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OBIUAH XAPAKTEPHCTl1KA PABOTbl 

AKTyaJlbHOCTb npo6JJeMbl. l\OCTl1lKeHl1e BbICOKOH 51pKOCTl1 11 BblCOKOH 

HHTeHCHBHOCTl1 ny4Ka npe~cTaBJJ51IDT 3Ha411Te11bHhlH 11HTepec ~1151 

pa3pa60T411KOB MHOr11x ycKopHTenbHblX npoeKTOB, noCKOJlbKY ~aHHbie CBOHCTBa 

ny4Ka n03B01151IOT 3q>cpeKTHBHee 11Cil011b30Ba Tb ycKop11Ten11 B Qe.Jl51X 113Y4eHl151 

npoQeCCOB, conpOBO)K~arom11x CT01IKHOBeH11e 3ap51lKeHHblX 4aCTl1Q, C03~aHH51 

HCTO:-iHl1KOB H31ly4eHH51, a TaKlKe np11 TpaHcnopT11pOBKe 11 qJOKyc11poBKe ny4Ka 

Ha 0°01lbll1He paccT051Hl151. l\1151 COBpeMeHHbIX 11 6y ~ym11x ycKop11Te1JbHblX 

npoeKTOB tta116onee BalKHbIMl1, K11ID4eBblMl1 napaMeTpaMH 51B1151IDTC51 51pKOCTb 

ny4KOB 11 CBeT11MOCTb Konnail~epoB. 06e xapaKTep11cTHKl1 onpe~e1151IDT Ka4eCTBO 

ny4KOB 11 51B1151IOTC51 Mepoil 11X 11HTeHCl1BHOCTH. HpK11e ny4Kl1 Il03B01151IDT 

q>OKYCHpOBaTb 3Ha4HTe11bHYID 3HeprHID B ManoM OObeMe. 3TO ~enaeT 51pKHe 

ny4KH np11aneKaTe1JbtlbIM HCT04Hl1KOM no~BO~a ::it1epr1111 ~1151 ynpaB1151eMoro 

TepM051~epttoro Cl1HTe3a, C03~aHH5111HTeHCl1BHhlX HCT04Hl1KOB HeilTpOHOB, np11 

pa3pa6oTKe 11HTeHCHBHbIX ycKop11Teneil ~1151 TpaHcMyTaQl111 OTXO~OB 51~epHOH 

npOMbllll11eHHOCTH 11 npOl13B0~CTBa Tpl1Tl151. no Mepe Toro, KaK IlOBbllllaIDTC51 

Tpe6oaaH1151 K HHTeHCHBHOCTl1 ny4Ka, B03pacTaeT BalKHOCTb KOJIJJeKT11BHblX 

3cpq>eKTOB ny4Ka B YCKOPl1Te1151X. 

PocT 11HTeHCHBHOCTl1 ycKopeHHblX ny4KOB cymecTBeHHO OTCTaeT OT pocTa 

3Hepr1111 4aCTl1Q, 4TO 51B1151eTC51 CBl1~eTe11bCTBOM Toro, 4TO KOJIJJeKT11BHble 

3q>q>eKTbl ny4Ka, HOC51JUl1e, KaK npaBl1110, Cl111bHO Hen11HeilHbIH xapaKTep, eme 

He~ocTaT04HO 113y4eHbl 11 He B IlOJIHOH Mepe KOHTp01111PYIDTC51 pa3pa60T411KaMl1 

ycKopITTeneR: 3Kcnep11MeHTbI, B KOTOpbIX 11cnonh3YIDTC51 HHTeHCl1BHbie 

3ap51lKeHHbie ny4Kl1, ~eMOHCTp11pyIDT BbipalKeHHOe HapacTaHHe 3MHTTaHca ny4Ka 

11 06pa3oaatt11e opeona 113-3a He1111HeilHbIX c1111 o6beMHoro 3ap51~a. no~aaneHHe 

cpopM11poaaH1151 opeona np113HaHo KJJID4eaoil npo6neMoit B cp11311Ke 51PKHX 

ny4KOB. 

3a~aqa O coxpaHeHHl1 Ha4a1lbHOH q>yHKQ1111pacnpe~eneHl15111HTeHCl1BHOro 

ny4Ka CB513aHa C Il011CKOM paBHOBeCHbIX COCT051Hl1H Heo~Hopo~Horo nyqKa BO 

BHe111HeM none. AHan11T114ecKoe caMocornacoaaHHoe on11catt11e 51PKl1X ny4KOB 

OCHOBaHO, KaK npaBl1J10, Ha 1111HeilHOM np1161111lKeHHl1 K COOCTBeHHblM c11naM 

npocTpaHCTBeHHOro 3ap51~a ny4Ka. 8 paMKaX ypaBHeHl1il Kan411HCKoro

Bna~l1M11pCKoro <KBl y~aeTC51 cTporo pe11111Th 3a~aqy o cor11acoaatt1111 q>a3oaoro 
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06beMa HHTeHCHBHoro 0,[IHOpOJlHoro 3aprDKeHHoro nytJ1<a C JIHHeHHblM 

q>o1<ycttpy10II.IHM l<aHaJIOM. 8MecTe C TeM JIHHeHHa51 MO,[leJib He MO)l(eT. onttca Tb 

pocT 3MHTTaHca nytJ1<a, o6pa3oBaHHe opeo11a H He .aaeT OTBeTa Ha sonpoc, 1<a1< 

cor11acoBaTb C 1<aHaJIOM nytJOI( C cymecTBeHHO HeJIHHeHHblMH l<YJIOHOBCl<HMH 

CHJiaMH 6e3 HCl<a)l(eHH51 q>a30BOro 06beMa. 3TO Bbl3bIBaeT Heo6xo,[(HMOCTb 

pa3pa60T1<H HOBoro no.axo.aa I( aHaJIHTHtJec1<0My onHCaHHIO ,[IHHaMHl<H 51pl<HX 

nytJl<OB. 

llpyroil l(JIJOlJeBOH npo6JieMOH B q>H3Hl(e yc1<opHTe11eil 51BJI51eTC51 

nOBbIIIIeHHe CBeTHMOCTH l(QJIJiail.aepoB. CBeTHMOCTb COBpeMeHHblX l(QJIJiail.aepos 

B 3HalJHTeJibHOH Mepe orpaHHlJeHa 3q>q>el<TaMH BCTpetJH nytJl<OB (beam-beam 

effects), lJTO Tal<)l(e OTHOCHTC51 I( 1<11accy 51BJieHHH, CB513aHHblX C 06beMHblM 

3ap51,[IOM nytJ1<a. HeCMOTp51 Ha ,[IJIHTeJibHOe HCCJie,[(oBaHHe .aaHHoro 51BJieHmi, Ha 

cerO,[IH511IIHHH .aeHb HeT 3al<OHlJeHHOH TeopHH HeycTOHlJHBOCTH CTaJil<HBalOII.IHXC51 

nytJl<OB. <l>yH.aaMeHTaJibHblM MexaHH3MOM orpaHHtJeHH51 YCTOHlJHBOCTH nytJl<OB 

51BJI51eTC51 B03HHl<HOBeHHe xaoca B ,[(HHaMHtJec1<oil CHCTeMe BCJie.ac·TBHe 

B036y)l(,[(eHH51 H nepeKpblTH51 HeJIHHeHHblX pe3oHaHCOB. O.aHa1<0 Tal<OH no.axo.a He 

onHCb!BaeT BCeH COBOl<ynHOCTH 51BJieHHH, CB513aHHb)X · C HeycTOHlJHBOCTblO B 

TOlJl<e BCTpetJH nytJl<OB. 8 tJaCTHOCTH, .ao CHX nap He 6bIJJO no11ytJeHo. Bblpa)l(eHH51 

,[(JI51 1<03q>q>HQHeHTa ,[(Hq>q>y3HH HeycTOHlJHBOCTH, 1<a1< ct>YHl<QHH napaMeTpOB 

YCl<OpHTeJI51. 

MOII.IHbIM cpe,[ICTBOM H3ytJeHH51 HeJIHHeHHbIX 3q>q>el<TOB nytJl<OB 51BJI51eTC51 

lJHCJieHHoe MO,[leJIHposaHHe. KoMnbJOTepbI B CHJiy CBOeH ,[(HCKpeTHOH ·npHpO,[!b) 

y ,ao6Hbl ,[11151 MO.[leJIHpOBaHH51 CHJlbHO HeJIHHeHHblX npoueccos C. 6oJibIIIHM 

lJHCJIOM -nepeMeHHblX, lJTO COCTaBJI51eT OCHOBy npo611eMbl B3aHMO,[leHCTBH51 

MHOrHx tJaCTHI..1 B caMocor11acosaHHOM none. CospeMeHHoe MaTeMaTHtJec1<oe 

o6ecnetJeHHe. pactJeTa nytJl<OB He,[IOCTaTOlJHO CHa6)1(eHo CTaH.aapTH30BaHHblMH 

a11ropHTMaMH H nporpaMMaMH. On:yTCTBYIOT Ha,[le)l(Hble cpe,[ICTBa l<OHTpOJI51 3a 

npaBHJibHOCTblO pa60Tbl nporpaMM, HH30I( YPOBeHb ,[(Ol<yMeHTHpoBaHHOCTH 

pa3pa60To1<. 

8 YCJIOBH51X nOCT051HHoro paCIIIHpeHH51 H YCJIO)l(HeHH51 npo611eM, CB513aHHbIX 

C 51pl<HMH HHTeHCHBHblMH nytJ1<aMH, npe.acTaBJI51IOTC51 al<TYaJibHbIMH pa3pa60T1<a . 

HOBoro no.axo.aa . ,[11151 HCCJie,[(OBaHH51 ,[(HHaMHlJeC1<Hx 
xapa1<TepHCTHI(' 

CHJlbHOTOlJHblX 51pl<HX nytJl<OB H noJiytJeHHe HOBblX .aaHHblX 06 0,[IHOtJaCTHlJHblX H 

l<OJIJieKTHBHblX HeJIHHeHHbIX .3q>q>eKTax 3ap51)1(eHHblX nytJKOB B YCl<OpHTeJI51X. 
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QeJiblO pa60Tbl 51BJIHeTCH 

- C03,[(attHe MO,[IYJibHOH 6H6JIHOTel<H nporpaMM ,[IJIH CHCTeMaTHlJeCKoro 

HCCJie,[loBaHHH ,[IHHaMHl<H nytJKOB C npeo6na.aaHHeM o6beMHOro 3apH.aa nytJKa 

MeTO,[(OM Ma1<potJaCTHI..I, 

- pa3pa6oTKa HOBOH attaJIHTHlJeCl<OH TeOpHH, onHCbIBaJOmeil paBHOBeCHble 

COCTOHHHH HeO,[IHOpO,[IHbJX Hpl<HX nytJl<OB B q>OKYCHPYIOIUHX KaHaJiax H B 

ycKOpHIOIUHX 84 nOJI51X, 

- npoBe,[(eHHe IIIHpo1<oro Kpyra pactJeTOB no HCCJie,[(OBaHHIO ycTOHlJHBOCTH 

paBHOBeCHblX COCTOHHHH nytJKa C HeJIHHeHHblMH KY JIOHOBCKHMH CHJiaMH, no 

npe.aoTspamettHJO pocTa 3MHTTattca nytJ1<a H o6pa3oBaHHJO opeona nytJ1<a s 

yc1<opHIOI1.1e - q>OKYCHPYJOIUeM 1<aHaJie, 

- pa3BHTHe TeopHH HeycTOHlJHBOCTH cTaJIKHBaJOIUHXCH nytJKOB, HCCJie,[IOBaHHe 

.aenoJIHpH3al..lHH BCJie,[ICTBHe CTOJIKHOBeHHH nytJKOB, Bbipa6oTKa npe,[!JIO)l(eHHH no 

no.aasJieHHIO .aaHHOH HeycTOHlJHBOCTH H nOBbJIIIeHHIO CBeTHMOCTH KOJIJiail.aepos. 

HaytJHU1 HOBH3Ha pe3yJibTaTOB pa6on1 

1. 8nepBbie pa3pa60TaHa MO,llYJibHa51 6H6JIHOTeKa nporpaMM ,[IJIH pactJeTa 

.aHHaMHl<H 51pKHX nytJKOB MeTo.aoM MaKpotJacTHI..1. nporpaMMa BEAMPATH 

npe.aHa3HatJeHa ,[(JI51 HCCJie,[(OBaHH51 ,[(HHaMHKH aKCHaJibHO-CHMMeTpHl!HblX, 

KBa.apynoJibHO-CHMMeTpHl!HblX H z- 0,[IHOpO,[!HbIX nytJKOB B Katta11ax. 

co.aep)l(aJUHX 84 3a30pbl, RFQ ceKI..IHH, MYJibTHnOJibHbie JIHH3bl, COJieHOH,[lbl H 

nosopOTHbJe MarHHTbl. Pa3pa60TaH .aaTlJHK HatJaJibHblX pacnpe.aeJieHHH tJaCTHI..1 B 

q>a30BOM npocTpaHCTBe C pa3JIHlJHOH CTeneHblO HeJIHHeHHOCTH. Mo.ayJibHblH 

npHHUHn opraHHJaUHH MaTeMaTHtJec1<oro o6ecnetJeHHH no3BOJIHeT cpopMHpoBaTb 

3HalJHTeJibHOe lJHCJIO BepCHH CTPYKTypbl npH OTHOCHTeJibHO MaJIOM KOJIHlJeCTBe 

HCXO,QHblX nporpaMMHbIX MO,[lyJieH. 

2. 8nepBbie ttail.aettbI ycJIOBH51 pasttosecHH 51pKoro tteo.attopo.attoro nytJKa 

B q>o1<ycHpy10meM 1<aHaJie. CoxpaHeHHe 3MHTTaHca nytJKa, npe.aornpameHHe 

q>opMHposaHHH opeoJia nytJKa BbIBe,[leHbl H3 nepBbIX npHHUHnOB 1<aK ja.aatJa 

cor11acoBaHH51 51pKoro nytJ1<a C HeJIHHeHHbIMH KYJIOHOBCl<HMH CHJiaMH C 

q>o1<ycttpy10IUHM KaHaJIOM. no1<a3aHo, lJTO ,[11151 corJiaCOBaH_HH nytJKa C KaHaJIOM 

q>OKYCHpyJOmee none ,[IOJI)l(HO 6bITb HeJIHHeHHOH q>YHKUHeH npoCTpaHCTBeHHblX 

KOOp,[IHHaT. 
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3. Bnepab1e noKaJatta BOJMO:ll<HOCTb a.atta6a Tttt.iecKoro . cor nacoaattHJI 

nepaotta4aJJbHO Heo.attopo.attoro 51pKoro ny4Ka C. !pOKYC!iPYIOlllHM KattaJJOM B 

OTCyTCTBHe BQ3HHKHOBeHHJI opeona ny4Ka. IToKaJaHo, 4TO nocTeneHHOe 

HJMetteHHe HeJJHHettttoro !pOKYCHpyJOmero nOJJJI npHBO.llHT K MO.llH!pHKaUHH 

Ha4aJJbttoro Heo.attopo.attoro ny4Ka a ny4oK, cornacoaattttbltt c JJHHettHblM 

!pOKYCHPYIOlllHM _noJJeM. H.aeaJJbHOe cornacoaattHe BO3MO:ll<HO ocymecTBHTb B 

nJJaJMeHHOH JIHH3e co cneuHcpH4eCKHM pacnpe.aenettHeM 4aCTHU C 

npOTH~OnOJJO)l{HblM 3ap51,llOM. llpyrHM MeTO.llOM JIBJJJleTCJI HCnOJJb3OBaHHe 

3HaKonepeMeHHOH . Kaa.apynoJJbHOH !pOKYCHpOBKH C MYJJbTHnOJJbHblMH 

KOMnotteHTaMH nOJJJI. 

4. Bnepab1e Bbrne.aetto caMocornacoaattttoe pacnpe.aenetttte 51pKoro ny4Ka 

4aCTHU B 0,llHOpO,llHOM KaHaJJe C npOH3BOJlbHblM !pOKYCHpyJOlllHM noTettuHaJJOM. 

ITocne.aoaaTeJJbHO BhlBe.aetthl annpOKCHMAUHOHHhle !pOPMYJJhl .llJJJI 

caMocor nacoaatttt.oro noTettuwana. ny4Ka H npocTpattcTaettttoro. pacnpe.aenettHJI 

4aCTHU, .aeMOHCTPHPYIOlllHe 3cpcpeKT 3KpaHHpOBKH BHeurnero nOJJJI 51PKHM 

ny4KOM. MeTO.llOM ycpe.atteHHJI Hatt.aettbl Bblpa:ll<eHHJI .llJJJI 3cpcpeKrnattoro 

noTeHUHaJJa 3HaKonepeMeHHOH CTPYKTyphl C MYJJbTHnOJJbHblMH KOMnotteHTaMH. 

5. BnepBble attaJJHTH4eCKHMH H 4HCJJeHHblMH MeTO,llaMH noKa3atta 

B03MO:ll<HOCTb TpattcnopTHpOBKH 51pKoro ny4Ka C npOH3BOJlbHblM peaJJHCTH4HblM 

HeO,llHOpO,llHblM npocTpaHCTBeHHblM pacnpe.aeJJeHHeM B KBa.apynOJJbHO

.ao.aeKanOJJbHOM KaHaJJe npH YCJJOBHH no.aaaJJeHHJI pocTa 3MHTTattca. H 

06pa3oaattHJ1 opeona. ny4Ka. IToKa3atto, 4TO npocpHJJb ny4Ka .llOJJ:ll<eH noaTop51Tb 

3KBHnoTettui1aJJH 3cpcpeKTHBHoro !pOKYCHpyJOmero nOJJJI. 

6. Bnepab1e ttatt.aetto nptt6JJH:ll<ettttoe TpexMepttoe caMocornacoaattttoe 

pacnpe.aenettHe 51pKoro crpynnwpoaattttoro ny4Ka 4aCTHU a ycKopJ110U1eM 84 

none. Hatt.aetto attaJJHTH4ecKoe Bbipa:ll<eHHe .llJJJI npocpHJJJI ycKopettttbIX crycTKOB. 

IToKa3atto, 4TO npO!pHJJb ny4Ka cymecTBeHHO OTJJH4aeTCJI OT WHpOKO 

HCnOJJb3yeMOH annpOKCHMaUHH crycTKa 3JIJJHncoH,llOM HJJH UHJJHH,llpOM C 

nepeMeHHOH nJJOTHOCTblO. IToKa3atto, 4TO paattopacnpe,aeJJeHHe 3HeprHH B. 

crycrne (equipartitioning) JIBJJJleTCJI CJJe,llCTBHeM CTaUHOHapHOCTH cpyHKUHH· 

pacnpe.aeJJeHHJI ny4Ka. 

7. Bnepab1e npoae.aetto attaJJHTH4ecKoe wccne.aoaattHe Kattanoa c 

HeJJHHeHHOH onTHKOH 3ap51:ll<eHHblX 4aCTHU .llJJJI noJJy4eHHJI O.llHOpO,llHbIX noJJeH 
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OOJJy4eHHJI. IToJJy4eHbl attaJJHTH4eCKHe COOTHOWeHHJI, CBJl3blBaJOmHe Ha4aJJbHOe 

H KOHe4HOe pacnpe,aeJJeHHe nJJOTHOCTH ny4Ka 4epe3 napaMeTpbl HeJJHHeHHblX 

onTH4eCKHX 3JJeMeHTOB. Hatt,lleHO o6bJICHeHHe o6pa30BaHHJI nHKOB 

pacnpe,aeJJeHHJI Ha rpaHHUaX 3OHbl OOJJy4eHHJI. ITpe,llJJO:ll<eH MeTO.ll KpyroBOH 

pa3aepTKH ny4Ka C ueJJblO O,llHOPO.llHOro OOJJy4eHHJI OOJlblliHX MHmeHeH. 

8. Bnepahle npoae,aeHhl attaJJHTH4eCKHe HCCJJe,aoaaHHJI HeJJHHeHHhlX 

3cpcpeKTOB .llHHaMHKH HHTeHCHBHoro ny4Ka B HH3KO3HepreTH4HOM KaHaJJe 

TpattcnopTHpOBKH. IToJJy4eHbl attaJJHTH4eCKHe Bblpa:ll<eHHJI ,llJJJI HCKa:ll<eHHJI 

3MHTTattca ny4Ka 3a C4eT ccpepH4eCKHX aoeppaUHH aKCHaJJbHO-CHMMeTpH4HblX 

JJHH3 H COOCTBeHHblX HeJJHHeHHblX CHJI OObeMHOrO 3ap51,aa ny4Ka. HaA,aeHO 

KOJIH4eCTBeHHOe 00bJICHeHHe oopa30BaHHJI nonoro npO!pHJIJI ny4Ka B CHCTeMe 

3KCTpaKUHH ny4Ka. 

9. BnepBble ,aeTaJJbHO HCCJJe,aoaatta ,llHcpcpy3HOHHa51 HeycTOH4HBOCTb 

ny4Ka, BO3HHKaJOma51 npH CJJy4aHHblX !pJJYKTyaUHJIX B nonepe4HblX pa3Mepax 

CTaJJKHBaJOUIHXCJI ny4KOB. IToKa3aHO, 4TO .llHHaMH4eCKaJI CHCTeMa 

CTaJJKHBaJOUIHXCJI ny4KOB acer.aa tteycTOH4HBa. 3TO .aonOJJHJleT oomenpHHJITOe 

TOJJKOBaHHe tteycTOH4HBOCTH KaK oopa30BaHHJI xaoTH4eCKOro .llBH:ll<eHlrn 4aCTHU 

BCJJe,llCTBHe nepeKpblTHJI cenapaTpHC HeJJHHeHHbIX pe3OHaHCOB. IToJiy4eHO 

Bblpa:ll<eHHe ,llJIJI KO3!p!pHUHeHTa .llH!p!pY3HH B pacmHpeHHH 3MHTTaHca ny4Ka, 

no3BOJIJIJOlllee OObJICHHTb 3KCnepHMeHTaJibHO HaOJIJO,llaeMyJO CHJibHYIO ,llHcpcpy3HIO 

npH CTOJIKHOBeHHH ny4KOB C cymecTBeHHO pa3Hb!MH nonepe4HblMH pa3MepaMH. 

10. BnepBble HCCJie,aoaaH 3cpcpeKT CTOJJKHOBeHHJI ny4KOB Ha .aenOJI51pH3aUHIO 

cnwtta a npoTOH - npoTOH KOJIJiaA,aepe. HaA.aetta MaTpwua .llJIJI apameHHJI cntttta 

nocJie npOH3BOJlbHOro 4HCJia ooopOTOB 4aCTHU B KOJibUe. IToKa3aHO, 4TO 

.aenOJI51pH3aUHJI cnHHa BCJie,llCTBHe CTOJIKHOBeHHJI ny4KOB MO:ll<eT Ob!Tb 

no.aaaJieHa, eCJIH ny4KH npH CTOJIKHOBeHHH CTaOHJibHbl, H paooqa51 TO4Ka 

HaXO,llHTCJI .llOCTaTO4HO ,aaJieKO OT cnHHOBbIX pe3OHaHCOB. TeM He Mettee, npH 

,llHcpcpy3HOHHOH HeyCTOH4HBOCTH CTaJIKHBaJOUIHXCJI ny4KOB cnHH qacTHU 

no.aaep:ll<eH CHJibHOH .aenOJI51pH3aUHH. Pe3yJibTaTbl HCCJie.aoaaHHH no3BOJIJIIOT 

Ka4eCTBeHHO OObJICHHTb 3KCnepHMeHTaJibHble pe3yJibTaTbl, HaOJIJO,llaeMbJe Ha 

KOJIJiatt.aepe PETRA, r.ae cHJibHaJI .aenoJI51pH3aUH51 pa3BHBaJiaCb acne,acTaHe 

pa3BaJia ny4Ka H3-3a 3cpcpeKTa CTOJIKHOBeHHH npH TOM, 4TO MaKCHMaJibHaJI 

CBeTHMOCTb .llOCTHraJiaCb npH HeH3MeHHOH nOJI51pH3aUHH, ecJIH OblJIO ooecne4eHO 

ycTOH4HBOe COCTOJIHHe CTaJIKHBaJOlllHXCJI ny4KOB. 
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IlpaKTm1ecKa51 1.teHHOCTb pa50Thl 

Pa3pa6oTaHHa51 B .Qttcceprn11tt11 KOMnbIOTepHa5I nporpaMMa BEAMPATH 

ttcnOJJb3yeTc51 B RIKEN, KEK (Japan), University of Frankfurt (Germany) H 

Schonberg Research Corporation (USA). AHaJJHTH4ecK11e H 4HcJJeHHhie pa6oThI no 

cornacosaHHIO ny4Ka B KaHane HOBoro HH)KeKTOpa RIKEN no3BOJJHJJH 

yBeJJH4HTb HHTeHCHBHOCTb ny4Ka B 2 - 2.5 pa3a. 11ccJJe,QoBaHHe 3cpcpeKTa 

H3rOTOBJJeHH5I noJJIOCOB ycKopttTeJJ.H Ha 3axBaT 4acrnu B RIKEN RFQ no3BOJJHJJO 

o6ecne4HTb BhlCOKOe 3Ha4eHHe TOKOnpOXO)K,QeHH51 (90%), 3KCnepHMeHTaJlbHO 

Ha6JJIO,QaeMoe npH pa6oTe yCKOPHTeJJ51. npe,QJlO)KeHHhIA B ,QHCCepTal.lHH 

(COBMeCTHO C B.B.KyumHhlM H C.B. IlJJOTHHKOBhlM) HOBhIA MeTO,Q CKaHHpOBaHH51 

npOT5I)KeHHhIX MHIIIeHeA MeTO,QOM KpyrosoA pa3BepTKH ny4Ka, 3all.lHII.leHHhIH 

naTeHTOM, noJJy4HJl ,QaJJbHeAIIIee pa3BHTHe nptt pa3pa60TKe CHCTeM o6JJy4eHH51 B 

JAERI (Japan). Pa3BHThlH B ,QHCcepTal.lHH aHaJJHTH4eCKHA annapaT HeJJHHeHHOro 

npeo6pa3oBaHH51 ny4KOB B KaHanax C MYJJbTHnOJJ5IMH Bh!CIIIHX nop5I,QKOB 

11cnoJ1b30BaH KOMnaHHeA Northrop Grumman (USA> B pa3pa60TKax KaHaJJOB ,QJJ51 

paBHOMepHoro o6JJy4eHH51 6oJJbIIIHX nosepXHOCTeA. l1ccne,1:1osamrn no 

HeyCTOH4HBOCTH CTaJJKHBaIOII.IHXC5I ny4KOB H ,QOCTH)KeHHIO MaKCHMaJJbHOA 

CBeTHMOCTH HCnOJlb30BaHhl B npoeKTe ct>a6pHKH Pa,QHOaKTHBHhIX 1130TonoB 

CRIKEN Radioactive Isotope Beam Factory, Japan). 

Anpo5auw» pa6oT~ 

Pe3yJJbTaThl ,QHCCepTaUHH ony6JJHKOBaHbl B 86 ne4aTHhIX pa6oTaX, B TOM 

4Hcne B )KypHanax "Physical Review", "Nuclear Insrtrument and Methods", "Journal 

of Applied Physics". Pe3yJJbTaThl ,QHCCepTaUHH ,QOKJla,Qh!BaJlHCb Ha CJle,QyIOII.IHX 

KOHcpepeHUH51X: CoBe1I.1aHH5I no YCKOpHTeJJ51M 3ap51)KeHHhIX 4aCTHI..1, (.lly6H~, 1989, 

1992>; 3rd European Particle Accelerator Conference, Berlin (Germany, 1992); 

Computational Accelerator Physics· Conference, Los Alamos (USA, 1993); _ 1993 

Particle Accelerator Conference, Washington D.C. (USA, 1993); 17th Internatio_nal 

Linac Conference, Tsukuba (Japan, 1994); 4th European Particle Accelerator 

Conference, London (UK, 1994); 4th International Conference on Charged Particle 

Optics, Tsukuba (Japan, 1994); International Workshop on Particle Dynamics in 

Accelerators: Emittance in Circular Accelerators, Tsukuba (Japan, 1994); 1995 Particle 

Accelerator Conference, Dallas (USA, 1995); 12th International Workshop on ECR Ion 

6 

i 
I 

( 

\ 

' 

l 
( 

r 

Sources, RIKEN (Japan, 1995); 20th Linear Accelerator Meeting in Japan, Osaka 

(Japan, 1995); International Workshop on Space Charge Dominated Beams and 

Applications of High Brightness Beams, Bloomington, Indiana (USA, 1995); I 0th 

Symposium on Accelerator Science and Technology, Hitachinaka (Japan, 1995); 5th 

European Particle Accelerator Conference, Barcelona, (Spain, 1996); 14th International 

Conference on Application of Accelerators in Research and Industry, Denton, Texas 

University (USA, 1996); XVI RCNP Osak"a International Symposium on Multi-GeV 

High - Performance Accelerators and Related Technology, Osaka (Japan, 1997); 

Workshop on Beam Physics, Center for Advanced Science and Technology, Hyogo, 

(Japan, 1996); 11th Symposium on Accelerator Science and Technology, Harima 

Science Garden City, Hyogo, (Japan, 1997); Beam Physics Meeting, SPring-8, 

Himedji, (Japan, 1997); 2nd US-Japan Workshop on Heavy-Ion Fusion and Related 

Topics, Berkeley (USA, 1997); I 997 Particle Accelerator Conference, Vancouver, 

B.C., (Canada, 1997); First Asian Particle Accelerator Conference, KEK, Tsukuba 

(Japan, 1998); Workshop on Space Charge Physics in High Intensity Hadron Rings, 

Shelter Island (USA, 1998). 
KpoMe Toro, pe3yJJbTaThl ,QHCCepTal.lHH o6cy)K,QaJJHCb Ha ceMHHapax B 

RIKEN (Japan, 1994 - 1998), Kyoto University (Japan, 1995), Michigan State 

University (USA, 1995), Stanford Linear Accelerator Center (USA, 1995), Los Alamos 

National Labortatory (USA, 1996), Brookhaven National Laboratory (USA, 1997, 

1998), Japan Atomic Energy Research Institute (1998), Fermi National Laboratory 

(USA, 1998). 

IloJJO)KeHH51, B~HOCHM~e Ha 3antHTY 

1. Pa3BHTO MO.QYJlbHOe MaTeMaTH4eCKOe 06ecne4eHHe ,QJ]51 MO,QeJJHPOBaHH51 

,QHHaMHKH aKCHaJJbHO-CHMMeTpH4HhlX, KBa,QpynoJJbHO-CHMMeTpH4HhlX H z-

0,QHOpO,QHhlX ny4KOB B KaHaJJax, co,Qep)Kall.lHX B4 3a3ophl, RFQ ceKUHH, 

MYJlbTHnOJlbHhie JlHH3hl, COJleHOH,Qhl H nosopoTHble MarHHThl. IlpttMeHeHHe 

MO.QYJlbHOrO npHHI..IHila no3BOJ151eT nocTpOHTb rn6KyIO cTpyKTYPY, cnoco6HyIO 

peaJJH30BaTb 60JlbWOe 4HCJ10 nporpaMMHhlX sepcHA npH OTHOCHTeJlbHO MaJlOM 

4HCJle HCXO,QHhlX 6a30BhlX MO,QyneA. 
2. HaA,QeH HOBhlA KJlaCC caMocor nacosaHHhlX peIIIeHHH ,QJ151 paBHOBeCH51 

HeO,QHOpO,QHhlX 51pKHX ny4KOB C 3a,QaHHOA cpyHKI..IHeA pacnpe.QeJleHH51 B 

HenpepbIBHhlX cpoKycttpyIOII.IHX KaHanax. YcnoBH51 cornacosaHH51 .QJ151 ny4Ka c 

HeJlHHeAHhlMH CHJlaMH npocTpaHCTBeHHOro 3ap51,Qa Tpe6yIOT BKJlI04eHH51 B noTeH-
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l.lHan qioKyCHPY!OlflHX CHn HenHtteHHblX tJneHOB oonee BblCOKoro nop51,QKa, lJeM 

KBa,QpaTHlJHble. A,QHaoaTHlJeCKOe H3MetteHHe HenHHeHHOro <flOKYCHPYIOlflero nonfl 

B,QOnb TpaKTa TpattcnopTHpOBKH npHBO,QHT K nocTeneHHOH Tpattc<flopMal.lHH 

HatJanbHO HeO,QHOpO,QHOro nylJKa B pacnpe,QeneHHe, cornacosattttoe C nHHetlHblM 

<flOKYCHPYIOlflHM KattanoM. nonytJeHHbie perneHH51 OOOOII{a!OT H3Becrnoe pattee 

caMocornacosattttoe pasttosecHe ,Qnfl nytJKa KantJHHCKoro-Bna,QHMHpcKoro Ha 

cnytJaH npOH3BOnbHOro HeO,QHOpO,QHOro nytJKa. 

3. Hatt,Qetto caMocor nacosattttoe pacnpe,QeneHHHe 51pKoro nytJKa B 

Ja,QaHHOM npOH3BOnbHOM HenpepblBHOM <floKyc11py10ll{eM none. noKa3aHo, lJTO 

caMocornacosaHHbIH noTettuHan 51pKoro nytJKa '-!aCTHl.l scer..Qa cTpeMHTC51 K 

T?MY )Ke pacnpe,QeneHHIO, lJTO H BHeIIIHHH <floKycHpy!Oll{HH noTettuHan, C 

npoTHBonono)l(HblM 3HaKOM, BHe JaBHCHMOCTH OT <fl0Kyc11py10mero nonR. 

Hatt,Qetto, '-ITO BBe,QeHHe ,QO,QeKanonbHOH KOMnoHeHTbl nonfl B KBa,QpynonbHYIO 

CTpyKTypy COBMeCTHO C MO,QH<fJHKal.lHeH rpaHHl.lbl ny'-!Ka npHBO,QHT K 

no,QasneHHJO pocTa 3MHTTattca H npe,QoTspamettHJO oopa3osattHH opeona ny'-!Ka 

3a C'-!eT COOCTBeHHblX ttenHHeHHblX KynoHOBCKHX CHn. 

4. nonytJetto Bbipa)l(ettHe ..QnH cTauHottapttoro caMocornacosattttoro 

npo<flHnH crpynn11posattttoro nytJKa B 84 none. noKaJatto, . '-ITO .• ycnosHe 

pasttopacnpe..QeneHHH ::itteprnH B crycTKe no crnnettHM csooo,QbI cequipartitioning> 

51Bn51eTC51 cne,QCTBHeM CTal.lHOHapHOCTH <flYHKl.lHH pacnpe,QeneHm:1 .. 4HcneHHblMH 

pac'-!eTaMH noKaJaHa BO3MO)l(HOCTb no,QasneHHH pOCTa 3MHTTaHca H 

oopaJoBaHHH opeona ny'-!Ka Ja c'-!eT ,Qe<floKyc11poBKH B 84 none. 

5. Pa3BHTa TeOpHH HenHHeHHoro npeoopa3oBamrn nnOTHOCT_H ny'-!Ka B 

KaHane C MynbTHnonbHblMH nHH3aMH ,QnH CO3,QaHH51 O,QHOpO,QHbIX nonett 

oonytJeHH51 npoTH)l(eHHblX MHIUeHeH 51pKHMH ny'-!KaMH. HaH,QeHbl onTHManbHbie 

COOTHOilleHHH ,QJ151 BblOOpa napaMeTpOB nHH3 H ,QaHO OObHCHeHHe oopa3oBaHHIO 

nHKOB pacnpe,Qenemrn nytJKa Ha MHilleHH, HaOnJO,QaeMOMY 3KCnepHMeHTanbHO. 

PerneHa Ja,Qa'-!a o nepepacnpe..QeneHHH nnoTHOCTH HeO,QHopo,QHoro nytJKa no,Q 

,QeHCTBHeM COOCTBeHHblX HenHHeHHblX KynOHOBCKHX CHn B npocTpaHCTBe ,Qpeiiqia. 

npe,QJJO)l(eH HOBblH MeTO,Q O,QHOpO,QHOro oony'-leHH51 MHllleHH ny'-IKOM '-laCTHl.l C 

KpyroBOH pa3sepTKOH 84 noneM. 

6. noKa3aHO, '-ITO CHCTeMa CTanKHBalOII{HXCH ny'-IKOB scer,Qa HeycTOH'-IHBa 

npH HanH'-IHH lllyMa B nonepel!Hb[X pa3Mepax ny'-IKOB, ecnH npHpameHHe HMnynb-
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ca '-!aCTHl.lbl npH CTOnKHOBeHHH 51BnHeTC51 HenHHeHHOH <flyHKl.ll1eH KOOp,QHHaTbl. 

nony'-!eHHOe Bb!pa)l(ettHe ,QnH K03<fl<flHLlHeHTa ,QH<fl<flY3HH noJBOnHeT 00b51CHHTb 

ycHnettHe ,QH<fl<fly3HH npH CTOnKHOBeHHH nytJKOB C cymecTBeHHO pa3Hb[MH 

paJMepaMH, HaOnlO,QaeMoe 3KcnepHMeHTanbHO B HOHHhIX KOnnaH,Qepax. 

7. OoKaJaHO, '-ITO ,QenonHpH3al.lH51 cnHHa Bcne,QCTBHe CTOnKHOBeHHH 

nytJKOB MO)l(eT Ob!Tb no,QasneHa, ecntt nylJKH ycTOHlJHBbl npH CTOnKHOBeHHHX, H 

paoo'-la51 TOlJKa KOnbl.la Bb!OpaHa ,QaneKO OT HenHHeHHbIX cnHHOBbIX pe3oHaHCOB. 

llH<flq>Y3HOHHa51 tteycTOH'-IHBOCTb BCTpe4HblX ny'-IKOB npHBO,QHT K MOHOTOHHOH 

,QenonHpH3al.lHH nytJKOB. npose,QeHHble HCcne,QoBaHHH n03BOnHIOT Ka'-leCTBeHHO 

00b51CHHTb 3KCnepHMeHTanbHble peJynbTaTbl B KOJJJlatt,Qepe PETRA, r,Qe CHnbHa51 

,Qenon51pH3al.lH51 Haon10,Qanacb npH pa3sane nytJKa 3a C'-leT HeycTOHlJHBOCTH npH 

CTOnKHOBeHHH nytJKOB. 8 TO )l(e speMH ,QenonHpH3al.lH51 ny'-IKOB OTCYTCTBOBana, 

ecnH nytJKH npH CTOnKHOBeHHH ocTaBaJJHCb ycTOH'-IHBbIMH. 

COllEP)KAHHE lJHCCEPT AUl111 

l1HccepTal.lH51 COCTOHT H3 BBe,QeHHH, 9 rnaB, 3aKn10'-leHHH H cnHCKa 

nHTepaTYPbl. OOII{HH OObeM ,QHccepTal.lHI1 cocTaBnHeT 347 CTpaHHl.l TeKCTa, 

BKnJOlJaH 121 pHCYHOK H 25 TaOnHl.l. 

Bo Bse~eHHH OOOCHOBaHa aKTyanbHOCTb TeMbl paooTbl, cqiopMyn11posaHbl 

uenH l1 Ja,QalJH ,QHCCepTal.lHH. 11JnO)l(eHa HOBH3Ha pe3ynbTaTOB, npaKTHlJecKaH 

ueHHOCTb paooTbl, ,QaHbl nono)l(eHHH, Bb!HOCHMble Ha Jall{HTy. KpaTKO l13nO)l(eHO 

co,Qep)l(aHHe paooTbl no rnasaM. 

B nepso0 rnase npHBe,Qeua '-IHCneHHaH MO,Qenb ~11HaMHKH HHTeHCHBHblX 

3ap51)1(eHHb!X nytJKOB B ycKopttTenHX '-!aCTHl.l, peaJJH3OBaHHa51 B BH~e nporpaMMbl 

BEAMPA TH [ 1-5]. llnH on11caHHH ,aHHaMHKH noToKa 11cnonbJyeTCH MeTo,a 

MaKpO'-!aCTHl.l. 11HTerpHpoBaHHe TpaeKTOpHH '-laCTHl.l ocymecTBnHeTCH cxeMOH C 

nOCTOHHHbIM lIJaroM no speMeHH B KpHBOnHHeHHbIX KOOp,llHHa Tax .. Ha'-!anbHOe 

3anonHeHHe nonepe'-!Horo '-!eTblpexMepHoro qiaJosoro npocTpaHcTsa 

peanHJOBaHO B BH~e ,aaT'-IHKa cnyqaHHblX '-IHCen ,anH cne,ayJOIUHX 

pacnpe,aeneHHH: KB, 1180,aHHOH MelIJOK11
, napaoontt'-!eCKOe, rayccoBO [8]. 

Mo,aenHposaHHe npo,aonbHOrO q>a3OBOrO OObeMa COOTBeTCTByeT HH)l(eKl.lHH 

HenpepbIBHOrO B z - HanpasneHHH ny'-!Ka C KOHe'-!HbIM pa36pocoM npo,aonbHblX 

HMTTY nbCOB. 
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none npocTpattCTBettttoro 3ap.H;:ta nytJKa pacctJHTbIBaeTc.H H3 peweHH.H 

ypasHeHH.H nyaccotta B conyTCTBYIOII(eH CHCTeMe KOOPtlHHa T, r ;:te tlBHlKeHHe 

lJaCTHU HepeJJ.HTHBHCTCKoe. HcnoJJb3YIOTC.H TPH Tttna CHMMeTpHH: OtlHOPOtlHblH 

no Z nyl!OK (tlByMeptta.H 3a;:tal!a B x-y KOOp;:tttHaTax), aKcttaJJbHO- CHMMeTpHl!Hble 

crycTKH (tlByMeptta.H 3a;:tatJa B r-z KOOPtlHHaTaX). crycTKH C KBa;:tpynoJJbHOH 

CHMMeTpHeH (TpexMepHa.H 3a;:talJa B x-y-z KOOPtlHHaTaX) [2, 78]. 

Ha nepsoM :nane onpe;:ten.HIOT pacnpe;:tenetttte npocTpattcTsettttoro 3ap.H;:ta 

B o6nacTH, 3aHHMaeMOH nyl!KOM MeTOtlOM "qaCTHUa B .HlleAKe". 3aTeM 

pacctJHTbIBaIOT none npocTpattcTsettttoro 3ap.Ht1a nyl!Ka H3 l!Hcnettttoro pewettH.H 

ypastteHH.H nyaccotta Ha ceTKe. B tteKapTOBbIX tlByMepttblX H TpexMepttblX 

KOOptlHHaTax ·ttcnOJJb3YIOT MeTOtl 6bICTporo npeo6pa3oBaHH.H <Pypbe rnn<P) no 

KalKtlOH H3 KOOPtlHHaT. B UHnHHtlPHlleCKHX tlByMepHbIX KOOPtlHHaTax 

ttcnonb3YIOT Bn<P no npottonbHOH Koop;:tHHaTe If MeTOtl nporoHKH no pattHycy. 

Ha 3aKnIOlJHTenbHOM 3Tane npoBOtl.HT tlHcpcpepeHUHpOBaHHe CeTOlJHOH 

cpyHKUHH noTettuHana If onpetten.HIOT KOMnotteHTbl 3neKTpOcTaTttlleCKOro non.H. 

nocne 3Toro ocyll(ecTBn.HIOT nepexo;:t B na6opaTopttyIO CHCTe":'fY KOOPtlHHaT H 

onpet1en.HIOT KOMnOHeHTbl 3neKTpttl!eCKOro If MarHHTHoro noJJeH, comasaeMbIX 

o6beMHbIM 3ap.HtlOM nyl!Ka. 

non.H ycKop.HIOII(HX 3neMeHTOB (84 3a3opbl, RFQ) onttcaHbl B Blftle P.HtlOB 

<Pypbe-6eccen.H. non.H _ lpOKYCHpyIOII(HX 3neMeHTOB (MynbTHnOJJbHbie JIHH3bl, 

coneHOlftlbl, nosopoTHbie MarHHTbl) BbllJHCJI.HIOT no pa3JJOlKeHHIO non.H B6nH3H OCH 

HJIH HHTepnoJJttpyIOT cnJJaAttaMH no 3a;:taHHblM 3Hal!eHH.HM B y3nax 

npocTpaHCTBeHHOH ceTKH. 

npH pa3pa6oTKe nporpaMMbI BEAMPATH ttcnoJJb3osatt Me_TOtl cTpyKTyptto 

- MOtlYJJbHOro nporpaMMttposaHH.H, KOTOpb!H nO3BOJJ.HeT MO;:teJJHpoBaTb 

3HalJHTenbHOe lJHCno 06beKTOB, HCnOJJb3Y.H OTHOCHTenbHO Manoe, KOJIHlJeCTBO 

HCXOtlHbIX 6a30BblX MOtlyJJeH. CTpyKTYPHO-MOtlYJJbHb!H nottXOtl no3BOn.HeT 

pa3pelllHTb OCHOBHOe npOTHBOpelltte, BO3HHKaIOII(ee nptt C03;:taHHH _6onhlllOH 

nporpaMMbl, MelKtlY OCHOBHblMH uen.HMH npoeKTa If 3cpcpeKTHBHOCTbIO MOttenH B 

KaittoM cneuHcpttl!eCKOM CJJytJae [7]. 

BTopafl r JJaBa CB.H3aHa C HCCJJe;:toBatttteM paBHOBeCHbIX COCTO.HHHH 

HeOttHOPOtlHOro nytJKa C 6onblllHM npOCTpaHCTBeHHblM 3ap.HtlOM B cttnbHOM 

HenHHeHHOM cpoKycttpyIOII(eM none (pHC. 1, 2) [13, 14, 18, 37, 39, 57, 79, 80, 81]. 

O6ecnel!eHtte paBHOBeCHbIX COCTO.HHHH ttn.H nytJKa O3HatJaeT coxpatteHHe cpyHK-
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PHc. 1. none o6beMttoro 3ap.Ht1a csepxtt.H.H KpHsa.Hl, o6ll(ee none 

cTpyKTypbI (cpettH.H.H KpHsa.Hl H Tpe6yeMoe cpoKycHpyI01Uee none 

(HHlKH.H.H KpHBa.H) ttn.H paBHOBecttoro COCTO.HHH.H nytJKa C 

ra yccosbIM pacnpettenettHeM. 

UHH pacnpetteJJeHH.H lJaCTHU, T.e. TpattcnopTHpOBKY nytJKa 6e3 B03pacTaHH.H 

3MHTTattca H o6pa30BaHH.H opeona. CcpopMyJJHposaHbl ttBe nocTaHOBKH 

caMocornacosaHHOH 3attatJH: (1) ttaXOlKtleHHe noTeHUHana lpOKYCHpyIOII(HX CHn 

Uext (x,y) no 3at1aHHOM cpyttKUHH pacnpetteneHH.H f (x, Px, y, py), H (2) 

ttaxolKttettHe cpyHKUHH pacnpettenettH.H nytJKa, cor nacosattttoro c 3attaHHblM 

cpoKyCHpyIOII(HM KattanoM. 

O6ll(HH MeTOtl HaXOlKtleHH.H cornacosaHHblX ycnoBHH ttn.H nytJKa c 

3attaHHOH npOH3BOnbHOH cpyHKUHeM pacnpetteneHH.H, pa3BHTblH B tlHCCepTaUHH, 

COCTOHT B TOM, lJTO H3BeCTHYIO cpyHKUHIO pacnpetteneHH.H nytJKa f (x, Px, y, Py) 

nottcTasn.HIOT s ypastteHHe Bnacosa 

di = .l ?f + af ) _ < af au + af au) _ 0 
d t my ax Px alY q apx ax apy ay ' 

(1) 

rtte "{ - 3HeprH.H lJaCTHU. q, ill - 3ap.Htl H Macca lJaCTHU, H pelllaIOT OTHOCHTenbHO 

HeH3BeCTHOro o6ll(ero noTeHUHana CTPYKTypbl U = Uext + ub y-2
, KOTOpbIH eCTb 

KoM6HHaUH.H noTettuHana cpoKycHpyIOII(ero non.H Uext H noTettuHana 

npoCTpattcrnettttoro 3ap.Ht1a nytJKa Ub. nocKonbKY cpyttKUH.H pacnpetteneHH.H 
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x/0 

0./ 
0.08 
0.06 

u 0.()4 

. _.§ 002 

C: 0 
.0.02 
.0.04 
.0.06 
-0.08 
.0./ 

x(cm) 

-1 

' ' " .. 

-2.5-2-/.5-/-0.50 0.5 I I.5 2 2.5 

x(cmf 

PHC. 2. PocT 3MHTTattca H o6pa30BaHHe opeona B cpa30BOM 

npocTpattCTBe 51pKoro tteo,attopo,attoro npoTottttoro nyl!Ka c 3tteprneA 

150 K3B, TOKOM 0.5 A, Hal!anbHblM 3MHTTaHCOM 0.07 7t CM Mpa.a H 

cpyttKUHeA pacnpe.aenettH.fl f = f0 exp [ - 2 (p~ + p~)/p~ + (x2+ y2}2; ~] B 

nHtteHHOM cpoKyc11py10ll{eM Kattane (cnesa) H coxpattettHe cpyHKUHH 

pacnpe.aenettH.fl nyl!Ka s tten11tteAttoM cpoKyc11py10meM none ccnpasal. 
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nyl!Ka 3a,aatta, COOCTBeHHblH n0Tettu11an nyl!Ka ub eCTb TaK)!(e H3BeCTHa.fl 

cpyttKUHfl, nonyllettttafl 113 pewettHfl ypastteHHfl nyaccotta 

l ~ ( r a ub ) = - p(r) 
r ar ar Eo 

(2) 

Tor .aa Tpe6yeMblH noTettuttan cpoKycttpy10meA CTPYKTYPbl, B KOTOpOM 

no.a.aep)!(HBaeTCfl 3a,aattttoe pacnpe.aene1111e l!aCTHU, ecTb pa3HOCTb Me)!(,ay 

OOll{HM noTettu11anoM H noTettuttanoM npocTpaHCTBeHHOrO 3ap51,aa nyl!Ka 

Uext = u -Uby-2. PewettHe ,aaHHOH npo6neMbl 3aBHCHT OT KOHKpeTttoro 

pacnpe,aeneHHfl l!aCTHU-
np11se,aeHbI _caMocornacosattHbie perneHHfl ,anfl stternttero n0Tettu11ana, 

no.a.aep)!(HBalOll{ero nyl!OK C pa3nHl!HblMH pacnpe.aeneHH51MH B cpa30BOM 

npocTpaHCTBe. 06na,aa10ll{HMH 3nn11nTHlleCKOH CHMMeTpHeH: rayccOBbIM, 

"Bo,a51HOH MeIIIOK11 , napa6on11l!eCKHM. noKa3aHO, KaK MeH51IOTC.fl cornacosaHHble 

ycnoBH51 ,anfl nyl!Ka C pacnpe.aeneHHeM, He 06na,aa10ll{HM 3nnttnTHlleCKOH 

CHMMeTpHeH. 
YcTOHllHBOCTb pacnpe,aeneHHH l!aCTHU B ttenHHeHHOM cpoKyc11py10meM 

none onpe.aenfleTC.fl TeopeMOH HbJOKOM6a, KOTopa51 r nacHT, l!TO 

6eccTOnKHOBHTenbHa.fl nna3Ma ycTOHllHBa OTHOCHTenbHO scex BH,llOB 

B03MymeHHH, ecnH cpyHKUH51 pacnpe.aeneHH51 l!aCTHU ecTb cna.aaroma.fl cpyHKUH51 

['aMHnbTOHHatta af/aH ~ 0. 6onbIIIHHCTB0 cpyHKUHH pacnpe,aeneHH51 peanbHblX 

nyl!KOB (ttanpHMep, rayccoBO) y.aosneTBOp51eT ,aaHHOMY ycnoBHIO 

ycTOHllHBOCTH. 
}lonoJJHHTenbHOH B03MO)!(HOCTblO B o6ecnelleHHH TpattcnopTHpOBKH nyl!Ka 

6e3 so3pacTaHH51 3MHTTattca 51snfleTC.fl a.a11a6aTttl!ecKoe npeo6pa3osatt11e 51pKoro 

tteo,attopo,attoro nyl!Ka [38). EcnH cp0Kyc11py10mee none o6ecnellHBaeT 

cornacosattHe Hal!anbHO tteo,attopo,attoro nyl!Ka, H HeJltttteAHafl KOMnottettTa 

cp0Kycttpy10mero non.fl a,atta6a TttlleCKH yMettbrnaeTCfl B npo.aonbttOM 

ttanpaBJleHHH, TO 3MHTTaHC nyl!Ka 51BJl.fleTC51 HHTerpanoM ,llBH)!(eHH.fl. 8 3TOM 

cnyl!ae tteo,attopo,aHhIH nyl!OK nocTeneHHO TpattccpopM11pyeTCfl B 6onee 

o,attopo,aHbIH nylloK, ocTaBaflCb see speMfl cornacosaHHbIM c KattanoM. 

YKa3atttta.fl B03MO)!(HOCTb OTKpbIBaeT nyTb K cornacosaHHIO tteo.attopo,aHblX 

nyl!KOB C n11tteHHblMH cp0Kyc11py10ll{HMH KattanaMH. 
Tpe6yeMoe ttentttteAttoe cp0Kycttpy10mee none MO)!(eT obITb co3,aatto 

pacnpe.aenettHeM npOTHBOnOJlO)!(HO 3ap51)!(eHHblX l!aCTHU B,llOJlb cp0Kycttpy10mefl 
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ycTaHOBKH (nJia3MeHHaH JIHH3a). 6oJiee peaJIHCTH4HbIA nyTb C03JlaHHH 

HeJIHHeAHoro noTeHUHaJia 3aKJIID4aeTCH B HCnOJib30BaHHH KBa,llpynoJibHOrO 

KaHaJia C MYJibTHnOJibHblMH KOMnoHeHTaMH BbIClllero nopH,llKa, 4TO ot5cy)l(,llaeTCH 

B cJie,llyIDmeA rJiaae. 

TpeTbfl rnaBa nocBHll(eHa HaXO)l(,lleHHID cTaUHOHapHoro 

caMocorJiacoaaHHoro pacnpe,lleJiem-rn nJIOTHOCTH qacTHU B 3a,llaHHOM 

q>oKycttpyIDmeM none [55, 60, 76). 3m cflopMyJIHpOBKa HBJIHeTCH ot5parnoA no 

OTHOllleHHID K 3a,lla4e, paCCMOTpeHHOA BO BTOpOA rJiaBe, r,lle ObIJI Hait,lleH 

noTeHUHaJI q>OKYCHPYIDII(ero noJIH, nO,ll,llep)l(HBaIDll(ero nyqoK C 3a,llaHHOA 

cf>YHKUHeA pacnpe,lleJieHHH. 

8blBe,lleH caMocorJiaCOBaHHbIA noTeHUHaJI HpKoro ny4Ka vb (x, y) B 

3a,llaHHOM npOH3BOJibHOM q>OKYCHpyIDll(eM noJie Vext (x, y): 

vb ='f(l+o - Vext) -i✓ (l+o - Vexl - Vext (Vext - 2) (3) 

r,lle Vb (x, y) = q Ub(X, y)/H0 , Vext (x, y) = q Uext(X, y)/Ho, H0 = m c 2(flR)2/ (4y), £

HOpMaJIH30BaHHbIA 3MHTTaHc nyqKa, R - pa,llHYC ny4Ka H 8 <<1 - MaJibIA 

napaMeTp, ot5paTHO nponoputtoHaJibHblA HPKOCTH ny4Ka. IToKa3aHO, 4TO 

corJiacoBaHHblit nyllOK BCer,lla CTpeMHTCH K KOMneHcauHHBHe1IIHero noJIH, 4TO 

HBJrneTCH npOHBJieHHeM 3KpaHHpOBKH llet5aH ,llJIH 3apH~eHHOfi nJia3Mbl. 

ITpe,llJIO)KeHa qen1pexnpOBO,llHaH KBa,llpynoJibHaH CTPYKTypa C 

.llOtieKanoJibHOA KoMno,HeHTOA ,llJIH 'no,llaB:neHHH B03pacTaHHH 3MHTTaHca H 

ot5pa30BaHHH opeoJia HeO,llHopo,llHoro ny4Ka B KaHaJie [38, 45, 47, 55). IToKa3aHo, 
. 1 . . . . ··' 

4TO npHMeHeHHe OOJiee HH3KOA no nopH,llKy HeJIHHeAHOCTH OKTynOJibHOA 
'.. " ·. .. . "' 

KOMnoHeHTbl He,llOCTaT04HO ,llJIH C03,llaHHH corJiaCOBaHHbIX YCJIOBHA 

TpattcnopTHPOBKH ny4Ka [59). ITpo,lleMOHCTpHpOBaHO, 4TO a,llttat5aTH4eCKOe 

H3MeHeHHe HeJIHHeAHoro q>OKYCHpyIDll(ero noJIH B,llOJib KaHaJia npHBO,llHT K 

nocTeneHHOA Tpattccf>opMau1m BHallaJie Heo,llttopo,llHOro ny4Ka B pacnpe,lleJieHtte, 

corJiaCOBaHHOe C JIHHeitHbIM q>OKYCHPYIDII(HM KaHaJIOM [54). llaHHbIA aHaJIH3 

ot5ecrre4HBaeT YCJIOBHH ,llJIH TpattcnopTHpOBKH HeO,llHOpO,llHOro HpKoro ny4Ka 

t5e3 cepbe3Horo B03pacTaHHH 3MHTTaHca H ot5pa3osaHHH opeoJia. 

4eTBepTan rnasa ,llttccepTaUHH nocBHll(eHa npcit5JieMe 

caMocor JiacosaHHoro pasttosecHH HpKoro crpynnttposattttoro ny4Ka B 

YCKOpHIDll(eM 84 noJie [58, 77). Pa3pat5oTaHHbIA B TpeTbeA · rJiaBe annapaT 

HaXO)K,lleHHH caMocor)JaCOBaHHOro pacnpe,lleJieHHH nyqi<a B HenpepblBHOM q>oKy-
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.r 

cttpyIDmeM KaHaJie ot5ot5mett Ha cJiy4aA TpexMepttoro pacnpe,lleJieHHH 

crpynnttpoBaHHblX crycTKOB B yCKOpHIDll(eM 84 noJie. CaMOCOrJiaCOBaHHaH 

nocTaHOBKa 3a,lla4H ,llJIH ,llBH)KymerocH pacnpe,lleJieHHH 3apH,lla BKJIIDllaeT 

COBMeCTHOe peweHHe ypaBHeHHH 8Jiacoaa ,llJIH cf>YHKUHH pacnpe,lleJieHHH qacTHU 

B llleCTHMepHOM q>a30BOM npocTpaHCTBe H ypasHeHHH ,llJIH cKaJIHpHoro 

noTeHuttaJia ny4Ka . 

IToKa3aHO, 4TO pasHopacnpe,lleJieHtte qacTHU no CTeneHHM CBOOO,llbl B 

crycTKe cequipartitioning) 

§. 
R 

.5:L 
yl, 

(4) 

r,lle Et, £1 - nonepe4HbIA H H npO,llOJibHblA cpe,llHeKBa,llpaTttlleCKHe 3MHTTaHCbl 

ny4Ka, [ - noJiypa3Mep crycTKa B npo,llOJibHOM HanpasJieHHH, HBJIHeTCH 

CJie,llCTBtteM CTaUHOHapHOCTH cf>YHKUHH pacnpe,lleJieHHH ny4Ka. IToKa3aHO, 4TO 

,llJIH HPKHX ny4KOB nJIOTHOCTb npocTpaHCTBeHHoro 3apH,lla OJIH3Ka K noCTOHHHOH 

BeJIH4HHe BHYTPH crycTKa. Hatt,lleHO, 4TO npHOJitt)KeHHe K npoq>HJIID ny4Ka 

onHCbIBaeTCH HeJIHHeAHbIM ypaBHeHHeM: 

F (R,s) = 1
0 

(kzR) sin ( <p5 - k2 s) + sin<ps - (2<ps - k2s) cos<ps + C 1 (k2R)
2 

= 0 , 
y 

(5) 

r,lle Io(x) - cf>YHKUHH 6ecceJIH, S = z - Zs npO,llO.iJbHOe OTKJIOHeHtte OT CHHXpOHHOA 

qacTHUbl, <j)s - CHHXpOHHaH cfla3a, kz = (t) / Vs - BOJIHOBOe 4HCJIO, C1 - KOHCTaina, 

3aBHCHll(aH OT BHellIHHX H COOCTBeHHblX KYJIOHOBCKHX noJieA. 

ITpoae,lleHo 4HCJieHHOe MO,lleJittpOBaHtte cflopMHpOBaHHH H ycKopeHHH 

HHTeHCHBHblX ny4KOB B JIHHeitHOM pe30HaHCHOM ycKOPHTeJie C q>OKYCHpOBKOA 

COJieHOH,llOM B YCJIOBHHX npe,llOTBpameHHH pocTa 3MHTTaHca H ot5pa30BaHHH 

opeoJJa 3a ClleT 84 ,lleq>oKycttpOBKH [I I, 39). 113 pe3yJJbTaTOB paclleTOB CJJe,llyeT, 

4TO poCT 3MHTTaHca npOHCXO,llHT npeHMymecTBeHHO Ha 3Tane rpynnttpOBaHHH 

qacTHU, r,lle aMnJIHTy,lla q>a30BblX KOJJet5aHHA BeJJttKa. Ha 3TOM :nane BeJJHKa 

,llttcnepCHH qaCTOT nonepe4HbIX KOJJet5aHHA BCJJe,llCTBHe 3aBHCHMOCTH qaCTOTbl OT 

84 q>a3bL Kor,lla nyllOK crpynnttposaH, poCT 3MHTTaHca HaCbill(aeTCH. llJJH 

3Ha4eHHA MarHHTHOro noJJH, 6JJH3KHX K HH)KHeMy npe,lleJJy nonepe4HOH 

ycTOit4HBOCTH wi)Q= 1.25, r,lle WL - JlapMopoBa qacTOTa H Q - qaCTOTa 

npO,llOJJbHblX KOJJe6aHHA, HaOJJID,llaeTCH CHJJbHbIA pocT 3MHTTaHCa (.llO 100% ). C 

yseJJttlleHHeM MarHHTHOrO noJJH ,llO (t)L/Q = 2.5 pocT 3MHTTaHca 3a C4eT 84 ,lle

cfloKycttpOBKH cymecTBeHHO COKpamaeTCH H MO)KeT ObITb npaKTH4eCKH no,llaBJJeH. 
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fiHTaH r JiaBa noCBHil.leHa H3y4eHHIO HOBbIX MeT0.[10B 0.[IHOpo.aHoro 

o6Jiy4eHH.H npOTfl)KeHHbIX nosepXHOCTeH .HpKHMH ny4KaMH. 3TO .HBJI.HeTC.H 

Ba)l(HbIM npHJIO)KeHHeM ycKopeHHbIX .HpKHX ny4KOB B npoeKTax no C03.[laHHIO 

ycKOpHTeJieH .[IJI.H TpaHCMyTal{HH OTXO.[IOB H,aepHOH npOMbIUIJieHHOCTH, 

HHTeHCHBHbIX HCT04HHKOB HeHTpOHOB, npOH3BO.[ICTBa TPHTH.H. Bo MHOrHX 

CHCTeMax 0.[IHOPO.llHOCTb o6ny4eHH.H .[IOJI)l(Ha COCTaBJl.HTb ± 5 ... 10%. 

Pacnpe,aeJieHHe ny4Ka B BbIXO.[IHOH 4aCTH ycKOpHTeJlH o6bI4HO 

xapaKTepH3yeTC.H BbICOKOH KOHUeHTpautteH 4aCTHU B .H,ape H ·pa3MbITbIM opeOJlOM 

Ha neptt<f>epHH. 8 HaCTO.Hll.lee BpeM.H '..lKCnepHMeHTaJibHO H TeopeTH4eCKH 

HCCJie,ayeTC.H HOBbIH MeTO.[I C03.[laHH.H 60JlbUIHX 0.[IHOpO.[IHbIX 30H o6ny4eHHH 

nyTeM npeo6pa3oBaHHH nJIOTHOCTH ny4Ka B KaHaJle TpaHcnopTHpOBKH, 

co.aep)KameM MYJibTHnOJlH BbICOKoro nop.H,aKa (OKTynoJlH, .ao.aeKanOJlH). [lJlH 

BbipaBHHBaHH.H nnOTHOCTH ny4Ka HCnOJib3YIOT HeJIHHeHHYIO MO.[IYJl.H½HIO 

nonepe4HbIX CKOpOCTeH 4aCTHU C TeM, 4T06bI B npouecce .apett<f>a ny4Ka 

neptt<flepHHHbie 4aCTHUbl CT.HrHBaJIHCb K ero .H,apy. 

8 ,aaHHOH r JiaBe pa3BHTa TeOpH.H KaHaJia C HeJIHHeHHOH OnTHKOH 

3ap.H)KeHHbIX 4aCTHU .[IJI.H paBHOMepHoro o6Jiy4eHH.H 6oiibUIHX noBepxHocTei1 [6, 

9, 10, 12]. nony4eHbl COOTHOUieHH.H, CB.H3bIBalOil.lHe Ha4aJibHOe H KOHe4HOe 

pacnpe,aeJieHHe 4aCTHU B KaHaJle 4epe3 napaMeTpbl MYJibTHnciJlbHbIX JIHH3. 
. . 

8bIBe.[leHHbie COOTHOUieHH.H n03BOJI.HIOT 06b.HCHHTb o6pa30BaHH€ nHKOB Ha 

rpaHttuax · pacnpe.aeneHHfl ny4Ka Ha MHUieHH, Ha6n10,aaeMbIX '..lKCnepttMeHTaJibHO, 

a TaK)Ke BbI6paTb napaMeTpbl JIHH3 B 3aBHCHMOCTH OT hocTaBJieHHblX YCJIOBHH 

o6ny4eHH~ MHUieHH. Onpe,aeJielia YCTOH4HBOCTb BbipaBHHBaHH.H nJIOTHOCTH 

4aCTHU no OTHOUieHHIO K H3MeHeHHIO napaMeTpoB· CHCTeMbl. Hcciie.aoBaH 3q>q>eKT 

nonepe4HOrO '..lMHTTaHca ny4Ka Ha BbipaBHHBaHHe nJIOTHOCTH 4aCTHU [12]. 

PeUieHa caMocornacoBaHHa.H 3a,aa4a o nepepacnpe,a~JieHHH nnoTHO~TH 

rayccoBoro ny4Ka B npocTpaHCTBe .apei1<f>a no.a BJlH.HHHeM HeJIHHetttthlx CHJl 

o6beMttoro 3ap.H,aa [30). 

npe.[IJIO)KeH (COBMeCTHO C B.B.KyllIHHblM H c.s:nnoTHHKOBbIM) HOBbIH MeTO.[I 

O.[IHOpO,aHoro o6Jiy4eHH.H MHUieHeH MeTO.[IOM KpyroBOH pa3BepTKH ny4Ka 84 

noneM, 3all.lHil.leHHbIH naTeHTOM [23]. fl ,.,'.°" ~t.lJIO)KeHHOM MeTO.[le TpaeKTOpH.H 

ny4Ka Ha MHUieHH npe,acTaBJI.HeT co6ott paCKPY4HBalOil.lYIOC.H cnttpanb (npH 

o6Jiy4eHHH HenpepblBHbIM ny4KOM) HJIH COBOKynHOCTb KOHl{eHTpH4eCKHX KOJieu 

(npH o6Jiy4eHHH crpynnttpoBaHHbIM ny4KOM) [15, 22]. 
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B mecToR rJiaBe onttcaHbl pa60Tbl no yny4UieHHIO napaMeTpOB HH)KeKTOpa 

T.H)KeJiblX HOHOB B YCKOPHTeJibHOM KOMnJleKce 11HCTHTyTa <l>H3H4eCKHX H 

XHMH4ecKHX Hccne.aosaHHH cRIKEN, 51noHH.H). CymecTBYIOil.lHH KoMnneKc 

BKJll04aeT JlHHeHHblH ycKOpHTeJib T.H)KeJlblX HOH OB Ha '..lHeprHIO 0. 7 - 4 

M38/HyKJlOH, 3a KOTOpbIM cne.ayeT KOJibl{eBOH UHKJIOTpOH Ha '..lHeprHIO 150-200 

M38/HyKJ10H. C 1996 r. B RIKENe pa~BHBaeTc.H HOBbIH npoeKT <t>a6pttKH 

Pa.attoaKTHBHbIX J13ornnoB cRIKEN Radioactive Isotope Beam Factory> [34, 35, 36, 

49,71]. 

Ka4eCTBO ny4Ka B HHTeHCHBHOM T.H)KeJIO-HOHHOM ycKOpHTeJie BO MHOrOM 

onpe.aen.HeTC.H CHCTeMOH HH)KeKUHH. B 1994-1996 ro.aax B RIKENe 6bIJlH 

npoBe.[leHbl pa60Tbl no 3aMeHe HH)KeKTOpa }lJI.H yBeJlH4eHH.H HHTeHCHBHOCTH 

ny4Ka [32, 33, 53]. CoBpeMeHHblH HH)KeKTOp BKJll04aeT 18 rru 31..\P HCT04HHK 

HOHOB, JlHHHIO TpaHcnopTHpOBKH H ycKOpHTeJlb RFQ. nocJie 3anycKa HOBoro 

HH)KeKTOpa B 1996 r. B03HHKJia Heo6xo,aHMOCTb ,aaJibHeHUiero yBeJlH4eHH.H 

HHTeHCHBHOCTH ycKopeHHblX ny4KOB. npoBe.[leHHe aHaJIHTH4eCKHX HCCJie.[IOBaHHH 

H pac4eTOB tlHHaMHKH ny4Ka B CHCTeMe TpaHcnopTHpOBKH H ycKOpHTeJie RFQ no 

nporpaMMe BEAMPATH Bbl.HBHJIO Heo6xo,aHMOCTb npOBO.[IKH ny4Ka npH 6onee 

BbICOKOM 3Ha4eHHH BbIT.HrHBa10mero Hanp.H)KeHH.H H3 HCT04HHKa HOHOB. 

YBeJIH4eHHe BeJlH4HHbl BhlT.HrHBa10mero _Hanp.H)KeHH.H C 10 KB .[10 20 KB H, 

cooTBeTCTBeHHO, JaMeHa ycKop.HIOil.leH CTPYKTYPbI RFQ B 1997 r. no3BOJIHJIH 

nO.[IH.HTb HHTeHCHBHOCTb ny4Ka B HH)KeKTOpHOH 4aCTH B 2-2.5 pa3a [73]. 

noBblCHJlOCb TaK)Ke 3Ha4eHHe 3q>q>eKTHBHOCTH npOBO.[IKH ny4Ka 4epe3 Beeb TPaKT 

JlHHeHHOro T.H)KeJIOHOHHOro ycKOpHTeJI.H c 50% .ao 70%. 

HccJie,aoBaHO npocTpaHCTBeHHOe pacnpe,aeJieHHe 4aCTHX B HCT04HHKe 

HOHOB Ha 3JieKTpOHO-l{HKJ10TpOHHOM pe30HaHce, onpe,aeJieHa .[IOJl.H H3BJieKaMbIX 

4acTHU H3 31..\P nna3MbI H napaMeTpbI BbIT.HrHBaeMoro ny4Ka [75]: npttBe,aeHbI 

aHaJIHTH4eCKHe COOTHOllleHH.H .[IJI.H corJiacoBaHH.H ny4Ka C KaHaJlOM B pe)KHMe 

TpaHcnopTHPOBKH ny4Ka c npeo6na,aaHHeM o6beMHoro 3ap.H,aa [ 44]. Hafi,aeHo 

KOJlH4eCTBeHHOe o6b.HCHeHHe o6pa30BaHH.H Tpy64aToro npoq>HJI.H ny4Ka B 

HH3K03HepreTH4eCKOH o6nacTH TpaHcnopTHpOBKH ny4Ka [16, 24, 26]. lleTaJlbHO 

HCCJie.[IOBaH 3q>q>eKT a6eppal{HH aKCHaJibHO-CHMMeTpH4HbIX JIHH3 Ha HCKa)KeHHe 

q>OpMbl 3MHTTaHCa ny4Ka [25, 46] H BHeceHbl peKOMett.aaUHH no yMeHbllleHHIO 

3q>q>eKTa a6eppal{HH JlHH3. Onpe,aeJieH KpHTepHH BJIH.HHH.H co6CTBeHHblX 

HeJlHHeHHbIX CHJI o6beMHOrO 3ap.H,aa Ha HCKa)KeHHe 3MHTTaHca ny4Ka B CHCTeMe 

17 



TpaHcnopTHPOBKH [ 46]. lleTaJlbHO HCCJJe,llOBaH ::icpcpeKT BJIH51HH51 cpopMbl 

::JJleKTpO,llOB qeTwpexnpoBO,llHOA JIHHHH Ha TOKOnpoxoz,lleHHe qacTHU B 

ycKOpHTeJJe RFQ B RIKEN [17, 27, 28, 29, 48]. HcnOJJb30BaHHe pe3yJJbTaTOB 

HCCJle,llOBaHH51 ,llHCcepTaUHH Il03BOJIHJIO o6ecneqHTb ycToAqttaoe BblCOKOe 

3HaqeHHe ::icpcpeKTHBHOCTH TOKonpoxoz,lleHH51 qacTHU B ycKopHTeJJe (90%), 

::iKcnepttMeijTaJJbHO Ha6JJIO,llaeMoe nptt pa6oTe ycKopttTeJJH [31, 50, 51, 52, 72]. 

Ce,llbMa.H r naaa IlOCB511UeHa pacqernM CBeTHMOCTH KOJJJJaA,llepa [86]. B 

HOBOM npoeKTe <l>a6pHKH Pa,llHOaKTHBHblX H30TOilOB RIKEN npe,llyCMaTpHBaeTC51 

c03.llaHtte cepHH Koneu .llJIH nocnet10BaTeJ1bHoro HaKonJJeHHH, oxnaz,lleHHH, 

ycKopeHH51 H CTOJIKHOBeHH51 nyqKoB H30TOilOB npH ::JHeprHH 1...3 r::iB/HyKJJOH. 

TTpe,llnOJJaraeTC51 npoBO,llHTb HCCJJe,llOBaHH51 Ha BCTpeqHbIX ::JJleKTPOH - HOHHbIX 

nyqKax [21, 43]. a TaKze CJIHBaIOll{HXC51 HOH - HOHHblX CTOJIKHOBeHH51X [42]. 

BcJJe,llCTBHe KOpOTKoro apeMeHH ZH3HH pa,llHOaKTHBHbIX H30TOilOB, ,llOCTHZeHHe 

BbICOKHX 3HaqeHHA CBeTHMOCTH 51BJJ51eTC51 rJJaBHOA ueJJb!O npoeKTa. 

nonyqeHO yToqHeHHOe BbipazeHHe ,llJl51 CBeTHMOCTH crpynnttpoBaHHbIX 

nyqKOB, CTaJJKHBaIOmHXC51 no,ll yrJJOM 2q> [86]: 

L = Nb f0 N1 N2 ,/ 1 - 13
2 

sin
2

q> 

21t ✓ <ry1 + <ry2 -hal: sin
2

q> + cos2q> (oi1 + ~ 2) 

(6) 

llJJH nnaHttpyeMbIX napaMeTpoa KOJJJJaA,llepa f0 = 1 Mru. N 1 = N 2 = 2- 1010, 

Nb= 50. OyJ = Oy2 = Ox! = Ox2 = 0.4 MM CBeTHMOCTb eCTb L = 1030 ceK-I CM-2 . 

HccJJe,lloBaH HOBbIA THn CTOJIKHOBeHH51 CJIHBaIOIUHXC~ nyqKoB [20, 42]. 

KOTOpbIA npe,llnOJJaraeTC51 HCil0Jlb30BaTb ,llJ151 3KCnepHMeHTOB no CHHTe3y 

T51ZeJlblX 51,llep, r,lle 3HeprH51 CTOJIKHOBeHH51 ,llOJIZHa 6bITb ,llOCTaToqHo MaJJoA. B 

CJIHBaIOIUHXC51 CTOJIKHOBeHH51X ,llBa nonyTHO .llBHZY!UHXC51 nyqKa nepeceKaIOT 

,llpyr ,llpyra IlO.ll MaJJblM yrJJOM. CJJH51HHe .llBYX nyqKoB npHBO,llHT K HH3KOA 

3HeprHH CTOJIKHOBeHHA qyTb BbIIIIe KYJJOHOBCKOro 6apbepa, qTo TPY.llHO 

nonyqHTb ,llpyrHMH 3KCnepHMeHTaJlbHbIMH MeTo,llaMH. PacqeT CBeTHMOCTH 

npHBO,llHT K BbipazeHHIO [86] 

L= Nb f0 N1 N2 

2f21t ✓ <ry1 + 0~2 Oz COS(j) 

2 
1 - 13 cos2q> 

1 + tg2q> ( 0: 
02 ) 

z 

, q>=t-0,~. (7) 
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[lJJH rnnttqHbIX 3HaqeHHA napaMeTpoa nJJaHttpyeMoro KOJ1J1aAt1epa RIKEN • 

N1 = N2 = 2- 10
10

, Nb= 50, Oy! = Oy2 = 0.4 MM, Oz= 100 MM, q> = 10°, 

MaKCHMaJlbHOe 3HaqeHHe CBeTHMOCTH CJIHBaIOIUHXC51 nyqKoB eCTb Lmax = 2.4-1027 

ceK-
1 

CM-
2

. 0THOIIIeHHe CBeTHMOCTeA (6), (7) eCTb BeJJHqHHa nop51,llKa 

oxf(20z)"' 10-3
. '.:ho 03HaqaeT, qTo B CJIHBaIOIUHXC51 CTOJIKHOBeHH51X .ll0CTHZHMa51 

BeJJHqHHa CBeTHMOCTH Ha HeCKOJlbKO nop51,llKOB MeHbIIIe, qeM ,llJ151 BCTpeqHblX 

CTOJIKHOBeHHA, IlOCKOJlbKY CJIHBaIOmHec51 nyqKH noqTH napaJJJJeJlbHbl ,llpyr 

.llpyry. 

8 B0CbM08 rnaae paccMaTpHaaeTC51 ,llHcpcpy3HOHHa51 HeycToAqHBOCTb 

CTaJJKHBaIOIUHXC51 nyqKoB [19, 40, 41, 62, 63, 67, 82]. CBeTHMOCTb a UHKJIHqecKOM 

KOJIJJaA,llepe orpaHHqeHa npeHMymecTBeHHO ::icpcpeKTaMH B3aHMO,lleHCTBH51 nyqKoB 

B MeCTe BCTpeqH_ BazHoA KO)JHqecTBeHHOA xapaKTepHCTHKOA .aaHHoro 51BJJeHH51 

CJIYZHT_ BeJJHqHHa C.llBHra qacTOTbl 6e_TaTpOHHbIX KOJJe6aHHA qaCTHU H3-3a 

CTOJIKHOBeHHA nyqKoB, JIHHeAHa51 qaCTb KOTOporo He npeBbIIIIaeT MaJJbIX 

3HaqeHHA I; = 0.005 B HOH-HOHHbIX H I; = 0.05 B 3JleKTPOH-n03HTpOHHbIX 

KOJIJJaA,llepax. <PYH.llaMeHTaJJbHOe orpaHHqeHHe HHTeHCHBHOCTH CTaJIKHBaIOmHXC51 

nyqKoB CB513aHO C B03HHKHOBeHHeM xaoca B ,llHHaMHlJeCKOA CHCTeMe BCJJe,llCTBHe 

B036yz,lleH~fl H nepeKpblTH51 .HeJJHHeAHbIX pe30HalJCOB. llpyrnM MexaHH3MQM 

o6pa~c;>BaHH51. HeyCToAqHBOCTH 51BJJ51eTC51 .llH!pcpy3H51, C;03,llaaaeMa51 cnyqaHHblMH 

!pJIYKTyaQH51MH B pacnpe,lleJJeHHH CTaJJKHBaIOmHXC51 nyqKoB. H3MepeHH51, 

npoaet1eHHh1e Ha KOJJJJaA.llepe LEP a UEPH CBH.lleTeJJbCTBY}OT o TOM, qTo 

pacnpe,lleJJeHHe IlJIOTHOCTH nyqKa B !pHKCHpoBaHHOH TOqKe KOJJJJaH,llepa 

MeH51eTC51 OT o6opoTa K o6opoTy. B .llaHHOA rJJaBe ,lleTaJJbHO HCCJJe,llyeTC51 
. ;.;, ' 

3B0JIIOUH51 '.lMHTTaHca nyqKa nptt HaJJHqHH IIIyMa B nonepeqHoM pa3Mepe 
• • • s ' ,. f ~· •• ' • , • •. ' 

BCTpeqHoro nyqKa On= Oo (1 ± U·Un/2)_. r ,lle_ Oo - HOMHHaJJbHOe 3HaqeHHe 

cpe,llHeKBa,llparnqecKoro pa3Mepa BCTpeqHoro nyqKa, u - aMnJJHTY.lla IIIyMa, Un - _ 

O,llHOpO,llHa51 cnyqaAHa51 cpyHKUH51 C e,llHHHqHoA aMnJJHTY.llOH H Il - HOMep 

o6opoTa. 3TO JIHIIlb 0,llHH. H3 B03MOZHblX HCTOqHHKOB IIIyMa H Bb16paH ,llJ151 

,lleMOHCTpaUHH OT J1HqH51 B03HHKa10met1 nptt 3TOM HecTa6HJJbHOCTH OT 

xaOTHqecKoro .llBHZeHH51 qacTHU H3-3a nepeKpbITH51 pe30HaHCOB. 

B pe3yJJbTaTe pacqeToB noKa3aHo, qTo nptt HaJJttqHH IIIyMa 

CTaJIKHBaIOmttec51 nyqKH BCer,lla IlO,llBepzeHbl .llH!p!pY3HOHHOA HeycTOHqHBOCTH, 

ecJJH npttpameHHe HMnyJJbCa qacTHUbl nptt CTOJIKHOBeHHH 51BJJ51eTC51 HeJJHHeHHOH 

cpyHKUHeA KOOp,llHHaTbl. POCT :.JMHTTaHca nyqKa·En KaK cpyHKUH51 HOMepa o6opoTa 
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OTIHCbIBaeTCJI cpOpMyJJOH En/ to = Yl + D n. 00JJY48HO Bblpa)l(8HHe ,llJIJI 

K03!p!pHUH8HTa ,llHQJQJY3HH DB pacurnpettHH 3MHTTattca ny4Ka [62, 82]: 

D = 1t2 (suh--1L)4
, (8) 

200 

rt1e a ecTb pa3Mep HCCJJe,llyeMoro ny4Ka, H 200 - pa3Mep BCTpe4ttoro ny4Ka. 113 

QJOPMYJlbl (8) CJJe,llyeT, 4TO tteycTOH4HBOCTb npH H8JIHH8HHOM nepHO,llH48CKOM 

CJJy4aHHOM B03,ll8HCTBHH tta nonepe4Hb1H HMTIYJlbC ny4Ka npoJIBJIJl8TCJI npH 

JJI05b!X 3Ha4eHHJIX napaMeTpa B3aHMO,ll8HCTBHJI ny4KOB s H aMTIJIHTY.llbl rnyMa U, 

T.e. CHCTeMa CTaJJKHBaIOJUHXCJI ny4KOB Bcer,lla tteycTOH4HBa. ,llonOJJHHT8JlbHblM 

cpaKTOpOM JIBJIJl8TCJI CHJlbttaJI 3aBHCHMOCTb K03!p!pHUH8HTa ,llHQJQJY3HH OT 

OTHOlll8HHJI pa3MepoB ny4KOB (a/ 2ao)- KaK CJle,llyeT H3 (8), npH CHJlbHOM 

pa3JJH4HH nonepe4ttbIX pa3Mepos ny4KOB (a/ 2a0 ) > I .llHQJQJY3HJI H,lleT ropa3,llO 

5bICTpee, 4TO JIBJIJl8TCJI xopowo H3B8CTHblM 3KCnepHM8HTaJJbHblM cpaKTOM. 

PaCCMOTpetta B03MO)l(HOCTb TIO,llaBJl8HHJI ,llHcpcpy3HOHHOH tteycTOH4HBOCTH 

npHMettettHeM OXJla)l(,ll8HHJI ny4KOB [83]. 

~eBJITaJI rnaea TIOCBJIJUetta HCCJ18,llOBaHHIO ,ll8TIOJIJIPH3aUHH CTIHtta B 

KOJJJJaH,llepe C TIOJJJIPH30BattttblMH ny4KaMH [61, 64, 65, 66, 68, 84, 85]. 3Ta 

npo5neMa JIBJJJie_TCJI Ba)l(ttbIM acneKTOM B pa3pa6oTKe KOJJJJaA,llepa RHIC 

(5pyKxeHBeH, CWA) [74]. B Te48HHe ycKopettHJI CTIHH. TIO,llB8p)l(ett pa3JIH4HblM 

pe3ottattcaM, npHBO,llJIIUHM K ,ll8TIOJIJIPH3aUHH. ,llOTIOJIHHT8JlbHblM HCT04HHKOM 

,ll8TIOJJJIPH3aUHH JIBJIJ18TCJI CTOJIKHOBettHe TIY4KOB, 4TO eme He HCCJ18,llOBaJIOCb 

,lleTaJlbHO. 

Pa3pa5oTatt attaJJHTH4eCKHH annapaT Hccnet1osattHJ1 npouecca 

,ll8TIOJJJipH3aUHH CTIHHa B KOJIJlaH,llepe. 6eTaTpOHHble KOJJe5attHJI 4aCTHU OTIHCaHbl 

KaK JIHHeHHblH OCUHJIJIJITOp, B03MymaeMblH HeJJHHeHHblM npHpamettHeM HMTIYJlbCa 

4aCTHUbl npH CTOJIKHOB8HHH TIY4KOB. BpamettHe CTIHHa OTIHCaHO KaK 

nocJJe,lloBaTeJlbHOe npOH3B8,ll8HHe MaTpHU B ,llHTIOJlbHblX MarHHTax, B CH5HpCKHX 

3MeHKax H B T04Ke CTOJIKHOB8HHJI ny4KOB. B JIHHeHHOM npH5JIH)l(8HHH noJJy4etta 

MaTpHua BpamettHJI CTIHHa B KOJIJlaH,llepe TIOCJJe npOH3B0JlbHOro 4HCJla o5opoTOB. 

113 TIOJIY48HHOH MaTpHUbl CJle,llyeT attaJJHTH48CKOe Bblpa)l(ettHe ,llJIJI 3Ha4eHHH 

cpe,llHHX H cpe,lltteKBa,llpaTH48CKHX KOMTIOH8HT CTIHHa nocJJe npOH3B0JlbHO 

5oJJblllOrO 4HCJla o5opOTOB. 3TO Bblpa)l(ettHe noKa3blBaeT, 4TO ,ll8TIOJIJIPH3aUHH 
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cnHtta MO)l(HO H35e)l(aTb, eCJIH pa504a51 T04Ka KOJlbUa y,llaJJetta OT CTIHHOBblX 

pe30HaHCOB, H CTaJJKHBaIOmHeCJI ny4KH YCTOH4HBbl B cpa30BOM npocTpaHCTBe. 

11CCJ18,llOBattHe TaK)l(8 o5ttapy)l(HBaeT CHJlbHYIO ,ll8TIOJJJIPH3aUHIO 4aCTHU, eCJJH 

CTaJIKHBaIOmHeCJI ny4KH TIO,llB8p)l(8Hbl ,llHcpcpy3HOHHOH ttecTa5HJJbHOCTH [85]. 

3TOT BblBO,ll ttaXO,llHTCJI B Ka4eCTBeHHOM COOTB8TCTBHH C 

3KCnepHM8HTaJJbHblMH pe3yJJbTaTaMH, noJJy~eHHblMH Ha 3Jl8KTpOH-TI03HTPOHHOM 

KOJJJlaH,llepe PETRA 8 3 THX 3 KcnepHM8HTax ,ll8TIOJJJIPH3aUHJI CTIHHa 

OTCYTCTBOBaJJa, eCJIH ,llBH)l(8HHe 4aCTHU BCTpe4HblX ny4KOB 5bIJIO YCTOH4HBO. 

HanpoTHB, 3Ha4HT8JlbttaJI ,ll8TIOJIJIPH3aUHJI tta5JJIO,llaJJaCb 3KCnepHM8HTaJlbHO, 

eCJIH BCTp84Hbie ny4KH 5bIJIH tteycTOH4HBblMH. ,llenoJJJipH3aUHJI ny4Ka 

KOppeJJHpOBaJJaCb C pa3BaJJOM ny4Ka BCJJe,llCTBHe 3Jl8KTpOH-TI03HTpOHHblX 

CTOJIKHOB8HHH. 

B 3aKJJI048HHH cyMMHPYIOTCJI OCHOBHl,le pe3yJJbTaTl,I H Bl,IB0.[11,1 pa50Tl,I. 

1. C03,llatt HOBbIH annapaT HCCJl8,llOBaHHJI JIPKHX ny4KOB 3apJI)l(8HHblX 

4aCTHU B KattaJJax TpattcnopTHpOBKH H ycKopettHJI. Pa3pa5oTatto MO.llYJlbHOe 

MaTeMaTH48CKOe o5ecne4eHHe ,llJIJI pac4eTa .[IHHaMHKH HHT8HCHBHblX ny4KOB B 

ycKOpHT8JIJIX MeTO.[IOM MaKp04aCTHU. nporpaMMa npe.atta3Ha4etta .[IJIJI 

HCCJle,[IOBaHHJI .[IHHaMHKH aKCHaJlbHO-CHMMeTpH4HblX, KBa,apynoJJbHO

CHMMeTpH4HblX H O.[IHOPO.llHbIX B npo.[IOJlbHOM HanpasJJeHHH ny4KOB B KattaJJax, 

co.aep)l(aJUHX B4 3a30pbl, RFQ C8KUHH, MYJlbTHTIOJlbHbie JIHH3bl, COJl8HOH.[lbl H 

TIOBOpOTHble MarHHTbl. 

2. HaA,aeHbl yCJJOBHJI paBHOBeCHJI H80.[IHOPO.llHbIX JIPKHX ny4KOB B Kattanax 

TpattcnopTHpOBKH. CoxpatteHHe 3MHTTattca H npe.aornpalltettHe cpopMHpOBaHHJI 

opeoJJa ny4Ka BblBe,[leHO H3 nepBbIX npHHUHTIOB (ypaBH8HHe Bnacosa .[IJIJI 

cpyHKUHH pacnpe.aeneHHJI ny4Ka H ypasttetttte nyaccotta ,aJJJI 

3Jl8KTpOCTaTH48CKOro noTeHUHaJJa ny4Ka) KaK npo5JJeMa corJJaCOBaHHJI ny4Ka C 

HenpepblBHblM QJOKYCHPYIOJUHM KaHaJJOM. 

3. noKa3aHO, 4TO ycTOH4HBOCTb HCCJl8.[IOBaHHblX paBHOBeCHblX COCTOJIHHH 

CJJe,ayeT H3 TeopeMbl Hb!OKOM5a .[IJIJI ny4KOB C cpyHKUHeA pacnpe,aeJJeHHJI, 

cna,aaIOmeA OT raMHJlbTOHHaHa. 

4. Pewetta 3a,aa4a o caMocornacosattttoM pacnpe.aenettHH .HpKoro ny4Ka B 

KattaJJe C npOH3B0JlbHblM QJOKYCHPYIOJUHM noTettuHaJIOM. npoattaJJH3Hpoi3atta 

48TbipexnpOBO.[IHaJI KBa,apynOJJbHaJI CTPYKTypa C MYJJbTHTIOJlbHOA KOMTIOH8HTOH 

21 



nonH 6-ro nopHaKa <aoaeKanonhHOH KoMnottettTott> anH npeaoTBpamettHH 

B03pacTaHHH 3MHTTattca 3apH)l(eHHOro ny4Ka. 

5. 8hlBeaetto attanttTH4ecKoe nptt6ntt)l(ettttoe pernetttte anH 

caMocornacoBattttoro paBHOBecttoro pacnpeaeneHHH crpynnttpoBattttoro ny4Ka B 

84 none. Hattaetto, 4TO paBttopacnpeaeJTetttte 3tteprttH ny4Ka Me)l(ay cTenettHMH 

CBo6oabI HBnHeTCH cneacTBHeM CTaQHOHapHOCTH cpyHKUHH pacnpeaeneHHH. 

nony4etto attanHTH4eCKoe Bbipa)l(etttte anH paBHOBecttoro npocpttnH ny4Ka B 84 

none. noKa3aHO, 4TO BapttaUHH rpaatteHTa lpOKYCHpy10mttx CHn no OTHOilleHHIO K 

rpaatteHTY YCKOpHIOmHx CHn TT03BOnHeT KOHTponttpoBaTb pOCT 3MHTTattca H 

o6pa3oBatttte opeona Ja ctieT aecpoKycttpoBKH ny4Ka B 84 none. 

6. Pa3BHTa TeopHH npeo6pa30BaHHH nnOTHOCTH nyqKa B Kattane C 

HenttHeHHOH onTHKOH 3apH)l(eHHblX 4aCTHU anH nony4eHHH oattopoaHblX nonei1 

o6ny4eHHH. Pernetta caMocornacoBattttHaH 3aaa4a o nepepacnpeaenettHH 

nnoTHOCTH ny4Ka noa aei1CTBHeM co6cTBeHHbIX HenttHeHHhlX CHn o6beMttoro 

JapHaa B npocTpattcTBe apettcpa. npeano)l(ett HOBbii1 MeToa oattopoattoro 

o6nyqemrn MHilleHH ny4KOM 4aCTHU C KpyroBOH pa3BepTKOi1 84 noneM. 

8. npoBeaeH UHKn pactieTHbIX pa6oT no nOBblilleHHIO HHTeHCHBHOCTH 

aettcTBYJOmero HH)l(eKTOpa TH)l(enbIX HOHOB B ycKOPHTenbHOM KOMnneKCe 

RIKEN. 8 pe3ynhTaTe yaanocb noaHHTb HHTeHCHBHOCTb ny4Ka B HH)l(eKTOpttoi1 

4aCTH B 2 - 2.5 pa3a npH oaHOBpeMeHHOM ynyqrneHHH 31plpeKTHBHOCTH npoBoaKH 

ny4Ka 4epe3 HH)l(eKTOP H nttHeHHblH YCKOPHTenb BnnOTb ao HH)l(eKUHH B 

KOnbQeBoi1 UHKnOTpOH. 06ecne4eHO BbICOKOe ycTOi14HBOe 3Ha4eHHe 

K031plpHUHeHTa 3aXBaTa 4aCTHU B pe)l(HM ycKopeHHH (90%) B c,rpyKType C RFQ. 

9. HccneaoBaH HOBbli1 acneKT attcpcpy3HOHHOi1 tteycTOH4HBOCTH, 

B03HHKa10mett B CTanKHBaIOmHXCH ny4KaX. noKa3aHo, 4TO B ycnoBHHX rnyMa 

CHCTeMa CTanKHBaIOmHXCH ny4KOB Beer aa HeyCTOi14HBa. nony4eHHOe 

Bbipa)l(eHHe anH K031plpHUHeHTa. attcpcpy3HH KaK cpyHKUHH napaMeTpOB 

YCKOPHTenH n03BOnHeT o6bHCHHTb B03pacTaHHe attcpcpy3HH npH CTOnKHOBeHHH 

ny4KOB C cymecTBeHHO pa3Hb1MH pa3MepaMH, Ha6n10aaeMoe 3KCnepttMeHTanbHO 

tta Bcex aei1cTBy10mttx HOHHbIX Konnai1aepax. 

10. HccneaoBaHa aenonHptt3aUHH cnHHa H3-3a CTOnKHOBeHHH BCTpe4HblX 

ny4KOB B npOTOH-npoTOHHOM KOnnai1aepe. HattaeHO, 4TO aenonHpH3aQHH cntttta 

BcneacTBHe CTOnKHOBeHHH ny4KOB MO)l(eT 6bITb npeaoTBpametta, ecnH 

CTanKHBaIOmtteCH ny4KH YCTOi14HBbl, H cnHHOBbie pe30HattCbl He B036y)l(aaIOTCH. 
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