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BBeneHue

MmnynbcHaa TeHeBas peHTreHorpadua ABNAETCA OAHMM M3 OCHOBHBbIX
cpeacTs NnoayyeHUa MHGopmaumMm 0 AMHAMUKE TeN BO B3PbIBHbIX IKCNEPUMEHTaX.
KauecTBo nonyyaemoit MHGoOpMaLmUKN onpeaenaeTca XapakTepucTMKaMm UCTOYHUKA
N3/Iy4EHUA U, B NEPBYIO oYepedb ero MHTEHCUBHOCTbIO. MICTOYHMKaMM U3/TyYeHUS
AN MMMNYNbCHOM peHTreHorpadmm ABNAKOTCA ChneuuasibHble PeHTFeHOBCKUe
annapaTtbl, B KOTOPbIX MNpeaBapuTeNbHO YCKOPEHHblE 3/1EKTPOHbI TOPMO3ATCA B
MWLLIEHWN, TEHEPUPYA TOPMO3HOE M3/ydyeHMe. MHTEHCMBHOCTb TaKOro MCTOYHMKA
NPOMNOPLMOHabHA YNC/Y I/IEKTPOHOB NOMAAAOLWMX HA MULLEHb M BbICTPO pacTeT C
POCTOM 3HEeprnmn aneKkTpoHoB. Hanbosee MoLWHble UCTOYHMKKN cO34atoTcs Ha base
YCKOpUTENEN 3NEKTPOHOB, B KOTOPbIX OHW YCKOPAIOTCA A0 AecATKkoB M3B.

Bo BHUNID ana aTol uenn co3aaHbl, UCMONb3YIOTCA U COBEPLLEHCTBYHOTCA
6eTaTpOHHbIe YCTAHOBKM Kacca 6Oe3yKenesHbIX—MMMYNAbCHbIX— ManorabapuUTHbIX
(BUM) [1,2]. OTO KOMMAKTHblEe ULMKAUYECKUE YCKOPUTENU, B KOTOPbIX My4OK
3NEeKTPOHOB, CHOPMMPOBAHHLIN B  CMELMANbHOM  YCTPOMCTBE — MHXKEKTOPE,
yOEepXKMBaeTcs  Ha  CTaUMOHApHOM  opbuTe 33  CYeT  crneumanbHoro
NPOCTPAHCTBEHHOrO pacnpefeneHns MarHUTHOrO NONA U YCKOPAEeTCA BUXPEeBbIM
3N1eKTPUYECKMM NOSEM, BO3HUKAOWMM NPU U3MEHEHUM MArHUTHOIO NOTOKA Yepes
naowaab, oxBaTbiBaemyto opbutoin. [na PopmupoBaHMA HeobxoaMmoro
NPOCTPAHCTBEHHOIO pacnpeaeneHma MarHUTHOro nonsa u obecneyeHUA BbICOKOro
TeMMa YCKOPEHUA MCNONb3YIOTCA MHOro3axogHble H6e3)KenesHble 31eKTPOMarHuThbI

[3]. Takas KOHCTPYKUMA INEKTPOMArHuTa No3BOJISIET reHepupoBaTb GeTaTpoHHOe
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MarHMTHOE MoJsie C XOpOoLWen asmmyTasibHON cummeTpuein. O4HAKO B MarHUTHOM
none Moryt BO3HMKATb HEOAHOPOAHOCTU Pa3/IMYHOM NPUPOAbI, KOTOPblE MOTyT
narybHo BAMATb Ha AMHAMWKY My4YKa B MPOLLECCE YCKOPEHMA TAKMX KaK 3ddeKT
61M30CTN TOKOB, CKUH—3)GEKT N ApYrMe, KOTOpble MOTYT NPUBOANTb K U3MEHEHWIO
reomeTpumM MarHuTHoro nonA BO BpemeHn [4]. B 4acTHOCTM, AN MNonyyYeHus
MOLLHOTO UCTOYHMKA M3/1y4yeHua, B beTaTpoHax BUM ncnonb3yetca meraBo/ibTHas
WMHXKEKLMA, NPU KOTOPOM UHMKEKTUPYEMbIM NYYOK BBOAUTCA B Kamepy HeTaTpoHa C
NMOMOLLbIO YCTPOMCTBA BBOAA MNpeAcTasBaatlowero cobor meTaninMyeckMin KaHan,
pacnonaraembin B MarHUTHOM noJsie 6eTaTpoOHa WU, HECOMHEHHO, BAMAIOWMNIA Ha
CTPYKTYPY MarHMTHOro nona s6aunsu Hero [5].

Lenbto  paboTbl ABNAETCA  U3MEPEHME  OCHOBHbIX  XapPaKTEPUCTUK
3IeKTpoMarHmTa 6es)kenesHoro MMnNyabCHOro 6eTaTpoHa M CpaBHEHME PaCYETHbIX
XapaKTepPUCTUK pacnpegeneHuma MArHMUTHOro nonsa o HaWwWnmm
aKCNepuMeHTaNbHbIMU JAHHbIMM.

[JaHHOe wuccnepoBaHuWe npeacrasndeTr MHTEpec ANA OLEHKUM TOYHOCTU
COOPKM U BbISIBNEHUA UCKAXKEHUIA MAarHUTHOrO NOJ1IA BHOCMMOTO Pacno/I0XKEHHbIMU
B HenocpeacTBEHHOM OAM30CTU OT 3/IEKTPOMArHUTa METANMYECKMMWN YaCTAMM
OYHKUMOHANbHbIX Y3108B.

Jlnst qoCTHKEHUS ATOM 11eu B paboTe MOCTABJICHBI U PELIAIOTCS CICAYIOIINE
3aa4H:

1. Ucxoana w3 BbIXOAHbIX MapamMeTpoB CUCTEMbI MUTAHMA W UCMNOb3yA
AaHHble NO pacyeTy 3/1EKTPOMArHuTa, OUEHUTb BeIMYMHY PopMUpPYyEeMOro
MarHMTHOro nosns W paspabotaTb MWHMATIOPHbIE WHAYKLMOHHbIE AATYUKM,
obecneumnBaroLime HeObX0ANMBbIN YPOBEHb U3MEPAEMOTrO CUTHANA.

2. Pa3paboTaTb KOHCTPYKLUMIO CUCTEMbI W3MEPEHUS, MO3BOAIOLLYIO
NO3ULUMOHMPOBATb AAaTYMKM B MNPOM3BO/JIbHOW TOYKE MJIOCKOCTU CUMMETPUMU

IIEKTPOMaArHuTa.



3. lNpoBecTn namepeHuna pacnpegeneHna MarHUTHOro NoaA NO pagunycy
3/1IeKTpOMarHuTa Npm nocneaoBaTe/ibHOM BKAOYEHUM KaTyLeK 31eKTPOMarHmTa.

4. Ha 6a3e n3mepeHHbIX XapaKTEPUCTMK /1EKTPOMArHnuTa paccymTaTh:
NONOXKeHWe paBHOBECHOM OpbUTLI; pacnpeaeneHne NokasaTtens cnaga no
paguycy.

5. MpoBecTn namepeHmna pacnpesesieHNA MarHUTHOIO NoJiA N0 a3UMYTY Ha
paBHOBECHOM OpbUTE B CBOOOAHOM 3/1EKTPOMArHUTE, A TaKXKe NP BHECEHUU B
Hero ToOKonpoBoAALLero 06beKTa, MOAEINPYIOLLETO YCTPOMCTBO BBOAA UHXKEKTOPA.

6. [0 NoONy4YeHHbIM AaHHbIM OLEHUTb a3UMYTaJIbHYHO HEO4HOPOAHOCTb
MarHMTHOro NonA B cBOHOAHOM 31EKTPOMArHUTE, a TaK e JIOKanbHoe
BO3MYLLEHME NPU BHECEHMN B MAarHUTHOE MOJiIe TOKONPOBOAALLETO OOBEKTA,
MOAENNPYIOLLErO YCTPONCTBO BBOAA MHXKEKTOPA.

Hay4Hasa HoBM3Ha paboTa COCTOMT B U3MEPEHUN UHAYKLUNOHHBIM METOA0M
OCHOBHbIX NapamMeTpPOB MAarHUTHOIO NOAA 31eKTpomarHuTa 6etatpoHa BUM-117M.

Hay4yHoe nonoxeHue, BbIHOCMMOE Ha 3aLLUTy:

Pa3paboTaHHbIN  MHAYKUMOHHbIA  A3TYMK NO3BONAET U3MEPATb OCHOBHbIE

napameTpbl MarHUTHOro nNona 6eTaTpoHa:

L 3aBNCMMOCTM MArHUTHOM MHOYKUUN OT pagunyca,
L lNokasaTenb cnaga MarHUTHOIO NOANA Ha paBHOBECHOM paanyce,

e  A3MMYyTa/IbHYO aCUMMETPUIO MAarHUTHOrO NONS;

1. TeopeTruyeckuii anaaus
1.1 Onucanue NpUHIUNOB Pa00OTHI 0€TATPOHHOH YCTAHOBKHU

BetaTpoH ABnAeTcA OAHMM U3 NEPBbIX LUKAMYECKMX YCKOpUTeneu
3apAXEHHbIX YacTuL,. B HEmM Ny4yoK 3/1EKTPOHOB, ABUrAOLMXCA HA CTaLMOHAPHOWM
Kpyrosow opbuTe, yCKOPAETCA BUXPEBLIM IN1EKTPUYECKMM MosieM, BO3byxaaeMbim
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NepemMeHHbIM MarHMTHbIM NOTOKOM [6]. YCTOMYMBOCTL YacTul, Ha opbure
obecneuymBaeTcs NPOCTPAHCTBEHHbLIM pacnpeeneHUeM MarHUTHOroO MoJA: OHO
[OMKHO MeAIeHHO cnaaaTtbh No paanycy.

Mpn  ManblX OTKAOHEHUAX 3/NEKTPOHOB OT Opb6bMTbl  BO3HMKAIOT
BO3BpalLalOWMe CW/bl, BEJIMYMHA KOTOPbLIX MPOMOPLUMOHA/IbHA OTKNOHEHWIO.
[iBU}KeHMe B nose TaKUX CUA HOCUT KonebaTeNbHbIM XapaKtep. B umMKkandeckumx
yCKOpUTensx 3TM KonebaHua HasbiBaloTca 6eTaTpoHHbIMM KonebaHuamu. Ha
pUcyHKe 1 npuBeAEeH 3CKN3 KOHCTPYKUMKM BeTaTpoHa. DNEKTPOHbI ABUKYTCA B6IU3U

paBHOBECHOM 0pbUTbI, coBepLLasn KonebaHus B Npeaenax 30Hbl yCTOMUMBOCTHM 1.

e

3 |

2_./ ‘

PUCYHOK 1 — DCKM3 KOHCTPYKLUMM BeTaTpoHa:

1 — obnacTb YCTOMYMBOCTM INEKTPOMATHUTA, 2 — CTEHKU YCKOPUTENbHOM
Kamepbl, 3 — Kopnyc c 06MOTKOW 3/1eKTPOMArH1Ta

CTaumoHapHOCTb 0pbuTbl obecneynmBaeTcaA CUHXPOHHBIM M3MEHEHMEM
BeAyWero MarHuTHoro nonsa Ha opbute B(Ry)) M MarHUMTHOro NOTOKa
NPOHM3bIBatOLLErO OPOUTY, MPUYEM BbINONHAETCA TaK Ha3blBaemoe «ycnosue 2:1»

B(Ro) = 2B(Ry) (1.1)

CornacHoO 3TOMy COOTHOLWIEHWUIO MarHUTHaaA WMHAYKUMA Ha pPaBHOBECHOM
opbute ponxKHa ObiTb B ABa pa3a MeHble cpeaHero 3HAYeHUA MArHUTHOM
MHAOYKUUK B Kpyre paguyca Ro. Mpn 3TOM CKOPOCTb U3MEHEHUA SHEPTUM INEKTPOHA

ABUKYLLLErocs Mo AaHHOW opbuTe aBTOMAaTUYECKU COrnacyetcss CO CKOPOCTbIO



HapacTaHWA MArHUTHOM WMHAYKUMM Ha opbute. Bcakon yvactmue c sHepruen E,
oTBeYaeT cBOA OpbuTa — OKPYKHOCTb, Ha KOTOPOW BbINOAHAETCA 6HanaHc cun,
AENCTBYIOWMX HA Hee. DHeprva 4actuy, B 060N MOMEHT UMKAA YCKOpEeHuA
cBAsaHa c B, cooTHoweHuem: E=300BR, npu stom paguyc opbutbl R=R, B
b6e3xkenesHom OeTaTPOHE, MKECTKO CBA3aH C reoMeTpMen 3/1eKTPOMarHuTa, a
MHAYKLMA MarHUTHOro nons B, onpeaennaetcs TOKOM B 06MOTKe, KOTOPbIA 06bIYHO
NM3MEHSETCA N0 CMHYCOMAANIbHOMY 3aKOHY. BaXKHO TaKKe To, YTO A4/1A 3/IEKTPOHOB,
ABMKYLUIMXCA NO opbuTe C paguMycomM MeHblle pPaBHOBECHOrO, CKOPOCTb
YBENINYEHUA 3HEpPruM npeBblWaeT CKOPOCTb poCcTa noaa Ha opbute M paguyc
pacTteT, NpubAM)Kascb K paBHOBECHOMY. [lnAa 3/1€KTPOHOB, ABUMKYLLMXCA Ha
paguycax 6osblie paBHOBECHOro, Habop 3HeprMm OTCTaeT OT CKOPOCTM POCTa
MarHUTHOM MHAYKUMKM, W opbuTa yMeHbllaeTca, TaKkKe npubaunxKasacb K
PaBHOBECHOMN.

Mpouecc ¢oOpMMPOBAHUA KONbLEBOrO My4yKa 3/1EKTPOHOB HA opbute
Ha3blBaeTCA MHXKeKumel. MpeaBapuTesibHO YCKOPEHHbIE B MHXKEKTOPE 3/IEKTPOHbDI
BMNPbICKMBAOTCA B YCKOpUTE/IbHYtO Kamepy B6AM3M  rpaHuubl  obnactu
yCTOMUYMBOCTU. y4YOK YCKOPEHHbIX B OETaTpOHEe 3/1EeKTPOHOB MCMNO/b3yeTcs ANA
reHepaumm TOPMO3HOro m3ny4yeHus. My4yok HAMNPaBAAOT Ha PACNONOMKEHHYHO B
YCKOpPUTENbHON Kamepe MuUWeHb ¢ 6onbwum Z, npu 3TOM TOPMOXKEHMe
3/1eKTPOHOB COMPOBOMKAAETCA FeHepaLmMen KeCcTKUX Y—KBaHTOB M3/y4eHUA. ICKU3
YCKOpPUTENbHON Kamepbl MNpeacTaBNeH Ha pPUCYHKe 2. B CUMAbHOTOYHbIX
6e3xenesHbix betaTpoHax TMna BUM peannsyeTca meraBonbTHAA UHXKEKLUA, Npu
KOTOpPOM  nNpeaBapuUTE/IbHO  YCKOPEHHbIE  3NEKTPOHbl  BMPbICKMBAKOTCA B
YCKOPUTE/NbHYIO Kamepy C MNOMOLLbiO YCTPOMCTBA BBOAA. ITO YCTPOWCTBO
npepcrasnser cobol TONCTOCTEHHYHO MegHyt Tpyby  3aKaHuMBatowytocs
KOHUYECKMM  NPOOUANPOBaAHHBbIM  y4acTKom [7]. 3ITa Tpyba 3KpaHupyeT

BHYTPEHHKOKO YaCTb KaHaJslda OT MaArHMTHOro nonA 6ETanOHa n ABJIAETCA



MEeTaNNNUYECKUM NpegMETOM Hanbonee 6AM3KO pacnonoxeHHbIM K Op6MTe. KaHan
cHabxxeH cneuynanbHbim ﬂpO(I)MﬂMpOBaHHbIM 3KpaHOM, MWUHWMMUSUNPYIOLW UM

B/IMAHNE KaHa/1la HAa MalrHUTHOE rnonae 6eTanOHa.

2

PUCYHOK 2 — DCKMN3 YCKOPUTENBbHOM Kamepbl 1 ee y310B:
1 — MHXXEKTOPHbIN NATPYOOK, 2 — BbIXOA, UHXKEKTOPA, 3 — MULLEHDb, 4 —
ramma-usnyyeHue, 5 — Kamepa yckopeHusa, 6 — paBHOBeCHaa opbuTa

Tem He meHee, 3TO BANAHUE MOXKeET 6bITb 3Ha4YUTEJIbHbIM, N €0 NPEACTOUT

OuUeHNTb B XO04e 3IKCNEPUMEHTOB NO USMEPEHUIO CTPYKTYPblI MarHUTHOIo NoAA.

1.2 ®oxkycupoBKa ABHKEHHS YJIEKTPOHA B MATHUTHOM 110JIe 0eTaTpPOHA

Y MarHUTHOro nosa 6eTaTpoHa Kpome 3a4a4m no Bo3byKAEHUIO BUXPEBOTO
9NEKTPUYECKOro NoAA CylLecTByeT 3agadva No GOKYCMPOBKE YCKOPAEMOro Mny4yka
9NeKTpoHOB. oA ¢GOKYCMPOBKOM MNOHMMAETCA YCNOBMA, MPU KOTOPbIX CWU/bI,
AEUCTBYIOLLME HA NMYYOK NPWU ero OTKAOHEHUU OT OpbUTbI, BO3BPaALLAAM bbl ero Ha
PaCCYMTAHHYIO TPAEKTOPUIO ABUMKEHMA.

B Hauyane npouecca yCKOpeHMua, NPM UHXKEKLMW, MYYOK YacTuu, nosaydyaer
pa3bpoc No yrnam, SHEpPrusam M KOOpPAMHATaM OKOJI0 PAaBHOBECHbIX 3HAYEHWNA.

3aTem, 4YacTuupl, B UMKJANYECKUX YCKOPUTENAX, NPOXOAAT OFPOMHbIM MyThb,
9



coBepwan 6onbwoe ymcno obopotos. MNpy 3TOM OHU HeU3beKHO noaBepratoTcs
AENCTBUIO PA3/IMYHbIX BO3MYLLEHWUI, CBA3AHHbIX C HECOBEPLUEHCTBOM MArHUTHbIX
CUCTEM, HETOYHOCTAM B YCKOPAKOLWMX YCTPOMCTBAX, HEMOAHbIM BAaKyymMOM W T.n.
MosTomMy pelarolwee 3Ha4YeHMe ANA HOPMaAbHOM pPaboTbl ycKOpUTEna uMmeeT
YCTOMYMBOCTb ABUMKEHUA YACTUL,

B Knaccmueckom b6etaTpoHe ¢opmMMpPyeTca aKCMaNbHO CUMMETPUYHOE
MArHMTHOEe noJsie, OT/INYAKOLLEEeCA TEM, YTO BCE €ro XapaKTePUCTUKN He 3aBUCAT OT
asumyTtanbHoro yrna 0. [AsumkeHune udactuy OypeTr yCTOMYMBBIM, €CAn Npwu
Heb6O/NbWOM  OTK/IOHEHMM UX OT PABHOBECHOM OKPYXHOCTM  BO3HMKAET
BO3BpalLaloWas cuna, B pagnanbHOM (r) m BepTUKANbHOM (z) HanmpaBAEHUAX.
Obpatmmcsa cHavyana K ABMKeHu B nnockoctv z=0. [OnA ycTOMYMBOCTU B

PagManbHOM HanpaB/ieHUM HYMKHO, 4YTObbl cuna JlopeHua Fp, =e-v-B u

2
ueHTpobeskHaa F, = mV /r YyO0B/IETBOPA/IN YCOBUIO:

F.<Fc, npur<R;
F.>Fc, npur>R; (1.2)
LleHTpobexHas cuna nagaer c paguycom nponopunoHansHo 1/r. Ana

ManbiX pagnaabHbIX OTK/IOHEeHUM oT paBHOBeCHOVI 0p6VITbI MOXHO NMONOXWNTb, YTO:
Fe(r)=F:(R)-[1=%/p+...],
F,() =F®)-[1-n¥/p+...]; (1.3)
lae x=r-R, a n— Be/INYMHA, YACTO BCTPEYAIOLLLAACA B TEOPUM YCKOPUTENEN U

Ha3blBaemas NnoKasartenem cnaga marHutHoro nons [8]:

n=-2.F 1.4
N or B (1.4)

JTa Be/IMYMHA XapakTtepusyert coboi CKOpPOCTb USMEHEHNA MAlTHATHOTO

nonas No pagmycy B OKPECTHOCTU paBHOBeECHOM opbuTbl. CornacHo (1.2) n (1.3),
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yCnosmnem yCTOIZHMBOCTM PaananbHOro AsnxeHnAa ABnAeTcA HepPaBeEHCTBO n<l

BAMAHME, KOTOPOro NOKa3aHO Ha PUCYyHKe 3.

PucyHoK 3 — NpadUKn 3aBUCUMOCTU LLEHTPODBEXKHOM CUbl U cuAbl JTopeHua
OT paguyca npu pasanyubixn:a)—n>1;b—-n<1

MoNOXKUM, YTO 3/IEKTPOH CNYY4aAMHO OTKNOHWUACA OT PpaBHOBECHOM opbuTbl Ry
M Nonan B TOYKY, OTCTOALLYIO OT LLeHTPa Ha pacCToAHUM Ry+Ar. Torga, Kak BUAHO U3
PUCYHKa 3, B c/ly4yae a, ueHTpobexHaa cuna OKaXKeTcs NpeBblatowen cuny
NopeHua Fc > F, n B pe3ynbTaTe 3/1eKTPOH byaeT eweé panblue CMewaTbcs B
CTOPOHY 6ONbLWMNX 3HAYEHUN I, T. €. OH He BepHETCA Oonblue Ha PaBHOBECHYHO
opbuTty. HaobopoT, B cnydyae b, Npu NONOKEHUM YacTMLbl HA paauyce Ro+Ar, mbl
nonyyaem F, > Fc, Tak 4TO cuna JlopeHua 6yper BO3BpalLaTb 3/IEKTPOH MO
HanpaBNEHUID K pPaBHOBECHOM opbute. AHanorMyHble 06CTOATENBCTBA MMEIOT
MeCToO U B TOM C/ly4yae, Koraa 31eKTPOoH, COMBLIMCL C PAaBHOBECHOW OpOUTHI,
nonagéeT B TOYKY, OTCTOALLYIO OT LEHTPa Ha PaccToAHMKU Ry — Ar. B cnyyae a OH He
BO3BpaTUTCA Hosiee Ha paBHOBeCHYK OpbuUTy, TaK Kak F. > Fc, a B cnyvyae b —
BO3BPATUTCA Ha Heé Fc > F,.

PaccmoTpum Tenepb ABUMKEHWE B BEPTUKANbHOM HanpasaeHun (BAoNb ocu
z). Cuna, pencTeyrowas B 3TOM HanpaBneHuu F; = e - v - B, MOXeT NoABUTbCA
NNLWb NPU HAMYUKN PaANANbHOW COCTaBAAIOLWEN MarHMTHoro nonsa B, oueBnaHoO,

YTO B MJIOCKOCTU CUMMETPUN MArHUTHOIro nonA z=0, roe Nnexumt paBHOBECHAaA
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OKpy*KHOCTb B,=0. Echn B, cnapaet ¢ paguycom, TO CMIOBble MHUM nona byayT
MMETb XapaKTepHyt «b6o4ykoobpasHyto» popmy, n cuna F, byget aencreosaTtb Ha
YyacTMuy B HanpasaeHun nnockoctu z=0, TOo ecTb ¢oKycMpoBaTb. Ycnosue
YCTOMYMBOCTUN BEPTUKAIBHOIO ABUMKEHUA MOXKHO 3anmncaTb, NCNONb3YA NMOHATME N,
B Bua n>0. Takum o6pas3om, ycnoBMe 04HOBPEMEHHOW YCTOMYUBOCTU ABUMKEHMUA
no paguycy M No BepTMKA/IM B a3MMyTaJIbHO—CMMMETPUYHOM MoJsie MoryT 6biTb
3anuncaHbl B cnegyouwen popme:
O<n<1 (1.5)
BbI6Op KOHKPETHOro 3Ha4YeHUA NoKasaTena cnazga MarHUTHOMO NoAA N

orpaHun4yeH chegyrowmmm ycanoBnaAmMmn:

—  npun>1HapywatoTca ycioBmA pagmanbHon GOKYCUPOBKM NyYKa;
— npun<0 byaeTr HabnoaaTbCsA akcnanbHaa AedOKYCMPOBKA NYYKa;
— npun =0 6yaeT HapyweHa BepTUKaANbHAnA POKYCMPOBKA, TaK KaK

9J/IEKTPOHDLI

BA,0J1b CU/IOBbIX IMHWUIA MAarHUTHOrO Nons cBO60AHO NONaAYT HA CTEHKMU
YCKOPUTENbHOW Kamepbl.

Hanuune cun, Bo3BpaLLatOLLMX YacTULY HA opbuTy, U
NPOMNOPLMOHANbHbIX OTKNOHEHMAM X U Z, TPUBOAUT K TOMY, Y4TO YacTULa B
npouecce CBOEro ABMMKEHMA COBEPLUAET OKOJI0 OpbUTbI, TaK Ha3blBaeMble
6eTaTpoHHble KonebaHuA. Mpu A0CTaTOYHO MasbIX OTK/IOHEHUAX X U Z

3T KonebaHMA ONUCbIBAOTCA B a3UMYTa/IbHO — CUMMETPUUYHOM MoJie

cneagyowimmm nMHeapmn3oBaHHbIMU YpaBHEHUAMMN:

dzx/dtz +a*(1-n)x=0 (1.6a)

2
d°z) 2+ &Pnz =0 (1.66)
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Kak BuagHo u3 ypaBHeHuA (1.7a) npu 3HaYeHUn n>1 meHAEeTCA 3HAK BTOPOro
Y/NeHa YpaBHEHWA, YTO NPUBOAMT K pagnanoHon aedoKycumposKe. B ypaBHeHUM
(1.76) npn 3HaYeHUM n<O0 NPOMUCXOAMUT TO }KE CamMoe, YTO NPUBOAUT K aKCMANbHOM
AedokycnposKe. B 6etaTpoHax npuHATO BbiGUpaTb 3HayeHma n =0,4 uam 0,6, TaK
Kak, npu n=0,5 4acTOTbl BEPTUKANbHbLIX U pagManbHbiXx BETAaTPOHHbLIX KonebaHui
COBMaAaloT N HACTynaeT ABNIEHNE PEe30HAHCA CBA3M, YTO NPMUBOAMT K rmbenmn yactm
nyyka. B 6etatpoHax tuna BUM, BbibpaHO 3HayeHne n= 0,4, BCnepcTBMe 4ero

pagnanbHaA CI)OKYCMpOBKa HECKOJIbKO CUJIbHEE BepTMKaﬂbHOVI.

1.3 Bo3myuieHusi CTPYKTYPbl MATHUTHOTO 1OJIsl U MX BJIMSIHAE HA TMHAMUKY
NMy4Ka 3JIEKTPOHOB B 0eTaTpoHe
B uAaeanbHOM aKCMaNbHO CUMMETPUYHOM MArHUTHOM cUCTeme
3NIEeKTPOH coBeplwaeT cBoboaHble 6eTaTPpOHHble KonebaHMs OTHOCUTENbHO
opbuTbl. TakOMy ABUXKEHUIO OTBEYAlOT ypaBHeHUA (1.6). B peanbHOM MarHUTHOM
cucTeMe Bceraa ecTb BO3MYLLEHWA, MPUBOAALWME K TOMY, UYTO HA 3/IEKTPOH
AENCTBYIOT [AOMNONHUTE/IbHbIE CUAbl, MPUBOAAWME K WUCKAXKEHUIO TPaeKTopuu
AvxkeHnA [9]. Ecanm B ypaBHEHMAX [AOBUXKEHMA B KayecTBe HEe3aBUCMMOWM
nepemMeHHOM B3ATb a3MMyTabHbIA yron 0, To Bo3myweHmna byayT NOBTOPATLCA C
nepnmoaAnYHOCTbIO B 2TT. TaKoe BO3MYLLLEHNE MOXKHO Pa3NoKnTb B pag Pypoe:
b=} b;, cos(k6);

YpaBHEHMEe  BEpPTMKANbHOTO  ABM)KEHMA  MpU  3TOM  CTaHOBMUTCA

HEOZ4HOPOAHbIM:
d’z/d6’+nz=b-cos(k6):

N ero pelleHune, Kak U3BEeCTHO, MOXHO NpeacTaBUTb B BUAE Cynepno3numm

obuwero peweHUAa OAHOPOAHOrO ypaBHEHMA, TO eCTb CBOOOAHbLIX OGETAaTPOHHbIX

KOﬂe6aHMVI, M Y4aCTHOIo peweHna HeoAHOpPoAHOIo ypaBHeHUA nmetruw,ero sBna:

zF# cos(kf) + a, cos(vVn) + a,sin(vnb); (1.7)
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Moka b/B, ABnAeTca mMason NONpPaBKOW K OCHOBHOMY MO0, UCKaXKeHus
TPAaeKTOPMU HEBE/IMKM U He NPUBOAAT K CYLLECTBEHHOMY OrpaHMYEeHUIO 4ucaa
ycKopAemMbix Yyactuy,. U3 BbipaxeHua 1.7 BUAHO, YTO OTKJAOHEHME OT MeANaHHOM
NMAOCKOCTU MOXKeT npnobpectn HeobpaTUMbIN XxapaKTep, ecim NokasaTesb cnaga n
OyaeT paBHATLCA LLEe/IOMY 4YMCAy. ITO YC/0BME pPe30HaHCa, eMy COOTBETCTBYHOT
MONOCbl 3anpelleHHbIX 3HavyeHu n. CywecTBylOT W  ApYyrMe pPe3oHaHCbl U
COOTBETCTBYHOLLME MM 3anpelleHHble 3HavyeHus n. MNoapobHO O pe3oHaHcax WU
BO3Oy)KAalOWMX MX CUNaxX MOXKHO nocmoTtpeTb B [10]. U3 (1.7) BMAHO, 4TO
NUCKaXKeHWEe TPAaeKTOPUU BHE YCNOBMN pe30HaHCca MPOMOPLMOHANbHO aMNAUTYAeE
BO3MyLWEHMA b 1 ob6paTHO NPOMNOPUMOHANBHO KBaApaTy HOMepa FapMOHUKM

BO3MYLLLEHUSA.

1.4 DaexkTpomaruuT 0e3:kesne3HbIX OeTaTpoHoB THHAa BUM

JNeKTpoMarHuT besxenesHoro bHetaTpoHa dopmupyeTca cneumanbHbim
NPOCTPAHCTBEHHbIM pacnpesesieHnemM TOKOHecywmMx BUTKOB. ba3oBas obMoTKa
6etaTpoHoB TMNa BNUM npepcTtaBnseTr cobon ABe NAOCKME CNUpasibHble KATyLKK
COeANHEHHbIE UEHTPaNbHbIM coNeHoMaoMm. [lns noBbIWEHMA a3MMyTaNbHOM
CUMMETPUN TEHEPUPYEMOrO 3SNEKTPOMArHUTHOTO MNosiA OOMOTKA BbINOHAETCS
MHOT03axo04HOWN U ABYXCNOMHOW. Ans yaobcTBa akcnayaTauMm ABa c1osi 0OMOTKMU B
Karkaomn NoN0BUHE 3/IeKTPOMarHu1Ta coeIMHAIOTCA mexay coboi
nocnegoBatenibHo. [lpy 3TOM  3N1EKTPOMArHUT COCTOMT M3  ABYX MNOJIOBUH
pasbeanHAaeMblx 6e3 pa3pbiBa TOKOMNPOBOAOB, HanNpumep, AAA MOHTaXKa
YCKOpUTENbHOM Kamepbl. Takoe TEXHMYECKOE pelleHMe 3alueHo nateHTom PO
[3].

MpocTpaHCTBEHHAA CTPYKTYPa MarHUTHOrO NOAS 31eKTPOMarHnuTa BUTKOBOW
KOHCTPYKUMUN COXPaHAETCA NPU NPONoOpLMOHANbHOM U3MEHEHUN KOOPAMHAT BCeX

BMTKOB. Ha 6a3e ogHoOW KOoHUrypaumm BUMTKOB paspaboTaHa cepua 6eTaTpoHOB
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TMna BUM c pagmnycom op6butbl ot 35 Ao 234 mm. Yncno 3axo40B 0OMOTKU MOXKHO
M3MEHATb  UcxopgAa M3 Tpebyemoro Temna  YCKOPEeHuA,  AJAUTENbHOCTU
YCKOPUTENIbHOTO UMKAQ U NAapameTpoB CUCTEMbI MMMYAbCHOTO NUTaHuA. Kpome
TOro OoTAe/ibHble KaTyLWKMU MOXKHO COeMHATb NnapannenbHoO Uan nocaenosatebHO
M3MEHAA XAPAKTEPUCTUKM HArpy3KM ANA CUCTEeMbl MMMYAbCHOrO nNUTaHuA. [pwu
3TOM CTPYKTYpPA MAarHUTHOIO NOAA COXPAHAETCA.

[aHHaa paboTa npoBoAMNacb Ha LWECTU3aXO4HOM 3NeKTPOMarHuTe ¢
paguycom opbutbl 117 mm — BUM117M.

DNEeKTPOMArHMT COCTOMT M3 LeCTU KaTylweK B BepxHem noJkce
3/IEKTPOMArHMTa M LWeCTM KaTyweK B HWMXHEM. Y KaKAoM KaTyWwKW ecTb ABa
COH6CTBEHHbIX BbIBOAA, T.€. 12 KaTyleK y BCEro 3/1eKTPOMarHmnTa, Kotopble MOXHO
NOAKAKOYaTb Kak NOCNea0BaTeNbHO, TAK M NAapannenbHo 4pyr K Apyry.

Pe3ynbtat 3D mogenmpoBaHua 06MOTKM NpuBeaeH Ha pUCYHKe 4.
KoHdurypauma BUTKOB 0OMOTKN 3IN1E€KTPOMArHnuTa ONTUMMU3IUPYETCA PACYHETHBLIM

nytem [3].
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PucyHoK 4 — Pe3ynbTtaTt BU3yanmsaunm obOMOTKM 3N1eKTPOMArHmTa

Mpn 3TOM CTPYKTYpa MArHUTHOrO NOAA MNpPeacTaBnAeTcaA B BUAE
reomeTpuyeckoro ¢paktopa G, a nepexos K pacnpeseneHuto MarHUTHOM UHAYKLNK
WAN HANPAXEHHOCTU MArHUTHOIO MNONA OCYLLEeCTBAAETCA YMHOMXEeHMEeM ero Ha
BE/INYMHY TOKA M COOTBETCTBYHOLLNI NepeBoaHON KO3ddunLmeHT. HuxKe npuseneHsbl
OCHOBHbIE XaPaKTEPUCTUKM 3INEKTPOMArHUTa, paccynTaHHble Ana 6HetaTpoHa
BUM117M. (CBA3b MarHMTHOM  MHAYKUMW HaA  pPaBHOBECHOM  paauyce
3NIeKTPOMArHMTa ¢ TOKOM B BUTKAX, NPU NApPannesibHOM BKIOYEHMN BCEX KATyLleK
0B6MOTKM, faeTcA cooTHoweHuem B(Ro)=87-10""1 T/KA.
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PucyHok 5 — PacnpegeneHne MarHUTHOro noss no paguycy

1 — 3aBUcUMOCTb B(r); 2 — 3aBucumoctb 0.5*Bz(1)
LleHTpanbHOe nepecevyeHMe KPUBbIX HA puUC. 5 oTBevaeT paguycy
paBHOBECHOM OpbuTbl, nNepeceyeHMA CneBa W CNpaBa ONpPeaenArT TrPaHULb
06/1aCTN YCTOMUYMBOIO ABUKEHMUA.
PacyeTHbIN pagnyc paBHOBECHOM OpOUTbI paBeH 112 mm.

lNoka3aTenb cnaga Ha paBHOBeCHOM opbute ny= 0,39.
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CBA3aB TOK, MarHUTHYIO MHAYKLWUIO Ha opbuTe, aHepruto Yyactuy, E, n pagmyc
opbuTbl, nNonyyaem euwe OAHY XapPaKTEPUCTUKY — CBA3b 3HEPrMM C TOKOM B
aneKktTpomarHute E=3,5 MaB/KA.

OpbuTta, OTHOCUTENBHO KOTOPOM OCYLLECTBASIETCA ABUMKEHME 4YacTuubl C
3a4aHHOM 3Hepruen B 3aflaHHbIA MOMEHT BPEMEHMU, onpeaenseTcs 6anaHCoM cUn
M MOeT He coBMagaTb C PaBHOBECHbIM paauycom beTaTpoHa. Ha pucyHke 6

npmeeaeHa 3aBNMCMMOCTb NOKa3aTenAa cnaga Ha AaHHOM paaunyce paBHoOBeECUA OT

paaunyca.
n
| ! ' ! ! ! '
(AR A S B
]
gof--r-do--- S e A S A 4
05F--r--"F-- P Fo-----r------ Fo----- EEEE po----- ]
8 S 5 SO S SO bl
L] Lo R T b {o I -
DBf--r------r-ho- - Fo-----r------ FEEEE Poosse- R =
L S SN R S S SO S
] " Lomemm- (S bemem- RS Comeme- (S .
0.2p--r------ P po----- Fo-n-e- Fo----- ro----- po----- -
Y A N S
I : i : I i i i ST
a.0s a.oe 0.1 011 0.12 0.13 014 .15

PucyHoK 6 — NpadmK 3aBUCMMOCTM NOKa3aTe s cnaga oT paauyca
A3UMYTa/IbHYIO HEOAHOPOAHOCTb MAarHUMTHOrO MoJAA Ha PaBHOBECHOM
paauyce MOMKHO OUEHUTb, NpeACcTaBMB Noje B BUAE a3sMyTa/lbHO CUMMETPUYHOM
OCHOBHOM 4acTu B, n 3aBucAwen ot asmmyta aobasku b,(fi). PeaynbtaT oueHKu
pacyeTHbIM nyTtem B,(fi) B cpegHelt NNOCKOCTU 3/IEKTPOMArHMTa Ha PaBHOBECHOM

paanyce NpuBeaeH Ha PUCYHKe 7.
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PucyHoK 7 — Pe3ynbTaTt pacyeta a3aMmyTa/IbHOM HEO4HOPOAHOCTU
MarHMUTHOro NoaA Ha paBHOBECHOM paauyce
CurHan uvmeeT wWecTb NepnogoB Ha obopoTe saneKTpomarHuTa. BenmuumHa

OTHOCUTeNbHOW HeoaHopoaHocTh b,(fi)/B, He npeBblwaeT +0,25%.

2. JKcNepUMEeHTAJIbLHAS YaCTh

Becb 06bem nepeyncneHHbIX BO BBeAEeHMM 3a4ay 6bia BbIMOMIHEH B XoA4e
nposeaeHua paboTbl. Bbbln CO34aH 3IKCNEPUMEHTANIbHBLIN CTeHA, NpPOBeAeHbl
HeobxogMmble W3MepeHMA U pe3ynbTaTbl 06paboTaHbl. Huke npusegeHo

onncaHume pa6OTbI U U3N0XKEHbI Pe3yaibTaTbl.

2.1 UTHAYKIMOHHAS MEeTOAUKA M3MePEeHUsI MATHUTHON MHAYKIIUH

[ns npoBefeHUA U3MepPeHUN CTPYKTYPbl MarHUTHOro nons 6etaTtpoHa
6blna BblbpaHa WMHAYKUMOHHAA meToauKa. OHa ABnseTcAa TPaguMUMOHHOW Ans
namepeHuin B betatpoHe [2]. OcHOBaHa OHA Ha MPUMEHEHUM KOMMAKTHbIX
M3MEPUTE/NIbHbIX KaTylleK — [JaTyMKOB, MOMELLAEMbIX B  MEXMNONCHOoe
NPOCTPAHCTBO  3/IEKTPOMArHuTa. B KayecTBe  [aTiMKa  MCMNO/Ib30Ba/IUCh

UMNMHAOPUYECKME OAHOC/NOMHbIE KaTywku. [o3MUMOHMPYS 30HA4 B Ccepuu
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OUKCMPOBAHHbLIX TOYEK MO paguycy, B cpegHen NAOCKOCTU 3NEKTPOMarHuTa,
nony4yaem MHboOpmMaLMio 0 pacnpeneneHm MarHUTHOM MHAYKUMM NO paguycy, Ha
OCHOBE KOTOPON MOTOM BbIYUCAAIOTCA MNOJIOKEHNE pPABHOBECHOW OpbUTHI,
NMoKasaTesb CNaja MarHUTHOrO NOAA U pa3mepbl 061aCTN YCTOMYMBOCTY.

CornacHo Teopun Papages 06 31€KTPOMArHUTHOM MHAOYKLUMWU, NpU
N3MEHEHUM MArFHMTHOIO NMOTOKA MPOXOAALLEro Yepes 3aMKHYTbIM KOHTYpP, B HEM
6ynetr mHayumpoBaHa JC, nNpAmMO NpPOMOPUMOHANbHAA CKOPOCTU WM3MEHEHUSA
MarHMTHOro notoka &:

U=—-dd/dt.

OnA  npaBuNbHO OPUEHTUMPOBAHHOM  LUAUMHAPUYECKOM KaTyWKW 3TO

O3Havaer
U=- dB,/dt-N-S, (2.1)

raoe N — 4ncno BUTKOB KaTylWwKKW, a S — addeKkTnBHaA naowanb ceyeHun
BUTKa. [pounsBoagHaAa MarHutHon mHaykummn dB,/dt, B 6e3xkenesHom beTtaTpoHe,
onpeaenaeTcd CKOPOCTbO M3MEHEeHMA TOKa B 3/NeKTpomarHute. besxkenesHble
6eTaTpoHbl paboTaloT B pexkMme reHepaLmm O4HOKPATHLIX MMMNY/IbCOB YCKOPEHMUS.
Mpy NWUTAaHUW 3SNEKTPOMArHUTa pas3pALOM KOHAeHcaTopHon 6aTtapen uyepes
0O6MOTKY C MOMOLLbBIO YNPaBASEMOro KOMMyTaTopa, M3MEHEeHWEe TOKA B KOHType
onpeaenaeTca napameTpamm KOHTypa M HanpsaKeHMemM Ha KoHAeHcaTope U nmeet
NonycMHycouAaanbHyo popmy. YTobbl MCKNHOUYUTDL NEPEXOAHOM NPOLLECC U BAUAHME
KOMMYTAUMOHHbBIX LYMOB, W3MEPEHWA MNPOBOAMAINCL B MAKCMMyMe TOKa
3NEeKTPOMarHuTa. [nAa 3Toro CuUrHan MHAYKUMOHHOIO AaTYMKa WMHTErpupoBasnca
3NeKTPOHHbIM MHTEerpaTopom. Bocnpon3BoAMMOCTb TOKA KOHTPO/MPOBANACb C
NMOMOLLbIO ONMOPHOM KaTYLWKK PaCroNIOXEHHOW B PUKCMPOBAHHOM TOYKE, CUTHaAn
KOTOPOW TaKKe MHTErPUPOBANCA APYTUM 3/IEKTPOHHbIM MHTEFPAaTOPOM.

Pernctpauma curHanos oOcywecTBaanacb UMdppoBbiMm ocumnnorpapom

TDS-2014. CtaHaapTHaA TOYHOCTb U3MEPEHMA aMNANUTYAbl CUTHANa paBHa 2%.
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[nA NoBbIWEHMA TOYHOCTU U3IMEPEHUN KaXKaaA TOYKA PermcTpupoBanaco B
cepuu 13 3-5 MMNyNbCOB, CUrHANbI YCPEAHANNUCD.

[OnA NoBbIWEHUA TOYHOCTU U3IMEPEHUA TPALUEHTOB MArHUTHON MHAYKUUU
06bI4HO MCNONb3YEeTCA CXeMa U3MEPEHMA C ABYMA KATyLIKaMM, PAaCNONOKEHHbIMU
Ha GUKCUMPOBAHHOM PACCTOAHMWU APYr OT APYra U BKJIKOYEHHbIMM BCTpeYHO. Toraa
ocumnnorpadom, ¢ ToM XKe TOYHOCTbO 2%, N3MepAEeTCA PA3HOCTb CUTHANO0B ABYX
KaTywek. [pn 3TOM KaTyLWKK AO/KHbI ObITb BbIMOJAHEHbI OANHAKOBLIMW C BbICOKOM
TOYHOCTbIO. [anblwe No  TEeKCTy TakouM  pgaTtuMk  byaem  HasbiBaTb
andodepeHumanbHbim. KomneHcuMpoBaTb MNOrpewHoOCTb M3roTOBAEHUA KaTyllek
MOMHO, KOrga Ka)kgoe namepeHue NOBTOPAETCA C Pa3BOPOTOM Mapbl KaTylleK Ha
180 rpagycoB 1 cnrHasibl CYMMUPYHOTCA.

Bce M3mepeHMA HOCAT OTHOCUTENbHbIN XapakTep. Mpu 3Tom He TpebyeTcA
nepesoga W3MEPAEMOro HaMNpPSAeHUA B MArHUTHYK MWHAYKUMo. AbcontoTHas
KanmbpoBKa  MHAYKUMOHHbLIX  AaTYMKOB  MpouM3BOAMIACb C  MOMOLLbIO
KannMbpoBOYHOM KaTyLIKN, CBA3b MAarHUTHOM MHAYKLWM C TOKOM B BUTKaX KOTOPOW
paccuynTbiBasacb. JTa Ke KaTylWKa MCNOAb30BasiaCb A1 KOHTPONA TOYHOCTU
nsrotosneHnsa gupdpepeHuManbHOro gaTumka. [Jna sToro oH nomewtanca B obnactb
C BbICOKOW OAHOPOAHOCTbIO MArHUTHOrO NOANA, W  MOJyYaeMblA  CUFHaN

MCcnoab3oBasicaA AnAa pacyeTa NorpeHoCTn N3rotoBaeHMA KaTyLlleK.

2.2 Onucanmne IKCNEPUMEHTAJILHON YCTAHOBKH

YcTaHoBKa anA na3mepeHnAa CTpyKTypbl MarHUTHOTO NONA 6eTanOHa
COCTOUT U3 cnedyrownx yanos:

— NCTOYHUNK UMMNYZIbCHOITO MUTAHUA;

— 91EKTPOMArHUT,

— NU3MepPUTEJIbHbIE AAaTYUKU U YCTpOﬁCTBO no3snMunoHMpPoOBaAHUA,

— ABa UHTErpaTtopa;
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- ocumnnnorpad TDS-2014;
— YCTPOMCTBO ANUCTAaHUMOHHOIO 3anycKa.

Ha PUCYHKE 8 npmneeaeHa 610K cxema NU3IMepPUTENDbHOIO CTEHAA.

\ 4

NCTOYHUK MMNYAbCHOTO
nuTaHuA DNEeKTPOMaArHuT

CvcTema nycka Wsmeputens VIHAYKUMOHHbII VIHAYKUMOHHbIV
i TOKa [aTumk 1 [aT4nK 2
\ l l
Ocumnnorpad ) WnTterpatop 1 Wnterpatop 2
-—

PucyHoK 8 — bnok—cxema akcnepmmeHTasibHOW YCTaHOBKM

B KayectBe MCTOYHMKA MMMNYAbCHOrO MWUTAHMA MCMNO/Nb30BANCA OAUH U3
OYHKUMOHANbHbIX  y3/710B  GeTaTpoHHOM  ycTaHOBKM  BMM234.3000 [7],
obecneymBarowmii GopMUpPOBAHME B 3IEKTPOMATHUTE UMNMNY/IbCA TOKA aMNAUTYA0M
nopsgka 100A. B pa3pagHbil  KOHTYP  BK/AOYANOCb  U3MeEpPUTE/SIbHOEe
conpotuBnenHme R=0,150m, pana u3mepeHua ¢opmbl Toka. OCHOBHOM
MHOYKUMOHHBIN  JaTYMK  3aKpenasnca B YCTPOMCTBE  MO3ULMOHUPOBAHMS,
CMOHTMPOBAHHOM Ha LLEHTPa/IbHOM COJIEHOMAE 3/IeKTPOMArH1MTa. Bropon gaTtumk
MCNONb30BaA/ICA B KayecTBe CUrHana cpaBHeHuA. OH 3aKpennanca B MeanaHHOM
NAOCKOCTU 3NEeKTPOMArH1MTa Ha NpeanosiaraeMom paguyce PaBHOBECHOM opbuThbl.
B KauyecTBe MHTErpaToOpoOB MCMNO/b30BA/INCL Y3/bl, pPa3paboTaHHble BHE pPaMOK

NAaHHOW paboTbl. WMHAYKUMOHHbIE [aTYMKU COEAMHANUCH C  MWHTerpatopamu
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KOaKCManbHbIMW  Kabensmun  anmMHoi 2 M. Bce  MMNynbCHble  CUrHaNbI
PernMcTpupoBaanCh YeTbipexkaHaNbHbIM ocuunnorpapom TDS-2014 [11]. UCTOYHMK
UMNYNbCHOTO MNUTAHWA, MWHTErpaTopbl W 3NEKTPOMATHUT pacnosaraamcs B
aKcnepMmeHTanbHOM 3ane. Ocumnnorpad M yCcTPOMCTBO MyCKa pacrnosaarajmncb B
NyJ1bTOBOM NOMELLEHMN HA PACCTOAHUM nopagKa 20 meTpoB OT INEKTPOMArHuTa.
CurHanbl nepeaaBanucb NO KoakcuanbHbiM Kabenam PK-50-6. OnA ymeHblleHUS
3IeKTPOMArHMUTHbIX HaBOAOK ocunnnorpad nuTanca oT NcTouHMKa
6ecnepeboOMHOro nNUTaHUA, a B OCHOBHOM W3MeEPUTENbHbIN KaHan BKAKOYaA/ICA

OUNbTP BbICOKMUX YaCTOT.

2.2.1 CucreMa MMIyJIbCHOTO MUTAHUS

[MUTaHWe 3neKTpPoMarH1uTa OCYLLEeCTBAANOCb reHepaTopomM MMMNY/IbCHOrO
ToKa (TUT), ynpolLeHHasa sneKkTpuyeckana cxema KOTOPOro, NpmMBeAeHa Ha PUCYHKe
9. EmKOCTHOM HakonuTenb Cl=2ud 3apAxanca OT NPeumsMOHHOro MCTOYHMKA
BbICOKOIO HanpaAXeHua M C NOMOLLbIO YNPaBAAEMOro KoOMMyTaTopa paspakanca
yepe3 OOMOTKy 3/ieKTpomarHuta. B KauecTBe KommyTaTOopa WCMNOJb3yeTcA

BOAOPOAHbIN TUPATPOH C XON0AHbIM KaTogom TAM1-50/16.

C1
c 220?} MCTOYHMK R1 ‘
ete BbICOKOIO *
HanpAaXeHuA
Lam
4 kB
300 8B Jx R2
BHeLuHMit J O Myckosoe R3 |
nycK Y/ ! R wyHTa
YCTPOWNCTBO
. . . O

PucyHOK 9 — YnpolyeHHas aneKTpMyeckasa cxema reHepatopa Toka
3NEeKTpoMarHuTa

Ha pucyHke 10 npuseaeHa ¢poTorpaduma reHepaTtopa MMMNYAbCOB TOKa.
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PucyHok 10 — ®doTtorpadus reHepaTopa MMMNyY/IbCOB TOKA:1— MHAMKATOP
BbICOKOrO Hanps»KeHua; 2— MHANKATOpP cpabaTbiBaHMA; 3—NEepPeKNYaThb
AVUCTAHLMOHHOIO M PYYHOTro ynpaBaeHus; 4— npeunsmoHHbIN NepekntoYaTenb,
NO3BONAKOWMN 334aTb YPOBEHb HAMNPAXKEHUA B PYYHOM PEXKMME C TOYHOCTbIO A0
OECATKOB BONbT; 5-CeTeBOM BbIKAKOYATENb; 6— BbIK/NOYATENb BbICOKOTO
HanpAXXeHuA; 7— KHonKa «lTyck».

ToyHOCTb 3agaHmAa  HanpsxeHuma 0,2%. [eHepaTop 3anycKkaeTca oOT
BHELUHErO YNPaBAAKOWEro CUrHana MNONOXKWUTE/NIbHON MONAAPHOCTM C aMNAUTYAOM
300 BONbT.

Ba)KHbIM MapameTpom ANA Bbl4MCNEHMA aOCONIOTHBLIX BE/IMYMH, ABAAETCA
TOK, MpoTeKalwmin B 3nekTpomarHmute. C UeNbl0 ero OueHKM B 0OMOTKY
KOaKcuanbHOro Kabena nuTaHMAa 3neKTpomarHuta b6bin BcTpoeH wyHT (R, Ha
pucyHke 9) ¢ nsBecTHbim conpotuBneHnem R,=0,15 Om, OCHALLEHHbIN pPa3beMOM,

npeaHa3Ha4YeHHbIM ANA BblBEAEHUA CHATOrO C Hero CMrHana Ha ocuunnorpad.
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Pabouee Hanps»keHue UT BbIOBMPaAnocb Tak, YTobbl TUPATPOH 3anupasnca

nocne npoxoxgeHma nepBoﬁ NoJ1yBOJIHbI TOKa.

2.2.2 JNeKTPOMATrHUT

N3mepeHna npoBoaunucb B 3nekTpomarHmute BUM117M, KoHCTpyKuma
06MOTKM KOTOpOro Hblsia paHee onucaHa B pasgene 1.5. KaTywku snekTpomarHuTa
MOHTUPYIOTCA B KOpnyce M3 cTeknonnactuka. dotorpadua snekTpomarHumta c
cobpaHHbIM  YCTPOMCTBOM  MO3MUMOHMPOBAHUA  MHAYKUMOHHOIO  AaTyMKa
npueegeHa Ha pucyHke 11: 1- sneKTpomarHUT ycTaHoBOK BUM117M; 2-
9NeKTPOMarHuT yctaHosok bMM234.3000 ¢ ysennyeHHbIMm B 2 pasa pagnycom

opb6UTHI.

PucyHok 11 — ®oTtorpadumsa anekTpomarHmta: 1- 3IeKTPOMarHMT yCTaHOBOK
BUM117M; 2- aneKTpomarHuT yctaHoBoK bMM234.3000
DNEeKTPOMArHMUT COCTOUT M3 ABYX MOJIOBMH, KOTOpble pPasbeAuHAITCA B

cpeaHen NNOCKOCTM 6e3 paspbiBa TOKONpoBoAoB. CnupasibHaa KOHCTPYKLUSA
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KaTylweK, HenpepbiBHOCTb TOKOMNPOBOAA U €ro AMHaMUYecKana He3aKpenseHHOCTb
obecneymBaloT MexaHMYEeCKy NPOYHOCTb YCTPOMCTBA.

B AaHHOM cepun n3MepeHur BCe KaTYLWKW 3/1IEKTPOMArHMUTA BKAKOYANMUCH
nocneposatenbHo. MHAYKTMBHOCTb 0OMOTKKN, M3MepeHHas MOCTOBbIM Mpnbopom,
coctaBuna L =1,127 X 1073Tn. BonHoBoe  conpoTuBneHMe  KOHTypa
06pa30BaHHOro 3/1EKTPOMArHMTOM C UICTOYHMKOM NUTaHMA paBHO 23,7 Om.

Mpy NWUTaHMM OT OMNMCAHHOTO BbiWe WCTOYHMKA TOKa C paboumm
HanNpsXXeHMem Ha eMKOCTHOM Hakonutene 3 KB, TOK B KOHType, 6e3 yyeTa
3aTyxaHuA Ao/iKeH coctaBuTb 126 A. Ocumnnorpamma MMMyabca HanpsaXXeHna Ha

Ry, 06paboTaHHas AMHenHON dunbTpaumen, NnpuBeaeHa Ha pUCYyHKe 12.
Um, B

15 A

10

0 . | |
0.00005 0.0001 00015 t, cex

-5 -
PucyHoK 12 — Ocumnnorpamma MMnynbca HanpAXeHMA Ha LWyHTe.

AMNAUTYOa CMrHana HanpAaxeHmAa pasHa 15 B, yemy oTBevaeT TOK:

[=%=22_100A.
R 0,15

PasHuua mexay pacd4eTtHbiIM U U3MEPEHHbIM 3HAYEHUEM ONpeaenaeTca
3aTyXxaHMeM TOKa 3a CHET JaKTUBHOINO COMNPOTUBAEHUA KOHTYpPA. PacuéTtHasa
BE/IMYMHA MArHUTHOM MHAOYKUUN Ha pagunyce paBHOBeCHOVI Op6I/1TbI, Nnpn TOKE B

0bmoTKe anekTpomarHmta pasHom 100 A, pasHa 0,0104T.

25



2.2.3 U3mepuTeibHasi cHCTEMA

2.2.3.1 UHQyKUMOHHBbIE JaTYMKHU U YCTPOMCTBO NMO3MIMOHUPOBAHUS

B KauecTBe AaTYMKOB WCMNOJIb30BANNCh UUAUHAPUYECKME OAHOCNOMHbIE
KaTyLLIKK, FeOMETPUA KOTOPbIX PaccYMTbIiBafacb NCX0AA U3 NapaMeTpPoB reHepaTopa
MMMNYNbCHOTO TOKa M MMUHMMAJbHOIO CUTHana, KOTOPbIA MOMHO YBEPEHHO
3apernctTpupoBatb ocuunnorpagom Ha ¢GoHe HaBOAOK. TOK B KOHType

onpeaenAaeTca COOTHOWEHUEM:
_t
I=1,-e /Tcosa)t,

t
rae, I,=U/p, e~ /T—Koacbd)mu,eHT 3aTyxaHusA, T=R/2L, o=vLC; u

0= L/C — BOJIHOBOE COMPOTHUBJIEHHE KOHTYPA; R — ero akTMBHOe

conpotusnenune. MNpu HanpakeHnn nctodHmka U=3.0 kKB, émKoctn C=2 mKkd TOK B

obMmoTKax anekTpomarHmTta (9M) coctaBuT:

I,=U /§= 126 A.

Ncnonb3ysa KoadpdUUMEHT CBA3M MAarHUTHOM MHAYKLIMKW U TOKA B
31eKTPOMArHMTE HaX0ANM NoJie Ha paguyce opbuThbl:
B=10 x 107*T
Mo MaKcMManbHOMY 3HAYEHMIO MAarHUTHOrO NOJIA OLUEHMM KOJIMYECTBO
BUTKOB(N) 1 naowaab ceyeHma(S) nUsmeputenbHOM KaTywKu. Pacuet nposegem
NCXo4A U3 yCN0Bas, YTO aMNANTYAA PEFMCTPUPYEMOTO Ha ocLMAorpamme
MMMYy/NbCa C HEro AoNXKHa COCTOoBNATbL He meHee 0,02B, cnenoBaTeNbHO:

U, = NSBw = 0,02.

Torga NS = 992 _ 88x10~* M2

Bw
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MpepgnonaraeTcs, YTO UHTErPUPOBAHUE CUTHANA ByaeT NPOM3BOANTLCS
3N1EeKTPOHHbIM MHTErPaTOPOM NpaKTUYECKN 6e3 NnoTepu amnanTyabl CUTHaANA.

MwuHMManbHbIN anameTp nposoaa (D=0,08 mm) 1 orpaHnyeHne B
nonepeYHbIX pasamepax Katywku ( obycnosneHHble rnybuHon nasos h=10mm B
OCHOBAHWM 3N1EKTPOMArHUTa) He NO3BONAOT B 60/1bLLIOM AMana3oHe

MaHMMNYANPOBATb KonyecTBom BUTKOB (N):

N<h<125
=5 =

TaKoe UX KONMYecTBo, NCX0AA U3 PACCUMTAHHOrO KoapumumaHTa NS,
COOTBETCTBYET N0OWaAN cevyeHms paBHom S=7,04X 107%m?, ToecTb paauycy
r=1,49 mm. Boibupaem paguyc 6onblie, r=2,5 mm , ytobbl yBENNYNTD YPOBEHD
MMUHMMANbHOIO CUTHana.

Tenepb, NCxo[A U3 PACCHMTAHHDBIX MAPAMETPOB MHAYKLMNOHHbIX AAaTYMNKOB,
HeobxoAnMOo pa3paboTaTb KOHCTPYKLUIO X KpenieHna KoTopas Obl
y40BNEeTBOPANA CNeAYIOWUM KPUTEPUAM:

1. BoiBOA MHAYUMPOBAHHOIO B KaTyLLKaX CUrHaNa AOMKeH OCyL,eCTBAATbCA
KOaKcuanbHbIM Kabenem , OCHalWEeHHbIM Pa3beMOM NO3BONAIOLMM OCYLLECTBAATD
ouunnorpadutio.

2. Manoe nonepeyHoe ce4yeHne megHoro nposoaa N2B2-008
MCNONb3yEeMOrO B KauecTBe 0OMOTKN MHAYKTUBHOrO anemeHTa( 0,08mm) goKHO
6bITb Y4TEHHO B CNOCOBE ero KpenaeHma K USMepuUTeIbHON MHUM C LEeNbIO
npeaoTBpaleHms obpbiBa LEenu B NPOLLECCE SKCNAyaTaumu.

3. KoHCTpyKUMA A0NKHA BbITb 4OCTAaTOYHO NPOCTa 419 U3rOTOBAEHUA U
cOOpKM.

Mcxops M3 COOTBETCTBMA BbllenepevymcieHHbIM TpeboBaHuAm 6bina

pa3paboTaHa KOHCTPYKLMA N3MEPUTENIbHOM JIMHEMKN NOKa3aHHaA Ha pucyHKe 13.
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PUCYHOK 13 — KOHCTPYKLUMNA NU3MEPUTENBHOM NMHENKUN ANA UHAYKLNOHHbIX

AaTYNKOB:

1- oTBepcTUs ANA PasMeLLEHNS USMEPUTENbHBIX KaTyLUeK;
2- na3 gns BbiBOAA NPOBOAOB OOMOTOK KaTyleK; 3— oTBepCTUA AN GUKCUPOBAHUA
9NEKTPOA0B, K KOTOPbIM BYyAyT NaATbCA BbIBOAbI KAaTyLIEK U U3MEPUTENBHOIO
Kabens; 4— oTBepPCTMA NpeHa3HaYeHHble 414 KOaKCUanbHOro Kabens

doTorpadma MHAYKUMOHHOIO AaTynKa B cbope npuBeaeHa Ha pucyHke 14,

PucyHok 14 — ®doTtorpadma MHAYKUMOHHOTO AaTYMKa, rae 1-«anHneka» ana
Kpenerka U3MepuTeibHbIX KaTywek, 2—Kabenb nepegadun nHpopmaunm, 3— pasbem
ANA NOAKNOYEHUA K ocumnnorpady.

duKkcauma MHAYKUMOHHOIO JaTyMKa B 33a4aHHOM TO4YKE MJ/I0CKOCTU
cummeTpum DM oCywecTBASEeTCA C NMOMOLLbID YCTPOMCTBA MO3ULMOHUPOBAHMS,
AEeTann KOHCTPYKUMU KOTOPOro nMoKasaHbl Ha pucyHKe 15. HaknaHble kKonbua (1),
BHYTPEHHUM AMaMeTp KOTOPbIX COBMadaeT C AMAMETPOM LEHTPANbHOM 4YacTu
Koprnyca 3neKTpomarHuta, OUKcUpytoT pamy (2) oT cmelleHUss B MOMNepeyHblx

NJIOCKOCTAX U OCTaBAsatoT cBoboay ee BpalleHMA no asuMmyTy. asbl B Ko/bLax
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obecneuymBaloT nepemelleHMe MHAYKUMOHHbIX AaTYMKOB B LEHTPANbHOM 4acTu
aneKTpomarHuTa. B cBoto ouepeap nas (3) B pame 2 obecneynmBaeT BO3MOXKHOCTb
M3MEHEHMA KOOPAMHAT /IMHEWKU NO paguycy 3/1EeKTPOMAarHuTa, 4To nossBonfAeT

coBepLaTb U3MEPEHUSA OT OCU INEKTPOMArHMTa 40 MAaKCMMAJIbHOTO paauyca.

PucyHoK 15 — [leTanu KOHCTPYKUUU KPeNNEHUS U3MEPUTENIbHOM INHENKN
Ha Koprnyce 3/1eKTpOMarHuTa:
1-HaKuaHble KoabLa; 2— pama ansa GUKCcaumMm NoJIOKEHUA AaTymKa; 3—nas

ANA NepMeLLeHNs gaTiMKa No paguycy

2.2.3.2 UuTerparopsl

B paboTte ncnosnb3oBanoch ABa MHTErpaTopa C pasHbiMU KoaddUUMeHTaMuU
ycunenua. JIMHeMHOCTb M3MepUTesIbHOro KaHana Heobxoauma Ansa npoBeaeHus
NPaBUbHbIX U3MepeHUi. [1na NPOBEPKN X TMHENHOCTM M pacyeTa KoadpduumneHTa
YCUNIEHMA WHTerpaTopbl MNOAKAOYANAUCH K AAaTYMKY MOAA, PACMO/IOKEHHOro B
KaNMBPOBOYHOM KaTyllKe, MNONOXEeHUe KoToporo ¢uKkcuposanocb. CurHan
peructpupoBancsa ocuunnorpapom. MeHss HanpsKeHMe Ha UCTOYHUKE NUTaHuS,
n3mepsaaacb aMmnanMTyaa NPoOMHTErpPUPOBaHHOrO curHana. MpaduKkm 3asBucnumocTem
amMNAUTYAbl  BbIXOAHOIO  HAMPAXEHWs OT  HanpsXeHUA WUCTOYHMKA TOKa

9NEeKTpOMarHuTa npuseaeHbl Ha pucyHke 16.
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PucyHoK 16 — 3aBUCMMOCTb BbIXOAHOIO HANPAXKEeHUA UHTerpaTopos oOT
HanpAXeHua CUCTeMbl MUTAHUA 3/IEKTPOMArHUTA: BEPXHAA KPMBaA AaHHble /1A
MHTErpaTopa 2; HUXKHAA KpMBaa — AaHHble ANA uHTerpatopa 1 ymHoXKeHHble Ha 20

34ech e npuBeaeHbl YpaBHEHMA IMHENHOM annpoOKCUMaUUK,
UANOCTPUPYIOLLME NTMHENHOCTb YCTPOMCTB C BbICOKOM CTEMNEHbLIO TOYHOCTW.

OTHoOwWweHMe KO3PPMUNEHTOB YCUIEHUA MHTETPATOPaMM OLHOTO U TOFO Xe
CUrHana, nosny4yeHHoe mns rpaduka, K21=37,2.

Ha pucyHke 17 npuseaeHbl OCLMANOTPAMMbl CUTHaNA € UMHAYKLUMOHHOIO
AaTymMKa 6e3 MHTerpaTtopa M ¢ BbIxoAa MHTerpaTopa. BugHo, 4To cuMrHan gatymka
COAEPXKUT  BbICOKOYACTOTHble HABOAKW, CBA3aHHble C KOMMYTALMOHHbIMU
npoueccamm B CUCTEMe WMMMYAbCHOMO MUTAHMA 3NeKTpomarHuta. [locne
MHTErpupoBaHNA, B MaKCMMyMe TOKa, CUrHaA BMOJIHE Npuemaem Ana nposeaeHus

N3MepPEHUN.
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PucyHok 17 — Ocumnnorpammel CMrHana UHAYKUMOHHOIO AaTYMKa 40
(cneBa) 1 nocne MHTErpupoBaHmuA
CyWecTBEHHO YyAyyllaeT YCNOBUSA W3MEPEHUNA OrpaHMyYeHue noaochl

nponyckaHusa ocuuanorpada (go 20 Mly) M npMmMeHeHue BbICOKOYACTOTHOrO

dunbTpa.

Ona “3mepeHnn AaTYMKOM C OOAMHOYHOM KaTyLWKOWM WMCMOAb30BasCcA
MHTEerpaTop C MaibiM  KO3QOOUUMEHTOM YCUNEHUs, a A[NAa  MU3MepeHun
anpdepeHUManbHbiIM  AaTYMKOM — MHTErpaTop C 6oabwmm KoapouumeHTom

YCUNEHUA.

2.2.4 KaaunOpoBKa MHAYKIIUOHHBIX 1aTYNKOB

Ana KanubpoBKM abCONOTHOM YyBCTBUTENBHOCTU OAMHOYHOM KaTyLIKK

MCNO/1b30Ba/1aCb KaTyWwKa, CXeMaTU4YHO NOKa3aHHaA Ha PUCYHKE 18.
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PucyHoK 18 — CxemaTnyHOe npeacTaBieHne KanmbpoBOUYHOM KaTyLLKMU:
1-oKoLWKo ANnA BBOAA U3MEPUTENbHbIX aTYNKOB; 2—ABe Noc/ief0BaTesibHO
coeMHeHHble KaTyLWwKN; 3—BblBOAbI NUTAHUA
OHa copepKUT OBa KOPOTKMX OAHOCNOMHbLIX COoneHouAa no 25 BMTKOB

KaXAablM, HAMOTAHHbIX Ha 6aKeNNTOBOM Kapkace anametpom 224 mm. ConeHonapbl
pa3HeceHbl OTHOCUTE/IbHO CpeaHeN NNOCKOCTM Ha paccToAHMe nopaaka 60 mm. B
LEHTPaNbHOM YacTU HaxoAnTcA 061acTb C BbICOKOM OA4HOPOAHOCTbIO MArHUTHOM
MHAYKUMK. Ha 0AMHAKOBOM PacCTOSAHMM OT BUTKOB, 3a4al0WMX MAarHUTHOE Nose, B
KapKace KaTylWKM Bblpe3aHO KBagpaTHOE OTBEPCTME, NpeaHa3HauyeHHoe Ans
BHECEHMA NHAYKLUMOHHbIX AAaTYMKOB B OAHOPOAHY 061aCcTb MarHUTHOrO NOAS.

CBA3b MArHUMTHOM WMHAOYKUMM C TOKOM B OOMOTKE pacCcUMTbiBaeTCA C
XOpOLWen TOYHOCTb. [AnA AaHHOW KaTywku KoaddumumeHT cBA3M K paBeH
0,1804 T/KA.

MHOYKTUBHOCTb KaTywku 402 MmKIH. KaTywkKa nogkntyanacb K TOMY Ke

T, KoTopbiM KMCNONb3yeTcA ANsS MUTAHMA 3NeKTpomarHuta. [lapameTpebl
L
Pa3psAHOro KOHTypa: p=\/;=14,2 Om; w=1/+/LC =35237 pag/c; 1,=U/p=210 A.

ToK B KaTywKe nsmepsanca conpotusneHmem R,=0,15 Om.

AMNAnTy[a HanpAaXeHua pasHa 26,6 B, yemy oTBeyaeT TOK:
[ =—=—— =177A.

32



3HaA MArHUTHYO MHAYKLUMUIO B LLEHTPEe KATYLWKN N LUKAUYECKYHO YaCTOTy O,
MOXHO oLeHUTb NS,;,, OANHOYHOM KaTyLKM N CPaBHUTb €e naowaab ¢ Naowaabto,
NONYYEHHOM reOMeTPUYECKMM PacYeTOM UCX04A M3 AMaMeTpa KapKaca, AnameTpa
nposoga W uucna BUTKOB: NS, =Nm(D+d)*2/4=0.0012 m2. Mo pesynbTaTam
nsamepenunin NS,;,=0.0014 m?. OTHOLWeEHMe NS,5m/NS;eom=1,17, pacxoxaeHne oKono
17%. N3mepeHHaa NHAYKTUBHOCTb AaTyMKa pasHa 12.27 mKIH.

OnddepeHumanbHbii  gaTuMK  npeactasnser cobon aBe  TaKUX  Ke
UMANHOPUYECKUX OOHOCNOMHbBIX KaTYWKM pPaACMONOMKEHHbIX HA WU3MEPUTE/IbHOM
JIMHENKEe MO pagnycy C MHTEPBANOM MO OCAM paBHbiM 10 MM M BKAKOYEHHBIX
BCTPEYHO. MN3mepeHHble WHAYKTUBHOCTM KarKAOW M3 KaTylWeK AaTyMKa pPaBHbI
11,87 mkl'H 1 12,03 mKIH. KayectBo n3rotoneHmna anddpepeHLmnanbHOro gaTtymka
onpefenAaeTcA CpaBHEHMEM aMMNAUTyAbl CUrHaaa nMOAYYEeHHOro C Hero B
OAHOPOAHOM MArHUTHOM MNOJIE C CUTHANOM, MHAYUMPOBAHHbIM B OAWUHOYHOM
KaTywke. [Ana wnaeanbHoro anddepeHUManbHOro p[atiMka CUrHaA  OOJ/IKeH
pasHATbLCA O.

M3mepeHHaa amnamtypa curHana coctasuna 0.0086 B, npu amnantyne
OAMHOYHOM KaTyWwKM B Tex ke ycnosuax 0.544 B. CeA3aHHasA ¢ 3Tum gobaBKa K
curHany coctasnsaet 1.5% oT cMrHana oAMHOYHOM KaTyLKK, PacrnosIOXKEHHOM B TOM
e mecTe. ITa Ao6aBKa ABNAETCA CUCTEMATUUYECKOM U yYuTbiBaNnacb Npu obpaboTke

Pe3y/NbTaTOB U3MEPEHUIA.

2.2.5 Y4eT norpeumHocTeil u3mMepeHuii

MCcTOYHMKaMM NOrpeLHoCcTen Npu NpoBeAeHUM U3MEPEHUIN ABNAIOTCA
HETOYHOCTb M3roTOBNEHUA [OATYMKOB, OLIMOKM MO3ULMOHUPOBAHUA [AATYMKOB,
NOrPELWHOCTY WU3MEPEHUA INEKTPUYECKMX MapameTpoB pPaspAAHOro KOHTypa

INIEKTPOMArHnTa U NSMepPUTEJIbHbIX LLEﬂeI\;I, norpeLwHoCTn OCLI,MﬂﬂOI'pad)MM. Ocoboe
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MEeCTO 3aHMMalOT MOrPEeLHOCTU CBA3AHHbIE C 3N1EKTPOMArHUTHbIMM HaBOAKaMM B
N3MEPUTENbHbIX LLenAX UMNYIbCHbIM MCTOYHUKOM TOKa.

Bo Bpema MpoBeAeHMA 3IKCMEPUMEHTa, Y4MTbiBasacb BO3MOXKHas
MOrPeLHOCTb, CBA3aHHasA C He CTabU/IbHOCTbIO BbIXOAHOMO MMMY/bCA UCTOYHMKA
TOKa 3/1eKTpoMarHuTa. [ina eé yyeta, TOMUMO CUrHaNA C USMEPUTENbHON IMHEIKY,
B Ka)KAOM 3KCNEpUMEHTe CHMMAAUCb MNOKas3aHMA aMMAUTYAbl HanpsXeHua C
OMOPHOM KaTyllKK, HaxoauBlencAa B (GUKCMPOBAHHOM TOYKE Ha MOCTOAHHOM
pagMyce OT LEHTPa 3N1eKTpomarHuTta. PaccuuTbiBanca Ko3pdMUMEHT paBHbIN
OTHOLUEHUIO CPeAHEero 3HayeHus BCeX MHAYUMPOBAHHbIX Ha OMOPHOMN KaTyllKe
MMMNYbCOB K 3HAYEHUIO KaXA0ro OTAENbHOIO U3 HUX (k). 3HaUYEHUA HANPAXKEHUI C
KaTylKKU u3mepuTenbHol nuHenkn U, (r) B KaKAOM TO4YKE YMHOManUCb Ha
COOTBETCTBYIOLLEE MM 3HAYEHME KOIhPUUMEHTA M yXKe NO NOoAyYeHHbIM AaHHbIM

oueHmBanocb pacnpeaenenue U(r).

Uo/ — ki Uy(r) -k = Uy(Mgon
Uo

roe U, amnanTyaa HanpasKeHua OnopHoit KaTywku, Uo — cpeaHss mno
CepuM MMMNYNbCOB HanpsAMeHue onopHon KaTywku, U(r)- amnautyaa mmnynbca
HanpsskeHns  mnameputenbHon  Katywkun, U,(r)y,, -  OTKannbpoBaHHOe
HanpsKeHue.

Mpu paboTe C BbICOKOBONLTHOM MMMY/IbCHON TEXHUKOM HeobxoaAnMo
YUMTbIBATb BO3MOMKHbIE «HABOAKWY», CBA3aHHbIE C MPOTEKAaHMEM TOKOB B CETU U
Kabenax nutaHua. [na KOMnNeHcaumMm BHOCMMOM MMM A06aBKM K M3mMepsemomy
CUrHany, 6bIN0 PeLeHo CHUMATb CUTHA C U3SMEPUTENbHbIX IMHEEK NepeBopaYmBan
nx Ha 180 rpaaycoB OTHOCUTENIbHO CpeAHei NAOCKOCTU 3NEKTPpOMarHuta, toraa
Hanpas/ieHMe UHAYKUMOHHOIO TOKa B HUX ByAeT MEHATbCS Ha NPOTUBOMOJIOXKHOE,
a HanpaB/leHWe «HaBOAKM», OCTaBasACb MNOCTOAHHbIM, B OA4HOM cC/y4vae byper

AO6aBJ'IFITbCFI K HEMY B APYIroOM e BblHYUTATLCA. |_|03TOMy, BO BCEX IKCNEPUMEHTAX
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CHMMaA/IOCb ABE CEPUM AAHHbIX C NEPEBEPHYTLIMU NOJIOKEHUAMU U3MEPUTENBHOM
Katywku U(r)t v u(r)d, panee Haxoamnu cpegHee 3HadeHue U(r) B Karkaow
3KCNEPMMEHTA/IbHOM TOUKE.

MorpewHocTb abCoNOTHLIX U3MEPEHUN UMPPOBbIM ocumnnorpadpom
Tnna TDS2014 coctasnaet 2%. N3mepeHne amnanTyabl CUTHaAA Kypcopamm nmeeT
anckpeTtHocTb 0,5% Ha Bcex gmanasoHax. [loBblweHWMe TOYHOCTU A0CTUraNoCh
M3MEPEHNEM CUTHANA B KaXKAOM TOYKE He MeHee Tpex pa3 M HaXOXKAEHMEM
cpegHero.

ToYHOCTb BblOOpPaA HaNPAXKEHWUS WUCTOYHMKA MMMY/IbCHOTO MUTaHUA
paBHa 0,3%. Bocnpon3BoaMMOCTb TOKA OT MMMY/IbCa K MMNYAbCY NPU 3afaHHbIX
napameTpax paspA4HOro KOHTypa npoBepAnacb Habopom cepunm M3 NATU
MMNY/AbCOB C HAXOXAEHMEeM cpegHero 3HayeHumsa UM pasbpoca. Pa3bpoc He
npesbiwan 1,5% oT NIasmepsemon Be/INYNHDI.

NonoxkeHne MHAYKUMOHHOrO AaTyMKa NO paguycy, nNpu mMmepeHum
3aBucumocTtun Bz(r), onpeaensnocb ¢ NOMoLWblO «Konymbyca», NpyM 3TOM TOYHOCTb
coctasnset 0,1 mm. Mpu namepeHnn asmMmyTasbHOM HEOAHOPOAHOCTN OKPYXHKHOCTb

pa3buBanacb Ha 72 ceKTopa C NOMOLLbIO AENNTENIbHOW FTONOBKM.

2.3 Pe3yabTaThbl H3MepeHUid

2.3.1 U3mepeHusi MATHUTHOI HHAYKIHMHU MO0 PAAUYCY C TOMOIIbIO OHOMH
KATYIIKH

Ona usmepeHua 3aBucumoctM B(r) wucnonb3oBanacb NMHeMKa-AaTYMK
(cmoTpu pucyHoKk 14), KoTopaa ABUranacb OT LEHTPA K Kpato 3/eKTpomarHmuta ¢
warom 3 MM, 6blN1O CHATO 66 3KCNEpMMEHTasNbHbIX To4yeK. Tak Kak B(r)
nponopumnoHanbHo U(r) — HanNpsasKeHUM0 Ha KaTyllke, U HaC WHTepecyer
OTHOCUTE/IbHaA 3aBUCUMMOCTb, Be3e B AasibHenwem byaeTt paccmaTtpusatbesa U(r).

B Kaxaom IKCnepnmmeHTe WUCTOYHUK UMNYAbCHOIO MNMMTAaHUA 3apAXasaca A0
35



HanpaxeHua  V=3KB.

N3meHAnA

noaoxeHune

N3MepUTENbHOM

KaTyWwKn

OTHOCUTE/ZIbHO UEHTPa 3NEKTPOMArHUTa, Mbl U3IMEPAIN UHAYUUPYEMOE B Heun

HanpAaxeHune B AaHHOﬁ TOYKe.

CurHan perucrtpupoBanca ocumanorpapom

TDS-2014. AMNANTYAQ KaXKA0ro CUrHana BBOAMAACH B 3/IEKTPOHHYHO Tabaunuy Exel,

roe v npoBogmnacb Ux ganbHenwana obpaboTka. [aHHble N pe3ynbTaT NePBUYHOM

06paboTKM 04HOW CcepUM N3IMEPEHMN NpUBEAEHDbI B Tabanue 1.

Tabnunua 1— JaHHble Ans NOCTPOeHUA 3aBUcUMocCTym B(r)

Ne |R,mm |Un,B | U B2 | <Ux>, B|int(S) int/R"2

1 0 1,03 0,94 0,985 0 0,4925

2 3 1,03 0,94 0,985 8,865 0,4925

3 6 1,035 10,94 0,9875 |26,62875 | 0,492969
4 9 1,035 10,94 0,9875 |44,4375 |0,493403
5 12 1,035 10,94 0,9875 |62,2125 |0,493555
6 15 1,025 10,94 0,9825 | 79,785 0,493175
7 18 1,03 0,94 0,985 97,39125 |0,492778
8 21 1,03 0,94 0,985 115,245 | 0,492704
9 24 1,025 10,94 0,9825 |132,8063 |0,49251
10 |27 1,03 0,94 0,985 150,5138 | 0,492377
11 |30 1,025 10,94 0,9825 |168,2213 | 0,492281
12 |33 1,025 10,94 0,9825 |185,6925 | 0,492102
13 |36 1,02 0,92 0,97 202,0838 | 0,491467
14 139 1,015 10,92 0,9675 |217,9688 |0,490418
15 |42 1,01 0,92 0,965 234,7988 |0,489413
16 |45 1 0,892 0,946 249,3855 |0,48791
17 |48 0,98 0,876 0,928 261,423 | 0,48556
18 |51 0,948 0,86 0,904 272,052 | 0,482413
19 |54 0,912 0,828 |0,87 279,405 |0,478209
20 |57 0,844 0,756 |0,8 278,055 |0,471987
21 |60 0,732 0,658 |0,695 262,3725 | 0,462409
22 |63 0,6 0,518 |0,559 231,363 | 0,448565
23 | 66 0,472 0,422 | 0,447 194,661 | 0,431057
24 |69 0,396 0,358 |0,377 166,86 0,411912
25 |72 0,352 0,316 0,334 150,3765 | 0,392805
26 |75 0,324 10,296 |0,31 142,002 | 0,374632
27 |78 0,301 0,274 10,2875 |137,1263 |0,357637
28 |81 0,295 0,262 |0,2785 |134,991 |0,341924
29 |84 0,285 0,256 |0,2705 |135,8775 |0,327565
30 |87 0,277 0,252 10,2645 |137,2275 |0,314429
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31 |90 0,272 0,246 0,259 138,9893 | 0,302396
32 |93 0,268 0,245 0,2565 |141,5048 |0,291382
33 |96 0,268 0,241 0,2545 | 144,8685 |0,281315
34 199 0,264 0,238 0,251 147,8588 | 0,272067
35 1102 0,261 0,236 0,2485 |150,5993 | 0,263536
36 |105 0,26 0,233 0,2465 |153,6975 |0,255662
37 | 108 0,257 0,231 0,244 156,7148 | 0,248374
38 | 111 0,252 0,229 0,2405 |159,1583 | 0,241588
39 | 114 0,248 0,226 0,237 161,1563 | 0,235241
40 | 117 0,246 0,223 0,2345 |163,3748 |0,229299
41 | 120 0,244 0,221 0,2325 |166,0185 |0,223742
42 | 123 0,242 0,219 0,2305 |168,7635 |0,218538
43 | 126 0,24 0,215 0,2275 | 171,063 0,213643
44 | 129 0,233 0,211 0,222 171,9338 | 0,208988
45 | 132 0,232 0,209 0,2205 |173,2388 |0,204567
46 | 135 0,226 0,205 0,2155 | 174,618 0,200367
47 | 138 0,218 0,201 0,2095 |174,0375 |0,19632
48 | 141 0,216 0,198 0,207 174,3053 | 0,192438
49 | 144 0,213 0,195 0,204 175,7025 |0,18874
50 | 147 0,208 0,188 0,198 175,473 0,185175
51 | 150 0,202 0,184 0,193 174,1905 |0,181713
52 | 153 0,197 0,179 0,188 173,1645 | 0,178356
53 | 156 0,19 0,173 0,1815 |171,2633 |0,175081
54 159 0,185 0,168 0,1765 |169,155 0,171882
55 ]162 0,18 0,162 0,171 167,3213 | 0,168762
56 | 165 0,17 0,155 0,1625 |163,5818 | 0,165686
57 | 168 0,165 0,147 0,156 159,0908 | 0,162639
58 | 171 0,158 0,141 0,1495 | 155,3468 | 0,159639
50 | 174 0,15 0,134 10,142 150,8513 | 0,156673
60 | 177 0,14 0,127 0,1335 |145,0508 |0,153722
61 |180 0,13 0,119 0,1245 | 138,159 0,150773
62 | 190 0,105 0,0936 |0,0993 |414,03 0,141054
63 | 200 0,072 0,0656 |0,0688 |327,795 0,131399
64 | 210 0,0448 |0,0402 |0,0425 |228,165 0,121769
65 |220 0,0184 |0,0146 |0,0165 |126,85 0,112262
66 |230 —0,0088 | 0,0068 | —0,001 | 34,875 0,103042
B nepsom ctonbue Tabnumubl 1, yKaszaH HOMEpP 3KCNEPUMEHTA,

B

cneayrouem paccToaHMe UHAYKLUMOHHOIO AaTyMKa OT LLeHTpa 3neKTpomarHuta. B

AByX cneayrouwunx npumBegeHbl NOKa3aHMA amMmnantyabl CUrHanaa npu npamom wm

pa3BepHyTOM Ha 180° HanpaBNEHWUM OCK KaTYLUKM OTHOCWUTENbHO OCWM MarHuTa. B
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KaXK[0M TOYKE MMMYNbCbl MOBTOPA/INCL HE MeHee Tpex pas. [Janee HaxoAuNOCb
cpefHee 3HayeHMe MONYYEHHbIX AaHHbIX B KarKAOW 3KCNEPMMEHTa/IbHON TOYKe.
Ona HaxoXAeHWas pPaBHOBECHOW OpbuTbl, HEOBXOAMMO NOCTPOUTb KPUBYIO
3aBucumoctn Uy,(r)/2, koTopasa Bcneactsme cooTHolweHua 2:1 nepecekaeT U(r) B
61131 paBHOBECHOW OPOHUTBI.

Mo nony4yeHHbIM AaHHbIM 6blna NOCTpPoeHa 3aBncnMmoctb U(r).

W - [losepuTENbHDIW MHTEPBAN

08 -

06 -

2

02 - /
1

0,0 T T T T 1 1‘, MM
( 50 100 150 200 250

02

PucyHok 19 — N'paduku 3asncumoctu U(r) n 0,5Ucp(r):1- 3aBucumoctb U(r);
2- 3aBucmmocTtb 0.5Ucp(r)
Ha pucyHKe 19 Tak e nokasaHa 3aBucumocTb 0.5Ucp(r), KoTopas
HeobxoaMma ANA HAaXOXKAEHUA PaaMyca PaBHOBECHOM OpOUTHI.
CpegHee 3HAYeHWE MHAYKUMM  MArHUTHOro nons Bcp(r) B  Kpyre

pPaBHOBECHOM OpbUTbI PaBHO:

To

T
o, 1 1 [
f B(r)2nrydr = _2_[ B(r)rydr
To
0

cp — 2 = 2
2nry 271y
0
[ns Toro 4to 6bI NOCTPOUTL KpUBYyto 3aBucumoctn 0.5-Ucp(r) Heobxoanmo

1 To
6b|f|0 NOCYUTATb MHTerpaﬂT—Zfo U(T')Todr ,ﬂ.nﬂ 3TOro npounsBoannca pacyer
0
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naowaan nog Kpusoi U(r), nytem geneHusa ee Ha NPAMOYroNIbHUKM C OANHAKOBbIM

OCHOBaHUWEM, PaBHbIM 3 mm. locne yero nony4yeHHbleé AaHHblE YMHOXXa/IUCb Ha

1
BENNYUNHY T_2 W AeNNAUCL Ha ABa, ANA BbINOJIHEHMA COOTHOWeEHUA 2:1. KaK BngHo
0

n3 rpaduka, paBHOBeCHas opbuUTa HaxoAuTCA Ha pacctoAHMM 111-112 mm oT
LEeHTpa 3N1eKTPOMArHmTa.

[ONnA TOYHOrO HAXOXAEHMA MONIOKEHMA PABHOBECHOM OpPO6UTHLI, Obln B3AT
oTpe30ok u3 20 ToueK B61M3n nepeceveHns rpadmkos GyHKumi Ucp(r) u U(r). 3atem
Mbl  anMNPOKCUMMPOBAIN  3HAYEHUA KAKAOM  3SKCNEPMMEHTANIbHOM  KPWUBOM
NONMHOMAMM B NaKeTe nporpammbl Exel. B KayecTBe HE3aBUCMMOWN NepemMeHHOM X
BblOMpanacb pPasHOCTb MeXKAy TEeKyLen KOOPAWMHATOM r M npepnosaraembim
paguMycom paBHOBECHOM OpObUTbI Ro* TO ecCTb X=r—R0*. CreneHb nosnHOMaA
BbIGMpPanach Tak, YTobbl Ha AAHHOM OTpe3Ke KO3pPULMEHT aeTepMmuHaLmmn R Gbin
He HuxKe 0,99. OKaszanocb ANA 3TOr0 AOCTAaTOYHO MOAMHOMA 3-€eN CTeneHwu.
Bapbupya 3HauveHue Ry, Mbl METOAOM nogbopa pobmBanucb paBeHCTBA
cBOOOAHbIX YNEHOB, YPAaBHEHUM KPUBbLIX MOJNYYEHHbIX NPU annpokcMmauunun. Mpu
3TOM Mbl NONYYUAU Pa3/ioKeHne obenx PyHKLUIM NO OTKNAOHEHUAM OT UCTUHHOWM

paBHOBeCHOM opbuTbl Ry. 3HaueHme Ry nonyumnnochb pasHo 111,5 mm.

y = -6E-07x*- | E-06x2-0,0007x+ 0,2395

y = -4E-07x* + 3E-05x?- 0,002 I x + 0,2392

R* = 0,9966

T T 1 x' MM
-40 -30 -20 -10 0 10 20 30
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PucyHoKk 20 — PesynbTat annpokcumaumun U(r) v U(r)/2 nonmHomamu B
OKPECTHOCTU PaBHOBECHOM OpbHUTDI

PacyeTHbIl paanyc paBHOBECHOM OpPOUTbI AN 3TOFO 3/1EKTPOMArHUTa
(cmoTpu pucyHoK 5) paseH 112 mm.

Cnepytowmm warom 66110 NocTpoeHme rpadmka 3aBUCMMOCTM NOKa3aTens
cnaga ot paauyca n(r):

or B oru

Ana pacyeta dU/ dr, Haxogunacb pPasHOCTb CUFHANOB B ABYX PAAOM
CTOALLMX SKCMEPMUMEHTANbHbIX TOYKAX, 3aTeM HallaeHHoe N3MeHeHMe AeIN0Ch Ha
MOCTOAHHbIN LAr, KOTOPbIA B [AAHHOM 3KCMEepPUMEHTE COCTaBAsAN 3 MM.
MonyyeHHble AaHHble YMHOMaNAUCb Ha pagauyc U Aanee AeNUINCb Ha HanpsXeHue
CUrHaNa UHAYKUMOHHOTO JaTyMKa COOTBETCTBYHOLLEE SKCMEPUMEHTANIbHOM TOYKE.

3aTem NpoBOAMNACL aNMPOKCMMAUMA AaHHbIX, MOIMHOMOM 3—€eli CTeneHu

ANA CTNAKUBAHMA KPUBOW M NONyYeHUs eé ypaBHeHuA. Pe3ynbtaT npuBedeH Ha

pucyHKe 21.
n
0.9
+ 0.8
. *» /Q
s 4 07 *
’ i
oo
* a4 A
ooo
& * ’r\ A Y M
) *
&
6.3
* *
02
0.1 v =8E-07x* + 0,0006x> - 4E-05x + 0,3852
’ R*=0,5965
0 | | !
X, MM
=30 -20 -10 0 10 20 3077

PucyHoK 21 — Pe3ynbTaT Bbl4UCAEHMA NOKa3aTens cnaga n(x=r-Ry) no
3KCNEepPMMEHTa/IbHbIM TOYKaM
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Kak BUOHO n3 rpaduka, cywiecrtsyeTt 6onbLuom pa3bpoc
9KCNepMMEeHTa/IbHbIX TOYEK, M3—-32a Yero MOXKHO COMHEeBaTbCA B TOYHOCTU
nony4YeHus 3aBnucumocTu n(r).

KoadPpurumeHT 4OCTOBEPHOCTU AaNMNPOKCMMALUMKN TaKKe He BEJINK, OAHAKO
3HauyeHMe TnMoKasaTenda cnaga Ha paaguvyce paBHOBECHOM opbutbl ny=0,385
NPMMEPHO COr/IacyeTcs C PacYeTHOM BeAMUYMHOM ny=0,39.

[ns NoBbIWEHNA TOYHOCTU BbIYMUC/IEHUA MOKa3aTena cnaga bolno peleHo
MCNO/Ib30BaTb YXKe annpPOKCMMUPOBAHHbIE 3SKCNEPUMEHTa/IbHble [aHHble, 4TO
[OIKHO MPUBECTU K YBE/IMYEHUIO ToYHOCTU. MaccuB pgaHHbix U(r) Ha y4yacTke
X=Rg +40 mm annpoKCcMMMpoBaNCA NOJMHOMOM MO CTENEHAM X, Npuyem cTeneHb
NoAMHOMA BblbMpanacb TaK, u4TOObI R> 6biio >0,995. [aHHble nocae

annpoKkcnmaunm noaIMHOMOM MNMOKa3aHbl Ha PUCYHKeE 22.

[ n | [ || | |
\ \ ]
| | | [ , K4
‘ o \ /1
| T \ _ . / !
! o \ ]
| T | | / ||
\ s | [ ]
y = -3E-06x® + 0.0005x2 + 0.0186x + 0.3759 - } / | ; :
— = 0.9 ¢
. Ri=09956 R . | _ 1]
| | 1 0.8 | 4 | |
B S A _/_ S I O
\ % 0.7 | | ]
\ ‘ \// |
| | 0.6 Wad ‘ |
+ /‘/\ I
| o e \ |
X T T |
‘ 9.4,//’/ | ‘ |
| * i \ |
} . . et } } :
Y
| d w}/ | 02 | |
‘ Vek ‘ ‘ |
| | |
| 0:t | [
‘ ' ' 0 | ' - X, MM
¢l
-40 -30 -20 -10 0 10 20 30

PucyHok 22 — N'paduK 3aBUCMMOCTH N(X)
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Kak BUAHO M3 ypaBHEHUA NOMHOMMUHANLHOW KPUBOW, Ha PaBHOBECHOM

opbute Ry=111,5 mm, nokasartesnb cnaga n=0,375.

2.3.2 U3mepeHue nmoka3aresisi cnajaa ¢ noMmoubio guddepeHunaabHbIX
AATYHKOB

Cnegylowm warom 6bI10 M3MEpeHMEe WMHAYKUUMM MArHUTHOro nona ¢
nomouwbto  AnddepeHuManbHbiX  AaTYNKOB. KOHCTpPyKUMS M pe3ynbTaThl
KannbpoBKM AaTYMKOB npusBeeHbl B pasaene 2.1.4. CurHan anddepeHumnanbHOro
AATYMKA MPOMNOPLUMOHANEH TPaAMEHTY MarHutHoro nonAa. [lpu  pasmelteHumn
AaTyMKa BOAM3M paBHOBECHOM OpOUTLI, amnauTyaa CUrHana MNopsafaka eaunHUL,
MWNNUBONBT.

[JaTynMK MNOAKNOYANCA K YCUAUTENO-MHTErpatopy C KoapouumeHTom
ycunenna nopaaka 20. BoluncieHne nokasaTtena crnaja oCyLecTBAAETCA AeNleHneM
curHana pguodepeHuUManbHOro AaTiMKa HaA CUrHaz, MOJIYYEHHbIM C MOMOLLbIO
OAHOM  KaTyWKW MOAKAOYEHHON K Apyromy uHTerpatopy. OTHoweHue
KO3pPMUMEHTOB YyCUNEHMA 3TUX ABYX MHTErpaTopoB pasBHO 42,2. M3 3a pa3HOCTH
NS aByx KaTywek, obpasyowmx gupdepeHumanbHbii 4aT4MK, BEANYMHA KOTOPOM
onpegeneHa KaanbpoBKOW B OAHOPOAHOM MArHMTHOM nose (CMOTpW pasgen
2.1.4), k peructpupyemomy curHany Uyuee(r) Heobxoammo nobasnaTb nonpasky
AU(r)=0.015*U(r), rae U(r) — curHan oAMHOYHOM KaTyLLUKW. dopmyna ana

pacyeTa NoKa3aTesia Cnaja:

n= <II?L(}((:)) + 0.015) r/10;

34ecb r nsmepaeTca B MuaaumeTtpax. Ha pucyHKke 22 npmseaeHbl rpadmkm
3aBucmmoctM n(r): 1 — pe3synbTaTbl M3MEPEHUS OAMHOYHOWM KaTylwKon; 2 —
anddepeHuManbHbIM AaTYMKOM C y4eTOM nonpasku; 3 — anddepeHunanbHbim
AaTYMKOM b6e3 y4yeTa nonpaBku. BuaHO, 4YTO Aarke C y4yeTOM MOMNPaBKMU

AnpdepeHuManbHbIN AaTYNK AaeT 3aHUKEHHYIO BE/IMYNHY NOKA3aTena cnaaa.
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PucyHoK 23 — Pe3ynbTaTthbl pacyeTa n(r) no gaHHbIM gndpdepeHymanbHOro
AaTyMKa
MN3BecTHO [5], 4TO KOMNEeHcauua NOrpeLHOCTU U3MEPEHNI CBA3AHHOM C He
MAEHTUYHOCTbIO KaTyweK andpdepeHumanbHOro Aatimka AOCTUIAeTca Pa3BoOpPOTOM
AAaTYMKa Ha 1800, NOBTOPHbIM U3MepeHMemM U CYMMWUPOBAHMEM pPe3y/bTaTos.
Pa3paboTaHHOE HamMu YCTPOMCTBO MO3MLMOHMPOBAHUA HE MNO3BOJIAET MPOBECTU

TaKoe namepeHume.

2.3.3 U3mepeHue a3uMyTAJIbHOH AaCHMMETPHH MATHUTHOTO MOJIA

[Ona un3mepeHua BapuvauMM MArHUTHOrO MOAA MO asvMyTy 6bin
pa3paboTtaH anddepeHunanbHbIM MHAYKUMOHHBIN AaTYMK C PACNONOXKEHUEM ABYX
KaTyleK Ha O4HOM paguyce U pasBefeHHbIX No asmmyTty Ha 10,2 mm. HakngHoe
KONbLO YCTPOMCTBA NO3MUMOHUPOBAHUA OblI0 pa3meyeHo C warom 5 rpaaycos,
4yTo B MTOre AaeT 72 3KCnepuMmeHTasNbHble TOYKM. OHO 6blI0 pasmeyeHo ¢
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NOMOLLbIO AeNNTENbHOM FON0BKK. M3mepeHna NnpoBoANANCE B CpeaHEN NAOCKOCTH
9NEeKTPOMarHuTa Ha Tpex paguycax: ri=91mm, r, =111 mm un r3= 131mm.
N3mepeHuna npoBOAUINCE C MPUMEHEHUEM YCUAUTENA—UHTerpaTopa
KoapoduumeHTom ycunenmsa 40. B KarKoom TOUKe OCYLLECTBAANCA peBepc AaT4MKa
KOMMEHCUPYIOLWMA BAUAHME MNOTPELHOCTM M3TOTOBAEHMA KaTyleK AaTyuKa.
CurHan patumka GaKTUYECKM ABNAETCA MPOU3BOAHOW HaNpPAXEeHUA OANHOYHOM
KaTyWKN NO asuMmyTy, NO3TOMY MNPOBOAUIOCH YUCNEHHOE WHTerpuposBaHue no
a3MMYTY U BbluMTaHUE cpegHero. 3aTem pe3ynbTaT A4e/IMNACA Ha aMNANTyLy CUrHana
OLMHOYHOM KaTyLWKKN, N3MEPEHHOrO Ha AaHHOM paauyce. Ha pucyHke 24
1- pes3ynbTaT M3MepeHUA BapuauMM MATHUTHOrO MOANA MO aA3UMYTY Ha

paguyce opobuThI.

) ”:“ N\ = 3
ol A TN A
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PucyHok 24 — I'paduK a3ammyTanbHOW BapuaLmMmM MarHUTHOro nNoas Ha
paBHOBeCHOM opbute:1- 06paboTaHHbIN CUIHaN; 2 — Bapuauma, CBA3aHHAsA C
bueHmnem pagmyca; 3 — pa3HOCTb 06paboTaHHOro CUrHana U BapMaLmu.
BnMaHO Hannume nepBomn rapMOHMKM a3MMyTalbHOM Bapuaunun. B
NpPaBu/IbHO CO6GPAHHOM LLIECTU3aXO4HOM 3/IEKTPOMArHUTE CielyeT OXMAaTb
Ha/ZIMYMe LWEeCTOM rAaPMOHUMKHK, YTO NOATBEPKAAETCA pe3ynbTaTaMM PacyeToBs,

npuBeAeHHbIMM Ha pUCYHKe 7. MNepBas rapMoOHMKA MOXKET BO3HUKHYTb, Hanpumep,
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npu NnepeKkoce NOAKCOB INEKTPOMATHUTA NN CMELLLEHMUWN NOIFOCOB OTHOCUTE/IbHO
Apyr apyra v T.n.

Mpu TWaTenbHOM NPOBEPKE rEOMETPUN BbIABUAOCH, YTO AaHHAA Bapuauua
CBA3aHa C gedeKToM YyCTPOMCTBA MO3ULMOHMPOBAHMA U3IMEPUTENIbHOIO AaTyMKa.
NMpn nosopoTe ero Ha 180° pagnyC MOJIOXEHMNA AATYMKA U3MeHAsNCA Ha 1 mm.
YepHOM NMHKUEN Ha pPUCYHKe 24 nokasaHa Bapuauua Nona CBA3aHHAs C bueHuem
NONIOXKEHUA U3MepPUTENbHbIX KaTyweK. KpacHaa nnHMA pe3ynbTaT MsmepeHus 3a
BbIY4ETOM MOMNpPaBKU CBA3aHHOM C bueHnmem patymka. Ha pucyHkax 25 un 26
npuBeAEeHbl pPe3ynbTaTbl AHANIOTMYHbIX M3MEpPEeHUM NpPOoBeAEHHbIX HA paguyce

131 mm 11 91 MM COOTBETCTBEHHO.

%
1

0.5

PucyHok 25 — I'padumK a3ammyTanbHOM BapuaLmm MarHMTHOro noss Ha
r=131mm: 1- 06paboTaHHbIN cUrHanN; 2 — Bapuaums, cBsizaHHan c bueHnem

paaunyca; 3 — pa3HOCTb 06paboTaHHOro CUrHana u BapuaLum.
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PUcyHOK 26 — padmK a3MmyTasbHON BapMaLMm MarHMTHOrO NosA Ha
r=91mm: 1- 06paboTaHHbIN CUTHAN; 2 — Bapuaumsa, cBA3aHHaA c bueHnem paguyca;
3 - pa3HoCTb 06paboTaHHOroO CMrHana U Bapuaumu.

B pe3synbTaTe BMAHO, YTO BapuauMsa MarHUTHOM UHAYKUUK MO a3sMMYTy He

npesbiwaeT +0,25% 1 OCHOBHOM COCTABAAIOLLEN ee ABNAETCA LWeCTaA rapMOHMKa.

2.3.4 U3mepeHue JIOKAJIbHOT0 BO3MYIIIEHUSI MATHUTHOW MHAYKIMU OeTaTpoHA
YCTPOMCTBOM BBO/IA HHIKEKTOPA

B cunbHOTOYHbIX b6e3xkene3Hx 6OeTtaTpoHax Tuna BWUM peanusyetca
MEraBO/IbTHAA UHXKEKLMA, NPU KOTOPOM NpeaBapuTesibHO YCKOPEHHbIE 3/IEKTPOHDI
BMPbLICKMBAIOTCA B YCKOPUTE/IbHYIO Kamepy C MOMOLLbIO YCTPOMCTBA BBOAA. ITO
YCTPOMCTBO npeacTaBaseT cobon TO/ICTOCTEHHYIO MeAHYo TpyoOy,
3aKaHUYMBAKOLWYIOCA KOHMYECKMM NPOPMANPOBAHHbIM ydyacTKOM. 3JTa Tpyba
3KPaHMpPYET BHYTPEHHIOIO YacCTb KaHasna OT MAarHUTHOrO Nona 6eTaTpoHa M ABAAETCA
MeTaNNNYECKUM NpeaMeTOM Hanbonee 6A1M3KO PacnoNoKeHHbIM K opbuTe. KaHan
CHabeH cneumanbHbIM NPOGUANPOBAHHBIM 3KPAHOM, KOTOPbIA MWHUMMU3NPYET
ero B/IMAHWE Ha MaArHMTHoe none 6eTaTpoHa, OAHAKO MWCKA*KEHWE CTPYKTYpbl
MarHUTHOTO MONA eCTb M €ero M3MepeHue ABNAeTCA OAHOM M3 3a4ady LaHHOM

paboTbl.
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[Ans npoBefeHUs U3MepeHUn Bbla U3roToBMEH MAKeT YCTPOMCTBa BBOAA.
OH pacnonarancA B PUKCMPOBAHHOM MeCTe C LEeHTPOM BBOAHOrO OTBEPCTMA Ha
paguyce 165 mm. U3mepeHuA nNpoBOAMAUCL  AATYMKOM C  OAMHAPHOM
N3MEePUTENIbHOM KaTyLLKOM.

B 3KcnepuMmeHTe, MHAYKUMOHHBIA A[aTYMK pasMeLLanica Ha asumyTe
BBOAHOrO YCTPOMCTBA Ha YeTblpeX pPasHbiIX PACCTOAHMAX OT  LEHTpa
anekTpomarumta: 117mm, 127mm,137mm - 147mm. B Kakaon  TouKe
perMcTtpupoBanacb amnauTyga MMMNy/AbCa HANPAXKEHMA KaHana perncrpaumm c
BHECEHHbIM B 061aCTb 3/1EKTPOMArHMTa YCTPOMCTBOM BBOAA M 6e3 Hero. Kaxkaas
cepua NOBTOpANACb He MeHee Tpex pas. Ha pucyHKe 27 npusBeseHa 3aBUCMMOCTb

BE/NYNHBI BO3MYLLEHUA AU/U OT PaCCTOAHUNA OCUN AaTYMUKA OT OCU KaHaNa.

2,5

T~

T~

0,5 \

Y

0

18 23 28 33 38 43 48 Ar'MM

PucyHoK 27 — KpmBas 3aBUCMMOCTM BEIMYMHbBI BO3MYLLLEEHMA OT PAaCCTOAHMUA

OCM AaT4YMKa OT OCU KaHana
3TO BO3MYLLEHME YMEHbLLUAETCA C PACCTOAHMEM OT KaHa/slia M Ha paaunyce
opbutbl aocturaet 0,4%. PaHee 6blNI0 BbINO/IHEHO YUCNEHHOE MOAENNPOBAHUE

BO3MYLUEHMA CTPYKTYpPbl MArHUTHOro nona 6eTaTpoHa YCTPOMCTBOM BBOAA
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NHXKeKTopa [14]. MNonyyeHHble 346eCb 3KCNEPUMEHTa/IbHbIe Pe3y/bTaTbl XOPOLO

COrnacyroTca € pe3yabTatTaM HNCNEHHOIO MoAeNNPOBaHUA.

3akiIoueHue

B pesynbtate npoBeaeHHOM paboTbl CO34aH 3KCMNEPUMEHTA/IbHbIN CTEHA,
ANA U3MEPEHUA CTPYKTYPbl MArHMTHOTO MOAA 3/1eKTpOoMarHuta b6es)enesHoro
beTtaTpoHa. B coctaB cTeHga BOWAM: reHepaTop MMMYAbCOB TOKa, YCTPOMCTBO
3anycKa, anektpomarHut betatpoHa BUM117M, KanmbpoBoyHaA KaTywkKa, Habop
WHOYKUMOHHbBIX  OaTYMKOB,  YCTPOMCTBO  MO3ULMOHUPOBAHMA  AATYMKOB,
WMHTErpaTopbl CUTHAN0B N uMdppoBor ocumnnorpapumyeckmn permctpatop TDS2014.
OCHOBHble AOpOrocToALMe y3abl 6blIM 3aMMCTBOBAHbI M3 PA3/IMYHbIX YCTAHOBOK U
npucnocobneHol gna obecnevyeHna NposeaeHUA USMEPEHUN.

CneumnanbHo 6bian pa3paboTaHbl U U3FOTOBAEHbI CUCTEMA MHAYKUMOHHbBIX
AATYNKOB, 0OPA30BAHHbLIX UUAUHOAPUYECKMMM OAHOCNOMHbIMUM KaTylKamu, U
YCTPOMCTBO MO3ULMOHUPOBAHMS AAaTYNKOB, KabenbHaA 06BA3KA 3/1€KTPOMArHuTa,
CUCTEMA U3MEPUTENbHbBIX M NMYCKOBbIX Kabenen, nsmeputenbHoe CONPoTUBAEHUE —
AATYMK TOKA 3/IEKTPOMArHMTa. YCTPOMCTBO NO3MUMOHMpPOBaHMA obecneumBaet
nepemelleHme WHAYKUMOHHOTO AaTyMKa, CMOHTMPOBAHHOIO Ha JIMHEWKe, B
cpefHen NAOCKOCTU 3NEeKTpOMarHuTa, no paguycy B npegenax 0 — 200 mm v no
asmmyTy B npeaenax 0 — 360°.

MpoBegeHa KanMbpoBKAa WHAYKUMOHHbIX [AaTYMKOB B  KaTywKe C
OAHOPOAHBLIM MArHUTHbLIM NMOAEM, NPU MUTAHUN ee OT reHepaTopa MMMYAbCOB TOKA
anekTpomarHmta. Mo pesynbtatam wuamepenun NS,;,=0.0014 M. OTHoOLeHue
NS,:m/NSreon=1,17, pacxoxkaeHue okKoso 17%. W3mepeHHaa WHAYKTUBHOCTb
AaTyMKa paBHa 12,27 mkIH. PasHuMua B 3QPEeKTMBHbIX NAoWaAsax KaTywek

anddepeHumanbHOro gatymka coctasmnaa 1,5% ot naowaam oAMHOUYHOM KaTyLLKM.
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Kannbposka no3Bosnna oOuUeHUTb abCoNMOTHYHO BEINYUMHY MArHUTHOM
MHAOYKLUMW HA paguyce paBHOBECHOW opbuThbl.

MpoBeaeHO U3mMepeHne TMHEMHOCTU ABYX U3MEPUTENbHbIX KaHa/10B, OAUH
M3 KOTOpPbIX, C 6onbwKM KO3OPUUMEHTOM YCUNEHUA, NpefHa3HAYeH Aans
perucrpaumm CUrHana anddepeHumanbHbIX OATYMKOB. OTHoweHwne
KO3pdULMEHTOB yeuneHmna AByx nHterpatopos K21=42,2.

AMNANTYAQ HANPAXEHMA Ha BbIXO4E W3MEPUTE/NbHbIX KaHanoB SIMHEWHO
CBA3aHa C aMNAMUTYA40M UMNYAbCAa MAarHUTHOM MHAYKUMKN B TOYKe HabarogeHus.

MpoBeaeHo YeTbipe CEPUN U3MEPEHUN OLUHOUYHOM KaTyLIKOM 3aBUCUMOCTH
MarHMTHON MHAYKLMKN OT pagmnyca. B KaXkaon cepum gatunk nepemeLasnca C warom
3 MM, NpU TOYHOCTM NO3NUMOHMPOBaHMA 0,1 mm. B KarKaon TouKe pe3ynbTaThbl
ycpeaHanuce no Tpem  umnynbcam. [loBTOpAEMOCTb  aMNaAnTyAapl  TOKa
3/1EKTPOMArHMTa OT MMMY/IbCA K UMMY/bCY KOHTPO/IMPOBANACh KaHa/IOM C ONMOPHOM
KaTywkKomn. Pa3bpoc He npesbiwan 1% m yuntbisanca npn obpaboTke pesynbTaTos
N3MepeHnn.

NpoBeneHo TpU CepUU U3IMEPEHUM TPAAMEHTA MAFHUTHOW MHAYKUMK MO
paguycy ¢ nomouwbio audpdepeHuManbHOro AaTymMKa. B Kaxkaon cepum Oatymk
nepemewanca 8 guanaszoHe ot 70 mm o 160 mm ¢ warom 3 mm, NpU TOYHOCTU
no3numMoHnpoBaHma 0,1 mm.

MpoBeaeHbl M3MEPEHUA TPASMEHTA MArHUTHOM MHAYKUMW MO asMmyTy, B
npegenax ot 0 go 360 rpagycos, ¢ nomouwbio anddepeHLNanbHOro JaTyMKa, Ha
paguycax 91 mm, 111 mm 1 131 mm. LLlar nO3MUMOHNPOBAHUA LATYMKOB PaBHAJICA
5 rpagycos.

M3rotoBneH MaKeT BbIBOAHOrO YCTPOMCTBA MWHMKEKTOpa W NpoBeAeHOo
M3MepeHne BO3MYLLEHMA CTPYKTYpbl MArHMTHOro nonA 6eTaTpoHa B 30HE
PacnonoXKeHUA yCTPoMcTBa. BenmumHa BO3MyLEHWA Ha paguyce pPaBHOBECHOWM

opbuTbl coctasuna 0,4%.
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O6paboTKka pe3ynbTaToOB OCHOBHbIX M3MEPEHMN MPOBOAMAACL B MNAKeTe
Exel.

OHa BKAlYana B cebsa ycpeaHeHMe pe3ynbTaToB MO CEPUM MMMYNbCOB,
BBEAEHME KOPPEKTUPYIOLWMX MOMNPaBOK, anmnpoOKCMMaLMIO MaCcCMBOB AaHHbIX
NOIMHOMaMM U BbIYUC/IEHME MAPAMETPOB, XapPaKTEePU3YIOWMX SNEKTPOMArHuUT
b6eTaTpoHa.

BblfI0 BbINONHEHO 4YWUCNEHHOE WHTErpupoBaHMEe 3aBUCUMMOCTU B,(r),
paccuMTaHa 3aBMCUMOCTb B,(r) U C MOMOLLbIO anMpPOKCMMAaLMKM NOAMHOMAMMU
B.(r-Ro), u B,(r — Ro) HavaeHo nonoxKeHne paBHOBeCHOM opbuTbl Ry=111,5 mm.

C nomouwbto pasnoxeHma B,(x=(r-Rg)), BbluMCNeHa BennUMHA
NnoKasaTena cnaza MarHUTHOrO NOAA Ha PpaBHOBECHOM paauyce no=0,37510,02.

Ob6paboTKa AaHHbIX, MONYYEHHbIX C NOMOLWbIO AndPepeHUnanbHOro
AAaTYMKa, NpMBena K pesynbTaTam, CYLLEeCTBEHHO OT/IMYAOWMMCA OT MOYYEHHbIX
OAMHOYHOM KaTyWKOW 1 B pacyeTe. [lonpasKa, cBA3aHHaA C pa3HoM 3PpPeKTUBHOM
NAOWaAbl0 KaTyleK, He MNOJMIHOCTbIO KOMMEHCMPOBana 3TO PACXOXKAEHMeE.
MpoaHann3npoBaHbl BO3MOXHble NPUYUHbI n HameyeHbl nyTu
ycoBepLIeHCTBOBaHMA anddepeHUnanbHOro aatymka. Bo nepBbix Heobxoaumo
N3MEHUTb KOHCTPYKLMIO TaK, YTOObl MOXHO Obl/I0 NepeBOpaynBaTb KaTyLIKM Ha
180° no paguycy, BO BTOPbIX YBEAWUYWUTb TOYHOCTb WM3FOTOB/IEHWA KaTylleK M
YBENNUYUTb aMNAUTYAY Pa3HOCTHOro curHana (ysennumtb NS 1 pacctosiHue mexay
KaTywKamu). B ummelowemca patinmke CUrHaAA CAUMWIKOM Maa U 3aMeTHbl €ero
¢$a3oBble UCKaXKEHUS.

MpoBeAeHO UYMCNEHHOE WHTEerpupoBaHWE CUrHana  rpaauveHTa
MarHuMTHOM MHAYKUMK NOo a3umyTy. HanageHa 3aBMCMMOCTb BapuauumM MarHUTHOrO
nons oT a3uMmyTa. ITa BapuauuAa ABAAETCA Cyneprnosvuumen nepBor WU LIECTOM
rapMOHUKM C aMNANTYA0N, He npeBblwatowen 0,6% oT cpegHero Noaa Ha JaHHOM

pagunyce. BbiaBnnoco, uto nepBaa rAaPMOHUKa BO3HUKAET N3—3a 6ueHuna no paaunycy
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Ha *1 Mm ycTpoMCTBa MNO3UUMOHMPOBAHUA MHAYKLUMOHHOIO AaTyMKa MNpu €ero
BpaweHun. PaccumTaHa COOTBETCTBYHOWAA MOMpPaBKa W NOJy4eHA BE/INYMHA
Bapuaunun, CBA3AHHOM C KOHCTPYKUMEN 0OMOTKU 3aneKTpomarHmTta. Ee BenmymnHa He
npesblwaet +0,2%.

MpoBeaeHO CpaBHEHWE BCEX HaWAEHHbIX BEIMYUH U 3aBUCMMOCTEN C
pe3ynbTaTaMu pacyeTtoB A/1a 3nekTpomarHuta bUM117M. [lMonyyeHO xopouwee
COOTBETCTBME PACYETHbIX BE/IMYMH N Pe3ybTaTOB N3MEPEHUN.

B 3akntoueHun cumtaro Heobxoammbim nobnarogaputb paboTHmMkoB HTL®,
B 4YAaCTHOCTM BblAenuTb monoaoro cneuymanucta CasyeHKo K.B. 3a nomoulp,

OKa3aHHYHI NMpu NoAroTtoske U nposeaeHMn sKCnepmmeHTOB.

Heobxoammo Tak e oOTmMeTUTb 6onblion BKAag coTpygHuka HTU®
KyponatknHa KOpua [MeTpoBuYya, B TEOPETUYECKYIO U MPAKTUYECKYH MNOArOTOBKY
aBTOpa BO BpemMs AUMJOMHOM MPAKTUKKU, 33 YTO €My BblparkaeTcAa OTAe/ibHasA
6naropgapHoctb. KyponatkmH  HO.. ABnAetcA  BeAywMmM  CMeLMaIUCTOM
POAL-BHUNDD B 0bnactn 6esxkenesHbix 6etaTpoHOB. Bce paboTbl npoBogmanch

npuv NOCTOAHHOM KOHCY/1bTaUMUN C HUM U ero HenocpeacrBeHHOM y4aCTUMN.
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Measuring betatron’s magnetic field inhomogeneity

MpunoxeHue A

CrypeHT:
I'pynna 0)5(0) ITognuce Hara
0AM41 Uunnz A.A.
KoHcynbTaHT Kadeapbl_3P
JlomKHOCTD 0)4(0) Yuenas [Toanuck [ara
CTEIeHb,
3BaHUE
npodeccop bnenixep I'.A. I.Gp—M.H.
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KoHcynbTaHT — TUHTBUCT Kadeapsl UAPT

JlomKHOCTD dUO VYuenas [Toanuck [ara
CTEIIEHb,
3BaHUE

Crapuuit Epmaxkosa f1.B.

Mpeno/iBaBaTeilb

Introduction

Pulsed x-ray shadow is one of the main means of obtaining information about
the dynamics of bodies in explosive experiments. The quality of information is
determined by the characteristics of the radiation source and, firstly, its intensity.
One of the radiation sources for pulsed x-rays are special x-ray machines, in which
the pre-accelerated electrons are slowed in the target, generating bremsstrahlung.
The intensity of such a source is proportional to the number of electrons impinging
on the target, and is growing rapidly with increasing electron energy. The most
powerful sources are based on electron accelerators, where they are accelerated to
tens of MeV.

In VNIIEF, created for this purpose, there is used an improved betatron
installation class incorporeal-pulse - small (IPS). They’'re a compact circular
accelerators in which a beam of electrons, generated in a special device - the
injector - is held in a stationary orbit due to the special spatial distribution of the
magnetic field and accelerating vortex’s electric field generated by changes in
magnetic flux through the area covered by the orbit. In order to create the required
spatial distribution of the magnetic field and providing high rate acceleration of
multistart there are used incorporial electromagnets. This design allows the
electromagnet to generate a magnetic field betatron with good azimuthal
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symmetry. However, in a magnetic field it can arise heterogeneity of different
nature, which may harmfully influence the dynamics of the beam during the
acceleration process. In particular, in regards to a powerful radiation source, in the
betatron BEAM is used megavolt injection in which the injected beam is introduced
into the chamber of the betatron with the aid of the input device which is a metal
channel placed in the magnetic field of the betatron and, of course, affect the
structure of the magnetic field near it.

The following work was performed with the aim of measuring the main
characteristics of the electromagnet of the betatron, the identification of
correspondence between the estimated characteristics of the distribution of
magnetic fields formed by the windings of the electromagnet of the betatron pulse
incorporeal and distribution of this field already manufactured and assembled on
the basis of the calculation of the form factor. Despite the fact that the installation
on the basis of the studied electromagnet may take many years in operation, and
the parameters of the output beam are reproduced on different systems, this study
is of interest to assess the accuracy of the Assembly and detection of magnetic field
distortion insertion located in the vicinity of the electromagnet with metallic parts of
functional units. In addition, there are a number of effects such as proximity effect
currents, skin effect and others, which can lead to a change in the geometry of the
magnetic field in time. Especially important is the knowledge of the structure of the
magnetic field at the time of injection and initial stages of acceleration. It is
supposed to measure on two totally different frequencies by incorporating 12-coils
and forming an electromagnet in series — the first series of measurements in parallel
with the second series of measurements. Comparison of results will allow to
evaluate the dynamic effects and, possibly, to identify ways of improving the

electromagnet of the accelerator. This work is devoted to the development of the
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testbed and the realization of the first part of the measurements — measurements
with a serial connection of the coils forming the electromagnet.

To implement the former formulated objectives we should take special
attention to:

1. The basis of output parameters of the existing power system and using the
settlement data of the electromagnet, to estimate the generated magnetic field and
induction to develop miniature sensors that provide an acceptable level of the
measured signal.

2. Developing a system design measurements that allows to position the
sensors in every point of the plane of symmetry of the electromagnet.

3. Measuring the magnetic field distribution along the radius of the solenoid
in serial connection of the coils of the electromagnet.

4. Regard data obtained to calculate the position of the equilibrium orbit; the
distribution of the rate of decay radius.

5. Measuring the magnetic field distribution in azimuth on the equilibrium
orbit in the free magnet, and also with the introduction of the conductive object,
simulating an input device of the injector.

6. The data obtained to estimate the azimuthal heterogeneity of the
magnetic field in free electromagnet, as well as local outrage when changes in the
magnetic field of the conductive object occur, simulating an input device of the
injector.

Description of principles of operation of betatron installation

The betatron is one of the first cyclic accelerators of charged particles. In
it, a beam of electrons moving in a stationary circular orbit is accelerating a vortex
electric field excited by the alternating magnetic flux. The stability of the particle in
orbit is provided by the spatial distribution of the magnetic field: it should slowly

subside along the radius.
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Small deviations of the electron orbits arise from the restoring force, the
magnitude of which is proportional to the deviation. The movement in such a force
field is oscillatory in nature. In circular accelerators these oscillations are called
betatron oscillations. Figure 1 shows a design sketch of a betatron. The electrons

move close to the equilibrium orbit, fluctuating within the zone of stability 1.
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Figure 1 — Sketch of the structure of the betatron:

1 — the stability region of the electromagnet, 2 — walls of the accelerator chamber, 3 — the case of

the colil of the electromagnet.

The stationarity of the orbit (with simultaneous change of the leading
magnetic field in orbit B(Ry) and the magnetic flux penetrating the orbit, is the
so—called «condition 2:1»

B(Ro) = 2B(Ry)

According to which, the magnetic induction on the equilibrium orbit must
be two times less than the average value of magnetic induction in the circle of the
radius RO. The variation on the rate of energy of an electron moving on the orbit
automatically is consistent with the rate of the rise of the magnetic induction on the
orbit. Any particle with energy E meets in its orbit is a circle, where the balance of
forces are acting upon it. The energy of the particle at any time of the acceleration
cycle is associated with the relation: E=300BR, the radius of the orbit R=RO,
incorporeal in the betatron, is rigidly connected with the geometry of the
electromagnet, and the magnetic induction B is proportional to the current in the

winding, which typically varies by sine law. It is also important that for electrons
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moving in an orbit with a radius less than the equilibrium, the rate of increase of
energy exceeds the rate of field growth as the orbit and the radius increases,
approaching the equilibrium. Electrons moving at radii greater than the equilibrium
set of energy lag behind the growth rate of the magnetic induction and the orbit is

reduced, also approaching equilibrium.

Description of the experimental installation

Installation for measurement of the structure of the magnetic field of the betatron
consists of the following components:
- a pulsed power source;
- the electromagnet;
—-measuring sensors and positioning device;
-two of the integrator;
-oscilloscope TDS-2014;
—device the remote start.

Figure 8 shows the block diagram of the measuring bench.
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Figure 8 — Block diagram of the experimental installation

As source of pulsed power has been used one of the functional units of
betatron installation BIM 234.3000, providing the formation in the electromagnet
current pulse amplitude of the order of 100 A. The discharge circuit included
measures the resistance R=0.15 Ohm, for measuring the shape of the current. The
main induction sensor was fixed in the positioning device, mounted on the Central
solenoid of the electromagnet. The second sensor was used as a comparison signal.
It was fixed in the median plane of the electromagnet on an assumed radius of the
equilibrium orbit. Integrators used nodes developed outside this work. Induction
sensors were connected to integrators coaxial cables with a length of 2 m. All pulse
signals were recorded with four-channel oscilloscope TDS-2014. A source of pulsed
power, the integrators and the solenoid was located in the experimental hall. The
oscilloscope and the device start-up are located at the control room at a distance of

20 meters from the electromagnet. The signals transmitted through coaxial cables
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RK-50-6. To reduce electromagnetic interference, the oscilloscope was fed from a
UPS, but in the main measuring channel including a high pass filter.

Measurement of the magnetic induction along the radius with a single coil
to measure the relationship(r) used a line-sensor (see figure 14), which moved from
the center to the edge of the solenoid with a step of 3 mm, was removed in 66
experimental points. Since B(r) proportional to U(r) is the coil voltage, and we are
interested in the relative dependence, everywhere in the future will be considered
U(r). In each experiment the source of pulsed power is charged to a voltage V=3 kV.
Changing the position of the measuring coil relative to the center of the
electromagnet, we have measured the induced voltage in it at this point. The signal
was recorded by oscilloscope TDS-2014. The amplitude of each signal was entered
into an Excel spreadsheet, where further processing was conducted.

In the first column of Table 1, the number of the experiment, the following
distance inductive sensor from the center of the electromagnet. In the following
two, it provides indications of the amplitude of the forward signal deployed on an
180 ° axis direction of the coil relative to the axis of the magnet. At each point the
pulses were repeated at least three times. Next is the average value of the data
obtained in each experimental point. To find the equilibrium orbit, it is necessary to
build a curve according to Usr(r)/2 which, due to the ratio of 2:1 intersects U(r) near
the equilibrium orbit. The data obtained was the dependence U(r) (red solid line in

figure 19).
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Figure 19 — Graphs of the dependences U(r) and 0.5 Uav(r)
Figure 19 also shows the dependence 0.5 Uav(r) (blue solid line), which is
necessary for finding the radius of the equilibrium orbit.
The average value of the magnetic field of HRV(r) in the range of the

equilibrium orbit is equal to:

To

To

®, 1 1

By = 22 = 27”‘02-[ B(r)2nrydr = %j B(r)rydr
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In order to build a curve based on 0.5 Uav(r) it was needed to calculate the

integral rizforo U(r)rydr.. To do this, we calculated the area under the curve U(r), by
0
dividing it into rectangles with the same base - that equals 3 mm. - and the

1
resulting data was multiplied by the quantityr—2 and then was divided into two, to
0

complete the ratio of 2:1. As the graph shows, the equilibrium orbit is at a distance
of 111-112 mm from the center of the electromagnet.
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For calculating the accurate location of the position of the equilibrium
orbit, it was taken a cut of the 20 points closer to the intersection of the graphs of
the functions Usr(r) and U(r) achieving then, approximate values of each
experimental curve polynomials after it was treated with Excel. As the independent
variable X was chosen, the difference between the current coordinate r and the
intended radius of the equilibrium orbit RO* that is, X=r-R0*. The degree of the
polynomial is chosen so that at this period the coefficient of determination R2 is not
lower than 0,99. This was enough for a polynomial of the 3rd degree. By varying the
value of RO* we brute force equality free members, equations of curves obtained by
approximation. When we got the decomposition of both functions for the deviations

from the true equilibrium orbit RO the value of RO turned out equal to 111,5 mm.
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Figure 20 — the Result of approximation of U(r) and (U(r)/2) polynomials in a
neighborhood of the equilibrium orbit
The estimated radius of the equilibrium orbit for the electromagnet (see

Figure 5) is equal to 112 mm. While differentiating the polynomial, approximately
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the field of distribution in the vicinity of the equilibrium orbit shown in figure 20, the
resulting  gradient field shown that the point x=0 we find
n0=0,00080/0,240*111,5=0,373.

The next step was plotting the dependence of the rate of decay of the radius n(r):

0B r U r
n=-———=— —
dr B aru

To calculate 0U/dr, it was used the difference between the signals in two

adjacent experimental points, then, the found the change was divided into a
permanent step, which in this experiment was 3 mm. The obtained data was
multiplied by the radius and divided into the voltage of the signal induction sensor
corresponding to the experimental point.

Then there was the approximation of data by a polynomial of 3rd degree

for smoothing the curve and calculate its equation. The result is shown in Figure 21.
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Figure 21 — the calculation Result of the decline in n(x=r-R0) for the

experimental points

As the graph shows, there is large scatter of experimental points, which
cause some doubts regarding the accuracy of obtaining the dependence n(r).

The coefficient of reliability of approximation is also not great, however,
the value of the rate of decline in the equilibrium radius of the orbit n0=0,385 is
approximately consistent with the calculated value for n0=0.39 in.

To improve the accuracy of the calculation of the rate of decline, it was
decided that should be used the approximated experimental data, which should
lead to an increase of accuracy. An array of data U(r) on the plot

X=RO0 x40 mm were approximated by a polynomial by powers of x, and the
degree of the polynomial is chosen so that R2 >0,995. Data after the approximation

by the polynomial is shown in Figure 22.
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Figure 22 — Graph of n(x)
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As can be seen from the equation of the polynomial curve, the equilibrium

orbit RO=111,5 mm, and the rate of decay n=0,375.

Measurement of the rate of decay using differential sensors

The next step was conducting the measurement of magnetic fields using a
differential sensor. Design and results of calibration of the sensors is given in section
2.1.4. The differential signal sensor is proportional to the gradient of the magnetic
field. When placing the sensor near the equilibrium orbit, the amplitude of the
signal shown was in the order of several millivolts.

The sensor is connected to the amplifier-integrator with a gain of about
20. The calculation of the rate of decay is carried out by dividing the differential
signal of the sensor by a signal received from one coil that is connected to another
integrator. The ratio of the gains of the two integrators is equal to 42.2. Because of
the different NS of the two coils forming a differential sensor, the value of which is
determined by calibration in a uniform magnetic field (see section 2.1.4), to
calculate the recorded signal Uandd(r) you need to add an amendment
AU(r)=0.015*U(r), where U(r) is the signal single coil. The formula for calculation of

rate of decay is the following:

_ U;mq>(7‘) .
n= <m + 0015) T/lO,

Here r is measured in millimeters. Figure 22 shows graphs of the
dependence n(r): the top on shows measures from a single coil; the middle one,
from a differential sensor, as amended; and the bottom one, from a differential
sensor without any adjustment. It is seen that even with the adjustment of the

differential sensor the magnitude of the decline was underestimated.
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Figure 23 — the Results of the calculation of n(r) according to the differential

sensor
It is known that the compensation of measurement errors associated with
the identity of the coils of the differential sensor is achieved by turning the sensor
180°, re-measuring and then summing the results. The developed positioning device

does not allow for such measurement.

Measurement of azimuthal asymmetries of the magnetic field

For measuring variations of a magnetic field on the azimuth it was designed an
differential inductive sensor arrangement of two coils on the same radius and
separated in azimuth by 10.2 mm. Ring ring positioning device was marked in 5
degree increments, for a total of 72 experimental points. It was marked up with the
dividing head. The measurements were carried out in the mid—plane of the solenoid

in three radii: r1=91 mm, r2 =111 mm, and r3=131mm.
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The measurements were carried out with the wuse of an
amplifier-integrator with a gain of 40. In each point was carried out the reverse
sensor, which compensates the influence of manufacturing errors of the coils of the
sensor. The sensor signal is actually the derivative of the voltage of a single coil in
azimuth, therefore, the numerical integration was carried out in azimuth, and then
subtracted the average. The result was divided by the amplitude of the signal of a
single coil, measured at this radius. In figure 24 the blue line shows the result of

measuring the variation of the magnetic field in azimuth on the radius of the orbit
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Figure 24 — Graph of the azimuth variation of the magnetic field on the
equilibrium orbit:1 — processed signal; 2 — a variation associated with the beating of
the radius; 3 - the difference between the processed signal and variations.

Shows the presence of the first harmonic azimuthal variation. In a properly
assembled satisfied not the electromagnet should expect the presence of the sixth
harmonic, which is confirmed by the results of the calculations that are shown in
Figure 7. The first harmonic may occur, for instance, with the misalignment of the
poles of the electromagnet or the displacement of the poles relative to each other,

etc.
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The thorough geometry analysis revealed that this variation is associated
with a defect in the positioning of the measuring sensor. When you turn it on an 180
° radius, the probe position varied by £1 mm. The Black line in figure 24 shows the
field variation associated with the beating of the position measuring coils. The red
line is the measurement result minus the amendments associated with the
heartbeat sensor. Figures 25 and 26 show the results of similar measurements

conducted for a radius of 131 mm and 91 mm, respectively.
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Figure 25 — Graph of the azimuth variation of the magnetic field at r=131mm:
1 - processed signal; 2 — a variation associated with the beating of the radius; 3 -

the difference between the processed signal and variations.
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Figure 26 — Graph of the azimuth variation of the magnetic field at r=91mm:
1 - processed signal; 2 — a variation associated with the beating of the radius; 3 -

the difference between the processed signal and variations.

The result shows that the variation of the magnetic induction in azimuth does not

exceed £0,25% and its main component is the sixth harmonic.

Measuring local perturbations in the magnetic induction betatron input
device injector
In high—-current betatrons bezieling type BIM it is implemented a megavolt
injection, in which pre-accelerated electrons are injected into the accelerating
chamber through the input device. This device is a thick-walled copper pipe, ending
in a conical shaped area. This tube shielding the inner part of the channel from the
magnetic field of the betatron is the metal object the closest to orbit. The channel is
equipped with a special shaped screen, which minimizes its influence on the
magnetic field of the betatron, however, the distortion of the structure of the
magnetic field remains and its measurement is one of the objectives of this work.
The layout of the input device was made for measurements. It was
located in a fixed location with the center of the introductory hole at a radius of 165
mm. the Measurements were carried out with a sensor with a single measuring coil.
In the experiment, an induction sensor was placed on the azimuth of the
input device at four different distances from the center of the electromagnet:
117mm, 127mm,137mm and 147mm. At each point it was not only recorded the
amplitude of the voltage pulse of the channel check, but also the area of the

electromagnet input device without it. Each series was repeated at least three
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times. Figure 27 shows the dependence of the magnitude of the perturbation AU/U

of the axis distances of the sensor from the axis of the channel.
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Figure 27 — the Curve of dependence of the perturbations of the axis
distance of the sensor from the axis of the channel

This perturbation decreases with distance from the channel and the

radius of the orbit up to 0.4%. Modeling of the perturbation of the betatron’s

magnetic field structure was previously carried out by inputting of the injector [14].

The experimental results are in good agreement with the numerical simulations.

72



