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O6wan xapakTepucTuka paboThbl

AKTyaJbHOCTB TEMBbI.

VYckopuTenu 3apsHKEHHBIX YacTUIl SBIIOTCS He3aMEHUMBIME IIpHOOpaMu
i1 (QyHIAMEHTANBHBIX MCCIeOBaHMM UM HaxoOaT Bce Oojee IIMPOKOe
[pUMEHEeHre B IPUKIAIHBIX HCCIEOBAHUAX, MEIULUHE U IIPOMBIIUICHHOCTH.
HenpepsIBHO = pa3BHBafoLIWecs W COBEPUICHCTBYIOIIMECS  TEXHOJOTHH,
[IpUMEHsIeMbIe B YCKOPUTENBHON TEXHUKE, II03BOJIIIOT CO3JaBaTh KOMIIAKTHEIE 1
OTHOCHTENIFHO HEJOpOTHe YCTaHOBKH, Omaroiapsi 4eMy BOCTPeOOBaHHOCTh U
9KOHOMHYECKas OOOCHOBAaHHOCTb INMPOKOTO IPAKTHYECKOr0 IpUMEHEHHs
yckopuTesei IOCTOSHHO BO3pacTaeT.

C pasBuTHeM BBIYUCIUTENbHOM TEXHWKHM BCe OOIbIIE pacueTHO-
TEOPEeTHYECKUX HCCIEeNOBaHNUM B YCKOPUTEIbHON (DU3MKE COBEpIIAIOTCS B XOJe
YHCIEHHOTO MOZENUPOBAHUSI Ha KOMIIbIOTepe. BBIcoKas MpOM3BOAUTENBHOCTH
COBPEMEHHBIX KOMIIBIOTEPOB, B TOM YHCIIEé IEPCOHATBHBIX, IO3BOJSET
MOZEMPOBATh CaMble CIIOXKHBIE IIPOLECCH], 3HasI 10 KaKUM 3aKOHaM (HH3UKU OHU
Pa3BUBAIOTCS, a OTHOCHUTENbHAsA JNENIeBU3HA KOMIIBIOTEPHOTO MOJIEIHPOBAHUS
CO371aeT BO3MOXKHOCTH ONTHMM3ALUKM TOM WM HMHOM CHCTEMBl YCKOPHUTEIBHOM
YCTaHOBKHM, IIPOBOJS pPacydeThl OIPOMHOI0 KOJMYECTBA Pa3IUYHbIX BapHaHTOB
Mojieniell ¢ Lenbio BBIOOpa Hamboliee ONTUMANBHBEIX, Kak IO (U3HYECKHM
3amagyaM, Tak ¥ C y4eTOM DKOHOMUYECKUX (HaKTOPOB.

CremyeT HoqUepKHYTh, UTO CO3AaHUE YCKOPHTEINI BKIOYaeT B ceOs Lenblit
KOMILIEKC PacUeTHBIX, TEXHUYECKHX M KOHCTPYKTOPCKUX PEINeHUi 10 BBIOOPY
CHCTEM YCKOpUTeNs M ero mnapamerpoB. OIHAKO OCHOBOIIOJATAOIIMM IIPU
pa3paboTKe YCKOpHUTEeNs M €ero CHCTeM SBISeTCS OlpefeneHue Oa30BBIX
I1apaMeTpoB, reoMeTpUHI CTPYKTYpHI, IeTansHoe BBIYKCIICHHUE
9NIEKTPOMArHUTHOTO IIOJIL B OOJIAaCTH, Ile NPOMCXONWT JABIDKEHHE YacTHL, U
aJleKBaTHOE MOJEIMPOBAHUE NUHAMUKY IIy9Ka C yYETOM pasiHuHbIX 3((HeKToB,
Kak, HalpuMep, MPOCTPAHCTBEHHOTO 3apsia IIydKa MM IIO0TePh YacTHIl Ha

B3aUMOJIEHCTBHE C OCTATOYHBIM I'a30M.




Takum 00pa3oM, HEOTHEMIIEMON YacThIO IPOEKTHPOBAHUS JII0OOOro HOBOTO
COBPEMEHHOT0 YCKOPHUTENS M CHCTeM HHXXEKIUH — BBIBOJA SBILICTCS H3y4eHHE
IUHAMHAKA YacTHIl W ONTHMH3ALVs [apaMeTPOB COOTBETCTBYIOIIMX CHUCTEM C
y4ETOM pPe3yJIbTATOB, IOTyYSHHbIX U3 MOLEIbHBIX PAaCueTOB.

Oco0eHHy0 aKkTyalbHOCTh paboTe MpUAaeT TOT (GakT, YTO YCKOPUTEIH, I
KOTOPEIX pacCMaTPHBAIOTCS CUCTEMBI HEDKEKIIUH — 3TO B OCHOBHOM IHKIIOTPOHBEI,
OpenHasHaueHHbIe 1 MEJULIUHCKHX  [PUMEHeHWH, B  YacTHOCTH
cBepxupoBogsuwit nukiotpoH C400 (IBA, Bensrus) [1] 6yner ycKOpATh HOHEI
yriaepoza 1m0 suepruu 400 MaB/u, [ocTaToOdHOM AT TeUeHHS OHKOJIOTHIECKUX
3a0ojeBanmifi. B HacTosmiee BpeMs Bce CYILECTBYIOIIME UL OJTOH IeNH
YCKOPHUTENM — 3TO CHHXPOTPOHBHI, IEPBBI B MHpe MEIULMHCKUNA IMKIOTPOH
C400, npon3BoAIMH yCKOPEHHBIE HOHBI yIJIepoAa HyKHOM 3HEpru, 03BOJIUT
CYILIECTBEHHO Y[CIIEBUTh MEAUIUHCKUHA KOMIUIEKC, CHeNaB JIEYeHHe HOHAMU
yriepozna 6ojiee JOCTYIIHBIM.

Jpyrue IUKIOTPOHBI, LEHTPAIbHEIE 00JIACTH KOTOPHIX MOJEIHpPOBANUCEH B
paboTe, TaxKe IIpeIHa3HAYESHBI UL MEIUIHCKIX TPUMEHEHHIH:

e muiimorpon ILIUTPEK [2] ([dy6ma, Poccusa) — mepBelifi B Mupe
IPOMBINUIEHHE! [UKIOTPOH, IpeIHa3sHaYeHHBIH I HapaboTKH
TPEKOBBIX MeMOpaH, W3 KOTOPHIX WH3TOTaBIMBAIOT (HJIBTPHI IJLI
mwiazMmodepesa,

o (C235(IBA, Benbrus) [3] — IpOTOHHBIA IMKJIOTPOH, HOBas BepCHd
KOTOpOro paspabaTelBajlach H B Ommpkaiimee Bpems Oynet
OTNa)kuBaThcs U 3amyckaTbes B OVISIM, ¢ TeM 4TOOBI B AaibHEHIIeM
paboTaTh B MEIOMIIMHCKOM IieHTpe B I. umutposrpage. LluxioTpoH
C235 OymeT ycKOpATh IIPOTOHBI, Ha IIy4Kax KOTOPBIX OymyT
OCYIIECTBIIATE JISYeHHE OHKOJIOTHYECKUX OONBHEBIX.

B cBere BBIMIE W3NOXEHHOTO BBIIOJHEHHE pPacdeToB JUHAMHUKH
HU3KOIHEPreTUYEeCKOr0 Iyyka I IPOEKTOB HHXKEKIMH B YCKOPUTENbHbIE

KOMIUICKCHI pa3jIMYHOI0 Ha3HAYCHUs, a TAKXKE ONITUMU3ALMA TapaMeTpoB CUCTEM



HHXKEKIMY HA OCHOBaHWH II0JyUYeHHbBIX NAHHBIX SBJAETCS aKTyaJbHOM 3amadeil U
OCHOBHOM II€JIBI0 JUCCEPTAIMOHHOM PaboTHL

Hayunasi HOBH3HA:

PaspaboTana cxeMa IeHTpa CO34aBaeMOro YHUKaJIbHOTO CBEPXIIPOBOASIIEO
uknoTpora C400 (IBA, Bensrus). BeiGpansl napamMeTps! HHGIEKTOpa, TOYHOE
HOJIOKEHNE M TeOMETpHs SIEKTPOnoB, nuadparM. B pesymbrate pacdeTHas
3(Q(}EeKTUBHOCTh 3axBaTa B YCKOpeHHMe HEe0aHUYMpPOBAHHOTO I[yJKa HOHOB
cocraBuia 12 % mpu orpaHHYeHNH Ha aMIUIUTYAy paJualbHbIX KonebaHui 4 My,
9TO IMPEBOCXOAWT CYNIECTBYIOMMI IOKa3arelb 3()(PeKTUBHOCTH paboTaromux
CBEPXIIPOBOASIINX IIUKIOTPOHOB.

OrmpeneneHs! rpaHUIBI IPHMEHIMOCTH 3IE€KTPOCTATHYECKOTO IPHUOIIIKEHHS
IpU pacdeTax KOH(QUIYPalHHd YCKOPSIOIIEro dIEKTPUYECKOIo IIONI B IEHTpe
nukioTpoHa. IlokaszaHo, uro mng co3maBaeMoro nukinorpona C400 pasmuuue B
KpPUMBBIX aMIUIMTYZA HAIpsHKEHWSA, IONYYEHHBIX B DIEKTPOCTAaTUUECKOM
HNpUONVKEHUH M B pe3yjbTaTe BBICOKOYACTOTHOIO aHaiM3a, I103BOJIIET
IPOM3BOAUTE pacueT IIeHTpa JO pamuyca 5 CM ¢ TOYHOCTBIO Gonee 95 % B
3IIEKTPOCTATHIECKOM IIPUOIKEHHUH.

BriepBble B UHCICHHOM 3KCIIEPHUMEHTE IIPOJEMOHCTPUPOBaHa BO3MOXKHOCTh
MOJYNHUPOBAHUS WHTEHCHUBHOCTH IIydKa IIpM IIOMONIIM HHGIEKTOpa, IpH
U3MEHEHMH HAIpsKeHHs Ha 3JIeKTpoJax, 4TO II03BOJIIET peaau30BaTh HOBBIHA
IePCTIEKTUBHBIM MeTOA IIPOTOHHOM Tepalmuy B LUKIOTPOHE C BHEIIHeH
HHXEKIMe! Ha OCHOBE aKTHMBHOTO CKaHMPOBAHHS O0BEKTa OOIy4eHMS ITyYKOM
[IepeMEeHHOM NHTEHCUBHOCTH C 9acToToH 1o 1 kI

Brepsrie co3JaHa KOMITBIOTEpHAs MoJeb CIIHPaIbHOTO
BIIEKTPOCTATHYECKOro  MH(IeKTopa, C O4eHb OONBIINM  IapaMeTpoM
cnupaipHOCTH (tilt=3), crIoco6HOr0 MHKEKTUPOBATh MyYOK B CBEPXIPOBOASIIIN
CHHXPOIIMKIIOTPOH C BeIWYHHOH cpenHero nons B uentpe 4.5 T.

Pa3paboTana cTpyKTypa U ONTUMU3UPOBAHBI IIapaMeTphl JIMHUY MHXXEKLUH

OyYka AaHTHUIPOTOHOB C YIBTPaHU3KOM HawdanpHOH oSHeprueit 150 3B,



IpOBOASNIEH ITydOoK HH3KOM MHTEHCHBHOCTH 0e3 IOTeph U3 JIOBYIIKH
AHTUIPOTOHOB B HAKOIUTENbHOE KOJBLIO.

IIpakTHYecKasi HEHHOCTh PadoTHI COCTOUT B TOM, UTO IIOJIy4eHHbIE B HEl
pe3ynsTaTel  OyAZyT  WCIONB30BaHbI IPH  HM3TOTOBICHUHM  YHUKAIIBHOTO
cBepxmpoBopsmero nuknoTpona C400, paboTel HO CO3MAHUIO KOTOPOTO
Havanuch oceHbro 2010 roma, a mMyck IUIaHMpyeTCs OCYIIECTBUTH HE IIO3[HEe
2017 roma B pamMkax mnpoekra Archade B MexunumHckoMm neHTpe I. KawH,
OpaHnys.

Vowsl HeoHa ObUIM ycmemHO YyckopeHbl B mukiorpore I[UTPEK.
Vckopenue uOHOB KpunToHa Ha mukiotpore L[UTPEK ymydmur kadecTBO
IIPOM3BOAMMEIX Ha YCKOPHUTENE TPEKOBBIX MeMOpaH ¥ CYIIECTBEHHO PACIIHPUT
00IacTh UX NPUMEHEHUS.

C ydueToM pe3ynbTaroB pacdeToB MAWHAMHUKA IIyYKa aHTHUIPOTOHOB
IIPOEKTUPYeTCs JTUHU HHxKeKkuun B koibuo AD-REC [4].

Mogenn ¥ MeTOOWKH Pacy&ToB, CO3IaHHBIE B HacTosIel paboTe, MOTyT
ObITh HCIIONIB30BAaHBI B JaNbHeHIleM @pH pa3paboTKe HOBBIX IIPOEKTOB
YCKOpHUTeleH B ITUPOKOM AHara30He X BO3MOKHOTO IIPUMEHEHUS.

J0cTOBEpHOCTb.

Mogenu 1 pe3ybTaThl pacueToB, H3JI0KEHHBIE B HACTOSIIEH AUCCEPTAIY B
CBS3U C pa3paboTKoil cBepxmpoBoasmiero mukirotpona C400, ObUTM COCTaBHOM
YaCThIO MEXIyHapoAHoU skcnepTussl mpoekta C400. [Ipoexty yckoputens OsLia
JlaHa BBICOKAsI OIIEHKa, OH ObUI 0H00pEeH 1 pPeKOMEHI0BaH K peau3aliy.

Pe3ynpTaTel pacueToB TPaeKTOPHMM IydKa YacTHIl B IEHTPE LIUKIOTPOHA
C235 wu IIUTPEK COOTBEeTCTBYIOT SKCIEPUMEHTAIBHEIM IaHHBIM, YTO
HOATBEPXKIAeT aJeKBaTHOCTh pa3pabOTaHHEIX B JUCCEpTAld  MoOZenei
SKCIIEPUMEHTAIIBHBIM YCJIOBUSM U IIO3BOJIIET OCYIIECTBIIATH YCKOPESHHE HOBBIX
copToB HOHOB. M0OHBI HeoHa OBLIN yCIIenTHO ycKopeHs! B iukioTpore [TUTPEK.

Pacyersl nmHHME  TpaHcmopTHpoBkd w3 joBymku ~MUSASHI[5],
IIPOBE/IEHHBIE II0 IIPOrpaMMaM aBTOpa IUCCEpPTAIMH, MOKAa3ald KauyeCTBEHHOE

COOTBETCTBHUE SKCIIEPUMEHTAIbHBIX JAHHBIX C PaCUYCTHBIMU IIPEACKA3aHUsIMU.
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Anpob6anust paGoThl.

Pe3ynbraThl HMCCIEIOBaHHUM, MOJOXXEHHBIE B OCHOBY AHCCEpPTallUd, OBLIM
TIpeCTaBIeHbl Ha ceMuHapax 1o yckoputensam JUIIT OV, va Beepoccuiickux
1 MexxnyHapoIHBIX KOH(GEPEHIUIX U COBEIaHNIX:

19th International Conference on Cyclotrons and their Applications,
CYCLOTRONS'10, Lanzhou, China, 2010.

XXII Beepoccuiickas KOH(QEpeHIUs 0 YCKOPUTENIAM 3apsDKeHHBIX 4acTHI]
RuPAC-2010, ITporBuso, Poccus, 2010.

Third workshop on accelerator science and technology, QUASAR and THz
Groups, 2010, Germany.

Koudepennun monomsix yuéHsix u crnenuanucros OMVYC 2011, ly6wa,
Poccus.

Third DITANET School on Beam Diagnostics, Stockholm University,
Stockholm, Sweden, 2011.

Particle Accelerator Conference (PAC'11), New York, USA.

10" international conference on Low Energy Antiproton Physics, TRIUMF,
Vancouver, Canada, 2011.

PesynbraThl, NpencTaBlIeHHbIe B JUCCEPTALNY, ITOTydeHbl CaMUM aBTOPOM,
7100 TIPH ero HeIOCPEICTBEHHOM yYaCTHH.

OcHoBHbIE Pe3y/IbTaThl, BBIHOCHMbI€e HA 3aIIUTY:

e oOpurMHanbHasg KOHOUTypallus ¥  KOMIIOHOBKa JIIEMEHTOB
LIEHTPaJIbHON HMHXXEKIIMOHHOM YacTH CO3aBaeMOI0 YHHUKaJIbHOIO
cBepxmnposozsmiero Imkiotpona C400, mpemHasHaYeHHOTO LA
JICYCHUS] OHKOJIOTHYECKUX 3a00JeBaHWi IIydKaMH IIPOTOHOB U
HOHOB YIJepoza.

® METOA MOJYINPOBAHUSI WHTEHCHBHOCTH BBIBEJICHHOTO ITy4yKa IIpH
moMomy HMHGQIEKTopa, 3a CUeT M3MEHEHMS HampsDKeHHS Ha
BJIEKTPOaX, HMO3BOJIIONINI pea30BaTh HOBBIN IepCIEKTUBHBIN

METON HpOTOHHOﬁ TE€pariy Ha OCHOBE aKTHBHOI'O CKaHUPOBaHHUA



00bekTa OONydYeHHs IIydKOM II€PEMEHHON WHTEHCHBHOCTH C
yactoToii mo 1 xI'11.

® TpaHHIBl [PUMEHUMOCTH 3JIEeKTPOCTAaTHYECKOTO IPHOIKEHHUS
IOpA IPOBENCHUH pacdyeToB KOH(UIYpaluy  YCKOPSIOIIETo
SJIEKTPUIECKOTrO ITOJIS B LIEHTPE HUKIOTPOHA.

e [apaMeTpHl YCKOpeHusI HOHOB kpunroHa B nukinoTpore [IITPEK c
3apSITHOCTHIO HIDKE IIPOEKTHOH.

® MOJEeNb CIHUPAIBHOTO 3JIEKTPOCTATIHYECKOT0 HH(GIEKTOpPa C OYEHb
OoNpIIMM IMapaMeTpoM crupanbHoCTH (tilt=3), mo3BoIrOmImEro
OCYHIECTBUTh  HMHKEKIMI0O Iydka B  CBEPXIIPOBOIIMIUN
CHHXPOLUKIOTPOH C BEIMYMHOA cpeqHero moius B uentpe 4.5 T.

® 10 pe3ynbTaTaM pacdeToB IVHAMUKH IIydKa aHTHUIPOTOHOB W3
JIOBYIIKU MUSASHI mo  cymecTBylome#d  JIHHUH
TPaHCIOPTUPOBKM OBLIO 0Ka3aHO, YTO OHA HE YIOBJIETBOpSET
TpeOoBaHMAM K JUHUHM HHxekuuu B Konpio AD-REC, moxasana
HeoOXOIMMOCTh 3aMeHB! CYIeCTBYIOLIEH JMHWUA Ha HOBYIO, He
JIOITyCKAIONIYI0 YBEJIMUESHHUS OMUTTAHCa ITyJKa.

e HOBas KOMIIOHOBKa M IIapaMeTpbl JIMHHUM WHXEKIMH IIydKa
QHTUIIPOTOHOB ~ C  YIBTPAaHU3KOW  HA4YadpHOW  JHEpruei
150 + 500 5B B xonb1i0 AD-REC.

O0BEM u CcTpyKTypa auccepramuu. Jluccepranys COCTOUT W3 BBEIEHMUS,
TpéX IJIaB, 3aKJIIOUEHMSI W CIIICKA JIUTEPaTyphl, comepXuT 123 crpanHumsl, 96
pucyHKOB U 8 Tabnuu. CIHCOK IUTepaTypsl COAEPKUT 49 HaMeHOBaHUH.

IIy6nnxanuu.

PesynpTarhl MccienoBaHuMiA, BOLIEANINE B JUCCEPTALIUIO, OILyOIHKOBAaHBI B
15 mewaTHBIX paboTax, B TOM YUCIE B pedeprupyeMbIX XKypHalaxX.

B 2010 romy 3a unmkn my6imukanmii mo paspaboTke  IIpoeKTa
cBepxnpoBomsero IukitorpoHa C400, mperHasHaYeHHOTO I aIpOHHOM

Tepalliy, B COCTaBe KOJIEKTHBa aBTOp O6b11 ynocroeH npemun JUIIT OV



Copnep:xanne JuccepTAalHOHHOM paboThI.

JyiccepTanus COCTOUT U3 BBEJCHUS, TPEX ITIaB U 3aKITIOYCHHUS.

Bo BBexeHmm 0GOCHOBaHAa aKTyalbHOCTh IPOBOIVMOTO HCCIIENOBaHUS,
HOBM3HA ¥ [TPaKTHIecKas IEHHOCTD AUCCEPTAIHH.

B nepBoii riaBe pacCMOTPEHEI OCHOBBI MaTeMaTHIECKOTO MOIENHPOBaHUs
IVHAMHAKH 3a8psKEHHBIX JaCTHUIl HU3KOM SHEPTUH IPY MEDKEKIMY B IUKINIECKUe
YCKOPHUTENN ¥ HakomuTenu. [IpencTaBIeHO OMMCaHWE aBTOPCKOW MpPOrpaMMEL,
[IPHMEHSIEMOI 1T paceToB.

IIporpamma DYN [6,7] Hamucana B makere Matlab u coctouT u3 psna
610K0B (TOMIpOrpaMM), IperHa3HAYEHHBIX U1 pPEIIeHHs pa3iIuYHBIX 3a1ad
IIPOEKTHPOBaHUSI CHCTEM yCKOpHTeni. B Bume moncucreM 0GOpMIIEHH! GIOKH
3a/laHKs HadaJlbHBIX IIapaMeTPOB, TAKIX KaK KOOPAUHATHI M CKOPOCTH JaCTHII, UX
sHeprus, (aza. OTHeNbHBIMU IIONCHCTEMaMH O(QOPMIIEHBI TaK)Ke MPOrpPaMMEL
paccUMTHIBAIOIIKE IIOTEPM HOHOB Ha Ilepe3apsiKy Ha OCTaTodHOM rase [8],
uMeeTcs OJNIOK  CTaTHCTHYECKOH OOpabOTKM MONYYEeHHBIX pe3yJbTaToB,
OCYIIECTBIIONINHA pacuéT SMUTTAHCOB ITy4Ka, JaCTOT OETATPOHHBIX KOJIEeOAHHH.

IIpu pacueTax AWHAMUKHM HHU3KOOSHEPIETHYECKOTO ITydKa OYEHb BaXKHO
HCIIONIb30BaTh Pe3yJIbTaThl YHUCICHHBIX PacueToB JJIEKTPOMArHUTHEIX IT0JIel, TaK
KaKk 9¢QeKTbl KpaeBBIX IONell BHOCAT CYLIIECTBEHHBIM BKIal B IBIDKEHHE
3apsDKeHHBIX dacTull. IIporpamma DYN MOXeT WCIONB30BaTh pPe3yIbTATHI
pacyeroB snexkrpomarsutHoro mons B OPERA, Comsol, CST Studio wumm
ANSYS.

Bropasi riiaBa IIOCBSINEHa pacueTaM LEHTPANBHBIX OOJNAacTedl IMKIOTPOHOB:
MPOTOHHOTO  MEIUIUHCKOIO nuknotpoHa  C235 (IBA,  bensrus),
CBEpXIIPOBOAAMIEro MeAWIUHCKOro yckoputens C400 (IBA, bensrus),
nuknorpoHa IIUTPEK 1 cBepXIIpoBOASIIEro CHHXPOIMKIOTPOHA ¢ rmoyieM 4.5 T.

OCHOBHO# LleNpl0 pacdeToB IeHTpa uukiotTpora C235 6pul aHAMH3
JUHAMMKH ITy4dKa, KOTOPBIA IIPOBOJMIICS C LIENBIO OIPEHeNIeHUs IPUIMH [I0TePh

HOHOB B Ipouecce yckopeHus [3]. Taxxe HeMaloBaXHBEIM SBISIACH




BO3MOKHOCTH IIPOBEPKH METOZa pacdera SKCIEepPUMEHTAIBHBIME pe3ylbTaTaMu
IOBWKEHHS IIy4Ka B pealbHO paboTamomeM MHKIOTpOHE. bBhuia co3maHa
KOMITBIOTEpHas MOJelb IeHTpa IUKIOTPOHA X IIPOBENEH pacdeT JBIKEHHUS
[y4YKa Ha MIPOTDKEHHU IEpBHIX 060poToB. CpaBHEHHE MOJIOXKEHHUs 3aTeMHEHUI
Ha IPOTHBOAYAHTHBIX paMKaX W IyaHTaX, BEI3BaHHBIX MPOXOXKIECHHEM ITy4yKa Ha
¢otorpaduu LeHTpa UUKIOTPOHA, W PaCYETHON TPaeKTOPUH IEHTPAIbHOM

JacCTHUIbI, y6e>1<,u;aeT B IPaBUJIbHOCTH pacdera.

Bonporyro 9acTe BTOpOH TINIaBBl COCTaBIIIOT pAacyeThl CBA3aHBIE C
aKCHalbHOM HMHXeKIuell Iyuka B IeHTp muxiorpoHa C400 mocpenctBoM
CIIMPAJIBHOTO 3JEKTPOCTaTUIECKOro HH(IEKTOpa.

B mocnennue romel B paMkax coTpynHuuectBa IBA - OWSIA rpymnmoit
cotpynHukos OV 611 pa3paboTaH IPOEKT KOMIIAKTHOTO CBEPXIIPOBOISIIIETO
u3oxponHoro uukiaorpora C400 [1, 9, 10] mnst agponHo¥t Tepammu (Puc. 1),

KOTOpBIH OyZeT yCTaHOBIIEH B MEAULMHCKOM IeHTpe B Kanne, ®panmus.

BY pezonaTopsi Kpnocrat
B XOJHHAX

TpakTbl
BBIBEIeHHbBIX
NMYYKOB

He * ucrounux

"
H," ncrounnx C % uerounnx

Puc. 1. Oouyuii 6uo yuxnompona C400




LIMKIOTPOH mpeqHa3sHAYeH IS YCKOPEHWs IIydKOB HOHOB C OTHOIIEHHEM
3apsiga k Macce paBHBIM 0.5. Ilpennonaraercs yCKopsATh 1208y *He®* moms1 1o
sueprud 400 MaB\HykI10H, a Takxe H," nous! 1o sHepruu 260 MaB. MarauTHas
cHCTeMa LUKIOTPOHA OPOHEBOTO THUIIA UMEET YEeTHIPEXCEKTOPHYIO CTPYKTYpY.
uxmoTpon uMmeeT nuamerp 6.9 M, ero Bec cocraBisieT 660 T.

2¢%, *He® w H," mompr monywaror ¢ momomipto I[P HCTOYHHKOB,
PACIONIOKEHHBIX ~ HIDKE LHKJIOTPOHA. IIydox HMHXEKTHpyercs B IIEHTP
LUKJIOTPOHA IIPY IIOMOIIY CIHUPANTBEHOTO HHAIEKTOpA.

Yckopsromas BelcokogacToTHast cucteMa [11,12] nukmorpona C400
COCTOHT U3 IBYX CBSI3aHHBIX PE30HATOPOB, Pa3MEILEHHBIX B IIPOTHBOIIONOKHBIX
JONMHAX MarHuTa.

BrIBoz IpOTOHOB OyeT IPOU3BOIUTECS 0OIUPKON HOHOB MOJIEKYIIIPHOTO
Bonopozia H," Ha donbre. BEIBOX Iydka HOHOB yITepoaa GYIET OCYyIIeCTBIAThCS
IIOCPEICTBOM OJTHOT'O SJIEKTPOCTATHIECKOTO Ae(IeKTOpa, KOTOPHIA PacIIONOXeH B
JNONMHE MeXHy ceKTopamu. IIydkwm NpOTOHOB M HOHOB yriepoma OymoyT
BBIBOJUTHCSA I10 OTJENBHBIM KaHaNaM, COeIUHAICH Ha PACCTOSHUY IPHUMEPHO 6 M
OT LEHTpa IHUKIOTPOHA.

PaGoTta aBropa nuccepramum o uukiaoTpoHy C400 3akmouamach B
OCHOBHOM B aJalTalluyl IpOrpaMMBI, pa3paboTke METOMUKH M MOJeJIMPOBaHUH
IVHAMUKHY ITy4Ka IpU IPOXOXKAEHUH [EHTPaIbHOM 061acTH HUKIOTPOHA.

PacueTsl IeHTpa UMKIOTPOHA OCOOEHHO BaXHBEI IPH pa3paboTke
YCKOpHUTENs C BHeIHeHd wumxekuuedl myuka. OCHOBY ITONOOHBEIX pacyeToB
COCTaBISIET MOJENHpOBaHNe HH(MIEKTOpa M IeOMETpUH I[eHTPAabHOr0 paioHa,
BKIIOYAIONIYI0 T'€OMETPHUI0 “‘HOCHKOB” JyaHTOB, Kopiyca WHGQIIEKTOpa H
nuadpparm (pazoBoH CeTeKIHH.

IIpu mnpoexTHpoBaHUM ILEHTpa CBepxIpoBogsmiero nukirorpona C400
BBIIBUTAJINCH BEICOKHE TpeOOBaHMS, KaK K 3(Q(EeKTUBHOCTH LEHTpa, TaK M K
KaveCcTBY ITydKa Ha BBIXOJE U3 IIeHTPaTIbHON 001acTH.

B nmepByro oduepenp HeoOXomuMmo OBUIO  00ECHEYHTH  XOPOIIYIO

[EHTPHUPOBAHHOCTb ITy4ka U HeGOBIIYIO aMIUTUTYAY PaguanbHBIX OeTaTPOHHBIX
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konebanuii (<4mm). OrpaHuueHHWEe Ha aMIUIMTYLY paAdalbHBIX KojeOaHui
CBA3AHO C TEM, YTO B Ipollecce yckopeuus mo sueprum 400 MbB/H, mydok
mepeceKaeT P Pe30HAHCOB (B YaCTHOCTH pe3oHaHc 3Q,=4), IpoXoxaeHNe Tepe3
KOTOpBIE MOXET IpHBeCTH K morepsM mIyuka. C HE0OXOTUMOCTBIO XOpomiei
LHEeHTPUPOBAHHOCTH  IIyyKa  CBS3aHA  BO3MOXHOCTH  OCYILIECTBIICHUS
MOIYyIHAPOBAaHUS HWHTEHCHBHOCTM ITydka @pHM IIOMOINM HHGIEKTOpa A
peaiu3ayy HOBOTO IIEPCIIEKTHBHOIO MeTOa IPOTOHHOM Tepamuy B UKIOTPOHE
C BHEIIHeW MHXXeKLHeil Ha OCHOBE aKTHBHOI'0 CKaHUPOBAHIsI 00beKTa 00Ty eHuS
IIyYKOM IIePEMEHHOM NHTEHCHBHOCTH.

Bricokas 3)(eKTHUBHOCTh LIEHTpa MTO3BOIKUT OTKA3aThCSl OT HUCIONB30BaHHS
Ganuepa, uTO, OE3yCIIOBHO, BaXKHO, TaK KaK B METUIIMHCKOM YCKOpHTeEJe
HEeOOXOAMMO MHHHMHU3MPOBAaTh KOJMYECTBO HACTpaMBaeMBIX I1apaMeTpoB U
CTOMMOCTH YCTaHOBKU.

Taxum o6pa3oM, JAnd YHUKaIBHOIO MEIUIHHCKOTO YCKOPHTENS, C
PEKOPIHOM I/ KOMIIAKTHBIX IIMKJIOTPOHOB OBHEpruedl YCKOPEHHOTO IIydKa
HOHOB, HEoOXOIMMO OBLIO CIPOEKTHUPOBATh LEHTP LUKIOTPOHA, OTBEYAFOLIUI
IeTIOMy PSLy BBICOKUX TpeOOBaHUIL.

JUIi WHXeKTHPOBaHMS ITydyKa B TOUKY, OIPeHeNeHHYI0 H3 pacyeTa
PaBHOBECHOH opOHTH, Oblna co3maHa Mozenb wuHGIIEKTOpa ¥ pa3paboTaHa

reoMeTprU4eKas MOAeNb HeHTpalbHOM obnact (cm. Puc.2).

Puc. 2. Moodens yenmpa yuKI0mpoHa ¢ UHHAeKMOPOM 6 3a3eMIEeHHOM

Kopnyce
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Kax mpaBuno, axchanbHas (GOKyCHpOBKa B IEHTpe He MOXeT ObITh
ofbecrieueHa TOJBKO a3WMyTalbHOM Bapwamued MarHuTHOro mond. Jlua
obecreyeHus aKCHAIbHOM HOKYCHPOBKE B LIEHTPE LUKIOTPOHOB CO3TAIOT Oam,
OTpHUIIATENbHbIN paJHalbHE IPaIueHT CPeXHEro Mo JOIDKeH (OKyCHpOBaTh
IIy4OK 10 BepTHKanu. Bemuunna 6amma B mukiaoTpore C400 cocTapiseT 0KOJIO
200 I'c. Ha pamuyce ~8 cm GaMIl 3aKaHIHUBAeTCs, U CpefHee Ioie GopMHUpYyeTCs
PaBHBIM H30XPOHHOMY.

B 11eHTpe 0COGEHHO BaxkKHA dJIEeKTpHdecKas GoKyCHpOBKa, KaK [IPaBUIIO, OHA
“paboTaer” mepsble 2-3 o6opoTa. st TOoro 4yToObI AMEKTpUdecKas (aKCHalbHas)
(oKycHpoBKa OKasplBalla CBOE€ JEHCTBHE YaCTHIBl JMOJDKHBI IIONafaTh B
YCKOpSIIOINMM 3a30p B HyXHO# ¢aze. TakuMm oOpa3oM, eciu paccMaTphBaTh
HEIPEpPhIBHEIA, TO eCcTb HeOaHYHMpPOBaHHEIM (HeCTPYNNHUPOBAHHEIN) ITy4OK, TO
yXKe IIepBEIi 3a30p OyneT oTOMpaTh YacTHIEl B HY)KHOM (pa30BOM JHAarIa30He, Tak
KaK JaCTHUIIBI C “HeIPaBUIIBHEIMK (hasaMu OYAyT yTEpsHEL.

Pe3ynmpTaThl pacueTOB HEIPEPLIBHOTO ITydKa I[I0Ka3ald, dYTO IIpH
UCIIONB30BaHMUHU JBYX AnadparM 3¢ (eKTUBHOCTb MEDKEKIINH HeOaHUIMPOBAaHHOTO
nydka gocTuraeT 12 % (Tpy yCcIOBUH, YTO aMILTHTYOEl pagualibHbIX KojebaHui
He IIPeBBIIA0T 4MM), YTO COOTBETCTBYT (Pa30BOH IIPOTHKEHHOCTH 3aXBaueHHOTO
B yckopeHnue mydka - 43° BY. Takoii my4ox OymeT yCKOPSTHCSA B HadbHEHITHEM
6e3 moteps. IIpm mcmonb3oBanuu Gamdepa 3PHEeKTHBHOCTH WMHKEKUHHU OymeT
yBenudeHa B 2-3 pasa, ¥ COCTaBUT He MeHee 25%.

OO65b14HO 3G QEKTUBHOCTS IIEHTPa IUKIOTPOHA (Oe3 OaHuepa) He MpeBHIIIaeT
10%, mampumep, B muknorpore I 60 (JUIP, OVS) sddeKkTUBHOCT LEHTpa
coctaBuia 5% [13], B cBepxmpoBopsmiem mukimotpone LNS K-800 (Karauss,
Uramus) — 9% [14]. DddexTuBHOCTS IeHTpa IUKIOTPOHA 3aBHCHT OT MHOTHX
00CTOSATENHCTB, HAlpUMep, OT HHTEHCUBHOCTH YCKOPSEMOIo IIydKa, OT
TpeGoBaHMUI Ha aMIUIUTYNy pagualbHBIX KOJeOaHwMi, OT yPOBHs CpeIHero Ios,
IO3TOMY CpaBHHBAaTh 3(G(EKTUBHOCTH IEHTPAIBHBIX 00JacTeif pasHBIX
IUKJIOTPOHOB He BCErha KOPPeKTHO. IlpaBWibHee CpaBHUBATh IUKIOTPOHBI
ofHOro Kiacca. [IpoeXT KOMIAKTHOTO CBepXIpoBosmiero IukioTpoHa C400
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VHHKAlleH, B MUpe paspabarbiBaeTcs ellle OIMH aHaIorm4HbIi IpoekT B Kopee
KIRAMS-430 [15], omHako OH HaxoiuTci Ha Ooiee paHHeHl CTyIeHH
popabOTKHU.

CremyeT OTMETHTH, €CIH B pacdeTe IPUMEHANach He KapTa MarHUTHOIO
TIOJIA C OTPHUIIATENIEHEIM pafiHalbHbIM IPAJUEHTOM CPEIHETO O, a IIOCTOSHHOE
Ha q000M pamuyce W a3suMyTe MarHWTHoe Iolne ¢ uHmykumed 2.45 T, To
KOJIMYECTBO MOHOB, 3aXBaY€HHBIX B IIPOIECC YCKOpPEHMs, He MeHIock. M3 dero
MOXHO CHeJiaTb BHIBOZA: HM OTPUIATENbHBIM pagWanbHBIM TIpaldeHT, HU
asuMyTalbHAas BapHall¥s MarHUTHOT'O IIOJI HE OKa3bIBaeT 3aMETHOI'0 BIMAHKS Ha
aKCHANbHYIO (OKYCHPOBKY ITydka. MarauTHoe moie ¢ GamIioM ofeclieunBaeT
cMeneHue (a3pl HOHOB ¢ 3anaznpiBaromell Ha 30-35°BY wa mepBom obopoTe Ha
0° B KoHIe IeHTpanbHOH obmacté (R=8 cM), rme HelicTBHe 3JIeKTpHUYECKON
(OKYCHPOBKY 3aKaHYMBACTCSI M HAaYWHAETCS H30XPOHHEIA PEXHUM YCKOPEHHS.
VmenHo nns obecniedeHus cABUra (asbl U II0JE3eH B [EHTpe LUKIOTPOHa 6amIl
MarHuTHOTO IT0JIS BeICOTOM mpuMepHO 200 I'c.

TnaBHAs Ielb IPOBEJEHNS YHCIECHHBIX pacyeToB BBICOKOYACTOTHBIX
PE30HATOPOB CBf3aHA C peIIeHWeM KOHCTPYKTHBHBIX 3amad, a HMEHHO,
oIpezeieHne TeOMETPHHU pe30HaTopa, o0eceunBaronell He0OX0UMYIO YacToTy,
OIlEHKa IPOYHOCTH KOHCTPYKLHHM, BEIOOp TpeOGoBaHHII K CHCTEME OXJIaXKICHHS.
Onnako, MOIENHpOBaHWE pe30HATOpa HyXHO OCYIIECTBIATH TakXe JUIL
HOJNyYeHUs KapTbl DJIEKTPUYECKOTO ITONA, HEOOXODMMOH Ui HOCIEeXYIOLIUX
pPacyeToB AMHAMHKH ITydka. TOJBKO HCIIONB3YS KapTy YCKOPSIOMIEro IO,
MOXXHO pPacCUMUTHIBATh Ha BBEICOKYIO TOYHOCTH pacdeToB IUHAMHKH ITydKa.
OGBIYHO KapTa YCKOPSIOLIETO IO B IIEHTPEe LHUKIOTPOHA PacCUUTHIBACTCA B
9JIEKTPOCTaTHUeCKOM HpuOmmwkeHny. OUeBHAHO, YTO 5TO IpUONMDKEHHE
OpuemMiIeMo, IIPHM YCIOBHM IIOCTOSIHCTBA AaMIUIMTYABl HAOpsDKEHHS Ha
YCKOPSIIOIIEM 3JIEKTPOJie BRONE panuyca (pasymeercs, TOIBKO B MOJEIHPYEMOM
nentpe). Hackonpko 3T0 HpuONMKEHWE COOTBETCTBYET [eHCTBUTENBHOCTH,
MOXXHO Y3HATh, OCYIIECTBIISIS YHCICHHBIE PAacdeTHl Pe30HATOpa, UCIOJIB3YS IBa
mozxoza: '
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® DIEKTPOCTATHIECKOe IPUOIIKEHNE,
® BBHICOKOYACTOTHBIN pacuer.

Teomerpudeckas momenb (cM. Puc. 3) pesoHaTopa CBEpXIPOBOASIIETO
nukiaoTpoHa C400 Gputa paspaborana B CST MICROWAVE STUDIO [16].
CremyeT OTMeTUTh, 4TO pacdeTsl BU pe3oHaTopoB TpeOyIOT OONBIINX PecypcoB
KOMITBIOTEpa, II03TOMY YacTO HPHUXOIWTCSA YIPOLIaTh MOJeNb, HampuMmep, He
IPOPHCOBEIBATh B)KHEIE IPH pacdeTax LeHTpa orpaHuduTerd (moctsl). PacueTsl
B DJEKTPOCTATHYECKOM IIPHOJIIDKEHHM II03BOJIIOT 3alaBaTh TOIBKO YacTh
pe3oHaTopa, NPUXOILIYIOCS Ha IEHTP, II09TOMY CYIIECTBEHHO 3KOHOMSAT
pecypchl KOMIBIOTepa, IpoIlle I'OBOps, pacdueT uueT ObicTpee, UTO II03BOJSIET
YCIOXHUTh  MOJeNb, B YaCTHOCTH 33JlaThb TOYHYIO T'€OMETPHUIO “‘HOCHKOB”
IyaHTOB. J{jist cpaBHeHMS 060MX IOIXOXOB OBLI MPOBEEH BEICOKOYACTOTHBIN K
3JIEKTPOCTAaTHUYEeCKAN pacdeT OZHOM M ToH e Mozemu pesoHaropa. llo
pesynbTaTaM pacdeTa OBIIM  IIOCTPOCHBl  3aBHCUMOCTH  YCKOPSIOLIErO
HalpspKeHHs oT papmyca. I'paduku mpencraBieHsl Ha Puc. 4, Toe CIUIOIIHAS
JIVHHUS TIONMyYeHa M3 3IeKTPOCTATHYEeCKOTO pacdeTa, a IUTPUXOBas — U3

BBICOKOYAaCTOTHOTI'O.

Puc. 3. Komnvromepnas moodens pe3oHamopa
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Voltage [kV]
ECN
Q

iiiiiii'i'iii'i,

| 1 |
20 40 60 80 100 120 140 160

R [mm]
Puc. 4. 3agucumocms HARPAICEHUA YCKOPAIOUIE20 NOJIA O PaAdUyca

Ha pucyske npaxkTuuecku He 3aMETHO PasHUIIE! B BEIMYKHE HalpPSKCHUSI
BILTOTH HO pamuyca R = 5-6 cM, TO eCcTb, IPOBOAS pacdeThl «Maloro NeHTpay, a
3T0 006BIYHO R MeHBHmIe 6-8 cM mydile HCIONB30BAaTH 3MEKTPOCTATUYECKOE
HOpUOIIDKEeHHe, OTHAKO IIPH Iepexolie Ha OOonbIIne pamuychl, A PacdeToB
YCKOPSIIOILIETO 3JIEKTPUIECKOT0 N0 He0OX0UM BEICOKOYACTOTHBIH aHaH3.

3ajava MOIYJIMPOBaHUS WHTEHCUBHOCTH IIydKa ITMKIOTPOHA C BHEIIHeH
HHIKEKI[Ued MOXKHO pelllaTh U3MeHeHHeM (a3bl HalpspKeHus Ha 6GaHdepe, OIHAKO
B CBS3M C HEBBICOKMMH TPeOOBaHWAMH K MHTEHCHBHOCTH Iyd4Ka Ui JTEYeHUT
OHKOJIOTHYECKUX 3a00JeBaHui, mpuMeHeHue 6anduepa mukinorpore C400 moxeT
OKa3aTbCS MBIMIIHUM, II09TOMy OBlla IpOaHATU3HUpPOBaHA BO3MOXXHOCTH
UCIIONB30BaHMA MU 3TOH LenM W3MEHEHMS HaIpsOKeHHS Ha HHQIEKTOope.
Pacuers! moxasany, Ui TOro 4YTOOB! YMEHBIINTh HHTEHCHBHOCTD ITy4Ka JI0 HyJIs
TpeOyeTcsl yMeHbIeHre HanpshxeHust Ha 12% . IIpu aToMm oTcyTCTBOBANIYM IOTEPU
Ha HIDKHEM 3JIeKTpofe HHQueKTopa. MOXHO TOOHUTHCSA TaKOro JXe pesyibTrara,
yBeIWYMBas HalpsDKeHHe, HO IS 3TOro IOTpedyeTcs CyIIeCTBEeHHO Oojbliee
u3MeHeHue HanpsokeHUs — 40 %, 4To OueBUIHO HeXenaTeIbHO.

VMeHbIIeHHe  Hamps)KeHWs I[PUBOIMT HE TOJBKO K  H3MEHEHHIO
BEPTUKAIBHOTO JBIDKEHMS IIydKa, HO M paguansHoro. OmHaKo, Kak IIOKa3alld
pacdeTsl, U3MEHEHHE paJualbHOTO IBIDKEHHS BBI3BIBAeT B C(HOPMHUPOBAHHOM
LEHTpe LUKIOTPOHA U3MEHEHHE aMILIUTYAbl paJualbHBIX KoreGaHuii MeHee 4eM

Ha 1 MM.
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OueHka 3achpeKkTMBHOCTU LeHTpa uuknoTpoHa LUUTPEK

Jiist cpaBHUTENBEHOU OLIEHKH KadecTBa ()OPMHPOBAHUS LEHTPa LUKIOTPOHA
C400 aBropom ObUI mpoBeneH aHamm3 3((OEKTHBHOCTH IEHTpa LHUKIOTPOHA
IINUTPEK, seisromerocss 6a30BOM YCTaHOBKOM 00IydaTeNbHOTO KOMILIEKCA
«Anbdar.

Komrieke «Anbday, NpenHa3sHAYeHHBIH U1 OONy4eHHS ITOIUMEPHBIX
IUIEHOK, UCIOJIb3YEMBIX B IIPOU3BOACTBE TPEKOBBIX MeMOpaH, HEOOXOAUMBIX LI
[POM3BOJCTBA Pa3fENIIOMUX M (HIBTPYIONMX SJIEMEHTOB MERHLUHCKOIO,
[IPOMBIIIIEHHOT0 W OBITOBOrO Ha3HAYeHWs, ObUI pa3paboTaH M HM3LOTOBIEH B
O0bequHEHHOM HHCTUTYTE sIepHBIX Hccienosanuit it 3A0 XonnuHronas
komnanus «Tpexnop TexXHOTOMKI». ‘

Huxnorpon IIUTPEK Obmn copoektupoBaH u co3gan 10 yer Hazam ¢
KCIIOJIb30BaHUEM METOJOB ¥ IIPOrpaMM TOTO BPEMEHHU.

ABTOopoM OBLTa CO37jaHa TOYHAas MOZENb IeHTpa HuKIoTpoHa (Puc.5) u
IIPOM3BENIEH pacdeT MHXEKIMU HelpephIBHOIO HECTPYNIIHPOBAHHOTO ITydYKa

noHOB (beam train), aHaJIOIWYHO pacyery B ukIoTpore C400.

-15

10+

KT -10 5 0 5 10 15
X, cm

Puc. 5. Tpaekmopuu nyuka uonog apzona 6 yenmpe yuxkiompona JIHTPEK
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PacuetHas s¢dextuBHOCTD HeHTpa IukiIorpora [IUTPEK cocraBuia okojo
5 %, YTO TONTBEPXKIACTCS OSKCIEPUMEHTANbHBIMU [aHHBIMHU: HHTEHCHBHOCTB
IyYyka B JHHAM HEKeKUUHM Y HHTEHCHBHOCTh IIyuka Ha pazgmyce 10 cm,
COOTBETCTBYIOT K03()QUIMEHTyY IIPOXOXKAEHHUS ITydka okoyo 5 % [2]. PacueTHas
addextrBHOCTS HeHTpa C400 cymecTBeHHO BhIIIE, @ UMeHHO 12 %, mpudeM Ipu
OrpaHMYEeHUN Ha aMIUIUTYyLy paidalbHBIX KoneOaHwmil — 4 MMm. Bonee Hu3Kas
sdpdexrurocTs HeHTpa LIUTPEK 00BscHIETCS, Ipekae BCero CyIIeCTBEHHO
GOJIBIIUMY BEPTUKAIBHBIMU IIOTEPSIMH.

Beprtuxansuple motepu B ImkioTpoHe IWTPEK Gompmmme mo aByMm
npuunHaM. IlepBas 3akmogaercsa B ToM, 4To Iydok B LIUTPEKe moaroe Bpems
Ipeiidyer mocie BeUIeTa W3 MHQIIEKTOpa B 30HE, Il HOJIHOCTBIO OTCYTCTBYET
BepTHKaJIbHAA (OKYCHPOBKA, IIPEXKJe YeM IIONafeT B yCKOPSIOUHi 3a30p. Takas
reoMeTpysl LEHTpa I03BOJSIET HE 3aHHMAaThCsl ONTHMU3anueld (GopMbl HOCHKOB
IyaHTOB W JelaeT LEHTp LMKJIOTpoHa MpocThIM. OHaKo I yMEHBUICHUS
BEPTUKAIBHBIX MIOTEPh HEOOXOAUMO MPUOIIKATE YCKOPSIOMIKE 3a30p K BEIXOIY
u3 UHGIEKTOpa, a Jajiee HaXOJUTh ONTHMAIbHYIO F€OMETPHIO HOCUKOB J[yaHTOB
IUIS 33laHHOTO pacIpeielIeHus] CPeAHEero MarHUTHOTO IIOJI, KaK OBLIO CHAENaHo
s nukiaorpoHa C400. Bropas npuumHa KXpoeTcs B HEONTHMAlIbHOCTH
HU3MEHEHVs] MarHUTHOTO II0JI B IIEHTpe LIUKIOTPOHA BIOJNb pafuyca. Pactyiee
BIUIOTb OO & CM cpemHee IONe 3aTpymHSAET CO3NaHME CIOBUTAa (asbl,
CIIOCOOCTBYIOIIEr0 YCUIICHHUIO DIEKTPHIECKO (HOKYCHPOBKH.

Tax xak B mukiorpore IIUTPEK He mcnons3yrorcs auadparMsl (asoBoi
cenekiuy, cpaBHeHHe d¢pdexTuBHocTedl neHTpoB C400 u ITUTPEK He coBceMm
koppektHo: B ITUTPEK ammnutyna panuaibHBIX KojeOaHUE He orpaHUYeHa
CTOJIB JKeCTKO, kak B C400 (<4 Mm).

Tewm Gosee 04YeBHIHA IPABUILHOCTD BEIOPaHHOM I pOpMUpPOBAHUS LIEHTPa
C400 cTpareruu, 3aKirodarolielicss B MUHIMH3aIMK Jpeiida mydka 10 IepBOTO
YCKOPSIIOIIETO 3a30pa, B BEIOOpE ONTUMAaIbHOM (GOPMBI U IIOJIOXEHUS HOCHKOB

OYaHTOB OJIA 3aJaHHOT'0 PacHpPeaCI€HUS MariuTHOT'O ITOJIA.
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Wsnagansuo nukiaotpor LIMTPEK npoexrrpoBancs 4y yCKOPEHHs HOHOB
kpunroHa ¢ A/Z =4.94. Opnako paboTaromuii B Hacrosmee Bpems OLIP
HCTOYHMK HE BBIpabaTHBACT KPUITOH HYXKHON 3apSIHOCTH, II09TOMY YCKOPHUTEIb
pabotaeT ¢ apronoM A/Z =4.99.

JUis pasnudHBIX [PUMEHEHHH BaXHO HMETh pa3lIduHble YCKOPEHHBIE
HOHBI, HAIpUMep, MOHBI HEOHa M KPHITOHA. VICIONB3ys CO3MAaHHYIO MOJENb
[eHTpa LIUKIOTPOHA, aBTOp IIPOAHANU3NPOBAl BO3MOXHOCTH YCKOPEHHS HOHOB
HEeOHa ¥ KPHUIITOHA C 3apSAHOCTHIO HIDKE IIPOEKTHOH, a IMeHHo, 9+ u 12+,

Pacuetsl mokaszan, uto B mukioTpore LIMTPEK Hambonee mepcrieKTUBHO
12
yckoperue Kry,  Ha 6 KpaTHOCTH YCKODSIONIETO OIS, YTO BO3MOXHO IPH

YCIOBUM H3MEHEHMA CpefHero Mar"uTHoro noius B 0.93 pasa u HensMeHHOH’
4acToTe ycKopsromero HanpskeHus - 18.25 MI'n. Koneunas sHeprusi COCTaBUT
1.04 M>B/H, 9T0 DOCTaTOYHO IS psifa BO3MOXKHBIX TIPUMEHEHIH.

Wonsl HeoHa ObuM ycmemrHo yckopenbl B mumkimorpone LIUTPEK npu

PpacueTHLIX IIapaMeTpax.

PacueT akcuanbHOW UHXEKLUU MyYKa B LLIEHTP CBEprnpoBoAsILero
CUHXPOLIMKITOTPOHA

Jnsg MeOuIUHCKUMX IPUMEHEHUM O4YeHb BaKHBIM KadeCTBOM YCKOPUTENS
SBIIETCS KOMIIAKTHOCTH, IIO3TOMY B HacTOsIlee BpeMs B Mupe HaOmopaercs
pacTymuil HHTepec K CO3[JaHMIO CBEPXIPOBOAAIINX CHHXPOIMKIOTPOHOB C
BBICOKMM CpefHuUM InoneM. B pamkax HramesHckoro MccnmemoBaTensckoro
®onna TERA paspabatsBaercs mpoekt CYCLINAC [17], mpenua3sHavueHHbIH
IUIL JIeUYeHHs] OHKOJOTHMYECKUX OOJBHBIX, KaK YCKOPEHHBIMH IPOTOHAMH, TaK U
noHamMu yriepoja. IlpemmaraeTcs IByXCTymeHdYaTas cxeMa YCKOpeHHsi. B
Ka4yecTBE IIEpBOHM CTYIEHM IIPEIIIONaraeTcsi HCIIOJIB30BATh CBEPXIIPOBOISIIMIA
CHHXPOUMKIOTPOH Ha sHepruro 230 M»aB/H. Jlanee Iy4oK HOHOB yriiepoma
JOYyCKOpsIeTCs B JIMHEWHOM ycKopuTene xo sHepruu 430 MaB/u. Cpennee mone
CHHXPOUUKIOTpOHa OyzneT paBHo 4.5 T [18]. Bonpoc MHXEKIMH B LEHTP TAKOT'O
YCKOPHUTEIIS 0CTaeTcs HepelleHHbIM. ABTopamu [18] mpemiaraercs BCIONB30BaTh

UL WHXXEKIUH CIHpAaNbHBIN HHGIEKTop ¢ OonmpumimM mapamerpoM tilt =3 +5,
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OJIHAKO KOHKPETHBIX PAcUYeTOB, IOKA3LIBAIOIINX PEaMCTHYHOCTh II000HOrO
uH(IEKTOpa He IPUBOJHUTCA.

ABTOpOM  JuCcepTalMyi OBUIM  IPOBENEHBl  pacdeThl I0A00HOro
unpuexkropa. Ha Puc. 6. IoOkasaHa KOMIBIOTEpHas MoJelb HH}IeKTOpa,
CIIOCOOHOTO MHXXEKTHPOBATH IIy4OK B CHHXPOLMKIOTPOH C BEIWYMHOM CpeIHEro
nons B uentpe 4.5 T. IMapamerps! mH(QIEKTOpa: HalpsHKeHHOCTh monsd 12xB,
BBICOTA, WM 3JEKTpudeckuii pamuyc 41.6 Mm, tilt mapamerp 3, paccrosHue
MEXIy DIIEKTpofaMy 6 MM. DHeprus HHXXeKTHPYEeMOro IIydKa HOHOB YITEpOoAa C

A/Z=2 paBua 25x3B/Z.

Puc. 6. a) Komnvromepnaa mooens unghnexmopa.
0) mpaekmopuu nyuxa é ungiekmope

Heo6xonuMocTh CTONb CIIOKHOK KOHCTpYKIKU HHGekTopa (Puc.6) cBi3aHa ¢
OYeHb MaJIeHBKUM pamuycoM (<8MM), Ha KOTOPBIM HYXXHO HHXXEKTHPOBAaTh
my4oK. Pacuer TpaexTopuil mydka B TaKOM HHQIEKTOpE IOKa3al, YTO aKCHAIbHASL
HHXEKIHS B CHHXPOLUKIOTPOH C MarHUTHBIM moieM 4.5T peanpHa, OfHaxo,
YUHTHIBas MaJleHbKHME pa3Mephl IeHTPa, €ro KOHCTPYKIMS Takke Oyner

HEIIPOCTON 3anadei.

Tperbsi rjIaBa [OCBJIlEHA HHXEKIUM IIydka  HU3KORHEPTETHYECKUX
AHTUIIPOTOHOB B dNeKTpocTaTHdeckoe konbo AD-REC.
Cospanve KONbIlA, 3aMeIAIONIEro aHTHIPOTOHE AD  (antiproton

decelerator) [4] B IIEPHe, OTKpbUIO MHpOKHE BO3MOXHOCTH IS H3Y4eHUs
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CBOMCTB, KaK caMHX aHTHIPOTOHOB, TaK M WX B3aMMOZIEHCTBU C BEIIECTBOM U
AHTHBEIIECTBOM IIpH HM3KUX OHeprusx. HaxomurensHoe kombmo AD-REC
(RECYCLER), xoTopoe OyZeT yCTaHOBIEHO Ha JIMHUK JIOBYLUIKHM aHTUIIPOTOHOB
MUSASHI [5] (Monoenergetic Ultra-Slow Antiproton Source for High-precision
Investigation) B CERN-AD, 1mo3BOJHT IepeiiTi K U3yYEeHHIO aHTHIIPOTOHOB IIPH
YIABTPAHU3KUX DHEPTHUSIX.

HaxomutensHoe xonpio AD-REC mpenHasHadeHO il NPOBENCHUS
9KCIIEpYMEHTOB C aHTHIPOTOHAMHM, HMEIoIUMU dSHepruio oT 3 mo 30 x3B.
Konpro Oyzmer cOCTOSTH U3 DIEKTPOCTATHYECKHXK dIIeMEHTOB. [l m3MepeHuit
CEUCHUH B3aMMOJEHCTBUS AHTUIIPOTOHOB C Ta30BEIMH MUIIEHSIMH B KOJBIIE
OymeT YCTaHOBIEGH TaK Has3bIBaeMbI Mukpockonm peakuumii RM (Reaction
Microscope).

JloBymka MUSASHI mnpennasHadeHa O HaKOIUIEHMS ¥ OXJIAXKICHMS
aHTHIPOTOHOB. JIOByIIKa NpencTaBiseT co00il CBEPXIPOBOMASIIMM COJEHOUL C
IIPOAOIBHEIM MarHUTHEIM 1osieM 2.5 + 5 T. IlyJox aHTHIIPOTOHOB M3 JIOBYLIKH
IIPOBOIUTCS IO JIMHUKM TPaHCIOPTHUPOBKU K ra30BON MUIIEHH JJIs HPOBEIECHHUSI
SKCIIEPUMEHTOB.

B pamkax MexayHapomHoro corpynHuuectBa ¢ MPIK (XaiinensOepr,
I'epmannst) [19] HeoO6xomumo OBLIO pa3paboTaTh NMPOEKT JHUHHUM HHXEKIUH
HU3KODHEPIreTUYeCKHX AaHTUNPOTOHOB u3 JoBymku MUSASHI B xonbeno
AD-REC. IlepBoHauansHO OBLIa IIOCTaBIeHA 3a/ada - TPAHCIIOPTHPOBATH My4OK
Ha BBIXOJ€ M3 IMHUY UMeroniekcs Juauu B Koabno AD-REC.

Taxk Kak HOBas JHHUS HHXXEKINH IOJDKHA Oblla CTaTh MpOHOJDKEHHEM
paboTaromielf JMHMU TPAHCIIOPTUPOBKY, IPEXIEe BCEro, HeoOXomauMmo OBLIO
OIIpeNIeNNUTh LEeNIecOOOPa3sHOCTh MCIIONB30BAHUS 3TOI JIMHME, Ui 3TOH menu
ObUIM TIPOBENEHH pacdyeThl TUHAMHKY IMyYKa U OLIEHEHO KauecTBO ITyYKa Ha
BBIXOJIE.

Tlocne TmaTenbHOrO WU3y4YeHHWA IIapaMeTpoB paboTaromeil JIuHHU
TPaHCHOPTUPOBKH M IPOBEHNEHMS psAla pacdeToB, CTAJNO0 OYEBHIOHO, YTO B
mpoIecce IBIDKEHHS IydKa SMHTTAHC €r0 YBEIWYMBAETCS B JECATKH pa3, YTO
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COBEpPIICHHO HEIOIyCTHMO UL IIOCTABJIEHHOH 3a/add, TaK KaKk HeoOXOAUMO He
TOJIBKO COXPAaHWTh MaKCHMalbHO€ YHCJIO aHTUIPOTOHOB, HO K OCYIIECTBHUThH
HHKEKIHIO IIydKa C JOCTaTOYHO MalblM OMHUTTaHCOM — He Oornee
15 + 30 © MM mpaz.

Crnemyer 3aMeTHTh, YTO TaKOe CIJIbHOE YXyIIIEHHEe KauecTBa ITydKa
CBSI3aHO, IIPEXIe BCero, ¢ mepedoKyCHpOBKOH IMydka, KoTopas ObLia co3[aHa,
U1 TOTO YTOOBI ITy4OK MOT IPOXOOWUTH Hepe3 00JIacTH OdYeHb MaJeHBKHX
ameptyp (mo 4 MM). B nmHEM B Tpex MecTaXx pacIIONOXeHBI IuadparMel
MIEPEMEHHOTO UaMeTpa C LEeNbI0 OCYIIeCTBIeHN U depeHIralsHON OTKauKY,
TakuM 00pa3oM yHaeTcs YIydIIUTh BaKyyM OT 10 Topp B 30He Ta30B0M MUILEHU
mo 107" Topp B camoif noBymke. Ilydok HU3KOH OHepruw B JIHHHUU
TPaHCIIOPTHPOBKH 3aHHMAeT BCIO allepTypy, ABWXKEHNE ero He MapakCHalbHO, B
pe3ynpTaTe ab0epaluu W HENWHEHHOCTH NPHBOASAT K CYIIECTBEHHOMY POCTY
SMHUTTAHCA.

PacueTtsl mokasanu HEOOXOZMMOCTh AEMOHTa)Xa WMEIONIENHCs JIWHUE |

3aMeHBI €€ Ha HOBYIO, HE YBEIIMINBAIOILIYI0O SMUTTAHC ITy4Ka.

Hoegaa nunusa unstcexyuu 6 konouo AD-REC

TaxuMm 00pa3oM, Hauyano HOBO JIMHUH WHXEKIMHA CMECTHIIOCEH K BBIXOIY U3
noBymxu MUSASHI.

B nuHUE MEXeKIMU Takke Kak u B Konblle AD-REC OyayT IOJHOCTBIO
OTCYTCTBOBaTb MAarHHUTHBIE O3JIeMeHTH. OCHOBHBIE TpeGOBaHUI K JIMHUU
HHXEKIIUH:

1. Ilposectu my4ok anTUnpoToHOB 0T MRT MUSASHI K koneiry AD-REC ¢
MUHUMaJbHO  BO3MOXHBIMH  IOTepSAMH, TaK KaK  KOJIHYECTBO
aHTHIIPOTOHOB, BRIBOAMMOE U3 JIOBYIIKH, COCTABIIIET Bcero 5%10°,

2. HauanbHas sHeprus Iy4dka HaxonuTcs B auamnasone 150 + 500 sB.

3. DOmeprus mmxkekiuu B Koinblio AD-REC momxHa OBITH BappHpyeMa OT
3 x3B 1o 30 x3B.
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4. HeobxomuMo HHXEKTHPOBAaTh IIy4OK COIVIACOBAHHO CO CTIPYKTypoH
KOJIbIa, TpUYeM IYyYOK JOIDKeH OBITh C(OKYCHpOBaH Ha MHUIIEHU C
MUHHMAJBHO BO3MOXHEIM pa3sMepoM, TO €CTh SMUTTAHC HHKXEKTUPYEMOIO
Iy4Ka DOJDKeH ObITh He Gonee 157-MMm-Mpan+307-MM-Mpas, a pasbpoc 1o
sHeprun 1+3% mns  gwamazoHa OSHepruif mEKekimm  3+30 k9B,
COOTBETCTBEHHO.

Hns  coxpaHeHms KadecTBa Iryyka w3 JoBymku MUSASHI npu
TpaHcnopTupoBke k Koiblly AD-REC Heob6xomuMmo, Ipexie BCero, YCKOPHUTb
IIy4OK 10 IUIaHUpyeMo# B KOJble SHEepruu, fanee cHOopMUpOBaTH MydOK Tak,
YTOOBI MOXHO OBIIIO MHXKEKTHPOBATh €r0 COTNIACOBAHHO CO CTPYKTYpOH KONbIa.
ITosTomy paccMaTpuBaeMyIO JMHUIO MOXHO YCIIOBHO pa3lIeIuTh Ha BE CeKIUH —
YCKOPSIIOLIYIO U coracyromyio (cM Puc.7).

OnexTpocTaTHdeckoe Koiablo OyzerT paboTaTh C IIy4KOM AHTHIIPOTOHOB,
BeiBefieHHBIM 13 MUSASHI nocpenctBoM GpicTporo BeiBoma. o HacTosImero
BpeMeHU OBICTPEIi BEIBOZ OCYILIECTBIISLIN IpK dHepruu 150 3B.

Vcxopsaromas ceknus OygeT COCTOATh W3 IBYX dYacTeif, pa3felleHHBIX
TpyOKo#t mpefida. IlepBas gacTh, cocTodmas U3 5 ANMEKTPOZOB, OyIET YCKOPSTH
IIy4OK aHTHUIIPOTOHOB 0T dHepruu 150 + 500 »B no 400 + 1300 5B, oGecneunsas
Ipu 3ToM (POKYCHPOBKY, KOTOPas IO3BOJHUT IIy4Ky Ipei(poBaTh BHYTPH TPYOKHL.
Korzma mydox OynmeT HaxOOWTBCA BHYTpPH TPyOKu mApeiida, HampshkeHHe Ha Hei
IEePeKIIOYUTCS Ha OTpHIaTeNbHOe, TaKUM 00pa3oM, NpH BBUIETE K3 HeE Iyd4oK
IPOJOJKUT YCKOPEHMe N0 NPOeKTHHIX 3 + 30 x3B. 6 »1mexTpomoB BO BTOpOIt
9acTH  YCKOPSIOIIeH CeKIMM BBIIOJHAT Takke ABe (QYHKIHH: YCKOPSAT U
CHOKYCHPYIOT ITy4O0K.

IIpr HeoO6XOOUMOCTH M3MEHHUTH HadalbHYIO SHEPIHIO ITydKa HY)XHO OyxeT
MEHATh HaIpsHKEHHE Ha YCKOPSIOIIUX SIEKTPOIax, KakK IepBOi, TaK U BTOPOI
9acTH ycKopsromelt cexuuy. Ecnu Hy>XHO ITOMEHSTh TOJIBKO KOHEUHOe 3HaUeHNe
9HEPIMH IIy4Ka, JOCTATOYHO W3MEHHTH HAIpsDKeHHEe Ha JJIEKTPOJaX BTOpOM

YaCTH YCKOPSIOMIEH CeKIIkH.
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focussing gap

first accelerating electrodes second accelerating electrodes
’_I:‘ drift tube quadrupole quartet

==
----------------------------- ZTTTT—— = =
2000mm 900mm 439mm
accelerating section diagnostics block matching section

Puc. 7. Cxema runuu undicexuuu

Cornacyromas cexuusa OyIeT COCTOSTh M3 YeTHIpeX 3JIEKTPOCTATHIEeCKHX
KBampymoye#. B  KOMIBIOTEpHOM MOIENHM CeKIMH SKBUIIOTEHIHATHHEBIE
IIOBEPXHOCTH DJIEKTPOAOB HMEIOT I'UnepOonuuecKyro Gpopmy.

Hns obecriedeHus HaubonbIIell IOCTOBEPHOCTH pe3yNbTATOB  OBLIM
IIPOBEEHBI pacyeThl IUHAMUKHY ITydKa aHTUIIPOoToHOB 0T IeHTpa MUSASHI. [lns
9TOj Ienu HaM OBLIM IPeIOCTaBIeHb! SIIOHCKIMHE KOJUIeraMy KapThl MarHUTOIO

o noByiku MUSASHI u Tounas reoMeTpus BEITATHBAIOIINX 3JIEKTPOLOB.

HauanmpHble mDapaMeTpbl Iydka BBIOMpaICh HCXOAS U3 HH(OpManuu
paboTs! [5]. Pe3ynbTaThl MOAETUPOBAHUS AUHAMUKY ITy4Ka B JTUHUU HHXEKIUH
IpencTaBieHbl Ha Puc. 8. DHeprus Iiydka B IIepBOH YacTH YCKOPSIOIIeH CeKIun

6su1a yBenudueHa a0 400 5B, Bo Bropoit wactu — 1o 30 x3B.
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Puc. 8. a) Tpaekmopuu wacmuy, om 6v1x00a U3 108YUWIKYU 00 UHIICEKUUU 8
KOIbYO (CUHUM U 3eIeHbIM NOKA3AHbL NPOEKUUU HA 63AUMHO
nepneHoOUKynapHle ocu)

0) Inepzua uacmuy 6 npouecce OGUICEHUA NO NUHUU UHIHCEKUUU
KBazpynonu no3BONSIOT HHKEKTHPOBAThH IIYyHOK COTJIACOBAHHO CO CTPYKTYpOM

xonb1a AD-REC (cMm. Puc.9), kotopoe Oyner paboTaTs B pa3iIHIHEIX PEKUMaX.

dX, dY, mrad

10

XY, mm

Puc. 9: Pacnpedenenue nyuxka Ha ()a3o80ii n1ocKocmu 6 MoyKe
unsicekuyuu ¢ konouo AD-REC. E=30 k3B
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Tak Kak KOJHYEeCTBO aHTUNpoToHOB u3 soBymku MUSASHI odens
orpauamnyeHo, Hamanky koublia AD-REC meo6xomumo OyneT OCyILIeCTBIATh Ha
myuke H womoB, mosToMy ObLTIa IpeIyCMOTpEHa BO3MOXKHOCTH YCTaHOBKH B
JIMHWH WHKEKIMHA CEKUWH, BKIIOYaoIed B ce0s HCTOYHHK M HEKOTOpBIE
IOIOJIHUTEIbHEIE KOMITOHEHTH], TaKHe KaK JIMH3a DH3eNd, [Ba CTHpepa, IUIHHID

CI)apa,ue;I " CUCTEMY OTKa4KH.

3aknroyeHue
B COOTBETCTBHH C ILECJIBIO JII/ICCGpTaI_[I/IOHHOf/i pa60TI>I GBIJII/I BBIIIOJIHEHBI

pacdeThl IWHAMHUKH HU3KOSHEPreTHYECKOTO ITydKa Ui IPOSKTOB MHXKEKIMH B
YCKOPHUTENBHEIE KOMIUIGKCHI Pa3NMYHOrO Ha3HAYeHWs IO pa3paboTaHHBIM
aBTOPOM IIPOrpaMMaM U METOIMKaM.

OcHOBHBIE pe3yJIbTAThI paGoThI:

1. Pa3paGoTaHbl METOAMKHM ¥ CO3JaH KOMIUIEKC IIPOTpaMM C IIHPOKUMHU
BO3MOXHOCTAMHU TSt IPOBEAEHUS pacueToB o IUHaMUKe
HU3KOHEPreTUUEeCKOro ITy4yKa B JIMHUIX TPAHCIOPTHPOBKU U IIPYU MHXXEKIHH B
[UKIIMIECKIEe YCKOPUTEIH 1 HaKOIIUTEIH.

2. TIlpenmmoxeHbl OpUTHHANIBHAs KOH(UIypalus M KOMIIOHOBKa 3JIEMEHTOB
IeHTpa cBepxmpoBojsmero mukiotpoHa C400, mpenHasHaYeHHOToO I
JIeYEeHNs] OHKOJIOTUYECKUX 3a00/IeBaHUH ITyIKaMH IIPOTOHOB U HOHOB YIJIEpoZa.
BriGpansr mapameTpsl HHGIEKTOpa, ION0XKEHHE H TIeOMETPUS 3JIEKTPOXOB,
nuadparm. Pacuetnas  3¢QexTHBHOCTH 3axBata B YCKOpeHHe
HeOaHYMPOBAaHHOTO ITyyKa HMOHOB -12 % @pu OrpaHHYEHHH Ha aMIUIUTYLY
pamuanbHEIX KoieGaHuil 4 MM, YTO IMPEBOCXOJUT CYIIECTBYIOIIUM ITOKa3aTelb
3¢ GEeKTUBHOCTH pabOTAIOMMX CBEPXIIPOBOAAIINX IIUKIOTPOHOB.

3. Bmepsrle moka3aHo, uto i nukinoTpoHa C400 pasmuume B KPUBBIX
HalpsDKEHUd, IMONYYEeHHBIX B JIIEKTPOCTATHYECKOM IpUONMKEHWH M B
pe3yibTaTe BBICOKOYACTOTHOTO aHalM3a, I03BOSIET IPOU3BOAUTH pacyeT
IEeHTpa [0 pajuyca 5 CM C TOYHOCTHIO Goyiee 95 % B BIEKTpOCTATUYECKOM

npubmmkennn. TakuM 00pasoM, OIpeleNeHbl TpaHWUIbl IPHMEHUMOCTH
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BIIEKTPOCTATHYIECKOr0 NPUONIKEH)s] PacdeTOB KOHQUIYpalyil yCKOPSIOLIEro
3IIEKTPHYECKOTO 101 B IIeHTpe nukinoTpora C400.

4. BrepBble B YUCIEHHOM 3KCIIEpPHMEHTe IPOAEMOHCTPUPOBaHa BO3MOKHOCTb
MOy IMPOBaHK HMHTEHCHUBHOCTH IIy4Ka IPU IOMOIIM HH(IEKTOpa, yMEHbIIAs
Hanpsokenne Ha 12 % Ha SIEKIpPojaX, 4YTO IIO3BOJIAET peanu30BaThb HOBBIN
[IEPCIIEKTUBHBI MeTOZ, IPOTOHHOM TepalMyd Ha OCHOBE AKTHUBHOTO
CKaHUpOBaHUI ¢ Tpebyemoil wactoToif n0 1 K[l B IMKIOTPOHE C BHEIIHEH
WHXXEKIHeH.

5. Houel HeoHa OpuIM ycIemHo yckopenbl B mukioTpone I[UTPEK c
pacCUMTaHHBIMU IapaMeTpaMy. PaccunMTaHbl NapaMeTphl YCKOPEHHS HOHOB
kpuntoHa B muioTpoHe IIWUTPEK ¢ 3apsamHOCTBIO HIDKE IIPOEKTHOM.
YckopeHue TakWX MOHOB YJIYYIIAT Ka4eCTBO IPOM3BOAMMEBIX Ha yCKODHTEIE
TPEKOBBIX MEMOpPaH U CYIIECTBEHHO PaCIIMpPUT 00JIaCTh UX IPUMEHEHHS.

6. Paccunrana s¢dexruBHOCTS NeHTpa nukinorpora LIMTPEK npu yckopenuu
noHOB aproHa. OHa cocTaBlgeT OKONO 5 %, YTO XOPOIIO COIJacyeTcs ¢
SKCIIEPUMEHTANBHBIMI JaHHBIMHY (M3MepeHHbIe MHTEHCHBHOCTH IIyYKa B JIMHUN
HIDKEKIIMU U Ha pagmyce 10 cM COOTBETCTBYIOT KO3(DGULIHEHTY MPOXOXKICHUST
oxoio 5 %).

7. BrepBble pacCUMTaHBI IApaMeTPHl CIHPAIBHOTO 3JIEKTPOCTATHYECKOTO
HH(}IEKTOpa ¢ odYeHb OoybmuM KodhduuueHTOM crupanbHOcTH (tilt=3),
IIO3BOJISIONIEr0 MHXEKTHPOBATh IIy4OK B CBEPXIIPOBOISAIINY CHHXPOIUKIOTPOH
¢ BeJIMYUHOM cpenHero noius B ieHTpe 4.5 T.

8. TIlo pesympTaTaM pacyeTOB AMHAMUKH IIy4Ka aHTHIPOTOHOB U3 JIOBYIIKH
MUSASHI no cymecTByroIlie# JTMHUM TPaHCIOPTUPOBKHU OBLIO J0Ka3aHO, YTO
OHa He YHOBJIETBOPseT TpeOOBaHUAM K JMHMM MHXeKiuu B konbino AD-REC,
MmoKazaHa HEeOOXONUMOCTb 3aMeHbI CYNIeCTBYIOIIEH JIMHHM Ha HOBYIO, He
JIOIYCKAIOIIYIO YBEJIMYEeHHS IMUTTaHCa ITyJKa.

9. Paspaborana cTpykTypa X ONTHMH3KMPOBAaHEI IIapaMeTpbl HOBOH JIMHUU
WHXEKIUU IIydyKa aHTHUIPOTOHOB C YIABTPaHW3KONW HadalbHOM OSHepruen
150 + 500 3B u3 moBymxu MUSASHI, yckopsrome#t my4ox mo 3 + 30 k3B u
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[POBOAMIEH My4OK HA3KOM MHTEHCHBHOCTH C HEOOXOIUMBIMH IIapaMeTpaMu B
xonb1o AD-REC.

OcHOBHBIE pe3yabTaThl JUCCEPTALTUA onyﬁ.nmcosamﬂ B
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P9-2008-53. 2008. 6 c.

[A2] Jongen Y., ... Karamyshev O. et al. COMPACT SUPERCONDUCTING
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and Methods in Physics Research Section A, Volume 624, Issue 1, P. 47-53.

[A3] Jongen Y., ... Karamyshev O. et al. RF cavity design for superconducting
C400 cyclotron // Physics of Particles and Nuclei Letters. 2011. V. 8. No 4.
P. 386—390.

[A4] Jongen Y., ... Karamyshev O. et al. Central region design of the cyclotron
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Conferences Website. 2010. P. 221.
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Conferences Website. 2010. P. 371.
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cyclotron for hadron therapy // Proc. of CYCLOTRONS-2010. Lanzhou.
China.

[A7] Jongen Y., .. Karamyshev O. et al. RF cavity simulations for
superconducting C400 cyclotron // Proc. of CYCLOTRONS-2010.
Lanzhou. China.
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