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MUKpPOII0IOCKOBBIE YaCTOTHO-CEJIEKTUBHBIE YCTPONCTBA U, B YACTHOCTH, (PMIIBTPHI MOTYUHITU
JIOCTaTOYHO MIMPOKoe pacrpoctpanenne B CBY texHuke Onaromapsi CBoeil MUHUATIOPHOCTH, Ha-
JIEKHOCTH M TEXHOJIOTMYHOCTH B IPOU3BOACTBE. Takne yCTpOHCTBA, KaK MPAaBWIIO, IPEACTABIISAIOT
co00ii crcTeMy M3 B3aUMOJICHCTBYIOMIMX PE30HATOPOB, KOG (UIIMEHTHI CBSI3U KOTOPBIX 3aBUCST OT
MHOKECTBAa KOHCTPYKTHUBHBIX MapamMeTpoB. [IpuHuUMas BO BHUMaHUE TOT (PAKT, YTO CEIECKTUBHBIC
CBOICTBa YCTPONCTB BO MHOTOM OIPEAETSIOTCS YaCTOTHBIMU 3aBUCUMOCTSIMHU KO3(DPHUIIMEHTOB
cBs3u [1], uzyuenue 3Tux KoOd(PPUIUMEHTOB I PA3IUYHBIX KOHCTPYKIIMH PE30HATOPOB SIBIISETCS
BaXHOU U aKTyaJbHOU 3amayeil. B HacTosielt paboTe rccneaytoTcs ceneKTUBHBIE CBOIMCTBA U Yac-
TOTHBIC 3aBUCUMOCTH KO3((UIMEHTOB CBS3H BYX-
3BEHHBIX (UIBTPOB HA MUKPOIOJIOCKOBBIX YETBEPTh-
BOJIHOBBIX IIMUJIBKOBBIX PE30HATOPaX KOHIYKTHUBHO
MOAKIIOYEHHBIX K JIUHUSAM MEepeJauH.

l, S S Tonosnoruss NPOBOJHUKOB HCCIEAYEMBIX JBYX-
¢ 3BEHHBIX (PUIBTPOB HA COHAIMPABICHHBIX YETBEPTh-
[, BOJIHOBBIX IIMWJIBKOBBIX PE30HATOpPAxX IMOKa3aHa Ha

puc.l. JlnMHAa MINMIBKOBBIX PE30HATOPOB [,, U OHU
KOHIYKTUBHO IMOJKIIOYEHBl K BHEIIHUM JIMHHUAM IIe-

S oy Pesiatn ¢ BOIHOBBIM CONPOTHBIICHIEM 50 Om cMexHO
A
Ha paCCTOSAHUU Zc OT KOHIIOB MMPOBOJHUKOB. Bemuuu-
l. T Ha 3a30pa MEXJAy MPOBOJHUKAMU BHYTPH KaXKJIOTO
Y Y

pesonaropa S, a MeXx1y pe3oHaTopamMu S,, P ITOM
LIMPUHA TMOJOCKOBBIX MPOBOJHUKOB Ha BCEX y4aCTKaX
OJIMHAKOBAa U paBHA W.

UYuciieHHBIN aHAIU3 PACCMATPUBAEMBIX KOHCT-
PYKUUH HPOBOAWICA HA OJHOMEPHBIX MOJZEIAX, CO-
CTOSIIIIMX M3 IOCIEAOBATEIIBHO COCAVHEHHBIX DPETYJSIPHBIX OTPE3KOB OJMHOYHBIX U CBS3aHHBIX
MHUKPOIOJIOCKOBBIX JIUHUHA. DTH peryJiipHbIE OTPE3KH IOJy4YaroTcsl pa30MeHneM KOHCTPYKLUH Io-
PU30OHTAIBHBIMUA U BEPTHUKAJIBHBIMU CEUEHHSIMU MO M3rM0aM M KOHIIAM MPOBOJHUKOB, a TAKXKe IO
TOYKAM MOAKIIOYECHHS JUHUM nepenadn. IloronHsle nmapaMeTpsl ONMHOYHBIX U CBS3aHHBIX Y4acCT-
KOB JIMHH, HEOOXOUMBIE KaK JUId pacyeTa aMILIUTYAHO-4YaCTOTHOM xapakrepuctuku (AYX), Tak
U JUIA NIOJIy4YEeHHs PACIPECIICHUS TOKOB M HANPSHKEHUH B IIPOBOJHUKAX, BEIYACIISUINCH B KBa3UCTa-
TUYECKOM HPUOIMKEHUHU C y4eToM KOHIEeBBIX emkocTeil. [lotepu CBY MOIIHOCTH yYHUTHIBAIHCH
BBEJICHHEM COOCTBEHHOM JOOGPOTHOCTH MHUKPOIIOJIOCKOBBIX pe30HaTopoB (Jy, B3ATOM U3 DKCIEpH-
MEHTA.

Jl1sl KOIMYEeCTBEHHOTO ONMUCAaHMs B3aUMOJAEHCTBUS MHUKPOIIOJIOCKOBBIX pe3oHatopos (MIIP)
paccMOTPHUM YNPOILIEHHY MOJENb KOHCTPYKLMH, B KOTOPOM HA YYacTKE YETBIPEX CBA3AHHBIX JIM-

Puc. 1

HUii OyJeM YYUTHIBATH CBS3b JIMIIL MEXKIy OTPE3KAMH MPOBOJHHMKOB, Pa3Jci€HHBIX 3a30pOM S,.
YacrotHo-3aBucuMble K03 duimentsr emxoctol K¢ (f), nanykrusnoii k; (f) u monuoit cesizu

k(f) onpenenum, ucronb3ys MOIMpUIMPOBAHHBIN dHepreTuueckuil moaxon [2]. B Hem maruur-
Hble (MHIyKTUBHBIE) U 3JEKTPUUYECKUE (EMKOCTHBIE) SHEPTHUHU, 3allacaéMble PE30HATOPAMU OT/EIIb-

Ho (E1, 21, E1, 2¢) 1 coBmectHO (E27, E12¢) BBIMUCISIOTCS U3 pacHpeIesIeHUH [0 JUTMHE MONOCKO-
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BBIX TIPOBOJHMKOB KOMILIEKCHBIX TOKOB /1, »(X) u Hampsokennii U} (x). Pacnipenenenue stux To-
KOB W HANPsOKCHUA HETPYIHO HAWTH IS JIFOOOW 3aJaHHOM YacTOThl B KBA3UCTATUYECKOM MPUOITH-
kenuw [3].
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31ech 3HAK 3BE3/I0YKa O3HAYAET ONEpaldi0 KOMIUIEKCHOTO conpsixenus, a Ly u Cy, L u Cy; — co-
OTBCTCTBCHHO NNOTOHHBIC MHAYKTHUBHOCTHU U €MKOCTHU, B3aUMHBIC UHAYKTHUBHOCTH U B3aUMHBIC CM-
KOCTH CBSI3aHHBIX MUKPOIIOJIOCKOBBIX JTUHUHN. B BeIpakenusx (3-4), B orauyue ot [1], ucronb3yer-
Cs JIMIIb pCaKTHUBHAA 4aCTb MOJIHOU OHCPIUH.

[Ipu 5TOM 4acTOTHO-3aBUCUMBbIE KOAPGHUIUEHTH HHAYKTUBHOW U €MKOCTHOM CBS3M HaXOMST-
Csl 1O CIEeAYIOMUM (pOopMyIaMm:
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riie K=|Upyx|/|Usx| — Momyss kodddunmenta nepenaun no HanpspkeHUIO ¢ BXOIAa MUKPOTIOIOCKO-
BOM CTPYKTYpHI Ha BBIX0I. KO3 UIMEHT MOIHOM CBS3M ONpenetsiics 1o U3BECTHOU hopmyie [4]
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VYuuThiBasi, 4TO NOTOHHBIE APAMETPHI CBA3AHHBIX MUKPOMNOJOCKOBbIX JUHUU L1, Ci, L1z u Ci, sB-
JSIFOTCSL KOHCTaHTaMH, 3aBUCUMOCTh K03()(DUITMEHTOB MHIYKTUBHON M €MKOCTHOH CBs3H (5) OT yac-
TOTBI O6yCJ'IOBJ'IeHa HUCKIIIOYUTCIIBHO YaCTOTHBIMHA 3aBUCUMOCTSAMU PpACIIPEACIICHUS TOKOB W HAIIpP:-
)KGHI/Iﬁ 110 JJINHEC HpOBO,Z[HI/IKOB.



Ha puc. 2 npencraBieHbl 3aBUCUMOCTH KO3(PPHUITMEHTOB €eMKOCTHOTO (TOYKH) UHTyKTUBHOTO
(ITPUXOBBIC JTUHUH) U TIOTHOTO (CIUIONIHBIC JIMHUU) B3aUMOACHCTBUS PACCMATPUBAEMBIX IITHIIb-
KOBBIX PE30HATOPOB OT BEIMYHUHBI 3a30pa S, MEXKIY IOJOCKOBBIMU MPOBOAHMKaMH. KpHBBIE MO-

CTPOEHBI [IJII PE30HAHCHOM YacTOThl NEPBOM

\k|, ky, —kc¢ %1072 MOJbI KOJIC6aHI/II7£ MIIP, npu 3TOM mapameTpsl

10 paccMaTpuBaeMOi KOHCTPYKLMU CIETyIOIIHE:
OTHOCHUTEINIbHASL JIUAJICKTPUYECKasi TMPOHMIIAC-

MOCTh HOUIOKKH €=40, ee TonmmHa A =2MM,
[,=28um, [,=3 MM, S=1.1 MM, w=2MM.
Bunxo, yto ko3 pUIIMEeHTs €eMKOCTHOW U WH-
JTYKTUBHOW CBSI3U JIEUCTBYIOT B MPOTHBOGdA3E.
4 ~ B pesynbrare Ha PG3OHaHCHOﬁ 4acTOTE MEPBOU
2 - MOIbl KoJieOaHMiT HaOII0IaTbCd HEMOHOTOH-
. ~~ HOE TIOBEJICHUE MOTHOTO KO3(PPUIMECHTA CBSA3H
OT BEJMYMHEI 3a30pa S, Kak, HAIPUMEP, B II0-
JIyBOJTHOBBIX U 4e€TBEepPTHBOJHOBBIX MIIP, co-
JepXKaIIUX HEPETYJISIPHOCTH B BHJIE CKAYKOB
IIMPUHBI MOJOCKOBOrO MPOBOAHMKA [5-7], a
Puc. 2. Takkeé B TIOJYBOJHOBBIX COHAINPABICHHBIX

MINUIBKOBBIX pe3oHaTopax [8]. Habmromaemprii

ekt o0ycioBiIeH Ooliee CHIBLHOW 3aBUCH-

MOCTBIO OT S, K03(pHUIMEHTa EMKOCTHOM CBSA3M MO CPAaBHEHMIO ¢ MHIYKTUBHOMU. B pesynbraTe ¢
yBENMYEHMEM 3a30pa |k| cHa4anma yMeHbIIaeTcst 10 HyJisd B TOYKE, TAe KOOPOHUIMEHT EMKOCTHON
CBSI3HM paBeH MO aOCOMIOTHOW BeNHUMHE KOIPPUIMEHTY UHIYKTUBHOM CBSI3U, a 3aT€M yBEIHUMBa-
€TCs, JIOCTUTasi CBOEr0 MaKCHMAJILHOTO 3HAYCHHUS MPHU OMPEICICHHOM 3a30p€, W JIUIIb TPU JTaTb-
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HelleM yBeIUYeHUH S, B3aUMOJIEHCTBUE PE30HATOPOB MOHOTOHHO yMeEHbIIAeTcs. B pesynbrare

3aJIaHHBIA ypOBEeHb KOO((UIMENTa B3auMoelCcTBUs, Haripumep, |k|=0.02, a 3Haunt u dukcupo-
BAaHHYIO IIMPHHY T0JI0CHI MPOMYCKAHUS PACCMATPUBAEMOI IBYX3BEHHOM CEKIIMH, MOYKHO TIOIYUHTh
IIpU TPECX CUJIIBHO PA3JIMYAOIINXCA 3a30pax MEKAY IMOJTOCKOBBIMU MMPOBOJHUKAMMU.

JInst SKCHepUMEHTaIbLHOM NPOBEPKH TIONYUEHHBIX PE3yIbTaToOB, HAMH METOAOM TPaBHPOBKHU

10 1aKy [9] ObUIM U3rOTOBJIEHBI HA MOUIOKKAX U3 Kepamuky B-40 (€ =40) TomuuHoii /=2 MM Tpu

MakeTa JBYX3BEHHBIX (DMIBTPOB, KOTOPHIE OTIMYAINMCh TOIBKO BEIMYHMHON 3a30pa S, MexIy IO-
JIOCKOBBIMH ITPOBOJIHUKAMU pe30HATOpoB. Bennunnsl 3a30poB 0.48 mMm, 1.29 mm u 7.0 MM, nipu xo-
TOPBIX OTHOCHUTEJNIbHAS HIMPUHA TOJOCHI MPOMYCKAHUS HCCIETyeMbIX (UIBTPOB, U3MEpPEHHAs IO
ypoBHIO —3 b OT ypoBHS MMHUMAaJbHBIX MOTEPh, OCTaBanach ~2 %, ObUIM MPEIBAPUTEIHHO MOIY-
YeHbI U3 aHAJIN3a KOHCTPYKIUHU B KBa3UCTATUIECKOM MPHOIKECHHH.

Ha puc. 3 (Bepxuue rpaduku) CIUIONIHBIMU JHMHHUSIMH TOKa3aHbl Pe3ylbTaThl pacyera, a
ToukaMu — u3MepeHHble AUX MakeToB QuiabTpoB. Bece GMIbTpbl MMenu OIMHAKOBBIE KOHCTPYK-
TuBHBIE TapaMerpsl: /=28 MM, [.=3 mm, w=2 mm, S=1.1 mm. Habnrogaercsa JocTaTouHO XOpO-
IIee COBIAJICHUE TEOPHU U FKCIIEPUMEHTa Ha BcexX oOpasiax. Ha HmxHUX rpadukax puc. 3 ajs uc-
CJIEIOBaHHBIX MAaKETOB IMPHUBEACHbI YAaCTOTHBIE 3aBUCUMOCTH KOA((UIMEHTOB HWHIYKTHBHOU
(ITpUxOoBas IMHUS), EMKOCTHOM (TOYKH) U MOJIHOM (crutormHast muHus1) cBsizu MIIP. UccnenoBanus
MoKa3ajiH, 4To, AEMCTBUTENIbHO, 3aJaHHAas IIUPUHA IMOJIOCHl MPOMYCKAHUS pealu3yeTcsl MpH Tpex
CYILIECTBEHHO Pa3/IMYaIOIIMXCs 3a30paxX MEKIY MOJOCKOBBIMH IPOBOJIHUKAMH PE30HATOPOB UCCIIE-
JyeMOM IBYX3BEHHONW KOHCTPYKIHUH. IIpu 3TOM MHUHMMAILHOMY 3a30py S, B I0JOCE IPOIMYCKaHUS
(buUIBTpPa COOTBETCTBYET MPEUMYIIECTBEHHO €MKOCTHOE B3aumoieiictBue MIIP npu nHIyKTUBHOM
TOT'O K€ MOpsi/iKa, CPEIHEMY 3a30py — NPEUMYLIECTBEHHO MHAYKTUBHOE B3aUMOJIEHCTBUE NPU €M-

KOCTHOM TOT'O € MOpSAJKa, a MAKCUMAJIbHOMY 3a30py — TaKKe MPEHMYIIECTBEHHO WHIYKTHBHOE
B3aUMO/ICCTBUE TIPU UCUE3AIOIE MAJIOM EMKOCTHOM.



L, nb S.=0.48 L, nb S,=129 L, nb S.=7.0
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CrneqyeT OTMETUTB, Y4TO B ClIydae MMHHMAIBHOIO 3a30pa O, MEXLy IpoBoaHuKamu MIIP
CEKIIMM Ha U3MEPEHHOU U paccunTtaHHOM AUX HabmromaeTcs Mo JBa Mojitoca 3aTyXaHus — CJIeBa U
CrpaBa OT IOJIOCH! MPOITYCKaHMs, OJJHAKO MPAaBbIi MOJIOC B SKCIIEPUMEHTE CHUIIBHO CIABHUHYT B 00-
JACTh BBICOKUX 4acToOT. [Ipu cpenHem 3a30pe Ha pacCUMTAHHOM aMIUIMTYAHO-4aCTOTHOW XapakTe-
PUCTHUKC IMOJIIOCA 3aTyXaHUs OTCYTCTBYIOT, 4 B OKCIICPUMCHTC CIIpaBa OT IOJIOCHI IMPOITYCKaHUs Ha-

OmopaeTcs aBa momoca. [Ipy MakcMManbHOM 3a30pe S, MOII0Ca 3aTyXaHUs OTCYTCTBYIOT Kak Ha
paccuMTaHHOM, Tak U Ha u3MepeHHo AUX. 3aMeTuM, 4TO MOJOCA 3aTyXaHHUs SABIISIOTCS TOUYKAMHU
KOMIIEHCALIMM WHIYKTUBHOIO U EMKOCTHOT'O B3aMMOJICHCTBHS PE30HATOPOB. [loaTOMY B Citydae u3-

TOTOBJIEHHUS CEKIIUM C 3a30pOM S,, IPU KOTOPOM KO3(PMHUIMEHT MOIHON CBA3M PE3OHATOPOB 0Opa-
I1aeTCs B HYJIb (CM. pUC. 2), MOJIIOC 3aTyXaHUs PaCIojaraeTcst TOYHO B LIEHTPE MOJIOCH! MPOIyCKa-
HUs, TEM CaMbIM, YHHUYTOKAET €e.

Takum o6pa3oM, B HacTosIlel paboTe ucciaeroBaHbl KO3((UIMEHTHl CBI3U U aMILIUTYIHO-
YaCTOTHBIE XAPAKTEPUCTUKU COHAIIPABICHHBIX YETBEPTHBOJHOBBIX IIMUJIBKOBBIX PE30HATOPOB B
JIBYX3BEHHBIX MUKPOIIOJIOCKOBBIX ceKIMAX. [lokazaHO, 4TO B TakMX (UIBTPax Ha 4acTOTE MEpPBOU
MOJIbI KOJIeOaHUI BETMYMHA TIOJTHOTO KOA((UIMEHTa CBS3H, a, CJIEA0BATEIbHO, M BETMYMHA OTHO-
CUTEJIbHOM MOJIOCH! IPOITYCKaHUsI, ONPEAEseTCss Pa3HOCThIO KO (UIIMEHTOB eMKOCTHON M UHIYK-
TUBHOM CBSI3H, T.K. OHU JICUCTBYIOT B IpoTHBO(a3e. TeopeTHuecKn 1 SKCIIEPUMEHTAIBHO J0Ka3aHo,
YTO B MHCCIIEJOBAHHBIX KOHCTPYKLHUSX HaOJIOJaeTcs Takoe K€ aHOMalbHOE IOBEJICHHE
ko3 dunmeHTa CBA3M OT BETMYMHBI 3a30pa Mexay npoBoaHukamu MIIP, kak u B ¢uibTpax Ha
HEPETYJIIPHBIX PE30HAaTOpax Tuna raHrenu [5-7]. bmaromaps sToMy 3aJaHHas IIMPUHA IOJIOCHI
IPONYCKaHUsI YCTPOMCTBA MOKET OBbITh peajn3oBaHa IMPU TPEX CYIIECTBEHHO DPA3IUYAIOLINXCS
3a30pax MEXKIy IIOJOCKOBBIMM IIPOBOJHUKAMH PE30HATOPOB IPU HEU3MEHHBIX OCTAJIbHBIX



JIOCKOBBIMHU IIPOBOJHUKAMHU PE30HATOPOB IPH HEM3MEHHBIX OCTAJIBHBIX KOHCTPYKTHBHBIX Iapa-
METpax MHUKPOIIOJIOCKOBOM CTPYKTYpBI. YCTaHOBJICHO, YTO MHUHHUMAJIBHBIA 3a30p Mexay MIIP
obecreunBaeT CyIecTBEHHO 00Jiee BBICOKYIO KPYTH3HY HU3KOUAacTOTHOTO ckiioHa AUX, a cpenHumii
3a30p — BBICOKOYACTOTHOI'O CKJIOHA. 1Ipy MakcuMalbHOM 3a30pe MEXIy PEe30HATOpaMU KPYTH3HA
000MX CKJIOHOB NPHOIM3UTENBHO OJUHAKOBasg. JTOT (PaKT OYEHb BaXKEH JUIsl KOHCTPYHPOBAHUS
GUIBTPOB € 3a7aHHOM (POPMOI aMIUTUTY THO-4ACTOTHON XapaKTEPUCTUKU.
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