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[IpenioxkeHsl ¥ alipoOMPOBaHbBI BAa METONA U3MEPEHMS TIIyOMHBI IPOHUKHOBEHUS TTOJIST TIOBEPXHOCT-
HBIX T1a3MoH-ToJisiputToHoB (ITI1IT) ¢ ucnonp3oBaHMEM KBa3MMOHOXPOMATUYECKOTO TeparepleBoro
M3JIy4eHNsI HOBOCUOMPCKOTO JIa3epa Ha CBOOOIHBIX dJIeKTpoHax (A = 141 MKM): 30HIOBBI METOJ, C MOAY-
JISIIMeit U3 Iy9eHUusT 00TIOpaTopoM Wiau Momyisiueid nudparupytomieit moau mois [T konebanusamu
BHEIPEHHOTO B HETO 30HIAa U METOI 3KPaHMUPOBAHMS, PEeTUCTpUpyIolero nHreHcuBHocTh II1I1, mipo-
LIEAIIMX ITOJ METaJUIMIeCKUM 2KpaHOM. B 0601x MeTomax mist yMeHbIIIEHUS JOJIU apa3uTHBIX 3aCBETOK
OT 00BEMHBIX BOJIH TIpeaiaracTcsl UCIOIb30BaTh M3JIOM IIOBEPXHOCTH 00Opa3iia WM 3JEMEHTHI TIpeo0-
pasoBanus (u3nydenust B [TI1I1 u o6paTHO) LMAMHAPUYECKON (hopMBI. Pe3ynbTaThl 3KCIEPUMEHTOB T10
olieHKe TyOorHbI MpoHuKHOBeHUs 1o I[TITI1 B Bo3ayx 060MMU MeTOIAMU COTJIACYIOTCS MEXIY COOOIA.
BrIsiBJICHBI JOCTOMHCTBA Y HEAOCTATKU 3TUX METOMIOB, a TAKXKE YCIOBUS UX IIPUMEHEHUS IIPU padboTe ¢
obpasiaMu, CoaepKalluMU U He COAEPXKAIIUMU TURJIEKTPUIECKOE ITOKPHITHE.
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1. BBEAEHUE

B Hacrosimiee Bpemsi pa3amep (DOTOHHBIX MHTE-
rpaJbHBIX CXEM OTpaHMYCH SIBIICHUEM OU(paKIIuu,
YTO CAEPKMBAET JajibHellIee pa3BUTUE ONTUUECKUX
yCTpoicTB 00paboTku nHdopMauuu. I1nazmoHuka
CMOCOOHA YCTPaHUTD 3TO pa3Muue MeXIy pa3Me-
paMu 3JeKTPOHHBIX U (POTOHHBIX KOMITOHEHT [1].
®DoTOHMKA U TJIa3MOHMKA — B3aMMHO JOIIOJIHS -
omuye Apyr Apyra pasaeibl ONTO3JICKTPOHUKU,
MOCKOJIbKY MPU OMNpPEAeJeHHBIX YCIAOBUSIX OIMNTHU-
yecKue CUTHalAbl MOTYT ObITh MpeoOpa3oBaHbI B
MOBEPXHOCTHBIE Maa3MoH-TiofsipuToHsl (ITITIT), u
Haobopor. [Ipu nogdope noaxonsiyux MaTepualion,
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HMCMOJb3YEMBbIX JJISI M3TOTOBJIEHMS TMJIa3MOHHBIX
cxeM, HeoOxoguMo 3HaTh 3(OEKTUBHYIO TUDJIEK-
TPUYECKYIO IIPOHUIIAEMOCTh CKUH-CJIOS ITOBEPX-
HOCTU TaKMX MaTepuaJioB, OIpedcIeHHYI0 METO-
JaMU IUTIa3MOHHOI pedpakToMeTpun. HekoTophie
W3 TaKUX METOIOB, IPUMEHSIEMBIX B TeparepleBoOM
(TI) nuama3zoHe, OCHOBBIBAIOTCS Ha M3MEpPEHUU
r1youHbl poHUKHOBeHUs 1oJist [TITIT B Bo3oyx.
[ToBepxHOCTHBIE IIJIa3MOH-TIOJSIPUTOHBI TIPEI-
CTaBJISIIOT COOOM PacIpOCTPAHSIOIINIACS IO Tpa-
HUIIe pasiesia MeTajljla U IU3JIEKTPUKa KOMIIEKC
B3aMMHO MOPOXIAIINX p-TIOJSIPU30BAHHOMN
MOBEPXHOCTHOI 371€KTPOMarHuTHOM BoJHEI (ITDB)
Y BOJIHBI INIOTHOCTU 3JIEKTPOHOB IIPOBOIMMOCTH
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B IIPUITOBEPXHOCTHOM ciioe MeTayiia [2]. [Tone TTOB
SKCMOHEHUMAaAbHO YOBbIBAaeT MO 00€ CTOPOHBI OT
rpaHULIbI pa3aesa, IpuieM [1yOrHa ero IIpOHUKHO-
BEHUS B METaJUI CpaBHUMA C IIYOMHOI CKMH-CJIOS
Ha JaHHOM IUIMHE BOJIHBI, a ITyOMHA €r0 IIPOHUK-
HOBEHMUS B IMRJIEKTPUK (Uallle BCEro BO3MyX) OIpe-
nensetrcs (B cilyvyae CTPYKTYpbl MeTaJlI—BO3IYyX)
a(phekTuBHON (YyCpeaHEHHOI) AUAIEKTPUUECKOM
MPOHULAEMOCTBIO €, MPUIIOBEPXHOCTHOIO CJIOS
MeTajjla U HaJIMdueM Ha I'paHuIle pasaesia IIepo-
XOBAaTOCTEl, BKIIOUEHUI U MHBIX BUIOB HEOIHO-
ponHocreit. I1pu atom miuHa BosHbl T Ay
MEHbIIIE JJIMHBI BOJHBI OOBEMHOTO U3JIYYEHUS A,
B k' pa3 (roe k' — nokasarenb npeaomiueHus TTITIT,
SABIISIIOLIMICS BEIIECTBEHHON 4acTbl0 KOMILIEKC-
Horo 1roka3atens npenomaeHus ITI11T), uro menaer
BO3MOXHBIM IIpeonojieHre TU(PPaKIIMOHHOTIO Mpe-
nena A6Oe mpu BbIMOIHEHUU MUKPOCKOIMU MTPOBO-
Jsieit moepxHocTH |3, 4].

Kpowme Toro, ¢azoBas ckopocts [TITI1 MeHbIIe
CKOPOCTH CBETa ¢ B CBOOOIHOM IIPOCTPAHCTBE BCETO
Ha COTBIC JOJIM MPOILICHTA, B TO BPeMsI KaK CKOPOCTh
OIITOBOJIOKOHHBIX MO KakK MUHUMYM B 1.5 pasa
MeHblie ¢. [ToaToMy B HacTosiiee BpeMsl ¢ LieJblo
MOBBIIIEHUST CKOPOCTH Tiepeaayr ONTUYECKUX CUT-
HaJIOB U ITOBBIIIEHUST OBLICTPOIEHCTBUST ONITUYECKUX
YCTPOICTB 00pabOTKM MH(POPMAILINK TIJIa3MOHHBIE
3JIEMEHTBI AKTUBHO BHEIPSIIOTCS B CUCTEMBI OIITH-
YeCKO CBSI3M BUAMMOTO Auaras3oHa |3, 6].

OcBoenue miaadmMoHukoil TIu-guamazoHa He
TOJILKO ITO3BOJIUT ITOBBICUTH CKOPOCThH Iepeaauyn
1 00pabOTKM ITaHHBIX [7, 8], HO U OTKPOET HOBbIE
BO3MOXHOCTH JJI U3y4YeHUsT (PU3UKO-XUMUUECKUX
MIPOILIECCOB Ha MOBEPXHOCTU METAJUIOB U ITOJYIIPO-
BOINHUKOB, a Takxe mis1 TIII-CrieKTpocKomuu u
pedpakTomMeTpun rmosepxHoctu [9, 10].

ITpu pa3zpaboTke 3neMmeHTHOU 6a3bl TTir-1mma3-
MOHMKH HEOOXOAUMO 3HATh ONTUYECKHE CBOKMCTBA
Hanpasiswolleil noepxHoctu I1IIII, onpenensio-
11e Takue uamepsiembie xapakrtepuctuku IITIT, kak
NTyOMHA MPOHUKHOBEHMS MX MOJ1s1 (IT0 MOLIHOCTH ) B
OKpY:Kalollyto cpeny D u 1jivHa pacnpocTpaHeHUsI
TITIIT L (BenuumHa, oOpaTHast KO3 UIIMEHTY 3aTy-
xaHug [1I1IT), koTopble U onpenensiioT pa3Mepsbl U
BHEProIoTpedIeHNE IJIA3MOHHBIX YCTPOICTB.

3HauyeHUe OMAJIEKTPUYSCKON IMPOHUIIAEMOCTH
MOBEPXHOCTU METAJUIMYECKUX U METAJUIM3UPOBAH-
HBIX 2JIECMEHTOB OIITMYECKUX CXeM MOXET CYIIE-
CTBEHHO OTJIMYAThCS OT PACCYUTAHHOTO MO MOACIU
Hpyne, ocobenHo B MK- u Tlu-gunanaszonax, rue
oTpaxkalolasi CIloCOOHOCTb 0JIarOPOIHBIX MeTal-
JoB ctpemutcd K 100% [11]. bojee Toro, 3HaueHue
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5 HEKTUBHON AUIIEKTPUICCKON MMPOHULIAEMOCTH
€,, IPUITOBEPXHOCTHOIO CJI0S MeTajljla, Kylda Ipo-
HukaetT noJjie ITII1, MmoxeT Ha HECKOJIbKO MOPSIAKOB
OTJIMYATHCS OT MOJIYYEHHOI'O METOIOM pedIeKTO-
metpuu [12, 13]. IToaToMy mJ1s1 KOPPEKTHOTO MOJE-
JIMpOBaHUS pabOThl ONTUYECKUX CUCTEM, OCOOEHHO
3JIEMEHTOB IJIA3MOHUKU, HEOOXOAMMO HCIIOJb30-
BaTb U3MEPEHHOE 3HAYCHUE TUAJIEKTPUYECKOM MPO-
HUIIAaeMOCTU METAJUIMYECKUX JIEMEHTOB U IIPOBO-
ISIIIUX TTOKPBITUM.

ITepcnekTuBHOoCTh, mpuMeHeHus: IIITIT nuis
pedpakTOMETpUM IIPOBOASIICH ITOBEPXHOCTU B
Tlu-aguanazoHe 000CHOBBIBAETCS TakKxKe TEM, UTO
HanpsikeHHOCTh Tons IITIIT Ha moBepxHOCTH
MeTaJllla He TOJIbKO MakKCHMaJjibHa, B OTIMYME OT
HaIpSIXKEHHOCTU 30HAUPYIOLIEi 00beMHOM BOJIHBI
npu pedIeKTOMETPUIECKUX MU3MEPEHUSIX, HO U
pe30HaHCHBIM 00pa3oM ycujieHa Ha 1—2 mopsiaka,
a paccTossHWEe B3aUMOACHCTBUS 30HAUPYIOLIETO
nsnyuyenus B popme III1IT ¢ uccnenyemoii mosepx-
HOCTbIO, OIpeneaseMoe IJIMHONM pacIpoCcTpaHeHUs
TIMIT L, nocturaet (10°—10°) A,.

Hns orpeneneHUs OTU3JISKTPUUECKON TPOHMUIIA-
€MOCTH €,, TOBEPXHOCTU MeTaJlla Ha TaHHOM UI1HE
BOJIHBI A, HEOOXOAMMO M3MEPUTb HE MEHEee ABYX
xapaktepuctuk [TITIT [13]. CpaBHUTEIBbHO TTPOCTO
¥ TOYHO TOAJAeTCS M3MEPEHUIO IMHA pacIpo-
crpaneHus I1IIIT L, cBs3aHHAasi ¢ MHUMOI 4acTbIO
nokazarenst npenomiaeHusd ITIIIT k' cooTHoue-
HueM L = A,/ (4nk"). BTopoil xapakTepucTUKO
MOXKET OBITh JINOO NeHCTBUTEIbHAS YaCTh MOKa3aTeNs
npenomaenus TTITIT k, nnbo nryduHa MPOHUKHOBE-
Hust D nons TTIIT B Bo3ayx. PeluB nucnepcruoHHOE
ypasHeHue I1T1I1, npu n3BeCTHBIX A, 1 MapaMeTpax
CTpYKTYpbl, Hanpasistoweit TTITIT, MmoxHo onpene-
JIUTD 3HaYeHUE KOMIUIEKCHOM BEJIMYMHEI €, = €' + ig"".

M3BecTeH crnoco® omnpeneneHUs AUIIEKTPU-
YeCKOW MPOHULIAEMOCTHU €,, TOBEPXHOCTU METaJl-
JIMYECKUX 3€pKaJjl [0 KOMIUIEKCHOMY I10Ka3aTellio
npenomaeHus [T kx = k' + k', HalimeHHOMY TTO
n3MepeHHbIM 3HaueHusM L u D [14]. U3mepenue D
B BTOM paboTe OCylIeCTBISJIOCh JUHEHKOo (poTo-
JeTeKTOPOB, pa3MElleHHON MepHeHAUKYISIPHO K
tpeky IITIT u k moBepxHocTu oO6pa3ua. Benencrue
BBICOKOI'O YPOBHSI 3aCBETKM JIMHE 1KY TTapa3sUTHBIMU
00bEMHBIMU BOJIHAMM OT BJIEMEHTa Ipeodpa3oBa-
Hus usnydyeHust ucrounuka B IIIIIT u ¢ camoro
Tpeka (u3-3a paccesHus IITIIT Ha HeomHOPOAHO-
CTSIX TIOBEPXHOCTH ) CHCTEMAaTHYeCcKasl ITOIPeIIHOCTh
nsMmepeHust D okasanach He MeHble 50%, 4To npu-
BOIUT K HEMPUEMJIEMO OOJIBIIION CUCTEMaTUUEeCKOM
OILLKOKE B ONPENETICHUH E,,.

Ne | 2025
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ITpuBnexatenbHas nepcrnekTuBa 1l peppakTo-
METPUHU METAJUIOB OTKPbLIACh, Ka3aJoCh Obl, B CBSI3U
¢ pa3pabotkoii Metona TI1i-cmekTpockonuu ¢ pas-
pemeHueM T0 BpeMeHM (time-domain spectros-
copy — TDS) [15]. IIpu peanuzanuu 3TOro Metoaa
M3MEPSIIOTCSI He MOIIHOCTh, a aMIUIMTyaa u dasa
3onaupytomero TTu-u3nyyeHus: B ¢popme MuKoce-
KyHIHOTO uMIlyjbca. IlpoB3anmoneiicTBoBaBIlee ¢
o0OpasuoM mupokornonocHoe TT-uznyuyeHue cTpo-
oupyercss (eMTOCEKYHIHBIMU CBETOBBIMU MMITYJIb-
camMu (Oasg 3amycka (pOoTONpUEeMHOM aHTEHHBI
TTu-uznydeHus) ¢ UEIbl0 MOJYYEHUS 3aBUCUMO-
CTU CUJIBI (POTOTOKA OT BPEMEHMU; MIOJTHOE 0OpaTHOE
(¢ypbe-Tipeodbpa3zoBaHue 3TOM 3aBUCUMOCTH MO3BO-
JISIET MOJIYYUTh KaK aMIUIMTYIHbBIN, Tak U (pa30BblIit
CIIEKTPHI OTPAXXEHHOTO (IIPOIICAIIETO) U3TyYCHUS
B IOCTAaTOYHO M POKOii obnactu TIii-auanazoHa.

Merton 6b11 anpobupoBaH ajas TIi-pedpakTo-
METPUU B TEOMETPUM Ha IPOITyCKaHWe/OTpakeHe
MPO3paYHbIX METAJTMYECKUX CJIOEB (TOJIIMHON 10
120 M) [16]. Hapsioy ¢ Breyat/siioliMMu, Ha Iep-
BBII B3IJIS]T, JOCTOMHCTBaMM, MeTon T DS nMeeT psin
HEeNOCTaTKOB: 1) HaTMuKe Aucrepcuu 3(pheKTUBHO-
CTU MPeoOpa30BaHUSI IIMPOKOITOJIOCHBIX 00 bEMHBIX
BoutH B I1I1IT; 2) xXecTkue TpeOoBaHMS K ITapayljieib-
HOCTHU I'paHeil Mpo3pavyHOoii MOMIOXKHU; 3) MPOIOJI-
KUTEJIbHOE BPeMsI U3BMEPEHUI BCIIEACTBUE HEOOXO-
OUMOCTH YCPETHEHUS MX PE3YIBTaTOB I10 OOJIBIIOMY
KOJIMYECTBY MMITYJIBCOB, UTO COIIPSDKEHO C JKECT-
KNMHU TPpeOOBAHUSIMM K CHHXPOHHOCTU W UICHTUY -
HOCTU UMITyIbcoB B TII-nuama3oHe M CBETOBBIX
uMnyabcos [17].

bouin mpennpuHSATH MONBITKU OOBEIMHUTH
Bo3MoxHoctu MetomoB IITTIT-pedpakromerpun n
TDS-cnexTpockonuu Ajas UCCAeA0BAHUST MOBEPX-
HOCTU METaJUI0B U MOJIyIIpoBoAHUKOB B TTii-auamna-
30He [12, 18, 19]. Umnynbe TTu-usnyyeHus: npeoo-
pa3oBbIBajics B UMNYJbC KUpokonoaocHbix TTTITT
U ITOCJIe Mpo0era UMY MaKpOCKOIMMYECKOIO pacCTo-
STHUSL 110 00pa3lly MpeoO0pa3oBbIBAICS B 00bEMHOE
HU3JTy4eHne, KOTOPOe IeTEKTUPOBAJIOCH, ITOCIIC YETro
noJjyyeHHasl 3aBUCUMOCTb (POTOTOKA OT BpeMEHU
oOpabaTsiBasiach Mo ctaHaapTHoit mis TDS meto-
nuke. OgHAKO TEeCTOBBbIE M3MEPEHUST MPOAEMOH-
CTpUPOBaJM MNPUHLIUNKUAIBHYIO HEBO3MOXHOCTD
00benMHUTH Bo3MOXHOCTH MetonoB IIINTIT u TDS
B pealbHbIX yCI0BUsIX. OCHOBHOII IMPUYNHOIT 3TOTO
SIBJISIETCS TTApa3uTHOE U3JTydeHUe KaK OT 3JIEMEHTOB
npeobpaszoBaHus, Tak 1 oT Tpeka III1I1, BciencTBue
yero Ha (pOTONPUEMHUK ITOCTYIIaeT CMECh Iapa3uT-
HBIX U TTIOPOXIAaeMbIX Ha BHIXOTHOM 3JIEMEHTE 00b-
€MHBIX BOJH. B pesynbrare oTHOIIEHUE CUTHAI/
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IIYM ¥ TOYHOCTh U3MEPEHMI CTAHOBSITCSI HETIPH-
eMJIEMO HU3KUMU (0OCOOEHHO JJIS1 BOCCTAHOBJICHMSI
dazoBoro criektpa I1I1I1) [19].

HenaBuo ObIM TIpeniioskeHbl MHTepdepoMeT-
pHYECKMEe METOObI OIpenesieHus AeCTBUTEIbHOMN
YyacTU ToKasaTessl MpeJoMIeHUSI MOHOXPOMATH -
yeckux [IIIIT B TTu-nuamazone [20—22]. JlaH-
HbI€ METObI TOBOJBHO CJIOXHBI U TPEOYIOT OUEHbD
BBICOKOI TOYHOCTU M3MEPEHUI, TaK KakK Ioka3a-
tenb npeaomaeHus IITTIT Ha GnaropogHbIX MeTal-
JIaX TIPeBHIIIAET IOKa3aTeNlb IIPeJIOMJICHUS BO3oyXa
n, = 1.000263 Bcero Ha coTele 10U MpoLeHTa [23].
DTO HaKJaabIBaeT XKECTKHE TpeOOBaHUS HA IOCTU-
POBKY ONTUYECKOUN CXeMbl, TOUHOCTb IMO3UILIMOHU-
pPOBaHUsI OTAEIbHBIX JIEMEHTOB CXEMBbl U CTA0OWIb-
HOCTb XapaKTEepUCTUK MU3TydeHUS MCTOUHMWKaA [22].
M3mepeHus 0CIIOXHSIIOTCS ellle ¥ TeM, YTO, IIOMUMO
nojae3Horo curHaaa ot IIITII, Ha poTonmpUueMHUK
MOCTYyNaloT Napa3suTHbie 00BbEMHBIE BOJHBI, UCXO-
J1IMe KaK OT 9JIEMEHTOB ONTUYECKOI CXeMBbI, TaK U
ot Tpeka ITITIT [24].

bonee ymMepeHHble TpeOOBaHUSI K MPELU3UOH-
HOCTH MCIIOJIb3YEMOT0 000pYIOBAHUS IIPEIbSIBIIS -
IOTCSI TIPU U3MEPEHUH TIIYOMHBI IIPOHUKHOBECHUS
MOJIsl TIOBEPXHOCTHOM BOJHBLI D B BO3AYyX, OJHAKO
npobJjieMa ¢ Mapa3suTHBIMM 3aCBETKaMU IpPUEM-
HMKa ocTtaeTcs. st Toro 4To0bl 3KpaHUPOBATHCS
OT HUX, UCIIOIb3YeTCs IIPOCTPAHCTBEHHOE pa3eiie-
Hue ITTTIT 1 napa3uTHBIX BOJH C TOMOILbIO UCKPUB-
JIEHHBIX TTOBEPXHOCTEH, 9KpaHOB, 1ueneit [12, 14,
24—27]. Tem He MeHee Aaxe MPU KCITOJb30BAaHUU
9KpaHUPOBAHUS TOJHOE UCKJIIOUYEHUE 3aCBETKU
NpUeMHMKA ITapa3sUTHBIMU IIPUIIOBEPXHOCTHBIMU
BOJIHAMU npu uzMepeHuun xapakrepuctuk ITITIT B
TTu-nuanazoHe HEBO3MOXHO.

3aryxanue IIIIIT B TIu-npuanazoHe, xapakTe-
pusyemMoe JJIMHOM pacrpocTpaHeHus: L, 0COOeHHO
Ha peajbHOI MOBEPXHOCTU MeTalljla 0e3 MOKPOB-
HOTO CJIOSI TURJICKTPUKA, OIPEAe/ISIeTCsl IIPEeUMYIIIe-
CTBEHHO HE IKOYJIEBBIMU, a PaIvallMIOHHBIMM I1OTE-
psSIMH, KOTOPBIE HE YYUTHIBAIOTCS IUCIIEPCUOHHBIM
ypaBHeHueM IIITIT [24]. IToaToMy 3HaueHuUe , onpe-
JieJIeHHOE pellleHUeM NUCIEPCUOHHOIO ypaBHEHUS
IITII1 nmpu moacTaHOBKE B HETO U3MepPeHHbIX L 1 D
(umu L u k'), OyaeT 3aBenoMo coiep:KaTh HEKOTOPYIO
OLLIMOKY, 0OYCJIOBJIEHHYIO OTJIMUYMEM aHAJIMTUUECKOM
mogaenu pacrnpoctpaHeHus ITITIT ot peasibHOCTH.

B manHO#i paGoTre mpemiaraiTcsa IBa MeToaa
U3MEpPeHUsT TTyOMHBI IpOHUKHOBeHUS ToJs TTITIT
D B BO31yX: 30HIOBBIN 1 METOJ 3KPaHUPOBAHUS C
NpUMEHEHUEM MPOCTPAHCTBEHHOIO pa3ieieHUs
napa3suTHBIX 00BEMHBIX BOJH W ITOBEPXHOCTHOM
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BosHbI. B 3oH10BOM MeTone B noje ITIII1 BHocuTtcs
MJIOCKUI TPOBONSIIMI 30HA (pa3Mep KOTOPOTO
conoctaBuM ¢ D), orpaxaromuii I1T1IT Ha pacmo-
JIOXKEHHBIN y KPOMKH 00paslia IPUEeMHUK; IIPU 9TOM
MIPUMEHSIETCS JIM00 aMIUIUTYIHAS MOIYJISIIIUS TeHe -
pupytowiero IIIIIT uznydyeHust, AMb60 MOAYSILIUS
pacCTOsIHUSI, OTOEJSIOIIEr0 30H OT TMOBEPXHOCTHU
oOpasia. B MeTone skpaHupoBaHMUs Had TPEeKOM
TIITIT pa3zmelnaeTcss Herpo3payHblil 3KpaH, OTCeKa-
formit Ty uiau nHyto gacth moss TITIT (B 3aBucumo-
CTU OT PETYJIMPYEMOTO PACCTOSIHUS Z MEXIY KpaeM
9KpaHa U MOBEPXHOCThIO 00pa3ua), U Uu3MepsieTcs
3aBUCUMOCTh MHTEHCHBHOCTHU MPOIIEAIINX IO
askpaHoM IIITIT ot BenuuuHbl Z. TeCTOBBIM 0OBEK-
TOM SIBJISIETCSI IJIOCKAsi MeTaJUIMYecKasl IOBEPXHOCTh
C HaHECEHHBIM CJIOeM IMAJIEKTPUKA CyOMUKPOH-
HOI1 TOJIIIMHBI, YTO ITO03BOJISIET IOHU3UTh BIIMSTHUE
napa3uTHBIX 3aCBETOK HA TOYHOCTb UBMEPEHUIA.

2. OKCIIEPUMEHTAJIbBHAAl YCTAHOBKA

B xauyecTBe MCTOYHMKA U3IYYEHMS MCIOIb30-
BaJICI HOBOCUOUPCKUIA 1azep HA CBOOOMHBIX BJIEK-
tpoHax (HJICD), reHepupytomuii HeIIpePHIBHYIO
MOCJeN0BaTeIbHOCTh UMITYJIbCOB JAJIUTEIbHOCTHIO
100 1ic, cremyommx ¢ 4acTOTOW MOBTOpPeHUs 5.6
MT1 [28]. B skcniepuMeHTe AJMHa BOJHBI COCTaB-
asna Ay = 141 MKM, npu KOTOPO# CpenHsst MOLI-
HOCTb Ha BXOJAe M3 onTMyeckKoro kKaHajga HJICD
op1ma Topsinka 10 Bt. PerynupoBanme MOIITHOCTH
U3y4YeHMS, T101aBaeMOro Ha YyCTAHOBKY, OCYIIECT-
BJISIOCH C TIOMOIIIBIO MPOBOJIOYHOTO TOJISIpU3aTopa,
a ee KOHTPOJIb — U3MEPUTEIEM MOIIHOCTU B OTIE-
JICHHOM CBETONEIUTEIEM ITyUKe.

2. 1. 3ondosuwiii memoo

Hst popmupoBanusa n nerektupoanus TTITTT
30HI0OBBIM METOIOM HCIOIb30BajIach SKCIIEPUMEH -
TajibHas cxeMma, IpencraBiecHHas Ha puc. 1. ITydgok
TTi-u3nyyeHuss iMaMeTpoOM OKoJI0 15 MM (Ha ypoBHE
(0.5 1T0 MTHTEHCUBHOCTH ) C TOMOIIBIO IOCTUPOBOYHBIX
3epkan / 1 3 HampaBIsLJICS Ha METAJUIM3UPOBAHHOE
30JI0TOM LMJIMHAPUYEcKoe 3epkajio 4 (f = 75 Mm),
(oxycupoBasIiiee ero Ha IPSIMOYTroJIbHOE pedpo
Topua obpasua 5. Beaencrsue audpakiyuy Ha 3TOM
pebpe yacTh SHEpPruu Majarouiero mydyka rnpeoopa-
3oBbIBasiach B [TT1IT [20, 21], pactipocTpaHsBILIMECs
B IUIOCKOCTH TaJieHUs 10 [TOBEPXHOCTU 0Opaslia.

Hanpasnstomas IIITIT nmoBepxHocTh 0Opasiua
nMena IBe IUIOCKKUE TpaHU, OTKIOHEHHBIE OTHOCH-
TeJIbHO ApYT Apyra Ha 13° U compsiKeHHbIE CKPYT-
JIeHHBIM pebpoM. Takoil mpoduab MOBEPXHOCTU

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

CMOCOOCTBYET PKpaHMPOBAHUIO (POTONMPUEMHHUKA,
nsmepstoniero uHteHcuBHocTh [1II1, ot mapasur-
HbIX 0ObEMHBIX BOJIH, MTOPOXIAaeMbIX MpU nUdpak-
LMY U3JIy9eHUs] Ha MPSIMOYTOJbHOM peldpe Topla
obpasua 5 [29]. Paguyc ckpyrieHus: pedpa ynoB-
JIETBOPSLI YCIIOBUIO R >> A, 4TOOBI pagualliOHHbIE
notepu IIIIII Ha KpuWBHU3HE MOBEPXHOCTU OBLIU
HeBenauku [30]. st JOMOJHUTEABHOIO 9KPaHUPO-
BaHUs IpUeMHMKa 9 OT 3aCBETOK B Hauaje (110 XOmy
M3JIy9eHMsI) BTOPOI IpaHM oOpa3lia ycTaHaBIIMBa-
JINCH ITIOPOJIOHOBBIE BOPOTIIA 6 C IIPOEMOM BBICOTOM
1 MM 1 mwmpuHoit 20 mMm. TTITIT audparupoBanu Ha
30HAE 7, KOTOPBII MpPEACTaBsI COO0M CTaIbHYIO
MIPOBOJIOUKY KBazpaTHOTo ceueHust 0.4 X 0.4 mm>
¢ IUTMHOM 12 MM, OpUEHTUPOBAHHYIO TI01, YIJIoM 45°
ktpeky I1I1I1. B pe3ynsrare nuppakiimm 4acTb 9HEP-
ruu ITITIT npeoOpa3zoBbIBagach B OObEMHbIE BOJHBI,
KOTOpbIe cOOMpaNuCh Mo cxeme 2f—2f KuHO(GopM-
HOW MOJIUATUIEHOBOU JUH30H & (f = 75 MM) Ha
BXoaHoi aneprype sueiiku Tones 9 (TYDEX, Poc-
cust) [31]. Ontuueckas cxeMa 2/—2f obecrneunBalia
cOOp M3Ty4YeHUsI UMEHHO OT 30H/Ia, YTO YMEHBIIIAJIO
BIMSTHHE TTapa3UTHBIX 3aCBETOK. JlMaMeTp BXOTHOM
aneptypsbl npueMHuka I'onest cocrasisin 10 MM, UTO
MPUMEPHO COOTBETCTBOBAJIO IJTMHE TTPOBOJIOYKH.

B cxeme ucnosib3oBanaoch ABa BUaa aMILIATYIHOMK
MOIYJISILMU AETEKTUPYEMOTO U3IyYeHus: 1) Momy-
JSIMs KOJIeOaHUSIMU 30HIA I10J BO3IEHCTBHEM
3JIEKTPOMAarHUTHOTO BUOpaTopa (K KOTOPOMY Kpe-
MUJICS 30HI) W TeHepaTopa HU3KOYAaCTOTHBIX CUT-
HanoB (I'3-112, Poccus); 2) BHELIHSST MOOYISILIMS,
peayuzyeMasi ¢ MTOMOIIbI0O MEXaHUUEeCKOro 00TIopa-

|
NN '

':II\\- 1—.

R

Puc. 1. Cxema skcnepuMeHTaIbHON YCTAaHOBKM JJIst

usmepenus moist TTITIT 30HI0BBIM METOAOM MPU TPU-

MEHEHUU OIHOTO M3 IBYX TUIOB MOMYISLIUUA TETCKTH-

PYEMOTo U3JIydeHUs: KoJeOaHUSIMU 30HIa 7 WU MeXa-
HUYECKUM 00TIOPaTopoM 2.
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Topa 2 (cM. puc. 1) 1 KOHTpoJepa 4acTOThl New-
Port (CILIA). Curnan sueiiku I'onest peructpupo-
BaJics CMHXpOHHBIM neTekTopoM SR-830 (Stanford
Research, CILIA) Ha yactoTe monmynsiuu. B obonx
clydasiX 30HI C BUOpPaTOPOM KpeIlmjics K BepTU-
KaJIbHOI MexaHn4eckoi moasrxkke (Standa, JIutsa),
C TIOMOIIIbIO KOTOPOI MEHSIJIOCH paccTosTHUE (BIOJIb
OCH Z) MeXAYy 30HI0M U MOBEPXHOCTHIO 00Opa3ia ¢
MUWHMMAJIbHBIM 1IarOM 25 MKM.

2.2. Memo0 sxpanuposarus

ITpuHLMIIManbHasg cxeMa peaau3aluu METoaa
9KpaHUPOBAHUS MpeacTaBjcHa Ha puc. 2. B atom
MeToAe peructpupyercsd MHTeHcuBHOCTh I[IITII,
MpOLIEAIINX MO/ pa3MellleHHbIM Haa TpekoMm TTTITIT
Henpo3payHbIM 3KpaHoM. Yacte niog ITI1T1, mepe-
KpbIBaemasi 3KkpaHom, oTpaxaiacb uM B Buae I1I111,
JBUKYLLIMXCS HABCTpeuwy ucxogHomy myuky ITTIIT,
wiu audparvponaja Ha ero Kpae, rpeodpasysich B
0o0BbeMHbIE BOJIHBI. B KauecTBe aKpaHa UCITOJb30Ba-
JIach KJIMHOBUIHAS CTEKJISTHHAS TJIAaCTUHKA C 30J10-
THIM HaIlbLJIEHUEM TpaHu, 0OpallleHHON HaBCTpeuy
ncxomHomy nyuky [TITIT. DxpaH Kpenuics K BepTh-
KaJIbHOM MEXaHUYECKOM TMOIBUKKE, MO3BOJISIBILENA
M3MEHSTh PAacCTOSIHUE (BOOJb OCU Z) MEXIY HUM U
MOBEPXHOCTHIO 00pa3lia C IIaroM 25 MKM.

ITonHasg cxema sKcrepuMeHTa IO TECTUPOBA-
HUIO MeTo/Ia SKpaHUPOBaHUS ITOKa3aHa Ha puc. 3.
B kauecTBe oOpasua 5 Mcnosb3oBanach miaockas
CTEKJISIHHAs IJacTMHKA, MOKpbITasi Hempo3pay-
HBIM cJl0eM 30J10Ta, npuyeM Hanpasisttomas TTTITT
MOBEPXHOCTh 00paslia He UMesia M3J10Ma Ha Havyallb-
HOM yvacTKe (Kak B 30HIOBOM METOJIE), a 9KPaHU-
pOBaHME OT Mapa3svMTHBIX 3aCBETOK JTOCTUIAIOCh B
pe3yabTaTe MCIOJb30BAHUS B KAYECTBE 2JEMEHTA
npeobpaszoBaHus IIIIIT B oObeMHOE M3JIydeHUE
HUInHApUYeckoro cerMeHta § (1/8 nununapa c
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Puc. 2. IIpuHuunuaabHasg cxeMa U3MEpPEHUs MOJIs
TITITT meTonoM 3KpaHUPOBAHUS.
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Puc. 3. Cxema 3KcriepMMeHTaIbHOM YCTAHOBKHU ST U3-
mepenus nosst TTTTTT MmeTonoM s3KpaHUPOBaHMSI.
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pamnycoM R = 60 MM), IpUMBIKABILIETO K BBIXOJI-
HOMY TOpIly 0Opasia 5. 11 yMeHbIIeHUS 3aTyXaHUs
IIITIT Ha UKMAMHAPUYECKOM CEIrMEHTE ero MeTall-
JM3UpOBaHHAs CIIOEM 30j0Ta ToiamuHoi 300 HM
BBITIYKJIasl MMOBEPXHOCTh OblJa MOKpPHITA CJIOEM
cyibduaa nuHka (ZnS) tommumHoit 1 Mxm [30].
IToBepxHOCTHAs BOIHA, MpoLIeAlas MoJ 3KpaHOM
6 1 4epe3 MOPOJIOHOBBIC BOPOTHA 7, TIepexoaua
Ha MWIMHAPUYECKUI 2JIEMEHT MpeoOpa3oBaHus &,
JIOCTUTajia ero CBOOOAHOro pedpa u NMpeoOdpa3oBbI-
Bajach (B pe3yabraTe IM@pakuy Ha HeM) B 00beM-
HOe U3lydeHue, JeTeKTupyemoe siueiikoit I'ones 9.

ITpoTtoTun MeTona aKpaHUPOBAHMUSI BIIEPBbIE ObLIT
peanu3oBaH B TI1-nuana3one B padore [25], roe nis
3KpaHUPOBAHUS OT Mapa3UTHHIX OOBEMHBIX BOJIH
aBTOpaMM MCIIOJb30BaNOCh YIinyoJjieHue (U3ruod)
HeOOoJbIIOr0 paauyca B allOMUHUEBOU (oibre.
HecmoTpst Ha aKpaHUPOBKY B JaHHOI pealu3anuun
MeToja, Ha IeTeKTOp MOIJIY IoIanaTh Mapa3uTHbLIE
00BEMHBIE BOJIHBI, Bo3HUKatoue 1pu cpbise TTITTT
Ha n3rude ponwru. B mpenmaraeMoMm HaMu MeToIE 3a
CYET MCIOIb30BaHMS MUJINHIPUICCKOTO 3IEMEHTA
npeodpa3zoBaHusl & JOCTUTAETCS MOJHAsI SKPaHU-
pOBKa JIeTeKTopa OT Mapa3uTHHIX BOJIH.

2.3. Tecmosbie 0bpa3upl

B sxcrnepuMeHTe B KauyecTBE TECTOBBLIX 00pa3-
1I0B UCIIOJIb30BAJIMCh CTEKJISIHHbIE IIACTUHBI, Ha
pabouyro MOJIMPOBAHHYIO TPaHb KOTOPHIX METOIOM
MarHeTPOHHOIO pacHbUICHUS HAHOCUJIOCH 30J10TO
(Au) TommuHo#t 300 HM, TTOBEpPX KOTOPOTO METO-
JIOM 2JIEKTPOHHO-Jy4eBOTO pacCIblICHUsS HaHO-
cujcs cioii cyabduma uMHKa ToamuHon 0.7 MKM
(cM. puc. 4a). Cnoit ZnS HeoOXoOUM IS YBEIU-
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Puc. 4. a — Cxembl CTPyKTYp 00pas3lioB: X — PACCTOSIHME OT BXOIHOT'O TOpLia 00pasiia, £ — pacCTOSIHUE OT 30H[a 110 TO-

BEPXHOCTH 0Opasia, — nryouHa mpoHukHoBeHus 1oJst [1I1I1 B Bo3ayx, d — TommmHa mokpoBHoro ciost ZnS, Eu H —

HaIPSLKEHHOCTH 3JIeKTprudecKoro 1 MarHutHoro noJjieid [T cooTBeTcTBeHHO; 6 1 B — reoMeTpus nmpoduiieil 06pasios,
HCTIONb3YEMbIX B 30HIOBOM METO/IE M METONIE IKPAHUPOBAHUSI COOTBETCTBEHHO.

yeHUs 2P PEeKTUBHOCTH TIpeoOpa3oBaHus U3ITyde-
ausg HJICH B IITI1 [32], a Takske 119 YMEHbBIIIEHUS
panuaunoHHbIX moTepb ITTTIT Ha HmIepoxoBaToCTIX
M OINTUYCCKUX HEOJHOPOMTHOCTSIX IMOBEPXHOCTH
obpasua [ 13]. B akcnepuMeHTe 1o u3MepeHHIO MOoJIs
TIITIT 30HDOBBIM METOAOM ITOBEPXHOCTb CTEKJISIH-
HOU TMOIJIOXKMW MMeJa TUIABHBIM M3JIOM MOJ YIJIOM
13° (puc. 40) mist 3KpaHMPOBAHUS OT ITapa3UTHBIX
3aCBETOK, IIPU 3TOM JJIMHA TOPU3OHTAILHOM TpaHi
coctapisgia 190 MM ripu moJHOM pa3Mepe odpasia
230 mM. IlupuHa moanoXKHM paBHsAAACh 34 MM,
tommuHa 11 MM. B skcniepyMeHTe ¢ IpuMeHEeHUEM
MeToJa AKpaHUPOBaHUs rabapuThl 0Opas3lia CoCTaB-
asumu 150 % 34 % 11 mm® (puc. 4B).

3. PE3VJIBTATBI U OBCYXIEHWE

3.1. Uzmepenue noasa I11111 301006bim Memodom

st uamepenus mnoist IITIT 30H10BBIM MeTOIOM
HCIIOJIb30BaIach YCTAHOBKA, ITOKa3aHHas Ha puc. 1.
Y10o0Obl OLEHUTD BIMSIHUE aMIUTUTYAbI @ KOJieOaHUs
30HJIa Ha UTHTCHCUBHOCTD / MM parupoBaHHOIO Ha
HEM U3JIyYeHUsI, perucTpupyeMoro KOMILIEKCOM
“gueiika l'omess—CcUHXpOHHBIN neTeKTop”, ObLIa
M3MepeHa 3aBUCHMMOCTDH BEJIMYMHBI CUTHajaa S OT
HanpsokeHus: U, momaBaeMoOTo ¢ TeHepaTopa HU3-
KOYaCTOTHBIX KOJIeOaHUI Ha 3JIEKTPOMAarHUTHBIN
BuOpatop (puc. 5). YactoTta KojebaHUii cocTaBsia
30 I, yTO MPUMEPHO COOTBETCTBOBATIO MAKCUMYMY
AMIUJIMTYJTHO-4YaCTOTHOM 3aBUCUMOCTU SYEHKU
Tones [31].

C yBennueHueM U moJie3HbBII CUTHAJ YBEJINIM-
BaeTCs MPSIMO IPOITOPIUOHATIBEHO, YTO CBUACTEIb-
CTBYET O MaJIOCTH aMIUIMTYAbI KOJIeOaHUIA a 110 CpaB-
HEeHUIo ¢ TyouHoii mpoHukHoBeHus D noms TTTTTT
B BO3IyX. YCJI0OBHME MaJIOCTH @ MOATBEPAUIOCH IIPU

JIOTIOJTHUTEJIbHOU €€ DKCIEPUMEHTAIILHON OLIEHKE
0 KOJieOaHMSM IIOJIOKEHUSI TeHU, DOopMUpyeMOit
Ha DKpaHe OT 30HJa MPU OCBEIIEHUU eTo CPOoKy-
CHUPOBAHHBIM JIa3epHBIM U3JTydeHUEeM ¢ A = 637 HM.
ITpu Hanpskennu Ha Bubpatope U = 20 B ammuiu-
Tyna KoJebaHuit a cocTasisia mopsimka 50 MKM, 9To
MIPUMEPHO Ha MOPSIIOK MeHbIe D (Tadm. 1).
3anuiineM BeIpakeHUe ISl BeTMUYMHBI PETUCTPU-
pyemoro sueiikoii I'onest curHaga Kak MHTErpaji
nvdparupoBaBIliero Ha 30H/e U3JIydyeHus 1o obJia-

CTU ero nepekpbliTus ¢ moiem [TITIT:
3

I = J.6 1, exp[—%{(t)]daz 1,D exp[—%jx

2

2 2
—— = |—exp| - , 1
) p ) (D

s
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L L L L 1
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Puc. 5. 3aBucuMOCTb MOJIE3HOTO CUTHAJA S, MPONOPLU-
OHaJIbHOI'O MHTCHCUBHOCTU PAaCCECAHHBIX 30HAOM HHH,
OT MPUITOKECHHOTO K 30HAY HaIIPAXKECHUA U.
ITPUBOPBI U TEXHUKA DKCITEPUMEHTA Ne 1 2025
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rae f(f) — nepuoaudyeckas (yHKUUS KojaeOaHUM
30H1a, O — pa3Mep 30H/Aa B TIONIEPEYHOM CEUCHUM.
YrpoctuM Beipakenue (1) ¢ y4eToM MaJlOCTH COOT-
HomeHus a/D:

N AN R
Ir~2IODeXp( Djsh(sz(l Df(t)j. (2)

Curnan /. ot gueiiku I'oyiesd nonasajicd Ha BXOJ
CUHXPOHHOTO IETEKTOpa BMECTE C OMOPHBIM TEPU-
OJMYECKUM CUTHAJIOM COS(W,f) OT KOHTpoJuiepa
oOTIopartopa. 17151 onpeneaeHHOCTU OyaeM CUMTaTh,
YTO 30H] KOJIEOJIETCS TI0 TapMOHUYECKOMY 3aKOHY
f(#) = cos(w?) ¢ 4aCTOTOI M, TOTHA PETUCTPUPYEMBIi
JIETEKTOPOM CUTHAJI C YIETOM IIPOXOXKICHUS Yepe3
¢unbTp HU3KUX yactotr LPF (low pass filter) oyaer
UMETH CEMYIOINIA BUI:

S =LPF(/, cos(w,t))~

z )
~21 D —— |sh| —
’ "exp( DJS (20}

x LPF [% cos (of) cos (mot)j =

z o
=1 ——= |sh| — |a.
p( Djs (w},

Takum 0Opa3oM, peruCTpUpyeMbIii CUTHAJ S 1O -
2KE€H ObITh NPOTMOPLMOHAJIEH aMILUIUTYAe KOJdeOaHU it
30H[a g, KOTOpas C Y4ETOM €€ MaJIOCTU IPOIIOPLIM -
OHaJIbHA HAIIPSDKEHUIO, TToJaBacMOMY Ha BUOpaTop
(a ~ U), 9T0 ¥ TIOATBEPXKIAaeT SKCIIepUMEHTAIbHBII
rpacduk Ha puc. 5. CornacHo ¢opmyie (3), 3aBUCH-
MOCTb S(Z) BOCIIPOU3BOAUT NPOGUIb UHTEHCUBHO-
ctu nions I1TTIT Hag MoOBEpXHOCThIO MPOBOAHUKA,
YTO U TPeOOBAJIOCh B HallleM 3KcrepuMeHTe. CTOUT
OTMETHTh, YTO BEJIMIMHA S TaKKe 3aBUCUT OT TOJI-
LIUHBI TTpoBooYKU O. B ciyuae, eciu BeaiuduHa
0 OymeT cpaBHUMAa WU Jgaxe Oojiblie D, 3TO He
OTpa3uTcsd Ha xapakTepe 3aBucumoctu S(z). [lpu
00X O MaKCUMaibHasl 00JIacTh 30HIA, C KOTO-
poit cobupaeTcsl U3ayyeHue ONTUYECKON CXeMOM
(cMm. puc. 1), ompenensieTcss guaMeTpoM (OKajb-
HOTO MsATHA KMHO(GOPMHOI JTUH3BI, KOTOPHI IIpHU
JJIMHE BOJIHBI A = 141 MKM COCTaBJIsI MPUMEPHO
0.3 MM [33].

M3mepeHus npeacTaBjieHHOM Ha pucC. S5 3aBUCHU-
MOCTH TIpOBOIMINCH Tipn Hanpsokenun U < 23 B,
nockoibKy rpu U= 23 B otMevamoch KacaHne 30HIOM
MOBEPXHOCTH 00pa3iia; IO3TOMY B OIMCAHHBIX HITKE
aKcrepuMeHTax 3HaueHue U He npesbiiaio 20 B.

Ha puc. 6 mokaszaHa 3aBUCUMOCTD S (7), U3Me-
peHHast ¢ o0pa3ioM Au, TTOKPBITEIM clioeM ZnS
TommuHOM 0.7 MKM (C M3JIOMOM, CM. pasa. 2.3) npu
MOIYJISLINU PETUCTPUPYEMOI0 U3ITydeHMsT Koieha-

3)
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Puc. 6. 3aBUCUMOCTb BEJIUYUHBI PETUCTPUPYEMOTO

curHaja S oT pacCTOsIHUS Z MEX/y 30HJIO0OM U 00pa3-

oM. Mcnosp3oBajiach MOIYJISIIIASI TapMOHUYECKUMU

KosiebaHusIMU 30H1a ¢ yacToToil 30 T u aMmInTy oM
a = 50 mxMm. YpoBeHb 1ryma coctasisit 0.01 mB.

HUSIMU 30H1a. 3aBUCUMOCTb S (Z) UMeeT 9KCIIOHEH-
LIMAJIbHO 3aTyXalolIMi B, YTO comacyeTcs ¢ hop-
mynoii (3). CritonrHoM TMHUEN Ha 9TOM 3Ke pUCYHKE
MoKa3aHa 3KCIIOHEHIIMAaJIbHAS aIlllpOKCUMAaIus
npu BeanuuHe myma, paBHoro 0.01 mB, xoTopas
usMepsiaach B orcyrctBue TIu-usnyyenus. Ilym
BO3HMKAaJl, B OCHOBHOM, 3a cyeT ()OHOBOI0 MH(ppa-
KPacCHOTro M3JIyYeHMSsI, K KOTOPOMY UYBCTBUTEIbHA
sueiika I'ones. B pe3ynbraTe annpokcuMaluu ObLia
HaiigeHa riyouHa npoHUKHOBeHus mous ITITIIT
B BO31yX, KoTtopas coctaBmwia D = (0.51 £0.02 mmM.
Ha puc. 7 npeacraBieHa 3aBUCUMOCTb S(Z),
M3MepEHHasl IIPY ITOKOSIIIEMCSI 30HIe M MOIYJISIIINT
nyyka uznydeHus HJICD o6TiopaTopom 2Ha yacToTe
30 I'm (puc. 1). B pesynbpraTe 3KCIOHEHIIMAIbHOMN

| & SHCOEDAMBHT

AAnpoEcHMaLpa

S= 5, enpl=-2 D)+ 5

i D

Puc. 7. 3aBUCUMOCTb PErucTpupyeMoro curtaia § ot

PACCTOSTHUST MEXY 30HIOM U 00pa3IioM g TIPU MOIYJIsI-

1y myaka usnydeHuss HJICD o6TiopaTtopoMm ¢ 4acToToi
30 I'u. YpoBenb mryma cocranisia 0.3 MB.
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anrmpokcuManuu npu yposHe myma 0.3 MB one-
HOYHOE 3HaYeHue MTyOMHbI TPOHUKHOBEHUS TTOJIS
TIITIT B Bo3myx coctaBuiio D = (0.48 £0.01 mMm, uTO B
TMpenenax MorpenrHoCT COOTBETCTBYET 3HAUCHUIO,
MOJyYeHHOMY MPU MOIYJISILIMY U3JTy4eHUsT Koseba-
HUSMMU 30H1a 7.

3.2. Uzmepenue nons ITTTT
Memooom SKPanupo8anus

Hna namepenus mong IITIIT metomoM sKpa-
HUPOBaHUS MCIIOJIb30Bajach yCTaHOBKA, M300pa-
JKeHHas Ha puc. 3. B kadecTBe TecToBOTO 0Opasiia
HCIIOIb30BaJIach IJIOCKAST CTEKJISTHHAsI MOMJIOXKA
(6e3 uznoma), coaepxaias obdpasel; Au, TOKpPbI-
Tl cnoem ZnS tonwuHoi 0.7 Mkm (pasa. 2.3).
Ha puc. 8a mpencrasieHa 3aBUCUMOCTb CUTHaJa S,
nopoxaeHHoro IIII1, npoweamMu moa 3KpaHOM
6 1 JOCTUTIIMMHM CBOOOIHOIO pedpa HUIUMHIAPUIE-
CKOTO 3JIeMEHTa IIpe0o0pa3oBaHus &, OT PACCTOSHMUS
Z MeXIy 3KpaHoM U obOpasmoM. C yBenmueHUEM
Z BeJIMUMHA S MOCTEIIEHHO BO3pacTajia, JOCTUras
HaCBIIIEHHUS TIPU OOJIBIIUX Z.

JaHHy10 3aBUCUMOCTbD .S (7) MOXHO OOBSICHUTD
cienyromumMm obpazom. Kak u3BecTHO, UHTEHCUB-
HocTb 1toist ITTIIT Hax moBepXHOCTHIO TIPOBOJIHUKA
yOBIBaeT 1O KCIIOHEHTE

<
I .. =1 exp| —— |,
I 0 p[ D)

rae I, — uarencusHocTh nosid ITIIT Ha mosepxHo-
ctu ipoBoaHuKa (z = 0). Korga sxpaH HaxoauTcs Ha
JOCTaTOYHO OOJIBLIMX PACCTOSIHUSX (T > A)), TOTEPU
Ha nudpaxmuo u otTpaxeHue [1I1I1 ot meTannmuec-
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KOT'0 9KpaHa 6 HeBeJIUKU. B 3TOM cityyae MHTEHCUB-
Hoctb [II1I1, mpoumenmmx moa 3KpaHOM, MOXHO
MPUOIMKEHHO IPEACTaBUTh KaK MHTErpal I10 IOJII0
I1I1IT mom sxpanomMm (0 < § < z) [25]:

S =] Inmn(©d&=1,D 1—exp[—%) .5
0

M3 BbIpaxkeHus (5) ciaenyeT, YTO UHTEHCUBHOCTb
MpoLIeAIIeid o 9KpaHOM ITOBEPXHOCTHOI BOJHBI
YBEJIMYMBAETCSI W AOCTUraeT HACBHIIIEHUS IPU
z > D, 4TO COOTBETCTBYET PKCIIEPUMEHTAIbHOMY
rpaduKy Ha puc. 8a. AHAJIOTUYHBIN XapaKTep 3aBU-
cumoctu S(z) HabMOmaNCsd MpU U3MEPEHUN TOJSI
Haja ¢oabroii Meronom TDS B pabote [25]. Hus
HaxoxnaeHus npoduisa moast I HyXXHO B3STh
npousBoaHyo dS/dz. Ha puc. 86 ToukamMu Tmoka-
3aH rpaduK 3TOH MPOU3BOAHOI, BHIYMCICHHBIN
MO0 3KCIIEPUMEHTAIBHON 3aBUCUMOCTU (puc. 8a).
MuteHcuBHocTh ITITIIT sKcmoHEeHIMANIbHO YOBI-
BaeT, HO HaunHas He ¢ Z = (), a ¢ HEKOTOPOTO 3HaYe-
HUA Z, = 0.5 MM. BentmunHa 7, npuMepHO B Tpu pasa
OoJIblle MJIMHBI BOJHBI U3JTYYEHUS A, UTO COLJIacy-
€TCSl C HalllUM IPEANoI0XEeHNEeM O IMPUMEHUMO-
CTU MPUBEACHHOM BBIIIEC TCOPETUUYCCKOM MOAECIN
MPU TOCTATOYHO OOJIBIINX PACCTOSIHUSIX Z MEXIY
5KpaHOM U oOpasuoM. Ha Manbix paccTOSTHUSIX
z = A\, motepu IIIII1 Ha nudpakuuo u orpaxeHue
OT KpaHa BO3pacTaloT HeJTMHEWHBIM 00pa3oM, U4TO
3HAYUTEJbHO YMEHbIIIAeT MHTEHCUBHOCTD IIPOIIEI-
mux nog skpanom IIIIIT, o yeM cBUAETENbCTBYET
CraJ UHTEHCUBHOCTHU d.S/dz ipn z < z,,.

Hng HaxoXneHus T1yOMHBI TPOHUKHOBEeHUS D
nosist TITITT B Bo3myx Obljia TpyMeHeHa 9KCITOHEH-
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Puc. 8. a — 3aBrcuMoOCTb curHasa S, mopoxiaeHHoro npouenmumu noa skpatom IITIT, ot paccTossHMST Z MEXIy 9KpaHOM
U o6pasiioM; 6 — mpousBoaHas dS/dz OT 9KCIIePUMEHTAIbHOM 3aBUCUMOCTH S(Z) Ha puC. a (TOYKM), SKCTIOHSHIIUATbHAsT
anrnpokcumanus (crutomHas JuHust). Mcroas3oBanack monysiuust uznydeHust HJICO obtTioparopom ¢ yacroroii 30 Tr.
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LabHas anmnpoKcuMauus 3aBucumMoctu dS1/dz ()
Ha puc. 80 npu 7 > gz, B pe3yJbrate KOTopoii ObuI10
ycrtaHoBieHo, 4yTo D = 0.44 £0.02 mM. Ilorpem-
HOCTb B JaHHOM cJly4ae cOCTaBMJIa OKOJIO 5%, 4TO
MPUMEPHO COOTBETCTBYET TOUHOCTH M3MEpPEHUIA
30HI0BOTO METO/A.

Hns cpaBHeHMs B TaOJ. 1 IpeACcTaBAeHBI pe3yiib-
TaThl OLIEHKM IJTyOUMHBI MPOHUKHOBEHUS D mojs
[IIIIT (A, = 141 MKM) B BO34yX, MOJYYEHHBIE B
JaHHOI1 paboTte TpeMs cnocodbamu. B mocnenHeit
CTPOKE IPUBEACHO pacueTHOE 3HAYCHME, BHIUMC-
JIEHHOE IJISI TPEXCIOMHOMN CTPYKTYphl “Au—cioii
ZnS (0.7 MKM)—BO31yX” C UCITOJIb30BAHUEM MOIETN
Hpyne nasi OU2JIEKTPUUYECKON IPOHUIIAEMOCTU
MeTajia, HallJIeHHOM 1O CIIPaBOYHBbIM 3HAYEHUIM
IUIa3MEHHOM 1 CTOJIKHOBUTEIBHBIX YACTOT 30J10Ta:

g, = 104700 + i - 317180 [11],
anns ZnS: e, = 8.66 +i-0.059 [34].

Taommma 1. Pe3ynbratel u3aMepeHunil yOMHBI TIPOHUK-
HoBeHwus 1oJis [TI1IT (1m0 mHTeHCUBHOCTH) B BO3ayX D,
MOJyYeHHbIE B JAHHOU paboTe TpeMsl MpeiIoKeHHbIMU

MeTonaMun
Imybuna
MeTton u3MepeHust TIPOHUKHOBEHUS
D, mm
3 N
OHIOBBII METO/I, MOMYJISILIVS 0.51+0.02
KoJIeOaHUSIMU 30HIa
30HIOBBII METOM, MOMYJISILIMST 13-
A A, MOV 0.48 +0.01
syyenuss HIICD obTiopatropom
MeTon 5KpaHUPOBAHUS 0.441+0.02
OueHka no moaenu Hpyne 0.39

B npenenax morpeurHoCTH U3MEPEHU IKCIIe-
pUMEHTAJNIbHbIE PE3yJbTAThl COMIACYIOTCSI MEXIY
co00i1, YTO TOBOPUT O IHOCTOBEPHOCTHU TIPEIJIO-
KEHHBIX MeTO10B. MOXHO 3aMeTUTh, UTO I1yOMHAa
MPOHUKHOBEHUS, TTOJIydeHHAasT METOIOM SKpaHU-
poOBaHUS, HEMHOTO MEHbIIEe BEJIMYUH, ITOJyICH-
HBIX 30HAOBBIMM METOJAMU, U Haubojee 0ar3Ka K
TEOPETUUECKOI OLIEHKE. DTO MBI CBSI3bIBAEM C TEM,
YTO B METOIE 9KpaHUPOBAHUS B PETUCTPUPYEMOM
CUTHAJIe TIPAKTUYECKN OTCYTCTBYIOT ITapa3vTHBIC
BOJIHBI 32 CYET WX IOJHOTO MPOCTPAHCTBEHHOTO
paznenenus ¢ ITITIT unnuHApUYECKUM CEerMEeHTOM
& (cm. puc. 3). A MoBbIlIEHHBIE 3HaYeHUs D, orpe-
JIieJIeHHbIE 30HIOBLIM METONIOM, CBUAECTEILCTBYIOT O
HeOOJIBIIION TIPUMECH TTapa3uTHBIX BOJIH, POXIae-
MbIx 1ipu paccessHuu ITITIT Ha mepoxoBaToCTSIX U
HEOTHOPOTHOCTSIX TTOBEPXHOCTH 00pasIa, a TakKKe
Ha u3ruode odpasua (puc. 46). Hebonblioe otinyue

IMPUBOPHI U TEXHUKA SKCITEPUMEHTA Ne 1

BEJIUYMHBI D, MOJIY4YeHHON METOIOM 3KpaHUpOBa-
HUSI, OT PacCYETHOI OLIEHKMU CBSI3aHO C OTIMYUEM
3P GEKTUBHON INDIIEKTPUIECKON TTPOHULIAEMOCTH
MOBEPXHOCTU METaJlJIa OT €€ 3HAUCHMSI [IJIT KpUCTa -
Jmyeckoro metasa [13].

CorylacHO NpeacTaBJIEHHBIM pe3yJbTaTaM U
OMNBbITY, MOJYYEHHOMY B XOA€ DKCIIEPUMEHTOB,
MOXHO BBIJAEIUTh NOCTOMHCTBA W HEAOCTATKU
MPEIIOXKEeHHBIX METOA0B. 30HIOBBIM METO ITO3BO-
nsier uamepsth noje IIITIT HemocpencTBEeHHO W,
HCITOJIB3YSI alllIPOKCUMAIINIO PE3YIbTaTOB U3Mepe-
HuUit, onpenensath BenuunHy D. K HemocTaTkaM 30H-
JOBOTO MeTOJa MOXHO OTHECTH HEBO3MOXHOCTh
MOJIHOI 3KPaHUPOBKU MPUEMHMKA OT Mapa3suTHBIX
3aCBETOK, IMOPOXIAeMbIX Ha 3JE€MEHTaxX CXeMbl U
Benenctue paccesiHus IITTIT Ha HeomHOPOTHOCTSIX
MOBEPXHOCTU (0COOEHHO Ha CBOOOAHOI OT NUAJIEK-
TpHUKa MOBEPXHOCTU MeTalJIa), YTO MOXKET BHOCUTD
3HAYUTEIbHbIE CUCTEMAaTUUYECKIE OLIMOKHU B peru-
cTpupyeMblii curHai. [lpu nmpuMeHeHUU MeToaa
SKpaHUPOBAHUS MOXHO 3HAUYUTEJIbHO JIydIlle
3alIMTUTHCS OT MMapPa3sUTHBIX 3aCBETOK C ITOMOIIIBIO
3JIECMEHTOB IIpeoOpa3oBaHUs UMIMHIPUYECKOM
(GopMBbI, YTO MO3BOJISIET NPOBOAUTH U3MEPEHUS
Jlaxke Ha He MOKPBITOM AU3JEKTPUKOM MeTallle.

4. BAKJIIOYEHUE

IIpennoxeHnsl M anpoOMpOBaHBI JBa METOAA
U3MepeHus TITyOMHBI TTIpoHuKHOBeHUS mois TTITTT
B BO3MIyX ¢ Mcmonb3oBaHueM TI1-u3mydeHnst HOBO-
CUOMPCKOTo Jla3epa Ha CBOOOIHBIX AIEKTPOHAX (A, =
= 141 MKM): 30HIOBBIA METOJ C MOAYISILUMENA U3y~
yeHuss HIICD obTiopatopoM u Monynsiuuein nud-
parupytomeit nonau noss I konebaHnussMu BHe-
JIPEHHOIO B HEro 30HIa M METON 3KPaHUPOBAHUS,
peructpupyromuii uHtTeHcuBHoCTh TIITIT, mpounen-
LIMX MOA METANTMYECKUM dKpaHOM. B o6onx MeTo-
Jax 11 YMEHBIIEHUsI TOJU Mapa3uTHBIX 3aCBETOK
OT OOBEMHBIX BOJIH, MOPOXAAEMBbIX Ha 3JIEeMEHTax
cxeMbl U B pesynbrare paccessHus TTTTIT Ha HeomHO-
POTHOCTSIX TIOBEPXHOCTH, TIpEIIaraeTcsl UCIOJb30-
BaTh M3JIOM IOBEPXHOCTH O0Opa3lia WIN 3JIeMEHTHI
npeobpa3oBaHUS HUIMHAPUICCKON (POPMBI, UTO
MO3BOJISET IPOCTPAHCTBEHHO OTAEIUTH PETUCTPH -
pyembie TTITIT ot mapa3uTHBIX BOIH. BbInoaHeHHbIE
SKCIEPUMEHTHI 110 OLIEHKE MIyOMHBI IPOHUKHOBE-
Hug nong ITI1IT B Bo3gyx oOHapyXXUJIM coryiacue
(B mpenesnax IOTPEIIHOCTH) MEXAY pe3yJibraTaMu
M3MEpeHU 000MMHU METOmaMM, YTO CBHUACTEIb-
CTBYeT 00 MX JOCTOBEPHOCTHU. BBISIBJIEHBI HOCTO-
WHCTBA U HEAOCTaTKW METOHOB, a TaKXe YCIOBUS

2025
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UX TPUMEHUMOCTU Tpu paboTe ¢ obOpasliamu,
CONEPXAIIMMU U HE CONEPXKAIIMMU AUINEKTPUYEC-
CKO€ TTOKPHITHE.

HaubGonee noctoBepHOe U OJIM3KOE K pacyeT-
HOMY 3HadYeHHE TJIyOMHBI IIPOHMKHOBEHUS Oal
METOJ 5KPaHUPOBAHUSI, TO3BOJIUBIINIA 3a CUET JTyY-
el 3KpaHUPOBKU MaKCUMAaIbHO CHU3UTH BJIUSIHUE
napasuTHBIX 00bEMHBIX BOJH Ha PETMCTPUPYEMBbIid
noJie3Hblit curHai. [lpemiaraembie METONBI IIPUME-
HUMBI IIpU pabOTe HE TOJBKO C JIa3€PHBIMU UCTOY-
Hukamu TI-u3aydyeHus:, HO U ¢ 60jJee KOMMaKT-
HBIMUA ¥ MAJIOMOIITHBIMU UCTOYHUKAMM.
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B paGore ucnoab3zoBajoch 000pygoBaHUE LIEH-
Tpa KOJIJIEKTUBHOI'O ITOJb30BaHMSA CHOMPCKOIO
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