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OCHOBHBIM 3JIEMEHTOM CKaHUPYIOIIETO CIIEKTpOMeTpa (peppOMarHUTHOTO Pe30HAHCA SIBIIICTCS M3ME-
puUTeIbHas TOJIOBKA, C TIOMOIIBIO KOTOPOM PEerUCTPUPYIOTCS CIIEKTPHI MTOIJIOMIECHUS 3J1eKTPOMAaTHUT-
HOTO M3TYYSHUS JOKAIBHBIMM YY4aCTKAMU TOHKUX MAarHUTHBIX TJICHOK. CTeTeHb JJOKAIbHOCTH OIIpe-
JesseTcsl TUIONIAIbI0 U3MEPUTEIBHOTO OTBEPCTHUS roI0BKH B ripeaenax 0.1—2.2 mm?. UyBCTBUTEIBHOCTD
YCTPOICTBA CYIIECTBEHHO YBeIMUYeHA O1aromapst He TOJIbKO MUHHATIOPHOCTH KOJIeOaTeIbHOTO KOHTYpa
B aBTOAMHHOM I'€HEpPaTOpe M CPABHUTEIBHO OOJBIION €ro COOCTBEHHOM JOOPOTHOCTU, HO U 3aMEHE
KPYIJIOTO U3MEPUTEIBHOTO OTBEPCTHS TOJOBKM Ha KBaapaTHoe. [lociaemHee cyIecTBeHHO MOBBIIIACT
OIHOPOJHOCTb pacnpeneaeHus1 BBICOKOYACTOTHOTO MAarHUTHOTO MOJIsI B UBMEPUTEILHOM OTBEPCTHUM.
HabGop cMeHHBIX TOJIOBOK ¢ TpeOyeMBIM IIIaroM IepekpbeiBaeT auamna3oH 9actot 0.1—4.0 I'Tix, mpu aTom
OTHOIIEHNE CUTHA/IIIYM 15 TOJIOBKH C TUIOIIAAbIO oTBepcTust 1.0 MM%, n3MepeHHOe Ha epMaLIoeBOii
IJICHKE TOJIIMHOM 2 HM, COCTaBJsIeT He MeHee TipuMepHo 8 n1b. [TokazaHo, uTo 3 deKTnBHAs HaMar-
HUYEHHOCTb HACBILIEHUS C POCTOM YacTOThl MOHOTOHHO JOCTUTaeT HachilleHus (Mg = 843 Ic), a Ha
HU3KMX YaCTOTaX aHOMAaJIbHO yBeIN4YMBaeTcs 6osee yeM B 1.6 pasa no BenmmuuHsl Mg = 1359 I'c. Dddex-
TUBHOCTH MCITOJIb30BAaHUS pa3pabOTaHHBIX TOJIOBOK JUISI MCCIICIOBAHUS IIPUPOIBI 00pa30BaHUS 1 0CO-
OCHHOCTEH pacIpeae/IeHs] MAaTHUTHBIX HEOTHOPOMTHOCTEH 110 TUIOMIAIN 00pa3IoB MPOIESMOHCTPUPO-
BaHA Ha TIepPMaJUIOEBbIX TUIEHKAX TOIINHOI 25 HM pazMepaMu 10 X 10 Mm%, 0cakIeHHBIX B TOCTOSIHHOM
MarHUTHOM IT0JI¢ HA MOHOKPHMCTAJUTMICCKIUE TTOMJIOKKN U3 JIAHTACHUTA.

DOI: 10.31857/S0032816225010162, EDN: GHRVOU

1. BBEAEHME

XOopolIo M3BECTHO, YTO TOHKME MAarHUTHBIE
mneHku (TMIT) mupoko ucrob3yoTcsl B yCTPOii-
CTBax 3allMCU U CYUTBIBAaHUS MHPopMauu [1—5].
Ha TMII koHCcTpyupyroTcsl JaTYUKU ClIadbIX Mar-
HUTHBIX ToNieit [6, 7], co3maroTcsl YaCTOTHO-CeNIeK-
TUBHBIE YCTPOICTBA [§, 9], padHOOOpa3HbIE YCTPOIi-
CTBa Ha ocHoBe cnuHTpoHuku [10, 11], a TakxKe

HeJIMHEMHbBIE YCTPOMCTBA CBEPXBBICOKUX YaCTOT
(CBY), HanpuMep YMHOXUTENN 4acToThl [12, 13].
M3BeCTHO TakKe, YTO XapaKTePUCTUKU YCTPOMCTB
3aBUCST HE TOJILKO OT MAarHUTHBIX TTapaMeTpoB TMIT
(HaMarHUYEHHOCTU HACBIIIEHUS, TOJISI aHU30TPO-
MUK U AP.), HO ¥ OT CTEIIEHU HEOMHOPOIHOCTEM ATHUX
apaMeTpoB 10 IJIOIIAAN TUIEHOK, KOTOPBIE OIIpe-
JIESTIOTCSI KAYeCTBOM MOJJIOXEK M KOHKPETHOM TeX-
HOJIOTMEN U3roToBJIeHUsT 00pa31ioB. OUeBUIHO, YTO
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pa3BuUTHE 1000 TEXHOJOTUM OCaXACHUS TJICHOK
HEBO3MOXHO 0e3 000pyr10oBaHMS, MMO3BOJSIOLIETO
U3MEPSITh MAaTHUTHbBIE XapaKTePUCTUKM Ha JIOKaJIb-
HBIX y9acTKax IT0JIydaeMbIX 00pa3lioB U, B IIEPBYIO
ouepenb, apaMeTpbl MATHUTHOII aHU30TPOIIUU U
napaMeTp 3aTyXaHUS IpelecCUM HaMarHMYeHHO-
ctu. Jns aTux 1eneil ogHUM U3 Haubolee 3 dex-
TUBHBIX M TOYHBIX METOIOB SIBJISIETCS] METOM (peppo-
MarHutHoro pe3oHanca (PMP) [1, 14, 15].

MccnenoBath nokainbHble yyacTku TMIIT meto-
noM ®MP, ucrob3yst OTBEPCTHE B CTEHKE MOJIOTO
pe3oHartopa, npeginoxuia Ppaiit [16]. [Ipu sToM
TMII npuknaasiBasiach K OTBEPCTUIO BBIOpAaHHBIM
y4acTKOM oOpasiia CHapyXXu pe3oHaTopa, a OTBEp-
CTHE CTYXKIJI0 TIOKAJIM30BaHHBIM KCTOUHHUKOM BBICO-
KOYaCTOTHOTO MAarHUTHOTO IOJISI U OMHOBPEMEHHO
KaHaJIOM CBSI3M MEXIY MCCIeIyeMOIl IUICHKONM M
pe3oHaTtopoM. Mcnonb3ys 3ty uaeto, Cyxy paspado-
TaJl KOHCTPYKIIMIO YCTAHOBKM JUISI CHSITUSI CITEKTPOB
DMP ¢ nokaabHBIX YY4aCTKOB IUIEHOK, Ha3BaHHOM
MM MUKPOBOJIHOBBIM MarHUTHBIM MUKPOCKOTIOM |1,
17]. OmHaKo TONBKO 3aMeHa MOJIOTO pe3oHaTopa Ha
MHUKPOIIOJIOCKOBBII IIpUBeJIa K CYIIeCTBEHHOMY
YBEIMYEHUIO UYBCTBUTCIBHOCTA M3MEPUTEIBbHOMN
YCTaHOBKU Y TOYHOCTU PETMCTPALIIM CIIEKTPOB C
JokanbHbIX yyacTkoB TMII [18]. BTo mo3Boauio
pa3paboTaTh aBTOMAaTU3UPOBAHHBIN CKAaHUPYIOLIWIA
crektpomerp @MP, ¢ TTOMOIIBIO KOTOPOTO MOXHO
HaOII0IaTh XapaKTep paclpeneiieHusI HEOTHOPO -
HOCTEl MO IuIolaau oopas3mos IS LEeJIOTO psina
MarHUTHBIX XapakTepucTuk [19]. JlomosHUTEIbHO
YBEJUUYUTh YYBCTBUTEJbHOCTb CKaHUPYIOIIETO
CHEKTPOMETpa yIaJoCh C IOMOIIbIO HOBOII KOH-
CTPYKILIMU U3MEPUTENIHHOM TojIoBKH [20], B KOTOpOIi
CBY-renepaTop, MUKPOIIOJOCKOBBIN pe30HATOP U
JIETEKTOP M3rOTOBJICHBI C MCITOJIb30BaHUEM TEXHO-
JIOTM MHOTOCJIOMHBIX ITeYaTHBIX TIJIaT.

BaxHo oTMeTuTh, 4TO OJsIaromapsi MOSIBJIEHUIO
ckaHupylouero crnekrpomerpa ®MP oGHapyxkeH
U UCCeN0BaH LeJblii psii HOBBIX 3 (EeKTOB B Mar-
HUTHBIX TUICHKAX, KOTOPbIE MMEIOT HE TOJIBKO Hayd-
HOe, HO U MPaKTU4YeCKOe 3HAaYeHUe: B YAaCTHOCTH,
3 pexT MarHUTHOI BOCIIPUMMYUBOCTU, HAOIIO-
JlaeMblii BOJIM3U T10J11 OMHOOCHOM MarHUTHOM aHU-
30TPOIMU B IIMPOKOM AMANA30HE YacTOT, IO3TOMY
Ha3BaHHBIA aBTOpaMM HEPE30HAHCHOM MArHUTHOM
BOCIIPUUMYMBOCTBIO [21]. OGHapyXeH U uccaeno-
BaH ®MP B KBa3upaBHOBECHOM COCTOSIHUM Mar-
HUTHOro MoMeHTta B TMII [22], a Takke pe3koe
M3MEHEHMe BEeJMYMHBI U yIyia HallpaBieHUsl OJHO-
OCHOI MarHUTHOW aHU3OTPONUU BOJM3U KpaeB
MarHUTHBIX THIEHOK [23, 24], KoTOpble 00YyCIOB-
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BEJISIEB u mp.

JIEHBI pa3MarHUYMBAIOIINMHU TTOJISIMU, CYIIECTBYIO-
MMM Ha TOplLlaX HaMarHU4YeHHoro odpasma [25].
ITokazaHa BO3MOXHOCTb M3MEPEHMsI C BBICOKOI
TOYHOCTHIO BUIIMHAJIBLHOTO U a3MMYTaJIbHOTO YIJIOB
nHTepdeiica MOHOKPUCTAUIMISCKOM TOMJIOXKKY, Ha
KOTOPYIO OCaXKIeHa MarHUTHas IieHKa [26]. binaro-
Japsi cKkaHupytoiemy criektpometpy @MP B Heon-
HOPOJHO HaMpsSI)KeHHON MarHUTHOM TJIeHKe ObLI
BBISIBJICH (DJICKCOMAarHUTHBIN 3P (PeKT, TPOSIBUB-
IIUICA B TTIOSIBJICHWU OIHOHAMPABJIECHHOMW MAarHUT-
Hoi aHuzotponuu [27]. HemaBHO ObL1 OOHApYyXeH
HOBBI (PP eKT, CBSI3aHHBIN ¢ KOMIEHCALMel Mos
OIHOOCHOIT MAarHUTHOI aHM30TPOINM BOJIU3K Kpast
TMII ee pazmarHuuMBaIOIIUMU MOAIMU [28].

YyBCTBUTEIbHBIM 3JEMEHTOM CKAaHUPYIOIIETO
cnektpomeTrpa ®MP [18, 19] asnserca CBY-ro-
JIOBKA, COCTOSIIAsI U3 HEMarHUTHOTO MeTaJlIu-
YecKOro Kopmyca, B KOTOPOM pa3MeIlleH MUKpPO-
TMOJIOCKOBBII pE30HATOP Ha MOMJIOXKE C BHICOKOM
IUBJIEKTPUUECKON MpoHUIlaeMoCcTbio. Pe3oHaTop
MMeeT KPYIJIoe OTBEPCTUE B DKpaHe BOIU3U ITyU-
HOCTH BBICOKOYACTOTHOT'O MAarHUTHOTO TIOJISI, M OH
SIBJISCTCS 3amalolIuM KoJjieO0aTeJbHBIM KOHTYPOM
TpaH3uctopHoro CBY-reneparopa, padoraioiiero
B aBTOOAMHHOM pEXHMMeE, C aMIUIUTYIHBIM HCTeK-
TOPOM Ha BbIxofie. I3MeHeHue curHaia Ha JeTeK-
TOpe IpU pa3BepTKe ITOCTOSIHHOTO MarHUTHOTO
MOJISI MPOMOPLMOHAIBLHO BEIUIYMHE ITOTIOIICHMS
CBY-MOIIIHOCTH YYaCTKOM IUJIEHKH, PACIIOJOXEH-
HBIM 101 U3MEPUTEIBHBIM OTBepcTeM. HecMoTps
Ha 0oJiee BBICOKYIO YYBCTBUTEILHOCTb U3MEPUTEITb-
HBIX TOJIOBOK [20], M3roTOBJIEHHBIX C UCIOJIb30Ba-
HUEeM TeXHOJOTUM MHOTOCJIOMHBIX ITeUYaTHBIX ILJIaT,
10 CPaBHEHMIO C MOJIBIMU PE30HATOPAMU OHA OKa-
3bIBA€TCSI HEMOCTAaTOUHON MpU MU3MEPEHUM Iapa-
METPOB IUICHOK TOJIIWHON MeHee IIPUMEPHO 5 HM.
B sTux cnyyasix TpebyeTcsl HaKOIUJIEHUWE CUTHAaa,
YTO 3HAUYUTEIBHO YBEIUYMBAET BpeMsI UBMEPEHUIA.
BaxxHO OTMETUTD, UTO pa3Mepbl MUKPOIIOJIOCKOBOTO
pe30oHaTopa yBeIMIMBAIOTCS 0OpaTHO IIPOIIOPIIMO-
HaJIbHO €T0 PE30HAHCHOIT YacTOTe, YTO IMPUBOIUT K
COOTBETCTBYIOIIEMY YMEHBIIEHUIO YyBCTBUTEILHO-
CTH M3MEPUTEIbHON TOJIOBKU MPU MOHMKEHUU €e
paboueii YaCcTOTHI.

B nHameit pabore mpencTaBieHbl HOBbIE KOH-
CTPYKUIMHU pa3padoTaHHBIX MUHUATIOPpHEIX CBY-T0-
JIOBOK, B KOTOPBIX MUKPOIIOJIOCKOBBIE PE30HATOPHI
3aMeHEHbl Ha MUHUATIOPHBIE KoJicOaTeIbHEIE
KOHTYpPHI, a KPYIJIO€ M3MEPHUTEIBHOE OTBEPCTHE
3aMeHeHO Ha kBajpaTtHoe [29]. UyBCTBUTENbHOCTh
TOJIOBOK YBeJIMY€HA 10 CPaBHEHUIO C IIPOTOTUIIOM
MIpPUMEPHO B 3 pa3a, M OHA OCTAETCS ITOYTH OAMHA-

Ne | 2025



N3MEPHUTEJIbHBIE 'OJIOBKU JJIs1 CKAHUPYIOLIETO CITEKTPOMETPA

KOBOI1 Yy BCeX T'OJIOBOK, pabOTAOIINX B JHAIIa30HE
yactoT 0.1—4.0 I'T1.

2. KOHCTPYKLIUA USMEPUTEJIbHOM
CBY-T'OJIOBKH

HM3BectHo [30], uTO mMoOrjomeHue >JIeKTPO-
MarHUTHOM SHEPTUU 0O0pPas3loM, MOMEIICHHBIM
B CBY-pe3oHaTop, NpoOmopUMOHAIbHO MHMMOI
YacTH eT0 KOMIUIEKCHOM BOCIIPUUMIMBOCTHU ", a e
MUHHMMaJIbHAs BEJIMYNHA, KOTOPYIO CIIEKTPOMET]
CIocoOeH 0OHAPYKUTh, OLleHUBaeTCs (hOPMYIOit

Yo = [Mj (M)
nQ, P

rme K — Ko3(@UIUEHT 3amoJIJHEHUST pe3oHaTropa
oOpas3noM, V — a(ppeKTUBHEBII 00beM pe3oHaropa,
omnpenensieMblil U3 cootHowenus W = Vh* / (8m)
(h — aMmInuTyga BBICOKOYACTOTHOTO MarHUTHOTO
noJisi Ha obpasiie, a W — nojiHast 3Heprusl, 3arnaceH-
Hag B pe3oHarope), 0, — COOCTBEHHAasi JOOPOTHOCTH
pe3oHaTopa, kK — noctosiHHas boabumana, Ty —
SKBUBAJICHTHAsI TeMIlepaTypa IIyMOB IeTeKTopa,
Af — mMpyrHa MOJI0CH IIPOITyCKaHMS IeTeKTopa, P —
moliHocTh CBY-reneparopa.

M3 dopmynsl (1) cienyeT, 4TO A1 MOBBIIIEHUS
YYBCTBUTEJIbHOCTU CHEKTpOMETpa HEeOoOXOAMMO
yBeIMYUTh oTHOIIEeHUe Q)/V. OgHako, yuuTbiBast
TOT (PaKT, YTO CyIIECTBEHHO ITOBHICUTH COOCTBEH-
HYI0 JTOOPOTHOCTh MMHHATIOPHOTO pe30HaTopa
MPaKTUYECKN HEBO3MOXHO, JOOUTHCS YBEJIMUYCHMUSI
YYBCTBUTEJIbHOCTU CKAHUPYIOILIETO CIIEKTpOMeETpa
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DOMP MOXHO TOTBKO YMEHBIIIEHUEM 00beMa U3Me-
putenbHoro pe3oHatopa ero CBY-ronosku. I1oa-
TOMY HCHOJIb30BaHME MUKPOIIOJIOCKOBBIX Pe30-
HaTOpOB B CKaHHMpyMoIeM crekTpoMerpe OMP
SIBJISICTCSI XOPOLIMM PEIIeHUEM 3TOI IIPOOIEMEL.

Kak yxxe oTMedanoch, pe3oHaTop sIBJISIETCS 3a/1a-
oM KoHtypom CBY-reHeparopa u3MepuTeb-
HOI TOJIOBKU, MPUHIMUIIMAJIbHASI CXeMa KOTOPOTo
npuBeneHa Ha puc. 1. [eHepaTop, padoTamINii B
ABTOIMHHOM PEXUMe, IIPEACTaBIISICT COOOI eMKOCT-
HYI0 TPEXTOUKY Ha OUIOJSIpHOM TpaH3ucrope 7,
BKJIIOUEHHOM TT0 cXeMe ¢ 001Ieid 6a3oii. DTo Mo3BO-
JisleT MUHUMU3UPOBATh KOJMYECTBO 3JEMEHTOB B
CXeME U YIIPOCTUTh TPACCUPOBKY TMEYaTHOM ILJIaThl
ronoBku (puc. 2). ONTUMaNbLHBIA PeKUM TpPaH3U-
CTOpa MO IMOCTOSIHHOMY TOKY YCTaHaBIMBACTCS IO~
CTPOEUYHBIM PE3UCTOPOM R,.

B xaudectBe 3amaloliero pesoHaropa B cxeme
HWCMONB3YeTCsl “CUMMETPUYHBIN” KoJiebaTeIbHbII
KOHTYpP C UHAYKTUBHOCTbIO B BUJIE HEOOJIBILIOIO
OTpe3Ka MOJOCKOBOI JJUHUM [IJIsI TOJIOBOK Ha BBICO-
KWe 9acTOThI (puc. 3a) min HeOOoIbIIas KaTylrka 13
HECKOJIbKMX BUTKOB Ha HU3KMUE 4acTOThl (puc. 30).
K omHOMY KOHILy MHIYKTHBHOTO 3JIEMEHTA MOIKIII0-
YeHbl COeIMHEHHBIE MocaenoBaTelbHO eMKocTh C,
n C;, 00pasylouime 1eJIUTeb 10 BBICOKOYaCTOTHOMY
TOKY, a K ApyroMy — eMkocTb C, (cM. puc 1). Benu-
YMHOMN 3TUX €eMKOCTell, 0003HaYeHHBIX Ha CXeMe
3BE3J0YKOM, peryaupyeTcs 4acToTa reHepartopa,
a cootHouleHueM emkocreit C, u C; yctaHaBIUBa-
eTCs1 ONTUMAaJIbHas oOpaTHas CBS3b B CXeMe reHepa-

& b\ +
L, C{’__ ITuranue
W3meputensHoe MHAYKTUBHBIH
OTBEpcTHE IPOBOHUK 1000 n
| “
" —H+--e {
| T\ — BFU690F
R, Cs I, [T, — BAT62
' T —_—
10 K L G, 0.5n _
T 3l N
Py Q
G PR | ct big C;{ 100 1 Berxon
E—— 2 3 £ ZS —
100 n 3301 ‘

Puc. 1. ITpuHIunIManbpHas 3JIeKTpUUECKast cXeMa U3MEPUTEIbHOM FOJIOBKU CKaHUPYIOIIero criekrpoMerpa @MP.
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Puc. 2. [NeyarHas mata U3MepUTETHHON TOJTOBKY CKa-
Hupyoiero cruekrpomerpa ®MP.

TOpa ISt JOCTUKEHUS TpeOyeMOl YyBCTBUTEIbLHO-
CTHU T'OJIOBKH.

OtMeTuM, uto eMkoctu KoHtypa C, u C; B
3aBHCHMOCTH OT YacTOThl FeHepaTopa MOTYT ObITh
YaCTUYHO WJIM IOJHOCTbIO 00pa30BaHbI Mapa3uT-
HBIMUA €MKOCTSIMM TPAaH3MCTOPa U MOHTaXa CXEMBI.
IIpu sTOM cobcTBeHHass AOOPOTHOCTb TaKOro
MUWHUATIOPHOTO KOJIEOATETbHOIO KOHTYpa C POCTOM
yacTtoThl B uHTepBaje 0.1—4.0 I'Tiy yBenuuuBaeTcs ¢
80 mo 110. JInst uckiroueHMsI IPOHUKHOBEHUS BBICO-
KOYaCTOTHBIX KOJIEOAaHMIA OT reHeparopa B liellb
OIHOITIOJIIPHOTO MUTAHUS UCIIOIB3YIOTCS IPOCCEh
L, v mynTupywoias emxocts Cq. Jlerekrop, peru-
CTPUPYIOIIUI U3MEHEHUE aMILUTUTYAbl KOJleOaHUA
reHepaTopa, coOpaH MO CXeMe ABYXIIOJyIepuoa-
HOTO BBINIPSAMJIEHMS Ha nuonax /[, /I, u criaxuBao-
LIEH BBICOKOYACTOTHBIE MYJIbCallMu eMKOCTU C,.

OTINYNTEILHOM O0COOEHHOCTHIO TOJIOBKU IIO
CPaBHEHUIO C U3BECTHBLIMU pelieHusaMu [16—20]
SIBJISIETCS 3aME€Ha KPYIJIOrOo U3MEPUTEIBHOTO OTBEP-
CTUs Ha KBaJapaTHoe (CM. puc. 3), 4TO MO3BOJUIIO
Npu OAMHAKOBON IIJIOIIAAM OTBEPCTUS CYIIe-
CTBEHHO YBEJUYMUTbH UyBCTBUTEIbHOCTh TOJIOBKM 3a
CUYEeT ITOBHIIICHUS OTHOPOTHOCTU paclpeneaeHUs
BBICOKOYACTOTHOTO MarHMTHOTO IOJISI IO TUIOLIAIN

NPUBOPBLI U TEXHUKA SKCITEPUMEHTA

BEJIAEB u np.

ITonockoBeIi
IIPOBOIHHK

HsmeputensHoe
OTBEPCTHE

(6)
WHnykTHBHOCTE

Hsmepurensroe
OTBEPCTHE

Puc. 3. KOHCTpYKLIMM MHAYKTUBHBIX 3JIEMEHTOB KOJIe-

6aTeIbHOrO KOHTYpa, U3TOTOBJIIEHHBIX Ha OTpe3Ke Mo-

JIOCKOBOTO TIPOBOTHUKA (a) U Ha KaTYIIIKe U3 IMOJIyTopa

BUTKOB (0), KOHIIBI KOTOPBIX MPUIASHBI K KOHTAKTHBIM
ILIOIIAAKAM I1e4aTHOM ILIaThI.

OTBEpPCTUS. DTOT (PaKT IeMOHCTPUPYET puc. 4, rae
MpeACTaBJCHBI paclpencjeHus aMIUIUTYHA BbICO-
KOYaCTOTHBIX MAarHUTHBIX IOJICil A MO ILIOLIamu
Kpyrioro (puc. 4a) u KBagpaTtHoro (puc. 40) oTBep-
CTUi1, paccunTaHHBIe B makeTe rmporpaMm CST Stu-
dio Suite. PacueT cnenan manst pacctossHus 0.1 MM ot
9KpaHa rojIoBKM, B KOTOPOM BBITPABJIEHO U3MEPU-
TeJIbHOE OTBepCTHE. BUIHO, YTO HEOMHOPOAHOCTh
BBICOKOYACTOTHOTO MAarHUTHOTO ITOJISI 110 TIOIIAAN
y4JacTKa, orpaHndeHHoro ypoBHeM 0.7 B, B Kpyr-
JIOM OTBEPCTHUM TIPMMEPHO B JiBa pa3a 0oJblile, YeM
B KBaIpaTHOM, YTO W IIPUBOIUT K COOTBETCTBYIO-
1IeMY YBEJIWYEHUIO YYBCTBUTEIbHOCTH TOJOBKM C
KBaJIpaTHbIM OTBEPCTHUEM.

[NeyaTHas 11aTa MPUKPEILISIETCS K JIATYHHOMY
WJIN TIOPATIOMUHUEBOMY KOPITYCY TOJIOBKH ITOCPEI -
CTBOM MalKM, 9TO 00eCIIeUYNBACT MEXaHUUECKYIO
MPOYHOCTDb W HANEXKHBIN 3JICKTPUIECKUIT KOHTAKT.
J17151 3TOr0 Ha BEPXHEM CJIOE TUIATHI [0 BCEMY KOHTYPY
(cM. puc. 2) U3roTOBJEH TOJIOCKOBBIM MTPOBOIHUK

Ne 1 2025
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(?) h, MD
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© h, MD

[TonockoBsie TTPOBOAHHUKH

Puc. 4. Pacripenenenue aMIUIMTYIbl BRICOKOYACTOTHOTO MAaTHUTHOTO TIOJISI B KPYIJIOM (a) U KBaapaTHOM (0) U3MEepPUTETHHBIX
OTBEPCTUSIX.

IIMPUHON OKOJIO 3 MM, COETMHEHHBIN ¢ 9KpaHOM
CKBO3HBIMU META/UIM3UPOBAHHBIMU OTBEPCTUSIMU.
dotorpaduu 1Byx CBY-ronoBok (puc. 5), y Koto-
PBIX KOpITyca M3rOTOBJICHHI M3 MIOPATIOMUHUS U
JIATYHH, UMEIOT IIJIOIIAAN KBaAPaTHBIX U3MEPUTEIb-
HbIX oTBepcTHii 1.0 Mm? (cieBa) u 0.5 MM? (cripaBa).
Ha 3agHuX cTOpoHax roJloBOK MMEETCS pa3beM C
KOHTaKTaMHU, 4epe3 KOTOPBIH MmomaeTcsl muTaHue
aBTOIMHHOIO TeHepaTopa U CHUMAETCS ITOJIe3HBIN
curHaj. YeTblpe pe3b0OBbIX OTBEPCTUS T10 KpasiMm
KOpIyca MO3BOJISIIOT HAJEXKHO 3aKPEMUTh TOJIOBKY
Ha crelraabHOM JepXkaTejie CKaHUPYIOIEero CIeK-
TpomeTpa ®MP [18, 19].

3. PESVJIBTATBI TECTUPOBAHMUA
PASPABOTAHHBIX T'OJIOBOK

TecTupoBaHue TOJIOBOK MPOBOAUIOCH HA 00pa3-
1JaX MAarHUTHBIX TJIEHOK TOJIIIMHOM oT 2 1o 100 HM,
MOJYYEHHBIX MarHETPOHHBIM pacHbIJIEeHUEM Ha
yctaHoBke ¢pupmbl AJA International (CIIA) miep-
Matoesoit mumenu (Nig,Fe,)) mpoussoacrtsa
kommanum Kurt J. Lesker ¢ 4ncToTOit IpoleHT-
HO-BecoBoTo coctaBa 99.95%. Kak uzBectHo, Takoit
nepMajioil MMeeT OJM3KYI0 K HYJII0 MarHUTO-
CTPUKIMIO, TO3TOMY B 00Opaslax IMo4YTyu He BO3HU-
KaeT JOIMOJHUTEIbHBIX YIIPYTUX HAIPSKEHUN TIpu

Puc. 5. ®ororpaduu CBU-T0I0BOK C IJIOLIANbIO0 KBAIPATHBIX M3MEPUTENBHBIX oTBepcTHii 1.0 MM? — citeBa u 0.5 MM? —
cIipaBa.
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HaMmarHnurBaHuu TMII B 100bIX HanpaBiaeHusIX. Bo
BpeMs1 HallbLIEHUsI TaBJIeHHEe apoOB aproHa B KaMepe
YCTAaHOBKU cocTaBisio 1.8 M6ap, a MIOTHOCTh TOKA
MarHeTpoHa Ha MUILIEHM cocTaBisiia 21 MA/cm?,
3Ta IVIOTHOCTb 00eCIIeYrBajia CKOPOCTb OCAKICHMUS
0.235 am/c. CKOpOCTb OCaxKIEHUS OTIPEIesIach 110
pe3yJisTaTaM U3MepPEHUI KOHTPOJIBHOI IIEHKH TOJI-
muHoi 100 HM ¢ MCTOJb30BAaHUEM PEHTIeHOCIIEK-
TpaJibHOTO (hJTyopeclieHTHOro aHanu3a [31], mo3Bo-
JIsiolero onpeaeasaTs TonmuHbl TMIT ¢ TOUHOCTBIO
He xyXe *1 HM, a TOJIIMHA MOJIyYaeMbIX IJICHOK
paccYuThIBAIACH IO BPEMEHU OCAXKIEHMUS.

[nenku ocaxnaauch 4epe3 Macky C IUIOMIAAbIO
okHa 10 X 10 MM? Ha KBaJpaTHbIE MOMJIOXKH U3
kBapueBoro crekyia Mapku JGS1 tonmmnoi 0.5 MM,
IIEpOXOBATOCTh ITOBEPXHOCTH KOTOPHIX MeHee 1 HM,
pasmepamu 12 X 12 mm?. BaskHO OTMETUTB, UTO MpU
toamuHe TMIT MeHee mpuMepHO 3 HM B caydyae ux
OCakJIeHUSI HETTOCPEACTBEHHO Ha TMOIOXKY CTIeK-
Tpel ®MP He HaOMODANNCh M3-3a €€ OKUCIEHUS
aacopOMpPOBAaHHBIMU Ha MOBEPXHOCTU MOMIOXKHU
razamu. Iloatomy nepen HanbuieHueM TMII non
BaKyyMOM IIpeIBapuUTEIbHO Ha IMOMJIOXKY OCaX-
JaJIcs 10 MOHOOKKUCH KPpeMHUSI TOIIMHOK 20 HM,
KOTOPBII HE TOJBKO 3alUINal TJICHKY OT OKHCIIe-
HUS, HO U “3ajieynBan’” HEPOBHOCTU MOBEPXHOCTHU
ook, CBepXy MarHUTHOM IJIEHKU TaKXKe B €11 -
HOM IIMKJIE OCAXIAJICHd TAKOU Xe CJI0M MOHOOKHUCU
kpeMHus (20 Hm) mis 3amutel TMIT oT atMochep-
Horo Bo3ayxa. OnHOOCHasi MarHUTHAs aHU30TPO-
musi, HeoOxonumMas A paboThl MHOTMX YCTPOMCTB
Ha TMIT [1—13], HaBonuaach rjIaHapHBIM OTHOPO/ -
HBIM ITIOCTOSIHHBIM MArHUTHBIM I10JIEM BEIMYMHOM
200 D, mpUITOKEHHBIM B TIJIOCKOCTH BIOJIb OMHOM U3
CTOPOH ITOUIOKKH BO BpeMsI HAaIIbUICHUST 00paslia.

Ha puc. 6 npusenens! criektpel ®MP, cHsTBIE €
LIEHTPAJIBHOTO yJacTKa IIJICHKM TOJIIMHON 2 HM Ha
4yacToTe M3MEPUTENbHOM royioBku 3.123 I'Tu, nme-
Iollell KBaJApaTHOE OTBEPCTHE IUIOMIAAbIO 1 MM>.
3anuch CHeKTpoB IIPOBOAMIIACH IIPU pPa3BEePTKe
IJIaHAPHOTO ITOCTOSHHOTO MAarHUTHOTO Ioist H
B HaIlpaBJICHUM, OPTOrOHAJIBHOM K OCH JIETKOTO
HaMarHUYMBaHUS HaBEeOEHHOW MarHUTHON aHM-
30TPOIMHU, T. €. BIOJb OCU TPYIHOIO HAMarH1u4uBa-
Hug. CIUTOLIHOM JTMHKUEN Ha pyc. 6 MOKa3aH CUTHAaJ,
3aMMCcaHHbIli 0e3 HaKOIUIeHUSI (OTHOIIIEHUE CUTHAN/
1yM okoJjio 8 n1b), a ToukaMu — CUTHaJ, MOJy4YeH-
HEI ycpegHeHUeM 9 crnekTpoB. BugHo, uTo mpu
HaKOIIJICHUHU 9 CITIEKTPOB aMILIATYIa ITyMOB YMEHb-
1IMjaach MpUMepHO B 3 pasa.

XopolIo M3BECTHO, YTO MHOTUE MarHUTHbIE
xapakTepuctnku TMII (mampumep, BeIUIUHY 1

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA
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Puc. 6. CniekTpsl (heppoMarHuTHOrO pe3oHanca TMIT
TOJILIMHOM 2 HM, CHATHIe Ha yactote 3.123 I'Tix, ipu pas-
BEpTKE MAarHUTHOTO TT0JIsI, HAIPABJIEHHOTO OPTOTOHAJb-
HO OCH aHU3O0TPOIMHU, O3 HAKOTUIEHUSsI CUTHAaJIa (CIUIONI-
Has JIMHUS) ¥ C HAKOIUIEHUEM 9 CeKTPOB (TOYKHM).

HamnpaBJICHUE OJHOOCHOI MAarHMTHOW aHU30TPO-
nuu (COOTBETCTBEHHO — H, 1 0,), a TaKKe BETMYMHY
3¢ PeKTUBHOI HAMarHUYEHHOCTU HACBILLEHUA M
MOXHO BBIYMCIUTDL 110 U3MEPEHHOI 3aBUCHUMO-
CTU PE30HAHCHOTO noJist Hy OT yria HampaBJIeHUs
MOCTOSIHHOTO MarHUTHOTO T0JIsI pa3BepTku 6, [19].
[1st 3TOTO MBI OYIEeM MCIOJIb30BaTh (hOPMYILY, CBSI-
3BIBAIOLLYIO TOJIE H ; C MATHUTHBIMY XapaKTePUCTU-
KamMu oOpaslia Ha YacToTe HaKauku f [32], ucKio-
YMB U3 Hee M0JIe OMHOHAIIPaBIeHHOM aHU30TPOITUH,
KOTOpPOE B MCCJIENyeMbIX 00pa3iiax CJIUIIKOM MaJlo
110 CPaBHEHMIO C T10JIEM OMHOOCHOI aHU30TPOIINM:

o Y
— | =| H, 0,-6,)+H, 2(6,-96,,
" [ cos( )+ H_ cos2( )],(2)

[4nM s+ H, cos(0, —6,,)+ H, cos’(0,-0,) |

[e Y — TMPOMAarHUTHOE oTHoleHue, Mg — adbdek-
TUBHAas HAMarHUYEHHOCTb HACKILLIEHUS, a paBHO-
BECHOE HalpasjieHUe 0,, HAMAarHUYEHHOCTH HaChI-
IIEHUS TIJICHKU ONpenessieTcsl U3 ypaBHEHUsI

H,sin(0, —eM)% H,sin2(0,-0,)=0, (3)

MOJIyYEHHOTO U3 YCJIOBUSI MUHUMYMa TLIOTHOCTU
cBOOOAHOI sHepruu mieHku [32]. [Tapamerpsl Mar-
HUTHBIX MJEHOK OIPEenesiiuch ¢ MOMOIIbIO TPO-
rpammbl FMR-extractor [33], KoTopast mo3BoJisieT
ABTOMATUYECKN BBIYMCIISITH MAaTHUTHBIE XapakTe-
PUCTUKM 00Pa3I0B MO U3MEPEHHBIM 3aBUCUMOCTSIM
Hy(0,) npu 3ananHoii yactore f CBY-konebanumii.
Jsg mmiocTpalMu Ha pUC. 7 TPENCTaBIEHBI
YIJIOBbIE 3aBUCUMOCTU H (0 ,,) U1 MJIEHOK TOJILM-
Hoii d = 2, 3, 100 um. M3MepeHus1 MpOBOAUIIUCH C
1arom 5° Ha JIOKaJbHbIX y4aCTKaX B LIEHTPE TJIEHOK.

Ne | 2025
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CIUTOLIHBIMY JIMHUSIMU TTOKa3aHbl TEOPETUIECKUE
3aBUCHUMOCTHU, TIOCTPOCHHBIE MO opMyaam (2) u
(3) ¢ momokio mporpaMmel [33], B KOTOpoit Mar-
HUTHBIC IMapaMeTPhl IUICHOK IMOIOMPAaIOTCS aBTO-
MaTUYECKU 110 KPUTSPUIO HAMIYYIIETO COBIIAACHUS
TEOPUM C BKCIIEPUMEHTOM. BumHO, 4TO Ha yrjio-
Boii 3aBucumoctu TMII TonmumHoi 2 HM (puc. 7a)
HaOJIIOAAIOTCS OYeHb OOJIbIINE IITYMBI, I YMEHb-
IIEHUST KOTOPBIX B KaXI0M TOUKe ObLIO IPOBEIESHO
ycpenHeHue 9 HaKOIUIEHHBIX CIIEKTPOB, YTO 3Ha-
YUTEJIbHO YMEHBIIWIO IIyMbl (puc. 76). B mieH-
Kax TOJIIMHONW 3 HM W OOJIbIIE IIIYMbI Ha YIJIOBBIX
3aBUCUMOCTSAX H (0 ) moutu He mMpocMaTpuBaroTCH,
MO3TOMY HaKOILIeHUs yXe He TpeOytoTcs. [1pu atom

125

BaXXHO OTMETUTh, YTO Ojaromapst 0OJbIIOMY KOJU-
YeCTBY TOYEK C LIAroM 5° Ha 3aBUCUMOCTX Hg(0,)
MarHUTHBIE XapakTepucTuku Mg u H,, BbIYUCIIEH-
HBIEe TT0 TpadukaMm 6e3 HaKOIJIeHU (puc. 7a) u ¢
HaxkoIJeHUusIMU (puc. 70), Majao OTJIMYAIOTCS APYT
OT Jpyra.

B 1abGa. 1 mpuBeneHbl OCHOBHBIE MarHUTHEIE
XapaKTepUCTUKMU, U3MEPEHHbIE I MarHUTHBIX
MJEHOK pa3AWuYHOM TONIMMUHBI, 3(PDOeKTUBHOMI
HAMarHW4eHHOCTU HachllleHus Mg, Mo OIHO-
OCHOi MarHUTHOM aHu3oTponuu H, U IMUPUHBEI
JIMHUU (peppoMarHuTHoro pedoHaHca AH. BunHo,
YTO HAMarHW4YeHHOCTb Mg cHayasa ObICTPO pacTeT
C YBEJIMUYEHMEM TOJIIIUHBI TUIEHOK, HO 3aTEM ITOCTe-

Ta0auuma 1. 3aBrcuMocTr 3 (HEKTUBHON HAMAarHMYEHHOCTH HACHILLEHUS TTOJIST OTHOOCHOM MAarHUTHOM aHU30TPOIUU
Y LUMPUHbBI TMHUM (DepPOMArHUTHOTO Pe30HAHCA OT TOJIIMHBI MATHUTHBIX IJIEHOK

[Tokaszarennb 3HaueHue
d, uu 2 3 5 10 15 25 50 75 100
M, T 361 551 693 785 819 847 874 885 892
H, 9 3.9 49 5.1 5.3 5.6 5.4 49 46 42
AH,D 20.2 12.7 11.8 11.3 11.8 8.9 8.7 9.5 10.3
263 263
261 261
™ 259 ™ 259
= o
T 37 T 957
255 . 255
¢
253 . . - - . s 253 : : - - ' '
0°  60° 120° 180° 240° 270° 360° 0° 60° 120° 180° 240° 270° 360°
On On
146 (8) 115t (r)
142
o o 111
< 140 <
& T 109
138
136 107
134 - - . - . . 105 - - - - ' '
0° 60° 120° 180° 240° 270° 360° 0° 60° 120° 180° 240° 270° 360°

On

On

Puc. 7. 3aBucumoctu noist HheppoOMarHUTHOTO Pe30HAHCa OT yIIa HallpaBJIeHUs TOCTOSIHHOTO MAarHUTHOTO ITOJISI pa3BepT-
ku it TMIT Tommmnoi 2 HM (a, 6), 3 M (B) 1 100 aM (1). CriekTpH (a, B, T) CHUMAaIUCh 0e3 HaKOIUICHUI, CIIeKTp (0)
MOJY4YeH YyCpeTHEeHUEM U3 9 HaKOIIeHUA.

IMPUBOPHI U TEXHUKA SKCITEPUMEHTA Ne |

2025



126

MEHHO JOCTUTAaeT HackleHus1. [1py 3ToM mmosie aHu -
3otponuu H, umeet cabo BbIpakeHHbIII MAKCUMYM
MpU TOJIIMHE IUIEHKU OKOJIO 15 HM, a IIupuHa
muanu OMP AH, HanmpoTuB, UMeeT MUHUMYM B
o6aactu ToauH 25—50 HM.

BaxxHO OTMETUTB, UTO CHATB 3aBUCUMOCTD H (0 )
TUIEHKY TOJIIIMHOM 2 HM C MCIIOJIb30BaHUEM IPO-
totuna paspadoranHoit CBU-ronosku, nmerliei
Kkpyrinoe otBepctre [20], HEBO3MOXHO 0e3 HaKo-
IUICHUSI CUTHAaJIa, TaK KaK CUTHAJl TOHET B IITyMax.
MuHMMAaIbHOE KOJIMYSCTBO HAKOIUICHU, TI03BOJISI-
folliee 3amycaTh YIJI0BYIO 3aBUCUMOCTb PEe30HaHC-
HOTO TIOJISI ¢ TAKUM XK€ Ka4yeCcTBOM, KaK Ha puc. 7a,
PaBHO YEeThIpeM. A JUIsl yMEHbILIEHUS pa3dpoca ToUeK
Ha 3aBUCUMOCTU HR(0,) 10 YPOBHS, COOTBETCTBYIO-
11Iero puc. 76, KOJIU4eCTBO HAKOIIEHU 151 TOJIOBKU
C KPYIVIBIM OTBEPCTUEM TpebyeTcs He MeHee 36.

[maBHBIM TOCTOMHCTBOM CKAaHMPYIOIIETO CIIEK-
TpoMeTpa @MP gBisIeTCSI BO3MOXHOCTD BU3YyaIn3a-
LU pacIIpeneieHUA HEOMHOPOIHOCTE MATrHUTHBIX
xapaktepuctuk TMII nmo miowmanu o6pasuos, OT
KOTOPBIX B 3HAYUTEJIBHOM CTETIEHU 3aBUCST IIIYMbI
YCTpPOIICTB Ha UX ocHoOBe. JlIsT Takoii Bu3yaan3a-
LIMY U3MEPSIIOTCS YIJIOBbIE 3aBUCUMOCTHU PE30HaHC-
Horo 1oy Hp(0,) Ha KaXI0M JIOKaJIbHOM y4acTKe
oOpasla 3a cYeT IepeMelleHUs] U3MEePUTEIbLHOTO
otBepctuss CBY-ronoBku ¢ 3aaHHBIMU IIaTaMH 110
OCIM X 1 ).

3aMeTUM, YTO B IIEPBYIO OYEPEIb IITYMbI 3aBUCST
OT HEOJHOPOJHOCTEM pacnpeaesieHus BeIUUYUHbI U
HampaBJIeHUsI OMHOOCHOM MarHUTHOM aHU30TPO-
nuu. [1pu a3TOM aucnepcusi 3TUX BEJIUYUH CBsI3aHA
C Ka4eCTBOM MOIJIOXKHN U ¢ KOHKPETHOM TEXHOJIO-
rueit M3roToBJICHUS IJICHOK, IIPUYEM 3Ta IUCIIEpP-
cHs, KaK IIpaBUJIO, pacTeT ¢ YMEHBIICHUEM TOJI-
IKUHBI 00pa3loB [1]. DToT (pakT oOyCIOBIEH He
TOJIBKO MaTepuajoM M COCTOSTHUEM TTOBEPXHOCTU
MOJJIOXKU (11I€POXOBATOCThIO, CTEIIEHbIO OUUCTKHU,
HaJIM9MeM WA OTCYTCTBHEM Oy(hEpHOTO IOACTOs),
HO ¥ HEOMHOPOMHBIMU YIIPYTUMM HANIPSKEHUSIMU,
BO3HHMKAIOIIMMU MEXIY ITOIIOXKON U TJICHKOI B
Mpoliecce ee M3TOTOBJIEHMS, a TAKXKE TPAAUEHTHBIMU
HAaTIPsKEHUSIMU, CYIIECTBYIOIIMMHU Ha TIOBEPXHOCTH
TUIEHKU MPU HAIMYUU Y Hee 3allIUTHOIO MOKPBITUSI.
HpyruMu cioBaMu, IUIEHKY HEBO3MOXHO paccMart-
puBaTh B OTIOEJIHLHOCTH OT IOIJIOXKHU. YIIpYyrue
HamnpsDKeHUsST W UX TPaIgueHThl, 00yCIOBJICHHBIC
MOMJIOKKOM, CUJIBHO BIMSIOT ITOYTU Ha BCE Mar-
HUTHBIE XapaKTePUCTUKM TUIEHOK [34] 1, KOHEYHO,
Ha OTHOOCHYIO MarHUTHYIO aHU3O0TPOITMIO, TaK KaK
C HaIpsKEHUSIMU CBSI3aH OJUH M3 MEXaHU3MOB €€
BO3HMKHOBeHU [35].

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

BEJISIEB u mp.

YuuThiBas ckazaHHOE, B KaUYeCTBE TECTOBBIX MbI
BeIOpanu aBa obpasua TMII TtommuHoit 25 HM,
M3TOTOBJIEHHBIE B OMHOM IIMKJI€ METOIOM MarHe-
TPOHHOTO PAaCHbUICHUS MUIICHU W3 IepMalIos
cocraBa Fe;;Ni,,, obaagaroiiero HebGoIbLIOH MOJI0-
JKUTEJIbHOW MarHuToCTpukLMei. HamblieHue npo-
BOIMJIOCH Yepe3 MacKy ¢ okHamu 10 X 10 mm? Ha
MOHOKPUCTAIMYECKHE TTOMJIOXKKM Y-cpe3a U3 JaH-
TaH-rajuimeBoro cunukara (La;GasSiO,,) — naH-
racura, uMewiue ToamuHy 0.5 MM W IUIOIIadb
12 x 12 mm%. Ha 3ToM cpe3e MOHOKpPUCTaLIA JaH-
racuta Koa(dUIIMeHTbl TeTIOBOTO paclIupeHus B
JIByX OPTOTOHAJIbLHBIX HAMPABICHUSIX CYIIECTBEHHO
pasnuuaiores: o, = 5.630, a; = 4.079 mxK™".
HMMeHHO 5T HanpaB/eHUs B IIPOBOAMMBIX 9KCIIEPU-
MEHTaX COBHAIAIM CO CTOPOHAMU KBaApPaTHBIX IO -
JIOXKEK, M3TOTOBJIEHHBIX IJIS MCCIIEIyeMbIX 00pas-
110B. BaxkHO OTMETUTB, YTO HaMbLUIEHUE MEPMaLIOS,
nMelolero Ko3(pGUIIMEHT TENI0BOr0 paclIupe-
HUSI 3HAUYUTEJIbHO OOJbllE, YEM Y JIaHTacuTa, o =
= 11.5 MmxK™!, npoBoauioch Ha momorperbie 10
150 °C nmomoxxku. DTo HeOOXOIMMO HE TOJIBKO IS
YBEIIMYCHUS aAre3ny IUICHKU C MOIJIOXKOM, HO 1
JUTSl yMEHbIIeHUs 1upuHbl ee TuHuu OMP.

Bosbiioli HaydyHBIE MHTEpeC MPEeaoCTaBIISET
BO3MOXHOCTb IMPOaHaJM3UPOBATh pacHpeaeieHue
Mojeil aHU30TPOMUHU MO IUIOIIAAM MCCIEAYEeMBIX
IUICHOK B ClIydasiX, KOrJa ITaHapHOe MarHUTHOE
oJie, IIPUCYTCTBYIOIee IIPU HAIIbJICHUH, IS TIEP-
Boro obpasua (Ne 1) HampaBJIeHO BIOJb OCH ITOM-
JIOXKM ¢ MUHUMAaJbHBIM KO3 (UIIMEHTOM TerIo-
BOT'O PacCILIMPEHUS O3, @ U1 BTOPOro (Ne 2) — BIoJib
OCH C MAaKCUMAaJTbHBIM KO3 (PUILIMEHTOM TETIJIOBOTO
pacmpenus a,;. O4eBUIHO, YTO MOCE OXTaxIe-
HUS 00pa3loB 10 KOMHATHOI TeMIIepaTyphl, IIpu
KOTOPOI MPOBOAWINCH U3MEPEHUS YITIOBbIX 3aBU-
cumocteit mosieit ®MP, MarHuTHBIC TJIEHKU OYIyT
HCITBITBIBATh Pa3/IMYHbIE 10 ABYM OCSIM pacTsKe-
Hus. B aToM cityyae BO3HUKAIOIIME YIIPyTHUe HaIIpsI-
xkeHus B TMII y o6pasua Ne 1 moyKHbI YCHJIMBATh
OIHOOCHYIO aHM30TPONUIO, HABEACHHYIO MarHUT-
HBIM MoJieM, a 'y oopa3siia Ne 2 — ocJrabiidaTh ee.

DTOT (haKT XOPOILLIO MOATBEPKIAIOT pacrpeaese-
HUS 3HAYCHU OMHOOCHOM MAarHUTHON aHU3O0TPO-
UM TI0 TuIoIaau oopasos Ne 1 u 2, mpeacTaBiacH-
HbIE Ha puC. 8. 3Mech 3Ke IMOKa3aHbl CTATUCTUYSCKIUE
pacnpeneaeHUsT U3MEPEHHBIX BEJIUYUH. YIJIOBBIC
3aBUCUMOCTU Hx(0p), MO KOTOPBIM BBIYUCIAINCH
napaMeTpbl aHM30TPONMUM, CHUMAIUCh C IIaroM
5° Ha ckaHupylouem crnekrpomerpe ®MP Ha
yactrore CBY-ronoBku f = 2.618 I'Tu, umeromeit
KBaJpaTHOE U3MEPUTEIbHOE OTBEPCTHE pa3MepaMu
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0.71 x 0.71 mm2. OGpa3sLibl B 3KCIIEPUMEHTE IepeMe-
1IAJIMCh C OAMHAKOBBIM 111aroM 0.5 MM IT0 OCSIM X 1 ).

CratucTuyeckue paclpeneaeHus BeJIUYUH
OJHOOCHOW MArHMTHOM aHM3O0TPONMU, MOCTPO-
€HHBIC I10 U3MEPEHHBIM TOUKaM (puc. 8), MmoKasbl-
BAlOT, YTO MaTeMaTu4eckoe OxXuaaHue 151 oopasiia
Ne la, = 19.5 B, a s obpasua Ne 2a, =2.9 O. Ilpu
3TOM JAMCHEpPCUs TO0JIsI aHU3OTPOIMU y MEepPBOTO
ob6pazua 0,= 0.30 O, 4TO 3aMETHO MEHBIIIE, YEM Y
BTOpOTO — 0, = 0.39 O.

BaxHo ormMeTuTh, 4YTO pa3paboOTKa BO3MOXHO-
cTeit 1 cmocoOO0B yBeJIMUEHMSI TOJIsI OMHOOCHOM Mar-
HUTHOM aHu3otponuu B TMII gaBisercs oqHoit u3
CaMbIX BaXKHbIX U aKTyaJIbHbIX 3a/1ady COBPEMEHHOI
(pm3uKM MarHUTHLBIX siBNIeHMi. C pOCTOM aHMU30TPO-
1M, KaK U3BECTHO, B MATHUTHBIX IIJIEHKAX ITOBHI-
IIaeTCsI 9acTOTa €CTeCTBEHHOTO (heppOMarHUTHOTO

20.0
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pe3oHaHca, HabJII0IaeMOT0 B OTCYTCTBME BHEIITHETO
MOCTOSTHHOTO MAarHMTHOTO T0JisI [36]:

f =%\/H (4nMg+H,), (4)

a 3HAYUT, pacIIUpseTCs AUara3oH 4acToT, B KOTO-
POM CIOCOOHBI pabOTaTh YCTPOMCTBA HA MATHUTHBIX
IUICHKAX.

OTMeTuM, 4TO aHajdoruvyHeie oopasusl TMII,
OCaXJIEHHBIE B TEX XK€ YCIOBUSIX, HO Ha M30TPOII-
HbIe MOIJIOXKHU M3 KBaplIeBOro CTeKJia, MMEIOIIero
PEKOPIHO Mablii KO3(GOUIIMEHT TEIJOBOTO pac-
mupenus o = 0.19 mxK™!, 0o6:1anaoT onHOoOCHOI!
MarHUTHoOI aHu3oTponueit H, = 8.5 B, Takxe HaBe-
JNEeHHOM IMOCTOSIHHBIM MarHUTHBIM ITOJIEM B IIPO-
1ecce HambuieHUd [35]. DTo mpuMepHo B ABa pasa
MEHbIIIe, YeM B MepBOM 00pa3slle Ha IOIT0XKE U3

35
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Puc. 8. Pacripenenenvie momneit otTHOOCHO# MarHUTHOW aHWU30TPOIMH TI0 TuToIany oopas3os Nel (a) u Ne 2 (), a Takxke
CTaTUCTUYECKOE PACIIPEICICHNE BEJTUUMH 3TUX TOJIei.
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nanracuta. OTMETUM TakKXe, YTO TepMajaoeBast
MJIEHKA Ha MOJTOXKKE U3 KBaplia UCTIbIThIBAET OoJiee
CUJIbHOE pacTsIKeHUE TI0 KOOpAWHATAM X U Y (SIBJIsI-
fol1eecst TPy 9TOM M30TPOITHBIM) 110 CPaBHEHMIO C
o0Opas3iiamMy Ha TOIOXKAX U3 JIJAHTacuTa, TakK Kak
y Hee TeMIepaTypHblii KoadPUIMeHT JMHEeHHOTO
paciIMpeHusl 3HAYUTEIHHO OOJIbIIEe, YeM Yy KBaplie-
BOT'O CTEKJIa.

Ha puc. 9 Taxke mist o6pasmoB Ne 1 u 2 npen-
CTaBJIEeHbl paclpenesieHnus] yIJI0B HampaBiIeHUS
OMHOOCHO¥ aHW30TPONUHU, KOTOPhIE MOKA3bIBAIOT,
YTO y BTOpPOro oOpasiia HampaBjieHUue aHW30TPO-
MUY MOBEPHYTO MpUMepHO Ha 90° OTHOCUTEIBLHO
rnepBoro oopasiia, y KOTOporo HarpaBjieHUE aHU-
30TPONMK COBIANAET C HANpaBJIeHUEM IMOCTOSIH-
HOTO MarHUTHOTO TIOJISI, TIPUJIOKEHHOTO B MPO-

40

el
<
T

—
(=]
T

BEJISIEB u mp.

1iecce HaIblJICHUs MO/ HYJIEBBIM YIJIOM K CTOPOHE
MOMJIOKKHU. DTO TOBOPUT O TOM, YTO aHU3OTPOI U,
CBSI3aHHAasl C YIPYIMMM HaIpsSKeHUSIMU, BO3HU-
KalIIMMU B MarHUTHBIX TJIEHKaxX M3-3a pa3Ho-
CTU TeMIepaTypHbIX KO3GhGUINEHTOB JUHEIHOTO
paciiMpeHus repMaios U jJaHracuTa, B obpasiie
Ne 2 mpeBbIlIaeT aHM30TPONUIO, HABOAUMYIO Mar-
HUTHBIM MoJieM. [IpyrumMu ciioBaMu, aHU30TPOMUSI,
CBsI3aHHAas C YIIPYTMMU HaMpPSKeHUsIMU, obenuia
AHU30TPOITHIO0, HABOIUMYIO MAarHUTHBIM TTOJIEM.
CrarucTuueckue pacrpeneieHus yrjaoB Hanpas-
JIeHUsI OJHOOCHOM aHU3O0TPOTIMHU, MOCTPOECHHBbIE
MO U3MEPEHHBIM TOYyKaMm (puc. 9), moKa3bIBaloT,
YTO MaTeMaTU4ecKoe oxXugaHue njs oopaszua No 1
a,=—0.2°,a nng obpasua Ne 2 a, = 87.7°. [1pu aTom
JVCTIEpCUST YIJIa aHU30TPOTIMHU Y TIepBOTO 00pasiia
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Puc. 9. PacnipeneneHue yrioB HampaBieHNSI OMHOOCHOUW MAarHUTHOM aHWU30TPOIUU IO Tutomany obpasnoB Ne 1 (a) u
Ne 2 (0), a TakKe CTaTUCTUYECKOE paclipenejeHue BeTUYMH 3TUX YIJIOB.
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(0, = 0.28) 3HauuUTEIBLHO MEHBLIE, YEM Y BTOPOTO
(0,=2.43°).

[IpencraBiaeHHbIe Pe3yJIbTaThl TOKA3bIBAIOT, YTO
HabJ101aeMble CPABHUTEIBLHO HEOOJIBIIME 3HAYCHMUS
YIJIOBOW M aMIUIMTYAHOW mucrnepcuii OIHOOCHOM
MarHUTHOI aHU3O0TPOIMUHU, CYLLIECTBYIOIINE B Pealb-
HbeIXx TMII, mpakTyeckKu HEBO3MOXKHO 3apEeTUCTPU -
poBaTh ¢ TpedyeMOoii TOUHOCTbIO, U3MEPSISl MAaTHUT-
HbIE MMapaMeTphl JOKaJbHBIX Y4aCTKOB 00pa3iloB
metonoM PMP Ha yacToTax caHTUMETPOBOTO AMa-
Ma3oHa IJIMH BOJIH, KaK 3TO IIpeaiaraeTcs B pabo-
tax [1, 16, 17]. Bo-miepBbIX, B Ha3BaHHOM AUaMa3oHe
HCIOJIB3YIOTCS TI0JIbIe BOJITHOBOIHBIE PE30HATOPHI C
M3MEpUTEIbHBIM OTBEPCTUEM B CTEHKE B 00JIaCTU
MMYYHOCTU BBICOKOYACTOTHOIO MarHMTHOIO IOJs,
UMeIIe CPaBHUTEIbHO OOJIbIION 00beM, a 3HaA-
YUT, HU3KUM KO3(GOULUEHT 3alI0THEHUS JIOKaIb-
HBIM YYaCTKOM U3MepsieMoro obpasua. Bo-BTophix,
B CAaHTUMETPOBOM JIMarna30oHe He TOJIbKO pe30HaHC-
HbIE T0JIs JaXe IJIs1 TepMaJIOeBbIX IJIEHOK CTaHO-
BSITCSI CJIUIIIKOM OOJIBIIMMU, TOCTUTAIOIIUMHU 3HA-
yeHuit mopsinka 10° D, Ho 1 mmpuHa tuHUKM OMP
Takxe yBeauuusaercs 1o 10?7 D, 4To, o4eBUIHO,
He MO3BOoJIIeT U3MepsTh xapakTepuctuku TMII ¢
Heo0X0AMMO TOYHOCTBIO.

OcoOblii MHTEpeC MpeACTaBASIOT YaCTOTHBIE
3aBUCUMOCTU MarHUTHBIX Xapaktepuctuk TMII,
CHSTBIE Ha Pa3IMYHBIX YaCTOTaX M3MEPUTECIbHOM
rojoBku. Ha puc. 10 npencraBieHbl 3aBUCHUMO-
CTU OT 4acTOThl 3(HEeKTUBHON HAMATHUYEHHOCTHU
HACBILLEHUA M 1 IUPUHBI JTMHUU HEepPOMArHuT-
Horo pe3oHaHca AH, uaMepeHHbIe Ha LIEHTpaJb-
HOM yYacCTKe IEpMaJIJIOCBOI IICHKU TOJIIIMHOM
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25 nm cocraBa Fe,Nig, ¢ UCII0Ib30BaHUEM TOJIOBOK
¢ KBagpaTHbIM oTBepcTueM 1 X 1 MM? B ainamnasoHe
yactoT 0.7—4.0 I'Tu. BunHo, uto a¢ddexkTuBHas
HaMarHMYeHHOCTDb HACBIIIEHUS C POCTOM YaCTOTHI
MOHOTOHHO BBIXOOMT Ha HACHIIICHHE, HaYMHAas
npumepHo ¢ 2 I'Tu (Mg = 843 I'c), a Ha HU3KUX
yacToTax aHOMAaJibHO yBeJMYUBaeTcs OoJiee 4yeMm
B 1.6 pa3za, nocruras BenuuuHbel Mg = 1359 I'c. Ha
yacrotax Huxe 0.7 I'Tu uameputs Benmuuny Mg He
yaaeTcs, TaK KaK Ha YIJIOBBIX 3aBUCUMOCTSIX Hy(0,)
pPe30HaHCHOE I10JIe CTAHOBUTCS MEHBIIIE HYIIS IIpU
HaMarHMYMBAaHWU TIJIEHKW BIOJb OCHU JIETKOTO
HaMarHUYUBAaHUS.

Kak u cinemoBano oxumaTh, IIMPUHA JTUHUU
DOMP nuHeitHO yBEeIMUYUBAETCS C POCTOM YaCTOThI
(cm. puc. 10). 3ameTM, 9TO BEJTMIMHA OTHOOCHOM
MarHUTHOI aHM30TPOIINY 1 YIOJI HallpaBJICHUSI OCH
JIETKOTO HaMarHM4YMBaHUSI MPAKTUYECKU HE 3aBUCSIT
OT YacTOTHI.

4. BAKJIIOYEHUE

Takum o6pazom, B pa3paboTaHHBLIX KOHCTPYK-
nusx CBY-rooBoK AJis1 CKaAaHUPYIOLIETO CIIeK-
TpoMeTpa (peppOMarHuTHOTO pe30HaHCa YYBCTBU-
TEJIbHOCTb YBeJnYeHa B 3—4 pa3a 1o CpaBHEHUIO C
nporoturioM [20] He TOTBKO U3-3a MUHUATIOPHOCTHU
3aJaiIIeTo K0je0aTeIbHOTO KOHTYpa B aBTOAMH-
HOM IreHepaTope 1 CpaBHUTEILHO OOJIBIION €T0 CO0-
CTBEHHOI JOOPOTHOCTU, HO U Oiarogapsi 3aMeHe
KPYIJIOrO U3MEPUTEIbHOTO OTBEPCTUSI TOJTOBKU Ha
KBagpaTHoe. Takasi 3aMeHa CYyIIECTBEHHO ITOBbI-
11aeT OJHOPOAHOCTh pacIlipelesieH!s] BbICOKOYa-

800 1

2
fiITu

Puc. 10. YacroTHbie 3aBUCUMOCTH 3(P(PEKTUBHON HAMAarHUYEHHOCTH HACHIIIEHNS U IIUPUHBI TUHUM @M P 1ieHTpassHoro
yJacTka nepmajuioeBoii miaeHku Fe,,Nig, TonmmHoit 25 HM.
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CTOTHOTO MAarHUTHOTO MOJISI B M3MEPUTEIbHOM
oTBepcTUU. B pe3ynbraTe 3HaUMTEIbHO YMEHbIIa-
IOTCS IITyMbI HaOJIFOMaeMbIX CUTHAJIOB M, COOTBET-
CTBEHHO, ITOBBIIIAETCS KAauyeCTBO BU3yalu3alluu
pacrpenefieHUii HEOOHOPOMTHOCTEI MarHUTHBIX
xapaktepuctuk TMII mo mjomanu od6pasuoB 3a
CYET CYIIECTBEHHOTO TTOBBIIIEHUSI TOUHOCTHA U3ME-
peHust. CTeneHb JOKaJbHOCTU YYaCTKOB CKaHUPO-
BaHUS OIpenessieTcsl IUIOMaablo U3MEPUTEIbHOTO
otBepctnss CBY-romoBok B mipenenax 0.1—2.2 MMm.
Habop cMeHHBIX FOJIOBOK TO3BOJSIET C TPEOYEMbIM
aromM fnepekpuiTh auana3zoH yactotr 0.1—4.0 I'Ti,
MPU 3TOM OTHOIIEHWE CHUTHAJI/IIYM JJISI TOJIOBKH
¢ ruomaapio orsepctust 1.0 Mm%, U3MepeHHOE Ha
TepMaJIoeBOM TIJICHKE TOJNIIUHON 2 HM, HE MeHee
npumepHo 8 1b. DPPHEeKTUBHOCT NCTTOTBL30BAHUS
pa3paboTaHHBIX T'OJIOBOK IJISI MCCICAOBAHUS TIPU-
poabl 0O0pa3zoBaHUsI 1 OCOOEHHOCTEM pacrpenese-
HUSI MAarHUTHBIX HEOTHOPOMTHOCTEH ITO TLIOIIAIN
00pa3loB NPOAEMOHCTPUPOBAHA Ha MEPMAJLIIOEBBIX
TUIEHKAX TOJILIMHOM 25 HM pa3zmepamu 10 X 10 mm?,
OCaXIECHHBIX HA MOHOKPHUCTAJINYECKNE TIOMIOXKHI
W3 JIaHTaCHTA.

Mmeromuiics HaOOp CMEHHBIX T'OJIOBOK, Mepe-
KPBIBAOIIMI MIMPOKUNA OUANA30H YacCTOT, OCO-
OEHHO BaXKeH MpPU MCCAECAOBAHUM METALIMIECKUX
MarHUTHBIX IUIEHOK. MI3BeCTHO, YTO Mpu UCCIeno-
BaHMU TaKMX IUICHOK Ha CEPMITHO BBIITYCKAaeMBIX
CIEKTPOMETpax, pabOTaMIINX B CAHTUMETPOBOM
AMamna3oHe UTMH BOJIH Ha yacToTax nopsinka 10" I,
BO3HMKAIOT TPYIHOCTHU, CBSI3aHHBIE C MaJIOil TOJI-
IIIMHON CKUH-CJIOSI, KOTOPBIM K TOMY X€ JTOMNOJHU-
TeJIbHO yMeHblaercst Boau3u ®MP u3-3a pocra
MarHuTHOM MpoHuLlaeMocTu oOpa3ua. B pesyib-
Tate (popMa pe30HAHCHOI KPUBOII OBIBAET CHIILHO
nckaxeHa. OgHaKO MCIIOJIb30BaHUE pa3padoTaH-
HBIX TOJIOBOK ITO3BOJISIET 3HAYUTEIBHO ITOHU3UTH
YacTOTy HaKauyku 0e3 YMEHbIIEHUS] YyBCTBUTE/b-
HOCTHU CIIEKTPOMETpa, IIPpU 3TOM COOTBETCTBEHHO
YBEJIMYMBACTCS TOJNIIMHA CKMH-CJIOSI M Ha3BaHHasI
npobJiemMa ucue3aer.

Bricokast TouHOCTh u3MepeHust 3pPeKTUBHOMI
HaMarHWYECHHOCTH HACKIIICHMSI, TapaMeTPOB OIHO-
OCHOM MarHUTHOMN aHU30TPOIIMU U IIUPUHBI TMHUU
DOMP, nponeMOHCTpUpOBaHHAs Ha TTepMaJUIOEBBIX
oOpasiax Tonmuaoin 2—100 HM, TOoKa3bIBaeT mep-
CIIEKTUBHOCTb MCIIOJIb30BaHUS pa3pabOTaHHBIX
CBY-ronoBoK B CKaHUpPYIOILIEM CIIEKTpOMETpe
¢deppomarnuTHoro pe3oHaHca. [IpeacraBieHHbIe B
pabote pe3yabTaThl, HECOMHEHHO, OYyIYT TOJIE3HBI
MpU pelleHUr psiga TEXHOJOTMYECKUX, TeXHUYE-
CKMX U MHOTHMX HayYHBIX 3a11a4, CBSI3aHHBIX C CO3/1a-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA
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HMEM HOBBIX MArHUTHBIX MaTepUajaoB C 3aJaHHBIMU
CBOIMCTBAMU U CO3IAHUEM YCTPOMCTB HA UX OCHOBE.
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