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BBEJAEHHUE

AKTYaJIbHOCTh NPOOJeMbl. MarHutHble  yJIbTPAJAUCIEPCHBIE  KOJIIOUBI
OTHOCATCS K TaK Ha3bIBaeMbIM (PYHKITMOHAJIIBHBIM YMHBIM Matepuanam, GU3ndeCKuMU
CBOMCTBAMU KOTOPBIX MOXHO YIPaBJIATh C MOMOIIBIO BO3JIEUCTBUS MAarHUTHBIMU U
IEKTPUUECCKUMHU TOJsIMU.  biiaromapss WX yHUKaJIbHBIM CBOWCTBaM 3()(PEKTUBHO
B3aMMO/ICHCTBOBATh C MArHUTHBIMU TOJIIMU OHHU BBI3BIBAIOT MHTEPEC HE TOJBKO C
TOYKM 3PEHHMS HW3Y4YEHUST MX MarHUTOMEXaHWYECKUX, TEPMOMArHUTHBIX U
MarHUTOONTHYECKUX CBOMCTB, HO W BO3MOXHOCTBIO WX TPUMEHEHUS B
MalIMHOCTPOEHUH, MPUOOPOCTPOCHUN W MeauliiHe. B Hacrosimiee Bpemsi CHUHTE3 U
n3yueHue (HU3MKO-XUMHUUYECKHUX CBOMCTB MArHUTHBIX JKUAKOCTEH MPOJOJIKAETCS KaK B
Haleld cTpaHe, Tak U 3a pyOexkoMm. B mocnegHee BpemMsi Ha OCHOBE MarHUTHBIX
KUJKOCTEN CO3Jal0TCSI KOMIIO3UTHBIE MAarHUTHBIE MAaT€pUAJIbl — MAarHUTHBIE SMYJIbCUU
Y MarHUTHBIE KUJKOCTU C MEJIKOJUCIIEPCHBIM HEMarHUTHBIM HamoJHUTENEeM. bobIoe
KOJIMYECTBO PabOT B 00JIACTU MAarHUTHBIX YKUIKOCTEH M MX KOMIIO3UTOB IMOCBSIIEHO
MCCIIEJOBAHUIO UX MAarHUTHBIX U CTPYKTYPHBIX CBOMCTB, ONPEEIAEMbIX CBOMCTBAMU U
B3aMMO/ICHCTBUEM COCTABJISIFOIIMX UX AUCIEPCHBIX YyacThll. Takue CBONCTBA 3aBUCST OT
psina ¢GakTopoB, B TOM YKCJIE M OT TeMIiepaTyphl. VcciienoBaHnio 3aBUCUMOCTH CBOMCTB
MarHUTHBIX JKUJIKOCTEH OT TeMmmepaTypbl MOCBSIIEH psAl padoOT, BMECT€ C TeM
HEKOTOPBIE aCIMEKThl BIUSHHUS TEMIIEPATYpPhl OCTAIOTCS MaJOUM3yYEHHBIMU. ITO
yKa3bIBa€T Ha HEOOXOJIMMOCTH MPOIOJIKEHHUS HCCIEIOBAHUS 3aBUCUMOCTH CBOWCTB
MarHUTHBIX JKUJKOCTEM M HX KOMIIO3UTOB OT TeMIepaTypbl, a Takxke 3(QeKToB,
0OyCJIOBJIEHHBIX €€ M3MEeHeHHeM. Ha oCHOBaHWU 3TOT0, MOKHO CHIENaTh 3aKII0UeHUE,
YTO TMPEANPHUHATHIE B HACcTOAlmEeH paboTe WCCICAOBaHMUS TEPMOWHIYKIIMOHHBIX
3¢ PeKTOB, BO3HUKAIOIIUX MTPU B3aUMOICHCTBHUM JIa3€PHOTO U3IIyYCHUSI C MarHUTHBIMU
KUIKOCTSIMHU, a TaKXKe CTPYKTYpPHBIX TpaHChOpMaIMii B MarHUTHBIX SMYJIbCHSX,
OOyCJIOBJICHHBIX TEPMHYECKUMH BO3JICUCTBUSAMM, B HACTOSIIEE BpEeMs SBISIOTCS
aKTYyaJIbHBIMH.

Heabo HacTosimeid padoThl SABJASIETCH W3YyYECHHE BO3MOKHOCTU YIIPaBICHUS

TEPMOUHAYLUUPOBAHHBIMU 3PdEeKTaMu  B3aMMOJEHUCTBUS JIa3€PHOTO H3YUEHHUSA C
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MarHUTHBIMHM JKUAKOCTSAMM C TOMOILIBIO MarHUTHBIX IOJIEH, a TaKXKe MCCIEI0BaHUE
BIUSHUAA TEPMHYECKUX BO3JIEMCTBHA HA CTPYKTYpPHBIE INPEBpPAUIEHUS B MAarHUTHBIX
KHUJKOCTAX U SMYJIbCUSAX B DJIEKTPUUYECKOM U MarHUTHOM IOJISIX.

B cooTBeTcTBUU C 11€TBI0 PaOOTHI OBLIH MOCTABJICHBI CIEAYIONIUE 3aJaUH:

— U3y4YeHUe TEPMOUHIYIUPOBAHHBIX Ja3epHBIM U3ITy4YEHHEM
TEPMOKAMUIUISIPHOTO 3P PeKTa, BOSHUKAIOLIETO IPU BO3JIECHCTBUY JIA3€PHOTO IMyyka Ha
MOBEPXHOCTh MAarHUTHOW >KUJKOCTH, U d(dexTa TeroBoil JUH3bI, HAOIIOIAIOIIETOCS
OpU TPOXOXKICHUM Jiydya Ja3epa uepe3 CJIOH MarHUTHOM JKUJKOCTH, a TakKkKe
YCTaHOBJICHHE BO3MOKHOCTH YNPABIICHUS UMH C TIOMOILBI0 MAarHUTHOTO ITOJIS;

— UCCJIEI0BAHNE OCOOEHHOCTEW BO3HUKHOBEHHS U TPAHC(POPMALIUU CTPYKTYPHBIX
PELIETOK B TOHKHUX CJIOSIX MarHUTHBIX JKUJIKOCTEH B IOCTOSSHHOM 3JIEKTPUYECKOM I10JIE,
OOyCJIOBJIEHHBIX TEIJIOBBIM BO3JEHCTBUEM (B TOM YHUCJE W JIA3€PHOIO M3ITY4YEHUs) U
JOTIOJTHUTENBHO MPUIIOKEHHBIM MAarHUTHBIM TOJIEM;

— YCTaHOBJIEHHE 0COOEHHOCTEN (POPMUPOBAHUS CTPYKTYPHBIX PEIIETOK B TOHKUX
CIIOSIX MArHUTHOM 5SMYJbCHM B MAarHUTHOM TMOJi€, OOYCIIOBJIEHHBIX TEIIOBBIM
BO3JICHCTBUEM,;

— U3y4YEHHE MPOILEecCCOB (POPMUPOBAHMS CTPYKTYpbl B MAarHUTHBIX 3MYJIbCHUSX B
NEPEMEHHOM JJIEKTPUYECKOM I10JI€ M BIUSHUSA Ha HUX MAarHUTHOTO MOJIA U TEMJIOBOTO
BO3JICUCTBUA.

MetonoJiorusst 1 MeToabl ucciaenoBanms. [Ipu BoimonHeHHH pabOThl ObUIH
WCITOJIB30BAHbI SKCIIEPUMEHTAIBHBIE U TEOPETUUECKUE METOBI HccleqoBanus. Tak npu
UCCIIEJOBAaHUM TEPMOMHIYLIMPOBAHHBIX 3(P(PEKTOB HUCIOIb30BANACh BHUAECOCHEMKA C
nociuenytoued nuppoBoil 00pabOTKON BUIAEOMATEPATOB UM CHUMKOB. CTpyKTypHOE
COCTOSIHME€ UCCJIEJOBAaHHBIX OOpa3loB W €ro MU3MEHEHHWE M3Yy4yaloCh METOJaMU
ONTUYECKOW MUKPOCKOIHUH C MPUMEHEHUEM KOMIIBIOTEPHOT0 aHAIN3a MOJIYyYEHHBIX C €€
MOMOILbIO CHUMKOB. @U3HUYECKHe MapaMeTphl HCCIEAOBAaHHBIX 00pa3loB ONPEAEISINChH
C NOMOILIBIO CTAaHAAPTHBIX METOJOB 3JIEKTPUYECKHUX, MAarHUTHBIX M PEOJIOTHYECKUX
u3Mepenuil. Teopernueckoe OOOCHOBaHHME  IKCIEPUMEHTAIBHBIX  PE3yJIbTaTOB
OCYULIECTBJISIIOCH C TOMOILBIO AHAJIUTHYECKUX METOA0B U PACUETOB.

Haquaﬂ HOBM3HA JUCCCPTALIUN 3aKIHOYACTCA B CIICAYIOIMICM.



Brnepseie noKa3aHa BO3MOKHOCTb yHIpaBJICHUS (opMupoBaHuEM
TepMoKanuuisipHoro 3¢pdexta u dPdexra TEMIOBOH JTUH3BI € TOMOIIBIO Kak
OJTHOPOJIHOTO, TaK W HEOJHOPOJHOIO MAarHUTHBIX MOJEH pa3IuyHON KOH(UTYpaIuH.
OOHapy>KeHbl pa3nuuus XapakTepa AePOKYCHPOBKH JIa3€pHOTO IMy4yKa, MPOXOSIIEro
yepe3 CJIOM MAarHUTHOM JKHUJIKOCTH B 3aBUCHMOCTHM OT HMHTEHCHBHOCTH H3JIy4YEHUS
(momHOocTH sazepa). IlpoBeneH aHanu3 OOHApYXKEHHBIX pa3IM4YMil Ha OCHOBE
pacCMOTpPEHHS ~ MEXaHHM3MOB  JE(POKYCHPOBKM  Jy4ya, CBA3aHHBIX KaKk C
OCECUMMETPHUYHBIM PaclpeeIEeHUEM TeMIIepaTypbl BOKPYT JIa3€pHOTO Jiyda, TaKk U C
BO3HMKHOBEHUEM TEPMOKOHBEKIIMOHHBIX TEUEHUN.

HccnepoBansl 0coOeHHOCTH (OPMHUPOBAHUS W TpaHC(HOpPMALUU CTPYKTYPHBIX
PEIIETOK B TOHKUX CJIOSIX MArHUTHBIX >KUJKOCTEM pPa3IMYHOrO TUNA B MOCTOSHHOM
AIEKTPUYECKOM TI0JI€, OOYCIOBJIECHHBbIE HW3MEHEHHUEM TeMIEpaTypbl U ACHCTBUEM
JOTIOJTHUTENBHO ~ MNPUIIOKEHHOTO  MAarHUTHOro  mojisi.  BmepBeile  oOHapykeH
UHAYLUUPOBAHHBIM Ja3epHbIM H3IydeHHEM 3((EKT BO3HUKHOBEHHUS JIAOMPUHTHOM
CTPYKTYpPBI B JOKPUTHUECKOU 00JACTH HAPSHKEHHOCTEW MOCTOSSHHOTO 3JIEKTPUYECKOTO
IOJISL.

BrnepBbie yCTaHOBIIEHBI OCOOEHHOCTH TpaHC(OpMALMU CTPYKTYPHBIX PEIIETOK B
TOHKHX CJIOSIX MarHUTHOM 3MYJIbCUM B MAarHUTHOM I0Ji€, 00YCJIOBJIEHHbIE TEIIOBBIM
BO3/ICIICTBIEM — BO3pacTaHUE MEPHOJia TeKCArOHAIbHOM pelEéTKN U yObIBaHUE MEpHOa
JaOMPUHTHOM CTPYKTYpbl MpHU TOBBILIEHWU TeMmiepaTypbl. OOHapyKeHO BIUSHUE
Ja3€pHOT0 M3JIy4EHHs] Ha IapamMeTpbl TaKMX CTPYKTYPHBIX PELIETOK, ONPEAECICHBI
YCIJIOBHSI €T0 IPOSIBIICHHUS.

N3yueHbl 0coOeHHOCTH (OPMHUPOBAHUS CTPYKTYpPbl B MATHUTHBIX 3MYJIbCHUSX B
NEPEMEHHOM 3JICKTPUYECKOM TMoJje, OOYCIOBJICHHbIE TEIJIOBBIM BO3ICHCTBHEM:
MOKAa3aHo, YTO €€ XapaKTep CYIIECTBEHHO 3aBUCUT HE TOJIBKO OT AMIUIMTYAbl U YaCTOTHI
noJis, HO TakXke W OT Temmneparypsl. OOHapyXeHa W HcclefoBaHa TeMIlepaTypHas
3aBUCUMOCTbh IIOPOTOBOM YacTOTHI 3JIEKTPUYECKOIO ITOJIsSI, MPU KOTOPOM BO3HHUKAET
JaOMpUHTHAS CTPYKTYPA, a TAKXKE YACTOTHI €€ Mepexoia B MUKpokanenbHyto. [lokazana
BO3MOYKHOCTb BJIUSIHUS JIA3€PHOTO M3JIyYEHHs! JOCTAaTOYHOW MOIIHOCTH HA MOPOTOBBIE

YaCTOTHI U3MEHEHUS XapAKTEPA CTPYKTYPHBIX PEIIETOK.
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OOGHapy>XeHO BJIMSHUE JOMOJHUTEIBHO MPHUIOKEHHOTO MAarHUTHOTO TOJISI Ha
BEJIMUYMHY  TMOPOTOBOM  YacCTOThI  BJIEKTPUYECKOrO  MOJI, COOTBETCTBYIOIICH
BO3HUKHOBEHHUIO JIAOMPUHTHOM CTPYKTYphl B CJIO€ MarHUTHOH SMYJIbCUU TPH
pa3nuHbIX TeMiiepatypax. [I[poBeneH aHanu3 ero MexaHu3ma.

O00CHOBAHHOCTH M JOCTOBEPHOCTH IOJYUYEHHBIX PE3YyJIbTATOB MOJATBEPKICHA
KOPPEKTHOCTBIO HCIIOJB30BAHHBIX ~ METOAMK  HCCJICIOBAHMUS, MPUMEHECHUEM
CTaHJAPTHBIX TPHOOPOB U OOOPYJOBAaHUS TPHU TMPOBEACHUH H3MEPCHHM, aHATN30M
MOTPEUTHOCTE HM3MEPEHMI, OTCYTCTBHEM NPOTHUBOPEUUS] IOIYUYEHHBIX PE3YyJIbTATOB
M3BECTHBIM  JIaHHBIM  JIDYTHX aBTOPOB, HCIIOJB30BAHHEM  PACIPOCTPAHEHHBIX
MOJIEIBHBIX MPEICTABICHUN B pa3padaTbiBaeMoil 00J1aCTU UCCIICIOBAHUH.

Hayuynass ¥ mnpakTudeckass 3HAYMMOCTb. [Ipu BBINOJHEHUM AUCCEpPTALIUU
MOJTYYEH PSAJi HOBBIX PE3YyJIbTAaTOB, KOTOPbIE BHOCAT OINpPEEICHHBIN BKJIAJ B Pa3BUTHE
byHIaMEHTAIBHBIX NPOO0IeM (PU3UKU MAarHUTHBIX KOJUIOMAHBIX CHUCTEM. Y CTaHOBJICHA
BO3MOXXHOCTh PETYJMPOBAHUS TEPMOMHIYIIUPOBAHHBIMU d((PEeKTaMu, BOSHUKAIOIIUMHU
Py B3aUMOJICUCTBUM JIA3€PHOTO M3IYUYCHUSIMU C MATrHUTHBIMU JKUIKOCTAMH, C
MOMOIIIbIO BO3JICCTBUS MAarHUTHOTO TIOJdSl. YCTaHOBJICHbl M HWHTEPHPETHPOBAHBI
OCOOCHHOCTH CTPYKTYPHBIX MPEBPAIICHUH B MAarHUTHBIX >KUJKOCTSIX W MarHUTHBIX
AMYJIBCUAX B DJEKTPUUYECKOM U MArHUTHOM TIOJISIX, OOYCJIOBJICHHBIE TEIJIOBBIM
Bo3jelicTBUEeM. [lokazaHa BO3MOXKHOCTh M3MEHEHHUS CTPYKTYPHOTO COCTOSIHMSI TaKHMX
Cpe, HaXOSIIUXCS B SJIEKTPUYECKOM M MarHUTHOM TI0JI€ TIPU BO3ACHCTBUM J1a3€PHOTO
u3iydeHus. [lonmyueHHbIe pe3yIbTaThl MOTYT CIIOCOOCTBOBATH JAJIbHEHIIIEMY Pa3BUTHIO
MPAKTUYECKOTO MPHUI0KEHNS MArHUTHBIX KUIKOCTEN U UX KOMITO3UTOB.

Ha 3amuTy BBIHOCATCS:

1. Ycra"oBneHHOe M OOOCHOBAaHHOE BJIMSHHE MATrHMTHBIX IIOJICH pa3IMUHON
KOHQUTYpallM¥ Ha TEPMOUHIYIIUPOBAHHBIE ONTHYECKHE A(DPEKTH B OTPAXKEHHOM H
MPOXOISIIEM CBETE, BO3HUKAIOIIME MPU BO3JACHCTBUM JIA3€PHOT0 M3IYyUCHHS Ha CJIOU
OJTHOPOJHOM MAarHMTHOM JKMJIKOCTH. Pealn3oBaHHBIM Ha 3TOH OCHOBE CIIOCOO ITOJTHOM
KOMIIEHCAIUU TEPMOKANTUIUTSIPHOTO A (PeKTa HEOJTHOPOIHBIM MATHUTHBIM TIOJIEM.

2. PesynpTaThl HCCNEIOBaHUS BIMSHHS TEIUIOBOTO BO3JCHCTBUS Ha BpeMs

bopMHpOBaHUS W MApaMETPhbl CTPYKTYPHBIX PEIIETOK B TOHKHX CJOSAX OJHOPOJHBIX
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MarHUTHBIX KUAKOCTEH pa3IMYHOTO TUIA B TOCTOSIHHOM 3JIEKTPUYECKOM T10JIe, a TaKkKe
oOHapy>XeHHbIH 3(PGdEKT WHIYIUPOBAHKS JIA3EPHBIM H3JIyYeHUEM JaOMPUHTHOMN
CTPYKTYpbl B MAarHUTHOM KUJKOCTH B JIOKPUTHYECKON 00JACTH HANPSKEHHOCTEH
MOCTOSTHHOTO 3JIEKTPUYECKOTO MOJIS K €T0 000CHOBAHHUE.

3. YcraHOBIEHHBIE OCOOEHHOCTHU XapakTepa U3MEHEHHUsI [apaMeTpoB
CTPYKTYPHBIX PEIIETOK B TOHKUX CJOSIX MarHUTHOM SMYyJIbCMM B MAarHUTHOM TIOJIE,
0OyCJIOBJIEHHBIE TEIJIOBBIM BO3JEHCTBHEM (BO3pacTaHUE IEpUOaa TEKCArOHATBLHON
peméTkin W yObIBaHME TepHoJa JIAOMPUHTHOW CTPYKTYphl TIPU MOBBIIICHUU
TEMIIEpaTyphl) U UX UHTEPIIPETAIHS.

4. OOHapyXEHHOE BJIMSHUE BO3JICUCTBUS JIA3€PHBIX HCTOYHUKOB CBETa
JIOCTAaTOYHOM MOIHOCTH Ha (hOPMHPOBAHHE CTPYKTYPHBIX PEHIETOK B TOHKHX CJIOSIX
MAarHUTHOU 3MYJIbCUH B MEPICHANKYIIPHOM K HUM MarHUTHOM II0JI€ U PE3YJIbTAThl €ro
UCCJIEIOBAHHUS.

5. Pe3ynbTaThl uccneaoBaHus U aHaIu3 (GOPMUPOBAHUS CTPYKTYPbl B MATHUTHBIX
AMYJIBCUAX B MEPEMEHHOM DSJEKTPUUECKOM I0JI€ TPHU JOMOJHUTEIBHOM TEIJIOBOM
BO3JCUCTBUM (B TOM YHCJIE€ W JA3€pHOr0 HW3IYYEHHUs), MO3BOJIMBUINE YTOUYHUTH
JTUHAMUKY (OpMBbI MUKpPOKAMedb SMYJIbCUM B OTHX YCJIOBHUSX U YCTAaHOBUTH XapaKTep
TEMIEPaTypHOH 3aBUCHMOCTU TOPOTOBBIX 3HAYEHUM YaCTOT DJIEKTPUYECKOIo IMOJs,
COOTBETCTBYIOIIUX (OPMUPOBAHUIO JIAOUPUHTHON CTPYKTYPHOW PEIIETKH U €€
NOCJIEAYIOUIEMY TMepexoqy B cnabo yYHOpPSIOYEHHYI0 TIeKCaroHaldbHYI0 CHCTEMY
MHUKPOKAIIEIb.

Crtpykrypa u 00beM pabdoThl. [[ucceprainoHHas paboTa COCTOUT U3 BBEJCHUS,
TpeX IJ1aB OCHOBHOTO COJCP>KaHMs, 3aK/IIOUCHUSI U CHUCKA HUTHUPYEMOW JUTEPaTyphI.
O0bem aucceprTanuy cocTaBisieT 165 cTpaHUI] MaITMHOMMMCHOTO TEKCTA, CONEPKUT (4
pucyHka, 1 Tabauiry u 230 cChUTIOK Ha JIUTEPATYPHBIE UCTOUHHUKH.

Bo BBemeHunum  000CHOBaHAa  aKTyaJIbHOCTh  pa3padaThbIBa€MOM  TEMBI,
chopMyTUpOBaHBl II€dh H 3adadud  pabOThl, TPEACTABICHBI HAy4Has HOBH3HA
HCCIIEIOBAHUSI 1 OCHOBHBIE TOJIOKEHH S, BBIHOCUMbBIC Ha 3aIUTY .

[lepBas rnaBa HoOcUT 0030pHBIN XapakTep. B Helt mpencraBieH o0030p

9KCIICPUMCHTAJIbHBIX U TCOPCTHYCCKHUX pa60T, ITOCBAIIICHHBIX CBOMCTBAM MarHMTHBIX
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KUJKOCTEN M CO3IaHHBIX HA UX OCHOBE KOMIO3UTOB. KpoMe Toro, 6011611106 BHUMaHKE
YACICHO TEPMOWHIYIMPOBAHHBIM J(p(PeKTaM B TOMOTEHHBIX JKHUIAKOCTAX H WX
KOMIO3UTax. B dacTHOCTH, mpoleccaM TEPMOKOHBEKIMU B KUIKHUX Cpelax H
TepMOONTHYECKUM d(deKkTam, HHIYITUPOBAHHBIM JIA3€PHBIM H3IydYeHUEM. Takke
NOJIPOOHO  PAacCCMOTPEHBI MPOIECCHl  CTPYKTYpPOOOpa3oBaHWs TMPH  BO3JICHCTBUU
ANEKTPUYECKOTO U MAarHUTHOTO MOJIEd HA MArHUTHBIE )KUAKOCTH, COAEPKAIIUE XOPOLIO
Pa3BUTYK0 CUCTEMY MHKPOKAIEIbHBIX arperartoB, U MarHUTHBIE 3MYJIbCUUA C HU3KUM
Mex(pa3HbIM HaTSHKEHUEM Ha TpaHUIE «MUKpOKaIsi—cpena». [aBa 3akoHYEHa
aHAJIM30M  MPOBEJACHHOTO  JUTEpPaTypHOro 0030pa W  TMOCTAaHOBKOWM  3aja4y
JICCEPTALIMOHHOTO UCCIENOBAHNS.

Bropass rnaBa mocBdilleHa HCCIEIOBAHUIO TEPMOWHIYIIMPOBAHHBIX 3 (HEKTOB,
BO3HUKAIOIIMX TNPU B3aUMOJICVCTBUM JIA3€PHOTO M3IYYEHUSIMA C MATrHUTHBIMHA
JKUJIKOCTSIMH, BBISIBUBILIETO BO3MOKHOCTh UX PETYJIUPOBAHUS C MMOMOIIBIO BO3ACHCTBUSA
MarHUTHOTO TIOJIsl. BbUIM TpOBENEHBI MCCIEAOBAHMS TEPMOKAMUIUIAPHOTO 3(]dekTa,
BO3HUKAIOIIECTO TPU OTPAKECHUM JIyya Jazepa OT ITOBEPXHOCTH CIIOS MarHUTHOU
JKUJIKOCTH.  YCTAaHOBJIEHbl  3aKOHOMEPHOCTH  BJIMSAHUS  MAardHuTHOTO  IOJI,
HAMpaBJICHHOTO MEPNEHANKYJISIPHO CJIIOK0 MAarHUTHOM >KUIKOCTH, HA pa3MepPbl KAPTHUHBI
TEPMOKANMUWJUISIPHOTO  OTKJIMKA, OOHApYy>KeHbl OCOOCHHOCTH €€ W3MEHEHHS TIpu
WCIOJIb30BaHUU KIOBET PA3HOTO JAUAMETPA, CBS3AaHHBIE C PA3JIMYHBIM XAPAKTEPOM
W3MEHEHUs TOJIIMHBI CJIOSI B MECTE MaJCHUS Jiydya B KIOBETaX MaJioro M OOJIBIIOrO
nuamerpa. McciaenoBaHO BIMSHUE HAa TEPMOKANWUIAPHBIA 3h(EKT OJHOPOIHOTO
MAarHUTHOTIO I10JIs, HAIIPABJIEHHOI'O BAOJIb IMOBEPXHOCTH ciosl. [IokazaHo, 4TO AercTBUE
HEOJTHOPOJHOTO MArHUTHOTO TOJSl, NEPIEHANKYISIPHOTO CJIOK, MOYKET MPUBOAUTH K
MOJIHOW KOMIICHCAITMN TePMOKANMIUISIpHON nedopmaruu. B 3Toii ke Ti1aBe uccienoBan
3 dexT TEemIoBOM JHMH3BI TMPU HCMHOJb30BAHUM MArHUTHOW JKUJKOCTH B KadyeCTBE
Cpeabl, Yepe3 KOTOPYK paclpoOCTPaHsAJIOCh JIA3€PHOE M3IIYYEHUE  Pa3IUYHOU
WHTEHCUBHOCTU. OOHApyKEeHO M OOCYXICHO BIMSHUE MATHUTHBIX TIOJIEH pa3IuYHON
KOH(UTYpallK Ha CTENEHb J1IePOKYCUPOBKH CBETOBOIO MyYKa.

OOHapyXEHHBIN YaCTUYHBIN Cpe3 MEePBOHAYAIILHO KPYTJIOTO0 CBETOBOTO TMSTHA HA

HKpaHEe B MECTE MaJIeHUs MPOILEIIIEr0 Yepe3 CJI0M MarHUTHOM KUIKOCTH Jiyda jlazepa
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JOCTaTOYHOM MOIIHOCTH OOBSCHEH pPa3BUTHEM TEPMOKOHBEKIIMOHHBIX MOTOKOB, YTO
MOJITBEPKJICHO dKCIIepUMEHTaNbHO. [lokazana BO3MOXHOCTH BO3BpaTa Kpyriiol (hopMbl
ISITHA ITyTEM BO3/1EUCTBUS HEOJHOPOAHBIM MarHUTHBIM IIOJIEM.

B Tpetbeit rmaBe ncciaenoBaHbl 0COOCHHOCTH BOSHUKHOBEHHS U TpaHC(HOpMAIUU
CTPYKTYPHBIX PEIIETOK B TOHKUX CJIOSIX MAarHUTHBIX >KHJIKOCTEW pa3IMYHOrO TUMA B
IOCTOSTHHOM JJIEKTPUYECKOM TI0JI€, OOYCIIOBJIEHHBIE W3MEHEHMEM TEMIIEpaTypbl U
JOTNOJTHUTENBHBIM BO3/I€CTBUEM MAarHUTHOTO TTOJIS.

VYcTaHOBNIEH XapakTep 3aBUCHMOCTEM MOPOroBOr0 (KPUTHYECKOIO) 3HAYCHUS
HAIIPSDKEHHOCTH ~ MOCTOSIHHOTO ~ 3JIEKTPUYECKOTO  IOJII,  COOTBETCTBYIOLIETO
BO3HMKHOBEHUIO CTPYKTYPHOI CETKM B TaKUX CpeAax, OT TEMIEPATYphl U BO3ACHCTBUSA
MarHUTHOTO IOJIsI, OOHApyXeH HWHAYLUUPOBAHHBIM Ja3€pHbIM H3JIydeHUeM 3(PPexT
BO3HMKHOBEHUS JJAOMPUHTHOU CTPYKTYpPbI B JOKPUTHUYECKOW 00IACTH HAIPSLHKEHHOCTEN
MOCTOSIHHOTO 3JIeKTpuueckoro mnojsi. lccnenoBanbl ocoOeHHOCTH (POpMUPOBaHUS
CTPYKTYPHBIX PEIIETOK B TOHKHX CJOSIX MarHUTHOW 3MYJIbCUM B MAarHUTHOM IIOJIE,
0OyCJIOBJIEHHBIE TEIUIOBBIM BO37AeiicTBUEM. Ha OCHOBE pe3ynabTaTOB MPOBEACHHBIX
WCCJIEIOBAHNN MOKa3aHa BO3MOKHOCTD BIIMSIHUS BO3JEHCTBHUS JIA3EPHOIO U3JIyYEHHUs Ha
napameTpbl C(OPMHPOBAHHBIX B MArHUTHOM TMOJI€ T€KCAaroHaJbHOM M JTAOMPUHTHOMN
CTPYKTYPHBIX PEILIETOK.

N3ydensl 0coOeHHOCTH (POPMUPOBAHMS CTPYKTYPbl B MArHUTHBIX 3MYJIbCHUIX B
NEPEMEHHOM 3JIEKTPUUYECKOM MOJI€ MPU HAIUYHUU, KaK MOCTOSHHOTO MarHMTHOTO TOJIA,
TaK U TEIJIOBOTO BO3JEHCTBHSI, MPOBEIEH AHAIN3 IOJYYEHHBIX JKCIIEPUMEHTAJIbHBIX
pE3yNbTAaTOB HA OCHOBE M3BECTHBIX TEOPETHMUECKUX NPEICTABICHUN. Y CTAaHOBJIEHA U
UCCJIEIOBAHA 3aBHUCUMOCTh MOPOrOBOM YacTOThl BO3HUKHOBEHHUS JIAOMPUHTHOM
CTPYKTYPbl OT HAIPSHKEHHOCTH JIONOJIHUTEIBHO IPUIIOKEHHOIO MAarHUTHOrO MOJI,
NEPHEHANKYJISIPHOTO CJIOK0 AMYJIbCUU, MPOBEACH €€ aHaJih3 Ha OCHOBE MOJIEIBHBIX
IIPEICTABICHUM.

B 3akmouenun coOpMyIMpOBaHBl OCHOBHBIE PE3YJbTaTbl W BBIBOJIBI
JIMCCEPTAIIMOHHON paOOThI.

Anpobauus padorbl. OCHOBHBIE PE3YIbTATHl JUCCEPTALMM JOKIAIbIBAIUCh U

00CY>XIaJIMCh Ha CIENYIOLIMX HayYHBbIX KOH(pepeHuusx u ¢popymax: MexayHapoIHbII
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MoJoeKHbIM HayuHbld  popym «JIOMOHOCOB-2021», VII MexayHapoaHas
CTaBPOIIOJIbCKass KOH(EpPEHIMs MO0 MarHUTHBIM Kosutouaam, VI MexmayHapogHas
CTaBpOIOJbCKass KOH(EpeHIUs [0 MarHuTHbIM Kosutouaam, Ilaras Poccuiickas
KoH(pepeHrms 1o marHutoruapoaunHamuike (RMHD 2024), XXI Bcepoccuiickas c
MEXIyHapoAHbIM yuacTueM [lnmecckass HayuyHash KOH(EpEHIUs MO HAHOIWCIEPCHBIM
MarHUTHBIM SKHJIKOCTSAM, JBaAlaTh nAeBsitas Bcepoccuiickas HayuHas KOHGEpeHIUs
CTYIACHTOB-(bM3MKOB U MoJIoabiX yueHbIXx (BHKC®-29), tpumnartas Bcepoccuiickas
Hay4YHas KOHQEpPEHIUs CTYACHTOB-pu3ukoB u Moyonbix yueHbiXx (BHKC®-30),
MexayHapolHbIE ~ CUMIIO3UYM  «AKTyallbHble  TpoOJeMbl  (yHKIHOHATBHBIX
matepuanoB» - 2025», V Poccuiickuii Hay4dHbld cemMuHap «MaTemaTHueckoe u
KOMIIBIOTEPHOE MOJIETMPOBAHUE CBOWCTB MATKUX MarHUTHBIX MaTepUaIOB: OT TEOPUU K
IKCIIEPUMEHTAM U TPUIIOKEHHUSIM.

PabGora BpImomHEHa mTpU TOAJEP)KKE MMHHCTEPCTBA HAYKHM M BBICIIETO
obpasoBanus P® B pamkax rocymapcrBennoro 3aganus (mpoekt Ne FSRN-2026-0007).

Iyonukanuu. [To Tematuke quccepranuu onyonankoBaHo 14 paboT, B UX 4yucie
5 crareél B peleH3UPYEMBIX KypHajaX, BXOISIIMX B MEXKIyHApOJHBIC 0a3bl JAHHBIX
Web of Science, Scopus u nepedens BAK.

JIn4HbIi BKJIAA coucKaTe/si. ABTOPOM JIMYHO MPOBEACHBI IKCIIEPUMEHTAIbHBIE
UCCIIeIOBaHMsI, 00paboOTKa pe3ylbTaTOB M3MEPEHUH U  TNPEJCTaBICHHbIE B
JTUCCepTAIMOHHON  paboTre  pacueTsl. OCHOBHBIE  BBIBOABI M TIOJOXKEHUS

JUCCEPTAIIMOHHON PabOThl CPOPMYIUPOBAHBI IUIHO ABTOPOM.



12

I''IABA 1 OB30P JIUTEPATPYbI

1.1 MarduTtHble }KMJIKOCTH — HAHOUCIIEPCHbIE KOJJIOUIbI (peppo- 1

(hepprMarHeTukoB

MarnuTHbI€ KUJIKOCTH, MPEACTABIISIIONTNE COO0H yIBTPAIUCTIEPCHBIC KOJIJIOUIBI
deppo- 1 (heppuMarHeTHKOB O0JIATAIOT YHUKAIBHBIM ISl KHJIKHX Cpell COYeTaHHEeM
TEKY4eCTH U CIIOCOOHOCTM HaMarHWYWBAaTHCS BO BHEIIHEM MAarHUTHOM IIOJIE.
bnarogapss 3ToMy OHM TIPWBIIEKAalOT BHUMAaHHUE HCCIEIOBaTeNIed HE TOJIBKO C TOYKHU
3peHus WHTepeca K WX (PU3NYECKUM CBOWCTBaM, HO U B CBSI3M C BO3MOXHOCTHIO
MPUMEHEHUS B TMPOMBIIUICHHOCTH W TpuOopocTpoeHUH. HecmoTps Ha TO, 4TO OHU
ObUIM CMHTE3MPOBAHBI M CTAJIM M3ydaThes eie B 60-x rogax mpomwioro croierus [1-3],
JI0 HACTOSIIETO BPEMEHH WX WCCICIOBAHUIO TIOCBSIIACTCS JOCTATOYHO OOJBIIOE
KOJIH4YecTBO padoT [4-8].

B kauecTBe MarHMTHOrO MaTepuajia MPU CHUHTE3E MArHUTHBIX KOJIJTOMIHBIX
HAHOCHCTEM HCIIOJIB3YETCS BBICOKOJIUCIIEPCHOE jKeiie30, (eppOMarHUTHBIC OKHCIIBI
Fe,Os, FesO,4, depputsl HUKENS, KoOanbTa. JUcmepcHBIC YacTHIBI, CPEIHUN pa3Mep
KOTOpbIX cocTtaBisieT 10 HM, HaXOASITCS B MHTEHCUBHOM OpPOYHOBCKOM JBWKEHWU. B
CTOJIb MaJIBIX YacCTHUIaX MPH COXPAHCHWH B HUX CaMOTPOM3BOJILHON HAMarHMYEHHOCTH
BO3PACTacT BEPOSITHOCTh TEIUIOBBIX (IyKTyanmid MarHuTHoro Momenta [9]. B
pe3ynbTaTe »dSTOTO BO3MOXHA XaOTHYECKas IMEPEOPUCHTAIMS MOMEHTA YaCTHIIbI

OTHOCUTEJIBHO €€ KpUCTaUIOrpauuecKux HANpPaBICHUM C XapaKTEPHBIM BPEMEHEM

HEENEBCKOW penakcamun Ty =7p€XPy, tme y=E,/KT - sddexrusnas sueprus

. -9
marautHou anuzotpornun, 7y =107 ¢ [10]. Takue yacTuibl, BCIEACTBUE UX CHICIIU(UKH,

NOJYYHMIIM Ha3BaHHE «cyneprnapamarauTabie» [11]. B skuakoi cpeie BO3MOXKHA TakkKe
BpamarenbHas auddysuss camMux dYacTull. B 3TOM ciaydae MOXKET MPOSBUTHCS
OpOYHOBCKHI MEXaHU3M peJaKCallud MarHUTHOTO MOMEHTA, TIPU STOM, Mpeodiaganme

6POYHOBCKOFO WK HCCJICBCKOI'O MCXaHHM3Ma pCJlaKCalliy 3aBHCHUT OT COOTHOLICHHA
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. 3V
BPEMEH peiakcauuu Ty U BpamareiabHoll muddysuu 7p Shad/} (77 — Bs3KOCTB

KT
JMCTIEPCUOHHOU CPE/IbI).

ArperaTuBHas yCTOMYMBOCTh KOJUIOWJIHBIX CHCTEM C MAarHUTHBIMH YacCTULIAMH
oOecrieunBaeTCs aJCOPOIMOHHBIMU CIIOSIMHU, TPETATCTBYIONUMHU CONMMKCHUIO YaCTHI]
Ha TaKWE PACCTOSHUS, TMPH KOTOPBIX DJHEPTUs TPUTSHKCHHS OyaeT OoJblie, 4YeM
pa3ymnopsiIouMBaloIias dHEPrus TEIUIOBOrO ABWKEHHUS. Bo m30exxaHue yKpynmHEHUs
YACTUIl 3a CUET WX CJIUNAHUS, B KOJUIOUJ BBOJUTCA OMPEACICHHOE KOJIUYECTBO
crabunnzaTopa — IMOBEepXHOCTHO-akTMBHOro BemectBa ([IAB). B kauectBe I1AB
OOBIYHO HCIOJB3YIOT BEIECTBA, COCTOSIIIME U3 TOJSAPHBIX OPTraHUYECKUX MOJIEKYI,
KOTOPBIE U CO3/Ial0T Ha MOBEPXHOCTU AUCIEPCHBIX YACTHUIl aICOPOIIMOHHO-COIbLBATHBIC
CJION.

Hanbonee pacnpocTpaHeHHONH MAarHUTHOW >KUJIKOCTBIO SIBJIIETCS MarHUTHAs
JKUJKOCTh THWIIA MAarHeTUT B KEPOCHMHE C OJIEMHOBOM KHUCJIOTOW B KayecTBE
crabunuzaTtopa. BriepBble MeTONMKA TOJYyYEHHs] CTaOMIM3HUPOBAHHOTO KOJUIOUIHOTO
pacTBopa MartHeTuta ObuTa TpeiokeHa Damopom [12]. B mociennee BpeMs Takue
KUJKOCTH MOJYy4Yar0T METOJOM KOHJEHCALIMU MPHU OCAXJIECHUHU MArHETUTA IIEJIOYbIO0 U3
BOJHOT'O pacTBOpa CoOJied JBYX- M TpexBaJeHTHOro jkenesa [13]. B pesymbraTe
MOJy4alOT MAarHUTHYIO JKHAKOCTb, BS3KOCTh KOTOPOM TMpU HAMArHUYEHHOCTH
HachieHns 50—60 kA/M MoXkeT ObITh CpaBHUMA C BI3KOCTHIO BOJIBI.

MarHuTHble CBOMCTBA MAarHUTHBIX JKHAKOCTEH OMpEAeNsioTcs 00beMHOM
KOHIIEHTpaIe TBepaoi ¢as3bl, KOTOpas 3aBUCUT, KaKk OT JuUaMeTpa 4YacTHI[ U
MUHUMAJIbHO BO3MOXKHOT'O PACCTOSIHUS MEXIYy HUMH, TaK U OT paclpeeseHUs YaCTHIl
Mo pasMepaMm, U OOBIYHO He mpeBbimaer 25%. HamarHM4eHHOCTh HACHIIICHUS
KOHIICHTPUPOBAHHBIX MATrHUTHBIX JKUAKOCTeW MoxkeT pgocturatb 100 kA/M B
MarHUTHBIX NOJIIX HanpsikeHHOCThio 100 KA/M npu cOXpaHEHUU TEKYYECTH MarHUTHOM
KUJKOCTH.

Ha wHavanmpHOM 9Tame HWCCIENOBAaHUS  MAarHUTHBIX — KUAKOCTEH  OBLIO
c(hopMUPOBAHO MPEACTABICHUE O HUX KaK OJHOPOIHOM JKUJIKON HaMarHUYUBArOIIEHCS

cpeac € TCPMOAMHAMHUYCCKHU paBHOBCCHOfI HaMaroHm4€HHOCTBIO, OHpCI{CJ’IHGMOﬁ
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3aKOHOM aHaJIOTUYHBIM, BBIBCIACHHOMY JlaHxeBeHOM JJI1 HAMarHn4€HHOCTHU aHcaMOJIst

MOJIEKYJT ITapaMarHuTHOTO ra3a [14]:
M=o M.L(E)=M_L(), (1.1)
rae ¢, — 00beMHas KOHIICHTpAIMs MarHUTHOTO Matepuaina (TBepaoi ¢aser); Ms

— HaAMarom4CHHOCTb HACBIMICHHA HCXOAHOI'0 AWCIICPIrHPOBAHHOIO0 BCIICCTBA, Moo

HaMaraHn4cHHOCTDb HaCbIIICHUA KoJl1onaa B MaroMuTHOM II0JIC (H - 00) ;

L(&)=cthé& —é —  Oynkuus  Jlamkesena; & = tymH / (kT) —  JIaH)KE€BEHOBCKUUI

apryMeHT.

B cma6eix momsx (H << KT /(uyM)), pasnaras ssipaxenne (1.1) B psn Teitnopa u

3

OIrpaHUYUBHIMCH IICPBBIM YJICHOM L(§ )IE, MOXHO IIOJYYWUTb BBIPAKCHUC JJIA

HAYaJIbHOM MarHUTHOM BOCHPUMMYHUBOCTH ) = |V|/ H marmursoii KUJIKOCTH, KOTOPOE

MMeEET BUI:

2
=t (£ <), (12)

B 10CcTaTOYHO CHIIBHBIX MOJIAX (H >> kT/ (,uom)) (GyHknus JlaHKeBeHa MOXKET

OBITH IpezcTaBiIcHa Kak L(&)= l—é u ypaBHenue (1.1) npuHuMaeT BUL:

M =|\/|oo—ﬂ (£>>1). (1.3)
HoH

B mepBbIx sKcnepUMEHTaIbHBIX paboTax OBLIO TMOJYYEHO XOpOIIEee COTJIacue
KPUBBIX HamarauuuBanusi ¢ ¢yHkuuei Jlamkesena [14, 15]. Hexoropoe oTkiIoHEHHE
XOpOIIIO YCTPAHSIETCSl YYETOM paclpeliesieHUsl 4acTull Mo pa3MepaM. B nanbHeiinem
M3YYCHUE MAarHUTHBIX CBOMCTB BBICOKOKOHIIEHTPHPOBAHHBIX (C OOBEMHOHN moJiei
MarHuTHOM (a3el Oostee 5%) MarHUTHBIX JKUAKOCTEH MOKa3aja0 HEOOXOIUMOCTh OoJiee
CTPOrOrO ydeTa paclpeeleHus dYacTUIl 10 pa3MepaM M MEKYaCTHUHBIX

B3aumoseiicteuii [16—20]. Tak B [16] mpoBeneHO 3KCHEPUMEHTAIBHOE HCCIIEI0BAHUE

3 PEKTUBHBIX MArHUTHBIX TOJIEH B MarHUTHOM JKUIKOCTH, a B [17] u3ydyeHo BimsHUE
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B3aMMOJICUCTBUS MEXIY YacTUIIaMM Ha MarHUTOCTATUYECKHE CBOMCTBA MArHUTHBIX
xuakocred. B teopermueckux pabdotax [18, 19] paccMoTpeHa 3aBHCHMOCTH BpEMEHHU
pellakcalii MOMEHTOB KOJUIOMJHBIX YacTHIl OT HMX KOHIeHTpaiuu, a B [20]
UCCIIEMYyeTCs KOHIIEHTPAIIMOHHASI 3aBUCUMOCTh HAMPSHKEHHOCTH MOIU(DHUIIMPOBAHHOTO
3¢h(HEKTUBHOTO TTOJIS.

B psine pabor [21-25] MarHuTHAs KUAKOCTh pacCMaTPUBACTCSA KaK OJHOPOIHAS
XKUIKOCTh C BHYTPCHHUMH MOMEHTaMHU BpaleHus (Mpeamosaraercsi KecTKas CBsI3b
MarHUTHOTO MOMEHTa YacTHUIIBl C €€ TBepAOW Marpuliei). YdeT BpallaTeabHbIX
cTereHe cBoOoabI, kak mokazano M.U. Illnwomucom [25] ams MarHUTOXKECTKUX
gacturl U A.O. Ilebepcom [26] mnst gacTuIl ¢ HECIEBCKMM MEXaHH3MOM pPeJIaKCallnu,
MO3BOJISIET OOBSCHUTH YBEIUYEHUE BS3KOCTHM MATHUTHBIX JKHJAKOCTEM BO BHEIIHEM
MarHUTHOM MoJje (MarHUTOBSI3KUM 3P ¢eKT). Apyroil mpuunHON yBeJIUYEHUsI BSI3KOCTU
M) B MarHuTHOM TIOJIE€ MOXET OBbITh B3aUMOJECHCTBUE YACTHUIl, NPHUBOIAIICE K
obpaszoBanuio 1enodeunbix [27-30] wimm kBasuchepuueckux arperatop [31, 32].
ABTOPBI YKa3bIBAIOT HA CYIIECTBEHHBIA BKJIQ IATIOb-TATIOTHHOTO B3aUMOJICHCTBUS BO
BHyTpeHHee Tpenre B MK. B [33] oOHapykeHo yBenuyeHue Bsa3koctd ot 2,5 710 5 pa3 B
CHUJIBbHBIX MArHUTHBIX TMOJSIX HampsHDKEHHOCThIO 10 1 MA/M, d9TO CBSI3BIBAaeTCS C
YCUJICHHEM C POCTOM KOHIICHTPAllUM MAarHUTHOTO KOJUIOWJA MEKYaCTUIHBIX
B3aMMOJICHCTBHI, MNPHUBOIAINIMX K MHUKpocTpykTypupoBanuto MXK. B [34]
IKCIIEPUMEHTAIBHO M TEOPETUYECKH HCCIIEIOBAHO MPOCTPAHCTBEHHOE paclpeesieHue
KOJUIOMJHBIX YaCTHUII B MAarHUTHOM >KUIKOCTH, (OpMHUpYIOIIEecs TOoJ JACHCTBUEM
MarHuTodopesa u rpagueHTHOM nudQy3un B CHIBHBIX MAarHUTHBIX TOJIAX, JENaeTcs
BBIBO/I, YTO XOPOIIIEe COTIACHe MEXIY TeOpruer M HKCIIEPUMEHTOM HaOII0IaeTCs, €Clu
JOMYCTUTD, YTO arperaThl COCTOST B cpenHeM u3 40-50 mHanouyacTuir.

Bs3kocTh MarHMTHOW JKHUIKOCTH TaK »JKe, KaK BSI3KOCTb HEMarHUTHBIX
HAHOXKHMJIKOCTEH, YMCHBIIIACTCS C TIOBBIIIEHUEM TEMIIEPATYPhI U ONPEACIIICTCS TIPEKIC
Bcero coicTBamu ocHOBBI [31, 32, 35, 36]. B [36] yka3biBaeTcsi Ha CyNIECCTBEHHYIO
3aBUCUMOCTH BSI3KOCTH OT XapaKTEPUCTHUK arperaToB, MPHCYTCTBYIOIINX B MarHUTHOMN
KUIKOCTU. B YacTHOCTH, C pOCTOM TeMImepaTypbl CPEIHHA pa3Mep arperatroB

YMCHBLIIACTCA, 34 CUHCT HMX Pa3pyLICHUSA H3-3d MHTCHCHUBHOI'O TCILJIOBOI'O IABUKCHHUSA
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MOJIEKYJT JKUJIKOCTU-HOCHUTENIE M OTHAEIbHBIX TBEPIBIX YACTUIl, YTO MNPUBOAUT K
YMEHBIIIEHUIO BSI3KOCTH. K TakoMy ke BBIBOJy MPUBOSAT PE3yIbTaThl KOHBEKTUBHOTO
skcnepumenTta [37]. Paspymienue arperatoB B MK mpu yBelqWueHHH TeMIIEpaTyphI
IIPUBOIUT TAK)KE K OCIIA0JICHUIO MarHUTOBS3KOTO 3 dekra [38].

[ToBepXHOCTHOE HATSHKEHHWE MATHUTHBIX JKUAKOCTEH Ha Pa3IUYHBIX OCHOBAX
npuHuMaer 3HadeHus 18-32 mH/m [1] u B mpemenax pa3Opoca ONBITHBIX JaHHBIX,
MOJyUYEHHBIX Pa3UYHBIMU METOJAMU MIPU KOMHATHON TeMIlepaType, MOKET CUUTAThCS
paBHBIM IIOBEPXHOCTHOMY HATSKCHHIO KHAKOCcTH-ocHOBHI [13, 39]. B [13, 40]
MOKa3aHoO, YTO MpPHU OTCYTCTBHM MArHUTHOTO TOJII MOBEPXHOCTHOE HaTskeHue MK
3aBHCHUT OT B3aMMOJCHCTBUS MAarHUTHBIX YaCTUI[ U MOJEKYN XUAKOW ¢asbl, a BO
BHEIIHEM II0JIE TIOBEPXHOCTHOE HATSDKEHUE OIpENessieTcsl  B3auMOJICHCTBUEM
MarHUTHBIX YaCTHII, a TAK)Ke M3MECHCHHEM WX KOHIICHTPAIIUW B TPUIIOBEPXHOCTHOM
cmoe. B [41] oskcmepuMeHTanbHO OBLUTH IOJYYEHBI TIEPBBIC OICHKH BIUSHHS
MarHUTHOTO IOJI1 Ha TOBEPXHOCTHOE HATSHKCHHWE MArHUTHOHM JKHMIKOCTH, a B [42] ¢
MOMOIIBI0  aBTOPCKOTO  MOIM(MUIMPOBAHHOTO  METOJa  KamWUIAPHBIX  BOJH
HKCIIEPUMEHTAJILHO M3Y4YaIUCh 3aBUCUMOCTH TMOBEPXHOCTHOTO HATSIKEHUS MArHUTHOU
KHUJKOCTH M €€ HEeMarHUTHOW OCHOBBI OT TEMIEpaTypbl, KOHIICHTPAIUU >KUIKOCTH-
cTrabunm3aTopa W HaNpsHKEHHOCTH BHEIIHETO HOPMAJIbHOTO K  MOBEPXHOCTH
MarHUTHOTO TOJI. YCTaHOBJIEHO, YTO C YBEJIMYCHHEM KOHIIEHTPAlMU OJEHUHOBOMN
KHUCTIOTHI B JIeKaHE TIOBEPXHOCTHOE HATSHKEHHE PacTBOpa JTMHEHHO yBEIMYMBACTCS, a C
pPOCTOM  HAMNPSOKEHHOCTH  BHEIIHETO — MEPHEHAMKYJISPHOTO  MAarHUTHOTO — TIOJIS
MOBEPXHOCTHOE HATS)KEHUE MArHUTHOM JKUJIKOCTH Ha OCHOBE JeKaHa MOHOTOHHO
yMmeHbInaeTcss Ha 5-6%. [lomydeHHBI B DKCIIEPUMEHTE pPE3yibTaT COTJIacyeTcs ¢
npeCKa3aHUsIMM TeOpeTHUeCKuX uccienoBanuii [43, 44], oOBSICHSIOMUX H3MEHEHHUE
MOBEPXHOCTHOTO HaTsokeHUss MOK B MarHMTHOM TIoNie  TepepachpeiielieHueM
KOHIICHTPAIMd MArHUTHBIX YacCTHUI] B TPHUIOBEPXHOCTHOM CJO€, TJE CYIIECTBYET
rpagueHT HampsbkeHHocTH mons [40], B pe3ysbrare KOTOPOTO MOJIEKYJIBI JKHUIKOCTH-
OCHOBBI OTTECHSIOTCS OT Mex(pa3Hoi mnoBepxHoctu. B [45] skcnepumeHTaIbHO
YCTaHOBJICHO, YTO IIOBEPXHOCTHOE HATsXKEHHWE MarHuTHou xkuakoctu MK 8-40

YMCHLIIACTCA B MArHUTHOM IIOJIC, HAIIPABJICHHOM IICPIICHAUKYJIAPHO IMOBCPXHOCTH, U
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YBEJIMYMBAETCS MOJ JEUCTBUEM I0Js, HAMPABJIEHHOTO BJOJb MOBEPXHOCTHU, MPHUYEM
yBemmuenue nocturaet 10% npu HanpsokeHHOCTH Topsiaka 10 kA/M.

TenaonpoBoIHOCTh MArHUTHOM JKHIKOCTH ¢ 00bEMHOM KOHIICHTpAIuel TBEPAOH
dazer o  15-18%  xopomo  ommchiBaeTcss  Qopmysoi  MakcBemna  uis
TEIJIOMPOBOAHOCTA  KOJJIOW/IA, COCTOSIIIETO W3 OJAWHOYHBIX YACTHIl, W TIPSIMO
IPOIOPIIMOHANIbHA O00BEMHOM Jjosie  MarHeruta [46, 47]. TemionpoBOaHOCTb
MarHUTHBIX >KHJIKOCTEH Ha Pa3IUYHBIX OCHOBax u3MeHsercs B mpenenax 0,13-0,59
Br/m-K [1]. TemneparypHasi 3aBUCUMOCTh TEIUIONPOBOJTHOCTH MAarHUTHOM JKUIKOCTH
OTIPEJIEISIETCS COOTBETCTBYIONIECH 3aBUCUMOCTBIO JKUJKONW OCHOBBI W MAarHeTura, a
TaK)K€ €ro KOHIIGHTpaIlied, M OKa3bIBAeTCS HECKOJLKO BHINIC, YeM Y OCHOBBI (TIpH
KOMHATHOM Temriepatype npubiauzutenbHo Ha 30% 1711 MarHUTHOM JKUIKOCTH C
o0bemMHON noseld mMarHetuta okosio 10%) [13, 47]. TemmonpoBOIHOCT, MarHUTHBIX
KHUIKOCTEH HEBBICOKOW KOHIICHTPAITMU MPAKTHYECKU HE 3aBUCUT OT Toiisa. OTMEdeHo
JMHENHOE BO3pACTaHHE TEIUIONPOBOJHOCTH HEKOTOPHIX BBICOKOKOHIICHTPUPOBAHHBIX
TexHooruueckux MXK (¢ oObeMHO# moneir marnetuta okojio 20%) ma 10-15% Bo
BHEIITHEM MarHUTHOM TIOJIe, TapajijIeIbHOM TEIUIOBOMY IOTOKY. MarHuTHOE TIoJie,
HEPIICHIUKYIIPHOE TEIIOBOMY ITOTOKY HE BJIMSET Ha TEILIONMPOBOIHOCTD [47].

YaenpHas TEMJIOEMKOCTh MAarHUTHBIX JKHUIKOCTEH MPAKTUYECKH HE 3aBUCUT OT
TEMIIEpaTypbl W OMNpeNeNseTcs MO TNPaBWIY CMEIICHUS 3HAYEHUSMU YJEITbHBIX
TEIJIOEMKOCTEH W MacCCOBBIX KOHIICHTPAIMA KOJUIOMIHBIX YaCTHII, CTaOWiIu3atopa u
KUIKOCTH-OCHOBBI [13, 48]. YnaenbHas TEmI0eMKOCTh MarHUTHBIX SKHIKOCTEH Ha
Pa3IMYHBIX OCHOBAaX M3MeHseTcs B mpeaenax 1715-4184 kJlx/m* K [1].

OnHOM W3 BaXHBIX DJJIEKTPUYECKUX XAPAKTEPUCTUK MATHUTHOM KUIAKOCTH
SBJIICTCS] JUDJICKTPUUYECKAsi TPOHHUIIAEMOCTh. XapakTep MOJAPU3AINN MarHUTHBIX
KHUIKOCTEH OMpeNesieTcs] X COCTAaBOM: YaCTHIIbI, MMOKPBITHIC CIOEM CTaOWIN3aTopa,
000JIOYKH KOTOPBIX MOTYT JIe(hOPMHUPOBATHCSI BO BHEIIHEM I10JI€; B CPEJie PACTBOPCHBI
pa3TUYHBIC UOHBI.

Astopel B [49, 50] monararoT, 4T0 HAJIMYHE COOCTBEHHOTO 3JICKTPUYCCKOTO
MOMEHTA MPHUBOJUT K JAUMOILHOMY MEXaHM3MY TOJISPU3AIMA MArHUTHBIX >KHJIKOCTEH.

Bwmecre ¢ TEM, UMH K€ YCTAHOBJICHO, YTO C YBCIIMYCHUCM HAIPAKCHHOCTHU MAIrHUTHOTO
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NoJIsL TUAJIEKTPUYECKass MPOHUILIAEMOCTh YBEIMYMBAETCS, YTO MOXHO OOBSCHUTH
MPOIECCaMU TOJISIPU3ALMUA 33 CUET MEPEMEUICHUS] MOHOB BHYTPU CTAOMIM3UPYIOIIEH
000JI0UKH, B CIIy4ac dJICKTPOCTEPUUCCKON cTabmn3anuu gucnepeun [51, 52].

JlvanexTpudeckas MPOHUIIAEMOCTh paHee MCClieoBallach Takke B padorax [53,
54]. B [53] moka3aHo, 9T0 OHa CyIIECTBEHHO MEHSICTCS IMPU U3MECHECHUHU KOHIICHTPAIUH,
a B [54], 4To npH HAJOKCHUU MTEPEMEHHOTO JICKTPUYCCKOTO TMOJIS PA3IMIHON YaCTOTHI
o0muM (PU3NYECKHMM MEXaHU3MOM SBJISETCS HAKOIUIGHHE OOBEMHOTO 3apsia Ha
rpaHuiie pasjesna ¢pa3 B MarHUTHOM >KMJIKOCTH.

Emé omHOW BaXHOW XapaKTCPUCTUKOM MATrHUTHOW KUJIKOCTH SBIAECTCS €€
AJIEKTpUYECcKasl MPOBOAUMOCTh, KOTOpasi 00yCJIOBJIEHA, KaK MPUCYTCTBUEM B HEMl MOHOB,
aJICOpOMPOBABIIIUXCS HA YACTUIAX B MPOIECCE UX TIOJYYEHUS U PACTBOPEHHBIX B
JKUJIKOM OCHOBE, TaK M pPa3JUYMEM HAa HECKOJBKO MOPSJIKOB MPOBOASIIUX CBOWCTB
KUJKOCTH U 4YacTull. JKUJAKMMH OCHOBAMHM B MAarHHUTHBIX >KHJIKOCTSX, KakK IPaBUIIO,
ABJISIFOTCSL OPTaHUYECKUE CPEJIbl, 3aHUMAIOIINE MPOMEKYTOUHOE IOJ0KECHUE MEKITY
WOHHBIMU  JIURJICKTPUKAMU M JKUJKAMH HOHHBIMM TPOBOJHHUKAMH  (BOJHBIMU
pactBopamu 31eKkTposauToB). I[llupoko wucnonbp3lyembiii B kadecTBe TBEPAOH (hasbl
MarHeTUT MMEET B MOHOJUTE OTHOCUTEIBHO BBICOKYIO YJIETBHYIO DJIEKTPUYECKYIO
MPOBOJANUMOCTh, KOTOpasi, OJJHAKO, HAa HECKOJIBKO MOPSIKOB HUXKE, YEM Y METALIOB: A =
2:10* Cm/m. Tak Kak B KAa4eCTBEHHO IIPUTOTOBICHHOM MArHUTHOM MKHIKOCTH BCE
TBEpIbIE YacTUIlbl OKpYyKeHbl ciioeM [IAB, To o0hEéMHas MPOBOAUMOCTh MArHUTHOM
JKUJKOCTH JOJDKHA, MO-BUAMMOMY, ONPEAENSThCA KOHUEHTPAUE HOHOB M UX
MOABMYKHOCTBIO B KUIKOU (aze.

VY nenvHast aneKTpuYecKasi MPOBOJUMOCTh MAarHETUTOBBIX MAarHUTHBIX KUJIKOCTEH
Ha YTJICBOJIOPOHON OCHOBE, M3MEpeHHAs Ha mepeMeHHoM Toke f = 60 I', umeeT ToT
K€ TIOPAZIOK, YTO M IIPOBOJAMMOCTb, U3MEPEHHAsS Ha IOCTOSHHOM Toke A = 107° Cu/u
[1].

B onmwitax I'.9. Kponkaiica, B.M. KoxeBHHKOBaA U psijia Ipyrux UCCIEI0BATENIEH,
0030p paboT KOTOPBIX MpHuBeAcH B [13], ObLIO MOKa3aHO, YTO yAEIbHAS MPOBOIUMOCTD
MAarHUTHBIX  KUJKOCTEH 3aBUCUT OT OOBEMHOW  KOHIIGHTPAllMd  MAarHeTUTa

HEMOHOTOHHBIM 00pa3zoM. B obmactu 0<¢<0,09 mpoBOAMMOCTh pocia C yBEIUYEHUEM
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KOHIICHTPAIIMU MAarHUTHBIX YaCTHI], @ B 00JIACTH BBICOKMX KoOHIeHTparmii (¢>0,16) —
najgaga. OTO TO3BOJAET MPEANOJIOKUTh, 4To B MK, MOJyYEHHBIX METOAOM
XAMHYECKON  KOHJCHCAIMH, DJIGKTPONMPOBOJHOCTH BO MHOTOM  OOYyCIIOBIEHa
IIPUMECHBIMH HOHAMH.

Brnussare MarHuTHOTO TOJISI HA D3JEKTPONPOBOJHOCTh MATHUTHOM KUIKOCTH
HEOJTHO3HAYHO: ISl Psa KUIKOCTEH 3Ta 3aBHCHUMOCTh HE HAOIIOMAETCS, IUIS JPYTHX
CYIIECTBYeT B OoJiee Wiu MeHee sBHOM Buje [55, 56]. Tak, B [56] yka3piBaeTcs Ha pocT
MIPOBOJAMMOCTH TPH YBEJIMUYCHUH HanpspkeHHOCTH H marautHoro mosst 1o 200 xkA/M,
YTO OOBSICHEHO YBEIMYCHHEM KOHIICHTPALIMM HOCUTEJEH 3apsija 3a cueT Iepexoja B
JTUCTIEPCUOHHYIO CPely U3 CTaOWIM3HUPYIOIICH 0007I0YKH MO/ JEHCTBUEM MAarHUTHOTO
nosisg. Jlanenedimee yBenuuenue H no 600 kA/M mpakTHYecKu HE BIUAJIO Ha
MIPOBOIMMOCTh. Ha aHamormuHoe BIMSHUE MAarHUTHOTO IIOJISI HA DJICKTPUYCCKYIO
IIPOBOJMMOCTh MarHHTHBIX JKHUIKOCTEH yka3biBaeTcs B padote [47]. CiemyeT, oJHAKO
OTMETHUTh, YTO OOIICTIPUHATOE 3aKIIOYCHIE O 3HAYMMOM BJIMSITHUM MarHATHOTO TIOJISI Ha
AJIEKTPOIIPOBOTHOCTh YCTOWYMBBIX MATrHUTHBIX JKHUIKOCTEH Ha YIJIEBOJIOPOIHBIX

OCHOBAaX OTCYTCTBYET.

1.2 TepMOMHAYKUMOHHBIE SIBJI€HHS] B TOMOT€HHBIX KHAKOCTAX U B KOJJIOWTHBIX

cucTeMax
1.2.1 Ilpoueccovt mepmoKoH8eKuUU 8 HCUOKUX CPeOax

XO0poIIo U3BECTHO, YTO HEOJHOPOIHOE pACTIPEICIICHHE TeMIIEPaTyphl B 00beMe
JKUJIKOCTH WM Ha TpaHULAX paslelia <OKUIKOCTb-KUIKOCTB», «KHUIKOCTb-Ta3
OoOyCJIaBIMBAET TEMILJIOMACCOIIEPEHOC W MOXKET TMPUBOJUTH K IEJIOMY pSIy
TUAPOIMHAMUYECKUX A(DPEKTOB, OJJHUM U3 KOTOPBIX SBIISIETCS KOHBEKITHSI.

B 3aBucumocTM  OT MexaHHW3Ma  BBIACISIOT  TEPMOTPABUTAIMOHHYIO,
TEPMOKAUJUISIPHYIO M1 TEPMOMArHUTHYIO KOHBEKIIUIO.

TepmorpaBuTanuoHHass  KOHBEKIIMSI ~ BO3HHMKAET  BCJEJACTBUE  TEIJIOBOTO

paciupCHUud KHUIAKOCTH, HaXOI[HIHeI;'ICﬂ B T'paBUTAIMOHHOM IIOJIC, YTO IIPHBOJHUT K
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YMEHBIUIECHUIO TJIOTHOCTH HArPETOro CJOsl KUJIKOCTU M €ro MOAbEeMY Mo AeHCTBUEM
ApXUMenOoBOM CHJIbI, OJHOBPEMEHHO C 3THUM O0o0Jie€ IUIOTHBIA XOJIOJAHBIA CIOU
YCTpEeMIIIETCS BHU3 TMOJ] JCHUCTBUEM CHJIbI TSXKECTH, B pe3yjbTaTe BO3HUKAIOT
KOHBEKTHUBHBIE BUXPH, CTPEMSIINECS IPUBECTH KUIAKOCTH K TEIIJIOBOMY PaBHOBECHIO.

TepMokanwisipHass ~ KOHBEKIIMSI  BO3HHMKAeT B  pe3yJbTaTe  HU3MEHEHHS
MOBEPXHOCTHOTO (MEK(})a3HOT0) HATSXKEHHUS, YTO MPUBOJIUT K JIBHXKEHHIO KUJIKOCTU U3
00J1acTy ¢ MEHBIINM B 00JIACTh C OOIBIIUM 3HAYEHUEM MTOBEPXHOCTHOTO (MEkK(pa3HOTO)
HATSKEHUS.

TepMomaruuTHasi KOHBEKLMsI BO3HUKAET B MAarHUTHBIX JKUIKOCTSX BO BHELIHEM
MarHUTHOM TioJie Onarojaps 3aBUCHMOCTH HaMarHMYEHHOCTH OT TeMIepaTyphl:
XOJIOJHBIE CJIOM KOJUIOMZA, MMEIOLIUE OOJIbIIYI0 HaMarHMYE€HHOCTb, BTSATMBAIOTCS B
o0nacTb ¢ OoublIei HAMPSHKEHHOCTHIO MAarHUTHOTO TIOJISI, BBITECHSS OoJiee HarpeThie
CJIOU.

CymiecTByeT TakKe COJIOTOKANMWUIApHAs (KOHUEHTPAaLMOHHO-KaUJUIIpHAas)
KOHBEKIIUS, OOYCJOBIEHHAas Pa3HOCTBIO TIOBEPXHOCTHOTO HATSDKEHHUS, KOTOpas
BO3HHMKAET U3-3a PA3IMYHON KOHIICHTPAIIUU MMOBEPXHOCTHO-aKTUBHBIX BeriecTB ([IAB)
WA PACTBOPEHHBIX KOMITOHEHTOB Ha TTOBEPXHOCTH.

CucremaTndecKkoe MCCIeI0BaHNE KOHBEKTHUBHBIX JIBIDKEHUH B TOPHU30HTAIHLHOM
CJIO€ JKUAKOCTH HaunHaeTcs ¢ padot benapa B 1900 roay [57, 58], xoTopslit Habmr01aT
COTOOOpa3HbIE MIECTUYTOIBHBIE TYCUCTHIE CTPYKTYPhI B HEMNTYOOKUX (TOJIIMHON OKOJIO
1 MM) cllosiX pacIuIaBI€HHOTO cliepMalieTa, HarpeBaemMoro cHuzy. OH ompenenau, 4YTo
MOBEPXHOCTh BOTHYTa HaJ BOCXOJSMUIMMH TEIJIBIMU IMOTOKAaMH B IEHTpax S4EeK U
BBIMYKJIa BJAOJbh TpPAaHHUIl SYEEK, Tne Oonee XoJoaHas >KUIAKOCTh OIMYCKAaeTcs C
noBepxHOCTU. B 00bsicHeHnn oOHapy» eHHOro uM siBjieHusi benap aHanusupoBas posb
BSI3KOCTH KUJAKOCTU U TIOBEPXHOCTHOTO HATSKCHHUSI.

[lepBoe TeopeTHUecKOe HCCICOBAaHUE 3a/la4ll BO3HHKHOBEHHSI KOHBEKIIMH B
TOPU30HTAJILHOM CJIO€ KHUJIKOCTH B MOMBITKE OOBSICHUTH BOSHUKHOBEHHE siueek benapa
Obuto0 BBIMOSMHEHO Paneem B 1916 roay miis nByx cBOOOMHBIX Tpanull [59]. Ananus
Panes moznuee 6w pactmpen Jxepdpucom u Jloy mist 1ByX KECTKUX M CMEITAHHBIX

rpaHuil. bbUIO yCTaHOBIEHO, YTO MEPEXO OT PEKUMa TEILIONPOBOAHOCTU (AU dy3un)
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K pEKHMY KOHBEKIIMH B TOPU30HTAIBHOM CJIO€ JKHIKOCTH, TMOJOTPEBAEMOM CHU3Y,
NPOUCXOAUT TPU HEKOTOPOM KPUTHYECKOM 3HAYCHHHM O€3pa3MepHOro KOMILIEKCa,
HA3BaHHOTO BIIOCJICACTBUU YHUCIOM Panes. DTo 4mcio ompenensercss Kak OTHOIICHUE
NOJBEMHBIX CHJI K CHJIaM BSI3KOCTHOTO TpeHus. ['uapoamHamuueckas Teopus Pames
OOBSCHSET BO3HUKHOBCHHUE KOHBEKTUBHOTO IBYDKEHHUS TION BIMSHUEM apXUMEIOBBIX
MOTBEMHBIX CHII.

Penped mOBEpXHOCTH TOJCTBIX CIIOEB >KUJKOCTH, HArpeBaeMbIX CHH3Y, OBLI
ornucan lllmanrendeprom u Pomangom B 1961 r. [60] u JdaBuaxasu B 1969 r. [61],
KOTOpble HAOIO/IaTy OTKJIOHEHHUS B HampaBlieHWHU, TpenckazaHHoMm Jxeddpucom B
[62] — T.e. B HanpaBJIeHNUH, IPOTUBOIIOJIOKHOM TOMY, 4TO HaOroan benap.

B 1956 r. biok, ananu3upys coOCTBEHHBbIE HAOIO/ICHUS HAJl HEYCTOMYHUBOCTHIO
TOHKUX CJIO€B JKUJIKOCTH CO CBOOOIHOW MOBEPXHOCTHIO, @ TAKXKE M3BECTHBIC OIBITHI
benapa, mpuien K 3aKIIOUEHHIO, YTO B ITHX CIydasx CYNIECTBEHHYIO POJb UTPaeT
TEPMOKANWJUISIPHBI ~ MEXaHU3M, CBSI3aHHBIM C TEMIIEPaTypHOM 3aBUCUMOCTHIO
MOBEPXHOCTHOTO HaTsDKeHUs [63].

B 1958 r. ITupcon [64] TeopeTndecku MpoaHATU3UPOBAJ BIUSHHE 3aBUCUMOCTH
MOBEPXHOCTHOTO HATSHKEHHMSI OT TeMIepaTypsl Ha ¢GopMupoBaHUE siueek beHapa u
MIPUIIIEST K BEIBOAY, YTO TEPMOKAMWLIIPHBIA MEXaHW3M, CBSI3aHHBIN C TEMIIEpaTypPHBIM
IPaJMEHTOM TIOBEPXHOCTHOTO HATSHKEHUS, HapsAy C TEPMOTPaBUTAIIMIOHHBIM
MEXaHU3MOM, CBSI3aHHBIM C TIJIaBYYECThIO, MOXKET CITY)KHTh IPUYNHON HEYCTOWYUBOCTH
paBHOBECHSI ITOI0IPEBAEMOM CHU3Y KHUIKOCTH.

B [65] noka3zaHo, 4TO BBIpa)KEHHE JJI pacueTa BEIUYMHBI TCPMOKAIMMIUIIPHON
nedopMaul TOHKOTO CJOS JKUIKOCTH B 3aBUCHMOCTH OT €€ BS3KOCTH M TOJIIIMHBI
cos, mosiyueHHoe B [66] u3 OanaHca KHHETHYSCKOW SHEPIMH TEPMITOKAMMLIIPHOTO
JIBYKCHHUSI M TIOTCHIIMAIBHOW SHEPTUU Ae(POPMHUPOBAHHOTO CJIOS, MOATBEPIKIACTCS
pe3ysbTaTaMu YKCIEPUMEHTOB TI0 UCCIIEIOBAHUIO AedopMaIlii TOHKHUX TUICHOK CapaHa,
BBI3BAHHON MCIIAPUTEIBHOW KOHBeKIMeH [67], omHAaKO 3aBHCHMOCTD OT TOJIIMHBI HE
COTJIACYeTCsI C AKCIIEPUMEHTATBLHBIMU JAaHHBIMHU.

Anamuzupys pesyapratel Hunpa, [.3. T'epmynm u  E.M. JKyxoBuukwii

3aKJI0Yar0T, 4YTO IIpUpOAad HCYCTOI\/’I‘H/IBOCTI/I rnmoaorpeBacMoro cCJjos KUAKOCTHU CO
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CBOOOTHOM TpaHMIIeH 3aBUCUT OT TOJIIHMHBI ciios [68]. B Torkom cioe (h <« her) kpusuc
BBI3BIBACTCS TEPMOKANMMUAPHBIM MexaHu3mMoM. B rtomcrom cmoe (h >  hy)
OMPEACTSIONIYI0 POJIb B BOSHUKHOBEHHH KOHBEKIIMH HIPACT apXHMEIOBa IOIbeMHAsI
cuia. B mpomexyTouHoi 00J1acTH KOHKYPUPYIOT, 00a MEXaHHW3Ma HEYCTOMYMBOCTH. B

CBOIO OUCpPCAb, KPpUTHICCKAs TOJIIMHA OIMPCACIIACTCA KaK:

hcr = é (1.7)

rae 6 — Kod(PUIIMEHT MOBEPXHOCTHOTO HATSKEHUS KUAKOCTH, P — MJIOTHOCTb
KHUIKOCTH. JIJI1 MHOTHX JKHIKOCTEH TpU HOPMAJBHBIX YCIOBHSIX N mopsiaka
HECKOJIBKUX MWUIUMETPOB (~8 MM Uit BOABI U ~3MM /ISl CHIIMKOHOBBIX Macen |
sTanona). CTOUT OTMETUTh, YTO JaHHAs TOJIIMHA TIOJlydeHAa AaBTOpaMH B
NPEINONIOKEHNH, YTO pa3HUIlA TEMIEpaTyp B CIOE€ KUAKOCTH B TONEPEYHOM U
IPOAOJIBPHOM HANpaBICHUHM OJIMHAKOBA, OJHAKO B YCIOBHUSAX, KOTJA TOJIIIMHA CIIOS
HAMHOTO MEHBIIIE JINTHEHHOTO pa3Mepa JIOKaJTbHOTO HarpeBaTess KpUTHUECKas: TONIHA
her MpUHUMAET CYIIECTBEHHO OOJIBIINE 3HAYCHUSI.

B [69] mnpomemoHcTpupoBaHbl o00a THHa JAePOpPMALUU TMOBEPXHOCTH U
3a(MKCUPOBAH MOCTENEHHBIN MEPEX01 OT BOTHYTOM MOBEPXHOCTHU K BBITYKJION MO Mepe
YBEJIMYCHHUS TOJIIMHBI ¢j10s1, a B [70, 71] moapoOHO MccaenoBaHa B3aUMOCBSI3b MEXTY
JByMsI TUTMIAMH KOHBEKLWHU JUTSI TUIOCKOTO TOPH3OHTAIBHOTO CIIOSI U MPSIMOYTOJIBHON
MOJIOCTH COOTBETCTBEHHO.

B [72] skcniepuMeHTabHO M TEOPETUYECKH IMOKA3aHO, YTO TEPMOKAMUILISIPHAS
KOHBEKIIMST BBI3BIBACT CYIIECTBEHHOE HWCKPUBICHHE CBOOOIHOW TOBEPXHOCTH
KHUJKOCTH, €CJIM CPEeNIHsAs TOJILIMHA CJIOS He MpeBblmaeT 1-2 MM. YCTaHOBJIEHO, 4TO B
cilydae Kpyryioi kroBeTsl AuamerpoM 90 MM, Mpy HAMYHMK B €€ JHE UCTOYHHKA TeIla,
Ha MOBEPXHOCTHU JKUJIKOCTH BO3HHUKAET OCECUMMETPUIHOE YTIIyOJIeHUE, a IPH HATHIUU
CTOKa Teria oopasyercs xoiaM. B oboux cinyuasx nepemnaj ypoBHEH KUIKOCTH PaCTeT C
YBEIMUEHUEM PA3HOCTH TEMIIEpaTyp U YMEHBIIIEHUEM TOJIIUHBI CIOSL.

TpamgumuonHo B 3ajadax, OMNMCHIBAIOIIMX  KOHBEKUHIO  MapaHToHH,

MOBEPXHOCTHOE HATSDKCHHE PAcCMATPUBACTCA KakK JUHEHHas (QYHKIHMS TEeMIEpaTyphl.
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OnHako BO MHOXKECTBE HJKCINEPUMEHTANbHBIX pPabOT MOKa3aHO, YTO B HEKOTOPHIX
CUTYaIMsIX TIOBEPXHOCTHOE HATSHKECHUE SBISICTCS HEJTMHEHHOW (QYHKITMEH TeMITepaTyphl
[73, 74].

TepMOKOHBEKTHBHBIC MPOIECCHI UCCICAYIOTCS TaK)KE€ B MATHUTHBIX KOJIJIOMTHBIX
HAHOCHCTEMaX, BBHUJY BO3MOXXHOCTH YIPABJICHHS HMH C TIOMOINBIO BO3ACHCTBUS
BHEIIIHETO MAarHUTHOTO TIOJiA. YCTaHOBJIEHO, YTO MAarHUTHOE TOJie BIHUSET Ha
KPUTUYECKAE TapaMeTphl HWHUIIMAPOBAHUS TEIUIOBOW KOHBEKIIMM B MarHUTHBIX
HAHOXKHUJIKOCTSIX. MarHutHoe Tmoje TMPUBOJUT TaKkKe K H3MEHEHUIO KapTUH
KOHBEKTUBHOTO MOTOKa B Hux. Kilaccuueckue pe3ynbTarhl MO TEPMOMArHUTHOU
KOHBEKIIMM B MAarHUTHBIX JKHJAKOCTAX 0000mensl B [3, 75]. CoBpeMeHHBIC
UCCJIEIOBAHUS B 3TOM 00JaCTH B OCHOBHOM COCPEOTOYECHBI HAa PA3JIMYHBIX T€OMETPUSIX
CHUCTEM, COCTaBaX MAarHUTHBIX JKUIKOCTEH W KOHQPUTYpAIUAX MPHUIOKESHHOTO
MarHuTHOro Moy [7/6—78]. B wacTHOCTH, yCTaHOBJCHO, YTO KIIIOYCBYIO pOJIb B
MEXaHU3M€e TEPMOMArHUTHOW KOHBEKIIMH UTPAET IPAUEHT MAarHUTHOTO TOJIs, KOTOPBIN
MOXXET OBITh CBs3aH KaK HEMOCPEJACTBEHHO C HEOJHOPOTHOCTBIO MPHUIOKEHHOTO
BHEIITHET0 MAarHUTHOTO TOJISI, TaK ¥ C TIPEBPAIIEHUEM OJHOPOJIHOTO MAarHUTHOTO TOJISI B
HEOJHOPOJIHOE H3-3a HEOJHOPOJHOCTH HAMarHWYCHHOCTH HEPaBHOMEPHO HarpeTon
MarHuTHOM KUIKOCTH.

Tak, B [76] uccnemyercs BAMSIHEE OJHOPOJIHOTO MAarHUTHOTO TOJISI HA CTPYKTYPY
¥ YCTOWYMBOCTH CTAI[MOHAPHOHN JJaMUHAPHOW KOHBEKIIUH B TOPU30HTAIHHOM ITUIHH/IPE
C MarHUTHOM HAHOXHUJKOCTBIO, AHAIIM3UPYETCS B3aUMOJICVCTBUE TPABUTALMOHHOW W
TEPMOMArHUTHON CHUJI, IEMOHCTPUPYETCS BO3MOXHOCTh KOHBEKIIMM B HEBECOMOCTH 32
cueT HamMarHumuuBaHus (deppokuakoctd. B [77] cooOmiaercs 00 yBEIWYCHHH
TEIUTIONepeiayl B pe3yJbTaTe JCHCTBHS MarHHUTHOTO mojs, a B [78], HampoTus,
UCCJICMYyEeTCs ee T0IaBIICHHUE.

WHTEepecHBIM TakKe TMPEICTABISAETCS COCPEAOTOUYCHHBIM HAarpeB CBOOOIHOM
MOBEPXHOCTH KUIAKOCTH (TOHKHUM ITyYKOM YacTHI] WIH CHOKYCHPOBAHHBIM ITYyYKOM
CBETa, JIy4OM Jjla3epa, B KaTOAHOM IATHE OYyTH W T. 1.), Ojarogaps KOTOPOMY MOTYT
BO3HHMKATh OOJIBIITHE BO3MYIICHHUS TEMIEPATyphl. DTO MPUBOJUT K BO3HUKHOBEHHIO

OONBIIMX KacaTeNbHBIX HAMpPsKEHUH, OOYCIOBIEHHBIX TpPajHueHTOM Ko3(pduiueHTa
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MOBEPXHOCTHOTO HATSIKCHHsI, BCJCACTBHE YEro pPa3BUBACTCS TEPMOKAMMILISPHOE
JBIDKCHUE.

B [79-81] B mpuOamkeHHH MOTPAHUYHOTO CIIOS peIlaeTcs 3ajada O Pa3BUTHH
TEPMOKANWJUSIPHON  KOHBEKIIMH, BBI3BAHHOW  KOHIICHTPUPOBAHHBIM  HArpeBOM
CBOOOJHOW IMOBEPXHOCTH TOHKOTO CJIOS KUAKOCTH. Y CTAHOBJIEHO, YTO B KUIKOCTH
oOpa3yercss TEepPMOKaWJUIApHAsT BUXpEBas sueiika OMpeACNCHHOW JUIMHBI, BHYTPH
KOTOpOW BO3MYIICHHE B OCHOBHOM JIOKaJM30BaHO. OJHAKO MPEUIOKEHHOE pPEIICHHE
OIMKCHIBACT ATOT MPOIECC TOJIBKO B YACTH SUYCHKHU Ha OIMPEICICHHOM DPACCTOSHUH OT
Toukd HarpeBa. B [82] srta ke 3amaua MopeaMpyeTcs YHCICHHO C HCIOJb30BaHHUEM
ypaBHeHni HaBbe-CTOKCa W ypaBHEHUS TEIUIONEPEHOCA, YTO IMO3BOJSET HUCCIEAOBATH

CTPYKTYPY KOHBCKIHH I10 BCCMY O6’b€My KUIKOCTH.

1.2.2 Tepmoonmuueckue r¢ghghexmot, unoyyuposannvie 1a3epHovimM U3IyUeHUEM

B 1956 romy ®enocoB omyOiIMKOBaI CTaThI0 O TEPMOKAIWIUIIPHOM JIBHXKCHUH
[83], rme mpemBuaen BO3MOXKHOCTH HCIIOJNB30BaHUS CBETA JUISl WHHUIIMUPOBAHUS
TEPMOKAMIUIIPHOTO 3 (deKTa.

Brnepsoie gedopmaiivisi OrpaHHUYEHHBIX O0OBEMOB JKUJKOCTU 32 CUET M3MEHEHHS
MOBEPXHOCTHOTO HATSIKEHHS IM0J] JCHCTBHEM CBeTa HalOmonanack B padote [84] mpu
BO3JICHCTBUM M3JIy4eHUS OT PTYTHOW JaMIbl HAa KalulM Woja, TAC NaHHOE SIBIICHUE
MOJIy4YHJIO Ha3BaHue QorokamuuisipHoro 3¢ dexra. OObsiCHEHUE SABJICHHUIO OBLIO JaHO B
[85].

B cnyudae ToueyHOro HarpeBa CBEpXy CIIOSI, PACIIOJIOKEHHOTO Ha TBEPOM
TOPU3OHTAIBLHOM TOJJIOKKE, Ha TOBEPXHOCTH KHAKOCTH (OPMHUPYETCS TPATUCHT
MMOBEPXHOCTHOTO HaTsHkeHUs. KacarenbHble HaNpsOKeHUsI, HAPaBJIEHHBIC paIdaibHO OT
TOYKH HArpeBa, 0Opa3yroT MOTOK >KHUJKOCTH, HANPABICHHBIH B 00JIACTU C MEHBIICH
Temrnepatypoil. OTTOK >KHIKOCTH W3 O0JIacTH HarpeBa MNPUBOAWT K JedopMaliuu
cB0O0OOIHOM TTOBEpXHOCTH cios. OTpuniarenbHoe AaieHue Jlamaca moj uCKpuBISHHON
MOBEPXHOCTHIO KUJIKOCTH BBI3BIBAET BO3BPATHBIA MOTOK BIOJb MOJJIOKKH K 00JIacTH

HarpeBa. B pesyibTaTe 00a moTOKa 3aMbIKatOTCSA, 00pa3ysl B )KMIKOCTH TOPOUIATbHBIN
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TEPMOKANWJUISIPHBIA  BUXph. Takod JOKalbHBIM HarpeB MOXHO OCYILIECTBUTD,
BO3JICHCTBYS Ha IOBEPXHOCTH CJIOSI JKHJIKOCTH JiazepHbIM m3inydcHueMm [86-89]. [Ipu
TOM TEPMOKAMUJUISIPHbIE TeUeHUs NeOpPMUPYIOT CBOOOJHYIO MOBEPXHOCTH B BHUJIE
yriayonenus. [TomecTuB 3KpaH B MONEpPEYHOE CEUYCHHUE IMyd4Ka Jja3epa, OTPaKEHHOTO
yriyOJieHneM, MOXXKHO HaOmoAaTh MHTEP()EpEeHIIMOHHYIO KapTHUHY, Ha3biBaeMyio TK
OTKJIMKOM.

Ecimm  sxmmxocte Xopomo moromaer m3nrydenne [90-92], To Harpes
MPOUCXOAUT B OoOBbEME KUIKOCTU MO 3akoHy byrepa—JlamGepra—bepa. B ciyuae
BBICOKOTO  KOd(ppuIMeHTa  TMOTJIOMICHMS, TEIUIO  BBIIEISETCS B TOHKOM
NPUITIOBEPXHOCTHOM ciioe [88, 94-98], 4uro mnpakTWyecku cpasy NPHUBOIUT K
BO3HMKHOBEHHUIO TEPMOKANMWUIIPHOTO TEUEHUsA C TMocienyromeid aedopmarmeit
CBOOO/IHOM MOBEPXHOCTH. B cityuae jxe mpo3payHoi KUAKOCTH, JTA3€PHOE UBIIyYEHUE
MOIJIOMIAETCA TOJBKO TOIJIOKKOM M HAa TPAHULE <«KUJIKUWA CION—TIOMJIONKKA»
MOSIBJISIETCS TUIOCKMM HMCTOYHMK Teruia. [lpu sToM juist pa3BUTHS Ha CBOOOJHOM
MMOBEPXHOCTH JKUIKOCTH TEMIIEPATypHOTO BO3MYIIICHUS, CIIOCOOHOTO 3aIyCTUTh
TEPMOKAMMJUISIPHYIO KOHBEKIMIO, KOTOPYI0 MOKHO 3aperucTpupoBaTh, TpeOyercs
HEKOTOpOE BpeMs, Ha3bIBAEMOE «BPEMEHEM 3aJCPXKKH» TEePMOKAMUJUIIPHON
xouBeknuu [99-101]. K nenomy psay ocOOCHHOCTEH MPUBOAAT TEPMOKAIMILISPHBIC
3 deKThl, HHIYNHPOBAHHBIC JA3ePHBIM M3IyYCHHEM B JIBYXCIOWHON IKHUIKOM
CUCTEME C BEpXHEl CBOOOJHON MOBEPXHOCTHIO U Je(popMUpPyEeMON BHYTpEeHHEH
rpanwunei [102].

B [103] monyueHo crienmyroiiee BbIpRKECHHUE I BBIYHACICHUS 3HAYCHHS
KPUTHYICCKOMN TOJIIITAHBI npeoOIa aHus TEPMOTPaBUTAITMOHHBIX WIIH

TCPMOKAIINIIAPHBIX CHII:

p
hys =1,306 |22 (1.8)
Ma ngBp

rae f, — TemmneparypHbii KOA(hOUIIMEHT TMOBEPXHOCTHOTO HATSKEHUS, ( —
yCKOpEHHe CBOOOJHOTO MajeHus, f, — K03(pPHUIHEHT TEIIOBOTO PaCUIMPEHUs, p —

IINTIOTHOCTB XUAKOCTH.
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OTMeueHO, YTO MPHU TOJIIKUHE CIOSI MEHEE 9 MM JOMHUHHUPYET MOBEPXHOCTHOE
HaTsDKEHUE, a mpu ToymuHe 6osee 10 MM mpeoOiagaeT miaBy4ecTb.

C mepBbIX e pabOT HHTEpeC HCCIeAoBaTeNed MPUBJICKAIOT SBOJIIOLUS
npodwiiss cBOOOAHOW TMOBEPXHOCTH JKUIAKOCTH B PE3yibTaTe BO3ZHUKAIOIIUX IO
JIEHCTBUEM JIa3€PHOTO HM3IYUYEHUS TEPMOKAMWLIIPHBIX TECUCHHUHA, U COOTBETCTBEHHO
dbopma u pazmepsl TK oTkIIMKa, a TakKe BEJIMUYMHA TEPMOKAUIUISIPHOTO YTITyOlIeHUS
U TIapaMeTPhI €€ OMpPeIeISIOIINE.

Teopernueckoe wuccienoBanue (OpMbl TOBEPXHOCTH M paclpeiesieHUs
CKOpOCTEi BO BpeMeHHM IpejcTaBieHo B padotax [104, 105], Ha ocHOBe KOTOPHIX B
[94-98] nonydueHbl aHANMUTUYCCKUE BBIPAKCHUS I BEJIMUUHBI TCPMOKAIMIUIAPHON
nedopMmaiui, yrodHeHHelie Brocieactsuu B [106, 107], orkyma ciemyeT, 4To ¢
pPOCTOM TOJIIMHBI CJIOS JKAAKOCTH BEIWYMHA TEPMOKANWUIIPHOTO YTIyOJIeHUS
YMEHBITIACTCS.

B [88] monydyeHbl 4YHCICHHBIC OICHKH BEIMYUHBI TEPMOKATMLISPHON
nedopMaruu, yJI0BICTBOPUTEIHHO COTJIACYIOMIMECS C pe3ybTaTaMu SKCIIEPHUMEHTA.
[loka3zaHo, dYTO ¢ yBEJIMYEHHEM MOIIHOCTU JIa3€pPHOTO Tyyka IIyOuHA
TEPMOKAMMJUISIPHOTO  YTUIYOJICHHSI TOHKOTO CJIOSI JKHIKOCTH YBEJIHYMBACTCS, B
pe3ynbTaTe Y4ero MPOUCXOAUT €TO Pa3phIB.

B [108] mpoaemoHCTpUpOBaHO BIUSHHE auameTpa JiazepHoro myuka Ha TK
OTKJIMK. BBIsIBIEHO, YTO CKOpOCTh pa3BuTHs riayounsl TK mporuba u pacxoauMoCTH
Mydyka OTKJIMKA, a TaKK€ WX CTAllMOHApPHBIE 3HAYEHUS PACTYT MPOMOPIMOHAIBHO
WHTEHCUBHOCTU HHJYIIUPYIOIMIETO KOHBEKIMIO IMy4YKa M TOKAa3aTeJi0 IMOTJIONICHUS
KUIKOCTH, M CHWKAIOTCS TMPOTIOPITMOHAIBHO BSI3KOCTH JKUJIKOCTH W TOJNIIUHE €€
cinosi. OOHApYKEHO, YTO TOBBIIMIEHUE TEIJIOMPOBOAHOCTU TOJJIOKKHA TPUBOIUT K
pPOCTY paamyca OKpY>KHOCTH Tiepernda yriyosaeHus. MccnenoBaHo BIUSHAC TOJITAHBI
CJIOSI Ha CTAIlMOHAPHYIO TIyOMHY M paanyc oKpykHocTu neperuda TK yrioyOneHus B
clyyae O KMIKOCTEH  pa3HOM  ONTHUYECKOW  IUIOTHOCTU. OKCHEPUMEHTAIBHO
WCCJICIOBAHBI TIPOIIECCHI pa3BUTHA U penakcaruu TK yrimyOneHus u oTKInKa.

B [109] uccnenoBano BiIMsSHUE MOIIHOCTH HHAYIMPYIOIIETO Ja3epHOTrO MydKa,

BSI3KOCTH JKMAKOCTH Y TOJIIIUHEI €€ CII0Sl HA TEMIIEPATYPY MOJITOKKH.
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B [110] B 3aBHCHMOCTH OT TOJIIMHBI CI0sI, U3MEHSOIIEHCS B npeaenax 530—
1050 MKM, 3KCTIEpUMEHTAIbHO U YMCICHHO HUCCienoBaHa (popma TepMOKaUIUIIPHON
nedopMaIu  CBOOOTHOW TMOBEPXHOCTH, BO3HHMKAIOMICH B TOHKHX JKHUIKHAX CIIOSX
CHJINKOHOBOTO MacJja, PaclojOKEHHBIX Ha S00HUTOBOM MOJIOKKE U HArpeBaeMbIX
Ja3epHBIM JTyUYOM C FayCCOBBIM paclpeelieHueM HHTEHCUBHOCTH Jiyda. Pazpaborana
OCeCHMMETpHUYHAs  YHCICHHAs  MOJAENTh  TEPMOKANMWIUIAPHOW  KOHBEKIUU  C
UCIOJIb30BaHUEM KoMMepueckoro mporpamMMmuoro nakera COMSOL Multiphysics®.
Paccuntanbl npoduiib TOBEPXHOCTH M TEMIIEPATYPHOE TOJIe Ha TOJJIOKKE IS ABYX
IPaHUYHBIX YCJIOBUH PaJMallMOHHOIO TEIJIOOOMEHa B CHCTEME, COOTBETCTBYIOIIMUX
MaKCUMaJIbHBIM M MHUHHUMAJIBHBIM PaIUAIlMOHHBIM TEIUIOBBIM TMOTEpsM. V3ydeHbl
3aBHUCUMOCTH auamMeTpa  TePMOKAMUJUISIPHOTO OTKJIMKAa U Ty OUHBI
TEPMOKAMUIUIIPHOTO YTITyOJIEHUS OT BPEMEHH.

PaccmaTtpuBaemoe siBieHHE, Tak)Ke HW3BECTHOE KaK TEPMOONTHYECKOE 3epKalio,
HaOJIIOMAaeTCsl HE TOJIBKO B TOMOTEHHBIX MKHUIKOCTSX, HO U B KUIKUX JABYX(DazHbIX
cpenax, rue oHo mmeeT cBoro crnenudpuky [111]. ['eomerpus TepMOKATMILISIPHOTO
OTKJIMKA HeceT WHGOPMAIMI0 O TapaMmeTpax >KUAKOCTH M TOJUIOKKH, a TaKXKe O
MOIIHOCTH HAarpeBaTeIbHOr0 JJEMEHTa, YTO TMO3BOJIET HCIMOJIb30BaTh A((}EeKT B
npakTrueckux 1ensax [100, 109, 112-120].

Cnenyer 3aMeTuTh, 4TO co3AaHHE S(PPEKTUBHBIX TEPMOONTHUECKUX Cpell B
HACTOAIIEE  BpeMs  MPEACTaBISET  3HAYUTENbHBI  WHTEpEC B  KOHTEKCTE
byHIaMEHTAIBHBIX HMCCJIEIOBAaHUNA W TPUKIATHBIX pa3paboTok. B sToit cBsA3mM
MPUBJICKAeT BHUMAaHUE TPUMEHEHNE HAaHOMATEPHAJIOB B UCCJIEIOBAHUIX TAKOTO POJa, B
KOTOPBIX ~ HAHOYACTUIIBI WM  KJIACTEPhl WIPAarOT  3HAUYMTENbHYIO pPOJb B
TEPMOOIITHYECKOM MOBEICHUH 00beMa WM MOBEPXHOCTH MaTepuaia [121, 122].

OdhexT TepMOONTHYECKOTO 3epKaja TakKe paHee OblT O0HAPYKEH B MAarHUTHBIX
KUIKOCTsIX [123], omHAKO BIUSHKE JOMOJHUTEIBHO MPUIOKEHHOTO MAarHUTHOTO TOJIS
Ha ero 3aKOHOMEPHOCTHU MPAKTUYECKU HE pacCMaTPUBAIIOCH.

Bwmecte ¢ Tem, 04eBHIIHO, UTO peryiaupoBaHue 3Toro 3ddexra BO3MONKHO C
MOMOIIIBIO  JIOMIOJIHUTENFHBIX ~ BHEIIHUX BO3JICUCTBHM, BIMUSIONMX HA peibed

MMOBCPXHOCTH KHUIAKOCTH. Kak ObIO OTMEUEHO BBIIIIC, BOSIIGI\/'ICTBI/IC MAaramMTHOI'O IIOJIA
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MOXKET H3MEHSTh KPHUBH3HY HCXOJHOW TOPH3OHTAIHLHOW CBOOOIHOW TOBEPXHOCTH
MarHUTHOTO KOJUIOWJA ¥ JIaKe MPUBOJIUTH K BOSHUKHOBEHHIO €€ HEyCTOW4YHMBOCTH [1,
48]. Kpome TOr0, OHO MO3BOJISIET PETYJIMPOBATH TEPMOKOHBEKTUBHBIC TIOTOKH B TAKUX
cpenax [1, 3, 124]. HecmoTpss Ha 3TO, MCCIEIOBAaHUE BO3MOXKHOCTU PETYIUPOBAHHS
TEPMOONTUYECKOTO 3(PPEKTa J0 HACTOSAIIETO BpeMeH! (PaKTUIECKU HE MPOBOIUIOCH.

B nocnennee BpeMst OB TPOBEICH TAKXKE P UCCICIOBAHUN TEPMOOTITHUSCKUX
SBJICHUHM, BO3HMKAIOMIMX TIPU MPOXOXKICHUM JIA3€PHOTO U3IYUYEHHUS Yepe3 CIoi
MarHUTHOHM JKHUJKOCTH. DTH HWCCIEIOBaHMs Kacaliuch W3y4deHus 3(P(EeKToB a3epHO-
WHTyLIMPOBAHHOM TEIIOBOM JIMH3bI, caMO(POKyCHpOBKH u3aydenus [125, 126], a taxxe
NPOCTPAHCTBEHHOW MOMYJISIIMM  KOHIEHTpAIlMM KOJUTOMAHBIX dactuil [127]. B
JIOCTATOYHO OOJIBIIIOM KosmdecTBe pabdot [125, 128-133] usyuancs 3¢ dekt TermmoBoi
JIMH3BI, BO3HUKAIOIINN TPU MPOXOKIEHUH JIA3epHOTO Jy4a uepe3 cpeay. B pesynbrare
TEIUIOBOTO JCHCTBHS Ja3€pPHOTO ITydKa MPOUCXOAWT €€ HEOJHOPOIHBIM HarpeB ¢
OCECUMMETPUYHBIM HM3MEHEHHEM TEMIIepaTypbl, UYTO MPOBOAUT K AaHAJIOTHYHOMY
pacmpesieieHHI0 TOKa3aTelNsl MPEeIOMIICHUS CpEAbl, BCJIEICTBHE 3aBHUCHUMOCTH €ro
BEITMYMHBI OT TeMIepaTyphl. Tak Kak mJisi OOJIBIIMHCTBA MaTepUalioB TOKa3aTelb
MPETOMIICHUSI YMEHBIIIAETCSI C POCTOM TEMIEpaTyphl, TO €ro BelanunHa OyaeT Oosbiie
M0 KpasiM JIa3epHOTO JIy4a, YeM B €ro IEHTpe. DTO MPUBOAUT K PACCESHHUIO ITyYKa,
aHAJIOTUYHO HAOIIOJAIOIIEMYCS TIPH HMCIOJIb30BAHUH pPacCeMBAIONICH JIMH3BI. DddeKT
TEIUIOBOM JIMH3bI HCIIOJIB3YETCS B TEPMOONTHYECKOW CHEKTPOMETPHUH, B ONTHYECKON
JTMarHocTuke marepuajios [134—136].

HecMoTpss Ha OCTaTOYHO XOPOIIYI0 M3YYEHHOCTh 3((eKTa TErJOoBOW JIMH3BI,
KaK B TOMOTCHHBIX XHUAKOCTAX [135], Tak M B IBYXKOMIIOHEHTHBIX HAHOKOJIJIOMIHBIX
cpenax [137, 138], orMeuaeTcss HEIOCTATOK €r0 UCCIIEIOBAHMIA B HAMATrHHYHUBAIOIIUXCSI
KHUTKOCTSX.

Mosxno otmeruth ymmb [125, 139, 140], roe mzyuaercs tepmodopes B 6%-oit
(beppOKUIKOCTH, COCTOAIICH U3 9 HM MarHeTUTOBBIX YACTHI], B3BEIICHHBIX B KEPOCHHE.
B [125, 139] yepe3 oOpa3er; MarHUTHOM JKUAKOCTH, IIOMEIICHHBIN B STYCHKY pa3MepamMu
1cem x 1 em x 50 mxm, mporyckaercst chOKYCUPOBAHHBIN IMyYOK JTa3€PHOTO U3TyUCHUS

muamerpom 10 wmxm. B [125] oOHapykeHa TpPUOJIM3UTEILHO KBaJpaTHYHAS
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3aBUCUMOCTH yTiia Ju(pakiuy OT HANPSHDKEHHOCTU MPUIIOKEHHOTO MArHUTHOTO TOJIS.
B [139] ormeuaeTcs, 94TO TepMHYECKH OOYCIOBJICHHOC HW3MEHCHHE KOHIICHTPAIUH
JOJKHO TIPUBOJAUTH K TIPOCTPAHCTBEHHOMY PacHpeIeICHUIO MOKa3aTess MpeIoMIICHHUS.
OpHako aIsg cOTyiachs TEOPETHUECKOW MOJCIH SIBJICHHS, OCHOBAHHOW Ha TETUIOBOM
mudy3u  MAarHUTHBIX ~ HAHOYACTHIl, C  OKCICPUMEHTAIBHBIMU  JTaHHBIMU
TU(PaKIIMOHHOTO paccesHUs JIA3epHOTO Jydya, HeoOXoJuMa KOHCTaHTa TEIIOBOM
muddy3un, B 5 pa3 mpeBbIIaoNIas 3KCIEPUMEHTATBPHOE 3HAYCHHE, B PE3YIbTATE YETO
JICNIaeTCs BBIBOJ] O HEOOXOMMOCTH ydeTa TEIUIOBOro pacuiupeHus xunkoctu. B [140]
YCTaHOBJICHO YMEHbIIIEHUE WHTEHCUBHOCTH JIA3€PHOTO JIy4a, IPOXOISAIIEIO Yepe3 CIon
MarHUTHOM >kuaAKocTH ToimmuHoW 100 MKM, o1 TeCTBHEM TIEPIICHANKYISIPHOTO CIIOI0
¥ COHAIPABJIEHHOTO C JIY4YOM OJHOPOJHOIO MAarHUTHOTO TOJIsI HAMPSHKEHHOCTHIO 10 18
0. OOBsICHSAETCS 3TO JEUCTBUEM HAa MarHUTHYIO KUJKOCTh 00bEMHON MarHUTHOW CHUJIBI
(cruter KenpBUHA), 00YCITOBICHHON TPAIUEHTOM KOHIICHTPAIIUH KOJUIOMIHBIX YaCTHIl U
TEeMIIepaTyphl.

Bmecte ¢ tem B [141] ykazaHo, 4TO MeXaHU3M APQeKTa TEIUIOBOW JUH3BI B
TOHKHUX CJIOSX OKUJAKOCTH HMMEET CYIIECTBEHHbIC OTJIMYHUSA, KOTOpPhIE PSJIOM
uccnenoBaresnen 3pdexra TErIOBOM JIMH3BI HE MPUHUMAIOTCS BO BHUMAHHUE.

B pab6orax [142, 143] ucciaenoBanust MPOBOAMIMCH B 00JIee CHIIBHBIX MarHUTHBIX
nojsix. Tak, B [142] uszydanack qudpakiiys Ja3epHOTO H3ITy4YEHUs, TPOXOIAIICTO yepes
oOpazer] MarHUTHOM >KUJIKOCTH, MPEJCTABIISIIONIEH COOOM TUCIEPCUI0 OTHOCHUTEIIHBHO
KpynHbIX 4actul] MarHetuta (40 HM) B rekcaHe B OTCYTCTBHE W IPH BO3JACHCTBUH
OJHOPOJHOr0 MarHuTHoro mojs (¢ wuHAyKuumedr g0 2 kI'c), HampaBIEHHOTO
MEepIeHIMKYJISIPHO JIa3epHOMY Jiyuy. BeicoTa oOpasiia coctarisuia 1 cm, a ero TonmuHa
1 MM. BbII0 M3yueHO BOSHUKHOBEHHE W M3MEHEHHUE MU(PPAKIIMOHHBIX KapTUH ((HOpPMBI,
pa3sMepoB M KOJIMYECTBA KOJCI[), MOJYYCHHBIX TPH TPOXOXKIECHUU JIA3ePHOTO JIyda
gyepe3 3 TOYKH, OTCTOSIINE JAPYT OT JApPyra Ha PacCTOSIHUM 4 MM 10 BhICOTE oOpasIia.
[TockonbKy B MPEANIECTBYIOMMUX pabOTax aBTOPOB ¢ MATHUTHOM KUJIKOCTHIO Ha OCHOBE
KEpOCHHA, COJIepKallleld B Ka4ECTBE TUCIIEPCHOM CPEbl YacTUIbI pazMepoM MeHee 10
HM, TTOJT00HBIX () (PEKTOB HE HAOIIOAAIOCH, JACNIaeTCS BHIBOJ 00 O0YCIOBIEHHOCTH HX

PacnpeaCiICHUEM KPYIIHBIX 4YaCTUIl ITO BBICOTC B I'PaBUTAIIMOHHOM IIOJIC U I[GIZCTBPICM
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MarHUTHOTO TIOJIs, MPHUBOSIIETO K OOpa30BaHHUIO IIETIOYEYHBbIX arperatoB. B [143]
MOKa3aHo, 9YTO C POCTOM CpPEIHEr0 pa3Mepa HAHOYACTHI[  MarHeTHUTaA,
JMCIIEPTUPOBAHHBIX B KepocuHe, oT 8,26 mo 17,90 HM yBenMuMBaeTCs YHCIIO
TU(PAKIIMOHHBIX KOJIEI], YTO CBS3BIBACTCS C YBEIMUEHHUEM TIOKA3aTels MPETOMIICHHUS.
Taxke OTMEYCHO YBETWYCHHE WHTCHCUBHOCTH JIa3€PHOTO W3IYUYCHHUS, TMPOIICIIETO
yepe3 CI0M MarHuTHOM KuAKOCTH ToiumHor 200 MKM, py BO3ACHCTBUU BEPTUKAIBHO
HaIPaBJICHHOTO, TIEPIICHINKYIISPHO JIA3EPHOMY JTy4dy, OJHOPOAHOTO MAarHUTHOTO TTOJIS
c unHaykuued a0 3 kl'c. Oro oObsicHseTcs OONBIIMM MO BEIWYUHE MATrHUTHBIM
MOMEHTOM KPYITHBIX YaCTHUIl U, KaK CIIEJICTBUE, UX CIIOCOOHOCTHIO K ariiomMeparuv B
MarHUTHOM TIOJIe ¢ 00pa30BaHMEM IETIOYEHYHBIX arperaTtoB. OOHAPYKEHO, YTO pa3Mep
TU(GPAKIIMOHHOTO KOJbI[A YMEHBIIAETCS C YBEIUYCHHEM OOBEMHOM KOHIICHTpPALUU
yactull, a npu ¢=0,3% nnsa oOpaslla ¢ HaUMEHBIIUM CPEAHUM Pa3MEPOM YACTHI]
mudpakMoHHAass KapTHWHA BOBce He Habmomaercs. CreqmyeT 3aMeTUTh, 4YTO
npeiokeHHoe B [142, 143] 0ObsicHEHHE BIUSHKSI MAarHUTHOT'O TOJIS1 HA HAOJI0JaeMbIe
3¢ ()EKTHI BBI3BIBACT COMHEHHS, TTOCKOJIBKY MU(paKIIMOHHASI KapTHHA, BO3HUKAIOIIAsA Ha
IEMOYEYHBIX arperarax, BBITSHYTBHIX BJOJb HAIPaBICHUS IO, NEPHEHAUKYIIPHOTO
Jqydy Jlazepa, JOJDKHA MPEACTABISTh COO0OM HE AU(PPAKIIMOHHBIC KOJbIA, 2 CBETOBYIO
TI0JIOCY, TIEPIIEHANKYISIPHYIO HAIPABICHUIO TTOJIS.

MoxHo otMmeTuTh Takke [126], rae wm3ydanach 3aBUCHMOCTh MEXKIY YIJIOM
PacXoJMMOCTH JIa3€pHOTO JIyda W MOIIHOCTBIO TaJafoIero M3JydeHus, a Takxke [128,
144], B KOTOPBIX HCCIIECOBAaHbI 3aBHCHUMOCTH Pa3MEpPOB TU(PPAKIIMOHHBIX KapPTHH,
BO3ZHMKAIOIIUX TIPH JBYXJIYYE€BOM JIA3€PHOM BO3JIEHCTBUH HAa MAarHUTHYIO )KHJIKOCTb, OT
HAIPSHKEHHOCTH BHEIIHETO MArHUTHOTO TIOJIS M KOHIIEHTPAIIMA MAarHUTHOM JKUJIKOCTH.
Crnenyet, 0JJHAKO, OTMETUTh, YTO JBYXJIy4EBOM METOJ U3YUCHUS TEPMOUHIYKIITMOHHBIX
s dekToB OOJBIIEe TMOAXOAUT JJI HCCIENOBaHUS (POTOKAMUJUISIPHOTO OTKJIMKA,
BO3HMKAIOIIETO TPH OTPAXEHUU JIA3EPHOTO JIyda OT MOBEPXHOCTH KHIAKOCTH. B 3TOM
cily4ae, JOTOJHUTEIHHOE HCIIOJIb30BAaHUE MEHEE MOIIHOTO Jiazepa W C OOJbIIei
TOJIIIMHOM JIyda TIO3BOJISICT B OOJBIICH MEpe OXBaTUTh OOpPa30BaBIIYIOCS JYHKY H

MOJIyYHUTh O0s1ee HHPOPMAITMOHHYIO TUGPAKIIMOHHYIO KapTHUHY.
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Takum 00pazoM, HECMOTpPSI Ha TIOSBJIEHUE CTATEH, MOCBSIICHHBIX HCCIEI0BAHUIO
TEIJIOBOM JIMH3BI B MAarHUTHBIX KOJUIOMJAX, OCTA€TCS OCTATOYHO MHOTO HESICHOTO B
OOBSICHEHHH OSKCIIEPUMEHTAIBHBIX PE3yJbTaTOB, IONYYCHHBIX B HMMCIOIIUXCS Ha
CETOMHSIITHUN JIGHb WCCJICNOBAHMIX. OJTO YKa3blBaeT Ha CJIa0yl H3YyYEHHOCTh
TEPMOWHAYKIIMOHHBIX SBICHUH B MarHUTHBIX KoJulouaax. Bmecte ¢ Tem, yHUKaabHas
BO3MOXXHOCTh ~HAMATHUYHMBAIOMIMXCS cpel J(PQPEKTHBHO B3aWMOJCUCTBOBATH C
MarHUTHBIMH TOJISIMU PA3IMIHON KOH(PUTYpAIUH, TTO3BOJISIET PETYJIUPOBATH PA3TUIHBIC
NPOUCXOAIIMNE B HHX MPOIECCHl, B TOM YHCIEe TepMOKOHBeKImio [145] wu
tepmonupdysuro  [146, 147]. DTo OTKpPBIBAET BO3MOXXHOCTH  PETyJIMPOBAHUS
TEPMOWHAYKIIMOHHBIMU 3 dexkTaMu B TaKMX CcpeAax ¢ IOMOIIbI0 BO3ACHCTBUS
MarHuTHBIX Tosied. OpHAaKo, 0 HACTOSIIETO BPEMEHU 3ITOMY BOMPOCY YACISIIOCH
HEJ0OCTaTOYHOEC BHUMaHME. Tak, MPaKTHUECKHM HE WCCIeI0BaIach BO3MOKHOCTh
BJIMSTHUS Ha CTETEeHb JAeQOKYCHPOBKH Jyya Jla3epa, IPOXOSIIIEro Yepe3 IUIOCKUE CIIOH
MarHUTHBIX YKUJKOCTEH, KaK OJHOPOJIHBIX, TaK U HEOJHOPOJHBIX MArHUTHBIX TOJIEH
IpU HKCIOJB30BAHUU JIa3€pOB PA3MMYHONW MOIMHOCTH. He paccMmarpuBammch Takxke
MEXaHU3Mbl TAKOTO0 BO3MOXXHOTO BJIHMSHHUS W UX CBSI3b C MPOIECCAMH PACIIUPEHUS
HarpeTbiX (GpParMeHTOB JKHIKOCTH, TEPMOMArHUTHOW KOHBEKIHEH W Tepmoauddysueit

YaCTHIL B KOJUIOMAHBIX CpCaax.

1.3 CrTpyKTypHbIe NpeBpallleHUs B MATHUTHBIX KHIKOCTSIX U IMYJIbCUSIX

YCTOMYMBOCT MAarHUTHBIX JKUJKOCTEH OOyClOBJIeHa OalaHCOM — MEXIy
NPUTATUBAIONMMH U OTTAJIKUBAIOIIMMHU B3aMMOACHCTBUSIMH JHUCIIEPCHBIX yacThil. [Ipu
CMEIIEHUH ATOTO OallaHCca B CTOPOHY MPHUTATHBAIOIINX B3aUMOICHCTBUN HE HCKIIIOUCHA
BO3MOXXHOCTh OOBEIMHEHHWS YacTHIl B arperathl. VcciaemoBaHWIO ATHX MPOLIECCOB
MOCBSIICHO OOJIBIIIOE KOJUYECTBO paboT, 0030p KOTOpHIX mpuBeneH B [13, 148, 149], a
Takxke auccepranuax (Hampumep, [150-152]). BmepBoie o (a3oBoM paccioeHuH B
MarHUTHOM JKUAKOCTH ObLITO yromsiHyTo B [153].

B MarHuUTHBIX  KHIOKOCTAX  00pasyloTcs  arperaTsl  JIByX  THIIOB  —

MUKpPOKAIeJIbHbIE, COCTOAIINE U3 00Jiee KOHIEHTPUPOBAHHOW (a3bl MarHUTHOU
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KUJKOCTH, UMEIOILIUE YIPYTyI0 000J0UKY M CHOCOOHBIE 00paTuMo 1e(pOpMUPOBATHCS
Opu  BO3ACWCTBUM TOJSI, M KBa3WTBEpible, Kak TNpaBwio OechopMeHHEIE,
XJIONBEBU/IHBIE, MHOT/Ia HATIOMUHAIONINE KPUCTAIIMYECKHE 00Opa3oBaHUsl, CIIOCOOHbIE
Juib 00BeAUHSTHCS B 00Jiee KpYIHbIE 00pa30BaHusl aHU30TPOITHON (OPMBI.

da30Bo€ pacciIOEHUE MArHUTHOM JKUIKOCTH BO3MOXKHO TIpH J00aBICHUU
koarynsatopa [154]. Hampumep, mo0aBiecHHEe MHHEPAIBLHOTO Macjia B MarHETUTOBYHO
MarHUTHYIO JKUJKOCTb, CTaOWJIM3UPOBAHHYIO OJEHMHOBOM KHCIOTOM, MPHUBOJIUT K
00pa30BaHUIO MHUKpOKAIEIb pPa3MEPOM OKOJO O MKM, MPOSBISIONIUX CUIIbHBIE
MarHuTHbIE CBOICTBA B OKpY’Karollled MEHEe KOHLIEHTPUPOBAHHOW MarHMTHOW Cpene,
Ipu 3TOM 00BEMHOE COICPKAHIE MUKPOKATIENb B )KUAKOCTH MOKeT gocturatb 30%.

B [155] cooOmiamock Takxke 00 OOHApPYKCHHHM XOPOIIO Pa3BUTOH CHCTEMBI
HAMarHWYEHHBIX arperaToB, BOHUKIIECH B MarHUTHOM JKHJIKOCTH Ha OCHOBE KEpOCHHA
NpY JUTMTEIIEHOM €€ XpaHeHuH, a B [156] npuBeneHa MeToanka u onpe/esieHbl yCIOBHSI
ux nomydeHus. OOpa3oBaHME TaKMX arperaroB (C OTIMYHBIM OT HYJII MarHUTHBIM
MOMEHTOM) HaOJIOIaeTCsl B MArHUTHBIX JKUAKOCTSX C OTHOCHUTEJIBHO OOJBIIUM
pa3MepoM YacTHll, YTO CBUAETEIbCTBYET O HAJIWYUM >KECTKON CBSI3M MarHUTHOIO
MOMEHTa IHUCIIEPCHOM dYacTuiel ¢ ee marpuned. B [157] mpuBomsTcs HEKOTOpBIC
pe3yNbTaThl UCCIEIOBAHUSI HAMAarHMUEHHBIX arperaTtoB, a TAaKKe UCXOJAHBIX MarHUTHBIX
KHUJIKOCTeH, B KOTOPBIX OHHM BO3HHMKarOT, a B [158] wuccienoBaHbl 0COOEHHOCTH
IPOIECCOB HMX HAMarHMYMBaHWS W TIOBEACHHWS B IIOCTOSHHOM, II€PEMEHHOM U
BpAaIllalOIEMCsl MArHUTHBIX MOJISX.

UccnenoBannio 0COOEHHOCTEM B3aUMOJEUCTBUSI MHKPOKAIedh MAarHUTHBIX
KHUJKOCTEH ¢ MATHUTHBIM M DJIEKTPUYECKUM TOJISIMHU MOCBSIICHO TOCTATOYHO OOJBIIOE
KOJIM4ecTBO pabor (cm., Hampumep, [159-166]), B KOTOpBIX paccMaTpPHBAIUCH
0COOCHHOCTH, Kak nedopMallii, TaK W Pa3BUTHS HEyCTOWYMBOCTH MX (opMmbl. Kak
NpaBUiIO, TaKUE HCCIEAOBAHMS MPOBOASATCS TNPU HCIOJNB30BAHUU TOHKUX CIIOEB
MarHUTHBIX KOJUIOMJOB, COJEp)KalllMX MHUKpOKaleiabHble arperatbl. llpu sTtom ecimu
NIEPBOHAYAIBHO KCIIEPUMEHTBI TPOBOMIUCH B MAarHUTHBIX mosisix [159-161, 164], to
B JaJIbHEHIIIEM H3y4yeHHe 0COoOeHHOCTeN AeopMalii MUKpOKarelb MPOBOJUIOCH U B

QJIICKTPUYCCKHUX IIOJIAX, a TAaKKC IIPpU COBMCECTHOM BO3ﬂ€ﬁCTBHH OJICKTPHUYCCKOIO H
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MarHuTHOro mojei [162, 163, 165, 166]. Cieayer OTMETHTH, YTO Ha MPOILECCHI
nedopmarii - MUKpOKariedb W Pa3BUTHE HEYCTOMYMBOCTH HX (OPMBI  MOXKET
CYILIECTBEHHO BIIUSATh U3MEHEHHUE TEMIIEPATYPBI, YEMY YACIISIIOCh MaJO€ BHUMAHHE.

JleiCTBHE€ BHEIIHMX MArHUTHBIX M DJJIEKTPUYECKHX TIOJIEM MOXKET TaKke
MPUBOJUTh K OOPa30BaHUIO PA3IUYHBIX CTPYKTYP B CHCTEME MHKPOKAIEIh TOHKOTO
CJIOSl MATHUTHOM JKUJIKOCTH.

Tak, BO3mEWCTBHE MArHWUTHOTO TIOJIS, HAIPABJICHHOTO TEPICHINKYIISIPHO
IJIOCKOCTH CJIOSI MarHUTHOM JKHMJIKOCTH, COJAEp Kallell MUKpPOKAaIeJIbHbIE arperarthl,
OPUBOAUT K (DOPMUPOBAHUIO B HEM MEPUOIUYECKUX KOHIICHTPALMOHHBIX CTPYKTYp —
nabupunTHOH [161], memoweunoit [167], rekcaronanpHOM [168]. Ilapamerpbr
BOZHMKAIOIIUX CTPYKTYPHBIX PEIIETOK OMNPEACNSIOTCS BEIWYMHOM MarHUTHOU
MPOHUIIAEMOCTH  MHKPOKAMCIBbHBIX  arperaToB W  OMBIBAIOIIEH WX  Cpefbl,
HAIPSHKEHHOCTBIO TTOJIST M MeK(a3HBIM HATSHKEHHEM Ha TpaHUIE «KaIlIi—Ccpeaay.
Kpome Toro, CyIecTBeHHYIO pOJIb HTPACT TaAK)KE N3HAYATIBHBIN pa3Mep MUKPOKAIIeh, B
3aBUCUMOCTH OT BEJIMYMHBI KOTOPOTO MOTYT (DOPMHPOBATHCS KaK T€KCaroHajbHAasl, TaK
W JIaOUpUHTHAs CTpyKTypHbie pemretkn [169]. TeopeTmueckoe paccMoTpeHHUE
oOpa30oBaHUs TEPUOINYCCKUX KOHIICHTPAIIMOHHBIX CTPYKTYP MPOBOAMIOCH B padboTax
[168, 170, 171], oaHako KOJMYECTBEHHOE TOATBEP)KICHHE YCTAHOBJICHHBIX
3aKOHOMEPHOCTEH JKCIIEPUMEHTAIBHO TMPECTABISAET 3aTPYAHCHHS HM3-3a CIIOKHOCTH
OTIpeJICIICHHS TTapaMEeTPOB MUKPOKAIEIbHBIX arperaTos.

dopMupoBaHUE CTPYKTYPHBIX OOpa30BaHUil B TMEPBOHAYAILHO OJHOPOJIHBIX
MarHUTHBIX JKHUIKOCTSAX Ha YTJIEBOAOPOJHONW OCHOBE MOXKET OBITh HHHIIMHPOBAHO
TaKXe MOCTOSHHBIM 3JIeKTpuueckuM mojem [172-175]. Tak, B [174] cooOriaercs 06
0o0pa30BaHUM  MUKPOKAINEIbHOM  CTPYKTYpbl TpH  BO3JACUCTBUM HAa  TOHKHUH
TOPU30OHTAIBHBIA CIIOM MAarHUTHOW JKUAKOCTH NOCTOSHHOTO 3JEKTPUYECKOTO MOJIs,
KOTOpasi BIOCJEJACTBUU TPH TOBBINICHUNA HAMPSHKEHHOCTH TIOJsA, TMpeolOpasyeTcss B
JaOMPHUHTHYIO CTPYKTYpY. B BepTHKaIBLHO pacIOIOKEHHOM CJI0€ 00pa3yeTcs cHadalia
MOJIOCOBAasi  CTPYKTypa, KOTOpass 3aTeM TMpU  TOBBIMIEHUHM  HANPSHKEHHOCTH

AIIEKTPUYECKOr0 OISl MpeBpamniaercss B JaOWpuUHTHYI0. B Ha3BaHHBIX paboTax
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npUBeAEHO OOOCHOBaHME  HAOMIOAAEMBIX SBJICHMM Ha OCHOBE  MOJIEIBHBIX
npeactaBieHuil. Ciaeayer OTMETUTh, YTO, HECMOTPS Ha JIOCTAaTOYHO OOJBIION 00BheM
MOJyYEHHBIX B 3THX paboTax pe3yibTaroB, juibs B [173, 174] npeanpHHUMAINCH
UCCJIEIOBAHMS BIIMSHHUS TEPMUYECKUMX BO3JICUCTBHII Ha BEJIMYHMHY [OPOTrOBOTO
3HAYCHHUsS] HANPsHKEHHOCTH JJIEKTPUYECKOTO TOJs, COOTBETCTBYIOMIETO (hazoBoMy
PACCIOCHUIO KHUAKOCTH — TMOSABJICHHUIO 00Jiee KOHIEHTPUPOBAHHBIX MHUKPOKAIEIbHbBIX
arperatoB. Kpome TOro, paccmarpuBaioch H3MEHEHHE AU(PPAKIMOHHOW KapTHUHBI,
MOJIYYeHHOW MPOIYCKAHUEM JIA3€pHOTO Jiydya Yepe3 CJIOH MarHUTHOM >KHJIKOCTH C
c(opMUPOBABILEHCS CTPYKTYpOil, 00yCIOBIEHHOE U3BMEHEHUEM TEMIIEPATYPHl.

BmecTe ¢ TeM BIMSHUE TEPMHUYECKHX BO3JIEUCTBHI (B TOM YHUCIE U Ja3epHOrO
U3IydeHus) Ha (HOPMHUPOBAHKME M TApPaMETPbl CTPYKTYPHBIX PEIIETOK B MOCTOSHHOM
AIEKTPUYECKOM I10JI€ OCTAIOTCS HETOCTATOYHO U3YUEHHBIMH.

B [165, 172] Obut0 yCTaHOBJEHO, YTO B IEPEMEHHBIX JJICKTPUYCCKUX IMOJIAX
MUKpOKAIeJIbHbIE arperaTbl MOTYT KaK CIUTIONIMBATHCS, TaK W YAJIUHATHCS BIOJb
HaIlpaBJ€HUs TOJIS, TOT/A KAk KallulkM, HaXOASIIMecs B MAarHUTHOM IIOJIe, BCerja
YJIMHAIOTCSL BJOJb €r0 HampaBieHHs. Takoe OTIuYHMe MOBEACHUS MHKpOKAmelb B
AIEKTPUYECKOM IOJIE CBA3AHO C PA3BUTHUEM B JIEKTPUUECKOM T0JI€ ABMKEHUS JKUJKHX
(da3 BIOJIb TpaHUL MUKPOKAIEIh, 00YCIOBICHHOIO HAKOIJIEHUEM CBOOOJHOTO 3apsia
Ha MeX(a3HbIX rpaHuiax. Panee Takoil MexaHus3M Jedopmaiuu Kareib TOMOT€HHOU
KUJIKOCTH B TOCTOSSHHOM DJJIGKTPUYECKOM TII0jie OBLI paccMOTpeH B pabote [176].
CornacHo ee pesyibTaTaMm, xapaktep aedopmaiuu Kameidb (CIUTIONMBAHUE WITU
YAJIMHEHWE BIOJb TOJs) ONPENENseTcs COOTHOLIEHHEM IPOBOJMMOCTEN U
JTUAJIEKTPUUECKUX MPOHMIIAEMOCTEN BEIIECTBA Karluld M OKpYysKarolie ee cpeasl. [lpu
00BSICHEHUH 0COOCHHOCTEH AedopMaIiy Karelb B IEPEMEHHOM I10JI€ Ha OCHOBE 9TOTO
MEXaHU3Ma HEOO0XOJUM TaKKe YYEeT pelaKkCAllMOHHBIX 3(QeKkToB, 4TOo OBLIO
npeanpuHsaTo B [172].

B [162, 165] wccnenoBaHO BIUSHHE MEPEMEHHOIO DJIEKTPHYECKOTO U
MOCTOSTHHOT'O MAarHMUTHOTO TIOJIEM Ha XapaKTep CTPYKTYpbl MarHUTHBIX >KUIAKOCTEH C
XOPOILO Pa3BUTON CUCTEMOM MHUKPOKAIIEIBbHBIX arperaroB. B Takux cpenax BO3MOKHO

dbopMUpOBaHUE CTPYKTYPHBIX PEHICTOK JJAOMPUHTHOIO WJIM T€KCAaroHajJhbHOTO THIMa B
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3aBUCUMOCTH OT 4acTOThl mojsi. O4YeBHJIHO, YTO THUI HAOIIOJAEMbIX CTPYKTYPHBIX
pPEIIETOK BO MHOIOM CBSI3aH C COOTHOLIEHUWEM BpPEMEH pEIaKCallud pPa3InYHbIX
MIPOIIECCOB, XapAaKTEPHBIX [MJII TaKUX CHUCTEM, I[IOMEIICHHBIX B IEPEMEHHOE
AIEKTPUYECKOE TI0JIE: MAKCBEJJIOBCKOTO BPEMEHHM pENaKCaluu 3apsiia, BPEMEHH
penaKcauuy aHU30Tponuu (GOpMbl Kalleidb, BPEMEHH UX IOBOPOTa B MOJE€ U BPEMEHU
pa3BUTHA DJIEKTPOrHAPOIUHAMUYECKUX TeueHH. OIHaKO MeXaHU3Mbl (POPMUPOBAHUS
TaKUX CTPYKTYPHBIX PpEIIETOK OCTAIOTCS €IIe HEJOCTaTOYHO SCHBIMH, a HX
MCCIIEJOBAHNE 3aTPYAHEHO M3-3a OTCYTCTBUS TapaMETPOB MUKPOKAIEIIbHBIX arperaTos,
00pa3yIoIIKXCs B pe3ybTaTe PaccaOCHUs OJHOPOAHON MarHUTHOM KUAKOCTH.

Cnenyer 3aMeTuUTh, 4YTO HCIIOJIb30BAHHE B KayecTBE OOBEKTOB TaKOIoO
VCCJIEIOBAHMSI CHUCTEMBl MHUKPOKAIEJIBbHBIX arperaroB MPUBOJIUT K 3aTPyAHEHUSAM IpU
aHaNM3€ pe3yJbTaTOB HM3-3a CJIOKHOCTH OIpPENENICHUS AJIEKTPUUYECKUX U MArHUTHBIX
napamMeTpoB arperaroB, KOTOpPbIE K TOMY € MOTYT OTJIMYaTbCA MJIs Pa3IMYHBIX
00pas310B UCIIOJIb3YEMbIX MArHUTHBIX KUAKOCTEN C MUKPOKAINEIbHOU CTPYKTYPOH.

Bmecte ¢ TeM, aHajlOroM MAarHUTHBIX JKUIKOCTEH C MHUKPOKANeIbHBIMU
arperaTaMM MOTYT CIIY’KUTb MarHUTHbIE 3MYJIbCUH, MOJYYEHHBIE AUCHEPTUPOBAHUEM
OJTHOPOJTHOM MarHUTHOMW YHUJAKOCTH B MaciIstHOM cpefe [177]. B oTiaudre oT MarHUTHBIX
AMYJIbCH HAa BOJHOW OCHOBE MX MOKHO OTHECTHU K CJIadO MPOBOMSILKUM CpeAam, MX
MUKpPOKAIUIM OTJIMYAOTCS OT MHKpPOKANeslb 3MYJbCHA Ha OCHOBE BOJIbBI MaJbIM
Mex(}a3HOM HaTSHKEHUEM Ha TPaHUIE «MUKPOKAIUIS—CPENay, YTO JENAeT BO3MOKHBIM
ux JedopManuio (Kak W MCCIEJOBABILMXCS paHEe MHKPOKAINEIbHBIX arperaTos
MarHUTHBIX JKUJKOCTEH) la)ke B HEOONbIIMX MAarHUTHOM U 3JIEKTPUUECKOM Moiisix. B
TaKMX  OMYJbCHUAX  BO3MOXHBI  CTPYKTYpPHBbIE  NIPEBpPAILECHUS, aHAJIOTUYHbIC
HAOJI0JaBIIMMCSI paHee B MArHUTHBIX JKMJKOCTSX C MUKpPOKAaNeJIbHBIMU arperaramu.
[Ipu »sTomM (u3Myeckne mapaMeTpbl H3MYJIbCUM OMNPEAENSIOTCA MapaMeTpaMu
JUACTIEPTUPYEMOM MArHUTHOM JKUJAKOCTH M JHUCIEPCUOHHOM Cpelbl, HU3MEPEHHUE
KOTOPBIX HE MpeACTaBIseT O0NbIION CIOKHOCTH.

B [178-180] wuccienyrorcs aedhopMmaiuss M HEYCTOHYMBOCTH MHMKPOKAIICIh
MarHUTHOW SMYJIbCHM BO BHEIIHUX MAarHUTHBIX TOisx, a B [181] anm3oTpomus,

HHAYOHUPOBAHHAA OJHOBPEMCHHO )ICI\/’ICTBy}OIJ_II/IMI/I OJICKTPUYCCKMM MW MArduTHBIM
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nossiMi. OTMETHM, YTO JI0 HACTOSILEr0 BPEMEHHM OIKMCAHHBIE BBIIIE HUCCIEIOBAHUS
POBOJMJINCH NPU KOMHATHOM Temmeparype. Bmecte ¢ Tem, MmoAoOHBIE MPOLECCHI
bopMHpOBaHUS CTPYKTYPHBIX PEIIETOK B MArHUTHBIX SMYJIbCUSAX IO/ JCUCTBUEM
AIEKTPUYECKUX TOJE€d MOryT CYIIECTBEHHO 3aBUCETh OT Temreparypbl. OaHako
UCCJENOBAHUSI OCOOCHHOCTEM BJIMSHUSA HA HHUX TEPMHYECKOTO BO3ACHCTBUSA
MPAKTUYECKU HE TPOBOIUIHUCE.

IIpoBeneHHBIM aHAIW3 JUTEpPATYpbl, KACAIOMIMAKWCS CBOWCTB MAarHUTHBIX
KUJIKOCTEH M KOMIIO3UTOB, CO3/IaHHBIX HA MX OCHOBE, MO3BOJIAET CHAENaTh BBIBOJ O
JOCTATOYHOM M3Yy4YEHHOCTH CBOWMCTB TaKMX CHCTEM M Pa3BUTHM IEPCIEKTUB HX
NPUMEHEHUsT Ha TMpakTUKe. Tak K HACTOAIIEMY BpPEMEHH M3YyYEHbl BOIPOCHI
HAaMarHWYMBaHUS TAaKUX CHUCTEM, NO3BOJsiOIIME obecnieunBath UX 3(P(HEKTUBHOE
B3aMMOJIEUCTBUE C MAarHUTHBIM IOJEM, MNPUBOJALIEE K BOZHUKHOBEHHUIO LIEJIOr0 psaa
byHIaMEHTATBHBIX npooJiem ¢duszuyeckoro, (UBUKO-XUMHUYECKOTO 151
TMIPOJMHAMMYECKOro Xapakrtepa. Cremyer, OJHAaKo, 3aMETUTh, 4YTO, HECMOTpPS Ha
YCUJICHHBI MHTEPEC MCCIE0BATEIEH K 3TUM MpoOIeMaM, OCTAETCS €Ile JOCTATOYHOE
KOJIMYECTBO HEU3YUYEHHBIX OCOOCHHOCTEH MPOTEKAIOUIMX MPOLECCOB B TaKUX CpeAax.
Tak, ocTaroTcs Maj0 HM3y4YEHHBIMU HW3BECTHBIE TEPMOUHIYLIMPOBAaHHbIE A((EKTHI,
MHULMAPOBAaHHBIE B MarHUTHBIX KUAKOCTSIX. B wacTHOCTH, K TakuM 3¢ pexTaM MOKHO
OTHECTH TEPMOKAMWLISAPHBIA 3¢ (HEKT, HAOIIOAAONINIICS TPU BO3ACHCTBUU JIA3€PHOTO
Jy4ya Ha TMOBEPXHOCTh KUAKOM Cpelbl M TaK Ha3bIBaeMbI 3((EKT TEmIOBOM JIMH3BI,
IPUBOJAIIMHA K A€POKYCHPOBKE JIa3€pHOr0 MyyKa MPU MPOXOXKACHUN Yepe3 BEIIeCTBO.
HccnenoBanuto 3TUX 3PPEKTOB B MOJEKYJIAPHBIX KUIKOCTIX K HACTOSAILIEMY BpEMEHU
MOCBSALIEHO JIOCTATOYHO OO0JBIIOE KOJIMYECTBO pPabOT, OJHAKO H3YYEHUE ITHUX
IPOLIECCOB B MAarHUTHBIX JKUJKOCTAX JIO HACTOSAIUErO0 BPEMEHU HE MOIYUYHIO
pacnpoctpaHeHus. Tak, UCCeI0BaHUN TEPMOKAMIUIAPHOTO 3P (deKTa MPaKTUUECKH HE
MPOBOJUIOCH, a A3((PEKTy TEMIOBOM JMH3BI yAEIECHO SBHO HEAOCTATOYHOE BHUMAaHUE.
Mexny TeMm, OpWrMHaIbHAs CHOCOOHOCTh MATHUTHBIX JKHAKOCTeH 3(h(PEeKTUBHO
B3aMMOJICUCTBOBaTh C  MarHUTHBIM  TIOJIEM  OTKPBIBA€T  BO3MOXKHOCTH  JJIs
peryiupoBaHus 3TuX 3()(PEeKTOB MyTeM JOMOJHUTEILHOTO BO3ACHCTBUS MarHUTHBIMU

MOJISIMU Pa3JIMYHON KOH(PUTYpALUH.
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Kak Taxke ciemyer u3 clelaHHOTO 0030pa OJHUMHU M3 MPOIYKTUBHBIX paboOT B
00JIaCTH MarHUTHBIX JKHJIKOCTEH M MX KOMIIO3UTOB SIBJISIFOTCSI paOOTHI, IMMOCBSIIICHHBIE
HCCJICIOBAHUIO UX B3aMMOJICUCTBUS HE TOJBKO C MArHUTHBIMH, HO M 3JIEKTPUYECKUMHU
nossiMiu. B psame pabor paHee paccMAaTpUBAIMCH TPOIECCHl  BO3HHUKHOBEHUS
CTPYKTYPHBIX OOpa30oBaHWUW TMpU BO3ACHCTBUM HE TOJBKO MAarHUTHBIX, HO U
AJEKTpUYECKUX noJsieil. OHaKO TaKue MCCIIEIOBAaHUS TPOBOAUIINCH, KaK MPABUIIO, MPU
KOMHATHOW TeMmIleparype, BMECTE C TE€M, 3aBHUCUMOCTb TAaKHX IPOLECCOB OT
TeMIIepaTypbl 1 U3MEHEHHE XapaKTepa CTPYKTYPHBIX 0Opa3oBaHUM IPU €€ W3MEHECHUH
n3yueHol cjaa6o. OpHUM H3 KOMIIO3UTOB, CO3JIaHHBIX Ha OCHOBE MAarHUTHBIX
KUIKOCTEH, SABISAIOTCS AMYyJbcud. OHHM TNPENCTaBISAIOT COO0M CHUCTEMY MHUKPOKAIEIb
MarHWTHOM JKMIKOCTH, B3BEIICHHBIX B HEMATHUTHOM XKUAKOW cpene. B3aumoencraue
MAarHUTHBIX 3MYJIbCUA C MAarHUTHBIMHU M JJEKTPUYECKUMH TMOJSIMU MPUBOJIUT K
CTPYKTYpPHOUM OpraHu3alldd COCTABJISIOMIMX HMX MHUKpOKaneiab — (POpMHUPOBAHUIO
CTPYKTYPHBIX PEIIETOK TEeKCAaroHaJbHOTO M JaOMpUHTHOTO THMa. McciemnoBaHuio
MPOIIECCOB 00pa30BaHMs TaKUX PEHIETOK TaKXe paHee ObLIO MOCBAIIEHO MHOXKECTBO
paboT, B KOTOPBIX HCCIEIOBaJlaCh WX  3aBUCUMOCTh OT  HHTECHCHUBHOCTH
BO3JCHCTBYIOIIMX MOJIEN, MATHUTHBIX U IUAJIEKTPUUECKUX CBOMCTB COCTABJISIIOIIMX HX
MUKpokarnesb. OIHaKO MPeICTABISIETCS TaK)Ke MHTEPECHBIM UCCIIEI0BATh OCOOCHHOCTH
TaKuX IPOIIECCOB, 00YCIIOBIICHHBIC M3MEHEHEM TeMmIiepaTypbl. ClaeayeT 3aMeTUTh, YTO
UCCIIEIOBAHUSI TEPMUUYECKOTO BO3AeHCTBUS HA 3(DEKTHI U MPOLIECChI, MPOUCXOISIINE B
MAarHUTHBIX KOJUIOMJHBIX CHUCTEMAaX, MOTYT HMMETh KpPOME UYHCTO HAy4YHOrO U
MPAKTUYECKOE 3HAUYCHUE.

Bce BbIIeu3noxkeHHOE TOCTYXKWJIO OCHOBaHHEM ChOpPMYJIMpPOBAThH IIENb
HACTOSIIIEH paloThl, IS JOCTHKEHHUS KOTOPOW HEOOXOAMMO pPENIUTh CIEeAYIONne
3aJIauM:

— M3y4YCHUE TEPMOUHIY IUPOBAHHBIX JIa3epHBIM M3JIy4YCHUEM
TEPMOKANMMIUISIPHOTO d(PeKTa, BOSHUKAIOIIETO MPU BO3ICUCTBHUM JIA3EPHOTO MyYKa Ha
MOBEPXHOCTh MAarHUTHOM JKUAKOCTH W d(PQekTa TEnaoBOM JHMH3BI, HAOIIOIAIOIIETOCS
IIpY TOPOXOXKJICHUM JIyda Ja3epa 4Yepe3 CJIOM MarHuTHOM JKHUJIKOCTH, a TaKkKe

YCTAHOBJICHUEC BO3MOKXHOCTH YIIPABJICHUSA UMHU C IIOMOINBIO MAaIrHUTHOTO ITOJIA;



38

— HCCIIeIOBaHNE OCOOCHHOCTEW BOSHUKHOBEHHUS U TpaHCHOPMAIIUU CTPYKTYPHBIX
PEILIETOK B TOHKUX CJIOSX MAarHUTHBIX XKUJKOCTEHW B MOCTOSSHHOM 3JIEKTPUUYECKOM TOJIE,
0OyCJIOBJICHHBIX TEIUJIOBBIM BO3JCHCTBUEM (B TOM YHCJIE U JIA3EPHOTO H3JIYUYCHUS) U
JIOTIIOJTHUTEIIBHO TPUJI0KEHHBIM MAarHUTHBIM TIOJIEM;

— YCTaHOBJICHHE 0COOCHHOCTEH (hOPMHUPOBAHUS CTPYKTYPHBIX PEIICTOK B TOHKUX
CIOSIX MAarHUTHOH SMYJbCHMM B MarHUTHOM II0jie, OOYCIJIOBJICHHBIX TEIUIOBBIM
BO3/ICHICTBUEM;

— W3y4YeHHe MpoIeccoB (POPMUPOBAHMS CTPYKTYPbl B MarHUTHBIX IMYJIbCUSIX B
MIEPEMEHHOM 3JIEKTPUYECKOM MOJIE U BIHUSHHUS HA HUX MArHUTHOTO TIOJI Y TEIIOBOTO

BO3JICHUCTBHS.
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I''IABA 2 TEPMOUHAYIHUPOBAHHBIE D®PEKTbBI B MAT'HUTHBIX
KOJIJIOUJHBIX CUCTEMAX ITPM X B3AUMOJIEHCTBHHU C
JIASBEPHBIM U3JIYYEHUEM

Kak yxe ormeuanoch B ['1aBe 1, npu moryionieHuu J1a3epHOro U3My4YeHUsl CJI0EM
KUIKOCTH TPOWCXOAWT JIOKAJIBHOE TIIOBBIINICHUE TEMIIepaTypbl Ha CBOOOJIHOMU
MTOBEPXHOCTH CJIOS, BBI3BIBAIOIICE YMEHBIIICHUE MMOBEPXHOCTHOTO HATSDKCHHSI B 30HE
najgeHuss Jyda. Ha CcBOOOIHON TMOBEPXHOCTH BO3HUKAET IEHTPOOEKHOE TIO0JIe
KacaTelIbHBIX CHJI, KOTOPOE MPUBOAUT K 0O0pa30BaHUIO KOHBEKTHBHOTO BHUXPS BHYTPHU
KUJKOCTH, €€ YHOCY M3 HarpeBaemMoil 00JlacTh U OOpa30BaHUIO TEPMOKAMUIUISIPHOTO
yrayonenus. Ilpuw  oTpakeHMHM Ja3epHOTO W3IY4YeHHUS OT CTEHOK yTiyOJeHus
dbopMupyeTCsl CTAallMOHAPHBIA TEPMOKAMWUTIPHBIA OTKIWK B BHJIC KOHIICHTPUYECKOMN
UHTEPPEPEHIIMOHHON KapTUHBI.

B cnywae peanmzanuu TepMOKANUISAPHOTO OTKJIMKA IMOBEPXHOCTHIO KUIKOCTH,
CIIOCOOHOW HaMarHW4YMBAThCA (MAarHUTHOM JKHUJIKOCTH), TOSIBIISETCS BO3MOXKHOCTh
BIUSHUA Ha (DOTOMHAYUHMPOBAHHYIO TEPMOKAMWUIAPHYIO AehOopMaIlfio CBOOOJTHON
MTOBEPXHOCTH CJIOSI MAarHUTHBIM TIOJIEM, YTO, HECOMHEHHO, IPEICTABIISICT, HE TOJHKO
YUCTO HAYYHBIW, HO U IPUKJIAHON UHTEPEC.

Panee oOpamianoch BHMMaHWE Ha TIOTJIONIEHWE DJHEPTUM JIa3epHOTO JIyya,
MIPOUCXOIIEe TaKKe MPU HEMOCPEACTBEHHOM €ro pachpOoCTpaHEeHUH depes cpedy. B
pe3yibTaTe STOTO TMPOUCXOAUT €€ HEOJHOPOJHBIM HarpeB € OCECUMMETPUYHBIM
U3MCHCHUEM TEeMIIepaTyphl. DTO B CBOIO OdYepelb IMPOBOJUT K aHAJIOTHYHOMY
pacnpeneNeHrI0 TIoKa3aTelisi MPEIOMIICHUS CpPEelbl, BCIEACTBHUE 3aBUCHUMOCTH €r0
BEJTUYMHBI OT TEMIIEPATYPHI.

Kpome Toro, 3aBUCHMMOCTh MarHWTHBIX MapaMETPOB MArHUTHBIX JKHJIKOCTCH OT
TEeMITepaTyphl MPUBOIUT K HEOAHOPOTHOCTH OOBEMHBIX MATHUTHBIX CHJI, IEUCTBYIOIINX
B 00pasile MarHUTHOTO KOJUIOMAA C HEOAHOPOIHBIM pACHpEeICHUEM TeMIIepaTyphl.
Bce 510 MOXeT OBITh HMCTOIB30BAHO I yIpaBieHUs 3PHEKTOM TEIUIOBOW JIMH3BI C
MOMOIIBIO  JIOTIOJTHUTEJIBHOTO BO3JEHCTBUSI MAarHUTHOTO TIOJIA. BhIle W3I0KeHHOE

YKa3bIBa€T Ha HECOMHEHHBIN HHTEpPEC HCCICAOBAHUA TCPMOUMHAYLHUPOBAHHLIX
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3(1)(1)CKTOB B MAronuTHBIX KOJUIOWAAX IIPH HUX BSaI/IMOIleﬁCTBI/II/I C JIa3CPHBIM HU3JIYUCHHUCM.
D10 W MMOCIHYKWJIO OCHOBAHUCM JIsI IPOBCIACHHA HOI[O6HBIX I/ICCJICI[OBaHI/Iﬁ,

PE3YJIBbTAThl KOTOPBIX U3JIOKCHBI B HaCTOHHIGﬁ TJI1aBC.

2.1 ®oToTepMokanuIsipHas Aedopmaiusi cBOOOIHOI MOBEPXHOCTH MATHUTHOM

AKHJIKOCTH B NIOCTOAHHBIX MATHUTHBIX ITOJAX

2.1.1 Hnoyyuposannasn nazepnvim usnyueHuem mepmoKanuiiapHan oegpopmayus
MOHKO20 €105 MAZHUMHOU HCUOKOCHU 8 00HOPOOHOM CHIAUUOHAPHOM MACHUMHOM

noJie

Cxema TpHUMEHSBIICHCS yCTaHOBKM HM300pakeHa Ha puc. 2.1 [182, 183]. Ha
TBEPAYI0 TOPH3OHTAIBHYIO CTEKIISIHHYIO TIOMJIOKKY HAHOCHUJICS CJIOW MarHUTHOU
xuakoct 1 tommmuao h =130 MxM. MarauTHas >KUAKOCTb MpeAcTaBisiiga co0oit
JUCIIEPCUI0  HAHOYACTHI]  MarHeTuTa  cpenHum  pasmepom 10 HM B
MOJIUTUATUIICHIIOKCAHOBOK  KUAKOCTH [IDC-3, CcTaOMIuM3upOBaHHYIO  OJICMHOBOM

KUCI0TOM. ILIOTHOCTP MArHUTHOM JKUAKOCTH COCTaBisia o = 1380 Kr/M°,

KOHIIEHTpaIsi MarHuTHOW ¢a3bl — 7.7%, HavanbHas MarHWTHas BOCIPUUMYHUBOCTH

x =1, ynenpHas temionpoBogHocTh A = 0,134 Brt/(M°K), nuHamuueckas BSI3KOCTb
7 = 20 wmlla-c. JIokanpHbIN HAarpeB MPOU3BOAWICS ITyYKOM IeJIMA-HEOHOBOIO Jiazepa
LASOS 2 wmomsocteio Py =15 MBT u amamerpom nyua d =0,5 MM, KOTOpbIii

HampaBysicss 1oA  yrjaoM 45° Ha TOBEPXHOCTh CJOSi MArHUTHOW >KUJKOCTH.
OTpakeHHBIM Jy4 Tomajajg Ha dKpaH 4, Ha KOTOpoM (opMHpoBajach KapTHHA
TEPMOKAMMWJUISIPHOTO OTKJIMKA, (UKCHUpyeMash MpU TOMOINUA BHJICOKAMEPHI. JKpaH
pacrnojarajics MeprneHANKYIIPHO OTPAKEHHOMY Jydy Ha PACCTOSHUM 2 M OT TOYKH
MAJACHUS JIyda HA TOBEPXHOCTh KUIAKOCTU. [Ipum 3TOM ClOM MarHMTHOW KUIKOCTH
IOMELIAJICA B CTALMOHAPHOE OJHOPOAHOE MArHUTHOE I0JIe, CO34AaBAEMOE KaTYyIIKAMHU
['enbmrosbiia 3. B ombiTax MarHWTHOE TMOJI€ MOTJIO OBITh OPUEHTHPOBAHO Kak
MEPIIEHAUKYJISIPHO CIIOK KUJKOCTH, TaK W NapajyieJbHO eMy. B mocinenHem ciydae

rmojie  ObLIO HaIlpaBJICHO KaK B INIOCKOCTH PpPAaCIHpPOCTPpaHCHUA IIaAdOIICTO U
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OTPRXCHHOTO JIa3€pHOTO JIy4a, TaK HW B MEPHNEHAWKYJIsIpHOW el. l3MmeHeHue
TEeMIepaTypbl B 00JacTH MajeHUs Jdyda (PUKCHPOBAJIOCH C IMOMOIIBIO TEMJIOBH30pa
FLUKE Ti100. MnmrocTpanueii pacipeaesieHus TeMIIepaTypbl BOKPYT TOUKH ITaICHUS

Jyda MOXET OBITh ITOJIYYCHHAS C €T0 TIOMOIIBIO TepMorpamMma (puc. 2.2).

Puc 2.1. Cxema »KcHepHUMEHTaJIbHOW YycTaHOBKM st Puc. 2.2 Tepmorpamma pacmpeneneHus
NPOBEJCHUSI HCCIEOBAaHUK B OJHOPOJHOM MAarHMTHOM TEMIIEpaTypbl B OOJIACTH  MaJCHHS
nosie: 1 — cJIolf MarHWUTHOM JKUAKOCTU HA TIOJUIOKKE, 2 — JIa3e€PHOTO JIyda.

reJnii-HeOHOBBIN Ja3ep, 3 — Karymku [enpmronbua, 4 —

DKpaH.

[IyTeM wu3MepeHMii C HMCIOJIb30BAaHUEM TEIJIOBU30pa OBLJIO YCTAHOBJIEHO, YTO
TeMIeparypa IOBEPXHOCTU CJIOS JKUAKOCTM B TOYKE IMAJCHUA JIA3€PHOrO Jyda
BO3pacTaeT MPUMEPHO Ha 3 Trpagyca MO CPABHEHUIO C OKPYXKAIONIMMH yYacTKaMu
MMOBEPXHOCTH KHUJIKOCTH.

[Ipy HemocpeaCTBEHHBIX HAOIIOICHUSX (POPMUPYIOMIETOCs MOJI BO3ACHCTBHEM
Ja3epHOTO Jyya TEPMOKAMUIULIPHOTO OTKIIMKA OBbLUIO OOHApY>KEHO, YTO €ro KapTHUHA
MPECTABIIAET COOOM CEepUI0 KOHIEHTPUUYECKUX KOJIell AJUIUNTHYECKON (opmbl (puC.
2.3).

OTMeTnM, YTO JJaHHAsI KapTMHA aHAJIOTMYHA MO CBOEMY BHEIIHEMY BUJly paHeEe
HaOJIOJIaBIICHCS B TMPEAUICCTBYIOIIMX  MCCICAOBAHUAX  (POTOMHAYLIMPOBAHHOM
TEPMOKAMWJUISIPHON J1epopMaIiii MOBEPXHOCTH CJIOSI HEMAarHUTHBIX KUIKOCTEH, TaKUX

KaK, Halpumep, Tsbkenas HeQTh, OKTaH, OyTaHod-1, OEH3WIOBBIN CHUPT, Ba3€JIMHOBOE

maciio [86, 112].
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Jlns  yrouHeHus: (GU3MYECKOr0 MexaHu3Mma HaOmogaeMblx 3¢G(EKTOB ObUH
MPOBENCHB HAOMIONCHUS 32 KOHBEKTUBHBIMH TEUYCHHUSMH, BO3HUKAIONIUMHU B
pe3ysbTaTe JIOKAJIHHOTO JIa3€PHOTO HArpeBa MOBEPXHOCTH CJIOS MAarHUTHOM JKUIKOCTH.
Jlnst 3TOr0 B JKUIAKOCTH OBUTM JTOOABICHBI MHUKPOYACTHIIBI ATIOMHUHHEBOW ITYJIPHI,
HAOIOJICHUE 3a XapaKTepOM JIBIKEHHUS KOTOPBIX OCYIIECTBISUIOCH C TOMOIIBIO
ONTUYECKOr0 MUKpockona. Oka3anochk, YTO YACTUIIBI ATIOMUHUS NPUXOJAT B ABUKECHUE
B OKPECTHOCTH TaJCHHS JIyda Jja3epa, MOAHUMASCh M3 HIDKHUX O0O0JacTed clios K
MOBEPXHOCTH U Jlajiee pacXoIsCh paJualibHO OT MECTa MaJeHUs Ja3epHOro Jydya. ITO
JEMOHCTPUPYET KapTUHY TEUEHUH, XapaKTEPHYIO ISl TEPMOKAMMILIISIPHON KOHBEKIIUH.
B kadectBe mpmmepa Ha puc. 2.4 M300paKEHBI TPACKTOPUH YaCTHUI[ ATFOMHUHHUEBOU
yApbl, TIOJIyYeHHbIE Ha OCHOBE (hoTorpaduid, CleTaHHBIX MPU MOMOIIU ONTHYECKOTO

MHUKPOCKOTIa, ¥ UX 00pabOTKH B MporpaMMHOM obecrieuernu Fiji.

0.1 MM

Puc. 2.3. XapakTepHas kaptuHa Puc. 2.4. TpaekTopun aqrOMUHHUEBBIX MUKPOYACTHII
TEPMOKANMWUISIPHOTO OTKJIMKA MPH OTPaKEHUU B 00JacTU MaJeHus Jyda Jjlazepa Ha MOBEPXHOCTb
Jy4a ja3epa OT IOBEPXHOCTH CJIOSI MArHUTHOM CJIOSI MAarHUTHOW JKUJIKOCTH, JE€MOHCTPUPYIOLIHUE
KUJKOCTH. KapTUHY (OPMUPYIOIIETOCs TEUEHUS KUIAKOCTH.

VYcTaHOBIEHO, YTO BO3JCUCTBHE MAarHUTHOIO TMOJS MNPUBOJUT K HM3MEHEHHUIO
pa3MepoB U (GOPMbI KAPTUHBI TEPMOKAMMIUIIPHOTO OTKJIMKA. Tak, HA puc. 2.5 moka3aH
rpadMK 3aBHCUMOCTH BEJIMYWH OOJBIION a W Mayioi b momyoceli BHelHero cBeTIoro
KOJIbIIa KAPTHUHBI CTAMOHAPHOI'O TEPMOKAMWUISIPHOIO OTKJIHMKA OT HANpPSHKEHHOCTH

BHCIIHCTO MAIrHMTHOTO IIOJI, HAIIPABJICHHOI'O IICPIICHIAUKYJIISIPHO CJIOHO MarHuTHOM
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KUIKOCTU. BUIHO, 4TO ¢ POCTOM HAIPSHKEHHOCTH II0JISI BEJIMYMHBI I10JIyOCEH PacTyT.
['eomeTrpuueckass Qopma KapTHHBI TPH TaKOM HAMpaBJIEHWW MO  OCTAETCs

HEU3MEHHOMU.

a(H)/a(0)
b(H)/b(0)
2.0 -

1.8 -

1.6 + o a(H)/a(0)
© b(H)/b(0) *
14+

1.2 -

1.06—e—o & ! I ! |
0 2 4 6 8 10

H, kA/M

Puc. 2.5. 3aBHCHMOCTh OTHOCHTEIBHBIX BeNW4MH Ooubinoi (a) u Mmamoit (D) momyocei BHemHero
CBETJIOTO KOJIbLIa CTAllMOHAPHOM KapTHHBI TEPMOKANMWUIAPHOTO OTKJIMKA OT HAIPSHKEHHOCTH
BHEIITHET0 MarHUTHOTO 1moJisi. [1oj1e HarpaBaeHo MEPICHIUKYIISIPHO CJI0K MAarHUTHOMN YKHIKOCTH.

[Ipn nercTBUM MO, HAMPABIEHHOTO NApaJUIEIbHO CIOK MATHUTHOM KUJIKOCTH,
MIPOUCXOINUT YMEHBLIEHNE BEJIMYUH IOJyOCEN KapTHUHBI TEPMOKAMWLIAPHOIO OTKIIMKA
(puc. 2.6 (a, 6)). B »>TOM cCiy4ae, KpoMe TOro, MPOUCXOAUT W H3MEHCHHE
reoMeTpuyeckoil ¢opmbl Kojen. Tak, MarHUTHOE II0Jie, HaIpaBJIEHHOE BIOJb
IJIOCKOCTU PACIPOCTPAHEHHUS IMANAIOLIEr0 U OTPAXKEHHOTO JIydeH Jla3epa, IPUBOAUT K
TOMY, YTO (popMa ITUNTHUECKUX KOJIEI| CTAHOBUTCS OoJsiee BHITSHYTOU. Ecnu xe mosne
MEPIIEHINKYJISIPHO TUIOCKOCTH PACHpOCTPAHEHUS NMAJAOIIETO M OTPAXKEHHOIO JIydeu
Ja3epa, UMEET MECTO YMEHBUICHUE CTENEHU BBITSIHYTOCTH JJUIMIICOMIAIBHBIX KOJEL,
YTO MPUBOJUT MPHU JOCTUNKEHUU HEKOTOPON BEIMYMHBI HANPS)KEHHOCTH K TOMY, YTO
KapTuHa TnpuoOpeTaer (GopMy KpYroBbIX KOJ€l, a MpH JajJbHEHIIEM poCTe
HaIPSDKEHHOCTH  TOJISl IPOUCXOJWT CMEHA HAINPABIEHUS BBITAHYTOCTH KOJIELl —

otHomeHnue b/a cranosurcs 6onbiie 1 (puc. 2.7).
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a(H)/a(0) a(H)/a(0)
b(H)/b(0) b(H)/b(0)
1.0 ¢ .« 109 o
s s
0.9 - o ¢ s
5 * . 09 . . ° 5
0.8 - ° * e . 08| o ° o o
OTE e aun/ao) * % OTF  sauja@ e
o b b(0 o ° s
0.6 1 (H)/b(0) o . 0.6 b(H)/b(0) ..
[ ]

0.5 L L L . ! 0.5 1 1 1 I ]

0 2 4 6 8 10 0 2 4 6 8 10

H, xA/M H, KA/M
a o

Puc 2.6. 3aBUCHMMOCTh OTHOCHTEIbHBIX BelWduH Oonbmion (a) u manoi (D) momyocei BHEIIHETrO
CBETJIOr0 KOJIbIIa CTAlMOHAPHOW KapTHHBI TEPMOKAMMJUIAPHOTO OTKIMKA OT HANPsHKCHHOCTH
BHEIIIHETO MAarHWTHOTO IT0JIs, MapaUIeIbHOTO CJOK0 MAarHUTHOM JKHAKOCTH M JIeXKAIero a) B
IUTOCKOCTH PACHpPOCTPAHEHUS TaJalolero MW OTPAKCHHOro Jyded Jasepa, 0) B IUIOCKOCTH,
NEePICHAMKYJIIPHON TUNIOCKOCTH PACcIpOCTPaHEHHS MAIAI0IIEro U OTPAXKEHHOTO JIy4eH Jlasepa.

b/a
1.1
a3
1.0 v A
0.9 b z °
A A

0.8 | P

i 8 g @ A o o & o o © o o]
0.7 + i a

=] o 5

0.6 - 0 o2
0‘5 1 1 1 1 J

0 2 4 6 8 10

H, kKA/Mm

Puc 2.7. 3aBUCHUMOCTh OTHOIICHHS TMOJTYOCEH BHEIIHEro CBETJIOrO KOJbIAa CTAIIMOHAPHOW KapTHHBI
TEPMOKANMUIIIAPHOI'O0 OTKIIMKA OT HAIIPS)KCHHOCTU BHCITHETO MArHUTHOTO ITOJIA: 1 — none HaIrrpaBJICHO
NEPIEeHIUKYISIPHO CIOI0 MarHUTHOM KUAKOCTH, 2 — TOJIe MapajieIbHO CIIOK0 M HAMpaBlIEHO BIOIb
TUTOCKOCTH PACIpPOCTPAHEHUS MAIAI0NIeT0 U OTPAKEHHOTO Jydel ja3epa, 3 — 1MoJie MapauielbHO CIIO0
M HANpaBlIEHO B IIJIOCKOCTH, NEPHEHANKYJISIPHOM IUIOCKOCTH PpacClpOCTPAHEHHUs MAJalolEero M
OTPaXE€HHOTO JIy4el Ja3zepa.

Jlanee Obl1a paccCMOTpeHA AWHAMHUKA SBOJIONNWHA KapTHHBI TEPMOKAMMILIIIPHOTO
OTKJIMKA. B kKauecTBe WiLTIOCTpanuu Ha puc. 2.8 n300pakeHbl 3aBUCUMOCTH BEITHMYHUHBI
OOJBITION MOTYOCH BHEITHETO CBETIIOTO KOJIbI[a KAPTUHBI OT BPEMEHH, MTOJTyYCHHBIC TTPU

PA3JIMYHBIX 3HAYCHHUAX HAMMPSIKCHHOCTH BHCIIHCIO MArHUTHOI'O IIOJA, a TaKXKCE IIpU
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pa3HbIX €ro opueHTauusx. HadanmbHOMYy MOMEHTY BpeMeHHM Ha TIpadukax

COOTBCTCTBYCT MOMCHT BKJIFOYCHUS JIa3Cpa.
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Puc 2.8. 3aBUCHMOCTH OT BpPEMEHH BEIUYHHBI OOJBIIONH TOJYOCH BHENIHETO CBETIIOTO KOJIbIIA
KapTUHBl TEPMOKANMMWUIAPHOTO OTKJIMKA TPU Pa3IMYHBIX 3HAYCHUSX HANPSHKCHHOCTH BHEIHETO
MarHuTHoro nois. Ilone HampaBiieHO NEPHEHAMKYJSPHO CIIOK0 MAarHUTHOM JKUIKOCTH (a), IoJie
napajuielIbHO CIIOK W HAIPAaBJICHO BJOJb IUIOCKOCTH PACIPOCTPAHCHHS MaArOIIero U OTPAXKCHHOTO
nyded nazepa (0), mosie MapaieNbHO CJIOK0 W HANpaBJICHO B IUIOCKOCTH, MEPHEHIAUKYIISIPHON
IUIOCKOCTH PACIPOCTPAHEHUS MMAJIAFOIIEr0 U OTPAXKEHHOTO JIy4deH Jiazepa (B).

[losmyyeHHble  JaHHBIE  MO3BOJLIIOT  ONPEHCIIUTh  BPEMs  YCTaHOBJICHUS
CTallMOHAPHOM KapTUHBI TEPMOKAITWUIAPHOTO OTKJIMKA B 3aBUCUMOCTH OT JIEUCTBUS
MarHuTHOro mojis. Tak, Ha puc. 2.9 MpeAcTaBICHBl 3aBUCUMOCTH BPEMEHH Pa3BUTHS
KapTUHBl TEPMOKAITWUIAPHOTO OTKJIMKA OT HAIPSYKEHHOCTH BHEHIHETO MAarHUTHOTO
nonsa. Kak BHAHO W3 pHCYHKA, JCWCTBUE MEPHEHIAUKYJSIPHOTO CIIOK KUJKOCTH
MarHdTHOTO TIOJii TPUBOJUT K BO3PACTaHUIO BPEMEHU pPa3BUTUA JedopManuu
ITOBEPXHOCTH. JIEHMCTBUE K€ KACATEIBHOIO K OBEPXHOCTH KUAKOCTH TOJIsI, HAITPOTUB,
YMEHBIIIACT BpeMsi (OPMHUPOBAHUSI YCTOMUUBOTO Mpoduiisi moBepxHOCTU. B mocnennem
CIy4ya€ OpHEHTAalWs MArHUTHOIO IMOJiI OTHOCUTENIBHO IUIOCKOCTH PAaCIpPOCTPAHECHUS
JIA3EPHOTO JIy4ya CYLIECTBEHHON POJIK HE UTPAET.

[IpencraBiseT WHTEpEC TAaKXKE peJlaKcalusi IOBEPXHOCTH KHUJIKOCTH IIOCTE
npeKpaieHus aercTBus gazepuoro uanyuenus [108]. s u3ydeHus 3aKkOHOMEPHOCTEH
ABOJIIOIUA MOBEPXHOCTH JKUAKOCTH TIOCJIE CHATHS BO3MYILAIOLIETO BO3ACHCTBUA
Ja3epHOTO M3Iy4YeHUs] MpUMeHsuics nomnoimHuTenbHbI He-Ne mazep LASOS Gosnee
Hu3koit momHocTH (1 MBT). Ero nyd HampaBisuics B Ty e TOYKY IMOBEPXHOCTH

KUAKOCTH, YTO M JIyd OCHOBHOI'O Jia3cpa. HpI/I 9TOM HM3JIYYCHHUC ITOIMOJHHUTCIILHOI'O
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Jas€pa HC  BbI3BIBAJIO BOSMYH.ICHI/Iﬁ MMOBECPXHOCTH  KHUIAKOCTH, H C€ro Jiyd
pacipocCTpaHsICA B IINIOCKOCTU OTJIMYHOM OT IJIOCKOCTH pacpoCTpaHCHUS Magaromicro

H OTPAKCHHOI'O ﬂyqeﬁ OCHOBHOTI'O JIa3€pa.
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Puc. 2.9. TIpaduku  3aBUCMMOCTH  BpEMEHH  yCTAHOBJICHHUS  CTAllMOHAPHON  KapTHHBI
TCPMOKANIWIIIAPHOI0 OTKIIMKA OT HAIIPS’)KCHHOCTU BHCITHETO MArHUTHOT'O I1OJIA: 1 — none HaIrpaBJICHO
NEPIEeHIUKYISIPHO CIOK0 MarHUTHOM XUAKOCTH, 2 — IOJIe MapauiebHO CIIOI0 M HAMpaBIIEHO BIOIb
IUTOCKOCTH PAaCIpPOCTPAHEHUS MAIAI0UIETO U OTPAKEHHOTO Jydei ja3epa, 3 — MoJie MapauiebHO CIIO0
YW HaNpaBJIEHO B IIJIOCKOCTH, MNEPHEHAMKYISIPHOM IUIOCKOCTH paclpOCTPAHEHUs MaJarolero M
OTPaXEHHOTO JIy4eH J1a3zepa.

[Ipy  OOHOBpEMEHHOM  BO3ACHCTBMM  OOOMX  JIA3€pHBIX  MYYKOB, JIy4
JOTIOJIHUTENIBHOTO JIa3epa, OTPAXKasCh OT MOBEPXHOCTU MAarHUTHOW YKUIKOCTH, TAKXKE
JEMOHCTPHUPOBAJ HHTEPPEPEHIIMOHHYIO KapTHUHY B BUJE CBETJIBIX M TEMHBIX KOJEIl Ha
skpane. [Io 3BOMIOIMU ATOM KapTUHBI NOCJE OTKJIKOYEHHS OCHOBHOIO JIa3epa MOXKHO
CyIMTb O IPOLECCE pPENaKkCaluu IOBEPXHOCTH KUAKOCTU. Tak, IyTeM H3MEpeHUus
BPEMEHU CTATUBAHUS B TOYKY HUHTEP(EPEHIIMOHHOW KapTUHbI, O0Opa30BaHHOMN
JOTIOJTHUTENBHBIM JIa3epOM, ObLIO ONpPEAEIICHO BpEMs pejlakcallii TePMOKAMUIIISIPHON
nedopMaui MOBEPXHOCTH CJIOSI MAarHUTHOM JKUIKOCTH B 3aBUCUMOCTU OT JICHCTBUS
BHEIIIHETO MAarHUTHOTrO Mojs. COOTBETCTBYIOIIME SKCHEPUMEHTAJIbHBIE 3aBUCHUMOCTH

BpEMCHHN pCIaKCalliid OT HAIIPsA)KCHHOCTH MArHUTHOI'O IIOJIA IPCACTABJICHBI Ha PHC.

2.10.
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Puc 2.10. TI'paduku 3aBUCHMOCTH BpPEMEHH pellaKCallii TEePMOKAMWIUIIPHOW JedopManuu
IOBEPXHOCTH JKUIKOCTH OT HANPSIYKEHHOCTH BHEIIHEr0 MAarHUTHOro mnojs: 1 — mose HampaBieHO
HNEePHECHANKYJIIPHO CJIOI0 MAarHUTHOH >KUAKOCTH, 2 — II0JI€ HapauIeNbHO CIIOK0 M HAIpPaBJIEHO BJOJb
IUIOCKOCTH PAaCHpPOCTPaHEHUs MaJaloLIero U OTPaXKEHHOIo Jydel ja3epa, 3 — MoJjie NapauiebHO CIO0
U HANpaBJICHO B IIOCKOCTH, IEPHEHAMKYJSIPHOM IUIOCKOCTH PpacCHpOCTPAHEHHs NAJarolero M
OTPa)XCHHOT0 JIy4eH ja3epa.

Kak cnemyer u3 puc. 2.10, aeiicTBUE NEPHEHAUKYJISIPHOTO CIIOI0 MarHUTHOTO
MOJISI TIPUBOAMT K BO3PACTAaHWIO BPEMEHHM perakcanuu AchOpMaIK MOBEPXHOCTH.
JlelficTBrE K€ KacaTeabHOTO K MOBEPXHOCTU YKUIKOCTU TOJIA MPH MaJbIX BEIMYMHAX
HAIMPSHKEHHOCTH TakKe TMPUBOAUT K POCTY BPEMEHH pelakcaluu, OJHAKO TMpHU
JTaTbHEHIIeM YBEIMUYCHUH HAMPSOKCHHOCTH TTOJIS HAOMIOAACTCS YMEHBIIICHUE BPEMEHU
penakcanuu. [Ipu 3ToM 3PdeKkT M3MEHEHHs BPEMEHM peJlaKcalld IOoj JCHCTBHUEM
MarHMTHOTO TIOJsSI CUJIbHEE BBIPAKEH B Cllydae, KOTJa IMOoJie MapauiebHO TMIIOCKOCTH
pacmpocTpaHeHHsI JTyda Jia3epa.

AHanTUTUYECKWE BBIPAKEHUS 1T  ONPENCICHHUS BEIMYUHBI  AehOopMaIiu
CBOOOTHOM MOBEPXHOCTH JKHJIKOCTH B MECTE JOKAIBHOTO W3MCHCHHUS TEMIIEpaTyphl B
pe3yabTaTe TEIIOBOTO ICHCTBHUSA JIa3epPHOIO M3IydeHHs, noiydenuoie B [106, 107],
XOpOIIIO COTJIACYIOTCS C JKCIEPUMEHTAJIbHBIMH JaHHBIMH, OJIHAKO HAMIydIlee
corjacue ¢ SKCIEPUMEHTOM HaOJtoJaeTcs IS PacUETHBIX 3HAYCHHWH, IMOJyYCHHBIX

IyTeM YHCIIEHHOrO HHTerpupoBanus ypaBuenuit HaBbe-Crokca [88, 110].
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TemnoBoe BO3ICHCTBHE B MAarHUTHOW YKMIKOCTH TMPUBOIUT K TEPMOMATrHUTHOM
KOHBEKIIMY, BO3HUKAOIIEH KaK B OJTHOPOIHOM, TaK M HEOJHOPOJIHOM MarHHTHOM IIOJIE,
BCJICJICTBHE U3MEHCHUS HAMAarHMUECHHOCTH C TEMIIEPaTypOl, KOTOPOE BBI3BIBACT TAKKE
niepepacrpe/ie/icHie HANPsSHKSHHOCTH OIS B JKHIKOCTH. CleayeT OTMETHTh, YTO
TePMOKAMWUIIpHAs JedopMalids CBOOOJHOW TOBEPXHOCTH MArHHTHOM KHJIKOCTH
NPUBOJUT K JIOTIOJHHUTEIBHOMY Iepepacipe/ie/ICHUI0 HANPSHKEHHOCTH W HW3MEHEHHIO
CTETIEH! HEOTHOPOTHOCTH TIOJIS.

3amaya 00 yCTOMYMBOCTH CIJIOSI MAarHUTHOW JKHJIKOCTH TPH HEOTHOPOTHOM
HarpeBe B OJTHOPOJHOM MarHWTHOM IIOJIE paHee ObljIa TeOPETUYCCKH PacCMOTpPEHa B
[48], rne B mpubmmxkeHnn byccrHecka v pH yCJIOBUHU CJ1a00¥ HEOMHOPOIHOCTH TIOJIS
ObUTa TOJIydeHAa CHCTEMa ypaBHEHWH, B  KOTOPBIX YUYTEHBI  BO3MYIICHHS
HAMarHMYCHHOCTH JKMJIKOCTH W HANpPSHKEHHOCTH MArHUTHOTO IIOJI, BBI3BAHHBIC
BO3MYIIICHUSMH TeMIIepaTypsl. B YacTHOCTH, OBLJIO OTMEYEHO, YTO B KauyecTBE
OTIPEICTISIONINX MOBEICHNE CUCTEMBI 0e3pa3MEepHBIX MapaMeTPOB MOKHO PacCMOTPETh

CJIEAYIOIINE BEIMYUHBI, XaPAKTEPU3YIOIIME OTHOCUTEIIBHBIN BKJIAJ PA3JIMYHBIX CHUIL:
2

Ma = P!

nNK

IMOBCPXHOCTHOI'O HATAXKCHHA U BA3SKOI'O TPCHHA M OIIMCBIBAIOIICC TepMOKaHHHHHpHBIﬁ

— YHCJIIO MapaHFOHI/I, onpeAcisicMOC KaK COOTHOIICHUC CHII

MEXaHU3M KOHBEKIIMM, O0YCJIOBJICHHBIA TPAIUEHTOM KO3(P(UIIMEHTAa MOBEPXHOCTHOTO
HATSDKEHUS! Ha CBOOOHOM MOBEPXHOCTH JKUJIKOCTH;

_B,91°

v2

Gr

— uucno ['pacroda, omnuceiBaromiee TEPMOrPABUTALUOHHYIO

KOHBEKIIMIO — TIPEJICTaBIsieT Cco00il COOTHOIIEHHWE MEXAY BBITAJIKUBAIOLICH
ApxumenoBol CUJIOW (Pa3HOCTHIO IPABUTALMOHHBIX CHJI, OOYCJIOBJIEHHOW Pa3HOCTHIO

IJIOTHOCTEH, BOZHUKIIEH M3-3a Meperajia TeMIepaTyp) U CUJIaMU BSI3KOTO TPEHUS.

4
Grm — Ho KGZM
yo%

TCPMOMATrHUTHYHO KOHBCKIOHUIO B HCOJHOPOJHOM MAIrHUTHOM IIOJIC C XapaKTCPHBIM

—  MarHuTHOe  uymcino  ['pacroda,  omuckIBaroiee

rpaaueHToM nons G =|VH].
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2 214
ﬂOK y I w~ Kj/ %
— KPUTCPHUH C XaPAKTCPHBIM I'PAAUCHTOM IIOJII ——, KOTOPHLIU B

-2
pv(1+ xy) Hy
SJABHOM BHJIC OIIMCBIBACT BKJIIA/ BOSMyHLGHI/Iﬁ HaAIIPSAKCHHOCTH MAIrHUTHOT'O  ITIOJIA
(O6YCHOBHCHHBIX ABHNKECHUEM HCI/I30TepMI/IquK0ﬁ )KI/II[KOCTI/I) B MarHuTOoCTaTUYCCKYIO

CUIIy U ABJIACTCA aHAJIOTOM MArHuTHOI'O 4YHUCJia Fpacroq)a.

Venosue Gr>>D copmagaer ¢ ycioBHEM HNPUMEHHMOCTH OE3bIHIYKIHOHHOTO

K
HpI/I6HI/I}KeHI/IfI G>>_7/, YTO 03HA4YA€T BO3MOXHOCTH HpeHe6pC)KCHI/IH BOSMYUICHUAMU
Hy

IIOJIs, CBS3aHHBIMM C JBM)KCHUEM JKUAKOCTU. [IpM OTCYTCTBHUM K€ pPaBHOBECHOIO
rpaguenta noiass G =0, NpUMEHHMMO HHAYKIHMOHHOE MPUONMKEHHE, OIKCHIBAIOIIEE
BIIUSHUE OJHOPOJHBIX MATHUTHBIX IIOJIEM HA TEPMOKOHBEKTHBHBIE IIPOLIECCHI B
MAarHATHBIX KUIKOCTAX.

2
Sj= My
pgo

— KPUTEpHUH TNOBEPXHOCTHOW HEYCTOMYMBOCTH, XapPaKTEPHU3YIOIIHN

YCTOMYHMBOCTh MOBEPXHOCTH ciiosg MJK OTHOCMTENbHO €€ BO3MYUICHHU B
NEPHeHANKYJISPHOM MAarHUTHOM TIOJIe — TPENCTaBiseT COOOW  COOTHOIIECHUE

MarHUTOCTaTHYECKOW, TPABUTALIMOHHON Y KAMMJUIAPHOU CHUJI.

B BbllIENepeYnCIeHHbIX — Oe3pasMepHbIXx — mapamerpax: f,=—00/0T -
TeMIIepaTypHbIi KOA(G(UIIMEHT MOBEPXHOCTHOTO HATSDKEHUS, ¢ — KOI(P(DUIIUCHT
MOBEPXHOCTHOTO HATsKEHUs, I — TeMIeparypa, ¥y = ‘VT‘ — TpalieHT TeMIepatypsl, |
— XapakKTepHBIM pa3Mep CHUCTeMbI, # — KOAIDDUIMEHT TUHAMUYECKON BS3KOCTH, K —
KO>(QQHUIMEHT — TeMIEepaTyponpoBoaHocTd, [, =-1p(6pl0T) — xoddumment
TEIJIOBOTO PACIHIMPEHUs, p — IUIOTHOCTh, § — YCKOpeHHE CBOOOAHOTO MaJeHUs, V —

KHHEMATHIECKas BA3KOCTb, 4, — MarHumtHas mnocrosunas, K=(0M/0T)s, -

NUPOMATrHUTHBIN KOAQUIIMEHT (TeMrepaTypHbld KOI()PUIMEHT B TEPMOMArHUTHOM

KOHBEKI[MM, HUIparoImuid poib [ » B TPaBUTalMOHHON), M — HaMarHWYEHHOCTH,

Xr :(5‘M / oH ) b1 — AubbepeHunanbHas MarHATHas BOCIPUUMYHBOCTE, [ —
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HANPSDKEHHOCTh MAarHUTHOTO 1oJs, MU, = ), +1 — aubdepeHunanbHas MarHuTHas

nponunaeMocts, M, — HopmanbHas cocTaBnsomas HAMATHAYEHHOCTH.

He Bce w3 TMepedyHCICHHBIX (U3MYSCKHX BEJIWYMH M3BECTHBI TOYHO
MPUMEHUTENHHO K YCIOBHSAM ONMUCAHHBIX BBIMIC SKCIEPUMEHTOB, OJTHAKO, TTOJCTABIISS
npHOJIMKEHHBIC 3HAYCHHMSI, XapaKTEPHbIC I MOJ00HBIX cHCTeM, B dacTHocTH [1, 13,

48]

H
=107 ——,
Ps K
7:\VT\z£: 3 4:1,2-1045,
L 2510 M
1=13-10"" u,
2
K:i:%zl&lo_sﬂd— (C=c-p — TEIIOEMKOCTh EIMHUIIBI
C 171510 c

ooreMa MK, ¢ — ynenbHas termmoemkocts M),

B,=10"°K™,
g=981",
C
-3 2
120107 5082
p 1380 ¢
y0:47r-10_7&,
M
K =20—1_
M.
2 =1,
Mn:(1—5)-1034,
M
c=22.103 2

M

MOJIy4aeMm:
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Ma=~13, Gr~16-10*, D~36-10"°, Si ~0,13 —13 (mpu H =1-10 xA/m).

B npuBeneHHbIX pacueTax 3a XapaKTepHbIH JIMHEHHBIN pa3Mep o0acTu nepemnaga
TEMIIepaTyp Ha TOBEPXHOCTH KHIKOCTH MPUHIT paauyc Iydyka jasepa L :E’ a 3a

XapaKTEPHYIO IITyOrHYy NpHUHSTA TOJIMHA uccaexyemoro ciost MK | = h.

Takum oOpa3zom, BenWYMHBI O€3pa3MEpHBIX IMapaMETPOB OKA3bIBAIOTCS B
cienyomeM cootHomenud Ma > Si >> Gr > D. Otcioga MOXKHO 3aKIIOYHTh, YTO
OCHOBHBIM MEXaHHW3MOM TEIIOMACCOTIEPEHOCa B HCClIeqOBaHHOM ciioe MK B ycrmoBusx
MIPOBEJICHHBIX AKCIEPUMEHTOB SBIICTCS TEPMOKAMWUISIpHAs KOHBEKIus. I[lpm 3ToM
3¢ (GeKThl TPaBUTAIMOHHOM M TEPMOMArHUTHOM KOHBEKIIUH, XapaKTePH3yeMbIC
COOTBETCTBeHHO umciaoM I'pacropa (Gr) um mapamerpom D, oka3bIBaroTCS
IPEHEOPEIKUMO MAITBIMH.

Kak ormeuasnoch BBIIIIC, 6€3BIHI[YKHI/IOHHOG HpI/I6J'H/I)K€HI/Ie IIPUMCHUMO, KOr'Ja

K
rpa):[I/IeHTBI BHCHIHCTO ITIOJIA BCIIMKHU G>>—]/, a TepMOMaFHI/ITHaﬂ KOHBCKIIHUA HpI/I 9TOM
Hy

ONMKChIBAETCA MarHUTHEIM uucioM I'pacroda (Gl,). B mpoBeneHHBIX dKCepHUMEHTax

OJIHOPOJIHO€ MArHUTHOE IOJI€ CTAHOBUTCA HEOJHOPOAHBIM BCJIEICTBUE WCKPUBICHUS
CWIOBBIX JIMHUM Ha TEPMOKANMWUISIPHOM YIIIyOJIGHHUH C OJIHOH CTOPOHBI U
HEU30TEPMUYHOCTHU JKUJIKOCTH, oOycriaBiauBaroLen HEOAHOPOJHOCTh
HaAMarHUYEHHOCTH, C APYroi. B MarHUTHOM MoJie ¢ yMEpEeHHON HEOAHOPOAHOCThIO [48]
ALKy

5 -12-10° iz nosygaem Gr,, = 3-10"3, T. €. Grm << Si < Ma.
M y7m M

G ~10°

[IpunoxeHne MarHuTHOTO MOJISI B UHTEPBAJIE HANPSX)KEHHOCTEN, UMEIOIIUX MECTO
IIpU NPOBEIECHUN HCCIEAOBAaHUM, B OTCYTCTBHE JIA3€PHOT0 HArpeBa HE MPHUBOJIMIIO K
pPa3BUTHI0O MAarHUTOCTATUUYECKONW HEYCTOMYMBOCTH CBOOOJHON TOBEPXHOCTH CIIOS
MarHUTHOM KUAKOCTH. Bwmecte ¢ Tem, mpu J0OCTaTOYHO OOJBIIUX 3HAUYECHUSIX
HanpsDKEHHOCTH TOJST  MOIVIO  HaOMIoNaThCs IUIABHOE WU3MEHEHHE  KPUBU3HBI
MOBEPXHOCTU MAarHUTHOM >KUJKOCTH.

MoXxHO 3aKiaouuTh, 4TO 3(PGEKTh, HAOIIOJAIONIMECS B OMMCAHHBIX BHIIIE

OKCIICPUMCHTAX IIpHU BOBI[GI‘/JICTBI/II/I MAarouTHOI'O II0JIs1, CBA3aHBI C JOIIOJIHUTCIBHBIM
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NeicTBUEM Ae(POPMUPYIOIIMX MAarHUTOCTaTUYECKUX CUJI, TO €CTh B paccMaTpHUBAeMOM
CUTyalldd HMMEET MECTO COBMECTHOE TPOSBICHHE JIBYX MEXaHU3MOB JAeQopMalliu
IIOBEPXHOCTH CJIOS. MArHUTHOM KUJIKOCTH.

JleiicTBuTensHO, 00pa3yromiasicst B pe3ysbTare TePMOKAMMUIIPHON AepopMaIiu
JyHKa HAa MOBEPXHOCTH MAarHUTHOM XUJKOCTH NPUBOJMUT K JOKAJBHOMY HCKaXEHUIO
MarHuTHOrO moJjisi. EciiM BHEIIHEE MAarHUTHOE II0JI€ HAIPABJICHO INEPHEHAUKYISIPHO
ITIOBEPXHOCTH JKHUJKOCTH, TO JIOKAJIbHASI HEOJHOPOIHOCTH IOJISI OKA3bIBAECTCS TAKOBOM,
4TO CTUMYJIMPYET pa3BUTHE BO3HHKILIECH JYHKH, U OHa cTaHoBUTCS Tiyoxke [1, 48]. C
pPOCTOM  HANPSKEHHOCTU  OJHOPOJHOIO IEPIEHIUKYJIIPHONO MArHUTHOIO  I10JIA
YBEJIMYMBAETCS MArHUTHBIN CKadyoOK JaBiieHHs Ha noBepxHocTh MK (COOTBETCTBEHHO
pacret mapametp Si), 4TO CIIOCOOCTBYET POCTY BEJIIMYUHBI 1e(hOPMALIUH TOBEPXHOCTH.

OTO TOpPUBOOUT K  COOTBETCTBYIOIIEMY  YBEJIMYECHUIO PA3HOCTH  XOJa
UHTEpPEPUPYIOLIUX JIy4ei U MposiBisieTcs B yBenuueHuu pazmepoB TK otknmka (puc.
2.7a). Taxxe pe3ybTaTOM YBEIUYCHHS TITyOUHBI BOSHUKAIOIICH JTYHKH B OJTHOPOIHOM
MIEPIICHINKYJIIPHOM MAarHUTHOM ITI0JIE SIBJIIETCSI POCT BPEMEHU PA3BUTHS U PEIIAKCALIAN
nedopmanuu noBepxHoctu (puc. 2.8, 2.9).

Torma Kak OPpTOTOHAJIBbHOE MATHUTHOE IOJIE SIBJSIETCSA NMPUYMHON MCKPUBJIEHUSA
MOBEPXHOCTU MAarHUTHOM >KUIKOCTH, TAHT€HLUUAJIBHOE OKa3bIBAET CTAOMIIM3UPYIOLIEE
BIIMSIHUE HA BO3MYILEHUS, PACIIPOCTPAHSIOLINECS BOJIb CBOEIO HAIPABIICHUS.

_ #oMrz
P8O

JleficTBUTENIbHO, —TIapameTp S (rme |V|T —  TaHTeHIUaJbHas

cocTaBysiromas HamarHmdeHHoctd MIK), aHanmormuHeli SI M XapaKTEepH3YIOIIHA
YCTOMYMBOCTh MOBEPXHOCTH €0t MK OTHOCHTENBHO €€ BO3MYIIEHHI B MPOJIOJIBHOM
MAarHATHOM II0JI€, PAaCTeT C YBEIMYEHUEM €r0 HANPSIKEHHOCTH W NPUBOIUT K POCTY
KPUTHYECKOTO 3HAYEHUS Si, TO €CTh K MOBBIIICHUIO ycToWYuBOCTH [1, 48].

Taxum 00pa3oM, OJHOPOJIHOE MAarHUTHOE I0JI€, OPUEHTUPOBAHHOE MapaIeTBbHO
ITOBEPXHOCTH MAarHUTHOMW JKUJIKOCTH, CIVIAKMBAET BO3HUKAIOIINE HA HEW BO3MYLIEHUS U
YMEHBIIAET TIYyOMHY JIYHKH, YTO MPOSIBISETCS B YMEHBUIEHUH Pa3MEpPOB KapTHHbI

TEPMOKAMMJUSIPHOTO OTKJIMKA W BPEMEHH PAa3BUTUS M penakcaruu aedopmaruu (puc.
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2.5, 276 u 2.76, 2.8, 2.9). Ilpuuem, BBUAY CHMMETPHUH B Pa3BUTHH AcPOpMaliu
MOBEPXHOCTU KHUAKOCTH 3a CUET TEPMOKAMWUIPHON KOHBEKLHUH, OpPHUEHTAIUsS
MarHMUTHOTO TOJS OTHOCHUTENBHO IUIOCKOCTHPACIPOCTPAHEHHUs TMaJaloIIero U
OTPa)KEHHOTO JIy4Yell He OJKHA UMETh 3HAYEHUS, YTO U HAOII0aIOCh B IPOBEICHHBIX
skcnepumenTax (puc. 2.8 u 2.9). Ilpu 3TOM MarHWTHOE IOJIE TAKKE JOTOJTHHUTEITBHO
nehopMUpyeT JTyHKY, TPUBOAS K €€ TOPU30HTAIHLHOMY pPACTSIKEHUIO BIIOJb CBOETO
HANpaBJICHUS, YTO MPOSBIAETCS B W3MEHEHUH (POPMBI KOJEL TEePMOKAMUIUIIPHOTO
oTkiuka (puc. 2.6). IT0 MOXKET OBITh CBS3aHO C JIOKAIBHBIM IEpepacIpe/eiecHueM
HANpPsHKEHHOCTH MarHUTHOTO TOJISI HA TIOBEPXHOCTH TEPMOKANMWIUISIPHOTO YIITyOJIeHUs,
U3-32 4YEero IMoJie MOXXeT HMMETh HOPMAaIbHYI0 K CTEHKAM JIyHKH COCTaBIISIOIILYIO,
CTUMYJIMPYIOIIYIO €€ TOPU30HTAIbHYIO Je(OpMalHIO.

Crnenyer, oqHAKO, 3aMETHTh, YTO HAOIIOAAIOIIUICS HA prc. 2.9 mepBoHAYaTbHBIN
poct Bpemenu penakcaiuu TK oTknmka ot ToHKOTO cios MK B mapamnensHOM mose
IpU MajbIX BEJIMYMHAX HANPSDKEHHOCTHU HE BIIOJIHE YKIIAJBIBACTCS B MPEACTABICHHYIO
KAUECTBEHHYIO KapTHUHY SBJEHUS, €ro OoO0bsicCHEHHWEe Tpedyer Ooyiee AEeTaTbHOIO
TEOPETUYECKOI0 aHajlM3a pPacCMaTpPUBAEMbIX TMPOLIECCOB U SBISIETCS TMPEAMETOM

NAITBHENUIIINX UCCIIEIOBAHN.

2.1.2 3aeucumocmo homomepmoxkanunnapnozo Ihghexma om moauwiunsl c107a u
6A3KOCHU MACHUMHOU HCUOKOCMU 8 CIMAUUOHAPHBIX 0OHOPOOHOM U HEOOHOPOOHOM

MACHUMHDBIX NOJIAX

JIist u3ydeHus 3aBUCUMOCTH (OTOTEPMOKAMUIUISIPHOTO d(h(deKTa OT TOJIUHBI
CIOS W BS3KOCTM MATrHUTHOW JKMJIKOCTU B CTallMOHAPHBIX OJHOPOJAHOM U
HEOJHOPOJIHOM MATrHHUTHBIX TIOJISIX MCHOJB30BAIMCH 2 00pasma, IPeICTaBIISIOIINX
co0Ol NUCTIepCHI0 HAHOYACTHI] MarHeTuTa cpemHuMm pasmepom 10 HM Ha OCHOBE
kepocuHa (o6paszen; Nel, Bszkocthio 3,2 mlla-c) u BakyymHoro macia (o6paszerr No2,
Bs3kocteio 6,3 mMlla-c) [184, 185]. TommuHa C10S MArHATHOM JKHUAKOCTH
BappupoBaniach B mpeaenax 1,3-5,8 mm. JlokanbHBI HarpeB MPOU3BOAWICS JIyIOM

reJinii-HeoHOBOTO Jiazepa mMolHocThio 500 MBT. Jlnamerp myda nazepa cocrasisut 0,3
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MM, OH HAIIPaBJISUICS HA IOBEPXHOCTBH CJIOS MAarHUTHOW XKUAKOCTH IOA yriom 45°.
Cnoil MarHUTHOM S>KMJIKOCTH pAacIoyiarajcsi Ha JHE KpYIJIOH KIOBEThl C KpasMu
WIMHAPpUYECKON (opMbl. [Ipu 3TOM HCIIOJIB30BAIUCH KIOBETHI PA3JIMYHOIO JUAMETPA.
[Tapgarommii 1y4 TOCTHraa MOBEPXHOCTU B LIEHTPE KPYTrOBOI'O CJIOsI KOJUIOUAA, a TOCHe
OTpaXeHHMs Tomajajd Ha JKpaH, Ha KOTopoM (opmupoBanach KapTHHA
TEPMOKANUJUISIPHOTO OTKJIMKA B BUJE KOHLEHTPUUYECKUX MHTEPPEPEHLNOHHBIX KOJIEIL,
dukcupyemas mpu momomm Bupeokamepsl (puc. 2.1). CranmoHapHOe OJHOPOIHOE
MarHUTHOE II0JIe, HANpaBJIE€HHOE MEPHEHAUKYJSIPHO IOBEPXHOCTU cJosi oOpasua,
co3laBajioch Karymkamu ['enpmronbua. Kpome Toro, ObLIO HCNONB30BAaHO U
HEOJTHOPOJHOE MAarHuUTHOE II0JIe, CYLIECTBEHHO H3MEHAIOIIEE penbe() MOBEPXHOCTH.
OHO co3maBaJIOCh KaTYHIKOM € KOHYcOOOpa3HbIM (DEppPOMarHUTHBIM CEPACYHUKOM,

PacCHOJIOKEHHBIM MEPIICHIUKYIISIPHO CIIO0 00pasiia, 1o 1 Mo II0kKKoH (puc. 2.11).

Puc 2.11. Cxema 3KCIIepUMEHTAILHON yYCTAHOBKH I IMPOBEJACHUS MCCIICAOBAHUNA B HEOJIHOPOIHOM
MarHuTHOM Tonie: 1 — renuii-HeoHOBBIN Na3ep, 2 — KaTylIka MHAYKTUBHOCTH, 3 — KOHYCOOOpPa3HbIN
(beppoMarHuTHBIN cepliedHuK, 4 — ktoBeTa ¢ oopazuoM MK, 5 — skpaH.

IlepBoHauanbHO ObLIAa HWCCIEOBaHA 3aBUCUMOCTh OTHOCHUTEIILHOM BETUYUHBI
OONBINION  TOJIyOCH ~ KOJeI HMHTeP(EPEHIIMOHHOM  KApTUHBI  OT  BEJIMYHUHBI

HaHpH)KéHHOCTI/I BHCIIHCTO OJHOPOAHOI'O MAarHMTHOI'O IIOJIA IIpHU paanquﬁ TOJIIIUHEC
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cios. Ilpy 3TOM mNEpBOHAYAIBHO HCIOJIB30BAINCH KIOBETHI, AUAMETP KOTOPBIX HE
npesbiman 90 mm.

Oxkasanock, 4TO B CIly4ae MCIOJIb30BaHUSA KIOBET TAKMX IUAMETPOB YBEIMYCHUE
HaIPSKEHHOCTH OAHOPOJHOTO MAarHUTHOTO IOJISI NMPUBOJIWT K YBEIWYEHUIO pa3Mmepa
natHa TK ortkmuka. Jng wumocTpanu 3Toro Ha pucynke 2.12 mpenctaBiieHbI
¢otorpaduu nsATHA OTKJIMKA, TOTYYEHHbIE IPU UCIIOIB30BAHUM KIOBETHI 1uameTpoM 80

MM.

a )

Puc. 2.12. V3meHeHne KapTUHBI TEPMOKANMMUIUIIPHOTO OTKJIHMKA TPHU JIOTIOJHUTEIBHOM BO3JIEHCTBUU
OJIHOPOJHOTO MAarHUTHOTO MoJs: a) H=2,5 kA/M, 6) H=5 kA/m.

Ha puc. 2.13 npencraBiensl rpaukyd 3aBUCUMOCTEH OTHOCUTEIIBHONW BETMYUHBI
OOJBIION MOTYOCH KapTUHBI OTKJIMKA OT HAMPSHKEHHOCTH MPUIIOKEHHOTO MAarHUTHOTO
T0J151, ITOJTyYEHHbIE TIPU MCITOJIb30BAaHUH KIOBET quameTpoM 32,7 MM (a, 6) u 68,2 mm (s,
2) WA ABYX 0OpasloB KOJUIOWIA MPU PA3JIMYHBIX TONIIMHAX CI0sA. Kak MOXHO BHJIETh
U3 PHUCYHKA, 3TH 3aBUCUMOCTH HMMEIOT BO3PACTAIOIIUA XapakTep, MPU ITOM C
YBEJIUYCHHEM TOJIIIMHBI CJI0SI KOJUIOMAA BIIMSHUE MAarHUTHOTO TIIOJIS HAa pPa3BUTHE
TEPMOKAMWJUISIPHON AedopManinu ociabeBaer.

B nanpHeiineM ObUTH KCIIONB30BAHBI KIOBETHI, TUAMETP KOTOPbIX mpesbiiian 90
MM. Okazajgoch, 4TO B 3TOM cllydae pasmep KaptuHbl TK OTKIHMKa, HampoOTHUB,
YMEHBIIIAETCS TIPU YBEITUYCHUHM BEJMYMHBI HAMPSOKCHHOCTH MarHuTHoro modis. [lpu
ATOM 3Ta TEHICHIUS COXPAHSIETCS I BCET0 MHTEPBaJla UCCIICIOBAHHBIX TOJIIIIMH CIIOCB

MarHUTHOM XUAKOCTH. VIrocTpaliyeil 3Toro sSBistoTCs MpeAcTaBlIeHHbIle Ha puc. 2.14
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BCIIMYHWHBI

TCPMOKAIIWIUUIAPHOI0 OTKIIMKA OT HaHpH)KéHHOCTI/I ITOJIA.
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Puc 2.13. 3aBHCHMOCTb OTHOCHUTEJIHOM BEIMYUHBI OOJIBLION MOJTYOCH BHEIIHEro CBETJIOro KOJbLA
CTAllMOHAPHON KapTHUHBI TEPMOKAMMWIISPHOTO OTKJIUKA OT HAIMPSKEHHOCTH BHEIIHEro OHOPOJIHOTO
MarHUTHOTO TIOJIS TIPU Pa3IHUHBIX TomMHax cioeB: 1 —h=33mM,2—-h=4wmm, 3-h=5mm,4—h
= 5,8 mm; a) MXK Ha ocHoBe kepocuHa (oOpasenr Nel), nuamerp ktoBetel D = 32,7 mm; 6) MK Ha
OCHOBE BakyyMHOT0 Maciia (o0paszer; Ne2), nuamerp kroBeTsl D = 32,7 MmMm; 6) MK Ha ocHOBe KepocuHa
(oOpazer; Nel), nuametp kroBeTbl D = 68,2 MMm; 2) MK Ha ocHOBe BakyymHOro macia (oopaser; Ne2),

nuamMeTp KroBeTsl D = 68,2 Mm.
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Puc. 2.14. 3aBuCUMOCTb OTHOCHUTENBHON BEIWYMHBI OOJBINON MOTYOCH BHEITHETO CBETJIOrO KOJbIla
CTAIlMOHAPHON KapTHHBI TEPMOKATMIUIIPHOTO OTKJIMKA OT HANPSHKEHHOCTH BHEIIHETO OJHOPOIHOTO
MarHUTHOTO TIOJISI TPH Pa3JInYHbIX TomuHax ciioéB MK B kroBete ¢ auamerpom D=90 mm: 1 —h = 3,3
MM, 2—h =4 MM, 3—h =5 MM, 4 —h =5,8 mm; a) MK Ha ocHOBe kepocuHa (oOpaser; Nel); 6) MK Ha
OCHOBE BaKyyMHOTo Macia (o0Opaszery No2).
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J1J1st BBISICHEHUSI IPUYMH 3TOTO, MPEABAPUTENILHO ObUIM MPOBEACHBI HAOIIOICHHUS
3a mpoduiem moBepxHocTn MJK B KiOoBeTe, MOABEPKCHHOW ICHCTBHUIO MAarHUTHOTO
NOJISL IPU OTCYTCTBUH JiazepHOro jyya. OKa3ajaoch, 4TO XapakTep U3MEHEHUs: Mpopus
MMOBEPXHOCTH KHUJIKOCTU TOJI BO3JICMCTBUEM MAarHUTHOTO TOJS 3aBUCUT OT JHAMETpa
KIOBETBI: TAaK IMPHU MaJblIX [IHAMETPAX TOBEPXHOCTh CTAHOBUTCA BOTHYTOM, YTO
yMeHbIIaeT Ttonmuuy cinos MXK B meHtpe kroBeThl. HampoTuB, npu Oo0bIIMX
JAAMETPAX KIOBETHI MOBEPXHOCTh CTAHOBUTCS BBIMYKIIOW, YTO YBEJIUYMBAECT TOJIIHHY
cinoss MK. Ilpu 3TOM, Ipu HEKOTOPOM MPOMEKYTOYHOM 3HAUEHUU quamerpa (okoio 80
MM) mpodunas mnoBepxHocTh MIK He mpereprneBaeT CyHIECTBEHHBIX W3MEHEHHM BO
BHEIIIHEM MAarHUTHOM moJie. I oOBSCHEHUS TakOro W3MEHEHHUSI KpPUBU3HBI
IIOBEPXHOCTH CJIOSI MArHUTHOI'O KOJUIOMZA B KIOBETaX PAa3HOro JUaMeTpa IPOBEICH
KaueCTBEHHBIN aHAJIN3 MEXaHU3MOB JiehopMaliii TaKUX CIOEB.

Kak  wu3BecTHO, CKayoKk  JaBJICHMs HA  TpaHUUE  pasaena  JABYX
HAMarHUYMBAIOIIUXCSA KUJIKOCTEW IPU BO3AEHUCTBUU OPTOTOHAIBHOIO OJHOPOIAHOTO

TIOJIS OIpeieNisieTcst BeipaxenueM [1, 48, 148]:

1 1 1
-pp=—M,,-M_,)B, +20 — ——|, 2.1
P2 = Py 2( ni n2)Bn R, R, (2.1)
rne M,, B, - HopmanbHple cocTapisrolME K MOBEPXHOCTH pasiena

KOMITIOHEHThl HAMarHMY€HHOCTM W MArHUTHOM HWHIYKUMU COOTBETCTBEHHO, O —
K02((UIUEHT OBEPXHOCTHOTrO HaTskeHus, Ry u R, — rmaBHble paguychl KpUBU3HEL
IIOBEPXHOCTH.

B cinyuae, koria noBepXHOCTbh MAarHUTHOM JKUJIKOCTA TPAHUYMT C BO3JIyXOM, a €€
MarHUTHasi BOCIIPUUMYHUBOCTh HE 3aBUCHUT OT IOJIs, UCTONIb30BaHue (2.1) coBMeCTHO ¢
WHTErpajloM ypaBHEHUS PABHOBECHS W COOTBETCTBYIOIIMX TI'PAHUYHBIX YCIOBUUI
TIO3BOJISICT MOJTYYUTh BBIpAXKCHUE JIJIs onpeiesieHus: popmel moBepxHocTH [1, 48, 148]:

:—“0(”_1)(yH§+HE)+20 LR W (2.2)

Z
& 2 R, R,
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rae C — const, uo — MarHUTHAs MOCTOSIHHAS, p — MIOTHOCTh MK, ¢t — MaruuTHas
npormaemocte M)XK, H, u H, — mopmanemas m Tamrennmanshas cocrasnsroniue

HaMpPsHKEHHOCTH MArHUTHOTO TIOJISI COOTBETCTBEHHO.

B o6mem cnyuae 3amadya omnpenencHuss (OpMbI TOBEPXHOCTH  SIBISIETCS
JIOCTaTOYHO CJOXHOW HM3-32 HEOOXOAWMOCTH 3HAHUS PACIPENETCHHS MO, KOTOpOe
caMo 3aBUCUT OT (POPMBI TOBEPXHOCTH.

C npyroil CTOpOHBI, OMPENETUTh HAa KAYECTBEHHOM YPOBHE BHJ H3MCHCHHUS
(GbopMBbl MOBEPXHOCTH BO3MOKHO W3 DHEPTreTUUYECKUX COOOpakeHHil. J[elicTBUTENbHO,
paccMmatpuBasi cioid oOpaslia Kak OTPaHMYCHHBIM O0BEM MOXKHO 3aKIIOYHUTh, YTO
paBHOBecHas (opma 1ePOPMUPOBAHHOTO CJIOSI OMPEACIUTCS U3 YCIOBUS MUHMMYyMa
MOJIHOM SHEPIruM, BKIIOYAIONICH MArHUTHYIO, IMOBEPXHOCTHYIO U DHEPIHIO MO
TATOTCHMUS:

W =W, +W,, +W, (2.3)

MarHuTHy10 SHEpPrui0 IUIOCKOTO CIIOS KOJJIOWAA KPYTJIOM (OpMBI BBIpA3UM B

BUJIE:

_ HgHV
"R N

(2.4)

rae V — oobem ciost, N — ero paaMarHuuuBaromui pakTop.

3Heprm{ IIOJIs1  TATrOTCHHUA, OIPCACIIACTCA BBICOTOM OCHTpa MacC CJoA

OTHOCHUTENIBHO MOIOKKH Wy = ,ogSh2 /2 (p — mnotHOCTH X)UIKOCTH, h — TonmmuHa

CJI091).

[ToBepXHOCTHYIO SHEPTHIO OMpeaeIuM Kak TpousBeAeHue KodhduimeHTa
TOBEPXHOCTHOTO HATSKEHMS HA MIOIMAbL cBOOOIHOM moBepxHocTH ciod, T.e. W, =0S |

CnenyeT OTMETUTh, YTO OTpPaHUYEHUE CJIOSI CTEHKAaMH KIOBEThl MPUBOJIUT K
JOTIOJTHUTEIPHOMY HMCKPHUBIICHUIO TOBEPXHOCTU BOJM3M CTEHOK. OJTO CBSI3aHO C
pazIMureM CUJI MPUTSHKEHUST MEXKAY YacTUIIAMU JKUAKOCTH (KOTe3usl) U KOHTEHHEpOM
(apresust). Ilpu 3TOM, €CiM KUAKOCTh CMAauMBAET MaTepuall CTEHOK KIOBETHI, TO OHa

MOJHUMAETCS M0 CTEHKAM KIOBETHI (UTO XapaKTEpPHO JJIsi MCCIEeayeMbIX oOpasion). B
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NPOTUBHOM CJlydyae YpOBEHb JKUJIKOCTH BOJIM3M CTEHOK KIOBEThl MOHMXKAETCH.
OTMmeTHM, YTO POJIb UCKPUBIICHUSI MTOBEPXHOCTH BOJIM3H CTEHOK KIOBETHI CHH)KAETCS B
ciy4ae OOJBIIMX AUAMETPOB KIOBETHI, UTO MO3BOJIIET MPU aHAIU3E TOBEPXHOCTH CIIOS
MAarHUTHOM JKUJKOCTU NpPH BO3JACHCTBUM MArHUTHOIO IOJS B KIOBETaxX OOJIBIIOTO
IUamerpa €€ He yYUTHIBATh.

[lepBoHavYaJIbHO PACCMOTPUM U3MEHEHUE (DOPMBI IOBEPXHOCTH CJIOSt MATHUTHOTO
KOJUJIOWJIa B KIOBETE JOCTATOYHO OOJBIIOTO JUaMETpa, YTOOBI IMpeHeOpeyb KpaeBbIMU
sbdexTamu y cTeHOK KioBEeThl. O4EBUIHO, YMEHBIIEHUE MAarHUTHOW 3HEpruu (K yemy
CTPEMUTCS] CUCTEMA) BO3MOXKHO 3a CUET YMEHbBIIEHUs pazMarauuuBatonero gaxkropa N.
OTO MOXKET MPOU30MTH BCIAEACTBUE TPAHCPOPMALIUU INIOCKOTO CIIO0SI O] BO3IEUCTBUEM
1O0JI1 B BBIMYKJIBIA (B IapoBOM cerMeHT). OTMETHM, YTO NPOBEICHHbIE HAOIIOICHMUS
NOATBEPJMIN TaKOM cleHapuil TpaHcopMmanuu cilos B cllydae HEOOJBIIUX MOJIEH.
BO3HUKHOBEHNE BBITYKJIOCTH CJIOSI MAarHUTHOTO KOJUJIOHWJIa MPUBOAMT K YBEJIHYEHUIO,
KaK MOBEPXHOCTHON 3HEPTUH, TAK M SHEPTUU NOJIA TArOTeHHs. OYeBUIHO, yCTOWUNBOE
nosioxkeHue GopMmbl COS  ompeaenurca OamaHcoM d3THX dHepruid. Ilpum 3TOM,
JNAJIbHENIIEE  yBEIMYEHUE IO  NPUBOAUT IPU  HEKOTOPOM  KPUTHUUECKOU
HaAMpsHKEHHOCTH MOJS K BO3HUKHOBEHUIO TOBEPXHOCTHOM HEYCTOMYMBOCTH —
TIOSIBJICHUIO OT/ICIBHBIX MMUKOB, 00Pa3yIOMIUX OOBIYHO T'€KCAarOHAIBHYIO CTPYKTYpy [1,
48]. OrMmeTM, YTO OMMCAHHBIC B HACTOAIICH pPabOTe MCCACIOBAaHUS IIPOBEICHBLI B
JOKPUTHUYECKOMN 001aCTH HANPSY)KEHHOCTEH MOJIS.

[Ipy yMmeHbIIEHUH IUaMeTpa KIOBEThl KpaeBble 3(PQPEKThl y CTEHOK KIOBETHI
HAaYMHAIOT OKAa3bIBATh CYIIIECTBEHHOE BIIMSAHHME HA XapaKTEp BCEU MOBEPXHOCTU CIIOS.
OHa CTaHOBHUTCS BOTHYTOM MO BCEH KIOBETE C PaguyCOM KPUBHU3HBI CTPEMSILHUMCS K
paauycy KroBeThl. [Ipy BO31€CTBUM MarHUTHOTO TOJISA, HAIPABJIEHHOTO 110 BEPTUKAIIH,
MUHAMYM MarHUTHOM S3HEPrUM TaKOTO CJIOS MOXET JOCTUTaThCs NPH MEHBIINX
3aTpaTax 3a CyeT JaJbHEeHIIero mnoabeMa KUIAKOCTH BIOJIb CTEHOK KIOBETHI,
IPUBOJSIIETO K YMEHBIIEHUIO pa3MarHuuuBaroniero ¢akropa. B pesynbrate 3TOro
BOTHYTOCTh MEHUCKA YBEITMUMBAETCS, a TOJIIIMHA CJIOSl B LIEHTPE KIOBEThI YMEHBIIAETCSI.

Takum o0pa3oM, MOXKHO C/I€NIaTh BBIBOJ, YTO BO3JEHCTBUE MEPIIECHIUKYJIIPHOTO

OAHOPOAHOI'0 MArHvMTHOI'O IIOJISA Ha CJIOM MarHUTHOI'O KoJ1ionaa, pacIioJIOKECHHOI'O B
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KIOBETE, TMPUBOJUT K YBEJIUYCHUIO TOJIIWHBI CJIOS B LIEHTPE KIOBETHI JTOCTATOYHO
OOJIBILIOTO JUAaMETPa, U K YMEHBIICHUIO TOJIIMHBI CIOSI B ILEHTPE KIOBETHI MAaJIOrO
IMaMeTpa. OTO M TIOCIYXXWJIO OCHOBaHHEM CBs3aTh OOHAPY)KCHHBIC Ppa3IHUMs
3aBUCUMOCTEM pa3Mepa KapTUHbl TEPMOKANWIUISIPHOIO OTKIHWKA OT BEIWYHHBI
HANPsHKEHHOCTH BHENIHETO MATHUTHOIO MOJIS MPU MCIIOJIB30BAHUU KIOBET Pa3IMYHOTO
nuamerpa. To ecTh, yBEIMYEHHE pa3Mepa KapTUHBI OTKIMKAa B KIOBETE MAaJIOro
JAAMETPa TMPOUCXOAUT BCJIECACTBUE YMEHBIIEHUS TOJIIWHBI CJIOS W HAIpPOTUB,
YMEHBIICHUE pa3Mepa KApTUHBI OTKJIMKA MPU MCIOJIb30BAHUHM KIOBETHI JOCTATOYHO
OOJIBIIOTO JTHaMeTpa OOYCJIOBJICHO YBEIMYCHHUEM TOJIIUHBI CJIOSI B MECTE MaJeHUS
ayda. Jlns mpoBepKH ATOTO MPEATNOIOXKEHHS ObUIM MPOBEICHBI HUCCIEIOBAHUS
3aBUCUMOCTH PaJuyca KapTUHBI TEPMOKAMUIISIPHOTO OTKJIMKA OT TOJIIMHBI IIOCKOTO
cjost 00paslia B OTCYTCTBHUE MOJIA. B 3TOM cilydae HCIoJIb30Bajlach KIOBETa TUAMETPOM
80 mm, TONIMHA CJOSI B KOTOPOM pETyIMpOBajiach 3a CYET H3MEHEHHUS o0bhema
JKUJIKOCTH.

JIeCTBUTENBHO, OKA3aJIOCh, YTO MPU YMEHBIICHUU TOJIIIWHBI TJIOCKOTO CIOS
paauyc HHTEPPEPEHIIMOHHOTO KOJIbIIa yBEIWYUBACTCS, KaK U B KPYIJIBIX KIOBETaX
MaJIOTO THaMeTpa MpU yBeIWYeHUU noiist. [Ipy ManbIX TONIIMHAX, COOTBETCTBYIOIIMX
JOCTHXKEHUIO JIA3€PHBIM JIy4OM JHA KIOBETHI, ol MJK pa3MbIBaeTcss U MPOUCXOIUT
pe3Koe yBeInUeHUE paauyca HHTephEepEeHIIMOHHBIX KOJIEIl.

Takum o0Opazom, yOBIBAIOIIMM ~ XapakTep 3aBUCUMOCTH  pajuyca
UHTEPPEPEHITMOHHOTO KOJIbIIa OT TOJIIUHBI ciios (puc. 2.15) MokeT ykas3bIBaTh Ha
MIPABOMEPHOCTh CHICJIAHHOTO MPEAIONOKEHUS O TPUYMHAX PA3JIMYHOIO BIIMSHUSA
MAarHUTHOTO TOJISI HAa TEPMOKANWUISIPHBIA OTKIMK cioss MJXK B KroBeTax pasHOTo
JrameTpa.

BMecte ¢ TeM, BO3HHMKalIME TMpPH BO3JACUCTBUU MATHUTHOTO  TOJIS
MOHJICPOMOTOPHBIE CHJIBI MOTYT NPUBECTH K HEMOCPEICTBEHHOMY YMEHBIICHHUIO
pa3MepoB JIyHKH, OOpasylomieics Ha TMOBEPXHOCTH MATrHUTHOW JKHUJIKOCTH TIOJ
BO3JICHCTBUEM JIQ3€PHOTO U3JIYUYCHMS, HE3aBUCUMO OT TOJIMHBI cnosa. s
AKCIIEPUMEHTATBHOTO ucciaeqoBanusg — Takoro  sddexkra  0YEBHUIHO Oouee

NpCANOYTUTCIbHBLIM ABJIACTCA NCIIOJIb30BAHUE HEOAHOPOJHOI'O MAroHuTHOI'O ITOJIA.
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Puc. 2.15. 3aBUCUMOCTh OTHOCHUTEJBHOTO pagnyca HHTEPPEPEHIIMOHHOTO KOJIbLIA OT TOJILIMHBI CIIOS B
OTCYTCTBHE BHemIHero MarHutHoro mois: 1 — MJXX Ha ochHoBe kepocuna, 2 — MM Ha ocHOBe
BAaKyyMHOI'O MacJa.

JId peanv3zanuy BO3IEHCTBUS TAKOTO TOJI MO TOHKOW CTEKJISIHHOM IMOIJIOKKOM,
OTpaHUYMBAIOIIECH HWKHIOI T'paHb CIIOs, pacrojarajics KOHyCOOOpas3HbIM cepAeHHHK
9JICKTPOMAarHuTa, ONMcaHHOro Bbie (puc. 2.11). Bravanme omnpeaensuioch
MECTOIOJIOKEHUE Oyropka HEOOJIBIIIOr0 JUAMETpPa, BO3HUKAIOIIETO HA TMOBEPXHOCTH
CJIOSI B PE3yJibTaTe BO3JCUCTBUS MOJISI 3JIEKTPOMArHuTa. 3aTeM IOJIE€ BBIKIIOYAIOCh, a
Jyd Jiazepa HampapJsICS TOJ YrioM, OJM3KUM K HOPMalM K MOBEPXHOCTH, B TOUKY,
COOTBETCTBYIOIIYIO BeplIMHE Oyropka, oOpasyromierocs MNpu Haauuuu mojs. s
HAOJIIOICHHUST KAPTUHBI TEPMOKAMUIUISIPHOTO OTKJIMKA UCIIOJIH30BAJICS JOTIOTHUTEIbHBIN
nazep 0ojee HU3KOM MOITHOCTH, JIy4 KOTOPOTO HE BbI3bIBAJ JAeOopMaliy MOBEPXHOCTH
B OTCYTCTBHE BO3JCHCTBHS Jyda OCHOBHOTO Jiazepa. Ero jiyd HampaBisuicsi B TOUKY
NajIeHUs JIyda OCHOBHOTO Jia3epa, MHAYIHUPYIOUIETo B cioe xuakoctu TK-yriyonenue.
[Ipu sTOM, BClieicTBUE OOJIBbIICH BEIUYMHBI AUAMETpa Jyda JIOMOJHUTEIBLHOTO Jlazepa
[0 CPAaBHEHUIO C JHMAMETPOM Jiyda OCHOBHOIO JIa3epa, €ro IMy4YOK IOJHOCTBIO
MEePEKPBIBACT 0OPA30BABIIYIOCS HAa MIOBEPXHOCTH KUJKOCTH JYHKY. B pe3ynbrare sToro
OTPOKECHHBIM Jyd JOMOJHUTEIBHOrO Jaszepa (opMUpPYET Ha DJKpaHe Ooiee
WH()OPMATUBHOE CBETOBOE TATHO TEPMOKAMWIUISPHOTO OTKIuKa. [lpu mmaBHOM
YBEJIIMUEHUH HAMPSHKEHHOCTU TPAJMEHTHOTO MArHUTHOTO TIOJSI, sipKas LEHTpalibHAs
YacTh MSITHAa HAuyMHala CTATUBAThCA B TOYKY, a IMSTHO OJHOBPEMEHHO C 3THUM

pa3mbiBajioch (puc 2.16). MOXKHO MPEANoJIOKUTh, YTO B 3TOM Cllydae BO3JCHCTBHE
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HCOOJHOPOAHOI'O MArHuTHOIO IIOJIA IPHUBOAWT K KOMIICHCAIIUU TepMOKaHI/IJIJIHpHOﬁ

nedhopMarii TOBEPXHOCTH 3a CYET BOSHUKAIOIMNX 00BEMHBIX CHJI.

Puc. 2.16. KOMHCHC&HI/ISI TCPMOKAIIWIIJIIPHOT'O OTKJIMKA B HCOAHOPOAHOM MAriuTHOM II0JIC.

Kpome pasmepa wuHTEpPEPEHIIMOHHOTO TMATHA, JAPYTUM  HEMaJOBaXHBIM
napametrpoM uszydaemoro TK-addekra sBasieTcss BpeMs yCTaHOBICHHS CTallHOHAPHOTO
TK-oTknuka, xapakTepusyiomee OBICTPOTY BO3HUKHOBEHHUS  YIUIyOJIGHHMs  Ha
TTOBEPXHOCTH.

Kak cnenyer m3 pabor [100, 101, 117], B KOTOpBIX HCCIIEIOBAJIOCH BpEMs
3a/iepKKU 3P dekTa, BenruunHa BpeMeHu (popmupoBanus kapTuHbl TK-oTkiMKa q0IKHA
TaK)X€ 3aBUCETh OT TOJIIHUHBI CJIOS JKUJIKOCTH, MOITHOCTH ITy4Ka, TEIIO(PU3MISCKHUX
CBOMCTB JKMJIKOCTU M TOJJIOKKHU, U COCTOSIHUSI €€ cBOOOHOM moBepxHOocTh. Cremyer
OKHJIaTh, YTO BO3JCHCTBHEC MArHUTHOTO TIOJS MOJXKET HM3MEHSATH BPEMS Pa3BUTHS
dboTorepmoKanuusipHOro  dddexrta B  MArHUTHBIX JKUJIKOCTAX. l[IpoBeneHHbIe
UCCJICIOBAHMUSI TIOATBEPIUIN BO3MOXKHOCTh TaKOTO BIHUSHUSA KaK CO CTOPOHBI
OJTHOPOJHOTO, TaK M HEOAHOPOJHOTO MAarHWTHBIX MOJIEH. B KkadecTBe WLIIOCTpaIiuu
aToro Ha puc. 2.17 mpuBeJeHBI KpUBBIE 3aBUCHUMOCTEH BpeMeHU (HOPMHUPOBAHUS
cranoHapHoM kapTuHbl TK OTkiIMKa OT HaANpsHKEHHOCTH — OJHOPOAHOTO U
HEOJHOPOJIHOTO MAarHWTHBIX IT0JICH, HAINPaBJICHHBIX MEPICHAUKYJISIPHO IMMOBEPXHOCTH
ciost oopasia No2. B ciryuae HEOTHOPOTHOTO TIOJISI HAMIPSIKEHHOCTh U3MEPsIach BOJIM3U
KOHIIa KOHYCOOOPa3HOT0 MOJIF0CA AJIEKTPOMArHUTa.

AHanornyHble HWCCIEAOBaHUS ObUTM TPOBEACHBI TAaKXKE TIPU BO3JICUCTBUH
MarHuTHOTO TIOJISl, HANpPaBJICHHOTO BJOJb CJIOS KUAKOCTH. B 3TOM ciyuae
HCIIOJIB30Baach MPsSMOYroJibHas KioBeTa jyuHOM 110 MM, koTopas momemanach B

00acTh OTHOPOAHOTO MoJIs Kyba MakcBera.
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Ha puc. 2.18 npeacrapiieHbl OTy4YEeHHbIE 32aBUCUMOCTH BpeMEeHHU (hOPMHUPOBAHUS
TK oTknuka OT Hamps>KeHHOCTH OJIHOPOJHOTO MAarHUTHOTO IOJIsl, HAIMpPaBJIEHHOTO

BJ10JIb IOBEPXHOCTHU CJ10s1 00pa3ia Ne2 mpu pa3iuyHOM TOJIIIMHE CIOS.
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Puc 2.17. 3aBucuMoctH BpeMeHH (HOPMHPOBAHUS CTAlMOHApHOW KapTuHbl TK oTkiomka mpu
pasnuuHOi TojmuHe ciaos oopasma Ne2 (1 — 1,2 mm; 2 — 1,4 mm; 3 — 1,7 MM) OT HampsHKEHHOCTH
BEPTHKAITBHOTO (IIEPIICHIUKYISIPHOTO CJIO0K0) OJHOPOJTHOTO MArHUTHOTO TOJIS: @) TUAMETP KIOBETHI 28
MM, 0) TuameTp KroBeThl 47 MM, B) AuaMmeTp KioBeTbl 80 MM; M HEOJHOPOJAHOTO MarHUTHOTO TMOJIS: T)
JUaMEeTp KIOBETHI 47 MM.
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Puc 2.18. 3aBucumoctu Bpemenu ¢popmupoBanns TK-OTKIIMKa pU pa3IMIHON TOJIIMHE CIIOST 0Opasia
Ne2 (1-1,2mm; 2 —1,4 Mmm; 3 — 1,7 MM) OT HampsHKEHHOCTH TOPU3OHTAIBHOTO (HANPABICHHOTO BIOJIb
CJI0ST) OTHOPOJHOTO MAarHUTHOTO TIOJIS.
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AHanu3 oOHapyXeHHBIX ocoOeHHOcTell pa3BuTus TK-OTKiMKa B MarHUTHBIX
KHUIKOCTSIX MOXKET OBITh MPOBEIACH WMCXOAs W3 JaHHBIX O nedopmariuu Cclos Mpu
BO3JICUCTBUM MAarHUTHOTO MOJSl, PACCMOTPEHHOW BBINIE C TOYKU 3PEHUS MUHHUMYyMa
MOJTHOM DHEPTUHU CJIOSA, a TaK)Ke NPH HCIOJIh30BAHUM W3BECTHBIX MPEACTABICHUN O
Pa3BUTHHN TEPMOKOHBEKTUBHBIX d(PPekTOB, 00CY)ICHHBIX B 1. 2.1 HacTOsIIEH TTIaBHI.

Kak yxe ormeuanoch B I'maBe 1, B [106, 107, 110] TeopeTnuecKku yCTaHOBIICHO,
YTO C POCTOM TOJIIUHBI CJIOS JKUJIKOCTH TiIyOWHAa TEPMOKAMWUIAPHONW JyHKA
yMEHBIIAETCS U, KakK CclelIcTBue, yMmeHblaercs pasmep TK-oTkiauka, d9TO
JEUCTBUTEILHO MOJITBEPIKAAETCS JIJISl UCCIIEIOBAHHBIX CJIOEB MAarHUTHOW KUJIKOCTH Ha
OCHOBE KE€pPOCHHA M BaKyyMHOT0 Macia (puc. 2.15).

3aBucuMocTh pazmepa TK oTkinka oT HanmpsHKEHHOCTH BHEIIHETO OJJHOPOJIHOTO
MarHUTHOTO TIOJIS MOYKHO OOBSICHUTh M3MEHEHHUEM T10]] ICHCTBUEM TIOJIST TOJIIIUHEI CJIOS
B MECTE TaJIcHUS JTyda Jia3epa.

Kak Obulo mOKa3aHO BBINIE, C M3MEHEHHWEM JHaMETpa KIOBETHI, B KOTOPOM
pacmoJiaraeTcsi CJIOi MarHUTHOM JKUJKOCTH, BOZHUKAET BO3MOYKHOCTD MPOSIBIICHUS JIBYX
peXUMOB JepopMaliid CJosi B TEPHEHAUKYJISIPHOM MAarHUTHOM II0JI€, KOTOPbIE U
OTIPEIEISIIOT TOJIITUHY CJIOS B TOUKE MAICHUS JTyda jazepa.

Tak, oOpa3oBaHue IMOJ JEHCTBUEM MAarHUTHOTO TIOJISI BIAIUHBI B KIOBETaX
MaJjoro JuaMerpa, MPUBOJAUT K YMEHBIIICHUIO TOJIIUHBI CIOS B MECTE MaJICHUs JTyda
Ja3epa ¥ COOTBETCTBEHHOMY YBEJIMUYCHUIO TITyOWHBI JIYHKH, T. €. pa3mepa TK oTkiauka
(puc. 2.13), a oOpa3oBaHHME BBIMTYKJIOCTH Ha IOBEPXHOCTH >KHIKOCTH B KIOBETaX
OOJBIIIOr0 AMAMETpPa MPUBOJUT K YTOJIIECHUIO CJIOS B MECTE IMaJIeHUA Jiyda ja3epa, u
COOTBETCTBEHHO K YMCHBIIICHHIO TJIIYOWHBI JYHKH, T. €. pazmepa TK oTkmmka (puc.
2.14).

[TapameTpsl, ONPEACIISAIONINEG PAa3BUTHE TEPMOKOHBEKTUBHOW HEYCTOWYMBOCTH B
CJIO€ MarHUTHOM >KMJIKOCTH, PACCMOTPCHHBIC BBINIE B I1. 2.1 HACTOSAIICH TJIaBbl, 3aBUCAT
or toiumHbl | cios sxkuakoctu. MarHuTHOoe mojie, AeGOpMUPYs CIIOW MarHHUTHOM
YKUIKOCTH, TIPUBOJNT K U3MEHCHHIO €r0 TOJIIIMHBI B MECTE TMAJCHUS JIyda Jia3epa, TO
€CTh B TOUYKE HarpeBa, W, KaK CJEICTBHUE, PETYJIUPYyeT WHTEHCHBHOCTH BCEX BHJIOB

TEPMOKOHBEKIMHU: TEPMOKANMIUIAPHON, TEPMOTPABUTALIMOHHON U TEPMOMArHUTHOM.



65

I'myOuHa JyHKH, BO3HUKAIOIIEH B pe3ysbTaTe TEPMOKAMUUIPHOU AedopMaliuu
MOBEPXHOCTH MArHUTHOW JKHIKOCTH, KaK CIeAyeT Hu3 YyOBIBAIOIIeH 3aBHCHUMOCTH
pasmepa TK oTkiauka OT TOJIIMHBI ¢10s (puc. 2.15), yMEHbBIIIAETCs ¢ POCTOM TOJIIIUHBI
cnos MIK, dro corjmacyercs Takke C OKCIHEPUMEHTAIBHBIMU PE3YJIbTAaTaMH,
MOJIYYCHHBIMH JIJIST Psifla TIPO3PAYHBIX JKUIKOCTEH, KaK B CIydae JIa3epHOTO HarpeBa
cBOOOMHOM MOBepXHOCTH k)HUAKocTH [112], Tak ¥ B cilydyae HarpeBa >KMIKOCTH CHHU3Y C
IOMOIIBIO KBAa3UTOUYEYHOTO HCTOYHHMKA TeIula B moaioxkke [186]. Dto MoxkHO
OOBSICHUTh TE€M, 4YTO C  YBEJIMYCHHUEM  TOJIIMHBI  CJIOS  HWHTCHCHUBHOCTH
TEPMOKAMUJUISIPHBIX TEYECHUN B MECTE IMaJIEHUs Ja3epHOro Jiydya 0ciadeBaeT, B CBA3U C
OTTOKOM TeIljIa B CJION 00JbIiero o0béMa. PacueTsi, mpown3BeieHHBIEC aHAJIOTHYHO TOMY,

KaK 3TO ACJIAJOCH BBIIIC AJIsI TOHKOI'O CJIOA, IIOKA3BIBAIOT, YTO C POCTOM TOJIIHUHBI CJIOA

o Ma
MArduTHOU XUAKOCTU OTHOILICHHUEC —— y6BIBaeT, J0CTUTrad 3HAYCHUA z6 JJIA 06pa3ua
Gr

Nel (na ocHoBe kepocuna) u =16 s oopasia Ne2 (Ha OCHOBE BaKyyMHOT'0 Macia) npu
TOJIIMHE 6 MM, TO €CTh TPABUTAIIMOHHAS KOHBEKIIUS OCIA0JsSET TePMOKAUIUISIPHYIO.
OTO NMPUBOAMT K YMEHBIICHUIO TIIyOMHBI JIYHKH, TO €CTh K YMEHBIIECHHUIO Pa3HOCTH
X0J1a UHTepHEepUPYIOLINX JTyuel, OTpakEHHBIX OT €€ MOBEPXHOCTH, U, KaK CIEJICTBUE, K
YMEHBIICHHIO pa3Mepa TePMOKANMIUIIPHOTO OTKIHKa (puc. 2.15).

Bo3zaeiicTBUE MarHUTHOrO TOJIA PEryJUPYEeT HE TOJbKO TOJIIMHY CJHOS
MAarHUTHOW KUJIKOCTH, HO U OKA3bIBAET BIMSHUE HA TEPMOMATHUTHYIO KOHBEKIIHIO.

C poctom TonumHbel cinosgs MJK, TepMOMarHuTHasi KOHBEKLHS Hapsay cC
I'PAaBUTAIIMOHHOM, CYIIECTBEHHO OCHa0seT TEPMOKANWUIAPHYI0, YTO U JOJDKHO

NPUBOJUTHh K YMEHBIIEHUIO TITyOUHBI JIyHKH. J[€MCTBUTENBHO B Ciy4ae OJHOPOJIHOTO
a
II0JIs1 OTHOILIEHUE Y yObIBaeT, nocturas 3HayeHus ~7 st oopasma Nel (Ha ocHOBe

kepocuHa) U ~17 mns oOpasia Ne2 (Ha OCHOBE BaKyyMHOT'O Macja) MPH TOJIIUHE CIIOS

6 MmM. B cnydae ke HEOTHOPOJHOTO MOJSi ¢ HEU3MEHHBIM YMEPEHHBIM IPaJUEHTOM €TI0

HampsokeHHOCTH G ~10° iz >Kr _ 2-10° iz (B O€3BIHIYKIIMOHHOM TPUOJIMKEHUN),
My M

NP HCIIOJB30BaHMM cyMMapHoro umcna I'pacropa Gr' =Gr +Gr,

o, HOJydaeMm, 4To



66

Ma ~
— yObIBaeT, JocTuras 3HaueHus ~2 11 oopasua Nel (Ha ocCHOBe KepoCHHA) U =5 st
Gr

oOpasia Ne2 (Ha OCHOBE BaKyyMHOTO Maciia) MPpH TOJIIIMHE CJIOS 6 MM.

CrnemyeT OTMETUTH, YTO C U3MEHEHHEM TITyOUHBI TYHKH U €€ POpPMBI BO BHEIITHEM
MarHUTHOM TI0JIe H3MEHSETCS CTENEHb HEOJHOPOTHOCTH OIS, YTO JOHKHO MPUBOIUTH
K eme 00Jiee CHIIBHOMY BIMSTHHUIO TEPMOMAarHUTHOW KOHBEKIIMHM Ha TEPMOKATTHUIUIAPHYIO
nehopMaIiio TOBEPXHOCTH CJIOSt MAaTHUTHOM JKUIKOCTH.

Ma Ma
HaHPOTHB, C YMCHLHIGHHCM TOJIIWUHBI CJI0A OO 1 MM, OTHOIICHUA G—, F,
r

C':/l—{j MPUHUMAIOT 3HAYCHUS COOTBETCTBEHHO 218, 264, 71 nis o6pasma Nel u 563, 620,
;

172 nns o6pasna Ne2, 4yTo yKas3bIBae€T Ha POCT IIYOMHBI JIYHKH TPEUMYIECTBEHHO 3a
CYET UHTEHCUBHOM TEPMOKANWILIIPHON KOHBEKIIUH.

Crnenyer OTMETUTh, YTO KpPUTEPUM IMOBEPXHOCTHOM HEYCTOMYMBOCTU  Si
m3mensercs or 0,3 mo 3,2 musa obpasma Nel m mo 7 mims oOpasma Ne2 B moisix ¢
HanpspkeHHOCThI0 1-10 KA/M, TO ecTh, OKa3bIBaeTCs MPEHEOPEKUMO Mall B CPAaBHEHUU
C MmapaMeTpaMu, XapaKTEePU3YyIOIUMU TEPMOKOHBEKTHBHBIE MPOIIECCHI. DTO 3HAYUT, YTO
BO3/ICICTBHE TEPIECHIUKYISIPHOTO MAarHUTHOTO TOJS WIpaeT poJib HE CTOJBKO B
nedopMaui caMoil JIyHKH, Kak B CIy4yae C TOHKHUM CJIOE€M, CKOJBKO B HU3MEHEHUU
TOJIIIMHBI CJIOSI B TOYKE TAJCHUsS JIyda Jia3epa, 4yTo, B CBOIO OUYepellb, MPUBOAUT K
M3MEHEHHWIO0 MHTEHCUBHOCTH TEPMOKAMMIUIAPHON KOHBEKIIUH, OMPEeIoNie riryOonuny
JTYHKH.

C yBenu4eHHEM BS3KOCTH >KUAKOCTH CKOPOCTh TEPMOKAMWIUIAPHBIX TEUCHHIA
ymenbinaercs [186], B pe3ynbraTe 4ero yMeHbIIAeTCS U TIyOWHA JYHKU. DTO, B CBOIO
ouepeb, NPUBOJUT K YMEHBIICHHIO PA3HOCTH XoAa HHTEepGEpUPYIOMIUX JIydei,
OTPaKEHHBIX OT €€ MOBEPXHOCTH, H, KaK CIEACTBHE, K YMEHBIICHUIO pa3Mepa KapTUHBI
TEPMOKAMUIIPHOTO OTKIMKa [112].

OTmeTnM, 4YTO BS3KOCTh OKa3blBaeT BIWSHHE Ha BCE TMapaMeTphl,
XapaKTepU3yIOIIHe TEPMOKOHBEKTUBHBIE TMPOIECCHI, MPUBOIAIINE K OCOOCHHOCTSIM

pa3BuTus M AuHamMuke TK OTKJIMKa, HE3aBUCUMO OT TOJIIUHBI CJIOSI MAarHUTHOW
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KUJIKOCTH, KOTOpas MOXXET MEHSTBhCS TMOJ BO3JCHCTBHEM MarHUTHOTO Mmoys. Tak ¢
pPOCTOM HANPSHKEHHOCTH OJHOPOJHOTO MEPIEHAUKYISIPHOTO MArHUTHOTO TMOJA B
KIOBETaX MaJloro JWaMeTpa TojmuHa ciaos MK yMeHbIIaeTcs, 4TO TPUBOAHUT K
yBenmuueHuto pasmepa TK oTkimuka, ogHako ais Oosiee BSI3KOTO 00pasiia mpu Mpourx
OJIMHAKOBBIX YCJIOBUSX TOT pa3Mep OKas3bIiBaeTcst MeHbIe (puc. 2.13). 3To cBs3aHO ¢
TEM, 9YTO B TOHKOM CJIO€ TJIyOMHAa JIyHKa OIPEAeNseTCs MPEUMYIICCTBCHHO
TEPMOKANUJUISIPHOW KOHBEKI[MEH U, TOCKOJBbKY JUisi Oojee Bs3koro ooOpasma No2
3HayeHrue Ma MeHsbIne, TO W TIyOMHA JIYHKH OKa3bIBaeTCs MEHbIE. B KroBeTax xe
Oonbiioro nuamerpa pazmep TK oTkiIMka yMeHbLIAeTcsi ¢ POCTOM HaIpsHKEHHOCTH
MarHuTHOTO moJst. Kak OBII0 yKa3aHO BBIINIE, STO CBA3aHO C YBEIWYCHHEM TOJIIIHHBI
CJIOSl B TOUKE MaJIeHUs Jiydya Jlazepa, OJHaKo JUIs Oojiee Bs3koro oopasua pasmep TK
OTKJIMKAa OKa3biBaeTcs Ooubiie (puc. 2.14). DTo CBsA3aHO C TeM, YTO B 3TOM Ciydae
¢dbopMupoBaHUE JTYHKH OOYCJIOBIEHO HE TOJBKO TEPMOKAMWIUIIPHOW KOHBEKIMEW, HO
TaK)Ke TPaBUTALIMOHHOM M TEPMOMArHUTHOW, YTO YKa3bIBa€T HA HEOOXOJIMMOCTh ydeTa

. Ma Ma Ma
OTHOIIICHUU xapaKTeprIx HapaMeTPOB ITUX HpOHeCCOB , KaK

Gr D' Grt’

MOKAa3aJId PacyeTbl OHU PE3KO YOBIBAIOT U CTAHOBSTCS HEBEIUKH JJIs1 000MX 00pasloB,
HO, TIOCKOJIbKY /i Oosiee BA3koro oopasia Ne2 oHu Oofibliie, TO B pe3yibTaTe Oojiee
WHTEHCUBHOM (MeHee OCIabJIeHHOM) TepMOKANUJUISIPHOM KOHBEKIWMU, TTyOHWHA JTyHKH
JUJIs1 TOTO 00pasiia OKa3bIBaeTCs OOJIbIIIE.

Tak Kak XapakTep UM3MEHEHHUs TOJIIUHBI  CJIOS,, IPU  BO3ACHUCTBUHU
NEPHEHANKYJIIPHOTO MarHMUTHOTO TOJIsS, KAaK YX€ YKa3bIBajJoCh BbIIIE, 3aBUCUT OT
JTuaMeTpa KIoBeThI, TO U BpeMs (popmupoBanus TK-oTkimka JOMKHO UMETH MOJO0OHYIO
3aBUCUMOCTb.

Tak B KIOBeTaX MaJloro JAMAMETpa, KaK YKa3bIBaJOCh BBIIIE, YBEIHMUYEHUE
HalpsOKEHHOCTH  BO3JICMCTBYIOIIETO — MEPHEHJUKYJISIPHOTO  MarHUTHOTO — TOJI,
NPUBOJSIIETO K YMEHBIIECHUIO TOJILIMHBI CJIOS W COOTBETCTBEHHO POCTY TIJIyOHHBI
JYHKH, COMPOBOXKIACTCS YBEIMYEHWEM BpPEMEHH Pa3BUTUS TEPMOKAMUIIISPHOTO

otkiuka (puc. 2.17).
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Kak yxe oTmeuanock B 1. 2.1 HacTosIIel TiaBbl, OTHOPOJHOE MarHUTHOE TIOJIE,
HaIpaBJICHHOE BJOJb IMOBEPXHOCTH CJIOSI MArHUTHOW JKHIKOCTH, CTaOWIM3UPYET
BO3HUKAIOIINE HA HEW BO3MYIICHHS M YMEHBIIACT TIyOWHY JIYHKH, YTO TPUBOIHUT K
YMEHBIIICHUIO BPEMEHU Pa3BUTHUSl TepMOKamwuisipHou nedopmarmu. [lpu stoM, dem
OOJIBITIE TOIIIMHA CJIOS, TEM MEHBIIIE TITyOMHA JTYHKH U COOTBETCTBEHHO MEHBIIIE BPEMS
passutus TK oTknuka (puc. 2.18).

JleiicTBre K€ HEOAHOPOJHOTO MATrHUTHOTO TMOJIS, MEPIEHAMKYJISPHOTO CJIOO,
CYIIECTBEHHO YMEHBIIIACT TyOWHY JYHKH 332 CYET BO3HHKAIOIINX TOHIEPOMOTOPHBIX

cwi. Benmmunna oObEeMHON MarHMTHOM CHIIBI IIpyu 3TOM OIIPCACIEACTCA BBIPAKCHUCM

> o
/IOMVH B cooTBeTcTBMH C 3THUM IMPOUCXOAUT KW YMCHBIICHHUC BpPCMCHH CC

oOpazoBanus. [Ipm 3TOM mpH JOCTATOYHOM BEIMYMHE TAKOTO IO CTAHOBUTCA
BO3MOXKHOM  KOMIEHCauusi  TEPMOKANWUIAPHOM  nedopmanuu, BBI3BAHHOU

BO3/ICHCTBUEM JIa3€PHOTO JIy4a IOCTATOYHON MOIIHOCTH (puc. 2.16).

2.2 TepMOMHIYIMPOBAHHbIE 0COOEHHOCTH PACTPOCTPAHEHHS J1a3€PHOT0

U3JIYYEHHUS Yepe3 CJI0M MATHUTHOM KUAKOCTH

Memoouka 3xcnepumenma u 06paszyvl 0 UCCIEO08AHUS

B kadectBe 00BEKTa MCCIICIOBAHHUS HCIOJIb30BajaCh MArHUTHAs JKUIKOCTh Ha
OCHOBE KEpOCHHA, arperaTuBHAas yCTOHYMBOCTH KOTOPOWM oOecrednBaniach 3a CUYET
CTAOMJIM3AIMKN OJICMHOBOM KHUCIIOTOM. Takne MarHUTHBIC KUIKOCTH MOJTYYaOT METOI0M
KOHJICHCAIIUU MPU OCAKICHUM MarHeTHUTA IICIOYbI0 U3 BOJHOTO PacTBOpa CoJieH JIBYX-
U TPEXBAJICHTHOTO >KeJlie3a IPH HKCIOIb30BAaHUKM YHCTHIX peakTuBOB. I[logpoOHoe
OIMKCaHUE HCIOJIb3YEMbIX METOAMK MpHUBeAcHO B padoTe [142]. Uccaemyembiii oOpaserr
ObIT CHHTE3MPOBaH B MPOOJEMHON HAay4YHO-UCCIEAOBATEILCKOW J1abopaTopuu
PUKIIaTHON (hepporuIpoIMHaMUKH FIBAHOBCKOTO TOCYIapCTBEHHOTO YHEPTETUIECKOTO
yHUBepcuTeTa, TI. FBaHoBo. C 1IIC/IBIO TMOBBIIICHUS YHCTOTHI KOJUIOMJIA €ro
JOTIOJTHATEIPHO ~TIPOMBIBAJIM  TUCTHIIMPOBAHHOW BOJOH C TOCJCHYIONIMM €€

YAAJICHHUEM C ITOMOIIBIO CUJIbHOT'O HEOAHOPOAHOI'O MArHuTHOI'O ITOJISI U BbIIIAPHUBAHUSA B
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cyunuibHOoM 1kady npu  Temmepatrype 90 °C. Konnentpauuro TBepaou a3l
PETYIMPOBAIIN MTyTEM JT00ABJICHUS B MOJYYCHHBIA 00pa3el] )KUIKOW HECYIEH Cpebl —
KepocuHa. BeneacTBre MOMUANCIIEPCHOCTH pa3Mep AUaMeTpa 4acTUIl 0O0pasia Jiexal B
npenenax or 2 mo 25 HM, ero cpemHee 3HaueHwe — okoysio 10 BM. OnemHas
KOHIICHTpAIUsl MarHETUTOBBIX KOJUIOMIHBIX YacTull B oOpasie coctaBmsa € = 0,2%.
Bri6op o0Opasma o0yciaoBieH XOpOIIed arperaTUBHOM YCTOWYMBOCTBIO MAarHUTHBIX
KHUJKOCTEH Takoro Tuma. J[oka3aTeabCTBOM XOpOIIel CTAOMILHOCTH HCIIOJIB3yEeMOTO
oOpa3ra MOXET CIYXHUTh (aKT OTCYTCTBUS BHIUMOTO AHH3OTPOITHOTO PACCESTHHS
Ja3epHOTO JIyda TpPH BO3JCHCTBHHM JOCTATOYHO CHJIBHBIX KaK OJHOPOJHBIX, TaK H
HEOJHOPOJIHBIX, MATHUTHBIX TMOJIEH Pa3IM4YHOrO HampaBlieHus. B kauecTBe OCHOBHOTO
MCTOYHHKA JTA3€PHOTO M3IYUYEHHUS HMCIIOIL30BAJICS TBEPIOTEIBHBIN HEOJAMMOBBIN JIa3ep
co cxemoit DPSS (Diode-Pumped Solid-State) tuna Nd:YVO,, mocraBumik Dongguan
Blueuniverse Laser Co., Ltd., Kuraii. /lnuHa BOJHBI BHIUMOIO CBETa, M3Iy4aeMOIO
nazepoM — 532 HM. CoTrylacHO TPOBEACHHBIM H3MEPEHUSM C IMOMOIIBIO HW3MEPUTEIS
MOIIHOCTH Ja3epHoro uznydeHus: tuna VLP-2000 tersoBasi MOIIHOCTh UCITYCKAEMOTO
Ja3epOM UCXOTHOTO M3ITy4YeHHS cocTaBisuia 78 MBT. J{ns yMeHbIIEHUST HHTEHCUBHOCTH
W3ITYYCHHSI WCIIOJB30BAJIMCh HEHUTPAIbHBIE CIBOCHHBIC CBEeTOGMILTphl THHa HC-6 n
HC-7, cnocoOHbIe yMEHbBIIIATh MHTEHCUBHOCTh U3IIYYECHHS B IIUPOKOM JHMAMA30HE JTUH
BoJH (350 — 3000 uMm). TemioBas MOITHOCTD MPU HATUYKU (PHIBTPOB YMEHBIIAIACH 10
15 MBT, a mocne mpoxoxkeHus 4epe3 GUIbTPHI U KIOBETY C 00pa3IioM cocTasisiia 2,5
MBT. B kadecTBe MOMOJHUTETHLHOTO HMCTOYHMKA HM3IYyUYEHUS B HEKOTOPBIX CIydasx
ucrnonp3oBaics He-Ne mazep tuma LASOS, momHOCTE KOTOpOro cocraBisia 5 mBT,
JuHA BOJMIHBI A = 633 HM. Cxema NMpUMEHSBIICHCS JJI1 MCCICAOBAaHUN YCTaHOBKH
npuBeneHa Ha puc. 2.19 [187]. Jlyu nasepa 1 ocnabmsuics ¢GuiabTpoM 2 U
dboKycupoBaJiCs ¢ MIOMOIIBIO COOMpArOIIel JIMH3BI ¢ POKYyCHBIM paccrosiuueM 10 cm B
KioBeTe 3 TOJIIMHONW 4 MM ¢ MarHUTHBIM KoyouaoM. Jlanee (mocie nedoKyCcHpoBKHU)
OH TToTajai Ha 9KpaH 4, rae HabJr01aI0Ch KPYTJIOe CBETOBOE IISITHO, XapaKTEPU3YIOIIEe
CTETICHb paccessHus ayda. J[7s BO3MOKHOCTH BO3/ICHCTBUS MAarHUTHBIM TOJIEM, KIOBETa

noMemanacb MCEXAy IMOJIIOCHBIMM HAaKOHCYHHKaMHU 5 QJICKTPOMArHuTa 6. HpI/I 9TOM,
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OJTHOPOJIHOE MAarHUTHOE II0JIE€ MOJIYYaId MNPU HCMOIb30BAaHUM IUIOCKHUX IOJFOCHBIX
HAaKOHEYHUKOB, a Ui CO3JaHUs HEOJHOPOAHOrO IMOJISI KPOME IUIOCKUX IOJFOCHBIX
HAaKOHEYHUKOB HCIIOJIb30BAJIUCh HAKOHEUYHUKH KOHYCOOOpPA3HOM WM KIMHOBUJHOMN
¢dopmel. Tlone HampaBIsIOCH Kak MEPHEHIUKYISIPHO JIydy Jla3epa, Tak U BIOJb €ro
HANpaBJICHUS M HM3MEPSIIOCh B LIEHTPAJBbHOM OOJIACTH PACHOJIOKEHHUST KIOBETHI. J[ist
OCYILIECTBIICHUS TIOCIEIHEr0 BapuaHTa OPUEHTALMU TOJIS B MOJIFOCHBIX HAKOHEYHHKAX
ObLIM CIeNaHbl OTBEPCTHUS, YEpe3 KOTOphIE MPOXOAWJl Jyd Jiasepa. llepeopueHTarus
HAlpaBJIEHUs  MOJII  OCYIIECTBISUIOCH 32  CYET  U3MEHEHHUS  IOJIOKEHMS
HAaMarHWYMBAIOLIEH CUCTEMBl U KIOBETHI C oOpa3uoM Mnpu 3apUKCHPOBAHHOM
NOJIOKEHUH Jazepa. MccneaoBaHus MPOBOAUIUCH KaK IPU TOPU30HTAIBHOM, TaK U MPU
BEPTUKAJIBHOM HallpaBJICHUSX Jiyya Jiazepa. [locneanee nocTUranock myTeM U3MEHEHUs

ITOJIO’KEHHS BCEW YCTaHOBKHU.

Puc 2.19. Cxema skcriepMMeHTalIbHOW ycTaHOBKM: 1 — nasep, 2 — HelTpanbHbI cBeTOGUIBTP, 3 —
KIOBeTa ¢ 00pa3iom, 4 — sKpaH, 5 — OIFOCHBIC HAKOHEYHHUKH, 6 — JJICKTPOMArHUT.

Ionyuennvie pezynomamol

[TepBoHaYaIbHO OBUTM TPOBEACHBI HCCICAOBAHUS e()OKYCHPOBKH J1a3epPHOTO
MydKa MPU €T0 MPOXOKIACHUH Yepe3 CIIOH MAarHUTHOTO KOJUTOMAa 0e3 BO3IEHCTBUS U
TIPY BO3JICHCTBUM OJJHOPOJHOTO MAarHUTHOTO TIOJISl, HAIIPaBJICHHOTO BJOJIb JIy4a Jia3epa.
[Tpu >TOM, OTHOPOTHOE TTOJIE CO3AABATIOCH SJICKTPOMArHIUTOM C IUTOCKUMH TIOJTFOCHBIMU
HaKOHCYHHMKaMH. Kpome TOro, JOMOJHUTEIIBHO TPOBOJUINCH KOHTPOJBHBIC
OKCIIEPUMEHTHI TIPH KCTIOJB30BAaHMKM HaMarHMYMBAIONICH KaTyIIKA 0€3 CepIcYHHKA C
OOJBIIIMM  KOJIMYECTBOM BHUTKOB IIPOBOJIA, IO3BOJIAIONICH CO37aTh B €€ IICHTPE
OJIHOPOJHOE Tojie HampsbkeHHOCThIO 110 300 KA/M, Te M pacmosarajach KIOBETa C

o0Opasiom.
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Kak u CICAOBAJIO OXHWAATbh, IIPpW BKIIOYCHHM JIa3€pa HaA OJKPaHE IMOABIIAIOCH
CBCTJIOC KpPYIJIOC IIATHO, AUAMCTP KOTOPOI'o YBCIIMYMBAJICA B TCUHCHHUC HCKOTOPOIO

Bpemenn (puc. 2.20).

t=0c t=0,03¢ t=1c t=3c

Puc. 2.20. DBomonust pa3Mepa msATHa CO BpEMEHEM B OTCYTCTBHE BHEIIHETO0 MArHUTHOTO TTOJIS.

Ananuz 9BOJJIIOIKWKU pa3MCpa IIITHA, HpeI[CTaBJ'IGHHOﬁ Ha PHCYHKC, IIO3BOJIACT
YCTAaHOBUTBL, 4YTO HauOOJIBIIETO pa3Mepa IKTHO AOCTHUIaCT B TCYUCHHUC BPCMCHHU OKOJIO
CCKYHAbI, 3aTCM JUAMCTP KOJIbIIa HECCKOJIbKO YMCHBINACTCA U B I[aJ'IBHCI\/’IﬂleM KapTHhHa
CTa6I/IJ'II/I3I/IpyeTC5I. XapaKTep HU3MCHCHUA pasMCpa IIsITHAa C TCYCHUCM BPCMCHU IIPH

OTCYTCTBHHM MarHUTHOTO TIOJISl IPOMJLTIOCTPUPOBAH KpuBbIMU 1 pucynka 2.21.

3 | ala 3 | bib,
25 afp g . . 2,5 Aas
, B e o o o , @88 8 8 s
o1 o1
o2 a2
15 R A3 1,5 s
1 7 t' c 1 o] t’ C
0 2 4 6 8 0 2 4 6 8
a) 0)

Puc. 2.21. 3aBUCHUMOCTh OTHOCHTEIIBHON BEIMYUHBI pa3Mepa IMATHA OT BPEMEHU TPH Pa3IUYHBIX
3HAUEHUSAX HAMPSHKEHHOCTH BHemIHero MarHutHoro moist H: 1 — 0 kA/m, 2 — 182 kA/m, 3 — 238 kA/wM;
a) BEpTUKaJIbHBINA pa3mep, 0) TOPU3OHTAIIBHBIN pa3mep.

Bo3naeiicTBue  OAHOPOJHOTO  MArHUTHOTO TIOJIS  HAIMPaBJICHHOTO  BJIOJb
HaIpaBJICHUS JIyda jla3epa ¢ MaKCUMaIbHBIM 3HaueHueM HarpsikeHHocTn 280 KA/M He
NpUBEJIO K 3HAYMTEIBHBIM W3MEHEHHUsSM pa3Mepa IsiTHa. HampoTtuB, u3MeHeHUE
pasMepa TSTHa OT BO3JEHCTBUS TOJIA CTaj0 HAONIOAAThCA TMPU 3aMEHE IIOCKUX

IIOJIFOCOB JJICKTPOMArHuTa Ha KOHy0006p33HBIe. HpI/I HNX HCIIOJB30BaHHUM CO31aBaJIOCh
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HEOIHOPOJJHOE MAarHUTHOE I10JIe, CHMMETPHYHO YMEHBIIAIOIIEECS BJOIb PaIUabHOTO
HanpaBlieHUs K JTyuy naszepa. Ha puc. 2.22 nokazana KoHQUrypalus moJs, co3gaBaemast
MEXKIy KOHYCOOOpa3HBIMH IOJIFOCHBIMH HAKOHEYHUKAMU H TpadUK H3MCHEHHS €ro

HaANPSOKEHHOCTH B HAIIPABJICHUH, TICPIICHIUKYIIIpHOM JTydy [188].

H, kA/m

100 /
*50 I . %%

70 +

-10 8 6 -4 -2 0 2 4 6 8 10

Puc. 2.22. I'paduk 3aBUCUMOCTH BETUYMHBI HAIPSHKCHHOCTH MAarHUTHOTO IOJIS BAOJb BEPTHKAIBLHOTO
HaIlpaBJICHUsI B IICHTPE MEXAY KOHYCHBIMH IOJIOCAMU M COOTBETCTBYIOIIEEC M300PAKEHHE CHUIIOBBIX
JIMHUN.

Oxkazasnoch, 4TO BO3JACHCTBUE MATHUTHOTO IMOJISl TAKOW KOH(DUTypaliuu TPUBOIUT
K HEKOTOPOMY YBEJIHUYEHHUIO CTENEHU ACPOKYCHPOBKH JIA3€PHOTO JIyda (B CpEIHEM JI0
10%). Unnroctpanueii 3TOro MOryT ObITh KpUBbIe 2 M 3, NMPHUBEICHHBIC HA PUCYHKE
2.21. Ha ocHoBe 00pabOTKH ceMeicTBa KPUBBIX 3aBUCMMOCTH pa3Mepa IsITHa OT
BpEMEHHU TIPW Pa3IMYHBIX 3HAYCHUSAX HAMNPSOKCHHOCTH TOJS OBLTM  TOCTPOCHBI
3aBUCUMOCTH pa3Mepa MsATHA OT HAINPSKEHHOCTH MArHUTHOTO TOJIS B IIEHTPE KIOBETHI.
[Ipu sTOM pacyeTsl TPOBEICHBI Kak I MOMEHTa BPEMEHH, COOTBETCTBYIOIIETO
MaKCUMYyMY 3aBHCHMOCTEH pa3Mepa IATHa OT BPEMEHHU, TaK W IPH WX CTAOMIM3aIlin
MOCJIE TPOXOXKACHUS JOCTATOYHOTO JUIsi 3TOro BpemeHu (kpuBbie 1 u 2 pucynka 2.23
COOTBETCTBEHHO).

B nmanbHeiimeM koHGUTypaluss MarHATHOTO TMOJS ObUIa W3MEHEHa, IyTeM
3aMEHBl OJHOTO M3 KOHYCOOOpa3HBIX TIOJIOCHBIX HAKOHEYHMKOB HAa HAKOHEYHHK

wiockoi (opmel (puc. 2.24).
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Puc. 2.23. 3aBUCUMOCTh OTHOCUTEJILHOTO pa3Mepa MATHA OT HAIPSHKEHHOCTH BHEIIHETO0 MarHUTHOTO
noisi: 1 — pa3mep nmaTHa, COOTBETCTBYIOIINN MaKCUMyMYy 3aBUCUMOCTH pa3Mepa IsSITHa OT BpeMEHH, 2 —
pa3Mep MATHA Mocie CTA0MIH3aIMi KapTUHBI.

5\

i

Puc. 2.24. Cxema pacmolio)X€HUS TOJIOCOB DIIEKTPOMArHUTA PA3NUYHOW (OPMBI N7 CO3AAHUA
HEOTHOPOAHOTO Touist: 1 — maszep, 2 — HeHTpanbHBINA CBETOMMIBTP, 3 — KIOBETA ¢ 00pa3oM, 4 — 3KpaH,
5 — MOIOCHBIE HAKOHEYHUKH, 6 — DIIEKTPOMArHUT.

B sTrom cimydyae MarHuTHOE TOJ€ M TPAJMEHT €ro HampsbKEHHOCTH ObLIU
HaIpaBJIeHbl BJOJb CBETOBOro Iydka. [lepBoHayaibHO KOHYCOOOpa3HbIM HAaKOHEYHUK
pacrionaraicsi Co CTOPOHBI PacIpPOCTPaHEHMs JIy4ya, a IUIOCKUH — MOCIe MPOXOKACHUSI
Jdyya 4yepe3 KIOBETY. 3aTeM IJIOCKHM U KOHYCOOOpa3HbIi HAKOHEUHUK OBLIM MOMEHSHbI
MECTaMH, T.€. INIOCKHUIA pacrioiarajicsi Co CTOPOHBI PaclpoCTpaHeHHs JIAa3epPHOTO JIyya, a
KOHYCOOOpa3HbIi  TOCNie TPOXOXKIACHHS Jydya Yepe3 KIOBETy. 3aBHCHMOCTh
OTHOCHUTEJIbHOM BEJIMYMHBI pa3Mepa MsATHAa OT BPEMEHHU B MEPBOM Cllydyae OKa3ajlach
CXOXEW C 3aBHUCUMOCTBIO, TIONYUYEHHOW TPU HCIOJB30BAaHUU 2-X KOHYCHBIX
HAaKOHEYHUKOB, T.€. BO3JIEHCTBME MAarHUTHOTO TMOJS MPUBOAMIO K HEKOTOPOMY

YBEJIIMUEHUIO pa3Mmepa KapTuHbl. Korjma miockuii M KOHYCHBIM HAKOHEUHHMK OBbLIH
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IIOMEHSAHbl MECTaMH, T.€. IUIOCKMHA pacIoyiarajicsi €O CTOPOHBI PacHpOCTPaHEHUs
Ja3epHOTO JIy4ya, a KOHYCOOOpa3HBIM MOCIE €ro MPOXOKISHHUS UYepe3 KIOBETY, TO
BO3JICICTBHE MAarHUTHOIO NOJII NPUBOJMIO K YMEHBIIECHHIO KapTUHBIL. B kauyecTse
npuMepa Ha puc. 2.25 mpuBeneHBl Ipa@HUKHd 3aBUCHMOCTH BEPTHUKAJIBLHOTO pa3Mepa
ISTHA OT BPEMEHU 0€3 BO3JEHCTBHS MAarHUTHOTO TOJs (KpuBas 1) M mpu pa3iHyHBIX

3HAYCHHUAX €r0 HANPSHKCHHOCTHU B IICHTPE KIOBETHI (KpUBBIC 2 U 3).

4 ala,
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Puc. 2.25. 3aBUCHMOCTh OTHOCHUTEIPHON BEIWYMHBI BEPTHKAIBHOIO pa3Mepa IATHA OT BPEMCHH B
cilydae pacrioyIOKEHUs] KOHYCOOOPa3HOTO IMOJIFOCHOIO HAKOHEYHHKA TI0CIIEe KIOBETHI MPU Pa3IIHUHBIX
3HAUEHUSAX HANpsHKeHHOCTH MarHuTHoro oyt H: 1 — 0 kA/m, 2 — 50 kA/M, 3 — 247 kA/M.

AHaM3 3aBUCUMOCTEN pa3Mepa IATHA OT BPEMEHHM IPU PA3JIUYHBIX 3HAYCHUSAX
HaIIPSHDKEHHOCTH BO3JECMCTBYIOLIETO MOJIA IMO3BOJIMI MOJYYHUTh 3aBUCHMOCTH pa3Mepa
HaO0JII0Ia€MOr0 CBETOBOTO TMSTHA OT HAMNPSHKEHHOCTH HEOAHOPOIHOIO MArHUTHOTO
MoJisi yKa3aHHBIX Bblle KoHpurypauuid. Ha puc. 2.26 mnpenctaBieHbl Takue
3aBUCUMOCTH, ITOJYYEHHBIE IPU YKA3aHHBIX PACIIOJIOKEHUAX MOJIFOCOB.

B nanpHelimeM ObUIO HCCIEAOBAHO BIMSHHE Ha Tmpolecc AeQOKYyCHPOBKH
HEOJHOPOJHOTO MAarHUTHOTO TIOJIs, HAIpaBJIEHHOIO MEPIEHINUKYJSPHO CBETOBOMY
nmy4yky. B 3TOM ciydyae HCHOJIB30BAIUCH IUIOCKUM W KIMHOBUIHBIA IOJIFOCHBIE
HAKOHEYHUKH, MPU 3TOM JIyY Jia3epa Hampamisuics BAOJL pedpa KIMHA MOJIOCHOTO
HakoHe4YHHKa (puc. 2.27).

Oka3zasioch, 4TO BO3AEHCTBUE TAKOTO IO MPUBOJIUT K YTOJIIIECHUIO KOJBLEBOU
I'PaHULBI ISTHA CO CTOPOHBI KIIMHOBHUIHOTO MOJFOCHOIO HAKOHEYHUKA U YMEHBIIECHUIO

pa3mepa 1sITHa B 11esoM (puc. 2.28).
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Puc. 2.26. 3aBCHMOCTh OTHOCHUTEIIFHOTO pa3Mepa MATHA OT BEJIMYMHBI BHEIITHETO MAarHUTHOTO ToJs: 1
— pa3Mep IATHA, COOTBETCTBYIOIINN MaKCUMyMYy 3aBUCUMOCTH pa3Mepa ISTHAa OT BpEMEHH, 2 — pa3Mep
MATHA TOCJIE CTAa0WIM3AllMUd KapTUHBI; a) KOHYCOOOpa3HbIN MOJII0C pacrojiaraeTcs mepesi KIoBeToil, 0)
KOHYCO0Opa3HbI{ MOJIIOC PACIIONAaraeTcst MOcie KIOBETHI.

3\
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Puc. 2.27. Cxema O3KCNEpPHMEHTAIbHOW YCTAHOBKH JUJISI CO3JIaHUS IIOJIA, TEPICHIUKYISIPHOTO
na3zepHoMy nyuy: 1 — nyd nazepa, 2 — KroBeTa ¢ 00pasiom, 3 — 9KpaH, 4 — MOTFOCHbIE HAKOHEUHUKH, 5
— JIEKTPOMAarHHT.

a) 6)
Puc 2.28. M3menenne ¢GpopMsl ISTHA BO BHEITHEM HEOTHOPOJHOM MArHHTHOM IOJIE (KJIMHOBHIHBIH
MOJIIOC pacroyioxkeH crpasa): a) H=0 kA/m, 6) H=88 kA/m.
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OTmeTum, YTO, P 3aMEeHE KJIMHOBUIHOTO MOJIIOCHOTO HAKOHEYHUKA Ha MIIOCKUI
(B 9TOM cirydae moJjie CTAHOBUJIOCH OJIM3KUM K OJTHOPOJHOMY) TOTI0OHBIX 3((HEKTOB MpH
UCTIOJIb30BAHUH YCTAHOBKH, MPEICTABICHHON Ha pucC. 2.27 He Ha0II01aI0Ch.

Ha puc. 2.29 npezncraBiieHbl 3aBUCMMOCTH OTHOCHTEIBHOTO TOPU30HTAIBHOTO
pasMepa TMSATHA OT BpEMEHH, TNOJy4YeHHbIE TMPH HUCHOJIB30BAHUU KIMHOBUIHOTO

IMOJIIOCHOI'O HAKOHCYHHUKA, IIPH PA3JIMYHBIX 3HAYCHUAX HAIIPAKCHHOCTH MAIHUTHOTIO

I10JI41.
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Puc. 2.29. HM3MmeHeHHe TrOpHM30HTAJIBHOIO pa3Mepa ISITHA CO BPEMEHEM, HaOJroaroIieecs IIpH
UCIIOJIb30BAHUN  KJIMHOBUIHOTO  TIOJIOCHOTO  HAaKOHEYHHWKA TPH  PA3NIMYHBIX  3HAYCHUSAX
HanpspKeHHOCTH MarHuTHoro ot H: 1 — 0 kA/Mm, 2 — 26 kA/Mm, 3 — 88 kA/Mm.

MO>XHO TNpEeAnoIOKUTh, YTO BO3JEHCTBHE HEOJHOPOIAHOTO MOJIA NPUBOIUT K
BBITAJIKMBAHUIO 0o0Jiee TEIUIbIX CJOEB MAarHUTHOM KUAKOCTH U3  00JacTu
pacnipoctpaHeHus Jjyda. OueBUAHO, YTO Ha MepemelleHue OoJjiee HArpeTbiX CIIOEB
MarHUTHOM KUJKOCTH MOTYT TakKe BIMATh CHIIBI TSDKECTU. B CBS3M € ITUM
MPEACTaBUIIOCh NHTEPECHBIM U3MEHUTh HANPABIICHUE JIA3€PHOTO Jy4ya MO OTHOIICHHUIO
K CHJIE TSDKECTH, T.€. HAlPaBUTh €ro HE TOPH30HTAIIBHO, KaK IPAKTUKOBAJIOCH B
NPEeAbIAYIIMX UCCIEIOBAHUAX, @ BJOJIb BEPTUKAIN. DTO JOCTUTAJIOCh ITyTEM U3MEHEHUS
MOJIOKEHUSI BCEH YCTAHOBKHU — €€ MOBOPOTa B BEPTUKAIBHOM IMJIOCKOCTH BOKPYT OCH,
nepreHIuKyIspHoi ayuy nazepa Ha 90° (puc. 2.30 a, 6).

DBOJIIOLMS CBETOBOTO IMATHA CO BPEMEHEM JUIsl TAKOI'O HAMPABIEHUS JIA3€PHOIO
Jyda Mpu OTCYTCTBUM MarHUTHOTO MOJIs TIpecTaBlieHa Ha puc. 2.31.

Jist aHanmm3a 3BOJIIOIIMM pa3Mepa MsTHA ObUla MCCIEeOBaHAa 3aBUCUMOCTD

OTHOCHUTEJIBbHOM BEJIMYMHBI pasMcepa IITHA OT BPCMCHUM B OTCYTCTBUC BHCHIHCTO
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MAarduTHOI'O I10JIs, 4 TaAKXKE€ KaK B OAHOPOAHOM, TaK U HCOAHOPOJHOM II0JIC pa3quH0ﬁ
BCIINMYUHBI. HpI/I 9TOM HCOAHOPOAHBLIC IIOJIA CO34aBaJIMCh, KaK MW paHCC, IIpH

HNCIIOJIb30BaHHUHN IIJIOCKOTI'O, KOHYCOO6p33HOFO u KIIMHOBHUJIHOI'O ITOJIIOCHBIX

?
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HAaKOHCYHHKOB.

1
/2 é/z \
é/z 5

3\@\5 ey ]

a) 6) B)

Puc. 2.30. IlonoxkeHne yCTaHOBKHM B Cly4ae peaju3allid COHAIPABICHHOCTH JydYa ja3epa C CHUJION
TSOKECTHU: a) OJTHOPOJHOE 1oJie, 0) HEOHOPOIHOE TI0JIe, COHAMPABIEHHOE C JIyYOM, B) HEOJHOPOIHOE
noJie MepHeHIuKyIsspHoe J1ydy; 1 — nazep, 2 — HeWTpaabHbII cBETOQUIBTP, 3 — KIOBeTa ¢ 00pasuom, 4
— DKpaH, S — MOJIFOCHbIC HAKOHEUHUKH.

t=0c t=01c t=1c

Puc. 2.31. DBomonust pa3Mepa MmsATHA CO BpEMEHEM B OTCYTCTBHE BHEITHETO0 MArHUTHOTO TTOJIS.

Okazajioch, 4YTO, IIPU BEPTUKAIBHOM PpACHOJIOKEHUU JIy4yd, MAKCUMYM
3aBUCHUMOCTH pa3Mepa NsATHA OT BPEMEHHM, KaK B CIy4ae TOPHU30HTAIBHO

HaIpaBJICHHOTO JIyYa Jia3epa, SIBISIETCS BeCbMa CJ1ad0 BhIpaKEHHBIM (puc. 2.32, KpUBbIE
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1). Tlpu 3TOM, KaKk W MPU TOPU3OHTAILHOM HAIPABIICHUH JIy4Ya, OJHOPOTHOE IOJIC HE

BHOCUT U3MCHECHUH B KapTUHY OTKJIMKA.
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Puc. 2.32. 3meHeHue pa3Mepa MmsTHa CO BpeMeHeM, HaOJIroIatomieecs Py UCIOIb30BAHUH IIJIOCKOTO
U KOHYCOOOpa3HOTO TOJIOCHBIX HAKOHEYHHUKOB IPU BEPTHKAIHHOM HANPABICHUU JIyda Jiazepa Ipu
pa3IMYHBIX 3HaUeHUsX HampsbkeHHoctw mmons H: 1 — 0 kA/m, 2 — 115 kA/m, 3 — 247 kA/m; a)
KOHYCOOOpa3HBIM IOJIOC pacrojiarajicss BBEpXY HaJ KIOBETOW, 0) KOHYCOOOpasHBIH TOIIOC
pacrioiarajics moJi KlOBeTOM.

HccrnenoBanusi, MpoBeIeHHBIE MPHU COYETAHUHM IUIOCKOTO M KOHYCOOOpa3HOro
HAaKOHEYHHKOB, TIOKa3aJli, YTO BO3ACHCTBHE HEOTHOPOJHOTO MATHUTHOTO ITOJISI MOKET
NPUBOAUTh (KaK W TPHU TOPU3OHTAIBHOM HAIPABJICHUH JIA3EPHOTO Iy4YKa) Kak K
YBEIIMYCHUIO, TaK M YMEHBIICHUIO Ne(OKYCHPOBKH JIazepHOro iy4a. Tak, mpu
PACIIONIOKEHUH KOHYCOOOPa3HOTO HAKOHEYHHKA BBIIIIE TOPU30HTAIBHO PACIIONIOKEHHON
KIOBETBI C MArHUTHOW JKUIKOCTBIO pa3Mep CBETOBOTO ISITHA HAa DKpaHe IMpH
BO3JCUCTBUM TIONS YBEIMYUBAICA. HampoTuB, Tpu pacroiioKEHUH KOHYCOOOpPa3HOTO
HAKOHEYHUKA HIJKE KIOBETHl pa3Mep NsTHa ymeHblaics. OOpaboTka cemeilcTBa
KPUBBIX  TaKMX  3aBHCHMOCTEH, TMIOJyYE€HHBIX MPH  PA3JIMYHBIX  3HAYCHUSX
HANpSHKCHHOCTH — TIOJI  TIO3BOJIMJIA  TONYYUTh  3aBUCUMOCTH  pa3Mepa  IsATHA
HETIOCPEJCTBEHHO OT  HANpPSOKEHHOCTH  MArHUTHOTO TOJS  TMPH  Pa3MYHBIX
KOH(UTyparysx pactoa0XKeHuss KOHYCO0Opa3HOTo U MIIOCKOTo MojrocoB (puc. 2.33).

Kak yxe ObLIO yKa3aHO BBIIIE, HEOAHOPOIHOE IOJIC PEATM30BBIBATIOCH TAKKE U
IpYd COYETAHWW W TUIOCKOTO, W KJIMHOBUIHOTO TOJIOCHBIX HAKOHEYHHKOB. B 3TOM

Clly4ae BEpTHUKAJIBHO HAMPABJICHHBIN JIy4 J1a3epa pacipoCTpaHsuICs BIOJIb pedpa KiIuHa
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IIOJIF0DCa, a MAr"HuTHOC IIOJIC OBLIO HammpaBJICHO IICPHNCHAUKYIISIPHO JYy4Yy BHOJIb

I0cKoCcTH KioBeTHl (puc. 2.30 B).
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Puc. 2.33. 3aBHCHUMOCTh OTHOCHTENIBHOTO pa3Mepa MSATHA OT BEIMYMHBI HAMPSHKEHHOCTH BHEIIHETrO
HEOJIHOPOJHOI0 MAarHUTHOI'O MOJIS B LIEHTPE KIOBETh: 1 — KOHYCOOOpa3HbIH MOJIIOC pacriosarajics Hajl
BEPXHUM OKHOM KIOBETHI, 2 — KOHYCOOOpa3HBIN MOJIOC PACIIOIATAICS MOl HUKHIUM OKHOM KIOBETHI.

Kak okaszanoce, Bo31elCTBUE MAarHUTHOTO MOJS TakoW KOH(UIypalMM TaK XKe,
KaK ¥ MPU TOPU30HTATHHOM PACTIONOKEHHUH JTyda, HAMPaBICHHOTO BJIOJIb pedpa mojroca
IPUBOJUT K HEOOJIBIIOMY YMEHBUICHUIO Pa3Mepa MATHA U YTOJIIEHUIO €r0 TPaHUIIbl CO
CTOPOHBI PACIIOJIOKEHUS KIIMHOBUIHOTO MOTIOCA U Pa3MBIBAHUIO CO CTOPOHBI TIOCKOTO
(puc. 2.34). DkcriepUMEHTAITLHO MOJTyYeHHBIE TPAPHUKH 3aBUCIMOCTH pa3Mepa KapTHHBI
OT BpEMEHM TMpU Pa3IMYHBIX 3HAYCHUSIX HAINpPSDKEHHOCTH MAarHUTHOTO  TOJIS
npecTaBiIeHbI Ha puc. 2.35.

B nanbHelimem wuccieqoBaHUsS MPOBOAWINCH MPHU HCIOJIB30BAHUU 3TOTO KE
Ja3epa, HO 0€3 HCIOJIb30BaHUA (UIBTPOB, YMEHBIUABIIMX B  MPEIbILIYIIHX
WCCIICIOBAaHUSIX MHTEHCUBHOCTh €T0 M3JIy4YeHHA. B 3TOM ciiydae OBIT BBISBICH PsI
HOBBIX OCOOEHHOCTEW MPOXO0KJIEHUS JIa3epHOTO JIyda uepe3 Ty e KIOBETY, KOTopas
UCIIOJIb30BajIach B MPEABIAYIINX UccieaoBanusx [189].

Tak, B ciy4ae TOPHM3OHTAIBHOTO HampaBieHHs Jy4a (TEpIEeHANKYIIPHOTO
IUIOCKOCTH KIOBETHI) Ha 3KpaHEe B MOMEHT BKJIIOUEHHS Jia3epa HaOJI0/1ajJ0oCh CBETOBOE
ISTHO C KPYroBOHM CHMMETpPHEH, C XOpOIIO pa3IUYUMBIMU TU(PAKIIMOHHBIMU
kosbliaMu. Cpasy mocje MOSBICHUS MATHO HAaYMHAET U3MEHSTh (POpMYy U MPUMEPHO

yepe3 0,3 ceKkyHIbI TpaHC(HOPMHUPYETCs B KPYT, CPE3aHHbIN CBepXYy (puc. 2.36).
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Puc. 2.34. W3menenme kaptuHel mnsTHa BO Puc.  2.35.  3aBHCHMOCTP  OTHOCHTEIBHOMH
BHEIIIHEM HEOJHOPOJHOM MArHUTHOM TIOJIC TIPU BEIMYMHBI pa3Mepa IISITHA OT BPEMEHHU IPH
BEPTUKAJIHHOM  HANpaBJICHUW JIyd4a Jla3epa pas3iMyYHBIX BEJIWYMHAX BHEIIHETO MAarHUTHOTO
(KTMHOBUAHBIA TIONIOC pPAcMojiokeH cieBa): a) momnsa: 1 — 0 kA/M, 2 — 26 kA/Mm, 3 — 88 kA/m.
H=0, 6) H=88 xA/m.

a) 0) B) r)

Puc. 2.36. Kapruna, moiydeHHass NpH TPOXOXKICHHH Jy4da MOIIHOCTBIO 78 MBT CKBO3B cCIloif
MarHUTHOM JKUJKOCTH: a) B MOMEHT BKJItoueHus nazepa, t =0c; 6)t=0,1¢;B)t=0,23¢c;1)t=0,4 c.

JUisi aHanmu3a HBOJIIOIMU CTENEHH Cpe3a MsATHA Oblja MOCTPOEHA 3aBUCHUMOCTD
OTHOCUTEJILHOM BEJIMYMHBI BEPTUKAIBLHOTO pa3Mmepa MaTHa (mapameTp a Ha puc. 2.36r)
OT BPEMEHU B OTCYTCTBHH BHEIIHEro noJist (puc. 2.37).

C uenbl0 BBISICHEHWS BIMSHUS MAarHUTHOTO TIOJsi Ha pa3Mep MsITHa Obuid
IIPOBENICHBl MCCIIEIOBAHUS C JOMOJHUTENBHBIM BO3JIEMCTBUEM MArHMUTHOIO IOJSI MpU
Pa3IMYHOM €ro HanpaBJICHUH OTHOCUTENBHO Jyua jJa3epa. Oka3aiock, 4YTO BO3/IEUCTBHE
MarHUTHOIO IOJIsl, NMPWIOKEHHOTO BJAOJb Jy4a B TOPU30OHTAIIBHOM HAalpaBJICHHH,
NPUBOJAUT K HE3HAYUTEIBHOMY YBEIMYEHHIO pa3Mepa IMsiTHA MOcie CTa0uiIn3aluu

KapTHUHBI (KaK OJHOPOJHOTO, TaK U HEOJJTHOPOJAHOTO).
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Puc. 2.37 3aBUCHMMOCTb OTHOCHUTENIBHOW BEIMYMHBI BEPTUKAIBHOTO pazMepa KapTUHBI TEPMOOTKINKA
OT BPEMEHH.

CoBceM gmpyrasi CHUTyalsi pa3BHBAeTCS MPH BO3JICHCTBUU HEOAHOPOIHOTO
BEPTHKAIBHO HAIMPABICHHOTO MAarHUTHOTO MOJIA (TIEPIICHAMKYJISPHOTO JIydy Jia3epa)
[190]. Takoe momne co3aaBaioch ¢ MOMOIIBIO YCTAHOBKH, MPEICTABICHHON HA PUCYHKE
2.38.

Oxkazanoch, 4YTO TIPH PACIOJIOKEHUH KOHYCHOTO HAKOHEYHHKA CBEpXY,
YBEIMYCHUE HAIPSHKCHHOCTH TIOJISI TPHBOJWT K BOCCTAHOBIICHHIO BEPXHEH YacTH
KapTUHBI, T.€. BOCCTAHOBJICHUIO KPYTOBOM cUMMeETpHH naTHa. [Ipu sToM pasmep nsiTHa
yBenuuuBaetcs (puc. 2.39).

Ha puc. 2.40 mpencraBiieHa 3aBUCHUMOCTb BEPTUKAJIBHOTO pa3Mepa MsTHA OT
HANPSDKEHHOCTH MAarHUTHOTO — TOJIA, TIOJIydeHHAas TP TAaKOM  PacCIOJIOKEHUHU
KOHYCOOOpa3HOTO TIOJIOCHOTO HakoHeuHWKka (kpuBas 1). B ciaywae pacrosioskeHws
KOHYCOOOpa3HOTO HAKOHEYHHWKA CHHU3Yy KIOBETHI BOCCTAHOBJICHHE TISiITHA HE
HAOI0JaeTCs, IPU 3TOM €r0 BEPTHUKAIBHBIN pa3Mep HECKOJIBKO YMEHbIIaeTcs (puc.
2.40, kpuBas 2).

bri0 mpenmnonokeHo, 4To HaAOMIOAAIONIUIICS Cpe3 CBETJIOTO MSITHA 00YCIOBJICH
TEPMOKOHBEKTHBHBIMH ITOTOKAMHU KHJIKOCTH, BOSHHKAIOIIMMH BCIIEJACTBHE JIOKAITBHOTO
HarpeBa JKUJIKOCTU B 00JIaCTH MTPOXOKICHUS JIA3EPHOTO JTyYa.

JInis mOATBEpKACHHSI ATOTO, ObLIa MCCelOoBaHA KapTHHA CBETOBOTO TISITHA Ha
9KpaHe B Cllydae TOPHU3OHTAIBHOTO PACIOJIOKEHUS TUIOCKOCTH KIOBETHI |

MEPIIEHANKYJISIPHOM K HEM BEPTUKAJIBHOM JIy4e Ja3epa.
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Puc. 2.38. Cxema yCTAaHOBKM I  CO3J@aHUS  BEPTUKAIBHOTO  HEOJHOPOJHOTO  IIOJS,
HEePIEHINKYJIIPHOTO Jla3epHOMY Jyuy: 1 — na3ep, 2 — kroBeTa ¢ 00pasiom, 3 — 3KkpaH, 4 — MOJTFOCHbIC
HAKOHCYHUKH.

Puc. 2.39. BoccraHoBneHHe KpyroBoil CHMMETPHH CBETOBOTO TIISITHA OTKJIMKA C TIOMOIIBIO
BO3JICHCTBUS BEPTUKAIBHOTO HEOHOPOAHOTO MAarHUTHOTO TIOJISI.
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Puc. 2.40. 3aBUCHMMOCTHh BEIWYHHBI OTHOCHUTEIFHOTO BEPTHKAILHOTO pa3Mepa TU(PPaKIHOHHOTO
KOJIbLIA OT HANpPsDKEHHOCTH MAarHUTHOrO moist: 1 — KOHYCHBI HAaKOHEYHHK PACIOJIOXKEH CBEpPXY
STYEWKH, 2 — KOHYCHBIII HAKOHEYHHK PACIIOJIOKEH CHU3Y SYCHKH.

Pa3Butune TCPMOKOHBCKTUBHBIX ITOTOKOB IIPpW TAKOM PACIOJOKXCHHUN KIOBCTHI U
HaIpaBJICHUHA JIA3CPHOI'0 JIyda OOJIZKHO OBITH CUMMCTPUYIHBIM OTHOCHUTCJIBHO JIy4da U HC

INPpUBOAUTL K HCKAKXCHHIO I(perBOfI CUMMCTPHUH CBCTOBOI'O IIFITHA Ha JKpPaHC.
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JlecTBUTENBHO, B TOM Cily4yae KapTHHA IpPEACTaBisia COOOM Kpyrioe MSTHO Oe3
KaKUX-IM00 uckakeHui. [Ipu 3TOM BO3A€ICTBME MATHUTHOTO MOJS (KaK OJHOPOJHOIO,
TaK U HEOJHOPOJHOTI0), HAIIPABJIIEHHOI'O BJOJIb Jy4ya MPUBOAWIO K YBEIUYECHHUIO MATHA
(puc. 2.41). HamoMHHMM, 4YTO TIpHM WCIIOJIb30BAaHWM (HIBTPA, YMEHBIIAIOIICTO
WHTCHCUBHOCTb JIA3€pHOTO0 M3Jy4YEHMsS, KaK CIEAyeT U3 BBIIIE IPUBEACHHBIX
pe3yabpTaTOB, BO3JEHCTBUE OJHOPOJHOIO MAarHUTHOIO IIOJIA K 3HAYUTEIBHOMY
U3MEHEHUIO KAapTUHBI HE TNPUBOAMIO. Takoi >ke pe3ylnpTaT MdalT MOJ00HbBIE

HCCIICOAOBAHU:A IIPH UCITIOJIB30BAHUH JIa3€pa 3HAUYUTCIIBHO MEHBIIIEH MOITHOCTHU (5 MBT)

Puc. 2.41. KaptuHa TEpMOOTKIMKa TpPU TOPU3OHTAIHHOM PACIHOJIOKEHUU IUIOCKOW KIOBETHI C
obpasnom: a) H=0 kA/m, 6) H=200 kA/Mm.

Ha pucynke 2.42 npuBeneHbsl rpauky 3aBUCUMOCTH OTHOCUTEIBHONW BEJIMYUHBI
paanyca TMATHA OT HANPSHKEHHOCTH MArHUTHOTO TIOJIS, MOJyYEHHBIE B HEOJAHOPOIHOM
(kpuBas 1) u omHOpOaHOM (KpHBasi 2) MAarHUTHBIX MOJISAX MPH MCIIOJIb30BAHUH Jla3epa
motHOCThIO 78 MBT. KpuBas 3 monydeHna mpu MCHOIB30BAaHUM Jia3epa MOIIHOCTHIO 5
MBT. Kak BugHO W3 pHCyHKa, B HEOJHOPOJHOM TIOJI€ 3HAYUTEIHHOE YBEIMUEHHUE
KapTUHBI TIPH HMCTOJB30BAHUM Jia3epa MOIIHOCTHI0 /8 MBT mpoucxomuT B MEHBIIMX
MOJISIX, YeM B OJHOpogHOM. Kpome Toro, xapakTepsl 3aBUCUMOCTEH pa3mepa MsITHa OT
HANpPsOKEHHOCTH B OJTHOPOJHOM M HEOJAHOPOIHOM Tojie oTiuuarorcs. M3 atoro xe
pUCYHKa CleQyeT, YTO TMpU HCIOJB30BAHMM B TMOAOOHBIX HCCIIEIOBAaHUIX Jiaepa
MOIIHOCThIO 5 MBT 3HAUMTENBHOTO M3MEHEHUS KapTHHBI, KaK B OJHOPOIHOM, TaK U

HCOAHOPOAHOM IIOJISIX HEC IIPOUCXOAUNT.
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Puc. 2.42. 3aBUCUMOCTH OTHOCHTEIILHOW BEITMYMHBI pa3Mepa MATHA OT HANpPsSHKEHHOCTH MarHUTHOTO
TOJIs1, TIOJIy4YeHHbIC B HEOAHOPOAHOM (KpHBasi 1) u oqHOpOAHOM (KpUBas 2) MarHUTHBIX HOJISAX MPU
UCTIOIB30BaHUM Jlazepa MomHocThio 78 MBT KpuBas 3 momydyeHa B OJHOPOJHOM TIOJIE TIPH
UCIOJIb30BaHUH JIa3epa MOLUIHOCTHIO 5 MBT.

st co3maHusi HEOJHOPOAHOTO MArHUTHOTO TIOJISI, TPAJUEHT HAIPSKEHHOCTH
KOTOPOTO HAmpaBJIeH MEpPHEHAMKYJSPHO JIa3epHOMY Jiydy OBbUI  HCIOJIb30BaH
NOCTOSIHHBIA ~MAarHuT UWIMHAPUYECKOM (QOpMbI, COOpaHHBIA M3 HEOJUMOBBIX
KoJblieBbIX MarHuToB [191]. OcoOCHHOCTh TakOH HaMarHHMYUBAIOIICH CHCTEMBI
3aKJIF0YaeTCsl B TOM, YTO TOJIe B €€ IEHTPEe MUHUMAIbHO. JIMHMM MarHUTHOTO MOJIS,
CO37aBa€MOI0 3TON CHUCTEMOM M M3MEHEHHUE €r0o HaIpSHKEHHOCTH BIOJIb €€ paauyca
npeacTaBieHbl Ha pucyHke 2.43a. (Cxema yCTaHOBKH, TNPUMEHSIBIICHCS TMpHU
UCITIOJIb30BAaHUU ATOTO0 MarHuTa, NpuBeaeHa Ha puc. 2.430.

Jlya mazepa 1 ocnabmsuics ¢uiabtpom 2 U GOKYCHPOBAICA C TOMOIIBIO
coOuparoiieit JIH3bI 3 ¢ GOKYyCHBIM paccTostHeM 10 ¢cM B MUIMHAPUYECKON KIOBETE D
TOJIIIMHON 5 MM C MarHUTHBIM KoJutonsioM. Jlanee (mociie 1eoKyCUpOBKH) OH MOMaaal
Ha 9KpaH 6, riae HaOmonaIoch KPyrioe CBETOBOE ISITHO, XapaKTepU3YIOIIee CTENEHb
paccestHus Jiyda. [{unmuHapuyeckuit MarHuT 4 HaXOAWJICS Ha OJTHOM OCHU C KIOBETOM U
MOT TepeMellaTbcs TaK, YTO KIOBETa OKa3blBAJIACh BHYTPU €ro LIEHTPAJIbHOW YaCTH.
HccnenoBanusi MPOBOJMMIUCH, KaK TMPU TOPU3OHTAILHOM, TaK W BEPTUKAIBHOM
HaIpaBJIeHUsX Jiyya jazepa. [locneqnee qocTuranoch myTeM MOBOPOTA BCEH yCTAaHOBKHU

Ha 90°,
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6)

Puc. 2.43. a) MarnuTHoOe mose, co3aBaeMoe KOJIbIIEBBIMU MarHuTamu; 0) Cxema 3KCrepuMeHTaTIbHON
yctaHoBKH: 1 — mazep, 2 — HEWTpambHBIA CBETOQMIBTP, 3 — JUH3A, 4 — KOJBIEBBIE MAarHUTHI, 5 —
KIOBeTa ¢ 00pa31oM, 6 — sKpaH.

Kakx Obuto moka3zaHo BbIlIE, JCHCTBME HEOJHOPOAHOTO MArHUTHOTO TIOJIS,
CO371aBaGMOT0  DJICKTPOMAarHUTOM C KOHYCHBIMH TIOJIOCHBIMA HAKOHECYHUKAMH,
MPEICTABICHHOM Ha puUC. 2.22, MPUBOJUT K HEKOTOPOMY YBEJIMUYEHUIO Ne(OKYCHPOBKHU
JazepHoro Jyda. HeomaHopoiHOe MarHUTHOE TOJie, CO3JaHHOE OIHUCAHHBIM
MOCTOSSHHBIM MarHWTOM IIWUIMHAPUYCCKONH (POpPMBI, OTIMYAETCA OT D3TOrO TOJIA
HaIpaBJICHUEM €T0 TPaUEHTa — OHO CUMMETPUYHO YBEIMYUBACTCS BOJIb HAMIPABICHUS
NEPIICHIUKYJIIPHOTO JIy4y Ja3epa HpH yAaleHud oT Hero (puc. 2.43a). DTO maet
OCHOBAaHHME TMPE/IOJIOKUTh, YTO BO3JCHCTBHE TOJII TaKOW KOHQPUTYpaIuu JTOKHO
NPUBOJUTh K OOpAaTHOW CHUTyalWH, T.€. YMEHBIICHUIO CTENEeHH JehOKYCHPOBKHU

Ja3epHOTO MyYKa.
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JleliCTBUTENBHO, OKa3aJ0Ch, YTO IMPU BEPTUKAILHOM HAIIPaBJICHUU J1a3€pHOro
aydya (ONTUYECKOM OCH YCTAaHOBKHM) BO3JEHCTBHE TAaKOro TMOJA MPUBOJUT K
YMCHBIIICHUIO JUAMETpa KapTHHBI TEPMOOTKIINKA (puc. 2.44).

Jlanee ObUTO WM3Y4YEHO BJIMSHUE MAarHUTHOTO TOJIS JTaHHOW KOH(UTyparuu mpw
TOPU30HTAILHOM PACTOJOKCHUH YCTAaHOBKHM C ynajneHueM cBerodmabTpa. Kak yxke
ObLJIO TOKAa3aHO BBIIIE B 3TOM Clydae IpPU OTCYTCTBHM BHEIIHMX BO3ACHCTBUMN
MPOUCXOANT Cpe3 BEpXHEH YacTH CBETOBOIO MATHA, HAOIIOAAIOMIETOCs Ha YKpaHe (puc.
2.45a).

[Ipu mocnenyroieM pacroioKEHUH HAMarHUYMBAIOMIEH CHUCTEMBI KOJIBIEBBIX
MarHuTOB TaKMM 00pa30oM, YTO KIOBETa C KHAKOCTHIO OKa3bIBajach B €€ IICHTPE,
HAOJMIOAAIOCh HE TOJBKO YMEHBIIEHHE CTENeHU JAehOKYCUPOBKH (YMEHbIIICHUE
TuaMeTpa CBETJIOrO MSATHA Ha DKpaHE), HO BOCCTAHOBJICHHE €T0 KPYroBOW CHMMETPUHU

(puc. 2.456).

a) 0)

Puc. 2.44. W3menenme pasmepa KaptuHel Puc. 2.45. l3meHeHume pa3mepa  KapTHHBI
TEPMOOTKJIMKA BO BHEIIHEM BEPTUKAILHOM TEPMOOTKIMKA BO BHEIIHEM TOPHU30HTAJIHLHOM
MarHUTHOM  TIOJIE€  CHCTEMBI  KOJIBLIEBBIX MAarHUTHOM ITI0JI€ CHCTEMBI KOJBIIEBBIX MATHUTOB: a)
MarHuToB: a) 6e3 moms, 0) MpH HaxoXIeHUW Oe3 mons, 0) MpU HAXOXKACHUU KIOBETHI B IEHTpE
KIOBETHI B [IEHTPE HAMAarHWYMBAIOMIEH CUCTEMBl. HAMarHUYMBAIOIIEH CHCTEMBI.

Obcyorcoenue pe3yrbmamos

OueBHIHO, YTO OOHApPY)KEHHbIE OCOOCHHOCTH PaCHpPOCTPAHCHHUS JIa3ePHOIrO
U3JTy4eHUS 4epe3 MarHUTHYIO )KHJIKOCTh CBSI3aHBI C €r0 TETUIOBBIM BO3JeicTBHEM. Kak
y)Ke OBLJIO yKa3aHO BBIIIE, BCJICACTBHEC IOIJIOMICHHUS CPEIOH CBETa MPOMCXOIUT €€
JOKAJIbHBIM HarpeB (B 00JacTH paclpocTpaHeHHUs Jyda). VI3MEHEHHE TeMIlepaTypbl
Cpelbl BelNeT K HM3MCHCHHMIO €€ IoKasareisl mperomiieHus. i Mchoiap3yemMoro B
HACTOSIIUX MCCICAOBAHUAX MArHHUTHOTO KOJUIOMIA, KaK W OOJIBIIMHCTBA CpPEM, C

pPOCTOM TEMIICPATYPbI HPOUCXOJHUT YMCHBHICHHC II0KA3aTCJId HPCIIOMIICHUA n, T.e.
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on
—< 0 B CBJ3U C OTUM TeMHepaTypa KHUAKOCTHU I10 KpaSIM nyqKa MCHBIIC, YEM B €TI0

CEUCHUM HAa HEKOTOpYyK BeIHYUHY AT . CneacrBueM 5TOro SBISETCS W3MEHEHHE

IIOKAa3aTeiIA IMPEIOMIICHUA, COTJIACHO.

An = @AT : (2.5)
oT

Takum 00pa3om, 0Opasyercsi OCECHMMETPHUYHOE paclpeciicHHE IMoKa3aTes
NPEJIOMJICHUSI B HANpaBJICHUU MEPICHIUKYIAPHOM JIydy. DTUM M co3faetcs dPQPeKT
pacceuBaromiel JuH3bl. TeopeTHUeCKne pacdyeThl TaKOH JIMH3BI MPOBOAMINCH B PSIC
pabot [136, 146, 174, 192]. Tak B [130] mist GOKYyCHOrO PacCTOSHUS TAKOW JIMH3BI

IIOJIY4YCHO BBIPAXKCHHUC!

1
2

e ,
r=0

rie L — paccTosiHue, KOTOpPO€ MPOXOJUT JIyd B cpefe (IJIMHAa KIOBEThI C
obopaznom). CregyeT OTMETHTb, 4YTO BpEeMsl YCTAHOBICHUS PpaCIpe/CICHUS
TEMIIepaTyphl B cpefie, a, CleIOBaTeIbHO, U MOKa3aTess MPEJIOMIICHUSI B 3TOM Cliydae
HEBEJINKO.

Bmecte ¢ Tem, B ciaydae ABYXKOMIIOHGHTHOH CpEIbI, KOTOPBIM SIBJISICTCS H
UCTIONIb3YEMBIA B OKCIEPUMCEHTAIBHBIX  HCCIEAOBAHUSAX MAarHUTHBIA  KOJUIOW],
MOJI00HOE OCECHMMETPHYHOE H3MEHEHHE TIOKa3aTessl TMPEIOMIICHUS MOXKET HMETh
Ipyrue TpuYuHBL. B  YacTHOCTH, OHO MOXET BO3HHKHYTh TaKKe 3a Cuer
nepepacnpesieieHus] KOHIICHTPAIlMU JUCTIEpCHOM (a3bl BCIIECTBUE BO3HUKHOBEHUS
KOHIICHTPAITMOHHBIX TTOTOKOB, OOYCIIOBJICHHBIX SBJICHUEM TepMOAU(PPy3Ud YaCTHIL
nucriepcHoit  dazel (3ddexra Cope) [147, 192]. Teoperwueckuii aHaaM3 BKJajaa
spdpexkra Cope B dddekr TeroBoi uH3BI gaH B crathe [137]. B Heit Obuin

HCIIOJIb30BAaHbl OaJlaHCHBIE YPAaBHCHU, OIMMCBIBAIOIINUC IMPOUCXOAAINIUME BCIICACTBUC

CBETOBOT'O BO3JICHCTBHUS MPOIIECCHl B OMHAPHOMN CMecH, MpUBeaeHHbIe paHee B [193]:

oa
¢.pt = NPT 1,
oo 0 2.7)
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rae T — Temmepatypa cpeasl; C(T,t) — MmaccoBas KOHIIEHTpAIMs HAHOYACTHLL;, y —

KOB(b(I)I/IHHeHT TCIUIOIIPOBOJIHOCTH CPCHHI, Cp, L — YACIbHAdA TCIUIOCMKOCTL H

IUIOTHOCTh JKUJKOCTH COOTBETCTBEHHO; |0 — WHTCHCUBHOCTH MAJAIOMIETO H3ITyYCHUS
cBeToBoro mnyuka; D u Dy — kodpdunuentsl mupdysun u Tepmoauddysuu
COOTBETCTBEHHO.

[TpoBeneHHble pacyeThl TO3BOJMIM TOJYYUTh BBIPAKEHUE JJS  OLEHKHU
OTHOIICHHUS BKJIAIOB B TEPMOJHMH30BBI OTKIUK OOBIYHOTO OCECHMMETPHUYHOTO
pacrpelieiecHusl TeMIIepaTypbl Cpelbl W W3MEHEHHS KOHIICHTPAIUU JIHCIIEPCHBIX
JacTHIl, 00yCIOBIEHHOTO TepMoauddy3ueii:

onTt
y =156 Tl (2.8)

rae fo — HAayaJbHOE 3HA4YECHHE OOBEMHON KOHUEHTpPALMH; ST — K03 puuueHT

Cope; O =N —=Ny: NNy — mokasaTenu MpeTOMIEHNS KUAKOCTH M AMCIIEPCHOH CPEBI

COOTBETCTBEHHO.

Kak mnokazanu pacuersl, Bkian TepMoauddy3ud B TEPMOJIUH30BBIA OTKIMK
MOXXET OBITh CYIIECTBEHHBIM TOJBKO JIsI JTOCTATOYHO OOJBIIMX YacTHI] (pagnycoM
okoio 100 HM) W TpU 3HAYUTEIBHBIX O00BEMHBIX KOHIEHTparusx [137]. Cpemuwuii
pannyc 4acTHIl B MCIOJB3YEMOM B HACTOSIIEH paboTe KOJUIOMAE COCTaBIseT 5 HM, a
ero oobemHas koHIeHTpaius Hesearka (0,2%). B cBs3u ¢ 3TUM CBsI3b UCCIICIOBAHHOTO
B Hacrosimie pabore TepmoinH30BOoro 3ddexkra ¢ Tepmomuddysueii BbI3BIBAET
comHeHHEe. OTMETUM TakXe, YTO BpEeMsS TEIIOBOW pellakcallid B MarHUTHBIX
KOJUIOMJaX 3HAYWUTEIHHO MEHBIE BPEMEHH YCTAaHOBJICHHMS TIOJSI KOHIICHTPAIlUU
KOJTOMAHBIX yacTuil [149].

Od4eBUIHO, YTO TPU BBISCHCHHH OCOOCHHOCTEH BIIMSIHMS MAarHUTHOTO TIOJS Ha
TEPMOJIMH30BBI OTKJIMK B TIEPBYIO OUYepeab JOJKHBI OBITh YUTCHBI TEMIIEPATypPHbBIC

HN3MCHCHUA B CPCAC U CBA3AHHBIC C HUMHU TCPMOKOHBCKIIMOHHBIC ITPOLCCCHI. HpI/I 3TOM
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> \-
BRXHBIM (DAKTOPOM SIBIIIETCS Y4eT MarHuToctatmdeckod cuiiel to MV |H. B arom

cllydae ypaBHEHHUE JBI)KCHUS MarHUTHOTO KOJIIOHW 1A uMeeT Bu [124]:

d\_/) " > -
E:—Vp+77Av+pg+,u0(M V)H, (2.9)

U3 KOTOPOro, MOCia€ MPUMEHEHUs ONEpALMM rot, CIEeIyeT yCIOBUE TEPMOMArHUTHOU
ycroiiunBoctd (v =0) B cllydae NPOCTPAHCTBECHHON OIHOPOJHOCTH KOHIICHTPAIIUH
YacTHUL KOJUTOUAA:

~op oM
——=—u,—VH. 2.10
g oT Ho oT ( )

Takum oOpa3om, IpU OTCYTCTBUU MAarHUTHOTO TOJIsl, B MATHUTHOM KOJUIOUJIE TaK
K€, KaK 1 B HEMarHUTHOM >XKUJIKOW cpejie, aOCOMIOTHAsT YCTOMYMBOCTH MOXKET OBITh
peanr3oBaHa TOJBKO B ciiyyae VT =0. Tak Kak, OpH UCIOJIb30BaHUU JIA3€POB MAJION
MOIITHOCTH, PA3BUTHE TEPMOKOHBEKTUBHBIX TTOTOKOB SIBJISICTCSI HE3HAYUTEIBHBIM, TO UX
poJib B POPMHUPOBAHUU TEPMOUHIYITUPOBAHHOTO OTKJIMKA HE SIBJSETCS CYLIECTBEHHOM.
[TonTBepkaeHneM 9TOTO  MOXET ObITh Kpyrias (¢opma CBETOBOTO IIATHA,
oOpasyrolierocsi Ha SKpaHe B MecTe TMajeHusi 1e(OoKyCUpPOBAaHHOTO TOPU3OHTAIHHO
HaIPaBJICHHOTO JIA3€pPHOr0 Iy4ykKa. BiKMsHUE MAarHUTHOTO MOJISI B 3TOM CIIy4ae MOKET
OBITHh TOJILKO BCJIEJCTBUE JCHCTBHS MarHUTOCTaTUYeCKUX cuil. Kak Wu3BeCTHO
MarHUTHBIC CBOMCTBA MAarHUTHBIX KUIAKOCTEH CYIIECTBEHHO 3aBUCSIT OT TEMIIEPATYPHI
[124, 149]. DTo UPUBOAWUT K pa3jiMyUI0 IJIOTHOCTH CHJ, JCUCTBYIOIIMX Ha CJIOU
KUJKOCTH C Pa3IUYHON TeMIlepaTypol M, Kak CJIEACTBUE, K X MPOCTPAHCTBEHHOMY
nepepacnpeneneHuto. OYeBHIHO, HMMEHHO C JTUM CBfi3aHA JIOMOJHUTEIbHAS
nedoKyCHpoBKa TIPH BO3JCUCTBUU HEOJHOPOAHOTO MATrHUTHOTO TIOJIS, TOJYYEHHOTO
NPy UCIOJB30BAaHUU  KOHYCOOOpa3HBIX TMOJIOCHBIX HAKOHEUHHUKOB, TPAJUCHT
HAMPSHKEHHOCTH KOTOPOTO paJHMajibHO HAlpaBJIeH K OCH JIa3epHOro mydka (puc. 2.22).
B sToM cityuae Ha Gojiee HArpeThld CI0M KUIKOCTH B MECTE HaXOXKJICHMS JIyda Jlazepa
OyayT IEHCTBOBAaTh CHJIBI, COOTBETCTBYIOIIME TNpaBoil uactu Bbeipaxenus (2.10),

pauaabHO HAMPABJICHHBIE OT OCH JIA3€PHOr0 My4dKa. ITO MPUBOAUT K OTTOKY TEILION
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KUIKOCTH OT OCH JIy4ya, N3MEHEHUIO PacIpeeICHUs TEMIIEPATYPbl B €r0 OKPECTHOCTH
M, Kak CIEJCTBHE, YBCIWUYEHUIO CTEMCHH Je()OKYCHPOBKM JA3€PHOTO IyYKa,
HaOmoparoniemMycsi B dkcnepuMmente. OUYeBHAHO, YTO HCIOJIb30BAHUE CHCTEMBbI
MOCTOSIHHBIX KOJBIEBBIX MArHUTOB, CO3JAIOLIE MArHUTHOE TMOJie€ C pPaguaibHO
HaIpPaBJICHHBIM OT OCHU CHCTEMBI (OCH JIa3€pHOTO IMy4Ka) rPaJMeHTOM HaIpPSKEHHOCTH
(puc. 2.43a) co3maeT TPOTHUBOMIOJIOXKHYIO CHTYalMI0. OTHUM H  OOBICHACTCS
HaOJFOMaroIeecss B 3TOM ClIydae YMEHBIIICHHE CTETCHH e()OKYCHPOBKU JIA3€PHOTO
My4Ka.

PaznuumeM MarHMTOCTATUYECKUX CHUJI, JEHUCTBYIOIIUMX HA CJIOHU KUAKOCTU C
pa3HoOM TeMIiepaTypoil, MOTYT ObITh OOBSICHEHBI U U3BMEHEHUS CTENEHU 1e(OKYCUPOBKHU
JIA3€pHOr0 IMy4yKa MPU BO3AECHCTBHUM HEOJHOPOJHOTO MOJIA, CO3IaHHOTO COYETaHHEM
IJIOCKOTO UM KOHYCOOOPa3HOro MOJIOCHBIX HAKOHEUYHUKOB. B 3TOM ciydae rpaJueHT
MOJIsl HAIpPaBJICH BJOJb JIA3€PHOTO JIyya, BCIEJICTBUE YETO TEIUIbIE CJIOW C MEHbIIEH
HAMarHU4eHHOCThIO JIOJDKHBI TEpEeMeIaTbcss B 00JIaCTh MEHBIIEro Mojs, T.e. K
IJIOCKOMY TOJIOCHOMY HAKOHEUHMKY. [Ipn 3TOM nmameTrp ciaosi HWIMHIPUYECKOU
GbopMBI TETION >KUIKOCTH Y TUIOCKOTO TOJIFOCA YBEIWYUBAJCS, a Y KOHYCOOOPa3HOTO
YMEHBIIAJICS. DTO U MPUBOJUIIO K U3MEHEHHUIO e(OKYCHPOBKH JIA3€PHOTO JIyya MpHU
W3MEHEHUM DPACIOJIOKEHUS TOJI0COB pa3HoW (Gopmbl (B OJHOM Cly4yae IMOJIOCHBIM
HAKOHEYHUK pacroJjiarajicsi Ha BXOJZ€ Jiydya B KIOBETY C JKMJIKOCTBIO, B JIPyrOM — Ha
BbIxo/ie U3 Hee). Henb3s Takke HMCKIOYATh WU BO3MOXKHOCTh HAJIUYHUS WU3MEHEHUS
TEMIEPATYPbl KUJAKOCTH BIIOJIb OCH JIydya 3a CUET YMEHBIICHHUSI €r0 MHTEHCUBHOCTH
BCJICJICTBUE TOTJIONIEHUS IO MEPE PACHPOCTPAHEHUS. DTO TAKKE MOKET MPUBOAUTH K
OCOOCHHOCTSIM BIIUSHUS HEOJHOPOJHOTO MarHUTHOTO MOJIS Ha CTENEHb Je(POKYCUPOBKU
JIA3epHOTO My4Ka.

BiusiHne MarHMTOCTaTUYECKUX CUJI TIPOSIBIISICTCS] TAK)KE€ B HEOJAHOPOIHOM TIOJIE,
CO3/IJaHHBIM COYETAHHEM IUIOCKOTO W KJIMHOBHUJIHOTO TOJIFOCHBIX HAaKOHEYHHMKOB. Tak
KaK B ITOM Ciydae JIa3epHBIA My4YOK PaCHpOCTPaHSICTCS BIOJb pedpa KIMHOBHIHOTO
TMOJIFOCA, TO JIEMCTBUE MArHUTHBIX CHJI MPUBOAUT K CMEIIEHUIO HArPETOM MAarHUTHOWU

KUJIKOCTH U3 IPOCTPAHCTBA PACIIPOCTPAHEHUS JIyya B HAMPABICHUU OT KIMHOBUIHOIO
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IIOJIFOCA. DTUM M BBI3BAHbI U3MEHEHUS B CHMMETPHUH KapTUHBI TEPMOUHAYLIUPOBAHHOTO
OTKJIMKA, HAOJIFOIAFOIIEHCS Ha 3KpAaHE B BUAE CBETOBOIO ISITHA.

Kak Obul0 yKa3aHO BbIIIE, YBEIMYEHUE HMHTEHCUBHOCTH W3IYUYEHUS MOXKET
IIPUBOJUTH K Pa3BUTHUIO TEPMOKOHBEKTHBHBIX TECYEHUMN, KOTOPBIE OKA3bIBAIOT BIIUSHHE
Ha TpoIecchl ACPOKYCHPOBKH Jyda. MOXKHO NPEINONOXKUTh, YTO HCIOJIh30BaHUE
Jazepa MOIIHOCTbIO /8 MBT mpUBOIUT HE TOJBKO K OCECUMMETPUYHOMY
pacCIpeeeHUI0 TEMIIEPATYPhI 3a CUET TEIUIONPOBOJHOCTH, HO K BO3HUKHOBEHHUIO B
MarHUTHOM KOJUIOMJE HAIIPpaBICHHBIX BBEPX KOHBEKTUBHBIX ITIOTOKOB, KOTOpBIE
HUBEJIMPYIOT HEOJHOPOJHOE paclpe/ielieHue TeMIepaTypbl B 0O0JIACTH HAJl OCBHIO
Ja3€pHOro My4yKa. DTO SBJISETCS MPUUMHON HapylIeHUs 1e(POKYCHPOBKH Iy4YKa B 3TOU
o0acTu U cpe3a BEpXHEH 4acTH MepBOHAYaIbHO KPYIJIOTO CBETOBOIO ISITHA HA SKpaHe
(puc. 2.36, 2.45a). B monb3y 3TOr0 MpeanoaoKeHUsI MOTYT ObITh OTHECEHBI PE3yIbTAThI
WCCIICOBAHUS PACIIPOCTPAHEHUS JIA3€PHOIO M3JIYYEHHs B YCIOBHUSAX CaMOHABEICHHOU
KoHBeKIuU [194]. JIsi OKOHYATENBHOTO MOJITBEPIKICHUS CBS3U Cpe3a MePBOHAYAIBHO
KpPYTJIOTO CBETOBOIO ISITHA, HAOMIOAAIOMIErOCs Ha 3KPAaHE ¢ JAEMCTBUEM KOHBEKTHBHBIX
NOTOKOB, OBLIM IMPOBEJIEHBI JONOJHUTENIbHbIE SKCIEPUMEHTh. B 3ToM ciyuyae Oblia
WCIIOJb30BaHA BEPTUKAJIBHO  PACHOJIOKEHHAs IUIOCKAas KIOBETa, 3allOJHEHHAas
UCIOJIb3yeMOW MarHUTHOM KUIKOCThIO, B KOTOPOH OblIa MPeyCMOTPEHA BO3MOKHOCTh
CO3JaHMsI CTPYMHOTO HUCXOJSIIETO MOTOKA 3TOW K€ KUIAKOCTH. [[JIs1 3TOr0 B HUKHEH
TOPU30HTAJIBHOM CTEHKE KIOBETHI (€€ JHE) pacrojarajics WTYLep ¢ OTBEPCTUEM MAJIOTO
nuametpa (1 MM), yepe3 KOTOPBIH OCYIIECTBISUICS COpPOC KUIKOCTH. B pesymbrare
JTOTO B HW)KHEH 4YacTH KIOBETHI CO3/1aBaJICSl HAIIPABJICHHBIM BHU3 IMOTOK, CKOPOCTb
KOTOPOT'0 MOTIJIa JOTOJHUTEIBHO PETYIUPOBATHCA C IIOMOLIBIO MINPUIA, COETUHEHHOTO
CO LITYLIEPOM.

[lepBoHavyasibHO HAOJIIOEHUS OCYIIECTBISUIUCH MPU OTCYTCTBUU MOTOKA. Jlyd
Ja3epa MOIIHOCTHIO /8 MBT npomnyckasics yepes KIOBETY € JKUJIKOCTbIO HaJl OTBEPCTUEM
B JHE KIOBEThl M MOMNaJajl Ha JKpaH, B pe3yJbTaTe 4Yero Ha SKpaHe HaOII0Janoch
CBETOBOE MATHO. B 3TOM ciiydae, Kak y»ke cOOOHIANOCh BbIIIE, OHO UMENO (opMy

Cpe3aHHOTO cBepxy Kpyra (puc. 2.46a). Co3maHue MOTOKAa JOCTATOYHON CKOPOCTH
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IPHUBOJWIO K BOCCTAHOBIICHUIO BEPXHEH YacTH IATHA M IOSBICHHUIO Cpe3a B €ro
HIKHEN yacth (puc. 2.460).

DTO0 MOXXHO OOBSICHHTH TEM, YTO BOJIM3M BEPXHEH YacTH CBETOBOIO IIATHA
TEPMOKOHBEKTHBHBIH TIOTOK TIOJIABISCTCS HMCKYCCTBEHHO CO3JaHHBIM ITOTOKOM,
JEHCTBUE KOTOPOTO B TO JK€ BPEMs HIKE JIa3€PHOTO ITydYKa MPUBOJHT K CPE3y HIDKHEH
JacTH TISATHA. DTO SIBJISCTCS IMOATBEPIKICHUEM 3aKJIIOUYCHHS O CBSI3UM OOHAPYKEHHBIX
0COOCHHOCTEH pactpOCTPaHEHUS B MCCICAYEMOM JKHUIKOCTH JIyda ja3epa MOITHOCTHIO
78 MBT ¢ TepMOKOHBeKIHeH. B ero moib3y TakKe JOMNOJHHUTEIBHO MOXKET
CBUJICTCIILCTBOBATh OTCYTCTBUE HAPYIICHHS CHMMETPHUHM CBETOBOTO IISITHA B MECTE

MMaJACHM: JIyda Jia3cpa Ha 3KpaH B CJIydac €ro BCPTHUKAJIbHOI'O HAIIPpaBJICHUS.

a) 0)

Puc 2.46. BoccraHoBieHHE KapTHHBI C TOMOUIbIO CO3/JaHUS HUCXOAAILIEr0 IOTOKAa: a)
NepBOHAYaJIbHBIN B, 0) IPU CO3JJaHUH HAIIPABJIIEHHOTO BHU3 11O BEPTUKAIM ITOTOKA.

Kak yxe ObLIO yKa3aHO BbIIIE B MAarHUTHOM IIOJIE YCJIOBHSI BO3HUKHOBEHUS
KOHBEKLIHMH YCIIOXKHSIOTCA. KOHBEKTUBHASI YCTOMYMBOCTH B 3TOM CJIy4ae OINpPEIEIISIETCA
BeIpaxeHueM (2.10). OueBHIHO, BO3JAEHCTBHE HEOTHOPOJHOTO MArHUTHOTO TIOJIS
MOXET TMPENITCTBOBATh BO3HUKHOBEHUIO KOHBEKTHUBHBIX IOTOKOB, OOYCJIOBJIEHHBIX
HAarpeBOM Cpebl J1a3epHbIM H3IyYECHHEM. OJTUM U OOBSCHAETCS BOCCTAHOBIICHUE
(GbopMBI CBETOBOTO TSATHA MPHU BO3JEUCTBUU HEOJHOPOJHOTO MAarHUTHOTO TOJIS (pHC.
2.39).

[Ipu BepTHMKaNBLHOM PACIOJOKEHUU JIA3EPHOrO JIydya U3MEHECHHUE TEMIIEPATYPhI
JKUJKOCTH, 3alOJIHSIOMEH IIJIOCKYI0 TOpPHU30HTAIbHO PACIOJIOKEHHYK KIOBETY,
CUMMETPUYHO OTHOCHUTEIIBHO Jy4a B NEPHEHAUKYJSPHOM K HEMY HalpaBIICHUMU.
Pa3zBuTHe TEPMOKOHBEKTHMBHBIX IIOTOKOB B A3TOM ClIly4ae YCJIOXKHSETCS, TaK Kak

IPAIMEHT TEMIIEPATYPHl B MPOCTPAHCTBE BOKPYT Jy4da HANpPaBJIEH MEPIEHAUKYISIPHO
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cuwie Tsokectd. Ho pake B ciiyyae BO3MOXKHOCTH MX BO3HMKHOBEHHUS, HalpuUMeEp, Kak
YK€ YKa3bIBaJIOCh BBIIIE, 00YCIOBICHHOW YMEHBIIEHHEM €0 WMHTEHCUBHOCTHU TI0 MEpe
pacmpocTpaHEHUsi, OHU JOJDKHBI OBITh HampaBlieHbl BAOAbL Jyda. llpu 3TOM
OCECHMMETPUYHOE paCIpeCICHHe IOKa3aTeNsl MPEJIOMIICHHWS B  HalpaBJICHUH,
NEPICHANKYJIIPHOM JIydy B OCHOBHOM OO€CIeUMBAaeTCs 3a CUeT W3MEHEHUS
TEMIIepaTypbl W TEIUIOBOTO PACUIMPEHHS >KUIKOCTH. B CBSI3M ¢ 3TUM KapTuUHA
TEPMOOTKJIMKA COXPaHAET OKPYTIYI0 popmy O0e3 HapylieHus cummetpun (puc. 2.31).

VYBenuueHue pasmepa CBETOBOTO IISITHA B OJHOPOJHOM MArHUTHOM TIOJIE,
COHAIPABIIEHHOM C JIy4OM Jia3epa, MOXKET OBbITh CBSI3aHO C M3MEHEHHEM TEeIJI000MeHa
BCJICJICTBHE Bo3jaeicTBHA 1oJist [195], B pesynbrare TemiepaTypa )UIKOCTH B 00JIACTH
MPOXOXKJICHUS JIyda YBEIUYMBAETCS, YTO MPHUBOJMUT K YBEJIMYEHUIO O0OBbEMa TEIUION
KUIKOCTH. DTO TPHUBOAWT K HW3MCHEHHWIO pACHpeaeNiCHUs BEIMYMHBI ITOKa3aTels
MIPEJIOMJICHUS U, KaK CJICICTBHE, CTEIICHU Je(hOKYCHPOBKHY Jyda. B ciydae Bo3aeiCTBUS
HEOJHOPOJIHBIM TOJIEM Tepepacnpe/iefiecHue 3HAYCHUN TeMIepaTypbl MOXKET OBbITh
Takke OOYCIIOBJICHO TepepachpeieICHUEM PaCIOJIOKCHHS CJIOEB JKHIKOCTH Pa3sHOU
TEMIIEpaTypbl  BCJIECACTBHE PpPa3HOM BEIUYMHBI OOBEMHBIX MArHUTHBIX  CHII,
JIEHCTBYIOIINX Ha XOJIOJHBIC U TEIUIbIC CIIOU KUIKOCTH. MOKHO TaKXe JOMYyCTUTh, YTO
Ha W3MCHCHHE CTENeHU Ne(OKYCHPOBKH Jyda MPU HAIOKCHUM MArHUTHBIX TOJIeH
CBS3aHO TAKXX€ C BO3MOXKHBIM HEOJTHOPOIHBIM PaCIpe/esieHHEeM TeMIIepaTyphl BIOJb
Jyda BCIEACTBUE YMEHBIIICHHS €r0 MHTEHCUBHOCTH 32 CUET TOTJIONICHUS.

Takum oOpa3om, B 1. 2 HACTOAIIEH TJIaBbl UCCIIEOBAHBI 0COOCHHOCTU d(PdekTa
TEIJIOBOM JIMH3bI B MArHUTHBIX KOJUIOUJIHBIX HAHOXKUIKOCTSAX. YCTaHOBJICHO, YTO
BO3JICHCTBHE HEOHOPOAHBIX MATHUTHBIX TIOJICH Pa3IMIHON KOH(PUTYpAITUU MOXKET, KaK
YBEIUYHUTh, TaK W YMEHBIIUTH CTENeHb ero nedokycupoBku. BeisicHeHO, dYTO
YBEJIUYCHHEC WHTCHCHUBHOCTH JIA3€PHOTO HW3IYYCHHS] MOXKET MPUBECTH K HAPYIICHHUIO
KPyTrOBOH CHMMETPUHU CEUYCHHS JIA3€PHOr0 IMy4YKa M, COOTBETCTBEHHO, HMCKAXCHHUIO
CUMMETPHUH CBETOBOTO IISITHA, OOPa3yIOMIETOCs MPH TMaJIeHWW JTyda Ha KpaH 3a CueT
BO3HMKHOBEHUS  TCPMOKOHBEKIIMOHHBIX  TOTOKOB.  Iloka3aHa  BO3MOYKHOCTh
HEUTpAIM3alMAd TAaKUX HCKAKEHUW C TOMOIIBIO JOIMOJIHUTEIBHOTO BO3AEHCTBUSA

HCOAHOPOAHBIM MAarHUTHLIM I10JICM. Ha ocnose MOACIIBbHBIX HpCI[CTaBJ'ICHI/Iﬁ IMPOBCACHO
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06CY}K,IICHI/IG MEXAaHM3MOB BJIMSHUSI MAarHUTHBIX IIOJICM Ha CTEIECHb ,He(i)OKYCI/IpOBKI/I

Ja3epHOTO MyYKa U HEUTpanu3aui 0OHApy>KEHHOTO HapyIIEHUSI €0 CUMMETPHUH.

PE3VJIbTATHI U BRIBOJIbI 2-O1 I'JIABEI

1. N3yuensl 0COOEHHOCTH BO3HUKHOBEHUS U dbopmupoBanus
(GOTOTEPMOKAIMWIIIAPHOTO  OTKJIMKA OT  TOBEPXHOCTHM  MAarHUTHOM  KUJIKOCTH
0OyCJIOBJIEHHBIE BO3JCHCTBHEM TOCTOSHHOTO MArHUTHOTO TIOJISA TPH Pa3IUYHOU €To
OpUEHTAllMM OTHOCHUTEJIbHO TMOBEPXHOCTU CJIOS. Y CTAHOBJIEHO, YTO B TOHKOM CJIO€
MarHutHoro kosutouaa (tommuuHor 130 MKM) AeHcTBHE MEPHEHIUKYISIPHOTO K CIIOIO
MOJISI TIPUBOJUT K YBEIMYCHHUIO TIIyOWHBI JIYHKH, BOSHUKIICH B MECTE IMaJeHUS JTyda
Ja3epa B pe3yJibTaTe MHTEHCUBHOW TEPMOKANUIUIAPHON KOHBEKIIMH, U, KaK CJIEJICTBUE,
K POCTy pa3Mepa M BPEMCHHM YCTAHOBIICHUS W peJaKCallid CTAIlMOHAPHOW KapTHHBI
TEPMOKAMTMJUISIPHOTO OTKJIMKA, TIPH 3TOM BIIMSHHUE TPABUTAITMOHHOW W TEPMOMArHUTHON
KOHBEKI[MU OKa3bIBACTCSI HECYIIECTBEHHBIM.

2. OOnHapyXeHO, 4YTO BO3JCHCTBHEC OJHOPOJHOTO MArHHTHOTO  TIOJIA,
NEPHEHANKYJIIPHOTO K TOBEPXHOCTH CJIOS MArHUTHOW >KHJIKOCTH, TIOMEIIEHHOTO B
KIOBETHI ITWIHHAPUICCKON (DOPMBI pa3HOTO AHMAMETPa, MPUBOAUT K OTIIMUMIO XapaKTepa
€ro JOKPUTHYECKON nedopManuyd - B KIOBETax Mayioro awameTpa (meHbine 80 Mm)
HaOJIIOAeTCsl BOTHYTOCTh TMOBEPXHOCTH, MPHU OOJBIIMX JAHAMETPAaX — BBIMYKJIOCTb.
CrenaH BBIBOJ, YTO OTJIMYME 3aBUCHMOCTEH MapaMeTpOB HAOJIOJAOMICTOCS TIPH dTOM
TK-oTkuKa OT HAMPSHYKEHHOCTH MAarHUTHOTO TOJIsI B OCHOBHOM CBSI3aHO C Pa3JIMYHBIM
XapaKTEPOM U3MEHEHUS TOJIIUHBI CJIOSl B TOUKE MaJeHUs Jyda (B LIEHTPE KIOBETHI).

3. OmHOPOHOE MATHUTHOE TIOJIE, OPUEHTUPOBAHHOE MAPaICTLHO MOBEPXHOCTH
MarHUTHOM JKUJIKOCTH, CTJIAKUBACT BO3HUKAIONINE HA HEH BO3MYIIEHHUS U YMEHBIIIACT
TIIyOMHY  JYHKH, YTO TPOSBISECTCS B  YMEHBIICHWHW  Pa3MEpPOB  KapTHHBI
TEPMOKANMJUISIPHOTO OTKJIMKAa W BpeMeHu ero (gopmupoBanus. [lpm 3TOM MarHuTHOE
MOJIE TaKXe JOTOJHUTEIHHO ACPOPMUPYET JYHKY, MPUBOJS K €€ TOPU30HTATHHOMY
PaCTSHKEHUIO BIIOJIb CBOETO HAIPaBJICHUS, YTO MPOSBISAETCS B H3MCHCHHH (DOPMBI

KOJICH TCPMOKAIIMIIAPHOIO OTKJIMKA.
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4. CpnenaH BbIBOJ, O BO3MOXHOCTH PAa3jJUYHbIX MEXaHU3MOB BO3JIEHCTBHUS
MarHuTHOTO 1o Ha TK-OTKIMK — Kak 3a cueT MOHAEPOMOTOPHBIX CHJI, OKa3bIBAIOIINX
BIUSIHUE KaK HEMOCPEICTBEHHO Ha (OpMy CJIOS MArHUTHOM >KUJKOCTH, TaK U Ha
nIyouHy oOpasyromeiics JyHku. Kpome TOro, OJHOW H3 TPUYUH MOXKET OBITH
MPOSIBIICHUE TEPMOMATHUTHON KOHBEKIIHH.

5. DKCIEpUMEHTAJIbHO YCTAHOBJIEHO, YTO JIEUCTBHE MEPIEHIUKYISIPHOTO CIIOIO
HEOJTHOPOJHOTO MArHUTHOTO TIOJIS CYIIECTBEHHO YMEHBIIAeT BpeMsi 00pa3oBaHUS
JYHKH, HUBEJIUPYET BIUSHUE TOJIIMHBI CJIOS W MOXET MPUBOAUTH K IOJHOU
KOMITEHCAIIMH TEPMOKAMUIUTSIPHON JiehOpMaIIHH.

6. HccnenoBan 3¢(deKT TEIIOBONH JWMH3BI TPH HCIOJIB30BAHUM MarHUTHOW
KHUJKOCTU B KQUE€CTBE CPEJIbl, Yepe3 KOTOPYIO PacHpOCTPaHSIOCh JIa3EepHOE U3ITyuYeHUE
pa3nuuHOi HHTeHCHBHOCTH. OOHAPYKEHO U 00CYKIEHO BIMSIHAE MATHUTHBIX MOJIEH Ha
ne(OKYyCUPOBKY CBETOBOTO Iy4Ka. YCTaHOBIEHO, YTO BO3ACWCTBHE HEOTHOPOIHBIX
MarHUTHBIX TOJEH pa3IuyHOM KOH(UTYypallM MOXKET, KaK YBEJIWYUTh, TaK U
YMEHBIIIUTh CTETIEHb €ro Je(OKYCUPOBKH.

7. UccnenoBanbl M OOCYXJEHBI OCOOEHHOCTH PAaCIpPOCTPAHECHUS JIa3E€PHOTO
U3ITyYEHUS Yepe3 CJION MarHUTHOW KHUAKOCTH, 00YCIOBIEHHBIE BETUYMHON MOITHOCTH
UCIIOJIb3yeMbIX J1a3epoB. OOHAPYKEHHbIM YAaCTUYHBIA CpE3 MEPBOHAYAIBHO KPYIJIOTO
CBETOBOI'O IATHA HA YKpPaHE B MECTE MaJCHUs MPOIIEIIIEr0 Yepe3 CI0N KUAKOCTH JTyda
Ja3epa OCTaTOYHON MOIHOCTH CBSI3aH C PAa3BUTHEM TEPMOKOHBEKIIHOHHBIX MOTOKOB,
4YTO TOJATBEPKIEHO SKclepuMeHTanbHO. [loka3aHa BO3MOXHOCTh BO3BpaTa KpYIJION
dbopMbl TSTHA TYTEM BO3JEUCTBHUS HEOJHOPOJIHBIM MArHUTHBIM TIOJIEM 3a CYeT

BO3HUKAIOIIECH TEPMOMArHUTHON KOHBEKIIHH.
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I'/IABA 3 TEPMOUHAYIHUPOBAHHBIE D®PEKTBI CTPYKTYPHbBIX
IPEBPAIIIEHUI B TOHKHUX CJIOSIX MATHUTHBIX ) KUJKOCTEX U
3IMYJbCUN B MATHUTHOM U SJIEKTPUYECKOM IOJISIX

dopMUpoBaHUE CTPYKTYpbl B MAarHUTHBIX KOJUIOMJHBIX CHUCTEMax Ha
YTJIEBOJOPOJHBIX OCHOBAaX, a TaKXE IPHUTOTOBJICHHBIX HAa WX OCHOBE MAarHUTHBIX
OMYJIbCHSIX, TIOJT BO3JCHCTBUEM OJJICKTPHUYECCKUX W MArHUTHBIX TIOJIEH, Kak YKe
yKa3bIBaJIOCh Bhilie (B I'aBe 1), paHee MCCIeI0BaIOCh B OOJIBIIIOM KOJUYECTBE padbOT
[159-175]. OTmeTnM, YTO TaKue HWCCICIOBAaHUS, KaK IMPABWIO, MPOBOIWINCH TIPU
KOMHATHOW TeMIleparype M Jiniib B padortax [173, 174] wuccienoBaaoch BIMSHHUE
TEMIIEpaTypbl Ha BEIWYWHY TIOPOTOBOTO  HANPSDKCHHS, COOTBETCTBOBABIIETO
BO3HUKHOBEHHIO B OJIHOPOJIHOM MarHUTHOM UJKOCTH Ha OCHOBE KepocuHa Oosee
KOHIIGHTPUPOBAaHHOW  (a3pl B  BHJE MHKpOKamNenbHBIX arperatoB. OJHaKo,
BapbUpPOBAaHUE TEMIIEpaTyphl MOXKET OKa3aTh BIMSHHE W Ha (OPMHUPOBAHUE
CTPYKTYpPHBIX PEIIETOK B TaKUX CHUCTeMax. PaHee uisi HW3y4eHHs] BO3HUKAIOUIEH
CTPYKTYpBl, KpOME BH3yaJIbHBIX MHKPOCKOMMYECKUX HAOIIOICHUH, MPUMEHSIIUCH
ONITUYECKUE METOJIbI, B TOM YHCIIE ¥ TIPU UCIIOJIB30BAHUN JIA3€PHBIX UCTOYHUKOB CBETA.
BmecTe ¢ Tem, BO3AeCTBUE Ja3epHOT0 M3IYUYEHHS MOXET MPHUBOJUTH K JIOKAIbHBIM
U3MEHEHHUSM TeMIIepaTypbl B TOYKE MaJeHUs Jyda Ha HCCIeIOBAaHHBIC OOpa3Ilbl.
[ToaToMy mpu AOCTATOYHONW MOIIHOCTH Jia3epa MCIOJIb30BAHUE €r0 MPU ONTHUECKHUX
U3MEPEHUSIX MOXET TPUBECTH K CTPYKTYPHBIM U3MEHEHHSIM B pe3yJibTare
HETMIOCPEICTBEHHOTO BO3JCHCTBUS Ha oOpasen. B cBs3u ¢ 3TUM NpeaCcTaBUIOCH
HEOOXOJMMBIM HCCIIEOBATh BIMSHUE HA CTPYKTYpPHBIEC MPEBPAIEHHS B MarHUTHBIX
KOJUIOMJHBIX CHCTEMaxX W OSMYJIbCUSX Ha WX OCHOBE, KaK 3aJaHHOTO HW3MEHEHUS
TEMIIEPATyphl, TaK W JIA3epPHOTO H3Iy4deHHs, 00JaJaroIIero, KpoMe BCEro mpovero, u

TETUIOBEIM BO3JEUCTBUEM.
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3.1 ®opmupoBanue u TpancGopManus CTPYKTYPHBIX PelIeTOK B TOHKHX CJIOSIX
MATHUTHBIX KUAKOCTEN B CTAIMOHAPHBIX YJIEKTPUYECKOM U MATHUTHOM MOJISIX

NPY HAJMYHMHU TEIJIOBOT0 BO3/1eiicTBUS
3.1.1 O6vexmut uccnedosanusn, demanu IKCnEPUMEHMA U NOTIYUEHHbBLE PE3YIbMAMbl

st mccnenoBaHUs OCOOCHHOCTEH BIMSHUS Ha CTPYKTYPHBIC IIPEBPAICHUS
TEPMUYECKOTO BO3JCHCTBUSA OBLJIO HCIIOJB30BAHO HECKOJBKO 00pa3oB MarHUTHBIX
KOJUIOMJIOB Pa3JIMYHbIX TUIIOB. B KauecTBE OCHOBHOTO 00OBEKTa UCCICAOBAHMS (00pa3ely
Nel) Oblm  wucmons3oBaH oOpas3el] MarHUTHOTO KOJUIOMJA C MAarHeTHUTOBBIMH
OJTHOJOMEHHBIMH YaCTHIIAMH, IHUCIIEPCHOHHOW CPEAOd KOTOPOTO SBIIICS KEPOCHH
[196, 197]. CraOunu3zaius KOJJIOWIA OCYIIECTBIISIACH 3a CUET aACcOPOMPOBAHHBIX Ha
MOBEPXHOCTH YaCTHI] JJIMHHOIICTIOYEUHBIX MOJIEKYJ OJICMHOBON KHCIOTHL. OOBeMHAas

KOHIICHTpaIusl JIUCIIepcHON ¢a3pl B oOpasne coctaBmsuia 12,3%. Dnexktpudeckas

MIPOBOJIMMOCTEL 00pasma ¥ =12-10° Cwm/m 1 Morma m3MeHsTBCS myTeM J00aBIICHUS B
HEr0 KPHUCTAIUIMYECKOTO Ho/a WMiu TeTpaOyTriaMMoHus Opomuaa. JuanekTpudeckas
MPOHHIIAEMOCTh COCTaBJIsIa & = 2,7, IMHaMu4ecKas BA3KocTh 7 = 12 wmlla-c. Kak
noka3ano B [198], kommouaHble YacTHIBI B TaKUX KOJUIOMIAX HE HMMEIOT 3apsia, a
BO3JICHCTBHE MMOCTOSHHOTO 3JIEKTPUYECKOTO TOJISI Ha TOHKHE CJIOM TAaKUX JKUIKOCTEH
NPUBOTUT K (HOPMHPOBAHWIO B HHUX JIAOMPUHTHBIX CTPYKTYPHBIX PEIICTOK.
Bo3MokHOCTE 00pa3oBaHus CTPYKTYPHBIX PEIIETOK B MArHUTHBIX JKUJIKOCTSAX JIPYTrOTO
TUTIAa TOKa3aHa MPH HWCIOJIb30BAHUM MAarHUTHBIX JKUJIKOCTEH Ha OCHOBE BAKyyMHOTO
macina (obpaserr Ne2, oObemHas KOHIEHTpalus MarHuTHo ¢asel € =9,3%) wu
nonexana (obpaser; Ne3, @ =9,8%). Tak ke, kak W B IEpBOM 00pasle, HUX
JTUCTIEPCHON (ha30i SABJISJICS MarHETHUT, CTAOMIIBHOCTh OCYIIECTBIISIIACh, Kak U oOpasia
Noel 3a cuer crTepudeckoro B3aWMOJEHUCTBUS OOOJOYEK 4YacTHll, OOpa30BAHHBIX
a7IcOpOMPOBAHHBIMU HA TTIOBEPXHOCTH YACTUIl MOJICKYJIAMH OJICMHOBOU KUCJIOTHI.
Pa3mep TBepmoro kepHa YacTHI[ ONPEIEISIICS C IMOMOIIBIO MPOCBEYMBAOIIETO

anekTpoHHoro mukpockoma FEI Tecnai G2 F20 S-Twin mpu yBenmmuenun x97000.
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CpenHuii TuaMeTp YacTHI] BCEX MCCIICTOBAHHBIX 00PA3I[0B COCTABIISIT BETMUHUHY OKOJIO
10 aMm.

HccnenmoBanne CTPYKTYPHBIX TIPEBpAICHU B TOHKHX CJOAX 0OpasIoB
OCYIIIECTBIISIIOCH C TIOMOIIBIO YCTAHOBKH, CXeMa KOTOpO# npuBe/eHa Ha puc. 3.1 [199].

Ee 0CHOBHOI 4acThIO SBIISAJICS ONTHUYECKUNW MHUKPOCKOM 3, Ha MPEAMETHOM CTOJHKe 1

DN

KOTOPOT0 pa3Meliaiach siueika ¢ oopasiom.

a 4]

Puc. 3.1. Cxema 3KCHEpHMEHTAIbHOW YCTAaHOBKH (a@ — HCCJICIOBAHUS C IMOMOIIBIO ONTHYECKOTO
MHUKPOCKOITa; 6 — HWCCIeIOBaHUS TUGPAKIIUU JIA3epHOr0 W3NydeHHs): 1 — mpeaMeTHbId ctoi; 2 —
KaTymku [enpMronbna; 3 — ONTHYECKUH MHUKpockom; 4 — BHAEOKamepa, S — TMpo3padyHoe
TOKOIIPOBOJIAIIEE MOKPHITHE; 6 — pTOpOIuIacToBas IJICHKA; / — TepMOCTaTUpyrommas cucrema; 8, 9 —
nazepsl; 10, 11 — skpansl.

Syeiika cocTosiyia U3 ABYX MPO3PAYHbIX MPSMOYTOJIBHBIX CTEKISIHHBIX IIACTHHOK
5 C TOKOIPOBOISAIIUM TOKPBITUEM, MEXIY KOTOPHIMH B KayeCTBE IPOKJIAIKH
noMenianach TMoJUMEpHas IJIeHKa 6 ¢ KpPyIJIbIM OTBEPCTUEM IOCPEIUHE, KOTOPOE
3aMoOJHSAIOCh MAarHUTHOW KUAKOCTHIO. TommmuHa cios oOpasiia peryimpoBaiach B
npenenax or 6 A0 36 MKM 3a CUET HCHOJb30BaHUS MPOKIAIOK PA3HON TOJIIUHBI.
Sluerika momenranach Ha MPEAMETHBIA CTOJIUK ONTUYECKOTO MUKpPOCKOMNa Tura buomnam,
HE COJCpJKAIlero HaMarHWYUBAIOMIUXCSA JAeTajeii. Mukpockom Obul  CHaOXKEH
BUJICOKaMepoil 4, CONpsKEHHOM ¢ KoMMbIoTepoM. OTHOPOIHOE AJIEKTPUUYECKOE TIOJIE,

NEPHCHAUKYJIIPHOC IINIOCKOCTH CJIOA 06pa3ua CO3J1aBaJIOCh IIYTCM IMOAAYM HAIIPAKCHUA
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Ha IJIACTHHBI OT UCTOYHMKA MMOCTOsHHOTO Hanpspkenus turna GW Instek GPR-73060D.
JI7ist OCYIIECTBICHUS TOTIOJHUTEILHOTO BO3ICHCTBUSI MAaTHUTHBIM TTIOJIEM, sTYCiKa ObLa
CHa0OXeHa HaMarHWYMBaroImer cucteMod (karymkamu [enpmroneua) 2. Jlos
BO3MOYKHOCTH TEMITEPATyPHBIX HCCIEAOBAHUMN KIOBETY C HCCIEAYEMOW KHUIKOCTHIO
NPWKAMAIA C TTOMOIIBI0 MEXaHUYECKOTO 3KMMa K TEPMOCTAaTUPYIOIICH cHCcTeMe 7,
KOTOpasi MpeACTaBlisiia cOOOM MAacCHBHBI MEIHBIA TapauUIeTeHel, Yepe3 ma3bl B
TOJIIIE KOTOPOTO TMPOKAYMBAJICA TOCOJ C 3aJaHHOM TEeMIepaTypoil C MOMOIIbIO
tepmoctara Tuna [ERMEX M12M-X232B. Temmeparypa KOHTPOJHMpPOBAJaCh C
MOMOIIBIO ME/b-KOHCTAHTAHOBOM TEPMOIMApPhl, PACIOJIOKEHHOM TMOJ MPUKATOU K
TEPMOCTATHPYIOLIEH CUCTEME CTEHKOW KIOBEThl ¢ 00pas3uoM. JlonmogHuTenbHOE
uccieoBaHne (POPMUPOBAHUS CTPYKTYPHBIX 0OOpa30oBaHUM OCYIIECTBISIIOCH ITyTEM
HaOMOIeHNsT paccesHus Jyda nazepa. [ms sToro ObUIO HCMONB30BAaHO JBa Jiasepa,
oTauyaromuecs: MomHocThio n3nydenus (LASOS u Laser 301). JlnvuHa BOJHBI IEPBOTO
Jazepa coctaBiasiaa 633 HM, MomHOCT, 5 MBT, BTOporo — 532 M m 500 MBT
COOTBETCTBEHHO.

Kak mokazanu HaOmrofeHUs, BO3JACUCTBUE TMOCTOSIHHOTO AJIEKTPUUECKOTO TOJIS
MPUBOJNUT TIPU HEKOTOPOM ITOPOTOBOM 3HAYEHWW HAMPSHKEHHOCTH IO K TIOSIBJICHHUIO
BO Bcex o0pasiax CTPYKTYpPHBIX penieToK. B kadecTBe mpuMepa Ha puc. 3.2 IpPUBEACHBI
CTPYKTYpBI, CHOPMUPOBABIIMECS TOJI BO3JACUCTBHEM MOCTOSHHOTO JJIECKTPUYECKOTO

IIOJIA B TOHKOM CJIO€ UCCIICAOBAHHBIX 06pa3u0B.

Bennuunna IMOpOroBOro 3HAUYCHHUA HAIPAKCHHOCTHU E J1, COOTBCTCTBYIOIIAA

MOSIBJICHUIO CTPYKTYPhI, IMEET Pa3INYHbIC 3HAYCHUS I HMCCICAOBAHHBIX OOpa3IoB.
Tak, HauOoJbIlIee 3HaUeHUE OHO uMeeT it oopasna Ne 3 — 800 kB/m, aiist obpasia Ne2
— 450 kB/m u Nel — 150 kB/m, cootBercTBeHHO. Kak BuAHO M3 pucyHKa, Hanboiee
BBIPDAKEHHOM SIBIISIETCS CTPYKTYpHas peleTka, copMUpOBaBIIascs B clioe oOpasna
Nel. B cBsi3u ¢ 3TuM OH OB BRIOpaH B KauyeCTBE OCHOBHOI'O OOBEKTA HCCIICIIOBAHMS
0COOEHHOCTEW (OPMUPOBAHUS CTPYKTYPHBIX PEIIETOK B TOHKUX CJIOSX MArHUTHBIX

JKUJIKOCTEH.



Puc. 3.2. Ctpykrypa, chopMupoBaBmIasiCsl O] BO3ACHCTBHEM ITOCTOSHHOTO JIEKTPHUECKOTO TIOJNIS B
TOHKOM CJIO€ Pa3JIMYHBbIX 00pa3ioB: a — obpazer Nel (tommuHa ciost 20 MKM, HAPSDKEHHOCTD TOJIS
200 kB/m), 6 — o6pazen; No2 (tommuHa ciost 20 MkM, HampsbkeHHOCTh moiist 495 kB/m), B — oOpazert
Ne3 (tommmnua ciost 20 MKM, HalIPsHKEHHOCTH moiist 1 MB/wm).

Benuuuna E JJ 3aBHCUT OT TCEMIICPATYpPbI, TOJIIOWHBI CJI0A, IIPOBOAMMOCTHU

oOpasia, a TakXe OT JOIMOJHHUTEIBHOTO BO3JIEUCTBHSI MArHUTHOTO TOJIA Pa3Iu4YHON
opueHTanu. Tak, TpPU TOBBIIMIEHUH HIIEKTPONPOBOJHOCTH 00pasia, BEIUMYHUHA
MOPOrOBOI0 3HAYCHHS HANPSDKEHHOCTU JJIEKTPUYECKOTO TIOJII yYMEHBIIAeTCs, K
aHAJIOTHYHOMY pe3yJIbTaTy NPUBOAWT TakKe MOBBINICHHE Temmeparypbl [198]. IMpwu
3TOM, 3aBUCUMOCTb IIOPOTOBOWM  HANPSIKEHHOCTU  DJEKTPUUECKOr0 MOJs  OT
HANpsHKCHHOCTH MAarHUTHOTO TIOJS WMeeT Oosiee ClIOXHBIA Xapaktep [196], uem
NOKa3aHHBIN B Mpeapaynmx padorax [200, 201].

Kak okazanoch, u3MeHEHHE TEeMIIepaTypbl MPUBOAUT HE TOJBKO K M3MEHEHHUIO
MOPOTOBOTO 3HAYEHHS HAIMPSDKEHHOCTH AJIEKTPUYECKOTO TIOJSl, COOTBETCTBYIOIIETO
dbopMUpOBaHUIO JTAOMPUHTHOW CTPYKTYpPbl, HO M OKa3blBa€T TaKXe CYIIECTBEHHOE
BIIUSIHUE Ha XapaKTep 00pa3yroIIeiics B JIIEKTPUUECKOM I0JIE€ CTPYKTYPHOU pemeTku. B
KayecTBe MpuMepa Ha puc. 3.3a npencraBieHsl Gpororpadun JaOUPUHTHON CTPYKTYPHI,
MOJIYYSHHOU MPU Pa3IMYHBIX TeMIiepaTypax (ToimuHa cios 18 MKM, Hanps>KeHHOCTh
anektpuueckoro moiss E = 195 kB/m). Kak BuaHO W3 puCyHKa, MOHWXKEHUE
TEeMITepaTyphbl IPUBOJINUT K YKOPAUYNBAHHUIO PYKABOB JJAOMPHUHTOB BIUIOTH JIO CTATHBAHUS
HEKOTOPBIX M3 HUX B KalleJIbHble 00pa30BaHMUsL.

JIOTIOJTHUTENPHO TPUIIOKEHHOE MAarHUTHOE TIOJi€ TMPUBOAWT K HW3MECHEHHIO
XapakTepa CTPYKTypHOU pemieTku. B kauectBe mpumepa Ha puc. 3.30 mokazaHa
TpaHchopMaIys CTPYKTYPHOU PENIETKH JIAOMPUHTHOTO THUIIA, TIOJyYeHHas B oOpasiie

Nel mpm BO3IEHWCTBUMM DIIEKTPUYECKOTO TIOJS,, B TIOJIOCOBYK) CTPYKTYpYy IIpH
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JIOTIOJIHUTEIILHOM BO3ACHCTBUU OIHOPOAHOI'O MAarHuTHOI'O IT0JIA, HAIIPaBJICHHOI'O BAOJb

cios oOpasia.

Puc. 3.3. I3MeHeHne 1a0UPUHTHON CTPYKTYpPBI IIPU MMOHMKEHUU Temiiepatypbl oopasua (a) (1 — T =
298 K, 2 - T =293 K, 3 - T =288 K) u npu J0MOJHUTEILHOM TMPHIOKEHUH MOCTOSIHHOTO
MarHMTHOTO TIOJIs, HAMTPABJIEHHOTO BI0Jb TtockocTH cios (6) (L—H =0 A/m, 2 —H =550 A/m, 3 - H
= 1,3 kKA/™m).

bruto obHapykeHo, uyTO BpeMs (POPMHUPOBAHUS HUCCIEIYEeMON CTPYKTYPBI TaKKe
3aBUCUT OT TEMIIepaTypbl U HANpPSDKEHHOCTH JOMOJIHUTEIBHO IPUIIOKEHHOTO
MarHutHoro mosia. [lpm 3TOM oOKa3anoch, YTO XapakTep 3aBUCUMOCTU BpPEMEHU
dbopMUPOBaHUSA CTPYKTYphl OT HANPSHKEHHOCTH MAarHUTHOTO TIOJII 3aBUCHUT OT €ro
HanpasieHusi. Tak, BO3IEHCTBHE MAarHUTHOTO TMOJsI, HAIPABJIEHHOTO BAOJb CIOS
(MepNeHANKYIISAPHO OSJICKTPUUYECKOMY IIOJI0) TMPUBOIUT K YBEIMUCHHIO BpPEMEHH
dopmupoBanus CTpyKTypsl (puc. 3.4a), Toraa Kak B Cllydae €ro HampaBiIeHHs
NEPIEHIUKYISIPHOTO  CJIOK0, BpeMs yMEHbIIaeTcsl (3a HUCKIIOYEHHEM MaJloro
HAYaJIbHOTO MHTEpBaJa 3HAYCHUH HANPSHKEHHOCTH), YTO MPOMIUTIOCTPUPOBAHO

pucyHkom 3.46.
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Puc. 3.4. 3aBucuMocTh BpeMeHU (OPMHUPOBAHUS CTPYKTYPbl OT HAMPSHKEHHOCTH MArHUTHOTO MOJIA,
HAIPABICHHOTO TMEPIECHANKYJISIPHO BEKTOPY HANIPSDKEHHOCTH AJICKTPUUYECKOTO TIOJIS (a) ¥ IapauieIbHO
emy (0) mpu pasnuyHOi ToNIHHE ci1os oopasia (1 — 6 MM, 2 — 24 MM, 3 — 36 MKM).

HccnenoBanue CTpyKTypbl, oOpasyrouieiicss mpu BO3ACHCTBUH AJIEKTPUUYECKOTO
MOJIS HA TOHKHE CJIOM MarHUTHBIX KOJIJIOWIOB, BOZMOXKHO MPHU HAOIOICHNUN PACCESTHUS
JTa3epHOTO JIy4a, HAIPaBICHHOTO MEePICHINKYISPHO ciioro. Kak mokazano B [202], npu
IPOINYyCKaHUM JIa3€pHOrO Jiydya 4epe3 CIIOoH, colepkaluil JaOUPUHTHYIO CTPYKTYpY,
MPOUCXOANT AUGPAKIIMOHHOE paccessHue cBera. [Ipu 3ToM nudpakunoHHas KapTHHA,
NOJyuY€HHAasl Ha 3KpaHe, pacloloKeHHOM Ha IMyTH Jiyya I[OCJIe €ro MPOX0XKICHUS Yepe3
cioi 00pasia, npeacTaBisieT cOO0M OJHO UM HECKOJBKO MU(pakMOHHBIX KoJel. [Tpu
MOAOOHBIX MCCJIEAOBAHUAX MOJYYEHHOM JTaOMPUHTHON pelIeTKu ObLIO OOHApYKEHO,
4TO MPH UCIOJB30BaHKH J1a3epa Masion moitHocTH (LASOS) B nokpuTHYECKO 001aCTH
HanpspKeHHOCTeH dekTpudeckoro mois (110 kB/m), korma ¢popmMupoBaHus CTPYKTYPHI
emie Het, qudpakius cBeTa He HaOmoaaeTcs (puc. 3.50). HanpoTtus, mpu npoxoxacHun
nayda 6onee momrHoro Jiazepa Laser 301 uepes oOpaselr B TeX K€ yCIOBUAX, HA dKpaHe
HaOoaeTcs TudgpakiMOHHas KapTHHA B BUJIE OJHOTO WM JIBYX KoJjel (puc. 3.5a). B
cllydae OJHOBPEMEHHOTO MpPOITyCKaHUsS Jyded oOOuX Ja3epoB 4Uepe3 OJHY M Ty XKe
00JacTh ci0s, TpoucxoauT audpakuus odoux iayuen (puc. 3.58 u puc. 3.9r).

Tak kak mpu OTCYTCTBHM JIa3epHOTO JIyda CTPYKTypa B CJIO€ OTCYTCTBOBaja
(HampspKeHHe Ha silueiiKke B 3TOM Ciy4yae MEHbIEe KPUTHYECKOr0), TO, OYEBHJHO,
Ja3epHOE W3IyYeHHWE JOCTATOYHOW HWHTEHCHBHOCTH TPHUBOJUT K  CHIDKEHUIO

KPUTUYICCKOI'O 3HAYCHUS HAMMPSKCHUA, COOTBCTCTBYIOIICT'O HAYAJTYy CTPYKTYPUPOBAHMA.
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Puc. 3.5. Kaptunbl 1upakiiMOHHOTO paccestHUs JIA3ePHBIX Jy4el pa3HOW MOIHOCTH, MTOTy4YeHHbIC Ha
9KpaHe TIOcCie MNPOXOXKAECHUS HMMU uepe3 TOHKMHA CJIoM MarHuTHoro kosiouga (oOpazen Nel),
IIOJIBEP/KECHHBI JEHCTBUIO DJIEKTPUYECKOrO II0JIs, HANPsKEHHOCTh KOTOPOrO HE IPEBBINIACT
IIOPOrOBOE 3HAaYEHHE: a — Jlazepa ¢ OOoJbIIeH MOIIHOCTBIO; O — IMPU MCIOJIb30BAHUHM MaJIOMOIIIHOTO
Ja3epa; B, I — TO e, TP OJHOBPEMEHHOM IPOITyCKAaHUU JIydel 000uX Ja3epoB 4Yepe3 OJHY U Ty Ke
001acTh CI04.

3.1.2 Ananusz u oocysrscoenue pe3ynomamos

AHaIIN3 TOJMYyYEHHBIX PE3yJbTATOB IO3BOJSET 3aKIIOYUTh, YTO BO3JCHCTBHUE
AIEKTPUUYECKOTO TOJISI MPUBOAUT K (POPMUPOBAHUIO B MCCIIEAOBAHHBIX MEPBOHAYAIBHO
OJTHOPOJIHBIX MArHUTHBIX KOJUIOMIAaX JIOKAJIBHBIX 00yacTeil 001ee KOHIIEHTPUPOBAHHOMN
¢a3bl B BUJIe JAOMPUHTHBIX CTPYKTYPHBIX PEIIETOK.

Cnenyer OTMETUTH, YTO HAJIMYME MArHUTHBIX MOMEHTOB y YaCTHI] MarHUTHBIX
KOJUIOMJIOB MPUBOJAUT K HCKAXKECHUIO NOTECHLMUAIBbHOW KPUBOM HX B3aWMOJCHCTBUS
(yrnyOseHu0 BTOpOW TOTEHIUAIBHOW sIMbl). B pe3ynbrate 5TOro BO3MOXKHO
oOpa3oBaHUE arperaroB ¢ 0oJiee MIOTHOM YNAKOBKOW YACTHUIl MPU PACCTOSIHUM MEXKIY
YaCTULIAMH, COOTBETCTBYIOIIEM BTOPOU MOTEHLIMAIBHOU SIME.

[TonTBepKaeHUEM STOrO0 MOXET CIY>XUTh HEOJHOKPATHO HaOIt0JaBIIeecss B
MarHUTHBIX KOJIJIOWJIaX OOpa30oBaHWE MHKPOKAMEIbHBIX arperaroB, COCTOSIIIMX W3
Oonee koHneHTpupoBaHHOU (a3el [203-206], mpu 3TOM OHO MOKET OBITH OOPATHMBIM

[207]. BmecTe ¢ Tem, CONBbBAaTHBIC CIIOH M3 alCOPOUPOBAHHBIX HA MIOBEPXHOCTH YaCTHIL
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JUTMHHOLIETIOYEYHBIX MOJIEKYJ OJEHMHOBOW KHCIIOTBHI, MOTYT MEPEKPbIBATH HE TOJIBKO
MEPBYIO, HO ¥ BTOPYIO MOTCHIUAIBHYIO SIMy. DTO MPHUBOJUT K JOCTATOYHO XOPOIIEH
YCTOMUMBOCTU TaKUX KOJUIOMIOB K AarperupoBaHuio. MOXKHO MPEANONIOKUTh, YTO
BO3JICHCTBHE DJEKTPUUYCCKOTO TIOJSI TMPUBOJUT K JOTIOJHUTEIHHOMY YCHIJICHHIO
B3aMMOJICUCTBHUS YACTHUI[ 3a CYET TMOSBICHUS y HHUX HABEICHHBIX JJICKTPUUECKHUX
MoMeHTOB. Ha HeoOXoaumMocTh Takoro ydera ykassiBajochk B [208, 209]. Onmnako
MPOBENCHHBI pacyeT »dHEPrUM B3aWMOJICHCTBHUS HABEICHHBIX DIIEKTPUUECKHUX
MoMmeHTOB [156] manm 3HaueHHWE TMOYTH HA TOPSJOK  MEHBIIEE  SHEPTUH
MarHUTOJIMIIONIBHOTO ~ B3aUMOJEHCTBHUS  YacTull.  BcieacTtBue  3TOro  yder
B3aMMOJICUCTBHS DJICKTPUYCCKUX MOMEHTOB YaCTHI[ MPAKTUYECKH HE TOBIUSAI Ha
rIyOMHYy  BTOpPOM  TMOTEHUMAIBHOM  SMBI,  COOTBETCTBYIOLIEH  OOpaTuMOMY
arperupoBaHuio. TakuMm 00pa3oM, NMPHYWHON TMOSBICHHUS CTPYKTYPhl B MarHUTHBIX
KOJUTOMJaX TIPH BO3JACHCTBHUM DJICKTPUUCCKOTO IO HE MOXET OBITh YCHUJICHUE
B3aMMOJICUCTBUS KOJUIOMHBIX YACTHIl 32 CUET MHAYLIHUPOBAHUS B HUX DJICKTPUUECKUX
MOMeHTOB. Panee popmMupoBaHue CTPYKTYPHBIX 00pa30BaHUi B KOJUIOUIHBIX CHCTEMAaxX
PU Pa3BUTHH DJICKTPOTUAPOINHAMUYECKUX TEUEHUN pacCMaTPUBAIIOCH B psifie paboT
[210-213]. Tlpum >ToM B OOJBIIMHCTBE W3 HHUX HCCIICIOBAHHUS IPOBOIWINCH B
KOJUTOMJaX, YacCTHUI[bI KOTOPBIX HE HMMEIM MarHUTHBIX MOMEHTOB. Kpome Toro, B
KauecTBe OOBEKTOB HCCIIEIOBAHWS B OCHOBHOM OBUIM HCIIOJIb30BaHbI KOJUIOMABI Ha
BOJHOM OCHOBE, B KOTOPBIX YAaCTHIIBI MHUKPOHHBIX pPa3MEpPOB WMEIH 3apsi.
OO6pazoBanue CTPYKTYPBI CBS3BIBAIOCH C AIEKTPOKMHETHIECKUMU u
TUAPOJMHAMUYCCKUMH B3auMojeicTBUsIMU. B HacTosmeit pabore mpu HaOIIOISHUM
oOpa30BaHUs CTPYKTYPHBIX PENIETOK B KauyeCTBE OCHOBHOTO OOpaslia HCITOIh30BaJICH
MarHUTHBIA KOJJIOW Ha OCHOBE KepocuHa. CTabwmim3arisi MarHUTHBIX JKUJIKOCTEH Ha
YTJIEBOJOPOJHBIX OCHOBaX OCYIIECTBIIICTCS 3a CYET OTTAJKHBAIOMIETO JACHCTBUS
000JIOYEK W3 MOJICKYJT OJICHMHOBOW KHCIIOTBI, aJCOPOMPOBAHHONW HA IOBEPXHOCTH
gactui. [Ipu stom, cormacHo [13] w3HavaabHO OHM HE HMEIOT 3apsaa. OjHaKo,
BITOCJICICTBMHM OBLIO TMOKAa3aHO, YTO OHHM MOTYT €ro MpHOOpeTaTh MPH BO3IACHCTBUU
anekTpuueckoro mons [214]. Bmecte ¢ TeM TakMe MarHUTHBIE KOJUIOMBI OCTAOTCS

cnabo mpoBoAsuMMU cpeaaMu. Kak M3BeCTHO, B ¢i1a00 MPOBOJSAIIUX HEOJHOPOIHBIX
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KUIOKUX Cpelax B  MEXIJIEKTPOAHOM IPOCTPAHCTBE  XApaKTEPHO  Ppa3BUTHE
IICKTPOTUAPOAMHAMUYCCKAX BUXPEBBIX TedeHHmid [215], uTo Taxke HaOmomaeTcs B
HCCIIEOBAHHBIX KoOJUloMaax. MIMEHHO ¢ HMMHM U MOXHO CBSI3aTh BO3HUKHOBEHHE
CTPYKTYPHBIX PEIIETOK B TOHKUX CJIOSIX TAaKUX CUCTEM IMpPHU BO3JECUCTBUU MOCTOSHHOIO
ANEKTPUYECKOro Imoiyis. B 3TOM cilydae CONMIKEHHE YacTHI IPOUCXOJUT 3a CUET
BBITECHEHUSI UX W3 MOTOKOB W TIOBBIIIEHUS KOHILIEHTpAlMu B OOJACTSIX C MEHbIIEH
CKOPOCTBIO Cpelibl. BO3HUKHOBEHHE 3JIEKTPOKOHBEKIIMOHHBIX TEUYEHUN MPOUCXOJUT
IIPU TOCTHKEHUU HEKOTOPOW MOPOTOBOM BEIWYMHBI HANPSHKEHHOCTU JJIEKTPUYECKOTO
MOJIS, @ UX Pa3BUTUE U TOCieaytoniee popMupoBaHue CTPYKTYPHI 32 HEKOTOPOE BpEMSI.
OuyeBHUJIHO, 3TUM OOBSCHSIETCS HAJIMYKME MOPOTOBOrO 3HAYCHUS HANPSKEHHOCTU TOJIS,
COOTBETCTBYIOIIETO (POPMUPOBAHUIO CTPYKTYPHI, & TAaKXKE BpeMEHU ee (POopMUPOBaHUSI.
XapakTep TEOMETPUM TEUCHHUIH ONpENeNsaeTcss B TOM YHUCIE M MEXIJICKTPOIHBIM
pPacCTOSIHUEM, C YeM, MO-BUJIUMOMY, U CBSI3aHbl OCOOCHHOCTH XapaKTepa apXUTEKTYPhI
0o0pa3yIoluxcsi CTPYKTYp M KOHEYHOE BpeMsi ee (POopMUpPOBaHUS. 3aBUCUMOCTh
MIOPOTOBOI0 3HAYCHHUSI HANPSHXKEHHOCTH TOJISI OT BO3JICMUCTBUSI MATHUTHOTO TIOJISI MOXKHO
CBsA3aTh C €ro BIUSHUEM Ha TMpOIecChl 00pa3oBaHUs 00JACTEH C TOBBIMICHHON
KOHIICHTpAIIMUeH 4YacTHUIll, W3 KOTOPBIX BIIOCIEACTBUM (POPMUPYIOTCS CTPYKTYPHBIC
pemetkr. O4eBUIHO, CYIIECTBEHHYIO POJIb B PA3BUTHUM AJICKTPOTUIPOAMHAMUUECKUX
npoiieccoB ¥ (GOPMHPOBAHUU CTPYKTYPHBIX PEIIETOK WrpaeT Temieparypa. Ee
HETMOCPECTBEHHOE BIIMSHUE B MEPBYIO OUYEPEIb CBSI3aHO C TE€M, UTO C €€ MOBBIIICHHUEM,
cormacHo [198], yBenwuuBaeTCS  BJIEKTPONPOBOIHOCTH Koutomaa. Kak  yxke
YKa3bIBAJIOCh BBIIIE, MPU YBEIUYEHUU HIIEKTPONPOBOJHOCTA MOPOTOBOE 3HAUCHHE
HaMpsOKEHHOCTH  DJIEKTPUUECKOTO  TOJIS,  COOTBETCTBYIONIEE  BO3HUKHOBEHHUIO
JaOMPUHTHON CTPYKTYphI, yMeHbmaerca. C 3THM UM CBS3aHO DJKCIEPUMEHTATHHO
OOHAapy»XE€HHOE YMEHBIIICHUE TOPOrOBOTO 3HAYCHHUS HAINPSHKCHHOCTH TMOJA  TpU
MOBBIIIIEHUU TEMIIEPaTypPHhI.

Od4eBUHO, TUM W OOBSICHACTCS OOHAPYKEHHOE HWHUIMHPOBAHUE Ja3epPHBIM
U3JIy4Ye€HHEeM BO3ZHMKHOBEHUS TU(DPAKIIMOHHON KapTUHBI MPU MPOITyCKaHUU JIyda Jiazepa
JIOCTAaTOYHOW MOIIIHOCTH 4Y€pe3 TOHKUM CIIOW NMEPBOHAYAIBHO OJHOPOJHOW MAarHUTHOU

xunkoct (puc. 3.5). Otor 3hdekT 0O0yCIIOBICH TEIUIOBBIM BO3JIECHCTBHEM JIa3€PHOTO
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Jyd4a, TPUBOIAIIMM K TOBBIIICHUIO TEMIIEPaTypbl B MECTe €ro mnajeHusi. Beienctrue
3TOTr0, MPOBOJUMOCTH CpPEIbl B 3TOH 00JIACTH cJiosl yBenmuuBaercs [216], u, kak
CIIC/ICTBHE, MPHUBOJUT K CMEIICHUIO KPUTHUYECKOTO 3HAYCHHUS HANPSHKCHHOCTH TOJ,
COOTBETCTBYIOIIIETO BO3HUKHOBEHHUIO CTPYKTypHOH pemieTku. [Ipu 3TOM, B 00JIacTsX,
yAaJCHHBIX OT MeECTa IaJcHHS JIa3epHOTO Jyd4a, (OPMHUPOBAHUS CTPYKTYPHl HE
HPOUCXOTUT, YTO MOATBEPIKIACTCS OTCYTCTBUEM TUGPPAKIMU JIyda JOMOJHUTEIBHOTO

Ja3epa MaJIOd MOIIIHOCTH.

3.2 Ocobennoctu GopMUPOBAHNS CTPYKTYPHBIX PellIeTOK B TOHKHUX CJI0SAX
MATrHUTHBIX IMYJIbCHIl B EPIEHAUKYJIAPHOM MOCTOSIHHOM MATHUTHOM T0JI€ IPH

HAJUYHUHU TEIIOBOI0 BO3AEHCTBUA
3.2.1 Memoouka uccineooseanui

Ocobennocti  GOPMHUPOBAHUS CTPYKTYPHBIX pEHIETOK B TOHKHUX CIIOSIX
MarHUTHBIX SMYJIBCHH B OJHOPOJTHOM MEPIEHINKYISIPHOM MAarHUTHOM IT0JI€ U3yJaIiCh
C TOMOIIBI0 IKCIIEPUMEHTAILHON YCTaHOBKH, mpuBeneHHod Ha puc. 3.1 B m. 3.1.1
HACTOSIIEH TJIaBbl U UCIIOJIb3yeMOU ISl UCCIEAOBAHUS CTPYKTYPHBIX MpEBpaIeHU B
TOHKHUX CJIOSIX MarHUTHBIX *)uakocTed. OmHako, kpoMme MajaomoliHoro jasepa (LASOS,
5 MBt, 633 HM), B HEKOTOPBIX ClIy4asiX JOIMOJHHUTEIBHO HCIOJIb30BAJICA TaKXKe Jla3ep
0onee Boicokoi MomHocTH (Laser 301, 500 mBt, 532 HMm).

WccrnenoBanust ObUTM MPOBEIACHBI JUIS JIBYX 00pasioB smynbcuit [202, 217].
Oo6pazer; Nel ObuT MOMyUYeH MyTEM AMYJITUPOBAHUS MAarHUTHOM >KUJIKOCTA HAa OCHOBE
KepOCMHA C MAarHeTHTOBBIMH dYacTWilaMu B Macne tuna AMI-10. AnHamorudapiM
oOpa3om ObuT TIONTydeH oOpaserr No2, ofHAKO ISl €ro MOJydeHHUsl OblIa MCIOJIh30BaHA
HE OJHOPOJHAs MarHUTHas >KUJIKOCTh (Kak s oopasna Nel), a comeprxkalias XopoIuio
Pa3BUTYI0 CHCTEMY HAMarHMYCHHBIX arperatoB, WCCJACAOBAHHE OCOOCHHOCTEH
HAMarHUYMBaHUS KOTOpPOH paHee mpoBoawioch B [156, 218]. Tommuua cros

MarHUTHBIX AMYJibcuid cocTaBisiia 50—70 MKM.
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3.2.2 Pe3ynivmamul uccied06anus u ux oocyixcoenue

BoiicHeHO,  4YTO  BO3ACMCTBME  MAarHUTHOTO  TOJIA,  HAIpPaBJICHHOIO
MEPIEHANKYJISIPHO TUIOCKOCTH TOHKOTO CJIOSl MCCJIEAOBAHHBIX O0Opa3lloB, MPUBOAWT K
(GOpMHUPOBAHUIO TE€KCATOHAIBHOW CTPYKTYPHOM PEIIETKH, aHAJOTMYHON MOJYy4YEeHHON
paHee JUII MarHUTHOW JKUIAKOCTH C MHKpOKamelbHbIMH arperatamu [161, 167]. B
KauecTBe MmpruMepa Ha puc. 3.6 mpuBeeHa TeKCaroHalbHas PEIIeTKa, HAOJII01aBIIasiCs B
obpasie Nel. Oka3zanoch, 4TO MEpUOJ] MOTYUYEHHON PEIIETKU CYIIECTBEHHO 3aBUCHUT HE
TOJBKO OT HAMPSHKEHHOCTH BO3ACHCTBYIOIIETO MAarHUTHOTO TOJISl, HO U TeMIEpaTyphl.
Ha puc. 3.7a npuBenena temneparypHas 3aBUCUMOCTh MEPUOa PEIICTKH, MOTyYeHHAas

MIPU UCIIOIb30BaHuM 00pasia Nel.

Puc. 3.6. I'excaronanbHass cTpyKTypHas pemerka npu temnepatype 308 K, nabmiomaBmiasicst mpu
UCIIOJIb30BaHuN 00pasia Nel.

Kak MOXHO BHAETh W3 PHUCYHKA, IMOCJE MEPBOHAYAIBLHOIO YBEIUYECHUS, POCT
nepuoJia pelieTku 3aMmeniisiercs B uHTepBasie Temmnepatyp 293-308 K, mocne yero
Nepuoj BHOBb MOHOTOHHO BO3pPAacTaeT. 3aBUCMMOCTh MEPUOJIa aHAJTIOTUYHOU PEIIeTKH,
MOJlyYeHHOW TIPY MCIIONBb30BaHUM 00pasma Ne2, mpuBeneHa Ha puc. 3.76. [ms atoit
peIeTKr TakKe HaOJIomaeTcss yBEIMYCHHE pOCTa €€ IMepuoja IMOCHe JOCTHKCHUS
temmnepatypsl 303 K.

[Ipu mporyckanuu JIa3epHOTO JTyda yepe3 CI0U IMYJIbCUH, C CHOPMHUPOBABIIICHCS
0/ ACHCTBHEM MarHUTHOTO TOJIS TeKCaroHaJILHON PEIISTKOM, Ha YKpaHe HabOJr01a1ach
nudpakiMoHHasi KapTUHA B BUJIE OJHOTO WJIM HECKOJIbKUX KOJICI, He MpeTepIieBaroias

M3MEHEeHHH co BpemeHeM (puc. 3.8, oopazerr Ne2).
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Puc. 3.7. TemmepaTypHass 3aBHCHMOCTb [€pHOJA T'EKCArOHAJIBHON CTPYKTYPHOM pEIICTKH,
c(OPMUPOBAHHOW MArHUTHBIM IOJIEM B TOHKOM ciioe 00pa3noB Nel (a) u Ne2 (6).

L E

Ha puc. 3.9 mpuBeneHsl TeMnepaTypHble 3aBUCUMOCTH OTHOCHUTEIFHOTO paanyca
nepBoro Ju(pakIMOHHOIO KOJblla, IMOJY4YEHHbIE Ha AU(PPAKIMOHHBIX pEIIETKaXx,
copmupoBasmuxcst B oopasnax Nel u Ne2. OueBuaHO, pe3ysibTaThl UCCIIECIOBAHUN
TU(PAKIMOHHOTO pPACCEesTHUSl CBETa Ha YIHOPSJAOYEHHBIX CTPYKTypax MOTYT OBbITh
UCIIOJIb30BaHbl JUIsl OLIEHKM MX pa3MEpHBIX MapaMeTpoB. s 3Toro, HeoOX0IMMO
ONPENENNUTh CBSI3b YIJIOBOIO JuaMerpa JIU(PaKIHOHHOIO KOjJblla M TEpHoJa
reKCaroHaJbHOW PELIETKH.
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Puc. 3.8. [ludpaxumonHas  kaprtuHa, Puc. 3.9. TemnepaTtypHbie 3aBHUCHUMOCTHU
oOpa3zyromascsi Ipu MPOIMYCKaHWH JIA3€PHOTO OTHOCHUTEIBLHOTO paamyca TIEPBOTO
Tyda gepes cron OIMYJIBCHH B JIUQPAKIMOHHOTO  KOJbIA,  MMOJyYCHHbIE  Ha
NEePICHANKYJISIPHOM CIIOF0 MarHUTHOM TIOJIE TeKCarOHAJNBHBIX  CTPYKTYPHBIX  pEIIeTKax B
(oOpazery Ne2). obpasiax Nel (a) u Ne2 (0).

SABnenue udpakuM CcBeTa HA TEKCAroHaJIbHOM CTPYKType paHee ObLIo

paccmoTpeHo B [168]. MHTeHcHMBHOCTH au(parupoBaHHOTO CBETAa OINPEACISIETCS
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3HaYCHUSIMH (QYHKIMH uHTepdepeHimu Ha chepe DBanbaa [219], u3 mocTpoeHus
KOTOPBIX BBITEKAET YCIOBUE [JIsI YIJIOBOTO JuaMeTpa Au(dpakirOHHOTO Kpyra
0=71124 (L — nouHa BONHBI cBeTa, | — paccrosiHMe Meay ABYMS COCEIHHMH
BBEITSHYTBIMH KaruisiMH). Takum o0pa3oMm, pa3sMepHbIN mapameTp (TIEpHoj) perieTKd
MOXKET OBITh OIEHEH TPU HCIOJB30BAHUM JKCIEPUMEHTAIBHO OMPEIEICHHOTO
3HAYCHHs YTIJIOBOTO AMaMeTpa AUQPPaKIMOHHOTO KOJIbIA, KOTOPBIA B CBOIO OYepeb,
OTIpE/IETSETCS] 3HAYEHUEM €ro paamyca. B COOTBETCTBHM C 3THM COOTHOLICHHEM
HAOIOJaeTCsl  y/IOBJICTBOPHUTENbHAS  KOPPEJAIHMS TEMIEpaTypHBIX 3aBUCHUMOCTEH
nepuojia AMGpaKuOHHON pemeTK U paanyca JTudpakiiMOHHOTO KOJIbIIa.

CrnemyeT OTMETHTD, UTO TMPH WCIOJIB30BAHUU JIA3€PHBIX MCTOUYHHUKOB CBETA JIS
UCCJIEIOBAHUS CTPYKTYPBI KHUAKUX OOBEKTOB HEOOXOAMMO YUYUTHIBATH BO3MOKHOCTH
JOKAJIbHOTO W3MEHEHHUs TeMIlepaTypbl B pe3yJbTaTe BO3JACHCTBHUS Ja3e€pHOTO
U3ITyYCHUSI.

JlelicTBUTENILHO, TIPY UCIIOIB30BaHUH OoJiee MorHoro azepa Laser 301 (532 um,
500 MBT) OpUTO 3amMedeHO M3MEHEHHE paguyca MUPPAKIIMOHHOTO KOJIbLIa B TEUCHHE
HEKOTOPOTO BPEMEHHU Tocie BKIoueHus jasepa (puc. 3.10). OdeBuaHO, 3TO CBA3aHO
KaKk ¢ W3MEHEHHEeM MEX(pa3HOTO HATSDKCHHsS, TaK W HAMarHWYCHHOCTH CPEIbl

MUKpOKAIelb B pe3yjbTaTe HarpeBa oopasia B 001acTH MaIeHUs JIA3epHOTO JTyya.
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Puc. 3.10. 3aBucumocth paamyca AU(PaAKIMOHHOTO KOJbIIA OT BPEMEHM IOCIE BKIIOUEHHS Ja3epa
(rekcaronasbHasi CTPYKTypHas pemietka c(OpMHPOBAHA MATHUTHBIM TIOJIEM B CJIOE OMYJIbCHH,
OrpPaHUYEHHOM C 00€UX CTOPOH CTEKJIIHHBIMHU MTOBEPXHOCTSIMH).

Oxkazanoch, 4YTO MOBBINIEHHE 0OBEMHOIO COJEPKAHUS MUKpPOKAIIENIb B 3MYJIbCUU

MO>KET MPUBECTU K U3MEHEHUIO XapaKTepa CTPYKTYphl, ((OPMUPYIOIIEHCS B €€ TOHKUX
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CJIOSIX IIPU BO3JCHCTBUHU IEPIIEHAUKYIISIPHO HAIPABIECHHOIO MAarHUTHOTO mous. Tak, B
TOM CJy4yae MOXET HaOJIoAaThCcsl HE IeKcaroHajdbHas, a JaOUPUHTHAs CTPYKTypHas
pemieTka. bputo 0OHapy’KeHO, 4TO €€ MEPUOJl 3aBUCUT HE TOJIBKO OT HANPSKEHHOCTU
noJisi, HO M OT TeMmmeparypbl. B kadectBe mpumepa Ha puc. 3.11 mpencraBieHbI

dotorpaduu TaKoi CTPYKTYpbl, MOTYUYSHHBIC IPU PA3TMYHON TEMIIEPATYpE.
GREEOSENIESEeSy. RSOSSN NSO
s a VR URY Y
2 Rl 5%% Z G
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Puc. 3.11. OGpa3zoBaHue naOUPUHTHOW CTPYKTYpel B ciioe obOpasma Ne 1 mpum  pasnuyHbIX
temneparypax: a) T =288 K, 6) T=303 K, B) T =323 K.

[Ipu mpormyckaHuu yepe3 TaKyr CTPYKTYpY Jiyda ja3epa HeOOIbIIONH MOITHOCTH
HaOJromaeTcss aU(pakIMOHHAs KapThHa B Buae kouser, (puc. 3.12), mo xapakrtepy
aHaJIOTWYHAas TOJy4YeHHOW Ha TeKcaroHaibHO# pemetke. Ha puc. 3.13 mpeacTaBiieHsl
rpaduKy 3aBUCUMOCTH pajiuyca MmepBoro qudpakiMoOHHOTO KOJbIa
OT TEMIIEPATYPhl, XapaKTEPU3YIOIINEe U3MEHEHHE Mepruoia CTPYKTyphl. B padore [199]
HaOmofanach MoAoOHas Au(pakUMOHHAs KapTUHA, TMOJY4YEHHas Ha pelleTkax
JaOUPUHTHOTO THMA, (HOPMHUPYIOMIMXCS B TOHKOM CJIO€ 3MYJbCHUU B IMEPEMEHHOM
DIIEKTPUYECKOM TIOJIE HHU3KOW YacTOThl. AHAIM3 paccessHWs CBeTa MOJ0O0HBIMU
CTPYKTypaMu ObLJI IPOBEJEH METOJJOM YMCIEHHOTO pacuera JUPPaKIIMOHHON KapTHHBI,
Ha OCHOBE MHKPOCKOMHMUYECKHX H300pakeHUH HaOII0JaeMbIX CTPYKTYp. PesynbTarsl
NPOBEJCHHBIX  pacyeToB  MOATBEPAWIM  XapakTep BHU3yallbHO  HaOIIOZaeMOM
TuPaKIIMOHHON KapTUHBI.

OtMeTuM, 4TO NpU HCTOJIb30BaHMM Ja3zepa Tuma Laser 301, mekoropoe BpeMms
HaO0AT0Ch, TaK JKe, KaK U B CIIy4ae C TEKCaroHAJIbHON peIIeTKOH, M3MEHEHUE

paanyca nudpaKIMOHHOTO KOJIbIIa OT BPEMEHU TMOCJE BKIIOUECHHS ja3epa, OJTHAKO, MPU
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HaJIW4YuK PpCIICTKH JIa6I/IpI/IHTHOFO TUIIa TIPOUCXOJHIIO HC YMCHLIICHHEC, a €Io0

YBEIINUCHHUE.

21 mR,
1,6 ¢ @
Eii 3
12 f EEE
] T
0.2 - ! ! ! - -

280 290 300 310 330 330 340

Puc. 3.12. [IudpaknuonHas kaptmHa, Puc. 3.13. 3aBucumocts pammyca IudpakIuOHHOTO
oOpa3yroniasicsi Ipu MPONMYCKaHUH JTa3€pPHOTO KOJbIIA OT  TEMIEparypbl Uid  JTaOMPUHTHOU
Jyda HEOOJBIIONH MOIIHOCTH 4Yepe3 CIIOH CTPYKTYpPHOM PEIICTKH.

OMYJBCUU B  TICPICHAMKYISIPHOM  CIIOIO

MarHUTHOM II0JIC.

Cnemyer ykaszaTh Ha pa3IWYHBIA XapaKTep TEMIEPATypHBIX 3aBUCHMOCTEH
apaMeTpoB TIEKCArOHAJbHOW M JAOMPUHTHOW PEIIETOK, 4YTO XOPOUIO BHUJHO W3
CpPaBHEHHUS TEMIIEpaTypHBIX 3aBHUCHUMOCTEH pajuycoB AU(PPAKIHMOHHBIX KOJEII,
MOJIyYEHHBIX MPU MPOMYCKAHUU Yepe3 I3TH CTPYKTYpPHI Jyya ja3zepa Majloll MOUIHOCTH
(puc. 3.9 u 3.13). [lns BeISCHEHHS MPUYUH 3TOTO PA3IMYKs HEOOXOJAUMO PacCMOTPETh
YCJIOBHSI YCTOMYMBOCTH O0€UX CTPYKTYPHBIX PEIIETOK. AHAJIN3 yCIOBHIA 00pa3zoBaHUs
reKCaroHaJbHOM CTPYKTYpbI paHee Obl1 paccmorper A.O. Ilebepcom [170]. m Obuto

IMMOJIYYCHO BLIPpAXKCHHUC OJIA XapaKTCPHOI'O Macuirada PEIICTKN B BUAC!:

rae h — Tonmmua ciost, o — MexdaszHoe HATSHKEHUE Ha TpaHUIle Mojioca—cpesa,

(M 5 = Ml) — Pa3HOCTh HAMAarHMYEHHOCTEN M0JIOC U OKPYKAIOIIEH UX CPEIbI.

[Tocnennee BrIpakeHUE MOXKET OBITh MIPEACTABICHO B BUJIE:
| =h/[B, (3.2)

2
rae By, = 1M | 270 — marautHOE umciao borma (31€Ch YUTEHO, YTO AJIEMEHTHI

13 MarHUTHOM KHUJIKOCTH OMBIBAIOTCSI HEMAarHUTHOM Cpejioit).
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Kak crmenyer u3 (3.1), xapaktep TemmepaTypHOH 3aBUCUMOCTH MaciiTada
TeKCAaroHAJIBHOH  CTPYKTYPBI  ONPEACIACTCS  TEMIICPATYPHBIMH  3aBHCHMOCTSIMHU
HaMarHuueHHOCTH M 1 Mex(a3HOTro HATSKCHHUS O.

C yderom »TOro OBIIa paccUMTaHa TEMIIEpATypHas 3aBUCHMOCTH Iapamerpa
cTpyktypHoi pemietku |, mpu 3tom 3aBucumoctd M(T) m o(T) ObuM ompeneiieHbI
9KCICPUMECHTAJIBHO.

OnpeneneHre TeMIiepaTypHOH 3aBUCUMOCTH BEIMYUHBI MEK(Pa3HOTO HATSHKCHUS
ObUIO TIPOBEJCHO HAa OCHOBE aHaJIW3a pPEe3yJIbTaTOB HW3MEpEHUs JjaedopMariuu
MUKPOKAIUTd MarHUTHON 3MYJIbCHH B OJHOPOJHOTO CTAallMOHAPHOM MAarHUTHOM IIOJIe
IIPH Pa3IMYHBIX 3HAYCHUSAX TeMiieparypbl. [Ipu 3ToM ObLIO MCIOJIB30BAHO JOCTATOYHO
cJ1aboe MarHUTHOE TI0JIE, B KOTOPOM (pOopMY KaIljld MOKHO CUHTATH ILIUIICOUIATEHOM.
Pacyer 4YHCIIEHHBIX 3HAYCHHHA MEX(Pa3HOTO HATSHKEHUS OCYIICCTBIUICS —IPH

UCIIOJIb30BaHUHU aHAJTMTUYCCKOW 3aBUCHMOCTH, PUBEACHHOH B [149]:

20 (1 i (3_262)/6‘2‘(3—462)arcsine/(e"‘(l—ez)l/zj
:—0 -1 % 2/3 ’ (3.3)
o i—e2f [la—e?n(@+e)—e))re® —6re]

rae N — nenonspusyroniuii paxktop aehopMUpPOBaHHOMN KaruiH,

H2

_ a2 2
N=178(Int*e oe) o hoBT
2¢e3 1-e a’

[l — MAarHUTHAs TPOHUIIAEMOCTh MAarHUTHOM XUAKOCTH, R — paguyc Kariu.

Pacuer TtemmepaTypHOW 3aBUCHMOCTM HAaMarHMYE€HHOCTH MPOBOAWICS TIPHU
WCIIOJb30BaHUN TPEABAPUTEIBHO TOJYYEHHONM HKCIEPUMEHTAIbHON 3aBUCHUMOCTH
MarHUTHOW BOCIPUUMYHUBOCTHU ¥ OT TEMIIEPATYPHI.

N3MepeHue y OCYLIECTBISUIOCH MOCTOBBIM METOAOM, COTJIACHO METOJUKE,
1oipoOHO onucanHoi B [220]. 3HaueHre HAMArHUYEHHOCTH MarHUTHOW JKUIKOCTH MPH
(MKCHPOBAaHHBIX TeMIlepaTypax ompezeasuiocs mo Gopmyiae M = yH | gro sBusercs
MPAaBOMEPHBIM  BCJICICTBUE  MPOBEACHUSA  OSKCIEPUMEHTAIBHBIX  UCCIEIOBAHUM
CTPYKTYPHBIX MU3MEHEHHM B JOCTATOYHO CIAOBIX MOJISAX, TJI€ COXPAHAETCS JTMHEHHOCTD

3aBucumoctu M(H).
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Ha puc. 3.14 npuBeneHbl MOJyYEHHBIE TEeMIEpaTypHbIE 3aBUCUMOCTH ¢ U M.
Paccuntannas mpu WX WCHONB30BAaHWW TEeMIIEpaTypHas 3aBUCHMOCTH TIEpPHOJA
reKcaroHaJIbHOM pelieTKH MpejacTaBicHa Ha puc. 3.15 (kpuas 2). Jlns cpaBHEHHS Ha
9TOM K€ PHCYHKE TIpUBEJEHA  aHAJOTW4YHAs  3aBUCUMOCTh,  IIOJTy4YeHHAas
IKCIIEPUMEHTAIBHO (KprBas 1), COOTBETCTBYIOIIAS NPEICTaBICHHON BhIlIe Ha puc. 3.9.
Kak moxHO BUAeTh W3 pHC. 3.15, paccumTaHHas 3aBHUCHUMOCTh HE COTJIACyeTcsl C

ITOJTyYE€HHON SKCIEPUMEHTAIIBHO.

1 480
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1 440

1 420

1 400
1 350
|
47 [}
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300 320 330 340 g g

- 360

1 340
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Puc. 3.14. TemneparypHble 3aBUCHMOCTH ITOBEPXHOCTHOTO HATSDKCHHS O W HaMarHWMYeHHOCTH M
MAarHUTHOM KUJKOCTH.

Tak, cornacHO pacCUMTaHHOW 3aBUCUMOCTH, NTapaMETP TE€KCAaroHaJIbHOU PEIIETKU
JIOJDKEH YMEHBIIATHCS MPHU YBEJIWYEHUH TEMIIEPATYPBI, TOT/Ia KAK 3KCIEPUMEHTAIBHO
MOJYy4YEHHAs] 3aBUCUMOCTh YKa3bIBAET HA €r0 YBEIMYEHHUE B ATOW cUTyauru. MOXKHO
cAenaTh Npearnoj0oKeHUue, 4YTo 3TO CBS3aHO C TEIJIOBBIM PACIIMPEHUEM COCTABIISIONINX
AMYJBCUM JKHAKOCTEM, KOTOpPOE HE YYHUTHIBAJIOCh MNOpH pacuerax. Kpome Toro,
INPUYUHON OATOTO MOXKET OBbIThb TakXKe TMPOSBICHUE KAaMWULBIPHBIX A(PGEKToB,
XapaKTEPHBIX JJIsI UCIOJIb3yEMOW M3MEPUTEIBHOU sYEMKU. Bmecte ¢ TeM, O4EBHIHO,
YTO 3TOT BOIPOC TpeOyeT JaabHEHIIero UCCIe0BaHus.

dopMUpOBaHUE YCTOMYMBOW JJAOUPUHTHOW CTPYKTYPHI paHee pacCMaTPHUBAIOCH
B psx padore [1, 149, 221, 222]. B [222] ans BeIssCHEHHUS YCIOBUH YCTOWYMBOCTH TaKOM
ObT TIPOBEJEH pacyeT TOJIHOU

CTPYKTYPBI mmpuHO  d

chopMUpOBABIIICHCS B

OHCPIrun I10JIOCHI,

cioe MAarHUTHOM  JKMIKOCTH  TOJIIIUHOM h u

B3aUMOJCUCTBYIOILIEN C APYTUMU TAKUMHU KeE MOJIOCAMM.
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Puc. 3.15. TemmneparypHas 3aBHCHMOCTh TIEpUOAA TeKCAaroHANbHOW pemeTkd: 1 -
JKCIIEPUMEHTAlIbHASL KpUBas, 2 - TeOpEeTUUeCcKasi KpuBasl.

MuHuMu3aIus 3Toi SHepruu 1o 6e3pazMepHoMy rapameTpy X = d/h nossommna
ONPEAEIUTh PAaBHOBECHOE MAarHUTHOE 4ucio boHzaa NS KaK (YHKIIMIO PaBHOBECHOM
Oe3pa3MepHOil IIMPUHBI OJIOCKU X, =dy/h:

of 1+ #D(%o)
Y4
Ng (%)= 3.4
(ko) - (3.4)

1- XXo ( j ’
1+ yD(x )\ dx xoxg

3.2890;

e D=D, +
ie 0 271X

— pa3MarHMYMBaIOIIMI (aKTOp CUCTEMBI MOJOC, Y —

MATHHUTHAS BOCIIPHMMMYMBOCTh MarHuTHO# xuakoctn, X=0/N — Gespasmepnas mupnna

noinocku, @,=d/l — pgomda momanu JIAOMPUHTHOH CTPYKTYpBI, 3aIllOJHEHHAs

MarHUTHOM JKUAKOCTBIO (TOJaraeTcss pPaBHOM OTHOIICHHIO IIMPUHBI MOJIOChl O K
PacCTOSHUIO MEX Ty mojiocamu ).

®dopmyna (3.4) COmEPKUT HESIBHYIO 3aBUCHMOCTh IapamMeTpa PpEIIeTKH OT
TEMIIEpaTyphbl,  OMNpPEACIICHHEe  KOTOPOW, OJHAKO, B  aHAIUTHYECKOM  BHJIC
3aTpyAHUTEIBHO.

B [149] npu anamm3e MexaHW3Ma M YCJAOBHUH 00pa3oBaHHs IMOJTOOHBIX
JAOMPHUHTHBIX CTPYKTYp OBUIO yKa3aHO Ha aHAJIOTHIO MOAOOHBIX CTPYKTYP JOMCHHOU
crpykrype Kurrenst B Tokux cinosix ¢peppomarnetrka [223]. [Ipu 3TOM, moKa3aHo, 4To

IIPY PaBHOM COJICP)KAaHUW MAarHUTHOM U HEMAarHUTHOM (pa3 CIIpaBeTMBO BHIPAKEHUE!
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1
2l o \2
— =1.56 , 3.5
h (Mzh) (3:3)

rje 2| — mupuHa MarHUTHOW TTOJIOCKH.

[IpoBeneHHbIE pacueThl TEMIEPATYPHOU 3aBUCUMOCTH TapameTpa JaOUpUHTHOM
pemretku 1o Gopmyiie (3.5) npu HCIONB30BaHUH SKCIICPUMEHTAIBHO ONPEACICHHBIX
TEMIIEPATypHBIX 3aBUCUMOCTEH HAMarHWYCHHOCTH W MEXK()a3HOTO HATHIKEHUS
MOKA3aJu €€ YJIOBJIECTBOPUTEIBHOE COIJIACHE C AHAJIOTMYHOM 3KCIEPUMEHTAIBHO

IOJTyYEHHOM 3aBUCUMOCTHIO (prc. 3.16).
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Puc. 3.16. 3aBucuMocTh Tiepuona JIAOMPUHTHOM CTPYKTYpHOW pEHMIETKH OT TEMIIEpaTypHl,
omnpeeNieHHas pacu€THBIM IyTeM (KpuBasi 1) i moydeHHast SKCIIEPUMEHTAIBHO (KpUBast 2).

Takum o0Opa3zom, HaOMIOJACTCSI KOPPENALUs PacyeTHOHM U SKCIEPUMEHTAIBHO
MOJIyYeHHOW TeMIEepaTypHbIX 3aBUCHUMOCTEW MepuoAa JIaOMPUHTHOW CTPYKTYpHOU

PCUICTKH. B Toxe BpPCMs, KaK YK€ YKA3bIBAJIOCh BBIIIC, TAKOI'O COIJIaACHUA aHAJIOTMYHBIX

3aBUCHMOCTEH Il pa3MEpHOTO TapaMeTpa reKcaroHaIbHOW PelIeTKH He HaOmo1aeTcs.

3.3 Buusinue TemJioBOro Bo3jeiicTBUsi Ha MPouecchl (POPMUPOBAHUS CTPYKTYPHBIX
pelIeTOK B TOHKHUX CJI0SIX MATHUTHOM 3MYJILCHH B MIEPEMEHHOM JJIEKTPUYECKOM

1oJie Npu JONOJHUTEIbHOM HAJUYUM MOCTOSTHHOT0 MATHUTHOIO MOJIsI
3.3.1 Memoouka 3xcnepumenma u 00pazusl 011 UCCIE00BAHUSA

B kadyecTBe 0OBEKTOB HCCIICIOBAHUS HCIIOIB30BAIMCH JIBa O0Opasla MarHUTHOM

AMYJIBCUHU, TPEACTABISAIONIME COOOM B3BECh MHMKPOKAIEIh MAarHUTHOM >KUJKOCTH B
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macistHoi cpene [199]. O6paser Nel Obu1 mosydeH mytem go0aBieHust B Macio AMI -
10 ogHOPOIHON MAarHUTHOM JKHJIKOCTA C MarHETUTOBBIMH YACTHUIIAMH, TUCTIEPCUOHHOM
cpenoit B KoTopoil siBysiiiock Macio JI3-MI'-2, mpu 3ToMm cooTHotenne o0beMoB AMI -
10 wu wucxomHoro oOpasua MarHUTHOM JkuiakocTd cocraBimsuio  9:1.  Cwmech
NEpPEMENINBAIACH C MOMOIIBIO 3JIEKTPOMEXAHUYECKOW MEIIAJKHA, B PE3YJIbTATE YEro
noJiyyajlach MarHUTHasi dMYJIbCHUs, COJEpKalllas MUKPOKAIJIM MArHUTHOM >KUJIKOCTHU
nuametpoM 10-16 MkM. AHamorudHbIM 00pa3oM MpuUTOTaBIMBalICA oOpaser Ne2,
OTJIMYMEM SIBIISIJIOCH UCIIOJIB30BAaHUE B KA4ECTBE NUCIEPTHUPYEMOM Cpellbl MarHUTHOMN
YKUJIKOCTH Ha OCHOBE KEPOCHUHA C MATHETUTOBBIMU YaCTUIIAMH.

[IpeaBaputenbHO OBUIM ONPENEIEHbl OCHOBHBIE 3JEKTPUUYECKUE MapaMeTphbl
KOMITOHEHTOB HCCJICJIOBAHHBIX O00Opa3lloB — JUAJIEKTPUYECKash MPOHUIIAEMOCTh & U
yAENbHAs 3JEKTPOIPOBOAHOCTD . VMI3MepeHus: AUAIEKTPUYECKON MPOHUIAEMOCTH & U
AIEKTPUYECKON MPOBOAUMOCTH ) MPOBOAUINCH MOCTOBBIM METONOM. [[JI1 M3MEpeHU
npuMeHsics nudposoit Mmoct nepemerHoro Toka GW Instek LCR-78110G ¢ yacToToii
u3MeputenpbHoro curHana 1 k'l W m3MmepurenpHas suyelika KOHAEHCATOPHOIO THUIa
[199].

Kpome »onekTpuyeckux mapaMmeTpoB, ONPEAEISUIMCh  TakKe  BETUYMHA
Mex(}a3HOro HATSKEHUS Ha TPAHULE «MUKPOKAIIA—CPENa» U BA3KOCTh KOMIIOHEHTOB
smynbcuid. [ onpeseneHusi BEIUYUHBI MeX()a3HOTO HATSHKEHUS OBLIM MPOBEICHBI
U3MEpPEHUs 3aBUCUMOCTHU AeOopMallMK Kaluli MarHUTHOM >kujkoctu B Maciie AMIT ot
BEJIMYMHBl HANPSXKEHHOCTH  OJHOPOJHOTO  CTAallMOHAPHOTO  MAarHUTHOTO  TOJIS.
[lonydeHHbIE  DKCIEPUMEHTAJbHBIE  JIaHHBIE  3aT€M  anmnpOKCUMUPOBAIUCH
aHaMTH4Yeckor 3aBucuMocThio (3.3) [209], rme BenmmuuHa Mex(pa3HOTO HATSIKCHUS O
BBICTYIIAET B KAYECTBE MapaMeTpa anmpoKCUMAIIUH.

B tabmuue 3.1 npencraBieHsl puznyuecKre MapameTpbl MArHUTHBIX XKUIAKOCTEH,
UCIIOJIb30BAHHBIX [JIsl TPUTOTOBJICHHUS OOpa3loB, a TakKe JUCIHEPCHOHHBIX Cpe.
OMYJIbCUM.

Tonmuna cios 06pa3ioB coctapisiia S0—70 MKM.

CTpyKTypHBIE MPEBPAILICHHUS B CUCTEME MHUKPOKAIMEIb AMYJIbCUN B IEPEMEHHOM

QJICKTPUYCCKOM MU IMOCTOAHHOM MArHWTHOM IIOJIAX IIPHU M3MCHCHHH TCMIICPATYPHBI, a
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TaKkkKe IU(PaKLIMOHHOE pacCesHUE CBETa HAa IMOJIY4YaeMbIX CTPYKTypax H3ydalaucChb C
MOMOIIBIO0 IKCHEPUMEHTATbHON YCTaHOBKHM, TpuBeneHHo Ha puc. 3.1 B m. 3.1.1
HACTOSAILEH IJIaBBl.

JUiss  co3maHus MEXJy IUIACTHHAMHM S4YE€WKHM C 00pa3suoM MEepEeMEHHOIro
AIIEKTPUYECKOTO MOJs Ha HUX IMOJABAJIOCh HAMPSHKEHUE OT reHeparopa, 3G (GeKTUBHOE
3HaYCHUE HAINpPSHKEHHOCTH TMOJsl OLEHUBAJIOCh IO 3HAUEHUIO HANpPSDKEHUS U

PaCCTOSIHUIO MEXTy TTPOBOISAIIMMHA TOBEPXHOCTSIMU cTeKou d (Ea b= %) .

Tabauna 3.1 @usnyeckne napaMeTpbl MATHUTHBIX IMYJIbLCHIA

Hucnepchas ¢aza oopasma Ne 1

[110THOCTD, KI/M> 1326
ITposoaumocTs, CM/M 3.3x10°
JnsnexkTpruyueckas IpOHUIIAEMOCTh 5.2
JlnHamudeckas BI3KocTh, Mlla-c 10.9
MexdazHoe HaTsHDKEHHE Ha TPaHUlIe 3.05 x 10”7
Karusi/cpena, H/m

JlucniepcHas daza oopasia Ne 2

[110THOCTB, KI/M> 1293
ITposoaumocTs, Cm/M 1.7 x10°®
JusnexkTpuyueckasi MPOHUILIAEMOCTb 4.6
Jlunamuueckas BSI3KoCThb, MIIa-c 3.9
MesxkdaszHoe HaTHKEHUE Ha TPAHULIE 2.1 %107

Karursi/cpena, H/m

JlucriepcronHas cpeaa oopasios (Maciio AMIT-10)

[110THOCTD, KI/M° 776
[IpoBoaumocTs, CM/M 1014
JnsnexTpruyeckasi IpOHUIIAEMOCTh 2.2

JlnHamuueckas BsS3KOCThb, MIIa-c 14.5
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3.3.2 DkcnepumenmasvHule pe3yibmamaol

[lepBoHavasibHO ObLT HccneaoBaH oOpasel; Noel MarHUTHOM 3MYJIbCUHU, B KOTOPOM
(kak u B oOpasme No2) MUKpOKAIuIM COXpaHsui chepudeckyro (GopMy B OTCYyTCTBHUE
BHEIIIHUX Bo3jelcTBu (puc. 3.17a).

Y cTaHOBJICHO, YTO BO3JECHCTBUE MMEPEMEHHOTO JICKTPUICCKOTO OIS TIPUBOIUT K
CTPYKTYPHBIM H3MEHECHHSIM SMYJIBCHH, XapaKTep KOTOPBHIX CYIIECTBEHHO 3aBUCUT OT
aMIUTUTYJbl W 4YacTOThl TMOJsS, a Takke TeMmmeparypbl. Tak, TpH TOCTOSHHON
TeMIeparype Bo3aehcTBrue HU3Kko9acToTHOTO Mot (20-30 I'r) mpu MajblX 3HAYCHUSIX
HarnpsbkeHus: Ha siueiike (o 40 B) mpuBoauT k gedopmaniviu Kamenb (CIUTIOIIMBAHUIO
BJIOJIb HAIIPABJICHUS TIO0JIS), MCCIIEOBaHNE OCOOCHHOCTEH KOTOPOH MPOBOIUIOCH paHee
B paboTax [163, 165, 172].

[Ipy MOBBIIEHUU AMIUIUTYAbl HANPSHKEHHOCTU TIOJISI TPOMCXOAMUT Pa3BUTHE
MEKTPOTUAPOANHAMUYCCKAX TEUCHUA W pPa3pylIeHHe MUKPOKAMEIbHONH CTPYKTYPBI
(puc. 3.176). CrnenuanbHO NPOBEACHHBIC HAOMIOACHHS 32 MPOIECCOM pa3pyIICHUS
Karelyib B MOJIOOHBIX YCIIOBUAX IMOKa3aJiM, YTO MPU YBEIWYCHUU HAIPSIKEHHOCTHU OIS
YCTOMUYMBOE TIOJIOKEHWE Kamenbh HapyliaeTcs: IepBOHAYAIBHO OHHU TMEPEXOIiIT B
KojebaTenbHOe JIBMKEHHE M OJHOBPEMEHHO HAYMHAIOT HCIYCKaTh CTPYHKH,
cocrosimue W3 Oojiee MENKUX Kamelnek. B nanpHeimeM HaOm0gaeTcsl pa3BUTHE
MEKTPOTHAPOANHAMUYCCKAX TEUCHUH W OKOHYATEIBHOE pa3pyIICHHE WCXOTHBIX
kamenb. M3-3a mamoro pasmepa 0Opa30BaBIIMXCS KameleKk M WX HEMPEephIBHOTO
MEepeMEIINBAHUS  DJIEKTPOTHIPOIMHAMUUSCKUMH ~ TCUEHUSIMH OHHM  CTAHOBSTCS
MajopasnuuuMbIiMU. OHAKO MOCTEAYIOIIEE MOBBIINICHUE YaCTOTHI TOJI MPHUBOJIUT K
YMEHBIIICHUI0O WHTEHCUBHOCTU TEUEHUW M, MPU HEKOTOPOM IMOPOTOBOM 3HAYCHUU
gacToThl (okoso 1.5 k'), popmupoBaHuio 1aOUPUHTHON CTPYKTYpHOM CeTKH (pHuC.
3.178). Ilpu nUpPOTOKEHWU YBEIWYEHUS YACTOTHl MPOUCXOIWIO YTOHBIICHHE €€
GbparMeHTOB C MOCIECAYIONIMMH pa3pblBaMH M, MPU HEKOTOPOM 3HAYCHUU YaCTOTHI
(okomo 2 «lI'm), TpaHchopmaius B CHUCTEeMY MHUKpPOKAIelb, PaBHOMEPHO

pacnpeneneHHbIX B ITIOCKOCTH CJIOs AMyJibeud (puc. 3.17r).
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AHaNOTU4YHbIe pe3ysIbTaThl ObUIM MOJYyYEHbI Takke A oOpasua Ne2 MarHUTHOM
smynbcuu. B kaduectBe npumepa Ha puc. 3.18 npuBenens pororpaduu 1aOUPUHTHON U
MUKpPOKAMEJIbHON CTPYKTYP, OJYYEHHBIX [IPU MCIIOJIB30BAaHUM 3TOT0 00pasla.

Cnenyer oTMeTUTh, 4TO (HOPMHUPOBAHHME CTPYKTYPHBIX PELIECTOK s 000uX
o0pa3I0oB MarHUTHON SMYJbCHU HAOMIOAaeTCs B OJHOM M TOM JK€ YaCTOTHOM
JMana3oHe 3JIEKTPUYECKOro MOJs, OJHAKO MOPOTOBBIE 3HAUYEHUS MX BO3HUKHOBEHUS
HECKOJIbKO  pasznuyaioTcs. Tak, TMOoporoBble 3HAUYEHUS [UIsl JIAOUPUHTHOM U
MUKpPOKAINeJIbHOH CTPYKTYp B ciyudae oOpasua Ne 1 cocraBmsior 1.5 u 2 kI
COOTBEeTCTBeHHO, a /i oOpasma Ne2 — 0.4 u 0.9 x['u. Kpome Toro, paznuyatorcs u

pa3MepHbIe TapaMeTPhl PEIIETOK, 00Pa3yIONINXCS B pa3HBIX 00pa3Iax.

.-

Puc. 3.17. TlocnmemoBarenbHas TpaHchopmamus CTPYyKTypel obpasdima Ne 1 B mepeMeHHOM

JIIEKTPUYECKOM TI0JIE: a — MEPBOHAYAIBHBINA BH/] SMYJICHH B OTCYTCTBHE BHEIIHUX BO3JCHCTBHIA; 6 —
E =300 kB/m, f=500I'; B— E =300 kB/m, f= 1.5 xI'i;; r — E = 300 kB/m, f = 2 xI'11.




Puc. 3.18. CtpykTypHbIe pelIeTKH, TOJyYSHHBIE TIPU UCTIONb30BaHuH oOpasna Ne2: a — E = 300 kB/m,
f=400Tm; 6 — E =300 xkB/m, f =900 I'.

BBIACHEHO, YTO TOPOTOBBIC YACTOTHI O00pa30BaHMs KaK JIAOMPHUHTHOW, TaK H
MUKpPOKAINEIbHON CTPYKTYPHBIX PEIIETOK B TEPEMEHHOM JJEKTPUYECKOM TI0Jie
CYIIECTBEHHO 3aBUCAT OT TEMIIEPATYyPHI.

Tak, mpu MOBBIIIEHUH TEMIIEpaTyphbl 00paslia MoporoBas 4acrora oOpa3oBaHUA
JaOMPUHTHON CTPYKTYpPhl YBEJIMUYMUBACTCS, KaK U 4acTOTa, IIPU KOTOPOH 3Ta CTPYKTypa
TpaHCHOPMHPYETCS B CHCTEMY OTIEIbHBIX MUKpokamenb. Ha puc. 3.19 mpuBenensl
TEMIIEpaTypHbIE  3aBUCHUMOCTH  YacTOThI, COOTBETCTBYIOIIEH  BO3HUKHOBEHHIO

JaOUPUHTHOM CTPYKTYpHI (KpuBas 1) u ee mepexoay B CUCTEMY MHUKpOKANeNb (KpuBas
2).
f.xlu
50 F
45} a 2
4.0F
3.5
3.0+ a e /
2.5}k A i
2.0
1.5} ®
A
1.0+ .
0.5+

T
B

T

0 1 1 1 1 1 1 J
293 303 313 323 333 343 353 363
T K

Puc. 3.19. TemmeparypHble 3aBHCHMOCTH IOPOTOBOW YAaCTOTHl BO3HWKHOBEHHUS JIAOMPUHTHOM
CTPYKTYPHI, a Takke ee TpaHchopmaluu B cCUCTEMY OTHAEIbHBIX Kamenb B oopasue Nel (kpusbie 1 u 2
COOTBETCTBEHHO).
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Takum 00pa3oM, OKa3bIBa€TCS BO3MOXHBIM PEryJUPOBaTh CTPYKTYPHOE
COCTOSIHME HCCIIEIOBAHHOW MAarHUTHOM 53MYJIbCUM, HaXOIAIIEHCS B IEPEMEHHOM
AIEKTPUYECKOM MoJie (PMKCUPOBAHHOM YacTOThI, IIyTEM BapbUPOBAHUSI TEMIIEPATYpHI.
Tak, HarpeBanue o0pasia co chopMUPOBABIICICS IO BO3ACHCTBUEM SJIEKTPUICCKOTO
NOJII OTHOCUTEIBHO BBICOKOM YaCTOThl CTPYKTYpPOM B BHJAE CHUCTEMBI OTIEIBHBIX
Karmellb, MPUBOJUT TMPU  JIOCTHKEHUHM HEKOTOPOrO0 KPUTHUYECKOTO  3HAYCHUS
TEMIEPATypbl K €€ Mepexoiy B JaOMPUHTHYIO, W TOJHOMY pa3pyUICHHIO TpU
nanbHeieM mnoBbieHuH temneparypsl (puc. 3.20, oOpazerr Nel). Ilocnemyromee
OXJIAKJEHUE IO3BOJIIET BOCHPOM3BECTU IPOLECC B OOpPAaTHOM HANpaBlICHUU — IPU
HEKOTOPOM  3HAQUYEHWW  TEMIEpaTypbl  BO3HUKAeT  JaOWPHHTHAasA  CTPYKTYpa,
npeoOpasylomasics B CHUCTEMYy Kaneidb NpU TOHWXKEHUU TEMIIepaTyphbl 10
NEPBOHAYAIILHOTO 3HAYCHHUS.

AHaJOTHYHBIM  O0pa3oM TpU  HU3MEHEHUU TeMIepaTypbl  MPOUCXOIUT
TpaHcopmalusi CTpYKTypbl, oOpa3yroleiics Bo BTopoM oOpasiie. B moareepxkienue
sToro Ha puc. 3.21 NPOAEMOHCTPUPOBAH TMEPEXOA CTPYKTYPHOH pEIIETKH,
oOpazoBaiieiics B 006pasiie No2 mpu BO3ASHCTBUU IMEPEMEHHOTO MoJIs yacToTon 2 KI 1,

B JJaOMPUHTHYIO TP NoBBIIeHUH Temmepatypsl oT 30 (a) mo 40°C (0).

Puc. 3.20. Tpanchopmanmsi CTpyKTypbl B TOHKOM CJIO€ MarHMTHOH 3MyJibcuu (oOpaserr Nel) mpu
noseimieHun temrnepatypsl; f = 2 kl['u, U = 46 B.



122

Jlanee Oblna ucclieqoBaHA TeMIEpaTypHas 3aBUCHUMOCTb MOPOTOBOM YaCTOTHI
BO3HUKHOBEHHUS  JAOUPUHTHOM  CTPYKTYypbl B  DJJIEKTPUYECKOM  IIOJI€  TpH
JOTIOJTHUTENBHOM BO3JEHCTBUU IOCTOSSHHOTO MAarHUTHOTO ITOJIsS, COHAIIPABIEHHOTO C
AIEKTPUYECKHUM.

YcTaHOBIEHO, YTO B 3TOM cliyuyae HaOJIOAaeTcss yMEHbBIIEHHWE KPUTHYECKON
(OpOroBoii) YaCTOThl BOZHUKHOBEHUS JIAOMPUHTHOM CTPYKTYpbl BO BCEM H3yUE€HHOM

TEMIIEpPaTypHOM Juarasone (puc. 3.22).

RS S S N DA
R TR R PR \355'..\':{{??!:‘}':%”
AR

S .Q..?. N -

AT \‘{?‘@%@7‘

AN NN N
NN

TN
N

pe
® eV Pttt

| .J &\ﬂi.’ - l;;?'" ot s oo *

YA o |
Shraette s o.o'.‘ “o.oo ".
o* .':°: .'::.' % 90,5500 «d ¥ .Q\ ‘:,.‘. -_sre e oy
BRI AL R FROAARTREH S?;Q").' RO PN 2 ﬁ."\'

Puc. 3.21. Ilepexol MHUKpOKAaIEIbHOM CTPYKTypHOW peIIeTKH, OOpa3oBaBILEiiCs B INEPEMEHHOM
ANEKTPUUECKOM Ti0sie yacToTor 2 KI'11 (a), B mabupunTHYIO (0) ipy moBbIIeHnH Temneparypsl oT 303
1o 313 K (o6pazer Ne2).

f, xklu
12 -

11 F

A

4

L 1

3 1 1 1 J
298 308 318 328 338 34%

3

Puc. 3.22. TemmeparypHas 3aBUCHMOCTh TIOPOTOBOM YaCTOTHl BO3HUKHOBEHHS JIAOMPUHTHOM
CTPYKTYPbl B MarHUTHOH 3Mylibcuu (oOpaszerr Ne 1, oObeMHass KOHIIEHTpAIUS JUCHEPCHON (a3bl —
20%) B mepeMEHHOM DJJICKTPUYECKOM TIOJN€ MpPU JOMOJTHUTEIBHOM BO3JCUCTBHU MOCTOSHHOTO

MarHUTHOTO TIOJISl, COHAIPABIECHHOTO C JJIEKTPUYCCKUM (MEPIICHAUKYJIIPHOTO TUIOCKOCTH  CIIOSI
obpasma): 1 — H =0 kA/m, 2 — 2.8 kA/M, 3 — 4.8 kA/m.



123

Ha puc. 3.23 mpomaeMOHCTpHpOBaHO M3MEHEHHUE CTPYKTYypbl oOpasma Nel mpu
MOBBIIIICHUH YaCTOTBI AJICKTPUICCKOTO TOJII B OTCYTCTBHE (@) U TPH JOMOJHUTSIIEHOM

BO3JIEUCTBUM MAarHUTHOTO TIOJs HamnpsbKeHHOCThIo 4.8 kA/M  (0). AHanOru4HbIN

Xapaktep TpaHchopMaIui CTPYKTYPhl B TAKUX YCIOBHUSX HaOogaeTcs u i oOpasia

No2.

f=09klu

f=15xlu

f=1L7xlu

- - -
Puc. 3.23. Tpanchopmarusi cTpyKTypel 3Myibcuu (oOpazery Nel) mpu yBENIWYEHHH YacTOTHI

3IEKTPUYECKOTO TOJIsI B OTCYTCTBHUE (2) U MPH JOMOJIHUTEIHHOM BO3JAEMCTBUM MarHUTHOTO mojis H =
4.8 xA/™m (0).
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CnemyeT OTMETHUTH, YTO B TeX ClydasxX, KOrJa JaOWpPHHTHAs CTPYKTypa B
NEPEMEHHOM DJIEKTPUYECKOM T0JIe BO3HUKAET MPU JOMOJHUTEIHLHOM BO3JICHCTBUU
MIOCTOSTHHOTO MAarHWTHOTO TIOJSi, OHA BCETJa MOJBIKHA (TIPOUCXOAMT IEepeTeKaHue
KHUAKOCTU OT y37a K y3my). [Ipu 3ToM Bce mpoTeKarouye Mmpouecchl o0paTUMbI: MPU
YMEHBIIICHUN HAMPSHKEHHOCTH MAarHUTHOTO TOJISI 10 HYJIS CTPYKTypa BO3BpaIIaeTcs K
UCXOIHOMY COCTOSIHHIO. 3aMETUM TaKXKe, YTO BKIIIOUECHHE TOJIHKO MAarHUTHOTO TIOJI,
NEPIECHIUKYISIPHOTO CJIOI0 O00pa3lla M Takoil ke HampsHKEHHOCTH, HE MPUBOJIUT K
00pa30BaHMIO TAOMPHUHTOB B OTCYTCTBUE NIEPEMEHHOTO JICKTPHUECKOTO TOJIS.

Omnpenenenre pasMEpHBIX MapaMETPOB CTPYKTYPHBIX PEIIETOK MPOBOJAMIOCH KaK
C TOMOIIGI0 HAOMIOACHUA B ONTHYECKHH MHKPOCKON, TaK M HCCIICJOBAHUS
TUGPaKIMOHHOTO paccesHus cBeTa. C 3ToM 1eblo Yepe3 CIoW dSMYJIbCUU MPOITYCKAJICs
Ja3epHBI Jyd MEPHeHAUKYISIPHO IJIOCKOCTH ciod. [Ipu 3ToM, 4TOOBI HCKIIIOUYUTH
BIMsIHUE Ha (GOPMHUPOBAHHE CTPYKTYpHl Ja3€pHOTO H3IYy4YeHHUS (O BO3MOXKHOCTH
KOTOPOTo YKa3blBaloch Bhimie B M. 3.1 m 3.2) ObUT KCHOJB30BAH Ja3ep MaJoi
mormmHOocTH LASOS. Oxazanock, 4To JaOWpUHTHAS CTPYKTypa JaeT AUGPaKIHOHHYIO
KapTUHY B BUJE KOHIeHTpuueckux kouen (puc. 3.24a, obpasenr Nel). Ilpu stom
pacdeTsl TepHojia CTPYKTYPHOW PpEIIeTKH JTAOMPHWHTHOTO THITA TPU HCIIOIH30BAHUN
yCIIoBUs MakcuMyMa dsing = kA nanu 3Hauenue d = 8.5 MkM, OJIM3K0€ K H3MEPEHHOMY C
MOMOIIBIO OMTHYECKOTO MUKPOCKOIIA, CHA0KEHHOTO 00bEKT-MUKPOMETPOM, U PABHOMY
10 Mxm. B ciydae cTpyKTypbl B BHI€ CUCTEMBI MUKPOKAIEIb, MOJTyYeHHON npu Oosee
BBICOKOM dYacToTe TMoJjs, AuGpakiUOHHAS KapTHHA TakKe TMPEJCTaBIseT CcoOon
Tu(PaKIIMOHHOE KOJBIIO, JUAMETP M XapakTep KOTOPOTO, OJHAKO, OTIWYAIOTCS OT
TaKOBBIX JIJI KOJICIl, TTOJIyYCHHBIX TIPH AU(PPAKIIUN CBETa HA JJAOUPHUHTHOU CTPYKTYype
(puc. 3.240).

AHajornyHbie  AUQPPAKIIMOHHBIC  KApTUHBI  HAONIOMAIOTCS  TaKKe  IIPH
HCIIOJIB30BaHUN 00pa3iia No2.

B kauectBe cpaBHeHust Ha puc. 3.25a u 3.250 mpeacTaBiaeHbl JUGPAKIIMOHHBIC
KApTUHBI, TMOJy4YEHHblE Ha JAOUPUHTHBIX pemeTkax oOpasnoB Nel wu  No2
COOTBETCTBEHHO. OYEBUAHO, WX HEKOTOPHIE Pa3IUuUs CBSI3aHbI C OCOOEHHOCTSAMHU U

pa3MepHBIMU NTapaMeTpaMH 00Pa3yIOUIMXCS B HUX CTPYKTYPHBIX PEIIETOK.
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Puc. 3.24. ludpakuust cBeta Ha JaOMPUHTHOU () MU MHKpOKaneabHOW (0) CTPYKTYPHBIX pelieTkax
obpasma Nel.

(a) (6)

Puc. 3.25. CpaBHeHne nUQpPaKIMOHHBIX KapTHH, IMOJYYEHHBIX Ha JJAOMPUHTHBIX pelieTkax o0pasioB
Nel (a) u Ne2 (0).

Hcnonb3oBaBmmiics B I1. 3.2 HACTOSIICH TJIaBBI TTOAXO/ K ONMMCAHUIO TU(PPAKIITT
CBETa Ha T'CKCAarOHAIBHOW CTPYKTYype MHKpPOKArelb, 0O0pa30BaHHOW B TOHKOM CIIO€
MAarHUTHOM SMYJIbCHM B MAarHUTHOM TIIOJI€, MOXXHO IPUMEHUTh W I HU3YUYCHHS
qu(dpakIM¥ Ha CHCTEME IOJOOHBIX arperaToB, IOJYYCHHBIX B 3JICKTPHUYCCKOM IIOJIE.
Pacyer paccTosHUS MEKIY COCETHHUMH KaruiiMu |, MpoBeIeHHBIH Tak ke, Kak W JIJIs
CTPYKTYPHOH pelieTkd JaOUpUHTHOrO Tuma, mo dopmyne dsing = kil mpwu
WCITOJIb30BAaHUU DKCIIEPUMEHTAJIBHBIX PE3YJIbTaTOB HCCICAOBaHUS AUQPPAKIIMNA Ha
CTPYKTYPHBIX pEIICTKaX, MOJyYCHHBIX B HACTOAIIEH padoTte, maer 3HadeHHE 9.3 MKM,
YAOBIIETBOPUTEIIBHO COTJIACYIONIEECS C OMNPENEIEHHBIM C TOMOIIBI0 ONTUYECKOU

mukpockoruu (10.9 Mxm).
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JUIsL ONOJIHUTENBHOIO aHalau3a IPOLECCa PACCesHUs CBETAa MCCIIETyEMBbIMU
CTPYKTypaMu ObLI BBITIOJHEH YUCIEHHBIM pacyeT AUPPaKIMOHHOW KapTHHBI Ha OCHOBE
MOJyYEHHBIX MUKPOCKOIIMYECKUX H300pakeHUi cTpykryp. [ns peanmzanuum pacuera
dortorpadusi CTPYKTypbl arperaToB NpeoOpa3oBbIBaIaCh B MOHOXPOMHBIN (opmart.
CrayyaitHpIM 00pa3oM pa3MeliaJuch BTOPUYHBIC TOUYEYHBIE HCTOUYHUKH CPEPUUECKUX
BOJIH B KOOpAMHATax H300pakKeHHs, COOTBETCTBYIOIIMX OeibIM NuUKcensiM. Bcero B
pacdere Ucnoab30Banock 10° BTOPUYHBIX HCTOYHMKOB. Jlanee HaXOAMIOCh CyMMapHOE
pacnpeneieHne MHTEHCHBHOCTH OT 3TUX HCTOYHUKOB B MHTEpecymlllel obnactu
IIPOCTPAHCTBA:

2
I(r):i i%ﬁcos(%h—%—h{j d¢, (3.6)

t
rne ¢ = T T — nmepuoa BOJIHBI, ' — KOOPIMHATHI TOUYEK IPOCTPAHCTBA, B KOTOPBIX

BBIUHC/ISCTCS MHTEHCUBHOCTD, Rj — KOOpJWHATHI BTOPUYHBIX MCTOYHHKOB. B pacuere
TakKe MPUHUMAIOCh BO BHHMAaHHUE, YTO HHTCHCHBHOCTH ITaJIAIOIICTO JIyda Jia3epa
pacrpeneseHa o ero ce4eHuto mo 3akony ["aycca.

Ha puc. 3.26 mpencraBieHbl pe3yibTaThl PacyeTOB MPH MOMOIIHA OIMMCAHHOTO
JITOPUTMA, KOTOPHIE TOJTBEPXKIAIOT HAOIOMaeMyl0 BH3YaIbHO IU(PAKIIMOHHYIO

KapTHUHY.

(6)

M

V. M

-0.01 =0.01

—0.02 [N —=0.02
—0.03 —-0.03

-0.04 -0.04

-0.05 -0.05
-0.05 =0.03 =0.01 0.01 0.03 0.05 -0.05 0 0.05

X, M X, M

Puc. 3.26. Pe3zynbraThl pacuera TuppakiMOHHON KapTHHBI HAa TAOUPUHTHOH (2) 1 MUKpOKaneibHoi (0)
CTPYKTypax.
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Crnenyer OTMETUTBh, YTO TNPU DKCIEPUMEHTAIBHOM OIPEICICHUHA IapaMeTpOB
CTPYKTYPHBIX PEIIETOK, OOpa30BaHHBIX B MAarHUTHBIX 3MYJBCHSIX, HCIIOIb30BAJICS
Jazep Majod wmomHocTH (5 MBT) ¢ 1enbl0 HUCKIIOYEHUS BIUSHHUS TEIIOBOM
COCTaBJISIIONICH JIa3epHOTO M3IY4YEHHS Ha CTPYKTYpy HCCIEJOBAHHBIX 00pa3loB
aMyascuu. Bmecte ¢ Tem, nazepHoe H3NMydeHHE OOJie€ BBICOKOM MOIIHOCTH MOXKET
MPUBOJUTh K JIOKAIBHOMY HW3MEHEHHIO TEMIEpaTypbl W, KakK CIEACTBHE, K
WHULIMUPOBAHUIO CTPYKTYPHBIX U3MEHEHUN CUCTEMBI. J|eHCTBUTENBHO, OKA3aJIOCh, YTO
BO3JICMCTBAE  JIA3€PHOTO  M3JIYYEHHUsS  MOIIHOCThIO  OKojo 78 MBT Ha
C()OPMUPOBABILIYIOCS IO/ BO3ACUCTBUEM 3JEKTPUUECKOTO IOJISI OTHOCHUTEIHHO
BBICOKOW YacCTOTBl CTPYKTYPY B BHUJIE CHUCTEMBI OTHAEIBHBIX Kallellb, IPUBOJIUT K €€
nepexony B JIaOMpUHTHYIO (puc. 3.27), aHAJOTMYHO OMHMCAHHOMY BBIIIE IPOLECCY,
HaOJIIoAAaONIEMYCsl TPY TOBBIILIEHUNA TEMIEpaTyphl. YJaJeHHE Ja3epHOro Jiydya IMpU
COXPAHEHUM BO3AECHCTBHS DJIEKTPUYECKOTO MOJIA M3HAYAIBHOM YacCTOTHI IPUBOIUT K
BOCIPOM3BEJICHUIO MPOLIECCa W3MEHEHUs CTPYKTYpbl B OOpPAaTHOM HAalpaBlICHUU —

JaOMpPUHTHAs CTPYKTYpa BHOBb Pe0Opa3yeTcs B CI/ICTeMy MI/IKpOKaHCJ'IB
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Puc. 3.27. U3meHeHne cTpyKTypbl, 00pa3oBaHHON B TOHKOM CJI0€ OMYIIbCUU B 3J1eKTp1/Iqec1<0M noie
yactotor 2,8 kIl (a) mpu mocieayroneM BO3JACHCTBUN JIA3EPHOTO U3IIYYEHHUs] MOIIHOCThIO 78 MBT

(6).

3.3.3 Oocyacoenue pe3yibmamos

Kak yxe yka3pIBaJIoCh BBINIE, BO3ACHCTBHE HU3KOYACTOTHOTO JJIEKTPUYECKOTO
noJiss C HEOOJNBINONW HAMPSHKEHHOCTHIO TPUBOJIUT K AehopMaiiii MUKPOKAIeIh
HCCIICIOBAHHBIX AMYJIbCUHN (CIUTIOIMBAHUIO BJOJb JIMHUN HAIMPSHKEHHOCTH TI0JIs).
Bo3MoxHOCT, Takoro pojaa aedopManvu JUAJISKTPUYECKUX Karejlb TOMOTEHHOM

KHUAKOCTHU, MOMCHICHHBIX B HCCMCIIMBAIOIIYIOCA C HUMHU IJICKTPOIIPOBOJIHYIO CpCAay,
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IIPH BO3JCHCTBUH TMOCTOSIHHOIO 3JICKTPHUYECKOIO IMOJIsA paHee Oblia mokaszana B [181].
Ona CBSI3BIBACTCS C MPOIECCAMU HAKOIUICHHWsS] CBOOOJHOTO 3apsiga Ha Mex(pasHBIX

IMMOBCPXHOCTAX, XapaKTCPUIYIOIHNXCA MAKCBCIIZIOBCKUM BPCMCHEM PCIIAKCAIlMH 3apsaiaa:

_ 50(28¢ + &) ’ (3.7)
2y¢ +7i

M
TIe & U & — JUAJICKTPUUYECKHE TPOHUIAEMOCTH, & )i M Yo — DJICKTPUUYCCKUE
MIPOBOAMMOCTH KaIUTA U OKPYKArOIIeH e€ TUCIIePCHOHHOM CPEeIbl COOTBETCTBEHHO.
BceneactBue 53TOro Ha MOBEPXHOCTH KAaIUIM BO3HUKAET TPAaHCBEPCAIbHOE
AIIEKTPUUECKOE HAMpSIKEHHE, KOTOPOe TeHEepUpyeT TeUeHUE BHYTPU U BHE Karuiu. B
pabotax [224, 225] TeopeTHYeCKH ITOKa3aHO, YTO B TaKHX CHTYaI[USX BO3MOXKHBI
oTpuniaTeabHas 3QGeKTUBHAS BI3KOCTh M KoJieOaTenbHas JIEKTPOTHIPOIMHAMUYCCKAs
HEYCTOWYUBOCTh. [Ipu 3TOM cCyIIeCTBEHHOE 3HAYEHUE HUMEET KHUJKOE COCTOSHUE
TETEPOTeHHBIX BKIIOYCHUH (MHKpOKamenh). B TIPOTHBHOM ciiydae, BCIICICTBUC
CTpEMIJICHUS Teja aHU3O0TPOMHON (POPMBI OPUEHTUPOBATHCS B DJIECKTPUUYECKOM TIOJIE B
HaIpaBJICHUH, COOTBETCTBYIOIIEM MHUHHMMAJIBHOMY  3HaueHUI0  Kod(duimeHra
JETONSPU3AINH, YCTOMUYMBOE COCTOSHHME Tela B BHUJE CIUIFOCHYTOTO BJIOJIb TIOJS
uIcouaa ObUTo Obl HEBO3MOXKHBIM. JIJIS KaruiM JKUJIKOCTH OHO peaju3yeTcsi B
JIOCTaTOYHO CJIA0BIX TOJNSAX Onaromaps sSBIEHUIO peaKcallMd aHU30TPONUU (HOPMBI
KaIUId W 3aBUCUT OT COOTHOIIEHHUS €€ BPEMECHHM M BPEMEHH COOCTBEHHOTO ITOBOPOTA
nehOpMUPOBAHHON Karlld B DJIEKTPUUYECKOM Iosie. Bpemsi penmakcaiuu aHU30TPOIUU
(GbOpMBI Karum 3aBUCUT OT KOA((GUIIMEHTOB BA3KOCTH BEIIECTBA KAIlJIM U OMBIBAIOIICH
cpenbt (7i, 7e), paanyca HEBO3MYIICHHON Karum Fp U Ko3dduiueHta mexdpasHoro

HaTsDKeHUS o [226]:

_ o(1677, +1977; )31, +217;) (3.8)

T, = :

400 (n7; +17,)
Ecmu  xapakTtepHoe BpeMs IOBOpOTa Kalid B JJCKTPUYECKOM  IOJIE
32 o
Ty =0 /(80I’0 E ) (0 — kodddumHMeHT BpamaTeILHOTO TPEHHUS JILIUIICOUAATEHOM

Karuii) OOJIbIlle BPEMEHHU peakcaiuu ee (opMbl, TO MOKET COXPAHATHCS YCTOMYMBOE

ITOJOXXCHUEC KaIlllu, CHHIOCHYTOﬁ BAOJIb HAIIPAaBJICHUA I1OJIA.
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OnHaKo MOBBINICHUE HAMPSHKEHHOCTH JIEKTPHUUECKOTO TIOJIS MOYKET MPHUBECTH K
KOJIeOaTEIbHOM ~ HEYCTOMYMBOCTH  TOJIOKEHHUA  J1e(POpPMHpPOBAHHBIX  Karlejb,
TEOPETUYECKOE PACCMOTPEHHE KOTOPOHU JUISl TBEP/BIX DIUIMIICOMIANBHBIX YaCTHIl paHee
npoBogwiioch llebepcom [224]. B wacTHOCTH, WM TMOKa3aHO, YTO KojeOaTelmbHast
HEYCTOWYHBOCTH TAKUX OOBEKTOB HACTYIIAET MPH YCIOBUH

E2>ECZ=5/Z'J_(KT—K8), (3.9)

Tac K'O )41 K* - CTAaTUYCCKasA U BLICOKOYACTOTHAA IMOJIAPHU3YEMOCTH.

B03MOXXHOCT, TIPOSIBICHHST KOJIEOATETbHOWM HEYCTOMYMBOCTH IJIST  SKHJIKUX
MHUKpOKaIIe/Ib paHee mokazana B padote [227]. Bmecte ¢ TeM, B 3TOM ciIydyac OHA MOYKET
UMETh JIPyThe MPUYUHBI U OOJiee CIOKHBIA XapakTep, YeM €€ aHaJor IS YKECTKHX
3JIJIMIICOUIOB.

J11s1 BBISICHEHUSI BO3MOYXHOCTH HUCITIOJb30BAaHUS PACCMOTPEHHBIX BBIIIE MOIXO0/I0B
py OOBSICHCHHWH ITOJYYEHHBIX B HACTOAIIEH paboTe pe3ysIbTaTOB OBLIM MPOBEACHBI
pacueTbl BpEMEHHU pejakcarud (GopMbl Kallellb 7T, M MaKCBEIIOBCKOTO BpPEMEHU
pemaKcai CBOOOHBIX 3apsOB T,, KOTOPHIC JaIH IS IEPBOTO U BTOPOTO 00pa3IiioB
3HaveHus 7, = 1.02 ¢, 7,, = 2.6x10° cu 7, = 0.81 c, 7,, = 4.7x10™° ¢ COOTBETCTBEHHO.

Kpome Toro, Obul mpoBeleH pacyeT 3aBUCHUMOCTH BpPEMEHH IIOBOPOTA

HUCCIICAOBAHHLIX MHUKPOKAIICIIb OT HAIIPAKCHHOCTU JBJICKTPUUCCKOI'O I10JIA. B »stom

3?2
cllydae MCIIOJb30BaNach INpUBEcHHAs Bbime (opmyna Tpy, =0/ (goro E ), IPH 3TOM

KO3((PUIIMEHT BpAIIATEILHOTO TPEHUS SJUIMIICOUJATBHON Kalikd ONpEeAeNsuics ¢

Y4ETOM €€ HUJIKOT0 COCTOSHUS C IIOMOIIBIO BeIpaskeHus [228]:

(nH—nL)l;I E—b —n’(a2+b2 1+|;I S+b
a a
0 =11V 2 2} !
(a n,+b nu)n
4abn’
N = 7 . " oy (3.10)
a_ bl (aZnL+b2nH)n’— a_bray Pn|-2an| 242
b a Mo b alb a b a
L VE LYY

a? —b?
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rne V — obbem kxamwm, N wu N — nenomspusyromme (akropsl BIOJIb
COOTBETCTBYIOLIUX OCEW:

2
n, = 1+§ (e —arctge),

Ha puc. 3.28 npuBenen rpaduk 3aBUCHMOCTH BpPEMEHH IIOBOPOTA
neOPMUPOBAHHON KaIllM CPETHETO pa3Mepa OT HAMpPsDKEHHOCTH DSJIEKTPHUYECKOTO
nojsi. 371eCh K€ MPSAMOW JIMHUEH, MapajiieIbHONM OCH aOCIUMCC, MOKa3aHO 3HAYCHHE

BPCMCHH PCIIaKCAallUH aHU30TPOIINHN (I)OpMBI TaKOW KaIljIu.

I, c
3.0 -

o}
-]

I
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E, kB/Mm

Puc. 3.28. 3aBHCHMOCTHP BpPEeMEHH TIOBOPOTa JJUTMIICOMIAIBHONW KallId OT HANPSHKEHHOCTH
aneKTpUYeckoro mosis (1) u BpeMs penakcaiuy aHu30TPOIHU (GOPMBI TOM ke Karutu (2).

Kak ciemyer u3 pucyHKa, TIpH JOCTATOYHO MAJbIX HAMPSHKCHHOCTSX TMOMS (10
~180 xB/m) BpeMs moBopoTa Kareinb, IEHCTBUTEILHO, MOXKET OBITh OOJBIIIE BpEMEHU
penakcanuu uX (opmbl. [Ipu TOBBIICHWH HANPSHKCHHOCTH TIONS BPEMS IOBOPOTA
Karejib CTAHOBUTCS MEHBIIE BPEMEHW penakcanuu (OpMbI, OCTaBasCh, OJIHAKO,
OombIIe, YeM MaKCBEJUIOBCKOE BpEMs pellakcalluu 3apsifa BO BCEM HCCIICIOBAHHOM
WHTEpBaJC 3HAYCHWU HAMPSHKEHHOCTH Moisl. OTMETHM, YTO COTJIACHO pe3yJibTaTaM

IMPOBCACHHBIX JSKCIICPUMCHTAJIBHBIX HCCHGHOB&HHﬁ, mogada Ha ﬂqeﬁKy HaIIPSAKCHUA
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Boime 30 B mpuBOAMT K pa3sBUTHIO ANEKTPOTUAPOAMHAMHUYECKHX TEUCHUH B
MEXAJICKTPOTHOM MPOCTPAHCTBE M TIOJTHOMY Pa3pyIICHUIO MUKPOKAIIETh IMYJIbCHH.
Cnenyer oTMeTuTh, uYTO B paborax [172, 181, 224] paccMaTpuBaioCh
BO3HMKHOBEHHUE SJICKTPOTUIPOIMHAMUYECKIX TCUCHH BOKPYT Kareidh 0e3 ydera X
MECTOTIOJIOKEHHSI ~ OTHOCHTEIBHO  3JeKTpomoB. OmHako mpH  TPOBEICHUU
AKCIIEPUMEHTOB UCTIOIB3YIOTCS TOHKHE CIIOW 3MYJIbCHIA, TaK KaK B IPOTHBHOM CITydae
HAONIOACHUS 32 MHUKPOKAIULIMHU 3aTpyaHeHbl. OUeBHIHO, B ATOM Clydae HENb3s
npeHeOperaTh BIMSHUEM Ha CTPYKTYpHBIC TPEBpAIICHHUS MPOIECCOB, CBS3aHHBIX C
dbopmupoBaHreM BOJM3M JJIEKTPOJOB OOBEMHOro 3apsina. [ledicTBUTEnsHO, B ci1abo
MPOBOJISANINX HEOMHOPOIHBIX JKHJIKHX CpelaXx B MEXKIICKTPOAHOM TPOCTPAHCTBE
XapaKTepHO PAa3BUTHE JJICKTPOTHIPOJAMHAMHUYCCKUX BHUXPEBbIX TeueHuid [229], dyro
Tak)ke HAOJFOMAeTCs] B MCCICAOBAHHBIX cpenax. OMHONW M3 XapaKTePUCTUK IMOJTOO0HBIX
AJIEKTPOKOHBEKIIMOHHBIX SIBJICHUH SBIISICTCS BPEMS THAPOIMHAMUYCCKON pelaKcalruu

KHUJIKOCTH B ciioe. Ero orieHka BO3MOYKHA TIPU UCIIOJIb30BaHUM BhipaxkeHus [230]:

2
T, = 20 , (3.11)
n

i€ p ¥ 1] — IUIOTHOCTh U BSI3KOCTH KHIKOH CPeIbl COOTBETCTBCHHO, d — ToIMHA
ciost. [IpoBeneHHbIC pacdeThl sl UCCICIOBAHHBIX AMYJIBCHHA JaJId 3HAYCHHUE 7, = 2.9 X
10 c.

OueBHIHO, paCCMOTPEHHBIC MEXaHU3MBI JAeOpMaIlUM Karelb, a TAKXKE Pa3BUTHE
AIEKTPOTUAPOJNHAMUYECKAX TCUCHUN B MEKIJIEKTPOIHOM MPOCTPAHCTBE BO3MOKHBI B
ClIydyae HU3KOYACTOTHOTO AJICKTPHUYECKOTO TOJIsl, KOTJa BpeMs pejlakcallii CBOOOIHOTO
3apsifa CyIIECTBEHHO MEHBIIIE MEPUO/Ia BO3JACHCTBYIOMIETO MOJIS. Y BETUYECHUE YaCTOThI
MOJIsl JIOJKHO TPUBOAUTH K TOJABJICHUIO DJICKTPOTUAPOJIMHAMUYECKUX TEYEHUN B
o0beMe CIIoS SMYJIbCUH, MPU STOM YCJIOBHEM CYIIECTBEHHOTO MOJABJICHHS TECUCHUI
MOXET OBITh  COM3MEPUMOCTh  MPOU3BEJACHUS  YacTOThl TOJISI Ha  BpeMs
TUJIPOJIMHAMUYECKON PENIaKCallui T, C €AuHHIEH. Pacuersl, TNpPOBEICHHBIC IIpU
MCIMOJIb30BaHUU ATOTO YCJIOBHUS, JAIU JJIsl YaCTOThI MPEKPALICHUS MEXIIECKTPOIHBIX

TEUCHUM 3HAa4YCHHUC, YAOBJICTBOPUTCIBHO corjiacyromeccs C JaHHBIMHA
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HKCIIEPUMEHTAIbHBIX HaOmtoaeHui. [locie BUIMMOro npekpamieHus: MeK3IeKTPOIHbBIX
TEUCHUH, TMOCIENYIONee TOBBIIICHUE YacTOThl TPUBOJUT K BOCCTAHOBJICHUIO
MUKpOKAreib J0 TNEpBOHAYAIBHBIX PA3MEPOB 3a CUET KOAIECUECHIIMH MeIbYalIimx
KareJeK, 00pa30BaBIINXCSA paHee B pe3yibTaTe pa3pylIeHUs MUCXOTHBIX MHUKpPOKAIIEIb
npu HU3KUX dYacToTaX. OUYEBWIHO, 3TH MHUKPOKAILIM IEPBOHAYAIBHO NPHHUMAIOT
JTUCKOOOpa3Hyto (GopMy, TaKk Kak MaKCBEIJIOBCKOE BpEMsl pellakcallid CBOOOIHBIX
3apsI0B OKa3bIBACTCS HAMHOTO MEHBIIUM TEpUOAa TOJIsA, U BOKPYT, M BHYTPH Kareib
coxpaHsieTcsi TedeHue kuiukoctd. [locnenmyromee oOpa3oBaHMe M3 TaKUX
BOCCTAHOBUBIIIUX CBOM pa3Mephbl Kameib JaOUPUHTHOM CTPYKTYpbl CBSI3aHO C
HEBO3MOXHOCTBIO IIOBOPOTAa JJUIMIICOMIAIBHOM Kaluld TOJA JCHCTBHEM IIOJISL B
MOJIOKEHUE, COOTBETCTBYIOIIEE MHUHUMAJIBLHOMY 3HAYEHUIO  JICTIOJISPU3YIOIIETO
¢dakTopa BciencTBHE MPEBHIIIICHUS] BpEMEHEM TIOBOPOTa KaIut mepuoza mois. B stom
cllydae CHIDKEHHE JACTONSIPU3YIONIETO (akTopa BO3MOXKHO MpH (POPMHpPOBAHUH U3
CIUTIOIICHHBIX ~Kamnedb JAOUPUHTHOM CTPYKTYpbl, UYTO CJIEAYEeT U3 HW3BECTHBIX
pe3ynbTaTOB HCCIEIOBAHUA (OPMUPOBAHUS JAOMPUHTHONW CTPYKTYpPhl M3 TOHKHX
TUTEHOK MarHUTHBIX JKHUIKOCTEH MPHU BO3ACHCTBMM MarHUTHOTO moJist [1].

IIpu Oosee BBICOKMX YacTOTaxX, KOrna Ha (opMy CTPYKTYpHBIX 0Opa3oBaHUM,
BCJICJICTBUE YMEHBIIICHUSI MHTCHCUBHOCTH JIBIDKCHUS 3aps0B, HAUWHAIOT CYIIECTBEHHO
BIUATh  MOJSApU3alMOHHBIE  d(PdeKThl, JTaObUpUHTHAsS  CTPYKTypHas  CETKa
TpaHCHOPMHUPYETCS B CHUCTEMY MHUKpOKAIelb, PAaBHOMEPHO paclpeeiICHHBIX B
wiockoctu cios. Ilpu 3ToM Mukpokamiu, coriacHo [161], MoryT mpu J0CTaTOYHO
BBICOKMX 4YacTOTaX MPUHUMATh BBITAHYTYIO BJOJb HampaBieHus Toysa Gopmy.
BcenenctBue momnspu3anuu B ANEKTPUYECKOM TI0JI€ KAl MPHOOPETAIOT JAUIOIbHBIE
MOMEHTHI, UX B3aUMOJICCTBHE B MEPBOM MPHUOIMIKEHUN MOXKHO CUUTATH TUTIOIHHBIM.
[TockonbKy HNBMKEHHE Kamelb OTPAaHWYEHO B IUIOCKOM CIIO€, a TOJI€ HaIlpaBIICHO
MEPIICHIUKYISPHO CIIOI0, B3aMMOCHCTBHE Kallelb HOCUT XapakTep oTTalkuBaHus. Kak
nokazano B [149], ycroitunBas KoHGUTYypalKs CUCTEMBI TUTIOJCH B 3TOM CITy4ae MOXKET
peanu3oBaThCsd B BHUJC TCKCArOHAJNBHOH pemeTkd. CTEneHb YIOPSI0YCHHOCTH TPH
ATOM 3aBUCHUT OT TMapameTpa MEKYACTUIHOTO B3aMMOJICHCTBUS U BO3PACTAET C POCTOM

HaANpsOKCHHOCTU BHCHIHECTO II0JII, MHAYOHUPYIOIIETO HABCACHHBLIC MOMCHTBLI KaIlClb.
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OueBHUIHO, C HENOCTATOYHO OOJIBIION IMOJIAPU3ALUEN U CBSI3aHO OTCYTCTBHE BBICOKOM
CTETICHU YTOPSI0YEHHOCTH B HAOII0aeMO CUCTEME MUKPOKAIeb, CPOPMUPOBAHHOM
B BBICOKOYACTOTHOM 3JIEKTPUYECKOM II0JIE.

Crnenyer OTMETUTh, YTO MOATBEPKICHUEM CBSI3M THIA CTPYKTYPHBIX PELIETOK C
MpOIIeCCaMy peJlaKcalluy 3apsa SBISETCS TOT (akKT, UYTO I AMYJIbCHH C OOJIBITUM
MaKCBEJUIOBCKMM BPEMEHEM pPEJIaKCALUU MOPOrOBbIE 3HAUEHUS YacTOThl 00pa3oBaHUs
KaK JIJAOMPUHTHOM, TaK MU MHUKPOKAIEIBbHON CTPYKTYpPbl OKa3bIBAIOTCS HMKE, YEM IS
OMYJIbCHM C MEHBIIUM 3HA4€HHEM 3TOr0 BpeMeHU. OUEeBHIHO, XApaKTEp CTPYKTYPbI
ONpPENENSIETCS 3HAYCHHEM IapaMmeTrpa wty. I[IpoBeneHHBIE pacyeTsl MOKa3ajad, 4TO
3HAYEHHUS ATOr0 MapaMeTpa MpU YacTOTE BO3HUKHOBEHHS JTAOMPHUHTHOW CTPYKTYpPHI B
o0oux oOpa3zlax pa3nyaroTcsl HE3HAUUTEIbHO U MPAKTUUYECKU COBIAJIAOT MIPH YaCTOTE
(bopMHpPOBaHUS MUKPOKAIIETBbHON CTPYKTYPHOU pemeTku. OTMETUM, YTO 3HAYEHUE ITy
npu 3ToM ocrtaetcs MeHbmMM eauHUIlbl (0.2), 9TO MOXKET yKa3blBaTh HAa HETOJIHOE
IIOJIABJICHHE TEYEHUIN BOKPYT U BHYTPH KaIUIH.

[ToporoBele 3Ha4eHUs YaCTOTHI IMOJIS, COOTBETCTBYIOIIME HM3MEHEHHUIO THIA
CTPYKTYPHBIX PEIIETOK, JOJDKHBI 3aBUCETh OT TEMIIEPATypPbl BCIEACTBUE 3aBUCUMOCTH
OT HEe MAaKCBEJUIOBCKOIO BPEMEHHU pelakcauuu 3apsiaa. JelcTBUTENbHO, W3MEHEHUE
TEMIIEpaTypbl MPUBOJUT K M3MEHEHHUIO JIUAJIEKTPUYECKON MPOHUIAEMOCTH U
IIPOBOJMMOCTH  BEIIECTBA Kameiab M OKpyXKaromed wux cpenapl. M3meHeHue
JUAJIEKTPUUECKOW MPOHUIAEMOCTH TPHU TMOBBILIEHUU TEMIIEPATyphbl XapaKTEpHO Jis
HOJISIPHBIX JMAJICKTPUKOB, Uisi KOTOpeiX & ~ 1/T. Tlpu 3TOM H3MEHEHHEe YICIbHOM
AJIEKTPONPOBOJIHOCTA  sABJIAETCA Ooyiee CyliecTBeHHbIM. Ee yBennuyeHue mnpu
MOBBIIIEHUH TEMIEPATYPHI CBA3AHO C MOHWKEHUEM BS3KOCTH PACTBOpPA U YBEIIMYEHUEM
CTETEeHU JUCCOLMAIIUN MOJIEKYJI )KHUAKOCTH JIM00 npuMeceil. B ecTecTBEHHBIX yCIIOBUSIX
MPOBOJUMOCTh CJIa00 MPOBOASAIIMX KHAKOCTEH 00ycloBJIeHAa TEPMOMOHHM3ALMEN
MoJieKyJ1 pumeceil. CBA3b MEXAy IPOBOJUMOCTBIO CPENIbl U €€ TEMIIEpaTypOil MOKET

ObITH MpeacTaBiieHa Gopmyoit @penkens [216]:

1 Ty
N _To), 3.12
1 ex'o( T j (3.12)
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Y4uThiBast, YT0 MHOXHUTENb 1/T M3MEHsSETCS MpU BapbUPOBAHUM TEMIIEPATYPbhI
ropa3no MemieHHed, deM exp(—To/T), MOXHO cJenath BBIBOJ, YTO 3aBHCHMOCTH
AJIEKTPOTIPOBOTHOCTH OT TEMIIEPATYPHI BO BCEX CIIydasx sIBIsICTCS Oojiee BBIPaXKCHHOM,
YeM TemIepaTypHas 3aBHCHMOCThH AMAJIEKTPHUECKON mpoHunaemoctu. Kpome Toro,
MOBBIIIICHWE  TEMIIEPaTypbl  IPHUBOJUT K  YMCHBIICHHIO  JIMAJICKTPHYCCKOM
MPOHUIIAEMOCTH, TOTJa KaK MPOBOJMMOCTH NPH ITOM pacTeT. Bce 3TO MPUBOIUT K
U3MEHEHHUIO MAaKCBEJJIOBCKOTO BPEMEHM peNaKcallMi 3apsaga W, Kak CIEACTBHE, K
OOHApY)KCHHOMY H3MEHEHHIO KPUTHYECKHX 3HAYEHWH YacTOTHI, COOTBETCTBYIOIIUX
(OPMHUPOBAHUIO CTPYKTYPHBIX PEIICTOK 000MX TUIIOB IPH MOBHIIMICHUN TEMIICPATYPHI.

BrusiHue AOMONHUTENBHO MPHIOKEHHOTO MEPIEHIUKYISIPHO TUIOCKOCTH CIIOS
MarHUTHOTO TIOJII HA KPUTHUYECKWE 3HAYCHUS YaCTOThI, COOTBETCTBYIOIIHC
(hOpMHUPOBAHHIO CTPYKTYPHBIX pEIIETOK B AIIEKTPUIECKOM nose
(IPOMIJLTIOCTPUPOBAHHOE TSI TAOUPHHTHOW PEIIETKU Ha puc. 3.22), OYEBUIHO, CBA3AHO
Cc OOBEIMHEHHWEM MEJTbYANUIINX KaIeIbHBIX (parMeHTOB, OOpa30BaBINUXCS paHEe B
pe3yabTaTe paspylIeHUs] UCXOJHBIX MHUKpOKAIeidh B HU3KOYACTOTHOM Toje. B aTom
Cllydae €ro BO3JIEHCTBHE NMPHUBOIUT K IP(HEKTy MPOTHUBOIOIOKHOMY BO3HUKAIOIIEMY
OpH  TOBBINICHUM  TEMIEpPaTypbl. B  Monb3y 3TOro  yTBEPXKACHHS  MOTYT
CBUJCTEILCTBOBATh pe3yibTaThl pabotel [207], Te paccMOTPEHBI CTPYKTYpHBIC
MPEBPAIICHHS] B MATHUTHOM YKHJIKOCTH TIPH BapbUPOBAHUU KOHIICHTPALIUN JTUCIIEPCHOMN
¢da3pl, HANPSHKEHHOCTH MAarHUTHOTO IIOJII W TeMIleparypbl. Bmecte ¢ TeM, He
UCKJTIOYCHO BJIMSHUEC MAarHUTHOTO TOJI W HETMOCPEICTBEHHO HA JBUKCHHE CBOOOTHBIX
3apsA0B, CO3MAIOMIETO DJICKTPOTHIPOJUHAMHYCCKHE TEUYCHUS B TaKHX Cpeiaax.
BeposiTHO, ¢ 3THM CBsI3aHa TMOJBMKHOCTH JIAOMPUHTHOM CTPYKTYpPBI (IepeTeKaHUES
KHUJIKOCTH OT y37a K y3iy), HaOJIIoJaromiasicss MpH JJOMOJHUTEIBHOM BO3JICHCTBUU
MarHuTHOrO moyiss. (OCOOCHHOCTH BIIMSHUS  MEPICHIUKYJISPHO  HAMPABICHHOTO
IUIOCKOCTH CJIOSI MarHUTHOTO TOJiA Ha (OpMy MHKpPOKAIEIbHBIX arperaTtoB IpHU
JIOCTaTOYHO BBICOKOW YacToTe 3jeKTpuueckoro mojs (puc. 3.2360, f = 1.7 n 10 xI'm)
TaKXKE MOTYT YKa3blBaTh Ha HEIMOJHOE IOJABICHUE JJICKTPOTHIPOIMHAMUYCCKUX
TEYCHWI BOKPYT Karelb B HCCICIOBAHHOM YacTOTHOM JIHMAIa30HE IEPEMEHHOTO

QJICKTPHUYCCKOTI'O ITOJIA.
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PE3VYJIbTATHI U BEIBOJIBI 3-EV I'JIABBI

1. UccnenoBanbl 0COOEHHOCTH BO3HUKHOBEHHS U TpaHC(HOpPMALMK CTPYKTYPHBIX
pPELIETOK B TOHKHX CJOSIX MArHUTHBIX >KUAKOCTEW Pa3JIMYHOTO THUIIA B MOCTOSTHHOM
AIIEKTPUYECKOM T10JI€, 00YCIIOBJICHHbBIC N3MEHEHUEM TEMIIEPaTyphl U JOMOIHUTEIbHBIM
BO3JIEICTBHEM MarHUTHOIO IOJIS:

— HCCIEZ0BAHO BJIMSHUS TEIJIOBOTO BO3ACHCTBUS Ha BpeMs (OPMHUPOBAHUS U
napameTpbl CTPYKTYPHBIX pEIIETOK B TOHKUX CJOSIX OJHOPOJHBIX MAarHUTHBIX
KUJKOCTEN Pa3IMYHOrO TUIA B MOCTOSHHOM 3JIEKTPUYECKOM IOJIE€ U JIOMOJHUTEIBHO
IPWIOKEHHOTO MarHUTHOT'O ITOJISL.

— 00HapyeH WHIYLMPOBAHHBIN JIa3€PHBIM U3JIydeHHEM 3(DPEKT BOSHUKHOBEHHUS
JaOUPUHTHOM  CTPYKTYypbl B JOKPUTHYECKOH  0O0JAaCTH  HampsyKEHHOCTEH
AIEKTPUYECKOTO MOJIsl, IPOBEIECHO €ro 000CHOBAHUE,;

2. UccnenoBanbl 0COOCHHOCTH (hOPMUPOBAHMS T€KCATOHAIBHBIX M JJAOMPHUHTHBIX
CTPYKTYPHBIX PEIIETOK B TOHKHX CJOSIX MarHUTHOW 3MYJIbCUM B MAarHUTHOM IIOJIE,
0OyCJIOBJIEHHBIE TETJIOBBIM BO3/IEHCTBUEM;

3. YcraHoBiI€Ha BO3MOXHOCTh BIMSHHMS TEIUIOBOTO BO3ACUCTBHS Ja3€pHBIX
VMCTOYHUKOB CBE€Ta Ha IMapaMeTpbl CTPYKTYPHBIX pEIETOK, (OPMHUPYIOIIUXCS B
MAarHUTHOM I0JI€ B TOHKUX CJIOSIX MArHUTHOM 3MYJIbCUU;

4. N3yueHsl oco0eHHOCTH (POPMHUPOBAHUS CTPYKTYpPhl B MAaTHUTHBIX AMYJIbCUSAX B
NEPEMEHHOM 3JIEKTPUYECKOM MOJI€ MPU AOMOITHUTEIIBHOM HAJIMYUUA KAaK MOCTOSHHOTO
MarHUTHOTO MOJIS, TaK ¥ TEIUIOBOI'O BO3/IEUCTBUS:

— YCTaHOBJIEHO, YTO BO3JICUCTBHUE MTEPEMEHHOTO JIEKTPUUECKOTO MO PUBOIUT
K CTPYKTYpPHBIM HW3MEHEHUSIM B TOHKOM CJIO€ OMYJIbCHH, XapakTep KOTOPBIX
CYILIECTBEHHO 3aBHUCUT KaK OT aMIUTUTYAbl U YaCTOTHI MOJIS, TAK U TeMneparypsl. Tak, B
3aBUCUMOCTH OT 4YacTOTbl TOJII W BEJIMYMHBI €ro HANPSKEHHOCTH BO3MOXKHO
(dbopMHpOBaHUE U3 HEYMOPSIOYEHHOW CUCTEMbI MUKPOKAIIEIb IMYJIbCUN JTAOUPUHTHON
CTPYKTYPHOM PEIICTKH C MOCIEAYIONIeH ee Tpanchopmalmeii B c1abo yrnopsgoueHHYO
reKCAroHaJbHYI0 CUCTEMY PABHOMEPHO PACIPEAEIICHHBIX MUKPOKAIIETb.

— YCTAHOBJIEHA BO3MOXKHOCTb PETYJHMpPOBAaHUS XapakTepa CTPYKTYPHOIO

COCTOSIHUSI HCCJIEIOBAHHOM MAarHUTHOM OSMYJIbCUU, HAXOIAIIEHCS B TMEPEMEHHOM
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AIEKTPUUECKOM T0JI€ (PUKCUPOBAHHON 4YaCTOTHI, IMyTEM BapbUPOBAHMS TEMIEPATYPHI.
[TokxazaHo, 4TO TEIIOBOE BO3JACHCTBHE HA C(HOPMUPOBABIIYIOCA B AIEKTPUUECKOM TOJIE
OTHOCHUTEJIIBHO BBICOKOM YacTOTBl CUCTEMY PAaBHOMEPHO pACHPENEICHHBIX B CJOE
MUKpOKAIeJlb MPHUBOJIUT, MPU JOCTHKEHUU HEKOTOPOTO KPUTHUYECKOIO 3HAYEHUS
TEMIIEpaTypbl, K €€ Mepexoay B JaOMPUHTHYIO CTPYKTYpy, a MpH JaJIbHEUIIEM
MOBBIIEHNUN TEMIIEPATYPHI U K €€ MOJHOMY Pa3pyLICHUIO;

— oOHapy»eHa U UCClIeJoBaHa TeMIepaTypHasi 3aBUCUMOCTh MOPOTOBOM 4acTOTHI
AIEKTPUUECKOTO  TOJis, COOTBETCTBYIOIIEH  BO3HUKHOBEHUIO JTAOUPUHTHOW U
MUKPOKAIIEJIbHOM CTPYKTYPBI, IIPOBEJICH €€ aHAJIU3 Ha OCHOBE COIOCTABIICHUS NIEPUOJA
BO3JICHCTBYIOILIETO TMEPEMEHHOTO MOJs C MAaKCBEVIOBCKMM BpPEMEHEM pelaKcaluu
cBOOO/IHOTO 3apsi/ia, 3aBUCSILUM OT TEMIEPATYpPHI;

— MCCJIEIOBAHO BIMSHUE TEIJIOBOTO JIA3EPHOTO U3IIYUYEHUS Pa3IMYHON MOITHOCTH
Ha Mpolecchl GOPMHUPOBAHUSA CTPYKTYPbl B TOHKHUX CIIOSIX MAarHUTHBIX 3MYJbCHI MPHU
BO3/JCICTBUM HAa HHUX MEPEMEHHOTo JAyeKTpuueckoro mnois. CaenaH BbIBOX 00
OTrpaHUYEHHOCTU MCHOJIB30BAHMS JUIsl 30HAUPOBAHUS CTPYKTYpPbl TAKUX CPEJl JIa3E€PHBIX
VCTOYHHUKOB CBETa MOILIHOCTBHIO BbllIE€ SMBT, BClIEACTBHE BO3MOYKHOCTH BBI30BA UMU
JIOKaJIbHOTO U3MEHEHHUS TEMIIEPaTyphI;

— O0OHApy>XEHO BJIMSIHUE JOIMOJHUTENIBHO MPUJIOXKEHHOTO MarHUTHOTO TOJIS Ha
BEJIMYMHY  IIOPOTOBOM  YacTOTBl  3JEKTPUYECKOTO  IOJII,  COOTBETCTBYIOLIEH
BO3HMKHOBEHHUIO JIAOMPUHTHOW CTPYKTYpbl B CJO€ MAarHUTHOM OMYJIbCHUHM TpHU
pa3nuyHbIX TeMreparypax. [IpoBeaeH aHanu3 MeXaHM3Ma TAKOrO BIIMSHHS IIPU y4deTe
CBSI3M BPEMEHH pejakcalii CBOOOJHOTO 3apsjia ¢ KOAJeCHEHIIMeH MUKpOKaIelbHbIX
(bparMeHTOB, OOpa30BaBIIMXCS paHee B pPeE3yJbTaTe pa3pyLICHUS HCXOAHBIX

MHUKPOKAIIC/Ib B HU3KOYAaCTOTHOM IIOJIC.
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3AK/IIOYEHUE

B 3akmiouenun cdopMmynupyem pe3ysibTaTbl M BBIBOJBI JAMCCEPTALMOHHOM
padoTHL.

1. N3yuensl O0COOEHHOCTH BO3HUKHOBEHUS 151 dbopmupoBaHus
TEPMOKAIIWJUIIPHOTO OTKJIMKA IIPU OTPAXKEHUM Jiyya Jlazepa OT MOBEPXHOCTHU
MAarHUTHOU >KUJIKOCTH, OOYCJIOBJIECHHBIE BO3/ICHCTBUEM MOCTOSIHHOTO MAarHUTHOTO TOJISI.
Y CTaHOBIIEHO, UTO B 3aBUCUMOCTU OT TOJIIMHBI CJIOS MAarHUTHOU KUJKOCTH JEUCTBUE
MEPIEHAUKYJISIPHOTO K MOBEPXHOCTU CJOS OJHOPOAHOTO MArHUTHOI'O IO MOXKET
IIPUBOJUTH KAaK pPOCTY, TaK W YMEHBUICHHUIO pa3Mepa CTAUMOHAPHOM KapTHUHBI
TEPMOOTKIIMKA W BpeMeHU ero QopmupoBanusi. OIHOPOAHOE MArHUTHOE TIOJIE,
OPUEHTUPOBAHHOE MapajlUIeIbHO ITOBEPXHOCTH MArHUTHOW JKUAKOCTH, CIJIQXKUBAET
BO3HUKAIOIIME HAa HEW BO3MYILUEHMS, 4YTO IMPOSBISACTCS B YMEHBIICHUHA Pa3MEpOB
KapTUHBI TEPMOKAMWUIAPHOTO OTKJIHUKA, BPEMEHU €ro (POpMHUpOBAHUS M H3MEHEHUU
dbopmbl HHTEPPEPEHITMOHHBIX KOJIEII.

2. Tloka3zaHo, 4TO JEUCTBUE MEPHEHAUKYJSIPHOTO CIIOI0 MAarHUTHOW >KUJKOCTH
HEOJHOPOJHOTO  MAarHUTHOTO  TMOJs  CYHIECTBEHHO  yMEHbIIAaeT  IIyOuHYy
TEPMOKAMUJUISIPHOTO  yIIyOJieHus u  BpeMs (OPMHUPOBAHUS TEPMOKAMUIUISIPHOTO
OTKJINKA, HUBEIHMPYET BIUAHUE TOJIIMHBI CJIOSI W MOXET NPUBOJIWTH K ITOJHOH
KOMIIEHCAllUU TEPMOKANWJUIIPHON nedopmaliuu U, Kak CJEeACTBUE, HUBEIUPOBAHUIO
TEPMOKAMUJUISIPHOTO OTKJIMKA. [IpoBeneHo oOcyxaeHrne MEXaHU3MOB BIIHMSHUS TOJIEH
Pa3JIMYHOTO HAIpaBlieHUs] U KOHQUTypalMii Ha MCCJIEAOBAHHBIN TEPMOKAMUIUISIPHBIN
adekr.

3. HccnemoBanbl TEpMOWHIYIIMPOBAHHBIE JTa3€PHBIM HM3TYyUYEHHUEM OINTHYECKUE
3 PeKThl TPU €ro MPOXOXKICHUH Yepe3 CI0M OJHOPOJHONW MArHUTHOW KUIKOCTH —
nedOoKyCHpOBKa JIa3€pPHOTO Jydya W MCKAXKEHUE €ro KPYroBO CHMMETPpUM TpHU
JIOCTATOYHO OOJBIION MHTEHCUBHOCTH u3NydeHUsa. OOCyXIeHHE pe3yJbTaToB
HCCJIE0BAaHUs IPOBEICHO HA OCHOBE yyeTa W3MEHEHHUs IOKa3aTelisl IPEIOMIICHUS
JKUIAKOCTA B PAAUAIbHOM HAIPaBICHUM 110 OTHOLIEHUIO K Jy4dy UM pPa3BUTUA

TCPMOKOHBCKTHBHBIX TEUCHUM npu IIOCT&TO‘IHOﬁ MOIIHOCTHU JIA3€CPHOI'0 H3JTyUCHHS.
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OOHapykeHO U 00CYKIEHO BIMSHUE MAarHUTHBIX MOJIEH pa3IMYHON KOH(PUIypaluu Ha
CTENEeHb 1e()OKYCUPOBKH CBETOBOIO Mmydka. [lokazaHa BO3MOXHOCTh BO3BpaTa KPyIJoi
(GopMBbI MATHA MMyTEM BO3AECUCTBUS HEOAHOPOIAHBIM MAarHUTHBIM IOJIEM OINpPEAEICHHON
KOH(UTYpaLHH.

4. UccnenoBanbl 0COOCHHOCTH BOSHMKHOBEHHS U TpaHC(HOPMAIIUU CTPYKTYPHBIX
pEIIETOK B TOHKUX CJIOSIX MArHUTHBIX >KUJIKOCTEM PA3IUYHOrO TUNA B IMOCTOSHHOM
AIIEKTPUYECKOM T10JI€, 00YCIIOBICHHBIE N3MEHEHUEM TEMIIEPaTyphl U JOMOIHUTEIbHBIM
BO3/ICIICTBMEM MArHUTHOTO IOJISL:

— HCCJIEIOBAHO BIIMSHUS TEIUIOBOTO BO3ACHCTBHSI Ha BpeMs (OPMHpPOBAHUS U
napameTpbl CTPYKTYPHBIX pEIIETOK B TOHKUX CJOSIX OJHOPOJHBIX MAarHUTHBIX
XKUJKOCTEN Pa3JINYHOIO THUIIA B MOCTOSHHOM 3JIEKTPUYECKOM IOJIE€ M JONOJHUTEIBHO
PUIOKEHHOM MarHUTHOM TOJIE;

— OOHapy’KeH MHAYLHMPOBAHHBIN J1a3epHBIM H3IydeHUueM 3PGdeKT popMupoBaHus
JaOUPUHTHOM  CTPYKTYpbl B JOKPUTHYECKOH  0OJaCTM  HampsyKEHHOCTEH
IIEKTPUYECKOTO I10JIsA, IPOBEAEHO €ro 000CHOBAHUE.

5. UccnenoBanbl 0coOEHHOCTH (DOPMUPOBAHMSI CTPYKTYPHBIX PEIIETOK B TOHKUX
CIOSIX MAarHUTHOM 53MYJbCUM B MAarHUTHOM TI0Jie, OOYCJIOBJICHHBIE TEIUIOBBIM
BO3JICCTBUEM:

— YCTaHOBJIEHbl OCOOEHHOCTH TpaHC(POpPMAIUU CTPYKTYPHBIX PEIIETOK B TOHKHUX
CJIOSIX AMYJIbCUH, OOYCIIOBJICHHBIE TEIJIOBBIM BO3ACHCTBMEM — BO3pacTaHUE MEpPHOJa
reKCaroHaJIbHOM peméTku U yObIBaHME IepuoJa JIAOMPUHTHOM CTPYKTYpbl IpU
NOBBILIEHUM TeMmiepatypbl. [IpoBeneHo o0cCyXkaeHHE NOJYyUYEHHBIX pe3yibTaTOB Ha
OCHOBE CYIIECTBYIOUIMX TEOPETUUECKUX MPEACTaBICHUIA;

— YCTaHOBJIEHO BJIMSIHME TEIJIOBOTO BO3IECHCTBHUS Ja3€pHBIX MCTOYHHUKOB CBETA
Ha (POPMHUPOBAHUE CTPYKTYPHBIX PEHIETOK B TOHKUX CJIOSIX SMYJIbCUH B 3TUX YCIOBHUSX;

— U3MEHEHHUE MepPHoJia CTPYKTYPHBIX PEIIETOK B OTPAaHUYEHHOM ¢ 00€UX CTOPOH
CJIOE.

6. M3yuyeHo BiIMsgHME TeMIIepaTypbl HA POPMUPOBAHUE CTPYKTYpPbl B MAarHUTHBIX

IMYIJIbCUAX B INEPCMCHHOM QJICKTPHUICCKOM I10JIC Inpu HCIIOJIBb30BaHHNU
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MUKPOCKOINYECKUX HAOIIOAEHUN U AU(PpaAKLIUY JIa3epHOrO Jy4ya Ha CPOPMUPOBAHHBIX
CTPYKTYPHBIX pEIIETKAX:

— oOHapy»eHa U UCCIIeJoBaHa TeMIIepaTypHasi 3aBUCUMOCTh [TOPOTOBOM 4aCTOTbI
AIIEKTPUYECKOTO  TOJS, COOTBETCTBYIOIIEH  0Opa3oBaHUIO  JAOMPUHTHOU |
MUKpPOKAINEJIbHOM CTPYKTYp B TOHKHX CJOSIX MAarHUTHOM 3MYJIbCHM, TPOBEJIEH €€
aHaJIn3 Ha OCHOBE COIOCTAaBJIEHUs IE€PHOJA BO3ACHCTBYIOLIETO NEPEMEHHOrO IO C
MaKCBEJUIOBCKMM BPEMEHEM peJlakcallid CBOOOJHOTO 3apsiia, 3aBUCSIUAM  OT
TEMIEPATYPHI;

— MCCJIEIOBAHO BIIMSHUE TEIJIOBOTO JIA3EPHOIO U3JIyYEHUS Pa3Iu4HON MOITHOCTH
Ha Mpolecchl GOPMHUPOBAHUSA CTPYKTYPbl B TOHKHUX CIIOSIX MAarHUTHBIX 3MYJbCHI MPHU
BO3/JCICTBUM HAa HHUX MEPEMEHHOTO JAyeKTpuueckoro mnois. CaemaH BbIBOX 00
OTrpaHUYEHHOCTU MCMOJIb30BAHMS JUIsl 30HAUPOBAHUS CTPYKTYpPbl TAKUX CPEJl JIa3E€PHBIX
MCTOYHHUKOB CBETAa MOIIHOCTBIO BbIIIE D MBT, BCIeACTBUE BO3MOYKHOCTH BBI30BA UMU
JIOKaJIbHOTO U3MEHEHUS TEMIIEPATyPhI;

— OOHApy>XEHO BIIMSIHUE JOMOJHHUTEIbHO MPHIOKEHHOTO MAarHUTHOTO MOJIs Ha
BEJIMYMHY  IIOPOTOBOM  YacTOTBI  3JEKTPUYECKOTO  IOJIA,  COOTBETCTBYIOLIEH
BO3HMKHOBEHUIO JIAOUPUHTHOW CTPYKTYpbl B CJIO€ MArHUTHON O3MYJbCUU TMPHU

Pa3IMYHBIX TEMIIEPATYPAX, MPOBEAECH AHAIN3 €r0 MEXAHU3MA.
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