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MOCTOSTHHBIX MAarHUTOB, WCIIOAB3YEMBIX B 3HEProcOeperaronx HCTOYHHUKAX CHHXPOTPOHHOTO HW3IIyYCHHS,
paspabaTeiBaeMbIx B IHCTHTYTE simepHoi dusukn uM. .M. Byakepa.

1. BBEJAEHUE
VICTOYHHUKHM PEHTI€HOBCKOT'O M3JIyYEHHUS HMCIOJB3YIOTCSI BO MHOTHUX 00JacTAX HAayKH U
MEIULIMHBI. BONBIIMHCTBY MOJIb30BaTENEN JUIsl CBOMX 3a4ad TpeOyeTcsl AOCTaTOYHO BBICOKAs
MHTEHCUBHOCTDH M3JIy4EHUS B 33/JIaHHOM JHMara3oHe JUIMH BOJH Ha 00paslle WM BXOJHOM OKHE
SKCHEPUMEHTAIbHOM cTaHIu. KpoMe Toro, 00bIYHO TpedyeTcs JOCTaTOYHO MajleHbKasl yIriioBas

pacxoAMMOCTh (paBHas IONEPEYHOMY pa3Mepy HCTOYHMKA W3JIIyYeHUs, JEJICHHOMY Ha

! Marepuasr 28-i1 KOHpEPEHIUY IO YCKOPHUTEISM 3apsukeHHbIX acTul “RuPAC’23”, HoBocuOupck.
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paccTosiHie OT MCTOYHHKA 10 00pa3iia) U3IIyueHHs B Kax /101 Touke oopasua. [loaromy xopormii
MCTOYHUK M3IyYEHHS JOJDKEH ObITh HE TOJBKO JOCTATOYHO MOIIHBIM, HO U UMETh HEOOJIbIINE
HonepeyHbIe pa3Mepsl. B 3ToM citydae roBopAT, YTO HCTOYHUK UMEET BBICOKYIO SIPKOCTh, KOTOpast
OlpeAenseTcss KaK MOIIHOCTh M3JIy4YeHMs, JeJeHHas Ha Iuloumanb (MCTOYHUKA WU
KOJUIMMHUPYIOILLErO OTBEPCTHS) U TEJIECHBIA yroil, B KOTOPOM paclpocTpasstoTcs ayun. Ceiiuac
CaMbIMH SIPKUMU JTA00OPaTOPHBIMUA WCTOYHUKAMU PEHTI'C€HOBCKOTO M3IIyUEHHs SIBISIOTCS MyYKH
BBICOKOIHEPIreTUUECKHUX MIEKTPOHOB, IPOXOISAIINE YEPE3 CHIIBHOE MIONIEPEUHOE MAarHUTHOE 110J1€
U M3JIydarone CUMHXpoTpoHHoe uznydenue (CH), a Taxxke ja3epsl Ha CBOOOIHBIX 3JIEKTPOHAX.
Jlnist co3aHusl TAKUX MCTOYHUKOB MOXKET OBITh MCIIOJIB30BaH 3JEKTPOHHBIA MyYOK HEOOJBIINX
(menee 0.1 MM) momnepedHbIX pa3MEpPOB, KOTOPBIN LHUPKYJIUPYET B CHELUAIBHOM yCTPOWCTBE —
HAKOIUTEJIE JIEKTPOHOB.

VYuuteiBas TOT (pakT, 4TO IIIAHUPYEMbIE B HacTosAllee Bpems ucrounuku CU 3apaborator
gyepe3 10-20 neT, ux xKeynaTenbHO CYIECTBEHHO U3MEHUTH (YCOBEPLIEHCTBOBATH) IO CPABHEHUIO
C CYIIECTBYIOIIUMH. DTO BO3MOXKHO, €CJIM OyJyT NPUMEHEHbI HOBbIE TEXHUYECKHUE PELICHUS U
TexHonoruu. Kpome Toro, ans MCTOYHHMKA W3IY4YCHHS, OPUEHTHPOBAHHOTO Ha paboTy B
HCCIIEI0BATENIbCKOM YHUBEPCUTETE, T. €. 11l SKCIIEPUMEHTOB B CAMBIX PAa3HBIX OOJIACTSIX HAYKU U
MEIULUHBI, HEOOXOJUMO TMPEAyCMOTPETh BO3MOXKHOCTH MOJNYyYeHHS (DOTOHOB C pa3HBIMH
SHEPrusMu — oT 5 3B 1 yneTpaduoneToBoro uanyueHus B Bakyyme a0 100 k3B st sxecTkoro
PEHTICHOBCKOTO M3JIy4€HHUS, M OJHOBPEMEHHOW paboThl MHOTHX IIOJIb30BaTeNel Ha
COOTBETCTBYIOIMX KCIEPUMEHTANIBHBIX cTaHIMsIX. Celfyac B MUpE CyIIECTBYET MHOXKECTBO (B
Poccun Bcero 3) HCTOYHMKOB PEHTIEHOBCKOTO H3JIyYEHHs, MHCIOJIB3YIOIUX HAKOIUTEIN
AJIEKTPOHOB.

B Uncrturyre Snepnoit ®usuku wuM. byakepa paspabaThiBaeTcsi  KOHIETILUS
SHeprocOeperaromero CTOYHUKa CHHXPOTPOHHOTO U3Iy4eHus. OIHUM U3 OCHOBHBIX OTJIMYHMA
HOBOT'O0 MCTOYHMKA M3JIYUYEHHS OT CYLIECTBYIOLIUX SIBJISIETCS OTCYTCTBUE MCTOUYHUKOB NHUTAHUS
MOCTOSTHHOTO TOKA (M COOTBETCTBYIOILETO BOJSHOTO OXJIAXACHUS) UL OOJIBIINHCTBA 3JIEMEHTOB
MarHMTHON CHCTEMBbI, MCHOJb3YIOIIMX IOCTOSHHbIE MAarHuThl. JlJIi NPOBEPKH 3TOTO HOBOI'O
TEXHUYECKOT0 perieHus: ObTM pa3paboTaHbl MPOTOTHIBI MMOBOPOTHBIX MAarHUTOB. MarHuTHbIE
AJIEMEHTBl 3TOTO THMA MOTYT OBITh HWCHOJB30BAHBI Ul CO3JAHUS HOBBIX HCTOYHHMKOB
PEHTTEHOBCKOTO U3IY4YEHHsI U MOJIEPHU3ALIMHU CYLIECTBYIOINX HAKOIIUTENEH AIEKTPOHOB.

Jlonyckn Ha MarHUTHOE IOJI€ B IOBOPOTHBIX MarHUTax COBPEMEHHBIX HAKOIUTENIEH
JOCTaTOYHO ecTkhe. UYToObl 0OecredyuTh BBIMOJHEHHE ATHUX JIOMYCKOB, OBUIO pa3paboTaHO
YCTPOMCTBO ISl U3MEPEHUSI BEKTOpAa HaMarHMYEHHOCTH Ka)I0T'0 IOCTOSHHOTrO MarHuTa. OHO
HCII0JIb30BAJIOCh JUUISl N3BMEPEHHUS MArHUTHBIX MOMEHTOB BCEX MOCTOSIHHBIX MAarHUTOB, KYIUJIEHHBIX

AJIL IPOTOTHUIIOB IMTOBOPOTHBIX MAIrHUTOB.



2. TIOCTOAHHBIE MAT'HUTHI
[TocTosiHHBIE MAarHUTBI MMEIOT 3HAYMUTEIBHBIA Pa30poc HaAMarHWYEHHOCTH. B Hammx
MMOBOPOTHBIX MarHUTax (CM. puc.l) ¢ xKelne3HpIMU TOTI0CAMU B BEIMYMHY TIOJISl B paboyeM 3a30pe
BHOCSIT BKJIJl HECKOJBKO IMOCTOSSHHBIX MarHutoB. CTaHIApTHOE pEIICHHE 3TOH MpoOIeMbl

3aKJIIO49acTCsA B COPTUPOBKC MAI'HUTOB.

Puc. 1. Koncrpykuus ¢oxycupytorero (a) u aedokycupyromero (6) TOBOPOTHOTO MarHUTA.

J1st COPTUPOBKU HEOOXOAUMO U3MEPUTH BCE KOMIIOHEHTBI BEKTOpa HAMArHUYEHHOCTH KaXkI0TO
MarHuTa, KOTOPBIA IJIAHUPYETCS MCHOJIB30BaTh B MOBOPOTHOM MarHute. Ilocie 3Toro mMoxxkHO
no00paTh MOAXOAALINI HaOOp MAarHUTOB, YTOOBI OOECIIEUUTH KETAEeMYIO0 BEJIHUYUHY IOJS B
pabouem 3a30pe MOBOPOTHOTO MarHWTa. B HamMX MOBOPOTHBIX MAarHUTaX MbI HCIOIb3yeM

marauTbl NdFeB maccoii 2.6 kr u pasmepamu 90x90x40 mm?* (puc. 2).

Puc. 2. OnuH MarHuTHBIN OJIOK.

3. KOHCTPYKUIUA UBMEPUTEJIBHOT'O CTEHIA
CranmapTHBIi METOX M3MEpPEHHMS YCPEOHEHHOM 1O o00beMy HaMarHWYeHHOCTHU
MarHuTHOTO OJIOKa OCHOBaH Ha MCIONB30BaHMM Karymek ['enpmroibiia. B stom metone ¢
MIOMOIIIFI0 MHTETPUPYIOIIETO BOJBTMETPA U3MEPSAIOT MHTErpajl HampsOKCHUs, HABEIACHHOTO B
KaTyIlIKe, IPU U3BJIECYEHUH MarHuTa U3 KaTylIKU Wi ero nopopore Ha 180°. Jlns npaBuibHOIO
M3MEPEHUs KaTyIlKa JI0JKHA ObITh CIIOCOOHA CO3/1aBaTh MarHUTHOE MOJIE C TOCTATOYHO OOJIBILION
00J1aCThIO OJJHOPOAHOCTH, HO CaMO ToJIe sl u3MepeHHs He TpebyeTcs. Bennuuna usmepsiemoro

MHTETpaJia MpoopLUUOHAIbHA IPOEKIUHU IIOJTHOTO MarHUTHOIO MOMEHTA Ha OChb KaTtymek [ 1-2]:

1 I
(M) = AN e(t)dt

ZVmagnet Il
race <M|> — MIpoAoJIbHAA COCTABJIAIONIAsA BCKTOPA HAMArHUYCHHOCTH, YCPCAHCHHAA 110 061:6My
Mar"ura, £(f) — Hamnps KEHHE, HaBOAMMOE B KaTYIIKE IPU BPAIIEHUHU MArHUTAa, Vmagnet — 00BEM
MarHuTa, //B) — OTHOIIEHHE TOKa KaTYIIKH K MarHUTHOMY IOJIO KaTyIIKH, KOTOPOE 3aBUCHT
TOJIBKO OT 'COMCTPHHU KATYIIKH.

,HJISI MMPOBCACHUSA MPABUIIBHOTO HU3MCPCHUSA MATHUT B HCXOAHOM IOJIOKCHHUU [OJIZKCH
IIOJIHOCTBIXO IIOMCCTUTBHCA B 06HaCTB OOTHOPOJAHOCTH MArHUTHOTO IIOJId KAaTyIlICK. ,HJISI
YMEHBIICHUSI TrabapuTOB W3MEPUTENBHOTO CTEHIAa INpU COXPAHEHHUH pPa3MEpPOB O0JIACTH

OJTHOPOJHOCTH BMECTO KaTyIIeK | elbMrobpla 1einecoo0pa3Ho HCIob30BaTh KaTyku beiikepa



[3], npeacraBistomue coOOl YeThblpe KOAKCHAJIbHBIE KATYIIKH OJMHAKOBOTO JUAMETpa, HO C
Pa3HBIM YHCJIOM BUTKOB. UMCIIO BUTKOB BO BHEUTHHMX KaTyIIKax OOJIbIIE, YeM BO BHYTPCHHHUX.

B cnydae wuneanpHbIXx OECKOHEYHO TOHKMX KaTyliek beiikepa Mexmy HpoIoJbHBIM
II0JIO)KEHHEM KAaTyIIeK OTHOCHTEIBHO LEHTPA M HX PaguyCcoM HMEIT MECTO CIELYIOIINE
cooTHomeHusi: Z;, = £0.243196-R , Z,,; = £0.940731-R , COOTHOILIEHHWE TOKOB BO
BHYTpEHHEH U BHelHeW Karymkax paBHO 0.442391. PeanbHble KaTylIKM MMEIOT KOHEUHOE
CeueHue, MO3TOMY MPU UX MPOCKTHPOBAHUU HET HEOOXOIUMOCTH BBIMIOIHATH 3TH COOTHOIICHUS
¢ 0OJIBILION TOYHOCTHIO, HO KX MO’KHO MCIIOJIb30BATh B KAUYECTBE UCXOIHBIX 3HaueHni. Ha puc. 3a
NpeJCTaBIeHa MOJETbh pPEANbHBIX KaTylleK, co3laHHas B mporpamme “Radia” [4], koTopas
MCTIOJIb30BAJIaCh Il ONTUMH3AIMK UX Pa3MEPOB U pacuera 00JaCTH OJTHOPOTHOCTH MarHUTHOTO
nons. Taxke C TOMOMIIBIO 3TOH MOAENH OblIa TOJy4YeHa CBS3b MEXKAY BEIUYMHOM
HAMarHMYEHHOCTH W MHTETPAJIOM HAIpsDKEHMs UIsl ciydas peajbHOro MarHuta. Pasmep
oOpa3oBagieiicss 001acTH OJHOPOAHOCTH MOXKHO OLEHHMTH IO rpadukamM, IpeCcTaBICHHbIM Ha
puc. 30, rzie moka3zaHo OTHOCHTEIBHOE OTKJIOHEHHE 3HAUYSHHSI IIPOIOIILHOTO MOJIS OT €T0 3HAYCHHS
B LICHTPE JJIs pa3IMYHBIX 3HAUCHHUH pasuyca 7 U IpoI0JIbHOW KOOpAUHATHI z. M3 3Tux rpaduxos
CIIEAYET, YTO pa3Mep 00JIACTH OAHOPOAHOCTH, B IpeiesiaX KOTOPOH OTHOCUTENIbHOE OTKIOHEHUE
T0JIsL KaTyIIeK He npeBbimaet 2+ 1073, mo3BosAeT HETMKOM Pa3MECTUTh B HEW U3MEPSEMbIE MArHUT,

4yTO 00eCcrIeYnBaeT A0CTATOYHYIO TOYHOCTH U3MCPCHUA 3HAaUEHWH HAMarHMYEeHHOCTH.

Puc. 3. a — Mozenp nu3MepuTeNbHON KaTyIIKK, UCIOJIb30BaHHAs B pacyerax; 0 — pacueTHas

OJIHOPOJHOCTb I10JI1 U3MEPUTEIIBHON KATYIIKH.

Ha ocHOBe moOMydyeHHBIX B pe3yidbTaTe ONTHMH3ALUK pa3MEpOB KaTylleKk Obul
CIPOEKTUPOBAH U3MEPUTEIbHBIN CTEHI, 3D-MO/e/1b KOTOPOro NpeacTaBieHa Ha puc. 4. Katymku
HaMOTaHbl TOHKOM IIPOBOJIOKOM Ha Kapkacax W3 CTEKJIOTeKcToiuTa. Pammyc BUTKOB 250 MM,
mupuHa HaMoTKH 10 MM, TonmuHa — okoiyio 0,33 MM. UKc0 BUTKOB BO BHEIIHHUX KaTYIIKax —
100, Bo BHyTpeHHux — 44. Karymku COeIMHEHBl MOCIEAOBATEIIBHO M MOAKIIOYEHBI K
uHTerpupytouieMmy BonbtMeTpy VsDC3, paspaborannomy B USAD um. Bynkepa CO PAH [5].
Kapxkacsl kaTyiek CMOHTHPOBAHbBI Ha alFOMUHHEBOM Npoduiie, Ha KOTOPOM TaKKE PaCHOI0KEeH
MOBOPOTHBIN cTos. Ha crosne uMEroTcs OrpaHMYHUTENH, YeTKO (DUKCHUPYIOIIME MOJOKEHHE
Maraura. [l u3MepeHus: OCHOBHOM COCTABJIAIOIIEH HAMarHWYEHHOCTM MAarHUT Pacloyiararor
BEPTUKAIBbHO, a I M3MEPEHMsI IONEPEUYHBIX COCTaBISAIONIMX — €ro KIaayT Ha CTOJ
TOpPU30HTANIBHO. UTOOBI LIEHTP MAaCC MAarHUTA HAXOAMJICS KaK MOYKHO OJIMIKE K LIEHTPY KaTyllIek, B
Cllydae BEpPTHKAJIbHOM M TOPU30HTAJIBHOM €ro OpUEHTAlMM HCIHOJB3YIOTCS JBa pa3HBIX

IIOBOPOTHBIX CTOJIMKA, pa3IMYalOIIUXCA 110 BbICOTE. B KOHCTPYKIMH IIpEeLyCMOTpEHA



peryiupoBKa yria II0OBOPOTa, KOTOpas OCYILIECTBISACTCS IIyT€M TOHKOH PperyJMpOBKHU

OTrpaHUYUTEIICH.

Puc. 4. 3D-Mozenb U3MEPUTENBHOTO CTEHIA.

4. PE3YJIbTAThI U3SMEPEHUIA

doTtorpadus cTeHaa ¢ yCTaHOBICHHBIM MarHUTOM IpeJcTaBieHa Ha puc. 5. [Tonoxenue
MarHuTa, ykazaHHoe Ha (oTorpaduu, UCIOIb30BAIOCH ISl U3MEPEHUSI OCHOBHOM COCTABIISIOLICH
HAMarHu4eHHOCTH. JIIsi M3MEepeHus IONEpPEYHBIX COCTABIIIOIIUX MArHUT —Paclojarajics
TOPU30HTAIIBHO, W3MEPEHMs KaXKJIOH IIONEPEYHOU COCTABIIAIOLICH IPOBOAWINCH IIPU ABYX
IIOJIOXKEHUSAX MAarHuTa ¢ HAIPaBICHUEM OCHOBHOM COCTaBIIAIOLICH HAMAarHWYEHHOCTU BBEPX U
BHU3, a PE3yJbTAT YCPEIHSIICA. DTO CACNAHO JJISl TOTO, YTOOBI UCKIIOYUThH BKJIAJ B U3MEpPEHHE
OCHOBHOM COCTAaBJIAIOIICH, KOTOPBIM MOXET BO3HHMKHYTh H3-3a HAKJIOHA IJIOCKOCTH CTOJIA

OTHOCHUTCJIbHO OCH KaTYIICK.

Puc. 5. @ororpadus u3mepuTensHOro CTeHaa B pabdore.

JUis OIleHKH TOTpEIIHOCTEeH M3MEpEeHUH cHaudana Oblila MPOBE/ICHA Cepusi U3MEPEHUN ¢
OJTHUM MarHuToM. B 3Toil cepuM HEOJHOKPATHO H3MEPAJach OCHOBHAsl COCTAaBJIAIOLIAS
HAMarHMYEHHOCTH, IPUYEM B ITHX H3MEPEHMSIX IIOJIO)KEHHE MarHuTa BpeMsi OT BpPEMEHU
MEHSJI0Ch B IPOAOIBHOM U IMONIEPEUHOM HaIlpaBIeHUAX B npezenax 1 cm. CpeqHekBagpaTuIHbIN
pasdpoc M3MEPEHHBIX 3HAYEHMN B 9TOW cepum coctaBui 2:10%. Taxxke ObLIO MPOBEPEHO, YTO
npeiid u3MepeHHBIX BEIUYUH MPH (PUKCUPOBAHHOM TOJI0KEHUU MarHUTa 32 HECKOJIBKO YacOB HE
npesbimiaet 2:107, a 110 pesysibrataM U3MEPEHHUH TTOMEPEYHBIX COCTABIIAIOIINX ONMPEIETIECHO, YTO
YIoJI HaKJIOHa MarHuTa Ha Bpaujaronieiics miargopme cocrapiser meree 1-10. Takum obpaszom,
YCTAQHOBJICHO, 4YTO HCIIOJIb30BaHHAs METOAMKAa M3MEpPeHHH obOecrneunBaeT HEOOXOIUMYIO
TOYHOCTH. [lasiee ObLIM M3MEpPEHbl HAMAarHWYEHHOCTH 172 MarHUTOB.

Jl1s Bcex MarHUTOB BEIMUYMHA ITONIEPEYHBIX COCTABIISIOIINX HAMarHUYEHHOCTH OKa3ajlach
B JIOIYCTHMBIX Ipezenax: max(AM, /M) < 6-1073, max(AM,,/M,) < 5-1073. Pe3yabrarsl

M3MEpPEHUI OCHOBHON KOMIIOHEHTHI IIPE/ICTABIIEHBI Ha puUC. 6.

Puc. 6. PactipeienieHre OCHOBHOM COCTaBIISAIONIEH HAMAarHUUEHHOCTH AJig 172 MarHuToB

6. SAKJIFOYEHUE
CoBpeMeHHBIE TEXHOJIOTUH MMO3BOJISIOT H3TOTaBINBATh MATHUTHI TIPOU3BOIIBHON ()OPMBI C
JOCTaTOYHO MaJlbiM pa3dpocoM MapaMeTpoB, YTO JAeT BO3MOXKHOCTH HCIIOJNIB30BATh HX B

MMOBOPOTHBIX MAr"HuTax I 3Hepr0066pera101111/1x CUHXPOTPOHOB. OIIHaKO, HCCMOTpPA Ha



JOCTaTOYHO BBICOKOE KayeCTBO M3TOTOBJICHUS, KOHTPOJIb IapaMeTPOB MarHUTOB SBISETCA
Ba)KHBIM 3TarioM cOOPKHU MOBOPOTHBIX MAarHUTOB. J{J1s1 MU3MEepeHHs mapaMeTpOB B 3aBUCUMOCTH OT
BbIOpaHHOM (DOPMBI MarHMTOB MOXKET MOTPEOOBATHCS MOAM(DUKALMS CTaHIAPTHBIX METOOB
U3MEpEeHUsT WM pa3paboTKa HOBBIX. PacCMOTpeHHBII B CTaTheé METOJ M3MEpPEHHS
HAaMarHUYEeHHOCTH O0€CIeYMBAET TOYHOCTb, JOCTATOYHYIO JJIsi M3TOTOBJCHUS IOBOPOTHBIX

MarHuTOB JJIsl SHEPTroCOEPEraoIero CHHXpOTpOHa.

OMHAHCHUPOBAHUE PABOTbI
Pabota BbInonHeHa npu nojaep)kke MUHHUCTEpCTBA HAYKH U BBICIIEro oOpazoBanus Poccuiickoii

@Denepanyu B pamkax nporpammsl uccienoBanuii Ne 075-15-2021-1359.
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[HOAINCHU K PUCYHKAM
Puc. 1. Koncrpykius dpoxycupyromiero (a) u aedokycupyromiero (6) moBOpOTHOTO MarHuTa.
Puc. 2. OnuH MarHuTHBIN OJIOK.
Puc. 3. a— Mozenp u3MepuTenbHOM KaTyLIKHU, UCIIOIb30BaHHAsI B pacyeTax; 0 — pacueTHas
OJIHOPOJTHOCTH TOJISI U3MEPUTEIIbHON KATYIKHU.
Puc. 4. 3D-Moze51b U3MEPUTENBHOTO CTEH/IA.
Puc. 5. ®ororpadust u3MEepUTEITHLHOTO CTEHAA B paboTe.

Puc. 6. Pactipeenenre 0CHOBHOM COCTaBIISIONIEH HAMAarHUYEHHOCTH i1 172 MarHuTOB.
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MEASUREMENT OF PERMANENT MAGNETS PARAMETERS FOR
PROTOTYPES OF BENDING MAGNETS OF AN ENERGY-SAVING
SYNCHROTRON RADIATION SOURCE

A concept of an energy-saving synchrotron radiation source is being developed at
the Budker INP. One of the main differences between the new radiation source and
the existing ones is the absence of DC power supplies and water-cooled coils for
most elements of the magnetic system that use permanent magnets. To test this
new technical solution prototypes of bending magnets were designed and are being
manufactured. The permanent magnets used in these bends have to meet certain
requirements. Therefore, one has to measure magnetization and do sorting of the
magnets before installing them in the bends. In this paper we describe the
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measuring technique and present the preliminary results of measurement of
permanent magnets parameters.

Introduction

X-ray sources are used in many fields of science and medicine. Most users
require sufficient radiation intensity for their tasks in a given wavelength range on
the sample or the entrance window of the experimental station. In addition, a small
angular divergence (equal to the transverse size of the radiation source divided by
the distance from the source to the sample) of radiation at each point of the sample
is usually required. Therefore, a good radiation source should not only be powerful
enough, but also have small transverse sizes. In this case, the source is said to have
a high brightness, which is defined as the radiation power divided by the area (of the
source or collimating hole) and by the solid angle in which the rays travel. Now the
brightest laboratory sources of X-rays are high-energy electron beams passing
through a strong transverse magnetic field and emitting so-called. synchrotron
radiation (SR), as well as free electron lasers. To create such sources, an electron
beam with small (less than 0.1 mm) transverse sizes can be used, which circulates
in a special device - an electron storage ring.

Taking into account the fact that the currently planned sources of SR will work
in 10 - 20 years, it is desirable to significantly change (improve) them in comparison
with the existing ones. This is possible if new technical solutions and technologies
are applied. In addition, for a radiation source oriented to work with a research
university, i.e., for experiments in very different fields of science and medicine, it is
necessary to provide the possibility of obtaining photons with different energies -
from vacuum ultraviolet (5 eV) to hard X-ray (100 keV ) and the simultaneous work
of many users at the respective experimental stations. Now in the world there are
many (in Russia - only 3) X-ray sources using electron storage rings.

One of the main differences between the new radiation source and the existing
ones is the absence of direct current power supplies (and corresponding water
cooling) for most elements of the magnetic system that use permanent magnets. Pilot
bending magnets were designed to test this new technical solution. Magnetic
elements of this type can be used to create new X-ray sources and upgrade existing
electron storage rings.

The tolerances for magnetic field in bending magnets of modern storage rings
are rather tight. To meet them, the device for measurement of magnetization vector
of each peace of permanent magnet was developed. It was used to characterize all
permanent magnets, bought for the bending magnet prototypes.

Permanent magnets
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The permanent magnets have significant spread of magnetization. In our
bending magnets (see Fig.1) with iron poles, several permanent magnets contribute
to the value of field in the working gap. Therefore, the standard solution of this
problem is sorting of magnets.

_ iron core

iron core

r'd " vacuum
= VGO E chamber
o [e]
S chamber ¢

v
=N

magnet

.
magnets
290 mm

a) 300 mm b)
Figure 1. Focusing (a) and defocusing (b) bending magnet design.

To make the sorting one has to measure all components of magnetization vector for
each magnet which is planned to be used in bending magnet. After that one can
choose a right set of magnets to provide a desirable value of field in the working gap
of a bending magnet. In our bending magnets we use NdFeB magnets with mass 2,6
kg and dimensions 90x90x40 mm? (Fig. 2).

Figure 2. One magnet block.

Design of the measuring stand
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The standard method for measuring the volume-averaged magnetization of
the magnet block is based on the use of Helmholtz coils. In this method, using an
integrating voltmeter, the integral of the voltage induced in the coil is measured
when the magnet is removed or rotated by 180 °. For correct measurement the coil
has to be capable of creating magnetic field with large enough homogeneity region
but the field itself is not required for the measurement. The value of the measured
integral is proportional to the projection of the total magnetic moment on the axis of
the coils [1-2]:

1 I
(M) = ———— | e(t)dt
: ZVmagnet BII ( )

where (M) is longitudinal component of the magnetization vector averaged over
magnet volume, £(t) is voltage induced in the coil during rotation of the magnet,
Vimagnet 18 the magnet volume, I/B) is ratio of the coil current to the coil magnetic
field which depends only on the coil geometry.

To carry out a correct measurement, the magnet in its initial position has to be
completely placed in the homogeneity region of the magnetic field of the coils. To
reduce the dimensions of the measuring stand while maintaining the dimensions of
the homogeneity region, instead of Helmholtz coils, it is advisable to use Baker coils
[3], which are four coaxial coils of the same diameter, and the number of turns in
the external coils 1s greater than in the internal ones.

In the case of ideal infinitely thin Baker coils, the following relations hold
between the longitudinal position of the coils relative to the center and their radius:
Zi, = £0.243196 - R, Z,,; = £0.940731 - R, the ratio of currents in the internal
and external coils i1s 0.442391. Real coils have a finite cross-section, so when
designing them there is no need to carry out these relationships with great accuracy,
but they can be used as starting values. Figure 3a shows a model of real coils created
in the code “Radia” [4], which was used to optimize their sizes and calculate the
region of magnetic field homogeneity. Also, using this model, the relationship
between the magnitude of magnetization and the voltage integral for the case of a
real magnet was obtained. The size of the resulting homogeneity region can be
estimated from the graphs presented in Fig. 3b, which shows the relative deviation
of the longitudinal field value from its value at the center for different values of the
radius r and longitudinal coordinate z. From these graphs and the description of the
magnetization measurement procedure presented below, we can conclude that for all
initial positions of the magnet that are used for measurements, the magnet is entirely
located in the homogeneity region, within which the relative deviation of the field
of the coils does not exceed 2-10-3, which ensures sufficient accuracy of measured
magnetization values.
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Figure 3. a) Measuring coil model used in calculations. b) Calculated homogeneity

of the measuring coil field.

Based on the dimensions of the coils obtained as a result of optimization, a
measuring stand was designed, the 3D model of which is presented in Fig. 4. The
coils are wound with thin wire on frames made of fiberglass. The radius of the coils
1s 250 mm, the winding width is 10 mm, and the thickness is about 0,33 mm. The
number of turns in the external coils is 100, in the internal ones — 44. The coils are
connected in series and connected to an integrating voltmeter VsDC3, developed at
the Budker INP SB RAS [5]. The coil frames are mounted on an aluminum profile,
on which a turntable is also located. There are limiters on the table that clearly fix
the position of the magnet. To measure the main component of magnetization, the
magnet 1s placed vertically, and to measure the transverse components, the magnet
is placed horizontally on the table. In order to ensure that the center of mass of the
magnet is as close as possible to the center of the coils, in the case of vertical and
horizontal orientation of the magnet, two different tables are used that differ in
height. The design provides for adjustment of the angle of rotation, which is carried
out by finely adjusting the limiters.
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Figure 4. 3D model of a measuring stand.

Results of measurements

A photograph of the stand with an installed magnet is shown in Fig. 5. The
position of the magnet shown in the photograph was used to measure the main
component of magnetization. To measure the transverse components, the magnet
was positioned horizontally, and measurements of each transverse component were
performed at two positions of the magnet with the main magnetization component
directed up and down, and the result was averaged. This was done in order to exclude
the contribution to the measurement of the main component, which may arise due to
the inclination of the table plane relative to the axis of the coils.

Figure 5. Photograph of the measuring stand in operation.

To estimate the measurement errors, a series of measurements with one
magnet was first performed. In this series, the main component of magnetization
was repeatedly measured, and in these measurements the position of the magnet

changed from time to time in the longitudinal and transverse directions within 1 cm.
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The r.m.s. spread of the measured values in this series was 2-10*. It was also verified
that the drift of the measured values at a fixed position of the magnet over several
hours does not exceed 2-107, and from the results of measurements of the transverse
components it was determined that the angle of inclination of the rotating platform
is less than 1:107. Thus, it was established that the measurement technique used
provides the necessary accuracy. Next, the magnetizations of 172 magnets were
measured.

For all magnets, the magnitude of the transverse magnetization components
turned out to be within the acceptable limits: max(AM,/M,) < 6 x 1073 |
max(AM,, /M) < 5 X 1073. The results of measurements of the main component
are presented in Fig. 6.
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2M/M,

Figure 6. Distribution of the main component of magnetization for 172 magnets

Conclusion

Modern technologies make it possible to produce magnets of arbitrary shape
with a sufficiently small spread of parameters, which makes it possible to use them
in bending magnets for energy-saving synchrotron. However, despite the fairly high
quality of manufacturing, monitoring the parameters of the magnets is an important
step in assembling the bending magnets. To measure parameters, depending on the
chosen form of magnets, it may be necessary to modify standard measurement
methods or develop new ones.

The magnetization measurement method discussed in this article provides an
accuracy sufficient for the manufacture of a bending magnets for the energy-saving
synchrotron.
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