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Beenenne

YckopuTenb ~ MOIIHBIX ~ MOHHBIX  IIYYKOB  MpPEIHA3HA4YeH  JJIA
MCCJIeI0BATENbCKUX padOT B 00J1aCTH MOJU(PHUKALIMK MAaTEPUATIOB U, B YACTHOCTH,
OCBOCHUS W HCIIOJIB30BAHUSA METOAA KOPOTKOMMITYJIBCHOM BBICOKOJO3HOM
MMIUIAHTAllUM HOHOB B  CONPOBOXKJIECHHUHM HOHEPreTUUYECKUX  BO3JCUCTBUH,
OPUBOASIIMX K  aKTUBAUMKU  TOBEPXHOCTHOTO CJOSI W (POPMUPOBAHUSA
HAHOPA3MEPHBIX CTPYKTYp 3a CUET BBICOKHMX cKopocTell oxmaxaenus 109-10M K/c
py OTBOJIE TeIUla BrilyOb MaTepuasia. MeTo]] YHUKAJIbHBIA U €ro Pa3BUTHE TECHO
CBSI3aHO C PEIICHHEM MPOOJIEMbI T€HEpaLlUU ITy4YKOB MOHOB 33/IaHHOTO COPTa.

B nmanHOM yCcKOpUTENE KIIIOYEBBIM JJIEMEHTOM SBJISETCA MarHuTo-
U30JUPYIOLIUN MO C paauaibHbIM B-1oneM 1 3aMKHYTBIM JpeiioM 3JIEeKTPOHOB
C AKTUBHBIM IUIA3MEHHBIM HMCTOYHHUKOM Ha OCHOBE HWHIYKLUHOHHOTO Hpo0os
UMITYJIbCHO HAITyCKaeMoro ra3a, 00ecreurnBarouM SMUCCHIO HOHOB. JTO HauboJee
IPOJBHUHYTasl pa3padOTKa B JAHHOM HalpaBJICHUH, YCIIECIIHO UCIOJIb30BaHHAS JJIs
reHeparmn MUII HaHO- M CYOMUKpPOCEKYHAHOTO JHAMa30HA IUTEIHHOCTEH
MMITYJIbCOB.

B nanHOl pguccepranmoHHOM paboTe OBLT HCCeAoBaH M pa3padoTaH
CUJIbHOTOYHBIA MHAYKIMOHHBIA UCTOYHHK IJIa3Mbl C UMITYJIbCHBIM HAIyCKOM rasa
U OUNONSpPHBIM  NHUTAHMEM  MHOT03aXOJHOM  JBYXBUTKOBOW  yAapHOM
VOHU3AlIMOHHON KAaTYIIKHW, MPEIHA3HAYEHHOW ISl TeHEpalMd MOUIHBIX HOHHBIX
MyYKOB PA3JIUYHBIX Ta30B B MarHUTO-U30JUPOBAHHOM JHMOJIE€ C paauajbHbIM
U30JIMpyrouM B — roneM.

M cTOYHUK MO3BOJISIET CTAOMIM3UPOBATH HAYaJI0 BOSHUKHOBEHUS U Pa3BUTHUS
paspsifia 32 CYET BBICOKMX 3HAYEHHI BUXPEBOrO 3JEKTPUUYECKOTO MOJid B paboueit
30HE U TPAHC(POPMHUPYEMOTO TOKA B TUIA3MEHHBII BUTOK BCIAEACTBUE UHIYKTUBHON
CBSI3H C YIAPHOU KATYLIKOH.

HccnenoBaHa HMOHHO-DMUCCHOHHAS CHOCOOHOCTh HMCTOYHHKA, KOTOpas
ONPENENAETCS MOTOKOBOM CKOPOCTBIO, YCKOPEHHOW B HMCTOYHHUKE IUIa3Mbl U 10
MOpPSIAKA BEJIMYMHBI IMPEBOCXOAUT AHAJOTUYHBIA IOKA3aTelb ISl CIOKOWHOW

IJ1a3Mbl TOM K€ INIOTHOCTH.
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1 ITma3mMeHHBIE UCTOYHUKHI IJI1 TCHEPpAIU MOIIIHBIX HOHHBIX ITYYKOB

HccnenoBanusi MOIIHBIX MMITYJIbCHBIX MTYYKOB HMOHOB C(OPMHUPOBATIUCH B
CaMOCTOSITENIbHOE€ HANpaBJIEHUE CUJIBHOTOYHON HMITYJIbCHOM 3JIEKTPOHUKU B
cepenune 70-x ronoB. [osiBiieHHE TaKUX TyYKOB OBLIIO TIPEIONPEIETCHO OOTBIITUMU
ycleXxaMd B Pa3BUTUU HMITYJIbCHOM TEXHMKH OOJBIINX MOIIHOCTEH U B
(GyHIaMEHTAIbHBIX MCCIEAOBAaHUAX B 001acTH (U3MKH TOTOKOB HOHOB U
TUTa3MEHHBIX HCTOYHUKOB HOHOB.

PasButust yckoputenbHOW (U3HKK XapaKTepu3yeTcs MOSBICHHEM U
WHTEHCUBHBIM  pPa3BUTHUEM TNPHUHIMIHAIBHO HOBOTO KJlacca YCKOpUTETeH
DIIEKTPOHOB TIPSMOTO JIEHCTBUS — HMITYJIbCHBIX CHJIBHOTOYHBIX YCKOpPUTENIEH
(HCY).

YckopeHue 4acTull 10 MaKCUMaJIbHOM HPHEPTrUM HOCUT, KaK MPaBUIIO, OJ-
HOKpaTHbIA Xapakrtep. [lonHas sHeprus yacTul (Ha €IMHHUILY 3apsia) COOTBET-
CTBYET HaIPSKEHUIO, ITpUjIaraeMomMy K yckopstomeMy 3azopy UCY (t.e. nuony), a
BECh IIMKJ YCKOPEHHS MPOUCXOIUT B HAHOCEKYHIHOM WU MHKPOCEKYHIHOM
nuana3onax. Ilociaennee oOyClIOBICHO KaK MPEEIOM 3JIEKTPUUECKON MPOYHOCTH
U30JIUPYIOIIMX TOBEPXHOCTEN YCKOPSIOIIEro 3a30pa, TaK M CleUu(PUYECKUMU
IpoIecCCaMy, TPOTEKAIOUIMMH B YCKOpPSIOUIEM 3a3ope (TeHepalus I1a3Mbl),

MMPUBOAAIIMMH K €TI0 IICPCKPBITUIO.

1.1 OcobGeHHOCTH reHepali MOIIHBIX HOHHBIX ITyYKOB

Feuepauuﬂ MOUIHBIX NYUKOB UOHO6 6 OMpPANCAMENIbHbIX cucnemax

[TpoGyieMbl  TeHepali TyYKOB HOHOB B  JIMOJAaX  HMITYJIbCHBIX
CHIIbHOTOYHBIX ~ yckoputenerr (MCVY) cBsizaHbl, B TMEpBYIO oOdYepedb, C
CYIIECCTBOBAHHEM MTOTOKA JICKTPOHOB, SMUTHPYEMOT'O C KaTO1a.

Hcnonb3yemass B UMITYJIbCHOM CWJILHOTOYHOW  3JICKTPOHHUKE

HAMpsHKCHHOCTD JJICKTPHUYCCKOro IOJIsA B AUOAC JOCTATOYHA JJIA BOSHUKHOBCHUS
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B3prBHOfI BHGKTpOHHOﬁ O9MUCCHUM Ha KaroA€ C YCTAHOBJIICHUCM pPCKHUMaA
3apAJOOTPAHUYUCHHOI'O IIOTOKA JJICKTPOHOB, IIPU KOTOPOM HAIIPAKCHHOCTD
QJICKTPUYICCKOI'O ITOJIAI Ha KaTOAC paBHA HYJIO U TOK OI'PaHUYCH IIPOCTPAHCTBCHHBIM
3apsaa0M, TaK KaK SMUCCHUOHHAA CITOCOOHOCTh BHCKTpOI[HOﬁ IJ1a3MbI, OIIpCACIIACMAd
BBIPAKCHUCM IJISI TOKA HACBIIICHUA [2], Ha MHOT'O IIOPAAKOB IIPCBOCXOOUT IIPCALCIT

110 MPOCTPAHCTBEHHOMY 3apsiy.

. KBTe 1/2
= en (B (L.1)
e
rac € - 3apsad 3JICKTPOHA, Ne — IMJIIOTHOCTH QJICKTPOHOB B ILIAa3M€; Kp -
noctosiHHas bonbumana; Te — Temmneparypa miia3Mbl B MPEINOIOKEHUH €€

TECPMOJUHAMHUYCCKOI'0 paBHOBECHS, M. — Macca IMOKOsI 2JICKTPOHA.

B cBoro ouepenp, IOTOK 3NEKTPOHOB, NAJAONINIM HA aHO/, IPUBOJUT K €r0
pazorpeBy U 0OOpa3OBaHUIO TMOBEPXHOCTHOM ILJIa3Mbl, CIIYy’>Kallled HCTOYHUKOM
MOHOB, a TaK)K€ BBHIOMBAHUIO BTOPUYHBIX DJIEKTPOHOB M OOPATHOMY PACCESHHIO.
AHonHas 1miasma B auoaax MCY MoxkeT UMETh U JAPYyroe IMpoUCXOoXKIeHue (ot
CTOPOHHETO HCTOYHUKA WM MPHU BBICOKOBOJHLTHOM TMOBEPXHOCTHOM IIpoboe).
[IOTOK MOHOB, BBITATMBAECMbIM M3 AHOAHOM IUIA3MblI, YaCTUYHO HEUTPAIU3YET

IIPOCTPAHCTBEHHBIN YJIEKTPOHHBIN 3apsI.

BaxxHOl XxapakTEepUCTHKON HOHHOrO AMoja sBisAeTcd 3(PQPEKTUBHOCTD
npeoOpazoBaHus SHEPTUH, TIOCTYTMAIOMIEH B TUOJI, B SHEPTHUIO MMyYKa HOHOB, T.€. €r0

KII/I, KOTOpbIi MOXKHO 3aMucaTh KaK
KITI=jil (it Je), (1.2)
IJIe ji — IJIOTHOCTh HOHHOT'O TOKA; Je — IUIOTHOCTH JICKTPOHHOTO TOKA.

N3 momyueHHBIX BBIPAXKEHUM CIIEAYET, UTO B UHTEPECYIOIIEM HAC TUarna3oHe
HanpsokeHust (eguHunbl MeraBonbT, T.e. Ua<=10MB) otHomenwue ji/( ji+ je) He
npesocxonut 7% [2]. 3naunrensno ysemmants KITJI (no 14%) moxno npu Ua=10?,
OJIHAKO JOCTUTHYTh TaKOro HampsbkeHUs B coBpeMeHHbIX MCY HeBO3MOXHO.

[ToaToMy cymiecTBEHHO YBENWYUTH 3(PHEKTUBHOCTh TEHEPAIMH ITy4YKa HOHOB B
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auoge MCY MOXKHO TOJNBKO MNPU MOJABJICHUHM JJIEKTPOHHOW KOMIIOHEHTHI, Ha
KOTOpylo pacxoayercss 10 96% wmomHoctd auoaa. Ilpu Hanuyuum CTOPOHHErO
MCTOYHUKA HMOHOB B YCKOPSIOUIEM 3a30p€ JHUOJa JSTOTO MOXHO JOOUThCS
YMEHBIIIEHUEM HaAIPS)KEHHOCTH IOJISI Ha TMTOBEPXHOCTH KaToOJa, T.€. MOJAABICHUEM
peXrMa  B3pPBIBHOM  DJIEKTPOHHOM HSMHCCHU U  MEPEXOJIOM K  PEKUMY

aBTOXJICKTPOHHOW 3MUCCHH.

JI71st monmydeHusl MyYKOB MOHOB B IJIa3MEHHBIX MCTOYHUKAX TTPUMEHSIOTCS
MHOTOKpAaTHBIE OCITMIUIALNU, JTNO0 3aMKHYThIM B AK - 3a30pe apeiid) 31eKTpOHOB.
B pa3paboTaHHBIX MIa3MEHHBIX UCTOYHUKAX HOHOB (YCKOPHUTENSX) HEMPEPHIBHOTO
JNEUCTBUS, OCHWUIMPYIOIIKE, JUO0 Apeidyrolire BAOIb MArHUTHBIX CHUJIOBBIX
auHui B razoBout cpene (1—10 Ila) snmekTpoHBI MOHU3HMPYIOT Tra3, W3 IUIa3MBbl
KOTOPOT'O BBITATUBAIOT ITyYKH HOHOB C TOKOM JO COTEH aMIiep U HaNpsHKEHUEM J10

CAMHUI KNJIOBOJIBT.

JUisi monaBiIEHUS JJIEKTPOHHOM KOMIIOHEHTBI TOKa B PEJISTUBUCTCKHUX
IA0JaX B CXEME OTPaXaTeJIbHOIO TPHUOJAA HCHOJIB3YETCS MHOTOKPATHBIE
OCUMJUIALIMM DJIEKTPOHOB. JlOCTaTOYHO IIPO3pAauYHBIM IUIOCKUM CETOYHBIM aHOJ
pa3MenaroT Jub0 MocepeAMHE MeXAy JABYMs KaroAamM, JHOO Mepes OIHUM
KaToaoM. Bes cucrteMa HaXOIUTCS B IPOJOJIBHOM MAarHUTHOM IOJIE, NTEPIIEHAUKY -
JIIPHOM ITOCKOCTSIM aHOJa X KaTo0B. [Ipn moaue BBICOKOBOIBTHOTO HAIIPSIKEHNUS
Ha aHOJ AJIEKTPOHBI, SMUTHPYEMBIE C TOBEPXHOCTEN (MJIM IMOBEPXHOCTH) KAaTOMOB,
YCKOpSIIOTCA B CTOPOHY aHOJA M COBEpLIAIOT KOJeOaHUs MEXIYy KaTolaMu,
MHOTOKPATHO MPOXO0/is YePE3 aHOI, pa30rpeBas €ro U 00pasys Ha ero MOBEPXHOCTU
wiazmy. [lpu atom dopmupyroTcs 1Ba myyka MOHOB, BBITSTMBAEMBIX W3 aHOJHOM

IJ1a3Mbl B CTOPOHBI KATOJOB.

OcHogHble Kpumepuu MACHUMHOU U30JIAYUU.

Nnes MarHuTHOM M30JISIIUM MEXDJIEKTPOIHOrO 3a30pa camMa mo cede He

HOBa: €€ pa3pa60TKa Obl1a CBsA3aHa C MAaraCTpOHHbIMHU UCCICAOBAHHUAMH, a4 3aTCM C
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pabotamu B 00JIaCTH IJIQ3MOHAMNOJHEHHBIX MCTOYHUKOB MOHOB M IUIa3MEHHBIX
YCKOPHUTEJIEH.

CylrHOCTh MAarHUTHOM M3O0JISIUU 3aKII0YAETCS B HAJIOKEHUU Ha 00JacTh
AK - 3a3opa Takoro BHemHero (WM COOCTBEHHOT0) MAarHUTHOTO TOJISA, Tep-
NEHIUKYJSIPHOTO DJIEKTPUYECKOMY, KOTOPOE TMOJABIISIET MPOXOXKIACHHUE JJICK-
TPOHHON KOMIIOHEHTBhI TOKa 4epe3 nuoj. [Ipu 3TOM MOTOKH 3JIEKTPOHOB OKa-
3bIBAIOTCS. OTPAHUYEHHBIMU B MIPUKATOJITHOM CJIO€, TOJIIMHA KOTOPOrO 3aBUCHUT OT
BHEIIIHUX TapaMeTpPOB: Pa3HOCTH IMOTEHIMANIOB, pa3MepoB U reomerpuun AK -
3a30pa, aMILTUTY bl U TEOMETPUU MarHUTHOTO 1oJjisi. biarogaps 0omnbiieit macce (Ha
TPH MOPsiAKa OOJIBIIE) HOHBI, BHITATUBAEMbIE U3 aHOAHOM T1a3Mbl, epecekaroT AK
- 3a30p U B MONEPEYHOM MAarHUTHOM II0JIC JIUIIIb 3HAYUTEIHLHO OTKIOHSIOTCA [1].

CranonapHble MarHUTHO-U30JMPOBAHHBIE TIOTOKM B JHOJAX MOKHO
pa3OuTh Ha JIBa THUIMA: JIAPMOPOBCKHUE JIBOWHBIE MOTOKHA C BOCXOMSIIECH U HHC-
xojsmier BeTBbio (puc. 1.1, a) [1] u OpHiUTI09HOBCKHE OJIMHOYHBIC MMOTOKH BJIOJIb
skBumnoTeHmuaneit (puc. 1.1, 6). [1] [lo Tumy MarHUTHOW W3OJIANHUUA TOTOKU
AIIEKTPOHOB PA3ACIISIOTCS:

1) moToku BO BHEIIHEM, (CTOPOHHEM) MarHHUTHOM IT0JIC B HEPEISATUBUCT-
CKUX JHOJaX, IJI€ COOCTBEHHBIE MATHUTHBIC MOJIST MaJbl, JINOO B PEISTUBUCTCKUX
JMoJaX C OTPaHUYEHUEM MArHUTHOTO MOTOKA MPOBOJIAIIUMHI CTEHKaMU JINOJIA TakK,
YTO BBIMOJIHSETCS YCIOBHUE €r0 MOCTOSIHCTBA BO BpeMenu D = const;

2) MOTOKH B COOCTBEHHOM MAarHHUTHOM ITOJIE, OMPEC/IIEMOM TOKOM, IPO-
tekaromuM vyepe3 AK - 3a30p Amoaa Tak, 4TO MarHUTHBIM MOTOK BO BPEMEHHU HE
coxpansieTcsi. B taHHOM ciydae MarHUTHAs U30JS1Ms HAOJII01aeTCsl B YaCTH AUO/IA,
urparolied pojib Tepefarolle JUHUM TOW XK€ KOHQUTrypaluu, 4YTO U JIHOJ
(caMOOTpaHUYEHHBIN TMOTOK), JTUOO OTIWYAIOMIEHCS TIO0 KOH(UTypamuu OT HETo

(IOTOK, OrpaHUYEHHBIN HArPY3KOM).
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Pucynok 1.1 — Pa3sHOBUIHOCTH Jpeii(pOBBIX IOTOKOB 3JIEKTPOHOB B
MAarHMTHO-M30JMPOBAHHBIX CHUCTEMAX: 4 - JIADMOPOBCKMII IIOTOK; 0 -

OpMIUTFORHOBCKUN TIOTOK; J[1 - cOOCTBEHHO AMOJ C SIEKTPOHHBIMU TTOTEpSIMU; J[2
— MAarHuTHO-M30JUPOBAHHBIA y4acTok Japeiida; [I3 - obmacte smuccuu
(3apoxaeHus ApeihoBOro moToka)

Kpumuueckoe none — oOTCe€YKa TNOTOKA OJJIEKTPOHOB OT aHOJA, 3TO
MIPOUCXOIUT, IIPH 3aBEIOMOM BBITIOJTHEHUH YCIIOBUS PABEHCTBA HYJIIO KOMITIOHEHTHI
CKOPOCTH JJIEKTPOHOB, meprneHaukysapHoit k AK - 3a3opy, Ha anoxge: V1ia=0.
OO6b1yHO UOABI, Hcnodab3yeMble B MCY, o0nagaroT onpeeneHHOW cCuMMeTpuei
(TUI0CKHE ANO/IbI, KOAKCHAJIbHBIE IIMIIUH]IPBL, KOHYCBI, CPEPHI), ONPEAEIAIOMEH THIT
CUMMETPUH DJIEKTPUUYECKUX U MArHUTHBIX mojied BHyTpH Hux. [lostomy B- u E-
MOJIsl B CTAIlMOHAPHOM COCTOSIHUM HOPMAJIBHBI JPYT K APYTY U 3aBUCST JUIIb OT
OJIHOW KOOPJMHATHI, NEPHIEHAUKYISPHON K MOBEPXHOCTHU 3IEKTPOOB.

IIpu oTceuyke HIEKTPOHOB OT aHOAA C MOMONIBKO MArHUTHOIO IOJIS
3aMarHMYE€HHBIE TMOTOKU 3JEKTPOHOB HAXOIATCA B OMPEIACICHHBIX COCTOSIHUSIX,
YCJIOBUSI CYIIECTBOBAHMS M YCTOMYMBOCTH KOTOPBIX B 3HAYUTEIHLHOW CTENEHU

onpeaenstoT 3QPEeKTUBHOCTb T€HEPAIIUU ITyYKa HOHOB.

1.2 ITna3sMeHHBIE UCTOYHUKH JJISI MOIIIHBIX HOHHBIX JUOI0B

Bo Bcex amomax, 3a HCKIIOYEHHEM INIA3MOHAIIOJHEHHBIX, MCTOYHHKOM
HMOHOB SIBJIICTCS TUIa3Ma, FTeHeprupyeMas TeM JTM00 HHBIM METOJI0M Ha IMIOBEPXHOCTH
aHojga. B ciydae Tma3MOHAmOJIHEHHBIX JMOJIOB IIa3Ma Co3JaeTcs Ju0o

HerocpencTBeHHo B AK-3a30pe auoxa (HampuMep, HOHM3AIMS OCTaTOYHOTO Tasa),
19



JM00 MHXKEKTHUPYETCS B HEro OT CTOPOHHUX HCTOYHUKOB. PaccMoTpuM BKpatue
OCHOBHBIE METOJbI MOJIYYEHHUSI TAKOM I1a3Mbl U Xapakrtepuctuku MUII, BeITsATH-
Ba€MbIX M3 Hee, a Takke MpoOJieMbl ONTUMHU3ALMK JSTUX XapPaKTEPUCTHK
(OIHOPOAHOCTH COCTaBa IyyKa, IPOCTPAHCTBEHHOM OJHOPOJHOCTH, HHU3KOU
TEeMIIepaTyphl), CBSI3aHHBIX C TapaMETPaMH CaMOM TJIa3MBbl.

XPpOHOJIOTUYECKN CaMbIMH TMEPBBIMUA MCTOYHHKaMU Ma3mbel B MUJ[ u 1o
CUX IMOp HE YTPATUBLIMMH CBOEU POJIU SIBJISIOTCA MAaCCUBHBIE HCTOYHUKU TIA3MBbl,
UCCJIeIOBaHHbIE (DAKTUYECKH Ha BCEX JOCTUTHYTHIX YpOBHsIX moiHoctd MU/I.
OHu TpencTaBiIAlOT CcOO0M MO3aMYHO-IUANIEKTPUUECKOE TOKPBITHE aHOIHOMN
MOBEPXHOCTH B BHUJE OTHACIBHBIX JJIIEMEHTOB, KAHABOK, 3allOJIHEHHBIX
JMDJICKTPUKOM, CUCTEMbI OTBEPCTHIA, UTJT B TUJICKTPUKE U T. 1. [4].

B ocummmpyromux cuctemax (OC), re OCHUUTUPYIONIUE SJICKTPOHBI
MHOTOKpPAaTHO T€peCceKaroT TOHKUH aHoJ, (QOopMUpOBaHME IUIa3Mbl Ha €ro
MOBEPXHOCTH POUCXOIUT NMPEUMYIIIECTBEHHO BCIIEICTBHE JIKOYJIEBA pa3orpesa (B
cllydae TPOBOJSALIMX AaHOAOB) JHUOO TMOBEPXHOCTHOrO IMpobost (B ciydae
nuanekTpuuecknx aHoqoB). CyTh 00pa3oBaHHMM TUIa3Mbl Ha TaKOW MOBEPXHOCTU
CBOJIUTCS K BOSHUKHOBEHHIO MOBEPXHOCTHBIX MPOOOEB B MECTaX HEOJAHOPOIHOCTEH
AIEKTPUYECKOTO TMOJISl B PE3yJIbTAaTe HAKOIUIEHUS 3apsia 3JIEKTPOHHOIO TOKa
YTEUKH, BHIOMpAHUS BTOPUYHBIX AJIEKTPOHOB M CTUMYJIHMPOBAHHOW JecopOanuu
ra3oB C MOBEPXHOCTH aHOJA C MOCJIEAYIOMINUM UX MPOOOEM B AIIEKTPUUECKOM IIOJIE.
['enepupyemas npu 3TOM IJ1a3Ma, Kak IpaBUiI0, MHOTOKOMIIOHEHTHA, M €€ COCTaB B
OCHOBHOM OIIpEAEIIIeTCs aAre3uPOBAHHBIMUA MOJIEKYJIaMU Ha MOBEPXHOCTU aHOJA.
Bpewms mporecca dhopmupoBaHus aHOIHOM Tuta3Mbl M Havano renepanvu MUII B
ueinoMm 3aHumaer 5—I10 HC. Haubonee mmpokoe MpUMEHEHHE IJsi MOJTy4YEHUS
MPOTOHHBIX My4YKOB noxyunnu: nonudTwieH (CHz), nomuctupon (CH), snokcua-
ubii kommayHsa (CgH110) [4]. Ananu3s cocraa MU, renepupyemMbIX ¢ yKa3aHHbBIMH
TUMIAMUA TIOKPBITUA C TMOMOUIBI0O MAacCC-CIEKTPOMETPHUM, TOKa3all, 4YTO OHHU
TE€HEPUPYIOT MHOTOKOMIIOHEHTHBIE ITyYKH, COJAEPKAHUE KOTOPBIX B 3HAUUTEIIbHON
CTETNIEHU OMPEIEISAETCS aAre3MpOBaHHBIMU T'a3aMu. 3/1€Ch HEOOXOAUMO YUUTHIBATh

TOT (haKT, YTO Ha UCIIONIBL3yeMOM paboueM BakyyMe P ~ 10 MM pT. ¢T. HOBEPXHOCTD
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aHOJa MOKPbITA MHOTOCJIOMHOM IUIEHKOW M3 MOJIEKYJ OCTAaTOYHBIX T'a30B U MAapOB
Maciia BAKYyMHOU cucteMsl. [[pydem npruMeHeHre cneuuanbHbIX METOI0B OUUCTKU
(Treronuit pa3psl B pa3iMuHoON atMocdepe), Kak mpaBuiio, Manod(pGeKTUBHO eciu
OHM HE€ BBINOJHAIOTCA B TEUYEHHE CaMOI0 BBICOKOBOJIBTHOTO HWMIYJIbCa U
HEIOCPEACTBEHHO nepe HuM [4].

Takum 00pa3zoM, 3TU HICTOUYHUKHU HE MOTYT 00€CIIEUUTh OTHOKOMITOHEHTHBIN
coctaB MUII. BTopbiM X OCHOBHBIM HEJIOCTATKOM SIBJISIETCSI BPEMEHHAS 3aJI€piKKa
oOpa3zoBaHus caMOM IJIa3Mbl U COOTBETCTBEHHO Hadajia reHepallii MOHHOTO My4Ka.

[To3xe ObLIM TPOBEJEHBI MEPBbIE SKCIEPUMEHTHI C JUTUUCOEPKAITUMU
aHosaMud (TTOBEPXHOCTHOE HAHECEHHWE CJIOSI JIUTHUsA, JIMOO HACHIIEHUE JIMUTHEM
MOPUCTOTO MOBEPXHOCTHOTO CJIO0sI) OHU MOJTBEPIUIN BO3MOXKHOCTb JOCTH)KCHUS
OYE€Hb BBICOKOW CTEIEHU OJHOKOMIIOHEHTHOCTH MMUII ¢ coaepxanueMm JuTUSA OO
90% u 60nee [12].

[lepexonst x akTUBHBIM HcTOyHUMKaM 1a3mel (UII) oTrmerum, uto B
MpakTHKe Hanbojee MUPOKoe NpuMeHeHue Hauum asa tuna MIT — mia3meHnHble
nymku (KoakCHajbHbIC, criipalibHbie) [4] m1b0 MOBEpXHOCTHBIE MHOTOHMCKPOBBIC
[4]. K mx HemocTatkaM MOXXHO OTHECTH OOJIBIIYI0O PacXOJUMOCTh H
HEOJTHOPOJIHOCTH TIa3MbI (y MEPBBIX), MATYIO TIIOTHOCTH TUTa3MbI (Y BTOPBIX).

Otnuune axtuBHbIX UII 3akitodaeTcss B TOM, YTO Mbl TEHEPUPYEM ILIIa3My
JI0 TIOJIaY¥ MMIYJbCa HANpsDKEHUs B OTIMYMM OT mnaccuBHbix UII. U
COOTBETCTBEHHO MBI OTJIEJIBHO YIIPABIISIEM MMapaMeTpaMu aKTUBHOTO TUIa3MEHHOTO
HMCTOYHUKA.

Eme onna pasHoBuanocts HII, B BuIE KOJIBLEBOTO HCKPOBOIO 3a30pa,
pa3MENIeHHOT0 B COCTAaBHOM aHOJE OTpa)kaTeJIbHOW CHCTEMBI, HCMBITAHA B
IKCIIepUMEHTax [4]. DTa KOHCTPYKIHUS C MPAKTUYCCKH HEpa3pyIIaeMbIM aHOJIOM
BBITOJTHO OTAUYAeTCs OT TpaguiimoHHBIX OC O60abIIMM pecypcom paboThl. AHAIN3
coctaBa MUII nokaspiBaeT Hajauyue B HEM IIMPOKOrO CIIEKTPAa MaccC, BKIIOYas
TSDKEJIbIE MaTepUalibl HCKPOBOIO JIEKTPOA.

Bo3moxnoctn »tux MII B mnjaHe mNoOgydyeHUs TSKEIbIX HOHOB B

3HAYUTEIIbHOU CTCIICHU 3aBUCAT oT npeaABapUTCIbHOTO 00e3rakuBaHUs
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5JIEKTPOJIOB, PabOTEI ¢ Ge3MacIsSHON OTKauKOi Ha BeICOKOM Bakyyme (107), uto B
3HAUYUTETLHON CTENEHU CHUXKAET MX IMEPCIEeKTUBHOCTb. B 3TOM cBsizu OO0NbIION
uHTepec MoryT npeactasisate U, popmupyembie U3 ra30BOro NpuaHo HOTO CJIOS,
00pa30BaHHOIO MPU HMIYJbCHOM HAaIyCKE C TMOCIEAYIOIIel HOHU3alUe C
MOMOIIBI0 BUXpEBbIX Toneil. Paspaborku WII storo tuma B KopHenbckom
yausepcutere [13] 1 HUU SI® ma yposme momuoctu 10 Br obGecneunnn
TIOJTy4eHHe ITPOTOHHBIX M a30THBIX IMyukoB B MUJI ¢ mioTHOCTHIO ToKa 100 A/cm?,

XOpolIel MOBTOPSEMOCThIO U OOJIBIIIUM PEeCypcoM pabOTHI.

/
2 1

Pucynok 1.2 — KoHCTpyKIust aKkTHBHOTO MCTOYHMKA TUIa3MbI C IMITYJIbCHBIM
HAIyCKOM Ta3a: 1 — ra3oBblii KJiamnaH; 2 — ObICTPhIE KATYIIKK MarHUTHOTO TIOJIS; 3 —
MEJUIEHHBI KaTYIIKM MarHUTHOT O MOJIs; 4 — MPeIMOHU3aTop; S5 — IMIIa3MEHHbBIN aHOJ;

6 — Karox

31ech HEOOXOJAMMO OTMETUTh, UYTO KakK TOKa3ajdu HTU TMPOBEJACHHBIC
UCCJIEIOBaHUSI, HEOOXOJMMO OCYIIECTBISATh JOMOJHUTENbHYIO Y D-1moacBeTKy
ra3oBOI0 CJIOS JJIsl TPUTOTOBJICHUS TTa3Mbl C BBICOKOM CTENIEHBIO MOHU3AIINH.

daktnyeckn mommHas Y®-moacserka (10—100 MB1/cM?) MOXKET OBITH
UCIIOJIb30BaHa U B KAQYECTBE CAMOCTOSITENILHOTO METOJIa T€HEpAalNH IIJIa3Mbl U Ha
TBEPAON TMOBEPXHOCTU. OIKCIEPUMEHTHI C Y D-TIOACBETKOW, BBIIIOJHCHHBIE B
Canmna u Ocake [4], Ha naccuBHBIX aHojax ¢ mokpbitueM w3 LiF u Na

COOTBCTCTBCHHO ITOKA3aJIn B IICPBOM CIIydaC MHOTI'OKPATHOC BO3pAaCTAHUC MOHHOT'O
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TOKA U YMEHBIICHNE BPEMEHU «3aIla3bIBaHNs BKIIOYeHUS aHoha ¢ 25 no 10 He, a
BO BTOpoM — obecnieumin nosxydenne MUII, cogepxkamiero 90% Na™.
AnprepHatBOi Y D-NOJICBETKH NOBEPXHOCTH aHOJA SIBJISIOTCS JIA3€PHBIC
WMCTOYHUKH TUIa3Mbl. [10100HBII MCTOYHMK TJIa3Mbl UCIOJIB30BAaH B HEUTPOHHOM
HMCTOYHUKE, BBINOJHEHHOM B BUJI€ KOoakcHalibHOro MMUJI ¢ TUTAaHOBBIM aHOJOM,
HACBIIIIEHHBIM  JleliTepueM OoJbliol  KoHmeHTpanuu. OOpasyromieecs M0J
JefCTBHEM JIA3epHOTO MMITyJIbca MUIa3MEHHOE O0JIAKO ¢ IIOTHOCTHIO 70 10%° cm
COAEPKUT KaK MOHBI ICUTEPHs, TAK U HOHBI MaTepHUasia MOTJIOTUTEIS.
[IpenBapHuTeNbHOE CO3JaHKE MIAa3MbI ¢ IIOTHOCTBIO (10 cM3) MokeT OBITH
OCYILECTBJICHO HECKOJBKMMH MeTojgaMu. K mpuMepy, NpH HCIOIb30BaHUU
JBYXUMITYJIbCHOTO  peXuma paboThl  yCKOpPUTENs, B KOTOPOM  IEPBBIH
BBICOKOBOJIFTHBI ~ MMITYyJILC  OOpaTHOM  mojsipHocT  (—)  oOecreduBaeT
dbopMHpoBaHrEe B3PHIBOOMUCCHOHHON MIIa3Mbl Ha aHOJE, a BTOPOM UMITYJbC (+)
apisietcss padbounm [4]. AHamuz coctaBa MUII mokaspiBaeT Haauyue MHOTHX
dpaxuii, BKIIO4ast 00IbII0E KOTMYECTBO HOHOB aICOPOUPOBAHHBIX Ta30B.
BapsupoBanue may3bl MEXIy HMIYJbCAMH, AaMIUIATYJIOH MEPBOTO
MMITyJIbCa MO3BOJISIET B OMNPEACIICHHBIX Mpe/eaaX KOHTPOJIUPOBATh MapaMeTpbl
MMUII. Meton TpebyeT nmpuMeHeHHs] O€3MAaCIIsTHON OTKAYKH U COOTBETCTBYIOIIEH

MMOATOTOBKHU IMOBCPXHOCTHU aHOAA.

1.3 CunbpHOTOYHBIE MIa3MEHHBIE HCTOYHUKHU Ha OCHOBE HWHAYKOUOHHOI'O pa3psaia

NHOyKTUBHO-CBA3aHHAs Iula3Ma — 3TO THII Ta30BOr0  paspsna,
B0O30Yy’K/1a€MOT0 MEPEeMEHHBIM MAarHUTHBIM IOJEM MPHU MOMOIIU WHAYKIIMOHHOU
KaTymkd.  VHIyKTUBHO-CBA3aHHAs  IUla3Ma  TaKXke  MMEeT  Jpyrue
Ha3BaHUS: MHAYKIMOHHAS IUla3Ma, MHAYKUUMOHHBIA  pa3psld. MHAYKIMOHHBIN
paspsij 3aKUTraeTcsl U MOAJECPKUBACTCA 3a CUET LUKIMYECKUX MHAYLHPOBAHHBIX
BUXPEH 3IEKTPUYECKOr0 TOKAa CBOOOJHBIX MOHOB (M 3JIEKTPOHOB) B IuiazMme. s
BO30YXKIEHMSI MHAYKLMOHHOIO paspsia OOBIYHO MCIOJNb3YETCS IEPEMEHHOE

aneKkTpoMaraiutHoe nosie Ha vacrore 1 — 100 MI'm. MuayxkuuoHHBIA paspsn
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BriepBbie HaOmogan Xwutropd B 1884 romy, KOTOpHIH OOHAPYXWJI CBEUYCHHE
OCTaTOYHOI'O ra3a B pa3psAHON KaMepe MpHU MPOIYyCKaHUHM BBICOKOYACTOTHOTO TOKA
yepe3 COJICHOU I, OXBAThIBAIOIIUHN pa3psIHbIA 00bEM.

['maBHOE OTIMYKME WHAYKIIMOHHOIO OT €MKOCTHOTO paspsaa B TOM, 4TO
WHIYKIIMOHHBIA pa3psi Bo30yKaaeTcsl (MHIYILUPYETCS) MarHUTHBIM TIOJIEM, B TO
BpeMsI KaK €MKOCTHOM pa3psa BO30yXKAaeTcs W MOJACPKHUBACTCS 32 CUET
AIEKTPUYECKOr0 MOJig (ITOCTOSSHHOTO WM TepeMeHHoro). Ilpu mpouymx paBHBIX
YCIOBUSX UHAYKIIMOHHBIN pa3psiji XapaKTepU3yeTCs CYIIECTBEHHO 00Jiee BHICOKOM

KOHIICHTPAITUEH 3JICKTPOHOB 110 CPABHEHHIO ¢ EMKOCTHBIM pa3psiioM [5].

1.3.1 ®uznyeckre 0cCOOCHHOCTH MPOLIECCOB T€HEPALIMHU 1J1a3Mbl B MHTYKIIMOHHBIX

paspsiiax.

bonpmoe 3HaueHne mpu pa3pabOTKE WHIYKTUBHBIX HMCTOYHHUKOB TUTA3MBI
uMeeT o0ecrieueHre yCIOBUA, PU KOTOPHIX Tu1a3Ma 3ddexktuBHo noriomaer BY-
MOIIIHOCTG. B mocieTHre robl CTajlo OYEeBHIHBIM, YTO B MHIYKTUBHOM BU-paspse
HU3KOTO JIaBJICHUS MOITHOCTh BU-TeHepaTtopa pacmpeaenseTcss MeXIy aKTUBHBIM
COTPOTHBJICHHEM BHEIIHEW 1€MW W IUIa3MOW, NpHYeM B IUIa3My MOIIHOCTb
MOCTYIIAaeT 0 JBYM KaHajaM: MHAYKTHBHOMY, CYIIECTBYIOMEMY Ojarogaps TOKY,
TEKYIIEMY TI0 UHIYKTOPY, 1 EMKOCTHOMY, 00YCJIOBIICHHOMY HAJIMYUEM €MKOCTHOU
CBSI3M MKy KaTyIIKOHW M IJIa3MOH.

CeromHss M3BECTHBI WMCTOYHHMKHU TIIa3Mbl, OCHOBAaHHBIC HA €MKOCTHOM H
WHIYKTUBHOM paspsgax. OcoOEHHOCThI0O €MKOCTHOTO pa3psjia, HauOoJiee 4acTo
UCIIOJIB3yeMOW B IIA3MEHHBIX  TEXHOJIOTHSAX, SBISICTCS  CYIICCTBOBAaHHUE
MPURJICKTPOAHBIX CIIOEB 0OBEMHOTO 3aps/ia, B KOTOPBIX (DOPMHUPYETCS CpeiHEee 10
BPEMEHU MaJICHUE MOTEHIMANIa, YCKOPSIOUIETO WOHBI B HANPABJICHUH AJIEKTPOJIA.
HenoctaTtkoM eMKOCTHOTO pa3psijia sIBISETCS OTHOCUTEIHHO HU3KAask KOHIICHTPAIUS
DJICKTPOHOB B OCHOBHOM O0O0BEME TUTa3Mbl. 3HAYUTENBHO Oo0Jiee BBICOKAS
KOHIICHTPAIUS SJIEKTPOHOB TPH TEX K€ MOIHOCTSAX XapaKTepHa Il MHIYKTHBHBIX

pas3psiIoB.
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NuaykTuBHBIN pa3psg 6€3 MarHUTHOTO TOJI U3BECTEH yKe OoJsiee cTa JeT
[6]. Drto pa3psn, Bo30ykKIAaeMbId TOKOM, TEKYIIMM [0  HHIYKTODY,
pacrnoiokeHHOMY Ha OOKOBOM WJIM TOPLIEBOM MOBEPXHOCTHU, KaK MPABUIIO, LMITUH-
puueckoro wucrouHuka miazmbl. Eme B 1891 r. JIxk.[x. TomcoH Bbickazan
npeanojgoxkeHue [6] o TOM, UYTO WHAYKTUBHBIM pa3psii BbI3BIBACTCS U
NOAJECPKUBAETCS BUXPEBBIM  JJEKTPUYECKHM IIOJEM, KOTOPOE  CO3AAETCSA
MarHUTHBIM IIOJIEM, B CBOKO O4Y€pElb, MHAYLUUPYEMBIM TOKOM, TEKYLIUM II0
katymke. B 1928-1929 rr., nonemusupys ¢ Jx.Jx. Tomconom, JI. Tayncenn u P.
Jonanpacon [6] BbICKa3zadu HACIO O TOM, UYTO HMHAYKTUBHBIM BY-paspsn
MOJAJICPKUBACTCA HE BUXPEBBIMH 3JIEKTPUUECKUMHU MOJISIMHU, @ MOTEHIMATIbHBIMU,
NOSBJISIOIMMUCS ONlarojapsi HaJU4MIO Pa3HOCTH MOTEHIMATIOB MEXIYy BHUTKaMU
uaayktopa. B 1929 1. K. Mak-Kunaton [6] skcnepumeHTanbHO TOKa3all
BO3MOKHOCTh CYIIIECTBOBAaHMS JABYX PEKHUMOB TropeHus paspsaa. llpum manbix
amruintynax BU-nanpspkeHust paspsii AEMCTBUTEIIBHO BO3HUKAJ MOJ JIEMCTBUEM
AIIEKTPUYECKOr0 TOJSI MEXJIy BUTKaMU KaTyIIKM M HOCHJI XapakTep ci1adoro
IIPOJIOJIBHOTO CBEUEHHUS BJAOJL Bced TazopaspsaHod TpyOku. C yBenuyeHHUEM
aMIuIMTy (el BU-HanpspkeHUsl CBEYEHUE CTAHOBHWIIOCH SIPUYE€ W HAKOHEI[ BO3HHMKAJ
SApKUA KOJIbUEBOM pa3psan. CBeueHue, BBI3BAHHOE IPOJOJIBHBIM AJIEKTPUYECKUM
1oJIeM, IIPU ATOM ucye3asno. Brocnenctsuu 3tu 1Be popmel pa3psiaa OblUid Ha3BaHbI
E- u B- pa3psioM COOTBETCTBEHHO.

OO6sacTi  CylIecTBOBaHUS MHAYKTUBHOTO pa3psifia MOXHO YCJIOBHO
paznenuTh Ha JBe OoJbiue oOjacTd [6]: ATO BBICOKHE JaBiieHHs (TIOpsiaKa
aTMOC(EpHOTO JIaBIICHUSA), TPHU KOTOPHIX TeHEepUpyeMas Ia3mMa OJih3Ka K
PaBHOBECHOM, U HU3KHUE JABJICHUS], TPU KOTOPBIX FeHEepUpyeMas Iia3Ma sBIseTCs
HEPaBHOBECHOM.

[[InpokomMy pacnpOCTPaHEHUIO TEXHHUYECKUX NMPUMEHEHUN HHIYKTHBHOTO
BU-pa3psna crnocoOCTBYIOT €ro OCHOBHBIE JOCTOMHCTBA — BO3MOXHOCTH
MOJIYYEHHS] BBICOKOM KOHIIEHTPALMH 3JIEKTPOHOB IPH OTHOCHUTEIBHO HEBBICOKOM
ypoBHe BU-moOImHOCTH, OTCYTCTBHE KOHTAKTa IUIa3Mbl C METAJUIMYECKUMHU

ANIEKTPOJaMH, HEOOJIbIIas TEMIIEPATYPA AIEKTPOHOB, a CIE€10BATEIbHO, HEBBICOKUI
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MOTEHIIMAJ TJIa3Mbl OTHOCUTENIBHO CTEHOK, OorpaHuuuBaromux paspsa. [locnennee
NIOMUMO MHWHHMM3ALUM [OTEPh MOIIHOCTH HA CTEHKAaX MCTOYHHMKA IUIa3MBbl
MO3BOJIAET U30€KATh MOBPEKIACHUS MOBEPXHOCTH 00pa3IoOB MpU UX 00paboTKe B
paspsiie HFOHaMU BBICOKUX SHEPIUil.

[Ipu npuIIOKEHNH K TUIa3M€ MHIYKTUBHOIO pa3psi/ia BHEIIHETO MAarHUTHOTO
MOJISI MMOSBJISIIOTCS 00JIACTH MPO3PAYHOCTH, B KOTOPhIX BU-110J1s1 MpoHUKAatoT BriyOb
IIa3Mbl U HarpeB JIEKTPOHOB OCYIIECTBIISIETCS BO BCeM ee 00beMe. ITOT A ekt
WCIIOJIb30BaH B MCTOYHUKAX TUIa3Mbl, MPUHIMI JEUCTBUS KOTOPHIX OCHOBaH Ha
9JICKTPOHHOM ITMKJIOTPOHHOM pe3oHance (DL[P) [6].

NunyktuBHbiii BU-pa3psg — 310 pa3psia, Bo30YyK/1aeMblii TOKOM, TEKYIITUM
M0 MHAYKTOPY, PACHOJIOKEHHOMY Ha OOKOBOW WJIM TOPIIEBOM MOBEPXHOCTH, KaK
NIPABWJIO, IMIJIUHAPUICCKOT0 MCTOYHMKA Tuta3Mbl (puc. 1.3.1a), 6). LlenTpanbHbiM
BOIIPOCOM (DMBHUKH MHAYKTHUBHOTO pa3psiia HU3KOTO JABJICHUS SBIISIETCS BOIPOC O
MexaHu3Max M 3ddextuBHOCTH ToraomeHus BYU-mommuoctu mmasmoil. Eme co
BpemeH JIk. JIx. Tomcona wm3BecTHO [6], YTO IIpH YHUCTO HHIYKTHBHOM
B030yxnenun BU-pas3psizia ero s5KkBUBaJEHTHYIO CXEMY MOKHO IIPEJICTaBUTh B BUJIE,
n3zo0paxxenHoM Ha (puc. 1.3.1r). BU - rerepaTop HarpykeH Ha TpaHchopMarop,
nepBUYHas OOMOTKa KOTOPOTO COCTOMT W3 KaTYIIKH, MO KOTOPOH TEYeT TOK,
CO3/IJaBa€MbIii  T€HEpaTOpoM, a BTOPUYHOM OOMOTKOW  SIBISIETCA  TOK,
WHIYIIMPOBaHHEIN B mia3me. [lepBuuHas u BropudHas 0OMOTKH TpaHchopmaTopa
CBs13aHbI KO3((DUITMEHTOM B3aMMHON UHAYKIUU «M». TpanchopmaTopHyIO cxeMy
MOXHO JIETKO CBECTH K CXEMe, MPEJCTABISIONe Cco0oM Mmociae0BaTeIbHO
COCIMHEHHBIE  AKTUBHOE  COMPOTUBJIEHWE W  HWHAYKTUBHOCTh  KaTYIIKH,
HKBUBAJICHTHBIC COMTPOTHUBJICHUS U WHIYKTUBHOCTH Tu1a3Mbl (puc. 1.3.11), Tak 4to
MoImHOCTh BY-renepatopa Pres OKa3bIBa€TCS CBA3aHHOW C MOIIHOCTBIO Pyar,
BBIICJIIEMOM B KATYIIKE, W MOIIHOCTBIO Pums, BbIAECIAEMOM B ILIa3Me,

BBIPAXKCHUAMHU

PreH= PKaT+ Pruas (13)
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Pron= > 17 (Ryar + Ru) (1.4)

rae I — Tok, Tekymuii yepe3 KaTylKy, Rxar — aKTUBHOE COIPOTUBIICHHE

KaTyIIKH, era3 — OKBHUBAJICHTHOC COIIPOTHBJICHHUC I1J1a3MBEI.

r i
Pucynok 1.3 — Cxemsl (a, 0) MHIYKTUBHBIX WCTOYHHKOB IUIA3MbI U (B)
WHIYKTUBHOTO UCTOYHHUKA TIJIa3Mbl C €eMKOCTHOM KOMITIOHEHTOH, (T, /1) PKBUBAJICHT-

HBIC CXCMBI YMUCTO MHAYKTUBHOI'O pasps/a.

N3 dopmyn (1.3) u (1.4) BUIHO, YTO KOI/a Harpyska cOrjlacoBaHa C
reHepaTopoM, axktuBHas BY-momHOCTE Pres, OTmaBaeMas TeHEPATOPOM BO
BHEIIIHIOO 1IETb, PACTIPEACIISIETCS MEXKIY ABYMSI KaHajlaMH, @ UMEHHO: OJlHA 4acTh
MOIIIHOCTH UJIET HA HArpeB KaTyIlIKH, a Apyrasi 4acTh MorjiouaeTcs mia3moi. Panee
B TO/IABJISIFOIIEM YHCIie pPabOT MOJIArajioch, 4TO B YCIOBUAX IKCIIEPUMEHTOB

Rnna3 >> RKaT (1.5)

M CBOWCTBAa IUIa3Mbl OMNpENEISIIOTCS  MOIIHOCThIO  BU-reneparopa,
MOJTHOCTBIO TmoriomaemMon tuasmon. B cepemune 1990-x romoB B. Tomsx ¢
COTpYIHHUKAaMHU YOEAUTENIbHO TMOKa3ajid, 4YTO B pa3psiax HU3KUX JIaBJICHUU

cootHouenue (1.5) moxer Hapymathes [6]. O4eBUHO, UTO TIPU YCIOBUU
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RHJ’I33 S RKaT (16)
noBefieHue MHAYKTHUBHOro BY-paspsima xapauHalibHO MeHsiercsa. Tenepb
napaMeTphl IUIa3Mbl 3aBUCAT HE TOJBKO OT MomlHocTH BU-reneparopa, HO U OT
SKBUBAJICHTHOTO COMPOTUBJICHUS ILJIa3Mbl, KOTOPOE, B CBOIO OUYEPE/b, 3aBUCHUT OT
napaMeTpoB IUTa3Mbl U YCIIOBUU €€ MOJAep>KaHusA. ITO MPUBOIUT K TOSBICHUIO
HOBBIX 3((EKTOB, CBSI3aHHBIX C CaMOCOIJIACOBAHHBIM TNepepacHpeacicHueM
MOIIIHOCTH BO BHEIIHEW uenu paspsaa. l[locnenHee MOXKET CyHIECTBEHHO
CKa3bIBaThCs Ha A()PEKTUBHOCTU PAOOTHI MCTOYHHUKOB Iu1a3Mbl. OYEBUIHO, UTO
KJIIOY K TOHMMAaHUIO TOBEACHUS pa3psAlla B PEKUMax, COOTBETCTBYIOIIHUX
HepaBeHCTBY (1.6), a Takke K ONTUMH3AIUU PAOOTHI IJIA3MEHHBIX YCTPONUCTB JIEKUT
B 3aKOHOMEPHOCTSIX W3MEHEHHUS IKBUBAJEHTHOI'O COMPOTHUBJICHUS IUIa3Mbl MpHU
M3MEHEHHUH MapaMeTPOB IUIa3Mbl U YCIOBUH NMOAAECPKAHUS pa3psiaa.
Toku, Tekymme MO KaTylike, HWHAYUUPYIOT B IUIa3ME€ BUXPEBOE
AIIEKTPUYECKOE MOJIe, KOTOPOE HArpeBAET AJIEKTPOHBI A0 PHEPTUid, HEOOXOANUMBIX
st 2GGEeKTUBHON MOHM3AIMU pabodero ra3a. TUNMUYHBIC MJIOTHOCTU IJIa3MbI B

IJIa3MEHHBIX PEAKTOpax cocTapsAoT Beanuuny 101 + 3x10% em®, a B ucTounnkax

noHoB — 3x10%° + 3x10% cm [6].

1.3.2 TIna3MeHHbIE CHIIBHOTOYHBIC HCTOYHUKH Ha OCHOBE WHIYKIIMOHHOTO pa3psiia

Pulsed inductive plasma thrusters [7] are spacecraft propulsion devices in
which energy is capacitively stored and then discharged through an inductive
coil. While there are many pulsed inductive plasma accelerator concepts in existence
[7] this review is limited to a discussion of planar pulsed inductive thrusters (PITs),
where the inductive coil takes the shape of a flat spiral (as illustrated schematically
in Fig. 1.3). The thruster is electrodeless, with the time- varying current in the coil
interacting with a plasma covering the face of the coil to induce a plasma current.
Propellant is accelerated and expelled at a high exhaust velocity (10100 km/s) by
the Lorentz body force arising from the interaction of the magnetic field and the

induced plasma current.
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Figure 1.3 — Schematic showing the basic operation of a planar pulsed

inductive plasma accelerator, where jp is the azimuthal plasma current density [7].

Development of an efficient pulsed inductive plasma accelerator is a
challenging proposition. Difficulties pertaining to ionization and acceleration that
must be overcome for efficient inductive thruster operation:

First, any delay in breakdown of the gas after application of the primary field
pulse results in energy being dissipated in the external circuit, which, unlike that of
the direct electrode devices, is complete without the gas loop. This difficulty might
be relieved by providing a separate preionization mechanism or by operation at a
sufficiently rapid repetition rate, but it is indicative of an inherent inefficiency in
coupling of the external circuit to the plasma.

Equally troublesome is the need to accomplish all the energy input to the gas
before much motion of it has occurred. The current induced in the gasloop
“secondary” depends on its mutual inductance with the external primary, and thus is
a strong function of the physical separation of these two current paths. As they
separate under the acceleration, the coupling rapidly becomes weaker.

Devices of this type possess many demonstrated and potential benefits that
make them worthy of continued investigation. The electrodeless nature of these
thrusters eliminates the lifetime and contamination issues associated with electrode

erosion in conventional electric thrusters. It is well known that pulsed accelerators
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can maintain constant specific impulse Isp and thrust efficiency over a wide range
of input power levels by adjusting the pulse rate to maintain a constant discharge

energy per pulse [7].

Pulsed Inductive Thruster.

The PIT operates in the manner illustrated in Figs. 1.3 and 1.5, where the
capacitor bank is charged to high voltage and propellant is injected over the face of
the acceleration coil through a nozzle located on the thruster centerline. The
capacitors are discharged through the acceleration coil using triggered spark gaps.
Current flowing in the coil inductively ionizes the gas, forming a current sheet, and
then electromagnetically couples with it to inductively accelerate the current sheet
in the axial direction away from the face of the coil, generating thrust.

The earliest research focused on determining the plasma acceleration
mechanism and quantifying the behavior of ions in the current sheet [7]. The
approach allows not only for the determination of the plasma momentum in both
the axial and azimuthal directions but also a temporal and spatial breakdown of the
relative contributions of individual acceleration mechanisms to the total momentum.

Measurements of the current sheet were performed on a device possessing a
20-cm-diam coil comprising nine two-turn spirals connected in parallel to a 3:9 pF
capacitor bank. The discharge energy was nominally 285 J at a charge voltage of 12
kV. The stray inductance was "'60 nH, while the coil inductance was "'460 nH.
Experiments were performed using an ambient argon fill at a pressure of 500 mtorr.

The results of the study are summarized as follows. The axial electric field
alone was sufficient to accelerate the ions to the observed sheet speed. This field was
due to a combination of the charge separation (polarization field) between the ions
and the accelerating electrons that were carrying the current jo, and the large negative
electron pressure gradient at the leading edge of the sheet, which served to enhance
the axial electric field. There was very little additional acceleration on the trailing
side of the current sheet, where the joBr force is mostly balanced by the positive

electron pressure gradient and serves only to maintain the sheet’s cohesiveness. The
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ions do not acquire momentum in the azimuthal direction and, consequently, do not
carry current, because the force exerted on the ions by the induced, azimuthal electric
field E¢ was balanced by the resistive drag of the current carrying electrons.

Following a 30-cm-diam version accelerator [7] was fabricated and tested.
This thruster had a capacitance of 6 uF, with a discharge energy of 675 J per pulse
at a nominal charge voltage of 15 kV. The acceleration coil consisted of 12 two-turn
spirals, each connected in parallel to the capacitor bank, producing a coil inductance
of roughly 680 nH. Performance was estimated using probes to measure the current
density and magnetic field in the r-z plane, with thrust calculated from the
measurements by computing the j x B body force and integrating throughout the
volume.

Testing was performed using three different propellants (N2, Ar, and Xe).
Gas was introduced as either a static fill or through pulsed gas injection with a
nominal injected mass bit of 1:8 mg per shot. The pulsed gas propellant distribution
on the face of the inductive coil at this mass bit was measured using an ionization
gauge and found to be nonuniform, which may have led to reduced performance.
Propellant preionization methods employed a second capacitor charged to 15 kV and
discharged just before the main capacitor bank using an independently triggered
spark-gap switch.

In the late 1980s, two new thruster models, the PIT MK | and MK 1V [7],
were fabricated and tested. In addition to studying the effect of changing bank
capacitance on thruster performance, the standard resistive inductive capacitive
(RLC) circuit was modified in the MK IV to permit the use of a diode clamps, which
were used to minimize voltage reversal on the capacitor bank.

The PIT MK 1 thruster was roughly the electrical equivalent of the thruster
described in Sec. I1.B. It possessed a 1-m-diam coil comprising 36 one-turn spirals
connected in parallel to a 20 uF capacitor bank. The accelerator was also operated
using a 10 uF capacitor bank. The parasitic circuit inductance was "'60—80 nH, while
the coil had an inductance of 700 nH and an electromagnetic stroke length of 12 cm.

Over the outer 6 cm radius, the pitch of the coils was decreased to double the current
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density in that region, compensating for the loss in magnetic pressure due to field
fringing. Current was switched using a triggered spark gap.

The lessons learned in the 1980s gave rise in the early 1990s to the PIT MK
V design [7]. Testing with the MK | and MK IV thrusters highlighted the importance
of having a high initial current rise rate, dl=dt, in the coil to form an impermeable
current sheet during the first half-cycle of the discharge that could efficiently entrain
and accelerate propellant. The strategy to increase the rise rate in the MK V was to
both minimize the parasitic inductance of the thruster and substantially increase the

azimuthal voltage applied to the acceleration coil.

Theory of Operation

The basic principal of PIT operation is best illustrated by the repulsion of
two perfectly conducting inductively coupled rings shown in Fig. 1.4a A pulsed
electromotive force (€) is applied to the bottom ring and results in a current pulse
and its associated magnetic field. The magnetic field induces a current in the second
ring but induces no electromotive force in the second ring, since it is a perfect
conductor. As a consequence, according to Faraday’s law (e=-dd/dt), there can be
no net passage of time-varying magnetic flux through the second ring. The current
in the first ring induces a current in the second ring so that the resulting time-varying
magnetic flux through the second ring is exactly zero. This is best illustrated in Fig.
1.4b, which shows the calculated magnetic flux lines of the system in Fig. 1.4a Note
that for every line of flux looping through the second coil, there is another line
looping through in the opposite direction so that the net passage of flux is zero. Note
also in Fig. 1.4b that this canceling of flux through the second coil results in
significant flux compression between the coils. The Lorentz force associated with
the current in both loops, and the high magnetic field between them, results in an
electromagnetic repulsive force between the two rings. This electromagnetic
repulsive force is the basis of PIT operation [8].

Applying the concept of fig. 1.4 to electromagnetic propulsion requires that

the second ring not be metallic but rather, a gaseous propellant. The efficient
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operation of the thruster requires that the propellant be compressed against, and
uniformly distributed across the first ring. For this reason, the first ring in Fig. 1.4 is
a flat, annular coil. The difficult problem of distributing propellant uniformly across
a flat surface, compressed within a layer that is a small percentage of its diameter, is
the reason why the coil is necessarily large, at least one meter in diameter [8].

-

a) b)
Figure 1.4 — a) Electromagnetic repulsion of two conducting rings. b)

Calculated magnetic flux lines of the system in Fig. a in cylindrical coordinates.

The “ideal” PIT operational sequence is shown in Fig 1.5 [8]. A small
(typically 2 mg) mass of propellant is injected, with azimuthal symmetry, by a valve
that opens and closes in less than one ms. The propellant is diverted and accelerated
to supersonic velocity by a conical nozzle. At the coil surface, it is compressed into
a ring and then expands across the coil face. At some critical time, the propellant is
uniformly distributed across and compressed to within a few centimeters of the face
of the coil [8]. At this moment the capacitor bank, charged to ~15 kV, is discharged
through the coil. The azimuthal current in the coil induces a radial magnetic field
above the surface of the coil of roughly 5 kGauss [8]. Once the propellant breaks
down at the surface of the coil, a current sheet quickly moves through the propellant
and entrains it as a whole. This is known as snowplowing. After the entire propellant
puff is entrained into a plasma sheet, the magnetic pressure between the plasma and

the coil accelerates the propellant as a slug to a velocity of 20 to 80 km/s (Isp = 2000
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to 8000 s). Note the compression of the magnetic flux between the coil and the

plasma ring in Fig. 1.5.
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Figure 1.5 — Operational sequence of the Pulsed Inductive Thruster

The “ideal” operational sequence, resulting in high energy-efficiency, is
contingent upon certain conditions being satisfied. First, the entire propellant mass
must be uniformly distributed across and immediately adjacent to the coil surface
when the capacitor bank is discharged [8]. Non-uniform acceleration of the
propellant sheet will lead to diminished Isp and efficiency. Also, since the plasma
becomes decoupled at about 7.5 cm from the surface of the coil, the thickness of the
propellant sheet must be only several cm [8].

Another condition for efficient operation is the ionization time (tion) must be
short compared to the transit time (twans) Of the propellant slug. The transit time is
defined as the time required for the propellant slug to travel beyond the decoupling
length (~7.5 cm) [8] If the plasma is poorly ionized during the acceleration phase, it
will be highly resistive and the energy of the shot will be dissipated as heat in the
propellant rather than being converted into directional kinetic energy of the

propellant slug.
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Another consequence of poor ionization is that magnetic flux will leak
through the plasma and be unavailable to accelerate the propellant. The condition
tion << ttrans tends to limit the Isp of the PIT for a given capacitor bank voltage,
since higher Isp is associated with lower propellant mass, which is more difficult to
ionize. In practice, the maximum Isp is limited by the minimum propellant mass that
can be well ionized.

Another condition for high energy-efficiency is the “impedance matching”
condition. This states that the maximum thruster efficiency is achieved when the
transit time of the propellant slug is “matched” with the LC ringing period (t.c) of
the coil/bank circuit. The Mark V single shot tests showed that energyefficiency is
maximized when the transit time of the propellant Ttans = 0.27Lc [8]. The reason for
this is as follows: Rapid breakdown and entrainment of the propellant results in the
creation of a current sheet that “loads” the coil/bank circuit. The inductance of the
loaded coil is much smaller than the inductance of the unloaded coil. The result is a
much faster (~4X) current risetime. The B field near the surface follows the coil
current. The natural ringing period of the thruster is approximately 15 ps but the B
field and coil current rise time are approximately one ps. Maximum propellant
acceleration is achieved at maximum magnetic pressure, i.e., maximum plasma and
coil current. If the propellant is expelled before the coil current is maximized, the
capacitor bank energy will not have a chance to be converted into propellant kinetic
energy and will be dissipated as heat in the unloaded coil [8]. On the other hand, if
the propellant is not expelled from the coil until after the current reaches its
maximum, it will be expelled when the magnetic pressure is less than its maximum
value and more of the bank energy will be dissipated in the plasma as heat. In this
case, the propellant has been lingering near the coil longer than necessary. The main
point here is that the coil and capacitor bank must be designed specifically for a
desired Isp or efficiency will suffer.

Hardware Design

The condition of rapid breakdown (tLC << ttrans) requires that the coil must

generate a very high azimuthal electric field Eo. The terminal voltage (V) required
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to generate the electric field is given by the relation V=2zRNE,. For R =50 cm, even
a single turn coil can yield a terminal voltage that is difficult to manage in a vacuum
environment. A better solution is a coil consisting of half turns, which yields half
the terminal voltage of a single turn coil. This is known as a Marx generator and is
shown in Fig. 1.6a. Each coil consists of two capacitors in series and two half turns.
Each half turn is divided into two one-quarter turns, one traversing the front side of
the coil plate, and the other one traversing the rear side. The capacitors are
discharged simultaneously so that the effective emf (g) is twice the individual
capacitor terminal voltage. The layout of the PIT coil, shown in Fig. 1.6b, consists
of nine pairs of these half turn coils arranged at 20° increments from one another
around the circumference of the inductor plate [8]. Each coil in the actual thruster
contains a pair of capacitors and each coil segment shown in Fig. 1.6b is broken up
into four physical strands, running in parallel, to smooth out the magnetic field. Note
also that each coil segment carries a radial current component but the complementary
coil segment on the opposing side of the plate acts to cancel this current component.
When the coil is arranged in this way, it generates an azimuthally uniform current
density (Jo) within the coil, and an azimuthal electric field (Ee) on either side of the

coil when the capacitor bank is discharged.
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Figure 1.6 — a) Layout of individual coil and capacitor bank. b) Layout of

PIT coil and capacitor bank.
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Mark V consists of a driver coil wrapped around a ceramic coil form that is
bonded to a diaphragm that seats against an o-ring to seal the propellant from
vacuum. A D.C. magnetic field is applied to the coil form and a valve driver delivers
a current pulse through the coil to activate the valve. The valve opens and shuts in
less than one ms to deliver a very short pulse of propellant to the coil surface.

Each capacitor is discharged through the coil by a separate spark gap. Before
firing, one of the capacitor electrodes is connected to the grounded capacitor plate
(through the coil) while the opposite electrode is charged to ~15 kV and stood off
by a gap from a grounded stud. The gap is pressurized with nitrogen to stand off the
voltage between shots. A trigger electrode, inserted into the center of the gap, is
biased to roughly one half of the capacitor voltage.

A pulse supplied to the trigger electrode by the trigger unit initiates
breakdown of the spark gap. The trigger unit is in turn controlled by a master spark
gap. When the master spark gap is fired it sends a high voltage pulse, with a 5 ns rise
time, to each trigger line [8]. This pulse initiates a breakdown in each of the spark

gaps and discharges all 18 capacitors through the coil simultaneously.

1.3.3 UcTounuku 11a3mMbl HA OCHOBE MHAYKIIMOHHOTO TIPOOOS M UMITYJIbCHO

HaIlyCKaemoro rasa juis reaepanuun MUII

Pulsed intense ion beams have been developed for applications including
surface modification and alloying, and thin-film and nanopowder synthesis. Rapid
thermal processing with ions is quite promising for large-scale commercial use, due
to the high specific ion energy deposition (joules per cubic centimeter) without
reflection.

The past few decades have seen the emergence of the field of materials
processing and synthesis using pulsed intense ion beams. Beams of short duration
(tens to hundreds of nanoseconds pulsewidth), ~0.2+2 MeV, ~100 A+1 kA/cm?
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directed ions are capable of rapidly heating and cooling the near-surface region of
treated materials including metals, ceramics, polymers, and mixed materials.

Intense ion beams were originally developed as drivers for inertial
confinement fusion (ICF) research [9]. Stored energy was switched out of Marx
capacitor banks into vacuum power flow sections, feeding into a high-power ion
diode. Such diodes were required to generate voltages and currents in the 10 MeV,
~few mega-ampere range, respectively. High beam brightness with a chosen ion
species was necessary to deliver energy to a small fusion pellet located some
distance from the diode.

Transport to the target was in ~few torr background gas. For materials
processing applications, the requirements are quite different. TW-power beams of
nonrepetitively pulsed beams are replaced by more modestly powered beams
propagating in 10-5 torr vacuums, but with high duty cycles and robust operation for
an anticipated industrial treatment environment. For beam voltages in the ~ few
hundred kilovolts range, standoff and propagation in vacuum to a processing region
located some 50 cm away can be accomplished without significant beam instabilities
or attenuation. The main energy-loss mechanism is collisional scattering with the
residual background gas. At these voltages, the penetration depth can be 1-10 um,
depending upon the ion species and target material. High beam brightness is not a
requirement; indeed, for surface modification purposes, the beam should be as
unfocussed as possible. Even for ablation and thin-film applications, the beam need
not be focused to a few-square-millimeter area, but more like a few square
centimeters or tens of square centimeters, to optimize processing throughput.

To generate such an intense ion beam, two major requirements must be
satisfied: 1) electron flow must be suppressed and 2) a high-current density ion
source must be employed. Electrons can be restricted from crossing the anode—
cathode (A—K) gap of a high-power ion diode by the application of a pulsed
transverse magnetic field, of duration long compared to the 100-ns power pulse
width. This is referred to as an Applied magnetically insulated diode (MID) [9].

Electrons emitted from the cathode are returned to it, while ions, with their much
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larger Larmor radius, execute S-shaped trajectories as they cross the main transverse
magnetic flux, then the return flux. In addition, and depending upon the mag- netic
field topology, electron drift can lead to the formation of an electron sheath which
can occupy varying amounts of the A—K gap. The sheath acts to reduce the space
charge of the ions and, hence, can enhance the ion current density above the normal
two-species Child—Langmuir (C-L) [9] amount. For A—K gap spacings of ~1 cm,
and transverse B-field strengths of  ~few kilogauss, C—L enhancements of ~10-
50 are possible, leading to source current densities in the 10+100 A/cm2 range. For
focusing diode geometries, cur- rent densities on target of several hundred A to
kA/cm2 are possible. The resultant specific energy deposition (in kilo- joules per
gram) leads to a melt depth of 1-10 um in the treated material and, at higher ion
fluences, to its ablation and redeposition onto a secondary surface.

It is, thus, fortunate that the ion voltages and currents that are required for
melt ablation in target materials are also those that facilitate beam generation and
transport. This is an advantageous situation compared to electron beam processing.

The key technology developments required for ion-beam processing on a
commercial scale are twofold:

1) high repetition-rate operation of the pulsed power for enhanced
throughput and 2) a robust, repetitively operated, high-purity ion source of selectable
ion species.

Sources for intense ion-beam generation were originally developed for both
high source current density (up to ~ kiloamperes per square centimeter) and beam
brightness, irrespective of robustness considerations, since such sources could be
refurbished after every pulse. One example of such a source is a set of narrow
grooves filled with epoxy, separated by metal. When the power pulse arrives, the
triple point formed by the intersection of the epoxy, metal, and vacuum experiences
high field stress. The resulting breakdown of the surface leads to the formation of a
dense plasma, from which the beam can be extracted. Such a “flashover” source

suffers from several defects.
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1)  The surface is subject to erosion from the breakdown process and so is
not robust.

2) The breakdown process is “passive,” in that the for- mation process
requires the arrival of the beam power pulse.

3) lon species composition of the resulting beam is not

controllable.

For application to beams of commercial interest, ion sources are required that
are robust, i.e., that can be cycled for millions of pulses without appreciable
maintenance, “active,” i.e., operable independent of the pulsed power delivery, and
of selectable ion species. We discuss here the development of several such ion
sources.

The most convenient way to form a beam with source ion current density on
the order of tens to hundreds of amperes per square centimeter from an anode is to
create a plasma from the which the beam can be drawn. This plasma must be dense
enough (n>1014 cm-3), with the given ion species, and over a large area (hundreds
of square centimeters). Such a source must also operate within, and be compatible
with, the operation of the Applied B MID configuration. This limits the possible
methods of plasma production, requires matching the plasma source to the geometry
of the diode, and also requires proper synchronization of the plasma source and high-
voltage pulse generator. In both cases discussed below, the beam source is an
injected gas that has been ionized to form a plasma. The concept of a gas discharge
as an ion source for an ion diode was proposed in [9]. For a beam with extractor
geometry, as discussed here, there is cylindrical symmetry about the center line, and
S0 a gas source located on-axis and with an outward-directed annular flow fits well
with the geometry of an MID with a radial insulating B-field (Br diode). There must
be a pressure differential between the discharge point (typical pressure is 10-1 <+ 10-
2 torr) and the region of ion acceleration. This Is achieved by using a fast,
pulsed gas valve with radially directed flow into a narrow region where supersonic
gas flow can be achieved. Once the expanding gas reaches the radius where beam

formation takes place, secondary fields can be employed to ionize the gas.
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MAP Diode (SNL)

The first advanced gas-discharge ion source is referred to as the magnetically
confined anode plasma (MAP) ion source, a collaborative development between
SNL and Cor- nell University, Ithaca, NY [10]. An initial version was operated at a
100-pulse per second (pps) rep-rate in the burst of 10 pulses [9]. Fig. 1.7 shows a

schematic side view of the MAP diode.

4 lonBeam 7

Figure 1.7 — MAP diode. The fast puff valve gas plenum (A) with the puff
valve magnetic field coil (B); the gas delivery nozzle (C); the inner (D) and outer
(E) anode flux excluders; the gas annulus for plasma formation (F); the inner (G)
and outer (H) cathode slow magnetic field coils; the fast anode magnetic field coils
(I); the ion-beam propagation path (J); Langmuir probe position (K); cathode
annulus gap (L).

The beam is intended to focus to the centerline. The electron insulation field
is provided by two “slow” coils (G and H). The ion beam passes between them
through the cathode annulus gap. The plasma source is located within the anode
assembly and includes the plenum and gas-puff valve (A, B) at the axis, and the
“fast” two-turn coil positioned at 22° to the vertical (I). The surfaces of the inner
anode (D) and the fast coil form a supersonic nozzle for a gas flow radially outward
when the puff valve is opened. When the expanding gas arrives at the fast coil

position, it is energized. The fast coil waveform contains a RF ringing structure that
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helps to fully ionize the gas. The interaction between the slow and fast coils pushes
the plasma into the annular region between the inner and outer parts of the anode as
the power pulse arrives. The inner and outer anodes are made of copper, which
conserves the flux from the slow coil during the power pulse. The resulting beam is
accelerated through the annulus (area approximately 150 cm2) between inner and
outer an- odes, through the inner and outer slow coils in the cathode side and into
the propagation and treatment region.

In order to provide the formation of a supersonic gas flow, the puff valve
must open on a time scale short compared to the gas transit time to the fast coil
position. In the puff valve, a diaphragm covers an annular gas plenum between two
O-rings. The diaphragm is made of a high conductivity, heat-treated beryllium—
copper alloy which is stamped into a conical shape to form a Belleville spring.
Behind the diaphragm is a magnetic coil. When the coil is pulsed, the magnetic field
flexes the diaphragm edge to release the gas.

The entire system, including the supersonic nozzle profile, was optimized in
calculations and measurements [9] allowing for the formation of reproducible gas
flows separated from the accelerating gap.

Because the MAP diode uses injected gas as the source of accelerated ions,
beams of many different species can be formed by changing the gas supply. To date,
various charge- state beams have been formed from H, He, N, Ne, Ar, Xe, and Kr
injection, as well as from compound gases such as CH and C H. Different beam
compositions have been used depending upon the application (see below). In
particular, protons are almost never used in recent experiments, be- cause the
resulting surface morphology is the roughest.

The total current at the treatment location (8-cm radius) is estimated at 7 KA.
Faraday cup measurements taken near the A—K gap indicate a 50—-100-A/cm2 source
current. Aver- aged over the ~100-cm2 ion emission area yields a total ion current
as high as 10 kA at the beam source. The remaining current is evidently lost in

transmission through the 107 torr to the treatment location.
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1.4 BoiBoabI 110 TUTEPATYPHOMY 0030y

Bwvi6o0 no nepeomy napacpagy
B mepBom maparpade auccepranmmoHHON pabOThl OBUTHM PACCMOTPEHBI
OCOOCHHOCTH TEHEpallMd MOIIHBIX HWOHHBIX ITyYKOB. BBISBICHBI OCHOBHEIC
pOoOJIeMBI TEHEPAIIMHA HOHOB B AMOJIaX HMITYJIbCHBIX CHIILHOTOYHBIX YCKOPHUTEIIEH,
KOTOpbIE CBSI3aHbI, B TEPBYID OdYEpelb, C CYIIECTBOBAHHWEM DJICKTPUUECKOU
KOMITOHEHTBI KOTOPYIO0 HEOOXOJAMMO TIOJIaBIIATh, IS MTPOXOXKICHUS AJICKTPOHOB U
MOJIYYCHHSI HOHOB B TIJIA3MEHHBIX MCTOYHUKAX. BTopas mpobiema 3aKkirovaeTcs B

o0ecrieueHny He00X0IMMOM YMUCCHUOHHON CITOCOOHOCTEN I1oaa.

Bwv1600 no smopomy napazpagy

CampiMu TIEpBBIMHU HCTOYHMKamMu Ia3mbl B MUJl u 1o cux mop He
YTPaTUBILIMMH CBOEH aKTYaJIbHOCTH SBJISIIOTCS TACCUBHBIE NICTOYHHKH I1JIA3MBI.

VY NaHHBIX UICTOYHHKOB OBUIH BBISIBIIEHBI OCHOBHBIE HEJOCTATKH:

- Pa3znuuneie copta nonos 8 MUII,

- Mansrit pecypc paboOThI TUTa3MEHHOTO UCTOYHHUKA,

- bonpmioe BelaeleHHME ra3a 4YTO 3aTPyIHSIET HX HCIOJb30BAHUE B
VMITYJIbCHO NTIEPUOANYECKOM PEKUME.

JIBa OCHOBHBIX BHJIA IMOJIA 3TO OTPAXKATEIIbHBIE U MATHUTOU30JUPOBAHHBIE
muonbl. B mpomecce  pasButus  Oonee  3(PQGEKTHUBHBIM  OKazalcs
MarHUTOU30JIMPOBAHHBIN AMOJ ¢ Br-nosieM (paguanbHOE MarHUTHOE MOJIE), OHA U3
OCHOBHBIX CYIIECTBEHHAss OCOOEHHOCTh 3TOT0 JHOMA, SIBISETCA 3aMKHYTHIH
ANEKTPOHHBIN Apelid. VMccnenoBanueM Takoro MCTOYHMKA TUIa3Mbl 3aHUMAJIUChH B

KopHenbckoM yHUBEpCUTETE.

Bwvi600 no mpemvemy napaecpagy
W3 Bcex pa3HOBUIHOCTEH aKTUBHBIX UCTOYHUKOB HAMOOJIEE MOAXOIAIITIMHU
SBIISIIOTCS  MHAYKIMOHHBIE IJIa3MEHHBIE WCTOYHHKH, B KOTOPBIX IIIa3Ma

(dbopmMupyeTCs U3 ra30BOro MPUAHOAHOTO CJIOSl, 00PA30BAHHOIO MPU UMITYJIbCHOM
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HaITyCKe rasa ¢ Mnocjieayrolleil HOHU3auued ¢ IOMOUIbI0 BUXPEBBIX Moseil. Be1OOp
NIIN cBsazaH: ¢ 6€33JeKTPOIHON IPUPOJION paspsiia il CO3JaHus IMyYKa OJTHOTO
COpTa; ¢ HEOOXOAMMOCTBIO CO3/1aBaTh IJIa3My Ha OOJIBIIMX ILUIOMAAAX (COTHU CM?
HAa aHOJHOW TMOBEPXHOCTH); HEoOXoauMa OoJbIlasi TUIOTHOCTH Iia3Mbl (Oojee
10%cMm3) 5TO CBA3@HHO € TEM 4YTO HEOOXOOMMO M3BJIEKATh 3HAYMTENILHEIE
MJIOTHOCTH MOHHBIX TOKOB.

[Tocne BbISIBJIEHUSA AOCTOUHCTB MHAYKIIMOHHBIX IJIa3MEHHBIX UCTOYHUKOB

ObLIM pacCMOTPEHbI (PU3UUECKUX OCOOCHHOCTEN JaHHOTO pa3psiia.

Bwv1600 no uemseepmomy napacpagy

B geTBepTOoM maparpade paccMOTpeHa peaiu3amys HOHHBIX JIBUTATEeH C
CIJIBHOTOYHBIM HMHJIYKIIMOHHBIM Ta30BbIM pa3psAoM Ha OOJBIION IJIOMIA/IH.
HccnenoBanus 3Tux asurateneit npooamimch B KanudopHuuiickom yHuBepcuteTe
[8]. anHbIil 0030p HaM ObLT HEOOXOIUM JJisl OTBETAa Ha BOIMPOC, «BO3MOKHO JIU
dbopMHpoBaHUe TIa3MbI BEICOKOU IJIOTHOCTH Ha OOJBIIHNX TIOMIAISTX.

OnHa w3 OCHOBHBIX 3amau repen KamndopHUHCKHMM yHUBEPCHUTETOM
3aKJTF0YaJIach B PABHOMEPHOM PaCIIPEICIICHUH TUTa3Mbl Ha BCEH TNIOCKOCTH YAApHON
KaTyIIKA M HaXOXKJEHUsS IMIa3Mbl B HEMOCPEACTBEHHOM Onm3octu oT Hee. Emre
olIHUM yciioBueM st 3¢G(EKTUBHON pabOThl ABUTATENS SBISIETCS BpeMs
WOHM3AIUNA, KOTOPOE OJDKHO OBITh KOPOTKHM IO CPaBHEHHIO CO CKOPOCTHIO
JBYDKEHUS Tu1a3Mbl. Eciu ma3ma ci1abo noHn30BaHa BO BpeMs (a3bl YCKOPEHUS, TO
OHa OyJIeT BeChMa PE3MCTUBHOM, a SHEPTHsI BBICTpENia OyJeT pacCeuBaTLCS B BUJIC
Teria B ra3e, a He MPEeBPaIIaThCsl B KHHETUYECKYIO SHEPTHIO TUIa3MBl.

MakcuMmalibHasl  dHEPTUs  yCKOPEHHsI  JOCTHraeTcs Torja, Korjaa
MaKCHUMAaJIbHO JAaBJICHUS MAarHUTHOTO TOJIA T.€. KOTJa MaKCHMalbHas TUIOTHOCTh
TIa3Mbl U MaKCUMaJIbHBIA TOK KaTymkd. M3 3TOro MOXHO cielaTh BBIBOJ O
TPYIHOCTH B (DOPMHPOBAHUU 3aTEPKKU MEKITYy 0Opa30BaHHMEM IIJIa3Mbl BBICOKOU
TJIOTHOCTH ¥ UMITYJIbCOM YCKOPSIOIIETO HAMPSOKCHUS I YCKOPEHUSI ¢ BBICOKOM

cTerneHbio A (PEKTUBHOCTH.
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Ilo namomy napaepaghy

B nmnocnegnem mnaparpade auTeparypHoro o03opa JaHHOW paboThI,
IpecTaBlieH HanboJliee MoAXOoAAMA 11 HammXx TpedoBanuii UTTM, koTopslii ObL1
paspabotan B Kopuennyckum yuusepcureroM, Mraka, mrar Hero-Hopk [10]. Juox
coznaBaica aia reaepauuun MUII nanpsokenuem 10 10M»B, Toku B TaHHOM J10/1€
OT €IMHMUII 10 JAECATKOB A/cM?, INIOTHOCTH IIa3Mbl mopsaakoM 100cm?2. Dto neppas
KOHCTPYKLMSI He Kiaccuyeckoro Br-guoma. HemoctaTok 3ToMl KOHCTpyKUMU
3aKJII0YaeTcs B CeU(pUIHON KOHCTPYKIIUU C OTKPBITOM IJIa3MEHHOM MOBEPXHOCTU
(0e3 MmoTeHUHANBHOTO Oapbepa), YTO MPUBOAUT K HEYCTOMYMBOCTSAM, IJIOXOH

CTaOMJIILHOCTBIO TIJIA3MEHHOTO MOTOKA.
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2 DKcnepuMeHTAJbHAS YaCTh
2.1 ITocTaHoBKA 3a/1a4 MCCJIeOBAHUSA

[locTaHoBKa 3amay Ui peaau3alys UHAYKIHMOHHOIO HMCTOYHMKA IIa3Mbl
ObLIO OCHOBAHO HA pe3yJIbTaTaX MPEbIIYIUX UCCIEJOBAHUN U BBISBICHHBIX Y HUX
HEOCTaTKOB, KOTOpblE OBUIM PACCMOTPEHBI B JIUTEPATypHOM 0030pe AAHHOMN

paboTHL.

- IlepBas 3amaua 3aKi04yaeTCs B peav3aliid MHIAYKIMOHHOTO MCTOYHHUKA
1a3Mbl, C OHWIOJSPHBIM MUTAaHWE MHOI'03aXOJHOM JBYXBUTKOBOW yAapHOMU
MOHU3ALMOHHOM KaTYIIIKH.

bunonsipHoe nuTaHue yAapHOM KaTyIIKH OBLJIO BBIOPAHO MOTOMY YTO
OOBIYHOE YBEJIIMYCHHUE HAIPSIKCHUS HAPYIIAET JIEKTPUUYECKYIO MPOYHOCTh U JUIsS
TOTO YTOOBI MOXKHO OBLIO YBEJIMYHUTH BUXPEBOE DJIEKTPUUYECKOE T0JIE€ B 30HE pa3psia
HaM TMPUIIOCH CJelaTh HCTOYHUK C OunosispHbIM mnutanueM. [loTeHnuans
OCTAJINCh TAaKUMHU K€ KaK B MPUMEPAX, MPUBEACHHBIX B JUTEPATypHOM 0030pe,
OJTHOKPAaTHBIMHM, a B CBOIO OuY€pe/lb Ha YyAApHON KATyIIKe HANpSKEHHUE CTallo
nsorinoe (-UO, +U0). DTo namo W3roTOBUTH JIBYXBUTKOBYIO MHOT'033aXOIHYIO
KaTylKy ¥ TpaHcQpOpMUPOBATh OOJBIION TOK B 30HE pa3psaa (TpaHchopmarus
IPOUCXOJUT 3a CUET Mepexoja TOoKa C JIBYyXBUTKOBOW YyJApHOM KaTylIKd Ha
OJTHOBUTKOBBIM TUIa3MEHHBIM BUTOK (MOHWXaromuid TpaHchopmarop). JlanHas
KOHCTPYKITUSI HY>KHAsI 111 TOTO YTOOBI OYeHb OBICTPO MOHM30BaTh ra3 (Monuzanus
ra3a 3aBUCHT OT MPOM3BEJCHHS IJIOTHOCTH TOKa Ha Bpems (j*1) [14]) u co3marh
ia3My C BBICOKOM IUIOTHOCTBIO, O3TO HEOOXOAUMO IS  yMEHBIICHUS
CTaTUCTHYECKOTO pa3zdpoca Mexy o0pa30BaHUEM TUIOTHOM IIa3Mbl U UMITYJIHCOM
YCKOPSIIOIIETO HaIpsKeHUs (IMTOBTOPSAEMOCTh pa3psia), 0COOEHHO 3TO BaXKHO IS

reHepauuu MUII B HaHOCEKyHIHOM J1Hana3oHe.

- Bropas 3agmaua 3akmiouyaercss B pa3palOTKe CPEACTB IUArHOCTUKU U

MCTOJAUKH N3MCPCHHUSA OCHOBHBIX MMAPpaMCTPOB HHAYKIIMOHHOI'O UCTOYHHUKA I1JIa3MBlI.
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B cBsa3u paccMOTpeHMEM HMCTOYHHKA IUIA3Mbl BMECTE C HCTOYHUKOM
nuTanus. JoJoKkHBI OBITH M3MEpEeHbl pa3psiAHble TOKU. W3  xapakTepucTHK
Pa3psIIHOTO TOKA M3MEPEHHOTO MPHU MOMOIIM Tosica POrOBCKOTro MOMKHBI OBITH
ONPEAEIEHHbI: HWHAYKTUBHOCTb  YAAPHOM  KAaTyLIKH, XapaKTEPUCTUUECKOE
COMPOTHUBJICHUE PA3PSAHOTO KOHTYpa (KOTOpOE HAXOJIUTCS Yepe3 H3BECTHOE
HaNpsOKEHUE TUTaHMs), HEOOXOIWMO OINPEACIUuTh BEJIMUYMHY TOKa depe3

XApPaKTCPUCTHUUICCKOC COIIPOTHUBJICHUC.

- TpeTps 3a1aua 3aKiIr04aeTCs B ONPENCIICHUN JIaBJIEHUS Ta30BOr0 MOTOKA B
paboueii 30He UHAYKIIMOHHOTO pa3psija.
[Ipu oMo MUHHATIOPHOH siueliku [leHHHMHTra HEOOXOAMMO OIpeIeTUTh

JABJICHUS Ta30BOT0 MOTOKA HA Pa3IUYHbIX pajnycax yAapHON KaTyIIKH.

- YerBepras 3ajaya 3aKII0OYACTCS B M3MEPEHUs MAPAMETPOB IUIA3MBI U
ONPEAEIEHNS] HOHHO-ODMHUCCUOHHBIX CBOMCTB IUIa3Mbl UHAYKIIMOHHOI'O UCTOYHUKA.

JUig onpenenuTs HOHHO-AMUCCUOHHOM CITOCOOHOCTH IUIa3Mbl HEOOXOIUMO
WU3MEPUTH HOHHBIN TOK HACBIIIEHUS ITPU IIOMOIIM TOPUEBBIX 30HI0B. [Ipn momomn
dbopmynbsl boma paccuuTaTh IUIOTHOCTH CHOKOMHOM TIu1a3Mbl U 1o  (dopmyse
IUDIOTHOCTH TOKAa pAacCUMTaTh IUIOTHOCTh IUIa3Mbl C TIIOTOKOBOM CKOPOCTBIO.
[TpousBecTu cpaBHEHUS] HEOOXOAUMON MJIOTHOCTH IUIa3Mbl B 00€MX ClIy4asx IS

oOecrieueHuss He00OX0IMMOM MOHHO-IMHUCCHH.
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2.2 Peanu3anusi MHAYKIMOHHOTO HCTOYHHUKA MJIAa3Mbl, C OMIOJSAPHBIM
NUTAHUEM MHOI03aX0AHOM, ABYXBUTKOBOM Y1aPHOU NOHU3ALUOHHOM

KATYIIKH

HNonunzanuonHas yaapHas KaTyIlKa BXOJUT B CHUCTEMY HOHHBIA AHO/,
KOTOpas MnpeHa3HayeHa a1 GOpMUPOBAHUS ITyYKa MPOTOHOB KPYTOBOI'O CEUCHUS
2 [V
wiomanbo nopsaaka 80 cm, ¢ sHeprued n0 300 k3B u monHBIM yTiioM
0 V)
pacxoauMoCcTH He Oosee 4° C MOJHBIM MOHHBIM TOKOM 110 15 KA. Takoil my4dok
MOKET UCTOJIb30BATHCS B (DYHIAMEHTAIBHBIX HAYUHBIX UCCIICIOBAHUSX, HAIPUMED,
M0 €ro 3axBaTy Ha KPYTroBYIO OpOUTY B MOMEPEYHOM MAarHUTHOM IIOJI€ C IIEJIbIO

JAJIbHENIIEr0 YCKOPEHUS.

2.2.1 YerpoiicTBO cucTeMbl HOHHOTO U0/

OcHoBHBIM 37eMeHTOM CucteMbl MoHHBIN JlMoa SIBISETCST MarHUTHO-
M30JIMPOBAHHBIA HOHHBIN TIUOJ] C PAAUATbHBIM U30JUPYIOIIUM MAarHUTHBIM TOJIEM,
B KOTOPOM JuIsi OOECIeueHHUs] HOHHOW DHMHUCCUM HCIOJB3YeTCs IIIa3Ma,
oOpa3yromascs B pe3yjbTaTe MHAYKIMOHHOTO MPO00s MMITYJIbCHO HAIyCKaeMoro
rasa.

KoHCcTpykTHBHAsI cXeMa HOHHOTO IO/ C aHOJHBIM U KaTOAHBIM OJO0KaMU
noka3ana Ha (puc.2.1). /luon mmeer KOHHYECKYIO (POKYCHPOBKY C TMOJIOBHHHBIM
yriaom 22,5 rpagyca. AHOIHBIM OJOK COCTOMT W3 aHoJa C Aa3uMyTalbHO-
CUMMETPUYHBIMU MIPOPE3IMH IHUPUHON 5 MM pa3/ieICHHbIMH peOpamMu TOJIUHON
2 MM, T033Jd KOTOPOTO PACIOJIOKEH HWHIYKIHOHHBIM HWCTOYHUK IJIa3MBbl.
I[Tpo3payHOCTh aHOAHOI pemeTky 78%, SMUCCHOHHAs IIomaas Ha aHoze 200 cMm2.
NHIyKIMOHHBIM UCTOYHUK IUIa3Mbl COJIEPKUT UMITYJIbCHBINM Ta30BbIN KJamaH C

coruiom JlaBayist Ha OCH U yIapHYIO MHIYKLIMOHHYIO KaTyIIKY.
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Pucynok 2.1 Cucrema Uonnsiit J{uoj. 1 — BBICOKOBOIBTHBINA U30JIATOD, 2 —
aHOJTHBIN OJIOK, 3 — UMITYJILCHBIN ra30BbId KinanaH, 4 — Como JlaBans, 5 — ynapHas
KaTylka, 6 — a3uMyTalbHO-CUMMETPHUUYHbIE aHOJHBIE Mpope3u, / — KaTol, 8 —
KaTyIlIKa U30JIUPYIOIIEr0 MarHUTHOTO o, 9 — KaTtoaHblil 650K, 10 — BakyymHas
KaMepa ¢ BBIXOJHBIM marpyOkoM, 11 — TpaHCHOPTHBIM KaHal C TOPOHMAAIBHOU

MarduTHOM JIMH30U.

2.2.2 UHayKIIMOHHASA yAapHAas KaTyIIKA U ra30Bblil KjIanaH

[l;1a3MeHHBIA MCTOYHUK, SIBJISIICH OCHOBHBIM Y3JIOM JUOJAHON CHUCTEMBI,
obecrieynBaeT HEOOXOIUMBI YPOBEHh MOHHOW IMHUCCHU, CKOPOCTH HapacTaHUs
MJIOTHOCTH TUIa3Mbl HA aHOJIE AM0/1a U CTAOMIIBHOCTh €€ TeHEepaIUH.

VYnaapHas Karyiika ¢peJHa3HaueHa [Jid CO3JaHus WHAYIIUPOBAHHOTO
AJEKTPUYECKOTO TMOJs B 30HE KOJBIEBOrO paspsiga Uil HOHM3AIMK Tra3a B
nuarno3one pasneHnid 0,1-0,01 Top. KoHCTpyKTMBHO KOHHMYECKas yJapHas
JBYXBUTKOBass KaTylIKa JJIg COOJIIOJACHUS a3uMyTalbHON  OJHOPOJHOCTH

MAarguTHOIO IIOJII  BBIITOJIHCHA MHOFO3aXOI[HOI>'I C YHCJIOM IapaJuICIIbHO
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COEIMHEHHBIX BUTKOB paBHBIM 0. VY apHas KaTyIllKa apMUPYETCs CTEKIOTKAaHbIO C
SMOKCUHBIM KOMIIAyHJOM U Pa3MELIAETCs B KOPILYCe, BBITOJIHEHHOM U3 OPICTEKIIA.
WNHyKIMOHHBIA HCTOYHMK TUIa3Mbl 00ECTIEYMBAET SIMHUCCHIO HOHOB B YCKOPSIOLIEM
3a3ope auozaa. Katoauslii 070K COCTOUT U3 ABYX KOHYCHBIX KaTOOB C KaTyIIKaMu
MAarHuTHOIO IIOJIsI B META/UIMYECKUX DKpaHaxX, IPEeAHA3HAYECHHBIX MUl CO3JaHUs
paanaTbHOTO MArHUTHOTO TMOJISI, HEOOXOAMMOTO HJsi M3OJSIUU 3JIEKTPOHOB B

YCKOPAROIICM 3a30pcC Juoaa.

PucyHnok 2.2 BHewHuii BU1 y1apHOH MOHM3AMOHHOM KaTyIIKH

NmnynbCHBIN ra30BbIM KianaH ¢ coruioM JlaBans mpegHa3sHaudeH s
dbopMHUpPOBaHKS BBICOKOJIOKAIIM30BAHHOTO B TMPOJOJIHLHOM HaIpaBICHUU
noroka raza (Hz) ¢ maBnenuem B 30He paspama 107 +102 Top. BakHbM
ycioBueM 3G (PeKTUBHON paOOThl CUCTEMBI HaITyCKa Tra3a SIBJISIETCS BBICOKOE
OBICTPOJICHCTBHE UMIMYJILCHOTO KjlamaHa, 00ecleunBaroliee CBEPX3BYKOBOE
TEUCHUE rasa.

KoHCTpyKIHs 3JEKTPOJMHAMHYECKOTO UMITYJIbCHOTO KJIAallaHa MPHUBEICHA
Ha (puc. 2.3). BeinosiiHeHHas U3 Aropaisi, MUHUMHU3UPOBAaHHAS 110 TOJIILIUHE U Macce,
qanika KjiarnaHa C yr[JIOTHHTCJ'IBHOfI KpOMKOﬁ MNPKUMACTCA K YIINIOTHUTCIBbHOMY

KOJbIly TO(QpPUPOBAHHBIM  yNPYTUM OJEMEHTOM U  OTOpachiBaeTcs OT
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YVIUIOTHUTEJIBHOTO KOJIbIIA MPU MPOMYCKAHUHU UMITYJbCAa TOKA uYepe3 KaTyIIKy ¢
YUCJIOM BUTKOB paBHbIM 12. OO0bem Hamyckaemoro raza ~ 0,3 + 0,6 cMm mnpu
aTMOC(EepHOM JIaBJIEHUH OIpeAeaeTcs 00bEMOM MOJ1 YAIIKOM KilanaHa. B kauecTe
YOPYTOTO AJIEMEHTa UCIIOJIb3YETCs KECTKUM CHITb(OH, U3TOTOBJICHHBIN U3 CTaIH C
BBICOKMM TOpOroM jaedopmaniuud. Bpemsi BOCCTaHOBJIEHMSI BaKyyma 3aBUCUT OT
0o0beMa HaIyCKaeMOTO ra3a U CKOPOCTH OTKAYKU BaKyyMHON CHUCTEMBI U OOBIYHO

meHee ~ 10mc.
Bpems oTkpbITHA KianaHa npu TOKE Im>6,5 KA U JJINTEIBHOCTH UMITYJIbCA

T/2 - 55 mkc cocraBisieT <15 MKc.
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Pucynok 2.3 KOHCTpyKIMS HMMIYyJbCHOTO Ta3oBOro kinamaHa. 1 -

NpY>KUMHAs raika, 2 - ynpyrui 3JIEMEHT, 3 - Jalllka KjanaHa, 4 - yIIOTHUTEIbHOE

KOJBIIO, 5 - Karyuika, 6 — u30isTop, 7 — KOpIyc, 8 - KaHaJ HalycKa rasa.

2.2.3 IlpyHuun pa6oTsl HHAYKIIMOHHOIO MJIa3MEHHOI0 HCTOYHHUKA

[Tpunumn paGoThl nMONa COCTOMT B CleAyromeM. ['a3, mogaBaeMblidi 1O
NOJUATUIIEHOBON TpyOKe, MOCTYMAEeT MO/ YalllKy UMITyJIbCHOTO Ia30BOr0 KJjlaraHa.

[Tox nelicTBreM UMITYJIbCa TOKA, MPOIMYCKAEMOT0 Yepe3 KaTylIKy KilanaHa, KjanaH

o1



OTKPBIBACTCS, M C TOMOIIBIO COIIa (POPMUPYETCS] a3UMYTaATLHO-CHMMETPHYHOE
razoBoe 00JaKo, pacIIupsIoNIeecs B paaudaibHOM HampaBieHuu. M3omstop
yAapHOM KaTyIIKU U COILIO JIaBaisi BBIOJIHEHBI U3 MTOJIMKapOOHaTa.

Korma o6mako moXomuT g0 00JacTH MEXKIy YyAapHOW KaTyIIKOW U
KOJIBIIEBBIM OKHOM, 00pa30BaHHOM CHCTEMOM IIeJIEH B aHOJIE, Ha yIapHYIO KaTYIIKY
oT 0JIOKa MUTAaHUS MOJAETCS JABa MOCIEI0BATEIbHBIX BRICOKOBOJIBTHBIX UMITYJIbCA,
o0ecrneunBaoIINX MPEIUMOHNU3AIUIO U TTOJIHYIO MOHU3AIMIO ra3a HHAYIIMPOBAHHBIM
AIIEKTPUUYECKUM TI0JIeM. MarHuTHOE MoJie yAapHOW KaTyIIKUA BBITAIKUBAET CTYCTOK
oOpa3oBaBIlelcs TJIa3Mbl MO HAIMpPaBICHUIO K aHOMy. VMMyNbC YCKOPSIOIIETO
HaIpsDKEHUS] TPUKIAABIBACTCS MEXKIY aHOJOM M 3a3€MJIEHHBIMU KOHYCHBIMU
KaToJlaMH; B pe3yJbTare, MOHHBIN My4OK, SMUTUPOBAHHBIN U3 aHOJHOM IIJIa3MBbl,
BBIBOJIUTCS Y€pe3 KOJBLEBYIO IIEIb MEXAYy KaTolaMH, a D3JIEKTPOHBI,
o0Opa3oBaBIlIMeCcs B Pe3yJIbTaTe B3PIBHON SMHUCCHH, COBEPILIAIOT 3aMKHYTHIN Jpeid
M0 a3UMYTY B CKPEIIEHHBIX MOJISIX — YCKOPSIOIIEM 3JIEKTPUUYECKOM U paiiaibHOM
MarHMTHOM TIOJIe, CO3/laBaeMOM Karymikamu. KoHuyeckass reoMeTpus KaToOJIOB
CITYKUT 11 0aJUTUCTUYECKOM (DOKYCHUPOBKM MOHHOTO Iy4YKa, KOTOPHIN Ha BBIXOJE
mo1a uMeeT (HopMy CXOJSIIETOCs KOJIbIIA.

BakyymHass kamepa BBINOJIHEHA W3 HEPKABCIOLIECH CTANIM, CIYXKHAT JJIs
oOecrieueHusi pabouero Bakyyma B cucteme. Kamepa mpeacrtaBiser coOoi
MAJTUHIPUICCKHN 00BbEeM, OTPAaHMYCHHBIM C OJHON CTOPOHBI H30JISTOPOM H3
nojvKkapOoHaTa, B KOTOPOM 3aKperyieH aHOMHBIM  OJIOK, SIBJISIOIIMICS
MOTEHIUAIbHBIM 3JIeKTpoIoM. C Ipyroi CTOpOHbI, BAKyyMHasi Kamepa orpaHuyYeHa
(draHIIeM ¢ BBIXOJHBIM NAaTPyOKOM TPAaHCIOPTHOTO KaHalla, U UMEET HEOOX0IMMOe
KOJIMYECTBO OOKOBBIX MATPYOKOB JJII OTKAYKH, Pa3MEILICHHS CPEICTB JUATHOCTUKU

IIy4dKa, 9JICKTPUICCKUX IMOABOJIOB U T.II.

2.2.4 UCTOYHMKH NMUTAHUSA IJIA3MEHHOI0 HCTOYHHKA U MX CHHXPOHU3AIUA

CocTaB UCTOYHHUKOB MUTAHUS HOHHOI'O Ano/Ja MPUBCIACH B IIPUIIOKCHUN I.
3apH,Z[HLI€ YCTpOﬁCTBa NpcaAHasHa4YCHbI I  3apAAKH  EMKOCTHBIX

HAKOIUTEIEH MCTOYHUMKOB NMUTAaHUS HMOHHOrO auoja (ApaiBepoB) 0 3aJaHHBIX

52



HanpsokeHuil. BuemmHuit Bug 65okoB 3V pa3sMEIICHHBIX B OTIEIBHOM IIKady
npusefeH B npuioxkeHuu . Bee 3V BBINOIHEHBI MACHTHYHO IO CTAaHIAPTHOU
WHBEPTOPHOM CXEME M OTJIMYAKOTCS TOJIBKO BBIXOJHBIMH NapamerpaMu. Kaxkapii
3Y cOCTOUT U3 CUIIOBOM YaCTH U CXEMBI YIIPaBJICHUS.

CunoBass d4acTp IpelHa3HaueHa i1 (OPMHUPOBAHUS  BBIXOJAHOIO
HallpsDKEHHWST M TOKAa C 3aJaHHbIMM IapaMmeTpamu. CwioBas 4acTb COIEPKUT
UHBEPTOP HANpPSOHKEHUS U TpaHCcHOpMATOp C BBIIPSIMUTENEM, YCTAHOBJICHHBIA B
TEPMETUYHOM  TIPSMOYTOJIBHOM Oake, 3amoJIHAEMBIM IS  HW30JSLUU
TpaHchopMaTopHbIM MaciioM. Cxema ynpaBiIeHHs MpeJHa3HAuYeHa JJi1 yCTaHOBKHU
BBIXO/IHOTO HAIPsDKEHUS M MAaKCHMaJbHO JIOIYCTUMOTO TOKa, a TaKyKe BBIPAOOTKHU
CUT'HaJIa TOTOBHOCTH IPH JTOCTHKEHUH BBIXOJIHBIM HANPSHKEHUEM YCTAHOBIICHHOTO

YPOBHS.

Tabnuna 2.1 — OCHOBHBIE TEXHUYECKUE XapAKTEPUCTUKH 3aPSTHBIX YCTPONCTB

3apsiiHbIC yCTpoiicTBa | BeixonmHoe Brixogneie Cpenuss
HanpsbkeHue, KB | Toku, A MOIIIHOCTh, KBT

3V raszosoro kjianaHa 1,4 4 2,3

3V MarguTHOro moJId 12 7,5 10

Io1a

3V ynapHoii karymk# (2 30 0,4 10

0J10Ka JiJ1s1 OUTIOJISIPHOTO

UTaHU)

3y IUIa3MEHHOT'O 5 0,4 2

VMCTOYHUKA

HcToyHMK TUTaHUs (JIpaiiBep) MarHUTHOTO TIOJIS M0/ TIPETHA3HAYCH IS
dbopMHUpOBaHUS HAa MHAYKTHBHOW HArpy3ke CHHYCOWJAIbHON TOJYBOJHBI TOKa
(12 kB, T/2 = 250mkc omHa MOIYyBOJHA

C 3aJaHHBIMM  IapameTpaMu

CUHYCOMJQJIBHOTO TOKAa), OJJIEKTpUYECKass CXeMa WCTOYHHWKA TIPUBEICHA B
MPUIOKEHUH A.

HU3KOMHIYKTUBHBIE MCTOYHUKHM TMHUTAHUS Ta30BOr0 KialaHa W yJapHOU
KATYIIIKU BBITIOJIHEHBI B OJJHOM HMJIMHAPUUECKOM KOPITYCE, UMEIOIIEM MEPETHIOI0

M 3aJJHIOI0 ITaHCJIN C OTBCPCTHUAMMU JJIA IIPUTOKA rasa. 3aI[H5151 MMaHCJIb COACPIKUT

Pa3bCMbI C KEPAMUYCCKUMU U30JIATOPAMUA JIA IO AKIIFOUCHUS K y,HapHOﬁ KaTyIIKC 1
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KaTYIIIKE ra30BOr0 KJIanaHa, pa3MelleHHbIX B aHOIHOM OJioke. Ha nepenneit nanenu
pa3MenIeHbl 3JIEKTPUUECKUE pa3beMBbl ISl MOJIKIIOYEHUS K CETU U yIpPaBJICHUS
0JIOKOM NTUTaHUsl, BHEIIIHUHM BUJI IPUBEJICH B IpWIoKeHUH b. DnekTpudeckas cxema
IpailiBepa yJapHOW KaTylIKM NpuBeAeHa B mnpuioxenun B (puc. B.l).
DJIeKTpUYECKas CXxeMa MUTaHus JApaiiBepa KiarnaHa MpUBEACHA B MPUIIOKEHUU B
(puc. B.2).

Hcrounuk mnwuranust (ApadiBep) Tra30BOr0 KjamaHa OOECTeYrBacT
dbopMHpOBaHHE CHUHYCOMJAIBHOTO HMITyJbCa TOKA C 3aJaHHOM MOJIIPHOCTBIO U
napamerpamu. [lapameTpsl apaiiBepa rasosoro kiamana: 1,4 kB, 50 mxc oxna
MOJIYBOJIHA CHHYCOMJANBLHOTO ToKa. [[paiiBep yaapHOW KaTymikud oOecreyuBaeT
dbopmMupoBaHUe OUIIOISIPHOTO UMITYJIbCA HATIPSHKEHUS € 3aJaHHBIMU MTapaMeTpaMHu:
+/- 25 kB, T/2 = 2 MKC CHHYCOHUJJAJIBHOTO TOKA.

Cxema ynopaBi€HUS W CUHXPOHM3ALUMUHU YCKOPUTENS MpPHUBEIACHA B
npuioxkennn E. bioku ynpaBieHUsT W CHHXPOHM3AlMM  PACIOIOXKEHBI B
CHEIUATbHOM KAy COBMECTHO C 3apAIHBIMU YCTPOWCTBAMH, BHEITHUN BU]
nokazaH B mnpujiokeHuu J[. Biok ympaBiieHUs mpelHa3HAuYeH Jisg BKJIHOUYCHUS
3apSIHBIX YCTPOMCTB BCEX UCTOYHUKOB MUTAHUSL YCKOPUTEIIS B 3aJTaHHOM PEXUME
pabotel. [lo rOTOBHOCTHM 3apsA/IKM HaKOMWUTENEH apaiBepoB OJOK yNpaBieHUS
BbIpa0aThIBAE€T CUTHAN JJisl 3allyCKa I'eHeparopa CHUHXPOUMITYJbCOB. ['eHeparop
CUHXPOUMITYJIbCOB MpEIHA3HAYEH JIJIsl YIPaBJICHUSI pabOTOil JpaliBEpOB MOHHOTO
JIMOJIa U YCKOPUTENSl B 3aJlaHHOM BPEMEHHOW IMOCie10BaTeNbHOCTH. B KauecTBe
reHeparopa CHHXPOMMIIYJbCOB  MCHOJb3yeTcd UU(POBON  ONTOreHepaTop.
OCHOBHbIE TEXHHYECKHUE XapaKTEpUCTHUKA TIE€HEparopa CUHXPOUMITYJIbCOB:
KOJIMYECTBO BBIXOJHBIX ONTHYECKUX KaHAJIOB — 16; JMama3oH 3aJepKeK IOo
kaHajgam 0 — 40 mc; BbIXojaHas onTHyeckas MomHocTh — 15 n1bm (0,03 MBT );

BBIXOJIHOM 3ekTpuueckuil ummyisc 400 B, 2 Mkc.
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2.3 Pa3zpa0oTka cpeacTB IMATHOCTUKH U METOJAMKHU U3MepPeHHs] OCHOBHBIX

napaMeTpPoOB HHAYKIMOHHOI0 NCTOYHHUKA MJIA3MbI
2.3.1 MeToabl ¥ cpeacTBa AHATHOCTHKHU
Munuamriopnas auetika [lennunea

JUtst u3MepeHus JaBiIeHUsI UMITYJIbCHOTO Ta30BOr0 MIOTOKA, UCIIOIb30BAJICs
JAaTYUK HAa OCHOBE MUHHATIOPHOM s4erke IleHHWHra c¢ ocuMuIMpyromuMu
anexkTpoHaMu. KOHCTpYKIMs JaTdyMKa U €ro JJIEKTpUYecKas CXeMa IOKa3aHa Ha

(puc. 2.4).

MarHuThbl
KaTtoabl
N 11
! T T2 R1MomM 4
res— | D | — O o D1+
A 1-2kB
s CETKa s
!
aHopn Ry

K ocuunnorpady
Pucynok 2.4 JlaTuuk [isi U3MEPEHUS UMIYJIbCHOTO JIaBJICHHUS raza Ha
OCHOBE MHWHHUATIOPHOW siueiiku [leHHWHra, aHOJIHO€ KOJIBIIO JUAMETPOM 4MM,

paccTosiHuEe MEXAYy Karoaamu 4 MM, HHAYKIHUS MarHuTHoOro noyist B = 1,2 Tn

KonbieBoit anon nuameTpoM 4MM pacmoioKeH MEXKAY ABYMsS KaTOJIaMH,
BBITIOJTHEHHBIX HA OCHOBE METHOTO MPSIMOYTOILHOTO MPOUIIs, pa3MepaMu 5X8 M.
DneKkTpoaHas CUCTEMa JaTdyMKa pa3MellleHa B MPOJOJIbHOM MAarHUTHOM II0JIE
B=1,2Tn, co3maBacMoe MOCTOSSHHBIMM MarHutaMu. Sldeiika nMeeT OOKOBBIC OKHA
JUTSL TIOCTYTIIEHUST raza. Toper suelku 3aKpbIT Modynpo3padHon cetkoit (k=0,9),
yTOOBI HCKJIIOUUTH MEpeOpoc paspsia C aHoja Ha 3azemiieHHble neranu. [lpu
noJa4y Ha aHoJ MOoCcTossHHOTO HanpspkeHus: U = (1+2)kB oT uctrouHuka 3axuraercs
OTPaXKaTEeIbHBIN pa3psid, UMEIOIMINN JIMHEMHYIO 3aBUCUMOCTb JABJICHHS Ta3a B

nnanaszone (10 + 10%) Top, ot Toka paspsna.



JlaTuuk paboTaer B IKAYLIEM pEXUME, UYTO HCKIIOYAET BIUSHHUS
CTaTUCTUYECKOr0 pa3zdpoca B 3aKMTaHUM paspsia U €ro pa3BUTUE HA U3MEpPEHUS.
N3mepsiercst TOK pa3psiia B TOCTOSHHOM PEKUME J10 MOCTYIJIEHUS Ta30BOr0 MOTOKA

B 00J1aCTh JaTduKa 1 UCIIOJIb3YCTCA AJIA KaJII/I6pOBKI/I I10 IIOKAa3aHUAM BaKyyYMMCTPA.

llosic Pocoseckoco

[Tosic PoroBckoro, paboratomuii B pexkuMe TpaHcopmaTopa Toka (puc.
2.5), mpeAcTaBisieT CcOOOM KaTyIlIKy, WHIYKTUBHO CBSI3aHHYI0 C KOHTYpPOM
nu3MepsAeMoro Toka. OOBIMHO KaTyIlIKa BBIMOJIHAETCS B BUJIE TOPA, OXBATHIBAIOIIETO

NPOBOJHUK C u3MepsieMbIM TokoM I(t), oOpa3oBaHue BOJHM3M MPOBOJHHKOB

.
NEePEeMEHHOr0 MarHuTHOro mnoisis B(t), NpUBOIUT K WMHIYIMPOBAHHUIO B BUTKAX

KaTYIIKU HAMpsDKeHUe U(t), mporoplruoHanbHOe MPon3BoAHOM Toka di(t)/dt.

Pucynok 2.5 Cxema nosica Porockoro
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[Tosica PoroBckoro BCTpoeHHbIE BO (priaHIiaX KaMep AUOJHOW CHUCTEMBI U

BBINIOJIHEHHBIE 1O CcXeMme TpaHcdopmaropa TokKa ¢ AeMI(UPYIOIIUMU
CONPOTUBJICHUSIMU JJIsl U3MEPEHUsT AHoHOr0 Toka. Ilosic mpencraBisieT u3 ceds

CIINPAJIBbHYIO JIMHHUIO C YCTAHOBJICHHBIMU 4YCPC3 OIMPCACICHHOC KOJIMYCCTBO BUTKOB

COIJIaCOBaHHBIE CONMPOTUBIECHUS (OHU BbIOMpanuch no gopmyne VLC, L u C —
M3MEpPEHHbIE 3HAUCHUSI 1T0sICa) MTpeAHA3HAYCHHbIE JIs IPEOTBPAILICHUS OSBICHUS
Napa3uTHBIX BOJH. TUIHYHBIE OCHMIUIOIPaMMBbl KaJHUOpPOBKHU MosicoB Porosckoro

npuBeaeHsl Ha (puc. 2.6).

UreN‘BI

40 v —71 - 1 - T 1 ' 1 T 1 T 1

0,40
39 —0,35

30 + ~ 0,30

25 - 0,25

UreH,B

20 +

- 0,20
L 0,15 Un.B

0,10

0,05

+— 0,00

-5 +—t++++———+-0,05

-50 0 50 100 150 200 250 300 350 400

t,HC

Pucynok 2.6 Tunuussle oCHUILIIOrpaMMBbI KaTUOPOBKH 10sicOB PoroBckoro

Konnumuposannwiii yunundp apaoest

Konnumuposaunsiii iununap @apanes (KLD): B ogHOM ciiydae usmepeHue
MJIOTHOCTH HOHHOTO TOKA Iy4YKa BHIMTOJIHEHHBIE C NEPIEHANKYISIPHBIM MarHUTHBIM
MOJIEM CO3/I1aBa€MbIM MOCTOSIHHBIMU MarHUTaMmH, MPEHA3HAYEHHBIM 11 OTCEYKH
AJEKTPOHOB, conpoBoxaarommux MMUII u mnomaBieHUs BIECKTPOHHOTO TOKa
BTOPUYHOM SMHUCCHUH C IPUEMHBIX KOJUIEKTOPOB. BO BTOpOM ciydae TOpLieBOM 30H]

I OIPEACIICHUS IIJIOTHOCTH IIJIa3Mbl € UCITOJIB30BAHUCM CXCMbI CMCIICHU.
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KONneKTop

- I KonnmmaumnoHHoe
I oTBEpCTUE

Pucynok 2.7 KomummMmupoBanubii mummHAp Papanes ¢ CXeMOU CMEIIEHUEM.
Qcw — MOTEHLHAN CMEHeHUs; Rorp — OrpaHMyuBarollee conportuBiieHue; Ry —

Harpy304HOE CONPOTHBIICHHE.

Jlis u3MepeHusl IIIOTHOCTH IJIa3Mbl HEOOXOMMO O0ECEeUUTh OTCYTCTBHE
m1a3Mbl B 00beMe nunuuapa dapazes, s 3Toro Heo0XoAUMa KOJUTMMALUs My4Ka
WK ocialbJeHne ero CeTKaMu ¢ MOCNIEAYIOIUMU PacIIMPEHUSIMU B 00bEeMe 30H/12,
KaK MPaBUJI0 HAXOSIIETOCs MO OTPUILIATENbHBIM TOTEHIIMATIOM cMelleHus. B aTom
Ccllydae TIOJHBIN 3apsiji, MPUXOIAIINA Ha KOJUIEKTOP 3a BpeMs UMIybca Qi=liTumn,
JOJKEH yoBiIeTBOPATh HepaBeHCTBY Qi<Cqecy, e C — eMKOCTh KoJulekTopa. B
HameMm ciydae Qc=(40+60)B, R=750mM, |i <2A. Tlpu usmepsiemoil MIOTHOCTU

mwia3mel B quanasone (1+5)(101+103) cm?.

2.3.2 OnpenejieHus1 JaBJeHUsI TAa30BOro NOTOKA B padoueii 30He

HHAYKIHOHHOTO pa3psiaa

[Tpu momonu MuHUATIOPHOM stueiiku [leHHuHra (cxema u mpUHIKUI PadOThI
MIPE/ICTABIICHO BbINIE) OBIJIO U3MEPEHO JaBJICHHE Ta30BOT0 MOTOKA B padoueit 30He
WHIYKIIMOHHOTO paspsiaa. M3mepeHus nNpoBOJWINCH HA HEKOTOPOM PACCTOSHUU
(6MM 1 19MM) 1O HOpMAaJTK OT YAAPHOM KaTYIIKK U Ha pa3indHbIX paguycax (1, lep,

2 - BHYTPEHHUW, CPEJHUM W BHEIIHUM pAAUyChl YIAAPHOM KaTYIIKU
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COOTBCTCTBGHHO). I/IBMCpCHI/IH MNpOBOJWIIMCH C ABYMA BHJaMMU TI'a3a BOAOPOA H

BO3/TyX. OCHMIUIOrpaMMbl UMITYJILCOB JIaBJICHUS Ta3a MpejcTaBieHbl Ha (puc. 2.8).

Pe

15 a

Z=6mMm
r=r,

z=19 Mm
r=rg

A
2=6mMMm

r=rg

0 200 400 600 800 1000 ¢, axe

Pucynok 2.8 OcuuiorpamMmbl HMITYJIbCOB JIaBlieHUs Bogoponaa (a-r),
BO3/yxa () BOJIM3U MJIOCKOCTU YAAPHOU KATYyIIKU. Z - PACCTOSIHUE 110 HOPMAJH A0
IUIOCKOCTH YJApPHOW KAaTYLIKW; [1, Fep, 2 - BHYTPEHHUHN, CPEAHUNM U BHEUIHUU

paanychl KaTyIIKH COOTBETCTBEHHO.

N3 mpeacTaBiaeHHBIX BBHINIE OCIUUIOIPAMM MOXKHO 3aMETHUTh, YTO €CTh
pabouunii [uana3oH Mo BPEMEHH, KOrjJa JOCTATOYHO PaBHOMEPHOE paclpe/eieHue
ra3oBOT0 MMOTOKA 10 PAJNyCy JIOKATU30BAHHOTO TTOTOKA B OJIM3M yIapHOM KaTYIIKH.
N3mepenus 1Mo paccTOSHUIO OT YyJAapHOM KaTyIIKM YyKa3bIBalOT HAa TO, YTO Ta3
OTXOJIHUT Ha OOJIBbIIIEEe PACCTOSHUE OT yMApHOW KAaTYIIKH, U (POPMHUPYET Ta30BBIH

MOTOK 110 BCEMY PaJiMalibHOMY pa3mepy padoyeil 30HbI.
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2.3.3 U3mepeHue pa3psiIHbIX TOKOB, onpeaeieHue HHAYKTHBHOCTH YIAPHOii
KATYIKH ¥ pacyeT 3¢ GeKTUHBHOCTH MEePEeHOCa JHEPTHH MEKIY yIaPHOI

KATYLIKON U IJIa3MOil

[Ipu momomu mosica PoroBckoro ObUIM TPOBEACHBI U3MEPEHUS TOKA B
KaTyIIKe KJalaHa W pPas3psAHOTO TOKA YJAAPHOW KATYyIIKW COOTBETCTBYIOIIKE

OCLIMJIJIOTpaMMBbI NTpUBEIeHbI Ha (puc. 2.9 u 2.10).

[+
|

S = N W A Ly
|

0 20 40 60 gp b MKC

Pucynok 2.9 OcumimorpaMma UMITyJIbCa TOKA B KaTyLIKE KJalaHa.

Action
Fave Imaage

File:
Format

Pucynok 2.10 XapakrtepHas ocHwuiorpaMma pa3psaHOrO TOKa yIAapHOU
KaTYIIIKU TIPU HaIycKe rasza (BoAgopoia) B obsacTh pazpsiaa (a) u 0e3 Hamycka (0).
[Tepuon xonebanuii T = 3,6 MKC. a - ciy4dail CJIIBHOTO 3aTyXaHUs Pa3psiIHOTO TOKA,

CBSI3aHHOI'O C MOJIHOM MOHU3AIMEN Ta3a B 30HE paspaaa.

N3 XapakTepUCTUK Pa3psiAHOTO TOKA IO 3KCIEPUMEHTAIbHBIM 3HAYEHUSIM

neprojia Koiebanus onpeaesieHa MHIYKTUBHOCTD yIapHOU KaTYIIIKH.
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OnTumMusupyeM mnapameTpbl  yAApHOM  KaTylmKd JUIsl  TOJy4YEHHs
MaKCUMaJIBHOIO HHIYLIMPOBAHHOI'O HAIpsDKEHUS € B 30He paspsaga. Ilycrts
MHAYKTUBHOCTh YJIApPHOM KaTYIIKH OIpeaensercs no GopmyJe:

Lrc = N?- L (2.1)

rae N - gucno BUTKOB, Lk - MHIYKTUBHOCTH OJJHOTO BUTKa C pasMepaMu

yAapHOW KaTymku. Eciu B3anMHas HWHAYKTUBHOCTb YIApHOM KAaTylIKH U
IUIA3MEHHOI'0 BUTKA C TOKOM B 30HE pa3psiia ONpeaeseTcs Kak:

M=N" L« (2.2)

TO Ha MOBEPXHOCTH KaTYyILIKH

e = Mdl/dt (2.3)
rae I - TOk B KOHType yAapHOHM KaTyIIKH.

Jliis konebaTenbHOTO paspsaa

di/dt = Vo/L (2.4)

& = LieN? -Vo/(LN?+Lp) (2.5)

rae Vo - 3apsaHOe HampsbKeHHE Ha KOHJEHCAaTOpHOM Oarapee ymapHOU
KaTYIIKU.

[TonHast MHIYKTUBHOCTb LI UMEET BUJ:

L= (L N?+Lp) (2.6)
rae, Lp - MHAYKTUBHOCTB 0 yAApHOUN KaTyIIKH.

NHAyKTUBHOCTh YJAapHOM KaTylIKd Obla ompeneneHa u3  (popmydibl
nepuojia KojaeoaHus:

T=2nvVLC (2.7)
rae C — eMKkocTh KoHAeHcaTopoB paBHas 0,8 Mk®; T — nepuo kojieOaHus
paBHBbIii 3,6 MKC.

U3 ycnosus de/dN = 0 cnemyer, 4To gmax gocturaercs mpu N=(Lp / L)°° u,
KaK 1 YKCJIO BUTKOB YJJAPHOM KAaTylIKH, 3aBUCHT OT Lp mapa3uTHON HHyKTHBHOCTH
paspsinHoro kontypa. Ilpu N = 1 mua € ~ Vo nHeobxomumo Lp<<L.. Orenka
WHIYKTUBHOCTH OJHOBUTKOBOW YJApHOM KAaTyLIKH, SKPAHUPOBAaHHOM C OJHOU
CTOPOHBI aHOJIOM, JI paccMaTpUBaeMbIX pa3MepoB auoaa gaetr Ly = 270HlH.

[Monaras mns onenku L = (Li«tLp) = 370 ul'H, umeem Lp~ 1000T'H 1 € =*Vo-L« /L ~
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~18xB npu Vo = 22xB unu HanpsHpKeHHOCTh MHAYLMPOBAHHOTO 3JEKTPUYECKOTO
nojist E = ¢/l ~ 180 B/cm mns koutypa € | ~ 100 cM Ha BHEIIHEM pagnyce yIapHOM
KaTYIIKH.

Ouenka UHIYKTUBHOCTH JIBYXBUTKOBOM yJIapHOI KaTYIIKH,
AKPAaHUPOBAHHOM C OJTHOM CTOpOHBI aHOAoM. [lomaras nis oneHku L~ 655 HIH,
nonnas uHAyktuBHOCTL L = (L¢ N?+Lp)= 1410 wlH, umeem L, ~ 100ul'H u
e~Vo'L/L=10.22 kB mpu Vo =~ 22xkB wim HanpsyKeHHOCTh WHIYIIMPOBAHHOTO
anextpudeckoro noist E = g/l ~ 102,2 B/cm st kontypa € | ~ 100 cM Ha BHEITHEM
panuyce  ynapHoit  karymku. Otcroga  clenyeT — Takke — TpeOoBaHUE
HUBKOMHAYKTUBHOTO ¥ KOMIIAKTHOTO MCIOJHEHUS WMIYJIbCHOTO HCTOYHHKA
MATAHMS U €T0 PACIIOJIOKEHHS B HEITOCPEACTBEHHOM OJIM30CTH OT YIapHOM KaTyIIKU
JUTSl YMEHBIIICHUS UHTYKTUBHOCTH TTOIBOJIOB.

U3 OCHUIJIOTpAaMMBI PA3pAAHOrO TOKa OIIPCACIMM BpPCMA 3aTyXaHUA B

t
o0oux ciydasx. 3aTyXaHUE TOKa ompeaensierca ypaBHeHueM e . llonHoe

3aTyXaHue HaCTyIuT depe3 BpeMs t=5t, u3 atoro cieayer:
a) t = 18mkc, 1= 3,6 Mkc 0) t = 70 Mkc, T = 14 MKc.
OmnpeenarM CONMPOTUBIICHUE TIeTH 10 hopMyJIe:
R=L/t, (2.8)
a) Ro=0,10M 6) R2=0.390M R;= R2-Ro= 0,29 Om.
Jloyst SHEPIHH, PacCEMBAEMOI B IIEPBUYHOM KOHTYPE PACCUMTHIBAETCS 10
dopmyie (2.9) [15].
— 0 2
W = R, fo (I(t))=dt (2.9)
rae — I(t) coorBeTcTBYIOMIAs (hOopMa KPUBOH TOKA.
BoruuTeiBas sHepruio W n3 3alaceHHOM BHYTPH KOHIEHCATOPOB TOIYYHM

SHEPTUI0, PACCEUBAEMYIO BHYTPb MJ1a3Mbl Wy.

W, =S5~ R [U(e)?dt (2.10)
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rae — Uo= 22kB saBisiercst HanpsbkeHue 3apsaaku konaercaropos u C = 0,8
MK®D mpeacTaBisieT co00l COOTBETCTBYIOIIYIO eMKOCTh. CpaBHHBAs 3aTyXaHHUsA C U
0e3 MPUCYTCTBHSA IIJIa3Mbl, U MPHU MMOMOIIK YHEPIETHUECKOIo OajlaHca ONPeaeIuM

3¢ GEKTUBHBIN MepeHOCca YHEPTHH 1| MEXKIY YIAPHOH KaTyIIKOH u mia3mMoit [15]:

2R,

n=1-gpfy U®)%de (211)

KoaddunreHT nose3Horo AeHCTBUS paCCUUTAHHBIN TAHHBIM CIIOCOOOM JIJIs

MHIYKIAOHHOTO IJIA3MEHHOTO UCTOYHUKA COCTaBIIsIeT nopsiaka 80%.

2.3.4 I/I:;Mepenml mapamMeTpoB IJIa3MbI U ONIPEACJTICHUS HOHHO-OMUCCUOHHBIX

CBOMCTB ILIa3Mbl HHAYKINUOHHOI'0 HCTOIYHHKA

HpI/I InmoMomb TOPLEBBLIX 30HAOB OBLI10 IMPOU3BCACHO NU3MCPCHUA HNOHHOI'O

TOKa B PEKMME HACBILIEHUS TPEACTABICHHOIO Ha (puc. 2.11).

Pucynok 2.11 — TunuuHble OCHMIUIOTPAMMBI MOHHOTO TOKa C TOPLEBBIX
30HJIOB Ha PacCTOSHUM 6 CM, pa3BepTa OCUMIUIOTPAaMMBI 2,5 MKC, HAIpsKEHUE
cMelieHus Ha 3o84ax 60 B, kianan - 1,3 kB, 3aneprkka Hanycka Bojiopojaa 220 Mkc,
yaapHas katymka 22 kB. 1 - pa3psaHblii TOK yAapHO# KaTyliky, 2, 3, 4 - TopiieBbie

30HAbI HA BHCIIHEM, CPCAHCM U BHYTPCHHCM paanycCe.

II10THOCTH MOHHOTO TOKa HaCBhIIICHUA jiH JJIsL TEILUIOBOM ILIa3MblI B 061H€M

Cﬂy‘lae MOXXHO HpeI[CTaBI/ITB CHCI[YIOH_H/IM O6pa30MZ
Jiu = Jin T Jips (212)
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rac jin — IINTIOTHOCTh MOHHOI'O TOKAa HACBIIMICHUA AJIA IIJIa3MBI C IMOTOKOBOM

CKOPOCTBIO Vy; jip — INIOTHOCTh MOHHOT'O TOKA HACBILIEHHUS ISl CIIOKOMHOM IIa3Mbl

jis ~ 04-e-n /% (2.13)

rac © — BJ'IGKTpI/ILICCKI/Iﬁ 3apsd, N — MJIIOTHOCTH IIJIa3MBbl, Te — QJICKTPpOHHAA

no ¢opmyne boma.

TEMIIEpaTypa IUIasMbl JUId MHIAYKIMOHHBIX paspsanoB (2+4) sB; m, — macca

IIPOTOHA.
Jm= e vpm, (2.14)

JI1s1 pacueTa CKOPOCTH IJIa3MEHHOTO MOTOKa 1Mo ocuuiuiorpamme (puc. 2.11)
OBLIO OIpPEAENICHO, BPEMS 3a/IEPKKHU MEX]ly Ha4aJoM pa3psIHOTO TOKa U HaYajJoM
NOKa3aHUl  TOPLEBBIX 30HAOB (3TO  BO3MOXHO  Omaromaps  KECTKOH

CUHXPOHM3AIINH ), {01 = 2MKC.

CkopocTh MIa3MEHHOTO TTOTOKA ObLIa onpesiesieHa no Gpopmyre:

L

v, = (2.15)

)
taa,q

raie L — paccrosHue OT Tuta3Mbl JI0 TOPIEBbIX 30HI0B (8+10) cm. L
OMpeNeNsaeTCs] CYMMOW JJIMH: PACCTOSIHHUS OT aHOJla JI0 TOPLEBBIX 30HIOB (UTO
COCTaBJISIET 6 CM) U PACCTOSIHUEM OT TJIa3MBI JI0 aHO/A, HO T.K. Mbl HE MOKEM TOYHO
CKa3aThb Kakas TOJIIMHA IUIQ3MEHHOTO CJOS M ¢ KaKOW e¢ YacTM HaYyWHAIoT
YCKOPSATCSI MOHBI JUIsl OLEHKU OBbUIO B3SITO PACCTOSIHUE C YYETOM MOTPEIIHOCTU

PaBHOC paCCTOAHHIO OT YJIapHOﬁ KaTyIllIKKW A0 aHOAda, YTO COCTABJIACT (4CM)

sz
TerutoBast CKOpOCTh MOHOB Vr; =~ 0.4 m—e ~ 0.8 10° cm/c
14

M3MepeHHbIE 3HAYEHUs TOTOKOBOM ckopocTH vy, ~ (0,5+1)107cM/c
[Ipu v,>> vy, bopmyna (2.12) ynporuaercs

jiH = jinJ (216)
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Pucynok 2.12 — TunwdysHbIe OCHMIIOTPAMMBI, XapaKTepU3YIoIIue padoTy
MUJ: 1 — sanpsokenue nuona Ug, 2 — Tok nuona l¢, 3 — Tok reHeparopa lg, 4 —
IJIOTHOCTh MOHHOTO TOKA Ji Ha pacctosiHuu 6 cM OT aHoza auojaa. 1'a3 — Bogopon,
HaIpsHKCHUE Ha yJaapHOH KaTyike + 22 KB, JIMTEIbHOCTh HAIyCKa IIa3Mbl T3 =

2,2 mxc, Bkp = 2,6 xI'c, B =2,5 Bkp.

N3mepeHHble 3HaYy€HHs IUIOTHOCTM HOHHOIO TOKA IIOKa3aHHBIE Ha
ocumnorpamme (puc. 2.12) cocrasusior  j;=(30+40)A/cm?.  COOTBETCTBEHHO
MO>XHO BBICUMTATh IUIOTHOCTh IU1a3Mbl 1o ¢opmyne 2.14, pacyeTHble JaHHBIE

MpeJICTaBJIEHbI B Ta0JI. 2.2.

BonHoBoe conmpoTuBIiieHHE KaTYUIKU HaxoauTes 1o ¢popmyse 2.17:

P :\E ~ 1,330m 2.17)
Tabnuia 2.2 — 0OCHOBHBIE IAPAMETPHI IJIA3Mbl HHAYKIIMOHHOTO HCTOYHHKA
Ne | Uy, kB ly, KA liowna, A | Tsag, MKC | Ve 10%, ecm/c | ni-10%3, cm®
1 16 12 0,24 1,9 5 2,2
2 18 13,5 0,26 1,6 6,2 2,5
3 22 16,5 0,29 1,2 8,4 3,6
4 24 18,1 0,31 0,9 10 41

J_—[J'IH CpaBHCHHUA INIOTHOCTDL ILIA3MBI I10 (bOpMYJIC boma HCO6XOI[I/IM8§I JJIsA

o0OecreueHns Tex ke 3HaYCHUH HOHHOM YMHUCCHU cocTaBuT Ni>2.7-10%Mcm,
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3akirouenue

B manHO#l aumccepranMoHHOM paboTe WCcCieAOBaH W pa3paboTraH
WHyKIIMOHHBIA TJIa3MEHHBIN UCTOYHUK JIJIsl TE€HEePAllMM MOITHBIX MOHHBIX ITyYKOB
pa3nuuHbIX Ta30B. OJHM U3 OCHOBHBIX TPEeOOBAHUI MpPHU MNPOEKTUPOBAHUU U
pa3paboTKe aKTUBHOTO MCTOYHHMKA TUIa3Mbl SIBIIETCS Majoe BpeMs MOHU3AIUH,
KOTOPOE IOKHO OBITh KOPOTKUM MO CPABHEHUIO CO CKOPOCTHIO IBUYKEHUS T1a3Mbl
st popMUpOBaHUE HEOOXOIUMOW 3aepPKKHU MEXITy OOpa3oBaHHMEM ILIA3Mbl
BBICOKOW IUIOTHOCTU U UMITYJIbCOM YCKOPSIOIIETO HAMNPSHKEHUS Il YCKOPEHHUS C
BBICOKON cTeneHbl0 A(P(EKTUBHOCTH; TaK K€ HEOOXOJUMO pPaBHOMEPHOE
pacmpeneneHre Iia3Mbl Ha BCEW TUIOCKOCTH YAApHOW KaTyIIKH; OOecleueHue
MOHHO-3MHUCCUOHHOM CMOCOOHOCTH JMOJa B 33JaHHBIX Npenenax U OOoJbIION
pecypc paOOThI IJIa3MEHHOT'O UCTOYHHKA.

- Ilepas 3amaya maHHOW pabOTHI 3aKiOYalach B peau3aliU
WHIYKIIMOHHOTO WCTOYHUKA TUIa3Mbl, C OUIMOJSPHBIM MUTAHUE MHOT03aXOJIHOU
JBYXBUTKOBOM YJApHOW HWOHM3AIIMOHHOW KATYWIKA. bunonspHoe mnuTaHue
MO3BOJIMJIO B JIBA pa3a YBEIUYHUTh AIEKTPUUECKOE BUXPEBOE IOJIE B 30HE pa3psa.
[ToTeHuManbl OCTaTUCh TAKUMHU e KaK B MpUMeEpax, IPUBEJCHHBIX B JINTEPATYPHOM
0030pe, OJIHOKPAaTHBIMH, @ B CBOIO OYEpE]b Ha YJApHOW KaTyIIKEe HaNpsHKCHHE
crano asoinoe (-UO, +UQ). Dro gamo TpanchopMupoBaTh OOJBIIMA TOK B 30HY
pa3psana. JlaHHas KOHCTPYKILHMS TO3BOJIMJIA OYE€Hb OBICTPO HOHU30BATH ra3 M0
IJIOTHOCTEH TwIasMmbl mopsakoM (Ni>2-108c¢m™®) m npu cuBXpoHM3anuM yaanock
YMEHBUIUTh CTATUCTUYECKHUI pa30poc Mexay oOpa3oBaHHMEM IUJIa3Mbl M MOAAUYEH
UMITyJIbCa  YCKOPSIOIIETO  HANpsDKEHUs. IJTO  J1allo  JOCTATOYHO  Majylo
PacxoMMOCTh B TapaMeTpax MyyKa HOHOB MEXAY UMITYJIbCaMHU.

- Bropas 3agmaua 3akmiouaercss B pa3paOOTKe CPEACTB IUATHOCTUKU H
METOAUKHN U3MEPEHUSI OCHOBHBIX MMAPAMETPOB UHAYKIIMOHHOTO UCTOYHHUKA TJ1a3MBbl.

[Tpu momoru mosica PoroBckoro ObUT M3MEpEH pa3psIHBIA TOK yJapHOU
MOHU3aLMOHHON KAaTyIIKW M Ta30BOro KijamaHa. M3 XapakTepUCTHK pa3psIHOTO
TOKa ObUIM OIpEJENICHbl: MUHUMAalbHAs WHIYKTUBHOCTb YJApPHOW KATYyIIKH YTO

coctaBusl 1310HI'H, oHa JOJKHA OBITH JOCTATOYHO OOJBIIONW MO CPABHEHUIO C
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napa3uTHON WHAYKTUBHOCTHIO (100HI'H), 3TO0 HeoOXxomumo miis 3P GEeKTHBHOTO
BJIOXKEHUS PHEPTHH B IUIA3My C MHHHUMAJIBHBIMH MOTEPSIMHU; XapaKTEPUCTUIECKOE
COMPOTUBJICHUE PA3PSIHOTO KOHTYpPa; U KOIDPUIIUEHT MOJIE3HOTO JACHCTBUS TIPU
TpaHchOopMaIiK TOKA B IIA3MY.

- Tperbs 3a1a4a 3aKIr09aeTCS B OTIPEICIICHUH JTaBIICHUS Ta30BOT0 TTOTOKA B
paboueit 30He MHAYKIIMOHHOTO pa3psija.

Jlis u3mepeHus AaBieHHWs Ta3a Oblla BeIOpaHA MUHUATIOpHASA sSUYehKa
[leHHWHTa ¥ ¢ €€ TOMOIIBIO OBLT ONpeIesieH padouMid JUana30H M0 BPEMEHH, KOT1a
JI0OCTaTOYHO PAaBHOMEPHOE paclpeesieHUe JIOKATM30BaHHOTO Ta30BOr0 MOTOKA TIO
paanycy B OJIM3M yAapHOU KaTyIIKH.

- UerBepras 3agava 3aKiIIOYaeTCs B M3MEPCHHS TapaMeTpOB IUTa3MbI U
OTIPEJICIICHHS] HOHHO-DMHUCCHOHHBIX CBOMCTB TJIa3Mbl HHTyKIIMOHHOTO UCTOYHUKA.

C moMoIIb0 KOJUTMMUPOBAHHBIX MIIUHAPOB Dapaies (TOPLIEBHIX 30HI0B)
OblT W3MEPEH WOHHBIH TOK HACBIMICHUS Yepe3 KOTOphI Oblia paccyuTaHa
IUIOTHOCTH TUTa3Mbl M OTIPEeICHa HOHHO-IMHUCCHOHHASI CTIOCOOHOCTh MCTOYHUKA.
I170THOCTH MOHHOTO TOKa cocTaBuia nopsaka (30+40) A/cm?, 310 obecneunsana
JOCTATOYHO IJIOTHAS MJIa3Ma ¢ IOTOKOBOM CKOPOCTBIO mopsaakom Ni>2-108em, ms
cpaBHeHUs 110 hopmyse boma Obliia paccunTana HEOOX0IUMasl TUIOTHOCTh TIa3MbI
JUTsI 0OCECTICUCHHSI TAKUX e MOoKa3aTeaeii HOHHO-OMUCCHOHHOUW CITOCOOHOCTH, YTO
coctaBuna (Ni>2.7-10cM), 310 3HaYeHME HAa MOPAOK OOJIbIIE HEOOXOAUMOM IS

AKTHUBHOT'O MHAYKIIHOHHOI'O NCTOYHHKA IIJIa3MBbI C MMOTOKOBOM CKOpPOCTBIO.
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