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OEll(ASI XAP AKTEPHCTHKA P AEOThl 

AKmyanbHocm1:> 

Co BpeMemr H3o6peTemur ummoTpoHa rrpornrro 6orree 80 rreT [ 1 ] . 3a 3TO BpeM.SI 

IIOC'TpOeHbl COTHll l(llKJIOTpOHOB BO BCeM Mflpe. IIocrre.n:m1e .n:ec.SITflJieTH.SI xapaKTepfl3YIOTC.SI 

aKTflBHbIM pa3BHTfleM, fl flCIIOJib30BaHfleM UflKJIOTpOHOB, B 60JibIIIHHCTBe CBOeM 

KOMIIaKTHbIX. IIo.n: KJiaccuq:n1Kau;11e:ii «KOMIIaKTHbIH» IIOHflMaeTC.SI o6:rn;errpHH.SITOe 

orrpe.n;erreHfle U:HKJIOTpoHoB co crrrroIIIHbIM norr10coM. OcHOBHbie o6rracTH npHMeHeHfl.SI 

UHKJIOTpOHOB - HCCJie,n:oBaHIUI no si.n;epHOH cpH3HKe, reHepaUH.SI H HCCJie,n:oBamre 

pa.n::rrnaKTflBHbIX HOHOB, rrpHKJia.IJ:Hbie npHMeHeHH.SI, rrraBHbIM o6pa30M B Me.LJ:HU:flHe fl .LJ:JI.SI 

.n;eTeKTflpOBaHH.SI B3pbIB1IaTbIX Be:rn;ecTB, flCIIOJib30BaHfle UHKJIO'fPOHOB B Kal:JeCTBe 

HH)J{eKTopoa B .n:pyrHe ycKopHTeJIH. KoMnaKTHOCTb, npocToTa B o6crry)J{IIBaHflfl M 

cpaBHHTeJibHO HH3Ka.SI CTOHMOCTb .SIBflJiflCb q>aKTOpaMfl, npflBe,n:IIIMMH K Bceo6:rn;e:ii 

BOCrpe6oBaHHOCTH UlIKJIO'fPOHOB. Ilo BCeMy MHpy cymecTBYIOT u:eHTpbI, 3aHflMaIOrn;HeC.SI 

pa3pa6oTKOH U:HKJIOTpOHOB H llCCJie,n:oBaHH.SIMH Ha HHX. 

He3aBHCHMO OT QeJIH npflMeHeHH.SI UIIKJIOTpoHa, 6y,n:h To .si.n;epHa.SI cpll3f1Ka rrn6o 

npMKJia,n:Hbie HCCJie.n;oBaHfl.SI, YCKOpIITeJibHa.SI ycTaHOBKa rrpe)J.CTaBJI.SieT co6o:ii CJIO)l<:HYIO 

CflCTeMy. CTOHMOCTb C03)J,aHfl51 KOMIIaKTHOfO U:HKJIOTpOHa Ha COBpeMeHHOM ypoBHe 

oueHHBaeTC.SI .n:ec.SITKaMH MHJIJIMOHOB .n:omrnpoB fl He,n:onycTHMbl OIIIH6KH Ha 3Tarre 

rrpoeKTflpOBaHH.SI ycKopHTeJI51. 

OcHOBHbIM IIHcTpyMeHTOM Ha cero.n:m1IIIHIIif ,n:eHh npfl npoeKTflpoBaHIIII ycKopIITemI 

5IBJI5IeTC.SI KOMIIbIOTepHoe MO)J,errIIpOBaHfle, KOTOpoe rrpoqHo 3aH.SIJIO CBOe MeCTO B 

ycKopIITeJibHOH cpII3IIKe. HecoMHeHHO, Ba:JKHbIM H aKzyanbHbIM BH.LJ:IITC.SI c03,n:aHIIe 

MaKCB:MaJibHO npH6JimKeHHbIX K peaJibHOCTII KOMilbIOTepHbIX Mo.n;erreif ycTaHOBOK II 

KOMIIJieKCOB rrporpaMM, a TaK)J{e MO,n:errMpoBaHHe U:IIKJIOTpOHa KaK u:erroro B KOMIIJieKce c 

CIICTeMaMH HH)J{eKUHH lI BbIBO):(a nyqKa, yqIITbIBa.SI npII 3TOM peaJIIICTIIqHbie TpexMepHbie 

3JieK'TpOMarHHTHbie IIOJI.SI II BJIH5IHHe co6cTBeHHOf0 IIOJI.SI qacTIIU:. IIpH IIOMOIIIH TaKflX 

MO,nerre:ii B03MO)J{H0 MO)J,eJIIIpOBaTb .LJ:flHaMflKY qacTHU: fl MaKCflMaJibHO IIOJIHO «Bfl,n:eTb 

Q:>H3IIKy», qTo .n:aeT yBepeHHOCTb, qTo cnpoeKTHpOBaHHbI:ii ycKOpHTeJib nocrre ero C03.LJ:aHmI 

6y.n:eT IIMeTb xapaKTepHCTIIKII, 6JIM3KMe K 3a,n:aHHbIM. B ,n:aHHOM pa6oTe OIIHCaHhl MeTO.LJ:bl II 

crroco6bI KOMTIJieKCHOfO MO,n:errIIpoBaHII.SI KOMTiaKTHbIX U:IIKJIOTpOHOB. IIorryqeHHbie 

Hapa6oTKM 6hIJIII HCIIOJib3oBaHbI rrpII IIccrre,n:oBaHHII .LJ:MHaMMKH rryqKa B A VF-U:IIKJIO'fPOHe 

(RIKEN, 51rroHH.SI) [A3], rrpII Mo.n:errIIpoBaHHII HITFiL-U:flKJIO'fPOHa [A5] (IMP, KttTaif), 
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npII Mo,nenIIpoBaHIIH KOMIIaKTHoro U:HKJIOTpoHa A VF-930 (NIRS, 5InoHII51) [A6] II npII 

Mo,nenHpoBaHHH JIIIHIIII IIH)J(eKU:HII HH3K03HepreTIIqecKoro nyqKa .z:i:n51 ycTaHOBKH FRIB 

(MSU, CIIIA) [A 7, AS]. 3.nech peqh w,neT KaK 06 yqacTHH B pa3pa6oTKe HOBbIX 

I.J,IIKJIOTpOHHbIX ycTaHoBoK, TaK H B Mo,nepHH3aI.J,IIII .nei1:cTBy10rn;Hx. Pa3pa6oTaHHoe npII 

3TOM rrporpaMMHOe o6ecneqeHHe ,lJ;J151 pacqeTa ,lJ;HHaMHKH rryqKa B KOMIIaKTHbIX 

l(IIKJIOTpOHax MO)J(eT 6bITh TaK)J(e IIpIIMeHeHO B 3KCIIepHMeHTax c rryqKOM. B OT,n:ene HOBbIX 

ycKopHTenei1: OI1JIH cymecTBYIOT ,uaBHHe Tpa.n:HU:HII pa3BHTH51 TeopHH H TeXHHKII 

ycKopeHH51 3ap5I)J(eHHbIX "lJaCTH:U Ha 6a3e ll30XpOHHbIX :UHKJIOTpOHOB (2, 3]. ,I(IIccepTaIJ;H51 

5.IBJrneTC51 o6o6meHHeM pa6oT, BhIIIOJIHeHHbIX B COOTBeTCTBHH c HayqHo-TeMaTHqecKHM 

mrnHoM JUITI IIM. B.TI. ,I()J(eJienosa, OI1JIH B paMKax rrpoeI<Ta «Pa3BHTHe :UIIKJIOTpOHHoro 

MeTo,ua ycKopeHH51 CHJibHOToqHbIX nyqKOB». 

!Jenb pel/Jepupve.rwou paoombl cocTOHT B peaJIH3a:UIIH KOMIIJieKcHoro no.nxo,n:a K 

MO,nem:i:poBaHIIIO KOMIIaKTHoro U:IIKJIOTpoHa, BKJIJ0qa10mero B ce6.s1 pacqeT )J;HHaMHKII 

qaCTHI."( c yqeTOM .neiicTBII51 CHJI IIpOCTpaHCTBeHHOro 3ap51,n:a rryqKa II CB513aHHbIH c 3THM 

pacqeT 3JieKTpOMarHHTHhIX norre:H: cTpyKTYPHbIX 3JieMeHTOB ycTaHOBKH. KoHeqHoii :ueJibIO 

TaKHX pacqeTOB 51BJI5.leTC51 C03,UaHJie TeXHHqecKHX npoeKTOB ,[l,J151 ycTaHOBOK, HaXO)J;51IIJ;HXC51 

B crn.nim pa3pa60TKH, a TaK)J(e BbI6op OTITHMaJibHhIX rrapaMeTpOB CHCTeM IIH)J(eKI.J,HH, 

ycKopeHH51 H BbIBO,na nyqKa, IlOBhIIIIeHne HHTeHCHBHOCTll H ynyqrneHHe Ka1IeCTBa nyqKa B 

KOMTiaKTHbIX I.J,HKJIOTPOHax, HaXOA5JllJ:HXC51 B CTa,lJ;HH Mo,nepHH3aU:HH. TipH 3TOM 

Heo6xo,nHMO C03,lJ;aHHe KOMTIJieKca rrporpaMM )J;J151 perneHH51 IIOCTaBJICHHbIX BbIIIIe 3a,[l,a1IH. 

Hayl/HaR HOBU3Ha pa6om1;,1 

1. BnepBbie npoBe,neH noJIHbiii aHamn ,nHHaMHKH ny11Ka .IJ:JI51 HITFiL-I.J,HKJIOTpoHa (IMP, 

KnTaii), HaqHHa51 OT JIHHIIH IIH:>KeKI.J,mI H 3aKaH"llHBa51 BbIBO)J;HOM CIICTeMOM. Tipe,nJIO)J(CHbI 

pa,nIIKaJihHbie H3MeHeHH51 6orrbIIIHHCTBa CTPYKTYPHhIX 3JieMeHTOB rrepBoHaqanbHoro 

TCXH~ecKoro rrpoeKTa U:IIKJIOTpOHa, npe,nJIO)J(eHa ycTaHOBKa HOBbIX 3JieMeHTOB 

ynpaBJiemrn TIY1IKOM B npou:ecce ycKopeHH51 II OTITHMH3HpOBaHbl napaMeTpbl 

cymecTBYIOllJ:IIX 3JieMeHTOB. Bee npe.nJio)J(eHHbie MO.IJ:IIcpIIKaI.J,IIH TeXHHqecKoro npoeKTa, 

no pe3yJibTaTaM pacqeTOB, rrpHBQ,UjJT K 3HaqHTeJihHOMY yBeJIH1IeHHIO IIHTeHCIIBHOCTII 

BhIBe,ueHHoro ny11Ka. Pe3yJihTaThI pa6oTbI 5.IBIIJIHCh ocHoBoii nepepa6oTaHHoro 

TeXHH1ICCKOro npoeKTa. 
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2. Orrpe.n;eneHa KoH<jlnrypa11;1u1 HoBo:H QeHTpaJII>HoH: 06rracn1 AVF-QHKJIOTpOHa (RIKEN, 

Jlrromrn), II03BOJI.S110rn;a.SI KaK pa6oTaTI> c cyrn;ecTBYIOIJJJiMH pe:>ImMaMH ycKopemrn Ha 

BTopoH: rapMOHHKe ycKop.SIIOII(ero IIOJrn, TaK Ii HMeTb B03MO)l(HOCTb ycKopeHH.SI Ha 

rrepBOH rapMOHHKe. 

3. BrrepBble rrpe,D,JIO)l(eH H Hccne.n:oBaH crroco6 yMeHI>llleHHH 3Hepren1qecKoro pa36poca 

rryqKa B H30XpOHHbIX QHKJIOTpOHax rrpH pe)l(HMax pa60TbI ycKOpMTeJrn, KOr)l:a qacTHQbI 

rrpH rrpoXO)l(,D,eHHH ycKopHIOII(ilX 3a3opoB HaXO,D,.SITC.SI He Ha BepllIIrnax ycKOpHIOrn;eH: 

BOJIHbI, Ii Kor.n;a HCIIOJib30Bamie H3BeCTHOfO MeTO,D,a C03,D,aHH5I «Flat-Top» BOJIHbI He 

rrpHHOCHT pe3yJII>TaTa. 

4. BrrepBI>Ie HHTeprrpeTHpoBaHI>I 3KcrrepnMeHTaJII>HI>Ie ,n;aHHI>Ie Ha QHKJiorpoHe NIRS-930 

(NIRS, JIIIOHH.SI), OCHOBhIBa.SICb Ha rrpoBe,D,eHHOM ,D,eTaJibHOM MO,D,eJIHpoBaHHH ycTaHOBKH 

c yqeTOM 3<}l<}leKTOB rrpocTpaHCTBeHHOro 3ap.S1,D,a rryqKa H B TpeXMepHbIX 

3JieKTpOMarHHTHI:.IX IIOJIHX crpyKrypHbIX 3JieMeHTOB. 

5. BrrepBI>Ie rrpoaHarrH3HposaHa <jlyHKQHOHaJibHOCTb JIHHHH 

HH3K03HepreTnqecKoro rryqKa ycTaHOBKH FRIB (MSU, ClllA), ocHoB:r:.IBa.S1ch Ha 

pe3yJihTaTaX ym1KaJihHOfO pacqeTa .IJ:HHaMHKH MHOfOKOMIIOHeHTHOfO rryqKa c yqeTOM 

rrpocTpaHCTBeHHOfO 3ap.S1.na nyqKa c HCITOJih30BaHHeM 6oJihllIOf0 KOJIHqecTBa 

Mo.n:errbHhIX qacTHQ ( 106). B pacqeTax rrcrroJih30BaJIHCh pearrncTnqHbie TpeXMepHhie 

3JieKrpoMarHHTHhie norrH 3rreMeHTOB ycTaHOBKH. Pa3pa6oTaHhI <)ln3rrqecKne Mo,D,em1 

OCHOBHhIX CTpyKrypHbIX 3JieMeHTOB CHCTeMbI. 

6. C03.z:i:aH yHHKaJibHbIH KOMIIJieKc rrporpaMM ,D,JIH aHanma .IJ:HHaMHKH qacTHQ B 

KOMITaKTHOM QHKJIOTpoHe H JIHHH.SIX HH)l(eKQHH c yqeTOM ITOTepb qacTHQ Ha 

crpyKrypHbIX 3JieMeHTax ycTaHOBKH, BKJIIQqa10mnH: B ce6H pacqeT CHIT 

npocTpaHCTBeHHOfO 3apH,D,a rryqKa, OTJIHqa10rn;HHC.SI TeM, l!TO ITOKphIBaeT pacqeTHOH 

o6JiaCThIO BCIO ycKOpHTeJihHYIO ycTaHOBKY OT BbIXO,D,a H3 HCTQqHHKa qacTHQ H ,D,O 

BbIBO.IJ:HOfO OKHa. IlpH HCCJie.IJ:OBaHHH .lJ:HHaMHKH rryqKa yqHThIBaIOTCH pearrHCTHqHbie 

TpexMepHbie pacrrpe.n:erreHHH 3JieKTpOMarHHTHbIX rroneH: 3JieMeHTOB ycKOpHTeJI.SI. 

3<)l<}leKTHBHOe HCIIOJib30BaHHe BbJqHCJIHTeJibHhIX pecypcoB rrepCOHaJibHOfO KOMIIbIOTepa 

II03BOJrneT 3HaqHTeJibHO yMeHhllIHTh BpeM.SI, Tpe6yeMoe Ha pacqeT, yserrnqHTh 

KOJIHqecTBO MO,D,eJibHbIX qacTHL( H, KaK CJie,D,CTBHe, norryqaTh 6orree ToqHbie OQeHKH. Ha 

IIpHHQHIIHaJihHO HOBbIM ypoBeHh BhIBe,D,eHa BH3YaJIH3aQH.SI pacqeTOB, qTo II03BOJI.SleT 

6orree HafJIH,D,HO aHaJIH3HpoBaTb IlOJiyqeHHbie ,naHHbie. 
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Hay'IHaR u npaKmul/ecKaR u,eHHocmb pa6om1;,1 

1. Tipe,lJ;JJO)l(eHHaJI rrepepa6oTKa rrepBoHaqaJibHoro TeXHJilqecKoro rrpoeKTa HITFiL­

UJiIKJiorpoHa 6brna rrpliIHHTa K peaJIJil3aUJiIJil B BJiI.JJ:C HOBOfO rrpoeKTa ycTaHOBKJil, KOTOpbIH 

BKJIIOqaeT rrpe.n:nmKeHJil51 no BBe)J;eHJiIIO )J;OIIOJIHJiITCJibHbIX 3JieMeHTOB yrrpaBJICHJil5I 

rryqKoM JiI Jil3MeHeHJil51 TexmP:iecKJiIX rrapaMeTpoB cyrn:ecTBYIDUJ:JiIX Y3JIOB. 

2. Tipe.n:no)l(eHHbie Mo.n:mpMKaUMM ueHTpaJII>HoiI o6nacTJil A VF-UJiIKJIO'fPOHa nerJIJil B 

OCHOBY rrporpaMMbI no Mo.n:epH1i13aUJilll ycKOp1iITCJI51 c COOTBCTCTBYIOUJ:JiIMJil 

HCIII>ITaHJil51MJil Ha rryqKe qacn1u. 

3. I1HTeprrpeT1iipOBaHbI 3KCIIepH:MCHTaJibHbie .n:aHHbie B II3MepeHJiIJlX Ha ycKopeHHOM rryqKe 

Ha UliIKJIOTpoHe NIRS-930. C03.n:aHHaH KOMIIbIOTepHaH Mo.n:enb ycKop1iITeJI51 5IBJI51eTC5I 

JiIHcrpyMeHTOM .IJ:JI51 llHTeprrpeTaUMJil cyrn:ecTBYIOUJ:JiIX 3KCIIep1iIMCHTaJibHbIX .n:aHHbIX JiI 

.IJ:JIJ[ pacqeTa rrapaMeTpOB pe)l(IfMOB ycKopeHJil51 c U:CJibIO IIOBbIIIIeHJil51 KaqecTBCHHbIX JiI 

KOJIIfqecTBeHHbIX xapaKTepIICTIIK BbIBOJ(JiIMOfO rryqKa. 

4. TipoaHaJIJil31iipoBaHa cpyHKUJiIOHaJibHOCTb JIJiIHMII JiIH)l(eKUJiIJil ycTaHOBKM FRIB, 

OCHOBbIBaHCb Ha YHJiIKaJibHOM pacqeTe .IJ:MHaMJiIKJil MHOfOKOMIIOHCHTHOfO rryqKa c 

yqeTOM rrpocrpaHCTBeHHOfO 3ap.SI.n:a rryqKa B TpexMepHbIX 3JICK'fPOMafHJiITHbIX IIOJI.SIX 

crpyKzypHbIX 3JICMCHTOB. Pa3pa6oTaHbI cp1i13MqecKIIe MO.IJ:CJIJil OCHOBHbIX crpyKzypHI>IX 

3JieMeHTOB CIICTeMbI. Bee pe3yJibTaTbI BKJIIOqeHbI B TCXHJilqecKJilii rrpoeKT ycTaHOBKII. 

5. Co3.n:aHHoe rrporpaMMHoe o6ecrreqeHJile ycTaHOBJieHo JiI rrp1iIMeH.SieTC5I B 

IIccne.n:oBaTeJibCKMX u:eHTpax: RIKEN, NIRS, IMP, MSU. 

0CH08Hble nono)l(eHUR, BblHOCUMble Ha 3aw,umy 

1. BHeceHbI KapJ(liIHaJihHI>Ie II3MeHeHJil.SI B TeXHJilqecKJiIH rrpoeKT HITFiL-UHKJiorpoHa. 

l(IIKJIOTpOH HaXO.JJ:JiITC.SI B CTa.JJ:IIII C03.IJ:aHM.SI. 

2. Pa3pa6oTaHa HOBa5I ueHTpaJihHa5I 30Ha AVF-U:IIKJiorpoHa JiI rrp1iIH5ITa KaK ocHOBHaH B 

rrporpaMMe no 3aMeHe u;eHTpa, HaMeqeHHoii Ha 2012 ro.n:. 

3. HoBI>Iii crroco6 yMeHbIIIeHm1 3HepreTJil"CJecKoro pa36poca B rryqKe qacTJiIU: B 

Jil30XpOHHbIX U:JiIKJIO'fPOHax. 

4. HHTeprrpeTJilpoBaHbI 3Kcrrep1iIMeHTaJibHbie .n:aHHbie .n:nR KOMIIaKTHoro U:liIKJIOTpoHa 

NIRS-930, ocHOBbIBaHcb Ha co3.z:i:aHHoiI KOMIIbIOTepHoii Mo.n:enII ycTaHoBKJil. 

5. TipoaHaJIJil31iipoBaHa cpyHKUJiIOHaJibHOCTb JIMHJiIII JiIH)l(CKUJiIJil ycTaHOBKJil FRIB. 

Pa3pa6oTaHT:.I TeXHM"CJecKIIe rrpoeKTbI cTpyKTYPHbIX 3JieMeHTOB CJiICTeMbI. 
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6. Cm,naH rrporpaMMHbIH KOMIIJ1eKC .nm1 pact.JeTa ,n1rnaMHKH l.JaCTH:U B KOMIIaKTHhIX 

IJ;HKJ10TpoHaX H JIHHl'.UIX HmKeKIJ;HH c B03MO)KHOCT51MH MHpoBoro ypoBH51. 

Anpo6au,uR pa6om&1 

OcHOBHI>Ie pe3ynI>TaTI>I pa6oThI 6hmH rrpe,ncTaBneHhI Ha 5-H ceMHHapax JUITI rro 

rrpo6neMaM ycKopnTerreH: 3apmKeHHhIX t.JacTH:U, 06rn;ena6opaTopttoM ceM1mape JUITI, 

ceMHHape HTOY JUIP, Ha Me)K,nyttapo,nHI>IX KottcpepeH:UHRX H coaern;aHHRx: Mathematical 

Modeling and Computational Physics MMCP'2009, Laboratory of Information 

Technologies, JINR, ,n:y6tta, Poccn51; 19th International Conference on Cyclotrons and their 

Applications, CYCLOTRONS' 10, Lanzhou, China; 14th International Conference on Ion 

Sources, Giardini-Naxos, Italy, 2011; NIRS accelerator seminar, Department of Accelerator 

and Medical Physics, NIRS, Chiba, Japan, 2011; Information meeting, National 

Superconducting Cyclotron Laboratory, MSU, Michigan, USA, 2011; International Particle 

Accelerator Conference IPAC'l2, New Orleans, USA, 2012; XXIII Russian Particle 

Accelerator Conference, Saint-Petersburg, 2012; 26th International Linear· Accelerator 

Conference, LINAC12, Tel Aviv, Israel, 2012. 

flu'IHblii aKnao aemopa 

Bc51 pa6oTa, pe3ynhTaThI KOTopoii rrpe,ncTaaneHHhie B HacToRrn;eH: ,nrrccepTa:UHH, 

BbIIIOJ1HeHa J1Hl.JHO aBTOpOM H rrpH ero Herrocpe,n,CTBeHHOM yt.JaCTHH. 

ny6nuKaU,UU 

Ilo MaTepnanaM ,lJ,MCCepTa~HH orry6nHKOBaHO 10 pa6oT, BKJ1IOl.JaR 3 CTaTbH B )Kypttanax, 

peKoMeH,n,oBaHHhIX BAK. 

CO,IJ;EP)KAHHE P AliOTbl 

,l(HccepTaIJ;HR COCTOHT H3 BBe,n,eHH51, IIRTH rnaB Iii 3aKJ1IOl.JeHHR. 

Bo BBe,[l.eHHU o6ocHOBaHa aKTYaJJhHOCTh rrpOBO,lJ,HMOro HCCJ1e,l],OBaHH51, HOBH3Ha H 

rrpaKTHl.JeCKaR u;eHHOCTh ,n,11ccepTau;1rn:. 

B nepson rJiaBe KpaTKO paCCMOTpeHhl OCHOBHbie 3TaIIhl MO,lJ,eJ1HpOBaHH51 KOMIIaKTHoro 

UHKJ10TpoHa: OCHOBbl ,lJ,BH)KeHH51 3ap51)KeHHhIX l.JaCTHU B 3J1eKTPOMarHHTHOM none; ofoop 

l.JHCJ1eHHhIX MeTO,lJ,OB pacqeTa ,lJ,HHaMHKH rryqKa H CHJ1 rrpocTpaHCTBeHHoro 3ap51,na; 

OCHOBHhie cpaKTOpbI, BJIH51IOmHe Ha KOJ1Hl.JeCTBeHHbie H Kal.JeCTBeHHbie xapaKTepHCTHKH 
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rryCJKa; OIUICaHbl MeTO.IJ:bl, KOTOpbie HCIIOJib30BaJIJiICb rrpH HamICaHJiIJil rrporpaMM .n:m1 

pacCJeTa ,ll;HHaMJiIKJil lJaCTJill.J;. 

BHOBh c03,n:aHHaJI rrporpaMMa SNOP [AlO] JIBHJiach KatieCTBeHHbIM pa3BHTHeM 

rrporpaMMbI CBDA [ 4 ]. CymecTBeHHhIMJil OTJIHtIHJIMH HOBOM rrporpaMMbI OT y)Ke 

cyrn;ecTBYJ:Ometi JIBJIJIIOTCJI anropHTMhI pactJeTa CHJI rrpocrpaHCTBeHHoro 3ap51,n:a H ytJeTa 

rroTepb qacTm.i; Ha cTpyKTYPHbIX 3JieMeHTax ycTaHoBKH, a TaK)Ke crroco6bI 3a,n;aHJil5I 

3JieKrpOMarHHTHbIX rroneti H HCIIOJib30Bamie 3cpcpeKTOB BJiI3YaJIH3aIJ;mI rrpH pactieTe 

.IJ:HHaMHKH lJaCTHIJ; (PHc. 1 ). 

Pttc. 1. BH3YaJIM3ar.i:m1 ycKopeHH.sJ rryCJKa HOHOB BO BpeMJI cqern rrporpaMMbI: 1 - rrytioK, 2 -
crmpaJibHblH HHcpJieKTOp, 3 - Koprryc HHcpJieKTOpa, 4 - ycKOp51IOIIJ;HM .n;yaHT. 

B rrporpaMMe HMeeTC51 B03MO)l(HOCTb HCIIOJib30BaHH51 BbllJHCJIHTeJibHbIX MOIUHOCTeti 

rpacpHCJeCKHX rrpoueccopoB H 110,ll;KJIIOlJeHJile crreIJ;MaJihHhIX 6H6mrnTeK, KOTOphie 

MaKc11MaJibHO rronHo 3a,n;eticTBYIOT pecypcbI u;eHrpaJibHoro rrpor.i:eccopa. TaKaJI 

oco6eHHOCTb II03BOJI5IeT BhIMTH Ha HOBbIM ypoBeHb pactJeTa 3cpcpeKTa rrpocTpaHCTBeHHOro 

3ap51,n;a rrytJKa 6naro,n:ap51 HCIIOJlb30BaHHIO 3Ha1IHTeJihHOro KOJil1lJeCTBa MO,ll;eJibHbIX qacnu.i:. 

Bee 3TH HOBOBBe,n:eHH51 TI03BOJIHJII1 C03,n:aTb rrporpaMMY ,ll;JI51 MO,ll;eJIHpOBaHJil51 .n;1rnaMJiIKI1 

tiaCTI1U: B IJ;HKJIOTpOHe c ytieTOM cyrreprr03HI.J;HH TpexMepHbIX 3JieKTpH1IeCKHX H MarHlffHbIX 

IIOJieli, IIOTepb lJaCTHI.J; Ha reoMeTp1111 ycTaHOBKH H rrpocTpaHCTBeHHOro 3ap51,n:a nytJKa. I1p11 

3TOM TaKHe pactieTbl BbIIIOJIH51IOTC5I 3a BpeMeHa, He.n;ocryrrHbie .n;pyrHM nporpaMMaM 

aHaJIOfHlJHoro Ha3HatieHH5I. 

6 



IlporpaMMa SNOP ncrroJII>30Barraco rrpn pacqeTax ,IJJrnaMHKM qacTHU: .ri:m1 AVF­

U:HKJIOTPOHa (RIKEN, 5IrroHUH), rrpn pa6oTe ITO rrpoeKTHpoBaHHIO U:lIKJIOTPOHa-llH)KeKTOpa 

ycKopnTeJioHoro KOMrrneKca HITFiL (IMP, KHTati), rrpn Mo.ri:ennpoBaHllll U:lIKJIOTpoHa 

NIRS-930 (NIRS, 5IrroHml) lI rrpH pacT.J:eTe .zurnaMHKH rryqKa B JilIHllll TPaHcrropTHpoBKll 

HH3K03HepreTHqecKoro rryqKa .nm1 ycTaHOBKM FRIB (MSU, CllIA). CooTBeTCTBy10mee 

rrporpaMMHoe 06ecrreqem1e ycTaHOBJieHo II rrpHMem1eTc5I B 6onomMHCTBe YKa3aHHbIX 

llCCJie,Il;OBaTeJibCKMX n:eHTpOB. 

BTopaH rJiaBa rrocB51IIJ;eHa pa6oTe rro rrpoeKTHpoaattmo HITFiL-U:llKJIOTpoHa (IMP, 

KnTati). HoBoiti ycKopHTeJioHoI:H KOMIIJieKc HITFiL (Heavy Ion Therapy Facility in 

Lanzhou) Haxo,nHTC51 B cTa,nnn co3,namrn B HHcTHTyTe CospeMeHHoti cPll3HKll (IMP) [5]. 

KoMrrneKc rrpe,nHa3HaqeH .[(JI51 nyqeaoti Teparrllll orryxoneti lI B csoeti ocHoBe co.ri:ep)KHT 

c1rnxpoTPOH, rrpe.ri:Ha3HaqeHHbIH ):(JI51 ycKopeHll51 yrnepo,n;a .no :meprHti 120-400 M3B/HyKn. 

n rrpoTOHOB .ri:o 3Heprnn 60-250 M3B. 3HeprH51 llH)KeKn:1u1 B CHHXpOTPOH paaHa 

7 M3B/HyKJI. B KaqecTBe llH)KeKTopa HOHOB yrnepo.na rrpe.ri:rronaraeTC51 ncrroJib30BaHMe 

KOMIIaKTHoro ll30XpOHHOfO U:llKJIOTpOHa [ 6 ]. 0CHOBHbie rrapaMeTPbl U:llKJIOTPOHa 

rrpnse,n;eHoI B Ta6nnn:a 1. 

Ta6miua 1. OcHOBHhie rrapaMeTphI UMKJIOTpoHa. 

ITapaMeTp 

MarHMTHoe none B ueHTpe 

B03.r:t:YIIIHI>Iii 3a3op Me)l(JJ:Y ceKTopaMM 

qacToTa ycKopmmuero Harrp5I)l(eHM5I 

KoJIMT.J:eCTBO .r:i:yaHTOB 

YrnoaoH: pa3Mep .uyaHrn 

AMITJIMTY.r:t:a ycKop5110mero Harrp5I)l(eHM5I 

f apMOHHKa ycKop5I10mero HarrpmKemrn: 

Y cKop5IeMM qacn1ua 

Pa,n;Myc MH:>KeKUHM 

3Hepr.H5I MmKeKUJUI 

Pa.r:i:Myc Bbrno.ua 

3HeprM5I Bbrno.ua 

Pa3Mepb1 rry1rna Ha Bhrno.ri:e 

ToK B rryT.J:Ke 

Pa36poc rro :mepnrn 

1.2128 T 

80MM 

32.023 Mfu 

2 

30-33° 

70KB 

4 

yrnepo.u 12C5+ 

2.7 CM 

111.6 K3B 

75 CM 

7 M3B/HJKJI. 

20 1t'MM·Mpa.r:t: 

10MKA 

1% 

CoTPy.ri:HHKaMII IMP 6orn rro.nroTOBJieH HaqaJioHbIH TexHnqecKIIti rrpoeKT ycKopIITeJI51, 

KOTOpoIM 51BllJIC51 CTapTOBOH 1103llU:Meti ,[(Jl51 Haqarra pacqeTOB. OcHOBHOH n:eJiblO 
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MO.IJ:eJUipOBamrn 6bIITO C03.IJ:aHMe o6HOBJieHHOro TeXHFI1IeCKOro rrpoeKTa u;:mmoTpoHa, 

xapaKTepHCTIIKII rroJiy1IaeMoro rryqKa (Ka1IeCTBO rryqKa, TOK B rryqKe, pa36poc ITO 3Hepr1III II 

T • .n:.) yrnepo.n:a KOTOporo COOTBeTCTBOBaJIH 6bl 3a.51BJieHHbIM Tpe6oBaHII5IM. )l,JI5I 3TOro 

Heo6XO.IJ:IIM aHaJIII3 .lJ:IIHaMHKII rryqKa B JIHHHII Hff/KeKIJ;HH, rrapaMeTpOB pe)!(IIMa ycKopeHHJI 

H rrapaMeTpOB BbIBO.IJ;HOH CHCTeMbI. 

)l,JI5I .IJ:OCTII)!(eHirn IlOCTaBJieHHOH u;eJIH CJie,IJ;OBaJIO penrnTb cne.n:yIOrn;IIe 3a,Il;a1III: 

o PacqeT 3JieKTpoMarHIITHbIX rronen cTpyKTYPHbIX 3JieMeHTOB ycTaHoBKII, re:aepau;HJI 

TpeXMepHbIX KapT 3JieKTpOMarHHTHbIX rronen; 

0 Ou;eHKa tjlyHKIJ;IIOHaJihHOCTM OT,Il;eJibHbIX COCTaBHbIX qacTell: IJ;IIKJIOTpOHa TaKIIX KaK: 

JIHHM51 HH)!(eKIJ;IIM, u;eHTpaJibHa.sI 30Ha ycKOplITeJIJI, 30Ha ycKopeHM51 H BbIBO.IJ:Ha.51 

CMCTeMa; 

o BHeceHMe rrpe.n:no)!(eHMH B rrepBoHa1IaJihHhIH TeXHM1IeCKIIH rrpoeKT, KacaTeJibHO 

CTpYKTYPHbIX 3JieMeHTOB U:MKJIOTpOHa II OITTMMaJibHhIX rrapaMe1'pOB pe)!(MMa 

ycKopeHMJI. 

)l,JI5I aHaJIII3a .IJ:IIHaMIIKM lJaCTMI( 6bIJia C03.IJ:aHa .n:eTaJihHa.51 KOMilhIOTepHa.51 MO,IJ;eJib 

U:MKJIOTpOHa, BKJIJOqaJOrn;a.51 Bee ocHOBHble cTpyKrypHoie 3JieMeHTbI (P1Ic. 2). 

P1Ic. 2. KoMITbIOTepHa.sI Mo.n:enb HITFiL UMKJIOTpoHa: 1 - 6aH1Iep; 2 - coneHOII.IJ:hI; 

3 - TpaeKTOpM51 ueHTpaJibHOM lJaCTMUbI; 4 - MarHMTHbIH KaHaJI; 5 -
3JieKTpOCTaT~eCKMH .n:etjlJieKTop; 6 - crrMpaJihHhIH IIHtjlJieKTop; 7 - rapMOHIIqecKaJI 

o6MOTKa. 

y CTaHOBKa co.n:ep)!(MT MHO)!(eCTBO ::meMeHTOB yrrpaBJieHIIJI IIY1IKOM, C03.IJ:aIOrn;MX 

3JieKTpM1IeCKIIe II MarHIITHble ITOJIJI, KOTOpbie HaKJia,Il;bIBaIOTC51 .n:pyr Ha .n:pyra, o6pa3y51 

cyrrepI1031IUMIO IlOJieli, KOTopyIO Heo6xo,n:MMO 6bIJIO y1IeCTb B rrpouecce pacqeTa .lJ:IIHaMIIKII 

rry1IKa. TIOJrn pacc1!1ITbIBaJIIICb B rrpouecce aHaJIM3a .IJ:MHaMMKII rryl!Ka rro Mepe 
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Heo6xo,IJ;JiMOCTH ,IJ;JUI Ka)l(,r:t;Oro CTpYKT)'pH~ffO 3JieMeHTa, a TaK*e Benach pa6oTa ITO BbI6opy 

OilTHMaJibHOH reoMeTpMM 3JieMeHTOB ,n:mI COOTBeTCTBM51 ITOJiyl.JeHHbIX ITOJieH Heo6xo,r:t;MMbIM 

xapaKTepHCTMKaM. ,[l;JI51 pacl.JeTa 3JieKTpoMarmITHbIX ITOJieH HCITOJlb30BaJIMCb 

KOMMepl.JeCKa51 ITporpaMMa Opera/Tosca [7] H cao6o,.n:Ho pacITpocTpaH5IeMa51 ITporpaMMa 

Poisson-Superfish [8]. 

IJ;eHTpanbHa51 o6nacTb ycKopHTemr 6bma nu:aTeJibHO nccne,n:oBaHa Ha ITpe,.n:MeT 

ITOBbIIIIeHM51 Kal.JeCTBa ITYl.JKa IIOCJie nepBbIX o6opoTOB, TaK KaK HMeHHO cpopMHpOBaHHe 

ITYl.JKa B u;eHTpaJibHOH o6nacTH BJIM5IeT Ha Kal.JeCTBeHHbie H KOJIMl.JeCTBeHHbie 

xapaKTepMCTMKH rryt.JKa Ha ero BbIBO,IJ;e H3 BaeyyMHOH KaMepbl ycKOpMTeJI51. 

11aCTb pa60TbI 6brna ITOCB51Il(eHa Ol(eHKe BJIM51Hll51 BeJIMl.JllH o6pe3aHM51 CITllpaJibHOro 

MHcpneKTopa Ha ,n:HHaMMKY t.JacTMU: B ITpol(ecce ycKopeHlliI. B pe3yJihTaTe p51,n:a 

ITpoae,n:eHHbIX pacl.JeTOB ,IJ:MHaMIIKH IIYl.JKa 6bIJill BbI6paHbl OITTMMaJibHbie BeJIMl.JMHbl ,n:JI51 

o6pe3aHJrn nJiaCTMH IIHcpJieKTOpa. TioKa3aHO yMeHhIIIeHIIe aKCHaJibHbIX Korre6aHMH 

paBHOBeCHOH qaCTlll(bl c 2 MM ,no 0 .3 MM. 

OcHOBHbIMM oco6eHHOCT5IMM, KOTOpbre rrpMXO,r:t;MTC51 yt.JMThIBaTh ITPM ITpoeKTMpoBaHMM 

U:MKJIOTpOHa, 06pam:a51 BHMMaHIIe Ha 30HY ycKopeHM51, 5IBJI51IOTC51 C03,r:t;aHMe MarHMTHOro 

ITOJI51 c Tpe6yeMbIM ypoBHeM H30XpOHM3Ma, Ml1HHMl13a1(IDI pa,n:MaJibHbIX KOJie6aHMH l.JaCTHU: 

B ITpol(ecce ycKopeHM51 ll OTCYTCTBHe rrepecel.JeHH51 OITaCHbIX pe30HaHCOB. TioKa3aTeJieM 

M3oxpoHHOCTM ITomi: MO)l(eT cny)l(MTb 3aBMCHMOCTb cpa3bI B1I rrpH ITpoxo)l(,r:t;eHMM qacTMU:aMM, 

HaITpHMep, u;eHTpOB ycKOp51IOI1(IIX ,n:yaHTOB OT pa,n:Myca llJill KOJllll.JeCTBa o6opOTOB, 

COBepIIIaeMbIX l.JaCTHU:eH B MarHIITHOM none. Pacl.JeTHOe ITOJie, ITOJiyl.JeHHOe M3 MO,IJ;eJIM 

MarHHTa c pa3MepaMM, orrpe,n:eJieHHbIMl1 B ITepBOHal.JaJibHOM rrpoeKTe, MMeeT OTKJIOHeHHe 

OT H30XpOHHoro ITOJI51 OKOJIO 10 f aycc. ,[l;mI llCCJie,IJ;OBaHM5l BJlll5lHIDI TaKOH TOl.JHOCTM 

q>0pMMpOBaHM5l ITOJI5l 6bIJI npoBe,r:t;eH p51,r:t; OIITllMl13aIJ;IIOHHbIX ITpOl(e,n:yp (,n:o6aBJieHMe K 

OCHOBHOMY IIOJIIO IIOJieH BllpTyaJibHbIX KoppeKTMPYIOII(llX o6MOTOK, OITTllMM3aIJ;M5l TOKOB B 

mix), l(eJibIO KOTOpbIX 6bIJIO C03,r:t;aHIIe IIOJI51, IIMeIOm:ero MeHbIIIMe OTKJIOHeHM51 OT 

M3oxpoHHoii 3aBMCMMOCTM. Pe3yJinTaToM 5lBMrracn rronyqeHHa51 KapTa ITOJI5l c 

OTKJIOHeHM5lMll OT ll30XpOHHOro He 6orree 5 f aycc. TipH ycKopeHMll B TaKOM ITOJie 

OTKJioHeHMe cpa3bI B1I ,n:m1 l(eHrpannHoii t.JacTMl(bI ITPM rrpoXO)l(,r:t;eHMM eIO u;eHTpoB 

ycKOp5lIOI1(llX ,.n:yaHTOB COCTaBHJIO MeHee 5° BO BCeM ,n:MaIIa30He ycKopeHM5l. Tipll 3TOM 

3HepreTIIl.JeCKllH pa36poc B ITYl.JKe Ha KOHel.JHOM pa,.n:nyce yMeHbIIIaeTC5l B 2 pa3a ITO 

cpaBHeHMIO c ycKopeHMeM B rrepBOHal.JaJibHOM MarHIITHOM none. Ha OCHOBaHllll 
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rrpoBe,IJ;eHHoro amur1na 6brna rrpoBe,IJ;eHa .n:orroJIHHTeJibHaJI pa6oTa no cpopMHpoBamno 

MarHHTHoro rromI I.IJIKJIOTpOHa [9]. 

AHaJIH3 qacTOT 6eTarpOHHbIX KOJie6amrH:, rrpoBe,IJ;eHHblll B MarHHTHOM IIOJie, 

rronyqeHHOM rrpH rrepBOHaliaJibHOM CTpyKzype MarHMTa, o6Hapy)l(HJI rrepecelieHHe 

l:!aCTm~e:ti HeCKOJibKHX orraCHblX pe30HaHCOB B rrpouecce ycKopeHH.SI. lfacTHI(bl COBepmaIOT 

70 o6opoToB B MarHHTHOM none. ITepeceqeHHe pe3oHaHcoB rrpo11cxo.n:HT B6JIM3H 

KOHelIHOro pa.n:Hyca, r.n:e B o6JiaCTH pe30HaHca HaXO.IJ:HTC.SI 3HalIHTeJibHa.SI qacTb o6opOTOB. 

3To .SIBHJIOCb rrpHqHHOM KOHI(errzyaJihHOH MO.IJ:HcpHKal(HH MarHHTa. B03.IJ:YIIIHbIH 3a30p 

Me)l(,n:y ceKTopaMH 6brn yaeJIM1IeH c 50 MM .n:o 80 MM. Ha Pttc. 3 rroKa3aHa .n:ttarpaMMa 

liaCTOT 6eTaTpOHHhIX Kone6aHHH .n:m1 HaliaJibHoli MarHHTHoli CTPYKTYPbI H crpyKTYPbI c 

H3MeHeHHbIM 3a3opoM Me)l(.IJ:Y ceKTOpaMH c o603HaqeHHbIMH Ha Heil JIMHH.SIMM pe30HaHCOB. 

N 
0 

0.6 

0,5 

0,4 

0,3 

0.2 

0,1 

0,99 1,00 .l ,O l 1.02 l ,03 1,04 1,05 l ,06 I ,o7 
Qr 

PHc. 3. TioJIO)l(eHne pa6oqeli TOlIKH Ha mmrpaMMe qacToT B none MarHHTa, c paccTO.SIHMeM 

Me)l(.IJ:Y ceKTOpaMH 50 MM ( CilJIOIDHa.SI JIHHMJ.l) H 80 MM (JIMHM.SI c KpyraMH). 

Ifa p11:cyHKa BM.IJ:HO, lITO B MO.IJ:Hcp11:unpoBaHHoli crpyKzype y.n:anoch M36e)l(aTb 

rrepeceqeHM.SI orracHbIX pe3oHaHcoB 3a ncKJIIOlieHHeM rrepeceqeHM.SI pe3oHaHca Qr = 1 B 

HaqaJie ycKopeHH.SI. ,ll;aHHblll pe30HaHC B036y)l(.n:aeTC.SI rrepBOH rapMOHMKOll MarHMTHOro 

IIOJI.SI. ,ll;JI.SI aHaJIH3a ero orracHOCTll M cpopMyJrnpoBaHM.SI Tpe6oBaHMM Ha MaKCHMaJibHYIO 

aMIIJIMTY.IJ:Y rrepBOll rapMOHMKM 6hrnll rrpoBe,n:eHbl paclieTbl ,IJ;HHaMHKH rryqKa c 

rrpncyTCTBMeM rrepBOll rapMOHHKM B OCHOBHOM MarHHTHOM IIOJie. 

Pe3yJII>TaTOM npoae,n:eHHhIX pacqeToB JIBHJIOCh 3aKJII01IeHHe o TOM, lITO HaJIMlIHe 

rrepBOll rapMOHHKH MafHMTHoro 110JI51 BJieqeT 3a co6o:H: II051BJieHIIe KorepeHTHbIX 

Kone6am1li rryqKa qacTHU. CymecTBeHHoe yaem1qeHHe .n:11crrepc1m aMrrJIHTY.IJ: B rryqKe He 

Ha6JIIO,n:aeTC.SI. 3TOT cpaKT .SIBJI.SieTC.SI CJie)l;CTBHeM 6blcTporo rrepeceqeHll.SI rrylIKOM o6JiaCTH 

pe30HaHca M HaJIHlIHeM MaJioro KOJIHlJeCTBa o6opOTOB B 3TOM o6JiaCTll. 
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OcHOBHbIM Tpe6osam1eM ITPH ITpoeKTHpoBaHHH HITFiL-u;mmorpoHa 6bmo Tpe6osam1e 

MaKCHMaJibHO B03MO)KHOH ITpocTOTbI KOHCTPYKU:HH ycKopHTem1. Ilo3TOMY BbIBo,rcHa51 

CHCTeMa co,rcep)Kana yITpo:meHHble BapHaHTbl BbIBO,Z:CHbIX 3JieMeHTOB H B Hell ITOJIHOCTbIO 

OTCYTCTBOBaJIM 3JieMeHTbl QJOKYCHpOBKM ITYl:JKa. B CB5I3H c 3TMM OCHOBHa51 pa6oTa BeJiaCb 

ITO oITTHMH3au;1m CTPYKTYPHbIX 3JieMeHTOB cttcTeMbI BbIBo,rca. 

Ilocne ceptttt ITpose,rceHHbIX pacl:JeTOB ,rc1rnaMHKH ITYl:JKa 6bIJIO OITTMMlI3llpoBaHo 

ITOJIO)KeHJie ,rceQ.lJieKTOpa, H BHeceHbl lI3MeHeHlI51 B era KOHCTPYKD;lIIO: H3MeHeHHe pa,rceyca 

KpHBH3Hbl, y,rcaneHHe BbICTyITaIOII(HX KpaeB ceITTyMa (ITepe,rcHeM ITJiaCTHHbI), yBeJIH11eHHe 

3a30pa Me)K,Z:Cy ceITTYMOM H ITOTeHI.J;HaJibHhIM 3JieKrpO,Z:COM. Bee ITepel:lHCJieHHble 

ITpe,Z:CJIO)KeHMe 6bIJIM ITpHH5ITbI, KaK Heo6xo,rcHMbie H ITOBbIIIIaIOIUHe 06my10 3QJQJeKTHBHOCTb 

BbIBO,Z:Ca ITYl:JKa. 

CITa,rc OCHOBHOro MarHHTHOro ITOJI51, B o6JiaCTH, HaXO,Z:C51IUeHC51 HeITocpe,rcCTBeHHO 3a 

3JieKrpOCTaTHl:JeCKMM ,rceQ.lJieKTOpOM, r,rce ocy:mecTBJI5IeTC51 BbIBO,Z:C ycKopeHHOra ITYl:JKa, 

ITpHBO.Z:CHT K CHJibHelirneli pa,rcHanbHOM ,rceQ.loKycHpoBKe ITY"CJKa. B pe3yJibTaTe rry"CJoK Ha 

BbIXO,Z:Ce MMeeT pmMepbI, HeCOM3MepHMO 6oJibIIIHe ITO cpaBHeHJIIO c Tpe6yeMbIMH. 

Ilpo6JieMy MO)KHQ peIIIHTb ITPH TIOMOII(H MCITOJib30BaHM51 KoppeKTopa rpa,rcHeHTa 

MarHHTHOfO TIOJI51 ( rpa,rcMeHT-KOppeKTOpa). 

IIocJie ITpOBe,rceHHOH cepHH OITTMMH3aU:HOHHbIX pacl:JeTOB, BKJIIOl:JaIOII(HX C03,Z:CaHHe 

TpexMepHOM reoMeTpHJil rpa,rcJieHT-KOppeKTOpa, Bbll:JJiICJieHHe C03,Z:CaBaeMoro JIM ITOJI51 lI 

pacqeT ,rc1rnaMJIKH nyqKa, 6bma ITony"CJeHa Heo6xo.rcMMa5I reoMerptt51 ycrpoiicTBa. fpa,rcHeHT­

KoppeKTOp 6bIJIO perneHO c,rceJiaTb «aKTllBHbIM», T. e. BKJIIOl:JaIOII(HM B ce651 TOKOBbie 

o6MOTKJI. PacqeTbI ,[(JIHaMJIKlI ITY"CJKa rroKa3aJIH, qTo BKJia,rc ITOJI51 rpa,rcJileHT-KoppeKTopa 

cy:mecTBeHHO yny-qrnaeT xapaKTeplICTMKM BbIBO,[(JiIMOfO ITyqKa. 

Ha paHHJIX 3TaITax pa6oThI 61:,rno o6Hapy)KeHo, l:JTO rrepBoHal:JaJihHbIH ITpoeKT 

MafHlITHOro KaHarra JIMeJI cy:mecTBeHHbie He,Z:COCTaTKH. MarHMTHOe IIOJie KaHaJia HMeJio 

HeJIJIHeMHYIO 3aBJIClIMOCTb B,Z:COJih KOOp,[(HHaTbl, ITOITepel:lHOM rpaeKTOplm qacTHD;, 

OTCYTCTBOBaJia «TIJIOCKa5I BepnmHa» B pa6oqeif o6JiaCTlI. ,I.(JI51 aHaJill3a BJIH5IHM51 

HeJIHHeMHOCTeii TIOJI5I 6bIJI ITpOBe,rceH p5I,[( pacqeTOB ,Z:CJIHaMMKlI ITYlJKa, pe3yJihTaTOM 

KOTOpbIX CTaJIO 3aKJIIOl:JeHJie 0 Heo6xo,rcHMOCTH C03,Z:CaHH51 MarHlITHOro KaHaJia, HMe10mero 

ITOJie c JIHHeMHOM 3aBHCHMOCThIO B pa6oqeii o6JiaCTll II c llOJIO)KJITeJibHhIM rpa.rcJieHTOM 

ITOJI5I. B HOBOM BapHaHTe y,rcaJIOCb CHH3l1Tb KOJilllJeCTBO aMITep-BHTKOB, yMeHbIIIMB 

ITOITepel:lHoe ceqeHMe TOKOBhIX o6MOTOK. OcHOBHoii oco6eHHOCThIO HOBOH KOHCTPYKU:HH 

MarHHTa 6brna Q.lopMa era ITOJIIOCOB, KOTopa5I HeITocpe,rccTBeHHO lI OTBeqana 3a 
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cpopMHpoBam1e rroJI5I. Ilocne rro.n:6opa cooTBeTCTBy101ueti reoMeTpHH 6brna C03.IJ:aHa 

TpexMepHM MO,UeJih, pacqeTHOe none KOTOpo:H OTBeqano Tpe6oBaHH5IM Ha CTerreHb 

JIHHetiHOCTH rroJI5I. PacqeThI .IJ:HHaMHKM rryqKa, rrpoBe.n:eHHhie c yqeTOM pacqeTHoro ITOJI5I 

HOBoro MarHHTHoro KaHaJia, IIOKa3aJilI cyiuecTBeHHOe ynyqmeHHe KaqecTBa rryqKa H, KaK 

crre.n:cTBHe, yBem1qeHHe TpaHCMHCCHH BbIBO.IJ:a. 

PacqeTbI .IJ:HHaMllKII rryqKa rroKa3aJIH, qTo 6naro,n:ap5I rrpe.n:Jio)l(eHHhIM Mo,n:11cp1maUH5IM 

rronyqeHo yBem1qeHHe TPaHCMHCCMM qepe3 UHKJioTpoH 6onee qeM B 6 pa3 (PHc. 4). 

JlOKCUibHaJI rpaHCMIICCHJI, %i 

U3 3Y BblBO,ll CTBII 

-+- Mo.n;m~Incau., TpaHCM. 13.1 % 
-- Haq_ npoeKT, TpattcM. 2.1 % 

Puc. 4. TpaHCMllCCH5I qepe3 cTpyKTypHoie e.n:HHHUhI UHKJIOTpOHa: 

CTHII-cHcTeMa TpaHcrropTIIpOBKll Hll3K03Hepren1qecKoro rryqKa, ~3-ueHTpaJibHa5.l 30Ha, 

3Y-3oHa ycKopeHH5.l, BhIBO.IJ:-BbIBO.IJ:Ha5I CHCTeMa, CTBII-cHcTeMa TpaHcrropTHpOBKll 

BbICOK03HepreTHqecKoro rryqKa. 

B TpeTbeH rJiaBe rrpe.n:cTaBJieHbl OCHOBHbie pe3yJioTaTbl pa60TbI ITO MO,D,epHH3aUHll 

AVF UHKJIOTpoHa (RIKEN, 5IrroHll5I) [10] c ueJiblO ycKopeHH5.l He TOJibKO Ha BTOpoii, HO II 

Ha nepBoii H TpeTheii rapMOHHKaX ycKop.moiuero IlOJI5I H ITOBbIIDemrn HHTCHCIIBHOCTH 

BhIBO,L(HMoro rryqKa. l'faHaqaJibHO AVF-UHKJIOTpOH (PHc. 5) 6orn crrpoeKTHpoBaH ,D,JI5I 

ycKopeHH5I Ha BTopoii rapMOHHKe Bq rroJI5I. 

12 



Prrc. 5. 06II.l;11ii BM.ll A VF-u:mo10Tp0Ha. 

MaKCl1MaJibHM :meprmr, 3Kcrrep11MeHTaJihHO rrorryqeHHM .ri:m1 rrpoTOHOB Ha .n:aHHOM 

ycKop11Terre, paana 14 M3B. ITp11Hu;11rr11ani,no Ba)KHhIM pe)Kl1MOM ycKopenmi: .IJ:JI51 A VF­

U:11KJIOTpona 51BJI5IeTc51 rronyqeH11e rrpoTOHOB c 3Heprrreii 30 M3B. PacqeThl .n:11HaM11K11 

qacTMU:, rrpo113BO.IJ:HMhie c IIOMOIU:nIO rrporpaMM CBDA [4] rr SNOP [AlO], rroKa3aJm, qTo 

cyru:ecTBYIOIU:a51 cTpyKTypa u;eHrpaJII>Hoii o6nacni U:MKJIOTpona II03BOJI51eT ycKop11Th 

rrpoTOHbl .ri:o 3Hepnm 20 M3B rrp11 pa6oTe Ha rrepBoii rapMoH11Ke Bq rroJI51. 3Hepnrn B 30 

M3B MO)KHO .nocT11"l!b, JIMIIIh rrocrre 113MeHeHM51 reoMeTprr11 I.J,eHTpaJibHOM 30HhI ycKop11TeJI5I. 

ITpoeKT11poaam1e u;eHTparrnHoii o6nacni 51BJI51eTC51 cJIO)KHOii 11TepaI.J,110HHoii 3a.ri:aqeif, 

qepe.ri:yIOru;eii pacqeT 3JieKrpoMarHHTHbIX IIOJieH 11 .lll1HaMl1KH qacTl11.J,. flp11 

rrpoeKTHpoBaHHM HOBOH reoMeTp1111 l.J,CHTpa Benach rrpoaepKa Ha rrpe,UMCT COBMCCTHMOCTl1 

c pe)K11MaM11 pa6oThI Ha BTopoii rapMoH11Ke Bl! IIOJI51. B xo.ri:e pa6oT KOMIIhIOTepHa51 

MO,[{eJib u:enrparrbHOH 30Hbl MHoroKpaTHO IlO,llBeprarrach MO.ll11<p11Kal.J,M11, rrocrre KOTOpo:H 

BCJIHCb pacl.JeTbI ,llHHaMl1KM qacT11U: .[{JI51 cyru:ecrnyIOIIIl1X pe)Kl1MOB ycKopeHl151 Ha BTOpo:H 

rapMoH11Ke Bq rroJI51 11 .UJI51 HOBbIX pe)Kl1MOB ycKopeH115I rrpoTOHOB Ha rrepao:H rapMoH11Ke. 

Oco6eHHOCTbIO u;eHTpaJII>Hoii o6nacTM I.JJ1KJIOTPOHa 51BJI51CTC51 rr To, qTo Koprryc 

crr11parrI>Horo 11mpneKTopa co.ri:ep)K11T .uorronH11TeJII>Hb1e 3JieMeHThI cTpyKTypi,1, 

06ecrreq11aaIOru;Me KpeIIe)K .IJ:CTaJieiI 11 IIO,llBO.ll MOIU:HOCTl1. 3To o6cT051TCJibCTBO 

HaKJia.[{bIBaeT orrpe.ri:erreHHhie orpaH11qeHM5I Ha B03M0)KHOCTb Bapttau;11rr pa3MepoB 

crpyKrypHbIX 3JICMeHTOB. 
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Pe3yJibTaToM rrpose,n:eHHbIX pacqeToB 51BIIJiacb KOMrrpoMIICCHaH reoMeTpHH 

U:CH'rpaJibHOH 30Hbl ycKOpHTemr, KOTOpaH Il03BOJI5IeT IIOJIY1IHTb B03MO)KHOCTb ycKopeHH.sI B 

cyII.(eCTBYJOI.IIJ1:X pe)KHMax ycKopeHH.sI 6e3 yMeHbllleHH.sI TPaHCMHCCHH H .n:enaeT 

B03MO)KHbIM pe)KHM ycKopemur rrpoTOHOB c 3Hepn1ell: 30 M3B. ITpe.n:naraeMa.sI HOBa.sI 

reoMeTPH.sI U:CHTpaJI1HOM o6nacTH U:HKJIOTPOHa B cpaBHeHHH c cyII.(eCTBYJOII.(eM IIOKa3aHa Ha 

Pnc. 6. 

Pnc. 6. CyII.(eCTBYIOII.(a.sI (rroKa3aHa 1IepHbIM u;BeToM) H rrpe.n:naraeMa.sI (noKa3aHa 

IIlTpHXOBKOM) reoMeTpHH U:CHTpaJibHOM o6JiaCTH U:HKJIO'fPOHa. 

HoBa.sI reoMC'fPH.sI 6brna orrpe.n:eneHa, OCHOBbIBa.sICb Ha MHOfOl:JHCJieHHbIX 

rrpeU:H3HOHHbIX pacqeTax .IJ:BH)KeHH.sI qacTHU: qepe3 U:HKJioTpoH. PacqeTbI noKpbrnarrn He 

TOJibKO o6JiaCTb u:eHTPa, HO H 30HY ycKopeHH.sI. 0,n:HHM H3 KpHTepHeB BbI6opa rrapaMeTPOB 

reoMeTPHH u:eHT}JaJibHOH 30H1I 6hrno u:eHrpIIposaHHe op6HT B ycKopttTene. Hosa.sI 

C'rpyKrypa U:CHTpa 6brna o.n:o6peHa H BbI6paHa B Kal:JeCTBe 3aMeHbl cyII.(eCTBYIOII.(CH. 

ITpttH51TO pemeHHe o 3aMeHe u:eHTparrbHOH o6nacTH U:HKJIO'fPOHa B 2012 ro.n:y. 

Pe)KHM rronyl:JeHH51 rrpoToHOB .n:o 3HeprIIH 20 M3B 6brn BbI6paH .n:mr nccne.n:osaHH51 

B03MO)KHOCTH rrpIIMeHeHH51 HMeIOmell:c51 "Flat Top" CHCTCMbl )J;JI51 YMCHblllCHH.sI 

3HepreTnqecKoro pa36poca B ycKopeHHOM rryqKe. B pe)KHMe ycKopeHHH, Kor.n:a 

ycKop.sIIOII.(ee Harrp.R)KCHIIe Ha .n:yaHTax HMeeT CHHYCOH,JJ;aJibHYIO 3aBHCHMOCTb aMIIJIHTY.IJ:bl 

OT BpeMeHH, :mepreTnqecKHM pa36poc qacTHU: B nyqKe Ha KOHCl:JHOM pa.n:nyce COCTaBJI51eT 

OKOJIO 2.5 % OT cpe.n:HeH 3HeprHH. TaK KaK rrpH pa6oTe B pe)KHMe ycKopeHI151 Ha rrepBOH 

rapMOHHKe BLI non51 B AVF-U:HKJioTpoHe nylloK rrpH rrpoXO)K.IJ:CHHH ycKopHIOII.(HX 
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npoMe)KyTKOB HaXO,ll;lffC51 He Ha Bepmirne ycKOp51IOIU:eM BOJIHbI, TO CTaH,IJ;apTHbIM MeTO):( 

HCl10Jlb30BaHIDI "Flat Top" CHCTeMbl He ,IJ;aeT pe3yJibTaTa. 

Ilpn qncrreHHOM Mo,IJ;eJmpoBaHHH rrpou:ecca ycKopeHH5.l 6hrn nccJie,IJ;oBaH crroco6 

,r:i:o6aBJiemrn TpeTbelf rapMOHllKll K OCHOBHOMY ycKOp5.CIOIU:eMy rromo He B CTaH.n;apTHOM 

o6merrpHH5.CTOM cpopMe, Kor.na OHa .n:o6aBJI51eTC5.l c 11poTMBOIIOJIO)l(HbIM K OCHOBHOM BOJIHe 

3HaKOM, a co 3HaKOM OCHOBHOM BOJIHbl [ A9]. ,AaHHbIM pe)KHM, B OTJIHqMe OT ero 

cTaH.n:apTHoro "Flat Top" Bap11aHTa, 6hrn Ha3BaH "Sharp Top" pe)KMMOM. CyTb MeTo.na 

CBO):(HTC5.l K TOMY' qTo TpeTb51 rapMOHHKa .n:o6aBJI51eTC5.l K OCHOBHOM ycKOp5.CIOJneM BOJIHe 

TaKMM o6pa30M, qTo o6JiaCTb pe3yJibTHpyromeM: ycKOp51IOJneM BOJIHbI, 3aHMMaeMa5I rryqKoM 

rrpll IIpOXO)J(,ll;emrn ycKOp51IOJnero 3a3opa, CTaHOBllTC5.l JIMHeiiHa. Ilpn 110CJie.n;oBaTeJibHOM 

rrpOXO)K):(eHHH 11yqKoM qacTMU: ycKOp5.CIOIIJ;llX rrpoMe)KyTKOB rrpoHCXO):(llT IIOCT05.lHHa5.l 

KOMl1eHCa[(H5.l pa3HHUbl B Ha6opax :rneprmI qacTMU:aMM, MMeIOmHMH pa3HYIO cpa3y Bl!. 

PacqeTbI rroKa3aJin, qTo 11c110Jib30BaH11e TaKoro MeTo.n:a rro3BOJI5.leT yMeHblliMTb 

:rnepreTnqecKnM: pa36poc 6orree qeM Ha rrop5.l.IJ:OK (P11c. 7). Brrocrre.n:cTBMM .naHHbIM crroco6 

6bIJI 110.IJ:TBep)K,n:eH 3KCIIepMMeHTaJibHO [ 11]. 

0.5 
......., 
a:l 
.gi 
6 0 

1.1.l' 

-0.5 

-20 0 20 -20 0 20 
¢la3a BlJ:, [ rpa;u] <Pa3a B'CJ, [rpa.uJ 

PMc. 7. Tipo.noJihHbIH 3MMTTaHc rryqKa Ha KoHeqHoM pa,r:i;Myce ycKopeHnsi c 

llCIIOJib30BaHMeM TOJibKO OCHOBHOro ycKOpHIOmero 110JI5.l (cJieBa) H c HCIIOJib30BaHMeM 

"Sharp Top" CMCTeMbI (c11paaa). 

B qeTsepToii n1aBe rrpMae.n:eHbI pe3yJibTaTbI Mo.n:ennpoBaHH5.l KoMrraKTHoro 

U:MKJIOTpoHa NIRS-930 (NIRS, JirroHIDI) [ 12]. YcKop11TeJib cnpoeKTMpoBaH KOM11aHneM: 

Thomson-CSP 11 MMeeT BeJrnqnHhI MarHHTHoro M cpoKycHpyromero K03cpqmu:11eHTOB 

KM= 110 M3B H Kc1i = 90 M3B. CoBMeCTHO c U:MKJIOTPOHOM HM-18 YI ,IJ;eB51TbIO 

3KC11epMMeHTaJibHbIMH JIHHH5IMH 06pa3yeT cpa6p1my 110 rrpOH3BO.IJ:CTBY KOpOTKO)KHBYJnHX 

pa):(HOM30TOIIOB. 
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QMKJIOTIJOH IICilOJII:.3YeTC5I .IJ:JI5I ycKopeHII5I p.H,na 1IaCTII1(, OCHOBHbIMII II3 KOTOpbIX 

5IBJI5IJOTC5I rrpoTOHI:.I Ha 3HeprHJO 30 M3B. ,[(aHHbitt peJKHM ycKopeHM5I OTJIII1IaeTC5I TeM, 1ITO 

B HeM y.n:aeTC5I .n:o6MTI:.C5I MaKCMMaJII:.HbIX TOKOB rryqKa (20 MKA), 3Kcrrep:HMeHTaJII:.HO 

.n:ocryrrHbIX Ha ,n:aHHOM ycKopHTeJie. PyK0Bo.ncrny51cb 3THM cpaKTOM, ,n:aHHbIH pe)KHM 6brn 

BbI6paH ,ll;JI5I IlOCTpoemrn KOMilbJOTepHOH MO,D;eJIH ycTaHOBKII II ee KaJIH6poBKH (Pile. 8). 

OcHOBHoii u:eJihJO Mo,n:em1poBaH1I5I 6bIJIH HHTeprrpeTaU:II5I :HMeJOID:IIXC5I 

3KCIIepHMeHTaJibHbIX ,n:aHHbIX H OI1THMH3a1(H5I rrapaMeTpOB ,ll;OCTYIIHI:.IX peJKIIMOB 

ycKopeHII5I c I(eJII:.JO IIOBI:.IllleHII5I IIHTeHCHBHOCTH H Ka1IeCTBa BbIBO.IJ:HMOfO rryqKa. 

OT.n:enbHOti 3a,n:aqeif, Tpe6yJOme:H paccMoTpeHH5I, 5IBJrneTc5I rrpoBepKa B03MOJKHOCTM 

ycKopemrn Ha TpeTbeti rapMOHIIKe BbICOK01IaCTOTHOfO ycKOp5IIOID:ero rromI, KOTopoe 

3KCIIepHMeHTaJII:.HO He peaJIII30BaHO Ha ,n:aHHOM ycKOp:HTeJie Ha cerO.IJ:H5IlllHHH .n:eHI:.. 

0CHOBHI:.IMII 3JieMeHTaMII aKCHaJibHOH JUIHIIII IIH)KeK1(IIH, .IJ:JI5I KOTOpbIX 6bIJIH 

pacCl.JIITaHI:.I TpexMepHbie KapTbI 3JieKTpoMafHHTHbIX rroneii, 6I:.IJIII 6aH1!ep II l.JeTbipe 

COJieHOII,n:a, KOTOpI:.Ie Heo6xo,n:HMJ:.I ,ll;JI5I yrrpaBJieHII5I rrorrepe1IHJ:.IMII pa3MepaMH rry1IKa II 

cornacoBaHH5I HX c neHTpaJibHOH 30HOH U:IIKJIOTpOHa. 

OcHOBHoii MarHHT HMeeT qeTbipe crrIIpaJibHJ:.IX ceKTopa .IJ:JI5I cpopMHpoBaHH5I rrorr.H H 

,D;BeHa,n:u:aTJ:. KOppeKTttpyIOW:HX o6MOTOK .IJ:JI5I KOppeKI(IIII cpe,n:Hero MarHIITHOfO 110JI5I. ,[(JI5I 

rro.n:aBJieHII5I rrepBOM rapMOHIIKH II .IJ:JI5I BBe,n:eHH5I HCKYCCTBeHHOfO B03Myrn;eHH5I ITOJI5I B 

o6JiaCTH BbIBO,D;a, Heo6XO.IJ:HM0f0 ,ll;JI5I yBeJIII1IeHH5I pa3,n:eneHH5I MeJK,n:y coce,n:HIIMH 

op6HTaMH, cJiy)KaT BOCeMJ:. rapMOHHl.JeCKIIX o6MOTOK (1IeTbipe B o6JiaCTH :HH)KeKI(HH rryqKa 

H qeTbipe B o6JiaCTH BbIBO,na). 

PIIc. 8. KoMITJ:.JOTepHa5I Mo,n:eJib U:HKJIOTpoHa: 1 - coneHOH.[(J:.I, 2 - rapMOH:HqecKHe 

KaTylllKH, 3 - OCHOBHa5I o6MOTKa, 4 - ceKTOp, 5 - 3JieKTpocTaTH1IeCKHH .n:ecpneKTOp, 6 -
MarHHTHJ:.IH KaHarr, 7 - ycKOp5IIOI.I.JJie .nyaHTbI, 8 - KoppeKTOp crra.na MarHHTHOfO ITOJI5I. 
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TipoBe,I(eHHbie cpaBHemrn: cpe.I(Hero IIOJI5I ll BKJia,I(OB KoppeKTHPYIOII(HX o6MOTOK, 

norryqeHHbIX pacqeTHbIM nyTeM, c 3KCIIepHMeHTaJibHbIMH ,I(aHHbIMH noKa.3bIBaIOT 

COOTBeTCTBHe C03,I(aHHOH MO,I(eJIH MarHHTY pearrbHOM ycTaHOBKH. 3TOT cpaKT Il03BOJI5IeT 

roBOpHTb 0 COOTBeTCTBllll pacqeTHoro MarHHTHOro nOJI5I peaJibHOMY np:rr BbICTaBJieHHH 

3HaqeHHM TOKOB B o6MOTKax, COOTBeTCTBYIOI.U:HX 3Kcnep:rrMeHTaJibHOMY pe)l(HMy. 

C03,I(aHHbie TpexMepHbie MO,I(eJIH CIIHpaJibHOro HHcpJieKTOpa, CHCTeMbI ycKOp5IIOI.U:HX 

cyaHTOB, 3JieKTpOCTaTH11eCKOro .necpJieKTopa, MarHHTHOro KaHaJia H KOppeKTOpa rpa.I(HeHTa 

MafHHTHOro IIOJ15I 6bIJIH :rrcnoJib30BaHbI ,I(Jl5I reHepau;HH KapT 3JieKTPOMarHHTHbIX norreH:, 

KOTOpbie BIIOCJie,I(CTBllll 6bIJIH :rrcnOJib30BaHbI B pacqeTax ):(HHaMHKH nyqKa. 

CTapTOBbIMH ycnoBH5IMH np11 :rrccne,I(osamrn mrnaMHKH nyqKa, no B03MO)l(HOCTH, 

5IBHJIHCb napaMeTpbI pe)l(HMa ycKopeHH5I, B35ITbie H3 3KcnepHMeHTa. Ha11arrbHa5I HacTpoliKa 

CHCTeMbI Berracb IIpH aHaJIH3e ,I(Bll)l(eHH5I paBHOBeCHOH qacTHU:bI. AHaJIH3 ):(HHaM:rrqecKHX 

xapaKTepHCTHK ccpopMHpOBaHHOro MarHHTHOro norr5I 6bIJI npoBe,I(eH c noMOII(bIO ou;eHKH 

qacTOT 6eTaTpOHHbIX KOrre6aHHH, :rrcnOJib3Y5I aHaJIHTHqecKHe Bbipa)l(eHH5I ):(JI5I ou;eHKH 

qacTOT [13] ll c IIOMOII(bIO TpaccHpOBKH qacTHU: B ll3BeCTHOM nporpaMMe "Cyclops" [14]. 

PacqeT cpa3bI B1I nyqKa B npou:ecce ycKopeHH5I noKa.3aJI, 11To OTKJIOHeHH5I <}la.3bI OT ee 

onTHMaJibHoro 3Haqemrn cocTaBrrJieT He 6onee 5° B1I. TaKoe oTKJioHeHHe no cpa3e 

HaXO):(HTC5I B COOTBeTCTBHH c H3MepeHH5IMH Ha nyqKe npH noMOI.U:H cpa30BOro npo6HHKa 

(PHc. 9). Co:rr3MepHMbie seJIH'tJ:HHbI OTKJIOHeHHH cpa3bI Bl! nyqKa Me)l(.I(y pacqeToM :rr 

3KCnepHMeHTOM CBH,I(eTeJibCTBYIOT 0 TOM, qTo pacqeTbI ,I(HHaMHKH qacTHU: Be.I(yTC5I B 

MarHHTHOM none, 6JJH3KOM K peaJibHOMY. 

15 
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P11c. 9. Pac11eTHM cpa3a Bl! ny1:1Ka H noKa3aHH5I cpa.3osoro npo6HHKa. 
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):(mi ou;eHKl1 TpaHcM11ccu11 1:1epe3 cTpyKTYPHbie Y3JibI U:11KJIOTpOHa 6blno 

rrpoMo,rt:eJIMpoBaHO ,rt:BmKeHMe rry1:1Ka, COCTO.SIIU:ero 113 105 MaKpo-1:1aCTl1I(, qepe3 Beeb 

I(HKJIOTpOH, rrpM1:1eM B pacIJeT 6bIJI BKJIIO"lJ:eH y"CJeT CHIT rrpocTpaHCTBeHHOro 3ap.SI,rt:a rryqKa. 

ToK cTapToBoro rry"CJ:Ka 130 MKA. 

IlpoM3Be,rt:eHHa.SI ou;eHKa rroTepb 1:1acT11u; Ha r10BepxHocn1x cTpyKTYPHbIX 3JieMeHTOB B 

u;eHTpaJibHOH 30He ycKop11TeJI.SI IlOKa3aJia, "lJTO OCHOBHaJC Macca "CJaCTH:Q BI>rna.n:aeT H3 

ycKopeH11.SI, KaK 11 cne.n:oBano O)KM,rt:aTb, Ha cTeHKax Koprryca, 3ammu:a10mero 11mpneKTop OT 

Bl.J ITOJI.SI, H IIOCTax ycKOp5IIOiu;HX .n:yaHTOB (Puc. 10). 06m11e IlOTep11 COCTaBHJIJil ~69 % OT 

o6mero KOJmqecTBa qacTHU: B ny1:1Ke. 

l.JacTb qacTJiII(, nporne,r:i;urnx u;eHTpaJibHYIO 30HY I(HKJIOTpOHa 6e3 IIOTepb, BbIITaB H3 

pe:>ImMa ycKopemu.1, 1:1epe3 HeKOTopoe BpeMJI B03BpamaeTc51 B u;eHTp ycKop11TeJIJI, r.n:e 

TepJieTc51 Ha 3JieMeHTax CTPYKTYPI>I. TaKHX qacn1u; oKa3aJIOCb oKono 15 % OT KOJIMIJeCTBa 

MOHOB, rrepBoHaqaJihHO nporne,rt:lllMX u;eHTPaJibHYIO 30Hy. 

3c}:><peKTHBHOCTh BbIBO):J:HOM CHCTeMbI OKa3aJiaCb 49 %. IIo,r:i; 3c}:HpeKTJiIBHOCTbIO 

CTpyKrypHoro y3na ycKOpMTeJUI 3,r:i;ecb IIOHMMaeTCJI OTHOIIIeHMe KOJIHqecTBa "lJ:aCTHI( 

rrpoIIIe.n:rn11x y3en 6e3 rroTepI> K o6meMy KOJIMIJecrny qacTMU: Ha ero sxo.n:e. TaK KaK 

pamrnnbHbIH 3MMTiaHC nyIJKa Ha BXO,LJ;e B BbIBO.rt:HYIO Cl1CTeMy BeJil1K, H pa,rt:MaJibHbie 

pa3Mepbl 60JibIIIe, qeM paCCTOJIHHe Me)K,r:i;y cerrTyMOM H IIOTeHI(llaJibHbIM 3JieKTpO,rt:OM 

.n:eqmeKTOpa, TO MMeeT MeCTO MHoroo6opoTHbIM BhIBO)J; rry1:1Ka. PacqeTbI IlOKa3aJIH, "lJTO B 

.n:aHHOM pe)KMMe npaKT11qecKH Beeb rryqoK BbIBO,rt:JiITC.SI 3a ,rt:eBJITb o6opOTOB, IJTO xopoIIIO 

cornacyeTC.SI c 3KCIIepMMeHTaJibHbIMH ,r:i;aHHbIMH, KOTOpbie rronyqeHbI Ha aHaJIOrMIJHOM 
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U:MKJIOTpOHe JAEA A VF (Takasaki, 5Irromu1), r.n:e 6hm 3KcrrepHMeHTa.JibHO 

3aperMCTpMpOBaH .n:ec.HTM o6opOTHbIH BblBO):( rrytIKa [15]. 

Ha ycTaHOBKe MMeeTc.H p.H,n rrpo6HMKOB, M3Mep5IIOII(MX TOK rrytIKa: tieTbipe U:MJIMH,n:pa 

<I>apa,ne51 B JIMHMM MH)KeKI(MM, rrraBHblH rrpo6HMK, HaXO):(.HII(MMC5I B BaKyyMHOM KaMepe 

U:MKJIOTpOHa Ha pa.n:JIYce 100 MM, rrpo6HMK, pacnOJIO)KeHHbIM Herrocpe,n:cTBeHHO rrepe.n 

3JieKTpocTaTMtieCKMM .n:ecpneKTOpOM M rrpo6HMK B CMCTeMe TpaHCIIOpTMpOBKM rrytIKa rrocne 

CMCTeMbl BbIBO,n:a. CpaBHMBa51 IIOKa3aHM51 3TMX rrpo6HMKOB c pactieTHbIMM ,naHHbIMM, 

MO)KHO ycTaHOBMTb cooTBeTCTBMe c03,n:aHHoii Mo,nerrM pearrbHOCTM. B Ta6nMu;a 2 

rrpHBe,neHbI ,n:aHHbie o TpaHCMMCCMH rrytIKa qepe3 CTpYKTYPHbie Y3JibI ycTaHOBKM, 

rronyqeHHbie pactieTHbIM rryTeM, B cpaBHeHMH c M3MepeHHbIMH BeJIMlIMHaMM. 

Ta6nMu;a 2. TpaHCMHCCM5I qepe3 Y3JibI U:MKJIOTpoHa. 

Y3err 

IJ;eHTparrbHa.H 

o6nacTb 

3oHa ycKopeHM5I 

CHcTeMa BbIBo.n:a 

061I(a51 

PactieT 

Ee3 yqeTa C yqeTOM 

rrpocTpaHCTBeHHoro rrpocTpaHCTBeHHoro 

3ap51,n:a 3ap.H,na 

35 31 

89 85 
52 49 
16 13 

3KcrrepHMeHT 

29 

89 
49 
12 

}fa Ta6JIMI(bl crre.n:yeT, qTo pacqeTHbie .n:aHHbie, COOTBeTCTBYIOT 3KcrrepHMeHTaJibHO 

rronyqeHHbIM 3HaqemrnM. 3TOT cpaKT roBOpHT 0 KoppeKTHOCTM C03,IJ,aHHOM MO,IJ,emI 

ycKOpHTemI M 06 a,n;eKBaTHOCTH .n:aHHblX rrorryqaeMbIX c IIOMOII(bIO Hee. Ilpe.n:rrorraraeTC5I, 

qTo ,n;aJibHeihna51 pa6oTa rro Mo.n:enHpoBaHMIO U:HKJioTpoHa 6y.n:eT HarrpaaneHa Ha Bb16op 

OIITHMaJibHblX rrapaMeTpOB cylI(eCTBYIOII(HX peiKHMOB ycKopeHM51 c u:eJibIO IIOBbillleHmI 

HHTeHCHBHOCTM M KatieCTBa BbIBe,IJ,eHHOro rrycrna. lfocne.n:oaam1e B03MO)KHOCTH ycKopeHM51 

Ha TpeTheii rapMOHMKe ycKop.HIOII(ero Bq 11on51 c B03MOJKHoii 3aMeHoii u;eHTparrbHoii 

o6rracTH U:MKJIOTpOHa ( ecm1 IIOTpe6yeTC51) TaIOKe BXO,IJ;HT B rrrraH ,IJ,arrbHeiimeii pa60Tbl ITO 

ycTaHOBKe. 

B IUIToii r Jiase o6cy:)K,naeTC5I rrpHMeHeHMe C03,IJ,aHHoro rraKeTa rrporpaMM .[l;JI51 pacqeTa 

,IJ;MHaMHKH B JIM.HMM HHJKeKU:HH rryqKa ,n;JI51 ycTaHoBKM FRIB (Facility for Rare Isotope 

Beams). YcTaHOBKa Haxo,n;HTCH B cTa,IJ,HII pa3pa6oTKII B MIIqIIraHcKoM I'ocy.n:apcTBeHHOM 

YHIIBepcIITeTe (MSU, ClllA) H Hau:eneHa Ha 11pOII3Bo,n;cTBO H II3yqeHMe pe,11,KH:X H30TorroB 

H IIX porrH B 3BOJIIOI(MH KOCMOCa [ 16]. 3a11ycK ycKOpHTeJI51 rrrraHMpyeTC5I B 2018 ro.n:y. 
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OcHoBoii ycTaHOBKH 51BJUieTC51 T}JexceKU:HOHHbill: caepxrrpoao,roi:iu:nll: JIHHell:Hbill: 

ycKopinenb, ycKop51IOIIJ;Hii pa3JmqHbie HOHbl OT rrpoToHoB (600 M3B) .no 238U (200 

M3B/HyKJioH). 

CncTeMa TpaHcrropTnpoBKH HH3K03Hepren1qecKoro rryqKa cTpyKrypHo rroJIHOCTbIO 

n,neHTMqHa JIHHM51M HH)J(eKUHM B COBpeMeHHbIX KOMITaKTHbIX U:MKJIOTpOHax M COCTOHT H3 

.nayx 3IJ;P HCTOl!HHKOB, rrpoM3B0,[(51IUHX HOHbl c 3HepnieH 12 K3B/HyKJIOH, .[(Byx CHCTeM 

OT6opa MOHOB (COll), CHCTeMbl T}JaHcrropTHpOBKH HH3K03HepreTMl!eCKoro rrytIKa (CTHTI), 

RFQ M cMcTeMbI TpaHcrropTHpOBKH rryqKa rrpoMe)f(yTotIHoll: 3HeprMn (CTTITI) (Pnc. 11). 

COM cJiy)f(HT .[(JI.51 Bb16opa HY)f(Horo 3ap51.[(a H3 crreKT}Ja, rrpoH3BO.[(HMoro MCTOl!HHKOM. 

BBM.[(Y orpaHHl!eHmI Ha HHTeHCIIBHOCTb rrytIKa H3 HCTOl!HHKa, yBeJIHl!eHII51 BbIXO.[(HOll 

MOIUHOCTM ycTaHOBKH ,[(JI51: HOHOB c rropH.IJ;KOBbIM HOMepoM BbIIIIe, qeM y Xe 

rrpe.[(ITOJiaraeTC51: .[(06HTbC51 3a ClJeT O,[(HOBpeMeHHOro ycKopeHM.51 .[(BYX coce,[(HMX 3ap.51.[(0B. 

IlpMMepoM MO)J(eT cJiy)J(HTb o,n:HospeMeHHoe ycKopeHne 238U33+ rr 238U34+. B .[(aJibHell:rneM 

HOHbI TpaHcrropTnpyIOTC.51 11epe3 CTHTI .[(O BXO.[(a B RFQ, K0Topb1ll: ycKopReT HOHbl oT 12 

K3B/HyKJIOH .no 500 K3B/HyKJIOH, II 3aTeM OHM TpaHcrropTnpyIOTCH 11epe3 CTTITI. 

3UP2 

Pnc. 11. 06iunll: BH.IJ; CHCTeMbl HH)f(eKUHH. 

Ha MOMeHT HatiaJia ,naHHoii pa6oTbI cyiuecTBOBaJI rrepBoHatiaJibHbill: TexHHl!eCKHll: 

rrpoeKT ycTaHOBKII, KOTOpbIH OCHOBblBaJIC.51 Ha pacqeTax ,LJ;HHaMHKH llaCTHU: c IIOMOIUblO 

rrporpaMM, HCITOJib3YIOIUIIX MaTpIIqHbie Bbil!IICJieHII.51, TaKHX KaK DIMAD [ 17]. tiacTb 

pactieToB 6I>rna rrpoae.n;eHa c rroMOIUhIO rrporpaMMbI TRACK [ 18 ]. CyiuecTBYIOIIJ;Me 

He.n;ocTaTKH MaTPIIl!HbIX rrporpaMM II He,LJ;OCTaTOI.J:Ha51: rrpopa6oTaHHOCTb pacI.J:eTOB B 
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T}JeXMepHbIX rrom1x crpyKrypHbIX :meMeHTOB rrporpaMMbI TRACK .SIBHJUiCb rrpHq1rnaMH 

,n:JI.SI rrpoBe,n:eHH.SI pacqeroB .IJ:MHaMHKH rryqKa, 6orree rrptt6JimKeHHbIX K peaJibHOCTH. B 

,n:aHHOH rnaBe OIIHCbIBaeTC.SI qHcJieHHoe MO,n:eJIHpoBaHHe .IJ:MHaMHKH MHOrOKOMIIOHeHTHOro 

rryqKa, HaqttHa.SI or Bxo.n:a B COI1 H .n;o rrrrocKOCTH, Haxo,n:.SIII(ell:c.SI rrepe.n: Bxo,n:oM B RFQ. 

0rrTHMH3al.{H.SI OIITHKH CHCTeMbI .SIBJI.SieTC.SI rrepBHqHoii u:eJiblO pa60TbI. Tio.n: 

OIITHMH3al.{Heii 3,n:ecb IIOHHMaeTC.SI aHaJili3 .IJ:MHaMHKH rryqKa B peaJIHCTliqHbIX TpexMepHbIX 

rroJI.SIX cTpyKTYPHbIX 3JieMeHTOB H c yqeroM rrpocTpaHCTBeHHoro 3ap.SI,n:a 

MHOrOKOMIIOHeHTHOro rryqKa c IIOCJie.n:yrorn:eii KoppeKl.{Heii rrapaMeTpOB OIITHqecKHX 

3JieMeHTOB ,IJ;JI.SI corrracoBaHH.SI oT,n:eJibHbIX Y3JIOB cttcTeMbI. OcHOBHbIMH qacTHU:aMH, ,IJ;JI.SI 

KOTOpbIX rrpOBO.IJ:HJIC.SI aHaJIH3 .IJ:MHaMHKH rryqKa, .SIBJI.SIJIHCb HOHbI 238U. 

Ha HaqaJibHOM 3Tarre OTCYTCTBOBaJIH qepTe)lm li pa3pa6oTaHHbie MO.IJ:eJIH CT}JYKTYPHbIX 

3JieMeHTOB H, COOTBeTCTBeHHO, rpexMepHbie pacrrpe,n:eJieHH.SI 3JieKTpHqecKHX li MarHHTHbIX 

IIOJieil:. CttcTeMa OT6opa HOHOB (COll) 6brna crrpoeKTHpOBaHa KaK axpoMaT (cHCTeMa, 

HMerorn:a.SI HyrreByIO ,n:HcrrepcHIO Ha Bbixo.n:e ). COI1 cocTOHT H3 ,n:Byx .IJ:MIIOJibHbIX 90-

rpa.n:ycHhIX IIOBOpOTHbIX MarHHTOB c pa,n:HycoM IIOBopoTa 63. 7 CM li 6 3JieKTpOCTaTHqecKHX 

KBa,n:pyrrorreii, crpyrrrrHpoBaHHhIX B 2 TpttrrJieTa. CHcTeMa o6ecrreqHBaeT MaKCHMYM 

pa3.n;eneHH.SI HOHOB, HMeIOll.{HX pa3JIHqHbie 3ap.SIJJ:bl, B u:eHTpaJibHOH ToqKe, r.n:e pacrrono:>KeH 

ropH30HTaJibHbIH KOJIJIHMaTop, OTCeKaIOrn:Hll: rrpoqHe 3ap.SI.IJ:bI (PHc. 12). CHCTeMa 

T}JaHCIIOpTHpOBKH Hli3K03HepreTffl:IeCKOro rryqKa (CTHTI) COCTOHT H3 3JieKTpOCTaTHqecKHX 

KBa,n:pyrrorreii, COJieHOM.IJ:OB li cqiepH1IeCKHX :meKTpOCTaTHqecKHX .n:e<t:>rreKTOpOB. 

fIJIOCKOCTb 
CHMMeTprm 

Pttc. 12. TipHH:U:HII pa60TbI CliCTeMbl OT6opa HOHOB. 

OOJibllla.SI pa6oTa 6nma rrpoBe,n:eHa TIO C03.IJ:aHHIO TpexMepHbIX KOMIIbIOTepHbIX Mo.n:erreii 

OJITHqeCKHX 3JieMeHTOB CHCTeMbl li rrorryqeHHIO KapT 3JieKTpOMarHHTHbIX IIOJieii .n:m1 

.n:eTaJibHOro aHaJIH3a .IJ:HHaMHKH rryqKa. 
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B eo3.n:aHHOM MO.IJ:eJUI mrnHH HH>KeKJ:J;HH 61>IJIH rrpoBe.n:eHbI YHHKaJihHh!e paetieThI 

.IJ:lIHaMHKH MHOfOKOMIIOHeHTHOfO rrrixa tiaCTHU:, KOTOphIH BKJIIO'llaJI 15 pa3JIH'lJHhIX THIIOB 

HOHOB. IlpH aHaJIH3e .IJ:HHaMHKH tiaenn:i; OCHOBHOM yrrop 6bIJI e.n:eJiaH Ha ytieT eyMMapHoro 

rrpocTpaHeTBeHHOfO 3ap5I.IJ:a MHOfOKOMIIOHeHTHOfO rrytIKa e HHTeHeHBHOCThlO Ha ypoBHe 

~ 3 MA. oJiaro.n:ap5I JileIIOJih30BaHHIO 60JihillOfO KOJIH'lJeCTBa MO.IJ:eJihHhIX tiaCTHU: ( 106) 6hIJIH 

YtITeHbl 3qupeKThl eHJI rrpoeTPaHCTBeHHOfO 3ap5I.n:a nytIKa, H e.n:eJiaHa eooTBeTeTBYIOIIJ;a5I 

KoppeKTlilpOBKa napaMeTpOB OIITJiltieeKOM eHCTeMhl. B tiaeTHOeTH paetieTbl IIOKa3aJIH, 'lJTO 

B03MQ)I<Ha KOppeKTlilpOBKa BJIH5IHH5I rrpocTpaHeTBeHHOfO 3ap5I.n:a Ha norrepetIHhie pa3Mephl 

rrytIKa B rrJioeKoeTH CHMMeTPHH COH. TaKHM o6pa3oM, B03MO)l(HO ropH30HTaJihHOM meJihIO 

«Bb16paT1>» Heo6xo,n:HMbie 3ap5I,n:h1 238U33+ H 238U34+ (Ptte. 13). 

10 U 32+ U33+ U34+. . U35+ 

-40 -20 (} 20 40 

X,[mm] 

Ptte. 13. Paerrpe.n:eneHH5I HOHOB B Kom}mrypau;HOHHOM rrpoeTPaHeTBe B IIJIOeKoeTH 

eHMMeTpmI CHCTeMhl OT6opa HOHOB. 

TaK)l(e OTJIWrnTeJibHOM oeo6eHHoeThIO rrpoBe.n:eHHbIX paetieTOB 5IBJI5IJIOCb TO, tITO Bee 

OHH 6bIJIH npoBe.n:eHbl e HeIIOJib30BamieM T}JeXMepHhIX paerrpe.n:eJieHHM 3JieKTPOMafHHTHbIX 

IIOJieM OIITHtieeKHX 3JieMeHTOB CHCTeMbI 6e3 KaKHX-JIH6o yrrpomeHHM, 'lJTO 51BJI5IJIOCb 

Herrpeo.n:oJIHMoii TPY.IJ:HOeTbIO ,n:n51 rrpe.n:h1.n:ymHX pactieToB, npoBe.n;eHHhIX .n:m1 .n:aHHOM 

JIHHHH lfH:>KeKIJ;HH. 

B pe3yJihTaTe IIOKa3aHa pa6oTOCIIOC06HOCTb C03.IJ:aHHOM OIITHtieeKOM eHeTeMbI, H 

YKa3aHbI oIITHMaJibHhie rrapaMeT}JbI JIHHHH H 3JieMeHTbI eT}JyKTYPhI, e rroMOIIJ;hIO KOTopbIX 

Be.n:eTe5I KoppeKTHpOBKa BJIH5IHH5I rrpocTpaHeTBeHHoro 3ap51.n:a nytIKa. Bee paetieTbI 

OKa3aJIHeb BOeTpe6oBaHbl H BOillJIH B rrpoeKT ycTaHOBKH, pemeHHe 0 eo3,naHHH KOTOpo:H: 

rrpHH5ITO B 2012 ro.n:y. 
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OCHOBHb/E PE3Yflb TA Tb/ ,QHCCEPTAL.IHOHHOH PA/50Tbl 

1. BrrepBbie rrpoBe.n:eHo rrorrHoe 1nyqem1e .n:1rnaMI1KI1 rryqKa .z:i:rr51 HITFiL-U:IIKJIOTpoHa 

(IMP, KIITali), HaqI1Ha5I OT BXO,Ua B 6attqep II 3aKaHqIIBa51 BbIBO,UHOH CIICTeMOH. ,D;rr51 

Bcex CTPYKTYPHbIX 3JieMeHTOB HITFiL-U:IIKJIOTPOHa co3,n:aHbI cpI13I1qecKI1e Mo,n:em1 II 

rrorryqeHbI pacrrpe.n:erreHil51 TPeXMepHbIX 3JieKTpoMarHIITHbIX rroneli. ITpe.n:rro)KeHbI 

pa.n:IIKaJII>Hble 113MeHeHI151 6onhIIIIIHCTBa cTpyKTYPHbIX 3JieMeHTOB rrepBonaqarrr,Horo 

TexnuqecKoro npoeKTa HITFiL-U:IIKJioTpona, ycTaHOBKa HOBhIX 3JieMeHTOB 

ynpaBrreHil51 rryqKoM. IToKa3aHo, qTo Bee rrpe.n:no)KeHHble MO.UI1cpI1Kau:1m Be.n:yT K 

yBem1qeHillO 11HTeHC11BHOCTII BbIBe,n:eHHoro rryqKa 6orree qeM B meCTb pa3 no 

cpaBHeH1110 c ycKopeH11eM B rrepBoHaqanhHOM BapilaHTe ycTaHOBKli. B pe3yJibTaTe 

BHeceHhI cyro:ecTBeHHbie 113MeHeH1151 B TeXHI1qecK11li npoeKT ycKop1uen5I. HITFiL-

1(11KJIOTpoH HaXO)l;IITC51 B CTa)l;IIII C03,IJ;aHil51. 3arrycK HaMe"tJeH Ha IllOJib 2013 ro,n:a. 

2. Pa3pa60TaHa KOHcp11rypau1151 HOBOH u;eH'IpaJibHOH 30HbI A VF-U:IIKJIOTpoHa (RlKEN, 

JIIIOHI151), 06ecneq11BaIOII(a5I B03MO)KHOCTb ycKopeHil51 Ha nepBOH rapMOHIIKe Bq nOJI51. 

HoBa51 cTpyKTypa ueHTpa 6I>ma o.n:o6peH:a II BbI6paHa B KaqecTBe 3aMeHhI 

cyro:ecTBYIOII(eH. TipI1H51TO peIIIeHHe 0 3aMeHe u;eHTpaJibHOH o6naCTII U:IIKJIOTpoHa B 

2012 ro.n:y. 

3. BnepBbie ccj:>opMyrrI1poBaH HOBhIH crroco6 yMeHhIIICHil51 3HepreT11qecKoro pa36poca B 

BI>rne.n:eHHOM rryqKe B H3oxpoHHOM U:IIKJIOTpone. PacqeTHbIM rryTeM noKa3aHo, qTo 

npI1MeHeHI1e ,n:aHnoro MeTo,n:a Be,r:i;eT K yMeHbIIIeHHIO pa36poca no 3HeprI1II 6orree qeM 

Ha nop51.UOK. IToKa3aHa B03MO)KHOCTh peanIJ3au;1m .n:aHHoro MeTo,na c IIcnoJII>30BaHIIeM 

cyro:ecTBy10ro:e:H: Ha ycKopIITene cIJcTeMhI "Flat Top". Bnocrre.n:cTBIIII .n:aHHI>IH crroco6 

6I>IJI 3anaTeHTOBaH II 3KCnepHMeHTaJibHO no,n:TBep)K.n:eH. 

4. l1HTeprrpeTI1poBaHbI 3KcrrepI1MeHTaJibHb1e ,n:aHHbie Ha l(IIKJIO'fPOHe NIRS-930 (NIRS, 

JlnOHI151), OCHOBbIBa51Cb Ha rrpoBe,UeHHOM ,UeTaJibHOM Mo,n:enilpOBaHHII ycTaHOBKII c 

yqeTOM 3cpcpeKTOB npocTpaHCTBCHHOro 3ap51,Ua rryqKa II B 'IpCXMepHblX 

3JieK'IpOMarHIITHblX nOJI51X CTpyKTYPHblX 3JieMeHTOB. 

5. ITpoaHaJIII3HpoBaHa cpyHKl(HoHaJibHOCTh JIIIHIIII IIH)KeKU:IIH ycTaHOBKH FRlB (MSU, 

CIIIA), ocnoBI>IBaJicb Ha pe3ynr,TaTax yHHKaJibHoro pacqeTa .UHHaMHKII 

MHOI'OKOMIIOHeHTHOrO nyqKa c npeU:I13IIOHHbIM yqeTOM npOC'IpaHCTBeHHoro 3ap51.n:a 

rryqKa B TpexMepHbIX 3JieKTpoMarHHTHhIX non51x CTPYKTYPHI>Ix 3JieMeHTOB. YKa3aHhI 

orrn1MaJibHbie rrapaMeTpbI c03,r:i;aHHoiI onTIJqecKoli CHCTeMI>I II 3JieMeHThI CTPYKTYPhI, c 
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IIOMOlI(blO KOTOpbIX Be.n;eTC51 KoppeKTHpOBKa BJIH5IHH51 rrpocrpaHCTBeHHOro 3ap51.n;a 

rryT.IKa. Pa3pa6oTaHbI cpH3HT.IecKHe MO,IJ,eJIH ocHOBHbIX cTpyKzypHhIX 3JieMeHTOB 

CHCTeMbl. Bee pe3yJibTaTbl OKa3aJIHCb BOCrpe6oBaHbl H BOIIIJIH B rrpoeKT ycTaHOBKH, 

peIIIeHHe 0 HaT.IaJie CTpOHTeJibCTBa KOTOpo:H: 6bIJIO rrpHH5ITO B MapTe 2012 ro,IJ,y. 

6. C03.n;aH MHorocpyHKU:HOHaJibHbIH KOMIIJieKc rrporpaMM ,IJ;JI5I aHaJIH3a .IJ:HHaMHKH qacTHQ 

B U:HKJIOTpoHax H JIHHIUIX HH)l(eKU:HH c yqeTOM IIOTepb T.IaCTHI( Ha crpyKTypHbIX 

3JieMeHTaX ycTaHOBKH, BKJUOT.IaIOlI(HH pactieT CHJI rrpocTpaHCTBeHHOro 3ap5I.n;a rryqKa. 

IIporpaMMHbIH KoMrrJieKc o6ecrreT.IHBaeT rrpoH3Be.n;eHHe pacT.IeTa .IJ:HHaMHKH qacTHQ OT 

BDIXO,IJ;a H3 HCTOT.IHHKa HOHOB H ,IJ;O BbIBO,IJ;HOro OKHa ycKopHTeJI5I. OH IIO,IJJ!;ep)l(HBaeT 

MHO)l(eCTBO OTITHT.IeCKHX 3JieMeHTOB, HCIIOJib3yeT peaJIHCTHT.IHhie rpexMepHbie 

pacrrpe.n;eJieHH5I BeJIHT.IHH 3JieKTpoMarHHTHbIX IIOJieH. )J;JI5I rronyT.IeHH51 6oJiee TOT.IHbIX 

Ol(eHOK OIITHMJiI3HpoBaHo HCIIOJib30BaHHe BbIT.IHCJUITeJibHhIX pecypcoB rrepCOHaJibHOro 

KOMIIhIOTepa. 
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