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Escmuenecs Bb. €. «MomemoBaHHs BJIACTUBOCTEl HEOIHOPIIHMX MaTepiajiB Ha,
OCHOBI XapaKTEPUCTUK TXHHOT'O aKyCTUIHOI'O Ta €JIEKTPOMATHITHOTO PO3CIIOBAHHS»
— Kpagidikariitna HayKoBa mpalld Ha IIpaBaxX PYKOIUCY.

Huceprallis Ha 3100yTTs CTylleHsi JoKTopa disocodil 3a cremiagbHicTIO 113
MIPUKJIATHA MaTeMaTUKa. — [HCTHUTYT TPUKJIAIHUX ITPOOJIeM MeXaHIKW i MaTeMa-
tukn im. Z. C. [lizcrpurata HamionasbHol akamemil Hayk Ykpaiuu, JIpBiB, 2026.

Y poboTi poO3B’dA3aHO BaXKJWBE HAYKOBO-IIPUKJIAIHE 3aBJIaHHSI — PO3POOJICH-
HA MaTEMATUIHUX MOJeJIell pO3paxyHKy ¥ onTuMizallil (pismaHrX XapaKTEePUCTUK
HEOJIHOPITHUX MAaTepiasiB, OMPOMiHEHUX aKyCTHIHUM i ejekTpomaraiTauM (EM)
nosiamu. lle 3aBmaHHsa peaJi3oBaHO 4Yepe3 IMOOYJIOBYy MOJIesei, dKi JTal0Th 3MOTY
PO3paxoByBaTU XapaKTEPUCTUKU HEOJHOPITHUX MaTepiaJiB 1 3aCTOCOBYBATHU YU-
CJIOBI METOJIY JJIsI 1X TOJAJIBIITO] OIITUMI3aIlil.

PesyibraToM po3B’a3anusd MbOro 3aBAAHHSA € MOJEJI PO3CIIOBAHHSA aKyCTUIHIX
ta EM XBUIb Ha CYKYITHOCTI BKJIIOUYEHb MAJIOTO PO3MIPY, Ha MOBEPXHI AKUX 3310~
ThCd IMIIEIAHCHI TPAHUYIHI yMOBH. TaK0o>K PO3p00JIeHO aHAJI TUIHO-IUCIOBI METOIN
JOCJTIJIZKEHHST XapaKTEPUCTUK PO3CIIOBAHHA Ha TAKWX BKJIOUYEHHIX 3 IOJIAJIBIITIM
BUKOPUCTAHHAM JIJ1sI MOJEIOBAHHA MaTepiajiB, MOKa3HUK 3a/J0MJIEHHS Ta MarHi-
THA ITPOHUKHICTh AKUX BIJIPI3HAIOTHCS Bl BJIACTUBOCTEN IMOYATKOBOT'O MaTepiaJry.

Po3pobsiene mporpamue 3a0e3redeHns MoyKe OyTH BUKOPUCTaHE B CUCTEMAX aB-
TOMATU30BAHOTO MTPOEKTYBAHHSA MaTepialiB 3 HOBUMU (DISUIHUMHU BJIACTUBOCTAMH,
IPUJIATHUME JIJIsi OaraTbox TEOPETUYIHUX 1 TPUKJIATHUX JTOCIIIIKEHb.

O06’eKTOM JOCJIII?>KEHHS € IIPOIECH B3a€MO/II] aKyCTUIHAX Ta eJIeKTPOMAarHi-
THUX XBUJIb 31 CTPYKTYpPaMu HEOJHOPITHUX MaTepiaiB.

IIpeanmerom gocig>kKeHHS € MaTeMaTUdIHI MOJesi aKyCTUIHOIO i eJIeKTPO-
MAarHITHOT'O PO3CIIOBaHHS Ha CYKYIHOCTI BKJIIOYEHb MaJIOT'O PO3MIPY.

HaykoBa HOBU3HAa 0/ep:KaHUX PE3YJIbTATIB JUCEPTAIHOT pOOOTH TIOJIATAE B

TaKOMY':

1. Yuepiie po3pobiieHO MaTeMaTUIHy MOJe/Ib PO3CIIOBaHHS aKyCTUYHUX 1 eJie-



KTPOMAarHITHUX XBWJIb Ha CYKYITHOCTI IMIIEJAHCHUX BKJIIOYEHb MAJIOTO PO3MIPY

Yy BUMAQ/JIKY 1XHBOTO HEPETYJISPHOTO Ta XaOTUYHOT'O PO3MIIIEHHS.

. 3012KHICTh METO/IY MOCJIiIOBHIUX HAOJIMKEHDb PO3B’A3aHHS JIOTIOMI?KHUX CHCTEM
JIHIAHIX ajareOpalyHuX PiBHSHL BCTAHOBJIEHO HA OCHOBI YHCJIOBUX JaHUX Ta,
BU3HAYEHO EMITIPUYIHI YMOBHU 3aCTOCOBHOCTI aCUMIITOTHIHOTO METOLy (ITOpOTOBi
3HAYEHHs CIBBiHOMEHHS d/a, je d — BiACTaHb MiXK BKJIIOYEHHSIMU, & 0 —

iXHiiT XapaKTepHUil po3Mip), 3a SKUX iTepaniiHuii mporec 36ira€Thes.

. TouHiCcTh ACUMIITOTUIHOTO METO/y BCTAHOBJIEHO Ha OCHOBI TIOPIBHAHHS 3 €Ta-
JIOHHUM PO3B’A3KOM, OTPUMAHUM 3 BUKOPUCTAHHAM METO/y IoTeHIia B Jle-
Oasl, KU aJalTOBAHO HA BUMNAJOK MHCHUX 3HAYEHDb JIEJIEKTPUYIHOI IIPOHHU-

KHOCTI.

. Po3pobiieHo cxemy obepHEHOTro CMHTE3Y ePeKTUBHOI MarHiTHOI IPOHUKHOCTI, Y
AKIT ABHUM acUMIITOTUIHUEN ortepaTop npsamol EM 3a1aqi moegnano 3 oomexke-
HUM TE€HETUYHUM aJITOPUTMOM; YMOBHU 3aCTOCOBHOCTI ACUMIITOTHUYHOI MOJIEJTi
3a0e31euyI0ThCs 6e3mocepeIHbO i Yac (popMyBaHHs MTapaMeTPiB MiKPOCTPY-
KTypH, & KJIIOYOBl IPUITYIIEHHA TPAMOI 3aJ1a49l MiATBEPIKEHO He3aJIEKHUMU

YH1CJIOBMMUM TE€CTaMMU.

IIpakTuyHe 3HAYEHHS OTPUMAHUX Pe3yJIbTaTiB:

1. Ha ocHOBI MaTeMaTUIHUX MOJEIEH 3314 PO3CiIOBaHHS PO3POOIEHO METOIH it

aJITOPUTMHU PO3B’A3yBaHHs 3a/1a4 aKycTuIHOro Ta EM po3citoBanHs Ha CyKyITHOCTI

BKJIIOUEHb MaJIOr'0 PO3MIpY.

2. Po3po0iieHo epeKTUBHUI METO PO3MIIEHHS BKJIIOYEHb B OJTHOPITHOMY Ma-

TepiaJii, IKUil JJId HEPEryJIAPHOrO Ta Xa0TUIHOTO PO3IIOJIITY BPAXOBYE OOMEYKEHH T

Ha CHIBBIIHOIIIEHHS I'€OMETPUYHUX PO3MIPIB BKJIIOYEHD 1 BiJICTaHl MiK HUMU.

3. Ha ocHOBI po3po0/ieHIX aJIrOpUTMIB peajii3oBaHO IMporpaMHe 3abe3IedeHHs

JJI PO3PaxyHKY MOKa3HUKA 3aJIOMJIEHHS Ta MAarHITHOI IIPOHUKHOCT1 HEOTHOPITHUX

MaTepiaJiB.

4. OTpumani pe3yJbTaTh YUCTOBOTO MOJIEIIOBAHHS MOYXKYTh CJIyT'yBaTH OCHOBOIO



JIJIsT pEKOMEHTaIliil 1moa0 (popMyBaHHs MaTepiaJiB 3 Halepe.  3aJaHIMI TTOKA3HU-
KOM 3aJIOMJIEHHSI Ta MarHiTHOIO IMPOHUKHICTIO.

Pobota ckitajiaeTbes 31 BCTyIy, II'sITA PO3ILIiB, BUCHOBKIB, TIEPEIKY BUKOPH-
CTaHUX J2KepesT 1 JI0JaTKY.

Y BCTyMOi BUCBITJIEHO aKTyaJbHICTh TEMATUKHU JOCJIiI>KEHDb i OOIPYyHTOBAHO BU-
6ip Temu; cchOpMyTIBOBAHO METY, O0’€KT, IpEeaMET i 3aBIaHHA JUCEPTAIHOI PO-
60TH; BiJ0OOparkeHo HAYKOBY HOBU3HY Ta IMPAKTUYHE 3HAYECHHSA OTPUMAHUX PE3YIh-
TaTiB; BKA3aHO 3B'A30K POOOTH 3 HAYKOBUMHM ITPOTPAMaMM i HAYKOBO-JIOC/ITHUMHU
remamu [HcTuTyTy. Tako>K BiJI3HAYEHO BHECOK 3700yBadva, IIOJAHO BiJOMOCTI IIPO
ampoOalIlifo pe3ysabTaTiB JIOCIKEeHb, CITUCOK ITyOJIiKaIliil, CTPyKTypy # obcar po-
ooTH.

Y meproMy Ppo34iJii TPOBeAEHO OTJIL[ JITepaTypu 3a TEMOIO JTUCEePTAaITiii-
HOT'O JIOCJIiJI?KEHHS, OKPECJIEHO OCHOBHI MpPOO/IeMH, siKi TOTPEOYIOTH IOJIAJIBIITIOTO
PO3B’sI3aHHY ITiJT Yac JOCJTIIXKEeHHSI PO3CiIOBaHHA Ha 00’€KTaxX MaJioro po3Mipy, BU-
KJIQJI€HO 1 OOrOBOPEHO (Pi3WYHI KOHIIENIII] Ta TEOPETUYHI OCHOBU PO3CIIOBaHHS aKYy-
cruunoro ta EM moaiB y HeonHopiguux cepenopuinax. Hapegeno 6a3osi popmyiin,
SAKI BUKOPUCTOBYIOTHCH TIiJT YAC TTOCTAHOBKM 1 PO3B’A3aHHA 3a/1a9 PO3CIIOBAHHS.

3arajibHe (pOpPMYJIFOBAHHS 3a/a9 PO3CiIOBaHHY Iepeadaiac BUKOPUCTAHHS CH-
creMu piBHAHb MakcBesuia, siki OIMUCYIOTh B3aEMO3B’ 430K €JIEKTPUIHOI 1 MarHiTHOL
koMmnoneHT EM mossi. BinguadeHno, mo TOYHUM PO3B’I30K I[i€] CUCTEMU MOXKJIMBUA
JIMIIe Jjisi po3citoBadiB nmpoctol (popmu (IJIOCKI HECKIHUYEHH] MexKi PO3JILITY OJIHO-
piIHUX MaTepiaJiB, KJIWHU, KPYTOBI IWIHIPH, cepr, KOHYCH) 3 MPOCTOI CTPY-
KTYpOto Marepiany (ieanbHuil eJleKTpUIHUi TPOBITHUK, OMHOPiIHI abo mapyBaTi
MaTepiaJjin), OCBITJIEHUX KAHOHIYHUM JKepesioM (TIOCK, MUTHApUIHI abo cdepu-
gl xBui). OpHaK Taki pO3B’I3KM HAI3BUYANHO BaXKJIUBI JJI CyYaCHOI CHCTEMHU
3HAHb TIPO BUIIPOMIHIOBAHHS, MOITMUPEHHS, TUMPAaKIIiio Ta po3citoBanugd EM XBuib.

BaxknBe 3HaYEHHSI MAIOTh TAKOXK ACUMIITOTUYHI PO3B’I3KH JIJIs 1eaJ1i30BaHIX
reoMeTpiil, siki CJIy:KaTh OyIiBebHUME OJIOKAMU B iHXKEHEpHUX MeTozax (reome-
TpUYIHA Teopis audpakiiil/yHiBepcasibHa Teopist mudpakiiii — geometrical theory

of diffraction/universal theory of diffraction — GTD/UTD, ¢izuuna ontuka —



physical optics — PO, disnuna Teopia audpakiiii — physical theory of diffrac-
tion — PTD) myst monenmtoBarts BucokoyacToraux EM moJiiB y peajibHOMY cepe-
JOBHIII].

Binznaueno, 1o po3B’sa3aHHs 3aja49 akycruaHoro ta EM po3sciroBanHg i qu-
dpakiiii HaBITH JJId MPOCTUX NeOMETPiil MOXKe OYTH JIOCUTH CKJIaJHUM. BogHouac
OCTaHHI JIOCATHEHHSI B OOYUCIIOBAIbHUX TEXHOJIOTIAX YMOXKJIUBUJINA TPAME TUCJIO-
Be MojesoBanHsa EM aBumi misg o6’e€KTiB, MOPIBHAHHUX i3 JOBXKHHOIO XBHJI, a
KOMIT IOTEpHI 3acobu BizyaJizariil jiajm e@eKTUBHI CIIOCOOM TpEeICTABIEHHS TOBE-
JiHKU po3cigHux mouis. [lomnpu 1e, cami 9uc/ioBi miaxoaum MalTh CyTTEBI DyHIa-
MeHTaJIbHI oOMexKeHHs. [IpsmMe 3acTocyBaHHSA METOJIB HA OCHOBI JTUCKPETHU3AIN /10
MaKPOCKOITIYHUX HEOJIHOPITHUX CTPYKTYP, PO3MIPpHU SKUX IMEPEBUIILYIOTH JTECATOK
JOBXKWUH XBWJIb, ITPU3BOJUTDL JIO CUCTEM JIIHINHUX PIBHSIHb 3 MIJIbUOHAMH HEBIIO-
Mux. Taki cucremu HepeasbHO PO3B’I3aTH 3 OIJISy Ha HEOOXiJ HI YacOBi BUTPATH
Ta 00CAT OIlepaTUBHOI HaM STi KOMIT oTepa. IcTOTHO i Te, 110 YUCJIOBUA#l PO3B’SI30K
HE MOYKe JIaTH SIKICHOI'O (DISUYHOTO ySBJIEHHS PO OCHOBHI MEXaHI3MU PO3CiIOBaHHSA
Ta JTUQPaKIIil.

3 orysiy Ha I1e OKPEeCJIeHO MPo0IeMI BUKOPUCTAHHS YUCIOBUX METO/IB IIiJI Yac
PO3B’sI3aHHS 33729 PO3CIIOBAHHSI Ta PO3IJISHYTO ONTUMI3aIliiiHi 3a/1a4i, PO3B’A3KU
AKUX BUKOPUCTOBYIOTHCA JIJISI MOJIEIOBAHHSA MaTepiasiB 3 OaKaHUMU BJIACTUBO-
CTSIMU.

A pyruit po3aiji npucBAY€HO aCUMIITOTUIHIM METO/IaM Ta YUCJIOBOMY aHAJIZY
IPSAMUX 33Ja4 PO3CIIOBaHHS Ha CUCTEMaX MaJIMX BKJIOYeHb. [Ioano 3araabHy imero
ACUMIITOTHYIHOTO IIiIXO/MY, CIIJIBHY JJIg aKyCTHIHUX Ta EM XBUIIb.

I1s imesa mosigrae B TOMY, IO BIUIUB KOXKHOT'O MAJIOTO BKJIIOUYEHHS Ha 3araJbHe
I10JI€ 3BOAUTHCS 0 il TOYKOBOI'O JXKepesia, 30CEPEIXKEHOr0 B IMEHTP1 BKJIIOYECHHSI.
[HTeHCUBHICTDL TAKOIO KepeJia BU3HAYAETHCA I'PAHUIHUMHU YMOBAMHU Ha IIOBEPX-
Hi BKJIIOYEHHSI, 1Or0 T€OMETPUIHUMH HapaMeTPpaMH Ta II0JeM, IO i€ Ha HbOTO 3
OOKYy IMaar090l XBUJII Ta PEIITH BKIYEHb. 3 IMOTJISLY AUCKPeTu3allil 3a,/1adi, iHTe-
rpaJjibHe IIpPeJICTaBJIEHHS PO3CISTHOIO I0JIsd, K€ MICTUTH MOBEPXHEBI IHTErpaJsim 110

KO2KHOMY BKJIIOYE€HHIO, IIEPEXOAUTDH y CYMYy TOYKOBUX BHECKIB.



Ile mae 3mory 3aMiHUTH 3a/a9y PO3CIIOBAHHSA HA CUCTEeMi 00’€MHUX TiJ aJjre-
OpalIHOIO0 CUCTEMOIO PIBHSAHB BiTHOCHO €(PEKTUBHUX MOJIB Y TOYKAX PO3MIIEHHST
BKJIIOUY€Hb. PO3MIpHICTH 11i€1 cUCTEMU BU3HAYAETHCH KIIBKICTIO BKJIIOYEHb, a HE
KUTBKICTIO CTYTEHIB BLIBHOCTI Ha 1X MOBEPXHAX, IO CYTTEBO 3HUNKYE OOYUCIIIO-
BaJIbHY CKJIQJIHICTD.

[lonasbimne COpoIeHHs JTOCATaE€ThCs IMIISIXOM parMeHTallil 00JacTi po3citoBa-
HHsI Ha OKpeMi IIJI00JIacTi 3 BEJMKOIO KIJIBKICTIO BKJIIOUEHDb. SIKIMO BKJIIOYEHHS
PO3IOIIIEH] B JIedKiil 111 100J1aCTi 3 JOCTATHBOIO T'yCTHHOIO, JIMCKPETHA CyMa IIePeXO-
JIUTH B iHTErpaJi, i 3ajiava 3BOJUTHCH JI0 IHTErPAJIbHOTO PIBHSHHS /151 €(DEKTUBHOT'O
1oJ1s1. AHAJI3 IIbOr0 PIBHSHHS 1€ 3MOTI'Y BUBECTH siBHI (POPMYJIN It €(DEKTUBHUX
mapaMeTpiB cepegOBUINA — MOKA3HUKA 3aJOMJIEHHS, TieJeKTPUIHOI a00 MarHiTHOL
MIPOHUKHOCTI ¥ TepMiHaX MIKPOCKOIIIYHUX XapaKTEPUCTUK BKJIOYEHbD.

HertastizoBano Mozesi jijisi 060X BHUIAJKIB PO3CIIOBAHHS i BCTAHOBJIEHO YMOBU
3aCTOCOBHOCTI Ta 0OMekeHHs MeToy. OKpPeMO OMUCAHO PEryJIaPHUM, XAOTUIHUH 1
IIIaPOBAHUI CITOCOOU ITPOCTOPOBOIO PO3MOJIIIY BKJIIOUYEHDb, BEPU(MIKOBAHO TOYHICTH
ACHMITOTUIHOTO PO3B 53Ky (30KpeMa IIITXOM MOPIBHAHHS 3 €TaJOHHUMHI PO3B’ i3~
KaMU Ta 3 KOJIOKAIIHHUM PO3B’SI3KOM JIJIsl aKyCTUYIHOI 3aJ1a4i), JOC/i/zKeHO 36i-
JKHICTD 1TepaliifHuX MpoIeayp, & TaKOXK ITPOaHaJI30BaHO YYTJIMBICTH XapaKTepu-
CTUK pO3CitoBaHHS 0 (PI3MYHUX HapaMeTPiB Ta BIIUB PO3MOJIiJY BKJIIOYEHb HA
CTPYKTYPY IOJI.

Tperiit po3/1iJ1 TpUCBAYEHO BUKOPUCTAHHIO TToTeHITia B /lebas Ta y3araabHe-
HUX cdepoimaabHuX (QYHKINN /19 TOCTAHOBKU 1 PO3B’d3aHHS 3aJladi eJIeKTPOMa-
THITHOTO PO3CIIOBAHHA 3 METOIO IePEBIPKU aIeKBATHOCTI 3aIIPOIIOHOBAHOI'O aCHM-
MNTOTUYHOTO TIIIXOIY.

[Torenmiamn /Ilebass BUKOPUCTOBYIOTbCA B MeXKaX 3aCTOCYBaHHA y3araJlbHEHOI'O
MeToy BiaacHux koiuBanb (YMBK) mo poss’sizants 3a71a4 po3citoBaHHS Ha TiJIax
3aJaHO1 reoMeTpil. 3arajJbHUil PO3B’A30K 3a/1a4i PO3CIIOBaHHS 3aIMCYyETHCS Y BU-
Iy KoMOiHalil BjaacHuX (DYHKINN 3 MHOXKHUKAMHU, siKi € BJIACHUMU 3HAYEHHSIMU
BIJIMOBIIHUX OJHOPIAHUX 3ajiad. Po3riisgHyTo ocobJyimBocTi Bukopuctanas Y MBK

JIJIsT PO3B’I3aHHA 3a/1a9 Ha TiJaX 3 KOOPIMHATHUME MOBEPXHAMHM Ta 3IMCHEHO Ie-



pexia BiJl 3araJJbHOIO KOMILJIEKCHOTO ITPeICTaBJIECHHS €JIeKTPUIHOI ITPOBIIHOCTI IO
MICHUX 3HAYEHD, IO TAKOXK CYTTEBO CIPOCTHUJIO OOYUCITIOBAIbHY CXEMY METOIY.

OcobsiuBy yBary mpuaiJieHO PO3B’sI3yBaHHIO BiJIIIOBIIHUX OXHOPIAHUX 3a/ad,
JIiHITHA KOMOIHAIlA PO3B’A3KIB AKUX JIa€ 3MOTY MMOOY/yBaTU PO3B 30K 3arasbHOl
3aJa49i po3citoBaHHSI. 3 BUKOPUCTAaHHAM moTeHiiagiB Jlebas i rpaHmIHIX yMOB Ha,
IIOBEPXHI pO3CiloBava OTPUMAHO CUCTEMY JIHHIMHUX aJreOpaldHuX PiBHAHDb, 3 sKOL
BU3HAYAIOTHCA KOeIIMIEHTH PO3KJIALY, TOOTO BiIIIOBIIHI BJIACHI 3HAYEHHS OIHOPI-
JmHOT 3asadi. /locimkeHo 301KHICTD iTepaIliifHOro mpoIecy po3B’a3aHHA OTPUMA-
HUX CUCTEM JIHIMHUX ajarebpaldHux pPiBHSAHD, 110 JaJI0 3MOT'y HepefTH 10 MOPiBHS-
HHS 3 YUCJIOBUMHU Pe3yJTbTaTaMUd aCUMITOTUIHOTO METOITY.

IIpoBeneHO TOPIBHAHHSI YUCJIOBUX PE3YJIbBTATIB, OTPUMAHUX ACHMITOTHIHIM
I1iJIXOIOM, 1 BCTAHOBJIEHO MEXKi HOro 3aCTOCOBHOCTI J0 PO3B’d3aHHS 3aJa9 PO3-
CITOBaHHSI.

Y 4yeTBEPTOMY PO3/IiJIi PO3IIAHYTO MOJETIOBAHHA MaTepiaJbHUX BJIACTHBO-
cTell HeOTHOPIIHUX CEPETOBUII Ha OCHOBI ACUMITOTUYHOI'O PO3B’A3KY IPAMOI 3a-
nadi. BuBeneno aBHi dhopmynn ajid epeKTUBHOI MarHiTHOI ITPOHUKHOCTI Ta aKy-
CTUYHOT'O TOKA3HUKA 3aJI0MJIEHHS, BUKOHAHO YUCJI0BE MOJEIIOBAHHS 1X TIPOCTOPO-
BO HEOJTHOPITHUX PO3IO/IIB JJIs PI3HUX TUINB MIKPOCTPYKTYP 1 IIpOaHaJi30BAHO
TEXHIYHY ONTHUMI3aIli0 IPOrpaMHOl peaJizallil 9K HepeayMOBY IOJAAJBIION0 00ep-
HEHOI'O CUHTE3Y.

IPgaTuit po3aiJ1 OPHUCBAYEHO HOCTAHOBIN ONTUMIBAIIMHUX 3aJad, HA OCHOBI
AKUX OTPUMAHO 3HAUYEHHA (DISUIHUX IMapaMeTPiB HEOTHOPITHOTO MaTepiay, 0Jin3b-
Ki 110 3aganux. Ha ocHOBI BapialifiHOl IIOCTAHOBKHY 3a1ax1 pO3PO0JIEHO BiIIIOBI THMIA
MeTO/, i aJITOPUTMHU PO3B’sI3aHHsT OINTUMI3AIINHOI 3a,1ai.

Ha Bimminy Bij KjaacudHOl oOepHEHOI 3aj1adi pO3CiIOBaHHS, J€ 3a JaHUMHU PO
pO3CidgHe moJjie BiTHOBIIOIOTH HEBIIOMUI 00’ €KT ab0 mapaMeTpu CepeJIOBUIIA, Y TThO-
MY PO3/IiJT PO3TIAIAETHCA 3a/1a9a 1HIITOTO TUTTY — 3aJiada 00EPHEHOTO CUHTE3y Ma-
Tepiasy. Ii MeTa moJsiTae He y BifHOBIICHHI B2Ke iCHYIOUOT CTPYKTYDH, & y HOOYI0B
TaKOl JIOITYCTUMOI MIKPOCTPYKTYPH, siKa 3abe3ledye Hamepesn 3ajdaHi eDeKTUBHI

QiznyHI XapaKTEePUCTUKH.



Ha mowarkoBomy etami nepegdadaiocd TOCTIIATA OKpPeMi 3ajadl ONTUMi3a-
i1 3a MOKA3HUKOM 3aJIOMJIEHHS, MArHITHOIO Ta JIeJEKTPUYHOIO MTPOHUKHOCTIMM.
OpHak IIpoBeeHNI aHaJ i3 MOKa3aB, 1110 AaCUMITOTUYHUN PO3B’A30K HPsAMOI 331249l
JIa€ 3MOTY TTOOY/IyBaTH OLIBIN 3arajbHy OOYMC/ITIOBAJIbHY cXemy. ¥ Hill KOHKpETHA
diznaHa XapaKTepUCTUKa CepPeIOBUINA BU3HAYAETHCSI HE CTPYKTYPOIO CAMOTO aJ-
TOPUTMY, & BHOOPOM ILILOBOTO (byHKITIOHATY. TOMYy B MOJAJIBIIIOMY PO3TJISTHYTO
VHiBepCaJIbHY 3a71a49y 0OOEPHEHOI'0 CUHTE3Y, sIKa JIOIYyCKAE ONTUMI3AINO 38 PI3HUMU
napaMeTpamMu eeKTUBHOTO CEPEJIOBUIIIA.

OTpuMaHO YUCIOBI PE3yJIBTATHA Ta MPOBEJICHO MOPIBHIHHS 3 PO3B’I3KaAMU TTPSsI-
MUX 33J1a9, HABeJEHUMH B IoepeaHix posaiax. ChopMyaboBaHO HUSKY PEKOMEH-
Al JIJI9 TeXHOJOTITHOI mpolieIypu (pOpMyBaHHS MaTepiaJIiB i3 3aJJaHUMU 3HAYE-
HHSIMU TTOKA3HUKA 3aJI0MJIEHHS Ta MArHITHOI TPOHUKHOCTI.

BucHoBKU TpHCBAYEHO BUCBITJIEHHIO OCHOBHUX HAYKOBUX 1 MPAKTUIHUX Pe-
3yJIbTaTiB, OTPUMAHUX Yy PE3yJIbTaTi MPOBEJIEHHS JIUCEPTAITHOT POOOTH.

Karouosi crosa: akycTudHe Ta eJIEKTPOMAarHiTHE PO3CIIOBaHHS, aCUMITOTUIHA
MO/I€JTb, BKJIIOUEHHS MaJIOTO PO3MIipy, IMIIeJIaAHCHI T'PAHUYHI YMOBH, MOKA3HUK 3a-
JIOMJIEHHS, MarHiTHAa ITPOHUKHICTH, aHAJITUYHA peryJjigpusallis, MaTeMaTUdHe Ta
KOMIT IOTE€PHE MOJIEJTIOBAHHS, SBHI PO3B’I3KMU, CUCTEMA JIHINHUX aJredpaldHux piB-

HAHb, METO/I ITOCJIiJOBHIUX HAOJIM>KEHb, 3012KHICTh.



ABSTRACT

Yevstyhneiev B. Ye. “Modeling the properties of heterogeneous materials based on
the characteristics of their acoustic and electromagnetic scattering” — Qualifying
scientific work submitted as a manuscript.
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This dissertation addresses an important scientific and applied problem: devel-
oping mathematical models for calculating and optimizing the physical properties
of inhomogeneous materials exposed to acoustic and electromagnetic (EM) fields.
The problem is solved by constructing models that enable calculation of material
properties and application of numerical methods for their subsequent optimization.

The main results include scattering models for acoustic and EM waves by en-
sembles of small inclusions with impedance boundary conditions on their surfaces,
together with analytical and numerical methods for studying the scattering charac-
teristics of such inclusions. These methods are then used to model materials whose
refractive index and magnetic permeability differ from those of the host medium.

The developed software can be used in computer-aided design systems for ma-
terials with novel physical properties suitable for a wide range of theoretical and
applied studies.

The object of the study is the interaction of acoustic and electromagnetic
waves with the microstructures of inhomogeneous materials.

The subject of the study is mathematical models of acoustic and electro-
magnetic scattering by ensembles of small inclusions.

The scientific novelty of the dissertation results is as follows:

1. For the first time, the mathematical model of acoustic and electromagnetic
wave scattering has been generalized to irregular and chaotic arrangements of small
inclusions.

2. The convergence of the method of successive approximations for solving
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auxiliary systems of linear algebraic equations has been established on the basis
of numerical experiments. Empirical applicability conditions of the asymptotic
method, expressed in terms of threshold values of the inclusion spacing-to-size
ratio, have also been determined.

3. The accuracy of the asymptotic method has been validated through compar-
ison with benchmark solutions obtained using the Debye-potential method adapted
to the case of real-valued dielectric permittivity.

4. A scheme for the inverse synthesis of effective magnetic permeability has been
developed by combining the explicit asymptotic forward operator for the electro-
magnetic scattering problem with a constrained genetic algorithm. The applicabil-
ity conditions of the asymptotic model are enforced directly during microstructure
generation, while the key assumptions of the forward model are confirmed by in-
dependent numerical benchmark tests.

The practical significance of the results:

1. Based on mathematical models of scattering problems, methods and algo-
rithms for acoustic and EM scattering by ensembles of small inclusions have been
developed.

2. An effective method for arranging inclusions within a homogeneous material
has been developed; for irregular and chaotic distributions, it enforces constraints
on the ratio of inclusion size to inter-inclusion spacing.

3. Software has been implemented to calculate the refractive index and mag-
netic permeability of inhomogeneous materials.

4. The numerical modeling results can serve as a basis for recommendations on
fabricating materials with prescribed refractive index and magnetic permeability.

The dissertation comprises an introduction, five chapters, conclusions, a bibli-
ography and an appendix.

In the introduction, the relevance of the research topic is substantiated and
the choice of subject is justified; the aim, object, subject and tasks of the disser-
tation are formulated; and the scientific novelty and practical significance of the

results are presented. The author’s contribution, information on the dissemination
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of results, a list of publications and the structure and scope of the work are also
given.

In Chapter 1, a literature review on the dissertation topic is presented; the
main open problems in scattering by small objects are outlined; and the phys-
ical concepts and theoretical foundations of acoustic and EM field scattering in
inhomogeneous media are discussed. The basic formulas used in formulating and
solving scattering problems are given.

The general formulation of scattering problems relies on Maxwell’s equations,
which relate the electric and magnetic components of the EM field. Exact solu-
tions are available only for scatterers of simple geometry (plane interfaces of ho-
mogeneous media, wedges, circular cylinders, spheres, cones) with simple material
structure (perfect electric conductor, homogeneous or layered media), illuminated
by canonical sources (plane, cylindrical or spherical waves). Nevertheless, such
solutions are fundamental to the modern understanding of EM wave radiation,
propagation, diffraction and scattering.

Asymptotic solutions for idealized geometries also play an important role as
building blocks in high-frequency engineering methods (geometrical theory of diffrac-
tion/ universal theory of diffraction — GTD /UTD, physical optics — PO, physical
theory of diffraction — PTD) for modeling EM fields in realistic environments.

Solving acoustic and EM scattering and diffraction problems, even for simple ge-
ometries, can be highly challenging. Recent advances in computational technologies
have enabled direct numerical modeling of EM phenomena for wavelength-sized ob-
jects, and visualization tools provide effective means of representing scattered-field
behavior. However, numerical approaches have fundamental limitations. Direct
application of discretization-based methods to macroscopic inhomogeneous struc-
tures larger than about ten wavelengths leads to linear systems with millions of
unknowns that are impractical to solve within reasonable time and memory con-
straints. Moreover, numerical solutions alone cannot yield qualitative insight into
the underlying scattering and diffraction mechanisms.

Accordingly, the limitations of numerical methods in scattering problems are
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discussed, and optimization problems whose solutions are used to model materials
with desired properties are considered.

Chapter 2 is devoted to asymptotic methods and numerical analysis of di-
rect scattering problems for systems of small inclusions. The general idea of the
asymptotic approach, common to both acoustic and EM waves, is presented.

This idea is that the effect of each small inclusion on the total field is repre-
sented by a point source located at the inclusion center. The strength of this source
is determined by the boundary conditions on the inclusion surface, its geometric
parameters and the field due to the incident wave and the other inclusions. From a
discretization standpoint, the integral representation of the scattered field, which
involves surface integrals over each inclusion, reduces to a sum of point contribu-
tions.

This allows the scattering problem for a system of volumetric bodies to be
replaced by an algebraic system for the effective fields at the inclusion locations.
The size of this system is determined by the number of inclusions rather than by
the number of degrees of freedom on their surfaces, which substantially reduces the
computational cost.

Further simplification is achieved by partitioning the scattering domain into
subregions containing many inclusions. When inclusions are sufficiently densely
distributed in a subregion, the discrete sum becomes an integral, and the problem
reduces to an integral equation for the effective field. Analysis of this equation
yields explicit formulas for the effective medium parameters — refractive index,
dielectric permittivity or magnetic permeability — in terms of the microscopic
inclusion properties.

The models for both scattering cases are detailed, and the applicability condi-
tions and limitations of the method are established. Regular, chaotic and layered
inclusion arrangements are described separately; the accuracy of the asymptotic
solution is verified (including comparison with reference solutions and with a col-
location solution for the acoustic problem); convergence of iterative procedures is

investigated; and the sensitivity of scattering characteristics to physical parameters
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and the influence of inclusion distribution on the field structure are analyzed.

Chapter 3 is devoted to the use of Debye potentials and generalized spheroidal
functions in formulating and solving the electromagnetic scattering problem in
order to verify the adequacy of the proposed asymptotic approach.

Debye potentials are used within the generalized method of eigenoscillations
(GMO) to solve scattering problems for bodies of prescribed geometry. The general
solution is written as a combination of eigenfunctions with coefficients given by the
eigenvalues of the corresponding homogeneous problems. Features of applying
GMO to bodies with coordinate surfaces are discussed, and a transition from a
general complex representation of electrical conductivity to real values is made,
which also substantially simplifies the computational scheme.

Particular attention is paid to solving the corresponding homogeneous prob-
lems, a linear combination of whose solutions yields the solution to the general
scattering problem. Using Debye potentials and boundary conditions on the scat-
terer surface, a system of linear algebraic equations is obtained from which the
expansion coefficients — the corresponding eigenvalues of the homogeneous prob-
lem — are determined. Convergence of the iterative solution process for these
systems was investigated, enabling comparison with numerical results obtained by
the asymptotic method.

A comparison of numerical results obtained by the asymptotic approach is
carried out, which establishes the limits of its applicability to scattering problems.

In Chapter 4, modeling of material properties of inhomogeneous media based
on the asymptotic solution of the direct problem is considered. Explicit formulas for
the effective magnetic permeability and acoustic refractive index are derived, nu-
merical modeling of their spatially inhomogeneous distributions for different types
of microstructures is performed, and the technical optimization of the software
implementation is analyzed as a prerequisite for further inverse synthesis.

Chapter 5 is devoted to the formulation of optimization problems used to
obtain physical parameters of an inhomogeneous material close to prescribed val-

ues. Based on a variational formulation, an appropriate method and algorithms
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for solving the optimization problem are developed.

Unlike the classical inverse scattering problem, in which an unknown object
or medium parameters are reconstructed from scattered-field data, this chapter
considers a different type of problem — inverse material synthesis. Its goal is not
to reconstruct an existing structure, but to construct an admissible microstructure
that provides prescribed effective physical properties.

Initially, separate optimization problems for refractive index, magnetic perme-
ability and dielectric permittivity were planned. However, analysis showed that
the asymptotic solution of the direct problem allows a more general computational
scheme to be constructed, in which the specific physical property of the medium is
determined not by the structure of the algorithm itself, but by the choice of the ob-
jective functional. Accordingly, a universal inverse synthesis problem is considered
that permits optimization with respect to various effective-medium parameters.

Numerical results are obtained and compared with direct-problem solutions
presented in the preceding chapters. A number of recommendations are formulated
for the fabrication procedure for materials with prescribed refractive index and
magnetic permeability.

The conclusions summarize the main scientific and practical results obtained
in the dissertation.

Keywords: acoustic and electromagnetic scattering, asymptotic model, small-
size inclusion, impedance boundary conditions, refractive index, magnetic perme-
ability, analytical regularization, mathematical and computer modeling, explicit
solutions, system of linear algebraic equations, method of successive approxima-

tions, convergence.
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