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AHOTAIIIA

Keimxa H.M. TlommpeHHs eJIeKTPOMArHiTHUX 30y 2KeHb Yy IapyBaTUX Ha/l-
IIPOBIJHNUKAX, KepOBaHe CTATUYHUM MAarHITHUM IojieM. — Kpasidikatiiina
HayKoBa IMpallgd Ha IIpaBax PYKOIIUCY.
HucepTraliisg Ha 3700yTTs CTyIeHsT JoKTopa (isocodil 3a creniaabhicTio 104 —
®Disuka ta acrponomist (Famysp suanb 10 — Ipupomauai vaykn). — [HeTuTyT
pasiodisukn Ta enekrponiku iM. O.¢. Yeukosa HAH VYkpainn, Xapkis, 2024.
B aucepramniitniit podboTi 1mpejicTaB/IeHO pe3yJIbTaTH TEOPEeTHIHOrO JI0-
CJIJIPKEHHSI TOIIMPEeHHsI eJIeKTPOMarHiTHIX 30y/IKeHb B 3pa3Ky IIapyBaToro
Ha/IITPOBITHNKA CKIHUEHHUX PO3MIpiB, KEpOBaHE CTATUIHUM MAaIrHITHUM I10JIEM.
[Mlapysari nagnposigauku (IIHIT), npuknagom skux € pobpe Bigomi
KynpaTHi Brcokoremieparypsi wajanposigauku (BTHII) abo mrydno cus-
Te30BaHl MapyBaTi CTPYKTYpH, MalOTh YHIKaJbHI (PI3UTHI BJIACTHUBOCTI, AKi
MOSICHIOIOTHCS CUJILHOIO aHI30TPOIIEI0 CTPYMY: HAJIIPOBI/IHI MIAPU OB d3aHi
MizK coboto uepe3 BHyTpimmHiil epekt 2x03edcona, B AKOMY BeTUUNHA CTPYMY
HEJIIHIITHO 3aJIe2KUTh BiJl MIXKIIApPOBOI pi3HMIN a3 HapaMeTpa IOPAAKY, a
B3JIOBXK IIAPiB Teve JIOHIOHIBCHbKNN HAIITPOBIIHNN CTPYM. ¥ IUX CTPYKTypax
nepedavdeHo HU3KY IHKaBUX HeiHifiHuX ejgexkrtpomaraitaux (EM) ssum B
BAKJINBOMY 3 TOUYKH 30py 3acrocyBanb TeparepiioBomy (TT'm) miamazoni
4acTOT. BarK/IMBOIO OCOOJIMBICTIO MIAPYBATUX HAJIITPOBIIHUKIB € Te, IO eJje-
KTPOMAarHiTHI XBWJII B HUX B3a€MOJIIIOTh 31 CTATUYHUM MAarHITHUM II0OJIEM,
[0 3YMOBJIIOE HEOOXITHICTH TEOPETHMIHUX JIOC/IYKEHb BILINBY TAKOI'O IIOJIA
Ha IIOIINPEHHSI XBUJ/Ib, 1, BIJAIOBIIHO, Ha e(eKTH, dKi MOKHA CIIOCTEpIraTiu B
TaKNX Marepiajgax. ¥ IMepIioMy PO3JLIlL AucepTallil mpoaHasizoBaHo OCHOBHI
pe3y/bTaTh, HasBHI B JITepaTypl Ipo MapyBaTl HaJIIPOBJIHUKOBI CHUCTEMH,
OIIMCaHO OCHOBHI M1JIXO/IM JIO aHAJII3Y IXHIX eJIEKTPOIMHaAMIYHIX BJIACTUBOCTEI,
a TaKOXK HalBayK/uBilIl edeKkTH, nepejadadeHi y TaKux CUCTeMax.

B APYyToMy PpPO341JI11 JucepTalll PpO3IVIAHYTO XBHJII, JIOKaJI130BaHl Ha



toukiit mactuni ITHII, gxa snaxoguTbess B JIi€JIeKTPUIHOMY CEPEOBHIII
(abo, JJIsT TIPOCTOTH, Y BaKyyMi) B JIBOX NMPHUPOJHO HAHUIPOCTIIINX MEOMETPI-
SIX: HaJUIPOBLIHI Mapu mapaJjieibHi abo MepHeHUKYJIAPHI IPpaHuIll PO3JILIY
[IIHII-BakyyM. AHATITHYHO OTPUMAHO 3aKOH JUCIEPCIl JJIsT BJIACHUX MOJ —
MMOBEPXHEBUX Ta XBUJIEBIIHUX JIOKasi30BaHuX XBuib (JIX) y 1BOX BKazaHux
BUTAJIKAX. POSIVISTHYTO CHMETPUYHI Ta aHTHCUMETPUYHI (I0JI0 TIPOCTOPOBOTO
PO3MOJILTY MarHiTHO! KOMIoHeHTH EM-XBu/ii BiJIHOCHO cepevHU IJIACTHHI)
MOJIM. 3a OTPUMAHMMHU aHAJITUYHUMU BHUpa3aMU II00YJI0BAHO CIIEKTpaJsibHi
KpUBi. Y MepIIoMy BUITQJIKY, KON Iapu HaJIIPOBLIHIKA MapaJebHl TOBEpPX-
HgM 3pa3Ka, JUCIEPCis € HOPMaJJbHOIO 3 JIOJIaTHOIO TI'PYIOBOIO IIBUJIKICTIO
3a BCIX 4aCTOT, IO He € JyzKe OJIM3bKUMU [0 J12K03e(PCOHIBCHKOI YaCTOTH.
Jltst 1i€l 2K gacToTHOI 00J1acTi B 0OpaHiil reoMeTpil BIEpIlle BpaXoBaHO TaKOXK
EMHICHUI MIzKINAapOBUil 3B’5130K — e(eKT MOPYIIeHHS eJIeKTPOHEHTPAIBLHOCTI.
byno mokaszano, o B IIbOMY BHIIQJIKY JUCIIEPCiS MOKe OYTH aHOMAaJILHOIO.
Oxkpim Toro, 1eit edpeKT TIPU3BOIUTD i [0 IHIINX HE MEHII BaKJIUBUX HIKABUX
HACJIIJIKIB: 10 BUHMKHEHHS T00JIM3Y IK03e(PCOHIBCHKOI YacTOTH JI04aTKOBOI
3a00POHEHOT 30HU, MIMPHUHA SIKOI ACHMIITOTHUYHO IIPOIOPIIiiHA KBaJIpaTHOMY
KOPEHIO 3 KoedilieHTa €MHICHOIO 3B’SI3KY, Ta JI0 BUPOJXKEHHSI CIIEKTpa IIpu
JIEIKUX IIapaMerpax CUCTEeMH. ¥ JIPYTOMY 2K BHIAJKY, KOJIU Iapu HaJIIpo-
BiJIHWKA IePIEHUKYJIAPHI MOBEPXHSIM 3pa3Ka, €MHICHUM 3B’SI3KOM MOXKHA
3HexTyBaTH. [Ipm 1bOMy cCIHeKTpaJibHI KPHUBI MalOTh aHOMAaJbHY YaCTHHY
B IIUPOKOMY diara3oni dacToT. [lokazamo, gk came MOXKHa& BILJIUBATH Ha
CIIeKTpaJIbHI KPHUBI, Bapilol0uMd CTaTHYHE MarHiTHe I10je: 30LJIBbIIEeHHS I10JIsd
BI/IIIOBlJIa€ MafizkKe MapaJieJIbHOMY 3CYBY KPHUBHUX JIO MEHIIUX 4YacTOT IIpH
JacToTax, OLIbIINX 12K03e(DCOHIBCHLKOT, Ta 301/IbIIEHHIO KPUBUHU CIIEKTPAJIbHOT
JIHIT Opn MaJnX dacrtoTax. /Jljas momasibIioro JOCiKeHHs B HACTYITHUX
po3isax 0y/10 0OpaHo JApYruii BapiaHT reoMeTpil, B siKiil Kpallle BUSIBJISIOThCS
arizorponni BiaactuocTi HITHII i MoxkmmBO cocTepiraTn aHOMaJIbHY JHUCIIEP-

Cifo B OLJIBII MUPOKOMY Jiana3oni yacToT. [Ipn npbomy eMHicHUIT 3B’ 130K MOYKe



OyTH OIyIIEHO, a 3a00POHEHOT 30HN He BUHMKAE B HANIIKABIIIIN 3 TOUKH 30PY
BUBYEHHs HEJIHIHHNX edeKTIiB 00/1acTi 4acToT.

Y TpeTboMy pO3JiJIl JicepTallil po3IJITHYTO 30Yy/I2KEeHHs JIOKaJi30Ba~
HUX XBWIb, K€ BUKJIMKAE SBUINE PE30HAHCHOI TPO30pocTi 3paska g 111
XBWJIb, 1 BIIepIlle JIOCTZKYEThCS BIUIUB CTATUYHOTO MATrHITHOTO TOJS Ha TIE
agputie. [lnacTury momimeno B ONTUYHO MIJbHE JlieJIeKTPUIHE CepeIOBUIIE i
BIJJOKPEMJIEHO BiJ HHOTO 3 000X OOKIB 3pa3Ka 3HAUHO MEHII OITHYHO IIIILHIMU
TOHKHMU [POCTOPOBUMHE IpOoMiKKamu (Bakyymom). B ommcaniit reomerpil
MOKJINBO 30y/Kenns JIX, dKIO Ha cuCcTeMy IMajae XBUJIs, sKa, BHACLIOK
edekTy MOBHOIO BHYTPINIHBOTO BIJIOUTT, 3racae y BaKyyMHUX MPOMIKKax,
aJie 3aBIAKN 30y/KeHHIO JIX XBuIsg MoxKe TpoiTu depe3 cucremy. e 30y-
TZKEHHST BJIACHUX MOJI TOsICHIOE pe3oHaHcHy mposopictsb maactun [HITHIT, mo
BUHUKAE [1PU [IEBHUX PE30HAHCHUX 3HAUYEHHIX IapaMeTpiB, sKi BIJIIOBIIAIOTH
nucnepciinum Kpusnm JIX.

3ajiauy po3B’s3aH0 aHAJITHIHO B TpaHchep-MaTpuIHOMY (hOpMaJIi3Mi.
[leit meTom Oyno MommdiKOBAHO g HErapMOHIYHUX (QPYHKINH — ajKe B
00J1aCTAX 3pa3Ka, B AKi IPOHUKAE cTaTndHe MartiTae noJe, EM xBui craioThb
HerapMOHIYHUME. 30KpeMma, B TaKOMYy BHIIQJKY Ii XBHJI OIHUCAHO CIIelia/Ib-
HuMmn ynknigvu Jlexxkangapa. Y TepMminax ¢ynkiit Jlexkangpa orpumaHo
AHAJITUYHI BUpA3W JUIA CHEIaJbHUX MATPHUIlb, HAKi ePEKTUBHO OINCYIOTh
npoxojizkeHHst EM xBujii Kpisb 00/1acTh YaCTKOBOI'O IPOHUKHEHHS Y 3pa30K
JI2K03e(PCOHIBCHKOI'O BUXOPY, SIKUil 3yMOBJIEHO HAsIBHICTIO CJIAOKOTO CTaTHIHO-
ro 1oJig. Ilokasano, 1110 KOMIIOHEHTH UX MaTPHUIb He MICTATH iHoOpMAaIll Hi
PO pO3MipH 3paska (TOBIIMHY), Hi PO THUI JIEJEKTPUIHOTO CEPEIOBUIIA, 3
SIKIM MerKye I1acTuHa. [Ipu mboMy BOHU 3aJ1eKaTh JIUIIIe Biji 00paHoro 3nave-
HHSI CTATUYHOTO MArHITHOIO TOJIsi. 3aIPOIIOHOBAHO BUKOPUCTAHHS IITX HOBUX
MaTPHIIL [/ CIIPOIIEHOTO aHaJIi3y Mpoxoizkennda EM xBuii depes ckiaaHini
CUCTEMH, IO MICTATH OJHY uu Oiibiie pizaux miactun ITHII, mo mexyiors 3

000x OOKiB 3 JlieJIeKTPUKaMK, B SIKUX HasBHE IIeBHE CTaTUYHE MarHITHE II0JIe.



Byio orpumano Ta mpoaHaJ/li3oBaHO siBHI BUpasu Jijisi KoeilieHTiB BiONTTSI i
IIPOXOJI?KEHHsI XBIJIb. JLOC/III>KEHO BILIUB CTATUYIHOIO 110151 Ha, 11 KoedilieHTn
Ta BU3HAYEHO MOKJIMBICTH KEPYBAHHS SBUIEM PE30HAHCHOI MPO30POCTI, dKe
Buk/nkane 30ymkenusm JIX y mimacruni HTHIL. Sanexnicts koedirienta
IPOXOJIKEHHST 9K BiJIOUTTS BiJ| KyTa IaJliHHs, 3aBJIIKI HEMOHOTOHHIM JTHc-
nepcii, Moxke HaOyBaTu cHEIU@IIHOrO BUTJISILY, 1 1l BUIJIS 3aJIesKUTh 9K
BiJl JacTOTH, TaK 1 BiJl BEJIMIMHHU CTATHIHOIO MarHiTHOro mojd. Lle moxke
OyTH OJIMH HOPMAJIBLHUI TOCTPHI MK MPOXOZKeHHsI (a0, BiJIOBITHO, rocTpuii
MiHIMYM BiOUTTS), siKuit criocrepiraBes 0, sikio 6 3amicts maactuan [TTHIT
IOMICTUTH B CHCTeMYy MaTepiajl 3 MOHOTOHHOIO HOPMAaJIbHOIO JIMCIIEPCIEIO.
[HITUiIT MOXKIMBHIT BULJISIJT PE30HAHCHOI KPUBOI — 1€ JIBa INKH, IO [10B’s3aHO
3 (opMOIO UCIHEPCIfIHUX KPUBHUX, a caMe IXHbOI HEMOHOTOHHICTIO. Tpets
MOZKJINBICTb — KOJIH J[Ba KU «00’€IHYIOTbCsS» B OJUH MUpokuii mkK. [Tokaza-
HO, IO Bapiallisg CTATHIHOIO IMOJIsI J03BOJIsI€ e(DEKTUBHO KEPYBATH CHCTEMOIO
Ta OTPUMYBATH BCl II BaplaHTH 3aJiezKHOCTeil. Dinbir Toro, 1me Moxke OyTH
3HQYHO 3pY4Hillle I eKCIePUMEHTAJbHOIO CIIOCTEpEeXKeHHS IPOIYyCKAHHS
qu BIIOUTTA XBWJIL — @JIPKe Yy MOPIBHAHHI 31 3MIHOIO IHIIIOIO TapamMerpa
3a/1a4i, YaCTOTH, 1Ie He oTpedye HACTLILKI TOYHOI'O HaJAINITYBaHHs. A came,
3MiHa 3HAYEHHS CTATHYHOTO MArHITHOTO TOJIs HA OJIMH BIJICOTOK NPUOJINZHO
ekBiBaJieHTHA (TOOTO MPUBOUTH JI0 MOAIOHOIO PE3yJIbTaTy) 3MiHI YaCTOTH Ha
coTi Jrosi BijicoTKa. A oT¥Ke, Iie € IMPOCTIIIM B peaJtizaliii.

Y derBepTOMY pO3JIiJI JiucepTallil BIepIe JIOCiIKeHo HeiHiiine ¢o-
KyCYBaHHs JIA3€PHOI'O IIy4Ka T'ayCCOBOI'O PO, 3yMOBJIeHE 00 IMpOoXo-
JeKenHaM depes mnactuny [THII, xkepoane craruynmm MarmiTHUM ITOJIEM.
TeopernaHnii ommc npocTopoBo odmerkeHoro ornpominoBanust ITTHIT moxke
OyTH OLIBII aKTyaJIbHUM JIJIsI CYYaCHUX €KCIIePUMEHTaIbHUX JIOCJII2KeHb, HizK
oruc 1mnockux EM xBuib, Ha SIKUX OYJI0 CKOHIIEHTPOBAHO yBary B IOIEPEIHIX
po3iiax, i € JOCTYIHOIO JIJI aHa/li3y MaTeMaTHUHOI MOJIE/I0. 30KpeMa,

OTpUMaHO 3HadYeHHd KoedilieHTa npomyckanus st Takol TT' iasu 3 IITHIT



1 1IOKa3aHo, 1110 BiH, [PU [EBHUX 3HAYEHHSAX MAIrHITHOI'O I10JIsl, € BUCOKUM Yy
IIOPIBHSAHHI 3 IHIIUMU HagBHUMU MaTeplajaMu, 110 € BayKJIUBUM JIJIs [TPaKTHU-
YHUX 3aCTOCYBaHb. [loKazaHO TaKOXK, IO CTATUYHE MAarHiTHE I0Je CYTTEBO
BILIMBAE Ha OCHOBHI IapamMeTpu (OKYCyBaHHs JIa3epPHOIO ITy4YKa 3pa3KOM
[ITHII, a oT:ke itoro BUKOpucTaHHs MOXKe Oy TH 3aIIPOIIOHOBAHO JIJ1sI THYYKOTIO 1,
3 eKCIIePUMEHTAJIbHOI TOUKH 30PY, HECKJIaIHOTO KepyBaHHsI HEJIIHIHHIM (POKY-
cyBaHHgaM. Bapialig craTmaHoro moJid, gK MMOKa3aHo, Jlae MHUPOK Jiana3on
MmozkimBoro BiinBy mactuan [ITHII, Bkmouaroum sk ¢dhoxycyBamms, Tak i
nedokycyBanHs. IIpn nboMy BarKJIMBUM MOMEHTOM € Te, III0 3a BiJICYyTHOCTI
crarudnoro noJist, IITHIT mozke suine pokycyBaTu TepareploBuii 1ydoK, Toi
SIK Bapiallisi CTATHYIHOIO I0JIsI JI03BOJISIE TAKOXK CIIOCTepiraTu JedOKyCyBaHHSI,
MO0 PO3IIUPIOE MOYKJNBOCTI BUKOPUCTAHHSA TAKUX TepareproBux JiH3. Kpim
TOro, 00s1acTi GOKyCYyBaHHs € MEPIOJANIHIMH [0 YACTOTI (CTPOTro KazKydu, IO
i1 BigcTpoiini Bij mzKo3edcoHiBebKOT yacToTn). OTprMaHi 3a aHATITHIHIMU
dopmynamMu Kpusi 3a/1€2KHOCTI (POKYCHOI BijIcTaHl Ta MIHIMAJLHOTO PaJiycy
JIA3epHOrO IMYyYKa BiJl CTATUYIHOTO MATHITHOI'O TMOJS JI00Pe Y3ro/IKYIOThCs i3
CUMYJIATIIEI0, TTPOBEIEHOIO JIJIs JIEKLILKOX 00paHuX 3HAaYeHDb OJIs.

[IpakTrana 3HAYYIIICTH OTPUMAHUX B JUCEPTAIl PE3yJIbTATIB MOJIATae
B TOMY, 1110 BOHU PO3IIMPIOIOTH HasgBHI (DyHIaMEHTAIbHI TEOPETUIHI YIBIEHHA
npo ocobsimBocti nommupenHs EM xsunb y BTHII mapysarol crpykTypu.
Ha ocHoBi oTpuMaHux pe3y/bTaTiB MOXK/JIMBO CTBOPUTH HOBI IPUJIAIH, IO
paIonTsh y Xapakrtepuomy s mapyBatnx BTHIT TT'm giamazoni gactor,
30KpeMa piabTpH, 3MinryBadi, nigcuiroBadi. Chepa MOKINBIX 3aCTOCYBaHb
TaKUX NPUJIAJIIB € JIyKe HMIUPOKOI: BlJI MeJIMYHOI JIarHOCTUKN 1O aCTPOHO-
MIYHIX crocTeperkeHb. JlocimKena MOKJINBICTE BUKOPUCTAHHSA CTATHIHOIO
MartiTHOTO MoJid g HajamTyBands mapamerpis HHIHIT moszsossie zampo-
IOHYBATHU IIe siK ePEeKTUBHUI MEeTOJ KepyBaHHsI POOOTOI0 TaKUX IPUJIAIIB B
eKCIIEPUMEHTAIbHIX YCTaHOBKAaX.

Kiro4uoBi cjioBa: ejieKTpoMarHeTnsM, HaJIlIPOBIIHICTD, ImapyBaTi Ha-



HOCTPYKTYpH, edekT [IKozedcona, mia3zMonika, MeraMaTepiain, MOPYIIEHHs
eJICKTPOHENTPAJILHOCTI, JIOKAJII30BaHl XBUJII, TPOXOJIZKEHHS Ta BIJIONTTS XBUJIb,

HeJsliHiliHe POKYCYBaHHS, TBEP/IOTLIHHI €JIeKTPOHHI TTPUCTPOI.



ABSTRACT

Kuvitka N.M. Propagation of electromagnetic excitations in layered supercon-
ductors controlled by a dc magnetic field. Qualification scholarly paper: a
manuscript.

Thesis submitted for obtaining the Doctor of Philosophy in Natural Sciences,
Speciality 104 — Physics and astronomy. — O.Ya.Usikov Institute for Radio-
physics and Electronics, Kharkiv, 2024.

This thesis presents the results of a theoretical study of the propagation
of electromagnetic excitations in layered superconducting samples of finite
dimensions controlled by a DC magnetic field

Layered superconductors (LSCs), such as well-known curate high-
temperature superconductors (HTS) or artificially fabricated layered struc-
tures, exhibit unique physical properties that are explained by a strong current
anisotropy: the superconducting layers are interconnected through the internal
Josephson effect, with the current magnitude depending on the interlayer
order parameter phase difference, while a usual superconducting current runs
along the layers. In these structures, a number of interesting nonlinear
electromagnetic phenomena are predicted in the THz frequency range, that
is important from the perspective of applications. Another important feature
of layered superconductors is that electromagnetic waves in them interact with
a DC magnetic field, which necessitates theoretical studies of the influence of
the DC field on wave propagation and, consequently, on the effects that can
be observed in such systems. The first chapter of the thesis analyzes the
main results in the literature on layered superconducting systems, describes
the main approaches to the analysis of their electrodynamic properties, and
the most important effects predicted for such systems.

In the second chapter of the thesis, localized waves on a thin LSC
plate embedded in a dielectric medium — for simplicity, a vacuum — are

investigated for two the simplest natural geometries: superconducting layers



parallel to the LSC-vacuum interface and perpendicular to it. The dispersion
law for the eigenmodes — surface and waveguide localized waves (LW) — in
both geometries is obtained analytically. The symmetric and antisymmetric
(regarding the spatial distribution of the magnetic component of the EM wave
with respect to the middle of plate) modes are studied. Spectral curves are
plotted using the obtained analytical expressions. In the first geometry, when
the superconductor layers are parallel to the sample surfaces, the dispersion is
normal and has a positive group speed at all frequencies that are not very close
to the Josephson frequency. For exactly this frequency region, the capacitive
interlayer coupling — the effect of electroneutrality breaking — in the chosen
geometry was taken into account for the first time. It was shown that, in
this case, the dispersion can be anomalous. In addition, this breaking leads to
other no less important interesting consequences: an additional forbidden zone
appears near the Josephson frequency, the width of which is asymptotically
proportional to the square root of the capacitive coupling coefficient, and
to the degeneration of the spectrum for some parameters. In the second
geometry, when the superconductor layers are perpendicular to the sample
surfaces, the capacitive coupling can be neglected. In this case, the spectral
curves have anomalous parts in a wide frequency range. It is shown how the
spectral curves can be influenced by varying the DC magnetic field: an increase
in the static field corresponds to an almost parallel shift of the curves to
lower frequencies at relatively high frequencies — greater than the Josephson
frequency, and an increase in curvature — at low frequencies. For further
study in the following chapters, the second geometry was chosen because
it better reveals the anisotropic properties of the LSC and allows observing
anomalous dispersion in a wider frequency range. The capacitive coupling
can be omitted in this geometry, thus the forbidden zone does not appear
in the most interesting (from the point of perspectives of futher invstigating

nonlinear effects) frequency region.



In the third chapter of the thesis, the excitation of localized waves,
which causes the phenomenon of resonant transparency of the LSC samples
for THz waves, is studied, and the effect of a DC field on this phenomenon
is investigated for the first time. The sample is placed in an optically dense
dielectric medium and separated from it on both sides of the plate by much
less optically dense thin spatial gaps (vacuum). In the described geometry, it
is possible to excite the LWs using an incident wave which, due to the effect
of total internal reflection, is attenuated in the vacuum gaps, but due to the
LWs excitation, the wave can travel through the system. This excitation of the
eigenmodes explains the resonant transparency of the LSC plate, which occurs
at certain resonant values of the parameters that correspond to the dispersion
curves for the LC.

The problem is solved analytically in the transfer-matrix formalism.
This method was modified for nonharmonic functions, because EM waves
become nonharmonic in the regions where the DC field penetrates the
sample (in the case studied, these waves are described by special Legendre
functions). In particular, special matrices that effectively describe the EM
wave propagation when magnetic vortices partially penetrate the sample due
to the presence of a weak DC field are found. The components of these matrices
are explicitly derived and it was shown that they contain no information about
the sample dimensions (thickness) or the type of dielectric medium with which
the plate is bounded. At the same time, they depend solely on the chosen
value of the DC magnetic field. The use of these new matrices is proposed
for the simplified analysis of EM wave propagation through more complex
systems containing one or more different LSC plates bordered on both sides
by dielectrics with a certain DC magnetic field. Using these matrices, explicit
expressions for the reflection and transmission coefficients were obtained and
analyzed. The effect of the DC field on these parameters, and in particular,

on the possibility of controlling the phenomenon of resonant transparency,

10



i.e., the complete wave transmission under resonant conditions, caused by
excitation in the LH SCR plate, is studied. The dependence of transmission
or reflection on the angle of incidence, due to non-monotonic dispersion, can
have a specific form, and this form depends on both the frequency and the
magnitude of the DC field. It can be a single normal sharp transmission
peak (or, accordingly, a sharp reflection dip), which would be observed if
a material with a normal monotonous dispersion was placed in the system
instead of the LSC plate, or it can have two peaks, which is caused by the
shape of the dispersion curves, namely, their nonmonotonicity, or, when these
two peaks “merge” into one broad peak. It is shown that the variation of
the DC field allows us to effectively control the system and obtain all these
variants of dependencies, and moreover, it can be much more convenient for
experimental observation of transmission or reflection, because (compared to
changing another parameter of the problem, e.g., frequency) it does not require
such a precise adjustment. Namely, a change in the value of the DC magnetic
field by one percent is approximately equivalent (i.e., leads to a similar result)
to a change in frequency by a hundredths of a percent. This makes it easier
to implement.

In the fourth chapter of the thesis, for the first time, the nonlinear
focusing of a Gaussian laser beam caused by its passage through a LSC plate
controlled by a DC magnetic field is studied. The theoretical description of
the spatially confined radiation in the LSC may be more relevant for modern
experimental studies than the description of plane EM waves, on which the
attention was focused in the previous chapters and which is an easily analyzable
mathematical model. In particular, the transmission coefficient for such THz
lens with LSCs is obtained and it is shown to be high at certain values of the
magnetic field as compared to other available materials, and this is important
for practical applications. It is also shown that the magnetic field significantly

affects the main parameters of the laser beam focusing by the LSC sample, and

11



therefore its use can be proposed for flexible and, from the experimental point
of view, simple control of nonlinear focusing. The variation of the magnetic
field, as shown, gives qualitatively different results: focusing or defocusing,
weak or strong focusing. An important aspect is that in the absence of a DC
field, the LSC can only focus the terahertz beam, while the variation of the
non-zero field also allows to observe defocusing, which expands the possibilities
of use. In addition, the focusing regions at a non-zero field are periodic in
frequency (strictly speaking, in its detuning from the Josephson frequency).
The curves for the dependences of the focal length and focusing efficiency (the
minimum radius of the laser beam normalized to its initial value) on the DC
field obtained by analytical formulas are in good agreement with the simulation
performed for several selected field values.

The practical significance of results obtained in the thesis is that they
extend the existing fundamental theoretical understanding of the propagation
of EM waves in HT'Ss of layered structure. Based on these results, it is possible
to create new devices (in particular, filters, mixers, and amplifiers) operating
in the THz frequency range characteristic for HTSCs of layered structure.
The scope of possible applications of such devices is very wide: from medical
diagnostics to astronomical observations. The investigated possibility of using
a DC magnetic field to adjust the parameters of the HTSC allows us to
propose it as an effective method for controlling the operation of such devices
in experimental setups.

Keywords: electromagnetism, superconductivity, layered nanostruc-
tures, Josephson effect, plasmonics, metamaterials, electroneutrality breaking,
localized waves, transmission and reflection, nonlinear focusing, solid-state

electronic devices.
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BCTVYII

OOrpynryBaHHsI BUOOPY TeMM JOCJIIXKEHHS

[Mapysari wajgmposignukn (IITHIT), taki sk, Hanpuk/ia, KynpaTHi Bu-
CcOKOTeMIIeEpaTyPHI HA/IIIPOBIIHUKY, COT'OJIHI IPUBEPTAIOTH 3HAUHY yBary 3aB-
JISIKM CBOIM YHIKAJIbHUM (DISUYHUM BJIACTHBOCTSIM, 110 TOSICHIOIOTHCSI CUJIBHOTO
AHI30TPOIIIEIO IUX CTPYKTYP: HAJIIPOBIIHI IIapH OB sI3aHi MizK cOOO0 3aB/IsIKI
BHYTpilIHbOMY edekTy JIkozedcona. BaxkyimBo 3a3HaduuTu, 10 TEOPETHUUHI
JIOCJIJIPKeHHsI T1epe0adaloTh pi3Hl HeJIiHINHI sIBUIA B IIapyBaTHX HAIIPOBI/I-
HUKaX, sIKIi MOXKYTb CIIOCTEPIraTUCS I100/IU3Y J12K03e(COHIBCHKOI I1J1a3MOBOI
qactotu (IITY) [1-3] maBiTe Tomi, KoM Hema pPyXy KO3e(DCOHIBCHKUX
BuXOpiB. OKPiM TOTO, OCOOMBICTIO TAKUX IMAPYBATUX CTPYKTYP € Jliala3oH
xapakrepHnx dactor — reparepuosnuii (TT'm) miamazon [4], skuit Bee e €
HEJIOCTATHBLO IPEICTABIEHNM B HasgBHUX €/IEKTPOHHNUX 1 ONTUYHUX ITPUCTPOSIX,
aje dKuil Ma€ BeJIMKY KIJIbKICTh MOXKJINBUX HPAKTUIHUX 3aCTOCYyBaHb Yy
HaHPI3HOMAHITHIIIIX ra/Iy35X Biji acTpodizuku 10 Meuiunu [5-7], 1o podurs
1l MaTepiajn 1e OiIbIn nepcrneKTuBHuUMU. HesliHifiHicTh MUX cUCTEM TaKoXK
nosicutoe aytiusicts [ITHIT o 30BHIMIHBOTO MOCTIHHONO MarHiTHOrO MOJIs [8],
TOMY BHUKOPHUCTAHHS CTATUYIHOI'O MAIHITHOIO IIOJIA € IEePCIEKTHUBHIM 3aCO00M
KOHTPOJIIO €JIEKTPOMATrHITHIX e(PeKTIB y TAKNX CTPYKTYpPax. S0KpeMa, TaKIMI
edpekTaMn MOXKYTh OYTH pe30HAHCHA MPO30picTh HaApoBiaHuX miactud 9] i
hokycyBantst jazeproro mydka [10]. Busnadenus moxkmBocreit Takoro Mmero-
JIy 1T KOHKPETHUX 3a/1a9 MOTPeOYeE JeTaJbHOTO aHAJITUIHOIO JIOCJIIXKCHHSI.

Merta mocaiJizkeHHSI — JIOC/IIIUTH aHAJITUYIHO TPAHCIOPT Teparep-
IOBUX €JIEKTPOMAarHITHUX XBUJIb Yepe3 IJIaCTUHY IapyBaTOIro Ha/ IIIPOBITHUKA
Ta BUBHAYUTU MOXKJIMBOCT1 HOr0 HaJIAIITYBaHHS 3 BAUKOPUCTAHHAM CTaATUYHOI'O
MAarHiTHOT'O TOJIs.

3aBIaHHS JIOCJI1I2KEHHSI:

— 3HaiTh XBWUJI, JoKaJi3oBaHi Ha ToHkiil mmactuai HIHIIL, y aBox pizamx



reoMeTpidax 3ajiadl: KO/ Iapu lapaJie/ibHl IOBEPXHAM IIJIACTUHU Ta KOJIU BOHU
HEePIEHINKYISIPHI 3 ypaxyBaHHAM e(peKTy MOpYIIeHHs eJIeKTPOHEHTPaIbHOCTI
Ta HagBHOCT] 30BHINIHHOIO CTATUYHOIO MarHITHOIO I10JId;

— MoudIKyBaTH MeTO] TpaHchep-MaTPHIlh /15 OIHICY MOMUPEHH XBUJIb
B riactuni HIHII, BpaxoBytoun Te, 1110 38 HAABHOCTI 30BHINTHBOTO CTATHIHOTO
noinsg EM xBusa Bcepenuni miactuau [HITHIT me onmcyerses rapmonivnmmn
dyHKIIAMU;

— OTpUMATHU SIBHI BUpa3u JJisi PE30HAHCHUX KOeMIIEHTIB BIAOUTTS Ta
MpOMyCKaHHd s TaocknxX 11 xBuab. JlocmianTn MOXKINBICTL KepyBaHHSA
pe3oHaHCHUME ePeKTaMU 3a JIOMOMOI'0I0 CTATHIHOIO MAaTrHITHOTO IOJIS;

— OTPUMATU aHAJITUYIHI BUPA3U JIJIT OCHOBHUX IapaMeTpiB (DOKyCyBaHHsI
JIa3epHOr0 TydKa MMicad mpoxoikeHHs depes miactuny [THII. HdocaignTu
MOZKJINBICTh HaJAINTYBaHHs (oKycylounx BjiacTuBocrein rmractunn [TTHII
CTATUYHUM MArHITHUM IOJIEM;

— TIOPIBHATH Pe3yIbTaTi aHAJITUIHUX PO3PaXYHKIB IMapamMeTpiB (POKycy-
BaHHS 3 pe3yJIbTaTaMI YNCeIHLHOI KOMIT I0TEPHOT CUMYJISIII.

OOG’eKT MOCJITiI2KEeHHST — TPAHCIIOPT TePareproBuX IJIOCKUX XBIJIb Ta
TepareploBUX XBUJIEBUX ITYUKIB rayccoBoro mpodiito B miactuni HTHII.

ITpeamer mocitipKeHHST — MOMKJIMBOCTI KEePYBaHHS IapamMeTpaMu
tpancriopty TI'm xBwiab Ta myukiB depe3 mactuny [IHII 3a jgomomororo
30BHIITHLOTO CTATUYHOTO MArHITHOT'O MOJIS.

Metomnu mocCiIiI>KEeHH:

11t oTpuMaHHs Pe3y/IbTaTiB BUKOPUCTOBYBAJIHCS JI00Pe TepeBipeHi Ta
3arajibHO MPUITHATI METOIN TeOPeTUIHOl (PI3UKU, METON YHNCJIOBUX pPO3pPa-
XYHKIB 1 HAaOJIMzKEHI METOJAU acUMIITOTUYHOIrO aHaJsizy. Ilosst B mapyBaTomy
HaITPOBIIHNIKY aHaI3yBaJNC 38 JOMOMOIOI0 PO3B’A3aHHSA 3B’ T3aHIUX CUHYCO-
inapHUX piBHAHL [opjona. [IpoxozKeHHsT XBUIb depe3 HaraTomapoBy CUCTe-
MY JTOCTIIZKYBAJIOCA 3 JIOTIOMOTOI0 METOIY TpaHcdep-MaTpuilb. [lopiBHAHEA

pe3yabTaTIiB OTPUMaHNX aHaJITUYHUX BUPAa3iB 3 YUC/JIOBUMHU PO3pPaxyHKaMU

20



CJIyT'yBaJIO J10JIaATKOBOIO BepUMIKAIIEI0 3aCTOCOBAHUX II1JIXO/IIB.

HaykoBa HOBuU3Ha oTpUMaHUX pe3yabTaTiB: OCHOBHIME HayKOBU-
MU pe3yJbTaTaMy, 1110 BUHOCITHCS Ha 3aXUCT, € TakKi:
1. Buepire 3naiizeno 3akon jucnepcii jgokasizoBarux xsuib (JIX) y mia-
cruni HTHII ckingeHHOT TOBIMHKN B PI3HUX MEOMETPIAX 3 ypaxyBaHHSIM eDeKTy
MOPYIIIeHHs eJIEKTPOHENTPaJIbHOCT1 IIapiB Ha/IIPOBITHUKA Ta 3 ypaxyBaHHIM
HaSBHOCT1 30BHINTHHOTO CTATUYHOIO MaruiTHoro moJid. [lokazano, mo B reome-
TPii, KO Mmapy HapasebHi TPAHUI] PO3JITy MiK BakKyyMoM (3 000X OGOKiB)
Ta IJIACTUHOIO, MOPYIIEHHs eJIeKTPOHEHTPaJIbHOCTI MOXKe BUKJINKATU IOSABY
aHOMaJIbHOI Jiuciiepcil XBu/ib B obJsiacti dgacror, Oyim3bkux j1o JAITH. Takox
BUSBJIEHO 1HII HAC/IIKH OO e(PeKTy, TaKi gK M0gBa J10JaTKOBOI 3a00POHEHOT
30HU TTOOJIM3Y Ii€T 9acTOTU i Te, MO JUIA JeAKNX IMapaMeTpPiB CIIOCTEPIraeThes
BUPOIzKeHHsI crieKTpa. [lokazano, mo 3akon aucnepcil g JIX B miacTuni
[ITHIT y Bunajaky, Kojau Imapy HepIeHIuKYAIpHI TOBEPXHAM, € UYTJIUBAM 10
30BHIITHBOI'O CTATUYHOTI'O MATrHITHOT'O MOJIS.
2. Buepiie mogudikoBano TpaHcdep-MaTpUIHINA METO JIJIsI OIKICY ITOIIN-
peHHs HeJHIHHUX eJleKTpoMaruiTHux XBujib y rtactuni [HTHII, mo 3maxo-
JINThCS B 30BHIIMIHBOMY IOCTIHHOMY MAarHITHOMY IIOJIl, Ta BIIepIIe 3HailJeHO
crennpiuHl MATPHIL, SIKi BIJIIIOBIIAIOTH 3a B3AaEMOJIIIO JIKO3e(DCOHIBCHKIX
miazmoBux xBuib (I1X) i3 30BHinTHIM MarniTEnM osem. Pospobiiernit MmeTo/
3aCTOCOBAHO JIO0 CUCTEMH, IO cKjaajaeTbed 3 miactunu ITHII, obmerkenoi 3
JIBOX OOKiB JII€JIEKTPUIHUMHE ITPOIIAPKaMU.
3. Brepiiie TeopeTuvano JOCTIIZKEH0 BILIUB CTATUYHOIO MATrHITHOTO TOJIS
Ha pe3oHaHCcHy Mpo3opicTh ToHkoro 3paska IITHIT mpra TT'm xsunb, Konn 3pa-
30K 3HAXO/IUTHCS B JIIEJIEKTPUYHOMY CEPEJIOBUIII Ta BlJIOKpeMJIEHN Bl HHOT'O
TOHKUMHI TTPOCTOPOBUMH MPOMizKKaMu Bakyywmy. [lokazano, 1o 3mina 1boro
0JIS JIO3BOJISIE OTPUMATH Pi3HI TUIIN PE30HAHCHUX 3aJieyKHOCTell KoedilieHTa
IPOITYCKaHHS B KyTa MaJliHHSA, 0 BIPI3HAIOTHCA KIJILKICTIO TKIB 1 IXHBOIO

NI PUHOIO. HOKaSaHO, 110 CTaTHU4YHE II10JIE€ MO2KE BUKOPUCTOBYBAaTHUCH IJIA HaJla-
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MITyBaHHs ITPO30POCTI 3pa3Ka Ta MoTpedye Ha JBa MOPSIKN MEHIIIO! BiIHOCHOT
TOYHOCTI IIpU BCTAHOBJIEHHI, HI’K Yy BUIIQJIKy KEPYBaHH: 3a JIOIIOMOI'OI0 3MIHU
JACTOTU.
4. Buepiiie TeopeTuvdHo JOCTIIZKEHO BILIUB CTATUYHOIO MATHITHOTO TIOJIS
Ha (POKYCYBaHHSI JIA3€PHOI'O Iy4yKa rayccoBoro mnpodito maactunoro ITHIT.
OrpumaHno Bupasu st pOKYCHOI BijicTaHi Ta MiHIMaJbHOI'O paJiiyca mydKa, 1110
3aJexKaTh BiJl CTATUYIHOrNO MarHiTHoro moJs. Ilokazano, mo 3MiHa BeJIMIUHI
110J1¢1 JTO3BOJISIE HAJIAIITOBYBATH 111 BEJIMYNHHU B IIUPOKOMY Jlialla30H] 3HAYEHb,
a TaKOXK IEePEeBOJIUTH IJIACTHHY MiXK pexkKnuMaMmu (DOKycyBaHHsI Ta PO3(OKYCY-
BaHH.

OcobucTtuii BHECOK 3/100yBada

HayxkoBi mpaiti, B 9KNX MpeJICTaBJIeHO OCHOBHI Pe3yIbTaTH JIUcepTallil,
OTPUMAHO Ta OIyOJIIKOBAHO B CIIBABTOPCTBI. /lrcepranTKa 3poduia 3HATY M
BHECOK Yy TIPOBEJIEHHs JIOCII/IKEHHd Ta Hanumcanusg crateii. [lumcepranTka
YCIIITHO TPEJICTaB/IAa PE3YILTATH POOOTH Ha MIXKHAPOIHUX KOH(EPEHITIAX.

Y pobori [11| maucepranTka oTpuMaia Ta CHOPOCTHIA BUPA3H JIJIs
Tpatcdep-MaTpuIlb Ta BUpa3y KoedillieHTa MPOIyCKAHHS, YNCe/IHLHO TO0Y/Ty-
BaJia rpadikm, Hanmca a OCHOBHUI TEKCT.

Y pobori [12] qucepranTka po3s’sizajia cUuHycoOiTaibHe piBHsIHHS [0p1o-
Ha B KJIaci crieniaabaux yHkiiit Jlexkanapa ta Hammcasa BiIMOBIHY YacTHHY
TEKCTY.

Y pobori [13| aucepranTka MoandikyBasga MeTO TpaHchep-MaTpUIlh
JUIS JTOCTIJIZKYBaHOI ITPOOJIEMHU TTPOXOJIKEeHHsT XBWIb Kpisb miactHy [ITHIT 3
ypaxyBaHHAM MarHiTHOI'O TOJIA, HAIlICaJa OCHOBHUN TEKCT.

Y pobori [14] mucepranTka oTpuMasa 3aKOH JIHCHEPCl JTOKATIZ0BAHIX
TT'1 xBuJIb 3 ypaxyBaHHSIM edeKTy IMOPYIIEeHHs eJIEKTPOHEHTPaIbHOCTI B I1Ia~
CTHHI IIaPYBATOr0 HA/IIIPOBIIHIKA CKIHYEHHOT TOBIIIHY, 00V yBaJja I'padiku,
HaIlca/a OCHOBHUI TEKCT, MAroTyBaJia IIPe3eHTallio Ta OyJsa JOIOBiIaueM.

Y pobori [15] mucepranTka orpumasta dbopmynn st KoedilieHTa Bil-

22



OUTTS Ta TPOBEJIA YNC/IOBI PO3paXYHKHU JIJId IIAPYBATOO MeTaMarepialy 3
MIEBHUMM MTapaMeTpaMu, JOC/Iin/1a BIJINB BEJIMYUHN 30BHIINTHBOIO MArHiTHOT'O
MOJIA Ha KOeIIieHT BIJIOWTTs, HAIMCAJa OCHOBHUI TEKCT, ITiJITOTyBaJa IIpe-
3EHTAIII0 Ta OyJIa JIONOBIIadeM.

Y poboti [16] mucepranTka oTpuMmasa hopMysTy st KoedimienTa mpo-
MyCKaHHA 3 YpaxXyBaHHAM MarHiTHOTO TOJs, HalMcaJ a Te3U, MiJroTyBaJsa
Ipe3eHTAIIiI0 Ta OyJia JIOIOBiIaueM.

Y pobori 17| nucepranTka oTpuMasa aHAJITHYHI BUPA3W JJIsi TapaMe-
TpiB oKycyBaHHS Jia3epHOro mydka (pajiyca mpomerto, (bOKyCHOI BijicTaHi)
IiCJIsI IPOXOJIZKEeHH ILJIaCTUHU, 1M0OyayBaJsa rpadiku 3a aHAJITUIHIMU (HOP-
MyJIaMU, HAIINICAJIa OCHOBHMI TEKCT.

Y pobori [18] mucepranTka onncasa 1:k03edCOHIBCHKI T1a3MOBI XBIJI B
TepMiHax crerdyHkiii Jlexkanpa.

Y poborax [19,20] mucepranTka goc/ianIa MOXKINBOCTI YIPAB/IIHHS
3aKOHOM JICIIEePCil JIOKAJII30BAHUX XBUJIb.

Y pobori [21] mucepranTKa JjrocaiMIa BIUIMB MArHITHOTO IOJI HA
IIOBEPXHEB] Ta XBUJIEBOJIHI MOJIM, HaIUCAJIa Te3U, MJIrOTyBaJa IPe3eHTAIlI0
Ta OyJ1a JI0IOBITaueM.

Y pobori [22] mmcepraHTKa JlocjiMIa BIUIMB MArHITHOTNO MOJIA HA
pe30oHaHCHE TPOITYCKaHHs, Hallucaa Te3HU, IMiJIN0TyBaJa IIpe3eHTallio Ta oOya
JIOTIOBI1TaYEeM.

Crarrs [12], okpiM pe3ysbraTiB, MpeICTaBIeHIX Y OCHOBHIX TTOJIOXKEH-
HSIX JIaHOT JiucepTallil, MiCTUTh pe3yJIbTaTH, siKi OyJIu IIpecTaBIeH] Y JOKTOP-
cbkiit mucepraiii Anocrosioa C. C. [23|. Pesynbratu, orpumani Amocto ioBuM
C. C., He nepeTHHAIOTHCI 3 Pe3y/abTaTaMi, OTPUMAHIMU 3100YBAUKOI0. 3J10-
OyBa4uKoOI0 OY/JI0 OTPUMAHO JIMCIIEPCIiHI CIIIBBIIHOIIEHHST MeTo0M JIexkaHapa,
IIPOAHAJI30BAHO PE3YJIbTATH, BUKOHAHO YHCJIOBI PO3paxXyHKH Ta HAIIUCAHO
BimoBiiHY 4dacTuHy Tekcty. B Toit ke wac Amnocroso C. C. orpumas i

IpoaHaJIi3yBaB JUCIePCiiini piBHAHHA 1 Jokagizoannx /11X 3a masgBnocTi
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MOCTITHOTO MArHITHOTO TOJIA, & TAKOXK MePeI0aInB MOXKJINBICTH BHY TPIITHBOT'O
BigtoutTa /11X y neomnopimnomy maraitHomy moji y BKB nabmmkenni jrs
1HIIIOTO Jllalla30Hy IapaMeTpiB CUCTEMHU.

Arnpobariig marepiaJjiiB aucepTalii

PesynbraTn, npejcrapieni y guceprariil, JOMOBIIAIUCT TUCEPTAHTKOIO
HA!
1. 2022 IEEE 2nd Ukrainian Microwave Week (UkrMW) (November 14 —
18). Kharkiv, Ukraine, 2022, nomoBijib, mpu3 3a HaffKparry JOHOBIIb cepe
acmipanTiB Ta MOJTOANX BueHux [14].
2. 2021 Fifteenth International Congress on Artificial Materials for Novel
Wave Phenomena (Metamaterials) (September 20-23). New York, USA, 2021,
7010Bi b [15).
3. 2020 XX BceykpaincbKka mkosta-ceminap Ta KoHKypc Moo/ ux BUeHHX
3i craructmanol ¢pisnkn Ta Teopii Korgencopanol pedopunu (2KKosrenn 15-16).
JIbBiB, YKpaiHa, JOMO0Bi/ib, AUIIOM 3 BijzHakowo [16].
4. X International Conference for Professionals and Young Scientists "LOW
TEMPERATURE PHYSICS"in memory of B.Verkin for his 100th birthday
anniversary (June 3 - 7). Xapkis, YKpaina, jonosijip [21].
5. 2019 International Scientific Conference "Physical Phenomena in Solids”
(December 3-5) (December 3-5). Xapkis, Ykpaina, 1omnosiab [22].
[IpenpuaTH O1IyOJIIKOBAHO HA:
1. arxiv.org (2024) |17] (momaerbes B xxypuas Phys. Rev. B ).

IIyoGaikarii

Pesynbrarn aucepraril omy0/ikoBaHo B 12 mparsx, y TOMy 4nCI B 3-X
CTATTAX ¥ HAyKoBuX kypHasax [11H13], y 8 marepianax koudepentiit [14-16,
18-22] ta y ognomy npenpunti [17].

CrpykTypa Ta obcsr aucepTarrii

Huceprariitia poboTa CKIaIa€ThCs 31 BCTyIy, 4 PO3JLIIB, 3arajbHIX

BICHOBKIB, 2-X J0JIaTKIB Ta CINCKY BUKOpUCTaHUX jizKepesi. OQ0csr 3arajabHOro



TeKCTy jucepraiii ckiajae 144 cTopiHoK, 3 HUX OCHOBHOrO TekcTy 111
cropinok. Pobora inoctpoBana 30 pucynkamu. CIcoK BUKOPUCTAHUX JIzKepet
MicTuTh 116 HalimeHyBaHb.

3B’130K poOOTH 3 HAYKOBMMH IIpOrpaMaMM, IIJIaHAMW, TEMaMM,
rpaHTaMu

Pobota 1oB’si3aHa 3 BUKOHAHHSIM 3aBJIaHb Y paMKaX MPOEKTY, (piHAHCO-
BAHOTO HAIiOHATHLHUM (hOHIOM JOCizKeHb YKpalun, mpoekT Ne. 2020.02/0149
«KBanToBi gaBuia y B3aeMoJil €JIEKTPOMArHiTHUX XBUJIb 3 TBEPAOTIILHUME
HAHOCTPYKTYPaAMU».

Pobora TakoxK I0B’si3aHa 3 BUKOHAHHSAM JIOC/IJZKEHb Yy PaMKax Jep-
JKaBHUX HayKoOBUX IporpaM <«Jlocmimzkenns B3aeModil eJIeKTPOMATHITHIX Ta
3BYKOBHUX XBHWJIb, & TaKOXK 3apszKeHNX YaCTUHOK 3 HAHOCTPYKTYpaMH Ta
MeTamarepiagamuy (fgep:kaBuuii peecrpariiiauit Homep 01170004038, poku
pukoHanus 2017-2021) i «Ejekrpopubamiuni BJIaCTHBOCTI TeTEPOCTPYKTYD
Ta, (POTOHHMX KPHUCTAJIB, IO BKJIIOYAIOTH JI0 cebe TipOTPOIHI CepeloBUIIA,
MeTaMarepiaii Ta mapyBaTi HaJIpOBIIHUKEU» (JepKaBHUI peecTpariitauii
momep 0120U100233, poxn Bukonanusi 2020-2021).

ITpakTnyHe 3HaAYEHHA OTPUMAHUX PE3YJIbTaTiB

[IpakTrana 3HAYYIIICTH PE3Y/JIbTATIB JINCEPTAIIiHOI POOOTH TOJISITaE B
TOMY, III0 BOHU PO3IINPIOIOTH HaABHI (DyHJAMEHTAIbHI TEOPETUYIHI YsIBJICHHS
1po ocobsmmBocTi normmpenHs TT' enekrpomarniTaux xsusib y BTHII mapysa-
TOI CTPYKTypu. Ha ocHOBI X pe3y/IbTaTiB MOKJINBO CTBOPUTH HOBI TTPUJIA/IN,
110 MPAaIoIoTh y XapakTepuomy i mapysatux BTHIT TT' 1 nianmazoni yactor,
30KpeMa piabTpH, 3minryBadi, nijgcuiaoBadi. Chepa MOXKINBUX 3aCTOCYBaHb
TaKUX NPUJIAJIIB € JIyKe HMINPOKOI0: BiJI MeJIMYHOI JIarHOCTUKN JO aCTPOHO-
MIYHIX crocTeperkeHb. JlocimKena MOYKINBICTE BUKOPUCTAHHS CTATHIHOIO
MartiTHOTO MoJid Ajd HasjamTyBanHsg mapamerpis HITHITI moszsosnse zampo-
IOHYBATHU Iie siK ePeKTUBHUI MeTOJ KepyBaHHsI POOOTOI0 TaKuUX IPUJIAIIB B

EKCIIEpUMEHTaJIbHUX YCTaHOBKaX.
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PO3JILJI 1
EJIEKTPOMATHITHI 3BY/I2KEHHS B IITHIT: CTAH I
IEPCIIEKTUBU JOCJJLIXKEHHSI

1.1 3araapauii onuc IITHII i nepcnekTuBn NpakTUYHOTrO0 BUKOPU-

CTaHHA

[lapysati HaAIPOBITHUKY — Tie TIepiogudHa cTpyKTypa (aus. Puc. [1.1)
3 mapamu Ha nposiaanKa (ToBuan D) Ta giesektpuka (Topiuun Dy — Dy),

KOJIN TIepIIli OB st3aHi MiK coboro edpekToM /Ixxk03edcona. Ctpym J B macTui

TEJIEeKTPUK
HAJIPOBIJHUK

,

\
D Ha/MPOBIAHUK A
)

HaJPOBIIHUK

TEJIEKTPUK

HaAAMPOBITHUK

Puc. 1.1 Cxemaruune 300parkenns [TTHIT

IITHIT na Puc. [1.1] — 1e mKo3edCOHIBCbKUIT CTPYM 3 I'YCTHHOIO:

J = J.sin p,



Jle: ¢ — KaJIIOpOBOYHO IHBapiaHTHA MiXKITapoBa pi3HUI (a3 napamerpa
OPsAJIKY, J. — MaKCUMaJ/ibHa T'YCTHHA 0e3/INCUITATUBHOTO JIXK03e(COHIBCHKOIO
CTPYMY.

[Ipuknagamu €  kynparai  BTHII  (manpukmag, — Kpucrasu
BisSroCaCuyOgy g, Lag sSrsCu0y) abo mTydHO CTBOpEHI MmapyBaTi CHCTEMIE
(mampuxiag, Nb/Al — AlOy/Nb). Jlns npupojHunx KpucTasiB, 3a3BuUdAii,
Dy < Dy, Tax 9K HaJIPOBLIHUIT IIap MaE 3a MOPSATKOM aTOMHY TOBIINHY, TOI
SIK I IITYYHO CTBOPEHUX CTPYKTYP 1€ CIIIBBIJIHONIEHHS, 3BUYAITHO, MOXKe
oytu pizanMm. KopekrhicTs Takoi momeni (BryTpimmiit edexrr [xozedcona)
muist onmcy BTHII Gysia HeosHOpa3oBo Jl0BejieHa eKCIiepIMEeHTAIbHO [24-28)].
B pesysbrari B3aeMosil jkozedconiecbkoro crpymy 3 EM monem B ITTHII
BUHUKAIOTH YHIKAJJIbHI KOJEKTUBHI 30Y/PKEHHS — J2KO3e(DCOHIBCHKI ILJ1a3MOBI
xpui (JII1X) [29]. ATIX koseKTuBHO 36y/2KYIOTHCS B YCIX J17K03eCOHIBCHKIX
(TynesbHEX) KOHTakTax, T0OTO Kpucragu BTHII pearyioors Ha 3minHe
eJIEKTPOMATHITHI 30ypeHHs sIK €auHe Iijie. ExcrnepumMeHTa/bHO 30YIyKEHHs
HIIX criocrepiraeTbed 3a ONTUIHUM BIAOUTTAM 1 PE3OHAHCHUM MOTJIMHAHHAM
[30,,31].

[ITHIT moxyTh OyTH KOMIAKTHUMU JIZKepesiaMi KOIepEeHTHOro Oe3re-
PEPBHOIO €JIEKTPOMAarHiTHOIO BUIIPOMIHIOBaHHs B cyOTepareprioBomMy i Tepa-
repioBomy Jianasonax dacror [29,32-35], mo Mae jyxKke 6araro MOMKJINBHX
MPaKTUIHIX 3aCTOCYBaHb B HAMPIZHOMAHITHIINNX TaJIy3sX BiJl pyH1aMeHTa Ib-
Hol bisuku g0 memunuman [5-7,36-39]. [Ipororurnu mnpucrpois, mobyaoBami
na BTHII rexnosorigx, BK/IoUa0Th (GLILTPH, HiACHII0BAYL JIiHIA Heperad, a
TaKOXK cXeMu 00POOKM JIAHKUX JIJIsI BUCOKOIIBHIKICHIX ITU(MPOBUX 1 aHAJIOTOBUX
CHTHAJIIB, AHTEHH, JAeTeKTopH i 3MmintyBadi [40] 3 MOKIUBIMI 3aCTOCY BAHHSAMI
B MeTpOJIOTil Ta KOMyHiKariitaux Texuosorisx [41]. Taxi npuraan € ocobnBo
HepCHeKTUBHUME TBepJaoTiibHuMu TT'1 JiKepesaMu, 3JaTHUMU [IE€PEKPUTH
Bcio T mporanmuy, oCKiIbKY 1XHIi Tiana30H HAJAIITYBAHHS 9aCTOTH 3HATHO

HIuplile HizK Jilalla30H HaJIAIITyBaHHS Y IXHIX HAIIBIIPOBIJIHUKOBUX KOHKYPEH-
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tiB — TT'-kBanTOBEX KackaHux jazepis (QCLs) Ta ouHOIHIX PE30HAHCHO-
tynesnbhnx jiofis (RTDs). UYepes croto yrikanbny enexrpounamiky BTHIL,
Hanpukia BisSroCaCusOgyy, TaKoXK MOXKYTb OYyTH BHUKOPUCTaHI B SIKOCTI
JIETEKTOPIB KOMYTAIIITHONO CTPYMY, 10 Ma€ MIePCIIEKTUBH 3aCTOCYBAHHS B Ha/lI-
MIBUJIKIX KOMYHIKallisiX, KBAaHTOBIl iH(QOpMAIlil, ClIeKTPOCKOIIiT, HepyTHIBHOMY
30H/IyBaHHi, TECTYBaHHI Ta KOMIT I0TepHiii Tomorpadil [42-44].

Tax stk jzo3edcoHiBebKUIT cTpyM € Heminifinum (J = J.sing), mo-
mupenasg JIIIX B HIHIT takoxk e meminiitnum. Inga EM xBuib 3 dacrtora-
M, OymsbkumMu g0 JITY, mMoxkHa crocrepiraTu CuJIbHI HeJIiHITHI edeKTH.
Hanpuknaa, neminiiauil mia3sMoBuil pe3oHaHC, MO JEeMOHCTPYE TiCTepe3nucHy
noseninky [2], camodokycysanns [34] 1 camoimmgykoBany mposopictb [45).
Heniniiini edextn Takoxk BuBYaINCH ekcriepuMeHTa bHO [46-48]. Okpemo
BapTO BII3HAYNUTH Ile OfHYy HpuHIunoBy ocobyusicts THIL: wyrtiuBicTs 10
CTATUIHOTO MATrHITHOTO T0JIA. B HOpMaJ IbHI HeMAarHiTHI MeTaJI BOHO TPOHNUKAE
oxnopinano, ane B [HITHII Bunukators crpymn Meiicnepa, 1m0 npusBojdaThL J10
HEO/THOPITHOTO TPOHUKHEHHS Y BUTVIS «XBOCTa» JI:K03e(DPOHIBCHLKOI'O BIXOPa
[49], crBoprotoun weopnopimauit Gou st JAIIX, 3 gxuMu BoHO B3aeMojiie
3aBJIIKN HEJIIHIITHOCT] J12Ko3edcoHiBCbKOro crpymy. Tomy BoHO MoxKe OyTH
BUKOpUCTaHO i ynpasjinag epexktamu B [HIHII. Tpeba BimznaunTn, mo
B3aeMoist HIIX 3 craruyHmM 1o0jieM BHBYAJIACh TAKOXK EKCIIePUMEHTAJIbHO
[29,/50].

[ITHIT e npukmajom Tak 3BaHoro rimepbosianoro matepiaay (I'M),
OLIBIIT TOro, TimepOOIYHICTE MOYXKe OyTH BiJIIIOBIIAJIBHOIO 3a BUCOKOTEM-
neparypry nasnposigaicts B IITHIT [51]. B T'M giaronasbai KOMIOHEHTH
TEH30pa JI1eJJeKTPUYHOI MPOHUKHOCTI MOXKYTh MaTH PI3HI 3HaKW, IO IPHU-
3BOJUTH, HAIIPUKJIAJ, IO HEIraTHBHOI'O 3aJIOMJICHHSI €JIeKTPOMAarHITHIX XBUJIb
[52]. 'M matoTh HE3KY 3aCTOCYBaHb, HAIPUKJIAJ, JIJIS COPTYBAHHS ONTHIHIX
CUTHAJIIB, OTpUMaHHsI 300parkeHb Oe3 abepalliii Ta HaJIBUCOKOI PO3iIbHOI

3/IATHOCT1, B HAQ IIIBUJIKIN ONTHIN, JIJIT CTBOPEHHS TIIEPJIiH3, 10 HOPYIIYIOTh
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mudpakiiiiiny mexy, 6iocencopis Ta in. [53-H8|. Inmmmu npukiagamu I'M
B IEBHUX YACTOTHUX Jlalla30HAX € JIesiKi MPUPOJHI KpucTtaan (HAIPUKJIA,
Si09, TiOy, BaTiOsz, MoTes) [59, 60|, takoxk I'M cTBOpIOIOTH Ha OCHOBI
rpadeny [61-63]. ILITyuni crpykrypu (rinepbosidni Meramarepia/in) 3a3Budaii
CTBOPIOIOTH 3 HAHOJIPOTIB Ta IMapiB, 1 BOHK MOXKYTh MaTH IIe OLIBIN CKJIaTHY
cTpykTypy [64-66]. Yepes ayrimsicrs THIT g0 crarnaroro MaraiTHOrO moJist
BOHW € MPHUKJIJI0M HajamToByBanoro I'M. 3asnaummo, 1o icHyloThb 1 immmi
['M, BacTUBOCTI IKUX MOXKHA HAJAIITOBYBATH, HAIIPUKJIAJ, 3& JIOMOMOTOIO
npuKJ/ajenol nanpyru [67), remmeparypu [68], maraitHOro MO [69], bazosoro
niepexogty [70}71], enekrpoontuanux edexris 72| ta in. Ase ITHII € ocob.u-
BUMM, TOMY ITI0 YyTJMBICTb JIO CTATUYHOTO IOJA BJACTUBA IXHIH (izndHiii
IpUPO/Ii 1 He 3a1exKUTh Bij mporiecy dadbpukarnii. Okpim Toro, [ITHIT € I'M B
TT'n mianasowi.

CepeJ1 MaTepiaJiB, siki BAKOPUCTOBYIOTH IIPU BUT'OTOBJIEHHI 3BHYANHUX
mins g TT'm BunpominioBanHs, 3a3BUYail, BiJIAIOTh MepeBary KpeMmMHilo Ta
TedJiony, 60 XapaKTepi3yloThCs BiJHOCHO BUCOKUM KOEMIIIEHTOM IIPOITYCKAH-
st [73-75]. Ase 6ysio pospobiieno ajbrepraruBhi criocobu okycysanns 1T
XBUJIb MIAPYBATUMU Ta IHIIUME HeOJHOPIHuME cTpykTypamu [76-80]. Buko-
puctanusg [TTHIT gra kepysanug TI'n BumpoMiHiOBaHHSAM € MEPCIEKTUBHUM,

TOMY 1110 JI03BOJIsI€ TLIaBHO HasamToByBaru i dpokycysaru T xpui [81].
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1.2 AmnajgiTudHM miaxia: cuHycolgaJbHiI piBHSHHS 'opagona

Cunycoinasnbue pisasianst Lopgona (CPITY) e gyke BazkIuBOIO MO
JIIO JIJISE OIMCY HEeJIHIHUX $IBUII 3aBJSKU CBOIl 4yjd0Blil 3J1aTHOCTI JlaBaTU
BEJINKY KUIBKICTh PI3HUX TOYHUX PO3B A3KIB, JO3BOJIAIOUN JOC/TILIKYBATH
za1adi anaaiTudHo. Cepe pisUUHIX 3aCTOCYBaHb 1€l MaTeMATUIHOI MOJe
OIMNC €JIEKTPOMAarHITHUX SIBUIN y J2KO3e(PCOHIBCHKUX KOHTAKTaX € OJIHUM 3
Haitbiibim Baxksmsux [82]. Habip 38’s3anux CPI jyist mixkiapoBoi pisauii
a3 mapamerpa TOpsJIKY Biepiie Oyso oTpuMano B poboti [83] mist ommcy
enektpogunamikn IITHIT. Iliciss 1mporo mg cucrema Oysia I1epeoTpuMaHa,
BUKOPHUCTOBYtOUN iHM Tiaxom [30),84-88].

3’a3ani CPI' He € TouHUMM, BOHM HE BPAXOBYIOTHb JICAK] BasKJIMBI
acriekTn (Hanmpukial, d-XBUJIbOBE CHAPIOBAHHSI), ajieé BOHU JIAI0Th SIKICHO
kopekTHuit ormc JIIIX i go3Bossiors pobutn npaBuibHi mepeabadents [89).
Hampukita, Ha ocHoBi miei mogesi B poboti [90| 6yso 3ampornonoBano croci6
oJlepyKaHHs KOMePEeHTHOro BuipoMiHoBauHs 111l XBuJIb, aKuil misHimre 0yJ10
peastizoBano B excriepumenti [91].

3p’s3ani CPI' gasa HIIX B reomerpii, cxemMaTudHO IOKa3aHiii Ha Puc.
[1.1], moxkHa sanucartn y takomy surisil [4):

82901+1’l 6QOZ+1’Z 11 6_282901+1’l

Aab 2 2
—ﬁg@l 972 + w, Y + wjsin g =0 (1.1)

. . . . 2 . .
Ty oneparop AMCKpeTHOI APYroi moxigHOI O BU3HAYAETbCA TAKHM CIIBBiJI-

HOIIIEHHAM:

812E :E+1+E—1_2E7
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JI2K03e(DCOHIBChKA, T1JIa3MOBa 4YaCTOTa

8meDyJ.
Wy = he )

Aap — JIOHJIOHIBCHKA TJIMOWHA IPOHUKHEHHSI MarHiTHOTO IOJIA Y THEePIeH -
KyJISpHOMY IIapaM HalpdaMl, w, — 4YacTOTa peJakKcallll, €. — Jl1eJeKTPUIHa
IIPOHUKHICTD JIIeJIEKTPUYHUX IapiB, ¢ — MIBUJIKICThH CBITJIA.

Ao JoBXKNHa eJeKTPOMarHiTHOI XBWJII Y HalpdaMi Bicl 2 3HAYHO
nepesuinye mepioyg Dy mapyBaTol CTPYKTYPH, TO, HEXTYIOUH JIMCUIIAIIIEIO,

piBasiag ((1.1)) MoykHa MepermcaT B KOHTHHYATIbHOMY HaOJmkenHi [49):

0? 1 9% 0%

1—X,— | | 5== +sinp| — \2=—L =0, 1.2

< 922 ) |w? O 4 “0x? (1.2)

1e A\ = ¢/(wy\/Ec) — JIOHIOHIBCbKA TJIMOUHA TPOHUKHEHHST MATHITHOTO MOJIsI
B3J/I0BK IIaPiB.

KaJsibpoBouno iHBapianTHa pi3HuIld a3 ¢ OB si3aHa 3 2-IPOEKIE0 A,

BEKTOPHOT'O MOTEHIIALY ITPOCTUM CIIBBITHOIIEHHSIM,

O
A =0 1.3
7D ? (1.3)

ne &g = mhe/e — KBaHT MarHiTHOTO TOTOKY, SKINO 3HEXTYBATU MOPYIICHHAM
eJIeKTPOHENTPaJIbHOCTI HaIIIPOBIAHUX 1apiB. Toi, gK 0y/10 mokaszaHo B poboTi
[89], piBusinns (1.2) Hanpsimy BuTiKae 3 BiIOMOrO piBHSIHHSI JIJIsi BEKTOPHOIO
[IOTEHIaJY,

PA  Arm -

grad divA — AA = —— T, (1.4)
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3 KOMIIOHEHTaMU I'YyCTUHY CTPYMY:

c
T = _—Ax7 L.
J 47T)\3b (15)
c
= ——— A 1.
Ty 42, (1.6)
2w D
J, = J.sinp = —J.sin ( r 0) . (1.7)
Py

BekTopHuit moTeHIian 3a1a€ eJIeKTpUIHEe 1 MarHiTHe OJIs,

H = rotA, (1.8)
10A
_ 94 1.
E c Ot (1.9)

Piusing (1.4) MoxkHa TakoXK mepenucaTu B TePMiHAX AHI30TPOIHOT

eeKTUBHOI JIieJIeKTPUTHOI TPOHUKHOCTI 3 TAKUMEI KOMIIOHeHTamu: [92]:

2

_ _ 2 |Wy W

Exx = Eyy = Ec(l - |:E — ZUIU] >, (110)
2

w w
e, = gc(l ~ 2y z'vz—‘]), (1.11)

w w
e v = A/Awp > 1 — mapamerp anisorporil, a v, v, — 06e3po3MipHi

qacTOTH pestakcariii. Bijgradumo, 1mo sk TeopetwdHi ominkm [4], Tax i ekcre-
pumeHTa/IbHI BuMiproBatHs |93, 94| rux gacToT MOKA3yIOTh, MO P HU3bKUX
TeMmIepaTypax BOHU € MaJIUME Y ITOPIBHSHHI 3 JI:K03e(DCOHIBCHKOIO I1J1a3MOBOTO

JaCcTOTOIO.
1.2.1 Ilopymienus eaxekrpoHeiitpaiabHocTi B CPI’
KommnonenTa F, BUKJIMKaE MOPYIIEHHS €JIeKTPOHEHTPaIbHOCTI IMIapiB,

110 [IPU3BOJUTD JIO JOJATKOBOI'O MiKIIIAPOBOI'O 3B’SI3KY — TaK 3BAHOI'O €MHi-

cuoro 38’a3Ky. Jns BTHIT napamerp emnicnoro 38’a3ky a = R3e./(DsDy)
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sazsuyail masnii (o ~ 0.05 — 0.1) [87,95] (ryr Rp — jebaiBebKuii pajiyc).
[Ipocrmit Bupas (1.3) i Bignosigui Bupasu s kommnonenT EM moss mMoxHa
OTPUMATH, TIIbKN SIKIIO 3HEXTyBaTH UM HapamerpoM. Lle moxkHa 3pobutn
st ortepednnx JIIIX [49]. Asie jist TOB30BKHUX XBUJIH MPH 9aCTOTAX
ommsbkux g0 JAITY mum edexrom HexTyBaTn He MOXKHA [87).

B pob6ori [96] Oyio BpaxoBaHo Teil edeKT I MOBEPXHEBUX XBUJIb
B HalliBHECKIHYEHHINl IIJIACTHHI, IOBEpXHsI sKOI IapaJenbHa Imapam. CPI
OyJIO IIepermcaHo Jijisi KOMIIOHEHTH MarHiTHOro mojs H; = Hy| =D 1

mineapuzosano [96]:

1 0%H,
w?] ot?

82H
+ H — ad?H, | = 22—

R (1.12)

1= Dy

D2t

Po3B’si3y10un 11e piBHSIHHS 1 BUKOPUCTOBYIOUHM CTAaHJIAPTHY I'DAHUYHY YMOBY

Ha MOBEpXHi (TyT MOBEPXHs TIIbKU OJHA, aJZKe 3Pa30K HalllBHECKIHUeHHUI ),

B poboTi |96 mokazano, 1110 Yepe3 HEHYIbOBUIT TapaMeTp (v 3’BJISETHCS 1018~

TKOB& TlJIKa JUCIEPCIiHOI KpUBOI, 10, 30KpeMa, Ma€ JIIAHKY 3 aHOMAaJIbHOIO

nucnepciero. st qomaTKoBa rijika BILIMBaE Ha BJACTUBOCTI ILJIACTUHHI, 30KPeMa,
Ha TPOITYCKAHHs Ta BIIOUTTS ejieKTpoMarHiTHol xBui [49).

Y BHNQJKY, 10 JOCTKYBaBes B 3aadi [96] (wamiBHecKiHYeHHUIT
3pa30K), € TLIBKE MOBEPXHEBI JIOKAJI30BaHI XBUJI, IO MIBUJIKO 3racaiTh Y
MIpy BiJIaJIeHHsI BiJl rpanuili 3paska. Bigomo, MO y BHNAJKY CKIHIEHHOI
TOBIIMHU 3pa3Ka, 3a YMOBU W > Wy, HasBHI TaKOXK BJIAaCHI MOJIM, IO
OCITIJTIOIOTh B 3pa3Ky, Tak 3BaHi xBuieBo i Moau [97]. Sk came mopyienns
eJIeKTPOHENTPaJIbHOCTI BILIMBATUME Ha III MOJU JIO OCTAHHBOIO 4Yacy OyJIo
HEB1JI0MO.

Takoxx 3a3naunmo, B pobori [96] me Oyso meTasbHO JTOCITIKEHO Hafi-

IiKaBIIIy 00/1aCTh YacTOT W R Wy, B SIKiil HPOAB/ISIIOTbCS CUJIbHI HeJiHifHI

edexrn [10].
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1.2.2 Po3p’a30ok CPI' ajis ctaTudHOro MarHiTHOIO I10JIsI

B po6ori [49] 6y/0 BUBYEHO BIUIMB CTATHYHOIO MAUHITHOTO T0Js Hy,
wa nornepeuni nosepxuesi JIX B IITHIT (rpanutist po3iiiy HaliBHECKIHI€HHOTO
3paska siexuth B wiomuni yOz na Puc. [L.1)).

[Tocriiine marniThe nosie (y BUIAJIKY, KOJIM BOHO HE MEPEBUIILYE KPUTH-
qHOrO 3Ha4YeHHsT H. 1 BUXOpH B HAJIPOBIIHUKY HE YTBOPIOIOTHCSI) TTPOHUKAE
B Ha/IIIPOBLJIHUK HEOJIHOPIIHO, eKCIIOHEHIIIITHO 3racalodn BcepeinHl IJIacTUHN
[ITHIT 3a 3akonom ~ exp (—xz/A.) [98]. Tomy 3’sBisierbest HeognopinHuit hon

nutst miniiiarx JIITX — crarmionapuuit posmnois pisauri dhas g [49),

- Y Hc
ost(x) = —4 arctg[exp(% — arch T

)], (1.13)

110 € BIJIOMUM COJIHTOHHUM po3B’si3koM crariionapaoro CPI

: 0?
sin  — )xza—xf = 0. (1.14)
Tyr: x., — xoopjunara rpanuri posuainy, H. = ®g/(mDy\.) — xpurndne
MarHiTHe 110Jie, IIPY [TePEBUIIEHH] SKOI'0 YTBOPIOIOTHCA BUXOPH.
TakuM YUHOM, CTATUYHE I10JIe IPOHUKAE B 3PA30K AK <«XBICT» JIZKO-
3edcoHiBCbKOIO Buxopy 1 mBHAKO 3racae Bcepemuni THII. Jlns siniiiamx
JIIX (To6TO KON XBUIBOBA KOMITOHEHTA, MIzKITIApOBOT pisHuIi das mapamerpa

MOPSATIKY Py € MAJIOI BEJIMYUHOW), 12K03eDCOHIBCHKUiT cTpyMm J MOKHA

IPEJICTABUTH B HACTYITHOMY Burvisii [99]:
J = Jesin(@s + ©u) & Jesin g + Jopy, oS Py (1.15)

Hpyruit monanok B pisastani ((1.15]) mos’s3ye Mizk coboro miniiiny EM xBuitio
(IO BUBHAYAETHCST XBUJIBOBUM JIOJIAHKOM (0,,) 1 CTaTHdHe MartitHe moje (1o

BIU3HAYAETHCST CTAIIOHAPHUM JIOJIAHKOM (g ), TOOTO BijoOpazkae B3a€MOIITO
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craruanoro nojis 1 JITTX [99).

CKopHCTaBIINCH TAKUM HabOJmKeHHsAM, B pobori [49] Gyso poss’sizaHo
PIBHAHHS y BUIQJIKY HalllBHECKIHYECHHOI'O 3pa3Ka B CTATUYHOMY IIOJI 1
3HAIIEHO PO3IIOMILT (©y,. OTPUMAHO TAKOXK 3aKOH JINCIEPCiT TOBEPXHEBUX XBUJIb
3w < wy Ta MPOJIEMOHCTPOBAHO BILINB HA HBHOTO cTaTnIHOrO 101 [49]. Tounuit
po3p’si3ok CPI' 3ammcano B TepMminax rimepreoMerpudnux (yHkiiit. TobTo
yYHKIIT, 9Ki ONUCYIOTh XBUJIIO, HE € TapMOHIYHUMM, FApMOHIYHICTH MOYKJINBA

JIMie aCUMIITOTUYHO 3a IIEBHUX YMOB.
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1.3 IIpoxomkenHs xBuJab depe3 3pa3ok IITHII

B mpomy migpo3iisi MU KOPOTKO OMHUINEMO 2 TPUK/IAIN HENoaBHO
PO3B’d3aHnX MIKaBUX 3aja4 cTocoBHO nomupennd EM 36ymkens B IITHIT, mra
AKX OYIKYETHCS MOYKJIMBICTH BUKOPUCTAHHS CJIA0KOTO CTATHIHOTO TOJIS JIIs

HaJIAIITYBaHHS IepedadyBaHnX eeKTiB.
1.3.1 30ymKeHHd JIOKaJi30BaHUX XBUJIb

[lepmioto € samada [9], B skiit jocstikeno mpomyckanust TT' xBuib
yepes mwiractuny HTHII, mo BijokpeMeHo Bijl J1ieIEKTPUIHOTO CepeIOBUINA 3
JHeJIeKTPIIHOI0 TPOHUKHICTIO (£, > 1) MPOCTOPOBUME MTPOMIZKKAMEI BAKYYMY
(e = 1). Hlapu mracTuHN MEPIEH UKYIAPHI TTOBEPXHSIM.

B rakiii reomerpil MOKJuBe 30V/KEHHSI JIOKAJJI30BAaHUX XBUJIb IIPU

KyTax OIPOMIHIOBAHH:A, IO € OLIBIMUMEM HiIXK KyT IMOBHOTO BHYTPINTHBOTO

BiourTs 6 [100]:

0, = arcsin/1/e,, 0<6, < 7/2. (1.16)

[Ipr mux KyTax 3a BIJICYyTHOCTI 3pa3Ka crocTepirajocs O TOBHE BiIOUTTs
XBIWIb, aJje 3aBidku 30yirkeHHio JIX, Nnpu meBHHX 3HaUEHHsSX KyTa 6 Ta
JaCTOTH W, MOYKJINBE TIOBHE MTPOITyCKaHHs (KoedirienT npoxozkernst T = 1) —
pe30HAHCHE MPOITyCcKaHHs. B iHmux obactsx (TOOTO JaeKo Bijl PE3OHAHCY ),
IPOITYCKAHHSA € MPaKTHYHO BIJICYTHIM — EKCIIOHEHIiaJbHO MaJIiM, a 00JIacTi
pEe30HaHCY, O4IKyBaHO, Hara/Iyl0Th JIUCIEPCIitHI KPUBI.

HemonoronuicTh aucnepcii Mo, JTOKAJII30BaHIX Ha IJIACTHUHI, MOSICHIOE
crierudivny 3asexuicts T(6). 3okpema, mepeadadaeTbest COCTEPIranHs JBOX
MIKIB Ta 3JUTTA IX B OJUH <IMUPOKHUil» MK npu 30uIbleHHi dactorn. Lle

HOSICHIOEThCsI rinepOosiaaumMu BiaactuBoctsamu [TTHIT.



Sajauy pos3s’a3ano jyrd giniitaux 11X B npumnyiieni BijcyTHocTi Jaucu-
narii, To0To 3HAYEHHA VU, Ta V., MO0 BU3HAYAIOTH YsIBHY YACTUHY KOMIIOHEHT
TEH30Pa € B PIBHAHHSX , , JIOPIBHIOIOTH HYJ110. CJ1a0KYy JUCUTIATIIIO B
Takiit reomeTpil it aHoMmatiit Byna (pe3oHaHCHOTO MiJICHIeHHST TIOTTHHAHHS,
BrK/MKaHoro 30ymkernsm JIX [101]) 6ymo BpaxoBano B crarti [92]. fKicHo,
BpaxyBaHHs JUCUTIAINT He 3MIHIOE Pe3YIbTAT. ToOMY B MOJAIBIIOMY MU OYJIeMO

PUITyCKATH 11 BIJICYTHICTD.

1.3.2 IIpoxo/2keHHs JIa3€pPHOTr0 My4Ka

B excnepnmenrtambuux gociimpkennax HIHIT [29,/102] 3a3Butait Buko-
PUCTOBYIOTH IIPOCTOPOBO PO3IOJlJIEHe OIMPOMIHIOBAHHS Y BUIJIS/IL JIA3€PHOI'O
My4Ka, OTpUMAaHOro 3 KpuctasiB Zn'Te. Enepris oMHTIHOTO IMITY/THCY TaKWX
JIa3€epiB, M0 BUIIPOMIHIOIOTH B OJIMKHBOMY iH(padepBOHOMY Jliala30Hi, J10Cs-
rae HAHOJZKOYJIB TIPH 3HAUCHHSIX esieKTpudHoro moss 1o 1 kB/em [103]. Hs
crioctepiranng Heiniinnx edgektis B IITHIT MmoxkyTh OyTn moTpioHi cuabHini
noJist [2|, Jist JIOCSTHEHHsT SIKUX ICHYIOTH Pi3Hi Meroju. 30Kpema, B poboTi
[104] Bukopumcrano merTos HaxwieHOro (bpOHTY IMITYJIbCY Jiist JIOCIIZKEHHSI
Bigaryky HIHII Laq g4Srg16CuQO4 na 3oBuimue TI'n BunpominioBaHHsI, J1asep

2 a mnose mpocsrasno 100

Oy/10 cOKYCcOBaHO JIO IIOIEPEYHOro Iiepepizy 1 MM
kB/cm. B pobori [35] 3a gomomororo siazepy Ha BIILHUX €JI€KTPOHAX JIO-
CJIJIZKYBaJINCh HEJIHIH] J17K03e(PCOHIBCHKI TIJIA3MOBI COJIITOHU, IepejidavdeHi
y [105], mose mocsiraso 10 kB/em. BukopucroByioTh Takok rasoBi JasepiB Ha
octosi CO, siki mpamioors B TT' miamasoni [106-108|. TobTo € MoxKnBicTH
JIOCSIPTH JOCTATHBO BUCOKUX JIJIs CIIOCTeperKeHHs HesiHiitHux edexTis B [ITHII
AMILTITY/JT IMITyJIbCHUM BUITPOMIHIOBAHHSIM.

B po6oti [10] Brepiie TeopeTiaHo g0CTiKeHO HOKYCYIOUl BIACTHBOCTI

nnactud HTHIT g EM ompowmintoBannga y BUrIsai rayccoBoro mydka. Iloxa-

3aHo, 110 1actuna ITHIT moxke edexkTuBHO hoKycyBaTn Jia3epHUil Iy JoK.
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Kpim Toro, mokazaHo, 1o 4epe3 HeJIHIFTHICTD JK03edCOHIBCHKOI T1/1a3MI
mapaMeTpu hoKycyBaHHsI (a came, (DOKyCHa BijicTaHb 1 MiHIMaJbHUIT TIepepi3
IIPOMEHsI) 3aJIeyKaTh BiJl IHTEHCHBHOCTI MAJIAI0YOT0 IPOMEHsI. BLIbIT Toro,
OUIKY€TBhCS, MO0 B ekcnepumMenTax 3 111 jazepamMm MOXKHa criocTepiraTn
ricTepe3ncHy MOBEIIHKY 1€l 3a/1e2KHOCTI.

Pospaxynku B poboti [10] Oys10 BeprbiKoBAHO CHMYJISAINE0, BIIKPUTHM
3aJINIINJIOCH JIUITTE TTUTAHH TicTepe3ucy. BB cTaTHIHONO MArHiTHOTO MOJIS
Ha POKYCYI0Ui BJIACTUBOCTI HE OYJI0 JIOCIIZKEHO, IO MOTJIO O JIaTh MOXKJIUBICTh

yIpaBIiHasa dpokycyiounMu BiractuBoctamu miactuan [TTHIT.
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BucnaoBku /10 po3ainy

1. [ITapyBaTi HaANPOBIIHUKN — Il€ CUJILHO aHI30TPOIHI MIAapyBaTi CTPY-
KTYypU 3 TOHKUMHU HJITPOBLIHUMU ITapaMu, IO 3B’gd3aHl BHYTPIMIHIM ede-
kToM /J[2k03ecbcona, ToOTO ToIepeK IMapiB Tede JKO3ePCOHIBCLKUN CTPYM.
Ili cTpykTypm € npukiajioMm rinmepoosiunux marepiaiaiB B TT'1 wacTorHOMy
miarrazoni. Okpecseno moxkJ/usi npakTudni 3acrocysanas [HTHIT, manpukiian,
Jutd ctBopents TTn-nipucTpoiB, nmorpeda B AKUX ICHYE B OaraTbox TIaJIy3sx
dyHIaMeHTaIbHOI Ta MPUKJIAIHOI HAYKHU, & TaKOXK B KOMYHIKaIlliHIX, OioMe-
JITIHUX Ta, IHITUX TEXHOJIOTIsAX. B paMKax TeopeTUuIHOro MiJIX0/Ly JI0 OIUCY TIUX
mapyBaTux cTpykTyp g onucy EM nong B HITHIT 3a3Buvait BUKOPpUCTOBYIOTH

cunycolgabii piBngnasa [opmona.

2. Mixx magnpoBimauvu mapamn IIHII mMorke BuHMKaTH moaaTkoBuMii
€MHICHUIT 3B’SI30K, IIOB’sI3aHUIT 3 MTOPYIIEHHSIM €JIeKTPOHEHTPAIBLHOCTI HIaPiB.
Ile cyrTeBo BmmBae Ha mop3jaonxkHi IIX. Brms nopymennda enekTponeii-
TPaJIbHOCTI OYJI0 TEOPEeTHUYIHO JIOC/IIXKEHO JIJIsi BUIAJIKY HalliBHECKIHUEHHOI'O
3paska, a came OyJ10 ITOKa3aHO BUHUKHEHHsI JTOJIATKOBOT (B TIOPIBHSIHHI 3 /1€a/1b-
HUM eJIEKTPOHEeHTPAIbHIM BapiaHTOM) JUCIEPCIiiHOT KPUBOT Jjist TIOBEPXHEBOT
JIOKQJII30BAHO! XBUJI, HPUYOMY I KpUBa MICTUTH YaCTUHY 3 aHOMAJbHOIO
nuctiepciero. HagBuicTh 1i€l TIIKNM BJUBa€ Ha MPOIMYCKAHHS Ta BiIOUTTH
xBuJii. B Toit »kKe yac He OyJI0 JOC/iKeHO o0JacTh dacTtor 1mobymsy JIITH,
B dKiil CIIOCTEPIraloThCd CUJILHI HEJIHINAHI epeKTH, i, KPIM TOT0, 3a/JINIIacThCA
BIIKPUTUM NUTAHHS HAC/IJIKIB IOPYIIEHHS €JIEKTPOHENTPAJIbLHOCTI Y BUIIAJIKY
CKIHYEeHHOI TOBIIUHU 3pa3Ka, KOJIM € He TIJIbKU MOBEpXHEBl, a i XBUJIEBO/IHI

MOJIH, IO OCITUJIIOIOTH B 3Pa3KYy.

3. Bazknusoio ocobsmsictio HIHIT € ixus B3aemojist 3 cTaTUIHIM MarHi-

THUM IIOJIEM, IO € IIEPCIIEKTUBHUM 3 TOYKHN 30PY HaJlalllTyBaHHA BJIACTUBOCTEN
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mwiactud HTHII B ekciepumenti. 1o B3aemoiito Oys10 JOCTIIZKEHO JIJIsi HalliB-
HECKIHYEHHOI'0 3pa3Ka, i Oys10 IoKa3aHo, 0 (PYHKIII, SIKUMHI OIUCYETHCS 110~
BepXHEBa XBIUJIA, B IbOMY BUIAJIKY HE € TapMOHIYHUMK. BUIa 10K CKIHYeHHOT0

3pas3Ka MoTpedye J10IaTKOBOIO JIOCIIXKEHHS.

4. Icaye mmpokwmit criekTp edekrtis B IIHII, gkuvmm MoxkHa KepyBaTu
38 JIOIIOMOT'OIO0 30BHIMIHBLOTO ITOCTIMIHONO MAarHITHOIO IIOJIA, aJje BlAImOBIIHI
TEOPETUIHI JIOC/IiJIZKEHHS He TTPOBOIMINCH. 30KpeMa, y poboTax, Jie BHUBYA-
JIoch mommupeHHs XBuab B miaacturax [HTHIT ckimgennol Topmumnm, HagBHICTD
CTATUYIHOIO I110Jig He Oysia BpaxoBaHa. Lle, 30kpema, pobora 1po 30yIrKeHHs
JIOKaJII30BAHUX XBUJIb, B sIKili OYJIO IIOKa3aHO, IO 3aBJSKH HEMOHOTOHHOCTI
quctiepcii MUX XBUJIb (HASIBHOCTI JIJISTHOK 3 aHOMAJIBHOIO JIUCIIEPCIEr0), pe-
30HAHCHE MPOIYCKAHHs XBUJIb MA€ CHENU@ivTHi 0COOJMBOCTI: JBOMIKOBI KPUBI
npormycKanusd. /Ipyroio BayKINBOIO 3a/1a9el0 € BUBUEHHs 0COOINBOCTE He TiHiii-
HOTO (DOKYCYyBaHHS Ja3epHOTO MydKa, aKuit mpoxouTh depe3 [ITHII, mto Bijmo-
Bijla€ cydacHUM eKCIepuMeHnTaJIbHUM JocaipKeHHsaM. [lokazano, 1Mo 3aBasgkm
HeJIIHIHHOCTI, TapaMeTp POKYCYBaHHA ITyYKa 3a/1e2KaTh BiJl aMILIITY/ I XBUJI
Ta MOXKYTb TAKOXK JIEMOHCTPYBATH TicTepe3nCcHy MOoBeiHKY. JlocaianTn BB
CTATUIHOTO MAarHiTHOIO TOJI B Iil 3ajadi MOTJIO 6 JIO3BOJIUTH OTPUMATH

Kpallli MeTO/ I KOHTPOJIIO HaJl POKYCYIOUNMU XapaKTePUCTUKAMHI.
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PO3/ILII 2
3AKOH JUCIEPCII JIOKAJII3OBAHUX XBUJIb

B oMy posgiii posrisgnyTo BiaacHi Mo B mactudi HTHIT: mosepxmesi
ta xueBiani JIX. Hmxkue 3maitgeno 3axkon guctiepcii JIX y 1BOX TpUpPOIHO
HAHTIPOCTIIMIX TIeoMeTpisax, B dKUX MoxkHa rnomictutn mactuny [TIHIT B
JieJIEKTPUIHE CEPEeIOBUINE: KON Mapu

a) mapaJiesibHi,

0) IHepreH KYJIsIpHi
rpanutgm posairy HITHII-nierekTpuk. Byne BpaxoBaHo mopyIieHHs eJIeKTPO-
HeRTpaJbHOCTI MAapiB Ta HASBHICTD MTOCTIIIHOIO MArHITHOI'O IOJI.

B oMy po3iiii mpeacTaBieHo pe3yabTaTH, OMyOJiKoBaHi B poboTax

[12][14,[18-21].

2.1 T'eometpid, B fKiii mapu napaJiejibHI TPAHUISAM PO3IiTy

Himkue nocaijpkyrorbea BiaacHi moau B miaactuni ITIHIT ckingennol
TOBIIMHU 3 ypaxXyBaHHsIM e(deKTy IOPYIIeHHSI eJIeKTPOHEHTPabHOCTI B Ieo-
MeTpil, KON IMapHu HapaJesibHi 10 rpaHuis mojiay. CHekTp Mux XBUIb (sK
MOBEPXHEBUX, €KCIIOHEHIIaIbHO 3aTyxatounx Beepenni miaactunu ITHII, Tax
| XBIJICBITHUX, OCIIJIIOIOUNX B IJIACTHHI) BuBYaBcA B [97] /s esiekTponeii-
TPaJILHOIO BUIAJKY, 1 OYyJI0 OTPUMaHO HOPMAJIbHY JIUCIIEPCito B Iiil reomMeTpil.

B pobori [96] mpoamnanizoBano mosepxuesi AIIX jyist HeckiHueHHOT
mjactTuHn 3 BpaxyBaHHsaM B CPI' wjena, sgxuil BijmoBijlae 3a IOPYIIEHHS
HefiTpasibHOCTi. [ToKazaHo, 110 B IMCIIEPCIHIX KPUBUX 3’ sIBJISIETbCS J0IATKOBA
rinka. OCKUIBKI ITOBEPXHEBI MO IIBUJIKO 3TacaloTh I[IPU BlJJaJIeHHI BiJI
MOBEPXHI 3pas3Ka, TO CIEKTD TMOBEPXHEBOI MO/ (KOJIM YacTOTa HUYKYIE KO-

3ehCOHIBCHKOT ), 3BUUANHO, TOMOHNUIT 10 BUIAIKY HAIIBHECKIHUEHHOTO 3pa3Ka,
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1 TOMY HUZKYe OCHOBHY yBary Oyjie 30cepe]iKeHO HacaMIlepe/ Ha XBUJIEBITHIX

MOJIax.
2.1.1 Moxaean

Hocnimkyiorbes TM-nongpusoBani XBui,
E={F,0,E.}, H={0H,0},

qacTOTH W, JoKasizoBani Ha miacruni IITHII, mo micturs (20y + 1) waj-
nposigaux Mmapis (nus. Puc. . BpaxkaTumemo, 110 mapy mnapaJiejibHi 10
IIOBEPXOHb ILJIACTUHU, SIKI TAKOXK € HAJIPOBIAHUMU IIapaMU, TOJI TOBIIMHA
macTuHu Jopisuioe 2lgDy, ne Dy — nepioy mapyBaTol cTpyKTypu. byiemo

BBaxKaTH, IO IJIACTUHA, JOCTATHBO TOBCTA, TOOTO

lo > 1.

Puc. 2.1 Tlnacruna IIHIT 3 (2l + 1) mapamu y BaKyyMHOMY CepeJIOBHUIII



3ayBaKiMo, 10 HelapHa KiJbKicThb mapis (2ly + 1) He € IpUHIUIOBOIO
JUIsST pO3B’sI3KYy 3ajadi, 1 1T Oy/10 00paHO BUKJIIOYHO 3 MIpKYBaHb IIPOCTOTHU
3aliCcy PiBHAHDb, HABEJEHNX HUZKYIE.

3 cumeTpil 3aja9i BUILIMBAE, 10 MArHITHE I10JI€ JIOKAJII30BAHUX XBUJIb
MOXKe OyTH

a) CUMEeTPHUIHO,

0) aHTHCHMETPUIHO
pO3IIo/IiIeHe BiAHOCHO Tiomunn z = () — cepeInHn MIacTuHMN.

Mu ngociimkyemo BiacHi EM xBuii gyt 000X BUIAJAKIB PO3IOJILILY
MarmiTHoro moJjis Bignocno z = (0. B 000x BHIajkax [JOCTATHHO 3HANTH
PO3TO/ILT y BEpXHBOMY IiBIIpocTopi, z > 0. Po3mo/iii B HIzKHBOMY IIBIPOCTOPI,

z < 0, eJleMeHTapPHO 3HAXOIUTHCS, BAKOPUCTOBYIOUN 3rajlaHy CUMETPIfo.
EnexTpomaruiTHe moJsie B BaKyymi

Y Bakyywmi, |z| > lyDy, MI BUKOPHCTOBYEMO YMOBY JIOKAJI3AIl, TOOGTO

BBaryKaeMO XBUJIl 3racalounMi B HAIIPIMKY 2,
E,, E., H, x exp(—iwt + tkyx — ky|2|),
3 BIJIOMUM JUCIEPCITHIM CIIBBIIHOIICHHSIM,
ky, = \/k2 —w?/c2.

Tyt k, — M0310BKHE XBIILOBE UNC/IO 1 ¢ — MIBUJAKICTH CBITJ/IA. 3a& JOIOMOI'OIO
piBHsIHL MaxkcBeJia j1erko 3HaifiT CIiBBIIHOIIEHHSI TAHT€HI[IaIbHIX KOMIIOHEHT

eJleKTpuyuHoro [, Ta marmitnoro H, mnojs OesnocepeJjHbO HaJl OBEPXHEIO
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ILJ1ACTUHU,

By
2 2.1
T = (2.1)

EnxexkTpomarnitHe noJse B IITHII

Beepennni mractuan HIHIL, nua |z| < gDy, po3mofin mossi Bu3Ha-
yaeTbest HabopoM 3B’szanux CPI' s mixkinaposol pisHuii ¢as mapamerpa
nmopsAaKy (7uB. posmin 1), $Ky MOXKHA JiiHeapu3yBaTH Ta MEePErucaTh st

mikKImaposoro maruitaoro nostst Hy = Hy|,—p y sursyg (1.12)  [96]. Ioro

pillleHHS IYKAEMO Y BUIVIS/IL JIOKAJII30BAHUX XBUJIb,

H;" =Cy exp(—iwt + ik, )
X [exp(—ks(lp — 1) Dy) £ exp(—ks(lo + 1) Dyo)] . (2.2)

(44 2

Tyt snaku “+’ Ta BIIIIOBI/IAIOTH CUMETPUYHUM 1 aHTUCUMETPUYHUM

MO/IaM.

[Tincrasusmu (2.2) B ((1.12), orpuMaemo HesiBHE DIBHSHHS JIJI XBUITHO-

BOro uncia ky:
2 4)\2 2k’2
(w—2—1—|—4cm) (1— ‘5%) — 625”7 (2.3)
w5 D; WiEe

e

k = sinh? (ksf()) ) (2.4)

BoHo € KBajipaTHUM BIJIHOCHO K, 1 OT?Ke, MI MA€MO JIBa PO3B’A3KM JIJIsd k?

BuxopucroByioun JIOHJOHIBCbKE piBHAHHA J1d H,, 1106/13y BEpXHBOI
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Mexki posiny (2 = lgDy) B IUCKPETHOMY HabJIMZKEHHI,

Hlo — Hlo—l - —iCElO

ne By = By D, & TAKOXK BHDa3 (2.2)), HeckaHO OTpPUMATH TaKi CIIBBIJI-
HOIIIEHHsI JIJIsI TaHTeHIabHuX KomioHeHT EM mnossa npu z = [gDy, T06TO

Oe3110cepeTHbO 1111 TOBEPXHEIO TIJIACTUHU:

Bl iw)?, (1 ~ cosh [k, (lp — 1)D0]) (2.5)

(
Hg cDy cosh[k,lo Dy
Elo _ iw>\(21b <1 _ Sinh.[ks(lo — 1)D0]) ' (26)
H cDy sinh[k4lo Dy

CuiBBiHOIIIEHHSA Ta 3allMCcaHO JIJId CUMEeTPUYHUX Ta aHTUCUMETPU-
YHUX MOJI, BLJIIIOBIJIHO.

Jlerko Gaduru, 110 JiJIsi HECKiHYEHHO TOBCTOI tiacturu (ly — 0o) 1 jijis
k? > 0 (moBepxHeBi MOj1) 00UBA DIBHSIHHSI 1 MalOTh OJHAaKOBUIl

IpaHUYHUAN BUJI,

E:t . )\2
. l W -
lim —¢ = ab (1—6 ksDO),
lp—00 Hlo CDO
110 OBHICTIO Y3TOJZKYETHCA 3 PE3Y/ILTATOM, OTPUMAHUM JIJI HAIIIBHECKIHYECH-
Hol macrunan y [96].

B konTnnyaJsibHoMy HabmmkenHi ks Dy < 1 Maemo:

Bl w2k,

H:T = c tanh(k‘sloDo), (27)
By whyk, 1 28)
Hl_ 1c tanh(ksloDo) ’ '

JUIsl CUMEeTpUYHOro, piBHaAHHs (2.7)), 1 anTucumerpuanoro, piBusnua ([2.8)),

BUIA/IKIB, BiamoBigHo. Anajoriuni Bupasu Oysiu orpumani B [97], ane s
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€JICKTPOHENTPAJIbHOIO BUIIA/IKY.
JucnepciitHe coiBBiJHOIIIEHHS

Bicrassenns cuissignontens (E,/H,) na rpanunmi mwiacrunu ITHIT (2.1)),

(2.5) 1 (2.6), 3 Bupazkenusim rinepbosiaHnx Kocuuycis depes k£ (2.4]) mo3Boiisie

OTPUMATH JcHepciiini criBBianomenns g JIX y Takomy BUrsi,

2k2_ 2 lfloj: lo—1
VR TR _ 2 EF (2.9)

)

Tw?/wy sl £ 5l

43 7

Jle cumBom ‘47 Ta MO3HAYAIOTh CUMETPUYHUN Ta aHTHUCUMETPUIHUI

BUIIQIKI, BIJIIIOBITHO,

n =142k —2Vk + K2,

Ta BBEJIEHO [TapaMeTp
r = Mw;y/cDy.

Coin migkpecautn, 1mo piBHgHHs (2.3) Mae JBa pi3Hi pO3B’S3KH, TOMY
1[0 BOHO € KBaAPaTHUM BIJIHOCHO K. A OT:Ke, iCHy€ JIBa TUIIN JACIEPCITHNX

KPUBUX 1PN KOXKHOMY THIi cuMeTpil. Huzkde iX po3ryignyTo aeTaabHilie.
2.1.2 Hacaigkm mopyIineHHd eJIeKTPOHEeNTPaJIbHOCTI

Crextp JIX, BusHavyennii gucnepciitnuM cribgijgaorentsim ([2.9)), 300pa-
»keHo Ha Puc. Ta IpHu XapaKTepHuX 3HadeHHsx mapamerpiB IITHII,
taknx sk BigSroCaCusOgys um Lag SryCuOy [29]. Bigminnwuii Big nyss
KoeIieHT «, SKUil BiANOBiAE 3a IMOPYIIEHHsS eJIeKTPOHEHTpaILHOCTI B

[ITHIT, cyrreBo 3minioe crekTp JIX B mopiBHAHHI 3 TUM, IO OTPUMYETHCS
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st a = 0 B [97]. Heranbuuit ananis cuekrpa JIX B reomerpii, 1m0 306pazkeHo
na Puc. 2.1] ase 6e3 nopyienns: eseKTpoHeHTpaabHocTi, To6T0 it o = 0,
npejictaBieHo B [97], me orpumana ojiHa moBepxHeBa Moja (Ipn w < wy) 3
HOPMAJILHOIO JTCIIepCieto Ta Habip XBUJIEBLAHUX MOj (Ipn w > wy) Tex 3
HOPMAaJILHOIO JINCIIEPCIEIO.

Hukue Oyjie ommcano BILUIMB HeHyaboBoro o > 0 ma crekrp JIX Ta

I IKpec/ieHO TOJIOBHI BIJIMIHHOCTI Bl Bunajky o« = 0.

Jlerenapiiisg cmeKTpa

Ha Puc. 1100y I0BaHO 3aKOH Juciepcil xBuieBianux moj. [lomapan-
YyeBl Ta CUHI CYIJIbHI JIiHIT HA IbOMY PUCYHKY BLJIIIOBIIAIOTH CUMETPUYHUM Ta
AHTUCUMETPUIHUM MOJIaM 1-To THILY, & MITPUXOBI — 2-r0 TUIy. AHTHCHUMETPH-
YHI MOJIM TPOHYMEPOBAHO B MOPAJIKY 3pOCTaHHA k. HOpHUM MOKa3aHO CBITOBY
JIHII0 w = ck,, pOYXKeBUM — JIOJIATKOBY 3aboponeny o0J1acThb. [lapamerpu s
npboro pucynka: o = 0.1,y = 80,7 = 0.7, v = A /A = 15, e, = 16.
Bujno, 1o icHye JBa pPi3HUX THIIN KPHUBUX, 9Kl BiJIIIOBIIAIOTH JBOM PI3HUM
PO3B’A3KaM PIBHAHHS , KBa/IpaTHOTO 110 <. M1 HaszmBaeMo Il KpUBI, dKi
BIIOBITAOTH M pO3B’si3kaM, Kpusnmu 1-ro (“mroc”) ta 2-ro (“minyc”) Ty
B 3aJIE2KHOCTI BiJ] 3HAKY Tepej] KB IpaTHUM KOPEHEM y PO3B 3Ky KBaIpaTHOI'O

piBasiaHs ((2.3)).

B kKoHTHHYaJIbHOMY HaOJIUYKEHHI JIUCIIepCiitHe PiBHIHHS 3 MiJICTaB-
JICHUM B HBOT'O PO3B’I3KOM l-ro Tuny npu o — 0 1nepeTBOpPIOETHCH
Ha DIBHSHH:A, sike Oya0 orpumMano B crarti [97] /st BiTHOCHO HEBHCOKWX
qacToT, TOOTO Wit w K Ywy (v = A¢/Aapy — nmapamerp anizorporii HITHIT,
o 3a3Budail cranoBuTh 10 + 100 a1 pisaux marepianis). OTxke, 1Ml Kpusi

l-ro tumy (cyuninbhi Kpusi Ha Puc. [2.2) Burisyiarors mojgibHo 10 HaBeJIEHUX

B [97].
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cke/w,

Puc. 2.2 Cnekrp xBuieBiHUX MO/ (BHCOKI 9aCTOTH)

Po3p’s130k 2-TO0 THUITy IPOJIyKY€ HOBe, NPUHIIUIIOBO 1HIIIE JIUCIIED-
ciftne piBHsiHH. [le npu3BOANTH 10 HOBOrO HAOOPY JAUCIEPCIITHUX KPUBUX, sKi
IOKA3aHO MITPUXOBUMH JiiHigMu Ha Puc. 2.2]

MozkHa oMiTHTH, 1110 AUCHepCiitai KpuBi 1t XBUIeBl IHIX MO (w > w,
k? > () 1-ro Ta 2-ro THUIlY TIEPETHHAIOTHCS MPU MEBHUX ITapaMeTpax, a OTKe
CIIEKTP BUPOZKYETHCA PN IUX MapaMeTpax. [l Toukn mepeTnHy — BUPOIZKE-
HHsI — BIJIIOBIJIAIOTH JBOM PI3HUM 3HadeHHSIM kg JjIsI PI3HUX KPUBUX, HIPU
I[OMY, 1110 BasKJIMBO, XBUJIBOBE UUCJIO kg € OLIBIINM JIJIsi «HOBUX» IITPUXOBUX
KPUBHUX, [0 BUHUKAIOTH UYepe3 IOPYIIeHHS e/JeKTPOHEHTPaIbHOCTI. 3ajiady
1po 30yrKeHHs JIX — muraHHsI IIPO Te, sdKa caMe 3 X JIBOX BUPOIKEHIX
MoJ1 OyJie 30y/IzKeHa — CJIiJ] PO3B’SI3yBaTH BPaxOBYIOUN TaK 3BaHi JOJATKOBI

rpanndni ymosn (qus., [87]).

Ha Puc. noKazano 3akoH jgucnepcii JIX aad HU3bKUX 9acToT, 3a
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cky/w;

Puc. 2.3 Cuekrp moBepxHeBuX MO/ (HU3bKI 9acTOTH).

SIKUX XBHJISI 3Taca€ B 3pas3Ky, TOOTO INoBepxHEBUX XBWJb. CyIiJIbHUMHU Ta
MITPUXOBUMU CUHIMU JIHISIMHU MIOKa3aHO MO 1-T0 1 2-T0 THIB, BIJIIIOBIIHO,
napameTpu obpani Taki K, sik Ha Puc. 2.2 Puc. 2.4 nokasye «36iibiients»
Puc. 1100/IM3y TOYKHU 00’ €IHAHHSA KPUBUX IUX JIBOX THUIIIB.

[llo crocyeTnes mosepxHesnx Moi (w < wy, k2 < 0) (mus. Puc. 2.3),
TO y IBOMY Jialla30HI YacTOT CIEKTP MOJ, JIOKaJi30BaHUX Ha ILJIACTUHI
[IHII cxinyeHnHol TOBIIMHM, MOMIOHUIT JIO CIIEKTpa MOJ, JIOKAJI30BaHUX Ha
HamiBHecKindenniil mwiacruni (qus.  [96]) 1 Kpusi, oUiKyBaHO, MPAKTHIHO HE
BIIPIBHAIOTHCS I CUMETPUYHOIO Ta AHTUCUMETPUYHOIO PO3MOMIILIIB 10JId,
aJI2Ke TIOBEPXHEBI MOJIM ICHYIOTH TLILKU MOOJIN3Y OBEPXOHL. B 11iif yacToTHI
00J1aCT1 He 3'ABJIAI0THCA TOYKHU MEPETHHY JTUCIEPCIITHIX KPUBUX, TOOTO CIEKTP

ITOBEPXHEBUX MO HE BUPOJKYETHCA.
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1.00 1.01

cky/w;

Puc. 2.4  Crnekrp moBepxHeBUX MOJI (HU3bKI 9acTOTH, OJN3bKI 110 [17K03edco-

HIBCHKO )
3abopoHeHa 30HA

Ha Puc. T o6y dacrorn JIxkozedcona Mokna mobadnTn
MOKa3aHy PpOXKEBUM BY3bKYy 3a0opoHeHy objacTh. Llg gojarTkoBa 00J1acTb

BI/IITOB1J1a€ HEPIBHOCTI

[(Do/Aap)? + (w/ws)® = 1]
2ksAe(Do/Aap)

<1. (2.10)

B niit obsiacti BeJIMYMHU K, 10 € KOPEHSIMHU KBaJIPATHOTO PiBHIHHSI ,
CTalOTh KOMILJIEKCHUMU, & TOMY JIUCIIepCiiiHe PIBHSIHHS He Ma€ PO3B’sI3KIB,
SIK1 BIJIITOBI/IAIOTH OINyYHUM XBUJIAM 3 IO3UTUBHUMHU W Ta k. 3 yMOBU
HECKJIaJIHO [T00AYNTH, 110 IUPUHA 1€l PozKeBol 3a00POHEHOI 30HN 3a/Ie2KUTH
BiJ] ImapaMeTpa « i XBUJIBOBOIO 4uucjia k,. BoHa acuMITOTHYHO HIPOIOpIiiiHa

Vak, npn Majux napamerpax .
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1.007

W/ o

1.003

chky/w,

Puc. 2.5 «3’¢qnanHgy IUCHEPCITHIX KPUBUX XBUJIEBIIHIX MOJI

Bapro 3azmaunTu, 1mo rpanuis 3ab0poHeHol obJacTi (depBoHa JiHis)
BijiIoBiTae cutyarii, Koyn jauckpuMinanT (2.3]) 1opiBHIOE HYJIIO, a OTXKe MikK
JIBOMA, pO3B si3kaMut Hemae pisauil. Tomy, odeBnjHo, Kpusi 1-ro (cyiijabHOrO)
Ta 2-70 (IITPUXOBOIO) THUITY MAOTh 3’€HYBATHCS B OJIHY KPHUBY Ha Iiiif
YepBOHI JIIHII.

st XBUJIBOBUX dYncesa k,, dKi 3HAXOISITHCS HEJIAJIEKO BiJl CBITJIOBOI
JiHll w = ck,, ne «3’enHaHHsI> MOKHa 1mobaunTu (nuB. Puc. JIAIIIE JIJIs1
MOBEPXHEBOI MOJM, TOJII dK Ha Puc. KOXKHA 3 (CYIIbHUX) KPUBHX 1-TO
THUITY «3’€HYETHCST» 31 CBOEIO «IIAPOI0» 2-TO THITY (IITPUXOBOIO), YTBOPIOKYUN
€IMHY 1Ty KPUBY 3 JBOX TLIOK, NMPHU BUIINX XBUJIBOBUX dncjax k, (inBs.
Puc. . TyT KOIHOPOM /1711 HAOUHOCTI BUIIJICHO JUCIIEPCiiiHl KPUBI 11 OJTHO1
CUMETPUYIHOI Ta OJIHOI AaHTUCUMETPUIHOI MO/JIN, 110 CKJIJIaI0ThCA 3 JBOX I'JIOK

— nepiioro (cymisbHa JiHist) Ta Apyroro (MTpuxoBa JiHist) THIIB.
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52
AnomaJjibHA JucIepcis
[HIIMM HE MEHII IIKABUM Pe3yJbTaToM e(eKTy TOPYIICHHS eJIeKTPO-

HENTPaJbLHOCTI € aHoMaJbHa JHCIepcid. 7K TOoBepxXHeBi, TakK 1 XBUJIEBIIHI

MOJIM TeNep MOXKYTh MaTH aHOMaJIbHY juctepcito. /lilficHo, yci mTpuxoBi Kpusi

(«HOBi» TiKH [ucnepciitanx Kpusnx) Ha Puc. 2.2] 2.3 ta [2.5| MicTaTs mistakm,

JIJIsT IKIX

Oow
a—km<0,

TOOTO JIJIAHKH 3 Bijl'€MHOIO I'PYIIOBOIO IIBUJIKICTIO.
J171s1 TIOBEPXHEBUX MOJI, JIJIsI SIKUX

w<wy, k2<O,

S

JIACIIEpPCisd € HOPMAJILHOIO MTOOJIM3Y CBITJIOBOI JIiHIT w = ck,. [Ipu BiiasenHi
BiJ1 cBITJIOBOT JiiHIT BoHa cTae aHOMasbHOW (nmB. Puc. 2.3] ta [2.4)).

XBUJIEBOJIHI MOIN, JIJIsI STKIX
2
w>wy, k>0,

MOYMHAIOTHCA OlIsT CBITJIOBOT JIiHIT 3 aHOMAaJIbHOI JUCHEPCil, a IMOTIM, Npu
30LIbIIEHH] XBUJIBOBOIO YUCJIA, BOHK CTAIOTh HOpMajbHuMu (auB. Puc. [2.5)).
[Ipu nommpensi B3poBxk miactunu HTHIT nyuka 3apspkeHnx qyacTuHOK
aHOMAaJIbHA, JUCIIEPCid MOYKe IIPU3BOAUTHU JI0 aDCOJIIOTHOI HeCTablIbHOCTI XBIUJIL.
Tomy moxkna zanpononysaru [HIHII B sikocti cepenosuiia 3arpumkn B 11
IPUCTPOX JIJIsl TeHepallil XBIJIEBIIHUX 1 ITOBEPXHEBUX XBUJIb 0€3 HEOOXiJHOCTI

3a0e311eUeHHs JIOIATKOBOTO 3BOPOTHOIO 3B’s13Ky B cucremi [14].



2.2 T'eometpig, B dKiii mapu nepneHINKYJISAPHI TPAHUI PO3IiTy

Y oMy MAPO3MIIL TOCHKYIOTHCS BIACHT MOJM (MOBEpXHEBI it XBU-
nesinni) B mwiactuni [THIT ckinyeHnoi TOBHMHE B TeOMETPIi, KOJIM IIapu
NepIEeHIMKYASIPHl TPAHUIl PO3JLIY, B IPUCYTHOCTI 30BHIIIHBOI'O IOCTIIIHOIO
MarfiTHoro mojs Hgy.. B nboMy BUNaJIKY, /18 MOTEPEIHUX XBUJIb, MTOPYIIIEH-
HsM eJIEKTPOHENTPaJIbHOCTI 1IapiB MOXKHA 3HEXTYBATH.

[loxibny 3ajady Bxke OyJIO PO3B’si3aHO JIJIsI I[IOBEPXHEBUX XBUJIb B
HarniBHeCKiHIeHHI 1acTuri [49], ToMy ocHOBHY yBary Oyje 3HOB IPUJLICHO

XBUJIEBLJTHUM MOJIaM.

2.2.1 Moxaean

[eomerpito 3azadi mpeacrasiaeno na Puc. 2.6 [lnacruna IITHIT ToBmuman
d. TIOMIIIIEHO B JIieJIEKTPUYIHE CEPeOBUINE 3 JIEJeKTPUIHOI IPOHUKHICTIO &)
(mamiBnpocropn |z| > d./2). Ilnactuny [ITHIT BBazkaemo mocTaTHBO TOBCTOIO,

TOOTO TAKOIO, JIJIsT TKOT BUKOHYETHCA:

exp(de/ M) > 1, (2.11)

[Toste BBaxkaeMo cjiaOKuUM, TOOTO MEHINUM KPUTUIHOTO,

Hdc < Hc- (212)

B mpromy Bunasiky BoHo mponmnkHe B maactuny IIIHIT na neBenuky BijgcTanb
(~ A) [49] i Buxopu B miacTuHi He yTBOPIOIOTHCS.

HocmiKytoTbes, 9K 1 B momnepeanboMy Bumnajiky, 1T M-nongpuzoBani
XBUJI YACTOTU W, €JIEKTPUYHE 1 MarHiTHe MO/ SKUX B 00paHiil KOOp/InHATHI

CHUCTeMI MPeJICTaB/IAIOTHCI Y BULJISAIL:
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Puc. 2.6 Ilnactuna [HIHII y BakyymMHOMY cepeoBHIN B 30BHIITHROMY MaTrHi-

THOMY T10JI1

E(z,2,t) = {E.(2),0, E,(z)}exp(—iwt + ik.z), (2.13)
H(x,z,t) = {0,Hy(x),0} exp(—iwt + ik,2). (2.14)

AK 1 B onepeHbOMY BHIIQJIKY, Yepe3 CUMETPIIo 3a/iadi, IIOBEepXHEBi Ta
XBUJIEBIJIHI MOU OyBalOTh JIBOX THIIIB:

a) CUMEeTPUIHUMI,

0) aHTHCUMETPUIHUMHA

110 PO3IO/ILJIY MArHiTHOTO 110/ BIJIHOCHO 11jIonuan 2 = 0.
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EnekTpoMarsiTHe 11oJjie B BaKyyMi

Ockimbku Mu 1ykaemo JIX, To B mienextpuky, |x| > d./2, xBumi e
sracaroanMu npu 30iibmmenti |z|. Bigmosinxo, kommonentn EM mossa maiorh

TaKU BULJIAT;

H,(z) = HEeFh(r7%), (2.15)
Bt () = TR e o (ev) (2.16)
i Epw ’

3 BLJIOMUM JIUCIIEPCIIIHUM CITIBBIJIHOIIIEHHSIM,

kb = \/kg - 5bw2/02.

Bepxni ingekcu, «+» abo «-», B (2.15), (2.16) croars mast mpasoro

(x > d./2) mamiBmpocropa, a HikHI — s JiBoro (z < —d./2). Toni,
oesmocepennbo Hag nosepxuero ractuan ITHIT (x = d./2), Bignomenns

TaHFeHHiaﬂbHI/IX KOMIIOHEHT €JICKTPUYIHOI'O Ta MAarHITHOI'O II0JIIB € HaCTYIIHUM:

Ez C]{?b
— = 2.17
Hy Weyp ( )

s Bakyymy &, = 1.
EnxexkTpomarnitHe noJse B IITHII

Beepennni mwnactunn HIHIL, npu |z] < d./2, posnomin mosst BusHadae-
ThCsl PIBHSIHHSM nutst pistuni a3 ¢ (auB. posain 1).

TakumM camMuMm MeTojoM, siK 1 B pobori [49], Mu mpejgcTaBuMo pi3HUIO
da3z ¢ y BUMILI CYyHEpHoO3UIl CTATUIHOTO Qg 1 MAJOTO XBUJIBOBOTO (Dy,
JIOJIAaHKIB, BBayKalo4un XBUJI JIHIMHUMA.

Ockisnbkn 1aacruda IHII € mocTtaTHbO TOBCTOIO, TO MU MOXKEMO
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mapyBaTHi
HAIIPOBITHUK

Puc. 2.7 Cxemaruununii po3mo/Iiji CTATUIHOIO MarHITHOrO 1oJjst H e

BBazKaTH, 10 MarHITHE 110JIe, sdKe, 9K BIJJOMO, IIIBUJIKO 3racae B HAIIIOMY 3Pa3Ky

(muB. PI/IC, € eKcIoHeHIliiiHo MaJyiuM 1pu x = 0, ToOTO
©st(0) = 0.
Tojai cymapny pisHuIio a3 ¢ MOKHa 3aIucaTh TaK:
p(&,2,t) = 03 (8) + 0 (&) + vul§; 2, 1), (2.18)
Jie (0, Ma€ BUTJIAJ, XBUJIL,
pu(§, 2, 1) = f(E) exp(ik.z — iwt),

1 BU3HAUYA€ 3MIHHE 110JIe, & CTATUYHE I10JIe BU3HAYAEThCS CYIEPIIO3UILIEI0 JTBOX

JIOJTAHKIB, 110 MAlOTh BULJIsLH, imenTuaamii 3 ((1.13)):

gogtt(f) = F4 arctg[exp(& + €)].
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& = archhyt + 9, (2.19)

£ = x/h; 0 = de/2)., hg = Hg./H, — HOpMOBaHI KOOp/MHATA, TOBIIUHA

mnactuan HTHII, Ta BennamHa 30BHIITHBOIO MTOJI.

[Tigcrasasoun (2.18)) B CPI ((1.2)), orpumyemo:

/(6

-+ (L un(€) +ur(=If(€) =0, (2.20)
ne:
un(§) = = (2.21)
T @-nal e+ |
2 2 (kz)\a )2
Ry = (@ - 1)1+ W;’/Vg), (2.22)

() = w/w; — HOpMOBaHA YACTOTA.

Honauku upy(£€) B piBHSAHHI BIJITIOBITAIOTL «XBOCTaM» JIBOX
COJIITOHIB, y BUIVISJI SKUX CTATUIHE MAr"iTHe 1oJje hgy NPOHUKAE B ILJIACTHHY
[ITHIT smiBa Ta cnpasa (auB. Puc. 1, TaKUM YMHOM, CTBOPIOE (POH JIJIsI
JIHIAHOT XBUJ. fIKINO BiJCTaHbL BiJl ITOBEPXHI IJIACTUHM JIOCTATHHO BEJINKA,

TOOTO

|§|_5>>17Hdc_>07

10 JogaHku uy(£E) upamyors 1o wyssa. Togi, pisastabs (2.20)) nepersopro-

€ThbCd Ha €JIEMEHTapHE piBHﬂHHH FapMOHi‘{HOFO OCHUJIATOPA 3 Kg ¥ SKOCTI

57



HOPMOBAHOT'O XBUJILOBOTO 4nCIa K

OcCKiJTbK BUKOHYETBHCS YMOBa, , B Oy/Ib-sIKiil TOYIl 3 HPOMIXKKY
—§ < § < 0 MH MOXKeMO 3HexTyBaTH OjHUM i3 joxankis (2.21)). Iificko,
neprunii  gogaHok ug(€) (npasuii «xBicT» cosiTOHA) BiAMIHHUH Bij Hysist
TibKE 1003y mpaBol rpanuili (§ = 0), a apyruii (JiBuii «xBicT» CoJiTOHA)
— TiapKu nobsu3y JjiBoi (§ = —0). Tomy piBHsHHS MOYKHa 3alucaTi

TisibKE 15t ipaBol obytacti (€ > 0) y HacrynHomy Burjisii [12]:

2

()1 = 23) = 221 f'(z1) + f(21) (V(V +1) — a 2) = 0. (2.23)

1 — a7
Tym:
T = th(f — f()), (224)
- (2.25)
252
1 = =
v(l+v) T

Pigustang (2.23) mae Touni aHagiTHIHI pO3B’SI3KNM, SKI MOKHA [PE/ICTa~

BUTU B TepMiHax npuegnanux dyukiiit Jlexkanapa [109)]:

f(&) = C1P) (1) + C2Qy (1), (2.26)

Jns npueanannx dynxmiit Jeskanmpa PP(z) Ta Q(2) Bigomo npo HacTymHuit
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3B’s130K [110):

Qe =~ (i) - &

(a+b+1) .,
_ ¢ P
2sin(7h)

(@a—b+1) °

2]);

ne I'z] — ramma-dynkmig. A orxke, Mu Moxkemo trykatn byskiio f(xy) He
gk cynepnosuuio Pl(zy) ta QF(z1) (2.20), a sk cynepuosunio BUKIOTHO
byukmniit tuny P (P!x] Ta P #[x1]), gxi MaioTs 6i1bimr odeBuamit dizmanmii
CEHC B IbOMY KOHKPETHOMY BHIIQJIKY, a/7Ke apaMeTp i Ma€ CEHC XBUIBOBOTO

qucJia, a JId apryMeHTiB X1, OJM3bKUX 10 OJIMHUIIL,
1— r << 1,

iCHy€e HACTYIHUI acuMIToTHIHUI Brpas [12]:
Py = —(1 — a) M2 (2.27)

Y Bignosignocti 3 (2.24) ta (2.19), ais Bunaakis, Kosin

a) 30BHIITHE MarHiTHe oJsie € MajnM (hy < 1),
Ta,/abo

0) BijicTaHD BiJI TOBEPXOHD IJIACTUHI € JIOCTATHBO BEJINKOIO (0 —|&| > 1),
creriajbHa (yHKIis Tuny P Mae acuMITOTUYHUI BUpas 1, micias

iJICTaBJIsIHHSA IIapaMeTPiB, IIePETBOPIOETHCSI HA IIPOCTY TapMOHIUHY (DYHKILIO:

exp(péo)

Pth(§ £ )] = (1= )

exp(Ff). (2.28)

KomionenTu ejiekrpomaraiTaoro noJjd B 1tactui HIHIT nos’azani 3
p

pisHuIero a3 napamMerpa MopsaKy HACTYIHUM IHHOM [4]:

EC HC 8@

=_—°¢ % 2.2
~ QWJ\/€_C 6t ’ ( 9>
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0H, H,
or 2\,

1 82g0]

[sin Y+
BianosigHo, HECKIa HO OTPUMATH HACTYIHI BUpa3u JJIs TaHMEHITiaIb-
HUX KOMIIOHEHT €JIEKTPUYHONO0 Ta MArHITHOrO mojiB 4epe3 ammmrymy f(€)

XBUJIBOBOTO JIOJIAHKA 0y, [12]:

() = —iigﬂﬁ), (2.31)
o H.f'(€)
B = T 7 =1 232

Tozi, 3 ypaxyBaHHsM yMOBH 0O€3IEpPEPBHOCTI TaHI'€HIIAILHUX KOMIIO-
wenT nosist B ienTpi mwractuan [ITHIT (z = 0), acummroruaroro supasy (12.28)
ta Bupasi s kommonent (2.31]), (2.32), ui kommonentu B miactuui [THIT
MOZKHA, IIPEJCTABUTH Y TAKOMY BHIJISIL:
iQk2

EZ(€) = NGE — ) (£S5 [ (£6) £ ST [ ()], (2.33)

Hi(€) = S* FL(€) + 57 (&£). (234)

B ocrannix ¢opmynax BepxHiil 3HaK Bigmosimae obsiacti 0 < & < 0,
tobro mpasiit vactuai mractuan [IHII, a mmkHiit — obmacti —0 < & <
0, Tobro uiBiii wactuni, fi(£) — nHOpmasizoBaHi HpuegHAHI CriendyHKIT

Jlexkanpa, a ST — aMmuiiTyam moss:

_ PP(th(& — &)

Jl® Py [ho] exp(Fud)’

(2.35)

Jie:

~ . exp(Fparcsech[z])
S e

(2.36)
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HopmyBanHsi 1mpoBejieHO Jijisi TOro, mod B 00J1acTi, Je IOCTiiiHe MarHiTHe
noJie € cjaabkuM, noxigaa f'(£) meperBoproBasiach Ha €KCIIOHEHTY, 110 Oyje
CYTTEBUM JIJI OTPUMaHHSI Ta aHaJi3y TpaHcdep-MaTpuilb B HACTYIIHOMY
posaiai. [ificro, B obmacti |£| < § moximaa f'(€) (2.35)) (a came moxigna

BXOJIUTH JI0 MarHiTHOT KoMmmoueHTH (2.34))) mpuiimae BUTIIsT

FL(€) ~ exp(Fir,g), (2.37)

a 3HaunTh B Tyimonni miaactunn [TTHIT i moxigai MoxkKHa iHTepHpeTyBaTl 9K
3BUYAliHi O12KYdl TapMOHIYHI XBUJII.

Tak gk JIX MoxkyTh Oyt abo cuMeTpruIHUMU, 00 aHTHUCUMETPUIHUMU
(depes cumerpito reomeTpil 3ajadi), TO iCHye JBa HACTYIIHUX BapiaHTH [

aMInTy St

Toul, npupiBHIorOYN BijHOmeHHA o [, 1 H, Ha npasiil rpanul n1acTHHU

st HTHIT (bopmymn (2.33) 1 (2.34) i gmst Bakyymy (piBusing (2.17))),

OTPUMYEMO HACTYIHUI 3aKOH Juctepcii JIX:

i FL0) £ () _
(1 — Q2)\/y2k2 — Q2 /e [1(0) £ fL(3) 7

(2.38)

ne Kk, = k.. Bepxwiit Ta mikHii ingeken B (2.38)) BignoBigaoTs cuMeTpu-
YHUM Ta aHTucuMerpuwannM JIX.
BayBaxknumo, 1o piBuanng (2.20) moxna takoxk poss’asatun y BKB

HabJekenni [12], orpumyrodn GBI MPOCTI Jijis AHAJITHYHUX PO3PAXyHKIB
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dopmyiin, ajie Taki Po3B’sA3KHM HE € KOPEKTHUMMU JIJIsI BUIIAJIKY
W~ wj,

1 TaK gK B HACTYITHUX PO3JilIaX HacC OyJe IKaBUTH Iieil Jliala3oH, B AKOMY
PosBJIsi€ThCA HesiniitnicTh JIIX, Mu 0OMe:KUMOCs «TOUHUMEY PO3B’si3KaMU
B TepMmiHax crerndynkiiit Jlexxammapa.

3ayBayKUMO TaKOXK, IO JHUCIepCiiiie PIBHSIHHS MOXKHA OTPUMAaTH
METOJIOM TpaHchep-MaTpuIlhb (Tojil, HAsIBHICTD CUMETPUTHUX Ta AHTHCHMETPH-
IHUX BJIACHUX MOJ Oyjie MPOCTO HACIIKOM DIBHSIHB), IO Oy/e 3po0JieHO B

HACTYITHOMY PO3JILII.

2.2.2 BmmB cTaTUYHOTO MarHITHOTO MOJIsi HA 3aKOH JIACIIEPCil

B mpoMy miipo3/1iii Mu IOKaXkKeMo, siK caMe MarHiTHe moJie Hg. BILIBae
Ha 3akoH jucrepcil JIX. Bono Bxomnts B (2.38|) 1epes dpynkimii f.

Ha Puc. , OOYIOBAHOMY JIJIS JIBOX BapiaHTiB (CHMETpPUUIHHI Ta
AHTHCUMETPUIHNI) JIHCIEPCIHHOTO PIBHSTHHSI , HMITPUXOBI Ta CYILJIbHI
cuHi KpuBi BianosigaroTs antucumerpudanm JIX npu nonasax hg = Hye/H, =
0.9 Ta hy = 0, BiANIOBIIHO, a IITPUXIIYHKTUPHI Ta IYHKTUPHI Y€PBOHI KPUBI
— cumerpuunum JIX npu hg = 0.9 Tta hg = 0, Bignosigno. Crpijku
IIOKa3yIOTh 30i/bIeHHst hg. Ilapamerpn, BukopucraHi Jijisi mo0ym0Bl KPUBUX,
oysnu takumn: topiuua wiactuan THIT 6 = d./A. = 5, e, = 15, napamerp
aHizoTporil v = A/ Mgy = 5. Hopha Jiinis 1] }KOBTOI0 3a00pOHEHOI0 00JTACTIO
— cBIiTJIOBA JiHII w = ck,.

Ha Puc. BUJIHO, 1110 JIUCIIEPCisd MOXKe OYTU aHOMAJILHOIO: JINCIIePCiitHi

KpuBi HeMoHoToHHI. JlificHO, TPy Ma/IMX 3HAYEHHIX XBUJIHOBOTO YnCIa K, TIO-
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P aa e Y_
—
L/ ——

0.6

T

0.4 . . . ) ]

Puc. 2.8 3akon jucnepcii JIX

03y cBiTioBOl JiHiT ) = k,c/(wy), rpyHoOBa MIBUIKICTD JI0/aTHA BEJININHA,

Ow/0k, > 0,

TOOTO JUCIEePCist HopMaJIbHa, & JaJi, JJjis1 OLIBIINX 3HAUYeHb XBIILOBOIO UNC/Ia
k. (mani Bim cBiT/IOBOI JIiHIT), KPUBI JOCSTAIOTH MAKCUMYyMy, TOOTO I'DyIOBa

HMIBUJIKICTh CTA€ HYJIbOBOIO,

Ow/0k, = 0,

IiCJIsT 900 JUCIEPCist € aHOMAJIbHOIO, TOOTO I'PYIIOBa IIBUJIKICTh BUABJISIETHCS

B1Jl' €MHOIO:

Ow/0k, < 0.
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Taxkoxk BujHO, 10 B 00JacTi HEU3BKEX dacToT (2 < 1), mucnepciiini xkpusi
JJIsT CUMETPUIHOI (depBOHA JIiHisl) Ta 11 aHTUCUMETPUIHOI (CHHSI KpHUBa)
MOJIM 3JIMBalOThCd B OjiHY. lle mpupoiHo, ajizke B IbOMY BUNAJIKY XBUJIA
sracae B miaacruni [THII (xBunbose wmcno k. = kg/A. y BiamosigaOCTI 3
(2.22) € yssBHUM B 1IbOMY 9aCTOTHOMY JHiana30Hi) i, BiIIOBIIHO, JIOKaIi30BaH]
Ha IpaBiii Ta JiBiil TOBEPXHAX 30Y/XKEHHsSI HE B3a€MOJIIOTH MiXK CODOIO,
TOOTO MU OTPUMYEMO TIOBEPXHEBY MOJY, AHAJOTIUHYy Tiff, 10 BUHUKAE IS
HAIIIBHECKIHIEHHOTO 3pa3Ka, JI0C/iKery B poboti [96].

[Mlo crocyerbest BILUIMBY craTudHOro mosist hy Ha kpusi Ha Puc. 2.8
BUJIHO, IO 3 #0ro 301/bIIeHHAM KPHUBI 3CYyBalOThCA BHU3 1 MPHU IBOMY JIEIIO0
3MIHIOIOTH KPUBHHY (0OCOOJIMBO Iie TIOMITHO JIJIsl TIOBEPXHEBOT Mo, 1pu ) <
1). KpuBa TakoXK SIBHO CTHCKAETbCS O TOPU3OHTAJBHIM OCi, a OTKe eI
3CYBAE€ThCs JIO MEHIIMX 3HAYeHb XBUJIbOBOIO YHCJA). Baxk/mBo, mio s
xpusteBiHux Moj (€2 > 1), 3MiHa KPUBUHHU € HE TAKOK CYTTEBOI, 1 Jijisi
BiIHOCHO MaJinx 3MiH Ahy 3CyB KpHUBOI BUSABJISETHCS MaiizKe ImapasiebHIM I10
BepTUKaJIbHI oci. A orxke, jyist nux gacror (2 > 1), M MOXKEMO BBayKaTH,
1110 I1eBHa 3MiHa noJig Ahgy o3Hadae neBHuit 3cys KpuBux Ha AS) B UpoKiii

o0J1acTi 3HaYeHb XBUJILOBOI'O YUCJIA.
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BucnaoBku /10 po3ainy

1. B mpomy posisii 0y/10 pO3rISHYTO Bl TPUPOIHO HAHTPOCTII reoMeTpil
i Toukol mnactunu IITHIT, gy momimeno y jgieekTpudHe cepegoBHUIIE
(B HAIIOMY BHNAJKYy — Yy BaKyyM): KOJH HAJIPOBLIHI Mapn mapaseibhi
I'PAHUI PO3JIIY Ta KOJU BOHU Til nepreHuKy/aspHi. OTpuMaHo aHAJITHIHO
3akoH juctepcii st JIX (1 moBepxXHEBUX Ta XBHJIBOBOJHUX MOJ) B 000X
BUIIQ/IKAX Ta MMOOY0BAHO JTUCIEPCiiiHl KpuBi. Po3ryiguyTo sk OBEpPXHEBI, TaK
1 XBWJIEBIJIHI MOJU 3 CUMETPUYHUM 1 aHTUCUMETPUYHUM PO3IOJILIOM I10JIsI

BIJIHOCHO CEpeJINHN ILJIaCTUHM.

2. B mepmiiii reomerpil jpmciepcisi XBWJIb B 00/1aCTI 9acTOT, 110 3HAYHO
BigpisusoThes Bijg HIIY wy, € HopMmaibHOO, TOOTO JAuciepciitHa KpuBa Ha, Jlia-
rpami XBUJTbOBE NCJI0-9acTOTa, (K, W), € MOHOTOHHO 3POCTA0U0I0 (PYHKITIE.
Aute B objtacTi 9acToT OJIMBBLKUX JIO Wy, B Kl JiIs 1€l reoMeTpil HeoOXiIHO
BpaxyBaTu edeKT IOpYIIeHHs eJIeKTPOHEeHTPaJbHOCTI INapiB Ha/IPOBIIHN-
Ka (eMHICHIIT MIXKIIAPOBHIl 3B’130K), JUCIEpCist MOxKe OyTH aHOMAJBHOIO.
Binbur Toro, mopymeHHs e1eKTPOHERTPaIbHOCTI IPU3BOAUTE TAKOXK JI0 1HIITNX
MIKABUX HAC/IJIKIB: BUHUKHEHHS JOAATKOBOI 3a00pPOHEHOI 30HU B (DAa30BOMY
npocropi (K, w), MUpHHA SIKOI aCHMITOTHYHO MPOMOPIHiHA KBAJIPATHOMY
KOpEHIO 3 KoedillieHTa MOPYIICHHs eJeKTPOHEHTPaJIbLHOCTI, Ta BUPOIZKEHHS

CIIEKTpa IS JIedKUX IlapaMeTpiB.

3. B npyriit reomeTpii, gucrepcis XBUIbL MOzKe OyTH aHOMAaJILHOIO B IITUPO-
KOMY Jiiana3oni 9acToT. [TokazaHo, ik MOyKHa BILIMBATH Ha 3aKOH JIUCIIEPCIl,
3MIHIOIOUM 30BHINIHE cTaTudHe MaruitTae nose. st Besmkux gactor (w >
wy) 301LbIIEHHs BeJMYUHN T10JIsI BIIIOBiIa€ Maiizke MapasieIbHOMY <«3CYBY»
JINCIIEPCITHIX KPUBUX BHU3 10 OCI w, TOOTO 30iJbIIEHHSA IMOJs e(DEKTHBHO

BIJIITOBI/Ta€ 3MEHIIIEHHIO YaCTOTH, & JIJIsT MaJnX (w < wjy) — TaKoXK 301TbINeHHIO
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KPUBUHU KPHUBUX, 10 IIPU3BOJUTH JO IIEBHOIO IXHBOTO «3CYBY» BJIBO II0 OCI
k., TOOTO 30lJbIIEHHS 110JI1 €(DEeKTUBHO BIJIOBIJA€ 3MEHIIEHHIO YaCTOTU 1

XBUJILOBOI'O 4YHCJIA.



67

PO3/1JI 3
PE3OHAHCHA IIPO30PICTbH IIJTIACTUHMN IITHII J1JIA
IIJTIOCKOI XBUJII

B oMy po3/ijii TEOPEeTUYHO JIOCTIIZKEHO pe30HaHCHe ITPOXO/IZKEHHS
TT' eeKTpoMartuiTHUX XBWJIb KPi3b IJIACTUHY MIAPYyBATOrO HAIIPOBITHUKA
Ta PO3IJIAHYTO MOXKJIUBICTb KepPyBaHHSI MM ABUIIEM 38 JOIOMOI'OI0 CJIA0KOr0
3aBHINTHBOTO IOCTIITHOIO MarHiTHOTO TOJId.

B 1mpomy posiijii mpeacTaBieHO pe3y/bTarH, oIyOJiKoBaHi B poboTax

[11],13,/15,(16,22].
3.1 Mogenb
[Inacruna ITHIT toBumwnu d. = 2z (ToBumHa d. Bijmosigae yMoBi

(2.11)) momimeno B jieseKTpUUHE CEPEJOBUINE 3 MPOHUKHICTIO £, Ta BiJI-

OKPEMJICHO BIIL HBOI'O TOHKHMMM IIPOCTOPOBUMM HpOMi}KKaMI/I 3 ,ZLie.HeKTpI/I‘{HOIO

IPOHUKHICTIO €, < €, Ta 3 TOBHIMHOIO dy, = x, — Xp, AuB. Puc.
(TyT: xy = g, —Tq,, Ty = Tp, = —ap,.). Wapu mnactunn HTHII

IepICH/INKY/IAPHI IOBEPXHAM & = Xp, Ta T = Ip,. HasBHe cjabke mHocTiiine

L
MartiTHe moJse Hge, BeJInUnHa sIKOT'O BIIIIOBIIAE YMOBI . B obgacri ay,
mijT KyToM 6 /10 OBepxHI & = x,, Ha cucreMy najae 1TM-norsapusosana EM
xBuiist acrorn w (2.13). st reomerpist BijioBijae reoMeTpii, pos3risHyTiH B
norepeHbOMy Tigpo3aia (aus. Puc. 2.6), ase memep Mu Maemo J0JaTKOBI
JiesieKTpuYHi nporrapku 3 00ox 00kiB mwiractudn [TTHIT. HagshicTs mux jgBox
JOJIATKOBUX IPOIIAPKIB, MEHII ONITUYHO IIIJILHUX, Hi2K CepeJIOBUIIA a7, Ta GR 3

€4, 320€311eTy€e MOXKIUBICTD 30y /IZKEHHS PO3IJIAHYTHX B TOMEPETHBOMY PO3JIiI

JIX 1npu KyTax OIpPOMIHIOBaHHSI, OLJIbINNX HiXK KYT IIOBHOTO BHYTPIIIHBOI'O
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BitouTTs ((1.16)), TOMy ME JIOCTIKYEMO caMe TakKi KyTH HMaJiHHI:

0 > 0() (31)

Puc. 3.1 Teomerpia 3ajaui

BanuiemMo BUpa3u Jjid KOMIIOHEHT T0JIst eJIeKTpoMarHiTHol xBui ((2.13))
B miit 3amadi. s gienekrpuanux objacreil ap, agr, by Ta brp 3 piBHSHDb
MaxcBena HeCK/JIaHO OTPUMATH HAIIPYKEHOCTI MArHiTHOTO Ta €JIeKTPUIHOTO

IOJIIB Y BUIJISII

H{(x) = Atelfaltrn) 4 A-emikalrsa), (3.2)
H§($) — B+eikb(xj:xb) + B—e—ikb(xj:xa)’ (33)



—k, .

Eg( ) - ko [A+ iko(vtz,) A—e—lka(fifa)} ’ (34)
—ky _ _

BY(x) = > | e el | (3.5)

Tyr: A* i B* — ammityam najatounx i sigontux EM xBuib, a Bepxmi Ta

HukHl 3Hakn + B Bupasax (3.2)), (3.3), (3.4) Ta (3.5)), BianosigatoTs siBmM

(ar, br) ma npasum (ag, br) obJACTAM, BIAMOBIIHO. T-MPOEKIIIT XBUILOBOTO

BEKTOpa B IUX 00J1acTsIX, k, 1 kp, MalOTh BULJISII:

ko = £/ kicq — k2 = ko\/2q cos 0, (3.6)

ky = ik, Ky = \/ k2 — kdep = ko\/a\/sm 0 — sin® 6,. (3.7)

W
ko = —
c
[TpunnumoBo, mo XBUIboBe 9ncio k, (3.6)) B maniit 3a1a4i € giiicanm, a ky (3.7))
— ygaBHIM, depe3 yMoBy (13.1)); Besmmanna Kp IIpH [BOMY € JHCHOIO.

Komvnonentn EM mnons B mnactuni ITHII Bxke Oyio orpumano B

norepeiHboMy  posii. Haramaemo, mo Bupasu (2.33) ra (2.34) mrsa mux

KOMIIOHEHT MAIOTh CTPYKTYDY, moi0ny 10 Bupasis (3.2)), (3.3)), (3.4) ra (3.5)),

SKITIO BUKOHYETHCS YMOBa CJIA0KOCTI TOCTIITHOIO MArHiTHOTO MOJIA:
Hdc/Hc <1
Ta,/abo

|$| — T > A (3.8)

69



70
3.2 Moandikamisgs meToay TpaHcdep-MaTpPUIlh
[Tpoxokenns TT'm xBuJii yepes cucremy Oyje onucano B hopmaltizmi

TpaHcdep-MaTpUIlb, 10 HOKA3YIOTh, SIK 3MIHIOIOTHCS aMILITYIH KOMIIOHEHTH

MaraiTHoro noJst H, niciisg npoxojzkenna T xsuiil yepes cucremy:

AL At M. M.\ [Af
A A7 Mo, M|\ A;

[ammvu - cioBaMu, TpaHcdep-marpuiid M 1OB's3ye aMIUIITYIH  aJ1ai04901

(Af, A} ) i Buxiguot (A}, Ay) xsuib (uus. Puc. [3.2).

A

M

O@ Q) Gl oo
/\/\/\/\

B, c BR

> —

B, Cc- By

a; b, c b, ap,

Puc. 3.2 OcnoBHi TpaHchep-MaTpuiii



B obuacti © € (xy,, Tpy,), Ae Marnitae noie Hge 4 0, EM xsus (2.33),
(2.34) B mnactuni HTHII e onmcyerbest ekcrionenniaabunMu gynkmismu. e,
OYEBU/JIHO, IPUHIIUIIOBO YCKJIAJTHIOE O€3IM0CEpEe/IHE 3aCTOCYyBaHHs TpaHCcdep-
MaTPUIHOIO METOJTY, aJlzKe Ha MoBepxuax ¥ = +xp 31 cropin HIHIT nema asnmnx
aMILTITY/ Tepej BiAMoBiHUMU ekcrioHeHTaMu. [Ipore, sk Oyso 3a3HadeHo,
rmboko BecepenuHi mactunn HIHII, ne BukonyeTbesi ymoBa 1 mocTiitie
MarHiTHe 1osie € cjabkuM, KoMmuonenta Hy(z) Moxe OyTu posrystHyTa sIK Cy-
HEPIIO3UIIIsT IJIOCKUX XBUJIb, 1110 Oi?KaTh B JIOJATHOMY Ta BiJl'€EMHOMY HAIIPSIMKY

oci x, BiAmoBigHO 10 acumnrorndroro supasy (2.28)). Tomy mu BBOANMO B

JIOJIATKOBI MaTPHII Q(bc) Ta Q(Cb) (muB. Puc. [3.2)), siKi BiIOBial0Th mepexo ity

3 Kpalo JIIBOTO JlieJleKTpuka © = —xp — € J1o 1eHTpy * = 0 Ta B HHOTO JI0
PABOTO JHeeKTpuKa © = T + € (TyT napamerp € — +0). Taxwuii migxin
JIO3BOJIATDH 3alucaTi Tpancdep-MaTpulll HaBITh JJIsi HAIIIONO HErapMOHIIHOIO
Ha TPaHUIAX BHUIIQJKY Ta, B paMKaX MaTPUIHOTO (opMaJsisMy, IpoaHaJIi-

3yBaTH HACJIJIKI BKJIFOUEHHs] MOCTIIHOrO Mar#iTHOro mojisi. A orke, (JuB.

Puc. |3.2) rosioBHAa Tpancdep-MaTpurlst M MPEJICTABIAETHCA K JIOOYTOK JIBOX

MaTpUIb Q(“b) 1 Q(b“) (i J1Bi MaTpUIl OMUCYIOTH TIePeXij] XBIJI Yepe3 rpaHulli
JHeJIEKTPUKIB & = £, Ta MPOXOJKEHHsI Yepe3 IPOCTOPOBI MPOMIXKKE b) Ta
JIBOX MaTPUIlb Q(bc) 1 Q(Cb) (i 1Bi MaTPUI BiMOBIIAIOTH MOMUPEHHIO XBUT

B [ITHII i mpoxo/izKeHHIO Yepe3 rpaHull & = +xp):

~

M = Q(ba)@(cb)@(bc)@(ab). (39)

Matpuri @(“b) i Q(b“) MOYKHa, TPEJICTABUTH K JOOYTKU eJeMEHTapHUX
MaTpHUIlb M@ qpa M (b“), 0 BIINOBLIAIOTH 3a IlepexiJi 4depe3 BiIIOBIIHI

IpaHuIl po3jly *© = *+x,, 1 Marpumi M (b), dKa, OIHUCYE BLJIbHE MONINPEHHS
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B giesiekTpuky b [9):

O) = yy® yylab) (3.10)

A

00) — N o). (3.11)

Hasi moiioHe po3kJaj aHHs Oyje TaKoK OTPUMAHO JIJIsI MaTpPHUIlb QU’C)
1 Q(Cb). byne TakoK OTpUMAHO CIeliaJbHy MaTpHUIo, 0 BIIIOBIIae came
3a HadBHICTb CTATUYHOI'O MATHITHOI'O II0JIsI, dKa He 3aJeKUTh Bl IHIIUX
mapaMeTpiB 3ajadi (Bijg Jlie/leKTpuKa Ha TPaHWUI — TOOTO JHeJeKTPHIHOL
MpoHUKHOCTI &, Ta Bijg Topuwau tractuan [IHIT). Ili mapamerpu Oye
BKJIFOUEHO B pOpMaJIbHO TI0/II0HI JIjIsT BUNIAJIKY JIe/IeKTPUKIB MaTPHIL, B AKIX
He OyJie CJIJIIB CTAaTUYHOTO MarHITHOTO TOJIs, 1 sKi O ONMUCYBAJN II0 CHCTEMY

3a fl0Tr0 BIJICYTHOCTI.
3.2.1 Tpancdep-maTpulii ajis JieJeKTPUKIB

Matpumi, 1Mo omnmcyloTh HepexiJi depe3 TpaHulll JieJeKTPUKIiB r =

ba)

—X, Ta T = I, MaTPHUIl M) 5 BIIIIOBITHO, € J100pe BiJOMUMM,

1 1X HeCKJIaJIHO OTpUMAaTU 3 BUIIEHABEJIEHUX BUPA31B JIJIsI TaHIeHIlaJbHUX

komnounent nosst Hy, ta E, (3.2), (3.3), (3.4), (3.5)), Bpaxysasum ymoBu ixuboi

PIBHOCTI Ha TMOBEPXHIX & = 12!

. 1[1+n 1—n
M) — : (3.12)
1—n 1417
1+11-4
JWWZMWWZ% ! . (3.13)
1 1
-1 141
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kagb

kbga '

Bigzaaunmo, 10 cupaBeJ/INBUMU € TaKi CIIBBIIHOIIEHHS:

det M) = n,
det it =L 1
1 det M(ab)

Te, 110 11i MaTpuUIl € B3a€MHO OOEPHEHNMU, € OYEeBUIHUM HACJ/IIKOM CUMeTpil

CHUCTEMU.

Anaioriuno, 3 supasis (3.3) 1 (3.5) moxkma orpumarn marpuio M©®),

sIKa BIJIIIOBLJIA€ MOMIMPEHHIO XBUJI BIL & = —X, JI0O T = —Xp Ta B & = Xp JO
T = —, B JTeJeKTpUKy b:
) e 0
MO = : (3.14)
0 e
J1e:
¢b = kbdb = z'dbkm/sa\/siHQ 0 — SiH2 Hb. (315)

Bigzraunmo, 1110

det M® = 1.

Li nBa rmepexo/in, Ha BIAMIHY BiJI TIOITEPEIHIX JIBOX, OIMUCYIOTHCA OJIHAKOBUMU,
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a He obeprenumu sk B (3.12) Ta (3.2.2]), MmaTpurgmm, ajpKe MPOXOTIN depes

obujiBa npoMikKu bg Ta by, EM xBuns orpumye ojHakoBuii 3cyB dasm ¢y
(3.15). A orxke, icHye TibKE OfHA TpaHChEP-MATPUII MW mo sinnosinae

oboM 1IpoMizKKaMm br Ta by,.
3.2.2 Tpancdep-maTpurii AJs MapyBaTOro HAJITPOBIIHUKA
Bunaaok Hy/JIbOBOIO CTATUYHOTO IIOJIS

Axom none xBuai B mractuni IHIT ommcysasiocs 6 rapMoHiYHUMUI
(excrionentiaabHuMT) DYHKINAME, TOOTO 3a BijcyTHOCTI Tosist Hy., MaTpuii

st wiactuan [TTHIT (mommpennst Beepepnti Ta MPOXO/KEHHsST 4Yepe3 Ipa-

HUIIO) Majim O Takuil caMuil BUDJIsi 1 aHajoriunuit (bisuanumit 3umicr, mo i

BHITIeHABE IeH] MaTputii 1t miesekTpukis (3.12)), 1 (3.14) (ase 3 ypaxysanusm

anizorporil Terszopa miesekrpuanol npornknocti (1.10), (1.11]) [9]). B mpomy

BUTIAJIKY JOJIAHOK 1), KW BXOJWTH /IO KOMIOHEHT MaTpuilb M (ab) § ppba) g

(3.12) Ta , MmaB OM TaKWii BUTJISAL

. kbgzz

M (3.16)

kcgb ,

a 3cyB dasu ¢y, M0 BXOJNUTH 0 M®) (3.14)), BioBiHO, TEpeTBOpUBCs O Ha

¢c - kcdc;

Bignosigno, 3a ymoBu Hy. = 0 MaTpuiii nepexomy depes IPaHHIIO Mébc)

~(ch) . ~ 3
Ta Méc) i maTpung nomupenasd B rractuai [TTHIIT Méc) MaJn O HACTYITHUI

BUTJIA
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g 1 (1F+ne 1—=mne
1—n. 147
B — g (3.18)
o [0
M,” = (3.19)
0 e %

Haui 6yze nokazamno, mo 1i marpuri (3.17) 1 (3.19) moxua BiokpemuT 1 15

BUIIAJIKY HEHYJIb0BOro 1ojist Hye 4 0.

BI/IHa,ZLOK HEHYJIbOBOI'O CTATUYIHOI'O IIOJIA

AK OyJ10 3a3HaUEHO BUIIE, Yepe3 HerapMOHIYHICTD BUPA3iB JI/Isl TIOJIIB I10-

o3y nosepxonb mwiactunu IITHIT (2.33), (2.34), mu 6ymemo mykarn Marpuii

Q) 1a QD) (muB. Puc.

3.2

, K1 BU3HAYAIOTh Iepexij] 3 JIBOTO JIieJIeKTPUKa

1o neatpy maactunn HITHIT ta Big aboro 10 mpaBoro JieJIeKTpHuKa.

3amuieMo MaTPUYHI CIIBBIIHOIIEHHSI, SIKUM MAaIOTh IIJIKOPATUCST aM-

Ty nojs Hy: S* B menrpi miactunn TTHIT i Bf Ta BE Ha TPAHUITX
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JIIeJIEKTPUKA:

st\ . B
= Q) , (3.20)

ST B,
(3.21)

Bi| . s
= QY . (3.22)

B S

KomMmmonenTn MaTpuilb Q(bc) Ta @(Cb) OyzmeMo IIyKaTu 3 HacTynnux [y

npu r = +ay:

Hy(—xp) = Hy(—m),  Ei(—m) = EX(—xp), (3.23)
H(xy) = H)(zy), E(xy) = E(x). (3.24)

z

Hecknagno mokazatu, mo mi I'Y /1 TaHTeHIIaJIbHIX KOMIIOHEHT IIOJIsS Ha
rpanuigx © = +xp, mienekrpuka (3.2)), (3.3), (3.4) Ta (3.5) Ta HIIHIT (2.33),

(2.34]) MOXKyTH OyTH HEepenucani sK:

STfL(0) + 87 f1.(0) = By + By
, (3.25)

ST(6) + 8™ f+(6) = p(B, — B)

StfL(0)+ S fL(0) = B + By
, (3.26)

ST fe(8) + 57 f-(6) = p(By — By)
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Jle BUJILJIEHO 6e3p0o3MIipHUiT ITapameTp:

ikyy/25(1 — 02)
p= :

2
ngkolis

Bukopucrosyroun ((2.22), (1.11)), (3.16) i (3.7), moxkna neperucatu ocranmiii

napaMeTp K:

L Fpe.. e

p=- :
1ks kecp 7

BpaxoByroun TakoyK HACTYITHE BayKJMBE CIIBBIIHOIIEHHS T KOMOiHAa-

niit dyukiiii fi(£) Ta ixHix noxigHux, B3sTHX Ha rpaxuii mwiactuan [TTHIT

(& = 0 = d./2\. = xp/\.), mo, gk MmMoxkHa mokazaTu [l1], BunmBae 3
BJIACTUBOCTEl Mpuennanux gpyHkiii Jlexkanpa,

F-(0) 1 (6) — FL(8)F-(8) = %

Ta I1JICTaBJISgI0YN BIIIOBLIHI aMILIITY/ 11, BUpazKeH] yepe3 MaTpUdHI KOMIIOHEH-

QLY ra QY B-20), 3:22) v T'Y (8.25), (B-26), monsia orpumatu nactymi

MaTpUYIHI BUPA3H:

o) _ 1 Nefy(0) + pfi(6) —nefi(6) + pfi(6)
\nf () = uf®) mf (5) — uf-(6)

(3.27)

Nef’ () + pfi(6) nefl(0) + pf-(0)

e (0) = puf+(8) nef"(0) — puf-(9)

Ol 1

- 3.28
o, (3.28)

Harasaemo, 1o mapamerp g (2.25) Mae cenc XBHJIBOBOIO YHCIA, & TaPAMETP

Me BXOJUTHL B MaTpPHUIll Mepexoay depe3 rpanuiio 3 rtactuaoio [HIHIT mpm

mypoBoMy 1ot (3.17)) 1 (3.19)).

[li marpuni (Ha BiAMiHY BiJ MATPHIL JIEJEKTPHUKIB) He € B3a€MHO
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o0epHEeHNMH,

Qo) £ Q(Cb)_1

aJie JJOOyTOK IXHIX JIeTepMIHAHTIB JOPIBHIOE OJIMHUII, aJI7Ke

A k 2z
det Q) = Ne = b ,
kcgb
A 1
det Q1) = —.
Ne

3.2.3 ®daxkTopu3alligd Ta aHaJIi3 TpaHcdep-MaTPUIlh AJs IapyBaTo-

ro HAANPOBiAHUKA

B oMy migpossisi mpoanasizoBano Tpancdep-marpuii (3.27)), (3.28).

3okpeMa, 11 MaTpuili oyiae pakTOPI30BAHO.
HabnmxeHHs1 MaJIoro moJid

Y BUMa Ky CJ1abKOro 30BHINTHBOTO TOCTIHOTO MarHiTHOTO ToJIst (Hye —

0) marpuni QU9 ta Q) (3.27), (3.28) wmoxkna Jserko axkTopusyBarTH,

HPEeJICTABUBIIN 1X Y BHUIJISAII JIOOYTKIB MaTpPHUIb Méd)), Mébc) Ta Méc) (13.17)
i (3.19), sixi orpumytorbest Jyist Hybooro noust (Hg. = 0). Bigmosigxo j0

(2.28]) Mmu maemo:

1 .
Fe(@)] o = 5 (3.29)

Fe(0)| g = €5 (3.30)



Toui, jierko mobaduTu, 1o

(e ~r(eb) 17 (e/2
Qo = My M, (3:31)
A (be ~r(c/2) 1% (be
QU g = Mo (3.32)

OTxe, Mag Miclie TIOBHE Y3TO/ZKeHHs 3 moriepeiHiMu poboramu (3 Hye =

~r(c/2 . .
0) [9]. Tyr marpurs Mé /? Binnosizae IPOXO/IZKEHHIO Iepe3  «I0JIOBIHHY >
mwractuan HIHII, To6To me ta cama marpung M§, TiIbKH 3 OJIOBUHHIM

ApPryMEeHTOM €KCIIOHEHTHU:

MR = e/ Qloe) e (3.33)
MR = ()™ Oe) /)™ (3.34)

dakropusaliig npu OiJIBIINX ITOJIIX

[Tpn Ginpmmx mossix, Koau Hy. - 0, daxropusariss He HACTIIHKH
OYEBH/IHA, aJle BOHA TAKOXK MOzKe OYTH IIPOBEJIeHa, 1 B pe3yJIbTaTi 1€l orepallii
MOXKHAa 3HaiTH crenudidyHi MaTpHIl, 10 OMKUCYIOTh caMe BILIMB MarHITHOI'O
OJIS.

Ha Puc. IIOKa3aHO MATPHUIl, Ha sIKi MOKHa (paKTOpU3yBaTH OCHOBHI
MaTPHIll, OTPUMaHi BHIe. YepBOHOIO JIHIEID CXeMATHIHO TTOKA3aHO PO3IIOILI
CTATUIHOTO MaruiTHoro noJjs B miractuni HTHIT.

Ak Oysi0 3a3HaYEHO BUINE, 30BHIIIHE Mar"iTHe 1oje Hg. NpoHHKae B
mwiactuny [THIT weonnopigao (mus. Puc. , TaK 10 BOHO 3HAYHO B3aEMO/II€

3 JIIIX Tinbku 011 TOBEPXOHD 3pa3ka. ToMy 3/1a€ThCsl TPUPOIHIM TTePETTHCATH
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Puc. 3.3 ®akTopusaliiss OCHOBHUX MAaTPHUIIb

MaTPHUII Q(bc) Ta Q(d’) y HACTYIIHOMY BUIJISIIL:

Q) = gt/ Ntk (3.35)
Ot = N Ny el (3.36)

Biznosiuo 1o (3.35) i (3-36), marpumi M) ra M &) voxna snafirm,

IIPOCTO JIOMHOXKHUBIIN MaTPHIIi, III0 M MaEMO, Ha, BiJIIIOBIIHI oOepHeHl MaTpuIli

«HYJILOBOI'O IIOJIA» CIIpaBa Ta 3JIiBA:

Olbe) — N/ k) ), (3.37)
Q) — N N UHED 7l (3.38)

Topi, micag BIANOBIIHUX TEPETBOPEHD, /I KOMIIOHEHT MATPUIL «XBOCTIB»
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. ~ L ~ R
maraitioro Buxopy M) ta M) | oneprxumo:

MY = MY = a_[P7e, Py, (3.39)
M) = N B = a, [PFr, Py, (3.40)

Jie BBEJIEHO HACTYIIHUIT ollepaTop:

thy 0 ( fil] >
(falhol)'FLOR" \ (fo[ V1 — R72))*!

atlfi, fol = 5 (3.41)

h=+/1-12
Tyt P.[h'] BBeseni mast nopmysanns dyukiii sy (2.36), a PR — P-
dbyuxuil Jlexkanapa, Moy, Mo, — MaTpuyHi KOMIOHEHTH MaTpUILi M:

M., M,_

~

M =
M. M__

Heparkko nmokaszaru, 1o jgeTepMiHaHTH MaTPUIb «XBOCTIB» MarHITHUX BUXOPIB

JIOPIBHIOIOTH OJMHMUIILL:
det M) = det M) = 1.

i MmaTputii Moka3yoTh BILIUB CTATUTHOTO TOJIS Ha TTPOXO/2KeHH XBUJIi. Bonn

BijloOpazkaroTh B3aeMojito IIIX 3 «XBocTOM» MarHiTHONO BUXOPY ITOOIU3Y

nosepxons (nus. Puc. 3.3).

Mt magmoro mosst (Hge, hg — 0), BIANOBIIHO 0 ACHMITOTHIHOTO

Bupasy ([2.28)), maemo:

_ h2
P, ~ VI
v h'—1 1

(3.42)

[Tincrasusnm (3.42) B (3.39) 1 (3.40), moxkua nokazaru, 1mo upu hg — 0

: : HE HE
1103a/[laroHaJ/IbHl KOMIIOHEHTU Mi;c) Ta Mi;c)

B (13.39) npsimyroTh 10 HyJIsI,



ToMy 110 3rijiHo 3 (3.41) MU MaeMO KOHCTAHTY IIij| MOXIJIHOIO, & JiiaroHaIbHi

L R
KOMIIOHEHTH! Mgidc) Ta Mﬂdc) (3-39) mpsAMYIOTH JI0 OJIMHMIL, aJI2Ke:

2 2,UJ (Ki[l — th])2
B -1

0 2
o (K<[1 - "))

A orke MoOkHa 100AUNTH, IO TpaHchep-MaTpHIl, sIKi BiINOBIIAIOTH 3a
' ‘ MHL) M HE)
B3a€EMOJIII0 3 «XBOCTOM» MAIHITHOI'O BUXODY <) Ta ¢/, IIpU MaJIOMy

noti hg — 0, IPAMYIOTH 0 OJMHUIHOI MaTPHIIL:

10
M HE) — NHE) —

h0—>0 o ho—)O T

Lle ouikyBaHO, ajxKe HYJILOBE 110J1€ MA€ BIIIOBIIATH BiJICyTHOCTI IMX MATPUII.
Ocob/Bo nikaBo, mo ogepskani marpumi MHd) 1o A Hio) (13.39)),
«XBOCTIB» BUXODPIB He 3ajieXKaTh aHi Bij cepenoBuina (JieeKTpudHol
MPOHUKHOCTI €p), ani By ToBmumun mwiactuan [THIT. Kommonentu mux ma-
TPHIb 3a/1eKaTh TUIBKE Bij 3HadYeHHs 1o hy = Hg./H, i, 3Budaiino, Bif
mapaMeTpiB, BUSHAYAIOIIX XBUJIbOBE UNCIIO: Bijl 9acToT §) = w/wy Ta Bij KyTa
nasinas 6. B Toit camuit gac moJsie hy He BXOJNTH B KOMIIOHEHTH MaTPUIIb Mébc) :
Méeb) 1 Méc). A otxke, paKTOPU3YIOUN MATPHIL Q(Cb) 1 Q(bc), BJAJIOCS BUILIUTH
MaTPHIl, 110 MICTATH BCIO iH(OpMAIIio PO MarHiTHE II0JIe 1 He II0B’sI3aHi aHi
3 JiesieKTpuKoM, aHi 3 mactunoro [IHII gk Takoio — jmime 3 moBepxHero i€l
IJIACTUHU, O1LJIsT SIKOT IIPUCYTHINH «XBOCT» J12K03e(DCOHIBCHKOI'O BUXOPY.
Bukopucranis MaTpHullb «XBOCTay JyK03eCOHIBCHKOIO BUXOPY MOZKe
3HAYHO CIPOCTUTH aHAJITUIHE PO3B’si3aHHSI IITMPOKOI'O CIIEKTPa 3a/a4d Ha I1PO-
xoizkenHs TT'1 XBrual depes cKJaHi CUCTEMH, IO MOYKYTh MICTUTH JIeKiIbKa
(He oboB’si3k0BO ostHakoBuX) mwiaactud [ITHIT 3 pisaumu napamerpamu, sKImo
B cUCTeMi HasBHE 30BHIIIHE MarHiTHe I0Jie K IHCTPYMEHT HaJialllTyBaHHs

KoeIIIEHTIB ITPOXOIKEHHSI Ta BiIONTTSI.
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3.3 IlponyckaHHs Ta BiAOUTTS

[Tepmn nizk nepefiTut J10 anasizy KoedillieHTIB MPOMyCKaHHs Ta BlIOUTTS,
PO3IJITHEMO 3aKOHW JUCIEPCIT JIOKATI30BaHNX XBWJIb B TePMiHaX TpaHcdep-

MATPUIHOTO ITiJIXO/LY.
3.3.1 3akon gucnepcii JIX

A Bxke Oy/0 3a3HadYeHO, PE30OHAHCHA IPO30PICTH CUCTEMHU BUHUKAE
yepe3 30yJKeHHs JIX, sKi MBUIKO 3aracaioTh B JIeJIeKTPUKY b IIpu Bijijia/ieHHi
BiJ moBepxoHb. Himkdue Mu mie pas orpuMaemo 3akoH gucrepcil JIX B
pakax TpaHchep-MaTpIUIHOrO0 METOY i MOKaYKeMO, K BUHUKAIOTH CHMETPUIHI
Ta AaHTUCUMETPUYIHI PO3B’I3KI.

Tak gk XBUJIbOBe YNCIO ky ySBHE 3a YMOBOIO 3aJladi, TO JIJIs
nokasizaiil Ha mractuai THII, ouesmmHo, HeoOXinHO i goctaTHbo (1B, Puc.

3.2) BUKOHAHHST HACTYIIHUX PIBHOCTEII:
- - _
Bf =0, Bj=0.
Toui ymoBa JioKasIi3alil XBUI MA€ BUIJISII:

+
Br — OH(eb) H(be) 0 3.43
=Q'Q : (3.43)

0 B;

Heckiiagno mokasaru, 1o piBHsHHA ([3.43)) Mae HeTpuBiajabHUIl PO3B’SI30K,

TIIBKHI SIKIIO

QY + Q"™ = . (3.44)
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Ckopucrasimich Bupazamu (3.27), (3.28) g MaTpuaHUX KOMIOHEHT

Q(Cb) 1 Q(bc) 1 MPOBIBIIN BCl HEOOX1 IHI TEPETBOPEHHS, MOYKHA IT€PEINCATH YMOBY

(13.44) y Bursui:

Ddisp = [Mfsym(é) T ncfs/ym((s)} [Mfasym((s) T ncf&lxsym((s)] - 07 (345)
e

fasym(§) = f-(&) — f+(&), (3.46)
fsm(&) = f-(&) + [+(&). (3.47)

Y Bignosigrocti 3 (2.37) it cepeUHU TIACTHHU, OYEBUJIHO, MO (DYHKIIT

foym(€) T8 fasym(§) HatorTn cumerputni

fs/ym(_é.) - fs/ym(f)7 (348>
Jsym (=€) = = foym(8), (3.49)
Ta aHTI/ICI/IMeTpI/II{Hi
f;sym(_é) - _f;sym(£)7 (350>
fasym(_g) — fasym(§)7 (351)

3a MarxiTHuM nojem H, Mou.
PiBusinus (3.45)) Briodae gactoTy 2 1 XBHJILOBE UUC/IO K, & OTYKE BOHO
BU3HAaUaE 3aK0H juctepcii (k. ). OueBuiHo, 1m0 3aK0H Juctepcii (3.45) moxHa

po30uTU Ha JBa:

pfsym(8) = Nefigm(9), (3.52)
,ufasym(é) - ncfésym(d)' (353>

84



[Ipuaomy neprmii, (3.52), Busnavtaae cumerpuuni JIX, a apyruit, (3.53), —

AHTUCUMETPUYHI.

Hecknasno mokaszaru, mio crissiguorenns (3.52) Ta (3.53)), sxi ogeprka-

HO TpaHchep-MaTPUIHUM METOJIOM, JAI0Th PE3Yy/IbTaT, 1IeHTUIHNN 3 OTpIMa-

HIM B TIOIIepeTHbOMY po3ii (2.38)).

3.3.2 KoedinieHTn mponyckaHHs Ta BiJONTTs

KoedinienT nporyckanns MOKHA BUPA3UTH 4epe3 MATPUYHUIT eJIeMEeHT
M__ zaranbuol marpuni M (3.9), mo BusHauae Tpancdep XBUI U4epe3 yCio

cucremy [111]:

1

T=—.
P

(3.54)

[Is1 rpacdep-marpuiigs M e T-iHBapianTHOWO (TOOTO CUMETPHUYHON BiJJHOCHO
3aMinu ¢ Ha —t), KO B CUCTeMI BIJICYTHsI jucuiianis. | Toji icHye 3B’s130K

[111]:
M, =M, M _ =M, (3.55)

3ipouKa 1103HaYA€ KOMILJIEKCHE CIIPSIZKEHHSI.
BpaxoByioun 3HadeHHs JAeTepMiHaHTa i€l 3araabHol MaTpuili M, axmit

JIOPiBHIOE JIOOYTKY BCiX JleTepMiHAHTIB:
det M = det Q" det Q™) det Q) det Q¥ = 1,

a TaKozK piBHOCTI ([3.55), BUIeHaBeAeHIit BUpa3 [1/ist KoeillieHTa POy CKaHHS

(3.54) morke OyTm mepenucaHo B 3PYUHINIOMY /ISl HOJAJBIIONO aHAJI3Y
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BUTLJISIIL:

1

T =—-—————. 3.56
ERTYANE (3.:56)

3 ocTtaHHbOI (POPMYJIH OUEBUIHO, IO YMOBOIO abCOJIIOTHOI Pe30HAHCHOT

nposopocti (T'=1) e:
M+_ - O

KoeditienT BiONTTsI, BiIIOBITHO, MA€ BUIJISLI:

1

R=1-T= .
[+ M,

(3.57)

Marpuuny KoMioneHTy M, _, micjst epeMHOXKeHHsI BCIX MaTpullb (), 3

SIKIX CKJIaIaeThbesd M, MOXKHaA TPEJICTAaBUTH K

-1

My = e [ () 0o (0) = om0 0l (0) = sy ()

~1
+ 2 - 2y (8) g (8) = 1 g (8) ()
+exp(—) (e flom () + 1 fagm (0) (e Py (8) + i fasym(6)). (3.58)

Tyt BBemeno fificuuii JogaTHUI TapamMeTp Uy,

Uy = —2igy > 0, (3.59)

saKuit € Mipoto 3cyBy daszu (3.15) mpu mpoxo/KeHHI Uepe3 JeJeKTpUK b,
IHITIMI CJIOBAMU — MipOIO 3racaHHs XBUJI B JIIE€JIEKTPUKY b.

OueBuHO, IO NPHU JOCTATHBO CUJBHOMY 3TacaHHI B JIi€JIEKTPUKY b
cyMapHe IIPOITYCKaHHsI MOyKe OyTH BUKJIFOUYHO PE30OHAHCHUM — KOJIM 30y I2KYI0-

Thes JIX. ToMmy it criocTepeskeHHsT pe30HaHCHUX SIBUIN HEOOXiIHO, 11100 Iieil
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rapametp (3.59)) OyB JOCTATHBO BEJIMKUM,

exp(—yp) < 1. (3.60)

Akio Bukonyerbest ymosa (3.60), To y Bupasi ([3.58)) MoykHa 3aIUIINTU JIUITIE
HepIii J0JIaHOK B JIy’KKaX, TOOTO MU MAEMO aCUMITOTHYHUN BHUpa3 Jjisd

MaTpUIHOI KoMrionenTu M, :

-1

M,_ ~ %(ncfs/ym(é) - Mfsym)(ncjczlxsym((s) - Mfasym)
o1
= Ddisp exp(@)%. (361)

Tyt 6a41M0 MHOKHUK Dgisp, PIBHICTD SIKOI'O HYJIIO € YMOBOIO JIOKaJIi3alil

xButb ((3.45)). OueBuro, MO AKIIO
DdiSp % 07

TOOTO YMOBa JIOKaJIi3aIlil He BUKOHAHA (JIAIEKO BiJl PE30HAHCY ), 3 yPaXyBaHHIM

(13.60) orpumyemo:
M,_>1,

a 3HAYNTD, BigmosigHo 10 (3.56) Ta (3.57)),

TobTo Ja/ieko BiJl PE30HAHCY CIIOCTEPIraeThCsl TOBHE BiOUTTS (BijCyTHE
TPOITYCKAHHS ).

K10 »K HaBIaKM, BCi MapaMeTpu 3aJ1adi Taki, o JucIepciiiie cIiBBiI-
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womenus ([3.45)) BUKoHyeThCst (OJTM3HKO JI0 PE3OHAHCY ), MAEMO:
Ddisp ~ Oa

KoMmIoHeHTa M | BiTIOBIIHO, 3a0BL/IHLHIOE YMOBI
M, <1,

a 3HAYUTD, BiamoBinHO 70 (3.56) Ta (3.57),
Tw~1 R~O.

Tob6ro BiIOyBa€ThCsI 3HATHE PE30HAHCHE I JICUIeHHST TPOITycKanHst (abo mocia-
Osternst BinouTTs) 3aBasiku 30ymkentto JIX na mractuni [ITHII.

Ha Puc. IIPeJICTaBJIEHO 3AJIEXKHICTDL KOeIIEHTY MpoycKanus 1" Bi
KyTa najinHst 6 Ta HopMoBaHol Yactorn () = w/wy, orpuMany 3a (hOpMYJIO0
. YepBoHNM 1 YKOBTHM TIOKA3aHO JIUCIIEPCIHI KPUBI I CUMETPUTHIX
i antucumerpuanux JIX, Bianosigno. Ha BcTaBii moka3Ho iHImMi yacTOTHUIA
mamazon. [lapamerpu hy = Hg./H. = 0.5, ToBmuna 3a3opy d, = 0.5,
£q = 20,&, = 1, inmi mapamerpn Taxi x, gk Ha Puc. 2.8

Bunno, mo Temui obsacti (BiAMOBIIAIOTH MPOIYCKAHHIO) HAralyfoTh
JcIiepciitai Kpusl (YepBOHI Ta »KOBTI JIHIT JI/IsT CHMETPHYHUX Ta aHTHCHME-
rprannx JIX). OcobnmBo cxoxki 1 obaacti Ha BiAMOBITHI KPUBI JJIsT BUIIIX
9acToT (JIMB. BCTaBKY Ha (3.4)).

Buamno TakoxK, 10 Aialta30H 9acToT, I AKUX I CUCTEMa BUSBISIETHCS
IIPO30POI0, € 3HAYHO BYKUNM JIJIsl OUIBIINX KyTiB @, ITiJ1 IKUM XBUJISI I1aJIa€
Ha cucTemy. Lle JIerKo MosiCHIOETHCST TeOMETPUIHO: OLIBIT KyTH BiIIOBIIAIOTH
«JIOBIIOMY» IILJISIXY 4epe3 3a30pu b 1, BIAIOBIIHO, CHILHIIIOMY OC/1a0JIEHHIO
XBIJI B IIUX 3a30pax b, 3HAUEHHsI 1), 3pocTae 3 KyToM 6.

Kpim Toro BuiHoO, mo st Hu3bkux 9actor (£2 < 1) mporycKaHHs TaKoxkK
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04l 3.5

02l 3.2 r

0 7 6  m/4 - m/2
6 =/8 /4 3n/8 /2

0

Puc. 3.4 Benmuuuna koedinienta npomnyckanns 1 Ta jucrepciiini Kpusi

BUSIBJIAETHC 3HAYHO cjabkimmuM. [losepxuesi JIX He HIpusBOJAATH JI0 TAKOI'O
PE30HAHCHOTO TPOIYCKaHHd, dK XBuaeBogHi JIX, ajrke B 1boMy BUITQJIKY
3racaHHs BiJIOYBa€ThCs HE TLIBKM B 3a30pax b, a mie i B mractuni ITTHIT.

Ax Oysio 1MokazaHo BUIINE, YUM OLIBIIUM € IHapaMeTp 1, TUM OlJbIle
YMOBa IPOIyCKaHHST BinoBinae 3akony jucrepcii JIX (3akon jucrepcii Ha
PI/IC. MOKA3aHO YepBOHNM). BimoBigHO, THM ByKUnME € TeMHi 00j1acTi
wa Puc. 3.5 1 Tum 6k 1x dopma cxoxka Ha GOpMY JUCTEpCIiiHIX KPUBUX.
Hiiicro, mist dy = A./2 (Puc. 0)) HpOIyCKaHHS IBHO BiJPI3HSETHCS BijL
JIACTIEPCIHIX KPUBUX (TeMHI 00J1aCTi JieyKaTh HIYKIe KPUBHX ), & Jyist dp = 2\,

(Puc. 3.5 a)) — maiizke He BiIpi3HIETHCS.
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Q =w/wy

1 107 107 10° 10*

Puc. 3.5 3asnexnictb KoedirienTa mpomnyckanns 1’ BiJ TOBIUHA 3a30py dp

npu (bikcoBaHUX 3HAYEHHSX THIUX MapaMeTpiB, 1o BijnosigaoTs Puc. (3.4

3.3.3 BmimB cTaTUYHOrO MarHiTHOTO MOJId HA PE30HAHCHY HPO30-

piCTh MJIACTUHU

B nonepeapoMy pos/iisi Oy/1o mokasaHo, o 3MiHA CTATHIHOIO MarHi-
THOTO TOJIsI hg 3CyBae cleKTpasbHi KpuBl xBuaeBoHux JIX BHU3 110 9aCTOTI
Q (muB. Puc. . Tomy, sk BujHO Ha Puc. , nosie hg BILIMBae Ha 00JIACTI
pOIyCKaHHsT B KoopanHaTax ({2, 0) TOIHO TaK caMo: 3CyBag€ 110 9acToTi, 10 €
OYIKyBaHUM.

Ha Puc. MOKA3aHO aHAJONIUHY 3ajieXKHicTh B KoopanHaTax (€2, 60)
st obsacti manmmx dactor (2 < 1). 36ymxenns moepxueBnx JIX He
CIIPUSIE HACTLIBKU CUJIbHOMY PE30HAHCHOMY IPOIYCKaHHI, a 1P 301IbIIeHH]
MOCTIHOTNO MArHITHOTO TOJIsT MPOITYCKAaHHs IIe CaadIlae, ajiyKe 3racaHHs B

niactuni HITHIT crae me cyTresimmm.
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Puc. 3.6 3asnexxHicTb KoedilieHTa npoiycKanHs 7' Bijl BeIUINHU 105 hy TIpU

30y/I2KeHH] XBUJICBOJIHIUX MOJ, ITPH (PiKCOBAHUX 3HAUEHHSIX 1HINNX IapaMeTpiB,

1o BijosijgaioTs Puc. (3.4

Ak Gyso 3'scosano e B pobori [9), 36yxenns JIX 3 HEMOHOTOHHOI
JAcIiepcieto, 1mo € Hacaijakom rinepoosivnocti [HIHII, npussoanTh 10 3 Bapi-
auTiB (bopmu KpuBux mporyckanus 1(6):

a) oJHOIIKOBa (HOPMAJIBHII rOCTpuil MiK),

0) JBomikoBa (2 rocTpux miki),

B) PO3IIMPEHA OJHOIMKOBA (PO3IMUPEHNI TTiK).

BinmnosigHo, nepiia KpuBa BUHUKAE, KOJIM JUCIIEPCis /sl 00paHIX IIapaMeTpiB
€ TiIbKM HOpMasibHOI. Jlpyra — kosm € obuiasi Tinkm (HOpMaJibHa Ta
AHOMAJIBHA), TIPH I[BOMY KYyTH, 0 BIIIOBIIAIOTH JOKATI30BAHIM MOJAM Ha
X TLIKaX, € CYTTEBO pizHnMu. TpeTd — KoM I KyTH Mafizke OJHAKOBI 1,
BIJIITOBIAHO, JIBa MKN 3JINBAIOTHCS.

Ha Puc. MOKA3aHO 3aJIC’KHICTD KoedilienTa MpoIycKamHs Bi KyTa
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Puc. 3.7 3anexnictb koedirienTa nmpomyckanns T’ Bij| BeTMIHE 110151 hg pu

30y/I2KEHHI TTOBEPXHEBUX MOJ NpH (PiKCOBAHUX 3HAYCHHAX 1HINX MapaMeTpiB,

110 BijnosijgaioTs Puc. (3.4

naginas 6 ta

a) gactoru §2,

0) mosst hy.
[IIrpuxoBuMu JIiHIIMEI [TOKA3aHO Iepepisu rpadika, siki pe3yabTyIOThb B IPH-
OJIM3HO OJTHAKOBIX KPUBHX IpoIycKanHs (jnnB. Puc. . Buno, 1110 3a1eKH0-
cri i BUMAJKIB a) i 0) Ha Puc. (3BU9AfiHO, TTPU CIEIaJbHO MTiAi6paHnx
rmapameTpax) BUJISAIAI0TH CXOKIMHI. [ OPU30HTATBHUMY IIITPUXOBIME JHHSIMIE
wa Puc. [3.8 mokasuo mepepisu, 1m0 BIANOBIIAIOTH KPUBUM TPOIYCKAHHS, IO
npecrasieno Ha Puc. 3.9 Trmi mapamerpn Taki x, gx na Puc. 3.4

Ha Puc. o0y I0BaHO KPUBI MPOITYCKAHHA TPU PI3HUX 3HAYEHHIX
gacroru {2 Ta wmarmitHoro moJjs hg. LI kpusl BioBijaloTh Iepepizam,
nokazaHuMN ImrpuxoBuMu Jinismu #Ha Puc. 3.8 Puc. 3.9 memonctpye, mo

MOKHa OTpuMaTh Bei MoxknBi Turm Kpusux 1'(6), Bapioroun sx



1 10 102 107 10+

2.95}

2.94¢

2.93}

2.92¢

Puc. 3.8 Koedimient npornyckants T B 3a/1e:KHOCTI BijI: &) KyTa 1 4aCTOTH;

0) KyTa i MarHITHOTO MOJIsT

a) qacrory {2,

6) moJie hy.

[Ipn npoMy iHIIHUIT MapaMeTp 3aJUIIAETbCAd HE3MIHHUM. BuaHOo, IO KPuBi B
npaBiit (€2 = const) i JiBiit (hy = const) KoJOHKaX MafizKe He BiIPI3HAIOTHCS
TOIOJIOTIYHO OJHA BiJl OHOI.

TobTo, MOKHa 3pOOUTH BUCHOBOK, 1110 10JIe h) € epeKTUBHIM 3aC000M
HaJIAIITYBaHHA PE30HAHCHOI IIPO30POCTI B JIOCTIIKYBaHiil cucremi. Bigbin
TOTO, SKIINO yBasKHO HOAuBUTHCH Ha Puc. [3.9] To serko momituTn, 1mo Bapiariis
JAaCTOTHU MOTPEOYE JIOCTATHHO BEJUKOI TOYHOCTI, TOJI SK Bapiallid 1moJisd — Hi,
0 POOUTH OCTAHHE 3PYIHIIIIM.

Bumesrajiani Tpu TUIN KPUBUX HPOIYCKAHHSA MOYXKHA ITPOCTO OXapa-

KTepPU3yBaTH KIJbKICTIO Ta OJM3BKICTIO pe3oHaHCHHX KyTiB 6, (nuB. Puc.
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! @ ®
0 0 — 2.918 h, =0
1
0 0 —12.924 h, 4 0.4
1
0 Q — 2.938 h, = 0.7
T !
0 Q — 2.943 h, = 0.79
1
0 Q — 2.9252 h, = 0.815
1
0 Q) — 2.946 h, = 0.825
1
T T 3 T = T 3r T
8 4 3 2 8 4 8 2

>

Puc. 3.9 Ilepepisu kopopoBux mar Ha Puc. 3.8; a) HesminHe MarxiTHe moJie

ho = 0, Bapiarmis gactotu §2; 6) He3minHa dactora 2 = 2.918, Bapiamis

MarHiTHOTO 10JsI Ay

3.10] siamasonu creriajgbHO TIOpaHi I HAOYHOCTI), sIKi BiJIIOBIIAIOTDH

PE30HaHCHIIT IIPO30POCTI:

Ha Puc. obmacti (i), (ii), (iii) BigmoBiIAIOTH PI3HIM THITAM KPUBUX
nporyckatss. [lapamerpu mis nporo pucysky: v = 100, wy/27m = 1 THz,
dy = A/b, d. = 10X, e, = 25, ¢, = 1, &, = 10. Bapro saysaxkurn,
mo napamerpu st Puc. [3.10] B3ari me maa marypassaux BTHIIL gk wa
MOIEPEJIHIX PUCYHKAX, a I IITYIHUX METACTPYKTYP, MO CKJIAJAI0ThCS 3
mxozedeoniBebknx kKonTakTiB Nb/AlaOs/Nb abo Al/Al,O3/Al [112H114], sxi
TakoxK € npukaagamu HITHII.

Obsacts (i) na Puc. BLJIIIOBlJIa€ HOPMAaJIbHOMY T'OCTPOMY IIKY,
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ax s | (i @
8 [ 8 ‘
6, = 6 xl w = 7.536 THz
T T
8 [ L . . L 8 [, L . . s
7530 7535 7.540 7.545 7.550 0.2 0.4 0.6 0.8 1.0
w/21, THz hy

Puc. 3.10 Basexxknocti pesonancuoro KyTa 0, Bij a) dactorn w, 6) mosst hyg

obsactb (ii) — JBOIMIKOBIH 3asIeKHOCTI, 00JIACTD TMOOIN3Y TEPBOHOI TOUKH
oBOPOTY Ha MexKi obsacreit (ii) 1 (iii) — posmmpenomy TiKy, a obacts (iii) —
BijcyTHOCTI mikiB. ITokazano, 1mo BapiroBaTu MOXKHa sIK 9aCTOTY, Tak i IOJIe.
Ha Puc. |3.11] npeacrasieno koedinieHT BigOuTTs R JUId TaKUX CaMUX
napameTpis, sk Ha Puc. [3.10] YepBoHoto mTprxoBoio JiHI€I0 MOKA3aHO 3aKOH
mucrepcii. Bujro, mo inmm mapamerpu (Jijis NPUKJIAILY MITYIHIX METACTPY-
KTyp HA OCHOBI OKCHJLy AJIOMIHIIO) He 3MIHIOIOTH CyTTEBO BULJIs Tpadikis
(mporycKanHs 1 BiIOUTTS B HaIIiil Oe3 ucHIaTuBHIA MOJe/I OB si3aHi CTaH-

mgapTauM dnHoM R =1—1T).

AcuMnToTndHa €KBiBaJIEHTHICTh Bapialliil moJsd i 9acToTu

[Ipn Bucokmx wacrtorax {2 > 1 aucmepciiiHi KpuBi 3 BiIIOBIIHIMI
00JIaCTAMU TIPOIYCKaHHS, K BxKe 0YyJI0 3a3Had4eHO BUIIE, 3CYBalOThCS 110 Ya-
CTOTI Majizke mapaJieJIbHO IpU 301/IbIIeHH] TOCTIITHOTO MarHiTHOTO 110J1s1. To6To
3MiHa CTATHIHOIO MOJIsI hy Ha meBHY MaJjy Beanunny Ahg Mae IpU3BOAUTH 110
TAKOTO caMoro edekTy, K i 3MiHa JacToTu {) Ha MMeBHY Bi/IMOBI/IHY BEJIUINHY

A} y BITHOCHO NIMPOKOMY JHialla30H] KyTiB. 3HAieMO CIIBBIIHOMIEHHS MiXK
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See—e S 0.0

/8 n/463n78 /2

Puc. 3.11 Pezonancue ocjiadbjienast BiAOUTTsI

v Ahg 1 AQ:

dhy OT /90 DM,
Ahy~ —AQ = ——AQ = Z——AQ.
" an dT /dhy D M,
Bijgnaomennsa p
OM,_ /082
Q,hy,0) = —————— 3.62
p( 7 100, ) (9M+_/8h0’ ( )

CTPOrO KayKydH, 3aJIe2KUTh Bijl KyTa HMaJiHHS (ajKe MaTpUIHA KOMIIOHEHTA
M, zanmexxuth Bijt KyTa ), Tak 10 HaBITH /IS MAJEHbKIX 3CYBIB Iie CITiBBi/I-
HOIIIEHHST He € KOHCTAHTOIO 110 6, aje /I BUCOKHX 9acTOT 00J1acTh KyTiB, /e
CIIOCTEPITAETHLCA MPOITYCKAHHS, € He JIyzKe ITUPOKOIO, a TOMY MOXKHa BBayKaTh

(3.62)) cmabko 3aaeKHIM Bij 6, 1 BAKOPHUCTOBYBATHU IIPOCTE CITIBBIIHOIIEHHS,

AhO = pUAQa
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Jie
IO(Q7 hOa 00) .
Topi, st KoedilieHTa IPOIyCKAHHS MaEMO:

%
Q — 2935 h — 0.5
Q' = 2.937, h = 0.5
Q) = 2932, b= 0.5 + pl A, — 0.578
O 1 1 1
5m/32 31/16 /32 n/4

Puc. 3.12 Kpusi nporyckaHHs [IpH Pi3HUX 3HAUYEHHAX 4acTOTH {2 Ta Marhi-

THOTO 110J1s1 hy

Bumenasejiena Biactusicts ([3.63) npoimocrposana na Puc. [3.12) Tyt

3MmiHa JacToru Ha A} ekBiBasieHTHa 3MiHi 10JIs1 hg Ha poAL2. 3HAUEHHST Py ~

—26. Tumi mapamerpu Taxi kK, sk #Ha Puc. 3.4} Bunno, mo nsomikosi Kpusi,

OJlepzKaHl TaKUM YMHOM, MailzKe He BIJIPIZHIAIOTHCS.



BucnaoBku /10 po3ainy

1. B 1mboMy po3mijii JOCIIKEHO BILIUB BiJHOCHO CJIAOKOT'O 30BHINIHBOIO
CTATUIHOTO MAarHiTHOIO TOJI Ha pe30HaHCHy mposopicTh ractuam [ITHIIT
st TTr xButi B iBocToponHiit OTTo-KoHMDIrypalii: 1mjiacTuHy HOMINIEHO B
JIieJICKTPUYHE CEPEeJIOBHUINE 1 BIJIOKPEMJIEHO 3 000X OOKIB TOHKHUMH IIPOCTO-
POBUMU MPOMI?KKAMU, 110 3alI0OBHEHO OINTUYHO MEHII MIIJILHUM JieJIeKTPUKOM
(B HAITIOMY BHIIQJIKy — BaKyyMoM). B Taxiii reomerpil MOXKJIMBO 30y KEHHs
BaacHux Moj (JIX), Kosn majaroda XBIJIsT IIPOXOAUTD BiJl JIIBOTO 30BHIMTHBOTO
JliesIeKTpruKa JIo IpaBoro. 30ymKenHst JIX 1OsICHIOE pe30HAHCHY MPO30PICThH
mwiactuan HTHII npum neBHux napamerpax, OIUM3bKUX JIO0 THX, sIKI Jal0Thb

nucnepciiini kpusi JI1X.

2. [Tokazano, 9K came CTaTUYHE MarHiTHE I10JIe BXOJIUTb Y TEH30p ede-
KTUBHOI JTieJIeKTPUYIHOI MPOHMKHOCTI, a OTXK€e BILJINBAE Ha MOMINPEHHS XBUJIb.
3ajlauy po3B’si3aHO aHAJITUYHO B paMKaxX (hopMaJiisMmy TpaHcdep-MaTpHIlb.
Meto MojindiKoBaHO It HerapMOHIIHIX (DYHKII, siKi onucyioTh EM 1osie B
MJIACTUHI 38 HASIBHOCTI TOCTIHHOTO MArHITHOTO MOJIS — CIeliaJbHuX (PYHKILIH
Jlexkanpa. 30Kpema, OTPUMAaHO SIBHHUII BUpa3 JJjisi TpaHchep-MaTpullb, IO
edeKTUBHO OIUCYIOTH IPOXOJIKEHHs XBIUJII Yepe3 «XBiCT» J12K03edCOHIBCHKOIO
BIXOPY, 3YMOBJICHOI'O CJIA0OKUM CTATUYIHMM II0JIeM, SKi He 3aJiexKaTh Hi Bil
pPO3MIpY 3pa3Ka, Hl BLJI TUILY JIIeJeKTPUUYHOI'O CEPeOBUINA, a 3aJleKaTh JIUIIe
BiJI BEJIMYMHU CTATHIHOIO HOJIsI. 3AIIPOIIOHOBAHO BUKOPUCTAHHS I[UX MaTPHUIb
JIJIsl CIPOINEHHs aHa/li3y TPoXokKeHHs 1tockol T XBuji depes ck/ajaHy
cucTeMy, 10 MiCTUTb ojHy abo Oinbiie rractud HIHII, 3 0box O0kiB sikmx

MICTITBHCS JI1EJIEKTPUKHU.

3. BukopucroBytoun 3HaiijieHi Tpanchep-MaTpulli, OTPUMAHO Ta JTOCTiIKe-

HO SIBHI BUpa3u JI/Isi KOediIieHTIB MIpoIycKaHHs Ta BijionTTd. BuBueno sipuiie
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PE30HAHCHOT TPO30POCTI (TIOBHE MTPOXO/[PKEHHST XBUJIL ), BUKJIUKAHE 30y 17KEHHSIM

JIX B macruni HIHII Ta BIjMB 30BHIIIHBOIO II0JI HA 1€ SIBUIIIE.

4. [Tokazano, 1110 3a/1eKHICTh KoedilieHTa MPOIyCKaHHs BiJl KyTa, ITa liHH
T(6) morxke HabyBaTu crerudiaaol (HGOpMI depe3 HEMOHOTOHHICTE JINCIIEPCiii-
HuxX KpuBux juist JIX. 3ase:kHo Bl gacToT Ta BesmdnHn 101, rpadik 1'(60)
MOXKe MATH OJIMH rocTpuil mK (mogibHuit 10 Takoro, skuii 6u crocrepirapcs,
sikOu 3amicTb 1iactunn IITHIT 6yi1o 6 B3siTo MaTepiaj 3 HOpMaJIbHOIO JUCIIEP-

cieo), abo OJMH PO3IMpPeHnil MK, abo JiBa OJN3bKIX FOCTPUX TiKA.

D. 3alpoIIOHOBaAHO BUKOPHCTOBYBaTH CTATHUYHE MArHITHE I10JIe JJIsl €KCIIe-
PUMEHTAJILHOTO CrocTepexkeHHst guHaMiku dpopmu Kpusol T'(6) i kKoHTpPOJIIO
npoxojizkerHst T xBuiib. AJizke B IOPIBHAHHI 31 3MiHOIO 9aCTOTH I1e IIoTpedye
3HAYHO MEHIII TOYHOI'O HaJalllTyBaHHA: 3MIHA BEJIMUYNHN CTATUYHOT'O MarHITHO-
ro moJist Ha 1% upusBoauTb HNPUOIU3HO JO TAKOrO CaMoro edexry, sk 3MiHa

gacToTn Ha Beanuunny nopsaky 0,01%, a Tromy e mpocrimoo B peasizaril.
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PO3/ILII 4
®OKYCYBAHHY JIABEPHOTO IIYYKA TIJIACTUHOIO
TITHII

B mpomy po3tisi JIocTizKeHo HetiHiiiHe (DOKyCcyBaHHS JIa3epPHOro Iy dKa
rayccoporo mpodimo 1racturoo I[HIHII, kepoBane craTudHMM MarHiTHUM

nosieM. T'yT mpejictaBieno pesysbrarti, omyosikoBani B pobori [17].
4.1 Mogennb

Hamu roc/tijizkeHo TpOoIyCKaHHs Ja3ePHOro My JKa raycCoBOro mpodiIo
gyepes miractuny HITHIT Tosmunoo d. = 2d, 1m0 3HAXOAUTHCS Y 30BHINTHBOMY
CTATUIHOMY MArHITHOMY II0JI, sike BijamoBijgae ymosi ([2.12), Tobro € He

HACTLIbKU cuyibHUM, 11100 B miactuai HTHIT 3’gBunch Buxopwn,
Hdc = Hdceya

B reoMmerpil, npejcrasieniii na Puc. [4.1] JlazepHuii mydoK mo4aTKOBOrO pajii-
yca ro dokycyerbes miaacrunoro HTHII. F' Ta ry, Ha Puc. B1JIIIOB1IAIOTH
¢ okycHiil BijicTaHi Ta MiHIMAJILHOMY paJIlycy IydKa, IO IPOMIIOB, BiJIIIOBIIHO.
YepBOHOIO MITPUXOBOIO JIHIEID CXeMaTUYHO ITOKA3aHO IPOCTOPOBUIT POBIIOILT
CTATHIHOTO MaruiTHoro nosst Ha.(z).

Haanposigni mapn mracrunn [HIHIT e nmepnemmukyngapunmm g0 11
MOBEPXOHL. [ayccoBmil MydoK MaJa€ OPTOrOHAJBLHO JIO MOBEPXHI ILIACTUHU

[IIHII (x = —d) Ta moaapusyeThcs TAKUM YHHOM, IO eJeKTpudHe mose F

[ePIEHIUKYISAPHO JIO HIapiB,



B raxiit nmonsgpuzanii B miactuai [HITHII Bunukators Jjimie Tak 3BaHi «HAJI-
3BUYaiiHl» XBUJI, 9KI IPU3BOAATH J0 MaKCUMaJbHO BHParKEHOI'0 HEJIHINHOTO
dbokycyBaHHs TydKa, 1m0 mpoiimos  [10].

3 MipKyBaHb IPOCTOTH 3amucy (OPMYyJ MU IPHUIYCKAEMO, IO I10Ya-
TKOBHII ITyYOK TOYHO C(OKYCOBAHO Ha JIiBiil MMOBEPXHI IJIACTUHU ¥ = —d, a
3HAUNTH KPUBHUHA IIy9Ka B Iiii TOYI JOPIBHIOE HY/II0. AJie NPUHIMIIOBO Ie

HPUITYIIIEeHHS] HIYOT'O He 3MIHIOE.

Puc. 4.1 T'eomerpis 3a1a4i

Mwu mpumyckaemo, Mo Ja3epHuil MydoK 3aJUIMIAEThCA TayCCOBUM K
y Bakyywmi, Tak 1 B mractuni IIHII. TayccoBuii mpodinb, cTporo Kaxkydw,
BTPAYa€ThCd depe3 Horo dararopasose BiAOUBaHHS i HETIHIHICTD, aie JJisd He
nyzxe ToBcTol mactunn THII 3 peanmictuannvm mapameTpaMu 1M MOYKHA
3HexTyBaTu. Toji mose Bcepenwni maactunn [THIT mm moxkemo zammcarm

K CYTEPIIO3UILIO JIBOX TayCCOBUX IyUKiB, IO OIXKATh «BIEPEI» Ta <«HA3AJ».
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[IpuitHATHICTH OCTAHHBOTO MPUITYIIEHHS OYJI0 ITepPeBIPEHO METOJIOM YHCE/ILHO-
ro MojiestioBatHst y poboti [10].
Huzkae Gye KOpOTKO HaBeJIEHO OCHOBHI PIBHSAHHSA JIJIs1 JIA3€PHOTO Ty IKa

y BakyyMi Ta B [TTHII.
4.1.1 TayccoBwuii my4oK y BaKyyMi

Posmoiiy eleKTprnaHOoTo oI /I TayCcCOBOTO IyUYKa JacTOTH W, IO

MOIIUPIOETHCS B3JIOBXK OCI & y BakyyMi, Mae HacTynHuit Burysar 115 116]:

7,2

E(z,r,t) = Eyexp [ —— | sin ®,, (4.1)
/rC

ne daza P, 3a7€KUTH BiJl KOOPJAUHAT 1 dacy.

2

O, (x, 7, t) =k, <x—|— %) —wt + o,

r’ =22+

XBIWJIBOBE YHUCJIO Kk, Ma€ IiKOPSITUCT JUCIEPCIIHOMY CIIIBBIIHOIIEHHIO

IJId BaKyyMy,

k, =

w
)

c

a amitityta F,, daza ¢, pajiyc r. i KpuBUHA XBIJIHOBOIO (DPOHTY (v TIOBLILHO
3MIHIOIOTHCA B3/0BXK ILJIAXY T'ayCCOBOTO IyYKa Yepe3 cucTeMy, TOOTO Il Xa-
PAKTEPUCTHUKH MTYYKa € (DYHKIIAMEI KOOpAuHATH . M1 BBaykKaeMO BUKOHAHUM
HMPUIYIIEHH, 110 XapaKTepHa IMUPUHa TydkKa HadaraTto OlIbIIa 3a JIOBXKIHY

XBUJIL,
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103

k,r. > 1.

st obmacti smisopy mnactuan ITHIT (aus. Puc. |4.1)) Mmu BcTanosoe-
MO 7. = T¢ B piBasHHl (4.1]) 1 posrisgmaemo nBa mydKku, nagaroduii i BiaouTuii, 3
BIJIIIOBIIHUMI aMILTITyaMi, KpuBuHaMu Ta (pazaMmu. A came, JIJIs 11aa090r0

IydKa:

EU:E07 &:ai: 9 ¢:¢Z:07

a JIIsl BLIIOWTOrO Iy YKa:
Ev :Era o = Oy, Qb:QSr

st obtacri npaopyu mwiactuan THIT (nus. Puc. , Ma€EMO ITYYOK,

1110 IIPOMIIIOB, JJIs KOO
Ev — Et; o = Oy, ¢ = ¢t-

Tak six mracrura HTHIT dokycye nazeprnit my ok, o 11 1iei obacti (x> d)
HE MOYKHA BBAXKUTH, IO PAJIYC MydKa 7. 30epiracTbes (11e MOYKHA ITPUITYCKATH
Jtiie Jyist J1iBoi obsacti). Moxkna nmokazaru [116]. o MiniMambHuil pajaiyce ryiy,
70 SIKOrO 30iraeTbCst Iy4OK, IO HPOMIINOB, sKUi Bu3HAUYae ePeKTUBHICTD
bokycyBaHHsi, MOXKHA BUPA3UTH Yepe3 3HAYEHHsl KPUBMHU «y Ha Ipasiii
rpaHuIl,

70

I : (4.2)
V1+a2k2ri/4




a okycHa BijicTanb F' JIOpPiBHIOE

1

F=— .
o + 4/ (auk2rg)

(4.3)

i BemnumHN cXeMaTUYIHO TTOKa3aHo Ha puc. (4.1

4.1.2 Tayccoswmii mydok B IITHII

Heninitiai xsuii 8 IITHII

Komnonentun EM nosst Becepenuni miractunn IIHII, gk 6yno onmcano

y IOIEPEIHIX PO3/iaaxX, BUPpaXKaeThCd depe3 MixKIIapoBYy PI3HUIO a3 mapa-

merpa mopsiky, (2.29) i (2.30), a cama BoHA MiJIKOPSIETHCST CHHYCOLIATBHOMY

piBustaio [opmona ((1.2). OckisbKu 1moJie Ja3epHoro mydka — 1e QyHKIIs 7, a

He x, 7o B piBHstaHI ([1.2]) Tpeba BpaxyBaTn y-KOOPJANHATY, IPOCTO 3aMIHUBIIN:

0% Pp 0y

922 022 ot

PiBusinns € HeJIHIfTHUM, a TOMYy JJjIs TOro, 100 BpaxyBaTu
HAABHICTH 30BHIMIHBOTO O Hy., dKe, HarajgaeMo, MPOHUKAE B ILIACTUHY
HeopHopiiHo (uB. Puc. , Tpeba TOBTOPUTH MIPOTIETYPY, OMICAHY B PO3JILI
2.2] 3asmaunmo, mo B pos/li MarHiTHe I10JIe B3a€MOJIAIO 3 ALHIUHUMU
JIIX, jsrre cTBOpIOOYUN JijId HUX HEOTHOPITHUI POH, & TOMY JIJId XBUJIHOBOI
cKJ1a/10BO1 ToJist curyc B piBHstHHI ((1.2) 6y/10 PO3KIaJE€HO B MEpIIOMY JIiHIifi-
HOMYy HabJimkeHHi. AJjie 3apa3 Hac IIKABUTb came HeaiMitine (POKYCyBaHHSI,
a OTYKe MH HEe MOXKEMO IPOCTO CKOPHUCTATHUCA (POPMYyJIaMu, OTPUMAHUMU B
2.2, 1 mporelypy Tpeba MOBTOPUTH, 3aJUMIAIONN HACTYITHWI UJIeH PO3KJIATLY

V BiAMOBITHOMY piBHsIHHI (MU GyeMO PO3TJISIATH CIa0Ky HeJIHIHHICTB).
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Orxke, sk 1 B posuii 2.2 mu upejcrasisiemo mykany pisuuio a3 y

BUIJISIJIl CYMU,

o, 7, t) = @ac(x) + @u(x, 7 t). (4.4)

[Tepmmit momanox @q. B (4.4) Bigmosimae craTMIHOMY OO 1, BBasKAIOUM
miactuny [THIT gocrarnso Toseroro (2.11)), fioro moxkma 3amnucaru sk cymy
JIBOX «XBOCTiB» BuX0opiB, po3s’s3kiB (|1.13)) cramionapnoro pisusnmsa CIM ((1.14])

00JIN3Y JTBOX MOBEPXOHD:

Spdc(x) - @st(x)_gpst(_x)u (45>

H,
pu(r) = darctgle (@22, §1:archH :
dc

Hpyruit 107aHOK (0, ONUCYE NMIyKaHy XBIIO. 101, PO3K/IaIa€MO CUHYC
B piBasiaHi (1.2)) 10 TPETHOrO MOPSJIKY 10 MAJOMY JIOJAHKY Dy, MICJST TOTO

OTPUMYEMO:.

singp = (1 — gofu/Q) sin e + (pw — 903)/6) COS Y- (4.6)

Heniniitanit j10j1aHoK 3 gp?u € MaJIIM MalizKe 3aBK/1, ajie B 00/1aCTi 4acToT
W A wj BIH MOYXKe OyTH JIy’Ke BayKJIMBUM, B Iifl 00J1acTi HaBITH Npu @, <K 1

MOYKYTh CIIOCTepiraTucs cuibHi Hemtiniini edexrn [2,/10], aximo
ow~ B =1/wwi -1« 1.
Toi, mijicrasusmiu (4.6) B piBusinus CI (1.2)), orpumaemo nacryise jndepen-

IiaJibHe PIBHSHHS JIJIs1 IYKAHOI'O XBUJIEBOI'O JIOIAHKA,

3 2
2 Spw 28 Pw
w T 1— S w )‘c
590+6+( COS (05 )puy + 572

—0, (4.7)
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dke OyJle po3B’sizaHo Huk4e. Tpeba 3ayBazkuTH, 10 B IBOMY PIBHAHHI
3HEXTOBAHO JIDYTMMHU IOXIJIHUMU 10 2 1 ¥, aJ2K€ BOHU € MaJIUMU BIJHOCHO

IHINMUX 4JeHI1B piBagdaad (|1.2)) 1ig BUIIAAKY JT0CTATHLO TOHKOI rtactudn |10]:
il JKY

d <K To.
I'ayccosi myuku B ITTHII

[Tyvok, sxwit nommupioeTbead B rractuni ITTHII, mae 6araTopasoBo
BiIOUBaTUCA Bijl 000X MOBEPXOHb, IO, CTPOTO KAXKy4H, TPU3BOAUTH JI0 BTPATH
rayccoBoro mpodiao. Aje B jgoctaTHbo TOHKOMY 3pasky (mus. [10]) mpo-
dinb 30epiraeTbes, a 0TKe MM MOYKEMO MPEJCTABUTH CYyMapHUl My4OK K
IYUOK, M0 PYXAEThCs «BIEPE», Ta MyYOK, 10 PYXaEThC «HA3aJl», ajKe BCi
baraTopazoBo BIJIOUTI MydKH, IO PYXAIOThCSA B OJHOMY HAIPSAMKY, B IIHOMY
BUIAJIKY MOXKHA BBayKaTU OJHUM IIyIKOM. TOJi Jiisi €JIEKTPUIHOIO TIOJIs

MOXKHa 3allliCaTu:

Eg(z,r,t) = Heexp (—1r*/r() (4.8)
X [Ei(x)sin®(x,rt) + E_(x)sin®_(x,r,t)]

3 dazamu

()7

Sy (z,r,t) = +ki(r) {ZE +—

} — wt + ¢+ (). (4.9)

TyT 3nakn + BiANOBIZAIOTH PYXY IIYUKa «BIEPEI» Ta «Ha3a/».
Hikae 6yne orpuMano Bupasu JJisd aMILLTyd B4, KpUBUH a4, a3 ¢4,

Ta, XBIJIBOBUX 4dnces ki (r).
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4.2 OTrpuMmaHHS TTapaMeTpiB (pOKyCyBaHHS ITydYKa

st mociykeHHsd BIJIMBY MATHITHOTO TI0JIs Ha OCHOBHI TTapaMeTpH

doxycysanus (4.3), (4.2) HaM HeOOXiHO OTpUMATH AHAJITHIHO KPUBHHY Oy

mydJKa, 110 MpoioB yepe3 cuctemy. Lle Oyie 3po0seHo y boMy IApO3IiIi.
4.2.1 Ilydvok gaJjieko BiJi MOBEPXOHb IJIACTUHU

Ilepmr 3a Bce ommimemo nydok B obgactsax minactunu IIHII, B gxi
Martitae mnoJjie Hg. TpakTUIHO He NPOHUKae. BIIMBOM BiJI «XBOCTIB» JIZKO-
3¢ COHIBCHKIX BUXOPIB MOYKHA 3HEXTYBATHU, KOJIM BHECKOM BiJl JIOJIAHKA (Ddc
B piBHgHHs (4.7)) MmoxxHa 3HEXTYBaTH. [le MOXKHA 3pOOUTH, KO BUKOHYEThCSI

HEPIBHICTD,
exp[—& — (d —[z])/A] < 5. (4.10)

Tax gK JriBa 9acTUHA I1i€1 HEPIBHOCTI, OYE€BU/IHO, €KCITOHEHIIIHHO MaJjia B IeHTpi
minactunn [ITHII, To B 1iit obsacTi Mu MOYXKEMO BUKOPUCTATH PE3YILTATH,
orpumani B pobori [10] st Bunagky Hge = 0. Toxi xpususu i dasu MmoxHa
BBaKaTU KOHCTAHTaMU, 1 3 PIBHAHb Ta BUTIKAE HACTYIHUIN 3B’ 130K
XBUJIbBOTO uncsa ki (r) 3 ammniTynamu Heinifinnx xsuib B miactuai THIT

[10]:

ke(r) =k, = 4.11

i('f’) + )\c )\c 7,(2) ( )
20 + ki

— g TR 4.12

T+ = K+ B+ re ( )

8k1 (28 + ki) = ec(EZ + 2E2). (4.13)
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TyT xBUIbOBE YUC/IO k. BUBHAYAETHCs 3 BiJIOMOI'O JIMCIIEPCIHHOIO CIIiBBIJIHO-

menns i Jiaiitanx X B mnactuni HITHIT:

2
2,2 W

kc)\c—?—l.
J

Bapro BijgHauuTn, mo pajiajbHa 3ajexKHiCTh ki(T) BUHUKAE depe3
HesiHiliHicTh. e edexkTnBHO O03HAaUAE, MO Pi3HI 00/1ACTI XBUIHLOBOIO (PPOHTY
B miactuni [IIHIT pyxaroTbcsad 3 pisHUME IMBUIKOCTSAME, & OTKe, ITiCJId
IIPOXOJIZKEHHST Uepe3 3pa30K IyUYOK MOKe CXOJAUTHCA. B JliHITHOMY peKuMi,
OYeBU/JIHO, (DOKYCYBaHHS HE € MOXKJIUBUM.

Bupasu (4.11)) Mu MoKeMO BHKOPHUCTOBYBATH JIajeKO BiJl MOBEPXOHD
r = +d 3a ymoBHU . A orke, 11e o3HaUaE, 10 B 00/IACTX, J€ MArHITHOIO
noJisd Maitzke Hema, aMIuiTyan i, dasn ¢4, 1| KpUBUHU (it € KOHCTAHTAMM.
Auste 1006/IM3y 1OBEPXOHB, JIe CTATUYHEe MarHiTHe I10Jie He € MaJIiM, 1X ByKe He
MOXKHA BBayKaTu KOHCTAHTaMMU, aJ?Ke BOHO CYTTEBO BILIMBAE Ha TOIINPEHHS
xpuii B IIHIL. T came ToMy marmiTae moJie Moyke OYTH BHUKOPHCTAHO IS

HAJIAIITYBaHH: MapaMeTpiB hOKyCyBaHHS (JIMB. HUKIE).
4.2.2 llyvok 1m006/mn3y MOBEPXOHb MJIACTUHU

[Tobmmzy rpanuns mractuau [HIHIT, 1e marnitae mose nponnkae 3 060x
CTOPIH 9K <«XBOCTH > J2KO3e(DCOHIBCHKNX BUXOPIB, B PIBHAHHI MOZKHa
SHEXTYBATH MaJIUM TapamMeTpoM (3, ajizke MHOXKHUK (1 — cos pg) Terep He €
masiM. [ligcrapistioun B 1ie piBHAHHS BUpa3u JTst eJieKTpuanoro moust ((4.8)),
OTPUMAEMO PIBHAHHS, IO 3’€IHYE IMapaMeTpH Iydka. Po3kiajaodn oro 1mo
72 / r% < 1, 36epiraroun TLILKN KBaJIpATUIHI JIOJAHKH 1 PO3TJIAIAIOUN OKPEMO

2

MHOZKHUKN 1pu sin(wt), cos(wt), r?sin(wt) Ta r? cos(wt), MoxKHA OTPUMATH
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HaCTYIIHI CITIBBIIHOIIIEHHS:

Ei(z) = f(z)bx, (4.14)
¢r(x) = o, (4.15)
ar(r) = as, (4.16)
e
(@) = folz —d)+ fo(—z —d) + 1, (4.17)
folz) = th(z/A+ &) — 1, (4.18)

a Fi, ¢4, 1 a4 — KOHCTAHTH, TakKi cami, sIK 1 JIaJeKO BiJ| IIOBEPXOHb. 3ayBa-
YKUMO, 10 a3y Ta KPUBUHY MU BBaXKae€MO KOHCTAHTAMMU 1 JJIst OJIU3BKOTO JI0
[IOBEPXOHb BUIAJIKY.

[le, 3BU4aitHo, HE € TOYHUM PO3B’I3KOM, ajie aCUMITOTUIHO, JIJIsT MAJIX
napamerpis [ (a came 1ieii Jianason HAC i IIKABUTH), (a3a i KPUBHHA MOXKYTb
BBaYKaTUCT HE3MIHHUMU.

[Tokazkemo 11e, HAITpUKJIaI, st hasn ¢4 (). Biabin TouHe piBHSIHHS HiXK
tpusiasibhe (4.15)), orpuMane 3a BUIEOTMCAHUM AJITOPUTMOM, Ma€ HACTYITHU

BUTJIA T

Py (x) = % —kyo, kio=ki(r=0),

Jle IITPUXOM I03Ha4YeHo moxigHy 1o x. Tax, BuuHo, 1o ¢dasa cama 110 codi
3aJIe2KITh BiJl KOOPJUHATHU, aJjie HabIr a3y Ipu IPOXOIKEeHH] Bij JIIBOIO J10

IIpaBOro Kparo, a came HadIr ¢a3u 3MIiHIOE HAIl IIYYOK, BUSABJISIETHCSI MAJIIM:

d ) d k
/d ¢y (x)de = /d <f;é) - kio) do ~ Noky = B < 1.
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Orxe, HUM MOkHa 3HeXTyBaTu. [lofiOHUM umHOM anasoridni Bupasu (xiba
1110 OLJIBIT TPOMI3/IKI) MOXKHa oTpuMaTh i jyist KpubnH o (x). Tomy, dasu ¢4
Ta KPUBUHH (.4 MOXKHA BBa)KaTH MOCTIHUMN B3I0BXK KOODIMHATH X, SIK 1
3azHadeHo B (|4.14]).

s marnitiol Komnonentn noss H, 3 pisusns (4.8)), BukopucroByio-

an (2.29)), (2.30) Ta (4.14]), MmoxKHa oTpUMaTH HACTYIHUII BUDPA3:

Hg(z,r,t) = Hg(x,7,t) + Hg_(z,7, 1),

ae
Hgy(x,r,t) = H.Hyexp (—r?/rg) X (4.19)
ke(r) /(@)
X [m sin @y (x,r t) + T cos @y (x,r, t)} :

H:t = :t\/g)\ckioEi.

OtmKe, MI OTPUMAJIM BUPa3M JJId TaHreHIlaJabHUX KommoHeHT EM mosa 3
ypaxyBaHHSAM HPUCYTHOCTI CTATUYIHOrO Mar"iTaHoro mojs Hg.. Tenep, BUKO-
pucroByioun ['V Ha rpaHUIgX, MOXKHA 3HAUTH BCl MapaMeTpH IIydKiB JIJId BCiX

obJiacreil 3a/1a4i.

4.2.3 «3muUBaHHA» MOJIB Ja3epHUX ITYyYKiB Ha TPAHUILAX MixXK

JileJIeKTpUKaM# Ta HaAIPOBIIHUKOM

Tenep My «3MIMEMO» T10J1 JIa3ePHUX MPOMEHIB Y BaKyYMHUX 00JIACTSIX
(majrarounx Ta BiIOMTUX XBUJIb B TOUIl & = —d) 1 XBUJIi, 1m0 Npoiiniia Kpi3b
MJIACTUHY B TOUI & = d), 3 moJisiMu 1ipoMenis Beepeani miactuau HTHIT. s
IIOTO HEOOXIJTHO Y3TOJUTH TaHTEHIaJbHI KOMIIOHEHTH €JEeKTPOMAarHITHOIO

oJIsl Ha 000X rpannngx BakyyM-Tiactura [TITHIIL.
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[Ilykanumu BeJIMUUHAMHA €:

a) aMITyan ..,

6) dasn ¢r/t/i7

B) KPUBUHH ;. /¢/+
Iy4KiB, SKI IOIIUPIOIOTHCI K B IPIMOMY, TaK 1 B 3BOPOTHOMY HallpsAMKax
sk y Bakyymi, Tak 1 B miactuai [ITHII. A orke, Bcboro mMum mMaemo JIjIsi 110~
myky 12 semmann. [Tpn mpomy mapameTpun majgarovdoro NpoMeHs BBarKaloThCs
Bitomumu, F;, ¢; =01 a; = 0.

[[Io6 orpumaTu HaOip i3 12 piBHSHb Ui HEOOXIJTHUX BEJUMUYUH, MU
PO3KJIQJIAEMO BUPa3M JIjIs1 1OJIIB , y psju 10 pajiiycaMm r <K 1o Ta
30epira€Mo 4JIeHn J0 JAPYIroro MOPSAIKY, OCKIIbKI MU HEXTYEMO HErayCCOBUMMU
BIJIXUJIEHHSIMU, CIPUYUHEHUMIE WJICHAME BUIIOTO TOPSJIKY 110 /1. Kpim Toro,
MU TIPUIIMAEMO JIO yBaru Te, 1o aMILIITY/I MarHiTHOTO TOJIs XBUJI HabaraTo

MEHIII, HIXK aMILITYAU eJIeKTPUIHOTO TOJI,
Hy~ BE. < By,
OCK1JIbKU

k:t>\c ~ B

Ve~ L.

Tomy st marnitaoro nojs (4.19) Mu HeXTyeMO TaKoXK JI0JaHKAMU TOPSJI-
Ky 72, To6TO 36epiraeMo JIMIIe FOJIOBHUIT TIOPSIOK. B pe3y/abTaTi oTpUMyeMo
IIyKaHy cUcTeMy 3 12 piBHSIHbD.

Tenep moxkna Bukmountn 3 niel cucremu Gasu @, p/+, KPUBUHA ()4

Ta aMIUITy U E,. /4, 1 oTpuMaTn aBHuil BUPa3 JI/id KPUBUHU (y, sIKa BU3HAYAE
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napaMeTpu (poKyCcyBaHHs:

Qg

_ 2 {~_ 711 = hg) /e + R }
Fdr2 U T R 12T = 1 tg(2rd /M)

Kpim Toro, B HabmmkeHHi 5 — 0, 3HAXOIMMO IIPOCTI PIBHSIHHS, sIKi 3B’ SI3yI0TH

(4.20)

amiutitymn F4 B tactuni HITHIT 3 ammriTynoro nagarodol xsuii F;,
xEy+H. =—(xE_+ H_), (4.21)

B, —F_

VX sin(27d/\.) = % (4.92)

e
=0+ +7)/2 7= —7)/2 (4.23)
HZMTK_—Fﬁ, %:%. (4.24)

TyT MHOXKHUK Y Hece B c00i BCIO iH(OpMAaIIilo PO MOCTiliHe MAarHiTHE I0JI€:
2 4

AmrutiTyan maraiTHoro Hy Ta eeKTpudHoro K moJiiB i mapaMeTpu K4
1I0B’s13aHI MizK c0D010 HADOPOM ajredpalaIHuX PiBHSIHD , Ta ,
. A orke, poO3B’SI3yIOUHM IO CHCTEMY, MOXKHa BCTAHOBUTH 3HAYEHHS
kpusnun oy (4.20)). Snaoun oy, orpumyemo dokycry sigcrans F (1.3) Ta
MIHIMaJIBHUN pajiyc mydKa . OueBuIHO, 10 IIi BEJIUYUHU € HEJIHIHHIMN
QYHKIISIMI TOCTIIHOIO MarHiTHOro moJjist Hgy. Ta aMIUITyIu I1a/ai090i XBH-

3ayBayKUMo, 110 TP OTPUMAHHI ITUX TPOCTUX PIBHAHL MU 3HEXTYBAJIH
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dQJICHAMH MOPSIIKY MaJjtoro mapaverpa [y pisusuusx (4.21)), (4.22)). ds myxe

MasimxX [ 1i pIBHSIHHSI € CIIPaBe/TMBUME (UHCEIbHE MOJICTIOBAHHSI MMOKA3YE,
MO TX MOXKHA BHKOPUCTOBYBATH JIjIsd JIOCUTH MaJnxX 3HadeHb 3 < 0.03, nus.
PO3ILI , aJie JIs OLIbIIIX [, K IOKa3y€e UnceIbHa CUMYJIsIIist, HeOOXiTHO
PO3B’I3yBaTH BUINE3ralaHy cUCcTeMy 12 piBHSHB 6€3 J0JIaTKOBUX HAOJINKEHb,
30epiraroun JIOJaTKOBI UjIeHl TOPSJIKY (3. YTodHeHy cucteMmy piBHstHD ((b.1))
HaBeJIeHO B JIoJaTKy B, i came 11 BuUKOpucTaHO JJjis0 1OOY/IOBU HACTYITHUX
rpadikis.

Baxk/mBo BigHaunTH, 1110 OpMaIbHO TaKi Jil MOXKYTb 1 He IIPU3BECTU
JI0 Kpalllol TOYHOCTI, OCKIJIbKH B yciifi 3amadi mu npunycruan [ < 1.
OjHak ducesibHe MOJICTIOBAHHS (JMB. PO3JILT MOKA3y€ Y3TOJKEHICTD
OTPUMAaHUX PE3YJbTATIB 13 YTOUYHEHUMH PIBHAHHIMU. DIIbIT TOTO, BUKOPU-
croBytoun gopmysn (|b.1)) MoxkHa oTpuMmaT sIBHO 1 KOediIlieHT TPOIyCKaHHST
T, mijicTaBIAI0OYN BUPA3H JIId aMILIITY/T B HOT0 BUSHAYEHHS,
_ B

T_ﬁ'

Bupas mis koedirienTa mpo3opocti HaBeseHO B 0gaTky b (muB. dhopmyiry

B2).

Anajizyroun yrouneni piBusgnng (B.1), serko mobaunTn, 1o SIKIO
3HeXTyBaTH 4ieHaMu 3 K ~ & ~ 3 < 1 rta ppaxysatu, mo H3 < E2,

MHI MOYKEMO 3 HUX OTPUMATH (POPMY/IN

(VE+ + Hy) = (xE- + H_), (4.25)

xE? sin® [2Rd /)] = 23
— c Hg?

gKi 3 ypaxysanuam F, ~ —FE_ 36iraiotees 3 (4.21)), (4.22)).

113



114

4.3 BnamB MOCTIfHOrO MarHiTHOTO MOJII Ha (POKYCYyBaHHS My4dKa

TakuM YuHOM, PO3POOJIEHUI BHUINE TEOPETUYHUN TiAXiJ[ JIO3BOJISIE 3
PIBHSHD , Ta 3HaliTH (POKycHYy BijcTanb F' 1 MiHIMaJIbHUT
PAJIYC Trin JUIA TIyUKa, 110 MPOiIoB Kpi3b miractuny [TTHIT.

Tenep nepexoauMo J10 aHaJII3y TOTO, siIK BeJIUYUHU F' 1 7y, 3a/1e2KaTh Bij
OCHOBHUX ITapaMeTpiB 3a/a4l — JYacTOTH W, aMILIITY 1 Fjy 1a/1ai0u90r0 TpOMeHSsT

1 BeJINUMHA CTATUYHOIO MarHiTHOrO 1oJjst Hge.

F(cm)
0.055 | L
— -5
| -
N?? 0.050 | .
o 0
3
0045 -
R ' -5
0.040

7

0.0 0.2 0.4 0.6 0.8
hO - HdC/HC

Puc. 4.2  3anexuictb ¢dokycnol Bijctani F' B yactornn w Ta moss Hye

Ha Puc. .2 mokazano 3amexmicts Gokycnoi Bigcrani F' B qacrorn Bij-
CTPOMKU, IpeJICTaB/IeHOl 0e3pO3MIPHIM TTapaMeTpoM (3, 1 Bij napamerpa hy =
Hy./H.. Urpuxysanus mokasye obactb jgedokycyBants. [lapamerpu s

2 TI'n, 7o = 3.5 MM, v = 15, d = 1.25 mm,

IbOTO PUCYHKY: wj /27



Tmin/TO
0.055
—
|
™~
3 0.050
~~
™
3
04
|| 0.045
o~ L
0.2
0.040
0.0
0.0 0.2 0.4 0.6 0.8
hO - Hdc/HC

Puc. 4.3 Banexuicts edeKTUBHOCTI (DOKYCYBAHHST T'yin /T B/l YACTOTH W Ta

noJist Hge

E; = 0.05 xB/em, Dy = 20 A, e. = 15. Buyro, 110 momnpu Te, 1o 30BHIIIHE
cTaTuvdHe MarHiTHe moje nponnkae B mactuny [IIHIT nume ma neBenmmky
JIMONHY ~ ., BOHO ICTOTHO BILINBaE Ha (POKYCHY BifcTanb. lle o3navae, 1o
e 1oJie MoKe OYyTH BUKOPHCTAHUM JIJId HaJamTyBaHHs (dokycyBanHs TT'
BUITPOMIHIOBAHHSI.

[likapo, mo 3amrpuxoBaHni obstacti va Puc. 4.2 (mokasano cunim) Bimo-
Bijlal0Th HeraTuBHii (okycHiit Bincrani F. e o3Hauae deokycysarms mydka.
Aste 3a BigcyTHOCTI O Hye cunix obsiacteit memae (yiBumii Kpait Ha Puc.
, a omke minactuna ITHIT moxke miavkxu gorycysamu BUIPOMIHIOBAHHS
yepe3 HeJIHIMHICTD . [Tocriitne maraiTHe mose Hg. J103BOJIAE OTPUMYBaATH
K (hOKycyBaHHs, Tak i JledokycyBanus. [le mpuHIIMIIOBO po3IUpIOE pisHOMa-

HITHICTH MOZKJIMBOCTEll KEpyBaHHA B CUCTEMI B IIOPIBHAHHI 3 HaJIAIITyBaHHAM
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0.05 -
0.1 0.2 0.3 04 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
hOZHdc/HC

Puc. 4.4  3Banexnocti dokycoi Bigcrani F' ta edexrtuBHOCTI (HOKyCyBa-
HHST Tpin/To B amiunirTyau F; majaodoi XBUJI Ta BEJHYUHN TOCTIHOTO

Mmaraitaoro mosst Hg. npu 5 = 0.047.

IHIITUMU TTapaMeTPaMu.

[Io cTocyeThbcst 9aCTOTHOT 3aJIEXKHOCT1, MU OAYNMO, IO JIJIs1 HEHYJILOBOI'O
0JIS ICHYE 4JiTKa MalizKe IepiogudHa 3a/ie;KHicTb (DOKYCHOI BijIcTaHi BiJl mapa-
metpa (3. «Ilepiog» mo S MOXKHA OIIHNTH 3 IPOCTUX MiPKyBaHb. [lepioguaHicThb
BU3HAYAETHCS KIJTBKICTIO IOBXKWH XBUJIb, sIK1 BMINTytoThed Ha rractuai ITHIT.
Le osnauag, 110 mEPiO IO T-KOMIIOHEHTI XBIILOBOTO uncyia Ak, 3a10BOJILHSIE

YMOBI:
2d. Ak, = 2.

. Tak six k, ~ [/, mus nepiogy no mapamerpy 8 = (/w?/w3 —1 mu
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OTPUMYEMO:

Ocrannst popMmyJia JJjisi OLIHKK II€pIioAy IpU IapaMeTpax, BUKOPUCTAHUX Ha

Puc. 4.2 nae
AB = 0,008,

1110 J100pe BIJIIOBIIa€ TOMY, 10 MOXKHA IT00AYNTH Ha BUIlEHaBe eHuX Puc.
ta Puc. [4.3

Tenep posryigneMo MIHIMAJLHUN PajllyC 7Ty ydYKa, [0 ITPOMIIOB,
CTYIIHb 3MEHIIEHHsI 9KOI'O y IIOPIBHSHHI 3 () XapaKTepi3ye CTyIiHb ede-
KTUBHOCTI pokycyBanus (juB. Puc. , K (PYHKINIO 9acTOTU Ta BEJIUINHI
noJist Hy.. Puc. MOKA3Y€ 10 3aJeKHICTh. 1epBOHA Ta CUHs IMITPUXOBI JIiHIT
BIJIIIOBIIal0Th TOCTiitHUM (boKycHuM Bijacransm F' = 6 cm ta F' = —6 cwm,
B1JITIOBITHO.

Bapro 3ayBazkutu piske 30ibinerHst e(beKTUBHOCTI (hOKyCyBaHHsT (Maii-
Ke Olumit KoJip, MiHIMATBHUIT pajiyc Iydka HOpsIMy€e O HyJst) HOOJIN3Y
obstacreit, je doxycHa Bijctanb F' 3miHioe cBiit 3nak. [HITpuxyBaHHs TyT
TaKOXK IT0Ka3ye 00J1acTh jJ1edoKycyBaHHsd, yCi TapaMeTpu Taki K, dK Ha
Puc. .

Haperri, jgociiuMo poJib HeJTiHIAHOCTI B 1iit 3ajad4i. AK BxKe OyJI0
ckazano, 3parHicTh ractuan [TTHIT dokycysarn mnazeprmit TI'nm mydox
0B sI3aHa, 3 HeJIHINHICTIO PIBHSIHE J1JIs1 XBIJILOBOIO 1OJIsA. A OT2Ke, I1e O3HAYAE,
o mnmapaMeTpu (pOKycyBaHHs 3ajiexKaTh BijJ aMILITyau F; 1maj1a0dol XBHJI.
[i 3asexxHoCTi ipH (bikcoBanux gacrorax (Tod6TO (hikcoBanomy mnapamerpi ()
IIPOIEMOHCTPOBAHO Ha PUCYHKAX ta [4.5 Tnmi napamerpn Ha 1ux pucyHKax

Taki K, 9K na Puc. [4.2]



-10 -5 0 5 10 0 0.2 04 0.6
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010203040506 010203 040506
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Puc. 4.5  3anexnocti ¢okycnol Bijctani F' Ta edeKTHBHOCTI POKyCyBa-
HHS T /7o B ammnirTyau F; majaodoi XBUJII Ta BEJMYUHN OCTIHOTO

MmartitTaoro noJsst Hg. npu 8 = 0.034.

OTtxke, JocTiKyBaHl TapaMeTpr (DOKYCYBaHHs MOXKYThH OyTH HaJIAIITO-
BaHi:

a) 9acToTol0,

0) aMILTIITYI00 [AJIAI0I0r0 MO,

B) CTATUIHUM MATHITHUM IOJIEM.
Bapiant a) morpebye jyzke BHCOKOI TOYHOCTI HAJIAIITYBAHHS YaCTOTH 1 Iie
MOYKe OyTH CKJIAJHO peajisyBaTi; BapiaHT 0) BUHWKAE 3aBJAKHU HeJHITHOCTI
XBUJIBOBOIO MOJist 1 He mnorpebye Takol TouHocti (auB. Puc. Ta ;
BapiaHT B) BUHUKAE 3aBJSIKU B3a€MOJIIl CTATHYHOIO MArHITHOTO ToJist 3 EM
XBUJIEIO 1 JIa€ Jy’Ke IIUPOKI MOXKJIMBOCTI HAJIAMITYBaHHS (B TOMY YHC/ i
neOKyCyBaHHs ).

Kpim Toro, maruiThHe IoJie € 308HIUHILM IIAPAMETPOM, TOOTO, SIKIIIO
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0.8 1

0.6 1

&~ I ]
04 1

021 i
0.0 o | | | o

0.0 0.2 0.4 0.6 0.8

hO — HdC/HC

Puc. 4.6  Kpusa 3ajiezkHocTi KoedillieHTa mpoIycKaHHs Biji MArHITHOTO MOJIA.

3aBJaHHs ToJisirae B Tomy, 106 cdorycyBatu TI' mpomiHb MmeBHOI 3aaHO0T
YaCTOTU Ta aMILIITYJU, 3MiHA 30BHIIIHLOIO MArHITHOI'O I10JIsl CTA€ 3pY4YHUM
CIIOCODOM JIOCATHEHHsI 1IbOI'0. Bijbllie Toro, K mpojieMOHCTpoBaHO Ha Puc.
ta [4.5 meromu 6) 1 B) MoxkHa KOMOiHyBaTH, TOOTO HAJIAIITOBYBATH
dokycyBaHHA 9K CTATUIHUM MATrHITHUM TOJIEM, TaK 1 aMILTITY/I0I0 TaIal090ro
OJIA OJTHOYACHO.

Ha Puc. 300pazkeHo xapakrepHy Kpuy tnporyckantsi T'(hg), obpa-
xoBany 3a ¢dopmyoo (b.2) mpu f = 0,047 (immi napamerpum Taki XK,
dk Ha Puc. . Bujao, 1o KoedillieHT TPOIyCKaHHA € JIOBOJI BHUCOKHUM,
osmm3bkuM 10 1. Ile mobpe rnmporyckaHHs B MOPIBHAHHI 3 TUITOBUME 3HAYCHHSIMU
koedinienta T Bim 0,5 g0 0,8 st TedJIOHOBUX Ta CUJIIKOHOBUX JIH3, IO

npaiotors B 1T giamaszoni [80).



4.4 Bepudikamis pe3yJabTaTiB YMCEJIbBHOI CUMYJIAIIiEIO

[Ipn oTpumanHi aHAJITUIHUX PE3YJILTATIB, MPEJCTABIECHUX B ITHOMY
po3iji, Oys0 3podJeHo OaraTo NpuUIyineHb. ToMy MH IPOBEIN YHCEIbHY CH-
MYJIATIIIO TPOXO/IzKeHHd myydKa Kpisb miaactuny HITHIT i mopiBusamm pesyabraTu

JUId IapaMeTpiB (QOKyCyBaHHsI, OTpUMaHI 3a JOIOMOI'OI0 CHMYJIIOBAHHSI Ta

aHAJIITUYHO.
0.8 .
o 06 :
~
k= I ]
F 04l i
02 1
0.0 1l 1 1 | 1 L | 1 | ! T
0.0 0.2 04 0.6 0.8

hO — Hdc/Hc

Puc. 4.7  lTlopiBuanns 3aeKHOCTI MIHIMAJLHOTO paJiiyca MydKa BiJ MOCTIiii-
HOT'O MArHITHOTO TOJISI, OTPUMAHOI 38 aHAJITHIHUMEI (POPMYJIaMU, Ta PE3YJIb-

TATIB YNCETHHOT CUMYJISIT (ITOKA3aHO YOPHUME TOUKAMN); YCi TapaMeTp Taki

XK, gak Ha Puc. [4.6]

MopnesmoBanis nosisraso B ancesabuomy po3s’szanni CPT ([1.2) meTomom
Eitnepa jst pisnuni das ¢ gk GyHKIT KOOpAUHAT T, Y, z 1 9acy t Bcepenii

nnactunn IHIT. TTpn mopemoBanni po3mipm 3pa3ka 10 ocdx y Ta 2z OyJin
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Puc. 4.8  TlopiBusiHHS 3aJieskHOCTI QoKycHOI Bijcrani F' Bij mocriitHOro
MAaTrHITHOTO TOJIA, OTPUMAHOI 38 aHAJITUYHUMEU (OpMYyJIaMU, Ta pPe3yJIbTaTiB

GUCEJIbHOT CUMYJISIIT (MTOKA3aHO YOPHUME TOYKAMHE); yCi apaMeTpH Taki K,

gk Ha Puc. [4.0|

obpani Takumu, 1106 BoHn B N = 3 pas3u NepeBUIIyBaJd MaKCUMAJIbHIH jTia-
MeTp IydKa. byso rmokaszano, 1o mpu TakKnxX po3Mipax KpailoBumu edekTaMu
MOZKHa, 3HEXTYBaTH, aJzKe 10Jle Ha Kpasx 3paska 0yin0 B exp(N?) ~ 10* pazis
caabimM, HixK B 1ieHTpi nmydka [17]. MomemoBanns 6yJ10 MpoBeJieHO JIeKiIbKa
pas Juid JIeKLIbKOX 3HadeHb moyd Hg.. Pesymbratn 1boro mojeioBaHH:A
HaBejeno Ha pucynkax (1.8 i [4.7] B mopiBHsAHHI 3 KPUBUMH, OTPUMAHUMHU
aHaJHATUIHO. BUJIHO, 110 YMCceibHI 1 aHAJITUYHI pe3y/abTaT JOCUTH HEIIOraHo
YV3IOJI7KEHI.

st moctaTHhO BeJUKUX [3, CUMYJISIS TakKOXK IJITBEPIXKY€E OLIbIITY
TouHicTh piBHsAHBL (B.1) — HaBegeHMX B JOJATKY YTOYHEHHX PIBHSIHB, IO

OB SI3YIOTh aMILITY/IM 0/ B IJIACTUHI 3 aMILIITY/I0I0 11aJIaf0u0ro MM0JIsl, — B
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Puc. 4.9 IlopiBaugannus edeKTuBHOCTI (POKyCYyBaHHSA, OTPUMAHOI 3a JIOIO-

moroio crporreroro  (4.21), (4.22) (mrpuxosi Jinii) Ta yrounenoro (B.1)

(cyrisbai stinil) Bupasis mis 'Y, = 0,047 ta [ = 0,024 s xxoBTHX Ta

TEeMHO-3€JICHUX KPUBHUX, BIJIIIOBIIHO, 1HIII ITapaMeTpu Taki K, 9K Ha Puc. 4.2)

MOPIBHAHHI 3 MPOCTIMMMHU, 1, BLATIOBIIHO, OLJIBIT 3PYYHUMHI JIJIA aHAJITUIHIX

oninok piBusnuamu  (4.21), (4.22)). Bigxuaenus mixk piBusnusamu ((B.1)

i (4.21), (-22) e nesnaunum st masmx B, que. Puc. [1.9] ne remuo-zeseni

cyTiabHI Ta mrpuxosi jiuil (§ = 0,024) maiizxke criBnagaoTh. ToOTO 11715 1y 7Ke

MaJInX IHapameTpiB (3, MOXKHa BUKOPUCTOBYBAaTH IpocCTimii piBHsgHHA (4.21),
. Onnak yrouneni piasaus ([B.1)) ciiijg BukopucroByBaT J1/ist OLIBIINX
(£, nuB. KOBTI CYLLIbHI Ta MmTpuxoBi JiHil Ha Puc. (B = 0,047), ne
CYILJIbHI JIiHIT, HaHEeCeH1 Ha OCHOBI yTOUHEHUX PIBHAHbB, JAI0Th 3HAUHO KpPAallle

Y3IroAzKCHHA 3 YMCEJIbHUM MOAEJ/IIOBaHHAM.
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BucnaoBku /10 po3ainy

1. B 1mboMy po3misi AOCHIIXKEHO BIJIMB CTATUYHOIO MAarHITHOTO IIOJIS
Ha HeJiHiliHe (OKYCyBaHHSI JIA3€PHOIO IIYYKa I'ayCCOBOrO IPOMIII0, 3yMOB-
Jene ioro mpoxojkeHusaM depe3 1ractuny IITHII. Tle moxke OyTm Olibim
aKTyaJbHUM B KOHTEKCTI CY4YacCHUX eKCIIepUMeHTaJIbHUX JIOC/I1JI?KEHb, HIXK
JTOCJI1IZKeHHSI ITPOXOJIzKeHHsI I10cKX EM XB1iIb, siKi 3a3Bu4ail po3IJId ai0ThCs
B TEOPETUUYHUX pOoOOTaX fK IIPOCTIIIa ijeasizoBaHa MoJe/b. BayKauBuMm Jiis
MPAKTUIHIX 3aCTOCYBaHb BUCHOBKOM TAKOXK € Te, 10 KOeMIIi€HT IPOITyCKaHH

JIJIs1 Takol HaAupoBiaanKoBol T JiH31 BUABISIETHCS BiITHOCHO BHCOKHUM.

2. [Tokazano, 1Mo cTaTuvdne MartiTHe 1MoJie CyTTEBO BILJINBAE Ha MapaMeTpu
dokycyBanuga mnyuka 1acruHoro IITHIT i Tomy Mmoxke OyTm BHKOpHCTaHO
JUIST THYYKOTO 1 BITHOCHO HECKJIQJHOr0 3 eKCIEePUMEHTAJIbHOI TOYKH 30Dy
KepyBaHHsd (POKYCYBAHHSAM. 3MiHA BEJMIWHU MOCTIITHOrO MAarHiTHOTO MOJIA
IPU3BOJAUTEL JIO CYTTEBUX 3MiH IapaMeTpiB (POKyCyBaHHs. 30KpeMa, 3a Bijl-
CYTHOCTI CTATUIHOIO MAarHITHOTO TOJIsS TLJIACTUHA MOKe JuIie (hoKycyBaTh
TT'n BunmpomiHioBaHHs, TOAI 1K OT0 BKIIOUEHHS JI03BOJISI€ OTPUMATH TAKOXK 1
nedokycyBannug. Pokycyrodi BiaactuBocti miactun HIHIT maitzke nepiognyano
3aJiezKaTh BiJ BiJACTPOMKM 9aCcTOTH XBUIJI Bij J:K03e(DCOHIBCHKOI ILJIA3MOBOI

qaCTOTH.

3. B npomeci orpuMmaHHS aHAJITHYHUX PE3YJIbTATIB OYJI0 3pO0JIEHO JIe-
KiJIbKa TPUIYIIEHb, sKi MOIJIE O CYTTE€BO BILIMHYTH Ha pe3yabraTu. To-
My aHaJITHYHI pe3y/JbTaTH, OTPUMaHI B ILOMY PO3JILIi, OyJIO TMOPIBHSIHO 3
pe3yJsibTaTaMu 4ucesbHOl cuMyJsinil. Ilokasano, 1mo oTpumaHi aHaJITHIHO
3aJIE2KHOCTI (POKYCHOI BiJICTaHl Ta MiHIMAJIBLHOI'O paJjiiyca JIa3epHOTO ITyUKa,
o npoitmos vepes miactuny ITHII, Bij BemmynHM cTaTHdHOrO MartiTHOIO

1oJs 00pe 30iraloThes 3 Pe3yIbTaTaMu CUMYJISIIII.
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BNCHOBKU

B aucepramiiiniii podOTI MpOBEJ/IEHO aHAJII3 BILIMBY 30BHIIIHBOIO CTa-
TUIHOIO MarHiTHOTO TOJIg Ha MpoxojizKkennd 11T egekTpoMarHiTHUX XBUJIb
Kpi3b IJIACTUHU IIapyBaTOro Ha/IpPOBiHWKa. Brepine Oyj0 orpuMaHo Taki

pe3yJibTaTu:

1. BpaxoBaHo edeKT MOpyIIeHHs e/IeKTPOHEHTPaIbHOCTI IIapiB HaIIPO-
BigHnKa B ToHKuX ItactuHax IIIHII B reomerpil, Kosm mapu Ha IPOBITHUKA
napaJie/ibHi IpaHuIsIM pO3/Iiay IiacTuHa-BakyyMm. OTpuUMaHO 1 IpoaHasizo-
BaHO 3akKoH guctiepcil JIX [jag mporo BHUIAJKY 1 MOKa3aHO, IO MOPYIIECHHA
eJIEKTPOHENTPAJIbHOCTI MOKe MPU3BOJIUTHU JI0 TOsABU aHOMAJBLHOI JIUcIepcil
XBWIb B o0jacTi dactor, O/nsbkux jgo ITY. Takoxk, 3aBigKu MOPYIIEHHIO
eJIEKTPOHENTpa/IbHOCTI BUHUKAIOTH 1 1HIII I[IKaBl HACJILJIKU: MTOsIBa, JOJATKOBOI
3a00pPOHEHOT 30HU Ha Jiarpami dYacTOTa-XBHJIbOBE YHCJIO Ta BUPOJIZKEHHS
CIIEKTPY JIOKAJII30BaHUX XBWJIb. B pamkax dopmasiizmy TpaHcdep-MaTpHUIlb
3HallIeHo aHa/iTUYHO 3aKoH juctepcii JIX B Tonkux mmactunax IITHIT B
reoMeTpil, KOJIM IIapu Ha/IIPOBIHUKA [ePIEeHUKYIApHl T'PaHUIl PO3JILILY
IUIACTUHU 1 BAKYYMY 38 HasgBHOCT1 30BHIITHBOT'O MTOCTIITHOINO MarHiTHOI'O ITOJIS.
ITokazano, mo mucnepcis JIX moxke OyTH aHOMAJIbHOIO, & TaKOXK BH3HAUEHO,
K caMe MOXKHa HaJIalllTOBYBaTU 3aKOH JUCIIePCl] XBUJIb 3MIHOIO 30BHIITHBOIO

MAarHITHOTO TI0JId.

2. MomdikoBano MeTojr TpaHcdep-MaTpUIlb LIS JOC/IPKEHHS IIPOXO0-
mkennsg EM xBuab kpize maactuny HIHII, mons axux ommcyioTbes Herap-
MOHIYHUMHE clleliaJibHuMKI (PyHKIisiME JIexkanapa 3a HAagBHOCTI CTATHUYHOIO
Mar#iTHoro moJig. OTpruMaHO aHAJITUIHO SIBHI BUPa3U J1Jisl TpaHC(ep-MaTPHUIb
IIPOXO/I?KEHHSI Yepe3 «XBICT» I2K03e(COHIBCHKOI'O BUXOPY, 1110 3aJI€XKaTh JIIIIIE
BiJI BeJIMYMHU MATHITHOI'O II0JIsI. 3alIPOIIOHOBAHO BUKOPUCTOBYBATH IIi HOBI

MATPUI TTPU OOYMCJIEHH] TIEPEeTBOPEHBb aMILIITY/l MJI0CKOI XBUJII MpHU 11 1POo-



XOJIZKEHH1 4uepe3 CKJIaJHY CHCTeMY, IO BKJ/O4Yae OJHy abo Oljblie IJIacTHH

[IITHIT.

3. AHaTITHYHO JOC/IIKEHO BIUIMB CTATUIHOTO MATHITHOTO IIOJIsT Ha pe-
3oHaHcHy mpo3opicTh miractun HIHIT gma TepareproBol xBuii y reomeTpil
OTT0, TOOTO KOJIN IJIACTUHY ITOMIIIIEHO B JlieJIEKTPUYIHE CePEJIOBUIIE 3 TIapaMu,
HepIeHIMKYJISIpHUMEI IPAHUIl PO3/JILTY, 1 BIOKPEMJIEHO BlJI IIbOTO CEPeJIOBUIIa
3 000X OOKIB TOHKHMU IIPOCTOPOBUMHE IpOMiKKaMu Bakyymy. IlokazaHo, 110
3a JOIOMOIOI0 CTATUYHOIO MATHITHOTO ITOJIsT MOYKHA OTPUMYBATH TPU BUIH
MOXKJIMBUX KPHUBUX 3aJIE2KHOCT] KoedilieHTa MPOIyCKaHHs Bij KyTa I1a/{iHHs:
KPUBY 3 OJIHIM HOPMAaJILHIM T'OCTPUM IIIKOM, KPUBY 3 JIBOMa TOCTPUMU IIKAMU
Ta KPUBY 3 OJHUM po3mmpenuM mikoMm. Octanui aBi cruenudiuni dopmu

BUHUKAIOTH Yepe3 aHOMaJIbHY Jucrepciio JIX.

4. AHaJITHIHO JOC/IIIZKEHO BILUIMB CTATHYHONO MAIHITHOI'O IOJIsI Ha o-
KyCyBalHs JIa3epHOr0 IMyJKa IayCcoBOTO Mpodiiio, fioro (hoKycHy BijicTalb Ta
MiHIMaJILHUI paJilyc mydKa, 1110 npoxoanTh Kpi3b miactuny [HITHII. ITokazamno,
0 CTATUYHE MAarHiTHe I10Jie JI03BOJIIE OTPUMATH CYTTEBO Pi3HI 3HAYEHHS
napaMeTpiB poKycyBaHHS MMyudKa. Ha BiAMiny Biji BUIIaJIKY BiJICYTHOCTI 10/,
KOJIN TJIACTHHA MOKe JiuIie pOKyCYyBaTH IMyY0K, HAABHICTH MarHiTHOIO TIOJIA
JIO3BOJISIE PEAI30BYBaTU PEXKNMH K (DOKyCYBaHHsI, TaK 1 J1eOKyCyBaHHs.
AnamiTnaHO OTpUMaHi 3aJie’KHOCTI apaMeTpiB (DOKYCYBaHHsI BiJl BeJMIHHE
30BHIIIHBOTO CTATUYHOT'O MArHITHOTO IOJISl HIJITBEPJIZKEHO HIJISIXOM IOPIBHSH-

Hsl 3 pe3y/ibTaTaMU YUCEe/IbHOI CUMYJISIIIT.

IIpakTuyHe 3HaYEeHHS OTPUMAHUX pe3yJAbTaTiB BU3HAYAETHCSI THUM, IO
3aIIPOIIOHOBAHO BUKOPUCTAHHSI CTATUYHOT'O II0JIA B KOCTI 3aC00y KOHTPOJIIO
JIJIsl €KCIIEPUMEHTAJILHOTO JIOCJII?KeHHsT e(DeKTiB, OB’ d3aHUX 3 PE30HAHCHOIO
IIPO30PICTIO IIACTUHH JIJI IIJIOCKUX XBIJIb, & TAKOK JIJIsl HAJIaIlITyBaHHs (DOKY-

cyBaHHA J1azepHoro mydka miaactunoto [HTHIT 3amicTs 3mintoBanHsg 9acToTn —
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