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OCHOBHBIE ITPUHIUIIBI IPUMEHEHUA CTPYHbI
JIJIAI U3MEPEHUI MATHUTHBIX MOJEW SJJEMEHTOB
YCKOPUTEJIBHBIX YCTAHOBOK (OB30OP).

Y. 1. MATHUTOMETPUYECKHUE METOJAUKHN U CUCTEMbI
HA OCHOBE CTPYHBI

M3mepeHne XxapaKTepUCTUK MarHUTHBIX IOJEH CTPYKTYPHBIX MarHUTOB BJIAETCS HEOTHEMIIEMOM YacThIO IpoLecca
CO3JJaHUSI YCKOPHUTEIbHOro KoMmiuiekca. [loBblmieHne TpeOOBaHMI K mapaMeTpaM IoJied MarHUTOB YCKOpUTEJeH
BJIE€YET 3a CO00M HEOOXOMUMOCTh CO3/IaHUs NMPELU3UOHHBIX CUCTeM H3MepeHui. CTpyHHbIE METOAUKH U3MEPEHU
MarHMTHBIX TOJIel 00IaaoT PSAOM MPEUMYIIECTB 10 CPABHEHHIO C JPYTUMH TEXHHKaMH W3MepeHnil. B manHo#
paboTe TpuBEEH 0030p M3BECTHBIX MOAXOI0B K M3MEPEHUSIM MAarHUTHBIX MOJIEH, OCHOBAHHBIX HA MCIOJIb30BaHUU
CTPYHBI, U OICAaHbl IPHHIUIIBI CO3JAHNS MATHUTOMETPUUYECKUX CUCTEM JUIS IPOBEACHUS CTPYHHBIX U3MEPEHUIL.

Kniouesvie cnoea: MarHUTHBIE U3MEPEHUS, HATAHYTasl CTPYHA, YCKOPUTEIbHBIM KOMIUIEKC, METOIUKA

BBEJEHUE

IIpu npoexkTHpOBaHUMU MAarHUTOONTHUYECKON CcHC-
TEMbl YCKOPHUTCJIA Ha OCHOBC pacy€TOB AWHAMHUKHU
My4YKa ONPENENAIOTC JOIyCKH Ha Ka4eCTBO MAarHWT-
Horo moinsa [1]. IlpoBepka kadecTBa H3rOTOBICHUS
1 cOOpKM MarHuTa Ha dTare ero MpoW3BOACTBA MpPO-
BOJUTCSI MOCPEACTBOM MAarHUTHBIX W3MepeHuu. Jlis
3TOro pa3pabaThIBAIOTCS NPEHU3UOHHBIE MArHHUTO-
MmeTpuueckue cucteMmel. Hambosee pacmpocTpaHeH-
HbIMH YCTPOWCTBAMM, JIEKAIIUMU B OCHOBE CUCTEM
WU3MEPEHUI MAarHUTHBIX IOJIEH 3JIEMEHTOB YCKOPHTE-
JIeH, SABIAIOTCA NAaTYUKA XOJUIa, UHIAYKLUOHHBIE Ka-
TYWIKH U TOKOIIPOBOAAIIAS CTPYHA.

M3mepenue KapThl HOJS AATYUKOM XOJjla 4amie
BCETO IMPUMCHIACTCA IJId prr[HOMaCIHTa6HLIX mar-
HUTHBIX CUCTEM YycKopuTened. Kinaccuueckumu npu-
MEpaMH TaKHUX CHUCTCM SABJIAKOTCA MarHuTbl IUKJIO-
TPOHOB, MarHUTHBIE CEMapaTOpbl, NETEKTOPBI YACTHIL
U PA3JIMYHBIE D3JIEMEHTBI JIMHUM TPaHCIOPTUPOBKU
mydka. JlJisi u3MepeHuil KapThl MOJIs1 MATHUTOB JIETEK-
TOPOB YaCTHI] JaTYUK XOJUIa HUCHOIB3YETCsS B CBA3H
C HEOOXOJIUMOCTBIO TOYHOTO BOCCTAHOBIICHHS TPEKOB
YaCTHI[ MOCIE CTOJKHOBEHWH, UIsI 4YEro BEIHYMHA
MarHUTHOTO TIOJISI IOJDKHA OBITH ONpeJiesieHa BO BCEM
o0beMe NETEeKTOpa C BBICOKUM IIPOCTPAHCTBEHHBIM
paszpemienuemM [2]. B yCKOpUTENBHBIX MOAYJSX,
UMEIOIUX 3HAYUTEIbHbIE TabapuThl, HAIPUMED
B IIMKJIOTPOHAX, AaTYUK XoJjuia yno0eH JJis mocTpoe-
HUA MTPOCTPAHCTBCHHBIX CUCTEM I/I3MCPCHI/II>1.

YckopuTenu CHHXPOTPOHHOIO THIA, SBISSICH MO-
AYJIbHBIMHU MalllMHaAMH, COCTOAT U3 OOJIBIIIOr0 KOJIH-
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9YecTBa OTHOCHUTENIFHO MajbIX (II0 CPaBHEHHUIO C pas-
MEPOM YCKOPHTENS) IUIONBHBIX, KBaJIPYIOJIbHBIX
U MYJIBTHIIOJIBHBIX MarfuToB. TpeboBaHuMs K mapa-
METpaM MarHUTHOTO IIOJIsl JaHHBIX 3JIEMEHTOB 3aja-
I0TCS B MHTETPAIbHBIX BEIMYMHAX BJOJb HalpaBiie-
HUS JBIDKEHMs Iydka. B CBA3M c 3TUM H3MepeHue
MOJIHOM KapThl MOJSI MarHUTOB CHHXPOTPOHOB SIBIIS-
eTcsi m30bITouHOW 3amadeir. Kpome Ttoro, m3mepu-
TeJIbHBIE CHCTEMBl Ha OCHOBE JAaTUMKOB XoJjia Tpe-
OyIOT pa3paboOTKH BHICOKOTOYHOW TPEXKOOPAWHATHON
CHCTEMBbl IO3MLUOHUPOBAHUS, OXBATHIBAIOLIEH BeCh
MOJJICKANIMI U3MEPESHUSM 00beM MarHuta. B mpu-
MEHEHUH K CBEPXIPOBOASAIIMM MarHuTaMm C Majoi
anepTypol KOHCTPYHUPOBAHHUE TAKOM CUCTEMBI IEpe-
MEIICHHUA CTAaHOBUTCS YpPE3BBIYAMHO CIOKHOM U He-
1IeIeco00pa3HOl 3a1aueii.

[Hupokoe pacnpocTpaHeHHE NPU U3MEPEHUSX I10-
Jiell MarHuTOB CHHXPOTPOHOB MOJYYHJIM CHCTEMBI
Ha OCHOBE MHIYKIIMOHHBIX Karymiek [3, 4]. [dauuas
CUCTeMa IIpe/ICTaBIIeT cOo00M HabOp TOKOMPOBOIS-
mux OOMOTOK, BpalllaeMbIX Kak Ieloe B amepType
MarsuTa. Bpaiienue nmpoBosiux BUTKOB B OCTOSH-
HOM MarHMTHOM IoJjie MHaynupyer Ha Hux D/C, un-
TErpupys KOTOPYIO ONpPENeIIIOT 3aBUCHUMOCTb Mar-
HUTHOT'O MOTOKa OT yIJIa OBOPOTa BUTKOB KaTYIIKH.
MarHuTHOe TIoJIe BHYTpH 00beMa MarHuTa B MPero-
JIOKEHUH HEM3MEHHOCTH PACHpeAeiIeHus] BIOJIb IPO-
JIOJIBHOM OCH MOXKET OBITh pa3fioxkeHo B psan Dypbe
U NpPEACTABICHO B BHIE CYMM COOTBETCTBYIOIIHX
rapmonuk [3]. Jns w3MepeHus BBICHIUX TapMOHUK
T0JIs1, aMILTHTY/Ia KOTOPBIX HAXOAUTCA Ha ypoBHe 10~
[0 OTHOLIEHUIO K OCHOBHOW KOMIIOHEHTE MOJIs, MpH-
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MeHsieTcsl 0cobasi cxeMa COeMHEHHS M3MEPHUTEIbHBIX
KaTylleK, IO03BOJIIONIAs MOJABUTh BKJIAJ OCHOBHOM
KOMITOHEHTHI TTOJIS [4].

KOHCprKHI/Iﬂ MAarouToMeTpa Ha OCHOBC MHAYKIIH-
OHHBIX KaTylleK B OOJIBIIMHCTBE CIy4aeB MPEICTaB-
nsieT coOoi UMIMHAPUYECKUH Ball ¢ PacloOKEeHHBI-
MU Ha HeM (WIH B HEM) KaTymkamH. Takoil croco®
CO3JaHusd MAarHuToMETpa IMpHU HCIIOJIb30BAHUU CIIC-
LUATU3UPOBAHHBIX MAaTEPHAJIOB IIO3BOJISIET IIpPHUMe-
HATb MAarHUTOMETPUUYECKYIO CUCTEMY JUIS U3MEPEHUN
napaMeTpoB MArHUTHOI'O IIOJId CBCPXIPOBOAAIMINX
MarHuTOB B KPUOTEHHBIX pabounx ycinoBusx. B 3aBu-
CHUMOCTHU OT TPeOOBaHUHM K TOYHOCTH M3MEPHUTENBHON
CHCTEMBbl KaTYIIKM MOIYT H3TOTaBIMBAaTHCS ITyTEM
HaAMOTKH, a TaKK€ B BHUJC OHHOCHOﬁHBIX nin MHOI'O-
CIOMHBIX TedaTHBIX Iiar. (COopka MarHHUTOMETpa
OCYIIECTBIISIETCS C MCIIOIb30BaHUEM KOOPAWHATHO-
n3MmeputenbHblx MamH (KMM) ¢ 1enbio CHIDKEHUS
omKnOOK MO3MLMOHMpPOBaHUs Karymek. [losropse-
MOCTh PE3YJIbTaTOB M3MEPEHUN MOMKET JOCTHUraTh
10°, onmmako aGCOMOTHAS TOYHOCTH W3MEPEHHil
OTIpeaeNsieTCsl OMIMOKaMH M3TOTOBJICHUSI U TO3UIINO-
HUpoBaHUs Karymiek. [Ipum oOpab®oTke pe3ynbTaToB
I/ISMCpeHI/Iﬁ MMPpOU3BOJUTCA HOPMHPOBKA JAaHHBIX
Ha "KOX(QUIMEHT YyBCTBUTEIHHOCTH'" KaTYIIKH, 3a-
BHCSIINHA OT €€ TeOMEeTpUIecKux pazMepos [3]. Takum
06pa30M, TUIMMUYHAsA OTHOCHUTECJIbHAsA TOYHOCTHL OIpeC-
neneHns a0COIOTHBIX MapaMeTPOB MarHUTHOTO OIS
METOAOM WHAYKIIUOHHBIX KaTyuICK HaxXoauTcCs
Ha yposHe 107, J{yis NOBBIIECHNS TOYHOCTH TpeOyeT-
Csl IONIOJTHUTEIIbHAsI KAIMOPOBKA KaTyIIeK [5].

[ns w3MmepeHud mapaMeTpOB MarHUTHOIO MOJS
3JIEMEHTOB YCKOPUTEJIEH IPU IOMOLIM CTPYHBI IpH-
MEHSIOTCSI HECKOJIBKO TEXHUK M3MepeHuil. Meroauku
OCHOBaHBI Ha WCIOIB30BAaHWW BHOpHpyromen [6—8],
HaTsHyTOH [9] m mynbscupyromen crpynsl [10]. dan-
HBIE CIIOCOOBI M3MEPEHUH Pa3INYatOTCs 0 MPUHLUITY
MOCTPOCHUsI Tpouecca u3MepeHuid. OCHOBHBIMU
MPENMYIIECTBAMH HCIIOIb30BAaHUS CTPYHBI IIPH U3Me-
PEHUU MarHuTOB YCKOPUTENEH SBISIOTCA YHUBED-
CaJIbHOCTb MaI‘HI/ITOMCTpI/I‘IeCKOI\/'I CUCTCMbI, IIpUMC-
HUMOCTb JJIsl MATHUTOB C MQJIBIMU anlepTypaMu U I10-
TCHIOUAJIBbHO BBICOKAasA TOYHOCTH H3MCpCHHI>i Inpu
MPOBEJICHNH HEOOXOMUMBIX KaITHOPOBOK H3MEpH-
TENBHOW CHUCTEMBI Ha dTalle BBOJA B JKCIUTyaTalHIo
[11]. Hcmomp3oBaHuEe TMOAOOHBIX HW3MEPUTEIHHBIX
CUCTCM [JIA CBCPXNPOBOAANINX MArHUTOB OT'paHUYU-
BaeTcs HEOOXOANMOCTHIO YCTAHOBKM aHTHKPHOCTATa
B amepTypy MarHuTta, 4ro SIBJSETCS HETPUBHAIBHOM
3a/lauell B CIly4ae MarHUTOB C MAJION allepTypou.

B nanHOI1 paboTe caemnaHa MOMBITKA CHCTEMAaTH3H-
poBaTh MaTepHall, Kacarolluiics CYHIeCTBYIOIINX TeX-
HUK M CHUCTEM H3MEPEHHI MAarHUTHBIX TOJEN Ha Oc-
HOBC CTPYHBI. OCHOBHOE BHHMaHHE YACJICHO MpPHUH-
LUIIaM HOCTPOECHUS MAarHUTOMETPUYECKUX CHCTEM,
peanu3yoUmx CTPyHHbIE METOAUKH U3MEPEHUH, IIPo-
IIECCY TMPOBEICHUS W3MEPEHUH U 00pabOTKe IMOJTy-

YaeMbIX JaHHBIX, @ TAaK)Ke OLIEHKE TOYHOCTU IPOBO-
TUMBIX n3Mepernid. [logpoOHO omrcaHbI AeTanu mpo-
LECCOB BBOJAA B JKCIUTYyaTallMl0 CHCTEM MAarHUTHBIX
U3MEPEHHUN U NIPOBEACHMS U3MEPEHUN C yYETOM OIIbI-
Ta MPUMEHEHUS TOAOOHBIX CHUCTEM Ul MarHUTOB ycC-
KopurenbHoro komriekca NICA.

1. CTPYHHBIE METO/IKH U3MEPEHUI

1.1. Memoouxka subpupyroueti cmpyHuol
IpuHuun geicTBus

JlaHHBIN cIOCO0 M3MEpPEHUIT OCHOBAH Ha JICTCKTH-
poBaHUU JeWcTBUSI cwibl JIOpeHIa, BO3HUKAIOLIEH
MpHU MPONYCKaHWN MEPEMEHHOI0 TOKa MO CTpYyHE, Ha-
TAHYTON B MOCTOSTHHOM ITOJIE U3MEPSIEMOT0 MarHuTa.
B cTpyHe BO3HHMKAIOT MeXaHMYECKHE KOJIeOaHus, aM-
IUIUTYyla KOTOPBIX NMPONOPUHOHAIBEHA HHTETPAIBHON
BEJIMYMHE MAarHUTHOro moisi. BeiOop uyacToTsl TOKa,
ONMU3KOM K OJTHOW M3 PE30HAHCHBIX YacTOT COOCTBEH-
HBIX KOJIEOAHUH CTPYHbI, IO3BOJIET 3HAYUTEIILHO
MOBBICUTH YYyBCTBUTCIIBHOCTH MCTOA.

Io0:keHNEe MATHUTHOM OCH

Konebanust crpyHbl onmceiBaloTcsl TuddepeHiu-
aITbHBIM ypaBHEHUEM

—TT—y5+I(t)B(z), (1)

rae m,— IOrOHHAs Macca CTPyHbI, 7 — CHiIa HaTA-
XKEHUS CTPYHBI, ¥ — KOI(PHUIHUEHT AeMIpUPOBaHUS,

it o
1 (t) =/, € — mepeMeHHBIii TOK B CTPYHE € 4acTo-

Tof w=27f u B(z) —monepeuHoe MarHuTHOE

mnore.

T[IpuHEEMas BO BHUMAHHUE TIPOBHCAHNE CTPYHEI TIO]
JIEACTBUEM TPABUTAI[MM U IPAHUYHbBIE YCIIOBUS ypaB-
nerms (1) x(0,¢/)=x(L,,0)=0 (L, — mmna crpy-
HbI) B JIOMYLICHAM NPEHEOPEKUMO MAJION BETHYUHBI
TIONI M3MEPAEMOr0 MAarHWTa B OONACTAX HA Kpasx
CTPYHBI, PEIIEHUS, ONMCHIBAIOIIIE KOJIEOAHUS CTPYHBI
B BEPTHKAJIHLHOM M TOPH30HTANLHOM HAIPABJICHHSAX,
MMEIOT B

1. B .| nrz /4
vy (z,0) =—"="sin cos| @, t—— |,
b L L)
ml a)n a ‘W
I 2
, 0 . (nmz T
x;“(z,t); ™ sin cos| @, t+— |,
ml a)n a w 2
rIe y;e“'(z,t) u x;e‘“(z,t) — aMIUTUTYIbI KOJieOaHUi

B BCPTUKAJIBHOM W TOPU30OHTAJIBbHOM HAIIPaBJICHUAX
COOTBCTCTBCHHO, 10 —  AaMIUIMTYJHOC 3Ha4YCHUC
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Puc. 1. 3aBUCHMOCTD aMIUIATYIBl KOJEOAHWUH OT mepe-
MeIIeHUs CTPYHSHI [7].
Z+ — JKCIEpUMEHTANIbHbIE TOUKU

IIEPEMEHHOI0 TOKA B CTpyHe; B u B,

— TOpPHU30H-

TaJIbHBIC W BCPTUKAJIIBHBIC TapMOHHWYECKHUE KOMIIO-
HCHTbI MArHUTHOT'O IIOJIA IIOpsAAKa n; @, — HIHUKIH-

YyecKasi 4acToTa KoleOaHWid CTPYHBI (7 — TOPSAOK
KpaTHOCTH COOCTBEHHOW HYacToTe KoiebaHWi), o —
KOA(PQUIIUCHT, 3aBUCSIIUNA OT CTENCHU 3aTyXaHUus
aMIUTUTYbl KOJNEOAaHUH CTPYyHBI; z — HPONOJIbHAS
KoopauHarta [12].

W3 ypaBuenuit (2) MOXHO CAeNaTh BBIBOA, YTO TPH
MNEPEMCIHICHNU CTPYHBI U3BMCHACTCA TOJILKO BEJIIMYMHA
MarHUTHOTO TIOJI, WHTErPAJIBHO BO3JEHCTBYIOLIAS
Ha cTpyHy. Takum 00pa3oM, U3MEpPEHHE IOJIOKEHHS
MarHuTHON OCH B CJIydyac KBaJApPYIOJIbHOI'O MarHura
CBOAUTCS K JABW)KCHHMIO CTPYHBI IO JIMHEHMHOW Tpaek-
TOPUU B alepType MarHuTa U OINpPEJIENEeHUIO TI0J0XKe-
HHSI, COOTBETCTBYIOLIET0O MUHUMYMY aMIUIUTYZABI KO-
neCaHui.

3aBUCUMOCTb BEJIMYMHBI MAarHUTHOI'O MOJIS OT pa-
Auyca B KBaJApPYIOJIbHOM MAarHuTe SBJIACTCA JIMHEH-
HOW € XOpOIIeH CTEeNeHbI0 TOUHOCTH. DTO MO3BOJIIET
IPOBOJUTH U3MEPEHUS B OTHOCUTEIHLHO MAJIOM KOJIU-
YECTBC TOYCK U 3aTCM alIlIPOKCUMHUPOBATH MOJIYUCH-
HBIE 3aBUCUMOCTH JHHEWHOW ¢yHkmmend. Ha puc. 1
MpeACTaBJICHBI SKCICPUMEHTAJILHO M3MEPCHHBLIC TOY-
KW, X anmpoKCUMaIws InHeiHOH (QyHKInel u Touka
MepeceueHnsi ¢ OChI0 a0CIUCC C yKa3aHWeM TOYHOCTH
AIIMnpoKCUMaluu. 9KCHCpI/IMCHTaHBHO HU3MEPCHHBIC
TOYKH YKa3bIBaIOTCS C Y4eTOM 3Haka (as3bl Mexzry
NEpPEMEHHBIM TOKOM B CTPYHE W KOJICOaHUSIMH CTpY-
Hbl. JlanHas Qasza Haxomurcs B mpenenax ot —m /2
1o 7 /2. be3 yuera (a3pl H3MEpEHHbIC 3HAUYCHHUS Ha-
XOISITCSA B MOJIOXKUTEILHOM 00JIaCTH 3HAYEHUM, U all-
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MPOKCUMALIUST TPOU3BOANUTCS (PyHKIMEH y=|x
YCIIOKHSIET BBIYMCICHUS.

, 4TO

IIponosbHbIil po¢uIb MATHUTHOTO MOJISI

MeTtoauka BUOPUPYIOMIEH CTPYHBI TO3BOJISET W3-
MEPATH IPOAOJIBHOE pacHpeneIeHne MarHUTHOIO I10-
151 BIosb cTpyHHI [8]. IIpotieaypa naMepeHnuii 3aKiro-
4acTCd B OHNPCACICHUN aMIIIUTYAHO-4aCTOTHBIX 3a-
BHCUMOCTEH KOJIE0aHWI CTPYHBI B OKPECTHOCTSIX
TapMOHHUK COOCTBEHHOW pe30HaHCHOH 4acToTel. [Ipu
3TOM KOHIIBI CTPYHBI JOJDKHBI OBITH PacIIONOKEHBI
Ha AOCTATOYHOM YyAaJICHUM OT MarHuTa B O6JIEICT$IX,
A€ BCJIMYHMHA MAarHuTHOI'O ITIOJIA HpCHC6pe)KI/IMO Ma-
ma. B 3TOM cirydae IpomoNbHOE pacrpenelleHue Mar-
HUTHOTI'O IIOJIA MMECT HYJICBBIC I'PDAHUYHBIC YCJIOBUA,
KaK U pacHpenieieHue aMIUIUTYAbl KojeOaHul cTpy-
HBbI. I/ICXOILSI HU3 3TOro, pacnupeacjiCcHue MarHuTHOI'O
MOJISl U aMIUINTYZABI KOJNEeOaHUiM CTPYyHBI MOTYT OBITH
NpeaACTaBJICHbBI B BHUJAC CUHYCOMJAJILHBIX TapMOHUK
pasnoxenus Oypne

;Un (a)z - a)j + iya))sin(%zj =

_ZIOB,I il 71
= o S I zZ|. (3)

1
CpaBHHB TIpaByIO | JIEBYIO YacTH ypaBHeHUS (3),
OIIpeJeNIUM COOTHOIICHHE MEeXIy KodhduiueHTamu
U, n B, . lloactaBus ero B o0Iee pelieHue ypaBHe-
Hus (1), momyyaem

B, sin(mzj
A=Yt e @

P (a)2 -’ +i;/a))

3a7a4a BOCCTAHOBJIEHUS IPOIOJIBHOTO pacmperie-
JIeHUsI TIOJISL BJOJIb CTPYHBI 3aKIIIOUAECTCs B OMpe/ere-
HUU BENWYUHBl KOX(POUIIMEHTOB pPA3I0XKEHUS Mar-
HHUTHOTO T1OJ B, Tpu M3MEPEeHHH aMILUTUTYIbI KOJe-
0aHni CTpYHBI B (DUKCHUPOBAHHOW TOYKE C KOOPIMHA-
TOH z,.

AMIUIATY/IHO-9aCTOTHAs XapaKTePHCTHKA B OKpe-
CTHOCTSIX Ka)XJOW W3 TapMOHHUK PE30HAHCHOW 4YacTo-
THI COOCTBEHHBIX KOJIEOaHUH CTPYHBI (PHUC. 2) OMHCHI-
BAETCS CIEAYIONIMM YpaBHEHUEM:

a

I (0)= - , (5)
b -’ 4 c,m ’
JE =) ()

b,, ¢, — cBoboxnnsle napamerpsl. Koaddu-

n? n

raoc a

n?

IUEHT a, CBsA3aH ¢ Kod(duimeHTaMu pa3IoKeHUs
MarHMTHOTO MoJis B, COOTHOLIEHHEM
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Puc. 2. DkcnepuMeHTanbHbIE JaHHbIE M pe3yibTaT am-
MIPOKCUMALIUU aMIUTUTYTHO-4aCTOTHON XapaKTePUCTUKH.

2
B =a ! iy (6)

o (7‘[1’1 j I(f
sin| —z,
L

Koadduuuent b, paBeH rapMOHUKE PE30HAHCHOU
4acTOTBI ~ COOCTBEHHBIX  KOJE€OaHMH  CTPYHBI,
¢, =a/m,. 3Hak kodddunuenra a, ompenensercs
caBurom (a3 MexIy KoneOaHUSMH CTPYHBI U Tiepe-
MEHHBIM TOKOM B CTPYHE Ha 4acTOTE PEe30HAHCA.

ATNTIpPOKCUMUPYSI  OKCIIEPUMEHTAJbHBIC JIaHHBIE
MMOIMHOMHUHANBHON  (yHKIMEH (5), ompenensrorcs
KO3 (UITUEHTHl pa3loKeHnss MarHUTHOTO Tojs. 3a-
TEM C Y4eTOM MOJyYeHHBIX K03(pPHIIMEeHTOB BOCCTa-
HaBIIMBACTCS NMPOQHIb MPOJOIBEHOTO PACIpeIeNICHNS]
MarHMTHOTO TOJIS BJIOJb CTPYHBI (puc. 3):

B(z)zZBn sin[%zj . (7

Ocunaaupyiomasi CTpyHa

OpmHOlt W3 BapWalMii TEXHUKA BHOPHPYIOIIEH
CTPYHBI SIBISIETCS METOJ OCLWIUIUPYIOIIEH CTPYHBL.
I'maBHBIM OTJIMYMEM SIBIAETCS BBIOOP YACTOTHI TOKa
B CTpyHE Ha yJaJleHuH OT 00jacTH pe3oHaHca. B oc-
HOBE JaHHOI'O METOAA JISKUT MPOLECC H3MEPEeHHUH
3aBUCHUMOCTH aMIUIUTYAbl KojeOaHWH CTPyHBI OT ee
MOJIOKCHUA B alCpTypC MarHuTta HOpu ABUKCHHUU
10 ONPEIECICHHON TpaeKTopuu. JJig U3MEpeHU HHTe-
TpalbHBIX TAapMOHHMK MAarHUTHOTO TIONA HauOolee
4acTO MPUMEHSETCA KPYroBas TPAaeKTOPHsI ABHKEHUS.
JIBrKeHue 10 OKPYKHOCTH IIO3BOJISIET YIIPOCTUTH
MOCIIEAYIONTYI0 00pabOTKy AaHHBIX. AMIUTUTYIBI KO-
nebaHuii CTPYHBI B TOPU3OHTAIBHON U BEPTHUKAIBLHON
IJIOCKOCTAX HPOMNMOPLHUOHAIBHBI BCIWMYHUHE HHTC-
TPAIBHOIO  MAarHUTHOTO  HOJS,  JICHCTBYIOLIETO

----Reference
—Reconstructed

0.005~

0

i m
0.4 0.5 0.6

-0.005 i
0 0.1 0.2 0.3

Puc. 3. Pesynbrar monmenupoBanus (Reference) u Boc-
cranoBienus: (Reconstructed) mpomoneHOro mpodust
noJist o u3MepenusaM 20 rapmonuk [14].

Puc. 4. Tpaexropus nepeMemeHust CTpyHsl 2 PH U3Me-
PEHMAX M0JI KBAaJPYMOJIBHOTO MaruuTa 1.

Ha CTPYHY OPTOTOHAJIBHO K IUNIOCKOCTH KOJICOaHHIA:

dx ((Dk) = Sign(l//x,k _%j KszBx ((Dk )dZ,
N ®)
d, (¢, ) =sign (l//yﬂk _Ej KijBy (p)dz,

rae k., K, — K09(QQHUIMEHTBI MPONOPUMOHAIEHOCTH

X

MEXTy MarHUTHBIM TIOJIEM M aMILTUTY IO KOJIeOaHUiA;
W,i» W, — DPasHOCTb (ha3 MEXIy TOKOM B CTpyHE

n KojebaHWAMHU CTpyHBl. B ciydae, ecnu 3aBucu-
MOCTh aMIUIUTY]IbI KOJNEOaHUIl CTPYHBI U3MepsieTcs B
K TouKax, ONKCHIBAIOIINX OKPY>KHOCTh B IIOIIEPEUHOM
ceueHHH MarHuTa (cM. puc. 4), MOTy4YeHHBIC 3aBUCH-
MOCTH MOTYT OBITh pa3fioxeHbl B psii Dypbe Uis BbI-
YHCJICHUS! TAPMOHMYECKUX COCTABISIOIINX MAarHUTHO-
IO IOJ:

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 4
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K-1

A = EZdy (¢, )sin(ng,),
©)

2.4, (¢ )cos(np,)

2
n K port

100

2 K-1
4, == d (o) cos(np ).
k=0 (9a)

28 .
B, =—>d (¢,)sin(ng,).

n
K

3HavyeHus] paguaibHbIX FApMOHUK, ONPECIICHHbIC
HE3aBUCHMO B 00€UX IIOCKOCTSX, JOJDKHBI COBIIA-
nate. TakuM 00pa3oM, JOCTaTOYHO IMPOBECTH U3Me-
peHre B OJHOM U3 MONEPEYHBIX HalpaBiIeHUH KoJe-
Oanuii. PesynmpTaThl M3MepeHHd B OPTOTOHAJIBHOM
IUIOCKOCTH MOTYT HMCIIOJIb30BAThCS AJISl JOTIOIHUTEIb-
HOT'O KOHTPOJIA.

Jns BerawcneHust aOCOMOTHBIX 3HAYEHUH TapMo-
HUK TI0JI1 IPOBOAMTCS MpOleaypa KaTuOPOBKU U OTI-
PENeNIIOTCS BENUYMHBI KO3(PPHUIIMEHTOB MPOTIOPIIHO-

HaJIBHOCTH K, K,. be3 KaiuOpoBKH BO3MOXKHO OII-
peleNuTh TOJIBKO OTHOCHUTEJIbHbIE TAPMOHUKH — OT-
HOILIEHNE TapMOHMKH MOPSAKA BBIIIIE OCHOBHOW K OC-
HOBHOU rapMOHHMKE MOJIS

A B

n n

a,., = b, = .
n+l > n+l
BN BN

(10)

Wunexc n+1 ucnonp3yercs s nepexoja Ot I10-
MEPEeYHBIX KOMITIOHEHT MO K paguanbHbM [13].

1.2. Memoouka Hamsauymotu cmpyHbl
IMpunoun gelcreus

Mertoauka HaTAHYTOW CTPYHBI 3aKJIIOYAETCS B U3-
mepennu DJ1C, HaBozsMIeHCs B CTpYHE, JBIKYIIEHCS
KaK 1IeJ0€ B IIOCTOSIHHOM MAarHMTHOM IIOJIe, WJIH
B HENOJBW)XKHOU CTPyHE, HaXOIALIEHCS B HMILYJIbC-
HoM mosie. DJIC B cTpyHE BO3HHKAET BCIEACTBHE U3-
MEHEHHUSI BEJIMYMHBI BEKTOPHOI'O IIOTEHLMajla Mar-
HUTHOTO TOJs, HamlpaBiIeHHEe KOTOPOro COBIAJaeT
co crpyHoit. Uarerpupysa D/1C mo Bpemenwu, ompemae-
JSIFOT BEIMYMHY BEKTOPHOTO MOTEHIMANIA.

Metoa HaTSHYTOH CTPYHBI IMO3BOJISIET H3MEPSTh
MOJIOKEHNE MAarHUTHOH OCH, yrojl CKpyYMBaHUS Mar-
HUTHOTO ToJis (roll angle) KBaIpymoONBHOTO MarHuTa
[14], wHTErpanpHYI0 BEIMYHMHY MArHUTHOTO TIOJS
Y MHTErpajibHbIe TAPMOHHKH.

H3mepeHnne rapMOHHMK B IOCTOSIHHOM I10JI€

IIpu paBHOMEpPHOM JBHXKEHUU CTPYHBI MO KPYro-
BOIl TpaeKTOpPHH WHTErpai MO BPEMEHU OT W3MEpEeH-
Horo curHana DJ[C Moxker OBITh NIPEJCTABICH Kak

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 4

3aBHCHMOCTh OT KOOPAWHATHI CTPYHBI. Eciau paccmart-
pHUBaTh MOJISIPHYIO CHCTEMY KOOPIMHAT, LIEHTP KOTO-
poil coBmazaer ¢ UEHTPOM OKPYXHOCTH H3MEPEHHIA,
uHTerpan ot JJIC MoxeT OBbITh MPENCTaBICH B 3aBU-
CHUMOCTH OT yIJla IOBOPOTA CTPYHBI, KaK

n

1(60)= i(an cos(6)+b,sin(6)) I,

n=1 7"0

(11

rae O — yron moBopoTa TOUKH U3MEPEHHI HA OKPYK-
HOCTH; a,, b, — rapMOHHUKH BEKTOPHOIO NOTEHIIUA-

n
7Ta; r — paguyc OKPYXKHOCTU H3MEPEHHH; 7, —
pedepeHcHBI paanyc (paanyc TPUBEACHHUS TapMO-
HUK). ['apMOHUKH BEKTOPHOTO NMOTEHIIMANa U MarHUT-
HOTO TOJISL CBSI3aHBl MEXIy CO00H cleqyroIuMu co-

OTHOIICHUAMMU

4 19, B - -nb,
To To

(12)

BenmuunHEl BBICIIMX TapMOHHMK, Kak IIPABHIIO,
MMEIOT aMIUTHTYy Ha ypoBHe 10" 0T ocHOBHOII rap-
MOHHMKH. [IOBBIIEHNE TOYHOCTH MU3MEPEHUN BBICIINX
TapMOHMK OCYIIECTBIISIETCS MPH MOMOUIM KOMIIEHCa-
LUK OCHOBHOM KOMIIOHEHTHI 1ojisi. OJHUM U3 CIIOCO-
O0OB KOMIICHCAIIMM SIBIISIETCS JIBUKEHUE CTPYHBI
M0 CHEeNUabHO TOA0MpaeMON TPaeKTOpPHH  (CM.
puc. 5) [9].

st KOMIIEHCAallUW MYJIBTUIIOJIBHONM KOMIIOHEHTBI
N-mopsiika CTpyHa MOIIAroBO MEPEMENAeTCsl B Kak-
IOyI0 U3 M TO4YeK M3MEPEHHM, MPEACTABIIAIOIUX CO-
0Ol OKpPYXKHOCTh paguyca r. B kaxmoil Touke n3mMe-
pEHUll CTpyHa CMEUIAETCs MO JUHEHHOU TPAeKTOPHH.
Yron Mexay TOpPH3OHTANbl0 M JIMHHEW CMeIIeHHs
CTPYHBI OIIPENENsIEeTCs B KaX 101 TOUKe, KaKk

Puc. 5. Tpaexropus IBUXKEHHS CTPYHbI
IIpU KOMIIEHCAIlUM BKJaJa MYJIbTUIIONb-
HOM KOMIIOHEHTHI.
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, (13)

0,=—(N-1)a, +(pN—% ,

rae o, — Yroll OyTH OKPYKHOCTH KaXmol w3 M
TOYEK, ¢, — HauaibHas (as3a rapMoHHUKH. [l KOM-

MEeHCalUK cpa3y HECKOIBKHX TapMOHUK H3MEpEHUs
HOpoBOMATCA HA JABYX paamycax. Ilpm cmermenun
CTPYHBLI B Ka)KI[OfI N3 TOUYCK HU3BMCPACTCA HHTCIrpall
HaBegenHoit OJIC. 3aTteM mo W3MEpPEeHHOH YTIIOBOM
3aBUCUMOCTH HHTErpaja BEKTOPHOTO IMOTEHIUAaa
OTIPEIETISIOTCS TAPMOHUKH TTOJIST 0OpaTHBIM Mpeodpa-
30BaHMEM BoipaxeHus (11).

H3mepeHue rapMOHHMK B UMITYJIbCHOM I10JI€

[Ipy u3MepeHnsax MajbIX MOCTOSHHBIX MarHUTHBIX
MoJiel COOTHOIIEHHWE CUTHAI/IIYM MOXET OBITh He-
JOCTaTOYHBIM ISl IPOBEACHUS U3MEPEHHI ¢ HE0OXO-
JIMMOW TOYHOCTBHIO. B 3TOM cllyyae OHUM U3 CIIOCO-
0OB IOBBIILIEHHS YyBCTBUTEILHOCTH METOJA SIBIISIETCS
HU3MCPCHUE B UMITYJIbCHOM MAarHMTHOM II0JIE C BBICO-
KOW CKOPOCTBIO HAPACTaHUSI.

CrpyHa OBMKETCS 110 KPYyroBOH TPaeKTOpHUH, pas-
ouroii Ha N Touek (puc. 6). B xaxzaoit Touke moio-
JKEHHE CTPYHBI (PUKCHpYyeTcs W B OOMOTKY MarHHUTa
nmonaercss uMirynbe Toka. Curnan DJ[C, HaBeneHHOM
Ha CTPYHY, HHTETPUPYETCSA U ONPEAEIACTCS 3HAUCHHUE
WHTErpana, COOTBETCTBYIOIIEE 3apaHee OIpeleseH-
HOMY 3Ha4YCeHHUIO TOKa. M3 pacnpeseneHus MHTETrpaia
OJIC mo yriy (koopawWHaTe) MPOU3BOIUTCS pacyeT
rapMOHUK 1oJist 1o popmynam (11) u (12).

1.3. Memoouxka nynscupyroueti cmpyHul

Janupiii Meton HauboJiee HMIUPOKO MPUMEHSICTCS
pU U3MEPEHUSIX MArHUTHBIX IOJIEM BCTaBHBIX YCT-
POMCTB HCTOYHUKOB CHUHXPOTPOHHOTO H3Iy4YCHHS,

~ I e \\ 1
/ g 7y A //'/

P / N
N P

S

N
— o v A
> -
v _—
7z

OO

S\(
NN

Puc. 6. Tpaexropusi IBMXKEHUS CTPYHBI IIPU U3MEPEHUSAX
B UMITYJIbCHOM TIOJIE.

| — wmMmysnbec TOKa B OOMOTKE MarHura, 2 — CHTHAl
O/C, HaBonsLIEHCS B CTpYHE

TAKUX KaK BUTTJIEPHI U OHAYJSATOphL. CTpyHa MpOTS-
TUBaeTCsS CKBO3b amepTypy MarHUTa C TOCTOSHHBIM
monreM. [Ipu mojade Ha cTpyHY KOPOTKOTO MMITYJIbCa
BBICOKOT'O HAIIPSDKEHUS B CTPYHE 00pasyeTcst 001acTh
JIOKAJIbHOTO ~ BO3MYIICHHUS, PaclpOCTPaHSIONIAsCs
K KOHIIaM CTPYHBI. BONM31 0THOTO U3 KOHIIOB CTPYHBI
pacmosaraeTcsi ONTHYECKHH HAaT4UK, PErHCTPUPYIO-
mmii - GopMmy pacnpocTpanstomieiics BoyiHbl  [10].
Ha ocHoBe naHHBIX W3MEPEHHI OINpPEAENAIOTCS Hep-
BbII U BTOPOI UHTErPaJIbl MATHUTHOT'O TOJIS.
[lomepeynoe cMmelieHre CTPYHBI OMHCHIBACTCS
ypaBHEHUEM
EY 0'x . ?*x 1 &x  B(z)I(1) (14)
—_—_ —_— =,
T oz o v or T
rne £ — mMomynp ympyroctd, Y — MOMEHT HHEp-
uuu, (t) — 3aBUCHMOCTH TOKa B CTPYHE OT BpeMe-

HH, B(Z) — BCJIMYMHA MONEPCUYHOro I0Jid B TOYKE

z, T — cwuia HaTshKeHus: cTpyHbl. CKOpocTh pac-
MIPOCTPAaHEHUSI BOJHBI B CTPyHE ONIpeNeNsercs, Kak

v=_|T/ .
ml
B cnydyae mMmynbca TOKa Mallod JIMTENBHOCTH
3aBHCHMOCTh CMEIIIEHUSI CTPYHBI OT BpEMEHHU B MECTe

PacCIioJIOKCHUA ONTUYCCKOI'0 JaTUMKa OIHNCbIBACTCA
COOTHOLICHUEM

I, At v
x(t)=—-=2 B(z)dz, (15
()=, 1.B() )
riue ]O — aMIUINTyJla UMITyJIbCca TOKa, At — -

TENBHOCTh MMITyJbca. Takum o0pa3oM H3MepseTcs
[IEPBbII UHTErPaJl MArHUTHOTO I1OJIS.

I[ToMuMo mepBOro HWHTErpajga IOJis, BaKHOU Xa-
PAKTEpUCTUKON BUTTIIEPOB U OHIAYJSATOPOB SIBISETCS
BTOpOHM uHTErpan mnojs. OH U3MeEpAeTCcs IpH Mojaye
WMITyJIbca TOKa 00 JblIed JuTenpbHOCTH CBS3b BTO-
poOro MHTErpajla MarHuTHOro Iojd u (I)OpMI)I OTKIJIO-
HEHMS CTPYHBI OITUCBIBACTCS YPABHEHHEM

x(t) =~ [z [ B () du

2
2myv

(16)

Ha Tto4yHOCTP HpPOBOAMMBIX H3MEPEHUH BIUSIOT
KaK BHYTpEHHHE (XapaKTEepUCTHKH MaTepHuaja CTpy-
HBI, JUCIEPCUS] U3-3a JKECTKOCTH CTPYHbI, IPOBHCA-
HUC CTPYHBI, HCTOYHOCTU U3TOTOBJICHHUA CprHI)I), TakK
1 BHemHUe (hakTopbl (BUOpaIiy, IBIKEHHE BO3AYXa,
GIIyKTyaluM ONTHYECKMX KOMIIOHEHT). MUHHMU3a-
UA HETAaTUBHOTO BJIMAHUSA BCCX BLINICYKA3aHHBIX UC-
TOYHHMKOB IIOMEX IPOW3BOAUTCS Ha 3Tamax pa3padot-
KM W BBOJa B 3KCILTyaTallUIO MaFHHTOMeTpH‘IeCKOf/'I
CHCTEMBI.

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 4
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3000 mm

1450 mm

Puc. 7. Cxema MarHUTOMETPHUECKON CHCTEMBI KBaJPyNOJILHBIX MarHUTOB Koynaiaepa NICA.
1 — cTpyHa; 2 — Mar"ur; 3 — CTOWKH MOJAJEP>KKH OCHOBHBIX Y3JIOB CUCTEMBI; 4 — CUCTEMaA IepeMelle-
HUSI CTPYHBI; 5 — CHCTEMa HATSDKCHHMS CTPYHBI; 6 — CHCTEeMa PEerHcTpanuy KojieOaHui

2. IPUHLMAIIBI CO3JAHUS U SKCIUTY ATALIUN
MATHUTOMETPUYECKNX CUCTEM HA OCHOBE
CTPYHBI

2.1. OcHosHble cucmembl MACHUMOMEMPULECKO20
cmeHnoa

BBoaHoe 3aMeuaHue

Omnucanue MPUHIUIIOB CO3JaHUA W SKCIUTyaTalluu
CTPYHHBIX CHCTEM H3MEpPEHHMH INPUBOAUTCS HA NPH-
Mepe CHUCTeMbl HM3MEPEHHWil, pa3pabOTaHHOM M JKC-
mryatupyemoit B JIOBD OUSUN mpu mpomsBojicTse
MarHuToB yckopurenbHoro komrmiekca NICA. He-
IMMOJIb30BAHHBIC MOAXOABI ABJIAIOTCSA YHUBCPCAJIbHBIMU
U MOTYT OBITh IPUMEHEHBI K OOJIBIINHCTBY CO3/1aBae-
MBIX YCTAHOBOK JAaHHOT'O THUIIA.

V3e mogaepKK CTPYHBbI

Cxema MarHATOMETPHUYECKOH cucteMbl (0e3 cuc-
TEeMbI COOpa CUTHAJIOB W YIPAaBJICHUsI) MPEACTABICHA
Ha puc. 7. VI3MepsieMblil MarHuT YCTaHaBIMBAETCA
MCKAY ABYMS CTOMKaAMU C OCHOBHBIMH y3J1aMu CHUC-
Tembl. CTpyHa HPOTATMBAETCS CKBO3b alepTypy Mar-
HUTA U 3aKPCIIACTCA C ABYX CTOPOH Ha CIICHIUAJIbHBIX
y3/1ax TOAJEPKKH CTpyHbl. KOHCTpYKLuMSI OaHHBIX
Y3JIOB IOJKHA 00ECIIeYMBaTh 3JIEKTPUUECKYIO H30IIs-
U0 CTPYHBI OT HNPOBOJAIINX MATCPUATIOB CTOCK OO~
JEPKKH U1 MUHUMM3aLlUU IIyMOBBIX HaBO#OK. Kpo-
M€ TOTO, y3€JI MOJICP’KKU CTPYHBI JOJDKEH 00ecreyun-
BaThb OJHO3HAYHOE MO3UIMOHUPOBAHHE CTPYHBI INPH
KaXJI0i ee 3aMeHe. DTO He0OX0IUMO AJISl COXPaHEHHS
KaJIMOPOBaHHBIX 3HA4YeHWH OQPQCETOB TOIOKEHHS
CTPYHBl OTHOCHUTEJIBHO DPENEPHBIX TO4YEK. PenepHsle
TOYKH YCTAHABIMBAIOTCA HA 000X y3/Iax MOIJEPKKU
CTPYHBI AJIS1 U3MEPEHUS MIOJIOKEHUS CTPYHBI B CHCTe-
M€ KOOpAHUHAT MarHuTa.
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Cucrema nepemMereHmsi CTPYHbI

TouHOCTh MO3UIIMOHUPOBAHUS CHCTEMBI IepeMe-
LICHHUs CTPYHBI HANPSMYIO BIUSET HAa JTOCTHIAEMYIO
TOYHOCTh M3MEPEHUN KaXIblM W3 METOJOB. Tunuy-
HOW CXEMOW pealiu3allid JIByXKOOPAMHATHOM CHCTE-
MBI TIEPEMEILEHUS CTPYHBI SIBISAETCS OPTOrOHAJIbHAS
YCTAHOBKA JIMHEHHBIX TPAHCISATOPOB HA KAXKIOU
n3 crtoek. llpm sToM Ha 3Tame BBIOOpa ITMHEWHOTO
TpaHCIATOpa HEOOXOMMO YUUTHIBATH Maccy 000pyI0-
BaHMS, ME€PEMELICHNEe KOTOPOro OH OyAeT OCYyIEeCTB-
nTh. JIOCTYIHbIE MOJEIM CHUCTEM MepeMelieHHs 10c-
TUTAIOT TOYHOCTH To3uumoHupoBaHus B +0.001 mm.
B 3aBucmMocTH OT BENTWYHMHBI OONACTH W3MEPEHHH
OTHOcHUTeNbHast omuOKa Oyner ymeHbmarbes. K npu-
Mepy, BEIMYMHA  OIMOKM  IO3UIHMOHHPOBAHUS
B +0.001 MM mpu M3MEpeHHH TapMOHHMK MarHUTHOTO
[OJIsI METOAOM HAaTSHYTOM CTPyHBI Ha paguyce 50 Mm
MO3BOJISIET JOCTUYH TOYHOCTHU B 2-10° B oTHOCHTEIB-
HBIX eauHUIAX (06e3 ydera IIyMOBBIX HaBOIOK, OKa-
3BIBAIOIINX 3HAYUTENIBHOE BIMSHHE HA TOYHOCTH IO-
Jy4aeMBIX pe3yIbTaToOB).

Cucrema 1eTeKTHPOBaHHS K0J1e0aHUIl CTPYHBI

Metoaukn BHOpUpPYIOIIEH W  IyJIbCHUPYIOILIEH
CTpYHBI TpeOYIOT U3MEPEHNS MEXaHHYECKUX Koieha-
HUW CTPYHBI. J[JI1 3TOr0 MCHOJB3YIOTCS ONTUYECKUE
JATYUKH, TPOCTEHIINM M3 KOTOPBIX SIBJISIETCS OITO-
mapa ¢ BO3IYIIHBIM NPOMEXYTKOM. lcronb3oBaHue
CTaOMIIN3MPOBAHHOTO UCTOYHHMKA MUTAHUS U BBICOKO-
qyBCTBUTEJIbHOW CHCTEMBbl CUMTHIBAHHUS HaNPSHKEHUS
MO3BOJIAET JIOCTUYh IIOBTOPSEMOCTH  H3MEpPEHHH
Ha ypoBHe 0.001 MM u nyuie. J[J11 KOHBEpTALIUU aM-
TUTUTY/AbI BBIXOJHOTO CHUTHAJa OINTONAaphl B aMIUIUTY-
Iy MEXaHWYECKHX KOJIeOaHMH CTPYHBI ONpEAEsIeTCs
KO3((UIIUCHT TPONOPIMOHAILHOCTA B JIMHEHHOU
00J1acTH BBIXOIHOW XapaKTEPUCTHKH OMNTOMApHI (CM.
puc. 8). JlaHHas o0macTe OIpenesieTcs MOJ0KEHIEM
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00 01 02 03 04 05 06
[MonoxeHne CTpyHbl, MM

Puc. 8. 3aBucumocTh HampsKEHHUs] Ha BBIXOJIE OMNTO-
napbl OT MOJIOKEHUS CTPYHBI [7].
Brigenens pabouune 001aCcTH ONTOMAPHI

=

Puc. 9. Cxema cucTeMBl perucTpanuu KojeOaHuit
CTpyHHI [7].

1 — crpyHa; 2 — onromnapa Uil perucTpaunuy BepTH-
KaJIbHBIX KoJieOaHWH; 3 — omromapa Juisi perucTpa-
[IMY TOPU30HTAIILHBIX KOJIeOaHH

CTPYHBI OTHOCHUTENBHO CBETOBOT'O TPaKTa OINTOIMAPHI.
Hozmepn(aHHe IMOJIOXKCHHUA CTPYHbBI OTHOCHTCIILHO
OITONaphl HEOOXOIUMO 00ECIICUNBATh B TCUCHHUE BCE-
ro LMKJIA U3MEepeHud. lJid 3Toro onronapel yCTaHaB-
JIUBAIOTCS Ha JIMHEHHbBIE TUIAT(OPMBI JUIS TIepeMeIe-
Hus (cM. puc. 9), ynpasisiemble aBToMaTiaecku [11].

CucremMa HaTSKeHUs CTPYHBI

Crioco0 HaTSHKEHHST CTPYHBI SIBISETCS Ba)KHBIM
(hakTOpOM IS MOBBIIIEHUS! YyBCTBUTEILHOCTH U3Me-
peHUI W CHWXEHHs BIMSHUS TOMeX. BBIOOp CHITBI
HaTSDKEHMS ONIpENelisieT BEIMYMHY [IPOBUCAHUS CTPY-
HBI U PE30HAHCHYIO YaCTOTY COOCTBEHHBIX KOJIeOaHUit
CTPYHBI. YBEIMUCHHUE CHUJIbI HATSHKEHUS C LIEJIBI0 MU-

HUMH3AlMU MNPOBHUCAHUA CTPYHBI MOXKCET HETaTUBHO
CKa3aThCs HA CHTHAJE C ONTOmap. JTO CBS3aHO
C yYMEHBIICHHEM aMIUIUTYAbl KojeOaHWil CTPYHBI
U BO3MOXXHOM COBIMAJCHUM PE30HAHCHOW YacTOTHI
CTPYHBI C YacTOTOW BHEIIHHX BJIEKTPOMATHUTHBIX
iy BUOpalMOHHBIX MoMeX. [lepBoHauansHO U3Mepsi-
eTcsl CIIeKTp BHOpalyii Ha HM3MEPUTEIHHOM CTEHJEe
u BbIOMpaeTcst paboyasi 06JacTh 4acToT, e aMIUIU-
TyIa moMmex Oyner MuUHHMaibHa. KpoMme n3HagambHO-
ro mojoopa pabouell o0iacTu, MOAJIEPKAHUE PE30-
HAHCHOM 4acTOTHI MO3BOJISIET COXPAHATh YCJIOBUS pe-
30HaHCAa B TE€YEHHE BCEro BPEMEHH M3MEPEHHi, YTO
CYIIECTBCHHO YBCJIMNMYUBACT UYBCTBUTCILHOCTH MCTO-
Ja usMepeHui. s moanep)kaHHsl yCTAHOBJICHHOM
CHUJIbl HATSKCHHUS CTPYHBI HaI/I6OJ'I€e IIOAXOJAIINM
BapUAHTOM SIBIISIETCS MCIIOJIb30BAaHUE ILIArOBOTO JIBH-
rateiisi U TeH3zonarunka. OOpaTHas CBsI3b TaKOU CHC-
TEMbl HATSDKEHHUS MOXKET OBITh pealn30BaHa armapar-
HO WiH TiporpaMMHO. CpaBHEHHE CTAOMIIFHOCTH TTO/I-
Jep KaHusl pe30HAHCHOM 4acTOTHI KOJICOAHUH CTPYHBI
C HCHOJIB30BAHUEM aBTOMAaTHYECKOW CHUCTEMBI HATS-
YKEeHHs NpuBeaeHo Ha puc. 10.

2.2. Texnuueckue acnexmsl usmepeHuil
subpupyowel CmpyHou

Curnan c omnromapbl MpeacTaBiseT coboil Hecy-
LIy TAPMOHHUKY C YaCTOTOM, COOTBETCTBYIOILLIEH Yac-
TOTE MEPEMEHHOTO TOKAa B CTPYHE, M HaKJIa/(bIBAIOIIU-
MMUCA Ha HCC LIyMaMHU. H_IYMI)I BO3HUKAKT KakK OT CUH-
THIBAIOIIEH ammapaTypsl, TaK U OT KOJeOaHWd CTpYy-
HBbI, BbI3bIBACMbIX BHCIIHHMU BI/I6paHI/I}IMI/I nin BO3-
IOyHMHBIMHA noTokamu. Hanbonee nmpuMeHHMBIM CIIO-
coOOM BBIICTICHUSI aMIUIUTYABl HECYyIIed YacTOTHI
CUTHAaJA SBISETCS] CHHXPOHHOE JIeTeKTHpoBaHue [15].
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Puc. 10. CtaOunbHOCTh PE30HAHCHON YacTOTHI MPHU HUC-
HOJIb30BaHUM ~ CHCTEMbl ~ aBTOMAaTHYECKOI'O  HaTsDKe-
HHS CTPYHBI.
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Puc. 11. BiusiHue CHHXpPOHHOIO YCHJIMTENSI HA TOYHOCTD
W3MEpeHui BHOpUPYIOIIEeH CTPYHOM.

Jnist 3TOTO MO CHenuanTbHOMY aITOPUTMY IPOU3-
BOJNTCS 00pabOTKa CHTHAJA C ONTOMApPhl U OTIOPHOTO
cUrHajia. B kayecTBe OMOpHOI0 HCHONB3YETCA CUTHAI
IEePEeMEHHOr0 TOKa, MOJaBaeMOro Ha CTpyHY. AJro-
PUTM CHHXPOHHOTO JETEKTUPOBAHHUSA MOXET OBITh
peanu3oBaH Kak B HU(POBOM BUAE, TaK U 3AJI0KEH
B paboTy OUCKPETHOTO YCTPOHCTBAa — CHHXPOHHOI'O
yeunutens [16]. CoBpeMeHHbIE CUHXPOHHBIE YCHIIH-
TEJH TIPEJICTABIIAIOT COO0M He3aBUCHMBIE YCTPOIiCTBa
¢ cobcTBeHHBIM TTporpamMMHBIM obecrieueHreM (110),
YTO 3HAUUTENBbHO OOJIer4aeT MpoLecC MPOBEACHUS
W3MEpeHHi, pa3pabOoTKH COOCTBEHHBIX MPOTPaMM IS
YIPABJICHUS] MarHUTOMETPUYECKOW CHCTEMOM U IIO-

BBIIIIACT TOYHOCTh MPOBOJUMBIX U3MEPEHUU (CM.
puc. 11). Ilpu ucrons30BaHUHM CHHXPOHHOTO YCHITH-
Tens OMOKa aNMpOKCUMAalUU 3KCIIEPUMEHTAIbHBIX
JTAaHHBIX ObLJIa CHUKCHA Ha 2 TIOpsIKa.

UyBCTBUTEIBHOCTh MArHUTOMETPUYECKON CHCTE-
MbI TaKK€ 3aBHCHUT OT HpOI[OHI)HOI\/'I IIO3UIIUU CUCTEMBI
peructpanuy KosneOaHWi. M3MepeHUs TOIOXKEHUS
MarduTHON ocHu IMPOBOAATCA Ha ABYX TapMOHHUKaAX
PE30HAHCHOM YacTOTHI KOJIEOaHHMN, TIPH 3TOM U3MEHSI-
eTCsl TPOJIOJIbHOE paclpesesieHe aMIUTUTYAbl KoJle-
Oanumii ctpyHsl (puc. 12). Haubonee noaxonsimieit mo-
3ULUEH Ul PAcIIONOXKEHUS ONTOINAp SBJSETCS TOYKa
Ha 1/8 IJIMHBI CTPYHBI, T.K. B JJAHHOM TOJIOKEHUH aM-
IUIATYy/a KoeOaHW Ha O0eMX TapMOHHKax OJm3Kka
K MakcuManbHOH. OJHaKo, B CHIIy KOHCTPYKTHBHBIX
0CcOOEHHOCTEH M3MEPHUTENIBHOIO CTEH/A, PacIoJIoxkKe-
HUE ONTOIap B JAHHON TOUKE MOXKET OKa3aTbCs He-
BO3MOKHBIM. B Takom ClIydya€ HUIIETCAd KOMIIPOMHCC
MEX/Iy KOHCTPYKIIMEH CTeHIa W BEIMYWHOW Koieda-
HUU CTPYHBI B MECTE PACIIOJIOKEHUS CUCTEMBI JIETEK-
THPOBaHUS KOJICOAHHIA.

HcTOYHMK MEPEMEHHOrO TOKAa IIUTaHUS CTPYHBI
JOJDKEH 00JIaIaTh COOTBETCTBYIOMIEH CTaOUIHLHOCTHIO
AMIIIUTYbl W YaCTOTHI. YBeanuuTh YYBCTBUTCIIb-
HOCTh METOJa U3MEPEHUI MOKHO 3a CUET YBETUUEHHS
aMIUIMTYIbl TOKa B cTpyHe. OAHAaKO NpELM3HOHHBIE
HMCTOYHUKHM IEPEeMEHHOr0 TOKa C MepecTpanBaeMon
4acTOTONW HMEIOT OTPaHWYECHHBINA JHAla30H aMIUIH-
Tyn. Kpome Toro, yBennueHuWe aMIUIMTYIbl TOKa
B CTpyHE NPUBOIUT K €€ HarpeBy, YTO BbBI3bIBAET
GiyKTyalMy pe3oHaHCHOHM 4acToThl. THITUYHOE Orpa-
HUYEHHE aMIUIMTYIbl TOKAa OOJBIIMHCTBA WCTOYHU-
KOB — 100 MA, 4TO HE BBI3BIBAET CYILIECTBEHHOI'O
HarpeBa CTPYHbI U3 OEpHITUEBON OPOH3BI THAMETPOM
Bbiiie 100 MkMm.
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Puc. 12. Pacnpenenenue aMIumutTynsl KojieOaHMH CTPYHBI IIPH HM3MEPEHUSX MOJOKEHHS
MarHUTHOTO LIGHTPA M YTJIOBBIX MTOJIOXEHUH MarHUTHOI OCH.
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Puc. 13. VI3MeHeHHe CONIPOTUBIICHUS CTPYHBI.

B kauecTBe HMCTOYHHMKA NMHTaHUS CTPYHBI MOMKET
OBITh HCIOJIb30BaH CTAHAAPTHBIA TEHEpaTop CHHY-
COUAATBHBIX CHT'HAJIOB. CTa0MIBHOCTD TOKA B JAHHOM
cilyyae OIpeensieTcss CTaOMWIBHOCTBIO Te€HepaTopa
W U3MEHEHHEM CONpPOTHUBIEHUS cTpyHbl. Huzkowac-
TOTHBIH JHWama3oH padOTHl TO3BOJSET TpeHeOpedbh
BIIUSTHUEM PEaKTHUBHOTO CONPOTUBIIEHMS LIEMU U Olle-
HUTh (DIYKTyalu TOJBKO AKTUBHOM COCTaBIISIOILEH
COMPOTHBJICHUS LIETIM MUTaHUs CTPyHBI. [paduk uz-
MEHEHHs] aKTUBHOT'O CONPOTUBJIEHHS CTPYHBI BO Bpe-
MEHH OpelacTaBiieH Ha puc. 13. M3 npuBeneHHOro
rpaduKa MOXHO CIENaTh BBIBOJ, YTO OTHOCHUTEIbHEIC
(IIyKTyaluu akTMBHOT'O COIPOTHBIICHHUS CTPYHBI Ha-
xonates B npeaenax 0.02%, yTo MO3BOJISET MCHONb-
30BaTh B KAYECTBE NCTOYHHMKA MUTAHMS CTPYHBI TEHE-
paTop CHHYCOMJAIBHBIX CHTHajoB. COBpEeMEHHbIE
TeHEpaTOpbl UMEIOT BO3MOYKHOCTD 3a/laHUSI CUTHAJIOB
MPOU3BOJIBHON (HOPMBI, YTO IO3BOJSIET PACILIUPUTDH
CIHEKTP BO3MOXHOCTEH HW3MEPUTEIBHON CHUCTEMBI,
MUHUMH3UPYS IPU 3TOM KOJIUYECTBO HCIOIB3YEMOIO
00opyTOBaHMS.

CHU3WTH BIHSHWE BHEITHUX BHOpAIMil HA pe3yiib-
TaThl U3MEPEHHUI MOXHO TyTeM BbIOOpa KOHCTPYKIIUU
CTOEK MOJIEP’KKHU OCHOBHBIX y3JIOB ccTeMbl. OCHOB-
HBIMH IYTSIMH PELICHUS JaHHOW MTPOOIIEMbl SIBIISIOTCS
pa3MelieHne OCHOBHBIX Y3JI0B CHCTEMBI Ha ONTHYe-
CKMX CTOJIaXx C BHOPOM3OJALMEN WM Ha Omopax Hu3
TBEpPAOKaMEHHBIX MOPOJI, K IpUMepy, rpanuTta. Bapu-
aHT C MCIIOJIb30BAHMUEM ONTHYECKOIO CTOJIA HE U30aB-
JSIeT CUCTeMY OT BHOpaluii, mepeaarommxcs Ha u3Me-
psieMblii MarHuT. B ciydae ke MCHOIb30BaHUA rpa-
HUTHBIX CTOEK CIEKTp BUOpalmid Bcel CUCTEMBbI OCTa-
€TCs OJMHAKOBBIM, MPH 3TOM aMIUTUTYIbl BHOpaIu-
OHHBIX ITOMEX CYIIECTBEHHO CHMKAIOTCSI.

BHemnrHne MarHuTHBIE MOJIS, HE 3aBUCALIME OT TOKa
MUTaHUSI OOMOTKM MarHuTa, MOTYT BHOCUTH OLIMOKH
B peE3yJbTaTbl W3MEPEHUMN IMOJOKEHUS MarHUTHOU

® CpeaHee
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-+ X-(+BHewWHee none)
| B CpepHee (+BHelwHee none)
7 ;-0.0I'MI].MI MM
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Puc. 14. Pe3ynbraTsl H3MepeHU MarHUTHOM OCH B JIBYyX
MOJISIPHOCTSX TUTaHUs MarHuTa [11].

[IpencraBneHbl pe3yiabTaThl W3MEPEHUH X-KOOpPIMHATHI,
aHaJOTMYHasi KapTUHA M [IPU U3MEPEHHSX Y-KOOpANHATHI

ocu. J{nst cHIKEHUs BIMSHUS BHEIIHHUX IOJEH u3Me-
peHHUsT TPOBOJAATCA B JBYX IHOJSPHOCTSX MUTaHUS
MarauTa. CpemHee 3HAUYEHHE MEXIY H3MEPEHUSIMU
B JIBYX TOJIAPHOCTSAX OIpeNeseT TMOJI0KEHHE Mar-
HUTHOW ocu. JlaHHBIN croco0 W3MEpEeHHH SBISIETCS
3¢ GEKTUBHBIM METOZOM IOAABJIEHUS BIMSHUS IIOCTO-
SIHHBIX BHEITHUX MarHuTHBIX monei [11]. Ha puc. 14
NPUBEACHBI PE3yJIbTAaThl SKCIEPUMEHTa IO HCKYCCT-
BEHHOMY BBEJIEHUIO B CUCTEMY MTOCTOSTHHOT'O MAarHUT-
HOTO MOJIA. 3aBUCUMOCTD HOJIOKEHUSI MAarHUTHOM OCH
OT TOKa MUTaHWs OOMOTKM MarHuTa MMeEeT runepoo-
nnueckyo ¢opmy. B cinydae usmepenus B AByX IO-
JSIPHOCTSIX MUTAHUSI MarHWUTa, MOJIyYeHHbIE THIepoo-
JIBI CXOJATCS K TOPU3OHTAIBHOM acuMMTOTE. 3aBUCH-
MOCTb HOJI0KEHHUSI MAarHUTHON OCH OT BEIMYHMHBI TOKa
MUTaHWsI MarHUTa MpPU BBIYUCIECHUHM CPEHUX 3Hade-
HUM MeXAy ABYMs HOJSIPHOCTSIMM NUTaHWS MarHuTa
OTCYTCTBYET, YTO CBHUJETEIBCTBYET O BO3MOXXHOCTHU
INPUMEHEHUS! JaHHOTO crocola Juid KOMIIEHCALUHU
BITUSTHUS BHEITHUX MarHUTHBIX TTOJIEH.

OuneHuTh TOYHOCTH HW3MEPUTEIHHONM CHUCTEMBI
MO’KHO, MCXOASI U3 OIIMOKM amlNpoOKCHMAalWu 3KcIie-
PUMEHTAJBHBIX PE3ynbTaToB (puc. 1) U MoBTOpsieMo-
CTH TIONy4eHHBIX NaHHBIX (puc. 15).TouHoCcTh M3Me-
PEHHH METOAWKOW BUOPUPYIOLIEH CTPYHBI JOCTUTAET
HECKOJIBKUX MKM.

Bce BhimenpuBeeHHbIE CMOCOOBI  MTOBBIIICHUS
TOYHOCTH HW3MEpEHMs TMOJOKEHUS] MAarHUTHOM ocHu
BHOpHpYIOIIEH CTPYHON Kacaich MPOIEcCa BHICTAB-
JIEHUSI CTPYHBI B MarHUTHYIO OCh. OJTHAKO OCHOBHOM
BKJIaJ B OLIMOKY pe3yJbTaTOB H3MEPEHHH BHOCUT
TOYHOCTb ONpEENIEHUs] KOOPJIUHAT CTPYHBI B CUCTEME
KOOpAMHAT MarHuTa. V3mepeHHe penepHbIX TOYeK
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Puc. 15. IloBTOpsieMOCT M3MEPEHHUH MOJIO)KEHUS Mar-
HUTHOTO LieHTpa [7].

Maraura u ctpyHsl mponsBogutcs KUM. OcHOBHBIMI
BusaMmu KM sBisrOTCS U3MepUTEnbHAS pyKa U Jia-
3epHBINA Tpekep. B 3aBucuMOCTH OT HAaMOOIBIIETO W3-
MEpPSIEMOT'0 PACCTOSHUS MEXAYy TOYKaMH, MPOCTpaH-
CTBEHHas TOYHOCTh u3MepeHuit KM MoxeT cocras-
asath oT +£0.01 mo +£0.30 mm. Takum oOpasom, s
JIOCTHKEHHUS HEOOXOAMMOI TOYHOCTH M3MEPEHUH T10-
JIOKEHUS! MarHUTHOW OCH KBaJpPYIOJBHOTO MarHuTa
OCHOBHOE BHHMMaHUE HEOOXOJIMMO YACIUTH BBHIOOPY
KHM.

OnpeneneHne NPOCTPAHCTBEHHOTO  IOJIOKEHUS
CTPYHBI IIOCJI€ €€ BBICTABJICHHS B MAarHUTHYIO OCb
OCYIIECTBJISIETCS NP TIOMOIIM pPENEepHBIX TOYEK, yc-
TaHOBIIEHHBIX Ha y3J1aX MOJIEPKKH CTPYHHI (puc. 16).
PenepHbie Toukn BhIHECEHBI Ha (PUKCHPOBAaHHBIE pac-
CTOSIHUSL OT KOHIIOB CTPYHBI. DTO HEOOXOIWMO JUIs

(B8]

'.

W3MEPEHUI TONOXKEHUsI CTPYHBI 0e3 HermocpeCTBEH-
HOT'O KOHTAKTa CO CTPYHOM, KOTOPBIA MOKET BBI3BaTh
ee CMEIleHHe OT M3Ha4dalbHOH mosuunu. Onpeznene-
HUe paccTossHu (0hdceToB) MeX Ty KOHIIAMH CTPYHBI
U PENEepHbIMU TOUKAMHU SIBJIIETCS] HEOOXOAMMOM 3aza-
yen Inpyu BBOAC B I3KCILTyaTalMIO MAarHUTOMETpUYC-
cKkoii cucrembl. Metoanka onpenenenust opceros [11]
3aKIII0YaeTCsl B OJHOBPEMEHHOM HW3MEPEHUH MpO-
CTPaHCTBEHHOTO IIOJIOXKEHHUS CTPYHBI M DEHEPHBIX
TOYEK.

OnpenenuTes  MPOCTPAHCTBEHHOE  IOJIOKEHUE
CTPYHBI MOXHO IIPH ITOMOIIH JIBYX TOKOIIPOBOJSILIUX
KaTMOPOBOYHBIX cdep, HCMOIb3yeMbIX IS Kauo-
poku KMM. [lomoxxenue cdep u3mepsercs mpH Io-
Mo KMM, mocie dero ctpyHa nepemeriaercs a0
OJTHOBPEMEHHOTO KacaHus obeux cdep. B stom mo-
JIOXKCHUU U3MEPAIOTCA KOOPAWHATBI PECIICPHBIX TOUCK
B MPOU3BOJILHOM crcTeMe KoopAnHat. JlaHHas mpotie-
Iypa IOBTOPSIETCS WTEPALIOHHO 10 TeX I0p, IOKa
CTpyHOU He Oyner "oOkaraHa" Kak MHHHUMYM IIOJIO-
BHHA KanmnOpoBouHOU ceprl. U3 mampHe#mux reo-
METPUYECKUX MOCTPOCHUH ONpeAessfoTCs PaccTosi-
HUS MEXIYy IEHTpaMH KaTHOpPOBOYHBIX cep W OK-
PYKHOCTSIMHM, OINKMCAaHHBIMH PENEPHBIMH TOYKAMH
B mpouecce uzMmepeHuil. [locne 3Toro Takke y4uThl-
BaeTCs IOINpaBKa Ha BEJIMYUHY MPOBUCAHMS CTPYHBI
B BEPTUKAJIIBHON IUIOCKOCTU. MakcuMasbHasi BEIUYH-
Ha MPOBUCAHUS CTPYHBI ONPEAEISIETCS] U3 PE30HaHC-
HOW YacTOThl COOCTBEHHBIX KOJIEOAaHWH MO Cleayto-
et popmyie:

; g
Saggita = s 18
ggita = (18)
Ie g — YCKOpEeHHE CBOOOAHOrO majeHus, f, —

OCHOBHAsl PE30HAHCHAsl 4acTOTa COOCTBEHHBIX KOJe-
OaHUl CTPYHBI.

2

Puc. 16. Cxema onpenenerns "ohdceToB" pernmepHbIX TOUEK CTPYHEL.
1 — xanmmOpoBoYHBIE cepsl; 2 — CTpyHa; 3 — penepHble TOUKH; 4 — pyOMHOBEIE cdepsl y3ia MoJ-

JIeP>KKH cTpyHHbI [11]
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IIpy mu3MepeHHH IOJOXKEHUS MAarHUTHOM OCH OC-
HOBHBIM KPHUTEPHEM TNPHOJIMKEHUS] K OCH SIBJISETCS
MUHAME3AIUS aMIUTUTYIBI KoneOanuii cTpyHbl. B man-
HOM clly4ae HET HEOOXOIMUMOCTH OMpEIeNSITh COOT-
HOLIEHWE MEXIY aMIUIUTYyIOW CHUTHala Ha BBIXOJE
OIITOMAPHl M aMIUTUTYIOW MEXaHW4YeCKUX KoJieOaHMi
cTpyHbl. OJHAKO NMPH U3MEPEHUSIX MIPOAOJILHOIO pac-
MpeJlelieHns] MOl M TapMOHHUK METOJOM OCLIMIIIH-
pyrouieil CTpyHbsl OT TOYHOCTH, ¢ KOTOPOH H3BECTEH
KO3 PHUIMEHT TMPOMOPIUOHATEHOCTH MEXIY BBIXO[-
HBIM CHTHAJIOM OIITONAaphl M KOJNEOAHUSIMU CTPYHBI,
HanpsMYIO 3aBUCUT TOYHOCTh M3MEPSIEMBIX IapaMmer-
poB. Takum 00pa3oMm, HEOOXOIUMO BBIPAOOTATH Me-
TOJAWKY OTIpe/IeTIeHNS JaHHBIX KO PHUIIEHTOB.

Haubonee npremieMbiM BapuaHTOM SIBIISIETCS HC-
MOJIb30BaHUE JIMHEWHBIX IJIaT(OpM, MEepEeMEIIaoINX
orrronapsl (puc. 9Puc. ). JlaHHBIE TUIATPOPMBI UMEIOT
(UKCUpPOBaHHBIN IIAr iepeMenieHus. Takum o0pazom,
n3MepeHre KOo3(pPHUIMEHTOB MPONOPIHOHAIEHOCTH
KOJIeOaHUI CBOJUTCS K CHSTHIO 3aBUCHMOCTH BBIXO/I-
HOT'O HANpsDKEHUS] OT IOLIArOBOrO JIBM)KEHHS ONTO-
nap. OgHaKo MpH UCTOIB30BAHUN CHHXPOHHOTO yCH-
JUTENsT AaHHBIA MTOOXOJA HEBO3MOXEH B CHIIy TOTO,
YTO BBIXOJHBIM TApPaMETPOM YCHUJIUTENS SBISIETCA
aMIUTATyJa KoJieOaHWH TIepeMEeHHON COCTaBIISIOIIEH
HanpsDKEHUs] ¢ BbIXOJa omnTomapel. B 3Tom cimydae
METOJIUKA OMpeaeiacHus KO3(p(QUIMCHTOB TMPOIOP-
LHUOHAJIIBHOCTH KOJIEOAHUI JOIOIHIETCS U3MEPEHUEM
COOTHOIICHUSI MEXKAY KoJeOaHUSAMHU HAaNpsHKEHHS
Ha BBIXOJIC ONTOIAPhl U aMIUIUTYJIOM Hecyled rap-
MOHHKH, PETUCTPUPYEMOW ycunuTesneMm. KTorossii
ANTOPUTM HM3MEPEHUH KOA(P(PHUIIUEHTOB IMPOIMOPITHO-
HAJIBHOCTH IPU MCIIOJIb30BaHUU CHUHXPOHHOTO yCHIIU-
TeNs BBIMJISAUT CIEAYIOIUM 00pa3oM: H3MepsieTcs
3aBUCHUMOCTh IIOCTOSIHHOTO HaNpsDKEHUs] Ha BBIXOJE
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Puc. 17. 3aBUCUMOCTb aMIUIUTY/Ibl HANPSXKEHUS HA BbI-
XoZe onTomapel (aMIUIUTYABI KOJIOAHUN CTPYHBI)
OT YacTOTHI IEPEMEHHOTO TOKa B CTPYHE.

OIITOIapbl OT MEPEMCUICHUA; U3MCPACTCA aMILJIUTYyda
KoJieOaHuI HanpspKEeHHs Ha BBIXOJE ONTOINApPhI Ha pe-
30HAHCHOW YacToTe COOCTBEHHBIX KOJICOaHW TpH
(DUKCUPOBaHHOM TOKE B MarHUTE M OMpPEACISIETCS aM-
IUINTYJa MEXaHWYECKUX KOJIeOaHUIl CTpYyHBI; IOBTO-
PAOTCA MPEABLAYIIUEC HU3MEPCHHUA C MNOAKIOYCHUEM
CHUHXPOHHOTO yCHJIUTEIS.

MeTtoa oCUMIUTHPYIOMIEH CTPYHBI HMEET BBICOKYIO
qyBCTBUTEJIBHOCTh K (DIYKTyalUsiM 4acTOThl Iepe-
MCHHOI'0 TOKa B CTpPYHE. CHIKeHHne YYBCTBUTCIILHO-
CTH K M3MEHEHHIO YacTOThI TOKAa W, KaK CJIEICTBUE,
MOBBIILIEHHE TOYHOCTH H3MEPEHHMH IIOCTUraeTcsl BbI-
0opoM paboyeil 4acTOTHI BHE O0JIACTH PE30HAHCHBIX
4acTOT COOCTBEHHBIX KoyeOanuii cTpyHbl. Ha rpadu-
K€ aMIUIMTYJIHO-4YaCTOTHON 3aBUCUMOCTH KOJICOaHUN
cTpyHHI (puc. 17) mpeacraBieHa pa3HHAIA aMITTUTY B
KojeOanuii npu wm3MeHenuu yactothl Ha 0.01 I'm
B 00JIACTSIX OKOJIO YacTOTHI Pe30HaHCa M MpHU CMellle-
Huu Ha 1 I'm or pe3zonanca. M3 sroro ciepyer, 4To
BO3MOXHBIM Jpei] 4acTOThl MEPEMEHHOr0 TOKa Oy-
JeT OKa3blBaTh 3HAYUTEIBHO MEHBIIEE BIMSHUE
Ha Pe3yJIbTaThl U3MEPEHUH MpU yAAJIeHUH OT Pe3o-
HaHCHOM YaCTOTHI.

2.3. Ocobennocmu cucmem usmepeHutl
HAMAHYMOU CMPYHOU

MeTto/ HATSHYTOW CTPYHBI TpeOyeT CHATHUS CUTHA-
na 3/1C co CTpyHBI, YTO MOKHO OCYIIECTBIISATH MO TOM
e KaOenbHOW JIMHUM, TI0 KOTOPO# MOoJaeTcss CUrHal
TOKa Ha CTPYHY NPU H3MEPEHUSX METOJOM BHOpH-
pyroiei ctpyssl. [Ipu 3ToM HE00X0IUMO YOCSTUTHCS
B OTCYTCTBHUH BIMSHHS UCTOYHHKA ITEPEMEHHOTO TOKa
Ha curnan OJ1C.

Awmrumntyna HaBopsieics B crpyHe D/]C mpormop-
IUOHAJIbHA BEJIMYMHE MAarHUTHOTO TOJISI U CKOPOCTH
JBIDKEHHS CTPYHBI (B Cilydae U3MEepeHH B MOCTOSH-
HOM TIOJI€) WJIM CKOPOCTH HapacTaHUS MarHWTHOTO
noJis (Ipu U3MEPEHHAX B UMITYJIbCHOM TM1oJie). Tpebo-
BaHUS K CTAOMIBPHOCTM TOKa WCTOYHHKOB THUTAHUS
MarHuTa 3aBUCST OT HEOOXOIUMON TOUYHOCTH PE3yJib-
TaTOB M3MEPEHUH ¥, KaK MPaBHJIO, HAXOASTCS B TIpe-
nenax 10°—10 B OTHOCHTEIIBbHBIX €IUHHIAX.

Curnaan 3/1C cuntsiBaercs npu oMoy AL most
nanpHeder o6pabotku. IloMmMo cTaHmapTHBIX
AIIl MOXHO WHCMOIB30BATH CIICIIMATU3UPOBAHHEIC
n(pOBBIe MHTETPATOPHI, pa3padaThIBaeMbIe IS TIPO-
BElICHUS MarHuTHBIX u3MepeHuit [17, 19]. annsbie
YCTpOMCTBA MO3BOJIIOT CHU3UTh BO3MOXKHBIE OITHOKH
MO CPaBHEHHIO C YHCICHHBIM MHTETPUPOBAHHEM CHI-
HanoB D/IC, m3mepsembix ALIL.

[Ipu m3mMepeHnsx B UMIYIBCHOM IIOJIE OJHOBpE-
MEHHO ¢ 3anuchio curtaga JJIC 3amucbiBaeTcs CUT-
HaJI TOKa B OOMOTKE MarHUTa. DTO HEOOXOAMMO IS
nocieayrounie npuBa3ky 3HaueHus uHTerpana I/1C
K (UKCUPOBaHHOW BEIWYMHE TOKA MHUTAHUS MarHuTa.
Kpome Toro, ansi CHWKEHHs BIUSHUS HA BEIHYHHY
uHTerpana (pIyKTyaruii Toka (WU MMOMEX B CHTHAIIe
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JlaTyuKa TOKAa) Mepej HaudajloM pocTa (GopMupyercs
CMEILEHNE UMITyJIbCca B OTPHLATENbHYIO 00nacTh. Ta-
KM 00pa3oM MOXHO CAENaTh MPUBS3KY BPEMEHHOTO
uHTepBajia uHrerpupoBanus JJC Kk ABYM TOUKaM —
HYJIEBOMY 3HAUEHHIO TOKa M TOKY HMHTEIPHUPOBAHUS.
Beanuuna Toka AJId UHTErpUpPOBaHUA OIPEACTIACTCA
niepeq HadasmoM o0paboTKM JaHHBIX. M3 aTOTO Cremy-
€T Tpe6OBaHI/Ie K HCTOYHHKAM IIHUTAHHUA MarHura —
BO3MOXXHOCTb M3MEHEHUS MOJIIPHOCTU B TEUEHHE TO-
KOBOTO IUKJIA.

2.4. Cnocobvl asmomamuzayuu pabomoi
MACHUMOMEMPUHECKUX CUCTEM

AJNTOpUTMBI U3MEPEHUI BBILLIEONMCAHHBIMU METO-
JUKaMH XOpOoHIO IOAMAr0TCA aBTOMATU3allMM IIpU
pa3pabotke I1O cucTempl H3MepeHHA. DTO TTO3BOISIET
CHU3UTH OHII/I6KI/I, CBA3aHHBIEC C YCJIIOBCUCCKHUM (baK-
TOPOM, M 3HAYUTEJIIBHO YCKOPHUThH IPOLECC H3MeEpe-
Huit. O01IKe anropuTMbl MPOBEICHHUS U3MEPEHHI Ka-
JKI0M U3 METOAMK MpUBEIEHBI B pa3aene 3. B nanHoM
e maparpade pedb HOHAET O NPUHIMIIAX aBTOMAaTH-
3a1uu pabOThl KKIOW M3 BBIMICONMCAHHBIX TOJCHC-
TEM CTEHJA.

BOJBIIMHCTBO COBPEMEHHBIX JIMHEHHBIX TPAHCIIS-
TOPOB ISl YIIPaBJIEHUS HCHOJNB3YIOT ApaiiBep ¢ coO-
CTBCHHBLIM IIPOrpaMMHBIM o0ecre4YeHHEM U CBSA3BIO
mo nuppoBOMYy HPOTOKOIy. TakuM 00pa3oM, OCHOB-
HOM 3aJadeil sBJsAETCS OpraHM30BaTh B3aWMOJIEHCT-
Bue [10 u3MepuTeNnbHON CUCTEMBI C KOHTPOIIEPOM
neurarens. [Ipu BeIOOpe Mozenn KOHTpoJuiepa Heoo-
XO0AUMO O6paTI/ITI> BHUMAaHUEC HAa BO3MOXHOCTb OOHO-
BPEMEHHOI'0 NEPEMEIIECHHUs] HECKOJIbKUX JBUTATENICH.
3Oto TpedyeTcs s pean3alii METOAUKN HATSIHYTOU
CTPYHBI B IIOCTOSIHHOM I10JI€, 4TO TpeOyeT CHHXPOH-
HOT'O TIepeMENICHUS] 000MX KOHIIOB CTPYHBI.

ABTOMaTI/I3aL[I/I$1 CUCTCMbI JETCKTUPOBAHUA KOJIC-
OaHMIi 3aKITI0YAETCS B CO3J]AHUH OOPATHOW CBS3H IS
nojepkanus paboueil o0IacTH ONTONapsl B MPOLEC-
ce mpoBefeHus: u3MepeHuil. [[ns atoro ocyuiecTBis-
eTCs MPOBEpKa COOTBETCTBHUS MOCTOSIHHOTO HAIpshKe-
HUsI Ha BBIXOJIE ONITONAphl 3alaHHBIM IpeaenaM. Tax-
e MOXKET ObITh aBTOMAaTU3UPOBAH aJTOPUTM ONpe/ie-
neHust paboderr o6mactu ontonapel. OH 3aKITI0YaeTCs
B aBTOMaTHYECKOM JIBU)KEHUH JIMHEMHOW MIIaT(opMsl
C OMNTONApPOH OTHOCUTEIHHO CTPYHBI C OJHOBPEMEH-
HOH perucTtpauueil HanpsDKEHHsS Ha BBIXOJAE ONTOIA-
PbI U IOCIICAYIOIIUM ONPEACTICHUEM MAKCUMAJILHOI'O
W MUHUMAaJIBHOTO 3HaYeHWH HanpsbkeHus. [locne ato-
ro OIpeaeNnsercs CpelHee 3HAUeHHE MEXAYy ITHUMHU
BEJIMYMHAMH C IpeAeIaMi, YCTaHaBINBAEMbIMH MOJIb-
30BaTeJIeM.

Pabota cucTeMbl HaTSHKEHUS] CTPYHBI 3aKIIIOYAETCS
B YCTaHOBKE OOpaTHON CBA3M MEXKAY HATSDKUTEIEM
U JaTYUKOM HAaTAKCHHA. B kauectBe JaTdyuKa HaTs-
JKEHHSI MOXKET OBITh HCIIONIb30BaH TEH30PE3UCTOD, a B
Ka4yeCTBE HATDKUTEIS — IIaroBbIN JABUI'aTCIIb.
B ciydae ucronb30BaHUS TEH30pE3UCTOpPA KAIMOPO-
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BOUYHBIE KOA(PPUIMEHTH KOTOPOTO HEM3BECTHBI, He-
00XO0IMIMO OTIPEJIETUTh BBIXOJJHOE HANPSUKEHUE, COOT-
BEeTCTByWOIee TpeOyemoil cwie HaTshkeHuns. Ecmm
JIMAIa30H JIOMYCTUMBIX PE30HAHCHBIX YacTOT, Orpa-
HUYMBAIOIMINIICS BHEIIHUMHU ITIOMEXaMH, JO0CTaTOYHO
MaJl, HEOOXOJUMYIO CHJTy HATSDKEHHS MOXKHO IMOJI00-
paTh WTEPALMOHHO, M3MEpss PE30HAHCHYIO YacTOTY
MPU KOKAOM U3MEHEHUH BEMYMHBI HATSDKEHHS CTPY-
HBl. BBIXO/THOE HampspkeHHe Ha TEH30PE3UCTOpe, COo-
OTBETCTBYIOLIIEE HEOOXOAMMOMY [JHama3oHy pe3o-
HAHCHBIX YacTOT, (PUKCHUpYyeTcs, TIOCIIE Yero cUcTeMa
HATSDKEHHS  TIOJUIEPXKMBACT  3aJaHHYIO  BEIWYHHY
B OIPEJICJICHHBIX ONIEPAaTOPOM Ipeeax.

3. AJITOPUTMbI ITPOBEJIEHN S U3SMEPEHUIA
METOJAMKAMMU HA OCHOBE CTPYHBI

ITos0:xeHNEe MATHUTHOM OCH

H3MepeHne MOJ0XKEHUS MarHUTHOW OCH MOXHO
pa3genuTh Ha JBa JTamna: BbHICTABJIEHHE CTPYHbI
B MAarouTHYIO OCb U OIPEACIICHUC KOOPANHAT CTPYHbI
B CHCTE€ME KOOpAMHAT MarHuTta. [Ipu BbICTaBIEHUH
B MarHUTHYIO OCh NIEpBOHAYAJIbHO OMpeAessieTcs Mo-
JIOKEHWE MAarHUTHOTO LIEHTPa — TOYKU IEepPecedeHust
MAarHuTHOM OCH C IONEPEYHOM IUIOCKOCTBIO MarHuTa
B €ro neHTpe (1o mpoaoiapHOoN KoopauHate). g sTo-
rO KOHIBI CTPYHBI TEPEMEIalOTCsl COHANPABIICHHO,
U ompesenseTcs MOJ0XKEHHE CTPYHBI, COOTBETCTBYIO-
mmee MUHUMYMY aMIUTATYOsl Konebanuid. Ilpu stom
4acToTa MEPeMEHHOT0 TOKa B CTPYHE BBIOHMpaeTCs
TakuM 00pa3oM, YToObl MaKCHMyM paclpeaeleHus
aMIUTUTY/IBI KOJIeOaHUI COBIaal C IICHTPOM MarHura
(puc. 12, crommnas xpusasi). [locie BvICTaBIEHUS
CTPYHBI B Mar HUTHBIN LHEHTP OHNPCACIIAIOTCA YIJIOBBIC
MOJIOXKEHUSI MarHUTHOW ocu. KOHIBI CTpyHBI mepe-
MCIHIAIOTCA B MPOTUBOIIOJIOKHBIX HAIPaBJICHUAX Ta-
KAM 00pa3oM, YTOOBI MOJIOKEHUE CTPYHBI B MarHUT-
HOM IIEHTpE OCTaBajOCh HEM3MEHHBIM. YacToTa me-
PEMEHHOI'O0 TOKa B CTpPyHE BbIOHMpaeTcs, HCXOIs
H3 YCJIOBUA MHUHHUMYMaA pPaCHpCACICHUA aMIIIUTY/bI
KoJeOaHWi CTpyHBI B IIeHTpe MarHuTa (puc. 12,
MYHKTUpHAs KpuBas). M3mMepeHHbIe 3aBUCHMOCTH aM-
IUIATYABl KOJNIEOAHMH CTPYHBI OT €€ IIOJIOXKEHHS
B amnepType MarHuTa amnmnpoKCUMHUPYIOTCS JTUHEHHON
¢ynkumeit (cm. puc. 18) [7]. Onpenpensiercss Touka
nepeceuenns JuHUU ¢ ockto abcmmcce (TII). Anarmo-
THYHBIE M3MEPEHUs] TPOBOMAATCS B 0OpaTHOW MHOJISIp-
HOocTH mTmTaHus Maraurta (puc. 18). Brerwmcmsercs
cpeanee 3HaueHne mexay TII B mpsimoli 1 oOpatHoi
HOJISIPHOCTSIX TUTAHUS.

[locne ompeneneHust MOJNIOKEHUS CTPYHBI, COOT-
BETCTBYIOILIEI0 MUHUMAJIBHOMY CPEIHEMY 3HAU€HHIO
mexay TIT npu n3MepeHusIx MarHUTHOTO 1IeHTpa (co-
HalpaBJICHHOE JABWXEHHWE) M YIJIOBBIX IOJOKEHUH
MarHUTHOM ocH (IIPOTHBOIOJNIOKHO HAampaBlieHHOE
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Puc. 18. V3mepsiemble 3aBHCHMOCTH aMIUIMTYJIbI KOJIE-
GaHwMii OT MONOXKEHUSI CTPYHHI [7].

Z[BI/I)KCHI/IG), U3MEPACTCA TMOJIOXKCHUE CTPYHBI B CHUC-
TeMe koopauHaT MarauTta npu nomom KUM. Cuc-
TEMaAa KOOPAUHAT MarHuTa 3aJacTCd PCICPHBIMU TOY-
KaMu Ha spMe. B gaHHOW cucTeMe KOOpAUMHAT U3Me-
psieTCs MOJOXKEHUE PENEPHBIX TOYEK CTPyHBI. M3 mo-
JMy4eHHBIX KOOPAWHAT BBIYUTAIOTCS OQPQCETH U T0-
IpaBKa Ha BEJIMYMHY NpoBHCaHUA cTpyHbl. Dopma
CTPYHBl B BEpPTHKaJIbHON IJIOCKOCTH OIpEIeNseTcs
KaK IIeTIHasl JIMHUS, PelIeHHe YpaBHEHHU KOTOPOH Ha-
XOOUTCd 1O ABYM TOYKaM C Y4Y€TOM XapaKTCPUCTUK
cTpyHsI [18].

IIpononbHoe pacnpenejeHue MArHUTHOTO MOJISI

B 3aBucuMoOCTH OT KONMMYEeCTBa M3MEPSIEMbIX rap-
MOHHK, ONPENENIIEMOr0 I0Jb30BATENIEM, IPOBOAUTCS
COOTBETCTBYIOILIEE KOJMYECTBO UTEPALlUi U3MEPEHUN.
VBenuueHne  KOJMYecTBAa TapMOHHK  IO3BOJISIET
YIIy4YIINTh pa3pelieHue 10 MPOJOJIbHON KOOpAUHATE,
HO C yBEJIMYEHHEM HOMepa FapMOHHMKH CYIIECTBEHHO
CHM)KAETCSl aMIUIMTyla KoJeOaHUM M COOTHOILEHHE
CUTHAJI/IIYM.

B OKpecTHOCTSIX KaXIOH TapMOHUKH HU3MEPSIETCS
3aBUCHUMOCTH aMIUIMTY/Ibl KOJeOaHUl CTPYHBI OT Yac-
TOTBI IIEPEMEHHOIO TOKa B Hell. llosydeHHbIE 3aBU-
CUMOCTH aIllIPOKCHUMHUPYIOTCS IOJMHOMHHAIbHBIM
BbIpakeHHEM (3) ¥ OmpeAessiFoTcss CBOOOTHBIE KOA(-
(bUIIMEHTHl TTONTMHOMA C YYeTOM 3Haka pazHocTH (a3
KoJIeOaHUI CTPYHBI U NMEPEMEHHOTO TOKa. 3aTeM OIl-
penensitoTcsi Kod((UIMEHTH TapMOHHYECKOTO pas-
JIOKEHUsI MarHUTHOTO ToJs (6),CyMMHpOBaHUE KOTO-
pbix (7) TIO3BOJIIET BOCCTAHOBHUTDH MPOJOIBHBIA MPO-
(wIb MAarHUTHOTO TIOJISL.

HN3mepeHne rapMOHUK OCHUVINPYIOLIEH CTPYHOM

YacroTa 1epeMeHHOro ToKa B CTPyHE BBIOMpAeTcst
BHE OKPECTHOCTH pe3oHaHca. CTpyHa MapauleNbHO
nepeMeniaeTcs B KaKIylo U3 TOUeK U3MEpEeHui, npe-
CTaBIIAIONMINX COOOW OKpPYXHOCTh. J{JIsi mcmomb30Ba-
HUS ObicTporo mpeoOpazoBanusi Oypbe KOIMYECTBO
TOYEK JOIKHO ObITh paBHo 2", rae N — nenoe Haty-
panbHOe yncio. B kaxxnol Touke uaMepsieTcs aMmIuiu-
TyJa KoJeOaHU CTPYyHBI C y4ETOM 3HAaKa Pa3HOCTH
¢da3z Mexnay KoieOaHUSIMH CTPYHBI M TEPEMEHHBIM
TOKOM. M3 MOJy4EeHHOTO pacIpe/eNeHnss aMIUIUTY b
KOJIeOaHU! OT MOJOXEHUS CTPYHBl BBIYUCIISIOTCS
rapMoHUKH MarautHoro noisist (9). Ecnu koadduuu-
€HTbl NPONOPLHOHAIBHOCTH MEXIY AaMIUIUTyJaMu
KOJIeOaHUS! CTPYHBI M HAMpPSDKCHUS! HA BBIXOZAE ONTO-
napel He OIpEJeCHbI, BEIYUCISIOTCS TOJIBKO OTHOCH-
TeJbHBIC rapMOHUKH 110151 (10).

HN3mepeHue rapMOHUK HATSIHYTOM CTPYHOI
B HMITYJILCHOM I10JI¢

HBI/I)KCHI/IG CTPYHBI aHAJIOTUYHO HU3MEPCHUAM MC-
TOJIOM OCLMJUIMPYIOLIEH CTPYHbI: CTpyHa IepeMelia-
eTcs MapajlleNbHO B KaxIyko 13 2" ToueKk m3MepeHus
10 KPyTOBOM TPAaeKTOpUHU. B Kaxa0i TOUKE MOJIOXKE-
HUE CTPYHBI (pUKCHUpyeTCsl M MOJAeTCs UMITYJIBC TOKa
B 00MOTKy MarauTa. OTHOBpEMEHHO ¢ Tojadeill ToKa
3aIlMCHIBAIOTCS CUTHAJIBI C JaTyMKa TOKa M CTPYHBI.
3areM omnpezensieTcs HHTEPBAl BPEMEHH MEXAY HY-
JIEBBIM 3HAY€HHEM TOKA W 3HAYEHHEM TOKa MHTETPH-
pOBaHMs, 33J]aBAEMOr0 MoJib30BaTesieM (cM. puc. 20).
Curnan D/IC co cTpyHBI HHTETPHPYETCS B MOIYYCH-
HOM BpEMEHHOM WHTepBajie. 3HAu€HUs MHTerpana
OJIC B KaxJ01 TOYKE W3MEPEHUH MPEICTABISIOT CO-
0011 3aBHCHMOCTb UHTETpajla BEKTOPHOI'O MOTEHIMAJa
MarHMTHOTO TIOJISl OT IOJIOKEHUs1 CTpyHbl. 1o dop-
mynam (11) u (12) u3 maHHON 3aBUCHMOCTH PacCUH-
TBIBAIOTCA TAPMOHHNYCCKHUE COCTABJIAIOIINE MAarHuT-
HOTO TOJIA.

3AKJIIOYEHUE

CtpyHHBIE METOAMKHM HM3MEPEHUIl SIBIISIOTCS Ipe-
IMU3UOHHBIMHU W YHHUBCPCAJIBbHBIMU criocobamu o1pe-
ACJICHUA OCHOBHBIX ITapaMCTPOB IIOJIA MarHuToB YC-
Koputenei. Vcnons30BaHUuE CTPYHBI HO3BOJIAET CO3-
naBaTb MAarHuTOMCTPUUYCCKUEC CUCTEMbI C BO3MOKHO-
CThI0 U3MEPEHUI MarHUTOB Pa3JIMYHBIX THUIIOB U KOH-
CTPYKLIMA.

Pa3paboTka u cozmanue cucteM H3MepeHuil Ha oc-
HOBC CTPYHBI CONPSAXKCHBI C PCIHICHUEM HCTPHUBHUAJIb-
HBIX 3aJa4 Ul MOBBIIEHUS TOYHOCTH NPOBOAMMBIX
m3mepeHnii. OJHAKO OTHOCHTEIBHO JUTUTEINHHBINA
IIPOIECC BBOAA B KCILIyaTallUIO TAKOI'O POAA CUCTEM
KOMIIEHCUPYETCS BO3MOXKHOCTBIO pealu3alui He-
CKOJIBKUX METOJUK HU3SMCPCHUA, UYTO IIO3BOJIACT
pacIIMpUTh CHEKTP MapamMeTpOB MarHWTHOIO TIOJ,
AOCTYIIHBIX IJIA U3MCPCHU OI[HOP'I CHCTEMOM.
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Haubonee mepcrnekTUBHBIM HAINpaBJICHUEM pPa3BU-
THUSI CTPYHHBIX MarHUTOMETPHUYECKUX CHCTEM SIBIISIET-
sl cO3/1aHNe MHOTO(YHKLIMOHAIBHBIX CHCTEM, TI03BO-
JSIOIIMX M3MEPSITh Bce TpeOyemble MmapaMeTpbl Mot
MarHuTOB YCKOpHUTeNed. DTo TpedyeT TNoWcKa yHH-
BEpCANbHBIX pEHICHUH TpH pa3paboTKe Kaxaou
U3 TIOACHUCTEM U3MEPUTEIBHOTO CTEHA.

B Jlabopatopuu ¢usuku Beicokux suepruii OUAN
YCIIEIIHO BBEAEHBI B 3KCIUIyaTallMI0 U3MEPUTEIIbHbIE
CTEH/Ibl Ha OCHOBE CTPYHBI JUIS OHpEAEeNIeHHs I0JIo-
’KeHUs MarHuTHOM OcH KBaJApPYMOJbHbBIX MAarHuTOB
komruiekca NICA (Jlybna, Poccust) m cuHXpoTpoHa
SiS100 nmpoekra FAIR (dapmmranr, ['epmanust). Be-
JeTcs akTUBHasg paboTa MO peanu3aldud B JaHHBIX
MAaroHuTOMCTPUUCCKUX CUCTEMAX MCTOJUK I/ISMepeHI/Iﬁ
HATSHYTOU U MYJIbCUPYIOLIEH CTPYHOM.
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MAIN PRINCIPLES OF WIRE APPLICATION
FOR MAGNETIC MEASUREMENT OF ACCELERATORS ELEMENTS.
PART 1. BASED-ON-WIRE MAGNETIC MEASUREMENT
TECHNIQUES AND SYSTEMS

I. Yu. Nikolaichuk

Joint Institute for Nuclear Research, Dubna, Russia

Magnetic measurements of structural magnets are an integral part of accelerating complex’s creation. In-
creasing requirements for magnetic field parameters entails the need to create precision measurement systems.
Wire magnetic measurement techniques have a set of advantages compared to other techniques. This paper pro-
vides an overview of known based-on-wire approaches to magnetic measurements and describes the principles
of creating such measurement systems.

Keywords: magnetic measurements, stretched wire, accelerating complex, technique
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INTRODUCTION

When designing an accelerator's magneto-optical
system, magnetic field quality tolerances are deter-
mined based on beam dynamics calculations [1].
Magnet manufacturing and assembly quality are veri-
fied during production using magnetic measurements.
Precision magnetometric systems are developed for
this purpose. The most common devices at the core of
accelerator element magnetic field measurement sys-
tems are Hall sensors, induction coils, and conductive
wires.

Hall sensor field mapping is most often used for
large-scale accelerator magnetic systems. Classic ex-
amples of such systems include cyclotron magnets,
magnetic separators, particle detectors, and various
beamline components. Hall sensors are used to measure
the field maps of particle detector magnets due to
the need to accurately reconstruct particle tracks after
collisions, which requires the magnetic field strength to
be determined throughout the entire detector volume
with high spatial resolution [2]. In large accelerator
modules, such as cyclotrons, Hall sensors are convenient
for constructing spatial measurement systems.

Synchrotron-type accelerators, being modular ma-
chines, consist of a large number of relatively small
(compared to the accelerator size) dipole, quadrupole,
and multipole magnets. The requirements for the
magnetic field parameters of these elements are speci-
fied as integral values along the beam direction.
Therefore, measuring the complete field map of syn-
chrotron magnets is a redundant task. Furthermore,
Hall-effect sensor-based measurement systems require
the development of a high-precision three-axis posi-
tioning system encompassing the entire magnet vo-
lume to be measured. When applied to small-aperture
superconducting magnets, constructing such a motion
system becomes extremely complex and impractical.

Systems based on induction coils have become
widely used for synchrotron magnet field measure-
ments [3, 4]. This system consists of a set of conduc-
tive windings rotating as a unit within the magnet
aperture. The rotation of the conductive coils in a con-
stant magnetic field induces an EMF in them, integrat-
ing which determines the dependence of the magnetic
flux on the rotation angle of the coil turns. The mag-
netic field within the magnet volume, assuming a con-
stant distribution along the longitudinal axis, can be
expanded in a Fourier series and represented as the
sum of the corresponding harmonics [3]. To measure
higher field harmonics, which amplitude is at a level
of 10™* relative to the fundamental field component,
a special connection scheme for the measuring coils is
used, allowing for the suppression of the contribution
of the fundamental field component [4].

The design of a magnetometer based on induction
coils in most cases consists of a cylindrical shaft with

coils located on (or in) it. This method of constructing
a magnetometer using specialized materials allows the
magnetometric system to be used for measuring the
magnetic field parameters of superconducting mag-
nets under cryogenic operating conditions. Depending
on the accuracy requirements of the measuring sys-
tem, coils can be manufactured by winding or as sin-
gle-layer or multilayer printed circuit boards. Magne-
tometer assembly is carried out using coordinate mea-
suring machines (CMMs) to reduce coil positioning
errors. The repeatability of measurement results can
reach 10°%; however, the absolute measurement accu-
racy is determined by manufacturing and coil posi-
tioning errors. When processing measurement results,
the data is normalized by the coil's "sensitivity coeffi-
cient", which depends on its geometric dimensions
[3]. Thus, the typical relative accuracy of determining
absolute magnetic field garameters using induction
coils is at the level of 10™°. To improve accuracy, ad-
ditional coil calibration is required [5].

Several techniques are applied to measure the
magnetic field parameters of accelerator elements us-
ing a wire. These methods utilize vibrating [6-8],
stretched [9] and pulsating wires [10]. These mea-
surement methods differ in the principles of the mea-
surement process. The main advantages of using
a wire to measure accelerator magnets are the versatil-
ity of the magnetometric system, its applicability to
magnets with small apertures, and the potential for
high measurement accuracy, provided the necessary
calibrations of the measuring system are performed
during commissioning [11]. The use of such measur-
ing systems for superconducting magnets is limited by
the need to install an anticryostat in the magnet aper-
ture, a non-trivial task for magnets with small aper-
tures.

This paper attempts to systematize the material
concerning existing techniques and systems for mea-
suring magnetic fields by means of wires. The focus is
on the principles of constructing magnetometric sys-
tems with the use of wire measurement techniques,
the measurement process, and data processing, as well
as assessing the accuracy of the measurements. The
details of commissioning magnetic measurement sys-
tems and performing measurements are described in
detail, taking into account the experience of using
similar systems for magnets at the NICA accelerator
complex.

1. WIRE MEASUREMENT TECHNIQUES

1.1. Vibrating wire method
Operating principle

This measurement method is based on detecting
the Lorentz force generated by passing an alternating



current through a wire stretched in the constant field
of the magnet being measured. Mechanical vibrations
occur in the wire, which amplitude is proportional to
the integral value of the magnetic field. Selecting
a current frequency close to one of the resonant fre-
quencies of the wire natural vibrations significantly
increases the sensitivity of the method.

Magnetic axis position

The wire vibrations are described by the differen-
tial equation

0’x o’x  ox
m — = —+1(t)B(z), 1
1612 aZZ }/ al, ( ) ( ) ( )
where m, is the linear mass of the wire, T is the wire
tension force, y is the damping coefficient,

I(t)=1, € is the alternating current in the wire

with frequency w=2xf and B (z) is the transverse

magnetic field.

Taking into account the wire sag under the action
of gravity and the boundary conditions of equation (1)
x(0,t)=x(L,,0)=0 (L, is the wire length) under
the assumption of a negligible magnitude of the meas-
ured magnetic field in the regions at the edges of the
wire, the solutions describing the wire vibrations in
the vertical and horizontal directions are as follows:

vy (z,t) = L, B, sin| 222 |cos| @, t-Z
A m e, a L, "o2)
)
res LB, . (nmz T
Xg (z,t); sin cos| o, t+— |,
m o, o L, 2
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where y;”(z,¢) and x;"(z¢t) are the amplitudes of
vibrations in the vertical and horizontal directions,
respectively; I, is the amplitude value of the alternat-

ing current in the wire; B, and B, are the horizontal

and vertical harmonic components of the magnetic
field of the order n; w, is the cyclic frequency of

wire oscillations (7 is the order of multiplicity of the
natural frequency of oscillations); « is the coefficient
depending on the degree of damping of the amplitude
of wire oscillations; z is the longitudinal coordinate
[12].

From equations (2), it can be concluded that when
the wire is moved, only the magnitude of the magnetic
field changes, which acts integrally on the wire. Thus,
measuring the position of the magnetic axis in the
case of a quadrupole magnet is reduced to moving the
wire along a linear trajectory in the magnet aperture
and determining the position corresponding to the
minimum oscillation amplitude.

The dependence of the magnetic field on the radius
in a quadrupole magnet is linear with a good degree of
accuracy. This allows measurements to be made at
a relatively small number of points and then approx-
imated by a linear function. Figure 1 shows the expe-
rimentally measured points, their approximation by
a linear function, and the point of intersection with
abscissa axis, with an indication of the approximation
accuracy. The experimentally measured points are
indicated, taking into account the phase sign between
the alternating current in the wire and the wire oscilla-
tions. This phase ranges from—z /2 to 7 /2. Without
taking the phase into account, the measured values are
in the positive range, and the approximation is per-

formed using the function y = |x , which complicates
the calculations.

Fig. 1. The dependence of the oscillation amplitude
on the wire displacement [7].
z+ — experimental points

Longitudinal magnetic field profile

The vibrating wire technique allows one to meas-
ure the longitudinal distribution of the magnetic field
along the wire [8]. The measurement procedure in-
volves determining the amplitude-frequency depen-
dences of the wire's oscillations in the vicinity of har-
monics of its natural resonant frequency. The ends of
the wire should be located at a sufficient distance
from the magnet in regions where the magnetic field
strength is negligible. In this case, the longitudinal
distribution of the magnetic field has zero boundary
conditions, as does the distribution of the wire oscilla-
tion amplitude. Based on this, the magnetic field dis-
tribution and the wire vibration amplitude can be
represented as sinusoidal harmonics of the Fourier
expansion.

ZU" (a)2 —w + i;/a))sin(%zj =

ZZﬂSin(ﬂZJ. (3)
—m, L

By comparing the right-hand and left-hand sides of
equation (3), we determine the relationship between
the coefficients U, and B, . Substituting this into the

general solution of equation (1), we obtain

B, sin(ﬂanj
A(Z,t) = Zmloelm.

“4)



The problem of reconstructing the longitudinal
field distribution along a wire consists of determining
the magnitude of the magnetic field expansion coeffi-
cients B, when measuring the wire vibration ampli-
tude at a fixed point with coordinate z .

The amplitude-frequency characteristic in the vi-
cinity of each harmonic of the resonant frequency of
the wire's natural vibrations (Fig. 2) is described by
the following equation:

£ (0)-

d : 5)
B2 =) +(c,0)
where a,, b,, c, are free parameters. The coefficient
a, is related to the magnetic field expansion coefti-
cients B, by the relation
1 2m,

) (ﬂ'l’l j I(f
sin TZO

Fig. 2. Experimental data and the result of approxi-
mation of the amplitude-frequency characteristic.

B =a, (6)

The coefficient b, is equal to the harmonic of the
resonant frequency of the wire natural vibrations,
¢, =a/m,. The sign of the coefficient a, is deter-
mined by the phase shift between the wire vibrations
and the alternating current in the wire at the resonance
frequency.

By approximating the experimental data with a po-
lynomial function (5), the magnetic field expansion
coefficients are determined. Then, taking these coeffi-
cients into account, the longitudinal distribution pro-
file of the magnetic field along the wire is recon-
structed (Fig. 3):

B(z)=YB, sin(%zj . 7)

Fig. 3. The result of modeling (Reference) and recon-
struction (Reconstructed) of the longitudinal field pro-
file based on measurements of 20 harmonics [14].

Oscillating wire

One variation of the vibrating wire technique is the
oscillating wire method. The main difference is the
choice of the current frequency in the wire, away from
the resonance region. This method is based on mea-
suring the dependence of the wire oscillation ampli-

tude on its position in the magnet aperture as it moves
along a specific trajectory. A circular trajectory is
most often used to measure the integral harmonics of
the magnetic field. Circular motion simplifies subse-
quent data processing. The amplitudes of the wire os-
cillations in the horizontal and vertical planes are pro-
portional to the magnitude of the integral magnetic
field acting on the wire orthogonally to the plane of
oscillation:

dx (q)k ) = Sign (Wx,k _%j KXI:BX ((Dk )d27
(8)
. T L
d, (o, )= mgn(y/yﬂk _Ej K, OBy (¢,)dz,

where « , K, are the proportionality coefficients be-

tween the magnetic field and the oscillation ampli-
tude; v, ,, w,, is the phase difference between the

current in the wire and the wire oscillations. If the de-
pendence of the wire vibration amplitude is measured
at K points forming a circle in the magnet's cross-
section (see Fig. 4), the obtained dependences can be
expanded in a Fourier series to calculate the harmonic
components of the magnetic field:

s |
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Fig. 4. The trajectory of movement of wire 2 during
measurements of the field of quadrupole magnet 1.

The values of the radial harmonics, determined in-
dependently in both planes, should coincide. There-
fore, it is sufficient to conduct a measurement in one
of the transverse directions of vibration. The results of
measurements in the orthogonal plane can be used for
additional control.

To calculate the absolute values of the field har-
monics, a calibration procedure is performed and the

values of the proportionality coefficients «,, k, are
determined. Without calibration, it is possible to de-

termine only relative harmonics—the ratio of a har-
monic of an order higher than the fundamental to the



fundamental harmonic of the field

A B

n n

(10)

The index n+1 is used to convert from transverse
to radial field components [13].

1.2. Stretch wire method
Principle of operation

The stretch wire method involves measuring the
EMF induced in a wire moving as a whole in a con-
stant magnetic field or in a stationary wire in a pulsed
field. The EMF in the wire arises due to a change in
the magnitude of the magnetic field's vector potential,
which direction coincides with the wire's direction. By
integrating the EMF over time, the magnitude of the
vector potential is determined.

The stretch wire method allows one to measure the
position of the magnetic axis, the roll angle of a qua-
drupole magnet [14], the integral magnitude of the
magnetic field, and the integral harmonics.

Measuring harmonics in a constant field

When a wire moves uniformly along a circular tra-
jectory, the time integral of the measured EMF signal
can be represented as a function of the wire coordi-
nates. If we consider a polar coordinate system which
center coincides with the center of the measurement
circle, the EMF integral can be represented as a func-
tion of the wire rotation angle, as

I(B)zi(an cos(@)+bn sin(@))(LJn, (11)

n=1 }"0

where 6 is the rotation angle of the measurement
point on the circle; a,, b, are the harmonics of the
vector potential; » is the radius of the measurement
circle; 7, is the reference radius (the harmonic refer-
ence radius). The harmonics of the vector potential

and the magnetic field are related by the following
relationships:

na B - —nb, . (12)

)

The magnitudes of higher harmonics typically have
an amplitude at a level of 10 of the fundamental
harmonic. The accuracy of higher harmonic mea-
surements is improved by compensating for the fun-
damental field component. One compensation method
is to move the wire along a specially selected trajecto-

ry (see Fig. 5) [9].

Fig. 5. Trajectory of the wire motion when compen-
sating for the contribution of the multipole compo-
nent.

To compensate for the N-order multipole compo-
nent, the wire is moved stepwise to each of the M
measurement points, which is a circle of radius ». At
each measurement point, the wire is displaced along a
linear trajectory. The angle between the horizontal and
the line of wire displacement is determined at each
point as

0,=~(N-V)at, +p, . (13)

where ¢, is the angle of the circular arc of each M
point, and ¢, is the initial phase of the harmonic. To

compensate for several harmonics simultaneously,
measurements are taken at two radii. As the wire
moves, the integral of the induced EMF is measured at
each point. Then, based on the measured angular de-
pendence of the vector potential integral, the field
harmonics are determined by inversely transforming
expression (11).

Measuring harmonics in a pulsed field

When measuring weak constant magnetic fields,
the signal-to-noise ratio may be insufficient to achieve
the required accuracy. In this case, one way to
increase the sensitivity of the method is to measure in
a pulsed magnetic field with a high rate of rise.

The wire moves along a circular trajectory divided
into N points (Fig. 6). At each point, the wire's
position is fixed, and a current pulse is applied to the
magnet winding. The EMF signal induced on the wire
is integrated, and the integral value corresponding to a
predetermined current value is determined. From the
distribution of the EMF integral over the angle
(coordinate), the field harmonics are calculated using
formulas (11) and (12).

Fig. 6. Wire trajectory during measurements in
a pulsed field.

1 — current pulse in the magnet winding, 2 — EMF
signal induced in the wire

1.3. Pulsed wire method

This method is most widely used in measuring the
magnetic fields of inserted devices of synchrotron
radiation sources, such as wigglers and undulators.
A wire is pulled through the aperture of a magnet with
a constant field. When a short high-voltage pulse is
applied to the wire, a localized disturbance region is



created in the wire, propagating toward the ends of the
wire. An optical sensor is located near one end of the
wire, recording the shape of the propagating wave
[10]. Based on these measurements, the first and
second integrals of the magnetic field are determined.
The transverse displacement of the wire is described
by the equation

_EY S ox 1w B(2)I()

T oz oz v or T

where E is the modulus of elasticity, Y is the
moment of inertia, /(¢) is the dependence of the

, (14

current in the wire on time, B(z) is the magnitude of

the transverse field at the z point , and T is the
tension force in the wire. The velocity of wave

propagation in the wire is determined as v = %1 .
1

In the case of a short-duration current pulse, the
dependence of the wire displacement on time at the
location of the optical sensor is described by the
relation

1, At v
x(t):_zomlv [ B(z)dz, (15)

where [ is the current pulse amplitude, and Af is the

pulse duration. In this way, the first integral of the
magnetic field is measured. In addition to the first
integral of the field, an important characteristic of
wigglers and undulators is the second integral of the
field. It is measured by applying a current pulse of
longer duration. The relationship between the second
integral of the magnetic field and the shape of the wire
deflection is described by equation

x(1) =~ [z B () du

2my’

The accuracy of the measurements is affected by
both internal (wire material characteristics, dispersion
due to wire stiffness, wire sag, wire manufacturing
inaccuracies) and external factors (vibrations, air
movement, fluctuations in optical components).
Minimizing the negative impact of all the above-
mentioned sources of interference is accomplished
during the development and commissioning stages of
the magnetometric system.

(16)

2. PRINCIPLES OF CREATION AND OPERATION
OF WIRE-BASED MAGNETOMETRIC SYSTEMS
2.1. Main systems of the magnetometric rig
Introductory Note

The principles of creating and operating wire mea-
surement systems are described using the example of

a measurement system developed and operated at the
JINR VBLHEP during the production of magnets for
the NICA accelerator complex. The approaches used
are universal and can be applied to most facilities of
this type.

Wire support unit

The diagram of the magnetometric system (without
the signal acquisition and control system) is shown in
Fig. 7. The magnet being measured is mounted be-
tween two columns housing the main system compo-
nents. The wire is pulled through the magnet aperture
and secured on both sides to special wire support
units. The design of these units must ensure electrical
insulation of the wire from the conductive materials of
the support columns to minimize noise pickup. Fur-
thermore, the wire support unit must ensure unambi-
guous wire positioning each time the wire is replaced.
This is necessary to maintain calibrated wire offset
values relative to reference points. Reference points
are installed on both wire support units to measure the
wire position in the magnet coordinate system.

Fig. 7. Schematic diagram of the NICA collider's qu-
adrupole magnetometer system.

1 — wire; 2 — magnet; 3 — main system support
pillars; 4 — wire movement system; 5 — wire tension
system; 6 — vibration recording system

Wire translation system

The positioning accuracy of the wire translation
system directly affects the measurement accuracy
achieved by each method. A typical implementation
scheme for a two-coordinate wire translation system is
the orthogonal installation of linear translators on each
of the columns. When selecting a linear translator, it is
necessary to consider the weight of the equipment it
will be moving. Available translation system models
achieve a positioning accuracy of £0.001 mm. De-
pending on the size of the measurement area, the rela-
tive error will decrease. For example, a positioning
error of £0.001 mm when measuring magnetic field
harmonics using the stretched-wire method at a radius
of 50 mm allows for an accuracy of 2-107 in relative
units (excluding noise interference, which significant-
ly affects the accuracy of the results).

Wire vibration detection system

The vibrating and pulsating-wire methods require
measuring the mechanical vibrations of the wire. This
requires optical sensors, the simplest of which is an
optocoupler with an air gap. Using a stabilized power
supply and a highly sensitive voltage sensing system
allows for measurement repeatability of 0.001 mm or



better. To convert the amplitude of the optocoupler's
output signal into the amplitude of the wire's mechan-
ical vibrations, a proportionality coefficient is deter-
mined in the linear region of the optocoupler's output
characteristic (see Fig. 8).

Fig. 8. The dependence of the optocoupler output
voltage on the wire position [7].
The optocoupler's operating regions are highlighted

This region is determined by the position of the
wire relative to the optocoupler's light path. The wire
position relative to the optocoupler must be main-
tained throughout the entire measurement cycle. For
this purpose, the optocouplers are mounted on auto-
matically controlled linear platforms (see Fig. 9) [11].

Fig. 9. Schematic diagram of the wire vibration re-
cording system [7].

1 — wire; 2 — optocoupler for recording vertical
vibrations; 3 — optocoupler for recording horizontal
vibrations

Wire tensioning system

The wire tensioning method is an important factor
in increasing measurement sensitivity and reducing
interference. The choice of tension determines the
amount of wire sag and the resonant frequency of its
natural vibrations. Increasing the tension to minimize
wire sag can negatively impact the optocoupler signal.
This is due to a decrease in the wire vibration ampli-
tude and the potential overlap of the wire resonant
frequency with the frequency of external electromag-
netic or vibrational interference. Initially, the vibration
spectrum is measured on the measuring rig and the
operating frequency range is selected where the inter-
ference amplitude will be minimal. In addition to in-
itially selecting the operating range, maintaining the
resonant frequency allows for maintaining resonance
conditions throughout the entire measurement period,
significantly increasing the sensitivity of the mea-
surement method. To maintain the set wire tension,
the most suitable option is to use a stepper motor and
a strain gauge. Feedback for such a tensioning system
can be implemented using hardware or software.
A comparison of the stability of maintaining the reso-
nant frequency of wire vibrations using an automatic
tensioning system is shown in Fig. 10.

Fig. 10. Resonant frequency stability when using an
automatic wire tension system.

2.2. Technical aspects of measurements
with a vibrating wire

The signal from the optocoupler is a carrier har-
monic with a frequency corresponding to the frequen-
cy of the alternating current in the wire and superim-
posed noise. Noise arises from both the reading
equipment and from wire vibrations caused by exter-
nal vibrations or air currents. The most applicable me-
thod for extracting the amplitude of the carrier fre-
quency signal is synchronous detection [15].

For this purpose, the signal from the optocoupler
and the reference signal are processed using a special
algorithm. The reference signal is the alternating
current signal applied to the wire. The synchronous
detection algorithm can be implemented either digital-
ly or embedded in a discrete device — a synchronous
amplifier [16]. Modern synchronous amplifiers are
independent devices with their own software, which
significantly simplifies the process of conducting
measurements, developing custom programs for con-
trolling the magnetometric system, and improves the
accuracy of measurements (see Fig. 11). Using a syn-
chronous amplifier, the approximation error of expe-
rimental data was reduced by two orders of magni-
tude.

Fig. 11. The influence of a synchronous amplifier on
the accuracy of measurements by a vibrating wire.

The sensitivity of the magnetometric system also
depends on the longitudinal position of the vibration
recording system. Magnetic axis position measure-
ments are performed at two harmonics of the resonant
frequency, which changes the longitudinal distribution
of the wire's vibration amplitude (Fig. 12). The most
suitable position for the optocouplers is at a point 1/8
of the wire's length, since at this position the vibration
amplitude at both harmonics is close to the maximum.
However, due to the design features of the measuring
rig, placing optocouplers at this point may be imposs-
ible. In this case, a compromise is sought between the
rig design and the magnitude of the wire vibrations at
the location of the vibration detection system.

Fig. 12. Distribution of the wire vibration amplitude
during measurements of the magnetic center position
and the angular positions of the magnetic axis.

The AC power source for the wire must have ap-
propriate amplitude and frequency stability. The sen-
sitivity of the measurement method can be enlarged
by increasing the current amplitude in the wire. How-
ever, precision AC sources with adjustable frequency



have a limited amplitude range. Furthermore, increas-
ing the current amplitude in the wire leads to its heat-
ing, which causes fluctuations in the resonant fre-
quency. The typical current amplitude limitation of
most sources is 100 mA, which does not significantly
heat a beryllium bronze wire with a diameter greater
than 100 pm.

A standard sine wave generator can be used as
a wire power source. Current stability in this case is
determined by the generator's stability and the change
in wire resistance. The low-frequency operating range
allows one to neglect the influence of the circuit's
reactance and evaluate fluctuations only in the active
component of the wire's power supply circuit resis-
tance. A graph of the wire's active resistance over time
is shown in Fig. 13. From this graph, it can be con-
cluded that the relative fluctuations in the wire's active
resistance are within 0.02%, allowing the use of a sine
wave generator as a wire power source. Modern gene-
rators have the ability to define arbitrary waveforms,
that expands the range of measurement system capa-
bilities while minimizing the amount of equipment
used.

Fig. 13. Changing the wire resistance.

The influence of external vibrations on measure-
ment results can be reduced by selecting the design of
the support stands for the main system components.
The primary solutions to this problem are to place the
main system components on vibration-isolated optical
tables or on supports made of hard rock, such as gra-
nite. Using an optical table does not eliminate the vi-
brations transmitted to the magnet being measured.
Using granite supports, however, maintains the same
vibration spectrum throughout the system while sig-
nificantly reducing the amplitude of vibrational inter-
ference.

External magnetic fields, independent of the mag-
net winding supply current, can introduce errors in
magnetic axis position measurements. To reduce the
influence of external fields, measurements are per-
formed with the magnet supplied in two polarities.
The average value between measurements in the two
polarities determines the magnetic axis position. This
measurement method is an effective method for sup-
pressing the influence of constant external magnetic
fields [11]. Figure 14 shows the results of an experi-
ment artificially introducing a constant magnetic field
into the system. The dependence of the magnetic axis
position on the magnet winding supply current has
a hyperbolic shape. When measuring in two magnet
supply polarities, the resulting hyperbolas converge to
a horizontal asymptote. There is no dependence of the
magnetic axis position on the magnet supply current

when calculating average values between the two
magnet supply polarities, indicating the possibility of
using this method to compensate for the influence of
external magnetic fields.

Fig. 14. Results of magnetic axis measurements in
two magnet power polarities [11].

The results of X-coordinate measurements are pre-
sented; a similar picture is observed for Y-coordinate
measurements

The accuracy of the measuring system can be as-
sessed based on the approximation error of the expe-
rimental results (Fig. 1) and the repeatability of the
obtained data (Fig. 15). The measurement accuracy
using the vibrating wire technique reaches several mi-
crons.

Fig. 15. Repeatability of measurements of the mag-
netic center position [7].

All of the above methods for improving the accu-
racy of magnetic axis measurement using a vibrating
wire involved aligning the wire with the magnetic
axis. However, the main contribution to the measure-
ment error is made by the accuracy of determining the
wire coordinates in the magnet coordinate system. The
reference points of the magnet and wire are measured
using a CMM. The main types of CMMs are a mea-
suring arm and a laser tracker. Depending on the larg-
est measurable distance between points, the spatial
accuracy of CMM measurements can range from
+0.01 to £0.30 mm. Therefore, to achieve the required
accuracy in measuring the magnetic axis position of a
quadrupole magnet, primary attention must be paid to
the selection of a CMM.

The spatial position of the wire after its alignment
with the magnetic axis is determined using reference
points placed on the wire support units (Fig. 16).

Fig. 16. Schematic diagram for determining the off-
sets of wire reference points.

1 — calibration spheres; 2 — wire; 3 — reference
points; 4 — ruby spheres of the wire support unit

[11]

The reference points are located at fixed distances
from the ends of the wire. This is necessary for mea-
suring the wire's position without direct contact with
the wire, which could cause it to shift from its initial
position. Determining the distances (offsets) between
the ends of the wire and the reference points is a ne-
cessary task during commissioning of the magnetome-



tric system. The offset determination technique [11]
involves simultaneously measuring the spatial posi-
tion of the wire and the reference points.

The spatial position of the wire can be determined
using two conductive calibration spheres used for ca-
librating the CMM. The position of the spheres is
measured using the CMM, after which the wire is
moved until it simultaneously touches both spheres. In
this position, the coordinates of the reference points
are measured in an arbitrary coordinate system. This
procedure is repeated iteratively until the wire has
"rolled" around at least half of the calibration sphere.
Further geometric calculations are used to determine
the distances between the centers of the calibration
spheres and the circles described by the reference
points during the measurements. After this, a correc-
tion for the wire sag in the vertical plane is also taken
into account. The maximum value of the wire sag is
determined from the resonant frequency of natural
vibrations using the following formula:

Saggita =& (18)
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where g is the gravitational acceleration, and f, is

the fundamental resonant frequency of the wire’s nat-
ural vibrations.

When measuring the magnetic axis position, the
main criterion for approaching the axis is minimizing
the amplitude of the wire vibrations. In this case, there
is no need to determine the ratio between the signal
amplitude at the optocoupler output and the amplitude
of the wire mechanical vibrations. However, when
measuring the longitudinal field distribution and har-
monics using the oscillating wire method, the accura-
cy of the measured parameters directly depends on the
accuracy of the proportionality coefficient between
the optocoupler output signal and the wire vibrations.
Therefore, it is necessary to develop a method for de-
termining these coefficients.

The most suitable option is to use linear platforms
that move the optocouplers (Fig. 9). These platforms
have a fixed step size. Thus, measuring the proportio-
nality coefficients of oscillations is reduced to mea-
suring the dependence of the output voltage on the
step size of the optocouplers. However, when using
a lock-in amplifier, this approach is impossible due to
the fact that the amplifier's output parameter is the
amplitude of the oscillations of the alternating com-
ponent of the voltage from the optocoupler output. In
this case, the method for determining the proportional-
ity coefficients of oscillations is supplemented by
measuring the ratio between the voltage oscillations at
the optocoupler output and the amplitude of the carrier
harmonic recorded by the amplifier. The final algo-
rithm for measuring the proportionality coefficients
when using a lock-in amplifier is as follows: the de-

pendence of the DC voltage at the optocoupler output
on displacement is measured; The amplitude of the
optocoupler output voltage fluctuations at the resonant
frequency of the natural oscillations is measured with
a fixed current in the magnet, and the amplitude of the
mechanical oscillations of the wire is determined. The
previous measurements are repeated with a synchron-
ous amplifier connected.

The oscillating wire method is highly sensitive to
frequency fluctuations of the alternating current in the
wire. Reducing sensitivity to changes in current fre-
quency and, consequently, increasing measurement
accuracy is achieved by selecting an operating fre-
quency outside the resonant frequency range of the
wire's natural oscillations. The graph of the amplitude-
frequency dependence of wire oscillations (Fig. 17)
shows the difference in oscillation amplitude with
a frequency change of 0.01 Hz in regions near the re-
sonant frequency and with a shift of 1 Hz from reson-
ance. It follows from this that possible frequency drift
of the alternating current will have a significantly
smaller effect on the measurement results away from
the resonant frequency.

Fig. 17. The dependence of the optocoupler output
voltage amplitude (wire vibration amplitude) on the
frequency of the alternating current in the wire.

2.3. Features of stretch-wire
measurement systems

The tensile-stretch method requires the EMF signal
to be read from the wire, which can be accomplished
via the same cable line that supplies the current signal
to the wire during vibrating-wire measurements. It is
important to ensure that the AC current source does
not influence the EMF signal.

The amplitude of the EMF induced in the wire is
proportional to the magnetic field strength and the
wire's velocity (for measurements in a constant field)
or the rate of magnetic field rise (for measurements in
a pulsed field). The requirements for the current sta-
bility of the magnet's power supplies depend on the
required accuracy of the measurement results and are
typically in the range of 10~ to 10~ in relative units.

The EMF signal is read using an ADC for further
processing. In addition to standard ADCs, specialized
digital integrators developed for magnetic measure-
ments can be used [17, 19]. These devices reduce po-
tential errors compared to numerical integration of
EMF signals measured by ADCs.

When measuring in a pulsed field, the magnet
winding current signal is recorded simultaneously
with the EMF signal. This is necessary for subse-
quently referencing the EMF integral value to a fixed



value of the magnet supply current. Furthermore, to
reduce the influence of current fluctuations (or interfe-
rence in the current sensor signal) on the integral val-
ue, a negative pulse shift is generated before the start
of the pulse increase. This allows the EMF integration
time interval to be referenced to two points — zero
current and the integration current. The current value
for integration is determined before data processing
begins. This leads to a requirement for magnet power
sources: the ability to change polarity during a current
cycle.

2.4. Methods for automating
magnetometric systems

The measurement algorithms for the above-
described methods lend themselves well to automation
during the development of measurement system soft-
ware. This reduces human error and significantly
speeds up the measurement process. General mea-
surement algorithms for each method are provided in
Section 3. This section will discuss the principles of
automating each of the above-described subsystems of
the setup.

Most modern linear translators use a driver with its
own software and digital communication for control.
Therefore, the main task is to organize interaction be-
tween the measurement system software and the mo-
tor controller. When selecting a controller model, it is
important to consider the ability to simultaneously
move multiple motors. This is necessary for imple-
menting the taut-wire technique in a constant field,
which requires synchronous movement of both ends
of the wire.

Automation of the vibration detection system in-
volves creating feedback to maintain the optocoupler's
working area during measurements. To do this, the
DC voltage at the optocoupler output is checked to
ensure it complies with specified limits. The algorithm
for determining the optocoupler's operating range can
also be automated. This involves automatically mov-
ing the linear platform with the optocoupler relative to
the wire while simultaneously recording the voltage at
the optocoupler output and subsequently determining
the maximum and minimum voltage values. The aver-
age value between these values is then determined
within user-defined limits.

The wire tensioning system operates by establish-
ing feedback between the tensioner and the tension
sensor. A strain gauge can be used as the tension sen-
sor, and a stepper motor as the tensioner.

If a calibration coefficients of a strain gauge is un-
known, it is necessary to determine the output voltage
corresponding to the required tension force. If the
range of acceptable resonant frequencies, limited by
external interference, is sufficiently small, the re-
quired tension force can be selected iteratively by
measuring the resonant frequency with each change in

the wire tension. The output voltage on the strain
gauge corresponding to the required resonant frequen-
cy range is recorded, after which the tensioning sys-
tem maintains the set value within the limits specified
by the operator.

3. ALGORITHMS FOR CARRYING OUT
MEASUREMENTS USING WIRE-BASED METHODS

Magnetic axis position

Measuring the magnetic axis position can be di-
vided into two stages: aligning the wire within the
magnetic axis and determining the wire coordinates in
the magnet's coordinate system. When aligning with
the magnetic axis, initially the position of the magnet-
ic center—the intersection point of the magnetic axis
with the transverse plane of the magnet at its center
(along the longitudinal coordinate) — is determined.
To achieve this, the ends of the wire are moved in the
same direction, and the wire position corresponding to
the minimum oscillation amplitude is determined. The
frequency of the alternating current in the wire is se-
lected such that the maximum oscillation amplitude
distribution coincides with the magnet center (Fig. 12,
solid curve). After aligning the wire with the magnetic
center, the angular positions of the magnetic axis are
determined. The ends of the wire are moved in oppo-
site directions such that the wire position at the mag-
netic center remains constant. The frequency of the
alternating current in the wire is selected based on the
condition of the minimum oscillation amplitude dis-
tribution at the magnet center (Fig. 12, dotted curve).
The measured dependences of the wire oscillation
amplitude on its position in the magnet aperture are
approximated by a linear function (see Fig. 18) [7].
The intersection point of the line with the abscissa
axis (IP) is determined. Similar measurements are per-
formed with the magnet power supply polarity re-
versed (Fig. 18). The average value between the IP is
calculated for both the direct and reversed power
supply polarities.

Fig. 18. Measured dependences of the oscillation
amplitude on the position of the wire [7].

After determining the wire position corresponding
to the minimum average value between the IP during
measurements of the magnetic center (co-directional
motion) and the angular positions of the magnetic axis
(opposite motion), the wire position is measured in the
magnet coordinate system using a CMM. The magnet
coordinate system is defined by reference points on
the yoke. The positions of the wire reference points
are measured in this coordinate system. Offsets and
a correction for wire sag are subtracted from the re-



sulting coordinates. The wire shape in the vertical
plane is defined as a catenary, the solution to which is
found using two points, taking into account the wire
characteristics [18].

Longitudinal magnetic field distribution

Depending on the number of harmonics measured,
as determined by the user, a corresponding number of
measurement iterations is performed. Increasing the
number of harmonics improves the longitudinal reso-
lution, but with increasing harmonic number, the os-
cillation amplitude and signal-to-noise ratio decrease
significantly.

In the vicinity of each harmonic, the dependence of
the wire oscillation amplitude on the frequency of the
alternating current in it is measured. The obtained de-
pendences are approximated by polynomial expres-
sion (3), and the free coefficients of the polynomial
are determined taking into account the sign of the
phase difference between the wire oscillations and the
alternating current. The harmonic expansion coeffi-
cients of the magnetic field (6) are then determined,
the summation of which (7) allows us to reconstruct
the longitudinal profile of the magnetic field.

Measuring harmonics with an oscillating wire

The frequency of the alternating current in the wire
is selected outside the resonance vicinity. The wire is
moved parallel to each of the measurement points,
which form a circle. To use the fast Fourier transform,
the number of points must be 2", where N is a natural
integer. At each point, the wire oscillation amplitude
is measured, taking into account the sign of the phase
difference between the wire oscillations and the alter-
nating current. From the resulting distribution of the
oscillation amplitude as a function of the wire posi-
tion, the harmonics of the magnetic field are calcu-
lated (9). If the proportionality coefficients between
the wire oscillation amplitude and the optocoupler
output voltage are not determined, only the relative
harmonics of the field are calculated (10).

Measuring harmonics
with a stretched wire in a pulsed field

The wire's motion is similar to measurements using
the oscillating wire method: the wire is moved parallel
to each of the 2" measurement points along a circular
trajectory. At each point, the position of the wire is
recorded, and a current pulse is applied to the magnet
winding. Simultaneously with the current application,
signals from the current sensor and the wire are rec-
orded. The time interval between zero current and the
user-specified integration current is then determined.
The EMF signal from the wire is integrated over the
resulting time interval. The EMF integral values at
each measurement point represent the dependence of
the integral of the magnetic field vector potential on
the wire position. Using formulas (11) and (12), the
harmonic components of the magnetic field are calcu-
lated from this dependence.

CONCLUSION

Wire measurement techniques are precise and ver-
satile methods for determining the basic parameters of
the accelerator magnet field. Using a wire allows the
creation of magnetometric systems capable of measur-
ing magnets of various types and designs.

The development and creation of wire-based mea-
surement systems involves solving non-trivial prob-
lems to improve the accuracy of measurements. How-
ever, the relatively lengthy commissioning process of
such systems is offset by the ability to implement
multiple measurement techniques, which expands the
range of magnetic field parameters available for mea-
surement by a single system.

The most promising direction for the development
of wire magnetometric systems is the creation of mul-
tifunctional systems capable of measuring all required
accelerator magnet field parameters. This requires
finding universal solutions in the development of each
subsystem of the measurement rig.

The JINR Laboratory of High Energy Physics has
successfully commissioned wire-based measurement
rigs for determining the magnetic axis position of qu-
adrupole magnets at the NICA complex (Dubna, Rus-
sia) and the SiS100 synchrotron of the FAIR project
(Darmstadt, Germany). Active work is underway to
implement stretched and pulsating wire measurement
techniques in these magnetometric systems.



