYIONIMM NEPEXOJOM K Pa3bIrPhIBAHUIO POXKACHUS apbl
CJICAYIOIIMM KBaHTOM BBEICHHBIH Bhlle napamerp [P u3naganbHo nonaraercs paBHbIM eaunuie. Ha stom xe

BACTCsl KOOPJMHATA TOUKU POKICHHS MAPbI Zpp = Z, (I v ) - , Te ¥ — ciayualinoe uuciio. ITpu Beixone

HIare 3aJIafoTCs IMONEPEYHbIC KOMIIOHEHTBI CKOPOCTH YaCTUILBI V, = vxy(ly) +6,,v,= vyy(ly) +6, B TOUKe
POXKIEHHA Naphl Z = zy(ly ), KOTOpbIE CKJIaJIbIBAIOTCSl U3 KOMIOHEHT CKOPOCTH (DOTOHA M OTKJIOHEHHUH OT HUX

0,, 6,, mpuobperaembIx npu poxaeHuu. [Ipu paccMOTpeHHH KpHCTAIa TAKXKEe MPOBOLUTCS PasblIPhIBAHHUC
TTOTIEPEYHBIX KOOPIUHAT TOYKH POXKACHUS MMaphl, He 0ToOpakeHHoe Ha puc. 1. Jlamee, kak U B ciydae maje-
HUS 3apsDKEHHBIX YaCTHIl Ha KPUCTAIUL, TPOBOIUTCS] MOJISITMPOBAHNE JIBIDKEHUS YACTHII, POXKIECHHBIX BHYTPH

HETO0, C YYETOM pacCCeAHMsA, HOHU3AIIMOHHBIX TOTEPHL U U3JTYUCHUA U B TAMATH COXPAHAIOTCA SHEPTUU ]‘{ .

KOOPAUHATHI TOUEK UCITYyCKAHUS zy(ly) U IIOIICPEYHBIE KOMIIOHEHTBI CKOPOCTHU vx(ly ), v, (Iy) Beex N, mery-

IICHHBIX FAMMa-KBAaHTOB, KOTOPBIM NpHCBanBatoTCs HoMepa [, = 1, 2, ..., N,. VBenudenue mapamerpa IP o
JIBYX TTOCJIE 3aBEPIICHHS MOJEITNPOBAHMS TPACKTOPUH ITEPBOM YaCTHIIHI TAPB 00ECTIEYNBAET MIEPEXO0 K MOJIE-
JUPOBAHHIO TPACKTOPHUU BTOPOH YaCTHIIBI Taphl, HAYMHAIOIIEMYCs ¢ m3MeHeHus 3apsana (1Z = —1Z) u sneprun

(e= (;)(Ny ) — €), BO3Bpara K HayaJbHON KOOpAWHATE Z = zy([y) Y HOBOT'O 33/IaHUs MTONEPEUYHBIX KOMIIOHEHT

CKOPOCTH V, =V, (1 y) +0,,v,=v, (I y) + 0,. YBennuenue sHauenus napamerpa [P 1o Tpex no okonuanuu mo-

JIETMPOBAHUS TPOXOXKACHUS Yepe3 KPUCTAIIT BTOPOH YaCTHUITHI TApbl 00eCTIeunBaET MEPEXO/T K PACCMOTPEHHUIO
cre/lytorero ramma-kBanTa. I1pu sTomM HOMep [, pacCMOTPEHHOTO KBaHTA CPABHUBACTCS C TIOIHBIM KOJIHYC-
CTBOM /N, KBaHTOB B crucke. B ciydae /, < N, 0CyIIEeCTBISETCS MEPEXOA K MOACIUPOBAHHUIO POXKACHHUS MAPBI
3TUM raMMa-KBaHTOM, a B ciy4ae /, = N, — Hepexo/] K pACCMOTPEHHIO HOBOW Ha4aIbHON YaCTUIIbL, 3aBEPIIAtO-
ITAH KT MOAETUPOBAHUS, TOPOXKACHHBINA TIPEIBIAYIIeH HauaIhbHON YaCTHIIEH.

[Ipumepsnl pacueToB JIMBHEBBIX NMPOIECCOB

B xauecTBe BecbMa akTyaabHOI'O IPUMEPA PACCMOTPUM U3ITyUEHUE SJIEKTPOHOB C HAYaJIbHOU 3Hepruei 6 ['5B
B KpHCTaiuie Bolb(hpama, Jiekaliee B OCHOBE YBEIIMYCHHS BBIXOJla TaMMa-KBaHTOB B MCTOYHHUKE MTO3UTPOHOB
TTOBBIIIEHHON HHTEHCUBHOCTH, pa3padaThiBa€MOM C HAITUM ydacTreM B EBporelickoM 1eHTpe sIepHBIX Uccie-
noBanwii [ 13]. Kak 66110 OTMEUEHO BBITIE, HHTEHCHBHOCTH KOTEPEHTHOTO M3JTYYEHHS B MOJISIX aTOMHBIX LIETIOYEeK
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CPaBHUBACTCS C HHTEHCHBHOCTBIO HEKOTEPEHTHOTO U3JTyYEHHSI IIPH SHEPIUH £, cocTanistromieii 0,5-1,0 I'sB st
LIENOYeK C HAMMEHBIINMHU MEKaTOMHBIMHU PacCTOSHUSIMU M aMIUTUTYIaMH TeTJIOBBIX Konebanuii u 1,0-1,5 5B
u OoJee A OCTaNbHBIX Ienouek. [Ipu sHeprusx € < €eq ™ 1 I'>B oTHOIIEHNE KOTEPEHTHOTO BKJIaJa B HHTCH-

€
, BCJIGZICTBUE YE€ro 00IacTh yuera
eq
KOT'€pPEHTHBIX 3((PEKTOB B U3IyUEHUH €CTECTBEHHO OTPAaHUYUTD SHEPTuei £,;, B HECKOJIBKO Pa3 MEHbILEH 3Hep-
THH €., CICKTPANIbHBIC PACTIPEICICHNS SHEPIETHICCKUX IIOTEPh SJEKTPOHOB B MHIUINMETPOBOM KpPUCTAILIE
BOJIb(hpama, pacCUMTaHHbIEC MPU 3HAYEHUSAX TPAaHUYIHON 3Heprun £, paBHbix 0,5; 0,2 u 0,05 3B, npusogsrcs
Ha puc. 2.

CHUBHOCTD U3JTYUCHHM K HCKOTCPEHTHOMY BKJIay y6I)IBa€T KaK OTHOIICHUEC

0,4}
0,3+ —0,515B
Tm —0,2T5B
< - ——0,05B
“w
3|3 02t
==

0,11

Ag, 3B

Puc. 2. Pacupenienenne SHEPreTHUSCKHUX TOTEPh AEKTPOHOB
¢ HadanbHOU 3Heprueit 6 ['3B B MumnmMeTpoBOM KpHucTaie Boab(pama,
OpPHEHTHUPOBAHHOM BJ10J1b OcH <111>, npu 3HaueHusX s3Hepruu £y, nepexona
OT JICTAIFHOTO pacdyeTa BEepOsITHOCTH H3TydeHus o Gpopmynam baitepa — Karkosa
K ee pacuety o popmyne bere — ["aiitnepa, paBubix 0,5; 0,2 u 0,05 I'5B

Fig. 2. Distribution of energy losses of electrons
with 6 GeV initial energy in the millimeter-thick tungsten crystal oriented
along the <I11> axis at values of the transition energy £,
from the detailed calculation of the radiation probability using the Bayer — Katkov formulas
to the calculation using the Bethe — Heitler formula equal to 0.5; 0.2 and 0.05 GeV

CpaBHEHME IPUBEICHHBIX PACIIPEAEICHUN, PABHO KaK U CIIEKTPOB U3/Ty4aeMbIX (DOTOHOB, paCCUUTAHHBIX IIPH
pa3IMYHBIX 3HaUEHUAX IPaHUYHON SHepruu £, MoKa3blBaeT, uTo nepexo Mexxay 3Hauenusamu 0,2 u 0,05 I'»B
BBI3bIBAET 3aMETHO MEHbIIEC M3MEHEHHE yKa3aHHBIX PACIIPENEICHUH, YeM IepPexXoa MEXIy 3HauCHUSIMHU
0,51 0,2 3B, mttocTpupys CXOAUMOCTb PE3y/IbTaTOB MOJIEIMPOBAHUS IIPH YMEHBILIEHUH I'PAHUYHOMN 3Hepruu £y,
1 000CHOBBIBAET BbIOOp 3HaYeHUs Ey ~ 0,2 ['9B 11 nanpHeiero MoaeapoBaHus peallbHbIX YCTaHOBOK.

Ha puc. 3 npexncrasieHa creKTpaibHasi HHTEHCUBHOCTD M3JIyU€HHs HJICKTPOHOB ¢ HA4aJIbHOI Hepruei
6 I'>B B MUIIIMMeTpOBOM KpHCTalIE BOJb(paMa BMECTE CO CIIEKTPaIbHOW HHTEHCUBHOCTBIO H3TyYCHUS B MIJI-
JMMETPOBON MHUIIEHH U3 aMop¢HOro Boib(pama. MIx cpaBHEHHE 1TO3BOISET yOSIUTHCS B TOM, UYTO MEPEXOL]
Ha KPUCTAJUIMYECKUH pajaTop MO3BOJIIUT YBEITUYNUTH BBIXO/ FAaMMa-KBaHTOB B ITMPOKOM JIHAIIa30HEe SHEPTUN
B 6 pa3 u 6onee. [Ipu 3ToM BaskHel Il 0COOCHHOCTBIO CIIEKTPa U3JIyUCHHUS B KPUCTAIUIE SIBIISICTCS €0 BBIXOJ Ha
TUTaTO B UTPAIOIIEH IEHTPATBHYIO POJIb IIPU MOTYYEHUH MTO3UTPOHOB obnacTu sHepruit hororos 100-200 M»sB,
YTO MPUHIUIHAIBLHO OTJIMYAaeT KPUBYIO, IPEACTABICHHYIO Ha pUC. 3, OT KPUBBIX, IPUBEIEHHBIX Ha puc. 1 u 3
B pabote [24]. DTo OTIIMYKE CBA3aHO C MPUHITUITHATHFHON HEOOXOAMMOCTHIO PACCMOTPEHUS PEaNTbHON TTPOTSI-
KEHHOCTH 001acTH (POPMHUPOBAHHSI M3TyYaeMbIX KBAHTOB Ha MSTKOM KOHIIE CIIEKTpa u3myueHus [18].

B kauecTBe npumMepa MacITabHOTrO MPUMEHEHUS Pa3BUTOTO MOIX0AA PACCMOTPUM JINBEHb, MHULIUUPYEMBbIi
raMma-KBanTami ¢ 3ueprueii 1 ToB (10'2 3B) B caHTHMETPOBOM KPHCTAILTE BOMb(hpaMa, TAKKE OPHEHTHPOBAHHOM
B10Jb ocH <111>. YcpenHeHHO pa3BUTHE JTUBHS T10 BCEH JAIMHE CAHTUMETPOBOTO Kpuctaiia (1 cM cooTBeTCTByeT
npumepHo 2,86 X)) xapaxkrepusyercst npumepHo 10 3¢ pexTuBHbIMYI pagualiOHHbIMU JUIMHAMH (puc. 4). [Tou-
TH JECATUKPAaTHOE BO3pAaCTaHNE MHTEHCUBHOCTH U3IYUYEHHs U BEPOATHOCTH POKICHMSI ITap MPHUBOIUT K TOMY,
yto nipu dHeprusax 0,1-1,0 ToB na 1 cm kpucramna yxmaasiBaeTcs okoio 30 3¢hGheKTUBHBIX paJHalliOHHBIX
JUIMH, BCJIEICTBUE YETO CPEJHHE PHEPIMH YaCTHI] JUBHS YCIEBAIOT YMEHBIIUTHCS 10 HECKOJIBKUX JECITKOB
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TUradIeKTPOHBOJIBT HA JUTHHE TIOpsIKa 2 MM. [Ipu 3TOM BBICOKasi CKOPOCTh PaIUallMOHHBIX TIOTEPh SHEPTHH HE
I03BOJISIET 3aMETHO MPOSBUTHCA 3P deKTy nexananupoBanus. Kpome Toro, mociaeanuii ocinadisercs, a u3aydeHue
JIEKTPOHOB YCHIIMBACTCS BCISACTBHE AP PEeKTa paTuallmOHHOT0 OXJIaxaeHus [25; 26]. B momo0HBIX YCIOBHIX
9HEPreTUIECKUE TTOTEPHU HIIEKTPOHOB 3aMETHO MPEBOCXO/IAT TAKOBBIE TO3UTPOHOB, YTO MPUBOJHT K OTPAsKEHHO-
My Ha pHC. 4 IPEBBIIICHAIO KOIUYECTBA IO3UTPOHOB C SHEPTUEH HECKOIBKO THTadIeKTPOHBOIBT U OoJiee Hall
KOJIMYECTBOM 2JEKTPOHOB. Kak BUIHO 13 puC. 4, B YCIIOBHAX TPYJIOEMKOTO PO CIEKUBAHUSI MHOTOYHCIICHHBIX
TPaEKTOPHH JIEKTPOHOB ¥ TIO3UTPOHOB OOJIBINION UTHMHBI B AMATIA30HE YHEPTUH OT COTEH TUTadIeKTPOHBOIBT 110
COTEH METadIeKTPOHBOJIBT MPUEMIIEMON CTAaTUCTUKU B o0sacTh sHepruii mopsaka 10 ['9B u Beimie HaOpaTh He
yaaetcst. OHAKO ATOr0 HETPYAHO AOCTHYb, TIOBBICHB COOTBETCTBYIOLIMM 00Pa30M HIKHIOIO IPaHHILy SHEPIHH,
IIPU KOTOPOH MpeKpalaeTcsi MoJIeJInPOBaHuUE.

1 ©dN,
N, do

0,1 1
o, 2B

Puc. 3. CnexrpanpHoe pacnpezencHie (HOTOHOB, H3ITyUESHHBIX JIEKTPOHAMHU
¢ HauabHOU 3Heprueii 6 ['9B B MUIITUMETPOBOM KpHUCTaie BOIb(ppama,
OpPUEHTHUPOBAHHOM BIOJb OcH <111> (criomHas THHUS),
¥ MIJUTUMETPOBOM aMOp(dHO# BOIb(pPaMOBON MUILICHN (ITyHKTHPHAS THHHS)

Fig. 3. Spectral distribution of photons emitted by electrons
with 6 GeV initial energy in the millimeter-thick tungsten crystal
oriented along the <111> axis (solid line)
and the millimeter-thick amorphous tungsten target (dashed line)

10 000
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,I»B™
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Puc. 4. DHepreTuueckue paciupeneieHus JEKTPOHOB U MO3UTPOHOB
JIEKTPOMArHUTHOTO JIMBHS, MHULIMMPOBAHHOIO raMMa-KBaHTOM ¢ 3Heprueil 1 T>B
B CAaHTHMETPOBOM KpHCTalIe BOIb(pama, OpHEHTHPOBAHHOM BIOIH ocH <111>

Fig. 4. Energy distribution of electrons and positrons
in the electromagnetic shower initiated by the 1 TeV gamma-quantum
in the centimeter-long tungsten crystal oriented along the <111> axis
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HpI/I OHEPrusgxX HECKOJIBKO TMIadJICKTPOHBOJIBT TUIIMYHOC OTKJIOHCHUEC DJICKTPOHOB U MMO3UTPOHOB Ha pa-
Z[HaHHOHHOﬁ JOJIMHE BCJIICACTBUC paCCCAHUA HA sA/ipaxX YKC MPEBLIIIACT YIOJI KaHAJIUPOBAHUA U JOCTUTACT Xa-

¥
pakTepHOTO yria WO’ YTO TIPUBOJUT K OCITA0JIEHUIO H3ITy9YEHHUS 3JIEKTPOHOB M BRIPABHUBAHUIO PaHAIIIOHHBIX

MOTEPh IEKTPOHOB U MO3UTPOHOB. [Ipu manpHeeM MOHMKEHUH YHEPTUU OOIBITHHCTBO 3JIEKTPOHOB U TI0-

|4
SUTPOHOB OTKJIOHAKOTCA HaA YIJIbI, IPCBBIMIAOIINEC YTOJI WQ B HCCKOJIBKO Pa3, U pOJIb KOITCPCHTHBIX 3(1)(1)6KTOB

B paCcCesAHNU, U3JIYUYCHUU U POXKIACHUU AP CTAHOBUTCHA BTOpOCTeHeHHOI)'I, 4YTO U IIO3BOJIACT HepeﬁTH K MOZE-

JTUPOBAHUIO 3aBEPIICHUS PA3BUTHS AIEKTPOMATHUTHOTO JIUBHS METOAAMH, pa3pabOoTaHHBIMH JIJIsl aMOp(hHOM
cpezbl B paMKax Habopa MporpaMMHBIX HHCTPYMEHTOB MoaenupoBanus Geant4 [14; 15].

3akJrouenue

Takxum oOpazom, Hamu pazpaboTaHa THOpUIHAS TIPOTpPaMMa, COYETAIONIasi MOIETUPOBAHNE KOTEPEHTHO
YCHIJIEHHBIX TIPOIIECCOB PACCESHHUS, M3IYICHUS U POXKICHHUS Map B KPUCTAILTMUECKON PENIeTKE MPH BBICOKUX
SHEPTHAX W MAIIbIX OTKIOHEHHSIX MMITYJIbCOB YaCTHI] OT IIABHOTO KPHUCTAJUTMIECKOTO HAIpaBICHUS C MOJIe-
JTUPOBAHUEM aHAJIOTHYHBIX TPOIIECCOB B MPHUOIMKEHUN aMOP(hHON CpeJIbl MPH HU3KUX DHEPTHUSIX U OOIBIITNX
OTKIJIOHEHUSX UMITYIIbCOB "YacTull. [Iporpamma MoxeT ObITh UCIIONBb30BaHa KaK JJIsi BHEAPEHUS YTOYHEHHBIX
TEOPETHUYECKHX TIOAXOI0B B OyIyIeM, TaK U I POBEICHUS HA/ICKHBIX PACUETOB B HACTOAIIEE BPEMSI.

B pamMkax pa3BuTHs HOBBIX ITOIXOZ0B Ha OYE€PEIN CTOUT 3a/1a4a Mepexoia K BRIPAKSHUSIM, YIUTHIBAIOIIAM OCTa-
TOYHBIE OPUEHTAIMOHHBIE d(PPEKTHI IPH OONBIINX OTKIOHEHUSAX OT NIABHBIX KPUCTAIITMYECKIX OCEH Ha YPOBHE
TTOTIPaBoK K (hopmynam Teopun bere — "aliTinepa. 3HAYUTETEHOE KOIMIESCTBO U MTPOTSHKEHHOCTD TPACKTOPUI CTaBAT
3a/1aqy pa3pabOTKu MPUOIKEHHHA, TTO3BOJSIONINX CYIIECTBEHHO MIOHU3UTH TPYAOEMKOCTh pacdeToB 1o (op-
MyJIaM TEOpUHU KOTEPEHTHOTO TOPMO3HOTO U3Ty4YeHUs 1 00pazoBaHus map. [Ipu moxydeHnn moqoOHbIX GopMy
MOYKHO BOCTIONTE30BaThCs YCPEIHEHUEM 10 3HAUNTEIbHBIM HHTEpBAJIaM HalpaBlIeHnH [BrmxkeHns. Kpome toro,
CJIEyeT Y4eCTh BOBMOYKHOCTB ITOTIa/JTaHHSI YACTHII B YCIOBHUS IIIOCKOCTHOTO KAHAJIMPOBAHWS, COXPAHSIOIIYIOCS
Y Tipy OOJTBIINX yTJIaxX MaJeHus Ha OCh.

B cymectByomem ke BUI€ B 3aBUCUMOCTH OT COOTHOILCHHMS yIJIa IaJeHUs Ha OCb gy, OTPAHNYHUBAIOIIETO

14
obnacte npuMeHeHus Gopmyisl baiiepa — KarkoBa, n xapakrepHoro yria WO nporpaMmma MOXKeT ObITb HCIIONb-

30BaHa Kak /ISl OBICTPOH JEMOHCTPALMU POJH KOTePEHTHBIX 3(h(PEeKTOB B pa3BUTHN BHICOKOIHEPTETHIECKIX
ANEKTPOMArHUTHBIX JIMBHEW, TaK U ISl JETaIbHBIX PACUETOB C KOHTPOIUPYEMONU TOUHOCTHIO. B miepBoM ciy-

14
4ae yroll g MOXKET COCTABIIATh 2—3 yIa WO, YTO COOTBETCTBYET IPUMEPHO 5 Mpaj B Bonb(pame u 1 Mpan

B KpeMHUH ¥ animase. J[j1st 0oiee TOUHBIX PACYE€TOB M MPOBEPKU CXOAMMOCTH PE3yJbTaTOB CJIEIyeT BEIOUpATh

. 2
yIoi Ygg, paBHbiil 5—-10 yriam > 1TO COOTBETCTBYET 1020 mpan B Bombhpame u 3—5 Mpaa B KpeMHUU
W anMase.

BHeipenne Hamu aianTUpoBaHHBIX mporenyp Geant4 B mporpaMMy MOJICITHPOBAHHS PaJIUAIIMOHHBIX TPO-
[IECCOB B KPHCTAJUIaX OBIIO MPOAMKTOBAHO OOMIBIIEH CIIOKHOCTHIO U TPYIOEMKOCTBIO TIOCTIEIHEH 0 CpaBHE-
uuto ¢ Geant4. [Ipu pemenuu e 3a7a4 1€TATBHOTO MOJICITMPOBAHNS PA0OTHI CIIOKHBIX SKCIIEPUMEHTAIBHBIX
YCTaHOBOK paroHalibHee, HA000POT, BKITIOYATh aITOPUTMBI MOJICTUPOBAHNS PaTHAIIMOHHBIX MTPOIIECCOB B KPH-
cramwiax B Geant4 [27], ucrons3ys W3JI0KCHHBIN HAMU TIOAXO IS TallbHEUIIICH pa3paOOTKH U TECTUPOBAHIS
BHEPSEMBIX TPOTIETYP.
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TEOPETI/I‘{ECKAH OU3UKA

THEORETICAL PHYSICS

VIIK 533.723:577.352.4(086.48)

BPA!J.[ATEABHI)IPI POTYET,
YITIPABAAEMbBIN AUXOTOMHBIM UBMEHEHWUEM
OPUEHTAIINN TTPUAOXKXEHHOTIO IIOAA

H. B. LHIAIIOYKHUHA"?, B. M. PO3EHEAYM "-?

1 . o
)Ee/zopyccmtu 2ocyoapemeennblil yusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce
Cosmecmubiil uncmumym JJaisinbCKO20 NOIUMEXHULECKO20 YHUBEpCUunmema
u benopyccrozo eocyoapcmeennozo ynusepcumema, yi. L{uneynioans, 1, 116034, e. [Jarsns, Kumati

Annomayus. PaccMOTPEHO OTHOHATIPABICHHOE BpaLEHHE ITOJSIPHOTO POTOpa (BpallaTeIbHEINA PITYET) B IOTEHIIHATIE
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3aBUCHMOCTB CKOPOCTH BPAILIEHHUS OT 4aCTOTHI (IYKTYyaIMi TAKKe UMEET KOJIOKOI000pa3Hyto (hopMy, IIMPOKYIO ISl CTO-
XaCTHYECKHUX AMXOTOMHBIX (MIyKTyaluid ¥ y3KyIO JUIsl IETEPMHUHUCTHYECKUX TUXOTOMHBIX (DIIYKTyalnii, C OAMHAKOBBIMU
JIMHEHHBIMU HU3KOYaCTOTHBIMU aCUMIITOTHKAMHU.

Knrouegvie cnosa: BpalarellbHbIi pITYET; 3aTOPMOKEHHOE BpalieHue; 1uddy3noHHbIN TpaHCIOPT; ainabaTniecKue
OPOYHOBCKHE MOTOPBI; IUXOTOMHBIN IPOLECC; TAPMOHHYECKHE (QIYKTyalnH.

Bnazooapnocms. PaboTa 4aCTHYHO BBINIOJIHEHA B PaMKaX TOCYIapCTBECHHON MPOTPaMMBI HAYYHBIX MCCIICIOBAHHN
Pecniybmiku Bemapych «@oToHMKA U 3IIEKTPOHMKA Ui MHHOBanui» (3amanue 1.17.1 «MogenupoBaHue u CO3IaHUC
(hOTOHHBIX U ONITOIEKTPOHHBIX HAHOCTPYKTYP Ha OCHOBE I'pa)eHOMOIOOHBIX MATEPHAJIOB JIJIS YIIPABICHHUS ONTHICCKUM
H3ITyYCHHEM ).

ROTATIONAL RATCHET CONTROLLED
BY DICHOTOMOUS CHANGES
IN APPLIED FIELD ORIENTATIONS
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Abstract. We explore the unidirectional rotation of a polar rotor (rotational ratchet) in a hindered-rotation potential (HRP),
controlled by the dichotomous fluctuations of the orientation of the electric field. A symmetry analysis is carried out, which
shows the absence of the ratchet effect for either an odd number of wells of the HRP or for an even number of wells if the
average angle of the fluctuating orientations of the electric field coincides with any symmetry axes of the HRP. Analytical
expressions are obtained for the average rotation velocity of the rotor in the double-well HRP in the low-temperature
adiabatic approximation, when the hopping rotation occurs and thermodynamic equilibrium has time to be established
in each state of the dichotomous process, and in the high-temperature approximation at arbitrary fluctuation frequencies,
when the thermal energy is much greater than both the reorientation barrier of the HRP and the energy of the dipole rotor —
electric field interaction. We showed that the maximum rotation velocity is achieved at large electric fields that fluctuate
in sign, and the dependence of the rotation velocity on the amplitude of the angular fluctuations is bell-shaped, the width
of which and the presence of the plateau can be tuned by the value of the average fluctuation angle. The dependence of the
rotation velocity on the fluctuation frequency is also bell-shaped, wide for the stochastic fluctuations and narrow for
the deterministic dichotomous ones, with the same linear low-frequency asymptotics.

Keywords: rotational ratchet; hindered rotation; diffusion transport; adiabatic Brownian motors; dichotomous process;
harmonic fluctuations.
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Introduction

Ratchet systems (also called Brownian motors) include nanomachines that, under the influence of various
nonequilibrium fluctuations, convert a chaotic Brownian motion into a translational, reciprocating or rotational
motion [1-8]. In natural systems, ratchets provide contractile activity of tissues (muscular activity), cell mo-
tility (e. g., the motility of bacterial flagella), and intra- and intercellular transport of organelles and relatively
large particles of substances (cell nutrition and waste disposal). Current knowledge shows that biomolecules
that control a number of intracellular fundamental processes have one common feature, namely, they all re-
spond to energy absorption or energy dissipation by changing their conformation and, hence, their physical
shape in one plane. Cyclically repeated single-plane changes in their shapes cause a unidirectional, linear or
rotational, motion in molecules and the associated processes, that are controlled by this motion; this is the basis
of mechanical activity and work performed within cells [9].

Moving on to the consideration of rotational ratchets, note that the difference between molecular motors
(or ratchets) and molecular rotors is that the former exhibit unidirectional rotation while the latter may randomly
rotate in any direction. A molecular rotor is usually understood to mean a molecular system in which a molecule
or part of a molecule (the rotor or rotator proper) rotates against another part of the molecule or against a macro-
scopic entity such as a surface or a solid (stator). Rotation of the rotor can occur freely (without a rotational
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potential) or by thermally activated jumps (hindered rotation) in the presence of an N-well rotational potential,
where the value of N corresponds to the order of the rotation axis and is determined by the symmetry of the
stator [10; 11]. A powerful tool for analysing the local environment of a surface molecular rotor is scanning
tunneling microscopy (STM) [12]. For example, the fert-butyl groups on an Au(111) surface are characterised
by a rotational potential with N =12 [13], whereas a single acetylene (C,H,) rotor on an achiral PdGa(111)
surface is in a potential with N =6 [14]. Asymmetry in the potential energy landscape is commonly achieved
by adsorbing chiral molecules on achiral surfaces or by the electric field generated by the STM tip at a certain
position relative to the rotor (see reference [14] and supplementary materials for it).

Hindered rotational motion is also typical of chemisorbed polyatomic molecules or polyatomic groups tightly
bound to a surface through one atom, whereas other atoms can have several equilibrium positions in the potential
induced by the nearest substrate atoms. For example, for hydroxyl groups strongly bonded by an oxygen atom
to a surface atom forming an oxide, the equilibrium positions of the hydrogen atom are determined by a radial
distance of 1 A relative to the oxygen atom, a polar angle of about 90°, and N values of the azimuthal angle
corresponding to N symmetric wells of the hindered-rotation potential (HRP). The number A is one unit less
than the valence of the surface atom forming the oxide and is equal to the number of symmetrically located
oxygen atoms of the substrate closest to the hydroxyl group in question [15;16].

First nanomachines in which unidirectional rotation occurred under the influence of light were constructed in
the late 1990s by the scientific team of professor B. L. Feringa [17]. Further, the efficiency of those light-driven
machines increased significantly [18]. In the experiment published in [14], a system was also considered in
which the rotor was an acetylene molecule C,H,, and the stator was a cluster of three palladium atoms on the
surface of a palladium — gallium crystal PdGa(111) with broken rotational symmetry. The unidirectional rotation
of the acetylene molecule occurred due to the quantum tunneling effect in a scanning tunneling microscope.
The rotational symmetry can also be broken with the fluctuating electric field itself, the orientation of which does
not coincide with the symmetry axes of HRP [19]. This result was obtained using the low-temperature kinetic
approach, in which the particle motion in a periodic N-well potential relief is reduced to a hopping overcoming
the potential barriers. One more simplification of the consideration performed in reference [19] was the use
of the second-order perturbation theory in a small alternating electric field £ (t) =E,cosot (E, and o are the
amplitude and frequency of the field change with time ¢, respectively). It turned out that, with the mentioned
simplifications made, the ratchet effect occurs only at N =2 and at the orientations of the electric field different
from the orientations of the axes of the potential wells and barriers. The analysis of the ratchet driven by the adi-
abatic dichotomous arbitrary-amplitude fluctuations of the electric field £ (t) =+ F characterised by an arbitrary
angle @ to a symmetry axis of the HRP, showed the presence of the ratchet effect at even values N > 2 [20].

In contrast to the previous approaches to describing rotational ratchets, this article considers systems with
dichotomous change in the orientations of the applied electric field themselves. The use of the low-temperature
and high-temperature approximations leads to the analytical expressions for the average rotation velocity, the
analysis of which provides the comprehensive information about the properties of the system not only at arbi-
trary, relative to the thermal energy, energies of the interaction of the rotor with the fluctuating electric field,
but also at arbitrary fluctuation frequencies.

It should be noted that modern electron beam lithography [21] allows the formation of systems of closely
spaced nanoelectrodes, the switching of electrical potentials between which ensures the creation of electric fields
of a given intensity and direction. For example, in reference [22] the formation of structures consisting of two,
four, six, and eight electrodes converging into a nanoscale region was reported. The dichotomy of the process is
an essential simplification of the description and, in addition, gives a significant increase in the average rotation
velocity at low frequencies of the potential switching.

N-well HRP in an external electric field

Let’s consider a flat polar rotor in an N-well HRP, one of the wells of which is oriented along the axis x of
a 2D coordinate system. Let the rotor be characterised by a dipole moment p and be placed in an external elect-
ric field of a magnitude £, the orientation of which fluctuates in the plane of the rotor rotation and is specified
by the values of two azimuthal angles ¢, and ¢_ (the case of dichotomous fluctuations). Then the potential
energy of the rotor in the states «plus» and «minus» of the dichotomous process is represented as

Ui((p)z—[%JcosN(p—chos((p—(p+), (1)

where AU is the energy barrier of the HRP.
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The potential energy (1) can be rearranged to the standard additive-multiplicative form of the potential

energy of a pulsating ratchet:

U(x, t)=u(x)+ G(t)w(x), (2)
in which the time function cs(t) plays the role of a fluctuation variable with the zero mean <G(t)> =0, while
u(x) and w(x) are periodic functions of the particle coordinate x, that describe the average potential energy
and its fluctuating component, respectively [23]. In the case of dichotomous fluctuations, the dependence G(t)
can be represented as a switching, either random or deterministic, of its values between +1 and —1. For the rota-
tional motion, the coordinate is the angular variable ¢. Therefore, the potential energy U ( X, t) can be attributed
to states «plus» or «minus» of the dichotomous process characterised by the variable cs(t) =+1 and denoted as
U* ((p) It is clear that for relations (1) and (2) to be equivalent, the functions u (x) and w(x) with x = ¢ must be

AU
u((p) = —(TJcochp — nE coso, cos((p ON ),

w(@)=—pEsing;sin(¢ - @), 3)
+Q_ - Q_
%:cmch ’(plzcmch .

Note that in the particular case ¢, = g, the values of the angles ¢, and ¢_ differ by =. This corresponds

to the sign fluctuations of the electric field oriented at an angle ¢ to the axis x. Then ¢, =@, ;=0 — g,

. . . A ..
sin(@ — ¢y ) =cos(@ — ¢ ), and we obtain that the average potential energy u(¢)= —[TUJ cos No is inde-

pendent of the applied electric field while its fluctuating part w(¢)=—pE cos(¢ — ¢, ) becomes equal to the

interaction energy of the polar rotor with the external electric field of the orientation ¢, (the second term of
equation (1)). The behaviour of rotor systems with the sign fluctuations of the applied electric field have been
analysed in a number of works [13;14]. This work differs from those previous studies by considering the ge-
neral case when it is not the sign that fluctuates, but the electric-field orientations themselves, i.e. the para-
meter ¢, is arbitrary.

Besides the energy parameters, AU and pLE, the potential energy (1) is characterised by the number N of azi-
muthal potential wells and the parameters ¢, and ¢,, that specify the average angle of the fluctuating orienta-
tions of the electric field and the fluctuation amplitude, respectively. We should exclude from the consideration
the parameters’ values that make the ratchet effect impossible. First of all, we exclude the values at which there

are no fluctuations (i. e. w(¢) = 0), namely, pE = 0 and @, = 0; here and hereafter we do not mention the trivial

values, such as, for example, the value ¢, =  that corresponds to the difference ¢, — ¢_=2m.
Next, we do not need the values that are prohibited by the symmetry restrictions. Such prohibitions cover the
potential energies that are described by shift-symmetric or symmetric periodic coordinate functions [2; 24-27].

For periodic potential energies U™ (x + L) =U" (x) (L is the period) associated with the two states of the dicho-
tomous process, the shift-symmetric and symmetric functions are defined by the following identities:

U;i (x+§j=—U:h (x), Usi(x+xs)=Usi(—x+xS), (4)

where x; is the location of the symmetry axis. An additional symmetry prohibition exists in ratchet systems
with the time dependence of the particle potential energy (2) specified by the function G(t) that belongs to the
universal symmetry type [26]. For a symmetric dichotomous process (equal durations of the states «plus» and
«minusy), this additional symmetry property corresponds to G(t) =11 with <G(t)>= 0 and is specified by the
following identity:

Ui(x+xs)=U¢(—x+xs). (5)
In our model, for which the coordinate is the angular variable ¢, the functions under consideration have the
natural period 27, L = 2. Since U™ (¢ + 1) =—U~ (¢) for odd N, the first of the properties (4) leads to the ab-

sence of the ratchet effect when the number of wells of the HRP is odd.
The potential energy (1) will satisfy the second identity in the pair (4) if both u () and w(¢) are symmetric

with the same symmetry axis specified by the angle ¢,. Since the parameters AU and pE are arbitrary, the func-
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tion u(¢) is symmetric for ¢, = %, g=0,1,..., N—1, if either o, :g or @, # = with sin (@, — ¢, ) =0. In turn,

the function w((p) is symmetric if cos ((pS - (Po) = 0. Since the conditions sin((pS -0, ) =0 and cos ((pS - (Po) =0

cannot be simultaneously satisfied, the only case when the two functions u ((p) and w((p) are symmetric toge-
ther is specified by the equations ¢, =~ and cos(@,— @y ) =0.

To satisfy the identity (5), the functions u(¢) and w(¢p) must be symmetric and antisymmetric, respecti-
vely, with the same symmetry axis . This is realised when sin((pS - (po)z 0. Summarising, from the above

symmetry analysis, it follows that, at arbitrary amplitude ¢, of the orientation fluctuations, the ratchet effect
is impossible for an odd number of wells of the HRP, as well as for an even number of wells, if the average
angle @, of the fluctuating orientations of the electric field coincides with any of the symmetry axes of the HRP

Q= n_]\;]’ q=0,1,..., N—1, which are oriented along the extrema of this potential.

Hopping rotation in a double-well HRP

At thermal energies kg7 (kg is Boltzmann constant, 7 is the absolute temperature) that are low compared to
the reorientation barrier AU, the main contribution to the unidirectional rotation of the rotor is made by the hop-
ping rotation. The description of such a rotation is simplified by the fact that the rotation parameters include the
rate constants of transitions between the particle states in neighbouring potential wells [19; 28], i. e. the rate
constants for overcoming the potential barriers that separate these wells. Therefore, we can take into account
not only thermally activated overcoming the potential barriers, but also tunneling, which occurs at tempera-
tures close to the absolute zero and, thus, to study ratchet systems in a wide temperature range with both the
classical and quantum descriptions [29; 30].

Using the results of reference [31], the authors of reference [20] obtained an expression for the average
rotation velocity Q2 of the ratchet driven by the adiabatic alternation of two periodic N-well potential re-
liefs (states «plus» and «minus») characterised by the sets of minimum and maximum energy values v;.

min, n
+ . . .
and vy, ,, respectively, corresponding to the same angular coordinates @, , and @, , (n=1,2,..., N,

0=0min0<Pmac.1 < Pmin.1 <Pmax.2 +*+ < Prin. ¥ 1 < Prmax, ¥ < Prmin, v = 270). The adiabatic alternation is under-
stood as such an alternation when the time intervals between the switching potential reliefs (t" and 1) are
so long that the thermodynamic equilibrium has time to be established in each of them. The average angular
velocity € is expressed through the nested sums of the functions Rﬁm’ , and Rim , that depend on the sets of
minimum and maximum energy values as follows:

Q:2TTEAN, AN = i (R;lax,n _R;ax,n) i (R;rniﬂam _R;ﬁn,m)’

n=2 m=2

e oP(B) L exp(Bvi) (©6)

” gexp(ﬁv;ax,z) ﬁexp(—ﬁ"&m,/)’

where T =1"+ 17 is the period of the potential relief alternation, = (kBT )_1 is the reverse thermal energy.

The analysis of the relations (6) for the rotor in the N-well HRP with dichotomous sign fluctuations of the
external electric field (¢, = @z, ¢_ = ¢, — m) showed that the ratchet effect existed for even values of N, and

max, > “Ymin,m —

the average angular velocity was proportional to £"sin (N Qp ) at e =PuFE <1 and tended to (2—:]Sin (N (038 )

at % > 1. The ratchet effect of the highest intensity was associated with N = 2. That is why we will consider

just the case N = 2 in our analysis of the rotational ratchet with the dichotomous fluctuations of electric-field
orientations.
When the inequality pE < AU is satisfied, we can assume that the values of the angles @, , =(n—1)

and @, , = [n - %) n (n =1, 2) approximately correspond to the angular locations of the minima and maxima

of the potential (1) with N =2, and
+ AU + AU

Vininn = " +(=1)"nEcosg,, Viaxon = - +(=1)"HEcosg,. (7)
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Substituting expressions (7) into the relations (6) for R-. and R._ with n=N=2 gives

min, n max, n
Riin, 2= (1 + eZSCOS(Pi )71, R_r_'—nax, 2= (1 + e—ZSSiD(Pi )71 , €= B”’E (8)

Thus, using (8) and the identity (1 +e )71 = %, we finally get
A, = %[tanh(ssin(m) - tanh(ssin(p_ ):H:tal’lh(SCOS(p_) - tanh(SCOS(p+ )], 9)

S . 2n
which is the ratchet velocity up to the constant factor —~

Note that in the adiabatic mode of the motion, the average angular velocity does not depend on the barrier
AU of the HRP. Therefore, the result (9), obtained for uE <« AU, can be used for both small and large values
of the energy parameter €. The quantity (9) vanishes when either sin@, =sin¢_ or cos¢, = cos@_. This means

that the average orientation angle ¢, is equal to either 0 or E; these values coincide with the orientations of the
electric field either along the minima or along the maxima of the HRP. This result coincides with the result of
the general symmetry analysis carried out at the beginning of our article.

Figure 1 represents two families of functions A, (¢, ) evaluated for two different values of the average orientation
angle @, and corresponding to several values of €. The highest average angular velocity can be achieved at ¢, = I
(solid lines), when this average orientation of the fluctuating electric field provides large simultaneous fluctuations
of the maxima and minima of the potential energy. The location of the maxima of each family of functions A, (¢, )
correspond to the amplitude of the orientation fluctuations ¢, = g, 1. . to the sign fluctuations of the electric field.

1.0
0.8
0.6
AZ
0.4
0.2
0
0.25 0.50 0.75 1.00
9
I

Fig. 1. The dependence of the average velocity Q of the rotation ratchet (in units 2—n)
on the amplitude ¢, of the angular fluctuations of the electric field. t
The values of € are indicated near the curves.
The solid and dashed curves correspond to the values

of the average orientation angle ¢, equal to g and ZLE)’ respectively

Note that the value of A, is bounded from above by the value 1, i. e. the maximum possible average angular
velocity is equal to 2—: This value is achieved at large € and ¢, = g The width of the plateau can be tuned
with the parameter ¢,. The width of the plateau, which exits at large €, decreases with the decrease of ¢, from

T
the value —.

The asymptotic behaviour of the average angular velocity at low electric fields follows from the expres-
sion (9) ate <« 1: n
Q= ?82 sin2(p1 sin 2@,. (10)

The angular dependences of this asymptotics turn out to be the same as in the high-temperature approximation
considered in the next section.
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Continuous rotation in the high-temperature mode

The high-temperature approximation implies that the potential energy of a pulsating ratchet fluctuates with
coordinate and time such that the fluctuation amplitude is much less than the thermal energy ;7. This helps one
to obtain analytical representations for the average velocity of the ratchet in the general case of arbitrary forms
of those coordinate and time dependences [32—34]. The choice of the potential energy fluctuations in the form of

a spatially harmonic signal, i. e. as
w(x)=w, cos{%{% —Xoﬂ (11)

essentially simplifies the description. Then, assuming (11) and arbitrary functions u (x) and G(t) (with <c5( t)> =0)
in the additive-multiplicative potential energy (2), the average ratchet velocity can be represented as [35]

(v)= 2n( L jB3w§‘P(F]Im{uze4“”‘°}, 5= @

T(§]=S[fr@)+skfﬁikKf@)=fm5%(ﬂeSCK&(ﬂ=<cUo+rkﬂ%)% (12)

If Shx 2w
uqzz(.!.dxu(x)e -, kq=TC], g=0,%1,£2,....
L2
Here t,,= n is the characteristic diffusion time (D is the diffusion coefficient) over the potential energy peri-

od L, and K (s) is the Laplace transform of the correlation function K. (7), that depends on both the current
time ¢ and the inverse correlation time . Due to the spatially harmonic shape of the potential energy fluctua-
tions w(x), the average velocity of such a ratchet depends only on the second harmonic u, of the function u (x)
The importance of the result (12) is that, within the high-temperature approximation, it is valid for arbitrary
time dependences of potential energy fluctuations described by the function G(t).

Note that potential energy fluctuations in the form of a spatially harmonic signal were considered in referen-
ces [27; 36] to describe ratchets with a sawtooth and step function u(x) In this work, the function u((p) in-

cludes the HRP, and the function w((p) (see the expression (3) valid for dichotomous fluctuations of the angu-

lar variable) exactly corresponds to the spatially harmonic signal (11) with x=¢, L =2n, 27k, =@, — I

2
005{275(% — X H =—sin(¢ — @), and w,=pEsin@,. The second harmonic of the function u(¢) from equa-

2

tion (3) is equal to u, = —%, SO Im{uze4“i }‘0} = —%sin(%ﬁuo )= %sin(Z(pO ). Therefore, the expression (12)

for the average angular velocity of the rotational ratchet driven by the dichotomous fluctuations takes on the follo-
wing form:

Q:%BAUSZS‘P(gjsinchlsin&po. (13)

This result is valid for BAU <1 and € < 1. The angular dependence (both on ¢, and ¢,) coincides with the
asymptotic behaviour (10) obtained in the adiabatic approximation.

For symmetric stochastic dichotomous fluctuations with (c(#))=0, we have K. (t) =exp(-T't) and K- (s) =
=(I'+ s)fl. Thus,
r
s

w(gj[__;j; (14)

1+ —
s
The adiabatic approximation is valid for ' < s. Then s‘i’(gj ~I and
ngﬁAUs2 sinz(plsin2(p0. (15)
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If we characterise the average durations of the states of the dichotomous process by times t, and t_, then
the inverse correlation time is I' =" + t_'. For the symmetric process, 1, = t_and [' = e where t=1, + T_

is the average period of the process. Therefore, the expression (15) includes the same factor T ' as the expres-
sion (10) does; this distinguishes the average velocities in the adiabatic approximation. Expression (10) is
valid for a hopping rotation, when BAU > 1, while the expression (15) was obtained in the high-temperature
approximation with AU < 1. From the comparison of these expressions we conclude that the average angular
velocity is proportional to BAU at high temperatures, but it saturates as the temperature decreases, and the factor
BAU reaches . That is, for the hopping motion in the adiabatic approximation, the dependence of the average
angular velocity on the reorientation barrier AU disappears.

Let’s consider time-periodic (i. e. deterministic) fluctuations cs(t + r) = cs(t) with the period t. Due to the
periodicity, the function () can be expanded into a Fourier series:

o(t)=>.5; exp(—ioajt), ;=
J

Averaging over the period yields

@,Jeo,il,.... (16)

(o(r)) =1 ! dio (1) = 5,0,

K (1) :%jdtoc(to +1)o(ty) = Zo‘éj ‘2 exp(—io)jt), (17)
0 J#*

.2
© |G| o
\p(szwzu—f_ (18)
Here and in equations (16), (17) the parameter I = — is included in the definition of the frequencies ®.: o = E1“j .
T J J 2

From the expression (18) we can obtain \P(?j for a deterministic dichotomous process if we consider

a symmetric step function G(t) with the period t: G(t) =lfor0<t< % and G(t) =—1 for %< t<7. Then g, =
= L[l - (—l)j } and the summation in the formula (18) over odd j is performed analytically:
nj
‘I’(Ej —Lianh S — cosh2 5. (19)
s) s r r

In the adiabatic approximation I' < s, the approximate equality sV (gj ~ T is again satisfied and we return to

the expression (15). This means that in the adiabatic mode, deterministic and stochastic fluctuations lead
to the same result. This is explained by the fact that in this mode, the lifetime of each state of the dichotomous
process is much longer than the relaxation time t,, and, in each potential profile, the equilibrium state has time
to be established regardless of whether the dichotomous states are switched deterministically or stochastically.

We emphasise that the applicability of the formula (13), which contains the angles ¢, and ¢, representing the
average over the dichotomous fluctuations and the fluctuation amplitude, strictly speaking, is limited to the con-

sideration of a dichotomous process. At the maximum fluctuation amplitude ¢, = g, the values of the angles ¢,

and ¢_ differ by m. Therefore, we can assume that the magnitude of the electric field £ (t) itself, oriented at an
angle ¢ to the axis x, fluctuates. For a dichotomous process, E (t) =+FE. However, we can consider the general
case with £ (t) =F c(t), where G(t) is an arbitrary function of time, not necessarily equal to =1. For such a case,
the formula (13) will be valid for a non-dichotomous process, if we put sin ¢, =1 and sin 2@, = —sin2¢; in it.
As the simplest example of a non-dichotomous periodic process, let’s consider the sinusoidal periodic function

o(t)=sinw,z, in which the only term with j =1,

- 1 .
S, |2 =—, remains in the sum (18), so that
4
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(20)

e

Note that the low-frequency asymptotics of the expression (20) is quadratic in I, in contrast to the linear
asymptotics in (15) for adiabatic dichotomous processes.

Figure 2 represents the graphs of the function ‘P(gj calculated using relations (14), (19), and (20). The ar-

gument of this function determines the dimensionless fluctuation frequency, while the function itself is a factor
in the expression (13), and therefore determines the average angular velocity of the rotor in question. The inset
represents the low-frequency asymptotics, that are linear and coincident for the deterministic and stochastic
dichotomous processes while quadratic for the sinusoidal fluctuations. This clearly demonstrates the advantage
of the dichotomous process over the non-dichotomous one: the former provides much higher values of the ave-
rage angular velocity compared to the latter. The periodic fluctuations lead to the narrow bell-shaped curves

2
with maxima at ge (0.61—0.65) and the high-frequency asymptotics proportional to (%) . The stochastic

dichotomous fluctuations correspond to the wide «bells» with the maximum at gzl and the high-frequency

asymptotics s
=

0.5
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Fig. 2. The dependence of the factor ¥, which determines, according to equation (13),
the average angular velocity Q of the rotation ratchet, on the dimensionless fluctuation frequency —.
The curves 7, 2, and 3 correspond to the deterministic dichotomous, sinusoidal, s
and stochastic dichotomous fluctuations, given by equations (19), (18), and (13), respectively.
The inset details the low-frequency behaviour of the curves 7, 2, and 3

Discussion and conclusions

This article is the first to consider a rotational ratchet controlled by a dichotomous change in the orientations
of the applied electric field. The average angle ¢,, which describes the amplitude of the orientation fluctuations,

is an arbitrary-valued parameter, in contrast to the previously considered case with @, = g corresponding only to
the sign fluctuations of the electric field, i. e. to the angle between the orientations of the fluctuating field equal

to 1 [19; 20]. The ratchet effect is very sensitive to changes in parameters of the ratchet system, so the presence
of one more parameter always provides an additional control over the average rotation velocity. The performed
symmetry analysis showed that the ratchet effect is absent for an odd number of the wells of the HRP, as well
as for an even number of the wells, if the average angle ¢, of the fluctuating orientations of the electric field
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coincides with any symmetry axes of the HRP. The latter result can be associated with the well-known pro-
perty according to which the existence of the ratchet effect requires synchronous fluctuations of the depths of
the wells and the heights of the barriers of the periodic potential relief [3; 19]. Since the symmetry axes of the
HRP pass through its minima and maxima, the coincidence of ¢, with these orientations leads to fluctuations of
either only the depths of the wells or only the heights of the barriers. There are no synchronous fluctuations, and
therefore no ratchet effect.

Analytical expressions for the average rotation velocity have been obtained in the low-temperature and
high-temperature approximations. At low temperatures, when the thermal energy is much less than the reori-
entation barrier, the hopping rotation occurs. The description of this rotation is the simplest in the adiabatic
approximation, i. e. at low-fluctuation frequencies I, since in each of the states of the adiabatic process, equi-
librium has time to be established. It does not matter whether these states are switched deterministically or
stochastically. For the hopping motion, the relaxation time is determined by the inverse rate constant for over-

coming the barrier AU of the HRP, that, according to the Arrhenius law, is equal to k =k, exp[——iz ], where
B

k, 1s the characteristic frequency of the angular oscillations of the rotor in the potential well. Therefore, the

applicability of the adiabatic mode of the hopping motion is specified by the inequalities kg7 < AU and I' < k.

In this mode, the average rotation velocity Q is proportional to I' and independent of AU. The main ratchet

parameters are the average angle ¢, of the field orientations and the amplitude ¢, of the orientation fluctua-

tions, as well as the dimensionless electric field strength & = M—, which can take arbitrary values. Note that

the hopping rotation can be considered outside the adiabatic approximation as well, at frequencies I” satisfying
k < I'< k. Then Q will depend on both AU and the mechanism of switching the states of the dichotomous
process, and the value of Q2 will saturate with the growth in I" and be limited in order of magnitude to the va-
lue of k (this follows from the general description of the properties of flashing ratchets within the framework
of the kinetic approach [37]). For example, for the hydroxyl groups of an oxide surface, the values k at room
temperatures are of the order of 100 GHz [15], which is the upper limit of the rotation frequency of most rotor
systems [10; 11]. When I">> k, in the calculations of 2, one should take into account the intrawell motion, that,
when considered correctly, must lead to the general ratchet property: Q — 0 when I'— o [2].

Analytical expression (9), obtained for the average hopping-rotation velocity in the low-temperature ap-
proximation, and the corresponding families of the dependencies ¢, of the average velocity show that the

maximum ratchet effect is associated with large electric fields fluctuating in sign, i.e. with ¢ >1 and @, = uy

In this case, the width of the plateau, that means the largest velocity, is maximum when the average angle ¢, of
the fluctuating orientations of the electric field is the bisector of the angles of the symmetry axes of the HRP,

Le @,= g, and the fluctuations of the barriers and wells of this potential are most correlated.

The high-temperature approximation assumes that the thermal energy is much greater not only than the
reorientation barrier of the HRP, but also the interaction energy of the dipole rotor with the electric field £,
i.e. € <« 1. Therefore, the angular dependence of the average rotation velocity (13), obtained in this approxima-
tion, coincides with the dependence (10), obtained for the adiabatic hopping motion at € <« 1. The difference is

that the expression (13) contains also the small factor AU and the function ¥ g which distinguishes sto-

chastic and deterministic dichotomous angular fluctuations outside the adiabatic approximation. At the maximum
amplitude of dichotomous angular fluctuations (¢, = g), one can replace these fluctuations by arbitrary-time

dependences of the electric field £ (t) with <E (t)> =0, oriented at the angle ¢ to the axis x. Then the formu-

la (13) with @, :g and @, =@, — g will be valid for arbitrary fluctuations £ (t)

The performed analysis of the dependence of the average rotation velocity €2 on the type of electric-field
fluctuations showed that the low-frequency asymptotic behaviour of the velocity is proportional to the fluctua-
tion frequency I for a dichotomous process with a jump-like change in either the magnitude or direction of
the field. For continuous changes in the field strength with time, the low-frequency asymptotics of the velocity
is proportional to the fluctuation frequency squared. Deterministic fluctuations lead to a bell-shaped frequen-
cy dependence Q(F), the width of which is much narrower than that for a stochastic dichotomous process.
The high-frequency asymptotics of the velocity is proportional to I' for the deterministic fluctuations and to
"' for stochastic ones. Both frequency dependences tend to zero in the high-frequency limit, as it should be
for ratchet systems.
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