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O:litu;MI XAP AKTEPHCTHKA P ABOThl 

B JJ;Hcceprnu;.m1 H3JIO)l(eHhI pe3yJihTaTI:.I pa.3pa6oToK H HCCJieJJ;oBaHHH, 

BbIIIOJIHeHHhIX COHCKaTeJieM B J1a6opaTop1rn 5!,ll;epHbIX rrpo6JieM 06'.be)l;HHeHHOro 

HHCTHTYTa 5!,ll;epHbIX HCCJie,ll;OBaHHH (JI5III OMJIH) B rrepHOA c 2004 no 2012 ro,ll; B 

paMKax rrpo6neMHO-TeMaTH"CJecKHX rrnaHoB Hay-qHo-HccrreJJ;oBaTeJihCKHX pa6oT OH5IH 

(N2 03-2-1102-2010/2012 "CoBepmeHCTBOBaHHe <l>a.30TpOHa JI5III (OMJIH) H 

pa.3pa6oTKa QHKJIOTpOHOB ,ll;JI5I cpH3Hl:JeCKHX H rrpHKJia)l;HhIX HCCJie,ll;OBaHHH") H 

rrpoTOKOJIOB o Me)l<JJ;yHapoJJ;HOM COTPYAHIPiecrne, ocym:ecTBJI5IIDID:eMc5I Me:JK,IJ;y OH5IH 

H llHCTHTYTOM 5!,D;epHo:H cpH3HKH DonhcKo:ii aKaJJ;eMHH HayK (MJI<l> IIAH) (N2 3970-2-

10/12 "IIpoTOKOJI 0 BbIIIOJIHeHHH COBMeCTHOH HayqHO-HCCJie,D;OBaTeJibCKOH pa60TbI"). 

Pa6ora BhIIIOJIHeHa rrpH cpHHaHcoBo:H IIOJJ;Aep:>KKe P<l><l>H, rpaHT N2 10-01-00467-a. 

AKryaJihHOCTL. B HacTo5Im:ee BpeM5I OJJ;HIIM H3 rnaBHhIX HarrpaBJieHHH B o6nacTH 

pa.3BHTH5I ycKOpHTeJibHOH TeXHHKH 5IBJI5IeTC5I pa.3pa60TKa, rrpOH3BO,ll;CTBO H 

3KcrrnyaTaQH5I yHHBepcanbHhIX moxpoHHhIX I(HKJIOTpOHOB. 0HH HaXOMT rrpHMeHeHHe 

KaK B o6JiaCTH HaY"CJHhIX HCCJie,D;OBaHHH (rrpOH3BO)l;CTBO pa,ll;HOH30TOIIOB ,ll;JI5I 

HCCJie,ll;OBaHHH B o6naCTH 5!,ll;epHOH crreKTpOCKOITHH, 3JieKTp05I,ll;epHa5I 3HepreTHKa), TaK 

lI B o6JiaCTH Me)l;HQHHhI (rrpOH3BO,ll;CTBO pa,ll;HOH30TOIIOB ,ll;JI5I pa.3JIHqHhIX BH,ll;OB 

TOMorpacpHH, npoTOHHM Teparrm.c paKOBhIX orryxone:H): DC-601, AIC-1442, VINCY3. 

l.J;HKJIOTpOHhI )l;aHHOrO BH)l;a 5IBJI5IIDTC5I MHOrou;erreBbIMH H MoryT HCilOJib30BaTbC5.! ,ll;JI5I 

ycKopeHH5I qacTHI( c pa.3JIH"CJHbIM OTHOIIIeHIIeM qHcJia CTaH,ll;apTHbIX e,ll;HHHI( aTOMHOH 

MaCCbI K qHcrry :meMeHTapHbIX 3ap5I,ll;OB (A/Z). 3Heprn5I BhIBO,D;a B TaKHX MaIIIHHax 

MO)l(eT rmaBHO BapbHpOBaTbC5.! )l;JI5I Ka:JK,IJ;oro nrna ycKOp5IeMbIX qacTHI(. 

,[(HccepTaJJ;HOHHM pa6oTa ITOCB5IID:eHa C03,ll;aHHID H rrpHMeHeHHID Ha rrpaKTHKe 

HOBOH MeTOAHKH MaTeMaTHqecKoro MOJJ;emrpoBaHH5I pe)KHMOB pa60TbI MHorou;erreBoro 

H3oxpoHHoro I(HKJIOTpoHa AHU:-144, pacrroJIO)l(eHHoro B IUI<l> DAH H 

1 http://fls2.jinr.ru/flnr/dc60.html 
2 http://www. ifj .edu.pl/str/dc/index.html 
3 http://www.vinca-at.org/tesla.html 
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rrpe,n;Ha3Hal:JeHHoro KaK ,n;IDI rrpoBe,n;emrn: rrpoTOHHOH Tepamur MenaHOMbI rml3a y 

rrau;HeHTOB (rrpH pa6oTe B OCHOBHOM pe:arnMe), TaK H ,n:mI rrpOH3BO,UCTBa 

pa,n;HOli30TOIIOB, HCIIOJib3yeMbIX B Hay1IHbIX IICCJie,n:oBaHmrx B o6naCTH 51,UepHOH 

crreKTpocKOIIIIH. AH[(-144 6nIJI pa3pa6ornH rpyrrrroil: coTpy.n;HHKOB IUI<I> ITAH rro,n: 

pyKoBO,IJ;CTBOM ,n:-pa E.CxBafo4. CrrcTeMa Bbrno.n;a AH[(-144 6nma pa3pa6ornHa 

rpyrrrro.H coTpy,n;HHKOB OIUII1 rrpH y-qacTIIH coTpy,n;HHKOB IUI<I> ITAH5• 

PaccMaTp1rnaeMa5I MeTO,n:HKa II03BOIDieT Mo.n;ennpoBaTb HOBbie pe)KHMbI pa6oTbI AH[(-

144 H rrepexo,n:HTb Ha pa6oTy c HliMii 6e3 OCTaHOBKII H pa360pKH Il;liKJIOTpoHa ):(JUI 

rrpoBe,n;eHH51 ,n:orroJIHHTeJibHbIX MarHHTHbIX H3MepeHHH. HoBM MeTO,n:HKa co,n:ep)KHT B 

ce6e Ha6op anropHTMH1IeCKH CB513aHHbIX MeTO)J;OB ,UJI51 pacqeTa TOKOB B rnaBHOH 

KaTyIIIKe, ,UBa,n;uaTH KOHIIeHTpHl:JeCI(HX KaTymKax, B ,n:Byx rrapax rapMOHHl:JeCKHX 

KaTyIIIeK, a TaK)Ke ):(JUI l:JHCJieHHOro KOHTpOJI51 TOqHOCTH pacl:JeTa moxpOHHOro 

MarHHTHOro rromr, paccqHTbIBaeMoro no aHaJIHTnqecKHM <PopMynaM M.M.fop,n:oHa6 

(IlpHn., rr.l). 06mIIli anropHTM Mo,n:e1mpoBaHH5I HOBbIX pe)J(HMOB pa60T11 AH[(-144 

BKJUoqaeT B ce651 pactieT TOKOB BO Bcex KaTyIIIKaX UliKJIOTpOHa [K6]+[K13], 

l:JliCJieHHbIH KOHTpOJib TOtIHOCTH pac11eTa moxpoHHOro MarHHTHOro ITO.JUI [K14], 

aHaJiliTHl:JeCKHH pac11eT tPa30BOro ,L(BmKeHH517 H 1IaCTOT CB060,UHbIX KOJie6aHMH [K3] 

ycKop5IeM11x HOHOB. B o6mnH: anropIITM BXO,U5IT pa6otirre anropHTMbI, II03BOJI5IIOIT(He 

no HaH60JibIIIeMy 3HatieHHIO TOKa BbIBe,n:eHHOro rry-qKa IIpOBO,IJ;liTb: 

• y nyqmeHHe cpa30BOro ,UBH)J(eHH5I ycKop5IeMbIX 11aCTHU, KOTOpoe IIpOBO,IJ;HTC5I 3a 

cqeT perynIIpOBKH aMIIJIHTY,IJ;bl u;eHTpaJibHOro 6aMrra pe3yJibTHpy10mero MarHHTHOro 

IIOJI51 UHKJIOTpOHa (OT TOK OB B rnaBHOM KaTyIIIKe H B ,IJ;Ba,n;u;aTII KOHD;eHTpHqecKHX 

KaTyIIIKax) [K13]. 

4 E.CxBafo M JJ.p. MarnMTHasi: cttcTeMa aBTOMaTtt1IecKoro moxpoHHoro IJJfKJIOTpoHa AIC-144. 
II Proceedings of the International Seminar on Isochronous Cyclotron Technique. Institute of 
Nuclear Physics, Krakow, 13111-18111 November, 1978. Pp. 23 7-256. Krakow, 1978. 
5 Nikolaj A. Morozov and others. A new extraction system for the upgraded AIC-144 
cyclotron. II NUKLEONIKA, 2001. International Journal of Nuclear Research, V.46 (2). Pp. 
51-57. 
6 M.M.Gordon. Calculation oflsochronous Fields for Sector-Focused Cyclotrons// Particle 
Accelerators, 1983. Vol. 13. Pp. 67-84. 
7 T.Stammbach. Cyclotrons. II Joint Universities Accelerator School. Archamps-France. 1997. 
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• 0rrTHMH3aI(HIO rrapaMeTpOB MarHHTHOH CHCTeMbI U:HKJIOTpoHa (perynHpOBKY 

aMITJIMTY.Ubl lI cpa3bl rrepBOH rapMOHMKH pa6o"l!ero MarHMTHOro rromr ycKOpHTemr (OT 

TOKOB B rnaBHOM KaTyIIIKe, B ,ll;Ba,D;I(aTM KOHI(eHTpM"l!eCKHX KaTyIIIKaX H B ,r:i;Byx rrapax 

rapMOHMqecKMX KaTyIIIeK), rrpoBO,ll;HMyIO Ha pa.n;nyce 3a6poca rryqKa ycKopeHHbIX 

MOHOB B :meKTpOCTaT:rrqecKMH .n;ecpneKTOp) [Kl 3]. 

Pe)J(HM pa6oTbI AHIJ;-144 rrpe,r:i;cTaBmreT co6oH: Ha6op cne,n;y10m:rrx rrapaMeTpoB: 

TMII ycKop5IeM:&Ix qacTHI(, 3Ha-cieHMe Harrp5DKeHM5I Ha ,n;yaHrnx, 3Ha-cieH:rre -ciacTOTbI BlI

reHeparnpa lI 3HaqeHH5I TOKOB BO Bcex KaTyIIIKax, cpopMMpyIOII(HX pa6o-ciee MarHHTHOe 

none I(HKJIOTpoHa. Pe:llmM pa6oT:&I ,n;omKeH o6ecrre-cinBaTb KaK ycrrernHoe ycKopeH:rre 

rry-ciKa 3ap5I)J(eHHbIX qacTMI( c 3a,L(aHHbIMH rrapaMeTpaMH BO BCeM ,L(HaIIa30He pa6oq:rrx 

pa,n;MycoB OT HCTO"CJHHKa MOHOB ,L(O CHCTeMbl BbIBO,n;a, TaK H BbIBO,L( rryqKa ycKopeHHbIX 

MOHOB M3 ycKOpHTeJI5I. 

B Tpa,r:i;HI(MOHHOM rrpe,n;craBneHHH rrepexo,n; Ha HOBhIH pe)J(HM pa6oT:&I AHIJ;-144 

CB5I3aH c Heo6xo.n;HMOCTblO rrpoBe,n;eHH5I ,L(OIIOJIHMTeJibHbIX MarHHTHbIX H3MepeHHH, 

rrpH KOTOpbIX I(HKJIOTpOH OCTaHaBJIHBaIOT H pa36HpaIOT c I(eJibIO ycTaHOBKH BHYTPH 

BaKyJMHOH KaMepbI lI3Mep.HTeJibHOro o6opy,n:oBamrn. Ilpli 3TOM II3Mep5IIOTC5I KapTbl 

OCHOBHOro MarHHTHOro IIOJI5I (OT TOKa B rnaBHOM KaTyIIIKe) H KapTbl .IJ:OIIOJIHHTeJibHbIX 

MarHMTHbIX rroneii (OT TOKa B rnaBHOH KaTyIIIKe H MaKCHMaJibHOro TOKa B Ka:II(,IJ;OH 

OT,L(eJibHO B35ITOH KOHI(eHTpH-ciecKOH KaTyrnKe; OT TOKa B rnaBHOH KaTyIIIKe H 

MaKClIMaJibHOro TOKa B Ka:>K,L(OH OT)J;eJibHO B35ITOH nape rapMOHHqecKHX KaTyrneK). 

06mee BpeM5I rrepexo,n;a Ha HOBbIH pe)J(llM pa60T1>1 AHD;-144 3aHHMaeT KaK MHHHMYM 

O)J;lIH MeC5II(. C10.ua BXO,L(MT BpeM5I Ha pa360pKy ycKopMTeJI5I, ycraHOBKY 

H3MepMTeJibHOro o6opy,n;oBaHM5I, M3Mepem1e KapT lICXO,L(HbIX MarHMTHbIX rroneii, 

MarHMTHbie H3MepeHM5I B u:eHTpe I(lIKJIOTpoHa, qMcJieHHbie H aHaJIMTH"CJeCKHe pac-cieTbI, 

rrpoBe,n;eHIIe p5I,n;a pacqeTH0-3KCIIepHMeHTaJibHbIX HTepaI(HM, BKJIIOqaIOII(lIX B ce65I 

rroo-ciepe,n;Hoe H3MepeH.He KapT pe3yJihTHpyIOmero MarHMTHoro rron5I II rrepecqeT 

ycTaHaBJIMBaeMoro pe)J(IIMa pa6oTbI. Cro,n;a TaK)J(e BXO,L(HT BpeM5I Ha c6opKy, 3arrycK M 

HaJia,D;KY pa60Tbl ycKOpHTeJI5I B HOBOM pe)J(HMe. 

HaMHoro 6onee y.n;o6HI>IM rrpe,n;craBJI5IeTC5I rro,n;xo,n;, Kor,n;a HOBbIH pe:amM pa6oT:&I 

MO,L(eJIMpyeTC5I 6e3 OCTaHOBKH H pa36opKM I(lIKJIOTpOHa .D:JI5I rrpoBe,n;eH.H5I 
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.n:orronmueJibHbIX Marm:ITHbIX H3MepeHHH. Mo.n:emrpOBaHIIe B 3TOM cnyqae 

ocyrn;ecTBmieTC.H Ha OCHOBe y)Ke HMeIOID;IIXC5.I: II3MepeHHbIX H rrepeC':IBTaHHbIX KapT 

IICXO,I(HbIX MafHHTHbIX rrone:H. TaKOH rro.n:xo.n: Tpe6yeT pa3pa60TKI:I II pa3BIITII5.I:, KaK 

p5.1:,r:i:a HOBbIX MaTeMaTIIqecKFIX Mo.n:ene:H, TaK 1:1 p.H,n:a rrporpaMMHbIX II pa6oqIIx 

anropl:ITMOB. I1p1:1 IICIIOJib30BaHHH HOBOfO rro.n:xo.n:a, BpeM.H rrepexo.n:a Ha 

MO,n:enHpyeMbIH pe)KIIM pa60TbI 3HaqI:ITeJibHO COKparn;aeTC5.I:. HarrpIIMep, rrepexo.n: Ha 

ocHOBHOH pe)KHM pa6oT:bI AHI(-144, ocyrn;ecTBneHH:bIH B HIOHe 2009 ro.n:a, 3aH5.l:JI 

Bcero rnecTb qacoa. C10.n;a aornno BpeM5.1: Ha aHan1:1T1:1qecKHe H qJicneHHbie pacqeT:bI, 

H3MepeHl:Ie TOKa BHyTpeHHero l:I BHeIIIHero rryqKa ycKopeHHbIX l:IOHOB, a TaK)Ke BpeM5.1: 

Ha ynyqrneH1:1e cpa3oaoro .D:BIDKeHH5I ycKop.HeMbIX qacTHII. Ern;e .n;Ba qaca yrnno Ha 

OIITIIMl:I3aIIHIO rrapaMeTpOB MafHHTHOH CI:ICTeMbI IIIIKJIOTpOHa, rrpoBe,n:eHHyIO Ha 

ycKopHTene B arrpene 2011 ro,n:a. 

B CB5I3I:I c IIOCT05.l:HH:bIM paCIIIHpeHI:IeM Kpyra 3a,IJ;aq, pernaeM:bIX Ha MHOfOIIeJieBOM 

I:I3oxpoHHOM IIHKJIOTpoHe AHI(-144, (yaen1:1qeHIIe KirneT11qecKo:H: 3HeprIIH Bnrno.n:a, 

K03cpcpHIII:IeHTa BbIBO,IJ;a rryqKa ycKopeHHbIX I:IOHOB l:I T.rr.), a TaK)Ke B CB5.1:3II c 

I:I3MeHeHIIeM ycnoBHH ycKopeHFIH 3ap5I)l(eHHbIX qacTFIII (yBenIIqeHIIe Harrp5I)Kemrn: Ha 

.n:yaHTaX, yxo.n: II BOCCTaHOBJieHHe rrapaMeTpOB MarHI:ITHOH CIICTeMbI III:IKJIOTpOHa II 

T.rr.), peryJI5IpHO B03HHKaeT 3a.n;aqa rrepexo.n:a Ha HOB:bie pe)KHMbI pa6oTbI III:IKJIOTpoHa 

(3a.n;aqa cpopMI:IpOBaHl:I.H HOBbIX pa60"tll:IX MafHI:ITH:bIX rrone:H). IlOCKOJibKY MarHHTHbie 

I:I3Mepemrn Ha AHI(-144 rrpoao,r:i:5.l:TC5.I:, B cpe.n:HeM, pa3 B rnecTb neT, a Heo6xo.n:1:1MocTb 

rrepexo.n:a Ha HOBbie pe)KHM:bI pa6oTbI B03HIIKaeT He pe)l(e qeM pa3 B ,IJ;Ba ro.n:a, 3a.n:aqa 

pa3pa60TKl:I MeTO,I(OB ll anropI:ITMOB MaTeMaTII"tJ:eCKOfO MO,ll;eJIHpOBaHII.H, C03,I(aHII51 Ha 

!:IX OCHOBe rrpo6neMHO-OpHeHTHpoBaHHbIX KOMIIJieKCOB rrporpaMM, I:ICIIOJI:b30BaHI:I5.I: 

C03,I(aHHOfO rrporpaMMHOfO o6ecrreqeHH51 ,I(JI5.I: KOMII:bIOTepHoro MO,I(eJII:IpOBamrn: HOBbIX 

pe)l(HMOB, orrepaTIIBHOfO rrepexo.n:a Ha pa6oTy c HHMI:I 6e3 OCTaHOBKII Ii pa360pKI:I 

IIHKJIOTpoHa ,I(JI5.I: rrpoBe,n:eHFIH .norronHHTeJil>HbIX MarHHTHbIX I:I3MepeHI:IH 5.l:BJI5.l:eTc5.I: 

3KOHOMI:IqecKH IIenecoo6pa3HOH II aKTYaJibHOH. 
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:QeJIL ~HCCepTanHOHHOH pa60Tbl 3aKmoqaeTCJJ:: 

I. B pa3pa6oTKe HOBOH MeTO,llJIKH MaTeMaTnqecKoro Mo,n;ennpoBamrn pe)KHMOB 

pa6oToI MHoror.i:eneBoro I:I3oxpoHHoro U:HKJIOTpoHa Alll..(-144, II03BOJI5.IIOI.Qe:H 

rrepexo,n;I:ITb Ha pa6oTy B MO,n;enHpyeMbIX pe)KHMaX 6e3 OCTaHOBKM H pa36opKH 

ycKopnTeJIJJ: ,D;JIJJ: npoBe,n;eHH5.I .D:OIIOJIHMTeJibHbIX MarHHTHbIX M3MepeHH:H. 

2. B c03,n;aHMM Ha JJ:3hIKe nporpaMMHpoBamrn C++ B cpe,n;e MS Visual Studio .NET 

KOMnneKca nporpaMM Cyclotron Operator HELP Program Complex 2004-2012 H 

.n;irnaM:aqecKH CB5.13aHHOH 6n6mrnTeKM GaussDLL, peanmyromnx pa3pa6oTaHHDie 

MaTeMaTHqecKHe MO)];eJIM H anropHTMbI. 

3. B rrpaKT:aqecKoM npHMeHemrn: pa3pa6oTaHHoro rrporpaMMHoro o6ecrreqeHM5.I nprr 

KOMIIbIOTepHOM MO,n;enrrpoBaHMH HOBbIX pe)KHMOB pa60TbI Alll..(-144 (B TOM qn:cne 

OCHOBHOro pe)KHMa pa60TbI U:HKJIOTpOHa: rrpoTOHbI, KHHern:qecKaJJ: :meprMJJ: BbIBO,n;a 

Ek ~60160,5 M3B, qacTOTa sq-reHeparnpa Frf =26,155126,25 MI'11). 

4. B <Prr3rrqecKOM 3arrycKe AHI(-144 B ocHOBHOM pe)KMMe ero pa60T1>1 H B 

rrpaKTrrqecKOM HCilOJib30BaHHH nyqKa BbIBe,n;eHHbIX rrpOTOHOB ,D;JI5.1 a,n;pOHHOH TepaIIMM 

MeJiaHOMbl rJia3a y nepBOH rrapTHH rrau;rreHTOB. 

Harman HOBH3Ha 

1. Pa3pa60TaHa HOBaJJ: MeTO,D;HKa MaTeMaTrrqecKoro MO,D;eJIHpOBaHH5.I pe)KHMOB 

pa60T1>I MHorou;eneBoro H3oxpoHHoro U:HKJIOTpoHa Alll..(-144, TI03BOJIJJ:IOI.QaJJ: 

nepexo.n;HTb Ha pa6oTy B MO,D;eJIHpyeMbIX pe)KHMax 6e3 OCTaHOBKH H pa360pKH 

ycKoprrTeJI5.I ,IJ;JIJJ: npoBe,n;eHH5.I ,IJ;OilOJIHHTeJibHbIX MarHHTHbIX M3MepeHHM [Kl]+[K14]. 

2. BrrepBbie C03,D;aHbI MaTeMaTrrqecKaJJ: MO,n;eJib H anropMTM, KOTOpbie II03BOJIJJ:IOT 

npoBO,IJ;HTb pacqeT TOKa B rnaBHOM KaTyIIIKe AHI(-144 Ha OCHOBe KapT HCXO,ll;HbIX 

MarHHTHbIX none:H, H3MepeHHbIX ,IJ;JIJJ: Tpex ypoBHe:H TOKa B KaTyIIIKe B036y)K.n;eHH5.I 

rnaBHOro MarHMTa [K9]. 

3. Pa3pa6oTaH HOBbIH MeTO.IJ: pacqera TOKOB B ,IJ;Ba,n;u;aTH KOHU:eHTprrqecKMX KaTyIIIKax 

,IJ;JIJJ: paccqrrTaHHOro ypoBH5.I TOKa B rnaBHOH KaTyIIIKe AHQ-144, OCHOBaHHbIH Ha 

MHHHMH3aI!HH KBa.n;paTH"CJHOfO tPYHKIJ;MOHana, B COCTaB KOToporo BBe,D;eHa IIITpa<l>HaJJ: 

<l>YHKIJ;HJJ:. ,D;aHHaJJ: <l>YHKIJ;HJJ: rrpe.n;Ha3HaqeHa ,IJ;JIJJ: HarrpaBJieHHOfO IIOKOMIIOHeHTHOro 
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BBo.n;a BeKTopa perneHJUI (BeKTOpa HOpMHpOBaHHbIX 3HaYieHJdi onTHMH3HpOBaHHblX 

TOKOB B KOHUeHTpHYieCKHX KaTyrnKax) B rpaHHUhI o6JiaCTH ,nonycTHMblX 3HaYieHHH. 

Bso.n: HaM:,n:eHHoro BeKTopa pernemui: B paMKH 3a,naHH1>Ix rpaHHYIHhIX 3HaYieHHM 

ocy:ru;ecTBJI51eTC51 B HanpaBJiemrn, onpe.n:e1rneMOM B COOTBeTCTBHH c pacnoJIO)l(eHHeM 

30H BJIH5.IHH51 KOHUeHTpHYieCKHX KaTymeK Ha ocHOBHoe MarHHTHoe none AHU-144 (oT 

:a;eHTpa K Kparo UHKJIOTpOHa) [K6]+[K10]. 

4. BrrepBbie C03f];aHbI MaTeMani:qecKaH MO,I(eJib H anropHTM, KOTOpbie n03BOJI51IOT 

npOBO,[(HTh pacYieT TOKOB B ,UByx napax rapMOHHYieCKHX KaTyrneK ,I(JI5.I paCCYIHTaHHOro 

ypoBHH TOKa B rnaBHOH KaTymKe AHU-144. PacYieT npoBO.l(HTCH nyTeM pernemrn: 

Heo,n:Hopo,n:HOM CHCTeMbl HeJIHHeMHbIX anre6pan:qecK.HX ypaBHeH.HH, pernaeMOH 

.HTepa:a;HOHHhIM cnoco6oM [Kl l]+[K13]. 

5. YcoBeprneHCTBOBaH MeTO,l( KOHTPOJI5I TOYIHOCTH pacqern H30XpOHHOro MarH.HTHOro 

nonH, paccYIHT1>rnaeMoro no aHaJIHTnqecKHM ¢opMynaM M.M.fop,n:oHa. IloKa3aHo, qTo 

.IJ:JI51 OCHOBHOro pe)l(.HMa pa60Tbl AHL(-144 3HaYieHHe MO.IJ:YJI5I OTHOC.HTeJibHOH omn6K.H 

qacTOTbI o6pa:ru;eH.H51 npoTOHOB BO BCeM .n;Hana3oHe H30XpOHH3aU.HH cl>opMHpyeMoro 

MarHHTHoro rroJIH cocTaBJI5IeT I <Ypo J<2,5E-4, YITO conocTaBHMO no csoen BeJIHYIHHe co 

3HaYieH.HeM MO.IJ:YJI5I OTHOC.HTeJibHOH rrorpeIIIHOCTH H3MepeH.H51 KapT HCXO,l(HbIX 

MarHHTHhIX noneM:, H3MepHeMhIX c noMO:W:bIO .n;aTYIHKa Xonna, I ams J~ 1 +2E-4 [Kl 4]. 

IlpaKTH'leCK3H 3H3'lHMOCTh 

1. Ha 513hIKe nporpaMMHposaHH.H C++ B cpe.n:e MS Visual Studio .NET B crnH.n:aprnx 

DBA (Dialog-based Application) H SDI (Single Document Interface) co3.n;aHo 

nporpaMMHOe o6ecneqeHne, peanmyro:ru;ee pa3pa6ornHHI>Ie MaTeMaTHYiecKne Mo.n;enn 

H anropHTMhI: 

• KoMnneKc nporpaMM Cyclotron Operator HELP Program Complex 2004-2012, 

ycrnHOBJieHHhIM Ha cepsepe AHU-144 H ncnon1>3yeM1>IH .IJ:JI5I Mo.n:em1poBaHH5.I HOBhIX 

pe)l(HMOB pa60TbI UHKJIOTpOHa. 

• )J;nHaMHYieCKH CB5.I3aHHa51 6n6JIHOTeKa GaussDLL, BKJIIOYiaIOIIJ;aH B CBOH. COCTaB 

KOMnneKc rrporpaMM MaTpHYIHO-BeKTOpHhIX onepannii n pemeHHH CJIAY c 
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BeI.IJ;ecTBeHHbIMH K03cpqm::u;:aeHTaMH, pa3MeI.IJ;eHHa.H Ha caiiTe OH5IH B 6:a6n:aoTeKe 

roTOBbIX rrporpaMM JINRLIB [K15]. 

2. C rroMOI.IJ;bIO KOMITJieKca rrporpaMM Cyclotron Operator HELP Program Complex 

2009 .IJ:lliI AH[(-144 6hIJIO BbIITOJIHeHO KOMITbIOTepHoe Mo.n:enrrpoBaHHe OCHOBHoro 

pe)l(HMa ero pa6oThI, rrpe.IJ:Ha3HaqeHHoro .n:mi: ycKopeHH51 rryqKa rrpoTOHOB c 

Heo6XO.IJ:HMbIMH .IJ:JUI rrpoTOHHOH TeparrmI MeJiaHOMbI rna3a rrapaMeTpaMH: 

KHHern:-.:iecKoli 3Hepr:aeii Bhrno.n:a Ek ~60 M3B, 3HalfeHHeM H cTa6HJibHOCTbIO TOKa 

Bbrne.n:eHHOro rryqKa Ibeam,ext c 20 HA, a!beam,ext ~±5 % COOTBeTCTBeHHO [K7]+[K10]. 

3. CMo.n:emrpoBaHHbIH c rroMOI.IJ;hIO co3,n;aHHoro rrporpaMMHoro o6ecrre-.:ieHH.H 

ocHOBHoli pe)KHM pa6oThI AH[(-144 61>m ycrnHOBJieH Ha :U:HKJIOTpoHe B HIOHe 2009 

ro.n:a 6e3 3MI1HpII1IeCKOH ITO.IJ:CTpOHKH TOKOB B KOHI(eHTPIIlfeCKHX KaTymKax H lfaCTOTbl 

Bq-reHepaTopa. Enaro,n;apx 3cpcpeKTHBHOH pa6oTe COTPY.IJ:HHKOB U:rrKJIOTpOHHoro 

OT.n:ena H5I<!> TIAH H BhICOKoli crn6m11>HOCTII ycTaHOBJieHHoro pe)l(HMa pa6oThI, 

rro,n;pa3.n:eneHHe rrpoTOHHOH Teparrrrn H5I<I> TIAH BrrepBI>Ie Ha rrpOT5I)I<eHHH p51.z:i:a JieT 

rrony-.:r1rno B03MO)l(HOCTb 6ecrrepe6oiiHOH pa60TbI H HCITOJib30BaHH}l rrylfKa 

BbIBe.n:eHHhIX rrpoTOHOB: 

• ,n:n51 HaCTpOHI<li Me,ll;HI(HHCKH:X rrprr6opoB II arrrrapaTypbI, KOTOpa.H rrpoBO.IJ:HJiaCh B 

Te-.:remre OKOJIO ,I(Byx JieT c MOMeHTa ycTaHOBI<H CMo.n:emrpoBaHHOro pe)l(HMa pa60TbI 

Ha AHU:-144. 

• ,n:n5I rrpoBe.n:emrn ycrrenrnoli rrpoTOHHOH Teparrrr:a MeJiaHOMI>I rna3a y rrepBoH: 

rrapTIIH rra:u;:aeHTOB, BrrepB1>1e rrpoBe.n:eHHOH B IT0111>rne Ha AHU:-144 B rreprro;n; c 

cpeBpanx no anpenb 2011 ro,n;a [K12]+[K14]. 

4. C rroMOI.IJ;hIO KOMITJieKca rrporpaMM Cyclotron Operator HELP Program Complex 

2011 .n:nx ocHOBHoro pe)l(HMa pa6oTbI AHIJ;-144 B arrpene 2011 ro,n;a 6bma rrpoBe,n;eHa 

OITTHMH3aI(lrn: rrapaMeTpOB MarHHTHOH CHCTeMhI I(HKJIOTpOHa [K13]. Bnrne,n:eHHbIH 

rryqoK ycI<opeHHbIX rrpoTOHOB 61>m ycrrerrrno HCIIOJib30BaH B H.5!<!> ITAH .n:nx 

rrpOH3BO.IJ:CTBa pa,n:HOH30TOITOB, Hapa6aTbIBaeMhIX c :u;eJibIO rrpoBe,n:eHH}l Hay-.:rHhIX 

HCCJie,n;oBaHHH B o6JiaCTH x.n:epHOH crreKTpOCKOIIHll. 
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IIpaKTfftieCKM 3HatIHMOCTb pa3pa6oTaHHbIX MeTo.n;oB H KOMITJieKCOB rrporpaMM 

,n:OKyMeHTaJibHO rro.r:i;rnep:>K,n:eHa: OTtieTaMH o rrpoBe,n:eHHbIX ua AHIJ;-144 B ITepn:o.n; c 

2004 no 2011 ro.n: <l>H3H"tJ:eCKMX 3KCITepHMeHTaX, IIO,IIJIMCaHHbIMM HalJaJibHHKOM u;o 
I15I<I> IIAH (Ilprrn. rr.2); IIMCbMOM OT ,n:HpeKUHH H5I<I> IIAH K ,n:rrpeKUMM JIHT OI15IH 

BD/47/2011 OT 27 aITpemr 2011 ro,n:a 06 ycrreIIIHbIX pe3yJibTaTaX JielJeHmI paKoBoii 

orryxonH rna3a y rrepBbIX ,n:eB5.ITM ITau;rreHTOB (IlpHJI. rr.3). HoBM MeTO.IJ:HKa H 

pa3pa6oTaHHoe rrporpaMMHoe o6ecITeqeune, rrcrroJib3yeMbie B HacTo5.Irn;ee BpeM5.I JJ:JI5.I 

Mo,n:enHpoBaHH5.I pe:>KHMOB pa6oTbI AHIJ;-144, MoryT HaHTM rnrrpoKoe rrpaKTMlJecKoe 

rrpHMeHeHIIe B rrpol(ecce 3KCIIJiyaTa!IHH aHaJIOfH"tJ:HbIX ycKOpHTene.H:, pacrroJio:>KeHHbIX 

B pa3JIMlJHbIX pOCCHHCKHX H 3apy6e)l(HbIX uay"tJ:H0-3KCrrepHMeHTaJibHbIX ueHTpax. 

Anpo6au;1rn paooThI. OcHoBHbie ITOJIO)l(eHmr H pe3yJibTaTbI .II:Hccepraurrrr 

rrpe,n:cTaBJieHbl H ,[(OJIO)l(eHbl Ha CJie,n:yromHx pOCCHHCKMX H Me:>K,n:yuapO.I(HbIX 

KOHcpepeH1IM5.IX: 

• VI Me)l(.IJ:yHapo,Il;HbIH ceMHHap ITO ITpo6neMaM ycKopMTeneH: 3ap5.I)!<eHHbIX "tJ:aCTM!I 

rraM5.ITM B.II. CapauueBa, 8-10 ceHrn6p5.I, 2005. Anyrnra, Y KpaHHa. 

• XXI Russian Particle Accelerator Conference 2008 (RuP AC 2008), September 28 -

October 3, 2008. Zvenigorod, Russia. 

• The International Conference Mathematical Modeling and Computational Physics 

2009 (MMCP 2009), July 7-11, 2009. Dubna, Russia. 

• BcepoccMlicKrur KOH<i>epeHI(H5.I ( c Me)l(.IJ:yHapo.l(HbIM Y"tJ:aCTHeM): HHcpopMau;rroHHO

TeJieKOMMYHMKaI(MOHHbie TeXHOJIOfMH H MaTeMaTM"tJ:eCKOe MO.IJ:emrpoBaHMe 

BbICOKOTexHonom"tJ:HbIX CHCTeM. 18-22 arrpemr, 2011. MocKBa, PoccH5.I. 

• IX Me:>K.r:i;yuapo.l(Hbill: ceMMHap ITO ITpo6neMaM ycKopHTene.H: 3ap5.I:>KeHHbIX "tJ:aCTH!I 

ITaM5.ITH B.II.CapaHI(eBa 17-21 ceHT5.I6p5.I, 2011. AnyrnTa, YKpaMHa. 

Pe3yJibTaTbI, BKJIIO"tJ:eHHbie B .[(HccepTal(HIO, )J;OKJia.[(bIBaJIMCb Ha ceMMHapax H5I<I> 

IIAH, J1a6opaTOpHn rrmpopMal1HOHHbIX Texuonomli M J1a6opaToprrrr 51.n;epHbIX 

ITpo6JieM 06'be,[(MHeHHOfO MHCTHTyTa 5.I.l(epHbIX HCCJie,[(OBaHMH (JIHT OH5IH, JUIII 

OI15IH). 
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Ily6JinKan;nn. MaTepHarrhI ;:i:Hcceprnu1m ony6rrHKOBaHhI B 14 neqaTHhIX pa6ornx, H3 

KOTOphIX 7 crnTeii B peueH3HpyeMhIX HayqHhIX )KypHarrax, peKoMeH.n:yeMhIX BAK (B 

O.I(HOM 3apy6e)KH0M ll Tpex pOCCllHCKHX) [K2], [K5], [K6], [K8], [K9], [K13], [K14], 3 

CTaThH B HayqHhIX c6opHHKax [KIO]+[K12], 2 CTaThll B coo6iuemrnx OMJIH [K3], 

[K4] ll 2 aHHOTaI.Urn ,D;OKJia,D;OB B MaTep11anax KOH<jlepeHI(llH [Kl], [K7], a TaK)Ke B Bll):l;e 

1 pacnpocTpaHHeMoro nporpaMMHoro rrpo,n;yKrn [K 15]. 

Jinqnhiii BKJiaJJ; aBTopa. Pa3pa6oTKa o6iuero arrropHTMa Mo,n;e;mpoBamrn HOBhIX 

pe)KHMOB pa6onr AHU-144, <}lopMyrrMpOBKa pemeHHhIX B ,n;11cceprnuHn 3a,n:aq, 

co3,n;aHHe MaTeMarn:qecKHX Mo,n;erreli .n;rrH pacqern TOKOB BO Bcex KaTyrnKax 

l(HKJIOTpOHa, ycoBeprneHCTBOBaHHe MeTo.n:a qn:crreHHOro KOHTPOJI5I TOqHOCTH pacqern 

H30XpOHHOro MarHHTHOro ITOJI5I, pa3pa60TKa npo6rreMHO-opneHTHpoBaHHhIX 

KOMITJICKCOB nporpaMM, npoBe,n;eHHe c llX IIOMOl.l(hlO KOMIIhIOTepHoro MO.I(CJIHpOBaHH51 

HOBhIX pe)KHMOB pa60ThI H <}lll3nqecKM llHTepnpernumr norryqeHHhIX qHcrreHHhIX 

pe3yrrI>TaTOB BhmorrHeHLI aBTopoM caMOCTOHTeJILHo. ConcKaTerrr, npnHHMaJI 

Henocpe,n;CTBeHHoe yqacTne B npoBe,n;eHnn Ha AHQ-144 HayqHo-MeTo.n;nqecKHX 

HaTypHhIX 3KCIIepnMeHTOB. 061.l(M IIOCTaHOBKa 3a.n;aT.JH no C03.I(aHHIO HOBOH MCTO,D;HKH 

3arrycKa AHQ-144 B Mo,n;errHpyeMbIX pe)KHMax pa6oTbI, aHaJIH3 ToqHoCTH c.n;erraHHbIX 

pacqeTOB H .I(OCTOBepHOCTH norryqeHHbIX qHcJieHHbIX pe3yJibTaTOB, aHaJIH3 

pe3yJibTaTOB tPll3HqecKHX 3KcnepnMeHTOB npoBO.D;llJIHCb COllCKaTerreM COBMCCTHO c 

HayqHbIMll pyKOBO):l;HTeJIHMll ll coaBTOpaMH. 

,IJ;ocTOBepHOCTh npe.n:crnBJieHHblX B ,D;HCCepTaUHH pe3yJibTaTOB MO,ZJ;eJIHpOBaHHH 

HOBbIX pe)KHMOB pa6oThI AHU-144 rro,n;TBep)K.n;aeTcsr: 

• Pe3ynr,TaTaMH TecTHpoBamrn pa3pa6oTaHHoro nporpaMMHoro o6ecneqeHHH: 

KOMIIJieKca nporpaMM Cyclotron Operator HELP Program Complex 2004-2012 H 

,n;HHaMHqecKn CBH3aHHoii 6H6m:IoTeKH GaussDLL. 

• ConocTaBJICHlleM pe3yJibTaTOB KOMITbIOTepHoro MO,D;CJIHpOBaHHH OCHOBHOro 

pe1KHMa pa6oThI AHU-144, BhIITOJIHeHHOro c rroMOl.l(bIO pa3nnqHhIX BepcH:H 

pa3pa6oTaHHoro nporpaMMHoro o6ecneqeHnH. 

• MeTO.D;HqecKHMH pe3yJibTaTaMH KOHTponsr ToqHoCTH pacqern H3oxpoHHoro 

MarHHTHoro ITOJrn, norryqeHHhIMH nyTeM COIIOCTaBJieHHH aHaJIHTHqecKHX H tJHCJieHHhlX 
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o:a;eHOK, Bl>illOJIHeHHblX Ha OCHOBe HCIIOJII>30BaHIUI pac"LJeTHOH KapThl 

pe3yJII>THpyrom:ero MarHHTHOrO IIOJUI AMIJ:-144. 

• y cnemHI>IMH pe3yJII>TaTaMH Hay-qHO-MeTO)l;HlleCKHX HaTypHI>IX 3KCnepHMeHTOB, 

npoBe,n;eHHl>IX Ha AHQ-144 B nepHO)l; c 2004 no 2011 ro,z:i;. (OTY:IeTI>I, YAOCTOBepeHHI>Ie 

no,n;nHcI>ro HatiaJII>HHKa IJ:O l:Ul<I> IIAH (IlpHrr. n.2)). 

• y crremHI>IMH pe3yJII>TaTaMH npoBe,n;eHIDI rrpoTOHHOH TepanHH MeJiaHOMI>I rJia3a y 

nepao:li rrapTHH na:u;HeHToB, BrrepBI>Ie npoBe.n;eHHOH B IloJII>me Ha AHIJ;-144 B nepno.n; 

c <l>eBpamI no anperrI> 2011 ro,z:i;a. (IIHCI>MO OT ,n;HpeK:a;HH l:Ul<I> IIAH K ,n;HpeK:a;HH JIHT 

Ol:UIH BD/47/2011 OT 27 anpemI 2011 ro.n;a (IlpHJI. rr.3)). 

CTPYKI'YPa H oo'beM ~HccepTa~uu. ,[(Hcceprn:u;1u1 cocTOHT H3 BBe;:t;eHH.SJ:, TPeX rnaB, 

3aKJIIO"LJeHH.SJ: H npHJIOJKeHH.SJ:. CIIHCOK pa6oT, ony6JIHKOBaHHI>IX no TeMe .n;ncceprn:a;HH, 

co,z:i;epJKHT 15 HaHMeHOBaHHH. IlOJIHl>IB o6'beM ,n;Hcceprn:a;HH COCTaBJUieT -- CTPaHHIJ; 

MaIIIHHOIIHCHOro TeKCTa, BKJIIO"LJa.SJ: -- Ta6JIHIJ; H --pHCYHKOB. 

CO~EP'.IKAHHEPA60Thl 

Bo BBe~eHun npHBO.n;.SJ:TCH o6m:a.si: xapaKTepncTHKa H KpaTKoe co.n;epJKaHHe 

;:t;Hcceprn:a;HOHHOH pa60TI>I, CTaBHTC.SJ: 3a,D;alla Ha pa3pa60TKY HOBOH MeTO;:t;HKH 

MaTeMaTHtieCKOro MO;:t;enHpOBaHHH peJKHMOB pa60Thl MHoro:a;eJieBoro H30XpOHHOro 

IJ;HKJIOTPOHa AHIJ;-144, II03BOJUirom;e:H nepexo.n;HTI> Ha pa6ozy B Mo.n;e11HpyeMhlX 

peJKHMax 6e3 OCTaHOBKH H pa360pKH ycKOpHTeJUI )];JUI rrpoBe.n;eHH.SJ: ,z:i;onoJIHHTeJII>Hl>IX 

MarHHTHI>IX H3MepeHHH, .n;aeTC.SJ: p~ocrreKTHBa pemeHH.SJ: IIOCTaBJieHHOH 3a,D;a"LJH, 

npHBO)l;HTC.SJ: onHCaHHe OCHOBHI>IX napaMeTPOB H MarHHTHOH CHCTeMI>I AHQ-144. 

IlepBa.H I'JiaBa )l;HCCepTa:a;HH IIOCB.SJ:m;eHa IIOCTaHOBKe 3a;:t;a"LJH no MO,I(eJIHpOBaHHIO 

OCHOBHOro peJKHMa pa6oTbl AHQ-144, npe.I(Ha3HaY:IeHHoro ,!(JUI ycKopeHH.SJ: nYlJ:Ka 

npOTOHOB c Heo6xo.n;HMI>IMH ,!(JUI rrpoTOHHOH TeparrHH MeJiaHOMbl rJia3a napaMeTpaMH. 

B 3TOH rnaBe paccMaTpHBaeTc.si: rropH;:t;OK rrpoBe;::i;eHH.SJ: MarHHTHI>IX H3MepeHHH, 

TeXHOJIOrH.SJ: no.n;roTOBKH HCXO)l;Hl>IX ,l(aHHI>IX, rrpHBO,l(HTCH OIIHCaHHe pa3pa6oTaHHI>IX 

MaTeMaTHlleCKHX MO,I(eJie:H ,I(JUI pactieTa TOKOB BO BCex KaTymKax AHIJ;-144 

[K6]+[K13]. B rrepBoH: rnaBe paccMaTpHBaIOTC.SJ: ypaBHeHH.SJ: ,D;BHJKemrn, 3aIIHCaHHI>Ie B 
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npH6mnKeHHH 3aMKHyr1IX paBHOBeCHbIX op6HT (6e3 yq:eTa HaIIp.SDKeHHOCTH 

3JieKTplfiieCKoro IIOJUI), qJlcJieHHOe pemeHHe KOTOpbIX II03BOJUieT npOKOHTpOJIHpOBaTb 

TO~OCTb pacqem H30XpOHHoro MarHHTHOro IIOJUI B o6JiaCTH H30XpOHH3aIJ;HH 

qiopMHpyeMoro MarHHTHoro noJUI U:HKJIOTpoHa [Kl4]. Bee pacqeTI>I npoBOMTC5! B 

6e3pa3MepHI>IX BeJIHq1rnax (6e3pa3MepHOCTh napaMerpa o6o3HaqaeTc.s.r *). Tio,n; 

cpe,D;HHMH MaI'HHTHbIMH IIOJUIMH IIOHHMaIOTCJ[ rromr, ycpe,n;HeHHbie no a3HMyTy. 

B nepBOM rraparpad>e CTaBHTCJ[ 3a,n;aqa Ha MO,ZJ;eJIHpOBaHHe OCHOBHOro pe:>KH:Ma pa60Tbl 

AMIJ;-144: npoTOHI>I, KHHeTHTJeCKM 3Heprli5I BhIBo,n;a Ek ~60160,5 M3B, TJaCTOTa Bq-

reHepaTopa Frf =26, 155126,25 MT4. B 3TOM naparpaqie npHBO,ZJ;HTC.s.r co,n;ep:>I<aHHe 

TeXHlfiieCKOro 38,ll;aHHJ[ Ha ycKopemre IIyqKa npOTOHOB c Heo6XO)l;HMbIMH )l;JUI 

npOTOHHOH TepanHH MeJiaHOMbl rJia3a napaMeTpaMH. 

Bo BTopoM naparpad>e paccMaTpHBaeTc.si: rrop.si:,n;oK npoBe,n;eHH5! MarHHTHhIX H3MepeHHH 

H no,n;roTOBKH HCXO)l;HbIX ,D;aHHhIX, HCIIOJib3YeM1IX npH MO)l;eJIHpOBaHHH HOBbIX 

pe)l(HMOB pa6oTI>I AMIJ;-144. 

B TpeTbeM rraparpad>e IIpHBO,ZJ;HTC.sI OIIHCaHHe ,n;syx pa3pa6oTaHHbIX MaTeMaTHTJeCKHX 

MO,ZJ;eJieH:, HCIIOJI13yeMbIX ,n;mr pacTJeTa TOKOB B rJiaBHOH KarymKe H B ,ZJ;Ba,n;u;aTH 

KOHU:eHTpHTJeCKHX KaT)'IIIKaX )];JUI paCCTJHTaHHoro ypOBHJ[ TOKa B KaTYfilKe 

B036y)l()l;eHH.s.r rnasHoro MarHHTa AMIJ;-144. fJiaBHM KaTymKa HCIIOJII>3yeTc.s.r .n;mr 

qiopMHpOBaHH5! OCHOBHoro MarHHTHOro IIOJUI. KoHu;eHrpHTJeCKHe KaTymKH 

HCIIOJib3YIOTC5! .L(lliI KoppeKI(HH OCHOBHOro H CBe,n;eHH.s.r ero K pe3yJihTHpyro~eMy 

MarHHTHOMY rromo. B 3TOM naparpaqie paccMaTpHsaeTc.s.r anropHTM o6ecrreqenH.s.r 

ycTOliTIHBOCTH HCKOMoro pemeHH5!. 

MaTeMaTlfiieCKM MO,ZJ;eJib )];JUI pacTJeTa TOKa B rJiaBHOH KaTymKe AMU:-144 !main work 

crpoHTC.sI c IIOMOIIJ;bIO HHTepnOJUII(HOHHOro IIOJIHHOMa JlarpaH)l(a BTopo:H CTeneHH. 

PacTJeT npOBO,L(HTC.s.r HCXO)l;J[ H3 3a,ll;aHHOro 3Ha1IeHHJ[ pa.nnyca pa6oTJeH TOql(H (MeCTa 

nepeceqeHH.s.£ cpe.ri:Hero OCHOBHOro H H30XpOHHOro MaI'HHTHblX IIOJieli B o6JiaCTH 

KOHe"CJHbIX pa.n;HycoB ycKopeHH.sI HOH OB) Rwork • 3HaTJem1e pa,n;Hyca pa6oTJe:H TO"CJKH 

Rwork onpe.nen.s.reT 3HatieHHe pa6oqero TOKa B rJiaBHOH KaTymKe IJ;HKJIOTpOHa I main,work • 
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y K33aIIHM MaTeMarn:qecKa5I MO,IJ;eJlb ll pacqeTHbIH anropnTM no,IJ;p06Ho paCCMOTpeHbI 

B CTaTbe [K9]. 

MaTeMaTnqecKa5I MO,IJ;eJlb ,Il;J15I pacqeTa TOKOB B ,IJ;Ba,IJ;u;aTn KOHIJ;eHTpirqeCKHX 

KaTyIIIKax AHIJ;-144 Ij, j =1,2 ... z (z=20) ,IJ;J15I paccqHTaIIHoro ypoBH5I TOKa B rrraBHOH 

KaTyIIIKe I main,work CTpOHTC5I Ha OCHOBe ncnOJ1b30BaHH5I MeTo,n;a HanMeHbIIIHX 

KBa,n;paToB8. MaTeMaTn11ecKa5I MO,IJ;enh rrpe,n:cTaBJ15IeT co6oH: KBa,n;parHqHhIH 

cpyHKIJ;HOHan, B COCTaB KOTOporo BBe,IJ;eHa IIITpaqrnaH <i>YHKU:ll5I, npe,IJ;H33HaqeHHa5I ,I(J15I 

HanpaBneHHoro IIOKOMnoHeHTHOrO BBO,I(a BeKTOpa peIIIeHH5I (BeKTOpa 

HOpMHpoBaHHbIX 3Ha"C:IeHHH onTHMll3HpOBaHHbIX TOKOB B KOHIJ;eHTpHqecKHX 

KaTyIIIKax) B rpaHHU:hI o6nacTH ,IJ;orrycTHMbIX 3HaqeHHH. IIpe.IJ;CTaBneHHhIH HH)!<e 

<i>YHKIJ;llOHan cpopManH3yeT MeTO,Il;HKY pacqeTa TOKOB B k KOHI.J;eHTpHqecKnx 

KaTyIIIKax. 

I k _ J,max 
J,lim - I 

J,Iim 

(1) 

• I I =-}-
. ' 

1 fj,max 
Jj,max > 0 (2) 

r,IJ;e B~,max ~ •) - 3TO cpe,IJ;Hee MarHHTHOe none MaKCHManbHoro BKna,n;a j-ou 

KoHneHTpnqecKoH: KaTyIIIKH B ocHOBHoe MarHHTHOe none,· 11. , I '°"" j,lim' Jj,max-

pacqeTHbIH, rrpe,IJ;eJlbHbIH li MaKCHMaJlbHO ,n;orrycTHMbIH TOKH B j-ou KOHIJ;eHTpHqecKOH 

KaTyIIIKe; r * - cpe,IJ;HHH pa,n;Hyc 3aMKHyTo:H: paBHOBecHoiI op6nThI; R;eptum - pa.IJ;Hyc 

pacIIOJlO)!(eHH.sI nepBoro HO)!<a 3JleKTpOCTaTH"lJ:eCKOro ,necpneKTOpa; ,.1,* - nepeMeHHbIH 

napaMeTp IIITpa<i>HOH cpyHKIJ;HH; p - IIOCTO.sIHHbIB rrapaMeTp IIITpacpHOH cpyHKU:HH; k -

qncno CB060,IJ;HbIX KOMIIOHeHT BeKTOpa perneHH5I. 

(3) (4) 

8 C.M.Davisson, R.B.Theus. Linear Programming Vs Least Square Method in Determing the 
Best Trim Coil Currents for the NRL cyclotron.// Particle Accelerators, 1976. Vol. 7. Pp. 103-
110. 
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B:tart ~· )= B:ain ~*)+I B:,const ~ *) (6) 
;=I 

-• (*) -• (*) fj,const B;,const r =B;,max r ·--
IJ,max 

(7) 

r.n;e l:!,,B* ~ •) - 3TO pa3HOCT.& Me)K,ny cpe,n:HHM Tpe6yeMbIM B;ask ~ *) H cpe,n;HHM 

ncxo,n;HbIM MarHHTH.&IM rrorreM B :tart (r'); B ;s ~ *) - H3oxpoHHoe MarHHTHoe rrorre; 

B;nask ~ •) - MaCKa li30XpOHHOro MarHHTHoro rroIDI; 5 B;ump ~ •) - norrpaBKa K 

H30XpOHHOMY MarHHTHOMY nomo, cpopMHpyrorn;aH cpe,n;Hee MarHHTHOe rrorre B ueHTpe 

D;HKJIOTpOHa; 5 B :dge ~ * ) rrorrpaBKa K H30XpOHHOMY MarHHTHOMY rronIO, 

cpopMHpyrorn:M cpe.n;Hee KpaeBoe MarHHTHOe none; B:win ~ *) - cpe,n;Hee OCHOBHOe 

MarHHTHOe none; B:,const~·) cpe,n;Hee MarnHTHoe none BKna.n:a j-ou 

KOHD;eHTpH-ciecKOH KazyIIIKH B OCHOBHOe MarHHTHOe none, TOK B KOTopoH: 

cpHKCHPYIOTCH ITOJib30BaTeneM Ha JII060M .n;orrycTHMOM ypoBHe nnn rrporpaMMOH Ha 

O,Il;HOH H3 rpaHHD; o6nacrn: .n:orrycTHMbIX 3Ha"CJ:eHHH (rrpH MCKnIO"CJ:eHHH j-ou 

KOHD;eHTpH-cieCKOH KaTyIIIKH H3 pac-creTa - B Hyne); lj,const - cpHKCHpOBaHHbIH TOK Bj-

ou KOHD;eHTpH-ciecKOH KaTyrnKe; m - 3TO "CJ:HCJIO cpHKCHpoBaHHbIX KOMIIOHeHT BeKTOpa 

perneHHH. lJ:nH j-ou KOHD;eHTpn-ciecKoli KaTymKH HH)KHee I 1,10 w M BepxHee IJ,high 

rpaHM"CJ:Hbie 3Ha"CJ:eHHH ee TOKa 3a,IJ;aIOTCH B paMKax COOTBeTCTBJIOID;HX MHHMMaJibHO H 

MaKCMMaJI.&Ho .n:orrycTHM.&IX 3Ha-creHnli. To ecT.&, npe.n:en.&H.&IH TOK B j-ou 

KOHUeHTpn-ciecKoli KaTyIIIKe 11,lim orrpe.n:enHeTc.H cne.n:y10ID;MM o6pa3oM: 

{
Jj,low'(-Jj,max S Jj,low < Jj < Q)} . 

Ij,lim = J .. (O<J J . <I ) , lj,max >0, ;=1,2 ... z, z=k+m 
;,hrgh' - J < J,h1gh - ;,max 

(8) 

r.n:e z - 3TO cyMMa k CB06o,r:i:H.&IX H m cpHKCHpOBaHHbIX KOMIIOHeHT BeKTopa perneHMH. 

MMHHMH3aUHH cpJHKUHOHaJia rrpOBO.IJ:HTC.H nyreM npnpaBHMBaHHH Hynro -cracTH.&IX 

IIpOH3BO)J;HbIX, B3HTbIX no Ka)K,ll;OH H3 CBo6o,n;HbIX KOMIIOHeHT MCKOMoro BeKTOpa 

peIIIeHHH. B pe3yn.0TaTe pH,n;a rrpeo6pa3oBaHHH rronytiaeTcH Heo,n:Hopo,n:HM cHcTeMa 
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HemrneHHbIX anre6paH"LJeCKIIX ypaBHeHIIH, KOTOprur pemaeTC5I HTepao;HOHHbIM rryTeM. 

Ha Ka)K,n;OM mare HTepao;HOHHOro umma cpopMIIpyeTC5I Heo,n:Hopo,n:Hrur CIICTeMa 

nHHeHHbIX anre6paH"LJeCKHX ypaBHeHHH, KOTOprur pernaeTC5I c IIOMOIIJ;blO MeTO,n:a 

f aycca c BhI6opoM rnaBHOro 3JieMeHTa ITO MaTp:aue K03cpcpHo;HeHTOB. y CTOH"LIIIBOCTb 

perneHII5I o6ecrre"CJ::aBaeTca 3a c"LJeT HCKJIIO"Liemrn: m pacqern qacTII 3a;neH:crnoBaHHhIX 

KOHIJ;eHTpII"LieCKIIX KaTyrneK. l'.IcKnIOqeHHe rrpOBO.IJ:HTC5I Ha OCHOBe HCIIOnb30BaHH5I 

HOBOfO KpHTepm1 (MHHHMaJibHOro 3HaLJeHH5I rrpOII3Be,n:eHII5I <PYHKUIIOHaJibHOro 

MHHHMYMa Ha "L!Hcno o6ycnoBneHHOCTH CJIAY). IIpou;ecc rrocTpoemrn YKa3aHHOH 

MaTeMaTHqecKOH MO,ZJ;eJIH, orrrrcanrre pacqeTHOfO anropHTMa, pe3ynnTaTbI "LIHcneHHblX 

H cpH3H"LiecKHX 3KcrrepHMeHTOB, rrpoBe,n:eHHI>IX Ha AHIJ;-144, rro;npo6Ho paccMoTpeHDI B 

CTaTb5IX [K6J+[K10]. 

B qernepTOM rraparpacpe rrpHBO.IJ:MTC5I orrHCaHMe pa3pa6oTaHHOH MaTeMaTrrqecKoli 

MO,n:emr, HCIIOJin3yeMOH .IJ:JI5I pacqern TOKOB B ,n:Byx rrapax rapMOHHqecKHX KaTyrneK 

.IJ:JI5I paccqMTaHHoro yposHa TOKa B rnaBHOH KaTyrnKe AHIJ;-144. ,l(Be rrapnI 

rapMOHMqecKHX KaTyrneK MCIIOJib3YIOTC5I .IJ:JI5I KOppeKIJ;MM rrepBOH rapMOHMKH 

pe3ynI>Trrpyromero MarHHTHoro rrom1, KOToprur KoppeKTMpyeTca Ha pa;nrryce 3a6poca 

rry"LIKa ycKopeHHblX MOHOB B 3JieKTpOCTaTMqecKHH .necpneKTOp, IT CBe,n:eHH5I 

pe3yJinTHpyromero MarHMTHOfO IIOJI5I K pa6o"LJeMy. 

MaTeMaTH"LJeCKM MO,n:errb ,lJ;JI5I pac"LJeTa TOKOB B ,n:Byx rrapax rapMOHMqecKHX 

KaTyrneK AHIJ;-144 Ik, k =z+ l,z+2 (z=20) .nm1 paccqMrnHHoro ypoBHH TOKa B 

rnaBHOH KaTyrnKe Imain,work CTpOMTC5I Ha OCHOBe MCIIOJib30BaHM5I rapMOHHqecKoro 

ananma pa6oqero MarHIITHoro IIOJI5I UHKnoTpoHa. Pa6oqee MarHMTHoe none AHIJ;-144 

3aIIHCbIBaeTC5I B cne,n:yIOIIJ;eM BH,n:e: 

B:rk ~·, (fJ )= B;es(r*,cp )+ I (B;,max (r*,cp )· 1; ), 
k=z+I 

I * _ _I_;,_ 
k -

/k,max 
(9) 

r.ne B;es ~ •, cp) - 3TO pe3yn1THPYIOIIJ;ee MarHMTHOe none; B;,max ~ *, cp) - MaKCHMaJibHhIH 

BKrra,n: k-ou rrapDI rapMOHMqecKMX KaTyrneK s pe3yrr1TMpyromee MarHHTHoe none; Ik 

M Ik,max - TOK M MaKCHMaJibHDIH TOK B k-ou nape rapMOHMqecKMX KaTyrneK; z -
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mnKHee lk,tow H BepxHee lk,high rpam1qH1>1e 3Haqemur ee TOKa 3a,D;aIOTC5l B paMKax 

COOTBeTCTBYIOIUHX MHHHMaJlhHO ll MaKCHMaJibHO )J;OIIYCTHMbIX 3HaqeHHM. To eCTh, 

rrpe,D;eJibHbIH TOK B k-ou nape rapMoHrrqecKux KaTyrneK I k lim orrpe,D;eJrneTc5l 

(10) 

B pe3yJinTaTe p5I)J;a rrpeo6prooBaHHH rroJiyqaeTC5I HeO)J;Hopo,D;Ha5I cucTeMa HeJiuHeHHhIX 

anre6pauqecKHx ypaBHeHUM. IlpH cpHKCHpOBaHHbIX 3HaqeHll5IX aMIIJIHTY,D;bl ll cpa3bI 

rrepBOM rapMOHHKH pa6oqero MarHHTHOfO IIOJI5I, 3a,D;aHHbIX Ha pa)J;Hyce 3a6poca rryqKa 

ycKopeHHbIX llOHOB B 3JieKTpOCTaTHqecKHM ,D;ecpJieKTop, HeO)J;HOpO)J;Ha5I CllCTeMa 

HeJIHHeMHbIX anre6parrqecKHX ypaBHeHHM rrpeBpamaeTC5I B HeO,D;HOpO,D;HYIO CllCTeMy 

JlllHeHHhIX anre6pauqecKllX yprurneHllH, KOTOpa5I pernaeTCH CTaH,D;apTHbIM rryTeM. 

Ilpo:u;ecc rrocTpoeHH5I yKroaHHoii MaTeMaTHqecKoii MO,D;enu, orrucaHue pa6oqero 

anropI:ITMa orrTHMH3aIJHll rrapaMeTpoB MarHHTHOM cI:IcTeMbI AHI(-144, pe3yJI1>TaThI 

qucJieHHbIX li cpll3HqecKI:IX 3KCrrepI:IMeHTOB, rrpoBe,D;eHHbIX Ha IJI:IKJIOTpOHe, IIO)J;po6HO 

paCCMOTpeHbI B CTaTb5IX [Kl l]+[K13]. 

B IT5ITOM rraparpame paccMaTpirnaeTc5l ycoBeprneHCTBOBaHHI>Iii MeTo)J; KOHTpOJI5I 

TOqHOCTll pacqeTa I:I30XpOHHOro MarHHTHOfO IIOJI5I, paccqI:ITbIBaeMoro ITO 

aHaJIHTHqecKI:IM cpopMyJiaM M.M.fop,D;OHa. MeTo)J; ocHoBaH Ha cpaBHeHHI:I 

pe3yJibTaTOB aHaJIHTH"CJeCKoro pacqern OTHOCHTeJibHOM OIIIH6KH cpe)J;Hero MarHHTHOfO 

IIOJI5I ( OTHOCllTeJibHOH pa3HOCTH cpe,D;Hero ll li30XpOHHOfO MafHllTHhIX IIOJie:H:) c 

pe3yJII>TaTaMH pacqern OTHOCllTeJibHOM oum6Kll qacTOTbl o6pam:eHH5I 3ap5!1KeHHhIX 

qacTI:III ( OTHOCHTeJibHOH pa3HOCTI:I qacTOTbl o6pam:eHll5I ll H30XpOHHOH qacTOTbl 

o6pamemrn 3ap5I)l(eHHbIX qacTHII), KOTOpbie paccqI:IThIBaIOTC5I B 3aBHCHMOCTll OT 

pa)J;I:Iyca Ha OCHOBe HCIIOJlh30BaHH5I pacqeTHOH KapTbl pe3yJihTI:Ipy10mero MarHHTHOfO 

rroJI5I AHI(-144. PacqeT qacTOTbI o6pam:eHH5I 3ap5!1KeHHbIX qacTHIJ rrpoBO)J;llTC5I rryTeM 

qI:IcJieHHoro perneHH5I ypaaHeHHM ,D;BHJKeHH5I, 3am1caHHbIX B rrpH6nmKemm 

3aMKHYTbIX paBHOBeCHbIX op6I:IT (6e3 yqeTa Harrp5!1KeHHOCTH 3JieKTpHqecKoro IIOJI5I). 

PerneHue Haxo,D;HTC5l co crreIJI:IaJibHO BI>I6paHHhIMll HaqanbHbIMH ycnoBH5IMH, 
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3a,D;aBaeMLIMH c n0Mo:m;1>ro B1>me,n;eHH1>1X aHaJIHTlfC!ecKHX BMpa)l(eHHH. B npon;ecce 

HaxO)l(,ll;eHHH pemeHHH Hal!aJI])Hbie ycJIOBHH OilTHMH3HpyIOTCH Ha OCHOBe 

HCilOJib30BaHHH KpHTepIDI 3aMKHYTOCTH paBHOBeCHbIX op6HT. 

B KatieCTBe HCXO,ll;Horo ypaBHeHHH ):(ITH pactieTa ,ll;HHaMHKH rryqKa ycKopHeMLIX 

HOHOB 6epeTCH ypaBHeHHe IlopeHI:(a-HhlOTOHa, OilHCbmaro:m;ee ~H)l(eHHe O,[(HH01IHOH 

3apH)l(eHHOH tiaCTHD;bI B 3JieKTpOMarHHTHOM none D;HKJIOTPOHa. 

(11) 

r,ll;e p - 3TO peJIHTHBHCTCKHH HMilYJihC 3apSI)l(eHHOH tiaCTHD;hI; q - 3apH,ll; tiaCTHD;bl; r 
- pa,n;Hyc-BeKTop ycKopHeMoro HOHa; E - BeKTop HarrpH)l(eHHOCTH 3JieKTpH1IecKoro 

rroJIH; B - BeKTop HH,ll;yKn;HH MarHHTHoro noJIH. B pa3BepHyToM npe,n;cTaBJieHHH 

ypaBHeHHe IlopeHn;a-H1>IOTOHa B])ITJIH,ll;HT crre,n;yro:m;HM o6pa30M: 

(12) 

r,n;e m - peJIHTHBHCTCKM Macca 3apH)l(eHHOH tiaCTHD;bl, a c - CKOpOCTb CBeTa. 

YpaBHeHHe JiopeHn;a-H1>roTOHa pacKrra,n;1>maeTCH no KOMITOHeHTaM B D;HJIHH,n;pHtieCKOH 

CHCTeMe KOOp,[(HHaT. IlpH 3TOM HCilOJih3yeTCH npaBM rpoiiKa nonapHO 

nepneH,ZJ;HKYJIHPHhlX 6a3HCHblX BeKTOpOB er, erp, ez, a npoeKD;HH BeKTOpa MarHHTHOH 

HH,[(yKD;HH B Ha oc1> OZ HMeeT orpnn;aTeJILHI>Ie 3Ha1IeHHH. B pe3yJibTaTe ,ll;aHHoro 

pa3JIO)l(eHHH IlOJiytiaIOTCH ypaBHeHHH ,ZJ;BH)l(eHHH ( CHCTeMa HeJIHHeHHblX 

,ll;HcpcpepeHD;HaJihHhlX ypaBHeHHH BToporo nopH,ll;Ka). YpaBHeHHH ,n;BH)l(eHHH, 

3aITHCaHHbie B rrpH6JIH)l(eHHH 3aMKHYTblX paBHOBeCHblX op6HT, pemaroTCH MeTO,l:(OM 

PYHre-Kyrra. MaTeMaTHtieCKM Mo.nenb, BbIBe,ll;eHH1>1e aHaJIHTHtieCKHe Bbipa)l(eHHH, 

HCilOJib3yIOID;HeCH ,l:(JIH pactieTa HatiaJI])HblX ycJIOBHH, a TaK)l(e pe3yJII>TaTbl 

aHaJIHTHtieCKHX H qH:CJieHH])IX pactieTOB, BbIIlOJIHeHHl>IX ,ZJ;JIH OCHOBHOro pe)l(HMa 

pa6oTbI AHIJ;-144, no,ll;po6Ho npHBe,n;eHI>I B cTau.e [K14]. 

B IIIeCTOM naparpa@e npHBO,[(HTCH OCHOBHbie BbIBO,l:(bl, c,n;eJiaHHbie Ha OCHOBe aHaJIH3a 

MaTepHaJIOB, H3JIO)l(eHHl>IX B nepBOH rJiaBe. 

BTopaH r JiaBa ,ll;HCCepTaI(HH IIOCBSIID;eHa OIIHCaHHIO C03,l:(aHHOro H3:bIKe 

nporpaMMHpOBaHHH C++ B cpe,ZJ;e MS Visual Studio .NET B CTaH,n;apTax DBA (Dialog-
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based Application) H SDI (Single Document Interface) rrporpaMMHoro o6ecrreqemrn, 

pearrH3yrorn;ero pa3pa6ornHH:o1e MaTeMarn:qecKHe Mo,n;enH H arrropHTM:OI. 

B rrepBoM rraparpaffie rrpHBO,ZJ;HTC51 orrHcamre KOMrrneKca rrporpaMM Cyclotron Operator 

HELP Program Complex 2004-2012, rrpe,n;Ha3HaqeHHoro ,n;n51 KOMII:OIOTepHoro 

Mo,n;enHpoBaHH51 HOB:OIX pe)KHMOB pa60T:o1 AMI(-144. KoMrrneKc cocTOHT H3 Tpex 

rrporpaMM: 

1) Magnetic Field Calculation Program 2012 - rrporpaMMa, rrpe,n;Ha3HaqeHHM ,I(AA 

pacqern KapT ,ZJ;OIIOJIHHTeJI:OH:OIX MarHHTH:OIX rrone.H:. 

2) Cyclotron Mode Calculation Program 2012 - rrporpaMMa, rrpe,n;Ha3HaqeHHlliI .I(AA 

pacqeTa TOKOB BO Bcex KaTyrnKax U:HKJIOTpoHa, a TaK)Ke ,n;AA qncneHHoro pacqeTa 

qacTOTbl o6parn:eHH51 H cpa30Boro ,n;BmKeHH51 ycKOp5IeM:OIX qaCTHIJ;. 

3) Cyclotron Analytic Model Program 2012 - rrporpaMMa ,ZJ;JI51 aHaJIHTHqecKoro 

pacqeTa H30XpOHHoro MarHHTHOro 110n5l, qaCTOT cso6o,n;H:OIX KOJie6aHHM, a TaK)Ke 

qacTOT:OI o6parn:eHH51 H cpa30BOro ,I(BmKeHH51 ycKop5IeM:OIX qacnm;. 

Bo BTopoM rraparpaffie rrpHBO.ll;HTC51 omrcaHHe ,n;HHaMHqecKH CB513aHHoii 6H6mrnTeKH 

GaussDLL, BKJIIOqarorn;e.H: B CBOM COCTaB KOMIIJieKC rrporpaMM MaTpHqHo-BeKTopH:OIX 

orrepau;Hii M perneHM51 CJ1AY c sern;ecTBeHHbIMH Ko3cpcpHu;MeHTaMH [Kl 5]. 

B TpeTDeM rraparpaffie rrpHBO)l;5ITC5I OCHOBH:Oie B:OIBO,ZJ;:OI, c,ri:enaHHble Ha OCHOBe aHaJIH3a 

MaTepHaJIOB, H3JIO)KeHH:OIX BO BTopo.H: rrrase. 

TpeTbH r JiaBa .ri:rrccepTaII;HH IIOCBHrn:eHa OIIHCaHHIO TeXHOJIOfl:Il:I KOMIIbIOTepHoro 

Mo,n;enHpoBaHM51 HOB:OIX pe)KMMOB pa6oTbI AMI(-144, Mo.r:i:e1rnposaHHe KoTop:oIX 

rrpoBOJJ:HTC51 c rroMOID:bIO KOMrrneKca rrporpaMM Cyclotron Operator HELP Program 

Complex 2004-2012. B 3Toii rrrase rrpHBOJJ:5ITC51 pe3yn:ornT:o1 cpmrrqecKHX 

3KCIIepHMeHTOB Ii 3Kcrrnyarnu:HH Alll(-144 B OCHOBHOM pe)Kl:IMe ero pa6oTbl. 

B rrepsoM rraparpame rrpHBO,ZJ;5ITC51 pe3yrr:ornT:o1 KoMrr:oroTepHoro Mo.r:i:ennpoBaHH51 

ocHOBHoro pe)KMMa pa6oTbI AMI(-144: rrpoTOH:OI, KHHeTHqecKM 3Heprn51 Bhrno,n;a 

Ek~60/60,5 MJB, qacToTaBLI-reHeparnpa Fi:r=26,155/26,25 MI'l,f. 

Bo BTopoM rraparpacpe rrpHBO,ZJ;5ITC51 pe3yJibTaThI 3arrycKa H 3Kcrrnyarnu;HM AMI(-144 B 

OCHOBHOM pe)KHMe ero pa60Tbl [K7]+[K14]. 
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B nepno.n: c 1998 no 2011 ro.n: Ha AHIJ;-144 6nrn npoBe,n:eH px.n: MarHMTHhIX 

ll3MepeHHM. KapTbl OCHOBHbIX MarHHTHhIX noJieli 6wrn: H3MepeHhl .n:mr Tpex ypOBHeli 

TOKa B rnaBHOH KaTyIIIKe !main,! =5351570 A; lmain,2 =5701585 A; lmain,3 =600/600 A B 

1998+ 1999, 2006/2011 ro.n:ax cooTBeTCTBeHHO. KapThI .n:onoJIHHTeJihHhIX MarmITHhIX 

IIOJie.H: 6bIJill ll3MepeHbl npn TOKe B rnaBHOH KaTyIIIKe I main =570 A .n:mr 

KOH:U:eHTpH"LJ:eCKHX KaTymeK Ng] +20 H ,Il;JUI .IJ:BYX nap rapMOHH"LJ:eCKHX KaTymeK B 

1998+ 1999 ro.n:ax; ,n:IDI KOH:U:eHTpH"LJ:eCKHX KaTymeK M!l 7 +20 B 2011 ro.n:y. Kapn,1 

ocHOBHbIX MarHHTHhIX noJieli NOWEOlO.TXT, 2006R045.TXT H 2011Rl09.TXT, 

2011Rl52.TXT 6hrnH H3MepeHbI rrpH TOKe B rnaBHOH KaTyIIIKe !main =570 A B 1999, 

2006 ro.n:ax H B 2011 ro.n:y .n:o H IIOCJie ycTaHOBKH BaKyyMHOH KaMepbl B npaBHJihHOe 

IIOJIO)!(eHHe COOTBeTCTBeHHO. Co.n:ep)Ka~rrecx B HHX OCHOBHbie MarHHTHbie noJI5I 

3Ha"LJ:nTeJibHO OTJIH"LJ:filOTC5.£ .n:pyr OT .IJ:pyra no CBOeli qiopMe ll BeJIH"LJ:HHe aMIIJIHTY.IJ;hI 

rrepBoli rapMOHHKH B1 (r). Ha P11c. 1 noKa3aH yxo.n: cpe,n:Hero ocHOBHoro MarHHTHoro 

IIOJI5.£, o:u;eHeHHhIB Ha OCHOBe H3MepeHHH, c.n:enaHHhIX B 2011 ro,n:y, no cpaBHeHHIO c 

H3MepeHH5.£Mll, c.n:eJiaHHhlMH B 2006 ll 1999 ro.n:ax. 3Ha"LJ:eHH5.£ cpe,n:HHX OCHOBHbIX 

MarHHTHbIX noJieii .n:nx 2006R045.TXT ll 2011R152.TXT Ha pa,n:Hyce Ha"LJ:ana KpaeBoro 

MarHHTHoro rromr Redge =0, 6 M nprrne.n:eHhI K e.IJ;HHOM seJIH"LJ:HHe, nony-qeHHOH .n:mr 

NOWEOl O.TXT Ha TOM )Ke pa,n:Ryce. Ha P11c. 2 npe,n:cTaBneHa aMnJIHTY.IJ;a nepBoii 

rapMOHHKH Bl (r) OCHOBHOro MarHHTHOfO nomr, H3MepeHHOro npH TOKe B rnaBHOH 

KaTymKe ]main =570 AB 2006 ro.n:y H B 2011 ro.IJ;y .IJ;O H rrocne ycTaHOBKH BaKYJMHOH 

KaMepbI B rrpaBHJibHOe nOJIO)l<eHne. KoppeK:u;Irn IIOJIOJKeHH5.£ BaKYJMHOH KaMepbI [K14] 

IIOHa.IJ;06HJiaCh H3-3a ee caMOIIpOH3BOJibHOfO C.IJ;BHra, orrpe,IJ;eJieHHOfO H3 pac"LJ:eTOB, 

c,n:eJiaHHbIX BO BpeM5.£ OIITHMH3a:u;nn rrapaMeTpOB MarHHTHOM CHCTeMbI AHIJ;-144' 

rrpoBe.IJ:eHHorr B anpene 2011 ro,IJ;a [K13]. ):(JI5.£ o6ecne1:IeHHx B03MOJKHOCTH 

OIITHMH3a:U:HH aMnJIHTY.IJ:bI H cpa3bl rrepBOH rapMOHHKH pa6o-qero MarHHTHOfO noJI5.£ 

aMTIJIMTy.IJ;a rrepBOH rapMOHHKH OCHOBHOfO MarHHTHOfO non5.£ .n:onJKHa 6h1Tb Bl =3±1 

I'c Ha pa,n:Hyce 3a6poca IIY"LJ:Ka ycKopeHHhIX HOHOB B 3JieKTpOCTaTH1:IeCKHH .n:eqmeKTOp 

Rext =0, 62 M. 
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113 Puc. 1 BH,l(HO, 'CJTO HaH60JibIIIHH yxo.ri: cpe,n:Hero OCHOBHoro MarHHTHOro IIOJUI 

Ha6mo.n;aeTCH B KpaeBoii o6JiaCTH. C 1999 no 2011 ro.ri: OH COCTaBHJI JMmean J :::155 I'c Ha 

pa,n:eyce R =0, 7 M. !fa PHc. 2 BH,n:Ho, 'CJTO rrocJie ycTaHOBKH BaKYYMHOH KaMepbI B 

IIpaBHJibHOe IIOJIO)KeHHe B ceHTH6pe 2011 ro.ri:a BeJIHtIHHa aMIIJIHT)',D;bl rrepBOH 

rapMOHHKH Ha pa,n:nyce 3a6poca IIyqKa ycKopeHHbIX HOHOB B ::meKTpOCTaTH'C!eCKHH 

.n;eqmeKTOp Rex, =0,62 M 6bma YMeHE>IIIeHa OT B1 :::1]3 I'c ,n:o B1 ::::4- I'c. Ha PHc. 3+Puc. 5 

IIOKa3aHbl TOKH BHYTPeHHHX IIyqKOB ycKOpHeMbIX rrpOTOHOB B 3aBHCHMOCTH OT 

pa,n:Hyca, H3MepeHHbie Ha AHQ-144 ,n:IDI ocHOBHoro pe)KHMa ero pa6on1 B 2007, 2009 

H 2011 ro,n:ax (IlpHJI., rr.2). 
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Ha Puc. 6 IIOKa3aH TOK rryqKa BbIBe.n.eHHbIX rrpOTOHOB B 3aBHCHMOCTH OT TOKa B 

rrraBHOll KaTyIIIKe, M3MepeHHbill Ha AMI.J;-144 )];JUI OCHOBHOro pe)KlfMa ero pa60Tbl B 

2011 ro.n.y (IIp1m., rr.2). 3Haqemre TOKa rryqKa BbIBe,n;eHHhIX rrpoTOHOB Ibeam,ext =2 HA 

6:r,rno ycTaHOBJieHO .ll.llil OIITHMaJibHOro TOKa B rrraBHOll KaTyrnKe rryTeM peryrrHpOBKH 

rrapaMeTpOB HCTOl!HHKa HOHOB (HarrpH)KeHHH Ha KaTo.n;e H pacxo.n.a ra3a). 

- !beam internal Cyclotron Operator HELP 2011 
800 

ExJerirnent ~2.04.11i ::: .................. ' :0~~~~:~~~~Hz ; 
Rdeiflector. 'i 62,8 cm ; .•. 
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R (m) 576.4 576.8 577.2 577.6 578.0 578.4 578.8 579.2 

!main coil (A) 

Puc. 5. H3MepeHHhlii TOK BHyTpeuuero ny<n\'.a. 
Puc. 6. IIJMepeHHbIH TOK BbIBe,[leuuoro ny<ma. 

l13 Puc. 3 BH)J;HO, qro B 2007 ro,IJy BHyTpeHHHH rryqoK 6:r,rn ycKopeH 6e3 KaKHX-JIH60 

IIOTep:r, rrpoTOHOB B o6naCTH H30XpOHH3aD;HH cqiopMMpoBaHHOro MarHHTHOro IIOJI5I (OT 

pa.n.nyca KOHIJ;a IJ;eHtparr:r,Horo 6aMrra Rhump .n;o pa)J;Myca Haqarra KpaeBoro MarHHTHoro 

IIOJ15I Redge ). l13 pMcyHKOB Puc. 4, Puc. 5 BH,n;Ho, qTo B YKa3aHHOH o6rracm pa6oqnx 

pa,n;HycoB K 2009 ro.n;y II05IBHJ1HCb IIOTepH ycKOpHeMblX rrpoTOHOB, KOTOpbie HeCKOJibKO 

B03pocmI K 2011 ro,n:y. ToK BHyTpeHHero rryqKa, H3MepeHHblll B 3KcrrepHMeHTe OT 

22.04.2011 ro,n:a, ITO cpaBHeHHIO c H3MepeHHbIM B 3KCIIepHMeHTe OT 04.06.2009 ro,n:a, 

HaqnHaeT crra,n:aTh B KpaeBoM MarHHTHOM none HeCKOJihKO paHbIIIe. OrrTHMaJihHhIH TOK 

B rnaBHOH KaTyIIIKe AMu;-144, ycraHoBneHHbIH B 3KcrrepnMeHTe OT 22.04.2011 ro.n;a, 

ITO cpaBHeHHIO c ycTaHOBJleHHhIM B 3KCrrepnMeHTe OT 04.06.2009 ro,n:a, HeCKOJlbKO 

60JlbIIIe ITO CBOeii BeJlHqMHe. IIoHBJieHne H pocT IIOTep:r, ycKOp5IeMbIX rrpOTOHOB 

o6'b5ICH5IIOTC5I KaK yxo,n:oM OCHOBHOro MarHMTHOro IIOIDI B KpaeBOH o6nacnI (Puc. 1 ), 

TaK H yBennqeHMeM aMIIJ1MTY.l1.hI rrepBOH rapMOHHKM BO BCeM .l1.liaIIa30He pa6oqMx 

pa.n.nycoB ycKopeHM5I qacTMI( OT HCTOqHHKa MOHOB .n;o CHCTeMhI BbIBO,n:a (Pee. 2). l'.h 
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Puc. 6 BH)l;HO, lJTO npH H3MeHeHHH TOKa IIyqKa BbIBe,D;eHHbIX npOTOHOB OT 90 % ,D;O 90 

% OT ero ycTaHOBJieHHOrO 3HalJeHH51 /beam ext =2 HA, ,ll;HaIIa30H H3MeHeHH51 TOKa B 

rrraBHOH KaTynn<e COCTaBHJI ill main coil =0, 44 A, lJTO roBOpHT 0 xopomeM KaqecTBe 

H30XpOHH3aD;HH c~opMHpOBaHHoro MarHHTHoro IIOJ151 H rapaHTHpyeT CTa6HJibHYJO 

pa6oTy AMIJ;-144 B ycTaHoBrreHHOM pe)J(HMe. 

B rpeTbeM naparpa@e npHBO,D;5ITC51 OCHOBHbie BbIBO,D;bl, c,n;erraHHbie Ha OCHOBe aHaJIH3a 

MaTepnarroB, H3JIO)l(eHHbIX B TPeTbeii rnaBe. 

B 3aKJIIO"ICHHH C~OPMYJIHpOBaHbl OCHOBHbie pe3yJibTaTbl ,n;nccepTau;HH, BbIHOCHMbie 

Ha3an.J;HTy: 

1. Pa3pa6oTaHa HOBaH MeTO,ri:HKa MaTeMaTHl!ecKoro Mo,n;ennpoBaHH51 pe)J(HMOB 

pa6oTbI MHorou;erreBoro H3oxpoHHoro D;HKJIOTPOHa AMI(-144, II03BOJUllOID;aH 

nepexo,ri:HTb Ha pa6ozy B MO,ri:errnpyeMbIX pe)J(HMax 6e3 OCTaHOBKH H pa36opKH 

ycKopnTeJI51 ,lJ;J15I npoBe,n;eHH51 )J;OIIOJIHHTeJibHbIX MarHHTHbIX H3MepeHHH [Kl]+[K14]. 

2. BnepBbie C03,D;aHbI MaTeMaTHlJeCKaH MO,ll;eJib H arrropHTM, KOTOpbie Il03BOJUllOT 

npOBO,ll;HTb pactJeT TOKa B rrraBHOH KaTymKe AMI(-144 Ha OCHOBe KapT HCXO,D;HbIX 

MarHHTHbIX IIOJieii, li3MepeHHbIX ,ll;J151 Tpex ypoBHeii TOKa B KaTymKe B036y)J()J;eHH51 

rrraBHoro MarHHTa [K9]. 

3. Pa3pa6oTaH HOBbIB MeTO,L( pacqeTa TOKOB B ,lJ;Ba,L(D;aTH KOHD;eHTpHl!eCKHX KaTyIIIKax 

)J;J151 paCClJHTaHHOro ypoBH51 TOKa B rJiaBHOH KaTymKe AMIJ;-144, OCHOBaHHbIH Ha 

MHHHMH3a.IJ;HH KBa.n;paTHlJHOro ~YHKD;HOHarra, B COCTaB KOTOporo BBe,n;eHa IIITpa~HaH 

~YHKD;H51, rrpe,ri:Ha3HalJeHHa51 ,ll;J151 HarrpaBJieHHOro IIOKOMIIOHeHTHOro BBO,ri:a BeKTOpa 

pemeHH51 B rpaHHD;bI o6JiaCTH ,ri:onycTHMbIX 3Hal!eHHH [K6]+[K10]. 

4. BrrepBbie C03.L(aHbl MaTeMaTHlJeCKaH MO,ri:eJib H anropHTM, KOTOpbie II03BOJI5IIOT 

rrpoBO,ll;HTb pactieT TOKOB B .n;Byx rrapax rapMOHHlJeCKHX KaTymeK ,ll;JI51 paCClJHTaHHOro 

ypoBH51 TOKa B rJiaBHoii KaTymKe AMIJ;-144. PacqeT rrpoBo,ri:HTCH IIYTeM pemeHH51 

Heo,ri:Hopo,ri:HOH CHCTeMI:.I HemrneHHbIX arrre6panqecKHX ypaBHeHHH, pemaeMOH 

HTepau;HOHHblM cnoco6oM [Kl l]+[K13]. 

5. y COBepmeHCTBOBaH MeTO,ll; KOHTPOJI5I TOlJHOCTH pacqeTa H30XpOHHOro MarHHTHOro 

noJ151, paccl!HTbIBaeMoro no aHarrHTHtJecKHM ~opMyrraM M.M.rop,ri:oHa. IloKa3aHo, l!TO 

)J;J151 OCHOBHOro pe)J(HMa pa60Tbl AMIJ;-144 3HalJeHHe MO,lJ;yJ151 OTHOCHTeJibHOH orrrn6KH 
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qacTOTbI o6pamemr.si: npoTOHOB BO BCeM ,lUlaIIa30He H30XpOHH3fill;mI c}>opMHpyeMoro 

MarHHTHoro noIDI cocTaBIDieT I o-Fo I <2, 5 E-4, tITO conocTaBHMO no CBoeii BeJIHtIHHe co 

3HatiemreM MO.D:YIDI OTHOCHTeJibHOll norpeIIIHOCTH H3MepeHIDI KapT HCXO):(HbIX 

MarHHTHDIX norreii, H3Mep.si:eMbIX c noMOID;bIO ,n;aTtIHKa Xonna, Io-ms l~l +2E-4 [K14]. 

6. Ha .sI3bIKe nporpaMMHpoBaHu:.si: C++ B cpe,n;e MS Visual Studio .NET B CTaH,n:aprnx 

DBA (Dialog-based Application) n SDI (Single Document Interface) co3,n:aH KOMIIJieKc 

nporpaMM Cyclotron Operator HELP Program Complex 2004-2012, pearrH3yrom;u:ii 

pa3pa6oTaHH&Ie MaTeMaTHqecKHe Mo,n:erru: H arrropHTMbI. 

7. C noMom;nIO KOMnrreKca nporpaMM Cyclotron Operator HELP Program Complex 

2009 ,n;IDI AMIJ;-144 6nIJIO BbIIIOJIHeHO KOMnbIOTepHoe MO,n;errHpOBaHHe OCHOBHOro 

pe)l(HMa ero pa60TbI, npe,n;Ha3HaqeHHOro )J;IDI ycKopeHH.sI rryqKa npOTOHOB c 

Heo6xo,D;HMbIMH ,n;IDI npoTOHHOH Tepanu:n MeJiaHOMhI rJia3a napaMeTpaMH [K7]+[Kl O]. 

8. CMo,n;eJIHpOBaHHbrn c noMOID;hIO C03.D:aHHoro nporpaMMHoro o6ecneqeHIDI 

ocHOBHoii pe)l(HM pa6on1 AMIJ;-144 6nrn ycTaHOBJieH Ha IJ;HKJI01'pOHe B HIOHe 2009 

ro,n;a 6e3 3MnHpHtieCKOH no,n;cTpOHKH TOKOB B KOHIJ;eH1'pHl!eCKHX KaTymKax H qacTOThl 

BtI-reHepampa. y CTaHOBJieHHbIH pe)l(HM pa60TbI 6hIJI HCnOJih30BaH npH npoBe,n;eHHH 

ycrreIIIHOH npOTOHHOll Tepamm MeJiaHOMDI rJia3a y rrepBoii napTHH rran;:aeHTOB, 

BnepBbie npoBe,n;eHHoii B IIoJibIIIe Ha AMIJ;-144 B nep:ao,n; c cpeBpan.si: no arrperrb 2011 

ro,n:a [K12]+[K14]. 

9. C noMorn;DIO KOMnrreKca nporpaMM Cyclotron Operator HELP Program Complex 

2011 ,n;n.si: ocHOBHoro pe)l(HMa pa6oTbI AMD;-144 B arrpene 2011 ro,n;a 6brna rrpoBe,n;eHa 

OIITHMH3fill;IDI napaMe1'pOB MaI'HHTHOll CHCTeMbl IJ;HKJIOTpOHa [K13]. Bnme,n;eHHDIH 

nyqoK ycKopeHHbIX npoTOHOB 6hrn ycnemHo HcnoJID30BaH B I15.I<t> TIAH ,n:IDI 

npOH3BO,Zl;CTBa pa,n:HOH30TOilOB, Hapa6aTbIBaeMDIX c u;eJIDIO npoBe,n;emrn HayqHblX 

HCCJie,rt;OBaHHll B o6JiaCTH .si:,n:epHOH cneK1'pOCKOnHH. 

B npHJ1o~euuu K ,n::accepTaIJ;IHI rrpHBO,rt;.si:Tc.si: aHarrHTHtiecKu:e c}>opMym.1 M.M.rop,n;oHa, 

HCIIOJib3yeMbie rour pacqeTa H30XpOHHbIX MaI'HHTHbIX norreii B IJ;HKJIOTpOHax c MaJIOH 

Berr:aqHHO:ii a3HMYTaJIDHOH Bapnau;HH MaI'HHTHOro rrom1. 3,n:ecb TaK)l(e HaxO,rt;.sITC.sI 

)J;OKYMeHTbl, no,n;TBep)l(,Zl;arom;He ycneIIIHbie pe3yJibTaTbI cpH3Hqecmx 3KcnepHMeHTOB H 

3KCIIJIYaTaIJ;HH AMIJ;-144 B OCHOBHOM pe)l(HMe ero pa60TbI. 
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