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OrnucaH IeTeKTOp UMITYJIbCHOTO HEMTPOHHOTO U3 TyYeHUsT aKTUBALIMOHHOI'O TUIIA C HEIIPEPBIBHOM 3amu-
ChIO 3apEruCTPUPOBAHHBIX UMITYJILCOB BTOPUYHBIX 3JIEKTPOHOB B peXMMe pealbHOro BpeMeHu. B kaue-
CTBE aKTMBALIMOHHOTO MaTepuaa UCIIOJIb3yeTcs cepedpsiHast posibra TonmmHoii 0.3 mM. JIist peructpa-
LIMY BTOPUYHBIX 3JIEKTPOHOB B3SIT ra30pa3psiiHbIi cueTyuk Ieiirepa—Mroiepa mpOMBIILIEHHOM MapKu
CBM-19, yyBCTBUTEIbHBIN K KECTKOMY OeTa- 1 raMMa-u3aydeHussM. MTHTepBasl 3arucu HaKOIJIEHHOTO
ylcia 3aperucTPUpPOBaHHBIX UMITYJIbCOB BTOPUUYHBIX 3JIeKTpOHOB cocTaniseT 10 c. O0beM HUKINYe-
cKoro 0y(depa naMsTH, UCIIOIb3yeMOTO JIJIsI 3aIIMCH 3apEeTrMCTPUPOBAHHBIX UMITYJIbCOB BTOPUYHBIX 3JICK -
TPOHOB, cocTapisieT 16 M6, 4To obecrieynBaeT HEMPEPHIBHYIO 3aIlUCh B TeueHue 2.5 jeT. B kauecTse
MCTOYHMKA MUTAHUS NETEKTOpPa UMITYJIbCHOIO HEUTPOHHOIO M3JIYyYeHHUs UCIIOJIb3YeTCsl COBPEMEHHBII
rainbBaHnuyeckuit anemeHT LiSOCL, HanpsixenuneM 3.6 B ¢ emxocthio 2.1 A - 4. PacueTHOE BpeMsi 9KCILTY-
aTaly 06e3 3aMeHbI AJIeMEHTa MUTaHUsST COCTaBJISIET 5 JIeT.

DOI: 10.31857/50032816225010012, EDN: GFWAWR

1. BBEAEHUE

[Ipocreiimmii MeTod perucTpalui UMIYILCHOTO
HEUTPOHHOTO M3JIy4eHUs] — OLIEHKA ero moToka 1o
HaBeJeHHOM paauMoakTUBHOCTU B (osabrax u3 Rh,
Ag, In, Au [1, 2]. B HacToseit paboTe mpeacTaBieH
NEeTeKTOp, MPUHLMUI IefiCTBUSI KOTOPOro OCHOBaH
Ha 3aMeJyIEHUY OBICTPHIX HEUTPOHOB B 3aMeUIUTEINE
13 napaduHa U aKTUBALIMU UMM (DOIBIU U3 cepe-
opa. Ilpu akTuBauuu cepedbpa HeHTpOHAMM, KaK
M3BECTHO, 00pa3yloTcsl ABa U3oTora: cepedpo-110
("""Ag) ¢ nepuonom nonypacnana 24.2 ¢ u cepe-
6po-108 ('*®*Ag) ¢ nepuonom nomypacrnazna 2.42 MuH.
OCHOBHOIM BKJIaJl BO BTOPUYHYIO SMUCCHUIO 3JIeK-
TPOHOB BHOCHT pacmajn cepedpa-110, mMOCKOIBKY
ceueHMe B3aMMONCHCTBUS MCXOOHOTO 3aMeIJieH-
HOTO HEWTPOHHOTO U3aydyeHus mas cepedpa-110
CYILLIECTBEHHO BbIlIe, YyeM s cepedbpa-108. Kpome
TOTO0, MepUuo rnojypacmnana s cepedpa-110 cyiie-
CTBEHHO MEHbIIIe, YeM 17151 cepedpa-108, uyTo 1mo3Bo-

JISIET MPOBOAUTH IKCIIEPUMEHTHI ¢ UMIYJIbCHBIMU
MCTOYHUKAMU HEMTPOHOB 3HAUMTENIHLHO Yallie.

[IpencraBieH neTeKTOp UMMIYILCHOIO HEMTPOH-
HOT'0 M3JIy4eHUs, KOTOPBIii OCHOBAaH Ha aKTHUBa-
LIMOHHOW METONMKE C 3aTIHYTOW pErucTpaueii:
CHayvaJia OBICTpBIE HEHTPOHBI 3aMENJIIOTCS B OJIOKE
u3 nmapaduHa, najgee yxxe 3aMeaIeHHbIe HEHTPOHBI
B3aMMOJEHCTBYIOT ¢ (DOJIBIOI U3 cepedpa TOJIIN-
Hoit 0.3 Mm. Perucrpaiimsg BTOpUYHBIX 2JIEKTPOHOB
OCYIIECTBISCTCS C TIOMOIIBIO cueTunka leiirepa—
Mionanepa CbM-19.

2. CTPYKTYPA JETEKTOPA

KoHCTpYyKTUBHO OJIOK 3aMeAJuTeNs] HEUTpO-
HOB BBIIIOJIHEH U3 JIBYX KOaKCHaJbHBIX TPYyO M3
MOJIMATUIIEHA, KOTOPbIe COCAMHEHBI MEXIY cOo0O0i
C TIOMOIIbIO ABYX (paHIleB M3 MOJUKapOoHaTa.
Hapy:xnblit nuaMeTp BHeEILIHe TpyObl COCTaBIsIET
160 MM, a BHYTPEHHMI TUAMETP MEHbIIEH TPYObI
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cocTapiseT 35 MM. JUIMHA UUMAMHAPUYECKOTO KOp-
nyca 3amemnutensi coctabiaseT 180 mm. O0beM
MeXIy BHYTpeHHEe# 1 BHEIIHe# TpyOdaMu 3amoTHeH
napapuaoM. Poibra n3 cepedpa ToammHoi 0.3 MM
HaMoTaHa 6e3 3a30poB Ha cueTuuk leitrepa—Miosn-
snepa CbM-19. K snekTponam cuetumnka Ieiirepa—
Mionnepa CbM-19 npumnasiH KoakcuaabHbII KaOelb
PK50-4 nnunoii 0.5 M ¢ KoaKCUanbHBIM pa3beMOM
CP-50 na xonue. Ha cuetunk leiirepa—Mionnepa
CBbM-19 ¢ HamoTaHHOI1 cepeOpssHOIT (poabroit u
MpUIAasTHHBIM KalOelleM HaleBaeTCsI TePMOYCaKM -
BaeMasl TpyOka misl pukcauuu Gpojbru u Kkaodems,
KOTOpasi AOTIOJHUTEIbHO 3allMIaeT o0CIyK1Ba-
IOIIMHA TIEPCOHAJ OT CIIYYaiHOIO KOHTAKTa C 3JI€K-
Tpomamu cuetunka leiirepa—Miomiepa CbM-19,
Ha KOTOPBIX BO BpeMs paOOTHI ITOSIBIISETCS OITACHOE
HamnpsikeHHe. [1oaroToBneHHBIN TaKUM 00pa3oM
cuetuuk leiirepa—Miomiepa CbM-19 nomMeiaercs
BHYTpb OJ10Ka 3amemnutens. Ha puc. 1 mpencras-
JIeHa MpUHIMNaIbHasl 3JIEKTprUUYecKas cxema dJIeK-
TPOHHOI YaCTU A€TEKTOpA HEUTPOHOB.

Hnst ynopaBieHHUsS OETEKTOPOM HEUTPOHHOIO
WM3JIYYEeHUST MCIOJIb3YyeTCs] COBPEMEHHBIN MUKPO-
koHTposuiep EFM32G222 o0o3HaueHHbII Ha puc. 1
KaK DD,. OCHOBHOI1 0COGEHHOCTBIO 3TOIO0 MUKPO-
KOHTpOJIJIepa SIBJIIETCSI TO, YTO OH CIIOCOOEH pado-
TaTh B CIISIIIEM peXuMe, MPOCHIIAsICh TOJLKO IO
MpephIBAHUSIM OT CUTHAJOB C BHEIIHUX WJIM BHY-
TPEHHUX YCTPOICTB, MOTPEOJIsIsa IpU 3TOM TOK He
oosiee 1 MKA.

DYHKIMOHAIBHO IETEKTOP HEHTPOHHOTO M3JTy-
YEHUST COCTOUT U3 CIEIYIOIIUX Y3JI0B;

1. UctouHuk nutaHus cyetuunka leitrepa—Mioo-
nepa CbM-19 ¢ BeixonHbIM HanpspkeHueM 350 B.

2. JleTeKTOp MMITYJIbCOB MOCTYHAIOIINX CO CUET-
yuka I'eiirepa—Miosiepa CbM-19.

3. Yacsl peaIbHOTO BpeMEHU € 3alaHHBIM MHTEP-
BaJlOM BPEMEHU cueTa MMIYJIbCOB U XpaHEHUEM
TEKYIIETO BpeMEHM.

4. DHeproHe3aBHcHMag MaMdTh, KoTopas
HCIIOJIb3YETCS ISl HEIIPEPhIBHOTO XpaHEHUSI YKCIa
HaKOIUIEHHBIX UMITYJIbCOB CO cueTunka Ieiirepa—
Miomiepa CbM-19.

5. McTouHMK aBTOHOMHOTO IMUTaHUSI C HaMpsiKe-
HueMm 3.6 B.

6. ¥Y3en ¢BS3M ¢ MEPCOHANIbHBIM KOMIILIOTEPOM
¥ BHEITHUM MOHUTOPOM KOHTPOJISI TEKYIIEro 3Ha-
YeHUsI HaKOIIJICHHBIX UMITYJILCOB co cueTunka leii-
repa—Mioanepa CbM-19.

3. IPUHIIUII PABOTHI U 3ATIMCHU
N3MEPEHUN

HMcTouHuk nutaHus cyetuunka I'eiirepa—Miosn-
jgepa CbM-19 c BeixogHbIM HampsixkeHuem 350 B
COCTOUT, B CBOIO OYepeb, U3 YIPaBISIEMOro ITOBbI-
matoriero DC—DC-nipeobpa3oBaTesist, TeHepaTopa
HaKayKy 1 18-KpaTHOrOo YMHOXUTEIISI HAIIPSIKEHUS
C HAKOMUTENbHON eMKOCThI0. [1oBblIatomuii mpe-
o6pazoBateiab DC—DC cOCTOUT U3 YIPABIISIOIIETO

e
ERNOS

!ElJ-'-a EG'E\L

Puc. 2. [TpuHuunuanbHas 2JeKTpUUecKast cxema JIeTeKTopa HEUTPOHHOTO U3JTydeHMUsI.
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6 KO3JIOB u np.

TpaHsucropa 71,, UHIYKTUBHOCTU L, nuona Dy u
HaKOMUTeNbHON eMKocTu C),. YIipaBiieHUe MOBbI-
mampmuM npeodpasoBareaem DC—DC ocyuiecT-
BJISIETCSI HETIOCPEICTBEHHO MUKPOKOHTPOJLIEPOM.
YpoBeHb HaNPsSIKEHUS ¢ HAKOIIUTEIbHOM €MKOCTH
MpOBEPSIETCS AETEKTOPOM, COCTOSIIUM U3 3alUT-
Horo nuoaa D,, ¢ukcupyolero nuona Dg u pe3u-
cTopa R;;.

Cursajn ¢ AeTekTopa MOCTyHaeT Ha BXOI KOM-
maparopa MUKpokoHTposuiepa. Kaxnbie 60 MKC
MUKPOKOHTPOJUIEP IIPOBEPSIET YPOBEHb CUTHAIA OT
NeTeKTopa, €CJIM OH MEHbIIIe HEKOTOPOTO 3apaHee
3aJIaHHOTO 3HAYEHUS, MUKPOKOHTpoJiep Ha 10 MKC
BKJIIOYAEeT TpaH3UCTOp 7,, TOK B MHAYKTUBHOCTHU
HauyMHaeT pacTU U Mo ucredyeHuu 10 MKC mocTuraer
BeMUMHBI 1.2 A. 3aTeM TpaH3UCTOP BBIKITIOYACTCS,
¥ HaKOIUICHHAs] SHEPIrusl B MHAYKTUBHOCTHU IIOCTY-
raet yepes anon D Ha HAaKOIUTENBbHYI0 eMKOCTb C)5,
HaIpskeHue Ha KOTOpoil HauumHaeT pactu. Ecian
K€ HalpsbKeHMe JeTeKTopa 0oJibllle 3TOTO 3apaHee
3aJaHHOI0 3HAYEHUSI, MUKPOKOHTPOJLJIEP HE BKIIIO-
yaeT TpaH3uctop 7,. Takum oOpa3oM, MPOUCXOOUT
CTa0MIM3alMS HAIIPSKeHUST HAKOITUTEIbHOM eMKO-
CTU. YpOBEHb HaMPSKEHUST HAKOTIUTETbHOM €MKO-
ctu coctapiseT 20 B. HanpskeHre HaKOMUTETbHOM
eMKkocTu npeodpaszosatenss DC—DC noctymnaet Ha
reHepaTop HaKauKu.

I'enepaTop Hakauku mpeodpaszyeT NOCTOSTHHOE
HaIpsKeHNE HAKOIIUTEIbHOI eMKOCTU B UMITYJIBC-
HO-TIEPUOANYECKUI CUTHAJI TIepeMEeHHOM MoJsip-
HocTu ¢ ammuutynoil 20 B. I'eHepatop Hakayku
COCTOUT U3 TPAH3UCTOPHOI cObopku DD,, TpaH-
sucropos 15—7T;, nuona D,, konaeHcatopa Cj; u
pe3ucTopoB R),, R;;. IIpuHumn paboTsl reHeparopa
HaKayKy CJICOYIOIINI: MUKPOKOHTPOJIIEP KaxKIbie
60 MKC TI0 o4Yepeny BKITIOUaeT/BBIKJIIOYaeT TPAH3M -
ctopsl T3, T, c HEOOIBLLION 3a1€PKKON MEXIY BKITIO-
yeHUeM/BbIKJIoueHeM. [Ipu BKIIIOUeHUU TpaH3U-
cropa T, OIHOBPEMEHHO Yepe3 CONPOTUBIEHUS R,
R,; BximtouaeTcd TpaH3ucTopHas coopka DD,. Tpan-
3ucTop 75 NMpU 5TOM HAXOAUTCS B BBIKJIIOUEHHOM
cocTosiHuu. HanpsikeHre HaKOUTEIbHON eMKOCTH
C,, uepe3 TpaH3UCTOpHYI0 cOOpKy DD, nocrtynaer
Ha BBIXOJl FeHepaTopa HaKaukKM U Ha 3apsiji KOHJIEH-
caropa Cy;. luon Dy v BKIIIOYEHHBIH TpaHauctop 7,
00eCIIeunBaIOT IMPOXOXKICHUS TOKA 3apsiaa KOHICH-
caropa Cj; B aToM nukiie. [1pu BkitoueHUM TpaH3u-
cropa T} 1 BBIKJIIOYEHUU TpaH3ucTopa 7, OqHOBpe-
MEHHO BBIKJIIOYAETCS TPaH3UCTOpHasd coopka DD,.
Hanpsxkenue ob6paTHO# MOJSIPHOCTU KOHAEHCA-
Topa C,; uepe3 TpaH3ucTop 75 MOCTyNaeT Ha BBIXOL,
reHepaTopa HaKayKu.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

TakuMm oOpa3zoM, 3a JABa TaKTa Ha BBIXOJE
reHepaTtopa Hakauykud (hOPMHUPYIOTCS UMITYJIbChI
HaNpsKEHUS Pa3HOM MOJSIPHOCTU C aMILUIMTYIOMU
20 B. IlomydyeHHBIN UMNOYILCHO-TIEPUOTNICCKU
CHUTHAJI TIepeMEHHOM ITOJISIPHOCTH TIOCTYIIaeT Yepes
koHaeHcatop C;, Ha 18-kKpaTHbIN cTaHIAPTHBIN
YMHOXUTEJb HaMNpsKeHUsI. YMHOXEHHOE TaKUM
00pa3oM HampsLKeHUe MOCTYITaeT Ha 3apsii eMKOCT-
Horo Hakonurens Cs;,.

Tok 3apsima eMKOCTHOTO HAKOMUTENISI U3MEPSI-
€TCsl C MMOMOUIBIO pe3nucTopa R, 3alllyHTUPOBaH-
HOroO 3alUUTHBIMU auonaMu D,g, D,,. Hanpsxenue
C M3MEPUTEJIBHOro pe3ucropa R, MOCTynaeT Ha
BXOJl BCTPOEHHOTO B MUKpoKoHTposutep ALIIT, u B
KaXXIIOM TaKTe pabOThl TeHepaTopa HaKauKu CpaB-
HUBAaeTCs ¢ 3aJaHHBIM moporoM. [Ipu cHuXeHun
HAaIIpsKEHMST HIKE 3aJaHHOTO IIOpOora IIpeariojiara-
€TCs1, UYTO HaIpsKeHUe Ha HAKOMUTEJIbHOM eMKOCTH
JMIOCTUINIO cBoero 3agaHHoro 3HaueHus 350 B. I'ene-
paTop HaKayKu IPU 3TOM IpeKpallaeT CBOIo padoTy,
1 MUKPOKOHTPOJUIEP MEPEXOAUT B CIISILIUN PEXUM.
IIpu 3TOM BBIKJIIOUAETCS TaKKe Mpeodpa3oBaTelb
DC—DC. B stoMm pexume padOTBI MUKPOKOHTPOJI-
JIep TOJIbKO CUMTAeT MMIYJIbCHI, MMOCTYMAIOIINE OT
JIeTeKTOpa MMITYJIbCOB CO cueTunkKa leiirepa—MioJ-
Jepa CbM-19, oxunaetT KoMaHIbl OT IepPCOHAb-
HOT'0 KOMIIbIOTepa U CUTHAJIa OT MUKPOCXEMBI YaCOB
peaJbHOrO BpeMeH! 00 OKOHYAaHUM IIepuoaa cyeTa
VMITYJIBCOB.

JleTekTOp MMITYJIbCOB cO cueTumka leitrepa—
Mionnepa CbM-19 cocTouT U3 pa3BSI3bIBAIOIIETO
KoHAeHcaTopa C,,, 3alIMTHBIX AMONOB Dy, Ds,
MOATATUBAIOIIETO pe3ucrtopa R,y M 3alIUTHOTO
pesucropa R;g. UMITyIbCbl HANIPSAXEHUSA CO CYET-
yuka Ieiirepa—Miosuiepa CbM-19 npencrapiasitor
c000i1 oTpuLIaTeTIbHbIE TI0O OTHOLIEHUIO K HAIPsSIKe -
HUIO MUTAHUSI UMITYJIbCHI JIUTEIbHOCTHIO 300 MKC 1
amruutynoit 30—100 B.

Konnencarop C;, yOMpaeT NOCTOSIHHYIO COCTaB-
JISOLIYI0 MUTaHUS cdyeTtyuka Ieiirepa—Mion-
nepa CbM-19 u nepenaet caM UMITYJIbC HAa AUOMI-
HBII orpaHuyuTenb Ha auonax Dsyy, Dy, JInogHbIi
OTpaHUYUTENb YMEHbIIAET pa3Max MMITYJIbCHOIO
HAIpSDKEHUS 10 HAIPSDKeHUS TUTaHUS JeTeKTopa
HEUTpOHHOro uziaydyeHus. OrpaHM4YeHHOE TaKUM
00pa3oM UMITYJIbCHOE HAIIPSDKeHME Yepe3 3allluT-
HBII pe3UCTOp R ¢ MOCTyNAeT Ha BXOJ BCTPOEHHOIO
B MUKPOKOHTpOJIJIep KoMmapaTopa. MUKpPOKOH-
TpOJUIep TIPOCHIMAETCs Toce cpabaTbIBAHUS KOM-
rapaTopa 1 yBeJIMYMBAET Ha €IMHUILY HAKOTIJIEHHOE
3HAYE€HME KOJMYECTBA IPUILEIIINX MMITYJIbCOB,
3allOMMHAeT HOBOE 3HAUCHUE B CBOECHM MaMATU U

Ne | 2025
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3achiiaeT cHoBa. [lojryuuB curHam o0 OKOHYaHUU
nepuoaa cuyeTa UMIYJIbCOB ¢ MUKPOCXEMbI YacOB
peanbHOro BpeMeHu DD,, MUKPOKOHTPOJUIED TaKXe
MIPOCHITAETCS.

Hanee oH 3alKMCBHIBAeT B 3HECPTrOHE3aBUCUMYIO
namarb DD, HAKOIUIEHHOE B T€YEHUE 3aJaHHOTO
BpEeMEHHM 3HaUeHMe MPUIIESAIINX CO cueTunka [eii-
repa—Miosuiepa CbM-19 umIyibCcoB, repeaaeT 3To
3HAaYeHUE ITOCPEACTBOM BOJOKOHHO-ONTUYECKOIO
rnepenaTyrka Ha ceeronuone D, ¢ MOMOLIBIO TPOTO-
koja USART BO BHEUIHUIA MOHUTOpP, 3aTEM OOHY-
JIsieT 3HaUYeHMe HaKOILJICHHBIX MMITYJIBCOB B CBOEII
MaMsITH ¥ CHOBA 3acCHITIacT.

BonokoHHO-onTnueckuit ceeronuon D, anantu-
pOBaH 1o MPUMEHEHHE IJIaCTUKOBOIO CBETOBOIA
nuaMeTpoM 2 MM. Mcrmonb3oBaHMe TIACTUKOBOTO
CBETOBOMA IS Iepenadynd MHGOpMaluy O 3HAaYeHUHN
HAKOIUICHHBIX UMITYJBbCOB BO BHEIIHUN MOHHUTOP
o0JieryaeT 3a1adqy MOHTAXa U rajibBAHMYECKOM pa3-
BSI3KU MEXIY 1€TEKTOPOM HEUTPOHHOIO U3TYyYEHUS
1 MOHUTOPOM, PaCIoOJIOKEHHBIM B ITyJIbTOBOM. [11a-
CTUKOBBIE CBETOBOIBI JIETKO 00PE3al0TCs I10 IJIMHE
0e3 IpUMeHEeHUs CIIELMaJbHOro 000pYyIOBaHUS U
He TpeOYIOT CIIeINaIbHBIX Pa3beMOB, B OTJINYUE OT
KBaplIeBbIX CBETOBOIOB. BOJIOKOHHO-ONTHYECKHUE
MJIaCTUKOBBIE CBETOAMOIBI COMEpPXkKAaT LIaHTOBBIKI
3aXuM IIoa KperuieHue. Kpome Toro, B CIISIIEM
peXnMe MUKPOKOHTPOJJIECP MOXET HNPUHUMATh
KOMaHIBbl YIPaBJICHUSI OT IIePCOHAIbHOTO KOM-
MbploTepa ¢ MIOMOIIBIO BHEITHETO MTpeoOpa3zoBartess
USB B COM, KoTopblii MoaKIO4YaeTcsl K AeTeK-
TOPY HEUTPOHHOTO U3TyYEeHHUS Uyepe3 ayauopa3beM
XS2. Ilo koMaHIe OT yIpaBJsIoONIero KOMIbOTepa
MOXET OBITh IIPOBEICHA CMHXPOHM3AIINS TEKYIIETO
BpeMEHM KOMIIbIOTepa M 4acCOB peajbHOTO Bpe-
MEHU IeTeKTOpa HEUTPOHHOIro M3IydeHUs. Takxke
MOXET OBITh CUYMTaHA MH@OpMaALUs O 3HAYCHUSIX
HaKOILJIEHHBIX UMITYJIbCOB OT SHEPrOHEe3aBUCUMOI
MaMsITU 3a BCE BpeMsl HaOIIONCHMUSI.

[lepron HakoIUIEHUSI UMITYJIBCOB CO CUCTUYMKA
I'eiirepa—Mioiepa CbM-19 cocrasnster 10 ¢. Oto
3HAauYeHME YCTaHABJIMBAETCS IIPU IIPOTPAaMMUPO-
BaHMU MUKPOCXEMBI 4aCOB PEaJIbHOIO BPEMEHM.
EMKOCTh 3HEproHe3aBMCUMOI MaMsITU COCTaBJISIET
16 M6, 1 TOro KOJIM4eCTBa 1OCTATOYHO JIJIs HETIpe-
PBIBHOI1 3aIIMCH HAaKOIUICHHBIX 3a 10 ¢ MMITY/IbCOB
oT cuetruuka Ieiirepa—Mionnepa CbM-19 B Teue-
Hue OoJiee yeM 2.5 rona.

[Tpu 3ammoHEeHUN BCell MaMSITU MPOLIeCC 3acu
MPOIOJIKAETCs MO LUMKIY ¢ YHUUYTOXEHUEM caMoit
paHHell MHoOpMallMU O HAKOIUIEHHBIX 3Haye-
HUSIX UMITYJIbCOB OT cueTuuka Ieiirepa—Mioiiepa

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

CBbM-19. B cTpykTypy 6JI0Ka JAaHHBIX O HAKOILJIEH-
HBIX 3HAYEHUSIX UMIYJIbCOB BXOAUT Takke MHPOP-
Mallysl O TOYHOM BPEMEHHU 3aIllMCU 3TOro 0JoKa
JaHHBIX. PAKTUUECKU CYSTIMK HEMTPOHHOIO U3JTY-
YeHUSI XpPaHUT MOJHYI0 MH(POpMALIMIO 0 HEHTPOH-
HOM UM3JIyYEeHUU C TOUHOM IIPUBSI3KOIl TI0 BpEMEHU
(aHaJOT YepHOro sIIMKa). B KauecTBe MCTOYHMKA
MUTaHUSI JTEeTeKTopa HEHUTPOHHOIO M3JIyYeHUs
UCIIOJIb3YETCS COBPEMEHHBIN raJIbBAHUYECKUIA BJ1e-
MeHT LiSOCLHanpsixenuem 3.6 B ¢ eMkocTbio B
2.1 A-4 1 oueHb HU3KUM ypPOBHEM caMopaspsijia,
nopsiaka 1% B rog,.

711 TOBBIIIEHUS HAAEKHOCTH MUKPOKOHTPOJI-
Jiep MepUoauYEeCKr pa3 B YEThIpe CEKYH/bI C TTOMO-
mbio BcTpoeHHoro Watchdog-Taiimepa mepe3sa-
MYyCKaeT CBOIO YINPABILIOUIYIO MporpamMmy. Takoit
peXuUM MpH JI000M cOOe IIporpaMMbl OT HAaBOIOK
BO3BpalllaeT MUKPOKOHTPOJUIEP K IMPaBUIbHOMU
pabote. i3MepeHHBII TOK TOTpeOIeHNSI TPU paboTe
C MOIKJIIOYEeHHBIM cueTuukoM leiirepa—Mionepa
CBbM-19 B pexxume (pOHOBOro U3JIyYeHUsI He Tpe-
BeimaeT 40 MKA. Ilpu TakoM TOKe mOTpeOJIeHUS
pacuyeTHOE 3HAaYeHUE HENPEPHIBHOIO BpeMeHHU 0e3
3aMeHbl TaIbBAHWYECKOTO 2JIEMEHTa COCTaBJISET
Oosee 5 eT.

KOHCTpYKTUBHO 2JIEKTPOHHAs YacTh IeTeKTopa
HEHUTPOHHOTO M3JIYYeHMS pacliojlaraeTcs Ha meJarT-
HOM II1aTe, KOTOpas HAaXOOUTCSI BHYTPU CTAJIbHOM
TpyObl C BHEIIHUM auaMeTpoM 40 MM U IIMHOMI
170 mMm. Ha xoH1ax TpyObl Hape3aHa BHEIIHSS
pe3bba, Ha KOTOpYylo HaKpydeHbl ABa ¢jaaHua. Ha
onuH yaHel yctaHoBieH pazbeM CP-50 nist mon-
KJoueHus cuetunka Ieiirepa—Miomnepa CBM-19,
a BTOPOIi (pyiaHell UMEET MO LIEHTPY OTBEPCTUE IS
IUIACTUKOBOTO CBETOBOMA, IO KOTOpOMY MH(pOpMa-
s mepefaeTcs Ha BHEITHUI MOHUTOp. BHeIHMIt
BUJI IETEKTOpa HEHTPOHOB TTOKa3aH Ha puc. 2.

4. PE3VJIBTATbBI ®KCITEPUMEHTAJIbHON
[TPOBEPKMH ITPMBOPA

Pabora mpubopa Oblj1a anpobMpoBaHa Ha ycTa-
HOBKE HMMITYJbCHOTO ILJIA3MEHHOTO YCKOPUTEIS
(AI1Y), paspaboranHoro B llatypckoM duimnane
OUNBT PAH. OnucaHue ycKOpuUTeIs TIpeICcTaBIeHO
B pabote [3].

OCHOBHBIMU dJIeMeHTaMu KoakcuajabHoro UITY
SIBJISIIOTCSI IBA KOAKCHAJIbHBIX 3JIEKTPO/IA; LIEHTPaJIb-
HBIN — KaTon, BHEITHUI — aHOMI. 3a 3JeKTpomaMu
UIeT auarHoctuyeckasi cekuusi. B cocrap UITY
TakKe BXOAMT CUCTEeMa COJICHOUIOB IJIsl CO3AaHUs
BHEIIHEIro KBa3ruCcTallMOHAPHOTIO MAarHUTHOTO MOJIS.

2025



8 KO3JIOB u np.

Puc. 2. BHemHuii BuI neTekTopa HEMTpOHOB: I — GJIOK
3aMmemuTens HeiitpoHoB ¢ CBM-19, 2 — meTeKTop UM-
MyJIbCHOTO HEMTPOHHOTO M3TYYCHUS.

B npoMexyTke MexXay 271eKTpoIaMu Yepe3 CUCTEMY
OTBEPCTUIA B LICHTPAJIbHOM 3JIEKTPO/IE ITPH ITOMOLIN
OBICTPOACICTBYIONIETO 3JEKTPOAMHAMUIECKOTO
KJ1allaHa HaITyCKaeTCs TO3UPOBAaHHOE KOJMYECTBO
pabouero rasa.

I1pu momaye Ha IIEKTPOIBI BEICOKOTO HAIIpsKe-
HUS TIPOMCXOAUT MPOOOIi U MOHU3alMUs pabouero
rasa, 3aMbIKaloIllasi KOHTYP Harpy3kKu YCKOpUTEJIs.
Hanee mpoxomdat (popMuUpoBaHUE M Pa3TOH TLIa3-
MEHHOTO CTyCTKa IIOJ OeiiCTBMEM CHUJIBI AMIIepa,

BO3HUKAIOIIEH BCAEACTBUE B3aUMOIEHCTBUS paau-
aJIbHOI COCTaBJISIOLIEH 3JeKTPUUYECKOTO TOKa B
mnazme mexay anekrponamMu UITY u cobcTBEeHHBIM
MAarHUTHBIM II0JIEM B KOHTYPE C TOKOM.

B KoHIIe yCKOPUTEIBHOIO TPaKTa B JUArHOCTU-
YeCcKOl CeKLMU YyCTaHaBJIMBAETCS TBEPAOTEIbHAs
muiieHb. OHa CIYXWUT U1 TOPMOXKEHUS TIa3MEeH-
HOTI'O MOTOKa ¢ LeJblo Mpeodpa3oBaHUsl KUHETUYE-
CKOM 3HEPIruu INIa3MEHHOM CTPYU B SHEPTUIO U3JTY-
yeHus. Ilo Bo3HUKamIIeil BCIBIIIKE M3IYy4YeHUS
MIpU TOPMOXEHUM IIOTOKA B ClIydae HOCTUKCHUS
YCJIOBUIA TEPMOSIIEPHOI peakllMy BO3HUKAET MOTOK
HEUTPOHOB, UYTO M PETUCTPUPYETCS ONMUCAHHBIM
JIETEeKTOPOM HEHTPOHHOIro u3aydyeHus. Pe3yabraThl
paboThI AeTeKTOpa B BUIE BpeMEHHOI nuarpaMMbl
VIMIIYJIbCOB BTOPUYHBIX 3JIEKTPOHOB IIPU IIPOBEIEL-
HUU dKcnepuMmeHToB Ha UITY B TeyeHue omHOTO
pabouero nHs MpeacTaBACHbI HA pUc. 3.

5. BAKJIIOYEHUE

IIpuMeHeHNe ONMCAaHHOTO IeTeKTOpa HEUTPOH-
HOTO U3JIYYeHMSI SIBJISCTCS aKTyaJlbHBIM B 3ajavax
BOJIOPONHOM U TEPMOSIIEPHOM 3HEPTETUKM, KOIa
10 HEUTPOHHOMY BBIXOAY CYISIT 00 3 (PEeKTUBHOCTH
pa3IWYHBIX TUIA3MEHHBIX IIPOILIECCOB B peajbHOM
Macmrabe BpeMeHU. DKcIepuMeHTallbHasg arnpo-
Oanus mpubopa Ha AelcTBylolieil yctanoBke UITY
nokasajia paboToCIocoOHOCTb MpUdOpa U ero Tpe-
MMYIIECTBA, TAKUE KaK:

140 ¢
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§ 80
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=
=
E 60
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=
5 40t
=
20
0 " |
14.01.19 14:24 14.01.1915:36 14.01.19 16:48 14.01.19 18:00 14.01.19 19:12
[ata u epamna

Puc. 3. BpeMeHH4s quarpaMMa UMITYJIbCOB BTOPUYHBIX 3JIEKTPOHOB, 3apETUCTPUPOBAHHBIX IETEKTOPOM HETPOHOB MPU
MPOBEACHUH SKCIIEPUMEHTOB Ha UMITYJIbCHOM YCKOPHUTEIE B TEUEHUE OIHOTO PabOYero aHsI.

MMPUBOPBLI U TEXHUKA SKCITEPUMEHTA

Ne 1 2025
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— HaJeXHas perucTpaiusl u 3alnuch Bo BpeMeHu “HcciaemoBaHue (pU3NUIECKUX MPOIECCOB, obecrme-
BCEX CJIyyaeB, KOTIa MPUCYTCTBYET HEUTPOHHBIN YMBAIOLIMX YBEJIUUYEHNE IHEProcoAepKaHus 1ias-
BBIXOJI U3JIyYEHUSI B SKCTIEPUMEHTAX; MEHHOI'0 MOTOKAa, B MMIYJbCHOM YcCKoputene”

— TEXHOJIOTUYHOCTL B cOOpKe, B oTianume ot aHao- (FFUE-2022-0012).

roB cOOpKa HE COAEPKUT HUKAKMX HAMOTOUHBIX
U3IEIINIA;
— KOMIUIEKTAlMs TOJbKO U3 MOKYITHBIX CEPUMHBIX

U3IEINN; 1

— IIPOCTOTa B MCIIOJb30BAaHUM, TaK KaK He TpeOy-
€TCS HUKAKOW TIPEIBAPUTEIIbHONW HACTPOWKU B )
TEYEHHME BCETO LIMKJIA IKCTIEPUMEHTOB.

3.

OUHAHCHUPOBAHUE PABOTHI

Pabora BbIMOJHEHa B paMKax HOpoOrpaMMbl
ucciaenopanuii, mposoguMmbix OMBT PAH mo teme

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1 2025
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1. BBEAEHUE

[Tpupona TeMHOIT MaTepuu SIBJSIETCS UHTPUTYIO-
1LIei 3aragkoil coBpeMeHHoCTU. MHTpura 3akioya-
€TCS B TOM, UTO IO MacCe€ — 3TO OCHOBHOI KOMIIO-
HEHT MaTepuH, 3aIONHSA0IIEeH Beenennyto, ee macca
MIPUMEPHO B IISITh pa3 MPEBHIIIAeT MacCy BUIUMOM
MaTepuu, HO, HECMOTPSI Ha 3TO, 10 CUX TIOP HE BhISIC-
HEHO, U3 Yero COCTOUT TeMHasl MaTepus.

[IpennpuHATH 3HAUUTEIbHBIE 3KCIEPUMEH-
TaJIbHbIC YCWIUS IUISI PACKPBITHUS IIPUPOIBI TEMHOM
MaTepuU, CO3IaHbl YCTAHOBKU C MACCOM HECKOIBKO
TOHH, HO OTBET Ha 3TOT BOMIPOC BCe ellle He MoJy-
yeH. B aT0i1 cBSI3M mpemiaraeTcs paclIMpUTh Ieo-
rpacuio rmoucka, B TOM YucClie TIyTeM BKJIIOUEHUS
B IporpaMMy IOMCKa HOBBIX YaCTHUIl, HallpuMep
CKPBITBIX (POTOHOB, MPEMIOXKEHHBIX elle B 80-¢
TOJIIBI TIPOIIIIOTO cTojieTud [1—3].

I moucka TeMHBIX (DOTOHOB MBI TTPEIIOKUIIN
HCIIOJI30BaTh METOJI PETUCTPALIMU OMMHOUYHBIX 3JICK-
TPOHOB, SMUTUPYEMbBIX C TTOBEPXHOCTU MeTaJInJe-
CKOIo KaToja MpOIIOPILMOHAIBHOIO CUeTUMKa MpPHU
KOHBEpPCHUN CKPBITOTO (POTOHA ¢ Heprueit (Maccoii)
Oosbllle pabOTHI BBIXOAA 3JCKTPOHOB M3 MeTajlia,
KOTOpasi Ijisg OOJILITMHCTBA METAJIJIOB COCTaBJIsIET
BeIMUYMHY nipuMepHo 4 3B. Tlpu a3TOM camMu TeMHbIe
¢oToHbI B psige padot [4, 5] paccMaTpuBalOTCS B BUIE

10

TPYOUATHIX CTPYKTYP C 3JEKTPUUECKIM U MATHUTHBIM
TOJIEM CJIOXKHOM KOH(DUTYypalm.

Hdust perucTpallid OOMHOYHBIX 3JIEKTPOHOB,
SMUTUPYEMBIX C TIOBEPXHOCTHU MeTaJsljia Mpu KOHBEP-
CHUU TEMHBIX (POTOHOB, MBI pa3padoTaIu CIlelhab-
HYI0O KOHCTPYKIIMIO Ta30BOI0 MPOMOPLIMOHAILHOTO
cyeT4ymnKa ¢ TpeMms karomamu. Ilpengaraemplii HaMu
MeToq 00J1agaeT BEICOKOI YyBCTBUTEIbHOCTHIO IS
Macchl CKpbIThIX (potoHOB OT 10 mo 40 »B. 3aech
MPUBOIUTCS MTOAPOOHOE OMMCAHUE TOU KOHCTPYK-
LIMU MYJITUKATOAHOTO CUETUMKA U 0OO0OIIEH OIBIT,
MpUOOPETEHHBINT HAMU B TeUEHHUE MOCAETHUX § JIeT
HCCJIeIOBaHU, IPOBEASHHBIX C MOMOIIbIO 3TOTO
CUCTIMKA.

CornacHo pabGote [6], ecau TeMHass MaTepus
COCTOUT U3 CKPBITBIX (DOTOHOB, MOIITHOCTh, MOTJIO-
1aeMasl KaToioM IMpu KOHBEPCUU CKPBIThIX (hOTO-
HOB, OITMCHIBAETCSI BhIpAXKEHUEM

P= 2a2X29CDMAcath' (1)

3nech o’ = cos’ 0, rue 6 — yroy MexIy BEKTOpOM
aJ1eKTpruYecKoro mnojisi E ckpbiToro ¢otoHa u HOp-
MaJjblo K ITOBEPXHOCTH; O = 2/3, ecly HaIpasie-
HHE PaCIpOCTPaHEHUs U30TPOITHO; X — KOHCTAHTa
KMHETUYECKOIO CMELINBAHUS, KBaapaT 3TOM BeJIK-
YUHBI OMpEEISeT BEIUNYNHY PUMECU OOBIYHBIX

(bOTOHOB B aMIIUTYAE CKPBITOrO GOTOHA; Prpy —
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IUIOTHOCTh DHEPTUM XOJIOAHOM TEMHON MaTepuu,
KoTopas 31ech puHUMaach paBHoii 0.4 [3B/cm?;
A, — Tlowmans karopa. Ecim sHeprus (Macca)
CKPBITOTO (pOTOHA MTPEBbIIIIAET PAOOTY BbIXO/1A DJIEK-
TPOHOB U3 MeTajlJla KaToja, KOHBEPCHUSI CKPBITOTO
(oTroHa Oyner BbI3BIBATH Y9MUCCHUIO OJMHOYHOTO
3JIEKTPOHA C OTpee/IeHHON KBaHTOBOM 3(h(EeKTUB-
HOCTbI0 1. B 3TOM cilyyae MOILIIHOCTB, MorIonaemMast
KaToIoM, MOXET ObITh HalifieHa 10 CKOPOCTHU cUeTa
OMHOYHBIX 2JIEKTPOHOB, SMUTUPYEMBbIX KATOIOM:

P=my Rycc /M. (2)
3mech m, — Macca (9Heprus) CKphITOro (HoroHa;
R);cc — CKOpPOCTB cYeTa OQUHOYHBIX 3JIEKTPOHOB;
NPUHUMAETCSI, YTO 3Ta CKOPOCTb OMNpeaessieTcs
HUCKJIIOYUTENIbHO KOHBEpCcHUelt CKPbIThIX (DOTOHOB B
OOBIYHBIN (POTOH C MOCIENYIOIIUM UCTTyCKAaHUEM
2JIEKTPOHA; 1| — KBaHTOBasA 3(pOEeKTUBHOCTD IS
nmpoiecca MCIYCKaHUs OAMHOYHOTO 3JIEKTPOHA,
KOTOpas 3[eCh MPUHUMAETCSI PaBHOM KBAaHTOBOM
3(peKTUBHOCTHU AJ151 peaibHOIO (pOTOHA C SHEPrueii
m.,,. O0benuHsist BbIpaxeHus (1) u (2), monyyaem
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W3 3T0TO BHIpaXKeHUS CIEOYET, YTO OCHOBHBIM
orpaHMYECHUEM METO/Ia SIBIISICTCST (DOHOBASI CKOPOCTh
cyeTa OMMHOYHBIX DJIEKTPOHOB, KOTOpAasl JJIsl CTaH-
JApTHBIX JeTEKTOPOB (OTOHOB, Takux Kak DY,
B3OY, cueTunkoB ¢h0TOHOB Ha OCHOBE Ta30BbIX JIEK-
TPOHHBIX YMHOXMUTEJIEH COCTaBJIsSIET JOBOJILHO 3HA-
YUTETBHYIO BeIMUMHY, opsaka 10~ Ti/cm? 1 Bbiie.

B pazpabotaHHOM HaMM METOAE M3MEPEHUS C
MOMOIIbIO CIEUUATbHOTO AETEKTOpa — MYJbTHU-
KaTOAHOTO cYeTYrMKa — (hOHOBasi CKOPOCTh cyeTa
ONMHOYHBIX 3JIEKTPOHOB IO pe3yJibraTaM IpoBe-
JNEHHBIX HaMM U3MepeHuil [7—9] cocTaBuia Belu-
uypHy MeHble 107* I1/cM? 118 cueTdrKa ¢ MEIHBIM
KatonoM ¥ MeHble 107 Ti/cm? aas cueTymka
aJlOMUHUEBBIM KaTomoM. [TockonbKy KBaHTOBasI
3G HEKTUBHOCTh METAJIJIOB, MCITOJb3yeMbIX HaMU
JUJIS1 CIUIOIIHOTO KaToda cueTyMKa, MaKCuMaibHa B
nuamnasoHe oT 10 mo 40 3B, nmpenyoxkeHHBIT HAMU
METOJI TOMCKA TEeMHBIX ()OTOHOB 00IamaeT HanboJee
BBICOKOM YYBCTBUTEIIBHOCTBIO IIJISI MACCHI CKPBITOTO
¢otoHa B aToM auanasoHe. IIpu a3ToM pacueTHas
TUIOTHOCTD YaCTUIL TEMHBIX (DOTOHOB COCTABJISIET OT
10 o 40 MUITMOHOBYACTUIIHA KyOUUECKUI CaHTH-
METp, €CJIM UCXOAUTDh U3 MPUHSITON HAMU BEJIMIMHBI
Ocpm = 0.4 ToB/cM’. g cpaBHEHMS TIOTHOCTB

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

PENMKTOBBIX HEUTPUHO U PEIUKTOBBIX (hOTOHOB
COCTaBJsIeT COOTBETCTBEHHO mpumepHo 150 H u
500 yacTuil Ha KyOM4YeCKUi CAHTUMETP.

2. KOHCTPYKL WA
MVJIBTUKATOIHOTI'O CHETUMKA

Ha puc. 1 npencraBiieH MyJIbTUKATOIHBIM CUET-
YUK. 32 OCHOBY KOHCTPYKIIUM OBLI B3SIT IIPOIOP-
LOHAJIBLHBIN CYETUMK C Ta30BBIM HAIIOJHEHUEM.
B xauecTtBe pabouero raza B HEM MCMOJIb30BATUCH
cmecu Ar + 10% CH, u Ne + 10% CH,,. B ominuue ot
0OBIYHOTO MPOMOPLMOHATBLHOTO CYETUMKA OH UMEET
He oiuH, a Tpu Katona. [IpuHIUNMaIbHaAs cxeMa
MYJIBTUKATOIHOTO CYeTYMKa ObLJIa HAMU IIPEICTaB-
JieHa B pabore [7]. IToaydyeHbl BepXHUE OrpaHuye-
HUSI Ha KOHCTaHTY KUHETMYEeCKOTO CMEIITMBAHUSI JIJIsI
Macchl TeMHBIX (poToHOB OT 10 10 40 3B [8].

3aech Mbl IPUBOAUM 0oJiee MOAPOOHOE OIUCaHue
YCTPOICTBA, OMUPASICh HA OMBIT paOOThI U PE3YiIb-
TaThl IIPOBEIEHHBIX HAMHU HCClenoBaHuii. BHem-
HUi1 KaTon 4 B BUIE CIUIOLIHOTO METaJUIMYeCKOTo
LUJINHIPA SIBISETCS NCTOYHUKOM OTMHOYHBIX 3JICK-
TPOHOB, KOTOPHIE MPEANOJIOXUTEIIBHO 3MUTUPY-
I0TCSI C TIOBEPXHOCTU KaTojaa NPy KOHBEPCUM CKPBI-
TBIX (poTOHOB. Kak ciemyeT u3 BeipaxkeHus (3), yeM
0oJIbIIIe MOBEPXHOCTH 3TOTO KaToAa, TEM BBIIIIE YyB-
CTBUTEJIBHOCTbD IeTeKTOpa. B pasHbBIX cueTIMKaX MbI
HCITOJIb30BaIM METAJNIMICCKUI KaTOm TUaMETPOM
o1 140 no 200 MM u ymuHOM ipumepHo S00 MM, TIpr
5TOM IOk KaTosia cocTapsia ot 0.2 1o 0.3 M2,

DNEeKTPOHbI, SMUTUPYEMbI€ C BHEIIIHETO KaToja,
IpeiidyIoT Mo HaIlpaBICHMIO K LIEHTPaJIbHOMY CUeT-
YUKy, TOe 00pa3yloT 3JIeKTPOHHbIC JTJaBUHbBI BOJIU3KN
TMOBEPXHOCTHU aHOMA 5. AHOII U3TOTOBJIEH U3 MO30J10-
YEeHHOI HUTHU CILIaBa BOJbGpaM-peHMIl THaMeTPOM

Puc. 1. 300paxkeHne MyJIbTUKATOTHOTO cYeTYMKa: [ —

KBapleBOe CTEKJIO, 2 — OKHa JIJisk KaTMOpOBKU, 3 — KOp-

yc, 4 — BHEIIHWI KaTo, 5 — aHO, 6 — MePBbIil KaToI,
7 — BTOpOIi KaTol, & — MpeayCUInTeNb.

2025



12 KOITbIJIOB u np.

25 MKM. JIag peructpauuu OAUHOYHBIX 3JIEKTPO-
HOB HeoOxoauM 60Jb110it (6onee 10°) koadhduim-
€HT ra30BOr0 YCUJIEHMSs, CIeI0BaTeIbHO, OOJIbIION
rpagueHT moJjst Boau3u aHona. s obecrieueHUs
TpeOyeMOro IpaareHTa I10JIsI IIepBhIil KaTomd 6 LieH-
TPaJIbHOTO CUETYMKA MMEET CPAaBHUTEJIBHO HEOOJIb-
moit (okojo 40 MM) nuaMeTp. DTOT KaTOA BBITIO-
HEH M3 HUXPOMOBBIX HUTeI auameTpoM 50 MKM,
HATSHYTBIX Ha PACCTOSIHUU IIPUMEPHO 6.5 MM Apyr
OT Jpyra Mo OKpYy>XHOCTU BOKpyr aHoma. Ha pac-
CTOSTHUM TIOpsiAKa 5 MM OT BHEIIHETO KaToaa HaXxo-
IHUTCS BTOPOU KaToHd 7, M3TOTOBJIEHHBIN TakxXKe U3
HUXPOMOBBIX HUTEl nuameTpoM 50 MKM, HaTsSIHY-
TBIX HA PAacCTOSTHUU Topsiaka 4.8 MM Ipyr oT apyra
110 OKPY>KHOCTHU BOJIM3M BHEIIHETO KaTona. Paccto-
STHME MEXY HUTSIMU ObLJIO BLIOPAHO B OCHOBHOM U3
TEXHOJIOTUYECKUX cooOpaxkeHuii. [1pu aToM pesyiib-
TaThl KAJIMOPOBKY cUeTYMKA ITOKA3aJI, YTO HEOTHO-
POTHOCTD ITOJIST TIPY 3TOM He TOBJIMSIJIA 3aMETHO Ha
XapakKTEepUCTUKU IeTeKTopa. Bua Ha BHyTpeHHUE
3JIEMEHTHI CUETUYMKa C TOpIla IPEACTaBIeH Ha pucC. 2.

Puc. 2. Bua Ha BHyTpeHHME 2JIEMEHTBI CUeTYMKA C TOPLIA.
Hutun Ha MajioM nuameTpe — MepBbIit KaToM, Ha 60IbIIOM
IMaMeTpe — BTOPOWA KaTox.

CbOopka cueTyrka OblJIa HETPUBUAJIBLHOM 3ama-
yeil, B OCHOBHOM M3-3a CJIOKHOCTHU MYJIBTMKATO/I -
HOI KOHCTpyKUMU. JIIs1 HaTS>KeHUsI KOoaKCHallb-
HOM CUCTEMBI TTPOBOJIOYHBIX DJIEKTPOIOB (HUTEIH)
HCIIOJIb30BaJIach CIIeLMaIbHAsI OCHACTKA C TpeMs
HanpaBJISIONIMMU ITAaHTAMU, KaK 9TO U300paXeHo
Ha puc. 3. Ilo 3aBepllleHUN HATSDKEHUST HUTEU BCS
cucTeMa rnmomenianach BHYTPb BHEIITHETO METaJUI -
YECKOro KaToa, TOPLEeBbIC U30JIMPYIOLINE TUCKU U3
AKPUJIOBOTO CTEKJIa 3aKPEIIs/IM Ha TOpLiaX MeTaj-
JINYECKOTO KaToma, M HaIlpaB/IsIoIIe IITaHTHY yaa-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

Puc. 3. MynbprukarogHasi cucteMa ¢ OCHacTKou: [ —

TOPIIEBBIE TUCKU U3 OPTCTEKIIA (TTOJIMMETUIMETaKPH-

nar), 2 — (pOKyCHUpyoIIre KOJbIEBbIE SJIEKTPOIbI, 3 —

HaIpaB/ISoIINe IITaHTU, 4 — HUTU BTOPOIO KaToa,

5 — HUTHU TIEpBOTO Karona, 6 — HUTh aHoda, 7 — KOH-
TaKTHBIE TUTOIIAIKK UTSI HUTEH.

JIsnuck. s yMeHblIeHUsT KpaeBoro agdexra ¢
BHYTPEHHEN CTOPOHBI aKPUJIOBBIX TUCKOB pa3Me-
LIAJIA KOJIbLEBbIe (POKYCUPYIOIIUE DJICKTPOIbI, Ha
KOTOpHIE IMOAABAJICS ITOTEHIIMA BTOPOIO KaToaa.
CueTunK paboTaeT B IBYX KOH(PUTYpaLIUSIX, pa3Jiv-
YAIOIIMXCS PAa3HOCTBIO MIOTEHIINAIOB MEXIY BTOPbIM
¥ BHEIITHUM KaTolaMU, KaK 3TO ITOKa3aHO Ha puc. 4.
B xoHpurypauuu [/ moTteHIMad Ha BHELIHEM
KaTone HIXe MOTeHIIMajla Ha BTOPOM KaTole Ipu-
MepHo Ha 20 B, Tak 4TO 37€KTPOHEBI, UCITyCKaeMbIe
C TMTOBEPXHOCTHU BHEIIHEr0 KaToaa, MOTYT CBOOOIHO

Hanpsxeuwve, B

—2225

—2246

2278

—2298

-2320

Puc. 4. IMoreHuuansl B KoHburypauusax / u 2.
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KOHCTPYKUHMA MYJIIBTUKATOJHOI'O CHETUUKA 1J151 TIOUCKA TEMHBIX ®OTOHOB

IpeiidoBaTh IO HAIIPaBICHHUIO K LIEHTPaJIbHOMY
CUeTYUKY. B »Toii KoHpUrypauuu uaMmepsieTcs
addexr mmoc hoH. DPdeKT onpenenseTcss CKopo-
CThIO SMMCCHHU OIMHOYHBIX 3JIEKTPOHOB C IOBEPX-
HOCTU BHEIIHEro MeTaJImuecKoro karoma. ®oH
oInpenenseTcs OByMS IPOLIECCAMU: DMUCCUEH C
MOBEPXHOCTU HUTEH U COOBITHSI OT MOHU3UPYIOIINX
YacTHIl, epeceKarolnX CYETIYMK MO KOPOTKUM Tpe-
KaM Ha ero 000uX Toplax.

B xoundwurypanum 2 moreHOManm Ha BTOPOM
KaToje HIbKe ITIOTeHIIMala Ha BHEITHEM KaToIe TPy -
MepHo Ha 40 B. B aToit KoH(puUTrypauuu 31eKTPOHBI,
HCITyCKaeMbI€ C TTOBEPXHOCTH BHEIITHETO KaToAa, He
MOTYT IpeiipoBaTh K LIEHTPAILHOMY CUETUUKY, TaK
KakK BTOPOI1 KaTo[I 31€Ch CIIYXKUT OapbepoM, Ha KOTO-
pOM 3JIEKTPOHBI pacCeMBaIOTCSI Ha3al B CTOPOHY
BHEIIIHETro KaTona. B aToil KoH(pUTypalny cYeTInK
n3MepsieT TOJIbKO (pOoH, OOSI3aHHBIM MOCICTHUM
JIIBYM KaHallaM.

s ompeneiaeHus] ONTUMAJbHONH pPa3sHOCTU
MOTEHIIMAJI0B MEXIY BTOPHIM M BHEIIHUM KaToO-
JaMu B KOHUTypauugx / M 2 ObUIM TTPOBEICHBI
M3MEPEHUSI CKOPOCTH cUeTa P OOJIyUeHUU CUET-
yuka Y®O-uzjaydeHueM PTYTHOM JIaMIIbI, pe3yib-
TaThl KOTOPBIX MPEICTABICHBI HA PUC. 5, B3ITOM U3
pa6ortsl [9]. Kak cienyer u3 3Toro pucyHka, onTu-
MaJIbHOM pa3HOCThIO TTIOTeHIIUANOB sABJsieTcsa +20 B
1 Kouurypaunu 1 u —40 B nnsg kongurypamum 2.
ITpu pazHocTtu noteHuuanos 6ojee +20 B yactb
3JIEKTPOHOB, SMUTHUPYEMbIX M3 BHEIIHETO KaToxa,
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3aXBaThIBACTCS BTOPHIM KaTOIOM, UYTO IPUBOIUT K
MoTepe YaCcTU COOBITHIA.

Pasnocts moreHuuanos —40 B nng kongury-
panuu 2 ObTa BEIOpaHA KakK BeJIWYMHA, HAJIEXKHO
obecreunBaloias IOJIHOE MOJaBIeHNE COOBITHI OT
3JIEKTPOHOB OT BHEIIHETO KaToma B 3TOM KOH(UTY-
parun. Cineayer OTMETUTD, YTO 3Ta pa3HOCTh ITOTEH-
11MaJIOB MHOTO MEHbIII€ BEJIMYUH CaMUX IMOTEHIIU-
aJloB, KOTOpbIe COCTaBASOT TpuMepHo 2300 B,
M TIO3TOMY MOXHO OXHAATh, YTO Majloe U3MEHECHHUE
MOTEHIIMAaJIa Ha BHEIIHEM KaToe IIpH IePEKIIoUe-
HUM C OTHOM KOH(PUTYpalluM Ha APYTYIO HE BIUSCT
Ha CYETHYIO XapaKTEPUCTUKY CUETUMKA. DTO OBLIO
MOATBEPXKICHO pe3yJbTaTaMU, MOJYyYEHHBIMU MPU
KaanOpOBKe CUeTUmrKa.

DddeKT HaXoOUTCd KaK pa3HOCTh cueTa B IBYX
koHburypauugax R, — R,. KakoBa 10714 Kaxnoro us
STHUX IBYX KaHAJIOB B reHepaluu (poHa, HaM HEeM3-
BECTHO. DTa HEONPEACIEHHOCTh SIBIISICTCS OCHOB-
HBIM MCTOYHUKOM CHCTeMATUUYECKON OIIMOKHU
U3MEPEHUsI.

JeiicTBUTENHHO, TIPY BEIYUTAHUU (DOHA, 00SI3aH-
HOI'O 3JIEKTPOHAM, MCITyCKaeMbIM C ITOBEPXHOCTH
HUTEeil BTOPOro Karoda, ClaeayeT YIecTb, YTO JIeK-
TPOHBI, UCITYCKAaeMble B CTOPOHY BHEIITHETO KaTo/a,
He OyAyT JOCTUIaTh LIEHTPAJIbHOIO CUeTYMKa, TaK
KakK OymyT 3aIlepThl B IIPOCTPAHCTBE MEXIY BHEIII-
HUM U BTOPHIM KaTomamu. BenwmuwmHa ¢oHa 3aBU-
CUT OT MaTepuaja, U3 KOTOPOTO U3rOTOBICHBI HUTU
KaTtonoB. Ecinu yuecTb 06a kaHaia ¢poHa: U OT 2JIeK-
TPOHOB, SMUTHUPYEMBIX C ITOBEPXHOCTU HUTEH a U OT

KpaeBoro addexra b, MoJlyuuM CUCTEMY IBYX ypaB-

200 . : : . S
: ’ - HEHWIA IS IBYX pa3HbIX KOH(MUrypauii MyJIbTUKA-
SR g = TOINHOTIO CYCTYMKA!
1 +ph=
— 1501 K ; a+b=R, 4)
e ‘ IS TIEpBOI KOH(UTYpaLUU 1
m ]
J— )
o o a+kb=R, %)
[+ N ] - o
= e ! U151 BTOPOii KoHurypauuu. 3aech k = (n, +n,/2) /
§ / (n, +n,), tae n, U n, — KOJIMYECTBO HUTE COOT-
=] . BETCTBEHHO II€PBOI0 M BTOPOTo KaTonoB. Perias sty
© 50 ) 1 cucTeMy ypaBHEHMIA, HAXOAUM
K2 K1
| : l b=(R,~Ry)/(1—k) (6)
1
0 ] .Y 1, COOTBETCTBEHHO,
1 € 1 I I I
—40 -20 0 20 40 60 a=R, —b. (7)
PasHocTe notexumanos, B YT10OHI JOCTUYH BBICOKON YYBCTBUTEIHHOCTHU
N3MepeHUit, HEOOXOIMMO, UTOOBI BKJIA HUTE B (DOH
Puc. 5. CxopocTh cueta npu KaauOpoOBKe CUETUYMKA
ObLI TIpeHeOpexknMo MaJl. I1pu BBITIOJHEHUU 3TOTO
B 3aBUCMMOCTHU OT Ppa3HOCTU IMMOTEHIIMAJIOB Ha IMEPBOM . .
u BTOopoM Karonax AU = U, — U,. Ctpenkamu 1oKa3aHbl ycnoBust GOH B TIEpBOIT 1 BTOPOIi KOHPUTYpaLMsIX
ONTUMaJbHAsI PAa3HOCTh MOTEHILIMAIOB JJIs1 KOH(DUTY- OyIeT MpUMEPHO PAaBHBIM, U TTPOLIEAYPa BEIYUTAHUS
paunii 1 u 2. ¢oHa, U3MEepEeHHOro BO BTOPOIi KOH(MUIypalUuH,
IMTPUBOPBI U TEXHUKA SKCITEPUMEHTA Ne 1 2025
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M3 CyMMapHOM CKOpPOCTU cyeTa, UBMEpPEHHOI B
nepBoil KoHduUrypauuu, oynet KoppektHoit. Cie-
NOBaTeJIbHO, HYXKHO IOI00paTh TaKO Matepuai
JIJISI HUTe cueTuyuKa, KOTOPBI JaBajl Obl IIpeHe-
Opexumo Manbiii poH oT Huteil. C 3TOM LEIbIO
HaMu ObUIM TTPOBEACHBI U3MEPEHUSI CKOPOCTU cUeTa
CO CUETYMKAMU OIMHAKOBOW KOHCTPYKLIUU, HO C
HUTSIMM U3 pa3HbIX MaTepuasioB. B mepBom cityyae
MbI UCIOJI30BaI HUTU U3 HUXpOMa, BO BTOPOM —
M3 MO30JI0YEHHOrO CILIaBa BoJb(dpaMa ¢ peHHUEM.
B 060ux ciygasix TommHa HATe# Obl1a 50 MUKPOH.

Ha puc. 6 npuBeneHbl pe3yabTaThl U3MEPEHUIA
B TeueHue 100 cyTOK Ha CYETYMKE C HUTSIMU U3
Huxpoma. BuaHo, 4To cpeaHue CKOpOCTU cUeTa B
MEePBOI ¥ BTOPOI KOH(MUTYpaLUsIX ObLIN IIPUMEPHO
paBHBI, 1, CJIEA0BATEIbHO, BKJIad HUTEH B (DOH ObLT
npeHedpexuMo maji. Ha puc. 7 npuBeaeHbI pe3yiib-
TaTbl UBMepeHUIi B TeueHue 40 CyTOK Ha CUETUYMKE
C HUTSIMU U3 BoJibpaM-peHueBoro cruiaBa. Cpen-
HHUE CKOPOCTU cueTa B ABYX KOHGUTrypauusx B
3TOM CJjIy4yae CYIIECTBEHHO pas3inyanuch. B aToii
KOHCTPYKIINU CYETUYMKA KOJIMYECTBO HUTEH OBLIO:
n, =20, n,= 100 u k = 0.58. Otcrona, cienys BbIpa-
sxeHustM (6) 1 (7), HaxomuMm b = 0.17 Tium a = 0.10 It

CyMmapHas IJIMHa HUTeH MepBOro M BTOPOTO
KaToJIOB B 000MX ciyyasix coctasisiia 60 MeTpoB.
Takum o6pa3zoM, CKOPOCTb SMUCCUU DJIEKTPOHOB
C TIOBEPXHOCTHM HHUTHU M3 MO30JIOUEHHOTO BOJb-
(dbpaM-peHHreBoro ciiasa coctasuaa 2.8 - 1073 I
Ha MeTp HUTU. OTHOCUTENIBHO BBICOKYIO CKOPOCTD
OSMUCCUU MOXHO OOBSICHUTb MPUCYTCTBUEM B
penuu goaroxusyiero (7, = 4.1 - 10 ner) panmo-
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Puc. 6. CxopocTu cueta, u3MepeHHbIe Ha CUETYMKE
C HUTSIMU 13 HUXPOMa — HVDKHUI PUCYHOK, TeMIepa-
Typa cUyeTYrKa — BEPXHUI PUCYHOK.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

aktuBHoOro nzorona *’Re, conepxkaHue KOToporo B
MIPUPOIHOM peHUU paBHO 62.6%. B KauecTBe BO3-
MOXHOTO Me€XaHM3Ma MOXHO IIPEIIIOJ0XUTh HAChI-
IIeHNE METaCTaOMIbHBIX YPOBHEH METAININUYECKOTO
BoJIb(paMa GeTa-yacTuamu ot pacnazna *’Re, cHs-
THE BO30YXXICHUS KOTOPHIX MPUBOAUT K SMHUCCUU
BJIEKTPOHOB C MOBepXHOCTU HuUTel. I1o pesynbra-
TaM 3TUX U3MEPEHUI Mbl BULUM, YTO HUXPOM SBJIS -
eTcs 0oJiee TTOAXOSAIIMM MaTepuaaoM sl KaTOIOB
MYJIBTUKATOIHOTO CUETYMKA.

Bo BpeMms 5KCIO3UILIMKM CUETUYMK ITOMEIIAJICS B
CreLalbHbIA CTalbHON OOKC ¢ TOJIIMHOMN CTEHKU
npumepHo 300 MM 1151 MoAaBAeHUST BHEIIHETO raM-
Ma-uznydeHus. ToammHa ctaabHoM 3amuThl 300 MM
obecrneunBaeTr ociabiaeHue auHuu 1460.7 k3B
ot “K mpumepHo B 5 - 10° pa3, nunuu 1764.5 k3B
ot 2“Bi npumepHo B 3 - 10° pa3, munun 2614.5 k3B
ot 2®*TI npumepHo B 10° pa3. OnHako 3 PeKTUBHbILIA
KoaduumueHT ociiabjieHus (oHa OT BHEIIHEro
raMma-usJjiydeHus1 HaMHoro MeHblie. ®oH onpene-
JISIETCS NIAaBHBIM 00Pa30M MHTEHCUBHOCTbIO BOJIM3U
MaKCHMyMa CIIeKTpa raMMa-u3IydeHus IpU 3Hep-
run npuMepHo ot 100 mo 200 k3B.

Hamu ObLT M3MepeH CIIeKTp TaMMa-u3IydeHUs
CHapY>X¥ ¥ BHYTPU MTACCUBHOM 3aIUTHI C IIOMOIIILIO
HuskogoHoBoro gerekropa Nal(Tl), u o pe3ynsra-
TaM M3MEpPEHUs Mbl ITOJIYIWIN, YTO B 3TOI 00JIacTU
SHEPIUil THTCHCUBHOCThH raMMa-MU3TyIeHUST 0CIa0-
Jisi1ach 3amuToil mpuMmepHo B 100 pas. His cuer-
YMKa ¢ MEOHBIM KaTOIOM H3MepeHHasI CKOPOCThb
cyeTa OOMHOYHBIX BJIEKTPOHOB CHAPYKU ITACCUBHOM
3allMThl OKa3aJlach BBIIIE CKOPOCTU BHYTPU 3aILIUThI
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Puc. 7. CkopocTtu cuera, U3BMepeHHbIe Ha CYECTUYUKE C

HUTSIMU U3 BOJIb()paM-pPEHUEBOTO CILJIaBa C MO30JI0TOM.

TeMHble TOUKM — KOHpUrypauust /, CBETIble TOUKU —
KoH(purypauus 2.

Ne | 2025
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npuMepHo Ha 20%. Otcioma BUAHO, YTO BKJIAN
BHEIIHEr0 raMMa-u3JIydeHuUs B CKOPOCTb CUETa O/l -
HOYHBIX 2JICKTPOHOB JUISI 3TOTO CUETYMKA COCTaBUI
MpeHedpexkuMo Maiyio BeamuuHy MeHee 0.2%.
HanpHeiilnee COBEPLICHCTBOBAHNUE ASTEKTOpPA C
HCIIOJIB30BaHMEM 00JIee YMCThIX MATEPHAJIOB, KaK MBI
HajieeMcs, TTO3BOJIUT JOOUThCS OoJee HU3KOM (hOHO-
BOIi CKOpPOCTH cyeTa. B aToM ciyyae Bkiagom ¢oHa
OT BHEIIHEIro raMMa-u3JIyueHUsl yKe Hellb3sl OyaeT
npeHeopeuyb. Bo3aMoxxHO, moTpedyeTcsl TakKe AOIOJ -
HUTeJIbHAS TTAaCCHUBHASI 3allluTa U3 MaTepuaa ¢ 0ojee
HU3KUM COIepXKaHUEM ypaHa, paaus, TOpUs. DTU
BOIIPOCHI TTOIIEXKAT JaJIbHEMIIIEMY MCCIIEIOBAHUIO.

3. BAKJIIOYEHUE

[IpuBeneHo ommcaHue KOHCTPYKUMU MYJIBTH-
KaTOOHOTO cueTyrMKa. CUETUYMK MCIOIb3YeTCS IJIsT
MOMCKA TEMHBIX (DOTOHOB ITyTEM PETUCTPALIMU OIM -
HOYHBIX 3JIEKTPOHOB, SMUTHUPYEMBIX C TOBEPXHOCTU
CIUTIOIITHOTO METaJJIMYECKOIo KaToaa Ipu KOHBEp-
CHU TeMHBIX (DOTOHOB Ha eTo TToBepxHocTH [10].

CuyeTunk 00JlafaeT HaAaUOOJIbILIEH YYBCTBUTEb-
HOCTBIO IS Macchl TeMHOTO poToHa oT 10 1o 40 5B.
PacueTHast INIOTHOCTB CKPBITBIX (DOTOHOB C TAKUMU
Maccamu coctapisieT oT 10 1o 40 MUUTMOHOB YaCTHIL
B KyOMYEeCKOM CaHTUMETPE, €CJAU IPUHSIThH ILIOT-
HOCTb TEMHOII MaTepuu B oKpecTHOCTIx CoiHIa
npumepHo 0.4 IsB Ha KyOuUYeCKMIl CaHTUMETP.
I cpaBHEHMSI: INIOTHOCTD PEIMKTOBBIX HEHTPUHO
cocTaBisieT mpuMmepHo 150 yacTtull Ha KyOudyeckuit
CaHTUMETp, a MJIOTHOCTb PEJIUKTOBBIX (POTOHOB —
npumepHo 500 yacTull Ha KyOMYeCKUi CAaHTUMETD.

®DoHoOBasg CKOPOCTh CUYeTa MYJIBTMKATOIHOTO
CYeTUYMKa 3aBUCUT OT MaTrepuaya HUTEel KaTOmOB.
M3mepeHa CKOpOCTb SMUCCUU OTUHOYHBIX 3JICKTPO-
HOB C IOBEPXHOCTU HUTEM 13 HUXpOMa 1 13 M030J10-
YEHHOTO cIIaBa BoJibpaM-peHuii. [TokazaHo, 4yTo
NpUMEHEHHE HUXpoMa o0ecIieunBaeT 00J1ee HU3KUA
(boH MYJIBTMKATOOHOTO CUETUYMKA. DTOT pe3yIbIaT

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

MOXET OBITh MCITOJIb30BaH MPU KOHCTPYHUPOBAHUM
MHOTOIIPOBOJIOYHBIX Ta30BbIX 1€TEKTOPOB MOHU3U-
PYIOIIEro U3TYyYSHMSI.

OPUHAHCHUPOBAHUWE PABOThI

Pabora BrinonHeHa npu nogjaepxke MuHuUcTep-
CTBa HayKU M BbIciero oopasopanus P® B pamkax
denepanbHoro npoekra “Pa3Butue MH@pacTpyK-
TYpPHI JJIsSI HAYYHBIX MCCJIENOBAHUI M MOATOTOBKU
KaapoB” TocymapcTBeHHOTro mpoekta “Hayka u
yHuUBepcuTeThl” oT 28 nekaopst 2023 r. Ne J1IC/45-mp.
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1. BBEAEHME

B muoroueneBoM skcnepumeaTe CITACHAPM
(ciMHOBBIE ACUMMETPUU B 00pa30oBaHUM YapMO-
aus) B HULI “KypuatoBckuiit uHcturyr” — MDBD
Ha KaHajie 14 ycKopuTelbHOTro KoMIiekca Y-70 B
HacToslee BpeMs IpofaoKaeTcss oOIMpHasl mpo-
rpamma ucciienopaHuii [1]. DkcnepuMeHTalbHasK
ycranoBka CITACYHAPM [2] numeeT B cBOEM cOoCTaBe
YEeThIpe CTAaHIIMU IBYXKOOPAMHATHBIX CIIMHTUILIS-
LIMOHHBIX TOAOCKOIIOB, KOTOPbIE PACHOJI0XKEHBI Ha
(bUKCUpPOBAaHHOM PACCTOSIHUU APYT OT IpyTa BAOJb
OCH Ty4yKa A0 ero BXoJa B MHUILIeHb [3]. DTu gerex-
TOPHI ITpeAHAa3HAYECHBI IUIST BBIYMCIICHUST KOOPIMHAT
TOYKM B3aMMOIEICTBHSI ITyYKOBOM YaCTHUIIBI C BEIlle-
CTBOM MUIIIEHU.

B naHHoii paboTe onvcaHbl OpUTMHAIbHBIC TEX-
HUYEeCKHe pelleHusI, NCII0JIb30BaHHbIC IPU pa3pa-
0OTKE KOHCTPYKILIMM M M3rOTOBJIEHUM TOZOCKOIIA
MEPBOM CTAHIIUM U MPUBEIEHBI HEKOTOPhIE DKC-
MepUMEHTAJIbHBIE PE3YJIbTaThl, XapaKTepU3YIOIIne
Ba)XXHOCTb 3TOr0 AETeKTOopa ISl KaueCTBEHHOTIO
aHau3a JaHHBIX.

16

2. KOHCTPYKLIHMA T'OJOCKOITA

Tpebyemble reoMeTpuyecKkue pa3Mepbl YyBCTBU-
TEJIbHOW 00JIACTM U KOOPAMHATHOE pa3pelleHue
TOIOCKOIIA OIIPEALIISIIOTCS pa3MepaMu ITyuKa B MECTe
€ro pacloIOXeHUsI Ha PACCTOSIHUU ACCATU METPOB
OT LIEHTpa IOJISIpU30BaHHOI MulieHU. Onupasch
Ha pe3yJabTaThl KCIIEPUMEHTOB, KOTOPbIe ObLIU
MpoBeaeHbl paHee Ha KaHaze 14 [4], ObLIO pelieHo
M3TOTOBUTH TOMNOCKOII, MePEKPHIBAIOIINIA IIONIAlb
OKOJIO 5% 5 cM? U OmNpenessiomunii KOOpAMHATY
3apsSLKeHHOM YaCTUILIBI C TOYHOCTBIO HE XyXe 2 MM.

YyBcTBUTENBbHASI 001aCTh KaXXIOi M3 KOOPIM-
HaTHBIX TIOCKOCTEH ToJOoCKOMa COCTaBjlieHa U3
24 CUMHTWJUISIIUOHHBIX TMaJovyeK U3 MOJMCTUPOa
u umeet pasMepbl 50 X 2 X 4 MM> (COOTBETCTBEHHO
IJIMHA, IIMpUHA U TOJIIMHA IO IIyuKy). Bce
MaJOYKN 00CPHYTHI ATIOMUHU3MPOBAHHBIM Maiina-
POM TOJIILIMHOM 25 MKM U TUIOTHO MPUJIEraloT ApYyr
K apyry. IlnockocTu pacnojioXeHbl OaHa 3a Apy-
roii Ha MUMHUMAaJbHOM paccTosTHUU. OTNTUUYEeCKUe
CBETOBOMbI U3 OPrCcTeKIa, UMEIIINEe ONMHAKOBOE
CeYeHNEe CO CHUHTWILIATOpaAMHU, IIPUKIICCHBI K HUM
ONTUYECKOM BIMOKCUIHON CMOJON U Takxke obep-
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HYTBI aJIIOMUHHU3UPOBAHHBIM MaiJlapoM IO BCei
JUTMHE 10 CTBIKOBKU C (DOTOAETEKTOPOM.

B kxauecTBe meTekTOpa CUMHTUJISIIMOHHOIO
curHasa ObLI BbIOpaH HEAOPOTOM UM HaACXKHBI
MaJIoTabapUTHBINA (POTORJIEKTPOHHbBII YMHOXUTEIb
DHY-85 (mmameTp (poToKaToma COCTABISICT 25 MM
npu ajavHe Koyosl 107 MM) ¢ CypbMSTHO-11€3UEBBIM
¢otokaTonom, 00J1aJaIOIIMM BBICOKOM CIIEKTpasib-
HOM YYBCTBUTEJIbHOCTHIO M HU3KUM TEMHOBBIM
TOKOM. Ero BpeMeHHBIe U CHEeKTPOMETPUISCKUE
napaMeTpbl XOPOILIO M3YyYeHbI [5] U moaxoasT MJs
YCTIEUTHOTO PENIeHUS TTOCTaBJIEHHOM 3a1auM.

CBeTOHEIIPOHMIIAEMbII1 aTIOMUHUEBBIN KOPITYC
roJI0CKOIIa UMeeT KBaapaTHYI0 (popmy. BHyTpu Hero
BIOJb KaxXXI0¥ CTOPOHBI pa3MelleHbl 1Mo 12 MTyK
DDY, pa3neneHHBIX TOHKUMHU TIePETOPOIKAMU U3
TEKCTOIUTA. Pe3ucTUBHBIE BHICOKOBOJIBTHBIC ACIIM -
TeJIN HATIPSIKEHMST M3TOTOBJICHBI ITO PEKOMEHIOBaH -
Hoit qist aToro Tuna PDY cxeme. ConpoTUBICHUE
KaXJ0ro U3 HUX cocTaBsieT oKoJjio 2.2 MOw. [1uTta-
Hue Bcex MDY ocylecTBIsIeTCsI OT OOIIEro UCTOY-
HHKa BBICOKOTO HalpskeHUs. i MHAUBUIYaIb-
HOI HACTPOMKU KaXKIOTO CUSTIMKA MCITOJIb3YIOTCS
MHOroo06opoTHble noteHuuoMeTpbl Tuna CII-37b
(1 Bt, 2.2 MOM), BKJITOYEHHBbIE MOCIEI0BATEIbHO
¢ neautensiMmu. OHU CMOHTUPOBaHbI Ha ABYX OIU-
HaAKOBBIX ITeUaTHHIX I1aTax. OCU MOTEHIMOMETPOB
BBIBEIEHHI Ha MEPENHION0 MTaHeIb pa3paboTaHHOTO
IUIST HUX MomyJisi. Beicokoe HaIpskeHUe OT UCTOY-
HUKa (B paboueMm pexwume coctasiasier 1100 B)
MOJaeTCd Ha pa3beM, YCTAHOBJIEHHBIN Ha 3aaHEN
naHe I 3Toro MoayJis. Tam ke HaxomsTCs 1Ba MHO-
TOKOHTAKTHBIX pa3beMa Tuma PM32, oT KoTophIx
nuTalolne HanpsokeHus ODY Mo MHOTOXIITEHBIM
KaOesiM IepenaroTcsl Ha IBa TaKMX Xe pa3beMa,
CMOHTHPOBAHHBIX Ha KOpHyce rogockora. Beico-
KOBOJIETHBIM MCTOYHMK M PETYJIMPOBOYHBIN MOAYIIh
YCTAHOBJIEHBI B CTOMKE 3JIEKTPOHUKMU B TOMUKE C
perucTtpupymplleil anmapatypoii cucteMbl cbopa
TNAHHBIX, Kyla IIPUXOISIT CUTHAJIBI C TOMOCKOIIa. DTO
TeXHUYECKOe PEIIeHHUE ITO3BOJISICT OCYIIECTBIISITh
MOACTPOMKY OTIAENBHBIX KaHAJIOB IO0CKOIa HErMo-
CPENCTBEHHO MpHY paboTe C IMyYKOM.

BaxHoli 0COOEHHOCTbIO TOAOCKOIIA SIBJSIETCS
HUCII0JIb30BaHNUE BBICOKOYYBCTBUTEIBHBIX (Op-
muposarteneit HITM-12, pa3paboTaHHBIX U U3TO-
ToBJIeHHBIX B UDBD [6], pa3MelieHHbIX 6I1M3KO K
(pOTO3IEKTPOHHBIM YMHOXUTEISIM BHYTPH KOPITyca.
JlaHHOE pellleHre TTO3BOJIMJIO CHU3UTh UX padbodue
HaIpsiKeHUS U, KakK CJAeNCTBUE, YMEHBIIUTh TEMHO-
BbIE TOKM 1 OCIa0UTh 3arpy30uHbie 3¢ PeKThl. TecT
CO CBETONMOIOM ITOKa3aJjl, YTO IPU TaKOM BKIIIOUEC-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

HUM KaXIbIii KaHaJ rofoCKoma MOXeT 00ecTieunThb
perucTpaumio UMITyJIbCOB ¢ yacToToii 1o 10 MI11 6e3
notepu 3¢ dexkTuBHOCTU. C YYETOM TOTO, UTO MPU
Habope MaHHBIX NHTEHCUBHOCTD ITy4Ka HE IPEBHI-
maet 3 - 10° yacTu/c, oTagaer HEOGXOAUMOCTD B
MOAIUTKE TTocieqHux nuHono ®DY. [utaHue Bcex
(bopMupoBateneit ocyiecTBAICTCS OT UCTOUHUKA
HAIpPSKeHUST OTpULIATEeIbHONM TOJSIPHOCTU HOMU-
HayioM 6 B, pacriojio)keHHOTO psIIOM C TOTOCKOTIOM.
BreixogHbie curHanbl (hopMUpOBaTeieii BHIBEICHBI
Ha pa3zbeMbl CP-50, pa3melieHHbBIe C IBYyX CTOPOH
Kopryca rogocKkormna, 1 1Mo KoakCuajJbHbIM KaOesasm
C BOJIHOBBIM corpoTuBieHueM 50 OM mocTymnaioT
K perucTpupymolleil anmnapaType CUCTEMbI cOopa
JaHHBIX. 31eCch OHU IMpeo0pa3yloTcsd B mapada3Hbie
LVDS (low-voltage differential signaling) nMITyJIbCBI
M TIPpUXOIOSIT Ha BXOIBI BpeMSI-IU(POBOTO Ipe-
obpaszosatens (BLII) EM-4 B KpelT-cUCTEeMbI
“EBpoMUCC” [7]. DoTorpacdusi ronockoria co CHsI-
TOW KPBILIKOH, MpUBeNeHHAasI Ha puc. 1, HATISIHO
WUITIOCTPUPYET PaCMOJIOKEHHUE BCEX €r0 KOMIIOHEH -
TOB BHYTPHU KoOpITyca.

Puc. 1. ®ororpadusi IByXKOOPIUHATHOTO CIIMHTUILISI-
LIMOHHOTO TOIOCKOIA B COCTABE KCIIEPUMEHTATbHOI
ycraHoBku CITACYAPM Ha kanaie 14.
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3. OKCITEPUMEHTAJIbHBIE PE3YJIBTATbI

By mpoaHann3upoBaHbl JaHHBIE, TTOJYYEH-
HEBIE B XOJIe TECTOBOTO ceaHca B nekaope 2023 roma Ha
BBIBEICHHOM B KaHau 14 myuke mpotoHoB 50 [3B/c.
CurHaJbI CO BCEX IETEKTOPOB YCTAHOBKM PETMCTPU-
POBAJIMCH IO 001LIEMY TpUTTEPY, CHOPMUPOBAHHOMY
W3 COBIAJCHUS CUTHAJIOB OT TPEX CLIMHTULISILIMOH-
HBIX ITyYKOBBIX CYETYMKOB.

Ha puc. 2 npuBeneHbl CcyMMapHbI€ CIIEKTPBI Bpe-
MEH perucTpalliy CUTHAJIOB CO BCEX KaHAJIOB TOI0-
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TUIi BPEMEHHBIX CMEKTPOB BO BPEMEHHOM OKHE
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punm myyka mo obeuM KoopamHaTaM TOAOCKOIa
MoKa3aHbl Ha puc. 3.

Ha puc. 4 npuBeneHb HOpMUPOBaHHBIE pacIipe-
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Puc. 3. ITpodwiu myyka — cTaTUCTHKA YUCTa COOBITUI B KaHaIaX TOMOCKOTA: @ — 110 KOOpAMHATE X, & — [0 KOOPIUHATE Y.
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KOCTeil Ha ONWH TPUTTEP B 3aJaHHOM BPEMEHHOM
OKHe. M3 3Tux rucrorpaMm clieayer, 4To Heapdek-
TUBHOCTH TOJIOCKOITA (HyJIeBas MHOXECTBEHHOCTD)
COCTaBJISIET OKOJIO 2.8% 110 KOOpAMHATE X U OKOJIO
2.0% no xoopauHate y. Eciin Xe npu BbIYUCIIEHUN
3(pHeKTUBHOCTU 100ABUTH YCIOBHUE 00sI3aTEIbHOIO
HaJIM41s TpeKa B LIEHTPAJIbHON 00JIacTH ITyyKa pas-
MmepoM 10 X 10 MM?, BOCCTAHOBJIEHHOTO TIO IPYTUM

TOJOCKOITaM YCTAHOBKU, TO JUIsl 00EUX TIJIOCKOCTEeM
MoJIydaeTcsl 3HaYeHue 0koJio 99%.

Ha puc. 5 mokasaHbl KOppeIsILUU CUTHAJIOB
110 ABYM KOOpAWHATAM B KaHallaX rOJOCKOIIa Iep-
BOI cTaHIUM (TOPU3OHTAJIbHASI OCh) C CUTHAJIaMU
OT CUMHTUIISILIMOHHOTO BOJIOKOHHOI'O TOIOCKOIIa
(BepTUKaibHAsl OCh), PACMOJOXEHHOTO Jajiee IO
MyYKy Ha PACCTOSTHUU 6.75 M.
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Puc. 5. Koppeﬂ;{um/l CUTHAJIOB B KaHaJ1aX IBYX I'OIOCKOIIOB: @ — I1O0 KOOPpJAMHATE X, 0 — 1o KOOpaAuHarTe y. ITo ocsam otino-
JKE€Hbl HOM€pa KaHaJIOB: MO TOPU30HTAJIBbHBIM — FOJOCKOIIA MEPBOI CTAaHLIMU, a IO BEPTUKAJIBHBIM — CLIMUHTUJUISILIMOHHOTO
BOJIOKOHHOT'O IrogoCKolIIa.
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4. BAKJIIOYEHUE

IIpencraBieHHBIN B HacTosdIIe padoTe OBYX-
KOOPIWHATHBIN CHUHTWUISIIMOHHBIN TOOOCKOI C
IraroM OUCKPETU3aluy 2 MM IT0Ka3all BEICOKYIO
HaeXXHOCTh (YHKIIMOHUPOBAHUS U CTAOMJIBHOCTh
napamMeTpoB Ipu paboTe B COCTaBe IKCIIEPUMEH-
tanbHOl ycTaHOBKM CITACYAPM Ha BhIBeneH-
HBIX IMyYKaX 3apsLKeHHBIX YaCTHULl YCKOPUTEIHHOTO
koMmriekca ¥Y-70. DPpheKTUBHOCTh KaxXmIol W3
IUIOCKOCTeil romockormna Boiiie 97%. U3rotosieH-
HBII TTOJIHOCTBIO M3 OT€YECTBEHHBIX KOMIIOHEHTOB
B BKCIIpecCc-MacTepCcKoil (hu3nuecKoii jadboparopun
NDBD, rogockon o61agaeT HU3KOM CTOUMOCTBIO U
OpPOCTOTOI B 0OOCTYKMBAHUMU.

BIIATOOAPHOCTH

KoekTuB aBTOpOB BbipaxkaeT MpU3HATEIb-
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OnucaHbl pe3yabTaThl MEPBBIX SKCIIEPUMEHTOB IO TeHepallii MOHOB 13 Psila XMMUUECKUX 2JIEMEHTOB
OT JIETKHMX JIO TSDKEJIBIX Ha JIa3epPHO-IIJIa3MEHHOM MCTOYHUKE MOHOB, KOTOPBII BXOIMT B COCTaB pa3paba-
TthiBaemMoro B HULI “KypuaToBcKuit MHCTUTYT” TSKETOMOHHOTO MHKEKTOPA CUHXPOTPOHOB. MCTOUYHUK
6asupyetcst Ha CO,-nasepHoit cucteMe @OKYC uMnynbCHO-MEPUOAUYECKOrO ACHCTBUS U BKIIOYACT
B COCTaB BaKyyMHYIO0 MUIIEHHYIO KaMepy ¢ ApeidOBbIM MPOCTPAHCTBOM U BbICOKOBOJIBTHYIO CUCTEMY
3KCTpaKLMKU 1 (hOPMUPOBAHUS ITydKa 3apsLKEHHBIX YacTUIl. B paboTe omucaHo yCTpoiCTBO UCTOYHUKA
1 TIPUBEACHBI XapaKTePUCTUKHU JIA36PHOIO U3IYYSHMST U TeHEpUpyeMbIX MOHHBIX MyyKoB Al, Fe u Bi,
KOTOpBbIE MOJYYEHbI B pe3yJibTaTe COBMECTHOI 00pabOTKU JaHHBIX BPEMSIIPOJIETHOIO CIEKTpa YacTHUIL
M3 TUIAa3MEHHOTO IMOTOKA M TOKOBBIX XapaKTePUCTUK KCTParupoOBaHHOTO MOHHOTO ITydka. Beicokast
3¢ GEKTUBHOCTD 3TOTO UCTOYHUKA JIJIST TTOJTyYEeHUST MHTEHCUBHBIX MOHHBIX ITyYKOB M3 IIUPOKOTO CITEK-
Tpa 3JIEMEHTOB U BOBMOXHOCTh UX OITEPATUBHOM CMEHBI MOT'YT OBITh YCIIEIITHO MCIOIb30BaHbI B MHKEK-
TOpax CUHXPOTPOHOB /151 KOMIUIEKCHBIX UCCIEI0BAHNI U TECTUPOBAHMS 3JIEKTPOHHOM KOMITOHEHTHOM

6a3bl Ha paJMallOHHYIO CTOMKOCTb.

DOI: 10.31857/50032816225010046, EDN: GGMFTM

1. BBEAEHUME

ITpumMeHeHre UMNYJAbCHBIX JIA3€POB B UICTOUHMU -
KaxX MOHOB CYIIECTBEHHO PAaCIIUPUIIO TPAAULIMOH-
HbIe cephbl UCII0JIb30BaHUS MYYKOB YCKOPEHHBIX
YacTUI[ B HAPOTHOM XO3SIICTBE, TaKue KakK (PyH-
JaMeHTaJbHbIE UCCIEeI0BAHUS B 00JaCTU PEISITU-
BUCTCKOU saepHON (U3UKU U (PU3UKU BBICOKOM
IMJIOTHOCTU BHEPIUU B BellIECTBE, MPoOIeMbl Tepa-
MUK 3JIOKAYECTBEHHBIX OMYXOJIEW, MPUKIALHbIE
MaTepuajoBequYecKre 3agadu u T. . Cpenu rmocien-
HUX BCE€ OOJIbILIYIO aKTyaJlbHOCTb MpPUOOpETaroT
3a7a4u MCCIAECAOBAHUN U KOHTPOJISI BJIIEMEHTHOM
0a3bl 3JEKTPOHUKHM B YCIOBUSIX paavallMOHHOM
Harpy3kKu pa3Horo poja, B YaCTHOCTHU, B MOTOKaXx
3apSKEHHBIX YaCTULL IIMPOKOTO CIIEKTpa Macc U
sHepruit. CUHXpOTPOHHBII KOMIIJIEKC, CITOCOOHBIH
MOIECIMPOBATh TaKME YCJIOBHUSI, CTAHOBUTCS BCE
0oJjiee BOCTPEOOBAHHBIM B CBSI3U C MHTEHCUBHBIM
HUCIMOJIb30BaHUEM 2JIEKTPOHHOTO 000PYAOBaHUS Ha
KOCMMYECKMX arraparax.

21

MMnynbCHBIE JIa3epHbIe TeHEPaTOPbl MO3BOJISIOT
CKOHIEHTPUPOBATh U3JIydYeHUE B MaJiblil 00beM U
TEM CaMbIM MOJIYYUTh PEKOPIAHBIEC SIPKOCTU CBETA,
YTO B NPUJIOKEHMU K CO3IAHUIO MJ1a3Mbl TO3BOJISIET
peanun3oBaTh BbICOKYIO IJIOTHOCTb MOTOKA U3JIyYe-
HUS HA TTOBEPXHOCTU MUILIEHU M HATPEB TLIa3MBbl 10
TeMmIieparyp, ooecrneuyrBarolx reHepaluuio My4YkoB
3apsKEHHBIX YaCTUIL ¢ PEKOPAHBIMA MOHU3AILIMOH-
HBIM COCTOSIHUEM U MHTEHCUBHOCTbBIO. XapaKTep-
HO 0COOEHHOCTbIO TAKOU CXEMBbI SIBASIETCS BO3MOX-
HOCTb MPOU3BOAUTh IYYKU MaJIOK IJIUTEIbHOCTH,
HampuMep 10 eIUHULL MUKPOCEKYHI, UTO TpeOyeTCs
B psie NpuiokeHui. JIpyroe TexHuueckoe npenumy-
ILIECTBO JIa3€PHbIX UCTOYHUKOB, IIPOMCTEKAIOIIEE U3
TEXHOJIOTMYECKOU CXEMBI, CBSI3aHO C BO3MOXKHOCTbBIO
ONEPATUBHOM MEPECTPONKU TEHEPUPYEMBIX ITYYKOB
C OIHOT'O COPTa MOHOB Ha APYrOi MPaKTUYECKU U3
BCEro psiia XMMUYECKUX 3J1eMeHTOB. Takue kKaue-
CTBa JIa3€pHO-MJa3MEHHBIX T€HEPATOPOB MOHOB
JIeJIal0T X HE3AMEHUMBIMU B COCTaBE UHXKEKTOPOB
YCKOPUTEJIEH MPU KOMIUIEKCHBIX UCCIIEIOBAHUSIX 10
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BO3/IEHCTBUIO MOHHBIX TyYKOB Ha MaTepHralbl U pa3-
JIMYHbBIE 3JIEKTPOHHBIE 3JIEMEHTHI.

UcnonsizoBanne CO,-n1a3epa B KAYECTBE U3ILY-
yareJss IMpUAAET Ja3epHO-TIJIa3MEHHOMY UCTOYHUKY
MOHOB JOIOJHUTENbHBIE MpEeuMyllecTBa M3-3a
TexXHU4YeCKoM npocToThl CO,-1a3epa U HEBBICOKUX
TpeOOBaHUI K ONITUYECKUM 3JIEMEHTaM: CTOUMOCTb
YCTAaHOBKM OTHOCHUTEJIBHO HEBBICOKA HAXE B CJy-
yae Jlazepa 4YaCTOTHOTO AEHCTBUS C BBICOKOMN (He
meHee 100 Ixx) BeIxogHOM sHeprueit. [TpousBon-
CTBeHHbIe nomeuieHus 11 pasmeuieHus CO,-na-
3epa TaKXKe OTJIMYAIOTCHd OTHOCUTEbHO HU3KUMU
TpeOOBAHUSIMHU K KJIacCy YUCTOThI, BUOPOCTOMKO-
CTU, TEPMOCTAOUIM3ALMHU U T. 1. B COOTBETCTBUU C
MPOCTOM TEXHOJIOTHEH JTa3zepa 1 OOJBIION JJTMHOM
BOJIHBI U3JTy4YE€HMSI, YTO CHUKAET KaK KalluTaJbHbIC
3arpaThl HA CTPOUTENILCTBO, TaK U AKCILTyaTallUOH-
HbIe U3AEPXKKU.

2. OMMMCAHUE BKCINEPUMEHTAJIbHOU
YCTAHOBKH U METOAMUKHU USMEPEHWA

Hcrnonb3yemblii B OMUCAHHBIX 9KCITEPUMEHTaxX
JlazepHO-TIa3MeHHBIN reHepaTop noHoB (JITITN)
COCTOUT M3 TPeX OCHOBHBIX YacTeil (puc. 1): masep-

Horo apaiiBepa JIJI; BakyyMHOI MUIIIEHHOI KaMephl
MK 1 BBICOKOBOJIBTHOI CUCTeMBI 3KCTpakLuu CH.

B kxauectBe naszepHOro apaiiBepa co3maHa
cuctema @OKYC, npencrasngiomas coO0il Ty-
0OKYI0 MOAEpHHM3ALMIO pa3dpabOTaHHOTO paHee
OITBITHOTO 00Opa3lia UMITYJIbCHO-IIEPUOINIECKOTO
CO,-nazepa [1], HanpaBiIeHHY0, BO-IIEPBBIX, HA
pa3BUTUE TNPUHLUUIIMAIBHOMN J1a3epHO-ONTHUYE-
CKOI CXEMBbI M TEM CaMbIM Ha TTOBBIIIEHUE TUKOBOM
MOIITHOCTH M3JIYYeHUSI YCTPOMCTBA NP HEU3MEH-
HOM 3HEpreTUKe HaKayKM ja3epa; BO-BTOPHIX, Ha
yCTpaHeHNWe KOHCTPYKTUBHBIX HEIOCTAaTKOB OIIBIT-
HOTO 00pa3lia yCTPOICTBA, BEISIBJICHHBIX B ITpoliecce
SKCIUTyaTalllu, C LIeJIbIO YBEeJIMUYEHUS HAEXKHOCTU 1
pecypca pa6otsr JITIT'NA.

bazoBag ¢usmueckas cxema (GOpMUPOBAHUS
nuMnyiabca usnydeHus B cucreme MOKYC ocHo-
BaHa Ha HEJIMHEMHBIX ONTHYECKUX 3P deKTax mpu
pacripoctpaHeHuu usnyyenuss CO,-ynasepa B pe3o-
HAHCHO-YCUJIMBAIOIIMX U MOIJIOMIAIONIUX Cpeaax.
DTa cxema BIIepBhIe ITpeajioxkeHa B padore [2] 1 Obla
pa3BUTa C TTOMOIIBIO YMCICHHBIX PAaCYETOB M 3KC-
MEPUMEHTOB C MUCIIOJIb30BAHUEM U MHOTOCEK-
LIMOHHOI KOHCTPYKLIMM Morjolaomieit sueiitku [3]
IU1s MouduKauu ¢hopMbl GpOHTA UMITYJIbCA 3a1a-

(4]

(i fml 8

10

Macwmad
I m

1

Puc. 1. Cxema 1azepHo-TIJ1a3MeHHOTO reHepatopa noHoB: JIJI — ipaszepHsrii apaiiep — cucrema ®OKYC, MK — murieH-
Has Kamepa, CD — cucteMa 3KCcTpakLuu, / — OMHOMOMOBBIM omHOYaCTOTHBINM 3, 2 — TpexXxceKIMOHHas MomIolaoas
aueiika [141, 3 — nudpaknmoHnHas peiierka, 4 — KoporkodokycHoe 3epkano 1D, 5 — mmmHHODOKYyCHOE 3epKaio [1D,
6 — TIPOCTPAHCTBEHHBIN (UIIETP, 7 — aKTWBHAS cpela IUPOKOANepPTyPHOrO0 MHOTOITPOXOIOBOTO YCUINTEIIBHOTO MOMIY-
JIs1, § — OMHOCEKIIMOHHA TTorolamas stueiika [1512, 9 — BeITyKII0€ 3epKajio BHEOCEBOTO KOH(POKAITHLHOTO TEIeCKOIa,
10 — doxycupymollee 3epkajo Teneckomna, // — BXOIHOE OKHO BaKyyMHOI MUIIIEHHOM KaMepbl, 12 — (OKyCHPYIOIIMii
00BEKTUB, /3 — MIOCKOE MMOBOPOTHOE 3€pKalo, /4 — UIMHApUYECKast MUIIIEHb, /5 — BBICOKOBOJIBTHASI CUCTeMa DKCTpaK-
MK, 16 — BBIXOMHOM MOHHBIN ITyYOK.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

Ne | 2025



JIABEPHO-TUVIASMEHHbBIVM TEHEPATOP MIOHOB ILIMPOKOT'O PAJIA DJIEMEHTOB 23

omero reHepatopa (3I). B cxeMe ucnoab3yercs
gueiika 1511, cocTosiasa U3 Tpex ceKUUuii TIMHOM
o 30 cM 1 HanosHsAemas cmecbio SF¢ + N, o creny-
ouiemMy 3akoHy: cexkuus [141-1 — nonHoe naBiaeHue
1000 m6ap, nasnenue SF, 0.4 moap; I11-2 —250 mGap,
0.8 m0ap; I141-3 — 62.5 m0ap, 1.6 mbap. Takoii cro-
€00 TO3BOJISIET OCOOBIM 00pa3oM MOIMMUIIMPOBATH
3aKOH HapactaHus usnydeHus rociue 31 [4], Bcnen-
CTBHME YETO UMITYJIbC 3(PPEKTUBHO COKpAIIAeTCs T10
JUTUTEJIbHOCTHU B IIPOIIECCE YCUIICHUSL.

Cxewma nasepnoro apaiisepa (JI[1) ®OKYC kak
coctaBHoit yactu JITITU npuBeneHa Ha puc. 1.
MMnynbe u3aydyeHuss OMHOMOIOBOTO OJHOYACTOT-
Horo 31" /, KoTopwlii moapoOHO onucaH B padote [5],
paboTtaromuii Ha nuHuM P(20) monockl reHepa-
o 10 MKM, MOTU(UIMPYETCS B TPEXCEKITMOHHOM
pe3oHaHCHO-Tiomowawlei sueiike I141 2, 3arem
C HCIOJb30BAaHUEM IUIOCKON AUPPAKLUMOHHOM
pelieTKM 3 OH HallpaBlISIeTCsT Ha IMPOCTPAHCTBEH-
Hblil duneTp (I1D), npencrapnsironii codboit nua-
¢dparmy 6 ¢ oTBepcTHEeM, KOTOPOE pacriojiaraeTcs B
(oxyce KOHDOKATBHOM TTaphl cheprUIECKUX 3epKal
4, 5 (6a3a Teneckonuyeckoii napsl B = (R, + R,) / 2,
rae R, R, — panuycbl KPUBU3HBI JJIUHHODOKYC-
HOTO U KOPOTKO(OKYCHOTO 3epKaj) U (popMupyet
pacripezesieHUe Iydka, oTpe3asi IpOCTPaHCTBEHHbIE
TapMOHUMKHU BBICOKOTO ITOpsiAKA TaK, YTO Ha BHIXOE
MYy4OK CTAaHOBUTCS OJM3KUM K rayccoBomy. JIpyras
(YyHKIIMST TEICCKOMUIECKOM Mapbl — YBEIUUYCHUE
JraMeTpa ITydKa JJisl OITUMAJIbHBIX YCIOBHIA yCH-
JIeHusT (B JAaHHOM cXeMe YCTaHOBJICHO yBEIUYEeHHE
M=R,/R,=3).

Hanee nudpakIMOHHO pacXONAIINICcs Ta3epHBIiA
MIYY0K C IIOMOIIIbIO CUCTEMBI IUIOCKHUX 3€pKaJl AeIaeT
MEPBBII IIPOXON YCUIMTEIbHOM Cpeanl 7, 3aTeM —
npoxoj yepes noraomarinyio sueiiky 1142 & nnm-
Hoii 70 cM, HanosHgemylo cMecbio SF, + N, o nas-
neHus 150 mOap ¢ conepxanueM SF, npu naBieHun
4 Mm0ap. Bropas siueiika yyacTByeT B (pOpMUPOBAHUU
(bpoHTa HapacTaHUS U3JIYYCHUsI, a TAKXKe BBITIOI-
HSIET POJIb Pa3BSI3KM MHOTOIIPOXOTHOM CXeMBbI YCH-
JICHUSI, TIPETIATCTBYS] BOBHUKHOBEHMIO TTApa3UTHOMN
reHepalny Ha paboueil JIMHE BOJTHBI BIOJIb OITH -
yeckoit ocu. Ilocae BToporo nmpoxona yCuadTens
MYJYOK IToMajaeT Ha BBIMYKJIOE 3epKajio 9 BHeoce-
BoOTO (YToJI TTaieHsT Ha Majioe 3epKajio He OoJjee 2°)
KacCerpeHOBCKOTO TeJIecKoIa (pagnychl KPUBU3HbI
MaJIoro 1 0OJIBIIOrO 3epKajl COOTBETCTBEHHO 1632 1
11 000 MM) 1, reOMETPUYECKHU PACILIUPSISChH, ACTaeT
TPETUi MPOXOa YCUJIUTEIS 1 MagaeT Ha (hOKYyCUPYIO-
mee 3epkano /0, mocje 4yero mapajuieIbHbII IMTy4oK
nnameTpoM 170 MM peannsyeT (pUHAIBHBIN YeTBEp-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

TBII TIPOXOJ, MaKCUMaJIbHO 3allOJIHSS aKTUBHBIMN
00BEM.

AKTUBHasg cpega 7 yCUJIUTEJIbHOTO MOAYJIS,
noapoOHO omucaHHOTO B pabote [6], co3maercs
HaKayKoil KoJieOaTeIbHO-BpalllaTeJIbHBIX YPOBHEMN
Moutekyst CO, B CaMOCTOSITENIBHOM pa3psifie ra3oBoi
cmecu CO, /N, /He =1.5/1/7.5 npu armocdep-
HoM AaBieHuU. CaMOCTOSTENbHBIN 00beMHBIN pa3-
psii C TIpeablOHU3alMel PEHTTEHOBCKUM ITYYKOM,
KOHBEPTUPYEMBIM U3 3JIEKTPOHHOI MyIIKHU, Qop-
MUpPYETCS MeXAy NpOoPUIMpOBaHHBIMU 3JIEKTPO-
JaMU B IPOMEXYTKe ceueHueM 17 X 17 cMm? 1 auHoit
125 cMm. IIutaHue paspsiga ocylIeCTBIsSETCs Mapai-
JIEJIbHO NBYMsI BOCBMUCTYMEHUYATBIMU MOMYISIMU
reHeparopa umMmnyibcHoro HampstkeHus (I'MH)
ApkanbeBa—Mapkca ¢ aMIJUTYIOW uMITyJbca
HaIpsKeHUS B Xo1ocToM xony 10 400 kB. Cuctembr
I'MH u npokauku paboueit cMmecu uepe3 pa3psiaHblit
00beM obecrneuynBaloT pabOTy Jla3zepa ¢ 4acTOTOM
noBTopeHus a0 1 I,

[TonydyeHHBIN ONBIT IKCILIyaTallUMd OIBITHOTO
o0pa31ia 1a3epHOoii CXeMBI IT0Ka3aJ HEKOTOPhIE KOH-
CTPYKTUBHBIC HEIOCTAaTK! YCTPOMCTBA, OrpaHUYIN-
BaoIINE HEIPEPLIBHBIN pecypc pabOThI, KOTOPHIE
YUTEHBI B ICUCTBYIOIIENA YCTAHOBKE:

1) aueiika 1512 BeiHeceHa 13 na3epHOro oobeMa
C LIEJIbIO YCTPaHEHMSI IIPO00sI IIOBEPXHOCTHOTO CJI0ST
ONTUYECKUX OKOH JIa3epHBIM H3JIyYeHHEM H3-3a
3arpsI3HeHMSI B IIOTOKe paboveil cMecy ra30B 1 CHU -
XKEHUS UX JTy4eBOI CTOMKOCTH;

2) paboyast 4acThb IIOBEPXHOCTH Pa3PsIIHBIX DJIEK-
TPOIOB BBINOJHEHA U3 MeP(HOPUPOBAHHOIO JIMCTA
HepXKaBeIlel cTalu TOJIMUHOM 1 MM ¢ COTOBOM
CTPYKTYPOI OTBEPCTUI A1 MAKCHUMAJIbHOI MpPO-
3pavyHOCTHU 3JeKTpoaa (B HMXKHEM 3JCKTPOIES IJIs
MIPOXOXKIEHNS pEHTIT€HOBCKOTO ITyYKa IMPEIBIOHN3a -
TOpAa, a B BEpXHEM — JIJISI MUHUMU3ALUN OTPaKCHUS
JIa3epHOTO U3JIyYeHUS OT MTOBEPXHOCTU 2JIEKTPOIA)
B3aM€H JIATYHHOM CETKM CPaBHUMOI IPO3pavyHO-
CTHU, YTO ITOTHOCTHIO MCKIIIOUMJIIO IIPOTOpPaHue SJIeK-
Tpoda OT CIIyYallHBIX JIOKAJIbHBIX AYTOBBIX 00pa3o-
BaHWM;

3) B koHcTpykumio I'MH nutanus paspsiga ycu-
JINTEJIbHOT'O MOMYJISl BHECEHBI U3MEHEHMSI 10 3aMeHe
pabounx emkocTteil 0.1 Mk® ¢ paboynm HampsKe-
aueM 1o 50 kB Ha aHaJTOrMYHBIE TT0 HOMUHAJTY 2JIe-
MeHTbI Ha 100 kB, 4yTo moBbIILIaeT pacueTHHIN pecypc
pa6otsl TUH 1o 10° BeICTpEnoB.

BBIXODHOI TTyYOK JIa3epHOM CUCTEMBI TUaMET-
pom D = 170 MM HarmpaBisieTcss CUCTEMOi TIoC-
KMX 3epKaJl yepe3 BaKyyMHOE ONTUYeCKoe OKHO [/
B MK, tme pacriomaraercst ¢poKycupymoIas cxema,
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cocToslas U3 cpepruueckoro 3epkana /2 ¢ OTHO-
cuTelbHLIM OoTBepcTueM F/ D = 8.8 u Bcriomora-
TeTBLHOTO TJI0CKOro 3epkana /3. CucreMa Mo3BoO-
JIsIeT CKOHIIEHTPUPOBATh M3JIYyUYEHHUE JIa3ePHOIO
My4YKa Ha ITOBEPXHOCTb MUIICHU HUJIUMHIPUYIECKOMN
¢opMBbI TTOJI YIJIOM OKOJIO 5° K HOPMaJIu MOBEPXHO-
CTU, YTO MUHUMHU3HUPYET 3epKaJIbHOE OTPaXKEHUE OT
MUILIEHU, BO3Bpallamlleecsl B JJa3epHYIO CXeMy, U
TE€M CaMbIM CHIXKaeT 0OpaTHYIO CBSI3b MEXKIY MUIIIS-
HbIO U aKTUBHOM cpenoii. Takass oOpaTHasi cBSI3b
MOXKET IIPUBOIUTH K ITapa3UTHOM reHepaluu YCH-
JIUTEJIbHOM JTUHEWKMN W OOIIOJTHUTEIbHON JIydeBOM
Harpyske Ha ONTUYECKHE 3JeMEHTHI jlazepa. Jlis
noay4yeHus1 HauboJiee CTaOUJIbHBIX BOCIIPOU3BOIM -
MBIX YCJIOBMIA TeHepallMyd MOHOB LIUJIUHIAPpUYECKas
MUILIEHb IIOBOPAYMBACTCS M CMEIAeTCs BIOJIb OCH
BpallleH!s Ha HeOOJIbIIOM YToJI MMOCIe aKTa 00Iyde-
HUSI, TaK YTO KaXKIbII ITOCIEAY IO MMITYJIbC U3y~
YEeHUS TTPUXOOUTCS HA CBEXKMI Y4aCTOK MUIIIEHH.
HMcnonb3yeMble B ONTUYECKON cXxeMe OoTpaxa-
TeJIbHBbIE BJEMEHTHI BBIIIOJIHEHBI U3 Meau MOO,
pabounre MOBEPXHOCTU KOTOPBIX, HAIIBIICHHBIC
30JI0TOM, 00JIaJal0T TOCTAaTOYHO BBICOKOI JIy4eBOI
MPOYHOCTHIO. IIpo3pauHbie 3JIeMEHTH U3 MOJIU-
KPUCTAJUTMYECKOTO CeJIEeHUIa IIMHKA IPOCBETICHBI
Ha 10.6 MkMm. Dokycupylole MOBEpPXHOCTU OITH-
YeCKMX DJIEMEHTOB UMEIOT chepudecKkyio (gopmy.
HaxknoHnHble mageHus Jyda B HEOCEBOM TEJIECKOIIe
YCHJIUTENIbHOM cXeMbl U (hOKYCUPYIOIIEM O0BeK-

Puc. 2. O6Gmuii BUI MUILIEHHOM KaMepbl U CUCTEMBI
OKCTpakuuu: I — JIa3epHBI My40K, 2 — BaKyyMHas
MUIlIEHHas KaMmepa, 3 — apeigoBas Tpyba, 4 — BbICO-
KOBOJIbTHAsI CUCTEMa 3KCTPAKIUU, 5 — MOHHBIA MYYOK,
6 — BBICOKOBOJIBTHBIE M30JIITOPhI. BOJHUCTOI TMHM-
eif TToKa3aH XO[I JJa3epHOro JIydya, IITPUXOBON — TIa3-
MEeHHasl CTpysl MaTepuaja MUIIEHU, CIIOIIHOM — XOJI
MOHHOTIO ITyYKa.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

THBE MUIIEHHOI KaMepbl ITPaKTUIECKN HEe TIPUBO-
ST K abeppalusM 13-3a O0JbILINX PaguyCOB KpU-
BU3HBI 3epKaJl.

MuiieHHast Kamepa 0oJiee 1eTajlbHO MOKa3aHa Ha
puc. 2. @oKycHpOBKa JIa3epHOIo My4Ka / Ha IIOBepX-
HOCTUA MUIIECHU B BaKyyMHOI Kamepe 2 IMPUBOIUT
K 00pa30BaHUIO IUIa3Mbl Ha MOBEPXHOCTU MUILIEHU
U ee IOCJeayIlleMy HarpeBy Jla3epHbIM U3JIyye-
HUEM 10 BBICOKMX TeMIepaTyp U pasJieTy B BaKyyM.
Pazner mponcxomut mpenmyIiecCTBEHHO 110 HOpMau
K TIOBEPXHOCTY MUIIIEHM, BIOJb KOTOPOIi pacrioia-
raeTcsi OCb BPeMSIIPOJIETHON TPyObl 3, Ky/a paciiu-
psieTcsd TUIa3MEHHBIM MOTOK MaTepuajia MHUIICHU.
Ha npeiichoBoM paccTostHUM, omnpeneasseMoM Tpedo-
BaHUSIMU K IJTUTEJIbHOCTHU 1 IZIOTHOCTU TOKAa MIOHHOTO
MyJKa, YCTaHABJIMBACTCSI BBICOKOBOJIBTHAS CHUCTEMA
skcTpakuu 4 (CD, 15 Ha puc. 1), ¢ TOMOIIBIO KOTO-
pOIi MPOMCXOAUT pasiesieHue 3apsiioB MIa3Mbl U
(bopMupyeTcst MOHHBII TydoK S (16 Ha puc. 1).

B oncrkiBaemoii yctaHOBKe 17151 (POPMUPOBAHUS
MOHHOTIO IIy4YKa MCIIOJIb30BaJlaCh TPEX3JIEeKTPOI-
Has cucTema, Ioka3zaHHas Ha puc. 3. [lnmasmMeHHas
ctpya I, mpoxons npeiioBoe pacctosgaue 1935 mm
OT MUIIIEHU, TIOITafacT Ha MePBblil KOHGUTYPUPO-
BaHHBINA 3KCTPAKIIMOHHBIN 3JIEKTPOI 2 C OCEBBIM
OTBEpCTHEM IAuamMeTpoM 15 MM, HaXOASIIMIACS MO
MOJIOKUTEIbHBIM ITOTEHIIMAIOM, KOTOPBIN peryiu-
pyetcs B nnana3oHe 0—70 kB. [Tox Tem ke moTeHIIN-
ajioM HaxonuTcsd MK ¢ BakyyMHBIM 000pyIOBaHUEM
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Puc. 3. TpexanekTpoaHas cUCTeMa BBICOKOBOJIBTHOM

OKCTpaKuUMu: / — MIa3MEHHBIN MOTOK, 2 — TIePBBII

BJICKTPOI TIOA TMOJOXUTEIbHBIM MOTeHIIUAIOM, 3 —

CPEIHUIA 3JIEKTPOI MO OTpULIATEIbHBIM MOTEHIINAIOM,
4 — TpeTuii 3a3eMJICHHBII 2JIEKTPOI.
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U ApaiiBepOM MUIIICHU, KOTOPbIE YCTAHOBJIEHBI Ha
BBICOKOBOJIBTHBIX M30JigTopax 6 (puc. 2). Ha pac-
crostHuM 40 MM OT TIepBOTO pa3MellaeTcsl BTOPOi
BIIEKTPON 3 TIIIOCKO# (POPMBI C OCEBBIM OTBEPCTUEM
OUaMeTpoM 26 MM IOJ OTpULIATEIbHBIM ITOTEHIIU-
ajioM, HacTpanBaeMbIM B aAuanazoHe (0 ~ —20) kB.
TpeTuit mI0CKUI 3eMJISTHOU 2JIEKTpO. 4 C TUaMeT-
POM OCeBOTro OTBepCTHs 26 MM pa3MellieH C 3a30pOM
7 MM OT BTOPOT0, OH 3aBepllaeT cxeMy (popMupoBa-
HUS TpOoG ISt MIOHHOTO ITyJKa.

®opma nMITyIbca Ha BBIXOJIE JIA3ePHOIM CUCTEMBI
3aMMChIBaeTCsl B KaXIOM BBICTpEJe C MOMOIIbIO
nudposoro ocumuiorpada Tektronix DPO 5104
¢ nerekTopa tuma photon-drag (PD-30), ycraHoB-
JICHHOTO B JIyye, OTPaXX€HHOM OT BXOJIHOTO OKHa
MUIIIEHHOM KaMephl U C(POKYCHUPOBAHHOM B amep-
typy 30 MM Kpuctamuia PD-30. M3mepsieMblil cur-
HaJl KaJIMOPOBAJICS 110 MOIIIHOCTY U3TyYeHUS ITyTeM
MpeaBapUTEbHOTO U3MEPEHUSI SHEPTUY UMITYJIbCa
TepMoMapHbIM TNpueMHUKOM Scientech 38-0802.
Bpemennoe paspemenne PD-30 1o o1ieHKe 13 31eK-
TPUYECKUX XapaKTePUCTUK He Xyxe 1 HC, mojoca
peructpaumuu ocuuuiorpada 1 I'Ty ¢ nuckpeTHO-
ctbio 3anucu 100 mc.

Ha puc. 4 npuBeneHbl pe3yabTaThl CTaTUCTUYE-
CKOIf 00pabOTKM JaHHBIX Ja3€pHOI0 MMMYJIbca Ha
BBIXOJIE YCUJINTEIS B IIPOLIECCE MPOBENECHUS U3ME-
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PEHUI 3HEPTreTUYECKOro CIIEKTpa: CpeIHHe 3Ha-
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Puc. 4. JlaHHbIe CTATUCTUYECKOI 00pabOTKM XapaKTEPUCTHK Ja3epHOro nMItyiabca Ha Beixone cucreMbsl @OKYC mo tecty
JUTMTEIBHOCTBIO 2 U ¢ YacToTOi moBropeHust 1/16 i a — mukoBast MOIIIHOCTh MMITyJIbca, 0 — IOJHAsI SHEPTUsl, B — JIJIU-
TEJIbHOCTD Ha MOJIYBBICOTE.
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pacnpenejieHMeM JaHHBIX. JlaHHBIE ITOJIyYEeHBI B
npolecce IByx4acoBoii pabotsl cucteMbl POKYC
C YacTOTOI MOBTOpeHUs UMITYJIbcoB 1/16 1. Takoii
peXuM 3amaeTcsl YCIOBUSIMU U3MEPEHMS CIIEKTpa
pasieTa MOHOB U OIIpeHeIsIeTCsSI KOHEYHOM CKOpPO-
CTBIO OTKAYKM MUIIEHHOM KaMepbl [JISI BOCCTAHOB-
JICHUST HeO0OXOIMMOTO YpOBHS BaKyyMa ITOCJIe aKTa
00JIydeHUs MUIIEHU, a TakKke CKOPOCThIo cOopa
HEeoO0XoaMMOro o0beMa JAaHHBIX 3a BBICTPEN TIPU
U3MEPEHUN 3HEePTeTUYECKOTO CIIEKTpa pasjieTa
HMOHOB.

TunmaHast popmMa UMITYIIbCA B IIKaJIe MOITHOCTH
U3Jy4yeHUs1 mpuBeAeHa Ha puc. 5. JIIUTeIbHOCTh
MMITyJIbCa Ha MOJyBbICOTE paBHa T, = 13.9 + 1.7 He
¢ (ppoHTOM HapacTaHus Ty = 4 HC 110 ypoBHIO 0.1—
0.9. ITocmenHsIs XapaKTepUCTUKA SIBJISICTCST BasKHOM
IS TeHepallii MHOTO03apsIHBIX MOHOB, IIOCKOJIBKY
OoHa omnpenensieT 3(PGeKTUBHOCTh HaTpeBa Ija3Mbl
M JOCTVKEHNE MAKCUMAJIbHOM CTeITIeH MOHU3ALUN
B YCJOBMSIX CPAaBHUMOIO IO NTMHAMUKE Ipoliecca
pasjeTra MOHOB U3 ropsiueit oobiaactu. B onurcaHHbIX
3/IeCh OKCIIEPUMEHTAX Ja3ePHBII BBIXOH OIPaHUYM -
BaJIicsl MO MUKOBOI MolHoCTU 10 1.5 I'BT Ha BXOme
B MUIIEHHYIO KaMepy IIyTeM auadparMupoBaHUS
My4Ka IPOXOIHBIM OTBEpPCTUEM TraMeTpoM 90 MM.

Pacnipenenenue njaoTHOCTU 3Heprum I u sHep-
rocomepxxanue B Tydyke 2 mepen (OKyCHUPYIOIIUM
00BEKTUBOM MUIIEHHOM Kamepsl (F = 1500 mM) (a)

P=625+03551TBt
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Puc. 5. Tunuunast hopMa uMIysibca Ha BbIXOIE CUCTE-
Mbl DOKYC.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

" B (DOKaITBHOM T10CcKOCTHU (0), MOJTyYeHHBIE TTyTEM
IU(pPaKIMOHHOTO pacueTa pacrpoCTpaHeHUS U3JTY-
YeHUsI B aKCUaJIbHOM IIPUOJIVKEHUM T10 IIPOTpaMMe,
oIMcaHHO B pabdore [ 1], moka3aHbl Ha puc. 6. 31ech
nosHas sHeprus £; = 19 JIxx u MakcuMasbHas IUI0T-
HOCTb SHepruu nyyka e, = 0.96 JIx/cm?, a Makcu-
MaJIbHas TUIOTHOCTb SHEPTUU B (OKyce MATHA e, =
=4.4-10* JIx/cm>.

CunenaeM oOLeHKY 3((EKTUBHON IJIOTHOCTU
MOTOKA ¢ p, IPU KOTOPOIi NPOBEIEHBI ONUCAHHBIE B
paboTe 3KCHEPUMEHTHI 10 TreHepallii HOHOB: BO3b-
MeM BPeMEHHOI MHTepBaJl U ITPOCTPAHCTBEHHYIO I'pa-
HUIIY ITy4YKa 110 ypoBHIO 0.1 TJIOTHOCTH ITOTOKA, TOrAa
YCPEMHEHHAs BEIMYMHA ¢cp ~ 3.6+ 10" Br/cMm?, uTO
COOTBETCTBYET BpeMeHHOMY MHTepBany (—1,32) He
Ha ocCUMJIIOTpaMMe UMITYJIbCca U JUaMETpPy MsTHA
320 MKM Ha MpoCTpaHCTBeHHOI ¢opme. leiicTBy-
ollee ee 3HaueHMe, MO-BUAUMOMY, HUXE U3-3a
TEMJOTIPOBONHOCTH B TepudepuifHyio 00JIacTh
HarpeBa. 3aMeTHM, 4YTO YacTO MCIHOJIb3yemas
OILICHKA IJIOTHOCTU ITOTOKA JUISI XapaKTepPUCTUKU
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Puc. 6. I1poctpaHcTBeHHBIN TTpoduib (7, 1eBas 1Ka-
Jla) ¥ aHeprocoaepxaHue (2, npasas 1Kajaa) Ja3epHOro
ny4yka repea MUIIeHHOM Kamepoit (a) U B (hoKaIbHOI
njaockoctu (0), rae E, = 19 JIx — nosiHast sHeprust
nyJka, e(l) =0.96 Ix/cM? — MaKCUMaJIbHas! IUIOTHOCTb
SHeprum myuka, e; =4.4-10* Ix/cm> — MakcnManbHast
IUIOTHOCTD 9HEPTUU B (DOKAIBHOM IISITHE.
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YCJIOBUI 00IyYeHMSI MUIIIEHU 10 MaKCUMaJbHOMY
3HAUEHUIO B IUKE UMITYJIbCa U LEHTPaIbHOI YacTu
(OKaNBHOTIO MATHA COCTABIAET ¢, = 3 - 10> Br/cm?,
YTO CYIIECTBEHHO BHIIIE YCPETHEHHOTO 3HAYCHMUSI.

M mccnenoBaHUsI SHEPIreTUISCKOTO CIIEKTpa
pasjieTa MOHOB MCIIOJb30BaJICs BPEMSMPOJCTHDIM
BJEKTPOCTATUYECCKUI IMIMHAPUYECKUN aAeduek-
TOp ¢ ymioM pa3Bopora 90°, monpoOHO ONMMCaHHbII
B pabore [7], KOTOpBIl ycTaHAaBIMBAJICSI BMECTO
cUCTeMHBI 3KcTpakuuu. JpeiidoBoe paccTosiHUE
OT MHIIEHU IO perucTparopa, B Ka4eCTBE KOTO-
pOro HCIIOJb30BAJICS BAaKYyMHBIN 3JIEKTPOHHBIN
ymHoxutenb (BOY) Electronic Tubes Ltd 143EM,
cocrtapistiio 3620 MM. [lepBUUYHBIE JaHHbBIE U3 CUT-
HaJIOB aHaJM3aToOpa BO BCEM JMana3oHe TUCKPEeT-
HBIX 9HEPruil HacTpoiiku aHanmsaropa E (E = GzU,,
rae G = 20 — reomeTpuyecKuii (pakTop aHAIMU3A-
TOpa, Z — 3apsiA MoHa, U, — HanpsikeHKe Ha IU1aCTh-
Hax nedJieKTopa) 3alUChIBAIMCh B PEXUME peab-
HOTO BpeMeHHu U o0pabaThiBajJuCh C MMOMOIIBIO
KOMITBIOTEPHOI'O KOMa, BKJIIOYasl MACHTU(DUKALIIIO
Ha0II0JaeMbIX NOHHBIX CUTHAJIOB, UX YCPEIHEHNE
no 10 u3MepeHUsIM IJIsI KaxKa0il TOYKM HACTPOUKH,
WHTEPIOJISILIMIO U MOJydeHUe TpeOyeMbIX XapaKTe-
PUCTUK MOHOB OTAENbHBIX 3aPSITIHOCTEH.

Ha puc. 7 nokazaHa TMnu4Hasi ocLuJIorpaMma
IJIsi MIOHOB BUCMYTa, MOJy4YeHHas MpU DHEPTUU
HacTpoiiku E [kaB]| = 4z, rme noHBI BUCMyTa Hau-
0ojiee mpencTaBieHBl MO aMIumMTyde. Ha ciemy-

27

IOIlEM 3Talle BOCCTAHOBJEHUSI XapaKTEePUCTUK
MOHHBIX MMOTOKOB B T€X € YCJIOBUSIX OOJIy4eHUs
MPOBOAMINCH U3MEPEHUS IIOJIHOTO TOKa MOHOB
3a CUCTEMOM 3KCTpaKIIMH, IOCJIE Yero YCPeaHEH-
HbIe 3HAUYCHMSI MCIIOJIb30BAIUCH IS HOPMUPOBKH
napuMaJlbHBIX TOKOB B aOCOJIOTHBIX €IMHUIIAX.
B pesynbrate BBIUMCISUIUCH MIOTHOCTU YaCTHUIL
Ha 3aJlaHHOM Jpeii(poBOM pacCTOSHUU U B 3a/aH-
HOM BpeMeHHOM uHTepBayie. Ha puc. 8 mpuBeneHa
TUIIMYHASI OCIHUJIOTpaMMa IIOJIHOTO TOKa MOHOB
BUCMYTa B CEpUM 25 U3MEPEHUIA, TTOJyYeHHAS IIPU
MOTeHIIMaJaX Ha MEPBOM U BTOPOM 3KCTPAKIIMOH-
HBIX 3JIeKTponax +62 KB 1 —5 kB cOOTBeTCTBEHHO;
pa30dpoc Mokas3aH ¢ y4eTOM CTaHIapTHBIX OTKJIOHE-
HUM 9KCIIepUMEHTATbHbBIX JAHHBIX.

JlanHple Ha puc. 7, 8§ MILTIOCTPUPYIOT XapaKTep-
HBIe 0COOCHHOCTM I'e€Hepallui MOHOB B Ja3epHOil
miaasMe:; a) CIeKTP MOHOB COAEPKMT, MO KpaliHei
Mepe, IBe TPYyIIbl MOHOB, BBICOKOIHEPreTUYe-
CKYI0 M HU3KOBZHepreTudyeckyio [8] (cm. puc. 8a),
KOTOpbIE OTpaxkKarT BPEMEHHOI X0 MHTEHCUBHO-
CTHU Ja3epa U IMPOCTPAHCTBEHHYIO (OpMY IISITHA
(GoKycupoBKH, IIPU MaKCUMAaIbHBIX IJIOTHOCTSIX
MOTOKA, COOTBETCTBYIOIIMX MUKOBOW MHTEHCUB-
HOCTU UMITyJbca Jla3epa W LEeHTpaJbHBIM 00Ja-
CcTIM (poKaJbHOIO ISITHA, TEeHEPUPYETCsl HauboJiee
ObICTpast YacTh MOHHOTO ITy4Ka; 0) Mo Mepe pocTa
CpemIHero 3apsiia TeHePUPYEMBbIX HOHOB PacTeT U UX
aHeprus (CM. puc. 7), T. €. BBICOKOOHEepreTuieckas
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Puc. 7. Curnansl aHanuzaropa uoHoB Bi npu sHepruu Hactpoiiku E [kaB| = 4z, rie aMminTyasl curHajios BOY 6buin
MakcHuMaibHbI. HysieBoe 3HaueHMe BpeMEHHOM 1IKaIbl — MOMEHT Hayajia o0JydeHUsI MUALICHU, ITMHA apeiida 3620 M.
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Puc. 8. YcpenHenHas (popma rIoTHOCTH TTOJTHOTO TOKa

MOHOB BUCMYTa (KpYBasi 2) U CTaHAAPTHbIC OTKJIOHEHMSI

(kpusbie / u 3). Inuna npeiida 1935 MMm: a — o630pHas

mKaa, 6 — WHTepBaJ MpUjieTa BRICOKOIHEePreTHIeCKIX
HMOHOB.

“ronoBKa” MOHHOTO MMy4yKa 00Opa3oBaHa MpenumMyIle-
CTBEHHO YaCTULIAMU C BLICOKMMMU CTEIICHSIMU MOHU -
3aLIMU.

3. XAPAKTEPUCTHUKHN MOHOB Al, Fe U Bi
HA BBIXOJE JIABEPHO-IIJIASMEHHOTI'O
I'EHEPATOPA

Hanee mpuBemeHbI MPaKTUISCKA MHTEPECHBIC
xapakTtepucTuku noHoB Al, Fe u Bi, nonyyeHHbIe B
OITMCAHHBIX BBIIIE YCIOBUSIX O0IYYEHUST U SKCTpaK-
MU NpU (PUKCUPOBAHHOM IIOTHOCTHU JIa3€PHOIO
noTtoka. DTo obecrieynBacT Hamboyiee MPOCTYIO
KOH(UTYypauio UCTOYHUKA, YIIPABICHUE UM IIpU
CMEHE MCCJIEAYyeMOro 2JIEMEHTa CBOAUTCS TOJBKO K
MOACTPOIKE SHEPIMU MOHOB Ha BXOJ€E B JIMHEIHBIN
yckoputellb RFQ, koTopas a1 pa3pabaTbiBaeMOro
MHXEKTOopa-JMHEMHOTO YCKOPUTEIS IO TpenBa-
pUTENbHBIM pacueTaM cOCTaBisieT 9 K3B/HyKiIoH
¥ CKJIAABIBACTCSl M3 HAYaIbHOM 3HEPTHHU pasjieTa
MOHOB 1 DHEPTUU, TPUOOPETaeMOI MPU YCKOPEHUU
B CHCTEME DKCTPaKIUU.

Hpyroit kapauHaldbHbII MapaMeTp JUHEHHOTO
yckoputenss RFQ — oTHolleHne 3HEpTUM yCKO-
psieMBIX MOHOB K HMX 3apsiny — IIpeariojiaraercs

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

HacTpaumBaeMbIM B MHTepBajie 4—8 kKoB/3apsn,
YTO OIpenesseT BbIOOp copTa MOHOB, OTOMPAEMbIX
M3 UCTOYHHUKA: JJISI MOHOB BUCMYTa 3apSITIHOCTBIO
BbIllIe 26, Xejie3a — B uHTEpBaje 7—14, anoMu-
HUS — B UHTepBaye 4—7.

Ha puc. 9 mpuBeneH BMA BOCCTAaHOBJICHHOTO
DHEPreTUYECKOTO CIIEKTpa MOHOB BUCMYTA C 3apsii-
HOCTSIMM, KOTOPBIE SBISIOTCS KaHIUAaTaMUu s
YCKOpEeHUs B pa3dpabaTbiBaeMOM MHXeKTope. Tou-
KaMU ITOKa3aH IUCKPETHBIA psII DHEPIriA HACTPOMKM
aHaJu3aTopa B mpoliecce u3MepeHuii. Kak BumHo,
SHEpTUs pasjieTa OCHOBHOM MacChl MOHOB HaxO-
nutcst B uHTepBasie 70—250 k3B, cpenHsst sHeprus
moHoB u3 psina Bi¥’"— Bi*"* ouenuBaercs kak 155,
177, 189 u 200 k3B coorBeTcTBeHHO. Takum oOpa-
30M, TIpU UCTI0JIb30BAaHUM B MHXEKTOpE, HAIIpuMep,
noHa Bi*’" Heo6X0IUMO NMPUIOKUTH YCKOPSIOLIEe
Hanpsokenue 63.9 kB Ha nmepBoM 3KCTPaKILMOHHOM
anekTpone. Te ke JaHHBIC HA pUC. 9 IpencTaBIeHbI
B BUJE MJIOTHOCTU MapUMaIbHBIX TOKOB, KOTOpPbIE
JUISI TIEPEYMCIICHHBIX BBIIIE NOHOB OLIEHMBAIOTCS T10
MMKOBBIM aMIuTuTyaaM Kak 0.5, 0.4, 0.3 1 0.15 MA/cMm?
COOTBETCTBeHHO. [loacyer IMJIOTHOCTU YacCTUIL BO
BPEMEHHOM MHTEpBAJIE 5 MKC TaeT 3HAYEHUSI, TTPU-
BelieHHbIe Ha puc. 10.

AHaJIoTMYHbIe TaHHbIE TPUBENEeHBI Ha puc. 11—13
nst uonos Fe'"" Fe''*, Fe'** u Fe'*" nna puc. 14—16
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Puc. 9. DHepreTuyeckuii CreKTp MOHOB BUCMYTA:
1(o) — Bi?’", 2(A) — Bi®**, 3 (0) — Bi¥", 4 (%) — Bi*"".
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st noHoB Al*Y, AT, Al" n AI’*. CpenHsisi SHeprusi MOHOB aTIOMUHMS — COOTBETCTBEHHO 2.2, 1.8, 1.8
B HaOJI0gaeMoM nuara3oHe cocTaBuja A1 MoHOB U 1.21 kaB. AMIIUTYABI TJIOTHOCTU MapLaTbHbBIX

2
Kejie3a cooTBeTcTBeHHO 15, 10, 7.5 u 5 k9B, a nig  TokoB onieHuBalorcs Kak 0.4, 0.8, 2.1 u 9.1 MA/cm

0.4~

a

TDoTHOC TS TOKa, MA/CM

0.3

0.1

0.0

I, MKC

Puc. 10. [TapumnanbHbie TOKM MOHOB BUCMYTAa, TOJTyda-

eMBbIe 3a CUCTEMOI1 3kcTpakumu: / (o)

Bi®", 3 (0) — Bi®", 4 (%) —

,

b2

N
I

ILtotHoeTs wacTum, 10% ev™

— B, 2(A) —
Bi30+.

i
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29
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30

Puc. 11. [11oTHOCTB YKClIa MOHOB BUCMYTa B MHTEpBaJie
5 MKC.
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Puc. 12. DHepreTu4eckuii CIIEKTP MOHOB Keje3a:

1 (o) — Fe*" 2(A) — Fe'**, 3(0) — Fe!'", 4 (%) — Fe'%*.
10 -
& Jr
f%
8+ 3 H"L_
l
3 6 1
g ﬁl
(=]
2 Lo
\
Z 44 Y
2 J
0 |
0 25

Puc. 13. [NapumnanbHble TOKM MOHOB Xeje3a, TojyJae-

MbI€ 3a CUCTeMoil akcTpakuuu: / (o) —
Fe'?* 3 () —
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MHTEpBaje 5 MKC. yaeMble 3a cucTeMoil akcTpakuuu: I (o) — Al'*, 2 (A) —
A", 3 (0) — AP, 4 (3¢) — AI*.
Qo
1047
e
= 6 7
14 '=
T a
z = 54 <
e F . N
- 0.1 g 47| 4 X ;
:':“3 S 310 R "5,
e g - NN % '
= . WK 4 B
0.01 - = S Y SN
24 X
e h
. )
|+ ) "
0.00] <
T T T T T T 0 T T T J
0 5 10 15 20 25 30 4 5 6 7
Oneprua, k38 Z
Puc. 15. Duepretnueckuii CieKTp NOHOB ATIOMUHUS: Puc. 17. [110THOCTb YKcIa HOHOB amoMuHust Al* —Al"*
1(0) —Al'", 2(A) — A, 3(0) — AP, 4 (%) — AI*". B MHTEpBaJe 5 MKC.
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17151 noHos xene3a 1 0.7, 0.8, 1.0 u 1.21 MA/cMm? 11st
MOHOB aJIlOMUHUS COOTBETCTBeHHO. Il1oTHOCTH
YacTHII MoKa3aHbl Ha puc. 14, 17 cOOTBETCTBEHHO.

OleHKa TUIOTHOCTY YaCTUIl HA IJIMHE SKCTpaK-
LMY B UHTEpBaje BpeMeHU 5 MKC A uoHa Bi?’*
paBHa 2.8 - 10® cMm~2, s moHoB Fe'** — 1.4- 10" cm 2,
11t uoHoB Al’" — 7.6 - 10° em 2.

[TonyyeHHBIE pe3yabTaThl MO XapaKTePUCTU-
KaM TreHepupyeMbIX MOHOB B Jla3€pHO-ILIa3MEH-
HOM HCTOYHUKe KypyaToBCKOro KoMIuieKca Teo-
peTUYECKOi U aKcrnepruMeHTaabHoi pusuku HULI
“KypuatoBckuii muHCTUTYT  (KKTO® HUI KN)
MO3BOJISIOT PACCUNTATh HEOOXOAMMEIE TTapaMeTPhI
MOHOB Ha BXOJI€ B IMHEIHBIN yckopuTteab RFQ pa3-
pabaTeIBaeMOTO MHXeKTopa yacTull. OH OTIINYaeTcs
OT OIMMCaHHOM B 3TOI paboTe KOH(MUTYpaLuU apeii-
(boBoI1 MIMHOI, KoTopas yMeHbleHa 10 1650 MM.
Takue BXomHBIE TapaMeTPhl HOHOB BUCMYTa, Kejie3a
W aJTIOMWHMUSI IPUBEICHBI B Ta0JI. 1 ¢ y4eTOM COKpa-
IIIEHUSI BpEMEHHOI0 MHTEpBajla MUCHOJb30BaHMUS
MOHHOTO TyYKa 10 3 MKC.

Taomuna 1. BxonHbie mapametpsl noHOB Bi, Fe u Al B yc-
JIOBUSIX COKpallleHUs] BpeEMEHHOI0 MHTEpBaJia UCIOJIb30-
BaHUsI MOHHOTO Ty4yKa 10 3 MKC

Tun CpenHss Hanpstxenue | InoTtHOCTh
MoHa SHeprusl, SKCTpPaKLMH, YacTull,
K3B/HyKI10H kB 10° cm~?
Bi*’* 0.957 56 0.04
Bi¥* 0.904 58.3 0.12
Bi?%* 0.847 60.9 0.18
Bi?’* 0.742 63.9 0.27
Fe!** 0.268 35.1 13.4
Fe'?* 0.179 414 4.0
Fe!l* 0.134 45.3 2.0
Fe!0* 0.089 50.1 1.2
Al"* 0.081 34.6 7.3
Al 0.067 40.4 4.8
A" 0.070 48.4 4.2
Al 0.044 60.7 5.3

[TonyyeHHble HaHHBIE MO3BOJISIIOT IIPOBECTU
OoJiee meTalbHBIE pacUeThl CTPYKTYPHl JTUHEHMHOTO
YCKOPUTEIISI-MHXEKTOpa.

4. BAKJIIOYEHHUE

B pabote omucaHbl YyCTPOMCTBO U IMapaMeTphl
HMCTOYHMKA MOHOB, IIpeOHAa3HAYCHHOTO JJIST MHKEK-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

TOpa YaCTULL U3 IIIMPOKOTO Psifia SJIEMEHTOB pas3iny-
HOIT Macchl. BaxkHO#t 0COOEHHOCTBIO MHXEKTOpa T10
TeXHUYECKUM TPEOOBaHMUSAM SIBSIETCS OIepaTUB-
HOCTb B IIEPECTPOIKe TUIIA TCHEPHUPYEMbIX HIOHOB U3
BCEro PsIa 3JIEMEHTOB OT JIETKHUX 0 TSKEJIbIX.

B xauecTBe mpuMepa M3 3TOTO psifa 3JIEMEHTOB
TECTUPOBAIMCH MUIIICHU U3 aJIIOMUHUS, Xejie3a 1
BUCMYTa, KOTOpPbIe O0IyYaluCh MPU MOCTOSTHHOM
MOTOKE JIAa3€pHOr0 M3JIYYEeHMSI Ha MUIIECHU, YpO-
BE€Hb KOTOPOI'O BBHIOMpAJICS U3 KPUTCPUS OOCTHU-
JKeHMSI JOCTAaTOYHOI MOHMU3ALIMKA MOHOB Hanboee
TSIKEJIOTO 3JIEeMEHTa, KOTOPHIM B HAIIMX SKCIIEpU-
MEHTax SBJISICS BUCMYT. bbuto oOHapy:XeHo, 4To
MpY YpOBHE MOUIHOCTH jJa3epa npumepHo 1.5 I'Br
1 (POKYCHPOBKE M3JIyUYeHUs] Ha MUILEHb JJIMHHO-
(OKyCHBIM O00BEKTUBOM C IapameTrpoMm F/D = 8
JIIOCTUTAETCS] YPOBESHb MOHU3AIUH TIJIa3MBI C JOCTa-
TOYHO BLICOKMM cofepxaHueM uoHa Bi?’", noaxo-
JSIIIETO ST TaJIbHEUIIIETO YCKOPEHUST B MHKEKTOPE.
st HanbOobIIEro YIpoIIeHUsT TEXHOJIOTUU TeHe-
palyy MOHOB MEHBIIIEN MACChl TOCTUTHYTBHIA ypoO-
BE€Hb MOIITHOCTH JIa3€pa OCTaBajICs HEM3MEHHBIM,
YTO MAKCHMAJIbHO YIIPOIIAJIO IMPOLECC MEPEKII0UE-
HUSI C OOHOTO 3JIEMEHTA Ha APYyroil. B Takom pexxnme
JIUIST CMEHBI TUTIA TEHEPUPYEMOTro MOoHa TpeboBajlach
TOJIbKO CMEHA MUILIEH! Y HATIPSIKEHUST SKCTPaKIIMKU
IS YCTAaHOBJICHUSI OIITUMAJIbHOI S9HEPIruy HOHHOTO
My4YKa Ha BXOJe B TMHENHBIN yckopuTedb RFQ.

[IpoBeneHHBIC M3MEPEHUS ITOKA3aI1, YTO TECTHU -
pyemMasi TEXHOJIOTHsI OOJIydeHHS M TeHepallii MOHOB
OKa3bIBaeTcsl BIIOJHE 3G @MEKTUBHOM ¢ TOYKH 3pe-
HUsI TeHepalluy JEerKuxX MOHOB, HECMOTPSI Ha TO UTO
MPU BBICOKMX IJIOTHOCTSIX M3JIyYeHUSI Ha MUILIEHU
CHIXXKAETCSI TIOJTHOE YMCJIO MOHOB TPeOyeMOoil s
YCKOpPEHMSI 3apsimHOCTH. [le1o B ToM, UTO OMHUM U3
TpeOOBaHMII K MIOHHOMY ITy4KY OT MCTOYHMKA SIBJISI-
eTcs1 (PUKCUPOBAaHHASI €r0 IMTEIBLHOCTh JOCTa-
TOYHO Majioit BesuuuHbl. [1pu coxpaHeHUU BBICO-
KOl MJIOTHOCTU MOTOKa O0JyYeHUs TIMTEIbHOCTh
MYYKOB JIETKX MOHOB COXPaHSIETCSI MUHUMAJIbHOM,
YTO B MepecyeTe Ha KOJMYECTBO YACTUIL B ITyUKe
TpeOyeMoii IJIUTEIbHOCTH IIPUBOAUT K JOCTATOUHO
BBICOKMM ITOKAa3aTeJIsIM, YIOBJICTBOPSIOIINM TpeOo-
BaHMSIM K YCKOPUTEIbHOM cxeMe. Ha 3To yka3biBaloT
Yucjia MOHOB Kejle3a U aJllOMUHUS, TTOJydeHHbIE B
OIMMCAHHBIX TECTOBBIX SKCIIEPUMEHTAX.

B 1ierom mokasaHo, 4TO IPOAEMOHCTPUPOBAH-
Hasl TeXHOJIOTUYECKas cXxema Jla3epHO-TIJIa3MEHHOTO
WCTOYHUKA MOHOB YIOBJIETBOPSIET TPeOOBAHUSIM,
chopMynMpoBaHHBIM JJIsI pa3pabaTbiBAaeMOro
MHXXEKTOpa YacTHUIl B CHHXPOTPOH.
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[IpencraBaeHbl METOMMKA U PeaTM3yIOIIasl € YCTAHOBKA ISl ONITUYECKOTO 30HIMPOBAHUS UMITYJIbCHOM
IUIa3MBl, MHULIMUPYeMoii usnyyeHreM YAG:Nd**-nasepa B BBICOKOBOJIBTHOM Ia30BOM KOMMYTATOPE C
JIa3€pHBIM YIIPaBICHUEM, KOTOPBII MOXET MCITOIb30BaThCS B KAYECTBE IMTEPBUYHOIO KJIF0Ua CUIIBHOTOY-
HOT'0 BBICOKOBOJIETHOTO MMITYJILCHOTO 3JIEKTPOHHOIO ycKopuTensi-reHepaTtopa tuiia PAJJAH. Mccie-
MIOBaHUS MPOBOIMIINCH B eCTecTBeHHOI aTMocdepe. [IpuBomsiTcss mepBbie pe3yabTaThl U3MEPECHUM
ITUHAMUKU K03 (G GUIMeHTa TOMIOIIeHYS JTJa3epHOTO U3TyYeHHUs B IUIa3Me, TTOTyIeHHOM Ha TaHHOM ycTa-
HOBKe. DTU JaHHBIE CBUICTEIBCTBYIOT O peaIM3alliy YCIOBUIA HETMHEITHOTO TTOTIOIICHUS U3JIyICHUS
Ja3epa I1a3Moii IpU TUIOTHOCTSIX SHEPIUU Bo30yxaeHus 6osee 240 JIk/cM?, OHY MTO3BOJIST BEIPaboTaTh
PEKOMEHIAIUHU 10 BEIOOPY MapaMeTPOB 3aITycKa pa3psiTHUKA C 1IeJbI0 MUHUMU3aIIY HECTAOMIbHOCTHI

€TI0 BKIIIOYCHMN .

DOI: 10.31857/S0032816225010054, EDN: GGORCS

1. BBEAEHUE

JlazepHas 1ma3ma sIBJISIETCS KJIFOUE€BBIM 3JI€MEH -
TOM, OIIPENENISIIOIINM CTaOMIbHOCTh M TOYHOCTh
BKJIIOUCHUSI Ta30pa3psIIHBIX KOMMYTaTOPOB BBICO-
KOro JaBJIEeHUs C ONTUYECKUM yIpaBiieHueM [1, 2].
HecMoTps Ha mecaTUieTHss ¢ MOMEHTa ITOSIBJIe-
HUSI TaKMX YCTPOMCTB, MHTEPEC K UX COBEPIIECH-
CTBOBAaHMIO OMpeEAesIeTcs KaK UX YHUKaJIbHBIMU
CBOICTBaMU, TaK U CJIOXHOCTBIO IIPOIIECCOB, IIPO-
HUCXOOSIINX B HUX. B KauecTBe MX IMpenMMYIIECTB
OTMEYAIOTCs TIOJIHAS W30JSLUs YIIPaBISIOMINX
LIETICi OT yIIpaBIIIeMbIX M BO3MOXKHOCTD IIpeaBapy -
TEJbHOTO CO3IaHUs MIa3MEHHOTIO IJIMHHOTO KaHajla
C BBICOKOI1 IIPOBOIMMOCTBIO, UMEIOIIIETO Pa3InUHbIC
KoHpurypauuu [3, 4]. DTo CTUMYIUpPyeT aKTUB-
HOCTb B M3YUYCHUM JIa3€PHOI1 TUIa3Mbl B Pa3IMYHBIX
YCJIOBUSIX B HACTOSIILIEE BpeMH |5, 6].

2. ATIIITAPATYPA U METOZA VKA
WU3MEPEHUN

B kayecTBe OCHOBHOTO 3JIeMEHTa YCTaHOBKH
HCTIOJIb30BAJICSl paHee pa3pabOTaHHBIN pa3psTHUK
C ONTHUYECKUM YyMpaBlIeHUEM [JIsI BHICOKOBOJIBT-

HOT'O UMITYJIbCHOTO TeHepaTopa- YCKOPUTEJIsS TUIIA
PAIIAH. OH coaepXUT IBa NOJIMPOBAHHBIX HEepKa-
BEIOIIMX 2JEKTPOAA, BLITTOJHEHHbBIX B BUJIE TEJ Bpa-
1meHus ¢ npoduieM PoroBckoro, KOTopblie MOTYT
pacrionaratbcsl Ha pacctossHuUM 3—10 MM Ipyr ot
npyra (puc. 1). B xatome 1Mo ocu OBITIO TIpoAeIaHO
OTBEPCTHE AUAMETPOM 2 MM IS BBOIA M3TyUYCHUS
nmazepa. M3nyyeHne OKycupoBaaoCh Ha aHOME

Puc. 1. Pa3panHuK ¢ ONTUYECKUM YIIpaBJICHUEM ISt

BBICOKOBOJIETHOTO MUMITYJIbCHOI'O TeHEepaTopa-yCKOpH-

tens tuna PAJJAH: 1 — 3oHAUpYOLINI J1a3epHBIA UM-

MyJbC, 2 — 3aKUTAIOLIMI JIa3€PHbIM UMITYJIbC, 3 — aHO/,
4 — xaron, 5 — na3epHas IIa3Ma.
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JIMH301 ¢ (hOoKyCHBIM pacctosiHueM 100 MMm. Dkc-
MepUMEHTaJbHO YCTAHOBJIEHO [7], 4YTO Takast KOH-
¢durypamnusa obdecreunBaeT MUHUMAJbHYIO HECTa-
OMIBHOCTDL (IKUTTEpP) BKIIOUCHUS TIPU YPOBHE
HaIrpsKeHUsT Ha Ta30BoM 3a3ope 90—95% ot Harnpsi-
JKEeHUsI caMoIpo00s U TIpU HapacTaHUU HaIpsiKe-
Hus 3a BpeMs nopsaka 1076 ¢ (dU/dt ~ 10" B/c),
TUMIUYHOM JJIs1 3apsiiKU IBOMHON (popMUpyIOLIEi
JIMHUU CUJIbHOTOYHOTO BHICOKOBOJIBTHOTO MMITYJIb-
cHoOTro reHeparopa-yckoputens tTurna PAJIAH [8].

Ha puc. 2 mpeacrasieHa IpUHLUMITMATIbHAS CXeMa
aKCcTepUMeHTadbHOI ycTaHOBKU. s popmupo-
BaHUs TUIa3Mbl UCITOJb30BaJOCh U3JyYeHUe Tep-
Boii rapmoHuku YAG:Nd* -naszepa ¢ A = 1064 HMm.
Hapsiny ¢ atum ajas 30HOAMpPOBaHUS ILIa3MbI B
HampaBJICHNUM, HOPMaJbHOM K OCH 3aXKMIaIOIIEro
MMITyJIbCa, MCII0Jb30Bajlach BTOpasi rapMOHMKA
aToro Jjazepa, A = 532 um. JluacdparMmupoBaHHbIN
MY4YOK TPOXOAUJ B 00JIACTU MUHUMAJBHOIO pac-
CTOSTHUST MEXIY 3JIEKTpoaaMu. ATiepTypa 30HIUPY-
IOIIIEr0 MMITYJIbCa OblIa OrpaHMYeHa nuadparMoii ¢
nnameTpoM D = 0.8 MM (cM. puc. 2, HIDKHSS Bpe3Ka).
B manHOi1 paboTe mpuUBEACHBI Pe3yIbTaThl 30HIN-
pOBaHUs TJa3Mbl Ha paccTossHUM » = D/2 oT aHoda
JI0 OCH anepTypbl 30HAUPYIOLIETO UMITYIbCca — TaK,
YTOOBI OH “CKOJIb3UI” 1O aHOMdY.

Jetnaczoag Pomoduod

Bozdyimag Aumug
3adepxKu ' |

Hznyyqenue [ = 1064 Hm
Hanyyerue (=532 um |
/ Muwene {arod) :

[IprumHa MCIIOB30BaHUS BTOPOIl TapMOHUKHI
3aKJII0YaeTcsl B CJAEAYIOIIEeM M3BECTHOM COOTHO-
meHuu [9], KoTopoe oIpenesseT IOPOroBy0 KOH-
LICHTPAaIMIO 3JIEKTPOHOB, BHIIIE KOTOPOI 30HIM-
poBaHME HEBO3MOXHO, IIOCKOJIbKY M3JIyYeHHUE HE
MIPOXOOUT CKBO3b IIJIa3MY:

o’'me

ncr = e—zeo ’ (1)
Iae €, — IUDJIEKTpUYECKask TPOHULIAEMOCTb, M, —
Macca 2JIEKTpOHa, e — JIEMEHTapHBIN 3apsia, o =
= 271¢ / A, ¢ — CKOPOCTbh CBETa B BaKyyMe, A — IJTMHA
BOJIHBI JIJa3epHOTO U3JydyeHusi. BuaHo, 4yTo BTO-
pasi rapMOHHMKa MO3BOJISIET 30HAMPOBATh IJIa3My B
0oJiee IIMPOKOM AUAIa30HEe JIEKTPOHHBIX KOHIICH-
Tpaluvi.

Hpyras 3amada, KOTOpPYIO ObIJIO HEOOXOAMMO
pelIUTh, — 3TO y4eT HeCTaOUJIbHOCTEN Ja3epPHBIX
HUMITYJIbCOB OT MMMYJIbCa K UMITYJbCy. B oCHOBHOM
3TOT 3 (PeKT 00yCIOBIECH OMEeHNEeM MPOAOJIbHBIX
MOI B MHOTOMOJIOBOM pEXMME T'eHepalluu Jia3ep-
Horo uznydyeHus [10, 11], yTo 0cCOOEHHO XOPOIIIO
HaOJII0maeTCcsT Ipy HU3KOM YpOBHE HaKAUKM aKTHB-
HOIi cpenbl na3epa. [ToaToMy HEOOXOOMMO peru-
CTpUPOBATh OMoOpHBIe (pedepeHCHbIE) KOMUU He
M3MEHEeHHOTO IJ1a3MOIi UMITYJIbca Ul CPaBHEHUS UX

K pomoduody

S
F
ﬁ\‘Q Haaama
" S A =1064 mm

Bs
; S

AHO

/lasep/

Puc. 2. DkcniepuMeHTaIbHAs yCTAHOBKA, BUIL CBepXy: / — y3en pacuieruieHust A = 532, HM, 2 — y3eJ BBojia U (POKYCUPOBKU
usnydeHust A = 1064 HM B pa3psiHuK; 3, 4 — HAOOPHI peTpopedaeKTPOPOB, 5 — y3es BBOAA OTIOPHOTO UMITYJIbCa B CBETO-
BOJ, 6 — y3el O0beAMHEHUST UMITYJIBCOB, 7 — 30HIUPYIOIINIT UMITYJIbC, § — OTIOPHBII UMITYJIbC, 9 — TMHUS 3a0epXKKu, BS —
cBeronenurenn, RP — orpaxkatoiasi npusMa, L — JMH3bI, KaToI He rnoka3aH. Ha BepxHeii Bpe3ke — y3es1 (hopMUpOBaHUs
MJ1a3Mbl, KaTo[ He nmokasaH. HyxKHsIst Bpe3ka — reoMeTpusi 30HAMPOBAHMS, BU B TOPU30HTATBHON MIOCKOCTH.
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¢ TIPONIEAIIMMU Yepe3 Hee uMmysibcamu. Jist aToro
B ONITUYECKOM cXeMe ObLIO MPEayCMOTPEHO paciiie-
IUIEHUE UMITyJIbCa BTOPOI TapMOHUKY CBETOMNE/IN -
TEJIEM Ha OMOPHBIA U 30HAMPYIOIIUA UMITYJIbCHI.
BnocnenctBum 3T MMIYJIbCHL MOTYT OBITH 3apeTH-
CTPUPOBaHbI OMHUM OOIIMM (DOTOMPUEMHUKOM.

B pabote ucnonb3oBaics eAMHCTBEHHBIN (HOTO-
auon UPD-50-UP ¢ BpemeHeM HapacTaHus/criaaa
50 nic. B aToM ciyyae mist pa3melieHus 10 BpeMeHU
IBYX JIa3¢PHBIX UMIIYJIbCOB IJIUTEIHHOCTHIO OKOJIO
45 He mmoTpebyeTes 3aaepxka rmopsinka 100 aHe. g
ee MOJIyYeHUST MOXHO MCIO0JIb30BaTh BO3AYIIHYIO
JIMHUIO 3aIepXKU ¢ IJUHON okosio 30 M, HO 3TO
3HAYUTEJIbHO YBEJIMWYUT rabapuThl dKCIIEPUMEH-
TaJIbHOTO CTEHIIA.

pyroit BO3MOXHBbII1 BaApuaHT — 3TO UCHOJIb30-
BaHue 12—14 peTrpopedieKTopoB (MbI UCXOOUM U3
TUTTUYHON IJIMHBI ONTUYECKOl ckaMbu 2.5—3.0 M),
HO MCIMOJIb30BaHUE KaxKJI0Tro M3 HUX HEU30EXKHO
MPUBOIMIIO ObI K UCKAXKEHUIO TEOMETPUU JTa3€PHOTO
My4YKa ¥ YBEJIMYEHUIO €ro pacXomuMocTu. MoxHO
TaKXXe NPUMEHUTH OITUYECKOE BOJIOKHO M-
HoIt TTopsinka 20 M Ij1s1 3aaepKKU JIa3epHOTO JIyda.
IIpu aTOM 006IIMIT pasMep cTeHAa MOXHO YMEHb-
IIUTh, CBEPHYB 3TO ONTUYECKOE BOJJOKHO B KOJbIIO.
OnHako oNTUYECKUEe BOJIOKHA IJIS Iepeaadyrd MHOTO-
MOJOBBIX JIa3€PHBIX UMITYJIbCOB UMEIOT U3BECTHBIE
orpaHn4eHus1. Mi3BeCTHO, YTO MOIOBAsI AUCTIEPCUS
SIBJISIETCSI JOMUHMPYIOIINM (PAKTOPOM MCKaXKEHUS
(opMbl Ta3epHBIX UMITYJILCOB B cBeToBOmax [12],
MOCKOJIBKY JIJIMHA ONTUYECKOTO MyTH IJIs Pa3HbIX
MOJIl pa3inyHa, U 00jiee BHICOKKE MOMAbI TIPOXOIST
OONBIINI ONITUYECKUI TIyTh, YeM 0oJiee HU3KHE.

[ns nmpeogoneHus JaHHBIX OTPaHUYEHUUN ObLIT
MIpUMeHEeH KOMOMHMPOBAaHHBII TToaxod. M cronb30-
BaJIaCh YKOPOUEHHas BO3MYIIIHAS TUHUS 3aIE€PXKKHU C
BOCEMbIO peTpopediekTopamMu o01Leit IJIuHOi 15 M
M KBaplieBOe BOJOKHO JIMHOI 12 M. 30HaAMpYIOIINA
U OITIOPHbBII UMITYJIbChI OOBEIUHSUIUCHh U PETUCTPU -
poBanrch OMHUM (HOTOTNOIOM (BepXHUit BS, puc. 2)
IJIsI UCKJIFOUEHUS y4eTa pas3jiddus B amnrmapaTHBIX
(YHKUMSIX pa3INnIHBIX JATIYMKOB. DHEPIrUs 3aK1ra-
IOLLETO UMITYJIbCA MEePBO rapMOHUKU E; BApbUpoO-
BaJia nuanasoHe 50—100 m/Ix.

PesynpraT nmpoBepKu CUCTeMBbl 30HAMPOBAHUS
6e3 (popMupoBaHUd TIa3MbI TTOKa3aH Ha puc. 3.
OH meMOHCTpUpPYeT paboTy KOMOMHUPOBAHHOI
JIMHUM 3aaepkku. Ha puc. 4 mokazaHO OTHOIIEHNE
OTIOPHOTO UMIyJbCa I, K 30HAUpPYIOLIeMY [, TIpU

re

OTCYTCTBUM 30HAMPYEMOIi IJIa3Mbl B pa3psIHUKE.
3a nckaoYeHneM HadaTbHOM M KOHEUHBIX (pa3 ¢ HU3-
KUM OTHOIIICHUEM CUTHAJI/IIyM, U3MEPEHUS NalOT
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Puc. 3. Pe3ynpraT mpoBepKH CUCTEMbI 30HIUPOBAHUS

06e3 hopMHUpOBaHUS TIa3Mbl: [ — He3alep:KaHHBII

30HIUPYIOIINN UMITYJIbC, 2 — 3aepP>KaHHbBIM OTTOPHBII
UMITYJIbC 0€3 IJIa3Mbl.

KO GUUMEHT NOTAOoIIEeHUS, OAU3KUN enuHuLe
(cm. puc. 4, kpupag 3). TakuM obpa3om, McKaxe-
HUE 30HIMPYIOLLIEro CUrHaja, MPOXOAsIIero yepes
JIMHUIO 3alepKKU, MPEeACTaBIseTCs He3HAUUTEb-
HBIM B CPaBHEHMU C MCKaxk€HHEM 30HIMPYIOIIEro

20 l, OTH. ed..

16

40

0 20

Puc. 4. OTHOWIEHNE OMTOPHOTO UMIIYJIbCA 1, K 30HAM~
pytowiemy 7, Ipy OTCYTCTBUM 30HAMPYEMOIi IIa3MbI B
paspsiqHuke: I — He3anep>KaHHbINA 30HAVPYIOLIUNA UM-
mynbe, 2 — cABUHYTHIN Ha 109.6 HC OMOPHBIN UMITYJIBC
(;ieBast och), 3 — OTHOIIIEHKE OITOPHOTO UMITYJIbCA K 30H-
IUpytoleMy 0e3 TIa3Mbl B pa3psimHUKe (TTpaBast OCh).
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CUTHajla, BHOCUMBIM I1J1a3MOi, chopMUpPOBaH-
HOM MMNYJIbCOM HaXe ¢ MUHUMAJIbHOMU 3HEPTUEN
E. = 55mIx (puc. 5).

/ : K
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Puc. 5. MckaxeHue 30HIUPYIOLIETO CUTHAJIa, BHOCUMOE

1a3Moii, COOpMUPOBAHHON UMITYJIbCOM ¢ MUHUMAJTh-

Hoii aHeprueil E; = 55 mJIx: 1 — 30HAMUpYIOLIMI UM-

nyJabc, TPOIISAIINI Yepe3 Iia3my, 2 — OMOPHbBIA UM-

MyJbC (JIeBast 0Cb), 3 — OTHOLLIEHUE OMTOPHOTO UMITYJIbCa
K 30HaupylolemMy (IpaBasi OCb).

3. PESVJIBTATBI U UX ObCYXAEHHWE

OueBUIHO, UYTO MOXHO BBECTU KOX(PPULIUEHT
MOTJIOIICHMS TIJIa3Mbl KAK OTHOILIEHUE WHTEHCHUB-
HOCTH OITOPHOTO CUMTHaNa K 3oHaupytomemy: K(7) =
=1,/ I, (cM. puc. 5, kpusast 3). OH ObLT U3MEPEH
1151 PUKCUPOBAaHHOTO HabOpa HEPTUl UMMYJIbCca
E.=55.0,65.5,76.0, 85.5, 95.5 MIx. JlaHHbIE 0Opa-
OaTbIBaUCh 1Mo cepuu u3 N = 20 ummynbcoB. beuin
MOJIy4eHbI cpenHue 3HaueHus K, (7):

K, = ﬁ(Kj) N, N=20

J=1

()

¥ JOBEPUTEIbHBIN MHTepBal AK IJIsI BEpOSITHOCTH
p=0.95u Ar=0.4 Hc [13], KOTOpBIit cUUTAICS IXKUT-
TepoM Ipoliecca (110 aHaJOTUU C TEM, UTO HAaITMCaHO
B pabote [14]).

Ha puc. 6 nipeacrasieHo HanoxeHue 20 curHa-
JIOB, MOJYYECHHBIX B XOI€ CepPUM M3MEPECHUN I
(bukcupoBaHHOI dHEPrUM 3aIyCcKarolIero ja3ep-
Horo umnyisca (E; = 55 mJIx). BugHo, uyro pas-
Opoc kKoaduIeHTa MOTIOIIEHUST HAUMHAET CyIle-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

CTBEHHO pacTu mocje 35 HC ¢ Hayaja Jla3epHOro
uMmnyasca. [Ipumepsl pacuera K, (1) u AK 14 pas-
HBIX DHEPIUil JIa3epHOTI0 UMITYJIbCA IPEICTaBICHBI
Ha puc. 7, 8 (kpuBble / 1 2 COOTBETCTBEHHO).

K
R

4'5 f, HC

Puc. 6. Hanoxenue 20 curHajioB, MOJTYyYeHHBIX B X0
cepur M3MepeHUit Npu (GUKCUPOBAHHOW IHEPTUU
3alycKaloulero jasepHoro umnyibsca £, = 55 mJIx,

K@y =1,/1,

rob*

K
. B — 8K a5
0.25
- 0.15
0.05
. I : | ; 1 .
0 15 30 45 L, HC

Puc. 7. Pacuer K,,(f) 1 AK 11py 5HEprum Ja3epHOTo M-
nynsca E; = 55 mJIx: 1 — cpenHuii kooadduuueHT mno-
miowenus K, (ieBast ocb), 2 — AK (1paBast oCb).

3aBUCUMOCTh KO3(PPUIINEHTA TTOTIOMIECHNUS Ha
HavaJibHOM (pa3e j1a3epHOro MMIIYJIbCa MPU BapH-
alliy SHEPTUU UMITyJbCa MPEACTaBlIeHa Ha puc. 9.
BunHo, yTo B mepBble mpuMepHO 15 HC KoahPu-
LIMEHT MOMIOLICHUS MPAKTUUYECKU HE 3aBUCUT OT
SHeprum uMmnyibca E,. B nanpHeiluiem xapaxkrep
3aBUCHMOCTH JIJIST pa3HbIX SHEPIUii UMITYJIbCa CyIIIe-
CTBeHHO pasnuyaercd. Ilpu sHeprum mmmysnabca
E; > 76 M/Ix (4TO COOTBETCTBYET 3HAYEHUIO TJIOT-
HOCTH 3Hepruu okoso 240 JIx/cM? win nukoBoii
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AK

0.35

0.25

0.18

Puc. 8. Pacuer K, () u AK 1py 5Hepruu jga3epHoOro uM-
nynbea E; = 95.5 m[Ix: 1 — cpennunii KoadGUUMEeHT no-
mouieHus K, (Jieast ocb), 2 — AK (mmpaBast ocb).

K |, omH. ed.
4 . b
I+ 55.0 Mix | i
2+ 655 mx : g
3+ 76.0 mOx -
3 4 85.5 mx
- 955 mOx
21 #  TUnu4HLIA nasepHbIn| 20
e MY TIBC
3 “s‘ﬁ: e A i
1 — | ’ | \ R
0 15 30 7 e

Puc. 9. 3aBucumocts koadduuneHTa nomomeHus K,
OT BPEMEHU 1 SHEPTUM JIA3EPHOTO UMITYJIbCA.

IJIOTHOCTU MOIIHOCTH p,.. = 5.7 - 10" Br/cm? npu
auameTpe nsaTHa ¢pokycupoBku ~0.01 cm) 5Ta 3aBU-
CUMOCTb CTAaHOBUTCSI HEMOHOTOHHOI.

Bo-mepBBIX, 3TO CBSI3aHO C HpoceemieHUeM
maa3mel [15]. OTMevaeTcs, 4To MpU IMOIJIOLIEHUN
JIa3epHOro M3JIy4yeHUs TeMIepaTypa d2JIEKTPOH-
HOI KOMIIOHEHTHI TJIa3MbI TTOBBIIIAETCS B IIEPBYIO
oyepelb. DTO yBeJIMUEHHUE CITOCOOCTBYET MOHM3A-
LIMU BO30YXIEHHBIX aTOMOB MpPU CTOJKHOBEHUSIX
C aJeKTpoHaMH 3a BpeMst nopsinka 107! ¢ u meHee.
[loBbIlIeHNE TeMIIepaTyphl TAKXKE YCHIMBACT aKThI
BO30YXIIEHUSI aTOMOB M3 OCHOBHOT'O COCTOSIHUS TIPU
BJEKTPOHHBIX ynapax. Jist caydass HAaHOCEKyH/I -
HOI'0 JIJa3epHOTO MMITyJbca BO30YXIeHNE aTOMOB
13 OCHOBHOI'O COCTOSIHUSI HE YCIeBaeT IPOM30UTU
M 3aCeJICHHOCTb aTOMHBIX YPOBHEM B pe3yjibTaTe

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

ymeHbinaercs. I[Ipu 3ToM ycraHaBIMBaeTCsI HOBOE
KBa3WpaBHOBECHOE COCTOSIHUE, B KOTOPOM CYIIIe-
CTBYET PaBHOBECHE MEXIY DJIEKTPOHHON KOM-
MOHEHTOM IIa3MBbl X BO30YKIEHHBIMU aTOMaMMU.
OnHako paBHOBECHE MeEXIY BO30YXICHHBIMU U
HEBO30YXIeHHBIMU aTOMaMU OTCYTCTBYeT. Takum
00pa3oM, KOHIIEHTpallUs BO30YXIEHHBIX aTOMOB,
SIBJISIIOLIMXCSI OCHOBHBIMM TTOIJIOTUTEISIMU Jla3ep-
HOI'0 M3Jy4eHUs, CTAHOBUTCS MEHbIIIE, YTO MPHU-
BOIUT K 3(OEKTUBHOMY CHIKCHMIO MOITIOLIECHMS
WU3JTy4eHUs TUIa3MOIA.

Bo-BTOpBIX, IIpU MIPEBHIIIEHNN YPOBHS IJIOT-
HOCTH MoIIHOCTH p > 5 - 10 Br/cm? BO3HUMKAIOT
YCJIOBUS JJIS1 IPOSIBJICHMST HEJIMHEMHOIO XapakTepa
MOIJIOIIEHNS J1a3€pHOI0 M3IyYeHUsI, CBSI3aHHOTO C
OTKJIOHEHHMEM HX pacIipeldeeHUs] OT MaKCBEJIJI0B-
CKOTO, YTO, B CBOIO Oouepenb, IPUBOAUT K YMEHb-
IIEHUIO BEPOSITHOCTH ITOTJIOIIEHUST U3IYyYeHUS 3a
cyeT 00paTHOro TopMO3HOro addekra [16]. B kaue-
CTBE KpUTEPHUSI 31eCh YCIOBHO BbIOPAHO PaBEHCTBO
CpEIHEN KMHETUYECKON SHEPIUM IJCKTPOHA U €TO
TerioBoii sHepruu. CKOpOCTh, KOTOPYIO IIpHOOpe-
TaeT BJICKTPOH B I10JIe CBETOBO BOJIHBI B CPEIHEM 3a
OIIMH IIepHOI, IIporoproHaibHa 1/mw. B cBoto oue-
pelb, 3TO 03HAYAET, UTO YKA3aHHbIN KPUTECPUIA IJIs
0oJiee HU3KOYACTOTHOTO U3JIyYeHUsI TTepBOI rapMo-
HUKM JIa3€pHOI0 M3JIyYEeHUs pealus3yeTcsl paHbllle,
npu 6ojee HU3KUX IUIOTHOCTSX MOIIHOCTU. TeM
HE MEHEEe OTMETHUM, UTO IKCIIEPUMEHTAJIbHO TIOIY-
YeHHOE 3HaUeHUE IMMKOBOM TJIOTHOCTH MOIIHOCTH,
HauyMHas ¢ KOTOpOil HabIoaaeTCd HEMOHOTOHHOE
noBseaeHue KO3 UIMeHTa MOIJIOLIEHUS, HETIOXO
COTJIacyeTcsl CO 3HAYeHUSIMM, ITOJyYEeHHBIMU B
pa6ore [16].

YKazaHHBIE MeXaHU3MBI MOTYT IIPUBOIMUTH K
YMEHbIIeHNIO KO3(p(PUIIMEeHTa MOIJIOIICHUSI, YTO
MPOSIBJISIETCS B DKCIIEPUMEHTAX IMPU YBEIUUYEHUN
SHEPruu umImyJsibca (puc. 9, kpusbie 3—5). OTMETUM
TakXe, YTO B OTIMUMe oT pabothwl [15], mpencraB-
JICHHasI 9KCIIEpUMEHTAIbHASI METOAMKA MO3BOJISICT
HCCJIeI0BaTh 3TO SIBJICHUE B IUHAMUKE 332 UMITYJIbC
0e3 MHTEerprupOBaHUS I10 BpeMEHMU.

OnucaHHbIll BhIle 3G @EKT, MO-BUAUMOMY,
MOXET UrpaTh CYIIECTBEHHYIO POJib IMpU GopMUpO-
BAHUM HEMOHOTOHHOMW 3aBUCUMOCTUA HEYCTONYM-
BOCTHU pa3psIIHMKA C JJa3€PHBIM 3aIlyCKOM, HaOJIIO-
JaBllieiicsl, B 4aCTHOCTU, B pabote [7]. B otnnuue
OT 3KCIEPUMEHTOB 110 (pOPMUPOBAHMIO TIA3MEI B
YUCTOM Ta3e 6e3 MulleHHu [16], HeluHeliHOe moBe-
JeHue Ko @UuIMeHTa TOMIOLEHUs U3IydYeHUs
npu ero (opMMPOBAHUHU HA ITOBEPXHOCTU TBEPIOTO
TeJla UrpaeT poJib 0OpaTHOM cBsI3U. B obuiem Buae
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N-o06pa3Has xapaKTepUCTHKa TaKO 00paTHOM CBSI3U
SIBJISIETCS1, BOOOILE TOBOPSI, HEOOXOAMMbBIM YCIIOBUEM
dopmupoBanus ocmmursaunii [17]. Kak BugHO Ha
puc. 9 (kpuBsie 3—J5), Takast popMa 00OpaTHOII CBSI3U
MIPOSIBIISIETCS 110 Mepe YBEINYSHUSI MHTEHCUBHOCTU
Jla3epHOTo M3aydyeHusi. B moaTBepxkaeHue 3TOTO
YTBEPXKIEHUSI TOBOPUT CTATUCTUYECKAst HECTAOMIIb-
HOCTb IOIJIOIIEHUs] Ha KOHEUHOI (ha3e umiIryibca,
KOTOPYI0O MOXHO paccMaTpuBaTh KaK IXKUTTEP
Ko punmenTa momnomeHus (puc. 10). g sHep-
TUii Ta3€pHOTO UMITYJIbCA, KOTIA YCIOBUSI HEJIMHEH -
HOTIO MOIJIOLIEHUsI He pealusyloTcs (KpuBbie I, 2),
JDKUTTEP 3aMETHO MEHbIIIE, YeM IJIsT TeX CIy4aes,
MPU KOTOPBIX OHU BO3HUKAIOT (KpuUBBIE 3—5). DTO
SIBJISIETCSI JOTIOJTHUTEIbHBIM CBUIETEICTBOM CYIIIe-
CTBEHHOTO BKJIafa JaHHOTO 3¢ (deKTa B HeCTaOMITb-
HOCTh pabOTHI Ta30BHIX Pa3pSIAHUKOB C JIa3epPHBIM
3amyckoM. OTMETUM, YTO 3TO MOXET ObITh HE eOUH-
CTBEHHBIM SIBJICHHEM, OIPEIC/ISTIOIINM HECTaOUITb-
HOCTb Mepexo/ia B COCTOSIHHUE C BBICOKOM MPOBOIM--
MOCTBIO TaKMX yCTpoIicTB |18, 19].

0.40, 2K | |
I - 550 mdx s 5
3 76.0 mx i
0.30 N SO
4 - 855 mix 3y
0.20[ f
0.15L . el
0.10[ i e
I S S, - “fvwr
o_oo'%*f”‘" el . a
0 15 30 [, He

Puc. 10. 3aBucumocTth AXUTTEpa Kod(ddulMeHTa
nornomeHuss AK oT BpeMEHU M SHEPTUU JIa36PHOTO
WMITYJThbCa.

4. BAKJIIOYEHHME

Ha co3nanHoil sKkcriepruMeHTaaIbHONM YCTAaHOBKE
MPOBENEHO MCCaeAOBaHMe MOMIONIeHUS TIa3MOM
HAHOCEKYHIHOTO JIa3epPHOT0 NUMITyJIbca BTOPOIi rap-
MOHUKM ¢ A = 532 umMm. MccnenoBanack fMHAMUKaA
MOTIJIONIAOIIEH CITOCOOHOCTHU TUIa3Mbl TIPU Bapua-
LIMK DHEPIUU 3aXKMUTAIOLIEero UMITyJibca. Mi3MepeHus
MOIJIOLIAIIE! CITOCOOHOCTHU MOATBEPAMNIMN TTOSIB-
JIeHVe HeJTMHEMHOTO MOTTIOMIEHNS TIPH TUIOTHOCTSIX

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

sHepruu Bbie 240 JIx/cM?, KOTOpOe MPUBOIAUT
K HECTaOMJbHOCTU ITOIIONIAIONIEl CITOCOOHOCTHU
IUIa3Mbl M, KaK CJIEICTBUE, YXYIIIAaeT BPEMEHHbIE
XapaKTepUCTUKU CpabaThIBAHUSI BHICOKOBOJBTHOTO
pa3psIHUKA C JIa3epPHBIM yIIpaBJIeHUEM.

Pa3zpaboTtaHHbIli 3KCOEepUMEHTAJbHbIA CTEH],
nanee OyaeT MCHOJb30BaH AJs MPOBEPKU ITOM
WHTEpIpeTaluM, a TOJYyYeHHbIE JaHHbIe OyayT
HMCIIOJb30BaHbl IJIs ONTUMMU3AllMM IapaMeTPOB
3aITyCKaloIIero JJa3epHOro UMITyJibca. B vacTHOCTH,
IUTAHUPYIOTCST SKCIEPUMEHTAIbHbBIC UCCIEI0BaAHMUS
yKa3aHHBbIX 3((PEeKTOB MpU IMOBBLILIEHHBIX JaBje-
HUSIX U TIPU Bapually HaMpsSKEHHOCTU KBa3UCTa-
TUYECKOTIO 3JEeKTPUYECKOIro IMOJs B AMana3oHe,
TUIIMYHOM JUISI Pa3psIHUKOB CUJIbHOTOYHBIX BHICO-
KOBOJIBTHBIX UMITYJIbCHBIX T€HEPATOPOB-YCKOPUTE-
neit tunna PAJIAH, ¢ 1enbio HaXoXAeHUsT YCIOBUMA
IUI peain3alii MUHUMAJIBHOTO KUTTEPA BKITIO-
YeHMUSs TaKUX YCTPOMCTB.
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[IpencraBiaeHsbI pe3yabTaThl UCCICAOBAHUI UMITYIbCHO-TIEPUOINYECKOTO (DOPMUPOBAHUS ITyYKOB MOHOB
AJIIOMUHMSI, XpPOMa U TUTAHA CYOMUJUIMCEKYHIHOM JUIMTEIbHOCTH HA OCHOBE MCTOUHMKA C reHepaluei
MJ1a3Mbl HETIPEPBIBHBIM BaKyyMHBIM IyTOBBIM pa3psifoM. Bricokast UMIy/IbCHAs TUIOTHOCTh MOIITHO-
CTU B MIOHHOM IIY4Ke JOCTUIAeTCs 3a CYET DAIMCTUYECKON (POKYCHPOBKM MOHOB C MOMOILIBIO OJHO-
3JIEKTPOTHOTO CETOYHOIO AKCTpaKTOpa B BUAE YacTU chepsl. JJIsT OUMCTKY ITydKa MOHOB B 00JIACTH €0
KpOcCcoBepa OT MUKPOKaMeIbHOM (hpaKIIMu IJ1a3Mbl BAKYYMHO# IyTH UCITOJIb30BaH METO/, OCHOBAHHBIM
Ha 3 dekTe conHeuHoro 3atMeHus. MccenaenoBaHbl 0COOEHHOCTH 1 3aKOHOMEPHOCTH TeHEepaLIMK I1yd-
KOB MOHOB TPEX METAJUIOB MIPU JUTUTEIbHOCTU UMITYJILCOB 450 MKC, yCKOpstoleM HanpspkeHnu 10 40 kB,
C TUIOTHOCTBIO MOIIHOCTY B MMIYyJbce, npepbimatonieir 10° Br/cM?. YcTaHOBIEHO, YTO yCTOYMBOE
(bopmupoBaHUe UMIYIbCHO-MEPUOANYECKUX ITyYKOB MOHOB META/IJIOB BbICOKOM MHTEHCUBHOCTH IPU
CYOMWJTUCEKYHIHOM JUIMTEIbHOCTU Ha OCHOBE TIJIa3Mbl BAKYyMHOM AYTW JOCTUTAETCS OJlaromapst MOH-

HO-3JIEKTPOHHOM 39MUCCUU, KOMIIEHCUPYIOIIEH YXO/ TUIAa3MEHHBIX 3JIEKTPOHOB B YCKOPS IO 3a30D.

DOI: 10.31857/50032816225010069, EDN: GGUCOH

1. BBEAEHUE

NMnyiabcHO-TIepuoandYecKue Myuyku 3apsikeH-
HBIX YACTHUII ¥ IJIA3MEHHBIC TTIOTOKH, KaK 1 JJa3epHOe
MU3JIy4eHUE BLICOKOI MMITYJIbCHOM IIJIOTHOCTU MOIII -
HOCTHU, HAXONSIT MpUMEHEHNE B HAyUHBIX MCCIIE-
JOBAaHUSIX M TEXHOJIOTUSIX MOIU(MUKALIMUA CBOICTB
pa3IMYHBIX MaTepuaJoB U MOKphITHil [1—16]. Ux
MOAUGUIUPYIOIee BIMSIHUE OCHOBAHO Ha OCO-
OCHHOCTSIX UMITYJIbCHOTO BO3ACHCTBUS dHEPreTU-
YEeCKUX CIYCTKOB Ha MUKPOCTPYKTYPY U CBOIiCTBa
MIPUITOBEPXHOCTHBIX CJIOEB Pa3JIMIHBIX MATECPUAJIOB.
HarpeB 3a BpeMsT UMITyJIbCa JO BHICOKMX TeMIlepa-
Typ, MHOT/A BILIOTh 10 pacCIUIaBICHUS TTPUITOBEPX-
HOCTHOI'O CJIOS C TOCJIEIYIOIIUM CBEPXOBICTPHIM
OXJIAXKICHUEM, 3a CUET OTBOJA TeIJIa B TNIyOb MaTepu -
aja Gjarogapsl TEIJIOIPOBOAHOCTHU, OOeCIeunBaeT
CBEPXBBICOKHE CKOPOCTH 3aKaJIKM, HE TOCTUTaecMBbIe
B OOBIYHOM MeTayypruu. MoIHOE 3HEpPreThye-
CKO€ BO3IEUMCTBUE caMo I10 cebe He oOecreunBacT
NOTIOJHUTENbHOTO JeTMPOBaHUSI MaTepuana, HO

40

MOXKET U3MEHSITh MUKPOCTPYKTYPY U CBOIICTBA ITpU -
MOBEPXHOCTHBIX CJI0EB Oj1arogapsi repepacripenee-
HUIO 2JIEMEHTOB B 30HE BO3IAEUCTBUS U (POPMUPO-
BaHWIO HOBBIX (pa3. OTanuuTeTbHAs 0COOEHHOCTD
MOHHOII MMIUIAaHTAllUM OCHOBaHA Ha M3MEHEHUU
3JIEMEHTHOTO COCTaBa MPUITOBEPXHOCTHOTO CJIOS C
¢opMupoBaHueM HOBBIX (ha3, B TOM uucie 0jaro-
Japst TepMOTIMKaM BOJIU3U TPEKOB MOHOB [17—28].

OrpaHnyeHne MUPOKOMACIITAOHOTO TTPUMEHE-
HUSI MOHHOM MMILJIAaHTAllMM IJISI HAIIpaBJIeHHOTO
VIIyYIIeHUST 9KCILTyaTallMOHHBIX CBOMCTB METAJIOB
U CIUIaBOB CBSI3aHO C MaJibiM NTPOoOEroM MOHOB B
TBepnoM Tene. B pabdotax [29, 30] 6pu10 TTOKa3aHo,
YTO JUISI YBEJIMYEHUS TOJIIUHBI MIOHHO-JIETUPOBaH--
HOTO CJIOSI HEOOXOIUMO peann30BaTh CUJILHOTOU-
HBII peXXUM UMIUIAHTAIIUM C YBEJIMUYSHUEM IUIOTHO-
CTA MOHHOTO TOKa A0 HECKOJBKUX MUJIIMAMIIEp Ha
KBaApaTHBIM caHTUMETp. B manpHeiileM 3TOT 1mom-
XoJ ObLIT pa3BuT B paboTtax [31, 32].

ITpu oTHOCUTENILHO HEBBICOKOM YHEPTUU UOHOB,
OOBIYHO He€ TIpEeBbIlIAIOIIEe HEeCKOJbKUX K3B,
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IUIOTHOCTh MOHHOTO TOKa B ITydKaX MOHOB MeTaJl-
JIOB 1 ra30B MUKPOMUJIMCEKYHIHOMN TJINTEIbHO-
CTH ObLIa yBeJMYeHa OO0 HECKOJbKUX COTeH MUJI-
JIMaMIiep Ha KBaIpaTHBIM CAHTUMETpP. YBEJIMYCHUE
IUIOTHOCTY MOHHOTO TOKa M CYIIECTBEHHBII pa3o-
rpeB 00y4yaeMoOil MUIIEHU CITOCOOCTBOBAJIU YCH-
JICHUIO0 PamualdOHHO-CTUMYIUPOBAHHON Au(-
(by3un uMILIaHTUpyeMbIX aToMOB. HoBble MeTonbI
BBICOKOMHTEHCHBHOM MMILIAHTALIMX KOHOB HU3KOM
SHEPIUU IIPU BBICOKOW CPEeIHEN MOIIHOCTA MOH-
HOIO ITy4YKa IIPOIEeMOHCTPUPOBAIN BO3MOXHOCTh
MOHHOTO JIETUPOBAaHMWS MaTepuaJioB Ha ITyOMHAX
B IIECITKM U COTHU MHUKPOMETPOB. DTU METOHBI
3P eKTUBHBI 1JIsT MIOHHO-AUMPY3UOHHOTO JETUPO-
BaHUsI METAJVIOB U CILJIABOB a30TOM M IPYTUMMU 3JIe-
MEHTaMU MEPUOANYECKONM TaOJMIIbI, UMEIOIIUMU
MaJblii pamuyc aToMoB. VX pagrallmiOHHO-CTUMY-
JupoBaHHasT quddy3ust peaansyeTcss BO MHOTHX
clyJasix TIpA HEBBICOKMX TeMIlepaTypax, Korma He
Ha0JII01aeTCs CYIIECTBEHHBIN POCT 3epHa KpUcTa-
JINYECKOM CTPYKTYPhl MaTepPUAJIOB.

[IpenMmy1iecTBa METOI0OB BEICOKOMHTEHCUBHOI
MMIIJIAHTAlMM BO MHOTHUX IT€PCIEKTUBHBIX IPH-
MEHEHMSIX OTPaHMYMBAIOTCS HEOOXOOMMOCTBIO
HarpeBa Bcero o0beMa M3Iesus 10 TeMIIepaTyp, IIpu
KOTOPBIX UMEET MECTO Jerpaiamnusi MUKPOCTPYK-
TYphbl METAJJIOB U CILJIAaBOB M3-3a OBICTPOro pocTa
3epHa.

HoBplit MeTOnm, mpedmojiaraloliuii pelieHue
3TOI MpoOJieMbl, TIpemIoXeH B padote [33]. Meton
OCHOBaH Ha MPUMEHEHUU IJIsI TNIyOOKOTO MOHHOTO
JIETUPOBaHUsI METaJIJIOB BBICOKOMHTEHCHUBHBIX ITyY-
KOB MOHOB CYOMMJIJIMCEKYHIHOM IJIUTEIbHOCTU
MMITYJIBCOB C TUIOTHOCTBIO MOIITHOCTU OT HECKOJIb-
KUX JIECATKOB JI0 HECKOJIBbKUX coTeH KBT/cm2. Bos-
JeICTBME TAKOTO MOHHOTO ITyYyKa Ha ITOBEPXHOCTH
MPUBOIUT K €€ pa3orpeBy B TeUeHUE UMITYJIbCA IO
BBICOKMX TeMIlepaTyp, BIUIOTb 10 pacrjaBieHUs.
Bricokasi mI0THOCTh MOHHOTO TOKA B COYETaHUU
¢ Oo/bLIOI TemMmepaTypoil CIOCOOCTBYeT 3HAUU-
TEeJIbHOMY POCTY Ko3(d(duiimeHTa pagvualroOHHO-
ycuJieHHoU nuddy3un. CBepXCKOPOCTHOE OXJIaX-
JIeHWe TIPUITIOBEPXHOCTHOTO CJI0S 3a CUeT OTBoda
TeIJla BHYTPb MUILIEHU OOecreurMBaeT BO3MOX-
HOCTb MCKJIIOUEHUS IIeperpeBa MaTepuaa 3a Ipe-
nenaMM 00J1aCTH MOHHOTO JIETUPOBAHUSI, OMHOBpE-
MEHHO CITOCOOCTBYSI YIYUIIIEHUIO MUKPOCTPYKTYPhI
MMILTAHTAPYEMOTO CJIOSI.

BrIcoKkast TNIOTHOCTL MOHHOTO TOKA, 3HAYUTEIb-
Hasl IJIMTEJbHOCTh MMITYJIbCa B COUETAHUU C E€ro
YaCcTOTOM MOJKHBI 00€CIeYUTh BHICOKYIO CKOPOCTh
Habopa ¢JroeHca MOHHOTO O0y4eHUsT, HeOOXOIM -
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MOTO TSI NIyOOKOTO MOHHOTO JIETUPOBAaHUS pa3-
JIMYHBIX MATEPHUAJIOB.

Hama pabora nocasileHa u3y4eHu0 0COOEHHO-
CTe U 3aKOHOMepHOCTell (popMUpPOBaHUS U IUa-
THOCTUMKM MYYKOB MOHOB META/JIOB Ha IpUMepe
MOHOB THUTaHa, XpoMa U aJlOMUHUS CyOMUJIINCE-
KYHIHOM JJIMTEIbHOCTU B UCTOYHUKE, UCTIOIb3YIO-
1IEM T1J1a3MY HENPEPbIBHOIO BAKYYMHOT'O JyTOBOIO
paspsiaa, ¢ JOCTUXKEHUEM MMIYJIbCHOM MIOTHO-
CTU MOILIHOCTU B MOHHOM ITy4YKe JECITKOB U COTCH
KMWJI0BATT HAa KBaApaTHBIA CAHTUMETP.

2. CXEMA UIOHHOT'O UCTOYHHUKA
U METOJIMKA UCCIEJOBAHUM

HccnengoBanus IMpoOBOAMIIMCH C MCIIOJIb30Ba-
HHUEM MOIU(PUUIMPOBAHHOTO MMITYIbCHO-IIEPUO-
JUYECKOTO0 MCTOYHMKA MYyYKOB MOHOB METAJIJIOB U
Mnjaa3MeHHbIX TToTOKOB “Pamyra SM” [34]. Cxema
9KCIIEpUMEHTAJIbHON YCTaHOBKU IIpeACTaBIeHa Ha
puc. 1.

DKCIEpUMEHTHl MMPOBOAWINCH IPU IIUTEIb-
HOCTU MMITYJIbCOB 450 MKC, aMIUIUTyOe YCKOPS-
IOLLero HanpsikeHus B nuamna3oHe ot 5 1o 40 kB u
4acToTe UMITYJbcoB 10 40 ummn./c. B skcriepumeH-
Tax IO M3MEPEHUI0 MOHHOTO TOKa HACBIIIEHUS
M3 TIa3Mbl BAKYYMHOI AYTW MPUMEHSIJICS TakxKe
VMITYJIbCHO-TIEPUOINYECKUI TeHEPATOP C IIUTEb-
HOCTBIO MMIYIbcoB 100 MKC, 9aCTOTOI MMITYJIbCOB
103 UMM /c ¥ aMIUIUTYO UMITYJIbCOB HAIPSKEHUS
1o 1.8 xkB. I'eHepanus mi1a3Mbl BAKYYMHO-ITyTOBbIM
pa3psaoM OCYILIEeCTBISIaCh MPU JaBJIEHUU OCTa-
TOYHOIT aTMOC(EpPHI B 3KCTIEpUMEHTAJILHOM Kamepe
10~* Ta. Ilna3meHHBII MOTOK (hopMuUpoBaICs
HETpEepBIBHEIM BaKyyMHO-IYTOBBEIM pa3psiaoM C
tokoMm nyru 130 u 170 A. {81 OUMCTKU Maa3Mbl OT
MUKPOKAaIeJIbHO! (ppakiyi BMECTO MJIa3MEHHOTO
(busibTpa Kalo3uiitHOTO TUMNA OblJIa MCITOJb30BaHa
cucteMa “COJIHEYHOTO 3aTMEHUsI”, BIIEpBhIC TIPe/-
JIOkeHHas B pabote [35].

Hnss dopMupoBaHUs ITydKa MOHOB C BBICOKOM
WMITYJIbCHOW TUTOTHOCTBIO MOIITHOCTU UCMOJIb30Ba-
Jlacb OJHO3JIEKTpPOAHAas (POKycupyolas cucTeMa,
MpeacTaBsonas co00il CeTOYHBIN 3JeKTPOa B
Buze yactu cepnl paguycoM 130 MM ¢ SKBUIIOTEH-
LIMAJIbHBIM IIPOCTPAHCTBOM IS TPAHCIIOPTUPOBKU
n GOKYCHPOBKM MOHHOTO ITyuyKa. B skcmepumeH-
Tax MPUMEHSICS CETOUYHBIN 2JIEKTPOJ C pa3MEPOM
sueek: 1.1 X 1.25 Mm? 1 pospauHocTtbio 60%. Jduc-
KOBBII 3JIEKTPOI, TPEISTCTBYIOIIMIA TIPSIMOMY IPO-
JIETY MUKPOYACTULI, IIPOIYKTOB B3PBIBHOI 3MMC-
CuM, ¢ paboueil MOBEPXHOCTU KaToda B 00JiacThb

2025
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Puc. 1. Cxema 5KCriepUMEHTalIbHOM YCTAHOBKU: | — BaKYYMHBIi IyrOBOW reHepaTop Iia3Mbl, 2 — 3JEKTPOI Ul OTCEUKH
MHUKPOYACTH, 3 — UMITYJIbCHBIN ITUPOMETP, 4 — CETOUHBIN (hOKYCUPYIOIIUIA 3IEKTPOM, 5 — BaKyyMHasi KaMepa, 6 — TepMoria-
pa, 7 — KOJUIEKTOp, § — UMITYJIbCHO-TIEPUOINYECKUIA TEHEPATOP BLICOKOBOJIBTHBIX UMITYJILCOB IOJIOXUTEILHOM TOISIPHOCTH.

(boKyCHpOBKM ITyuyKa, YCTaHaBIMUBAJICS MO LEHTPY
(G oxycupyoIero 3AeKTpoaa. DKCTpaKIusd MOHOB
OCYIIECTBJISIACh B UMITYJbCHO-TEPUOINIECKOM
pexuMe co CBOOOMHOI I'paHMUILIbI METATIUYECKOM
IU1a3Mbl, TEHEPUPYEMOI BAKYYMHbBIM JyTOBBIM pa3-
pAIOM.

B nporiecce aKcneprMeHTOB TPOBOAUINCH U3ME-
PEHUST YCKOPSIOIIEro HAIPSDKEHUS, TOKA MOHHOIO
nyuka. s ucciaeqoBaHus pacrnpeneaeHus TIoT-
HOCTUA MOHHOTO TOKA IO CEYEHUI0 (POKYCUPYEMOTO
MOHHOTO ITy4YKa MCIIOJIb30BAJICS CEKIIMOHUPOBAH-

Puc. 2. ®ororpacdus nerektopa ¢ 19 KoteKTopamu.

MMPUBOPBLI U TEXHUKA SKCITEPUMEHTA

HbIIt 1eTeKTop ¢ 19 anekTponamMu B BUIE CTEPXKHEH
auamerpoM 2 MMm. Dortorpadust BHEUIHErO BHUaa
IeTeKTopa IpeAcTaBcHa Ha puc. 2.

HNMiysibc MOHHOTO TOKa IMy4YKa M3-3a 0COOCH-
HOCTel reHepaluu Mmia3Mbl BAKYYMHBIM JTYTOBBIM
pa3psiIoM OTJIMYaJCsd 3HAUYUTEJIbHOU BBICOKOYA-
CTOTHOI Monynguueit. DTo 3aTPpYAHSIIO OLEHKY
peaIbHOM aMIIUTYIbI TOKA M €T0 TUIOTHOCTH U, KaK
CIIeICTBUE, TOCTUTHYTYIO IUNIOTHOCTh MOIIIHOCTHU B
MOHHOM myu4ke. JIJIsT yBeIMUeHUSI TOYHOCTU U3MeE-
PEHUST aMIUIMTYIbI TOKA MPUMEHSJIOCH YCPETHEHUE
MMITYJIbCOB TOKA M HaIpsKeHUs 1Mo 16 ocuuiio-
rpaMmaM C HCHOJIb30BaHMEM MaTeMaTHU4YeCKOTO
armrapaTa ocitorpada Rigol MSO5000. Ipu mpu-
MEHEHMHU BBICOKOYACTOTHOTO T'eHEepaTopa MMITYIIhb-
COB yCpeQHEeHNe MPOBOAMIOCH 10 1024 uMITyIbCaM.

3. OKCITEPUMEHTAJIbHBIE PE3YJIBTATHI
N NUX ObCYXIAEHUE

DKCIepuMeHTaJIbHBIEC UCCSNOBAHUS M YMCIICH-
HO€ MOJAEIMpPOBaHWE AWUHAMUKU (POPMUPOBAHUSI
MMITYJIbCHO-TIEPUOINYECKUX ITyYKOB MOHOB TUTaHA
MpU 4acTOTe UMIMY/IbcoB 10° UMIL./C U aMIUIUTY-
Jax IOTeHIIMala cCMelleHus 10 2 KB, onucaHHbIe B
pa6orax [35, 36], BbIsIBUIN TPOOJIEMY OTpaHUYEHUST
IUTATEIbHOCTU UMITYJIbCOB, 00YCJIOBJIEHHYIO IEKOM-
TeHcalueil MTpoCTPaHCTBEHHOIO 3apsiaa OalIuCTH -
yecku (POKyCHpyeMOro MOHHOTO ITydykKa U3-3a yxoaa
MJIa3MEHHBIX 3JEKTPOHOB B YCKOPSIIOIIMK 3a30p
qepe3 TYEUKU CETOUYHOIM CTPYKTYPHI.

Ne 1 2025
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B manpHeNIImMX MccliefOBaHMSIX aBTOPHI ITOKAa3aIn
BO3MOXHOCTb MPEOI0JeHHUs MPOOIeMbl BOZHUKHO-
BEHUSI BUPTYaJIbHOTO aHOMA KaK 3a CueT yBeJude-
HUS TaBJICHUS Ta3a B 3KCIIEPUMEHTAJIbHOI KaMepe,
TaK W Oyarogaps IMPUMEHEHHUIO TOIOJIHUTEIBHOTO
TEPMOOMUCCHUOHHOTO HCTOYHMKA 3JEKTPOHOB.
B pa6ote [37] myTeM 4yuclieHHOro MOAEAUPOBAHUS
ObLIO YCTAaHOBJIEHO, UTO MpPHU YBEJIMYEHUN SHEPIUU
MOHOB J0 HECKOJbKMX IeCITKOB K3B ycroitunBoe
(opMupoBaHUEe 1 TPAHCIIOPTUPOBKA MyYKa NOHOB
BBICOKOM IUIOTHOCTH TOKa MOXKET OBITh pean30-
BaHa Oyaronapsi 3HaUUTEILHOMY YBEIUYEHUIO MOH-
HO-2JICKTPOHHOI aMuccuu. B Hacrosamux ucce-
NOBAHUSIX YAEIeHO BHUMaHuE (POpMUPOBAHUIO
IMYYKOB MOHOB C BBICOKOM IJIOTHOCTHIO MOIIHOCTU
B MCTOYHMKE Ha OCHOBE ILIa3Mbl HEIIPEPHIBHOTO
BaKyyMHOI'O OYTOBOTO pa3psiia B YCIOBUSX YBEIIH-
YEHUST MIOHHO-3JIEKTPOHHOM 9MUCCUM.

C 1esbio BBISICHEHUsI BKJIaga MOHHO-3JIEKTPOH-
HOIi 3MUCCUU B OOIIMI M3MEpsieMblid KOJJIEKTO-
POM TOK IIpU (pOPMUPOBAHUM MMyYKa MOHOB TUTaHA
OBLIM MPOBEACHBI 3KCIEPUMEHTHI CO CIUIOIIHBIM
KOJUUIEKTOPOM, YCTAaHOBJIEHHBIM BOJIM3M TOpIie-
BOIi MOBEPXHOCTU BAaKyyMHOI'O IYyTOBOTO reHepa-
Topa iadmMbl. KoiekTop mojIHOCThIO MepeKphIBas
MOTOK IJIa3Mbl, BBIXOASIIUA U3 TyrOBOTO MCIIapM-
tensi. U3mepeHust npoBOAMINCH B IIMPOKOM Juara-
30He ycKopgomux HarnpszkeHuit ot 100 B o 40 xB.
HMoHbI TMTaHA B IUIa3Me BaKYyMHOI'O JYTOBOTO pa3-
psila UMEIOT CpeiHee 3apsiIoBOE COCTOSTHUE OKOJIO
Z =2 [38]. DTO 03HayYaeT, YTO B YCIOBUSIX DKCIE-
PUMEHTa CPeaHsIsl SHEPIUsl MIOHOB U3MEHSJIach OT
200 3B 1o 80 x3B. 3aBUCMMOCTH N3MEPSIEMOTO TOKA
OT YCKOPSIIOIIETO HAIIPSIKEHMS IIPU TOKAX AYTOBOIO
paspsma 130 u 170 A mpencraBieHsl Ha puc. 3.

o 170 A
[ = 130A

Tok konnekTopa, A
= N WPk 0~ 0O

0 10 20 30 40 50 60 70 80 90
CpenHss aHeprua uoHos, kaB

Puc. 3. 3aBUCHMOCTb aMILTUTYIbI U3MEPSIEMOTO TOKA Ha
KOJIJIEKTOPE U3 HEPXKABEIOIIEH CTaIv OT CpeAHE SHEpruun
MOHOB TUTaHa MpPU ToKax ayrosoro paspsiaa 130 u 170 A.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

B nuanmazone sHepruii moHo ot 200 3B 1o
1 k3B amMmiuTyna usmepseMblX TOKOB OCTaeTcCs
MOCTOSIHHOM. DTO MOHHBIE TOKU HACBIIIEHUST U3
mwia3Mel. [lpu yBenmndeHnn ToKa AyroBOrO pas3psiaa
ot 130 mo 170 A MOHHBII TOK HACHIIIEHUSI U3 IIa3MBbl
Bo3pactaeT ¢ 1.5 10 3 A. PocT MOHHOIro ToKa MO4YTHU
B IBa pa3a, HEIPOIIOPLUNOHAIBHO YBEIMYEHHUIO TOKA
JIIyTOBOro paspsiia, o0yCJIOBJIEH KOHCTPYKIIMEM
JYTOBOT'O MCHAPUTE/IS UCTOYHMKA MOHOB U IIa3MbI
“Pagyra 5SM”. Ilo BUTKaM KaTYIIKA, CO3HAIOMICH
MPOMOJIbHOE MarHUTHOE I10JIe, IIPOITYCKAETCSI TOK
nyrosoro paspsiga. CooTBeTCTBEHHO, TIPU yBeIUUe-
HUM TOKA IyTH BO3pacTacT M BEIMYMHA MATHUTHOTO
TOJIsl, YTO MPUBOAUT K (POKYCUPOBKE MJIa3MEHHOIO
MOTOKA W YBEJIUYEHHUIO TNIOTHOCTU MOHHOTO TOKa
HaCHIIIECHUS 13 TUIa3Mbl. [1pu yBeIndeHU sHeprun
noHoB oT 1 k3B no 80 k3B amIuMTyna nsMepsieMbIX
KOJIJIEKTOPOM TOKOB BO3pacTaeT MouTu 10 4 A npu
toke ayru 130 A u no 8.5 A nipu Toke paspsaa 170 A.
ITockoJIbKY MOHHBIM TOK HACBIIIEHUST U3 IIa3Mbl
HE TOJKEH 3aBUCETh OT aMILIUTYIbl YCKOPSIIOIIETO
HAaIIPSKEHMS, POCT TOKA OOBSICHSIETCSI POCTOM HMOH-
HO-3JIEKTPOHHOII 5MUCCUM ¢ KojutekTopa. M3me-
psSIEMBIIl KOJUIEKTOPOM TOK PaBe€H CyMME MOHHOTIO
TOKA HACHIIIEHUS M3 TUIa3MBl M TOKA MOHHO-3JIEK-
TPOHHOI A3MUccuu. JlaHHbIe pUC. 3 1aIOT OCHOBaHNeE
MOCTPOUTHh 3aBUCUMOCTh KO3(h(PUIIMEHTOB MOH-
HO-3JIEKTPOHHOI SMMCCUM OT aMILUIMTYIbI YCKOPSI-
IOIIeTro HampspKeHus (puc. 4).

Ha puc. 4 BuaHo, 4T0 KO3D@PULHUEHT MOHHO-
BJIEKTPOHHOI 3MUCCUM BO3pacTaeT OT HYJIS ITOYTH
N0 IBYX MpU YBEIUYEHUU SHEPTMU MOHOB OT 1 10
80 x5B. YBenuueHue Toka BaKyyMHOTO IYTOBOTO
pa3psga ot 130 go 170 A mpuHIIUTIMATBHO HE U3Me-
HMJIO XapakTepa 3aBUCUMOCTH Ko3dduireHTa
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Puc. 4. 3aBucumoctu ko3 uIIMeHTa MOHHO-3JIeK-

TPOHHOI dMUCCUM OT IHEPTUM MOHOB MPU TOKAX AYyTro-
Boro paspsiga 130 u 170 A.
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MOHHO-3JIEKTPOHHOI SMUCCUU OT CpeIHEI SHepTUK
MOHOB B ITyYKe.

[Tpu dbopmupoBaHuU ITyykKa MOHOB C UCIIOJIB30-
BaHUEM CETOUYHOTrO (POKYCHUPYIOIIEro 3JEKTPOoaa B
pe3yabTaTe 0aUIMCTUISCKON (hOKYCMPOBKU MOHOB
TUIOTHOCTh TOKa BO3pacTaeT Oojiee 4yeM Ha JBa
nopstaka. I1pu TpaHCIOPTUPOBKE B IIPOCTPAHCTBE
npeiicha BBICOKOMHTEHCUBHOTO IyYKa MOHOB pa3-
HOI BHEPIUHU YCIIOBUS €r0 3apsa0BOM HEUTpain3a-
LUU U, KaK CJIeACcTBUE, (POKYCUPOBKU OYIyT U3Me-
HATbCA. s ompenesieHUs] BIAUSIHUS TIJIOTHOCTU
MOHHOTO TOKa Ha KO3(GGUINEHT HOHHO-3JIEKTPOH-
HOI 5MUCCUM OBLUIM TIPOBEICHBI KCIIEPUMEHTHI C
M3MepeHueM dHepTrur B MOHHOM Tyuke. [Ipsmbie
M3MEPEHUs BBIIOIHSIMCH C IIOMOIIBIO TEPMOIIAPHI,
BCTPOEHHOM B TEIJIOU30IMPOBAHHYIO MUILICHD THa-
METPOM 15 MM U TOJIIIMHON 3 MM.

KocBeHHOE M3MepeHNe SHeprud MIOHHOTO ITyJYKa
MPOU3BOAMUIOCH TTO YCPEAHEHHBIM OCIIMJIJIOTPaM-
MaM MOHHOTO TOKa (C y4eToM K03 (uliMeHTa UOH-
HO-3JIEKTPOHHOI SMUCCUHU), YCKOPSIIOIIETO HaIlpsi-
JK€HUSI, YaCTOThI UMITYJIbCOB U BPEMEHU OOTyICHUS
MuIIeHU. J1JIs1 yMeHbIIIeHNSI IIOTeph HAKOILUICHHOI B
0o0pa3sle PHEPTUU 32 CUET U3TYYEHUST IKCTIEPUMEHTHI
MPOBOAMJINCH C YACTOTOM MMITYJIbCOB B IMAra30He
10—40 wnwmm./c nipyu oblIeM BpeMeHU OOJIydeHUs
20 c. JlaHHBIE KaTOPUMETPUUECKOI'0 HCCIIeIoBa-
HUS JaJIi OLICHKY aMILIMTYIbl MOHHOTO TOKa IIpH-
MepHO Ha 10% MeHblile, 4eM B ClTydae OmpeaeieHus
SHEPruM KOCBEHHBIM MeTomoM. JlaHHoe pasnndue
MOXET OBITh CBSI3aHO C AUMHAMUKON M3MEHCHUS
TeMIiepaTypbl 00JydyaeMoil MOBEPXHOCTH B TEUCHUE
NeiicTBUS MMITyJIbCca MOHHOrO Iyuka. B TeueHue
MMIIyJIbca TeMIIepaTypa IMOBEPXHOCTU yYBEINUMBa-
J1lachk 0oJiee 4eM B 2 pas3a Mo CpaBHEHUIO CO CpemHeit
TeMIlepaTypoii, usMepsiemoit tepmomnapoii. Ilo-
3TOMY MOTEePU Ha U3JIy4eHUE ObLIM OOYCIOBJIECHBI
HE TOJILKO M3JIyuyeHUeM obpa3slia ¢ TeMIlepaTypoi,
He nipeBbimatonieii 700 K B TeueHne BpeMeHU 00I1y-
yeHNs 20 ¢, HO 1 60yiee MHTEHCUBHBIM U3JTyYeHUEM
MOBEPXHOCTHU MPU €€ UMITYJIbCHOM HarpeBe 10 TeM-
nepatypsl, npesbimasiieit 1100 K. B nenom cpas-
HEHME MOJIyYeHHbBIX TaHHBIX 00 SHEPTUU B MIOHHOM
My4ykKe MO3BOJMUJIO MOATBEPAUTD, YTO yBEJIMYEHUE
IUIOTHOCTU TOKa B MOHHOM ITy4Ke MpHU ero (poKy-
CUPOBKE 10 BEJIMUYWH, NpeBbluamommx 1 A/cm?,
He U3MeHsIeT KO3DPUIINEHT NOHHO-3JIEKTPOHHOMI
OMUCCHUH.

Hanmune mOHHO-371eKTPOHHOI SMUCCUM UTPAECT
NBOSIKYIO poJib. C OMHOI CTOPOHBI, OHA YCIOXHSIET
OLIEHKY MOHHOTI'O TOKa U TpeOyeT B KaxKIOM KOH-
KPETHOM cCJiyyae MOHHOI'O0 O0JydeHHUs 00pas3ioB

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

OIIPEAC/ISITh 3aBhIIIEHNE TOKA U COOTBETCTBEHHO
IJIOTHOCTH MOIIIHOCTU U HEPIrMM MOHHOTO IyyKa.
C npyroii CTOpOHBI, UMEHHO MOHHO-3JIEKTPOHHAs
SMUCCUS SIBIISIETCS HEIIPEPBIBHBIM ITOCTAaBIIMKOM
3JICKTPOHOB, 00CCIICUYMBAIOIINX KOMIIEHCAILIUIO
MIPOCTPAHCTBEHHOTO 3apsiaa (OKyCupyeMoro MoH-
HOTO ITy4YKa.

HccnenoBanue nMHAMUKU MPOCTPaHCTBEHHOM
(boKyCcHpOBKM IMydyKa MOHOB TUTaHa OBLIO IIPOBE-
JIEHO C MCIIOIb30BaHUEM CHCTEMBI U3 19 KOJIeKTO-
pOB. MHOIOKOJUIEKTOPHAsI CUCTEMa IIepeMellaach
BIOJIb OCH IYTOBOI'O MUCITAPUTENS IJII U3MEpEeHUs
pacripenesieH!s TUIOTHOCTUA PErucTPUPyeMOro TOKa
Ha pa3HbIX paccTosiHUSIX. Ha puc. 5 npencraBieHbl
pacmopeneneHus INIOTHOCTU TOKa B ITy4YKe, U3MEpPeH-
HbIE Ha pa3HBIX PACCTOSIHUSIX OTHOCUTEIbHO TeOMET-
puyeckoro (oKyca CHUCTeMBbI, IIPU YCKOPSIOIMIEM
HanpstkeHuu 20 kB u Toke nyrosoro paspsiaa 130 A.

[IpencTaBieHHble AaHHBIE IEMOHCTPUPYIOT
M3MEHEeHUEe MaKCUMaJlbHOM aMIUIUTYIbl U3MeEpsi-
€MOI0 TOKa B 3aBUCUMOCTU OT T'€OMETPUUYECKOIO
pacnonoxeHus KoyuieKTopoB. IlociemoBarenbHOe
nepeMelieHrne MHOTOKOJIJIEKTOPHOM CUCTEMBI M3
noaoxeHus —10 MM B +10 MM OTHOCHUTEJIBHO T'€0-
METPUYECKOT0 (POKYCa CHUCTEMBI COIIPOBOXIACTCS
yaydieHueM (OKyCUpOBKU. MiMeeT MecTo yMeHb-
mweHnne FWHM u yBenuueHue aMIIUTYIbl MJIOT-
HOCTH U3MepPSIeMOTO TOKa 10 TooxkeHusT F+10 mM.
HanpHeiilee cMelieHue B mmojioxkenue F+20 mpu-
BOAUT K YBEIMYECHHUIO IIJIOTHOCTU U3MEPSIEMOTO
TOKa, HO IPpU OJHOBPEMEHHOM €ro yIIWpPEHUH,
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Puc. 5. Cyneprnio3uuusi npoduiieili pacnpeneaeHust

TUIOTHOCTH, PETUCTPUPYEMOTO KOJUIEKTOPAMH TOKa T10

CEYEHUIO ITyYKa, N3MEPEHHBIX Ha PA3HBIX PACCTOSTHUSIX

OTHOCHUTEIHHO T€OMETPUIECKOro (hOKYca CUCTEMBI OajI-

JIMCTUYECKOM (POKYCUPOBKU IIPU TOKE AYTOBOTO paspsiaa
130 A u yckopsitonieM HanpsikeHuu 20 kB.
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a B noyioxkenun F+30 yxxe HaOmtomaeTcsi yMeHbIIe-
HUE aMIUIMTYIbI IUIOTHOCTU TOKa M3-3a Ae(POoKyCcH-
POBKM MOHHOTO ITy4Ka. YBeJIWYeHNe TOKa TyTOBOrO
paspsga 1o 170 A mpuBesio K yBeIMYSHUIO MaKCH-
MaJIbHO# IJIOTHOCTH TOKA, KaK I0Ka3aHo Ha puc. 6,
MOYTH B JIBa pa3a. MakcumanbHasl IJIOTHOCTb TOKa
0 OCH TyyYKa gocTurana 3.25 A/cm>.

KpuBas /, Kak 1 OOJBIIMHCTBO TPEACTaBIECH-
HBIX B CTaTbe NaHHBIX, ITOCTpOEHA IO JaHHBIM
ocumyuiorpada ¢ ycpeaHeHUEM aMIUIMTYIbI 110
16 umnynbcam. CieayeT OTMETUTh, YTO B OTHAEC/Ib-
HBIX OOUHOYHBIX UMITYJIbCAX BEJIMYMHA TNIOTHOCTH
perucTpupyeMoro Toka rnpesbiana 7.5 A/cM?, Kak
rnoxkasaHo Ha puc. 6.

HccnenoBaHue BIMSHUS YCKOPSIOIIETO HaIpsi-
JKeHUSI IT0Ka3ayo, YTO IIPU €T0 YBEIMYECHUU OT 8 10
20 kB mIOTHOCTH TOKa IO OCH ITy4Ka BO3pacTaeT
ot 1.5 10 2.25 A/cm? (puc. 7). OnHaKo fanbHeiilee
yBeJIMYEeHUE aMIUIUTYIbl YCKOPSIOIIEro Hamps-
JKeHUs TIPUBEJIO K YMEHbIIEHNI0 MaKCUMaJlbHOMN
IUIOTHOCTH ToKa 10 1.9 A/cm?. TloymupuHa myyka
IIpY 3TOM U3MEHMJIACh HE3HAUYUTEJIPHO M COCTaBHIIA
okoJio 10 mm.

HccnenoBanusa no ¢GopMUPOBAHUIO BHICOKO-
WHTCHCUBHBIX ITyYKOB MOHOB XpOMa C BBICOKOIA
MMMYJIbCHOM TJIOTHOCTBHIO MOIIHOCTU ITOKa3aiu B
1IEJIOM T€ K€ 3aKOHOMEPHOCTU U OCOOEHHOCTH, UTO
U B CIyyae ITydKa MOHOB TUTaHa. Pe3ynbraTtel n3me-
PEHUSI TOKA Ha CILJIOIITHOM KOJIJIEKTOPE B 3aBUCUMO-
CTU OT SHEPIUU MOHOB IIPU TOKaX IyTOBOTO pa3psiaa
130 u 170 A npencrtasieHbl Ha puc. 8. Kak BugHo
Ha pUCYHKe, aMIUIUTyda U3MEPSIEMOro TOKa He3Ha-
YUTEIbHO M3MEHSIETCS IPU YBEIMUCHUU CpeaHei
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Puc. 6. IIpodunu pacnpeaeneHus mIOTHOCTU TOKA IO

CEUYEeHUIO My4yKa MpU TOKax ayroBoro paspsina 130 u

170 A na paccrosinuu F+20 MM, yckopsitoliiee Harpsi-
keHue coctapiseT 20 KB.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

SHEPrMU MOHOB B 3TOM Arana3oHe. BenuuuHa saToro
TOKa OIPENesieTcs] MOHHBIM TOKOM HAaCBIIIEHUS U3
IU1a3Mbl BaKYYMHO-IYTOBOI'O pa3psiia U MpU TOKE
nyroBoro paspsaa 130 A, B KOHKPETHBIX YCITOBUSIX
SKCIEepUMeHTa OblIa paBHa ImpuMepHO 0.8 A.

[Ipy yBenumyeHMU TOKa AYrOBOTrO pazpsjaa a0
170 A aMIUIMTyIa TOKa IMPU YCKOPSIIOIIEM Hampsi-
xkeHuu B guamnasoHe ot 0.1 1o 1.8 kB Bo3pacraet no
2.25A.

VYBenuueHne aMILUIMTYIbl YCKOPSIOIIETO HaIlpsi-
KeHusT 10 35 KB mpuBomuT K pocTy M3MepsieMoro
toka a0 1.7 A npu Toke ayru 130 A u 1o 5 A npu
IyToBOM paspsife ¢ TokoMm 170 A. B mpemarmosioxe-
HUM, YTO YBEJIUUEHUE U3MEPSIEMOI0 KOJIEKTOPOM
TOKa B 3aBUCMMOCTH OT YCKOPSIOIIETo HaIIPSIKEHUS
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Puc. 7. Ilpodunu pacnpeneneHus: MIOTHOCTU KOHHO-

IO TOKa 10 CEeYeHUIO MTyIKa P TOKE TyTOBOTO pa3psina

130 A Ha paccTosstHuu F+20 MM 1 pa3HbBIX aMITIATYdaX
YCKOPSIIOIIIETO HATIPSIKEHUSI.
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Puc. 8. [ToHBIi TOK Ha CIJIOITHOM KOJIJIEKTOPE B 3aBU-
CHMOCTH OT CpeIHell SHepTU MOHOB XpOMa IPU TOKaX
BaKyyMHO-IyroBoro paspsiaa 130 u 170 A.
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U, COOTBETCTBEHHO, SHEPTUU MOHOB O0YCIOBIECHO
MOHHO-3JIEKTPOHHOM 3>MUCCHeit, JTaHHbIE pUC. §
MO3BOJIMJIM ONPEAeIUTh NUHAMUKY W3MEHEHUS
KO3 puUIImeHTa NOHHO-2JIEeKTPOHHON DMUCCUM.
Ha puc. 9 npencraBieHbl JaHHBIE 110 U3MEHEHUIO
K03 PUIKNECHTOB MOHHO-3JIEKTPOHHOM 3MUCCUN
JUUIST ITy4Ka MOHOB XpoMa, (POpMUPYEMOT0 IIPH TOKAX
nyrosoro paspsiaa 130 u 170 A.

Kak u B ci1yyae MOHOB TUTaHa, U3BMEHEHME TOKa
IyTOBOrO pa3psiia He BIMSICT Ha BEJIMYMHY HMOH-
HO-3JIEKTPOHHOI 3MuUccuu. boiiee Toro, u yBenn-
YeHHe TIOTHOCT MOHHOTO TOKa MpU OaIMCTHYe-
CKOM (pOKYyCHPOBKE MOHOB XpOMa TakKe HE BIUSICT
Ha KO3 PUIUEHT MOHHO-3IEKTPOHHON SMUCCUMU.
puc. 10 1eMOHCTpUPYET 3aBUCUMOCTb PETUCTPUPYE-
MOTO KOJUIEKTOPOM TOKa C(hOKYCHPOBAHHOTO ITyJYKa
OT CpemHel SHEepruy MOHOB IIPHU TOKAX BaKYYMHOTI'O
nyroBoro paspsaa 130 u 170 A.

Komnnekrop perucTpupyeT TOKM MEHBIINE, YeM
npeacTaBjieHoO Ha puc. 8. DTO yMeHbIIEHUE 00Y-
CJIOBJICHO MOTEPSIMA MOHOB Ha CETOYHOM (DOKYCH-
pyIOLIEM 2JIEKTPOJIE.

MoHHO-31eKTpOHHAsI 3MUCCUU obecrnedunia
YaCTUYHYIO KOMIICHCAIMIO yXoIa IlIa3MeHHBIX
BJIEKTPOHOB B YCKOPSIOIIMIA 3a30p 4epe3 sAueilku
CETOYHOI0 3JIeKTpoJa U, KaK CJelcTBUue, obecre-
YUJI0 CTabMiabHOE (DOpMHUpOBAHUE ITydyKa MOHOB
XpOMa C BBICOKOIW MUMITYJIbCHOM IMJIOTHOCTHIO MOIII-
HOCTH MPU UIMTEIIBHOCTH UMITYIbCOB 450 MKC. DTO
O3HavaeT, 4To Ipu GOPMUPOBAHNN BEICOKOMHTEH-
CHBHBIX IyYKOB C DHEPrueil MOHOB B HECKOJIBKO
JIecITKOB K3B omHoamekTpoaHas GoKycupyronas
CHCTeMa B BUNIE MEJIKOCTPYKTYPHOM CETKU MOXET
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Puc. 9. 3aBrcnMoCTh KO3(P(PULIMEHTa MOHHO-3JIEKTPOH-
HOM 9MUCCUU OT SHEPTUU MOHOB IS ITy4Ka KOHOB XPO-
Ma IIpU TOKax BaKyyMHO-IyroBoro paspsaa 130 u 170 A.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

WCITOJIb30BaThCS U JJIs TeHepalluu HEMPEePbIBHOTO
Iy4Ka C BBICOKOU CpEMHEN TNIOTHOCTHIO MOIIIHOCTHU.

B 10 Xe BpeMs, B OTIMUME OT PEe3yJbTaToOB,
MOJIYYEHHBIX ¢ IMyYKOM MOHOB TUTaHa, IPU I'eHEe-
paLuy IyYyKa MOHOB XpOMa KaK yCpeaHeHHast o 16
MMITYJIbCAaM, TaK U B OTIEIbHBIX UMITYJIbCaX MaKCH -
MaJibHasl TUIOTHOCTh MOIIIHOCTU OKa3ajach MOYTHU
B JiBa pa3a MeHbIle. DTO MOXET ObITh CBSI3aHO C
MEHBIINM KO3(pPUIIMEHTOM MOHHO-3JIeKTPOHHOMI
SMUCCHU. YMEHBIIICHIE KOJIMYECTBA 3JIEKTPOHOB,
TeHepUpPYyeMbIX B pe3yJibTaTe MOHHO-3JIEKTPOH-
HOI 9MUCCUU, UBMEHSIET CTeTIeHb HeTpaaIu3auu
MPOCTPAHCTBEHHOIrO 3apsaa Iydyka uoHoB. Kak
CJIeICTBUE, YXYIIIAIOTCS YCAOBUS (POKYCUPOBKU
noHoB. Ilpu dhopMupoBaHUHU ITyyKa MOHOB TUTaHA
TaKKe MMella MECTO HEIOJIHAsl KOMIIEHC ALl TIPO-
CTPAHCTBEHHOTIO 3apsiia MOHHOIO Iyyka. OO0 3ToM
CBUJETEJIbCTBYIOT ITaHHbIE O CMEIIEHUU KPOCCO-
Bepa Iy4Ka 3a Mpeaesibl TeOMeTPUYecKoro ¢okyca
CcUCTEeMBbI (DOKYCHUPOBKM.

JaHHbIe I3MEHEHMS aMILIUTYIbl TOKA Ha CILJIOII -
HOM KOJIJIEKTOPE OT CpelHell SHEPIUU MOHOB allio-
MUHUSI TIPU TOKaX BaKyyMHOTO OYyTOBOIO pa3psima
130 u 170 A npeacraBieHbl Ha puc. 11.

ITpu Toke paspsima 170 A MOHHBII TOK HacChI-
LIEHMST U3 TJIa3Mbl aJlOMUHUS, U3MEPEHHBIN MpU
aMIUIMTYJaX HaIIPSKeHUS, He TIpeBbilaommnx 1 kB,
npuMepHo paBeH 3 A. [Ipn yBenmueHUM yCKOPSIO-
mero HanpskeHust 10 40 KB 1, cOOTBeTCTBEHHO,
CcpenHell SHepruu MOHOB C YYETOM CPEIHEro 3apsi-
JIOBOTO COCTOSTHUSI MOHOB Z = 1.72 [38] nmpuMepHO
1o 70 k3B ToK KoJiieKTopa Bo3pacTaeT 3a CYET MOH-
HO-3JIEKTPOHHOI sMmuccum 10 7.8 A. 3aBUCUMOCTD
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Puc. 10. 3aBUCUMOCTb TOKA Ha KOJJIEKTOP OT CpeaHei

SHEPruyd MOHOB MpPHU OaUTMCTUYECKOU (DOKYCUPOBKE

ny4yka UOHOB XpoMa, GOPMUPYEMOTo U3 MjIa3Mbl Ba-
KYyMHOI1 1yru nipu Toke paspsnaa 130 u 170 A.

Ne | 2025



OOPMUPOBAHUE MMIIYJIbCHO-MMEPUOANYECKUX IYUKOB NOHOB METAJIJIOB 47

o 170 A
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Tok konnekTopa, A
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Puc. 11. 3aBUCHMMOCTb aMIJIUTYIbI TOKA KOJUIEKTOPA OT
cpenHeil SHepruy UOHOB AJIIOMUHMS TIPU TOKAX IyTOBO-
ro paspsaa 130 u 170 A.

Ko3(pduimeHTa MOHHO-3JIEKTPOHHON 3MUCCUU
OT BPHEePTUU MOHOB AJTIOMMHUS IIpeAcTaBieHa Ha
puc. 12.

ITpu MakcMMaJIbHOM 3HEPIrUU NOHOB KO P UK -
€HT MOHHO-3JICKTPOHHOM SMUCCUM IPUOIIKACTCS
K 1.6. Kak 1 B cayyasix ¢ mydkaMy MOHOB TUTaHa U
XpoMa, 3aBUCUMOCTb KO3(p(UILIMEeHTa MOHHO-2/1eK-
TPOHHOM AMUCCUU HE 3aBUCUT OT IUIOTHOCTU MOH-
HOTO TOKAa B IMAana30He OT HECKOJbKUX €IVNHUII IO
coteH MA/cM?. Bo BceM aMana3zoHe YCKOPSIOUIMX
HamnpsKeHWIT MOHHBINA ITYYOK OB CTaOMJIBLHBIM
0e3 MposIBJIEHUSI HEYCTOMUMBOCTE!, CBSI3aHHBIX C
JNeKOMIIEHCallleil ero MpoCTpaHCTBEHHOIO 3apsijia.
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Puc. 12. 3aBucumocTth K03 UIIMEeHTa NOHHO-3JIEK-

TPOHHO 3MUCCUU OT SHEPTUU UOHOB JIJISI ITyYKa MOHOB

JIOMUHUS MPU TOKaX BaKyyMHO-IYTOBOTO paspsiia
130 u 170 A.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

4. BAKJIIOYEHUE

B pesynbrate KOMILIEKCHBIX UCCAEIOBaHUIA OCO-
OEHHOCTell U 3aKOHOMEPHOCTE (hOpMUPOBaAHMS,
(OKYyCHPOBKM U TUATHOCTUKU MMITYJIbCHBIX ITy4-
KOB MOHOB BEICOKO#1 UMITYJTbCHOI TIJIOTHOCTH MOIII -
HOCTU MpPHU YCKOPSIOLIMX HampskeHusx 1o 40 kB,
CpeoHell PHepTUU MOHOB C YYETOM HX 3apsIIOBOTO
coctosiHusl 10 80 k3B ycTaHOBIEHO, YTO IMYYKU
MOHOB TUTaHA, XpOMa M aJlOMUHUS CyOMUILIMCE-
KYHIHOM IIWUTEIbHOCTH YCTOMUMBBI, 3(P(PEKTUBHO
TPAHCIOPTUPYIOTCS U (OKYCUPYIOTCS B TEUCHUE
JJIATEILHOCTU UMITyJibca 10 450 MKc.

[lokazaHo, 4TO, B OTJIMYHE OT Caydass (hOpMUPO-
BaHUS MIyYKOB MOHOB METAJUIOB MPU HU3KUX YCKO-
PAIOIINX HAMNpPSKeHUSIX, KOTAa BO3HMKHOBEHUE
BUPTYaJIbHOTO aHOAA IIPUBOIUT K CPBIBY TPAHCIIOP-
TUPOBKU MOHHOTO MyYKa, IIPU YBEINICHUN SHEPTUHN
MOHOB TOSIBJISIETCSI MIOHHO-3JIEKTPOHHASI SMUCCHS,
yiIydiiampiias HedTpaau3aluio IpOCTPaHCTBEH-
HOTO 3apsifa IMyJKa 1 KOMITIEHCUPYIOIIAsl YXOI, 3J1eK-
TPOHOB B YCKOPSIIOIIUI 3a30p 4yepe3 3JIEeMEHTHI
CETOYHOTrO 3JIeKTpoa.

YcTaHOBIEHO, YTO U3MEHEeHUEe KoaddulimeHTa
MOHHO-3JIEKTPOHHOI 3MUCCUM OT SHEPTUU MOHOB
HE 3aBUCHUT OT IJIOTHOCTHA MOHHOIO TOKa B IITUPO-
KOM Jrana3oHe OT HECKOIbKUX €AUHUIL 10 HECKOJIb-
KMX COTeH MA/cM?, HO oIpeessieTcs COpTOM
MOHOB. MakcuManabHBIN KO3(P(PUIIMEHT MOHHO-
BJIEKTPOHHOM SMUCCUU MIPU YCKOPSIOIIEM Harpsi-
xkeHuu 40 xB OblI paBeH 2 A1 MOHOB TUTaHAa,
1.3 111 oHOB XpoMa U 1.6 1J1s1 MIOHOB AJTIOMUHMUSI.

Ha npuMepe mydyka MOHOB TUTaHAa ITOKA3aHO, YTO
B pe3yJIbTaTe HEMOJHON HelTpanu3aluy MpocTpaH-
CTBEHHOTO 3apsiia MIOHHOIO My4YKa ero KpoccoBep
cMernaercs Ha 20 MM 3a TIpeaesibl FeOMeTPUYECKOTO
(okyca cuctembl. MakcuMasbHas IJIOTHOCTh MOIIL-
HOCTHM JIJISI ITy4YKa MOHOB TUTaHa YCPEeIHEHHas I10
16 umnyabcaMm npubauxanach K 110 kBt/cm?, a B
OTJIEbHBIX UMIYAbcax mpesbimana 200 kBt/cm?.
HeckonbKo MeHbIIMe IIOTHOCTA MOIITHOCTH TIOJTY-
YeHBI JJI5 ITy9KOB MOHOB aJTIOMUHUS 1 XpOMa.

HMoHHbIe MydyKM C TAKUMM TTapaMeTpaMu HECOo-
MHEHHO TIPUBJIEKATEIbHBI IJI pealn3allii MeToIa
IIyOOKOr0 MOHHOTO JISTMPOBAHUSI MaTepUajioB,
OCHOBaHHOI'O Ha CUHEPTMU BBICOKOMHTEHCHUBHOI
MMILIAHTAllMY ¢ OMHOBPEMEHHBIM SHEPTreTUYECKUM
BO3IeiICTBEM MOHHOIO NydYKa Ha IOBEPXHOCTh
00JIyyaeMoii MUILIEHU.

2025
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HccnenoBaH yacTOTHBIN pexkuM padboThl (1 MMII/C) MCTOYHMKA HU3KOPHEPIeTUUECKUX CUTbHOTOUHBIX
3JIEKTPOHHBIX TTYYKOB Ha OCHOBE B3PBIBOIMUCCHMOHHOTIO KaToda CO BCTPOEHHBIMU B HErO TyTOBBIMU
MCTOYHUKAMMU IIJIa3Mbl, MHULIMMPYEMbIMU ITPOOOEM 110 TOBEPXHOCTH IUAJIEKTPUKA. YCTAHOBIICHO, YTO
HUCTOYHUK CTAaOMJIbHO (03 IMPOMyCKOB) TeHEPUPYET IMyYOK B YCIOBUSIX BAKYYMHOI'O ¥ Ta30HATIOJIHEHHOTO
JIMONOB IPU 3aIaHHOM YacTOTe CIeA0BaHUsI UMITYJIbCOB U 3aPSIAHBIX HAMIPSIKEHUSIX TeHepaTopa, MUTa-

LLIEro 3JEKTPOHHYIO MyIIKY, paBHbIX 5—20 kB.

DOI: 10.31857/50032816225010074, EDN: GGYHWI

1. BBEAEHUE

HMcrounnku HU3KoaHepretuueckux (1o 30 kaB)
CWJIBHOTOYHBIX (IECATKU KA) 2JIEKTPOHHBIX My4-
koB (HCOII) MUKpPOCEKYHOHON IOJUTEIbHOCTHU
(2—4 MKC) IMPOKO MCIOJb3YIOTCS IJIT MOOU(pU-
KallM IMMOBEPXHOCTHBIX CJI0EB METAJIJIOB U CIUIAaBOB
METOJOM UMITYJIbCHOTO T1aBjieHus [ 1—5]. B pe3ynb-
TaTe TakKoil MoAU(MUKALIMY MOBEPXHOCTHHIE CIOU
MpUOOPETAIOT YIYUIICHHBbIE (PU3NKO-XUMUYECKIE
CBOICTBA, YTO B KOHEYHOM CUETE CKa3bIBAETCS U Ha
KauecTBe caMmoro usaenausi. Hampumep, mosbliia-
IOTCS KOPPO3MOHHAY CTOMKOCTh, U3HOCOCTOMKOCTD,
YCTaJIOCTHASI IPOYHOCTD U T. . Kaxk mpaBuio, mjist
JOCTUKEHUSI MOJI0XKUTEAbHOro 3 dexTa oT 00Jyue-
HUS TpeOyeTcsl HECKOJIbKO IeCSITKOB UMITYIbCOB Ha
obpasen (n3genue). Eciu B yctaHOBKe peajin3oBaHa
nomaya OOJIBIIOrO KOJIMYEeCTBa 00pa3loB K MECTY
O0JIy4eHMSI IIyYKOM, TO YKUCJIO UMITYJIbCOB B OMHOM
BaKyyMHOM IUKJIE MOXET JOCTUTATh HECKOJIbKUX
ThicsT4. [Ipy TaKMX yCIIOBUSIX TPOU3BOIUTEIBHOCTh
ncroyHuka HCOII MoxeT ObITh CylIECTBEHHO yBe-
JIMYEeHA 3a CYeT MOBBIIIEHMST YaCTOThI CJIeAOBaHUSI
VMITYJIbCOB f.

50

Panee Beanumna f He mpesblmana 0.2 uMmi/c,
TaK KaK OHa OblJIa OTpaHUYEeHA MOIITHOCTBIO MMEB-
LIMXCSI B HAIlIeM PacTlopsiKeHUN OJIOKOB MUTaHUS.
Takoit pexxum paboTsl ucrouHukoB HCOII ¢ mnaz-
MEHHBIM aHOJIOM U MHOTOIIPOBOJIOYHBIM MEIHBIM
B3PBIBOAMUCCHOHHBIM KaTOIOM |6] ObLJI JOCTATOUHO
crabuineH. Ilpu moneiTke yBenmmueHus f ¢ 0.2 mo
1 umr/c (Koraa 3To cTajio TEXHUYECKH BO3MOXHbBIM)
ObUI0 3a(DUKCUPOBAHO OOJBIIOE KOJIUYECTBO MPO-
MycKOB reHepaiuu nydka (10 30%, npu 3ToM 1uias-
MEHHBII aHon (opMmupoBajcs cradbunbHo) [7]. Ha
HaIll B3I, 3TO CBI3aHO C YACTUYHOM lerazanuei
MOBEPXHOCTH KaToa, B pe3yJIbTaTe Yero BOZHUKAIOT
HECTaOMILHOCTH BO30YKIEHUS B3PBIBHOI 9MUCCHUU.

B 2020 romy MbI co3aaau HOBBIM KaTOAHBIN y3el
CO BCTPOEHHBIMU B KaTOJ IYTOBBIMU MCTOYHUKAMU
I1a3Mbl, UHULMMPYEMBIMU MPOOOEM I10 IOBEPX-
HoOCTHU nuajekTpuka [8, 9]. B pexumMe oquHOUYHBIX
uMIynbcoB (f < 0.2 mMmII/c) maHHBII KaTOOHBII
y3ea 00ecIieurBaeT BHICOKYIO CTAaOMIBHOCTD Cpa-
OaTbIBaHUsI BCEX MYTOBBIX MUCTOYHMKOB B KaTofe,
B TOM 4KCJIe IPU TOHWKEHHBIX (0T 5 KB) Hampsixe-
Husix. Kpome toro, Oblj1a mokazaHa BO3MOXHOCTh
paboThl JaHHOIO y3Jia B peXMMe BaKyyMHOTO WJIN
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ra30HaIoJHEHHOTO AMOo/a, T. €. 0e3 MpenBapuTeib-
HOTO CO3/IaHUsI TVIA3MEHHOT0 aHona. DTO a0 HaM
OCHOBAHMS T0JIaraTh, YTO UCIIOJIb30BAaHUE KaTO/A C
JTYTOBBIMM MCTOYHUKAMMU TJIa3Mbl TIPU YaCTOTHOM
(MMIYTbCHO-TIEPUOINYECKOM, TTaY€YHOM) PEXUMeE
pabotsl (f = 1 ummn./c) ucrounnka HCOII nosso-
JIUT PELINTh TTPOOJIeMy TTPOITYCKOB FreHEpUPOBAHUS
nyuka. Hamia pabora mocssineHa MccliefoBaHUIO
YaCTOTHOTO PeXrMa paboThl B3PHIBOIMUCCHOHHOTO
KaTola CO BCTPOEHHBIMM B HETO AYTOBBIMU MCTOY-
HUKaMU T1J1a3Mbl.

2. METOAMKA SKCITEPUMEHTA

Ha puc. 1 npencraBieHa cxeMa 3KCIIepUMeEHTA.
KartogHblii y3ea1 MyLIKY BKIOUaeT B ce0s1 B3pbIBO-
SMUCCHOHHBII KaTox I B Bume nep(GoprpoOBaHHOIO
MemHoro mnucka muamerpoM 30 MM, B OTBEpCTHSI
KOTOPOTO 3amMoOJIUII0 BCTAaBIECHBI KepaMUUYECKUE
TpyOKU 2 1 MeHbIE 2JIEKTPOAbI 3, 00pas3ylolire BMe-
CTe C KaTOIOM JyTrOBbIe UCTOUHMKY 11a3Mbl; 10 gyro-
BBIX MCTOYHUKOB PACIIOJIOXEHBI MO OKPYKHOCTU
& 15 MM 1 15 myrOBBIX ICTOUYHUKOB — I10 OKPYKHO-
cti & 24 mMm. Kaxnplit U3 25 37eKTpoaoB 3a3eMJIeH
yepe3 pe3nucTophl 5 (TpU MOCIEA0BATEIBHO COEAM-
HEHHBIX pe3ucTopa HoMUHaIOM 750 OM Kaxkablit).
J71s1 yBeJIMYeHUS KOJIMUYECTBa B3PhIBOIMUCCUOHHBIX
LEHTPOB B KaTon (IO BCEM MOBEPXHOCTHU) TaKXKe
BITPECCOBAHBI IyYKN TOHKUX (80 MKM) METHBIX ITPO-
BOJIOK 4 B KoJIMYeCTBe 25 1ITYK (cmpaBa Ha puc. 1

YCJIOBHO MoKa3aHo 6 mTyK). TakuMm oOpa3oM, SMU-
TUPYIOILas YaCcTh KaToaa (haKTUYECKHU MPEACTaBIsIET
c000ii KOJIbLIO BHEIIHUM AUAMETPOM IIPUMEPHO
24 MM n mupuHoOii 4.5 MMm. Ha kaTonme Takke pacrio-
JIarajicsl yaieo0Opa3HbIi MeTaUIndecKuii akpaH 11.
OH npuKpbIBaa Pe3MCTOPHLl OT 0Opa3oBaBlIeiics B
TEYECHUE NMITYJIbCA IIA3MBbl ¥ TEM CAMBIM YMEHbIIIAT
BEPOSITHOCTD MPOOO0SI BAOJb UX TOBEPXHOCTH.

AMIUIATYOA YCKOPSIIOIIEro HAMPSIKeHMSsI, TTofa-
Bae€MOTO OT reHepaTopa BHICOKOBOJIBTHBIX UMITYJIh-
coB (I'BN) 7, onpenensgBiuasics 3apsiiHbIM Hampsi-
xenuem I'BU U,,,, BapbupoBanach B auanasoHe
5—20 xB. Yacrora clienoBaHusI UMITYJIbCOB f MOIJa
MeHsAThes oT 0.2 1o 1 umr/c. Yucno uMIyibcoB B
cepum BapbupoBanoch oT 10 mo 50, mocne cepum
BBIIepXUBanach may3a 1—2 muH. KomnekTropom
My4JKa CIyKuJja IiacTuHa 1213 HepXKaBelolleil cTanmu
ToMuuHOM 1 MM. VIMIyibCHOE Bemyllee MarHUTHOE
noJjie, obecrneynBalliee TPAaHCIIOPTUPOBKY MydYKa,
C03[1aBaJIOCh CEKILIMOHUPOBAHHBIM COJIEHOUAOM /4.

Perucrpainus uMIyinbCoB YCKOPSIIOIIETO HaIpsi-
JKeHUS OCYILIECTBIISLUIACh C ITOMOIIBIO aKTUBHOTO
IEJIUTENsI, TIOJIHOTO TOKa OMOoJa M TOKa IydKa Ha
KoJileKTop — mosicamu Poroeckoro. CuUTHaIIBI C
JaTYNKOB MOAABaJIMCh Ha BXOAbBI 4-KaHAJIbHOTO
mupoxomnonocHoro (200 MTIir) mudpoBoro ociui-
norpada Tektronix TDS 2024. Ocunnnorpad pado-
Tajl KaK B peXMME OIMHOYHBIX UMITYIbCOB, TaK U B
pexXyMe HaKOIUICHMS (IUIST TTOJIyIeHUsI CPEIHUX 3a
CEpUI0 UMITYJILCOB OCIIUIIOTPAMM).

R2

2 kB/B

Bua ¢ Topua karona

I=2-4cm

Puc. 1. Cxema skcnepumeHTa: / — KaToq, 2 — KepaMudyeckue TpyOKH, 3 — MeIHbIE 3JeKTPOIbI, 4 — IMTy4OK MEIHBIX ITPOBO-

J0K, 5 — pe3uctop TBO-2 (750 Om), 6 — Katomonepxkarteib, 7 — reHepaTop BBICOKOBOJIBTHBIX UMITYJIbCOB, § — M30JISITOD

BBOJIa YCKoOpsitolliero HanpsikeHus; 9 u 10 — nosica Porosckoro, /1 — akpaH, 12 — koyuiekTop (aHom), 13 — BakyyMHast
KaMmepa, 14 — conenoun; RI, R2 — akTUBHBIN OCTUTETh HATIPSKEHUST.
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DKCIepUMEHThI TPOBOAMIINCH KaK B YCIOBUSIX
BaKyyMHOTO 11ofia (JIaBJIeHe OCTATOYHOTO ra3a p =
= (.01 ITa), Tak m Tpu HamyckKe pabouyero rasa
(apron) no masinenus 0.027—0.054 Ila.

3. PESVJIBTATBI 1 OBCYXIEHUWE

Ha puc. 2, 3 mpencraBlieHbl CpeIHKE 3a CEPUIO
u3 20 UMITyJIbCOB OCIUJUIOTPAMMBI HaIPSIKeHUS
U TOKOB, CICIaHHbIE B PEXMME HaKOILICHUS MPU
Pa3IMYHbBIX 3HAYEHUSIX 3aPSIAHOr0/yCKOPSIIOLIETO
HAIpSDKEHUs U JaBlIeHUs paboyero/ocTaTouHoro
raza. Yacrora cienoBaHUsI UMITYTbCOB BO BCEX CITy-
yasix cocTapisizia 1 mmi/c.
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B 1ienomM monyyeHHBIE OCIHMJIJIOTPAaMMBbI aHa-
JIOTUYHBI TeM, KOTOpble Mbl HaOJIIOMaJIM MPU TeHe-
pauuu omMHOYHBIX uMnyabcoB [9, 10]. C yBenan-
yeHueM 3apsiiHoro HanpstkeHust I B amruiuryna
MOJIHOTO TOKa AMOMA pacTeT IMPaKTUIECKU IIPOIIOP-
LIMOHAJIBHO. POCT aMIiMTynbl TOKa My4yka Ha KOJI-
JIEKTOP MpY 3TOM HaOJIIofaeTcs JIUIIb TIPpU 3apsiji-
HBIX HanpskeHusx 1o 10—12 kB, mocne yero oHa
NpaKTUYECKHU He MEHsIETCS U cocTaBisieT 16—18 KA.
DTO COOTBETCTBYET U3BECTHBIM IIPEACTABICHUSIM O
rnepexoae KaTOMHOM TIa3Mbl B peXKMM HACHIIIEHUS,
XapaKTEePHBIM IJI CAHTUMETPOBBIX YCKOPSIIOIINX
npoMexyTkoB [11]. AMmInTyaa ke MOJHOTO TOKa
B IMOJIe TIPOAOJIKAET PacTU C YBEJIUUCHUEM 3apsii-
HOT'O HampsDKeHUS BCAEACTBUE Pa3BUTHS IIPO0OS B
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Puc. 2. CpenHue 3a cepuio UMITYJIbCOB OCIMUIOTpaMMBbl ycKopstrorero HanpstkeHust (Chl), momHoro Toka nuona (Ch2)

M ToKa my4yka Ha KojiiekTop (Ch3):a — U,

3ap

=5kB,6 — U,

ap

=10kB,B — U,,

=15kB,r — U,

3ap

= 20 kB. laBneHue

octatouHoro rasa (Bo3ayx) — 0.01 ITa. Illupuna 3a30opa katog—aHoa — 3 cM. MHAYyKUMS BeAylIero MarHUTHOTO TTOJIsI
0.15 Ta. MacmTa6s! 1o Beptukanu: a — Chl - 4 kB/men, Ch2 - 5 xA/men, Ch3 — 5 kA/nen; 6, B, r — Chl — 10 kB/nenn,
Ch2 - 10 kA/nen, Ch3 - 10 kA/nen. l'opusoHTaabHas mKaga 1 MKc/men.
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Puc. 3. CpenHue 3a cepuio MMITYJIbCOB OCIUJLIOTPAMMBI yeKopsttolero HampstbkeHus Chl, momHoro Toka auoma Ch2 u

ToKa my4ka Ha kojiekrop Ch3:a — U, ,=5kB,6 - U,,,

3ap

=10kB,B — U,

=15kB,r — U,

3ap

= 20 xB. /laBaeHue aprona

3ap

0.04 ITa. [lupuHa 3a3opa katon—aHox 3 cm. Muaykuus Benyiiero MarHutHoro noJjis 0.15 Tin. MaciuTtadbl mo BepTUKaiu:
a — Chl - 4 kB/nen, Ch2 - 5 kA/men, Ch3 - 5 kA/nen; 6, B, 1 — Chl — 10 kB/men, Ch2 - 10 kA/men, Ch3 - 10 kA/nen.
TopuzoHTanbHas mkanta 1 MKc/med.

KaTOTHOM Y3Jie, a Takke MPo00s Ha CTEHKY KopIiyca
MYILIKA, KOTOPhIE IIOKa HE YIaJIOCh ITOJABUT.

Haubonee ctabunbHyo paboTy KaToAd IMoKasas
B YCJIOBUSIX ra3oHarojHeHHoro auona. Ha puc. 4
MpeacTaBIeHbl OCUMJUIOTpAMMBI HECKOJbKUX
UMITYJIbCOB U3 cepru. BUIHO, YTO OCLIMILTIOrpaMMBbI
TOKa Iy4YyKa MPaKTUIEeCKU MOBTOPSIOT APYT Apyra,
pa3bpoc aMIINTYIbl TOKa ITy4Ka HE IpeBBIIIAET
+10%. B cayyae BakyyMHOTO AMOJa 3TOT pa3dpoc
Mor mocturatb 25 %.

4. BAKJIIOYEHUE

ITponeMoHCTpUpPOBAH YCTOHUMBBIM YaCTOTHBIMI
pexuM pabotel (f = 1 uMII/C) UCTOYHUKA HU3KO-
DHEPreTUYEeCKUX CUIIBHOTOUYHBIX DJEKTPOHHBIX

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

MYYKOB Ha 0a3e B3PBIBOOMUCCUOHHOIO KaToia CO
BCTPOEHHBIMU B HETO AYTOBBIMM MCTOYHUKAMU
mia3mel. [1pu paboTe McTouHUKA HEe 3aPUKCUPO-
BaHO HU OJHOIO IPOIMYCKa TeHEepUPOBaHUs ITyvKa
BO BCEM JMalia3oHe aMIUIMTYH YCKOPSIOILIEro
HanpsokeHust (5-20 kB). OueHKM TeTI0BOIi CTOM -
KOCTHU PE3UCTOPOB B LEMSAX AYTOBBIX UCTOYHUKOB
TJIa3Mbl MTOKa3bIBAIOT BO3MOXHOCTh JaJbHEHIIEro
YBEJIUYCHUST YaCTOTHI CJICAOBAHUS UMITYJILCOB 110
2-3 uMII/C, OMHAKO PUCK BBIXOJA U3 CTPOsI HAKO-
nuteabHoro KoHaeHcaropa (MK-50/3) reneparopa
BBICOKOBOJIbTHBIX MMITYJIbCOB BBIHYIMJI Hac ITOKa
0TKa3aTbCsl OT ITOTO.

Haunbonee crabuibHbIE OT UMITYIbCA K UMITYJIBCY
(pa3bpoc aMIIUTYIbI TOKa Ny4yka He 0osiee =10%)
oCLUMJUIOrpaMMbl HabJlomaluch B peXUMax C
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Puc. 4. OcimutorpamMMmbl yekopstiotniero Hanpsixkenust (Chl, 10 kB/mer), momHoro toka nuona (Ch2, 10 kA/men) u Toka

myuka Ha Kosutektop (Ch3, 10 kA/men): a — 1-it ummynbe B cepun, 6 — 10-if umIryse B cepuu, B — 20-it UMITyJIbC B

cepun, r — 30-it umITyIbe B cepun. 3apsinHoe HanpsbkeHre — 20 KB. [laBnenue aprona — 0.04 Ia. ['opusoHTaabHas mKka-
na — 1 MKc/nen.

HaryckoMm paboyero rasa (aproH) A0 HaBJeHU
0.027—0.054 I1a. B cayyae BakyyMHOTo0 nuona (1aB-
nenne ocrtarouHoro rasa 0.01 ITa) pa3opoc amrum-
TyObI TOKA ITy9Ka Ha KOJUIEKTOP MOT IOXOIUTH IO
+£25%. [lpu 3TOM CpemHsisl 3a CEPUI0 UMITYJILCOB
aMIUINTYIA ITOJTHOTO TOKA B BAKYYMHOM AMOe ObLIa
MPUOIU3UTEILHO paBHA aHAJOTUYHON BEJMYMHE
JUTSL CJTydasl Ta30HAIIOJIHEHHOTO IUO0/a.

OMHAHCHUPOBAHUE PABOTbI

Pabora ¢puHaHcupoBanach B paMKax rocyaap-
CTBEHHOTO 3aJaHMsI 110 IMporpaMMe (pyHIaMeHTalb-
HBIX Hay4YHBIX uccienoBaHuii CUOMPCKOro oTaesne-
Husa PAH “HwuskoremriepaTypHas rasopaspsiaHasi
IUIa3Ma U e¢ IpUMEHEHUE ISl PELIeHUs HaydHbIX

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

U TEeXHOJIOTMUECKMX 3agau”, mpoekT “Hwuszkorem-
rneparypHasl ria3Ma CTallMOHAPHbBIX M UMITYJIbCHBIX
paspsioB B ra3ax U BaKyyMe M ¢¢ IpUMEHEHUE B
aleKTpodusnmueckux ycrpoiictBax”, No FWRM-
2021-0007.
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Coobuaercs o0 pe3yiabratax NIpUMEHEeHUsT (PIyOpEeCIIeHTHOIO dKpaHa U3 aTlOMOOKCUIHON KepaMUKHU
Chromox st u3MepeHus: pacrpeneieHus MIOTHOCTU TOKA B MOMEPEYHOM CEYEeHUU UHTEHCUBHOTO
UMITYJIbCHOTO 3JIEKTPOHHOTO ITyYKa HU3KOI 3HEeprur. bbUiu uccaenoBaHbl CBOMCTBA 9KpaHa ¢ HarbLIe-
HueM 30510T1a pazHoil ToamuHbl: 30 u 300 HM. [ToxpeiTue TomuuHoKi 30 HM 06JIagaeT Xopoleil MpoBo-
JUMOCTBIO 1 TIPU 3TOM TOCTATOYHOM MPO3PauyHOCThIO (0KOJIO 5%) st U3IydeHUsT (hIIyopecIieHIIUHT, YTO
TO3BOJIIET BU3YaJIM3UPOBATh IBYMEPHYIO KapTUHY paclpenesieHUus ToKa My4yKa ¢ XOPOLIUM MPOCTPaH-
CTBEHHBIM pa3pelnieHrueM. OQHaKO TaKoe MOKPBhITUE NEMOHCTPUPYET OTPAHUYEHHYIO YCTOMYUBOCTD K
BO3JIEHCTBHIO MTyuKa ¢ TOKOM He MeHee 1.5 A (Gosee 0.6 A/cm?), sHeprueii 15 k3B, umnTensHOCTHIO 1 Mc.
[ToxpsiTre TommuuHoi 300 HM 00J1aKaeT 3HAYUTETBHO OOJIBIIEH YCTOMUYNBOCTHIO, HO HE TTPO3PAvyHO IS
U3ny4eHus: hayopecleHINd, MO3TOMY U300pakeHre PErucTpUPOBAIOCh Ha MTPOCBET MJIACTUHBI CLIWH-
TWIIATOpA. Takoil MoAaXo MO3BOJSIET MOJYYUTh U300paXeHWe OThevaTka my4yka, OJHAKO ¢ HECKOJBKO

XyamuM MMpoCTpaHCTBEHHBIM pa3pCIICHUCM.

DOI: 10.31857/50032816225010086, EDN: GHBUIW

1. BBEAEHUE

ITyyku 27eKTpOHOB ¢ ZHEprueil B aAuara3oHe
JIeCATKOB K3B HaxonmsT nmpuMeHeHue B PU3NIECKOM
MaTepHraJiOBeICHUM KaK MHCTPYMEHT MOACIMpPOBa-
HUSI UMITYJIbCHBIX TEIUIOBBIX HArPy30K Ha IOBEPX-
HocTb MatepuaioB [1, 2]. B Hacrosiee BpeMms B
NSA® CO PAH um. I'. Bynkepa co3maercst IKCIIe-
PUMEHTAJIbHBIN CTEHI 1JIS1 U3YYEHUs YCTaIOCTHOMN
CTOMKOCTU MEepPCHEeKTUBHBIX MaTepHaJioB 00Ju-
LIOBKM IMBEPTOPaA U IEPBOI CTEHKU TEPMOSIEP-
HBIX pEaKTOPOB C MAarHUTHBIM YyIep:KaHUEM IO
BO3IEHCTBMEM OBICTPBIX TEILUIOBBIX HArpy30K, BO3-
HUKAIOLIMUX BCAEACTBUE HECTALIMOHAPHBIX MTPOLEeC-
COB B ropstueit miaasme. o MMUTALIMU TEILJIOBOTO
ynapa IJIaHUPYeTCs MCI0Jb30BaTh MMITYJIbCHBIM
BJIEKTPOHHBIN IIYYOK C IJIOTHOCTHIO MOIIHOCTHU
0.1—1 I'Bt/M? 1ipyl ITUTETBHOCTH UMITYJIbCA OKOJIO
1 Mc u aHeprum 31ekTpoHoB 10—30 k3B, pabdoraro-
LM B YaCTOTHO-UMMYJIbCHOM pexxuMe [3]. MHbop-

56

Malusg O paclpeieeHUuu MIOTHOCTU MOUIHOCTHU
MydykKa Ha TOBEPXHOCTU MCCIECAYEMOU MUILIEHU
SIBJISIETCSI TIPUHLMITUAJIBHO BAXKHOM B TaAKUX 3KCIIE-
pUMeEHTax.

B cyiiectByoiieM MHOroo0pa3uu METOIOB U3MeE-
peHMs pacrpencacHus MIOTHOCTY ToKa (MIOTHOCTHU
MOIIIHOCTH) B TTAJAIOIIEM Ha MUIIIEHb 2JIEKTPOHHOM
My4yKe MOXHO BbIIEIUTH ABE OCHOBHBIE T'PYIIbI:
a) C JIOKaJIbHBIM HEMOCPEACTBEHHBIM U3MEPEHUEM
napaMeTpoB TIy4yka; 0) OCHOBaHHBIE Ha pPEerucTpa-
LMY U3JIYyYEHUS, BOSHUKAIOLIETO B PE3yJIbTaTe B3au-
MOJEICTBUS DJIEKTPOHOB ITyuyKa C MUIIEHBIO.

MeToabpl mepBOil TpyMIbl UCIOJB3YIOT HabOp
(MaTpuIly) MUKPOKOJUTIEKTOPOB WU MUKPOKAJIO-
PUMETPOB, BBIMOJHAIOIIMX CUHXPOHHbBIE TOYEUHbIE
M3MEpEeHMs 110 CEYSHUIO MyYKa [4], Ir UCTONb3YIOT
nomnepevyHoe CKaHMpPOBaHME MydyKa TOHKOW Mpo-
BOJIOUKOI MO0 1eaeBoi auagparmoit, 3a KOToO-
poit pacnonaraetcs Koyuiektop [5]. K oueBUaHBIM
HeIoCcTaTKaM TaKMX METOIOB OTHOCSITCSI HEBBICOKOE
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MPOCTPAHCTBEHHOE pa3pelieHre U HEOOXOIUMOCTh
OOJIBIIIOTO YKMCJIa KAHAJIOB PETUCTPALliM, a B CIydae
CKaHUPYIOIIUX TUAarHOCTUK — OOJIBIIIOE KOJIMYECTBO

UMITYJIbCOB TTyYKa, HEOOXOAMMOE IS BOCCTAHOBJIE-

HUS €IMHUYHOTO PO M.

MeTonpl BTOPOIi TPYMITLI ITO3BOJISIIOT IT0Jy4aTh
n3o0paxeHue IMagaloliero Ha MUIIEHb IydKa C
MOMOIIBIO PEHTIEHOBCKOrO [6], mepexomHoro [7],
TEIUIOBOTO [8] M3Iy4eHUi, a TaKKe JIIOMUHECIICH -
LI MaTepuaia MUIIIEHU B BUIMMOM IMaria3oHe [9].
Tum perucTpupyeMoro M3JaydeHUsl OIIpenelsieTCs
napaMeTpaMu Iy4kKa ¥ TEXHUYECKMMU BO3MOXKHO-
CTSIMU 9KCITEpUMEHTA, OMHAKO IIPUMEHEHUE JTIOMU-
HECLIEHTHOTO 3KpaHa B KaueCTBE MUIIIEHU SIBJISIETCS,
MOXaayil, CaMbIM IPOCTHIM U JIETKO UHTEPIIPETUPY -
€MBIM METOIOM, ITO3BOJISIIOIINM 33 OOMH MMITYIbC
MOJIYYUTh IBYMEPHYIO KapTUHY ITOIEPEYHOro ceye-
HUS IMyYKa ¢ XOPOIIMM ITPOCTPAHCTBEHHBIM pa3pe-
IICHUEM.

H1s1 narHoCTUPOBaHUS ITyYKa C IIPUBEACHHBIMU
BBIIIIEC BeJIMYMHAMU SHEPTUU YACTHLI, ININTSIBHOCTH
U TUIOTHOCTH MOIIHOCTHU JIOMUHECLIEHTHBII 3KpaH
JIOJKEH YIOBJIETBOPSITh PSIIY TPEOOBAHMIA:

— CHEKTp U3JTy4eHUsI IIOMUHO(bOpA JOJKEH JIeXKaTh
B CMEKTpaJbHO YYBCTBUTEIbHOU obnactu [13C-
n KMOII-matpwi;

— BBICOKMIA CBETOBOM OTKJIMK JIIOMUHOGOpPA U €TO
JIMHEMHOCTH B IIUPOKOM TUHAMWYCCKOM JHMara-
30HE;

— JIOCTaTOYHO MaJjloe BpeMsl 3aTyxaHusl (payopec-
LICHIIMM ¥ OTCYTCTBHUE IJIUTEIBHOTO MOCIeCBeYEe-
HUS IJ11 UI3BMEpPEHUs TpoG IS ITyYKa B IMOCIEI0-
BaTE/IbHBIX UMITYJIbCAX;

— COBMECTHUMOCTb C YCIIOBUSIMU BEICOKOTO BaKyyma;

— YCTOMYMBOCTH K HArpeBY U TEILJIOBBIM yIapaM;

— MeXaHMYecKas IIPOYHOCTb U BO3MOXHOCTh U3r0-
TOBJIEHUsI 9KPAaHOB JOCTATOUYHO OOJIBLIIOTO pa3-
Mepa IIpy pasyMHOI CTOMMOCTH.

OnHUM 13 MaTepuaioB, B OCHOBHOM YIOBJIETBO-
PSIOIIUM 3TUM TpeOoBaHUIM, sABasgeTcsd Chromox —
KopyHAoBast KepaMuka ¢ 0.5-TIpo1eHTHOI 100aBKOI
Cr,0, [10]. JanHblit TMN 1yOpPECLIEHTHOTO 9KpaHa
IIMPOKO M3BECTEH KaK MHCTPYMEHT NMAaTHOCTUKU
MYYKOB B YCKOPUTEIbHBIX KOoMILIeKcax. Kak mpa-
BUJIO, peYb UIET O PEIITUBUCTCKUX (OT HECKOJIb-
kux M»aB 10 coteH [3B) myukax Ts>keJIbIX MIOHOB WU
3JIEKTPOHOB ¢ ToKamMu 10 0.1 MA U MOJHBIM 3apsi-
JIOM, TIPUXOMSIINM Ha MUIIEHb 3a UMITYJIbC ITy4Ka,
He 0osee HeckoubKUX H* Ki [11—14]. TTockonbky
kepamMuKka Chromox sSBJsSIeTCSI XOPOIIUM U30JISITO-
pOM, €€ UCHOoJIb30BaHue JIJIsi JUAarHOCTUKU ITyYKOB
9JIEKTPOHOB C dHEPTHeil B Auana3oHe HeCKOIbKUX

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

JIECITKOB KB M cpaBHUTEIBHO OOJIBIINM IOJTHBIM
3apsiioM B UMnysibee (nopsiaka 1072 Koin) crankusa-
eTcs ¢ MPo0JIeMOIi HAKOIICHHS 3apsiia Ha MUIIIEHHU,
YTO MOXET 3aMEeTHO MCKa3UTh PETUCTPUPYECMBIE
XapaKTepUCTUKU ITydKa.

B Haieit pabote coo011at0TCs1 pe3yabTaThl UCCIIe-
JIOBaHMST BO3MOXHOCTHU ITpuMeHeHus 9kpaHa Chro-
MOX ¢ MeTaJUIMYEeCKUM HamblJIEHWEeM ISl TUarHo-
CTUKU DJIEKTPOHHOTO my4Ka ¢ aHeprueit 10—20 kaB,
TOKOM 710 2 A M JJIUTENTbHOCTBIO OKOJI0 1 McC, Tipe-
Ha3HAYEHHOTO IJIsI U3YYeHUsI CTOMKOCTU pa3iInd-
HBIX MaTEPUAJIOB K OBICTPHIM TEILJIOBBIM HaTpy3KaM.

2. [IOCTAHOBKA B5KCITEPUMEHTA

CxeMa perucTpalyy pacipeaeieHus TOKa dJ1eK-
TPOHHOTO Iy4yKa IpencraBieHa Ha puc. 1. ITydok
reHepupyeTcs IyIIKO ¢ TePMOKATOIOM Ha OCHOBE
rekcabopuia jJaHTaHa, pa3pabOTaHHOW U U3TOTOB-
snenHoit B USD CO PAH um. I'U. Bynkepa. B onu-
ChIBAEMBIX DKCIIEPMMEHTAX KATOI UMEJ KOJIbIEBYIO
(opMy ¢ BHEIIHUM AUAMETPOM 16 MM M BHYTpPEH-
HUM — 8§ MM. BBICOKOBOJIETHBIIT MOIY/ISITOP O3BO-
T GOpMUPOBATh UMMYJIBCH ITy4Ka ¢ TOKOM IO
10 A nipu yckopsiomeM HanpskeHuu o 20 xB

(a) bricTpas kamepa
SDU-285

A

JiomuuopopHbIii 9KpaH
Chromox AF995R

[Tyuok
IEKTPOHOB

Puc. 1. a — Cxema perucrpaiuu pacipeneieHus ToKa

3JIEKTPOHHOTO Iy4YKa C IIOMOIIbIO (DIyOPECLEHTHOM Ke-

pamuku Chromox. 6 — BakyyMHast moaBmKKa ¢ 3aKpern-
JIEHHBIM (DJTYyOPECLIEHTHBIM 9KPaHOM.
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U IJUTEIBbHOCTBIO UMITyJIbca OT 20 MKC Y BBIIIE C
yactoToit moBropeHus g0 100 I'u. ITydyox popmupo-
BaJICSI X TPAHCTIIOPTUPOBAJICS HA MUILIEHb B OCEBOM
pacxoasieMcs MarHUTHOM TroJie BemunHoi 80 M1
Ha Katoze 1 0Koj0 34 mTn Ha muinenu. IlompoOHoe
onurcaHue 9KCIePMMEHTaIbLHOTO CTeH 1A, YCTPONCTBA
MYLIKKA U CUCTEM MTUTAHUS MOXKHO HalTH B padoTe [3].

®nyopecueHTHBIM 3kpaH Mapku Chromox
AF995R [10] mpousBoacta Advantech UK Ltd. 6611
3aKperuieH Ha BAKYYMHOM MOIBIKKE MO yIIIoM 45°
K OCH ITyYKa Ha pacCTOSHUU 0KoJj10 20 CM OT KaToza.
DKpaH NpeAacTaBisl COOOM MIACTUHY U3 KEPpAMUKU
ToamuHou 1 MM 1 nuameTpom 80 MM. JJaHHBIN TUTT
JIIOMUHOMOpa XOPOIIO U3Yy4YeH U MMeeT OOIIUp-
HYIO UCTOPUIO TIPUMEHEHUs] B IMarHOCTUKE ITyIKOB
yactul. [1I0THOCTh KepaMuKku paBHa 3.85 r/cm?
npu pazmepe 3epeH 10—15 mkm. CriekTp JIOMUHEC-
LIEHITUY COCTOWT M3 JIMHUIM C TUHOU BOJHBI 691 HM
u 694 HM co BpeMeHeM craga (GiyopecieHInu
3.4 mMc u 6.7 mc coorBercTBeHHO. Kepamuka Chro-
mMoX COBMECTHMa C BBICOKUM BaKyyMOM, XOPOIIIO
MEPEHOCUT TEIIOBbIE HArpy3KM, 00JagaeT BBICO-
KMM BbIXOoIOM ¢GoToHOB (5 - 10* poToHOB/M3B) n
JIMHEAHOCTBIO OTKJIMKA.

CaeueHue sKpaHa peructpupoBaynoch I[13C-ka-
mepoit SDU-285 [15]. Kamepa ocHallleHa MaTpuULIeii
SONY ICX285AL ¢ pazpemenuem 1392 X 1040 nuk-
cerneii pasmepoM 6.45 X 6.45 mxm>. Bpemst axkcrosn-
LIUK B 9KCIIEPUMEHTAX COCTABJISLIIO 5 MC.

3. PESVJIBTATBI 5KCITEPUMEHTA

Ha puc. 2 mpuBeneHbl CHUMKU CBEYEHMST dSKpaHa
Chromox ¢ 4uCTO MOBEPXHOCTHIO MPU PaA3INY-
HOM BeJIMYMHE BeAylIero MarHuTHoro noJist. [1ydok

MMeJT TOK OKOJIO | A MpU YCKOPSIIOIIEM HANTPSIKEHU U
10 kB u pnuteabHocTn ummynbca 1 mc. Ha cHum-
Kax BUIHO CWJIbHOE UCKaXKeHUEe KOJIbIIEBOW (hOpMbI
Iy4YKa 1 ero pacruibiBaHue, 00YCIOBIEHHOE HAKOTI-
JeHueM 3apsaa Ha mulieHu. [1pu cpaBHUTENbHO
HU3KUX BEIMUYMHAX YCKOPSIOIIETo HaMpsKeHUs
(menee 10 kB) Ha ocumiorpaMmax Toka HaoJrona-
JIOCh Jiaxe 3arupaHue ToKa SMUCCUU TTyLIKH.

3. 1. Dxpan Chromox ¢ HanblieHuem 3010ma
moauunoil 30 um

Hns yctpaHeHus 3G ¢EKTOB, CBSI3aHHBIX C
HaKOIJIEHWEM 3apsija Ha MOBEPXHOCTU, MOXKHO
HMCII0JIb30BaTh METaJUIMYECKYIO CETKY, ILIOTHO
MpuUJeramlIyio K ¢pJayopeclueHTHOMY 3KpaHy, 00
HambUICHHYIO Ha ero moBepXHOCTh. OgHAKO M30-
OpaxeHMe CeTKM Hem30eKHO HaJOXUTCS Ha MU30-
OpakeHMe MydyKa M YXYALIUT Ka4yecTBO IMojydae-
MBIX JaHHBIX [16]. DTOro MOXHO M306eXaTh, €CIU
HaHECTU Ha JIIOMUHOMOP TOHKYIO METAINYECKYIO
IUIEHKY, KOTopas OyaeT o0ecIieunMBaTh XOPOIIYIO
MPOBOAUMOCTh MOBEPXHOCTH, 00Jamasi BMECTE C
3TUM IOCTaTOYHOI ITPO3PAaYHOCTBIO IS M3ITyICHHUS
moMuHodopa. IlneHka moKpbITUS AOJKHA OBITh
OAHOPOJHOM U CTOMKOM K XMMUUYECKOMY B3anMMO-
NEMCTBUIO C MAaTEPMAaIOM 3KpaHa.

B xauecTBe mMarepualia TaAKOTO HOKPBITUS OBLIO
BBIOpAHO 30JI0TO, IIOCKOJIBKY 3TOT METaJUT 00JIamaeT
XOpolIeil MPOBOAUMOCTBIO U SIBIISIETCSI OMHUM M3
CaMBbIX XUMWYECKU UHEPTHBIX. TOJIIIMHA MOKPHITUS
BbIOMpanach, UCXOIsl U3 3aBUCHUMOCTHU yAEIbHOM
MPOBOAMMOCTHU MJIEHKM 30JI0Ta OT €€ TOJIIMHBI.
Tak, pu TommumHe okono 20 HM yaenbHast IIPOBO-

Puc. 2. CHuMKu cBeueHMst aKkpaHa Chromox mnoj neiicTBUEM Iy4yKa 3JeKTPOHOB MPU PAa3IMYHON BEJIMYMHE BEIYIIETO
MarHuTHOTO ITOJISI.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA
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JUMOCTB TTIOKPBITHSI JOCTUTACT MaKCMMyMa 1 Jajee
MpakTu4Yecku He usmensiercs [17].

B Haieit paboTe ToJIIIMHA ITOKPHITHSI COCTaBUIa
okouo 30 HM. 1719 TaKo#t TIJIeHKH 30J10Ta IMPOITyCKa-
HUE CBeTa ¢ JUIMHOM BOTHBI 693—695 HM cocTaBIsieT
BEJIMYMHY 0K0J10 5% [18], uTO 06ecrieunBaer 1ocTa-
TOYHYIO SIPKOCTb JUISI PETUCTPALIUU M300paKeHMUsI.
HanrbineHue 30j0Ta MpOBOAUIOCH TEPMOBAKYYM-
HBIM CIIOCOOOM, TOJIIIMHA IUIEHKU M3MEpsiach
C IMOMOIIbI0 KPEMHMEBOM ILTACTUHBI-CBUIETENS,
KOTOpasl pacIliojarajach psiioM C HaIlbUISIEMbIM
SKpaHOM. 3aMeTUM, YTO IIPU TOJIIMHE HAIbUICHUS
0k0J10 30 HM M 3asIBJICHHOU MPOU3BOAUTENEM 3ep-
HUCTOCTU KepaMHUKU 10—15 MKM CIIOXXHO CYIMTh
O HEIPEPHIBHOCTU METaUIMYECKOrO IOKPBITHUS
Ha IMOBEPXHOCTU. JIJIsT KOHTPOJISI MPOBOAUMOCTU
COIIPOTHUBJICHNE HAIBIJICHHOM TNICHKU U3MEPSIOCh
mynsTuMeTpoMm Flukel5B+. BeanuuHa conpoTuB-
JIEHUSI MeXAY 3a3eMJICHHBIM JepxKaTejeM dKpaHa
U TIPOU3BOJIbHOM TOYKOM Ha MOKPBITUM HE MPEBBI-
mrana 30 OM.

CHUMOK CBEYECHHS IydyKa Ha 3KpaHE C 30J10-
TBHIM HanblieHreM 30 HM npuBeneH Ha puc. 3. Tox
SMUCCUHU 3AeCh ObLT paBeH 1 A mpu yckopsioleM
HanpsikeHuun 12 kB 1 aauTenbHOCTU MMIyabCca
0.4 Mc. B ornmuumne oT OMBITOB ¢ KepaMUKOIi 0e3
HaIbUICHUS, OTIEYaTOK IIyuKa uMeeT (popMy YeT-
KOTO KoJiblla 0e3 ucKaxkeHuit. BHelHuii nuamerp
OTIIeYaTKa COCTaBJIsIeT 24 MM, UTO COOTBETCTBYET
pacyeTHOMY pacIlUPEHUIO TyyKa B PacXoasIIeMcs
BeIylIeM MarHUTHOM Ttojie. Kak MOXHO yBHUIETb,
Hapsiay ¢ OTIEYaTKOM ITyyKa Ha CHUMKE MPUCYT-
CTBYEeT HEOTHOPOIHBIN (poH. OH 00yCIOBIEeH KaK
MOJCBETKOM 3KpaHa M3TyYeHUEM Iopsuero KaToma,

Puc. 3. M3o0paxkeHue oTmevyarka mydyka Ha 3KpaHe
Chromox ¢ 30J10TbIM HambLIEHUEM TOIIIMHOM 30 HM.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

TaK M HaJINIMEM PACCESTHHBIX 3JIEKTPOHOB, BO3HMU -
KaloIIMX MPU OTPAXKEHUU YAaCTU 3JEKTPOHOB ITyuyKa
OT MaTepuraJjia 3KpaHa.

Kax 13BeCcTHO 13 MHOTOUMCJICHHBIX JIMTEpaTyp-
HBIX UCTOYHUKOB (CM., Harpumep, [19]), mis yria
nageHus: 45° Koda(p@OUUUEHT OTpaKeHUS IO TOKY
BJIEKTPOHOB ¢ 3Heprueit okosno 10 k3B oT aoMuHU-
€BOi1 MUILIEHU cocTaBisieT BeanuuHy 15—20%. IMpu
HaJIMYUM BEAYIIEr0 MarHUTHOTIO I10JISI OTPaXKeHHbBIE
3JICKTPOHBI BO3BpalllaloTCs Ha3ad Ha IIYIIKY, LIe
YacTh U3 HUX OTpaxKaeTcss 00paTHO MOTECHIIMAIOM
KaToza, a OCTaJbHbIe YACTUYHO OTPaKAIOTCsI BHEIII -
HUMHU 3JIeMEHTaMM KOHCTPYKLUMHU MYIIKW (HepxXa-
Belolllasl CTajb), B UTOre 3TU IBaXIbl OTPaxkKeHHbIE
3JIEKTPOHBI BHOBb BO3BPAIIalOTCSI HA MUILIEHbD.

Hst IpsSIMOTO COTMOCTaBICHUS SIPKOCTH OTIIE-
YyaTKa MydyKa ¢ BEJIMYMHON IUIOTHOCTU TOKA, IIPH-
XOISIIEeCsS Ha COOTBETCTBYIOIINII y9aCcTOK M30-
OpaxXeHUs, 3aBUCHMMOCTb CBETOBOTO OTKJIMKa
JIIoMUHOGOpa OT KOJIUYECTBA YACTULL T10JIKHA ObITh
nmHelHo#. [TogpoOHoOe uccnemoBaHue pasIMIHBIX
JIIOMUHECIIEHTHBIX 9KpaHoB, mpoBeneHHoe B GSI
(LleHTp MO M3YyYEHUIO TSXKEIbIX MIOHOB UMEHU T eb-
mroJbua, Japmiarant, l'epmanus) [20], moka3biBaeT,
yTo (payopecuieHTHBIN 3KpaH Chromox o0GamaeT
Xopoleit TMHeHOCThI0 oTKIMKa. OgHaKO JaHHAas
XapaKTepUCTUKaA U3Mepsiach Ha MydykKaX MOHOB C
sHeprueii 295 MaB/a.e.M. B OTCYTCTBUE MeTaJJINIE-
CKOTO ITOKPHITHSI TTIOBEPXHOCTH.

[TpyHLMIIMATEHEIE OTIMYUS TTapaMeTPOB ITydyKa
W HaJIWdue MeTaJJIM4eCKOro IMOKPBITUS 3KpaHa
JIeJ1aloT HeOOXONMMOI MPOBEPKY JUHEHHOCTHU CBe-
TOBOI'O OTKJIMKA B MPEACTaBISIEMBIX 9KCIIEPHUMEH -
Tax. Jst 3TOro sKpaH C 30JIOTBIM HaIlbLUICHUEM
00Iy4ascs 3JIEKTPOHHBIM ITYYKOM IIPU Pa3IMIHBIX
3HAYEHMSIX SHEPIUMU YaCTUIL, TOKA U IJIUTETbHOCTH
nMnyiabca. HacTpoiiku KaMephbl OCTaBaJlCh HEU3-
MEHHBIMU Ha MPOTSKEHUM BCEM AKCIEPUMEHTAIb-
Holi cepun. [loaydeHHbIe pe3yabTaThl MIPUBEAESHBI
Ha puc. 4.

ITo ocu abcuucc OTIOXKEHO KOJMYSCTBO JICK-
TPOHOB B ITy4Ke 3a UMIYJIbC. [1o ocu opauHAT o110~
’)KeHa MHTEerpaJbHasl SIPKOCTh OTIIeYaTKa IydKa.
NHTterprpoBaHue NpoBOAUIOCH MO MPSIMOYIOJIb-
HOIi 00JilacTU, 3aHSITON oTneyaTKoM Iiyuka. Pas-
Mepbl U IIOJOXEeHHE 00JacCTU MHTETPUPOBAHUS
ObLIY ITOCTOSITHHBIMU TTPU 00pabOTKE BCEX CHUMKOB.
DKcepUMeHTaJIbHbIE 3aBUCUMOCTHU, ITOJIyYeHHbIE
MpY pa3INYHBIX 3HAUYCHMSIX YCKOPSIIOIIETO Hallpsi-
JKEeHMS, OTJIOXKeHbI Ha Tpaduke. LLITpruXoBBIMU TIps-
MbIMU ITOKa3aHbl JIMHENHbIe (PYHKIMU, BIIMCAH-
HBIE B COOTBETCTBYIOIIME 3aBUCUMOCTH METOIOM
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Puc. 4. 3aBucumoctb HHTeraJTBHOﬁ APKOCTHU OTIIEYATKOB ITy4YKa OT KOJIMYECTBA SJICKTPOHOB ITy4YKa.

HaMMEHBIINX KBaapaToB. HeHyneBhie BeIMUMHBI
SIDKOCTH TIPU HYJIEBBIX 3HAYEHMSIX TOKA 00YCIIOB-
JIEHBI TIOJCBETKOIM 3KpaHa W3JIydeHUEM Topsyero
KaTojia MyIIKU (COOTBETCTBYIOIINI YPOBEHDb ITOKA-
3aH Ha TpadurKe KpaCHBIM KPECTUKOM) M HATMIUEM
(boHa OT paccessHHBIX 2JIEKTPOHOB. TeM He MeHee
CBETOBOM OTKJIMK 3aBUCHUT OT KOJIMYECTBA IJIEKTPO-
HOB IY4YKa JIMHEWHO.

OTMETUM, 4TO B CEPUM SKCIIEPUMEHTOB I10 IIPO-
BEpKe JUHEHHOCTU CBETOBOrO OTKJIMKa (iayopec-
LIEHTHBINI 3KpaH ObLI MOABEPTHYT CYMMapHOMY
Bo3neiicTBUIO 0K00 500 MMITy/IbCOB Iy4YKa, TOK B
KOTOpPbIX He peBbilal 0.9 A Ipu 3HEPTUU BJIEKTPO-
HOB 15 k3B u gnutenbHOCTU uMIyabca 10 1 Mc. Ha
MOBEPXHOCTU 3KpaHa ObUIM 3aMe4eHbl peIKUEe CIIy-
yay Mpo0OoeB, HO B UTOTe CEPUM YXYAIIEHUS Kade-
CTBa M300paxkeHus He HaOmonanock. [1pu yBenuue-
HUM TOKa nmy4yka a0 1.5 A 1 BbIllIe 4aCTOTa U IPKOCTh

MOBEPXHOCTHBIX Pa3psiIOB 3HAYMTEILHO BHIPOCITU
(puc. 5a). Cnenbl pa3psiAoB HOCUIU HEOOpaTUMBbIH
XapakTep: MPOSBUBIINCH, OHU OCTaBAIMCh BUIHBI U
Ha TIOCIeAYIOINX CHUMKaX KaK CBETJIbIe JIOMaHbIe
muann. 1o Mepe HakoIJIEHUS 3TUX CJIETOB Kade-
CTBO M300pakeHNST 3aMETHO YXYIIIMIIOCH, IIpUMep
TaKOro CHMUMKa IpuBeleH Ha puc. 50. Jlerpaganus
KauecTBa OTINeYaTKa CONpPOBOXKIAIACh MOSIBIEHUEM
CUJIbHBIX IIYMOB Ha OCLMJLIOTpaMMax TOKa IMydkKa
M YaCTUYHBIM 3aMpaHueM TOKa dMUCCUH, KaK 3TO
HaOJIomaI0Ch B cydae KepaMUKu 0e3 MeTautnue-
CKOTO TIOKPBITHS.

Bcero B 3T0if cepun 5KCIepMEHTOB 3KpaH IO/ -
Beprcsl BO3AeHCTBUIO 0KOJIO 50 UMITYIbCOB Iy4yKa
¢ TokoM 1.4—2 A, npu yCKOPSIOIIEM HaMpsLKeHUU
13—15 kB u nnutensHocTH 10 1 Mc. TTocne u3Bneue-
HUS 9KpaHa M3 BaKyyMHOI KaMephbl KOHTPOJIbHBIE
N3MEPEHUST COTIPOTUBIICHUS 30JI0TOTO TTOKPBITHS

(6)

Puc. 5. a — TIpumep cCHUMKA pa3psijia BO3HUKAIOLIETO HAa MTOBEPXHOCTU (DIIyopeclieHTHOro aKkpaHa. 6 — M300paxkeHue
OTIIeYaTKa My4Ka U MHOXECTBEHHBIX CJIEIOB OT Pa3psiIoB ITOCJIE HECKOJIbKUX IECITKOB UMITYJILCOB.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA
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nokasanu ero poct B 10°—10° pa3, mpuuem HanboJee
CUJIBHO MPOBOAMMOCTD YXYIIIUIACh Ha Tiepudepun
HaIlbUICHMS B 00JIACTSX, HE MOABEPraBIIMXCS TIPsi-
MOMY BO3JICIICTBUIO ITy4Ka.

3.2. Dxpan Chromox ¢ HanvlieHuem 3010ma
moawuroii 300 um

HecroiikocTh HamblIeHUS TOAIMHOM 30 HM ITpu-
Bejla K PEeIISHUIO ITOBBICUTh CTOMKOCTD ITOKPBITHS
3a CUeT YBEJMYEHUS ero TOJNIMWHBL. HaHeceHHOe
paHee HallblJIEeHUE ObLJIO COLLTM(OBAHO aOPa3UBOM,
3aTeM ObLI HAllbUIEH CJIOK 30J10Ta TOJIIMHOMN OKOJIO
300 aM. Takoe TTOKpBITHE IBISIETCS B 3HAUUTEIIHLHOMN
CTEIIEHM MPO3PaYHbIM KaK IJIsI 3JICKTPOHOB ITyYKa,
TaK ¥ IJIsI COMYTCTBYIOIIETO TOPMO3HOIO M3IIyde-
Hus. Tak, B IpUOIMKEHUN HENIPEPBIBHOTO 3aMe]l-
JIeHUs po0er 3J1eKTPOHOB ¢ 3Heprueit 15 k3B no
MOJIHOIf OCTAHOBKH B 30JI0T€ COCTaBJISIET IIPUMEPHO
750 um [21], a K0P PUIIMEHT TPOITyCKAaHUS IS
(oToHOB ¢ sHeprueii 5 kB npebimaer 0.6 [22].

XOTsI 30J10TO€ TMOKPBHITHE TAKOW TOJIIIMHBEI HE
MPO3pavyHo IJis creKTpa (uyopecieHINN, XOpOo-
1mast mpo3padyHocTh Kepamuku Chromox s co0-
CTBEHHOTO M3JIyUeHMS Ha JJIMHE BOJIHBI 693 HM
(x03dduLneHT ocnabnaeHus paseH 8§ cm~ ' [10])
MMO3BOJISIET PETUCTPUPOBATH (JIyOpecCleHIINI0 Ha
MIPOCBET IUIACTUHBI AKpaHa. BHeIIHWIT Bua 3KpaHa
C HaIlBIJICHMEM M CXeMa PEruCcTpalyy ITOKa3aHbl Ha
puc. 6. ConpoTuBieHe TTOKPBITHS HE MPEBBIIIAIO
npuMepHo 0.6 OM MexIy JIFOOBIMH IBYMSI TOYKaMU
Ha ITOBEPXHOCTH.

Ha puc. 7 nmpuBeneH nmpuMep CHUMKA OTIedaTKa
My4Ka, IOJIyYeHHOTO B TaKOW KOH(MUTYpaIluu 3KC-
nepuMeHTa. Kak MOXHO YBUIETh, KOHTPACTHOCTh

(a)

61

Puc. 7. M300paxkeHne cBeYeHUs OTIeyaTKa Imy4yka Ha
oOpaTHOI cTopoHe (yopeclieHTHOro 3kpaHa Chromox
C 30JI0ThIM HambuIeHUeM ToIIMHON 300 HM.

MOJy4aeMbIX CHUMKOB 3aMETHO YJIy4IlIUJIach, YTO
CBSI3aHO C MCYE3HOBEHUEM Mapa3sUTHON MOACBETKU
OT TOPSTYETO KAaToma 3JICKTPOHHOM MYIIKU, a TaKXKe
00JbllIeii Mpo3pavyHOCThiO MacTUuHB Chromox
TOJIIIMHOM 1 MM [1Ji1 COOCTBEHHOTO U3JIy4eHUS MO
CPaBHEHUIO C 30JI0THIM HallbLIEHUEM TOJIIMHON
0ko0J10 30 HM (K02 (PUILIMEeHTHI TPOMYCKaHWs paBHbI
COOTBETCTBEHHO 45% 1 okono 5%). Bmecte ¢ atum
KOHEYHasl TOJIIIMHA IJIaCTUHBI KEPAMUKU ITPUBOIUT
K HEKOTOPOMY Pa3MBbITUIO U300paXKeHUs U, CIEH0-
BaTEJIbHO, CHUKEHMIO IIPOCTPAHCTBEHHOTO pa3pe-
IIEHUST TMATHOCTUKU.

DKpaH ObLI M3BJICYEH U3 BAaKyyMHOI Kamephl
nocie npumepHo 100 MMITyIbCOB MydKa ¢ DHEpP-
rueit 15 k3B, TokoMm 1.6 A u gaurenbHocThIO 1 MC.

(6)

BricTpas kamepa
SDU-285

JTiomuuodopustil dxkpan,
Chromox AF995R

_";_" " [MTyuox
v/ 45° -
* IMEKTPOHOR

Puc. 6. a — BHemnuii Bua payopecueHTHoro akpaHa Chromox ¢ HanblieHHeM 3o0y0Ta TojamunHoi 300 uM. 6 — Cxema
perucTpaiuy pacipeaeIeHus: ToKa MydKa 110 U3JIyYeHUIO POLIeIIIeMy CKBO3b IJIACTUHY CLIMHTUILISATOPA.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |
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KoHTposibHBIE U3MEPEHUSI CONPOTUBIEHUS MTOKa-
3aJIM, YTO COMPOTHUBJIEHUE MOKPBITUSI HE U3MEHM-
JIOCh I10 CPAaBHEHUIO C TIEPBOHAYAIBbHBIM, 10 00JIy-
YEHUSI ITyIKOM.

4. SAKITIOYEHUNE

1. ITokazaHo, 4To (hayopecleHTHBI 3KpaH U3
aAJTIOMOOKCHIHOI KepaMuky Chromox ¢ MeTajiinJe-
CKMM HaIlbUICHHEM Ha SKpaHe MOXET OBITh YCIIEIITHO
MIPUMEHEH IJIsSI AUaTHOCTUKM pacIIpeAe/IeHUS TIIOT-
HOCTH TOKa B ITONIEPEYHOM CEUYECHUU MMITYJIbCHOTO
3JIEKTPOHHOTrO Myuka ¢ sHeprueii 10—20 k3B, mior-
HOCTBIO TOKA Ha MUIIeH! | A/cM? 1 IUTUTENbHOCTBIO
okono 1 mc. Kepammnka Chromox ycToifumBa K Tep-
MoyznapaM, IIPOU3BOAUMBIM ITYYKOM.

2. IToxkpbITHE U3 30J10TA TOJIIUHOMN 0KOJ10 30 HM,
HamnbIJICHHOE TEPMOBAKYYMHBIM METOHOM, MMeEeT
JIOCTATOYHYIO NMPO3pavyHOCTh (0KoJIO 5%) K (ayo-
PECLIEHTHOMY M3JIyYEeHUIO KepaMUKU U IT03BOJISIET
MoJy4aTh CHUMKM C BBICOKMM IIPOCTPAHCTBEH-
HBIM pa3pelleHrueM, OTHAKO UMeeT OIpaHUICHHYIO
YCTOMYMBOCTh K BO3IeiicTBMIO ITyuKa. [1oKkpbITHE
TepsieT CBOM ITPOBOISIIINE CBOMCTBA MTOC/IE HECKOJIb-
KMX JIECATKOB UMITYJbCOB IMy4yKa ¢ 3HEpTUeil 0KOoJI0
15 xoB, Tokom Gonee 1.5 A (TNIOTHOCTH TOKAa Ha
MuIIeHH okosto 1 A/cM?) u anuTensHocThio 1 M.

3. PaccMoTpeHa cxemMa M3MepeHHUS C 30JI0-
THIM MOKpbITUEM OKoyio 300 HM U perucrpaumein
n3obpaxeHus1 “Ha mpocBeT” (IAyOopeclUeHTHOTO
akpaHa. HanblieHue Takoil TOJIIMHBI 0Ka3aJoCh
3HAYUTEJILHO 00Jiee YCTOMUMBBIM K BO3AEICTBUIO
MMy4YKa ¥ HEe CHM3WJIO CBOMX IPOBOMSIINX KAYeCTB
nociie nmpumepHo 100 MMIyIbCOB MydyKa C DHEP-
rueit 15 k3B, TokoMm 1.6 A 1 1UTeabHOCTBIO 1 MC.
Takas cxema U3MepeHHUs 1aeT OOJIBIIYIO IPKOCTb U
KOHTPACTHOCTb N300pakeHns U cBOOOIHA OT mapa-
3UTHOI 3aCBETKU CO CTOPOHBI KaTojaa MYIIKU, HO
paccessHHe CBeTa B MaTepHasie KpaHa IIPUBOIUT K
HEKOTOPOMY CHIKEHMIO IIPOCTPAHCTBEHHOTO pa3-
pelIeHNsT TUAaTHOCTUKU.

BJIIATOOAPHOCTH

Astopsbl Onarogapsit A.B. IleTpeHko 3a nipeno-
cTaBieHHYIO KepamMuky Chromox. ABTOpBI Npu-
3HaTenabHbl .M. CkoBoponuny u FO.A. TpyHeBy 3a
MOJIE3HbIE OOCYXIECHUS.

OMHAHCHUPOBAHUE PABOTbI

PaGora BbImoHEHa Tpu Toanepxke Poccuii-
cKoro HayuyHoro ¢oHaa (rpant Ne 22-72-00037).

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

KOH®JIMKT MHTEPECOB

ABTODHI 3asIBJISIOT, YTO Y HMX HEeT KOH(MIMKTA
WHTEPECOB.

CITMCOK JIMTEPATYPHI

1. Loewenhoff T., HiraiT., Keusemann S. et al. // J. Nucl.
Mater. 2011. V. 415. Ne 1. P. S51.
http://doi.org/10.1016/j.jnucmat.2010.08.065

2. Vyacheslavov L., Arakcheev A., Burdakov A. et al. //
AIP Conf. Proc. 2016. V. 1771. Ne 1. 060004.
https://doi.org/10.1063/1.4964212

3. Kypxyuekos B.B., Abed H., Heanoeé A.B., Kanoay-
poe U.B., Huxugopos /1.A. // BAHT. Cep. Tepmo-
anepHbIit cuHTe3. 2024. T. 47. Ne 2. C. 73.

4. Schuch R.L., Kelly J.G. // Rev. Sci. Instrum. 1972.
V. 43. Ne 8. P. 1097.
https://doi.org/10.1063/1.1685854

5. Forck P. arXiv preprint arXiv:2009.10411. 2020.
https://doi.org/10.48550/arXiv.2009.10411

6. Kurkuchekov V., Kandaurov I., Trunev Y. // J. Instrum.
2018. V. 13. Ne 5. P05003.
http://doi.org/10.1088/1748-0221/13/05/P05003

7. Silva T.E, Bonini A.L., Lima R.R. et al. // Rev. Sci.
Instrum. 2012. V. 83. Ne 9.
https://doi.org/10.1063/1.4748519

8. Acmpeaun B.T., Bypoakos A.B., 3a6oromckuit A.IO.
udp. // IITH. 2004. Ne 2. C. 66.
https://doi.org/10.1023/B:INET.0000025201.89969.ae

9. Ischebeck R., Prat E., Thominet V., Loch C.O. // Phys.
Rev. ST Accel. Beams. 2015. V. 18. Ne 8. 082802.
http://dx.doi.org/10.1103/PhysRevSTAB.18.082802

10. McCarthy K.J., Baciero A., Zurro B. et al. // J. Appl.
Phys. 2002. V. 92. Ne 11. P. 6541.
https://doi.org/10.1063/1.1518133

11. Bal C., Bravin E., Lefévre T. et al. // Proceed-
ings of DIPAC 2005. Lyon, France. 2005. P. 57.
Ne CERN-AB-2005-067.

12. Forck P, Andre C., Becker F. et al. // Proceedings of
DIPAC2011, Hamburg, Germany, MOPD353. P. 170.

13. Good J., Kube G., Leuschner N. et al. //J. Phys. Conf.
Ser. 2013. V. 425. Ne 12. 122012.
http://dx.doi.org/10.1088/1742-6596,/425/12/122012

14. Lumpkin A.H., Yang B.X., Berg W.J. et al. // Nucl.
Instrum. Methods. Phys. Res. A. 1999. V. 429. No 1-3.
P. 336.
https://doi.org/10.1016/S0168-9002(99)00075-3

15. OnucaHue KaMephl.
http://www.sptt.ru/sptt/catalog.php?1

16. Berg W., Ko K. // AIP Conf. Proc. 1992. V. 281. Ne 1.
P. 279.
https://doi.org/10.1063/1.44348

17. Awmoney HU.B., Komos JI.H., Hexunenos C.B., Kapny-
woe E.H. // XT®. 2004. T. 74. Ne 11. C. 102.

Ne | 2025



18.

19.

20.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

MNPUMEHEHUE ®JIYOPECUEHTHOI'O 3KPAHA CHROMOX

Axelevitch A., Gorenstein B., Golan G. // Physics Pro-
cedia. 2012. V. 32. P. 1.
http://dx.doi.org/10.1016/j.phpro.2012.03.510
Goldstein J., Newbury D., Michael J. et al. Scanning
electron microscopy and X-ray microanalysis. New
York: Springer, 2018.
http://dx.doi.org/10.1007/978-1-4939-6676-9
Renuka K., Ensinger W., Andre C., Beeker F., Forck P,
Haseitl R., Reiter A., Walasek-Hohne B. // BIW2012

Ne 1

2025

21.

22.

63

Proceedings. Newport, VA, USA. TUPG022. 2012.
P. 183.

Berger M.J. ESTAR, PSTAR, and ASTAR: Computer
programs for calculating stopping-power and range
tables for electrons, protons, and helium ions. NIST.
US Department of Commerce. 1992.

Hubbell J.H., Seltzer S.M. X-Ray Mass Attenuation Coef-
ficients. NIST, US Department of Commerce, 1995.
https://dx.doi.org/10.18434/T4D01F



ITPUBOPBI H TEXHUKA DKCIIEPUMEHTA, 2025, Ne 1, c. 64—72

OBIIAA DKCIIEPUMEHTAJIbHAA

TEXHUNKA

YIK 539.1.078; 539.19; 544.435.2; 544.171.27

ITOJYITPOBOJHUKOBBIE NCTOYHUKU U TETEKTOPbBI
ITOJIIPU30OBAHHBIX ITO CITMHY BDJIEKTPOHOB B UCCIEJOBAHUAX
PE3OHAHCHOTIO PACCEAHUSA DJIEKTPOHOB
©2025r. O. E. Tepemenko®*, C. A. ITmennunok”**, H. JI. Acdanauapos’,

P. I. Paxmees’, B. A. Toaamos’, B. C. Pycenxuii®, B. B. Bakun®, I. D. Illaii6nep®,
C. A. Poxkos*, /I. A. Kycros*

¢ Unemumym usuxu noaynpoeoouuxos um. A.B. Pucanosa Cubupckoeo omodenenus Poccutickoil akademuu Hayk
Poccus, 630090, Hosocubupck, npocn. Akademura Jlaspenmuesa, 13

b Unemumym guzuru mosexyn u kpucmannos Ypumcroeo pedepansvrozo uccredosamensckozo yenmpa
Poccuiickoit akademuu nayx
Poccus, 450075, Yeha, npocn. Oxmsaopsa, 151

* e-mail: teresh@isp.nsc.ru

** e-mail: sapsh@anrb.ru

IMoctynuna B pexaxkiuio 08.05.2024 r.
IMocne nopabdotku 28.05.2024 r.
ITpunHsTa k nyoaukamuu 08.07.2024 r.

[MpencraBieHbl pe3yIbTaThl 1O CO3AaHHBIM HAMU TOJYIIPOBOAHUKOBOMY MUCTOUHUKY CITMH-TIOJISIPU30-
BaHHBIX JIEKTPOHOB U CITMH-AETEKTOPY, a TAKKe KOHLIETMS UX UHTETPUPOBAHUS B METO CITIEKTPOCKO-
MUY JUCCOLIMAaTUBHOTO 3axBaTta 3JieKTpoHOoB (CII3D) ¢ yueToM HeOOXOAUMBIX 3HAUEHUI MTapaMeTpOB
3JIEKTPOHHOTO ITy4YKa, ITPU KOTOPBIX HAOJI0AAI0TCSI PE30HAHCHOE pacCesiHUE U TUCCOIIMAaTUBHbIN 3aXBar.
OnucaHa KOHCTPYKIIMSI YCTAaHOBKHU JIJISI U3YUYEHUsI PE30HAHCHOTO PacCesiHUs CIIMH-TTOSIPU30BaHHBIX
aJIeKTpoHOB MeTonoM CII3D, koTopasi MO3BOJIUT MPOBOAUTH HMCCIEIOBAHUS BHYTPUMOJIEKYISIPHOM
JUHAMUKU U30JIMPOBAHHBIX OTPULIATEIbHBIX MOHOB. OCHOBHAS 11eJ1b pa3pabOTKU U U3TOTOBJICHUS yCTa-
HOBKHU COCTOUT B BOBMOXHOCTH MCCJICIOBAHUS C €€ IIOMOIIbIO B3aUMOJIEUCTBMS CITMH -MOJISIPU30BAHHBIX
3JICKTPOHOB C XMPaJIbHBIMU MOJIEKYJIAMU, YTO ITO3BOJIUT OCYILIECTBUTh 9KCIIEPUMEHTAIbHYIO IIPOBEPKY
runote3nl Becrepa—Yap0puxTa o MpoOUCXOXAEHUM OMOIOTMYECKOM roMoxupaibHocTu. [ToMumo gaH-
HOT'O OCHOBOIIOJIAralolIero Bompoca, oxXXuaaeMble pe3ybTaThl MPeIaraéMoro 3KCIepuMeHTa BaKHbI
JUTSI TIEPCIIEKTUBHBIX HAIPABJICHU I CIIMHTPOHUKY, 8 TAKXKE JIJIs1 yCTAHOBJICHUSI MOJIEKYJISIPHBIX MEXaHU3-

MOB Pa3JIMYHOTO OMOJIOTMYECKOTrO AEHCTBUSI SHAHTMOMEPOB (hapMalleBTUUECKUX ITpernapaToB.

DOI: 10.31857/50032816225010091, EDN: GHGQDH

1. BBEAEHUE

MexaHu3M paccessHUsI JIEKTPOHOB aToMaMu
M MOJICKYJIaMM, OTBETCTBEHHBIN 3a pa3IMUHbBIC
CMUH-3aBUCUMBbIE 3(DEKThl, TaAKME KaK 0OMEHHOe
paccesiHue, CITMH-OPOMUTabHOE B3aUMOJAEICTBYUE
WJIM UX KOMOMHAIIUU, B OOIIIEM ClTyyae MOXET ObITh
YCTaHOBJICH U3 3aBUCUMOCTU CEYEHUsI PaCCesIHUS OT
SHEPTUM MTaJaIONINX JIEKTPOHOB U Z-MuIIeHH [ 1, 2].
CylecTByeT KJIacc MUILIEHEi, KOTOpBIe YCTPOCHBI
3HAYUTEIBHO CJIOXHEE, — XUPATbHBIE MOJIEKYJIBI.
B npocreiiiem ciiydyae Hajlu4dusl TOJBKO OJHOTO
aCUMMETPUYHOro aTtoma (LieHTpa XMpPaJIbHOCTH)

64

B CTPYKTYpPE MOJIEKYJbl CYIIECTBYIOT TOJbKO Ba
SHAHTUOMEPA, OTJIMYAIOIIUXCI APYr OT Apyra Kak
3epKajbHbIe OTpaxeHus. OueBUAHO, YTO HMUKA-
KUMU IPYTUMHU ONEpallusIMU CUMMETPUN HEBO3-
MOXHO COBMECTUTH B IPOCTPAHCTBE IBA SHAHTUO-
Mepa. Takue MullleH! Oy1aronapsi CBOeit CUMMETPUN
(11 ee OTCYTCTBUIO) MO3BOJISIIOT HA0JII0IaTh HOBbIE
yHUKalbHBIE 3 deKThl paccesHus |3, 4]. [Tomumo
TEOPETUYECKMX IpEeACKa3aHUl O IOJISIpU3alNU
M3HAYaJIbHO HEIIOJISIPU30BAHHOTO ITyUKa JIEKTPO-
HOB, UCTIBITABIIMX YIIPYToe paccesiHue Ha ONnThYe-
CKM aKTMBHBIX MOJIEKYJIaX [5], oTMeuaeTcs Hatu4yue
IBYX 2 (PeKTOB paccessHus, MPUCYIIUX XUpaJb-



MNOJYINPOBOAHUKOBBIE UCTOYHUKHN 1M AETEKTOPEI 65

HBIM MUIIEHSIM: pa3JIMyHasl BeJIMUYMHA OCIa0IeHUS
My4yka MpPOAO0JbLHO MOJSIPU30BAHHBIX 2JIEKTPOHOB
U BpallleHue CIIMHA PAcCesIHHBIX 3JIeKTPOHOB IIPU
KM3HaYaJbHO MONEPEYHON Mosipu3alnm mydka [6].

Kak oTrMedyeHO aBTOpOM paboThl [6], mepBbIit
3P dEKT IBIISAETCS aHAJIOTOM KPYTrOBOTO JUXPOM3Ma,
TOTIa KakK BTOpPOil — BpallleHUsI TNIOCKOCTH ITOJISI -
pu3auuu cBeTa. BaxkHO OTMETUTD, YTO B3auMOJEHi-
CTBME TOJISIPU30BAHHBIX 3JIEKTPOHOB C XHUpajb-
HBIMU MOJIEKYJIaMHU JaeT KOCBEHHYI0 MH(MOPMAIIIIO
0 TIPOUCXOXKACHNY OMOJIOTMIECKOI TOMOXMPaIbHO-
CTH, TIPEXJIe BCEro B CBSI3M ¢ TunoTte30ii Becrepa—
Vabopuxta [7]. [unoresa 3akiaoyaeTcss B TOM, UTO
KOCMMYECKUe OeTa-JIyud MPeuMYILIeCTBEHHO pa3-
pyllaad OgHY 4acTb IMPEOMOTUYECKUX XUPaJbHBIX
MOJIEKYJI, OCTaBJISISI IIPOTUBOIIOJIOKHYIO YacThb JJIs
y4acTusl B MOJIEKY/ISIPHOM 3BOTIOIKY. MOXHO mpe-
MMOJIOXHUTh, UTO TOJSIpU3allMOHHAas 3aBUCUMOCTh
paccestHUS DJIEKTPOHOB XUPATbHBIMU MOJICKYJIaMMU,
TaKMM 00pa3oM, SIBJISIETCSI KOCBEHHBIM JOKa3aTelb-
CTBOM TaKoii KapTuHBI. OgHaKo (PpU3NYecKre Mexa-
HU3MBI, BBI3BIBAIOIINE aCUMMETPUIO B PaCCESTHUU
CITMH-TOJISIPU30BAHHBIX 3JIEKTPOHOB, 9KCIIEPUMEH-
TaJIbHO MPaKTUYECKH HEe MCCIICIOBAHBI.

Cy1iecTByeT JIMIITb OTpaHUYEHHBIN KPYT padoT ITo
9KCIIEPUMEHTAIbHOMY MCCJIEI0BAaHUIO CIMHOBBIX
2P eKTOB, BOZHUKAIOIINX ITPU YIIPYTOM pacCesTHUN
MEIJICHHBIX (eIMHUIBI—ACCITKN 3JEKTPOHBOJIBT)
3JIEKTPOHOB XUPaJbHBIMM MOJIEKYJIAMU, BBIIIOJI-
HEHHBIX C 1IeJIbI0 0OHapYKeHUS 3epKaJIbHOIM acM-
MeTpuu. PaHHMe pe3yabTaThl IO OOHApPYKEHUIO
CIUHOBBIX 3(P(HEKTOB JIJIsI MOJIEKYN He3aMellleHHOM
KaMmdophl [8] He TMOATBEPAMINCH JANbHEHITNMU
pa6otamu [9, 10], omHAaKO acCMMMETPHUSI CUTHAJIa B
CEUCHUHU pacCesTHUSI ObIa yCTaHOBJICHA ISl TIPOM3-
BOIHBIX KaM(OpHI B AUaIia30He dHEepPruil B3auMO-
neiictBus 0.5—10 3B [10]. ITo3nHee acumMeTpust B
MOJIHOM CEYEHUU pacCesHUS CIIUH-TOISIPU30BaH-
HBIX BJIEKTPOHOB ObLIA MPONEMOHCTPUPOBAHA [T
MOJIEKYJI TaJoTeH-3aMeleHHo KaMdops [11] B
cXeMe MeTOoIa CIEKTPOCKOIIMHY IIPOXOASIINX dJIeK-
TpoHOB [12]. OngHAKO B KOHTEKCTE MPOBEPKU TMIIO-
Te3bl BecTepa—YabpbpuxTta HE0OX0AMMO OOHapyKe-
HUE aCUMMETpPpUM (bparMeHTallMM 3HAHTUOMEPOB
MpU Pa3aIUuYHOM MOJIpU3alUU IIEPBUIHOIO IydyKa
3JIEKTPOHOB, YTO BO3MOXKHO PEaJM30BaTh TOJIBKO
B CXE€Me MeToda CIEKTPOCKOIIMHU IMCCOLMATUBHOTO
3axBaTta 3JeKTpoHOoB (CJ139).

Ho HacTosIero BpeMeH! ObLT ITPOBEACH SAWH-
CTBEHHBI 3KCIEPUMEHT MO M3YyUYEHUIO NUCCO-
LIMAaTUBHOTO 3axBaTa 3JIEKTPOHOB MOJIEKyJIaMH
rajoreH-3aMeleHHOM KaM(OpPbl, BHITTOJTHEHHBIN,
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OTHaKO, B CXEM€ METo/Aa CIEeKTPOCKOIUU IPOXO-
JSIIUX 3JIEKTPOHOB, T. €. 0€3 celeKIUun 00pasyio-
muMxcs orpunarenbHbIX MoHOB (OM) mo macce u ¢
BO3MOXXHOCTBIO PETUCTPALIMUA TOJHKO JTOCTATOYHO
nHTeHCUBHBIX TOKOB OU [13, 14]. B tanHBIX paboTax
NpakTUYECKU Ha Mpeaeiae YyBCTBUTEbHOCTH 3KC-
TnepruMeHTa Oblla MPOAEMOHCTPUPOBaHA ACUMMET-
pus obpazoBaHus ¢pparmeHTapHbix OU ragoreHoB,
SIBJISIIOIIMXCSI TOMUHUMPYIOIIMM KaHaJloM pacliaaa
OTPHUILIATEIbHBIX MOJIEKYISIPHBIX MOHOB rajJoreH-3a-
MelleHHOM KaM@opsl. OgHakKo BeanynHa 3 dexra,
Ma0xasl CTaTUCTUKA, a TaKXKe OTCYTCTBUE MPSIMbIX
CITMH-3aBUCUMBIX U3MEPEHUIA HEe TTO3BOJIMIIM OJHO-
3HAYHO IOATBEPAMUTH WU ONPOBEPTHYTH TMITOTE3Y
Becrepa—Yab0puxra.

B Haiueit paboTe npeacraBieHa KOHLENLMS U3r0-
TaBJIMBAa€MOIl YCTAHOBKM JISI M3YYEHUsI Pe30HAHC-
HOTO paccessHUs U (pparMeHTALlUU MOJEKYI-MHU-
IIeHEeH MO MeXaHU3MYy JAMCCOIIMaTUBHOTO 3axBaTa
3JIEKTPOHOB IMPU UCITOJIb30BAHUU CIIUH-TIOISIPU30-
BaHHBIX 3JIEKTPOHOB, a TAK3Ke Pe3y/IbTaThl CO3AaHUs
¥ U3yYEeHUs CBOMCTB HOBBIX CITMH-IIOJISIPM30BaH-
HBIX UCTOYHMKOB U IE€TEKTOPOB CIIMHA CBOOOMTHBIX
3JIEKTPOHOB Ha OCHOBE ITOJYIIPOBOIHUKOBBIX TeTe-
POCTPYKTYp U UX UHTerpupoBaHusi B meton CA30.
OTneabHO OTMETUM, UYTO TaKas MHTerpalusi ocy-
1LIECTBJISIeTCS BepBhIe. B yacTHOCTH, OnMCaHHbBIC B
JaHHOU paboTe METOIbl U TeXHUKA PaOdOTHI C IyY-
KOM CITMH-TIOJISIPU30BaHHBIX 3JIEKTPOHOB He OBLIN
JOCTYMHbBI aBTOpaM MUOHEpCcKuX pador [13, 14].

2. NICTOYHMUK CITUH-ITOJIAPMU3OBAHHBIX
BJIIEKTPOHOB

Ho HacToOfAIIero BpeMEHU CaMBIM pacIIpo-
CTPAaHEHHBIM MCTOYHUKOM CHHH-IIOJSIPU30BaH-
HBIX 3JIEKTPOHOB SBJIsIeTCST (DOTOKATON Ha OCHOBE
GaAs [15]. Pabota (poTokaToga ocHOBaHa Ha JABYX
apneHusx: (1) cozmaHne HepaBHOBECHBIX CITMH-TIO-
JISIPU30BaHHBIX 3JIEKTPOHOB B 30HE IIPOBOINMOCTH
3a cuer adpdekTa onTuyeckoil Hakayku [16] u (2)
CHIXEHNUE YPOBHS BaKyyMa Ha ITOBEPXHOCTHU HIXKE
JIHA 30HBI TTPOBOAMMOCTH B 00beMe MOIYIIPOBOI-
HUKa (3(pheKTUBHOE OTPULIATEIBHOE JEKTPOHHOE
CPOJCTBO) 3a CUYET aKTUBUPOBAHMS IMOBEPXHOCTHU
Le31eM U KUCIOPOHIOM.

OmHOM U3 CIOXHBIX TEXHUISCKNX IIPOOIeM P
HCCJIEIOBAHUM pacCesHUs CIUH-TIOSIPU30BaHHBIX
BJIEKTPOHOB Ha MOJIEKYJIaX SIBJISIETCS OrpaHUYeH-
Hoe BpeMs xku3Hu GaAs-¢hoTokarona — UICTOUHMKA
CIIMH-TIOJIIPU30BaHHBIX 3JEKTPOHOB. XOPOIIO
n3BecTHo, 4To GaAs-doTokaTtom 4yBCTBUTEICH

2025



66 TEPELLLEHKO u ap.

Jlaxke K OCTaTOYHOI aTMOoc(epe BaKyyMHOU KaMepHI.
Tak, Ha ypoBHe 6azoBoro nasiaeHust 10~'° Topp
BpeMs KU3HU (merpagauuu) HoTOKATOAA MOXKET
COCTaBJISITh Yachl, OHO KPUTUYECKU 3aBUCHUT OT
cocTaBa OCTaTO4YHOII atMocdepnl. Mcmonab3oBa-
Hue s4eek Bbicokoro nasieHus (0.5—1.0 mTopp) B
metone CJII3D TpebyeT BBICOKOU cKOpocTy nudde-
PEHLUMAIBHON OTKAYKM BCETO TPaKTa 3JIEKTPOHHOMN
OITUKM U (DOTOKATOTHOMN KaMephl, OMHAKO 3TO He
pellaeT KapauHaJlbHBIM 00pa3oM NpobJieMbl Jerpa-
nanuu GaAs-¢orokartona. [1o 3Toit mpuunHe HEOO-
XOIMMO UCMOJIb30BaTh 00Jiee YCTOMUMBBIE K OCTa-
TOYHOI aTMOCchepe BaKyyMHOI KaMepbl UICTOYHUKHU
CIUH-TIOJSIPU30OBAHHBIX 3JIEKTPOHOB. OTHUM U3
TaKMX UCTOYHUKOB SIBJISIETCS (hOTOKATON HA OCHOBE
MYJIBTUIICIOYHBIX COSTUHEHMIA.

MynpTumenodHbie (GOTOKATOObl ILIMPOKO
HUCTIONIB3YIOTCS B KAUeCTBE MCTOYHUKOB BJIEKTPOHOB
Ha pa3UYHbIX Kojaiaepax [17], B 2JIeKTPOHHBIX
YMHOXUTEJISIX U 2JIEKTPOHHO-ONTUYECKUX TTPe00-
pasoBatensix. HemaBHO HaMM ObLIO MOKa3aHO, YTO
dbotokaTon Ha ocHoBe Na,KSb sBasiercss Takxke
3 (PEeKTUBHBIM UCTOUHUKOM CIIUH-IIOJISIPU30BaH-
HBIX 27eKTpOoHOB [18]. s co3gaHusl CITMH-TI0sI-
PU30BAHHBIX 3JIEKTPOHOB B ITOJIYIIPOBOIHUKOBBIX
CTPYKTYpax MCIIOJIb3YeTCs sSIBJI€HUE ONTUYECKOI
OpHEHTAaIlM, CYyTh KOTOPOTO 3aKJII04YaeTCs B mepe-
Ja4ye yIJIOBOTO MOMEHTA OT (hOTOHA 3JIEKTPOHY IIpU
MOMIOLICHUY TUPKYJISIPHO ITOJISIPU30BaHHOTO CBETA.
O6HapyxeHo, uto coeauHenue Na,KSb numeer 30H-
HYIO CTPYKTYPY, CXOXYIO CcO CTpykTypoit GaAs,
BKJIIOYAsl BEJIMUMHY IIMPUHBI 3alIPeIlleHHON 30HBbI,
¥ B 9TOM COENMHEHNM TakKe HabmomaeTcs 3PdexT
ontuyeckoit opueHTauuu. O Hanmunm >PpdeKra
OIITUYECKOM OpUeHTALMK (HAKAYKN) MOXKHO CYIUTh
U3 M3MEPEHUI UUPKYISIPHO TOJSIPU30BAHHOM
doTomomuHecteHuuu [16].

(a)

[IpoBeneHue uccaenoBaHUN CHUH-3aBUCH-
MBIX (DOTOIMUCCUOHHBIX CBOMCTB (DOTOKATOAOB B
o0I11eM ciiyyae TpeOyeT CBEPXBBICOKOBAKYYMHYIO
KaMepy, comepxKallylo HCCIeIyeMblii MaTepuan,
CHCTEMY DJICKTPOHHBIX JIMH3 W 9HEeProaHaan3aTop.
HaHHYIO0 CHCTeMy MOXHO YIIPOCTUTh OO BaKyyM-
Horo ¢oToanoaa, 3J1eKTpoAaMu KOTOPOIO SIBJISI-
I0TCSl HCCJIeNyeMble TeTepOCTPYKTYPbl, OJHA U3
KOTOPBIX MOXET SIBJISTbCSI UICTOYHUKOM, a Ipyrasi —
IEeTEKTOPOM CIIMH-TIOJISIPU30BAHHBIX 2JIEKTPOHOB
(puc. 1) [19, 20]. Panee yXe OBLIM M3TOTOBJICHEI
nogoOHbIe BAaKyyMHbIe (DOTOAUOIBI C TETEPOCTPYK-
Typamu A°B’ 1 6GbUIO IPOIEMOHCTPUPOBAHO Y100-
CTBO IaHHOI CUCTEMBI TSI U3yYEHUSI 9MUCCUOHHBIX
M WHXEKIMOHHBIX CBOMCTB MaTepuanos [21, 22].
doTtoanon mpencTaBiIsgeT co00i TMINHIAPUISCKIAN
kopniyc auametpoMm 30 MM u BeicoToil 10—15MMm,
BBIITOJTHEHHBIN U3 aTIOMOOKCUIHOM KepaMUKH, Ha
TOplIaX KOTOPOTO 3aKPEIUIeHbl METaJJIOCTEKIISTH-
HBIE Y3JIbI C UCCeAYyeMbIMU (hoTOKaTOnaMHu (puc. 1).
PabGouyue nuameTphl KaToga U aHOAa COCTAaBJISIIOT
18 MM, 3a30p Mexnay anekTpogamu 0.7—1.5 M.

I'eTepocTpykTyphl (poTOKaTOma M CIIMH-IETEK-
Topa A’B’® BelpaluBanuch Ha nmomaoxkax GaAs
METOJIOM MOJIEKYJSIPHO-JTy4YeBOM SMUTAKCUU WU
OoCaxXJIeHUeM MeTaJIOpraHUYeCKUX COEIUHEHMI
13 razoBoii ¢asnl. [loBepx rerepocTypKTyp HaHO-
cuioch aHTHOTpaxkaromee mokpeitTue SiO. IMocre
pocTa reTepo3MMUTaKCHaIbHbIE CTPYKTYPHI Hape3a-
JIUCh HA JUCKU IO pa3Mepy (OTOKATOAHBIX y3JI0B
¥ TIPUBAPUBAIUCH K CTEKIY (hOTOKATOAHOTO y3ja
yepes3 nmokpeiTue SiO meTogom tepmoauddy3u-
OHHOM CBapKu. 3aTeM XUMUYECKUM CEJIEKTUBHBIM
TpaBieHueM ynansiaach GaAs-TIOMIOXKA U B ClIydae
(dorokarona 6ydepHsiii cinoit AlGaAs. 3aKimodyn-
TEIBHBIN 3TAIl IIPOLIEAYPHl OYMCTKH KaK KaTomua, Tak
¥ aHOJa MPOBOMMJICS B TIEPYATOYHOM OOKCE, 3a10JI-

Puc. 1. a — ®otorpacdus doromrona co CTOpoHbI GOTOKATOIA; 0 — CXeMaThuecKoe n3oopaxkeHue (hoToauona B paspese u
MPUHIIAIT CO30AHUSI CIIMH-TIOJISIPU30BAHHBIX 2JIEKTPOHOB U UX JIETEKTUPOBAHUS; B — (oTorpadust aHoIA.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA
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HEHHOM YMCTBIM a30TOM, IJI¢ KaTOI 1 aHOI ITOIBEP-
rajuch Xumu4deckoit oopadorke B pactsope HCI B
M30IIPOTIMIOBOM criupTe [23].

O0e ounIleHHBIE TOBEPXHOCTH aKTUBUPOBAJIUCH
IO COCTOSIHUSI 3P DEeKTUBHOTO OTPULIATEIILHOTO
3JIEKTPOHHOTO CPOACTBA IIyTeM aJCOPOLIMK 1IE3USI
M KHMCJIOpOJa B CBEPXBBICOKOBAKYYMHOI KaMepe.
®oTtokaToa U aHOI ObUIM FepMETUYHO 3aKPETUICHBI
Ha IIPOTUBOIIOJIOXKHBIX CTOPOHAX LIWJIMHAPUIECKOTO
KOpITyca U3 aTIOMOOKCUIHOM KepaMUKHU B CBEPXBHI-
COKOM BakyyMe [24].

[Tpu nsroroBneHnu GOTOOMOMOB C MYJIBTUIIE-
JIOYHBIMU (OTOKaTOmaMM MaTepuan (oTokKaToma
HaHOCWJICS Ha METAJIJIOCTeKJISTHHBIN (hOTOKATOAHBI
y3€J1 B BHICOKOBAKyYMHOI1 KaMepe HEITOCPEICTBEHHO
nepen repMetusanueii. B ciaydae msroromiaeHUs
(oTronronoB ¢ MYJIBTHIIEIOYHBIM (DOTOKATOIOM U
A’B’-aHOI0M aHOIHAs FeTepOCTPYKTYpa aKTUBUPO-
Bajach IyTeM HaHECEHUS 1e3Us U cypbMbl. DoTO-
KaTobl HA OCHOBE MYJIBTUILEIOUHbBIX COeTUHEHUI
JTEeMOHCTPHUPYIOT HeoOXoauMble (POTOIMUCCUOH-
HbIE XapaKTePUCTUKU JIJI UCITOJIb30BAHMS B METO/IE
CJI3D: ToK sMuccuM TIpeBHIITaeT 1 MKA TIpU pas-
Opoce 3Hepruu B myuke 37eKTpoHoB 50—100 M3B.

Huist MpoBEepKU MOJSIPU3AIIMOHHBIX CBOICTB
Na,KSb:Cs-doTokarona ObuIM U3MEPEHBI LIMPKY-
JISIPHO TIOJISIPU30BaHHBIE CIIEKTPHI (DOTOIIOMUHEC-
nenuun (PJI). Ha puc. 2a nmpencTaBieHbl CIIEKTPhI

67

LIUPKYJISIpHO Tosisipu3oBaHHoit DJI mynbTrIe ou-
HoOro (orokaToga MpU OCBEUIEHUU LMPKYJISIPHO
MOJISIPU30BaHHBIM JIa3€PHBIM M3JIyYEHUEM C SHEP-
rueit ¢oroHa hw = 1.49 3B (830 uMm), Ha puc. 20
MpeacTaBjieH CHeKTp cTeneHU mosgpuzanuu OJI.
3aBUCUMOCTh CTEIMEHU KPYTrOBOMW MOJSIpU3aLMNU
®JI B Na,KSb or sHepruu nanawouero ¢horoHa
rnmokasaHa Ha puc. 2B. Crenenb noaspusaunu OJI
OBICTPO YMEHBIIAETCSI C POCTOM DHEPIUM Iana-
JOIIIETO M3JTy4eHNUs TIPUMEPHO BIUIOTH 10 2.4 3B.
OpnHaxko, B ommmuure oT GaAs, rae nonsipusanust OJI
craHoButcd Hynesoil [18], B Na,KSb ona ocraercsa
Ha ypoBHe 0Ko0J0 4% mnpu 0ojiee BHICOKUX DHEP-
rusix Bo3oyxaeHus. Eie oqHo BaxkHOE OTJIMYME OT
GaAs cOCTOUT B TOM, 4TO crazn nojsgpusanuu OJI B
Na,KSb npoxoaut npu OoibIINX 3HAYEHUSIX IHED-
UK BO30YXKIEHMsI, UTO CBSI3aHO C Pa3HULICH B BEJIM -
YUHE CIIUH-0pOUTaIbHOrO pacuieruieHusa B Na,KSb
1 GaAs (0.55 1 0.34 5B cOOTBETCTBEHHO).
CxoncTBo B 3aBUcuMocTHU TtoJisspusanuu OJI npu
HU3KUX DHEPIrusX BO30YXKIEeHUSI, a TAKXKE CXOICTBO
30HHO# cTpyKTypsl Na,KSb u GaAs [18] noka3si-
Baer, uto B Na,KSb nabmonaerca s dekr onruye-
CKOI OpHEeHTalLIMM, 3TO CXOACTBO MO3BOJISIET Mpe/ -
MOJIOXKUTh, YTO TpaBuja 0TOOpa ISl ONMTUYECKUX
nepexonos 111 Na,KSb u GaAs onuHakossl. [Ipu
atoM creneHb nossipusauuu PJI B Na,KSb naxe npu
KOMHATHOM TeMIlepaType oKa3anach paBHa 23%,
YTO OJIM3KO K IIpeaeIbHOMY T€OPETUIECKOMY 3Ha-

(B) [u : : "1 yenwuro 25%. Ecau npeamnoaoXuTb OTCYTCTBUE pac-
%‘ =5 200 * ] cesdHUS MO CIHUHY B MPOLIECCe SIMUCCUU BJIEKTPOHA
5 = = —s— Na.KSb B BaKyyM, TO MOXHO OXMHIaTb, YTO MaKCUMaJlbHasa
a . ) 2
E 'g S5l ] monsgpusanust GOTOIMUTUPOBAHHBIX DJIEKTPOHOB
— c \
o S u3 Na,KSb pasna 45—-50%.
- o i
= f N1k 4
‘?Ef 20} (0) s Lc“ 3. AETEKTOP CITUH-TTOJJAPU3OBAHHDLIX
S 15 4 o DJIEKTPOHOB
. 5h ]
=10 . + (R
© 58 ‘_" r Mness molynpoBOIHMKOBOIO CHMH-AETEKTOPA
8. 0 r Op T 3axkJIro4yaeTcd B MHKEKIIMU CBO6OI[HBIX QJICKTPOHOB
i , . o . L . . .
O 130 135 1.40 1.45 15 2.0 25 3.0 Ha JHO 305[1)I H]Z)OBOI[I/IMOCTUI/I C rnmocJjaeayromen I/I3J'Iuy-
Photon energy (eV) Exitation energy (eV) YaTebHOI PEKOMOMHAIMEH 2/IEKTPOHA € IABIPKOIL ¢
HCITyCKaHMeM KBaHTa cBeTa. [lonsgpusamnus nsmyde-
Puc. 2. a — L{UpKy/ISPHO MONSPU30OBAHHEbIE (0+, O—) HUS TIPU PEKOMOMHALMYU CITUH-TIOJSIPU30BAHHBIX
KOMITOHEHTBI CITEKTPOB (POTOTIOMUHECIIEHIIMU (HOTO- 3JIEKTPOHOB TaKXKe 00YCJIOBJIeHA Iepenadyeit yrio-
karona Na,KSb:Cs npu ocBelieHUn LUPKYISPHO 10~ BOr0 MOMEHTa OT 3JEKTPOHOB CBETY, MO3TOMY I10
JIIPU30BaHHBIM CBeTOM ¢ dHeprueit 1.49 3B (830 um); CTETIeH! LMPKYJISIPHO MOJISIPU30BaHHOM (DOTOTIOMY -
NuK 1pu dHepruun potoHa 1.42 3B cOOTBETCTBYET LLIM- HeCIeHIINN ((D.H) MOKHO CY/IUTb O CTETIeHH TIONAPH-
puHe 3anpeleHHoii 30Hbl Na,KSb; 6 — cooTBeTcTByI10-
I CIIEKTp CTETEHH UPKYIpHOH momspusamyy I, 3al1U 9JIEKTPOHOB, TeHEPUPYEMBIX B (DOTOIMUTTEPE,
onpeneeHHbIN KakK PPL = ([()'Jr — ]0_) / ([0+ + [0'_); a I10 CTCIICHU ITIoJIApu3alinmy KaTodOo/JIIOMUHECICH -
B — 3aBUCUMOCTb CTEINICHU LIUPKYJISIPHOW MOJSIpU3aLIuNA 1185070 (K.H) — O CTCIICHU 1noJiApru3anu 3JICKTPOHOB,
U3JTy4YCHUA DJI nns Naszb OT SHEPIUHU Iaaarouiero WHXXEKTUPYEMBIX M3 BakKyymMa B aHOI-IETEKTOP.
¢oroHa.
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B nannom ciyvae nmon KJI mompasymeBaeTcs U3iy-
YeHUEe, TeHEpUpyeMoe MPU peKOMOMHALIMU TIEPBUY-
HBIX 3JIEKTPOHOB, MHKEKTUPOBAHHBIX B MOJIYIIPO-
BOIHUK M3 BaKyyMa, IIpY 3TOM PETUCTPaIis MOXET
MIPOBOIUTHCS C IPOCTPAHCTBEHHBIM pPa3pellIcHUEM.

B kauecTBe CriMH-AETEKTOpPa U3YYJIUCh TOTY-
NPOBOAHUKOBBIE TETEPOCTPYKTYphl Ha OCHOBE
xopoio u3BecTHol rereponapsl GaAs/Al,_,Ga,As.
HupkynsipHo noJisipu3oBaHHble ciekTpbl KJI, nzme-
PEHHBIE IIPU WHXEKLMUM CIIMH-II0JISIPU30BAHHBIX
271eKTpOHOB U3 orokarona Na,KSb:Cs ¢ sneprueit
1.0 3B, noka3zaHbl Ha puc. 3a.

MaxkcumanbHass MHTeHCUBHOCTHL KIJI coort-
BETCTBYeT dHeprumu usnydyeHus 1.53 3B (810 um),
YTO COBMAJAET C IIMPUHON 3aNpPEIIEHHON 30HBI
Al ,,Ga; gAs. CTeneHb KpyroBoii MoJsipu3aluu
n3nydenust KJI cocraBnsina 4% (puc. 36). 3aBucu-
MOCTb CTelleHM KpyroBoii nousipusanuu KJI, momy-
yeHHasl MPU WHXKEKIHWU CIIUH-TOJSIPpU30BaHHBIX
271eKTpoHOB U3 dorokarona Na,KSb:Cs, ot sHep-
T MHXEKTUPOBAHHBIX 2JIEKTPOHOB B AUAIla30HE
0.6—4 5B B pexxume U3MEPEHUST CIIEKTPOB U MU30-
OpaxeHuii nokazaHa Ha puc. 3B. s Na,KSb:Cs
MaKcuMabHas cTereHb noysipusannu KJI paBHa
9.5% nipu HU3KKUX KUHeTHYeCcKuX aHeprusx (0.6 3B),
OHa MOHOTOHHO YMEHbIAeTCsI MpUMepHo 10 1% mo
Mepe YBeTn4YeHUsI SHeprun a5ieKTpoHa 10 4 3B. [1pu
cpaBHeHuu nouspusauuu KJI nag Na,KSb:Cs u
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Puc. 3. a — LupkyaspHo NoJsipu3oBaHHbIe (07, 07)
KOMITOHEHTBI CIIEKTPOB KaTOMOJIOMUHECIIEHIINY, 13-
MepeHHBIe MPU WHXEKINU CITUH-TIOISIPU30BAHHBIX
3JIEKTPOHOB, SMUTUPOBAaHHBIX U3 ¢oTtokarona Na,KS-
b:Cs nipu yckopstroniem HampstkeHuu 1.0 B, B aHomgHy0
reTepocTpyKTypy Al ;G2 3oAs; 6 — cTeneHb LUPKYJIAP-
Hoit monsipusanmu KJI, onpenenernas kak Py, = (Io" —
Io™)/(Io* + Io7); B — cpaBHUTENbHEIE 3aBUCUMOCTH
cTereHu MUPKYsIpHoit mosipuzanuu KJI ot sHeprumn
WHXEKTUPOBAHHBIX CITUH-TIOJISIPU30BAHHBIX JIEKTPO-
HoB u3 dorokatona Na,KSb:Cs B pexnme uzmepeHus
CIIEKTPOB U U300paxkKeHUI.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

¢otokatona GaAs:Cs-O okaszanoch, YTO MOCIETHSIS
B /IBa pa3a MeHblie. [Ipenmosarasi, 4To moJjspusa-
U ¢oToseKTpoHOB oT GaAs-KaToma HaXOmUTCS
B muama3oHe 20—25% [18], MOXHO caenath BBIBOII,
YTO MOJISIpU3ALNS (POTOIIECKTPOHOB, SMUTUPOBAH-
HbIx U3 Na,KSb:Cs, nexut B nuanazone 40—50%,
YTO HAXOAMUTCS B XOPOIIEM COIJIACUM C OIEHKOI
CTEINEHU TIOJIPU3ALIUU, CIEIAHHON U3 U3MEPEHUI
nosisipuzoBaHHoii DJI.

Hs mpakTU4ecKuX IPpUMEHEHUI B CITMH-ITOJISI -
PUMETPUM BaXKHBIMU XapaKTePUCTUKAMHU JeTeKTOpa
asisttorest GyHkuus Lllepmana S = A/ P, roe A —
n3MepsieMast PyHKIIMST aCUMMETPUH TTPU U3BECTHOM
noJisipu3anus 3JeKTPOHHOro nyvka, P, — otpaxa-
I011asl CEJIEKTUBHOCTD MOJSIpUMETpa K MPOEKIIUU
CIMHA 3JIeKTPOHA, MOKa3aTelb KauyecTBa (IeMOH-
CTPUPYIOIINI YYBCTBUTEIBHOCTh MOJSIPUMETPA)
onpenensiercst popmynoii F = 1, / I, tne I, —
MHTEHCUBHOCTb PETUCTPUPYEMOI KaTOIOTIOMUHEC -
LIEHLIMU, a /; — TOK MafarolmnX JEKTPOHOB.

IToxazano, uro ¢pynkuma Lllepmana nerekropa
Ha ocHoBe Al ;;Ga, ¢As cocrasisier S, ~ 0.3 [24],
a OlIeHKa OJHOKaHaJIbHOM 3(OEKTUBHOCTU IETEK-
TUpOBaHUs faeT 3HaueHue F = 1-1073. [Ipu sTom
3aBUCUMOCTbh CTEIIEHU LIMPKY/ISIPHOM MOJISIpU3aLuN
KJI oT xMHeTn4YeCcKoil 3HEePruu UHXKEKTUPYEMBbIX
3JIEKTPOHOB U €€ MaKCUMaJIbHOE 3HAaUeHUE OIIpene-
JISIOTCS pejlakcalneil cimHa B “oobemMe” ToIyIpo-
BOIHUKOBOM TeTEPOCTPYKTYPhI, a BHEIITHUI KBaH-
ToBbIlt Bhixod KJI orpaHuueH Ge3bizinydaTebHOM
pEKOMOUHALIMEIA.

OnTuMM3anusl coctTaBa U CTPYKTYpPhI, a TaKxke
TEXHOJOTUYEeCKUX MapaMeTPOB HU3TOTOBJICHUS
CIIMH-IETEeKTOPHBIX TeTEPOCTPYKTYP MOI'YT 3HAUM-
TEJIbHO YBEJIUYUTh UX 3(PPEKTUBHOCTD — A0 3HAYE-
HUI IapaMeTpOB, MPEBHIIIAIOIINX YPOBEHbD Y CYIIIE-
CTBYIOIIMX THUIIOB JIETEKTOPOB B OJHOKAaHAaJIbHOM
PEeXMMe U 3HAUUTEIbHO MPEBBIIIAIOIIMX UX B MHO-
rOKaHaJIbHOM PeXUME PabOTHI.

Takum o0pa3oM, MOXHO 3aKJIUYUTb, YTO
CIUH-IETEKTOp Ha OCHOBE ITOJYIPOBOTHUKOBBIX
TETEPOCTPYKTYP C YCIIEXOM MOXET OBITh MCITOJIb-
30BaH IJISI U3MEPEHUST CIIMHOBOIM TOJISIpU3alluu
CBOOOJHBIX 2JIEKTPOHOB. B oTiuuue oT ogHOKa-
HaJIbHOTO MOTT-IETEKTOpa, IMOJYIIPOBOIHUKOBBIMI
JIETEKTOP MOXKET OBITh MCITOJIb30BaH KaK MHOTOKa-
HaJIbHBIN JETEKTOP C IPOCTPAHCTBEHHBIM pa3pellie-
HUEM, 4TO MOBBILIAET 9P PEKTUBHOCTL B N, pas, rie
N, — 4KCi10 KaHAJIOB.

Hpyroit TUI COUH-IETEKTOpPa, KOTOPHIM Takxke
MOXeT OBITh MCTIOB30BaH B aKcrepuMeHTax C/139,
COCTOUT U3 TeTePOCTPYKTYPhI (heppOMaTrHUTHBIN
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cioii/moaynpoBogHuk [25—27]. CnuH-AeTeKTOp
Ha OCHOBE CTPYKTYphI (peppOMarHeTUK,/moayInpo-
BOIHMK YCTYIaeT 1Mo 3(OEeKTUBHOCTU ONMMCAHHOMY
BBIIIIE IETEKTOPY, OMHAKO OH MOXKET OKa3aThCs OoJiee
CTaOMJIBHBIM B yCJIOBUsIX padoTel Metoma CII33.

4. OKCIIEPUMEHTAJIbHAA YCTAHOBKA
AJIA N3YYEHWA PACCEAHNA CITUH-
IMOJIAPN30OBAHHbBIX SJIEKTPOHOB
METOAOM CI35

PesynbraThl co3maHms 1 M3y4eHUSI CBOMCTB HOBBIX
CITMH-TOJIIPU30BAaHHBIX MCTOYHUKOB U IE€TEKTOPOB
CIMHA CBOOOIHBIX 3JIEKTPOHOB Ha OCHOBE MOJIYIPO-
BOJTHUKOBBIX TE€TEPOCTPYKTYP IMO3BOJMUIM HaM MPU-
CTYIIUTh K pa3pabOTKe U U3TOTOBICHUIO HOBOM, HE
MMEIOIIe aHAJIOTOB YCTAaHOBKE 110 MCCIEI0BAaHUIO
pe3oHaHcHoro paccessHus metonom CI35. Cxema-
THYECKOE M300paxkeHne KOHIENTYaIbHOII MHOTO-
KaMepHOI CBEPXBBICOKOBAKYYMHOM YCTAHOBKH JIJIst
M3YYEHUST PaCcCesIHUSI CITMH-TI0JIIPU30BaHHbIX 2JIEK-
TpoHOB MeTonoM C/13D [28, 29] mokazaHo Ha puc. 4.

YcTaHOBKAa COCTOMT M3 YETHIPEX OCHOBHBIX
KaMep: OCHOBHOI Kamepbl (peaKIIMOHHOI, target
chamber); ¢oTokaTomHOIt Kamepnl (source cham-
ber); KaMepbl pOCTa/MOATOTOBKK (POTOKATOLOB

(growth & activation chamber); kamepsl aHaaM3a
CMIMHOBOM TOJISIpU3aLUU IJIEKTPOHOB (spin-detec-
tor chamber). /151 3arpy3ku (hOTOKATOIHBIX Y3JIOB K
pOCTOBOIT KaMepe OymeT IMPUCTHIKOBaHA 3arpy304-
Hag (1u1I030Bas) Kamepa. Bece kamepbl OynyT UMETh
He3aBUCHUMBIE CpeICTBa OTKAUYKM, KaMEphl OyIyT
oTaesieHbl mmbepamu. bazoBoe naBieHne B OCHOB-
HBIX KaMepax JOJKHO 6bITh He Bbite 1070 mbap.

B ocHOBHOI1 KaMepe OymeT pacriojiokeHa sueiika
CTOJIKHOBEHUI 711 peann3aluy TeXHUKU CKPEIIeH-
HBIX ITy9KOB (crossed-beam technique) 8 C[13D [30]:
MYYOK MCCIIEAYEMbIX HEUTPaATbHBIX MOJIEKYJ, TIPH-
TOTOBJICHHBIN B 3 (dYy3MBHOM MCTOYHHKE, Iepe-
ceKaeTcsl Mo/ MPSIMbIM YIJIOM ITYyYKOM MeIIEHHBIX
(0—15 »B) mpomoabHO CHUH-TIOASIPU30BAHHBIX
3JeKTpOHOB. B o0OjacTtu mepeceyeHuUs] My4yKOB
00pasyloTcs OTpULIATEIbHBIE MOJIEKYJISIPHBIC NOHEI,
pacnagaloiimecs Kak 1o KaHajay aBTOOTHIEIIICHUSI
BJIEKTPOHA, TaK M 3a CYET AMCCOLIMAIlMM Ha Heil-
TpaJbHble U OTPUIIATEIbHO 3apsikKeHHbIe (par-
MeHTHI. [locienHue aHaIM3UPYIOTCS C IMMOMOIIBIO
KBaJIpyIIOJbHOIO Macc-CIIEKTpoMeTpa (auara3oH
macc 1—300) B 3aBUCMMOCTH OT SHEPTUU 3ICKTPO-
HOB B 30HAMPYIOILIEM ITyUKe.

OTMeTHM, YTO B OOBIYHOM TEXHUKE MeToma
COA3D [28, 31] xapakTepUCTUKU 3JIEKTPOHHOIO
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My4Ka SIBJISIIOTCS CASAYIOIIMMMU: TOK ITydKa MopsiaKa
1 MKA, mupuHa Ha moayBbicote (FWHM) pac-
npeneaeHus 3JeKTpoHoB 1o 3Hepruu 0.4—0.5 3B,
TOYHOCTD OIIpEIeICHUSI TTOJIOXEHMsI Pe30HAHCOB B
ceyeHUur paccessHus aaekTpoHoB 0.1 3B. Kanu-
OpoBKa IIKaJIbl SHEPTUI TPOBOAUTCS B OCHOBHOM
MO CUTHAJY AOJITOKWBYIIMX OTPUIIATEIbHBIX MOJIE-
KYJSpHBIX MOHOB SF,, 00pasyroluxcs npu 3axsare
TETIJIOBBIX (HyJieBasi SHEPrusi) 3JEeKTPOHOB MoJie-
Kylamu rekcadropuga cepsl. [1pu ucnoab3oBaHuu
TPOXOUIAJbHOTO MOHOXPOMATOpa HEPIUM DJIEK-
TpoHOB [32, 33] BemmunHna FWHM ywmenbIraercs
no 3HayeHuit 30—50 maB. IIpu 5TOM, OIHAKO, TOK
Mmyyka TajgaeT J0 BEJIMYMH TopsaKa HaHoamIep,
YTO 3aMETHO CHUXKAET YyBCTBUTEIbHOCTh ITPY PeTry-
ctpauuu TokoB ON.

IIpu uccnenoBaHUU 3HAHTUOMEPOB XUpPaJbHBIX
MOJIEKYJT PETUCTPUPYEMOI BEIMUYMHOI SIBISIETCS
acummMmeTpus curHana A [11], paccuuTbiBaeMasi C IOMO-
1Ibto cooTHomenust A, = [(1; —1,)/(I, + 1,)],_, rne
MHAEKCHI “+” 1 “—“ COOTBETCTBYIOT ABYM SHAHTUO-
MepaM (B IpocTeilieM ciiyyae HaJM4Ms OJHOTO
XHpaJTbHOTO LIEHTpa B MoJieKyne), I = I(¢) — UHTeH-
CHMBHOCTbH u3MepsieMoro Toka OW misa 3amaHHOTO
KaHaJjia pacraaa B 3aBUCMMOCTU OT SHEPTUM DJIeK-
TPOHOB € B IIEPBUYHOM ITyYKe IPU HaIlpaBJICHUU
CITMHA 3JIEKTPOHA, COBITAJAIOIIETO C €0 UMITYJIHLCOM
T WX MPOTUBOIOJIOXHOTO €My +.

B ¢orokarogHoii Kamepe OyneT yCTaHOBJIEH
nepxKaTejab (pOTOKATOOHOTO y3JIa ¢ BO3MOXHOCTBIO
HarpeBa g0 temnepatypbl 500 K u oxitaxnaeHus no
temrepaTtypbl 80—90 K. doToKaToabl Ha OCHOBE
kak Na,KSb, rak u GaAs npencrasigior co00il TOH-
KM€ CJIOM Ha CTEKJISTHHOM MOJI0XKeE, YTO ITO3BOJISIET
MIPOBOAUTH (DOTOIMUCCUIO MOJISIPU3OBAHHBIX DJIEK-
TPOHOB IIPU OCBellIeHNH (POTOKATONA HAa OTPaKECHUE
(nazep 1) 1 Ha nipocseT (y1azep 2), puc. 4. JIazepsl
1, 2 MOXHO TaKXe MCMOJIb30BaTh JJIsI ONTUYECKOM
OpPUEHTAIlMM MOJIEKY] B OCHOBHOI Kamepe. PoTo-
SMUTHUPOBAHHbBIE 13 KaTo/Aa DJIEKTPOHKI 1ajiee Iepe-
JIAI0TCS C TIOMONIBIO AJIEKTPOHHOM OTITUKU B STYEUKY
BBICOKOT'O JaBJIEHUsI B OCHOBHOM KaMepe.

Kamepa pocTa/moaroToBKu KaTOOOB IIpegHa-
3HaYeHa JJI1 POCTa MYJIBTUIIEIOYHOTO (hOTOKATONA
METOIOM MOJIEKYJISIPHO-JIy4eBOU MM razoda3Hoit
snuTakcuu. s pocta MyJbTUILEIOYHOTO COeor-
HeHust Na,KSb/Cs,Sb ncnosb3yloTcss UICTOYHUKHU
Na, K, Sb, a taxzke Cs m1st akTHBUPOBaHUS TTOBEPX-
HOCTH KaToja. B KadecTBe IOIJIOXKKU MCIOJIb-
3yeTcsd OOPOCUIIMKATHOE CTEKJIO, YTO TTO3BOJISIET
paboTaTh ¢ (DOTOKATOAOM B pEeXMMax Ha MPOCBET
n orpaxeHue. TonmmHa akTuBHoro ciost Na,KSb
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ONTUMU3UPYETCSI B MpOILECCe POCTa, MCXOIS M3
MOJIy4eHUsI MaKCUMaJbHOTO ToKa (DOTOIMMCCUM,
KOTOpPBIN ompeneiseTcs, IJIaBHBIM 00pa3oM, IIIy-
OMHOIT TToTNIONEeHNST cBeTa U JN(GY3MOHHON TTH-
HOIi HEOCHOBHBIX HOCUTENEHN ((HOTORTEKTPOHOB).
J17151 TECTOBBIX U3MEPEHUM TIIaHUPYETCS UCTIOIb30-
BaTh Takxke ctaHaapTHble GaAs-doTokaTonbl (Min
(dboTokaTonbl Ha coenrHeHusIX A’B%), nmpuBapeHHbIe
Ha CTEeKJITHHBIN y3en [24].

B xamepe aHanm3a CIIMHOBOI OJISIPU3AIIAM DJICK-
TPOHOB, pacCesTHHBIX Ha MOJIEKYJIaX MUIIIEHU, OYIyT
WCIIOIb30BaHbBI TTOTYITPOBOJHUKOBBIE CITUH-AETEK-
TOPBI C MPOCTPAHCTBEHHBIM pa3pelliecHUeM, pa3pa-
O0oraHHble HaMu paHee [18, 24]. Mcnonb3oBaHue
JIBYX I€TE€KTOPOB MO3BOJUT U3MEPSITh TPU KOMIIO-
HEHTHI CITMHA PACCESTHHBIX 3JIEKTPOHOB.

5. 3AKJIFOYEHUME 1 MEPCITEKTHUBbI

YCTOYMBOCTh MYJIBTUILETOYHBIX (DOTOKATOAOB
K Jerpamaluu, a Takxke oOHapy>KeHHOE UX HOBOE
CBOICTBO KaK MCTOYHMKA CITMH-TIOJSIPU30BaHHBIX
BJIEKTPOHOB, IEJal0T 3TU (DOTOKATOMBI MEePCIIEeK-
TUBHBIMU B peaiM3allM¥ METOHA CIIEKTPOCKOIINU
JIVCCOLIMATUBHOTO 3aXBaTa MOJISIPU30BAHHbBIX 2JICK-
TpoHOB. bosiee Toro, mpenBapuTeabHbIC PE3YIBTATHI
M3yYeHUs HaIpsKeHHOTO (poTOKAToma Ha OCHOBE
Na,KSb:Cs neMOHCTpUPYIOT BO3MOXHOCTD IMOJY-
YEHMS MyYKa JIEKTPOHOB C MOJISIpU3aLIMeii, 3HAUU-
TeJbHO npeBbiatonieit 50%. CuH-TIoNsIpu30BaH-
Haga ¢oroamuccusd u3 Na,KSb:Cs oTKpbIBaeT Takxe
BO3MOXXHOCTh CO3JaHUSI HOBBIX 3((PEKTUBHBIX
WCTOYHMKOB 3JICKTPOHOB IS YCKOPUTENICH, OMHO-
BpEMEHHO 00JIaJa0II1X BEHICOKIM KBAHTOBBIM BBIXO-
JIOM, CIIMHOBOM TOJISIpU3aLieii SMUTUPYEMBIX DJICK-
TPOHOB, JOJTOBEYHOCTBIO M HU3KUM 3MUTTAHCOM.

CnuH-AeTeKTOPbl Ha OCHOBE TOJIYITPOBOIHM-
KOBBIX CTPYKTYD SIBJISIIOTCSI ONITUMAaJIbHBIMU JIST
npoBeneHus skcrnepumeHToB CI30. B otnnune ot
CTaHAAPTHBIX MOTT-IETEKTOPOB, OHU paboTalOT B
00/1aCTU HU3KUX DHEPIUil 3JeKTPOHOB (€IMHULIBI
5B B cpaBHeHUH ¢ gecsaTKaMu K3B mIst MOTT-meTek-
TOpa) — B IMana3oHe SHEPTUil 2JIEKTPOHOB METOA
CI 39, uTo TakxXe MCKJIIOYaeT ropeHue paspsja.
[MTonydyeHHBIe XapaKTePUCTUKU TOJTYIPOBOIHU-
KOBBIX cnUH-AeTeKTopoB (pyHkuusa [lepmana,
3D PeKTUBHOCTD, TIPOCTPAHCTBEHHOE pa3pelIeHne)
OKa3bIBAIOTCS JIYUIIIe XapaKTePUCTUK MOTT-IETeK-
TOpa, YTO MO3BOJUT JOOUTHCS 3HAUUTETBHO JTy4Ileit
CTaTUCTUKHU B aKcniepumeHTax CA30.

PaspabaTsiBaemasi yctaHoBKa OyaeT HOCUTh
MOIYJIbHBII XapaKTep, YTO ITO3BOJIUT epeCTPauBaTh
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cXeMy 3KCIIepMMEeHTa Mo pa3iudHbie 3agauu. [1pen-
craBieHHas cxeMa usMmepeHus CJI3D MoxXeT ObITh
npeobpa3zoBaHa B METOI CIIEKTPOCKOIINY XapaKTepu -
CTUYECKUX MOTEPh SHEPTUU BJIEKTPOHOB C UCIIOIb-
30BaHMEM MOHOXPOMAaTHUUYECKOTO ITy4Ka CIIMH-TIOJISI -
PU30BaHHBIX JIEKTPOHOB IJISI U3yYeHMsI MATHUTHBIX
M CITMH-3aBUCUMBIX CBOMCTB ITOBEPXHOCTE TBEPIBIX
tes. Ha ocHoBe uctounuka Na,KSb:Cs Bo3mMoxHO
M3rOTOBJIEHHUE 3JIEKTPOHHOIO MHUKPOCKONAa Ha
CITMH-TOJISIPU30BAaHHBIX 3JIEKTPOHAX IJISI M3YUCHUS
MarHUTHBIX CBOMCTB C BBICOKHUM IIPOCTPAHCTBEH-
HBIM paspelieHueM, a Takke TudpakTomMeTpa ajist
M3Y4YEeHHsI CIUH-OPOUTAJIBHOTO B3aMMOACHCTBUS
MOJISIPU30BaHHBIX 3JIEKTPOHOB C IMMOBEPXHOCTHBIMU
aTOMaMHU.

Takum oOGpaszoMm, co3gaBaeMblii MeTOH CIIEK-
TPOCKONUM IMCCOLUMATUBHOTO 3axBaTa CIIMH-IIO-
JISIPU30BaHHBIX 3JEKTPOHOB JOJKEH OTBETUTh Ha
(byHaamMeHTaIbHBII BOMPOC O MPOUCXOXKICHUU
OMOJIOTMYECKOIT TOMOXMPaJbHOCTU U Habmomae-
MOW XUpaJdbHON acUMMeTpuM (PYHKIMOHUPOBA-
HUS XXKMBOI MaTepuM, B YACTHOCTU BHECTHU BKJIaL
B IOHMMAaHUE TIPOLECCOB CEICKTUBHOIO ACHCTBUS
(bapmarieBTMUECKMX MpenapaToB HAa MOJIEKYISIPHOM
YpOBHE. DTOT METOJ MO3BOJUT TaKXKe pa3BUBaTh
MOBEPXHOCTHO-YYBCTBUTEIbHBIE CIIMH-3aBUCUMBbIE
3JIEKTPOHHO-CIIEKTPOCKOIIMYECKIE€ METOIbI UCCIIe-
MOBaHMS, B TOM UYMCJIEe IS TIPUIOXKEHUS OXMaa-
€MBIX PEe3yJIbTaTOB B aKTyaJIbHBIX HallpaBJICHUSIX
CITMHTPOHUKM.

OUHAHCHUPOBAHWE PABOThI

Pabora BeinonHeHa rpu noaaep:kke Poccuiickoro
HaygHoro doHza, mpoekT Ne 22-12-20024 (p-9).
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[IpencraBieHbl pe3yabTaTbl UCCAEIOBAHUI 10 TeHepaLluy paagualbHO CXOOSIIErOCs 3JIEKTPOHHOIO
IIy4Ka B UCTOYHUKE C MHOTOAYTOBBIM CETOYHBIM IIa3MEHHBIM SMUTTEPOM. JIOCTUTHYThI PEKUMBI TeHE -
paLuy 3JIEKTPOHHOIO Iy4YKa, JOCTATOYHbIE IJIs1 MOAM(MUKALIMN TOBEPXHOCTU META/UIMUYECKUX MAaTEePH -
aJI0B U U3IEIUI LHUIMHAPUYECKONH (DOPMBI C PACUETHOM IJIOTHOCTHIO SHEPIUU My4yKa Ha KOJUIEKTOPE
10 20 JIx/cM? mpu [UtMTeIbHOCTH nMiyiabea 10 500 mkc. C MCHONb30BaHMEM aBTOMATU3UPOBAHHOI
CHUCTEMbI U3MEPEHUS IapaMeTPOB IUIa3Mbl U OAMHOYHOIO 30H1a JIeHrMiopa B quamna3oHe TOKa Iyro-
Boro paspsgaa 50—120 A u mmureabHocTH UMITysIbca 50—500 MKc TpoBeneHBI U3MEPEHUST pacpeaeieHus
[apaMeTpOB SMUCCUOHHOM IJIa3Mbl B CETOYHOM ILJIa3MEHHOM DMUTTEPE B a3UMYTaJIbHOM U aKCHAJIbHOM
HanpasieHusix. [IpuBeaeHbI cpaBHEHUS 3JIEKTPOHHBIX BETBEH 30HI0BOM XapaKTePUCTUKU IIPU Pa3Idy-
HBIX JaBJIeHUsIX pabouero raza (p = 5-1072 IMa u p = 8.5- 1072 [a). Co3naHHbII MICTOYHUK TEKTPOHOB
OTKPBIBACT HOBBIC BO3MOXKHOCTH IJISI MOTU(DUKAIIUM TTOBEPXHOCTU PA3TMIHBIX MAaTePUAJIOB M U3IETUIA
LWJIMHIPUYECKON 1K GoJiee C0KHOM (hOpM C LieIblo U3MeHeHUsT (GDYHKIIMOHAIbHBIX U 9KCILIyaTaLlu-

OHHBIX CBOMCTB 3TOI ITIOBEPXHOCTH.

DOI: 10.31857/S0032816225010106, EDN: GHIDYY

1. BBEAEHUE

M cTouHMKM 2JIEKTPOHOB ¢ MIa3MEHHBIM KaTo-
noMm [1—8] Ha ocHOBe DYroBOTro paspsiza HU3KOIo
NaBJICHUSI C CETOYHOII/CI0eBOl cTabMIM3aInei
rpaHUIBl SMUCCHUOHHOM IIa3Mbl HEOTHOKPATHO
JeMOHCTPUPOBaAIU CBOIO 3 (HEeKTUBHOCTH B 00a-
CTU MOIM(MUKALIHUKU ITOBEPXHOCTH Pa3JIUIHBIX
MaTepuaJioB U U3ACIUMN, IIPUBOAMIIIECH K KPAaTHOMY
yAy4IIeHN0 (PYHKIMOHAIbHBIX CBOMCTB UX ITOBEPX-
HoctH [9—13]. HecMoTpst Ha KOHCTPYKIIMOHHYIO U
TeXHUYECKYIO IIPOCTOTY MCIOJIb30BaHMS ILIaHAP-
HBIX BJIEKTPOHHBIX MY4YKOB [14—17] n1s1 06paboTKu
MaTepuagoB 1 U3ACIUIN CIOXHOMN (hopMbI, B OOBIU-
HBIX YCJIOBUSIX HE TIPECTaBISIeTCS BO3MOXHBIM MPO-
BOIUTH 00PabOTKY TaKMX U3AEIUI C JOCTATOYHBIM
KauecTBOM. Takke HECOMHEHHBIM MUHYCOM TaKUX
MY4YKOB MpU 00pabOTKe U3AETUIA CIOKHOU (hOPMBbI
sBisieTcsl 9 eKT reoMeTpuueckoil TeHU, KOTO-
phIii HE TTO3BOJIIET 00pabOTaTh HEKOTOPHIE YYaCTKU
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U3AeAUsl C Pa3BUTON MOBEPXHOCTbIO (HaINpumep,
KOPOHAPHBIE CTEHTHI).

Pemenue npencraBieHHBIX BbIIIE IPOOJIEM BO3-
MOXHO IIyTeM TeHepallui paaualbHO CXOISIIEro
BJIEKTPpOHHOrO Iyuka. OmHako mIs 3amad MOOM-
(prKauM MOBEPXHOCTH METAJNIMYCCKUX MU3IETIHIA
BJIEKTPOHHBIM MYYKOM JUIMTEIBHOCTBIO IECSITKU U
Jaxke COTHU MUKPOCEKYHJ TpeOyeTcsl MIOTHOCTh
SHepruu nydka yposHs 10 JIX/cM?, 4TO B yCIOBUSX
0a/IMCTUYECKOMN (hOKYCHPOBKU ITyuKa IIPUBOAUT K
HEOOXOOUMOCTH 00eCIIeUeHUSI SMUCCUOHHOTO TOKA
ypoBHa 0.15 A/cM? pU 3MUCCUOHHOI TUTOLIALU
ypoBHs 100 cM? U BbILlE, YTO 3aTPYIHUTEIBHO pea-
JIN30BaTh B UICTOUHMKAX HA OCHOBE TEPMOIJICKTPOH -
HOI U MOHHO-3JIEKTPOHHOU SMUCCUU.

B pa6otax [18, 19] reHepauusi 3J1eKTpOHHOTO
My4YKa MPOU3BOAUTCS HAa OCHOBE B3PBIBHOI 2JIEK-
TPOHHOI 3MUCCHU. DJIECKTPOHHBIM MyYOK B TaKUX
CUCTeMax TeHEepUpPYyeTCs B MyIIKe TWOAHOrO TUIIa
CO B3PBIBOSMUCCHMOHHBIM KaTOIOM BHYTPEHHHUM
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JuamMeTpoM 8 ¢M, B KOTOPbIiA BCTpOeHHbI 18 pe3u-
CTUBHO Pa3Bs3aHHBIX TYTOBBIX UCTOYHUKOB I1J1a3Mbl
(B Kaxkmyto cekiuio karoga) [18], a Takke B LIMJIUH-
IPUIECKOM MCTOYHUKE TPUOAHOIO THUIIA C IHAME-
TpoM Katoaa 15 cm u miuHoit 95 cm [19]. Ilepe-
YUCJIEHHBIE CHCTeMbl T€HEPHPYIOT paauajibHO
CXOISIIINECS DJIEKTPOHHbBIC MYYKU ¢ MAKCUMAaJIBHOM
TUIOTHOCTBIO 3Hepruu 10 30 JIx/cM? TpU pas3InyHbIX
nuaMeTpax aHoga. OgHAKO MCTOYHUKU Ha OCHOBE
B3pBIBHOI 3JIEKTPOHHON 3MMCCUUM TakxXe 00ja-
JAIOT PSIIOM 0COOCHHOCTE!, a UMEHHO: HeOOJIbIIOMN
JUTUTEJIbHOCTBIO UMITYJIbCOB (He 00jiee HeCKOIbKUX
MUKPOCEKYHII), OTHOCUTEJIbHO HU3KNUM PECypCOM
KaToja, OMHOPOMAHOCTBIO My4YKa, HAIMPSIMYIO 3aBM-
CAIIEel OT BOSBHUKHOBEHUSI SMUCCUOHHBIX LIEHTPOB
Ha KaTole, CJIOKHOCTBIO YIIPABICHUS MOIITHOCTbHIO
IyYKa B TeUEHUE UMITyJIbCca ero reHepalvy 1 Jp.
BBICOKYIO TUIOTHOCTH DHEPTUM 3JIEKTPOHHOTO
MyYyKa TakKXKe MOXET 00eCHeYuTh IIa3MEeHHBIN
katon [20], KOTOpbIit TTpU CTAOMIM3aLMN IPAHULIBI
SMUCCHOHHOI M1a3Mbl 001adaeT pSIIOM IIpEeuMy-
IIECTB Mepel UCTOYHUKAMU Ha OCHOBE B3PBHIBHOM
3JICKTPOHHON 3MMCCHUU, TaKMMHU KaK OOJIBIIONM
CPOK CIIYKObI, HEKPUTUYHOCTh K BAKYYMHBIM YCJIO-
BUSIM, BbICOKasl aHepreTrndecKast 3(pPeKTUBHOCTb.
Takke 3a CYET UCTIOIB30BaHUSI SMUCCHOHHOM CETKU
MOXHO pa3neauTh Pa3psaaHbIi U YCKOPSIOIIUNA
MIPOMEXYTKH, YTO TO3BOJISIET HE3aBUCUMO JIPYT OT
JIpyra yIpaBiIsiTh OCHOBHBIMHU ITapaMeTpaMHM ITydKa
(TOKOM, BHeprueil YCKOpEeHHBIX 3JIeKTPOHOB, IJIN-
TEJIbHOCTBIO M YACTOTOM CJICIOBAHMS UMITYJIbCOB).
ITpu ropeHun ayroBoro paspsiia HU3KOIO JaB-
JICHUS IIPOMCXOIUT €ro IIHypoBaHUe. DTO MPUBO-
IUT K TOSIBICHUIO HEOTHOPOIHOCTU 3MUCCUOH-

i
Lo,
-

HOI TIJIa3MBbl, pacmpenesieHue KOTopoit B o0beme
MJ1a3MEHHOTO SMUTTEPa BIUSET Ha paclpeneacHue
IUIOTHOCTM TOKa my4ka. B c¢Bs3u ¢ aTtuM pabota
MOCBSIIIEHA U3MEPEHMIO ITapaMeTPOB SMUCCUOHHOMN
IJ1a3MbI (KOHLIEHTPALUU, TEMIIEPATYPhI 3JIEKTPOHOB,
MoTeHIMAaJIa TIJ1a3Mbl), OMPEeIeHNI0 aKCUaTbHOTO
U a3UMYTAJILHOTO paclpeAcieHUil KOHIIEHTpaIuu
IJ1a3Mbl B CO3IaHHOM MHOT'OAYTOBOM ILJIa3MEHHOM
SMUTTEPE U JEMOHCTPALMM BO3MOXHOCTEM TaKOIo
WCTOYHMKA 3JICKTPOHOB IS pPELICHUS 3amad 110
3JIEKTPOHHO-YYKOBOM MOAUMPUKAIIUU TTOBEPXHO-
CTH Pa3JIMYHBIX MAaTEPUAIOB U U3JCIIUA.

2. METOIbI U MATEPUAJIBI

OOBEKTOM MCCIIEAOBaHUS SIBISIETCS MCTOUHMK
3JIEKTPOHOB C CETOYHBIM IUIA3MEHHBIM OMUTTEPOM 9
Ha OCHOBE OYTY HU3KOTO JaBJICHUS, TO3BOJISIOIINIA
TeHEpPUpPOBaTh pPaIvaIbHO CXONSIIUIICS 3JIEKTPOH--
HBII nydok (puc. 1) sHeprueit 1o 50 k3B u TokoM
1o 120 A, mmurtenbHOCTBIO 10 500 MKC U YyacToTOM
cremoBaHus uMItynbcoB 1 I [21]. B BakyyMmHOI
kaMmepe /0 pa3MmelleH MHOTOIYTOBOM CETOYHBII
MJIa3MEHHbI 3MUTTEP, MPEACTABISIOIIMI COOO
MPOTSIKEHHBIU TTOJIBIA TOPOUI M3 HEPXKABEIOLIEH
ctanu auuHoi 320 MM M BHYTpEHHUM JIuaMe-
TpoM 220 MM, KOpIyC KOTOPOTO SIBIASIETCS aHOAOM
nyroBoro paspsiga. KoHCTpyKuus ILIa3MEHHOIO
SMUTTEpPA UMEET AIBE OCHOBHEIX 00JIaCTH: 00JaCTh
1, B XOTOpOIi IpOUCXOAAT reHepanus AYTOBOTO
pa3psiia U HapaOOTKa dMMCCUOHHON INIa3Mbl U
0071acTh 2, B KOTOPOM 3apsiKeHHbIE YaCTULIBI TIPU-
00peTaloT BHICOKYIO 9HEPTUIO, COOTBETCTBYIOIIYIO
yckopswluemy Hanpsaxenutro U, IIpoMexyrku

10 _A

Rt |

Puc. 1. Cxema aKCTIepUMEHTATbHOM YCTAaHOBKU: I — 00JIaCTh TOPEHUS IyTOBOTO pa3psina, 2 — YCKOPSIIOIINIA TTPOMEXKYTOK,
3 — MENKOCTPYKTYpHasl SMUCCUOHHAsI ceTKa, 4 — TMOJIbIi aHOM, 5 — MOMKUTAIONINIA 3JIEKTPO, 6 — KaTol, 7 — KOJUIEKTOP,
& — muaneKTpuK, 9 — MIa3MeHHbIN SMUTTep, /0 — BaKyyMHas Kamepa.
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pa3aeieHbl METKOCTPYKTYPHON MeTallndecKon
ceTkoii 3 ¢ pazmepoM stueiiku 0.14 X 0.14 mm?. Buy-
TPU IJIa3MEHHOTO 3MUTTEpa PacCIIOJIOXEH ITOJIbII
aHOII 4, BEITIOJTHEHHBIH 13 (OJTBIY M3 HepXKaBelomei
CTaJI, KOTOPHI TTOIKIIIOYEH Yepe3 COIIPOTUBIICHUE
(R, = 25 OM) Kk ocHOBHOMY aHo#y. KaTonHble y3ibl,
cozaarolue 1mia3My TyroBoro paspsiaa (majiee Iia3-
MOTE€HEepaTophl), 3aKPETUIeHbl Ha TOPLIAX MPOTSKEH -
HOTO TOJIOTO TOpOWIa U pa3HeceHBl Ha yroa 120°
OTHOCHUTEJIBHO APYT Ipyra, Mo TPU C KaxAOH CTO-
poHbl. Pabounii ra3 aproH rmomaeTcsl B CUCTEMY 4epe3
TPYOKM ONMHAKOBOM JUIMHBI, KOTOPbIE MOAKIIOYEHbI
K KaTofaM, MUMEeIOIIUM aKCHaJIbHOE OTBEPCTUE 1 MM.

JyroBoii pa3psii HU3KOIO NaBJeHUSI UHULIUUPY-
eTcsl UCTOYHUKOM U, , IyTeM Mpo06os 10 NOBEPXHO-
CTH AWAJEKTPpUKA & MeXOy MOMKUTAIIINM 3JIeK-
TPOIOM S 1 KaTOIOM 0, TIOCJIe YeTO B IIPOCTPAHCTBE
II0JIOTO aHOJA 3aropaercss OCHOBHOW paspan U,
TTonblit aHON, MOAKIIOUEHHBI Yepe3 COMPOTUBIIE-
HUE K SMUCCUOHHOI CeTKe, MO3BOJISIET YCKOPUTh
MepEeKIIoYeHNE TOKa AYTOBOIO pa3psiia OT KaXIoro
IUIa3MOTeHepaTopa B 00J1aCTh SMUCCUOHHOM CETKU
7SI TIOBBIIIEHUST KOR(DUIIMEeHTa U3BJICUYSHUSI BJIeK-
TPOHOB U3 AMUTTEPA.

OTOOp BJIEKTPOHOB U3 DMUCCUOHHOM TJIa3Mbl
U MX YCKOPEHME 10 KOoJIeKTopa 7, pojib KOTOPOIo
BBITOJIHSIET CTePKEHb U3 Hep:KaBeIoIleli CTalu nua-
METPOM 16 MM, OCYILIECTBISIIOTCS 4Uepe3 sSTueilku
SMUCCUOHHOM CETKM II0J AeUCTBUEM ITOCTOSIHHOTO
YCKOPSIOIIEro HanpsiKeHus1 BeanunHoi 1o 50 kB,
MPUJIOXKEHHOTO MEXTY SMUCCUOHHBIM 3JIEKTPOIOM
u KoJuiekTopoM. KosutekTop pacnosiaraercsi paBHO-
yIaJe€HHO OT SMUTTepa Ha OCU UCTOYHUKA 3JIEKTPO-
HOB Ha pacCTOSIHUM 9.4 CM OT SMUCCUOHHOM CETKU
1o Kpast crepxxHs. IlapameTpsl cucteMbl (TOK pas-
pspa I, ToK Ha KoyiekTope /,,, TOK yCKOPSIIOLIETo
MpoMeXyTKa /, U TOK KaMephbl ;) U3MEPSIOTCS 1051~
camu Porosckoro ¢ uyyBcTBUTENbHOCTBIO 50 A/B.

Hust BceX THUIIOB MCTOYHUKOB 3JIEKTPOHOB C
IUTa3MEHHBIM KaTOAOM M CETOYHOI1/CI0eBOil cTa-
Ounm3anueil rpaHUIBl SMHUCCHUOHHOM ILIA3MBbI
BaXKHBIMU TTapaMeTpaMu, OTBETCTBEHHBIMM 3a CTa-
OMJIbHYIO U 3 (HEKTUBHYIO TeHEPALIMIO DJIEKTPOH-
HOTO ITy4yKa, SIBJISIIOTCSI KOHLIEHTPAlMs T1J1a3Mbl, €€
MOTEeHIIMAJ U TeMIlepaTypa 3JeKTpOHOB. B maHHOI1
paboTe m3MepeHue ImapaMeTpOB IIa3Mbl JYTOBOTO
pa3psiia U CHITHE 30HIOBBIX XapaKTEePUCTUK OCY-
LIECTBJSJIMCH C TIOMOIIbIO aBTOMAaTU3UPOBAHHOM
CHUCTeMBI U3MepeHus [22]. DTa cuctema Mo3BOJsIET
HE TOJbLKO 00ecrneuyuTh TpedyeMylo cTaTUCTUYe-
CKYIO TOCTOBEPHOCTb I1OJIy4ae€MbIX JaHHBIX, HO U
MIPOBOIUTH U3MEPEHNE ITapaMeTPOB IJIa3MbI B pa3-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

JIMYHBIE MOMEHTBI TeHepaluu paspsiza U HalJo-
JaTh ux guHaMuky. CuctemMa uaMepeHus: pukcu-
pyeT MIHOBEHHBIC 3HAYCHUS KaK TOKa 30H/a, TaK 1
HaIpsDKeHMST CMellleHUsl Ha HeM. B kadecTBe 30HOa
HMCIIOIb30BAICS OOVMHOYHBIA LUIMHIPUYICCKUIA
301 JIeHrMIopa JJrMHoM 5 MM 1 auameTpom 0.3 MM.
30H1 ObLI pacrloJioXeH B LIEHTpe 00JacTU rope-
HUS pa3psiia paBHOYAAJIEHHO OT TOPLIEBLIX CTEHOK
AMUTTEPA.

CTpyKTypHas cxeMa CUCTEMbI U3MEPEHMS TIPEI-
CTaBJIeHa Ha pUC. 2, OHA COCTOUT U3 TPeX OJIOKOB:
M3MEPUTEIIbHBII OJIOK, MUKPOKOHTpOJIIep 1 (pop-
MHUpOBaTeIb CUHXPOUMITYJIbCOB. M3MepuTeIbHBIM
010K BKJIO4aeT B cebsl aHamoro-uudpoBoii mpe-
obpazoBarens (ALLIT), nenurens HaNIpSKEHUS IS
M3MEpPEHUST HAIIPSDKCHMST CMEIISHUS W IIYHT I
M3MEepEHUsI TOKa 30HA.

Uanana | DOpPMHpOBaATEN L
CHHXPOHMNYJILCOB
TxD
MukpokonTpoJiep RS-232
RxD
[IIIIIJILIH o2
i HU3mepnTeabHbII
HIYHT& ﬁj[ G]C

Puc. 2. CtpykTypHas cxema 30HIOBOI1 CUCTEMBI U3Me-
peHust TapaMeTPOB SMUCCUOHHOM TJIa3MBbl.

IIpu reHepauuu paspsiia BO3HUKAeT HEOOXO-
IUMOCTb CMHXPOHHM3allMM Hayajla MOMEHTa M3Me-
pEeHUsS OTHOCUTEILHO MMIYJIBCOB TOKa paspsa,
MO3TOMY OTHEJIBbHBIM OJOKOM BBICTyIIaeT (pop-
MUpOBaTe/lb CUHXPOUMITYJIbCOB. MakcrumalibHOE
KOJIMYECTBO TOUCK, XPAHSIIUXCS B ITaMSTH 32 OIHO-
KpaTHoe m3Mepenne, coctaBiseT 1000. [Tpn xonnm-
yecTBe udMepeHuit 6osee 1000 cucrema nepenaet
nanHble Ha I1K 1 cHOBa IIpOBOAUT U3MEPEHUS TO
TeX TOop, MOKa He JOCTUTHET 3aJaHHOTO KOJHNYEe-
ctBa usMepenuii. [locne nepenaun ganHbix Ha 1K
B OKHE€ IIpOorpaMMbl OTOoOpaxaeTcs M3MepeHHas
30HI0Bas1 XxapakTepucTuka. Takxke nmeercs (PyHK-
LS U3MEHEHUST BpEMEHHU 3aJIePKKKA U3MEPEHUST OT
(bpoHTa MMMyabca TOKa pa3psaa, YTO MO3BOJSET
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Puc. 3. Cxema U3MEPCHUA 30HI0BOM XapakKTEPUCTUKU OTHOCUTEIbHO aHOda AYTrOBOIoO pa3spsaa.

M3MEPSTh IapaMeTpbl SMHCCUOHHOM IJIa3MBl B
TeUEeHNE MMITYIbca TOKA pa3psiia U MPOCIeKUBATh
JUHAMUKY ee ITapaMeTpoB. 3a OAWH UMITYJIbC TeHe-
pauuu cucteMa usMepsieT onHy Touky BAX-3oHpa.
ITockoabKy B IaHHOM cjiyyae pacCMaTpUBaeTCs
reHepauus paspsiga ¢ yactoroil B 1 I, uamepe-
HI€ HECKOJIBKUX COTeH TOYEK 3aHMMAaeT HECKOIbKO
MHUHYT C YyYE€TOM BpEMCHHU Iepenayd HAHHBIX W
BBIBOJIA MX HA DKPaH.

CxeMa M3MepeHUs] 30HAOBBIX XapaKTePUCTUK
MpeacTaBieHa Ha puc. 3. 30H] MTOAKIIIOYAJICS OTHO-
CHUTEJIPHO TI0JIOTO aHOda AYTOBOIO pas3psiga, UMEo-
IIeTO ropas3ngo OOJIbIIYIO TLIOIIAAb B CPABHEHUH C
KaToIoM, YTOObI BHOCUTh MUHUMAJIbHBIE MCKaXKe-
HUS B reHepupyemylo miaasmy. MaMmepenue napa-
METpPOB ILIa3Mbl (IMOTEHIIMAA IIa3Mbl, TeMIIepa-
Typa U KOHIIEHTpal1s 3JeKTPOHOB) IMPOBOAUIOCH
C MCTOJIb30BaHUEM DBJIEKTPOHHOI BETBU 30HIOBOI
XapakTepUCTUKK. HampsokeHne cMeleHus Imoaa-
BaJIOCh Ha 30H] OT JabOpaTOPHOIO aBTOTpaHCHOP-
MaTopa uyepe3 pas3lelUuTeNbHbIil TpaHC(hopMaTop U
TUOIHBIN MOCT. DJIEKTPONUTaHUE CUCTEMbI U3MEPE-
HUS ObLIO TAJIbBAHUYECKU OTBSI3aHO OT OOIIEi CeTH
HampskeHus. M3aMepeHmne HaIpsoKeHUST CMEIIe-
HUS ¥ TOKA 30HIA OCYIIECTBIISUIOCh OTHOCUTEIBHO
00I11Ielf TOYKM CUCTEMBI M3MepeHus. it orpenere-
HUS TTOTEHIIMAA TUIa3Mbl M TEMIIEPATYPhI 3JICKTPO-
HOB OblJIa TTOCTPOEHA 3aBUCUMOCTb JJoraprgma Toka
30H/1a OT HaMNpsKEHUsI CMEIeHUs. DIeKTPOHHBII
TOK HACBIIIEHNS OIPeNesIsuICsS 110 30HIOBOI XapaK-
TEPUCTUKE B TOUKE MOTEHIINAJIA TIJIa3MBl.

3. 5KCITEPUMEHTAJIbHBIE PE3VJIBTATbI

HanpsixeHue ropeHust 1yroBoro paspsiiaa usme-
pSIOCHh ¢ TOMOIIBIO BBICOKOBOJBTHOIO IIYIIA.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

Ha ocHoBe moTy4eHHBIX JaHHBIX OBLIA ITOCTPOCHBI
BOJIbT-aMnepHble xapakTepuctuku (BAX) npu pas-
JIMYHBIX JaBieHUsX padbouero rasa (puc. 4). Ilpu
MOBBILLIEHUH TaBJIeHUsI paboyero raza mpoOUCXOIUT

U, B
1504 —=—p=210"1a
140 —4—p=810"1IIa
130+
120
1104
100+
90+
801 =
70
60
504

40 —
50 100

150 200 250

1I a r’\

Puc. 4. BAX nyroBoro paspsiia HU3KOI'O JaBJIeHUS
B MUICTOYHUKE DJIEKTPOHOB C MJIa3MEHHBIM KaTOIOM.

CHIDKEHME HaIIpsKEHMSI TOPEHUSI pa3psiga, CBSI3aH-
HOE C yBeJIMYeHNEM KOJIMYECTBAa aKTOB MOHU3ALUU
B 00beMe U TOBBIIIEHUEM KOHIIEHTPALlUK DMUC-
cMOHHOM 1asmbl. K npumepy, rpu Toke paspsiia
1, = 140 A nanpskeHue paspsiia Mpy MOBBIILIEHUT
nasiaeHus rasa (c p = 21072 Ila no p = 8- 1072 Ia)
yMEeHbIIAeTCs MpUMepHO Ha 15 B.

Ha puc. 5 npeacraBieHbl pe3ybTraTbl 30HI0BBIX
usMmepeHuii. 3 puc. 5a cienyet, 4To mapameTpbl
TJIa3MBbI CJ1a00 3aBUCST OT MaBJeHUS B AUalla30HE
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50—85 wmlIla, Torma xak Ha puc. 50 BUIAEH SIBHBIA
POCT KOHILIEHTPALUM TIJIa3Mbl IIPU U3MEHEHUM TOKa
paspsna. CpaBHeHUE 30HIOBBIX XapaKTEPUCTHK,
IMOJIY4EHHBIX B PasjM4YHbIe MOMEHTBHI BPEMEHU,
OTHOCUTEJIbHO Hauajla UMIyjibca (puUc. 5B), moka-
3aJl0, YTO MOTEHIMAJ] IJIa3Mbl PACTET MPUMEPHO
10 60 MKC ¥ TpaKTUYEeCKU He U3MEHSIETCS Tociie,
4YTO, BEPOSITHO, CBSI3aHO C BPEMEHEM 3aIoJHEHUS
naa3mMoil oobema smutTepa. M3 30H10BBIX XapakTe-
puctuk (puc. 5B) OblTa paccumMTaHa TakKe KOHIICH-
Tpalus [UIa3Mbl B pa3IMYHbIe MOMEHTBI: B Hayaje
ummnyibea (20 Mxc) oHa coctaBuia 2.6+ 100 cm~3,
B cepennHe ummyibca (60 mxc) — 5-10 cm3, a B

L, mA (a)

B 85uila
A  50mlla

100 150 200
U, B
I, MA ©)
160-
140-
120
100
80-
60-

40

oF ] -
20- n g
0' T

U, B

= [,=120A

150 200

koHue (100 Mkc) mocturia 3HayeHus 5.8 10" cm—.

[ToTeH1Man r1a3Mbl B TeUEHUE UMITYJIbCa MEHSIICS C
100 mo 120 B. /lanHbBIe M3MEHEHMS CBUIETEIHCTBYIOT
O pacCIIMPEHUM IIJIa3Mbl B TeUCHUE HMMIYJbca U
YCTaHOBJICHUY KBa3UCTALIMOHAPHOTO peXX1UMa I'eHe-
paiuu MpuMepHo K 60-if MUKpOCEKYHIIE.

B maHHBIX 3KCIIepUMEHTaX 3JIEKTPOHHBIN TOK
HacCbIIEHUST BapbUpyeT B mpeneinax 23—65 MA.
Takum o6pazom, B OIM3KUX K paboyuM pexumax
TeMIlepaTypa 3JeKTPOHOB IyTOBOTO pa3psiia coCTa-
Bwia 1, = 35 5B, a KOHUEHTpaLUs IEKTPOHOB B
miasme jgocturana sHauenus n, = 8.1-10" cm™?
npu Toke [, = 120 A, Torma Kaxk Ipu Toke paspsna
I, = 80 A KoHUEHTpalus IJa3Mbl COCTaBJsJa
5.8-10" cM~3, 4yTO CBUIETENBCTBYET O CYIIECTBEH-
HOIT 3aBUCMMOCTHY KOHILIEHTPALIMK OT TOKa TyTOBOTO
paspsiga. CTOUT OTMETHUTh, YTO MOJIyIeHHAS BeJIM -
yyHa 7, IpeacTaBisieT cOO00 HEKOTOPYIO CPEAHIOIO
BEJIMUMHY DHEPTUM DJICKTPOHOB, a HE SHEPTHUIO T10JI-
HOCTbIO TEpMaAJIM30BaHHBIX JIEKTPOHOB pa3psiaa.

Ha asmMmyranbHOM pacnpeneiieHuu (puc. 6)
KOHUEHTpauus IIa3Mbl cocCTaBuiaa n, =
= (5.7£0.4)- 10" cm~° npu Toke paspsma [, = 120 A
un,=(3.61+0.2)-10" cm*npu Toke I,= 90 A. Tem-
rneparypa 3JeKTpOHOB B cpeaHeM cocTaBuia 40 5B,
a MoTeHILMaJl 11a3Mbl cocTaBul okosio 90 B. ITony-
YeHHOE€ paclpenejeHue MoKa3aao YIOBJIETBOPU-
TeJIbHYI0 HEOTHOPOIHOCTb KOHIIEHTPALIUK ILIa3MBbI
B TaHHOI1 KOH(pUTYypalluu 3JIEKTPOIHOM CHUCTEMBI
MIa3MEHHOTO 3MUTTepa AJs MOJydyeHUs] OIHO-
POMHOTrO pagualbHO CXOASIIErOCs 3JEKTPOHHOTO
nyyJka.

L,MA (B)
80 ] 100 Mxe
a0 Mxc
40 Mxc

® e+ pn

20 MEc

60+

40

20

100 150 200
U B

0 50

Puc. 5. CpaBHeHUEe 30HIOBBIX XapAKTEPUCTHK MPU Pa3IMUHBIX Aabienusx (1, = 70 A) (a), Tokax paspsama (p = 5+ 1072 [1a)
(6), MOMEHTaX OTHOCHUTEJIbHO Havasta ummyibsca (I, = 80 A, p = 5- 1072 I1a) ().
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[aasmorcHepaTops
¢ mopua 1

“J’JHZMDTEHEPHTU[IH

¢ Topua 2
=N-10" em

n, cM

o m I =%A
m [;=120A
DIMHCCHOHHAS
cerka

Hoasiii anoa

Puc. 6. A3uMyTanbHOE pacrpe/e/ieHle KOHLEHTPALU 3MUCCUOHHOI T1asMbl (p = 5+ 1072 [a).

AKcuanpHOeE pacripenencHue (puc. 7) KOHIeHTpa-
LM SMUCCUOHHOI TJIa3MBbl 110 AJIMHE TIa3MEHHOTO
SMUTTEPA TIOKA3aJI0, YTO KOHLEHTPALUS TUIa3MBbI
IyroBoro paspsna ymensuiaetcs ¢ 9-10'° cm™ no
3-10" ¢cm™3 mo Mepe ynanaeHMs OT IIa3MOTreHepa-
TOpa, Ha OCU KOTOPOro pacroiaraics 30H1. Bepo-
ATHO, TTOJy4eHHOE CHIKEHME KOHIIEHTPALINK CBSI-
3aHO C HEONTUMAJBbHBIM PAaIIyCOM OKPYXHOCTHU
(22 cM), Ha KOTOPOIi pacMoIoKeHbI I1a3MOoreHepa-
Topsl. [ToTeHLIMAT TIa3MBl B aKCHAJIBHOM pacIipe-
NeJIeHUU U3MEHSUICS HECYIIECTBEHHO U COCTaBIISUI
npumepHo 110 B.

DKCIEPUMEHTHI [0 TeHEPALNH PATUaTIbHO CXO-
ISAIIEToCcs] SIEKTPOHHOTO My4Ka C UCTIONb30BAHUEM

Mg, N

10 4

[Tnasmoreneparop

CO3JaHHOTO CETOYHOIrO ILUIa3MEHHOI'O0 3MUTTEpa
MoKa3aju, 4TO B TaHHON KOH(MUTIYpPAllUN CUCTEMBI
MOXKHO MOJTyYUTh IIOTHOCTB 3Hepruu 10 20 Jx/cm?,
YTO SIBJISIETCSI TOCTATOUHBIM 7151 00pabOTKY IMOBEPX-
HOCTU METANIMYECKUX U3IAEIUN pa3TudHbIX (hOpPM.
XapakTepHble OCLUMJJIOTpaMMbl TOKa paspsiia U
TOKa Iy4Ka MpencTaBieHbl Ha puc. 8a. M3 mpenmno-
JIOXKEHMSI, YTO BECh TOK B YCKOPSIIOIIEM IIPOMEKYTKE
1, 1BNSIETCSA SMUCCUOHHBIM TOKOM U3 IJIa3MEHHOTO
amurrepa /, = 1,,, cnenyet (puc. 8a), yto koaddu-
LIMEHT W3BJCYEHUS DJIEKTPOHOB U3 ILJIa3MEHHOTIO
3MUTTEpPA, PaBHbIN OTHOWEHHUIO O = /,,, / 1 ;, cocTaB-
nget okouo 0.75. Ha puc. 80 ripencraBieH aBTorpad
3JIEKTPOHHOTO ITyYKa Ha KOJJIEKTOPE U3 Hep:KaBeIo-

_._jd': QOA
——[,=120A
) 7
7 /
7
7 %
e A ZR
\ IMHCCHOHHAA

001aCTE

0 T T
0 6

12 18

Paccroamme or IIIasMOorcHeparopa, cM

Puc. 7. AkcuanbHoe pacrnpeieieHie KOHLIEHTPalUU SMUCCUOHHOI MIa3Mbl HA OCH I1a3MoreHepartopa (p = 5- 1072 ITa).
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Puc. 8. OcuumutorpaMMbl TOKOB pa3psiia 1 TOKOB B

yckopsIowieM rpomexyTke (p = 5- 1072 I1a) (a) u aBTo-

rpad 3J1eKTPOHHOTO ITyYKa Ha KOJUIEKTOpEe M3 HepXKaBe-

foleit cranu npu Toke nydka /, = 100 A, yckopsitoiiem

HanpsokeHuu Uy, = 45 kB u 1yiMTeIbHOCTH MMITyJIbCa
1= 150 mxc (J = 13 [Ix/cM?) (6).

nieii cranu npu Toke nmyuka /, = 100 A, yckopsromem
HanpskeHuu Uy = 45 KB 1 IIMTeIbHOCTU UMITYJIbCa
1= 150 Mkc (J = 13 Ix/cM?).

4. SAKJTIOYEHHME

[poBeneHHBIE UCCAENOBAHUS MTPOIEMOHCTPH-
pOBaM yIOBJIETBOPUTENbHYIO HEOLHOPOIHOCTD
KOHLIEHTpAallMU TUIa3Mbl, 3amoyiHsomeill 06beM
MUIAa3MEHHOTO SMUTTEpPA, MPU Pa3IUUYHBIX TOKAX
MHOTOIYTOBOTO pa3psga U AaBIEHUSX paboyero
rasa, YTo KOCBEHHO MOXET TOBOPUTb O PABHOMEp-
HOCTH 00paGOTKY pa3IM4HBIX MaTePUAIOB U U3JIe-
JIMH IUMIMHApPUYECKO M OoJjiee CIOXHOU (opm
NpU MOMOIIM MCTOYHMKA JIEKTPOHOB C pajiu-
aJIbHO CXOASALIMMCH MyuykoM. JIis a3uMyTalibHOTO
pacIpeneieHus: B cepeinHe TIa3MEHHOTO MUT-
Tepa KOHIIEHTPALMsI [UIa3Mbl B CPEIHEM COCTaBMIA
n,~ (3.6+0.2)- 10" cm™ n1a Toka paspsana 90 A u
n,~ (5.7+0.4)- 10" cm~* g toka 120 A. Tony-
YeHHBIE 3aBMCUMOCTHU NapaMeTPOB T1J1a3Mbl OT J1aB-
JIeHUs T10Ka3aau He3HAYUTENbHbIE PA3IU4tsl, B TO
BpeMsl KaK IpU U3MEHEHUU ToKa paspsaa ¢ 50 1o
120 A KOHIIEHTpALINS SMUCCHOHHOIA TI1a3Mbl MEHSI-
nach ¢ (3.8 +0.2)- 10" em~3no (8.1 £0.2) - 10 em 2.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

HMcnonb3dyeMass aBTOMaTu3upoBaHHAsl cucTema
M3MepeHUs M03BOJIUJIA MOJYYUTh TUHAMUKY Mapa-
METPOB IJIa3Mbl B TeUEHUE UMITYJIbCa TOKA pa3psina.
Tak, B LeHTpaJbHOII 00JlacTU SMUTTEpa ILIa3zMa
HapabaTbiBaeTcs B TedeHue 60 MKc. DTo moapasyme-
BaeT reHepaluio JyroBOro paspsiia JIUTEIbHOCTHIO
nopsaka 100 Mkc 1 6osiee B TaHHOU KOH(MUTYpaLuu
3JIEKTPOAHON CUCTEMBbI, YTO TaKXe BaXKHO YUUThI-
BaTh MpU pa3pabOTKe UCTOYHUKOB IJIEKTPOHOB Ha
OCHOBE CETOUHBIX TUIa3MEHHBIX KaTOOB.

OPUHAHCHUPOBAHUE PABOThI

PabGora BbilosHeHa npu noagepxke Poccuii-
ckoro HaydyHoro ¢onaa (rmpoext Ne 23-29-00939).
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[IpennoxkeHsl ¥ alipoOMPOBaHbBI Ba METONA U3MEPEHMS TIIyOMHBI IPOHUKHOBEHUS TOJIST TTOBEPXHOCT-
HBIX T1a3MoH-ToJsipuToHoB (ITI1IT) ¢ ncnonp3oBaHMEM KBa3MMOHOXPOMATUYECKOTO TeparepleBoro
M3JIy4eHNsI HOBOCUOMPCKOTO JIa3epa Ha CBOOOIHBIX dJIeKTpoHax (A = 141 MKM): 30HIOBBI METOJ, C MOZY-
JISIIMeit U3 Iy9eHUsT 00TIOpaTopoM Win Momyisiueld nudparupyroieit moau moss [T konebanusmu
BHEIPEHHOTO B HETO 30HIAa U METOI 3KPaHUPOBAHMS, PETUCTpUpYIolero nHTreHcuBHoCTh ITI1I1, mpo-
IIEAIIUX ITOA METAJUIMIECKUM 2KpaHOM. B 0001x MeTomax mist yMeHbIIIEHUS JOJIU TTapa3uTHBIX 3aCBETOK
OT 00BEMHBIX BOJIH TIpeaiaracTcsl UCIOIb30BaTh M3JIOM ITIOBEPXHOCTH 00Opa3iia WM 3JEMEHTHI TIpeo0-
pasoBanus (u3nydenust B [1I1I1 u o6paTHO) LMAMHAPUYECKOM (hopMBI. Pe3ynbTaThl 3KCIEPUMEHTOB T10
olieHKe TTyOonHbI MpoHuKHOBeHUs 1o [TITI1 B Bo3ayx 060MMU MeTOIAMU COTJIACYIOTCS MEXKIY COOOIA.
BrIsiBJIeHBI JOCTOMHCTBA Y HEAOCTATKU 3TUX METOMIOB, a TAKXKEe YCIOBUS UX IIPUMEHEHUS IIPU padboTe ¢
obOpasiaMu, CoaepxKalluMU 1 He COAEPXKAIIIUMU JURJIEKTPUIECKOE ITOKPHITHE.

DOI: 10.31857/50032816225010115, EDN: GHMCDA

1. BBEAEHUE

B Hacrosiiiee Bpemsi pa3amep (DOTOHHBIX MHTE-
rpaJbHBIX CXEM OTpaHMYCH SIBIICHUEeM OU(paKIIuN,
YTO CAEPKMBAET JajibHellIee pa3BUTUE ONTUYECKUX
yCTpoicTB 00paboTku nHdopMauuu. I1nazmoHuka
CMOCOOHA YCTPaHUTD 3TO pa3Muue MeXIy pa3Me-
paMu 3JeKTPOHHBIX U (POTOHHBIX KOMITOHEHT [1].
®DoTOHMKA U TJIa3MOHMKA — B3aMMHO JOIIOJIHS -
omuye Apyr Apyra pasaeyibl OINTO3JICKTPOHUKU,
MOCKOJIbKY MpPU OMNpPeaeJeHHBIX YCIAOBUSIX OINTHU-
yecKue CUTHalAbl MOTYT ObITh MpeoOpa3oBaHbI B
MOBEPXHOCTHBIE Maa3MoH-TioasipuToHsl (ITITIT), u
HaoOopor. [Ipu nogdope noaxonsiyux MaTepualiosn,

81

HMCMOJb3YEMBbIX IS MU3TOTOBJEHMS MJIa3MOHHBIX
cxeM, HeoOxoguMo 3HaTh 3(OEKTUBHYIO TUDJIEK-
TPUYECKYIO IIPOHUIIAEMOCTh CKUH-CJIOSI TTOBEPX-
HOCTU TaKMX MaTepuaJioB, OIpedcIeHHYI0 METO-
JaMU IUIa3MOHHOI pedpakToMeTpun. HekoTophie
W3 TaKUX METOIOB, IPUMEHSIEMBIX B TeparcpleBoOM
(TI) nuama3zoHe, OCHOBBIBAIOTCS Ha M3MEpPEHUU
n1youHbl poHUKHOBeHUs 1oJist [TITIT B Bo3ayx.
[ToBepXHOCTHBIE IIJIA3MOH-TIOJSIPUTOHBI TIPEI-
CTaBJISIIOT COOOM PacCIpOCTPAHSIONINIACS IO Tpa-
HUIIe pasiesia MeTaljla U IU3JEKTPUKa KOMILIEKC
B3aMMHO MOPOXIAIINUX p-TIOJSIPU30BAHHOMN
MOBEPXHOCTHOM 371eKTpOMarHuTHOI BoJHEI (ITDB)
M BOJIHBI INIOTHOCTU 3JIEKTPOHOB IIPOBOIMMOCTH
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B IIPUITOBEPXHOCTHOM ciioe MeTayiia [2]. [Tone TTOB
SKCMOHEHUMAaAbHO YObIBAaeT MO 00€ CTOPOHBI OT
rpaHULIbI pasaesa, IpuieM [IyOrHa ero IIpOHUKHO-
BEHUS B METaJUI CpaBHUMA C IIYOMHOI CKMH-CJIOS
Ha JaHHOM IJIMHE BOJIHBI, a IJTyOMHA €r0 IIPOHUK-
HOBEHMUS B IMRJIEKTPUK (Uallle BCEro BO3IyX) OIpe-
nensercs (B cilydyae CTPYKTYpPbl MeTalI—BO3IYyX)
a(phekTuBHON (YyCpeaHEeHHOI) AUAIEKTPUUECKOM
MPOHULAEMOCTBIO €, MPUIIOBEPXHOCTHOIO CJIOS
MeTajjla U HaJIuduieM Ha I'paHuIle pasaesia IIepo-
XOBAaTOCTEl, BKIIOUEHUN U MHBIX BUIOB HEOIHO-
ponHocreit. [1pu atom miuHa BosHbl T Ay
MEHbIIIE JJIMHBI BOJHBI OOBEMHOTIO U3JIYYEHUS A,
B k' pa3 (roe k' — nokasareab npenomueHus TTITIT,
SABJISIIOLIMICS BEIIECTBEHHON 4acTbl0 KOMILIEKC-
Horo 1roka3atens npenomaeHus ITI11T), uro menaer
BO3MOXHBIM IIpeonojieHre TU(PPaKIIMOHHOTO Mpe-
nena A6Oe Mpu BbIMOIHEHUU MUKPOCKOMMU MTPOBO-
Jsiieit moBepxHocTH |3, 4].

Kpowme Toro, ¢azoBas ckopocts [TITI1 mMeHbIIe
CKOPOCTH CBETa ¢ B CBOOOIHOM MPOCTPAHCTBE BCETO
Ha COTBIC JOJIM MPOILIEHTA, B TO BpPeMsI KaK CKOPOCTh
OIITOBOJIOKOHHBIX MO KakK MUHMUMYM B 1.5 pasa
MeHblie ¢. [ToaToMy B HacTosiiee BpeMsl ¢ LieJIblo
MOBBIIIEHUSI CKOPOCTH TIepeaayr ONTUYECKUX CUT-
HaJIOB U ITOBBIIIEHUST OBICTPOIEHCTBUS ONITUYECKUX
YCTpO#CTB 00pabOTKM MH(POPMAILINK TIJIa3MOHHBIE
3JIEMEHTBI aKTUBHO BHEIPSIOTCS B CUCTEMBI OIITH-
YeCcKOM CBSI3W BUAMMOTO Juaras3oHa |5, 6].

OcBoenue miaadmMoHukoil TIu-guamazoHa He
TOJILKO ITO3BOJIUT ITOBBICUTH CKOPOCTH Iepeaaun
1 00pabOTKM JTaHHBIX [7, 8], HO U OTKPOET HOBbIE
BO3MOXHOCTH [JI1 U3y4YeHUsT (PU3UKO-XUMUUECKUX
MIPOILIECCOB Ha MOBEPXHOCTU METAJUIOB U ITOJYIIPO-
BONHUKOB, a Takxke mis1 TIiI-criekrpockonuu u
pedpakTomMeTpum rmosepxHoctu [9, 10].

ITpu pa3zpaboTke sneMeHTHOU 6a3bl TTir-1mma3-
MOHMKHN HEOOXOAUMO 3HATh ONTUYECKHE CBOKCTBA
Hanpasiswolleil nopepxHoctu I1IIII, onpenensiio-
11e Takue uamepsiembie xapaktepuctuku IITIT, kak
NIyOMHA MPOHUKHOBEHMS MX M0J1s1 (IT0 MOLIHOCTH ) B
OKpY:Kalollylo cpeny D u 1jvHa pacnpoCcTpaHeHUsI
TITIIT L (BenuuuHa, oOpaTHast KO3 UIIUEHTY 3aTy-
xaHug [1I1IT), koTopble U onpenensiioT pa3Mephbl U
BHEPIoIoTPedIeHNE ITA3MOHHBIX YCTPOICTB.

3HadyeHue OMAJIEKTPUUYSCKON IMPOHUIIAEMOCTHU
MOBEPXHOCTU METAJUIMYECKUX U METaJUIM3UPOBAH-
HBIX 2JIECMEHTOB OITHMYECKUX CXeM MOXET CYIIe-
CTBEHHO OTJIMYAThCs OT PACCYUTAHHOTIO MO MOACIU
Hpyne, ocooenHo B MK- u Tlu-gunanaszoHax, rue
oTpaxkalolasi CIiloCOOHOCTb 0JIarOPOIHBIX MeTall-
qoB crpemutcd K 100% [11]. bojee Toro, 3HaueHue
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5P HEKTUBHON AUIIEKTPUICCKON IMPOHULIAEMOCTH
€,, IPUITOBEPXHOCTHOIO CJI0S MeTajljla, Kylda Ipo-
HukaetT noJjie ITII1, MmoxeT Ha HECKOJIbKO MOPSIAKOB
OTJIMYATHCS OT MOJYYEHHOI'O METOIOM pedIeKTO-
metpuu [12, 13]. [ToaToMy mJ1s1 KOPPEKTHOTO MOJE-
JIMpOBaHUS pabOThl ONTUYECKUX CUCTEM, OCOOEHHO
BJIEMEHTOB IJIA3MOHUKU, HEOOXOAMMO UCIIOJIb30-
BaTb U3MEPEHHOE 3HAYCHUE TUAJIEKTPUYECKOM MIPO-
HUIIaeMOCTU METAJUIMYECKUX JIEMEHTOB U IIPOBO-
ISIIIUX TTOKPBITUM.

ITepcnexkTuBHoCcTh mpuMeHeHus: IIITIT nus
pedpakTOMETpUM IIPOBOASIICH ITOBEPXHOCTU B
Tlu-aguanazoHe 000CHOBBIBAETCS TakxKe TEM, UTO
HanpsikeHHOocTh Tons IITIIT Ha moBepxHOCTH
MeTaJlsla He TOJIbKO MakKCHMaJjibHa, B OTIMYME OT
HaIPSIXKEHHOCTU 30HAUPYIOLIEi 00beMHOI BOJIHBI
npu pedIeKTOMETPUIECKUX MU3MEPEHUSIX, HO U
pe30HaHCHBIM 00pa3oM ycujieHa Ha 1—2 mopsiaka,
a paccTossHWEe B3aUMOACHCTBUS 30HAUPYIOLIETO
nsnyuyenus B popme III1IT ¢ uccnenyemoii mosepx-
HOCTbIO, OmpeneaseMoe IJIMHONM pacIpoCcTpaHeHUs
TTIIT L, nocturaet (10°—10°) A,.

Hns orpeneneHUsT IU3JISKTPUYESCKON ITPOHMUIIA-
€MOCTH €,, TOBEPXHOCTU MeTaslla Ha TaHHOM UIHE
BOJIHBI A, HEOOXOAMMO M3MEPUTb HE MEHEee ABYX
xapaktepuctuk [1TITIT [13]. CpaBHUTEIBbHO TTPOCTO
¥ TOYHO TOAAAeTCsS M3MEPEHUIO IIMHA pacIpo-
crpaneHus I1IIIT L, cBsi3aHHasi ¢ MHUMOI 4acTblO
nokazatenst npenomiaeHus ITIIIT k' cooTHoue-
HueM L = A,/ (4nk’"). BTopoil xapakTepucTUKOil
MOXKET OBITh JINOO NeMCTBUTEIbHAS YaCTh MOKa3aTeNs
npenomaenus [T k, nubo nryduHa MPOHUKHOBE-
Hust D nons TTIIT B Bo3ayx. PeluB nucnepcruoHHOE
ypasHeHue I1T1I1, npu n3BeCTHBIX A, M MapaMeTpax
CTpYKTYpbl, Hanpasistoieit TTITIT, MmoxHo onpene-
JIUTD 3HaYeHUE KOMIUIEKCHOM BEJIMYMHEI €, = €' + ig".

HM3BecTeH crnoco® omnpeneneHus AUIIEKTPU-
4YEeCKOW MPOHULIAEMOCTH €,, TOBEPXHOCTU MeETaJl-
JIMYECKUX 3€pKaJjl [0 KOMIUIEKCHOMY I10Ka3aTellio
npenomaeHus [T kx = k' + k', HalimeHHOMY TTO
n3MepeHHBIM 3HaueHusM L u D [14]. Usmepenue D
B BTOM paboTe OCylLIeCTBISJIOCh JUHEHKON (poTo-
JeTeKTOPOB, pa3MElleHHONU MepHeHAUKYISIPHO K
tpeky IITIT u k moBepxHocTu o6pas3ua. Benencrue
BBICOKOI'O YPOBHSI 3aCBETKM JIMHE 1KY TTapa3sUTHBIMU
00bEMHBIMU BOJIHAMM OT BJIEMEHTa IpeoOpa3oBa-
Hus usnydyeHust ucrounuka B IIIIIT u ¢ camoro
Tpeka (u3-3a paccesHus IITIIT Ha HeomHOPOAHO-
CTSIX TIOBEPXHOCTH ) CHCTEMAaTHYeCcKas ITOIPeIIHOCTh
nsMmepeHust D okasanachk He MeHble 50%, 4To npu-
BOIUT K HEMPUEMJIEMO OOJIBIITION CUCTEMaTUUEeCKOM
OILLKOKE B ONPENETICHUH E,,.
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[TpuBnekarenbHas MepCcIieKTUBa it pedpaKTo-
METPUU METAJUIOB OTKPbLIACh, Ka3aJl0Ch Obl, B CBSI3U
¢ pa3pabotkoii Metona TIii-cekTpockonuu ¢ pas-
pemeHueM T0 BpeMeHM (time-domain spectros-
copy — TDS) [15]. IIpu peanuzanuu 3TOro Metoaa
M3MEPSIIOTCSI He MOIIHOCTh, a aMIUIMTyaa U dasa
3oHaupytomero TTu-u3nyyeHus: B popme muKoce-
KyHIHOTO uMmIlyjbca. IlpoB3anmoneiicTBoBaBIee ¢
o0OpasuoM mupokornoaocHoe TI-uznyyeHue cTpo-
oupyercss (eMTOCEKYHIHBIMU CBETOBBIMU UMITYJIb-
camu (Oasg 3amycka (pOoTONpUEeMHOM aHTEHHBI
TTu-uznydyeHus) ¢ UEIbl0 MOJYYEHUS 3aBUCUMO-
CTU CUJIBbI (POTOTOKA OT BPEMEHMU; MIOJTHOE 0OpaTHOE
(¢ypbe-Tnipeodbpa3zoBaHue 3TOM 3aBUCUMOCTH MO3BO-
JISIET MOJIYYUTh KaK aMIUIMTYIHbBIN, Tak U (pa30Bblit
CIIEKTPHI OTPAXXEHHOTO (IIPOIICAIIETO) U3TyUYeHUS
B IOCTAaTOYHO IIMPOKOii obnactu TIii-auanazoHa.

Merton 6b11 anpobupoBaH aias TIi-pedpakTo-
METPUU B TEOMETPUM Ha IPOITyCKaHWe/OTpakeHe
MPO3paYHbIX METAJIMYECKUX CJIOEB (TOJIIMHON 10
120 uMm) [16]. Hapsay ¢ BneyamisiiolIMMHK, Ha Tep-
BBII B3IJIS]T, JOCTOMHCTBaMHM, MeTon T DS nMeeT psan
HEeNOCTaTKOB: 1) HaIMuKe Aucrepcuu 3(pheKTUBHO-
CTU MPeoOpa30BaHUSI IIUPOKOIIOJIOCHBIX 00 bEMHBIX
BoutH B I1I1IT; 2) xkecTkue TpeOoBaHMS K ITapayljieib-
HOCTHU I'paHeil Mpo3pavyHOii MOMIOXKKHU; 3) MPOIOJI-
SKUTEJIbHOE BPeMsI U3BMEPEHUI BCIIEACTBUE HEOOXO-
IUMOCTU YCPETHEHUS MX PE3YIBTaTOB I10 OOJIBIIOMY
KOJIMYECTBY MMITYJIBCOB, UTO COIIPSIKEHO C JKECT-
KNMHU TPpeOOBAHUSIMM K CHHXPOHHOCTU W UICHTUY -
HOCTU uUMITyIbcoB B TI-nuamasoHe M CBETOBBIX
uMnyabcos [17].

bouiv mpennpuHSATH MONBITKU OOBEIMHUTH
Bo3MoxxHoctu MetomoB IITTIT-pedpakromerpun u
TDS-cnexTpockonuu Ajs UCCAEAOBAHUST MOBEPX-
HOCTU METAJUI0B U MOJIyIIpoBoAHUKOB B TTii-nuamna-
30He [12, 18, 19]. Umnynbe TTu-usnyyeHus mpeoo-
pa3oBBIBaJIiCS B UMNYJbC KUpokonoaocHbix TTTITT
U ITOCJIe Mpo0era UMY MaKpOCKOIIMYECKOIO pacCTo-
SIHUSL 110 00pa3ly MmpeoOdpa3oBbIBAICS B 00bEeMHOE
HU3JTy4eHne, KOTOPOe JeTEKTUPOBAJIOChH, ITOCIIE YETro
nojydyeHHasl 3aBUCUMOCTb (POTOTOKA OT BpeMEHU
oOpabaTbiBasiach 1o ctaHaapTHoi mis TDS meto-
nuke. OgHAKO TEeCTOBBbIE M3MEpPEHUST MPOAEMOH-
CTpUPOBaJM MNPUHIUNKUAIBHYIO HEBO3MOXHOCTD
00benMHUTH Bo3MOXHOCTH MetonoB IIIIIT u TDS
B pealbHbIX yCIoBUsIX. OCHOBHOII IIPUYNHOIT 3TOTO
SIBJISIETCS TTApa3uTHOE U3JTyYeHUE KaK OT 3JIEMEHTOB
npeobpaszoBaHus, Tak 1 oT Tpeka III1I1, BciencTBue
yero Ha (pOTONPUEMHUK ITOCTYIIaeT CMECh Iapa3uT-
HBIX U TTIOPOXIAaeMbIX Ha BHIXOTHOM 3JIEMEHTE 00b-
€MHBIX BOJH. B pesynbrare oTHOIIEHUE CUTHAI/
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IIYM ¥ TOYHOCTh U3MEPEHMIA CTAHOBSITCSI HETIPH-
eMJIEMO HU3KHUMU (0OCOOEHHO JJIS1 BOCCTAHOBJICHMS
dazoBoro criektpa I1I1I1) [19].

HenaBHo ObITM TIpeniioskeHbI MHTepdepoMeT-
pHUYECKME METOObI OIpenesieHus AeCTBUTEIbHOMN
yacTU ToKasaTessl MPeJoMIeHUSI MOHOXPOMAaTH-
yeckux [IIIIT B TTu-nmuamazone [20—22]. JlaH-
HbI€ METObI TOBOJBHO CJIOXHBI U TPEOYIOT OUEHb
BBICOKOI TOYHOCTU M3MEPEHUI, TaK KakK Mokasa-
tenb npeaomaeHus ITTTIT Ha GnaropogHbIX MeTal-
JIaX TIPeBHIIIAET IOKa3aTeNlb IIPeJIOMJICHUS BO3oyXa
n, = 1.000263 Bcero Ha coTkle 10U MpoLeHTa [23].
DTO HaKJaabIBaeT XKECTKHE TpeOOBAHUS HA IOCTU-
POBKY ONTUYECKOUN CXeMbl, TOUHOCTb MMO3UIIMOHU-
pPOBaHUsI OTAEIbHBIX JIEMEHTOB CXEMBbI U CTA0OWIb-
HOCTb XapaKTepUCTUK MU3NTydeHUS MCTOUHUKaA [22].
M3MepeHus 0CIIOXHSIIOTCS ellle M TeM, YTO, IIOMUMO
none3Horo curHaaa ot I1ITII, Ha poTonmpUueMHUK
MOCTYMNaloT Napa3suTHbIE 00BbEMHBIE BOJHBI, UCXO-
J1I1e KaK OT 9JIEMEHTOB ONTUYECKOI CXeMBbI, TaK U
ot Tpeka ITITIT [24].

bonee ymMepeHHble TpeOOBaHUSI K MPELU3UOH-
HOCTH MCIIOJIb3YEMOT0 000pYIOBAHUS IIPEIBSIBIIS -
IOTCS TIPA U3MEPEHUH TIIYOMHBI IIPOHUKHOBECHUS
MOJIsl TIOBEPXHOCTHOM BOJHBLI D B BO3AYyX, OJHAKO
npobJjieMa ¢ Mmapa3suTHBIMM 3aCBETKaMU IPUEM-
HMKa ocTtaeTcs. s Toro 4To0bl 3KpaHUPOBATHCS
OT HUX, UCIIOJIb3YeTCs IIPOCTPAHCTBEHHOE pa3eie-
Hue ITTTIT 1 napa3uTHBIX BOJH C MTOMOILbIO UCKPUB-
JIEHHBIX TTOBEPXHOCTEH, 3KpaHOB, 1ueneit [12, 14,
24—27]. Tem He MeHee Aaxe MPU UCITOJb30BAaHUU
9KpaHUPOBAHUS TOJHOE UCKIIOUEHUE 3aCBETKU
MpUeMHMKA ITapa3sUTHBIMU IIPUIIOBEPXHOCTHBIMU
BOJIHAMU npu usMepeHuun xapakrepuctuk ITITIT B
TTu-nuanazoHe HEBO3MOXHO.

3aryxanue IIIIIT B TIu-npuanazoHe, xapakTe-
pusyemMoe JIMHOU pacrpocTpaHeHus: L, 0COOeHHO
Ha peajbHOIl IOBEPXHOCTU MeTalljla 0e3 MOKPOB-
HOTO CJIOSI TURJICKTPUKA, OIPEIE/ISIeTCsT IIPEeUMYIIIe-
CTBEHHO HE IKOYJIEBBIMU, a PaIHallIOHHBIMM ITOTE-
psSIMH, KOTOPBIE HE YYUTHIBAIOTCS TUCIIEPCUOHHBIM
ypaBHeHueM IIITIT [24]. IToaToMy 3HaYeHuUe , onpe-
JieJIeHHOE pellleHueM NUCHEPCUOHHOIO ypaBHEHUS
TITII1 nmpu moacTaHOBKE B HETO U3MepeHHbIX L 1 D
(vmu L u k'), OyaeT 3aBenoMo coiep:KaTh HEKOTOPYIO
OLLIMOKY, 0OYCJIOBJIEHHYIO OTJIMUYMEM aHAJIMTUUECKOM
moaenu pacrnpoctpaHeHus ITITIT oT peaibHOCTH.

B manHO#i paGoTe mpemaralTcsa IBa MeToaa
W3MEPEeHUs TTyOMHbBI IpOHUKHOBeHUS ToJs TTITITT
D B BO31yX: 30HIOBBIN 1 METOJ 3KPaHUPOBAHUS C
NpUMEHEHUEM MPOCTPAHCTBEHHOIO pa3ieieHUs
napa3suTHBIX 00BEMHBIX BOJH U ITOBEPXHOCTHOM
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BosHbBI. B 3oH10BOM MeTone B nosie ITIII1 BHocuTtcs
MJIOCKUI TIPOBONSIIMI 30HA (pa3Mep KOTOPOTO
conoctaBuM ¢ D), orpaxaromuii I1T1IT Ha pacmo-
JIOXKEHHBIN y KPOMKH 00pa3lia IPUEeMHUK; IIPU 9TOM
MIPUMEHSIETCS JIM00 aMIUIUTYIHAS MOIYJISIIIUS TeHe -
pupytowiero IIIIIT uznydyeHust, 1Mb60 MOAYSILIUS
pacCcTOsIHUSI, OTOEJSIIOIIEr0 30H OT MOBEPXHOCTHU
oOpasia. B MeTone skpaHupoBaHMUs Had TPEeKOM
TIITIT pa3zmelnaeTcst Herpo3payHblii 3KpaH, OTCeKa-
fommit Ty uian nHyto gacth moss TITIT (B 3aBucumo-
CTU OT PErYJIMPYEMOTO PACCTOSIHUS Z MEXIY KpaeM
9KpaHa U MOBEPXHOCThIO 00pa3la), U Uu3MepsieTcs
3aBUCUMOCTh MHTEHCHBHOCTHU MPOIICAIINX IO
skpaHoM IIITIT ot BenuuuHbl Z. TecTOBBIM 00BEK-
TOM SIBJISIETCSI TJIOCKAsi MeTaJUIMYecKasl IOBEPXHOCTh
C HaHECEHHBIM CJIOeM IMAJIEKTPUKA CyOMUKPOH-
HOIi TOJIIIMHBI, YTO ITO03BOJISICT TOHU3UTh BIIMSTHHIE
napa3uTHBIX 3aCBETOK HA TOYHOCTb UBMEPEHUIA.

2. OKCIIEPUMEHTAJIbBHAAl YCTAHOBKA

B kxayecTBe MCTOYHUKA U3IYYEHMS MCIOIb30-
BaJICI HOBOCUOUPCKUIT 1azep HA CBOOOMHBIX BJIEK-
tpoHax (HJICD), reHepupylomuii HeIIpephIBHYIO
MOCJeN0BaTeIbHOCTh UMITYJIbCOB JJIMTEIbHOCTHIO
100 1ic, clemylommx ¢ 4acTOTOW MOBTOpeHUs 5.6
MT1 [28]. B skcniepuMeHTe AJrHa BOJHBI COCTaB-
asna Ay = 141 MKM, npu KOTOPO# CpenHsss MOLI-
HOCTb Ha BXOJAe M3 onTHyeckKoro kKanajga HJICD
ob1ma Topsinka 10 Bt. PerynmupoBanme MOITHOCTH
U3y4YeHMs, T101aBaeMOro Ha YyCTAHOBKY, OCYIIECT-
BJISIOCH C TIOMOIIIBIO MPOBOJIOYHOTO TOJISIpU3aTopa,
a ee KOHTPOJIb — U3MEPUTEIEM MOIIHOCTU B OTIE-
JICHHOM CBETONEIUTEIEM ITyUKe.

2. 1. 3ondosuwiii memoo

st popmupoBanus n nerektupoanus TTITTT
30HIOBBIM METOIOM MCIIOIb30BajIach SKCIIEPUMEH-
TajibHas cxeMa, IpeacraBieHHas Ha puc. 1. ITydgok
TTi-uznyyeHuss tMaMeTpoOM OKoJI0 15 MM (Ha ypoBHE
(0.5 M0 MTHTEHCUBHOCTH ) C TOMOIIBIO IOCTUPOBOYHBIX
3epkan / 1 3 HampaBIsIJICS Ha METAJUIM3UPOBAHHOE
30JI0TOM LMJIMHAPUYEcKoe 3epkajio 4 (f = 75 Mm),
(oxycupoBasiee ero Ha IPSIMOYroJabHOE pedpo
Topua obpasua 5. Beaenctsue audpakiyu Ha 3TOM
pebpe yacTh 2HEpruu Majarouiero mydyka rnpeoopa-
3oBbIBasiachk B [TT1IT [20, 21], pactipocTpaHsBILIMECs
B IUIOCKOCTH TaJeHMs 0 TOBEPXHOCTU 0Opaslia.

Hanpasastomas IIITIT nmoBepxHocTh 06pasia
nMena IBe IUIOCKHME TpaHU, OTKIOHEHHBIE OTHOCH-
TeJIbHO ApYT Apyra Ha 13° U conmpsiKeHHbIE CKPYT-
JIeHHBIM peOpoM. Takoil mpoduab MOBEPXHOCTU
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CMOCOOCTBYET AKpaHMPOBAHUIO (POTONMPUEMHHUKA,
nsmepstoniero uHteHcuBHocTh [II1, ot mapasur-
HbIX 00bEMHBIX BOJIH, MTOPOXAaeMbIX Mpu nudpak-
LM U3JIy9eHUs] Ha MPSIMOYTOJbHOM pedpe Topla
obpasua 5 [29]. Paguyc ckpyrieHus: pedpa ynoB-
JIETBOPSLI YCIIOBUIO R > A, YTOOBI pagualiOHHbIE
notepu IIIIIT Ha KpuUBU3HE MOBEPXHOCTU OBLIU
HeBenuku [30]. st JOMOJIHUTEIBHOIO 9KPaHUPO-
BaHUs IpUeMHMKa 9 OT 3aCBETOK B Hauajie (I10 Xomy
M3IIy9eHMsI) BTOPOI IpaHM oOpa3lia ycTaHaBJIMBa-
JINCH IIOPOJIOHOBBIE BOPOTIIA 6 C IIPOEMOM BBICOTOM
1 MM 1 mwmpuHoit 20 mMm. TTITIT nudparupoBanu Ha
30HAE 7, KOTOPBII MpPEACTaBsI COO0M CTaIbHYIO
MIPOBOJIOUKY KBazpaTHOro ceueHust 0.4 X 0.4 mm>
¢ IUTMHOM 12 MM, OpUEHTUPOBAHHYIO TI01, YIJIoM 45°
kTpeky [1I1I1. B pe3ynsrare nudpakiimm 4acTb 9HEP-
ruu ITITIT npeoOpa3zoBbIBagach B OObEMHbIE BOJHBI,
KOTOpbIe COOMpaUCh MO cxeme 2f—2f KuHO(GopM-
HOW MOJMUATUIEHOBOU JMH30H & (f = 75 MM) Ha
BxoaHoii aneprype sueiiku Tones 9 (TYDEX, Poc-
cus) [31]. Ontuueckas cxeMa 2/—2f obecrneunBaiia
cOOp M3TydYeHUsI UMEHHO OT 30HIa, YTO YMEHBIIIAJIO
BIMSIHHE TTapa3UTHBIX 3aCBETOK. JlaMeTp BXOTHOM
aneptypsbl npueMHuka I'onest cocrasisin 10 MM, 4TO
MPUMEPHO COOTBETCTBOBAJIO IJTUHE ITPOBOJIOYKU.

B cxeme ncnosib3oBanoch aABa BUaa aMILIATYIHOMN
MOIYJISILMU AETEKTUPYEMOTO U3IyYeHus: 1) Momy-
TSI KOJIeOaHUSIMU 30HIA I0J BO3IEHCTBHEM
3JIEKTPOMAarHUTHOTO BUOpaTopa (K KOTOpOMY Kpe-
MUJICS 30HI) W TeHepaTopa HU3KOYAaCTOTHBIX CUT-
HanoB (I'3-112, Poccus); 2) BHEIIHSST MOAYISILIMS,
peanuzyeMasi ¢ MOMOIIbI0 MEXaHUUEeCKOro 00TIopa-

BHewHAs
MOOYTIALMA

()i

Moaynsayus
30Ha

Puc. 1. Cxema skcnepuMeHTaIbHON YCTAHOBKM ISt

usmepeHus moJist TTITIT 30HI0BBIM METOAOM MpPU TPU-

MEHEHUU OIHOTO M3 IBYX TUIOB MOMYISILIUUA TETCKTH-

PYEMOTo U3JIydeHUs: KoJIeOaHUSIMK 30HIa 7 WU MeXa-
HUYECKUM 00TIOPaTopoM 2.
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Topa 2 (cM. puc. 1) 1 KOHTpoJepa 4acTOThl New-
Port (CILIA). Curnan sueiiku I'onest peructpupo-
BaJics CMHXpOHHBIM neTekTopoM SR-830 (Stanford
Research, CILIA) Ha yactoTe monmynsiuu. B obonx
clydasiX 30HI C BUOpPaTOPOM KpeIlmics K BepTU-
KaJIbHOI MexaHn4eckoi moasrxkke (Standa, JIutsa),
C TIOMOIIIbIO KOTOPOM MEHSIJIOCh paccTOsTHUE (BIOJIb
OCH Z) MeXAY 30HI0M U MOBEPXHOCTHIO 00pa3ia ¢
MUWHMMAaJIbHBIM 1IarOM 25 MKM.

2.2. Memo0 sxpanuposarus

IIpuHLMIIManbHasg cxeMa peaau3aluu METoaa
9KpaHUPOBAHUS MpeacTaBicHa Ha puc. 2. B atom
MeToAe peructpupyercsd MHTeHcuBHOCTh ITIITII,
MpOLIEAIINX MO/ pa3MellleHHbIM Hag Tpekom TTTITIT
Henpo3payHbIiM 3KpaHoM. Yacte niong ITIT1, mepe-
KpbIBaemasi 3KkpaHoMm, oTpaxayiacb uM B Buae I1I111,
JBUKYLLIMXCSI HABCTpeuwy ucxogHomy myuky ITTIIT,
wiu audpardponaia Ha ero Kpae, Ipeoopasysich B
00BbeMHbIE BOJIHBI. B KauecTBe aKpaHa UCITOJb30Ba-
Jlach KJIMHOBUIHAS CTEKJISIHHASI IIaCTUHKA C 30J10-
THIM HaIlblJIEHHEM TpaHu, 0OpallleHHON HaBCTpeuy
ncxomHomy myuky [TITIT. DxpaH Kpenuics K BepTh-
KaJbHOM MEXaHUYECKOM TMOIBUKKE, MO3BOJISIBILIENA
U3MEHSTh PAacCTOSIHUE (BOOJb OCU Z) MEXIY HUM U
MOBEPXHOCTHIO 00pa3lia C IIaroM 25 MKM.

ITonHasa cxema sKcmepUMeHTa IO TECTUPOBA-
HUIO MEeTo/Ia SKpaHMPOBaHUS ITOKa3aHa Ha puc. 3.
B kauecTBe oOpasua 5 Mcnoyb3oBanach MmiaockKas
CTEKJISIHHAs IJacTMHKA, MOKpbITasi Hempo3pay-
HBIM cJl0eM 30J10Ta, npudyeM Hanpasistomas TTTITT
MOBEPXHOCTh 00pa3lia He UMesia M3J10Ma Ha Havyallb-
HOM yuacTKe (Kak B 30HIOBOM METOJIE), a 9KpaHU-
pOBaHME OT Mapa3svMTHBIX 3aCBETOK JTOCTUIAIOCh B
pe3yabTaTe MCIOJb30BAHUS B KAYECTBE 2JEMEHTA
npeoobpazoBaHus IIIIIT B oObeMHOE M3JIydeHUE
HuInHApUYeckoro cermeHta § (1/8 uununapa c

Z

AKpaH Oucbpakuymna

OTpaxeHue

=

O6pasey

et 4 NN
—"ﬁ

1/8 unnnHapa
4 Ap HeTekTop

Puc. 2. IIpuHuunuaabHas cxeMa U3MEpPEHUs MOJIs
TITITT meTonoM 3KpaHUPOBAHUS.
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BHewnan
MOAYNHLUMA

Puc. 3. Cxema 3KcriepyMeHTaIbHOM YCTAHOBKHU ST U3-
mepenus nosst TTTTTT MmeTonoM 3KpaHUPOBAHMSI.

pamnycoM R = 60 MM), IPUMBIKABILIETO K BBIXOJI-
HOMY TOpILy 0Opasia 5. 11 yMeHbIIeHUS 3aTyXaHUs
IIITIT Ha UMAMHAPUYECKOM CEIrMEHTE ero MeTall-
JM3MpOBaHHAs CIIOEM 30j0Ta ToiamuHoi 300 HM
BBITIYKJIasl MOBEPXHOCTh OblJa MOKpPHITA CJIOEM
cyibpuaa nuHka (ZnS) tommumHoit 1 Mxm [30].
IToBepxHOCTHAsT BOJIHA, MpoOLIEAIas MoJ 3KpaHOM
6 1 4epe3 MOPOJIOHOBBIC BOPOTILA 7, TIepexoaua
Ha MWIMHAPUYECKUI 2JIEMEHT MpeoOpa3oBaHus &,
JIOCTUTaja ero CBOOOAHOro pedpa u NMpeodpa3oBbI-
Bajiach (B pe3yabraTe IM@pakuy Ha HeM) B 00beM-
HOe U3JlydeHue, JeTeKTupyemoe siueiikoit I'ones 9.

ITpoTtoTun MeTona sKpaHUPOBAHMSI BIIEPBbIE ObLIT
peanu3oBaH B TI1-nuana3one B padore [25], roe nis
3KpaHUPOBAHUS OT Mapa3UTHHIX OOBEMHBIX BOJIH
aBTOpaMM MCIIOJb30BaNOCh YyrinyoJjeHue (U3ruod)
HeOOoJbIIOT0 paauyca B aJllOMUHUEBOU (oibre.
HecmoTpst Ha aKpaHUPOBKY B JaHHOI peau3anuun
MeToja, Ha IeTeKTOp MOIJIY IoIanaTh Mmapa3uTHbLIE
00BEMHBIE BOJIHBI, BO3HUKatoue 1pu cpbise TTITTT
Ha n3rude onwru. B mpennaraeMoMm HaMM MeToIE 3a
CYET MCIOIb30BaHMUS HUJINHIPUICCKOTO 3JIEMEHTA
npeodpa3zoBaHusl & JOCTUTAETCS MOJHAsI SKPaHU-
pOBKa JIeTeKTopa OT Mapa3uTHBIX BOJIH.

2.3. Tecmoebie 0bpasupl

B sxkcnepuMeHTe B KauyecTBE TECTOBBLIX 00pa3-
1I0OB UCIIOJIb30BAJIUCh CTEKJISIHHbIE IIACTUHBI, Ha
pabouyro MOJIMPOBAHHYIO TPaHb KOTOPHIX METOIOM
MarHeTPOHHOIO pacHbUICHUS HAHOCUJIOCH 30J10TO
(Au) TommuHo#t 300 HM, TTOBEPX KOTOPOTO METO-
JIOM 32JIEKTPOHHO-Jy4eBOTO pacCIblICHUsS HAaHO-
cujcs cioii cyabduma umHkKa ToamuHon 0.7 MKM
(cMm. puc. 4a). Cnoit ZnS HeoOXoOUM IS YBEIU-
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Puc. 4. a — CxeMbl CTpYyKTYp 00pas3lioB: X — PACCTOSIHME OT BXOIHOTO TOpLia 00pasiia, £ — pacCTOSIHUE OT 30H[a 10 T0-

BEPXHOCTH 0Opasia, — nryouHa mpoHukHoBeHus 1oJst [TI1I1 B Bo3ayx, d — TommumHa mokpoBHoro ciost ZnS, Eu H —

HaIpPSLKEHHOCTH 3JIeKTprudecKoro 1 MaruutHoro noJjieid [T cooTBeTcTBeHHO; 6 1 B — reoMeTpus mpoduiieil 06pasios,
HCTIONb3YeMbIX B 30HIOBOM METO/IE M METONE IKPAHUPOBAHUSI COOTBETCTBEHHO.

yeHUs 2P PEeKTUBHOCTH TIpeoOpa3oBaHus U3ITyde-
ausg HJICO B IITI1 [32], a Takske 111 yMEHbBIIIEHUS
panuaunoHHbIX moTepb ITTTIT Ha HmIepoxoBaToCTIX
M OINTUYCCKUX HEOJHOPOMTHOCTSIX IOBEPXHOCTH
obOpasua [ 13]. B akcnepuMeHTe 1o U3MepeHM IO MOoJIs
TIITIT 30HDOBBIM METOAOM IMOBEPXHOCTb CTEKJISIH-
HOU TMOIJIOXKU MMeJa TUIABHBIM M3JIOM MOJ YIJIOM
13° (puc. 40) miIst 3KpaHMPOBAHUS OT ITapa3UTHBIX
3aCBETOK, IIPY 3TOM JJIMHA TOPU3OHTAIbHOM ITpaHNi
coctapisgia 190 MM ripu moJHOM pa3Mepe odpasiia
230 mM. IlupuHa momnoXKM paBHsAAACh 34 MM,
tommuHa 11 MM. B skcniepyMeHTe ¢ IpuMeHEeHUEM
MeTOJa SKpaHUPOBaHUs rabapuThl 00pas3lia CoCTaB-
asumu 150 % 34 % 11 mm® (puc. 4B).

3. PE3VJIBTATBI U OBCYXIEHUWE

3.1. Uzmepenue noasa I11111 301006bim Memodom

st uamepenus mnoist IITIT 30H10BBIM MeTOIOM
HCIIOJIb30BaIach YCTAHOBKA, ITOKa3aHHas Ha puc. 1.
Y10o0Obl OLIEHUTH BIMSIHUE aMIUTUTYAbI @ KoJieOaHUs
30HJIa Ha UHTCHCUBHOCTD / MM parupoBaHHOIO Ha
HEM HU3JIyYeHUsI, PerucTpUpyeMoro KOMILIEKCOM
“gueiika omess—CcUHXpOHHBIN neTeKTop”, ObLIa
n3MepeHa 3aBUCHMMOCTb BEJIMYMHBI CUTHaja S OT
HanpsokeHus: U, momaBaeMoOTo ¢ TeHepaTopa HU3-
KOYaCTOTHBIX KOJIeOaHWI Ha 3JIEKTPOMarHUTHBIN
BuOpatop (puc. 5). YacroTa KojebaHUii cocTaBsLia
30 I, yTO MPUMEPHO COOTBETCTBOBATIO MAKCUMYMY
AMIUJIMTYJTHO-4YaCTOTHOM 3aBUCUMOCTU SYEHKU
Tones [31].

C yBennueHueM U moJie3HbII CUTHAJ YBEJIMIM-
BaeTCs MPSIMO IPOITOPIIUOHATIBHO, YTO CBUACTEIb-
CTBYET O MaJIOCTH aMIUIMTYAbI KOJIeOaHUIA a 110 CpaB-
HEeHUIo ¢ IyouHoii mpoHukHoBeHus D nons TTTITT
B BO3IyX. YCJI0OBHME MaJIOCTH @ MOATBEPAUIOCH IIPU

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

JIOTIOJTHUTEJIbHOU €€ DKCIEPUMEHTAIIbLHON OLIEHKE
10 KOJieOaHMSIM ITOJIOKEHUSI TeHU, (DOpMUpPyeMOit
Ha BKpaHe OT 30HJa MPU OCBEIIEHUU eTo CPOKy-
CHUPOBAHHBIM JIa3epHBIM M3JIydeHUEeM ¢ A = 637 HM.
ITpu Hanpskenuu Ha Bubpatope U = 20 B ammuiu-
Tyna KojebaHuit a cocTasisia mopsimka 50 MKM, 9To
MIPUMEPHO Ha MOPSIIOK MeHbIe D (Tab. 1).
3anuiineM BeIpakeHUe ISl BeTMUYMHBI PETUCTPU-
pyemoro sueiikoii I'onest curHaga Kak MHTErpasi
nvdparupoBaBlliero Ha 30H/e U3JIydyeHus 1o obJia-

CTU ero nepekpbliTus ¢ moaem ITITIT:
3

I = J.8 1, exp[—%{m]daz 1,D exp[—%jx

2

2 2
—— = |—exp| - , 1
) p ) (D

) @ OKcnepuMeHTanbHble JaHHble
5| e— ANnpoKGUMALKUA
4|
m
s 3r
»n 2t
1+
ok
0 5] 10 15 20 25
U B

Puc. 5. 3aBucuMOCTb MOJIE3HOTO CUTHAJA S, MPONOPLU-
OHAJIBHOTO MHTEHCUBHOCTHU paccesTHHBIX 30HmoM [TI111,
OT NIPUJIOXKEHHOTO K 30HIy HamnpsikeHust U.
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rae f(f) — nepuoaudeckas (yHKUUS KojaeOaHUM
30H1a, O — pa3Mep 30H/a B TIONIEPEYHOM CEUYCHUM.
YrpoctuM BeipakeHue (1) ¢ y9eToM MaJlOCTH COOT-
HomeHus a/D:

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

Curnan /. ot gueiiku I'osies nonasajicd Ha BXOJ
CUHXPOHHOTO IETEKTOpa BMECTE C OMOPHBIM TEPU-
OJMYECKUM CUTHAJIOM COS(W,f) OT KOHTpoJuiepa
oOTIOpartopa. 17151 onpeneaeHHOCTU OyaeM CUMTaTh,
YTO 30H] KOJIEOJEeTCS I10 TapMOHUYECKOMY 3aKOHY
f(t) = cos(w?) ¢ 4aCTOTOI M, TOTIA PETUCTPUPYEMBIi
JIETEKTOPOM CUTHAJI C YIETOM IIPOXOXICHUS Yepe3
¢unbTp HU3KKX yactoT LPF (low pass filter) oyaer
UMETH CAEMYIOIINIA BUI:

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

z )
~21 D —— |sh| —
’ "exp( DJS (20}

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

z o
=1 — = |sh| — |a.
p( Djs (w},

Takum oOpa3oM, perucTpUpyeMblii CUTHAJ S 1O~
JKE€H ObITh NPOTMOPLMOHAJIEH aMILIUTYAe KOoJaeOaHU it
30H[a a, KOTOpas C Y4eTOM €€ MaJIOCTU IMPOIIOPLIM -
OHaJIbHA HAIIPSDKEHUIO, TT0JaBacMOMY Ha BUOpaTop
(a ~ U), 4TO ¥ TIOATBEPXKIAET IKCIEPUMEHTATbHBIN
rpacuk Ha puc. 5. CornacHo ¢opmyie (3), 3aBUCH-
MOCTb S(Z) BOCIIPOU3BOAUT MPOGUIb UHTEHCUBHO-
ctu nions I1TTIT Hag moOBEpXHOCThIO MPOBOAHUKA,
YTO U TPeOOBAJIOCH B HallleM 3KcrepuMeHTe. CTouT
OTMETHTh, YTO BEJIMUMHA S TaKKe 3aBUCUT OT TOJI-
LIUHBI TTpoBooYku O. B ciyuae, eciu BeliuuuHa
0 OymeT cpaBHMMa WU Agaxe Oojiblie D, 3TO He
OTpa3uTcd Ha xapakTepe 3aBucumoctu S(z). [lpu
0obpIIMX O MaKCUMaJibHasl 00JIacTh 30HAA, C KOTO-
poit cobupaeTcsl U3ay4eHue ONTUYECKON CXeMOMt
(cMm. puc. 1), ompenensieTcss guaMeTpoM (OKajlb-
HOTO MsITHAa KMHO(GOPMHOI JTUH3BI, KOTOPHBIM IIpHU
JJIMHE BOJIHBI A = 141 MKM COCTaBJIsI MPUMEPHO
0.3 mMm [33].

M3mepeHus npeacTaBiieHHOM Ha pucC. 5 3aBUCHU-
MOCTH TIpOBOIMIANCH Tipn Hanpspkenun U < 23 B,
nockoibKy Ipu U= 23 B otMevaoch KacaHue 30HI0M
MOBEPXHOCTH 00pa3iia; IO3TOMY B OIIMCAHHBIX HITKE
aKcrepumeHTax 3HaueHue U He npesbiiaio 20 B.

Ha puc. 6 mokaszaHa 3aBUCUMOCTD S (7), U3Me-
peHHast ¢ o0pas3ioM Au, TTOKPBITEIM clioeM ZnS
TomuHOM 0.7 MKM (C M3JIOMOM, CM. pasa. 2.3) npu
MOIYJISLINU PETUCTPUPYEMOT0 U3TydeHMsT Koieba-

3)
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2.0-
®  DKCNepyuMeHT
15+ Annpokcumauus
S=S,exp(-z/D)+ S, ..

=1.0F
)

0.5F

O'D- | 1 ] (] 1 1 | 1 s I

00 02 04 06 08 10 12 14 16 1.8

Z, MM

Puc. 6. 3aBUCUMOCTb BEJIUYUHBI PETUCTPUPYEMOTO

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

oM. Mcnosp3oBajiach MOIYJISIIIASI TApMOHUYECKUMU

KosiebaHusIMU 30H1a ¢ yacToToil 30 [ 1 aMmuInTy oM
a = 50 mxMm. YpoBeHb 1ryma coctasisit 0.01 mB.

HUSIMU 30H11a. 3aBUCUMOCTb S (Z) UMeeT 9KCIIOHEH-
LIMaJIbHO 3aTyXalolIMi BU, YTO comacyeTcs ¢ hop-
mynoii (3). CriTonrHoM TMHUEN Ha 9TOM 3Ke pUCYHKE
MoKa3aHa A3KCIIOHEHIIMAaJIbHAS aIlllpOKCUMAaIus
npu BeanuuHe myma, paBHoro 0.01 mB, xoTopas
usMepsiaach B otcyrctBue TIu-usnyyenus. Ilym
BO3HMKAaJl, B OCHOBHOM, 3a cyeT ()OHOBOI0 MH(ppa-
KpPacCHOTIO M3JIyYeHMSsI, K KOTOPOMY UYBCTBUTEIbHA
sueiika I'ones. B pe3ynbraTe annpokKcuMaluu ObLia
HaligeHa riyouHa npoHUuKHOBeHus moJs ITITIIT
B BO31yx, KoTtopas coctaBuwia D = (0.51 £0.02 mmM.
Ha puc. 7 npencraBieHa 3aBUCUMOCTb S(Z),
M3MepEHHasl IIPY ITOKOSIIIEMCSI 30He M MOIYJISIIINT
nyyka uznydeHus HJICD ob6TiopaTopom 2Ha yacToTe
30 I'm (puc. 1). B pe3ynbpraTe 3KCIOHEHIIMAIbHOMN

12
®  3HCNEepUMEHT
10 AnnpoKkcumauns
S=Syexp(-z/ D)+ 5.
Bl
o
2 5}
5
4k
2l
0 i i i i i i i | i
0.0 0.2 04 06 08 1.0 1.2 1.4 16 1.8

Z, MM

Puc. 7. 3aBUCHUMOCTb PErucTpupyeMoro curtaia § ot

PACCTOSTHUST MEXIY 30HIOM M 00pa3iioM g TIPY MOIYJIsI-

muu myaka usnydeHuss HJICD o6TiopaTtopom ¢ 4acToTou
30 I'u. YpoBenb mryma cocranisia 0.3 MB.
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anrmpokcuManuu npu yposHe myma 0.3 MB one-
HOYHOE 3HaYeHUe MTyOMHbI TPOHUKHOBEHUS OIS
TITTIT B Bo3myx coctaBuiio D = (0.48 £0.01 mMm, uTO B
Tpenenax MorpenrtHoCTH COOTBETCTBYET 3HAUCHUIO,
MOJYYeHHOMY MPU MOIYJISILIMY U3JTy4eHUsT Koseba-
HUSIMU 30Ha 7.

3.2. Uzmepenue nons ITITT
Memooom SKPanupo8anus

Hna namepenus mong IITIIT metomoM sKkpa-
HUPOBaHUS MCIIOJIb30Bajach yCTaHOBKA, M300pa-
>KeHHas Ha puc. 3. B kauecTBe TecTOBOro obpasma
HCIIOIB30BaJIach IJIOCKAST CTEKJISTHHAs MOMJIOXKA
(6e3 uznoma), coaepxaias odpasel Au, MOKpPbI-
Tl cnoem ZnS tommuHoi 0.7 MkMm (pasa. 2.3).
Ha puc. 8a mpeacrasieHa 3aBUCUMOCTb CUTHaJa S,
nopoxaeHHoro IIIII1, npoweamMu moa 3KpaHOM
6 ¥ JOCTUTIIMMHM CBOOOIHOIO pedpa HUINHIAPpUIE-
CKOTO 3JIeMEHTa IIpe00pa3oBaHus &, OT PACCTOSHMUS
Z MeXIy 3KpaHoM U oOpasmoM. C yBelrmueHUEM
Z BeJIMUMHA S MOCTEIIEHHO BO3pacTajia, JOCTUras
HaCBIIIEHUS TIPU OOJIBIIUX Z.

JaHHyI0 3aBUCUMOCTbD .S (7) MOXHO OOBSICHUTD
ciaenyomuM odpa3oM. Kak m3BecTHO, MHTEHCHB-
HocTb 1toist IITIIT Hag moBepXHOCTHIO TIPOBOJIHUKA
yOBIBaeT ITO KCIIOHEHTE

<
I .. =1 exp| —— |,
I 0 p[ D)

rae I, — uarencusHocTh nosd T Ha mosepxHo-
ctu ipoBoaHuKa (z = 0). Korga axpaH HaxoauTcst Ha
JOCTaTOYHO OOJIBLIMX PACCTOSIHUSAX (T > A)), TOTEpU
Ha nudpakuo u otpaxeHue [IT1I1 ot meTannmuec-

C))

14 (a)

12+

0.0 0.5 1.0 1.5 2.0
Z, MM

KOT'0 3KpaHa 6 HeBeJIUKU. B 3TOM cityyae MHTEHCUB-
Hocthb [II1I1, mpoumenimux moja 3KpaHoOM, MOXHO
MPUOIMKEHHO IPEACTaBUTh KaK MHTErpal I10 IOJII0
I1I1IT mom sxpanomMm (0 < E < z) [25]:

S =] Inmn(©d&=1,D 1—exp[—%) .5
0

M3 BbIpaxkeHus (5) ciaenyeT, YTO UHTEHCUBHOCTb
MpOIIEAIIeid o1 9KpaHOM ITOBEPXHOCTHOI BOJHBI
YBEJIMYMBAETCSI W AOCTUraeT HACBHIIIEHUS IpU
z > D, 4TO COOTBETCTBYET PKCIIEPUMEHTAIbHOMY
rpaduKy Ha puc. 8a. AHAJIOTUYHBIN XapaKTep 3aBU-
cumoctu S(z) HabmonanCcsd NMpu U3MEPEHUN TIOJS
Haja ¢oabroii Meronom TDS B pabote [25]. Hus
HaxoxnaeHus npoduisa moust I Hy>XHO B3S9Th
npousBoaHyo dS/dz. Ha puc. 86 Toukamu Tmoka-
3aH rpaduK 3TOI MPOU3BOAHOI, BBHIYMCICHHBIN
MO 3KCIIEPUMEHTAILHON 3aBUCUMOCTU (puc. 8a).
MurencuBHocTh ITITIIT skcmoHeHIMANIbHO YObI-
BaeT, HO HaunHas He ¢ Z = (), a ¢ HEKOTOPOTO 3HaYe-
HUA g, = 0.5 MM. BentmunHa 7, npuMepHO B Tpu pasa
0oJIbllIe TJIMHBI BOJHBI U3JTYYEHUS A, UTO COLJIacy-
€TCsl C HAallMM MNPEANOJOXEHUEM O IPUMEHUMO-
CTU MIPUBEACHHOM BBIIIEC TCOPETUUYCCKOM MOAECIN
MPU TOCTATOYHO OOJIBIINX PACCTOSIHUSIX Z MEXIY
3KpaHOM U oOpasuoM. Ha Manbix paccTOSTHUSIX
z = A\, motepu IIIII1 Ha nudpakuuo u orpaxeHue
OT BKpaHa BO3pacTaloT HEJTUHEWHBIM 00pa3oM, 4TO
3HAYUTEJbHO YMEHbIIIAeT MHTEHCUBHOCTD IIPOIIEI-
mux non skpaHom IIIIIT, o yeM cBUAETENLCTBYET
CraJ MHTEHCUBHOCTHU dS/dz ipu z < z,.

Hng HaxoXneHus TIyOMHBI TPOHUKHOBEeHUS D
nosist TITITT B Bo3myx Obljia TprMeHEeHa 9KCITOHEH-

(©)
——  JKCMNEepUMEHT
— Annpokcumaumns

dl [ dz =1, -exp(—z /D)

dl/dz, mB/mm
o

4l
2 -
ol ; ; ; .
0.0 0.5 1.0 15 2.0
Z, MM

Puc. 8. a — 3aBrcuMOCTb curHasa S, mopoxiaeHHoro npouenmumu noa skpatom IITIT, o paccTosHMST Z MEXIY 9KpaHOM
U o6pasiioM; 6 — pousBoaHas dS/dz OT SKCIIepUMEHTAIbHOM 3aBUCUMOCTH S(Z) Ha pUC. a (TOYKU), SKCIIOHSHIIMATbHAsT
anrnpokcumanus (crutomHas JuHust). Mcroas3oBanack monysiuust uznydeHust HIICH o6Tioparopom ¢ yacroroii 30 T
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LMabHas anmnpoKcuMauus 3aBucumMoctu dS1/dz (z)
Ha puc. 80 npu 7 > gz, B pe3yJbrate KOTopoii ObuI1o
yctaHoByieHo, 4yTo D = 0.44 £ 0.02 mM. Ilorpem-
HOCTb B JAHHOM cJly4ae cOCTaBMJIa OKOJIO 5%, 4TO
MPUMEPHO COOTBETCTBYET TOUHOCTH M3MEpPEHUIA
30HIOBOTO METO/A.

s cpaBHeHMs B Ta0J1. 1 IpeAcTaBAeHBI pe3yib-
TaThl OLIEHKM IJTyOUMHBI NMPOHMKHOBEHUS D mojs
[IIIIT (A, = 141 MKM) B BO34yX, MOJYYEHHBIE B
JaHHOI1 paboTte TpeMs cnocobamu. B mocnenHeit
CTPOKE IPUBEACHO pacueTHOE 3HAUYCHME, BHIUMC-
JIEHHOE IJISI TPEXCIOMHOM CTPYKTYphl “Au—cioit
ZnS (0.7 MKM)—BO31yX” C MCITOJIb30BAHUEM MOIETN
Hpyne nasi OU2JIEKTPUUYECKON IPOHUIIAEMOCTU
MeTajia, HalJIeHHOM MO CIIPaBOYHBIM 3HAYEHUIM
IUIa3MEHHOM 1 CTOJIKHOBUTEIBHBIX YACTOT 30J10Ta:

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

Tadommma 1. Pe3ynbrarel u3aMepeHuit yOMHBI TIPOHUK-
HoBeHus 1o [TI1IT (1mo mHTeHCUBHOCTH) B BO3ayX D,
MOJyYeHHbIE B JAHHOU paboTe TpeMsl MPeiIoKeHHbIMU

MeToJaMu
Imybuna
MeTton u3MepeHust TIPOHUKHOBEHUS
D, mm
3 N
OHIOBBII METO/I, MOMYJISILIVSI 0.51+0.02
KOJIeOaHUSIMU 30HIa
30HIOBBII METOM, MOIYJISILIVS U3~
A A, MOV 0.48 +0.01
syyenuss HIICD obTiopatropom
MeTon 5KpaHUPOBAHUS 0.441+0.02
OueHka no moaenu Hpyne 0.39

B npenenax morpelrHoOCTH U3MEPEHU IKCIIe-
pUMEHTANIbHbIE PE3yJbTAThl COMIACYIOTCSI MEXIY
co00i1, YTO TOBOPUT O ITOCTOBEPHOCTHU TIPEAJIO-
KEHHBIX MeTO10B. MOXHO 3aMeTUTh, UTO I1yOMUHAa
MPOHUKHOBEHUS, TTOJIydeHHAasT METOIOM SKpaHU-
poOBaHUS, HEMHOTO MEHbIIEe BEJIMYUH, ITOJyICH-
HBIX 30HAOBBIMUM METOJAMU, U Haubosee 0aM3Ka K
TEOPETUUECKOI OlLIeHKE. DTO MbI CBSI3bIBAEM C TEM,
YTO B METOIE SKPaHUPOBAHUS B PETUCTPUPYEMOM
CUTHAJIe TIPAKTUYECKN OTCYTCTBYIOT ITapa3WTHBIC
BOJIHBI 32 CYET WX MOJHOTO MPOCTPAHCTBEHHOTO
paznenenus ¢ ITITIT uunuHApUYECKUM CEerMEHTOM
& (cm. puc. 3). A MoBbIlIEHHBIE 3HaYeHUS D, orpe-
JIieJIEeHHbIE 30HIOBLIM METONIOM, CBUAECTEILCTBYIOT O
HeOOJIbIIION TIPUMECH TTapa3uTHBIX BOJIH, POXIae-
MbIx 1ipu paccessHuu ITTTIT Ha mepoxoBaToCTSIX U
HEOTHOPOTHOCTSIX TTOBEPXHOCTH 00pa3Ia, a TaKKe
Ha u3ruode odpasua (puc. 46). Hebonbiioe otinyue

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

BEJIUYMHBI D, MOJTY4eHHON METOIOM 3KpaHUpOBa-
HUSI, OT PacCYETHOI OLIEHKMU CBSI3aHO C OTIMUYUEM
3P GEKTUBHON INDIIEKTPUIECKON TTPOHULIAEMOCTH
MOBEPXHOCTU METaJlJIa OT €€ 3HAUCHMSI [IJIT KpUCTa -
Jmyeckoro metasia [13].

CorylacHO TNpeacTaBJIE€HHBIM pe3yjJbTaTaM U
OMNbITY, MOJYYEHHOMY B XOA€ BKCIIEPUMEHTOB,
MOXHO BBIJIEAUTh NTOCTOMHCTBA M HEAOCTATKU
MPEIIOXKEeHHBIX METOA0B. 30HIOBBI METOJ II03BO-
nsier uamepsth noje IIITIT HemocpencTBEeHHO W,
HCITOJIB3YSI alllIPOKCUMAIINIO PE3YIbTaTOB U3Mepe-
Huit, onpenensath BenuunHy D. K HemocTaTkaM 30H-
JOBOTO MeTOJa MOXHO OTHECTHM HEBO3MOXKHOCTh
MOJIHOI 3KPaHUPOBKU MPUEMHMKA OT Mapa3sUTHBIX
3aCBETOK, IMOPOXIAEMbIX Ha 3JE€MEHTaxX CXeMbl U
Benenctsue paccesiHus IITTIT Ha HeomHOPOTHOCTSIX
MOBEPXHOCTU (0COOEHHO Ha CBOOOAHOI OT NUAJIEK-
TpHUKa MTOBEPXHOCTU MeTalJIa), YTO MOXKET BHOCUTD
3HAYUTEIbHbIE CUCTEMAaTUYECKIE OLIMOKHU B Peru-
cTpupyemMblii curHai. Ilpu nmpuMeHeHUU MeToaa
SKpaHUPOBAHUS MOXHO 3HAUUTEJIbHO JIydllle
3alIMTUTHCS OT Mapa3sUTHBIX 3aCBETOK C ITOMOIIIBIO
3JIECMEHTOB IIpeoOpa3oBaHUsS LMJIMHIPUYECKOI
(GopMBbI, YTO MO3BOJISIET NPOBOAUTH U3MEPEHUS
Jlaxke Ha He MOKPBITOM AU3JEKTPUKOM MeTaJlle.

4. BAKJIIOYEHHUE

IIpennoxeHnsl M anmpoOMpOBaHBI JBa METOAA
U3MepeHUs TITyOMHBI TTIpoHuKHOBeHUS mois TTITTT
B BO3IyX ¢ Mcnonb3oBaHueM TI1-u3mydeHnst HOBO-
CUOMPCKOTo Jla3epa Ha CBOOOIHBIX AIEKTPOHAX (A, =
= 141 MKM): 30HIOBBIA METOJ C MOAYISILUMENA U3y~
yeHuss HJIICD obTiopatopoM u Monynsiuuein nud-
parupytomeit nonau nosst I konebaHnussMu BHe-
JIPEHHOIO B HEro 30HIa U METOI 3KPaHUPOBAHUS,
peructpupyromuii uHTeHcuBHocTb TIITIT, npounen-
LIMX MOA METANTMYECKUM dKpaHOM. B o6onx MeTo-
Jax 11 YMEHBIIEHUsI TOJU Mapa3uTHBIX 3aCBETOK
OT OOBEMHBIX BOJIH, MOPOXAAEMBbIX Ha 3JIEeMEHTax
cxeMbl U B pesynbrare paccesstHus TTTTIT Ha HeogHO-
POTHOCTSIX TIOBEPXHOCTH, TIPEIIaraeTcsl UCII0b30-
BaTh M3JIOM IIOBEPXHOCTH O0Opa3lia WIN 3JIeMEHTH
npeobpa3oBaHUS HUIMHAPUICCKON (POPMBI, 4TO
MTO3BOJISIET MIPOCTPAHCTBEHHO OTIEIUTh PETUCTPU-
pyembie TTITIT ot mapa3uTHBIX BOJIH. BbInoaHeHHbIE
SKCIEPUMEHTHI 110 OLIEHKE MIyOMHBI TPOHUKHOBE-
Hug nong III1I1 B Bo3gyx oOHapyXXUJIM coryiacue
(B mpenenax IOTPEIIHOCTH) MEXAY pe3ysibraTaMu
W3MEpeHU 000MMHU METOmaMM, YTO CBHACTEIb-
CTBYeT 00 MX JOCTOBEPHOCTHU. BBISIBIEHBI HOCTO-
MHCTBA U HEAOCTaTKWA METOHOB, a TaKXe YCIOBUS
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UX TPUMEHUMOCTU Tpu paboTe ¢ obOpasliamu,
CONEPXAIIMMU U HE CONEPXKAILIMMU AUINEKTPUYUEC-
CKO€ ITOKPHITHE.

HaubGonee noctoBepHOe U OJIM3KOE K pacyeT-
HOMY 3HauycHHE TJIyOMHBI IIPOHMKHOBEHUS Oal
METOJ 5KpaHUPOBAHUSI, TO3BOJIUBIINMA 3a CUET JTy4-
el 3KpaHUPOBKU MaKCUMAaIbHO CHU3UTH BIIVSIHUE
napasuTHBIX 00bEMHBIX BOJH Ha PETUMCTPUPYEMBbIid
noJie3Hblit curHai. [lpemiaraembie MEeTONBI IIPUME-
HUMBI IIpU pabOTe HE TOJBKO C JJa3€PHBIMU UCTOY-
Hukamu TT-u3nydyeHust, HO U ¢ 60jJee KOMMaKT-
HBIMUA ¥ MAJIOMOIITHBIMU UCTOYHUKAMMU.
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B paGore ucnoab3zoBajoch 000pygoBaHUE LIEH-
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TyTe ssnepHoit pusnku umenu I. Y. bynkepa Cubup-
cKoro otaeneHuss Poccuiickoii akageMun HayK.
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[pennoxkeH METOI YIPaBISIEMOro MOBOPOTA TIOCKOCTU MOJSIPU3ALMU JTUHEHHO-TTOISIPU30BAHHOTO
MBITyYEeHUsT, OCHOBAHHBIM Ha CJIOXEHUU IBYX B3AUMHO OPTOTOHAIBHBIX BJUTUIITUYECKU TOJISPU30BaH-
HBIX BOJIH, MMapaMeTPhbl KOTOPBIX YIIPABJISIOTCS 3BYKOBOI BOJHOM B mpoliecce akycToontuueckoit (AO)
OparroBckoit nudpakuuu. TeopeTUYECKU TTOKAa3aHO, YTO yrojl MOBOPOTa MONSPU3ALUKA 3aBUCUT OT
SJUTUNITUYHOCTH JIydeil M He 3aBUCUT OT JUIMHBI BOJIHBI CBeTa. MaKCUMAaITbHBIN MTOBOPOT MOJISIPU3ALINK
OTPEAESIETCS SITUIITUIHOCTHIO CKIIAAbIBAEMbBIX BOJH U MOXET JOCTUIaTh MpUMepHO 45°. DKcnepu-
MEHTBI 110 YIIPABICHUIO TTOBOPOTOM IOJISIPU3ALUN ONITUYECKOTO U3TyUCHUSI C JIUHOM BOJTHBI (.63 MKM,
BBITIOJTHEHHBIE HAa OCHOBE AO-sueiiKi U3 KpUCTAaJlIa apaTeuTypuTa, MOATBEPAUIN OCHOBHbBIE TEOPETHU -

YECKUE BbIBOJbI.
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1. BEAEHHME

Akyctoontuueckue (AQO) sueiiku MO3BOJISIOT
yIpaBAsSITh MHOTMMU MHapaMeTpaMy ONTUYECKOTro
M3JIyYeHUs: ero aMmauTyinoi, ¢aszoit, 4acToTOM,
HaTIpaBJIeHMEM pacipoOCTpaHeHWs CBeTa n T. 1. [ 1, 2].
B Hacrosiee Bpemst pazpadotka AO-siueek pa3Bu-
BaeTCs MO JBYM HaIlpaBJeHUSIM — COBEPILIEHCTBO-
BaHUE CTapblX, XOPOIIO 3apEKOMEHI0BABIIUX Ce0sI
Ha npakTuke AO-3J1eMEeHTOB, TaKUX KakK JIediex-
Topbl |3—5], Monynsitopsl [6] U T. I., U co3MaHUeE
NPUHIUIIMAIbHO HOBBIX YCTPOWCTB, HaIIpUMeEp
CYMMAaTOpPOB ONTUYECKUX JIydyeil KaK ¢ OAMHAKO-
BbIMM [7], TaK U ¢ pa3HbIMU [8] ATMHAMU BOJIH, U3MeE-
puTesieil PHEeproreoMeTpUUYECKMUX MapaMeTpOB
JazepHoro usiydeHwus [9], usmepureneit pacrnpe-
JIeJIeHUs TeMIiepaTypbl MUKpoooBsekToB [10], AO-
3JIEMEHTOB YIIpaBJIEHUS OJHOBPEMEHHO MHOTUMU
nyyamu [11], AO-nuHMiA 3aaepXXKU A1 UBMEPEHUS
XapaKTepUCTUK BHEIIHUX BO3AeUCTBUA [12], puiib-
TpallMyd MPOCTPAHCTBEHHBIX YaCTOT ABYXLIBETHOTO
nsnydyeHud [13] u T. 1.

92

Cpenu Bcex AO-ycTpoiicTB ocoboe MecTo
3aHUMAIOT YCTPOICTBA, B KOTOPHIX MCIOJb3YETCS
Iudpakius IByX COOCTBEHHBIX MO KpuUcCTajia Ha
OIIHOM aKycTu4eckoii BoiHe. K TakuMm ycTpoiicTBam
otHOocATcsT AO-pacmenurenu [14], AO-MonyasiTOpbl
WM3YYEHMSI C TIPOU3BOJIbHOI noJisipusauueii [ 15, 16],
aHaM3aTopbl U300paxkeHuii [17] u op.

B Hameit pabote onuchiBaeTcs elle OQHO MpHU-
MeHeHue AO-nudpakinmy AByX COOCTBEHHBIX MOJ
KpUCTajljla Ha OOHOM aKyCTUYECKOM BOJIHE, KOTO-
poe IO3BOJISIET OCYIIECTBISTH KOHTPOJIUPYEMOE
BpallleH!Ee TIOCKOCTHU MOISIpU3alluy JIMHEIHHO-110-
JIIPU30BAHHOTO M3JIYYeHUs IOCPEACTBOM M3MEHEe-
HUSI YaCTOThI aKyCTUYECKOI BOJHBI. DP@PEKT OCHO-
BaH Ha CJOXEHUM ABYX B3aUMHO OPTOTOHAJIbHBIX
SJUIMITUYECKU IOJISIPU30BAaHHBIX BOJH, aMILIU-
TyIbl U a3kl KOTOPBIX KOHTPOJUPYIOTCS YaCTOTOM
3BYKOBOM BOJIHBI B TIporiecce AO-B3aUMOIEICTBHSI.
DTO CyIIECTBEHHO pacIIMpseT KPyT 3aa4, KOTOPHIS
MOXHO pellaTh ¢ npuBaeyeHueM AQO-yCTpOKCTB.
ITopoOHBIE ycTpoiicTBa BOCTpeOOBAHBI, HAaNpu-
Mep, B JIA3€PHOU IOILUIEPOBCKOM aHEMOMETPUHM, IJIE
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3(p(PEeKTUBHOCTh paccesiHUSI CBeTa CYILIECTBEHHO
3aBUCHUT OT MoJisipu3anui [ 18], B pa3snIuyHbIX UHTEP-
(epomMeTpax W1 MOJTYyYESHUST MAaKCUMAaJIbHO KOH-
TpacTHOI KapTUHBI MHTepdepeHnn [19], B masep-
HBIX TUPOCKOTIAX U T. II.

2. TEOPUA

OnpenenuM cHavaja yCJI0BHSI, IIPU KOTOPBIX CJIO-
JKEHME IBYX B3aMMHO OPTOrOHAJbHbBIX SJUIMOTUYE-
CKM TTOJIIPU30BAHHBIX BOJH MPUBOAUT K (GOPMUPO-
BaHMIO JIMHENHO-TIONsIpU30BaHHOI BOJIHEL. ITycTh
CKJIaJIbiBa€Mbl€ BOJIHBI paCHpOCTPaHSIOTCS BIOJb
HEKOTOPOT0 HampaBJIeHUs Z, a IIPOEKIIUU BEKTOPOB
anexkTpudeckoit nHnykuuu D, u D, Ha HantpaBieHus
X 1y, OPTOrOHAJIbHbBIE APYT IPYTY U OPTOTOHATIbHbIE
Z, OMpenessiioTcs COoTHoIeHUsIMU [20]

D, = a cos(ot+35,), D, = a,sin(of+35,), (1)
D, = bsin(wt), D, = b, cos(wr).

3necw Dy, Dy u Dy, Dy, — MPOEKLMU BEKTOPOB
D, u D, Ha HamnIpaBJIeHUA X U y; a,, d, — AMIUTUTYZIbI
MPOEKUUI MEPBOTo 3JUIUIICA; (0 — LMKINYeCcKast
4yacToTa, t — BpeMs; d,, — pa3sHOCTb (pa3 Mex1y KoJie-
O0aHMUSAMU NEPBOTO U BTOPOTO DJUIUIICOB; by, b, —
aMIUIUTYIbl IPOEKLUIA BTOporo asurca. [lonara-
ercd, yroa, /a, = b, /b, = p, 1€ p — JUIMNTUYHOCTD
ckJaabiBaeMblX BOJIH. Ilpoekuusda cymmapHoii
BOJIHBI HAa HaIlpaBJIEHUE X 3a7aeTCsl POPMYIIOi

D, +D,= a cos(of+3d,) + b sin(wr) =
= T\cos(w? + 9,),
T, :\/(a1 cosd, ) +(-a sind, +5, ),

a,sind, —b

()
3)

C))

e
tgd
' g cosd,

AHaJIOTMYHO HAXOIUTCS CyMMapHasi BOJIHA BIOJIb
HAaIpaBJIeHUsI y:
Dy + Dy, = a,sin(wf+3,) + b, cos(wr) =
= T, cos(wt + 9,). (&)
3nech T, = \/(az cosd,, )2 +(a, sind,, +b, )2, (6)
a, cosd,,
a,sind, +b,

tgd, =— @)
CyMMapHBIil 2JUIMIIC (POPMUPYETCS KaK pe3ysib-
TaT CJIIOXEHMS IBYX TApMOHUYECKUX KOJeOaHUIA,
HampaBJeHHBIX 110 ocsM x U y. [Toayocu a u b cym-
MapHOro 3JinIca 3aaatrcs ¢popmyiaamu [20, 21]

a2:%(7'{2_’_]122_'_\/(7';2_’_]"22)_47';27"22 Sil’l2 8), (8)
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b2:%(7]2+7;2—\/(7]2+7;2)_47]27;2 sin28). 9)

31ech a — 6oblIas MOAyoCh, b — Manas MoJiyocCh;
0 =0, —0,. Yron 1y Hak10Ha OOJIBLLIOH MTOJTYOCH CBSI-
3aH ¢ T}, T, u d cootHomieHueM [20]

2TT,
tg 2w:ﬁcos 3. (10)

1 2

OtMmeTnM, 9TO B BEIpaxkeHns (8)—(10) mukimmae-
CKas 9acToTa () He BXOOUT. 3HAYUT, IIOJYOCH a, b 1
¢aza 6 He 3aBUCAT B IBHOM BUJI€ OT JJMHbI BOJHBI
cBeTa A.

YcioBue TMHEHHOCTH TOJSIpU3allMd CyMMap-
HOTO 3JIJIAIICA OIpenessieTcsl KaK paBeHCTBO HYJIIO
Matoi rmojyocu aiuica: b = 0. I[Ipu 3ToM HaKJIOH
BeKTOpa mojspu3auunu oynet paBeH yriay . Beipa-
xenue (9) npu b =0, T, # 0, T, # 0 npuBooUT K
cooTHouleHuo sin & =0, T. e. & = n, 11Ie 7 — 1e0¢e
yucno. Otcrona cienyert, uto tg 0 = 0.

Ucnonb3ys cooTHolieHue tg 8 = tg (8, — d,) =
= (tgd, —tgd,) / (1 +tg d,tg d,), nomyyaem tg 8, =
=1g9,.

Torna u3 ¢popmyn (4) u (7) BeITEKaeT cieaytolee
COOTHOIIIEHHE:

¢sind,—b _ a,cosd, (1)
a, cosd, a,sind +b,’
oTKyIa sing, = 4% =00 (12)
a,b, —ab,

OTO ypaBHeHUE onpenenaser caBur ¢dassl O,
MEXIY CKJIaIblBAEMbIMU DJIIUIICAMU B 3aBUCUMO-
CTM OT aMIUIMTY[ 3JUIMIICOB a,, a,, b,, b, ipu ycio-
BUHU, YTO CyMMapHOE€ U3JIydeHHUe OymeT JTMHEIHO-
MOJSIPU30BAHHBIM.

Jns MpakTU4ecKOro MPUMEHEHUST MOJydyeH-
HBIX PE3YyJbTaTOB CBSIKEM aMIUIMTYIH a,, a,, b, b,
JIOMOJHUTEAbHBIMU YClIOBUSIMU. [lojioxkuM, 4TO
aMIUIMTYa OJHOIO U3 BJIJIMIICOB YBEIMYMBACTCH,
a IPYyroro — yMEHbIIAETCs, HO TAKUM 00pa30M, UTO
CyMMapHasi MHTEHCUBHOCTD Jiyuyeil ocTaeTcsl Hen3-
MeHHOi1. 17151 3TOro 3aJaauM aMIUTUTYIbl B CeIy-
IOILIEM BUJIE:

a,=4J0.5(1+ P), a, =pA,J0.5(1+P),
b=pAJ0.5(1-P), b,=AJ0.5(1-P). (13)

3mech A — 3 dexkTUBHAS aMIUIATyIa Jy4ei,
0 — DJUIMOTUYHOCTb, P — mapameTp, omnpenensiio-
Kt cooTHomenue amriuTya. Ilomaraercst, 4To
BCe ITapaMeTphl — MOJOXUTEIbHBIE, TIPU 3TOM P < 1.
ITpn BuIOOpe amruTyd B popme (13) cymmapHas
MHTEHCHUBHOCTD CKJIaIbIBAEMBIX JIyUeii OyIeT OmHOM
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U TOM Xe IIpnu JITOOBIX 3HAYECHUSIX P, a UMEHHO OHa
6yﬂeT 3aJaBaTbCd COOTHOLLICHUEM

a’+a;+b +b = A’ (1+p2).

ITocme moncTaHoBKM BeIpaxkeHUit (13) B hopmyry

(12) nonyyum
2pP
(1-p” )V1-P?

Ha puc. 1 mpuBeneHbI 3aBUCUMOCTH U3MEHEHUS
(dassl d,, oT mapamerpa P g pasHbIX BEJIUYMH O,
paBubix 0.9, 0.8, 0.7, 0.6 u 0.5 (KpuBble [—5 COOT-
BETCTBEHHO). BuaHO, 4TO 10 Mepe YMEHBIICHUS P
HAKJIOH 3aBUCUMOCTE §,, OT P CTAaHOBUTCSI MEHEE
KpYTBIM. AHaJu3 TTOKa3bIBaeT, 4To IapameTp P,
YBEJIUYUBASICh OT HYJISI, HE MOXET MpeBbIIIAaTh MPH-
MepHO (1 — p). B nporuBHOM ciydae sin §,, > 1.

Ha pwuc. 2 mpuBeneHBl 3aBUCHUMOCTHU yria
HaKJIOHA TJIOCKOCTH TMOJIIpU3alluK, BHIYMCIECHHbIE
cornacHo dopmyine (10) mpu yciaoBuu & = 0 u nipu
BBITIOJITHEHUHM COOTHOIIeHM (13), KOTOpBIE UCITOJb-
3y10TCs1 IS BeluucieHus 1, u T, COrIacHO BbIpaxe-
HusiM (3) u (6). 31ech KpuBble /—5 COOTBETCTBYIOT
TeM K€ JJIMITUYHOCTSIM, UTO M KpYBbIE Ha puc. 1.
Bunno, 4to 3mech Takke HAaKJIOH KPUBBIX YMEHbIIIA-
€TCS C YMEHBIICHNEM SJUIMNTUYHOCTH. Jlrama3oH

sind, =— (14)

O
1
(]
80° 3
- 3
. 4
60" 5
40° k
20° |
L 1 1 1 L J
0.1 0.3 0.5
P

Puc. 1. 3aBucumoctsb uameHenus ¢asbl J,, OT napamer-
pa P mis BenmmuvH smuntruaHoctr 0.9, 0.8, 0.7, 0.6, 0.5,
COOTBETCTBYIOLIUM KPUBBIM [—J.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

L

_100 L

-20°

—30° k

—40° |

0.5

Puc. 2. 3aBucumocTh ymia noBopota ) CyMMapHOTO

BEKTOpa mnosisipuzauuu ot napamerpa P. Kpusbie 1—5

COOTBETCTBYIOT TE€M K€ DJJTUNTUYHOCTSM, YTO U KPU-
Bbl€ Ha puc. I.

W3MeHeHus yria | paBeH npumepHo 45° npu p = 0.9
u npumepHo 30° mpu p = 0.5.

HN3MeHeHMe aMIUIUTYI SJUIMIITUYECKU TOJISIPU-
30BaHHBIX BOJIH M M3MeHeHUEe (pa3bl MEXIY BOJI-
HaMU1 MOXHO OCYIIECTBISITh MOCPEICTBOM OPIITOB-
ckoit AO-audpakimu.

Ha puc. 3 mpuBeneHa BeKTOpHas Auarpamma
AO-gudpakuuu, KoTopasd Ipeajaraercs Ias
BBINTOJIHEHUS TakKoil 3amauu. [Ipennonaraercs, 4To
Iudpakiys ITPOUCXOAUT B OMHOOCHOM TMPOTPOII-
HoM kpuctajuie TeO,. [lToBepXxHOCTH BOJTHOBBIX BEK-
TOPOB “HEOOBIKHOBEHHOI0” U “O0BIKHOBEHHOTO”
Jiydeit o603HavyeHbl Hudpamu 1 u 2.

Ha pucyHke HarpaBjieHue Z COBIIaaeT ¢ ONTHYe-
CKOI1 OChIO KpHCTaJlJa, a X —HaImpaBjeHue, OPTOro-
HaJIbHOE ONTHYeCKOit ocu. OnTudeckas TpaHb S, Ha
KOTOPYIO MafaeT UCXOTHOE ONITUYECKOE UBJTyYeHUE C
BOJIHOBBIM BeKTopoM K, opueHTHpoBaHa 1o yrjioM
O K ocu x. Mi3nyyeHue pacnamaeTcsl B KpUcTajulie Ha
IIBE COOCTBEHHBIX BIUIMNTUYCCKU MOJISIPU30BaH-
Hbix BoaHbl K| u K,, npuHannexaiuue BOJIHOBBIM
MOBEPXHOCTSAM | 1 2 COOTBETCTBEHHO.

B xpuctanne pacnpocTpaHseTcsl TomnepedHast
aKyCcTH4ecKas BOJIHA C BOJTHOBBIM BEKTOPOM (, OpU-
€HTUPOBAHHBIM MOJ YIJIOM [3 K HAIpaBJeHUIO X.
OTMeTHUM, YTO BEKTOpP ( HaIlpaBjieH MpaKTUYEeCKU
M0 KacaTeJIbHOM K BOJJTHOBOM ITOBEPXHOCTH 2, UTO

Ne | 2025
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3 B

Puc. 3. BexropHas nuarpamma AO-nudpakiiiy B ONHO-
OCHOM TMPOTPOMHOM KPUCTAJLTIE.

oOecrieyrMBaeT HauMMeEHbIIee OTKJIOHEHUE KOHIIa
BOJIHOBOTO BEKTOpa ( OT BOJIHOBOI TTOBEPXHOCTH 2
IIpU CYIIECTBEHHOM M3MEHEHUHM IUIMHEI BEKTOpa (
(pexxuM, aHaJOTMYHBII pexumy padotel AO-ge-
¢aextopa [2]). DTOT MOMEHT OCOOEHHO BaXeH,
MMOCKOJIbKY TIpenIiojiaraeTcsl yIpaBjeHue Ilapa-
METpaMU ONTUYECKMX BOJH B IIMPOKHUX IIpeaeaax
M3MEHEHHUS YaCTOThI 3BYKa.

g ananu3za 3¢ dekTa moBopoTa Moasipu3anun
MMOJIOKUM, 4TO TOJISIpU3alius Iafaloieii BOJTHBI
K coBnanaet ¢ nonsipusauueit BonHsl K|, T. €. Bce
HU3JIydeHNe BHYTPU KPUCTaAJIa CKOHLIEHTPUPOBAHO
B BosiHe K. DTa BosHa B pe3ysbTaTe aHU30TPOITHOM
AO-mndpakinm Ha aKyCTUUECKOI BOJIHe ( Judpa-
rupyeT B HampasieHuU BosHbl K, npuHannexa-
meif moBepXHOCTH 2. B pexxume mepeMomysiun
BCE U3JIyYeHUE, colepxkalleecd B BoiaHe K;, BHOBb
BO3BpauiaeTcs B BoJHY K,, HO 4yacTh usnydyeHus
nudparupyet B BosHy K, Kak pesynsrat u3oTpor-
HOM AUppaKILUN.

Hudpaxkuuss B ABa OJU3KO PacIOJOXESHHBIX
nopsiika BO3MOXHAa, OHA OCYILIECTBIsSETCS Ha
“OOKOBBIX” JIeTIeCTKaX M3JTYIeHUST aKyCTUIECKOTO
npeooOpaszosatend [22]. Takum obpasoMm, B pe3yiib-
TaTe “o0OpaTHON” mudpakiuu GOPMUPYIOTCS IBE
COOCTBEHHBIEC BJUIMIITUUYECKU ITOJISIPU30BaAaHHBIE
BosHHI K, u K,, aMmumMTyael KOTOpbIX MEHSIIOTCS B
3aBUCHMOCTHM OT YCJIOBUM audpakuuu. JIpyrumu
cJIoBaMM, IIPOUCXOIUT yIIpaBisgeMas “repekayka”
sHepruu us BosHbl K, B K.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

OTMeTHM, 9TO B JTaHHOM cllydyae M3O0TPOIHAs
nudpakivs paccMaTpUBaeTCsl KaK BakKHasl COCTaB-
Jsto1ast OpMUPOBAHUS BEIXOTHOTO ONTUYECKOTO
nznydyeHus. 3HOEeKTUBHOCTb U30TPOITHOM AU paK-
unu B TeO, Ha “MeUIeHHO” aKyCTUYECKO BOJIHE,
HaOJIogaeMoOil B 3KCIEepUMEHTaX, JT0CTaTOYHO
Bbicoka. OHa Bcero B ABa pa3a McHBIIE 3P deK-
TUBHOCTU aHU30TpONHON nudpakuuu [2]. DToro
BITOJIHE JOCTATOYHO, YTOOBI B HAllleM ciiydyae chop-
MupoBath coocTBeHHbIe BOJHBI K, 1 K, ¢ consmepu-
MBIMU aMILIATYIaMU.

Cnsur (a3 Mexxay COOCTBEHHBIMU BOJTHAMMU 00y -
cioBieH npuponoit AO-B3aumoneiicteus. B pabdo-
Tax [23, 24| TeopeTUUeCcKM U DKCIEPUMEHTATbHO
uccienoBaH (pa3oBblii CIBUT, BbI3BAHHBIN 3BYKOBOM
BoHOI1. TaM moka3aHo, 4TO COBUT (a3bl M3IyIe-
HUSI, y9aCTBYIOLIETO B TUQPPaKINN, MOXET JOCTH-
ratb npuMepHo 360° OTHOCUTENbLHO (Pa3bl U3ITY-
yeHUsI, He nu(parupoBaBIIEro Ha aKyCTUUECKOM
BostHe. CTpOTro ToBOpSI, B IMyYKaxX, YIaCTBYIOIIUX B
AO-nudpakimu, ciBUr ¢asbl IPUCYTCTBYET BCETa.
DTO clieayeT U3 Toro (pakra, 4YTo aMIJIUTYIbI BCEX
MOPSIIKOB, (popMUpyIommMxcs B rpoirecce AO-B3an-
MOJIECTBUSI, — KOMIUIEKCHbBIE, UTO O3HAYaeT HaJI-
yue (pa3oBOro caBura.

3. OKCITIEPUMEHT

DddeKT moBopoTa MIOCKOCTA MOJSIPU3aALUN
OITUYECKOTO M3JTy4YeHMST HAOII0OAICS B 9KCIIEPHU-
MEHTaX, B KOTOPBIX ITOBOPOT MOJSIPU3ALUN OCY-
uiectasiica ¢ nomouiblo AO-gueiiku us TeO,.
M cTOYHMKOM ONTUYECKOIO M3JyYeHUS SIBISIICS
He—Ne-mazep, reHepupylomuii cBeT Ha IJINHE
BosHbl 0.63 MxMm. PasMmepsl Kpucramia, U3 KOTO-
poro Ob1na uzroroBieHa AO-sueiika, paBHSJIUCH
1.3 x 1.0 x 1.5 cM® Boonp Kpucramtorpaduyeckmnx
oceit [110], [110] u [001] cooTBEeTCTBEHHO, Tie
[001] — onTuueckass och KpucTtamiaa z, [110] —
HanpasieHue x (puc. 3). OnTuyeckasl rpaHb Kpu-
cTayiyia Obta “ckolleHa” Ha yroi o = 8.3° oTHOCH-
teabHO iockocTu (001), akycTryeckast rpaHb — Ha
yroia B = 3.7° otHocuTenbHO trockoctH (110). Aky-
CTUYECKasl BOJHA reHepupoBajach nbe3omnpeodpa-
30BaTesieM, U3roToBieHHbIM U3 LiNbO; u npusa-
peHHbIM K TeO, MeTonoM X0J104HOM cBapku [25].
Pasmepsl ipeo6pazosarenst 0.3 X 0.3 cm?. [Ipeobpa-
30BaTeJIb FTeHePUPOBAJI MMONEPEUYHYIO aKyCTUUYECKYIO
BOJIHY B nuamna3oHe yactoT 25—50 MTIt. CkopocThb
3ByKa B KpucTauie paBHsutach 0.63 - 10° cm/c.
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Puc. 4. ®otorpacdust skcriepuMeHTaIbHOM AO-g9eiiku.

Ha puc. 4 mpusBenena ¢otorpadust U3roToBICH-
Hoil AO-gueiiku. 3necs I — CBY-Bxoa, mo KoTo-
POMY Ha STYEIKY IOoIaeTCs BEICOKOYACTOTHBIN 3J1eK-
TPUYECKUIA CUTHAN; 2 — KPUCTAJII IapaTeutypuTa
TeO,, aBnsouuiicss OCHOBHBIM 3JIEMEHTOM STYENKU;
3 — mepxarteib KpUcTajia; 4 — TeIUIOOTBOMI, Paciio-
JIOXXEHHBIN CO CTOPOHBI ITbe3omnpeoopazoBartesns. OH
HEOOXOIMM JIJIs1 OTBOJIA TEIIa OT STYEHKU, ITOCKOJIbKY
siyeiika paboTaeT B peXXuMe NepeMOmyIsaiuu, T. €.
P IIOBBIIIEHHON 3JIEKTPUUYECKON MOIIHOCTH,
NMPUBOISIIEI K HarpeBy siueiiku. B skcnepuMeHTax
HaIpsDKeHUE 2JIEKTPUUEeCKOTO CUTHajla paBHSIIOCh
npumepHo 10 B, uTo cooTBeTcTBYeT mpuMepHo 1 Bt
2JIEKTPUYECKON MOIIHOCTU Ha Harpy3ke 50 Owm.
OTMeTuM, 4TO TEIJIOOTBOJ 0OecreunBa CTabuIb-
HYIO paboTy SIYEHKHU B TeUeHUE 2—3 4acoB.

[ToBOpPOT MIOCKOCTU MOJSIPU3ALMU OCYIIECT-
BIISIJICST ITyTeM M3MEHEHMSI YaCTOTHI CUTHAJIA, TToaa-
BaeMoro Ha s4eliky. [1poliecc nsmepeHust moBopoTa
TUIOCKOCTHU TOJISIpU3ALIMM 3aKJI0vajIcs B CAeAylo-
1eM: u3HavyaubHO Ha AO-sT4eliKy ITogaBaicsl CUTHA
yactoToii 36 MIt. [1pu 3TOM sTueiika OpueHTUPOBa-
Jlach TaKMM 00pa3oMm, UToObl Ha ee BbIXxoae (POpMU-
pOBaJIOCh U3JyYEHUE C MaKCMMaJbHO BO3MOXHOM
MHTEHCUBHOCTbIO U MUHUMAJIbHON 3JJIUIITUIHO-
CTHIO. DJITMOTUYHOCTD U3IYYeHHUsI KOHTPOJHMPOBA-
JIach MOJISIpU3aTOPOM, PACIIOJIOKEHHBIM Ha BBIXOJIE
syeiikn. MHTEHCUBHOCTh CBeTa U3Mepsiach OTo-
MPUEeMHUKOM, PacIiojlaraBIINMCS 3a IOJIsSIpru3aTo-
powM. [1pu KaxkmoM 3HaYeHUH YaCTOTHI ITOJISIPU3aTOP
OPUEHTHUPOBAJICS B ITOJIOXEHHUSIX MUHUMAJIBHOTO U
MaKCHUMaJIbHOTO MPOITyCKaHMSI CBETA.

Yron moBopoTa OIPENensiCS IO TOJOXEHUIO
MHUHHUMAJIbHOTO IIPOIIYCKaHMS IIOJsIpU3aTopa,
MOCKOJIbKY YIJoBas OpMeHTalMs IojspusaTtopa

HanboJiee YyBCTBUTEIbHA K MUHUMYMY IIPOITyCKa-
HUS U3JIYYeHUS. DIUIMIITUYIHOCTh BOJIHBI OIpee-
JIsIIach KaK OTHOIIEHME CUTHAJIOB, M3MEPEHHBIX
B TTOJIOXKEHUSIX MUHUMAJILHOTO U MAaKCHUMAaJbHOTO
npornyckaHusi. CUTHaJI IPY MAaKCHUMaJIbHOM ITPOITy-
CKaHWM paBHsics mpuMmepHo 600 MB Bo Bcem nnaria-
30HE U3MEPEHMS YacTOTHI 3ByKa. B mporecce n3me-
peHuii MeHsUIaCh TOJILKO YaCcTOTa 3BYKa, IIPU 3TOM
MOILIHOCTb TeHepaTopa 1 opueHTaus AO-sa4eiiku
0CTaBaJICh HEU3MEHHBIMU.

Ha puc. 5 npuBelneHbl 3KCOepuUMEHTaJIbHbIE
pe3yIbTaThl IJId yIjla IMOBOpOTa ) IOJISIpU3aluu,
oIpenensieMble 110 MUHUMYMY CHTHaja, oToOpa-
JKeHHbIE B BUIIE KPYXXKOB, OOBENUHEHHBIX UHTEP-
MONSIIMOHHON KPUBOM (CIUIONIHAS JTUHUS, JeBast
IIKajla OpAWHAT), B 3aBUCUMOCTU OT YacCTOTHI
3ByKa f. Ha ToM e pucyHKe NMpUBEIeHBI 3HAUCHUS
SJUIMNTAYHOCTEN JIydeil B BUAE TPEYTOJIbHUKOB
(mpaBag mkana opauHat). LlITpuxoBasg kpuBasg —
WHTEPIIOJISILINS MOTYYSHHBIX pe3ylbraToB. BumHo,
YTO 3aBUCHUMOCTD yIja 1| OT f, BOOOIe roBops, He
SIBSIETCA JTUHEHHOM. DTOT pe3ynbTaT BIIOJHE OXU-
JaeM, TIOCKOJBKY, KaK TToKa3aHo B pabote [24],
3aBUCUMOCTDH cIBUTa (pa3bl ONTUUECKOTO JIyda OT
YacTOTHl 3ByKa B npouecce AO-B3amMoneiicTBUs
HenuHelHag. Ha 3aBucumMocTu ) OT f MOXXHO BBIfIE-
JINTh IBa Y4acTKa ¢ fruarna3oHamMu yactoT 36—43 MIx
u 45—50 MTI1u, Ha KaxXaI0M U3 KOTOPbIX 3aBUCUMO-
CTH MPAKTUYCCKM JIMHEHHBIE. VIX MOXHO MUCITOJb-
30BaTh Ha IpPaKTUKE IJIs JUHEHHOIOo yIIpaBJIeHMUS

W p
85" b 0.08
55"
0.06
45"
35"
0.04
25"
15° - - L . : s 0.02
36 38 40 42 44 46 48 50
f, My
Puc. 5. 3aBucuMocTsb yriia ) ToBopoTa IJI0CKOCTH MO0~
Jgpusanuu (CIJIONIHAsT KpUBas, jieBast 1IKaja Opav-
HAaT) 1 SJUTUIITUYHOCTH O (IITPUXOBast KpUBasi, IIpaBast
IIIKajia) OT YaCTOTHI / 3BYKOBOI BOJTHBI.
TMMPUBOPHI U TEXHUKA DKCITEPUMEHTA No 1 2025
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TMOBOPOTOM MOJISIPU3ALIMU ITOCPEACTBOM U3MEHEHUS
yacTOTHl 3ByKa. Ha puc. 5 BUgHO, 4TO 3IUNTUY-
HOCTb BBIXOJHBIX Jy4Yeil He IpEeBBIIIACT 3HAYCHUS
0.07. 910 BHOJAHE MpUEMJIEMO JJIsSI MHOTUX 3a/1ad4,

BCTpEYAIOIINXCS HA TIPAKTHUKE. 2

Heob6xoguMo mo6aBuUThH clieayiolee: Auana3oH
M3MEHEHHUS yIia \), IOJIyIeHHBII B PE3yJIbTaTe TEO- 3
peTUYECKNUX pacyeTOB, HE IIPEBBIIIACT IIPUMEPHO
45° (cMm. puc. 2), B TO BpeMs KaK aHaJOTMYHBIN 4
JNMAaIa30H YIJIOB, MOJYYEeHHBIN B 3KCIIEpUMEHTaX,
nJocTturaeT ipuMepHo 50° (puc. 5). D10 HECOOTBET- 5
CTBUE MOXET OBITh OOBSICHEHO TE€M, YTO IPU IIPO-
BEJIEHUM SKCIIEPUMEHTOB HE BBITMOJHEHO YCIOBUE ¢
CTPOroil TMHEHHOCTU BBHIXOMHOM MOJISIpU3allUK, a B
00JlacT CYLIECTBOBAHMS JAaXe HE3HAUUTEIBHOW 7
SIUIMNITUIHOCTU OUAIla30H YIVIOB ) MOXET OBITh
CYILLIECTBEHHO ITPEBHIIICH. 8

9
4. BbIBO bl

Ha ocHoBaHUM M310XEHHOIO MOXHO ClejaTh 0
CJICIYIOIIME BBIBOIBI. 10.

1. IIpennoxeH MeTON YyIpaBiIsSeMOTO IIOBOPOTa
IUIOCKOCTH TIOJIIPU3aIM JIMHEIHO-TIOISIPU30BaH -
HOTO M3Jy4YeHUsI, OCHOBAHHBII Ha CJIOXEHUU ABYX
B3aMHO OPTOTOHAIbHBIX JJIMNTUYECKU MONS- ¢
PU30BAaHHBLIX BOJH. BEISIBIEHO, YTO CyMMapHOE
U3JTydeHne OyAeT IMHEHHO-TIOAPU30BaHHBIM IIPH |5
BBITIOJIHEHUM ycioBus (12).

2. Jlna ynpaBieHus aMILTUTyIaMU ¥ (Da3aMy BOJIH |3
MPeII0XKEeHO HMCIIONIb30BaTh OCOOCHHOCTU Opar-
rosckoii AO-gudpakuuu — 1udpakuuio Ha 60Ko- 4.
BBIX “JIeTIeCTKaX”’ U3JIy4eHHUs aKyCTUYECKOTo Mpeod- |5,
pa3oBaTeis, a TaKKe CABUT (ha3 ONTUIECKUX JTydeid,
00yca0BIeHHBII Tpruponoit AO-B3auMOACHCTBUSA. 16.

3. DKCHepuUMEHTHl II0 YIpPaBISIEMOMY M3MeE-
HEHMIO yIjia MOBOpPOTa IUIOCKOCTU MOJsSpU3aLluU
ONTUYECKOIO U3TYyYeHUS C IJIMHOM BOIHBI 0.63 MKM,  17.
BBITNIOJIHEHHbBIC HAa 0CHOBe AO-s4eiiKy 13 KpUCTajia
napare/ulypuTa, OATBEPIMIM OCHOBHBIE TCOPETH -
YeCcKMe BBIBOJBI: MOJYYEH MMOBOPOT MOJSIpU3aLUU
Ha yroJ okoJsio 50° rmpyu M3MeHEHWH YacTOTH 3ByKa  18.
oT 36 1o 50 MI1. DJUIMITUYHOCTD BLIXOAHOIO M3JTY-
yeHMUs He TIpeBbicuia BeanunHy 0.07.

19.
OUHAHCHUPOBAHUWE PABOTHI
20.

PabGoTa BuITTONTHEHA B paMKax roc3aganns Ne 075- 21,
00395-25-00 UPD um. B.A. KorenbHukoBa PAH.
MPUBOPHI U TEXHUKA DKCTIEPUMEHTA ~ Nel 2025
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OrnucaHbl IPUHIIUITEL IEMCTBUS U MIpaKTUYeCKash KOHCTPYKIIUS 2JIEMEHTOB CO3MaHHOIO 3KCIIEpUMEH-
TaJbHOTO CTCHIA CICMSIICI afanTUBHON ONTUYECKOM CUCTeMBI ISl (DOPMUPOBAHMS Y KOPPEKIIUU Typ-
OYJIEHTHBIX UCKaXKeHU J1a3epHOTo n3aydeHus. CTeH I ITO3BOJISIET OCYILIECTBIISATh OMYJISILINIO aTMocdep-
HOIT TYpOYJICHTHOCTU C BO3MOXKHOCTBIO €€ TTIOBTOPHOT'O BOCIIPOU3BEACHUS IJIsI HACTPOMKM amalTUBHOMN
CHCTEMbI, KOPPEKTUPOBAaTh MCKAXEHMSI, 00YCIOBICHHBIE aTMOC(EepHON TypOYyJIeHTHOCThIO, a TaKXkKe
KOPPEKTUPOBATh OOIIIMEe HAKIIOHBI BOJTHOBOrO (ppoHTa. IIpuBeneHbl pe3yabTaThl UCIIBITAHUN pa3pado-
tanHoro Tip—Tilt-3epkaiia B cocTaBe cliefsiieii afanTUBHON ONTUYECKON CUCTEMBI.

DOI: 10.31857/50032816225010136, EDN: GHORLP

1. BBEAEHUE

HawubGonee pacnpocTtpaHeHHbIM U 3P PeKTUB-
HBIM METOIOM IOBBIIICHHUS KadyecTBa IIpUHUMA-
€MOTO M300paxkeHUsI B YCJIOBUSIX BIMSHUS TYp-
OyJIeHTHOI1 aTMocdephl SIBAsSIETCS CTaOUIU3aLuUs
MOJOXEHUS U3JIYyYeHUs B IUIOCKOCTU IPUEMHOTO
yCTpoOIicTBa amanTUBHOM cucteMbl. CTabunm3anms
VIJIOBBIX CMEIIEHUI M300pakeHUS OCYIIECTBIISIETCS
IMyTeM KOMIIEHCAIlM1 HaKJIOHOB BOJTHOBOTO (PpOHTA
NPUHUMAEMOTO U3JIyYEHUSI CKOPOCTHBIM YIpaBJIsi-
embiM Tip—Tilt-3epkanom [1—3]. Hias koppeKuuu
WCKaXXEeHUI, CBSI3aHHBIX C HaIU4uMeM abeppaluii
BBICOKUX TTOPSIIKOB, MCIIOJB3YIOTCS AedopMupye-
MBbIe 3epKana [4].

B MOA CO PAH paspa6otano Tip—Tilt-3epkaio,
npeaHa3HAaYeHHOE JI YIIpaBIeHUs yIJIaMU HaKJIO-
HOB M3JTyYEHUS U CTAOUIM3ALMU €r0 U300pakeHUs
Ha BXOJHOM amepType onTuueckoil cucreMnl. Cre-
JSIIee YCTPOMCTBO ¢ 3aMKHYTBIM KOHTYPOM YIIpaB-
JIeHUsI OOIIMMM HaKJIOHAaMH BOJHOBOIrO (ppoHTa
COCTOUT U3 CKOPOCTHOM BUACOKAMEPHI 1 YIIPABJISI-
emoro 110 yrinam Tip—Tilt-3epkana.

Tip—Tilt-3epkajio BKIOUaeT B ceOs 2JIEKTPOH-
HBI1 OJIOK yImpaBlieHUsI, paboTaliuii ¢ Hudpo-
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BbBIMU U aHAJOTOBBIMU BXOAHBIMU CUTHaJIaMU,
U MCIOJHUTEJIbHOE YCTPOMCTBO, CO3MaHHOE Ha
OCHOBE IbE30KepPaMUUYECKUX aKTATOPOB U IJIOC-
Koro 3epkajna. OpurvuHajabHble KOHCTPYKTHUBHBIE
pelIeHus UCIIOJHUTENIBLHOTO YCTpoiicTBa obecrie-
YUBAIOT COXpaHEHME IJIOCKOCTHOCTM 3€pKajia BO
BCEM JMara3oHe YIJIOB KOPPEKIIMHU, a JIEKTPOHHAS
cucteMa AeMIIpUpOBaHMs IOMABJISIET BUOpallUU
3epKajia Ipy UMITYJIbCHOM YIIPaBJISIOIIEM CUTHAJIE.

Cuctembl agantuBHoii ontuku c Tip—Tilt-
3epKajoM IPUMEHSIIOTCS B aCTPOHOMUYECKHUX Tejle-
CKOITaX, Ha3eMHBIX CUCTEMAaX BUIECHMUS B TypOYJIEHT-
HOIi aTMocdepe M Ja3epHBIX ONTOITEKTPOHHBIX
cucreMax, (GyHKIMOHUPYIOIIUX Ha aTMOC(epHbIX
Tpaccax.

ITockonbky pa3paboTka amalTUBHONW ONTUYE-
CKOM CHCTeMBI SIBJISIETCSI TPYAOEMKUM U TOPOTUM
MPOIIECCOM, KOJIJIEKTUBOM aBTOPOB CTaTbM ObLI pa3-
paboTaH CTeH agalNTUBHON ONTUYECKON CUCTEMBI
IUIST MCCeNOBAaHUS KOPpEeKUMU TYpOYJIEeHTHBIX
HMCKaXXeHUI JTJa3epHOro M3JIyYeHUsI, TO3BOISIOIIMIA
MPOBECTU MpenBapUTeIbHbIE UCTIBITAHUS TEXHUKMU,
METOMIOB M aJITOPUTMOB yIpaBAeHUST adalTUBHOM
ONTUYECKOI CUCTEMOIA.
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2. ONMMCAHUE CTEHJIA CJIEAALIEN
AJATITUBHOM ONITUYECKOW CUCTEMBI

OCHOBHBIMUM 3JIEMEHTaMM KOPPEKTUPYIOIIETO
KOHTYpa J11000i1 afanTUBHO ONTUYECKON CUCTEMBI
B OOJIBLIMHCTBE CJAy4yaeB SIBJISIOTCS YIPaBISIEMOE
neopMUpPyeMOe 3epKajio, IT03BOJISIIONIee KOPPeK-
TUPOBATh (POPMY BOJHOBOro ()poHTa, U AATYUK
BOJTHOBOTO (hpOHTA B KauecCTBE DJIeMEHTa, Peru-
CTPUPYIOLIEro MCKaXXeHUs BOJTHOBOIO (DpOHTa, 00y~
CJIOBJIEHHBIE TYpOYyJeHTHOI aTMocdepoii. Diek-
TPOHHAs CUCTEMA yIPaBJICHUS 3aMbIKAET 0OpaTHYIO
CBSI3b MEXKIY TaTYMKOM BOJTHOBOTO (DPOHTA U YIIPaB-
JIIEMbBIM ONITUYECKUM 3JIEMEHTOM.

JIABPUHOB u 1ip.

[TporpaMMHoO-arnmmapaTHbeIii KOMIIJIEKC CTEHIa
(puc. 2) MO3BOJSET MOACIMPOBATH O0II1€ HAKJTOHBI
BOJIHOBOIO (bpOHTA C 3aJaBaeMbIMU MapaMeTpaMu
C BO3MOXXHOCTBIO BOCIIPOM3BENCHUS U TIOBTOPEHMUSI
JII000T0 BpeMEeHHOTo (hparMeHTa CMOACIMPOBAHHOMI
BBIOOpPKM aTMocdepHoii TypOyneHTHOcTU. Habop
yrpasisomux curHainoB mist Tip—Tilt-3epkana n
JeopMUPYyEMOTo 3epKajia MOXeT (hOpMUPOBATHLCSI
KaK C IIOMOIIbIO YMCICHHONH MOAEIM AaTYMKa BOJI-
HoBoro (ponTa llIska—IlapTmana [7], Tak 1 paHee
3a(pMKCUPOBAHHBIMU HCKAXXKEHUSMU BOJHOBOIO
(dponTa. [IpemycmoTrpeHa BO3MOXHOCTb MUCTIOIb30-
BaHMS CTeHJA B pealbHOM BpeMEHU Ha aTMochep-
HOI Tpacce B yCIOBUSIX peajibHOM aTMOCdephl.

Puc. 1. Cxema creHaa cieasiuieit aianTUBHON ONTUYECKOI CUCTEMBbI IJIs1 UCCIIEIOBAHUS KOPPEKIIUU TYpOYJIEHTHBIX UCKa-

JKEHUIi JTa3epHOT0 U3JIyuyeHus: / — TOYEUHbI!l UCTOYHUK WK TECTOBOE U300pakeHue, 2 — cucTeMa MOBOPOTHBIX 3epKall,

3 — monenupytomee Tip-Tilt-3epkaino, 4 — koppekrupyroiiee Tip-Tilt-3epkano, 5 — 1aTYNK HAKJIOHOB BOJITHOBOTO (PPOHTA,
6 — necdhopmupyemoe 3epkaio, 7 — BuIeokamepa, § — IaTYNK BOJTHOBOTO (hPOHTA.

Ha namem crenae (puc. 1) koppekuust peaiu-
30BaHa C MOMOIb IBYX HE3aBUCHUMBIX KOHTYDPOB.
IlepBrIit KOHTYpP peaiM3yeT SIMYJSILUI0 aTMochep-
HoIl TypOysneHTHOCTH [5, 6] 1 cocTtout n3 Tip—Tilt-
3epkazia 3, GOPMUPYIOIIETO0 HAKIOHBI BOJHOBOTO
¢ponta, u Tip—Tilt-3epkana 4, KOPPEKTUPYIOLLIETO
HakyoHbl. Tip—Tilt- 3epkano 4 ucrnoyib3yercs mis
KOPPEKIIMKY HAKJIOHOB BOJIHOBOTO (hpOHTA U3JIyYe-
HuA ¢ yactoToii 1 kI, Bropoii KoHTyp, mOCTpo-
€HHBII HAa OCHOBE IaTYMKa BOJIHOBOro (poHTa
Iska—TlapTMana 1 GuMopdHOTO IePOPMUPYEMOTO
3epKaja, UCMOJIb3YeTCs IS KOPPEeKIUU adepparuii
BOJIHOBOTO (DpOHTA, HAUMHasI ¢ abeppaluii BTOpOro
nopsiika u padotarourero Ha yactote g0 300 Iir.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

Puc. 2. BHenHuii BUJ CTeHIa agaiTUBHOM ONTUYECKOM
CUCTEMBI.
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KOPPEKILINS HAKJIOHOB BOJTHOBOI'O ®POHTA

Crenp obecrieunBaeT MpoBeAeHUEe U3MEPEHUI B
HECKOJIbKUX peXruMax: 1o U300pakeHUIO C UCTIOb-
30BaHMEM KOPPEJSIIIMOHHOTO aJropuTMa padoThl
JaTymka BoiaHoBoro ¢pponTa llska—Ilaprmana [8];
110 SHEPTeTUYSCKUM LICHTPaM TSKECTU TapTMaHO-
rpaMMbl [9] 1 o aHEpreTUYeCKOMY LEHTPY TSKECTU
Bcero myuka [10].

3. IPUHLOUITBI KOHCTPYKLIHWH
U1 PE3VJILTATbI UCTTBITAHUN
TIP-TILT-3EPKAJIA

Cneuunguka padboThl COBpeMEHHBIX aJalTUBHBIX
ONTUYECKUX CUCTEM C (DAa30BBIMU U3MEPECHUSIMU
BostHOBOTO (pponTa [ 11] Tpedyet ot Tip—Tilt-3epkana
MOBBIIIEHHON TOUHOCTH Ilepemadud OTPakeHHOTO
BOJIHOBOTO (hpoOHTa, MaJalollero Ha 3epKalo;
COXpaHEHMUSI TNIOCKOCTHOCTU MOBEPXHOCTHU 3epKayia
BO BCEM Jualia30He paboYuX YIJIOB; YBEJIUYECHUS
paboueii YacTOTHI TTOBOPOTA 3epKaia; TIOBLILIEHHOMN
TOYHOCTHU U cTabuibHOCTU. B Monensax cepun JI1
pean30BaHbl KOHCTPYKTUBHEBIC PEIICHMSI, KOTOPBIC
VIOBIIETBOPSIIOT YKa3aHHBIM TpeOOBaHUSIM. YCTPOIi-
CTBO 3alIMIIECHO ABYMS ITatreHTamu P® [12, 13].

Tip—Tilt-3epkano conep>KUT 2JIeKTPOHHbIN 0JIOK
yIipaBieHUs1, paboTaromuii ¢ HM(GPOBLIMU U aHa-
JIOTOBBIMU BXOIHBIMU CUTHAJIaMU, UTO PaCIIMPSET
BO3MOXHOCTH €T0 IpUMeHeHUs. MCIoIHuTeIbHOS
YCTPOWCTBO Ha OCHOBE MJIOCKOTO 3epKaja, ycTa-
HOBJICHHOTO Ha IMbe30KepaMMYeCKMX aKTIaTopax,
MpeacTaBlIeHO Ha puc. 3.

Puc. 3. KoHCcTpyKIIMS ONITUYECKOI TOJIOBKU aedieKTopa
JI1-04: I — 3epkaio, 2 — onopa, 3 — MOABUXKHAas Tj1aT-
¢dopMa, 4 — rHe3aa Ha TTOABUXKHOM orope, 5 — CTajibHbIe
[IapyKu, TIOMEeIeHHbIe B THe3/1a, 6 — (JaHIIbl, B3aK-
MOIEUCTBYIOIINE C IIapUKaMU, 7 — ITbe30aKTI0ATOPHI,
& — oboitMa s KperieHus 3epKaja, 9 — ocCHOBaHUE
000iiMBbI, 10 — cTpyHa, 3aKpeIuIsTonas 3epKajio K 000ii-
Me, /1 — Touka KperjieHUsI CTPYHbI Ha 3epKaJie, OTHOCU -
TEJIbHO KOTOPOil IPOXOAMT ITOBOPOT IIATHOPMBI.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |
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B onTuueckyio roioBKy BXOAST MJIOCKOE 3ep-
Kayno [/, KoTopoe MpuKJIeeHo K onopaM 2, 3apuK-
CUPOBAHHBIM Ha TIOABUXHON miatdopme JI.
[Inatdopma coBepiiaeT IBUXKEHHE Ha CTaIbHBIX
IIapuKax 5, IIOMeIleHHBIX B THe31a 4 JaHIeB 0,
HaJeThIX Ha Mbe30aKTioaTopsl 7. Bes onrtuyeckast
rojoBKa (UKCUPYETCS HaATSKeHUeM CTpYHBI /0,
3aKpeIJICHHOM B LIEHTPaJIbHOM TouKe [/ TOABUX-
HoI Tu1aTopMbl 3. [I0BOpOT rtaToOpMBbI IIPOUCXO-
IUAT OTHOCUTEIHLHO OCHOBaHUS 9 ¢ 000iiMOI1 §.

Yrpapisioniye CUrHajbl nocje (OpMUPOBAHMS
nudpoananoropeiM npeodpasonsareneM (LIAIT) B
aHAJOTOBOM BMJI€ MMEIOT CTyIleHYaTyio Ghopmy C
IUPOKUM YaCTOTHBIM cIieKTpoM. [1pu Kaxmom cty-
MEeHYaTOM M3MEHEHUH YIIPaBJISIOIIEIO HAIPSIKEHUST
Ha BBIXOJAX YCUJIMTENICH MPOUCXOOUT JIMHEHHAs
nedopmanus Mbe30KepaMUUECKUX aKTIaTOPOB,
YTO BBI3BIBAET ITOBOPOTHI YCTAHOBJIEHHOTO Ha HMX
3epkajia /. OHO MOBOPAUYMBAETCSI BOKPYT LIEHTPaIb-
HOIt Touku [/ ¢ KojiebaHUSIMU Ha 4aCTOTE CBOETO
MEXaHUYEeCKOTO pe30HaHCca.

Bpemst ycrmokoeHUs 1 aMILIUTYAa BOSHUKAIOIINX
kosiebanuit 3epkana I (puc. 3) 3aBUCAT OT MEXaHU-
yeckux xapakrepuctuk Tip—Tilt-3epkana. AByx-
KaHaJIbHbBII OJIOK 3JIEKTPOHHOTO IeMII(PUpOBaHUSI
(nemricpep) mpeaHa3HauYeH IJISI MIPENOTBpalleHUs
BO3HMKHOBEHU KoyiebaHuii 3epkana / (puc. 3) npu
CTYIEHYaTOM M3MEHEHMU YIIPABJISIOIINX CUTHAJIOB
c LHAII.

Ha puc. 4 npencraBieHa cxema 0Ji0Ka yrpasJe-
HUS TTbe30KePaMUYECKUM ITPUBOIOM.

" KouTPONER i, ..k |I|
/

AHANCTOBOE
pEwesowEe [ ‘I.*? B
YCTPORCTBO

U,
i s X = s
LEMMGER U, U ->—I.|_

Puc. 4. Cxema 6y10Ka yripaBieHUsT Tbe30KePaMIUECKIM
TIPUBONIOM C BJIEKTPOHHBIM AeMIIhepoMm.

Pabora 65oka aneKTpoHHOro meMripepa mpu
CTYIICHUYaTOM CHMTHajie YIpaBJIeHUS OTpaxeHa
Ha BpeMeHHoU nuarpamme (puc. 5a). Ha puc. 56
MpUBEIEeHBI PE3yJbTaThl U3MEPEHUST YITIOB ITOBO-
pora Tip—Tilt-3epkayia Ha ONITUYECKOM TpaKTe MpHU
MMHUMAaJIbHBIX CUTHAJIaX YIIPaBICHMUSI.

KoHcTpyKkTHUBHBIE peleHus 0J10Ka yIIpaBaeHUs 1
HCITOJTHUTEIBLHOTO YCTpOiicTBa (pUC. 6) MO3BONISIOT
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Puc. 5. a — Ocumsutorpamma kosnebaHMit rrockoro 3epkaia I (cM. puc. 3) mpu mogaye CTyIeHYaToro YIpasJIsioIero CUur-
Hana: kpuBas I — 6e3 nemmndupoBanus, 2 — neMridep BKIIOYEH; 6 — OCIIIITIOTpaMMa MUHUMAaJIBHOTO yria HakiioHa 0.05"
ONTUYECKOTO IMyuka (KpuBasi /), BXOASIINI CUTHAJ YIIpaBJieHus (KpuBas 2).

Puc. 6. BHenrHMiT BT TByXKOOPIUHATHOTO ONITHYECKOTO
nednexropa JI1-04.

COXPAaHATh INIOCKOCTHOCTD 3epKaja [ (puc. 3) BO
BCEM QMalia30He KOPPEKTUPYEMBIX YITIOB HaKJIOHA
BOJIHOBOTO (DpOHTA, YTO HEOOXOAMMO JJIs1 (PA30BBIX
U3MEPEHUA.

Texnnueckue xapakrepuctuku Tip—Tilt-3epkana
AI1-04: nuameTp 3epKaja KoppekTopa 76 MM, yroj
noBopoTa 3epkaja 115", pa3peiiaroniasi crocoo-
HocTb 110 yrty 0.05"", MakcuMasibHast 4acTOTa yIIpaB-
neHus 1000 T'u, Bpemst ycTaHOBJIeHUS 3epKajia He
bosee 1 Mc, pezoHaHcHas yacToTa 3epkaja 1500 I,
BeJIMUMHA THCTepe3nca He 6osee 4%.

Oo6nactu nmpumenenus Tip—Tilt-3epkan cepun
HII crenyroinme: amanTUBHEBIE ONITUYECKIE CUCTEMBI
B aCTPOHOMUM, CUCTEMbI BUICHUS B TypOYJIeHTHOMI
aTMocdepe, yIIpaBieHUE Ja3ePHBIM JIYYOM B OIITH-
YECKUX CUCTEMaX.

s pacmmpenust cpepbl MPUMEHEHUS U TTOBbI-
LIEHUSI TOYHOCTH HACTPONKHU B ONTHUYECKUX CXeMax
Tip—Tilt-3epkajio uMeeT BCTPOSCHHBIN y3€e IBYyXKO-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

OPIMHATHOM ME€XaHWYECKON BBICOKOTOYHOI IOCTU-
POBKH MO YI1y HAKJIOHA C MOMOIIbIO MUKPOBUHTOB.

Tip—Tilt-zepkano AI1-04 MakcumMaabHO aganTH-
pOBaHO AJ1 pabOTHI HA IKCIIEPUMEHTAIbHBIX UCCIIE-
JIOBaTEJIbCKUX CTEHIaX C 11eJIbI0 CO3aHuUsl, TECTUPO-
BaHUs aJITOPUTMOB U IIPOTPAMMHOI0 00eCIIeueHN s,
HaIpuMep IS TECTUPOBAHUS aJITOPUTMOB, SMYJIM -
pylolux aTMOC(hEPHYIO TYPOYAEHTHOCTb.

4. OOPEKTUBHOCTDb KOPPEKIIM
OBIIMX YITIOB HAKOHA BOJIHOBOTI'O
OPOHTA TIP-TILT-3EPKAJIOM

YT100Obl OLIEHUTH d(PHEKTUBHOCTh CTAOUIM3A-
uu ontuyeckoro uznaydyenus Tip—Tilt-3epkanom,
NOCTaTOYHO OILIEHUTb OCTAaTOUHBIE OIIMOKU B
pe3yabTaTe KOPPEeKILMY HaKJIOHOB, ITOJIydeHHBIX Ha
OCHOBE MOIEIMPOBAHMS IPOKAHUS M300paKeHMUS
OIITUYECKOI0 U3Ty4YeHUS B (POKAJTBHOM TIOCKOCTU
CHUCTEMBI.

Mg Momeny IpoXKaHMST ONTUYECKOro ITydyKa Ha
BXOIHOI aniepType CUCTEMbI MCIOJIb30BaIMCh OOIINE
HaKJIOHBI BOJIHOBOro (ppoHTa, pacCUuMTaHHbIE Ha
OCHOBE YMCIIEHHOUN Momenn TypoyneHTHOCTH [10],
WITIOCTPUPYEMbIe OOIIMMM HAKJIOHAMHU CITy4aiftHOTO
¢dazoBoro s3kpaHa B Bujae npoduieit Phase, cootBeT-
CTBYIOIIX JAaHHBIM 13 CTPOKHU B IByMEPHOM MacCHBE
yuces (ha30BOro pacmnpeneiacHus (puc. 7a).

Pacuer curnana orpadorku Tip—Tilt-3epkanom 4
(cM. puc. 1) BBITIONHEH NPU pa3IMUHBIX 3HaAYe-
HUSIX TIOIIePEYHOM COCTABIISIONICH CKOPOCTH BeTpa
V., KoTopas 3anaBajach BapbUPOBAHUEM BPEMEHU
MEXIY aHAIM3UPYEMBbIMU KagpaMU.

M3 puc. 76 cinenyeT, 4To cpeaHeKBagpaTUUYHAs
omurbKa He TpeBbimaer 2%, APYyTMMU CJIOBaMHU,
3HAYCHUS MOICIMPYEMBIX HAKJIIOHOB BOJIHOBOTO
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Puc. 7. a — I1poduib BotHOBOro (hpoHTa: KpUBasi / COOTBETCTBYET (pa30BOMY pacrpeneeHIIo 6e3 o01ero HakJIoHa, 2 — ¢
HaksioHoM 0.32", 3 — ¢ HakstoHOM 0.64"'; 6 — cpenmHeKBaapaTUYHAas OLIMOKA MEXIY 3HAUEHUSIMU OOIIEro HaKJIOHA BOJHO-
Boro (poHta, monenupyemoro Tip—Tilt-3epkanom 3, 1 3HaueHUusiMmu Koppekrupytoiiero Tip—Tilt-3epkana 4.

(poHTa cirydaiiHoro a3zoBoro 3KpaHa, JBUXKYIIE-
rocs Toj JAeCTBUEM BETPOBOTO MepeHoca B MJIO0-
CKOCTU BXOIHOU amepTypbl cuctemsl [10], mpakTu-
YEeCKHU COBITAJAIOT CO 3HAYEHUSIMU YITIOB HAKJIOHA,
MPEACTABISIONIMX YITPABJISIONINE CUTHAIBI /151 KOP-
pextupytotiero Tip—Tilt-3epkana 4 (puc. 1).

5. BAKJIIOYEHHE

CoBpeMeHHasl ananTUBHAs ONTUYECKasl CUcTeMa
MpeACTaBIsIeT CETOMHS IBYX3€PKAJIbHYIO CUCTEMY
aJanTUBHOU onTUKM [2, 3], KOTOpas BKJIIOYAET B
cebs1 CTabUIN3UPYIONINI OTITUYECKOE U3TydyeHUe
KOHTYP KOPPEKILIMU HaKJIOHOB [14, 15].

YTo06bI o11eHUTH 3(h(HEKTUBHOCTH CTAOMIM3ALINI
OITUYECKOTO MU3JIy4eHUsI KOPPEKTOPOM HAKJIOHOB
BOJIHOBOTO (DPOHTA JOCTATOYHO OIIEHUTHh OCTATOU-
HbIe OIIMOKM B pe3y/lbraTe KOPPEeKINN HAKIOHOB,
MOJYyYEHHBIX Ha OCHOBE AMYJISILUM aTMOC(epHOt
TYpOYJIEHTHOCTU, MOJEJUPYIOIIEi ApoKaHue U30-
OpaxXeHUs] ONTUUYECKOTO M3JIydeHUs B (poKaib-
HOM TIJIOCKOCTH CHUCTEeMBI. DMYIISLIUS aTMocdep-
HOI TypOYJIEHTHOCTH IIPEICTaBJIsIeT MHOTOKPAaTHO
MOBTOPSIIOIINI HEOTHOPOTHOCTA CBETOBOTO TIOJIS
WHCTPYMEHT IIJISI TECTUPOBAHUS ONTUYCCKUX 3JIC-
MeHTOB. HeoqHOpOAHOCTHU CBETOBOIO TOJIST MOTYT
OBITh CMOIEJIUPOBAHBI Ha OCHOBE YMCJIEHHOI
MoIen TypOYJIeHTHOCTH, a TakxXe MpPeaCTaBIIsITh
MpeaBapuTebHO M3MEpPEHHBIE Ha aTMOC(hEPHOI
Tpacce [16] 3HaueHuUs.

HoBu3Ha mpoBemeHHBIX HAayYHBIX MCCJIeoOBa-
HUI TToATBepXkaeHa nonydeHHbIMU [lateHTamu PO
Ha TexHu4yeckylo peanusaunuio Tip—Tilt-3epkana
1 6J0Ka SMYISIUM TYpOYIEeHTHON aTMocdepsl
B KOHTYpE ClieAsdleid aganTAUBHOW ONTUYECKON
cucteMsl [14—16].
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Pa6ora nocssieHa 3D-npoekTHUpoBaHUIO HAXOASIIEr0oCs HAa CTaAuu pa3pabOTKM HOBOToO Mpudopa —
LeJIbHOMETaIIMuecKoro BoJaHoBogHoro CO,-na3epa (3/1eMEHTOB U BCEro Npudopa) ¢ UCMoab30BaHUEM
OTEYECTBEHHBIX MPELN3NOHHBIX ATFIOMUHUEBBIX Mpodwieit. [Tokazan 3D-BuI OTHETBHBIX Y3JIOB U BCETO
nazepa. OMHUCHIBAIOTCS CXeMbI BO3IYIITHOTO 1 BOASTHOTO OXJIAXKICHWS, TEXHOJIOTMSI COOPKM U TepMeTH3a-
unu CO,-1a3epa ¢ MOMOLLBIO JIa3epHOH (IJIa3MEHHOI) CBapKU U KJIEEBBIX COEIMHEHUI, 00ecreynBalo-

IMX BBICOKOC€ KAY€CTBO M HAACXKHOCTDH HpI/I60pa.

DOI: 10.31857/50032816225010148, EDN: GHQCUQ

1. BBEAEHUE

lazopaspannbsie CO,-nasepsl ABIAIOTCS OJHUM
13 Haubosiee MpencTaBUTEIbHBIX KJIAaCCOB JIa3ePOB.
Bricokuit KIIJI, nmana3oH MOIIHOCTH, BBICOKAas
MOHOXPOMATUYHOCTb M3JIYUYEHUSI 00€CIIeunBaIOT
JIOKAJILHOCTh UX Bo3meiicTBusa. OTHOBPEMEHHO
BaxHa cnocobHocTs CO,-n1aszepoB paboraTtb B
WMIOYJIbCHOM, WMIIYJIbCHO-IIEPUOINIECKOM MU
HEIpepbIBHOM peXumax reHepauuu. JJaHHbie pu-
OOpBI HE3aMEHUMBI B (PU3NYECKUX MCCIETOBAHUSIX
¥ B TEXHOJIOTUY 00paboTKM MaTepuanos |1, 2].

[locTtossHHOE pacuImpeHue obaacTeil mpuMeHe-
HUSI U KOHKYpeHTHas 00opbba 3acTaBisIOT CHELU-
aJINCTOB Beoylux (upM pa3padaThiBaTh HOBBIC U
HENpepbIBHO COBEPIICHCTBOBATH YK€ CO3IaHHbIC
oOpasubl. B pesynabrate Ha pbIHKE MPOMBIIIIECH-
HBIX U3IEINN TUAUPYIOIIee MECTO CeTOIHS 3aHSIN
KOMIIAaKTHBIE ILICIbHOMETAINYECKHE IIPUOOPHL.
Oco0OeHHO BbIIEISIETCS BOTHOBOAHBIN BapuaHT C
MOIIEPEYHBIM BBICOKOYACTOTHBIM BO30YKICHUEM.

B KOHCTpyKIMSAX 3TUX JIa3epOB IPUMEHSIIOTCS
MPELUU3NOHHBIN MPOKAT AJTIOMUHUEBBIX CIJIABOB,
COBpPEMEHHBIE METONBI (hPOPMOOOPA30BAHUS U MPO-
TPECCUBHBIE TEXHOJOTUN BHICOKOTEPMETUYHBIX COE-
JIUHeHui [3—5].

AKTyaTbHOCTh pabOTHI 00YCIOBIeHA ITMPOKUMU
HUCCIeAOBAHUSIMU 1LIeJIbHOMETANIMYECKOTO BOJHO-
BonHoro CO,-nasepa. Ero KoHCTpyKLMs TOCTpOEHA
Ha OCHOBE OT€UECTBEHHBIX MPEIINU3NOHHBIX ATIOMMU -
HUEBbIX TTpoduiieit n 3D-MeTonoB MPOeKTUPOBa-
Hus [6, 7].

2. 3D-ITPOEKTMPOBAHUE
¥Y3JI0B U KOHCTPYKLNHU
HEJIBHOMETAJUJIMYECKOT O
BOJIHOBOIHOTI'O CO,-JIA3EPA

3D-MopenupoBaHue — 3TO MPOLIECC CO3MaHUs
TpeXMEpHOII MoJean 00ObeKTa U pa3paboOTKa BU3Y-
aJIbHOTO 00BEMHOI'0 00pa3a KejlaeMoro oobeKTa.
C ITOMOIIIBIO TPEXMEPHOM TpadrKI MOKHO CO31aTh
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TOYHYIO KOTIMIO KOHKPETHOTO TIpeaMeTa U pa3pabdo-
TaTh HOBYIO, 3a4aCTYIO CJIOXHO MPEeNCTaBUMYIO KOH-
CTPYKIIMIO.

ImaBHOE€ HOOCTOMHCTBO U IPEUMYIIECTBO
3D-MonenupoBaHUs — HAIJISAHOCTb U BO3MOX-
HOCTh OIHOBPEMEHHOTO ITapajuIeIbHOTO MPOEKTH -
poBanHus. [Ipn 3TOM 06ecreyeHO aBTOMaTUUECKOE
corjacoBaHue BHOCHUMBIX M3MEHEHMIi, nopabo-
TOK KakK y3JIOB, TaK U BCero ycrpoiictBa. Kpome
TOrO, ITOSIBMJIACh BO3MOXHOCTh pacueTa TeIJIOBBIX
M IPOYHOCTHBIX 3KCILIyaTalIMOHHBIX XapaKTepHU-
CTHK Ha BCEX 3Tamax pa3pabdoTK! U U3TOTOBJICHUS
ycTpoiictBa. CoBpeMeHHBIE TEXHOJOTUYECKUE
oOpabaThIBaloOlIMe LEHTPbI, CTAHKM C YUCJIOBBIM
MIPOrpaMMHbBIM YIIpaBJI€HHUEM I103BOJISIOT 3HAUM-
TEJIbHO COKPATUTh BPeMsI U3TOTOBJICHUS U3IEIUs U
BpPEMEHHOI MHTEePBaJI OT UIEH IO BHIITyCKa TOTOBOM
MPOOYKIIVH.

PaspaboTka KOHCTPYKIIMM OCYIIECTBIISIJIACH B
nporpammHoii cpene KOMITAC-15.

Ha pwuc. 1 npencrasneH BapuaHT Z-00pa3HOit
pa3psiAHONM CTPYKTYpPbl, 00pa30BaHHO ABYMSI 1IIBEJI -
JiepaMHU-3JIeKTpOIaMM U3 aJTIOMUHUEBOTO CILIaBa
AJI31T. BoanHoBOaHBIN Z-00pa3Hblii KaHa MOJIy-
yaeTcs (ppe3epoBaHUEM COOTBETCTBYIOIIMX ITOTY-
LUJIMHAPUYECKUX MTa30B Ha BHEIIIHEN MOBEPXHOCTU
JNaHHBIX IIBEJJIEPOB U IOCIEAYIONIell CUMMETPUY-
HoOIt cOopkoii. [IuameTrp KaHajla paBeH MPUMEPHO
3 MMm. Iyt yMEHBIIEHNST BOTHOBOMIHBIX IIOTEPh Ha
pabouux minHax BojsH CO,-1a3epa MOBEPXHOCTh
DJIEKTPOAOB ITOKPHIBACTCS OKCHIOM aJIIOMUHUS
(a-ALOy).

Kanan takoii (popMbl MO3BOJSIET YMEHBIIUTH
rabapuThl IIPU TEX 3Ke MOIITHOCTSIX M3JTy4YeHUsI Ta3epa
Ha enuHMULY IJauHBL. [Ipu 3TOM, OmHaKO, B KOH-
CTPYKLIMU HEOOXOIUMEI JOTIOJTHUTEIbHBIE ITOBOPOT-
HBbIE 3epKaJjia C PeTyJINPOBKOI UX ITOJIOXKECHHUSI.

lTopenue paspsnga B paboueM KaHajae TpeOyeT
HMCKJIIOYEHHUSI ero pa3BUTHUSL B HepabouyeM 3a30pe

CTEIAHOB u mp.

MEXKJ1y 2JIEKTpOJaMU. YCIOBUE 3TOTO TAKOBO: BeJIM-
YyHa MEXDJIEKTPOMIHOIO MPOMEXYTKa (IpUMepHO
0.5 MM), 3HAYUTEABbHO MEHbIIas AuamMeTpa pabdo-
yero KaHana (okoiio 3 mm). [1pu pabouem maBmeHnm”
ra3oBoii cMecu B paboueM KaHajle pas3psia B 3a30-
pax meHee 0.5 MM HEBO3MOXKEH M3-3a MEIJIEHHOTO
(dopMHrpoBaHUST HEOOXOAUMBIX JIJISI 3TOTO TTPUIJIEK-
TPOIHBIX cjioeB. BennuuHa 3a30pa u ero peryjiu-
POBKa 00ecIeuYnBalOTCs YCTAHOBKOM Ha TOpI1ax U B
cepenrHe pa3psAHON CTPYKTYPHI JOTIOTHUTEIbHBIX
KepaMU4IeCKNX (PUKCATOPOB.

Ha BHemHel MoBepXHOCTU 3JIeKTpoHoB dpe3e-
pOBaHNEM BHITIOJIHEHBI Ma3bl [NTyOMHOI ITpUMEpPHO
0.5 mM. B HuUX momelaloT KepaMUYecKue aaoMo-
HutpugHbie (AIN) TIacTUHBI TOJIIWHONW 1 MM 11
M30JIMPOBAaHMS KOPITyca W Pa3psIIHOM CTPYKTYPHI.
Bo BHyTpeHHe#l IOJIOCTU KaxXIOTro M3 IIBesje-
POB-2JICKTPOJIOB YCTaHABJIMBAIOTCS COIJIACyIOLINE
KaTyIIKA WHIYKTUBHOCTU W3 MEIHOI IPOBOJIOKH
auaMetpoMm 1.5 mm (23 mrtyku). JlomoaHUTENb-
Hag (puUKcalus 3JeKTPOAOB U yBeJIMUeHue o0IIei
JKECTKOCTH pa3psaaHoro 6joka (0J10Ka apMaTyphl)
obecrieuynBalOTCsa CTsSKKamMu. B cepeanHe BHeEII-
HEl TTOBEPXHOCTH 3JIEKTPOIOB €CTh JBa Pe3b00OBBIX
oTBepcTUst M4 1J1s1 TOKOBBOIOB, ITOABOISIIINX BBICO-
KOYaCTOTHYIO MOIITHOCTb. DJEKTPO/bI COSTUHSIOTCS
LIMWJIbKAMU, 100aBISIIOTCS KepaMUUuecKure 1aiiobl
U (pUKCATOP PEryIsiTOpa MEXK3JIEKTPOITHOIO 3a30pa.

JOoCTOMHCTBO TaHHOI KOHCTPYKIIMY U3IydaTesis
B IIpUMEHEHNH TpoUIIeii U3 aTIOMUHUEBBIX CILIa-
BOB. BriOpaHHOE CUMMETPUYHOE MOIEePEeYHOE ceue-
HUEe KopIlyca jJa3epa obecreunBaeT yCTOHUMBOCTD
K BHEIIHUM Bo3aeiicTBUsIM. KoMmakTHOCTG Jlazepa
B 1I€JIOM 1 HaJIeXKHOCTh €r0 BO30YKIeHUS B BO3MOX-
HOCTU COBMelleHUsI ucTouHrnka BU-Bo30yxIeHuUst
U uznyvarens. [1pu c6opke KOHCTPYKLIMM HEO0OXO-
JIAM TIIATEIbHBII KOHTPOJIb TEPMETUYHOCTH COCIM -
HeHMs y3i0B. ClenyeT yuuThiBaTh, YTO YCTPOMCTBO
MOXKET padOTaTh IIPU MOBBIILIEHHBIX TEMIIEPATYPHBIX

I 3

60.5

Puc. 1. BapuaHt Z-00pa3Hoii pa3psiiHOi CTPYKTYPHI.
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peXxumMax, 0COOEHHO MpU BO3MYIITHOM OXJIaXke-
HUU. DTO TpedyeTcs MpU CO3MaHUM PaaMaTOpPOB.
HeobGxonuMmasi cTrereHb M30JLMU OOecreyunBa-
eTCsI YMEHbIIeHNEM Hepabounx 3a30pOB, B KOTO-
PBIX 3aTPpyIHEHO BOZHUKHOBEHME pa3psua, a TaKKe
allyHIupoBaHUeM (OKCUIUPOBAHMEM) KOHTAKTH-
PYIOIIMX MMOBEPXHOCTEH M TOHKMX KepaMUYECKUX
11aito.

OxyaxkaeHue OCYIIEeCTBISICTCS IBYMSI aTlOMUHU-
eBBIMHU pamraTOpaMM-TUIACTUHAMU C KaHaJaMM JIJIsT
MIPOXOXKIEHMS BOAKI (pHC. 2).

PamuaTtopbl MMEIOT CUMMETPUYHYIO (GopMmy.
Kananel misi mpoTeKaHUsI OXJaXAAIOIIe XUI-
KOCTbIO TakKXe CMMMeTpUuYHbl. M3rubdnl KaHaIOB
CITOCOOCTBYIOT BO3HMKHOBEHUIO TYPOYJIEHTHOTO
peXrMa MpOTeKaHUS XKUJIKOCTU U 3P PEeKTUBHOCTHA
TeruiooTBona (puc. 3).

FOcTupoBouHbIie (haHLbl MPEACTABISIOT COOOM
NIBE TUTACTUHBI C OTBEPCTUSIMU MOJ 3epKaja, IITeH-
reJiv IJisk OTKauku M Kpernex (puc. 4). ®uaHub u3

107

critaBa AII31T umeror bopmy mapamieienunena
1 0o0JianaloT OOJIbIIONH XKECTKOCThIO Ha U3TUOBI U
OOIBIIION MEXaHNYECKOM TMTPOYHOCTHIO.

BUY-npaiiBep npencraBisieT coboil aBTOTreHe-
paTop Ha 4YeThIpex TpaH3UcTopax (puc. 5) ¢ HOMU-
HanbHO# yactoToit 81.36 MI. OH ocyliecTBISET
BY-Hakauky akTUBHOI1 cpenbl na3epa. B kauecTBe
CUJIOBBIX BBICOKOUACTOTHBIX TPAH3UCTOPOB UCMOJIb-
3oBanucb MOSFET-tpan3ucropst MRF150 ¢ pa6o-
yuM nuana3zoHoM 4dactoT 30—150 MI, TokoBoit
Harpys3koii 16 A, MakCMMajabHOI BBIXOTHOM MOILII-
HocThlo A0 150 BT. ABTOreHepaTop MMeeT CUMMET-
PUYHBIN BBIXOJ W MOAKIIOYEH K ABYM TOKOBBOIAM
usnayyartens. PeryiupoBka cpeaHeil MOIIHOCTHU
HakKayky OCYIIECTBJSIETCS C IIOMOIIbIO IIUPOT-
HO-uMNyJabcHOro moayisaropa (ILIMM) nutanusa
CHJIOBBIX TPAH3UCTOPOB (CM. puC. 5).

PaspsigHas cTpyKTypa-BOJHOBOI IOMEIIASTCS
BHYTpb O0Kca. B 1ma3bl pa3psimiHOl CTPYKTYphI yCTa-
HaBnuBawTcs AIN (aTIOMOHUTPUIHBIE) U30ISITOPHI.

Puc. 2. CobpanHas paspsinHasi ctpyKrypa 3D u koprmyc (60Kc).

|

s Dee

[ 1

Puc. 3. 3D-monens u 2D-4yepTex KUAKOCTHOTO PaanaTopa.

MPUBOPBI U TEXHUKA SKCITEPUMEHTA  Ne |
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120

125
125

CTEITAHOB u np.

120

Puc. 4. ®nanus! ¢ y3namu toctuposku (2D- u 3D-n306paxkeHus1) CUIOBBIX TPAH3UCTOPOB.

A

Puc. 5. 3D-Mmonenb BBICOKOYACTOTHOTO ApaiiBepa.

OHU SBJISIOTCS 2JIEKTPUYECKMMU pa3Bsi3KaMu pas-
PSIHOM CTPYKTYPhI U OoKca (puc. 6).

bokc m macTuHBI-paguMaTOPBl COEAMHEHBI
LIMIbKaMu M6 ¢ XXeCTKO# (huKcaLeil moIoXKeHUs
pa3psaHOIt CTPYKTYpbl BHYTpU O0Kca. Buntamu M5
coenqrHeHbl (aHIbl, COOpaHHBIE C Y3JIaMH IOCTU-
POBKM, 3epKajlaMy U KPpaHOM JIJI1 OTKa4Ku/HaroJI-
HeHMsa. B Mecte CTHIKOBKM (h1aHIIEB U OOKcCa €CTh
PE3MHOBOE YIUIOTHEHME MIJIsS TepMeTU3aliu o0beMa
(puc. 7). BU-mpaiiBep ycTaHaBIMBACTCS HAa BEpXHEM
paguaTope.

MMPUBOPBLI U TEXHUKA SKCITEPUMEHTA

Puc. 6. bokc ¢ pa3psiiHOil CTPYKTYpOId.

IMociie cOOpKM cienyloT olepaluu OTKAYKH,
OTXKMTIa M HAIOJHEHMS ra30BO CMeChl0 pabouero
oObeMa 1azepa. 3aTeM Ipudop TpeHupyercs (pasm. 3).

3. TEIIJIOBBIE PE2KMM bl

B 3aBucuMocTH OT Ha3HAYeHUs] BOJHOBOJHbBIC
CO,-nazepsl MOTYT 3KCILTyaTUPOBaThCsl B AMama-
30HE TeMIlepaTyp OoKpyxaloleil cpenbl oT —50 10
+55°C npu ycsioBUM 00ecredeHUs TETJIOBBIX PEXi-
MOB UX PaOOTHI.

Ne 1 2025



3D-ITPOEKTUPOBAHMUE LIEJIbHOMETAJUVIMYECKOI'O BOJIHOBOAHOTI'O CO,-JIA3EPA

Puc. 7. I'epmeTHUHBIIH OOKC C ONTUYECKOI CUCTEMOIA.

ITo cnocoOy oTBoAa Teria u3 paspsiga Ipudopbl
NEeJISITCS. COOTBETCTBEHHO Ha M3JIydyaTeld C BO3-
nymHbIM (B) n xkuakoctHbeIM (2K) oxmaxkmeHUEM.
B nepBom ciryyae oxJiaxkaeHue IPOMCXOIUT 3a CUeT
€CTECTBCHHOM MM NPUHYAUTEIbHON KOHBEKIIAN
BO31yXa Ha paauaTopax ¢ pa3BUTOM IMMOBEPXHOCTHIO
(mpomoibHBIE WM IIOIEpeYHbIe pedpa, a Takxke
MHOTOIITBIPHKOBBIE BAPHUAHTHI).

C y4eToM CHUMMETPHUM M3JydaTesisl TEILIOBBIE
MOTOKM PaccMaTPUBAIOTCS TOJBKO B OMHOI U3 YET-
BepTelt (OMHOM KBaJpaHTEe) MOIMEPEUYHOr0 CEUCHUS
(cM. puc. 4). Term1000MEeHOM € TOPLIOB M3TydYaTels
npeHeOperaeM. Ilpu 3ToM McxomHass BeJIMUYMHA
TEIJIOBBIIEICHUSI COCTaBUT OKoJjo 225 BT. Panna-
TOP BO3IYIIHOIO OXJIAXKIEHUS MPEaCTaBIsIeT co00it
Ha0Op MITAaMIIOBAHHBIX IIJIACTUH U3 aJTIOMUHUEBOTO
craBa. OHM (pUKCUPOBAHBI Ha BHEITHEN MMOBEPX-
HOCTHU KOpITyCa ¢ UCIOJIb30BaHUEM TEILJIOIIPOBOISI -
meir mactel Tuna KIIT-8. BHemHgsg moBepxXHOCTh
MJACTUH TIPEACTaBAsSAET cOO0i peOpPUCTHINT pagu-
aTop: BhIcOTa pedep 26 MM, pPacCTOSTHHE MEXIY
pebpamu 6.3 MM, KOJIM4eCTBO pedep 15, Marepuan —
amoMuHMeBbIN criiaB AJl 31 ¢ TenI0NmpoBOITHOCTHIO
188 Bt/(m - K) (puc. 8).

D GEeKTUBHOCTL TaHHOTO paauaTopa JTOCTH-
raeTcsl IMPUHYIUTEIbHBIM OOIYBOM BO3IYIIHBIM
IIOTOKOM CO CKOpPOCThIO V' = 6.5 M/c ipu atMocep-
HOM naBiieHuM u Temrepatype 20°C. Pagnatopom
oXJaxKIeHUsT U3JIydaTess Jlaepa sIBJISIeTCSl paaua-
TOPHBIN TTpo UL U3 amoMuHueBoro crutaBa AJI31T
¢ TertonpoBoaHocThio 188 Br/(M - K).

Hnst 3 GeKTUBHOrO OXJaXAEeHUS IUIOMIAdb
MOKPBHITUSI yBelndeHa. DTo obOecrmeymBaeTCs
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Puc. 8. HanpapieHue ABMXXEHUS TEIIOBBIX TTOTOKOB.

pe6pamu BeicoToit oT 20 MM 10 35 mM. T1pm xkuakocT-
HOM (BOISTHOM) OXJIAXIEHMM B paauaTopax MMe-
IOTCS COOTBETCTBYIOIIME KaHajbl. [Ipu MoirHoCTH
JlazepHOro usnydeHus nopsaka 40—45 Bt tpedyeTcs
MOBBIIEHHBIN TeIu1ooTBOA. [1o3TOMY B HJaHHOM
YCTPOMCTBE MCHOJB3YETCS XXKUAKOCTHOE OXJIaXKe-
Hue. Ilpu omeHke 3¢ (PEKTUBHOCTU TETNIOOTBOIA
B M3JIydaTejle HeOOXOMMMO PacCMOTPETh YCIOBHS
TEIUI00OMEeHAa Ha KOHTAKTUPYIOIINX ITOBEPXHOCTSIX
¢ TeperagaMu Temiiepatyp. s MOITHOCTHA U3ITy-
yeHus1 40—45 Bt akTMBHasg OJMHA pa3psiaa JOJKHA
COCTaBIISITh BEIUUMHY oKoJio 111 cM, mpu peanbHOM
KIId 10% MouHOCTh pa3psiia COCTaBJSICT IPH-
mepHo 450 Bt. C yuerom BU-ncrounmka cyMmmapHoe
TeroBblAeAeHUE JocTuraet nmpuMmepHo 900 Br.
PaccMoTpuM TEIUIOBBIE MTOTOKU C YUETOM CHM-
METPUHM M3JTydaTelis TOJbKO B OJHOI M3 YeTBepTeil
(omHOM KBaJpaHTe) IMONEPEYHOro ceueHus (puc. 9).
B xaHanax oxiaxneHust IIPOUCXOIUT BHIHYKIECH -
HBI KOHBEKTUBHBII TEIIOOOMEH IIPU IBMXKCHUM
KUAKOCTHU. TeIUIoBOIi ITOTOK MPY 3TOM ITPOIIOPIIH-
OHaJICH IIJIOIIAAY ITOBEPXHOCTH CTEHKU U Pa3HOCTHU
TEMIIEPATyp KUIKOCTH M CTEHKM (TeMIIEpaTypHOMY
Harfopy):
W= aSAt. D
Ha xoadduumeHT TeriooTnaym o BIUSIOT pa3-
nuuHble pakTophl. K HUM oTHOCATCS pu3ndecKue
CBOICTBA XXUIKOCTU, CKOPOCTh €€ II0TOKAa, reo-
METPHUS Y Ka4eCTBO IMMOBEPXHOCTH OXJIAXKOAIOIIETO
KaHaya. DTO OIpeaesieT JJaMUHAPHBIN, ITepexo-
HBII WK TYPOYJICHTHBIN PEXKUM TCUSHMST SKMIKOCTH.
CKopoCTb MOTOKA 1 (pOPMBI OXJIAKIAIOIIEeTo KaHala
3a1aeT TypOYJIeHTHBIN pexXuM TeUCHMS KUIKOCTH,
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Puc. 9. HanpaByiieHue TeII0BbIX TOTOKOB MPU KUAKOCT-
HOM OXJIaXKICHWMU.

YTO yBeJMWUYUBaAeT 3((PEeKTUBHOCTL TEILIOOOMEHA.
XapakTep TeUeHMs XUAKOCTU OMPEAeNIsieTCs YnC-
JioM PeiiHonbaca

= v , )

ndv

roe V' [m3/c] — 06beMHBIIT pacxo XXUIKocTu, d [M] —
JMAMETP OXJIAXIAIoIIero KaHaia, v [M2/c] — KuHe-
MaTU4eCKasl BI3KOCTh KUIKOCTH.

ITpn Re < 2200 pexxnM IBUXKEHUS KUIKOCTH B
Tpy6e mamuHapHsIit. st Reor2.2- 103 1o 1 - 104 pea-
JIM3yeTcs TIepeXonHbIi pexxuM, a ipu Re > 1-10% —
TYpPOYJAEHTHBbIIA.

KoadduuueHT TeriooTnauum o MpPU BbIHYX-
JNIEHHOM JIBMKEHUU XXUIAKOCTU PacCUMTHIBAETCS Ha
OCHOBE 3aBHCHUMOCTeN Mexny kpurepusmu Hyc-
censra Nu,, PeiiHonbnca Re, u [1pannmig Pr,.

Re

4. TEXHOJIOTUYECKHME ACITEKTbI
TEPMETU3ALIMU U TEPMOBAKYYMHON
OBPABOTKH HEJIBHOMETAJIJIMYECKOTI'O
BOJIHOBOJAHOTI'O CO,-JIA3EPA

OOwenpuHsTBHIE CITIOCOOBI COSAMHEHUI B KOH-
CTPYKIIMM JIa3epa JAl0T MpeneJbHO HU3KYIO ra3o-
IIPOHULIAEMOCTb U Ta300TaelecHUe. B mociaenHue
TOAbI B 3TUX LIEJISIX CTAIX aKTUBHO UCIIOJIb30BATHCS
pa3IM4YHbIC BUOBI YIUIOTHEHUI W KJICEBBIX COCIUHE -

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

CTEIAHOB u mp.

HUI, YTO 00YCIIOBJICHO MOSIBJIEHUEM HOBBIX MaTePU -
aJIOB I COBPEMEHHBIX TEXHOJIOTUIA.

TpaaulIMOHHBIMM METONaMU FepMETU3AIIUU KOH -
cTpyKuuu razopaspsaHbix CO,-1a3epoB SBISIOTCS
pasInYHbIe BUOBI CBapKU M maiiku. KieeBnie coe-
JUHEHUS J0 MOCeNHEro BpeMEeHU CYIEeCTBOBAIU
B IIEPBYIO o4epenb IUIST TepMETU3allMM ONITUYECKUX
BJIEMEHTOB. DTO, MPEXIE BCETo, MJIEHOYHBIN Kilei
mapku I[TKC-171 (TY 6-06-20-88), KoTopslii nony-
YapT U3 COIUPTOBOIHOTO pacTBOpPa MOJIMAMUIHON
cMmoutbl 6/66/610-1, kinest mapku [1PD-2/10, smok-
cugHoi cMmonabl DJ1-20, nuuuanauamuaa, gocdo-
HUTPUJIAHWJINAA U aMUHONPONMJITPUITOKCHIIaHA
(armmpet AI'M-9).

Mertaibl (CTajab U €€ CIIaBbl, aJIOMUHUN 1 €T0
CIUIaBBI, OIOPAJIOMUHUI, 30JI0TO, cepedpo U Ip.)
CKJICMBAIOTCSI ¢ HEMETAUNIMYECKUMM MaTepuajaMu
(kepaMuKa, KBapll, CTeKJIO, YIJIETIIaCTUKU, TTOJU-
aMUIbl U 1p.) B MHTepBajie TeMmneparyp ot 120 mo
240°C, gasnenuu ot 0.05 mo 4.5 MIla (ot 0.5 mo
45 krc/cm?) ¢ BblaepxkKoii oT 20 ¢ 10 5 4.

OTH KJIeeBble COCOMHEHUSI OTIMYAIOTCS BBICO-
KMMU IIOKa3aTeJsIMU IIPOYHOCTU KJICEBOTO IIIBa,
BBICOKMMMU 3JICKTPOU30JISILIMOHHBIMU CBOIICTBAMMU,
XOPOIIUMHU AUBIEKTPUUSCKUMU CBOUWCTBAMH,
a TaKXKe HM3KOU ra3olpoOHMIIAEMOCTbIO U ra300T-
neneHueM. O6nacth pabounx TeMIieparyp: ot —60
no +150°C, kparkoBpemeHHo mo +200°C [8, 9].
DddekTuBHOE MIPUMEHEeHNe TaHHOTO BUIA KJIes
U KJeeB BOOOIEe JaeT MOArOTOBKA COSAMHSIEMBbIX
noBepxHocTeit. OHa ocyllecTBsIeTCs, KaK Mmpa-
BWJIO, B IBa 9Tara.

BaxHoit oTmnuuTenbHOM 0COOEHHOCTHIO COBpE-
MEHHBIX KOHCTPYKIHMII HeJIbHOMETATINUEeCKUX
CO,-na3epoB sABISETCS LUPOKOE UCIOIb30BaHUE
VIDIOTHEHU 13 pa3IMIHBIX MaTepUajIoB, B YaCTHO-
CTU M3 BUTOHA 1 MHIMSI. PaccMoTpuM rmogpoOHee nx
XapaKTePUCTUKMU.

CHUHTETUYECKMII Pe3MHONONO00HBIII MaTepuall
(aI1acToMep) BUTOH C XUMMYECKON TOYKU 3PEHUS
SIBJISICTCS. JIMHEMHBIM COMOJIMMEPOM BUHWIMICH-
¢Topuaa u rekcapropnponuieHa. ITOT MaTepual
MPEACTABICH MPOKJIaAKaMU KPYIJIOTO WU IJIOCKOTO
ceueHMs1 pazHooOpa3Hoii popmel [10].

[Ipu repMeTH3aliiy COBPEMEHHBIX IEJIbHOME-
TAJJINYECKNX KOHCTPYKILIMM IPUMEHSIOTCS YILUIOT-
HEHHUSI U3 BBICOKOIUIACTUYHBIX METaJLIOB. B yacT-
HOCTHU, 3TO MPOKJIAAKNA U3 MHINS WK ero CIUIaBOB
¢ IpyruMu MeTajijiaMu. Takue yIJIOTHEHUST MOXKHO
MOYTH OEeCKOHEYHO ae(opMUpPOBATh IOM NaBje-
HUEM, IIOCKOJIbKY OHU He YIIPOUYHSIIOTCS IIpU 00pa-
00TKe. DTO Ype3BBIYAITHO TTOJIE3HO JIJIS pa300PHBIX
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WJIM OTHAauBaeMbIX NMPHOOPOB, pabOTAIOIINX IPHU
TeMIiepaTypax HUXe TOUKM TjaBiaeHus uHaus [11].
IIpu 3TOM OH yCTOIUMB K pacTBOpaM CUJIbLHBIX
ILIETTOYEN.

B o011y10o CTpYKTYpHYIO CXEMY M3TOTOBIICHUS
razopaspsaHoro CO,-nazepa BXOIAT ollepauuu
METaIJI000pabOTKM, OUMCTKM U TEPMOOOpadOTKHU
neTajieit, MpoKIaaKy YIUIOTHEHUSI, COOPKU 1 KOH-
TPOJisi COOPOUYHBIX OIepalluii, IOCTUPOBKU 3epKal,
a Takxe coriacoBaHusl uznyudatenst ¢ BU-renepa-
TopoM. PUHUIIHBIMY OIIePALIMSIMU SIBJISTIOTCS TEP-
MOBaKyyMHast 00paboTKa, TpeHUPOBKaA B paboueit
CMeCH ra3oB, OKOHYaTeJIbHasi cOOpKa, HacTpoiika 1
M3MEpEeHUe ITapaMeTpoB Ja3epa B LIEJIOM.

[IpucytcTBUEe B Ta30BOii cpenae BOIOpoaa, BOMIbI,
OpTaHWYECKMX IIPUMECEii, B TOM YMCJIe ITapOB Maced,
CHIXKAeT MOIIHOCTb M3JIy4eHUSI 1 BIIASIET Ha TOJITO-
BeuHOCTb CO,-sasepa. IloaTomy Ha srane coopku
BBITIOJTHSIETCS THIATEIbHOE 00e3XMpUBaHUE BCEX
JeTajeil B TPUXJIOPITUICHE U JAera3aius B BaKyyMme.
3T10 obecrieunBaeT 3¢ HEKTUBHOE yIaJleHUE BOIO-
pona u3z obbeMa aeraneil. Ecim KOHCTpYKIIMOHHBIM
MaTepuajl — aJlOMUHUA, TO B IIPUCYTCTBUM aTOMap-
HOTO 1 MOJIEKYJISIPHOTO KHCIOpoa B pa3psiie odpa-
3yeTcs okcuaHas mieHka. [Ipoucxonut HeoOpaTu-
MO€ yaajJeHue KUCJI0poaa U3 CPeabl, YTO CMEIIaeT
paBHOBEeCHUE peakluy AUCCOLMaluy BOpaBo. s
MPENOTBPAIIEHUS 3TOrO JAeTaIr Pa3psiIHOI CTPYK-
TYPBI IIPOXOISIT 00pabOTKY B ABa 3Tara.

Ha mepBoM 3Tame getaan MOHTUPYIOTCS Ha
OCHACTKY, 3allauBalOTCd B CTEKJISHHBIE KOJIOBI,
OTXKUTaIOTCS B BaKyyMe U 3aTeM OKMCIISIIOTCSI B KHC-
nopone nipu temriepatype 300°C B reuenue 3 4. To-
IIMHA OKCUIHOM IIJIEHKU IIOCJIe OTXKUTa W OKMCJIIC-
Hus coctaBisieT 0.3—0.8 MKM, OHa KOHTPOJIMPYETCS
MukpouHtepdepomerpom MNUN-4.

TepMoBakyyMHasi 00paboTKa BKJIIOYaeT B ceOs
OTKauKy, Jerasaluio B IeYd U TPEHUPOBKY B pa3-
psaHOI cMecu padounx razoB. CleayoIInM 3TarioM
SIBJISIETCS. TPEHUPOBKA B paspsime padboueit cMecHn
ra3oB. OHa coctout u3 CO,, a3ora, reius, KCEHOHa
B cooTHomeHuu 1:1:4:0.25, TpeHUpoBKa OPOXOAUT
B LUKJIMYECKOM pEXUME — YeThIpe pa3a mo 60 MuH
C OTKauKO¥ 1 3aMeHOi1 HaroJHeHus. TpeHupoBKa
B paspsiae obecreurBaeT HachllIeHUe TOBEPXHOCT-
HBIX CJIOEB 3JIEMEHTOB apMaTyphbl padOYNMU razaMu
¥ HavaJIbHYI0 00pabOTKY MMOBEPXHOCTHU 3JIEKTPOIOB.
3T0, OIHAKO, HEe 00ecrieyrnBaeT paboTOCIIOCOOHOCTh
HU3JIydaTessl B TeUeHUe IJINTeIbHOTO Ieproaa Bpe-
meHu [3]. Herpamauust paboyeil CMeCU BbI3bIBAETCSI
nuccoumauuneit moiekyn CO,. CreneHp auccolma-
LIMK CO BpEMEHEM PacCTeT, YTO CBSI3aHO C ITOCTEIICH-
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HBIM HEOOPATUMBIM YXOIOM 00pPa3yIoIIerocs B XOe
JNHUCCOLMAllUU KMCIOPO/a.

Hs1 yMeHBIIEHUSI CKOPOCTH MOTePh KUCI0poaa
WJIM KOMIICHCALIMY 3TUX ITOTePh UCIIOIb3YIOTCS pa3-
JINYHBIC METOIbI — KaK IACCUBHBIE, TAK U aKTUBHEIE.
K maccuBHBIM MeTOaM OTHOCUTCS UCTIOJIb30BaHE
JIOTIOJTHUTEILHOTO 00BbeMa.

Bonee acdexTuBHOI 1151 YMEHBIIEHUS TOTEPh
KMCJI0pOJa, KaK IOoKa3aIu Macc-CIeKTPOMETpUYe-
CKMe€ MCCIIeIOBAHNS, SIBJISIETCS ITACCUBALIMSI ITIOBEPX-
HOCTH IIpH JINTeNbHOM (0Koyio 100 4) TpeHUpOBKe
aKTUBHOIO BJIEMEHTa B pa3psie paboueil cmecu
kaHayia. OHa TPUBOIUT K YMEHBIIIEHUIO TTOTePb KK C-
Jjopona. I1pu 3ToM NporcXoasiT MUHTEHCUBHOE HAChI-
IIEHWE CTEHOK pa3psiAHOro KaHajla KOMIIOHEHTaMU
paboueit cMecUu U CpaBHUTEIbHO HETTyOOKOEe OKHUC-
JIeHWe MeTaJIndecKux nmopepxHocTeii. [lomooHas
rnmaccuBalvs B COYETAaHUM C HAIbIJIEHUEM TUICHKU
Al,O; no3BoJsAeT yBeNIUYUTD JoJaroseyHocTs CO,-
Jlazepa B HecKoJibKo pa3 (1o 5000 u u 601ee) [3].

5. OHEPTETUYECKHUE
XAPAKTEPUCTUKH

K ocHOBHBIM J1a3epHBIM ITapamMeTpaM, Kak mpa-
BUJIO, OTHOCSTCSI MOIITHOCTD M3JIy4YeHUsI, €€ 3aBUCH -
MOCTb OT BpEMEHHU, TUAMETP U PACXONUMOCTb ITyJIKa
JIa3epHOro M3JyYeHUs, TOJsIpU3alus, CIIeKTpaib-
HBIN cocTaB (AJIMHA BOJHBI, KOJUYECTBO YAaCTOT U
ap.). IIpubopsl MoryT padbotaTh Kak B HEIpephIB-
HOM peXuMe, TaK U B UMITYJIbCHOM (IepruoOanye-
CKOM), II0O3TOMY U M3MEPEHNEe XapaKTepUCTUK Tpe-
OyeT MpUMEHEHUSI U3MEPUTEIbHON aImapaTypbl
pa3anvyHoro ObIcTponeiicTBUsl. PacnpocTpaHeHue
OOBIYHBIX OTNTUYECKMX METOAOB M3MEpEeHUs Ha
Takue Majible BpeMeHa 1 Ha Ype3BblYaiiHO BHICOKHE
IUIOTHOCTU MOTOKOB TpeOyeT KaK YCOBEPIIEHCTBO-
BaHUsS U Pa3BUTUSI CTAPBIX METOIOB, TAK 1 CO3AAHUS
HOBOM U3MEPUTEIbHOU TEXHUKU.

K 6o71ee ToHKUM Ja3epHBIM MapaMeTpaM OTHO-
csITCSI 0COOGHHOCTU CIIEKTpa MOJI pe3oHaTopa, yCu-
JIeHHe, IITyMbl M1 BO3MOXHOCTb MomyJisiiiuu. Mamepe-
HU€ BHYTPEHHUX U BHEIITHUX JIa3€PHBIX ITapaMeTPOB
MIPOBOIUTCS IIPU ITOMOIIM AATYMKOB CUTHAJIA, MOIII -
HOCTHU U dHepruu [1].

ITpu naMepeHnr pacxoaMMOCTH My4ykKa METOIOM
JIBYX CEUEHUI JTy4 Jlazepa HampaBiseTcs Ha BXOTHOE
YCTPOUCTBO (M3MEpUTEJISl pacripeaeseHus MIOTHO-
CTU MOIIHOCTH ITy4Ka M3JIyYeHUs ), CUTHAJI C KOTO-
poro momaeTcs Ha IBYXKOOPAMHATHBIN CAMOIIMCEII.

It u3MepeHUsT OCHOBHBIX DHEPTeTUYECKUX U
CIEeKTpaJbHbIX XapaKTePUCTUK COOpAHHOIO 2KC-
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MepUMEHTATBLHOTO 0o0pa3lia Oblia co3gaHa U3Me-
puTeIbHas yCTaHOBKA, OJIOK-CXeMa KOTOpOii TIpe-
craBjeHa Ha puc. 10.

Puc. 10. biok-cxema 3KCIIepUMEHTAIbHON YCTAHOB-
KM JUISI U3BMEPEHMST DHEPTEeTUUECKUX U CIIEKTPaJIbHBIX
XapaKTepUCTUK JIa3epHOTO u3inydyeHus: /I — nasep, 2 —
MCTOYHUK MUTaHUs, 3 — CHUCTeMa OXJaXAeHUs, 4 —
ocjaburenb, 5 — usMeputeab MoiiHoctu UMO-4C,
6 — IBYXKOOPIMHATHBIN caMomucell, 7 — U3MEePUTENTh
pacripeejieHUs IJIOTHOCTY MOIIHOCTH ITydKa U3JIyde-
HUS, § — UIBMEPUTENh IIMHBI BOJHBI u3nydeHus (ITAC).

M3nydyeHue oT 1azepa yepes ociaduTesb 4 MoCTy-
naeT JM00 Ha U3MEPUTETb MOILIHOCTU 5, TMOO Ha
U3MEPUTEIb pacpeae/ieHUs INIOTHOCTA MOLTHOCTH
nmyuka usiydeHust 7, 6o Ha [TAC.

[Ipu u3MepeHUU PacXOOUMOCTU My4Ka METO-
JIIOM JIBYX CEUEHMI JIyd Jla3epa HaIIpaBiseTCs Ha
BXOJ yCcTpoiicTBa 7 (MU3MepuTessl pacrpeaejeHus
IUIOTHOCTU MOIITHOCTU MyYKa U3TYYEHUST), CUTHAT
C KOTOPOTO TOJAETCS Ha IBYXKOOPAMHATHBII caMO-
mucel 6. PacxonMocTh olieHUBAaeTCs 10 pe3yJibTa-
TaM U3MEpPEHUS IBYX NTUAMETPOB JIa3epPHOr0 My4yKa
Ha paccrostHum 500 1 1000 MM o popmyiie

4 3

AL
rae Op [pan] — pacxoguMocCTb My4ykKa U3JIy4eHUs,
AL [MM] — paccTOsIHUE MEXIY IBYMSI CEYEHUSIMU,
Ha KOTOPBIX U3MEPSIOTCS IUAMETPHl, d, [MM]| — nua-
METp IMy4YyKa U3TYy4YeHUS, U3SMEPEHHBII B MEPBOM
ceyeHuu, d, [MM] — nuameTp mydyka MU3JIy4YeHU,
M3MEPEHHBI BO BTOPOM CEUECHUM.

HN3mepeHue mapaMeTpoOB OCYIIECTBISIETCS IO
ypoBHIo 0.5 o MakcuMyMa. Ha 3anmmcanHoif KpuBoOiA
OTMEYAIOT TOYKHU Ha ypoBHe 0.5 0T MaKCMMaJIbHOTO
3HAUYEHUS U COECAUHSIIOT 3TU TOUYKU OTPE3KOM TIpsi-
MoO# UIMHOH Ax,, Ax, [MM] 11 IEpBOro U BTOPOTro
CEYEHUI COOTBETCTBEHHO. JluaMeTpsl ImyuyKa U3Jy-
YEHUsI OMPENesISIIOTCS CASYIOIINM 00pa3oM:

d, = kix,, d, = kAx,,

0,

4
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rae d,, d, [MM] — nnaMeTpsl ryuka Ha ypoBHe 0.54, .
JUJIS TIEPBOTO M BTOPOT'O CEYEHUI COOTBETCTBEHHO,
k — macmTaOHBIN KO3 (PUIIMEHT, OTpenensieMbIii
TEXHUYECKMMHU XapaKTePUCTUKAMU CKAHUPYIOIIETO
ycTpoiictBa u rpadonocrpourens (kK = 0.18).

CxeMbl, TIOSICHSIIOIINE TIPUHIIUAIIBEI U3MEpEHUS
PacXomMMOCTH U TMaMeTpa IyYKa U3JTydeHUs, Ipe -
cTaBJIeHBI Ha puc. 7, 8.

HM3mMepeHuss MOIITHOCTU M3JIYyYeHUs IIPOBOIM-
JINCh B (OPCUPOBAHHOM pEKMMeE aBTOIreHepaTopa C
MJIHWH 70%, ¢ BLIXOOZHBIM 3epKajioM, KO3 OULIM-
€HT IIPOIyCKaHusI KoToporo coctanisut 30%, u ripu
JIaBJICHUU Ta30BOIi cMecH, paBHOM 80 MM pT. CT.
ITpu 70% PWM (Power Width Modulation, mupot-
HO-MMITYJIbCHAsI MOAYJISILIVSI — IIPOLIECC YIIPABICHUS
MOIITHOCTBIO METOIOM IIEPUOANYIECKOIO BKIIOUCHUS
¥ BBIKJIIOYEHUS IIpruOOpa) MOITHOCTh M3IYyYCHUS
cocrtasuna 22 Bt (puc. 11-13).

HN3mMepeHne MOIIHOCTU M3JIYYEHMS ITPOBOIM-
JIOCh B He(pOopCUPOBaHHOM pexXrMe aBToreHepaTopa
C UMITYJIbCHOI MOIITHOCTBIO mopsiaka 500 Bt u npu
napyieHusx razosoit cmecu 70, 80, 85, 90 u 100 Topp
(cMm. nuarpammy). Mcnoab3oBanach ra3oBasi CMeChb

Puc. 11. Cxema uamepeHust pacCXoquMOCTU My4yKa U3JTy-

yeHus [4]: 1 — nazep, 1—1, 2—2 — cedyeHwUs1, B IIIOCKO-

CTSIX KOTOPBIX U3MEPSIOTCS AUAMETPBI ITyYKa U3JTydeHus,

L, — paccrosinue 10 nepBoro ceyenus, AL — paccTos-
HHE MEXIY IBYMSI CEUCHUSIMU.

0.5 Apax

Amax

Puc. 12. Cxema uaMepeHust [uaMeTpa rmydka Jia3epHoro
M3JIyYeHUs 110 pagraibHOMY PaclpeaeeHUIO IIOTHO-
CTU U3JTyYEHMUSI.
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MoiHoCTh u3nyuyeHusi, Bt

30,00 4

25.00 4

22.00

20.00 -

15.00 -

10.00 -+

3.00 +

0.00

0 10 20 30 40 50 &80 PWM, %

Puc. 13. 3aBUCMMOCTb MOLIHOCTH U3JIy4€HUsI OT YPOBHS
PWM.

¢ cocraBoM 6 CO,, 3.75 N,, 25 He, 2 Xe. Benuuuna
ONTUMAJbHOI'O NaBJIEHMsS B MaKeTHOM oOpa3slie
nmasepa coctaBuyia 80 MM pT. CT., YTO THUIIMYHO
IIJIsT BOJJTHOBOMHBIX JIa3€POB C AMaMETpPOM KaHajia
rmopsiaka 3 MM 1 OJIM3KO K MHBapuaHTy pd = 250, roe
p (MM pT. cT.) — gaBieHue, d (MM) — AMaAMETpP pas-
psaHoro kaHana (puc. 14).

MolHoCTb u3nydyeHusi, Bt

225
22 4

22
21.5
21.5 A
21
21 4
205 A
20 4

195

185 T T T 1
70 75 80 BS 90

LasneHne rasosoit CMECH, MM.PT.CT.

Puc. 14. 3aBUCUMOCTb MOIITHOCTH U3JIyYeHMUS OT JaBJie-
Hus ra3oBoii cMecu (PWM = 100%).

C nomosio n3mepnTtenst Pirocam-3 ObIH oty -
YyeHbl ITapaMeTphl Ja3epHOTo Jyda. PesynbraThl
M3MEPEHUI MMEIOT HEKOTOPOEe OTKJIIOHEHWE OT TEO-
puu. M3MepuTesb TakKe OMpeaeuil aCTUrMaTu3M
nyva(Z,— 7))/ Z,,=7.6%, aCHMMETPUIO MEPETIKKN
2Wy / 2Wx = 0.981 u acuMMeTpuIO pacXoauMOCTH
0, /0, =1.004. Kpome s10r0, 6bLTa ©3MEPEHA MOIII-
HOCTb M3JIYyYeHMSI, IIPOXOISIIEIo Yepe3 auacdpparmy
d = 12 mMm, Ha pacctostHuu 800 MM oT na3epa. Ee
BeJIMYMHA cocTaBwia 22 BT npu nmagaronieii Ha nua-
¢dparmy moirHocTH 21 BT.

Hst OLleHKU CTEIIeHU ITOJISIpU3alluy M3JIyde-
HUSI MaKeTHOro oOpasiia Jiazepa MCIOJIb30BallCh
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HeNnpocBeTJIEHHAas IUIaCTMHA M3 CeJICHUIa LIMHKA
1 U3MEPUTETb MOILIHOCTHU JIA3€PHOIO M3JIyYEHUS.
[InacTuHa ycraHaBiIMBanach Ha IIyTU JIa3€PHOTO
Jlyda ¥ HAKJIOHSIaCh B BEPTHKAJbHOM INIOCKOCTH
nox yritoM bprocrepa 67.4°. i3mMepeHUsI MOLIHOCTU
nsnydeHust nposoguinch npu 20% PWM. B rakoii
CXEMe€ M3JIyYEeHME C BEPTUKAJIbHON TOJIsIpU3alueit
MPOXOAUT Yepe3 MIACTUHY MOJHOCThIO, HE OTpaXKa-
sich OT Hee. M3ayyeHHne ¢ rOpu30HTAJbHOM ITOJISI-
pu3aluei Ienuaoch e Ha aBe yacTu. OgHa 4acTh
MIPOXOAMJIa CKBO3b IUIACTUHY, a Apyrasl 4yacTh OTpa-
Kajach IutacTuHOi. Iloka3zaHo, 4TO M3JIydeHUE
Jlazepa 3JUTUNTUYECKHU TTOJIIPU30BaHO C Ipeobiiaaa-
HUEM BEPTUKAJbHOI MOJISIpU3alIuU.

HaHHBIe 3KCIIEpUMEHTaJbHbBIE PE3YJIbTaThl 1O -
TBEPXKIAIOT IIPEABAPUTEIIHLHBIC OLIEHKM, 3a MCKIIIO-
YeHUEM YPOBHSI MOIIHOCTH JIa3€PHOTO M3IyIeHMUSI.
DTO CBSI3aHO C OOMOJHUTCIBHBIMU IOTEPSIMU B
Z-00pa3HoOM pa3psiIHOM KaHaJle-BOJTHOBOIE M3-3a
HEIOCTaTOYHOTO KauecTBa 00OpabOTKU €ro BHYTPEH-
Hell ToBepXHOCTU. [JIsI CHUKEHUSI MOTeph MOXHO
HCIIOJIb30BaTh CIelralbHbIe (ppe3bl M1 HaHECEHUE
AJTIOMOOKCHIHOIO IOKPHITUS METOIAMM HAITbIJICHMSI.

6. SAKJIFOUEHUE

IIpennoxeHsl 1 0O0CHOBAHBI KOHCTPYKTUBHBIE
0COOEHHOCTH U TEXHOJIOTUYECKIE PEKMMBI Ha BCEX
CTaAusAX U3roToBJIeHUd HOBOro noxkojeHusa CO,-
Jlazepa c rmonepedHbiM BU-Bo30yXneHueM.

Ha ocHoBe ananu3za mateHTOB U 3D-MeTomoB
MPOEKTUPOBAHUSI OCYIIECTBIEHBI pa3paboTKa U
HM3TOTOBJICHIE OTEYECTBEHHOI'O MajoradapuTHOTO
LeJIBHOMeTaJuInyeckoro BoaHoBonHoro CO,-na3zepa
¢ nornepeyHbiM BY-B030y:XaeHUEM C MCHOJIb30Ba-
HUEM OTeUECTBEHHBIX aJTIOMUHUEBBIX TTPOQGUIICH, TI0
MapameTpaM MpeBbIIaIoIIero 3apyoeKHble aHATIOT .

3D-npoToTunupoBaHue IO3BOJUIO pa3pado-
TaTh KOHCTPYKTOPCKO-TEXHOJIOTUIECKYIO JOKYMEH -
TaLUIO JUISI MEJIKOCEPUITHOTO IIPOM3BOACTBA HOBOTO
MOKOJIEHUSI COBPEMEHHBIX 1LIeJIbHOMETANIMICCKIX
W3IENINi, UCIOJIb3YIOIMMNX B CBOE KOHCTPYKIIMK
OTeYeCTBEHHBIE aTIOMUHUEBbIE MPOoduIn (IMpoKar).
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[MpencraBneHa cucTteMa CUYMTHIBAHUS (hOTOJIOMUHECIIEHTHBIX 3KPAHOB C 3alIOMUHAHMEM, TTO3BOJISI-
Io11ast MoJIyyaTh U300paXxkeHusl ¢ 00jiee BHICOKMM MTPOCTPAHCTBEHHBIM pa3pellieHUeM 10 CpaBHEHUIO
C MPOMBIIIJIEHHBIMU CKaHEpaMu. DKCIIEPUMEHTATBHO OIMpPeIesieHO, YTO B AMana3zoHe 6—25 k3B mpo-
CTPAaHCTBEHHOE pa3pellieHue CO3JaHHOW CHCTeMbI CUYMTHIBAHUS HE 3aBUCUT OT SHEPTMU KBAHTOB U

cocrtaBisaeT O = 13 £ 2 MKM.

DOI: 10.31857/50032816225010158, EDN: GHQXRT

1. BBEAEHUE

B Hacrosgiee BpeMsi B KauyecTBe KOOPAMHAT-
HO-YYBCTBUTEJIbHBIX AeTekTOopoB (KYJI) noHusm-
pYIOILIIETO M3JIy4eHUSI IIUPOKOE paclpocTpaHe-
HUE TOJyYUIHU (POTOJIOMUHECIIEHTHbBIE 9KPaHBbI C
3arromuHanueM (®D3) Ha ocHose BaF(Br,l):Eu’*.
B aHMI0s13pI9HOI TUTEpPATypE TU AETEKTOPHI HA3hI-
BaloT image plates, unu IP. [TpuHuun neiictBus u
nocrorHcTBa M3 MOIpoOHO onrcaHbl BO MHOTHUX
pabotax (cMm., Harpumep, [1, 2]).

OnHa 13 ocHOBHBIX xapakTtepuctuk KU/l — mpo-
CTpaHCTBEHHOE pa3peuieHue. B ¢oromomuHec-
LIEHTHBIX 9KpaHaX OHO 3aBHCHUT OT CYMUTHIBAIOIIETO
ycTpoiicTtBa u coctaniasieT 50—100 MKM rpu ucHoib-
30BaHNUM CEPUITHO BHIITYCKAaeMBIX CKaHEPOB, TOTIa
KaK XapaKTepHBIIA pazMep KPUCTaJJOB UYBCTBU-
TEJIbHOTO CJIOS, BIMSIIOIIMIA Ha MPOCTPAHCTBEHHOE
paspeliecHue, paBeH npumMepHo 6 MkMm. C omHOI
CTOPOHBI, OTHOCUTEILHO MaJjioe pa3pelleHne orpa-
HUuMBaeT npuMeHeHe MD3 B HEKOTOPHIX IKCIIC-
pUMeEHTaX, HallpuMep IIpU UCCIIeIOBAaHUU OBICTPO-
MPOTEKAIIUX MPOLECCOB METOAOM KOHTAKTHOM
panuorpacduy Ha MOIIHBIX Ja3epPHbIX YCTaHOBKAX.
C nopyroii CTOpOHBI, COYETaHNE BHICOKOI UyBCTBU-

TEJIbHOCTH, IIIMPOKOT0 JTMHAMMYECKOTro n1ara3oHa,
MaJjbIX Ta0apUTOB M HEUYBCTBUTEIBHOCTU K 2JIEK-
TPOMarHUTHBIM HaBomKaM BbiaensieT PD3 cpenn
IPYTUX KOOPIMHATHO-YYBCTBHUTEJIbHBIX IETEK-
TOPOB, MCIIOJb3YEMBIX IIPU IIPOBEICHUN TaHHBIX
WUCCIIEIOBAHUA.

B pabore omnmcan crmoco0, MO3BOJSIONINI YIyd-
IIUTHL TIPOCTpPAHCTBeHHOE pa3penreHue MD3 mpu
perucTpaluy U300paxkeHWil B pEHTTeHOBCKMX JIyyaXx.

2. OIMCAHUE METOJA
CUMTBIBAHUSA U3OBPAXEHUN
C ®OTOJIOMMUHECUHEHTHbBIX 5 KPAHOB

B mpoMBbIIIIEHHBIX CKaHepax CYUTHIBAaHUE M30-
OpaxxeHus1, 00pa30BaHHOTO MOHU3UPYIOIIUM U3JTY-
YeHUEM, ITPOUCXOJUT MOCPEICTBOM CKAaHUPOBAHMUSI
nmoBepxHoctu ®D3 He-Ne-nazepom. Mcnyckae-
MO€ IPH 3TOM (HOTOIIOMUHECLIEHTHOE U3IIYYECHUE C
IIMHOI BOMHEI 390 HM peructpupyercst GpoTosJeK-
TPOHHBIM YMHOXMUTeJeM. B maHHOM ciy4ae IIpo-
CTPaHCTBEHHOE paspellieHUe OTpaHUYMBaeTCs pac-
CesTHUEM JIa3epHOro My4YKa B YYBCTBUTEIIBHOM CJIO€
1 pa3MepoOM SIMHUYHOIO 3JIEMEHTA CUMThIBAIOLICI
JIMHEHKU ckaHepa [3].
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J1st TIoJlydeHUsT JaHHBIX C (DOTOTIOMUHECIEHT-
HBIX 9KpaHOB CO3/laHa CUCTeMa, B KOTOPOii, B OTJIM -
yue OT TPaIUIIMOHHOIO CII0C00a IOCIenoBaTelb-
HOTO CKaHMPOBAHUsI, peaIn30BaHO OMHOBPEMEHHOE
CUMTBhIBaHUE Bcero nzoodpaxkeHus. Ha puc. 1 npen-
CTaBJIeHa CXeMa CYMUTBIBAIOLIECH CUCTEMBI.

Kamepa
Dhyana 400 BSI

MHKpocKon CeeTonHOTHEIH
Levenhuk MED Ja3cp
0 «
=V .

Ontayeckndi GrasTp

CC-4 2= 390 am

Puc. 1. CxeMa CUMTHIBAIOIIEH CUCTEMBI.

B menTp mons 3peHust Mukpockomna Leven-
huk MED nomeliaeTcss uHTepecyollas o00JacThb
dH3, xoTopast 0bIydaeTCs] CBETONMOAHBIM Jia3e-
poMm (A = 650 um, P = 10 mBT), choxkycupoBaH-
HBIM B TISITHO 2 X 4 MM2. Yros1 MexXIy ocbhlo J1asep-
HOTO My4YKa U IJIOCKOCTBIO dKpaHa cocTabisieT 30°.
CosznaBaemoe (hOTOTIOMUHECIIEHTHOE U3Ty4eHne
MoIragzacT B ONTUYECKYI0 CMCTEMY MUKPOCKOINA U
peructpupyetcs kamepoit Dhyana 400 BSI, 3akpe-
TJICHHOI BMECTO IITaTHOM Kamepsl. 1 momaBiie-
HUSI pacCeSIHHOTO JIa3€PHOIr0 M3JYyYeHUS Tepen
00BEKTHBOM MUKPOCKOIIA YCTaHABIMBAETCS (DUIIBTP
CC-4 tonmuHoit 3 MM, KO3 @PUILIMEHT NpoMycKa-
HUS KOTOPOTO MpeACcTaBIeH Ha puc. 2.

M anmpobanuu TnpeajiaraéMoii cucteMbl oTo-
JIIOMUHecueHTHbI 2KkpaH Fuji BAS-TR2025 (uyB-
cTBUTeNbHBII cioit BaFBry gl sTommmHoit 60 MkM,
0 =2.61 T/cM>, 63 3aIINTHOTO JIABCAHOBOTO CJ10s1 [2])
3aKpbIBAJICS TECT-O0BEKTOM M O0JIydasicsl peHTre-
HOBCKUMHK KBAaHTaMU CO CpeIHEM dHeprueil mpu-
MepHo 8 k3B. B KauecTBe TecT-00beKTa MPUMEHSI -
Jlach MeTaJuIMueckasi hojibra ¢ OBaJIbHbIMU sSTYEKaMU
pazmepoMm 50 X 200 MKM?, TIOKa3aHHasl Ha puc. 3.

3aperucTpupoBaHHOE M300paKeHNe CUMUTHIBA-
Jock ckaHepoMm Typhoon FLA 7000 ¢ MuHUMAaJILHO

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

EMEJIBAHOB u np.

. . 1
400 500 600
JITHHA BOJHEBL, HM

Koahduument nponyckanus

102

300 700

Puc. 2. Koadpunuenrt nponyckanus dpuiasrpa CC-4
TOJILLMHON 3 MM.

240 MM
220 MEM

ey . ._'
A

e
. - - e —— pp——
Puc. 3. M3o6paxeHne TeCT-00beKTa MO MUKPOCKOTIOM.

BO3MOXHBIM pasperneHueM 20 nap JMHUI/MM (pas-
Mep TIMKCeNs 25 MKM) U IpeajiaraeéMoil CUCTEMOIA.
[Mony4yeHHBIC pe3y/IbTaThl IPUBEACHEI HA pUC. 4.

Kax BumHO Ha pHCYHKe, IpenjiaracMasi cucreMa
CUMTHIBAHMS ITO3BOJISIET MOJIydaTh M300pakeHUs
C JIYYIIUM IIPOCTPAHCTBEHHBIM pa3pelleHHEM I10
CPaBHEHUIO C TPOMBIILJICHHBIM CKaHepoM. Takoii
pe3yJbTaT JOCTUTAeTCs 3a CUET MaJIOTo pa3Mepa aJie-
MEHTOB CBETOUYBCTBUTEIbHOM MATPUIILI ¥ OOJIBIIOTO
Koo puimeHTa yBeInIeHUsT MUKpockomna. Heus-
OCXKHBIM CJICICTBHUEM UCITOJIb30BaHUS MUKPOCKOIIA
SIBJISICTCSI OTHOCHUTEJIBHO Majiasi BeJIUYWHA ITOJIsI
3peHus, He mpeBblmaolas 4 X 4 mm>. HecMoTpst Ha
3TO, TaKOE IOJIe 3PEHMS TIPUEMJIEMO JUISl OKCIIEPU -
MEHTOB Ha MOIIHBIX JIA3¢PHBIX YCTAHOBKAX.
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Puc. 4. [TonyyeHHsie pe3ynbrathl: a — ckaHep Typhoon FLA 7000 (pa3mep mukcenst 25 MKM),
0 — mpemiaraeMasi cicTeMa CUUThIBAHUSI.

3. OITPEIEJIEHUE BEJIMYMNHDBI Taomuma 1. [TapameTpsl 9KCIIEPUMEHTOB
HPOCTPAHCTBEHI—!O]"O PA3PEILIEHHWSA O—
CO3JAHHOU CUCTEMDBbI Dustp bunspa, U, kB E,,. k3B
Mmr/cm?

IIpocTpaHCcTBEHHOE pa3pelleHrue COo3IaHHOM
CUCTEMBI OTpenesyioch Mo (GpyHkuu kpas. Cxema Fe 32.5 9 6.4
M3MEPEHUIi MpUBEIeHA Ha pUC. S.

dotomomuHecueHTHBIN 9KpaH Fuji BAS-TR2025 Zn 48.6 13 8.4
yCTaHaBJIMBAJICSI BIJIOTHYIO 3a BOJb(pPaMOBOit C4H,Br 206 18 11.9
(omaproit TommuHOMK 200 MKM 1 00JIydJasCcsI peHT-

TeHOBCKUM u3ayyeHuem yctaHoBku JIPOH-7. Jlns Zr 158 24 16.1
BBIIEJIEHNs] Y3KOTO y4acTKa CIEeKTpa TOPMO3HOTO Sn 295 37 5.6
U3JTy4eHUs UCTIONb30BAINChH CEJEKTUBHbIE (DUIIb-

TpbI. [TapameTpbl GUILTPOB, yCKopsoliee Hamps- 3aperucTpupoBaHHbIE M300pakeHUSI Ha BCEX
KEHUE PEHTTEHOBCKOM TPYOKM Uy, M CPENHSS IHEP- 070 1I0MUHECIEHTHBIX SKPAHAX MOCIETOBATENBHO
TUsl KBAHTOB £, IPUBENEHBI B Tab. 1. CUUTBIBAJMCH C MOMOILBIO CO3AAHHON CUCTEMBI

Tmagparma Bomdpanorag
(ponera

PeHTTeHOBCKTI DoTomoMIHECTIEHTHEIIT
(puIBTP SKpaH

PentreHosckas TpyoKa

Puc. 5. Cxema MU3MEPEHUA ITPOCTPAHCTBEHHOT'O PA3pCUICHUA.
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Puc. 6. [Ipodunu nzobdpakeHWit 1 MX MTPOMU3BOIHBIC TIPU SHEPTUM KBAHTOB OoKoJio 11.9 k3B: a — mpennaraemast cuctema
cuuthiBaHusa, 6 — ckanep Typhoon FLA 7000 (pa3mep nukcens 25 MKM).

u ckanepa Typhoon FLA 7000. Ha puc. 6 npuse-
neHbl npobuan nzobpakenuit npu £, = 11.9 k3B.
B xauecTBe olleHKM MPOCTPAHCTBEHHOTO pa3peliie-
HUSI UCIOJIb30Bajlach IIMPUHA Ha ITOJyBBICOTE IPO-
M3BOIHOI ITpoduIsi N300pakeHNs.

ITo pesynbpraTaM 3KCIIEpUMEHTOB OIIpEIEICHO,
4yTo B AMamnasoHe 6—25 koB mpocrtpaHcTBEHHOE
paspelieHue TpeaiaraeMoil CUCTEMbl CUMTHIBA-
HUS HE 3aBUCUT OT PHEPIUU KBAaHTOB U COCTaBJISIET
0 = 13 £ 2 MKM; IpU CYUTHLIBAHUU N300paKeHUS
cka"nepoM Typhoon & ~ 90 mxm. Panee B pabdore [4]
MIPY CKAHUPOBAHUM N300pakeHUI C TIOMOIIIBIO CKa-
Hepa Typhoon FLA 8000 (pa3mep nmukcesns 25 MKM)
oIpe/ie/ieHO, UTO MPOCTPAHCTBEHHOE pa3pellieHue
1151 Fuji BAS-TR2025 coctaBisieT 94 + 2 MKM.

4. BAKJIIOYEHUE

1151 Toy4eHMsT TaHHBIX ¢ (DOTOTIOMUHECIIEHT-
HbIX 3KPaHOB CO3[aHa CUCTEMa CUMTHIBAHUS Ha
ocHoBe MuKpockorma Levenhuk MED 25, kamepsl
Dhyana 400 BSI u cBerommonmuoro nasepa (A =
= 650 HM). B omiuMe OT TpagMIIMOHHOTO CIocoba
MOCJeI0BaTeIbHOTO CKAHUPOBAHUS, B MPEIIOXEH -
HOI CHUCTEeME peain30BaHO OJHOBPEMEHHOE CUM-
ThIBAaHUE BCETO U300paKeHMs C y4acTKa pasMepom
16 mm2. Takoe nosne 3peHus IpUeMIeMO I 3KCIIe-
PUMEHTOB Ha MOITHbIX JIA3€PHbBIX YCTAHOBKAX.

I[IpocTpaHcTBEeHHOE pas3pelieHue CO3JaH-
HOI CHCTeMBbl OMpENeasiioch Mo (GyHKIMU Kpas.
I 9TOro 4acTUYHO 3aKPBITHI BOJb(DpamMoBoOit

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

¢onbroit ToammHoi 200 MKM (OTOTIOMUHECLIEHT-
Hbiit 9kpaH Fuji BAS-TR2025 obsyyancs peHTre-
HOBCKUM M3JTy4Y€HUEM, TeHEPUPYEMbIM YCTAaHOBKOM
JAPOH-7. Bueprus KBaHTOB BapbMpOBaJIach B IHMa-
naszoHe 6—25 k3B ¢ moMoILbIO CeTEKTUBHBIX (DUITb-
TPOB U IIPUKJIAIBIBAEMOTO K PEHTTEHOBCKOII TPyOKe
YCKOPSIIOIIETO HATTPSIKEHUSI.

ITo pe3ynbraTaM 3KCHepUMEHTOB OIPENEIeHO, UYTO
B IMana3soHe 6—25 k3B npocrpaHCTBEHHOE pa3pele-
HU€ NpenjiaraeéMoii CUCTeMbl CYUUTHIBAHUS HE 3aBUCUT
OT HEPTUU KBAaHTOB M cocTaBisgeT O = 13 £ 2 MKM.
Takoe BBICOKOE IPOCTPAHCTBEHHOE pa3pellcHUe
JIOCTUTAETCS 32 CYET MAJIOTo pa3Mepa JIEMEHTOB CBe-
TOYYBCTBUTEJIbHOM MATPUILIBI KaMephbl U OOJIBIIOTO
K03 ULIMEHTa YBeJTMYEeHUs MUKPOCKOTIIA.
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OCHOBHBIM 3JIEMEHTOM CKaHUPYIOIIETO CIIEKTpOMeTpa (peppOMarHUTHOTO Pe30HAHCA SIBIIICTCS M3ME-
puUTeIbHAs TOJIOBKA, C TTIOMOIIBIO KOTOPOM PEerUCTPUPYIOTCS CIIEKTPHI TTOIJIOMIECHUS 3J1eKTPOMAaTHUT-
HOTO M3TyYEHUS JTOKAIBHBIMM YYaCTKAMU TOHKUX MAarHUTHBIX TJICHOK. CTeTeHb JJOKAIbHOCTH OIIpe-
JesseTcs TUIONIAbI0 U3MEPUTEIBHOTO OTBEPCTHUS roI0BKH B ripenenax 0.1—2.2 mm?. UyBCTBUTEIBHOCTD
YCTPOICTBA CYIIECTBEHHO YBeIMYeHA O1aromapst He TOJIbKO MUHHATIOPHOCTH KOJIeOaTeIbHOTO KOHTYpa
B aBTOAMHHOM I'€HEpPaTOpe U CPABHUTEILHO OOJIbIIOK €ro COOCTBEHHOM JOOPOTHOCTU, HO U 3aMEHE
KPYIJIOTO M3MEPUTEIBHOTO OTBEPCTHS TOJOBKM Ha KBaapaTHoe. [lociaemHee cyIiecTBEHHO MTOBBIIIACT
OIHOPOJHOCTb pacnpeneaeHus1 BBICOKOYaCTOTHOTO MAarHUTHOTO MOJIsI B UBMEPUTEILHOM OTBEPCTUM.
HabGop cMeHHBIX TOJIOBOK ¢ TpeOyeMBIM IIIaroM IepekpbeiBacT auamna3oH 9actot 0.1—4.0 I'Tix, mpu aTom
OTHOIIEHNE CUTHA/IIIYM JJI5 TOJIOBKH C TUIOIIAAbBIO oTBepcTust 1.0 MM2, n3MepeHHOe Ha epMaLIoeBOi
IJICHKE TOJIIMHOM 2 HM, COCTaBJIsIeT He MeHee TipuMepHo 8 n1b. [TokazaHo, uTo addeKTrnBHAs HaMar-
HUYEHHOCTb HACBILIEHUSI C POCTOM YacTOThl MOHOTOHHO OCTUTaeT HacbilleHus (Mg = 843 Ic), a Ha
HU3KMX 4aCTOTaX aHOMAaJIbHO yBeIN4YMBaeTcs 6osee yeM B 1.6 pasza no BenmmuuHbl Mg = 1359 I'c. Dddex-
TUBHOCTH MCITOJIb30BaHUS pa3pabOTaHHBIX TOJIOBOK JUISI MCCIICAOBAHMS IIPUPOIBI 00pa30BaHUS 1 0CO-
OCHHOCTEH pacIpeae/IeHs] MAaTHUTHBIX HEOTHOPOMTHOCTEH 110 TUIOMIAa 00pa3oB MPOIEMOHCTPUPO-
BaHA Ha TIepPMaJUIOEBbIX TUIEHKAX TOIIMHOI 25 HM pazmMepaMu 10 X 10 Mm%, 0cakIeHHBIX B TOCTOSIHHOM
MarHUTHOM IT0JI¢ HA MOHOKPHCTAJUTMICCKIUE TTOIJIOKKN U3 JIAHTACHUTA.

DOI: 10.31857/S0032816225010162, EDN: GHRVOU

1. BBEAEHME

XOopoIlllo M3BECTHO, YTO TOHKME MArHUTHBIE
mneHku (TMIT) mupoko ucrnoab3yoTcsl B yCTPOii-
CTBax 3allMCU U CYUTBIBAaHUS MHPopMauuu [1—5].
Ha TMII koHCTpyupyroTcsl JaTYUKU ClIadbIX Mar-
HUTHBIX ToNieit [6, 7], co3maroTcsl YaCTOTHO-CeIeK-
TUBHBIE YCTPOICTBA [§, 9], padHOOOpa3HbIE YCTPOIi-
CTBa Ha ocHoBe cnuHTpoHuku [10, 11], a TakxKe

HeJIMHEMHbBIE YCTPOMCTBA CBEPXBBICOKUX YaCTOT
(CBY), HanpuMep YMHOXUTENN 4acToThl [12, 13].
M3BeCTHO TakKe, YTO XapaKTEPUCTUKU YCTPOMCTB
3aBUCST HEe TOJILKO OT MAarHUTHBIX TTapaMeTpoB TMIT
(HaMarHUYEHHOCTHU HACBIIIEHUS, TOJsI aHU30TPO-
MUK U AP.), HO ¥ OT CTEIIEHU HEOMHOPOIHOCTEM 3TUX
mapaMeTpoB 10 IJIOIIAAN TUIEHOK, KOTOPBIE OIIpe-
JESTIOTCST KAYECTBOM MOJJIOXEK M KOHKPETHOM TeX-
HOJIOTMEN U3roToBJIeHUsT 00pa31ioB. OUeBUIHO, YTO

119



120

pa3BuUTHE 1000 TEXHOJOTUM OCaXACHUS TJICHOK
HEBO3MOXHO 0€3 000pynoBaHMS, MMO3BOJISIOLIETO
M3MEPSITh MAarHUTHbBIE XapaKTePUCTUKM Ha JIOKaJIb-
HBIX yJ9acTKax IT0JIydaeMbIX 00pa3lioB U, B IIEPBYIO
odepenb, IapaMeTpbl MAaTHUTHOII aHU30TPOIIUU U
napaMeTp 3aTyXaHUS IpellecCUM HaMarHM4YeHHO-
ctu. Jns aTux 1eneil ogHUM U3 Haubolee apdex-
TUBHBIX U TOYHBIX METOIOB SIBJISIETCSI METOM (peppo-
MarHutHoro pe3oHanca (PMP) [1, 14, 15].

HccnenoBath nokajnbHble yyacTku TMIIT meto-
noM ®MP, ucronb3yst OTBEPCTHE B CTEHKE MOJIOTO
pe3oHartopa, npeginoxuia Ppaiit [16]. [Ipu sToM
TMII npuknaasiBasiaCh K OTBEPCTUIO BBIOpaAaHHBIM
y4yacTKOM oOpasiia CHapyXXu pe3oHaTopa, a OTBEp-
CTHE CTYXKIJI0 TIOKAJIM30BaHHBIM KCTOUHHUKOM BBICO-
KOYaCTOTHOTO MAarHUTHOTO I1OJISI U OMHOBPEMEHHO
KaHaJIOM CBSI3M MEXIYy MCCIeIyeMOIl IUICHKON M
pe3oHaTtopoM. Mcnonb3ys 3ty uaeto, Cyxy paspado-
TaJl KOHCTPYKIIMIO YCTAHOBKM JUISI CHSITUSI CITEKTPOB
DMP ¢ nokaabHBIX YY4aCTKOB IUIEHOK, Ha3BaHHOM
MM MUKPOBOJIHOBBIM MarHUTHBIM MUKPOCKOTIOM |1,
17]. OmHaKo TOJNBKO 3aMeHa MOJIOTO pe3oHaTopa Ha
MHUKPOIIOJIOCKOBBII IIpUBeIa K CYIIeCTBEHHOMY
YBEIMYEHUIO YYBCTBUTCIBHOCTA WU3MEPUTECIBbHOMN
YCTaHOBKU Y TOYHOCTU PETMCTPALIIM CIIEKTPOB C
JokanbHbIX yyacTkoB TMII [18]. BTo mo3Boauio
pa3paboTaTh aBTOMaTU3UPOBAHHBIN CKAHUPYIOLIWIA
crektpomerp @MP, ¢ TTOMOIIIBIO KOTOPOTO MOXKHO
HaOII0IaTh XapaKTep paclpeneieHusI HEOTHOPO -
HOCTEl Mo Iuiomaau oopas3ios IS 1LIEeJOTO psina
MarHUTHBIX XapakTepucTukK [19]. JlomosHUTETbHO
YBEJUUYUTh YYBCTBUTEJbHOCTb CKaHUPYIOIIETO
CHEKTPOMETpa yIaJoCh C ITOMOIIbIO HOBOII KOH-
CTPYKILIMU U3MEPUTENIHHOM TojioBKH [20], B KOTOpOIi
CBY-renepaTop, MUKPOIIOJOCKOBBIN pe30HATOP U
JIETEKTOP MU3rOTOBJICHBI C MCITOJIb30BaHUEM TEXHO-
JIOTM MHOTOCJIOMHBIX ITeYaTHBIX TIJIaT.

BaxHo oTMeTuTh, 4TO OJsIaromapsi MOSIBJIEHUIO
ckaHupylouero crnekrpomerpa ®MP oGHapyxkeH
U UCCeN0BaH Lelblid psii HOBBIX 2 (EeKTOB B Mar-
HUTHBIX TUICHKAX, KOTOPbIE MMEIOT HE TOJIbKO Hayd-
HOe, HO U MPaKTU4YeCKOoe 3HAaYeHUe: B YAaCTHOCTH,
3 (peKT MarHUTHOI BOCIIPUMMYUBOCTU, HAOIIO-
JlaeMbIii BOJIM3U T10J11 OMHOOCHOM MarHUTHOM aHU-
30TPOIMU B IIMPOKOM AMANA30HE YacTOT, [IO3TOMY
Ha3BaHHbBI aBTOpaMMU HEPE30HAHCHOM MArHUTHOM
BOCIIPUUMYMBOCTBIO [21]. OGHapyXeH U uccaeno-
BaH ®MP B KBa3upaBHOBECHOM COCTOSIHUM Mar-
HuTHOro MoMeHTta B TMII [22], a Takke pe3koe
M3MEHEHUe BEeJMYMHBI U yIJia HalpaBieHUsl OJHO-
OCHOI MarHMTHOW aHU3OTPONUU BOJM3U KpaeB
MarHUTHBIX THIEHOK [23, 24], KoTOpble 00YyCIOB-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

BEJISIEB u mp.

JIEHBI pa3MarHUYMBAIOIINMHU TTOJISIMU, CYIIECTBYIO-
MMM Ha TOpLlaX HaMarHM4YeHHoro odpasma [25].
IToxazaHa BO3MOXHOCTb M3MEPEHMsI C BBICOKOI
TOYHOCTHIO BUIIMHAJIBLHOTO U a3MMYTaJIbHOTO YIJIOB
nHTepdeiica MOHOKPUCTAJUIMISCKOM ITOMTOXKY, Ha
KOTOPYIO OCaXKIeHa MarHUTHas IieHKa [26]. binaro-
Japsi ckaHupytoiemy criektpometpy @MP B Heon-
HOPOJHO HaMNpsSI)KeHHON MarHUTHOMN TJIeHKE ObLI
BBISIBJICH (DJIEKCOMAarHUTHBIN 3P eKT, TPOSIBUB-
IIUICA B TIOSIBJICHWU OJHOHAMPABJIECHHOW MAarHUT-
HoM aHuzotponuu [27]. HemaBHO ObL1 OOHApYyXeH
HOBBII (P eKT, CBSI3aHHBIN ¢ KOMIIEHCALMel Mos
OIIHOOCHOIT MAaTHUTHOI aHM30TPOINM BOJIU3K Kpast
TMII ee pazmarHuuMBaIOIIUMU NOAIMU [28].

YyBCTBUTEABHBIM 3JIEMEHTOM CKAaHUPYIOIIETO
cnektpomeTrpa ®MP [18, 19] asnserca CBY-ro-
JIOBKA, COCTOSIIAsI U3 HEMarHUTHOTO MeTaJlIN-
YeCcKOro Kopmyca, B KOTOPOM pa3MeIlleH MUKpPO-
MOJIOCKOBBII pE30HATOP Ha MOMJIOXKE C BBICOKOM
NMBJIEKTPUUECKON MpoHUIlaeMoCTblo. Pe3onatop
MMeeT KPYyIJIoe OTBEPCTUE B DKpaHe BOIU3U ITyU-
HOCTH BBICOKOYACTOTHOT'O MAarHUTHOTO TIOJISI, M OH
SIBJISCTCS 3amalolInuM KoJjieObaTeJbHBIM KOHTYPOM
TpaH3uctopHoro CBY-reneparopa, padoTraroiiero
B aBTOOAMHHOM pEXHMMeE, C aMIUIMTYIHBIM HCTeK-
TOpPOM Ha BbIxofe. I3MeHeHue curHaia Ha JeTeK-
TOpe IpU pa3BepTKe ITOCTOSIHHOTO MarHUTHOTO
MOJISI MPOMOPLUMOHAIBHO BEIUYMHE ITOTIOIICHMS
CBY-MOIIIHOCTH YYaCTKOM IJIEHKM, PACIIOJOXEH-
HBIM IT0JI U3MEPUTEIbHBIM OTBepcTeM. HecMoTps
Ha 0oJiee BBICOKYIO YYBCTBUTEILHOCTb U3MEPUTEITb-
HBIX TOJIOBOK [20], M3roTOBJIEHHBIX C MUCIOJIb30Ba-
HUEM TEeXHOJOTUM MHOTOCJIOMHBIX ITeUYaTHBIX ILJIaT,
110 CPaBHEHMIO C MOJIBIMU PE30HATOPAMU OHA OKa-
3bIBACTCSI HEMOCTAaTOUHON MpU U3MEPEHUM Iapa-
METPOB IUICHOK TOJIINHON MeHee IIPUMEPHO 5 HM.
B sTux cnyyasix TpebyeTcs HaKOIUJIEHUWE CUTHAaJa,
YTO 3HAUYUTEIBHO YBEJIWYMBAET BpeMsI UBMEPEHUIA.
BaxxHO OTMETUTD, UTO pa3Mepbl MUKPOIIOJIOCKOBOTO
pe30oHaTopa YyBeIMIMBAIOTCSI 0OpaTHO IPOIIOPIIMO-
HaJIbHO €T0 PE30HAHCHOIT YacTOTe, YTO IMPUBOIUT K
COOTBETCTBYIOIIEMY YMEHBIIIEHUIO YyBCTBUTEIILHO-
CTH M3MEPUTEJIbHOM TOJIOBKU MPU MOHMKEHUU €e
paboueii YaCcTOTHI.

B Haweit paGore npeactaBieHbl HOBbIE KOH-
CTPYKUIMHU pa3padboTaHHBIX MUHUATIOpHEIX CBY-T0-
JIOBOK, B KOTOPBIX MUKPOIIOJIOCKOBBIE PE30HATOPHI
3aMeHEHbl Ha MUWHUATIOPHBIE KoJicOaTeIbHEIE
KOHTYpPHI, a KPYIJIO€ M3MEPHUTEIBbHOE OTBEPCTHUE
3aMeHeHO Ha kBagpaTHoe [29]. HyBCTBUTEIbHOCTh
TOJIOBOK YBeJIMYE€HA 10 CPaBHEHUIO C IIPOTOTUIIOM
MIPUMEPHO B 3 pa3a, M OHA OCTAETCS ITOYTH OAMHA-
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N3MEPHUTEJIbHBIE 'OJIOBKU JI1 CKAHUPYIOLIETO CITEKTPOMETPA

KOBOI1 Yy BCeX TOJI0BOK, pabOTAOIINX B JHAIIa30HE
yactoT 0.1—4.0 I'T1.

2. KOHCTPYKLIMA USMEPUTEJIbHOM
CBY-T'OJIOBKH

HM3BectHo [30], uTO mMOrjomeHue 3JIeKTPO-
MarHUTHOM SHEePTUU 00Pas3loM, IMOMEIICHHBIM
B CBY-pe3oHaTop, NpomopuUrMOHAIbHO MHMMOI
YaCcTH eT0 KOMIUIEKCHOM BOCIIPUUMYMBOCTHU ", a e
MUHHMMaJIbHAs BEJIMYNHA, KOTOPYIO CIEKTPOMET]
CIocobeH 0OHAPYKUTh, OLleHUBaeTCs (hOPMYIOit

L [Mj M)
70, P

rme K — Ko3(@UIUEHT 3amoJIHeHUST pe3oHaTropa
oOpas3noM, V — a(ppeKTUBHEBII 00beM pe3oHaropa,
omnpenensieMblil U3 cootHowenus W = Vh* / (8m)
(h — aMmIuTyga BBICOKOYACTOTHOTO MarHUTHOTO
noJisi Ha obpaslie, a W — nojiHast 3Heprusl, 3arnaceH-
Hag B pe3oHarope), 0, — COOCTBEHHAas JOOPOTHOCTH
pe3oHaTopa, kK — nocrtosiHHas boabumana, Ty —
SKBUMBAJICHTHAsI TeMIlepaTypa IIyMOB IeTeKTopa,
Af — mypyrHa MOJI0CH IIPOIyCKaHMS IeTeKTopa, P —
moliHocTh CBY-reHneparopa.

M3 dopmynsl (1) cienyeT, 4TO A1 MOBBIIIEHUS
YYBCTBUTEJIbHOCTU CHEKTpOMeTpa HEeOoOXOIAMUMO
yBeIM4YnUTh oTHOIIEeHUe Q/V. OgHako, yuuTbBast
TOT (PaKT, YTO CyIIECTBEHHO ITOBBICUTH COOCTBEH-
HYI0 JTOOPOTHOCTh MMHHATIOPHOTO pPe30HaTopa
MPaKTUYEeCKN HEBO3MOXHO, JOOUTHCS YBEJIMUYCHMUS
YYBCTBUTEJIbHOCTU CKAHUPYIOIIETO CIIEKTpOMETpa

121

DOMP MOXHO TOTBKO YMEHBIIIEHUEM 00beMa U3Me-
putenbHoro pe3oHaropa ero CBY-ronosku. [1oa-
TOMY HCHOJIb30BaHME MUKPOIIOJIOCKOBBIX Pe30-
HaTOpOB B CKaHMpyMoIIeM crekTpoMmerpe OMP
SIBJISICTCSI XOPOLUIMM PEIIeHUEM 3TOI ITPOOIEMEL.

Kak yxxe oTMedanoch, pe3oHaTop SIBJISIETCS 3a/1a-
oM KoHtypom CBY-reHeparopa u3MepuTeb-
HOI TOJIOBKU, MPUHIIMUIIMAJIbHASI CXeMa KOTOPOTo
npuBeneHa Ha puc. 1. [eHepaTop, padoTamIInii B
ABTOOMHHOM PEXUMe, IIPEICTaBIISICT COOOI eMKOCT-
HYI0 TPEXTOYKY Ha OUIOJSIpHOM TpaH3ucrope 7,
BKJIIOUEHHOM TT0 cXeMe ¢ 0011eid 6a3oii. DTo Mo3BO-
JisleT MUHUMU3UPOBATh KOJMYECTBO 3JEMEHTOB B
CXeME U YIIPOCTUTh TPACCUPOBKY TMEYaTHOM ILJIaThl
ronoBku (puc. 2). ONTUMaNbHBIA PeXUM TpPaH3U-
CTOpa MO IMTOCTOSIHHOMY TOKY YCTaHaBIMBACTCS IO~
CTPOEUYHBIM PE3UCTOPOM R,.

B xauectBe 3amaloliero pesoHaropa B cxeme
HWCMONB3YyeTCsl “CUMMETPUYHBIN” KoJjiebaTeIbHbII
KOHTYpP C UHAYKTUBHOCTbIO B BUJIE HEOOJIBIIOTO
OTpe3Ka MOJOCKOBOI JJMHUM [IJIsI TOJIOBOK Ha BBICO-
KWe 9acTOThI (puc. 3a) min HeOOoIbIIas KaTylka 13
HECKOJIbKMX BUTKOB Ha HU3KME 4acTOThl (puc. 30).
K omHOMY KOHILY MHIYKTHBHOTO 3JIEMEHTA MOIKIII0-
YeHbl COEIMHEHHBIE MocaenoBaTelbHO eMKocTh C,
n C;, 00pasylouime AeJIUTeb 10 BBICOKOYaCTOTHOMY
TOKY, a K ApyroMy — eMkocTb C, (cM. puc 1). Benu-
YMHON 3TUX €eMKOCTel, 0003HAaYeHHBIX Ha CXeMe
3BE3J0YKOM, peryaupyeTcs 4acToTa reHeparopa,
a cootHouleHueM emkocreit C, u C; yctaHaBIUBa-
eTCs1 ONTUMAaJIbHas oOpaTHas CBS3b B CXeMe reHepa-

o o +
L (“__ IMuraune
HMameputensHoe MuaykrnBubiii
OTBEPCTHE MPOBOJAHHK 1000 n
L /—
e
L) =
l 7, — BFUGY0OF
H oy T Sl I, /1~ BAT62
! ————
10 K L | C__ 0.5n _
[ . By 8
C R 1 (,,' c i d C-| 100 . Brixon
L | - ) ZS —
100 n 3301 | I

Puc. 1. [TpuHIunManbHast 3JIeKTpUUECKast cCXeMa U3MEPUTEIbHOM TOJIOBKU CKaHUPYIOIIero criekrpoMerpa @MP.
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Puc. 2. [NeyatHast mata ©u3MepUTETHHON TOJTOBKY CKa-
Hupyoiero cruekrpomerpa ®MP.

TOpa ISt JOCTUKEHUS TpeOyeMOll YyBCTBUTEIbHO-
CTU T'OJIOBKM.

OtMeTuM, uto eMkoctu KoHtypa C, u C; B
3aBHCHMOCTH OT YaCcTOThl FeHepaTopa MOTYT ObITh
YaCTUYHO WMJIM IOJHOCTbIO 00pa30BaHbI Mapa3uT-
HBIMUA €MKOCTSIMHM TPaH3MCTOPa U MOHTaXa CXEMBI.
IIpu sTOM cobcTBeHHass AJOOPOTHOCTb TaKOro
MUWHUATIOPHOTO KOJIEOATETbHOTO KOHTYpa C POCTOM
yacTtoThl B uHTepBaje 0.1—4.0 I'Tiy yBenuuuBaeTcs ¢
80 mo 110. JIyst uckiroueHMsI TPOHUKHOBEHUS BBICO-
KOYaCTOTHBIX KOJIEOAHMIA OT reHeparopa B leIlb
OIHOITIOJIIPHOTO MUTAHUS UCIIOIB3YIOTCS IPOCCEh
L, v mynTupyoias emxocts Cq. Jlerekrop, peru-
CTPUPYIOIIUI U3MEHEHUE aMILUIUTYIbl KOJeOaHUA
reHepaTopa, coOpaH MO CXeMe ABYXIIOJyIepuoa-
HOTO BBINIPAMJIEHUS Ha nuonax /[, /I, u criaxuBao-
LIEH BBICOKOYACTOTHBIE MyJIbcallMu eMKOCTU C,.

OTIMYUTEILHONM O0COOEHHOCTHIO TOJIOBKU IIO
CPaBHEHUIO C U3BECTHBLIMU pelneHusMu [16—20]
SIBJISIETCS 3aMeHa KPYIJIOrO U3MEPUTEIbHOTO OTBEP-
CTUs Ha KBaJapaTHoe (CM. puc. 3), 4TO MO3BOJUIIO
Npu OAMHAKOBON IIJIOIIAAM OTBEPCTUS CYIIE-
CTBEHHO YBEJMYUTbH UyBCTBUTEIbHOCTH TOJOBKM 3a
CYEeT ITOBBHIIICHUS OMHOPOTHOCTU paclpeneIeHUs
BBICOKOYACTOTHOTO MarHMTHOTO IOJISI IO TUIOLIAaN

MMPUBOPBLI U TEXHUKA SKCITEPUMEHTA

BEJIAEB u np.

TTonocxosbin
NMpOBOJIHHE

Hamepurenshoe
OTBEPCTHE

(©)

HHAYKTHBHOCTE

Hameputeibioe
OTBEpCTHE

Puc. 3. KOHCTpYKLIMM MHAYKTUBHBIX 3JIEMEHTOB KOJIe-

6aTeIbHOrO KOHTYpa, U3TOTOBJIIEHHBIX Ha OTpe3Ke Mo~

JIOCKOBOTO TIPOBOTHUKA (a) U Ha KaTYIIIKe U3 IMOJIyTopa

BUTKOB (0), KOHIIBI KOTOPBIX MPUIASHBI K KOHTAKTHBIM
ILIOINAAKAM ITe4aTHOM ILIaThI.

OTBEpPCTUS. DTOT (PaKT IeMOHCTPUPYET puc. 4, rae
MpeACTaBJCHbI paclpeneJeHus aMIUIUTY[A BbICO-
KOYaCTOTHBIX MAarHUTHBIX IOJIeil A MO IIoLIanu
Kpyrioro (puc. 4a) u KBagpaTtHoro (puc. 40) oTBep-
CTUi1, paccunTaHHbBIe B makeTe rmporpaMm CST Stu-
dio Suite. PacueT cnenan anst pacctossHus 0.1 MM ot
9KpaHa rojIoBKM, B KOTOPOM BBITPABJIEHO U3MEPU-
TeJIbHOE OTBepCTHE. BUIHO, YTO HEOMHOPOIHOCTh
BBICOKOYACTOTHOTO MAarHUTHOTO ITOJISI 10 TIOIIAAN
y4JacTKa, orpaHndeHHoro ypoBHeM 0.7 B, B Kpyr-
JIOM OTBEPCTHUM TIPMMEPHO B JiBa pa3a 0oJblile, YeM
B KBaIpaTHOM, YTO W IIPUBOIUT K COOTBETCTBYIO-
1IeMY YBEJIWYEHUIO YYBCTBUTEIbHOCTH TOJOBKM C
KBaJIpaTHbIM OTBEPCTHUEM.

INeyaTHast mIaTa OIpUKPEIUISIETCS K JIaTYHHOMY
WJIN JIOPATIOMUHIEBOMY KOPITYCY TOJIOBKH ITOCPEI -
CTBOM MaiKM, 9TO 00eCIIeYMBACT MEXaHUUECKYIO
MPOYHOCTDb W HANEXKHBIN 3JICKTPUIECKUIT KOHTAKT.
J17151 3TOr0 Ha BEPXHEM CJIO€ TUIATHI IO BCEMY KOHTYPY
(cM. puc. 2) U3roTOBJEH TOJIOCKOBBIM MTPOBOIHUK

Ne 1 2025
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h, M2
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[TonockoBbie MpOBOIHHKH

Puc. 4. Pacripenenenue aMIUIMTYIbl BRICOKOYACTOTHOTO MAaTHUTHOTO TIOJISI B KPYIJIOM () 1 KBaapaTHOM (0) U3MEepUTETHHBIX
OTBEPCTUSIX.

IIUPUHON OKOJIO 3 MM, COENTMHEHHBIN ¢ 9KpaHOM
CKBO3HBIMU META/UIM3UPOBAHHBIMU OTBEPCTUSIMU.
dotorpadum nByx CBY-rosoBok (puc. 5), y Koto-
PBIX KOpITyca M3rOTOBJICHBHI M3 MIOPATIOMUHUS U
JIATYHH, UMEIOT IIJIOIIAAN KBaAPaTHBIX U3MEPUTEIIb-
HbIX oTBepcTHii 1.0 Mmm? (ciieBa) 1 0.5 MM? (cripaBa).
Ha 3agHuX cTopoHax roJloBOK MMEETCS pa3beM C
KOHTaKTaMHU, 4epe3 KOTOPBIH MomaeTcsl muTaHue
aBTOAMHHOIO TeHepaTopa U CHUMAETCS TTOJIe3HBIN
curHaj. YeTblpe pe3b0OBbIX OTBEPCTUS T10 KpasiMm
KOpTyca MO3BOJISIIOT HAJEXKHO 3aKPEMUTh TOJIOBKY
Ha crelragbHOM JepaTeie CKaHUPYIOIIEero CIeK-
TpomeTpa ®MP [18, 19].

3. PESVJIBTATBI TECTUPOBAHMUA
PASPABOTAHHBIX T'OJIOBOK

TecTupoBaHue TOJIOBOK MPOBOAUIOCH HA 00pa3-
1JaX MAarHUTHBIX TJIEHOK TOJIIMHOM oT 2 1o 100 HM,
MOJYYEHHBIX MAarHETPOHHBIM pacHbIIEHUEM Ha
yctaHoBke ¢pupmbl AJA International (CIIA) mep-
Matoesoit mumenu (Nig,Fe,)) mpoussoacrtsa
kommanumn Kurt J. Lesker ¢ 4ucTOTO# IIpOLIEHT-
HO-BecoBoTo coctaBa 99.95%. Kak uzBectHo, Takoit
nepMaioil MMeeT OJM3KYI0 K HYJII0 MarHUTO-
CTPUKIMIO, TO3TOMY B 0Opasilax IMo4YTyu He BO3HU-
KaeT TOIMOJHUTEIbHBIX YIIPYTUX HAIPSKEHU TIpu

Puc. 5. ®ororpaduu CBU-T0I0BOK C IJIOLIANBIO KBAIPATHBIX M3MEPUTENbHBIX oTBepcTHii 1.0 MM? — citeBa u 0.5 MM —
cIipaBa.

MPUBOPBI U TEXHUKA SKCITEPUMEHTA  Ne |
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HaMmarHnunBaHuu TMII B m100bIX HanpaBiaeHusIX. Bo
BpeMs1 HallbLIEHUsI TaBJIeHHe MapoOB aproHa B KaMepe
YCTAaHOBKHU cocTaBisuio 1.8 M6ap, a mIOTHOCTh TOKa
MarHeTpoHa Ha MUILIEHM cocTaBisiia 21 MA/cm?,
3Ta IVIOTHOCTH 00eCIIeYnBajIa CKOPOCTb OCAKICHMS
0.235 am/c. CKOpOCTb OCaxKIEeHUS OTIPEIesIach 110
pe3yJiTaTaM U3MEpPEHMI KOHTPOJIbHOI IIEHKH TOJI-
muHoi 100 HM ¢ MCTOJIb30BAaHUEM PEHTIeHOCIIEK-
TpaJibHOTO (hJTyopeclieHTHOro aHanu3a [31], mo3Bo-
Jisiolero onpeaeasaTs TonuuHbl TMIT ¢ TOUHOCTBIO
He xyXe *1 HM, a TOJIIMHA MOJIyYaeMbIX IICHOK
paccYuThIBAIACH IO BPEMEHU OCAXKIEHMUSI.

[nenku ocaxnaauch 4epe3 MackKy C IUIOMIAAbIO
okHa 10 X 10 MM? Ha KBagpaTHbIE MOMJIOXKH U3
kBapueBoro crekyia Mapku JGS1 tonmmnoi 0.5 M,
IIEpPOXOBATOCTh ITOBEPXHOCTHU KOTOPHIX MeHee 1 HM,
pasmepamu 12 X 12 mm?. BaskHO OTMETUTB, UTO MpU
toamuHe TMIT MmeHee mpuMepHO 3 HM B cydyae ux
OCakJIeHUsI HETTOCPEACTBEHHO Ha TMOIOXKY CTIeK-
Tpel ®MP He HaOMOOANNUCh M3-3a €€ OKUCIICHUS
aIcopOMpPOBAaHHBIMU Ha MOBEPXHOCTU MOMIOXKHU
razamu. Iloatomy nepen HanbuieHuemM TMII non
BaKyyMOM IIpeIBapUTEIbHO Ha IOMJIOXKY OCaX-
JaJIcs CI0it MOHOOKKUCH KPpeMHUS TOIIMHOK 20 HM,
KOTOPBII HE TOJBKO 3alUINal TJIEHKY OT OKHCIIe-
HUS, HO U “3ajieynBan’” HEPOBHOCTU MOBEPXHOCTHU
nom1oxKu. CBepXy MarHUTHOM IJIEHKU TaKXKe B €11 -
HOM IIMKJIE OCAXIAJICHd TAKOU Xe CJI0M MOHOOKHUCU
kpeMHus (20 um) mis 3amutel TMIT ot atMochep-
Horo Bo3ayxa. OmHOOCHAasi MarHUTHAs aHU30TPO-
musi, HeoOxonumMas st paboThl MHOTMX YCTPOMCTB
Ha TMIT [1—13], HaBonuaach rjiaHapHBIM OTHOPO/ -
HBIM ITIOCTOSIHHBIM MarHUTHBIM I10JIEM BEIMYMHOM
200 D, MpUITOKEHHBIM B TIJIOCKOCTH BIOJIb OMHOM U3
CTOPOH ITOIIOKKK BO BpeMsI HAaIlbUICHUST 00paslia.

Ha puc. 6 npusenens! criektpel ®MP, cHsTbHIE €
LIEHTPAJIBHOTO yJacTKa IIJICHKM TOJIIMHON 2 HM Ha
4yacToTe M3MEPUTENbHOM royioBku 3.123 I'Tu, nme-
Iolleli KBaApaTHOE OTBEPCTHE IUIOMIANbIO 1 MM>.
3anuch COeKTpOoB IIPOBOAMIIACH IIPU pPa3BEePTKe
IJIaHAPHOTO ITOCTOSHHOTO MAarHUTHOTO Itoist H
B HaIlpaBJICHUM, OPTOrOHAJIBHOM K OCH JIETKOTO
HaMarHMYMBaHUS HaBEeOEHHOW MarHUTHON aHM-
30TPOINHU, T. €. BIOJb OCU TPYIHOTO HAMarHM4uBa-
Hug. CIUTOLIHOM TMHKUEN Ha pyc. 6 MOKa3aH CUTHAJ,
3aMMCcaHHbIli 0e3 HaKOIUIeHUSI (OTHOIIIEHUE CUTHA/
mryM okojio 8 1b), a ToukaMu — CUTHAaJ, TIOJy4YeH-
HEI ycpegHeHUeM 9 crekTpoB. BugHo, uTo mpu
HaAKOIJICHUHU 9 CITIEKTPOB aMILIATYIa IITyMOB YMEHb-
1IMjaach MpUMepHO B 3 pasa.

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

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

BEJISIEB u mp.

1.0

=0.5

—1.0

Puc. 6. CniekTpsl (heppoMarHuTHOrO pesoHanca TMIT
TOJILIMHOM 2 HM, CHATHIe Ha yactote 3.123 I'Tix, ipu pas-
BEPTKE MAarHUTHOTO TI0JIsI, HAIPABJIEHHOTO OPTOTOHAJb-
HO OCH aHU3O0TPOIMHU, O3 HAKOTUIEHUSsI CUTHAJIa (CIUIONI-
Hasl JIMHUS) ¥ C HAKOIUIEHUEM 9 CIeKTPOB (TOYKHM).

HampaBJICHUE OJHOOCHOI MAarHMUTHOW aHU30TPO-
nuu (COOTBETCTBEHHO — H, 1 0,), a TaKKe BETMYMHY
3¢ PeKTUBHOI HAMarHUYEHHOCTU HACBILLEHUA M
MOXHO BBIYMCIUTHL 110 U3MEPEHHOI 3aBUCHUMO-
CTU PE30HAHCHOTrO noJist Hy OT yria HampaBJIeHUs
IMOCTOSIHHOTO MarHMTHOTO MOJIsI pa3BepTku 0, [19].
[1st 3TOTO MBI OYIEeM MCIOJIb30BaTh (hOPMYILy, CBSI-
3BIBAIOLLYIO TOJIE H ; C MATHUTHBIMY XapaKTePUCTU-
KamMu oOpaslia Ha YacToTe HaKauku f [32], ncKio-
YMB U3 Hee MT0JIe OMHOHAIIPpaBJIeHHOM aHU30TPOITUH,
KOTOpPOE B MCCJIENyeMbIX 00pa3iiax CJIUIIKOM MaJlo
110 CPaBHEHMIO C I10JIEM OMHOOCHOI aHU30TPOIIUM:

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

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

[e Y — TMPOMAarHuTHoe oTHoleHnue, Mg — s dek-
TUBHAas HAMarHUYEHHOCTb HACHILLIEHUS, a pABHO-
BECHOE HalpasjieHUe 0,, HAMAarHUYEHHOCTH HaChI-
IIEHUS TIJICHKU ONpenessieTcs: U3 ypaBHEHUsI

H,sin(0, —eM)% H,sin2(0,-0,)=0, (3)

MOJIyYEHHOTO U3 YCJIOBUSI MUHUMYMa TLIOTHOCTU
cBOOOAHOI sHepruu mieHku [32]. [Tapamerpsl Mar-
HUTHBIX TJIEHOK OIPEnesiiuch ¢ MOMOIIbIO TPO-
rpammbl FMR-extractor [33], KoTopasi mo3BoJisieT
ABTOMATUYECKU BBIYMCIISITH MATHUTHBIE XapakTe-
PUCTUKM 00pa310B MO U3MEPEHHBIM 3aBUCUMOCTSIM
Hy(0,) npu 3ananHoii yactore f CBY-konebanumii.
Jsg mmiocTpallM Ha pUC. 7 TPENCTaBIEHBI
YIJIOBbIE 3aBUCUMOCTU H (0 ,,) U1 MJIEHOK TOJILM-
Hoii d = 2, 3, 100 um. M3MepeHus1 MpOBOAUIIUCH C
1arom 5° Ha JIOKaJbHbIX y4aCTKaX B LIEHTPE TJIEHOK.

Ne | 2025
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CIUTOLIHBIMY JIMHUSIMU TTOKa3aHbl TEOPETUIECKUE
3aBUCHUMOCTHU, TIOCTPOCHHBIE MO opMyaam (2) u
(3) ¢ momokio mporpaMmebl [33], B KOTOpoit Mar-
HUTHBIC IMapaMeTPhl IUICHOK IMOIOMPAaIOTCS aBTO-
MaTUYECKU 110 KPUTSPUIO HAMIYYIIETO COBIAACHUS
TEOPUM C DKCIIEPUMEHTOM. BHUIHO, 4TO Ha yrIjio-
Boii 3aBucumoctu TMII tonmumHoi 2 HM (puc. 7a)
HaOJIOAAIOTCS OYeHb OOJIbIINE IITYMBI, I YMEHb-
IIEHUST KOTOPBIX B KaXI0M TOUKe ObLIO IMPOBEIESHO
ycpenHeHre 9 HaKOIUIEHHBIX CIIEKTPOB, YTO 3Ha-
YUTEJIbHO YMEHBIIMIO IIyMbl (puc. 76). B meH-
Kax TOJIIMHONW 3 HM W OOJIbIIE IIIYMbI Ha YTIJIOBBIX
3aBUCUMOCTAX H (0 ) mouTy He MpocMaTpuBaloTCH,
MO3TOMY HaKOILIeHUs ke He TpeOytoTcs. [1pu aTom

125

BaXXHO OTMETUTh, YTO Ojaromapst 0OJbIIOMY KOJIM-
YeCTBY TOYEK C LIAroM 5° Ha 3aBUCUMOCTSX Hg(0,)
MarHUTHBIE XapakTepucTuku Mg u H,, BEIYUCIIEH-
HBIe TI0 TpaduKaM 6e3 HaKOIJIeHU (puc. 7a) u ¢
HaxkoIJieHUsIMU (puc. 70), Majao OTJIMYAIOTCS ApYT
OT Jpyra.

B 1ab6a. 1 mpuBeneHbl OCHOBHBIE MarHUTHEIE
XapaKTepUCTUKMU, U3MEPEHHbIE I MarHUTHBIX
MJEHOK pa3AnYHOM TONIMMHBI, 3(POeKTUBHOMI
HAMarHM4eHHOCTU HachllleHus Mg, Mo OIHO-
OCHOJf MarHUTHOM aHu3oTponuu H, U IMUPUHBI
JIMHUM (peppoMarHuTHoro pedoHaHca AH. BunHo,
YTO HAMarHW4YeHHOCTb Mg cHayaja ObICTPO pacTeT
C YBEJIMUEHNEM TOJIIIUHBI TUIEHOK, HO 3aTEM ITOCTe-

Ta0auuma 1. 3aBricuMocTr 3 (HEKTUBHON HAMAarHMYEHHOCTH HACHILLEHUS TTOJIST OMHOOCHOM MAarHUTHOM aHU30TPOITUU
Y LIMPUHbBI TMHUM (DePpPOMArHUTHOTO PE30HAHCA OT TOJIIIMHBI MATHUTHBIX IJIEHOK

[Toka3zarenb 3HayeHune
d, aM 2 3 5 10 15 25 50 75 100
Mg, I'c 361 551 693 785 819 847 874 885 892
H,D5 39 4.9 51 5.3 5.6 5.4 4.9 4.6 4.2
AH D 20.2 12.7 11.8 11.3 11.8 8.9 8.7 9.5 10.3
(6)
263 263
261 261
™ 259 o™ 259
< =
T 257 T 257
255 255 A
¢
Ly T 253l
0° 60° 120° 180° 240° 270° 360° 0°  60° 120° 180° 240° 270° 360°
By O
146 | ®) , 15} ®
!)
142 - /
C"‘)r m 111
= 140 - 4
= T 109
138 -
136 | 107
. osl— . ¥,
0° 60° 120° 180° 240° 270° 360° 0° 60° 120° 180° 240° 270° 360°

B

O

Puc. 7. 3aBucumoctu noist heppoOMarHUTHOTO Pe30HaHCa OT yIia HallpaBJIeHUs TOCTOSIHHOTO MarHUTHOTO ITOJISI pa3BepT-
ku st TMIT Tommmnoit 2 HM (a, 6), 3 M (B) 1 100 aM (1). CriekTph (a, B, T) CHUMAaIUCh Oe3 HaKOIUICHU, CIIeKTp (0)
MOJYy4YeH YyCpeTHEeHUEM U3 9 HaKOIIeHUIA.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |
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MEHHO NOCTUTaeT HackleHus1. [1py 3ToM mmosie aHu -
3otponuu H, umeet caabo BbIpakeHHbII MAKCUMYM
MpU TOJIIMHE IUIEHKU OKOJIO 15 HM, a IIupuHa
muanu @MP AH, HanmpoTuB, UMeeT MUHUMYM B
o6aactu ToauH 25—50 HM.

BaxxHO OTMETUTB, UTO CHATB 3aBUCUMOCTD H (0 )
TUIEHKY TOJIIIMHOM 2 HM C MCIIOJIb30BaHUEM IIPO-
toTtuna paspadoranHoit CBU-ronosku, nmeroiiei
Kkpyrinoe otBepctre [20], HEBO3MOXHO 0e3 HaKo-
IUICHUSI CUTHaJIa, TaK KaK CUTHAJl TOHET B IITyMax.
MuHUMaIbHOE KOJIMYECTBO HAKOIUICHU, TI03BOJISI-
follee 3amycaTh YIJI0BYIO 3aBUCUMOCTb PEe30HaHC-
HOTO TIOJISI ¢ TAKMM XK€ Ka4yecTBOM, KaK Ha puc. 7a,
PaBHO YEThIpeM. A JUIsl yMEHbILIEHUS pa3dpoca ToUeK
Ha 3aBUCUMOCTU HR(0,) 10 YPOBHS, COOTBETCTBYIO-
111ero puc. 76, KOJIU4eCTBO HAKOIUIEHU 151 TOJIOBKU
C KPYIVIbIM OTBEPCTUEM TpebyeTcs He MeHee 36.

[maBHBIM TOCTOMHCTBOM CKaHMPYIOIIETO CIIEK-
tpoMeTpa ®MP gBIsIeTCSI BO3MOXHOCTD BU3YyaIn3a-
MU pacIIpeneieHU HEOMHOPOIHOCTE MATHUTHBIX
xapaktepuctuk TMII nmo miaowmanu o6pasuos, OT
KOTOPBIX B 3HAYUTEIBHOM CTETIEHU 3aBUCST IIIYMbI
YCTpOIiCTB Ha UX ocHoBe. JIIsT Takoii Bu3yaan3a-
LIMY U3MEPSTIOTCS YIJIOBbIE 3aBUCUMOCTHU PE30HAHC-
Horo 1oy Hy(0,) Ha KaXIOM JIOKaJIbHOM y4acTKe
oOpasla 3a cyeT IepeMelleHUs] U3MEePUTEIbLHOTO
otBepctuss CBY-ronoBku ¢ 3aaHHBIMU IIaTraMH 110
OCIM X 1 ).

3aMeTUM, YTO B IIEPBYIO OYEPEeIb IITYMbI 3aBUCST
OT HEOJHOPOTHOCTEM pacnpesae/ieHus BeTUUYUHbI U
HampaBJIeHUsI OMHOOCHOM MarHUTHOM aHU30TPO-
nuu. [1pu a3TOM aucnepcust 3TUX BEJIUUYUH CBsI3aHA
C Ka4eCTBOM MOIJIOXKHN M ¢ KOHKPETHOM TEXHOJIO-
rueit M3roToBJICHUS IJICHOK, IIPUYEM 3Ta IHUCIIEpP-
CMs, KaK IIpaBUJIO, pacTeT ¢ YMEHBIICHUEM TOJI-
IIKUHBI 00pa3uoB [1]. DToT (pakT oOyCIOBIEH He
TOJIBKO MaTepuajoM M COCTOSTHUEM TTOBEPXHOCTU
MOJJIOXKU (11I€pOXOBATOCThIO, CTEIIEHbIO OYUCTKMU,
HaJIM9MeM WU OTCYTCTBHEM Oy(hepHOTO ITOACTOs),
HO ¥ HEOMHOPOMHBIMU YIIPYTUMM HANPSKEHUSIMU,
BO3HMKAIOIIMMU MEXIY ITOIIOXKON U TIJICHKOI B
Mpoliecce ee M3TOTOBJIEHMS, a TAKXKE TPaAMEHTHBIMU
HAaTIpsKEHUSIMU, CYIIECTBYIOIIMMHU Ha TTIOBEPXHOCTH
TUIEHKU MPU HAIMYUU Y Hee 3allUTHOIO MOKPBITUS.
Hpyrumu cioBaMu, IUIEHKY HEBO3MOXHO paccMart-
puBaTh B OTIOEJIHLHOCTH OT IOIJIOXKHU. YIIpyrue
HamnpsDKeHUs M UX TPaIgueHThl, 00yCJIOBJICHHBIC
MOMJIOKKOM, CUJIBHO BIMSIOT ITOYTU Ha BCE Mar-
HUTHBIE XapaKTePUCTUKM TUIEHOK [34] 1, KOHEYHO,
Ha OTHOOCHYIO MarHUTHYIO aHU30TPOITHIO, TaK KaK
C HaIpsKEHUSIMU CBSI3aH OJUH M3 MEXaHU3MOB €€
BO3HUKHOBeHU [35].

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

BEJISIEB u mp.

YuuTheiBas ckazaHHOE, B KaUYeCTBE TECTOBBIX MbI
BbIOpanu aBa obpasua TMII TtommuHoit 25 HM,
M3TOTOBJIEHHBIE B OMHOM ILIMKJI€ METOIOM MarHe-
TPOHHOTO PAaCHbIICHUS MUIICHU W3 IepMalIos
cocraBa Fe;;Ni,,, ob1agaroiero HebGoIbLIOH| 1MOJI0-
JKUTEJbHOW MarHuToCTpukiveit. HamblieHue npo-
BOIMJIOCH Yepe3 MackKy ¢ okHamu 10 X 10 mm? Ha
MOHOKPUCTAIMYECKHE TIOIJIOXKKM Y-cpe3a U3 JaH-
TaH-rajuimeBoro cunukara (La;GasSiO,,) — naH-
racura, uMewiue ToamuHy 0.5 MM M IUIOIIadb
12 x 12 mm%. Ha 3TOM cpe3e MOHOKpPUCTaLIA JaH-
racuta KO3 dUIMeHTbl TeTIOBOTO paclIupeHus B
JIByX OPTOTOHAJIbHBIX HAMPaBICHUIX CYIIECTBEHHO
pasnuuaiores: o, = 5.630, a;; = 4.079 mxK™".
HMMeHHO 5T HanpaB/ieHUs B IPOBOAMMBIX 9KCIIEPU -
MEHTaX COBHAJAIM CO CTOPOHAMM KBaApPaTHBIX ITO -
JIOXKEK, M3TOTOBJIEHHBIX IJIS MCCIEIyeMbIX 00pas-
110B. BaxkHO OTMETUTB, YTO HaMbLUIEHUE MEPMaLIOS,
UMeloIero Ko3(pUIIMEHT TENI0BOro pacumpe-
HUSI 3HAUYUTEJIbHO OOJIbllIE, YEM Y JIaHTacuTa, o =
= 11.5 MmxK™!, npoBoauioch Ha momorperbie A0
150 °C nonoxxku. DTo HeOOXOIMMO HE TOJIBKO IS
YBEIIMYCHUS aAre3ny IUICHKU C MOIJIOXKOI, HO 1
JUTS1 yMEHbIeHUs 1upuHbl ee TuHuu OMP.

Bosbiioli HaydyHBIE MHTEpeC MpPeaoCTaBIISIET
BO3MOXHOCTb IMPOaHaJM3UPOBATh pacrpeaeieHue
nojeil aHU30TPONUHU MO IUIOIIAAM MCCIEAYEeMBIX
IUICHOK B ClIydasiX, KOrga ITaHapHOe MarHUTHOE
oJie, IIPUCYTCTBYIOIee IIPU HAIIbJICHUH, IS TIEP-
Boro obpasua (Ne 1) HampaBJIeHO BIOJb OCH ITOM-
JIOXKKM ¢ MUHUMAaJbHBIM KO3 (UIIMEHTOM TerIo-
BOT'0O PaCILIMPEHUS O3, a U1 BTOPOro (Ne 2) — BnoJib
OCH ¢ MAaKCUMAaJIbHBIM KO3 (PUILIMEHTOM TETIJIOBOTO
pacmpenus a,;. O4eBUIHO, YTO MOCE OXTaxIe-
HUS 00pa3loB 10 KOMHATHOI TeMIIepaTyphl, IIpu
KOTOPOI MPOBOAWIMCH U3MEPEHUS YITIOBBIX 3aBU-
cumocteit moseit ®MP, MarHuTHBIC TJIEHKU OYIyT
HCIIBITBIBATh Pa3/IMYHbIE 1O ABYM OCSIM pacTsKe-
Hus. B aToM cilyyae BO3HUKAIOIIME YIIPYyTUe HaIlpsI-
xkeHus B TMII y o6pasua Ne 1 moyKHbI YCHJIMBATh
OIHOOCHYIO aHM3O0TPONNIO, HABEACHHYIO MarHUT-
HBIM MToJIeM, a 'y oopa3sita Ne 2 — ocJrabiidITh ee.

BOTOT (haKT XOPOILLIO MOATBEPKIAIOT pacrpeaese-
HUS 3HAYCHUI OMHOOCHOM MarHUTHOW aHU3O0TPO-
UM TI0 TuIoIaau oopasios Ne 1 u 2, mpeacTaBiacH-
HbIE Ha puC. 8. 3Mech 3Ke MOKa3aHbl CTATUCTUYECKIE
pacnpeneaeHUsI U3MEPEHHBIX BEJIUYUH. YIJIIOBBIC
3aBUCUMOCTU Hx(0p), MO KOTOPBIM BBIYUCIAINCH
napaMeTpbl aHM30TPONMUU, CHUMAIUCh C IIaroM
5° Ha ckaHupylouem crnekrpomerpe ®@MP Ha
yactrore CBY-ronoBku f = 2.618 I'Tu, umeromeit
KBaJpaTHOE U3MEPUTEIbHOE OTBEPCTUE pa3MepaMu

Ne | 2025
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0.71 x 0.71 Mmm2. OGpasLibl B SKCIIEPUMEHTE IepeMe-
IIAJIMCh C OAMHAKOBBIM I111aroM 0.5 MM IO OCSIM X 11 ).

CratucTuyeckue paclpeneaeHus BeJIUYUH
OJHOOCHOW MArHMTHOM aHM3O0TPONMHU, MOCTPO-
€HHBIC T10 U3MEPEHHBIM TOUKaM (puc. 8), MmoKasbl-
BAlOT, YTO MaTeMaTU4eckKoe OXXuaaHue sl oopasiia
Ne la, = 19.5 B, a s obpasua Ne 2a, =2.9 O. Ilpu
3TOM JAMCHEpPCHUs TO0JISI aHU3O0TPOIUU y MEepBOTO
o6paszua 0,= 0.30 O, 4TO 3aMETHO MEHBIIIE, YEM Y
BTOpOTO — 0, = 0.39 O.

BaxxHo oTMeTuTh, YTO pa3paboTKa BO3MOXHO-
cTeil 1 cmocoOO0B yBeJIMUEHUSI MOJIsI OMHOOCHOM Mar-
HUTHOM aHu3oTtponuu B TMII gBisercs oqHo# u3
CaMbIX BaxKHbIX U aKTyaJIbHbIX 3a/1a4y COBPEMEHHOI
(pm3uKkM MarHUTHBIX siBNIeHMi. C pOCTOM aHMU30TPO-
1M, KaK U3BECTHO, B MATHUTHBIX IIJIEHKAX ITOBHI-
IIaeTCsI 9YacTOTa €CTeCTBEHHOTO (heppOMAarHUTHOTO
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pe3oHaHca, HabII0IaeMOT0O B OTCYTCTBME BHEIITHETO
MOCTOSTHHOTO MAarHMTHOTO ToJist [36]:

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

a 3HAYUT, pacIIupseTcs AUara3oH 4acToT, B KOTO-
POM CIOCOOHKI pabOTaTh YCTPOMCTBA HA MATHUTHBIX
TUICHKAX.

OTMeTuM, 4TO aHajdoruvyHeie oopasusl TMII,
OCaXJIEHHBIE B TEX XK€ YCIOBUSIX, HO HAa M30TPOII-
HbIe MOIJIOXKHU M3 KBaplieBOro cTeKijia, UMEIoIIero
PEKOPIHO Maiblii KO3(pOUIIMEHT TEIJ0BOTO pac-
mupenus o = 0.19 mxK~!, 061anaoT onHOOCHOI!
MarHUTHOI aHu3oTponueit H, = 8.5 B, Takxe HaBe-
JIeHHOM MOCTOSIHHBIM MarHUTHBIM ITOJIEM B IIPO-
1ecce HambuieHUd [35]. DTo mpuMepHo B ABa pasa
MEHbIIIe, YeM B MepBOM 00Opa3slle Ha IOII0XKE U3

4.1
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2.9
23
35+
0k @2=290
I 5,=039
2 20 i
= 15F '
10 ~
5 i R
0 Y (Y | i P i
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Puc. 8. Pacripenenenvie momneit otTHOOCHO# MarHUTHOW aHWU30TPOIMH TI0 TuToIany oopas3oB Nel (a) u Ne 2 (), a Takxke
CTaTUCTUYECKOE PACIIPEICICHNE BEJUUMH 3THUX TMOJIEH.
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nanracuta. OTMETUM TakKXe, YTO TepMajioeBast
IUIEHKA Ha MOIJ0XKE M3 KBapllia UCIIbITHIBAET 0oJiee
CUJIBHOE pacTsKEeHUE 110 KOOpAUHATaM X U Y (SIBJIsI-
foleecs Ipyu 3TOM M30TPOITHLIM) IO CPABHEHUIO C
oOpasilamMy Ha MOIJIOXKaX M3 JIaHTacuTa, Tak Kak
y Hee TeMIlepaTypHBI K03(hULUEHT JUHEHHOTO
paciMpeHusl 3HaAYUTEIbHO OOJIbIIEe, YeM Yy KBaplie-
BOTO CTeKJIA.

Ha puc. 9 Taxke mist o6pasmoB Ne 1 u 2 npen-
CTaBIICHBbI pacIpeiceHNs YIIOB HallpaBJICHMUS
OIHOOCHOII aHM30TPOIINHU, KOTOPhIe MOKA3hIBAIOT,
YTO y BTOpPOTro oOpasiia HampaBjieHWe aHW30TPO-
MUY MOBEPHYTO MpUMepHO Ha 90° OTHOCUTEIBLHO
nepBoro obpasiia, y KOTOpOro HarpaBjeHUe aHU-
30TPOIMU COBIAAAET C HAIPaBICHUEM ITOCTOSIH-
HOTO0 MAarHUTHOIO MOJisg, MPUJIOXKEHHOTO B IIPO-

BEJIAEB u np.

1iecce HaIlblJICHUs MO/ HYJIEBBIM YIJIOM K CTOPOHE
MOMJIOXKKH. DTO TOBOPUT O TOM, UTO aHU3OTPOIIUSI,
CBSI3aHHAsl C YIPYIMMU HaIpsKCHUSIMU, BO3HM-
KaloIIMMU B MarHUTHBIX IJICHKAX M3-3a pa3Ho-
CTH TeMIepaTypHBIX KO3 (PUIINEHTOB TUHEIHOTO
paciiMpeHus repMajios U JaHracuta, B obpasiie
Ne 2 mpeBbIlIaeT aHM30TPOINUIO, HABOAUMYIO Mar-
HUTHBIM MoJjieM. JIpyrumMu cioBaMu, aHU30TPOIIUS,
CBsI3aHHAs C YIPYTUMU HaIpsDKeHUSIMU, ITo0Oeania
AHU30TPOITNIO, HABOAUMYIO MATHUTHBIM ITOJIEM.
CrarucTuueckue pacrpeneiaeHus yrjaoB Hanpas-
JIeHUsI OJJHOOCHOM aHU3O0TPOTIMU, MOCTPOEHHBIE
MO U3MEPEHHBIM ToYykKaMm (puc. 9), moKa3bIBaloT,
YTO MaTeMaTU4yeckoe oxuaaHue st oopasma Ne 1
a, =—0.2°,a nns obpasua Ne 2 a, = 87.7°. Ilpu sTom
OUCTIEPCHST YIJIa aHU30TPOIIMHY Y IIEPBOro odpasia

Puc. 9. PacripeneneHue yrioB HampaBieHNS OMHOOCHOUW MAarHUTHOYM aHWU30TPOIUU IO Tutomany obpasnoB Ne 1 (a) u
Ne 2 (6), a TakKe CTaTUCTUYECKOE pacrpeeseHre BETUYUH STUX YIJIOB.
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(0, = 0.28) 3HauuUTEIBLHO MEHBLIE, YEM Y BTOPOTO
(0,=2.43°).

[IpencraBiaeHHbIe Pe3yJbTaThl TOKA3bIBAIOT, YTO
HabJI01aeMble CPABHUTEIBLHO HEOOJIBIINE 3HAYCHMUS
YIJIOBOW M aMIUIMTYAHOMW mucrnepcuii OIHOOCHOM
MarHUTHOI aHU3O0TPOMKUHU, CYLLIECTBYIOLINE B Pealb-
HbeiXx TMII, mpakTryecKu HEBO3MOXKHO 3apETUCTPU-
poBaTh ¢ TpedyeMOoii TOUHOCTbIO, U3MEPSISl MATHUT-
HbIE IMapaMeTphl JOKaJbHBIX Y4aCTKOB 00pa3iloB
metonoM PMP Ha yacToTax caHTUMETPOBOTO AMa-
na3oHa JUIMH BOJIH, KaK 3TO mpeajaraercsl B pabo-
tax [1, 16, 17]. Bo-miepBbIX, B Ha3BaHHOM AUAaMa30He
HCIOJIB3YIOTCS TIOJIbIe BOJITHOBOIHBIE PE30HATOPHI C
M3MEpUTEIbHBIM OTBEPCTUEM B CTEHKE B 00JIaCTU
MMYYHOCTU BBICOKOYACTOTHOIO MarHMTHOIO IIOJs,
UMeIIe CPaBHUTEIbHO OOJIbIION 00beM, a 3HaA-
YUT, HU3KUM KO3(GULUEHT 3alI0THEHUS JIOKaIb-
HBIM YYaCTKOM U3MepsieMoro obpasua. Bo-BTophix,
B CAHTMMETPOBOM JIMaIla30HE HE TOJIbKO PE30HAHC-
HbIE T10JIs JaXe MJIs1 TepMaJIOeBbIX IJIEHOK CTaHO-
BSITCSI CJIUIIIKOM OOJIBIIMMU, TOCTUTAIOIIUMHU 3HA-
yeHmit opsinka 10° D, Ho u wmpuHa TuHUT OMP
Takxe yBeauuusaercss 1o 10?7 D, 4To, o4eBUIHO,
He MO3BOoJiIeT U3MepsTh xapakTepuctuku TMII ¢
Heo0X0AMMOM TOYHOCTHIO.

OcoOblii MHTEpeC MpeACTaBISIOT YaCTOTHBIE
3aBUCMMOCTU MarHUTHBIX Xapaktepuctuk TMII,
CHSTBIE Ha Pa3IMYHBIX YaCTOTaX M3MEPUTECIbHOM
roinoBku. Ha puc. 10 mpeacraBieHbl 3aBUCUMO-
CTU OT 4acTOThl 3(HEeKTUBHON HAMATHUYEHHOCTHU
HACBILLEHUSA Mg U IMPUHBI TMHUU GEepPOMArHuT-
Horo pe3oHaHca AH, uaMepeHHbIe Ha LIEHTpaJb-
HOM yYacCTKe IEepMaJIJIOCBOI IUICHKU TOJIIIMHOM
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25 um cocraBa Fe,Nig, ¢ UCII0Ib30BaHUEM TOJIOBOK
¢ KBagpaTHBIM oTBepcTueM 1 X 1 MM? B auamnasoHe
yacTtoT 0.7—4.0 I'Tu. BunHo, uyto a3 dexkTuBHas
HaMarHMYeHHOCTDb HACBIIICHUS C POCTOM YaCTOTHI
MOHOTOHHO BBIXOOMT Ha HACHIIICHHE, HaYMHAas
npumepHo ¢ 2 I'Tu (Mg = 843 I'c), a Ha HU3KUX
yacToTax aHOMAaJIbHO yBeJMYUBaeTcs OoJiee 4yeMm
B 1.6 pa3za, nocruras BenuuuHbsl Mg = 1359 I'c. Ha
yacrotax Huxe 0.7 I'Tu uameputs Benmuuny Mg He
yaaercs, TaK KaK Ha YIJIOBbIX 3aBUCUMOCTSIX Hy(0,)
pPe30HaHCHOE I10JIe CTAHOBUTCS MEHBIIIE HYIIS IIpU
HaMarHMYMBAaHWUU TIJIEHKW BIOJb OCHU JIETKOTO
HaMarHUYMBaHUS.

Kak u cinemoBano oxumaThb, IIMPUHA JTUHUU
DOMP nuHeitHO yBeIMUYUBAETCS C POCTOM YaCTOThI
(cMm. puc. 10). 3ameTM, 9TO BEJTMIMHA OTHOOCHOM
MarHUTHOI aHM30TPOIINY 1 YIOJI HaIlpaBJICHUSI OCH
JIETKOrO HaMarHM4YMBaHUSI MPAKTUYECKU HE 3aBUCSIT
OT YacTOTHI.

4. BAKJIIOYEHUE

Takum obpazom, B pa3paboTaHHBLIX KOHCTPYK-
nusx CBY-rosoBoK AJis1 CKAHUPYIOLIETO CIIeK-
TpoMeTpa (peppOMarHUTHOTO pe30HaHCa YYBCTBU-
TEJIbHOCTD YBeJMYeHa B 3—4 pa3a 1o CpaBHEHUIO C
npoTtoTunoM [20] He TOTbKO 3-3a MUHUATIOPHOCTHU
3aJaiIIeTo Koje0aTeIbHOTO KOHTYpa B aBTOIMH-
HOM IreHepaTope 1 CpaBHUTEIHLHO OOJIBIION €T0 CO0-
CTBEHHOI JOOPOTHOCTU, HO U Oiarogapsi 3aMeHe
KPYIJIOrO U3MEPUTESIbHOTO OTBEPCTUSI TOJOBKU Ha
KBagpaTHoe. Takasi 3aMeHa CyIIECTBEHHO ITOBbI-
1aeT OAHOPOAHOCTh pacHpeneeHus] BhICOKOYa-
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Puc. 10. YacroTHble 3aBUCUMOCTH 3(P(PEKTUBHON HAMAarHUYEHHOCTH HACBIIIEHNS U IIMPUHBI TUHUU @M P 1ieHTpassHoro
ydacTka nepmajuioeBoii miaeHku Fe,,Nig, TonmmHoit 25 HM.
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CTOTHOTO MAarHUTHOTO MOJiSI B M3MEPUTEIbHOM
oTBepcTUU. B pe3ynbraTe 3HaUMTEIbHO YMEHbIIA-
IOTCS IIIyMbI HaOJIFOMaeMbIX CUTHAJIOB 1, COOTBET-
CTBEHHO, ITOBBIIIAECTCS KAauyeCTBO BU3yalu3alluu
pacrpenefieHUi HEOOHOPOMTHOCTEl MarHUTHBIX
xapaktepucTuk TMII mo njomanu od6pa3uoB 3a
CYET CYIIECTBEHHOT'O IMTOBBIIIEHUSI TOUHOCTHA U3ME-
peHust. CTeneHb JOKaJbHOCTU YYaCTKOB CKaHUPO-
BaHUS OIpenessieTcs IUIOMaablo U3MEPUTEIbHOTO
otBepctnss CBY-romoBok B mipenenax 0.1—2.2 MMm.
Habop cMeHHBIX rOJ10BOK MO3BOJISIET C TPEOYEeMbIM
arom fnepekpbiTh auanaszoH yactotr 0.1—4.0 I'Ti,
MpU 3TOM OTHOIIEHWE CHUTHAJI/IIYM JJISI TOJIOBKH
¢ ruomaapio orsepctust 1.0 Mm%, u3MepeHHOE Ha
TepMaJIoeBOM TIJICHKE TOJNIIUHON 2 HM, HE MeHee
npumepHo 8 1b. DPPHEeKTUBHOCTH NCITOTBL30BAHUS
pa3paboTaHHBIX T'OJIOBOK IJIS MCCIeAOBAHUS TIPU-
poabl 0O0pa3zoBaHUs U OCOOEHHOCTEH pacrpenese-
HUSI MAarHUTHBIX HEOTHOPOMTHOCTEH ITO TLIOIIAIN
00pa3LoB NPOAEMOHCTPUPOBAaHA Ha MEPMAJLIIOEBBIX
TUIEHKAX TOJILIMHOM 25 HM pa3zmepamu 10 X 10 mm?,
OCaXIECHHBIX HA MOHOKPHUCTAJINYECKME TTOMIOXKKHI
W3 JIaHTaCHTA.

Mmeromuiics HaOOp CMEHHBIX T'OJIOBOK, Mepe-
KPBIBAOIIMI MIMPOKUNA OUANA30H YacCTOT, OCO-
OEHHO BaXKeH MPHU MCCAECAOBAHUM METALIMYECKUX
MAarHUTHBIX IUIEHOK. MI3BeCTHO, YTO mpu MCCIeno-
BaHMU TaKMX IUICHOK Ha CEPMITHO BBIITYCKAaEMBIX
CIEKTPOMETpax, pabOTaMIINX B CAHTUMETPOBOM
AMamna3oHe UTMH BOJIH Ha yacToTax nopsinka 10" I,
BO3HMKAIOT TPYIHOCTHU, CBSI3aHHBIE C MaJIOil TOJI-
IIIMHOMN CKUH-CJIOSI, KOTOPBIM K TOMY X€ TOMNOJHU-
TeJIbHO yMeHblnaercst Boau3u ®MP u3-3a pocra
MarHuTHOM MpoHullaeMocTu oOpa3ua. B pesyib-
Tate (popMa pe30HAHCHOI KPUBOII OBIBAET CHIILHO
nckaxeHa. OQHaKO MCITOJIb30BaHUE pa3padoTaH-
HBIX TOJIOBOK ITO3BOJISIET 3HAYUTEIBHO ITOHU3UTh
YacTOTy HaKauyku 0e3 YMEHbIIEHUS] YyBCTBUTE/b-
HOCTHU CIIEKTPOMETpa, IIPU 3TOM COOTBETCTBEHHO
YBEJIMYMBACTCS TONIIMHA CKMH-CJIOSI M Ha3BaHHasI
npobJiemMa ucue3aer.

Bricokast TouHOCTh u3MepeHus: 3PeKTUBHOM
HaMarHWYECHHOCTH HACKIIICHUSI, TapaMeTPOB OIHO-
OCHOM MarHUTHOMN aHU30TPOIIMU U IIUPUHBI TMHUU
DMP, nponeMOHCTpUpPOBaHHAs Ha TepMaJUIOEBBIX
oOpasiax TonmuHoin 2—100 HM, TOKa3bIBaeT mep-
CIIeKTHMBHOCTb MCIIOJIb30BaHMUS pa3pabOTaHHBIX
CBY-ronoBoK B CKaHUpYIOILIEM CIIEKTpOMETpe
¢deppomarnuTHoro pe3oHaHca. [IpeacraBieHHbIe B
pabote pe3yabTaThl, HECOMHEHHO, OyIYT TOJIE3HBI
MpU pelleHUr psiia TEXHOJOTMYECKUX, TeXHUYE-
CKMX 1 MHOTHMX HayYHBIX 3a11a4, CBSI3aHHBIX C CO3/1a-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

BEJISIEB u mp.

HMEM HOBBIX MArHUTHBIX MaTepUajoB C 3aJaHHBIMU
CBOMCTBAMU U CO3IaHUEM YCTPOMCTB HA UX OCHOBE.
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¢ sHeprusimu 6osbiie 1 u 3 MaB, HermocpeacTBeHHO M3MepeHHBIX 1o Nb- u Fe-MoHuTopamM, Heobxo-
JIMa JUISE OLIEHKY paauallMiOHHOTO TTOBPEXICHUs MaTeprualoB B 000CHOBaHMe obecriedyeHus: Ge3oIac-
HOI 9KCIUTyaTallMu SIAEPHBIX peakTopoB. JJOCTOBEpHOCTD OIpeneeHUs] 3HaUeHUi (hiiroeHca ObICTPhIX
HEUTPOHOB B KOHTPOJIMPYEMBIX TOUKAX 00JIy4aTeIbHOTO YCTPOMCTBA ITOATBEPXKIACTCS CPAaBHUTEIbHBIM
aHaJIM30M PACYCTHBIX U IKCIIEPUMEHTAIbHBIX TaHHBIX.
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1. BBEAEHUE

CraTbs pencTaBisieT aHAIUTHIECKOE OICaHNE
TEXHUKH SKCIICPUMEHTA ¥ METOINK 00pabOTKHI 3KC-
MEePUMEHTAJIBHBIX TaHHBIX TP MOHUTOPUPOBAHUN
KOHTPOJIMPYEMOTO (hJItoeHCca OBICTPHIX HEUTPOHOB.
OnpeneneHne HeRTPOHHO-DU3NIECKUX XapaKTepHr-
CTUK — BaXXHBII aCIeKT MPU IJIaHUPOBAHUU U IIPO-
BEICHUM 3KCIIEPMMEHTOB Ha MCCIEO0BATEIbCKIX
peaktopax. KOHCTpYKIIMOHHBIE MaTepHUajbl IpU
00JIy9eHNY TTOABEPKEHBI paIallMOHHOMY TTOBPEX-
neHuio. Hanbonbiimii muHTEpec mpeacTaBisieT mory-
YeHHasl 9KCIIepUMEHTaJbHBIM IIyTeM MHMOpMaIus
0 (aroeHce OBICTPBIX HEUTPOHOB, MCITOIb3yeMast
IJIS OLIEHKW pamgualiOHHOIO IMOBPEXICHUS MaTe-
puagoB B 000CHOBaHUE obOecrieyeHusl 6e30macHoM
SKCIUTyaTallly SIACPHBIX PEaKTOPOB.

B ocHOBe TeXHUKM 2KCHEPUMEHTA UCITOIb3yeTCs
HEUTPOHHO-aKTUBALIMOHHBIN MeTox [ 1, 2], Hanboee
MOJIHO YAOBJIETBOPSIOMINI CIeIU(PUISCKUM YCIIO0-
BUSIM U3MEPEHUI (IMMPOKUI THAMTa30H SHEPIUU U
MHTEHCUBHOCTUA HEUTPOHHOTO N3TyUCHMSI, BRICOKUIA
YPOBEHb paIuvalliy, ITOBLIIIEHHbIE 3HAUCHUS TEM-
nepaTyphl, Majible rabapuThl U TPYAHOAOCTYITHOCTh
MECT M3MepeHUil u MHoroe apyroe). B AO I'HIJ
HWMWAP paspaboraHa MeTOmOJIOTHS U PeaTu30BaHbI

TEXHUYECKHUE CPENCTBA IIsI HEUTPOHHO-I03UMETPU -
YEeCKOI'0 COIIPOBOXIEHUSI PEAKTOPHBIX IKCIIEPU-
MEHTOB B IIIMPOKOM IHAaIla30He YCIOBUIT 00TydeHUS
MPU TUIOTHOCTHU IIOTOKA OBICTPBIX HEHTPOHOB IO
5-10" cMm~? - ¢~ 'mpu OTHOCUTENBHOI pacIMPeHHOM
HeolpeneneHHocTn He xyxe 11.5% [3].

DKCHEPUMEHTHI II0 PEaKTOPHBIM MCIBITAHUSIM
MaTepuajoB COIMPOBOXIAIT IEPUOINUECKUMU
MPOMEXYTOUYHBIMM MHCIIEKUIMSIMU YCIOBHUIA 00IIy-
YeHUs B peakTope. B mporpamme HeMTpOHHO-I031-
METPUYECKOTO COIIPOBOXKICHMST PEAKTOPHBIX MCITHI-
TaHUU NPEAYCMOTPEH PENIAMEHT, BKIIIOYAIOIIUI B
ce0sl KOHTpOoJb (hII0eHCa HEMTPOHOB Ha OCHOBE
noka3aHuii MOHUTOpOB (dmtoeHca [4, 5]. Habop
HEeNTPOHHO-aKTUBALIMOHHKBIX AeTeKTopoB (AHA)
noaBepraeTcs OMHOBPEMEHHOMY OOJIyUeHUIO B KOH-
TponupyeMoii Touke. IlpennkropamMu 3HaYCHUS
KOHTpoOJupyeMoro ¢JroeHca HEHTPOHOB C DHEp-
rueit 6onbirre 0.1 M>B gBnsioTCsS MOoporossie 3HaUeE -
HUS GIIoeHca HEUTPOHOB ¢ SHEPTUSIMU Ooble 1 1
3 M5B, HemocpeacTBeHHO n3MepeHHbBIe o Nb- u
Fe-Monutopam ¢ yuyeroM 3G (OEKTUBHBIX CEUCHUI
COOTBETCTBEHHO.

Lenb cTaTby — onucaTh TEXHUKY SKCIIEpUMEHTa
10 MOHUTOPUPOBAHUIO (PJIFOEHCA OBICTPBIX HEUTPO-
HOB ¢ 3Heprueii 6omabmre 0.1 MaB.
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2. HEUTPOHHO-IO3UMETPUYECKOE
COITPOBOXIEHUWE PEAKTOPHBIX
OKCITEPUMEHTOB

JleTeKTOp HaKaramBaeT MHGOPMAIIMIO O TTOTOKE
OBICTPBIX HEHTPOHOB B TEYCHUE BCETO BPEMEHU
00JyyeHuUs1, KaK MpaBuao, B TeUEHUE HECKOJbKUX
KaMIaHui peakTopa. MexaH13M perucTpaiu Heil-
TpoHOB B BemiectBe JJHA ocHOBaH Ha KOCBEHHOM
METOIE, KOTOPHBI OTHOCHUTCS K ITACCUBHOMY METOIY
HelTpoHHOro aHanusa. [lpoliecc peructpanuu
HEUTPOHOB HAYMHAETCS MPU B3aMMOICUCTBUM UX C
aapamu JIHA Ha ocHOBe SiAepHBIX peaKkiuii, COmpo-
BOXTAIOIIMX 00pa3oBaHue MPOAYKTOB HYKIMIa-MO-
HUTOpA, B BUIE TaMMa-KBaHTOB U PEHTI€HOBCKUX
JIy4eil, KOTOPhIE peTUCTPUPYIOTCS IETEKTOPOM.

Martepuanbl M3 kejie3a U HUOOUS HauboJiee
MOJIHO OTBeYaloT TpedboBaHUSIM IJisd akTuBauuu JJTHA
B MOHMUTOpPUHIE (ptoeHca OBICTPHIX HEUTPOHOB.
YcinoBrueM MpoBeneHUs TaKUX SIAEPHBIX peaklluid,
KaK >Nb(n, n')”*™Nb — Ha MOHUTOpPE 13 HUOGUS U
*Fe(n, p)>*Mn — Ha MOHHTOpE U3 Xese3a, SIBISIETCS
HaJM4ue dHEepreTMIYeCKOro mopora, a Takas siaep-
Has peakuus, Kak “>Fe(n, v)*’Fe uuer Ha TemioBbIX
HelTpoHax. MexaHU3M perucTpaliii OCHOBaH Ha
3axBaTe HEHTPOHOB siapamu °Nb ¢ 06pazoBaHuEM
9MNb, KoTopsIil pacnianaercs oopatHo B °Nb + v ¢
nepuonom okoJso 16.13 sner. 1yt BToporo MOHUTOpA
MEXaHW3M perucTpaiuy OCHOBAaH Ha 3axBaTe Hel-
TpoHoB sapamu ~*Fe ¢ o6pa3oBaHueM >*Mn, KOTO-
PhIii XapaKTepu3yeTcsl MO3UTPOHHONH aKTHUBHOCTBIO
u pacrnagaercs B °*Cr + e* ¢ mepuonom npuMepHo
312.05 cyT.

3. TEXHOJIOTUS U UHCTPYMEHTAPUI
METOJA

Cnoco06 onpeaeaeHus: KOHTPOJIUPYEMOTO (PJto-
eHca HelTpoHOB ¢ aHeprueii 6obie 0.1 MaB ocHo-
BaH Ha IMapaMeTpU3allMy CIIEKTpaJIbHON (DYHKIIUM C
BBIOOPOM B Ka4eCTBE IIPEIUKTOPOB IIOPOrOBhIX 3HA-
YyeHU (IIOCHCOB HEUTPOHOB C SHEPTUSIMU OOJIbIIIE
1 u 3 MaB u pa3aensieTcs Ha 1Be YacCTHU:

— BKCIIepUMEHTaJIbHAasI 9YacTh PabOTHl BKJIIOYAET B
ce0s1 aKTUBaIIMIO JETEKTOPOB, U3MEpeHue abco-
JIIOTHBIX aKTUBHOCTE IMPOIYKTOB SIIEPHBIX pPeaK-
L1 ¥ IOJIy4eHUE aKTUBAIIOHHBIX MHTETPaJIOB;

— pacyeTHasl 4YacTbh IPEICTaBIIsIET COOO IMpUMeHe-
HUEe MaTeMaTUYeCKUX 1 BBHIYMCIUTEIbHBIX METO-
JIOB TTOJTyYeHUs] MHGOPMALMU O CIIEKTPaTbHBIX
KO3 PULIMEHTAX U3 aKTMBALIMOHHBIX MHTETPAJIOB.
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3. 1. Dkcnepumenmanvras wacmo

Meton aktuBauuu JJHA oOiagaet mo cpaBHe-
HUIO C APYTMMHU MeTomaMH’ IPEUMYIIECTBOM II0
YYBCTBUTEIBHOCTH K MapaMeTpaM HEeWTPOHHOIO
MOJIs B LIMPOKOM MHTEpBaJie SHEPIruii (OT TEMJIOBBIX

Fnasmpoianmme
IKCNEPUMEHTS

[ 1
WaroToanerme BisewmaaHme
SHTHEALBAUHHBIX HTHBILMOHHBIK
AETEHTOPOR DETERTOPOE
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Mapkvposka HANCYABL
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|
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SMAOTHOCTE NAOTOKS HEHTPOHOR,
# SHEQETHHECK M ek,
» HOEHT HENTPOHOE

Akanny
AHCTIE DHMENTRNBHbIX
Advbnix

Puc. 1. CTpykTypa TeXHOJOTMYECKOro Ipoliecca Heii-
TPOHHO-I03UMETPUYECKOTO COITPOBOXKIECHUS PEAKTOP-
HOTO 2KCIIEpUMEHTA.
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HEHWTPOHOB 10 HEUTPOHOB ¢ sHeprueit 20 MaB), yto
JlaeT BO3MOXHOCTD I10JIydaTh AeTajJbHbIE CBEACHUS
O CIIeKTpaJIbHON (PYHKIIUU U CIIEKTPaJIbHBIX KO3(-
duLmeHTax HEUTPOHHOrO mojsd [6] (Imoka3aHo B
pasn. 3.2).

3.1.1. IloaroTroBKa K 3KCHepUMEHTY. DKCIIepU-
MEHT I10 OMNpeneJeHUIO TJIOTHOCTU MOTOKA Heli-
TPOHOB HAUMHAETCS C €T0 IJIAHUPOBAHUS COITIAaCHO
CTPYKTYpE TEXHOJIOTUUECKOTro Mpoliecca KakK IoKa-
3aHO Ha puc. 1, B TOM 4mclie IIpu pa3pabdoTKe aKTU-
BallMOHHBIX OETEKTOPOB ITOAOMpaeTCs COCTaB W
pa3Mepbl 00pas3loB, KOTOPbIE MOJKHBI OTBEYaTh
CJIEMYIOIIM TPEOOBaHUSIM.

1. Tlepuon noaypacnana MpoayKTOB aKTUBALIMU JOJI-

JKeH OBITh COITOCTaBUM CO BpeMeHEM OOIydeHUS.
2. Tlocme obGaydYeHUST aKTMBHOCTH MOHUTOPOB

IOJDKHA OBITh JOCTATOYHOM IJISI PETUCTpalluK

CIIEKTPOMETPUIECKUM TPaKTOM, HO HE IIPEBbI-

1IaTh TOMYCTUMbIC HOPMbI PaJUallMOHHON 0e3-

OITACHOCTU Ha paboyeM MECTE.

IIpu ycraHOBKe Ha OOHY MJIM HECKOJBKO KaM-
MAaHUI B UCCIEAOBATEABCKUI PEAKTOP WM HA OIHY
KaMIIaHUIO B 3HEPTreTUYSCKUM peakTop Hauboiee
3 OEKTUBHBIMU SIBJISTFOTCSI MOHUTOPBI (PII0eHCa U3
xene3a-54 u Huoobusd-93 (tadu. 1, 2). IIpu ucnoib-
3oBaHuu JJHA TonmmHoi okono 0.1 MM 1 nuame-
TPOM OKOJIO 1 MM HaBeaeHHasi aKTUBHOCTb OydeT
OTBEUYAaTh OMMCAHHBIM TPEOOBAHUSIM.

BEJIO3EPOBA u 1p.

Ha stane noarotosku JIHA npoBoasiT ux B3Be-
IIMBaHWE U TePMETUUYHYIO MHKATCYISIIUIO B KBapIl,
o0ecIieuynBaION TEPMUUECKYIO YCTONUYMBOCTD.
Tunuunas macca MoHuTopa: 0.3—0.9 mr, mosToMy
pPEeKOMEeHAYEeTCs IMMPUMEHSTh BECHI KJIacca TOUHOCTHU
He xyxe 4yeMm Sartorius S4 Supermicro ¢ npeaenaom
JIOITYCTUMOM MOTPEITHOCTU 18 MKT.

3.1.2. IloaroroBKa K M3MepeHHSIM AKTHBHOCTH
JTHA. Ona onpenenenust aktusHoctu JHA mpu-
MEHSIIOTCSI CHIEKTPOMETPUUECKHME TPAKThl — KOM-
IUICKCBI, COCTOSIIIME U3 OJIoKa OeTCKTUPOBAHUS,
aHajaM3aTopa M MepCOHAIbHOTO KOMIbIOTEPA IS
BU3yaJIM3alluu U oOpabOTKM AaHHBIX. Hermocpen-
CTBEHHO U3MEPAEMOUN BEJTUYMHOM ABIIETCH KOJIM-
YECTBO UMITYJIbCOB (POTOHHOIO U3IYYEHMUSI 32 BpeMs
sKcno3unuu. s rmepecyera KOJUIeCTBA UMITYJIb-
COB B aKTUBHOCTb PaIiOM30TOIIa HEOOXOOMMO IIPO-
BECTU KaJMOPOBKY IO dHEePTUU U 3(PGHEKTUBHOCTHU
perucTpanny U3IydeHUsI.

[ns mpoBeneHUs KaJluOPOBKU TPUMEHSIOTCS
Habopbl 00pa3LOBbIX CIEKTPOMETPUYECKUX UCTOY-
HUKOB C XOPOIIIO UASHTUDUIINPYEMBIMU ITMKAMU
nosHoro nornoieHus (ITITIT) B ciekTpe. B pesyinb-
TaTe KaJIMOPOBKM yCTAHABIMBAECTCS 3aBUCUMOCTh
HoOMepa KaHalla OT SHEPTUM U MHTEerpalibHas HEJIM -
HeiHocTh. g cnektpomerpa “Dko-I1TAK-02-3”
3aBHCHMMOCTh HOMEpa KaHajla OT 3HEPIuM JIMHEM-
Has, 3HAYEHUE WUHTETPAJIbHOU HEJIUHEUHOCTU

Taomuna 1. AnepHo-dusnueckue XxapaKTepucTUKN MaTepUaIOB IETEKTOPOB

DddexTuBHOE ceve-
Marepuan N IToporosast s3Heprust MaccoBoe
Turm snepHOit peakmu HHUE peaKknn .

JIETEKTOPOB R I, HeliTpoHOB, M3B conepxanue, %
Keneso *Fe(n, p)**Mn 348 3 5.8(>*Fe)
Huo0wuit 9¥Nb(n, n')*™Nb 209 1 100(**Nb)

Tadmuna 2. XapakTeprCTUKU MPOMYKTOB peakinii akTuBauu [7]
PALHOHYIILIL T evr ITocrossHHas pacriaga| AOCONIOTHAsI MUHTEHCUB- DHeprus
HOHYIIHIA 1720 &Y A 1/c HOCTb U3JTy9eHusd 1, % U3Iy4YeHus1, K3B
93mMNb (5.73£0.22)- 10° 1.36-107° I, =9.33 I, = 16.6
*Mn 312.3+£0.26 2.57-107% 1,=99.98 E,=834.8
YFe 44.510.01 1.80- 1077 I,=56.5 E,=1099.2
182Ta 114.74 £ 0.12 6.99-107% I,=3524 E,=1121.3
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cocransieT 1.24 - 1072 % npu MakcUMabHO JOMY-
ctumom 0.04 %.

Kanu6poska sddekruBHOCTH! MpoBOAMTCA
IJIS OTIpeneeHUsI aOCOMIOTHOTO 3HAYECHUsI aKTHUB-
HocTU HykKauga — moHutopa HHA. B mpouecce
KaJIMOPOBKM U3MepsIeTCsT KOJIMYSCTBO MMITYJILCOB
B I1IIIT kaxxaoro paguounsoToria U3 Habopa obpa3s-
LIOBBIX CMIEKTPOMETPUYECKUX UCTOUHUKOB. DPpdek-
TUBHOCTb PETUCTPALIMU OIIpeAesieTcs Mo hopMyJie

g = L’ (1)
A, exp(—Af)n
rae ¢; [umn./potoH] — sddeKTUBHOCTL peru-
CTpallid TaMMa-KBaHTOB JCTEKTOPOM IS HaH-
HOTO 3HaveHUst oHepruu, N, [MMI.] — cpenHee
YUCJIO UMITYJIbCOB, 3apeructpupoBaHHbix B TTITI1
COOTBETCTBYIOIEil dHEPruu, IO pe3yJbTaTaM #
M3MEepeHMiA, T [c] — BpeMst Habopa criekTpa (“XXKuBoe
BpeMd~ aHanu3aropa), A, [bk] — macnoprHoe 3Ha-
YeHMe BHEIITHETO U3JTyYCHUS JAaHHOM 9HEPTUU B YTOJI
47, A [1/c] — mocTossHHas pacrajga HYyKJIuWIa-Mo-
HUTOpa — MPOAYKTa peaklUMM, COIJacHO ITaHHBIM
Tabn. 2; ¢ [cyT] — Bpems, Tpoleniiee ¢ MOMEHTa
aTTecTallMd UCTOUYHMKA, 1 [OTH. e1.] — KBaHTOBbIH
BBIXOJI [IJISI COOTBETCTBYIOIIETO TaMMa-KBaHTa.
D®opmynly aHATUTUICCKONM 3aBUCHMMOCTU IS
anmnpoxkcuMauuu 3G@EeKTUBHOCTU pPETrUCTpalnuu
kBaHTOB &(F) B I1I1I1 mpuHuMaroT B BUae

1
g(E)=e"""),

rae €(E) [ummn./potoH] — 3¢ HEeKTUBHOCTL peru-
CTpallMy raMMa-KBaHTOB JAETEKTOPOM JIsI JAHHOTO
3HAYEHMSI DHEPTUU,

5
Pn(lnE)=Zpi(ln E)
i=0
— OPTOTOHAJIbHBIN MOJIVMHOM CTENeHU n =5, p; — i-ii
Koo dunmneHT anmpokcuMauuu npu i=0..5,
F [kaB] — sHeprus y-KBaHTA.

YunteiBas, yto obmydeHHble JIHA mMoryt numerhb
pa3INYHYI0 aKTUBHOCTH, KaaInOpPOBKa 110 3P deK-
TUBHOCTHU IIPOBOIMUTCS B PA3IMYHBIX T€OMETPUIX
usMmepeHuin L — R, obecrneuynBalolIMX pPaccTos-
HUE OT UCTOYHMKA 0 BEpXHEM CTEHKM KpHocCTaTa
no HomuHany R [cMm] € [5; 40]. B cBs13u ¢ HeOOJIb-
MMM pa3MepaMMu MCTOYHMKA, YKa3aHHBIMHU B
pasnmene 3.1.1, mpu n3mepenun B reomerpun L — 10
(98.5 MM OT KpmocTaTa JIeTeKTOopa) IToIpaBKa Ha
TCOMETPUIO MCTOYHMKA HE BBOOUTCSI — MCTOUYHUK
CUYMTAETCI TOYCYHBIM.

! D heKTUBHOCTD — 3TO OTHOLIEHNE KOJTMYECTBA 3aperuCTPUPOBAH-
HBIX UMIYJbCOB K KOJIMYECTBY MCMYILIEHHbIX. Takasi 3aBUCUMOCTb He
SIBJISIETCS JIMHEHOMA.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

135

BaxxHBIM 3TaroM, IpeAlIecTBYIOIINM H3Me-
peHuto HaBeneHHo# akTuBHocTU JIHA, gBasgercs
pacxojaxuBaHMEe O00Jy4aTeJIbHOI'O YCTPOMCTBA.
DTOT mpolecc MO3BOJISIeT CHU3UTH AaKTUBHOCTH
KOPOTKOXUBYIINX PagOU30TOIIOB C IIOBEPXHOCTH
Karlcys1 IUISI YMEHBIIEHUST J030BOil Harpy3kKu Ha
MepcoHal, a Takke U30aBUTHCS OT HeXeJaTeTbHbIX
JIMHUI B Y-CIIEKTpe OT OOJy4eHHOro MOHMTOpA.
Oco0eHHO BaxKeH 3TOT IIPOIIECC IUIsI MOHUTOPOB U3
HUOGUS: TIOMUMO LieJIeBOTO pagronsororna "Nb
o0pasyeTcs psia IpyTUX Paguon30TOIOB, KOTOPbBIE
MMEIOT B CIIEKTPE IMUKU C OJIM3KUMU WIN UISHTUY -
HBIMU 2HEPIUAMU UcIycKaeMbIX poToHoB ("Nb u
92mNb). Kpome Toro, uzoron *Nb co3aaer 3HauM-
TeJbHYIO JTO30BYI0 HArpy3Ky Ha mepcoHaa U 000-
pyIoBaHME, a TaKXKe YBEJIMIMBACT MEPTBOE BpeMsl
(BpeMs1 06pabOTKM MOCTYIAIOIIEr0 CUTHAaIa) CIeK-
TPOMETPUYECKOTO TpaKTa. XapaKTepUCTUKH IIPO-
JIYKTOB aKTUBALIMK CTAOMJILHOTO HUOOUS TIpeICcTaB-
JieHbl B Ta0J. 3 [8].

Takum obpa3zoM, 10 Hayajla UBMEPEHU aKTUB-
HOCTHM HeoOXxonnMa BeIepxkKa B 10 ieproaoB Moty -
pacnana Haubojee 3HAUMMBIX U30TONOB ™Nb 1
92MNb, 4TO COCTABIISIET OKOJIO TPEX MECSLIEB.

OTHOCHUTENIbHAsl HEOMPENeJeHHOCTh 3HAaYCHU I
aKTUBHOCTH, COIJIaCHO aTTECTOBAaHHOI METOIMKE,
coctaBisieT 6%. OTHocUTEIbHAsI HEOIPEHCICH-
HOCTb 3HaUYeHU (proeHca HEMTPOHOB COCTABIISICT
9.3% [9].

3.1.3. U3mepenne akrusHocTH JIHA. ITocie o0iry-
YeHUs W BBIICPXKKM Ha M3MEPUTECIBHOM y4acTKe
MPOU3BOMISIT BCKPBITUE KATICYJI, €CJIU TOJbKO PEXUM
00JIy4eHUsI He OTHOCHUTCS K BBICOKOTEeMIIEpaTyp-
HoMmy. [Ipu BBICOKOTEMIEpPaTypPHBIX YCIOBMSIX
U3MepeHUs aKTUBHOCTH ~*Mn MpoBOASTCS B Karcy-
nax [10, 11] onasg yyera paauallMOHHOIO pa3orpeBa u
BO3roHKH. MnenTudukaims n3Bic4e HHBIX MOHUTO-
PpoB (JIoeHCca Toc/e BCKPBITUST Karcysl IPOBOAUTCS
no ramma-kBanTam (**Mn, “Cou . 1.).

Hma Nb-JIHA Takxe CylIecTBYIOT OCOOEHHO-
CTH M3MEPEHUSI aKTUBHOCTH, KOTOpbIC CBSI3aHBI
C HENTPOHHO-(PU3NIYSCKUMU XapaKTepUCTUKAMU
pPEaKTOPHOTO OOJIydeHUSI, OT KOTOPBIX 3aBUCHUT
HapaOoTKa MPUMECHOI0 TaHTaja Ha MOHUTOpPE U3
HuoOus. TaHTall — MeTall1, CJIeAbl KOTOPOI'O HEOTE-
JINMO IIPUCYTCTBYIOT B HUOOMH, B CBSI3U C YeM BBO-
IUTCS TIONpaBKa HAa aKTUBHOCTH TaHTaja. CTaOuib-
Hblit u3oton ®'Ta, B3auMONECTBYS ¢ TEMIOBBIMU
HeiiTpoHaMM, o6pasyeT paaMoakTuBHbI '*°Ta,
KOTOPBIIi CIOCOOEH BbI3BIBATh (hJIyOPECILEHIIUIO
crabuibHoro **Nb. I[Tpu 3TOM ncIycKaloTcsl KBaHTbI
3JIEKTPOMArHUTHOTO M3JIydeHUsI ¢ SHeprusiMu 16.6
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Ta6muua 3. XapakTepuCTUKH MPOLYKTOB aKTUBALMU - Nb

BEJIO3EPOBA u 1p.

AOcoI0THast UHTEH- DHeprus Hell-
Panvony- DHeprus usiyye- )
- T, cyT wus E.. k5B CUBHOCTb U3JTYYEHUS Peakuus TpoHOB, M3B;
v L, % ceyeHue, OH
= — +
N (5.89 £ 0.05) - 10° ;é; _ }gg?_iggi 91;3 ; 8?5 %Nb(n, n')*™Nb | BeicTphie, E > 1.0
702.65 = 0.06 99.82 £ 0.002 TeruioBbie
94 + . 106 93 94 )
Noo AT 0.38) 107091 09 + 0.02 99.89 + 0.001 Nb(n, v)"Nb 8=115
912.60 = 0.20 1.78 £ 0.10
+ +
92mNb 10.15 + 0.02 X9i41"‘546g—011507 4 23% : (5)(5)3 %Nb(n, 2n)”*"Nb | Brictpsle, £ > 1.0
X = 17.62—17.96 9.68 £ 0.98
Nb 34.99 £ 0.01 765.8 % 0.01 99.81 + 0.01 9Nb(n, v)**Nb Tegjf‘fs"e’
235.69 = 0.02 24.83 £0.77 TeruioBhic
9mNb 3.61 £0.03 X, = 16.48—16.58 35.38 = 3.62 94Nb(n, v)”>™Nb 5=06 ’
X = 18.57—-18.94 6.49 £+ 0.66 ’

u 18.6 k3B, T. . Te 3kKe KBaHThI, YTO UCITyCKAET MHTE-
pecytouuii Hac **™Nb. [y UCKITIOUEHUST BIUSTHUS
3Toi (pIyopecleHIIUM BBOAUTCS ITOIIPaBOYHBIN
KO3(GUIIMEHT ¢ Y4eTOM M3MEPEHHOM abCOIOTHOM
aktusHOCTH '®*Ta, yBennueHHoit Ha Ky,, B COOTBET-
CTBUM C JaHHBIMU Ta0J1. 4.

Tadmuua 4. [TonpaBoyHblil ko3 buumeHT K,
115 dayopectieHInu **Nb

Peaktop K,
CM-3 2.36 £ 0.20
PBT-6 2.33£0.18
BOP-60 IIpeHebpexxMo Mayio

M3MepeHre aKTUBHOCTU OOJIyYEHHBIX MOHMU-
TOpOB peructpupyercss no umnyiabcam B ITITIT ¢
pacindpoBKOi anmapaTypHOro crnekTpa u odec-
neyrBaeTcs] HAOOPOM TEXHMYECKUX XapaKTepu-
CTHUK, KOTOpPbIE HE XYK€ IapaMeTpOB raMMa-cCIleK-
TPOMETPUYECKUX ycTaHOBOK “Dko-ITAK-02-3”
C KOaKCHaJbHBIM feTeKTopoM u3 OYI? momenu
GCD-25185° 1 ¢ MHOTOKAaHAJIbHBIM aHATU3aTOPOM
BOSON dupwmnr Baltic Scientific Instruments Ltd
11 raMMa-ucToyHrkoB 1 ORTEC GMX10P4-70% ¢

2 OYT — kpucTam1 0co60 YUCTOrO repMaHus, IPU XpaHEHUH KOTOPOTo
HE HYXCH XUJIKWIi a30T.

3 TBepHOTENbHBIII IETEKTOP KOAKCHANBHOI KOH(UTYpaluu, odecre-
YMBAIOIIAs PaJMaIbHOE C OCEBOI COCTABIISIIONICH JIEKTPIUUECKOE MTOJIe
IUTst cOopa 3apsia, BIMSIONIETO Ha ObICTPONCIICTBIE, U C OOJIBIINM YyB-
CTBUTEJIBHBIM 00bEMOM, 00ECIEYMBAIOIIMM BBICOKYIO 3(h(heKTUBHOCTH
perucTpary raMMa-KBaHTOB BBICOKUX dHEPTHIA.

* TNnaHapHBI IETEKTOP, COCTOSIINIA M3 KPUCTAILTA C KPYTIBIM TIOTe-
PEYHBIM CEYEHUEM M TOJILIMHOM YyBCTBUTENbHOTO ciosi 10 Mm. Diek-
TPUYECKOE TI0JIE TIEPTIEHANKYIISIPHO TUIOCKOCTH TTOTIEPEYHOTO CEYEHUST

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

OepUJUTMEBBIM OKOIIKOM U ¢ aHaiu3aTopoM ORTEC
DSPEC 50 111 ICTOYHMKOB PEHTT€HOBCKOTO U3JTy-
YEHUSI.

B ramMmma-cnekKTpoMEeTpUM MHOTOKaHaJIbHbINI
aHaaIM3aToOp OT HNETEKTOpa 00pa3yeT BBbIXOIHbIE
WMIYAbChl, AaMIJIUTYAbl KOTOPBIX MPOMOPLMO-
HaJIbHBI DHEPTUU, TTIOTEPSTHHOI (DOTOHAMMU B JIeTEK-
tupytoleit cpene. MamepurenbHas cucteMa BKITIO-
YaeT METOIl aHAJIM3a BCEX BXOAHBIX UMITYJIbCOB I10
aMILUIMTYJIaM U TIPEACTaBICHUS UX CIIEKTpa.

KoHeuHbIM pe3y1bTaTOM MHOTOKAHAILHOTO aHa-
JI3a SIBJSIETCS TMCTOorpamMma (CIEeKTp) 3aperucTpu-
POBaHHBIX BBIXOAHBIX UMIYJIbCOB, OTCOPTUPOBAH-
HbIX Mo amIiuTyae. COekTp aMIUIMTYA UMITYJIbCOB
MpeacTaBisieT co00i HEIOCPEACTBEHHOE OTpaxe-
HHE SHEPTETUYECKOTO CIIEKTPa B3aMMOACHCTBUMA
ramMma-kKBaHTOB B J€TeKTUPYIOILLIEI Cpele U COCTaB-
JISIET CIIEKTPOMETPUYECKYIO0 MH(POPMALIMIO, UCTIOb-
3yeMylIo TpU onpeaeaeHuu akTuBHocTu JJTHA.

Korma ramma-kBaHT momnamaeT B JEeTEKTUPY-
IOLIYIO Cpeay, OH IMepeaacT 4acTb WJIM BCIO CBOIO
SHEPIrUI0 aTOMHOMY 3JE€KTPOHY, BbICBOOOXKIas
3JIEKTPOH M3 €ro aTOMHOM 000104KU. OOBIYHO 3TOT
OCBOOOXIEHHBIN 3JIEKTPOH 3aTeM IMepeaacT CBOIO
KMHETUYECKYIO SHEPTUI0 B CEpUU CTOJKHOBEHUIA
B JIETEKTUPYIOLIEH Cpelie IPYTMM aTOMHBIM 3JI€K-
TpoHaM. KoJnyecTBO 3HEPTUU, HEOOXOAUMOM st
00pa3oBaHMs Mapbl JEKTPOH—UOH B I€TEKTUPYIO-
el cpeae, onpeaeisieT IMOJHBIN 3apsaa, KOTOPBIA
o0OpasyeT BBIXOJHOU UMITYJIbC.

kpuctania. TonuHa KpucTauia BbIOpaHa ¢ yYeTOM M3MEpPEeHUi HU3-
KUX 9HEPTHUii B 00J1aCTH PEHTTEHOBCKOTO CIEeKTpa.

Ne | 2025



MOHUTOPUPOBAHUE ®JIOEHCA BbICTPbIX HEUTPOHOB

s 06pabOTKM CIIeKTpa MPUMEHSIOT pa3TndHbIe
nporpaMMbl: Hampumep, mast “Oko-ITAK-02-3”
ncnonbdyetcss ASW-2, a mig cnekrpomerpa Ortec —
Gamma Vision. @yHKIIMOHAJI TTIPOTPpaMM BKITIOYAET
B ce0s1 00paboTKy CIIEKTPOB, MPOBEACHUE KaaTudbpo-
BOK MO 3((EKTUBHOCTU U IHEPTHUU, COCTABJICHUE
CKPUIITOB Ha CepuM M3MepeHuii. B cooTBeTcTBUU
¢ JaHHBIMM puc. 2 nmporpamMmma Gamma Vision mpe-
JMOCTaBIISIET JaHHBIE O ILIOLIAASIX ITMKOB, (DOHOBOTO
3HAYEHUSI 9TUX IIMKOB, a TaKXe SHEPreTUIECKOI0o
paspeleHus: 1js sHepruii 16.6 k3B u 18.6 kaB oHO
cocrasisieT 0.67 k3B 1 0.69 k3B cooTBeTCTBEHHO.

Ha puc. 3 u 4 npuBeneHsl MpuMepbl 00padOTKHU
IITIIT ¢ sHeprusmu 835 kaB (3HEepreTuyeckoe pas-
peuenue cocrapiseT 1.44 ka3B) u 1099 kaB cooTBeT-
cTBeHHO n30ToroB **Mn n *Fe cpencTBamu mpo-
rpaMMbl ASW-2.

AOCOIOTHAs aKTUBHOCTb HYKJIMIa-MOHUTOpPA,
KOTOPHIN SIBJISIETCS TIPOAYKTOM SIIEPHOI peakLun
Ha HEUTPOHHO-4YYBCTBUTEeIbHOM Hykauae HAHA,
paccumuThIBaeTCs 1Mo (popmye

B Sykem‘*“”
- e(E)m (l—e’M ) ’

rme A [bk] — akTUBHOCTh MHAMKATOpa B KOHIIE
obmyueHust; A [1/c] — mocTostHHAsI paciiama HyKJIA-

)

16,6 KeV/ [Nb-93m]

137

Jla-MOHUTOpPA — MPOAYKTA peaKLIM1 B COOTBETCTBUN
¢ taba. 2 (cronbeu 3); ¢, [c] — Bpemsa or KoHLa
o0yuyeHusI 10 Havana uamepenus; E[3B]| — sHeprus
Y-KBaHTOB B COOTBETCTBUHM C Tabi. 2 (cTonbelr 5);
e(F) |oTcueT/KBaHT| — 3HepreTuyeckasi 3aBUCH-
MOCTh 3D (PEKTUBHOCTU PETUCTPALIMM Y-KBAHTOB;
1 [O0TH. en.] — KBaHTOBBIN BbIXOA C dHeprueit F
B COOTBETCTBMU C Tabj. 2 (cTonbelr 4); T [c] — mnau-
TEBHOCTD DKCTO3uLUK; S, [MMIL./PoToH] — 1110~
manp poTomMKa ¢ IMornpaBKaMy Ha pacIiaj 3a BpeMs
W3MEPEHUS ¥ TeoMeTprIecKre (pakTophl

S, = Spnkekeynreons

CIT' "CYMM'" "T€OM (3)
raoe Sqm [umIL./poTOH| — M3MepeHHasT TUIOIIAlb
(oTomnmka 3a BeIYeTOM (pOHA.

s BBeneHUs1 nmomnpaBok B (3) koadpduumeHT

CaMOTIOIJIOIIEHMsI BEIYUCISIIOT IO (hopMyJie

L u,x In(cos a)
en mx In(cos o) >
cos oy -1
1-e 0 (cosa, 1)
rne ke, KO3 GULMEHT caMOMOIJIOUIEHUS,

[r/cM?| — MaccoBast TONMIIMHA IeTeKTopa, [cM2/T] —
MacCOBbI KO3 (HULIMEHT 0CIabIeHUs Y-U3TyUeHUS

BEILIECTBOM JIETEKTOPA,
H
cos ., :%, H,pp = ho + h,
=-+H.,
4

18,6 KeV [Nb-93m)

= T
200 b ] 20 - 1]
Chinedts

' () Analysis Results Table

FWHM (keV)

Energy

Area Background

5,86
7,14

g, 05

18,58
22,16
32,19

0,58
0,58
0,67

0,65
0,83
0, 24

5327
3181€
S151

T1237
288

38€

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

Puc. 2. O6pa6otka crektpa *™Nb B nporpamme GvPlot.
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| "’ g - g
T [ e T = = R S
A MO | a5 P oL IENE T
400043 !
U M e el e S e s TGS e e G e e S T A S A e n
30004 --r----a--oe- Mk 1 I
: 4443.8 |
2500 . 835.2
: 28,065
20004--+---- 4
' 0.16
15004------- Al W e e i 1.34 1
' ; k ' 7.1 i
L B S : i 6.03
P P 4430.2
$001--; ' T S - Nnowaps, mmn 33468 t
: ) '
AESE SN o R SR A W E—— -
4428 4430 4432 4434 £436 4438 4440 £442 4444 4446 44458 4450 4452 4458 4456 4458 4460 - : , o
Koran o AR AR AR T e e -
| KaHam 4455 Ineprun: 837.3
Puc. 3. Pexxum paGoThi ¢ mukoM **Mn B mporpamMmme ASW-2.
| # - .
A A_ ",i-\l A ®. e e e
1400 ;
13004t
12001-
11004
10004~
m -
800
700
00
5001 -
400 {-
200 ;
Fanar 5322 reprie 1096.8

Puc. 4. Pexkum pa6ots ¢ nukom *°Fe B mporpamme ASW-2.

h, — paccTosiHMe OT IMOBEPXHOCTU CIIEKTPOMETPA
110 9 PeKTUBHOTO IeHTpa peTucTpanm, 1 — pac-
CTOSIHME OT UCTOYHMKA J0 MOBEPXHOCTU KpHUCTasia
criekTpomeTpa, D — nuameTp KpucTaia IeTeKTopa,
cM. O6bryHO px < 0.1.

Ecnu y-KBaHTBI UCITyCKAIOTCS B KacKaie, UMe-
€TCSI BEPOSITHOCTh 3apErucCTPUPOBATh UX B CYyMMe
aMIUIMTY/, CO3IaBacMbIX KaXXIbIM KBaAaHTOM. DTO
OpUBOIUT K yTeuke umityiabcoB u3 ITITI1. ITpu peru-
CTpallMM Y-KBaHTa C 3Heprueit £, UCIycKaeMoro B
Kackaje C Y-KBaHTOM 3Hepruu FE,, mompaBka Ha
CYMMMPOBAHUE UMEET BUJI

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

-1

koo =| 1= p, (7 HED
- p,(E)) RE,) )
rne p,(E,) — noist Y-KBaHTOB ¢ oHeprueil E, Ha
pacnan, W — daxTop HaKOIUICHUS Y-U3TydeHUS
BEIIECTBOM [IETEKTOpa, YUYUTHIBAIOIINI yITIOBYIO
Koppeasuuio y-KBaHTOB (W = 1 ais xapakTepu-
CTUYECKOIo u3aydyeHus, W = 2 njas aHHUTUJISILIY-
OHHOro u3nydyeHusd), R(E,) — OTHOLIEHUE YuUCIa
nmiyabcoB B ITTIIT ko BceM 3aperucTprpoBaHHBIM
UMITyJIbcaM criekTpa. s cpaBHUTEIbHO OOJBIINX
paccrosgHuit k_, = 1.

CyMM
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MOHUTOPUPOBAHUE ®JIOEHCA BbICTPbIX HEUTPOHOB

Jist mpuBeAeHUsT BCeX U3MEPEHHbBIX aKTUBALIM-
OHHBIX UHAMKATOPOB OAHOW COOPKMU K YCJIOBUSM
00JIy4yeHHUsI B €AMHOM TOYKE MPOCTPAHCTBA, B KOTO-
poit pa3Merancsad OCHOBHOM MHIMKATOP, BBOIUTCS
reoMeTpuuecKas nomnpaBka 1Jisl i-ro MHAuKaTopa

keow =S50/ S,

reom;

rae S; — ckopocTb cyera umnyiabcos B [ITTIT sHep-
TUU U3MepsieMbIX (D)OTOHOB BOJIM3U i-T0 UHANKATOPa
1 OCHOBHOTO MHAMKATOpa, IIPUBEISHHBIE HA OJHO
sapo. B kxauecTBe OCHOBHOrO MHAMKATOpa Clie-
IyeT BBIOMpPAaTh OOWH M3 ITOPOTOBBIX MHINKATOPOB
(Hanpumep, **Mn).

ITorpaBka aBTOMAaTHMYECKM YUYUTHIBACTCSI, €CIIN
perucTtpupymolias amnmaparypa HUMeeT pPexXuM
“>xuBoe” BpeMs, k — moIpaBKa Ha “MepTBoe” BpeMs

CIIEKTpOMETpa:
1

e —
1-5,.0/1

roe 0 [MKc] — “MepTBOe” BpeMs CIEeKTpOMETpa,
T [MKC]| — IJIMTEAbHOCTh U3MEPEHUSI.

CKOpOCTh MOHUTOPHOM peakiiuu B pacyeTe Ha
OMHO SIIPO HYKJIUIAa-MUIIEHU BBIUMCISETCS I10
pe3yabratam z > 1 u3MepeHnit aKTUBHOCTH HYKJIH-
na-moHutopa JIHA:

sy,
i )
R

rne A; [bk]— akTMBHOCTh MHAMKATOpA HA KOHEI
00JIydeHUs 415 i-To u3MepeHust, N — KOJIU4eCTBO
siIep HYKJIWMIa-MUIIEHUW B MOHUTOpE (B COOTBET-
CTBUHU CO CBUIIETEJbCTBOM Ha MaTepuaia sl Habo-
poB IIHA), A [1/c] — mocTosiHHAs pacliana HyKJIn-
JIa-MOHUTOpPA — MPOAYKTa peaKLIM1 B COOTBETCTBUU
¢ Taba. 2 (crosben 3), C, p — MoMpaBKa Ha UCTOPUIO
MOIIIHOCTM peakTopa U JIOKAJbHOM MOUIHOCTH,
KOTOpasl YYUThIBaeT 00Opa3oBaHUe U pacnai Ipo-
IyKTa peaklny aKTUBAIlUU P U3MEHEHMU ILIOT-
HOCTH ITOTOKAa HEUTPOHOB 3a BpeMs OOJIyYeHUS B
MecTe OOJTydeHUsI JeTeKTopa:

j P(t)dt

C

PO

C

WP T 3 5

j P(t)e " dt
0

P(f) [MBT] — uctopust MOIIIHOCTUA peakTopa B
XPOHOJIOTMYECKOM TOpSAKe OT KaJeHAApHOM AaThl
M BpEMEHHU CYTOK (XpOHOJIOTMYecKas 3aBUCUMOCTh
MOIITHOCTU peakTopa OT BpeMEHM ).

HMHTerpanbHasi MIOTHOCTb ITOTOKA HEHTPOHOB
OIIpeAeIIsITCS 1Mo hopMyJie

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1

139

)
Prp Con
rne E,p,, — 9hdekTuBHBII MOpOr peaknu aKkTH-
Balnu, R — CKOPOCTb PEAaKINU aKTUBALUY, O,4p—
5¢(PeKTUBHOE ceyeHUEe B3aMMOIECUCTBUS Heii-
TPOHOB C SIApaMU MUIIEHEH 1eJeBbIX HYKJIUIOB B
COOTBETCTBUU C JaHHBLIMU TabJI. 1.

3.2. Pacuemnas uacmo

9KCH€pI/IM€HTaJIBHO€ SHA4YCHUEC CKOPOCTH pCaK-
UM aKTUBaIlUN:

rie ¢; [oTH. en.] — CKOpOCTh MOPOroBOii peakuuu
aktuBanuu JIHA B pacueTe Ha OgHO SIAPO HYKIM-
Jla-MUIIEHU B COOTBETCTBUU C (4), T,4, [€] — 2D DeK-
TUBHOE BpeMsl 00JIydeHM s, orpeaeliseMoe GopMyioit

j.P(t)dt
_0

abd P :

HOM

T

rae P(tf) — ucrtopus U3MEeHEHUST MOIIHOCTH peak-
TOpa 3a BpeMs objydeHus, P, ,, — AeKIapUpOBaH-
HBIIf HOMUHAJIBHBIN YpOBEHb MOIITHOCTH PeakTopa,
MBT; T [c] — KaneHaapHas NPOMOJKUTETbHOCTb
00JTy4eHuUsI.

PacueTHOe 3HaUeHME CKOPOCTU peaKIMM aKTH-
Baimu R, [c7']:

R = T o(E)o,(E)dE,

E[

Hop
rme i = 1, 2, ..., n — UHIEKC TOPOTOBOM peaKklnu,
0,(E) [O0H] — sHepreTnyecKast 3aBUCUMOCTb CEYEHUS
i-i1 moporoBoii peakuuu, (E) [c' - ecm? - 3B7] —
IuddepeHUraabHbI MOTOK HEATPOHOB 3HEpruu E,
oIpeaesieMblil o hopmysie

@(E) =*of(E),

¢ [cM? - ¢”'] — maciuTaGHBIIT MHOXUTENDb, E [3B] —
9HEPIrusl HEUTPOHOB, Efmp [3B] — aHepreTuyeckuii
MOPOT JJIs1 HEATPOHOB B3aMMOIEUCTBUS C SApaMu
Hykauna-muineHu st JJTHA nmo moporoBoii peak-
LIMY aKTUBALIUU.

AHanmuTU4YecKasl CrieKTpaibHas (QYHKIUS B KOH-
KpETHOI TOUKe peakTopa mpeacTtaBieHa HabopoMm
MaTeMaTHYeCKUX BEIPaKeHW U3 YeThIpeX ITapaMeT-

pos [12, 13]:

2

(1+a)
P/E E, <E,

fE)= P F E, %0 "/M.10° E <E,’°

)
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140 BEJIO3EPOBA u ap.

e fE) [MaB~!] — nuddepeHunanbHas ceKTpaib-
Has pyHKIUS; P— K03(hULIMEHT MOITHOCTU, COOT-

OTKJIOHCHUA 6I)ICTpOFO CIICKTpa OT MAKCBCJJIOB-
CKOI'o CIIEKTpa ACJI€HUA, 3a4a€T 3aBUCUMOCTDb OT T

BETCTBYIOIIUI MOPSAKY MacIITaAOHOTO MHOXUTEJIsI

B BUJIC

*@ [0TH. ex.], XxapakTepu3yeT 3HaYCHNUE MOIITHOCTHU
00JIy9eHHMST; O [OTH. el.| — ITOoIpaBOYHBIN KO3(pPu-
LIMEHT AJIs1 OTKJIOHEHUS OT (hepMU-CIieKTpa, F [OTH.

en.] — Ko3(hPULUUEHT TPONMOPLUNOHATBHOCTU IS
OBICTpPOrO cIeKkTpa, Y [0OTH. en.] — KO3 PUIMEHT

( Ilyck )

BI:I‘II/ICJ'II/ITL Ha4YaJIbHbIC 3HAYCHUA
x0,i=1,2,3,4,5uS(x{)
Ha4YaJIbHOT'O CUMILJICKCA

.

»  Beraucants x,,43 — HEHTP
TSDKCCTH, X U X;

OTtpakeHHe: BBIYUCIUTh
X3 = Xpa2 F OUXp2 — X))

I

Beraucants S(x,13)

i

T
_ L _os
=126

Bemonnsiercst BpINONIHAETCS 1M HEPABEHCTBO Beimonnsercs mu
HEPABCHCTBO  (—HCT 3y S(x,43) < S(x;) nns Bcex L HEeT—= HEpaBEHCTBO
S(rp43) < S(x;)? i<>h? S(x13) < S(x)? J
T ]
na
HET Aa
W
PacrskeHne: BBIMUCITUTH HCT
XR14 = Xpi2 T Y(Xp43 — Xp12) na 3aMEHUTB Xj, HA X,,44

i

Beraucnuts S(x,14)

i

Breimonnsercs i

C)KaTI/Ie: BBIYUCIIUTH
Xpts = Xpa2 T [—J)(xh - xn+2)

!

HEPABEHCTBO  j—HET-3 3aMEHUTb X) Ha X,43 Berancimts S(x,+5)
SCepia) < S(x;)? )
T
za Bemonnsiercs nn
'a HET, HEpaBeHCTBO
3aMEHHTD Xj, Ha X4 | S(eprs) < S(xp)?
|
i 3aMEHHTB Xy Ha X,,+5 a
| &
Peaykuus: 3aMEHHTb

n=

[

n=1

1
|

| ) 1/2
z[s(x;k>)<s(x;ﬁ;)}} serh

BCe Xx; =x;+ (x;—x7) /2

Ja

:1] OcranoB |

Puc. 5. Biok-cxeMa mapaMeTpu3aiy CieKTpabHON (DYHKIIMY METOIOM ONTUMU3AIINU.
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T =1.290 M»sB — nmapametp pacnpeneiaeHuss Makc-
sesuta st 2°U, E [3B] u E,, [M3B] — sHeprus Heii-
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MOHUTOPUPOBAHUE ®JIOEHCA BbICTPbIX HEUTPOHOB

TpOHOB(E=FE,, - 107, E;[M5B] — aHeprust neneHust
MCTOYHMKA HEUTPOHOB, orpenesiemMast GopMyioit
E;=0.63(0.5 +v).

ITapaMeTphl 11T BOCCTAHOBJIEHUS CIIEKTpaib-
HBIX KO3(M(GUIIMEHTOB OMpEneasioTcs CTPOTo U3
AKTUBALIMOHHBIX MHTETPaJIOB COIIACHO OJIOK-CXeMe
puc. 5 [14].

CrexkTpanbHasg PYHKIUS B KOHKPETHOUN TOYKE
peakTopa mpeacTaBieHa HAOOPOM MaTeMaTUYeCKUX
BbipaxkeHui (5). JIas pacyeTHOTo omnpeaciaeHus
napameTpoB crnekTpoB {P, a, F, vy} ucnonab3yercs
neneBast GyHKIINS BUIA

3

o R®Y
(X
Sy =3[1- 8%
i=1 m[
rae M =3 — KoJIM4ecTBO 103UMETPUUECKUX PEaAKIIii,
A; — CKOPOCTb PeaK1H i-T0 AETEKTOPA, UBMEPEHHAsI
METOJIOM HEUTPOHHO-aKTUBAIIMOHHOTO aHaIu3a;
X — BEKTOP MapaMeTPOB, X = [X,, X,, X3, X,]/, nuHamu-
YECKU MepecYnThIBAETCS B (pU3NUYECKUe TapaMeTpbl
armnpoKCcUMallMu CreKTpajibHON (YyHKIIMU 1O clie-

nIyiomemMy Habopy popMyi:
P:107-%, a:0.6-%,
I+e™ l+e™
p 1 1
F=2-10"-———, v=0.2 - ———,
l+e™ I+e™

n = 4 — 41CII0 UICKOMBIX ITapaMeTpoB, R(X) — Teo-
peTUYecKu paccuMTaHHasi CKOPOCTh PeaklUuu i-To
NeTEKTOpa Ha OCHOBE aHAJIUTUYECKON aIIpoK-
cumanuu (12) B BHEpPreTMYECKOM Juana3oHe
2.15-107'=1.05- 1077 5B B cooTBeTCTBUY C HDOPMYJIOi

Rl.(x):Z(G,-jf(Ej)(Em ~E)),

L = 30 — Konmn4ecTBO BCeX IHEPTeTUUECKUX TPYII,
0; [0H] — cpenHsist BennYMHA CEYEHUST aKTHBA-
LUK i-TO OETeKTOopa B j-il SHEPreTUUECKOM TpyIIIie
COINIAaCHO OMONIMOTEKE SIMePHBIX MaHHbBIX, AE; —
WHTEPBAaJ j-ii SHEPreTUYECKOM TPYIIIThI, OIpenes -
eTcs 1o (popmyie

AE=E,.,—E,

Hab6op nmapamerpoB P, a, F, y onpenensiorcs
aqropuTMHU4ecku [12] B COOTBETCTBUU C OJIOK-CXE-
Moii puc. 5. CrnekrpaibHble KO3(hOUIIMEHTHI IO
HEUTPOHOB g\, U &5y, ONPENENSoTCs 10 (Hop-
MyJIaMm

Do, Do,
81501 = > 83501 = )
] 3
e @, [cM 2 - ¢”!'] — MIOTHOCTB MOTOKA HEHTPOHOB C

sHeprueit 6oabuie £ =1 M3B,
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o= | J(EME,

@; [eM™? - ¢!] — mIOTHOCTH MOTOKA HEHNTPOHOB C

sHeprueii 6osabie £ = 3 M»aB,
¢, = [ F(E)E,
3

@, ; — TUIOTHOCTb NTOTOKA HEUTPOHOB C IHEPTUEi
oosablie F = 0.1 MaB, onpenensiemas popMyJioit

0w = | F(EVE.

[Tocne onpeneneHust 1ByX 3HaUEHUI @, ; pe3yib-
TaT 000011aeTCS KaK CpeIHEeB3BELICHHOE:!

3 3
0800 P 085,00 D3

@y, 5
O, + O,

e o,, m, — BecoBble Koadduuuments! [9, 10], onpe-
JIenseMble TIo (popMynaM

o, = 1/7(9)), 0, = 1/7(¢y),
rae T(@) — MOTPEIIHOCTh ONpeAeaeHUS TJIOTHOCTH
MOTOKAa HEUTPOHOB @, C dHeprueii donbiie 1 MaB
1 3 M3B COOTBETCTBEHHO, @] U ¢; — SKCIIEPUMEH-
TaJIbHbIE 3HAYCHHSI INIOTHOCTU ITOTOKA HEUTPOHOB C
sHeprueii 6onpire 1 MaB n 3 MaB cooTBeTcTBEHHO,
onpenensiorces no popmysam

3 R] 3 _R2

“Plz 3’(‘P3_ 5 °
1 2

DroeHC HEUTPOHOB ¢ dHeprueii bonbiie 0.1 MaB
onpenensieTcs o opmyJie
—21 —
Fiy, [eM™ ] = @, Topdr

4. BBIBO/IbI

OnucaHBl TeXHMKa BKCIIEpUMEHTAa W TaM-
Ma-cIieKTpoMeTpuueckas amnmapatrypa, MeTOJbl
aHanu3a U o0pabOTKM IKCIEePUMEHTAIbHBIX JaH-
HBIX IIPU MOHUTOPMpPOBaHUU (hrOeHCA OBICTPHIX
HeUTpOoHOB ¢ sHeprueit 6ombire 0.1 MaB.

ExeronHo HaGopsl JIHA u3 xeneza U HUOOUS
YCIIEITHO TIPUMEHSIIOTCSI B MOHUTOPUHTE (hJIoeHca
OBICTPBIX HEMTPOHOB IJISI KITIOUEBOI OLICHKU paan-
allMOHHOTIO MOBPEXIEHUSI MaTepuajIoB B obOecreye-
Hue 0e30I1aCHO SKCIUTyaTalluy SIAEPHBIX PEaKTOPOB
AO T'HILI HUMAP. JlocToBepHOCTh OIpeAeIeHUS
3HAUYCHUI (roeHca OBICTPHIX HEMTPOHOB C 3HEP-
rueit 6onee 0.1 MaB B KOHTPOJUPYEMBIX TOUKaAX
00JIyJ4aTeTbHOTO YCTPOMCTBA IMTOATBEPXKIAETCS CPaB-
HUTEJIbHBIM aHAJIM30M PACYETHBIX U KCIIEPUMEH-
TaJIbHbIX TaHHbIX.
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OrmcaH TaTYMK aHaJIM3a COCTaBa OMHAPHOIT Ta30BOIM CMECH € TTIOMOIIIBI0 aKYCTUYECKOTO pe30HaTopa Ha
OCHOBAaHNM 3aBUCHMOCTHU CKOPOCTH 3BYKa B ra3e OT €ro MOJICKYJIIPHOI Macchl. [IJIsT aHalm3a cocTaBa
CMecH HeOOXOMMMO UMETh B PaCITOPSLKEHUN OOUH M3 Ta30B B YUCTOM BUIE. B 3TOM ciydyae MmorpenHocThb
u3Mepenus He xyxe 10~*. B kauecTBe pedepeHCHOI TAKXKEe MOXKHO MUCIIOIb30BAaTh CMECh C U3BECTHBIM

COCTaBOM.

DOI: 10.31857/S0032816225010181, EDN: GHVRWJ

1. BBEAEHME

AKyCTHYECKMEe aHaJIM3aTOphl MPeAHAa3HAYCHBI,
KaK MpaBuUJIO, JUISI OINpenesieHUs] KOHLIEHTPAIuu
MpUMeCH B OCHOBHOM rasze. JlelicTBue akycTuue-
CKHX aHAJIM3aTOPOB OCHOBAHO HAa MCMOJb30BAHUU
3aBMCUMOCTU CKOPOCTH 3BYyKa OT MOJEKYJISIPHOU
Macchl raza. CKOpoCTb 3ByKa vV paCCUMTHIBAETCS MO
cienymwoleii hopmysne:

v=\yRT /M,
rae Yy — nokasatenb anuabarsl (Y = Cp/C)), C, —
TEIMI0EMKOCTb Ta3a MpU MOCTOSIHHOM JaBJICHUU,
C,= Cp— R — TeruioeMKoCTb ra3a npu roCcTOSIHHOM
o0beme, M — MoJekynsipHasg Macca rasa, R — yHu-
BepcajbHas razoBasi noctosiHHas, T [K] — temre-
parypa rasa.

[Tpu neTekTpoBaHWM HEOOJBIINX KOJTUUYECTB
MPUMECHOTO Tra3a K OCHOBHOMY MOXHO MOJIb30-
BaTbCsl YIPOILEHHBIM clIOCOOOM pacueTa. Eciu Mbl
3HaeM MOJIEKYJISIDHYIO Maccy OCHOBHOTO U ITpUMecC-
HOTO ra3oB, TO CKOPOCTb 3ByKa B OCHOBHOM Ta3e B
MPUCYTCTBUY TPUMECHOTO B NTEPBOM MPUOTUKEHUUN
MOXeT ObITh TIpeNicTaBeHa cieaytoleit hopmMymoii:

RT

=M MY
x(j +(1—x)(j
Y p Y OCH

TAC X — OTHOCUTE/IbHAA KOHLUCHTpalIusA MPpUMECHU.

B ananuszatope, OCHOBAaHHOM Ha aKyCTUYECKOM
pEe30HaTOpE, 4YaCTOTa pE30HAHCa ITPONOPLIMOHAILHA
CKOPOCTH 3ByKa, IMOSIBJIEHUE MPUMECU BBHI3bIBAET
U3MepsieMOe OTKJIOHEHUE YaCTOTHI.

2. KOHCTPYKLHNA AHAJIU3ATOPA

KoHcTpykiiust aHaau3aTopa B OCHOBHOM ITOBTO-
psieT YCTPOIMCTBO paHee pa3padOTaHHOro JaTYMKa
HaJIMYUs BOOOpoaa B aTMochepe MUIIIEHHOI CTaH-
uuu, pazpadoranHoit MP@BD HULI “KypuaTtoBckuii
WHCTUTYT” AJg UUKiIoTpoHa yckoputenss C-70,
o0ecrneynBaIIero HapadoTKy MEIUIIMHCKIAX M30-
TtoroB [1]. B ee ocHOBe JIeXKUT 3anaTeHTOBAHHbIA
MOJIYBOJIHOBOI pe30HATOP C IMAaMETPOM, HEMHOTO
MEHBILIUM €0 JJIMHbI, T0OPOTHOCTHIO 0KoJ10 300 Ha
Bo3nyxe u nuddy3MoHHBIM 3arojiHeHneM [2]. Cxe-
MaTUYeCKW aHaJIM3aTop MpUBEICH Ha puc. 1.

Hns muddy3MOHHOTO 3aIlOIHEHUST B CepearHe
BBICOTBI B ITYYHOCTU CKOPOCTU MMEIOTCS OTBEp-
cTusl 2 nuamMeTpoM okoJjio 3 MMm. Ha Topuax peso-
HaTOpa yCTaHOBJIEHbI U3Iy4yaTeb 3 U MUKPO(hOH 4,
KOTOpbIE COOOIIAIOTCS C IOJOCThIO pe3oHaTopa
yepe3 OTBEPCTUS 5 TUAMETPOM OKOJIO 2 MM.

H3nygaTenp 1 MUKpO(OH BKJIIOYCHEI B IIEIThb
00paTHOI1 CBSI3M aBTOreHepaTopa 6, pealu30BaH-
Horo Ha mukpocxeme I'VH 1561I'T1. Temmneparypa
KOHTPOJUpPYETCS ABYMS IJaTUHOBBIMM IaTyM-
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1

RS-232/RS-485

Puc. 1. biok-cxema akycTuyeckoro aHaiausaropa: 1 —

KOopryc pe3oHaTopa, 2 — OTBEPCTUs IS KOHBEKIIUHU,

3 — 3JeKTpOIMHAMUUYECKHUI M3ydaTedb, 4 — 3JIeK-

TPETHBI MUKPODOH, 5 — OTBEPCTUS IS U3JIydaTess U

MUKpodOHa, 6 — aBTOreHepaTop, 7 — OCHOBHOM U KOH-

TPOJIbHBII TaTYUKKU TeMIIepaTyphl, & — TaTYUK BJIAXKHO-
CcTU, 9 — KOHTPOJLIED.

KaMu 7. ABTOreHepaTop BO30YyXKIaeTcs Ha 4yacToTe
okoso 5 kI11 B aTMOc(epe YnMcToro cyxoro Bosayxa,
JacToTa U3MepsIeTCsl ONMH pa3 B CEKyHIYy TeUeHHUE
0.1 ¢ B 6;oke m3MepeHus u ynpasieHus 9. Yactora
M3MEPUTEIbHOIO KBaplLIEBOTO reHepaTtopa pery-
JIIPHO TIpOBEpsieTCsl MoJavyeil Ha U3MepUTeIbHBIN
KaHaJl OITOPHO# 4YaCTOThI U3BECTHOM BEJIMUMHEI, pea-
JIN30BAaHHOI Ha MUKPOCXeMe TBOMYHOIO CUETYMKA C
KBaplIeBBIM PE30HATOPOM; KOPPEKTHBII pe3yabraT
SIBJISICTCS IIPU3HAKOM MCITPABHOCTH BJICKTPOHMKMN.

B cTabuibHBIX yCIOBUSX MO TeMIlepaType U
COCTaBy ra3a HecTabMJIbHOCTb MOKA3aHWI YaCTOThI
pe3oHaHca He npesbiiiaer 107>,

W3 npuBeneHHOI (DOpMYIIBI 17151 CKOPOCTH 3ByKa
B ra3e CJIeoyeT: €CJIM Mbl 3HaeM U3MEPEHHYIO Pe30-
HAHCHYIO YaCTOTY OJHOIO M3 ABYX YMCTHIX Ta30B C
M3BECTHOI MOJIEKYJISIPHOM MaCcCOl U MOCTOSIHHOM
aguadaThl TPpU U3BECTHOI TeMIiepaType, TO MOXeM
BBIYMCJIUTh PE30HAHCHYIO YacTOTY JIIOOO cMecu
3TUX Ta30B IIpU J000I TeMIieparype.

IIpu usMepeHusix B razax ¢ HeOOJIbIIOK AOJei
npuMeceil (eIMHUIILI MPOLEHTOB) HE UMEET 00JIb-
1IOr0 3HAYEeHUSI TOYHOCTb HACTPOMKM YacCTOThI
aBTOreHepaTopa Ha YacTOTY pe30HaHCa; OTHOCHU-
TeJbHOE COAepXKaHWE MPUMECH PaBHO YIBOEHHOMY
OTHOCHUTEJIbHOMY M3MEHEHMWIO YacTOThl aBTOre-
HepaTopa 0 OTHOILICHMIO K YacTOTe B aTMOC(depe
YMCTOTO OCHOBHOTO ra3a. B ocTaJdbHBIX Ciydasix
IUIST onpeAesieHUsl OOJAU MpUMecu HeoOXOIMMO
3HATh MOJIEKYJISIPHYIO Maccy U MOCTOSIHHYIO aaua-
0aThl CMECHU ra30B, XapaKTepu3yeMylo pe30HaHCHOI
JacTOTOI pe30HaTopa, KOTopasi TAKKe 3aBUCUT U OT
TeMIIEPaTypBhI.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

AJI®EPOB u 1ip.

IIpoGaema uamepeHUs: pe30HAHCHOI YacCTOTHI
COCTOHUT B TOM, UTO U3MepsieMasl Y4acTOTa aBTOreHe-
paTopa Ha IPUMEHEHHON B aHAIM3aTOPE MUKPO-
cxeme 1561TT1 coBnagaer ¢ pe30HAHCHOM YaCTOTOM
pe3oHaTopa, TOJIBKO €CJIM 3TO COOCTBEHHAS 9acTOTa
aBToreHeparopa. st 6osee TsKkenoro rasa (¢ yue-
TOM MOCTOSIHHOI anuabdathl) OHa BhILIE, a 1JIs 0oJiee
JIETKOTO — HUKE PE30HAHCHOM 4acCTOThI. DTO Mpo-
WUIIOCTPUPOBAHO Ha puC. 2 IJII CMECU BO3IyXa C
dpeorom 22.

F

pe3

o0

M
Bozmyx @®peon !

Puc. 2. Pe3onancHag yacToTa pesoHaropa £, 4 yacToTa
aBTOTeHepaTopa Fj.

Takum oGpa3zoM, mIsT pacyeTa MOJIEKYISIPHOM
Macchl CMeCH ra30B HeoOxXoauMa TpexMepHasl Kap-
TUHA 3aBUCUMOCTEN PEe30HAHCHOM YaCcTOThI pe30-
HaTopa OT YacCTOThl aBTOTeHepaTopa MpU pPa3HbIX
TeMIieparypax. TemiiepaTypHble 3aBUCUMOCTU CHU -
MaloTCsI B KJIMMaTUIECKOI KaMepe C momadeit ra3za
cHapyxu. Pe3oHaHCHas yacToTa ompenensieTcs 1Mo
MakKCHUMYMY CMUTHajla ¢ pe3oHaTopa MpU BO30YXK-
J€HUU ero OT CTOPOHHETO reHepaTopa U KOHTPOJIe
2JIEKTPOHUKOM mpubopa. Bropoii cmocob omnpene-
JICHUSI PE30HAHCHOI YaCTOThI COCTOUT B HACTPOMKE
COOCTBEHHOII YacCTOTHl aBTOTe€HEpaTopa TaKuUM
o0Opa3oM, YTOOBI YaCTOTa HE MEHSUIACh IIPU TOMI-
KJIIoueHuu pe3doHartopa. IlorpelHocTh HaCTPOKHU
000oMMHU MeTOAaMU MOXKHO OoLleHUTh B =1 ITI.

AnnpoxcuMaluysl JaHHbIX 00JerdyaeTcs Ciaeayto-
MM oocTosaTenbeTBaMu. M3 popmymsl mist ckopo-
CTHU 3ByKa B ra3e 1, COOTBETCTBEHHO, PE30HAHCHOM
YacTOTHI pe30HaTopa CJIeIyeT, UTO IJIsI JII000i1 MoJie-
KYJISIDHOI Macchl rasa nipoussenenue F,.,\/M /vy,
He 3aBUCUT OT MOJIEKYJISIDHOIO Beca, OHO 3aBU-
CUT TOJIbLKO OT TemmepaTyphl (puc. 3). TouHo Tak
JK€ YaCTHOE OT JeJIeHUsI pe30HaHCHOM YacTOThl Ha
KBapaTHbIA KOPEeHb U3 aOCOIIOTHOI TeMIIepaTyphbl

F,e;/NT He 3aBucut ot Temmeparypsl. C ydeTom
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Fpe3(T2>T1)

Fpe3 (Tl)

Fpea(T2< Tl)

FAF

> M
Jlerkuii ra3 TsoKembrit ra3 /v

Puc. 3. 3aBUCMMOCTH PE30HAHCHOM YaCTOTHI OT /M /7y
NP Pa3HbIX TeMIepaTypax.

3TOTO MOTPEIIHOCTh OIMpeAeaeHUsI Pe30HAHCHOM
YacTOTHI MOXXHO CHU3UTH 10 AoJeit [11, u, cooTBeT-
CTBEHHO, IOTPEIITHOCTh OIpeaeICHUS MOJICKYJIIpP-
HOIT MacChl yMEHbBIINUTCS A0 COTBIX TOJICi ITPOLIEHTA.
dazoBpiii numama3oH 3axBata MAITY muxkpo-
cxeMbl 1561TT1 cocrasisier £90° MexKay BBIXOTHBIM
U BXOIHBIM curHajamu. Ilo3aTomy coOCTBEHHYIO
YacTOTy aBTOreHepaTopa 1ejiecoodpa3Ho BEIOMPATh
nmocepearHe MeXOy pe30HAHCHBIMM YaCTOTAMH
YKCTBIX Ta30B, KaK 3TO 1 ITOKA3aHO Ha puc. 2.

BaxHo ncnofb3oBaTh M3JydyaTelb ¢ HM3KOM
MHIYKTUBHOCTBIO KaTYIIKK BO30YXKIEeHUs, HAIIPU-
Mep M3JIydaTeslb HayIIHUKOB-BKJIAIbIIIEH, TaK KaK
MMEHHO MHIYKTUBHOCTb OIpaHNYMBACT YaCTOTHBIM
IMana3oH aBToreHepartopa. Takass KoHpuUrypauus
npubopa MO3BOJMIA U3MEPSITh MOJICKYISPHYIO
Maccy cMecu ot ¢ppeoHa 22 (M = 86.4) no 50-npo-
LIEHTHO# cMecH Bo3ayxa c rejiveM. Pesynbsrupyro-
11ast MorpelHocTh u3MepeHus coctapmia 0.025%.

I[IpubGop cBsI3BIBAeTCI C KOMIIBIOTEPOM IIO
JuHussM RS-232 nnu RS-485. BHeuiHuii Bup (Takoit
Ke, Kak M 'y JaTyrKa Bogopoaa u3 padotsl [1]) npu-
BeleH Ha puc. 4.

CpaBHMM OIMCHIBaeMbIil MpHUOOP ¢ AaTYMKaAMU,
AHAIM3UPYIOIIUMU pa3JMYHbIe Ta30BbIE CMECH,
OCHOBaHHBIMHU Ha IPYrux (pU3NIeCKUX IIPUHIIUTIAX.

Cpenn caMBIX TOUHBIX METOIOB OIIpedelICHUS
COCTaBa ra3oBoOi cMecU HanboJiee pacpoOCTPaHEHbI
xpoMmartorpadus u criekTpockonusi. Tak, ra30Bblid
xpomarorpad P 34.46.303-98 [3] obecnieuuBaer
npenea oOHapyXeHMsI OIIpeAeIsieMbIX B MacJie Ta30B
He Boiure 0.00005% st auermnena u 0.0001% ms
MeTaHa, STUJICHA U 3TaHa.

dypbe-cniektpoMeTpbl B MK-nuamazone [3]
TakXe MOTyT 3((PEeKTUBHO MCIOJb30BaThCS IS
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Puc. 4. BHemrHuit By razoaHain3aTopa.

MHOTOKOMIIOHEHTHOTO Ta30BOro aHaau3a. YyBcTBH -
TeNbHOCTD 1151 atieTwiieHa nocturaet 0.00005%. Ho
MK-MeTon He MO3BOJISIET AETEKTUPOBATh UHEPTHHIE
U IBYXaTOMHBIE ra3bl, Takue Kak O, u N,, MoneKybl
KOTOPBIX COCTOSIT U3 ONMHAKOBBIX aTOMOB.

Kpome Toro, mpumbGoOpsl, MCIIOJBL3YIOIINE 3THU
MPUHILIUIIBI, OTHOCATCS K TUITY JaOOpaTOPHBIX, UX
paboTa cBsi3aHa ¢ MPOOOOTOOPOM U MOATOTOBKOM
usMepeHuit. OHM He MOTYT OBITh UCITOJIb30BaHbI 15T
HEIpPepbIBHBIX U3MEPEHUIA.

HauboJiee TouHble prOOPHI HENPEPHIBHOTO aHA-
JIM3a UCIIOJIB3YIOT CASIYIOIIe METOIbI MI3MEPEHMIA:
— 92JICKTPOXUMMWYECKUM [4], MOTpelIHOCTb U3MeEpe-

Huda £1.5%;

— TEpMOKOHAYKTOMETpUYECKUI1 [5], ocHOBHas
norpeirHocts +2%;
— $OTOMOHM3ALMOHHBIN [6], MOTPELIHOCTh U BOC-

MPOU3BOOUMOCTh U3MepeHuii £10%;

— OIITUYECKUI (II0OpEeCcUeHTHBIN [7], morpeui-

HocTh M3Mepenuii SO, +20%;

— ONTUYECKUI abcopOUMOHHBIN [8], mpenesbl

JONycKaeMoil OCHOBHOM TorpemHocTu +10%

(B mnanazone ot 50 mo 100% HKIIP).

Haunboee To9HBIM OKa3bIBaSTCSI Ta30BbII aHAIN -
3atrop BGA244 [9]; oH, KaK M OMMMCAHHBII B HACTO-
SIIE CTaThe, MCIOIb3YEeT aKyCTUISCKUIA TTPUHIINATI
u3MepeHusi. B HeM He ynmoTpeOsseTcsl OMOpHBIi
ras, a U3MepeHus TepMOAMHAMMUYECKHUX CBOMCTB
ra3oBBIX CMeceil (CKOPOCTHU 3ByKa, TeMIIepaTyphbl 1
IaBJICHMS Ta3a) IPOBOIAT ITOpo3Hb. IlorpenrHocTh
n3MepeHus coctaBa MeHblie 0.1%. CKopocTb u3Me-
peHuit — 4 mpoowI/C.

3. BAKJIIOYEHHE

Pa3pa60TaH 1 U3TOTOBJICH IIMPOKOAMAIIa30H-
HBIA aKYCTI/I‘ICCKI/Iﬁ aHaJIM3aTOp ABYXKOMITIOHCHT-
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HoIf Ta3oBoit cMecu. OH oOecreyruBaeT HEMPepPhIB-
HBbII pEXUM U3MEPEHUIN C YYBCTBUTEIbHOCTHIO
0.025% u He HyXIaeTcs B IIEPUOIUUECKOI IOBEPKE.

OmnbITHasE Bepcus IpuOOpa MCHOIb3YeTCs st
U3MEpEHUsI cocTaBa cCMecu BO3nyX — (peoH 22
B (husnueckoMm skcmepuMeHTe. B Hem pe3oHaTop
C TaTYUKOM TeMIepaTypbl BBIHECEH U3 TTpubopa B
00bEM C TECTUPYEMbBIM Fa30M.

BJIATOAAPHOCTH

ABTOpHI O61arogapsaT FO.A. XoxJioBa 3a MoJie3HbIe
O00CYXIIEHUS.
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PaccMoTpeH moJisipu3allMOHHO-MOYJISILMOHHBIA METOA ONpeAeeHMs yrja TaHraxa JeTaTeJbHOro
anrapara Mo U3Jy4eHHbIM TOPU30HTAILHO-TIOJSIPU30BAHHBIM CUTHAIAaM paauoMasika. [lonsipuzanm-
OHHBII MOIYJISITOP BBHITIOJTHEH B BUAE (dapameeBCKOT0 BpallaTesis IJIOCKOCTHU MOJISIPU3allii ITPUHSITBIX
CUTHAJIOB paavomasika 1 yctaHoBieH B CBY-TpakTe 60pTOBOIf MpUEMHOI aHTeHHBI. YTOJ TaHTaxa
orpenensieTcs mo ¢aze BTOPOl TapMOHUKM YaCTOTHI BpaIlleHUs TUIOCKOCTHU TTOJISIPU3aIliU, COIepXKa-
IIEICs B CIIEKTPe OTMOArOIeli BHIXOMHOTO CUTHAJIA TTprueMHnKa. OnrcaH MakeT 3KCIIepUMEHTaIbHOMN
YCTAaHOBKMU, peayiusylolieii 3ToT metoa. [IpuBeneHbl aKCrepuMeHTaIbHbIE PE3YIbTaTbl U3MEPEHUS yIia
TaHraxa JIeTaTeJIbHOTO anrapara 1 MoJiydyeHbl OUeHKU TOYHOCTH U3MEPEHUIA.

DOI: 10.31857/S0032816225010196, EDN: GHXDUD

1. BBEAEHUE

B cymiecTByonux cucreMax HaBUralMuy Mo CUT-
Hanam paguomasika (PMC) Takne HaBUTALIMOHHBIE
3JIEMEHTHI JIETaTeILHOTO aIlllapara, Kak KpeH 1 TaH-
rax, He usmepsitores [1, 2]. TpagMLiMOHHO B mpak-
TUYECKOM HAaBUTALIUM IJISI UX U3MEPEHMUST NCIIOIb-
3YIOTCS TOPOTOCTOSIINE OOPTOBbIE aBTOHOMHBIE
TUPOCKOMUUYECKHUE CUCTeMbl opueHTauuu [3],
B KOTOPBIX C TEYEHUEM BPEMEHU IIPOUCXOIUT ITOCTO-
JHHOE HaKOIUIEHWe OIMOOoK m3mepeHuit [3, 4].
[lepcrieKTUBHBIM HaIIpaBJICHUEM COBEPIICHCTBO-
BaHMS1 OOPTOBOTO HABUTALIMOHHOTO 00OPYI0BaHUs
SIBJISIETCSI pa3pabd0TKa KOMIUIEKCHBIX CUCTEM HaBU-
rauuu, oObeAMHSIONIMX B CBOEM COCTaBe KaK paauo-
TEXHUYECKME, TaK U HE PATUOTEXHUYECKIE CUCTEMBbI
OIIpeAeNICHUSI OMHUX U TeX XK€ HaBUTAIIMOHHBIX 2JIe-
MmeHTOoB [4]. B paborax [5, 6] npemnararorcst paauo-
TeXHUYECKNE METOIbl U3MEPEHUSI HABUTALIMOHHBIX
3JIEMEHTOB JieTaTeabHoro anmaparta (JIA). Paccmar-
pUBAIOTCS MOJSIPU3ALUOHHO-aAMIUIUTYAHBINA [5] 1
MOJSIPU3aALMOHHO-MOAYJISILMOHHBIN [6] MeTombl
M3MEpPEHUs yIiia KpeHa, OCHOBAaHHBIE Ha MCITOJIb30-
BaHUU TOPU30HTAIbHO-MOJISIPU30BaHHBIX CUTHAJIOB
paavoMasika; He UCCIIeAYeTCsI BO3MOXHOCTh M3Me-

peHud yria taHraxa JIA. B pabote [7] npenioxeH
MOJISIPU3AIITMOHHO-aMIUTUTYAHBI METOJ ONpeee-
HUS yria TaHraxa JIA ¢ MCoib30BaHUEM BEKTOP-
HBIX CBOMCTB CUTHaJ0OB paguomasika. CyTb MeTona
3aKJIl04aeTcss B TOM, YTO paauoMasik U3 TOUYKHU C
M3BECTHBIMM KOOpAMHATAMU M3JIydyaeT FOPU30H-
TaJIbHO-TIOJISIPU30BaHHBIE CUTHAJIBI, BEKTOP HAIIpsI-
KEHHOCTH 2JIEKTPUYECKOTO MO KOTOPBIX JIEKUT
B FTOPU3OHTAJIbHOM TTocKocTu. Ha 6opTty JIA mpu-
€MHasl aHTeHHa OCYIIECTBIsIET OOKOBOI MO OTHO-
LIEHMIO K HalpaBJIeHUIO IBUXKEHUS MpHUeM CUTHa-
JIOB pagyoMasika B JIMHEHOM MOJISIPU3aLIMOHHOM
6asuce (JITIB). Yron tanraxa JIA onpenensercs
MO0 OTHOIIEHUIO aMIUJIUTYA CUH(a3HBIX JTUHEN-
HO-TIOJISIPU30BAHHBIX OPTOTOHATBHBIX COCTABJISIO-
IIMX TIPUHSITBIX CUTHAJIOB pajiuoMasika ¢ BbIXOJIOB
IUIeY JIMHEHHOIO IOJISIpU3allMOHHOTO pa3aeanuTess
(JITIP), opreHTHPOBAHHOTO IO YIJIOM T/4 K Bep-
TUKAJILHOM U MTPOIOJILHOI CTPOUTENIBHBIM OCsiM JIA.
ITpenyioxxeHHBIN MONSAPU3ALUOHHBINA METOM OTpe-
neneHus TaHraxa JIA uMeeT oauH CyIeCTBEHHbIN
HelocTaToK — 6optoBoe nmpueMHoe CBY-ob6opyno-
BaHUE SIBJIIETCS IByXKaHAJIbHBIM, YTO YBEJIUMUYUBAET
ero radapuThl 1 MacCy M OTpaHUYMBACT IMPaKTUUC-
CKO€ MCIIO0JIb30BaHUE METOA.

147



148

B craTtbe mpemsioxkeH MOJSIPU3aLMOHHO-MOJY-
JISILMOHHBIN ogHOKaHanbHBI CBY-MeTon onpene-
JIEHUST yIa TaHraxa JIA 1mo u3jydeHHbIM TOPU30H-
TaJIbHO-TIOJIIPU30BAHHBIM CUTHAJIaM paaroMasiKa.

2. OITMCAHUE METOIA

Pa3zpaboTka mossipu3aliiOHHBIX METONOB OMpe-
NeJIEHUsI HaBUTAlLlMOHHBIX 3JeMeHTOB JIA mpen-
yCMaTpUBaeT IIpeACTaBICHNE U3TydaeMbIX U IIPH-
HUMAaeMBbIX BEKTOPHBIX CUTHAJIOB B OIIpEIeICHHBIX
MOJSIPU3ALMOHHBIX 0a3Kcax U B HECKOJIbKUX CUCTE-
Max KoopauHat [5, 6]. IIpu aToM BBIOOD OIOP-
Hoit cuctembl koopauHat (OCK), cBsI3aHHOI ¢
pamuoMasikoM, 1 COOCTBEHHOI CHCTeMbI KOOPIH-
Hat (CCK) JIA, cBSI3aHHOM C €ro CTpOUTEIbHBIMU
OCSIMM, a TaKxKe BbIOOp TUIA MOJSIPU3ALMOHHOTO
MOnyJIsITOpa ornpenensiercss (U3an4eckKuM CMbICIOM
pelaeMon 3aaaun.

CyIIHOCTh paccMaTpUBAEeMOTO METOa OIlpee-
JieHus yria TaHraxa JIA 3akiouaeTcsl B CJIeAYIOLIEM.

ITomecTuM pammomasiKk B Hayallo JeKapTOBOI
CUCTEMBbl KOOpPAMHAT (B Hayajlo HEIOABUXHOM
OCK), ocu OXu OZKoTOpoi¥i JiexkaT B TOPU30HTAIb-
Hoit mockoctu XOZ, a ocbk OY nieprieHOUKYJIsipHA
aToi TmockocTu (puc. 1a). [TycTs pagromasik u3my-
yaeT B HampaBjieHUU ocu OZ cUTHalI B BUIE ILJIO-
CKOIl MOHOXpPOMAaTUYECKOM BOJIHBI TOPU30HTAJIBHOM
noasgpuszauuu. I[IpeactaBum n3nydyaeMylo BOJHY B
JITTIB, opThl KOTOPOTO COBIAAAIOT C TMOJIOXUTEIb-
HBIMU HampaBieHusiMu oceii OX u OY, kak mnpo-
eKIIMI0 BeKTopa 3jJekTpuyeckoro mojs E Ha mio-

0

T'VJIBKO u mp.

ckocTh XOY, nepneHAuKyIsIpHYI0 HallpaBJIeHUIO
pacnpoctpaHeHus BoaHbl OZ. Torga rpaguyeckoe
MpeacTaBlIeHue TOPU30HTAILHO TOJISIPU30BaHHOM
BOJIHBI ecTh BeKTop E, coBmamarmomuii ¢ IOJIOXM-
TeJbHBIM HallpaBlieHHeM ocu OX, HaxomsIIuiics B
ropusoHTajbHOU miockocTu XOZ (puc. 1a). Ilpen-
CTaBUM TOPU30HTAILHO MOJIIPU30BAHHYIO BOJIHY B
JITTB (omyckast BpeMeHHYIO 3aBUCUMOCTb) BEKTO-
pom JIxxoHca B Buze [8]

1
E=
0

ITpennonoxum, uyro JIA nBuXKeTcs B HampaB-
JIEHUU, TIEPIIeHANKYJISIPHOM HalpaBieHUIO WU3JTy-
yenust OZ. Ha 6opty JIA nipuemHasi aHTeHHa, OCh
CUMMETPMU ArarpaMMbl HallpaBJIe€HHOCTU KOTOPOIt
neprneHauKyJJsipHa HalpaBleHUIO ABUXeHus JIA,
OCYILECTBISIET OOKOBOI IMPUEM CUTHAJIOB pagruoMa-
gka (1) B JITIB.

Onpenenum CCK, cBsg3aHHYI0 ¢ KopriycoM JIA,
KakK TOJABUXXHYIO AEKapTOBYIO CUCTEMY KOOPAU-
Hat X.0'Y., oOpa3zoBaHHYIO0 NponojbHOi O'X, u
BeptukanbHoii O'Y,. cTpoutenbHbiMU ocsiMu JIA.
Ee nauamo momectum B TOouky O', COBHAHAIOIIYIO
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Puc. 1. [MosicHeHue onpeneneHus ymia TaHraxa & JIA.
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METO/J OITPEAEJTEHUA YITIA TAHT'AXKA JIETATEJIbHOT'O ATTITAPATA

¢ ueHtpom Mmacc JIA. Ocp O'Z OyaeM cuuTaTh
HampaBJIEeHHOM MO HampaBjeHUIo u3aydeHuss OZ.
Hanpasnenue oceit O'X, u O0'Y, B miockoctu XOY
OCK cBsixeM ¢ yrnoM Tanraxa JIA §. Oce O'Y. nipu
OTCYTCTBUM TaHTaxa IIPUMEM HallpaBJIeHHOI Bep-
TUKaJIbHO BBepX M coBraaawlieit ¢ ocbio OY. Ochb
O'X. npononbHa n cosnanaer ¢ ocbio OX OCK.
OueBugHO, Korma TaHrax JIA oTCyTCTBYeT, HarpaB-
JIEHU TPOOJIbHOM ocu O' X M BEKTOPA HAIIPSIKEH -
HOCTH 3JIEKTprUuYecKoro nosst usnydeHus: E cosma-
naroT (cM. puc. 10).

B cnyuae mogBiaenus Tanraxa JIA nmponosibHas
ocb O'X, OyneT MOBEpPHYTa B Ty WIU APYIYIO CTO-
poHy B miockoctu XOY. Yron mexny BektopoM E
U HampasJeHUEM NMPOAOJIbHON ocu O'X, COCTaBUT
BEJIWYMHY, paBHYIO YINIy TaHTaxa &, 4TO M OIIpe-
neseT GU3NIeCKylo OCHOBY ero uaMmepeHust. Ilpu
3TOM €CJIU MponosibHadg ocb O'X, HAXOAUTCA HUXKE
TOPU30HTAJIbHOM TJI0cKOCTU XOZ, TO TaHTaX OTPU-
narteneH (—&) (puc. 1B), a eciu BBIIIE, TO TaHTaX
nonoxuteneH (+&) (puc. 1r) [4].

IIpenmmonoxnm, uto B CBY-TpakT mpueMHO
AHTEHHBI OOPTOBOr0 OJHOKAHAJBHOTO PaguOIpU-
emHoro CBY-ycTpoiicTBa yCTaHOBJIEH IOJSIpPU-
3allMOHHBIN MOAYJATOP B BUie (hapaaeeBCKOIO
BpauaTenas rjaockoctu mnojaspuzauuu (DOBITIT)
MpUHUMAaeMbIX CUTHAJIOB panuoMaska. s onuca-
HUSI B3aMMOIEHCTBHUS TOPU30HTAIILHO ITOJISIPU30-
BaHHbBIX CUTHaI0B paguomasika ¢ CBU-anemeHTamu
OOPTOBOI TPUEMHONM aHTEHHBI BOCMOJb3yeMCS
(opmanusMoM BekTOopoB M MaTpull IxxoHca [8].
Torna Bektop JIxoHca Ha Bbixone @BIIIT Ha 6opty
JIA, nmeromiero TaHrax *&, MOXHO HaAWTH C TIOMO-
1IbI0 TTpeoOpa3oBaHuii Buaa [9]

Bu =C[MI[R(a)J[R(E)E @
roe E — BekTop /Ixxonca (1) n3mygaeMoit TOpu30H-
TaJIbHO MOJISIPU30BAHHOI BOIHEI [6],

cos§ *sing

[R(£2)]= -

Fsin§ cos§

ornepaTtop MOBOpPOTAa Ha YyroJl TaHraxa =*g&; +& —
MOJOXUTEbHbIN Yros TaHTaxa JIA, Korga mpoaoJib-
Hast ocb O'X JIA HaxoauTcs BbIlle TOPU3OHTAb-
Holt umockocT XOZ [4], —E — oTpuLIaTeIbHBII yTOI
taHraxa JIA, korna npononbHas ock O' X JIA Haxo-
JUTCS HUXKE TOPU30HTANIbHOI TTockocTu XOZ [4],
[R(oc)]: CO.SOL sin o B
—sina  cosa

omnepatop ®BIIII Ha yrom o = Q7 (€2 — yacToTa Bpa-
meHwus) [10],

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1
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] 1)

orepartop noJjsgpusaropa [6] (mepexom ¢ Kpymioro
BOJIHOBOJIa Ha IIPSIMOYTOJIbHBII) ¢ TOPU30OHTAJIb-
HOIi COOCTBEHHOI IoJisipu3aliyeii, CoBIIamalolei
¢ npopoipHoit ockio O'X. JIA, C — nocrositHHas
BEIMYMHA, YYUTHIBAIOIIASI ITOTCHIIMAI TIepeIaTInKa
paguoMasika, pacCcTosiHue oT nepenatuuka 1o JIA u
YYBCTBUTEJIbHOCTh IIPUEMHHUKA.

[Tponenas B hopmyiie (2) HeoOXOAMMbIE MaTPUY -
HbIe Ipeo0pa3oBaHMs, OTYIUM

EBbIX :C COS((?ié)

C yyetoM dopmyJbl (3) curHaa Ha BXOJe IpUeM-
HUKa KaK QYHKLMIO yIJIa OPUEHTALUU O, TIOCKO-

CTH MOJISIPU3ALIMI MOXHO OTHCATh BHIPAKEHUEM
E, (a)=Ccos(aztt). 4)

AMILIUTYyIa CUTHaJa Ha BbIXOJE MPUEMHHUKA C
Jlorapu(pMUYECKONM aMIIJIMTYAHONM XapaKTepUCTU-
KOU U JIMHEUHBIM AETEKTOPOM paBHaA

A(a)=lgC+lg|cos(a+E)|. (5)

ITocne mpeoGpaszoBaHmii BeipaxkeHus (5) ¢ yue-
TOM TOIO, YTO YpOBEHb CUTHaja B Cjyyae Jiora-
pUPMHUIECKOTO TIPUEeMHUKA OOBITHO M3MEpSIETCs B
nenubenax, npu o = Qf NoJIy4Yrum
AQ1)[nb]=201gC+ 101g{0.5[1 + cos (2€2 ¢ = 2€)]}. (6)

CoortHolieHue (6) mO3BOJISIET PACCYUTATH 3aBU-
CUMOCTb aMIUTUTYIbI BBIXOAHOTO CUTHAaJIA JoTapud-
MHWUYECKOro MPUEMHHKA OT YIJTIOBOTO ITOJIOKEHMS
IUIOCKOCTHU MOJSIpU3aLMU O JJIST pa3IdyHbIX 3HA-
YeHUIi yria TaHraxa &. Pesynbrarhl pacuera npuBe-
neHbl Ha puc. 2. KpuBble /—3 COOTBETCTBYIOT 3HaUe-
HUSIM yIJ1a TaHraxa £, paBHbIM 0, 15°, —15°.

Ha puc. 2 BuaHO, 4TO aMIJINTyda CUTHaJa Ha
BBIXOJIE IPUEMHMKA MPOMOIYIUPOBaHA YIBOSHHOMI
YacTOTO BpallleHUsI TIJI0CKOCTY MOJISIpU3aLiM ITpU-
HSTBIX CUTHAJIOB pagroMasika, IpuyeM aMILIUTYI -
Hast Moaynsiius curHajia nocturaeT 100% riyOuHbI.

IIpu 3TOoM yron TaHraxa He BIUsIeT Ha opMy
9TOU 3aBUCHMOCTU M Ha TJAyOMHY aMIUIMTYIHOM
MOJYJISILIMM, a OTIPENeIsieT TOJIbKO €€ CIBUT Mo (haze
Ha yABOEHHBIN yroia TaHraxa JIA. [ToatoMmy B criek-
Tpe orubarleil BEIXOAHOIO CUTHajua JIorapudMu-
YeCKOTO MPUEeMHHUKA IIPUCYTCTBYET CIEKTpalbHasl
cocrapydoolas Ha yactore 29Q2. Ee ammumiryny A4,q
MOXHO HalTH ¢ TTIOMOIIIbIO TTpeoopazoBaHust Oypbe
BUJA

3)
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Puc. 2. 3aBucuMOCTM aMIUIUTYbI BBIXOAHOTO CUTHAJIA

JlorapuMUYECKOro MpreMHUKa OT yIja OpUeHTaluu

TUTOCKOCTH TIOJISIPU3AMU O IIPUHSATHIX CUTHAJIOB TP

taHraxe &, paBHom: 0 — kpuBas I, 15° — kpuBas 2,
—15° — kpuBag 3.

Ay [1B]=—- fA(Qt)cos 201 (Qr),  (7)

a=

T. €. A,o = 8.69 1b (4,4 He 3aBUCUT OT yIla TaHTaxa
JA), daza @,y ¢ yuetom opmyisl (6) cBsizaHa ¢
ymioMm TaHraxa £ JIA cooTHoLIeHreM

D0
&[pan]== B3 (3)
IIe 3HakK “+” COOTBETCTBYET MOJIOXKUTEIbHOMY YITy
TaHraxa g, a 3HaK “—” — OTpuLIaTeJIbHOMY YIJIy TaH-

raxa &.

TP —» BBCI — BBC? —|PITA| ==

HazeMuLi paanomans

T'VJIBKO u mp.

®Pa3za @,, OTCUUTHIBAETCSI OTHOCUTENBHO (ha3bl
OIIOPHOTO CUTHAaJja, OMpeneaseMoii YIJIOBbIM T0JI0-
JK€HHEM IUIOCKOCTHU MOJISIpU3allii IPUHSITOTO CUT-
Hajia paIroMasika.

Heo0Oxomumo Takke OTMETUTb, YTO C YYETOM
dopmynsl (6) ammutyna A,, u dasa @,, Crek-
TpaJbHOI COCTaBJISIIONIEH Ha yacToTe 2C2 He 3aBUCST
OT MOTeHIIMaja TMepenaTyrnka, YyBCTBUTEIbHOCTHU
npueMHUuKa U pacctosiHus ot JIA 1o pamuomaska.
DHepreTuYecKre mapaMeTphbl ONPEaesIsSIOT IOCTO-
SIHHYIO COCTaBJISIOLIYIO CUTHAJIa Ha BBIXOIe OOpTO-
BOTO JIOTapu(hMUYECKOTO YCTPOMCTBA.

3. 9KCMMEPUMEHTAJIbHbI MAKET
NOJIAPUSALMOHHO-MOAYJASALIMOHHON
PMC

st MpoBEepKU pe3yJIbTaTOB TEOPETUYECKUX
HCCIeNOBaHUI U TOJYyYeHUsT SKCIEepUMEHTaIbHbIX
OLIEHOK TOYHOCTH OIpee/IeHNS YIyla TaHTaxa & ObLI
CO3IaH MakKeT MOJSIPU3alMOHHO-MOIYISIIIMOHHOM
PMC. ®dyHkumoHalabHas cxemMa MakeTa IIpUBe-
JeHa Ha puc. 3. MakeT BKJItoyaa B ce0sl Ha3eMHbIit
pamoMasik, PacIloJIOKEHHBIM B TOYKE C M3BECT-
HBbIMU KOOpAMHATaAMM, a TaK¥Ke OOPTOBOE MPUEMHOE
obopynoBaHUe, peaTu30BaHHOE Ha 0a3e camMoJieT-
Hoit PJIC “I'po3a-26”, paboraloliiieii B maCCUBHOM
pexXuMe IpreMa CUTHAJIOB pagroMaska.

HaszemHBbIll pagroMasiK BKJIodaa B ce0s Iepe-
natyuk (ITP]l), mepBoe M BTOpoe Bpallaroliuecs
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BOPTOROE NpHEMHOS 0DORY L0BAHKE

Puc. 3. dynxkumoHa bHas cxeMa MakKeTa MoJIIpu3aliMoHHO-MonyiistiinonHoit PMC s onpenenenus yoia tanraxka: [TPI1 —

nepenatyuk, BBC1 u BBC2 — nepBoe u BTopoe BOJHOBOAHbIE Bpallaluiuecs cowieHeHusi, PITA — pynopHas nepena-

romasg anteHHa, b3T1A — 6oproBas 3epkanbHas mpuemHas antenHa, @BIIIT — dapaneeBcKuii Bpamareib TUIOCKOCTH

noaspusanuu, JID®II — norapudmudeckuii npueMHuk, 3" — 3amatommuii reHepatop, BC —6710k crpobupoBanus, POC —

dopmupoBarenb ornopHoro curHaia, I1J] — nukossiii nerektop, O/ — dazoBslii getekrop, [1P — nosocoBoit GUILTP,
NYT — unnukarop yria tanraxa JIA, AJl — amruTyaHblii gerekrop, JITT — muHelHbIM monsipusatop.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA
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BosiHOBonHbIe couwireHeHus (BBCI1, BBC2) u
pynopHyo nepenawoinyio aHteHHy (PITA). TTP/I
MpEeaCTaBIIsJI COOOM CTaHIAPTHBINM BEICOKOYACTOT-
HBIN TeHepaTop curHayioB Tura 1'4-83, paborato-
Wi B UMITYJIbCHOM pexxuMe. YacTora ciaemoBaHUsS
nmnynbcoB F, pasHsatachk 400 I'l, a muTeapbHOCTD
uMIyiabcosB T, — 3.5 MKc. Bennmuuna Hecyuueit
4acToThl f, cocrasisiia 9370 MIi. MouiHoCTh U3iy-
yeHust P, papHsitace 10 mBt. BBC1 nossossino
M3MEHSITh HallpaBJIeHNE U3IYyYCHUS B TOPU30HTAIb-
Holi miockoctu, a BBC2 — ycraHaBiuBaTh yroia
HakJOHA TJIOCKOCTU TOJSIpU3ALUKN MU3TydaeMbIX
CUTHAJIOB Yepe3 1° B BepTUKAIbHOM MJIOCKOCTH JIJIsT
MMUTALUU U3MEHEHUs yIila TaHTaxa JIA.

PITA pammomasika mMmena ropu30OHTaAJIbHYIO COO0-
CTBEHHYIO MOJISIPU3ANNI0 ¢ 3PPEKTUBHON TIIO-
maaplo packpeiBa 80 cm?. BHewmHuil BUI MakeTa
Ha3eMHOTI0 pajromMasika IpencTaBiieH Ha puc. 4.

151 pea3aiyy MpeiioXKeHHOTO oIS pUu3aliv-
OHHO-MOIYJISILIMOHHOIO METOoJa ITaTHBII 00Jyya-
tesnb ¢ OBIIIT GopToBOii 3epKajabHOM MPUEMHOMI
anteHHbl (B3ITA) PJIC “I'po3a-26 (puc. 5) pabo-
TaJl B peXX1Me HeIIPEPhIBHOTO BpallleHUS IJIOCKOCTH

Puc. 4. BHelHuit Bua MakeTa Ha3eMHOIO pagroMasika:
1 — BBCl1, 2—- BBC2, 3 — PIIA, 4 — I1P/ (I'4-83).

IMPUBOPBLI U TEXHUKA SKCITEPUMEHTA Ne |
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Puc. 5. BHemHumit Bua mratHoro oosiyyartens b3ITA
¢ OBIIII: 1 — obayyatens B3I1A, 2 — OBIIII.

MoNsIpU3anum ¢ yactoroit € = 20 I11 MpUHSATBHIX CUT-
HaJIOB pagruoMasika.

B3ITA nMena mMpuHy nuarpaMMbl HaIlpaBjeH-
HocTH 3° M mpeAcTaBisia coboil mapadonnyeckoe
3epkaynio guamerpoM 760 mMm. KoadpduuumeHT ycu-
JIEHUST aHTeHHBI paBHscd 25 n1b, a yyBcTBUTEND-
HOCTb JJorapudmuueckoro npuemHuka — 120 nb/Br.
BHemHuii Bug Maketa 00pTOBOro 00OpYyIOBaHUS
noJisipuzaunMoHHo-MoayasiumonHon PMC npen-
CTaBJIEH Ha puc. 6.

HazeMHblIii panuoMasik u3rydyajl ropu30HTaIbHO
JIMHEeHO-TIOJISIpU30BaHHbBIE 3J€KTPOMarHUTHbBIE
BoJHBI. HavanbHoe monoxeHue BEeKTOpa HaIps-
KeHHOCTH 3JIeKTpuueckoro moist E m3mydaeMbix
BOJIH COBMAAajo ¢ TOPU3OHTAILHOU TIJIOCKOCTHIO.
HanpasneHue u3ayyeHus B TOPU30HTAIBLHOM ILIO-
CKOCTH yCTaHaBIMBaNIoCh ¢ nmomoiisio BBCI.

Puc. 6. BHenHuii BuI MakeTa 60pTOBOTO 000pYIOBAHMS
TOJISIPU3alIMOHHO- Moy IsiiinoHHoit PMC.
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IIpueM curHajioB Ha3eMHOIO paguoMasika ocy-
mwectBasiacsa b3IIA, ¢ Bbixoga KOTOPOM cUTHa
noctynan Ha Bxog ®BIIII. YacTora BpaieHus 10~
cKocTH Tojsgpu3auuu ( 3agaBajachk yactoroit 31
C Beixoma ®BIIII, mpeacrabistoniero co0oii mepe-
XOJl C BOJIHOBOMIA KPYIJIOTO CEYEHUST Ha BOJTHOBOJ
MPSMOYTOJILHOTO CEYEHUSsT ¢ TOPU3OHTAJIbHOU cO0-
CTBEHHOI MOJISIpU3allMeil CUTHAJI TOCTYMNAJI HAa BXOJ,
JITT. C Beixonma JIIT co cTOpOHBI MPSIMOYTOJHHOTO
BOJTHOBOAA CUTHAJ TTocTynai Ha Bxon JIDII.

B pesynbraTe BpallleHUsI INIOCKOCTH MOJISIpU3a-
uu ¢ yactoToii €2 Ha Berxonae JIDIT popmupoBanachk
MOCJIEN0BATEILHOCTh UMITYJIbCOB, MOIYJIUPOBAaH-
HBIX MO aMIUIUTYAE YABOEHHONW 4acTOTOW Bpalle-
HUg iockocTu nossipusaunu 2. C Beixoga JIDI
curHan noctymnan Ha bC u manee nHa I1]1, rme ocy-
LIECTBIISIOCH 3allOMMHAHNE aMIUIMTYIbl CUTHaJIa
Ha MepHoI MTOBTOPESHMS MU3TydaeMbIX MMITYJIbCOB.
B nonocosoM ¢punbrpe 1D BrimesIach CIIeKTpaib-
Hasl coCTaBJIsifolasl Ha yacToTe 2€2, comepkalasics
B CIIeKTpe orubarolieii BoixonHoro curdana JIPII.
Ee da3za @, usmepsnacs B @I oTHOCUTENBHO (a3bl
OIIOPHOTO CHUTHaja cos 2Qf, MOCTyImalllero u3
®OC. B Al usmepsiiach aMIUTMTYda CITEKTPaJIbHOM
cocraBiswoLeil 4,,, a 3HaYEHUE yIIa TaHraxa g,
OIpeaesIeHHOrO 1o (ha3e CreKTpaabHOI COCTaBIISIIO-
EH @,q, BBIBOIUJIOCH HA MHAMKATOP yIJla TAHTaXa.

4. PE3YJIBTATbBI DKCITEPUMEHTA

s mpoBepKr pabOTOCIIOCOOHOCTH MPEIIOKEH-
HOI'o MeTola M3MEpPEHUs yIja TaHraxa 3KCIepH-
MEHT IIPOBOIWJICS HA HA3€MHOM HAKJIOHHOM Tpacce
npotskeHHOoCThI0 1300 M. MakeT pagmomMasika pac-
roJjiarajicsi Ha 3eMHO MoBepxHOCTU. MakeT 60pTo-
BOTO TPUEMHOTO OOOPYIOBaHUS OB YCTAHOBJIEH Ha
BeicoTe 18 M. [IpuemHas 6oproBas anteHHa B3ITA
ObL1a HaBeIeHa Ha paguoMasik.

Mmurtanus nameHeHus yriaa taHraxa JIA ocy-
LIEeCTB/ISUIACh MyTeM IIOBOPOTAa YIJIa OpUEHTALUU
IUIOCKOCTHY TOJIIPU3aLMK U3JTydaeMbIX CUTHAIOB.
Yroj opMeHTallMU TJIOCKOCTH TOJIIpU3alvuy 3a1a-
Bajics BBC2 ¢ marom 1° B nipenenax +15° oTHocu-
TEJIbHO MCXOMHOTO IOJI0XEHHS, COOTBETCTBYIOIIETO
TOPU30HTAJbHON OPUEHTALIMU TIJIOCKOCTHU IIOJISIPH-
3anun. ['opu3oHTaIbHOE MOJIOKEHUE BEKTOPA 3JICK-
TpUUYecKoro nosist E n3myqaeMbIX CUTHAJIOB COOTBET-
CTBOBAJIO HYJIEBOMY 3HAYEHUIO yIJla TAHTaXa.

Nsmepenue dasbl @,o NPOBOAUIOCH AJIS KaX-
JIOTO YIJIOBOTO IMOJIOKEHMUS TIOCKOCTU IOJIsIpU3a-
LI U37TydaeMbIX CUTHAJOB B TeUCHME TPUILIATH -
CEeKYHIHOI'O MHTEpBaja BpeMEeHHU C IOCICAYIOIINM

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

T'VJIBKO u mp.

ycpenHeHueM. [1pu aToM (hMKCUpoBaIuCh CpeTHU
YPOBEHb MPUHSTHIX CUTHAJIOB U aMIUIUTYAa CIeK-
TPaJIbHOW COCTaBJISIOILEH Ay(.

PesynbraThl usMepeHuit ¢,, Npu U3MEHEHUU
yIJla TaHraxa InpuBeneHbl Ha puc. 7 (KpuBas 2).
Ha sToM ke pucyHKe TipeAcTaBieHa TeopeTuyecKast
3aBUCUMOCTbH (KpuBas /), ToJydeHHast B COOTBET-
cTBUM C BhIpaxeHueMm (8). CpenHekBaapaTUUeCKoOe
OTKJIOHEHWE U3MEPEHHOrO YyIJia TaHTaxa OT 3a/laH-
HOTO cocTaBuio o, =0.92°.
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Puc. 7. 3aBucumoctu dasbl @, OT yIia TaHraxa &:
1 — Teopusi, 2 — IKCIIEPUMEHT.

5. 3AKJIFOYEHHUE

1. TIpensoxeH U onmpoOOBaH TMOJASIPU3ALIMOH-
HO-MOAYJISIIMOHHBIN METOI M3MEPEHMUS yIjla TaH-
raxxa JIA mo ropu30oHTaAbHO-TIOJSIPU30BAHHBIM
CHTHajiaM Ha3eMHOTO paIroMasika.

2. TeopeTnuecku uccaenoBaHa U 3KCIIEPUMEH-
TaJbHO MOATBEPKAcHA CBA3b (Da3bl CHEKTPATbHOMN
cocTaBJisiiolleit Ha yacTtote 202, comepKalleics B
CIIEKTpe Ornbaroleil MPUHITHIX CUTHAJIOB, C YIJIOM
TaHTaXxa JJIsI MCCIENYeMOTro MOJsSIpu3allMOHHOTO
monyngropa B Buge @BIIII.

3. C moMoIIbi0 CO3JAaHHOTO MaKeTa IOJIsIpr3a-
LHUOHHO-MOoAyAssuMoHHONM PMC monydeHbl 3KcIie-
pUMEHTaIbHbIE OLIEHKA TOYHOCTH U3MEPEHMS yIiia
TaHraxa.

4. MeTton MOXeT HaiiTU MpUMEHEHUE B CUCTE-
Max opueHTauum JIA mpu 3axome Ha IOCAIKY,

Ne | 2025
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a COBMECTHOE €r0 MCIIOJIb30BAHUE C MHEPLIMATb-
HBIMU CPEICTBAMMW HaBUTallMW ITO3BOJIMUT TOBbI-
CUTb NJOCTOBEPHOCTD I10JIy4a€MOM HABUTALIMOHHOM
nHOOPMAIINH.

OPUHAHCHUPOBAHUE PABOThI

PaGora BhImosHeHa Tpu (PUHAHCOBOM TON-
JIepkke MUHUCTEPCTBA HAayKU U BBICIIIETO 00pa3o-
BaHus P®, npoekt No FEWM-2023-0014.
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HpI/IBeI[eHO OIIMCAaHMEC IMPOTOTUIIA JaTYMKa IJIAd M3MEPEHUA BEKTOPpA CKOPOCTU MUKPOMETECOPOMNIOB
1 9aCTHUll, KOCMHUYECKOTO MyCOopa Ha OCHOBE CETOUYHBIX MECTAJINIMYECCKUX SJIEKTPOOAOB. Hpe,Z[CTaBJ'IeHbI
pe3yjabTaThl 3KCIIEPUMEHTAIBHOTO MCCIEJOBAaHUA W IPCAJIOXKEHUA 10 NaJIbHEUIIen MO,Z[I/I(bI/IKaL[I/II/I

CHUCTEMbI UBMCPEHMUA.

DOI: 10.31857/S0032816225010207, EDN: GHXWID

1. BBEAEHME

MukpouacTuibl (KOCMUYECKUI MyCOp U MUKPO-
METEOPOUIbI) B KOCMUUECKOM TIPOCTPAHCTBE 3apsi-
JKarTCS 10 HEKOTOPOIO JIEKTPUYECKOTO MOTEHIIM -
ana [1, 2]. lnst usmepenust ckopoctu V={V,V, V}
3TUX MHUKPOUYACTUIL B OCHOBHOM MCIIOJIb3YETCS
sIBJIeHWEe HaBEICHUSI TOKa 3apsSKEHHBIM IBUXKY-
LIMMCSI TeJIOM TMPU MpoJieTe Yepe3 U3MepUuTeIbHbIC
MeTajiinueckue 31ekTpoabl (cetku) [2—8]. ITo Bek-
TOPY CKOPOCTHU 3TUX MUKPOYACTUIL MOXKHO OLIEHUTh
UX KHUHETUUYECKYIO 9HEPIruIo, a TakKe HallpaBICHUS
MpUIeTa B JATYMK, YTO IO3BOJISIET IpencKa3aTh
MCTOUYHUK UX TpoucxoxaeHus [9—11]. ITomumo
WHAYKLIMOHHOTO CITOCOOOB M3MEpEeHUsI BeKTopa
CKOPOCTH, CYIIECTBYIOT TaKXKe ONTUYECKHUE METOIbI
M3MEPEHUSsI, HO, K COXKaJIEHUIO, C TOUKU 3PEHUS KOH-
CTPYKTHUBHOI peaau3alii, OHU 00J1amaioT psiaoM
HEeZOCTAaTKOB, TaKMX KaK Mapa3WTHas 3acBeTKa,
HEBO3MOXHOCTh OIIPENeICHUS 3apsiia MUKpoda-
CTULL U T. A. [12—14].

2. OIIMCAHUE [MTPUHLIUNIIA USMEPEHHUA
CETOYHOI'O JATYNKA

Ha puc. 1 moka3zaHa cTpyKTypHasl cxema u3me-
puTEs BEKTOpa CKOPOCTH, Ilie MO3ULUSIMU [—6
OTMEUEHBI U3MEPUTEIIbHbIE METAINIMYECKUE CETKHU,
MOAKJIIOYEHHBIE K IBYM pPa3HbIM YCUJIMTEISIM.

BricokockopocTHas 3apsKeHHasi MUKpOJYacTUla,
npoJjerasl yepe3 JaHHbIE CeTKH II0 TPAeKTOpUU 7,
HaBOIMUT Ha KaXXIYIO CETKY MMIIYJIbC TOKa, (hopMa
KOTOPOTo 0JiM3Ka K KOJOKOJ000Opa3Hol u mapa-
METPBI KOTOPOTO MPOMNOPLMOHAIBHBI CKOPOCTU U
3apsiny 3Toit Mukpodactuiisl [9, 11]. ITuk curHanoB
C CETOK COOTBETCTBYET MOMEHTY MpOJieTa YaCTULIbI
yepe3 CeTKY, YTO ITO3BOoJIsIeT (PUKCUPOBATh MOMEHT
nponera. CeTkr / M 6 pacTIoNoOXeHBI B TIJIOCKOCTSIX,
napajienabHbix maockoctu XOY. Cetku 2 u 3 napain-
JIEJIbHBI IPYT IPYTY, PACIIONOXKEHBI IO HEKOTOPBIM
yriaoM A K 1miockoctu XOY u nepreHaAuKyasipHbI
minockoct XOZ. Cetku 4 n 5 mapajienbHbl Ipyr
IPYTy, PaCIIOJIOXEHBI 110 HEKOTOPHIM yIIoM B K
mwiockoctT XOZ n NepIeHINKYISIPHBI IJIOCKOCTH
XOY [9]. B paccMaTpuBaeMoil KOHCTPYKLIUU YIJIbl A
U B paBHbI 15°.

O0603HaYMM yepe3 n HOMEpP CETKH, 7, — BpeMs
MpoJieTa 3apsKeHHON YacTuled n-il cCeTku, x,, y,,
Z, — TOYKU IIpOJIeTa 3apsKeHHOM YacTULEN n-i
ceTku (Ha puc. 1 o0o3HaUeHA XXMPHOI TOYKOI),
Z,; — TOYKY niepecedeHusd n-i cetkoit ocu OZ. Torna
KOMITOHEHTHI BEKTOpa CKOPOCTH MMKPOUYACTHUIILI
MOXHO OIPEAEIMTh CONIaCHO (popMyIaM

Ve=(z4-2)/(t-1),
Vx=(x,-x,)/(t,—-1,)=
:Ctg(A)(VZ(l3 _tz) + (23 _Zzl))/(t3 -1,),
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Puc. 1. CtpykTypHas cxema IaTurka U3MepeHMsI BEKTOpa CKOPOCTU MUKPOUACTHUIL: /—6 — CETOUHBIE DJIEKTPOIIBI;
7 — TpaeKTopus ABUXKEHUSI MUKPOYACTHULL; §, 9 — YCUIUTENN.

Vy=(ys—y5)/(t; 1) =
= ctg(B) (Va (1, —1,)+ (25, —241) ) / (55— 1,).

B OosblIMHCTBE cilydyaeB HEOOXOAMMO 3HATh HE
BCE TPU KOOPAMHATHI BEKTOPA CKOPOCTH, a TOJIbKO
MOJYJIb BEKTOPa CKOPOCTHU U €ro HAKJIOH K TJIOCKO-
CTU MUILIEHU, B KOTOPYIO yaapsieT BLICOKOCKOPOCT-
Hag mMukpouactuua. [Ipearnonaras, 4To MI0CKOCTh
MUIIEeHb MapajieibHa Tockoctu XOY, monydynm
CIIeAYIONINE BEIPAKeHMST:

V =\Vx> +Vy* +Vz*> — MomyJIb BEKTOpPa CKOPOCTH,

y:arccos((Vx2+Vy2)/\/Vx2+Vy2+sz) — yron

HakKJIOHA K IIJIOCKOCTU MUIIICHMU.

3. OITMCAHUE SKCITEPUMEHTA

Ha puc. 2 nokasaHo pa3MellieHUe pa3padoTaH-
HOTro MPOTOTUIIA JaTYMKa B BaKyyMHOI Kamepe
YCKOPUTEISI MUKPOYACTHUILl, NMPUHLIUN OeHCTBUSI
KOTOpPOTO MOIpoOHO paccMOTpeH B padoTtax [10, 15].

CTpyKTypHas cxema CTeHIa IJis IPOBEICHMUS
SKCIEPUMEHTA C JaTYINKOM MUKPOUACTHII ITOKa3aHa
Ha puc. 3.

OcHoOBaHWe MPOTOTUIA JAaTYMKA M3TOTOBJICHO
¢ ucrionb3oBaHueM 3D-npuHTepa meTonom FDM-
nevyat n3 ABS-mnactrka. [abaputel MakeTa cocTaB-
asior 100 X 100 X 100 MM>, pa3mMepbl YyBCTBUTEIb-
Horo okHa 80 X 80 Mm% IIpu U3rOTOBIEHUM PAMOK
CETOK MCIIBITaHBI IBE TexHoyioruu: 3D-mevaTh u

Puc. 2. ®ororpaduu npoToTUia aT4MKa BEKTOpa CKOPOCTH MUKPOYACTHII, YCTAHOBJICHHOIO B BAKYYMHOI KaMepe
YCKOPUTEJIS: @ — BUJ €3aau, 0 — BUI COOKY.
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Puc. 3. CtpykrypHas cxema CTeHAa I KaJIMOPOBKHU
natyuka Bektopa ckopoctu: C;—Cy — MeTaJInyeckue
cetku; K, K, — xonbua ®Mapaznest, YV, V, —ycunurenu;
WITY — uctouyHuK nutaHus ycunureneit; M — marosblit
nBuTatenb; [P — rambBaHnuYecKasi pa3Bsa3ka rubpoBOTO
nHTepdeiica; MK — MukpokoHTposuiep; A1/ — npaii-
Bep maroBoro asurarens; OCI] — nmudpoBoii oCHMILIO-
rpad; I'PO — raabBaHUYECKU pa3BsI3aHHbIII UCTOYHUK
nUTaHus ocuuiorpada.

(¢pe3epoBanmne GoOILIMPOBAHHOTO CTEKIOTEKCTO-
Jymta Ha YITY-cranke. Mcnonb3oBanue 3D-meyatun
MO3BOJISIET YCKOPUTh MPOLECC CO3AaHUS MPOTO-
TUIIA U TOJYYUTh paMKU ¢ MUHUMAaJIbHON Tapas-
UTHOM €MKOCTbBIO, OIHAKO B JaJbHEHMIIEM IJIACTUK
HENPUTOIEH ST CO3MaHMs OOPTOBOI ammapaTypbl
M3-3a HU3KOM CTOMKOCTU K (paKTopaM KoCcMHUYe-
CKOTO TIPOCTpaHCTBa. B KauecTBe MaTepuana CTpyH
CETKM MCII0/Ib30BaHa MPOBOJIOKAa M3 HUXpOMa TOJI-

KAJIAEB u aip.

1mrHoM 30 MKM, pacCTOSIHUE MEXKAY CTPYHAMU 5 MM.
Huxpom BeIOpaH Mo MpUUYMHE BLICOKOW MeXaHU-
YECKOUM MPOYHOCTU MPU MaJOM TOJIIMHE CTPYHBI,
HECMOTpSI Ha €70 OTHOCUTEILHO BBICOKOE YIEIbHOE
conpotusiieHue [10]. IlpenBaputenbHble SKCIIEPHU-
MEHTHI IOKa3aJIi, YTO IPUMEeHEHE IPYTUX IIPOBOI -
HUKOB, TAKMX KaK Me/lb, IPaKTUIECKU HE BJIUSICT Ha
(bopMy U aMILIUTYy HaBeI€HHBIX CUTHAJIOB.

B pesynbprate 3kcmepuMeHTa (PUKCUPOBAINUCH
BpeMeHHbIe MHTEpPBaJbl IIPOJIETa IIECTH CETOK U
nByx koiseur @apanes [15]. MU3aMeHeHue yIia BieTa
MHUKPOYACTUIILI B JATIMK IIPOBOIMIOCH ITyTeM Bpa-
IIEHUST CAaMOTO JaTYMKa OTHOCUTEIBHO OCHU TpaKTa
yCKOPUTEJIs, COBIaaatoleii ¢ ocbio Kojen Mapanes.
B xauecTBe MOBOPOTHOTO YCTPOMCTBA OBbLI UCHOIb-
30BaH IIarOBBIil ABUTATE/Ib C BCTPOSHHBIM PEIYKTO-
poM 28-BYJ48. [IBurarens umeet 64 1mara Ha 000-
POT, 4YTO B COBOKYITHOCTH C peaykTopoM 1/63.68395
MO3BOJISIET TOBOPAYMBATh BBIXOJHOU POTOP C IIIaroM
okoo 0.087°. INockoNbKY NMpU MEPBUYHBIX UCTIBITA-
HUSIX IIPOTOTHUIIA JaTUMKA TaK1UE MaJIble YIJIbI IIOBO-
poTa He TpeOOBaIUCh, OCYIIECTBIISICSI IIOBOPOT C
marom 6° B iMamna3oHe yriioB oT —42° mo +42° (0THO-
CUTENbHO OCU ycKopuTenas). PaboToii maroBoro
JBUTATENS YIIpaBiasian MUKpokKoHTposiep (MK) u
npaiiBep marosoro asurarenst (L), pacrono-
>KeHHbIE CHapYX1 BaKyyMHOI KaMepbl, a KOMaH/IblI
Ha MUKPOKOHTpOJIJIEep MmomaBanuch ¢ DBM uepes
MoOIyJb raJbBaHU4eckoi pa3Bssku (I'P).

B cxeme ucnonb3oBaHbl ABa ycunurens, V, u y,,
aJIEKTpUYecKas MPUHIIUITNAIbHAS cXeMa KOTOPHIX
npencrasieHa Ha puc. 4 [16]. Konbuo @apanes K,
coennHeHo ¢ cetkamu C,;, C;, C5 M MOOKIIOYEHO KO
Bxoay ycunutens Y. Konbuo ®@apanes K, coenn-
HeHo ¢ cetkamu C,, C,, C¢ 1 IONKIIIOUEHO KO BXOIY
ycunurend Y,. Takagd cxeMa BKJIIOYEHUS [1O3BO-
JISIET COKPAaTUTh KOJIMYECTBO KaHAJIOB aHAJIOrOBOM
3allMCU C BOCbMHU JIO JBYX, UTO YIIPOIIAeT 3aIllUCh

Bxoo

Puc. 4. HpI/IHHI/IHI/IaIII)HaH CcxXeMa 3apAa04YyBCTBUTCIbHOTO YCUIIUTEIIA.

R. Bwixoo
DA, ?
Dut Cl E
—17
+
E !
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U TOCJeayIolylo 00paboTKy CUTHAJOB BO BpeMs
HUCMBbITAaHUI MakKeTa JaTdyuka. B MOMeHT mpoJjera
YacTUIIbI Yepe3 JIID0YI0 M3 CETOK COCEIHUE CETKU
BHIIOJHSIOT (PYHKIMIO 3KPaHUPYIOIIUX CETOK,
MMOCKOJIbKY OHM MOAKJIIOUYEHBI KO BXOIY IPYTOro
YCUJIUTENS, BKJIIOUEHHOTO IO CXeMe ¢ “BUPTYyaib-
HOM 3emieit” Ha Bxoae. Takoit moaxoa Mo3BoJisieT
MOBBICUTh KPYTU3HY IPOJETHBIX UMITYJIbCOB 0€3
HCIT0JIb30BaHUS JOIOJHUTEIbHON TPYIIILI pa3ie-
JINTEJIBHBIX 3a3€MJICHHBIX CETOK, YTO ITOBBIIIAET
K03 PULMEHT “NIPo3pavyHOCTU”’ 1aTYMKa, KOTOPHIA
cocTaBuJI 1151 JaHHOro rporotuna 97%. B kauecTse
YacTUIL UCITOJIb30BAJICS MOPOIIOK 0JI0BA C pa3Me-
pom yactui 1—2 mxM. [1pu HanpsKeHUM Ha TUHE i -
Hoit yactu yckoputeas 100 kB ckopoctu yactui
coctaBuiu 100—900 m/c. B xone najibHeRINX 9KC-
MEPUMEHTOB IIOCJe ONTUMM3AaUMU KOHCTPYKIUH
JATYMKA M CXeMBI YCYIIMTENIEH TNTaHUPpYyeTCs TIpOBe-
CTU UCITBITAHUS TIPU 00JIee BBICOKMX CKOPOCTSIX.

Kaxnplit U3 ycunuteneit COCTOUT U3 TpeX KacKa-
noB (puc. 4). [Ipeo6pa3oBanue 3apsiga B HATIpsiKe-
HIE OCYIIECTBIISIETCS C IOMOIIBIO IIEPBOIrO Kackaza,
BbIMOJIHEHHOTO Ha Mukpocxeme OPA656 (DA,).
HamnpsxkeHue Ha BbIXoJe MEpBOTO Kackajia ompese-
JISICTCST BBIpaXKeHUEM

U=-0/C,
rae Q — 3apsa mukpouyactuusl, C; = 10 n® —
€MKOCTb B 1IeITM 0OpaTHOI CBSI3U IEPBOIro orepa-
LIMOHHOIO YCUJIUTES.

Bropoii kackaza, BhIIOIHEHHBIM Ha onepaluoH-
HoM ycwutene AD8005 (DA,), siBasercs MHBEp-
TUPYIOIIUM YCUIIUTEIEM HaIpsKeHUsI ¢ Koappu-
IIUEHTOM ycujeHus, paBHbIM 39. KongeHcartop
C, COBMECTHO € pe3UcTopoM R, 00pa3yloT GpUILTP
BBICOKHMX YacTOT C 4yacToToi cpe3a okoyio 100 I,
YTO MO3BOJISIET OCIA0OUTh BIMSHUE IIOMEX OT 3JIeK-
Tpuueckoii cetr 50 [11 B 1a00OpPaTOPHBIX YCIOBUSIX.

Tpetuit kackan npeacTabasieT coboii HEMHBEp-
TUPYIOIINI YCUINTEb, BBIITOJHEHHBIM Ha MUKPO-
cxeme OPA820 (DA,). JaHHBIN Kackaj mpenHa-
3HA4YeH Mg oOecriedeHUs pabOThl yCUIIUTENS,
MONKIIOUEHHOTO K ocumiiorpady, Ha IJIMHHYIO
KOAKCHAJIbHYIO JIMHUIO.

B xauecTBe 3ammchIBaloNicii anmapaTypbl OBLIT
HMCIIOJIb30BAaH YeThIpeXKaHAJIbHBIN ocumaorpad
Rigol MSO5104 ¢ MakcuManbHON 4aCTOTOMN AMC-
kpetusaunu 6 GSPS. [Mutanue ocuwuiorpada ocy-
LIECTBIISIETCS Yepe3 OJIOK raibBAHUUECKOM pa3BI3KK
no nery mutanud 220 B, 9TOOBI NCKITIOUNTH TTPOHU -
KaHue momex ¢ yactoroii cetu 50 Iy uepes kabeau
YCUJINTEJIE B BaKyyMHYI0 KaMepy. Bo Bpems akc-
MepuMeHTa ocCLMJUIoTpad HaXOMUTCS B KAYIIEM
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peXuMe C 3aIlyCKOM 3alUCH I10 IPEBBIIICHUIO
3aJIaHHOTO MOPOTOBOTO YPOBHS. 3aIluch MPOBO-
JIUJIach OMHOBPEMEHHO I10 ABYM KaHaJlaM C 4acTo-
toit quckpetn3annu 1 GSPS n rmy6uHo# 3ammmcu
10 MUIMOHOB BBIOOPOK IO KaXkA0My KaHaly. 3anu-
CaHHBIN TaKeT IepenaBajicsl B KOMIIbIOTED uyepes
Kabenb mo npotokoay Ethernet mis mocnenyroieit
00paboTku B DBM.

Ha puc. 5 npeacraBieHbl pe3yjbTaTbl 3alll-
CaHHBIX IIPOJICTHBIX UMITYJILCOB ¢ Kojel Papanest
(K, K,) n cetok C,—Cs.

Ha puc. 6, 7 noxa3aHbl MOrPEIIHOCTH U3MEPEHUS
MOIYJII CKOPOCTM MUKPOUYACTHI U yIJIa UX BJIeTa B
naTyuk. B mpoliecce nmpoBeneHMs 9KCHepUMeHTa
MUHUMAJIbHO U3MEPEHHBIN 3apsia UMeJl BEIUIUHY
107" K.

4. SAKJTIOYEHHME

B pesynbraTe mMpoBeOEeHHBIX HCCIETOBAHMIA
MOXHO caenaTh cienylomue BbiBoabl. [Ipencras-
JICHHBIM MPOTOTMII AaTYMKa MpeacTaBiisieT co0oit
MOIYJIbHYIO KOHCTPYKIIUIO, YTO MO3BOJISIET OBICTPO
MPOU3BOAUTH MOTU(DUKAIINIO PACTIONIOKEHUS CETOK
M IIPOBOIUTH U3MEPEHUS MOIYJISI BEKTOPa CKOPOCTH
U yria Bieta Mukpodactull. [lonkmoueHre HecKoJb-
KHMX CETOK Ha BXOJ OJHOTO YCUJIUTENSI HEU30EXKHO
yXyAIlIaeT OTHOIIEHWE CUTHaJI/IIyM CHUCTEeMBI,
a TakXke CHMXKaeT ObICTPOIEICTBIE 3a CUET YBEIU-
YyeHUs BXOJIHOI eMKOoCTU. B manbHelilem rjiaHupy-
IOTCS ONTUMU3ALNS KOHCTPYKIIUM ITaT4YMK, pa3pa-
00TKa 1 M3TOTOBJICHNE MHOTOKAHAILHOW CUCTEMBI
perucTpainuu JaHHBIX (C OTAEJbHBIMU KaHaJlaMU
3aMuCH JIJIs1 KaXKI0M CETKM ), KOTOPYIO MOXHO OyIeT
Pa3MeCTUTh B HEMOCPEACTBEHHOM OJIM30CTU OT JaT-
ypuKa (BHYTpY BaKyyMHOI KaMepHhl).

PesynbraThl IpoBeneHHBIX UCCASIOBAaHUI ITOKA-
3aJId, YTO TIPU OOJIBIINX YIJIaX BJICTa MUKPOYACTUIIBI
B JaTUYMK YBEJIWYMBAETCS YMCIO MOTEPb MUKPO-
YacTUIL 3a CYET yaapa UX B UBMEPUTEIbHbBIE CETKU.
DTOro MOXHO M30€XaTh, €CIU YBEJIUMYMBATh IIPO-
3pavyHOCTh CETOK.

[TorpentHocTh MPOBEACHHBIX U3MEPEHUIM, CKO-
pee Bcero, CBsI3aHa C MOrpelrHOCThIO U3TOTOBICHUS
U KperuieHUs1 ceTok (mopsaka 0.5 mm). ITorper-
HOCTb U3MEPEHMS YBEIUUMBACTCS MPU YBEIUYSHUN
yIjla mafgeHus MUKPOYacTUIIbI, YTO, CKOpee BCero,
CBSI3aHO C OOJIBLION MOTPEIIHOCTBIO U3MepeHus V,
1 V,, BBI3BAHHOW MaJIbIMU PACCTOSTHUSAMU MEXIY
cerkamu C, u C;, C, u Cs. JIONOJHUTENBHO TIPOBO-
JIUTh U3MEPEHUE CKOPOCTU MUKPOYACTUIL MOXHO
MmyTeM aHajau3a (GopMbl HaBEAEHHOI'O MMIIyJbCa,
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Puc. 6. [TorpenrtHocTb U3MEpPEHUST MOMYJISI CKOPOCTHM B 3aBUCHMOCTH OT YIJIa BJIeTa MUKPOYACTUIIBI.
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Puc. 7. nOFpeHJHOCTI) MN3MEPCHMUA yIjia B 3aBUCMMOCTHU OT yIJla BJIETA MUKPOYACTUILLIbI 6&‘

TaK Kak, coniacHoO puc. 5a, 50, BUJ HaBeAEHHOTO
MMIIyJIbCa 3aBUCUT OT yIJIa BJIeTa MUKPOYACTHIIBL.
Y Takoro metoja, cKopee BCero, MorpemHocTb
OyzneT OoJibllle, YeM Y METOAa U3MEpPEHUs BPEMEH-
HBIX OTCUETOB, YTO CBSI3aHO C HETOYHOCTHIO OLIEHKU
aAMIUIMTYAbl UMIYJBCOB U C BIMSIHUEM BHYTPEH-
HUX 1 BHeITHUX 11ymMoB [8, 17]. C npyroif CTOpOHHI,
KOMOMHAIUS 3TUX IBYX CIIOCOOOB B JaJbHEHIIIEM
MO3BOJIUT COKPATUTh KOJIWUYECTBO U3MEPUTEIBHBIX
CEeTOK, a 3HAYWT, YMEHbIIATCSI Macca U radapuThl
JaT4vKa, YTO BaxKHO ISl TPUMEHEHMST Ha KOCMUYe-
CKUX amriapaTax.
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OnucaH ¥ Bepu(ULIMPOBAH METO PETUCTPALIMU UHTEHCUBHOCTH B MIOMEPEYHOM CEUEHUM MOJIEKYIISP-
Horo my4ka. [IpetoxeHa 1 UCIIbITaHA CXeMa ydeTa BIusiHUsE POHOBOTrO rasa. [1oaydyeHHbIE pe3yabTaThl
M3MEpEHHUIt B MOTOKAX aproHa ¥ a30Ta MPOAEMOHCTPUPOBAIU MPSIMYIO 3aBUCMMOCTb (POPMBbI U LIUPUHBI
MOMNEePEYHBIX TPOGUIIEH MOJIEKY/ISIPHOTO MyYKa OT Yrciia Maxa Ha BXOIe B CKUMMED, a TAKKe CPEIHETO
pa3Mepa KJIacTepoB B YCJIOBUSIX KOHISHCUPYIOIIUXCS CBEPX3BYKOBBIX CTPYIA.
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1. BBEAEHUE

MonekynsipHble IIY4KH, (QopMHupyeMbie u3
CBEPX3BYKOBBIX Ia30BbIX CTPYIi, MICTEKAIOIIUX B pa3-
PEXeHHOE MPOCTPAHCTBO, JABHO SIBJISIIOTCS 00BbEK-
TOM MHTEpeca uccienoBaTeneil B pa3InyHbIX 001a-
CTIX HayKN 1 TexHUKHU [1—8]. OgHuM n3 Hanboiee
COBpPEMEHHBIX HaIIPaBJICHU SIBJISIETCS UCITOIb30Ba-
HHE KJIACTUPOBAaHHBIX MOJIEKYJISIPHBIX My4KoB. Kak
MpaBUJIO, 9KCIIEPUMEHTATOPHI CTPEMSTCS TOCTUYD
MaKCUMaJIbHO MHTEHCUBHOCTHU B ITPUOCEBOIT 001a-
CTU MOJIEKYJISIpHOTO Iyuyka. OmHaKo ra3oguHaMMKa,
a TaKKe TOCTOBEPHOE ACTEKTUPOBAHNE TaKUX 00b-
€KTOB ellle HeIOCTaTOYHO M3y4YeHbl. [ToMmumo oco-
OeHHOCTEe!l CKUMMUPOBAHUS KJIACTUPOBAHHBIX
MOTOKOB, OTJIMYAIOIIETOCS OT eTaJbHO U3YYEHHOTO
(bopMUpOBaHUS C TIOMOIIBIO CKUMMEpPa CBEPX3BY-
KOBBIX CTPYI B OTCYTCTBME KOHAEHCAINN [9], MHOTO
BOIIPOCOB BO3HUKAET O TOCTOBEPHOCTH H3MeEpe-
HUII TmapaMeTpOB MOJIEKYJISPHOIO ITy4yKa JaT4M-
KaMHM 3aKpBITOTO (MU3MepeHne MHTEHCUBHOCTH) U
OTKPBITOI0 (M3MepeHUe TJIOTHOCTH) Tumna. Tak,
MacC-CHeKTPOMETPHUS OCEBBIX MPoduIeii IIOTHO-
CTH MOJIEKYJISIPHOTO ITy4Ka B YCJIOBMSIX Pa3BUTOM
KOHIOEHCAIIMU HAaeT COBEPIIEHHO HEOXMIAHHBIC
pesynbTrarthl [10]. M3MepeHre NJI0THOCTU TIPOCTHIM
MOHM3AaIMOHHBIM JTaTYMKOM OTKPBITOI'O THIIAa B
YCJIOBUSX KJIACTEPOB B MOJIEKYJISIPHOM ITyYKe JaeT
3aHMXXEHHbIE JaHHbIE O IUVIOTHOCTU, B TOM 4YUCJIE

M3-3a TOTO, YTO KJIacTep IpeACTaBIsieT COO0I, KaK
MPpaBUJIO, OIVH MOH, HECMOTPSI Ha OOJbIIOE YUCTIO
00pa30BaBIINX €r0 aTOMOB WJIM MOJICKYJ.
HaubGonee momynsipHble MeTOAbI MacC-CITeK-
TpoOMeTpUN (KBaAPYIIOJbHBINA U BPEMSTIPOJICTHBIIN)
C IOCTATOYHO OOJIBIINM IIPOMEXYTKOM BpEeMEHU
MEXIy MOHM3alNell aHATU3UPYyeMOro IOTOKA 1 ero
perucTpanueil Ha JeTeKTope BCAEACTBUE pa3Bajia
KJIaCTEPOB ITPU MOHU3ALIM, HATIPOTUB, IEMOHCTPU -
PYIOT HEOOBIYHO BBICOKYIO KOHIIEHTPAIMIO MOHO-
MepoB. B To ke BpeMsl B IeTEKTOpe 3aKPHITOTO THUIIA
(Kak MmpaBWIO, JAaTYMKE MOHU3ALMOHHOIO THUIIA C
Y3KUM BXOIHBIM OTBEPCTUEM) IHaHHbIE 00 MHTEH-
CUBHOCTU MOJICKYJSIpPHOTO ITyYyKa NalOT BIIOJIHE
JOCTOBEpHYIO MHGoOpMaLMIO 00 o0lIeM uucie
JOCTUTIIMX AETEKTOpa YacTUll BeaeacTBue 3¢ dek-
TUBHOI'O MCIIAPEHUS KJIACTEPOB BHYTPU JIETEKTOPA,
OIHAKO HEOIpEedeICHHBIM OCTABJISIOT BOIPOC O
CKOPOCTH ITOTOKA Ha BXOJIE B IETEKTOP.
Pacripenenenne MHTEHCUBHOCTY WJIY TJIOTHOCTH
MOJIEKYJISIPHOTO TTy4YKa MOMepeK OCU MO3BOJISET He
TOJBKO M3YyYUTh OCOOEHHOCTU paCIIMpPEHUs Kjia-
CTUPOBAHHOTIO ITyYKa U OLICHUTh CKOPOCTHOE OTHO-
IIeHWE Ha BXOJE B CKUMMeEpP, HO U PacCMOTPETh
ra3ogJMHAMUKY CBEPX3BYKOBBIX IOTOKOB Iiepen
cKuMMHUpoBaHueM. PaHee OBUIM BBIITOJHEHBI
paboThI MO IMATHOCTUPOBAHMIO JIOKAJIBHOM TIJIOT-
HOCTH TIOTIEPEK OCU MOJIEKY/ISIPHOTO My4YKa B MOTO-
Kax 0e3 kmacrepos [11, 12]. B Hameit pabote mpen-
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JIOXXeHa CUCTeMa IMarHOCTUKW WHTEHCHUBHOCTU B
YCIOBUSIX (DOPMUPOBAHUST MOJIEKYJISIPHBIX TTYYKOB
M3 CBEPX3BYKOBBIX KJIACTUPOBAHHBIX MOTOKOB,
a TakK>Ke M3JIOKEHBI PE3yJIbTaThl U MPOOJIEMbl TAKUX
U3MEPCHUA.

2. OKCIITEPUMEHTAJIBHOE
OBOPYJOBAHHME

DKCIepUMEHTHI BBIIOJIHEHBI Ha 3KCIIEPUMEH-
TaJIbHOM TazoauHamuyeckoMm creHae JIDMITYC-2
oTaena mpukiaagHoi ¢u3nku HoBocubupckoro
rocyaapcTBeHHOro yHuBepcuteTra. OmnucaHue
CTeHJa, €ro BaKyyMHBIX 1 TUArHOCTUYECKUX BO3-
MOXKHOCTEl nMpuBeaeHo B paborax [13—16].

Ha puc. 1 nzobpaxeHa npuHLMANKUAIbHAs CXeMa
n3MepeHnii. MCTOUHUKOM CBEpX3BYKOBOII CTpyH
SIBJISIJIaCh pasMellleHHas B KaMepe paciiupeHus 1
(opkaMepa co CMEHHBIM 3BYKOBBIM WJIM CBEPX3BY-
KOBBIM COILIOM 2 Ha KOOPAMHATHOM YCTPOMCTBE 3,
obecreuynBaloIieM MepeMelleHne B TpeX B3auMHO
OpTOTrOHaJbHBIX HampaBiaeHUusax X, Y, Z, a Takxke
NOBOPOT B MJIOCKOCTU XY ¢ TouHOCThIO 10 MKM U
0.1° coorBeTcTBeHHO. [lepeMenieHre OCYILECTBIISI-
€TCsI 110 3aJaHHOI ITPOrpamMMe C IIOMOIIIBIO I11aTOBbIX
JIBUTaTesel, TaKxKe pa3MelleHHBIX BHYTPU BaKyyM-
HOM KaMmepbl /. MoJeKyIsIpHBIN IMy40K (OpPMUPY-

3APBUWH u ap.

€TCsI C TTOMOIIBI0O KOHYCOOOPa3HOro ckumMepa 4 ¢
BHYTPEHHUM U HapY>XHBIM yIJaMu pacTBopa 45 u
55°, nmameTpom BXonHOro ceueHust dg = 0.49 MM u
OCTpOIi BXOTHOI KpoMKOIi. COOCHOCTh MOJIEKYIISIP-
HO-IIYYKOBOII CHCTEMBI ITOCTUTAeTCs ITyTeM TIIA-
TeJIbHOH I0CTUPOBKMU TI0 JIA3ePHOMY JIy4dy, TPOXOIsi-
LIEMY Yepe3 COIIO0, CKUMMEDP U BXOIHOE OTBEPCTUE
JleTeKTOopa MpY pa3HbIX KOOPIMHATAX M0 Ocu X.

B pabore umcrmosb30BaHbI 3BYKOBOE€ COILIO U
CBEPX3BYKOBOE C KOHMYECKOM yacThio auddy3opa.
ITapameTtpsl conen npuBeaeHbI B Ta0A. 1.

Taomuna 1. ITapamMeTpbl UCITOJB30BAHHBIX COTIEN

M

Comno | de, MM | L, MM | d,, MM :
N, Ar
1 0.51 — — 1.0 1.0
2 0.26 3.6 1.5 5.5 8.1

[lpumeuanue: d. — nnaMeTp KpUTUYECKOTO ceyeHus cora, [ —
JUIMHA, d, — TMaMeTp BBIXOAHOTO OTBEPCTHUSI CBEPX3BYKOBOIO
coruta, M, — 3HaueHue yncia Maxa B BBIXOZHOM CEYEHUU COILIa.

JleTeKTop MOJEKYISIPHOTO IMy4YKa 5 YCTaHOBIIEH
B MOCJECKUMMEPHON CEKIIUU MOJEKYJISIPHO-TTYY-
KOBOIi CUCTeMBbI 6 Ha OMHOKOMIIOHEHTHOM KOODIU-
HaTHOM YCTpOUCTBe 7, 00ecreuynBamoiieM nepemMe-
LLIEHUE AeTeKTOpa MoIepeK MOJEKYISIPHOTO My4YKa B

B am,woc'cﬁepy(l\
|

11 .

10} 2

0.01-10 bar

LY

I i
L0e-10%F ¢ -
mbar || Gip
10-9—10~41
mbar |

Puc. 1. Cxematnueckoe n3o06paxeHne M3MEpUTEIbHOTO yuacTka creHna JIDMITYC-2: 1 — kaMmepa pacimpenus, 2 — Gop-

Kamepa ¢ COIUIoM, 3 — 4-KOMITOHEHTHBIM KOOPAUHATHBIM MeXaHu3M, 4 — CKUMMEp, 5 — J€TEKTOP MOJIEKYJISIPHOTO TTy4Ka,

6 — TocJIeCKUMMepHasi Kamepa, 7 — py4HOI KOOPAMHATHBI MeXaHU3M, & — BAaKyyMMETP MOHU3ALIMOHHbIN, 9 — naTinKk
TeMneparypsl, 10 — peryasTop pacxoaa, I/ — 1aTuuK abCOMIOTHOTO NaBIEHMSI.
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W3MEPEHUE MNOMEPEYHbLIX MTPO®UIIEN UHTEHCUBHOCTU MOJEKYJIIPHOI'O ITYYKA

npenenax 150 MM ¢ TOYHOCTBIO TTO3ULITMOHUPOBAHUS
0.1 Mmm.

B kauecTBe merekropa B paboTe MCHOJb30BaH
BaKyyMHBII JaTyuK gasieHust 356 Micro-lon Plus,
nHGOpMaLKsSI OT KOTOPOTO Yepe3 aganTep 3aIlMchl-
BaeTcs Ha MepCcoHAIbHOM KoMIbloTepe. Jlisi name-
PEHUS UHTEHCUBHOCTU MOJIEKYJISIPHOTO TTy4YKa BXOJ
JlaTyvKa OCHallleH n1uadparmMoil ¢ OTBEpCTUEM aua-
MeTpoMm 2 MM. M3MepeHrsI MHTEHCUBHOCTHU IIPO-
BOISITCSI IIyTeM IIOCJIENOBATEIbHOM JIOKAIM3aluU
MOJIOKEHUST JAaTYnKa (BXOOHOI'O OTBEPCTUSI MOHM-
3allMOHHOM JIaMITbl) Ha 3a/1aBaeMbIX PACCTOSIHUSX
OTHOCUTEJILHO OCU MOJIEKYISIpHOTO my4yka. OmnHo-
BPEMEHHO OCYIIECTBJISIIOTCS (hUKcalus U 3alucCh
naBlieHUsI (POHOBOTO rasa B IIOCJIECKMMMEPHOM
CEeKIIMY C MOMOIIILI0O BTOPOrO TAaKOTO K& JaTyuKa,
PAacCIIONIOXKEHHOI0 Ha MaTpyOKe ITOCIeCKUMMEPHOI
CEKIIMU BAAIN OT OCHU MOJIEKYJISIPHOTO My4Ka &.

[MpenBapuTenbHO MOKa3aHUS O00OMX JATYMKOB
B OTCYTCTBHUE MOJIEKYJISIDPHOTO MydyKa CBEPSIIOTCS
M COIIACyIOTCSl B nuara3oHe u3MepeHuil. Pasz-
HUIIA MEXIY ITOKa3aHUSIMU TaTYMKOB JABJICHUS HA
BBIOPAHHOM JIMHUU TOKA B MOJIEKYJISIPHOM ITy4Ke
u B (GOHOBOM MPOCTpaHCTBE (rapaHTUPOBAHHO
BHE BJIMSIHMSI HANIPABJAEHHOTO ABUKEHUS YaCTUIL
MOJIEKYJISIPHOTO ITyYyKa) MPUHUMAETCS 3a 3HaAUeHUE
MHTEHCUBHOCTHU MOJIEKYJSIPHOTO ITy4Ka B OTHOCH -
TeJIbHBIX eIMHUIIAX IIPU YCJIOBUU ITIOCTOSIHCTBA CKO-
POCTH HaIlPaBJIEHHOTO ABIKEHUSI B MOJICKYJISIPHOM
nmyuke (B TMIIEP3BYKOBBIX TEUEHUSIX COOTBETCTBYET
MpeAeabHON CKOPOCTH MOTOKA).

Temmnepatypa raza B ¢popkamepe coria, B Kamepe
paclIupeHus U MOCIEeCKMMMEPHOM KaMepe peru-
CTpUPYETCSI MHOTOKAHAJIbHBIM JaTYUKOM 9 MapKu
Ketotek STC-3008 ¢ morpemHocTeio meHee 0.2%.
JlaBjieHue rasa 0 pacliMpeHus 3a1aeTcs 3a1aTdu-
KoM pacxopa raza /0 mapku PPI'-12 u peructpupy-
etcst natymkoM I/ mapku Siemens Sitrans P7MF1564
¢ morpemHocThIo 0.25% 0T MaKCUMAaJIbHOTO U3ME-
PpsSIEMOTO 3HAYCHUSI.

PaspexxeHue B KaMepe paclIMpeHUs] U IIOCTe-
CKMMMEpPHOU Kamepe obOecrieurmBaeTcs OTKAuHOM
CHCTEMOIi, COCTOSIIIEN U3 TYpPOOMOJIEKYISIPHBIX U
TeJIMeBbIX KPUOTE€HHBIX HACOCOB, IMOAKJIIOUEHHBIX
110 IMapaJjuieJibHOM cxeme. BappupoBaHue padbouero
rasa, mogaBaeMoro B (popKamepy CoIlia, JaBJIeHUS U
TeMIIEpaTyphl TOPMOXEHMSI, a TAKKE yIVia IIOBOPOTa
CTPYY OTHOCHUTEIHHO OCU MOJIEKYISIPHO-ITy4YKOBOM
CHCTEMBI 00eCIIeYBaeT BO3MOXHOCTh OTTPEAe/ICHUS
MoIepevyHbIX MPpoduaeii UHTEHCUBHOCTU MOJIEKY-
JIIPHOTO My4YKa IIPU Pas3IUYHbIX YCIOBUSIX MCTEUe-
HUS (B peXXnMax Ipu uyrciaax Maxa B iotoke M > 3).
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CrenyeT OTMETUTb, YTO TaKasl CXeMa U3MEepeHU It
MO3BOJIMJIA OTIPEAE/ISITh UHTEHCUBHOCTD B ITOIEepey-
HOM CEUYEeHMU MOJIEKYJISIPHOTO ITy4YKa He TOJIbKO IIpU
(UKCUPOBAHHOM PaCCTOSIHUM COILIO—CKUMMED
(COOTBETCTBEHHO, HEM3MEHHOM JaBJIeHUU (DOHO-
BOI'O raza B MOCJIECKUMMEPHOI CEeKII1MU), HO U MpU
BapbUpPOBAHUU 3TOr0 PACCTOSIHUSI, MEHSIOIIEM
MOTOK Ta3a yepe3 CKUMMEDP M BEIMYMHY (DOHOBOTO
NaBJIEeHUSI B MOCJIECKUMMEPHOI ceknuu. Takum
00pa3oM MOXHO ObLJIO PerucTpUpOBaTh 3aBUCHU-
MOCTb MHTEHCUBHOCTHU Ha JII00ON JTMHUU TOKa B
MOJIEKYJIIPHOM ITy4Ke MTPpU U3MEHEHUU PACCTOSTHUS
COIJTO—CKHUMMED.

3. PE3YJIBTATbI UBMEPEHU M

I[Ipumep 3aperucTpupOBaHHBIX 3HAYCHUI
MHTEHCUBHOCTU B 3aBUCUMOCTHU OT PACCTOSTHUS
MEXIY BXOIHBIM OTBEPCTUEM NETEKTOpa U OChIO
MOJIEKYJISIDHOTO Iy4Ka, y, (B MM), Ha TpeX paccTo-
STHUSIX MEXIY COIIJIOM U CKMMMepoMm (x = 25, 45,
60 MmM) npuBeneH Ha puc. 2a. JlaHHBIE MTOJIy4eHBI
IIpU MCTEYCHUM a30Ta M3 3BYKOBOTO cora Ne 1
(Tabn. 1), dUKCUpOBAaHHBIX 3HAYEHUIX TeMIlepa-
Typhl (7, = 300 K) u naBnenus ropmoxenus (P, =
= 50 kIIa), a Takke maBJIeHUSI B KamMepe paciunpe-
Hus (P, = 0.59 Ila). BennurHbl UHTEHCUBHOCTHU
MpUBENEHBI B €MIMHUIIAX, COOTBETCTBYIOIINX ITOKA-
3aHMSAM JaTYMKa, PeTUCTPUPYIOIIETO CyMMapHBI
CHUTHAJI, OIIpeeIsIeMbIi MOJIEKYJISIDHBIM ITyYKOM U
(pOHOBBIM Ta30M B TOCIECKUMMEPHOM CeKIIUU.

CTouT OTMETUTbH, YTO AMAIA30H MepeMellle-
HUS TaTYMKa IMOIePeK OCU MOJIEKYJISIPHOIO IydyKa
coctaBnsgeT 150 MM, UTO TTO3BOJISIET 3apPETUCTPUPO-
BaTh ITOJIHBII MOIEPEUYHBIN ITPOoGuiIb U (GOHOBOE
3HaYeHME CUTHAJIa TOJIbKO C OJTHOW CTOPOHBI OT OCU
MOJIEKYJISIpHOTO ITyuka. [1py BerauTaHnm (OHOBBIX
CUTHAJIOB 3aBUCUMOCTHU IPUOOpETAIOT BUI, MPHU-
BeldeHHBIN Ha puc. 20. CorocTtaBUMble 3HAYEHUS
MHTEHCUBHOCTH TOJIE3HOTO U (P)OHOBOTO CUTHAJIOB
YBEIMYKUBAIOT ITOTPEITHOCTh U3MEPEHMIM, COCTaB-
JISIOIYI0, Mo olieHKaM, He MeHee 20%. OgHako,
Kak cjeayeT U3 MpUBEIEHHbIX I'papMKOB, pa3zdopoc
JNAHHBIX BCJAEACTBUE CIYyYalHBIX IIIYMOB HE BJIUSET
CYILIECTBEHHO Ha PEerUCTpUpPYyeMble 3HAUCHUSI.

[TockonbKy ISl MOCIEAYIOIIETO aHaI3a TaHHBIX
TPeOYIOTCSI OTHOCUTEIbHBIC 3HAYCHIS MHTCHCUBHO -
CTH TMOTMePeYHbIX MPodUIeit MOJIEKYISIPHOTO My4YKa,
Ha puc. 3 IpUBEACHBI JaHHBIE, HOPMUPOBAaHHBIE K
eMMHULE B MAKCUMYME, 1, = (I — 1) / (I — 1) axe-

CornacHo oueHke [17], paccTosHMe A0 mucKa
Maxa B 3TNX U3MEPEHUSIX COCTABIISIIO 0KOI0 100 MM.
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Puc. 2. DxcriepuMeHTaIbHBIC 3HAYEHNUS] MHTEHCUBHOCTH CUTHAJIOB TTOITEPEK MOJIEKYJISIPDHOTO ITydKa a30Ta Ha TPeX pac-
CTOSTHUSIX X MEXIY 3BYKOBBIM corutoM Ne 1 (Ta6u. 1) u ckummepoM: 25 mum (1), 45 mm (2) u 60 mm (3); @ — uHTETpaIbHbIE
3HAYEHWUsI, § — TTOCIIe BEIYUTAHUSI (POHOBOTO CUTHAJIA.

[Ipu sTom uncino Knyncena Kng, paccuntaHHoe
M0 M33HTPONUYECKOMY 3HAUEHUIO IJIOTHOCTU B
CTpye M AMaMeTpPy BXOMTHOTO CEYeHUSI CKMMMepa,
Ha paccTostHusX 25, 45 u 60 MM COCTaBMIJIO COOT-
BETCTBEHHO 2.6, 8.5, 15. [ToaToMy Ha GimKaiiieM K
COTLTY PAaCCTOSTHUM MOXHO ObLIO OXWIATh BAUSHUS
BHYTPEHHETO CKMMMEpPHOTO B3auMmoaeicTBus [9]
Ha U3MEPEHUS TTONEePEYHbIX MPOduUIeii MIOTHOCTH.
Kaxk u nmpearmonarasock, Ha pacCTOSHUM X = 25 MM
MONEPEYHBI MPOGUIb (3aBUCUMOCTD OT y,) 3HAUU-
TEJILHO IIMPE, YTO COOTBETCTBYET 0OJiee IIUPOKOMY
pasyieTy MOJIEKYJl B MOJIEKYJISIPHOM My4YKe M, COOT-
BETCTBEHHO, MeHbIlIeMy unciy Maxa. B 1o ke Bpemst

1.2

¢l A2 ®3
1.0

0.8
0.6
0.4

0.2

0.0
-40 =20 0 20 40 60 B8O
Puc. 3. INonepeunbie npoGuIM UHTEHCUBHOCTU MOJIEe-

KYJISIDHOTO ITy4YKa ITOCJie HOPMUPOBKU K €IMHMIIE B MaK-
CHUMyMe. YCITOBHS Te e, 4TO U Ha puc. 2.
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MpY yIaJIeHUU CKUMMepa OT COIlJIa U IIPY OOJIbIIEM
3HaueHUsIM uuciia KHynceHa BiAUsIHME CKUMMeEp-
HOT'0 B3aMMOAEHCTBUS ociabeBaeT, a uucio Maxa
pacTer.

I[Ipu mcreyeHUMM aproHa M3 CBEPX3BYKOBOTO
coria Majoro auamerpa (corio Ne 2, Tadi. 1) mpu
naBneHun TopmoxkeHus 100 kIla kmactepooOpa-
30BaHUE MPaKTUYECKU HE OKa3bIBaeT BJIMSHUS Ha
ra3ogMHaMUKy IOTOKA [CpenHuil pa3Mep KjaacTe-
POB, OLIEHEHHBI 110 pabore [18], (N) = 4, mosTomy
3aBUCUMOCTD MOIIEPEUYHBIX Mpopueil HTEHCUB-
HOCTU B MOJICKYJISIDHOM ITy4Ke OT PacCTOSTHUS X
MaJio OTJIMYaeTcsl OT MOJAyYeHHOI B azore (puc. 4)].

1.2
o] A2 03 @4

1.0
0.8
0.6
0.4
0.2
0.0

it
TR T N T S Y A T N S T T T Y I .=

-40 20 0 20 40 60 80

Puc. 4. I1onepeyHbie NpoduiIvM UHTEHCUBHOCTU MOJIEKY-
JISIPHOTO TyYKa Ha YEThIPeX PACCTOSIHUSX X MEXIY COIl-
oM 1 ckumMepoMm: 40 mm (1), 60 Mmm (2), 80 MM (3) m
100 mm (4). AproH, cBepx3ByKoBoe corio Ne 2 (tabm. 1).
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W3MEPEHUE MNOMEPEYHbLIX MTPO®UIIEN UHTEHCUBHOCTU MOJEKYJIIPHOI'O ITYYKA

Pazmep nepBrUHOI OOYKHU IJISI 3TUX PEXKMUMOB HCTE-
yeHUs1 coctaBuia cBeiie 100 MM, yncno KnynceHna
Kng = 10 y>xe Ha MUHMMaJIBHOM U3 PACCMOTPEHHBIX
paccrosiHuii x. He3HaunTeapHOE yIIMpeHHWE MPO-
¢ug Ha paccrossHUM X = 40 MM CBUIETEIBCTBYET,
MO-BUIUMOMY, O He3aBepIICHHOM IIpOllecce pocTa
yucia Maxa.

3aBUCHUMOCTb YIIMPEHUS MOMEePEYHOTO IMpo-
(brsIs1 MOJIEKYISIPHOTO MMy4YKa HE TOJIBKO OT TeéOMEeT-
PUYECKOTO ITOJIOKEHUSI CKUMMepa OTHOCHUTEIbHO
COITIa M U39HTPOIMYESCKOTO 3HAUeHMSI yrciaa Maxa
B CTpye, HO U OT 3(P(PEeKTUBHOCTU KjacTepooodpa-
30BaHMS TIPOVJUIIOCTPUPOBAHA HA PUC. 5, TIe Mpu-
BEIEHO CpaBHEHME DPe3yJbTaTOB IJs ABYX Ia3o0B

1.2

)

[ noem

of a2 03
1.0

0.8
0.6
0.4
0.2

0.0

=20 0 20 40 60 80

Puc. 5. CpaBHeHUe pe3yJbTaTOB MpU pa3iudyHOM

cpenHeM pasmepe Kiacrepos: [ — N,, Py = 300 kIla,

x =60 mmM; 2 — Ar, P, = 100 xI1a, x = 60 mm; 3 — Ar,
P, =300 xITa, x = 60 Mmm.

B COIIOCTaBUMEIX YCJIOBUSIX HMCTeueHHus. Bo Bcex
pexkuMax MCroJIb30BaHO CBEPX3BYKOBOE cOTLIO No 2
(Tabma. 1). BeiOpaHbl peXXUMbl ¢ OIUHAKOBBIM pac-
CTOSIHUEM MEXIY KPUTUYECKMM CEUYEHUEM COoIljia
u ckuMmmepom, x = 60 mMm. [Ipu McTeyeHnn aproHa
COTIOCTaBJICHBI PEXHUMBI C Pa3IMYalOIINMUCS B
TPU pa3a JAaBICHUSIMH TOPMOXCHUS TIPU COXpaHe-
HUM (PUKCUPOBAHHOI TeMIIEpaTypbl TOPMOXEHHMSI.
CornacHo oueHke [18], cpenHuit pasmep KjiaacTte-
poB npu P, = 100 xI1a cocraBasier (N) = 60, npu
300 xITa (N) = 840. I1pu 3TOM Xe JaBIECHUU B CTpye
aszora (N) = 15. CoOoTBeTCTBEHHO, IIMPHUHA TTOTIe-
PEYHOTO MPO(PUIII THTECHCUBHOCTHU MOJICKYJISIPHOTO
Mmy4yka B CTpye a30Ta HauOOJblasi, a B aproHe Mmpu
BBICOKOM JaBJIECHUM TOPMOKEHUST — HAMMEHBIIIas.
[TonyyeHHBIE SKCIIEpUMEHTaJlbHbIE TaHHbIE
HamISITHO MJUIIOCTPUPYIOT BO3MOXHOCTDH CBSI3aTh
(GopMy M IIMPUHY PETUCTPUPYEMBIX IOIEPEUHBIX
npoduieil IIOTHOCTA MOJICKYJISIDHOTO ITydKa C
yucioM Maxa Ha BXOIHOM Cpe3e CKUMMepa.
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4. BAKJIIOYEHUE

BrimonHeHa pa3paboTKa 3KCIIEpUMEHTaIbHOI
METOIUKM U3MEPECHUSI MTHTEHCUBHOCTH B ITOTIEpEY-
HOM CEYEHHUHU MOJIEKYJISIPHOTO ITyYKa B IMOCIECKIM-
MEpHOIi CeKIIMM YCTaHOBKU. B KauecTBe nmerekropa
MHTEHCHUBHOCTHU MCIOJb30BaH BaKyyMHbII MaHO-
MeTpuueckuii natdyuk. IlpenyiokeHa M MCIbITaHA
cxeMa ydeTa BIMSIHUSI (poHOBOTO Ta3a. [lapamiens-
HasI 3aIIiCh 3HaUYeHUI (POHOBOTO JaBJICHMS B ITOCTIC-
CKIMMEPHOM CEeKIINK 00eCcTIieuria KOHTPOIMPYEeMBbIi
yueT BKJIaja (DOHOBON KOMITIOHEHTHI B ITOJIE3HBII
CUTHaJI U BBICOKYIO IOCTOBEPHOCTDH IMOJIYyYaeMBbIX
pe3yabTaToB. MoIIHast OTKayHast CCTeMa YCTAaHOBKU
MO3BOJIMJIA BBITIOJHUATH MCCIEIOBAHUS B IIMPOKOM
IaTa30He TaBIeHUI TOPMOXKEHMS C COIIAMU pa3-
HOi1 G OPMBI 1 TEOMETPUIECKHX Pa3MEPOB.

[TpuBeneHHbIE pe3yabTaThl U3MEPEHUI Tpoe-
MOHCTPUPOBAIU TMPSIMYIO 3aBUCUMOCTb (POPMBI U
MM PUHBI TIONEPEYHBIX MPOGMIeii MOJEKYISIPHOTO
MyJKa oT urcja Maxa Ha BXoIe B CKUMMED, a TaKKe
CpeIHero pasmepa KJacTepoB B YCJIOBMSX KOH-
JEHCUPYIOIINXCS CBEPX3BYKOBBIX CTPYMi. YCTaHOB-
JIeHHasl JOCTOBEPHOCTDh IOJydyaeMbIX Pe3yJIbTaTOB
MO3BOJISIET B NaJIbHEHIIIEM pellaTh BOIIPOCHI OIpe-
neneHus uynucia Maxa, a mpu 3HaHUW HarpaBJIEHHOM
CKOPOCTHU MOTOKA — ITOCTYIIaTeJIbHOI TeMIIEPaTypPhI
B MCCJIEAYEMBIX CTPYSIX.

OUHAHCHWUPOBAHUWE PABOTbI

PaGoTa BbINoJIHEHA HA YHUKAJIBHOM 000pyI0Ba-
HUU LEHTpa KOJJIEKTUBHOIO ToJjib3oBaHus “Ilpu-
KaaHas ¢uszuka” HoBocuOMpCcKoro rocyaiapcTBEeH-
HOTO YHUBEPCUTETA MPU NoaAep>kke MUHKUCTEpCTBA
o6paszoBanus u Hayku P® (rpant FSUS-2020-0039).

CITUCOK JIMTEPATYPbHI

1. Ocmepman H. // YOH. 1947. T. 32 (1). C. 89.

2. Kantrowitz A., Grey J. // Rev. Sci. Instrum. 1951.
V.22 (5). P. 328.
https://doi.org/10.1063/1.1745921

3. Kistiakowsky G.B., Slichter W.P. // Rev. Sci. Instrum.
1951. V. 22 (5). P. 333.
https://aip.scitation.org/doi/10.1063/1.1745922

4. Pamseit H. Monexkynspnbie myaku. M.: NI, 1960.

5. Advances in Chemical Physics. Vol. X. Molecular
Beams / Ed. by J. Ross. New York: Interscience, 1966.

2025



166

6.

10.

11.
12.

13.

3APBUWH u ap.

Luria K., Christen W., Even U. // J. Phys. Chem.
A. 2011. V. 115. P. 7362.
https://doi.org/10.1021/jp201342u

Kapnenko A.1O., bamypun B.A. // XKypHan HaHO- U
anekTpoHHOI ¢usuku. 2012. T. 4 (4). C. 04015.

. BiH.,Zhang Y., He Z., Zuo G., Cao B., Zhang J., Wu J.,

Cao Q., Wang X. // Vacuum. 2023. V. 214. 112228.
https://doi.org/10.1016/j.vacuum.2023.112228

. 3apsun A.E., llapagyymournos P.I. // TIMT®. 1979.

Ne 6. C. 107.

3apeun A.E., Kaasoa B.B., Xyooxcumkoe B.D. // Terno-
dusuka u aspomexanuka. 2017. T. 24 (5). C. 691.
Bossel U. // Archives of Mechanics. 1974. V. 26 (3). P. 355.
Sapeun A.E., llapagymounoe P.I. JuHamuka paspe-
KeHHBbIX Ta3oB. HoBocubupck: M3a-Bo MHcTUTyTA
rerodusuku CO AH, 1976.

Zarvin A.E., Kalyada V.V., Madirbaev V.Zh., Korobeish-
chikov N.G., Khodakov M.D., Yaskin A.S., Khudozhit-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

14.

17.

18.

kov V.E. // IEEE Transactions on Plasma Science.
2017. V. 45 (5). P. 819.
https://doi.org/10.1109/TPS.2017.2682901

Zarvin A., Yaskin A., Kalyada V., Dubrovin K. // J. Flu-
ids Eng. 2022. V. 44 (7). 071204.
https://doi.org/10.1115/1.4053372

. Zarvin A.E., Madirbaev V.Zh., Dubrovin K.A.,

Yaskin A.S. // Fluid Dynamics. 2023. V. 58 (8). P. 1668.
https://doi.org/10.1134/S0015462823602747

. Dubrovin K.A., Zarvin A.E., Kalyada V.V., Yaskin A.S.,

Dering E.D. // Vacuum. 2023. V. 218. 112652.
https://doi.org/10.1016/j.vacuum.2023.112652
Ashkenas H.Z., Sherman ES. // Proc. of the 4th RGD
Symposium. 1964. V. 2. P. 84.

Hagena O. // Z. Phys. D. Atoms, Molecules and Clus-
ters. 1987. V. 4. P. 291.
https://doi.org/10.1007/BF01436638

Ne | 2025



ITIPUBOPBI U TEXHUKA DKCIIEPUMEHTA, 2025, Ne 1, c. 167—173

JJABOPATOPHAAA
TEXHUNKA

VIIK 532.529.6

CTEH JJIAd DKCITEPUMEHTAJIBHOI'O NCCIIENOBAHUA TNHAMUNKN
OCAXAEHUA OBJAKA BUINCIIEPCHBIX KAITEJ/Ib

©2025T.

B. A. Apxumos®*, C. A. bacanaes“, H. H. 3o10Topén’,

K. I'. Ileppuisea™**, B. 1. Pomanaun’

“ Hayuonanwvusiii uccnedosamenvckuil Tomckuii eocydapcmeentblii yHugepcumem
Poccus, 634050, Tomck, npocn. Jlenuna, 36
2 b b )

* e-mail: leva@niipmm.tsu.ru

** e-mail: k.g.perfilieva@yandex.ru

IMocrynuia B pepakuuio 21.06.2024 r.
[Mocne mopabotku 25.10.2024 1.
ITpunsTa k myonmkamuu 23.11.2024 1.

HpeJICTaBI[CHI)I OIMMUCAaHUC DKCIICPUMECHTAJILHOI'O CTCHAA U ITPUMEPbI €0 IPUMCHCHUA 1JIAd UCCIICO0-
BaHUA JTUHAMUKU I'PaBUTAIMOHHOI'O OCAXXKIACHMUA obnaka 6I/II[I/IC1'[epCHI>IX Kari€jib ¢ 3aJaHHbIMU 3HaA-
YCHUAMU UX IUAaMCTPOB U HavaJIbHOM KOHICHTpAalun. OCHOBHBIM 2JIEMEHTOM CTEHJIA SIBJISICTCS opu-
TMHaJIbHOC€ YCTpOfICTBO JJIA TOJTYYCHUA K1aCcTepa KallcCjib. HOKa3aH0, 4YTO OJId YCHOBI/II)'I IIPOBEACHHDLIX
OKCIICPUMCHTOB, XapaKTCPUI3YIOIINXCA 06paSOBaHI/IeM 6I/II[I/ICHCpCHOFO obnaka Ipru OJHOBPEMEHHOM
OTPbIBEC ABYX 'OPU3OHTAJIbHLIX CJIOCB MOHOAUCIICPCHLIX KaIl€jib, HA HAYaJbHOM Y4YaCTKE OCaXICHUA
o0Jiako IBMKETCST Kak enuHoe 1einoe. Ha HEKOTOPOM paCCTOAHMU, 3aBUCALIIEM OT pa3sMEpPOB KaIlCJib,
6I/II[I/ICHepCHO€ o0Jiako pacciianBacTCAd Ha ABa KJIaCTEpa MOHOAMCIICPCHBIX KaIlCJjb, KaXIbI 13 KOTOPLbIX

JNIBUXETCS B pexXUMe “IpoayBaeMoro” obnaka.

DOI: 10.31857/50032816225010223, EDN: GHZJUQ

1. BBEAEHUE

CreHn ipemHa3HAYEH 11 UCCIENOBaHUS 3aKO-
HOMEPHOCTE! NBVKEHUsI OUIMCIEPCHOTO obiaka
Kareiab, COCTOSIIEro M3 KPYMHOMMCIEPCHON M
MEeJIKOIMCIIEpCHOM (dpakumii, Kaxknasa u3 KOTOPBIX
COIEPKUT KaIUIM OOMHAKOBOTO pasmepa. Ilomy-
yeHHe o01aKa WM KJlacTepa Kameidb ¢ KOHTPOJIM-
pyeMbIMU 3HAUYEHUSIMU UX pa3MepOB U 0ObEMHOM
KOHIIEHTpAIlMM MPEACTABISIET NHTepeC MpU TTpoBe-
JNIEHUU IKCIIePUMEHTAJbHBIX UCCIEeI0BAaHUI 3aK0-
HOMEPHOCTEe! KoaryJsiiiuu U APOOJeHUST CTaJKM-
BaloLIMXCs Karlellb pa3HbIX pa3MepoB [1], ckopocTu
HCITApEHMSI KalleJb B BEICOKOTeMIIepaTypHOil ra3o-
Boil cpene [2] u Apyrux u3nMUecKux MpoLEecCcoB,
XapaKTepU3YIOLIMX IBUXKEHIE TeTePOreHHbIX Cpeil.

OcHOBHOII 00beM MyOJUKALIUiL 10 crrocodam
M YCTPOMCTBAM MOJYy4YeHUs Kamejlb OTHOCUTCS K
ONVMHOYHBIM KaIlJisIM, ITOTOKY IIOCJIeI0BaTEIbHO
IBVDKYIINXCS Kameidb, WX 00J1aKy IOJIUINUCIIePC-
HBIX KalleJb, 00pa3yolInXcs Mpy pacTblIMBaHUU
KUAKOCTU (hOPCYHKAMU Pa3IMUYHBIX TUIOB [3—35].
PesynabraThl 3KCIepUMEHTaJIbHOIO HMCCJeI0Ba-

HUSI 3aKOHOMEPHOCTU ABUXKEHUSI OMAUCIIEPCHOIO
o0J1aKka Karleslb IMO3BOJISAT 0osiee IeTaIbHO U3YIUTh
MEXaHU3MBI OTIOEJIBHBIX 2JIEMEHTApPHBIX IIPOIEC-
COB, OLIEHUTb aJ€KBATHOCTb UCIOJb3YEMbIX IJII UX
OIMMCaHUs MoJeJieil U B KOHEUHOM CueTe MOBbICUTD
JIOCTOBEPHOCTh CO3aBaeMbIX (PM3UKO-MaTeMaThye-
CKMX MOJIeJIeil U KOMITbIOTEPHBIX IIPOrpaMM pacuera
MOMVINCIIEPCHBIX IBYX(Pa3HBIX TeueHMi [1].

B Haeii ctaTbe pacCMOTPEHBI 9KCIIEPUMEHTAJIb-
HBII CTeHJ U IPUMEPDI €TI0 TPUMEHEHMSI [JIs1 UCClie-
JOBaHUSI AMHAMUKU IPAaBUTALIMOHHOTO OCaXIEHUSI
o0y1aka OMAMCIIEPCHBIX KaIlesb ¢ 3aJaHHbIMU 3HaYe-
HUSIMU UX AMaMETPOB U HayaJbHOI KOHIIEHTPALIUU.

2. METOAUKA SKCITEPUMEHTAJIBHOT'O
NCCIEOJOBAHUA

Cxema 3KCIepUMEHTAILHOTO CTeHIAa BKIIFOYAET
YCTPOMCTBO [JIsI MOJIyYeHUS 001aKa OMAMCIIEPCHBIX
Karenb, CUCTEMY BU3yaJM3alliy Ipollecca OCaXKIe-
HUsI Karelb U 3JICKTPOHHEBIE BEChI IIJIsI OIPEaeICHUS
MX pa3Mepa BeCOBbIM MeTonoM. OCHOBHBIM 3JIeMEH -
TOM CTE€HIA SIBJISIETCSI OPUTMHAJIbHOE YCTPOMCTBO
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—1 —=F t -1 J/_
Y EE=ESESEE o
A - A
— n] (o}l (o] Ll Io] [v] [} [o] [v] i
7
h
.B— d 8 4 b -...B..__I
8/

Puc. 1. Cxema skcrniepuMeHTaJbHOM YCTAaHOBKM: [ — IBYXKaMepPHBbIN cocyl; 2 — neperoponaka; 3, 4 — UMINHApUUIECKUE

KaMmepsl; 5, 6, 9, 10 — nmatpy6ku; 7, & — Kamwisapsl; 11, 12 — OTKpBITbIE COCYIBI ¢ paboueii XXKUIKOCThIo; 13, 14 — pery-

JIUPOBOYHBIE BEHTWIH; 15 — pe3epByap; 16, 17 — aneKTpONHeBMOKJIIANaHbl; /8 — KoHTpoJuiep; 19 — GaJIoH CO CKaThIM
Bo3myxoM; 20 — penyKtop; 21 — MaHOMETpHI.

IUTSL TIOJTyYeHMS 06j1aKka OMIMCIIEPCHBIX Karelb [6],
cxema KOTOpOro MpuBeAeHa Ha puc. 1.

YcTpoiicTBO COCTOUT U3 ABYXKAaMEPHOIO Tojaa-
IOIIEro XUAKOCTh cocyna I ¢ TepMEeTUYHOM Tepe-
TOpPOAKOI 2, KoTopas OTHeNseT APYr OT Apyra
3aMKHYThIe IMIMHIPpUIECKNE KaMephl 3, 4, pacmo-
JIOKEHHBIE COOCHO OfHAa Ham apyroii. Ha BepxHUX
KpHIIIKaxX Kamep 3, 4 pacIloIoKeHbI ITaTpyoKu 5, 6
IJIs 3aIIOJTHEHUS KaMep KMAKOCThbio. Ha HuKHMX
KpbIIIKaxX Kamep 3, 4 pa3melieHbl HaOOphl Karui-
JISIpOB 7, &, nuaMeTp KOTOPHIX OMMHAKOB JJIST KaX-
JIoro 13 HabopoB. JInameTp KanuauisipoB 7 111 BEpX-
Hell Kamephl 3 O0JIbllle, YeM OUAaMETpP KaIlMLISIpOB
& nns HukHe#t kamepsl 4. Kanuansipel 7 115 Bepx-
Hell KaMephl 3 MPOXOAST Yepe3 HUKHIOW Kamepy 4
U 3arepMEeTU3MPOBaHHBIE OTBEPCTUS B €€ HYKHEM
KpblliKe. BepxHue KpwuIkyu Kamep 3, 4 CoeqnHeHbI
LIJTaHTaMu Yepes rarpyoxku 9, 10 ¢ cocynamm 11, 12,
HAIIOJIHEHHBIMM XUIKOCTBIO C OTKPHITOM CBOOO -
HOIi TTOBEepXHOCThI0. Ha coeAMHUTENbHBIX LIIJTAHTaX
pacroJioXKeHbl peryJiupoBOUYHbIe BeHTUNIU 13, /4.
IMatpyboku 5, 6 xkamep 3, 4 coeqMHEHBI C pe3epBya-
poMm 15 gyepe3 anekTpornHeBMokianansl (DI1K) 716,

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

17, ynpaBisieMble IpOrpaMMUPYEeMbIM KOHTPOJIIE -
pom [8. PezepByap 15, 3an0dHEHHbBIN XUIKOCTbIO,
coenrHeH ¢ O6amoHoM /9, comepXallluM CXaTbli
BO3AyX, uepe3 penykrop 20. B pesepByape [/7 u
Kamepax 3, 4 ycTaHOBIIEHBI MAHOMETPHI 21 1711 KOH-
TPOJISI JaBJICHUS.

B kadecTBe KanmWJUIIPOB HMCIIOJIb30BAIUCH
MEINIIMHCKAE MHBEKIIMOHHBIEC UTIIBI (MHBEKTOPHI)
¢upmbl Vogt Medical. Kaxnplii 13 HAOOpOB Karui-
JIsipoB 7, & BKJIoyas 1o 20 MaAeHTUYHBIX UHBEKTO-
poB. [n1s obpa3zoBaHusl Kallejlb MCHOJb30BaIUCh
TBUJIBHBIE CTOPOHBI MHBEKTOPOB C IIPSIMBIM CPE30M
(puc. 2). CpeaHee pacCTOSIHHE MEXIY OCSIMU COCEIl-
HUX KaMMUJUISIPOB coCTaBsio 7.0 MMm.

I[Ipn mpoBemeHWM CepUU 3KCIIEPUMEHTOB IO
HCCIeIOBAHUIO TUHAMUKM OCaXIEeHUs oOjaka
Karenb IMpeaBapuTeIbHO YAAISIN BO3MYX U3 KaMep
3, 4 1 13 HabOPOB KANMMUISIPOB 7, & IIyTeM BBITEC-
HEHUS XUIKOCTU U3 pe3epByapa 15 cxKaTbIM BO3MIY-
XoM M3 OajoHa /9 yepe3 penykTop 20. KuakocThb
rojaBajiach B KaMephl 3, 4 uepe3 natpyoku 5, 6 u
otkpbiThie DIIK 16, 17. JlaBnenue B KaMmepax 3, 4
MEIJIEHHO IOBBIIIAJIOCH 3a CUET IToAa4Yr B KaMephbl
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Puc. 2. ®ortorpadust ncxomHoro obiaka OMANCTIEPCHBIX Karelb, 00pa30BaHHBIX HA KOHIIAX KAMUJUISIPOB.

KUIKOCTU U3 cocynoB /I, 12 myTeM TJIaBHOTO
OTKPBITUSI PETYJIUPOBOUYHBIX BeHTUIel 13, 14. [1pu
NOCTVDKCHMHU 3aJaHHBIX 3HAUEHUI Mepernana aaB-
nenus Ap; (i = 1, 2) B kaxnoil u3 kamep 1oo6muBa-
JINCh 3aJaHHOTO BpeMeHM (DOPMHUPOBAHUS Kalle/lb
Ha KoHUax KanwuisgpoB 7, &. Ilepenaabl naBiaeHUA
B KaMepaX KOHTPOJUPOBAJIUCh MaHOMeTpamMu 21.
ITpu mocTUXeHUU 3adaHHOTO 3HAYE€HMSI BPEMEHU
bopmupoBaHus Kamnenb f;, U30BITOYHOE JaBJIECHUE
Ap, ynansiocs IyTeM NepekpbITUs BeHTWIel 13, 14,
COENUHSIIOINX KaMephl ¢ cocynamu 11, 12, umero-
VMM OTKPHITYIO TOBEPXHOCTh U, COOTBETCTBEHHO,
NeicTByIolIee Ha Hee aTMocdepHoe nasieHue. [1pu
3TOM B KaXXIOM U3 HAOOPOB KallWJLISIPOB 7, § Bropu-
30HTaNBHBIX TITOCKOCTIX AA 1 BB dopMupoBanuch
CJIOM IMAMETPOM d yCTOMUMBO BUCALLMX HAa KOHIIAX
KanmWUISIpOB MOHOAMCIEPCHBIX Kareb (puc. 2).
st obpazoBaHus 00J1aKa OUIUCIIEPCHBIX Kareilb
MPU OTPBIBE UX OT KOHIIOB KaNWLIIPOB 7, § co3na-
BaJIMCh UMITYJbChI JaBJI€HUS C 3aJaHHbIMU 3HAYE-
HUSIMU aMIUTATYABI P;, JNIUTENBHOCTU Af A 3a1€PXKKU
BpeMeHU At. UMnynbChl naBieHus P; mpousBonu-
JINCH 3a CUeT IMOJAaYM XMAKOCTUA U3 pe3epByapa 15
yepes DIIK 16, 17, 3agaHHbBIe ITapaMeTPhl pabOThI
KOTOPBIX JUIST Kaxkaoil u3 kamep 3, 4 ycTaHaBIUBa-
JIUCh TPOrPaMMUPYEMBIM KOHTpoOJIIepoM 16.
Buzyanuzaius npoliecca ocaxkaeHusI IIPOBOIK-
JIaCh IBYMsI CKOPOCTHBIMU BUACOKAMEepaMU MapKu
MER2-502-79U3C ¢ TeMnom cbeMKu 450 KagpoB B
CEKyH/IY, YCTAHOBJIECHHBIMU Ha pa3HBIX PACCTOSTHUSIX
oT uccaenyemoii ooaactu. OnHa U3 KaMep perucTpu-
poBasia moje cbeMKM pazmepoM 10 X 10 cm?, yTo
MO3BOJISLIO OLIEHUTH pa3Mep Karnenb. Bropas kamepa
peTUCTpUpOBaIa UCCISAYEMYIO 00JaCTh OCaXKICHUS

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne |

o0saka Karejab BbICOTOI 10 2 M U MCII0JIb30Bajlach
IJIsl OMpene/eHUss CKOPOCTU OCaXIeHUs LIeHTpa
Macc o61aka Kareiab IyTeM NOKaapoBOi 00padboTKu
Pe3y/IbTaTOB BUACOCHEMKM.

st onpenenaeHusl pa3Mepa Karejiab UCIT0JIb30-
BaJICSI BECOBOUW METONl, OCHOBAaHHBII Ha M3Mepe-
Huu Macchl M rpynibl U3 n = 100—200 uaeHTUYHBIX
Karejab, OCaXIaloluXcsl B MPUEMHYI0 €MKOCTb,
YCTaHOBJICHHYIO Ha aHAIMTUYECKMX J1TA00PaTOPHBIX
Becax Mmapku BK-150.1 ¢ nenoii nenenns 10 mr. Jlna-
METp KaIlIM PacCUMThIBAJICS IO (popmyie

D =3/6m/np,

roe m = M /n — Macca ODMHOYHOI KaIuin, P — IJIOT-
HOCTb >KMJIKOCTH.

HavanbHast oObeMHasi KOHIIEHTpALMsl Karlejlb
onpenensiach OTIENbHO IJISI TOPU30HTaJIbHOTO
cj10s AA KpyIHOIMCIIEPCHBIX KaIenb U IJIs TOpr-
30HTaJbHOrO ci10sg BB MenkomucriepcHBIX Kameib
(puc. 2) myteM pacueTta cymmapHoro oobema N = 20
Kamnesb, 00pa3yloluX CJI0i, U o0beMa clios Auame-
TpoM 32 MM U BBICOTOI, paBHOI AuaMeTpy oOpa3sy-
[OLIMX 3TOT CJION Karlelb.

Hnsa ompeneineHus auaMeTpa KallMJISpPOB,
oOecIeunBaOIINX ITOJydeHHe o0aKa KaIleldb
3aaHHOTO AuaMeTpa D, McIoib3yeTcss (opmyiia
Toaiita [7], B COOTBETCTBMU C KOTOPOU KPUTUUECKUM
YCJIOBMEM OTPhIBA KaIUIM OT KalWJLIsipa SIBJISIETCS
PaBEHCTBO CHMJI TSIXKECTU M TTIOBEPXHOCTHOI'O HaTSI-

JKEHMSI, ACHCTBYIOIIMX HA KATLUTIO:

mg =kmnod, (1)
Ine g — YCKOpeHHe CBOOONHOro maaeHus, k =
= (0.53—0.73) — xoppenupytouuii KoapUIIEHT,
YUMTBIBAIOIINIA Cy:KeHUe Tepelleiika npu odpaso-
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BaHUU Karuiy 13 Kanwuisipa [7], 0 — Koo DuimeHT
MOBEPXHOCTHOTO HATSLKEHUSI XKUIKOCTU, d — BHYT-
peHHU# (1T HeCMauyMBaIOIINX XUIKOCTEN) MU
HapYXKHBIN (711 CMauyMBAIOIINX XUIKOCTE) mua-
METp KaImujuisipa.

IToncraBnss B hopmyny (1) maccy cpepuueckoit
Karu m = pniD’ /6, moyunum hopMyJTy JUISl pacyeTa
nuraMeTpa Kanujjspa, o0ecreynBalolero mnojayye-
HUeE KaIleJb 3aJaHHOI0 IMaMeTpa:

g_PeD’ _psD®
6kc 3.60

HuameTp Kalledb B 00JakKe OMIMCIEpPCHBIX
Kareb MOXKHO BapbUPOBATH ITyTeM MCITOJIb30BaHUS
CMEHHBIX KalWUISIPOB pa3HOTO AMaMeTpa, a TakxkKe
n3MeHeHueM Kod(@UIIMeHTa TOBEPXHOCTHOTO
HATSKEHUS O 33 CUET BBEICHUS ITOBEPXHOCTHO-aK-
THBHOI'O BEILIIECTBA B UCCIICAYEMYIO XXKUIKOCTD.

Jlnst ompeneneHust 3HadYeHUM Ap; npenBapu-
TEJbHO MPOBEAEM pacyeT MacCOBOTO CEKYHIHOTO
pacxona xuakoctu G, 06ecreynBaloIiero 3aqaHHoe
BpeMsl 00pa30BaHMs Karleb f:

G=m1,, 2

Bpems oOGpa3oBaHus Kanejb Ha KOHIIAX Kallui-
JpoB £, = 50 ¢ BBIOMPAJIOCH U3 YCIOBUS OTCYTCTBUS
BO3MYIIAIOIIMX BO3AEVCTBUI HA KATUTIO TIPU €€ MEJI -
JICHHOM 00pa30BaHUU MPU NOCTYIUIEHUH XXKUIKOCTU
u3 Kanuusipa [7]. Ilpu Takux 3HaUeHUSIX BpeMEeHU
00pa3oBaHMsI OTKJIOHEHUE U3MEPEHHOTO IraMeTpa
oOpa3syloleiicsl Karii OT pacCUMTaHHOIO 1o (op-
Mmysie Taiita He npesbimaeT 0.5%.

Hns KanusuisipoB MaJIoro TMaMeTpa Ipu JaMU-
HapHOM pexXHuMe TeYeHUSI OObEMHBIN CeKYHIHBII
pacxon BSI3KOI XKMIKOCTU Yepe3 KalujuIsIp OIpene-
Jgercd (popmynoii Iyazeiins [8]

0- ' Ap
8ul
IIe ¥ — BHYTPEHHUI paanyc Karmuisipa, Ap — mepe-
naj JaBjeHUsl Ha Kamujuisipe, U — KO3 @ULIUeHT
JIUHAMUYECKON BSI3KOCTU XXUIKOCTHU, [ — IOJIUHA
Kanusuisipa.

MaccoBblii CEKYHIHBIM pacxon ompeaensercs

dopmynoit
G=pQ=p™ 2P
8u/

Bripaxast paguyc Kanuspa r 4yepe3 ILIoaab
ero TornepevHoro cedeHus S = mr?, dopmyny (3)
MOXHO MPEICTaBUTh B BUJIE

S°Ap
G=P> 2P
Snul

3)

C))
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M3 dpopmyibl (4) mostydaeTcs clieayoliee COOTHO-
HIeHUE JUISl OpeeeHUsT HeOOXOAMMBIX 3HaYEHU I
nepenazna nasiaeHus Ap; (i = 1, 2), obecneunBaromx
MOJIydeHUE Kaleilb C 3aJaHHbBIMKA 3HAYCHUSIMU UX
Macchl (WM pa3Mepa) yepes KalluUISIPhl C TeOMET-
PUYECKUMU XapaKTepucTukamu S;, /;:

1
— i —
S N C

CooTHolEeHUs1 1Sl ONpeneeHusT aMIUTUTYAbI
P >10Ap, wn nnurensHocTH At = 70 MC MMITYJ/b-
COB JaBJIEHUA JJIS1 KaXIOW M3 KaMep MOJIyYeHBI 110
pesysibraTaM 3KCIEPUMEHTOB C BapbUPOBAHUEM
3TUX BEJIMYUH, OHU COOTBETCTBYIOT YCJIIOBUIO OTHO-
BPEMEHHOI0 CTaOMJIBHOTO OTpBIBA BCEX Kalleslb B
KaXJI0M 13 HA0OpOB KaNWJLISIPOB.

B 1aGopaTopHBIX MCCIEe10BaHUSIX B PSIIE CIyYaeB
HEOO0XOAMMO PACCMOTPETh B3aUMO/IEICTBHE U UCTIa-
peHue Karesb B 00JIake Ha 3aJaHHOM PacCTOSIHUU
x* or Havyasa ocaxneHus. [TockonbKy KpynHonuc-
rnepcHast ppakuus Kamejib OMepexaeT MeJIKOIUC-
MepcHyo, sl obecriedeHust obpa3oBaHus OUIKC-
TEPCHOro 00J1aka B 3ajaHHOM TOUKeE X™* HEOOXOIUMO
KPYIHOAMCIIEPCHBIE KaIlJIM COPAChIBaTh C 3a1€PXK-
KOIi BpeMEeHU AT 11O OTHOLLEHUIO K MEJIKOAUCIIEPC-
HbIM. 11 ompeneneHusl 3alepXKU BpeMeHU At
paccMOTPUM IMHAMUKY OCaXIEHUS Kareslb Pa3HbIX
pa3MepoB.

[IpenBaputenbHO ompeneasieM 3aBUCUMOCTH
NPONIEHHOTIO PACCTOAHUA X OT BPEMEHU T I
3alaHHBIX 3HAa4eHUI AuaMeTpoB Kanenb D, u D,:

x=f(1), x = /(7). (6)
DTU 3aBUCUMOCTU OIPEIEISINCh YNCICHHBIM
pellleHreM ypaBHEHMSI TPABUTALIMOHHOTO OCaXIe-
HUS OOMHOYHOI KaIlId ¢ 3aJaHHBIMU 3aBUCUMO-
cTIMU K03GULIMEHTA COITPOTUBIICHUS TSI Pa3HBIX
PEKUMOB OCaXKIeHUsT (CTOKCOBCKMIA, IIPOMEXKYTOU -
HbBI 1 aBTOMOJENIbHBIN) [9].
M3 cooTHoteHuii (6) HaxoaquM odpaTHbie HYHK-

LUU:

T=0,(0)=/"(x), t=0,(0)=/"(x), (7
OTpENENSIOIIME 3aBUCUMOCTb BDEMEHU OCAXAEHNUS
Karnenb ¢ fuamerpamu D,, D, OoT npoiineHHoro pac-
cTosiHMSI. B kauecTBe mpuMepa paccCMOTPUM OCaxie-
HUe OMAKMCIIEPCHOro obJlaka Karmeib ¢ AuaMeTpamMu
D,=5mmu D,=1wmm, paduku T=0,(x), T=0@,(Xx)
IJ1S1 KOTOPBIX MPEACTAaBIEHbI Ha puc. 3.

ITo 3amanHOMY 3HaYeHMIO X*, HampuMep x* =
= 2.0 M, HaxoanM 13 TpadrKoB (cM. puc. 3) BpeMeHa
T, = 0.64 ¢, 1, = 0.69 ¢ MPOXOXICHUSIMU KaATUIIMU
auametpoM D,, D, pacctogHus x* + A 1 x* cOOTBeT-
CTBEHHO.

(&)

Ne | 2025



CTEHJ AJ1d SKCITEPUMEHTAJIbBHOT'O UCCIIEJOBAHUA ANHAMMWKHN OCAXKIEHUA 171

0 T T
0 1 2 3 XM
X

Puc. 3.3aBrcHMOCTH BpeMEHN TPaBUTAILIMOHHOTO OCaX-
JEeHUs Karelb pa3sHOTO THaMeTpa OT PONIEHHOTO pac-
crostus (D, = 5.0 MM, D, = 1.0 Mmm).

3amepKKy BpeMeHU AT MexXay UMITyJIbcaMU JaB-
JICHUSI B KaMepax ompeaeisieM 10 COOTHOILIEHUIO

At=1,— 1, =@,(x*) —@,(x* + h) =0.69 — 0.64 =
=0.05 ¢ =50 Mmc.

B skcriepyMeHTax pacCTOSIHUE MEXIY CIOSIMU
Kamnenb (puc. 2) coctaBisio h = 14.4 mm.

3. PESVJIBTATBI UCCIIELOBAHUA

C oMoIIIbI0 PACCMOTPEHHOIO CTeHAA ITPOBeeHa
cepusi SKCIIEPUMEHTOB IO UCCISI0BAHUIO TMHAMUKHU
ocaxkaeHMs o0JaKa OMAMCIIEPCHBIX Kamelb TUCTUI-
JMpoBaHHOI Bombl. PU3NUECKNEe CBOMCTBA BOIBI,
HeoOXxoAMMBble IJIST pacueTa XapakKTepUCTUK obJiaka
Kareab, NpuBeneHbl B Ta6a. 1. s mojayyeHus
Karejb KOHTPOJMPYEMbIX pa3MepOB MCII0JIb30Ba-
JINCh UHBEKLIMOHHBIE UMbl (MHBEKTOPHI 16G, 18G,
21G), oCHOBHBIE pa3Mephbl KOTOPHBIX (BHYTPEHHU 1
HapyXHbII AMaMETpPhI, IJMHA) IPUBEICHBI B TA0JI. 2.
B T1abn. 2 npuBeneHbl TakKe U3MEPEHHbIE BECOBbIM
METOAOM JMaMETPhl 00pa3yIOLIMXCS Karlesb.

Taommma 1. dusnyeckye cBOCTBA TUCTUIIJIMPOBAHHOMN
Bonpel mpu 7=293 K

p, K/’

998

ITapametp u, IMa - ¢

1.002-107°

o, H/™m
72.28-1073

3HayeHnEe

Tab6um. 2. XapakKTeprCTUKN MHBEKTOPOB M M3MEPCHHBIC
BECOBBIM METOIOM IMAMETPhI 00Pa3yIOIIMXCS Karelb, MM

WNuvexrop | d, d, [ D
16 G 1.19 1.65 40 3.66 £0.04
18 G 0.84 1.27 40 3.20 £ 0.03
21G 0.51 0.82 40 2.88 +0.01
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Ha puc. 4a npencraBieHa KauyeCcTBEHHas1 Kap-
TMHA TPaBUTALIMOHHOIO OcaxAeHUs o0JlaKka Ouauc-
MEePCHBIX Kaneab ¢ guamerpamu D, = 3.7 MM u
D, = 2.9 mm, nonyyeHHasi BUIEOCHEMKON MEPBOM
BUIIEOKaMepOii, PacIIONOXEHHO BOJIM3U MCCIIE-
nyeMoii oOyacTH, C IOJieM CBhEMKH pasMepoM
10 x 10 cm?. Ha puc. 46 npencrapieHa KauecTBEH-
Hasl KapTUHA TPaBUTALIMOHHOTIO OCaXIEeHUST ob1aKa
OMINCIIEPCHBIX Karenb, 0ojiee OJIM3KUX 10 pa3Mepy
(D, = 3.7 MM u D, = 3.2 MM), TIOJIy4YEHHAas1 BUAEO-
ChbEMKOI BTOpPOII BMIAEOKAMEPOM, pEeTUCTPUPYIO-
IIei1 BCIO MCCIIemyeMylo 00J1acTh OCaxkIeHUsT o0Iaka
Karesb BBICOTOM 0 2 M.

M3 nmpuBeaeHHBIX Ha puc. 4 BUACOKAAPOB Clie-
IyeT, 4TO JJIS1 KaXKI0Io M3 paCCMOTPEHHBIX B MPO-
lecce IpaBUTAlIMOHHOTO OCaXIeHMs 00J1aKOB
OMIOMCIIEPCHBIX KalleJlb HaOJI0MaloTCsI IBE OCHOB-
HBIE CTamuu 3Boonuu: | — oOpa3oBaHUE U JIBH-

(a) 1
0 o
Qmﬁ = ¢,f'

v=1.5cm x=hlem

x=6.0cm

Puc. 4. KauecTBeHHas1 KapTMHA T'PaBUTALIMOHHOTO

ocaxIeHus objiaka OMAMCIIEPCHBIX KalleJlb C JhuaMeT-

pamu D, = 3.7 mm, D, = 2.9 MM (a) u D, = 3.7 MM,

D, = 3.2 MM (0) Ha pa3HBIX PACCTOSTHUSX X OT TUIOCKOCTH

BB: cranusa I — obpazoBaHue obyiaka OUAMCTIEPCHBIX

Kamnesb; cranust /1 — paccioeHue objaka Ha JBa KjaacTte-
pa MOHOAMCIEPCHBIX Kareb.
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>KeHUe o0J1aKka OMAMCIIEPCHBIX Karelb Kak eIUHOI0
uenoro; /I — paccioeHue objiaka Ha JBa KjaacTepa
MOHOJUCIIEPCHBIX Kanenb. [ ob1aka ongucnepc-
HBIX Kamejlb CO 3HAaYMTEJIbHO pPa3JIMYarolIMMUCS
auamerpamu D, = 3.7 mm u D, = 2.9 MM paccioe-
HUe 00JIaKa Ha IBa KJIacTepa IIPOXOINT Ha MEHBIIEM
paccTOSTHUU, YeM I o0yiaka ¢ OJIM3KUMU pa3Me-
pamMu Kamfeb.

Ha puc. 4a cranusg I coxpaHsieTcsl Ha pacCTosI-
HUM X = 1.5 CM OT IUIOCKOCTU HUXKHETO CJI0s1 Karesb
(rutockocth BB Ha puc. 2), a cranus /1 — Ha paccTo-
sHuM x = 5.0 cM. [I1st obs1aka OuancrnepCcHbIX Karelb
¢ nuamerpamu D, = 3.7 Mm u D, = 3.2 mm (puc. 40)
cranus I coxpaHsercsa Ha paccTtogsHuu x = 8.0 cMm,
a paccioeHue obyaka kKanenb (ctagus //) Habmona-
eTcst Ha paccTostHuM x = 60.0 cM.

B mpouecce skcnepuMeHTOB Hapsay C aHaIu-
30M Ka4eCTBEHHOII KapTUHBI IIPOIecca OCaXKICHUS
M3MEPSUTCh CKOPOCTH OCaXKACHUSI IIEHTpa Macc
HayaJbHOro OMIMCIIEpCHOro objlaka Kareib U LeH-
TPOB MacC KaXJI0To M3 KJIaCTePOB MOHOMMCIIEPC-
HBIX Kamenb. [Ipu mpoBeaeHNU 3KCIIEPUMEHTOB
peaNn30BBIBAJICS PEXKUM OTJHOBPEMEHHOI'O OTPBIBA
Kaxaoro 13 HabopoB Kalleb OT KanuuistpoB. CKo-
POCTb OcakIeHUsI OTIpeaesisiach OKaIpoBoii odpa-
0OTKOI pe3yJbTaTOB BUAEOCHEMKU C IMOMOIIbIO
nporpaMmmbl Corel DRAW ¢ morpemHocTbio 0K0JIo
4 %. Ha puc. 5 npencraBieHbl TpadUKU 3aBUCH-

o MC
] s @
44 ; @@ ® @
3 ® @®
1 O] 8]
® OD
-i_ &) O L
] > Oda N4
21 e
1 o
| 4
a v T T T T
0.0 0.5 1.0 X, M

Puc. 5. 3aBUCUMOCTU CKOPOCTH OCaXIEeHUS KiIacTepa
OuaMCIepCHBIX Kaneab ¢ fuaMmerpamu D, = 3.7 MM,
D, = 2.9 mm or npoiineHHoro paccroguus x: O — us-
MepeHHBbIE 3HaYEHMS [IJIs1 KJIacTepa KPYITHOAUCIIEPCHBIX
kanesnb (D, = 3.7 MM); 0 — U3MEepEHHbIE 3HAYEHUS 15
KJ1acTepa MeJKOAMCIEPCHbIX Kamnenb (D, = 2.9 mm);
1, 2 — paccuyuTaHHbIE 3aBUCUMOCTH u(X) IUIST OMUHOY-
HBIX KarieJb auameTpom 3.7 u 2.9 MM COOTBETCTBEHHO.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

APXUTIOB u np.

MOCTH U3MEPEHHOM CKOPOCTH OCaXXICHUS LIeHTpa
Macc obJiaka OUIMCIEPCHBIX Karenb ¢ AuaMeTpaMu
D, =3.7mvmu D, = 2.9 MM OT nIpoiiieHHOTO pac-
crostHus x. Ha aToM ke pucyHKe IIpuBeIeHbI aHa-
JIOTUYHBIE TpaUKU IJId OCaXKIEHUS OTMHOYHBIX
Karelb, ITOJIyYeHHBIC YMCJICHHBIM pellleHeM YpaB-
HEHUS OCaKIeHUsI OMMHOYHON KaIlJIM TMaMETPOM
3.7 Mm 1 2.9 MM [9]. I3 rpadhuKOB cienyeT, 4To Ha
HavyaJbHOM IIPOMEXYTKE BpeMEHU KaIlIU JIBUXKYTCS
C OIMHAKOBOII CKOPOCTHIO, a 3aTeM II0CJIe pacciioe-
HUs 00J1aKa KalleJIb Ha IBa KJIacTepa MOHOIMCIIEPC-
HBIX KaIleJIb KaXKIblil U3 3THX KJIACTEPOB IBIKETCS
CO CKOPOCTBIO, COOTBETCTBYIOIIIECI CKOPOCTU OCaXK-
JIeHUsI OMMHOYHOM Kariu Toro xe padmepa. OTKII0-
HEeHME PacCUMTAaHHBIX 3HAYEHUII CKOPOCTU OIMU-
HOYHOI KaIlIM OT U3MEPEHHOM CKOPOCTU LIEHTpa
Macc Kjiactepa He mpeBblinaeT 2%. AHaIOTUYHbIE
3aBUCUMOCTH TIOJIYYeHBI JUISl OCaXIeHUsl KaacTepa
C HaYaJIbHBIMU AuaMeTpaMu Karenab D, = 3.7 MM,
D, =3.2 MM (puc. 6).

7151 mpoBeneHHBIX SKCIIEPUMEHTOB PacCUUTHIBA -
JINCh 3HAYEHUS HavyaJbHOM KOHIIEHTPALIMU KaIlellb
IUIST KaXXIO0ro 13 HabopoB KanmuyuisipoB. HauanbHas
00BbeMHasI KOHILIEHTPALKS PacCYMTHIBAIACh IO pop-
myne Cyy = V5 /V, tae Vy= (D’ /6)N — cymmapHbiii
00beM Kariesib, BXOISIIMX B KaXKAbIii MOHOIUCIIEPC-
HBIi Ky1actep, a V' = D(ntd?/4) — HauanbHbIl 06beM
MoHonucnepcHoro kinacrepa. [Ipu N =20, d, = 32 mm

0 T T
0.0 0.5 1.0

Puc. 6. 3aBUCUMOCTU CKOPOCTHU OCaXKICHMS KiIacTepa
OuaKMCcIepCHBIX Kamneab ¢ fuaMmerpamMu D, = 3.7 MM,
D, = 3.2 MM ot npoiinenHoro paccroauus x: O — us-
MepeHHBIE 3HaYEHMS IS KJIacTepa KPYIMHOAUCIIEPCHBIX
kanesnb (D, = 3.7 MM); 0 — U3MEepEHHbIE 3HAYEHUS 15
KJ1acTepa MeJKOAMCIEPCHbIX Kamnenb (D, = 3.2 MMm);
1, 2 — paccuuTaHHbIEe 3aBUCUMOCTHU u(X) 1JIsl OMUHOY-
HBIX Karejb auameTpom 3.7 u 3.2 MM COOTBETCTBEHHO.
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3HAYeHMs] HayaJIbHON OOBEMHOI KOHLIEHTpalUUKu
cocrasistim Cy = 0.18 g D, = 3.7 mm, Cp; = 0.13
g D, =32mmu Cyy = 0.11 pna D, = 2.9 mm.

W3 aHanu3a BUAEOKAIPOB MPOLIECca OCaKIEHUS
obJiaka ciiefyeT, YTO HayalbHasl 00beMHasi KOHLEH-
TpauMs Kamejlb pPe3Ko MagaeT NMpu oOpa3zoBaHUU
OuaMcrepcHOro o6jaaka B Kax10M U3 MOHOAMCIEPC-
HbIX KjacTepoB a0 3HaueHuit C,~ 0.02, yto cooT-
BETCTBYET OCAXKIEHMIO B PEXKMME “TIPOLYyBaeMOro”
obmaka [10] m cormacyercsd ¢ pesyabratamMu [9],
MOJIY4EHHBIMU JJIS1 OCAXAEHUSI MOHOAMCIIEPCHOTO
KJIacTepa Karelb.

4. BAKJIIOYEHUE

Ha ocHOBe moyd4eHHBIX 3KCIIepUMEHTAIbHBIX
JAHHBIX MOXXHO CHENIaTh CJICHYIOIINE BEIBOIBI.

1. ITpennioxxeH HOBBII CITOCOO MOJTyYeHUs o01aKa
OMIMCIIEPCHBIX Kamedb ¢ 3aJaHHbIMUA 3HAYEHUSIMU
HavajabHOW O0OBEMHOM KOHIEHTpAIlUU U pa3Mepa
KPYIMHOIUCHEPCHOM 1 MEJIKOAUCIIEPCHOM (DpaKiImid.

2. PazpaboraH cTeH] [Jisl MCClieoBaHUS Kaue-
CTBEHHOI KAPTUHBI M TMHAMUKK IPaBUTALIMIOHHOTO
ocaxkIeHMsT OMOUCIIEpCHOIO o0jaKa Kareidb IpU
BapbUpPOBaHUU XapaKTEPUCTUK KaxKIoi U3 (ppak-
LIMil 1 BpeMEHM 3alepKKU OTphbIBa Kallelb AT OT
KanuUIsIpOB KPYITHOAUCIIEPCHOM (ppaKIIuK OT M-
KOIMCIIEPCHOM.

3. IIpoBeneHa olieHKa 3HauYeHUs AT, obecrneym-
BAaMOIIETO B3aUMOACUCTBUE KPYITHOOUCIIEPCHBIX 1
MEJIKOIMCIIEPCHBIX (DpaKLMit Ha 3aJaHHOM PaccTo-
SIHUM OT TOYKU OTPbIBa Kallejb B 3aBUCUMOCTHU OT
pa3MepoB BXOMSIIMX B 00JIAKO KaIlesb.

4. Iloka3aHo, YTO IJISI YCJIOBUII IIPOBEICHHBIX
SKCIIEPMMEHTOB, XapaKTepU3YIOIIMXCsI 00pa3oBa-
HUeM OUANCIIEPCHOro o61aKka IMpyu OAHOBPEMEHHOM
OTPbIBE ABYX TOPU30HTAIbHBIX CJIOEB MOHOIMCIIEPC-
HBIX Kalejb, Ha HavyaJbHOM Y4YacTKe OCaxKIEHMUS
00J1aKo OIBUXETC KakK eauHoe 1eiaoe. Ha HekoTo-
POM paCCTOSIHUM, 3aBUCSIIEM OT pa3MepOB Kalleb,
ouarcriepcHOe 00JIaKo paccianBaeTcsd Ha IBa Kiia-
cTepa MOHOAVCIIEPCHBIX Kallelb, KaXIbIii 13 KOTO-
PBIX IBUKETCS B peKMMe “IpoayBaeMoro” oodiaka.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1
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OnucaHa KOHCTPYKIIMSI YCTAHOBKM, MPeIHA3HAYEHHOM TS UCCIeNOBaHUsI OCOOEHHOCTE! B3auMone -
CTBUSI BUXPEBBIX TEUEHU i, TEHEPUPYEMBIX KaTUJUISPHO-TPABUTALIMOHHBIMU BOJTHAMU HA MOBEPXHOCTU
xuakoro renus “He B HOpMaJIbHOM U CBEPXTEKYYEM COCTOSIHUSAX, C MHKEKTUPOBAHHBIMU 3apsIaMHU.
[TpuBeneH nmpumep pe3yJbTaTOB U3yYEHUS BIUSHUS MOPOXKIAEMbIX BOJITHAMU BUXPEBBIX TEUEHUI B clloe
cBepxtekydero reiaus He-1I mybuHoii 2.5 cm npu temnepatypax 7 > 1.5 K Ha pacrnipenesieHre TOKOB
OTPULIATEIbHBIX NOHOB MO AT CETMEHTaM MOTPYXKEHHOTO B XXUAKOCTh MPUEMHOTO KOJIJIEKTOPA.

DOI: 10.31857/50032816225010231, EDN: GHZRNR

1. BBEAEHUE

H3sBectHO (cM., Hampumep, [1—8]), 9To MHXKeEK-
TUPOBaHHBI B xkuakuii “He cBOGOIHBII 37€KTPOH
JIOKAJIM3yeTcsl B 00beMe XUAKOCTU B BaKyyMHOI
MOJIOCTU — 3JIEKTPOHHOM IIY3BIPbKE PaguycoM
okoJ10 17 A Tipy aBIeHUM HACHILIIEHHBIX TTAPOB. DTH
OTpHUIIATEJIFHO 3apsKeHHbIE HAHOYACTUIIBI (OTPU-
LaTeIbHbBIE MOHBI) MOXHO ITOIBITATHCS MCIIOIb30-
BaTb B Ka4eCTBE MPOOHBIX YACTUILl MPU U3YYCHUU
He TOJIbKO KJIaCCUUYeCKOIi, HO U KBAHTOBOI TypOy-
JICHTHOCTU, MOPOXIaeMON HeTMHEHHBIMU KaIluJ-
JIIPHBIMU BOJTHaMU Ha IMTOBEPXHOCTHU CBEPXTEKYUeTo
He-II(xBanToBoii 603e-xunkoct |3, 7, 9, 10—13]).

Kak Obulo moka3zaHo paHee (CM., Hallpu-
Mmep, [3, 4]), npu Bo30yXIeHUU KBAHTOBBIX BUXpEi
B cBepxTekyuyem He-1I, oxnaxaeHHOM HUXE TeM-
nepatypsbl 1.0 K, oTpuuatenbHble MOHBI JOKaIU-
3yI0TCSI BOJIM3U KOpa BUXPs. DHEPIrus CBI3U 3JeK-
TPOHHOTO My3bIpbKa C BUXPEBOI HUTHIO (I1yOMHA
noteHuuanpHoi smbl U,) cocrasisier U, = 50 K,
U B CIa0bIX 2JAEKTPUUYECKUX MOJISIX HANPSKEHHO-
cthio £ < 30 B/cM MOXHO HaOomaTh IBUXKEHUE
B XUAKOCTU 3apsIKEHHBIX KIYOKOB KBaHTOBBIX
Buxpeii. C nmoBeilieHueM Temmeparypbl He-1I mo

1.65 K sHeprus cBSI3M OTpULIATEIbHBIX MOHOB C
KBAaHTOBBIMU BUXPSIMM CHavalia MJIaBHO YMEHbIIIA-
eTCsl B HECKOJIbKO pa3, a 3aTeM Pe3KO MaaaeT B y3KOM
uHTepBayne temmneparyp 1.65—1.70 K, tak uro npu
Temreparypax Bbiite 1.7 K sueprus cesisu U, <2 K
1 OTpHULIATEebHbIE UOHbI, KOTOPbIE ABUXXYTCS B 00b-
eme He-II non BiusiHMEM MPUIOKEHHOIO JIEKTPU-
YEeCKOTro IT0JisI, MPakKTUYECKU HE 3aXBaThIBAIOTCS
KBAHTOBBIMY BUXPSIMMU.

B pabote [14] Obl10 MOKa3aHO, UTO HEJIUHETi-
HOE B3aMMOJAEHCTBUE MEXIY HEeKOJUIMHEapHbIMU
KAlMWIJSPHBIMU BOJIHAMU, PACIPOCTPAHSIOLIM-
MUCS Ha TIOBEPXHOCTU CJI0S1 XKMIKOCTHU, IIPUBOIUT K
reHepauuu BUXPEBOro TEYEHMS MO/ MTOBEPXHOCTHIO
cJiost. Mbl BOCIOJIb30BAJIMCh METOAUKOM, ONKUCAH-
HOI B BTOI cTaThe, IJIS1 BO3OYXKACHMS BUXPEBBIX
TeYeHUI Ha MOBEPXHOCTHU CJIOS Telusl KaK B HOP-
MmanbHOM He-I, Tak u B cBepxTekyuem He-II cocro-
aauax [15—18].

Bo BTOpOM pasaeiie onvcaHa KOHCTPYKIHUS yCTa-
HOBKM, ITpeAHa3HAaYeHHO 17151 U3y4eHUsI 0COOEHHO-
CTeli B3aUMOJEUCTBUSI BUXPEBBIX TEUEHUM, TEHEPHU -
pyeMBbIX KalWUISIPHO-TPpaBUTAllMOHHBIMU BOJIHAMU
Ha MoBepxHOCTU Xuakoro *He, ¢ MHKEKTUPOBaH-
HBIMM 3apsgamMu. Tam ke IpuBEIcHAa METOAMKA
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u3MepeHuii. B TpeTbeM paszsiene moxkaszaH oauH U3
pPe3y/IBTaTOB TECTOBBIX UCITBITAHUI pabOTOCIIOCO0-
HOCTHU ycTaHOBKHU. B 3akjoueHuM KpaTko IoaBe-
JEHBI UTOTU IIPOJEIaHHOM PabOTHI.

2. KOHCTPYKLIHNA YCTAHOBKHA
U METOJIMKA UBMEPEHUN

CxeMa pa3MellleH1s OCHOBHBIX Y3JI0B YCTAaHOBKU
B 00beMe BaKyyMHOI ITOJIOCTH ONTUYECKOTO KPUO-
cTaTa mpuBeleHa Ha puc. la. Pssmom mokaszaHa
(ororpadus MeTaIIMIECCKOTO I'eIMEBOr0 KpUO-
crara [16], cHaGXKEHHOTO TJIOCKUMU ONTUYECKUMU
OKHaMM M3 KBapleBoro crekna 7 (puc. 16). Bep-
TUKAJIbHO OPUEHTUPOBAHHBIA LWJIUHIPUYECKUMI
KOHTelHep I, B KOTOPOM pacIiojioXeHa paboyast
sT9eiika, KpelmuTcsl Ha YeThIPeX MEIHBIX XJIagoIpo-
Bomax 6 (cM. puc. la) B BAKYYMHOM MOJIOCTH KPHUO-
crara. KoHrteitHep / OKpYXeH XOJIOIHBIM MeIHBIM
SKpaHOM 5, MPUKPEIUIIEMbIM K METHOMY KOJIbIY Ha
JIHE reieBoii BaHHBI KprocTarta. 'eniueBblit 5KpaH
OKpPYKEH a30THBIM 2KPaHOM 4, KOTOPBIA KPEIUTCS
Ha CTeHKaxX a30THOM BaHHBI KpuocTtaTa. [lmockue
KBaplieBble OKHA, YCTAHOBJICHHBIC HA a30THOM M
TeJIMEBOM BKpaHaX, M HapyKHbIE BAaKYYMHO-TIJIOT-
HbIe OKHA 7, KOTOpBIe KPEeNWJINCh Ha HUJIUHAPUYE-
CKUX BBIHOCHBIX TYOycax, MpUBapeHHbIX K 00evaiike
KkpuocraTta (7 Ha puc. 10), ITO3BOJISIIOT CAEAUTH 3a
JBUXXEHUEM YPOBHSI XKUIKOTO rejivsi B oobeMe padbo-
4el TYCUKU.

(a)
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Metoauka perucTpaluy BOJH, BO30YKAaeMbIX
KOJIEOJIIOIIUMUCS TNIOCKMMU BOJHOTIPOAYKTOpaMU
Ha TIOBEPXHOCTHU CJIOS Tejusl B paboueil sueiike,
noapoOHO omnucaHa B padote [17]. HanpaBieHHBI
Ha MTOBEPXHOCTD CJIOST XKUAKOCTHU JIa3€PHBII JIyd OT
PacmosIoKeHHOTO CHapyy MCTOYHMKA cBeTa 9 Ha
puc. 1a, oTpaxascst OT CBOOOIHOI TOBEPXHOCTHU CJTOST
U Morianajg Ha oNnTu4YeckKuili natyuk /0 Ha puc. la,
BBIXOJ KOTOPOTO OBLI MOACOCIMHEH K Hapy>XKHOM
KOMIIBIOTEPU3MPOBAHHOM CUCTEME PETUCTpAIliU 1
00paboTKM pe3yabraToB uamepeHuii. [1o amruryne
KoJiebaHUIt OTPaxkeHHOTO JIyda MOXHO ObLIO CYIUTh
00 aMIIuTyae KojiebaHUii BOJIH, BO30YKAaeMbIX Ha
TMOBEPXHOCTHU KUIKOCTH.

KoHcTpykuust paboueit ssyeiiku, kotopast pas-
MellleHa BHYTPU BEPTUKAJIbHO OPUEHTHUPOBAH-
HOTO IWJIMHIPUYECKOIrO KOHTEeIHEepa, MoKa3aHa Ha
puc. 2B. I3roToBlIeHHBbII U3 HEpXKaBeIolIel CTaIn
KOHTeiHep [/ BHYTpeHHUM auameTpom 150 MM u
BeicoToi 100 MM (TONIIMHA CTEHOK 3 MM) CHa0-
JKE€H MPYDKMMHBIM IIPO3pauyHbIM BEPXHUM OKHOM 2
TOJIIMHOM 3 MM, M3rOTOBJIEHHBIM U3 IUIABJICHOTO
kBapua. /li1g BaKyyMHO-IUIOTHOTO COSOMHEHMUS
KBapILEeBOTO OKHa 2 ¢ BEpXHUM (pIaHIIeM KOHTEi-
Hepa, a TakKe MPYKMMHOTO MEIHOTO AucKa 3 ¢ HK-
HUM (h1aHIIeM, KaK 1 OKOH 7Ha puc. 2a, UCMOJIb30Ba-
JINCh TUIACTUYHBIE UHAMEBbIE Koleuku. KoHTeliHep
OKpYKEH XOJOTHBIM 3KpaHoM (cM. puc. la) 1 coe-
IUHEH C ITHOM TeJINeBOM BaHHBI KPUOCTATa C IIOMO-

(6)

-1
"
I

Puc. 1. a — Cxema KpMOTEHHOIT YacTU YCTAHOBKU: [ — IIWIMHIPUIECKUI KOHTeiHep, 2 — reiueBast BAHHA KPUOCTATa,

3 — a30THas BaHHA, 4 — a30THBIN 2KpaH, 5 — TeIUeBbIi dKpaH, 6 — METHBIE XTaJOTIPOBObI, 7 — KBAapLIEBbIE ONTUIECKUE

OKHa, & — THO TreaneBOii BaHHBI KpUocTarta, 9 — renueBblit 1a3ep, 10 — MOTynmpoOBOIHUKOBEIN GomomeTp; 6 — doTorpadust
KpUoCTarTa.
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B0 YEThIPEX METHBIX CTEPKHEI, KOTOPBIE CITYKIIIA
OTHOBPEMEHHO XJ1aI0MPOBOIAMMU.

Ta3006pa3Hblii “He KOHIEHCUPOBAICs B KOHTE -
HEp M3 HApy>KHOTO TPAHCIIOPTHOTO cocyna Jpoapa
yepes Kalmuisip Habopa (Ha puc. 2B YKa3aHO MECTO
BBOJA KaIluJulsipa B KOHTEIHEP), KOTOPHBIM MPOXO-
JIAJT TIPEIBAPUTEIILHO Yepe3 TeIUEeBYI0 BaHHY KpH-
ocTaTa 1 ObLI CHAOXEH MEJKOIMOPUCTHIM MEIHbIM
(bUIBTPOM IIJ1s IPEIOTBpaIlleHUS ITOTaTaHMs ITOCTO-
POHHUX TBEPAbIX B3Becell B 00beM ssueiiku. Habop
KUAKOCTH IIPOBOIWIN IO TeX IIOp, ITOKa MOBEPX-
HOCTb XUAIKOCTU HEe JOCTHUTaJIa Kpass OOKOBBIX I'pa-
Hell sTyeiiku (YpOBEHbB KUIKOCTH PErUCTPUPOBAJICS
¢ TouHocThlo nopsiaka 0.1 mm). Temnepatypa kuua-

(a)

(6)

U,

source

JIEBYEHKO u ap.

KOro Tejivsl B BAHHE KpUocCTaTa U, COOTBETCTBEHHO,
B 00beMe KOHTelHepa U padoueil syeiiky moHMXKa-
nack 1o 1.5 K myreM oTKauyKu mapoB XKUAKOTO TSNS
13 BaHHBI BHEIITHUM HacocoM. MI3MeHeHUsT TeMIie-
paTyphl XKUAKOTO TeIrsl B paboueil stueiike KOHTPO-
JIMPOBAJIM C MOMOILIBIO TOJIYITPOBOIHUKOBOTO TEP-
MOMeETpa, YCTAaHOBJIEHHOr0 Ha HApy>XXHOM CTEHKeE
KOHTelHepa, Kak IToKa3aHO Ha pucC. 2B.

ITokazanHas cxemMaTU4ecKM Ha puc. 2a, 20 pabo-
yas g4elika Kpenmmiaach BHYTPU KOHTEMHEpa Ha
BOCHMU BePTUKAJIbHBIX JJATYHHBIX IIITIBKAaX BBICO-
toit 70 MM 1 auametrpoMm 3 MM. Inuabku ObLIU
NpeaBapuTesIbHO BBUHYCHBI B CITEIIMAJIbHO BBITO-
YEHHBIN KOJBIIEBOM MOACOK B HUXKHEW YaCTU KOH-
teiiHepa. Kak BumHo Ha puc. 26, pabouas sdeiika
npeacTasiisijia coO00i MpSIMOYTOJbHbBIN MapaJiiene-
nurnen BHYTPeHHUMU pazMepamu 50 X 50 x 30 mm>.
JakpenjaeHHble Ha IIMUJIbKaX MI0CKUEe OOKOBBIC
rpaHu U JHO TYCHKM OBbLIM M3TOTOBJICHBI M3 JIMCTO-
BOTO JIOpaJIlOMUHMS TOJNIIMHON 2 MM. Bce meTan-
JIMYECKME IPaHU OBLIM JIEKTPUUYECKU U30JIMPOBAHBI
OT IIIWJIEK 1 APYT OT Apyra KBaplLeBbIMU IIaii0aMU.
BepxHsisa rpaHb staeiiku 4 (cM. puc. 2a) ObUTa M3TOTOB-
JIeHa U3 KBapleBoro ctekiaa. Ha HUXXHIOIO moBepx-
HOCTb KBaplieBOil rpaHu ObLIa 3apaHee HamblIeHa
MoJIynpo3payHasi MeTajuinyecKasl IjieHKa.

[Ipu nmpoBeneHUM U3MEPEHUI PacCCTOSIHUE OT
MOBEPXHOCTU XHUJKOTO TEJINS B TYEUKE 1O HUXKHEN
MOBEPXHOCTU KBaplEeBOM I'PaHU COCTABIISIIO 3 MM.

Puc. 2. a — Dcku3 KoHTeitHepa ¢ 3KCIIepUMEHTAIbHOM sSTUeiiKoil; 6 — cXxema 3KCIIepMMEHTAJbHOM siueiiku; B — poTorpa-
Gbust gueitku B 00beMe KOHTeliHepa: | — UMJIMHAPUYECKUIA KOHTeHEP, 2 — MPUXKUMHOE ITPO3payHOe OKHO U3 KBaplEBOro
cTeKia, 3 — MEIHBIN OUCK, 4 — Mpo3pavyHasi BEpXHss IPaHb pabodeil sYeiiku, 5 1 6 — HWDKHSISI Y BEPTUKAJIbHbIe GOKOBBIE
rpaHu sYeiiku, 7 — 2JIeKTpOMarHUTHas KaTyuika, & — IJIYHXepbl, 9 — HEONMMOBBII MarHut, /0 — NpUHUMAIOLIWA TATH-
CerMEeHTHBIN KOJIIEKTOP, /] — UCTOYHUK 3apsinoB, /2 — MelHble BTYJKU ISl KpETUIeHUs XJ1aa0npoBoAoB, 13 — 1aiiba ast
KPEIUICHHSI PE3UCTUBHOTO TePMOMETPa, /4 — BBOI KAMJIIAPa CUCTEMbI 3aII0THEHMS KOHTeitHepa xomonHeM ‘He.
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PannoakTUBHBINI MCTOYHUK WMHXKEKTUPOBAHHBIX
3apsa0B B renuu 1/ (TjieHKa U3 TpUTKUIA TUTaHA Ha
METaJNIMYEeCKON MOMIOXKE) YCTAHOBJIEH HAa OTHOM
W3 BEPTUKAJIBHBIX OOKOBBIX T'paHEel SUYeUKM (CM.
puc. 2a). JIlnameTp UCTOUHUKA 3 MM, CPEIHSISI SHEP-
TUsI U3JTy4aeMbIX ICTOYHUKOM [3-4acTUll OJIM3Ka K
5 kaB, MakcumanbHas nmpuMepHo paBHa 18 kaB. Ilox
NEeCTBUEM OOJIyYEHUs B CJIO€ XUAKOCTU ITyOUMHOMI
nopsimka 10 MKM BOJIM3M MUCTOUHMKA 3apsiioB o0pa-
30BBIBAJIACh IJIa3Ma M3 CBOOOMHBIX 2JIIEKTPOHOB U
MOJIOXUTEIBHO 3apSKeHHBIX T'eINEBBIX MOHOB.
IIpuknameiBast oTpuIlaTeJbHBIE HAIPSKEHUS K
rpaHu, Ha KOTOPOIl YCTAaHOBJIEH UCTOYHUK, MOXKHO
ObLII0 MHXKEKTUPOBATh OTpULIATEIbHbIE 3apsiIbl B
00BEM XXUAKOTO TeJIUSI.

B cepuun nepBbIX 3KCIIEPUMEHTOB [15] uCTOUHUK
3apsiIoB ObLI YCTAHOBJICH HAa IIPOTHUBOIIOJOXHOMN
MPUEMHOMY KOJIIeKTOpy TpaHu. Ilpm momepHM-
3allMM YCTAHOBKU MbI IIEPEMECTUIM MCTOUYHUK Ha
CMeXHYI0 TpaHb [18]. U3MeHeHue pacronoXeHus
MCTOYHMKA IMO3BOJIMJIO IOJYYUTh 00JIiee OMHOPOI -
HYI0 KOH(pUTYpaLUIO IIOJISI M YBEJIMYUTH HAIpPs-
>KEHHOCTbh MOJISI BOJIM3U MCTOYHMKA 3apsigoB, UTO,
B CBOIO O4€pe/ib, TO3BOJIMIO YBEJIUUYUTH TOTOK 3apsi-
JIOB, MpUXOASIINX Ha KoytekTop. KomnekTop /0 (cMm.
puc. 2a, 0) ObLT U3rOTOBJIEH U3 JIUCTA (POJILIUPO-
BaHHOI'O CTEKJIOTEKCTOJIMTA C MEIHBIM MOKPBITUEM.
BHemHss cTopoHa KoJuleKTopa Obljla mpuKjieeHa
K IopaJloMUHUEBOM rpaHu kieeM b®P-4 u smek-
TPUYECKU M30JIMPOBAHA OT METAJJINUYECKOI IpaHU.
Ha MemHOM MOKPBITUY ObIIA 3apaHee BhITPABJICHBI
4 nopoxku mupuHoit 1 mM. Takum obpazom, mpu-
€MHBII KOJIJIEKTOP COCTOSUT U3 MSTU JIEKTPUIYECKU
M30JIMPOBAHHBIX IPYT OT Apyra BEPTUKAJIbHO OpU-
€HTUPOBAHHBIX IIPUEMHBIX CETMEHTOB JIMHEITHBIMU
pasmepamu 9 X 30 MM?, Ha MOBEPXHOCTb KOTO-
PBIX TIepen COOPKOI STYSKN TOTIOTHUTEILHO ObllTa
HarblJIeHa 30J10Tasl IJIeHKa.

Kaxaplii cerMeHT KOJI1eKTOpa ObLT MOAKIIOUEH K
He3aBUCUMOMY YCUIIMTENIO ToKa (puc. 3). YcTpoii-
CTBO ycuauTesieil Toka onucaHo B padote [19]. I1pu
MIPOBEICHUN SKCIIEPUMEHTOB CYMMAapPHbBIil KOJIIEK-
TOPHBII TOK IIPU Pa3TNIHBIX KOH(DUTYPALUSIX TTOJIS
He npeBbiman 5000 ¢A. Bece anekTpuyeckue mpo-
BOJa, KOTOPbIE COENUHSIIN AeTall, PACIIONOXEHHbBIE
BHYTpHU KOHTelHepa / (cm. puc. 1a) ¢ Hapy>KHBIMU
YCIJINTEISIMU TOKA ¥ MCTOYHUKAMU HaMPSKeHU
CHCTEMBI yIIpaBJieHUsI U cOopa JaHHBIX SKCIIEPU-
MEHTOB, IIPOXOIWIN UYepe3 FrepMEeTUIHbIE Pa3beMBbl
CO CTEKJISIHHOI M30JIIIIMEIi, KOTOphIE pacroJjiara-
JINCh Ha THEe KOoHTeliHepa 3 (cM. puc. 2a).

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA Ne 1
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s BO30YyXKIEeHUS B3aUMHO TEPICHIUKYISP-
HBIX BOJIH Ha CBOOOJHOI MOBEPXHOCTU KUAKOCTHU
B siYeliKe MCII0Jb30BaIM ABa IJIOCKUX METaJJIMUe-
ckux 1ryHxepa [14, 15, 18] (BoaTHOIIPOAYKTOPHI &
Ha pUcC. 2), OCHOBAHMSI KOTOPBIX ObUIM 3aKPEILICHbI
Ha HIDKHEI 4acTW ABYX CMEXHBIX OOKOBBIX I'pPaHE.
XapakTepHble pa3Mephbl ITYHX)epoB: 1 X 3 X 40 mm>.
IInyHxXepbl pacrmosiarajiuch Ha PacCTOTHUU 3 MM
OT MMOBEPXHOCTU I'paHU. KaxKnplil IUTyHKEp MPUBO-
IUJICS B IBVKEHUE CBOMM 3JIEKTPOMArHUTHBIM IIPH-
BOIOM, TIEpEMEHHOE CMHYCOMAAIbHOE HAMIPSIKEHUE
Ha KOTOPBII MOIaBajioch OT AByXKaHAJIbHOTO (hYyHK-
LIMOHAJIBHOTO TeHepaTopa (CM. CXeMy Ha puc. 3).
PazHocTb (ha3 Mexxy mocTynaoiMu Ha ITYHXKePbl
nepeMeHHBIMU HaIIPsSIKeHUSIMU cocTaBJIsiia 90°.

Karymika, ynpapisionast ABIKSHAEM ILTYHXepa,
ObLJIa YCTaHOBJICHA B CHEIMaJbHOM YIJyOJIeHHU
(kapmaHe) Ha OOKOBOU CTeHKe KOHTeliHepa 7 (CM.
puc. 2B), a Ha HOXKE TUIYHXKepa HaIllpOTHUB KaTYIIKKA
kiaeeM BMd-4 Gb11 3aKkpensieH KyOMK M3 HEOIUMO-
Boro mMarHuTta 9 (cM. puc. 2a).

[InyHxXeppl coBepllaiyd BO3BPAaTHO-IOCTYIIA-
TeJIbHOE ABMXXEHHE B TOPU3OHTAIBLHOM INIOCKOCTU
BIOJIb TIOBEPXHOCTH CJIOS XKUAKOro renusi. Yacrora
HaKa4yky MPUBOMA f, B Pa3HBIX IKCIIEPUMEHTAX
coctasnsia 20—50 I Kak u B padore [17], ammuiu-
Tyda W KpyTHU3HA TFeHEepPUPYEeMbIX Ha IOBEPXHO-
CTU KUIKOCTHU BOJIH OLICHMBAJACh IO pe3yabraTaM
M3MEPEHUN aMIUTUTYAbI KOJeOaHW OTPaXkKeHHOTO
OT TIOBEPXHOCTU XMAKOCTH B sueiike Ja3epHOro
Jyda (1a3ep U IPUEMHBII IETEKTOP pacroyiarainuch
CHapyXu, HalIpOTUB OKOH KpUOCTaTa, KaK MOKa3aHO
Ha puc. 1). [lo HammM olieHKaM, B OOJILIIMHCTBE
MPOBEACHHBIX U3MEPEHUI TP HAaKauKe Ha 9acTOTe
Jo=49.9 T amMIutitya CTOSYMX KanuUISIPHBIX BOJTH
nocturana H=0.02 MM, KpyTH3Ha BOJIHBI JOCTUTaIA
kH = 0.06, rae kK — BOJIHOBOIf BEKTOD.

Kak moxa3zaHo Ha puc. 3, KOJJIEKTOPHbIE TOKHU,
peTUCTpUpPYEeMble KaXKIbIM U3 MSITU CETMEHTOB KOJI-
JIEKTOpa, IIPOXOIST Yepe3 He3aBUCHUMBIC YCUIIMTEIIN
TOKa, Jajiee IOCTYIIAlT Ha aHaloro-umudpoBoit
npeobpazonatenb (ALIT), u 3aTemM oun@poBaHHbBIH
curHan uvepe3 muHy PCI (peripheral component
interconnect) MoCTyIaeT B MaMsITh KOMIIbIOTEpA.

[TocTossHHOE BIeKTpUYECKOEe HaMpsKeHUe,
KOTOpO€ TPUKIAAbIBAIOCh K Pa3HBIM TI'paHAM
napajuiesaenunena (CM. puc. 20), TocTynajo OT NITu
HE3aBUCHUMBIX NICTOYHUKOB ITOCTOSTHHOTO HAIIPSIKE -
HuUs ¢ obueit 3emieit [20]. 3HaYeHUsT HaMPSKEHUA
Ha KaXXA0i rpaHu S4YeiKN MOXHO ObLIO MEHSITh OT
Hynsg 1o —450 B, Tem caMbIM co3maBasi pa3audHbIe

2025



178

KOHGUTrypaluyu TPUIOKEHHOTO 3JIEKTPUYECKOTO
MoJIsl, MPU KOTOPBIX OTPULIATEIbHbBIE MOHBI IBUIa-
JIUCh B 00BEME XKUIKOTO Iejiis OT MCTOUHUKA 3apsi-
JIOB K TIPHEMHOMY KOJIIEKTODY.

PerynupoBkoii pacripeieneHust HanpsKeHUi Ha
HKHE# Uy, v BepxHeil U, TpaHsX sT9eiiki MOXHO
ObLIO 3a/1aBaTh BEJIMYMHY U HalpaBIeHUE TepIeH-
JTUKYJISIPHOI COCTaBJISIIOIIE TTPUIIOKEHHOTO 3J1eK-
Tpuyeckoro nons £, ~ AU, / L =|U,,,— U,|/ L,
rme L = 3 cM — 11yOWHa ClIosT XKUIKOCTHU B sTUeiiKe.
DTO MO3BOJISLIO “TIPYKUMAThL” TBVKYIIUECS B XKUI-

JIEBUEHKO u ap.

KOCTM OT UCTOYHMKA K KOJUJIEKTOPY MHXEKTUPO-
BaHHBIE 3apsiabl K CBOOOMHOI MOBEPXHOCTU KM -
KOCTH WJIUA KO OHY SYeiKM, YTOOBI YCUIUTH (MIn
CBECTH K MUHUMYMY) BIVSIHIE BUXPEBBIX TCUCHUIA,
MOPOXIAeMbIX BOJTHAMU Ha MOBEPXHOCTH CJIOSI, Ha
pacIrpeneeHrue TOKOB IO Pa3jIMIHbBIM CEeTMEHTaM
MPHUEMHOTIO0 KoJiJieKTopa. BbIXOAHBIE CUTHAJIBI C YCU-
nureneit Toka I(7) (i = =2, —1, 0, +1, +2) ouudpo-
BeIBasIM ¢ Tiomo1bio ALLTT u 3anuceiBanm B maMsITh
KoMITbIoTepa (cM. puc. 3). s BeIIeIeHUs TTOCTO-
SIHHOH cocTasJstonleil Toka /,(f) Ha (oHe HaBOLOK

PC
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Multi-channel
voltage
source

[l ==

) Two-ch L
Jedt iy
| generator
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Current
amplifiers
= |
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Puc. 3. DrekTpryeckas 6JI0K-cXemMa yCTaHOBKH.
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OT MepeMEeHHBIX MoJIeii, BOBHUKAIOIINX ITPU BKJITIO-
YEHUU KOJIeOAHUI TUTYHXKEPOB, PETrUCTPUpPYEMbIE
3aBucuMoctu /,(f) noasepraiuce Gpypoe-buiasTpa-
LIMY Ha HU3KUX YaCTOTax.

3. PE3VJIBTATHI TECTOBbLIX UCITBITAHUI

Ha puc. 4 npuBeneH npumMep pe3yabraToB TECTO-
BBIX HCIIBITAHUI pabOTOCIOCOOHOCTU YCTAaHOBKM,
KOTOPBII WLTIOCTPUPYET, KaK U3MEHSIETCS C ITOBbI-
IIeHWeM TeMITepaTyphl XUAKocTh oT 1.5 mo 2.19 K
pacIpeneieHue TOKOB OTPULATEILHBIX MOHOB 10
IISTA CErMEHTaM INpueMHoro koiuiekropa [(7) u
TTOJIHBIH TOK KosutekTopa [, (T) Tpyu BBIKJIIOYEHHOM
(TIyHKTUpPHBIE KPUBBIE) U BKITIOUEHHOMN (CIUIOIITHBIE
KPUBbIE) BOJIHOBOM HaKauke Ha yacrtore f, = 49.9 I1.
JnvHa KanwuUISIpHON BOJHBI, BO30yXmaeMoil Ha
MOBEPXHOCTU CJIOSI XKUAKOCTU, A = (.2 cCM, KpyTHU3HA
KanUISIpHBIX BOJIH K H = 0.06.

BenuuuHa u pacnpeneneHue MpUIOKEHHBIX K
rpaHsaM paboueii TUeiiKM MOCTOSTHHBIX HATIPSKEHU I
MPU BBIKJIIOYEHHOW W BKIJIIOUEHHOU HAaKadyKe OoM-
HAaKOBBI: HaNpspKeHue Ha ucrounuke U, = U, =
= —100 B, Ha 60KOBOIi, MPOTUBOMOJOXKHOMN UCTOU-
HUKY rpaHu HanpsbkeHue Uy, = 0, HanpspkeHue Ha
BepxHeii rpanu U,, = —50 B, a Ha HuxHeill Uy, =
= —100 B. KomnnekTop HaxomuTcs TOHA HYJIEBBIM
MOTEHLIMAIOM. [IBIXKyIIrecss OT UCTOUHMKA 3apsi-
IIOB K KOJIJISKTOPY OTpULIATeIbHBIC MOHBI IIPYKIMA -
FOTCSI BEpPTUKAJIbHOI COCTaBIISIONICH TPUIIOKEHHOTO
BJIEKTPUYECKOTO TOJIsTI K CBOOOIHOI MOBEPXHOCTHU
cnost xunkoctu E, ~ Uy, — U, |/ L~ 17 B/cMm.

own

179

BunHO, 4TO ITpM IIJIAaBHOM MOBBILIEHUU TEMIIEpa-
TYpBI TIpeaBapUTebHO oxIaxaeHHoro cjost He-11 ot
1.5 no 2.19 K pacrnipeneneHue TOKOB OTpULIATEIbHBIX
MOHOB 10 CeTMEHTaM IPUEMHOTO KOJIJIEKTOpa IIpu
BKJIIOUYCHHO BOJTHOBOI1 HaKavykKe CUJIbHO U3MEHSI-
eTCs B Y3KOM MHTepBasie TeMnepatyp Boausu 1.7 K,
B OTVIMYME OT pacIpeeeHUsI TOKOB IO CETMEHTaM
B OTCYTCTBHME HaKaukKu. DTO MOXKET OBbITh CBSI3aHO C
TeM, 4TO Ipu Temreparypax Boau3u 1.7 K BeposT-
HOCTb 3axBaTa IBWXKYIINXCS B C1a00M IIPOIOJIHLHOM
BJIEKTPUUECKOM II0JIE 3JICKTPOHHBIX ITY3bIPHKOB
KBAaHTOBBIMHM BUXPSIMHU, MOPOXIACMBIMUA HEKOJ-
JIMHEapHBIMU KaNWJUISIPHBIMM BOJHaMU, 3KC-
MOHEHIIMAJbHO YMEHBIIAETCSI MO CPaBHEHUIO C
BEPOSITHOCTBHIO 3aXBaTa 3JIEKTPOHHBIX ITY3bIPHKOB
KBAaHTOBbIMUM BUXpsIMU Ipu TemmnepaTtypax He-II
Hizke 1.7 K [8], T. €. MHXEKTUPOBaHHBIE B CBEPXTE-
Ky4Mii TeJIiii OTpULIaTeJIbHbIE MOHBI MOTYT CITYKUTh
MPOOHBIMY YaCTUIIAMU — TpaccepaMM ISl OOHapy-
JKeHMsT KBAaHTOBBIX Buxpeit B He-11.

IIpu temneparypax Boiie 1.7 K, roe 3axsatom
OTPUIIATEIbHBIX MOHOB KBAHTOBBIMU BHUXPSIMU
MOXHO IIpeHeOpeub, OCHOBHYIO pOJb HOJIKHO
WIpaTh yIPYroe paccessHue MHXKEKTHUPOBAHHBIX
3apsIIOB Ha BUXPEBBIX CTPYKTYpax, HaIIpuMep Bajiax
3aBUXPEHHOCTU, KOTOPbIe (DOPMUPYIOTCS B 0ObEME
HopMayibHOM KoMmmnoHeHThl He-II Tak ke, Kak u
B 00beMe He-1 ipu 7' > T,, B pesynbraTe B3auMo-
JNEUCTBUSI MEXIY OOBIYHBIMM, KJIACCUIECKMU BUX-
pSIMH, TIOPOXKIAEMBIMU HEJIMHEMHBIMU BOJITHAMM Ha
MOBEPXHOCTHU cyios xkunkocTu [10, 11], a Takke pac-
CesiHUSI Ha KJIyOKaX KBaHTOBBIX BUXpPEli, BO3HUKA-

8o0F °

] —_ — i PUME
=2 «====gum Without pump

1 1

1.8

1.9 2

Temperature, K

Puc. 4. CrutoliHble KpUBBIE OMKUCHIBAIOT 3aBUCMMOCTh OT TEMIIEPATYPbl TOKOB OTPULIATEIbHBIX MOHOB, PETUCTPUPYEMbIX
LIEHTPaJIbHBIMU cerMeHTamMu —1 (3eseHas kpuBasi) u 0 (cupeHeBasi KpyuBasi) TPUEMHOTO KOJUIEKTOPA MPU BKIIOYEHHOM
BOJIHOBOH Hakayke Ha yacrore f, = 49.88 I'u. Toku, perncrpupyembie cermeHTaMu —2, 1 1 2, Majbl 1 c1abo 3aBUCAT OT

TEMIICPATYPLI. Cunsst KpuBasd OIMUCLIBACT 3aBUCUMOCTDL OT TEMIIEpATYPbl CYMMApPHOI'0 TOKAa MNpUEMHOI'O KOJUJIEKTOpa 1,
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IOIIMX B 00beMe cBepxTeKydeil koMmnoHeHThl He-11
B pe3yJIbTaTe CUJIBHOTO B3aUMONEHCTBUS (TpEeHUS)
MEXIY HOPMaJbHOM M CBEPXTEKYy4Ye€ld KOMIIOHEH-
TaMu Mpu TemriepaTtypax Boiie 1 K.

4. BAKJIIOYEHHME

YcraHoBKa, KOHCTPYKIIMS KOTOPOIi omucaHa B
JAaHHOM cTaTbe, MO3BOJISIET BO30YKAaTh KamUJLISIp-
HO-TPaBUTALIMOHHbBIE BOJTHbBI HA MOBEPXHOCTU XKU/I-
koro “He 1 usyyaTh B3auMozieiicTBUE MHXEKTUDPO-
BaHHBIX B XUAKUI TeIUil OTpULIATENbHBIX 3apSIIOB
(3JIEKTPOHHBIX ITy3BIPHKOB) C BUXPSIMU, ITOPOXKIA-
€MbIMHM 3TMMM BOJIHAMHU, B IIMPOKOM MHTEpBaje
temrepatyp ot 4 1o 1.5 K. CyiiecTBeHHbIE U3MeHe-
HUS B paclpeeieHUU TOKOB OTPULIATEIbHBIX MOHOB
10 HEHTPaJbHBIM CETMEHTaM MPUEMHOIO KOJUIEK-
TOpa IpU IUIABHOM MOBBIIIEHUH TeMIIePaTyphl CJI0S
XKUIKOCTH B Y3KOM MHTepBaje Boau3u 1.7 K npu
BKJIIOUEHHOI BOJTHOBOI HaKauke (CM. puc. 4) MOTYT
OBITH CBsI3aHBI C U3MEHEHMEM MeXaHM3Ma B3auMO-
NEUCTBUS 3JEKTPOHHBIX MY3bIPHKOB C KBAHTOBBIMU
BUXPSIMU. DTO MO3BOJSET YTBEPXKAATh, YTO HEJIU-
HelHbIe KalWUISIpHBIE BOJHBI, PacIpOCTpaHsIIO-
II1ecs Ha MOBEPXHOCTU CBEPXTEKYyUeil KUIKOCTH,
BO30YXXIAIOT HE TOJIbKO KJIACCUYECKME, HO U KBaH-
TOBBIE BUXPH, T. €. pa3paboTaHHasd U U3TOTOBJIEH-
Hasl HaMU YCTaHOBKA IPUTOIHA IIJIsI M3YYEHUST KaK
KJIACCUUYECKOI, TaK U KBAHTOBOI TypOYJIEHTHOCTH B
cBepxtekyyeM He-II.

BJIATOAAPHOCTH

AsTtopnl 6inaromapHbl A.B. JIoxoBy 3a momolilb B
CO3/IaHUU U TECTUPOBAHUU YCTAHOBKMU.
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Hs1 u3BJIeYeHUsT MarHUTOAKTUBHON (ppakLuu
YaCcTUI] U3 TUCIIEPCHOM cpenbl (MUAIIEBOI MM TeX-
HOJIOTMYECKO1) IPU MOMOIIU CEImapaTopoB, OIM-
CaHHBIX B paborax [1—3], HeoOxoqnMo 061aIaTh
CBEICHUSIMHU O KOJMYECTBEHHOM COIEpPKaHUU
Takoro poga ¢pakuuu [4, 5]. Takas nHdpopma-
1I1sI Haubosiee TOCTOBEPHO MOXKET ObITh ITOJIyueHa
COINIACHO HOBOMY, CHeIHaJIbHO pa3paboTaHHOMY,
OITBITHO-PACYETHOMY METOMY OIEPAlMOHHOTO 2KC-
TpamnoJIMpyeMoro BblAeJIeHUs1 npumeceit [6, 7].
Konmenmueil 3Toro mMeroma IpeaycMaTpUBaeTCsI
NMpoBeAeHNE IMOOIEPallMOHHOIO B3BEIIMBAHUS
BBIIEISEMBIX U3 TTPOObl MATHUTOAKTUBHBIX YaCTHUIL
(BMeCTO X aJIUTUBHOTO HAKOTIJICHUS) JIST TIOTY-
YeHUsI 3aBUCUMOCTH MAaCChl BBIIEJICHHBIX IIPUMECei
m OT MOPSIAIKOBOTO HOMEpa # OIlepallii, a C Jajlb-
HEWITUM IIpUMEHEHUEM COOTBETCTBYIOIIETO MaTe-
MaTHUYECKOTO amnrapaTta — omnpeaeneHue ool u3
oIepallMOHHBIX MAacC MarHUTOAKTUBHBIX YaCTULL
(B TOM umcie 3a TmpenenaMu (aKTUIEeCKOTO IKCIIe-
pUMeHTa) W, KaK CJIEACTBUE, MX CYMMapHOM MacChl
2m B ipo0e.

Ha ocHoBe MeTona u3 pa6or [6, 7] co3gaH npu-
0op-aHanuzarop (puc. 1) onepaloHHO-IU(POBOTO
KOHTpOJISI yacTull (mpuMeceit), obecriedynBaromnii
BO3MOXXHOCTh aBTOMATUYECKOIO pacyeTa OoIrepaliu-
OHHBIX M U CYMMapHOM Xm MacC MarHUTOAKTUB-
HbIX yacTull [8]. [Ipubop cocToUT 13 eMKOCTe I
MoJayu 1 MpueMa aHaJIUu3upyeMOoi mpoObl Cpenbl,
MEXTY KOTOPBIMU PACMOJIOKEHbI YEThIPE MarHUTO-
aKTMBHBIX 0JI0Ka (BaXXHO, YTO 3TU OJIOKU JOJXKHBI
OBITh UIEHTUYHBI ApyT Apyry). [Ipu mpoxoxaeHUM
npoObl OT TMOJAaIolIEe 10 NPUEMHON €MKOCTU B
KaXI0M 13 OJIOKOB 00ecIieunBaeTCss BO3MOXHOCTD
MOCTYIATEeNbHOTO (0T 0JI0Ka K OJIOKY) OCaXIeHUS
MarHUTOaKTUBHBIX Mpumeceii. Koprnyc npubdopa
BBITNIOJTHEH MPO3PayHbIM, YTO MO3BOJISIET BU3YaIbHO

Puc. 1. ®oro mpubopa-aHanm3aropa ¢ 4YeTHIPbMs Mar-
HUTOAKTUBHBIMU OJIOKAMU JJISI KOHTPOJISI COACPIKAHUSI
MAarHUTOAKTUBHBIX YACTHUIL B ChIyueil cpene.

OTCJICKMBATh NMHTCHCUBHOCTb HAKOIUICHUS BBIIE-
JIIEMBIX YacTHUIl B TIpUOOpe, B peXUMe peajbHOro
BpPEMEHU YMpaBisis MpolieccoM. [adbaputsl mpu-
0opa takoBbl: giauHa — 500 mMm, mmpuHa — 300 MM,
BbIcOTa — 974 MM; MHAYKUMS MarHUTHOIO MOJS Y
IMOBEPXHOCTU OJIOKA U TPAIUEHT — COOTBETCTBEHHO
180 MTn u 55 MTn/mMm.
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ITocne Toro kaxk Bcst mpoba cpeabl MOABEPIIach
TaKOMY MarHUTHOMY BO3JI€MCTBUIO, TPOU3BOIUTCS
BBIBOJI OCaXKIEHHBIX (Ha KaxXIoM OJI0Ke) mpumMeceit
M3 MarHUTHBIX OJIOKOB C MOCJEIYIOLIUM COpOCOM
YaCTUII HA YETHIPe JIOTKA BECOB, T. €. TIOI KaXKIbIM 13
osi0k0B. [TokazaHus MaccoBOTO copepKaHusl MPU-
Meceli Ha KaxX1oM OJ10Ke (oTepaliiu #) aBToMaTruyJe-
CKM TepenaroTcsl Ha KOMITbIOTEP, a MPU IMOMOIIHU
cliellMaJibHO pa3pabdoTaHHON IIpOTrpaMMBbl IS
DBM [9], KoTopast OCHOBaHa Ha paHee YIIOMUHae-
MOM METOI¢ MOJUOIIePallMOHHOIO MarHUTOKOH-
TPOJIsI, IPOBOIUTCSI PAacUeT ONEPALIMOHHBIX M CyM-
MapHOl MacC MarHMTOAKTUBHBIX IIpUMeceil I1o
dbopmynam m=ae™, Y m=a/(e" -1), e au k —
SMIOUPUYECKUE MMapaMeTpbl (OHU SIBISIIOTCS IS
OIHOIT TPOOKI Cpeabl KOHCTAHTAMM, aBTOMAaTUIECKHU
yCTaHaBJIMBaeMbIMU MporpaMmoii 11 9BM).

PaszpaboranHbiii mpubop mnpoiiesl NpodHOoe
TeCTUPOBAHUE: UCCACAOBAINCH PA3IUUHbIE CPEIbI
CTEKOJIbHOM M K€PaAMUUYECKOU MPOMBIIIICHHOCTH.
O 3HAYMMOCTHU KOHTPOJISI CTPOUTEIIBHBIX CPell CBU-
IEeTebCTBYET TOT (PAKT, YTO HOPMHUPYEMEIE ITOKa-
3aTe/n ComepXXKaHUs MMEHHO MeTaJlJIOMarHUTHOM
(paxkuum npumeceit (KeIe3UCTbIX) GUTYPUPYIOT B
caMoOil MapKMpPOBKe TO# uian uHol cpenbl. Hampu-
Mep, IJ1s U3TOTOBJICHUS U3IAEIUN BBICOKOUW CBETO-
MIPO3pavYHOCTH MCIIOIb3YeTCS TIECOK IEPBOTO COpTa
mapku BC-040-1, roe 040 o3HauaeT HOpMUpPyeMOe
colepXkaHue XKeNne3ucCThIX Mmpumeceit (He OoJjiee
0.04%), a MOMOMUT C HOPMUPYEMBIM COIEePXKaHUEM
JKese3ucThIX mpuMeceii He 6oitee 0.1% Mapkupyercst
kak JJK-19-0.10.

PesynbpraT mpoOHOro TECTUPOBAHUS CO3MaH-
HOTO mpubopa MoKa3aja COOTBETCTBUE ITOJYUYESHHBIX
JMIaHHBIX pa3paboTaHHOU MeToauke (puc. 2) — 3TU
JNaHHBbIE XOPOIIO OIMCHIBAIOTCS (PYHKIIMOHAJb-
HOM 3aBHCHMOCTBIO 3KCIIOHEHIIMaJIbHOIO THUIIA,
MOCKOJIbKY OHM KBa3MJMHEApU3YIOTCS B ITOJIYJIO-

m,T =

i B ! |
a & /

0.01 . . 3
2= L] 3
B 7~ e 3
r . ]

0.001 . . : :
0 1 2 3 4 n

Puc. 2. 3aBUCUMOCTb MacChl BBIICISIEMBIX U3 MPOO6

KBapl1eBOro rnecka / v JoJloMuTa 2 MarHUTOAKTUBHBIX

YacTUII-TIPUMeceit OT HoMepa orepali MarHUTOKOH-

TpoJist (OT TTOPSIAKOBOTO HOMepa 0J10Ka), IpencTaBIeH-
Has B IoJysiorapuMrUIecKnX KOOpAMHaTaX.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

CAHAVYJIAK u op.

rapupMuIecKnx KoopamHaTax (B COOTBETCTBUU C
MPOrpaMMoOii BEeJIMYMHA TOCTOBEPHOCTH aMIPOKCU-
manuu coctaiuser 0.98 u 0.99 nig 3aBUcUMOCTEN
1n 2 coorBeTcTBeHHO). COTNIacHO pacyeTHOM (hop-
MyJI€E 110 OIPEAEIEHUIO CyMMapHBIX Macc MMpUMeCEii,
colepKallnuxcsl B M3ydaeMbIX oOpa3liax, YCTaHOB-
JICHBI CJIeAyIolINe 3HAYEeHUST TaHHOTO IToKa3aTeJs:
0.14 r/xr (0.014%) B mecke u 0.062 r/xr (0.0062%) B
JIOJIOMUTE, YTO COOTBETCTBYET HOPMHUPYEMbIM 3Ha-
YEHUSIM 3TUX MOKa3aTesei.
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B skcnepuMeHTaNbHONM OMOJOTUU U MEIULIMHE
AKTYaJIbHbIM SIBJISIETCSI MCITOJIb30BAHUE METOMOB in
Vivo UCClIeIOoBaHUS XWBOM TKaHU JIaOOpaTOPHOTO
)KMBOTHOTO Ha KJIETOYHOM M OPraHOM YpPOBHSX
B TE€UE€HUE IJIUTENbHOTO BpeMeHU. ObecrneunBas
MNpSMYIO0 BU3yadu3alMIo, 3TU METOIbl CUUTAIOTCS
Hanbosee MHOOPMATUBHBIMU IJIs1 U3YyYeHUST DU3U-
OJIOTMYECKMX U MATOJOTrMYeCKUX mporeccoB. Tak,
IUTSL UCCIIEAOBAHUS CUCTEMbl KPOBEHOCHBIX COCY-
OB TIPUMEHSIOTCS JopcanabHble KaMmepwl [1, 2],
MO3BOJISIIOIIME ¢ MUKPOCKOIIMUYECKUM paspelle-
HUEM BU3yaJM3UpPOBaATh KJIETKU KPOBU U TpaHC-
MOPT JIEKAPCTBEHHBIX CPEICTB B KOXHOM CKIaaKe
Ha CIIMHE MaJoro JIJabopaTOPHOrO XUBOTHOTIO,
OOBIYHO MBIIIN, B TEYEHUE HECKOJbKUX CYTOK. {op-
caJibHasg Kamepa, COCTOosIIasl U3 IByX CUMMETpUY-
HBIX YacTeil, CXXMMaeT ATy CKJIAAKy W MO3BOJSIET
yepes3 Mpo3pavyHoe OKHO MPOBOAUTH HAOTIOAEHUS C
MOMOIIBIO CTAHAAPTHOTO MUKPOCKOIA B OOBIYHOM
WIN JIIOMUHECUEHTHOM cBeTe. I mpoBeaeHUs
HaOJIIONEeHUI 11O MUKPOCKOIIOM XXMBOTHOE C yCTa-
HOBJIEHHOI JOpCcajbHON KaMepoil IOJXKHO ObITh
HaJeXHO 3a(pMKCUPOBAHO Ha CTOJMKE MUKPOCKOTA
Tak, 4TOOBI JOpcajibHas CKJIagKa pacrojaraiach B
(okanbHON MIOCKOCTU 00beKTUBA. OOBIYHO IS
peLIeHUsT 3TOM 3aJa4ud MPUMEHSIOT CIeLUalbHO
CKOHCTPYMPOBAHHbBIE ONTUYECKUE CUCTEMBI, UTO,
C OIHOI CTOPOHBI, OTPAXKAETCI HA TEXHUKO-I9KOHO-
MUUYECKUX MOKa3aTelsIX 9KCIEPUMEHTa, a ¢ APYroi
CTOPOHBI, OTPaHUYMBAET BO3MOXHOCTHU IpPUME-
HEHMS 3TON TEXHOJOTUMU BHE PaMOK CIleLMaIu3U-
poBaHHBIX Jabopatopuii. B pabote npencrasieHo

YCTPOMCTBO MJIsI (PUKCAllMM MEJIKOTO JlabopaTop-
HOI'0 XMBOTHOTO C YCTAaHOBJIEHHOM IOpCaJIbHOM
KaMepOM, 4TO MO3BOJISIET HPUMEHSTh CTaHAAPTHBIA
MHBEPTUPOBAHHBIII MUKPOCKOII, MpeIHAa3HAUYCH -
HBII 711 KJIETOYHBIX SKCIIEPUMEHTOB.

Ha puc. la, 16 moka3zaHo ycTpoiicTBO B pa3o-
OpaHHOM U cOOpaHHOM BUjie. OHO COCTOUT U3 OCHO-
BaHUs [ ¢ OTBEpPCTUEM ISl TIONBENEHUSI OObEeKTUBA
MUKpOCKOIIa, KOHTeliHepa 2 B BUIE YIJUHEHHOTO
napajijiejieIunena, B KOTOPhIid moMeliaeTcs 1ado-
paTtopHoe XuBOTHOe. KoHTeliHep nMeeT rOpru30H-
TaJIbHBII BBICTYII C OTBEPCTHUEM, IIPeIHA3HAYCHHBI
JUIST pa3MEILeHUsT TopCallbHOM KaMephl S, YCTaHOB-
JIEHHOM Ha XXUBOTHOM (puc. 1B). CBepxy XXHNBOTHOE,
Jiexalee Ha OOKy, MPMXKUMaeTcss CKoOoii 3 ¢ mpo-
IOJIBHOI ITpOpe3blo, o0ecneunBalolieii BO3MOX-
HOCTb ITOCTYILJICHUSI BO3yXa U IIpOBeneHIe Ha0JI0-
neHwnii. Ilocae ycTaHOBKM B BBICTYIIE KOHTeMHepa
JopcajbHas KaMepa HaleXXHO 3aKperuisieTcs: mpu-
KUMHOM Ti1acTuHOM 4. Bce ocHOBHBIE KOHCTPYK-
TUBHBIE 2JIEMEHTBl YCTPOMCTBA U3rOTOBJIECHBI M3
010COBMECTHMOTO IToJInMepa MeTonoM 3 D-1reuartu.

Hust mmpoBeneHUsT MCCIemoBaHUS cOOpaHHOE
YCTPOICTBO ¢ 3a(pUKCUPOBAHHBIM MEJIKHUM J1a00-
pPaTOPHBIM XMBOTHBIM YCTaHaBJIMBAETCS Ha CTO-
JIMK MUKpocKora. Ha puc. It B KauecTBe nmpumepa
npeacTaBieHa MUKpogoTorpadus, TToJIydeHHAs BO
BpEeMsI UCCIICAOBAHMSI COCYAUCTOM CUCTEMBI MBI
B JIIOMUHECIICHTHOM CBETE.

B otmuume ot aHAJTOrMYHOI CUCTEMBI WISt (PUK-
callMy MEJIKUX XXHWBOTHBIX C YCTaHOBJIEHHON IOp-
caibHOI Kamepoii [1], mpemnoxeHHOe YCTPOCTBO

“Poccuiickuii HayuHblit neHTp xupypruu um. b.B. [letposckoro, Poccusi, Mockaa.

b @usnyecknit uncruryr um I1.H. Jle6enena, Poccust, Mockaa.

¢ Poccuiickuil xumuko-texHojsornyeckuii yuusepcuter um. JI.M.Menneneesa, Poccusi, Mockaa.

¢ HanyoHanbHbI HcclenoBaTenbekuii ueHTp “KypuatoBckuit nHCTUTYT”

Poccus, Mocksa.
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(6)

CTEIAHOB u mp.

Puc. 1. YcrpoiictBo st pukcanum B pazoOpaHHOM (a) U coopaHHOM (0) Buae: / — OCHOBaHUE C OTBEPCTUEM LIS TIOJBE-
JIeHUs1 0ObEKTUBA MUKPOCKOTA, 2 — KOHTeliHep, 3 — ckoba ¢ MpoaoJIbHOM Mpope3bio, 4 — MpUXKMMHAasl riacTuHa, 5 — nop-
cajibHasl Kamepa; B — MbILIb ¢ KaMEPOii, I — CUCTeMa KPOBEHOCHBIX COCYIOB B JTIOMUHECLIEHTHOM CBETE.

oOecrneuynBaeT HaIEeXHYIO 3allUTY MOBEPXHOCTU
MHUKPOCKOIIA OT MOoMNagaHus OUOJOTrMUYEeCKUX KU -
KOCTEH, Mpu 3TOM CTeleHb (PUKCalUu KUBOTHOTO
MpakTUYECKNU He 3aBUCUT OT ero pasmepos. Ilpe-
MMYILECTBOM IIpeAIaraéMoro pelieHus 1o CpaBHe-
HUIO C U3BECTHBIM YCTPONCTBOM [2] IBASETCS TO, UTO
B HallleM cJIydae MocJie 3aKpeIJIieHUsI XUBOTHOIO
JopcajibHas CKJIaJKa pacnojoXxeHa CUMMETPUYHO
OTHOCHTEILHO Teja, UTO YMEHbIIAeT OIIUOKH, CBSI-
3aHHbIE C BAUSTHUEM (DUKCAllUU Ha KPOBOTOK.

OUHAHCHUPOBAHUE PAGOTbI

PabGoTa mpoBeneHa B pamMKax BbIIMOJHEHUS
rocynapctBeHHoro 3aganus HUIL “KypuatoB-
ckuii mHCTUTYT”. PaspaboTka mMeToauku (Jayo-
PECLEeHTHON MUKPOCKOIMU BBHIIOJHEHA B paM-

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

KaxX Hay4YHO-MCCJIEIOBATEIbCKOM pabdOTHl IIO
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CUTHAJIbHAA UTHO®OPMALINA

AHHOTAIINU CTATEMN,
HAMEYAEMBIX K ITYBJIUKAITUU B JKYPHAJIE IITD

DOI: 10.31857/S0032816225010269, EDN: GIPFZO

OB30PbI

I'pumkos A.A., Bopoosér M.C., Jopom-
kesnu C.10., Kosaas H.H. Huskosneprernue-
CKHe YCKOPHUTEIH JJEKTPOHHBIX MYYKOB OOJBINOro
cedeHus ¢ BbIBOIOM B aTMocepy. — 33 c., 6 puc.

[IpoBeneH aHaaM3 MaccuBa SKCIEPUMEHTAIb-
HBIX JAHHBIX IT0 BEIBOAY B aTMOC(]epy 371eKTPOHHBIX
MYYKOB OOJBIIOr0 CEYEHUsI MPU MOMOIIM HU3KO-
sHepretnyeckux (80—300 kaB) aIeKTPOHHBIX YCKO-
puTeseli, OCHOBAaHHBIX Ha pPa3IMYHBIX TUIAX IMMC-
CHM. HAa TEPMO3JICKTPOHHOM SMUCCUU, HA B3PbIBHOI
3JIEKTPOHHOI1 SMMCCUM, Ha OCHOBE Pa3IMIHBIX pa3-
PSIOB C IJIa3MEHHBIM KAaTOIOM M Ha OCHOBE BEICO-
KOBOJIBTHOTO TJeolero paspsaa. PeTpocrnekTuBHO
MOKa3aH U KOJMYECTBEHHO OLieHeH 3 deKT 00Jib-
IIMX TUIOLIAAEH, 3aKII0YAOIINICA B YMEHBIIEHUN
MaKCHUMaJbHOM IUIOTHOCTU TOKa 3JIEKTPOHHOTO
My4JKa, BEIBEIEHHOIO B aTMOchepy, IIpH YBeTUUSHUN
IUIOLIAIY CeUeHMsI ITyYKa, HO TP COXPAHEHMUU yCIIO-
BUIA CTaOMJILHOM reHepaluu. AHAJIN3 TTOJyYeHHBIX
JaHHbBIX MOKa3bIBAET HAJMYUE TEXHOJOTHMYECKOIO
OrpaHUYEHMS IO CPEOHEN MJIOTHOCTU MOIIHOCTHU
3JIEKTPOHHBIX ITYYKOB OOJIBIIOIO CEUeHMUS, TeHEepU-
PYEMBIX HHU3KOYHEPTeTUUECKUMM 3JICKTPOHHBIMU
YCKOPUTENISIMU, KOTOpoe cocTasisieT 10 40 Br/cm? u
CBSI3aHO CO CTOMKOCTBIO TOHKUX (DOJIBI 1JIs1 BHIBOAA
3JIEKTPOHHBIX ITyYKOB U3 BaKyymMa B aTMocdepy.

TEXHUKA AAEPHOT'O DKCIIEPUMEHTA

Baapirun KA., Cuoupak IO.I. Monepuusa-
1Hs1 U3MEPUTETbHOI IJIEKTPOHHKH (POTOHHOIO CIeK-
Tpometpa as akcniepumenta ALICE/CERN. — 19 c.,
13 puc.

OnucaHa KOHCTPYKIIMS MPOTOTUITIA KapThl U3Me-
putenbHoii anekTpoHuku (KMD) poroHHOTO Criek-
tpomeTpa (POC) s3kcnepumenta ALICE/CERN.
Paszpabotka HoBoit KMD cBsi3aHA ¢ MOBBLITIIEHUEM
CBETUMOCTHU ITYYKOB BOJBIIOro agpoOHHOIO KOJI-
Jaiigepa M HeOOXOOUMOCTBIO ITOBBICUTH TOYHOCTh
M3MEPEHUs BPEMEHU MpoJieTa AJIs JIydlleit UASHTH -

pukamum peructpupyembix yactuil. CylIecTBYIO-
mast KMD ®OC He oTBeuaeT HOBBIM TPEOOBAHUSIM
M JOJKHA OBITh 3aMEHEeHa 10 TIJIaHy MOJIEpHU3ALUN
DOC. YnyuuieHrne M3MEPUTENbHBIX XapaKTepu-
ctuk KMD ®OC gocturaercd 3a cyeT aniapaTrHoro
M3MEPEHNsI BpEMEHHU IIpoJieTa BMECTO odIaiiH-00-
paboTKM KomoB oLu@poBKU (OPMbI CUTHaIA (DOTO-
nerexktopa. Ilporotun KMUD comepXuT BoceMb
M3MEPUTENIbHBIX KAHAJIOB U BCe (DYHKIIMOHAIbHbBIE
os10kM, Heobxonumble misd padoTel B DOC. IIpuse-
JIIeHO omrcaHne PYHKIIMOHANbHBIX 0J10KOB. [Tpen-
CTaBJICHBI PE3YIbTaThl U3MEPEHUI XapaKTePUCTUK
nporotuna KM B nabopaTtopuu U Ha 3J1EKTPOH-
HOIT KOMITOHEHTE BTOPMYHBIX ITyYKOB YaCTHUII IIPO-
ToHHOTO cuHXxpoTpoHa PS B IIEPHe B nuanazone
nuMnynbcoB oT 1 go 10 ImB/c. 1o monyyeHHBIM
pe3yabpraTaM caejaH BeIBon, 4To mportotun KD
TMOJTHOCTBIO COOTBETCTBYeT TpeboBaHUIM K KD
monaepHn3upoBanHoro @OC. Ha ocHoBe maHHON
KOHCTPYKILIMM HayaTa pa3dpadboTka moJHOMACIITA0-
Hoit KM ®OC Ha 32 uaMepuTeabHbIX KaHaJa.

Hdenmcon A.T., Jdyoposun A.IO.,
Hypym A.A., Koctun M.IO., Kpeue-
toB 10.®., Kyrunosa O.B., Cemenon A.1O.,
CyxoB E.B., Tankun MU.A., YcTrunos B.B.,
SAvoBuu A.A. Pa3paboTka M MccleqoBaHHE MPO-
TOTHNIA CBETOAMOAHOW CHCTEMbI MOHMTOPHUPOBAHHUS
3JIEKTPOMAarHUTHOrO Kajopumetrpa ycranosku MPD
Ha koutaiinepe NICA. — 12 c., 8 puc.

B OUSUN na xonnaitnepe NICA co3maeTcst MHO-
roueieBoii getektop MPD ajist uzyyeHusi cBOACTB
ropsiyeil v TIOTHOM SI€pHOW MaTepru B TOUKE B3a-
MMOJENCTBUST BCTPEUHbBIX MyYKOB TSKEJBIX HOHOB.
DNeKTPOMArHUTHbIM KaJoOpUMETP B HOBOM 2KCMe-
PUMEHTaJIbHOM YCTaHOBKE OTBeYaeT 3a UIAEHTU-
¢ukanmnio y-KBaHTOB, 3JEKTPOHOB (ITO3UTPOHOB),
M3MEepeHNe MX SHEePTUU W KOOPAMHAT, a TaKXKe 3a
oTAeJeHUe OT aapoHOB. s cTabuiIbHON pabOThI
38 400 xaHaJIOB KaJopUMeTpa pa3paboTaHa U Mcciie-
JIOBaHa CBETOAMOAHASI CUCTeMa MOHUTOPUPOBAHUS
C OIITOBOJIOKOHHOM pa3mayeii cBeTa.
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Odxuakuodaes P.M., Xawocrun /.B. Bpemsa-
npojeTHslii cnekrpomerp yeranosku MHEC. — 17 ¢,
10 puc.

PazpabGotraH MmeTon ompeneaeHus: CTapTOBOrO
UMITYJIbCA IJISI BpEMSNPOJIETHONH METOAUKHU, KOTO-
PBII CYIIIECTBEHHO MOBBIIIACT TOYHOCTh BPEMEHHOMN
MNPUBI3KU K UMITYJIbCY IPOTOHHOTO Iyyka. M3me-
pPEH BHEPreTUYECKUil CIIeKTP UMITYJIbCHOIO UCTOY-
Huka HeliTpoHOB PAIIDKC u npoBeaeHoO cpaBHEHUE
¢ pesyJbTaTaMM MoAenrpoBaHus. OnucaHa mpolie-
nypa onpeneneHus: ¢GpopMbl UMITyJbCa HEHTPOHOB
OT BpeMeHH Ha 0a3e n3MepPeHHOM (POPMBI UMITY/IbCA
NPOTOHHOIO My4YyKa NpU 3aMeIIeHUN HEHTPOHOB B
muieHu. OnucaH MeTod abCoMIOTHOM KaIMOPOBKHU
CIIEKTpOMETpa ¢ yueToM 3 deKTa U3MEHEHNE IHEP-
TMY HEWTPOHA BCJEACTBUE MHOTOKPATHOIO YIPY-
Troro paccesiHusI HelTpoHa B oopa3siie. Pazpaborana
npolenypa BOCCTAHOBJIEHUSI CEYEHUM paauallMOH-
HOTIO 3aXBaTa HEUTpPOHA SAPOM MPU MHOTOKPATHOM
YIIPYroM paccessHuu HeHTpoHOB B oOpasie. Ilpen-
CTaBJICHBI pe3yJbTaThl KaJTUOPOBOUHBIX U3MEPEHU
CEUYCHUI paluallMOHHOIO 3aXBaTa HEUTPOHA SIPOM
Au Ha BpeMSIpPOJETHOM CIEKTPOMETpPE ycCTa-
ok MHEC. IlpoBeneHo cpaBHeHUE M3MEpPEH-
HBIX CEYEHMIA C paCYETHBIMU CEUCHUSIMU Ha OCHOBE
M3BECTHBIX MapaMeTPOB PE30HAHCOB U CEUCHUSIMU,
MOJyYEHHBIMU paHee B IKCIEePUMEHTE C TOHKUM
00pasLoM.

MNPUMEHEHUE BBIYMCJAUTEIBHO
TEXHUKU B DKCITEPUMEHTE

XauarypoBa A.A., Hepcecan M.H., AiiBa-
30 O.JI. ABToMaTu3anmusa cUCTeMbl YNpaBJeHUS
cnekrpomerpa JIDC-24 na ocuose LabView. — 7 c.,
2 puc.

PaccmarpuBaeTcs aktyanbHas npobiema aBTo-
MaTu3aliu CIEKTPOCKOTIMUECKUX U3MEPEHU Ha
0aze criekrpometrpa JPC-24. PazpabotaHa yHU-
BepcajibHasl CUCTEMa, COCTOsIIas U3 OJIoKa yrnpas-
JeHusi, 6J0Ka cOopa M perucTpaiuuv TaHHBIX U
MoJib30BaTeIbcKoro mHTepdeiica. Bee 3amaum u
COOTBETCTBYIOIIME MEXaHU3MbI, CBSI3aHHBIE C TIPU-
MEHEHUEM CIIEKTpOMETpa, KOHTPOJUPYIOTCS uepe3
uHTepdeiic, pazpaboraHHbiii B cpene LabView.
Hcnonb3zoBaHue HUMPOBBIX METOAOB 00pabOTKU U
yMpaBJIeHUsT TTO3BOJISIET YBEJIMYUTD Pa3peliaioniylo
CIIeKTPaJIbHYIO CITIOCOOHOCTh NMPUOOPOB U NETaI0T
JOCTYITHOM perucTpaiuio ciadobix curHaios. [pen-
CTaBJICHBI PE3YyJIbTaThl MPUMEHEHUST pa3paboTaHHOM
CUCTEMBI YIIpaBJIeHUS.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

BJEKTPOHUKA 1 PAINOTEXHUKA

Koporkos C.B., ZKmoaukos A.Jl., Kopot-
koB JI.A. Uccnenosanue npoueccos nepeKaoueHusi
JBYHANIPABJIEHHOTO THPATPOHA AYroBOro pa3psaa
HMIIYJIbCAMH BBICOKOI0 HANPSKEHHS C HAHOCEKYH/I -
HbIM (ppoHTOM. — § C., 9 puc.

HccnenoBaH mnpoliecc nepekatoueHUsI MOITHOTO
tupatpoHa TIM3-100x/75/1 moaynpoBOIHUKOBBIM
TeHepaTOPOM, KOTOPBII MMEET MAaJlblii IXKUTTEP
(0K0J10 3 HC) OTHOCUTEILHO MOMEHTA MPUIOXKEHUS
UMITyJIbCa yIpaBieHUs U 00ecreunBacT BBICOKME
CKOPOCTU HapacTaHUS MMITYJbCOB 3aIyCKaloIIEero
HampsikeHus: (nmpumepHo 4 kB/HC) U MMITyJIbCOB
ToKa 3arycka (mpuoamusureabHo 100 A/Hc). Iloka-
3aHO, YTO IPHU TaKOM IEePEKIIOUEHUU IKUTTEP
UMITyJIbca TOKA 3aIlycKa TUpaTpOHa OTHOCUTEIBHO
UMITyJIbCa 3aIyCKaloIIero HarpsoKeHUsT COCTABIISIET
MeHee 1 Hc, a IKUTTep (PPOHTA UMITYJIbLCA CUJIOBOTO
TOKa 4epe3 TUPATPOH OTHOCHUTEILHO MMITYJIbCa TOKA
3aIlycKa He IPEBBIIACT 5 HC KaK MPU MOJOXUTEb-
HOM, TaK 1 IIPU OTPULIATSIbHOM ITOTEHIIMAJIe aHOa,
€CJIW 3aITyCK TUPaTpOHA OCYIIECTBISETCS, COOTBET-
CTBEHHO, CO CTOPOHBI KaTo/a WU aHO/A.

Maptbanos II.C. Pa3paboTka MeTOOUKH MpO-
eKTHPOBAHMSI AHAJIOTOBBIX YCTPOICTB HA 3jIeMeHTap-
HBIX 3BeHbsAX. — & C., 9 puc.

[MpencraBieHo onvcaHve METONMKU pa3padoTKU
aHaAJIOTOBBIX BJIEKTPOHHBIX Y3JIOB C MCMOJb30Ba-
HUEM HeOOXOIMMBIX 3B€HbEB U €€ MPUMEHEHUE ISt
KOHKpEeTHBIX 3amayd. [lpuBoauTcss oO0OCHOBaHUE
BaXKHOCTHU MpPEIIaraeMoil METOAUKY IS CO3JaHUsI
panuoTtexHuueckux cucreM. [IpumeHeHue TeopeTu-
YECKHMX PACUYETOB MO3BOJISIET OCYIIECTBISITh CUHTE3
AHAJIOTOBBIX YCTPOICTB U MTPOBOAUTH HEOOXOIUMbBIE
9KCIepUMEHTaTbHbIE UCCIIEIOBAHMSI.

Cuoupaxk I10.I. AHaau3 cxembl 3apsa04yBCTBH-
TEJILHOTO NMPEIYCHINTENSA C YAYYIIEHHBIM BPEMEHHBIM
pa3pemenuem. — 13 c., 7 puc.

OnucaHa cxeMa 3apsiA09yBCTBUTEIBHOTO TIPe-
yermurens (3UIT) nng n3aMepeHUsT SHEpTUM U Bpe-
MEHHU IpoJjieTa peructpupyembix yactuu. 3YII
uMmeeT aBa Bbixoga. Ha F-BbIxone cUrHall onpeae-
JIsieTCcsl UHTerpaJioM 3apsiia, 00pa3oBaHHOIO YacTU-
1Ieil B IOJYIIPOBOAHUKOBOM JE€TEKTOpe. AMILIU-
Tyla CUTHaja Ha 3TOM BBIXOIE IPOIOPIIMOHATIbHA
SHepruu yactumbl. Ha 7-BrIxome cMTHAJ IOBTOPSIET
¢opMy nMnyabca TOKa AETEKTOpa U UMEET Majaoe
BpeMsl HapacTaHUsI, YTO YMEHbIIAeT OLIUOKY Bpe-
MEHHOI npuBsa3KuU. [IprBeneHa npuHUMITHATIbHAS
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cxema 3YII, gaHbl pacyeThl MapaMeTpOB CUTHAJIIOB
Ha F- u T-Buixonmax. [IpuBeneHbl pe3yabTaThl MOIE-
JIUPOBAaHUS U U3MEPEHHBIE IapaMeTPhbl IIPEII0XKEH -
Hoit cxembl. [TonydyeH kpuTtepuii erecoodpa3HOCTU
UCTI0JIb30BaHUsI BpeMeHHoro KaHana 3YII B 3aBu-
CUMOCTHU OT BPEMEHHU BBICBEUMBAHUS KpHCTalia
panuatopa Wjiu BpeMeHM cooupanHus 3apsaa. 3UII
npeaHa3HayeH JJIsl UCIOJb30BaHUS B (POTOHHBIX
CIIEKTPOMETPaX Ha OCHOBE KPUCTAJIOB BoJib(dpa-
MaTa CBMHIIA U JIABUHHBIX (DOTOIMOIOB, HO MOXKET
OBITb TAKKE MCIIOJIB30BAaH B CIIEKTPOMETPAX C Ipy-
TMMU TUIIAMU TTOJYIPOBOIHUKOBBIX J€TEKTOPOB.

®puaman Bb.9., Bacuiase A.B., Enu-
kees P.III., Kopkynos A.B., Ilonkos /.E.,
CanoxnukoB K.C., Tomamesuu II.B. Kongen-
caTopHas syeiika ¢ ()OpCHPOBAHHBIM BKJIIOYEHHEM. —
13 c., 17 puc.

Konpencaropnas ssueiika 120 xJIxx, 50 kB nipen-
Ha3HauyeHa sl padoThbl B €MKOCTHOM HAaKOITUTEJIe
SHEPTUU C 3alacacMoOM SHEpPrueii B HECKOJbKO
Meramxkoyneii. IlpenioxkeHa 1 000CHOBaHA IBYX-
KOHTYpHAasl cXeMa STYCHKM, COCTOSIIIast M3 OBICTPOTO
W MEIUICHHOI'O pa3psiAHBIX KOHTYPOB. BEBICTpHIi
pa3psAHbIA KOHTYD, BKJIIOUAIOIIMKI B ce0s1 KOHACH-
caToOp ¢ OTHOCUTEJIbHO HEOOJbIION 3amacaeMoit
SHEpTUueil U OBICTPOAECMCTBYIOLIMI TICEBIOUCKPO-
BOIi KOMMYTaTOp pa3psiAHOro ToKa, o0ecreynBaeT
3aJaHHYIO0 IJIATEIHLHOCTh (PpOHTA HAIIPSIKEHUST Ha
Harpyske, He npesbliiatoiryo 100 He. MenjieHHbIi
KOHTYpP C OCHOBHOI KOHAEHCAaTOpHOI OaTapeeil u
BaKyyMHBIM pa3psiIHUKOM CIOCOOEH TreHepUupo-
BaThb MMIIYJILC TOKa aMIuiuTynoil no 500 kA mpu
3aJaHHOI mIUTenbHOCTH (ppoHTA ToKa 10 10 MKc.
OnucaHa KOHCTPYKLMSI KOHIEHCATOPHOU STYEHKM
W MIpeNCTaBIIeHBl PE3Y/IbTaThl UCCICIOBAHUS TIepe-
XOJHBIX TIPOLIECCOB TPU €€ pa3psifie, B TOM UYUCTe
BBICOKOYACTOTHBIX KOJieOaHUI B KaOeJbHOU JTUHUU
anuHoit 20 M, coenuHsOIIeH TUeliKy ¢ Harpy3Koid.
[IpuBeneHsl pe3yabTaThl UCHBITAHUM IIPOTOTHUIIA
KOHJICHCATOPHOM STYEUKMU.

Xopomunos E.B. PazpaboTka m ucnbiTanue
BOJIHOBOJJHO-MHUKPOTOJIOCKOBOTO Tepexoia MUJLIIMe-
TpoBOro auanasona. — 9 c., 6 puc.

[IpencraBiieH BOJHOBOIHO-MUKPOIIOJOCKO-
BbIIi MEpPeXol, IpPeIHa3HAYCHHBbIA IJIs1 COEIMHE-
HUS TIpSIMOYTOJbHOTO BoaHOBOma WR22 ceuyeHus
3.759 % 1.889 MM? ¢ MUKpOIIOJIOCKOBOIi JTMHUEIl Ha
MOJJIOXKE M3 OKCUIA AJIIOMUHUS ToauHOM 0.127 mM.
[IpuBeneHbI pe3yabTaThl 3JIEKTPOMArHUTHOTO MOJIE-
JIMPOBAHUS KOHCTPYKIIUM W U3MEPEHUsT S-T1apame-
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TPOB MakKeTa, BKJIIOUAIOIIETo B ceOs JBa mepexona,
COEIVMHEHHBIX “crnuHa K cnuHe”. B pabouyem nuarmna-
30HE YacTOT C IepekpbiTueM 1:1.5 3HaueHus1 OpsIMbIX
¥ BO3BPAaTHBIX IIOTEPh U3MEPSIEMOIO MaKeTa He IIpe-
BoiaoT —2.7 1b u —10 1b cooTBeTcTBEHHO. YCTpOIii-
CTBO MOXXHO MCITOJIb30BaTh KaK MHTETPHUPOBAHHBIIN
3JIEMEHT KOHCTPYKIIUM Pa3JINYHBIX (YHKIIMOHAIb-
HbIX OJIOKOB paIOTEXHUYECKUX CUCTEM.

OBIIIAA DKCITEPUMEHTAJ/IbHAA
TEXHUKA

Lafouti M., Mahjour M., Ghorannev-
iss M., Salem M.K. Developing and constructing
a piezoelectric drive amplifier (PDA) for calibrating
ball pen pins of the mix probe diagnostic to measure
plasma potential in the IR-T1 Tokamak. — 11 p., 7 fig.
(Ty6MKyeTcsl TOIBLKO B aHIIuiickoi Bepcuu 11TD).

In this work, a Piezoelectric Drive Amplifier
(PDA) was designed and constructed for the first
time to calibrate Ball Pen Probe (BPP) pins of Mix
Probe in order to measure plasma potential in IR—
T1 Tokamak. The PDA amplifies a triangular wave
generated by a signal generator with =10V and 1 kHz
frequency to £100V, 1kHz frequency and a maxi-
mum current 100mA to sweep the collector of BPP
of the Mix probe. Current—Voltage characteristic of
BPP was plotted for a 10ms plasma duration at Last
Closed Flux Surface (LCFS) while the collector was
swept between =100V by the PDA. The Ball Pen
coefficient (agpp) Was also calculated to be approxi-
mately 0.6. The time trace of plasma potential and
electron temperature was additionally derived from
the floating potential, which was assessed using both
the BPP and Langmuir pins. The floating potential
measured by the BPP is much more closely aligned
with the plasma potential than the floating potential
measured by the LP. Consequently, we can regard the
floating potential measured by the BPP as the plasma
potential.

Anapees C.B., Bopoober H.C., TI'op-
Hocrtaes II.b., Cwmupnos A.B. IIlam-
koB E.B. MoaudummpoBaHHblii BpeMsaHAJIU3UPY-
I0UIMi 2JIEKTPOHHO-ONTHYECKU Mpeodpa3oBaTesb
IIN®-01. — 8 c., 5 puc.

OmnucaHa omHa M3 BO3MOXKHBIX MOTU(MUKAIINIA
AHAIM3UPYIOIIETO BPeMsI SJIEKTPOHHO-OITHUYECKOTO
npeobpasoBarenst momenu I[THMD-01. ITokasaHo,
KakK, He MeHsIsl TabapuTOB YCTPOICTBa U TpeboBa-
HUI K o0ecIieynBaplleil ero 3J1eKTpOHNUKE, MOXHO
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VAYUYIIUTh BPpEMEHHOE pa3pelleHre npeodopazona-
tens. [IpoBeneHo MaTeMaTUYeCKOE MOACIUPOBAHKE
OCHOBHBIX TEXHUYECKUX ITapaMeTPOB MOAUDULIN-
POBAHHOTO 3JICKTPOHHO-OTNITUYECKOTO Mpeodpa3o-
BaTeNIs U MPUBEACHBI Pe3yIbTaThl 9KCIIEPUMEHTOB,
MOATBEPKAAIOIINE TIPOBEISHHbIE PACUCTHI.

Baruwa H.M., briukoB B.b.,
Anapees C.A., Illykaiino B.IL., JIsixxun A.E.,
Konockos E.H., Herpees A.U., YepHocKy-
aosa JA.J.,Exo E.H.,Kyspmun A.B. Ummyis-
cublii yckopureiab CITPYT nang 3amay paguanuoHHOM
croiikoctu. — 10 c., 9 puc.

OnpeneneHue MOPOroB MacCOBOro cOOsI B 3JIEK-
TPOHHBIX IIPUOOpax IO IJIOTHOCTU ITOTOKA BO3-
JEUCTBYIOIIMX YaCTUIl SBJISIETCSI aKTyaJlbHON
npob6aeMoii pa3pabOTKU pagdallMOHHO-CTONKOI
ammaparypsl. s pemeHust 3agad TakKoro Kiacca
CO3[aH CIELMUAJIbHBIA TPEXJIYUEBOM MMITYJIbCHBINA
yckoputeiab 3JekrpoHoB CIIPYT, obecneuuBa-
IOIIMI TeHepaluio IMydKa 3JeKTPOHOB 3HEpTHUEH
5—7 MbsB ¢ TokoM 0K0j10 1 A, IIUTEABHOCTBHIO
uMnyiabca 1—12 MKC M 4acTOTOM ciemoBaHUS A0
1 Tu. 3a BeIXOAHON (hOABroit opMUPYETCI CyM-
MAapHBbIi BJIEKTPOHHBIN ITyYOK TUAMETPOM HE MEHEE
20 MM C BBICOKOI MJIOTHOCTBIO MOTOKA 2JEKTPO-
HOB. KoHurypauuio 1 IMojJoXeHre CYMMUPYEMBIX
MYy4KOB MOXHO MEHS$ITh, oOecrieunBasi moJjie ooJy-
YeHUsI ¢ HepaBHOMEPHOCThIO He Xyxke 30%. Hacro-
SIIIIast CTaThsI MOCBSIIIICHA OIMMCAHMIO YCTPOMCTBA U
npuHuuna aeiicreus yckopurtensa CITPYT, meto-
JIOB U pe3yIbTaTOB U3MEPEHUIT ero XapaKTepuCTUK,
a TaKKe M3YYEHUIO BO3MOXHOCTEH 110 (hopMHUpoOBa-
HUIO TIOJIST O0TyYeHUS.

I'vceBa B.E., Hewaii A.H., Ilepeka-
aoB AA.,UYxano H.U. Cucrema uupKyIsium raza
17151 (hOpMUPOBAHKS Ta30CTPYIHHOI MUIIEHN B BAKYYM-
HO#i Kamepe J1a3epHO-IJIa3MEHHOT0 UCTOYHUKA. — 9 C.,
1 puc.

Onucanbl KOHCTPYKIHUS W MPUHIUN PaObOTHI
CUCTEMBI LIUPKYJISLAM Ta3a, UCIOJIb3yEMOTO B Kaue-
CTBE MUILEHU AJIs1 Ta30CTPYHHOTO Jla3epHO-I1a3-
MEHHOT0 MCTOYHMKA. HeoOXxommMocTh TTOog00HOIM
CUCTEMBI 00YCJIOBJIEeHA CTpeMJIeHUEM YMEHBIIUTh
noTrpedjeHue rasza Ipu COXpaHEHUU MPOU3BOAU-
TEeJIbHOCTA UCTOYHWKA M3nydeHus. Llnpkyasaumon-
Hasl CUCTeMa IT03BOJISIET UCTIOJb30BaTh OAUH U TOT
Ke 00beM ra3a B KauecTBe MUIIIEHU MHOTOKPATHO.
B cTathe npuBeneHa KOHCTPYKLMS CUCTEMBbI, TAKXKe

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

JAHbI pe3yJIbTaThl IPOOHOM SKCITIyaTallii U OLIEHKU
rePMETUYHOCTU CKOHCTPYMPOBAHHOM CUCTEMBI U
BpeMeHM paboThl Ha OHOI 3arpaBKe rasa.

KoncranTtunos C.I. KoakcuaabHblii HOH-
Hblii DIIP-uCTOYHUK /11 yCKOpUTe/Iel mpsAMOoro aeii-
cTBud. — 7 c., 6 puc.

OnuceiBaeTcsl yCTPOMCTBO, MpencTaBisolIee
co00i1 MOHHBIN MHXEKTOp Ha ocHoBe DI[P-pas-
psaga B KoakcuaiabHOM pe3oHaTope. Ero addex-
TUBHOCTbH O00OYyCJIOBJIEHA IIPUMEHEHUEM HECKOIbKUX
OPUTMHAJIBHBIX PeIIeHUl: NCIOJIb30BaHO IIPSIMOE
MOIKTI0YEHNE MarHETpOHa K MOHHOMY MCTOUYHUKY,
OpUTHHAJIbHAs MarHUTHAsI cUcTeMa nMeeT KOH(PU-
rypaiuulo ¢ TOYHOM HACTPOMKOM Ha MaKCHUMaJlb-
HBIIf MIOHHBIIM TOK; KpOME TOT0, OHA MUHUMU3UPYET
30HY T'OpPEHUSI Y SMUCCHOHHOIO OTBepCTUs. Takxke
CYILIECTBEHHO ITOBBIIIIEH MOHHBIM TOK 3a CUET IIpU-
MEHEHUs KepaMU4YeCKMX BCTABOK B 30HE pa3psiaa.
B ycTpoiicTBe OTCYTCTBYET CTaHAAPTHBIN TPaKT
CBUY, a renepatop CBY (MarHeTpoH) MOIKIIIOYEH
HEMOCPENCTBEHHO K IIETJIE CBSI3M KOAKCHAJbHOTO
pesoHaTopa. M3BiekaeMblil TOK MOHOB BOmoOpona
npu BKiIagbiBaeMoil B paspsan CBY-momHocTtr
okosio 100 BT cocrasiseT 8.5 MA.

Moucees J.C., Poxko M.B., PomaHoB-
ckuii 41.0.,JIeskun I.JO.,Murpodanons A.B.,
CupopoB-bupwkos J.A. Poratop nmonspusa-
LY MOIIHBIX (DeMTOCEKYHIHBIX JIA3ePHBIX HMITYJIbCOB
cpenHero mH()paKpacHoro Auana3ona. — 12 c., 3 puc.

PaccuuTana omTuueckas cxemMa poTaTopa
MoJsipu3aluu 3J1eKTPOMArHUTHOI'O M3JIy4YEeHUs,
COCTOSIIIIETO TOJIBKO M3 OTPaKaIOIINX 3JIEMEHTOB.
OmnpeneneHsl IOTEPU U CTEIICHb IEIOSIpU3alig,
BHOCHMBIC JAaHHOM CXEMO s JIa3€PHOro MU3JIyde-
HUSI BUIMMOTO, OJIMKHETO U CpeIHero nHgpakKpac-
Horo nuarna3oHoB. [TokazaHa BO3MOXHOCTb IIPUME-
HEHMSsI IpUdOpa B TEparepleBoM Irara3oHe YacToT.
YuclieHHBIIT aHAIW3 TPOBOAMIICS C MCIIOJbh30Ba-
HUEM 3KCIIEpUMEHTAIbHO U3MEPEHHBIX KOMILJIEKC-
HBIX KO3 OUIIMEHTOB OTPaXKeHUS JIsI U3TyUEeHMUS
Ha anuHax BojaH 532, 808, 3900 HM aJ1s1 30JI0THIX
3epKaj C 3allUMTHBIM ITOKPBHITHEM. DKCIIEPUMEH-
TaJIbHO TMOKa3aHa BO3MOXHOCTb MCITOJIb30BaHUs
poraTopa ISl HEIIPEPhIBHOTO BpalllcHUS TTOJISIPH -
3alMM (PEMTOCEKYHIHBIX J1a3€pHBIX MMITYJIbCOB
cpenHero nHgpakpacHoro adamnasona. [loayyeHo,
YTO IS (PEMTOCEKYHIHBIX Ja3epPHBIX UMITYJIbLCOB
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Ha LEHTPAJIbHOI JJIMHE BOJHBI 3.9 MKM (IHUana3oH
3600—4200 HM) moTepu, BHOCUMBIE POTATOPOM,
COCTaBIAOT MeHee 8%, a CcTelneHb MOJISApU3aLuU
npu 3ToM u3MeHsiercs ot 0.95 mo 0.985 B 3aBUCUMO-
CTU OT IOJIOKEHUS pOoTaTopa.

Hedbennmes E.B., Onumenko C.A.,
Kuzupuan II.II., SkoBaeB E.B., Anu-
keeB C.I. Meroauka mcciaenoBaHus Mpeanpoooii-
HBIX SIBJIEHHI HA KAaTOle BAKYYMHOIO IPOMEKYTKa. —
13 c., 5 puc.

[IpennoxeHa u peajnu3oBaHa Ha DKCIIEPUMEH-
TaJIbHOM CTE€HIIe METOOMKA CTaOMIM3alluy IIpem-
NpoOOMHOTO COCTOSIHMS BaKyYMHBIX IIPOMEXYT-
KOB, OCHOBaHHAas Ha WCIIOJb30BAHUM aHOAA,
M3TOTOBJIEHHOTO M3 MaTepuaa ¢ BHICOKUM Yae/b-
HBIM COTIPOTUBJEHUEM. BBISIBIEHBI cleabl Mpe-
NpOoOONHBIX SIBJEHUII Ha MOBEPXHOCTU KaTOIOB,
KOTOpPBI€ OOBIYHO IPUBOIAT K BAKYYMHOI UCKpPE U
CaMOYHMYTOXXEHUIO 1 IPOBEICHO UX IIPEABAPUTEIb-
Hoe uccieqoBaHue. JlaHHass METOIMKa ITO3BOJIUT B
JanbHEeHIeM pacllMpUTh NPEICTaBACHUS O MPU-
posie BAKYyMHOTO TIpO0O0S U BJIEKTPOIJIACTUIECKUX
SIBAEHUI B KPUTUUYECKU CUJIbHBIX DJIEKTPUUECKUX
MOJISIX HAMpsIKeHHOCThIO ¢Bbilie 1 MB/cMm. Tpen-
JIOXKEHO MCIIOJIb30BaHUE MPEennpoOOHOI 2IEKTPO-
CTaTUYECKOM TPEHUPOBKHU ITOBEPXHOCTU METAJIJIOB
U MOJYIIPOBOIHUKOB IS U3yUYEHUST BO3MOXKHOCTHU
nonydyeHus 3P (EKTUBHBIX XOJIOIHBIX 9MUTTEPOB
3JIEKTPOHOB.

IToramos B.T., Kamaaneraunos H.M.,
Moucee B.B. 3mepeHue Temmepatypbl Mo
C/IBUTY M0JI0C MHTEep(depeHIu B MUKpOUHTEP(hepome-
Tpe hadpu-nepo HA OCHOBE KPEMHUEBOI1 IIACTHHDI. —
6c., 5 puc.

OnucaH BOJIOKOHHO-ONTUYECKUM TaTIMK TeM-
nepaTrypbsl ¢ YyBCTBUTCIBHBIM 3JIEMEHTOM Ha
OCHOBE KPEMHUEBOTO MUKpOUHTepdepomeTpa
®adpu—Ilepo, Temreparypa KOTOPOTO U3MEPSIETCS
10 CIBUTY UHTEeP(DEPEHIIMOHHBIX IT0JIOC BCEACTBUE
3aBUCUMOCTU KO3(hULIMEHTA IPEJTOMICHUS KPEeM-
Hust oT TeMnepatypbl. MHTepdepomerp Dabpu—
Ilepo npencrasisier cob60ii KPEMHUEBYIO MJIACTUHY
pasmepamu 500 x 500 MxM?, TommuHON 20 MKM,
PAacCIONIOXKEHHYIO Ha TOPIle OMHOMOIOBOIO BOJIOKHA.
KoadpuuumeHTt npeodpaszoBaHusi TaKOro HHTepde-
pomeTpa paBHsieTcs npumepHo 1 HBT/°C npu yyB-
CTBUTEIBLHOCTH ropsiaka 5- 1073 °C.
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JIABOPATOPHAA TEXHUKA

Bharath V., Subramanian K.R. V. Experi-
mental analysis and optimisation techniques for screen
printing of ZnO nanomaterials. — 12 p., 8 fig. (Try6mm-
KyeTcsl TOJIbKO B aHIIMIiCKo# Bepcuu [1TD).

Screen printing stands out due to its ease of setup
and versatile printing capabilities, supporting various
substrates such as glass, ceramics, textiles, plastics,
and metals. This technique offers precise control over
critical deposition parameters, including nanoink
thickness, ink viscosity, and packing density, which
are essential for high-quality prints. In this study,
ZnO nanoparticles dispersed in ethylene glycol were
processed to achieve a moderate viscosity of 23.8 cP.
This laboratory-scale setup was designed to optimize
screen printing parameters for enhanced ZnO depo-
sition quality. Key variables, such as the viscosity of
ZnO nanoink, printing modes, and stroke techniques,
were rigorously assessed for their impact on print
consistency, with adjustments made to refine the pro-
cess. During experimentation, challenges emerged,
including ink blurring, uncontrolled distribution,
leakage, uneven prints, lack of sharpness, clogging,
and misalignment. Specific adjustments, such as
optimizing snap-off and off-contact distances, using
screen mesh tape, applying controlled pressure, and
securing the screen with clamps and vacuum holes,
were implemented to address these challenges. This
study introduces an optimized screen-printing setup
for reliable ZnO nanoparticle deposition on glass
substrate, supporting scalable production for appli-
cations in nanotechnology. Voltage measurements
on the sensor made using the printed zinc oxide elec-
trode yielded up to 0.9 mV which is suitable for low
order flow measurements.

Anekcaunapos WU.C., beanos B.A., boxo3-
apiaa A.U., Bacun A.A., TanaBanos A.B.,
I'ycakos [0.B., Kosanenko A.I., Ko3-
aosa E.C., KonoBanos A.M., KopHoy-
xoB B.H., Kymnman A.B., Jlykpamun A.B.,
IIunnuyk A.B., PazyBaea O.E., Pyauk /I.T.,
Cumakos I'E., CocunoBuen B.B., Xpo-
MoB A.B., lllakupos A.B., Drenko A.B. Ilup-
KY/ISIIIMOHHBINA HACOC /J151 HEMPEPHIBHOW 0UHMCTKH Pado-
yeii cpeabl AByX(a3HOro SMHCCHOHHOTO JAETEKTOpa
PO1-100. — 6 c., 2 puc.

CraTbs TOCBSIIIIEHA OMMCAHUIO MOJEPHU3AIIUU
CTaHAApTHOTO MeMOpaHHOTO Hacoca JJis Herpe-
PBIBHOI IIUPKYASIMOHHON OYMCTKM OJIaropomaHbIX
razoB, xujkas daza KOTOPbIX UCTOJIb3YyeTCs KaK
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pabouasi cpeia SMUCCUOHHBIX IETEKTOPOB C 1EJIbIO
obecrneueHUs TIaBHOM PEeryJIupoOBKU IMOTOKA OYU-
11aeMOTO ra3a B nipeaeiax 8—15 TUTpoB B MUHYTY.

lFadouros ®.P., I'aourtos U.P., Apya-
auna J.1O., Xaiipyraunos B.D.,
Xaopues W.II., Abanynaratos M.M. Dkcne-
pPUMEHTAJIbHAS YCTAHOBKA JIJISl M3MEPEHNs TENJIonpo-
BOJHOCTH JKMIKOCTEii, ra30B M TBEPAbIX TeJl METOA0M
UMITYJIbCHOTO HarpeBa. — 12 c., 4 puc.

Cratbs1 ocBsIIIeHa METOIaM MCCIeIOBAHMS TEIUIO-
MPOBOIHOCTU Y, B YACTHOCTU, METOLY UMITYJIbCHOTO
Harpesa. OmnmcaHa KiraccuuKalKs METOIOB MCCIC-
JIIOBaHMsI TEIUIOIIPOBOAHOCTH, X IIPEMMYIIECTBA 1
HegocTaTku. ITpuBeneHbl 00001eHHas MHOpMa-
LS 0 30HIaX, MPUMEHSIEMBIX B 9KCITEpUMEHTAIIb-
HBIX YCTaHOBKaxX METOJa MMITYJIbCHOTO Harpesa,
a TakxKe OoTMMcaHue 30Ha, UCIOJIb30BAHHOIO B pea-
JIN30BaHHOI ycTaHOBKe. IIpencraBieHbl aKCIepu-
MEHTaJbHbIe TEPMOTPaMMBbI C aHAJIU30M (PaKTOPOB,
BJIMSTIONIMX Ha PE3yJIbTaT, a TAKXKe BApUAHThI OLIEHKU
X BKJada B OOLIMIA pe3ynbratr uaMepeHuii. [1puse-
NIeHbl pe3yJbTaThl alpoOalluy YCTAHOBKU U CpaB-
HEeHME TIOJIYYeHHBIX 3HaueHU Ko3((PUINEHTOB
TEIUIONPOBOTHOCTH CO CTAHAAPTHBIMY 3HAYCHUSIMU,
MpeacTaBIeHHBIMU B IUTEPATypeE.

XKepeouebckuit B.U., 3emaun E.O.,
Maabues H.A., Ilerpos B.B., ®eopu-
aoB I.A. DKcnepuMeHTAIbHAS YCTAHOBKA /I M3Y-
YeHHs MPOIECCOB OXJIAXKIEHUA TOHKMX KPeMHHEBBIX
MUKCEIbHBIX JETEKTOPOB HOBOTO NMOKOJeHnd. — 15 c.,
4 puc.
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Pa3paboraHa sKkcrnepuMeHTalbHasl YCTaHOBKA
IUIST ONITUMM3ALMU IIPOLIECCOB Ta30BOT0 OXJIAXIE-
HUS TOHKUX KPEMHUEBBIX TTUKCEIBHBIX IETEKTOPOB
OOJIBLLION TIOLIAAM, 00JaJa0IIUX BEICOKUM MPO-
CTPAHCTBEHHBIM pa3pelleHreM MPU PerUCcTpaLun
TPEKOB 3apsiKeHHbIX yacTull. McnblTaHbl HOBbBIE
TeXHUYECKNE PEIIeHUs TI0 pacIIpeaesIeHNIO MOTO-
KOB XOJIOJHOTO Ta3a ¢ MUHUMAJIbHOI CKOPOCTHIO,
HAIlpaBJICHHBIX MEXIY OJM3KO PacCIOJOXEHHBIMU
OUWIMHIPUIECKUMHU CJIOSIMU OETeKTOpoB. Takas
cxeMa oxJaxkaeHus obecrieunBaeT 3 (PEeKTUBHBIN
OTBOJI TEINIOBOM MOIITHOCTH, MUHUMU3HPYET TEM-
nmepaTypHble IPAagUEeHTHl U YCTpaHsSIeT IPOOIeMbI
BUOpaLIMil JETEKTOPOB, KOTOPhIE MOTYT BO3HMKATh
npu 60Jjiee BEICOKMX CKOPOCTSIX Ta30BOTO IOTOKA.
O6cyXaal0TCs BISIBICHHbBIE OCOOCHHOCTU OXJIaX-
JEHUST TOHKUX KPEMHUEBBIX MTUKCEIbHBIX CEHCOPOB
0OJIBIION IUIOIIAAM B HOBBIX 3KCIIEPUMMEHTAaX I10
(pm3uKe BBICOKMX SHEPTUIA.

Mapraunos C.I., Tapkaera E.B., UesB-
aeBa B.A., Kynuesuu A.lO. JIByxarannasa ¢oro-
9JIeKTPOHHAS JuTorpadus niasi padoTbl ¢ XPYNKAMH
HAHOCTPYKTYpamMu. — 7 c., 2 pucC.

IIpencrasiieHO NOMOJHEHUE K 2JEKTPOHHOMY
JuTorpagy Ha OCHOBE ONTUYECKOro MUKPOCKOIIA 11
OBICTPOro MaTTEPHUPOBAHUST KPYMHOMACIITAOHBIX
3JIEMEHTOB METOJOM KOHTaKTHOI MacOYHOI (OoTO-
Jurorpaduu B yabTpadroIeTOBOM M3JIyYEHUU Ha
aJIeKTpOHHOM pe3ucte. [Tpubop yckopsier co3naHue
KOHTAKTHBIX TJIOIIAA0K K TBEPAOTEIbHBIM MUKPO- U
HAHOCTPYKTYpaM U YMEHbILIAET pUCK ITOTepU 0OpasLa
npu padboTe ¢ XpYNMKUMU CTPYKTYPaMU.
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