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AHOTANIA

Benixogecoxkuti . O. JlunamiuHa Teopis pO3CIAHHA y  HEKPHUCTAJIIYHUX
OaratomapoBux 00’ekTax AoBUTBHOI Gopmu. — KpamidikaliiiHa HayKoBa mpais Ha
npaBax PyKOIHUCY.

Juceprailiss Ha 37100yTTsI HAYKOBOTO CTYNEHS KaHAuAaTra (Pi3MKO-MaTeMaTHUYHUX
Hayk 3a crerianbHicTio 01.04.07 — di3zuka TBepaoro Tija. — [HCTUTYT MeTaioi3uKy M.

I'. B. KypatomoBa HAH VYkpainn, Kuis, 2019.

HuceprailiiiHy po0OTy TPUCBIYEHO PO3BUTKY METOJIB PEHTTeHOTpadiuHOTO
JOCIIKEHHS! BHYTPIIIHBOI CTPYKTYPH HEKPUCTAIIYHUX OO0 €KTIB, a caMe€ CTBOPEHHIO
TEOPETUYHUX OCHOB JJIS1 OMKCY IIPOLECY 3aJIOMJIEHHSI pEHTT€HIBCHKOTO BUIIPOMIHEHHS Y
Takux O00’€KkTax Ta po3poOIl 1 ampodaiii MIIXOAIB HAa OCHOBI 3alpOIOHOBAHOI
TEOPETHUYHOT MOJIEINI, IO JI03BOJISATh YCYHYTH HEJOJIKHU Ta MOKPALIUTH 1CHYIOUl METOIN
J1arHOCTUKH HEKPUCTAJIIYHUX 00’ €KTIB.

[Tepir 3a Bce, B poOOTI MPOBEICHO MOPIBHSUILHUM aHa3 MPOIIECIB 3aJOMJICHHS 1
NOTJIMHAHHSA BUCOKOEHEPTreTUYHOIO BUTIPOMIHEHHSI 00’ €KTaMH JI0CIIIIKYBaHOIO KJIacy Ta
0OrpYHTOBAHO JAOLUIBHICTh Ta MPAKTUYHY 3HAYMUMICTh BUKOPUCTAHHS SIBUIIA 3AJIOMJICHHS
1 BIAMOBIAHUX €KCIIEPUMEHTAJIbHUX METO/IB MPHU JOCHIPKEHH] BHYTPIIIHBOI CTPYKTYPH
HEKpUCTATIYHUX 00 €KTIB. BUKIIameHo KOPOTKUHM OTJIsA] BHUKOPUCTOBYBAHUX CHOTOJHI
METO/AIB OTPUMaHHS Ta IHTEepHpeTamii TakuxX (Pa30KOHTPACTHUX 300pakeHb
HeKpUCTATIYHUX 00’ekTiB. [ momanepmoi poOOTH OOpaHO TPUBICKOBY CXEMYy 3
KpHUcTajgoM-aHaizaTopoM (analyzer-based imaging), ska € BiIHOCHO MPOCTOI Ta
JI03BOJISIE OTPUMATH BUCOKOKOHTPACTHI 300paxeHHs. Big3HaueHo, mo s OUIbIN
TOYHOTO aHAIITUYHOTO OMHCY Tporiecy popMyBaHHS (Pa30KOHTPACTHUX 300paKEHb 1, 5K
HACJIZOK, TIOJIMIUEHHS SIKOCTI JIarHOCTUKM HEOOXIJTHO BpaxyBaHHS e(]eKTiB
0araToKpaTHOCTI PO3CISIHHS y KpHUCTalax aHali3aropa Ta MOHOXpPOMAaTopa, a TakKOX Y
caMmoMy 00’ €KTi.

Jliist onucy 0co0JMBOCTEN MpOLECy 3aJIOMJICHHSI BUIIPOMIHEHHS y OararomapoBuX
CUCTEMax, $KI MOXYTb BHMKOPHUCTOBYBAaTHUCh Yy SKOCTI aHaJi3aTopiB, MOOYIOBaHO

IUHAMIYHY MOJENb, 10 OMHCYE 3MIHY KOT€PEHTHOI CKJIaI0BOi KApTUHHU PO3CISTHHS 3a
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PaxyHOK B3a€MO/Ii1 CKAHYIOUOTO IPOMEHS 13 PEYOBHHOI0. 3 BUKOPUCTAHHSIM JIaHOT MO
IIPOBEJICHO JETAIbHUM aHali3 0COOIMBOCTEHN MPOLIECY PO3CISTHHS Y OJTHO- 1 IBOIIAPOBUX
CUCTEMax, B SIKMX IIapU CKIAJAalOThCA 3 KpUCTaIiyHOi Ta/abo amopdHoi pedoBuH. Ha
MPUKIAAl JBOIIAPOBOI CUCTEMH MOKAa3aHO, IO BHUKOPUCTAHHS KBAHTOBO-MEXaHIYHOTO
MiXO0Ay 13 3aCTOCYBaHHSIM TPAaHUYHUX YMOB JO3BOJIIE€ BpaxyBaTh OaraTOKpaTHICTh
NEePEepPO3CITHHS BUIPOMIHEHHS SIK B MEXaxX OJTHOTO IIapy, TaK 1 MIXK HIapaMu.

BukopucroByroun eKBIBaJEHTHICTh OCHOBHHX pIBHSHb JHHAMI4HOI Teopii
PO3CISTHHSA I PI3HUX THIIIB BUIPOMIHEHHS, 30KpeMa, KBAaHTOBO-MEXaHIYHUX PIBHSHb,
[0 OMHUCYIOTh IMHAMIYHE PO3CISSHHS €JIEKTPOHIB 1 HEUTPOHIB, Ta CIIBBIJHOILIEHD, 1110
BUIUIMBAIOTh 3 pIBHAHb MakcBela Ta BUKOPHUCTOBYIOTHCS AJI OMNHCY AUQPPAKIii
€JIEKTPOMArHITHUX XBWJIb, OOTPYHTOBAHO 3arajbHICTh TEOpli MO BIJHOIIEHHIO [0
MPUPOJIU CKaHYIOYOTO BUITPOMIHEHHSI.

Buxoasuu 3 mapaMerpiB BUIPOMIHEHHS 1 PEUYOBHH, MACIITAOHUX XapaKTEPUCTHUK
JOCIIKYBaHUX 00’€KTIB Ta 0COOJIMBOCTEN E€KCIIEPUMEHTAIbHUX METOIB JOCIIKEHHS
OOrpyHTOBAHO 3aCTOCYBAHHS TaK 3BaHOT0 KOJIOHKOBOT'O HAOJIMKEHHSI /17151 OIMCY ITPOLIECY
(dhopMyBaHHS KapTHUHHU PO3CISTHHS.

Ha wmiii ocHOBI B paMkax KBaHTOBO-MEXaHIYHOTO MIJXOJy Ta MPHU 3aCTOCYBaHHI
KOJIOHKOBOTO PO30OUTTS pO3pOOJIEHO MOJENb, IO OIMUCY€E 3B ’SA30K MK MapaMmeTpamu
CTPYKTypu  0aratomapoBOro HEKPUCTAIIYHOTO O0’€KTa 1  XapaKTepUCTHUKAMMU
CKaHYIOUOTO TTPOMEHSI IMICJIS MPOXOHKEHHS Yepe3 JOCIIKyBaHUN 00’ €KT.

30kpema, omucaHo Tmpouec (GopMyBaHHS pedparoBaHOrO MPOMEHS MpU HOro
MPOXO/HKEHHI Yepe3 OKPEeMHUI IIap HEKPUCTATIUYHOI PEYOBHUHH, Ta BCTAHOBJIICHO 3B’ 30K
BEIIMYMHU KyTa pedpakxiiii 13 rpaHuYHUMU yMoBaMu. OMNKUCAaHO 3MIHU IHTEHCUBHOCTI B
My4yKax BUIIPOMIHEHHS, 0OYMOBJIEHI B3a€MOJIEI0 3 PEUOBHUHOIO BCEPEAMHI BKa3aHOTO
mapy (B TOMy 4YMCIII BpPaxOBaHO JOCIIDKEHUI paHilie epeKkT po3MUTTA MPOMEHS Ha
HEOHOPI1THOCTSIX).

Jlanuii miaxia y3arajdbHEHO Ha BHUIIQJIOK 0araToIiapoBOi CHUCTEMH Ta OTPUMAHO
CIPOIIEHUH BUpPa3, II0 BCTAHOBIIOE BILTUB MapaMETPIB SK 30BHINIHBOI MOBEPXHI 00’ €KTa
TaK 1 MOBEPXOHb PO3/IITY MK peUOBUHAMHU BCEPEINHI HHOTO, Ta BIACHE CAMUX PEYOBHH

1 po3MIpiB 00’€KTa HA 3MIHY XapaKTEPUCTUK CKAHYIOUOTO MPOMEHS MiCIIs MPOXOHKEHHS
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yepe3 ckinaguuil 00’exT. [lpu nbomy nanuii Bupa3 Mae Gopmy, 3pyuHy JJIsl IO1AJIbIIOTO
onucy (GopMyBaHHS KapTUHU PO3CISIHHS Ta BIATOBITHO PO3B’sI3KYy 0OEpHEHOT 3a/1aui.

OxpeMo AO0CTIIKEHO KpUTEPii Ta MEX1 3aCTOCYBAHHSI 3aIIPOIIOHOBAHOT MOJIEII.

B pesynpTaTi Ha OCHOBI CTBOpPEHOI MOJENI OMUCAaHO THporec (GopMyBaHHA
(ha30KOHTPACTHUX 300pakeHb Y TPUBICHOBIN CXEMI 3 KPUCTAJIOM-aHaJ13aTOPOM.

JIist miaTBEp/UKEHHS aJeKBATHOCTI PO3pOOJICHOTO MiAXoAy Oyio MpPOBEACHO
pPO3paxyHKH 13 3aCTOCYBAaHHSIM JIaHO1 Teopii I Py MOJACIBHUX OO €KTIB, 30KpemMa,
KarpOHOBOI'O JPOTY, aKPHUIIOBOTO CTEPKHS, KAIJIAPIB 13 MOJIIETUICHY 1 00POCHIIIKATHOTO
CKJIa SIK TOPO’KHIX, TaK 1 HAMOBHEHUX METUJIOBUM CIIUPTOM. BuOip MoaenbHUX 00’ €KTiB
OyB 0OYMOBIICHUN HAsBHICTIO JIJISi HUX €KCIIEPUMEHTAJIbHUX MPOQITIiB 1HTEHCUBHOCTI,
BUMIPSIHUX paHille IHIIIMH aBTOPaMH.

Otxe, OyJ0 MPOAEMOHCTPOBAHO, IO PO3pPaxOBaHI B paMKax 3amporOHOBAHOI
TEOPETUYHO1T MOJIel PO Il IHTEHCUBHOCTI TIOCUTH J00PE Y3TOKYIOTHCS 13 BIJOMUMHU
€KCIIEpUMEHTAJbHUMU JTAHUMU I8 MOAENIbHHUX 00’eKTiB. IlpM 1bOMYy BIJICYTHICTh
BpaxyBaHHS TI€BHUX I1HCTPYMEHTAJIbHUX (AKTOPIB TMpHU3BENa 10 BIAMIHHOCTEH
pEe3yNbTaTIB PO3PAXYHKIB BiJl EKCIEPUMEHTY JUIsi TUX 3HA4YCHb IapaMeTpiB, SIKi
HaOIMKAIOTBCS A0 MEX 3aCTOCOBHOCTI Teopii. 30KpeMa, po3paxoBaHl mpodini
IHTEHCHBHOCTI 017151 KpaiB 00’ €KTa MarOTh JACIbTa-MOAI0H1 KK Ta Jy>Ke TOCTPl MIPOBAIH.
[le moB’s13aHO 3 TUM, 1110 PO3PAXYHKH 3pO0JICHI 3 MPUITYIIIEHHSIM, 10 TOBEPXHS 00’ €KTa
rianka. [Ipu iboMy TaHTEHC KyTa MaaiHHS NPSMYE JO0 HECKIHYEHHOCTI 1, TAKUM YHHOM,
rOrHa M (aKTUYHO BU3HAYAETHCA JIMIIE BEIMYMHOIO KPOKY 1HTerpyBaHHs. OMHAK Y
peanbHUX 00’ €KTIB MOBEPXHS Ma€ HEOAHOPITHOCTI, HE € TJIAJKOI0, 1 TOMY MPOBaJIM HA
EKCIIEPUMEHTAILHUX KPUBUX MAIOTh 1HITUN BUTJISII.

Takum yrHOM, 1J1 OUIBII TOYHOTO OMHUCY NMPOILECIB (OPMYBaHHS (PA30KOHTPACTHUX
300pakeHb OyJn0 HEOOXIJHE BpaxyBaHHS IOJATKOBUX IHCTPYMEHTAIbHHX (aKTOPIB,
TaKUX K PO3MIpHU CHUCTEMHU, HEOJHOPIAHOCTI B PI3HUX €JIEMEHTaX ONTUYHOI CXEMU Ta 1H.

BpaxyBaHHSI MIKPOHEOJHOPITHOCTEHN Y BCIX €JIEMEHTAaX ONTUYHOI CXeMH (KpHUCTall
aHaII3aTopi, KPUCTAJII MOHOXPOMATOPI Ta HEKPUCTATIYHOMY 00’€KTIB) Oyl0 BUKOHAHO
IUIIXOM BBEJCHHS B MOJENb TaK 3BaHOTO YIIMPEHHS CKaHyrodoro mpomens. lLle

JO3BOJIMJIO 3MEHIIUTH PO301KHOCTI MK EKCIEPUMEHTAJIbHUMU JAHUMU 1 TEOpPIEI0
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no0au3y KyTiB maiiHHsA, 01u3bkux 10 90 rpamycis, Ta pa3oM 3 TUM T03BOJIUIIO BpaxyBaTH
TaKe SIBHIIIE, SIK PO3CISHHA Ha yabTpa-Maii kytu (USAXS).

[HImIMM  IHCTpyMEHTaJIbHUM  (PaKTOpOM, [0 BIUIMBAE Ha (Pa30KOHTpACTHE
300pakeHHsI, € BIACTaHb MK O0’€KTOM Ta KpHCTaJoOM-aHalizaropoM. [Ipu moctaTHbO
BEJIMKUX BIJCTAHAX MDK O00’€KTOM Ta aHaI3aTOPOM BHECOK IepPepo3IOIiTy
BUIIPOMIHEHHS MIDK KOJIOHKAMHU CTa€ CYTTe€BUM. BpaxyBaHHsS MacmrTaliB cHCTEMHU
J03BOJIMJIO OTMHMCATH TIPOLIEC MEepPepo3MOAUTy I1HTEHCMBHOCTI MIDXK KOJOHKamMu Ta
BIJIMOBIAHE PO3MUTTS 300pakeHHs. lle 103BOIMIIO omuMcaTH 3acBiTH MOOIU3Y IpaHUIIb
00’eKkTa, 1m0 BIACYTHI B 17€aii30BaHOMY BUIaAKy. KpiMm Toro, nanuii pesynbTaT HajaB
MOXJIMBICTh ~ IUISXOM  3MIIIEHHS ~ KpUCTaja-aHami3aTopa  BIJHOCHO  00’€KkTa
LIJIECOPSIMOBAHO 3MIHIOBATH (OpMy MPOPII0 IHTEHCUBHOCTI Ta, B PE3YyJIbTaTl,
MOKPAIUTA KOHTPACTHICTH 300paKeHb.

OxpeMo pO3MIsTHYTO BIUIMB MapaMeTpiB KPUCTAIIB MOHOXPOMATOpA 1 aHAII3aTopa,
Ta, BIAMOBIAHO, 3TOPHYTOI KPHUBOI TOWJAHHS Ha PE3yJbTYyIOUy KapTUHY PO3CISHHS.
[IpoBeneHi po3paxyHKH JIEMOHCTPYIOTh, IO MIJISXOM BiANOBIJIHOTO BHOOPY KPHCTAIIB
MOHOXpOMaTopa 1 aHajizaTopa MOXkHa c(HOpPMYyBaTH 3rOPHYTY KPUBY 3 HEOOXITHUMU
Harepes 3aJaHuMu napameTpaMmu. Tak, 30KpemMa, BUKOPUCTaHHS TeoMeTpli audpakiii 3a
bperrom ans kpucTtaiiB MOHOXpOMAaTopa 1 aHalli3aTopa J03BOJISIE OTPUMATH 3TOPHYTY
KpUBY 13 TOCTPHUM MIKOM Ta, BOAHOYAC, MMM KYyT HaXWJIy Ha MOJOBHHI BUCOTH KPUBOI 1
IJIaBHE 3aTyXaHHSA. B ToOW dYac MOCiOBHE BHUKOPHCTaHHS TeoMmeTpii audpaxiii 3a
Bbperrom mys kpucrany MoHoxXpomaTopa 1 reomeTpii nudpakiii 3a Jlaye st kpuctary
aHaii3aropa 3a0e3nevyroTh OUIbII TIaJIKUH MiK, ajle Npy HbOMY OUTBIIMN KyT HAXHITy Ha
MOJIOBMHI BHCOTU KPHUBOI 1 OUThII pi3ke 3aryxaHHs. OTxke, 32 paXyHOK BUOOPY TOBIIUH
KpUCTAJIB Ta reoMeTpli AU(paKiii MOKHA PEryJlOBaTH IIUPUHY 3TOPHYTOI KPUBOi Ha
MOJIOBHMHI BUCOTH Ta 1i aMIUIiTyty. Hanpuknan, aist marepianis, 10 3aJIOMIIOIOTH ¢l1a00,
JOLUITFHO BHUKOPUCTOBYBATH 3TOPHYTI KpUBI 13 OUIBIIMM KYTOM HaxWiy, SsKi
3a0€3MeuyIoTh Kpaliuii KOHTPAaCT, a IS MaTepiaiiB, 0 3aJIOMJIIOIOTh BUIIPOMIHEHHS
OUTBIII CHJIBHO, TOTPIOHO BHOUpATH OUIBII MIMPOKI KPHUBI, IO 3a0€3MEUYUTh BUIIICHHS

CUTHAJY 13 LIyMy.
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3 METOI0 aHali3y BIUIMBY BHINE3a3HAYCHUX (HAKTOPIB HA KAPTUHY PO3CISHHS
IPOBENICHO Pl PO3paXyHKIB JJisi CKJISHOTO HAMIBIMIIHAPA 13 OKPYIJIUM BHUCTYIIOM 3a
pI3HUX MacmTabiB Ta mapaMeTpiB HeogHopiiHOcTeH. [loka3aHo, 1110 HaBITh 3a BITHOCHO
CJ1a0KOTO BIUIMBY IIUX (PAKTOPIB OKPEMO OJIMH BiJ] OJJHOTO, CyMAapHUH BIUIMB HAa KApTUHY
PO3CISIHHS MOX€E OYTH Jy’KE€ CyTTEBHUM.

3 wMeTol0 imocTpamii  Ccrmoco0iB  MOAANBIIOT0 MPAKTUYHOTO  3aCTOCYBaHHS
pO3p0o0IeHOi MOAEINI MPOBEACHO YHMCEIIbHUM E€KCIEPUMEHT, B paMKax sIKOro MOKa3aHO
IMPUHIIUIIOBY MOXJIMBICTh Ta 3alpPOIIOHOBAHO CIoci0 pPoO3B’sA3Ky OOEpHEHOi 3adadi
PO3CISTHHS.

Tak, nns CKJISHOTO HAMIBIWJIIHApPA 3 BHUCTYIIOM OTPUMAaHO psia MpodiliB
IHTEHCUBHOCTI 3a PI3HHUX MapaMeTpiB ekcnepumMeHTy. Ha ocHOBI oTpuMaHuUX MpoQiiiB B
MeXax 3alpONOHOBAHOI TEOpli pO3paxOBaHO PsiJ HapamMeTpiB MOAEIBHOro 00’ €KTa:
TOBIIMHY ILIapy PEUOBUHH B MEKaxX KOKHOI KOJIOHKH, KyTH Haxuiy noBepxHi. Ha ocHOBI
PI3HMX KOMOIHAIli pO3paxOBaHMX JaHHUX KUIbKOMa CIOCOOAMH BIITBOPEHO MOYATKOBY
dhopmy 00’ekTa.

OTxe, TOKa3aHO BaXXJIMBICTh BpaxyBaHHS PI3HUX €PEKTIB sIK B Mpo1eci opMyBaHHS
(ha30KOHTpacTHUX 300pakeHb, TAK 1 MPU BIITBOPEHHI MapaMeTpiB 00’ €KTa 3 OISy Ha
MO>KJIMB1 TOXUOKH Ta KpUTEPIi 3aCTOCOBHOCTI Teopii. [Ipu 1iboMy moka3zaHO MOMKIUBICTb
IpU aHali31 CHOCTEPEKYBAHMX BEJIMYMH BUAUIMTA TMEBHI MapaMeTpH, NOB’s3aHl 3
OKPEMHUMU XapaKTePUCTUKAMU HEKPUCTATIYHOTO 00’€KTa, TAKUMHU K TOBIIHMHA, (popma
YH CKJIaJ PEYOBUHH, Ta SIK HACIIOK BUKOPUCTATH HAMOUTBI 1HHOPMATHBHI 1 TIPH I[LOMY
HalMEHIII COTBOPEH1 BEJTMYMHU JIJIs1 BIATBOPEHHS (hOpMU 00’ €KTa.

KuarouoBi caoBa: penrrenorpadis, IuHaMiuHE pO3CIsSHHSA, ¢a3oBapiailiiiHe
300paxkeHHsI, pedpakiiis, HEKpPUCTAIIYHUNA 00’€KT, OOEepHEHa 3ajada PO3CISHHS,

YUCENbHUIN €KCIEPUMEHT, TPUBICHOBA CXEMA.
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ABSTRACT

Velikhovskyi G. O. Dynamical scattering theory for non-crystalline multilayer
objects of arbitrary shape. - Manuscript.

Thesis for a scientific degree of Candidate of Sciences in Physics and Mathematics
(Philosophy Doctor) in specialty 01.04.07 — Solid-State Physics. G.V. Kurdyumov
Institute for Metal Physics of the NAS of Ukraine, Kyiv, 2019.

The thesis is devoted to the development of the methods for X-ray diagnostics of the
internal structure of non-crystalline objects, namely to the creation of theoretical bases for
describing the process of refraction of X-rays in such objects, and to development and
verification of the approaches, based on the proposed theoretical model, those would allow
to eliminate deficiencies and improve existing methods for non-crystalline objects
diagnostics.

First of all, the work contains the comparative analysis of the processes of absorption
and refraction of high energy radiation by the objects of the studied class, and the
substantiation of expediency and practical significance of the usage of the refraction
phenomena and corresponding experimental methods during the study of the internal
structure of non-crystalline objects. A brief overview of the methods of obtaining and
interpreting such phase-contrast images of non-crystalline objects is presented. The triple-
axis optical scheme, also called analyzer-based imaging, was selected for further work
because it is both simple and allows to receive high-quality images. It is noted that in order
to more precisely describe the process of phase contrast images formation, and as a
consequence, in order to improve the quality of diagnostics, it is necessary to take into
account the effects of multiple scattering in the monochromator and analyzer crystals as
well as in the object itself.

In order to describe the features of the radiation refraction process in multilayer
systems, those can be used as analyzers, a dynamic model describing the change in the
coherent component of the scattering pattern caused by the interaction of the scanning
beam with the substance is constructed. Using this model, a detailed analysis of the

features of the scattering process in single- and double-layer systems, in which the layers
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consist of crystalline and/or amorphous substances, has been carried out. On the example
of a two-layer system, it is shown that the use of a quantum-mechanical approach with the
use of boundary conditions allows to take into account the multiplicity of radiation re-
scattering, both within a single layer and between layers.

Using the equivalence of the basic equations of the dynamic scattering theory for
various types of radiation, in particular, the guantum-mechanical equations describing the
dynamic scattering of electrons and neutrons, and the relations arising from the Maxwell
equations and used to describe the diffraction of electromagnetic waves, the universality
of the theory in relation to the nature of the scanning radiation was substantiated.

Proceeding from the parameters of radiation and substances, the scale characteristics
of the studied objects and the features of experimental methods, the use of the so-called
column approximation for describing the process of forming a scattering image was
substantiated.

On this basis, within the quantum-mechanical approach and with the application of
the column approximation, a model describing the relationship between the parameters of
the structure of a multilayer non-crystalline object and the characteristics of the scanning
beam after passing through the studied object was developed.

In particular, the process of forming a refracted beam during its passage through a
separate layer of a non-crystalline substance was described, and a connection of the
magnitude of the refraction angle with boundary conditions was established. The changes
of the intensity of the radiation beams caused by the interaction with the substance inside
the specified layer were described (including the previously known effect of the ray
blurring by the inhomogeneities).

This approach was generalized to the case of a multilayer system, and also there was
obtained a simplified expression that describes the influence of the parameters of both the
outer surface of the object and the surfaces between different substances inside it, and
actually the substances and the size of the object on change the characteristics of the
scanning beam after passing through the composite object. At the same time, this
expression has a form suitable for further description of the formation of a scattering

image and thus the solution of the inverse problem.
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The criteria and limits of application of the proposed model have been explored too.

As a result, on the basis of the created model, the process of forming phase contrast
Images within the triple-axis ABI method was described.

To confirm the adequacy of the developed approach, there were made the
calculations with the use of this theory for a number of model objects, in particular, nylon
wire, acrylic rod, capillaries of polyethylene and borosilicate glass both empty and filled
with methyl alcohol. Such set of the model objects was used due to the presence of
respective experimental intensity profiles, measured earlier by other authors.

Thus, it was demonstrated that the intensity profiles calculated within the currently
proposed theoretical model are in good agreement with the known experimental data for
model objects. In this case, certain instrumental factors were not taken into account, which
caused some differences between the results of calculations and the experimental data for
the values those are close to the limits of the applicability of the theory. In particular, the
calculated intensity profiles have delta-like peaks and very sharp pits near the edges of the
object. This is due to the fact that the calculations were made with the assumption that the
surface of the object is smooth. In this case, the tangent of the incident angle goes to
infinity, and thus the depth of the pits is actually determined only by the size of the
integration step. However, in the case of real objects, the surface has heterogeneities, it is
not smooth, and therefore pits on the experimental curves have a different shape.

Thus, for more accurate description of the formation of phase contrast images, it was
necessary to take into account additional instrumental factors such as the size of the
system, heterogeneity in various elements of the optical scheme, etc.

The account of micro-inhomogeneities in all elements of the optical scheme
(analyzer crystal, monochromator crystal and non-crystalline objects) was accomplished
by introducing into the model a so-called widening of the scanning beam. This allowed to
reduce the divergence between the experimental data and the theory near the incidence
angles close to 90 degrees, and at the same time allowed to take into account the
phenomenon of ultra-small angles scattering (USAXS).

Another instrumental factor that influences the phase contrast image is the distance

between the object and the crystal analyzer. At sufficiently large distances between the
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object and the analyzer, the redistribution of radiation between the columns becomes
significant. Taking into account the scale of the system allowed to describe the process of
redistribution of the intensity between the columns and thus the corresponding blurring of
the image. This allowed to describe illuminated regions near the boundaries of the object
those were absent in the ideal case. In addition, this gave the possibility to purposefully
change the shape of the intensity profile and, as a result, to improve the contrast of the
images by displacing the analyzer crystal relatively to the object.

Separately, the influence of the parameters of the monochromator and analyzer
crystals, and respectively the rocking curve on the resulting scattering picture was
considered. The calculations show that by choosing proper monochromator and analyzer
crystals it is possible to achieve the rocking curve with the necessary pre-set parameters.
Thus, in particular, using the Bragg diffraction geometry for the monochromator and
analyzer crystals allows to achieve the rocking curve with a sharp peak and, at the same
time, a small angle at half the height of the curve and smooth attenuation. At the same
time, the consecutive use of the Bragg diffraction geometry for the monochromator crystal
and the Laue diffraction geometry for the analyzer crystal provides a smoother peak but
greater angle at half the height of the curve and a more sharp attenuation. Therefore, by
choosing the thickness of the crystals and the diffusion geometry, it is possible to adjust
the width of the rocking curve at half height and its amplitude. For example, for weakly
refracting materials, it is expedient to use rocking curves with a greater angle at half
height, those provide better contrast, and for materials that refract radiation more strongly,
it is necessary to choose wider curves those provide better signal to noise ratio.

In order to analyze the influence of the above-mentioned factors on the scattering
Image, there were performed a series of calculations for a glass semicylinder with a round
bulge with the various scales and heterogeneity parameters. It is shown that even with
relatively weak influence of these factors separately from each other, the total effect on
the scattering image can be very significant.

In order to illustrate the options for further practical application of the developed
model, there was performed a numerical experiment, in which there was shown the

principal possibility and proposed the method for solving the inverse scattering problem.
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Thus, for a glass semicylinder with a bulge, there were obtained a number of intensity
profiles with different parameters of the experiment. Based on the profiles received within
the proposed theory, a number of parameters of a model object were calculated: the
thickness of the substance layer within each column, the angles of the inclination of the
surface. Based on a different combination of calculated data, the initial form of the object
was reconstructed in several ways.

Finally, the importance of taking into account various effects both during the process
of phase contrast images formation and during the reconstruction of the parameters of the
object from the point of view of possible errors and criteria of the applicability of the
theory was shown. It was shown that during the analysis of the observed values it is
possible to define certain parameters related to the individual characteristics of the non-
crystalline object, such as thickness, shape or composition of the substance, and as a result
to use the most informative and at the same time least distorted values for reconstruction
of the object's shape.

Keywords: X-ray diagnostics, dynamical scattering, phase-contrast image,
refraction, non-crystalline object, inverse scattering problem, numerical experiment,

triple-axis scheme.

List of publications relevant to the thesis

1. enyauenko, b., Monoakun, B., JIuzynosa, C., OnuxoBckuii, C., Kucinosckuii,E.,
l'aeBckuii, A., JIuzyno, B., HuzkoBa, A., BnagumupoBa, T., Monoakux, B.,
®dy3uk,E., I'omkoneps, A., benomnkas, A., BeauxoBckui, I'., My3bruenko, A. u
Jlexusik, P. (2014) Teoperrueckas TpexoceBas MOJCIb JUHAMUYCCKOTO PACCESTHUS
u (hopMUpOBaHHS HN300pKEHUN HEKPUCTAIUTMUECKUX OO0BEKTOB. Memaniogus.
nosetiuue mexron. 36 (4), 561-575.

2. Ilaron, b., Monoakin, B., Kapnayxos, I., Hexmonos, 1., Ctopixko, B., ['op6uk, I1.,
Huskoga, I'., OnixoBcekuii, C., ['aeBcbkuit, O., Jlizynona, C., lllenynuenko, b.,
JlizyHos, B., Tpetsk, O., Peneupkuii, C., Tonmauos, M., [lleBuenko, A., Dy3ik, K.,

Momonkin, B., BeaixoBchkuii, I'. (2016) Crnoci6 pazosoi penmeenoecpadhii



13
HeKkpucmaniuno2o 00'ekma 008inbHUX opmu [ pozmipie, IlateHT YkpaiHu Ha
BuHaxig Ne 111437
Mononkin, B., Cropixko, B., JlizynoBa, C., Illeaymuenko, b., JlizyHos, B.,
Tommauos, M., Kucnoscwkuit, €., OnixoBcskuii, C., Bepmunacekuii, C., JleHncenko,
B., ®y3ik, K., BeaixoBebkuid, I'., Jlexusk, P., Jlensp, €., Ckama, JI., bpoBuyk, C.
(2015) HoBi MOXJIHBOCTI CTBOPEHHS ()a30KOHTPACTHUX TOMOTpadiB ISl MEUIIUHH,
Hanocucmemu, nanomamepianu, nanomexnonozii. 13(3), 469-502.
JImzynoBa, C., Ilenynuenko, b., Mononkun, B., Tonmaués, H., Aiic, [Ix.,
bapa6am,P., Cropuxko, B., JIuzynos, B., ®y3uk, E., Beanxosckuid, I'., MonokuH,
B., Imutpues, C., Ckana, JI. (2017) Ananutudeckas Mojeiab (HOPMHUPOBAHUS
(a30KOHTPACTHBIX H300paXKEHUN HEOJHOPOJHBIX HEKPUCTALIMYECKUX OOBEKTOB
POU3BOJIBHON (hOpMbI, Memannogus. nosetiwue mexnon., 39(2), 143-162.
Molodkin V., Velikhovskii, G., Lizunova, S., Lizunov, V., Sheludchenko, B.,
Kislovskii, E., Vasilik, Ya., Skakunova, O., Dmitriev, S., Fuzik, K. And Lekhnyak,
R. (2016). Quantum-Mechanical Model for Phase-Contrast Imaging of Non-
Crystalline Objects, Materialwissenschaft und Werkstofftechnik [Materials Science
and Engineering Technology], 47(2-3), 246-253.
Imitpies, C., JlizynoBa, C., TonmmauoB, M., Illlenymuenko, b., CkakynoBa, O.,
Mononkin, B., Jlizynos, B., 'onentyc, 1., Kapnos, A., Bolitok, O., [Touekyes, B.,
Penenpkmii, C., BummBana, 1., Ckama, JI., bapa6ar, O., BedixoBebkuid, I'. (2017)
CratucTuyHa TEOpEeTUYHA MOJENb JMHAMIYHOT OperriBchbkoi audpakiii B
JBOIIAPOBIA  KPUCTAIIYHIA cHUCTeMI 3 aMOpP(pHUM TOBEPXHEBUM  IIAPOM,
Memannogus. nosetiuue mexron., 39(12), 1587-1610.
HmitpieB, C., Monoakin, B., TonmawoB, M., CkakyHoBa, O., JlizyHoma, C.,
Jlexnsik,P., ®y3ik, K., BejixoBcbkuid, I'., BackkeBuu, O., JIizynos, B., KatacoHos,
A., Tonentyc, 1., Onixosebkuid, C., Ckana, JI., Monoskis, B. (2017) Edextr moBHOT
OaraTokpaTHOCTI TU(y3HOTO PO3CISHHS B KpUCTaIax 3 AedeKTaMu APyroro Kjiacy 3a
Kpusornaszom, Memannogus. nosetiwue mexnon., 39(1), 1-9.
Ckarma, JI., JIuzynos, B., Mononkun, B., Jlens, E., Hlenynuenxo, b., JIuzynona, C.,

CxkakynoBa, E., TonmaueB, H., Amutpues, C., Jlexusk, P., Beauxosckui, I.,



10.

11.

14
Momnonkwus, B., 3a6onotHbl, U., Dy3uk, E., Bacekerud, O. (2015) JlucrnepcruoHHbIe
3¢ PeKThl B3aMMOCBSI3aHHOCTH 3aBUCHUMOCTEH OT pa3Iu4HBIX YCIOBUU TU(PpaKIIUM
KapTHUHBI pPAaCcCCAHHUA MW KOJIOCCAJIBHOI'O YCHIICHHUS 3THUX 3aBUCUMOCTEM M HX
CTPYKTYPHOM UyBCTBUTEIBHOCTH M HMHGPOPMATHUBHOCTH, Memannogus. Hoseuuiue
mexnon. 37(11), 1567-1582.
Jmutpues, C., Jlexusik, P., Mononkun, B., JIuzynos, B., Ckana, JI., CkakyHoBa, E.,
JImzynoBa, C., OnuxoBckuiur, C., Jlenp, E., Tonmaues, H., Illenyauenko,b.,
®y3uk,E., BesmxoBcknii I'. (2015) Teopus auaHamuueckoro ¢pakropa Kpusoriaza—
Hebas—Bamtepa, Memannogus. nosetiuue mexnon. 37(9), 1169-1181.
Molodkin, V., Velikhovskyi, G., Lizunova, S., & Lizunov, V. (2019). Dynamical
diffraction  model for phase-contrast analyzer-based imaging. Optics
Communications, 439, 1-7
Velikhovskyi, G., Molodkin, V., Lizunov, V., Vladimirova, T., Lizunova,S.,
Vasilik, Ya., Kulish, M. and Pavlenko, O. (2019). Solving Direct and Inverse
Scattering Problems for Heterogeneous Non-Crystalline Objects in Analyzer-Based

Imaging, Memannogus. nosewue mexnon., 41(3), 1001-1003.



SMICT

[IepeTiK YMOBHIX TTOZHAUCHD .....veeteereessreanreasseesseesseessneasseesseessessssesnsesnseessesssnesnens 17
BT TT ettt 18
1. Ciocobu HepyHHIBHOT JIarHOCTUKHA HEKPUCTATITIHUX 00 EKTIB ...vvevvvrervveerieenns 24
I T 5 Ty 1 PP PP OURTPURPTRTR 24
1.2. MeToIh (PAZOBOTO KOHTPACTY +eveurveeessrressssreressssressssseessssssssssessssssessssssesssssnenns 26
1.2.1. PeHTreHiBChKa KPUCTATIYHA THTEPHEPOMETPIS «cvvvevvervriereeiee st 26
1.2.2. I'paTkoBUI THTEPHEPOMETP OOHBE-XAPTA «oevrvvveeirrrreesrrressireressrieesssssnessssseenns 28
1.2.3. I'patkoBa inTepdepomerpist (IHTEPHEPOMETPIS TATOOTA) +..vvvervvervverirernreanne 30
A S\Y] (55 (01 @:30) 19 s () Rl 0 0) 111710153 ¢ S U TRP USRI 34
1.2.5. Cxema 3 KPUCTATOM-aHATIZATOPOM (@D1) vevviivviieiiiieiiiiee e 37
1.2.6. METOT OCBITIICHHS KPATO ... eeuveenreeteesseessreasreaseesseesseessnesnseessessseessnssnnessesnes 41
1.3 BHCHOBKH ...ccuvviiiiiieitiieitee ettt sttt sttt et e e nbn e nnneennnee s 44
2. TeopeTnuHi OCHOBHU TPUBICHOBOTO METOAY (opMyBaHHS (Ha30KOHTPACTHUX

BOOPAIKEHD . .vveevreesuteessteeasee e seeessseessse e s ne e e se e e s e e e as e e e an s e e s an e e e ane e e ne e e nnn e e nnreeanneennne e 46
7 T 5 1o’ 74 | PP 46
AV 23700105 (0 (07 (073505 6: 0L (0 Vi (<1 & H TR 47
2.2.1. KOTTOHKOBE POBOHTTS «..uvvveeiuvreesisrneesssneeessstessssssessssssessssssssssssssssssessssssnsssnsenes 47
2.2.2. TPUBICHOBA CXEMA ..vvvieiurvieeisireessstneesssseesssssessssssssssssseessssssssssssessssessssssesssnsnnes 48
2.3. Po3cisiHHS B aMOP(GHHOMY TOTTHHAIOUOMY TITAPT «vvevvvevveanreereesieesieesieeenneeneeneis 49
2.4. Po3CistHHS B IBOIIAPOBIA aMOPPHIH CHCTEMI ..vvvvieiiiieeiiiieesiieessieeessiveee s 52
2.5. Po3CisiHHSI B MOHOKPUCTAIIYHIH TIOCKO-TIAPAICTBHIN MIACTHHI .....vvvveeeeeee 54
2.6. Po3cisiHHA B IBOIIapOBii cucTeMi 3 aMOP(PHUM 1 KPUCTATIIYHUM MIAPAMH ..... D9

2.7. ludpaxkiiis B ABOMIAPOBIN KpUCTATIUHIN cucTeMi. MeTo/ IiICYMOBYBaHHSI
0L 10 010 )1 PP P R OPR 61

2.8. ludpakiiis B ABOIIAPOBIN KpUCTANIUHIN crucTeMi. MeTo TpaHuYHUX YMOB . 66

AR 37 (015 (0) ;.4  CRUUURUTTT TR 68

3. ®opmyBaHHS 300pakKeHHSI HEKPUCTATIYHUX OaratomapoBux 00’ €KTiB JOBIILHOT
11107 0000 TP P PP 69



16

3.2. Teopist 6araToKpaTHOTO PO3CIFOBAHHS B HEKPUCTATIYHUX 00’ €EKTaX JTOBUIBHO1

1170] 0).Y 1 TSRO P PP PR PRT PR PR 71
3.2.1. Bumaiok HOpMaJIbHOTO TATIHHS TIPOMEHS .eevvvveeeereresireesssnessssnesssssenssssnes 79
3.2.2. Bunaiok JOBUIBHOTO KyTa 01 MaJIIHHS IPOMEHS Ha MOBEPXHIO 00 €KTA ..... 84
3.3. TpuBicroBa Moje/Ib (OPMYBaHHS 300paKEHh HEKPUCTAIIYHUX 00’ €KTIB ...... 87
3.4. ITepaTUBHA MPOLETYPA Y3ATATBHEHHS . vvvveivvveeessreeessireeessseessssesssseessssseessnsnes 90
3.4. 1. T'DAHIUHT YMOBH ...ccuvveiviieianieesteesieesseesise e bt esteesseessseasseebeesneesneessnesnneenneenneenes 90
I A 1 4 N 0 1S4 01214 £ A RPN 93
3.4.3. BMIHA (DABH ..ottt ettt ettt et nb e n e ne e 95
3.5. UncenbH1 PO3PAXYHKH TA PEBYIIBTATH «.vvvveeisrveesssrreesssrensssssnessssnessssseessssesssnsenes 97
B ST 3 (03 (0134 % (P PP RTR 101
4. BriuB 1HCTpYMEHTaJIbHUX (PAKTOPIB IIPH PO3B’SA3KY NPSIMOi 1 0OEpPHEHOI 3a/1a4

O Te L0545 6 PRSP 103
O R 5 T s o S SRR 103

4.2. BB HEOTHOPITHOCTEH 00’ €KTY Ta IHCTPYMEHTAIBHUX (PAKTOPIB HA PO3MOILT
115 LS 2 (7053 (0T o E PP PP RPN 104

4.2.1. BB KpuUBUX BIJJOMBAaHHS MOHOXpOMATOpa Ta aHaJi3aTopa Ha pO3MOILT
112 Le) 2 (0703 (0 ot o DT TP UU PP PPPTOTPPT 105

4.2.2. BunuB HEOJHOPIAHOCTEH MOBEepXHi 00’ €KTa Ha PO3MOIiT IHTEHCUBHOCTI ... 108

4.2.3. BrumB GaykTyallii ckiaaay 00’ €KTa Ha PO3MOILT IHTEHCUBHOCT ..vv.vvv...... 110
4.2.4. BnnuB MacmTabHUX MapaMeTpiB CHCTEMHU Ha PO3IMO/ii IHTeHCUBHOCTI ...... 112
4.3. PO3B’3aHHS OOCPHEHOT BAMAUL 1vvvveiuvrreeiuvreeessireesssseessssseessssseeesssseesssssessssssessnnes 114
4.3.1. 3HaX0KEHHS TEOMETPUYHUX MAPAMETPIB 00 EKTA vvvveirvvreeirirreeiireesssseeesnnns 115
4.3.2. PEKOHCTPYKITIS (DOPMH 00 EKTY .vvvvvveeneieieesieesiresnreesseesieesinessneesseesseessessnneas 116
A4, BUCHOBKH .....veeiutieiteiasteeestteesiseessseeateeaaseeasbsaessseessteesabeeasseeaabeeessseessseesnneesnneeenes 118
OCHOBHI PE3YJIBTATU TA BUCHOBKH .....ccuvveeuriessieessresasseeessneessseessneessnessnesssnessnsneessns 120
CHUCOK BUKOPUCTAHUX JIKEPECIL «uvvvreinirreeasnreeessreeesasneeesasseaesassnssssseessssssssnesesnsnns 123

Jomatok 1 myOmiKalii 38 TEMOIO JTUCEPTALIT «vvvvrrrrereerrrruiirrrereeeeeeesesssninrrereeeeeeeess 138



17
HEPEJIIK YMOBHUX ITO3HAYEHb

ABI — analyzer-based imaging

MIR — multi-imaging radiography

USAXS — ultra small angle X-ray scattering
KI' — kpuBa roviianss

T3 — teopis 30ypeHb
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BCTYII

AKTYaJILHICTh TeMH JTOCJIIIKEHHS.

Po3BuTOK OaraThOX CydacHHX rajy3edl HaykKd 1 TEXHIKH MOTpeOye BiAMOBITHOTO
BJIOCKOHAJICHHSI METO/IB HEPYIHIBHO1 AIarHOCTUKH CKJIaly Ta BHYTPIIIHBOI CTPYKTYpPH
AOCTKyBaHMX 00’€kTiB. BkazaHi 00’€KTH MOXYThb CKJIaJaTHCS 13 PI3HOMAaHITHHUX
PEYOBHH 1 MaTepiajiB, 30KpeMa, 13 KOMIIO3UTHUX, Ta MaTH CKJIaaHy O0ynoBy. [Ipu npomy
B 3QJICKHOCTI BiJl 00JacTi 3acCTOCyBaHHs po3Mip Ta (opmMa 00’€KTIB 3MIHIOIOTHCS Yy
HIMPOKOMY Alana3zoHi. ToMy po3BHTOK METO/IIB Ta CTBOPEHHS MOJIEJEH, 1110 JO3BOISIOTh
MOKPAIIUTH YYTJIUBICTh Ta MIABUIIUTH 1HGOPMATUBHICTH JIarHOCTUKH 32 PaxXyHOK
BpaxyBaHHS HOBUX (PI3UYHUX €(PEKTIB, € BAKJIMBOIO 33/1a4€EIO.

CyyacHi MeETOIM CTPYKTYpPHOI JIarHOCTUKM 3acHOBaHi Ha (oOpMyBaHHI 3a
J0TIOMOTOI0 BUCOKOEHEPIreTUYHOT'O BUIIPOMIHEHHS KapTHUHU PO3CISIHHSA 00’ €KTa, sIKa IpU
IbOMY MICTUTh 1H(OpPMAII0 NpO BHYTPIIHIO OyAOBY 1 CKJIah, Ta 1i MOAATBLIIN
po31GPOBII HA OCHOBI BUKOPUCTaHHS TEOPiii, IO OMUCYIOTH 3B’ 30K MIXK ITapaMeTpaMu
00’exTa Ta AUPPAKIIAHOIO KapTUHOIO. OTpUMaHHS JeTalbHOI 1H(hOpMAIll PO CKIaAHI
00’exTH OTpeOy€e BapitOBAHHS MAPAMETPIB EKCIEPUMEHTY 1 TPU3BOAUTH 10 301JIbIICHHS
4acy J1arHOCTUKH Ta, B PE3yJbTaTi, 103U OMPOMIHEHHS, 1[0 3a3BUYail Ma€ HETraTUBHUMN
BIUTMB Ha AOCTIIKYBaHHUM 00’ eKT. HaliO1IbII KpUTUYHHUM € CTBOPEHHSI TaKO1 CUTYaLlll IPU
JTOCITIDKCHHI HEKpHUCTATIYHUX O10JIOTTYHMX OO0 €KTiB, IS SKUX came audpaxiiiiHi
METOJH HE MOXYTh OyTH 3aCTOCOBaHI.

TpanuuiiiHi METOaM peHTreHorpadiyHoi JIarHOCTUKM HEKPUCTATIYHHUX 00’ €KTIB
3aCHOBaHI1 Ha SIBUIII MOTJIMHAHHS, 110 JJI IEPEBAKHOT OTBIIIOCT] PEYOBUH MPOSBISETHCS
HabaraTo cia0kime HDK 3amomieHHs. [Ipu mpomy y OLIBII CydacHMX MiAXOJax, IO
0a3yr0ThCS HA SIBUILI 3aJIOMJICHHS] BUIPOMIHEHHS Ta T03BOJISIIOTH OJIEP>KYBAaTH TaK 3BaHi
(a30KOHTpACTHI 300paxeHHs], 3a3BHUYail BUKOPUCTOBYIOTh CIIPOIIEHY TEOPIIO JIJIsl OMUCY
MPOIIECY PO3CIAHHS K B O€3MOocepeHbO JOCTIHKYBAaHUX 00’€KTax, Tak 1 B €JIeMEHTax
ONTUYHUX CXEeM. 30KpeMma, 3a3BUyail BUKOPHUCTOBYETHCS HAOIMKEHHS T'€OMETPUYHOI
ONTHKHU Ta HE BPaXOBYETHCS BIUIUB (DAKTOPIB, IO MOXKYTh COPHUUYUHUTA HEMOXKIIUBICTh

Takoro HabOiwxeHHs. BonHodac, nisi omucy pO3CISIHHS BUIPOMIHEHHS Ha €JEeMEHTax
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ONTHYHUX CXEM, sIKI HAMYaCTIIIE € MOHOKPUCTAJIaMH, MaiKe 3aBXKId 3aCTOCOBYIOTH 200
KiHEMaTU4YHYy, a00 JUHAMIYHY T€Opii pO3CISIHHS, aje JUIIE IS 11ealbHUX KPUCTaJiB Ta,
HaBiTh, HAONMKEHHS TEOMETPUYHOI ONTHKU, IO YHEMOXJIUBIIOE TOYHUN OMKC
dbopmyBaHHS (Pa30KOHTPACTHUX 300pakeHb. OTKe, M 301IbIICHHAS 1H)OPMATUBHOCTI
Cy4yaCHHUX METOJIIB J[IarHOCTUKM HEKPUCTATIYHUX OO €KTIB BAXKJIIUBUM € CTBOPEHHS
TEOpid, SKi JAalOTh OUIBIN aJeKBaTHUW OMMC MPOLECIB PO3CISHHS 1, BiAMOBIAHO,
dhopmyBaHHS (Ha30KOHTPACTHUX 300paKCHb.

Takum YMHOM, TEOpPETHYHAa MOJEIb TPHUBICHOBOTO crocody (opmyBaHHs
(ha30KOHTPACTHUX 300pa’K€Hb HA OCHOBI JIMHAMIYHOI TEOPIi PO3CISIHHS 3 ypaxyBaHHIM
HAsBHOCTI MIKpPOJIe(PEKTIB Yy MOHOKPUCTaJIaX ONTHUYHOI CXEMHU Ta TMPOIIEeCiB
0araTokpaTHOTO PO3CISIHHS B HEKPUCTAIIYHMX OaraTomapoBUX O0’€KTax AOBLIHLHOL
dbopMH MOXkKeE JAaTH 3MOry NPUHLHUIIOBO 30UIBIIMTH 1HQOPMATUBHICTH J1IaTHOCTHKHU 1
CYTT€BO 3MEHIIUTH JI03y BHUIPOMIHEHHS, Ta NpPHU I[OMY, 30KpeMa, OTPUMYBATH
300paX€HHSI, YYTJIWBI JI0 CTPYKTYPHHUX OCOOJMBOCTEH, 10 € HEMOMITHUMHU JJis
TpaauIiitHuX MeTOaiB. ToMy 3a/1aua CTBOPEHHS TaKO1 T€OPii, 10 Ja€ O1IbII TOBHUM OMHC
nporiecy GopmyBaHHS (Ha30KOHTPACTHUX 300paKeHb 1 MPU IILOMY MOXKE 3a0€3MMeUUTH

PO3B 30K 0OOEPHEHOT 3a7a4l PO3CISIHHS, € aKTYalIbHOIO.

3B'130K po00TH 3 HAYKOBMMH NIPOrpaMaMHu, IVIAHAMH, TEMaMH

Po6ora BukonyBamach B Iuctutyti mertanodizuku im. I'. B. Kypmomoa HAH
VYkpainu 1 OyJa CKJIaJJOBOIO YaCTMHOIO HAYKOBO-JOCIITHUIIBKOI pOOOTH 32 TEMaMH:

e«HoBi migxomu, METOMM Ta TPHUHIUMIINA PaTUKAIBHOTO ITIJIBUINCHHS HAa OCHOBI
e(eKTiB 0araTOKpaTHOCTI PO3CIAHHS YYTIMBOCTI Ta 1H(OPMATHUBHOCTI AUPPaKLIIAHUX
JOCIiKeHb (YHKIIOHATFHUX MaTepianiBy (moctranoBa bropo BOA HAH Vkpainu Big
23.05.2012 Ne 5, Ne nepxkpeectpartii 0113U000032) — (BUKOHABEIIH);

o«CTBOpEHHA Ta TMpaKTUYHA peaji3allis HOBITHIX CHOCO0IB  KUIbKICHOT
OararomapamMeTpUyHOI CTPYKTYPHOI JIarHOCTUKH Ha (asoBapialliiHUX MPUHIIHIIAX)
(3atBepmkena Pimennsm bropo BOA HAH Vkpainu Big 06.06.2017 p. nmpotokon Ne 4,
Ne nepxxpeectparii 0118U001039) — (BukoHaBeIb).
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Meta podoTn:

TeopeTuyHe omnucaHHS HAa OCHOBI JAMHAMIYHOI TeOpii pO3CISHHS €QeKTiB, IO
BUHUKAIOTh TIPU B3a€EMO/Iii BUCOKOSHEPTETUYHOTO BHIIPOMIHEHHS 3 OaraToriapoBUMHU
HEKPUCTATIYHUMH 00’ €KTaMH, Ta CTBOPEHHSI MOJIEII, 1110 BCTAHOBIIIOE KIIbKICHUH 3B’ 30K
MiXK CTPYKTYpHUMH OCOOJHMBOCTSAMHU Ta CKJIQJOM TaKMX CTPYKTYPHO HEOJIHOPITHUX
00’€KTIB 13 XapaKTEPUCTUKAMU KaApTUHU PO3CISIHHS B paMKax (a3zoBapialliiHOTO METOTY
13 BpaxyBaHHSM MpPOIIECIB OaraTOKpaTHOCTI PO3CISIHHS Ha BCiX eTamax (opMyBaHHS

300paK€HHS.

JIJIsl HOCSATHEHHS MeTH BUPILIYIOTHCSI HACTYIIHI 3a1a4i:

o [IpoBeneHHa aHamizy OpUPOAM Ta MNPUHLHUIIB (OopMyBaHHS 300paKeHHS Yy
Cy4YaCHUX METOJaxX J1arHOCTUKH HEKPUCTATIYHUX 00’ €KTIB 13 BU3HAYEHHSM METOJY, 110
JIa€ MOKJIMBICTh HalO1JIbIII IOBHOIO MIPOIO BCTAHOBUTH XapAKTEPUCTUKU 00’ €KTIB,

« PO3po0OKa cTaTUCTUYHOT JUHAMIYHOI TEOPETUYHOI MOJIENl Ta 3a0e3neyeHHs Ha ii
OCHOB1 aJIeKBaTHOTO OMHUCY €(EeKTIB 0araToKpaTHOCTI PO3CISIHHS BUIIPOMIHEHHS Ta
dbopmyBaHHS (Pa30KOHTPACTHUX 300pa’KeHb OaraToniapoOBUX HEKPHUCTAIIYHUX 00’ €KTIB
JOBUIBHOI POPMU y TPUBICHOBIH CXEMI.

o BcTaHOBiEHHST SKICHMX Ta KUIBKICHUX TIOKAa3HUKIB BIUIMBY TapamMeTpiB
YCTaTKyBaHHS 1 yMOB €KCIIEPUMEHTY Ta 0COOJIMBOCTEM 00’ €KTa HA KAPTUHY pO3CIsTHHSA (13
BHU3HAYCHHSM MEX 3aCTOCOBHOCTI MOOYIOBAaHOI TEOpii) Ta BCTAHOBJICHHS BIiIMOBITHUX
ONTUMAJIBHUX YMOB JIJIsl peaiizaliii (pazoBapiallitHuX MPUHIIUIIB 11arHOCTUKHU.

o [IpoBesieHHA YMCITOBUX PO3PAXYHKIB JJIS MEPEBIPKU aJIEKBATHOCTI Ta TOYHOCTI
po3po0eHoi Mojem Ta 3a0e3MeUYeHHs] MOMKJIMBOCTI PO3B’A3KY BIAMOBITHOT OOEpPHEHOI
3a/1a4l pO3CISTHHS.

O0’eKT H0CaITKEHD:

(ha30KOHTpaACTHI 300payKEHHS HEKPUCTATIYHUX 00’ €KTIB CKIIAHOI OyI0BH.

IIpeaMer aociaigKeHb:

OCOONMBOCTI B3a€EMOJii BHUIPOMIHEHHS 13 HEKPUCTATIYHOIO PEYOBUHOKID Y
OaraTomnrapoBUX CTPYKTypax Ta MPUPOJIa BIUTUBY e€(eKTiB 6araToOKpaTHOCTI PO3CISHHS Ha

(dhopMyBaHHS TPUBICHOBUM CITOCOOOM (pa30KOHTPACTHUX 300pakeHb 00’ €KTI.
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MeToau 10CJTi/IKeHb:
METOJU TEOPETUIHOT (DI3UKH; METOAM OOUHCIIOBAIBLHOI (h13UKHA Ta KOMII FOTEPHOTO

MOJACIIOBAHHA.

HaykoBa HOBH3HA pe3yJibTATiB, III0 BAHOCATHCH HA 3aXMCT:

1. Brnepme mnoOynoBaHO TEOPETHYHY TPUBICHOBY MOJENIb JAHHAMIYHOTO
po3cisiHHA Ta (opMyBaHHS 300paKEHb OaraToIIapOBHX HEKPUCTAIIYHUX OO0’ €KTIB
JOBLILHOT OpMH 3 ypaxyBaHHSM e(EKTIB OaraToKpaTHOCTI PO3CISHHS K y 00’ €KTi, Tak
1 B MOHOKpHCTaIaX MOHOXpOMaTopa 1 aHaJi3aTopa.

30kpeMa, OOrpyHTOBAHO 1 aJanTOBAaHO KOJOHKOBE HAOIMKEHHS JJIA OIMHCY
dbopmyBanHs TomorpadiuHuX 300pa’keHb OaraTolIapoBUX HEKPUCTAIIYHHUX OO0’ €KTIB
JOBUIBHOI (POPMU Ta MPOBECHO BpaxyBaHHS HE JUIIIE TMHAMIYHOIO PO3CISIHHSA y IIapax,
a TakoX 1 0araTOKpaTHOCTI Mepepo3CisiHHA MDK Imapamu. [Ipu 11boMy BCTaHOBJIEHO
MO>KJIMBOCTI Ta OCOOJIMBOCTI CYTTEBOTO BIUIMBY HAa KapTUHY PO3CISIHHS K MapameTpiB
caMoro 0araTromapoBOr0 HEKPUCTAIIYHOTO O00’€KTa, TaK 1 Mapa3uTHOTO BIUIMBY
OJIHOPIIHO Ta HEOJHOPIAHO PO3MOJIICHUX ACPEKTIB y KpHCTalax MOHOXpomaTopa i
aHajizaTopa.

2. Brnepiiie 3 BUKOpUCTaHHSIM MOOYI0OBAaHOT MOJIENl aHATITUYHO BCTAHOBJICHO
B3a€MO3B’SI30K XapaKTEPUCTUK JOCTIIKYBAHOTO HEKPUCTAIIYHOTO OaraToriapoBOro
o0’exTta, a came (popmu, po3mipiB, KOe(IlI€EHTIB 3aJOMJICHHS 1 MOTJIMHAHHS IS [IapiB
KOXKHOT KOJIOHKH, TOOTO TMapaMeTpiB HEOJHOPITHOCTEH CTPYKTypu o00’€KkTa, 3i
CIIOCTEPEKYBAHUMH  CKCIIEPUMEHTAIBHO IMapaMeTpaMyd KapTHHH PO3CISHHS, Ta
BIJINOBIJIHO KyTamMu pedpaxiiii, 3MiHamu (a3, koedilienTaMu eKCTHHKIT. Ha 11iit ocHOBI
po3po0JieHO MpUHIMIHK (Pa3oBapialliiHOl 1arHOCTUKU HEOJHOPIAHUX OaratomapoBUX
HEKPUCTATTYHUX 00’ €KTIB.

3. B pesynbrari Ha OCHOBI MOOY/IOBAaHOI TPUBICKOBOI MOJIENI Ta OTPUMAHUX
aHaJITUYHUX (OPMYJ 3alpONOHOBAHO (pa3zoBapialiiHU METOJ PO3B’SI3Ky OOEpHEHOI
3a/1a4l po3CisTHHA 715 TakuX 00’ ekTiB. [Ipu oMy 3a0e31eueH0 MOKITUBICTh BUPIIICHHS
mpoOJeMU 3aXWUCTy BiJl TMApPa3UTHOTO BIUIMBY IHCTPYMEHTAIBHUX (PAKTOPIB Ha

300paX€HHSI Ta YHCEJIIbHUM EKCIIEPUMEHTOM MIATBEPXKEHO Tpale3IaTHICTh Ta
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e(eKTUBHICTH PO3POOJECHOTO MIXOMY Y MIarHOCTHIl OaraTomapoBUX HEKPUCTATIYHUX

00’ €KTIB.

IIpakTHYHe 3HAYEHHS OJleP:KAHUX Pe3yJIbTaTiB.

Y pobGotri cTtBOopeHO (Di3UYHI OCHOBU [IIarHOCTHKUM 3 SKICHO HOBUMH
(GYHKIIIOHATBHUMH MOKJIMBOCTSAMHU ISl HEKPUCTAJIIYHUX OaraTomapoBUX O0’€KTIB Ta
UM 3a0€3MeYeHO TMEPCIEeKTUBU MOJANbIIOI PO3POOKH 1 IIUPOKOTO MPaKTUYHOTO
BUKOPHUCTaHHS HAWOIIBIII BUCOKOYYTIMBOrO Ta iH(OpMaTHUBHOIO ¢a3oBapialliifHOro
MIIXOAy JI0 JIarHOCTUKH IapaMeTpiB CTPYKTYpU Ta XapaKTEPUCTUK CKIAJIHHUX
(baraTomapaMeTpUYHUX) HEKPUCTAIIYHUX, 30KpEMa MEIUKO-010JIOTTUHUX 00’ €KTIB, B
TOMY YUCJI1 HAa MIKPOCKOIIIYHUX MAacIITa0ax.

I[Ipu 1pomy po3poOiiecHa MoOJENIb JO03BOJSIE BpPaxXOBYBaTH  PI3HOMAHITHI
THCTPYMEHTaJIbHI (PAKTOPH, 1110 IMIJBUIIYE YYTIUBICTh Ta 1HHOPMATUBHICTH MOPIBHAHO 3
PO3MOBCIOIPKEHUMH METO/IaMH JTIaTHOCTUKY Ta JI03BOJISIE YHUKHYTH TAPa3UTHOTO BIUIUBY

X (aKkToOpiB HA KAPTUHY PO3CISIHHS 1 SIK HACIIOK YHEMOXKIIUBIIIOE XUOHY JIIarHOCTHUKY.

Oco0ucTuii BHECOK 3100yBaya.

3 pobit, BuUKOHaHMX y criBaBTopcTBi [85-88, 90, 108-110, 117, 118], no aucepraumii
BKJIIOUEHO JIUIIE PE3YIbTaTH, OJepkaHi 0coOUCTO 3100yBaueM. besnocepeiHbo 3100yBay
3M11MCHIOBAB MOIITYK 1 aHAJI3 JIITEPATypH, CTABUB 3a/1a4l Ta TEHEPYBAB 1 alipoOOBYBaB 171e1 X
pO3B’s3aHHs, po3po0siB (Bi3uyHI MOJIET, BUBOAUB (OPMYIIH Ta PO3B’SI3yBaB PiBHIHHS,
IMIIJIEMEHTYBAB aHAJITUYHI Ta YACETbHI MaTEMAaTUYH1 MOJIEIII.

30Kpema, TUCePTaHTOM ITPOBEJICHO aHAII3 3aralbHOBIIOMUX ITi/IXO/1B Ta BABHAYCHO
MepelyMOBA JI0 CTBOPEHHS TEOPETUYHOI MOJEIl B paMKax METOJIB I0O0Y/I0BU
(dazokonTpacTHux 300paxenb [90, 108-110]; Ha OCHOBI 3arajgbHOBIIOMOI JUHAMIYHOL
TEOpii PO3CISTHHS Y KpHCTAJIaX MIPOBEACHO PsiJl y3aralbHEHb Ha BUTIAJOK HEKPUCTATIIYHOTO
00’ekTa OaraToiapoBoi CTPYKTYpH, OOTPYHTOBAHO Pi3HI IIISAXU JO PO3B’SI3KY 3ajadi
PO3CISIHHS, 30KpeMa II0JI0 BpaxyBaHHs 0araTOKpaTHOCTI MEPEPO3CISTHHS MiXK IIapamu, Ta
MOJIMBI cripoiieHHs 1 HaOmmwkeHnHs [85, 107]; mpoBeaeHo aHali3 BIUIMBY MapaMeTpiB

KPUCTAIIB B MEXKax TPHUBICHOBOTO MeTOy MoOyn0BU (DazoBapiaiiiiHux 300pakeHn [86-
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88]; po3po0eHO aNropuT™MH Ta MPOBEAEHO PO3PAXYHKH MPOQ1IiB IHTEHCUBHOCTI 3 METOIO
NEPeBIpKH TPAIE3JaTHOCTI MOJIEIi Ta 3alpONOHOBAHO 1 MPOBEACHO YHCEITHHUMA
CKCIIEPMMEHT 110 PO3B’sI3aHHI0 00epHEHOI 3a1aui po3cisHus [117, 118].

JlucepTtaHT CcKiIagaB Te3W, TOTYBaB YCHI Ta CTEHIOBI JOMOBimiI I ampoOarii
OJIep’)KaHUX pPe3yibTaTiB Ha HAYKOBHX KOH(MEPEHINSIX, Ha KX BHCTYIAaB IMEPEBAKHO
0Cc0o0MCTO, a TAKOK O€3MOcepeIHbO MUCAB CTATTI Ta BIAMOBIAB HA 3ayBaKCHHSI 1 3alTUTaHHS

PELIeH3eHTIB IMyOJTiKaIlii.

Anpo0auis pe3yJbTaTiB AUcepTAalLil.

OcHOBHI pe3yJIbTaTy AUCEpTaIlli OyJI0 MPEACTABICHO Ha HACTYITHUX MIKHAPOIHUX
HaykoBHuX KoHpepenmisx: Ukrainian-German Symposium on Physics and Chemistry of
Nanostructures and on Nanobiotechnology (2015), V International conference
‘Nanotechnology and nanomaterials’ (2017), 8th International Conference ‘Physics of
Liquid Matter: Modern Problem’ (2018). Kpim Toro, pe3syiapTatd poOOTH
00TOBOPIOBAIHCS Ha HayKOBHX cemMiHapax [HcTUTYTY MeTano}izuku

im. I'. B. KypatomoBa HAH VYkpainu.

IMyo6aikamii

3a Marepiazamu auceprauiiHoi podbotu omyOmikoBaHo 10 crareld y daxoBux
HAYKOBHUX JKypHaiax Tta orpuMmano 1 matent Ykpainu [1-11]. Kpim Toro, auceprartiiini
PE3yNbTaTH CTUCTIO MICTATHCS IIe M y 3 Te3ax, onmyOJiKoBaHUX B 30IpHUKAX MaTepialiB

BUIII€3a3HAYCHUX KOH(EPEHITIH.

Crpykrypa T2 00’€M podoTH

JluceprariiitHa po00Ta CKIIaa€ThCs 3 aHOTAIlli, BCTYITY, OTJIATY JITEpaTypu, TPhOX
OpUTIHATBHUX PO3/IIB, 3aTAIbHIX BUCHOBKIB, MIEPETIKY BUKOPUCTAHUX JKEPETI, 1110
MicTUTh 121 HaliMeHyBaHHS, Ta OJHOTO J0AaTKy. Pob6oTa Hanucana Ha 140 cTopinkax Ta

MICTUTH 33 PUCYHKH
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PO3JILI 1
CIMMOCOBM HEPYHHIBHOI JIATHOCTUKHN HEKPUCTAJTYHIX
OB’CKTIB

1.1. Bctyn

BuxopucTtanHs pEHTTCHIBCBKMX TIPOMEHIB JJIi BCTAHOBJICHHS BHYTPINIHBOI
CTPYKTYpH 00’ €KTIB MIBUIKO MOIIMPHUIIOCS IO BChOMY CBITY He3a0apoM ICHs BIAKPUTTS
Binerensma Konpana Penatrena 1895 poky. Ha choromni peHTreHiBcbka pamiorpadis €
CTaHJAPTHUM METOJOM JIarHOCTUKH y 0araTh0oX Tayly3siX 1 JUCIUIUIIHAX, B1l MEIUIIUHUA
Ta cucTteM Oe3leKkd A0 I1HXKEHEepil MmarepiaiiB, BKIIOYAIOYM KOHTPOJb SKOCTI B
IIPOMHMCIIOBOCTI.

He 3Baxaroum Ha OaraTopiuHUIl MPOTPEC Ta YMCIEHHI TEXHIYHI BIOCKOHAJICHHS,
byHIaMEHTAIBHUM  TPUHIMI, TOKJIQJICHUH B OCHOBY TI€PEBAXXHOI OUIBIIOCTI
JIarHOCTUYHOTO  OO0JaJHaHHSA, 3ajUIIABCS HE3MIHHMM: KOHTPAacT 300pa)K€HHS
MOPOJDKYETHCS BIIMIHHOCTSIMU B TOTJIMHAHHI PEHTTEHIBCHKUX MPOMEHIB y 3pasky. Lle
3a0e3mnedye XOpolll pe3ylbTaTh, KOJU ICHYE BIJIHOCHO CHJIbHE TIOTJIMHAHHS, ajie
MPU3BOAUTEL JI0 TMOTaHO1 SIKOCTI 300pa)K€HHS, KOJM PO3MIpH 3pa3ka Majl abo 3pa3ok
nornuHae cnabo. OCTaHHE YacCTO CHOCTEPITAEThCS NIt 00’ €KTIB, IO CKJIAJAIOThCS 3
JIETKUX E€JIEMEHTIB, Ta OCOOJMBO MPOSIBISETHCS IS MEAUKO-010JIOTIYHUX OO0 €KTIB.
Opnak, caMe i MEIWYHOI JIarHOCTUKM HEOOXIJHO OTPUMYBAaTH KOHTPACTHI
300pakeHHsI 00’€KTIB HAA3BMYAWHO MaJUX PO3MIpIB (MOPSAKY MIKPOMETPIB), IO
HEMOKJIMBO pPeai3yBaTH Ha OCHOBI BUKOPUCTAHHS SIBUIIA TTOTJIMHAHHSI.

HaiiGinpmn cyTTeBe MOKpaIeHHs PO3MIIIBHOT 3AaTHOCTI Ta 1H(POPMATUBHOCTI
JIarHOCTUKU MOYHA OTPUMATH 3aBJISKH BUKOPUCTAHHIO 1HIIMX (PI3MYHUX MPUHIIMIIIB, a
caMe Ha BUMIPIOBaHHI 3MIHM (pa3u €JEeKTPOMArHiTHOI XBWJI MPHU MPOXOMKEHHI uepe3
00’ €KT, IKHI XapaKTePU3YETHCS KOMILIEKCHIM KOE(1111EHTOM 3aJIOMJICHHS :

n=1-06+ip (1.1)
1e 0 — peasibHa YacTUHA Koe(ILI€HTY 3aJIOMJICHHS, 1110 BU3HAYa€ 3MiHy (a3, f — ysiBHa
yacTHHA KoedillieHTa 3aJJOMJICHHS, IKa BU3HAYA€ MOTJIMHAHHSA. Bupa3s 11 1HTeHCHBHOCTI

300pakeHHsI, MOOYT0BAHOTO HA BUKOPUCTAHH] NOTJIMHAHHS MA€ BUTJISI:
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| = Ioe—(ﬁo—ﬁb)T (1.2)
ne I, - IHTeHCUBHICTB JKepena, §,1 Bp,- ySIBHI YaCTHHH KoediIlieHTa 3aI0MIICHHS 00’ €KTa
Ta 30BHINIHBOI PEYOBHMHHU BIAMOBIAHO, T- TOBIIMHA 00’€kTa. [ pEHTTEeHIBCHKOTO
BUIIPOMIHEHHS Ta MEIUKO-O10JIOTIYHUX PEYoBUMH § >> [f, @ KOHTPACT 3aJICKUTHh BiJ
pi3HuLl [, 1 S, Mo BiAnoBigHo e MeHma. CaMe UM MOSCHIOITHCS 3HaUHI1 TIepeBaru

METO/IIB, 110 BUKOPUCTOBYIOTh 3aJIOMJICHHSI.
Crin 3a3Ha4UTH, IO I BUCOKOCHEPTETUIHOTO BUIIPOMIHEHHS peajbHa YacTHHA
koedirienTa 3agomieHHs Bce 1e 6 << 1. BHacnigok mporo Kyt pedpaxiiii, 1o omnucye
BIJIXWJIEHHS ITPOMEHS MICIS MPOXOIKEHHS Yepe3 00’ €KT MOKHA HAOJIMKEHO 3allnicaTu y

BUTJISAI

_ 199 (1.3)

T K ox

. ) 9 )
ne K - XBUJIbOBHI1 BEKTOP BUIIPOMIHEHHS, a—¢- BJIACHE IrpajiieHT (a3mu.
X

Bnepme npuHuun otpumaHHS (Pa30KOHTPACTHOTO 300pa’k€HHA O00’€KTIB OyB
onucanuii y 1942 poui lepnike [1], 3a o y 1953 poi Bin otpumas HoGemniBebKy mpemiro.
B nonanbiioMy npakTuyHe 3aCTOCYBAaHHS IILOTO BIJIKPUTTS MPOTSITOM TPUBAJIOTO Yacy
00MEKyBaj0Ch ONTUYHOI MIKPOCKOIIIEIO 3 TPUUYUHH BIJICYTHOCTI KOTEPEHTHUX JIXKEPEl
PEHTI€HIBCHKOTO BUIPOMIHIOBAHHS 3 BUCOKOIO SICKPABICTIO, a TAKOX 4Yepe3 BIJCYTHICTh
BI/IMOBITHUX €JIEMEHTIB PEHTT€HIBCHKOT ONITHUKH.

[TpopuB y 3acTocyBaHHi ()a30BOr0 KOHTPACTY B PEHTTCHIBCHKOMY fiana3oHi B 70-x
pPOKax MHUHYJIOTO CTOJITTA PO3MOYABCA MICHS MOOYIOBU JKEpEN CHHXPOTPOHHOTO
BUIPOMIHEHHS 1 MOB’A3aHOTO 3 IIMM CTBOPEHHS €JIEMEHTIB PEHTI€HIBCHKOI ONTHKHU Ta
MO3UIIMHO-UYTIUBUX JIE€TEKTOPIB PEHTIEHIBCHKOTO BHUIPOMIHIOBAHHA. 3a Il 4ac 3
BUKOPUCTAHHAM CHHXPOTPOHHOTO BHUIIPOMIHEHHS EKCIEPUMEHTAIBHO 1 TEOPETUYHO
MPOJEMOHCTPOBAHO BEIMYE3HI MOXKIMBOCTI 3aCTOCYBaHHS (pa30BOT0 KOHTPACTY 5K B
MEIUIIMHI, TaK 1 B IHIIUX raixy3sx. Hakanb, BUCOKa BapTICTh Ta CKJIAJHICTH JKEpEN
CUHXPOTPOHHOTO BUIPOMIHIOBAaHHS CTa€ Ha 3aBafl iX IIMPOKOTO 3acTocyBaHHS. LIs
oOCTaBMHA CTUMYJIOBaJla 1HTEHCHUBHI JOCHIDKEHHS 1 PO3POOKM OUIBII JCIIeBUX
KOMITAKTHUX JKEPEJI KOTEPEHTHOTO0 PEHTTCHIBCHKOTO BUIIPOMIHEHHS 3 BUKOPHUCTAHHSIM

MIKpO(OKYCHUX PEHTI€HIBCHKUX TPYOOK 3 PiIKOMETAJICBUM CTPYMEHEM [2], KOMIIaKTHHX
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MPUCKOPIOBaUiB MPOTOHIB [3], a TaKOX IMIa3MOBHX JKEPEI 3 BUCOKOIO SCKpaBicTio [4].
[Topsia 3 MM Ha 1a00PaTOPHUX JKEpeNax 3iHCHIOBAIOCH BUIIPOOYBAaHHS Pi3HUX CXEM
peanizariii pazoBOro KOHTPACTY. Jlani Oyje KOpOTKO BUKJIQJIEHO OCHOBHI B1JIOMOCTI
PO HAWOLIBII TEPCIEeKTHBHI METOAM OTpUMaHHSA (a30KOHTPACTHUX 300pakeHb Ta

MIPOBEJICHO iX MOPIBHAJILHUM aHATI3.

1.2. MeToau (pa30Boro KOHTpacTy

Ha croromni He icHye ocrarouyHoi Kjacu@ikaiiii mMeToaiB (a30BOr0 KOHTPACTY.
Crmparourich Ha po0OoTy [5] MoxHAa BUAUIMTH HACTYIHI METOIHM: PEHTTCHIBCHKI
iHTephepomerpu bonze—Xapra Ha OCHOBI KpUCTajliB Ta Ha OCHOBI I'PaTOK, I'paTKOBa
iHTeppepomerpis TamboTa, METOI BUTBHOTO MOLIMPEHHS, CXEMA 3 aHAI3aTOPOM, METOJ

OCBITJICHHS Kparo Ta 1HIII.

1.2.1 PentreniBcbka KpucTasiiuyna intepgepomerpis
Briepmie 1ieit meron peanizyBaim bonze i Xapt y 1965 porii [6]. B momanbimiomy
PCHTI'CHIBChbKa KPUCTAIIYHA 1HTEpepoMeTpis oTpuMalia po3BUTOK B podortax [7, 8]. B
aHTJIOMOBHIH JTiTepaTypi e MeToa HalvyacTime HazuBaeThes Crystal interferometry.
PosrasiHeMo onTUYHY cXeMmy Ta MPUHIMUIT Aii PEHTIeHIBCHKOTO KPUCTAIIYHOTO
iHTepdepomerpa [6, 9-18]. TnTepdepomerp ckiagaeThcs 3 JpKepelia PEeHTIeHIBCHKOTO
BUMPOMIHHS, TPbOX KPHUCTAIIYHUX TUIACTUH, IO TPATUIIHHO BUKOPUCTOBYIOTHCS Y

reometpii Jlaye, Ta inoai y reomerpii bperra, 3paska ta gerekropa (auB. puc. 1).

Puc. 1.1 Cxema kpuctaiiunoro inrepdepomerpa [19]: 1 — peHTreHiBchbke BUIPOMIHEHHS, 2 —

MOHOXpOMAaTop, 3—5 — KpHCTaIu, 6 — 3pa3ok, / — JETEKTOP.
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Kpucraniuni miacTuHu neprneHAUNKYISpHI TUIOMIMHI pucyHKka 1.1, sika 30iraeTbes 3
IJIOIIMHOKO TMaJIIHHSA PEHTIEeHIBCHKUX ITPOMEHIB Ha IIi TIacTUHU. [lmacTuHu opieHTOBaHI
TakK, Mo BeKTop D 00epHEHOT TpaTKM I KOKHOI 3 HUX JIS)KUTH Y IJIONIMHI TaIiHHS Ta
napasebHAN TOBEPXHI KOJKHOT IJIACTUHH.

PenTreniBchkuit my4ok 3 XBmwiboBEUM BekTopoM K (puc. 1.1), mo mamae Ha mepury
KPHUCTaTIYHY IUTaCTUHY (3), mo-TiepIiie, 3aJIOMITFOETHCS, MPAKTUYHO O€3 3MiHU HANIPSIMKY Ta
BEJIMYMHU XBWJIBOBOTO BEKTOpa, a MO-Apyre, 3a3Hae AUQPPAKIIHHOTO pO3CISHHSA 3
XBHJILOBHM BeKTOpOoM K'. OTxe, Ha BUXO/Ii IEPIIOTo KpUCTATY POpPMYIOThCS mydkn K Ta K',
SIK1 [1aIat0Th Ha APYTHid KpucTai (4). 3aJ0MIIeHI Ha IPYTroMY KPHCTaIi YaCTUHH ITUX MTY4KIiB
BIIXWISIOTbCA BOIK 1 HE PO3IISIIAIOTHCS, IHTEPEC CTAHOBIATH IMYyYKH (SIKI MOKHA
PO3IIISIIATH K TIPOJIOBXKEHHS 1 BianoinHo HazuBaTu K ta K'), mudparosani Ha npyromy
kpucrtam mijg kyrom 6. Li nudparoBaHi Mydkd CXOASTHCS Ha TPETHOMY KPHUCTATi-
anaimizatopi (5). [Ipu boMy mydok K’ morepeaHbpo MPOXOIUTh Yepe3 AesKuii 3pa3ok (6).
[110 >k 1o my4ka K, To BiH He 3a3Ha€ 30BHIITHHOTO BILIMBY Ta Bi{irPa€ POJIb OTIOPHOTO ITyYKa.
JIeTeKTOp pPO3TAllOBAaHO TaK, M0 HAa HBOTO MOTPAIUIIOTH 3aJOMJIEHA 4YacTHUHA
MIEPETBOPEHOTO MTPOXOKEHHIM uepes3 3pa3ok myuka K’ ta qudparosana yactina myyka K,
sKa, BJIACHE, 1 BLIIrpae poJib onopHOTo Imyuka. [{i yacTuHu BKa3aHUX My4YKiB IHTEPPEPYIOThH
MDK €000, YTBOpIOWOUM rosorpadiune 300paxeHHss 00’ekrta. JlaHa romorpama
peecTpyeThes AeTekTopoM. CItifi BIIMITUTH, IO POMEHI, SIK1 MPOXOJSATh KPi3b 3pa3okK, B
KOPCTKOMY PEHTIe€HIBCBKOMY Jlialla30H1 HE 3a3Hal0Th CKUIBKU-HEOYJh ITOMITHOTO
MOTJIMHAHHS, ajieé 3MIHIOEThCA iX (paza, MpUUOMY MO-pI3HOMY JIS PI3HUX HPOMEHIB.
Bunukarounii pa3zoBuit KOHTpACT peani3yeThbCsi HA OCHOBI IHTEPPEPEHITIITHOT KAPTUHH, TaK
3BaHOI I'OJIOTPAMM.

Lelt meTon HaMOUIBII YYTIMBHA 10 3CYBY (pa3u MOPIBHAHO 3 IHIIUMH METOJAMHU
(ha30BOr0 KOHTPACTY, TOMY Ma€ BUCOKY PO3IUIbHY 3aTHICTh. Cepes HeIOMIKIB CyTTEBUMU
€ BUCOKI BMMOru 10 MoHoxpoMaruunocTi (AE/E~10"*) Ta kyroBoi po30ikHOCTI
(Ao/o ~ 107%) peHTreHiBCHKOro BUIIPOMIHIOBAHHS, Y€PE3 10 METO IIOTPEOYE MOTYKHOTO
KOT€PEHTHOTO JKEpeTa, IK HapUKJIaJ CAHXPOTPOHHE BUNIPOMiHEeHHS. [Ipu iboMmy MeTon

Ma€ BUCOKY UYTJUBICTb 10 MEXaHIYHUX Ta TEMIIEPATyPHUX HECTAO1IbHOCTEN Ta MOTpeOye
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TOYHOTO IOCTYBaHHS KPHCTAJIB, a BIJIHOBJICHHS 300pakeHHs 00’ €KTy YCKIaaHEHO [5].
[nma mpoGnemMa moB’s3aHa 3 THUM, IO MPU 3JIOMJICHH] Ha 00’ €KT1 BUHUKAIOTh 3MIHHU Y
HANPsIMKY MOIIMPEHHS CKaHYIOYOro MPOMEHs 1 BHACIIIOK BUCOKOI YYTIMBOCTI J0 KyTa
NaJiHHS Ha KPUCTaJ Ta 3HAYHOTO Koe(illieHTa MiACHICHHS 1€ TPU3BOIUTH O PO3MUTTS
300paxkeHHs. JJig 3MEHIIEHHSI bOro e(PeKTy Ta BIAMOBIIHO IMJABUIIEHHS PO3ALTHHOI
3MATHOCTI 3aMicTh reometpii Jlaye kpucranm po3mimyroTh y reomerpii bperra [14].
OxpeMo citiJi BIIMITUTH T€, IO ICHYIOTh 3HaYH1 CKJIQAHOILI MPAKTUYHOTO XapaKTepy Mpu
OTpUMaHH1 300pakeHb BEJIMKUX 3a PO3MIPOM 00’ €KTIB, OCKUIBKH JOCIIIKYBaHI 00’ €KTH
MOBMHHI PO3MILIYBaTUCh MIX A0Ope BIAIOCTOBAHMMHU KpucTajdaMu. Tak, HalpuKIaJ, B
poboti [15] maeTbes OIIHKA, IO PO3MIPH JOCTIKYBAHOTO O0’€KTY HE MOXYTh
MIEPEBUIIYBATH 5X5 CM?, SIKIITO BUKOPHCTOBYBATH KPUCTAJ 31 CTOPOHOIO 6 JIOWMIB.

He 3Baxaroum Ha BKazaH1 HEJOMIKU JJAHUM METOJI OTPUMaB PO3BUTOK B poboTax [7—
18], B IKMX OMKCAHO CIIOCOOM OTPUMAaHHS BUCOKOTO KOHTPACTY ISl MEJTMKO-010JI0TTYHUX
00’€KTIB, IIUIAXU PO3paxyHKy (a3oBoro (GpoHTy 13 NpOo(duIIB pPO3CISHHSA Ta METOIU

toMorpadii Ha OCHOBI KpUCTaJIIYHOTO iHTepdepomMeTpa.

1.2.2 T'parkoBuii inTepdepomerp bonze-Xapra

Briepie et Mmeton peanizyBas Ben Xan y 2013 porii [20]. B anriomoBHii# siTepaTypi
BiH TakoX HasuBaeThcsi Grating Bonse—Hart (interferometry). IlpunnmmoBa cxema y
IIbOMY METOJI1 CXOa 13 KPUCTAIIYHUM 1HTepPEepOMETPOM, OCKUIbKH 00UBa 0a3yIOThCS
Ha PO3IIETJICHH] BXIHOTO My4YKa 1 MOAANBIIN 1HTepdepeHIlii “onopHOro” mpoMeHs i
TOro, 10 MNPOXOAUTH Kpi3b 00’€KT. IIpoTe MEeBHI €JeMEHTH ONTHYHOI CXEMH Ta,
BIJINOBIJIHO, TIPUHITUIIN BIAPI3HSIOTHCS, IO BIUIMBAE HAa OCOOJIMBOCTI 3aCTOCYBaHHS
METO/Ty.

Haiinpocrima koHpirypatisi iHTeppepoMeTpa CKIATAETHCS 3 TPbOX 1IEHTUYHUX
piBHOBiIaNeHNX (ha30BUX JUGPAKIIMHUX TpaToK Tmepioay P, poO3TalloBaHUX B
napajenpHux rmiommHax (auB. puc. 1.2) [20, 21]. Bxigauii nmpominb (GopMyeThes
IIUTMHAMH B JIEKUIbKA JECATKIB MIKPOMETPIB TaKUM YHMHOM, 11100 TOMepeyHa JOBXKUHA
KOTEpEHTHOCTI Oyra OinbIna 3a nepioj rpatku. [lagatounii mpoMinb qudparye Ha mepiii

rpaTii Ta PO3IAUISETHCS Ha JBa MPOMEHI, SKI JOJATKOBO AUGParyloTb Ha JApYTid



29
audpakiiiiHiil rpatmi 1 (GOpMyIOTh YOTHpPU MNpOMEHi. J[Ba 3 4YOTHPHOX NPOMEHIB
3JIMBAIOTHCS HA TPETIM I'paTIli, MOTIM KOXKeH Iudparye Ha TpeTid Irpatii (CyIIbHI CTPLIKH).
IlepenbavaeTses, mo G6araTokpatHo AudparoBaHi MPOMEHI MOIIUPIOIOTHCS HA TAKOMY
JOCTaTHHOMY BijajieHH1, o0 pi3Hi mopsaku audpakiiii po3aisummcs Ha kamepi. [caye
napa JudparoBaHuX MPOMEHIB, SKi pa3oM MOMIMPIOIOTHCS 3 TPEThOI TPATKU HA KaMepy.
S0 rpaTKy TPOXH 3MIIIECHI OHA BITHOCHO OHOT, TPOMEHI iHTephEpYIOTh OJIUH 3 OJTHUM,

B Pe3yJIbTaTi 4OTO YTBOPIOIOTHCS iHTEp(EePEHIIHI CMyTH iHTeHCUBHOCTI [19].

§§+2
$+1

Puc. 1.2 Haiinpocrinra kordirypariis inrepdepomerpa Ha 0cHOBI rpaTok [21]: 1 — BXigHa miijauHa, 2 —

T paKIiiHi TpaTKH, 3 — 3pa3ok, 4 — IETEKTOopP.

KimrouoB010 0COOIMBICTIO CUCTEMH € T, 10 Pi3HUIL (Da3 MI>K CHMETPUYHOIO Mapor0
TPAEKTOPIM BU3HAYAETHCS BIJIHOCHUM TMOJIOKEHHSM JiHINA nudpakiiiiHoi rpaTku 1 HE
3aJICKUTh BiJl TOBXKWHU XBWJII Ta KyTa naaiHHs [22]. Takum umHOM, iHTepdepeHiiina
KapTWHA BiJ PI3HUX JOBXHH XBWIb Ta KyTiB MaJiHHSI Mae (pa3oBy cuHXpoHi3amito. Ls
MO>KJIUBICTh JO3BOJISIE BAKOPUCTOBYBATH B IHTEP(EPOMETPI IIMPOKOCMYTOBI Ta MPOTSHKHI
JpKepena.

Bino6paxkyBanuii mpeMeT 3HaXOIUTHCS OIS LIEHTPAIbHOI TPATKH. 3pa3Ku, pO3MipH
SKAX MEHIII, HDK BHCOTAa BXIJHOi IIUIMHHM, MOXYTh BIHCATUCA B OJMH 3 JIBOX
1HTep(PpepyroUnX MyUKiB, IHIINHI ITy4OK B LILOMY BUITQJIKY BUCTYIIA€ B IKOCT1 OTIOPHOI (ha3u.
s xoHpirypariss BuMiptoe abcomoTHU (a30BUM 3CyB, 00yMOBIEHUN 3pa3koM. [[is
oJiepxaHHs (Pa30KOHTPACTHUX 300pakeHb BUKOHYEThCS (ha3oBuii creminr [23-25].

[aTepdepomerp Ha OCHOBI TPaTOK OUIBII YYTAWBHUMA 3a 1HIIN MeTOau (ha30BOTO
KOHTPACTy, OKPIM KpUCTaIIYHOTO iHTEpPepomMeTpa. ['0J0BHOIO EpeBaroro bOro METOY

3a KpUCTaIYHUH 1HTepdepoMeTp € Te, 10 B HbOMY MOKHA BUKOPHUCTOBYBATH JIKEpeEIa
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PEHTI€HIBCHKOTO BHIPOMIHIOBAHHS 3 MEHIIIOI0 1HTEHCUBHICTIO. OCHOBHUM HEOJIIKOM
METOJly € MaJjile BepTHKaJbHE MOJEe 30py, OOYMOBJICHE BUKOPUCTAHHSAM UIUIMH, IO
HEOOX1HI JUIA BUIAUICHHS AudpakIiiHUX TepioAiB rpaTok iHTepdepomerpa. Lo
mpoOjeMy  MOXKHa  MOJOJATH  NUISIXOM  BHTOTOBJICHHS ~ BEJIMKOI  KUIBKOCTI
OJIM3BKOPO3TAIIOBAHUX BEPTUKAIBHUX HIUIMH. Takok METoa IyKe YyTJIUBUH 10
HecTaOUTbHOCTEH po3TantyBaHHs rpatok [20].

OcTaTo4yHO BHACIIJIOK OCOOJIMBOCTEN ONTUYHOI CXEMH, 3 YpaxyBaHHSM IepeBar i
HEJIONMIKIB, K KPUCTAJIIYHUN Tak 1 rpaTkoBui iHTepdepomMerpu bonze-Xapra maroTh
CYTT€B1 mpolOiieMH 3 MamTaOyBaHHSIM Ta MOCTYNAIOThCS I1HIIMM MeTojaM (pa3zoBOro

KOHTPACTY.

1.2.3I'paTtkoBa inTepdepomerpis (intepdepomerpia Tanéora)

B ocHoBI MeToy nokiazeHo edexr, sikuil Bigkpus ['enpi @okc Tanboty 1836 pori,
AKUW TOJSTae y TOMY, IO NEPIOJUYHHUI XBUILOBUN (DPOHT MOBTOPIOE ceOe Ha AESKIM
BIJICTaHi, IKY HA3MBaIOTh TOBXKUHOO Tanbora. J[11g yTBOpeHHS Takoro ppoHTYy HEOOX1THO
BUKOPHUCTATH MTPOCTOPOBO KOTEPEHTHE JKEPEIIO HANPABJICHE HA MEPIOJUYHY CTPYKTYPY,
Harpukiag Ha audpakuiiiHy rpatky. B pe3ynbrari nporo inrepdepeHiiiiia KapTuHa Ha
Bizictani TanboTa Oyzae TOYHO BiITBOPIOBATU CTPYKTYPY AUDPaKIiitHOT rpaTKu, 1o 0yJio
Ha3BaHO “‘camo-BimoOpaxenusm” (self-image) [26]. Icropuuno iHTephepomerp TanboTa
OyB BIAKPUTHI Ta IOCHTIIKEHUN JUIsl BUAMMOTO CBITJA, MPOTE 3roJ0M OYJI0 3’sICOBaHO,
110 BiH 100p€ MIAXOAUTH 1 JIJIs 5)KOPCTKOTO PEHTI€HIBCHKOTO BUMIPpOMiHEHHS [27]. Briepie
BUKOpUCTaHHS edekty Tambora mug peanizamii MeToay (a3oBOTO KOHTPACTY
sarporionyBaB Kmayzep y 1998 pori [28]. B anrmomoBHi# miteparypi meid MeTon
HasuBaeThes  Grating-based imaging (BakmuBO HE IUIyTaTH 3 TPATKOBUM
iHTeppepomerpom bonze-Xaprta).

Posrasimemo ontuuny cxemy Ta mpuHIMN Aii iHTepdepomerpa Tanbota. B ocHOBI
METO/Y JISKUTh 3aCTOCYBaHHS JU(pakiiiiHOro iHTepdepomMeTpa, KUl HE3HAUHY 3MIHY
XBUJIBLOBOTO  (PpOHTY, BHUKIMKAHy HasSBHICTIO 3pa3ka, TIEPETBOPIOE y  3CYB
iHTephepeHIiitHOT KapTHHU Ha aeTeKkTopi [29].

®azoBa rpatka (2) (puc. 1.3) mnpu OCBITJIEHHI HIPOCTOPOBO-KOIE€PEHTHUM
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BuripoMineHHsAM (1) cTBoproe Ha Biactani TanboTa i1HTEpEpeHIIHHY KapTHHY
“camoBinoOpaxenHs”. [lpu po3rairyBaHHI OOJIHM3Y rpaTku 00’ e€kTa (5) BUHHUKAE 3MiHA
(a3 BUIIPOMIHEHHSI, BHACIIIJIOK YOTO 3’ SIBJSETHCS 3MiHA iHTEephEepeHIiitHOT KapTHHH, 110
MoOke OyTH 3adikcoBaHa jaeTeKTopoM. [[st pobotu iHTephepomMeTpa HEOOXiTHA TIIbKU
(da3oBa rpaTka, s;ika BCTAHOBJIEHA Ha BIJCTaHI JOBXWHM Tanbora Bij AETEKTOpa, ajc B
TaKOMy BHUMAJKY Ui peecTpallii 3MiH y iHTepdepeHIiiiHiil kapTuHi HEOOX1AHO MaTH
JETEKTOP 13 HAJ3BUYAWHO BEJIMKOIO PO3ILILHOIO 3JJaTHICTIO Ta 3aCTOCOBYBATHU JIKEPENO
BHUCOKOI1 IHTEHCUBHOCTI. JIJIsI CIIpoIlieHHsI aHami3y iHTepdepeHLIMHOI KapTHHHU MPSIMO
nepeja AETEKTOPOM PO3MIILYIOTh APYTY I'PaTKy i3 TUM CaMHM IEPIOJOM, IO 1 B IEPIIOT

[24].
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Puc. 1.3 Cxemaruune 300pakeHHs1 U pakuiiHoro inTepdepomerpa, 1o CKIaJaeThCs 3 JDKepesa
PEHTTeHIBChbKOTo BUtpoMiHtoBaHHs (1), sike reHepye mapanenbHui y4OK PEHTIeHIBCbKUX IIPOMEHIB;

¢azoBoi rpatku (2); ananizyrouoi rparku (3) ta nerexkropa (4) [19].

JUIs mojanbIIoro MOKpPAUIeHHS PO3AUIBHOI 3/IaTHOCTI BUKOPUCTOBYIOTH Pi3HI
croco0u OTpUMaHHS 10AaTKOBOI iHdopMallii 13 iHTepdepeHIiinoi kapTuau. OgHuM 3
TaKMX CIOCOO0IB € OTPUMAaHHS KapTUH Myapy: aHaII3ylouy I'paTKy MOBEPTAIOTh HABKOJIO
ONTHYHOI OCl CHUCTeMM Ha Majuil KyT, BHACIIJIOK YOTO BHUHHUKAE HAOIp MEpiOAMIHUX
PHCOK, aJjie 13 3HaYHO OUIBIIMM MEePioaoM, HiXK y iHTepdepentiinoi rpatku (puc. 1.4).
Takum uMHOM 171 ikcaiii 3MiH y KapTUHI Myapy AOCTAaTHbO JIETEKTOpa 13 3HAYHO
MEHIIIOI0 PO3/IHLHOI0 3/IaTHICTIO, HIXK JIJISl IEPBUHHOI 1HTepdepeHiiiaoi kaptuau. [Ipu

upoMy mpoBiBin Dyp’e aHami3z KapTUH Myapy MOXJIMBO BIJIHOBUTU 1H(OpMAIiIO TIPO
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3cyB (¢a3 Ta MOTIMHAHHA y J0cIipKyBaHomy 00’ ekTi [30].

@ How the greyscale images are generated

+ ,|:)1 |

Puc. 1.4 ITpunnun ¢popmyBaHHs 300pa)kKeHHSI Ha OCHOBI aHamizy Myapy.

[HmIuM cniocoboM € Tak 3BaHUM (a30BHIl CTEMIIHI: OAHY 13 I'PaTOK 3CYBalOTh
MEePIECHIUKYJISIPHO OCl  1HTepdepomMeTpa, 10 BHUKIMUKAE 3MIHM 3aJCTEKTOBAHOI
IHTEHCUBHOCTI y KO)KHOMY Tikcedi. [licns mporo 13 Habopy IHTEHCUBHOCTEH TP PI3HUX
3CyBax I'paTKu 3a J0noMorow psaaiB @yp’e BIATBOPIOIOTH 1H(OpMAIIiIO Mpo 3¢yB (a3u
[25]. 3amns Toro, 00 YHHUKHYTH TIPOOJIeM, OB’ A3aHUX 13 MEXaHIYHUM 3CYBOM T'paTKH
BUKOPUCTOBYIOTh TaK 3BaHUW €JIEKTPOHHUN (Pa30BUU CTEMITHT: 3a JIOMOMOTOI0
€JIEKTPOMATHITHOTO TMOJS BIAXWISIOTH IMYYOK EJEKTPOHIB Yy JIKEpeni, IO JT03BOJISE
3CYHYTH TOYKY BUXOJIy BUIIPOMIHEHHS 1 (PaKTUYHO BiAINOBia€ 3cyBy rpatku (puc. 1.5)
[31]. Maroun MOXJIHMBICTH BM3HAUWTH TOTJIMHAHHA Ta 3CyBU (a3 (10 3ajexkarh Bix
Koe(ilienTa 3a10MJIEHHS) AOCTIA)KYBAHUM 00’ €KT CKaHYIOTh 3 PI3HMX HANpsMIiB, MICISA
YOro BIATBOPIOIOTH HOTO (hOpMY 3a TOTIOMOT'OI0 METO/IIB TOMOTpadii.

BaxnuBorw 0COOJIMBICTIO METOAY € MOXJIMBICTh peecTpalli HagMalauX KyTiB
pedpaxiii npu po3CcissHHI Ha MIKPOCKOTIYHUX HEOJHOPITHOCTAX peuoBUHU. Lle no3Bose
OTpUMATH NOAATKOBY 1H(OpMAIlI0 B paMKax METOAY TEMHOTO TOJIS, aHAJIOTIYHO [0
METOJTy 13 KPHCTAJIOM aHai3aTopoM (Ipo sSKuii aaii oyae mokianHime)[ 32].

[TepeBaramu 11b0T0 METOTY € BUCOKA YYTIUBICTH JIO TPAIIEHTY (pa3H Ta MOKITUBICTh
BUKOPUCTAaHHA JAOOPATOPHUX JIKEPENl PEHTT€HIBCHKOTO BUIIPOMIHIOBAHHS 3 pO3MipaMu
doxansHol TIsiMu 0,8%0,4 MM Ta MoHOXpoMatuuHicTIO AE/E ~ 1 [33]. Cepen venonikis

HEOOXITHO BIIMITHTH YYTJIHMBICTh TUIBKK JI0 OJHOTO KOMIIOHEHTA TpajieHTa (as3u, 1o
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00yMOBITIO€ HEOOX1HICTh TOBOPOTY 3pa3ka UM CHCTEMHU IPaTOK AJIsl OTPUMAHHS MOBHOI
iH(opMarii po JocHiIKyBaHUM 3pa3ok. Ile B cBOI0 uepry Hakiagae oOMEXeHHsS Ha
napaMeTpu CHCTEMH JETeKTyBaHHS, 10 MOXe OyTH BHUKOpHUCTaHa MPHU IPOBEICHHI
BHUMIipIOBaHb. OCKUTBKH TPOCTOPOBA PO3/IbHA 31aTHICTh OOMEXKYETHCS IIEP10IOM TPATKH,
TO Ll MeToa MoTpedye BUKOPHCTAHHS IPATOK 3 MIKPOHHHUM MEpPIiOJIOM 1 BEIMKUM
ACIIEKTHUM BiJHOIICHHSM, SIKi HEOOXIJHO TOYHO IOCTyBaTu [5]. Ause 3 iHImoro OOKy,
3MEHIIICHHS IIEPi0Ay I'PAaTKU IPU3BOAMTD 10 ociabiaeHHs epekry Tandora [27, 34]. Takoxk
4acTo IS mocyiabiieHHst e()eKTiB Ha Kparo 3pa3ka Horo 3aHyprOIOTh y BaHHY 3 PIAHHOIO, Y
AKOCT1 SIKOI MOK€ OyTM BHUKOpPUCTAaHMN mapadiH, M0 HPU3BOAWTH IO MOTIPILICHHS

KOHTPaCTy OTPUMaHOI0 300pakeHHs [35].

Electronic Phase Stepping

~ Grating Grating Grating
Electronic - -
scanning of = -
source spot = 7 —

Puc. 1.5.3MmimenHs no3uuii Jykepena BUIPOMiHEHHS

[Ile omHUM CYTTEBUM HEIOJIKOM € HEOOXITHICTh BHCOKOI MPOCTOPOBOI
KOT€pEHTHOCTI BUMPOMiHEHHs. Uepes 1ie 3a3Bhuail BAKOPUCTOBYIOTh CHHXPOTPOHH, ajie
ICHY€ psiT MAXOMAIB, IO JO3BOJISIFOTH IOCATTH JOCTATHIX XapaKTEPUCTUK BUIIPOMIHEHHS
BHKOPHCTOBYIOYM MEHII TIOTYKHI Jpkepena [25, 36].

J1J1st po3paxyHKiB 3aJI€3KHOCTI IHTEHCUBHOCTI BiJl pI3HUX MMapaMeTpiB Ta BIANOBIAHO
JUTSL OI[IHOK YYTJIMBOCTI IAaHHOTO METOJ/Ia 3pyYHO BUKOPUCTOBYBATH MeBHY (yHKII0 G,
10 OIUCYE 3aJICKHICTh JIETEKTOBAHOI IHTEHCUBHOCTI BiJl KyTa pedpakxiiii, aHaJIOT14HO J10
KpUBOi TOWJAHHS y METOJl 3 aHamizaTopoMm. HaiiOinblma mikoBa 1HTEHCHUBHICTH 1
BIJITOBITHO HAWO1IbIIA YYTIAUBICTH iHTEpHEPOMETPa HA OCHOBI IPATOK CIIOCTEPITAETHCS

no0JIM3y MakCUMyMa NepIoi moxiaHoi PyHkuii G, To6To nponopuiiHa KyTy pedpaxiiii.
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BinmoBigHO Ba)KIMBHM IMpHU 3aCTOCYBaHHI METONy € MpaBWIBHUN BUOIp reoMmerpii Ta
TOYHICTh po3TalryBaHHs rpatok [37]. Oxpemo ciij] 3a3HAUYUTH, 1110 BiTHOIICHHS CUTHATY
710 IIIyMYy TIpomopIiiiiHe 00epHEHOMY KBajpatry eHeprii BunpomineHHs [38]. Bracmigox
[[BOTO TPU HASBHOCTI BUCOKOCHEPTETUYHMX JDKEPEN 3aCTOCYBaHHS IIbOTO METOAY CTa€

MEHIII JOPEYHUM B TIOPIBHSIHHI 3 TAKUMH MeTo1amMH ik ABI.

1.2.4 MeTo/1 BiIbHOT'0 NOIIMPEHHSA

Brepine ueii metos 3anpononysaiia rpyna CHerippoBa Ha JKEpelll CHHXPOTPOHHOTO
BurnpoMinoBanHsa ESRF [39], B momanbeiioMy MeTo 1 oTpuMaB po3BUTOK B poboTtax [40—
44]. B aHIIIOMOBHIH JTiTepaTypi BiH BiJOMUH mix Ha3Boro Propagation-based imaging, abo
piame In-line holography.

PosrasaeMo onTuyHy cXeMy Ta MPUHITUI Jii YCTAHOBKU. Y CTAHOBKA CKJIATA€THCS
(puc. 1.6) 3 mkepena PEHTIEHIBCHKOTO BHUIPOMIHEHHS, JIOCIIIKYBAHOTO O00’€KTy Ta
JeTeKTopa. [HIIMX eIeMEeHTIB y cxeMi HeMae. ['0710BHa BIIMIHHICTh METOTY BiJl 3BUYANHOT
peHTreHorpadii noJsrae B TOMY, 110 IETEKTOP BCTAHOBIIOETHCS HE OJ[pa3y 3a 3pa3KoM, a Ha
nesikii BijactaHi. B pesynbTaTi 1bOrO BUIPOMIHEHHS, 3aJOMJICHE 3pPa3KoM, MOXKE
iHTepdepyBaru i3 onmopHuM myukoMm [39]. YTBopeHa TakuM 4YMHOM iHTEepQepeHIliiiHa
KapTuHa Oe3nocepeHbO (IKCYEThCS JETEKTOPOM, SIK 300paskeHHs 00’ekTa. ['onoBHOIO
MepeBarolo JaHOTO METOJY € MPOCTOTa YCTAHOBKH 1, SIK HACJII0K, TOCTIa0JIEHHS TTIEBHUX
TEXHIYHUX BUMOT.

Jlng  peamsamii  MeTomay TOTpIOHE JDKEpEI0 3 BHCOKOK  ITPOCTOPOBOIO
KOTEpEeHTHICTIO. /{151 IbOro BUKOPUCTOBYIOTH 200 TOYKOBI JpKepena (cpepuyHa XBHIIA),
abo BigmaseHi pkepena (kBasi-locka xBwisg). [lpw  mpoMy BUMOTH 710
MOHOXPOMATHYHOCTI JOCUTH CJa0Ki. OCKIJTBKM MOHOXPOMATHYHICTh MOXKE CKJagaTH
AE/E =1, T0o MeTo1 MOKe OyTH BUKOPHUCTAHUM HE TUILKH 13 CHHXPOTPOHHUM JIXKEPEIIOM,
ajyie ¥ 3 TMOJIIXPOMATUYHUMHU JTabOPaTOPHUMU JKEpeIamMu, 10 3a0€3Medyl0Th TOCTATHIO
MIPOCTOPOBY KOTEPEHTHICTh, TAKUMU SIK MIKpOQOKYCHI peHTreHiBchki TpyOoku [40]. Tlpu
bOMY BIJHOILIEHHS CHUTHAIY [0 IIyMYy B JaHOMY METOJl OOEpHEHO MpOMOpIliiiHe
KBaJpary eHeprii BumpomineHHs [38] BHACHIIOK 4Oro mMpu poOOTI 3 CHHXPOTPOHHUM

BUMNPOMIHEHHSM MepeBara HaJaeThCs 1HIIUM MeToAaM, ik Hanpukiag ABI.
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B

Puc. 1.6 Cxema MeToy i3 KEPEIIOM KBa3i-IIOCKHX XBUIIb [19].

3a JI0MOMOrOI MPOCTOPOBO-KOTEPEHTHOTO BHUIIPOMIHIOBAHHS Ha CEPEIHIX
JUCTAHITISAX MK 3pa3KoM 1 JIeTeKTOpoM (mopsaky 1) yTBoproeThes iHTEp(depeHiiina
KapTHHA 3 PPEHENIBCHKUX CMYT, TOOTO IHTep(PepeHIIiiiHI CMYTH BUHUKAIOTh [P BIJILHOMY
MOIIMPEHHI B pexkuMi Tudpakiii @penens, o nepeadadae mpaBoMipHICTh BAKOPUCTAHHS
mudpakuiitaoi popmynu Kipxroda nms 61MKHBOTO MOJIS.

Ha BigMmiHy Bim kpuctaniuHoi iHTepdepomerpii Ta ABI koHTpacT Ha KapTuHI
3QJICKUTH BiJ1 JlaruiaciaHa XBHIILOBOTO PpoHTy. Lle o3Hauae, 1110 MeTO1 € O1IbII Uy TIAUBUM
70 PI3KUX 3MIH TIOKa3HUKA 3aJIOMJICHHS, IO BeAEe J0 OLIbII CHJIBHOTO BHJIUICHHS
MOBEPXOHbB 1 CTPYKTYPHUX I'PaHHULIb 3pa3Ka B TOPIBHIHHI 3 TPAAULIHHOIO PEHTT€HOIPaMOIO
[40], ane meii meTox mae OiMbII HU3BKHKA KOHTPACT MOPIBHSIHO 3 IHIIMMU METOJIaMHU
dazoBoro kourpacty [5]. TakuM YUHOM METOZ MOKE 30KpeMa OyTH BHKOPHUCTAaHHUH 5K
CYTTEBE JIONMOBHEHHSI IO CTaHAAPTHOI peHTreHorpadii Ha MOTJIMHAHHS.

OckiIbKU TIEpe MOTPAIUITHHSIM Ha JIETEKTOP MPOMiHb MPOXOAUTH JOCUTh 3HAUHY
BIJICTaHb, 3 SIBJIAETHCS PsIJi JOJATKOBUX BaxIMBUX edekTiB. [lo mepine BiaxusiaeHe mija
3HAYHUM KyTOM BHACIIJOK KOMITOHIBCHKOI'O PO3CIIOBAHHSI BUIIPOMIHEHHS HE Oy/e
NOTPAIUIATA Ha JETEKTOp, IO CYTTEBO 3HIDKYE BIAMOBITHUI IIyM TOPIBHSHO 3
TpaauiiiHo peHtreHorpamoro [38]. Ilo apyre B 3aieKHOCTI BiJi KOHKPETHOI BiJcTaHi
MOKHA pO3MJISIIaTh OKpeMi “pexkumu’ popmyBaHHS 300paxkens [45]. Tak 30kpema npu
HYJIbOBIM BIJICTaHI (PAKTUYHO OTPUMYETHCS 3BUYAMHUI PEHTTeHIBCHKUW 3HIMOK. [Ipu

30UTbLIEHH] BIACTaHI BUHHMKAIOTh BY3bKlI CMYI'M BHCOKOIO KOHTpPAcTy OLisi TpaHUIlb
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o0’exTa. A TpHW MOAAIBIIOMY 30UIBIICHHI BiJICTaHI KOHTPACTHI 00JIACTI TOYMHAIOTH
PO3MHBATUCh 13 30UIBIIEHHSAM TOBIIWHHU, ajié 3MEHIIEHHSIM YiTKOCTi. Takum 4YuHOM
PEryJIooUd BIACTaHb MOKHA JIOCSATaTH MAaKCHUMAaJIbHOI BUIAMMOCTI HEOIHOPITHOCTEH

KOHKpeTHOTO Macitady (puc. 1.7).

Puc. 1.7 300pakeHHS HEHIIOHOBOTO BOJIOKHA IPH PI3HUX BIZCTAHIX MiXkK 00’ €KTOM 1 IETEKTOPOM.

HlonatkoBo, Matoum iH(oOpMalio Mmpo 3MiHM ¢a3d Ha MOBEPXHSIX, MOXKIHBO
BIITBOPUTH MIPOCTOPOBUI PO3IMO/ILT MOKA3HUKA 3AIOMJICHHS 1 BIIMOBITHO (hopmy 00’ €KTa
[46].

Henonikom Merony € Te, 0 A PO3AUICHHS 1HTEp(EpEHIIMHNX CMYyT TOTPIOHUIA
JIETEKTOP 3 BUCOKOIO PO3ALTHHOIO 3aTHICTIO. L{e Hakiamae oOMexeHHs Ha 1oJie 30py abo
noTpedye ycTaTKyBaHHSI BEJIMKUX po3MipiB. Ilpu 110My, BHACHIJOK BIJICYTHOCTI Yy
ONTHYHIA CXEeMl OJAaTKOBUX €JIEMEHTIB, MPOCTOPOBA PO3AUTHHA 3MATHICTH METOMY
BIJIHOCHO BeJIMKa 1 OOMEXEHa JIMIIIEe CTYIIEHEM IPOCTOPOBOI KOTEPEHTHOCTI JiKepera.
BaxnnBoro mepeBaroro METOAy € MOXJIUBICTh OJIEP>KYBaTH JIBOBUMIPHI 300paKeHHS Ta

JIETKO IHTEPIPETYBaTH OTpUMaHi JaHi [5], OCKIIbKM Ha KapTHHY BIUIUBAIOTH BCI
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KOMIOHEHTU ()a30BOT0 (pOHTY, HA BIAMIHY BiJ METOIIB 13 BHAUICHOIO ILIOIIMHOIO

3aJIoMJIeHHsI, sik Hanpukiaa ABI uu intepdepomerpis TanboTa.

1.2.5 Cxema 3 kpucrajom-anaiaizaropom (ABI)

CTBOpEHHS IbOTO METOy MpUIiaae Ha KiHelb 20-ro cropiuus. Brnepiue neit meron
peanizyBaB [leBic y 1995 poui 1 B aHIJIOMOBHIN JiTepaTypl BiH IIMPOKO BIAOMHUHN SK
Analyser-based imaging (ABI). OgHoyacHO 3 HMM Ha TepeHaxX PaJsSHCBKOrO COH3Y
BIIOBIIHUMHU Po3poOKkamu 3aiimainucs Iaran 1 bensesceka [47, 48]. MeToa OyB BHCOKO
OLIIHEHWH 1 MIBUKO HA0YB MOJAIBIIOTO PO3BUTKY [5, 49-52].

PosrasiueMo onTuyuHy cXeMy Ta MPUHIIKII /11 YCTaHOBKHU. BoHa B O17IBIIIOCTI BUTIAIKIB
CKJIaJIa€ThCs 3 MOHOXpOoMaTopa (0THOr0 a00 AEKIIBKOX KPUCTAIIIB, IKUM TAKOXK CITYTYE IS
KOJIIMAIlli My4Ka), pO3TAlllOBAaHOTO IMepeJ]] 3pa3KoM, BJIACHE 3pa3ka, Ta aHajiizaropa
(kpucTaina, yacTimie B reoMmeTpii bperra), po3ranoBaHoro Mixk 3pa3koM 1 I€TEKTOPOM (JIUB.
puc. 1.8). IIpu uboMy KyTu Opi€HTalli BCIX TPhOX €JIEMEHTIB BUMIPIOIOTHCS 13 BUCOKOIO

TOYHICTIO 3a AOIIOMOI'OI0 YYTIHMBOIO FOHiOMeTpa.

Puc. 1.8 Cxema ycranoBku ABI [19]: 1 — peHTreHiBChbKe BUIPOMIHEHHS, 2— MOHOXpOMaTop, 3 —

3pa30k, 4 — KpUCTaI-aHaNi3aTop, 5 — AETEKTOpP.

Kpucran-anamnizatop BUKOHYE POJb KyTOBOTO (UIBTPY Il BUIIPOMIHEHHS, SIKE
MPOXOUTH KPi3b 3pa30K. TIIbKHU yKe BY3bKHII 11aa30H KyTiB MK IOBEPXHEIO KPUCTAITY

1 TaIar0YMMU Ha HBOTO PEHTTEeHIBCHKUMH ITPOMEHSIMU 33JI0BOJIbHSIE YMOBI bperra, Tomy
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KOJIM PEHTT€HIBChKI TPOMEH1 MatOTh KYTH MaJIHHS 32 MEKaMU 1IbOTO /11ara30Hy, BOHU HE
OyIyTh BITOMBATHCS B1J] TOBEPXHI1 KPUCTATY, 1, TAKUM YHHOM, HE OyIyTh JaBaTH BHECOK y
PEe3YJABTYIOUHUM CUTHAI Ha JeTeKTopl. [HaKIlIe peHTreHIBChbKI MPOMEH1 OyayTh BiIOUTI BiJl
MOBEPXHI KPUCTANIy 3aJIe)KHO BiJ KyTa MaJiHHA. 3aJeKHICTh IHTEHCUBHOCTI BIJOMTOTO
BUMPOMIHEHHSI BiJl KyTa TaJIHHS HA3UBAETHCA KPUBOIO TOWJIAaHHSA (B aHTJIOMOBHIM
TepMiHOJIOTI1 rocking curve) 1 BU3Ha4a€ IHTEHCUBHICTh Ha JETEKTOP1, KOJIU aHATI3yI0Unid
KpHUCTaJ MOBUILHO MOBEPTAIOTH 0€3 3pa3ka Ha yCTaHOBIIl. PaKTUYHO TaKka cxeMa NoTpedye
CKaHYIOUOTO MPOMEHS Yy BUIISIAL 1eanbHOM Tmiockoi xBuii. [lpore Ha mnpaktwuii
MOHOXPOMATOP 1 aHAII3aToOp MPEACTaBISIIOTH COOOI0 peanbHI Kpuctainu. bepyuu 10
yBaru, 1o JUKEpeao Ma€ 3HauHO MIMUPIINKA KYTOBUH PO3MOILT IHTEHCUBHOCTI, HIXK KpUBa
B1IOMBaHHS MOHOXpOMAaTopa MOKHa BBaXKaTH, 110 HA MOHOXpOMATOp Majae chepudHa
xBWJIsA. ToJll KyTOBHIA pO3MOALIT CKAHYIOYOr0 BUTIPOMIHEHHS Oy1e HAOJIMKEHO CIIBIIAaaTH
3 KPUBOIO BIIOUTTS MOHOXpomaTopa. IIpu mpomy 1uist JpKepen, IO MaroTh BY3bKHH
MOTIEPEYHHI TIepepi3 Mydka Mepes] aHali3aToOpOM CTaBJISITh JOJATKOBUN KPHUCTAJ, IO
PO3IIKPIOE IMYYOK.

TunoBuil KyTOBUH akCeNTaHC 3BMYANHO JIEKUTh y Jlama3oHi BiJl JEKUIBKOX 10
JECATKIB MIKpOPA/liaH 1 OB’ I3aHUH 3 HANIBILIMPUHOKO KPUBOI roiianHsa kpucrana. Konu
aHaJ3aTop 1/1€albHO FOCTOBAHMHA 3 MOHOXPOMATOPOM TaKUM YHHOM, IO YCTaHOBKa
MpalllO€ Ha TTIKY KPUBO1 rOi1aHHs, 300pa)KeHHS Ha IETEKTOP1 Ma€ HAaUO1IbIIIE BITHOIIICHHS
CUTHAQJI-IIYM I JaHOoro Metoay [51], OCKiIbKH BIZACYTHE PO3MHUTTS, BHUKIHKAHE
po3cisHuME GOTOHAMHU. SIKIIO K Mk aHATI3aTOPOM 1 MOHOXPOMATOPOM HasIBHUM TEBHUM
KYT, TO IPOMEHI, 3aJIOMJICHI B 3pa3Ky B OJWH OiK OyayTh OCJIa0IIOBaTHUCh, a TIPOMEHI,
3aloMJIeH] B 1HIIMM OiK (MO CyTl KyTH 3aJOMJIEHHS 13 PI3HUM 3HAaKOM), OyIyTh MaTH
OlIbIlly 1HTEHCUBHICTb, MOPIBHAHO 3 (OHOM. TakuM YHHOM, KOHTPACT 300pa)K€HHs
I'PYHTYETHCS HA BIIMIHHOCTI KYTIB BUXO/y 3aJIOMJICHUX B 3pa3Ky npomeHiB. [lpu npomy
KYT 3MIIIEHHS aHaIi3aTopa 3a3BU4ail 00MparoTh MOCEPEIMHI IPABOTO a00 JTIBOTO CXUITY
KpHUBOI roiiiaHHs1, B 00J1acTi HAMOUTBIIOTO ii rpaaieHTy. KiibKicHY 1H(OpMAIIiIO PO 3MIHY
da3u ofepKy0Th NMUIIXOM Gikcarlii AeKIIbKOX 300pakeHb Y PI3HUX AUISHKaX KPUBOI
TOMJaHHS.

300pakeHHsl, OTPUMAaHE 3a JOTIOMOT' 00 LIbOI'0 METO1Y, JIETKO SKICHO IHTEPIIPETYBATH.
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KpiM TOro MeTo uyTnuBUii 10 pO3MUTTS CKAaHYIOUOTO MTPOMEHS (a SIK pe3ybTaT 1 KpUBO1
roiJIaHHs) Ha MIKPOCKOIIIYHUX HEOJHOPITHOCTSIX B 00’€kTi. Lle mae 3mory orpumyBaTu
iH(popMaIlito Tpo CyOMIKCENbHY CTPYKTYPY (B aHIJIOMOBHHX JKepernax 1€ Ha3uBalOTh
Ultra-Small Angle X-ray Scattering, ckopoueno USAXS) 3acTocoByrOUYM TaK 3BaHHI

MeTo 1 TeMHoro nojs (puc. 1.9) [53, 54].

(d)

Puc. 1.9 MakcumanbsHe NOTJIMHAHHSA (@), iHTerpanbHe norimuHanHs (b), iHTerpanbHe 3aI0MIICHHS (C) Ta

USAXS 300paxeHnHs (c)

OckiIbKU BUMIPIOETHCS HE cama ¢asa, a mepiia noxijaHa ¢pa3zoBoro GpoHTy, TO MeH
METO]I MEHIIT Uy TJIMBUM JI0 TNIABHUX 3MIH XapaKTEPUCTUK, HIXK PEHTI€HIBChKa KpUCTaIiyHa
iHTep(hepomeTpis, ane OLIbII Yy TAUBUIN MOPIBHSIHO 3 METOAOM BUTbHOTO NomupeHHs. Llei
METOJl 3BMYaiiHO Hajae (a3oBy iH(OpPMali0 TUIBKM B HampsMKy audpakuii, ane €
HEUYTJIMBUM Y TUIOIIMHI, MEPICHANKYISIPHIN 10 tuiomuHu Audpakiii. Taka 9yTauBicTh
TIIBKA J0 OJHOTO KOMIIOHEHTY ()a30BOro Trpaji€eHTa MOXKE MPU3BOAUTH JO
HEOJHO3HAYHOCTEW y BHU3Ha4YeHH1 (a3u. 3BUYANHO 1€ METOJ BUMAarae 3acTOCyBaHHS

MOHOXPOMATHYHOTO i BUCOKOKOTIMOBAHOT O BUMpoMiHeHHs 3 AAMA ~ 1074 [5].
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JIist 1bOTO  METOMY BHUMOTH JO CTa0lLIBHOCTI KPUCTATIB MEHIII, HIXK JUIs
PEHTIeHIBChKOI KPUCTANIYHOI 1HTep(epoMeTpii, ajne yCTaHOBKAa BHUMAarae 3acTOCYBAaHHS
JIOCKOHAJIOTO KpHUCTala-aHalli3aTopa, KyT HaXWIy SKOTO HEOOXIAHO JyX e TOYHO
smiHtoBaTH. KpiM TOTr0, 00MEXKEHHSI Ha TapajiebHICTh MMyYKa TAKOXK 00OMEXYE MOJIE 30DYy.
Tyt Tak camo, sK 1 B PEHTICHIBCHKIM KpHCTaM4HIN 1HTEppepoMeTpii, OCHOBHUM
OOMEXEHHSIM MPOCTOPOBOI PO3MALIBHOI 3AaTHOCTI € «PO3MHUBAHHS B aHAII3YIOUOMY
KpUCTaJll, BUKJIMKaHEe epeKkTaMu JuHaMIuHO1 audpakiii. Ajie MOXXHa TOCITAOUTH IO
po0JieMy, BUKOPUCTOBYIOUH 111X 1] KOB3HOT'O I IIHHS JJIsI KPUCTATY.

TeoperuuHi po3paxyHKH Ta BiAMOBiAHI ekcriepumeHTH [37, 38] mokasyroTh, 110
BIIHOIICHHSI CUTHAJIy JO0 IIyMy B JaHOMY METOJ MpOIOpIliiiHe 0OepHEeHid eHeprii
BUIPOMIHEHHSA, 10 poOUTh HOro OUIbII  JOUUIBHUM TpPH  3aCTOCYBaHHI
BHCOKOCHEPTCTHYHUX JDKEpEN BHUIPOMiHCHHS. [Ipm 1bOMy TIOBHE IrHOpPYBaHHS
KOMITTOHIBCHKOTO PO3CISIHHS (B Pe3y/bTaTl HAIBHOCTI KpHCTalla-aHali3aTopa) J03BOJISIE
JI0JTATKOBO BUKJTFOYHMTH [ITyMH, IPUCYTHI B METOJIaX, B OCHOBI SIKHUX JICKUTH MOTJIMHAHHS.

Meroa 13 KpUCTaJIOM-aHaII3aTOPOM BHACHIJIOK BHUIIE 3a3HAYEHUX OCOOIMBOCTEH
Ma€e OUTbIIY YYTJIWBICTH B TMOPIBHSHHI 3 TPATKOBOIO 1HTEPHEPOMETPIEID 1 METOIOM
BIJIHOTO TOIIMPEHHS, OCOOJIMBO JUIsl BUIAAKY BUCOKOCHEpPreTW4HUX jpkepen [37].
[Torpu e cyTTEBOIO MPOOJIIEMOIO METOY 3aJIUINAIOTHCS BUCOKI BUMOTH J0 KPHCTAJIIB
(30KpeMa 10 KpuCTajla aHaii3aropa) Ta HEOOXITHICTh BKpaill TOYHOTO BUMIPIOBAHHS
MIOJIOKEHHS €JIEMEHTIB ONTHYHOI CXEMHU.

Cnin 3a3HAYUTH, IO OLIBIIICTH ICHYIOUMX HA CbOTOJIHI MIIXO/1B BUKOPUCTOBYIOTh
HaOMMKEHHS TEOMETPHYHOI ONTHKHA TIPH OIKMCAHHI 3aJOMJICHHS BHIPOMIHCHHS Y
JOCIIKYBaHOMY OO’€KTI 1 HaBITh KPUCTAJIax MOHOXpOMaTopa Ta aHajizatopa. Takux
MJIX1]] CIIpaBEeJTMBUN JIUIIIE JJTs1 TJTABHUX TOJTIB 3MIIIIECHB 1 OTXKE HE MiAXOIUTH JJIS OTTUCY
PEHTreHIBChKOI AU(paKIlii Ha KpUcTallax 3 MikpoaepeKTaMu Ta HEKPUCTATIYHUX 00’ €KTIB
13 HEOTHOPIAHOCTAMH MIKPOCKOIIYHOTO MaciiTady. TakuM 4HHOM CTBOPEHHSI CTPOTOi
Teopii, sika O omnucyBajga 3aJOMJICHHS 13 BpaxyBaHHSIM e(eKTIB 0araToKpaTHOIro
pPO3CIIOBaHHS K B HEKPUCTAJIYHMX 00’€KTax Tak 1 B KpUCTajaX MOHOXpomaTtopa 1
aHai3aTopa € BAXJIMBUM KPOKOM Yy BIOCKOHAJICHHI (Da30KOHTPACTHUX METOMIB, 1

30kpema ABI.
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1.2.6 MeToa oCBIiTJIEHHSI KPalo

Bmepmie meit metos 3ampornoHyBania rpyna OmiBo Ha JpKepelli CHHXPOTPOHHOTO
BurnipoMintoBanHs Elettra [55], B momanpimomy meronm awdpakiii Ha Kparo OTpUMaB
po3BUTOK B pobOoTax [56-63]. B anrmomoBHil miTepaTypi BiH Ha3uBaeThcsi Edge-

illumination.

Puc. 1.10 Cxema metoay: mxepeno (1), 3pasok (2), nerexrop (3), macku (G1ta G2), mikceni 1eTeKTOpa
(P) [57].

Onrtuuna cxema metony (puc. 1.10) cknamaetbes 3 mxepena, macku Gi, 3a SIKOIO
pO3TaIoBaHuil JociipKyBaHuii 00’ekt, macku Gz Ta nerekropa. Macka Gip (iHomi
Ha3UBAETHCS ““KOJOBAHOIO anepTyporo”’) (opMye 13 OJHOrO MyyKa Bij JpKepesa HalOip
OKpeMHX ITyYKIB, pO3JIJIEHUX MpoMiakaMmu TiHi. Macka Gy po3ramioBaHa IpsiMO Mepen
JETEKTOPOM Ha MEX1 OCBITJICHUX Ta HE OCBITICHHX AUISHOK, IPH YoMy camy Macky Gz
MO>KHA 3aMIHUTH Ha CHELiaJIbHUMN AETEKTOp 13 CIIMUMU 30HaMu. B pe3ynbTaTi pedpaxiii
BUIPOMIHEHHS Ha 00’€KTi B 3aJI€KHOCTI Bl KyTa pedpaxiiii meBH1 “BIAKPUTI” 30HU Ha
JETEKTOP1 CTaIOTh O1IbII 200 MeHII OCBITIACHUMU (pHC. 1.11). 3amexHicTh IHTEHCUBHOCTI
B1Jl KyTa pedpakuii (mepia noxigHa ¢pazoBoro GpoHTY) AyxkKe cX0ka Ha KpUBY FOMTaHHS

B ABI[55].
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Detector Pixel
Detector Pixel

G, G, Gy G,

Puc. 1.11 npuHuun yrBOpeHHs! KOHTPAcCTy.

JlonatkoBo i OTpUMaHHS CYOMIKCeNbHOI 1HQOpMalii MOXHa MPOBOJAUTH
CKaHyBaHHS 3pa3ka IUIIXOM 3CyBY 3pa3ka B HAmpsiMi, TOMEPEUYHOMY IO HIUIMH MAacCKH
[57]. Takoxx mnst oTpuMaHHs iH(POpMAIIT O JBOM KOMIIOHEHTaM pedpaKiiii MOKIUBO
BHKOPHCTOBYBaTH MacKH 3 OTBOpaMHU crieiiudiunoi popmu, Hanpukia L-noaioHi [64].

OcCKUIbKM B ONTHYHIA CX€M1 BIACYTHI KPUCTAJIM Ta MPU LOMY HE 3aCTOCOBYETHCS
MeXaHi3M 1HTepdepeHIlii, JaHui MEeTOJ Ma€ BIJIHOCHO cJabKi BHUMOTH JI0 JpKepena
BUIIPOMIHEHHA. 30KpeMa, JHKEpesio MOXKe MaTH IIHUPOKHH CIEKTp, IO B CBOIO UEpry
yCyBa€ MOKJIMBI apTedakTu BHAcHiIoK Audpakuii Ha aneprypax Mmacku. IIpu mpomy
3QJIMIIAETHCS BAMOTY JI0 PO3MIpPIB JKepena, OCKITIbKYA TPH JOCTaTHbO BEJIHMKIN BIJCTaH1
MDK TIEpIIOI0 MAacKOK 1 JIETEKTOPOM HE TOBHHHO BUHUKATH TEPEKPUTTS OKPEMHUX
npomeHiB. Tak, po3mip ¢okanbHOi ismMu — 10 100 mxMm [63], oxHaK BiH HE TOBHHEH
MICPEBUIYBAaTH PO3MIpH MKCENIs aeTekropa [56], ame mydoKk MO)KE MaTH BHCOKY
po30DKHICTh. He nuBisiYMCH Ha Te, 110 3aBISKUA CIAOKMM BHMOTaM B SIKOCTI JpKepelia
MOYTb 3aCTOCOBYBATHUCH PI3HOMAHITHI THITH JKEPEJ PEHTT€HIBCHKOTO BUITPOMIHIOBAHHS
0e3 3HaYHMX BTPAT IHTEHCUBHOCTI, $IKI YacTO BHUHHMKAIOTh BHACIIJIOK HEOOX1THOCTI
3a0e3neYnTH BUMOTH METO/11B PEHTT€HIBCHKOT0 (pa30BOr0 KOHTPACTY A0 JXKepeia, BTpaTa
IHTEHCUBHOCTI BCE % TaKU BIIOYBAETHCS y 3B’ 13Ky 3 HEOOX1AHICTIO BUKOPUCTAHHS allepTyp.

B Meroai audpaxuii Ha Kparo nepioj anepTypu HabaraTo OUIBIINNA, HIXK TMEpioA

mudpaxiiiaux rpatok (B 50 pasi), 1110 3acTOCOBYIOTHCS B iHTepdhepomertpii Tanbora [61].
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[le poOuTe mpollec BUTOTOBIEHHS MAaCOK BIAHOCHO TIPOCTHM, 30KpeMa HEMae
HEOOX1THOCT1 3aCTOCOBYBaTH METOJM PEHTICHIBCHKOI JiTorpadii, Tomo. Takox maHuit
Ma€ HEBUCOKI BHUMOTH JI0 TOYHOCTI IOCTYBAHHS amepTyp — MOPSAKY JIEKUIbKOX
MikpomeTpiB [61], 1 sk HACIIIOK BiH JOCHUTH CTIMKHKA 10 BIOpaIliii MOPIBHIHO 3 1HIIUMH
METO/IAMH.

3aBASKA TIPOCTIM ONTHUYHIA CXEeMi METOJ JOCHUTh JIETKO MacITaOyBaTH IS
CKaHYyBaHHSI 00’ €KTIB BEJIMKUX PO3MIPIB, IPOTE B TAKOMY BHUIIAJIKY 3POCTAIOTh BUMOTH J10
mxepena [958, 59]. besnocepenHbo UyTIMBICTE METOJY 3aJMIIAETHCS TMOPIBHSIHHOKO 3
inTepdepomerpiero Tambora [57].

Cning 3a3HAUMTH, M0 B SIKOCTI KOMIIOHEHT ONTHYHHMX CXE€M JJii OTPUMAaHHS
($ha30KOHTPACTHUX 300paXeHb YacTO 3aCTOCOBYIOTHCS JTOCKOHANl MOHOKPHCTAJH,
OCKIJTbKM 3a3BWYaii BOHU MalOTh JOCHTh BY3bKYy KpHBY BigOmBaHHs. lle mo3Bossie
OTpUMATH CKaHYIOYMH TMPOMIHb 3 TOTPIOHUMH XapaKTepUCTUKAMH, MOOYIyBaTH
1HTEeppEepEHIIIIIHY KapTHHY YH B 1HIIMI cOC1O MPOBECTH aHAJII3 PE3YJIbTaTIB PO3CIAHHS.

BiAnoBinHO BaXJIMBOIO 33Ja4€l0 Ha MUIAXY [0 CTBOPEHHS METOJIB 3alucy Ta
iHTepnpeTalii (a30KOHTPACTHUX 300pakeHb BUCOKOI PO3ALIBHOI 3/TATHOCTI € OTPUMaHHS
TOYHOTO OIKUCY MPOIIECIB PO3CISHHS y KPUCTAJIaX 3 ypaxyBaHHSIM HEOJHOPITHOCTEN ix
CTPYKTYpH, MikpoaedekTiB, Tomo. e gae 3Mory aHamiTHYHO OTPUMATH KPUBI KyTOBOI
3aJIEKHOCTI PO3CISIHOI IHTEHCUBHOCTI 1 IK HACIIJIOK CIPOLLY€ I0CTYBaHHS 00JIaIHaHHA Ta
3MEHIITY€E IMOBIPHICTh TOMHJIOK IIPH JTIarHOCTHII CKJIATHUX 00’ €KTIB.

JIJist ommcy MpOIIECiB B3a€MOJIT BUMPOMIHEHHS 13 peaJbHUMU MOHOKPHUCTAJIaMH B
[acturyti meramodpizuku M. . B. KypmiomoBa HAH Vkpainu Oyno cTtBOpeHO
CTATUCTUYHY TEOPII0 PO3CISTHHS BUIIPOMIHEHB. 30KpeMma, mmie B 1960-ux pokax M. A.
Kpuroriazom [65, 66]. Oyso cTBOpEHO KiHEMATUYHY TEOPisl PO3CISHHS Yy HEiJIeanbHUX
kpucranax. Ii mossa copMmyBaa HiIuii TEOPETUUHUI HAMPSAM Ta 0OYMOBMIIA HOJANIBIII
JOCSITHeHHS y AaHiil chepi.  3rogom cmiBpoOitHukamu IM® (B. b. Monoakia i3
CIliBaBTOpaMu) OyJ0 pO3pO0JICHO JWHAMIYHY TEOPil0 PO3CISHHS Yy KpUCTajdax 3
MmikpoaedexTamu. [67-79]

Bukopucranas pe3ynbTaTiB  BUINEBKA3aHUX TEOpii HE TUIBKKA JI0O3BOJIUJIO

BpPaxoOBYBAaTH OCOOJMBOCTI PO3CISIHHS BUIIPOMIHEHHSI MOHOKpHUCTaJlaMH, aje W CTajo
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OCHOBOIO [UJIsl TOJAJBIIOrO Yy3araJlbHEHHA Teopili UIsi HEKPUCTATIYHUX PEYOBUH 1

BJIOCKOHAJICHHS BIJINMOBITHUX (pazoBapiallitHUX MPUHIIUITIB Ta METOIB JIIarHOCTUKH.

1.3. BucHoBKH

B nanoMy poszniuii 3po0JIeHO KOPOTKWM OTJISi] METOJIB OTPUMAHHS Ta 1HTEpIipeTariii
(ha30KOHTPACTHUX 300paKEHh HEKPUCTATIYHMX 00’€KTiB. B pamMkax mpoBeaeHOro
MOPIBHSJIBHOTO aHaI3y IIepeBar Ta HEJOMIKIB ONMMCAaHO HANO1IBI MEPCIEKTUBHI 00J1acTi
iX 3acToCyBaHHS Ta IOKa3aHO, IIO HA CHOTOAHI HE ICHYE €JUHOTO METONy, SKUH
nepeBaxkaB O 3a CBOIMHU (DYHKIIIOHAJIbBHUMH MOXJIMBOCTSIMH PELUTY.

[Ipu poMy, YyacTHHA METOIB IMOMPH BUCOKY YYTIUBICTh MAlOTh YK€ >KOPCTKI
BUMOTH /IO €JIEMEHTIB CXeMHU. 30Kpema, iHTepdepomerpu boHze—Xapra BuUMararoTh
HaJ[3BUYalHO BHMCOKOI TOYHOCTI IOCTYBaHHsS MPWIANIB, 1, MNpH I[OMY, IOTaHO
MacImTaObyloThCsl NI JOCHIDKEHHS BEIMKUX 00’ekTiB. HaBmaku, MeTo;l BUIBHOTO
MOIIMPEHHS Ma€ AyKe TMPOCTY ONTHYHY CXEMy, aje He 3aBXKIU JT03BOJSE OTPUMATH
300pakeHHsI HEOOX1IHOI KOHTPACTHOCTI, KpPIM IbOTO IIel MeTol moTpedye pkepena
BUIPOMIHEHHS 3 BUCOKOIO IIPOCTOPOBOIO KOTEPEHTHICTIO.

B pesynbTati, asd nomanbliux IOCTIHKEHb Ta PO3BUTKY OYyJI0 OOpaHO CXemy 3
KpUCTAJIOM-aHal3aTOPOM, SIKa € BIIHOCHO TIPOCTOI0 Ta JO3BOJISIE OTPUMATH
BHCOKOKOHTPACTHI 300paxkeHHs. [{e moB’s13aH0 13 BUKOPUCTAHHSAM KpHCTala-aHaai3aTopa
KWW Ma€ By3bKYy KpUBY BiJIOMBaHHs. Pedpakiiisa y HEeKpUCTaIIYHOMY 00’ €KT1 IPUBOIUTD
710 3MIIIEHHST POOOYO0T TOUKH MO KPUBIHM BIOMBAHHS KpUCTaja-aHajizaropa. Ko Kyt
3aJIOMJICHHS IOCTAaTHBO BEJTUKHM, 111 YaCTHHA BUIMPOMIHEHHS HE MIOTPAUTh HA JETEKTOP.
VY BUMAIKy MEHIIUX KYyTIB 3aJIOMJICHHS OyAyTh YTBOPIOBATHUCS 00JIACTI 13 30LIBIIICHOIO
a00 3MEHIIECHOI0 IHTEHCUBHICTIO MOPIBHSHO 13 BUMAJAKOM, KOJIM HEKPUCTAIIYHUN 00’ €KT
BijicyTHi#. Takum unnom, ABI-MeTos 103BoJIsIE OTpUMATH 300pa’KEHHS, KOHTPACT SIKOTO
YTBOPIOETHCS BHACTIOK 3aJIOMJICHHS BUTIPOMIHEHHSI Y HEKPUCTATIYHOMY 00’ €KTI.

[Ipu upoMy nisi mpaBWIbHOTO aHamiTH4HOro omnucy ABI-300paxkeHb HEOOXITHO
BpaxyBaHHS eQeKTiB 0araToKpaTHOCTI PpO3CISIHHS Yy KpuUCTajax aHajizaropa Ta
MOHOXPOMATOpPa, a TAKOXK y CaMOMy 00’ €KTi. BITBIITICTh ICHYIOUMX HA CHOTOAHI MIAXOIIB

0a3yroTbCd Ha HAOIMKEHHI TE€OMETPUYHOI ONTHUKHU JUISl PO3PAXYHKY 3aJIOMIIEHHS



45
BUIIPOMIHEHHSI y HEKPUCTAJIIYHOMY O00’€KTiI Ta HaBITh y KpHcCTaji-aHamizatopi. Takuit
MiIX17 CIpaBeJIMBUN JIUINE JJIs IUIaBHUX IIOJIB 3MIIIEHb 1, OTXKE, HE MOXe OyTu
KUIBKICHO MPaBUJILHUM IPU ONMKCI PEHTIeHIBCHKOIT TUPpaKiiii Ha KpucTali-aHaIi3aTopi 3
Mmikpoaedextamu. KpiMm Toro, HabIMKEHHS T€OMETPUYHOI ONITUKH JIJIs1 HEKPUCTATIYHOTO
00’€ekTy 100pe Mpairoe JUIs BEIMKUX OJHOPITHUX 00’ €KTIB 3 IIaAKUMH TPAHUISIMH, ajie
MOKe OyTH HEKOPEKTHUM B IHIITUX BUTIAIKAX.

Takum 4MHOM, iCHY€e HEOOX1IHICTh CTBOPEHHSI CTPOroi Teopii, sika 6 BpaxoByBaJia
edexT O6araTokpaTHOTO (JIMHAMIYHOTO) PO3CIIOBAaHHS SK B HEKPHUCTAIIYHOMY 00’ €KTI,
TaK 1 B KpUCTajax aHajli3aTopa 1 MOHOXPOMATOpPa, 10 JO3BOJUTH OUIbII TOYHO OMUCATH
nporiec GopMmyBaHHs (hazoBapiallifHUX 300pakeHb 1 SK HACIIIOK TOKPAIUTH SKICTh

IarHOCTHUKH.
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PO3JILT 2
TEOPETUYHI OCHOBHY TPUBICLOBOI'O METOY ®OPMYBAHHSI
®A30KOHTPACTHHMX 305PAKEHD

2.1. Beryn

SIk BiAMIYAIOCh y TOMEPEAHBOMY PO3JILIL MPU CTBOPEHHI METOMIB 1HTEepIpeTarii
(ha30KOHTPACTHUX 300pakeHb 3HAUHY yBary Ciij 30CepeaUTH Ha JOCIIKEHH] B3aEMOIi1
BHCOKOEHEPT€TUYHOTO BUIIPOMIHEHHS 13 MOHOKpucTanaMu. lle moB’s3aHo, 3 OJHOTO
00Ky, 3 THM, [II0 MOHOKPHCTAJIA YaCTO BUKOPHCTOBYIOTHCS SIK €JIEMEHTH ONITUYHUX CXEM
JUIsl OTpUMaHHS (DA30KOHTPACTHUX 300pakeHb; 3 1HIIOro OOKY, BIAMOBIAHI TEOpii, 110
ONMKCYIOTh PO3CISIHHS BUIPOMIHEHHSI MOHOKpHUCTalaMH, MOXYTh OyTH y3arajibHEHl Ha
BUMAJ0K HEKPUCTATIYHUX 00’ €KTIB.

[Ipu uboMy JUIsl KOXKHOT raiy3i JOCHIKEHb 1CHYe Ha0ip BUMOT, 110 BHU3HAYAIOTh
MOJKJIUBICTh 3aCTOCYBAaHHS TOTO YW IHIIOTO AIarHOCTUYHOTO METOAY Ta HAaKIAHaroTh
YMOBH Ha OOJaHaHHS HA €HEPTrii0 BUIPOMIHEHHS. Tak, HaNpuKIaJ, TpU JTOCHIKEHHI
apXeoJIOTIYHUX 3HAXIJOK /1032 Ta KOPCTKICTh BHUIPOMIHEHHS Majo-BaXKJIUBi, MPOTE
xiMiyHa 00poOKa (30KpeMa, BBEJCHHSI KOHTPACTHUX PEUOBMH) 3a3BUYAl HEMOXIUBA. Y
rajgy3l MarepiaJlo3HaBCTBa TEX JOCHUTh CJa0Ki BHUMOTH JIO0 J03W 1 JKOPCTKOCTI
BUIPOMIHEHHS, aje MOTPIOHO IOCHIIKYBaTH OO €KTH, PO3MIpU SIKMX 3MIHIOIOTHCS Y
IIUPOKOMY  fianas3oni. Jlg  MeauyHOl JIIarHOCTHKM  HAaBMAKU —  BaXXJIHMBO
BUKOPHCTOBYBATH MaJli 103U onpomineHHs. J{iis chepu Oe3neku (CkaHepH B aeporopTax,
TOIIO) KPUTUYHO BAXKJIMBUM € MM 4ac OTpUMaHHs 1HPOpMaLli Ta IUPOKUHN J1ara30H
po3MipiB 00’ekTiB. [Ipu 1bOMy HE3aJE€KHO BiJ Taily3l CIUIBHUM 3aJUIIAIOTHCA T€, 1110
JOCIIKYBaHl O0’€KTH MaloTh CKIQJHy, Harepes] HeBU3HaueHy (QopMy Ta MOXKYTb
CKJIaaTuCs 3 0araThO0X Pi3HUX PEUOBUH. 3 OMIALY Ha BKa3aHy CKJIAIHICTh CTPYKTYypH
00’€KTa JONUIBHUM € OTUCAHHS MPOIIECIB PO3CISTHHS Yy TPOCTUX BUTAIKAX 13 TIOIATBIITIM
y3arajbHeHHSIM Teopii. 30KpeMa, MOBHUM PpO3IJs MPOLECIB PO3CISIHHS y OAHO- 1
JIBOIIAPOBUX 00’ €KTaX, IO CKIIAJAIOTHCS 3 KPUCTATIYHUX 1 aMOPPHUX (HEKPUCTATIIYHIX )
PEYOBHH, SIKI € BHU3HAYAJIBHUMHU CKJIQJOBHUMH 0aratomiapoBUX CHCTEM, J03BOJISIE

BU3HAYUTHU MOJATBIITUN MUISX 10 OMMCAHHS pPeaIbHUX 00’ €KTIB.
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Crig 3a3Ha4MTH, 110 NP A1aTHOCTHULI KPUCTATIYHUX 00’ €KTIB AU(PPAKIIIITHI METOAU
JOCHIIDKeHb OaraTomapoBux CTpykTyp [80, 81] MaroTh 11y HU3KY BOKJIHUBHUX 3 TOUKH
30py MPAKTUKH MEepeBar y MopiBHSAHHI 3 IHIIUMHU MeToaaMu. JudpaxiiiitHi MeTou € He
PYWHYIOUMMH, 10 TPHHIMIOBO BAXKIWBO y BUIAIKAX, KOJIM pPyHHYyBaHHS
(CTpaBIIOBaHHSA) MOXE€ IPU3BECTH J0 IMEPEepO3NOLTy YU 3HUKHEHHS Jedopmairiii
BHUXIJTHOTO 3pa3Ka, IO YHEMOXJIMBIIIOE BIATBOPECHHS IMOYATKOBOI CTPYKTYpH. Takox
nudpakIiifHl METOIM BUCOKOIH(OPMATHBHI 1 I03BOJISSIOTH BUSIBJISITA HAJ3BUYAHHO Maui
nedopmMariii (KoJid BIIHOCHA 3MIHA BiICTaH1 MK BiJIOMBAlOUYUMHM IUIONTMHAMM KpHUCTaia
Mae BenuuuHy mopsaaky 10—5-10—6 [82]) 1 ngedekTH HEBEIMKUX PO3MIpIB Ta
KoHLIeHTpali# [83, 84]. KpiM Toro, 3a HassBHOCTI KOPEKTHOI TEOPETUYHOI MO MOXKHA
aanTyBaTH ii 10 TAaKUX EKCIEPUMEHTAIBHHX CXEM, SIKI JO3BOJISIIOTH ITPOBOJIUTH
€KCIIPECHY J11arHOCTHKY 0e3 BTpaTH sIKocTi [83, 84].
B nmanomy po3miini OmMcaHO CTBOPEHY MOJIENb, IO TOBHICTIO BpPaxoBye e(EKTH
0araToKpaTHOCTI PO3CISIHHS Y KOTE€PEHTHINA CKJIAJ0BI 1HTEHCUBHOCTI JJI JBOIIAPOBOI

CHCTEMH 13 KpUCTATIYHUM 1 amopdHuM 1rapamu [85-88].

2.2. BuxiHi 1moJ10:KeHHA Moj1eJi
2.2.1. KostoHKOBe po30MTTS

PeanbHuit  mocmimkyBaHud 00’€KT 3a3BU4Yail  sBJsie COOOK  OaratomapoBy
HEKpUCTATIYHy CHUCTeMYy JOBUIbHOI Qopmu. JIJIss MIarHOCTHKK  3aCTOCOBYETHCS
BHCOKOCHEPIeTHYHE BUIIPOMIHEHHS (PEHTTEHIBChKE, TaMMa-BUIIPOMIHEHHS, HEHTPOHU
YU €JIEKTPOHU), 110 BITHOCHO CJIA0KO B3a€EMOJIIE€ 3 HEKPUCTAIIYHOIO pedoBUHOIO. [licis
B32€EMO/IIT 13 PEYOBUHOIO, CKAHYIOUN TIPOMIHb BIIXWISIETHCS B/l TOYATKOBOTO HAIIPSIMKY
Ha MaJluid KyT pO3CisiHHS (MOpsaKa JIECSITUX JI0JeH KyTOBOi CeKyHau). Buxonsuu 3
MaJioCcTl KyTa BIIXWICHHS [JIs ONUCY CKJIaAHOI (OPMH JOCHIJKYBAaHUX 00’ €KTIB
JIOIJIBHO 3aCTOCOBYBATH TaK-3BaHE KOJIOHKOBE HAOMIKEHHS (sK, Hampukiand, y [89]).

KononkoBe HaONMKEHHSI TOJISATAaE y TOMY, 11O 00’€KT YMOBHO PO30MBA€ThCSA HA
Ha0lp KOJIOHOK, MapajieIbHUX 10 TMaJardoro mpoMmeHs. B mexax KOXKHOI KOJOHKH
MOBEPXHI MK OKPEMUMHU IIapaMu HAOIMKEHO BBAXKAIOTh TUIOCKUMH Ta HAXWJICHUMH Ha

neBHUM KyT (puc. 2.1). PedoBrHa pu IbOMY BBaXXA€THCSI OAHOPIHOIO B MEKaX KOKHOTO
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OKPEMOro IIapy, 0 Ja€ MOXKJIUBICTh BB)KATH TOTEHINAT B3a€MOJII1 BUIIPOMIHEHHS 13
pPEYOBHHOIO cTaUM. CUCTEMY KOOPAMHAT 3pyYHO BUOpATH MPUB’SI3aHOIO JI0 MaIar040ro
npomeHs. [ mpoCcTOTH BBaXKAIOUM TMPOIEC PO3CISIHHS, 0€3 0OMEXKEHHsI 3arajbHOCTI,
HE3JIC)KHUM BiJT KOOpAUHATH Y, Jaji OyJeMo po3TsiIaT 3aIOMJICHHS B IIOMHHI X0Z,
110 Mapa’sieiibHa IUIOIIMHI 3aJIOMJICHHS B aHaJI13aToPI.

AN

z |

Ve
Puc. 2.1. KononkoBe po30UTTs: 00’ €KT pO3ALISAIOT HA IEKUIbKAa OKPEMHX KOJIOHOK, MapajebHUX 10

nagaruvoro nmpoMeH:.

OCKUIBKH TPOIECH B MEkKaX KOJIOHOK HE3aJIC)KHI, MOAAIbIIN TCOPETUYHI BUKIAAKN
HaBOJATHCSA JUIsl KOXKHOI OKpeMoi KoJIOHKH. Hallip BCiX KOJOHOK ONUCYE 3arajibHy MOBHY
KapTUHY PO3CISHHSA SIK (PYHKITIF0 KOOPAUHATH X, IO BIAMOBIJAE TIEBHIM KOJIOHII 1 TOYIl
300pakeHHs 00’ €KTa Ha EKPaHi.

2.2.2. TpusicroBa cxema

B monepennpoMy poszaini Oyno OOrpyHTOBAHO CTBOPEHHS MOJZETi B paMKax
(ha30KOHTPACTHOTO METOTY 3 KPUCTAJIOM aHaii3aTopoM. CITUparodnch Ha OMTUYHY CXEMY
IOTO METOJYy MOXKHA 3alMCaTH BHpa3 s BajbHOI 3JaTHOCTI BCI€El CHUCTEMHU Y

HACTYIMHOMY BUTJIsiI [72]:
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R(86,%) = f Ru(©RA(E — A0 — @)Rop; (€)dE

ne @ = @(x) — xyr pedpakiii, X — HOJOXKCHHS KOJOHKH, A6 — KyT BiAXHICHHS
aHaJizaTopa BiJf TOUHOTO BperriBcbKoro mosnoxeHHs [l MOBHOTO OMMCAHHS MPOLECY
YTBOPEHHS 300pakKeHb Yy TMOIOHIA CHCTEMI 1 BIATOBITHO JJIS MOJAJBIIOTO PO3B’SI3KY
oOepHEeHO1 3a/1a4yl HeOOX1THO MaTH aHAIITUYHI BUpa3u AJs BIAOMBAIBHUX 3/1aTHOCTEH
MOHOXpPOMATOpa 1 aHaji3aTopa Ta, BIacHe, CaMOTo 00’ €KTa.

B mepeBaxHiit OUIBIIOCTI POOIT MOHOXPOMATOpP 1 aHai3aTOp BBAKAKOTHCS
imeanpHUMU Kpuctaiamu. I[IpoTe ypaxyBaHHS yCiX MOXJIMBHUX OCOOJMBOCTEH 1X
CTpYKTYypH (HasiBHI Je(eKTH, BUKPUBJICHHS, OPYIICHUH IIap, TOIIO) K OyJe 3rojoM
MOKAa3aHO € HEOOXIJHOK YMOBOIO [Jii MPOBEICHHS BHUCOKOTOYHO!I JIarHOCTUKH Ta
YCYHEHHSI XUOHHMX pe3yJIbTaTiB, 1110 MOXYTh OyTH CIPUYMHEH] OCOOIMBICTIO KPUCTAIB,
a He IOCHIPKYBaHOTO 00’ €KTa.

OTxe, mpu ONMUCaHHI PO3CIAHHS Yy KpHUCTajaXx MOHOXpOMAaTropa 1 aHami3zaTopa
MOTPIOHO 3aCTOCOBYBAaTH CTPOTY JAMHAMIYHY TEOPII0 PO3CISIHHS BUIIPOMIHEHHS Y
Kpuctanax 3 jnegexkramu. BomHouac ciij BpaxoByBaTH Te€, IO KPUCTAIM caMl Mo coOi
MOXKYTb CKJIAJJaTUCh 3 IEKIJIbKOX IIapiB Ta/ab0 MaTH MOUIKOIKEHY MOBEPXHI0. B nanomy
po3ai Oyae MPOJEeMOHCTPOBAHO OCOOIMBOCTI IMPOIECIB PO3CISHHS Yy KOMIIO3UTHHUX
CTPYKTypax.

3 iHIIOro OOKY JJIS ONMUCAHHS 3aJOMJICHHS Y 0aratomapoBOMYy HEKPUCTATIYHOMY
00’€KT1 TaKOXX MOTpIOHA CTpora AMHAMIYHA Teopis. [ CTBOpEeHHS BIAMOBIIHOT MOCTI,
110 BCTAHOBUTH 3B’SI30K MK XapaKTepUCTUKaMH 00’ €KTa Ta BIAOMBAIBHOKO 3/IaTHICTIO, 1
BIJITOBIJTHO OCOOJIMBOCTSMU KapTUHU PO3CISTHHS, B IIbOMY Ta HACTYITHOMY pO3/iiax Oy/e
MPOBEJICHO y3arajbHeHHs JUHAMIYHOTO MiJXOAy Ha BUIMAOK HEKPUCTAIIYHUX PEUYOBHH

Ta MOKa3aHO MOTo aJIeKBATHICTh MPHU MOOYI0B1 MOAJBIIOTO aHAII3Y.

2.3. Po3cissHHs B aMop(HOMY NOTJIMHAIOYOMY LIAPI
PosrasiueMo po3cisiHHSI BUTIPOMIHEHHSI B aMOp(Hi# IIOCKO-TIapaiebHIN TIacTUHI

(puc. 2.2). bynemo BBaXkaTH, 110 CIIPHUHHSTIUBICT B aMOP(HHOMY IIIapi € B CEPEIHBOMY
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MOCTIHHOIO. IHTEeHCUBHICTB XBUJI1, IO IPOMIILIA KPi3b AP 3 MOCTIMHOO COPUNHSATIUBICTIO
MO’KHA 3aIIMCaTH y BUTJISIIL:

I = [,e~Holam (2.1)
ne lo — IHTeHCUBHICTH MaJalvyoro 3 BaKyyMy Ha IIap BHIIPOMIHEHHS, Lo — KoepilieHT
(OTOCTEKTPHYHOTO MOTIIMHAHHS, |am = tam/Yo — OBXKHMHA MUIIXY TPOMEHIO B aMOpQHOMY
mrapi, tam = t, — t1 — ToBIMHA mapy, Yo = Kn/K =SiN0,, 0, — KyT maainHs XBuIi Ha aMOphHY
MJIACTHUHY.

OpHak 715 pO3TIIA Ay aMILTITYl B 0araTomapoBiil cucTeM1 HE0OX1IHO MaTH BUpa3 HE

JUIS. THTEHCUBHOCTI, a JiJIsi aMIUTITYAM XBWII Ha 000X MOBEPXHSAX amMOp(HOTO IIapy.

[IpencraBuMO CHIPUIHSATIMBICTE aMOPQHOTO Mmapy Ya(r) 1 aMIUTiTyly iHAYKIi B HHOMY

Da(r) y Burnsi interpaiis @yp’e:

Xa(®) = [y dk piae™ 22)

Do(r) = [, dk Dyge™ (2:3)

nexra = 2m)7 [ dr xa(1)e™ Dyg = 2m)73 [ drDy(r)e™™ V, Q — o6’emn

IpsAMOro 1 OoOEpHEHOro NPOCTOPIB, BIAMOBIAHO. JIJIsi BUpIMIEHHS 3adadl PO3CISHHSA
PEHTIeHIBCHKUX MPOMEHIB B CEPEAOBHUILII PO3TIITHEMO PIBHIHHS 1J1s1 aMILTITY 11:

AD,(r) + K?Dg4(r) + rot rot (x,(r)Dg(r)) = 0 (2.4)

a 4]

Puc. 2.2 Cxema po3cisiHHSI B IUTOCKO-TIapajiebHill aMopHiii miacTuHi (@) i cxema BiAmOBi THIX

XBHJILOBHX BEKTOPIB (6).
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ne K=2n/L — Moxynb XBUIHOBOTO BEKTOPY Maal0vy0i XBUIII Y BaKyyMi, A — JIOBXKHHA

XBUIII MTagaro4oro BurnpominenHs. [Tincrapusim (2.2) 1(2.3) B (2.4) otpumMaemo:
(K? — k*)Dyq — [ daxga(K X k X Dy_qq) = 0 (2.5)

OOMEXUBIIUCH PO3TISLAOM JIMIIE KOTEPEHTHOI CKIaJ0BOI PO3CISIHHS, MOKIAIEMO,
110 B aMmopdHoMy mapi ¥a(r) =yoa = CONSt i 17151 KOMITOHEHTH Dyp’€ Yga OTPUMAEMO:

X =#jdrx (e = 20 v eter = yo,5(a)
ae = Ty | 4 ¥ Xe 2 a

%4 %4

TaxuMm 9HHOM, JIJISI KOYKHOTO CTaHy MoJisipy3aitii 3 (2.5) orpumaemo:

(K? = k*)Dyq + Xoak?Dya = 0 (2.6)
VY Bunaaky Dk, # 0 3 (2.6) orprumaemo:

(K2 = k?) + x0qk? =0 (2.7)

PiBHsiHHS (2.7) € quicTiepCiiftHAM piBHSHHSIM JIJTs1 BA3HAYCHHS XBUIILOBHUX BEKTOPIB K B

cepenoBuilll. BpaxoByrouu, 110 A1 pEHTI€HIBCHKUX MMPOMEHIB ol << 1 5 (2.7) moxHa
OTpUMATH:

k=K@Q+y,,/2). (2.8)

KoncTanTa ypa B (2.8) € KOMILICKCHO!O, 11 MOXKHA ITPEICTABUTH Y BUTIIAII:
Xoa = Xora T iXoia (2.9)
Cri 3a3HAYUTH, IO Yor a, Yoi a < O.
JUtst 3HAXOMKEHHsSI aMIUNITyaAu XBWil (y BakyyMi), IO MpoMimia Kpi3b Miap,
CKOPUCTAEMOCH B1JIMOBIAHUMH TPAHUYHUMH YMOBaMHU:
Dkae_ikr = EOe_iKr|z=t1 (2.10)
E%me_iKTr = Dkae_ikrlz:tz (2.11)
Po3kiiagemo XBUIIbOB1 BEKTOPH B BaKyyMi 1 B IJTACTHHI HA TAHT€HII1AJIbHY 1 HOPMAJIbHY
CKJIQJIOBI:
K=K.,e,+K,e, (2.12)
k=k,e, +k,e, (2.13)
OcCKUIbKM TaHTeHIladbHI KOMIIOHEHTH XBWJIbOBUX BEKTOPIB Ha MOBEPXHI MaIOTh

coiBnagaru (auB. puc.2.2, 6), TO
K=k+ (K, —k,)e, (2.14)
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3 (8) MmoxHa OTpUMATH:

K, —k, ~ —K%*% (2.15)

[MincraBnsroun (2.15) B (2.14), oTprMaeMO B3a€MO3B’S30K XBHUJIHOBHX BEKTOPIB B

CEPEOBUIIT 1 BAKYYMI:
K=K;=k—-K%2p (2.16)
2y
PiBuicts K = Kt BuImBae 3 Toro, 1o | K | = | K+ | 1K, =Ky, IlincraBusim (2.16) B (2.10)
ta (2.11), otpuMaemo:
Dig = EoeiK(XOa/ZVO)tl (2.17)
E&m = Dkae—iK(an/ZVo)tz (2.18)

Bpaxoytouu (2.9)1(2.17), nis (2.18) ocTaTOYHO OTPUMAEMO:

E%m — Eoe—iKtamXOa/(ZYO) = Eoe_iK(XOTa/zy‘))tame_(Hoa/z)/())tam (2.19)

am2

T

ae Hoa =K | Xoi al . SIx Buano 3 (2.19), s iIHTEHCUBHOCTI | orpumaemo (2.1). OTxke,
BUKOPUCTOBYIOUM 3arajJbHUN TUHAMIYHUN MIJIX11, 110 0a3yeThCS HA PO3B’SA3KY PIBHSHHS
(2.4), moxxHa otpumatu He Jmie (2.1), a TakoK KJIACHYHHU pe3yJIbTaT, IKHH BPaxoBYe

3aJIOMJIEHHS 1 HOTJIMHAHHS B IUI0CKO-TIapaieibHii aMopHIA OAHOPIAHIHN ITACTHHI.

2.4. Po3cissnas B ABomapoBgiii amopdHiii cucremi

Po3riissHeMo po3cCisiHHS B CHCTEMI, 1110 CKJIAaeThCs 3 TBOX aMopdHUX mapiB aib (puc.
2.3). IHTEHCHBHICTh BUIIPOMIHEHHS, 1110 MPOUIILIO KPi3h TaKy CHCTEMY, MOYKHA 3aIMCATH
aHayioriuHo 710 (2.1). OgHak y BUITa Ky, KOJIM Ha KPUCTATIYHIN K11 3HAXOIAThCS JBa
amopdHi 1rapu, abo OAWH MIAp 3 HEOJHOPIAHUM 32 TJIHOMHOI PO3MOILIOM
CHPUMHSATIMBOCTI, HEOOXITHO MAaTH BUpPA3 JJIA aMIUTITyJAW XBWJI, IO MPOWUIIA Yepes3
KiJIbka aMop@HuX mapiB. KpiM Toro, pe3yibTratu po3riisly Takoi CUCTEMU MOXKYTh OyTH
BUKOPHWCTaHI IS y3arajJbHEHHS MOJIEII1 PO3CISTHHS B HEKPUCTATIYHIX 00’ €KTax Ha BUTIATKU

HEOIHOP1THOTO 32 MTMOMHOO MTOTEHITIAITY.
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Puc. 2.3 Cxema po3cisiHHS B IBOIIAPOBil aMOPQHIH CHCTEMI.

Po3B’si3yroun piBHsHHSA (2.4) B KOXKHOMY IIapi JBOMIAPOBOI CHUCTEMH MOYKHA
OTPMMATH JUCIEPCIiHI PIBHAHHS MOAIOHI 10 (2.7), Kyau BXOJUTHME CHPUHHATIUBICTD
BIIMOBIJTHOTO 1Iapy. 3 ypaxyBaHHSIM PIBHOCTI TaHTE€HIIAIIBHUX KOMIIOHEHT XBUJIbLOBUX
BEKTOpPIB Ha MEXKax IIapiB, a TAKOK BUKOPUCTOBYIOUYH TUCIIEPCIIHI PIBHIHHS, aHAJIOTIYHO
710 TIOTIEPETHHOTO PO3TJISAY MOKHA OTPUMATH HACTYITHHMA B3aEMO3B’ 130K M1’K XBHUTbOBHMH

BEKTOpPAMHU MaJ1at0401 1 3aJIOMJICHO] B I1ap1 8 XBUJIb:

K=k, —KZXo0n
Yo (2.20)

3B’SI30K MK XBHJIBOBUM BeKTOpoM Ky XBuil, MO MpoWiia Kpi3b JABOIIAPOBY
CHCTEMY, Ta XBUJIIBOBUM BEKTOPOM B I1api b, 3 ypaxyBaHHSIM MPUHIIAITY B3aEMHOCTI MOYKHA

OTPUMAaTH UISIXOM, aHAJIOTTYHUM 70 oTpuManHs (2.20):

K, =k, —KZX%n
2¥o (2.21)

Bpaxoytrouw, 1o anasnoriano 10 (2.16) K = Ky, as XBuiIp0BUX BEKTOPIB B Iapax a ta b

MaTHUMEMO:

k, - K Xoan-k, —K %o p
2y, 27, (2.22)

3amnuiieMo BiAMOBiIHI rpaHUYHI yMOBH (1MB. puc. 2.3):

Dkae_ikar = Eoe_iKrlz=t1 (223)
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Dype~*o" = Dy e ar|,_ (2.24)
Epe 1" = Dype o, (2.25)
[Tincrasmnsroun (2.20) B (2.23), oTpumMaemo:
Dyq = Ege¥(Xoa/2v0)ts (2.26)
3(2.24) 3 ypaxyBaHHsM (2.22) MaTUMEMO:

D, =D, exp(iK (% - 72‘&}5}.
Yo Yo/ (2.27)

[Tincramsroun (2.21), (2.26) 1 (2.27) B (2.25), 11 aMIUTiTY Al XBHJII, IO POMIILIA

JBOILLIAPOBY aMOP(HY CUCTEMY OTPUMAEMO:

E, = Eoexp(—iK ;ﬂda]exp(—ff( ;ﬂdb],

Yo Yo (2.28)

ne d, =t; — 13, dy = t3 — t, — TOBIIMHY BiAMOBIHHUX IIAPIB.
OTpuMmaHHii pe3yJIbTaT JICTKO y3aralbHUTH Ha BUIA 0K CHCTEMH, IO CKJIaTaeThest 3 N
aMmop(pHUX MIapiB:
K Y
EM = E exp| —i—> %4 |-
2Y0 i (2.29)

3 (29) rpannunnM nepexoaoM d; — 0 MOKHa OTpUMaTH BUpa3 JJIsl HEMEPEPBHOTO 32

TJIMOMHOIO HEOTHOPITHOTO PO3IOILTY CIIPUHHITIUBOCTI Y0a(2):
N . K (tam
Ef" = Eoexp(—i - [ Xoa(2)d2) (2.30)

2.5. Po3cisiHHA B MOHOKPHCTAJIIYHIN NJI0CKO-NapaJie/ibHil miacTuHi
JIJ1st TOanmbIIoro PO3Tsily PO3CISTHHS B JBOIIAPOBINA CHCTEMI, IO BKIIOUYAE B cebe
onuH (200 KiNbKa) KPUCTAIIYHUX IapiB HEOOXITHO TMPUBECTH OCHOBHI pPE3yJbTaTH
JUHAMIYHOI TEOP1i KOT€PEHTHOTO PO3CISIHHS B IJIOCKO-TIapajieNibHii MIIaCTHHI.
AMIUITITYIM XBWIb B KPUCTall MOXXHA 3HAWTH 3 OCHOBHOI CHUCTEMHU JUHAMIYHUX
PIBHSHB JIIsl BUTIQKY JBOXBHIIBOBOT qridpakitii [88]:

][(280 +%0)0 + Cx_yDy =0,
C‘XHDO + (—2£H + XO)‘DH = 0, (231)
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ne Do, Dn — ammunityau npsimoi 1 nudparoBaHoi XBujb, Yo, YH — Pyp’€-KOMIOHEHTH
CHPUHHATIAMBOCTI KpucTany, C — nonspusaniiiauit MHoxHUK (C =1, c0S(20g) 115 6- Ta 7t-
noJIsIpu3allii, BiIMOBIIHO, 0g — KyT bperra), €9, eH — MOMUJIKH 30y KCHHS.
3 yMOBH iCHYBaHHS HETPHBIAJILHOTO PO3B’S3Ky CHCTEMH piBHsHB (2.31) MoxHA
OTPUMATH HACTYITHE AUCTIEPCIAHE PIBHIHHS 1JIs1 3HAXOXKEHHSI TOMUJIOK 30y I>KEHHSI:
(=2e0 +%0) (=284 + %) = Coxmxn = 0. (2.32)
Bpaxoyroun, 1o
B = Sotu/ Yo~ (2.33)
1€ Yo 1'YH — HaIpaBJIsiioul KOCUHYCH 11aJ1at04oro 1 AudparoBaHoro NpoMeHiB BiJIMOBIIHO,
a = ABsin(20;), (2.34)
A® — xyToBe BIIXWICHHS HAOpsIMKy MaJar0yoi XBWII BlJ HAOpsIMKy, IO TOYHO

3a710BOJIbHsIE YMOBI Bysibha—bperra, 3 (2.32) MokHa OTprMATH:

6 —
S0 = Yolhs (2.35)
A, = o, L[y+ (-1)°y? - 1]
2vo  2A (2.36)
JI€ JOBKMHA EKCTUHKIT
A =M Yorul/ (2.37)
y = _(Ov + ao)\/B/ 0, (2 38)

0% = Co%nXnr G = (Xo/ 2)(1+1/ b), b=vyy/ |y4], 5=1, 2.
Bpaxoytoun (2.33), (2.35) i (2.36), 3 Oyap-sikoro 3 piBHsHb cucteMu (2.31) MoxHa
OTpUMATH:

Dy = ¢,Dg, (2.39)

G = b(y+(1)y* -1), (2.40)

0 6=/ ).
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)

. DO y 5 Dh 5 . .
JIJist 3HAXOKEHHSI aMILTITY T Dy, v Dy HeoOXigAHO BHUKOPUCTATH TpaHUYHI
YMOBH, SKI ITOB’SI3YI0OTh MIDK COOOI0 aMILTITYIM XBHJIb B KPUCTAJIl 1 BaKyyMi (B reoMeTpii

audpakiii 3a bperrom):
Z Dé‘ —iKSr _ E.e " iKr (2 41)

sbo€ = LEg€ |z=t1 -
5 ,—iKSr _

L Dpe™" = 0|, (2.42)
XBWJIBOBI BEKTOPH MpsAMOi 1 audparoBaHoi XBWJIb B KpUCTAIl TIOB’s3aHl 3

BIJIMOBIIHUMH XBHJIbOBUMH BEKTOpaMH Majaroyoi 1 audparoBaHoi XBUJIb y BaKyyMi

CIIBBIIHOIIICHHAMM:
5 5 _
KO—K+K(80/yﬂ)n—K+KA5n, (2.43)
Ji¢ N — BHYTPIIIIHSI HOPMaJIb JIO IOBEPXHI KPUCTATY,
Ki’_,:K’H+K(sf_|/yH)n:KL+K(A5—u/yH)n, (2.44)

ne K — xBuIBOBHIT BeKTOP MH(paroBaHoi XBHII y BakyyMi. 3 ypaxyBauaaM (2.39), (2.43)

1(2.44)3(2.41)1(2.42) maTumemo:

D(()l)e—fKAltl + D((Jz)efimztl - E,,

qDél)e—iKAltz + CZD[{JZ}efiKAth — 0.

(2.45)
. . D(l) . D(ZJ
3 cuctemu piBHSHB (45) A1 aMIUTiTY L —“° 17° MOYKHA OTPHUMATH:
—iKAgd
S5 _ (_1°\6 Cse” 78 iKAgt
D§ = (—1)°E, C o TKAdg, o KAzd 1 (2.46)

0#0', d =t —t1. Iy 3HaX0/DKEHHS aMILTITYiu 1i(paroBaHoi XBIJIl y BaKyyMi HEOOX1THO

BUKOPUCTATH BIJIMOBIHY TPAHUYHY YMOBY:

s D Kir = Fe~iKur|,_, (2.47)
3BiJIKH, 3 ypaxyBaHHsM (2.39) 1 (2.44):
‘ aikmd _ ik
Es= Tl(tl)z ¢;Doe™ ™% = Eqn(t; )b SiKAd CiKAyd !
: Qe mGee (2.48)

Je
n(t,) = expliK at, / v,)- (2.49)
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Jliis aMIuTiTyAHOTO KoedilieHTa BiA0MBaHHS MOXKHA 3aIACATH:

FiKAd KAy

E e e
B HaOmmkeHH1 HamBHECKIHYEHHOT0 KpucTany hopmysa (2.50) naObyae Burasay:
Fu(t) = ()Y - sgn(Rey))\y* - 1). (2.51)
BinbuBanbHy 31aTHICTh MOXKHA OOYHUCIIUTH 32 JOTIOMOTOI0 BUPA3y:
Reon (40) =1y ()] (2.52)

BUKOpUCTOBYIOUM TpaHWYHY YMOBY [UJIsl XBWJ, IO NpPOHMIIIa Kpi3h IUIOCKO-
IapajiesIbHy IUIACTHHY

5, —iKSr _ —iKr
Z Dye™"o" = Ere | z=¢,
1)

3 ypaxyBaHHsM (2.43) 1 (2.46) MO>KHA OTpUMATH BHPa3 111 KOe]ili€HTa MPOXOHKSHHS:

B, oK (ara)d G -G
- EO - FiKad —iK Ad "

G€ GE (2.53)
JIyist BpaxyBaHHSI CTaTUCTUYHO PO3MOJAUICHUX Ne(deKTiB HeoOXigHO y dopmymax

(2.31)—( 2.53) 3pooutn 3aminu [90]:

Cxn = CEYy + Afnor

Crn = CEX y + Axon»
Xo = %o+ Aloor

ne Ayxoo, Ao 1 AyHo — JUCHEPCIHI MOMpPaBKH 10 CIPUHHSATIMBOCTEH 3a paxyHOK
nu(dy3HOrO PO3CISHHS MpPU HAgBHOCTI B KpucTami AedekTiB. MoxHa NOKIACTH
Ayoo = —ipgs/K, Ayon=AyxHo~0, 1e tgs — KoedilmieHT eKCTHHKIIT 32 paxyHOK aAu(y3HOTO
poscisuns, E— ¢aktop KpuBornasa (crarnunwmii pakrop Jlebas—Bamepa) [78].

[Ipy upomMy cmig BIAMITUTH, IO y BHUMOAAKY KpucTana 3 AedeKTamH, KpiMm
KOTepeHTHOro po3cisHusA (2.52) 3 BpaxyBaHHSAM EKCTHHKINT (Llgs), TAKOK HEOOXiTHO
BpaxoBYyBaTH Oe3mocepeHii BHECOK BiJl CaMOro JU(y3HOTO PO3CISIHHS Y BIIOMBAIbHY

3JIaTHICTH (L1 pe3yabTaTH Oy AyTh MPEACTABIICHI B OKpEMiil poOoTI).
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Posrissaemo kinemarnane HabmmwxeHHs (d << A) Bupasis (2.50) i (2.53). Orpumaemo

aCUMITOTHYHE 3HaucHHs Bupasy (2.48) mnpu t—0. B Takomy BHIAAKy MpHU

1/2

W>>16 =06 - 2y00)"", | 5 hesynyrari Bupas (2.49) 3B0UTECSA 10}

' _ Ay
Ey" = Eon(tl)\/Ei'
2y (2.54)

Ax=nd/A. Y Bumaaky M~1 y (2.48) MoXHa MPOBECTH PO3KJIAJ SKCIOHEHT 33 MaJkuM

napamerpoM d. Po3kiaBmin Bka3anmii BUpas 3 TOYHICTIO 0 APYTOro MOPSAAKY MajocTi d2,
OTPUMAEMO:

E}I;in - —Eon(tl)%[ZiAky + %] .

(2.55)

Bpaxosyroun, mo npu X — 0 €* — 1 =X+ x?/2, Bupa3 (2.55) 3Boautscsa 10 (2.54). Otxe,

y BChOMY JTiania30Hi 3MiHH Y BUpa3 JIJIs IMHAMIYHOT aMILTITYAu qudparoBanoi xeuii (2.48)

3BOJMTHCS JI0 KIHEMAaTHUHOT aMILTITY I 11U PparoBaHol XBUJI1 3 BpaXyBaHHSM ITOTJIMHAHHS

i3aomiieHHs (2.54) npu rpannyromy nepexomi d — 0.

g ‘ T
\EO E/’_ K V I
A - Z—tl 3:t1
d kH
a \(A /

A 2
() (1) (1) A
c p® ‘/‘D He d KoC KH
0Oc ¢ C > (2) dc
=1 K(Oc) Ky z=1

a 4]

Puc. 2.4. Tudpakiis B 1BOIIapoBii cucTemi 3 aMOp(HHUM 1 KpUCTATIIYHAM IIapaMU: CXeMa JIJISl aMILTITY/T

(@), cxema J1st XBHITbOBUX BEKTOPIB (0).

Bupa3s (2.53) npu |y| >> 1 3Boautscs a0 (2.19). Ilpu |y|~1 id — 0 (2.53) B nepiomy
nopsaKy mMajocTi rmo d 3soauthest A0 (2.19), Toxi sk B Apyromy mopsaaky mo d 3’ aBisieTbest
CKCTHHKINIMHUN MonaHoK. OMHAK TaKWid JOJaHOK HENMPAaBUJIBHO IMOIIUPIOBATH HA BECh
KyTOBMI JTialma30H, OCKIJIbKHM BiH Ji€ Juine mooiusy kyra bperra. Tomy, y Bupasi (2.53)
MOJKHA PO3KJIaJIaTH B PSIJT JIUIIE €KCIIOHSHTH, 1110 MiCTATH A1, TOJI SIK TOKa3HUKH CKCIIOHCHT
3 A, OynyTh HeManumu Tipu |y| >> 1, 1 X HeMokHa po3kiagaTy B psj o d. BpaxoByrouun

CKa3zaHe, /Ul BpaxyBaHHS BIUIMBY €(EKTIB €KCTHHKIIII Ha MpsIMYy XBWJIIO 332 paxyHOK



59
NepeTiKaHHs YaCTUHU IHTEHCUBHOCTI B TU(paroBaHUi NpOMiHb AOLIIHHO KOPHUCTYBATUCH

3araJbHUM BHpa3oMm (2.53).

2.6. Po3cissHHA B ABOIIAPOBIii cucTeMi 3 aMOp(HUM i KPUCTAJTIYHUM HIAPAMH
Po3rissHeMo po3CisiHHS B JABOLIAPOBINA CHCTEMI, IO CKJIAJAETHCS 3 IOBEPXHEBOTO
aMop(hHOTO APy 1 MOHOKPUCTAIIYHOT IMiAKIaAKH (IUB. puc. 2.4).

3anuiieMo rpaHuyHy YMOBY Ha BX1H1 OBEPXHI:

—ikr —iKr
D.e™ =E,e

= (2.56)
3B’S130K MK XBUJIbOBUMHU BEKTOPAMH B BaKyyMi 1 B CEPEIOBHUILI BU3HAYAETHCS BUPA3OM
(2.16). [Tincrapsroun (2.16) B (2.56), orpumaemo (2.17).

3anuiieMo rpaHUdHy YMOBY JJIS 11aJIa040i XBUJI HAa MEX1 MK aMOp()HHUM II1apoM i

KPHUCTAJIOM:
(&) ,—ikOr _ —ikr
26 DoC e co” = Dkae |z=t2 (2-57)
3B’A30K Mi’K XBHJIbOBUMH BEKTOPAMH Ma 1ar04oi 3 amopHOro iapy xBuii K i XxBui B
-k (® . .
xpucran K ,” MoxxHa oTpumaty HacTynHuM YuHOM. Hexali Ha amopdHuii miap 3 Bakyymy
najae xBwiasd K, Tomi T 3B’S30K 3 XBWJIBLOBHM BEKTOpOM K B amopdrHOMy miapi

BH3HAYaTUMEThCS BUpa3oM (2.16). Hexali XBHIsA 3 TAKUM CaMUM XBHJILOBUM BEKTOPOM Y

BakyyMi K majjae Ha MOHOKpHUCTaIIYHy TUIacTUHY. To/1 3B’ 130K XBUJIHLOBOTO BekTOpy K B
.. : e

BAKyyMl 1 XBHJIbOBHX BEKTOpPIB B KpHUCTail Kg) Oyne Bu3HauaTHCh BHpaszom (2.43).

[MpupisHtoroun (2.16) 1 (2.43), orpumMaemMo:

) _ e _
K& =k-K(A, - AN, (2.58)

Ac Aa=XOa/ (Z'YO)-
I'pannyna ymoBa miis audparoBaHoi B KPUCTAIIYHOMY Iapi XBHWJII Ha BUXIIHIN

MOBEPXHI Ma€ BUTIIS;

8) _ik®
Yo D\ e Kt = 0|,y (2.59)
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3B’S130K M1’ XBUJILOBUMH BEKTOpaMu AU(PParoBaHOi XBUJI1 B KpUCTaI 1 BIAMOBITHOT XBUJIIL

y BaKyyMi, 3riiHo 10 (2.44), MO>KHA 3aIiCcaTh y BUTJISIII:

(&) _ —
K& =Ky +KAgn-(Ka /y,)n (2.60)

[TincraBnsroun (2.58) B (2.57) 1(2.60) B (2.59), 3 ypaxyBauusm (2.17) 1 (2.39) orpumaemo:
D((}? g iKdats D{()? g Ksats _ Eo K8 ,

(2.61)
) . pW . p@
Po3p’s3yroun cucteMy (61) BigHocHO “oc i o | oTprMaEeMo:
—iKA.sd
(&) _ 46 ,—iKAgd Cse”KAcsde iKAcsts
Dy, = (—1)%Eye “ aCle—iKAcldc_Cze—iKAczdce ¢ (2.62)

3anuiieMo TpaHWYHY YMOBY i AU(ParoBaHoi XBWII Ha MeEX1 aMOpQpHOro i

KPUCTAJIYHOIO IIAPiB:

. S . ()
Dyae ™" = 35 D\ e~ KneT|,_, (2.63)

BUKOpUCTOBYIOUM NPUHLMKIT B3a€EMHOCTI, JJIS1 B3a€MO3B’SI3Ky XBUJIBOBHX BEKTOPIB
nudparoBaHUX XBWIb y BAKyyMi i B aMOp(GHOMY I1api, aHAIOTIYHO 10 oTpuMaHHs (2.16),
MaTUMEMO:

K, =k, -KAn (264)
ne Aan =04/ (2yR). IMincrapnsroun (2.64) B (2.60), oTpuMaemMo 3B 430K MiX XBHILOBUMH

BeKTOpaMu qudparoBaHUX XBUJIb y KpUCTAJ1 1 aMOpPHOMY T1api:

K& =k, -K(Ay -A;)n-(Ka,/y,)n

(2.65)
[MincraBnsitoun (2.65) B (2.63), 3 ypaxyBauusim (2.39) 1 (2.62) otpumaemo:
Do = np€¥e Y ¢ DK ost
5 (2.66)
7e TYT 1 gami
Ny = XPUK (o, / vy)t;). (2.67)

PosrnsinemMo rpaHudHy yMoOBY Ui audparoBaHOi XBUJII Ha BXIJHIM MOBEpXHI

JIBOIIAPOBO1 CUCTEMU:
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—iKyr ikyr
ESe W DHkae "

= (2.68)
[TincraBnsroun (2.64) B (2.68), 3 ypaxyBanusm (2.66) orpruMaemo:

.o Koa
N (t)=——=r,(t)exp| -iK 22|,
Hac Hc ‘™2
bE, 2y (2.69)
I[e =241 - | , The(tz) maerses Bupazom (2.50). Takum YMHOM, BILTUB aMOPGHOTO [Iapy
Yo

Ha HOBerHi Ha BiI[6I/IBaJIBHy 3I[aTHiCTI> KpucTaja 3BOAUTHCS JIMIIC 10 IMOTTIMHAHHA.

2.7. ludpakuis B ABomapoBiii kpucramiuniii cucremi. MeToa mniacymoByBaHHS
aMILTITY
Ha pucynky 2.5 noka3ana cxema nudpakiiii B ABOIIAPOBINA KPUCTAIIYHINA CUCTEMI.

[Tamaroua 3 BakyyMy IJIOCKa XBUJIS 3 aMILTITY 010 Eg moTparuisie B ap K. B kpucranianomy

. (1) .
rapi K XBuiist tudparye 3 yTBOPSHHSIM PSIMOTO TPOMEHSI Bocr 1m0 mani POXOAUTH B map d,

.. & . ) &
i BinGuroro mpomens Ewe sxumit BEXOAMTH y BakyyM 3 aMIuiiTyaor Eni. XBums Eox
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VY Bunanky, Koy map K po3ciroe KiHeMaTH9HO, MOJKHA BPaxXOBYBATH JIUIIIE MPOLIEC
OJIHOKPATHOT'O TEPEPO3CISTHHS, OCKIILKHA aMILTITYAa XBUJIl, po3cisHol B mapi K, mana B
HOpIBHSAHHI 3 po3cigHoo B mmapi d. Tomi Bupa3 ais pe3yiabTyHOUOi XBHII B BaKyyMi
3BOJIUTHCS JI0 TIOSIBU €KCTHHKIITHOTO MHOYKHUKA TIPH aMILTITY/Ii PO3CiFoBaHOI B 1mapi d
xBwii. OHAK, KOJM PO3CISHHSA B mapi K HOCHTh TUHAMIYHHUI XapakTep, BpaxyBaHHS
OJTHOKPATHOTO TMEPEepO3CIIHHSA MDK IIapaMH HEIOCTaTHbO. B TakoMy BHUMAAKY CIiJ

BpPaxoBYBAaTH MOBHY 0araTOKpaTHICTh IEPEPO3CITHHSI MIXK IIapaMHU.

AMIUTITY 12 XBUJT Eoc. 110 poimuIa Kpi3k map K (aus. puc. 2.5):
E(()t) = E gl (2.70)
BBenemo no3HaueHHs
Uer = \/Ber'Ner = \/Brl-ld- (2.71)

Awmmutityna nudparoBanoi B mapi d XBuIi:
Efq = EqTna(t2) = EoTorfa (t2) (2.72)
AMIUTITY 14 XBUJI, IO TIPOMIILIA KPi3k mmap d:

W _, g0 _ _
Eod = looEox = MoxloaEo = Erae (2.73)

. (2) . .
Jlnst ammitynn Eie HeoGxinHo kopucTyBaTHCh BHpasoM, aHanoridHuM 10 (2.53),

OJIHaK 3 BpaxyBaHHSM TOT'O, 110 Y BKa3aHOMY BUIIAJIKy BEKTOp Au(Dpakilii 3MiHIOIOThHCS 3 H

E(Z)

(-) .
Toc’» Toni nna Fhk oTpuMaemo:

Ha —H. [To3Haunmo Taky aMILUTITy Ay IK
2 (- N -
El(ik) = El({d)ro(k) = EoTox™1d (tz)ro(k) = Eyy (2.74)
Jnst nudparoBanoi B mapi K XBUITi MOKHA 3aIHCATH:
1 N
Eg. = Eofuc(t) = By (2.75)
Takum ynHOM, I AU(PaAroBaHoil XBUIII y BaKyyMI, 3 YpaXyBaHHSIM ONKUCAHUX BUIIIE

amrutityn, 3 (2.74) 1 (2.75) otpumaemo:

2 ~ . _
EY = Egy + Enp = Eo(Fa(tr) + Torua (6D ) (2.76)
PosriastaeMo XBUITIO Eg)2'3:
2 (= . (=
E(gk) = EI({ld)rng)(tz) = EorokTHd(tz)T}gk)(tz) (2.77)

ge fy) = VO = () g
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E?

JIst aMILTITYAu " MOYKHA OTPUMATH:
2 ~ . e .
Ey = ERua(ty) = Eotorfna(t)7ig (62)Fua (t2) (2.78)
. . E(2) . E(B)
BianmoBimHO 11 —0d 1 -0 MATUMEMO:
2 2 (- -
E(gd) = Ec()k)TOd = EOTOkrOd(tZ)rl.gk)(tz)er(tz) =FEr, (2.79)
3 ~\" ~ ~\— ~
E(gd) = Ec§13<)r0d = Eorokrod(tz)ﬁgk)(tz)rﬂd(tz)ﬁgk)(tz)er(tz) = E5 (2.80)
E(3)

XBWJIA ~Hk MA€ BUTJISIAL
3 2) (- N (- N -
By = o) = Eoronfua ()i (6P (8 = s (2.81)
Takum 4MHOM, U151 TPHOX TU(PPAroBaHUX XBHUJIb Y BaKyyMi, 3riHo 70 (2.76) 1 (2.81)

MOJKHA OTPUMATH:
By’ = Ens + Ewp + Enp == Eo(Fi(tr) + rorfua (827 +
+ Torfa (82T’ (62)Fina (E2)755 ) (282)

JIJ1st TpHOX XBUJIb, IO IIPOMIILIN KPi3b IBOIIAPOBY CUCTEMY, 3Ti1HO 10 (2.73), (2.79), (2.80)
MaTHMEMO:

3) : (=) : () \)

Er” = Er + Ery + Ery = Eqrortoa(1 + Pua(t2)7y (62) + (THd(tz)er (tz)) )
[IpomoBxKyr0ur BpaxoBYBATH TMEPEPO3CIAHHS OUIBIIUX TOPSAKIB, i N-TO

XBWJIBOBOTO ITOJIA MOKHA OTPHUMATH:
ENY = Eo(Frue(ts) + Tk (Fua(t2) 57 (Faa (82)75) (£2)) ) (2.83)

_ i
B = Eororoa(1+ Z15 (Fua (62)75 (82)) ) (2.84)
BpaxoBytoun TIOBHY OaratokpaTHICTh TMEpEpO3CisiHHS Mk Imapamu (N — o0),

nigcymoBytoun B (83) 1 (84) reomeTpuuHi mporpecii MOKHa OTPUMATH:

() ~ rokad(tz)T(g;)
E = Eo(Ty. () + 2.85
H 0( Hk( 1) 1_77'Hd(t2)77'157()(t2)) ( )
EL) = fy—Taded (2.86)

1-Fd (62)750 (E2)
AMITTITY THHM KOS(IITI€HT BiIOMBAHHS JIJIs1 PO3TISHYTOI IBOIIIAPOBOT CUCTEMHU:

(ny _ E(n)
W = B BE). (2.87)

3 ypaxyBanusm (2.85) mist (2.87) otpumaemo:
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Ry = ES) T(VBE) = Mgt E o + g (1), (2.88)
e

(-
rOkrOk

E..= O
1_er(t2)er (tz)

(2.89)
3HaieMo 3B’ 130K MIXK aMILTITY THUMH KOePiIlieHTaMU B1IOMBaHHS 1 MPOXOIKEHHS 3
B1JI’€MHHMM BEKTOPOM JIU(PpaKiiii 1 BIAMOBIIHUMHU KOe(DII[IEHTaMU 3 JOJIATHUM BEKTOPOM

audpakiii. BpaxoByrouu 1o
0 = on K =Ky K =Kyl b, 60 <1760 (5 g0)

OTPUMAEMO:
KO Ky KO K
b7 =1/ by =y, &) =, 1(b2), A = —%’{l+l}
Yo Ym
67 =] =t d =t -t =t -t =, 291

Takum yuHOM, 17151 aMIUTITYTHUX KOE(II1€EHTIB OTPUMAEMO:

0
ri) = e 1) =1y exp(iK 12_0(l+i]ko

G2 Yo Th (2_92)

a Bupa3 (2.88) MorkHa 3arucaTi y BUTJIS/IL:

rl-[I)k + (ndzlnkz)rl-?d(rozkezmk - (rﬁk)zl )

1- (Mg, / (e Dialiag (2.93)

K 1 1
P == X&(—+_J ak dkr rHL = L(O)J
21 2 Y Yu) Yu

i BimOuBasbHa 31aTHICTH M'H (t) mapy L Bu3HavyaeThes Bupaszom (2.50).

(=) _
rH - k1

MHoxHHK Eex B (2.88) onucye BrumuB mapy K Ha audpaxiiro B mapi d. [Tpu npomy,
sikio map K qocuts Tonkwmii (dx << A) 1 17151 Mg MOYKHA BUKOpUcTaTu Bupas (2.54), To Bupas
(2.89), 3 ypaxyBaHHSIM CITiBBiTHOIICHHS Mi’ aMILTITY THUMHU KOeillieHTaMH BiIOMBaHHS 1

npoxokeHHs (2.106), MoXHa 3arucaT y BUTJISIL:

E.. = E,EE,, E, = exp(-iKdye /(2y)), (2.94)
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; 1
E.=ng,Q+ (5 ) e /¢ ), E, = )
© @ Hi “ 1- ('ﬂdz / (gknk2))r£krl-?d

Omxe, BruiB mapy K Ha qudpakiito B mapi d BigOyBaeThbes yepe3 TPU MEXaHI3MH,
BimoOpaskeHI MHOXKHHKamu y Bupasi (2.94). Ilepmmii MuHOokHHMK E, BiamoBimae 3a
doroenexTpuyHe NoriMHAHHA B mapi K, npyruit MHOXHUK E. omumcye ekcTuHKIIIO 3a
paxyHOK audpakiii B mapi K xBumi, magarodoi Ha map d. TpeTiii MHOKHHK, SIK BHIHO 13
(2.83)1(2.85), onncye moBHyY OaraToOKpaTHICTh Iepepo3cissHHs Mixk mapamu d i K.

Ha pucynky 2.6 moka3zaHO KyTOBI 3aJISKHOCTI AudepeHIlianbHOI BiTOMBaIBLHOI
3IaTHOCTI B JIBOIIAPOBIM KPUCTAIIUYHIM crcTeMi, B sKii 1map K BinpisHseThes Bia mapy d
MaJiol0 HOpMajibHOIO Jedopmariero. Pospaxynku mpoBeneHo it peduiekcy (440),
BunpomineHHs MoK, ToBumHa negopmoBaHoro mapy tyx =2 MkM, 100aBka 10 KyTOBOT
3MiHHO] 32 pPaXyHOK HOpMaJIbHOI edopMmartii ag — ax =5-10° Sk BHHO, BIIIMB ONUCAHUX
BHUILIE MEXAHI3MIB €KCTUHKIIIT 1 0araTOKpaTHOCTI EPEPO3CISIHHSA € CyTTEBUM. [Ipu ipomy,
pH 301IbIIICHH] BETMYMHU JedopmMarlii TakKuii BIMB 3MEHIITY€ETHCS, 1 HABITAKHU.

1,4 .
1,2 ‘
1,0 '

§0,8

£0.6
0,4
024 | "Tes-
0,0

5:10° 1-10°%1,5-10°% 2-10°°
AB

5:10° 1-10°* 1,5°10°¢ 2-10°
AB

a o
Puc. 2.6. ludepeniianpHa BigOMBaIbHa 3AaTHICTD JBOMIAPOBOT KPUCTAIIYHOT CHCTEMH 3
MaJIor0 HOPMaJIbHOIO AehopMalli€lo B IEPIIOMY IIapi: BiIOMBaIbHA 3/IaTHICTD 3
ypaxyBaHHSM BCiX MEXaH13MiB PO3CISIHHS B IBOILIAPOBIH cCUCTEMI (CyLLIbHA JIiH1s),
B1I0MBaJIbHA 3/IaTHICTH 3 YpaxyBaHHSIM JIUIIIC MOTJIMHAHHS B IEPIIOMY I1api (TyHKTUPHA
ninist) (a); BinOMBaIbHA 3[aTHICTh 3 ypaxXyBaHHSM BCiX MEXaHI3MiB PO3CIsIHHS B
JIBOIIAPOBIN cucTeMI (CYyIIIbHA JIIHIs ), 0€3 BpaxyBaHHs 0araToKpaTHOTO NEPEepPO3CITHHS

MiX [apamMu (IUPOKHIA MyHKTHP ), 0€3 BpaXyBaHHsI €KCTUHKIIT (IpiOHUE yHKTHD) (6).
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2.8. ludpakuis B ABOMIAPOBii KpucTaaiuHiii cucremi. MeTo rpaHMYHUX YMOB
3anuiieMo rpaHu4Hi YMOBH JUIS aMIUTITY] (IUB. PUCYHOK 2.7) Ha MeXax pO3iIy

Iapis:

2 Doke iKder Eoe—iKr

r

2 (2.95)

E e—JKH — Z Der Ky r

=t (2.96)

Z D()de iKdgr z D()ke iK3yr

!

2 (2.97)
Z Der iKgr _ Z DHde iKegr '
2= (2.98)
Z D;S‘ rKHdr — .
2, (2.99)

Tyt 1 mani ingekcamu K 1 d OyemMo mo3HavaTy BEJIMYWHH BiATIOBIIHO B IIEPIIIOMY 1 IPYTOMY
miapax.

3 rpannyHux ymoB (2.95) i (2.97)—( 2.99) moxkHa 3amucaTH HACTYIHY CHCTEMY

: . pL  p@
P1BHAHDB AJISI BUBHAYCHHA aMILIITY Ok ™0k’

D efKAkltl + D IKAkzi'l _ E0'

D(l)enmdlt2 N D lKAdztz _ Dé}je"““ﬁ " D —fKAkztz’

nkz(cle(l)e IK_\.kltz n CkzD JKAkztz) _ ndz(cdlD(l)e iK Aty n CdZD JKAdztz)
CdlDOd JgKdals | Cdsze Kdals _ .

ES
E(}
z= tl
Dllk de
D()k 2=t
\/Dm

0d

(1) (2) .
DOd 1 Dod .

(2.100)

=t

w

Puc. 2.7. AMITIITY 1M XBIITHOBOTO TIOJIS B IBOIIAPOBi KPUCTAIIIYHIM CUCTEMI.
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BBeaemo 1151 CkopodeHHS 3aMuciB TO3HAYCHHS:

~iK At K Agt,

Q<6n:e 'edﬁn:e

Toni cucremy piBasHB (2.100) MOXKHa 3aIIICATH Y BUTJISII:

& € 0 0 Do | (Eo
€2 &» —€n2 —€i22 Dt()i) _ 0
NoCabz MeCobar MNaCan€nz MNaCa€i || Dod 0
0 0 CnGns3 Cxi3 Dr()}j) 0 (2101)
DY . p@
3(2.101) gost “ok i ok MOYKHA OTPUMATH:
D&) =E, S (ndz\/&gd — G2
81 (G — G )Mz = Mgz / i )aaa) (2.102)
Déi) =E, Gk Gz — ndz‘/Brl-?d
€ (GuBak — G MNiz = Mz / S )iliag) (2_103)
Ac
e,, = Qi3 _ iKag(tty) _ KNty e, = Qo2 _ KN (t-t) _ K agd

ed82 Q(SI

dx 1dg— ToBHM mapis K 1 d BixmoBiaHO.

Temnep BukopucTaeMo rpaHu4Hy ymoBy (2.96), 3 sikoi, 3 ypaxyBanusM (2.39) i (2.44)

MO’KHA OTPUMATH:
Es = nklcle[()i)e_jKA“tl u nklckzD(()Zk)e_iKAthl' (2.104)
[MincraBnsroun (2.102) 1 (2.103) B (2.104), otpumaemo:
ro B, Rk *+ s Maa / 1)1 = 2y /6
JbE, 1- gz / (Mol (2.105)
BpaxoByrouu cripaBeisTuBICTh PIBHOCTI
€™ = (51 G = 2%hae / G + 1, (2.106)

Bupa3s (2.105) 3oauTthes a0 (2.93).
B pe3ynpTaTi mokaszaHo, 1o po3BUHYTUH MiAX1] 13 3aCTOCYBaHHSIM IPAaHUYHUX YMOB
JIACHO BpaxoBYE MpOLECH 0araTOKpaTHOTO MEPEPO3CIIOBAHHS BUIIPOMIHEHHS SK B

paMKax OKpPEeMOro Mmapy peUOBUHHM, TaK 1 MIXK JCKIJIbKOMA IIapaMu. TakuM YUHOM JTaHUN
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MiIXiJ € TOBHUM 1 JIOCTaTHIM IS ONHCAHHS 3aJOMJICHHS Yy 0araTomapoBOMY

HEKPHUCTATIYHOMY 00’ €KTI.

2.9. BucHoBKH

AHaJi3 MexaH13MiB (GOpMYBaHHS CTATUCTUYHOI JUHAMIYHOI KAPTUHH OPETTIBCHKOTO
PO3CISIHHS B paMKax MOOYyIOBaHOI MOJENI, JUIs BUMAAKY JBOIIAPOBUX KPHCTATIYHUX
CUCTEM 3 aMOP(HUM TOBEPXHEBUM II1APOM, TTOKa3aB HACTYITHE.

TeopeTuuni Mo, sIKI OMMUCYIOTh PO3CISIHHS Y CUCTEMI IIapiB MUIIXOM CKJIJaHHS
aMILTITY ] AUdparoBaHUX OKPEMO, HAPUKIaJ, y KIHEeMaTUYHO Ta IMHAMIYHO PO3CIIOI0UUX
mapax XBWJIb, MOXYTh BHUKOPHCTOBYBATHCH JIMIIE Yy BHIIAJIKaX, KOJU TOBIIHWHA
KIHEMaTUYHO PO3CIIOI0YOTO Iapy CKJIAJae JMIIe ACKUIbKAa BIJICOTKIB BiJ JOBXHHH
excTuHKII. [Ipy 11bOMy, KOJMM BKa3aHa TOBIIMHA JOCSTAa€ a00 TICPEBUINYE ACCATKU
BIJICOTKIB BiJl JIOB)KUHHM €KCTHUHKIIII, CYTTEBUMH CTalOTh €(PEKTU €KCTUHKIII 32 paxyHOK
KIHEMaTUYHOI JU(paKIlii y mepIioMy mapi TOro IpoMeHsl, 110 IPOXOAUTh y APYTUi map, a
TaKoXK e(heKTH 6araToOKPaTHOCTI MEPEPO3CITHHS MIXK IIIApAMH.

B ocraHHbOMYy BHUIIaIKy HEOOXIIHO BHUKOPHUCTOBYBAaTH CTAaTUCTUYHY TUHAMIUHY
MOJIENb, SIKa BPaXOBY€ BIIMIY€H1 €(eKTH HUISTXOM PO3B’sI3aHHS 3arajbHOTO XBUJIHLOBOTO
PIBHSHHS JIJI1 PEHTICHIBCBKMX XBHJIb B CEPEJIOBHIN 3 BUKOPHCTAHHSM BiJIIMOBIIHUX
IPaHUYHUX YMOB SIK Ha IOBEPXHI1 ABOIIAPOBOI CUCTEMHU, TAK 1 HA MEXK1 PO3/1TY LIapiB.

[Tpu iboMy 3a3Hav€HA MOJIEIH IIPHU 3pOCTAaHH] TOBITUHU MEPIIOTO MIAPY /10 BEINYHH,
piBHUX a00 OUIBIIMX JOBXHHH EKCTHHKIII, ONMucye e(PEeKTH IOBHOTO TIOJaBJICHHS
EKCTHHKITI€IO SIK TPOMEHS, 1110 TPOXOMB IIPY MEHIIIMX TOBITUHAX Y IPYTHH map B 00J1acTi
KYTiB OperriBcbkoi qudpaxiiii, Tak 1 ehekTiB 0araToOKpaTHOTO IEPEPO3CISTHHS MIXK IIIapaMH,
AKII0 OpETrTiBChKI KyTH PO3CISIHHA Y IIapaxX OJIHAKOBI, a 1e(heKTH y 11apax BiACYTHI, TOOTO B

TaKOMY BUIIAJIKY ITPALIOE JUIIIE NEPIINIA 1Iap.
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PO3JILT 3
®OPMYBAHHSI 305PAKEHHSI HEKPHCTAJITYHUX BATATOIIIAPOBUX
OB’CKTIB JOBLILHOI ®OPMU

3.1. Beryn

PentreniBcbka pamiorpadist A oTpuMaHHS 300paXeHb HEKPUCTAIIYHUX 00’ €KTIB
TPaJAUIIITHO BUKOPUCTOBYE SIBUILIE MMOTJIMHAHHS BUITPOMiHEHHS. OHAK y TOMY BUIIAJIKY,
KOJIM JOCHIKYBaHUM 3pa30oK Mae€ Maluil Koe(illleHT TMOTJIMHAHHA, OTpPUMAaTH
iHpOpMaTUBHE 300pa)KEHHS CTa€ OY)KE CKIAIHO. SIKI0 HATOMICTh BUKOPHCTOBYBAaTH
SBUILIE 3AJIOMJICHHS, TO MOXKHA OTPUMATU 300PaKEHHS 13 CYTTEBO OLIBIIMM KOHTPACTOM
1, IK HAaCJTIOK, OTpuMatu Habararo Ouibiie iHGopmarii mpo 06 ekt ([91-93]).

@Da30KOHTPACTHI METOAU OTPUMaHHS 300pakeHb MPEACTABIAIOTH 3CYyB (a3u
BUIPOMIHEHHSA, IO MPOXOJIUTh Yepe3 HEKPUCTATIYHUN OO0 €KT, y BUIVISAAI 3MIHU
IHTEHCUBHOCTI 300pakeHHs. Ik OyJi0o MOKa3aHO B MEpIIiil IJIaBl TPUBICHOBUWA METO[ 3
BUKOPUCTAHHAM KpHcTana-aHanizatopa (ABI) € omuuM 13 HaWOUIbII YyTIUBUX Ta
1H(OOPMATUBHUX 3aBJIIKU BUCOKIM KYyTOBIM UyTIMBOCTI Ta BUOIPKOBOCTI 1O BiTHOIICHHIO
70 PO3CITHOTO BUMpPOMiHEHHs. Da30KOHTPACTHUI METOJ 3 BUKOPHUCTAHHSM KpHUCTasla-
aHaji3aTropa Brepiie O0yso npeacTaBieHo y podortax [47, 54, 94, 95].

JIist KUTbKICHOT 1HTepHpeTalii 300pakeHb 3a3BU4ail BUKOPUCTOBYIOTh TP OCHOBHUX
miaxomn [96]. B mepmiomy  migxoai Uil ONMKMCAHHSA 3MiH  1HTEHCHBHOCTI
BUKOPHCTOBYIOTHCA PO3KJIaa B psin Teitnopa modan3y poOouux TOYOK KPUBOiI TOHIAHHS
anamizaropa ([97, 98]). Hpyruit miaxia noxsrae y migoopi GyHKIIOHAIbHUX (GOpM IS
anmpokcumarii BUMIpsSHUX KpuBuxX TroumanHs [99-101]. Ili ¢yukmii maroTe OyTH
JOCTaTHbO THYYKOIO 1 BKJIIOYATH B cebe mapameTpH, IO BIJAMOBIIAIOTh PI3HUM
XapakTepucTukaM 00’ekta. TpeTi miaxia Ha3uBaeTbes pagiorpadis Ha OCHOBI 0araTbox
300pakenr (MIR — multiple-image radiography). ¥ MIR «kpuBa roitnaHHs
napamMeTpHU3y€eThCsl Ha OCHOBI JEKUIBKOX BUMIPIOBaHb MOOIM3Y P13HUX POOOUMX TOUOK
6e3 6e3nocepeHbOT MAroHKM KpuBoi. KpuBa roinanns 06’ ekra (oTpuMaHa 3a HassBHOCTI

JOCIIKYBAHOTO 3pa3Ka) MOPIBHIOETHCS 3 OMOPHUMHU KPUBUMHU TOUJAHHS (OTPUMaHUMU
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0e3 3paska) MmKCceIh 3a MIKCEJIeM, a BEIMYWHU TOTJIMHAHHS, 3JIOMJICHHS 1 PO3CISTHHS
OTPUMYIOTBHCS 13 PI3HUIN MK KpUBUMHM roiaanus [53, 102, 103].

Cnig BiAMITUTH, IO OUIBIIICTh MOIIMPEHHUX IMIJIXOMIB 0a3yeTbcsl Ha HAOMMKEHHI
Te€OMETPUYHOI ONTHUKH ISl PO3CISTHHS Y HEKPUCTATIUHOMY OO’ €KT1 1 HaBITh Y KPUCTaIi-
aHajizaTopi. B To# e yac 3aCTOCOBYETHCS 1 OUIBIIT CTpora Teopis s onucy audpakiii
BUIIPOMIHEHHS Yy KpHUCTali-aHaji3aTopi, sfika O0a3yeThCs Ha BHUKOPUCTaHHI (YHKIIH
toukoBuX JoKepen [99, 104, 105]. Opnak s omucy Audpakilii peHTIEeHIBCHKOTO
BUMPOMIHEHHS y KpHUCTali-aHai3aTopl I Teopis 3acTocoBye HOPMYJIH, 0 0a3yIOThCA
Ha HAOJIMKEHHSX, aHAJIOTTYHHUX 3po0ieHuM y poOoTi [106], ne hopmyau BUBOJAUIUCH 13
XBUJILOBOTO PIBHSIHHS 13 BIIKMHYTUMHU JIPYTUMU MOX1THUMH aMILTITY]] XBHJIHOBHUX OB
y Kpuctanax. Take HaOJMKEHHSI 3aCTOCOBHE JIMIIE JI IUIABHUX TOJIIB 3MIIIEHHS 1, SIK
HACJIJ0K, HE MO€e OyTH KUIbKICHO BIDHUM IPU OMMCAHH1 PEHTT€HIBChKOI TU(dpaKiiii Ha
KpHUCTaIax 13 MikpojaedekTamMu. Y JaHii poOOTi 3ampoIlOHOBAHO SKICHO HOBHMM IiIXij,
mo O0a3yeTbCs Ha JIETAJbHINM Teopii OaratokpaTHOro (AMHAMIYHOIO) PO3CISIHHS Y
HEKPHCTAIIYHUX 00’ €KTaxX Ta y KpUcTajlax MOHOXpomaTopa i anaiizatopa [90, 107-110].

[lopganpmmii  omuc  mpomecy  (GopmyBaHHS  300pakeHb  OaraTomIapoOBHUX
HEKPUCTAJTIYHUX 00’ €KTIB NOTPEOy€e BCTAHOBIICHHS aHAIITUYHOTO 3B’ 513Ky M1)K OKPEMUMU
napamMeTpamMu HWOro ckiuagy Ta QopMH Ta BIANOBIAHUMHU BEJIHMYMHAMH, 110
CIOCTEPITraloThCs HA EKCIIEPUMEHTI.

Takuii aHami3 3py4HO MPOBOJAUTH Y TEPMIHOJIOTIi XBHJILOBUX BEKTOPIB 1 TPAHUYHUX
YMOB, 110, SIK OyJi0, MOKa3aHO BpPaxoBye e(peKTH 0araToOKpaTHOTO PO3CIIOBAHHS, alie
BOJIHOYAC HEOOX1JIHO OTPUMATH PE3yJIbTAT Y JOCTATHBO MPOCTiil (hopMmi AJIsl MOJATBIIIOTO
pO3B’s3Ky 0OepHEHOT 3a/ayi 1 Mpu bOMY BiH MOBHHEH 30epiratv yci mepeBard Haj
IITUPOKO-PO3MOBCIOHKCHUMH CIPOIICHUMH i IXOJaMH.

Y nmaHoMy poO3AUTT  BCTAHOBJIEHO 3B’SI30K MDK [apaMeTpamMu CTPYKTYpHU
0araTtomrapoBOr0 HEKPUCTATIYHOTO O00’€KTa 13 BIAMOBIIHUMH CHOCTEPEKYBAHUMU
BEIMUYMHAMHU 1 HaBEACHO psAJ MOJEIbHUX EKCIEPUMEHTIB, M0 OOrpPYHTOBYIOTh

mpare3aaTHICTh CTBOPEHOT MOJIEI.
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3.2. Teopia 0araTOKpPaTHOrO PO3CIlOBAHHA B HEKPHCTAJIYHMX 00’€KTax JAOBLIbHOI
dbopmu.

Cnig 3a3Ha4UTH, 10 B paMKax IMiAXOJYy, IO 3aCTOCOBYEThCS B JIaHiil poOOTI,
pPO3B’S3KM B OCHOBI SKMX JIeKaTh PIBHSHHSA MakcBena 3 TOYHICTIO JI0 TTO3HAYEHb
301raroThes 10 PO3B’sI3KiB Ha OCHOBI piBHsHB llpeninrepa. TakuM 4WHOM JlaHa TeOpis
0e3 OoOMEXKEHHS 3arajJlbHOCTI MOXe OyTH 3acTOCOBaHa SIK JJIsl JIIaTHOCTHUKHA 3
BUKOPUCTAHHSIM PEHTTE€HIBCHKOTO BUIIPOMIHEHHS, TaK 1, HAPUKIIAJI, IPU BUKOPUCTAHHI
JpKepernia MIBUJIKMX HEUTpOHIB. BHACHIIOK HBOTO MOAANbINI BUKIAIKU HABOISTHCS B
TEPMIHOJIOT1] KBAHTOBOT MEXaHIKHU.

[ToTentian V HekpucTamiyHOTo 00’ €KTa, AKUH 3 OIJISIIY Ha T€, [0 B pOOOTI PO3IIISIA€THCA
MOTJIMHAHHS, € KOMIUICKCHUAM, 3aITHIIIEMO Y BATJISII:

V() = B CEVEGr—1),

V) =v()+ V) — V),

V() =X CEVeiar—1) =V (3.1)
ne ' — pajiyc-BeKTOp, MPOBEACHUH 13 TOYATKy KOOPJIMWHAT B IIEHTP OJHOTO 13 aTOMIB
copra o, C;7 = 1, IKIIO B TOYLI I’ 3HAXOIUTHLCS LIEHTP aToMa copra o, 1 €7 = 0, AKIIO B
TOYII I'' 3HAXOUTHCS LIEHTP aToMa copTa o' # o ab0 y 10 TOUKY HE MOTpPAILIs€ KOJICH 13
LEHTPIB aroMiB; V* — MOTeHLia)l B3a€MO/I11 BUIIPOMIHEHHS 3 aTOMAMH COpTa 0, HEHTPH
SAKUX 3HAXONATHCS B TOUKax I’ (3anexHicTh V® BiJl CTPYKTYpPH Ta CKJIaJy OTOUYCHHS HE
BPaXOBYETHCH).

®yp’e posknag BenuuuHy C,; — C§, 1e C§ — cepeHs KOHLEHTpallis aTOMIB COpTa a,
Ma€ BUTIISI; Cr“r —C¢ =Y Cle i,
. : 1 r
a _ N a ay ,ikr
ne K 3a10BONTBHSIE YMOBAM LUKITIYHOCTI, a €} = ﬁzr’=1(Cr' — Cy)e"™ .

Hexaii:
V() =V'(r) +iVi(r), (3.2)
ne V' (r) — miiicHa, a Vi(r) — ysBHA yacThHa noteHmiana V(r).
3anuieMo MoTeHIIal y BUTJISIIL:

Vi) = Y V] e, (3.3)



72

k/2m mpo0irae Bci 3HaUEHHS, 10 33I0BOJIBHSIOTH YMOBaM HUKIIYHOCTI. Bupa3s (3.3) Mmoxe
orucatu po3kian y psag @yp’e abo okpemo miiicHOT yacTuHHA V7' (r) TOTEHIIiana, TOAi
inaexc f 3aminsiemMo Ha r, a00 ysABHOI yacTHHH, To/1 =1, un Bchoro nmorenmiana V(r), Tomi
iHaeke BiacyTHIH. I3 (3.3) sicHO, 1110

Vi = VI + iV, (3.4)
ne Vi — k-ta xommonenta ®dyp’e Bixm V(r), a VJ i V} — aHamoriudi KOMIIOHEHTH
vir)y Vi

BIJIITIOBITHO BIJ [Ipy 1pOMY 1711 KOXHO1 13 BKa3aHMX KOMIIOHEHT

CIIPABETMBO
Vf —_ z C‘Z'Vfaeikr’ — Z[Ca + (CO{ _ Ca)]Vfaeikr’ —
k r 'k - 0 Tr 0 k -
ra ra

= V{ + o Su GV "0 = V] + 3, vl (35)
Ve == [ vieaekrdr! (3.6)
ne V— o00’em 00’€ekTa.
Po3p’s30k WY piBasiaas Ulpeninrepa asis qaHoi 3agadi Ciij] MIyKaTd y BUTIISAI
Y1) = Y Piyrre  Kothr, (3.7)
ne Ko — XBHIBOBHMI BEKTOP XBHJI, IO IPOXOJUTH Yepe3 00 €KT; Wi p — AMIUNTYAN
XBHJIb 13 XBHJIbOBUMH BekTopamu KotKk.
Sxmo piBasiHHS peainrepa 3anucaty y BUTIIAI
AY + (K? = V)Y =0, (3.8)
ne K? = 2mE/h*; E — eHepris nagarounx 4acTMHOK (HAIPHKIA, EIEKTPOHIB); M — iX
Mmaca; h — crana [lnanka, nosineHa Ha 2w, V — MOMHOKEHa Ha 2m/h® MOTEHLialIbHa
SHEpTis B3a€MOJIi1 YaCTUHOK 3 00’ ekToM (3.1), TO, MiJACTAaBISAIOYH Y HBOTO BHpasu (3.3),

" IPOiHTErpyBaBIIN HOTO MO

(3.5) i (3.7), MOXHO, TOMHOKHUBIIH piBHAHES (3.8) Ha €
BCHOMY 00’€MY i BUKOPHCTOBYIOYH IIPU I[bOMY OPTOHOPMYBAHHS IUIOCKUX XBHJIb €
OTPUMATH CUCTEMY OCHOBHMX PIBHSIHb JUHAMIYHOI TEOPIi:

[K? — (Ko + K)?1¥koek = Zie Vie Wiy ki (3.9)

ne K mpoGirae Bci MOXKITUBI 3HAYCHHS.
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ITpu k=0 piBusuus (3.9) BU3HAYAE aMILUNTYAY MPOXOASUO] (\P"o) XBUJII yepes
aMIUTITYAM BCIX 1HIIMX XBWIb.Y 3araJbHOMY BHIAAKy HaOip piBHiIHB (3.9) Bupaxkae
aMILTITY¥ KOXKHOI 13 XBHJIb Y€pe3 aMIUTITYU PEIITH XBUJIb. Tak, cucremy (3.9) 3pydHo
MIPEACTaBUTH Y BUTIISII

[(K)? — K§1¥k, = 2k ViPko-k: (3.10)

W . Zk'Vk'WKO-k—k'
Ko=le ™ (K2~ (Ko-k)?]

(3.11)

OTpumaHa HECKIHYEHHA CHCTeMa OCHOBHUX PiBHSHB (3.9) (uu (3.10) 1 (3.11)), moxke
OyTH po3B’sA3aHa HAOIMXKEHO y paMKax Teopii 30ypeHb JIsl HEEPEPBHOTO CHEKTPY, KO
BUKOPUCTOBYBAaTH Y SIKOCTI MaJIOTO IMapaMeTpa BIAHOIIEHHS MOTEHIAIIbHOI €Heprii
B3a€MO/JIIi BUIPOMIHEHHS 3 00’€KTOM [0 KIHETUYHOI €HEeprii HaJlITalouhX YaCTUHOK,
TOOTO MapameTp TUHAMIYHOT TEOpPii PO3CISTHHS.

[Ipu HynboBOoMy HabOmmxeHH1 Teopii 30ypens i3 (3.10, 3.11) orpumaemo: [K?* —

K 82]4'128 = 0. PiBHICTh HYJIIO BHpa3a y KBaJpaTHUX JTy’KKax BH3HAYa€ 3aKOH JUCIEpCii

IUTS TIPOXOJISTY0T XBWIII Y HYJIBOBOMY HaOMMKeHHi, ToOTO (K$)? = K? 13 ypaxyBaHHSIM

PaHAYHUX YMOB ¥°(r) = Wgoe ™", e ¥y, piBHO aMILIiTYy i Mafarouoi miockoi xsui V.

VY nepmomy HabmuxKeHH1 Teopii 30ypeHb, aje B HyJIb0BOMY Juts ammuniTyn 13 (3.10,

3.11) orpumaemo: [K? — (K;,)z]l}’l‘go, = Voli’l‘go,, 10010  (K()? = K% =V, = (k)?> (3aKOH
JaUCIepcii s 3aJI0MJIEHOT XBUJIL).

3 ypaxyBanusaM rpanndaux ymMoB (K} ,)? = K2 =V, K, = K, + AK{,; 2K, AK}, =

Vo

—Vo; AKy, = —Vy/2K,, T06T0 K{j = -

Z

e, = K, ne Ky - XBWIbOBUM BEKTOP

r i
Vo Vo

—i(Kr Z) Z
2Kz “e 2Kz | TakuMm 4YHMHOM, MEpIIE

. . . ' 0
sasiomnenoi xsuii. Toni ¥ (1) = Yy e
i
HaOJMKEHHS BpPaXxoOBY€ 3aJIOMJIEHHsI 1 morjuHaHHs. lle 1 € mucnepciiHuil MexaHi3Mm

dbopMyBaHHS KapTUHM JUHAMIYHOTO PO3CIIOBaHHS, SKHH HE BpPAaXOBYETHhCS MPHU

KIHEMaTUYHOMY PO3IJISIII.
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IIpu usomy ¥ (r) =¥°(r)+W¥'(r) = ‘I’I?,ge_"“ + lI’,(}He_“":)r, ae ngg s
HEOOXiHO IUIyKaTH i3 TIPaHWYHHX YMOB, SKi HanyTh Yyo+ Wy, =% y nepuiomy
HaOMKEHH1 Teopii 30ypeHb (y HyJIbOBOMY JUIS aMILIITY/).
Kpim 1poro, ipu V(r) = V,, K 1 y 3araJbHOMYy BUIAAKYy V(r) # const, y MepIIOMY
HaOMKeHHI Teopii 30ypeHb 3’SBISEThCS TaKOX JOAaTKOBa CKiajgoBa (Tiepiie

o—i(Ko+l)T

HAOMDKECHHS 1711 aMILTITYT) l‘UII{O Tk , 1€ Yk 4 (nmB. (3.11), mpu K’ = =K, Ko

= K{) Mae BHUIJISA;

, l1”,30

v =% 0 .
K§+k — "k [K2_(K9+k)?]

(3.12)

Tax sik Terep IHTEHCUBHICTh BU3HAYAETHCS KBAJIPATOM TAKOX 1 XBUIILOBUX (PYHKITIN
(3.12), To ix BpaxyBaHHS BUMarae y CBOIO 4epry BpaxyBaHHS JUCIEPCIHHUX CKIIAJOBUX
APYroro MOPSAAKY 1 B pIBHAHHI /I aMILTITY1 HyJboBoro HaOmmkeHHs (3.10).

JUisi BpaxyBaHHSI BIUIMBY CJIaOKUX XBWJIb Ha CWJIbHI NMPOMEHI 3 TOYHICTIO /0
KBaJIpaTUYHKX 110 V 4iieHIB HeoOXiaHO B piBHAHHA (3.10) migcraButh BUpas i Yk, _,
BUKOPUCTOBYIOYH 3aMicTh (3.11):

: wR
Yg—k = Vi [KZ_(KO_k)Z]. (3.13)

Bupasu (3.12) 1 (3.13) aBisitoTh co6010 mepiiie HaOIMKEHHS ISl aMIUTITY/]] Cl1aOKuX
XBUJIb. BOHO BpaxoBye BIUIMB CHJIBHOI XBWII Ha 3a7aHy Yy _, XBUMO. Jlnd Toro, mo6
BpaxyBaTH 3 TOYHICTIO JO KBaJpaTUYHUX MO V 4JIEHIB BIUIMB Ha 3aJjaHy XBUJIIO BCIX
iHIIMX (KpiM CHIIbHOT) XBWJIb, HEOOXiAHO B mpaBy yactuny (3.11) migctaButu (3.13).
S0 Tenep oTpUMaHMI TaKMM YMHOM BHpa3 A Y, _x MiJACTaBUTH B piBHAHHA (3.10),
TO OTpUMAEMO KyOi4yH1 Mo V momnpaBKu 10 KOS(IIIEHTIB PIBHSAHHS ISl CHJIBHUX XBHIIb,
oOymoBieH1 crmabkumu XBwiIsiMU. [IpomoBkylounm BKazaHy ITEpaTUBHY MPOIEAYPY,
MOXJIMBO PO3IJISTHYTH BIUIMB CJIA0KMX XBUJIb HAa CHJIBHY 13 TOYHICTIO JO 4YICHIB OyJib-
sxoro nopsanaky mo V. Toxai micns nepoi itepartii, skimo B (3.10) miacraButu (3.13), ans
CUJILHUX XBWJIb Y BChOMY HAOJNM)KEHH1 Teopii 30ypeHb (y HYJIOBOMY ISl aMILIITY,

TOOTO BKJIAJ 3a0€3Meuye TUIbKY JUHAMIYHUN JUCTIEPCIMHUN MeXaH13M) OTPUMAEMO:
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[K? — (Ky)? — AVO]WIQS =0, (3.14)
[K? — (K)? =V, — AVO]WI‘;;T =0 (3.15)
e
_ ViV_k

AVy = Xk K (K107 (3.16)

abo

_ ViV _k

AV, = Zk—[Kz_(K_k)Z] (3.17)

[Tpu V(r) = Vo (3.16) nepexoauTts y:

V¢

Ao = e

(3.18)

a(3.17)B

V¢ VEWE-IVE) o i
e oz - o TV 419

AVO —

3 MEPEeBUIICHHSAM TOYHOCTI 3a PaxXyHOK Mepexoay Bia Teopii 30ypeHs mo Penero—
peninrepy o Teopii 30ypens no bpimuroeny—Biruepy.

AMIUTITYTM XBWJIb 3HAXOASTHCS 13 TPAHMYHUX YMOB Ha BEpXHii B rpanuili (Z = 0)
po3AuTy MK BakyyMoM 1 00’ekTtoM. Touka mepeTHMHY MHpPOMEHs 3 L€ TPaHULEIO
3aCTOCOBYETHCS y SIKOCTI MOYATKY BIJUJTIKY IO OC1 Z, sSika HAMpaBlieHa BEPTUKAIHHO BHU3.

['paHnyHI yMOBHM MarOTh BUTJISA:

P@)|,_, =¥ ®lso

d?(r)
dz

__d¥(r)
z=0  dz

, (3.20)

z=0
ne P(r) i ¥ (r) — xBUIbOBi QYHKIIii, BiAMOBIHO, y BaKyyMi i B 06’ €KTi.

VY Bumnazaky V(r) = const = Vo piBHSHHS IS MPOXOASYOl 1 3aJIOMJICHOI XBUJIb 3
ypaxyBaHHAM 1X €KCTUHKIII1 1 TOTJIMHAHHS MOXYTh OYTH MpecTaBiaeHH1 y BUTJsiAl (3.14),
(3.15).

Hexait Bich Z cmiBmajae 3 HOPMaJUIIO 10 TpaHUIl po3ainy (tutonuHa Z = 0), 1 11
BHU3HAYCHOCTI OyJeMO BBaXKaTH, [0 MOHOXpPOMATHUYHA peHTreHiBchbka XBuis P<(r)

PO3MOBCIOKYETHCSI 13 ONTUYHO MEHII TYycTOoro cepefoBuina (Z<(0) B OUIbII TrycTe
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cepenouie (z>0). Ilagarouy Ta Ty, 1m0 MpoHIUIa Yepe3 TPaHHULIO PO3ALTY XBUII
3aMUIIEeMO y BUTJISA/1 (BUKOPUCTOBYIOUH 1HIII, OUTBII 3py4H] HO3HAYCHHS):
Y (r) = Pre KT W, (1) = Py e Hor,
[IpencraBumo Bektopu I, K 1 Ko y BUrIsSAl CyMH TaHTEHIIWHUX 1 HOpPMaJbHUX
KOMITOHEHT:
r=p+ze, K=k+K,e, K, =K, +K,e,.
[Tpu uboMy /IS TAHTEHCA KyTa MaliHHS IPOMEHS () OTPUMAEMO:
tga = k/K..
Beenemo koedimientn BimouTTs R 1 3amomienns T, gepe3 ski Bupazumo W<(r) i
¥>(r):
V(1) = W& *M(e"F + R - eF),
¥ (r) = ¥, e "PTe 0z,
[3 yMOB HemepepBHOCTI XBIJIBOBUX (DYHKIIIH 1 X TTOXITHUX 10 Z HAa TPAHMII PO3JILITY
3HAXOJAMMO
K=K, 1+R=T,K,(1-R)=K_,T,
1110, 3BICHO, MPUBOJUTH 110 hopmys DpeHerns:
— Kz - KOZ
K, + Ky,

2K,
T=—"1-_
K, + Ko,

Opnak, mpu 1IbOMY 3aKOH JAUCTIEPCIi 3 ypaxyBaHHSIM €KCTIHKI[IOHHUX TonpaBok AV
Ma€ BUTIIS;
K? — (Vo + AV,) = K¢ ab6oK? — (Vy + AVy) = K&,.
CHiBBITHOIIEHHS MIX HOPMAQJIbHUMH KOMIIOHEHTaMH XBWJIbOBUX BEKTOPIB
3aIuIIeThCs uepe3 KoedimieHT akomoamii A (<< 1):
Koz = K,(1 = 4),

Vo + AV,
T 2K2
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JIns aMIuniTy; BiIOMTOT M MPOXOJA40i XBUJIb OTPUMAEMO BiAmoBiaHO, ¥k - EA 1

Ye(1+A4/2). B pesynbrari XBUIBOBA (YHKIIS, IO OINUCYE 3aJIOMJICHY XBHIIIO

BCEpEINHI HEKPUCTATIYHOTO 00’ €KTa, BUPAKAETHCS SIK:

V, + AV . (V, + AV,)z
V. (p 2) = ‘PK(1+ —04K§ Ojex;{ r[Kr - — 0= K 2 H

zZ

(3.21)

VY nopaneioMy 0OMEKEMOCh PO3TJISIaHHAM HaOLIBII MPOCTOTO BUMAIKY, KOJIU
V(r) = Vo =const, V, = VI + iV{. Toni piBustaas 1lIpeninrepa

AY + (K2-V)¥ =0
Byne B iMITyIbCHOMY TIpE/ICTaBIICHHI MAaTH HACTYITHUMN BUTJISI
[K? — K§1Wk, = VoWk,- (3.22)

JUisi HECKIHUEHHUX 00’€KTIB MOKe OyTH 3HAMJIEHHI TOYHUN PO3B’SA30K y BUIJIAI
3JIOMJICHOT XBHITI. Y BUIIQJKY CKIHUCHHHX 00’ €KTIB JIOILJILHO CTBOPUTH TEOPit0 30ypEHb.
[Ipu ibOMy KiHEMATUUYHUI PO3IIISI JA€:
1) y Bunaaky Vo =0; ¥ = ¢0 = ‘Plgge_iKr = Y e KT
ne Wk 1 K BIIMOBIAHO aMIUTITY/1a 1 XBUJIBOBHUI BEKTOp IMaJ1at040i Ha 00’ €KT XBUIIL.
1
2) mpu Vo #0

’

[K? — K3]¥xo = Vo l,v,‘;g, (3.23)

VO 0 _—iKr
iz Tk
K2 — K2 K3

Y=+ =Wpe  +
Yo = ¥

Sk BUAHO, Y paMKaxX KIHEMAaTUYHOTO pO3MJIsiAy piBHSIHHS (3.22) MEepEeTBOPIOETHCS Y
dbopmyny y (3.23) 1 Teopis 30ypeHb 0OMEKYETHCS TUIBKU MEPIIMM HAOJUKEHHSIM 1 TIPU
IIbOMY BHKJIIOYHO JUISI aMIUTITY/l XBUJIBOBUX (DYHKIIIHM, a X XBHJIHOBI BEKTOPU 3aJIaHI.
Takum YwHOM, KIHEMaTWYHE HAOMIDKEHHS 3BOJWTHCS JIO BpaxyBaHHS TUIbKU

OJIHOKPATHOTO PO3CIIOBAHHS 1 3aJIOMJICHHS IPOMEHIB HE OMHKCYE.
[Ipu BpaxyBaHHI 6araTOKpaTHOCTI PO3CIIOBaHHS, Ha BIAMIHY BiJ KIHEMAaTHYHOTO

posrisany, ne Bupas (3.23) € dopmyna AJigs BU3HAYEHHS XBWJIbOBOI (DYHKIT OULIbII

BHCOKMX MOPSJIKIB Teopii 30ypeHs uepes Oiibll HU3bKE, B AMHAMIUHIN Teopil Yk 1 ¥g
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3aMIHIOIOTh Ha IIyKaHe Yy 1 Bupas (3.23) nepexoauts 3HOB y (3.22) 1 cTa€ pIBHAHHAM
s HeBijoMux Yy, 1 Ko. Ilpu Vo = 0 posp’ssku piBusanHA Ilpeninrepa (3.22) B
JTUHAMIYHOMY 1 KIHEMaTUYHOMY BHUMaJKax ciBnaaaTs. OaHak, mpu Vo # 0 32 paxyHOK
0araTokpaTHOCTI  PO3CIIOBaHHS  AaHAJOTIYHO  “KOJEKTHBI3allii CTaHIB®  HYJIHOBE
HAOJMKEHHSI 111 aMILTITYI CYyTTEBO Mepe0yI0BY€EThCS, a MOMPABKY OTPUMY€E XBHILOBUIA
BekTop (mauB. (3.22)), TOOTO aHAIOTiYHO ‘“3HATTIO BHPOJIKCHHS”  Ha BIIAMIHY BIiJ
KIHEMAaTUYHOTO MIJIXO0Jy, J€ BIUIMB CTPYKTYpH 3IIACHIOETHCS dYepe3 IMOMpPaBKy [0
aMIUTITYI PO3CIIOBAaHHS, B JUHAMIYHOMY BUNAJKY CTPYKTypa BIUIMBA€ Ha XBUJIHOBHI
BEKTOpP XBWJIbOBOI (YHKIII, IIO Ha3BaHO aBTopamu poOiT [83, 84, 111, 112]
nucriepciiHuM  MexaHi3MoM. [lpu oMy — 3BuYailiHa (11 171€aJIbHOTO KPHUCTAIY)
IUHaAMIYyHa Teopist 30ypeHb (BUPOKEHUN abo MaiKe BHUPOIKCHUM BUIIAJKH)
O0OMEXKYETHCS PO3TIIIAHHAM TITFKA HYJIHOBOTO HAOMMKEHHS Ui aMIUTITY/ XBHJIbOBUX
GyHKIIM 1 pO3KIAIaHHAM 33 MaJIUM TapameTpoM JIsi XBUJIBOBUX BEKTOPIB, TOOTO
ypaxyBaHHSIM 3MIHU 3aKOHa JMUCHEpCii I CHJIBHUX XBWJIb 1 MOMPABOK J0 HHOTO 3a
pPaxyHOK 0araToKpaTHOCTI pO3CiIOBaHHSI CIA0KUX XBUJIb.

JlunamiyHa Teopist y Kpuctanax 3 aepexkramu [83, 84] ocHoBaHa Ha KOMOIHOBaHIM
Teopii 30ypenb [113, 114]. 3okpema 11e: HyJIbOBE HAOIMKESHHS ISl aMIUTITY T “CUIBHHUX
OperriBCbKUX XBUJIb (aJ1€ IBOXBUJILOBE 3 ypaxyBaHHSAM 0araTOKpaTHOCTI pO3CIIOBaHHS Ha
MeploIUYHIA YacTUHI TMOTEHIlaja, SKa MPU3BOAMTH JIO 3MIHM 3aKOoHa JucHepcii 1
nepeOyJ0BM HYJIbOBOIO HAONMIKEHHS); TepIie A aMmIunTyd Iudy3HUX XBWIb (I10
GbaykTyaiiitHii 9acTHHI TOTEHINally, ajie 3 NepeOyAoBOI0 3a PaXyHOK MEpPIOAUYHOI 3
ypaxyBaHHAM MHOTOKTaHOCTI) 1 apyre (mo ¢uyKTyalliiHii 4acTuHi) IS XBHJIHOBHX
BEKTOpIB (TIONPABKU 0 JUCHEPCITHOrO MEXaHI3My BIUIMBY MEPIOAUMYHOI YAaCTHUHU, SIKI
BpPaxoBYIOTh BIEpIe OTpuMaHuii B [67] 1 BpaxoBaHi Takox B [111] edexT ekcTUHKITIT 32
paxyHOK Ju(y3HOTO PO3CISIHHA).

VY Bunaaky HEKpUCTAIIYHUX 00’ €KTIB AJI 3HAXOKEHHsI PO3B’SI3KIB Y BUTJIAI CyMU
MPOXO/STYO0T 1 3AIOMJICHOT XBWJIb CIIIJ] IIYKAaTU PO3KJIAJAHHS M0 MAJIOMY MapaMerpy s
XBUJILOBUX BEKTOPIB, TaK 1 aMIUTITYJ XBUJIbOBUX (YHKLIN, Kl TPAAMIIIHO HEOOX1IHO
OyJ10 po3riIsiaTH B paMKax Teopii 30ypeHb, Xxoua Hi ClIa0Kux, Hi Tu(y3HUX XBUIb MOXKE

i He OyTH (3.1)—(3.21). 15t 00’ €KTIB JOCTATHHO BEIIMKHX PO3MIPIB MOXKE OYTH OTPHUMAHO
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TOYHHU PO3B’ 30K TUTLKH JIJISl OJTHIET 3aJTOMJICHOT XBHITI 0€3 OMUCaHHS B IKOMY BUTJISI/II B
paMKax Teopii 30ypeHb paHIX CTajlid MpoIeciB (opMyBaHHS 3aJOMJICHOI XBHJI 13
najaryoi Npu Majaux rMOWHAX MPOHUKHEHHS TPOMEHIB.

[Tpu pomy (auB. puc. 3.1):
maz >0 Y0 (r) = Wye KT,

s 2 <0 Wi (1) = Wi e Ko7, [K? — K§1¥k, = VoWk,-

Crig BIAMITUTH, IO TYT 1 HIDKYE PO3TIISIT IPOBOAUTRCS 3 YpaXyBaHHIM HacaMIiepe/I
TUIBKH TOJIOBHOTO (AUCIIEPCIHHOI0) MEXaHi3My BIUIMBY XapakTepucTuk o0’ekta (Vo) Ha
KapTUHY 0araToKpaTHOTO PO3CIIOBaHHS, a caMe, BIUIUB TUIbKH 33 PaXyHOK 3MIHU 3aKOHA
AUCHEpCii, 0 OMHUCYE 3aJOMIICHHS XBHWJII, TOOTO 3MIHY ii XBHJIbOBOI'O BEKTOpa 1, SIK
Haciaok,pa3u. [Ipu npbomy Ha BiamiHy Bij (3.21) He BpaxoBYIOTHCS Malli (MPOMOPITIHHI
KOe(iIIEHTY 3aJOMJICHHS) MOMPABKHU 0 aMIUTITYIM XBUIbOBO1 (PYHKIIIi, 0OYMOBIIEHI SIK
ypaxyBaHHSM A3€pPKaIbHO B1IOMTOI HA TPAHWYHIN MOBEPXHI XBUJI, TaK 1 YTOUYHEHHSIMH,
[0 TOB’sI3aHI 3 BIAMIHHICTIO TPAaHUYHUX YMOB JIJIi HOPMAaJbHUX TMOXIJHUX BIiJ

XBUJILOBUX (DYHKIIIM B1J TPAHUYHUX YMOB JJI CaMHUX (DYHKIIIH.

3.2.1. Bunagoxk HOpMaJIbHOI0 NAJIHHSA POMEHS
B pamkax BimMiueHHX OOMEXKEHb 3 BUKOPUCTAHHSM TPAaHUYHUX YMOB Ha BXIJHIN
noBepxHi Z = 0 /1 XBUJILOBUX BEKTOPIB OTpUMAEMO (IuB. puc. 3.1):
K? -V, = K§,Wg, # 0, Ko(x,y) = K(x,y) =0, K* = K.
K7 — Vo = (Kop)* = K7 (1 - 8)?,

Vbez
2K,

§=V,/2K2 K, =K + = K + Kée,,

1€ €; — OJIMHUYHUN BEKTOP B3JIOBXK OC1 Z, a 0 - MO CyT1 OUIBII 3pyYHE Meperno3HayeHHs
I aKOMOIaLii.

['pannuHi yMOBH ISl aMILTITY/] XBUJILOBUX (DYHKIIN HA BX1IHIA OBEPXHI AIOTh:

= lluKe_iKrl IIUKO = !IJK

z=0’

. Voz
Yk, exp (—l(KT + ZKZ))

z=0
Toni a1 XBUIIbOBOI (PYHKIIIT, 1110 OMUCYE 3aJIOMJIEHY XBHJIIO BCEPEIUH1 HEKPUCTAIIYHOTO

00’exta (Z < 0), OTpUMAEMO HACTYITHUU BUPA3:
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Wi, (r) = Y exp i (Kr+ ;’KZ)] = W exp[—iK,z(1-8)],  (3.24)
ne K; = K.
Zy o
6'8 r
X
Zf
b x
A R— " I
Iy
r
NG,

Puc. 3.1. Cxema popmyBaHHS 3aJIOMJICHOTO TPOMEHS.

JUist 3HaXOKeHHsT BUpa3y Il XBWJIbOBOI (DYHKIIII, 0 OMUCY€E 3aJIOMJIEHUN MPOMIHb
MICJISE KOO BUXOY 13 HEKPUCTAIIYHOTO 00’ €KTA Y BaKYyM, PO3TJIIHEMO TPAHUYHI YMOBH
Ha [TOBEPXHI BUXOAY MPOMEHIB i3 00’ekta (Z = —ly, e lx — ToBImMHA 00’ €KTa B3JOBK Z
JUTSL 33IaHOTO X) Y BUIAJIKY, KOJIM 00’ €KT Mae (hopMy piBHOOEAPEHOT MPU3MH 3 OCHOBOIO
28 1 TOCTpUM KyTOM [} TIpH OCHOBI, 5K 1 B po6oTi [115] (puc. 3.1).

3HaiinemMo TaHTeHIiHYy (y TwionuHi pucyHkKiB 3 1 4, Y = 0) 1 HOpMaJabHy IO
BIIHOILICHHIO JI0 TUIOUIMHUA BUXOJY CKJIaJIoBY XBUIbOBHX BeKkTOpiB K, Ko Kp, 16 K —
XBUJILOBUH BEKTOp majarouoi, Ko — 3amomnenuit B 06’ ekti 1 Ky — 3amoMieHuit micis
BUXO0Ja y BakyyM xBuiib. [Ipu ubomyK, = K + Ag 1 K= K + Ag .

Ak BUIHO 3 pUCYHKA 4:

Kx'ex' = —Kcos(90 - p)e, = —Ksinfe,,
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Kgc’exf = —Kysinfe, =—K(1—-9)sinfe,,
L = (K¢ —K*)ey =KSsinfBe,.

[Tpu 11bOMy TaHTEHIIMHI CKIaJ0B1 XBIIILOBUX BEKTOPiB Ko 1 Ky 3amomMienoi xButi
BIJITTOBIJTHO [0 1 MicJiA ii BUXOAY Y BaKyyM IMOBHHHI OyTH PiBHI Mk c00010. Y TOM camuit
yac pI3HMILS HOPMAJbHUX CKJIAJOBUX BEKTOpiB Ky 1 K, MOIylni fAKUX piBHI, a
TaHTCHIlIaIbH1 CKJIaJIOB1 Pi3H1, OyJie TOPIBHIOBATH

Ai(;] = (Kﬁ' - KZ')ezr = —Késinf tgfe,.

¥, (r . ; .
Kn (r) 3aJIOMJIEHO1 XBUII1 Y BaKyyM1 OTPUMA€EMO

Tonai ans XxBUIIbOBOT PyHKIIIT
Y, (r) = Wk, exp[ — i(Kr' + A,"(;Yx' i+ A?Hz')] =
= Yy, exp[ — i(Kr' + K& sinf x' — K& sin  tgBz)], (3.25)
ne Wk, HEOOXiHO 3HAWUTU 3 TPAHUYHUX YMOB ISl XBUJILOBUX (YHKINN Ha MOBEPXHI
BUXO]TY.
Crnig BIAMITUATH, 10 PO3Bb30K (3.25), 3HAlAEHO B HOBIl cCUCTEM1 KOOpJaWHAT {Z',
X'}, sika OTpUMaHa MOBOPOTOM CTapoi (mouyaTkoBoi) {z, X} Ha KyT [ (auB. puc. 3.1)
Ik=(a—x)tgB, r=xex— ke, y =0, r ={x, 0, -} (Ha moBepxHi BUX01y),
r=r=xe —-/e =x'e, +ze,
ne & € &€ __ onuHMuHiI BEKTOPH B3I0BXK BiIMOBIIHUX OCEM KOOPIMHAT.
B cuctemi koopauHar {z, X} ¢opmyna (3.25) HabyBae BUTIISIAY:
Y, (r) = ¥k, exp[ — i(Kr + Ak x + Ak, 2)] =
= Yy, exp[ — i(Kr + K6tgPx)] = Wy, e K, (3.26)
ne Ay, = K&tgB, Ak, = 0 (muB. puc. 3.1).
Sx BuanO 3 puc. 3.1 Kyt moBopoty ¢ BekTopa Ky mo BigHOmIEeH!o 10 BekTopa K
PIBHHIA:
0 = (K(S sin ﬂﬁ) /K = Stgp. (3.27)
Cnin 3a3Hauuty, mo dopmyna (3.27) copaBemiua s X >0, a y Bunaaky X< 0
dbopmyna (3.27) HabyBae BUTTISTY:
¢ = —otgp.
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Jns 3HaXOMKEHHs aMILUNTYAN Yy, 13 TPAHUYHHMX YMOB Ha MEKI BUXOLY 13 00 €KTa
JOLIILHO XBHJIBOBY (YHKIIIO JUIS 3aJOMJICHOI XBHJII BcepeamHi 00’ekra (3.24)
NPEJCTaBUTH Y HOBIil cucteMi koopauHar {r'} ~ {x’, z'}.
[Tpu bOMy OTpUMaEMO:
Wy, (r) =Pgexp[—i(K,x + K,z + Kbe,r)] =
=Yypexp[—iK(—sinfx —cosfz +8sinfx +8cosfz)] =
=Yy exp[iK(1—6)(x'sinf +z cosB)] =
=Y exp[— i(Kr + K&(x'sin 8 + z cos B))]. (3.28)
['pannvHI YMOBH ISl aMILTITY/] HA TPAHULII BUXOTy MAalOTh BUTJISII;

P, ()| =Py ()] .

z=—(a-x)sinf z'=—(a—x)sin B’ (3.29)
Tomi:

Wy, exp[ — i(Kr' + Ksin B &(x' — z'tgB))]| =

z'=—(a-x)sin B -

= Wy exp[ — i(Kr' + K&(x'sin B + z' cos B))]|

z'=—(a—x)sin [3;
Yy, = Wgexp[ —iKS(x sinf — (a — x) sinf cos f —sinfx —
—sinftgf(a — x) sinf)]
abo
Wiy = Wi expl — i(a — %) sin B (4%, — 4z,)] =
= Yy exp[iKS(a — x) sinf cos B (1 +tg?B)] = Wxe'Kdlkx,
ne A% = K& cos B, a A%, = —K& sin B tgf (mus. puc. 3.1).
ITixcraBnstoun sHakineni Bupasu 1 Yy B hopmyiy (3.26) orpumaemo:
Wy (1) = Pre KT exp[ — iKE(xtgp —
—(a—x)sinB cos B (1+1tg2p))] = Wxe Kre?, (3.30)
ne monaTkoBa (hasa 3a paxyHOK 3ajgomiieHHs @ = —iK§[xtgf — (a — x) sinffcos f (1 +
tg?B)] = —iK8[xtgf — L,]. Tyt L, = (a — x)tgP, a muoxuuk exp[—iKdxtgp] omucye
IIOBOPOT NPOMEHS 110 BiJIHOIIEHHIO JI0 IIAJar04oro Ha KyT ¢ (mus. (3.27)), 1 Kr = Kz. pu

BHOOP1 HanpsAMKY oci Z mapanenbanM K. [Ipu mpomy Takox

Yk, (1) = Pge K" exp[ iK1, 6] = Pge Kire®n, (3.31)
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ne @ = iKdly, |K;| = |K|, a nanpsmok Bektopa Ky BifpisHseThes Big HanpssMka K Ha
KYT .

VY Bumaaky miockomnapaiensHoi ¢opmu o6’ekta B = 0 1 tomi B obmacti Il 3
ypaxyBaHHSM IOTJMHAHHS 1 BHOOpoMm cuctemu koopauHat (z || K) Bupas (3.30) mus
XBUJILOBOI (PYHKIIIT TPOMEHSI, 110 BUXOIUTH MICHs 3aJJOMJICHHS Ha0yBa€ BUTIIAY:

Wy, (1) = Pge Kiei2lx, (3.32)
ne U — Koe(ilieHT MOTJMHAHHS B 00°€KTi, a |y — Horo ToBIIMHA B3I0BX OCI Z JJIst
KOOPJIMHATH BXOIY ITPOMEHS X.

OTpumaHnuit pe3ynbTaT MOKa3ye, 10 y BUMAJKY IUIOCKOMapaienbHol popmbl 00’ €kTa
MexaHi3M (GOpMYBaHHS KOHTPACTY 3a PaXyHOK 3JIOMJICHHSI HE MPAITIOE, TaK K y [IbOMY
BUIAJIKY KYT IOBOPOTY @ 1 (pa3zu @ 1 Oy BUABAAIOTHCS pIBHUMU HYJIIO.

OtpumaHi pe3yibTaTH CTPOro OOrPYHTOBYIOTH (HOPMYIH, IO E€BPUCTHUYHO [IJIS
HaOUIBIII IPOCTOr0 BUMAMIKY 3anpornoHoBani y [115]. Ognak nodyaoBana y gaHii poOoTi
TEOPETUYHA MOJIEIb JO3BOJISIE y3araIbHUTH 111 Pe3yJbTaTH HA IPAKTUYHO BCl HEOOX1/IHI
BUITQJKM Ha BiIMIiHY Big Mozeni [115].

Cnin BiaMiTUTH, 1110 po3B’s3ku (3.30) 1 (3.31) oTpumani B cUCTEM1 KOOPAUHAT {X, Y,
Z}, 1110 TIOB’s13aHA 3 MOHOXPOMATOPOM, TOOTO 13 TEPIIOI0 BICCIO TPhOXOCOBOI CUCTEMH, €
Z BHOpaHO MEPHNEHAMKYJISIPHUM TOBEpXHI MOHOXpoMmartopa (auB. puc. 1.8, 3.1). [ns
3pYYHOCTI TIOJIANBIIIOTO BUKOpHUCTAHHS po3B’si3ku (3.30), (3.31) mouinsHO npeacTaBuTH
TakoXX B cucteMax koopauHaTt {X', Yy', Z'} 1 {X", y”, 2"}, sAki moB’s3aH1 BIAMOBIAHO 13
00’exToM (mpyra Bich) i 3 anamizatopoM (TpeTst BiCh), a ix OasucHi Bektopu & 1%
HaIpaBJeH1 BIAMOBIIHO MEPHNEHAMKYJISIPHO TMOBEPXHI BUXOAY MPOMEHIB 13 00’€KTa 1

MOBEpXHI1 aHasizaTopa (nuB. puc. 1.8, 3.1).

[TincraBnsroun y (3.25) Bupasu s e , OTPUMAEMO

Vg, (r) = Wee KT exp{iKS[L, — x 'sin B + z sin B tgB)]}, (3.33)
abo
Y, (r) = Wee K exp{ iKS[L, + xtgB — x 'sin B + z'sin B tgB)]}. (3.34)
IIpu upomy

Y, (r) = Wee KT exp{iKS[L, — tgB(x" cos Oz + 2" sin0)]}, (3.35)
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abo

Yy, (r) = Wee K oxpliKS[L, + tgB(x — x cos 05 — z"sin0z)]).  (3.36)

3.2.2. Bunajaok A0BiJIbHOI0 KyTa 0.1 MAAIHHSA MPOMEHS HA MOBEPXHIO 00’ €KTA
Tyrt:

Ag, = K8, Af(o = K& cos(ay + ay), Af(:, =Késin(a; +az) = ;C(n

Toni:
Ak, = A}C(;Y/ cosa, = Késin(a, + a,)/ cos a,,
f(n = —K§sin(a; + ay)tga,.
[Ipu npomy:
K2 —K?=—V,, (K+K&e,)?—K2?=—V,, 2K25 cos(m —ay) = =V, § = Mz‘c’#al

a00 1HIITKUM CITOCOOOM
(K —K§cosa,)? —K? = -V,, —2K?*5 cos a; = =V,
1 TO/I1 3HOB OTPUMYEMO

§=—2

2K2cosay’

Sx chigye 13 puc. 3.2, KyT MOBOPOTY ¢ 3aJIOMJICHOTO IIPOMEHS Y BaKyyMi PiBEH:

@ =g, /K =

Crig BiAMITUTH,IIO BCl KyTH HA pHC. 3.2 BIAPAXOBYIOTHCA BiJl HAIPSIMKY OCI1 Z IPOTH

Késin(ai+ay) = Vysin(agtay)

(3.37)

K cos ay 2K2 cosaq cos ay

rOJIMHHUKOBOI cTpuiku. [Ipum upomy dopmyna (3.37) oTpumaHa Bke 3 ypaxyBaHHSIM
3HAKIB KYTIB.

['paHnyH1 yMOBH AJI aMILTITY I XBUJILOBUX (PYHKIIA HA BX1JHIH OBEPXHI JAIOTh:

Voz

Yk, exp (—i(Kr' + ))

= WKe_iKr’| /

z =0’ ‘]UKO =¥k

2K, )| .

z =0

ne K, = K cos a;.
Toni nns xBuabOBOI (QYHKIIT, IO OMNHCYE 3aJOMJIEHY XBHJIIO BCEpEIUHI

HeKpHUCTaIigyHOro 00’ekTa (2'< 0), oTpMaeMO HACTYITHUM BUPA3:

'

V()Z
ZKZf

Yy, (r) = Pk exp [—i (Kr' + )] = Ygexp[—i(Kr' + K6z)]. (3.38)
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Jlnisa Toro, mo0 3HAWTH BUpa3 ISl XBUIBOBOI (DYHKII, SKa OMHCYE 3aJOMIICHHUN
IPOMIHB IMICJISI BUXOAY 3 HEKPHUCTAIIYHOrO 00’€KTa y BaKyyM, PO3TJISTHEMO T'DaHHMYHI

YMOBH Ha IMOBEPXHI BUXOJIy IPOMEHIB 3 00’ €KTA.

M
=)
o

21N 02 A Q

K
A

l‘II
Puc. 3.2 Cxema 3aranbHOT0 BUTAAKy (DOPMYBaHHS 3aJIOMJICHOTO TTPOMEHSI.
Toni nist XBUIIbOBOT (DyHKIIIT Y. (M) 30 nomerof xui y BaKyyMi OTPUMA€EMO
Yk, (r) =Yg, exp[ — i(Kr + Ak x + Ak z)] =
= Yy exp[ — i(Kr' + K& sin(a; + ay)x" — K6 sin(a; + ay)tgayz")],  (3.39)
ne WYk, HEOOXINHO 3HAaWTH 3 TPAHMYHMX YMOB JUIA XBHJIbOBOI (DyHKIIIi Ha MOBEPXHI
BUXO/TY.

Crmig BiZMITHTH, 110 po3B’sA30K (3.39) 3HaiiaeHO B HOBIM cucTeMi KoopauHat {Z",

X''}, sika OTpUMaHa MUITXOM MOBOPOTY CTapoi (BUX1AHOT) {Z, X} Ha KyT o (auB. puc. 3.2).
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B cucremi xoopaunar {z, X} dopmyna (3.39) HabyBae BUTISAY:

Y, (r) = ¥k, exp[ — i(Kr + Ak _x + Ak, 2)] =

= Wy exp| — i(Kr + K& TGt oy (3.40)

cos ay

ne Ax, = K8 sin(a; + ay)/ cos a,, Ak, = 0, Kr =Kz (nus. puc. 3.2).

. ¥ .
JUIsi  3HaXOMKEHHS aMIUIITyId X 3 TPaHWMYHUX YMOB Ha MEXI BHUXOIY
BUMPOMIHEHHS 3 00’ €KTa JOLUIBHO BUPA3UTH XBUIIHOBY (DYHKIIIIO JIJIs1 3AJIOMJICHOT XBHIII
BcepenuHi 00’exta (3.38) B HOBIli cuctemi koopauHat {r"} ~ {x", z''}.
[Tpu bOMy OTpUMaEMO:
. _ . n " x” " Z” . _
Yg,(r) =¥Yrexp[ —i(Kyx + K,z + Ak, x +Ag,z )] =

=Wrexp[— iK(—sina,x —cosa,z +8sin(a; + ay)x +8cos(ay +ay)z)] =

=Yyeexp[— i(Kr' + K6(x"sin(a; + ay) + z cos(a; + a3)))]. (3.41)
['paHnyH1 yMOBH AJIs aMILTITYl HA MEX1 BUXOJly MalOTh BUIJISIA!
IIJKO (r )lz"z—lx0 cos a, = WKH(T )lz”=—lx0 cos ay’ (3.42)
nie " — ToBIMHA 06°€KTa B3IOBK Z JUIA 33/IAHOTO X = Xo.
Tomi:
Y, exp[ — i(Kr + Ksin(a; + a;)6(x" —z tgaZ))]lz"=—sz osay =
= Wy exp[ — i(Kr' + K8(x " sin(a; + az) + z cos(ay + a)))]| . ;
z ==ly,cosa;

Wy, = Wk exp[ — iKS(x " sin(ay + az) — Iy, cos a, cos(ay + ay) —
—sin(a; + ax)x" — sin(ay + ax)tga,ly,, cos ay)]
abo
Wk, = Wi exp[ — ily, cos @, (A%, — 4%)] =
= WYk exp[iKbl, cos a, cos(ay + az)(1 + tgastg(ay + az))],
e Af('; = Kdécos(a; +ay),a Af(n = —Ké sin( a; + ay)tga, (nuB. puc. 3.2).

[TimcTaBuBIIM 3HAMACH] BUPA3U JJIS Py y ¢popmymy (3.40) oTpumaemo:

sin(a, + ay)

Yk, (r) = Yee KT exp[ — iKS (x — Iy, cosaz cos(a; + az) X

cos a,
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X (1 + tgaytg(ay + ay))] = Wyxe Kre?, (3.43)
1e aoaatkoBa (asa 3a paxyHOK 3aJIOMIICHHS:

@ = —iK§[x sin(a; + az)/ cos a; — Ly cos az cos(a; + az)(1 + tga,tg(a, + a;)]

Tyt muoxHHUK exp| — iKdx sin( a; + a,)/ cos a,] onucye mOBOPOT MPOMEHS 11O
BITHOIIICHHIO JI0 MMa1atodoro Ha KyT @ (cM. (3.36)), a Kr = Kz, npu BuOOpi HAIIPsIMKY OCi

Z napanensHuM 110 K. [Ipu ipomy Takox:
Vi, (r) = Pxe K" exp{ — i[ly, cos ay (4%, — 4% )]} =
= Yo Kim expl ily, cos a; K&{sin(a; + a;)tga, + cos(a; + a3)}], (3.44)
ne Ky = Ke, + Ag e, i | K| = |K|, a nanpsmxu sexropis Kn i K BinpisnsoTses Ha

KYT .

3.3. TpuBicsoBa Mojaeb GopMyBaHHSA 300pPaKeHb HEKPUCTAJIIYHUX 00’ €KTIB

VY nonepeaHix po3aiiax OyJo MpeCTaBIEHO TEOPIIO B3a€EMOJii BUIIPOMIHEHHS 13
KpHUCTaJaMu Ta HeKpUCTaIIYHUMU 00’ ekTamu. [Ipu 1ibomy 300paskeHHsl, 1m0 POPMYETHCS
y ABI MeToii € pe3yapTaToM MOCTYIOBOIO MPOXOIKEHHSI TPOMEHS uepe3 Kpuctai (abo
JIEKUJIbKa KPHUCTAiB) MOHOXpPOMATOp, HEKPHUCTAIIYHUN JIOCHIIKYBAaHUNA OO0 €KT Ta
KpHUCTaJ aHali3aTop, M0 NoTpeOye OUTbII AETAILHOTO OMUCY PO3pPaxyHKY B1IOMBAIbHUX
3IaTHOCTEN BIAMOBIIHUX E€JIEMEHTIB ONITUYHOI CXEMH.

[Ipu BuKOpuCTaHHI, M TPUKIALYy, OE3MUCIEPCIHHOT TPUBICKOBOI CXEMHU 3
reoMmeTpiero audpakmii 3a bperrom B MoHOxpoMaropi Ta 3a Jlaye B aHamizaTtopi
B1IOMBaJIbHI 37aTHOCTI cucteMu it obmacteit 1 1 11 3 ypaxyBaHHSIM TOTTIMHAHHS 1
MOKJIMBOI TIPUCYTHOCTI JIe(PEKTIB y MOHOXPOMATOP1 1 aHaIi3aTopl MOXKHA 3alucaTd y
BUTJISIIL:

R;(460) = [ Ry (RA(t — 40 — 9)Ro6 (1, @y, iy Ly, @;) dn (i = LII), (3.49)
ne:
Ry (1) = byy' Regn (') + [ rdie(', w)dnl,
R4 (t, AO) = Ry (¢—46 — 0:(x, ) + Riis(x—46 — 9 (x, ),

, _ 1
rair(®', %) = Taie(k) = + [ dky Ryie(k),
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<|f 1| >
YoSIEol?

Ryis(k) =

Rgir(x) = fd-Qk’Rdif(k)-

BinOuBanbHa 31aTHICTE 00°€KTa Ry5(x, ¢y, i, l;, @;) BUSHAYAETHCS 13 BUKOPUCTAHHSIAM
orpuManux y po3aiii 3 dopmyi (3.30), (3.31), (3.33)—( 3.36), (3.43), (3.44).
[Tpu oMy (pakTOpH MOTIIMHAHHS € 1 3aJOMJICHHS €~ BH3HAYAIOTHCS B 3aralbHOMY

BUIAJIKy HEOJHOPITHUX 00’ €KTIB BUKOPHUCTOBYIOUM HACTYMHI (HOPMYIIH:

w = j ua(r)dsi, o™ = — ] ik, (r)dsy,
ﬂfuJ/n — Jul(r)d5{1’¢fllyll = —J ik61(r)d5{1,

'U;CII:VII — juz(r)d5%1’¢;llyll = —J ik62(r)d5§1.

KyT moBopoTy 3aj10MJIEHOTO MPOMEHsS (i BU3HAYaeTbes Gopmynow (3.27) g
PO3TJISTHYTOT0 BUIAIKy HOPMAJILHOTO NaI1HHSI IPOMEHS Ha 00°€KT y hopMi Ipu3MH (puc.
3.1).

B 3aranpHOMy BUMagKy oO0’€KkTa MOBUIbHOI (POpPMHU ¢ 3aleXHUTh Big X Ta Y 1
BU3HAYAETHCS BIAMOBITHUMU iM KyTaMH TOBOPOTY BXIJIHOiI 1 BHUXIJHOI IOBEPXOHb
KOJIOHKH MO BIJHOILIECHHIO J10 HanpsAMKY rpomeHs (auB. (3.37)). Humu kytamu (X, Y) 1
¢dazamu ®© a6o Oy 10 CyTI ONMUCYIOTHCS 3MIHU (PPOHTY IIOCKUX XBHJIb B HAOOP1 KOJIOHOK.

binem  ngeransHo Bupasu g8 Ry 1 Ra, 110 BCTaHOBIIOIOTH 3B’SI30K 3
xapakTepucTukamu aedekTiB HaBeneHo y [83, 84].

B nmpocromy Bunanky omuopigaux 61(r) 1 62(r), pa(r) i po(r), BUKOPUCTOBYIOTHCS
pe3yNbTaTH IUHAMIYHOI TEOpii pO3CIIOBaHHS B HEKpHUCTalyHUX 00’ekTax [111, 112], a

TaKOX Pe3yJIbTaTH, OTPUMaHI B 1aHii poOOTi Ta B poboti [115], nerko 3HaiiTu:

X1yr xXyr -
p = 2L o = =ik, 271,

Xy — XUV — Xy X — g XV XYL
Hyq My (Z t , ] iké,(z ¢ ’
xnyn — v s _
py "t = pp tXuvn, @, = —ik&,tXIVN e tXmVn = [

B nomampmiomy OOMEXKHMOCH BHMAAKOM, KOJMH B SIKOCTI HAWMPOCTIIIOTO

MOJIEITBLHOTO 00°€KTa, K 1 B po00Ti [115], po3risHyTa piBHOOEAPEHA TPU3Ma 3 OCHOBOIO
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2a 1 rocTpuM KyTOM [} TIpu OCHOBI. PEHTreHIBChKUN MyYOK Maja€ MEPHEHAUKYIISIPHO 0
OCHOBH Ipr3MH. B o6macri |X"| < aly, ne y = c0s0g, hakTop ocnabneHHs y mpusmi Hs = M2l
, haza @, = —ikdalo, me 1(x™) = (a — yx")tgp. B odnacTi I (|x"| > aly) w = pli, @1 = —ikdal;.
CymapHuii ¢aktop ocnabneHHs mnpomeHs B ooOmacti I pp =l + wli, a daza
@) = —iK[02l2 + 8111]. Tyt li(X, y) — nmomkmHa mpomeHiB mo3a mpu3moro, a lx(X, y) —
BCEPE/IMHI.

Y Bumanky, po3rissHyToMy B po0Ooti [115], xomm 00’€KT y BUTIIAMI MPU3MH
3HAaXOIUThCA Yy Bakyymi, 330BHI mpusmu (|X"| >aly) w1 =0, ®1=0, 6:=0, I1=0. B
pe3ysbTaTi 3AIOMIICHHS TTYYOK OKpIM IMPOMEHS, 110 MPOXOAUTh, PO3IICTLIFOETHCS IIe Ha
7B MPOMeEHs, [Ki BiIXUIA0Thes HA KyT @1 = (ky)~1(d®,/dx") = Stgf [115] B o6nacri
0<x"<alyi@3 = —6tgf npu —aly <x" <0 (aus. po6oru [115, 112]). Y pignosigHocTi
1o puc. 3.1.

- 4K s
pT = Ytgﬁ = +4tgpf.

[Tpu pomy X" = X/y. K110 KpHcTaNI-aHATI3aTOp OBEPHYTHIA HA TIEBHUI KyT A6, TO
300pakeHHs] TPU3MHU Oy/ie BU3HAYATHCS BeMYMHAMU Ra B Toukax 46 + |p| = 460 +
otgps.

VY BUMaAKy, KOJIM KPUCTAJIM MOHOXPOMATOpa 1 aHajizaropa HEe MarTh JehEeKTiB i
ABJISIIOTHCA 11€aJIbHUMU, 11 TEOpid ONUCye pe3ynbTaTv, oTpumani B [115]. Ilpote Ha
BiAMiHY BiJ [115] nanuii miaxia He auiie 3a0e3reuye MOKIUBICTh CTPOrOro BpaxyBaHHS
e(dekTiB 0araToOKpaTHOCTI pPO3CIIOBaHHS B CaMOMY OO0’€KTi, ajie JO3BOJIIE OIHUCATH
BUIAJIKH 13 CIOTBOPEHHSMH B MOHOXPOMATOPI 1 aHAJII3aTopPi.

B pesynbrari moOyaoBaHoi Teopii SKICHO BpaxoBaH1 0OHIBa OCHOBHMX MEXaHI3MH
(dhopMmyBaHHS KOHTpAcTy 300paxeHHs. [lepruii Bianosiae 3a GopMyBaHHS 3aJJOMJICHOTO
B 00’€KTi Ta MOBEPHYTOTO B Pe3yJIbTaTi BIAMIHHMX HA BXOJll 1 BUXO/Il TPAHUYHUX YMOB
MIPOMEHS, a TAaKOX 3a 3MiHY oro ¢a3u. pyruii - 3a BiAMIHHI MIJCUJICHHS 3aJJOMJICHOTO 1
OMOPHOr0 MPOMEHIB KpUCTajJoM-aHaimizaTopoM. [lpy mpomMy came mepiimii MexaHi3m
0e3rmocepeIHbO Hece MIyKaHy iHdopMaillito mpo ¢popmy 1 po3mipu. KO0 0OMEKHUTHCH SIK
1B [115] BunaaKom, KOJIM 1 MOHOXPOMATOP 1 aHATI3aTOP II€ 17eaIbHI JOCKOHAJ1 KPUCTAJIH,

TO OTPUMAaHI B JAHOMY PO3/I1J11 POPMYJIIH TO3BOJISIIOTH JIETKO PO3B’S3aTH 0OEPHEHY 3a/1auy
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Mo BIATBOPEHHIO 13 BUMIpsAHUX BeanuuH R Ta R; mrykanux mapamerpiB o0’ekra. B
TIHACHOCTI, SIK BUIHO 13 (hOpMYJI IPH HaTlepe]] BA3HAUYCHHX (SIK MPAaBUIIO 3arajbHOBIIOMHUX )
BEJIMYMHAX 01, Oz, W 1 Uz Ta MPHU BIIOMHUX BiIOMBAJIBHUX 3JaTHOCTAX MOHOKPHCTAJIB
MOHOXpOMAaTOpa 1 aHaji3aTopa €AMHUMHU TapaMeTpaMHy 3aJIMIIAI0ThCS ToBIHA Y Ta KyT
IPU OCHOBI NPHU3MH, SIKI MOXYTh OyTH BCTaHOBJIEHI 13 3aCTOCYBaHHSIM OTPHUMAaHHUX
dbopmy.

[3 moOyaoBaHOi MO/EII TAaKOX BUIUIMBAE, IO TaKy OOEpHEHY 3a7ady MPUHIIMIIOBO
HEMOJKJIMBO TOYHO PO3B’S3aTH 3a BIJICYTHOCTI aJIeKBaTHOTO BpaxyBaHHS (KUIBKICHOTO
ONMKCY BKJIQQy JPYroro i3 BHUIIE3a3HAYEHHX MEXaHI3MIB) CIIOTBOPEHb y KpHUCTallax
aHaji3aTopa i MOHOXpOMaTopa, 1o y Mozeli B [115] He BpaxoByBaIuCh.

[IpoTe moaenb, onucana y [115] 1 He m03BoJIsLIa BpaxyBaTH 1€, OCKIIBKHY 3aCHOBaHA
Ha HaOJMKEHH1 AMHaMI4HO1 Teopii Takari, sika mpujaaTHa g0 3aCTOCYBaHHS JIUIIE IS
17IealIbHUX CJTAOKOBUTHYTHUX KPUCTATIB, ajie 6€3 MiKpo1e(heKTiB.

Y poborax [83-84] B pamkax cTporoi AwHAMi4HOi Teopii MOKa3aHO, IO
MIKpOoJieheKTH MOXYTh (32 PaxyHOK BCTaHOBJICHOTO JIMCIIEPCIHHOTO MEXaHI3My iX
BIUIMBY) Ha TMOPSAKWA BEIUYMHM 3MIHIOBATHM B1JIOMBAJIbHI 3/IaTHOCTI KPHUCTATIB 13
JUHAMIYHUM PO3CIIOBAaHHSIM, a HEXTYBaHHA IbOr0 ()akTy MOKE€ MOBHICTIO HIBEJIFOBATH

aJIEKBaTHICTh J1arHOCTHKH HA OCHOBI 3aJIOMJICHHS.

3.4. ItTepaTuBHa nmpoueaypa y3araJibHeHHS

Pesynbrat momepenHbOTO PO3AUTY CTOCYBAIMCH B3a€EMOJIl BUIIPOMIHEHHS 13
MPOCTUM (OJJHOIIAPOBUM) HEKPHUCTAIIYHUM 00’ €KTOM. B maHoMy po3aiii npeacTaBieHo
ITEpaTUBHY TPOIEAYPY Yy3arajbHEHHS OJEp)KAaHUX pe3yJbTaTiB Ha BUMNAJ0K

OaraToiapoBOro 00’€KTy 13 IOBUIBHOIO KUIBKICTIO IIAPiB.

3.4.1. 'pann4Hi yMOBH
PosrissHeMo ckaHyBaHHS 6araTomapoBOTo 00’ €KTa TOTOKOM BHCOKO-EHEPTETHYHUX
HerTponiB. Tozai mokHa 3anucaTu piBHsHHS [peminrepa:

AY + (K2 = V)¥ =0 (3.46)
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MoskHa mMoka3aTH, M0 y BHIIAAKy PEHTTEHIBCHKOTO BHUIIPOMIHEHHS PIBHSHHS
MakcBena B iMITyJIbCHOMY MPOCTOP1 OyAyTh MAaTH TOHW caMUi BUTJIAM (3 TOYHICTIO JI0
Mo3HaueHb) 110 1 piBHAHHSA [lpeninrepa.
P03B’s130K piBHSAHHS B IMITyJIbCHOMY IIPOCTOP1 MO>KHA 3aMTUCATH Y BUTJISAL:
Y(r) = [ Wy e*rdK, (3.47)
Toni piBustHHS (3.46) 115 I-rO MIapy HAOYIE BUTIISIITY
[K(2> - KLZ]IIUKL- = VilluKi’ (3.48)

hi(S v 11 MOTEHINaT B3aEMO/III MK PEUYOBUHOKO 1 BUIIPOMIHEHHSIM , K, K, K; MOXyTbh

3MIHIOBAaTUCH B Jliana3oHi {—oo, +oo}.

Konu 30BHIlIHE cepenoBuIle 1€ TMOBITPS, IMOTEHINAT MHOro B3aemomii 13
BUIPOMIHEHHAM Jy’K€ Maluil, ToMy HaOmmkeHo MoxHa 3anucatu V, = 0. Koxna mae
KyT HaXuJty a; 710 oci ‘X’. Lle#t KyT piBHUN KyTy M1 HanpsIMKOM Majiarouoro nmpomens Ko
1 BHYTPIIIHbOIO HOPMAJUIIO BIAMOBIAHOI TiomuHu €; (puc.3.3). Kyrtu BiakinagaroTecs
MPOTH TOAMHHUKOBOT CTPIJIKK, TOMY (7; MEHIIIE HYJIS.

[To3HaunMo XBUILOBUI BEKTOP TMagaroyoro mpomens K, a meBHUNA NpOMIHb HICII
3asiomsieHHs BianoBinHO K;. Toni kyt nmaginusa npomenst K;_; Ha i-Ty OBEpXHIO Oyje
piBaMiA (@;_1 + @;), Ae @;_1 1e Kyt Mixx npomeHsimu K;_; 1 K, . Bin BxiItodae 3miny
HaIpsIMKY XBWJIbOBOI'O BEKTOpa Ha BCIX MOIMEPEAHIX KpOKax pedpakuii i A nepuioi
IJIOMIMHU piBHUK HyIO. [licis 3aiomiieHHS XBUJILOBUM BEKTOP Oyje BIAXHIICHHH Bin
MOTIEPEIHBOT0 HAMPSMKY Ha Ha KyT ¥;. [HAEKC | OKa3ye BIAMOBIIHY PECUOBHHY 1 OTIKE
MOTEHII1aJT B3a€EMO/Ii1, Ta BU3HAUYAa€ HOMEP MOBEpXHi Ta KyTa «;. Ciij 3a3Ha4uTH, 110 BCl
PO3paxXyHKH 3aJIUIIAIOTHCS BIDHUMU JJI1 HETaTUBHUX KYTIB. 3HAKHU KYTIB ¥; aBTOMAaTUYHO
BUIUIMBAIOTH 13 p13HUII oTeHmiamB V; — V;_; Ha Mexi po3IlTy ABOX PEYOBHH.

Me:x0B1 yMOBHU JJ11 XBUJILOBOI'O BEKTOpA PU MPOXOXKEHH1 Yepe3 NMepury MOBEPXHIO
MO>KHA 3aIUCATH SIK:

K:—K? =V, (3.50)
K, =K, +4K;, (3.51)
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ne ingexcu + i | mosnavaroTs BigMOBiIHO MEPIEHANKYIAPHI 1 MapaenbHi 10 IUIOMUHK

MDK [IapaMyd KOMIIOHEHTH BEKTOPIB.

A e e e

Puc. 3.3. MexoBi yMOBH, 3aJIOMJICHHS Ha TIJIOIIMHI.

Po3p’si30k  piBHsHb (3.49)—(3.51) Omuspkuit g0 Toro, mo omucaHo B [90].
VY3araJibHEHHS PiBHSHB JIJIs1 6araToniapoBOTo BUITAJIKY i3 BpaXyBaHHSIM T'PaHUYHUX YMOB

JUTSL KOSKHOT HACTYMHOI MOBEPXHI MOKHA OTPUMATH HACTYITHUM YHMHOM:

K? — K}y = Vi = V; (3.52)
Kiq = Ky (3.53)
K1, =K;) +A4K; 44 (3.54)
Kii1 = K; + Kobir1€i41 (3.59)

K" = K® + K§ 8% + 2Ko6:41K; cos(apiq + @), (3.56)
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ne © ue BekTOp HOpMali 10 moBepxHi, O - Mammii koedinient. JMaii i3 (3.52) MoxHa
OTpUMATH:
2 2 2 Vi-Vie) 2
Kin® = K2+ 0= Vi) ~ K (1495020 ~ K2+ 40000 (357)
Kiys = Ki(1 + 4344), (3.58)
Vi—Vi+1 Vi—Vi+1 o . . cen
nedi 1 = ~ 11e Tak-3BaHui koedimienT akomoparii (4; << 1).

2K? 2K}
opismroun (3.56) Ta (3.57) i 3Baxkaroun Ha e, mo Vi, Vi, Vi — Vigy << K? KA ,Ta

BiIXHJIEHHST ¥/ IpOMeHs AyXe Malie, MOXKHA OTPUMATH:

Vi—Vita o Qi1

Oiv1 = (3.59)

2K cos(@jy1+9;)  coSqiyq

OcTaTouHO peKypeHTHa GOpMyJIa Ul i-T0 XBHJIBOBOTO BEKTOPa Oy/1e MaTH BUTJIS:
Ko

Vi—Viq1
—————e; 1 =K, +4;,1—e; 3.60
2K( COS Qi1 i+1 i +1 s areq i+1 ( )

Kiv1 = Ki(1+ 4;49). (3.61)

K., = K; +

3.4.2. Kyt peppakuii

Pesynbratn momepennroro maparpada a00pe OMUCYIOTh 3MIHM PO3CISIHOTO
XBUJILOBOTO BEKTOpA, ajie¢ HAa MPAKTHUIIl BOHU HE JYXKE 3pY4HI JJI1 BUKOPHCTAHHS TPH
aHami3l KapTUHU PO3CisiHHSA. B MIMCHOCTI CHOCTEPEKYBAaHOIO HA EKCIIEPUMEHTI
BEJIMUYMHOIO € KyT pedpakiii ¢ (ToOTO KyT BIAXUICHHS MPOMEHS MICJs BUXOAY 3 00’ €KTa
BiJI TTOYaTKOBOI'O HaMpsMKY). [IpoMiHb 3aJIOMITIOETHCSI HAa KOKHOMY IIIapi PEUYOBUHH,
3MIHIOIOUH CBiii HampsM Ha KyT/i. Ilicns koxHOro 3amomusieHHs TpoMiabk K; Oyme
BIIXWJICHUH BiJl MOYaTKOBOTO HanpsAMKYy K, Ha KyT ¢; = y; + Vo+... +Y;, 1 OCTaTO4YHO,
iCJIs BUXOY 3 00°€KTa, KoM I=M (7¢ M 1ie MOBHA KUIbKICTh IIapiB IS JaHOI KOJIOHKH):
@ = Qm = 2%, Vi- PO3rIsiHEMO BUMIAZI0K KOJIH XBHJIBOBHIT BEKTOP pedparye mo uep3si Ha
JIBOX MOBEPXHSX (pucC. 3.4).

I3 rpannunux ymoB (3.53) , 6epyuu 10 yBaru, o ¢, = Yo = 0 MoXxHa 3anucaru:

K, sina; = K; sin(a; + ;) (3.62)

Y1 = arcsin (% sin al) —ayq. (3.63)
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Ockinpku P+ =71 | TO 175 Apyroi MoBEpXHi MOKHA OTPUMATH:

K, sin(a, +y1) = K, sin(ay, +y1 +v3), (3.64)
. (Ky .
Y, = arcsin (K—: sin(a, + yl)) — (a, +v1), (3.65)
. (K .
Q, =Y, +y, =arcsin (K_z sin(a, + yl)) — ay. (3.66)

Puc. 3.4 BinxuneHHs XBUIbOBOIO BEKTOPU MIPU MPOXOJKEHHI Yepe3 KibKa IapiB.

3Baxcaroum, mo K me NPOMiHb, 1110 majgae Ha (i+1)-11y TOBEpXHIOMOKHA OTPUMATH:
Kisin(aiv1 + @) = Kiyq sin( @1 + @5 + Viga). (3.67)

Koiu i+1=m, t0:
K1 sin(am + @m_1) = Ko sin( @ + @m_1 + ¥m)- (3.68)
OckibKM 3MiHAa XBWJIBOBOTO BEKTOpa Ta KyT BIAXWJICHHS [AyXe Manll, Yy

BianoBimHOCTI 10 (3.61) 1 (3.62) MoxHa 3anucatu:
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Kisin(ajy1 + @) = Ki(1 + A ) [sin( a1 + @;) + Vigr cos(aipg + @), (3.69)
Yier = —Aipq tan(a, + @) (3.70)

UucenpHHMi aHami3 TOKazye, 1o HaOmmwkeHwil Bupa3 (3.70) 3amumaerbcs

CIIpaBeJIMBUM (JIJI1 peaJbHUX PEUYOBHH 1 BUIIPOMIHEHHS) JUIA Jiarma3oHa KyTiB%:, 110

BHU3HAYAETHCS BUPA3OM:
1

la;| << arctan (A—). (3.71)
i

BukopucroByroun nHabmmwkeny dopmyny (3.70), MoXkHa OTpUMaTd PEKYpPEHTHI
CHIBBITHOIICHHS JIJIS I-1 TOBEPXHI:

yi = —4; tan(a;), (3.72)

P = Vit Qi (3.73)

Takum 4YMHOM MO’KHA 3amucaTd HAaOMMKEHWM BHUpa3 isd KyTa pedpaxii

CKaHyI4OIo MPOMEHs, L0 NPOXOIUTh Yepe3 00’ €KT, SIKUM CKIAJAEThCs 3 M HIapiB y

HACTYITHOMY BUTJIAIL:

¢ = om = — N2 4 tan(a;). (3.74)

HeoOximHo BiAMITHTH, IO 00JacTh 3aCTOCYBaHHS JAHOTO BUpa3y OOMEXKYETHCS

KyTaMHd HaXWIy MOBEPXOHb &) , sAKi He 3aHaATo O0au30ki 10 /2. Komu i ymoBa He

BUKOHYETHCS MOTPIOHO PO3TIIAAATH BUIIAJOK KOB3HOI reoMeTpii po3citoBaHHS. Takox

pPEe3YNbTYIOUN KyT pedpakiiii TeX TOBUHEH 3IUINATUCS MAJIUM, OCKUIBKH BEJIUKI KYTH

YHEMOKIIUBIIOIOTh BUKOPUCTAHHSA KOJIOHKOBOI'O p036I/ITT$[.

3.4.3. 3mina ¢a3u

Bupas mna kyta pedpakxiiii CkaHyl04Oro MPOMEHS, OTPUMAaHHUKA y MOMEpPEeIHbOMY
naparpadi He MICTHTh 3aJIeKHOCTI BiJl po3MipiB 00’ekTa. J[Ji1 BU3HAUYCHHS PO3MIPHHUX
XapaKTEePUCTHK (TOBIMHA KOXHOTO IIapy B MEXKaxX OJHI€] KOJOHKN) MO>KHA BUKOPUCTATH
TOH (HaKT, 10 B HACIIIOK 3MIHH MOJIYJISl XBUJIILOBOTO BEKTOPA MPH MPOXOIHKEHHI KOKHOTO
mapy BHHHKAae MeBHa 3MiHa (Ha6ir) ¢asm ©i. Boma Binmosimae pismmmi mix daszamu
MMOTOYHOT'0 XBUJILOBOT'O BEKTOPA Ta HE3MIHEHOT'0 (OMIOPHOT0) BEKTOPA, IKUH MPOUIIIOB OU

TOU CaMUM IIIJIAX.



96

[Ticns Buxomy 3 oO0’e€kTa amIuliTyla XBUJIBOBOTO BEKTOpa (IS MPOKHBOTO
po3ciroBaHHs 0e3 nmoriauHaHHs) Oyze piBHa Ko, ajge XBUILOBUM BEKTOP Oy/1€ BIAXMICHHUI
BiJI TOYaTKOBOT'O HATIPSMKY Ha KYT ¢. [To3HaunmMo pedparoBanuii XBUIbOBHIA BEKTOP K,
a TOBIIMHY I-T0 1rapy mo3Hauumo li. OCKiTbKH KT BIIXUIICHHS (0; Ty>KE MaJHNA, MOYKHA
BBAKaTH, IO JJIs KOKHOI IMOBEPXHI MDK IIapaMu sl 000X XBUJIBOBHX BEKTOPIB
(mamatouoro 1 pedparoBaHoro) BHU3HAYAIBHMM OyJe caMe KyT HaxXwiy MOBEpPXHI,
HAOJIMKEHO OJHAKOBHUM IS 000X BEKTOPiB. TakuM 4YMHOM HOpPMaibHI CKIAJO0BI IMX
BEKTOPIB B CBOIO UEPTy T€X OyAyTh 1OCUTH OJIU3bKUMHU.

Po3rasiHeMo mpomiHb, 10 NPOXOIUTh Yepe3 OAWH wap pedoBuHU. Ha “BxigHii”
MOBEPXHI MOXHA 3alHUCATHU:

iKor — iK.r
’PKOe 0 =0 = 'I’Kle 1 |

: (3.75)

r=0
lluKo = lluKl. (376)

ITicist mPOXOKEHH S epes teif map, ko =/

1, HaOIr (azu Oy/ie BU3HAYATHUCH SIK:
1 = L(IKy| = 1KoD) = L [Ko(1 + 41) — Kol = Koly44. (3.77)
Bupas ayig XBUIb0BOi (DYHKIIIT MMICTs BUXOAY 3 OJHOIO MIAPy MOKHA OTPUMATH Y

BUTJISIL:
L}IK;)elKOT+lKollA1’ (378)

e K(; piBHUH (32 MOJTyJIEM) 10 TIAJ]aI0U0r0 MPOMEHSI, aJie BIAXWICHUI HA TIEBHUM KYT.
Ockinbku Bupa3 (3.78) BiAPI3HAETHCSA Bl MOYATKOBOTO JIMIIIE MEPEHOPMYBAHHSIM
aMILIITyIM Ta HaliroM ¢asu, TO JaHy MNpoUeAypy MOKHa MpPOJOBKUTH Ha BCI
HACTYTHI IIapu PEYOBUHU, OTPUMYIOUH JIJIsI KOSKHOTO Iapy BIANOBIAHUI HAOIT (a3u, 110
Oyzne MicTUTH 1H(OpPMAIIITO MTPO HOTO TOBIIUHY.
OcraTouHo micisg BUXOMy 13 00’ekTa (MPOXOMKEHHS m MmiapiB) OyAaeMo MaTu

HACTYMHUI BUpPa3 i1 XBUIHLOBO1 QYHKIIT pedhparoBaHOro MPOMEHS:

~ Vo—V;
bi (&} Ai == L

= xz 1 K, piBHuU# 32 Moaynem 10 K, ane BiAXuiIeHud Ha KyT pedpakiiii.
0
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@opmyna (3.79) MicTuTh 1HPOpPMAIII0 TPO YCI TEOMETPUYHI MapameTpu 00’€KTa.
BpaxoByroun me MoXkHa OTpUMAaTd BUpa3 IS BiIOMBaJIbHOI 3aTHOCTI 3pa3Ka, IIo B
CBOIO YEpry JI03BOJISIE MOOYAYBaTH PO PO3CISTHHS.
BuxopuctoBytoun Bupasu (3.74) 1 (3.79) npoBiBIIK IHTETPYBAHHS 110 KyTaX MOKHA
po3paxyBaTH OCTaTOYHUN Mpodiib BiOMBaHHSA 00’€KTa, IO cKiIagaeTbes 3 N mapiB 3

ypaxyBaHHSM BHECKY BiJl TapaMeTpiB KOXKHOTO OKPEMOTO IIapy KOKHOI KOJIOHKH:

RE, (6, &y Ly ) (1= 1,2, .. N) (3.80)

Jie X — KOOpJArHaTa Ha eKkpaHi, ¢ — KyToBa 3MIHHa, |; — TapaMeTpu PEYOBUHU 00’ €KTa, [;,
Q; — BIJIMOBIIHO TOBILUHM IIIAPIB Ta KyTH HAXUJIYy MOBEPXOHb.

OcTaToyHO Marouy BUpa3M JJisl B1IOMBAIBHOT 3JJaTHOCTI Y BC1X €JIEMEHTaX ONTHYHOL

CXEMHU TOBHY BiOMBaJIbHY 34aTHICTh CHCTEMH BIATIOBIIHO 0 BUpa3y, HaBEACHOTO Ha

MOYATKY JPYroro po3JuTy MOXHA OTPUMATH y BUTJISL:

R(A6, x) = [ Ry (&) Ra(§ — A0 — @)RGy;(x, &, s, 1y, ;) dé,
(3.81)
OckinpkM JaHMA BHpa3 TMOB’s3ye OaraTo mapaMeTrpiB, TO JUIsl 3HAXOJKEHHS
HEBIJIOMUX BEJIMYMH 13 KAPTUHU PO3CISHHS, TOOTO sl PO3B’SI3Ky OOEpHEHOi 3ajadl,
HEOOXITHO BHU3HAYUTHU BIJATMOBIIHY MPOIEAYPY NPOBEACHHS BUMIPIB IS MOOYI0BU
CUCTEMHU PIBHSHb, sIKa OyJie BpaXOBYBaTH BCl HEOOX1AHI XapaKTEPUCTUKU Ta 0COOIUBOCTI

3ampoINOHOBaHOI Teopli. Taky mpoueaypy ONnMcaHo y HaCTyITHOMY PO3JILIL.

3.5. UncesibHI pO3PaXyHKH Ta pe3yJibTaTH

[IpeacraBineny Mojaenb AJiS HEKPUCTAIIYHUX OO0 €KTIB OYyJ0 BHKOPHUCTAHO A
JOCIIKEHHST JEKIJIBKOX MOJICIBHUX 00 €KTIB: KaImpOHOBOro (IMoJiKampoHamia [—
NH(CH)sCO-]n) apoty, momietuinenoBoro (CoHs)n kaminsapy, akpuioBoro (CsOzHs)y
CTEp)KEHS Ta Kamuisipy 3 OOpOCHIIKATHOTO ckia. Bubip momenbHUX 00’€KTiB OyB
OOyMOBJIEHUI HAsBHICTIO [JIsi HUX EKCIEPUMEHTAJbHUX NpOo(diIIB 1HTEHCUBHOCTI,
BUMIPSIHUX PaHille 1HIIMMHA aBTOpaMu. Po3paxyHKu MPOBOIUIUCH I (DA30KOHTPACTHOT

CXEMH TIPH PI3HUX EKCTIEPUMEHTAILHUX yMOBaX. Po3paxoBaHi IHTEHCUBHOCTI Ha puc. 3.5-
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3.9 HOpMOBaH1 Ha IHTEHCUBHICTh CKaHYIOYOT'0 TIPOMEHS 32 BIICYTHOCTI HEKPUCTATIUHOTO
00’€KTa Ta IpH HYJbOBOMY 3MIIIIEHHI aHaJIi3aTopa.
Ha puc. 3.5-3.7 moka3aHo pe3yibTaTd PO3PAXYHKIB IS KAIPOHOBOTO JIPOTY Ta
MOJIIETUIICHOBOTO Kamuisipa (MOpOXHBOTO Ta HAMOBHEHOTO METHUJIOBHM CIUPTOM) IPH
BUKOpHCTaHH1 BunpoMineHHs AgK,; 3 pediekcom ananizaropa (422) ta 3mimieHHsam 0 1 -

0.4 KyTOBI CEKyH/IH.

(.12 =

0.104 e

0.08 4 0,08

Tntensity

Tntensity

0.06 01046

0.04 .04 o

0.02 4 00z 4

0 . . . . . . . . . 0.00 I . . . I

Puc. 3.5 TeopetuuHi po3paxyHKH NpoQiiB IHTEHCUBHOCTI KalIPOHOBOTO JPOTY pajiyca 2 MMm. 3CyB

aHaiizaropa BianosigHo: 0 (a), —0.4" (6).

Ha puc. 3.5 HaBemeHo KpuBi1 IHTEHCHBHOCTI JJII KalPOHOBOT'O JPOTY pajiyca 2
MUIIMETPH HPU JBOX PI3HUX 3MIIICHHIX aHaIi3aTopa.

Ha puc. 3.6 npencraBieHo MOPIBHSHHSA PO3paxyHKIB B paMKax JaHOi MOJENl Ta
pe3ynbTaTiB, OTpUMaHuX y po6oTi [115] mist mOpoKHBOTO MOJTIETHICHOBOTO KaIIsipy 13
30BHIIIHIM paJilycoM 2 MIJIMETPH Ta BHYTpIIIHIM paaiycoMm 1.6 minimeTpu. TeopeTuyHi
PO3paxyHKH IMPOBENEHO 3a MPUIYLICHHS, L0 MOBEPXHS O0’€KTa JOCHUTH TIJAJKa.
Bracniiok 11010 mo0au3y rpaHuilb 00’ €KTa KpUBI MarOTh JENbTa-MOAI0H] MIKU 1 JyXKe
pi3ki amu. Lle cnpruunHEeHO TUM, 10 TAHTE€HC KyTa MaJliHHS IPSIMY€E 10 HECKIHYEHHOCTI 1
BIITaK TJIMOMHA SIM OOMEXYETbCS JIMIIE BEIUYMHOI0 KpPOKA IHTETPYBaHHS B MEXax
po3paxyHkKiB. OjHaK il peayibHUX 00’ €KTIB MOBEPXHS, Oyyud MaJIeKOIO Bif 171€aIbHO1,
Ma€ BUIIAJKOBI BUKPHUBJICHHS, Yepe3 M0 IIMOWHA SIM BHACIHIIOK PO3MUTTS OOMEKeHa

CKIHYEHHOK BEJIMYUHOIO.
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Puc. 3.6 TeopeTnuHi po3paxyHKH B paMKax JaHOTO MeToay (a, B) Ta pe3ysbratu podotu [115]

(6, T) ISt MOPOXKHBOTO TOJIIETHIICHOBOT'O Kamijisipa. 3CyB aHamizaropa Bigmnosiauo: 0 (a, b),

_ "

0.4" (c, d).
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Puc. 3.7 TeopeTnuHi po3paxyHKH JUIS MTOTIETHIICHOBOTO KaITiIsipa, 3alIOBHEHOTO METHIIOBHM CITHPTOM.
3cyB anamizatopa BiamosigHo: 0 (a), —0.4" (0).

Ha puc. 3.7 npeacTaBieHo TeOpETHUHI pO3paXyHKH JJIS BUIIEONUCAHOTO Kamjspa,

3alOBHEHOT0 METWJIOBUM cnupToM. JlomaBaHHsg Apyroro marepiaiy (CnupTy) 3 HOro

BJIACHMMHU TIOKa3HUKAMHU 3aJIOMJICHHS Ta TOMJIMHAHHS TOCTYIOBO 3MIiHIOE MpOoQisi
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iHTeHCHBHOCTI. OmHAK CIIJ BIAMITHTH, IO PE3yJbTylodi KpuBi (3a ¢opMoI0) €

CyNepro3ulli€l0 KpUBUX, HaBeJIeHUX Ha puc. 3.5 Ta 3.6.
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Puc. 3.8 TeopetnuHi po3paxyHKH B paMKax JaHOTO METOY (@, B) Ta pe3yJIbTaTH 13 poOOTH

[79](6, r) mpodiniB iHTEHCHBHOCTI aKPHIOBOTO CTEPIKHS. 3CyB aHaii3aropa BinnosiaHo: 0 (a, 0),

—0.7" (B, T).

Ha puc. 3.8 ta 3.9 mpoeMoHCTpOBaHO TEOPETUIHO PO3PAaXOBaHi KPHBI Ta BIMOBIIHI

pe3ynbTaT, oTpuMaHi B po0OoTi [116] myist akpuimoBOro CTEp KHs pajlycoM S5 MUIIMETPIB

Ta CKJISTHOTO Kamijispa 13 30BHIIIHIM paaiycoM 0.88 MisliMeTpa Ta BHYTPIIIHIM PajilycoM

0.64 mimimetpa. HaBeneni pesynbrati 13 [116] aBisitoTh 00010 1 €KCTIEPUMEHTANIbHI JJaH1

(ToukM) 1 BIAMOBIAHI po3paxyHKH (CYIIIbHI JiHI(). B pamkax po3paxyHKIB pO3IMOILI

IHTEHCUBHOCTI PEHTTE€HIBCHKOIO MPOMEHS OyJ0 3aMiHEHO TiCTOrPaMOI0 3 €JIEMEHTIB

muprHO0 1 mumiMerp. IS KOXKHOTO €JIEeMEHTY I1HTEHCHUBHICTh PO3paxOBYBaJlach

BiJIHOBiJIHO A0 IOrJIMHAHHA Ta 3aJIOMJICHHS, IIPYU IbOMY BUKOPHCTOBYBAJIACA 3IJ1a1KCHA

kpuBa 3anomiieHns y [116] (puc. 3.8, b, d Ta puc. 3.9, b, d) i Touno po3paxoBaHa i3
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B1IOMBAJILHOT 3IaTHOCTI MOHOXpOMATOpa 1 aHaiizaropa y aaHii poo6oti (puc. 3.8, a, ¢ Ta
puc. 3.9, a, ¢). B nmanomy BumaaKy BHKOpPHCTOBYBajocs BumpombiHeHHS MoKal 3
pediexcom (333) y kpucTaii aHagizaTopi.
Tax camo, sk 1 Ha puc. 3.5-3.7 “rocTpora” TEOPETHUHUX KPUBHUX BU3HAYANIACS JIMILIE
BEJIMYMHOIO KPOKY IPHU PO3paxyHKax, B TOW 4ac K €KCIEPUMEHTANIbHI JIaHI BKJIIOYAIOTh

BIJIXHJICHHS 1 PO3MUTTS, CIPUYMHEH] HE1JeaNbHICTIO TOBEPXHI Ta PEUOBUHHU.
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Puc. 3.9 TeopetnuHi po3paxyHKH B paMKax JIaHOTO MeToja (a, B) Ta pe3yabTaTH i3 [79](0, T) mis

CKJISIHOTO Kanisipy. 3cyB anamizatopa: 0 (a, 6), —0.7" (8, ).

3.6. BucHoBKH

Onucana y mnomnepeaHbOMY pPO3AUTL TEOPETUYHA MOJIETb J03BOJISE IMPOBECTH
y3araJbHEHHS! OMMCAHHS TPOIECY B3a€MO/IIi BUMPOMIHEHHS 13 PEUYOBHHOIO HA BUIIAIOK
HEKPUCTAJIYHUX 00’ €KTIB 13 JOBLIBHOI KUIBKICTIO MIapiB pedyoBUHU. OTpuMaHUil B
paMKax TaKoro Yy3arajlbHeHHsI pO3B’SI30K 30epirae iHQoOpMalilo Mpo MapaMeTpu

CTPYKTYpH 00’€KTa 1 MOke OyTH 3aCTOCOBaHWM MpHU OMHUCAHHI Tpoiiecy (HOpMyBaHHS

(dhazoBapiamiitHux 300paKeHb.
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3anpomnoHoBaHa TPUBIChOBA CXeMa TNpU BHUKOPUCTAHHI  BHUIIE3a3HAYCHHUX
pe3yNbTaTiB T03BOJISIE BA3HAYUTH BIUIUB SIK OCOOJIMBOCTEH KpHCTalIiB MOHOXpOMaTopa i
aHajizaTopa (BKJIIOYHO 13 MiKpojaedeKTamMu), TaK 1 BCIX MapaMeTpiB HEKPUCTAIIUYHOTO
o0’ekta Ha KapTHHY po3cisHHS. Ilpu 1bOMy aHamiTH4HI BHUpPA3H MOXKYThb
BUKOPHCTOBYBATH Psii HAOMWKEHb I TEPEXOay A0 OiTbII TPOCTUX TPaHUUHUX
BUIIAJIKIB 1 pa30M 3 TUM 30€piraioTh iHPOPMATUBHICTh OTPUMAHUX PE3YJIbTATIB.

KpuBi IHTEHCUBHOCTI, OTpUMaHI JiJIsi MOJIEIBHUX 00 €KTIB I00PE Y3TOIKYIOTHCS 3
3araJbHOBIJOMAMH pE3yJbTaTaMd, MPH IIbOMY BHUKOPUCTAaHWUW TMiAXiM JUIsI OIHUCY

npoI1ieciB pedpaxiiii Moxke OyTH 3aCTOCOBHUH 1 AJis1 OUIBII CKIATHUX 00’ €KTIB.



103
PO3JILT 4
BILINB IHCTPYMEHTAJILHUX ®AKTOPIB ITPH PO3B’SI3KY MPSIMOI 1
OBEPHEHOI 3AJTIAY PO3CISTHHSI

4.1. Beryn

TpuBicboBuii criocid o0y 10BU 300paxkeHs, To0TO ABI, 6a3yeThcsi Ha BUKOpHUCTaHH1
KpPUCTaIIB MOHOXpOMAaTOpa 1 aHali3aTopa, po3TallOBaHUX Ha FOHIOMETPAX 3 BUCOKOIO
PO3IUTBHOIO 37aTHICTIO. [Ipy IbOMY MOHOXpOMaTOp (popMye OTHOPITHUM Y HOPMAJTbHIM
10 HANpsSMKY PO3MOBCIODKEHHS IUIOLIMHI CKaHYHOUHM MPOMIHb 13 BIAOMHUM KYyTOBUM
pPO3MOJIOM 1HTEHCHBHOCTI. B pe3ynbrari B3aemojii 13 AOCHIIKYBaHHM 00’ €KTOM
MIPOMIHb 3AJIOMJIFOETHCSL HA MaJli KyTH Ta JIOKaJbHO 3MIHIOE CBOI IMapaMeTpu (HampsiM Ta
BEJIMYMHY XBUJIBLOBOTO BEKTOPA, aMILTITYAY XBWJI1, KyTOBUW pO3MO/1I IHTECHCUBHOCTI) B
3QJICKHOCTI Bl XapakTepy JIoKaii3allii HeoaHOpiAHOCTer o00’ekra. J[ia omumcaHHS
MaKpOCKOITIYHUX HEOAHOPITHOCTEN 00’ €KT YMOBHO PO30MBAIOTh HA KOJIOHKH Ta iX IIapH,
a BBOJSTYM PI3HI MapaMeTpu (HIyKTyalliil OMUCy0Th MiIKPOCKOITIYHI HEOJHOPITHOCTI.

3a ocTaHHI pPOKH OIyOJiKOBaHO OaraTo poOiT, MNPUCBSIYEHUX PO3BUTKY Ta
3actocyBanHsM ABI-mMetony (muB., Hanpukiam, poootu [53, 96-102, 103-105]). Ognak
TEOpETHYHI OOTPYHTYBaHHS OUIBIIOCTI 3 BKa3aHWX POOIT 3aCHOBaHI Ha IUIOMY Psi
HAOJIMKEHB, 10 CIPOILY€E PO3PAXyHKH, aje MPH IIbOMY HE T03BOJISIE BpaXyBaTH BIUIHB
BEJIMKOTO0 HA0Opy MapaMeTpiB CUCTEMHU Ha 300paKeHHs, IO B CBOIO UEPry CYTTEBO
0oOMeKy€e YyTIUBICTh Ta, 0COOJIMBO, 1HHOPMATHBHICTH METOY.

B nanomy posain 0a3yrounch Ha paHilllie ONMHUCAHUX pe3ysbTaTax Il€i poboTH
NPOBEJCHO aHaji3 HaOMMKEeHb, 10 BHUKOPUCTOBYIOTHCA Yy CHPOIICHHUX CXeMax
PO3paxyHKy Ta BpaxOBaHO BIUIMB JOJATKOBUX TapaMeTpiB SIK caMOro o0’€kTa, Tak 1
MEBHUX €JEMEHTIB YCTaTKyBaHHsS, 3 METOI0 TMOKpaumeHHs 1H()OpMaTUBHOCTI
¢dazoBapiaimiitHoi IarHOCTHKKA Ta 3MEHIICHHS 1HCTPYMEHTAIBHUX TMOXHOOK TMpHU
BUMIpPIOBaHHI. 3a JOMOMOIOI0 PO3pPaxyHKIB MOKA3aHO CYTTE€BHI BIUIMB 1 BIAMOBIIHO
HEOOXITHICTh BpaxyBaHHsS OMUCAHUX €(EKTIB Ta OCTATOYHO MUISIXOM YHCEIbHOTO

EKCIIEPUMEHTY MIATBEP/KEHO MOXJIMBICTh PO3B’SI3KYy OOCPHEHOI 3a/1aul PO3CISTHHS TIPH
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BUKOPHCTaHHI 3aPOTIOHOBAHOTO T1X0y. BiAmoBiiHi pe3ynbratu Oya0 MpeACTaBICHO Y

poborax [117-118].

4.2. BniiuB HeolHOpPiAHOCTEH 00’€KTY Ta IHCTPYMEHTAJBHUX (PAKTOPIB HA PO3NOIIT
IHTEHCMBHOCTI

Bci moganeiini po3paxyHKku IpOBEACHO B paMKax MOJIE, 3alIPOIIOHOBAHOT B poO0Tax
[90, 107] Ta onucaHoi B momnepeaHix po3/aiiax.
Jlana Mojenb J03BOJIAE BpaxyBaTH BIUIMB €(EKTiB OaraToKpaTHOCTI PO3CISHHSA SK B
MOHOKpPHCTaJIaX MOHOXpOMATOpa 1 aHaii3aTopa, Tak 1 B HEKPUCTAIIYHOMY 00’ €KTI, 1110
Jla€ 3MOTY BCTAHOBUTU O€3MOCEPEAHBO AHATITUYHHUHI 3B S30K MIXK XapaKTepUCTUKAMU
HEKPUCTAJIYHOTO 00’ €KTY 1 MapaMeTpamMH PeHTIE€HIBCbKO1 KAPTHUHM, 10 MOro 300paxye.

KitouoBuM HaOMIKEHHSM BUKOPHCTAHOT TEOPETUYHOI MOJETIl € TaK 3BaHe
KOJIOHKOBE HaOmkeHHs. B pamMkax HbOro mpocTip yMOBHO PO30UBA€ETHCS HA JOCTATHBO
BY3bKi KOJIOHKH, MapayiesibHI 10 CKaHyK4YOTo MpomeHs. Po3mip KOJIOHKHM HE TOBHUHEH
OyTH MEHIIMM 3a TudpakiiiiHuil JTIMIT, ajle TOBUHEH OyTH JOCTaTHHO MajuM, 1100 B
paMKax OJHIET KOJOHKH MOBEPXHIO JOCIIKYBAaHOTO 00’€KTa MOKHA OyJi0 HaOIMKEHO
BBKATH IJIOCKOI0. Take MpUIyIIeHHS] OY€BHUIHO CIIPABEATNBE sl 00’ €KTIB 3 TOCTATHHO
TJIAJIKOI0 TIOBEPXHEIO, aje HEe y BUMAJAKY IMOCIYE€HOI MOBEPHI 3 BEIUKOK KITBKICTIO
HEOJHOpIAHOCTEN. JJ11 OmMCcCaHHs TAaKOTO BUNIAAKY B JAHOMY PO3/1I1 ONMMCAHUI MIAX1], B
paMKax SIKOrO TIOBEPXHSI BBAKAETHCA TUIABHOIO HA TPOXM OLIBIIOMY MaciTadl, ajie mpu
1IbOMY TIPUCYTHI TTapaMeTpu30BaHi ycepeaneni paykryarlii popmu noBepxHi. B Takomy
BUMAJIKY popMa 00’ €KTy Oy/1e HAOIMKEHO ONMHUCYBATHCH OPIEHTALIIE€I0 BBEICHUX ILIOIIMH.

Cnin BIAMITHTH, 1O 3MIHA (OPMH Ta BIACTUBOCTEH PEYOBHHH B 3aJICKHOCTI BiJ
KOOpJIMHAT B OOEPHEHOMY MIPOCTOPl YTBOPIOIOTH TaK 3BaHl IPOCTOPOBI YaCTOTH.
BianoBigHo OuIbII pi3Ki 3MIHM Ta MIIJIHO PO3TAIIOBaH1 MIKPOCKOIIYH1 HEOIHOPITHOCTI
BIJINOBI/IAI0Th BUCOKUM TPOCTOPOBUM YacCTOTaM, a TJIaBHI 3MIHM XapaKTEPUCTUK Ta
IJIaJIK1 TIOBEPXH1 BIAMOBITHO HU3BKUM MPOCTOPOBUM YACTOTAM.

3 iHmoro 00Ky MIHIMAJIBHHA PO3MIpP KOJIOHKH OOMEXKEHUN MPUITYIICHHSIM TIPO
HENEPEeKPUTTS. BUIPOMIHEHHSI KOJOHOK, TOOTO MpOo Te, IO 3a PaXyHOK JIOCTATHBO

BY3bKOI'0O KYTOBOI'O PO3MOALTY 1HTEHCUBHOCTI CKaHYIOUYOTO MPOMEHS Ta MajuX KyTiB
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pedpaxiiii IHTEHCUBHICTh He Oy7Ie epepo3noaIIATUCh MK KoJloHKamu. Lle aBromaTnaHO
BUKOHYETHCS JUIsI OO0 €KTIB MIKPOCKOIIIYHOTO PO3MIpy, Ha JOCHIDKCHHS SKUX 1
crpsiMoBaHa JaHa poOota. Jlami Oyae mokazaHo, IO e(PeKT mepepo3noauty y psi
BUITAJIKIB MOKHA JIOCUTH JIETKO BPAaxXyBaTH Ta OI[IHUTH MOJXKJIMBY TOXHUOKY Ha SKICTh
300paK€HHS.

[HmIMM OOMEXEHHSM MIHIMAJIBbHOI TOBIIMHU KOJIOHKA € YMOBa OJHOPITHOCTI
PEUYOBHHM SK 32 TOBIIMHOIO KOJOHKH, TaK 1 B MEXaX KOXKHOTO i1 mapy. AHaJIOTIYHO /10
BpaxyBaHHs TOYHOI (OpPMHU TOBEpXHI 3MIHM BIIACTUBOCTEH PEUOBMHU 3 MAJOI0
MIPOCTOPOBOI0 YAaCTOTOK) MOKHAa ONHUCATH SIK Hallp OKpeMHX MIapiB 13 CTaJuMHU
BJIACTUBOCTSIMUA PEYOBUHH, a 3MIHU 3 BUCOKOIO MPOCTOPOBOIO YACTOTOIO BBOJSATHCS SIK
ycepenHeHl (B pamkax KokHoro mapy) ¢uaykryamii. [Ipy npomy OGepydyu moTeHmian
B3a€MOJIIi BUIIPOMIHEHHS 13 PEUYOBHHOIO JIOCTIHPKYBAHOTO OO0’€KTa TOCTIHHUM Ha
JI0OCTaTHHOMY MacITadl (B MOPIBHSIHHI 13 IOBKUHOIO XBHJI1 ), MOYKJIMBO BUKOPHUCTOBYBATH
TaKy BEJIMYUHY SIK TTOKa3HUK 3JIOMJICHHS.

Ha mpakruiii B pe3ysbpTaTi ycepeIHEeHHs KO)KHA KOJIOHKA BIJIMOBIA€ OKPEMIiil TOUII
(mikcento) Ha AeTeKTOpi. BimoBiqHO XapakTepHUii MaciTad OB’ sI3aHU 3 PO3IITLHOIO
3/1aTHICTIO YCTaTKYBaHHS.

Bukopucranns nanoi Mojeni 3ade3nedye MOXIUBICTh BUPIIIICHHS 00OCPHEHOI 3a1a4i

Ta BCTAHOBJICHHS XapaKTEPUCTUK TOCTIIHKYBAaHOTO HEKPUCTATIIYHOTO 00’ €KTY.

4.2.1. BruiuB KpuBHX BiIOMBAHHS MOHOXPOMATOpPAa Ta AHAJI3ATOPa HA PO3MOALI
IHTEHCHMBHOCTI

st popmyBaHHS KBa3IMOHOXPOMATHYHOTO XBUJILOBOTO (PPOHTY 3 MajuM KyTOM
po301LKHOCTI  (MOPSIIKY J0JIeW KYTOBUX CEKYHJ) BHKOPHUCTOBYETHCS ~KpHUCTal-
MOHOXpOMAaToOp. Y $SKOCTI KpUCTaJiB-MOHOXPOMATOPIB BHKOPUCTOBYIOTHCA Maiike
JOCKOHaJIl MOHOKPHCTAJIN 3 BYy3bKOIO KpHUBOIO BinmOuBaHHsA. [Ipu nbomMy BaxkiuBo, 1100
CKaHYIOUUU NMPOMiIHb OyB OJHOPIAHUM B IUIOIIMHI, NEPIEHIUKYISAPHINA 1O HANPIMKY
MOIIMPEHHS, Ta JOCTaTHHO IIMPOKUM, 10O OCBITIIOBAaTH BeCh 00’€KT. JlJig 1IbOTO Yy
BUIAJKaX, KOJU JDKEPEIO BUIPOMIHEHHS Ma€ 3aHaATO BY3bKHI MYyYOK, [0

MOHOXpOMaTopa JO0Jal0Th KPUCTaN 13 HECUMMETPUYHUM BIIOWUTTSM, IO 30UIBLIYE
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nornepeyuii po3mip (wupuny) nyuka. [licns 3anomienss y 00’ €KTi My4oK MOTparvisie Ha
aHaji3aTop — I OJMH Maike 17ealbHUA MOHOKPHCTAT 13 BIJAMOBIIHOK BY3BHKOIO
KpUBOIO BigOMBaHHA. [licis 1BOro JETEKTOp BUMIPIOE PE3yJbTYIOUY 1HTEHCHBHICTD
npoMeHs. B geskux iHmmx Metoaax moOyaoBu pazoKOHTPACTHUX 300paKeHb B ONITUYHIM
CXeMi MPUCYTHI €JIEeMEHTH, 110 BUKOHYIOTh POJib OJIM3BKY 10 KpHCTajla-aHaii3aTopa.
30KkpeMa MacKu y METOJIl OCBITJICHHS Kpaio JAar0Th JY)K€ CXOXKUU pe3yibTar 1 YaCTUHY
Teopii. BukopuctanHs KpUCTaldiB Mae OUIbIIE MepeBar 3 oIy Ha KyTOBY PO3JIIbHY
3J1aTHICTb, X04a MIPH [IbOMY YCKJIQJIHIOIOTHCSI TEXHIYHI BUMOTH JI0 IOCTYBaHHS 1 TOYHOCTI
oOJsiasHaHHs. 3 1HIIOTO OOKY BUKOPUCTAHHS MacOK ab0 IpaToK 3a3BUYall HaKJaa€e OUIbIII
ciabKi BUMOTH JI0 00JIaJIHAHHS, aJie pa30oM 3 THM JIa€ TIpIly pO3IUIbHY 3JaTHICTb.

BuMipsHa AeTEKTOpOM IHTEHCUBHICTh JOPIBHIOE 3TOPTIIl KYTOBOTO PO3MOALTY
IHTEHCUBHOCTI TPOMEHsI Tepe]] aHali3aTOpOM Ta KPUBOI PO3CISHHS aHaizaTtopa 3
ypaxyBaHHSM KyTa pepakiiii Ta MOKIIMBOTO 3MIIIIEHHS OpiEHTAIII] aHaJIi3aTopa BITHOCHO
MOHOXpoMaTopa. Y TOMY BHUIMAJAKY, KOJU OO €KT MOXHA HAOJMKEHO BBAXKATH
OJIHOPIIHUM, TOOTO 3HEXTYBaTH MIKPOHEOJHOPIAHOCTAMHM, PO3MOALT 1HTEHCHUBHOCTI
TICTISt IPOXOJIKEHHS Yepe3 KOKHY KOJIOHKY 00’ €KTY 3JIUIIUTHCS Maii>ke HE3MIHHUM, ajie
OyJne 3cyHyTui Ha KyT pedpakiiii Ta 13 3MEHIIEHHSIM 3a PaXyHOK MOTJIMHAHHS aMILIITY
XBUJIb BIJMIOBITHO.

Yacto OyBae 3py4HUM BH3HAYUTH 3QJIEKHICTh PE3YyJbTYHOUOi 1HTEHCHUBHOCTI Bij
KyTa 3MIIIEHHS aHalli3aTopa BITHOCHO MOHOXpomartopa 0e3 o6’ekrta. [laHi KpuBi 1HOII
Ha3WBalOTh KpUBUMU roiganHs (aH. Rocking curves), 1 xoua HacmpaBal TepMiH “KprBa
roWJIaHHA" 1ICTOPUYHO BBOAMBCS 3 IHIIUM 3MICTOM, PO3PAXyHKH KPUBHUX AYXe MOJI0HI,
0COOJIMBO SKILIO BBa)KaTH MOHOXPOMATOP SIK YaCTUHY JDPKEpena, 10 MPOCTO A€ MEBHUN
HE3MIHHUH My4oK. BUKOpUCTaHHS TaKUX KPUBUX, SIK1 AaJil OyZeMO Ha3UBaTH 3TOPHYTUMHU
KPUBHMH, JI03BOJISIE B Sl BUMAJAKIB CYTTEBO CIPOCTUTH PO3PAXYHKHU IS OJHOPITHUX
o0’extiB.ITo-mepiie, iX BHUKOPUCTaHHSA JIO3BOJISIE OKPEMO PO3IISIIATH MOIIWPEHHS
BUMPOMIHEHHA B JOCIIJKyBaHOMY OO’€KTI Ta B KpHUCTajllax aHaidizaTtopa 1
MoHoXxpomaTtopa. [Ipu 1nbomMy, /7151 OMUCY MPOXOKEHHS MPOMEHS KPi3b HEKPUCTATIYHUN
00’€KT YacTO BHKOPHUCTOBYIOTh HAONMIKEHHS TEOMETPUYHOI ONTUKH Ta 3aKOH

3amomsieHHs: Chenna. [lo-npyre, BkazaHa KpuBa MICTUThH BCIO 1HQOpMaIIIO, HEOOXIAHY
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1T BU3SHAUEHHS KyTa pedpakiii. Tomy, monepeaHbo po3paxyBaBiiy abo 6e3mocepeHbo
BUMIpSABIIM 1i, MOXXHa 3HA4YHO MPUIIBUIAIIMTA OOPOOKY EKCIepUMEHTAIbHUX
pe3yabTatiB. Tak, maduparodr MOHOKPHUCTAIH 13 PI3HUMH KPUBUMH BITOMBAHHS, MOKHA
[IJIECIIPSIMOBAHO MAOUpaTH KPUBY 3 (HOPMOIO, HEOOXITHOIO ISl JOCIIKEHHS 00’ €KTY
neBHUX (PopM 1 CKIady.

[Ipote, skmo0 00’€KT Ma€e CyTTEBI HEOTHOPITHOCTI, IO CHOTBOPIOIOTH PO3IMOILI
IHTGHCHUBHOCTI, PO3CITHOT 00’€KTOM, 3aCTOCYBaHHS OIIMCAHOTO IIJIXOAY MOXKe
OPU3BOAUTH [0 3HAYHMX TMOXUOOK. Y TaKoMy BHUIAJKy HEOOXIJHO TMOCIIIOBHO
PO3TJISTHYTH B3a€EMOJII0 MydyKa 3 MOHOXPOMATOpOM, O0’€KTOM (200 OKpeMHUMHU HOTO
[IapaMu) Ta aHaJI13aTOPOM JIJIsl KOYKHOI KOJIOHKH. 30KpeMa, JiJisi 6araTomapoBux 00’ €KTiB
3py4YHO 3aMICTh KPHUBUX KyTOBOIO PO3MOJAUTY I1HTEHCHMBHOCTI pO3MIsAaTu Halip
“MIKpONYyYKIB” JJIsI KOKHOTO KyTa MOLIMPEHHS MpoMmeHs. TakuM 4rMHOM, OOYMCIEHHS
IHTErpajiB 3rOPTKH JJI1 KOKHOTO IIapy MOXKHA 3aMIHUTU PO3PaXyHKaMH MEPEPO3NOILTY
IHTEHCUBHOCTEH MK “‘MIKponmydYykamu’ Ta (PiHAJIBHOI OJHOPA30BOi 3TOPTKU 3 KPHUBOIO
BIIOMBaHHA KpHcTaja aHaiizatopa. lle 103BoJisle CYTTEBO CIPOCTUTH PO3pPaxyHKH,
smennmBu cknagnicts Meroxy 3 O(NM) mo O(MN?), me N — KinbKicTh KpOKiB
IHTErpyBaHHs JJIs1 KOKHOTO mapy, M — KUIbKICTb IIapiB.

Ha pucynky 4.1 HaBeneHo 3ropuyTi kKpusi ajisi BunpoMineHHs MoKy (A = 0,07 am)
JUTSL IBOX 1/I€AJIbBHUX KPUCTAIIB KpeMHit0; kpucTai Ne 1 ToBmIMHOWO 5,4 MM, BITOMBaHHS
(111), xpucran Ne 2 — 21,6 mm, BinOuBanus (333).

[IpoBenenHi po3paxyHKH JAEMOHCTPYIOTh, IO MIJISXOM BIAMOBIAHOTO BHOOPY
KpUCTaJIIB MOHOXpOMaTopa 1 aHajizaropa MOXHa c(GOpMyBaTH 3TOPHYTY KpPHUBY 3
HEOOXITHUMU HaTepe 1 3a/laHUMHU rapameTpamu. Tak, 30KpeMa, BUKOPUCTAHHS TeOMeTpii
nudpaxiii 3a bperrom st KpucTalliB MOHOXpOMATOpA 1 aHaji3aropa J03BOJISIE OTPUMATH
3TOPHYTY KPUBY 13 TOCTPUM ITIKOM Ta, BOJHOYAC, MAJIM KyT HAXMJTY HA TIOJIOBHUHI BUCOTH
KPHUBOI 1 TJIaBHE 3aTyxaHHA. B To# yac mociijoBHE BUKOPUCTAHHS TeoMeTpii nudpakiii
3a bperrom 1y1s1 kpuctairy MOHOXpoMartopa 1 reomeTpii audpakiiii 3a Jlaye njs kpucrainy
aHaJi3aTopa 3a0e3neuyroTh OUTBII IIaIKUH MK, aje Mpy oMY OUIBLINI KyT HaXHITy Ha
MOJIOBMHI BHCOTH KPHUBOI 1 OUThIN pi3ke 3aryxaHHs. OTxke, 32 paXyHOK BUOOPY TOBIIUH

KpUCTaJIIB Ta TeoMeTpli AUPpPaKiii MOKHA PEryJIOBaTH IIUPUHY 3TOPHYTOI KPUBOI Ha
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MOJIOBUHI BUCOTH Ta ii amrmiTyny. Hanpukian, nis marepianis, oo 3aJI0MIIIOIOTH ¢l1abo,
JOIIIbHO BUKOPUCTOBYBATH 3TOPHYTI KpHUBI 13 OLIBIIMM KYTOM Haxwiy, SKi
3a0€3IeuyIoTh Kpalliid KOHTpacT, a JUIs MaTepialliB, 10 3aJJOMJIIOIOThH BUIIPOMIHEHHS
OUIBILI CHIIBHO, IOTPIOHO BHOWpaTH OLIBII MIKUPOKI KPHUBI, IO 3a0€3MEUNUTh BHUIIJICHHS

CUTHAY 13 IIIyMY.

I[HTEHCUBHICTb

~0.00004 —0.00002  0.00000  0.00002  0.00004
6, paaiaH

Puc. 4.1 3ropuyTi KpuBi, 100y 0BaHi JUIsl pI3HUX Hap KPUCTAJIIB MOHOXPOMAaTOp—aHaJi3aTop:
MoHOxpomaTopom BuOupascs kpuctai Ne 1 (1, 2) ta kpuctan Ne 2 (3, 4) y reomertpii audpakiii 3a
Bperrom, ananizatopom Bubupascs kpuctan Ne 1 (1, 2) ta kpucran Ne 2 (3, 4) y reometpii audpakiii

3a bperrom (1, 3) ta 3a Jlaye (2, 4).

4.2.2. BnjiMB HEOJHOPIAHOCTEH MOBEPXHi 00’ €KTAa HA PO3NMOALT iHTEHCUBHOCTI

VY TOMy BUMNAJKy, KOJIM MOBEPXHS 00’€KTa Mae BUTHYTY abo “mociueny” ¢opmy B
J0JATOK JI0 ampOKCHUMAIlii IUIOIMMHOO, IO Ja€ 3arajJbHUil KyT 3aJIOMJICHHS TPOMEHS,
HEOOX1IHO SIKHUMOCh YMHOM BpaxyBaTH OOYMOBJIEHI TaKOI HEOJHOPIAHICTIO 3MiHH
KyTOBOTO PO3MOJILTY IHTEHCUBHOCTI BUIIPOMiHEHHs. [IpocTM eBpUCTHUHUM CIIOCOOOM

3pOOUTH 1I€ € BUKOPUCTAHHS NMPUITYLIEHHS, 1110 MICS NOTPAIUISIHHS Ha TaKy IMOBEPXHIO
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KOXXHHM MIKPOITYYOK Oy/i€ epepo3CiIHUN 3 HOBUM KyTOBUM PO3MO/I1JIOM IHTEHCUBHOCTI.
[Tpodisib, 1110 3aCTOCOBYETHCS JJIs1 OITUCY TAKOTO MEPEPO3NOILITy MOXKe OyTH 3a3/1ajieriah
PO3paxOBaHMIA UM MOMiPSIHHUH JIsI KOKHOTO MaTepiaiy.

Pesynbryrounit micns mepepo3CitoBaHHS KyTOBUW PO3MOALT IHTEHCUBHOCTI Oyne
piBHUH crnenu@igHid 3ropTiii MOYATKOBOTO PO3MOALTY Ta Tpodiias pOo3CirOBaHHS
MMOBEPXHI, JI¢ IHTETPYBaHHS MPOBOAUTHLCS TAKUM YHUHOM, IO MMOYATKOBA IHTCHCUBHICTb,
10 TMpUIIaJIa€ Ha OJAMHUYHUN KyT OyJle Iepepos3mnojijicHa (3a KyTamMH) BIAMOBIIHO 10

BJIACTUBOCTEH MOBEPXHI 00’ €KTa Ta pEUOBHHM (3ropTKa IO JOMOMDKHIN 3MIHHIN).

— a)

0.000009{ ——- 6)
—— EI)

0.000008 A

0.000007 4

0.000006 -

0.000005 A

IHT@HCUBHICTb

0.000004 A

0.000003 4

0.000002 4

T T T T T T T
—0.0003 —0.0002 —0.0001 0.0000 0.0001 0.0002 0.0003
R, m

Puc. 4.2. [Ipo¢ini iIHTEHCUBHOCTI NPH PI3HOMY PO3MHUTTI IyUKa: 3a BIACYTHOCTI pO3MUTTA (a),

po3mutTs 3a ["ayccom i3 miBmmpunoro 0.75" (0), 2" (), 5" ().

I'padixu, npencraBineHi Ha PUCYHKY 4.2, NEMOHCTPYIOTh BIUIMB 3MIHHM Tpoduis
CKaHyIO4Oro ITyyKa 3a PaxyHOK pO3CISHHS Ha HEOJHOPITHOCTAX TMOBEpXHi (TOOTO
CIIOTBOPEHHS TNpPH MaJiHHI) HA IHTEHCUBHICTh BUIPOMIHEHHsS. PO3paxyHKH MpoOBEIEHO
JUTSI HAITIBITMUTIHJIPA 13 00OpOCUITIKaTHOTO CcKJia pagiycoM 0,31 MM 3 OKpYTJIMM BUCTYIIOM

Ha moBepxHi. Paaiyc Buctymy nopiBHioBaB 0,1 MM. Jlns BpaxyBaHHS pPO3CISSHHS
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BUIIPOMIHEHHS Ha HEOJTHOPITHOCTAX MOBEPXHI BBAXKAJIOCH, 110 IJIOCKA XBHJIS, SIKA MaJIa€
Ha MMOBEPXHIO 00’ €KTa, PO3MUBAETHCA 32 ['ayCCOBUM PO3MOALIOM.
OTpuMaHi pe3ysnbTaTd IOKa3ylTh, L0 32 HAIBHOCTI PO3MHUTTS BIIOYBa€ThCS
CYTTEBE 3IJIQJKyBaHHS MIKIB Ta 3arajibHe 3MEHIICHHSI IHTEHCUBHOCTI MICIS BUXOIY 3
a”amizatopa. BpaxyBaHHS 1bOro egexkTy HeoOXilHe Uil KOPEKTHOTO BHM3HAYCHHS

napaMeTpiB HEKPUCTATIIYHOTO 00’ €KTA.

4.2.3. BoiiuB gurykryaunii ckjaay 00’€KTa Ha po3noALI iHTEHCUMBHOCTI

[Ipu mpoxoaKEeHHI Yyepe3 NOCHIIKYBaHUA 00’ €KT KOKEH 13 MIKPOIIPOMEHIB MOXKE Y
KOXXKHOMY Iapi KpiM 3aJIOMJICHHS TOTJMHATUCh Ta TIEpepo3CiIOBaTUCh Ha
MIKPOHEOHOPITHOCTAX ckiany. Ilpu mpomy obOuaBa edekTu OyayTh 3aJIeKaTH Bij
TOBLUIMHU BIANOBIIHOTO mmapy. IloriMHaHHA BpaxoBYEThCS K EKCIIOHEHLIWHE
3MEHIIICHHS IHTEHCUBHOCTI MIKPOITYYKiB IMOCIIJIOBHO B KO>KHOMY IIapi 3 BUKOPUCTAHHSIM
BIIMOBIHOTO KoedillieHTa TOTJIMHAHHA. B ToMl ke dYac HeoOXiAHO po3paxyBaTu
OOyMOBJICHY PpO3CISIHHSM Ha MIKPOHEOJHOPIAHOCTAX CKJIaay 3MiHYy TIpoduis
IHTEHCHUBHOCTI, TOOTO U(]y3HE PO3CISTHHS.

Po3rasiHeMo BUNAAOK, KOJM XapakTepHI pO3MIpU MIKPOHEIHOPIIHOCTEH 3HAYHO
MEHIII 32 pO3MiIpU KOJOHKH Ta/abo mmapy, a KUIbKICTh TaKWX MIKPOHEOIHOPIIHOCTEH
JAOCTaTHRO BenuKa. [ BpaxyBaHHS BIUIMBY MIKPOHEOJHOPIIHOCTEH 3pYyYHO PO3OUTH
KOJIOHKY Ha OJHOPiAHI Ma 00’€MH, TaKl, IO PO3MO/1JI HEOJHOPITHOCTEH Oyie Bee IIIe
PIBHOMIPHUM B paMKax KOKHOTO BBEJCHOTO 00’e€My. 3aKOHU PO3CISSHHS BUIIPOMIHEHHS
JUTSI p13HUX TUIIB MiKpoie(pekTiB KpucTamiB 0yio0 BctaHOoBIeHO M. O. Kpuornazom (qus.
[119]). Opnmak, ig BHMNAAKy, M0 PO3IVIAAAETHCSA, KOJIM PO3MIpH 1 THI
MIKPOHEOAHOPIAHOCTEN MOKYTh OYTH PI3HUMHU, PE3YJIbTYI0Ua 3MIHA XBHJIBOBOT'O BEKTOPA
(micnst BUXOMly 3 KOJIOHKH) IIPU PO3CIsTHHI HA MIKPOHEOJHOPITHOCTSIX Oyl BUIAIKOBOIO
BENTMYNHOO. TO/I1, 3T1IHO 13 3aKOHOM BEJIMKUX YUCEN PE3yIbTYHOUH MPodias pO3CIsTHHS
OyJie rayciaHOM.

30kpema, JTsl 3TOPTKU JBOX rayciaHiB MaeMo:

j 9C — %o w1)g (x — 1, wo)d = G(x — Xou Wy +Wp)
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ae Wi, W, — BIANOBIAHO KBaapaTH aucrepciil. OTxke, B pe3yabTaTi 3rOPTKU rayciaHiB
OTPUMAEMO TayciaH, KBaJpaT JUCIEPCIH SIKOro JOPIBHIOE CyMi KBaJIpaTiB JIUCIIEPCIH
BUXIJIHUX TayCiaHiB.
Pe3ynbrat B3aemoii mpomMeHs 13 II00 KOJIOHKOO Oy/ie onucyBatuch N 3ropTkamu,
IO OMUCYIOTh MOCHiIOBHE po3cisiHHA Ha N enemeHTapHux 00’emax. OCKUIbKH, MPU
3po0eHNX HAOMMKEHHAX MOXKHA BBa)KATH, 110 KPHUBA PO3CISTHHS OTHOTO €JIEMEHTapHOTO

00’ €My OMUCYETHCS HOPMATBLHUM PO3MOJILIOM, OTPUMAEMO:

lim jj duy...duy g1 (Uy — X0, W1)g2 (U2 — Uy, Wa)... gy (Uy — X, Wy)

N—>oo
=g(xo —x, W)
1€ 0i — KpHUBa PO3CISIHHS OKPEMOTO €JIEMEHTApHOr0 00’ €My,

— i N -
W = 1\l/l—7>7}o Y, w; o [ dw — cymapHe po3MUTTS s BCi€l KOJOHKH.

TakumM  ymHOM I BUNAAKy  PO3CISIHHA  HAa  BEJIWKIA  KUIBKOCTI
MIKPOHEOHOPIAHOCTEH pPe3yNbTylounuid Npodisib PO3CISTHHS MOXKHA PO3paxyBaTH SIK
raycial 13 BIJINOBIJHUM KBaJpaTOM HaMiBIIMPUHU. BIianoBigHE pO3MHUTTS MOXHA
po3paxyBaTy 13 MapaMeTpiB PEYOBHHHM Ta TOBIIUMHU IIapy 00’€KTa, 1 JJIT PIBHOMIPHO
PO3MOAUIEHUX HEOTHOPITHOCTEN BOHO OyJie piBHE

W =K,
ne k — nurome po3MHUTTS 1aHOi PEUOBUHH.

OcTaTo4HO KYTOBHI PO3MO1LT IHTEHCUBHOCTI Y MPOMEH1 Oy/ie JOPIBHIOBATH 3TrOPTII
1HTEHCUBHOCTI MaJal0y0r0 MPOMEHS 13 KPUBOIO PO3CISTHHS KOJIOHKH.

[Ipu 1mpomMy 3MiHM KyTiB Opi€HTalii AU(Yy3HO PO3CITHUX HA MIKPOHEOIHOPITHOCTSIX
(baykTyarisx) ckiaagy MPOMEHIB Y BHUIAJKY, KOJIU PO3MOIiT JOMIIIOK BUIMAIKOBUHN Ta
BHECOK CEPEIHbOKBAAPATUYHUX (QIYKTyalil CKIagy Malldid, MOXYTh CYTTEBO
MEPEeBUIYBAaTH KYTH 3aJOMJICHHS 1 B TaKMX BUNAAKaX A AU(PY3HOTO PO3CISTHHS
KOJIOHKOBE HAOJIMIKEHHS HE € TMPHUIATHUM, TOOTO 3 SBIAE€THCS HEOOXITHICTh BpaxXyBaTH
JI0JTaTKOBO B3a€EMHE MEPEpO3CisSHHA AUGY3HUX XBHJIb MDK PI3HUMHU KOJOHKamu. Kpim
TOTO, B KOKHIM OKpeMiil KOJIOHIII Ta B KOXKHOMY ii IEBHOMY IIapi po3CisiHI AUQPY3H1 XBHUIII

3 TEBHUMU XBWJIBOBUMH BEKTOpaMH OaraTokpaTHO TIEPEepPO3CIIOIOTECS 3 yciMma
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PO3CISTHUMH 3 IHIIMMH XBUJIBOBHUMH BEKTOpaMHU AU(PY3HHUMH XBUIISIMH, SIK 1 3aJlOMJIeHA
XBUJIS Ta XBWJISA, 110 T1aJ1a€ y BIAMOBIIHUX KOJIOHII Ta Inapi. Bei i eextn Oyino Ha3BaHO
edeKTaMM €KCTUHKIII 3a paXyHOK JHU(PYy3HOTO PO3CISTHHS Ta OB AETAIBHO PO3TISHYTO
y pobori [112].

Takum unHOM, BKa3zaHl e(heKTH AUGY3HOTO PO3CISHHI OOMEXYIOThCS Y 11 POOOTI
JIMIIE PO3TIISIIOM PO3CISHHS Ha (PIyKTyallisX aTOMHUX aMILUTITY]l PO3CISIHHS Ta MOXYTh
OyTH IIpu HEOOX1JHOCT1 BpaXOBaHUMHU Y BiAMOBIIHOCTI 3 [119], asie y 611bI10CT1 BUTIAAKIB
iX BHECKM OJIHAKOBl1 JUIsl BCIX IIapiB KOJIOHOK Ta MPAKTUYHO HE BIUIMBAIOTH Ha
tonorpagiyHl 300paK€HHSI HEKPUCTAIIYHUX OO €KTIB. EKCIEpUMEHTaNbHO HENpsiMe
BUMIPIOBAHHSA OCTaTOYHOTO NpO(UIs IHTEHCHBHOCTI MOXKHA 3IIMCHUTH, BUMIPSBIIU
3QJIEKHICTh TIOBHOI IHTEHCHBHOCTI Ha BHUXO[l aHaji3aropa BIJ KyTa 3MIIICHHS
aHaJri3aTopa BiIHOCHO MOHOXpomaTtopa |(X) Ta po3B’s3aBIIK BiIMOBIAHE PIBHSAHHSI:

1(x) = [f(y)R(x—y)dy,
ne f — HeBimomuii npodiik iHTEHCUBHOCTI, R — mpodiyk BigOWBaHHS aHaTiI3aTOPA.

Sxmo R HabmkaeTbes 10 nenbTa-GyHKIi, TO po3paxyHOK Mpodiis IHTEHCUBHOCTI

MIPOMEHs CcTa€e TpUBladbHUM. L[pbOro mMokHa HOCATTH, MiAOUpAIOUX KPUCTAIU TaK, 100

aHa3aTop MaB AYyXe€ BYy3bKY KPUBY B1AOMBaHHS, @ MOHOXPOMATOP — BIJIHOCHO LIUPOKY.

4.2.4. BnimB MaciuTa0HMX NapaMeTpiB CHCTEMH HA PO3MOAiJT IHTEHCHBHOCTI

Peanizamiss ABI-mMerony, sik 1 psgy 1HIUX (a30KOHTPACHUX METOJIB MOTpedye
po3HEceHHs 00’€KTy Ta KpucCTajla-aHaldi3aTopa Ha JIedKy BiACTaHb. Bka3zaHa BiJCTaHb
MOKe OyTH TOCUTh 3HaYHOIO, TOMY YaCTHHA IHTEHCHUBHOCTI MIKPOITYYKIB, HE3BAXKAOUU
Ha MaJji KyTH 3aJIOMJICHHS, MOXKE TMEPENTH J0 CYCIIHIX KOJOHOK.

Ha pucynky 4.3 HaBeneHo mnpoduil I1HTEHCHUBHOCTI, pO3paxoBaHl Jis
OopocwilikaTHOrO HamiBIwimiHapa pagiycom 0,31 MM, mpu pi3HIM  BiJIcTaHi BiJ
HaIMBIWJIIHPA A0 aHaJIi3aTopa.

MoxHna O0ayuTd, MO TPU JOCTATHBO BEJIUKUX BIICTaHSAX MDK OO0 €KTOM Ta
aHaII3aTOPOM BHECOK IEPEPO3MNO/IITy BUIPOMIHEHHS MK KOJOHKAMU CTA€ CYTTEBUM.
ExcnieprMeHTansHO BIUIUB 3MIHU BiICTaH1 MibK 00’ €KTOM 1 aHAJIi3aTOPOM JOCIKYBaBCS

y po0oti [112] ta TeopeTnyno y pobortax [105, 120]. PesynbraTu [112] 6yno nokiaaeHo
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B OCHOBY “TiOpuIHOTO” METOay MOOYI0BU 300pakeHb. byno mokaszaHo, M0 BUMIpsHI
npodial CyTTEBO BIAPI3HAIOTHCSA Bia TpamuliiHux ABI-npodiniB, KoM BIACTaHb MiX
00’exToM 1 aHamizaTopoM Mmana. OTxe, 3MIHOIO NUISIXOM 3MiHM TOJIOKEHHS KpucTajia
aHaji3aTopa BIJHOCHO 00’€KTa MOXKHA IIJICCIIPSIMOBAHO 3MiHIOBATH (GopMy Mpodiiro

IHTEHCUBHOCTI Ta, B Pe3YJIbTaTi, MOKPAIIUTH KOHTPACTHICTh 300pa’KCHb.

0.0000094 "7

0.000008 A

0.000007 A

0.000006 -

0.000005 -

IHTEHCUBHICTb
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0.000002 A

~0.0004  —0.0002  0.0000 0.0002 0.0004
R, m

Puc. 4.3 [Ipodini IHTEHCHBHOCTI MPH PI3HUX BIACTAHAX MK 00’ €kTOM 1 aHamizatopoM: 0 m (a), 1 M (0)

Tta 5 M (B).

I'padixku, npencraBneHi Ha pUCYHKY 4.4, JIEMOHCTPYIOTh PI3HUIIO MIX
IHTEHCUBHOCTSIMH, PO3PAaXOBAHUMHU 3a JOIIOMOTOI0 3TOPHYTOI KPUBOi Ta 0€3M0CcepeIHBO
13 TOKPOKOBOIO 3MIHOIO CKaHYIO4OIro IyyKa Ha KOKHOMY Iiapi. Po3paxyHku mpoBeIeHO
JU1s1 OOPOCHIIIKATHOTO HAITIBIIMJIIHIpA.

JIJist OAHOPIAHOT PEUOBUHHU Ta 3a HYJIbOBOI B1ICTaHI MIXK 00’ €KTOM 1 aHAII3aTOPOM
npodii THTEHCUBHOCTI, PO3PAax0OBaHi Yepe3 3ropHYTY KPHUBY Ta HUISIXOM IMOKPOKOBOTO
BpaxyBaHHS PO3CISIHHS Ha KOXHOMY Iapi (TOBHOTO METOY), TTOBHICTIO CITIBMAAIOTh.
Pa3om 3 TuM, NpU HASBHOCTI MIKPOHEOJAHOPIAHOCTEN Ta IMPU HEHYJIbOBIN BIACTaHI MiX

00’€KTOM 1 aHaJIi3aToOpoM, IO MPHU3BOJIUTH JO TMEPEPO3MOJALTY IHTEHCHUBHOCTI MiX
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KOJIOHKAMHU, KpHUBI, pPO3PaxOBaHI IMMHU JBOMA METOJAMH, I[TOYHMHAIOTh CYTTEBO
BIIpI3HATUCH. B TOM yac, sk nmpodisib, po3paxoBaHU TOBHUM METOJIOM Ma€ 3TJIaJKEHI
iKY 1 IMU Ta “3aCBITH” y BUIJISAA1 OUTBIIOT 32 (POHOBY IHTEHCUBHOCTI MMOOIM3Y IPaHUIIb
00’exTa, mpodiab, po3paxoBaHUN 3a JOMOMOTOI0 3rOPHYTOI KPHUBOI MAa€ TakKi X K 1 B
OJIHOPITHOMY BHUIAJKy XapaKTepHI MKU Ta SIMH, aje BIAPI3HIETHCSA 3a aMIUTITY0l0, a
CIIOCTEPEKyBaHI E€KCIEPUMEHTAIBHO ‘3acBITH Ol TpaHuIlls 00’ekta BiacyTHI. [lpu
IIbOMY XapakTep 3MiHU aMIUTITy]l € PI3HUM JUIsl TBOX METOJIB po3paxyHKy. OTxe, mpu
O3Sl HEOAHOPITHUX HEKPUCTATIYHUX 00’ €KTIB HEOOX1THO MMOKPOKOBO BPaXOBYBaTH

PO3CISIHHSI Ha KO’)KHOMY IHapi.
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Puc. 4.4 TIpodini po3cissHHs PH BIICYTHOCTI Mepepo3CitoBaHHs 1 HY/IbOBIH BificTaHi (a, B) Ta MpH
nepepo3scitoBanHi 0.75 cekyHna 1 Bincrani 1 metp (0, r). Po3paxyHku npoBeieHO 3 BUKOPUCTAHHSIM

KpUBOi roianHs (a, 6) Ta METOZOM MOCIIOBHOTO PO3CISTHHS HA KOXKXHOMY I1api (B, T).

4.3. Po3B’s13aHHs 00epHEHOI 3a1a4i
OcHOBHOI0 3371a4€0 Oy Ib-SIKOTO JIIarHOCTUYHOTO METO/Ty € BU3HAUCHHS MMapaMeTpiB
JOCIIKYBAaHOTO O0’€KTYy Ha OCHOBI BUKOPHCTaHHS BUMIPSHHMX EKCIIEPUMEHTAIBHUX

naHux. B nmaHoMy po3aiinl mpeacTaBiIeHO 3arajlbHy CXeMy Ta MPUKIAJ BIITBOPEHHS
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dbopMHU MPOCTOTO MOJEIBHOIO 00’€KTY HUIAXOM OOPOOKH TEOPETHUHO PO3PaxOBaHUX
(MoenbHUX) MPO(d1IIB IHTEHCUBHOCTI.

B sikocTi MogiennpHOTO 00’ €KTa OY10 BUOpAHO HAMIBLUMIIIHJIP 13 HEBEJTUKUM OKPYTIIUM
BHCTYNIOM Ha TOBepxHi. Ko)kHa KOJIOHKA, IO YTBOPIOETHCSA MPU PO3OMBAHHI TaKOTO
00’eKkTa, Mae MBI HEBIAOMI XapaKTEPUCTUKHM — TOBIIMHY Ta KyT Haxujiay BXiZHOI
noBepxHi. HasBHICTB 10/1aTKOBOTO CHOTBOPEHHS IIOBEPXHI Y BUTJISI/I1 OKPYTIIOTO BUCTYITY
J03BOJISIE TIOKA3aTH BIUTMB HEOJHOPIAHOCTEH TOBEpXHI pi3HOro MacmTaby Ha

pe3yabTatu. s mpocTOTH MIKPOCKOITIYHI HEOJHOPITHOCTI BBAXKAIUCh BIJICYTHIMU.

4.3.1. 3Haxo1:KeHHSI TeOMETPUYHHUX MapaMeTpiB 00’€KkTa

BaxnuBoio 0COOIMBICTIO 3alpONOHOBAHOI MOJIENl € MOMJIMBICTH TOYHOTO
aHAJITUYHOIO BU3HAYEHHs KyTa pedpakuii. s 1mporo, BUMIpABIIHM a00 PO3paxyBaBIIU
3TOPHYTY KPUBY, TPOBOJISATH JIEK1IbKA BUMIPIOBaHb IHTEHCUBHOCTI ITPH PI3HUX 3HAUCHHSIX
KyTa 3MIIICHHS aHajli3aTopa Ta 13 CHUCTEMU pIBHAHb, BUKIIOYAIOUM MOTJIMHAHHA,
PO3paxoBYIOTh KYT pedpaKiiii:

l1 = Afl((p),

2 = Af2(¢),
ne fi(p) = Ao + Ap1)i L(p) = (e + A @) BianosiaHo, a f — Ge3nocepeHbO
3rOpHYyTa KPUBA.

[IInsxoM MiJIEHHS TEpIIOTO PIBHAHHS HA Jpyre, OTPUMAEMO DPIBHSHHS Ha KYT
pedpakuii

LA(p) = hb(e).

Cnig 3a3HauWTH, IO PO3B’A30K PIBHSAHHSA M7 KyTa pedpakiii 3alIeKuTh
Oe3nocepeIHbo Bia (OPMH 3rOpHYTOI KPUBOi 1 KYTOBUX 3MIIIEHb, TOMY CJIiJl Hamepes
BU3HAYATH MAKCHUMaJbHO MOXJMBI JUIsi JlaHOTOo o00’€kTa KyTh pedpakmii Ta
BUKOPHCTOBYBATH TaKi KPUCTAJIM MOHOXPOMATOpPA 1 aHa/i3aTopa, MO0 PIBHSHHS IS (O
MaJIO OJJHO3HAYHUM PO3B’SI30K.

Jaumi, po3paxyBaBiiiy KyT pedpakiiii Ta 3Hat0U1 MOKa3HUK 3AJIOMJICHHSI PEYOBUHU N,
MOYKHA BU3HAUUTH KyT HaAXWJIy TOBEPXHI 00’ €KTa 0, 32 PopMyII010:

¢ = Antan(a),
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ae AN — 3MiHa MOKa3HUKA 3aJIOMJIEHHS TIPY NIEPEXO/Il 3 OJHOTO MIapy A0 1HIIOTO.

Jlns1 GaraTormrapoBux 00’ €KTIB pO3paxyHOK (popMH OBEPXHI 3HAYHO YCKIATHAETHCS,
OCKUJIbKH CyMapHUH KyT pedpakiiii Oyje JiHIiHOI KOMOIHAIE€I0 BKJIAIIB B KOXKHOI
MTOBEPXHi:

@ = ZAnjtan(a;).

binbur geranpHO el BUMAIOK po3TisHyTo y podoTi [107].

[HIIIMM, KpiM KyTiB, MapaMeTpoM 00’€KTa € HWOro TOBIIMHA B KOXKHIM KOJIOHIII.
[Tonepenubo po3paxyBaBiiu KyT pedpakxiiii, a00 y BUIAAKY, KOJIM BiH HE BHOCUTh BKJIa/]
B PE3yJIbTYIOUy IHTEHCHBHICTh (HANpPUKIAJ, B CXeMl 03 BUKOPUCTAaHHS KpucTaia-
aHaJli3aTopa) MOXKHA pO3PaxyBaTH 3MEHILEHHS IHTEHCHUBHOCTI NPOMEHS 3a PAaXyHOK
MOTJIMHAHHA TICIs MPOXOIKEHHA Kpi3b O0’€KT Ta BHU3HAYUTH MOro TOBIIUHY 13
CITIBBIJTHOIIEHb:

A= hL/h(p) = L/L(p) = e,
L=—-In(4)/p.

Po3paxyBaBiim TOBIIMHY 00’ €KTa 1 KyT HAXUITYy TOBEPXHI B KOXKH1M KOJIOHIII, MOKHA
BIITBOPUTH (pOpMY HOT0 MOBEPXHI.

Jl7is BU3HAYEHHS TOBIIUHU 00’ €KTa 3aMiCTh MOTJIMHAHHS MO)KHAa BUKOPHUCTOBYBATH
iHdopmartito po po3mMutTs npodins B Hachigok USAXS. B takomy BUTIAIKY 3aMiCTh
dbopmyn [L(A)] BHUKOpHUCTOBYEThCS 1H(OpMALiS MPO POIMUTTS KYTOBOTO PO3MOALTY
iHTeHCUBHOCTI. BukopuctoBytoun ['aycoBe HaOmmKkeHHs mpodiias pO3MUTTS, B
pe3ynbTaTi po3Kiaay KpUBOi po3cisiHHsA B psaj Teisiopa koeimieHT npu Apyriid NOXiHINA
Oyae MICTUTH KBajpaT AMCHEpCli BIAMOBIAHOIO rayciaHa, TOOTO MmapaMeTp pO3MHUTTA.
Jam 3HarouM KOe(iliEHT MUTOMOTO PO3MHTTS i pedoBuHu 13 [W = kl] moxna

OTPHMATH TOBIIMHY KOJTOHKHU[121].

4.3.2. PexoHcTpykilist Gopmu 00’ €KTy

JUIsi KOXKHOrO Martepialy B 3aJ€KHOCTI BijJ XapakTepy Horo B3aeMoAii 13
BUMPOMIHEHHSAM JIOIIJIbHO BUOpAaTH TEBHUM TEOMETPUYHHM MapaMeTp, 3a SKUM
MPOBOJIUTH BIATBOPEHHS (popMU 00’€KTY. BIablI 3pydyHUM AJi PEKOHCTPYKIIT (popMu

rapaMeTpoM € caMe€ TOBIIMHA 00’€KTa, ajie y BUIMAAKY CIaOOMOIIMHAIOUYUX PEYOBHUH 13
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BIJICYTHICTIO MIKPOHEOJHOPITHOCTEH MOXHOKa MPH PO3PAXyHKY TOBIIMHH MOXXE OyTH
3aHATO BEJIMKOW. Y TakoMy BHUIAJKY [JIs PEKOHCTPYKIIT (opMu JOILIIBHO
BUKOPUCTOBYBATH KyT HAXWJTy MOBEPXHI, III0 MOKHA 3HAWUTH 13 KyTa pedpakiii. OgHak y
[[OMY BUIAJKY METOJ CTA€ HETOYHUM I KyTiB OJu3bKkux 10 90 rpagycis.

I'padiku, HaBeneHi Ha puc. 4.5, TEMOHCTPYIOTh Pe3yJIbTaTH BIATBOPEHHS (Gopmu
HaAMBUWIIHPA, 10 CIHUPAIOTHCA HA PO3paxyHKH (OpMH 3a TOBHIMHAMH 1 3a KyTaMH
Haxuiay. Po3paxyHku Oyno mpoBeAeHO A HYJBbOBOi BIJICTaHI MDK aHaIi3aTOpoOM 1

00’€KTOM Ta 3a BIJICYTHOCTI MIEPEPO3CISTHHS.

- a}
0.0004 A )
[R— B}

- 1) ——~___ .

0.0003 A

0.0002 4

Z, M

0.0001 A

0.0000 4

—0.0001 -

—0.0003 —0.0002 —0.0001 0.0000 0.0001 0.0002 0.0003
X, M

Puc. 4.5 ®opma noBepxHi AOCTIHKYBAHOTO 00’ €KTa: OpUTIHATILHUN KOHTYD (BX1JHI JaH1) (a),
BiJTHOBJICHHS 32 TOBIIHUHOIO (0), BITHOBJICHHS 32 KyTOM HaXWJIy MOBEpPXHi (B), KOMOIHOBaHE

BiJTHOBJICHHS 332 KYTOM 1 TOBIIMHOIO (T).

Puc. 4.6 nemoHcTpYye€, 110 HANOIBIIA TOXUOKA BUHUKAE B TUISTHKAX, /1€ KyT IaIIHHS
HaOmkaerbea A0 90 rpaaycis. e BinOyBaeThesa BHACHIAOK oApa3y npuuuH. [lo nepiie
MepecTae MpaIfoBaT BUKOPUCTaHE HAOMMKEHHS JUTsl KyTa pedpakiiii. [lo qpyre HaBiTh
JUTSL TIOBEPXOHb 13 MaJMMH HEPIBHOCTSIMHU HEMOKJIMBO 3aCTOCOBYBATH HAOJMKECHHS

IJIOLMHOIO Ta, BIANOBIAHO, ycepeaHeHni KyT naainus. [1o Tpete npu KoB3H1N reoMeTpii
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BXKKO (@ JIJIs1 CYTTEBO HEPIBHUX MTOBEPXOHB Mai’ke HEMOYKJIMBO) BBECTH TAaKE TTOHSITTS SIK

TOBIIIMHA IIAPY, OCKIJIBKH MPOMIHBb IO CyT1 0araTo pasiB MepexXoAUTh MK 00JIaCTsIMU, B

SKHUX 3HAXOOATHCA p13H1 PCHYOBHUHH.

o
=)

T T

T

T T

Puc. 4.6 Ti x kpuBi, mo i Ha puc. 4.5 B 30U1bIIeHOMY MacITadl MOOIU3y Kparo BUCTYILY (JiBOpYyY) Ta

0111 TpaHuIll 00’ €KkTa (IPaBOPyY).

Po3paxyHku mNOKa3zyoTh, 110 HaWOLIBII TOYHO (POpMY HAMIBUMIIHAPA BAAETHCS
BITHOBUTH BUKOPHCTABUIM OJJHOYACHO TOBIIMHY 1 KyTH HaXuiy, a OT’KE MPU BpaxyBaHHI

BIUTMBY Ha MPO(diJIb IHTEHCUBHOCTI OJIHOYACHO SIK TIOTJIMHAHHS, TaK 1 3aJIOMJICHHS.

BUKopuctanHga ABI-cioco0y

13 BIUIMBOM Ha

4.4. BUCHOBKH

B nmanomy po3mimi
dbopmyBaHHS 300pa)k€Hb HEKPHUCTATIYHUX OO’ €KTIB,
300paKeHHSI PI3HOMACIITAOHMX HEOTHOPIMHOCTEH SIK O0’€KTa, TaK 1 KPUCTATIB

MOHOXpoMaTopa Ta aHamizaropa. Sk Oylo mMoka3aHO, KapTHUHA PO3CISHHS CYTTEBO

PO3IJITHYTO  OCOOJIMBOCTI
OB’ s13aH1

3aJIeKUTH BiJ €PEKTIB 0araTOKPATHOCTI PO3CISTHHS B YCIX €JIE€MEHTaX TPUBICHOBOT CXEMHU.

[Ipu 11poMy 3HAYHMI BIUIMB Ha 300pa)K€HHS MalOTh TaKl IHCTPYMEHTAJIbHI (PaKTOpH K

BIJICTaH1 MDXK €JIeMEeHTaMu 00JIaTHaHHsI, 1110 00YMOBIIFOE HEOOXI1IHICTh X BpaxXyBaHHS.
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BuxopucTtanss 3anpornoHOBaHOTO TEOPETUYHOTO MIAXOAY, B paMKax SIKOTO CTPOTO
OIMHUCYETHCS PO3CISTHHS BUIPOMIHEHHS SK B KpHCTalIax MOHOXpoMaTopa i aHaii3aTopa,
TaKk 1 B 00’€KTI, HAJa€ MOXJIMBICTh PO3B’sI3aHHS OOCpHEHOI 3ajadyi, Ta, B pe3yJbTarTi,
BU3HAUEHHS XapaKTEPUCTHK HEKPHUCTAIIYHOTO 00’ekTy. PesynapTat po3paxyHKiB,
NPOBEACHHUX IS MOACIBHOTO 00’ €KTY MiATBEPKYIOTh MOXJIUBICTh Ta JJIEMOHCTPYIOTh

0COOMBOCTI PEKOHCTPYKITi (hopmu 00’ €kTa 3a HAOOpOM NPO(D1sIiB IHTCHCUBHOCTI.



120
OCHOBHI PE3YJIBTATU TA BUCHOBKU

B po6oTi CcTBOpeHO TEOpEeTHUHI OCHOBH [UJIsi OMKCY TMPOIIECIB 3aJIOMIICHHS
PEHTIeHIBCHKOTO BUIIPOMIHEHHS y 6araTonapoBUX HEKPUCTATIYHUX 00’ €KTax JOBIIBLHOT
dbopMH, a TaKoX PO3POOJICHO 1 ampoOOBAHO IMIIXOAW HAa OCHOBI 3aIPOIIOHOBAHOI
TEOPETUYHO1 MOJIEI, IO J03BOJIATh YCYHYTH HEJIOJIKH Ta MOKPAIIUTH 1CHYIOY1 METOIU
J1arHOCTUKHU HEKPUCTAIIYHUX 00’ €KTIB. 30Kpema:

1. Brnepme mnoOynoBaHO TEOPETHYHY TPUBICHOBY MOJAEIb JAMHAMIYHOTO
po3cisiHHA Ta (opMyBaHHS 300paKEHb OaraToIIapOBHX HEKPUCTAIIYHUX OO0’ €KTIB
JOBUTHHOT (hopMHU 3 ypaxyBaHHSIM e(PeKTiB 0araToOKpaTHOCTI PO3CISTHHS K y 00’ €KTI, TaK
1 B MOHOKpHCTaIaX MOHOXpOMaTopa 1 aHaJi3aTopa.

30kpema, OOTpYHTOBAHO 1 aJanTOBAaHO KOJOHKOBE HAOMMKEHHS IS OIHCY
dbopmyBanHs TomorpadiuHuX 300pa’keHb O0araTolIapoBUX HEKPUCTAIIYHHUX 00’ €KTIB
noBUIbHOI (opmu. [Ipr 1IbOMY BCTAHOBJIEHO MOKJIMBOCTI Ta OCOOJIMBOCTI CYTTEBOTO
BIUTMBY Ha KapTUHY PO3CISIHHS SIK IMapaMeTpiB CaMOTr0 HEKPUCTAJIIYHOro 00’€KTa, TaK 1
OJIHOPIZIHO Ta HEOJHOPIAHO PO3MOAIIEHUX ACPEKTIB y KpHCTaax MOHOXpomaTopa i
aHai3aTopa Ta IHIIUX IHCTPYMEHTAIBHUX (DAKTOPIB.

IToka3zaHo, 1O KOJOHKOBE PO3OUTTS € HEOOXITHHUM JJIi aHAJIITHYHOTO OITHCY
pO3CisiHHA y 00’ekTax JOBUIBHOI (opMH Ta € 3aCTOCOBHUM ISl OLIBIIOCTI
HEKPUCTATIYHUX 00’ €KTIB BHACIIIOK MaJIOCTI KYTIB pedpakilii BUCOKOCHEPTeTHUYHOTO
BUIPOMIHEHHS, 1 MPU IIbOMY JO3BOJIIE JOCTATHBO IIOBHO OIMMCYBAaTH CTPYKTYpHI
0COOJIMBOCT1 00’ €KTIB.

Brnepinie BpaxoBaHO y SIBHOMY BUTJISI MPOIIECH OaraTOKPATHOTO IMEPEPO3CISTHHS
MDK mapamu OararomapoBux 00’ekTiB. [Ipu HbOMy MpPOJEMOHCTPOBAHO MOKJIUBICTH
BUKOPHCTAHHS KBAaHTOBO-MEXaHIYHOTO MIAXOAY 13 3aCTOCYBAHHSM TPAaHUYHUX YMOB JJISI
OMKCY IIUX MpPOILIECiB 0araTOKpaTHOro MEpPepo3CisiHHA MK mapamu. laHuil pesyiabTaTr
Pa3oM 13 IOBEJICHHSIM €KBIBaJICHTHOCTI 3 TOUHICTIO JI0 TIepEN03HaY€Hb OCHOBHUX PIBHSIHB
JTUHAMIYHOT TeOpli pO3CISTHHS JUTsl PI3HUX THUIIIB BUIIPOMIHEHHS 3a0€3MEYMB MOXKIIUBICTh
BUKOPHCTOBYBATH 3alPONOHOBAHUN KBAaHTOBO-MEXaHIYHUHN (opMalii3M O€3BITHOCHO A0

MIPUPOJN CKAHYIOUOTO BHUIPOMIHEHHS (PEHTI€HIBCHKE BHUIIPOMIHEHHS, €JIEKTPOHH abo
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HEUTPOHM) Ta cTaB (yHIAMEHTOM JJIS TOIAJIBIIOT0 PO3BUTKY TEOPIi ISl HEKPUCTATIYHUX
00’ €KTIB.

2. Brepuie 3 BUKOpUCTaHHSIM MOOY0BaHOI MOJIEJl aHAITUYHO BCTAHOBJIEHO
B3a€EMO3B 30K XapaKTEPUCTUK JOCTIIKYBAHOTO HEKPHUCTAIIYHOTO 0aratorapoBOTro
00’ekTa, a caMe (GopMH, po3MipiB, KOedIIEHTIB 3aJJOMJICHHS 1 MOTVIMHAHHS IS 1IapiB
KOXKHOT KOJIOHKH, TOOTO TIapaMeTpiB HEOJHOPITHOCTEH CTPYKTypu 00’€kTa, 31
CIIOCTEPEKYBAHUMHU  E€KCIEPUMEHTAIBHO IapaMeTpaMu KAapTUHU PpO3CISHHS, Ta
BIJIMOBIAHO KyTaMu pedpaxkiiii, 3MiHamu (a3, koedimienTaMu eKCTUHKII. Ha 111i ocHOBI
pO3p0o0JiIeHO MpUHIMIHK (Pa3oBapialliiHOl IarHOCTUKU HEOJHOPIAHUX OaratomapoBUX
HEKPUCTATIIYHUX 00’ €KTIB.

3o0kpema oKa3aHo, 1110 OMKUC MPOLECY B3aEMO/1T BUIPOMIHEHHS 13 HEKPUCTAIIIYHUM
00’€KTOM B paMKax 3alpONOHOBAHOTO KBAHTOBO-MEXAHIYHOIO TIIXOAY J03BOJISIE
BpaxoOBYBaTH 3MIHM NapaMeTpiB CKAaHYIOYOro Iy4dKa MpH MOCTIAOBHIN B3aeMoAil 3
KOXXHUM CTPYKTYPHHM €JIEMEHTOM (IIapoM, JAe(PEeKTOM, TOLI0) I BCIX BY3IIB
TPUBICHOBOI CXEMH Ta, SIK HACJIII0K, J03BOJISI€ BITOKPEMUTH 1H(POpMAIIito PO BILIUB came
THUX YaCTHH ONTHYHOI CXEMHU, 10 TOCTIKYIOThCs. [Ipn IboMy Ha BIIMIHY BiJl ICHYFOUHX
CIPOIICHUX MOJENCH MaHuM MiIX1J JI03BOJISIE HAa KOXHOMY KpOIl OIIHUTH MEXI
3aCTOCOBHOCTI MOJIEJIi Ta BCTAHOBUTH KPUTEP1i KOPEKTHOCTI OTPUMAHUX PE3YJIbTATIB.

3. B pesynbrari Ha OCHOBI MOOYAOBAaHOI TPUBICHOBOI MOJIENI Ta OTPUMAaHUX
aHAMITUYHUX (OPMYJT 3alpONOHOBAHO Ta peanizoBaHo ¢a3oBapialliiiHUN METo
pPO3B’sI3Ky 00epHeHOi 3amaui poscisHHA. [Ipu 1boMy 3a0e3nedeHO0  MOKIIUBICTH
BUPILIEHHS NPOOJIEMH 3aXUCTY B1Jl HApa3UTHOTO BIUIMBY 1HCTPYMEHTAIBHUX (PAKTOPIB Ha
300paKE€HHSI Ta YHCEJIbHUM EKCIEPUMEHTOM MIATBEP/KEHO TIpare3gaTHICTh Ta
e(EeKTUBHICTh PO3POOJIECHOTO MIAXOAY Yy AIarHOCTUII OaraTomapoBUX HEKPUCTATIYHUX
00’€KTIB.

30kpeMa, TPOJEMOHCTPOBAHO BIUIMB OKPEMHX I1HCTPYMEHTAIBHUX (PaKTOPIB
TPUBICHOBOI CXEMH, TaKMX SK BIJICTAaHb MDK KPHCTaJIOM-aHAJII3aTOPOM 1 00 €KTOM,
HAasSIBHICTh HEOJTHOPITHOCTEH B PI3HUX €JIeMEHTaX ONTHUYHOI CXEMH Ta 1H., 1 TOKa3aHo, 110
HaBITh MPU HEBEIMKOMY BHECKY BiJ OKpeMHUX (aKTOpiB, MPU HASIBHOCTI OJTHOYACHO

JEKUIbKOX 13 HHUX BHACIIJOK B3a€EMHOIO BIUIMBY KapTHHA PO3CISHHS MOXXe HaOyTu
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3HayHUX 3MiH. Lle 00yMOBIIO€ HEOOXITHICTH [JIsi KOPEKTHOTO pO3B’S3aHHA 3ajadi
PO3CIsIHHS BpaxyBaHHsS YCIX UYMHHHUKIB, IO BIUIMBalOTh Ha (opMyBaHHSA Mpodis
IHTEHCUBHOCTI.

[Ipu oMy MOKa3aHO, IO BUKOPUCTaHHS (pazoBapiallifHOTO MiIXO0My B IMPOIIECi
PO3B’ 513Ky 00€pHEHO1 3a/1a41 PO3CIsTHHS J03BOJISE TIPU aHAi31 CITOCTEPEKYBAHUX BETHUNH
BUJIUINTA TapaMeTpu, TMOB’s3aHI BIAMOBITHO 3 OKPEMUMH XapaKTePUCTHKAMH
HEKPHUCTAIIIYHOTO 00’€KTa, TAKUMHU SIK TOBIIMHA, ()OpMa UM CKJIaJ PEUOBHHH, Ta SIK
HACJIJOK BUKOPUCTATH HaWOUIbII 1H(QOpPMATHBHI 1 MPU I[LOMY HAWMEHII CIIOTBOPEHI

BEJIMYUHM JIJIs1 BIATBOpEHHS (hopMHU 00’ €KTA.
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