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NMPABUNA /11 ABTOPOB

XypHan ny6nukyeT Ha pycckOM 1 aHTMACKOM
A3blKaX HayuyHble CTaTbi MO QU3NKe, COAepXa-
LyMe HOBble pe3ynbTaTbl MCCIEAO0BAHUMA, CTaTbit
yuebHO-MeTOANIeCKOro XapakTepa, CoAepXalLue
WHHOBALMOHHYI0 KOMMNOHEHTY, CTaTbit MO MeTo-
JONOTNKN Pa3fenos GU3NYECKOil Hayku, CTaTbu,
OTpaXarowyme XPOHMKY HayuHbIX MeponpusTii
11 BaXXHbIX COOLITII B XIU3HW $U3NUYeCKoro co06-
LjecrBa.

Martepuansi, paHee OnybnMKoBaHHble WM
npezcTaBneHHble Ang nybaukawum B apyrue xyp-
Hanbl, K PacCMOTPEHUIO He NpUHUMAlOTCA. Pe-
KOMeHfiyeMblii 06beM CTaTbit — A0 25 CTpaHmy
TeKCTa, BK/0Yask PUCYHKM, TabAULIbI ¥ CICOK NIN-
Tepatypbl. Ha pycckom s3bike CTaTb COAEPXKUT:
YK, 3arnaswe, nHuLmanbl v Gamuanm aBTopos,
Ha3BaHMe X MecTa paboTbl, 3NeKTPOHHbIN agpec
aBTOPOB, aHHoTaLmio (200-250 cnoB), KNoYeBble
CN0Ba, TEKCT, 6NaroAapHOCTY 1 CCbINKN Ha rpaH-
Tbl, CIUCOK IUTEPATYPbI.

Ha aHrnniickom s13bike Heobxogumo npogy6-
NNpoBaTb: 3arnasue, MHULMaNbI (MIMS — NOSHO-
CTb0) 1 GamMunKM aBTOPOB, CTPYKTYPUPOBaHHYI
aHHoTaumo (250-600 cnoB), KKueBble C10Ba,
cnucok nutepartypel (references). fing kaxgoro
asTopa yka3atb ORCID.

TekcT AOMKeH ObITb HabpaH M HaneyvaTaH
yepes 1,5 uHtepBana Ha bymare dopmara A4 ¢ no-
nsmu 2,5 e, wpuet Times New Roman, pasmep
wpndra Tekcra - 14,

TekcT cTaTbit OMXKEH 6bITb NOANMCAH BCEMU
asTopamu.

XypHan nybankyet Kpatkue coobujeHms —
HebonbLuMe MO 06beMy CTaTbi, KOTOpble UMeKT
6e3yCnoBHYH HOBU3HY 1 3HAYUMOCTb. ITH CTaTbi
ny6nukyrTCs B KOpoTkie cpoku. 06bem KpaTko-
ro o06LieHns orpaHnyeH 10 MaLIMHONNCHBIMK
cTpanmnuamu (14 kernem yepes 1.5 uxrepsana),
BKH0YAs PUCYHKM, TabauLpl M CMMCOK nuTepa-
Typbl. S13bIK CTaTbk ANS KPaTKOro coobLyeHns —
AHINNIACKKIA.

CTpyKTypa KpaTkoro coo6LLeHns Ha aHrnii-
CKOM 3bIKe: 3arnaBue, HULMANbI (MMS — NONHO-
CTbl0) 1 pamMunnK aBTOPOB, INEKTPOHHDIA appec
aBTopoB, aHHoTaLus (100-200 cnos), Knoyesble
CN0Ba, TEKCT, 6NaroAapHOCTI 1 CCbINKK Ha rpaH-
Tbl, CUCOK NUTepaTypbl. [N KaXpjoro asTopa
HYXHO yka3aTb ORCID. Ha pycckom fisbike Heob-
XOAMMO NpoAybaMpoBaTh 3arnasue, MHULMANDI
1 Gamunum aBTopoB, Ha3BaHue X MecTa paboTbl,
3N1eKTPOHHbII afpec aBToPOB, aHHOTALWIO, KAt
yesble (108, YAK.

Bce pykonucu, nocTynuBLLKe B peAKOANero
W COOTBETCTByHOWWME NPOGUAK XypHana, mpo-
XOAAT peLeH3npoBaHme, a 3ateM peaKoanerns
NPUHUMAET peLLieHine 0 BOIMOXHOCTY UX ony6u-
KOBaHUs.

Mnata 3a nybAMKaLMto pyKonuceii He B3MMaETCA.
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MUTbCA Ha caiiTe ypHana: http://fizika.sgu.ru

Appec peakonneruu cepum: 410012, Capatos,
yn. ActpaxaHckas, 83, CIY umenn H.T. YepHbiwes-
ckoro, MHcTuTyT Pusnkn

Ten./¢akc: +7 (8452) 52-27-05

E-mail: fizik@sgu.ru

Website: https://fizika.sgu.ru

CONTENTS

Scientific Part

Radiophysics, Electronics, Acoustics

Mazinov A. S., Padalinsky M. M., Boldyrev N. A., Starosek A. V.
Simulation of scattering properties of modular metasurfaces
in the 16-25 GHz range and comparison with experimental results

Optics and Spectroscopy. Laser Physics

Konyukhov A. I., Melnikov L. A. Phase-sensitive amplification
of an optical signal in the modulation instability sidebands
with single-frequency pump

Biophysics and Medical Physics

Selifonov A. A., Rykhlov A. S., Tuchin V. V. Ex vivo study of the kinetics
of ovarian tissue optical properties under the influence of 40%-glucose

Khivintsev Y. V., Vysotskii S. L., Dzhumaliev A. S., Filimonov Y. A.
Assessment of spatiotemporal heterogeneity of two-dimensional images
on the example of photoplethysmograpic imaging of hemodynamics

Verveyko D. V., Verisokin A. Yu., Lagosha S. V., Brazhe A. R.
Competitive bidirectional pathways of vascular tone regulation
via arachidonic acid metabolites

Mordovina E. A., Berdenkova V. A., Bakal A. A., Tsyupka D. V.,
Kokorina A. A., Podkolodnaya Yu. A., Goryacheva 0. A.,
Goryacheva I. Yu. Fluorescent nanosized PAMAM dendrimers:
One-step formation of a bright blue fluorophore on terminal groups
and its optical properties

Physics of Atomic Nucleus and Elementary Particles
Gontchar I. 1., Chushnyakova M. V., Khmyrova N. A.
Systematics of the Coulomb barrier characteristics resulting
from M3Y nucleon-nucleon forces for reactions with heavy ions

Physics of Condensed Matter

Davidovic M. V., Glukhova 0. E. Correlation relations for graphene
and its thermal radiation

Nanotechnologies, Nanomaterials and Metamaterials

Koronevskiy N. V., Inozemtseva 0. A., SergeevaB. V.,

Ushakov A. V., Sergeev S. A. Investigation of the process of recrystallization

calcium carbonate microparticles grown on polycaprolactone nanofibers
using scanning electron microscopy and x-ray diffraction

Methodological Part

Tsoy V. 1. Irreversibility of time and reversibility of motion
in dynamic equations of physics

102

112

120

128

141

150

157

167

179

188



W3B. Capar. yH-Ta. Hos. cep. Cep.: ®usuka. 2023. T. 23, Bbi. 2

B

PEAAKLLWOHHAA KOJUTEr A XXYPHANA
«WU3BECTWA CAPATOBCKOIO YHUBEPCUTETA. HOBAS CEPUA.
CEPUA: DU3NKA»

TnaBHblii peaktop

KopoHoBckuit Anekceii AnekcaHapoBuy, AOKTOp Gu3.-mat. Hayk, npodeccop (Capatos, Poccus)
3amecTuUTeny rnaBHoro pefakropa

TyunH Banepwii Buktoposuy, soktop ¢pu3.-mar. Hayk, un.-kopp. PAH (Capatos, Poccus)
Hukutos Cepreii AnonnoHoBuY, JOKTOp Gu3.-Mat. HayK, akafemuk PAH (Mocksa, Poccust)
OTBeTCTBEHHbIIi CeKpeTapb

Ckpunanb AHatonuii Bnagumuposuy, goktop ¢pus.-mat. Hayk, npodeccop (Capatos, Poccus)

UneHbl pefiaKL{MOHHON Konerum:

Axukun Banepuii Muxaiinouu, fokTop Gu3.-mat. Hayk, npodeccop (Capatos, Poccus)
babkoB Jles Muxaiinosuuy, foktop ¢pus.-mat. Hayk, npodeccop (Capatos, Poccis)
BagmsacoBa TaTbsiHa EBreHbeBHa, AokTop $u3.-Mat. Hayk, npodeccop (Capatos, Poccus)
Benur Cepreii bopucosuy, goktop ¢u3.-mar. Hayk, npodeccop (Capatos, Poccus)
Bunuukuin Cepreii Unbiy, goktop dus.-mat. Hayk, npodeccop (AybHa, Poccus)

l'opoxoB AnekcaHzp Buktoposuy, okTop pu3.-mat. Hayk, npodeccop (Camapa, Poccus)
[Nlasupgosiuy Muxaun Bnagumuposuu, joktop ¢pus.-Mar. Hayk, npodeccop (Capatos, Poccus)
[Dtobya ApHo, Ph.D., npodeccop Yrusepcuteta Mapux-Cakne (CeHt-06eH, ®paHuus)
3axaposa AHHa CepreeBHa, JokTop Hayk no du3uke (Dr. Habil), npodeccop bepauckoro
TeXH1ueckoro yHusepcureta (bepaut, lrepmanus)

Napwuu Knpunn Bnagummnposuy, foktop Gu3.-mat. Hayk, npopeccop XbHCTOHCKOro
yHuBepcuteta (XbtoctoH, CLLA)

MenbHukoB Jleonng Apkagbesny, Joktop ¢us.-Mar. Hayk, npodeccop (Capartos, Poccus)
Mogenbckuii Nocnd, Ph.D., npodeccop Bapiuasckoro TexHonoryeckoro yHusepcuTeta
(Bapwasa, Monbiwa)

Hedégos Vropb Cepreesuy, AokTop Gu3.-Mat. HayK, CT. Hayy. COTPYAHUK YHUBEpcuTeTa Aanto
(XenbCnHKN, PUHNAHAMA)

Muporos KOpuit AHgpeesny, fokTop $pu3.-mat. Hayk, npodeccop (Mocksa, Poccus)

CepbuHo Pobepto, Ph.D., npodeccop Munanckoro yHusepcuteta (MunaH, Utanus)
Ckpunans AnekcaHap Bnagumuposuu, foktop ¢u3.-mar. Hayk, npodeccop (Capatos, Poccus)
Cyxopykos ['ne6 bopucouy, KaHaMAAT Gu3.-Mat. Hayk, npodeccop YHMBepcuTeTa
Koponesbl Mapuu (JlongoH, BennkobputaHus)

®unnmonos H0puin AnekcaHapoBiny, foKTOp $pu3.-MaT. Hayk, npodeccop (Capatos, Poccus)
Xne6uos Hukonait Fpuropbesiny, foktop $u3.-mart. Hayk, npodeccop (Caparos, Poccus)
Yurputos Bnagumup Fpuropbesuy, foktop ¢pu3.-mat. Hayk, npodeccop FoHr KoHrckoro
yHMBEpCUTETa Hayku 1 TexHonorum (Towr Kour, Kutait)

Lapaesckuii HOpwii MaBnosuy, fokTop $pu3.-mart. Hayk, npodeccop (Capatos, Poccus)

EDITORIAL BOARD OF THE JOURNAL
“IZVESTIYA OF SARATOV UNIVERSITY. PHYSICS"
Editor-in-Chief - Aleksey A. Koronovskii (Saratov, Russia)
Deputy Editors-in-Chief — Valery V. Tuchin (Saratov, Russia))

Sergey A. Nikitov (Moscow, Russia)
Executive Secretary — Anatoly V. Skripal (Saratov, Russia)

Members of the Editorial Board:

Valery M. Anikin (Saratov, Russia) Igor S. Nefedov (Helsinki, Finland)
Lev M. Babkov (Saratov, Russia) Leonid A. Melnikov (Saratov, Russia)
Roberto Cerbino (Milan, Italy) Joseph Modelski (Warsaw, Poland)
Vladimir G. Chigrinov (Hong Kong, China) Yuri A. Pirogov (Moscow, Russia)

Michael V. Davidovich (Saratov, Russia)
Arnaud Dubois (Saint-Aubin, France)
Yuri A. Filimonov (Saratov, Russia)

Yuri P. Sharaevsky (Saratov, Russia)
Alexander V. Skripal (Saratov, Russia)

Alexander V. Gorokhov (Samara, Russia) Gleb B. Sukhorukov (London, UK)
Anna S. Zakharova (Berlin, Germany) Tatyana E. Vadivasova (Saratov, Russia)
Nikolai G. Khlebtsov (Saratov, Russia) Sergey . Vinitsky (Dubna, Russia)

Kirill V. Larin (Houston, USA) Sergey B. Venig (Saratov, Russia)

N

I\

4 N\

r_/ - ./ .
PEOAKUWOHHAS
KOJUIErnA




Ny

W3B. Capar. yH-Ta. Hos. cep. Cep.: ®u3uka. 2023. T. 23, Bbin. 2

N

Ve

L%%J

HAYYHbIN
OTOEN

PAAVNODU3UKA,
INEKTPOHUNKA, AKYCTUKA

W3sectua CapatoBckoro yHuBepcuteta. Hoas cepus. Cepus: ®usmka. 2023.T. 23, soin. 2. C. 102-111
Lzvestiya of Saratov University. Physics, 2023, vol. 23, iss. 2, pp. 102-111
https://fizika.sgu.ru https://doi.org/10.18500/1817-3020-2023-23-2-102-111, EDN: SXWPVG

HayuHaq ctatbsl
YAK 537.874

MoaenupoBaHue paccemBaloLLUX CBOWUCTB
67104HbIX METanoBepXHOCTEN

B Anana3oHe 16-25 [Ty u cpaBHeHMe

C 3KCnepUMeHTaNIbHbIMU pe3ynbTaTaMm

A. C. MasnnoB™, M. M. Naganunckwii, H. A. bonpbipes, A. B. Crapocek
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AHHOTauMA. MeTanoBepXHOCTM — 3T0 MOBEPXHOCTM, COCTOSLME M3 NEMEHTapHbLIX pe3oHaTo-
poB, nepeusnyvatowux nagatowme sonHbl CBY-guanasoHa. ismenss napamerpbl 1 pasmelLeHune
3TUX Pe30HATOPOB, MOXHO HACTPaMBATb NEKTPUYeCKue CBOIACTBA METanoBepXHOCTEN B LieNoM.
3710 N03BOASET NOAYUUTL PAA NPAKTUYECKM BAXKHBIX XapaKTepUCTUK, TPYAHOAOCTUXMMBIX Npu
NCNOMb30BaHMN 06bIYHbIX 0CNABASIOLLYMX NOKPLITHIA, U NOTOMY NEPCEKTUBHBIX B 33ja4aX 3KpaHu-
POBaHWS 3N1EKTPOHHBIX YCTPOICTB 1 0CnabneHns oTPaXEHHOro curHana. MockonbKy BO3MOXHBIX
KoHUrypaLmii pe3oHaTopoB MHOTO, ANS 3IGGEKTUBHOrO CPaBHUTENbHOTO aHaN3a HeobXoANMbI
YMCneHHble 3KCnepuMenTbl. 06beKTOM JaHHOrO UCCNe0BAHNS SBAAIOTCA METanoBepXHOCTH, CO-
CTOSILLYME M3 MONOCKOBBIX NPSIMOYFO/bHBIX PE30OHATOPOB, PACMONOXKEHHBIX HA AN3NEKTPUYECKOI
MOANOXKE B LIAXMATHOM NopsAKe B ABYX KOHQUrypaLusx. 3ajaveil uccnefosanms 6bino no-
NyyeHne guarpamm paccesiHns B YMCIEHHLIX 3KCMEpUMEHTax W CpaBHeHWe WX C peanbHbIMu
CTPyKTYpamu.

B pa6oTe npoBoAMTCA KOMNbIOTEPHOE MOAENMPOBAHME B3aUMOAEICTBUS MeTanoBepXHO-
creit ¢ CBY nonem, ¢ nocneayioLuM CpaBHeHMeM C pe3ynbTaTaMin 3KCNepUMeHTa C peanbHbIMM
cTpykTypamu. fins mogennposanns mcnonb3osancs naker CST Studio ¢ ucnonb3oBanvem time
domain solver. PacuéTbl npoBoAMANCL ANS HECKOIbKMX YacToT B AManasoHe 16-25 [Ty,

MonyyeHHble pe3ynbTaThi MOKa3bIBAKOT, UTO BEANUNHA HOPMaNbHOI COCTaBAAIOLei OTpa-
)KEHHOIA 3NeKTPOMArHUTHON BOAHbI NafaeT Npu NPUOAMKEHUN YaCTOTbI NAAAMLLEr0o U3NyYeHns
K pe30HaHCHOIA. Takoke HabNIOAAKOTCA HOKOBBIE JIENeCTKH, BENYNHA KOTOPbIX 3aBUCHT OT YacToTbI.
[JlnarpamMmbl paccesHms, nofyyeHHble Ha peanbHbIX 06pasLiax, MOKa3bIBAKOT Te e XapaKTepHble
0CO6EHHOCTH, @ UMEIOLLMeCs Pa3ANYINA 06BACHAIOTCS PU3NUECKUMU 0COBEHHOCTAMMU NPUEMHON
aHTeHHbI, a TakXe Hanuurem JUdPaKLMOHHBIX ABNEHWI.

06e paccMoTpeHHble CTPYKTYpbl MPOAEMOHCTPUPOBAN BbICOKME MOKa3aTenu paccesHus
najaroLLeii BOSIHbI, UTO HArNSAHO AEMOHCTPUPYET NepepacnpejeneHine LIeHTPanbHoro nenectka
Ha junarpammax. CpaBHeHme NoKa3ao, YTo NPOMOAENNPOBAHHbIE METACTPYKTYPbI UMEHOT CXOXKUe
TeHAEHLIMN C 3KCNEePUMEHTaNbHLIMU JUarpaMmami.

Kniouesble cnosa: KOMMbIOTEPHOE MOAeNupoBaHue, naket CST, AnarpamMma paccesHus, 3neKTpo-
MaruuTtHoe none, CBY, meTanoBepxHoCTb, 3NEKTPOMArH1THbIE BOMHbI

© MasuHos A. C., MaganamHckui M. M., bongbipes H. A.,
Crapocek A. B., 2023
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Abstract. Background and Objectives: Metasurfaces are coatings consisting of elementary resonators that reemit incident UHF electromagnetic
waves. By varying the parameters and arrangement of these resonators, it is possible to tune the electrical properties of the metasurface as
a whole. This produces a number of practically important characteristics that are difficult to achieve with conventional attenuation coatings,
and therefore prospective in the tasks of shielding of electronic devices and attenuation of the reflected signal. As there are many possible
configurations of resonators, numerical experiments are needed for an effective comparative analysis. We investigate metasurfaces consisting
of rectangular stripline resonators arranged on a dielectric substrate in a checkerboard pattern in two configurations. The aim of the study is to
obtain scattering diagrams in numerical experiments and compare them with real structures. Materials and Methods: In this paper a computer
simulation of the interaction of metasurfaces with the microwave radiation in open space is carried out using the CST Studio package with a
time domain solver. Calculations were performed for several frequencies in the range of 16 to 25 GHz. Experiments were then carried out
with real structures at the same frequencies, using a bistatic method of measurements. The structures, with single resonators measuring 2 x
x 4.2 mm matching the frequency range, consisted of etched copper-plated FR4 sheets overlaid on a metal plate. Results: The results show
that the value of the normal component of the reflected electromagnetic wave decreases as the incident frequency approaches the resonance
frequency. Also, side lobes, with a frequency-dependent magnitude, are observed. The scattering diagrams obtained with real samples show
the same characteristic features with differences caused by physical particularities of the receiving antenna as well as the presence of diffraction
effects. Both structures examined have shown high incident wave scattering, which is clearly indicated by the redistribution of the central lobe
in diagrams. Comparison has shown that the simulated metasurfaces have similar patterns to the experimental diagrams. Conclusion: The
comparative analysis has demonstrated a satisfactory fit of the simulation to the experiment. Further studies with structures of this type are
planned in the future. It may be noted that the CST Studio package has worked well and will be used in future studies.

Keywords: computer simulation, packet CST, scatter diagrams, electromagnetic waves, microwaves, metasurfaces
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Beepenme WCTIO/Ib30BaHHUU OOBIUHBIX OC/IAOMSIONUX TTOKPhI-

MetanoBepxHocTy (MIT) — 0cobble CTPYKTYPHI, TWH, HarnpyMep, CMOCOGHOCTE JAHHBIX CTPYKTYP

TIPeZICTaB/ISIOIHe COOO0M TIOBEPXHOCTH, COCTOSIIEe
W3 3/IeMeHTapHbIX Pe30HaTOPOB PAa3/IMUHOrO THIIA,
KOTOpbIe Mpu B3aumo/ietictBuu ¢ CBU auarazoHom
Teper3/yyaroT Tajlarole BOJIHBI OTpe/e/ieHHbIM
obpasom [1-3]. VI3MeHsisT OTHOCUTE/NBEHYIO OpHeH-
Tal[MI0 3a30POB WJ/IM CMeILeHUs] COCeHUX L[EHTPOB
MHOTOCJIOWHBIX aHW30TPOMHLIX CTPYKTYP, MOYKHO
HaCTPOUTh B3aMMOJEHCTBUA OIVDKHErO TMOJIST MEX-
Iy HAMH, YTO OyZeT BAMATH Ha KOHEUYHbIe CBOWM-
CTBa MeTaroBepXHOCTH B uenoMm [4-6]. Vcrnonb-
30BaHHe [IaHHBIX CTPYKTYP ITO3BOJISIET TIO/YUYHUTh
psifi TIDAKTUYECKH Ba)KHBIX XapaKTePUCTHK, KOTO-
pble B HEKOTOPLIX C/TydasiX TPYAHOAOCTYDKUMBI TTPU

Paanogm3nka, INEKTPOHNKa, aKyCThKa

K (hOpMUPOBAHHIO OTPHULIATENBHBIX 3JIEKTPHUECKIX
Y MarHUTHBIX TIPOHUIIAEMOCTelH, KOTOphIe BO3HUKA-
10T BCyieficTBHe dddeKTa JeCcTPYKTUBHOM UHTepde-
peHuuu [7, 8].

Kpome Toro, MIT 06/1a/jal0T KOMITaKTHOCTHIO,
BBICOKOW BapUaTMBHOCTBIO MX KOMOWHAI[UH, a Tak-
Ke HU3KOU CTOMMOCTBIO U MPOCTOTOM U3rOTOB/IEHUS,
yTo 00YyC/OBNMBAaeT WX OOJBINYIO MOMY/ISAPHOCTh
B miociiegHee Bpems [2, 9].

OObeKTOM Halllero HCC/Ae[OBaHUSI CTamd Me-
TarlOBepXHOCTH, COCTOSII[He W3 TIOMOCKOBBIX pe-
30HaTOPOB, PAaCIOJIOKEeHHBIX Ha [JU3/eKTpHUYeCKOi
TIOZJIOKKe. B KauecTBe MeTofia UcceoBaHus ObLIO
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BLIOpPAaHO KOMIIBIOTEPHOE MOJIeNMPOBaHHe C [aJlb-
HeMIlIMM NpoBeJeHreM 3KCIepyUMeHTa U CONOCTaB-
JIeHWeM TO/MyYeHHbIX pe3y/nbTaroB. Llenb Haiei
paboThl — TO/yueHHe AWarpaMM pacCesiHUs [ist
TpeJCTaB/eHHbIX MeTaCTPYKTYP.

1. MpUHLMN NOCTPOEHNA aHU3OTPOMHbBIX
MeTanoBepXHOCTel

[Ipu co3gaHMK TOMOMOTWM MeTaroBePXHOCTHU
ObLT UCTI0/b30BaH OJIOUHBIN MPUHLMI (HOPMHUPOBa-
HUs Marpuibl MII, yacTHBIM CiydaeM KOTOPOTO
u sBrisitoTcst MIT ¢ pa3/mMuHbBIME OpUEHTAaLUSMHU Jie-
MEeHTapHbIX [POBOAALIMX PE30HATOPOB. J/IeEMEHThI
MaTpUIlbl pacroJiaraloTcsi MmoovyepesHO B IIaxmar-
HOM mopsifke. Tem cambiM HabGOpbI M3 YeThIpEX
PacIio/iararoluXcs PsifioM J1IeMeHTOB (POPMHUDPYIOT
Mexy coboli «rpoTuBodasHbie» 6ioku. Takas cxe-
Ma pacroyIoKeHUsI sueeK MaTpuifpl obecrieurBaeT
paboTy AeCTPYKTUBHOM UHTep(epeHLINH, UTO BeJeT
K 3aMEeTHOMY CHIDKEHHIO OTPa’KeHHOM OT CTPYKTYPbI
OM Bosnsl [10, 11].

st sKkcriepyiMeHTa ObIIM BhIOpAHBI ZiBa THIA
MoJiesibHBIX cTPYKTYp (MC): 1) BepTHUKanbHO U To-
PU30HTA/JILHO OpHeHTUpOBaHHble aurionmu (MC-1)
(puc. 1, a); 2) BepTUKa/IbHO U JUaroHaabHO (45° Brie-
BO) opHeHTHpOBaHHbIe gumnomm (MC-2) (puc. 1, 6).

BriieonvcanHeie MC  BBITIOJTHEHBI Ha TO[-
noxke FR-4 tomiuHol 1.5 MM, KOTopasi, B CBOIO
ouepelb, PACIONOKeHAa Ha MeTaJl/IMyecKod Iia-
cTuHe TomuHONM 1 MM. TosiuHa NPSMOYTO/IBHBIX
Pe30HaTOpOB U3 Meau cocTaBiasiia 16 MkM. Mar-
pUlLla MeTaroBePXHOCTH COCTOMUT U3 16 ofyHapHBIX
siyeeK, KakJasl W3 KOTOPbIX UMeeT pasmep 18X
%18 MM. KonuuecTBO BepTHKa/IbHBIX Pe30HATOPOB
Ha OIMHapHOW svelike paBHseTcs 9 IUT., a Ha Ha-
K/IOHHBIX — 7 1UT. HaK/IOHHBIE 3/1eMeHThI [TOBEPHY ThI
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Ha 45°. ['eoMeTpruecKue rapaMmeTpbl Pe30HATOPOB
2.0x 4.2 MM ObLTM BEIOPAHBI ICXOZSI U3 UeTBEPTHBOJI-
HOBBIX pa3mepoB i uactotel 20.5 I'T1, cpegHeit
JJ1s paccMaTpyBaeMoro juaria3oHa, U MpejcTasiie-
HBI Ha puC. 2.

MozenupoBaHe MeTarloBepXHOCTel MPOBOAU-
sock B makete CST Studio. [Ins pacueTa ucmonb3o-
BaJicsl « Berunc/iuTe b Bo BpeMeHHoM obnactu (Time
domain solver)» [12], koTOpHIif MOZe/TUPYET PaCIIpo-
CTpaHeHHe 3/1eKTPOMAarHUTHOIO M0JIsi BO BpeMeHU
Y npocTpaHcTBe. C ero NoMOLIbI0 PaCCUUTHIBAETCS
repefiaya 3HepPruu MeX/y MOpTamMW WU ApYyrUMU
WUCTOYHUKAMU BO36Y>KAEHUST WM CBOOOAHBIM TIPO-
CTpaHCTBOM. [JaHHBIN BBIYUCIUTENb TOAXOAUT ISt
MopenupoBanus OonbimHcTBa BY 3a7au: KOHHEK-
TOpOB, TOJIOCKOBBIX JIMHUM, aHTeHH M TpoYero,
M03BOJISIST TIOJYYUTh pe3y/bTaTbl BO BCEM YacCTOT-
HOM Juara3oHe 3a OJWH BbIYUC/IUTEbHBIM LMK/
¢ momoltipio npeobpaszoBanus @ypoe [13]. Takke
HaM HeoOXOZMMO OBbIJIO YUWUTHIBaTh OrpaHUUEHHbIE
BBIUMC/IMTE/IbHBIE PeCYPChI, IPONOPLMOHAIBHO 3a-
BUCSIIINE OT pa3MepOB CTPYKTYPHI.

Beruncsiurens Bo BpeMeHHOW 06s1acTH OCHO-
BaH Ha TeXHUKe KOHeuHoro uHTerpupoBanus (Finite
Integration Technique, FIT), koTopasi Tipe/icTaB/sieT
coboli cxeMy JUCKpeTH3al[i YpaBHeHUH MakcBer-
Ja ¥ ajroputMa ux peineHus [14-16]. [JaHHbIiA
nozxoy, siBfsieTcs: Oosiee OOLMM CiTyyaeM MeToja
KOHEeUHBIX Pa3HOCTel BO BpeMeHHOMW 00/1acTy U 3¢-
(dekTMBeH B MOJe/NUPOBAHUN 3/I€KTPOMAarHHUTHBIX
sieyieHU [17]. MogenvpoBaHue 371eKTpOMarHUTHO-
ro MoJjil TPOU3BOAUTCS C TPMMEHeHHeM IIollia-
rOBOM CXeMbl C IlepellarMBaHMeM, TaK Kak JaH-
HBIM MeTOoJ, MO/Ie/TMPOBaHMs OCTaeTCsl YCTOMUNUBBIM
B TOM CJ/ly4ae, KOrJa MCI10/Ib3yeMblid BpeMeHHOM 1ar
He TpeBbIlIaeT Tpejesia, KOTOPbIA HamnpsMyl CBSi-

6/b

Puc. 1. TIpomogenupoBaHHbie CTPYKTYphl: @ — MC-1; 6 — MC-2 (uBeT oH/aliH)
Fig. 1. Modeled structures (MS): a — MS-1; b — MS-2 (color online)
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Fig. 2. Structures’ dimensions, mm

3aH C MUHUMAJIbHBIM 11aroM CeTKU, UCII0/Ib3yeMOon
IUI1 AUCKpeTH3alyu npocTpaHcTBa. [TosTomy uem
TUIOTHEe CeTouHoe pa30ueHue, TeM MeHbILe UCITO0JIb-
3yeMblil BpeMeHHOH 111ar.

MogenupoBaHue Tporecca B3auMOEHCTBUS
OCYILeCTB/IS/IOCH TI0C/Ie[0BaTe/IbHO: CHayajga Mo-
nesib BO30Y>KAaeTCsl IIMPOKOTIO/IOCHBIM CUTHAIOM
BO BpeMeHHOW o00sacTy (rayCCOBCKMUA HMITY/IbC),
3aTeM paCCUMTHIBAETCSl OTK/IHMK CTPYKTYPHI BO Bpe-
MeHHOU 06/1acTH (BBIXOJHOM CHUTHaI BO BpeMEHHOMH
ob/acTH) ¥ B KOHIle AJs TIOAydeHWs Oosiee TOU-
HBIX pe3y/bTaTOB B 33/laHHOM JWaria3oHe YacToT
BBITIO/IHSAETCS JUCKPeTHOe Tipeobpa3oBanre Pypee
Z71s1 BpEMEHHBIX CUTHAJIOB.

Hnsi moBeniierust 3G (heKTUBHOCTH W TOUHO-
CTH BBIYMC/UTENST ObUTM 3a[ieliCTBOBaHbI CJIeAYyIO-
1Me MeTOAbl amnmMpOKCUMALUM MOZEIU: TeXHOJOo-
rusi Perfect Boundary Approximation (PBA) [18],
MIpUMeHHMast B CJTydae JUCKpeTHU3aliiy TF00bIX Kpu-
BOJIMHEIHBbIX MoBepxHOCTel, a Takke Thin Sheet
Technique (TST) [19], ucnons3lyemasi mpu MoJeu-
POBaHMHU TOHKHX CTPYKTYp /MO0 Ke HarlblIeHHBIX
WK OCK/IeHHBIX TUIEHOK. YKa3aHHbIe TeXHUKH 1103~
BOJISTFOT M30€)KaTh BHICOKOH /IeTa/TU3alii CeTOYHOr0
pa30ueHust W, CIe[0BaTe/bHO, 00eCcreunBaroT Co-
KpallleHue BpeMeHH MOZIeTMPOBaHus, a Takxke bosiee
3¢ deKTUBHOE UCII0/Ib30BaHKe TIaMSITH.

15 MozieTupoBaHust OBLTN 3a/IaHbBI C/Ie[YIOIIe
rapameTpbl. YaCTOTHBIN AUana3oH COCTaB/si1 OT 16
1o 25 I'T'u. ITokazaHus CHUMaJIYCh B pa3HbIX TOUKaX:
[71s1 IepBoM CTPYKTYpbl Ha 21.3, 22.5 u 24.4 T'Ty;
anst Bropoit — 17.3, 20.6 u 22.2 TTu. Takoii BbI-
60p UacTOT OOBSACHSETCS TeM, UTO B TMPEbIAYLIUX
Halmx paboTax Ha 3Ty TeMy ObLIO BBISBIEHO, UTO
pasnmuuHble MIT 06/mafaroT cBoeli YHMKa/IbLHOW ua-

Paanogm3nka, INEKTPOHNKa, aKyCThKa

CTOTHOM XapaKTepUCTHUKOMW, 3aBUCSLLEN HarpsiMyro
OT TUIIa CTPYKTYPbl U TeOMeTPHUYECKUX Pa3MepoB pe-
3oHatopoB [20]. TTostomy asisi Gonee TLIATETBHOTO
HabmoieHNst U3MeHEeHUs VX TUarpamMM B TUHAMUKeE,
MBI BBIOpa/IM TPH XapakTepHBIE TOUKH: MaKCHMYM
MIPOXOXK/JEHUS, MUHUMYM IIPOXOXKAEHUS U yCpeJ-
HeHHOe 3HaueHUe, UYTO COOTBETCTBYeT BhIlleyKa3aH-
HBIM YacTOTaM.

B kauecTBe WCTOYHMKA HW3/yueHUs BbIOpaH
BOJIHOBO/IHBIY TIOPT, TpeAHAa3HaueHHbIN [/ Mojie-
JIMPOBaHHWSl BBOJ@ W BbIBOJA SHEPruM. ODTOT BUJ,
1opTa UMUTHPYeT OeCKOHEUHO /I/TMHHBIN BOTHOBOZ,
COeJVHEHHBbI CO CTPYKTYPOH, SIBIAACH OJHOBpe-
MEHHO Y MCTOYHUKOM BOJIHBI, U TIpUeMHUKOM. Ero
pa3mepbl 54x54 MM, pacCTOSHHWE [0 CTPYKTYPbI
90 mm (puc. 3). HecranzapTHble pa3Mephbl MopTa
ObUTH BBIOpAHBI UCXO/S U3 MAKCUMAJTbHOTO COOTBET-
CTBUSI HOPMUPOBOYHBIX 3KCITIEPUMEHTOB: OTPayKEHUS
Ha 3epKaJie U TIPOXOXK/IeHHs1 CBOOOIHOr0 MPOCTpaH-
CTBa.

Hanee ompegensuics Tun BosHbL. [lajaroras
BosiHa Oblyia 3a/laHa MJIOCKOU (pHcC. 4, CHU3Y), UMe-
ollell JIMHEeNHy Tosisipusanuio (puc. 4, cBepxy)
(BeKTOp HampspKEeHHOCTU 3/eKTPUUecKoro mossi E
napasuiesied ocu X (puc. 1), yron nazieHusi BOJHbI —
90°, T. e. mapaJsiiensHO ocu Z (cm. puc. 1).

[Tocse BBICTaB/IEHUSI OCHOBHBIX I1apaMeTpOB,
3ajlaeM TpaHUYHbBIe YC/IOBUSA AJisi DOKCa, BHYTPH KO-
TOpPOr0 HaxOAUTCS MOPT, UCC/efyeMas CTPYKTypa
U pacripocTpaHsieTcsi BonHa (puc. 5). B kauecte
TPaHUYHBIX YCJIOBHU OBITO BBICTABEHO OTKPBLITOE
MPOCTPAHCTBO (Open) BO BCeX MPOEKIUAX, TaK Kak
paHee Obla 3ajjaHa IUIOCKasl Majarolias BOJHA,
Y CaM 3KCIIePUMEHT TIPOBOAUJICS TaKXKe B OTKPLITOM
MPOCTPAHCTBe.
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Fig. 5. Box with specified boundary conditions
(color online)

2. lMonyyeHHble pe3ynbTaThl

[nst  moaTBep)KJeHUs1 MOJeNbHOTO  Mpef-
crapneHns MII ¢ 1axMaTHBIM 4YepeJOBaHUEM
3a/1efiCTBOBaHbI KCTIepUMeHTaIbHbIe 3aBUCUMOCTH,

HayuHbivi oTgen
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B

TOJIyyeHHble B XOfle SKCMepUMeHTa C peabHbIMU
CTPYKTypaMH B TaKUX Ke ycJoBUsiX. [lepBoHauasb-
HO BCS 3KCTlepUMeHTasIbHasi yCTaHOBKa HOPMHPOBa-
Jlach Ha TIPOXOXK/|eHHe CBOOOJHOrO TPOCTPAHCTBA
u orpakeHne ot BU-3epkana. Obe MeTacTpyKTypbl
B CpaBHEHUU C HOPMaJIbHbIM OTpa’KeHHEM OT 3ep-
KaJla rokasau oc/iabieHre 1{eHTPaIbHOTO JIerecTKa
He MeHee 50% (cM. Bpe3KW Ha puc. 6, a, 6). s
riepBoit Mogiesin MC-1 nosiyueHbl pe3y/ibTarhbl, pe[-
CTaBJIeHHbIe Ha pUcC. 6, a.

W3 nonyuyeHHbIX AYarpaMm BUHO, UTO BeJIMUU-
Ha HOpMaJIbHOM COCTaBJISIFOLel OTPa)KeHHOU 3J1eK-

TPOMarHUTHOW BOJIHBI TAZIaeT TPH TIPUOIDKEHUN
YacTOThl TIAZAIOIIero U3/IyueHUss K pe30HaHCHOM.
[ faHHOM CTPYKTYPhl Pe30HAHCHOM YacTOTOM SIB-
nsietcst 22.5 T'T [20]. Tlpy yBenWyeHHWH 4acCTOThI
CTereHb OC/a0yieHUs] TaflaeT, TeM CAMbIM YBeJu-
yuBas OTPAKEHHYH OT CTPYKTYphl BOJHY. Takke
MOXXHO YBUJETb, UTO JuarpaMmMa pacCesHUs [jis
3TOM CTPYKTYPBI MMeeT siBHble OOKOBBIE JIETIeCT-
KM, LIMPUHA KOTOPBbIX BapbUPYeTCs B 3aBUCMMOCTH
OT YacToThl. B yacTHOCTH, [71s1 pe30HaHCHOM YacTo-
ThI IMPHHA 6OKOBOIO JierecTKa cocTasiet 24°. Te-
11epb CPaBHUM /laHHbIEe C peasibHbIM 3KCIIePUMEHTOM
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Fig. 6. Scattering diagram for MS-1: a — simulation, b — experiment. Inset: comparison with a mirror at the frequency of 21.3 GHz
(color online)
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(puc. 6, 6). nsa momyueHUs 3KCIIEPUMEHTATBHBIX
KPUBBIX OBIT MCIIO/B30BaH METOf, OHCTaTHUeCKOro
M3MepeHHs 3aBUCUMOCTU YPOBHSI OTPaKeHHOTO M3-
JIyYeHUsI OT yT/Ia TPUEMHOU aHTE€HHBI.

MosKHO BHZIeTb, UYTO MOJe/b UMeeT Te >Ke Xa-
PaKTepHbIe 0COOEHHOCTH, UTO U peasibHbie 00pasibl,
a UMeHHO OOKOBBIe JiemecTKU C (PopMoOH, cxoxeit
C TeMH, uTO OBUIM TIO/MyuYeHbI TPU MOJE/TUpOBa-
HUM, U XapaKTep Crafia KprBoil. HauasmbHasi BEICOKast
MOIIIHOCTb, a TaK)Ke Ha/TMuKe W3/Iy4eHus B 001actu

ot 90° o 140° B 5KCIepUMeHTaIbHON Mojieni 00b-
SCHSIFOTCS (PU3UYE CKUMH 0COOEHHOCTSMU TPUEMHOM
aHTEeHHBI, a TAK)Ke Ha/TnureM JU(ppaKkIOHHbIX sIBIe-
HU, YTO MPUBOJUT K HAKOTUIEHUIO PAa3/TMUHOTO pofia
TOTpeIHOCTe.

PaccMoTpuM Temeph MOydYeHHBIE JUarpaMMbI
paccesiaus Ayt MC-2 (puc. 7, a).

Kak BUJHO U3 NOMyUeHHBIX Pe3y/bTaToB, HOP-
MaJibHast COCTABJISTFOILAsi OTPayKeHHOH BOJTHBI TaKXKe
raZiaeT TpU MPUOIKEHUH K pe30HaHCHON 4acTo-
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Fig. 7. Scattering diagram for MS-2: a — simulation, b — experiment (color online)
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B

Te, UYTO TOBODUT HaM O HAWIyULIUX IOKa3aTessx
ocabyieHyst Ha JaHHOM yacToTe. BemmumHa ob1iero
ocnabnenust ycrymaer obpasiy MC-1, Takke am-
TUIUTY/IA ¥ LIMPUHA OOKOBBIX JIETIECTKOB AI/IsI JAaHHOH
CTPYKTYPBI MeHblIIe OTHOCUTeNbHO MC-1.

B npakTHueckoM 3KcriepuMenTe Ha MC-2 6butr
TIOJTyYeHbI CJTe/Iytolve nanHeie (puc. 7, 6). BugHb
CXOXKHe C MOJie/ibl0 3aBUCUMOCTU. CTPYKTypa Tak-
ke 06siazilaeT GOKOBBIMM JIETIECTKAMH, a BeJIMUMHA
OTpa)KeHHOI B HarpaB/ieHUH HOpPMaad MOIIHOCTH
M3MeHsIeTCsI B 3aBUCUMOCTH OT YaCTOTHI Ta/Jalo1I[ero
n3nyuenns. CTOUT OTMETHTBb, UTO BelIWYMHA OC-
HOBHOTO JIeTleCTKa Ha pe30HaHCHOW uacrtore B 0°
obyajaeT HauOOJBIIIEH MOIHOCTHIO, UTO He CJie-
nyeT oOieldi TeHJeHLMW, ONHCAHHOW paHee. JTO
MOXKeT 00BSCHATBHCS YaCTOTHON 3aBUCUMOCTBIO M3-
JIyyarolieit ¥ IpUeMHOM aHTeHHBI, a TaKxe Audpak-
LIMOHHBIMU 3((eKTamMu B OTKPBITOM TPOCTPAHCTRBE,
CBSI3aHHBIMH C KOHEUHBIMHU pa3MepaMi CTPYKTYPHI
Y HeCOBEePLLIEHCTBOM SKCIIepUMeHTaTIbHOM yCTaHOB-
k. [Ipy cpaBHeHHWU MOZEIU C 3KCIepUMeHTaslb-
HBIMH [MarpaMMaMU CT@HOBUTCS SICHO, UTO Hau-
GosblIMM 0C/ab/eHreM pacCMOTPeHHasi CTPYKTypa
o0saziaeT Ha TOM >Ke Pe30HAaHCHOM YacTOTe U COTvia-
CyeTcsl C TOyYeHHBIMA MO/IeJTbI0 TaHHBIMHU.

3aKnioueHue

B xozie paboThl ObLIO MPOW3BENEHO MOJEIH-
pOBaHMe CTPYKTYpP C IIaXMaTHBIM uepeloBaHHEM
B /BYX KoHdurypauusx B mnakere CST Studio
U CpaBHeHMe HX C 3KCIIepUMeHTasbHO I10/yYeHHbI-
MM 3aBUCHMOCTSIMU.

OG6e CTPYKTYpHI POJIeMOHCTPHPOBAIN pacces-
HHe TaJaloIleil BOJHBI, YTO HAIVIAAHO AEeMOHCTDH-
pyeT nepepacrpe/ieieHe LIeHTPaJbHOIO JIenecTka
Ha JAuarpammax paccesiHus. CpaBHeHMe [IOKa3a-
710, UTO IIPOMO/Ie/INPOBaHHble MeTa/JIONI0BEPXHOCTH
HIMeIOT CXO)KHe TeH/IeHLIH C SKCIlepUMeHTalbHbIMU
Juarpammamu. Ocob6eHHO 3TO BH/HO I10 XapakTep-
HBIM TFIKaM 1 XapaKTepy CIajja KpUBBIX (pacxokze-
HHe T10/I0’KeHHsI TIMKOB 1 HaKJIOHAa KPUBBIX He Oortee
5-10°). OTauuust >Xe OOBACHSIOTCS (U3NUECKH-
MM 0COOEHHOCTSIMU TIPOBe/leHHs] IKCIIepUMeHTa —
TIOTPEIIHOCTSMH, BO3HUKAIOLIUMU BC/Ie[CTBUE BTO-
PUYHOTO TIepeu3/ydeHUss OT TPUEeMHOW aHTeHHB,
OOJBIIMM IIAroM W3MeHEeHHUs yIyia TIpUeMHOW aH-
TEHHBI TIPU CHATHY MOLITHOCTH, a TaK)Ke Ha/lHureM
I(PaKIMOHHBIX SBIEHUH B OTKPLITOM TPOCTPaH-
CTBe Ha camux 00pasrax, 4YTo TakKe TNPUBOAUT
K HaxoOIUIEHWIO Da3/IMuyHOro pojia MOrperIHOCTell.
MO)XHO OTMEeTHTb, UTO TPH MOJe/TMPOBaHUH TIpe-
cTaB/ieHHbIX MeTarnoBepxHocTeii maker CST Studio

Paanogm3nka, INEKTPOHNKa, aKyCThKa

TI0Ka3aJ/l pe3yJybTarhkl, OnmsKue K MO/Iy4YeHHBIM B XO-
Ile SKCTIepUMeHTa C peabHBIMU 00pasiiamu, u Oyzer
HCII0J/Ib30BATHCA HAMHU B ,E[af[bHEﬁ].HHX Hncciea0BaHn-
X B 3TOU 006/1aCTH.

B AaHbHEﬁMEM MVIaHUPYROTCA [OOIMOJJIHUTE/Ib-
HbI€ HWCC/I€40BaHWsA, HAIIDAB/IEHHLIE Had MO,E[I/I(I)I/IKEI-
LU0 PACCMOTPEHHBIX CTPYKTYP B LieJIAX y/IyUllleHUs]
X XdPdAKTEPHCTHUK. B TMepCrieKTUBe OHW MOT'yT
HalTH NMpYMEHEeHKE BO MHOTUX CUCTeMaX U TEXHOJIO-
TUsIX, TAKUX KaK CTe/IC-TeXHOJIOTUH, IKPAHUPOBaHHUE
3/IeKTPOHHBIX YCTPOUCTB U T. [I.
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AHHoTaLMA. MoAyNALMOHHAS HeyCTORYNBOCT IBASETCS PaCcnpOCTPaHEHHBIM SBNEHNEM B Gu3n-
ke HeNnHeiiHbIX BOH. [laHHbIA 3¢ GeKT NposABAseTcs B BUAE IKCMOHEHLMANLHOTO POCTa Masbix
rapMOHNYECKIX BO3MYLLEHMIA BOKPYT HecyLLeil YacToTbl BONHOBOTO NakeTa. [ins BO3HUKHOBEHS
MOZYNALMOHHOI HEYCTOIfUMBOCTM HEOOXOAMMO Hannume KybuYeckoi HeIMHeHOCTI 1 aHOManb-
HOW AnCnepcuy rpynnoBoil CKOPOCTK. B onTUueckux BONOKHAX C NEPUOANYECKUM U3MEHEHMEM
ANCNEPCN MOZYNSLIMOHHAA HEYCTORUMBOCTb MOXKET BO3HUKATh Kak B PeXMMe aHOMaNbHOIA, TaK
1 HOpPManbHOIi Aucnepcuu. B cTaTbe paccMOTPEH NPOLLeCC MOAYAALIMOHHOI HeYCTOIRYMBOCTM NpK
B3aMMO/EiCTBUM CUTHANLHOM BOMHBI, XONOCTOM BOHBI 11 MOLLHOI BOMHBI HaKauku. Moaynawus
ANCNEPCN NPUBOAUT K BOHWUKHOBEHMIO PE30HAHCHBIX NONOC ycunewus. Vx nonoxexue onpe-
Jensetcs NepuoAoM MOAynsLuM Aucnepcui. Ha 0CHOBE UNCIEHHOTO PelleHns YKOPOUeHHbIX
BO/IHOBbIX YPaBHEHWIi aBTOPaMM CTaTbil MOKa3aHO, YTO (a3ouyBCTBUTENLHOE yCUIEHME MOXET
Hab/1t04aTbCs B GOKOBLIX M00CAX MOAYNSLIMOHHON HeycToiiumBocTi. MapameTpuyeckuii Ko3g-
PULMEHT yCuneHns 3aBUCKUT Kak OT a3 B3auMOJEIACTBYIOLMX BOJH, TaK 1 OT dasbl MOAYNALMM
Ancnepcu. B 3aBUCUMOCTH OT COOTHOLLEHNS MeXAY azaMu peanusyetcs IM60 pexum ycunenms,
N160 pexuM 0cnabneHns cUrHanbHoil BoHbI. Takoi 3 GeKT no3BonseT ynpasaTb N0AOXKEHNEM
YaCTOTHLIX MOIOC OCAbNEHNS CUrHANa B MpPefjenax 0AHOI NoN0CkI MOAYNSLMOHHOI HeycToRum-
BOCTH. [oKa3aHo, YT NCMONb30BAHWE ONTUYECKIX BOJOKOH CO COXHBIM MPOdMIEM MOAYNSLMN
Ancnepcui no3sonseT GopMupoBaTh LIMPOKYI Nonocy ycunenns. B kadyectse npumepa pac-
CMOTPEHO BOJIOKHO C MOAYNALMel AMameTpa, onpesenseMoil cynepnosuumeii Tpex CMHYCONg
C pasnnuHoil amnauTyAoiA, Ga3oil u nepuogom mogynaumn. MokasaHo, 4to B Npegenax ofHoi
MONOCHI YCUNEHNS BO3MOXHO BO3HUKHOBEHIE HECKOMIbKUX Y3KMX M0NI0C 0CabneHns curHana. Mo-
NOXEHWe NoNoc 0CabneHns curHana onpegensieTcs Gpasamin B3aMMOeiiCTBYHOLLX BOJH.
Kntouesble cnoBa: Gpa3ouyBCTBUTENLHOE YCUNEHWE, ONTUYECKOE BOIOKHO C MOAYNsLeil aucnep-
MM, NapameTpuYecKuii yeunuTens
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Abstract. Background and Objectives: The use of optical amplifiers in optical communications systems is currently of great interest. An optical
signal can be amplified using semiconductor amplifiers, erbium or Raman amplifiers. Unfortunately, a linear laser amplifier adds spontaneous
emission noise to the signal, degrading the signal-to-noise ratio. The use of phase-sensitive parametric amplifiers allows increasing the signal-
to-noise ratio. Phase-sensitive amplifiers provide phase and amplitude squeezing that gives additional opportunities for signal regeneration and
coding. Phase-sensitive amplification can be realized using four-wave mixing in highly nonlinear fibers. The resonant frequency for the parametric
gain depends on the phase matching conditions for interacting waves. In real fibers, the resonant frequency is randomly shifted by fluctuations of
thefiber dispersion. Dispersion fluctuation leads to the degradation of the gain and narrowing of the gain bandwidth. Resonant frequencies for the
parametric gain can be extended using diameter modulation along the fiber length. Modulation of the fiber diameter gives rise to the modulation
of the fiber dispersion. Periodic variation of the fiber dispersion leads to the excitation of the multipeak modulation instability spectrum. The
signal wave can be amplified in modulation instability sidebands. Previous studies of the parametric gain in dispersion oscillating fibers are
focused on the phase-insensitive amplification. In the present work, the phase-sensitive amplification in modulation instability sidebands is
considered. Materials and Methods: We consider a truncated three-wave model for the parametric amplification of a continuous signal in the
presence of strong single-frequency pump wave and weak idler wave. The dispersion and nonlinearity coefficients are calculated for the highly-
nonlinear optical fiber with the W-shaped refractive index cross-section. Using numerical simulation, the gain coefficient for the signal wave was
calculated in the terahertz frequency detuning range. Both the sine-wave modulation and the multi-frequency modulation of the fiber dispersion
are considered. Results: We have found that the phase-sensitive amplification can be realized in high-order modulation instability sidebands.
Single-frequency pump is sufficient to excite quasi-phase-matching sidebands. The amplification or depletion of the signal wave depends both
on the individual phases of the interacting waves and on the phase of the dispersion oscillation. This effect makes it possible to manipulate
the position of the depletion bands within the modulation instability sidebands. Resonant frequencies of the modulation instability sidebands
depend on the modulation period. But the gain bandwidth depends on the type of modulation. Multifrequency modulation allows extending the
gain bandwidth. We have found that high-order modulation instability sidebands can contain several narrow depletion bands, which frequency
depends on the phases of the interacting waves and the phase of the dispersion oscillation. Conclusion: Modification of the phase-matching
conditions in optical fibers with a variable dispersion allows improving the performance of parametric amplifiers. We have proposed the use of
dispersion oscillating fiber for the generation of a comb of multiple spectral sidebands with phase-sensitive gain. When compared with the other
possible schemes such as phase matching induced by the fourth-order dispersion coefficient, we expect that our proposed technique is more
tolerant with respect to the longitudinal stochastic fluctuations of the fiber properties.

Keywords: phase-sensitive amplification, dispersion oscillating optical fiber, parametric amplifier
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BeegeHue HBIX (OTOHOB [4], MOCKONBKY COOCTBEHHBIE IIIYMBI

OnTOBOJIOKOHHBIE TTapaMeTpUUecKue yCUIuTe-
71 00/1a/1a10T BBICOKUM KO3((MHUI[MEHTOM yCHTIEHHS],
HU3KMM YDOBHEM IIyMa U MOTyT paborarb B a-
30uyBCTBUTEBLHOM pexkume [1-3]. Mcrmonb3oBanue
(hazouyBcTBUTENBHBIX yeumuTened (OUY) B KBaH-
TOBBIX CHCTeMax repejaur UHGOpMaLUy M03BOJISeT
TIOBLICUTB 3 ($EeKTUBHOCTD [1eTeKTUPOBAHUS OT/IeJTb-

OnTVKa M CreKTPOCKOMNMS. JlasepHas (m3mnka

y TaKOro yCHUUTeNsI OTCYTCTBYIOT. OHUM U3 BaK-
HbIX mpuMeHeHuit @UY sBisieTcs pereHeparusi
(ha3zomMOyTMPOBaHHBIX CUTHA/NOB B Te/EKOMMYHU-
KaI[MOHHBIX CHCTeMax [5].

HenocratkoM ONTOBOMIOKOHHBIX —YCUIWTeNEi
SIBJISIETCS CJIOKHOCTH COTJIacOBaHUs (pa3 B3auMo/ei-
CTBYIOLMX BOJIH [6]. YcioBusi (pa3oBOro CUHXPO-
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HH3Ma 3aBUCAT OT (pyKTyaluil JuameTpa BOJIOKHA
[7]. W3-3a dnykryauuii AvameTrpa BOJIOKHA JMC-
niepcusi rpyrioBou ckopoctu (AI'C) u 3ddekrus-
Hasi HeJIMHEMHOCTb W3MEHSIIOTCS IO [JIMHe BOJIOK-
Ha. PnyKTyanus JUcrepcuyd OrpaHUYMBaeT I0J0Cy
ycuienus. [IpeososieTb 5T0 orpaHUueHUe BO3MOXK-
HO C WCIO/b30BaHUEM IepUOUYeCKOH MOAY/IALMU
JuameTpa BOJIOKHAa. Ha pe3oHaHCHBIX 4YacToTax,
orpe/ie/isieMbIX YC/IOBUSIMU UYeThIPEXBOTHOBOTO KBa-
3UCHHXPOHH3Ma, BO3HUKAIOT TI0JIOCHI MOZIY/SALU-
oHHOH HeyctoiunBoctr (MH) [8]. Bo30yxgenue
6okoBBIX TI0T0C MH TIpU yCU/IeHUH CITIOHTaHHOTO
1IyMa TNpoJieMOHCTpYpoBaHo B [9]. Ycunenue cur-
HaJIbHOW BOJTHBI B TIOJIe MOIIJHOW BOJTHBI HaKaukKu
npoJeMoHCTpUpoBaHo B pabore [10]. ITapamerpu-
YyecKoe yCHUIeHHe TOJsi CUrHasa B OOKOBOH Iosioce
MH He orpaHWYMBaeTCs OOBIYHBIM C/IydaeM Tiapa-
MeTPHUYeCKOro yCU/eHHsl B BOJIOKHE C aHOMasbHOU
Jucnepcueld. Bo3aMoXXHO Takke ycuieHWe CUrHaslb-
HOM BOJIHBI HaKaukoM, HaxXOZsIleics B peXume
HOpMaJibHOM gucnepcuu [11].

ITpouecc MH siBisieTcst IPUMEPOM BBIPOXK/I€H-
HOTO ueThipexBoHOBOro cMeleHust (UBC). Bo B3a-
MMOJIeMCTBUM yUuaCTBYIOT Kak MUHUMYM TPHU CBETO-
Bble BOJIHBI: BOJTHA HAKAUKH, CUTHa/IbHAast U XOI0CTast
BomHbI [1,5]. Tlpy Ha/muuu Ha BXOJje B BOJIOKHO
TOJMBKO [JIByX BOJIH (BOJIHbl HAaKaykM U CHUTHAJIb-
HOM BOJIHBI) peaiu3yeTcs pekuM (pa3oHe3aBUCHUMO-
ro ycunenus (PHY), mockonbKy xosiocTasi BOJHa,
BO3HMKaroIlasl B IIpoLjecce paclpoCTpaHeHUs U3Iy-
YeHHs], SIB/ISIeTCS] KOMILIEKCHO COTPSDKeHHOW K CHr-
HanbHOM [7]. Tlpeapimyiiue uccienoBanvds MH B
BOJIOKHAX C TepUOMUeCKUM U3MeHeHUeM [ucTiep-
cuu [8-12] oTtHOCATCH K PHY.

Hns peanmuzauumn ®UY Heobxozumo obecrie-
YUTb Ha BXO/le B BOJIOKHO Ha/lWuyle CUTHAIbHOMN
Y XOJIOCTOM BOJIH, @ TaK)Ke MOILHOM BOJIHbI HaKau-
Ku. B atom ciydae xoaddurmenT ycunenus Oymer
3aBHCETh OT HayaJbHOW (ha3bl B3aUMO/[eHCTBYIO-
1Mx BosiH. Cyl1ecTBYIOT IpyTHe CXeMbl peann3alun
@YY, HampuMep C ByXUaCTOTHOM HaKaukoi b0
C WCIO/b30BaHUEM Da3/IM4YHON MOIgpU3aliui BOJH
[5]. OiHaKo 3T CXeMBbI CJIOXKHBI B 9KCITEPUMEHTATb-
HOU peanu3alivi.

B pmanHoii pabore paccmorpensl ®UY B 60-
KOBbIX mnosiocax MH. [Ina MopenvpoBaHUSI WC-
T0JTb30BAJIUCh YKOPOUEHHbIe BOJHOBbIE YDaBHEHUS
[13]. Paccmotpensl @UY B BO/IOKHaX JBYX TUIIOB:
i) c cuHycouanbHOM MoaysiLUe, ii) ¢ MofynsLu-
eli, orpe/ie/sisieMoi CyTieprio3uLivield Tpex CUHYCOU/]
C pa3IMuUHbIMU epUOZIOM, aMILIUTYL0M U (a3oii.
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1. I'IapameTqueCKoe ycuneHue B BO/IOKHe
cnepuoanUveCcKMm U3SMeHeHnem gucnepcun

BhIpoXJeHHOE TapaMeTpuueckoe YCHIeHHe
B Cpefle )3 CB3aHO C B3aMMO/EHCTBHEM Tpex
CTAIL[MOHAPHBIX MOHOXPOMAaTHYeCKHWX BOJIH Ha 4a-
CcTOTax MWy, M; = Wy — Q U O, = 0y + Q [7]. Bee
BOJIHBI MMEIOT KOJUTMHEAPHYIO IO/ISPU3aL{HI0 K Pac-
MPOCTPAHSIOTCS B MPSIMOM Haripae/ieHWd. [TomHoe
TIOTIepPeYHOe 3JIeKTpryeckoe nosne E(x,y,z), pacripo-
CTpaHsItoIIeecs: B BOJIOKHE TIEPEMEHHOTO aMeTpa,
MOXKHO 3aITicaTh CIeAYIOIUM 06pa3oM:

2
E(x,y,2) =U(x,52) Y, Anexp(in (z) —iont),
m=0
€))

rme m = 0, 1, 2; Ay — Me[JieHHO MeHSoLasCs
aMIIUTy[@a BOJIHbI HakKauku; A; U A, — aMIUIUTY-
JIbl XOJIOCTOM W CUTHa/lbHOW BOJH. YacTOThl BOMH
paBHBI (), ®; U (), COOTBeTCTBeHHO. Pa30BbIit

Z
Haber onpegensercss uarerpanom G, (z) = [B(Z),
0

r7ie z — J/IMHA pacrpocTpaHenust. I10CTosiHHasT pac-
npocTpaHeHuss B(z,) ¥ TMoNepeuHsldi MpoduIb
mMoabl BosokHa U(x,y,z) OMpeAenstoTcs AJst 3a-
JaHHOTO TpOGMIIs TOKasaTesis mpesioMienust n (r).
[Ipearonaraem, uTo MPOQUIL BOJOKHA U3MEHSeT-
o1 megyeHHo (|0B(z,®)/dz] < 1). B atom ciyvae
BBIpOXK/JIeHHOe cKangpHoe UBC MOXXHO omnuvcarb CU-
CTeMOM TpeX CBs3aHHBIX ypaBHeHUH [7, 13]:

o = iy(2) (JAo|* +2|A1|* + 2|42 Ao+

2
+2iY(z)A;A1A2 exp(iAL(2)) — $ Ao,
A — iy(z) (2|40 + 2|41 +2]45)A + -
+2iY(z)AjA; exp(iAl(z)) — §A,
= iy(2) (2140 + 2141 +|A2*) Ax+ @

+2iy(z) AGAT exp (iAG (z)) — $A,,

rae AQ (Z)Iofz{ﬁ(wuiHB(wz,Z’)—ZB(0)0>Z’)} d7' -

(hazoBast paccrpotiika, o — K03 HUIUEHT TIOTEPb.
Pa3nokuM  IOCTOSIHHYIO — pacrpoCTpaHeHust
B psiji Tefinopa BO/M3M 11eHTPABHOM UaCTOThI (p:

Blwy+Q) =
= B(@g) £P1Q+ PoQ?/2 £ B2 Q% /6 + PaQ? /24,

. ©
rae mpousBogHble B; = d/B/ow’, j =1, 2, 3 4,
BBIYMCJISIOTCS /71 LIEHTPA/bHOM 4acToThl y. Vc-
nonb3ys (5) U 0 = 0y + Q, 0y = ®y — , MMHelHOoe
paccoryiacoBaHWe BOMHOBBIX UYHCET MOXHO BbIpa-
3UTh CJIeAYIOIIAM 00pa3oMm:

AL(2) = QZZ&(z’)dz’ +Q412’1ZB4(Z’)61Z’- ®)

HayuHbivi oTgen
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YcusieHre CHWTHAABHOW BOJHBI  PACCUUTHIBAIOCH
o ¢opmyrie
Gs =10lg (4> (L)]* |42 (0)] %), (7)

rae L — [yiiHa BOJIOKHA, |g — e cATHUHBIN oraprgM.
B pacuerax MblI npefiriosiaraeM, UTo HavasibHast
MOIIJHOCTb BOJHBI Hakauku Py = |A, (0)|> = 0.5 Br.
HauaspHble MOIIHOCTH CUTHAJBHOM U XOJIOCTOU
BOMH paBHBI |A; (0)]* = |A, (0)]* = 107° Bt. Xo-
JIOCTasi BOJIHA SIB/IIETCS] KOMILIEKCHO COTIPSPKEHHOM
K CUTHA/IbHOW, MO3TOMY MCII0/1b30Ba/IOCh Havaslb-
Hoe ycioBre ¢(0) = —@,(0). Takoe paBeHCTBO
BO3HUKaeT MpY TeHepaliy Haua/lbHbIX IOJeil Me-
TogomM KonupoBaHus [1-3]. KosdduuyeHT norepsb
o = 0.092 kM !, uto coorBerctByer 0.4 15/KM.
OTMeTuM, 4UTO [/1s1 HElIPEphIBHOIO U3/1yueHUs!
CUCTeMa YKOPOUEHHBIX BOJTHOBBIX ypaBHeHWM (2)—
(4) pmocTaToOuHO TOYHO OMMCHIBAeT TPOLeCC Tapa-
MeTpuyeckoro ycuwieHus. [ns ®HY pesyibrarsl
pacyeToB XOPOILO COIVIACYHOTCS C SKCIIepUMeHTaMuU
[9, 11]. [ToaTomy gy aHamm3a PUY MbI Takxke HC-
T10JIb30BaJIM YKOPOUEHHbIe BOJTHOBbIE YpaBHEHUSI.

2. CuHycoupaanbHas mogynaums

Mopynsanys fuaMeTpa BoJIOKHa IPUBOJUT K MO-
Oy HeJIMHEeMHOCTU U JJUCTIEPCUU TPYIIOBOMN
ckopoctu [14, 15]. Vi3meHeHue AriaMeTpa BOJIOKHA
He JIO/DKHO TIPUBOAWTE K HapyLIeHUI) OJHOMOZO-
BOTO pe)XMMa pacIipocTpaHeHMs BO/H. B pacuerax
MBI UCTTOJTb30BajIM TTapaMeTphl BOIOKHa [12], y koTo-
pOro aMIUIUTYZa MOAY/ISLMY A¥aMeTpa COCTaB/IseT
Be/IMUMHY, paBHyt0 10% oOT ero cpefHero sHayeHusl.
Bo/10KHO 0CTaéTCsi OAHOMO/IOBBIM Ha YacTOTax CHUT-
HaJIbHOM BOJTHBI, XOJIOCTOW BOJIHBI U BOJTHBI HAKAUKH.

Mopynsuust fuameTpa BOJIOKHA J0JDKHA ITPUBO-
[IUTh K yBeJUUEHUIO MoTepb. [/s1 TOUHOU OLieHKH
3THX [OTEPb HEOOXOAMMO PEeLIUTh 33/jauy O PacIipo-
CTpaHeHWH H3JIyyeHUsl B BOJIOKHE C IlepeMeHHBIM
JuameTpoM. Takol aHa/au3 BBIXOAWT 3@ PAMKU JlaH-
HOU paboThl, ¥ MbI OTPAHUYMIUCH UCTIO/IE30BaHUEM
JaHHBIX M3 JUTepaTyphl. /st BEICOKOHEMHEMHBIX
BOJIOKOH ¢ W-ripoduieM oKa3saresisi IIpesioM/IeHust
Y TIepUO/IOM MOZY/ISILIUY OT JAeCATKOB [J0 COTEH MeT-
POB MOTepU He MpeBblaOT BennuuHy 0.7 n1b/km
[9-12, 14, 15].

[Ipu cuHycouaMbHOM MOIY/SALMU AuamMeTpa
BOJIOKHA A/is1 KO3(PULIMEeHTOB JUCTIEPCUXA U HeJu-
HEHOCTM MOXKHO HCIIO/Ib30BaTh anmnpOKCHMAaLU0
cuHycoM. [In1s1 BonokHa ¢ W-ripodusieM rokasaress

OnTVKa M CreKTPOCKOMNMS. JlasepHas (m3mnka

nipesiomsienust [12]

(B2) (z) = B2 [11.38sin (21z/20 + @u)],  (8)
(Ba) (z) = Ba[1+225sin (272/ 75 + )], )
Y(z) = ¥[10.017sin (2nz/zp + @n)],  (10)

rie z, — Nepuoj MoAyasuuu, ¢, — (asa monyns-
1uu, cpegree 3Hauenue JITC (B,) = 2.16 nc* kv 1,
cpefHee 3HaueHUe KO3(QQULIMEeHTa AWCIEPCUU UeT-
Beproro mopsaka (Bs) = 3.77 x 107 nc*km !,
cpenHee 3HaueHue 3¢ dekTrBHOTO Ko3(duieHTa
HeJIMHEeHHOCTH BoJIOKHa () = 9.44 Br-km ™ '. Besn-
uynHbI (9)—(10) OB pacCUXTaHbI 1S LeHTPaTbHOM
JUHBI BOMHBL 1550 HM.

Pe3oHaHCHas 4acToTa V, 3a/laeTcsl yCJIOBHeM
(ha3zoBoro kBasucuHXpoHu3Ma [11]
1[2 = 1/2
Ve =S50 [<[3z>qzm + <Y>2Po} : (11)

®dyHaMeHTaIbHBIA CIeKTp ycuneHuss MH obpa3y-
etcst ipu ¢ = 0. Eciu MBI paccMaTpuBaeM pacripo-
CTpaHeHHe CUTHa/IbHOUM U XOJI0CTOM BOJH B MPUCYT-
CTBMM WHTEHCHBHOWM BOJIHbI HaKaukW, TO YCJ/IOBUS
CUHXPOHU3Ma TPeOyIOT Ha/IMuKsi aHOMAJIbHOU [IHC-
nepcuu [13] ((B2) < 0). OfHaKo BeMUYMHA ¢ MOXKET
MPUHMMATb KaK TOMOXUTe/bHbIe, TaK M OTpULIa-
TesbHble 3HaueHUs. COOTBETCTBEHHO, HeJIMHEeNHbIN
CUHXDOHM3M MOXKET peajU30BbIBaThCSl KaK [pU
HopManbeHOU gucnepcuu ({B,) > 0), Tak U MpU aHo-
ManbsHoM guctepcuu ({B,) < 0).

Mpu1 paccunTanu KO3(QQOUIMEeHT yCUIeHUsI CUT-
Ha/MbHOM BoOJHBI (7) BOJMM3M [BYX DPE30HAHCHBIX
YyacToT, ornpejie/sieMbIX st ¢ = 1 1 g = 2 (puc. 1).
B6msu Hyns gucrepcun ((B,) ~ 0) dopmyna (11)
SIB/ISIeTCS MPUO/VIKEeHHOH, MOCKOJIBKY OHA He YUMThI-
BaeT HacCblllleHUe yCU/IeHUs U AUCIIEPCUI0 YETBEPTO-
O TopsiZika. Pe3oHaHCHbIE YaCTOThI, pacCUUTaHHbIE
ripu riomMoIty Gopmynbl (11), paBHbl Vi = 1.44 TT'
U vV, = 1.98 TT'u. Torma Kak 4KC/IeHHOEe pelleHue
ypaBHeHU (2)—(4) noka3biBaeT NIMKOBOE YCHUTIEHHE
Ha vacroTtax 1.32 TT'y u 1.9 TT'; COOTBETCTBEHHO
(cm. puc. 1, 9p = —0.6) s @HY u3BecteH aHano-
ruyHbiil 3¢ ¢exT. CMmeljeHHe pe30HAHCHBIX YacTOT
ObUTO 0OHAPY>KeHO B FKCTiepuMeHTax [12].

ITpu @p = —0.6 paj HopMUPYIOTCS LIMPOKUE
T10/I0Chl YCUJIEHUSI CUTHAJIbHOM BOJIHBL. V3MeHeHue
(a3bl BO/MHBI HaKaukyd BbI3bIBAeT TIOsIBJIEHUE Y3-
koro npoeana (Gs < 0, cM. puc. 1), CBSI3aHHOTO
¢ ocsabneHrieM CHUTHa/IBHOM BOJHBL IIpu m3meHe-
Huu ¢asbl oT Pp = —0.6 pas 10 Qp = 1.2 paj npoBan
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Puc. 1. KoadduimeHT ycuneHus CUTHATBLHOM BOJHBI [ijis
pa3/UuHbIX 3HaueHWi HaualbHOW (pasbl BOMHBI HaKauKd
¢p = arg (Ao (0)), dasa ykasana B paguanax. YacToTHas oT-
cTpoiika v = Q(21) . [imHa BonokHa L = 1.4 km, daza
MOLY/IALMU @y, = 0, ITepuoj MOAYIALUU 7, = 0.04 KM
Fig. 1. Signal wave gain for different values of the initial
phase of the pump wave @p = arg (Ao (0)), the phase is in
radians. Frequency detuning is v = Q (21t) . Fiber length is
L = 1.4 km, modulation phase is ¢,, = 0, modulation period
is z; = 0.04 km

B YCWIEHUH IepeMeljaeTcs] U3 BBICOKOYACTOTHOM
o6sacTi B HU3KOUaCTOTHYIO. [lepemelrieHre mpoBa-
Jla TIPOMCXOUT CUHXPOHHO Kak Ji/1s IePBOiA MOJI0ChI
(g = 1), Tak u gy BTOPOi#A (¢ = 2). OfHAKO YacToTa,
COOTBETCTBYHOII]ast 0C/1ab/IeHUI0 CUTHAJIA, OTIpe/leisi-
eTCsl He TOJIBKO (ha3oii BOJTHBI HaKauky, HO U ¢a3oit
MOZAYISLMY Aucniepcud. Tak, HarlpuMep, Ipu @, =
= —1.2 pag u Q@p = 0.05 pag nepsas nosoca (g = 1)
He COJEep>KUT TpoBajia 0C/labieHus CUrHasla, Toraa
KakK /IJist BTOPO# TT0J10ChI (¢ = 2) MPOBAaJI pacIioioykeH
B eé 1ieHTpe (puc. 2).

=1 =2
30 q' T T T T T 9 T
5 151
@h 0 W 1J"¢ﬂw
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Puc. 2. KosddulveHT ycuneHUsi CUTHaNBHON BOJHBI IIpU
¢p = 0.05 pag u ¢,, = —1.2 paa. OcranbHble MapamMeTpbl
cM. puc. 1
Fig. 2. Signal wave gain for ¢p = 0.05rad and ¢,, = —1.2 rad.
Other parameters are shown in Fig. 1
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3. MHOroyacToTHas MoAynaLus

OmHUM W3 HeJOCTaTKOB IapaMeTpUYecKOro
YCWIeHUsI B T0JI0CaX MOAY/SILIMOHHOM HeyCToHuu-
BOCTH SIBJISIFOTCS Y3KHe MOJI0ChI ycuseHus. B pabote
[16] 6n110 TTOKa3aHO, UTO MCIIOIL30BAHKE CJIOXKHOIO
TIpodu/Ist MOAY/SILIAK AiaMeTpa BOJIOKHA TI03BOJISIET
pactmpute nonocy ®HY. Paccmorpum aHanmormny-
Hy!0 3a7auy s OUY.

Vi3aMeHeHMe [uaMeTpa BJOJb BOJIOKHA ObLIO 3a-
[laHO CyTIepIOo3UIINeli TpeX CUHYCOHJ C IepHUOZOM
moayssuu 40, 40.5 n 41.5 m. ®asza ¥ amMIUIATY-
ma A7 KaKIOW W3 CHHYCOWJ TIOAOMpaTUCh Tak,
yT0OBl 06ECIIEUNTh PaBHOMEPHOE YCUJIEHHE B TIO-
joce ot 1.28 o 1.32 TT'y. Vi3mMeHeHue gucnepcuun
Y HeJTMHEMHOCTH, COOTBETCTBYIOIIIee ONTUMAa/TbHBIM
YC/IOBUSIM, TTOKa3aHo Ha puc. 3. Onrumuysanys na-
pamMeTpPOB MOZY/ISILIMM T103BO/IU/IA TTO/TyUUTh M10JIOCY
ycunenust g = 1 ¢ mumpuHoit 40 I'T'y ipu HepaBHO-
MepHOCTH Ko3hduimenTa ycunenus 1 gb (puc. 4).
Bemunna 40 I'T'n mouty B [Ba pasa MpeBbIlIaeT
LIMPUHY T0JI0Ckl ycunenusi (22 I'Tu) asis BOsOK-
Ha C CHHYCOHW/A/lbHON MOJY/SILeNl AUCIiepcuu (CM.
puc. 1, ¢ =1, ¢p = —0.6 pan).

YBenueHune TIOJIOCH TIPOITYCKAaHUSI COMPOBOXK-
aeTcsl CHWDKeHHEM THMKOBOTO 3HaueHus Ko3¢hdu-
uyeHTa ycwieHus. Eciu s cuHycouanbHOM Mo-
IyISALAA MakCHMajbHOe 3HadeHre Ko3dhduireHTa
ycuienus paBHo 28 nb (cm. puc. 1), To Ans mo-
OyasiLdY, TIOKa3aHHOM Ha pUC. 3, MaKCHUMaJbHBIN
ko3¢ duLMeHT ycuieHus paseH 13 1b (puc. 4).
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B, psikm B =10
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Puc. 3. [lucnepcust ¥ HelIMHEHHOCTh BOJIOKHA, ONITHMU3HPO-
BaHHbIE /1] IIUPOKOTIOJIOCHOTO YCH/IEHHsI CUTHAJIa B TT0JI0Ce
yactot ot 1.28 g0 1.32 TT'y (uBeT oH/IakiH)

Fig. 3. Fiber dispersion and nonlinearity coefficient optimized
for broadband amplification in the frequency range from
1.28 to 1.32 THz (color online)

HayuHbivi oTgen



A. W. KoHtoxos, J1. A. MenibHuKoB. ®a304yBCTBUTENILHOE YCUIIEHNE OITTUYECKOro CUrHaa

B

N3menenue a3bl BOJHBI HAKAUKH (p M0-Pa3HO-
My B/IMsIeT Ha YaCTOTHOe pacripeferneHre Ko3¢hdu-
LIMeHTa ycuseHus B nepBoii (¢ = 1) U BO BTOpOi1
(¢ = 2) nonoce MOAY/SLMOHHON HEYCTOMUMBOCTHU
(cm. puc. 4). Ilpu @p = 2.8 paj mnpoBas, CBsi3aH-
HBIN ¢ ocmabnenreM curHana (Gs < 0), MOSBISETCS
Ha Kparo TiepBoii 1mosiockl (g = 1), Torja Kak Bropasi
rosioca (g = 2) CoZlep>KUT MPOBaJl B CBOel LieHTpab-
HOU YacTu.

HOnst (¢ = 2) yBenmmueHue ¢a3bl [0 BeTMUMHBI
@p = 3.6 paj| MPUBOAUT K TOSIB/IEHUIO ABYX TIPOBa-
JIoB oc/1ab/eHust curHasa. I1py 3ToM repBast mosioca
(¢ = 1) comep>XUT TO/IBLKO OAMH TIpoBaj. Ero mvpuHa
TIOYTH B [1Ba pa3sa bosbine (cM. puc. 4, @p = 3.6 pap),
YyeM LLMPYHA aHa/IOTUYHOTO TPOoBasa MpU CUHYCOU-
JanmbHOUM Monysiuyu (cM. puc. 1, p = 1.0 pan).

=1 =
15 q' T y) T T g 4
—f\» 9,=2.0
W - A\
5 = = o« = = vy
_ @;=2.8
04 - 'i'V'\
{:;m 15 T T Iﬂ,:lj-zl T !
ﬂ—‘/{\v JYL
15 ] B T T T T T
_ @.=3.6
5 14 1.6 1.8 2.0

v. THz

Puc. 4. Kosdpdunyent ycunenus Gs, pacCUMTaHHBIN s
BOJIOKHA C MOAY/ISILIMeH, ToKa3aHHOM Ha puc. 3. Pa3a Qp yka-
3aHa B paguaHax. MolHoCTs Hakauku Py = 0.5 Bt
Fig. 4. The gain Gy calculated for the fiber with the
modulation shown in Fig. 3. Phase ¢p is in radians. Pump
power is Pp =0.5W

Ha puc. 5 nokazano (a30Bo-crieKTpaibHOe pac-
TipefiesieHue YCU/IeHUs], paCCUMTaHHOe [i/isl BOJIOKHA

CO CJIOKHBIM MpoduieM U3MeHeHu s AUCTIePCUU (CM.

puc. 3). Koadduiuent ycunenus Gg siBisieTCs Tiepu-
oJuueckor QyHKIMeld HadabHOU (asbl Qp. [lepuop
paBeH T. st ¢ = 1 eHTP TOOCH YCUIeHUs CO-
OTBeTCTBYeT Op = —1+m, —1+£27%, ... Jna g =2
LIEHTP COOTBETCTBYET [PYTOMY 3HAUEHHI0 @p =
= —1.87 &+ m, —1.87 &= 2m, ... Takag 0COOEHHOCTHL
CBsI3aHa C 3aBUCUMOCTBIO K03(duiierTa ycuieHus
OT ¢a3bl MOAYSALIN JUCTIEPCHH.

OnTVKa M CreKTPOCKOMNMS. JlasepHas (m3mnka

Kak BugHO M3 puc. 5, mna g = 1 yuHUA
(@p = const MoXKeT Tiepeceub 00/aCTb Oc/abeHus
curHana (Gs < 0) TonmpKo ofguH pa3. Torma Kak
IJIsl ¢ = 2 Takas JIMHUS MOXKET repeceyb 00/1acThb
Gs < 0 Ba pasa, HanpuMep pu Qp = —2 paj. Takas
0COOEHHOCTD TIPUBOAUT K TIOSIB/IEHUIO HECKOJBKUX
Y3KUX TOJIOC 0C/iabyieHusi cCurHana Ha (oHe MIHpo-
KO T0JI0ChI yCU/IeHUSs], COOTBETCTBYIOLLeN g = 2.

G_.dB

I 1200

-12.00

1.2 13 14 1.9 2.
v, THz

Puc. 5. ®a3oBo-criekTpanbHOe pacrpeesieHrde Ko3dourm-
eHrta ycwieHus Gg. IlapameTpel yKa3aHbl Ha puc. 4 (LBet
OHJIaliH)

Fig. 5. Phase-spectral distribution of the gain Gg. The
parameters are shown in Fig. 4 (color online)

3aKnoyeHne

PaccMoTpeHa reHepariysi OOKOBBIX TIOIOC MO-
IyMSIIUOHHOM HEYCTOMUMBOCTH B mporiecce (a-
30UyBCTBUTE/ILHOTO [apaMeTPUUEeCKOro YCHUJIeHUs
B BOJIOKHAX C NePUOANYEeCKUM H3MeHeHUeM AucIiep-
cuu. IlokaszaHo, uTo (pa30uyBCTBUTELHBIM PEXUM
YCUJIEHUS] MOXKET OBITb peayiM30BaH TPH MCIONb-
30BaHUM KJIaCCUYeCKOM CxeMbl, KOrja CHrHajbHas
YU XOJ0CTasi BOJIHbI PacnpOCTPaHSIIOTCS COBMeECT-
HO C MOLIJHOM OJHOYACTOTHOM Hakaukoi. [Toka3aHo
Takxke, UTO A/ ()a30UyBCTBUTENBHOIO YCU/IEHUS
MOTYT WCII0JIb30BaThCsi OOKOBbIe mosiockl MH BbI-
cokoro ropsiika. ITapamerpuueckuii ko3 duiieHT
yCUJIeHHUs BOJIOKHA 3aBUCUT KakK OT OTJeJbHBIX (a3
B3aUMO/IEHCTBYIOIIUX BOJIH, TaK 1 OT (a3bl MOY/Is-
UMy gucrnepcud. VsmeHsist ¢asy, MOXKHO YIIPaB/IsiTh
TMOI0KeHWeM Y3KHX TI0/IoC oc/iabyieHust CUrHaia
B IIpeie/iax IMPOKoii nosocsl MH.

Mopynsumss  aucnepcun  obecrieuriBaet  (a-
30UyBCTBUTE/IbHOE yCWJIEHWe IIpU OTCTpOMKax
[0 HeCKoJbKuX Teparepl]. Pe3oHaHcHasi yacToTa
orpejensercss IepUoJOM MOAyasLMd. Bo3mox-
HOCTb HACTPOMKHU Pe30HaHCHOM UaCcTOThI B IIUPOKOM
JyarasoHe YacTOT SIB/IseTCS IPeuMYILeCTBOM
Takoro ycwaurens. OpHako mpu OOJbIIMX OT-
CTpOMKax pasauuve B TPYNNOBBIX CKOPOCTSX
B3aMMO/€MCTBYIOLIMX BOJIH NPUBOJAWUT K YMeHbllle-
HUO 3(h(eKTUBHOCTY TIepeJjauil SHEPTUU OT BOJIHBI
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HaKaukKl K CUTHaJbHOW BosiHe [7]. [lns HaHOCe-
KYH/IHBIX UMITY/TbCOB YMeHbIIIeHHe 3 GheKTUBHOCTH
npeobpa3oBaHKst BOMH MOXeT ObITh KOMIIEHCHPO-
BaHO MCII0/Ib30BaHUEM HeTIpephIBHON Hakauku [7]
b0 TIOBBIMIEHWEM €& MOLJHOCTU /10 HEeCKOJTBKUX
Bart [12]. OpHako [jii TMKOCEKYHJHBIX CHUTHa-
JIOB TIaJIeHHe YCUJIeHHs 3a CUeT PacCOr/iaCcOBaHUS
TPYIIOBBIX CKOPOCTeH TIpe/ICTaB/IseT CepPhE3HYIO
npobsemy.

[ITvpyHa TO/IOCHI TIPOMYCKAHUS OMpe/eseT-
Cs1 3aKOHOM U3MEHEHHMsI JIUCIIEPCHUH BJIOJIb BOJIOKHA.
YroObl MOKa3aTh BOSMOXXHOCTh PacIIMPeHUs T0JI0-
Chbl YCWIEHUS 3@ CUeT MHOTOUaCTOTHOW MOZY/ISILIVH,
ObLUI0 pacCMOTPEHO BOJIOKHO, AWaMeTpP KOTOpPOTro
OTIpe/Ie/ISIeTCS CYTIepIO3ULIMEeH TPeX CHHYCOMJ C pa3-
JIMYHBIM TIEPUOZIOM, (da30i W aMIUIUTY0U. Perriast
3a/lauy OINTHUMM3ALUM, aBTOPbl CTaTbU TIOTYUU/IH
yBeJIMUeHHe IIMPUHBI TOM0ChI TPOMYCKaHUs ¢ 22
no 40 I'Ta. Tlpu aTom B mipesiesiax OFHOMW TTOIOCKI
YCWIEHUsT BO3MOXKHO BO3HMKHOBEHHME HeCKOJIbKUX
Y3KHX I0JI0C, COOTBETCTBYIOIIUX OC/Tab/IeHUI0 CHUr-
Ha/JIbHOW BOMHBL Ilo/IoXKeHWe TO0C ocaabyeHus
CUTHa/a orpeernsieTcsi COOTHOLLeHUeM Mexay ¢a-
3aMH BOJIHBI HAKAYKW, CUTHA/IBHOM M X0JIOCTOM BOJTH.
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Abstract. Background and Objectives: The reproductive system of women is a subject of diverse
multidisciplinary research worldwide. These are oncological diseases, infertility of an unspecified
nature, ovarian cryopreservation to preserve fertility, improvement of early diagnosis of diseases,
etc. Elucidation of the mechanisms of diffusion of tissue water and hyperosmotic agents in luteal
phase ovarian tissues controlled by angiogenic growth factors can bring us closer to understanding
biophysical processes in general. Materials and Methods. The work used spectroscopy of diffuse
reflection, a free diffusion model and the modified Bouguer-Lambert-Beer law. Results. The
diffusion coefficient of 40% glucose/tissue water into the ovarian tissue of the luteal phase D and the
diffusion time t have been determined, which was D = (8.6 + 1.4)-107 cm?/s and t=50.4 + 1.7 min
with asample thickness of (0.8 + 0.1) mm. The efficiency of optical clearing of cat ovarian tissues with
40% glucose immersion has been determined. Conclusions. Studies have shown that 40%-glucose is
an effective optical clearing agent for topical use in differentiating normal and pathological ovarian
tissues and in clinical applications.

Keywords: ovarian tissues, luteal phase, glucose, total transmittance spectra, diffuse reflectance
spectra, diffusion coefficient, optical clearing efficiency
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AHHOTaLms. llpedsicmopus u yenu. PenpoAyKTMBHAR CUCTEMA XKEHLLYH SBNSETCS MPeAMETOM PasHO06pa3HbIX MEXANCLMIINHAPHBIX NCCNeR0-
BaHMWii BO BCEM MUPe — 3T0 OHKONOTNYeCKMe 3a601eBaHNs, beCNoANe HeYTOUHEHHON NPUPOALI, KPMOKOHCEPBALMS ANUHIKOB AN1S COXPAHEHMS
$epTUAbHOCTI, COBEPLIEHCTBOBAHIME PaHHei AMArHOCTUKN 3a60neBaHWi 1 Ap. BbisicHeHMe MeXaHU3MOB Anddy3um TKaHeBoii BOAbI U rune-
POCMOTUYECKMX areHTOB B TKaHSX I0TEMHOBOI Ga3bl SUYHMKOB, KOHTPOMPYEMbIX AHTMOreHHbIMI GaKTOpaMm POCTa, MOXET NPUBAN3UTL Hac
K NOHUMaHNI0 brodusnyecknx npoLieccos B Lenom. Mamepuasns! u memods!. B pabote ncnonb3oBanuch cnekTpockonus audeysHoro otpa-
XeHus,, Mogenb CBO60AHOI Anddy3un n mognduumpoBaHHbIii 3akoH byrepa—-Nlambepta—bepa. Pesyssmamei. OnpegeneHbl ko3$pPuLmeHt
Anddy3un 40%-Hoii rnoko3bl/TkaHeBas BOAA B TKaHb ANYHIKA t0TenHOBON a3kl D v Bpems auddysun T, kotopoe coctasino D = (8.6 + 1.4)x
%107 cM?/c n 1= 50.4 + 1.7 MuH npu TonwmHe o6pasua (0.8 + 0.1) mm. OnpegeneHa 3GGeKTMBHOCTL ONTUUECKOTO NPOCBETNEHNS TKaHEH
AMYHMKOB KOLLKW npy uMmepcui 40%-Hoid rntoko3bl. Bereodsl. ViccnegoBanus nokasanu, 4to 40%-Has rntoko3a SBASeTcs 3GGpeKTMBHLIM ONTH-
YeckiM NPOCBETAAIOLMM areHTOM ANSi MECTHOTO MPUMeHEHNs Npu AudGepeHLaLin HOPMANbHBIX 1 NATONOTMUYECKUX TKaHel AMYHUKOB 1 B
KAMHUYECKMX MPUMEHEHUSX.
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Introduction

Ultrasound is one of the most common meth-
ods for diagnosing or monitoring treatment. This
method of examining the internal reproductive or-
gans is a safe and painless method and is prescribed
even during pregnancy [1]. The procedure takes
15-20 minutes and is based on the principles
of echolocation, when an ultrasonic signal passes
through soft tissues at different speeds and is re-
flected by tissue inhomogeneities. It is impossible
to differentiate by ultrasound: endometrial polyps;
small neoplasms; fibroids; benign ovarian tumors

from cancer, therefore more research is often needed.

Optical radiation is of considerable interest for in-
troduction into clinical practice since it allows for
obtaining images with up to the subcellular reso-
lution [2]. The method of laparoscopy with an
optical channel is an indispensable modern method
in clinical gynecology. Laparoscopy is used both
in diagnostics, where the optical channel plays an
important role, and for obtaining a biopsy material
directly from pathological areas of organs and in
surgical operations with the least trauma [3]. When
light interacts with tissues, the nature of its propaga-
tion is determined by such phenomena as reflection,
scattering and absorption. Most tissues are optically
turbid media that interfere with imaging of deeper
layers. The method of optical clearing (OC) is used

buopusnka n MeanumHcKasn pusmka

to reduce light scattering in tissues and create their
temporary transparency. This phenomenon can be
useful to improve the diagnosis or treatment tac-
tics [4-6]. Several studies OC made using various
optical clearing agents (OCA) for the treatment of
various types of biological tissues to reduce light
scattering [7-9].

The OC method is often implemented using
hyperosmotic agents: glucose, sorbitol, glycerin,
polyethylene glycol, propylene glycol, dimethyl sul-
foxide, etc. OC of tissues operates through two main
mechanisms: tissue dehydration and alignment of
refractive indices of major tissue components and
OCAs. Therefore, the determination of the kinetic
parameters of fluid flows is an urgent task, both for
understanding the mechanisms of OC and for clini-
cal treatment procedures using hyperosmotic agents
[6, 10].

Glucose is a good OCA, which is used in
various concentrations in the implementation of
the OC method [10]. Clarification of the mecha-
nisms of diffusion of tissue water and hyperosmotic
agents is of interest not only in improving diagnostic
methods, but also in ovarian cryopreservation to pre-
serve fertility in women who are forced to undergo
chemotherapy or have anatomical features [11], as
well as in the development of new reproductive tech-
nologies for the treatment of infertility [12].
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In this work, we study the effect of 40%-glu-
cose on the optical properties of the animal ovarian
tissue ex vivo.

Methodology

The processes occurring in the ovaries are com-
plex and diverse. The whole cycle of changes can be
conditionally divided into phases: follicular, ovarian
and luteal. The follicular phase is characterized by
the maturation and growth of the follicles and the
growth of the egg. The ovular phase relates to the
release of a mature egg and the rupture of a follicle
(Fig. 1). The luteal phase is characterized by the for-
mation of the corpus luteum, a temporary endocrine
gland. The corpus luteum functions for only a few
(4-7) days and undergoes involution (in the absence
of pregnancy). A white body (scar) appears in its
place [13]. The blood supply of the mature corpus

luteum is the highest of all the organs of the body.

Increased blood supply to the ovary containing the
corpus luteum is due to angiogenic growth factors,
including the development of a large network of cap-
illaries [14].

For histological examination, 5 tissue samples
from different cats aged 1-9 years with a diagno-
sis of “clinically healthy” were used. The halves of
each ovary were cut out manually with a scalpel and
fixed. The remaining halves of the ovaries were kept
frozen until optical measurements were taken. The
material for histological examination was prepared
no later than 48 hours after oophorectomy and ovar-
iohysterectomy. For tissue fixation, a 10%-buffered

formalin was used. To obtain histological scans, an
Aperio AT?2 digital slide converter (on-screen diag-
nostic scanner) equipped with a LED light source
and calibration tools was used.

The thickness of tissue histological sections
was of 2-3 pm. According to the results of histolog-
ical studies, it was proved that the selected “normal,
unchanged” tissues of the samples contain the cor-
pus luteum and correspond to the luteal phase. The
thickness of tissue sections (samples) was measured
with a micrometer (Union Source CO, LTD, China),
measurements were taken at several points of the
sample and averaged. The accuracy of each mea-
surement is +0.1 mm. The average thickness of
sections of ovarian tissue was (0.8 £0.1) mm. To
measure the total transmittance spectra (TTS) and
diffuse reflectance spectra (DRS) of tissue samples
in the spectral range of 200800 nm, a Shimadzu
UV-2550 double-beam spectrophotometer (Japan)
with an integrating sphere was used (Fig. 2).

All measurements were carried out at room tem-
perature (~25°C) and normal atmospheric pressure.
Each sample of the studied tissue was fixed in a
special frame with a window of 0.5 x 0.5 cm in a
quartz cuvette so that the tissue sample was pressed
against the wall of the cuvette and subjected to op-
tical measurement. Then, 40%-glucose was added
between the sample surface and the cuvette wall,
after which measurements were performed until the
change in the spectral dependences saturated. We
used a pharmaceutical preparation of 40%-glucose
aqua solution for injections (Armavir Biofactory,

Theca cells
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follicles

Granulosa

zC

Primary folllcle

Primordial follicles

Follicular Atresia

Graafian follicle

&Ovulated
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~
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Follicle rupture

Corpus luteum

Luteal regressio

Fig. 1. Schematic representation of the ovarian cycle done using Ref. [13] (color online)
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Fig. 2. Scheme of the experimental setup for measuring diffuse reflectance and total transmittance spectra of cat ovarian
tissue samples (color online)

Russia). The dehydration of tissue is associated
with the outflow of bound intercellular water at the
beginning of the interaction with the agent, and
the refractive index matching is associated with the
agent to flow into the tissue, which generally takes
longer time [5] (Fig. 3).

The determination of the tissue diffusion coef-
ficient of glucose/interstitial water is based on the
measurement of DRS kinetics. The model of free
diffusion was used for calculations [10]. Geometri-
cally, a tissue sample can be represented as a plane-
parallel plate of a finite thickness. Using Fick’s se-
cond law and performing transformations based on
the modified Bouguer—Lambert—Beer law [15], we
obtain an expression for the difference between the
effective optical density at the current time A(z, )
and at the initial time A(t = 0, A):

AA(t, L) =A(t,A)—A(t=0,A) = .
:Aueff(tv}‘)LNCO{lexp(_2)}117 M

I = Iyexp[pegL], Hege(t,A) =

=V 3%(% + u’v) — Aueff(tv}‘)v
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where the effective optical density is determined
from the measurements of DRS:

A = —logRy; 2)
ar?
=D 3

t is the time in seconds during which the diffusion
occurs, A is the wavelength in nm, Aptes(z,A) is the
difference between the effective coefficient of atten-
uation of light in tissue pg(¢,A) at the current time
and at the initial time, 1/cm; L is the average path-
length of photons, which in the backscattering mode
is L2y, (Ig)" = pett; 1, = us(1—g), Vem; g is
the scattering anisotropy factor (varies from 0 to 1,
for many tissues, g = 0.93) [2]; and for transmis-
sion mode L =2 [, [ is the thickness of the sample,
cm; D is the diffusion coefficient of the glucose/
interstitial water molecules, cm?/s; C, is the initial
concentration of the glucose, mol/l. The recorded
DRS (R(A), %) were converted using the standard
Kubelka—Munk algorithm to A(A) extinction spectra
(Shimadzu UV-2550 spectrophotometer software).
To record the final DRS and TTS after the comple-
tion of time-dependent spectra measurement during
glucose immersion, tissue samples were placed in
clean quartz cuvettes and the spectra were recorded
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Fig. 3. Diagram showing the interaction of glucose (OCA) with ovarian tissue (color online)

without glucose to observe changes in the spectrum
of the sample only, since the spectrum of glucose has
absorption maxima in the UV region.

The efficiency of OC (Q) is evaluated [5] as
follows:

0(%) ={[T (1) -T(t

where T'(t = 0) is the tissue sample transmittance
at the initial time, 7'(¢) is the current time transmit-
tance.

To determine the confidence interval of the
measured values, it is necessary to find the standard
deviation (SD) of random measurement errors:

= 0)]/T(r =0)}100%, (4)

u x—x
; FEnE (5)

where x; is the i value of the sample; x is the
arithmetic mean of the sample; » is the number of
experiments.

The bars on the graphs represent the boundaries
of the confidence interval (o) found as:

= (tsSD>/(\/ﬁ)7 (6)

where # is the Student’s coefficient (table value); SD
is the standard deviation, n = 5, p = 95%.

To determine if there is a significant difference
in the mean values of the diffuse reflectance and
the total transmittance spectra of the samples be-
fore and after exposure to 40%-glucose, the means
were evaluated by using the ¢-test for paired sets of
samples from the standard package of data analy-
sis tools of Microsoft Excel. To do this, for each
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wavelength in the range 200-800 nm the experimen-
tal data for samples before (n=5) and after (n=5)
OC were compared. The critical test value was
found from the table of values for the 7-distribution,
which corresponds to the critical two-tailed test #.q
with a significance level (o0 = 0.05). Student’s crite-
rion is determined by the formula:

t, = &7 (7)
SD?  SD?
- = + - =
ny ny

where x; is the mean value for the first set of sam-
ples; x, is the mean value for the second set of
samples; n; is the number of the first set of sam-
ples; n, is the number of the second set of samples;
SD; and SD, are the standard deviations for the
respective sets of samples and are found from the
formula (5).

If the absolute value of the test statistics ¢, is
greater than #.q, which is the critical value of the
test (tabular value corresponding to a two-tailed test
with significance level (o = 0.05)), then the differ-
ences of the means are significant.

Results and discussion

Histological examination of the samples
(Fig. 4, a) revealed the cortex and medulla in the
structure of the ovaries (Fig. 4, b), as well as the
presence of a corpus luteum (Fig. 4, c).

The medulla contains many blood vessels and
nerve endings. In the cortical layer there are fol-
licles in which eggs are formed and mature [16].
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a

Fig. 4. (a) Photo of the ovary in the corpus luteum phase, (b) histological structure of a section of a cat’s ovary (stained with
hematoxylin-eosin), and (c) corpus luteum of the ovary (color online)

The DRS of samples of cat ovaries, when inter-
acting with glucose, are shown in Fig. 5, a. In
the UV range, the original DRS spectra of ovarian
samples have obvious dips characteristic of the ab-
sorption bands of amino acid residues of connective
tissue proteins in the form of collagen and reticu-
lar fibers, hemoglobin and porphyrins, as a result,
the tissues are very opaque in the UV range due to
light absorption and very strong scattering. In the
region of about 415-420 nm and 540-580 nm, the
observed dips correspond to the absorption bands
of oxyhemoglobin (415, 542, and 576 nm). Water
absorption in the measured range of 200-800 nm is
insignificant [2].

The corresponding kinetics of the difference
in effective optical densities at the current and ini-
tial time AA(#,A) was recorded at 700 and 800 nm
and then averaged (see Equation (1)) of the studied
ovarian samples during glucose application. Ac-
cording to Equation (3), we find 7t (diffusion time)
which amounted to (50.4 + 1.7) minutes. The

0 T T T T T 1
200 300 400 500 600 700 800

A (nm)

a

average diffusion coefficient for ovarian samples
(n =5) was D = (8.6 £1.4)- 107 cm?/s. When
studying the diffusion of 40%-glucose in colorectal
tissues, the diffusion coefficient was found as D =
=5.8-10"7 cm?/s [17], which is very close to data
received in this work and evidently the difference is
due to differences in the tissue structure, as colorec-
tal tissue is supposed to be more dense and thus less
penetrative to molecule diffusion.

The coefficient of diffusion of glucose into
human gingival post-mortem no-fixed tissue when
implementing the OC method was determined as
D = (4.14+0.8)-10°° cm?/s [18]. Again, the dif-
ference between these two tissues can be explained
by the features of their structure. For gingival tis-
sue, diffusion is faster due to a well-developed blood
capillary network. The diffusion coefficient of glyc-
erol/tissue water in the liver was D = 8.2-10” cm?/s
[19]. Some differences in the diffusion rate could
be due to differences in movable water content in
the particular tissue [6, 10, 17, 19].

1.6 -
1.4
1.2

O hd T T T T T 1
0 40 80 120 160 200 240
¢ (min)

b

Fig. 5. (a) DRS of cat ovarian tissue samples when immersed in 40%-glucose, (b) difference in effective optical densities
(experimental data (symbols) and their approximation (solid curve))

buopusnka n MeanumHcKasn pusmka

125



Ny

W3B. Capar. yH-Ta. Hos. cep. Cep.: ®u3uka. 2023. T. 23, Bbin. 2

The DRS of ovaries of cats at the initial time

and at the end of protocol are shown in Fig. 6, a.

In the entire studied wavelength range from 200 to
800 nm, the diffuse reflectance decreases within
200 minutes of glucose action, which indicates a
decrease in scattering and absorption by biologi-
cal tissue. This effect is explained by two factors:
the outflow of intracellular water together with
hemoglobin from the tissue due to osmosis and the
diffusion of glucose into the tissue. The TTS of
the tissue sample at the initial moment and after
its immersion for 200 min in glucose are shown in
Figs. 6, b, c. The total transmittance increases over

24 -

20

0 min

16

12 200 min

X

0 T T T T T 1
300 400 500 600 700 800

2, nm
a

32 A
28 A
24 4
20 1

200 min

X
= 16 A
12 4

0 min

300 400 500 600 700 800
A (nm)
b

Fig. 6. DRS (a) and TTS (b, c) of cat ovary tissue before and
after immersion in glucose in the range from 200 to 800 nm
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the entire spectral range. In the region from 200 to
600 nm, the absolute value of the total transmittance
does not exceed 0.2%, which may be associated with
a significant developed ovarian capillary network in
the luteal phase.

For the diffuse reflectance spectrum, t,4 over
the entire wavelength range takes values from
2.36 to 2.57, which is less than ¢, = 3.3-8.7, thus
the differences of the means are significant. For the
total transmittance spectra in the range from 200 to
490 nm, fq = 2.3-2.6, which is more than #; =
= 0.5-2.0, thus the differences in the means of total
transmittance spectra before and after 40%-glucose
action are insignificant. In the range of 490-800 nm,
tca = 2.3-2.8, which is less than the obtained val-
ues ti; = 3.8-7.5, therefore, the differences in the
means are significant. Thus, enough evidence has
been obtained to say that there is a statistically sig-
nificant difference between the means of diffuse
reflectance spectra (at 200-800 nm) and total trans-
mittance spectra (at 490-800 nm) before and after
exposure to 40%-glucose.

After keeping the samples in 40%-glucose for
200 min, the transmittance increases over the entire
wavelength range. The values of the efficiency of
OC of the cat ovarian tissue under the influence of
40% glucose, calculated according to Eq. (4), are
shown in Fig. 7.

250 -
200 A
o
élSO-
Qoo |
50 A
O_
S O O O O O © © © O o o O
SV OV O Vv OV O Vv O n O
N AN <t TN O O >~~~ 0
A (nm)

Fig. 7. Efficiency of OC of cat ovarian tissue by immersion
in 40%-glucose

In the UV range, the efficiency of OC of cat
ovarian tissue with glucose reaches 200%, at 550 nm
it reaches 130%, at 600 nm — 150% and 700-
800 nm — 80% (see Fig. 7).

Conclusion

The use of optical clearing technology reduces
scattering and absorption of light by tissues and,
as a result, improves its penetration into deeper
tissue structures. The studies have shown that
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40%-glucose is an effective OCA for topical use.

Quantitative kinetic data of glucose impact will be
of interest for further study of the amount of free and
bound water in ovarian tissues, in the differentiation
of normal and pathological ovarian tissues and in
clinical applications.
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AHHOTaLMA. B npoLiecce 06paboTki cepum ABYXMEpPHBIX U306paXeHNii B NPOCTPAHCTBEHHO-BPEMEHHOI M YaCTOTHO-BPeMeHHOIi obnactax
BO3HWKAeT NpobemMa 0To6PaXeHNs MHOrOMEpHbIX Pe3ynbTaTos Ha /BYXMepPHOIA NNockocTi. Mpu peanu3awim YactoTHO-BPEMEHHOTO aHau3a
KaX/yto TOUKy 06BeKTa xapakTepusyeT GyHKLMS ABYX apryMeHTOB, NO3TOMY /NS BU3yanu3aLn pesynbTaToB Ha ABYXMepHOIl NN0CKOCTH Heob-
XOAVIMO YMeHbLUEHIe Pa3MePHOCTY JaHHbIX. B HacTosLeld paboTe onmcaH MeToA LiBETOBOTO KapTMPOBAHWS KOPPeNSLM CeKTPa/IbHbIX Xapak-
TePUCTUK B KaXKAO0ii TOUKe AABYXMEPHOTO ANHAMMYECKOTO 1306paXeHms. HoBU3Ha NpeAnoXeHHOro MeToAa COCTOMUT B MCNONb30BAHNM QYHKLMN
BeiiBNeT-KoppensLym curHana onopHoii (peepeHcHot) 30HbI € CUrHanaMu BO BCeX ApyrinX 30HaX MHTepeca 06bekTa. [py 3ToM 3HaueHue Kop-
pensLmMn KoANPYeTCs LiBETOM 11 GOPMUPYET KOPPENALIMOHHYIO KapTy B KaXA0OM M3 aHanM3NpPYeMbIX YaCcTOTHBIX Mana3oHoB. 3T0 N03BOASET
BbIJENNUTb 30HbI, UMEIOLLME MOXOXMNE YACTOTHO-BPEMeHHbIE CEKTPbI MCCeAYEMOIi XapaKTepucTki o0bbekTa. MpumeHeHne npeanoXeHHoro
MeTO/ia PacCMOTPEHO Ha NpUMepe aHanu3a MUKPOreMOAUHAMUKV KUCTY 30POBOr0 YenoBeKa ¢ NoMoLLbio GoTonneTusMorpaduyeckoi Busy-
anu3auum. AHanu3 npoBegeH B AnanasoHe yactot (0.005-2 '), oxBaTbiBalOLLEM Kak CepAeuHble (MynbCoBbIE), Tak U 6ONee HU3KOUACTOTHbIE
remMoAMHaMnyeckine KonebaHus fbIxaTeNbHOro, MOreHHOT0, HelAPOreHHOTO 1 SHA0TENNANbHONO AVaNa30HOB. B LienoM oTMeyaeTcs TeHAeHL s
K yMeHbLLEHWI0 KOPPensLyu CNeKTpoB NPK YAaneHnn oT pedepeHCHOI 30HbI M NPY YMeHbLUEHIN aHaNM3NpPYeMoii YacToTbl curHana. Mokasaxo,
uto oToNNeTMIMOrpadUUecKue CUrHanbl, perncTpupyemble B 061acTv AUCTaNbHOI GanaHrin NanbLa, penpeseHTaTMBHbLI NPenMyLLeCTBEHHO
B OTHOLUEHMN NYNbCOBbIX KOEOaHNA MUKPOreMOANHAMUKI APYIUX 30H KUCTW (Koppensuus okono 0.7) v B 3HAUMTENbHO MeHbluEli cTenenm
B OTHOLUEHNM 3HAOTENNANbHbIX, HEAPOTreHHBIX, MUOTEHHBIX 1 AbIXaTeNbHbIX konebanuii (koppensuus okono 0.4). BcnegcTBue yCTaHOBNEHHOI
BbICOKOW NPOCTPAHCTBEHHOI HEOAHOPOAHOCTM CMEKTPANbHBIX XapaKTePUCTUK PeKOMEH/YeTCs Npi UCMONb30BaHIN KOHTAKTHBIX GOTONNLTU3-
Morpaduueckux M3Mepenuii cnonb3oBaTb HECKONbKO OMOPHbIX 30H. PacCMOTPeHHbIN Cnocob BIU3yanu3aLymu NpoCTPaHCTBEHHOI Koppensuum
CMeKTpanbHbLIX XapakTepuCTUK MOXET HaiTI NPaKTUYecKkoe NPUMEHeHMNe Takke B 061aCT aHanu3a reMoguHaMuUK1 MeTo4amMm nasepHoil fo-
NNNepPOBCKOIA, Na3epHOIi CNeKN-KOHTPACTHOIA, TepMorpaduueckoil unm runepcnekTpanbHoii BU3yanu3aumm.
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Abstract. Background and Objectives: The problem of representation of multidimensional data on a two-dimensional plane arises during the
processing of a series of two-dimensional images in the spatiotemporal and time-frequency domains. When implementing time-frequency
analysis, each point of the object is characterized by a function of two arguments, therefore, to visualize the results on a two-dimensional plane,
it is necessary to reduce the data dimension. Materials and Methods: This paper describes a method for color coding the correlation of spectral
features at each point of a two-dimensional dynamic image. The novelty of the proposed method in the using of the wavelet correlation function
of the reference area with all other regions of interest of the object. In this case, the correlation value is color-coded and forms a correlation map
in each of the analyzed spectral ranges. Results: This allows to select areas that have similar time-frequency spectra of investigated characteristics
of the object. The application of the method is considered on the example of the analysis of the microhemodynamics of the human hand using
photoplethysmographic imaging. The analysis was carried out in the spectral range (0.005-2 Hz), covering both cardiac and low-frequency
hemodynamic oscillations of the respiratory, myogenic, neurogenic, and endothelial ranges. In general, there is a tendency to a decrease
of correlation of the spectrum with distance from the reference area and with a decrease in the analyzed signal frequency. It is shown that
photoplethysmographic signals recorded in the area of the distal phalanx of the finger are predominantly representative of cardiac oscillations
in microhemodynamics of other areas of the hand (correlation of about 0.7) and less representative with respect to endothelial, neurogenic,
myogenic and respiratory oscillations (correlation of about 0.4). Due to the established high spatial inhomogeneity of the spectral features, it is
recommended to use several reference areas when using contact photoplethysmographic measurements. Conclusion: The considered method of
visualizing the spatial correlation of spectral features can find practical application also in the field of hemodynamic analysis using laser Doppler,
laser speckle contrast, thermographic or hyperspectral imaging.
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microhemodynamics, spectral analysis
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Beepenne OJHMM W3 LIMPOKO paclipOCTPaHEeHHBIX MEeTO-
JIOB YMEHBIIIeHUs] Pa3MePHOCTU ABYXMEPHBIX AaH-
HbIX BO BpDEMEHM SIBJISIETCS BbIJe/eHHe 00/1acTH
VHTepeca U yCpeJHeHUe TlapaMeTpa BU3ya/lu3aliiu
10 TIPOCTPaHCTBY. [Tpu 3TOM B 06/1aCTh UHTEPECA MO-
TyT NOTa/jaTh aHaTOMUYEeCKHe 30HbI, pa3/Invatoiye-
Cs Mo (PU3MOJIOTUUECKUM MeXaHW3MaM DeryJisiiiu,
HarnpuMep, peryislydyd TeMOJMHAMUKU U TIOTOOT/e-
JieHus1, Kak ObLIo TIOKa3aHo B paborax [4-6]. Takue
«CMelIaHHbIe» JaHHbIe OyIyT UMEeTh OOJBIIYIO UC-

71 TIOMHOTO OMMCaHWSL SBOMIOLUMA JBYXMep-
HBIX JJaHHBIX, PETUCTPUPYEMbBIX METOlaMH BU3yaslu-
3ali TeMOJMHAMUKY, HallpuMep, TaKNMH Kak Tep-
Morpaduryeckass BU3yaau3aiys, HoToryieTu3Morpa-
¢uueckas (PIII), nazepHasi-A0MNIIEPOBCKast, CIIeK/I-
KOHTpacTHasi Bu3yanu3aius [1], HeobxoauMo yuu-
ThIBaTh MPOCTPAHCTBEHHbIM, BpeMEeHHOM U 4acToT-
HBIN acreKThl AUHAMUKU. Pa3MepHOCTb pe3y/bTaToB
MIPOCTPAHCTBEHHO-BPEMEHHOTO aHalM3a [JByXMep-

HBIX JJAHHBIX MOXKET OBITH BBIIIE /IBYX, UTO TPHUBO-
IUT K He0OXOJUMOCTU YMEHBIIEeHUs Pa3MepHOCTH
pe3y/IbTaToB C L{eJIbI0 COXPAHUTD HAIVISIAHOCTE Tpej-
CTaB/IeHUs pe3y/bTaToB, 0COOEHHO B C/Iyuae MYJib-
THU- U TUTEPCIIeKTpaabHOM BU3yanu3anuu [2, 3].
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TepPCHI0 BO BpPeMEHM IO CPaBHEHUIO C aHaau30M
TOYeK [M0OBEePXHOCTH, UMEIOLMX OAUH U TOT Ke Me-
XaHU3M PeTY/ISLNN.

BTOpbIM CrIoc060M yMeHbILIeHUsT Pa3MepHOCTH
JlAaHHBIX SIB/ISIETCS1 yCpelHEHWe MapaMeTpa BU3yaslu-
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3al[UM 110 BPEMEHHU B KaXKAOUW TOUKe M300paKeHVsI.
B pe3ynkraTe GopMUpyeTcst GyHKI[MOHATbHOE U300-
pakeHHe, KapTa, COJeprKalllasi WHTerpajbHYI0 WH-
(opMaryo 0 MPOCTPAHCTBEHHOM pacIipefeieHuH,
HarprMep TeMOJWHAMUKH 3a BCE BpeMsl JKCIIepH-
MeHTa [4, 7, 8]. IIlpu ycpeigHeHHU MO TPOCTpaH-
CTBY WJIH TI0 BPEMEHH MO)KHO BBITIO/HSTH OL[EHKY
CTaTHCTUUECKOTO pacrpe/esieHys TlapaMeTpa BU3Y-
alu3aluy, T. e. B C/Iy4ae pacrpezesieHusi, 6/IM3Koro
K HOPMaJIbHOMY, OTIpeJie/isiTb MaTeMaThdecKoe OKH-
JlaHWe, TUCIEpCHio, KO3(dUIMeHTb acUMMeTpUr
uni 9Kcuecca. IIIWpoko pacrpocTpaHeH aHamu3
CTIeKTPAbHBIX COCTAB/ISIOIIMX CHTHAMA B KaXKIOH
TOUKe WM 00/1acTH M300paXkeHuUs! C TIPUB/IEYEHHEM
anrapara ®ypbe- WK BeliBieT-aHaim3a [9].
O6o0611jast BbIIIIECKAa3aHHOE, MOXKHO IIpefCTa-
BUThH aHalM3WpyeMble JaHHbIE O TeMOJMHaMUKe
Kak (YHKLHIO YeThipex aprymeHtoB S(x,y,f,t),
re X, y — IPOCTPaHCTBeHHbIe KOOpJAWHATHI, ! —
Bpems,, f — uactota. Takum 00pa3oM, B KaxJoH
TOUKe M300pakKeHHs CYILeCTBYeT AWHAMKKa BO Bpe-
MEHHOM W uYaCTOTHOH 00/1acTsiX, MpOSIBASIOLASICS,
HarpuMep, B C/Tyuae BeHBIeTHOrO aHa/IN3a JaHHbIX.
CTaTCTHUeCKe XapaKTepPUCTHUKA MOXKHO OLieHH-
BaTh B IPOCTPaHCTBEHHOMW, BpeMeHHOM, 4aCcTOTHOMN
00/1aCTAX WIM UX COYETaHWH. YMeHbllas pa3mep-
HOCTb pe3ysibTaTa 3a CueT (UKCALM OFHOTO WIIH
HECKOJIbKMX apryMeHToB QyHKLuH S(X, y, f, 1), momy-

Y¥M pa3/TMYHbIe BUBI aHam3a (Tabsmuna). [Tpu aTom
JIJAaHHbIE B UaCTOTHOM U BPEMEHHOM 00/1acTAX He SB-
JISTFOTCS TIOJTHOCTBIO He3aBUCUMbIMU. OlleHrBas Ma-
PY BO3MOJKHBIX AWCKPETHBIX 3KCIIePUMEHTabHBIX
3HAYeHUH YaCTOTHI ¥ BPEMEHH, CeyeT YUUTHIBATh
COOTHOIIIEHVE Heompe/leIeHHOCTU AJIsT CITeKTpalb-
HOTO aHa/TM3a, B COOTBETCTBHHU C KOTOPBIM YMeHbIIIe-
HUe IIara JVCKpeTHU3aruy 1o BpeMeHH (yBesnueHre
OTpe/Ie/IeHHOCTH TI0 BpeMeHH) OyzeT HeobXoauMo
TIPUBOAUTE K YBeIWYeHUIO MUHUMAJILHOTO Ilara
JVICKpeTH3aliH 10 YacToTe (YMeHBIIeHUIO oTpefie-
JIeHHOCTH 10 uactote). VI HaobopoT, yBenuueHue
YaCTOTHOTO pa3pelieHusi OyJeT COMpPOBOXIATHCS
HeoOXOZMMBIM YMeHbIlIeHeM BPeMeHHOT0.

Ha npakTuke HarboJiee 4aCTo UCTIO/Ib3YIOTCS 5
BapHaHTOB aHa/IM3a: BpeMeHHOM, TPOCTPaHCTBEHHO-
BpeMeHHOM, TPOCTPAaHCTBeHHbIN, MPOCTPAHCTBEH-
HO-YaCTOTHBIN, YaCTOTHO-BpPeMeHHOU (CcTpoku 1, 7,
6, 4, 3 TabU1IBI COOTBETCTBEHHO). [IpU BHITIOTHEHUM
aHa/nM3a B YaCTOTHOM 00/1aCTH UMeeTCs B BUJY aHa-
JIU3 CIIeKTpa aMIUIUTY/, W/WK criekTpa (a3 (Harpu-
Mep, MOZY/b WM apryMeHT KOMILIeKCHbIX Pypbe-
WY BeliBieT-k03(pPULIeHTOB COOTBETCTBEHHO).

[Ipu cTaTrCTMUECKOM aHask3e JaHHBIX BO Bpe-
MeHHOM, TIPOCTPAHCTBEHHON WM YaCTOTHOM 006sa-
CTSIX TIOSIBJISIFOTCS OTIO/THUTEJ/IbHBIE KOJIMUeCTBEeH-
Hble XapaKTePUCTUKH, OMUCHIBAKOIME CTaTUCTHUe-
CKOe pacrpejie/ieHle BepOSITHOCTeH B COOTBETCTBY-

Bo3Mo)XHbIe BH/IbI aHA/IH3a ABYXMepPHBIX H300pakeHui (0 — MOCTOSIHHOE 3HAYeHHe COOTBETCTBYIOILIEro
aprymenTa ¢yHknuu S, 1 — nepeMeHHoe 3HaUYeHHE COOTBETCTBYHOIIEro aprymeHTa GyHkuu S)

Table 1. Possible types of analysis of two-dimensional images (0 — constant value of the corresponding
argument function S, 1 — variable value of the corresponding argument function )

No S(x,y) | S(f) | S@) Ornmicanue Buaa anammsa / Description of the analysis type

0 0 0 0 Het AuHaMUKH B TPOCTPAaHCTBEHHOM, YaCTOTHOM M BpeMeHHO# o6sacTsx / There is no
dynamics in the spatial, frequency and time domains

1 0 0 1 S(¢) — jMHAMMKa CHTHana BO BpeMeHU B (DUKCHPOBaHHON TOUKe W/ IpYIIe Touek
(30me) Ha ¢dukcupoBanHO# yactore / S(¢) — signal dynamics in time at a fixed point
or a group of points (area) at a fixed frequency

2 0 1 0 Het gyiHaMUKH B ITPOCTPAaHCTBEHHOW 1 BpeMeHHOM o6mactsix / There is no dynamics in
the spatial and temporal domains

3 0 1 1 S(f,t) — yaCTOTHO-BPEMEHHO# aHalu3 B TOUKe, TPyTINe TOueK (30He) B AWana3oHe ya-
cror / S(f,t) — time-frequency analysis at a point, a group of points (area) in the
frequency range

4 1 0 0 S(x,y) — aHa/M3 MPOCTPAHCTBEHHBIX YACTOT Kajpa Ha HMKCHPOBAHHOM yactoTe (Tpo-
CTPaHCTBEHHO-YaCTOTHBIN aHanu3) / S(x,y) — analysis of the spatial frequencies of the
frame at a fixed frequency (spatial-frequency analysis)

5 1 0 1 S(x,y,t) — TPOCTPaHCTBEHHO-BDEMEHHOH aHaaW3 Ha (MKCUPOBAHHON wacrtote /
S(x,y,t) — spatiotemporal analysis at a fixed frequency.

6 1 1 0 S(x,y, f) — aHa/M3 MPOCTPAHCTBEHHBIX YaCTOT KaJpa B AHana3oHe 4acToT (IPOCTpaH-
CTBEHHbIN aHa/IM3 B Auariasone yacror) / S(x,y, f) — analysis of the spatial frequencies
of the frame in the frequency range (spatial analysis in the frequency range)

7 1 1 1 S(x,y, f,t) — MPOCTPAaHCTBEHHO—BPEMEHHOM aHA/M3 B [uarna3oHe yactot / S(x,y, f,1) —
spatiotemporal analysis in the frequency range.
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A. A. Caraviga4Hbiii v ap. OLeHKa NpoCTpaHCTBEHHO-BPEMEHHOV HEOAHOPOAHOCTH

B

I0IUX 00/1acTsX (CpefHee 3HAUeHWe/Me[UaHa, Cpe/l-
HekBazipatuuHoe oTk/10HeHWe (CKO)/kBapTuiu, Ko-
b dUIMeHThl aCHMMETPHH, 3Kcljecca U T. 1.). Ha-
TIpyMep, TIPH BBIYUCIEHUU CIIeKTpaJbHOM IUIOTHO-
CTU MOIIHOCTH (oTOoMIeTU3MOrpapuuecKux CUrHa-
JIOB BO3MOJKHO MPOBOJIUTH yCpeJHEHUE 110 BpEMEHH,
M0 YacTOTe WX IO TNPOCTPaHCTBY, BU3ya/lH3UPYs
L[BETOM TIPOCTPAHCTBEHHOE pacmpe/esieHre COoOT-
BeTcTByHOIMX 3HaueHn CKO.

Busyanu3zais neprdeprueckoii reMofuHaMu-
KU JIeMOHCTPHpPYeT MPOCTPAHCTBEHHYIO HEOHOPO/-
HOCTb aMIUVIUTYOHBIX U (Pa30BbIX XapaKTepHUCTUK
curHana [1, 10], moaToMy Npu MpOBeAEeHHUU UCCIe-
JIOBaHWM B JIOKaJABHBIX 30HAX ToBepxHOcTU [11]
JKeJlaTesIbHO OTpeZie/isiTh aHaTOMUYeCKre 30HBI pe-
TUCTpaljid CUTHAJOB, OIUPasiCh Ha pe3y/bTaThl
TIpe/iBapyTeIbHOTO TPOCTPaHCTBEHHO-BPEMEHHOI0
aHa/m3a.

B obmacTu AByXMepHO# BU3ya/TU3aLdi TeMO/TH-
HaMUYeCKUX SIBIEHUH MeTOJaMH CITeKI-KOHTpacT-
HOMt wmu doTrorieTu3Morpaduyeckor BU3yasv3a-
uun (PIIIM-Bu3yanuszaluu) UcciefoBaTeNld, 3a UC-
K/IIOUeHWeM HecKolbkux pabot [12, 13], orpaHu-
YMBAKOTCS MOCTPOEHUEM KapThl aMIUIMTY/bI KoJie-
0aHWIl B Ka)KJIOH TOUKe TOBEPXHOCTH OOBLEKTa,
He JaBasi KO/JMYeCTBEHHBIX OLIEHOK B3aWMOCBSI3U
CTIeKTPOB Koje0aHWii CUrHajsa B pa3ldYHBIX TOU-
Kax obbekra [14, 15], m1bo BBIMTOIHSAS CpaBHEHHE
[JAHHBIX KOHTAKTHBIX H3MepeHHil C JBYXMepHBI-
MM OecKoHTakTHBIMHU [16]. Ilesib gaHHO# padoThI
COCTOUT B pa3paboTKe MeTo/a LIBETOBOTO KapTHPO-
BaHUs1 KOPpEJISILMM YaCTOTHO-BPEMEHHBIX CIIEKTPOB
B pa3/IMYHBIX TOUKAX [BYXMEPHOTO0 W300pa’keHus
Ha mipuMepe 00paboTku pe3yswsratoB PIII-Bu3ya-
JIM3aly MUKPOTeMO/IMHAaMHUKU (TaKol aHaJiu3 CooT-
BETCTBYET 7-1 CTPOKe TabJIHIIbI).

Bo/bIIMHCTBO HMCC/Iel0OBaHUNA TeMOJMHAMUKH
¢ momoilbld Metoaa ¢ortorieTuaMorpadun mpo-
BOJATCS B UAaCTOTHOM JMaria3oHe Cep/euHBIX CO-
kpatgenuit (0.5-2 I'ty). O630p coBpeMeHHBIX paboT
B obsactu dororerusmorpaduu [15] mokaszar,
YTO HU3KOUacToTHas 4acTh curHana PIII' menee
0.5 I'u siBnsieTcsi WHGOPMATUBHOW C TOYKHU 3pe-
HUsI OMuCaHus (YHKIMM CHUMIaTU4YeCcKoro OTAena
BereTaTUBHON HEPBHOW CUCTEMBI, a TaKXe H3yue-
HUsI KOppessiLiuy KosiebaHuii MUKpOTeMOAUHAMUKHN
1 Baprabe/ibHOCTH pUTMa cepiia [ 17-24]. TToatomy
B JJaHHO paboTe rpoBoausics aHaau3 @I1T-curyHana
B AuanaszoHe yactot (0.005-2 I'1), oxBaThIBaroIiemMm
KakK My/bCOBBIE KosiebaHWs, Tak U 0osjiee HU3KOYa-
CTOTHbIE KOMIIOHEHTHI JbIXaTe/lbHOr0, MUOT€HHOT0,
HEeMPOTreHHOT0 1 SH/I0Te/TUATBHOTO AUATIa30HOB.

buopusnka n MeanumHcKasn pusmka

1. Marepmanbl ¥ MeTOAbI

1.1. Pezucmpayus 0aHHbIX

OI1I'-BH3yanu3anysi MUKpOreMOJUHAMHUKH BbI-
TIOJTHSIJIACh C TIOMOLIIBIO PErUCTpaLUU BHeon300pa-
JKeHHsI MOHOXPOMHOU Kamepoit Basler acA 2000—
165um NIR (Fepmanusi) C pabourM AUaa3’oHOM
B BUZMMOM W OmkHelW WH(paKpacHOW 006sacTsax
(400-1000 uM). B kauecTBe 0OBEKTa HCC/IEMIO-
BaHMUsS UCII0/b30Bajach ThUIbHAas CTOPOHA KHUCTU
yesioBeKa. [l/11 OCBelljeHUs] KUCTH WCII0/Ib30BasCs
KOJIbLIEBOM OCBETUTE/Ib CO CBETOAU0/IaMH, UMEIOLLH-
MU LIeHTPa/IbHYIO [/IMHY BOIHBI U3/1ydeHust 530 HM
(3eneHslit). Kamepa 1 KoJbL|eBOM OCBETUTEJTb pacrio-
Jlarajmch Ha paccTosHuM 70 CM OT 00BeKTa u3Me-
peHusi. [Iji1 MUHMMU3al[uM 3epKalbHO OTPayKeHHOU
KOMITOHEHThl M3/1y4eHUs] UCI0/Ib30BaUCh MOJISpH-
3a1[oHHbIe QWILTPBL. CheMKa BUIEON300paXkeHuUsT
npoBoAusack ¢ vactoroi 50 T, paspereHvem
kKamepbl 720x480 mukceneil U ¢pu3MUeCKUM paspe-
meHreM obbekTa 14 nukceseir/Mv?. [JIUTeNLHOCTD
3anmucy cocraBisial8 muH. CbeMKa OCyLIeCTB/Is-
Jlacb B IIOMeIlleHUM, B TepMOHEeNTpasbHbIX YC/IO-
BUsX (BaakHoCTb 4015%, Temmeparypa Bo3zgyxa
23.0 £ 0.2°C) npu otcyTcTBUM (HOPCHPOBAHHOM
KOHBeKIMU. WcrbiTyembii — MyxumHa 30 e,
0e3 BpeqHBIX MPUBLIUEK, 6€3 CUCTEMHBIX 3ab0/1eBa-
HUI, COTIPOBOXKAIOLLMXCS] HApYLIEeHeM pery/isiLuu
nepudeprueckoro KpoBOTOKa, TIPH apTepUaJbHOM
naBneHu B HopMme (125/83 MM pT. cT.). Bo Bpems
CbeMKH UCIIBITyeMbId HaxOAW/ICS B COCTOSTHUU TI0-
KOS B TIOJIO’KEHUU CHJS.

1.2. YacmomHo-8pemeHHOll aHa1u3

[inst aHanu3a HeOZHOPOJHOCTH YaCTOTHO-Bpe-
MEHHBIX XapaKTePUCTHK CUTrHaa f(x,y,t) B pa3imu-
HBIX TOUKaX MOBEPXHOCTH 00BEKTa UCIOIb30Ba/I0Ch
BelipneT-nipeobpaszoBanre (1) ¢ aHATU3UPYIOIIUM
BeliBieroMm Mopse (2). IIpu COOTBETCTBYHOLLEM
nogbope mMapameTpa (), BeiiBiera Mopie MOX-
HO 00eCreunTh ONITUMATEHOE COOTHOIIIEHHE MEXY
JIOKa/nu3aueld B YaCTOTHOW UM BpPeMEHHOHW o06ia-
crsax [25]:

1 e L[ 1—Ar
W(sttvxvy):%"/_ f(xvyvt)‘w ( s )dtv

M
@) (=7 /2) )

y(r)=

N

t—At
r= ,
s

r7le CUMBO/M * 0003HauaeT KOMILIEKCHOE COTIPsDKe-
HUe; § — MaciuTab, UIMeroL|i pa3MePHOCTh BPEMEHHU
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¥ 00paTHO TIPOMOPIMOHABHBEIA YaCcTOTe CHUTHANA;
At — BpeMeHHOUW cABUT (TIONIOXKeHUWEe BelBreTa); X,
Yy — KOOpAWHATBHl W300paKeHWs; ! — BpPeMs CHT-
Haja; () — TMapaMeTp BelBsieTa (KCIO/b30BaOCh
3HaUeHHe )y = 27T, KOTOpoe 00ecIeurnBaao 00paTHO
TIPONOPLIMOHA/IEHOE COOTHOLLIEHUEe MeX[y JUHeH-
HOIi YacTOTO# 1 MaciuTaboMm BeiiBrera f = 1/s).
[ns onpefesieHUs: KOppessiLiM 4acTOTHO-Bpe-
MEHHBIX CIIeKTPOB B [JBYX Pa3/HUHBIX TOUKax 1300-
paKeHHs1 00BEKTa HCIO/b30Banach QyHKIUSA (3),
Tnpe/iCTaB/sIoLIas 000 HOpManu30BaHHOE CKaJIsip-
HOe [1POV3Be/ieHNe [IByX BelB/IeT-CIIeKTPOB, OIpeje-
JIeHHOe ZI/Ii KaKAOTO 3HaueHWs 4acToTel f [9, 26,
27]. B auckpeTHoM BUje Takas (pyHKLUsS Koppers-
L[UM BEUBJIET-CITEKTPOB MOXKET OBITH 3amucaHa Kak

Z]jy=1 W (fi)tj) 'WZ* (fiatj)

CC(fi) = )
VEL W (fot) 2 0 W (£ )]
3

rae { — WHIEKC [AWUCKPETHOrO 3HAYeHUsi YacTOThI
fi» J — WHOEKC MUCKPETHOro 3HAYeHUs] BPEMEHH 1 ;,
Wi(fi, tj) — BeliB/IeT-CrIeKTp B TOUKe M300pakeHust
(x1, y1), W5 (fi, t;) — KOMIUIEKCHO-COTIPSDKEHHBII Bel-
B/IET-CIIEKTP B TOUKe u300pakeHust (xz, y2), N —
KOJTMUECTBO JMCKPETHBIX 3HaueHH BpeMeHH, f = 1/s.
Mogyne QyHkuuM (3) XapakTepusyeT KOPPessLHIO
CITeKTPaIbHBIX KOMIIOHEHT /IByX CUIHA/IOB Ha 4acToTe
/i ¥ TpyUHMMaeT 3HaueHus1 B Auanasone (0; 1).

1.3. IJeemoeoe kapmupoeaxue NPOCMpPAHCMEEHHOU
Koppeasiyuu cneKimpoe

st BU3yamm3aliii KOppeJisiiiui  BeHB/eT-CIiek-
TPOB B Pa3/IMUHBIX TOUKAX /[ByMEPHOro M300pake-
HUST HeOOXOZMMO OTIpe/ie/ITh KakuM 00pasoM OyayT
OCYILLIeCTB/IATHCS BBIOOP Pa3MMUHBIX Map TOYeK M300-
PaKEHMST M I[BETOBOE KOAUpOBaHHe K03(GhUIMEeHTOB
KOppe/IsiLiii. B COOTBETCTBUM €O CXeMOH, IpHUBe-
NeHHOW Ha pHUC. 1, TIOC/e BBIUMC/IEHUS B KaXKIOU
TOUKe U300pa)kKeHUsi YaCTOTHO-BPEMEHHOTO CIIEKTpa

MpocTpaHcTBEeHHAs! KOPPENSLMS CNIEKTPOB

Spatial correlation of spectra

Peructpayus BpeMeHHoM
nocneaoBaTensLHOCTH

n3obpaxeHui / Capture of
sequence of images 1

Y

BeluncrneHne 4acToTHo-
BPEMEHHOr0 CNekTpa B
KaxkOon ToYKe n3obpaxenns
(BeiBneT-npecbpazoBaHue)
/Calculation of the
frequency-time spectrum at
each point of the image 2

Beluucnenue BeuEHET-KOPpeJ'IﬂLI,IAM Bmayanmsauuﬂ nByxmepHoﬂ KapThbl
CNeKkTpoB pedepeHcHO 30HbI U MOAyns/apryMeHTa BeMBneT-koppensyum (3)
KaKaoi 30Hb! U306pakeHns / (ycpeoHeHve Nno YacTOTHOMY AvanasoHy)/

Calculation of the wavelet ™ Imaging of a 2D map of the modulus/argument
correlation of the spectra of the of the wavelet correlation (3)
reference region and each region of il
the image
i i v
T Buayanusayus gByXMepHOW KapTel
OTKMOHEHWH OT CPeaHero Moaynsa/aprymeHTa
BEWBNET-Koppensayummn (YyCpeaHeHne no
BbiGop pediepeHCcHO 30HbI/ 4acToTHOMY AuanasoHy) / Imaging of a two-
Selection of the reference region dimensional map of deviations from the
6 mean modulus/argument of the wavelet7 2

Spectral power

CI'IGKTpa.I'IbHaH MOLUHOCTb

Y

PazbueHue yactoTHOro
AvanasoHa Ha nogananasoHbl/
Separation of the frequency

range into subbands 3

BelucneHWe cnekTpansHon
nnoTHocTU MowHocTu (CMNM) ¢
ycpegHeHnem no BpemMeHun

Buayanuaauna gByxMepHOW KapTel cpegHen
—»| CI1M (ycpegHeH1e No YacToTHOMY AnanasoHy)/

Imaging of a 2D average PSD map

4.1

(B kaxaom nogguanasoHe)/

Time averaging power spectral
density (PSD) calculation

Busyanuaauma AByXMepHOMW KapTel

otknoHeHu CIMNM oT cpeaHero 3Ha4YeHus
( ycpegHeHuWe no 4YacToTHOMY AvanasoHy) /
¥ Imaging of a 2D map of time-averaged

PSD variations

5.1

O,D,HOEIPEMEHHDE BblYUCIIEHWE

2

OoTKNoHeHwui CMNM oT cpenHero
3HEYEHMA NPKU yCPEeaHEHUA No
BpemeHu / Simultaneous
calculation of PSD variations

Buayanuaauusa OByXMEpPHOM KapTbl

oTknoHeHuiA CMM oT cpegHero 3HavyeHns npu
YCPeOHeHWN CHavana no BpeMeHu, 3aTtem no
yactoTHoMy guana3soHy/ Imaging of a 2D map
9 of PSD variations from the mean value when
averaging both over time and frequency range

82

Puc. 1. Biiok-cxeMa BU3yaM3al{iy IPOCTPAHCTBEHHOM HEOAHOPOJHOCTH CTIeKTPA/IbHBIX XapaKTePUCTHK (LIBET OHJIAKH)

Fig. 1. Block diagram of the visualization of the spatial heterogeneity of spectral features (color online)
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Puc. 2. BeliByieTHbIH aHa/M3 B Pa3lMUHBIX 30HaX 0OBeKTa NMpH NpoBefeHNH (oToruieTH3Morpaduueckoil BUyaan3ayu: a —

HyMepOBaHHbIe 30HbI aHAJM3a Ha TIOBePXHOCTH KucTH; 6 — DIIT-curnan (iPPG), ycpeaHeHHbIH B nipefienax 30HbI 13; ¢ — OIIT-

CUTHaJI, yCpeJHEHHBIH B IIpefie/siax 30Hbl 9; 2 — 4aCTOTHO-BpeMeHHOH criekTp DIII'-curHana (BeliBaeT-crieKTporpaMma) (30Ha 13,

13 CUTHaa MpeJBapyUTe/IbHO yAajleH JMHeHHbIA TpeH); 0 — 4aCcTOTHO-BpeMeHHOM criekTp @III-curHana (BeiBieT-crekTpo-

rpamMMa) (3oHa 9, U3 curHasa rnpeJBapUTe/IbHO y/aeH JIMHeNHbIN TPeH/); e U )¢ — BelB/IeT-CIeKTPbl TVIOTHOCTU MOIIHOCTU

@IIlM-curHana B 30Hax 13 ¥ 9 COOTBETCTBEHHO (CIUIOLIHASL IMHUS), TyHKTUPHBIE JIMHUU — CPeHEKBapaTUYHOe OTK/IOHEHHe
MOLIJHOCTH NPH yCPeJHEHUU 110 BpeMeHHU (LiBeT OHJIakH)

Fig. 2. Wavelet analysis of the photoplethysmographic imaging signals in different areas of the object: a — numbered regions

of interest on the hand surface; b — PPG signal (iPPG) averaged within region 13; ¢ — PPG signal averaged within region 9; d —

time-frequency spectrum of the PPG signal (wavelet spectrogram) (region 13, the linear trend was preliminarily removed from

the signal); e — time-frequency spectrum of the PPG signal (wavelet spectrogram) (region 9, the linear trend was previously

removed from the signal); f and g — wavelet-spectra of power density of the PPG signal in regions 13 and 9, respectively (solid
line), dotted lines are the standard deviation of the power density when averaged over time (color online)
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OH pa30MBaeTCs Ha TOAMANa3oHel (mmar 3, puc. 1).
B uactHOM (iydae aHa/mM3a MHKPOTEMOJMHAMHUKA
3TO /IMara3oHbl SHAOTeMMansHol akTruBHOCTH (0.005—
0.02 T'u), HeliporeHHOW (CMMIIATUUeCKOM afpeHep-
rudeckort) aktuBHOCTH (0.02-0.06 T'1y), MHOTeHHOM
(tnagkombitieunoit) aktuHocTr (0.06-0.16 T'ry), fbi-
xarespHOTO puTMa (0.16-0.5 T'iy) ¥ cepaeuHoro purma
(TTy/bCOBBIe WM KapAuanbHble Kosebanwst) (0.5-2 ')
[28-31].

3areM A1 KaKAOW TOUKA M B KaKIOM IOJ-
JMarasoHe BBIYMC/SETCS CpefHss [0 [JUara3oHy
CreKTpaJibHasi TUIOTHOCTh MOLIHOCTM CHUrHama (Iia-
i 4, 5, puc. 1) c ogHOBpeMeHHbIM OrMpe/esieHreM
OTK/IOHEHHM CMeKTPa/lbHOM TJIOTHOCTH MOIIHOCTU
ot cpennero. ITocsie 3TOTO BBHITIONHSIETCS BU3Ya/IU-
3aLisi pe3y/IbTaToB IOCPEJCTBOM L[BETOBOIO KOIU-
pOBaHUsI 3HaueHUM CpefHell MOIHOCTA KaXK[oro
nopguanasoHa (war 4.1, puc. 1) ¥ OTK/IOHEHHWH
MOIIIHOCTU OT CpeJHero TpU YCPeJHEHWM 0 Bpe-
MeHu (war 5.1, puc. 1), a Takke NpU yCpeoHEHHUH
KaKk TI0 BpeMeHM, TaKk U TI0 dYacTtore (ar 5.2,
puc. 1).

[71s1 OLIeHKM TpPOCTPAHCTBEHHOM HEOJHOPO/HO-
CTH JBYXMEpHbIX JaHHbIX B TIPUBEIEHHON CXeMe
CITEKTP KaXKIOUW TOUKHM (MIM MajIol 30HBI) M300paske-
HUSI TIpeJijlaraeTcsi CpaBHUBATh CO CIIEKTPOM OTOPHOM
(pedepeHcHoI1) 30HbI (1ary 6, 7, puc. 1).

IMonyueHHble 3HaueHUsT KOPPE/SILIMM CIIEKTPOB
BbIOPaHHOH TOUKM (30HBI) HM300paKeHUsT U pede-
PEHCHOM 30HbI YCPeHSIOTCS B YaCTOTHOM JMaria3oHe
Y KogUpyroTcs LBeTtoM B guamnaszode (0; 1) (war 7.1,
puc. 1). I[Tpu HeoOGXOAUMOCTH MOTYT OBITH BU3ya/TH3U-
POBaHbI OTKJ/IOHEHHSI KOPPEJSILY CIIEKTPOB OT Cpefi-
Hero TIpY BBITIOJIHEHWH YCpeJHEeHWS B UYaCTOTHOM
[variasoHe (tuar 7.2, puc. 1).

IMockoneKy GyHKLMST KOppessiLiii CIIeKTpoB (3)
SIBISIETCSl KOMTUTIEKCHOM, TO BO3MOYKEH aHa/lu3 U 1iBe-
TOBOE KOJMPOBaHUe KakK eé MOJy/isl, TaK U apryMeHTa,
XapaKTepU3yIoIero (a3oBbld CABUT CITEKTPATbHBIX
KOMITIOHEHT Ha yacToTe f, a TakKe OTK/IOHEHWU ap-
TYMEeHTa OT CpeJHero 3HaueHus IIPU BBITOHEHUH
yCpejHeHusI B UaCTOTHOM JuariasoHe (mard 7.1, 7.2,
puc. 1).

B HacToseli pabote B KauecTBe pedepeHCHOM
30HBI ObUIa BBIOpaHa AUCTaIbHas (ajlaHTa yKasareb-
HOTO TIajIblla, TaK KakK JaHHas 30Ha Hambosiee 94acTo
WCITONb3yeTCsl B KOHTAKTHOHM (hOTOIIeTU3MOTrpadhuy,
peasi3yeMoii C IIOMOLL[BIO Ta/IbLIEBLIX MY/IbCOKCUMET-
pOB. B kauecTBe Apyrux 30H WHTepeca OrpefeneHb
10 4 30HBI HA K&KIOM Tasiblie (06/1aCTh HOTTS U KaXK-
Jasi (hasaHra Tasibiia) U 4 30HBI HA THUTLHOM CTOPOHE
JIaJIOHML.

134

2. Pe3ynbTathl

2.1. Ilpumep anau3a cuzHa108

Ha puc. 2 npuBefeHbl 30HbI aHauv3a, CUr-
Hajlbl U YaCTOTHO-BpeMeHHble creKTpel PII'-cur-
HasoB, WCTIO/b3yeMble TP pacueTe KOpPpPessLn
B 20 pa3nuuHbIX 30HaX 00beKTa. PacueT koppessiyu
CHeKTpa/IbHbIX XapaKTepPUCTUK B Pa3/IMUHbIX 30Hax
OCYIIIECTB/ISI/ICSI OTHOCUTETbHO pedepeHCHOM 30HbBI
13 Ha pgucranbHOM (asiaHre yKasaTe/bHOTO Masblia.
Ha puc. 3 npejcrapneHa KoppersiLysl ClieKTpa/IbHbIX
KOMIIOHEHT B 3aBUCMMOCTH OT YacCTOThI IIPU CpaBHe-
HUM BelB/IET-CIIeKTPoB B 30Hax 9, 16, 19 c 3o0Hoi#1 13.

I 11'11; 1\ %

0.01 0.1 1

f, Hz

Puic. 3. BeiiBreT-Koppersityst CUrHa/IoB pehepeHCHO 30HbI 13
1 30HbI 9 (CTUIOIIHAS JTUHKSA), 30H 13 1 16 (TTyHKTUPHAs JTUHUS),
30H 13 u 19 (ToyeuHast uHUsT). BepTHKaibHbIe JTMHUM — TPaHU-
bl sH70TeMansHOTO (1), HetiporenHoro (1), muorenHoro (111),
nbixaresibHoro (IV) u cepgeuroro (V) 4acTOTHBIX Mara3oHOB

Fig. 3. Wavelet-correlation of the spectra of reference regions

13 and 9 (solid line), regions 13 and 16 (dashed line), regions

13 and 19 (dotted line). Vertical lines are the boundaries of the

endothelial (I), neurogenic (II), myogenic (III), respiratory (IV),
and cardiac (V) frequency ranges

2.2. IIpocmpaHcmeeHHas Koppeasiyusi CNeKmpa/ibHbIX
Xapakmepucmuk

[IBeTOBOE KapTHpOBaHWE KOpPPeJSILY CIIeKTPOB
pedepeHCHOI#1 30HbI 13 co criekTpamu B 19 ApyTHX 30-
Hax MHTepeca Tpe/cTaB/ieHbl Ha puc. 4. LiBeT ka0
KBa/IpaTHOM 30HBI XapaKTepu3yeT 3HaueHHe KoppeJisi-
uu (3) B auanasone (0; 1), ycpeqHeHHOe B Tipe/iesiax
5HJ0Te/IMAIbHOTO, HEeMPOreHHOro, MHUOTeHHOIO, Abl-
XaTelbHOTO U CepAeuyHOro YacTOTHBIX /Jvara3oHOB
(puc. 4, a—0 COOTBETCTBEHHO).

KonnuecTBeHHble 3HaueHWs] MPOCTPAHCTBEHHOM
KOppe/sSILMU CIIeKTPOB TpeZCTaBleHbl Ha pUC. 5, a
B 3aBUCUMOCTU OT aHaTOMHUUECKOW 30HBI (AWCTalb-
Hast (pasaHra (HOTOTB), MUCTa/bHas (asaHra (KoXKa),
cpenHsisi pasiaHra, IPOKCUMasbHast (hasiaHra, ThUTbHAsT
YacThb JIafIOHA) U Ha PUC. 5, O B 3aBUCHMOCTH OT Ya-
CTOTHOTO JMara3oHa.

Ha ocHOBe aHa/mM3a NpUBeZIeHHBIX [JAHHbBIX
(puc. 2—5) MOXKHO CJlefiaTh C/Ie/lyIOLIYe BbIBOJbI.

HayuHbivi oTgen
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Puc. 4. Busyanusaius KOppessiliii YaCTOTHO-BPEMEHHBIX CIIEKTPOB B PAa3/MUHBIX 30HaX 00beKTa CO CreKTPOM pedepeHCHOM

30HBI 13 /11 pa3/IMYHbIX YaCTOTHBIX JAWAIa30HOB KosiebaHHi MUKPOreMOJMHAMUKU: & — SHZOTeUa/IbHbIH, 6 — HeMpOTreHHbIH,

8 — MUOTeHHBIH, 2 — /IbIXaTeNbHbIH, 0 — Cep/leyHblH, e — Cpe/jHee 3HauUeHUe CIeKTPalbHOM MIOTHOCTH MOLIHOCTH KosebaHuit
MHUKPOTeMOJUHAMHUKH B 4acTOTHOM Auara3oHe (0.005-2 I'y) (uBeT oH/aiiH)

Fig. 4. Visualization of the correlation of time-frequency spectra in different regions of the object with the spectrum of reference

region 13 for different frequency ranges of microhemodynamic oscillations: a — endothelial, b — neurogenic, ¢ — myogenic, d —

respiratory, e — cardiac, f — average value of the spectral power density of microhemodynamic oscillations in the frequency
range (0.005-2 Hz) (color online)

1. Koppensius criektpos ®III'-curHanos nsme-
HsleTcsl B LIMpoKux mpefenax ot 0.3 go 0.8 B 3a-
BHUCHMMOCTU OT YaCTOTHOTO /yara3oHa U aHaTOMU-
Yeckol 30HbI, T. €. HaOJIOAeTCs CyIlecTBeHHas
TPOCTPaHCTBeHHasi HeoAHOPOJHOCTb YacTOTHO-Bpe-
MeHHBIX CTIeKTpOoB (CM. puc. 4, 5).

2. Ha Bcex (anaHrax, Kpome AWCTabHOM
(obnacTb HOTrTSI), OTMEUAETCs BBICOKas MPOCTpPaH-
CTBeHHas KOppe/BIUsi CIIeKTPOB B UYaCTOTHOM

buopusnka n MeanumHcKasn pusmka

[MarnasoHe cepZieuHoro putMa (Ha ypoBHe 0.75)
(puc. 4, 0) u 6osee HU3KAsT KOPPEJSILUA B SHIOTE/H-
aJIbHOM, HeMpOreHHOM, MHOTEHHOM U [IbIXaTelIbHOM
muaria3oHax (Ha ypoBHe 0.45) (puc. 4, a-e
u puc. 5, a).

3. MakcumasbHble 3HaueHust Koppessiiyu OIIT-
CUTHA/IOB C pedepeHCHOM 30HOW OOHAPY>KUBAIOTCS
Ha [JUCTaNbHBIX (pajlaHrax, Ife TakkKe PerucTpu-
pyeTcsi HauMeHbIIHH pa30poCc OTHOCHUTENBEHO Cpei-
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Puc. 5. CpeziHue 3HaueHust BeHB/IeT-KOPPe/SILMM: & — 3HaUeHVsl BeHB/IeT-KOPPeJIsILIMY, yCPeJHEHHOM 110 (hajlaHraM BCex TasblieB

B obmacty Horts (phl), fucraneHeM dananram (ph2), cpegaum dananram (ph3), mpokcumansHbM dananram (ph4) u 4 30Ham

nagonu (palm) (I-V — 0603HaueHue aHATM3UPYEMBIX UACTOTHBIX TUATIa30HOB, KaK Ha pUC. 3); 6 —3HaueHusi BeHB/IeT-KOPPessivii

Pa3UUHBIX 30H KUCTH, YCPeJHEHHbIE B Mpe/eiaX UYaCTOTHBIX JUara3oHoB KojebaHuii MukporemoguHamuku (I-V) nsist 30H
kuctu phl, ph2, ph3, ph4, palm (1BeT oHnaiin)

Fig. 5 Average values of wavelet-correlation: a — correlation of spectra averaged over the phalanges of all fingers in the nail

area (ph1), distal phalanges (ph2), middle phalanges (ph3), proximal phalanges (ph4) and 4 areas of the palm (palm) (I-V -

designation of the analyzed frequency ranges coincides with the designation in Fig. 3); b — values of wavelet-correlation of

different areas of the hand, averaged within the frequency ranges of microhemodynamic oscillations (I-V) for the areas of the
hand ph1, ph2, ph3, ph4, palm (color online)

Hero 3HaueHus Mo ¢asaHram pas3/IMYHbIX MasbLeB
(puc. 5, 6).

4. Ha aucranbHbIX (agaHrax B 001acTé HOITS
B JbIXaTe/llbHOM JWaria3oHe KoieOaHWi MHMKpOTreMo-
MMHAMUKY OOHapY>KUBAeTCsI MUHUMYM KODDEJISILIAN
criektpoB @DI1T'-curnanos (puc. 5, 6).

5. 111 BCeX aHAaTOMUYECKUX 30H KHUCTU KpOMe
MCTabHON (amanru (006/1aCTh HOTSI) XapaKTepeH
POCT MPOCTPAHCTBEHHOM KOPPEJSILIU CIIEKTPOB TIPU
yBe/IMUeHWM YacTOThbl, T. €. HauMeHblllas KOoppesisi-
1usi 0OHAPY>KMBAETCSI B SHOTE/MAILHOM /IMara3oHe,
Haubosblllass — B /iMaria3oHe CEepJeyHoro pHUTMa
(puc. 5, 6).

6. 3HaueHMS1 KOppeysiIUU TpU  yCpeJHEeHUU
TI0 aHAaTOMUUECKOU 30He (PHC. 5, &) UMeIOT MeHbIIIe
OTKJIOHEHUsI OT cpeziHero (Oomee OFHOPOAHBI), YeM
TIPH yCPeJHEeHUH TI0 AWara30Hy yacToT (puc. 5, 6).

7. HacToTHasi 3aBUCHMOCTb KOppessiliii  (CM.

puc. 3) JEeMOHCTDUDYeT, UTO OCHOBHbIE OT/IUYMS
CMeKTPa/IbHbIX XapaKTePUCTHK C AWCTalbHBIX (a-
JIaHT OT XapaKTEePUCTHK [PYTHMX 30H HaOMOfaroTCs
B MUOT'€HHOM /lMara3oHe U B MeHbllleli CTelleH! B Hel-
POTeHHOM U JbIXaTe/lbHOM JMaria3oHax.

06cyxaeHune

B OosbIIMHCTBE CjyyaeB IIpU IIPOBEJEHUU
¢oToneTu3Morpaguueckoro UCcaef0BaHUs MUKPO-
reMOAVMHaMUKH VICTIOb3YIOT 30Hy AWUCTANbHBIX (a-
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JIAHT TIAJTbLIEB PYK Win obacTu yiutia. [TpoBeeHHOe
WCCiefloBaHUe [IEMOHCTPUDYeT, UTO B YaCTOTHOM
[Maria3oHe CEepAeUHOr0 pUTMa KojiebaHWii KpOBO-
TOKA C JUCTa/NbHOW ¢anaHrd MOXKHO UCIIO/b30BaTh
JJ1s TIOJIyueHUsl TIpeJCTaB/JeHU O MHUKpPOreMOu-
HaMuKe B JMaria3oHe CepJeyHOro puTMa JApYyrux
obnacTeli KUCTH, BC/IECTBUE CPABHUTE/IBHO HM3-
KO MPOCTPAHCTBEHHON HEeOAHOPOAHOCTH CIleKTpa
(puc. 4, 0). B 6Gosiee HM3KOYACTOTHBIX [Uara3o-
Hax (3HJO0TenVanbHOM, HEMpOreHHOM, MHUOIeHHOM
U JbIXaTe/IbHOM) YaCTOTHO-BPEMEHHOM CIeKTp CHUT-
Haja C JucTanbHOM (anaHru majablla B MeHblile
CTereHu JaeT TIPeCTaBeHUe O CIIEKTpe B JPYTUX
06/1acTsIX KUCTH, BCIEACTBHE CPABHUTETBHO BBICO-
KOM TIPOCTPAHCTBEHHOW HEOAHOPOAHOCTH CIeKTpa
(puc. 4, a—2).

Kapra momHocTH cniekrpa B guanasose 0.005-
2 I'y [eMOHCTpUpYeT NPOCTPaHCTBEHHYH) HEOAHO-
POAHOCTH crieKTpa (puc. 4, e). IlonyueHHbIe JaHHbIE
HaxXOZATCsl B COIVIaCUU C pe3y/jbTaTaMU MCC/lefloBa-
HUSl YCPeJHEHHBIX CIeKTPOB MOLIHOCTU JBYXMep-
HOT'O CIIeK/I-KOHTPaCTHOIO CUTHaja C [OBepXHOCTU
TpeJiTuieubsi, B KOTOPOM TakK)Xe OTMeuasnach Ipo-
CTpaHCTBeHHasi HeOAHOPOJHOCTh [14].

IIpuBenenHble Ha puc. 4, 5 fAaHHBIe O MpO-
CTPaHCTBEHHOW KOpPpeJSIUUU CIIeKTPOB JOTOJHSIOT
pe3y/bTaThl CpPaBHEHHs KoylebaHuii CUTrHasia BO Bpe-
MeHHOH 06macTH [16], e perucTprUpoBasICs CUTHAI

HayuHbivi oTgen
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B

¢ koHTakTHoro OPII' fgaTuMka ¥ COMOCTAaBJISIICA
¢ pasHbeiMu OII-Bu3yanuzaguu B 00sacTd CTO-
Mbl. Pe3ynbTaThl HACTOSIEH paboThl TO3BOJISIOT
c/leslaTh IpeJBapuTe/bHble BBIBOABI O TOM, 4YTO
OCHOBHOUW BK/aJi B CHW)XeHHe CyMMapHO# TIpo-
CcTpaHCcTBeHHOM Koppessitiuu @I '-curHanos BHOCST
HH3KOYaCTOTHBIE COCTABJISIIOLLIME SH/0Te/THA/IBHOTO,
HelporeHHOT0, MUOTEHHOTO U [IbIXaTe/IbHOTO Auaria-
30HOB.

Kak yka3aHo Ha cxeme (cM. puc. 1, 610ku 7.1
u 7.2), KpoMe Moayns GYHKIMH BeHBIeT-KOppeJisi-
LIMM MOXXHO MCCJIe/IOBaTh €€ apryMeHT, MMeRLuil
(hu3nueckuii CMBICTT pa3HOCTU (Pa3 CreKTPaIbHbIX
cocTasyisrolux AByX @III'-curHanos B pas/ivuyHBIX
30Hax o0beKkTa. B HacToseil paboTte Takoil aHaM3
He TIpOBOAW/CS, HO B uccremoBaHuu [10] ¢ mo-
MOIIbI0 TTpeobpa3oBanus 'Mnbbepra ycTaHOB/IeHa
HEOJHOPOJHOCTb MPOCTPAHCTBEHHOIO pacripesese-
Husi ¢pa3 @I -curHana (T. e. nepdy3un) B pasavu-
HBIX TOUKax jiba. [T03ToMy Ipu MPOBeIeHUH aHaIr3a
(a3 OIII-gaHHBIX B 06/1aCTH KUCTU TIPE/TIOIOKH-
TeJIbHO MOXKHO OXKUZaTh TakK)Ke IIPOCTPaHCTBEHHYHO
HEOIHOPOJHOCTEL (ha3 CIIeKTPAlbHBIX KOMITOHEHT
OJJHOH U TOH ke yacToThl. TakuM 0Opa3om, rpe/Ba-
puTesbHbIe pe3yJbTaThl, OJyYeHHbIe B HACTOSILLEH
paboTe, U UX COMOCTAaBJIEHHE C IMTEPaTypHBIMU JaH-
HBIMU TI03BOJISIFOT CJe/1aTh MPEAToN0KEeHHE O TOM,
YTO NPOCTPAHCTBEHHAas HEOAHOPOJHOCTb KOppeJis-
1IUU CrieKTpoB Kosiebanuii PI1T-curHana (cM. puc. 5)
MOJKeT ObITh 00yCJ/IOB/IEHA HEOHOPOJHOCTBIO TPO-

CTPaHCTBEHHOTO pacripefesieHusi Kak MOLLIHOCTH (CM.

puc. 4, e), Tak U (a3bl KonebaHWi MUKpOTeMO/HHa-
MUKHU.

3aKnyeHune

Takum o00pa3oM, pacCMOTPEHO TIpHMeHeHHe
MeTo/la 1JBeTOBOI0 KapTHPOBAHUS KOppessiLuU ya-
CTOTHO-BPeMeHHBIX CIIeKTPOB JJIsi aHamu3a (oTo-
reTu3Morpaduyeckux CUrHaaoB. B Gosee obijem
CJTyyae MOYKeT OLIEHMBAaTbCST He TOJTBKO KOPPeJISLvs
CTIEKTPOB KaXK/IOM TOUKW 00beKTa ¢ pedepeHCHOM
30HOHW, HO M TIOMApHO KaKAOW TOUKWA C KaXJou
Jpyroi Toukod. [IpyMeHeHHe ONMCAaHHOIO MeToza
K [BYXMepHbIM (hoTOIIeTU3MOrpaguueckKum JiaH-
HBIM C TBUIbHOM 30HBI KHCTH TPOJEMOHCTPHPOBa-
JIO CYILeCTBEHHYIO MPOCTPAaHCTBEHHYIO HEOIHOPO/-
HOCTb CrieKTpasibHOro cocrasa ®I1I'-curnana. Heop-
HOPOJHOCTE Oosiee BBIpa)KeHa B HHU3KOUACTOTHOM
[Jiviaria30He TI0 CPaBHEHHIO C BBICOKOYACTOTHBIM /i1a-
11a30HOM CepleyHoro putMa. B 1jesiom oTMeuaercs
TeH/JeHLUsI K YMeHBILIeHUIO KOPPeJSILU CIIeKTpalb-
HBIX XapaKTepUCTHK MPH yAaleHn! OT pedepeHCHOMN

buopusnka n MeanumHcKasn pusmka

30HBI M MPU YMEHbLIEHUW aHa/JIU3UPyeMOM uacTo-
ThI curHaja. PororieTusamorpadryeckie CUrHalbl,
perucTpupyemble B 00JIaCTH AUCTaIBHOU (anaH-
T'U Majblia, perpe3eHTaTUBHBI MPeUMYILeCTBEHHO
B OTHOILEHUU CEPJEUYHBbIX KojiebaHWi MUKpOremo-
JUHAMUKA JIDYTUX 30H KUCTH U B 3HAUUTEJILHO
MeHbILIel CTeleH! B OTHOIIEHUH 3H/|0TeabHBbIX,
HelpOreHHbIX, MUOTeHHBIX U [IbIXaTe/bHBIX Kosieba-
Huil. CrefloBaTesbHO, /1S TIOy4YeHus afleKBaTHbIX
pe3y/bTaToB CIeKTPaJbHOIO aHaau3a KOMIIOHEHT
MMKPOTeMOJIMHAMHKK (B 0COOEHHOCTH B HM3KOUa-
cTtoTHOM AuariazoHe MeHee 0.5 ') MOXKHO peKOMeH-
[I0BaTh IPOBeZleHHe KOHTAKTHBIX (POTOIIIeTU3MOTpa-
(ryeckux u3MepeHuii MO0 B HECKOBKUX OMOPHBIX
TOYKax TIOBEPXHOCTH O0BEKTa, MO0 UCIOIb30Ba-
HUe MeToza JByxMepHoit ®III'-Busyanusauuu. s
BepuGUMKaLN TPUBEJEHHBIX B IaHHOUW pabore pe-
3y/bTaTOB HEOOXOAMMO TIPOBECTH JIOTIOTHUTETEHYIO
KOJIMUECTBEHHYIO M CTaTUCTUUECKYH OLeHKY KOp-
pensiiuii Ha Oosblneli BbIOOpKe. IToMuMO MeToO-
Ja @III'-Busyanusaly IIpefjioyKeHHass MeTOLUKa
OLIeHKU TIPOCTPaHCTBEHHO-BPEMEHHOW HeoAHOpO[-
HOCTH JBYXMEPHBIX CHUTHAJIOB UMEeT TepCTeKTUBY
TIpUMEHEeHHsl TIpeXKJe Bcero B 00sacTU aHaiu3a
MUKPOreMOJMHaMUKH MeTO/laMU Jla3epHOH JonIie-
POBCKOM, Jla3epHOM CIeKI-KOHTPaCcTHOU, TepMorpa-
(hryeckoil ¥ TUTIEPCTIEKTPATbHON BU3yaInu3aliiu.
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Abstract. Background and Objectives: The processes taking place in each element of a neurogliovascular unit will have repercussions in the entire
unit. Astrocytes produce arachidonic acid, and its metabolites play a key role in neurogliovascular dynamics with a possibility for bidirectional
control, specifically E£Ts and PGE, have a vasodilatory effect while 20-HETE acts as a vasoconstrictor. We develop a minimalistic model of model
of neurogliovascular unit which takes into account the effect of arachidonic acid metabolites on the blood vessel radius, determining the blood
flow and further activity of the elements. Materials and Methods: In order to test the model, we simulate two scenarios of model behavior,
including an external influence leading to an increase in neuronal potassium, and an external influence on EETs. Results: We have proposed a
mathematical model of the neurogliovascular unit, which accounts for /Ps-dependent calcium dynamics in the astrocyte, neuronal activity, and
vascular dynamics, and relies on arachidonic acid and its metabolites as vasoactive substances. Numerical simulations have demonstrated the
plausibility of such a control loop involving the elements of the neurogliovascular unit and associated with the influence of arachidonic acid
metabolites on vascular tone and indirectly on synaptic activity. We conclude that the model can be used for further theoretical studies of the
regulatory mechanisms pertaining to cerebral perfusion.
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lee K yBeAUYEHWHO HelipOHANbHOrO Kanus, v BHELHee BO3AEACTBUE Ha EETS. Pesyabmamel: MpefnoxeHa HOBas MateMaTyeckas MoAenb
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Introduction

Depolarization waves in the cerebral cortex are
accompanied by a large number of ion flows: in ad-
dition to the release of potassium ions by neurons
into the intercellular space and the inwards current
of sodium ions, excess potassium ions in extracellular
medium are absorbed by astrocytes and blood vessels,
in large amounts [1]. Thus, both neurons and astro-
cytes are important in maintaining the homeostasis of
the cerebral cortex tissue.

The neuronal pathway for increasing the activity
of the nervous tissue leads to the rapid formation of
nitric oxide (NO) in neurons by the NO synthase. It
causes dilation of blood vessels, which facilitates the
increase in oxygen supply, thus allowing for sustained
activity. The astrocytic pathway is associated with
changes in the level of calcium in astrocytes, leading
to the synthesis of arachidonic acid (AA) derivatives
that promote dilation (EET5, PGE,) or constriction
(20-HETE) of blood vessels [2]. The net direction
of the vasomotor effect linked to cortical spreading
depolarization (CSD) wave is determined by oxy-
gen concentration in brain tissue, while the astrocytic
role in this process depends on its own metabolic
and activation state, which in turn can be noticed by
subcellular changes in calcium concentration, but the
precise mechanism remains unclear [3].

The synthesis of AA derivatives on its own is also
determined by the oxygen concentration in nervous
tissue. Under hyperoxic conditions, an increase in the
level of calcium in astrocytes leads to the release of
vasoactive metabolites of AA from their endfeet into
blood vessels and subsequent vasoconstriction; nor-
moxic and hypoxic conditions are accompanied by
vasodilation [4]. An increase in glial calcium and sub-
sequent formation of AA derivatives also affects the
activity of neighboring synapses [5].

Astrocytes are activated and play a protective
role after ischemic stress caused by the propagation
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of CSD wave [6]. This, together with high plastic-
ity, makes these cells a suitable object for modulation
of neuron activity during pathological processes by
regulating astrocytic calcium dynamics, which under
certain conditions, allows neurons to return to normal
functioning.

Recently, a number of models have been pro-
posed that describe neuronal activity, calcium waves
in astrocytes, the interaction of neurons and as-
trocytes, and neurovascular coupling with varying
degrees of detail (see, for example, reviews [7-9]).

There is a clear tendency to combine all three
components into an integrated complex construction,
which started with the introduction of the concept of
a neurovascular unit (NVU), which includes the neu-
ron, the astrocyte, the intercellular space surrounding
them, and the nearby blood vessel. The concept of
NVU took a long time to firmly establish itself in the
scientific community and was more or less directly
referred to in many papers. Though, interactions in
distinct parts of NVU are mentioned much earlier, for
example, in the research of neuronal activity mod-
ulation and arterioles dilatation propagation in the
cerebellum cortex [10]. The final concept of NVU
was formulated as the result of the Progress Review
Group meeting of the National Institute of Neurolog-
ical Disorders and Stroke of the NIH [11]. Further
neuronal dynamic studies in the brain revealed the
necessity to also include the dynamics of glial cells-
astrocytes into the model (for example, [12]). Some
of the models of interaction of its elements are given
in the theoretical review [8]. Most of them do not
consider the role of AA metabolites synthesized in
astrocytes in regulatory processes, being limited ex-
clusively to modeling calcium waves in astrocytes and
neuronal activity. Models that do consider the effect
of AA derivatives are limited to including only indi-
vidual metabolites, without giving a full picture of the
interactions.
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For example, the model of the neurogliovascu-
lar unit (NGVU) (combination of a neuron, astrocyte
and blood vessel), considered in [13], reproduces the
dynamics of potassium and NO in neurons, the gluta-
mate-determined calcium dynamics in astrocytes, as
well as EETs-mediated signaling to blood vessels, but
does not take into account other key AA metabolites,
that affect blood flow (20-HETE, PGE,). The model
[14] also considers exclusively the effect of EETs and
does not take into account the mechanism associated
with nitric oxide, due to the lack of experimental re-
sults on its effect at that time. Another main mediator
between neuronal activity and vascular dynamics is
PGE, introduced in the NGVU model presented in
[15]. In contrast to previous models, EETs are not
taken into account here. In addition, all these models
neglect the role of oxygen supply to the nervous tis-
sue, as such, they do not take into account the different
scenarios of the behavior of the entire system during
hypoxia and hyperoxia.

At the same time, experimental data [16] indicate
the key role of AA derivatives and NO in the control
of blood flow and neuronal activity, including criti-

cal situations accompanied by hypoxia or hyperoxia.

This means that understanding of such processes is
impossible without creating a new complex mathe-
matical model that covers all processes of synthesis
of AA metabolites and NO and their functional inter-
actions.
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Another limitation of the existing modeling stud-
ies of neuronal dynamics and CSD wave is their
emphasis on the leading edge, while the trailing edge
is the crucial point for external control of the synaptic
activity, which determines the degree of neurological
deficit and the return speed of the nervous tissue to
the normal state. For practical application, a com-
plex NGVU model, which is both quite realistic from
a biophysical point of view and simple in terms of
computation, is a good starting point for developing
methods for controlling blood flow and brain activity
during pathological processes.

In this work we develop a mathematical model of
NGVU components, described by dynamic equations
for neuronal activity, astrocytic calcium dynamics
and vascular activity, with AA metabolites as addi-
tional variables. To discuss the obtained numerical
results we use known experimental findings associ-
ated with AA metabolites.

Model

For a theoretical study of the effect of AA and
its derivatives on the functioning of the nervous tis-
sue, we propose a simple local mathematical model
of NGVU. Based on the experimental data, we show
the main regulatory dependencies associated with the
elements of NGVU as the functional diagram, which
is presented in Fig. 1.
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Fig. 1. Model of a neurovascular unit (color online)
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Astrocyte

To model calcium dynamics in an astrocyte, we
use the IP3-dependent calcium dynamics Ullah model
[17], which was extended by including the surface-
to-volume ratio (SVR) parameter, which allows to
take into account the morphological features of the
astrocyte cell [18]. The model includes the follow-
ing variables: concentrations of cytoplasmic calcium
[Ca®T]., endoplasmic reticulum calcium [Ca®"]gg, in-
ositol triphosphate[/P;], and gate variable & for the
variable [IP;]:

dlic 2+ ¢
% = (1=SVR)Jgr +SVR(Jiy —Jou); (1)
d[IP P — [IP
UR] _ SVR(Js +Jou) — IR~ lIBsh, )
dt T,
24
dCaler _ (1 SVR) o 3)
dt
dh  he—h
—_— = . 4
dt Th ( )

A detailed description of the currents included in
the equations can be found in the original works [17,
18]. Here we emphasize that the connection of the
astrocyte with neurons in the model is described by
current Jg;,, accounting for the effect of glutamate on

the production of IP: Jgi, = vgiuMM ([Glu]®3, k%)

Here and below, to describe the Michaelis—Menten
dynamics, we introduce the function

MM (x,y) =x(x+y)~". 5

We add the equation for arachidonic acid [AA]
production:

dfpa] _ Al - [aa]
dt TAA

+kaa - MM([Ca®*]2, kipp) —
—kaapur[AA]—
—(kgers - MM([AAP, kK prs)+

m.
+kpE, - MM ([AA]?, ernPGEZ)) MM (PO3, k)211P02)'

6
To model the dynamics of [AA], we take into account
(see Fig. 1) that an increase in the calcium level in
astrocytes stimulates the release of AA, which, on the
one hand, is released from the astrocytes endfeet into
the extracellular space and blood vessels, leading to
a further increase in the level of 20-HETE [4] (see
(10)—(11)), and on the other hand, is used for oxygen-
dependent synthesis of AA derivatives [19]. There-
fore, the rate of [AA] production depends on [Ca**].
concentration, and the flow rate is related to the for-
mation of vasodilatatory metabolites, such as EETs
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and PGE,. The last term in the equation describes
the leakage of [AA] from the astrocyte into the extra-
cellular space and then into the smooth muscle of the
circulatory system. The value of [AA], as well as the
partial pressure of oxygen PO, determine the produc-
tion of vasodilatatory metabolites [19], the equations
for [EETs] and [PGE,] have the following forms (the
last terms in the equations describe the external influ-
ence on the system):

d[EETs] _ [EETs]o— [EETs] |

dt TEETs

thegre MM(AAR, Boger)x O
XMM(PO3, k. po,) + feETs,
d[PGE,] - [PGE;|o — [PGE;] +
d TPGE,
®)

+kpce, - MM([AAT, k3 pr, ) %
XMM(PO%, kz POZ) +fPGE2'

m.

Circulatory system

To describe the radius 7 of the circulatory system,
we use the equation

dr ry—r

— = — 4k, nyo|NO

dt T, +hino[NOJ+
+ky.gers([EETs] — [EETs|o)+
+kr.PGE2<[PGE2] - [PGEz}O)—

—kyyere([HETE) — [HETE),).

(€)]

We account that NO activates soluble guanylyl cy-
clase (sGC) — physiologic receptor for NO — and
causes vasodilation [20]. We also include the va-
sodilatory effect of EETs and PGE,, as well as
vasoconstricting effect of 20-HETE [4]. To simplify
our model we suppose that the velocity of the vascular
radius change is linearly proportional to the deviation
of metabolites from their respective stable concen-
trations. The respective coefficients were chosen by
hand, so that the response of vascular radius to the
changes in variables, would be in biophysical range.
The last one designates the concentration of 20-HETE
governed by the equation

d[HETE] _ [HETE]o— [HETE]

dt THETE
+kuere - MM([AAL,, ko ppre) ¥

XMM(PO%, k’2nmP02) +fHETE;

(10)

with the production rate determined by PO, and
[AA].; in smooth muscles. Here the leakage of arachi-
donic acid from the astrocyte into the smooth muscle
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is described by the equation

d|AA],.,
% = kaa puf[AA] — kyprE X
xXMM([AA],, knpere) - MM(PO3, krznmPOZ)'
(1)

Intercellular space

The connection between the elements of NGVU
is described by variables responsible for the partial
pressure of oxygen PO, which depends on the radius
of the blood vessel and decreases due to oxygen con-
sumption by the brain (CMRO,), the concentration of
nitric oxide [N O], the value of which depends on PO,,
as well as the release of glutamate [G/u], determined
by the concentration of potassium [K],, increasing as
a result of neuronal activity:

dPO,  PO)— PO,

+kP02‘r(I”0 —V)—CMR02P02,

dt TPo, (12)
dINO] = N0, — [NOJ +kno - MM (PO3, kro);
dt TNO 13)
d[Glu]  [Glu]y— [Glu] _
d TGlu D ([KLo). 4

NO plays an important regulatory role in the
functioning of NGVU components and depends on a
large number of endo- and exogenous factors [21], but
to minimize the complexity of the proposed model,
we restrict ourselves to the representation of neuronal
nitric oxide synthase depending on the value of par-
tial pressure of oxygen [22], while NO is formed by
the oxidation of nitrogen. For the model simplicity
we represent that the simulated effects in our model
have a linear character and are MM-dependent, being
aware of the fact that such a representation is a lot
simplified. In this case, the normalized value of PO,
is determined by the deviation of the vessel radius
from its normal value, and the activation of glutamate
occurs during the formation of neuronal activity.

Neuron

The model constructed in the work already con-
tains a large number of variables. To fully describe the
functioning of NGVU, we include a block responsi-
ble for describing neural activity. Modeling using the
classical Hodgkin—Huxley formalism is numerically
too complicated and redundant to achieve the goals
set in the article. In this regard we use the minimal-
istic neuron model proposed in [23], considering the
stimulation of the potassium membrane potential as a
process that reflects the intensity of neuronal excita-
tion. According to [23], we describe neuronal activity

buopusnka n MeanumHcKasn pusmka

in terms of variables [K], and [Nal;, which are the
concentrations of intercellular potassium and sodium,
respectively,
d[K]o _ [K]bath_ [K]o
dt a TK
—2Ylpump + 80 ([K]o) +

+kk po, -MM((PO; — POS)*, kr po,) + [

0 (15)
d|Na; N i Nal; 7
[dta] _ [N4] TNQ[ a _31pump+8wav([1<]o)(716)

where the Na*™/K* pump current is taken from [24] in
the form

i _ pkKPMmP'MM(PO%7kIZ71Pun1p)

PAMP (1 4-exp (3.5—[K],)) (1+exp (25— [Na],-)(/f%
while the firing rate of an excitatory population is de-
scribed as

0, if[K], < 4.5; otherwise
—63.9093 4-20.0921[K],—
—1.53505 ([K],)* + (18)
40.0533615 ([K],)* —
—0.000690027 ([K],)*.

Equations (15)—(18) are a minimal and sufficient
set to adequately describe neuron activity without
drastically increasing computational complexity. In
doing so, we include in the equation for potassium the
dependence on the deviation of PO, from the normal
value, based on the experimental data from [25].

Results

In the numerical simulation we use the set of
parameters associated with IP;-dependent calcium
dynamics in the astrocyte described in the previous
work [18]. The values of the parameters for other
elements of NGVU and their connections are given
in Table 1. The modeling parameters were chosen in
a way to reproduce the known in vivo dynamics of
model variables.

In order to test the model, we simulate two
scenarios of model behavior: an external influ-
ence leading to an increase in neuronal potassium
(Fig. 2, a), and an external influence on EETs
(Fig. 2, b). In Fig. 2, a we stimulate the neural ele-
ment of the system by means of an external influence
in the time interval 400-550 seconds with potassium
at a rate of [K],, = 0.03mM -s~'. As a result, there
are oscillations in potassium and sodium. In this case,
when the value 4.5 is exceeded by [K],, the firing
rate function 9 ([K],) is activated, and [Glu] burst
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Table 1. Model parameters

[AA]o 0.1 uM TaA 0.1s kaa 0.1 uM/s kimaa 0.3 uM
[HETE]O 0.001 |.1M THETE 0.1s kHETE 0.3 LLM/S kaETE 0.1 |J.M
[EETs]o 0.035 uM TEETs 0.1s kEETS 1.95 uM/s kmEETS 0.01 uM
[PGEZ}() 0.01 LLM TPGE, 0.1s kPGEZ 0.01 LLM/S kaGEz 0.01 },LM

[Glulo 0 uM TGlu 0.1s ki 0.1 uM CMRO, 0.6s71!

[NO]() 0 uM TNO 0.02s kNO 8 uM/s kmNO 1lau.

PO) 1.0 a.u. PO, 0.05s kmpo, 0.3 a.u. kmk PO, 1.4au.

ro 0.1 mm Tr 05s kmm,POz 0.01 LLM kaump 1.4 a.u.

(K]parn 3.0 mM Tx 100's kg po, 15 mM/s kpo,.r 12 mm1s!

[Na)? 10 mM TNa 20s k. HETE 100 s~ 1 Kk pump 3au.

SVR 0.6 a.u. SfEETs 0; 0.25 uM/s kr EETS 3.5557! KA buf 0.1s7!

Y 10 a.u. SJHETE 0; 0.02 uM/s kr. PGE2 0.1s71 Y% 0.02 mM
p 0.2 mM/s fx 0; 0.03 mM/s kr,no 0.2557! ONa 0.03 mM
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Fig. 2. Results of the numerical solution of the model: (a) potassium dynamics in neurons leads to the synthesis of AA
metabolites; (b) an increase in the [EET s] level leads to the amplification of neuronal and calcium astrocytic dynamics
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occurs. In turn, glutamate triggers IP3;-dependent cal-
cium dynamics: it leads to the appearance of a flow
Ji, that increases the value of astrocytic [/P;] and fur-
ther occurrence of [Ca,| oscillations. An increase in
[Ca,] leads to the synthesis of [AA] and its derivatives
[EETs] and [PGE,] and [AA] leakage into the intercel-
lular space and growth with the formation of [HETE].
Due to the impact of metabolites on the blood ves-
sel, its radius r and partial pressure of oxygen PO,
increase, stimulating the K+ pump current. This loop
results in oscillations in NGVU shown in Fig. 2, a.
The numerical solution of the model shows that
NGVU activity can also be increased by external stim-
ulation by vasodilating metabolites of AA. In Fig. 2, b
we create an external pulse frrry = 0.25 uM-s™ ! of

the EETs metabolite over a time span of 400-550 s.

As a result, there is a dilation of the vessel leading
to an increase in the partial pressure of oxygen which
turns on the K* pump current, triggering further ac-
tivation of the firing rate function, release of [Glu|
and emergence of IP3-dependent calcium oscillations,
which finally leads to an oscillatory regime occur-
rence. After the end of the external influence of EETS,
we see the last biforked peak and then the system sta-
bilizes.

Depending on the type of influence of AA
metabolites on vascular tone, it is possible not only
to increase the activity of the NGVU, but also to

damp oscillatory dynamics. So, Fig. 3 shows the
solution of the model, in which, starting from 400 sec-
onds, a continuous external stimulation of the system
with potassium was performed at a rate of [K]., =
= 0.03 uM-s~!. However, starting at 800 seconds,
the metabolite 20-HETE is added to the system at an
external pulse intensity of fyrrr = 0.02 uM-s 1. As
a result, we have vasoconstriction and disappearing
of any activity.

Discussion

The proposed model includes the main processes
occurring within and between the elements of NGVU.
At the present stage of neuroscience development,
a sufficient amount of data has been accumulated
confirming that there is a “reverse” effect of the va-
somotor activity rhythms on the excitation patterns
of neurons. This fact allows us to consider vessels
as a full-fledged component of the brain computing
center, which contribute to information processing as
well as neurons and astrocytes, while most models
of cerebral circulation describe neurovascular inter-
actions exclusively in the neuron — vessel direction.
Currently, there is no complete model that takes into
account all the key mechanisms of blood flow control
during the CSD wave.

Based on recent experimental studies, we sup-
plement the model with processes associated with
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Fig. 3. Results of the numerical solution of the model: External stimulation by 20-HETE leads to the suppression of neuronal
and astrocytic calcium activity
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the synthesis of AA in the astrocyte and further syn-
thesis of acid derivatives directly in the astrocyte
and smooth muscle layer of the blood vessel. The
proposed model takes into account the effect of AA
metabolites on the blood vessel radius, determining
the blood flow and further activity of the elements of
NGVU. To avoid excessive complexity, we neglect
various potential regulatory mechanisms in model-
ing (in particular, the effect of neuromodulators on
NGVU activity, background activity of NO synthase,
calcium transients in astrocyte endfeet), and describe
several processes with a sufficient degree of simpli-
fication (for example, we model the effect of PGE,
on vessels as a direct one, since it has not yet been
established whether PGE, promotes vasodilation by
acting on astrocytes or directly on smooth muscle
cells; we consider a minimalistic model of neu-
ronal activity through potassium dynamics, thereby
not including depolarization mechanisms of vascu-
lar smooth muscle under sufficiently high potassium
levels). Nevertheless, the proposed model made it
possible for the first time to reproduce the complex
interactions of neurons, astrocytes, and blood vessels,
taking into account the significant contribution made
by the dynamics of AA and its metabolites. Despite
a large number of simplifications, the model success-
fully simulates the experimentally observed processes
associated with the effect of astrocytic calcium dy-
namics on the formation of AA and further on the
activity of neurons through vasomodulatory roles of
AA metabolites [26], the dependence of AA synthesis
on oxygen concentration in the nervous tissue [19],
the bidirectional (constriction/dilation) regulation of
vascular tone by AA metabolites [4], including the
competitive roles of vasomodulators PGE,/EETs and
20-HETE, an increase in the level of which can be
used to reduce blood flow and inhibit increased ac-
tivity [2].

In the future, it is planned to extend the model to
a spatial case that takes into account the spatial mor-
phology of an astrocyte in order to study the features
of the formation of spatially propagating waves and
pathways to control them. The first step in this direc-
tion is represented in Figs. 2, 3 which can promote the
search for selective pathways to control the activity of
the elements of NGVU associated with the external
stimulation by AA metabolites, the combined action
of which can regulate vascular tone by dilation or con-
striction of the blood vessel. It is assumed that the
proposed model has good prospects for understanding
the pathways of regulation of blood flow and neu-
ronal activity, which can be used, among other things,
to develop new therapeutic approaches to reduce the
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degenerative consequences of ischemic brain damage
that occurs in stroke, Alzheimer’s disease, and various
traumatic brain injuries.

The model proposed in the work made it possible
to describe a number of essential processes that deter-
mine the activity of the nervous tissue, and can serve
not only as an appropriate tool for the theoretical study
of processes in the nervous tissue, but also as a basis
for a model study of ways to manipulate the balance
of blood flow supply and neuronal activity through
stimulation of the synthesis of AA metabolites.
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Abstract. Background and Objectives: Polyamidoamine dendrimers (PAMAM) are nanoscale monodisperse compounds with a multifunctional
terminal surface. Structural features of PAMAM, such as a nanosize of high homogeneity, highly developed terminal surface and cavities in the
structure open up wide possibilities for their application. The most promising use of PAMAM is for biomedical purposes, in particular for the
targeted drug delivery (for example, anticancer drugs). The interaction of PAMAM with target cells can be assessed using fluorescent imaging.
This suggests the preliminary modification of PAMAM with various fluorescent molecules or the development of approaches to increase the
intrinsic fluorescence of PAMAM. Materials and Methods: In this paper, we will consider a one-step modification of PAMAM based on the double
cyclization reaction of PAMAM terminal groups and citric acid. Two approaches are chosen for modification: hydrothermal and boiling methods.
The methods of optical spectroscopy and dynamic light scattering will be used as the main research tools. The methods used make it possible
to determine the efficiency of fluorophore formation under given conditions. Results: In this work, we have proposed and implemented a one-
step modification of PAMAM with a bright blue fluorophore (1,2,3,5-tetrahydro-5-oxo-imidazo[1,2-a] pyridine-7-carboxylic acid, IPCA), which
is formed by a double cyclization reaction between citric acid and terminal ethylenediamine fragments of PAMAM. It has been shown that as a
result of modification the hydrodynamic diameter of PAMAM does not change, the fluorescence intensity increases significantly (the quantum
yield increases from < 1 to 28%), {-potential changes from 42 + 5 to —24 + 4 mV. Conclusion: Reaction of PAMAM and citric acid leads to
the appearance of bright-blue fluorescence, which is significantly higher than the intrinsic fluorescence of PAMAM. A combination of bright
fluorescence and a multifunctional terminal surface make it possible to further use the obtained structures for biovisualization
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E. A. Mordovina et al. Fluorescent nanosized PAMAM dendrimers

AnHoTauus. MonnamugoamuHosble geHapumepbl (MAMAM) npeacTaBasioT C060i HaHOpa3MepHble MOHOAMCNEPCHbIE COeAMHEHNS C MHOrO-
(YHKUMOHaNbHON KOHLLEBOW NOBEPXHOCTbH. CTPYKTYpHbIe 0cobeHHocTH TAMAM, Takue Kak HaHOPa3MepHOCTb BbICOKOI# OAHOPOAHOCTH, CUAb-
HO pa3BuTas KOHLieBas NOBEPXHOCTL M MONOCTH B CTPYKTYPe, OTKPLIBAIOT LWMPOKME BO3MOXHOCTH NS UX NPUMeHeHNs. Hanbonee nHTepecHbIM
ABNSeTCa ucnonb3osanue MAMAM B 61MOMEAVLIMHCKX LiENAX, B YaCTHOCTI A5 aAPECHOIl 0CTaBKV NiekapCTBEHHbIX MpenapatoB (Hanpumep,
npoTueoonyxonesbix). B3aumogeiicteue NMAMAM ¢ KneTKaMu-MULLEHAMU MOXHO OLLeHMTb C NOMOLLbI GyopecLeHTHOI BU3yanusaLuu. 31o
npeAnonaraet npegsapuTensHyto Mogudmkaumio MAMAM pasnnyHbIMU GnyopecLieHTHBIMW MOSeKyaMu N pa3paboTky NoAXoA0B AN yBe-
NNYeHNs CobCTBeHHOI GnyopecueHuymn MAMAM. B gaHHoI paboTe npegoxeHa v peann3oBaHa ogHocTaguiiHas mogudukaums MNAMAM sipko-
cuHum dnyopodopom (1,2,3,5-Tetparnapo-5-okco-ummngasol 1,2-a] nupuanH-7-kapboosas kucnota, UMKK), kotopbiii 06pasyetcs B pe3ynbTa-
Te peaKLu ABOIAHON LnKnn3aLmm KoHuesbix rpynn MAMAM v iuMOHHO KucnoTbl. MoKasaHo, uTo B pesynbTate MOAUGUKALMM TMAPOAUHE-
Muyeckmii paguyc MAMAM He 3MEHSETCA, 3HAUMTENbHO YBEIMUYMBAETCS MHTEHCUBHOCTL (AyopecLieHL M (KBAHTOBbIN BbIXOZ YBENMUNBALTCA
¢ <1 po 28 %), {-noteHuman usmensietcs ¢ 42 +5 o —24 + 4 mB.

Kntouesble cnosa: TAMAM, nuMoHHas Kucnota, GayopecLieHTHbIe HaHOCTPYKTYPbl, 0AHOCTaANIAHAA MOAVGUKALNS
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1. Introduction the development of functional PAMAM derivatives,

Polyamidoamine dendrimers (PAMAM) are
hyperbranched polymers with molecular unifor-
mity, defined size and shape characteristics and a
multifunctional terminal surface. These nanoscale
polymers consist of an ethylenediamine core, a
repetitive branching amidoamine internal structure
and a primary amine terminal surface. Dendrimers
are “grown” off a central core in an iterative
manufacturing process, with each subsequent step

representing a new “generation” of dendrimer.

Increasing dendrimer generation produces larger
molecular diameters and molecular weight, as well
as an enhancement of reactive surface areas, which

are functional keys to use of PAMAM dendrimers.

PAMAM of low generations exhibit almost linear
geometry, later generations show more globular-
like shapes (G4.0 and above) [1]. The cavities that
are intrinsically present in the globular shapes of
PAMAM make them suitable agents for encapsu-
lating and adsorbing biomolecules [2-4], and for
use as prodrugs [5]. The ability of PAMAM to
cross the blood-brain barrier makes their application
for targeted antitumor therapy very promising [2,
6]. Perspectives of biomedical applications boost
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that combines intrinsic PAMAM carrier properties
and functionality of modifiers: targeting ligands
that provide address delivery [3, 7—10]; fluorescent
molecules [7, 9] and/or contrast agents [3, 11] to
simplify visualization of the target area by fluores-
cence and/or magnetic resonance contrast. As a
rule, approaches to PAMAM surface modification
are multi-stage and labor-intensive, which necessi-
tates the development of simpler methods.

PAMAM dendrimers have very low intrinsic
fluorescence (quantum yield < 1%), which limits
their use for biomedical imaging, since the contrast
between PAMAM fluorescence and cell autofluo-
rescence is minimal [12—-14]. Despite the existing
approaches to increasing the intrinsic fluorescence
of PAMAM (for example, oxidative treatment [14],
acid-base transformation reactions [15] and solvent-
induced PAMAM aggregation [16]), surface modifi-
cation with fluorescent molecules is more effective
[7-9].

In this work, we report the possibility to
use terminal fragments of ethylenediamine of
PAMAM G4.0 for reaction with citric acid (CA)
to obtain PAMAM derivative (PAMAM-CA) with
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bright blue fluorescence. This approach is based
on the previously well described interaction of
CA and amine -containing agents, particularly,
1,2-ethylenediamine (EDA), which produces a
bright blue fluorophore (1,2,3,5-tetrahydro-5-oxo-
imidazo[1,2-a] pyridine-7-carboxylic acid, IPCA)
as a result of the double cyclization reaction (Fig. 1).
This reaction has already been considered for EDA
and its low molecular weight derivatives [17—-19], as
well as for surface modification of silica nanopar-
ticles with terminal amino groups [20], but has
never been used to modify PAMAM. Thus, we
describe two options for a simple one-step modifica-
tion of PAMAM G4.0 with a bright blue fluorophore
(IPCA) as a result of the reaction between the ter-
minal fragments of PAMAM and CA; and study
the properties of the modified PAMAM. The use
of boiling under reflux at atmospheric pressure and
hydrothermal treatment made it possible to obtain
the modified fluorescent PAMAM with identical

352 ey 3
N\/\NH R

characteristics. This is promising for creating drug
delivery systems with the possibility of fluorescent
visualization.

2. Experimental section

2.1. Modification PAMAM with a bright blue
fluorophore (IPCA)

Two approaches of treatment of PAMAM and
CA aqueous solutions were chosen for the PAMAM
modification: boiling under reflux at atmospheric
pressure and hydrothermal treatment in a closed vol-
ume (Fig. 2).

To modify PAMAM, a 10 wt.% solution of
PAMAM G 4.0 in methanol was mixed with an
aqueous solution of CA. The molar ratio of the
reagents was 1: 64 and the resulting concentrations
were 7-107° and 4.5- 1073 mol/l for PAMAM and
CA, respectively. For the boiling method, 10 ml
of the resulting solution was transferred to a round

Seihiest

IPCA

Fig. 1. Scheme of the formation mechanism of IPCA molecular fluorophore from CA and EDA-derived compound [18-20]

PAMAM G4.0

Citric acid

Daylight UV light

Stainless-steel
autoclave

Bright Blue Fluorophore
(IPCA)

Fig. 2. Scheme of PAMAM modification with a bright blue fluorophore: Boiling under reflux (left) and hydrothermal treatment
(right) (color online)
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bottom flask connected to a reflux condenser and
heated to 100°C for 4 hours (Fig. 2, left; boiling at
atmospheric pressure). For the hydrothermal treat-
ment, 4 ml of the resulting solution was transferred
into a glass beaker inside a teflon-lined stainless-
steel autoclave and heated at 120°C for 4 hours
(Fig. 2, right; hydrothermal treatment). As a result
of hydrothermal treatment of aqueous solutions, an
increased pressure is created (~200 kPa a tempera-
ture of 120°C).

2.2. Characterization of samples

Absorption spectra were recorded by Shimadzu
UV-1800 (Shimadzu Corporation, Kyoto, Japan).
Emission and excitation spectra were obtained by
a Cary Eclipse spectrometer (Agilent Technologies,
Mulgrave, Victoria, Australia). The average diame-
ter and zeta-potential ({-potential) of samples were
analyzed with a Zetasizer Ultra (Malvern Panalyti-
cal, Worcestershire, UK).

2.3. Quantum yield calculation

Calculation of the quantum yield (QY) allows
one to estimate the efficiency of emission. The rel-
ative QY of samples was calculated using quinine
sulfate in 0.05 mol/l H,SO, as a reference. The QY
was calculated with the following equation:

q)x = cI)st ' (AX/ASI) . (FSI/FX) . (n/no)za

where @ is QY, A is absorbance at the excitation
wavelength, F is the integrated emission area across
the band, and » is the refractive index of the sol-
vent containing the samples (n) and the reference
(n,). The subscript “st” refers to the referenced flu-
orophore (quinine sulfate in 0.05 mol/l HSO,) with
known QY and “x” refers as the samples for the
determination of QY. Absorbance of the sample and
the reference was kept 0.100+0.002 at the excitation
wavelength of 350 nm.

3. Results and Discussion

For PAMAM modification, we applied two op-
tions for a simple one-step modification, which is
based on the double cyclization reaction between
the terminal fragments of PAMAM and CA (the
schemes in Figs. 1 and 2). We considered different
data while choosing an optimal temperature for the
hydrothermal treatment of PAMAM mixture with
CA. As previously reported, the formation of IPCA
occurs at lower temperatures (100-150°C) than the
formation of by-products of carbonization of CA
and amine-containing agents. However, the yield of
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the product increases significantly with increasing
synthesis temperature [17]. On the other hand, the
possibility of PAMAM degradation with an increase
of in temperature >120°C [15] demands limitation
of the synthesis temperature. Thus, for the PAMAM
modification, a temperature 120°C was used.

The absorption, excitation and normalized
emission spectra of freshly prepared PAMAM aqua
solutions are shown in Fig. 3, a. The absorption
band of PAMAM is observed at 285 nm. The emis-
sion maximum of PAMAM is located in the region
of 400 nm, while the effective excitation wave-
length is 320 nm. The PAMAM fluorescence is
a result of the dendrimers’ structural peculiarities,
which is caused an n — ©* transition from the amido
groups throughout the dendritic structure [13]. To
exclude an increase in the PAMAM fluorescence
under the action of thermal treatment and increased
pressure, an aqueous solution of PAMAM (with-
out additives) was processed under the conditions
according to the scheme in Fig. 2. The optical
properties of PAMAM, including emission inten-
sity, have not been change after both variants of heat
treatments. This clearly indicates the integrity of the
polyamidoimine structure under heating.

According to the previously described studies,
[17-20], TPCA can be obtained by the double cy-
clization reaction of CA and EDA as a result of
boiling under reflux at atmospheric pressure, but
with a small reaction yield. However, IPCA with a
higher reaction yield can be obtained using the hy-
drothermal treatment, but at the same time a larger
amount of high molecular weight by-products of
CA and/or 1,2-ethylenediamine polycondensation is
formed [17, 19]. Therefore, this approach was not
considered in our work. Absorption, excitation and
normalized emission spectra of the resulting fluo-
rophore (EDA-CA) are shown in Fig. 3, b. The
absorption band at 350 nm corresponds to T — TT* or
n — 7* transitions. The emission maximum of the
obtained structures is located in the region of 450—
455 nm, while the effective excitation wavelength
coincides with the absorption band and is 350 nm.

The use of two approaches to the modification
of PAMAM leads to products with the identical op-
tical characteristics, presented in Fig. 3, c. As a
result of the thermal treatment of PAMAM with CA,
a long-wavelength shift of the absorption band to
the region of 370 nm in comparison with PAMAM
without modification is registered. The emission
maximum of the obtained structures is located in the
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Fig. 3. Absorption (dot), excitation (dash) and normalized
emission (solid) spectra of initial PAMAM (a), reaction
product of EDA and CA (EDA-CA, IPCA) (b) and reac-
tion product of PAMAM and CA (PAMAM-CA) (c) (color

online)
region of 450-455 nm, while the effective excita-

tion wavelength coincides with the absorption band
and is 370 nm. The emission spectra of PAMAM-—
CA and EDA-CA (IPCA) are completely identical,
that confirms the formation of the fluorophore at
the terminal fragments of PAMAM. The change in
the effective excitation band in comparison with the
free fluorophore IPCA is most likely associated with

the size of the fragment (the PAMAM core) associ-
ated with the imidozolidine fragment of the IPCA
[17-20]. As a result of modification, the PAMAM
fluorescence is significantly increased compared to
PAMAM without modification.

Since there were no significant differences in
the optical properties of the samples obtained by
the two approaches, further analysis was carried out
for the samples obtained by boiling under reflux at
atmospheric pressure, because for this synthesis it
is easier to control the reproducibility of conditions.

To evaluate the efficiency of emission, the rel-
ative QY was measured (Table). The quantum yield
of the product obtained by boiling EDA and CA
(IPCA) was 57 £ 2%. After PAMAM modification
with CA, the PAMAM QY increases to 28 + 3%.
This is significantly lower than that for the free
IPCA fluorophore. This may be due to the fact that
PAMAM-bound IPCA molecules are in suboptimal
conditions compared to free IPCA molecules in so-
lution or the formation of the fluorophore does not
occur at all PAMAM terminal groups.

Dynamic light scattering data were obtained
to characterize the size and charge of the obtained
samples (Table). The hydrodynamic diameter and
C-potential of initial PAMAM was 3.4 + 0.5 nm
and 42 £ 5 mV, respectively, which is fully con-
sistent with literature data [21-23]. The positive
charge of PAMAM is due to the protonation of
the surface primary amino groups. As a result of
the PAMAM modification, there was no significant
change in the hydrodynamic size, while the {-po-
tential value was —24 + 4 mV. A dramatical change
in the {-potential of the PAMAM-CA compared to
the initial PAMAM confirms the formation of a flu-
orophore. The presence of IPCA carboxyl group on
the PAMAM surface forms a negative charge. How-
ever, for PAMAM with terminal carboxyl groups,
the potential value is —40 mV [22], which is lower
than the value obtained for the PAMAM-CA. This
confirms our assumption that the fluorophore for-
mation does not occur for all terminal groups.

Thus, the combined thermal treatment of
PAMAM and CA, leads to the formation of a bright
blue fluorophore (IPCA) at the terminal fragments

Table. Fluorescence quantum yield (QY), hydrodynamic diameter and {-potential of initial PAMAM, reaction product
of PAMAM and CA (PAMAM-CA) and reaction product of EDA and CA (EDA-CA, IPCA)

Sample QY, % Hydrodyna:rlrllc diameter, C-potential, mV
PAMAM <1[13] 3.4+0.5 42 +5
PAMAM-CA 28 £ 3 3.5+0.7 —24+4
EDA-CA (IPCA) 57 £2 - -
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of PAMAM (emission maximum at 450—-455 nm).
Boiling under reflux PAMAM with CA makes it
possible to increase the QY of fluorescence up to
28+3% from less than 1% of the initial PAMAM.
The absence of changes in the hydrodynamic diame-
ter of PAMAM-CA compared to PAMAM confirms
the integrity of the polyamidoimine core.

4. Conclusions

As a result of the work, a simple one-step ap-
proach to the modification of PAMAM with a bright
blue fluorophore (IPCA) has been proposed, which
is implemented as a result of a double cyclization
reaction between citric acid and terminal ethylenedi-
amine fragments of PAMAM. Reaction of PAMAM
and CA leads to the appearance of bright-blue fluo-
rescence with a quantum yield of 2843 %, which is
significantly higher than the intrinsic fluorescence
of PAMAM. A combination of bright fluorescence
and a multifunctional terminal surface makes it
possible to further use the obtained structures for
biovisualization.
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AHHOTaLMA. B nnTepaType ceueHus CMsHUS (3axBaTta B OpOUTaNnbHOE ABUXEHWE) ANS CNOXHBIX CEPUUECKUX SAep YacTo BLIYUCASIOTCS C No-
MOLLbIO XapaKTepuCTUK bapbepa, COOTBETCTBYIOLLEro 1060BOMY CTONKHOBEHMIO: BbICOTbI bapbepa, ero paguyca 1 XECTKocTn. B HacTosLeid
paboTe Mbl paccUMTLIBaEM 3TH BEAMUMHBI CUCTEMATUYECKM B paMKaX MOAeNW ABOITHOI CBEPTKM. B kauecTse 3 GeKTMBHOTO HYKNOH-HYKIOHHOTO
(NN) B3aumogeiicTBus ucnonb3yercs napuxckoe M3Y B3anmogeiicTBue ¢ HyneBbIM pagnycom 0bMeHHOI YacTi. E& amnauTyAa Bapbupyetcs
TaK, uT06bl BOCNPON3BOAUTL BbICOTY bapbepa, MONYYEHHOro NpX UCNOAL30BAHMN 06MEHHOIE YacTh € KOHEYHbIM PaJUYCOM B3aUMOAENCTBIS
W NNOTHOCTHOIA 3aBMcMMOCTbi0 NN-B3aumogencTBus. [Ins HyKNOHHbIX NAOTHOCTEIR MCMONb30BAHO ABa BapuaHTa. MepBbiii (V-0nLus) 0CHOBAH
Ha 3KCMepUMeHTaNbHbIX 3apS/A0BbIX NAOTHOCTAX. Bropoi (C-onuus) — 370 NPOTOHHbIE U HEATPOHHbIE NNOTHOCTH, BbIYUCAEHHbIE C MOMOLLbIO
noaxoga XapTpu—®oka-boronobosa u onybnnkoBaHHble MATAT). [l1s 06emx OnLyMii HaMW NOCTPOEHbI aHANMTMYECKIME anNPOKCMMALMK BbICO-
Tbl bapbepa, ero paguyca v XXECTkocTh. TOUHOCTb 3T0N annpoKCUMaLMK coCTaBAsieT 0koo 3% ANS BbICOTbI 6apbepa 1 okono 10% ans XEcTkocTu.
MpeanoxeHHble annpoKCUMaLMK MOTYT 6bITb MONE3HbI BCeM AN1S1 ObICTPOI OLIEHKY CeueHuii 3axBata ¢ NOMOLLbIO MOAENN napaboanyeckoro

bapbepa.

KnioueBble cnoBa: MoZeNb BOIHOI CBEPTKY, HyK/OHHbIE MAOTHOCTI, NapaMeTpbl KyNOHOBCKOro 6apbepa
bnarogapHocTu: Hactoswas pa6ota 6bina nopaepXaHa rpaHToM GoHaa pa3suTUs TEOPETUUECKOT GU3NKIN 1 MaTEMATUKV «BA3NC.

Iins untuposanus: fonyap M. 1., Yywrsxosa M. B, Xueipoga H. A. CuctemaTiika napameTpoB KyNOHOBCKMX 6apbepoBs, BbIYMCNEHHbIX C UCMO/b30-
BaHneM M3Y HyKNOH-HYKNOHHBIX CvJ1, B peakLusx ¢ TAxEnsiMu noxamu // N3sectua Capatosckoro yHuBepcuteta. Hosas cepus. Cepus: dusuka.
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1. Introduction

Collision of two complex nuclei (heavy ions)
resulting in the capture of them into orbital motion is
the first step for formation of new superheavy chem-
ical elements and/or isotopes [1-6]. The theoretical
cross sections of the capture process are subject of
significant uncertainties [6-8]. Often the capture
cross sections for spherical colliding nuclei are eval-
uated as follows [9-12]:

P Y 2/ +1)T, 1)
th — ZmRECAmA ~ Jo
21 (BJ - Ec.m.) -
T,=<1 _— . 2
1= {1rep | TECERIL

Here, E.,,. stands for the collision energy; J is the
angular momentum in units of 7; mg is the reduced
mass of colliding ions; B, and ®g; are the Coulomb
barrier energy and “frequency”, respectively. For
the J-dependence of the barrier energy, the follow-
ing approximation is often applied [10, 13, 14]:

2 J?

Bj=By+——,
/ 0+2mRR1290

3
where B, and Rp, are the s-wave barrier energy and
radius, respectively. The J-dependence of wg; is
usually neglected, so

Wpy = 4
where Cp is the second derivative of the nucleus-

nucleus potential with respect to the center-to-center
distance.
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Thus, for the fast evaluation of the capture
cross section by means of Eq. (1), it is sufficient to
know By, Rpy, Cpo. For finding these quantities, one
needs the s-wave nucleus-nucleus potential which
consists of the Coulomb U¢(R) and nuclear U, (R)
terms.

The nuclear term (Strong nucleus-nucleus Po-
tential, SnnP) is a crucial ingredient for any
theoretical description of the capture process. Often
for SnnP they use the Woods—Saxon profile [15-19].
The parameters of this profile (depth, diffuseness,
and radius) are varied more or less arbitrary to fit
G, to the above barrier experimental capture cross
sections. Obviously, the Woods-Saxon profile rep-
resents the SnnP only qualitatively.

The much better founded proximity poten-
tial [20, 21] is employed every now and again [22—
26]. This potential includes a universal dimension-
less function independent of the colliding nuclei.
Yet some parameters of this potential can be varied
individually for a given reaction.

The single-folding potential [27, 28] is more
rigorous. For evaluating this potential one needs to
know: (i) the distributions of the nucleon centers
of mass (the nucleon densities) for both colliding
nuclei; and (ii) the interaction energy between the
whole target (projectile) nucleus and a nucleon of
the projectile (target) nucleus. For the nucleon den-
sities, the two-parameter Fermi profile was applied
in [27-29]. The parameters of the profile might
be obtained from the electron scattering data [30].
However, the electron scattering is only sensitive to
the Coulomb interaction. Therefore, in such experi-
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ments the charge density distribution is measured,
not the nucleon density. The direct experimental

information of the nucleon density is scares [31-33].

For the second ingredient of the single-folding po-
tential being the nucleon—nucleus potential, usually
the Woods—Saxon profiles are used. Parameters of
these profiles are extracted from the fit of the elastic
scattering data [28]. Thus, the single-folding ap-
proach still has six individual fit parameters for a
given reaction.

Employing the effective nucleon—nucleon
forces (NN forces) seems to be the next step towards
a more realistic description of the nucleus—nucleus
potential. This step is realized in the double-folding
(DF) model [34, 35]. The nucleon densities of the
colliding nuclei are one more ingredient of this
model. Three such DF potentials using different
effective NN forces are known in the literature:
i) with the M3Y ones [36,37]; ii) with the relativistic
mean-field ones [8, 38, 39]; iii) with the Migdal
forces [40, 41].

The aim of the present work is to calculate sys-
tematically the characteristics of the heavy-ion s-
wave Coulomb barriers By, Rpg, Cgy obtained within
the framework of the DF approach with the M3Y
NN forces and to explore whether there are any reg-
ularities in their behavior versus the approximate
barrier energy

ZpZr

By = —2PET
A+ AL?

MeV. (5)

The present paper is organized as follows. Sec-
tion 2 is devoted to the DF model applied for the
calculation of the nucleus-nucleus potential. The
nucleon densities are discussed in Sec. 3. Sections
4 and 5 represent the results obtained for two sorts
of densities. Conclusions are collected in Sec. 6.

2. The double-folding model

The nucleus-nucleus s-wave potential U, ver-
sus the distance R between the centers of mass of
spherical projectile (P) and target (T) nuclei reads

Up(R) =Uc(R)+Uup (R)+U,g (R). 6)
Here U is the Coulomb term, U,p and U, stand

for the direct and exchange parts of the SnnP, re-
spectively. These three terms read

UC:/d7P/dFquP(”P)UC (8)Pqr (rr), (7

Uyp = / 7y / dFrpap (rp)0p () par (rr),  (8)

Ou3mKa aTOMHO0 A4pa v 3NEMEHTAPHbIX YaCTuL

UnE:/d?P/d7TPAP(VP)UE (8)Par (rr). (9)

Here p4p and par (pgp and p,r) denote the nu-
cleon (charge) densities, rp and rr are the absolute
values of the radius-vectors of the interacting points
of the projectile and target nuclei. Vector § con-
nects two interacting points and is determined by
vectors R, 7p, and 7r (see Fig. 2in[42, 43] or Fig. 1
in [44, 45]). The point-point Coulomb potential is
denoted as v¢ (s).

In Egs. (7), (8), (9), we neglect the possible
time-dependence of the densities. This so-called
frozen density approximation (FDA) seems to work
reasonably well unless the density overlap of the
colliding nuclei is about 1/3 of the saturation den-
sity 0.16 fm—3. Recently, the FDA was inspected
carefully and compared with the adiabatic density
approximation (ADA) in Ref. [46].

The direct part of the NN-interaction vp, () con-
sists of two Yukawa terms [47, 48]:

- genlon(2)] )

For the exchange part vg (s), one finds in the lit-
erature two options: an advanced and complicated
one with a finite range and a simpler one with zero
range [42, 48]. Equation (9) is valid for the latter
version for which

It has been demonstrated recently [44] that vary-
ing the value of Gg with respect to its standard
value —592 MeV fm? from Ref. [37] down to
—1040 MeV fm? allows to reproduce the Coulomb
barrier energies resulting from the option with the
finite range exchange force. Computer calculations
with zero-range option are significantly faster than
those ones with the finite range option. In the
present paper, we apply Eqgs. (9), (11) with Gg =
= —1040 MeV fm?.
+

(10)

3. Nucleon densities

In the present study, we employ two pre-
scriptions for the nucleon densities coming from
Refs. [30] and [49]. We denote them as V-densities
and C-densities, respectively. In both sources [30]
and [49], the density is approximated by the three-
parameter Fermi formula (3pF-formula)

1—wpr?/R%
1+exp[(r—RF) /ar]

Here Ry corresponds approximately to the half cen-
tral density radius, ar is the diffuseness, por is

Pr (r) = Por (12)
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defined by a normalization condition. In Ref. [30],
the 3pF-formula (or its version with wg = 0 called
2pF-formula) is applied to approximate the experi-
mental charge density (in this case the subscript F
takes the value Vg). We use the same 3pF-formulas
for proton (F = Vp) and neutron (F = Vr) densities
for a given nucleus. The parameters Ry,, ay,, and

wy, of the charge density are taken from Ref. [30].

The half-density radii for protons Ry, and neutrons
Ry, as well as wy,, and wy, are taken to be equal to
Ry, and wy,, respectively, whereas the proton and
neutron diffusenesses, ay, and ay,, are calculated
via the charge diffuseness ay, [42, 43]:

5 N
ayp, = ayp = \/Cl%/q — ﬁ <076 — 011Z> . (13)

We use all spherical nuclei for which Eq. (12) is
available in Ref. [30]. The values of the parameters
are presented in Table 1.

In Ref. [49], theoretical proton and neutron
densities calculated within the Hartree—-Fock—Bo-
golubov approach are approximated by Eq. (12)
with wg = 0. In this case, the subscript F takes the

values Cp, Cn, and Cq. We take Rc, = R¢, and

5 N
acy = \/GZCPerZ (0.76—0.112>. (14)

The values of the parameters are again presented in
Table 1.

4. Results: V-densities

In Fig. 1, a, we present the calculated s-wave
Coulomb barrier energies Byy. These calculations
are performed for four groups of the reactions in-
duced by: %0, 4°Ca, *®Ni, and #Sr (symbols). This
allows to cover a wide range of B; = 12300 MeV.
The line in the figure corresponds to By = Bz. One
sees that Bz is indeed a good approximation for the
DF M3Y barrier energies.

The fractional difference between these two
quantities

(15)

is displayed in Fig. 1, b. The symbols correspond
to DF M3Y-calculations where the curve represents

Table 1. Parameters of Eq. (12) for the V- and C-densities for the spherical nuclei involved in the considered reactions.

Rygs wyy, ayy of the charge V-densities are taken from Ref. [30] and ay, for the proton and neutron V-densities calculated

according to Eq. (13). Rcy, acp, Rcys acy for the proton and neutron C-densities are taken from Ref. [49] and ac, for the
charge C-densities are calculated using Eq. (14)

Nuc. Ry, fm Wy ayy, fm ayp, fm Rcp, fm acy, fm Rcy, fm acy, fm acy, fm
1609 2.608 —0.051 0.513 0.465 2.699 0.447 2.652 0.460 0.497
A0Ar 3.730 —0.190 0.620 0.582 3.657 0.480 3.564 0.532 0.525
40Ca 3.766 —0.161 0.585 0.543 3.564 0.532 3.685 0.481 0.575
48Ca 3.737 —0.030 0.524 0.481 3.887 0.467 3.989 0.493 0.512
48y 3.843 0.000 0.588 0.548 3.942 0.477 3.979 0.478 0.523
52¢y 4.010 0.000 0.497 0.449 4.064 0.467 4.085 0.470 0.514
54Fe 4.075 0.000 0.506 0.458 4.145 0.463 4.127 0.463 0.511
S8Nj 4.309 —0.131 0.517 0.470 4.241 0.467 4.156 0.512 0.515
60N 4.489 —0.267 0.537 0.492 4.274 0.471 4.128 0.532 0.518
62N 4.443 —0.209 0.537 0.495 4.318 0.468 4.177 0.532 0.514
64N 4212 0.000 0.578 0.538 4.362 0.465 4.298 0.567 0.511
88gy 4.830 0.000 0.449 0.496 4911 0.480 4.971 0.488 0.525
H2gy 5.375 0.000 0.560 0.518 5.404 0.463 5.331 0.555 0.509
H6gp 5.358 0.000 0.550 0.508 5.458 0.459 5.396 0.568 0.505
H8gp 5.412 0.000 0.560 0.519 5.484 0.457 5.428 0.574 0.503
120Gy 5.315 0.000 0.576 0.537 5.508 0.455 5.458 0.546 0.501
124gp 5.490 0.000 0.534 0.492 5.556 0.452 5.570 0.552 0.497
142Ng 5.774 0.000 0.513 0.468 5.872 0.466 5.865 0.534 0.511
148gm 5.771 0.000 0.596 0.558 5.9548 0.4721 5.9360 0.5575 0.517
206py, 6.610 0.000 0.545 0.504 6.6800 0.4666 6.6999 0.5542 0.511
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B

the following approximation

—B,
Epy = 0.106 — 0.219 - exp TiMev )~
' (16)

MeV
—B,
—0.230-exp| =——— | -
(206 MeV)
300} ¢ <>-
— 250+ ]
2
200 F ]
2
150 F 1
>
o
o

&gy (70)

egy (%)

41 ]

160 150 260 250 360
B, (MeV)

0 50

Fig. 1. (a) Calculated s-wave Coulomb barrier energies Byy,

(b) fractional barrier differences &g (see Eq. (15)), and (¢)

errors €py (see Eq. (17)) are shown as functions of the ap-

proximate barrier energy By for four groups of the reactions

induced by: 160, 4°Ca, 58Ni, and 8Sr (symbols). The line

in panel (a) corresponds to By = Byz, the line in panel (b) is
the approximation (see Eq. (16)) (color online)

Thus, employing Egs. (5), (15), (16) one ob-
tains the value of B, with the typical accuracy of

Ou3mKa aTOMHO0 A4pa v 3NEMEHTAPHbIX YaCTuL

1-2% (see Fig. 1, ¢). We define the error of approx-
imation for quantity x as
xﬁ[

g =1 1.
Xeale

(17)

Let us go over to the stiffness of the barrier,
Cpo. The calculated values are shown by symbols in
Fig. 2, a, their linear fit reads

Cpov = —0.755 MeV —0.0494B,  (18)

(line in Fig. 2, a). Accuracy of this fit is typically
within 10% (see Fig. 2, b) although for lighter reac-
tions it reaches —20% due to smaller values of the
stiffness.

- ¥
e

0 50

100 150 200 250 300
B, (MeV)

Fig. 2. (a) Barrier curvatures Cpoy and (b) errors €cy (see

Eq. (17)) are shown as functions of Bz for four groups of the

reactions (symbols). The line in panel (a) is the approxima-
tion (see Eq. (18)) (color online)

The calculated barrier radii versus By are
shown by symbols in Fig. 3, a. However, their
dependence upon A},/ } +A1T/ s simpler and more
regular (see Fig. 3, b). The linear fit of this depen-

dence reads
Rpoy/fm = 3.89+0.918 (A}/ Al 3) (19)

(line in Fig. 3, b). Typical error of this fit is within
2% (see Fig. 3, ¢).
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Fig. 3. (a) Barrier radii Rpoy as functions of Bz, (b) the same
Rpoy and (c) errors egy (see Eq. (17)) versus Allg/3 —i—AlT/3 are

shown for four groups of the reactions (symbols). The line
in panel (b) is the approximation (see Eq. (19)) (color online)

5. Results: C-densities

The same procedure, as in Sec. 4, was per-
formed for C-densities. Results are shown in
Figs. 4-6. The approximate formulas read

_BZ

_BZ

—01976Xp <1551\/_[e\/ s

Cpoc = —0.752 MeV —0.04648B7,  (21)
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Rpoc/fm = 3.80+0.95 (A}/ Al 3) (22)

The quality of the fits is approximately as for the
case of V-densities (see Figs. 4, ¢, 5, ¢, 6, ¢).
These three approximations for the characteris-
tics of the s-wave Coulomb barrier obtained for V-
and C-densities are compared in Fig. 7. Obviously,
the trends for two versions of densities coincide
with each other in all three panels. As reactions
become heavier, the difference appears to be more
significant. Although the pairs of curves are close to
each other in Fig. 7, one should remember that sev-
eral percent difference in the barrier energy might
influence the fusion cross section substantially, es-
pecially for the near- and sub-barrier energies.

&g (%)

C
2t - .
[m]
— 1 o | 7]
S o Jf 8
o m] B
e 0'0689“DAEAD:D}‘% g o]
@ R, a 00 ¢
w1 8o %o ]
[ ]
2L ]
-3 . . . . . s
0 50 100 150 200 250 300

B, (MeV)

Fig. 4. Same as in Fig. 1 but for C-densities. The line in
panel (b) corresponds to Eq. (20) (color online)
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Fig. 5. Same as in Fig. 2 but for C-densities. The line in panel (a) corresponds to Eq. (21) (color online)
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Fig. 6. Same as in Fig. 3 but for C-densities. The line in
panel (b) corresponds to Eq. (22) (color online)
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Fig. 7. Comparison between the approximations for
the barrier characteristics obtained with V- and C-den-
sities: (a) barrier energies By (see Egs. (16) and (20)),
(b) barrier curvatures Cpy (see Egs. (18) and (21)), and
(c) barrier radii Rpy (see Egs. (19) and (22)) (color

online)
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6. Conclusions

In the literature, every now and again, the
spherical heavy-ion capture cross sections are eval-
uated using the characteristics of the s-wave barrier:
its energy, radius, and stiffness. In the present
work, we have calculated these quantities system-
atically within the framework of the double-folding
(DF) model. In these calculations, for the effective
nucleon-nucleon forces the M3Y Paris forces with
zero-range exchange part have been used. The am-
plitude of this part has been modified to reproduce
the barrier energy obtained with the density-depen-
dent finite-range exchange part. For the nucleon
density, two options have been used. The first one
(V-option) is based on the experimental charge den-
sities. The second one (C-option) has come from
the IAEA data base.

For both options, the analytical approximations
have been obtained for three quantities required
for evaluation of the capture cross sections within
the barrier penetration model (parabolic barrier
approximation). The comparison of the V- and
C-approximations demonstrates that those are not
very different. The proposed approximations can
be used by everyone for fast estimation of the cap-
ture cross sections in the collision of two spherical
complex nuclei.

We would like to stress that in the literature
there are many recipes for crucial ingredients of
the DF model, namely the effective NN-forces and
nucleon densities. For instance, in the literature
sometimes the Reid M3Y forces [36] are used al-
though in Ref. [37] it is clearly stated that “The Reid
soft-core potential is based on earlier and partially
erroneous phase-shift data”. The Migdal forces
were used successfully in quantum diffusion model
[41, 50, 51], however for this aim very special
nucleon densities were employed. Application of
the Migdal forces with densities coming from the
Hartree-Fock SKX calculations [52] results in cross
sections which do not leave any room for dissipation
of collective energy [53]. We believe that the ver-
sions of NN-forces and densities used in the present
work are the best which are available in the litera-
ture for systematic calculations. At the time being,
we do not see any arguments allowing to prefer C-
or V-option of the densities.

Of course, one would like to see an application
of the proposed approximation for the analysis of
experimental cross sections as well as a numerical
analysis of the accuracy of approximate formulas
(3) and (4). However, this would make the present
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paper unjustifiably long and would distract the at-
tention of the reader. We hope to complete such
study in near future.
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AHHOTaLMs. PaccMoTpeHo TennoBoe M3nyyeHue ANCTa rpadeHa, a Takxe nornowaemas yka-
3aHHbIM JIACTOM MOLLHOCTb Ha eZWHULY MOBEPXHOCTM B TEPMOAVHAMUYECKOM PaBHOBECUM
C BaKyyMHbIM M3lyueHneM. V13 CpaBHEHUs 3TUX BENMUMH YCTAHOBNEHbI KOPPENSLMOHHbIE COOT-
HOLUEHWS Anst GAYKTYaLMil NOBEPXHOCTHOI MAOTHOCTY TOKA B rpadyeHe 1 B aHANOTUUHOM eMy 2D
MPOBOAALLEM JIACTE, OMUCbIBAEMbIM NOBEPXHOCTHOM NPOBOAUMOCTbI0. YKa3aHHbIE COOTHOLIEHMS!
CNefyeT NCNoNb30BaTh B TEOPUM AUCNEPCUOHHOTO B3AUMOAEICTBIS CTPYKTYP C rpadeHoM, Mcnosib-
3ys MeTog PbiToBa—/leBuHa 1 Jludlumua BeefieHNs GAYKTYaLMOHHBIX UCTOUHUKOB B YPaBHEHMS

Makcsenna. Takxe paccMoTpeH pagnaLMOHHbIA TeNN006MeH NMCTOB rpadeHa npu pasHbixX Tem-
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Abstract. Background and Objectives: The thermal radiation of a graphene sheet is considered,
as well as the power absorbed by the specified sheet per unit surface in the thermodynamic
equilibrium with vacuum radiation. From the comparison of these values, correlation relations are
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established for fluctuations in the surface current density in graphene and in a 2D conductive sheet similar to it, described by surface conductivity.
These relations should be used in the theory of dispersion interaction of structures with graphene, using the Rytov-Levin and Lifshitz method of
introducing fluctuation sources into Maxwell’s equations. Model and Methods: We consider the equilibrium of a graphene sheet with a Planck
thermal field from the principle of detailed equilibrium. From this we get correlation relations. With their use, we obtain the density of thermal
radiation. Results: The thermal radiation densities of a graphene sheet at different temperatures have been obtained, as well as the specific
heat transfer between two graphene sheets at different temperatures. Conclusion: The obtained correlations may be used for calculations of

W3B. Capar. yH-Ta. Hos. cep. Cep.: ®u3uka. 2023. T. 23, Bbin. 2

dispersion forces.
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BeefeHue

PaccmoTpyM GecKOHeUHBIH TUCT TpadeHa B Ba-
Kyyme 1pu Temreparype 7 B TepMOJUHAMHUECKOM
PAaBHOBECHU C TIOTHOCTHIO PaBHOBECHOTO H3/Tyde-
Hus [1]

0)2

_ (i ey _
w3\ 2 exp(ho/kgT)—1) @)

ho’ Ao
= ——coth .
2me3 2kBT

B Hell yuTeHb! BakyyMHble BUPTyasbHble (DOTOHBI

C «HYyJIeBOI» 3Heprueit fi/2 1 TerioBbie (POTOHBI.

Terio nepeHOCUTCS TEMIOBLIMU (POTOHAMU C TI/IaH-
KOBCKOM TJIOTHOCTBIO H3/TyUYeHuUst

= fpe (0,T) 7o’/ (nc®)

rae fae (,T) = [exp (iw/ksT) —1]" — dyHkims
Bosze-DiiHirelina. ['padeH siBnsercs uctuHHO 2D
MareprasioM, OIMChIBAeMbIM AByMEepPHOH MaKpOCKO-
MYeCKON MPOBOAUMOCTHIO G (®, K) [2—6]. 3T0 03Ha-
YyaeT, YTO MPU BO3[EeUCTBUM 3/1€KTPUUECKOTo M0JIs
TJIOCKOM MOHOXPOMAaTUUeCKOU 3/1eKTpOMarHUTHOU
Bosebl E (0, Kk, r) = Ejexp (iow — ikr) umeror mecto
CBSI3U KOMITOHEHT ITOBEPXHOCTHOT'O TOKa j B rpadeHe
C ToneM:

u (0,T)

Je(o,k 1) =
+0, (0,k)E

G (0,K)E, (0, k1) +
v (0,k,T),

Jy (0,k, 1) =0y (0,K) E, (00, k, 1) +
+0,, (0,k)Ey (,k,r).

3peck Oy, = O),, TOUKA I' = Iy HAXOAUTCA Ha IO-
BepXHOCTU TpadeHa, a OeCKOHEUHBIH JIUCT rpa-
ceHa cumTaeTcs paclOJOKEHHBIM B IJIOCKOCTH

(%,,0).
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Jluct rpadeHa sBsIETCS TMOITIOTUTENIEM.

B To e Bpemsi B cuiy GUyKTyaluii ToKa B Tep-
MO/JIHAMHUYECKOM PaBHOBECHH OH M3J/IyYaeT POBHO
CTOJIbKO, CKOJIbKO morvioraeT. CunTasi TeH30p Mpo-
BOJMMOCTH TPUBEJEHHbIM K I7IaBHBIM OCSIM, MMe-
eM j, (0,k,r) = 0 (0,k) E, (0, K, 1), jy (0,k,1) =
=0,, (0,k)E, (,k,r). B psisie paboT B pasHbIX IpU-
G/IMKEHUsIX TI0JlyYeHa TEeH30pHasi IPOBOAMMOCTD
rpacdeHa, Haripumep [2, 5]:

Oxx ((D, kx) -

v% 2(3_ 2i >k§}+
4(0— iw,) ®/0.

+Ginter (0)) 9

= Ointra (0)> {1 +

Oyy ((Da kx) =

v% 2i 2}
3— 2|+
4(0—io,)* < w/wc> ’

+Ginter (0)) .

= Ointra ((D) |:1 +

3nech v = ¢/300 m/c — ckopocTh DepmH, O, — Ya-
CTOTa CTOJIKHOBEeHH (0OpaTHOe BpeMsi peJlakCcaLiu
HMITY/IbCa), @ BHYTPU30HHAs U ME>K30HHAs IPOBO/IU-
MOCTH omnpefensitoTcs hopmynamu [3-5]

—iészT
T (0 — io,)
_ Gointra
T 1+ioje,

Ointra (0)7H>0)c7T) = ‘V(HmT) =

@)

Gmter (D uvmc) -

_ —ie? ( /w frp (— +fFD <8>2d87 ©)]
s o — i)’ — (2&/h)
rae frp(€) = [exp((e—pe) /ksT) +1] " — dynk-

uusg Pepmu—/lupaka. [l ompepesieHuss TeH30pa
MPOBOJMMOCTH 3[,eCh UCIO0/b30BaHa Mogenb bxar-
Harapa-I'pocca—Kpyka. B mpubmokeHUr BpeMeHU
pesiakcally [ij1g UHTerpajaa CTOJIKHOBEHUH ero Be-
JINUUHBI UMETOT TOT >Ke TTOPSI/I0K, HO K03 PUireHThI

HayuHbivi oTgen
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HECKOJIbKO OT/IWYalTcsa. B clyuae Manibix TeM-
neparyp kgl << p. U kgT << M/ MeX30HHas
TPOBOJUMOCTh arrpoKCUMUPyeTcst hopMyroit

—ie? n <2|uc — (co—icoc)h> .

ath 2| + (0 — i)k

Ginter ((D, W, ('Oc) -

VYkazaHHble (OPMYJIBI TIOYUEHbI MyTEM MpPH-
OMKEHHOTO BBIYMC/IEHUS] WHTErpajioB T0 30He
BpunmosHa rpadeHa B MoAeny JTMHEHHOTO OTKIIH-
ka Ky0o mpu BO3[eMCTBUM TIOMS TIJIOCKOWM BOJIHBI,
MpU 3TOM OEepeTcs TOJBKO OKPeCTHOCTh ToueK [Iu-
paka c JuHelHOW pjucnepcueld. VMeHHO Takue
9/IEKTPOHBI U JBIPKM B OCHOBHOM W YYaCTBYIOT
B KBAHTOBOM TpaHcropte. [Tpu 60/bIIMX YacToTax
®>> o u o0 >> W /h cormnacHo dopmyme (4)
Cler = € (4h), Gl = 1 (1- 0/0) / (TH0) ~
~ e/ (WP0), o= (il /7) (1+02/4 (| /).
OfHaKo B 3TOM CJIydae OTPeAENSIOMUNA Giper HUH-
terpan (3) ybbiBaeT 0OpaTHO MPOIOPIMOHAIBLHO
yactore. CrezioBatesibHO, TIPU OOJIBIINX YacTOTax
¢dopmysa He BepHa. UTOOBI HE BBIUKC/ISTE 3TOT WH-
Terpaj MOXKHO UCIIO/b30BaTh Giper C 0OpE3aoIim
daxropom [1+((oh)2/(kBT+u)2]71. B Hem Be-
mmunHa Q = (kgT + ) /B BBICTyIaeT Kak HeKas
YacToTa CTO/IKHOBEHHI, COOTBETCTBYIOLAsi BDeMeHH
penakcauuu T, = 1/ A7 MEeXK30HHBIX MEPEXO/0B.

CgotictBa rpadeHa CyIIeCTBEHHO 3aBHUCST
OT Ha/IMuMsi WIN OTCYTCTBUS TIPUMecel, Haluuus
WIN OTCYTCTBHUS BHELIHHX I0jied, MpU 3TOM CY-
LIeCTBEHHYIO POJIb WIPAeT BHYTPU30HHAS 4acTOTa
CTOJIKHOBeHUH. {1 UMCTOrO rpadeHa OHA MOXKET
OBbITH anIPOKCHMUpPOBaHa coryacHo pabore [6] co-

oTHOLIeHUeM ®, = o T /Ty, Te Wy, = 8- 101 Ty —

yacToTa crosikHoBeHu# ripu Ty = 300 K. EcTb u apy-
rie OLeHKH (.. Ecii sHeprust KBaHTa OoJiblie
SHEepruy CBSI3U T-37eKTPOHOB (2.8 3B), To yka-
3aHHble (OpMy/bl He paboTaoT, a BK/Iaj TaKUX
3/IEKTPOHOB MOXKHO CuMTaTh Mo 2D Ti1a3smMeHHOMH
MO/JIe/TH, KOTZ]d K&XK/BIi atoM yriepoa OTAAeT Jiu-
60 ueThbIpe, MO0 BCE IIECTH JIEKTPOHOB B 30HY
MPOBOAUMOCTH. ['padeH MOKET WMETh HelHHei-
HbIi OTK/IMK. [lasee Mbl pacCMaTpUBaeM TOJIBKO
JIMHERHYO0 TTPOBOIMMOCTD, TpeHebperast MPOCTpaH-
CTBEHHOW [ucriepcredl. DTO MOXKHO CZefaTh TIpU
Masbix k* = K2, uTO BBIMOJIHSETCS BIUIOThH [0 OI-
THUYeCKMX vacToT. Cumras ® >> O, BUAUM, UTO
nobaBka 13-3a POCTPAHCTBEHHOM ANUCTIEPCHU B Oy
naxe nipu k* = k2 = k3 BecbMa Mana. [lanee Mbl He
OyZieM paccMaTpuBaTh TEH30PHYIO TPOBOJMMOCTb,
ornmchiBas yiro6oit 2D marepuan (rpadeH, 6opo-
(eH, CHIULEH U T. I1.) CKa/ISIPHON TPOBOAUMOCTHIO
0 (®), TIOCKOJBKY MPOCTPAHCTBEHHAS [MCIIEPCHS

Ou3mKa KOHAEHCUPOBAHHOMO COCTOSIHWSA BELLECTBa

c1abo B/MSIET Ha AVCTIEPCUOHHBIE CHJIBI, a Pe3yilb-
TaT ee yueTa BecbMa cyioeH. [ns rpadeHa mpu
HM3KHUX YaCTOTaxX B MpeHeOpeKeHUU MeXK30HHBIMU
repexoZilaM MMPOBOAUMOCTL JaeTcsi dopmyrnoi (2)
6 (®) = Oipa (O, 1, @, T), THE

_ Bl
y(w,T)=1In <2+2cosh (kBT>> )

T. e. OHA Takasl e, KaK B Mogie/iut [Ipyzie C IpOBOAU-
Mocteto 6 (0) = e*kp TV (e, T) / (T, ) Ha nocto-
SIHHOM TOKe.

1. Koppennqwonuble COOTHOLLUEHUA Ang NNI0OTHOCTU TOKa

KoppessiliioHHBIE COOTHOILIEHHUS Ba>KHBI B T€O-
pUM [IACTIEPCHOHHBIX cua wmd cun  Kasummpa—
JIudiuuiia, MOCKOMBbKY OHU MO3BOJISIIOT OTPee/IuTh
KOppeJsiLivM T10J1el uepe3 BxojsIye QayKTyaljuoH-
HbIe UICTOYHUKH B ypaBHeHHs1 MakcBesia [1,7]. ns
HaHOCTPYKTYP C TpadeHOBLIMHU JIFICTaMU KOPPeJisi-
L[MOHHbIE CHJIbI Ba)KHbI KaK Ha MaJslbIX PaCCTOSTHUSX
ropsiika fosieiddi HM (HampuMep, B3auMOZeNCTBUe
BaH-Zlep-Baasnbca B n-cioiiHoM rpadeHe wumu B rpa-
¢duTe), TaK U Ha PACCTOSHUSX OT HECKOJbKHUX
[0 COTeH HM, HarpyuMep HaHOCTPYKTypax c rpade-
HOBBIMH B uelllyiiKkamu. KoppeJsiliuoHHBIe COOTHO-
LIEeHUS [I7I51 aHU30TPOITHOM AM3/IEKTPUYUeCKOM Cpe/ibl
umeroT Bug, [1]

(B (0r) Bor)) =
= —ioey e () —epa ()] © (@) 3(r ) /.

d /I U30TPOITHOT'O AHU3J/IEKTPUKA COOTBETCTBEHHO

(B (0r).B0r)) =
= gpe” (0) 0O (M) 8, S0 (r —1') /.

3pecs €(w) = € (0) — i€” (0) 1 BBegeHb! GIyK-
TyalMOHHbIE TUIOTHOCTH ToKa JO(,r), o, =
= x,y,z. CkoOku () O3HauarOT CTaTHCTHYECKOEe
ycpenHeHue (ycpeZHeHHe MO0 aHCaMOJIi0) BeJTUUHH
Jo (o,r)Jg* (0,1') [1]. B qusnexTpuke TOK nOMsApH-
saquu J? (0,r) = o,P = iwe, (¢ (w,r) —1)E(o,r)
OTKMCBIBAET BCE TPOLECCHI TIOMSIPU3ALIAM, BKIIIO-
yasg W TMPOBOJAMMOCTb, MPH 3TOM BeJIUUMHY V =
= i€y (& (,r) — ) MOXHO TpakKTOBaTh KaK TeH30p
YIeIbHOM MpOBOAMMOCTH. IIOCKONBKY Anst rpa-
dena dopmanbho JP () = j, (0)6(z), J/(w) =
= jy(0)3(z), J'(0) =0, TO Crefyer oXuaTh
CJIe[IIOIIETO KOPPEJISLIMOHHOTO COOTHOLLIEHHSE:

(J2(©x3). 3 (.X.¥)) = F(0.7) =

()
=0 ()0 (0,T)3ed (x —x') 8 (y—') /7,
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rae 6’ (0,7) — peasbHasi YacTh CKa/IsIPHOM MPOBO-
aumoctd. OHO 3armucaHo [Jijisi KOMITOHeHT (pyKTya-
LIMOHHOM MOBEPXHOCTHOM TJIOTHOCTH TOKa jo, (X, ),
o, 3 = x,y, a 3aBUCUMOCTb MTPOBOJUMOCTH OT TEMITe-
paTypsl uacto 6yzgem omnyckarb: 6’ (®) = Re (6 (m)).
B pa6ore [1] onrcan criocob fjoka3aTenbCTBa Koppe-
JISIVOHHBIX COOTHOLIEHH!, OCHOBaHHBIM Ha IPYH-
L[UIe [eTa7bHOTO PAaBHOBECHS: IUIACTHHA W3 Mare-
pUana Tea TIOMEIIAeTCs B BOJHOBYIO 30HY Tesa
U OIpeZensieTcsl KOJMMUECTBO TeIUIa, TOMydeHHOe
TUTAaCTUHOW OT Tela W TeoM OT IUlacTuHbl. I[lpu
3TOM TUIACTUHY CJIeflyeT CUUTATh OOJIBIION, UTOObI
MpU pacyeTe ee TIOIVIOLEHUS U W3/MTydyeHHUs ObUIH
MIPUMEHUMBI aCUMITTOTHUeCKHe (OPMYJIbI KIacCH-
yeckoll Teopuu wu3nyueHust [1]. OpHako rpadeH
“MeeT Hy/eByl0 (aTOMHYI0) TOJIIIMHY, I103TOMY
npuMeHUMOCTh (5) HyXXZaeTcss B 00OCHOBaHWH.
B (5) He Bxomur MHUMasi (peakTHWBHasl) 4acTb
npoBoguMocTy. OHAKO TIOTJIOIIeH e JIcTa Tpade-
Ha [O/DKHO OT Hee 3aBHCeThb. 3afady [jisl JIUCTa
rpadeHa MOXHO pelIdTb cTporo. Llenb JgaHHOM
paboTel M COCTOWT B TMOJyYeHUH COOTHOIIEHWI
trma (5) Jyis /IMCTa TOKa, OMMCHIBAEMOTO JIByMep-
HOW TpoBOAUMOCTEIO. OrmpejesiiM MpaByl uacTh
(5) B Buge F(0,T)0O(0,T)08,0(x—x")d(y—y'),
rme F(o,T) — moka HeusBecTHas (yHKuus. By-
JleM KCIOoJb30BaTh 0Oe3pa3MepHyt0 (HOPMHPOBAH-
HYI0) CKa/ISIPHYIO HOBerHOCTHy}O TIPOBOJJIMOCTD
& (0) = &'(®) + &' (@) = 6(0) /%, Brogm

KBa/|par BOJIHOBOIO BekTopa B Buje k* = q* 4 k2, rae

k.= \/ki —ki—ki = VK3 —q.

I'padheHOBRIN TUCT TOT/IOIAET MOIIHOCTh Terl-
JIOBOTO TI0JIS1 ¥ OHOBPEMEHHO M3/TyuaeT MOIIHOCTh
C KaK/IOW eTUHULIBI TIOBEPXHOCTH B MPOCTPAHCTRO.
[1pu TenoBOoM paBHOBECUH C T10JIEM 3TU MOLIHOCTH
paBHbI. HaiiileM MOLL[HOCTb, U3/Ty4aeMyt0 eJUHULIEN
romaay rpadeHoBoro sucra. OHa orpegesnsieTcs
(yKTyallMOHHBIMM UCTOYHUKAMH U [JaeTCS 7-KOM-
roHeHTOM BekTopa [loliHTHHra:

S2(@,r)=Re(E} (@, 1)H, (0,r)—E, (o,r) H*(,r) /2.

6)
OTO MOIHOCTh, W3/My4yeHHas BIpaBo. Ee cienyer
VIBOUTb, YUUTHIBasi MOLHOCTh, U3/TyUueHHYIO BJIEBO.
O6a cnaraemeix B (6) AatOT paBHbIN BKIaA. [t KOM-
[IOHEeHT r1oJieil uMeeM [8]

E%(r)= / [(kg—K2)j2(q) —@xk), 24q)] e(fiqrr\le)dzq’
8n2imegK
e (7)
Eo,d(r):/[(ké—kﬁ)j)‘? (q)— keky e d(q)] —igr—|z[K) 2
’ 8m2ime Kk ;
8)
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2k [k 1 @)+, 1 ()| el Tare i
Eo,d( ):_/

dZ
8mZimeyK “
©)
ot +0,d (—iqre—ik;|z])
Jyia)e
H0d(p) — / y 2 10
24(r) =sgn (2) = ¢ (10
0.d [/2%(q) el
HYr) =—sgn (o) [P0 g, an)
oy [k (@) k2] e
HZ (l’)—— 8m2k dq
Z
(12)

OTU COOTHOLLIEHUS 3alMCaHbl Kak /7151 QIyKTya-
LIMOHHBIX KOMTIOHEHT (uHzekc 0), Tak u A/t Audpak-
LMOHHBIX KOMIIOHEHT (UHZeKC d). JIBoliHOW Tmpo-
CTPaHCTBEHHO-CIIEKTPa/bHbIM UHTerpaa 0603HaueH
OJHMM CHUMBOJIOM, d’q = dk.dk,. [lnst npezcTasie-
HUSI KOMIIOHEHT 3/IEKTPHUYECKOTO TIO/ MBI UCTIOJb-
30Ba/lM BeMuMHy K = —ik, = —i\/kj —q?. Ora
Be/IMUMHA JIefiCTBUTe/IbHAS U PaBHa +/q% — k3, ec
k3 < g*. Ml TakKe UCIO/Ib30Ba/M Tpeobpa3oBaHuie
®ypee

P (0.q) = [ (0.x) expliqr dudy,  (13)

—oo

roZipa3ymeBasi, 4To obparHoe rpeobpa3oBaHue UMe-
eT BUJ

jO’d (0‘)7 rT) =

=

/jo’d (o,q) exp (—iqr,) dkdk,.

—o0

(14)

(2m)’

O6pa3ys koppesiuio A ipeobpa3opanus (13), Ha-
XOIUM C UCTob30BaHueM (5)

(@) .q)
= (2m)° F (,7) 8 (ke — k) 8 (ky —K})

(15)

O6pasys Bemunny Re (EY (@,r) HY* (,r)), Brgum,
UTO OHA paBHA HYJIIO TIpH k3 < ¢, T. €. IBaHeCLIeHT-
Hble MO/IbI He U3ny4daroT. Ucnone3ys (15), umeem

kZ

7dk dky.
412 ey k,

34eCh Mbl BOCIIO/Ib30Ba/IMCh YETHOCTBIO U TIpeoOpa-
30BaJ/I HHTErPaJl K OIOKUTeNbHBIM 06/1acTsiM. Tak-
e Mbl B3 QyHKUpo O (0,7T) = hofge (0,7T),
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ONUCHIBAIOLIYIO CPEJHIOK SHEPrUi0 TETIOBBIX OC-
LWUIATOPOB MMOJIs. BbIUKC/IsIeM MHTErpaj B MOJsp-
HBIX KOOpAMHAaTax ky = gcos(Q), k, = gsin(Q).
Pesynsrar umeer Bup Re (E? (o,r) H (o,r)) =
=k F(0,T)/(12n0e;). YuuTsiBasi Be MOJAPU-
3aLMd W JIB€é CTOPOHBI W3/yYeHHs, [Jisi TOTHON
CIIEKTPAIbHON MOIIHOCTH Pe3y/ibTar CJIefyeT yBe-
JIMYUTH B YeThIPe pasa:

P(0) =k

YrenbHast MOILIHOCTb U3/TyUeHUsI TI0 BCEMY CITEKTDY
bymet

F(0,7)0 (0,T)/(6ng).  (16)

=

/F 0, 7)0 (0, T) ®*dw®
37t2 3gy exp h(o/kBT) -1

0

B cootBeTcTBUU C omipedesieHMeM BekTopa I[loitH-
THHT'a 3/1eCh Mbl UCI10/Ib30BaJIU TOJILKO MIO0KUTE b~
HbI@ YaCTOTHI.

Haiigem MOIIHOCTB, TIOIVIOIAeMYH0 eAVHULIeN
MOBEPXHOCTH rpaeHoBoro vcTa. OHa onpefessier-
cs1 IMpaKMOHHBIMU KOMITOHEHTaMH TTIOBEPXHOCT-
HOU TUIOTHOCTH TOKa, BO30Y’>KIaeMbIMH TEeI/IOBbIM
TI0JIeM:

Re (jPEP* + jPED*
Re (GEPEP* + GEVE!™) (17)

2
2 2
5 .
Inst onpenenenvss (17) pacCMOTPUM Ia/jaroLIyTO
Ha JIMCT rpadpeHa ciea (z < 0) IoJ; BCeBO3MOXXHBIMU
yrnamu E-BonHy
EZ (0,q) = A, (0,q) exp (—igr;) X
X (exp (—ik.z) — R.exp (ik.z)),

a TakKe TaKyr e H-BO/HYy
H! (0,q) = A, (0, q) exp (—iqr;) X
x (exp (—ik;z) + R.exp (ik;z)) .
[Mporeaive BosHbI (z > 0) UMEIOT BUJ,

Eze - T;:Ae ((Da q) exXp (_iqr‘c - ikzz) 3

= ThAh (0‘)7 q) exp (_iqr‘c - ikzZ) .

TTorepeuHbie KOMIIOHEHTBI BHIPAYKAIOTCS Uepe3 Mpo-
nosbHBIe cornacHo ¢opmynam (10.50) u3 [9] u ume-
10T BUJL:

Ef’h = _q_zkzker,h ((qu) exXp (_lqr‘t) x
x (exp (—ik.z) + R nexp (ik:z)),

Ou3mKa KOHAEHCUPOBAHHOMO COCTOSIHWSA BELLECTBa

E;’h = —qizkzkyAe,h (0), q) exXp (_iqr‘C) X
x (exp (—ik.z) + R, nexp (ik:z)),

H;’h = (Dgo q_zkyAeJl ((D7 q) eXp (7lqrf) X
x (exp (—ik.z) — R nexp (ik.z)),

H{" = —0gg g kA, (@, q) exp (—igr,) X
x (exp (—ik;z) — R, pexp (ik;z)) -

3pece qr, = xk, + kyy. Ilpomeamue BOJIHEI
OT/IMYAIOTCSI TeM, UTO MHOXUTenn exp(—ik,z) +
+R, pexp (ik,z) cnepyer 3amenutb Ha T, j, exp (—ik.z).
CiBasi 37€eKTpUUECKHEe TIOMs], HaXO[WM CBS3b
K03(hULMeHTOB OTpaXkeHUs W TIPOXOXKAeHus 1 +
+ R, = T,;. ClumBasi MarHWTHbBIE TI0JI, WMeeM
Jy = OoukEy =H; — H;r, Jy = onkEy = Hf —H_.
OTH ypaBHEHUs 3aITUIIIEM B BU/JIE

) . weg ky
jlexp(igry) = ———A, (0,q) (1—R, —T.) —

k.k
- ZzyAh (qu)(liRh*Th)v

. . e k
jlexp(iqry) = ——2A, (0,q) (1—R. —T.) +

k Ky
+§Ah (0,q) (1 =Ry —Tp).

YMHOXas repBoe Ha ky, BTOpoe Ha k, ¥ CKJIaJbIBas,
rosyJaem

(ke + jiky) exp (iqr,) =
=—-0g A, (0,q)(1—R,—T,).

AHaJIOTMUHO YMHOXasl [IepBoe Ha ky, a BTOpoe Ha k,
Y BbIUKTAs, TIOTyYaeM

(J9ke — jky) exp (iqr,) =
=kAp(0,q)(1—R,—Tp).

VX 3TUX ypaBHeHHi HaxoAuM

- ~d
Jeks+ Jiky .
R (00,q)= 2>~ > , 18
(0,q) %mAA&quUmJ (18)
- )
Jiky = Jyks ,
R,(®,q) = —2 2> * ) 19
h ( ’q) 2szhAe (0)’ q) exXp (lqr‘t) ( )

C mpyroii cropoHsl, 0603Havas Z, = k. / (wey) u Z;, =
= Oy /k;, IMeeM

Eeh = Eg)"f’ exp (—iqr,) X
x (exp (—ik.z) +Renexp (ik:z)),
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eh

HeM = =% exp (—iqr,) X
=7 xp (—iqr;)

X (exp (—ikzZ) — R, pexp (ikzz)) )

E¢h = Eg exp (—iqr,) x
x (exp (—ik.z) + R, pexp (ik:z)),

eh

HY! = — 2 exp (—iqr,)
Ze,h

x (exp (—ik;z) — R, nexp (ik;z)),

rie  Ej = _q_zkzker (0,q), Egy = =
_q_zkzkyAe (qu): Eélx = —0u q_zkyAh (OJ,q),
El = oy ¢ °kAp(0,q). B cuny Hesaucumo-
ctu E- u H-moneii u JByX TNOISPU3ALMi MOXHO
paccMaTpyBaTh ypaBHEHHS] He3aBUCHUMO, TIPH 3TOM
K03 dUIMEHTHI OTpaXkKeHUsI U TIPOXOXK/EHHUsT BbIpa-
JKaKOTCsL Uepe3 TPOBOIUMOCTh B BHJIE

()
R.p(®,q) =— , 20
WA= g o) P
2Yeh<w7q)
Ton(0,q) = : @
1D = o e roe Y
3neck Y5 (0,q) = Z,, (®,q). 310, B uacTHo-

CTH, BUJHO U3 TOIO, YTO MATpMia nepejaud 4 x
X 4 ymicTa TpadeHa, CBA3LIBAIOIIAS KOMITOHEHTHI
(Ey,Hy,,—E,,H,) cneBa 1 crpaBa OT Hero, MMeeT
G/104HO-AMArOHAJIBHBIA BUJ,

a o
0

. 1 0

a=
c 1
Ha IVIaBHOW AuaroHaiu. JTo obecrieyvBaeT CBSI3U
- _Ft - — oFEt + - _ + g- —
ES =E!,H =oE +H, —-E; =—EJ, H =
— + + + _
= —OE}" + H,', KoTOpble C yueToM OFE" = GE, = j;

+_ _d
U OE = OE, = j; BbIPXalOT rPaHNUUHbIE YC/I0BUS,
rpuyeM He3aBUCUMO A1 E- u H-BonH. TeH30pHas
TPOBOAUMOCTE (yueT TMPOCTPAHCTBEHHOM [ucrep-
CHW) TIPUBOAUT K CMeLLMBaHHIO MO/, U TIOJISIPU3aLIUi.
NwmeroT MecTo cefyrolie COOTHOLIEHUS:

AA:

IS

C MarpuLiei

E;,H;* = W€y kzk;zc A (0,9) /Q|2 )

*E;Hj* = W&y kzk§ ‘Ae‘ (0‘)7 q) /Q|27
EMH!" = ou kK |4, (0,q) /q]’,
—E!H!" = o kK |A (0,q) /g,
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E{H)" = K2 kikyAe (0,9) A (0,9) /¢,
E{H)" = 0% Hogo kikyAy (0,)A; (0,9) /¢,
—EfH!" = —k koA, (0,9) A} (0,9) /¢,
~EJH{" = — 0’ pogo kykiAr (0,q) A7 (0,4) /¢°.

W3 Hux cnenyer

28, (0, q) = kg2 (€0 |A. (0,q) > + 1o |44 (@,q)[*) .

Cudrass u3/yuyeHWe  U30TPOIHBIM,  TIOJIOKUM
Acn(0,q) = (q/ko)Aep (®). 3ameTm, uTO BHIGOD
CTIeKTPAJIbHBIX aMITIATY/] B HEKOTOPOM CMEICJIe TIPO-
n3BoJieH. Takol BEIOOD aMIUIUTY, TIO3BOJISIET YUEeCThb
W ciaydaii T-BOJH, NIpUYEM pe3y/ibTaT MOXKHO 00-
patutb 1o ®ypre. [leiicTBUTenbHO, [ysi T -BOTHBI
qg=0,A.;(0,q)=0,E,=E,=0.Ilpuk, =0unpu
DacKpBITUY Heorpe/ie/IeHHOCTel THMa k, /g, Harpu-
Mep, 1ipH k, — 0, umeeM k, /g — 1. TIpu pacKpbITHN
TAaKOM XK€ HeONpeJeNeHHOCTH Npu k, = k, — 0
umeeM k./q — 1/+/2. MolHOCTb, MepeHocHMast
Takol T-BOJTHOM, SIBMSIOLENCS TpefenbHbIM CIy-
yaeM E-BOJHBI, B [[Ba pa3a MeHbIlle, HO CleAyeT
YUeCTb ellle ¥ BKJIa/ OT BOJTHBI APYTOU MOSIPU3aLInH,
a TaK’Ke TAaKOH >Ke BKJIaZL OT MPe/IeIbHOTO CTyJast AJIst
H-Bosnnbl. NHTerpupys 25, (®,q) 1o k, u k,, Haiinem

T w?
PAY (0)) = B

(g0 |Ac (@)]° + 1o [An (@) ) .
[TOTOK M30TPOITHOTO M3/TyUY€eHHsI BLOJb OCH Z €CTh

ho’

= for (0, T) —— .
Fie )67c2c2

W (0,T)

S, (O)a T) = 6

Orciona monyuaem (€ |A, (0))* + 1o |4 (0)7) =
= fpe (®,T) 2w/ (3n*c). [lna nucra rpadeHa ume-
em

|Ee+Eh|2: 1 i 2Y6(w7q)Ae(®)
T g o (0.0) 10 (0)
2Y) A 2
— ook i (@,9)A; (0) ‘ ‘

72Y), (w,q) + o ()

3To BeIpaXKeHHe NpeobpasyeTcs K BUAY

e 2

qZ

kA, (®)
2](0 + kza ((D)

kyZo Ah ((0)
Zkz"i‘ko& ((D)
HOHaFaH, UTO BKJ/IdJbl B H3/Iy4y€HHE OT E-BOonmH U

H-BOJTH O[IUHAKOBSIE, T. €. A, (®) = Zy Ay, (®), Byzem
HMeTb

2 2
|E¢+E! = wx

4 22

. k 2 (22)

‘2% T B (@) 2k T hoE(0)| |
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TouHo Takxke

4k2 |A, ()]
R
1 (23)
y k, N ke ?
2ko + k8 (®) 2k, +ko& ()

Ipu uHTerpupoBanuu (22) u (23) no k, u k, une-

HbI C IPOM3Be/IeHUAMU Kk, OOHYIISIOTCS M OCTArOTCS
2 2

WIeHbI C k; ¥ k;. B pe3ysibrare HaZio BBIUHCIIATD MH-

Terpasbl THIa

K2 k2
L(0,8) = / S dkdky,
ple @2k kL ()

hd= [

* <k

21,2
z Y

6 [2k; + ko ()

dk,dk,

Y TaKHe >Ke MHTerpasl /[ ,, [7ie pou3BeieHa 3ame-
Ha ky <> ky. OueBuHo, I} , = I ,. BeruncnsieM ux B
TO/ISIPHOM CHCTeMe KOODZMHAT:

(ki — %) cos®

2ko +/kg — ¢*E (w)

Ie ((‘05 é) =
<k
ko

5qdqd® =

_n/ uqdq
S 4kS + 4o ug (0) + 2 [§ (@)[*

3nech u = k, = \/ki — ¢*. [lenasi 3ameHy rniepemMeH-

HBIX g = \/u® — k§, Toydaem

k()
uldu

OS =T ] ko i (o) 1 @ B (@)

OTOT UHTErpas BhIUUC/ISIETCS C UCTI0/b30BAHUEM HH-
TerpauoB

ko

Hos / k& <i>+ 2IE@)F
PO t<w> )
- ()|
T, 1n<1+§'< )+ '“j’)z)_
s

Ou3mKa KOHAEHCUPOBAHHOMO COCTOSIHWSA BELLECTBa

Bod = pon-
it 52).
ko (& (éw(gf @) o 0,8).
Pe3y/IbTaT MMeeT Buj
L (,8) = Zgn(koo))f - |§4(nﬂ]:;|2[e1 o (24)
47|té€(2§ )((0) P(0,8).

L5t BTOporo uHTerpasa
ko

Ih(0,8) =

4u2+4uk0<‘;’( )+k2|<§( ®)[*’

L (0,8) = ks |§,, {arctan 2@’&/ >_

(
‘ar“a“( & 2 )]
+]

I (0,§) = = (4+4@/(g(,z)cl))|g )|>

S 0,
k[ E <m> 448 (0) 4[5 ()
I; (0,8)= 2 l 5 ln< |§(m>|2 ) +

T (E2 ()~ €7 (@) ko I <co,a>] ,
Y IMeeM pe3yJbTar

7tk2

Ih(0,8) = —= *—Iﬁ( )1 (,8) -

(25)
—48' ()

Buzaym, UTO CrieKTpasbHas MOIIHOCTE TIOTEPh
(17) cnoxxHbIM 06pa30M BbIpAXKAaeTCsl Uepe3 HOPMH-
POBaHHYO TIPOBOAUMOCTH rpadeHa B BUjle

|Ie (0.),&,) +1y ((Da é)| _

3mt

P(0) = 4h0S (o) fzz (o, T)

(26)
3[eCb MBI Y4 TOXKLECTBO Zy€yc = 1. Tenepp moi-
Hasl [JIOTHOCTb MOLJHOCTH TI0Teph eCThb

P:]P(w)dw
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CpaenuBas c (16), umeem

F(0,T) =8 & (0) 1, (0,8) + 14 (0,8)]/ (T42)

(27)
BesnmuviHa (27) uMeeT pa3MepHOCTb TIPOBOAUMOCTH.
Ee MoXXHO 3anicars B ciefytoiiem sugie: F (o, T) =
= 8 &¢&' (0) P (€ (0),8" () /7°, rae Gespasmep-
Hast noniokuTtebHas pyHkuusa @ (&' (o) ,&” (w)) no-
JyueHa BbIIEJIeHHeM U3 UHTErpajoB MHOXKUTeNs kj
Y COKpaLLleHHs] Ha Hero:

P (€ (0),8" (0) = I (0,8) + 1 (0,8)| /k.

OHa “MeeT JOCTaTOYHO CJIOXKHBIN BU/.
PaccMoTpyM uacTHBIN TIpeJie/ibHbIN Cilydail oT-
CYTCTBHsI PeAaKTHBHBIX CBOMCTB £ = 0:

2 ;c;zé&) _ ; (é’ ©+(0) g4
, 8
+12In(1+& () /2) + F0)12 —4> )

Ih (0*)’ &) 1
ki 16

(25&’ (©)+38? (@) 1In <1+

3
£ )

DTH COOTHOLLEHHS! YTIPOLLAOTCS, eCITH JUCCHITALS
mana & << 1. B oarom cayuae [ (®,§) ~
~ ks /8,1 (0,8) ~ nki/ (287 (®)) wu dyHKUMSA
P (& (0),0) =~ nn/ (287 (w)) 6Gompuias. Ecm ke
puccunanwst 6ompuast (€ >> 1), 1o L (0,§) ~
R Tkg/ (287 (0), 1 (0,8) =~ mkg (2—&' (w)) /16,

Z <2w>> i

_l’_

B /[pyroM YacTHOM CJIyuyae OTCYTCTBHS AUCCUITALIAM
&' (o) = 0 nonyuaem

Lf _ 1 2 6" )
i _2§”2(w)§”4(w)ln<1+ ! )
h@8) 1 &) !

W i m 1“(”&/'2«»))'

CoOTHOIIeHUsT YNPOILAIOTCS, eC/Id PeakKTUBHOCTb
mana (€" (o) << 1): L (0,8) % k3 /16, I (0,8) ~
A Ttkj /8, T. e. QYHKUUs CTAaHOBUTCS MOCTOSIHHON
®(0,8" (w)) ~3m/16. B ciyuae 6o/bLION peakTHB-
nocru (§"% (w) >> 1)

Lf 1 4 m(&”(f»))z 1
w287 (0) () 2 28" (o)’
Ih(mvé),\/ 1
k487 (o)

u Qynkya (0,8 (0)) ~ 31/ (48" (w)) mana.
B 1Ipe/ronokeHnH, UTo MPOBOAUMOCTh OMUCHIBAET-
cs1 Mogeneto [lpyze

§(0)

1+i0/o.’

§(0) =& (0) +i&" (o) = (28)

OLIEHMM pe3y/IETaThl NP OOJMBIIMX YacTOTaxX, KO-
ta [E (@) ~E7 (), & (0) ~ & (0) /68" (0) ~

~ —&y./®. Mbl 0603HaYN/IA KOHCTAHTY &( ) = &p.
B 5T0M Cityuae Bce BenmunHbl Masi, |& (0)[° 1 & (o)
ofjHOrO ToOpsifiKa Mamoct, a &’ () orpuiaresnsb-
Hasi U CyIECTBEHHO IMPEBOCXOJUT UX IO MOZYJIIO:

u yskus @ (& (w),0) ~wE' /16 Take Gompmas.  |&(0)]° = &7 (0) = &’ (o). iMeeM COOTHOLIEHHS:
(08 = 220 (1—|§( )| (1+42()+22()>>
T 1
B0 =5 (i 5):
1 W 1\
H&=1- (M)
| @) (1 1) 1 2 1 (g ()] [E(o)
Hoo="00 (g 4)*41“ |<w>)‘4ao< > & )
@8 _ 2 (1 1\ E@F (1 1)) 2/1 3 3
o §o<§o+4><l 2 <a0+4>>+3<8+4a0+2&%>+
1 26> /1 3 3 ’
o [ 1- - [+ +
aa( (50w 2&5))
Li(@8) 1 E(@)* [[E@)* , &)’ 2 & ()] [ &)’ T [E(0)
”%4[1_ 28 < So T _2ln<§((’3)|>>+ 2 < & _1><2_ So )1’
174 HayuHbivi oTgen
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L& 1

4

41 (0.8)

e 20E ()
L(@8) 1 [§(w)
k3 8 4

B paccMoTpeHHOM Tipefiesie OHH YTIPOIIAOTCS:
P(0,8) ~ ko/12, I} (0,&) ~ ko/4,l (0,8)
~ ik} (E 7 +&, ' /6+1/16), I(w,&) ~ mk3/8,
D(&.8") ~ n(&>+E&'/6+3/16). B ciyuae
&y << 1 (uro OBBIYHO WIMEET MeCTO [ist TpadeHa)
d(&,&)~n/E2, v npu GOMBIIMX YACTOTAX MMEeM
F(o,T) =8¢, '@/ (on)’.

Mogens [pyne mnpeanosiaraeT IOCTOSSHCTBO
YaCTOTBl CTOJMKHOBeHWH. OfHako TIIpy  OOJBIIMX
JHePrusx KBaHTAa IIOIVIONIeHMe MaflaeT, a yacToTa
CTOJIKHOBeHUH yMeHblIaeTcs. Ha Takux uacroTax
MOZie/Tb MaKpPOCKOTINYeCKOW TIPOBOJVMOCTHU TepsieT
cMbICT. B 3TOM cityuae npoucxofut hoTOMOHU3ALMS
OT/ZebHBIX aTOMOB yriepofa. [Ipy Takux yacToTax
CpeAHsst SHepPrusi OCLU/ISATOPOB Mo @ (m,7T) =
= (ho/2)coth (how/ (2kgT)), B3aUMOZEHCTBYIOLINX
C Bell[eCTBOM, Takxke TepsieT cMbic (cMm. [1, cTp. 17—
18]). Ilpu yacToTax c sHepruei KBaHTOB B [1eCATKU
OB Bce 1IeCTh 3/IEKTPOHOB aToMa yIjiepojia MOXXHO
CuMTaTh CBOOOJHBIMH, OJHAKO B TAaKOM TIOJie C PO-
CTOM YaCTOTHI OHM KOJIeOJIIOTCSI BO BCe MeHbIIeit
00/1aCTH OKOJIO aToMa, T. . BePOSITHOCTh UX pacce-
SIHUS TIaJiaeT. JTO OIpaBAbLIBAeT BBeJeHHEe MOJenu
2D nj1a3MeHHOro JIMCTa C IPOBOJUMOCTBIO

Né?
me, (1+iw/o. (o))’

c(w) =

(29)

3pece N = 2.3-10%° Mm% — noBepxHOCTHas IIOT-

HOCTb BCeX 3/IeKTPOHOB B rpadeHe. Cumrtas BKIaf,
Ha BBICOKMX YacTOTaX MajbIM, MO)KHO pacCMarpu-
BaTh OrpaHUuYeHHBIN CHeKTp 4acToT. [is ucciepno-
BaHMsI BOTIPOCA O CXOAMMOCTH MHTErPaIoOB M0JIe3HO
BBOJIMTh pa3Hble Mojend. Hamprmep, MOXKHO Cuu-
TaTh BEJIMUMHY &, 3aBUCAIEH OT YacToThl. Moge/b
(29) Mo)XHO paccMaTpuBaTh Kak Mojesnb (28), y Ko-
TOpO# 7iBa MapameTpa &y M © 3aBUCAT OT YaCTOTHI.
Paccmotpum mogiens [pyze (28) ¢ ogHUM 4aCTOTHO
3aBHCUMbIM TlapaMeTPOM: YaCTOTOW CTOJKHOBEHWI
o(®) =0(0)/(1+(0/Q)%), e Q — Hekas xa-
pakTepHasi yactora. st rpadeHa ee MOXKHO B3SITh
B BUge Q = Yo/fi, Yo = 2.8 3B — oHeprusi CBsi3u
[4, 5, 10]. B 3ToM ciiyyae Ha OOJMBIIMX YaCTOTax
F(0,T) ~ o 2% F(0,T)0(0,T) ~ o~ 1129,
4yTo0 00€eCreurBaeT CXOAUMOCTh CITEKTPAbHBIX MH-
TEerpasioB TPY BLIUMCIEHUH KOPPeJISLIVA.

Ou3mKa KOHAEHCUPOBAHHOMO COCTOSIHWSA BELLECTBa

()]
II% ((l), &)

zle} (0)7&)_% ko )

& ()] I (@.8)
gO kO

2. Koppensiuuu, Tennonepeaaya u AuCnepcuoHHble
CUNbI MEXAY NUCTaMu rpadeHa

[TokaszaHo, UTO KOppessILMOHHbIE COOTHOLIE-
HUS 7151 QUIyKTYalJMOHHBIX TTOBEPXHOCTHBIX TOKOB
B JIMCTe rpadeHa OMpeziesisiOTCS He peajbHOU Ya-
CTBbIO TIOBEPXHOCTHOMN TPOBOJUMOCTH, KaK MOXKHO
ObUIO TIPEATIONIOKUTL WCXOAsS U3 KOPPesLUOH-
HBIX COOTHOLIeHW# st GeckoHeuHoit 3D cpepbl
[1] u cBSI3M [AMAIEKTPUUECKON TTPOHUIIAEMOCTH
C TIOBEpXHOCTHOHM TPOBOAMMOCTBI, a (yHKLUeN
F (®,T) (27), umetolijeli pa3MepHOCTb TIPOBOJUMO-
CTH, B KOTOPYIO BXOAST KO3(DPUIIMEHTHI OTpa>kKeHUsI
E- u H-vop B Bufie 1+ R, (®,q) UM COOTBET-
CTBYIOIIME UM UMIIeJIaHChI. YKa3aHHbIe K03DdUIH-
€HTBI TIPHBe/IeHbI [J1s TPOCTPaHCTBEHHO-CIIeKTpaib-
HBIX aMIUIUTYJ, TT03TOMY TI0JIyueHHe KOppessLiOH-
HBbIX COOTHOIIEHWH B TMPOCTPAHCTBEHHOM 0071aCcTH
TpebyeT obOpalljeHHs1 WHTEerpajgoB. 3aMeTHM, UTO
B OKOHYaTe/bHbIe (opMynbl paboThl [7] Boria
He BBeJleHHasi B KoppenﬂuHOHHme COOTHOLLEHUS
GeCKOHEUYHOMH Cpe[ibl /:LHCCHnauHH ¢’ (®) (popmyna

(1.2)), a umnegaHcel Z, (®,q) \/m / (ko€),
ZOe(wWI):\/i/kO,Zh (Dq ko/\/]T,

Zon (0,q9) = ko/\/ki —q*> W cBsA3aHHBIE C HUMH
K03(hdUIMeHThI OTpaXKeHUs (151 TIPOCTOTHI TIPEAITIO-

JlaraeM TOJIyTIPOCTPaHCTBA OUHAKOBBIMU):

ZOe ((D, 61) - Ze ((D, C]) _
ZOe ((D, q) + Ze (

R, (OJ,L]) =

©,q)

_evk—¢—Vke—¢

ek — @ +/ke—q*

Zoy (0,9) —Zy (0,q)
Zon (0,9) +Zn (00,q)

=N .
\/k%{-:—q2 — \/kg —q2.
ITOCKO/IbKY MMeeTCs e CKOHeUHasi CepHsi OTPaXKeHUiH

OT JByX IPaHMUL, yKa3aHHble BeJIMUYMHbI BXOJAT KaK
CYyMMBI

Rh ((D7 )

R? (wqexp( 2zd\/k2—q)
1-R:, (0,q) exp( 2id\/k — )
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CoOTBeTCTBYIOI[He BeJIMUMHB! ClefyeT 00pa3oBbI-
BaThb IpU aHa/M3e KOPPe/SILIMOHHBIX B3anMO/ei-
CTBUH B JyicTax rpadeHa. s ABYyX JIMCTOB TaKKe
CJleflyeT OTpefiesiTh U3MyUeHHY0 U MOIJIOMIeHHYI0
MOIIIHOCTH TIPU YCJIOBUM HEKOPPeJMpPOBaHHOCTHU
GbykTyarmii Ha pa3HbIX vctax. s rpadeHa yo6-
Hee WCMo/b30BaTh NpoBoAUMOCTU. KosdduiimeHThI
OTpakeHUs TpY NaJieHWy Ha JBa JIMCTa, pasfeseH-
Hble AUCTaHLUel d, UMelOT BUJ

Re,h (0)7Qad) =
-6 (2Y, 4+ ictan (k.d))

2iY}tan (k.d)+ic(2Y, y+-o)tan(k.d)+2Y, 4 (6+¥e )

(30)
Cuuras, uTo npu d = 0 NPOBOAUMOCTU JIMCTOB
cknagpBatorcs, u3 (30) umeeM R, (®,q,d) =
= —6/(Y,p+0). Onpesenssi  aHAJIOTMYHO
T, (®,9,d), MO>)KHO HAWTH AUCCUTIALINIO, BBIUNCISS
6ananc 1 — |R,;, (0,q,d)|* — |T,, (0, q,d)|*. Opyroi
crocob orpejiesieHNsl JUCCUIALMK COCTOUT B BbI-
uKC/IeHUH AUMPaKIMOHHBIX TOKOB U BeauunH jYE*.
Hns rpadena npu T — 0 ¥ yci1oBuM O, — 0 UMeeM

e e He e e He (mc - i(D)

:7+7:7 ,
amh - mh (. +iw) 4mh TR (@2 + o?)

2

6 (o)

" B 3TOM C/Iy4dae

e EH

/ ~
SO~ mt+ 7

2
e

o

8(w),0" (0) =

OfHako 3TOT c/1yyaii BO3MOKeH TOMBKO Ji151 YUCTOTO
rpadeHa, T. e. ipu [, — 0.

3. Pe3ynbTathbl

B cniyuae ecsiu iBa nucTa rpadeHa HaXOASTCS
TpU pasHbIX Temneparypax 7; U 7T, Ha HEKOTOPOM
pacCTosiHUM JpPYr OT Apyra, TeIulonepejauy MexK-
oy Ooslee HarpeTbiM W MeHee HAarpeThiM JIUCTAMU
MOXXHO TIOMYUUTb COIJIACHO MetoAy paborer [11].
[Ipu atom crenyeT BBIUKCISATL BeKTOp [1OMHTUH-
ra KaXJoro W3 JIMCTOB TPU CBOEl Temrieparype
Y TIOIVIOLIeHUe KaXKIbIM U3 JIUCTOB, a 3aTeM Oorpeje-
JIITb Pa3HOCTH MOIVIOLeHHbIX MOIHOCTel. B kaue-
CTBe KOppeJisiLiyii TOBepXHOCTHOM MJIOTHOCTH TOKOB
B [TEPBOM MPUOMKeHUH OepeM paBHOBECHbIE KOppe-
JIIUY NIPY 3a/jlaHHbIX TemIlepaTypax.

Ha puc. 1 npepcraBieHbl pe3yabTaThl BBIUKC-
JIeHUs1 CTeKTpaJbHOW IJIOTHOCTU U3/Iy4YeHHs JIMCTa
rpadeHa npu pa3HbIX TeMneparypax. Ha puc. 2 faHa
yAe/bHas B3avMHas CIIeKTpasibHas Nepefaya Teria
MEXIy OBYMsI JIUCTaMH B OyibkHel 30He. OTO CO-
OTBETCTBYeT TOMY, UTO [ijI BCeX 4acTOT WU3/IyUYeHUs
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Puc. 1. CriekrpanbHasi IVIOTHOCTh M3/Iy4eHHUs I1cTa rpadeHa

(Ix/m?) mpu . = 0.1 3B (kpusble 1, 2, 3) U p. =

= 0.5 3B (4) npu temneparype 7 = 300 K (kpuBas 1),
150K (2)un30K (3,4)

Fig. 1. Radiation spectral density of a graphene sheet (J/m?)

at uo = 0.1 eV (curves 1, 2, 3) and p, = 0.5 eV (4) at

temperature 7 = 300 K (curve 1), 150 K (2) and 30 K (3, 4)

P -
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Puc. 2. CrnekrpanbHasi TUIOTHOCTb PaJHaL{MOHHOM Terio-
nepefiaun ([x/M?) oT nucta rpadeHa C TemrepaTypoi
T = 300 K k mucry c temmneparypoii 100 K (kpuBas 1),
600 K (2) 1 900 K (3) mpu p = 0.5 3B, d = 100 uM
Fig. 2. Radiation heat transfer spectral density (J/m?) from a
graphene sheet with temperature 7 = 300 K to a sheet with
temperature 100 K (curve 1), 600 K (2) and 900 K (3) at p. =
=0.5eV.d =100 nm

JOJDKHO BBITIOJIHATBCT O << c¢/d, T. e. 3ama3-
AbIBaHWEM W B3dWMHBIM HepeI/IBJIyLIeHI/IeM MO>XHO
npeHeOpeub. [Ins TOMy4YeHHWs TIO/HBIX IJIOTHO-
CTEﬁ yKa3aHHbIe BeJ/IMUUHBI C]'IEAYET I/IHTEFpI/IPOBaTL
no yactore. OCHOBHOM BK/aJ, BHOCAT [JOCTaTOYHO
HU3KHUE 4acToTbl. Ha BRICOKMX UacToOTax U 0CO6€H-
HO B ONTHKe rpadeH SBIsSeTCS BeCchbMa Mpo3pau-
HBIM. HOTIy‘IEHHLIE COOTHOILIeHUusA COOTBETCTByI-OT
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MOZIe/TbHOM 3a71aue 0 OeCKOHEUHBIX JTMCTaxX rpadeHa
B BaKyyMe. PeasbHO B CTPYKTypax MOIYT IIPHUCYT-
CTBOBaTh Tpad)eHOBbIE JIMCTHI KOHEUHBIX pa3MepOB
B BUJIe YelllyeK, JIeHT U JPYTHX rpad)eHOBBIX 3/1eMeH-
ToB. Takue 3/1eMeHTbI SIB/SIOTCS YacCTSAMHU IIMPOKO
WCIO/Ib3YeMOI0 Marepuana — CTekioyriepoga [12].
[yt HUX BO3HMKAIOT TPaHUYHBIE YCIOBUS AJIST TO-
Ka, UTO TIPUBOAWUT K HECKOIBKO 0osiee C/I0KHBIM
pe3y/bTaraM, TpeOyIOLM orpe/ie/ieHrs] TaKoTo TO-
kKa [13]. Jns BbIpallleHHOTO HA AW3JIeKTpUUeCKUX
TIOAJIOXKKAX JIMATAKCHAIBHOTO TpadeHa u3myueHue
Y norioirieHre 3D MOAIOKKY Ha MOPSIKY IpeBau-
PyeT HaJ TaKUMU Xe mapametpamu 2D rpadeHa, uem
U 00bsICHSeTCsT OTZAeNbHOe PAacCMOTpPeHHe UX [Jist
rpacdeHa. B ciyuae KoHeuHbIX rpad)eHOBBIX 37IeMeH-
TOB C TIOTIEPEYHBIMH Pa3MepaMH, TPeBLIIIAIIIMA
paccTosiHue MeXXIy HUMM, To/yueHHble pe3y/bTa-
TBI [JI1 VAEIbHBIX TUIOTHOCTEH MOXKHO MPUMEHSIThH
C y4eToM IUIoIjafieli pacCMaTpuBaeMbIX CTPYKTYP.
ITpu pacueTax MCIo/Ib30BaNach 3aBUCUMOCTb YaCTO-
ThI CTOJIKHOBEHUM OT TeMIiepaTypsl u3 [6]. PeanbHo
TeryiIo06MeH HepaBHOBECHBIH M HeCTal[MOHAPHBIH,
YTO MPHUBOJUT K BHIDABHUBAHMIO TEMITEPATyp. YUeT
HeCTallMOHAPHOCTH BO3MOXKEH, HO TpeOyeT UHTerpu-
pOBaHUs1 O6aslaHCHBIX YPaBHEHUH BO BDEMEHH.

3aKnyeHue

W3 npuHLMNa feTasbHOTO paBHOBECHUS TIOMY-
YeHbl KOPPeJSIIMOHHBIE COOTHOIIEHUs il JIUCTa
rpadeHa B TersioBoM mosie. IToka3aHo, UTO OCHOB-
HOU BKJ/Iafi BHOCST HU3KOUACTOTHBIE (IyKTYallWu.
CooTHOIIIeHUsT MOXKHO UCII0JH30BaTh JiIs1 OIpe/iene-
HUS IUCTIEPCHOHHBIX CHJI MeX/y JIMCTaMu rpadeHa
B O/MKHEM W JaibHed BOMHOBBIX 30HaX. B Ovk-
Hell 30He 3ama3[blBaHUs MOXKHO He YUWTBLIBATh,
YTO Ompefie/isieT COOTBETCTBYIOLME XapaKTepHbIe
YyacToThl. /[l MeTaloB M JAU3IEeKTPUKOB HMe-
eT MeCTO TepMmuueckas AnuHa Ir = hc/(2kgT),
Ha KOTOPOW TIPOSIBJISIETCS] TeMIIepaTypHbIH 3(hGheKT.
[y KoMmHaTHOUM Temmeparypbl I ~ 8 Mkm. s
rpadeHa ykasaHHBIM 3¢ (eKT TPOsIB/IsSIeTCs] Ha To-
pa3fo MeHbUIMX AUCTaHUusaX (mopsgka 150 Hm)
[14]. B cnyyae B3aumogelicTBusi rpadeHoBbIX (par-
MEHTOB PACCTOSHUE MEXIYy HUMU JO/DKHO ObITh
CYILIeCTBEHHO MeHbIlle UX TIONepeyHbIX pa3MepoB.
B mpoTHBHOM Ciy4ae cjieflyeT pemarb JIeKTPOAu-
HaMHUYeCKylo 3ajjauy orpejesieHus1 pacripe/iesieHus
Ha HUX TUIOTHOCTH TOKA C yYeTOM [Jisl Hee TPaHWY-
HBIX YC/IOBUH Ha Kpasix (parMeHTOB. B 3ToM ciydae
Hapsay € (UIYKTYal[MOHHBIMH TUIOTHOCTSIMH TIO-
BEPXHOCTHBIX TOKOB CJIe[yeT BBOAUTEH HaBe[|eHHbIe
MU(PaKIMOHHBIE TVIOTHOCTH U OTIPEAEISTh UX CBSI3U
C KOppe/sIuMoHHBIMY. [ paKI[iOHHbIe TTIOTHOCTH

Ou3mKa KOHAEHCUPOBAHHOMO COCTOSIHWSA BELLECTBa

CBsI3aHbI C MHOTOKPATHLIMU TIEPEOTPayKeHUsIMU B3a-
UMOJZIEUCTBYIOINX 00BEKTOB M (haKTHUECKU OTIpe-
nensroT pyHKiuio ['prHa Bcelt cTpyKTyphl. ITonHoe
T0Jie eCTb CyMMa BO3/IeMCTBUN 000UX TJIOTHOCTEH
ToKa. PaccmarpuBasi [jBa TakvxX B3aUMOAENHCTBYIO-
IMx 00BeKTa B PAaBHOBECHUU C TEIUIOBBIM TIOJIEM,
TaKXe MOKHO TOYUHUTh KOPpeJISILIMOHHBIE COOTHO-
1IeHus. B 9ToM c/lyuae MX MO>KHO HETIOCPEe/ICTBEHHO
WCTIONTB30BaTh [Jisl OTIpeZie/ieHusT TUCTIePCHOHHBIX
CHJL.
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AnHoTaums. NpeaCTaBaeH METo4 MIUHEPAIN3aLMM HAHOBONIOKOH MOAMKANPONAKTOHA MUKPOUa-
LMK KapboHaTa KanbLyws (Bareputa). MPeANOKEHHIA KOMNO3UTHBIN MaTepuan MOXET 6biTh o
MCNONb30BaH B KAUECTBE TKAHEMHXEHEPHOTO KapKaca M CPEACTBA JOCTABKM N1EKAPCTBEHHbIX Be- HAYYHbIN
WeCTB AN pereHepaTMBHON MeAMLMHbI. C NOMOLLbI0 CKAHMPYIOLLeit 3NEKTPOHHOI MUKPOCKOMIK
W PEHTTEHOBCKOM AMPAKLMM MCCNER0BAH MPOLECC NMEPEKPUCTALIN3ALMM MUKPOUACTIL, Barte- OTHE N
pUTa, CHOPMUPOBAHHBIX HA BOJOKHAX MOAMKANPONAKTOHA, B KanbuyT. MPOBEAEHO CpaBHeHe
33BUCMMOCTEIi MACCOBLIX 1 KONMUECTBEHHBIX SOl MUKPOUACTUL, BaTepUTa/KabLuTa oT npo-
AOMKMTENLHOCTY 3KCNEpUMEHTa. MONHOR BpeMs NepekpUCTANIM3ALMM MUAKPOUACTIL, BaTepuTa N (
co cpegHum guametpom 1.2 + 0.4 mkm coctasnsiet 24 yaca, a IQdeKTMBHOE BpeMS MX UCMONb-
30BaHMA B KAUECTBE KOHTEAHEPA 419 aAPECHO AOCTABKN NeKapCTBEHHBIX CPEACTB OrpaHUUEHO
18 uacamn.

KnioueBble cnoBa: MUKPOUACTULIbI Kap6OHaTa KabLys,, BONOKHA NONMKANPONAKTOHa, pereHepa-
TUBHAs MEAULVHA, CKAHUPYHOLLAS SNEKTPOHHASA MUKPOCKOMHS, PEHTTEHOBCKAs AudpaKLys
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Abstract. Background and Objectives: A method for the mineralization of polycaprolactone nanofibers with microparticles of calcium carbonate
(vaterite) is presented. The proposed composite material can be used as a tissue engineering scaffold and a drug delivery vehicle for regenerative
medicine. Materials and Methods: The process of recrystallization of vaterite microparticles formed on polycaprolactone fibers into calcite
is studied using scanning electron microscopy and X-ray diffraction. Results: The dependences of the mass and quantitative fractions of
vaterite/calcite microparticles depending on the duration of the experiment have been compared. Conclusion: The total recrystallization time
for vaterite microparticles with an average diameter of 1.2 + 0.4 microns is 24 hours, and the effective time of their use as a container for
targeted drug delivery is limited to 18 hours.
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BBepeHne

Pa3paboTKa HOBBIX KOMITO3UTHBIX MaTepHrajioB
SIBTISIETCSL OJHWUM W3 TIPUOPUTETHBIX HarlpaB/eHui
Pa3BUTHS MeJULIMHCKOT0 MaTepranoBeserus [1]. Co-
YyeTaHHe TaKUX CBOMCTB MOJMMEPHON MaTpHIIbI, KaK
npoctota 006paboTKM W QopMupoBaHusi, OHOCOB-
MEeCTUMOCTh, OHMOpa3/IaraeMocThb [2], ZI0MOMHEHHBIX
MHKPO- U HaAHOCTPYKTYPHUPOBaHHON Mopdosoruei
[3], mo3BosisieT Co37jaBaTh HOBBIE MaTepHajbl, CIIO-
COOHBIE MHULIMMPOBATh PEreHepalii0 KOCTHOM TKaH!
Y 3aMeIaThCsl BHOBb 00pa3oBaHHOM [4].

Oco0bIii UHTEpeC TIPeJCTaB/ISIOT HETKaHbIe TI0-
JIMMepHble MaTephasibl, W3TOTOB/IEHHbIE METOAOM
371eKTpo()OPMOBaHHs (3/1eKTPOCIIMHKHTA), KOTOphIe
CTPYKTYPHO, XUMHMYECKH U MEXaHUYeCKU UMHUTHPY-
FOT OPUTHHAJILHBIA BHEKJIETOUHBIM MaTpPUKC U MOTYT
OBLITH TIO/TyYeHbl U3 IIMPOKOTO CITEKTPa MOIMMEPOB
[5]. Takure BOIOKHHCTBIE MaTepyasibl B1arogaps yHuU-
KalbHbIM (PM3UKO-XUMHUUeCKUM CBOMCTBaM HalllId
MPUMEHEeHWe B PereHepaTUBHON MeAUIIMHE KOKHBIX
TIOKPOBOB [6], KOCTHBIX TKaHe# [7] ¥ peKOHCTPYKLIMU
xpsitia [8]. Bbui cUHTE3MpoBaHBI U UCC/e40BaHbI
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KOMITO3WTHBIE BOJIOKHA, COZiepyKalliie MHUKpOYacTU-
1161 Kapbonara kanbis (CaCOs), a IMEHHO BaTepUT
[9, 10]. Kak rpaBu/io, BOMIOKHA TOJIMKAIIPOJIAKTOHA
WCTIONB3YIOTCS B KauecTBe MaTpuiibl [11, 12] u sBs-
FOTCSI LIeHTPaMy POCTa JjIsi MUKPOJacTHL] KapOoHara
Kanpls [13, 14]. Pa3spaboTaHHBI MarepHan Mo-
>KeT OBbIT MCIO/Tb30BaH B pereHepaTUBHON MeIULIHe
KOCTHBIX Y IHBIX TIOBPE>KAEHHBIX TKAHEH.
Bnarozapsi BbICOKOM MOPUCTOCTH U 3HAUMUTE/Ib-
HOUW TIJIOIA[ TIOBEPXHOCTH MMKPOUACTUI[HI BaTe-
puta 00/1a[jal0T BLICOKOH CMOCOOHOCTBIO K 3arpys-
Ke JIeKapCTBEHHBIX CPEACTB B 00BbEM MHUKPOUACTHI]
M0 CPaBHEHUIO C afcopOIMell Ha [MaAKUX THUIAX
roBepxHoCTell momuMepoB [15]. MuHepanv3aiys
TIO/TMMEPHBIX BOJIOKOH MOKPLITHEM Ha OCHOBE MOPU-
CTBIX MUKDOYACTHL] BaTepuTa I03BOJISIET I0/IyuYaTh
HaHOMaTepyasbl He TOJMBKO C Y/IyUIleHHOW ocTeo-
KOH/IYKTUBHOCTBIO, HO U C BO3MO>KHOCTBIO aflpecHO
JIOCTaBKH JIEKapCTBEHHBIX cpeficTB [16, 17]. Mukpo-
YaCTHULIBI BaTepyTa He CTaOW/IBHBI M CO BpeMeHeM Tie-
PEKPUCTA/TM30BLIBAIOTCS B TEPMOMHAMUYECKH CTa-
OUTbHYI0 TTOTMMOPMHYI0 MOJU(UKAIHIO — Ka/bLIUT,
TIPH 3TOM Tepsisi [IOPUCTOCTE CTPYKTYPHI, BC/IEJICTBHE

HayuHbivi oTgen
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yero OMONOTMUECKH AKTWBHBIE BEIeCTBa, 3apaHee
BHeJ]peHHbIe B [TOPbI BATEPUTHBIX MAaTPUL], MOTYT BbI-
CBOOOK/IaThCS B OKPY’Karolllee IPOCTPaHCTBO.

Lenpio aHHOTO WCC/IEOBAHUS OBLIO U3yde-
HHe TIpoliecca TepeKpHCTaIi3alid MUKPOUaCTHL]
BaTepuTa, BbIpall|eHHbIX Ha BOJIOKHAX IIOJIMKAMpo-
JIAKTOHA, B KaJbLUT C TIOMOIIBIO CKaHUPYIOLed
3/1eKTPOHHOM MUKpockoruu (C3M) U peHTreHOB-
cKoi audpakLyu.

1. MaTepuanbl U MeToAbI

1.1. Mamepuasnbi

Hnsa cuntesa mukpoyactuy, CaCO; wWcCrosne-
30Ba/li BOZIHbIE DAacTBOPbI JUrHMjpara XJopuza
kanbuusi (CaCl,, Sigma-Aldrich, TESCAN, Ye-
xust) U Kapbonara Hatpus (Na;COs, Sigma-Aldrich,
TESCAN, Yexus). [lna nosnyuyeHus: OJUMEPHBIX
BOJIOKOH MCIIO/Ib30Ba/IK: TOJIUMep — TOJIMKaIposiak-
ToH ([-(CH;)5-CO,-O-]n, ¢ Mo/eKy/IspHOi Maccoit
80 k[a, Sigma-Aldrich, TESCAN, Yexusi), meTa-
HoByto kuciory (HCOOH) u 3TaHOBYIO KHC/IOTY
(CH5COOBR).

1.2. DnekmpogopmoeaHue 60/10KOH
NnoAUKanpoaaKmoHa

[ momyyeHUsi BOJIOKOH IIO/IMKArposiakKTOHA
OBbIT MCMO/b30BaH MeTof, nekTpodopMoBaHus. Pac-
TBOP TO/IMKANpo/iakToHa ¢ KoHUeHTpauuel 10 mac.%
TOTOBUIM IIyTeM pacTBOPeHHsl I'paHyl B CMeCHu
pacTBopuTe/iell — MeTaHOBOW M 3TaHOBOW KHCJIOT
(BecoBoe cootHoutenue 1 : 1). s monyueHusi ro-
MOT'eHHOT'0 NPSJAUIBHOTO pacTBOpa I'PaHy/ibl MO/MKa-
TIPO/IaKTOHA U CMeCh PacTBOPUTESsl IPU KOMHATHOM
TemIiepaType MOJBepraid HelnpepbiBHOMY Iepeme-
LIMBaHUIO B TeueHWe 2 4. POpMUPOBaHVE BOJIOKOH
MIPOBOAW/IY B TeueHHe 3 U (TIPU/IOKeHHOe Harpspke-
Hue 75 KB, ckopocTb nogauu 7.8 mi/u). PaccTosiHue
MeX[y WIVIOW U COOUPAIOIIMM KPaHOM COCTABJIS/IO
0.25 M. HeTtkaHblii Marepuasn ObUT MOMy4YeH MyTEM
T0C/Ie[;0BaTe/IbHOr0 HaHeCEeHUsT Ha MOJJI0XKKY JeCATH
CJIOEB BOJIOKOH TIOJIMKAIIpOJIaKTOHA CO CPeJHUM Jiva-
MeTpoM Bo/10KOH 100 £ 50 HM.

1.3. MuHepanu3ayusi 80/10KOH NO/AUKANPO/1aKIMOHa
MUKpoYacmuyamu KapboHama Kaabyus

[ MyHepanu3aly BOJIOKOH TOJIMKarposak-
TOHa MHKPOYaCTHLIAMU BaTepuTa ObLI MCHO/IB30BAH
OfIVH U3 METO/IOB, ONMCAHHBIX B paboTe [18]. Mukpo-
YaCTULIBI BaTepUTa ObUTM CUHTE3WPOBAHBI M3 CMeCH
HACBIIIEHHBIX PacTBOPOB xyopuzia Kabiws (CaCly)
u kapbonara Hatpus (Na;COj3) ¢ 3KBUMOJISIDHBIMU
koHUeHTpauusmu (0.5 M).

HaHoTexHo10rm, HaHoMaTepuasbl N MeTamMaTepuarbl

B mpobupky ¢ 1 mn pactBopa CaCl, 6w mo-
MeIléH obpasel] BOJOKOH pasMepoM 2.5 X 3 oM,
3areM IPOOHUpPKa TMOZIBepraiach yILTPa3ByKOBOUM 00-
pabotke B Teuenve 1 mMuHyTHL [lamee B MpoOUPKY
nobaensmi 1 mi pactBopa Na,COz M TmopBepraiu
VIBTPa3BYKOBOM 00paboTke B TeueHwe 1 MuH, TO-
c/ie yero e€ OCTaB/SUIA B COCTOSSHUM TIOKOS [iIst
3aBepllleHusl TMpolecca KpUCTa/uiM3aluyd Ha 1 MuH.
JKCrepUuMeHT MPOBOAWIA B Y/IBTPa3BYKOBOW BaHHe
(«Candup», Poccus) pu Temmneparype 30°C, pabo-
yeil yactore 35 K['ll ¥ MHTEHCUBHOCTH U3/y4YeHUsi
0.64 Br/cm?. 3areM o6pasel] W3BJeKalId U3 MpoO-
OWpPKY, TPOMBIBAIA STUIOBLIM CITUPTOM U CYIIVIN
B cymmmabHOM Iikagy npu 45°C B TeueHue 20—
25 muH. OfHOpOAHOE TOKPBITUE M3 MHUKPOUYACTHL]
KapOoHaTa Ka/lbIUsl Ha BOJIOKHAX TIOJTUKATIPOJIAKTO-
Ha $OpMHUPOBa/IU MyTEM TPEXKPaTHOTO MOBTOPEHUsI
CTaJull MUHepaJn3aLyu.

1.4. Hccaedoeanue mopghonozuu nogepxHocmu

u npoyecca nepekpucmanauzayuu cpopmMupo8aHHbIX
HA 80/10KHAX NO/IUKANPO/IAKMOHA MUKpouacmuy
eamepuma

[nsi ucciefoBaHust Mop(OIOTUK  TIOBEPXHO-
CTU TIO/yYeHHBIX 00pa3l[0B WCIIONb30BaI CKaHU-
PYIOLLYIO 5/1eKTPOHHYH) MUKPOCKOIIMIO B DEXUME
BTOPUYHBIX IEKTPOHOB (QHA/TUTUYECKUUN KOMILIEKC
Ha 0a3e pacTpOBOTO 37IEKTPOHHOTO MHKPOCKOTA
BbicOKOro paspetienuss Mira II LMU (TESCAN,
Uexusi), LLIMPOKO MPUMEHSIEMYIO /ISl BU3ya/lu3aLii
00BEKTOB MUKpOMACIITaba. YCKOpSIoLjee Harpsoke-
Hue cocraysuio 30 kB, auameTp myuka — 3.2 HM. []1s1
TIPOBe/IEHNsT UCC/IeOBaHNM Ha 0Opaslibl HAIBUIIN
30/710TO€ MOKPBITHE.

Ons ananusa (asoBOro cocraBa MCIO/Ib30-
Bajicsi peHTreHOBCKuM audpaktomerp APOH-8T
(AO «ML» BypeBectHuk», Poccusi, CaHkr-Iletep-
Oypr). Vi3aMepeHusi peHTTeHOBCKUX AW(PaKTOrpaMM
NPOBOAWINA «HA IIPOCBET» C WCIIO/b30BaHUEM
CuKo-usnyueHusi. AHa/iu3 KaueCTBEeHHOTO COCTaBa
OCYIIIeCTB/ISUTH C TpUMeHeHreM 6a3bl AaHHBIX PDF-2
Bepcuu 2021 ropa. CooTHolleHWe MexXAy (aszamu
orpefiesisiyii TI0 pe3y/ibTaTaM aHajlivi3a PeHTreHOB-
ckux audpakrorpaMMm MeToZioM PuTBesnba.

2. 06cyxeHne pe3ynbLTaToB

[Tonyuennsle COM wm300pakeHus: ObUTH 06-
paboTaHbl C TIOMOIILIO MPOrpaMMHOrO obecrieue-
Hus Image J. [l onpesienieHnst cpefHero pasMepa
C(hOPMHUPOBAHHLIX MHKPOYACTHL] KapOoHara Kailb-
Ys B KaKoM TexHosioruueckoM 1wksie (TLI) aHa-
3y nogseprasm 500 mukpowactmy. Ha puc. 1
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ripezctaeieHbl COM u3006pakeHHs: 06pasioB, Mpo-
mwenmmMx Tpu mocienosarensHbix TL[. Cpeanuit
vameTp c(hOpPMHPOBAHHBIX MHUKPOUACTUL| BaTeprTa
TI0C/Ie TIepBOTO TEXHOJIOTHUECKOTO LKA COCTaBUII
1.5 +£ 0.5 mkmM, nocsie Broporo — 1.0+ 0.5 MM, nocsie
TpeTbero — 1.2 + 0.4 MKM.

[yt vcciienoBaHus Tpoliecca TepekprcTaiv-
3aumu MuKpodactul] CaCOj;, BbIpallleHHBIX Ha BO-
JIOKHaX TIOJIMKAlPOJIAKTOHA, W3 BaTepuTa B Kailb-
LUT ObIIa UCIO/Tb30BaHA METO/WKA, TIpe/iCTaB/IeHHast
B pabore [18]. [IBa oaMHAKOBBIX (hparMeHTa MCCIe-
ZyeMoro obpasija HeTKaHOro Marepuasa TioMelani
B MpOOUPKU C JIeMOHW30BaHHOH Bozoi. Uepe3 Tpu
yaca o6pasijpl M3B/I€KaJU K3 TPOOUPOK, MPOMBIBA-
U STWIOBbIM CIMPTOM M CYLIWIM B CYLLUW/IBHOM
mikady npu 45°C B TeueHue 20-25 muH. IlepBblii
obpasel] MCC/Ie0Bau C TIOMOILBI0 PEHTTeHOBCKOM
macdpakupu. OT BTOporo obpasia othensnu ¢par-
MeHT W WCCIeH0Balyd C TIOMOIIBIO CKaHUWPYIOLIed
3JIEKTPOHHOM MMKpockoruu. [Iporiecc BbIEpIKKU
B BoJle, TIPOMBIBKM W CYIIKA TIOBTOPSUIM A0 3a-
BepIlleHHs1 TIpoliecca IepeKpUCTa/UIM3aLil, BpeMsi
BbIJIep)KMBaHUsT 00pasLioB B [|eMOHM30BaHHOM BOfie
COCTaB/sIo 24 yaca.

Ha puc. 2 mpencraBneHbl WU300paykeHUs TIO-
BEPXHOCTU 00pa3IiOB KOMITO3UTHBIX HETKAHBIX Ma-
TepUasoB, NOy4eHHbIe C TIOMOIIBI0 CKaHUpYIOLed
37IeKTPOHHOM MHKDOCKOIIMK C Hadaja IMpOBeJeHust
JKCIIePUMEHTA T10 TTePeKPUCTA/UTH3AL|U [0 €ro TI0JI-
HOTO 3aBepIlIeHusI.

[ TpoBefieHMsI KO/IMUECTBEHHOIO aHaau3a
TOBEpXHOCTH 0Opa3iia Ha rosyueHHbIx COM u3obpa-
JKEHUSIX B UCC/IelyeMbIX BpEMEHHBIX TOUKAaX Ha Kak-
ZIOM 1300pa’keHHH TTPOBOAMIICS TIOJCUeT YMC/Ia MUK-
pouacTul] BarepuTa ceprueckoid GopmMbl U KasbLv-
Ta KyOrueckoii (hoOpMBI OTHOCHTEJTBHO 0011]ero urcia
MMKPOYaCTHL] KapboHaTa KasibLiysi, UICKOMOE OTHOILLIE-

HUe BbIP&XasoCh B NpoLieHTax. Pe3ynbTaTsl aHamM3a
TIpe/iCTaB/IeHb! B TabmuLe.

K 18-my uwacy skcriepumeHTa Oonblllas 4acThb
MMKpOUaCTHL] BaTepUTa paclajaaack Ha (parMeHThI
pasmepoM MeHee 100 HM, HW3-3a 4ero oripenene-
Hue (opMbI yacTHl] Ha ocHoBe COM m300pakeHU
CTaHOBWIOCh HEBO3MOXKHBIM, a TOC/eAYIOLUMN KO-
JIMYeCTBEHHBIM aHa/IM3 TepsieT CBOIO Ha/EKHOCThb
u 3bdektrBHOCTb. Ha COM u300pakeHUsIX s
21-ro yaca 3KCrepMMeHTa BUJHO, UYTO TTOBEPXHOCTb
vcciefyeMbIX 00pa3IjoB KOMIIO3WTHBIX MaTeprasioB
COCTaB/ISIOT MHKPOUACTULBI KajbluTa 0e3 BKIIFO-
YeHWI BaTepuTa, YTO yKa3blBaeT Ha 3aBeplleHue
TpoLiecca nepeKpuCTaIu3aLim.

[l1s1 aHanu3a KayeCTBeHHOro (ha30BOro cocTasa
peructpaluio AudpaxkTorpaMM MPOBOJUIN B UHTEP-
Basie yrioB 20 ot 20 fo 70 rpaaycoB. Ha momyueHHBIX
mudpakTorpaMMax HaO/MFOAaI XapaKTepHbIe MHKH
21.3° n 23.6°, COOTBETCTBYIOL{ME TTO/IMKAIIPOIAKTO-
Hy [19], 29.3° u 36°, COOTBETCTBYIOLIYE KabLUTY
[20] u 32.8°, cooTBeTCTBYOILIMIT BaTepuTy [21].

[na vccnefoBanys nporiecca INepeKpucTary-
3aljud MHKPOUacTHL] BaTepuTa B Ka/JbLUT U OIpe-
ZlefleHKsl MacCOBBIX Jl0jield COOTBETCTBYIOLIUX IIO-
mUMOp(hHBIX MoAuGUKalUii B pacCcMaTpUBaeMbIX
BPEMEHHBIX TOUKaX, ObUIM TIOMyYeHBI YTOUHEHHBIE
nmudpakTorpaMmbl B WHTepBajsie 20 ot 27° mo 37°
C yBeIMUeHHbIM BpeMeHeM 3KCIo3uiuu (puc. 3).
BuaHo, UTO WMHTEHCHBHOCThL IHKa 32.8°, COOTBeT-
CTBYIOLLIETO BaTepuTy, IOCTENIEHHO YMeHbIIaeTCs
U K 24-My yacy NpakTUYeCKu ucues3aeT, a WHTEH-
CHMBHOCTb MHKOB 29.3° u 36°, COOTBETCTBYIOLUX
Ka/IbLIUTY, BO3pacTaerT.

Metomom PutBenbza ObUT TIPOBEAEH aHAIN3
MacCOBOM [IO/IM MHKPOUAaCTHML] BaTepuUTa/KasbLUTa
ot obieli Maccel KapboHara Kanbrus. CooTHoIIIe-
HHe MexAy (aszamy OIpefiesisUld TI0 YTOUHEHHOU

Puc. 1. COM wu306pakeHUst TOJyUeHHBIX 00pa3L0B [OC/Ie MPOBEAEHUsT TEXHOIOTHUECKUX [IUK/IOB € 1-To 1o 3-i

Fig. 1. SEM images of the obtained samples after the technological cycles from the 1st to the 3rd
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Puc. 2. COM n306pakeHHs TOBEPXHOCTH CUHTE3UPOBAHHBIX 06Pa3LI0B KOMITO3UTHBIX HETKAHBIX MATEPHAJIOB,
MO/TyyeHHbIe B pe3yJibTate MpoLjecca nepekprcTasi3aim

Fig. 2. SEM images of the surface of synthesized samples of composite nonwovens obtained as a result
of the recrystallization process

IudpakTorpamme (puarnasoH 20 ot 27° go 37°)
C UCTIO/Ib30BAaHUEM T1apaMEeTPOB 3/IEMEHTAPHBIX siue-
€K, KOTOpble IpeJJBapUTEe/IbHO OLIEHWIU TI0 MOJHOM
nmudpakTorpamme (guariasoH 20 ot 20° go 70°). Pe-
3y/IBTATHI NPE/ICTaB/IeHb! B TabvLle.

Ha puc. 4 mpexcraB/ieHbl 3aBUCMMOCTH MacCo-
BBIX ¥ KOJIMYECTBEHHBIX [I0/Iel MUKPOUACTHL] BaTepH-
Ta U Ka/bL[UTa OTHOCUTEILHO MUKPOUACTHL] KapboHa-
Ta Ka/IbLIUsl B UCCIIEyEMbIX BPEMEHHBIX TOUKAX.

Pe3ysbrarhl 5KCTIIEPUMEHTa KaueCTBEHHO COTIvIa-
CyrOTCs € pesyabTaramyd pabotbl [22], rme mpen-
CTaBJIeHbl BpeMeHHbIe 3aBUCUMOCTY TIpOLiecca repe-
KpHCTa/UTM3aliil MUKPOUaCTUL] KapOoHara KasbLys
Y3 BarepuTa B KaJbLUT, TOJMyYeHHbIE C TIOMOIIBLI0

HaHoTexHo10rm, HaHoMaTepuasbl N MeTamMaTepuarbl

CKaHUPYIOLLeN 571eKTPOHHOW MHKPOCKONMK W PeHT-
reHOBCKOU udpakipm. MukpouacTuijpl KapOoHara
Ka/ibLsl ObUTM TIOy4YeHbl METOJOM KOIPELUIH-
Talyy, WX cpegHuit avamerp 4.5 + 1.0 MKM.
IMpencraBiieHHble BpeMeHHbIe 3aBUCHMOCTH MMeId
9KCIIOHEHLIMa/IbHbBIN XapakTep, BpeMsi SKCIlepUMeHTa
COCTaB/IUIO 35 4.

Ha mony4yeHHBIX B pe3ysbrare NpPOBeJEHHBIX
WICC/Ie0BaHMI 3aBUCUMOCTSIX BUAHO, UTO I10JTHAS T1e-
peKpucTa/yM3arusl cOPMHUPOBAHHBIX Ha BOJIOKHAX
TO/IMKAINpO/IaKTOHa MUKPOUYACTUL| BaTepuTa B Kailb-
LIUT 3aHUMaeT 24 4, TIpY 3TOM yMeHbllieHWe BpeMeH!
TepeKPUCTA/UTH3ALMYA 00y C/IOBIEHO YMeHbILEeHHeM
B 3 pa3a pa3Mepa CHHTe3WPOBAHHbIX MUKPOYACTHLI.
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Puc. 3. PeHTreHOBCKUe AU paKTOrpaMMbl MCCIelyeMbIX 00pa3LioB KOMIIO3UTHBIX HETKaHbIX MaTepHUasioB B UHTepBajie 20 ot 27°
10 37° B pacCMaTpUBaeMbIX BDEMEHHBIX TOUKaX

Fig. 3. X-ray diffractograms of the studied samples of composite nonwovens in the 20 range from 27° to 37° at the considered
time points

MaccoBble U KO/TU4YeCTBeHHbIe AOJIX MUKPOUYdCTUIL] BATEPUTA U Ka/IbIJUTA OTHOCUTE/IbHO Kap60HaTa Kd/IbIUA
B HCC/1elyeMbIX BpeMeHHbIX TOUKaX, %

Table. Mass and quantitative fractions of vaterite and calcite microparticles relative to calcium carbonate
at the studied time points, %

KonnyecrBeHHast KonnuecrtBeHHast
Bpemsa Maccosas gons MaccoBas gons
ZloJ1sl Barepura / Jl07151 KanbLuTa /
JKCIepuMeHTa, 4 / o . o . BarepuTa / Mass KanbLuTa / Mass
b . Quantitative fraction Quantitative fraction - . . :
Experiment time, h . . fraction of vaterite fraction of calcite
of vaterite of calcite
0 98 2 70.7 29.3
3 95.5 4.5 69.2 30.8
6 88.5 11.5 66 34
9 79.7 22 51.4 48.6
12 73.5 27 47.3 52.7
15 26.3 73.5 25.1 74.9
18 - - 24.6 75.4
21 97 15.1 84.9
24 100 7 93

Takum obpasom, mnpezoxkeHHas B [18] meto-
[IMKa OIleHKU OOBEMHON M0/ CHOPMUPOBAHHBIX
Ha TIOBepXHOCTH BOJIOKOH IO/IMKANpOJIAKTOHA MUK-
pouacTui] KapboHaTa Kayblysl C TIOMOIIBI0 aHa/M3a
pe3y/IbTaToB CKaHUPYIOLI[el 3/1IeKTPOHHON MUKPOCKO-
MUY, TIOATBEPXKJAETCST pe3y/ibTaTaMu pPeHTreHOAH-
(hpakLMOHHOrO aHai13a.
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Pa3nnume Ha HauaILHOM

JTarie 3KCIIeprUMeHTa

pe3y/bTaToB, IOAYUEHHBIX C IOMOILbI0 CKaHUPY-
IoIlled 271eKTPOHHONW MUKPOCKOIWH, U peHTTeHOB-
CKOW [u(pakLU MOXeT ObIThb OOBSICHEHO pasHo-
CTBIO TUIOTHOCTeN yIakKOBKM MHKpOUACTHL] BaTepuTa
U KaJIbLIUTA, Ompesesisioiieli (GyHKIMOHAIbHYIO BO3-
MO>KHOCTb MCTIO/IH30BaHUs MUKPOYACTHUL] BaTepuTa
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Puc. 4. 3aBUCUMOCTb MacCOBBIX (UépHasi JTMHUS) U KOJde-

CTBEHHBIX (cepasi IMHUs) Jjo/eldl MUKPOUYaCTHL] BaTepura (a)

1 KasibLuta (6) OTHOCUTE/IbHO MUKPOYACTHL] KapboHaTa Kasib-
111s1 OT JJIUTe/IbHOCTH 3KCIIepyUMeHTa

Fig. 4. Dependence of mass (black line) and quantitative (grey

line) fractions of waterite microparticles (a) and calcite (b)

microparticles relative to calcium carbonate microparticles on
the duration of the experiment

B KauecTBe KOHTeliHepa [/isi I0CTaBKH JieKapCTBeH-
HbIX cpefcTB. HaunHas ¢ 15-ro yaca sKcrnepyuMeHTa
pasjiMure 3aBUCUMOCTeM MacCOBBIX U KOTMYeCTBeH-
HBIX J0/Iell MMKpOYacTWl] OT BpeMeHW IIpoBefie-

HUA 3SKCIIEpYMMEHTa CTaHOBHUTCA He3HaUMTe/IbHbIM.

Ha 18-my uyacy skcriepuMeHTa NMPOWCXOAUT pacraf
MHUKDPOYaCTUL| BaTepuTa Ha (pparMeHTbl pa3sMepom
meHee 100 HM, M/OIIagk WX MOBEPXHOCTH MHOIO-
KpaTHO yBe/IMUMBAETCs, YTO TIPUBOJUT K YCKOPEHUIO
npoliecca nepekpucraumsanuu. K 18-my uvacy skc-
TepyUMeHTa [0/ MUKPOYaCTHL] BaTepUTa COCTaB/IseT
He Oomee 25%, TpUUEM YaCTHIBI PACTIOIOKEHbI
He Ha TIOBepXHOCTH, a B 00néMe. TakuMm oOpasom,
BBICBOOOXKI€HUE OWOIOrMUYeCKH aKTUBHOTO Bellle-
CTBa, MHKArCy/IMPOBaHHOTO B TIOPbI YaCTHL] BaTepUTa,
TIPOUCXOUT B TIpOLiecce TiepeKpucTamu3auu [22],
KOTOpasi, KaK HamM{ ObUIO YCTaHOBJIEHO, /IS CIIy-
yasg KOMIIO3UTHBIX HETKaHbIX MaTepuasioB, IPOXOAUT
3a Bpemsi He O6osee 18 gacos.

HaHoTexHo10rm, HaHoMaTepuasbl N MeTamMaTepuarbl

3aKntoueHune

C TOMOIIIBI0 CKAaHUPYIOLIEH 3/1eKTPOHHOU MUK-
POCKOTIMM U PEHTTeHOBCKOW JU(paKIK ObLT HUCCiTe-
JIOBaH IIPOLIeCC TepeKpUCTa/UIM3alii MUKPOYaCTHL]
BaTepyTa, C)OPMHUPOBAHHBIX HA BOJIOKHAX ITOJIMKa-
MpPOJIaKTOHAa CO cpegHrM pasMepoM 1.2 + 0.4 MM
B KajbLUT. [TosHBIA mpoliecc mepeKpuCTa/uM3aliii
3aHuMaeT 24 vaca.

Ha 15-m uacy mpoucxogut paspylieHue chop-
MMPOBaHHBIX MUKPOUACTHL] BaTepyUTa Ha (parMeHThI
pasMepom MeHee 100 HM, UYTO MHOTOKDaTHO YBeIM-
YMBaeT IJIOLA/[b TTOBEPXHOCTH YaCTHUL] U TIPUBOAUT
K Pe3KOMy YCKOPeHHIO Ipoliecca UX IepeKpUcTasl-
JM3aUuU B KasbLUT. D(ddeKTriBHOe BpeMsi UCIOJb-
30BaHUsl KOMIIO3UTHOTO Marepuasna JJisi [JOCTaBKU
Y BBICBOOOXKIEHNST MHKAICYTAPOBAHHBIX OHMOAKTHB-
HbIX COeJMHEeHWM orpaHuueHo 18 wacamu, mnocse
Yyero MpOUCXOUT MepeKprcTasi3alys BceX MUKPO-
YacTHL] BaTepyTa Ha MOBEPXHOCTH 00pasiia.

MeTofuKa KOIMYECTBEHHOIO aHaiu3a C Io-
MOII[BI0 CKAHUPYIOITeH 3/IeKTPOHHOW MHUKPOCKOTTHU
Y oIpejie/ieHre MacCoBbIX fl0JIel C IIOMOLLbIO MeToja
PEHTTeHOBCKOW AV(PaKIUU SIBJISTFOTCS B3aUMO/[OTIO0J-
HSIEMbIMU U KaueCTBEHHO COIVIaCyHOILIMMUCST MeTO-
JlaMH1 MCC/IeZloBaHMA MpoLecca IepeKpUcTa/uii3atyin
MUKPOYacCTHL] BaTepyuTa B KajIbLIUT.
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BeepeHue

«B muHamuike, 6yab TO KlaccHuecKasi, KBaHTOBast
WM DeNISITUBUCTCKasi JWHaMUKa, BpeMsl BBICTYIIaeT
Wb KaK HeKUd BHEIHWN T[apameTp, He HUMelo-
LM BblJie/IeHHOrO HampaejeHus. B guHamyike HeT
HUYEro TaKOro, YTO TIO3BO/SIIO ObI OT/IMYAThH TPO-
uioe ot Gyayiiero» [1, c. 217]. «B ToM, KaK OHO
BXOJUT B (PyHJIaMeHTa/IbHbIe 3aKOHBI (DM3MKH OT KJ1ac-
CUYeCKON [WHaMUK{A [0 TeOpUd OTHOCUTETbHOCTU
Y KBaHTOBOW (PU3MKH, BpeMsi He COJEPXKUT B cebe

pa3IMuMsl MEXKIY TIPOIIBIM U Oymymm!» [2, c. 4].

OTH (JIoBa BBLIPAXKAIOT YCTOABILYIOCS WHTEPIIPeTa-
LMI0 TOTO, YTO [JUHAMHUeCKHe YpaBHeHUs (U3UKU
VHBApUAHTHBI TIPA OTPe/Ie/IeHHBIX MPeo0pa3oBaHUsIX
¢ vHBepcuell BpemenH [3, c. 477]. TIpeobpasoBaHust
C UHBepcHuell BpeMeHH! B JUHAMHUeCKUX YPaBHEHHUSIX
TIOMOTalOT HAaliTH MHOTHE Ba)KHbIe 3aKOHOMEPHOCTU
B (u3uKe. B UaCTHOCTH, TaKUM METOZIOM Y/IAeTCs CTa-
THUCTHUECKH OOBSCHUTH (yHJaMeHTa/TbHbIe CBOWCTBA
CUMMETPUN KWHETUUECKUX KOI(P(HUIIMEHTOB B3anM-
HOCTHU B HEPaBHOBECHOM TepMo/HaMUKe [4—6].

Touree, WMelOTCSI B BUly KOMOMHHPOBAHHBIE
npeoOpa3oBaHusi C WHBepCcHell BpeMeHU (Hampu-
Mep, C OJHOBPeMeHHBIM M3MeHeHHeM HarlpaB/eHust
VMITYJIbCOB YacTWL] B YPaBHEHWSIX KjIacCHUeCKOU
MEXaHUKWM, MAarHUTHOTO IO/ B JIEKTPOJMHAMUKE,
C COTIPsDKEeHWEM BOJTHOBOM (DYHKIIMM B KBAHTOBOM Me-
XaHVKe), TIPY KOTOPBIX 3aKOHBI [JBYDKEHUSI BBITIOTHSI-
I0TCSI, @ KOH(UTYpaIMOHHBIE TepeMeHHble (KOOpu-
HaThl, HAMPSHKEHHOCTH T10jied, BOJTHOBBIE (DYHKITAH)
MEHSTIOTCSI B 0OpaTHOM XpOHOIOrMUYECKOH MOC/Iei0Ba-
TeJILHOCTH [3].

B paHHOW CTaThe IOKa3aHO, UTO AaKe B CIIy-
yae ()OpMa/bHOTO COTVIACHsl C 3aKOHAMU JBVDKEHWIS
KapTHHA C /IBIKeHHUEeM B IIPOLIJIoe HOCHUT yC/IOBHBIN

XapaKTep U He MOKeT OCYLLeCTB/IAThCS B pealbHOCTH.

O6paruMoe IBIKeHE B IPOCTPAHCTBE 1S peabHbIX
YacTUL|, NPOMCXOAWUT TOJMBKO B OFHOM — eCTeCTBeH-
HOM — HaripaB/ieHUd BpeMeHH.

1. HeobpaTumocTb BpemeHU B 0606L1eHHOM
AVHaMUYeCKOM ypaBHEHUM 1 06paTMOe ABNKEHNe
N0 TPaeKTOPMM YacTULbl

B oxarom Buzie 0000IIeHHas 3amuch ypaBHe-
HUM JBWKeHus ripezcrassieda [1. /lupakom cremyto-
myM obpasoM. «BBezieM Habop BeumH A JjiFO60TO
B MAaTeMaTM4eckoM OTHOILEHWH XapakTepa, 4ToObI
ornumcarth (DM3UUECKOe COCTOSHHE B HEKOTOPBIA MO-
MeHT BpeMeHHU. Torja ypaBHEHUs JIBFDKEHHs UMEIOT
Bup, dA/dt = f(A). VIHTerpupyst 3TH ypaBHEHUS],
MOXKHO BBIUMC/IUTL 3HaueHusi A B Oojiee TO3AHMI
MOMEHT BPEMEHH, BbIPa’KEHHBIE uepe3 repBoHavyasib-
Hbli Habop BemmumH A» [7, c. 121]. Tlo uacam,

MeTogmndeckui otaen

OTCUMTHIBAIOIIUM BpeMsi ¢’ B TIPOIILIOE, U TI0 Yacam,
OTCUMTHIBAIOILIUM BpeMsi ¢ B Gyfyllee, 3HAKU CIOBHU-
TOB BO BPeMEHH TIPOTHBOIONOXKHLL: di’ = —dt. Toraa
dA/dt' = (dA/dt) (dt/dt") = —f (A). Tpebys, uToGbI
JBIDKEHVE B TPOIUIOE MPOUCXOAW/IO 10 HUCXOJHOMY
JMHAMUYECKOMY 3akoHy, monyunm f (A) = —f(A),
T. €. MHBEPCHS BPEMEHH TpeGyeT BLITIO/IHEHHST IOTION-
HUTEJ/IbHBIX YC/IOBHIA.

B Kjaccuueckoil MeXaHWKe YacTHL| JUHaMUYe-
ckumu niepemennbiMu A (1) = {q (1), p(t)} cayxar
KoopauHatel yactul ¢ (¢) = {q1,92,...,qn} ¥ KOM-
TIOHEHTbI UMITYALCOB p (1) = {p1,p2,---, Pn}- 3aKOH
JIBIDKEHUs] MaTepra/ibHOM TOUKU TIOf, [IeMCTBUEM CH-
nel F B Bune {dq/dt = p,dp/dt = F} nokasbiBaer,
YTO TIPH OTCUETe BpeMeHu dt < 0 B TPOITIIOe UMITY/Th-
Cbl JIO/DKHBI CTaTh MPOTHBOTIONIOKHBIMUA HUMITY/THCaM
MpYU COOTBETCTBYIOLIEM OTCYeTe BpeMeHU df > 0
B Oyayiiee, uToObI 3aKOH ABWKEHUS] He HApYIIAICs.
@DopMajIbHO TEepexoj, K CHCTeME OTCYeTa C Yacamu,
OTCUMTHIBAIOIMMH BpeMsi ¢ B TPOIUIOe, HAuMHAst
C MOMeHTa { = £, TI0 YacaMm B Gy/yIiiee, COBEpIIIAeTCs
rpeo6pa3oBaHUSIMU

t'=—(t=1),q () =q@),p' (") ==p(), 1)

KOTOpble He HapylIaloT BHJ, YPAaBHEHWH [BIDKe-
HUsl B TIPE/TIO/IOKEHUH PaBeHCTBA TaMIIbTOHHAHOB
H'(p'.q") = H(p,q). [elicTBUTENBHO, TaMUIETOHO-
Bbl YpaBHEHHsl B CHCTeMe OTCUeTa C MHBEPTHPOBaH-
HBIM BpeMeHeM

dq'/di' =0oH'/dp’, (2a)
dp'/dt' = —oH' /oq (206)
coracHo mipeobpa3oBanusiM (1) COXpaHsIOT CBOM B[,

B CHCTeMe OTCUeTa C eCTeCTBeHHBIM TeueHHeM BpeMe-
HIL
dq/(—dt) = 9H/d(—p), (3a)
d(=p)/(—dt) = —0H /dq. (36)
PaccMoTpum cBOGOZHOE TiaZieHrie YacTHIbl -
HUYHOU MacChl, m = 1, C BBICOTBI ¢ > 0 Ha IJIOCKOCTh
g = 0 B OJHOPOJHOM TIOJe TATOTEHWs C TIOTEHIU-
anbHOM ¢yHkimedt U (¢) = g U3 COCTOSIHUSI TIOKOS,
C HyJIEBbIM MMITY/IbCOM p,—o = 0. Ipaduk mazenus
niprBeieH Ha puc. 1. UToObI poc/ieiuTh 3a 0OpaTHLIM
HabOpOM BBICOTHI («TIOACKOKOM»), MO’KHO HMHBEDTU-
POBaTh BpeMsl U UMITY/bC, P;—; — — Py—g, HO 3TOTO
OKa3bIBaeTCsl HeJOCTaTOYHBIM. ['paduk obparHOro
IIBIDKEHUST Ha PUC. 2 TIOYYaeTCs TMyTeM pelleHust
ypaBHeHUl ABWKeHUs (2a), (20) TONMBKO B TOM CITy-
yae, eC/TM B TaMHIETOHHAHe MacCy U TIOTEHIUAIbHYIO
(YHKIMIO TIPUHATH PaBHBIMH, HO IIPOTHBOIIONOX-
HBIMU TI0 3HAKy 10 OTHOLIEHWIO K TaMHJIETOHHaHY
B ypaBHeHusIX (3a), (306). 3ameTHM, UTO COI/IACHO TIpe-
obpa3zoBanusiM (1) WHBEpCHSA HMITY/IbCa B CHCTEME
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0TCYeTa C pea/ibHbIM BpeMeHeM O3HaddeT OTCYTCTBHE

TakKou HWHBEPCUU B CHUCTEME C I/IHBepCI/Ieﬁ BPEMEHHM.

ITosToMy puc. 2 3epkasieH K puc. 1, U yCKOpeHUe
d*q' /d* < 0 nporuBomnonoxuo cune dp’/dt’ > 0,
YTO COOTBETCTBYeT YCJOBHOMY [BM)KEHHIO OTpHLIa-
TeJIbHOW Macchl.

0.5
dg/dt=dH /dp. dp!/di=—dH dg

o, 0e coordinate § =——— 0
o= ° & momentump e
2
L ]
-0.5 L] 1-0.5
.
@
= °
-1 -1
0 0.2 0.4 0.6 0.8 1
N

Puic. 1. TpaeKTopusi 1 UMITY/IbC CBOBOJHO Ma/jaroLlel YaCTHLbI
Fig. 1. Trajectory and momentum when a particle falls freely

1 ol
0.5 ¥7dg'/ di'=dH" dp". dp'di'=—dH'dg'| 0-5
. m'=-m. Ulq)=-TUlg)
A, o | coordinate q* — ® 0
« momentum p* * g 2
= ®
.
-0.5 . 1-0.5
®
.
- B
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t* —

Puc. 2. TpaekTopust ¥ UIMITY/IbC IPU MOZCKOKe B CUCTEMe OTCYe-
Ta C UHBePTUPOBAHHLIM BpeMeHeM

Fig. 2. Trajectory and momentum when a bounce is done, in a
reference frame with inverted time

OueBUHO, UTO Yy)Ke TPOCTasi CMeHa WHTerpu-
pOBaHUs TI0 BpeMeHM B 0OpaTHOM HaripaB/ieHUH
OT KOHEYHbIX 3HayeHW! KOOpJMHATbl U HMITY/IbCa
[I0 HauaJ/IbHbIX 3HAYeHUI MPUBOJUT K MepeMelleHHI0
TOUKA TI0 BbIUEPUEHHOW paHee TPAeKTOPUM B 00-
patHoM mocnesoBarensHOCT. Ho 3TOT pesysbrar
SIB/ISIETCS pellieHueM ypaBHEeHU

{dq/(—dt) = 0H/dp,dp/(—dt) = —dH [dq},

KOTOpbIe He SIBJISFOTCS 3aKOHOM [IBUKEHMSI.

MoXXHO CKasaTh, UTO IepeMellleHrs] C UHBepPCH-
el OJHOTO TOJIbKO BPEMEHU W/ COBMECTHO BpEMeHU
¥ WMITy/IbCa TIPOPHCOBBLIBAIOT OOpaTHOe BIDKEHHe
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peasbHbIX YaCTHL] B PealbHOM BpeMeHH, HO Takue Tie-
peMelleHrsT He OCYILeCTBUMBL. Mexy TeM repeMeHa
3HaKa TO/TBKO MMITY/IbCa MPUBOJUT K peabHOMY 00-
paTHOMY JBW)KEHHIO PeasbHOM YaCTULIbL.

IMpumeuatesibHO, YTO HEOOXOAVMOCTH Tepexofia
OT TIONIOKUTE/ILHOTO K OTPULATeIbHOMY 3HaueHUI0
MacC ¥ CMeHbl HallpaBjeHds] CWI TIpU WHBEPCUH
BpeMeHU C COXpaHEHHeM 3akOHa [BIDKEHUs ClIefy-
eT TakkKe 13 ypaBHeHws1 IlIpesuHrepa /st BOTHOBOM
(yHKUMM KBaHTOBOM dacTHLbL. []OCTaTouHo Mpo-
CTO 00OpaTUTBCSI K CAMOMY ypaBHeHuUio: ifidy/or =
= —(1/2m) V*y+U (r)y [3]. BugHo, uto ypaBHeHue
VMHBADUAHTHO OTHOCHTENEHO COBMECTHOTO H3MeHe-
HMSl 3HAaKOB Ha TIPOTHBOIIOJIOXKHBIE I BpeMeHH f,
Macchl /m U MOTeHLMaIbHON dyHkimu U (r).

Takum 00pa3oM, COIVIaCHO JUHAMUYECKUM YpaB-
HEHUsIM YaCTHL[A MOXKET COBepIIAaTh 00paTHoe JBHKe-
HUe TI0 MPO/IeHHOM TPaeKTOPUU TOJTBKO B peaibHOM
BpeMeHHY, a CLieHapyuH 00paTHOTO TIepeMeleH s C UH-
Bepcueli BpeMeHH opMasbHbL. [Tpy 3TOM Tipeodpaso-
BaHMs (1) MOTYT ObITH YTOUHEHBI /7151 KITaCCUIeCKIX
YacTHL] JOTIOJTHUTETEHBIMHU MTPe00pa3oBaHusMU

w=—m, U'(g)=-Ulq).

(1a)
H'(pU(q'),m') =H(p,U(q),m).

2. CtaTnucTyeckoe 060CHOBaHMe COOTHOLLEHUIA
B3anMHoCTH OHcarepa B HepaBHOBECHOIA
TepMoAMHaMUKe

OfHUM W3 K/IaCCUUECKUX C/IyUaeB, B KOTOPBIX
yueT OOpaTHBIX [BIDKEHWM WrpaeT (yHAaMeHTasb-
HYIO POJib, SIB/ISIETCSl CTaTUCTUYeCKoe 000CHOBaHWe
COOTHOILIEHUH B3auMHOCTH OHcarepa — OfIHOM U3 0C-
HOB HepaBHOBeCHOUW TepMoauHamMuKu [4-6]. Cornac-
HO OCHOBHOMY 3aKOHY HepaBHOBECHOW TepMOJMHaA-
MUKH TIPOM3BOZICTBO SHTPOIMH S B cUcTeMe C (IIyK-
TyalpsiMi {0 } TepMOJMHAMHYECKHX IepeMeHHbIX
oripefiesisieTCsi CYMMOM TIpOW3Be/IeHU UX CKOpPOCTei
(TepMoHAMUUECKHUX TTOTOKOB) I, = d 0 /dt v compsi-
JKEHHBIX TEPMOJMHAMUYECKUX Ul X; = —dS/doy:

dS/dt =Y IiX. “

B OKpecTHOCTH PaBHOBECHOTO COCTOSIHHSI (IyKTya-
LMY 3aTyXaloT, U YpaBHEHUs HEPaBHOBECHOH TepMo-
JMHAMWKU UMEIOT JTMHEeAPU30BAHHBIN BUTL

dO(,k/dtZ—chjOCj. (5)

Tak kak B PaBHOBECHOM COCTOSIHUM SHTPOMUS Mak-
CcUMaJsibHa, e€ TPOU3BOAHbBIE TPY MaslbIX aprymMeHTax
O, T. e. TepMOAVMHaMHUYecKhe CUIbl X;, [O/DKHBI
OBITb IMHEMHBIMA KOMOWHALIMAMH 3THX apryMeHTOB,
KOTOpble, B CBOK) O4epellb, MOTYT ObITh JIMHEMHO
BBID@KEHBI uepe3 CWibl. TakuMm 00pa3oM, KaKIblid
U3 TOTOKOB d0y /dt ompezensieTcss B o0LieM ciiyuae

MeToanyeckuii otTaen
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NMHeHHOM KoMO1HaLel cul X ; ¢ KUHeTUYeCKMMU KO-
st durpmentamu Ly ; o dopmyre

dOCk/dl = ZijXj. (6)
J

Kunetnueckre kKo3hQuIeHTs! 00/1a/1at0T Bak-
HbIMM CBOWCTBaMW CUMMETPUH, UTO MOXKHO YCTaHO-
BUTb C TIOMOLIBbIO KOPPEJSILIMOHHBIX (QYHKIAN @
bayKTyatpii o, 0 TepMOJMHAMUYeCKUX I1epeMeH-
HBIX

Qi (t) = (o (1) o (1 +7)) . (7)
3aBUCHMOCTb TOJTBKO OT Pa3HOCTH MOMEHTOB BpeMe-
HU Jyisi QUIyKTyalldii 03HauaeT, UYTO TMpeAriosiaraeTcs
UX CTalMOHApHOCTb, T. €. HEe3aBUCUMOCTb OTHOCH-
TeJIbHO NPOM3BO/IBHOIO cBuUra At BO BpeMeHU ! —»
¢ + At. DTO CcripaBejyIMBO, €CM B 00beMe, 3aHHUMae-
MOM CHCTEMOM, MOYKHO BBIJEUTh (HI3UUECKH Masble
00BEMBI C MIHOBEHHBIM [JOCTVDKEHWEM JIOKAJILHOTO
TEPMOIUHAMHUECKOTO PaBHOBECHIS.
TakuM 00pa3oM, UMeeM TPHU3HAK CTallOHApHO-
CTU B BUJIE
Qi (T) = (o (1) o (1 = 7)) = Qi (—7).  (8)
Heo6xomuMo cumuTaTh, UTO KOPPEJSIIH TIOPOK-
[AIOTCSL BAUsSIHUEM QUIYKTyaluuid Ha OGosee TO3aHMe
¢bnykryauyu. Tlpu T > 0 uMeeM B COOTHOILIEHUSIX (7),
(8) BusiHME i-11 TEpMOAVHAMUYECKO! rlepeMeHHOM Ha
k-10 mepemeHHyto. UToObI MPOC/IEAUTh 32 0OpPAaTHBIM
BNUSIHHEM, HY>KHO B KOPDEe/SILIMOHHON (DYHKIMU BbI-
Ouparb Oosiee paHHeH k-10 QUIyKTyaruro, T. €. C/IBUT

(—T < 0) B MPOLLIOE OTHOCUTENBHO i-i (IyKTyaLWu.

370 03Hauaet ¢/Bur T > 0 B Gyayiee i-i GuyKTyarmm
OTHOCHUTEJIbHO k-H (rIyKTyaruw, T. e. Ayt 06paTHOro
B/IUSIHUSI IMeeM KBa3HCTaLIOHApPHYIO KOPPeJISLIUIO
O (T) = (o4 (1 =1) 0 (1)) = (o (1) i (1 +7)) - (9)
Hanee 3ameTuM, UTO, paccMmarpuBasi QIyKTya-
LU0 k-1 TIepeMeHHOM Kak 60/1ee TO3/JHIOK0, MBI [IOJDK-
HBI BBIPa3UTh COBMECTHYIO IIJIOTHOCTb BEPOSITHOCTU
¢nykryaipii p; (0,0 ) Yepe3 yCJIOBHYIO TUIOTHOCTb
BEPOSTHOCTH pr (0|0l ), KOTOpas MOXeT TPaKTO-
BaThCsl KAaK BEPOSTHOCTb Tepexofa OT COCTOSHWS

i-1 TlepeMeHHOM K COCTOSIHMIO Kk-H IlepeMeHHOM.

ITo NPUHLUITY A€Ta/IbHOI'O0 PABHOBECHS BEPOATHOCTU

MpsIMOTO U 0OpaTHOrO Tepexofia PaBHBI APYT JIPYTY.

[lpu 3ToM mporiefypa YCPeOHEHUs] B OMpee/ieHuH
KOPPEe/SILIUOHHON (YHKIIMM He pa3/iuuaeT abcosmoT-
HBIX MOMEHTOB BDEMEHH, a WHTEpBajll BPEMEHU T

MeTogmndeckui otaen

SIB/SIETCSI TAPAMETPOM, B/USIFOLIMM JIMIIL Ha pacripe-
[JleNleHVsl BeposTHOCTel repexofioB. TakvM 00pasom,

Qi () = {0 (1) o (1 + 7)) =

= [[p (o) p (|0, T)] o;oydoydoy =
= [[p(ow) p (Fou|oy, T)] o (o) doydoy =
(

= £ (o (1) 0 (1 + 7)) = £ui (7).
(10)
31eck yuTeHo, UTO MPH OOpaIlleHHH JBUKeHUsI
TePMOJMHAMUYECKHE TIEPEMEHHBIE UeTHBI W/IH HEUeT-
HBI TI0 OTHOIIEHHIO K TIPeoOpa30BaHUI0 KOOPAWHAT
W UMITyA6COB MUKpovacTi] {qi, pr} — {qr,—pr}
[6, c. 20]. Xotrst 310 TIpeobpa3oBaHre OOBIUHO pac-
CMaTpUBAlOT OJHOBPEMEHHO C WHBEPCHUEU BpPEMEHH,
€ro OJHOTO Y)Ke [OCTaTO4HO Jyisi OOpalleHust JBU-
JKEHUsI B peasibHOM BpeMeHU. B urore mosydaem,
YTO ZIeTallbHOe PaBHOBECHE MPUBOJUT K CUMMETPHU
WIM K aHTHCUMMETPUM KOPPEJALMOHHBIX (DyHKIMMA
(rykTyaipii TepMOJUHAMUUECKMX TePeMeHHBIX OT-
HOCHTE/IbHO HarpaB/ieHusl TIEPEXOA0B MEXKIY HHML
Bepxtioro uacte paseHcTBa (10), Qi (T) = @ (T),
00BIYHO TOTyYaloT W3 TpeOoBaHWSI WHBAPHAHTHOCTH
KODPEJISILIMOHHBIX (DYHKUMHA OTHOCHUTEIbHO WHBED-
cui BpeMeHHu (f — —t). JTo TpeboBaHue CuMTa-
IOT YaCTUYHBIM TEPEHOCOM MEXaHMUYECKUX 3aKOHOB
DIBYDKEHHUsT MUKDPOUYACTUL] Ha (UIYKTyal[ud TepMOJU-
HaMUUeCKUx TiepeMeHHbIX [4, 5]. Ero cBsi3biBaioT
C TeM, UTO «OCHOBHOMW IPU3HAK MUKPOCKOITMUECKOU
00paTUMOCTH 3aK/TIOUAeTCsl B MHBApPUAHTHOCTH BCEX
MeXaHUYEeCKUX YPaBHEHHUH JIBYKEHNS TI0 OTHOLIIEHHUIO
K peobpasoBanuto (1 — —1)» [4, c. 68]. Takoii myTb
BIIOJTHE OTPAB/IaH, HO He SIBJISIETCS €JUHCTBEHHBIM,
KaK TI0Ka3aHo Bblile. OTMpaB/sisCh OT MPUHIIUMA Jie-
TaJbHOTO PAaBHOBECHSI B PealbHOM BPEMEHH, MOXKHO
YCTaHOBUTH CIMMETPUIO KOPPEIAIIMOHHBIX (DYHKIIUH,
He mipuberasi K npeo0Opa3oBaHUsIM C MHBEpPCHel Bpe-
MeHu. TIpy 3TOM COIVIACHO YC/IOBHIO CTAlIMOHAPHOCTH
@i (T) = @4 (—T) TpU3HAKy JAeTajbHOTO PaBHOBe-
cust Qi (T) = @ (T) MOKHO TIPUAATh BUJ WHBADH-
aHTHOCTH @y (T) = @y (—T) OTHOCHTENBHO 3aMeHbI
3ara3bIBaHys Ha OTepe)keHre. DTOT UTOT COBMAZiaeT
C TeM, KOTODBIH T0/Ty4aeTcs MyTeM WHBEPCUM BpeMe-
HU B KOPPEJISILIMOHHON (DYHKIIWM.
W3 ypaBHenus (10) cnenyert, uto
(o (1) day/dt) = +{oy (t)doy /dt)y.  (11)
OTO paBeHCTBO MpPSMO TIPUBOAUT K COOTHOILIEHH-
siM B3auMHOCTH [4, 5]. TloacTasnsisi BoipaskeHue (6)
B ypaBHeHue koppemsiui (11) ¥ WCHonmb3yst «op-
TOTOHAJILHOCTb» TEPMOAMHAMUUECKUX TEPEMEHHBIX
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U COTIPSDKEHHBIX UM CHJT (0 Xy ) <Oy, HEME/IEHHO T10-
JIyYHM COOTHOILIeHHs ciMMeTpruk OHcarepa

Lij==+Ly. (12)

IobaBuM eitie pa3, uTo rpeobpa3oBaHysi C HHBEP-
Cveil BpeMeHH He OTHOCATCS OYKBaJIbHO K PeasbHBbIM
JBrokeHsIM. [ToaTOMy WMHBApHaHTHOCTb KOPpeJISLy-
OHHBIX (DYHKUMH (IyKTyaluii OTHOCUTEIbHO WHBEp-
CYV BpEMeHH JI0JDKHA pacLieHMBAThCS Kak BecbMa 3g¢-
(beKTUBHBIH, HO MO CyIIecTBY (hopMasbHbINA ITPHU3HAK
BBITOJIHEHNS JIeTa/IbHOTO PaBHOBECHSI B OOBIYHOM XO-
Jie BpeMeHH.

3. 06paLeHue BONHOBOFO GpoHTa

Ec/u B MO/IeKy/sipHOM JIBYDKEHUY 0OpaTHOe JIBU-
JKEHHe WIpaeT pO/b TOJLKO B paMKax [eTaJbHOro
DaBHOBECHs, TO B ONTHUKE W IEKTPOAUHAMUKE OHO
MOXXET TIPOSIBIISITHCS SIBHO. [IpOCTOM Tpumep — 3TO
TIPUHLIMIT 00PaTUMOCTH XOZia JIyJel cBeTa W obpaitie-
Hue BoyiHOBOTO (hpoHTa [3]. Kak rosicHeHo B kuwre [8],
obpaliieHe BOJTHOBOTO (PPOHTA YAAETCS OCYIIECTBUTh
TOTOMY, UTO B KOTEPEHTHBIX BOJHOBBIX IMyuKaxX UMC-
JI0 cTereHed cBODOABI HE MeHee, UeM Ha [[Ba/ILIaTh
TIOPSIIKOB MEHbIIIe UMC/Ia CTereHel cBobo/bl B Mojie-
KY/ISIDHOM [JJBYDKEHHH, U UX YIaeTcsi 00paTuTh.

IMpocsienquTs 3a  TPOCTPAHCTBEHHO-BPEMEHHOM
KapTHUHOU [TBYDKEHHUSI U 00paTHOTO ABMKEHUST BOJTHO-
BOT0 (hpOHTA HETPY/HO B C/Tyyae MOHOXPOMaTHUeCKO-
TO MoJist

ER,)=R[A(R)e™] =
= JA(R)| R [e-or+io®)] —
= A(R) /2| [e7HOR) 4 gm0 ®)]

(13)

rae o — yioBasi yactora, A (R) — komruiekcHasi am-
IIMTyAa B TOuKe C paguyc-eektopoM R, @ (R) —
JIoKasibHas ¢a3a, KOTOpPO orpeensitoTcs popma U Jio-
KaJslbHOe HaripaB/ieHe BOJTHOBOTO ()pOHTa.

CBs3b MeXAy KOMIUVIEKCHBIMH aMIUTUTYAMU
TIPSIMOM U 0OpalTieHHOM BOTH uMeeT BH/, 8]

Aoﬁp (R) =A" (R) » A Qopp (R) = _(P(R) . (14)

Ora cBa3b 0COOEHHO HAIIAAHA B C/Iy4yae TUIOCKUX
BOJH, /17151 KoTopbix (a3a ¢ (R) = k - R omnpegensieTcst
HOpPMaJ/IbHbIM K ()a30BOMY (DpPOHTY BOJTHOBBIM BEKTO-
poM K, 3a7aromMM HarpaB/ieHWe paclipOCTpaHeHUs
¢da3pl, a TakKe HarpapjeHWe TUIOTHOCTH WMITYJIb-
ca. IlocnenHee COOTBETCTBYeT TOMY, UTO HWMITYJIbC
KBaHTa BOJIHBI paBeH p = /ik, a Kjaccuueckast IUioT-
HOCTb MUMITY/IbCa M/IOCKON 3/1eKTPOMAarHUTHOW BOJTHBI
oTipe/ieNisieTcsi KOMIIOHEHTaMU TeH30pa SHepruu MM-
mysibca [9]

T®/c=(Wc/o0)k*, a=1,2,3=x,y,z, (15)
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rie W — IJIOTHOCTb SHEpruy, ¢ — CKOPOCTh CBeTa, () —
yacTota BO/HBL, k* — KOMITIOHEHTHI BOJHOBOTO BeK-
TOpAa.

Kak BugHo u3 (14), kogp = —K, T. e. mpu 06-
paljeHUy BOJHOBOTO (DpOHTa 0oOparrjaeTcsi MMITYIIbC
BOJIHBI, TIO7J00HO TOMY, KaK 00palljaeTcss UMITy/IbC Ya-
CTULILI TIPY OOpaIlleHUH [BIDKEHHUS] TI0 TPAeKTODHML.
Kpome Toro, paBeHctBo (13) He HapyllaeTcsi Tpu
coBMeCTHOU MHBepcuu (asb! v Bpemenu {@ (R) 1} —
= {—0o(R),—t}, eom E(R,t) — E(R,—t). 310
TTOKa3bIBAET, UTO OOpAIlEHHBLIM BOTHOBOM (POHT pac-
MIPOCTPaHSIeTCs] B peajbHOM BpeMEeHM B COIVIaCHU
C KapTUHOW BO3BPaTHOTO JBIDKEHMsl (DpOHTA TPSIMOL
BOJIHBI TIPH UHBepCUM BpemeHu [10].

4, 06patHble 3¢ PekTbl lonnepa
1 BaBunoBa - YepeHkoBa

PaccMOoTpyUM HEKOTOpBIE CJIyJar, KOTOpbIe BCTpe-
YaloTCsl B BOJIHAX C B3aUMHO TPOTHUBOTIOIOKHBIMU
HarpaB/leHusiIMU (ha30BOM M TIPYIIOBOM CKOpOCTel,
yeM 00yC/TOB/IeHbI HEKOTOphle Crieruduueckie 3¢-
(eKTEI, B TIepPBYIO 0Yepelb aHOMATbHOE TIPeIOMJIEHVEe
Jlyya CBeTa B Ty ’Ke CTOPOHY OT HOPMaJli, B KOTOPOH
JiexxuT nagarotmi siyd [11]. Takuie BosiHBI ¥ 3¢ deKThI
VCIeIIHO peaM30BaHbl B MCKYCCTBEHHBIX MaTepy-
ajlax C OTPUIIATe/IbHBIMU 3IeKTPUYECKUMUA U Mar-
HUTHBIMHM TIPOHULIAEMOCTSIMH (3T MeTamarepHasibl
Ha3bIBAIOT I10-Pa3HOMY: JIeBble Cpefbl, Cpeibl C OT-
PULIATe/TEHBIM TIOKa3aTesieM TIPeIOMJIEHUS], JBasKIbl
OTpULATE/TbHBIE CPebl, CPeAbl C OOPAaTHOM BOHOM
u 1p.). OpHuME U3 SIPKUX 3((eKToB B JIEBbIX Cpefiax
SBMSIOTCST 0OpaTHble 3ddekTsI [Jortepa 1 BaBuiosa —
YepeHKOBa, TEOPETUUECKH TPe/ICKAa3aHHbIE U OIHCAH-
Hble B paborax [12-14].

3anvirem dopmyiy asst acddekra [oriepa, 00b-
enyHUB (opmysiel u3 [10] u [13]:

®=0y/I—V2/2/(1—8(V/c)cosh).

3mech My — YacToTa BOJTHBI B CUCTEMe UCTOUHUKA, () —
yacToTa, pervcrpupyeMasi Habmogarenem, V >0 —
CKOPOCTb WCTOUHWKA B cuUcTeMe Habmoparens, 6 —
YIOM MeX[y HarpaB/eHHeM WCITYCKAHUs W3/TyueHust
Y HartpaB/IeHUeM [IBYDKEHHS UICTOUHHKA B CUCTEMe Ha-
Onmronaresns, YiaisrolieMycsl HCTOUHUKY B (opMysie
(16) oreeuaet Tyroii yron 0. ITapamerp & IpUHUMAET
3HaueHust § = +1 151 OOBIUHOM MPABOM Cpe/ibI U O =
= —1 [yis IeBOM cpeabl. BupHo, UTO B JIEBOU Cpejie
YacToTa BOJIHBI OT YZA/ISIFOIIErocsl UCTOUHHKA YBeJTv-
YyeHa, a He yMeHbIIIeHa, Kak B OOBIYHOM CiIyuae, T. €.
s¢pdekr Homepa obpamien. [Tomaras u = V9, npex-
craBuM Gopmyiny (16) B popme

O=w\/1—u?/c?/(1—(u/c)cosH),

MeToanyeckuii otTaen

(16)

(17)
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r7le Terepb Iepexof OT TpaBoil cpefibl K JIEBOM co-
BepIIaeTCs MyTeM U3MeHeHUs1 3HaKa CKOpocTH u. [1pu
HEM3MEHHOM HarpaB/IeHUH JBYDKEHUsT UCTOYHHKA 3TO
V3MeHeHHe 3HaKa HY)KHO OTHeCTW K MHBEpCHU Bpe-
menn u = d|R|/dt — d|R|/(—dt) = —u. Takum
o0pa3oM, MO)KHO TpakKToBaTh oOpairieHHe 3ddekTa
[Horutepa B TepMUHAX UHBEPCUY BDEMEH.
l'eometpuro cBeueHus: BasuimoBa — UepeHKoBa
NP PaBHOMEPHOM CBEPXCBETOBOM /IBMDKEHUM 3JI€K-
TPOHA B Cpefie TOyYaroT MpsIMO K3 (OPMYJIbI JifIst
s¢dpdexra [donsepa [12]. YuuTbiBasi, UTO B COCTOSIHUU
TIOKOSI 37IeKTPOH He MOXKET MU3/Tydarh, a TOIBKO OKpY-
JKeH TIOCTOSTHHBIM TIOJIEM, TIOJIAratOT B BBIPKEHUSIX
(16) wmm (17) yacToTy M3/iy4yeHus: B CUCTeMe UCTOUHH-
Ka HyJsieBoi, 0y = 0. Torza B 1abopaTopHOii cucTeMe
MOJKeT TIPUCYTCTBOBaTh U3TyueHHe Ha KOHEUHOM ya-

crote ® npu yciaoBun 1 — (u/c)cos® = 0, T. e.

B BHJI€ TT0JI0T0 KOHYCa JTyuell C YIJIOBLIM PACKPBITHEM
€080 = ¢/u. ITO BO3MOXKHO, €C/TH CKOPOCTh 3/IEKTPO-
Ha V TIpeBbIIIaeT CKOPOCTb CBeTa ¢ B cpefie. Kpome
TOTO, B J1IeBOM cpefie ¢ u = —V KOHyC jydeii obpa-
IIIeH K KOHYCY B ITpaBo#i cpefie ¢ u = +V. Kak BU/HO,
repexof oT rpsiMoro 3ddekra UepeHkoBa K o6paTHO-
My 3¢deKTy Takke MOXHO TPAaKTOBaTb B TePMHHAX
VHBEpPCHY BPeMeHH, TIPUBOASILEN K CMeHe 3HaKa CKO-
POCTH.

3aKnyeHne

ITpeobpa3oBaHusl  JUHAMUYECKHUX —yPaBHEHH
C uHBepcuell BpeMeHU SB/SIIOTCA 3(h(QeKTUBHBIM
TeopeTMYeCKUM HWHCTPYMEHTOM, IO3BO/IIOLIMM Ha-
XOJIUTb CyllleCTBeHHbIE YepThbl 00paTHMbIX MPOLIECCOB
Y YCJIOBUSI, TIPY KOTOPBIX OHM BO3MOKHBI. Briarogaps
3TOMY BO3HHKJIO ¥ YCTOSTOCH TIPE/ICTaB/IEHNE O TOM,
YTO B JMHAMUYECKUX ypPaBHEHUSIX BpPeMsl BbICTYIlaeT
rapameTpoM, He MMEOLUM BbIJJe/IeHHOTO HaripasJie-
HYSI ¥ TIO3BOJBIIOLIMM COBepIIaTh paBHBIM 00pasoM
JBWwkeHve U B Oyayijee, ¥ B mpouvioe. Cuuraer-
Cs, 4TO TOMBKO Takue sIBeHUs, KaK HeoOpaThMble
MaKpOCKOIIUEeCKHe TPOIIecChl HepaBHOBECHOHM Tep-
MOJMHAMUKA U KBaHTOBble KOJLIArChl, OTPaKaroT
B (13vKe HeoOpaTMMOCTb BpeMeHH.

OpHaKo HEKOTOpBbIe JIeTaly OMHCaHHs o0parijeH-
HOTO IBIYKEHUS ITyTeM Ipeobpa3oBaHuit ¢ MHBepCHek
BpEMEHM [Ial0T BO3MOKHOCTbL JIDYTOM HHTeprpeTa-
WM, COIVIACHO KOTOPOM B IMHAMMYECKUX YPaBHEHUSIX
BpeMsl MIMeeT BBblfie/IeHHOe HanpasieHue. [isi 06-
pallieHust IBIDKeHUsT YacTULpl B peaslbHOM BpeMeH!
JIOCTaTOUHO WMHBEPCHM WMITy/Ibca. B ciiyuae mHBep-
CMM OJHOIO TOJBKO BpeMeHH KapTWHa 06paTHOro
JIBIDKEHHS TI0 TPAeKTOPHM BHIPUCOBBIBAETCS, HO C Ha-
pylLIeHWeM [JUHAMUUYeCKUX 3aKOHOB JBWKeHus. Ilpu

MeTogmndeckui otaen

COBMECTHOY WHBEPCHU BPEMEHU W UMITy/Ibca o0par-
HOe TiepeMellleHHe T10 TPaeKTOPHUH TpPeCTaB/IsieTCst
MPOMCXOJSAIIIMM B COIVIACHMM C JUHAMUYECKUMU 3aKO-
HaMM, HO /I OTPHLIATe/IbHOM MacChl U TIPH YCJIOBUH
CMeHBI 3HaKa TIoTeHLpia/a. JTO TOBOPHT B TOJIb3Y TOTO
MHEHHUs], YTO TI0 (JU3MUYeCKUM 3aKOHaM /IMHAMUKU pe-
aJIbHBIM MOXKET OBITh JIBIDKEHHEe TOJBKO C TeueHHeM
BpeMeHHU B Oyayiuee.

OJHUM U3 CaMbIX BECOMBIX apr'yMEHTOB B TOJTb-
3y YTBEP>KIEHUS O TOM, UTO AWHAMUKA HeTlPepPhIBHBIX
JIBIDKEHUM He pa3/iMuaeT HarpaB/ieHHM Xofa Bpe-
MeHH, CUMTAaeTCsl TO, UTO IepeHOC MHBAPUAHTHOCTHU
OTHOCHUTEJIbHO WHBEPCHH BPEMEHU MUKPOCKOITHYe-
CKMX YpaBHEeHMM Ha KOppersiuto (ykTyauuii Tep-
MOJMHAMIYeCKVX TIePEMEHHBIX TT03BOJIT TIO/YUHTh
TeopeTUYeCKd COOTHOLLIEHUs CHMMETPUM KHHeTHue-
CKUX K03(duryieHToB. OfHAaKO K 3TOMY pe3y/bTary
MOKHO TIPHUIATH, WUCXOAS U3 TIPUHLIMIA [IeTaILHOTO
paBHOBecwsi, He ripylerasi K THBePCHY BPEMEHH.

C papyroii CTOpOHBI, B BOJTHOBOM [JUHAMUKe Ta-
KWe sIB/IeHWs, KaK oOpallleHHe BOJHOBOTO (DpPOHTA,
obparHble 3(heKTHI B JIEBBIX CpefaX H3HauaIbHO
OIMMCHIBArOTCS Ge3 obparieHuss K TpeoOpa30BaHUsM
BpeMeHH. Ho 3TH 3¢(eKTbI MOTYT TPaKTOBaThCs TaK-
)Ke ¥ B TepMUHAX MHBEPCUU BPEMEHH.

Takum 06pa3oM, [yisi OrmMcaHusl 0OpaTHBIX /IBU-
>KeHVH TUHAMUUeCKUMH YPaBHEHUSIMU HeT UCKITFOUH-
TeJTbHOM HeoOXOAMMOCTHA HCXOAUTh U3 MpeoOpa3oBa-
HMIi C WHBepcuel BpemeHH. bosee Toro, moso6HbIe
nipeoOpa3oBanusi MO0 He COIIACYHOTCS C YpaBHe-
HUSMU JIBIDKEHUSI, JTMOO Tpe/io/iaraloT CBOMCTBA,
He JIONyCTHMble B (M3MKe, HAllpUMep OTpHIIATesThb-
HYIO MacCy KJIaCCUUeCKUX YacThIl. ITO 03HauaeT, YTo
JMHaMMYecKe ypaBHeHHs! HeTlIpephIBHOTO JIBIDKEHUsI
cofep)kar B cebe yC/IOBHEe OJHOCTOPOHHETO TeueHHs
BpeMeHU B Oyzyiiee.
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