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061.1.\aH xapaKT0pli1CT"1Ka pa60Tbl 

AKTyaJibHOCTh TCMbI. 

y eKop1neJIH 3ap5DKeHHbIX qaeTHI.J; 51BIDIIOTe51 He3aMeHHMbIMH rrpH6opaMH 

,n;JI51 cpyH,n;aMeHTaJibHhIX Heerre,n;oBaHHH H Haxo,n;51T Bee 6orree IIIHpOKOe 

npHMeHeHHe B rrpHKJia,n;HhIX Hcerre,n;oBaHH51X, Me,n;HIJ;HHe H rrpOMbIIDJieHHOeTH. 

HenpepoIBHO pa3BHBaIOIIJ;Hee51 H eosepmeHeTByIOIIJ;Hee51 TexHorrorHH, 

npHMeH51eMbie B yeKopHTeJihHOH TeXHHKe, II03BOJI5IIOT eo3,n;aBaTb KOMIIaKTHbie H 

OTHOeHTeJihHO He,n;oporHe yeTaHOBKH, 6rraro.n;ap5I qeMy BOeTpe6oBaHHOeTb H 

3KOHOMHqeeKa51 o6oeHOBaHHOCTh mHpOKOfO npaKTHqecKoro rrpHMeHeHH51 

yeKOpHTeneH: rroeT051HHO B03paeTaeT. 

c pa3BHTHeM BhiqHeJIHTeJibHOH TeXHHKH Bee 6on:r,me paeqeTHO-

TeopeTHqeeKMX Meene,n;oBaHMH B yeKOpMTeJibHOH cptt3MKe eoBepmaIOTe5I B xo,n;e 

qtterreHHoro Mo,n;errttpoBaHH51 Ha KOMIIhIOTepe. Bh1e0Ka5I rrpott3BO,IJ;MTeJihHOeTh 

eoBpeMeHHhIX KOMnhIOTepoB, B TOM qMene rrepeOHaJibHhIX, II03BOJI51eT 

Mo,n;enttpoBaTb eaMbie eJIO)l(Hhie npoueeehI, 3Ha51 no KaKMM 3aKOHaM cpM3HKH OHM 

pa3BMBaIOTe51, a OTHOeHTeJibHaH .n;emeBH3Ha KOMnhIOTepHoro Mo,n;errttpoBaHM51 

eo3.z:i;aeT B03MO)l(HOCTh onTHMM3aIJ;MM TOH MJIM MHOH etteTeMhI yeKopttTeJihHOH 

yeTaHOBKH, rrposo.z:i;51 paeqeTbI orpOMHOfO KOJIHqecTBa pa3JIMqHbIX BapttaHTOB 

Mo,n;erre:H: e ueJihIO BbI6opa HaH6orree onTHMaJihHhIX, KaK no cptt3MqeeKMM 

3a.z:i;aqaM, TaK H e yqeTOM 3KOHOMMqeeKMX cpaKTOpOB. 

Cne.n;yeT rro.z:i;qepKHYTh, qTo co3,n;aHtte yeKopHTen51 BKmoqaeT B ee651 uerrhIH 

KOMnJieKe paeqeTHhIX, TeXHlftieeKMX H KOHeTpyKTOpeKMX pemeHMH no BbI6opy 

eHeTeM yeKOpMTeJI51 H ero napaMeTpOB. 0,n;HaKO OeHOBOIIOJiaraIOIIJ;HM npH 

pa3pa6oTKe yeKOpMTeJI.5! H ero eMeTeM 5IBJI51eTe51 orrpe.n;erreHMe 6a30BhIX 

napaMerpoB, reoMerpHM eTpyKTyp:r,1, ,n;eTarrhHOe BhiqtterreHHe 

3JieKTpoMarHHTHOfO noIDI B o6rraeTM, r,n;e rrpoHexo,n;HT ,Il;BH)l(eHMe qaeTHIJ;, H 

a,n;eKBaTHOe MO,n;errHpOBaHHe ,Il;MHaMHKH rryqKa e yqeTOM pa3JIHqHhIX 3cpcpeKTOB, 

KaK, HanpMMep, npoerpaHeTBeHHOfO 3ap51.z:i;a nyqKa HJIH IIOTepb qaeTMU Ha 

B3aHMo,n;eH:eTBMe e oeTaToqHhIM fa30M. 
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TaKHM o6pa3oM, HeoTueMJieMoli qacThIO npoeKTHpoBaHH.SI rr106oro HOBoro 

COBpeMeHHOro ycKop11Tem1 H CHCTeM HH)KeKJJ;HH - BbIBO,IJ;a 51BJI51eTC51 113yqeHHe 

,D;HHaMHKH qacTIIJJ; H OilTHMH3aJJ;H51 napaMeTpOB COOTBeTCTBYIQUJ;HX CHCTeM c 

yqeTOM pe3yJihTaTOB, norryqeHHbIX H3 MO,IJ;eJihHhIX pacqeTOB. 

Oco6eHHYID aKTYaJihHOCTh pa6oTe np11,n;aeT TOT cpaKT, qTo ycKop11TeJIH, ,D;JI51 

KOTOpbIX paccMaTpHBaIOTC.SI CHCTeMhl HH)KeKJJ;HH - 3TO B OCHOBHOM JJ;HKJIOTpOHhI, 

npe,D;Ha3HaqeHHbJe )];JI.SI Me,IJ;HIJ;HHCKHX npHMeHeHHH, B qacTHOCTH 

cBepxnpoBO,D;5.IUJ;HH IJ;HKJIOTpoH C400 (IBA, EerrhrH.s:c) [I] 6y,n;eT ycKop51Th HOHhI 

yrrrepo,n;a ,n;o 3HeprHH 400 M3B/H, ,n;ocTaToqHoiI ,D;JI51 neqeHH51 OHKorrorHqecKHX 

3a6oneBaHHH. B HacTo.s:crn;ee BpeM51 Bee cyrn;ecTByIOrn;He ,D;JI51 3TOH u;err11 

ycKopHTen11 - 3TO CHHXpOTPOHhI, nepBhIH B MHpe Me,D;HJJ;HHCKHH JJ;HKJIOTpoH 

C400, npoH3BO,D;51UJ;HH ycKopeHHhJe HOHhI yrrrepo,n;a HY)KHOH 3Hepr1111, no3BOJIHT 

cyrn;ecTBeHHO y,n:erneBHTh Me,D;HJJ;HHCKHM KOMITJieKc, c,n;enaB neqeHHe HOHaMH 

yrnepo,n;a 6orree ,n:ocTynHhIM. 

,D;pyr11e l(HKJIOTpOHbI, u;eHTpaJibHhie o6JiaCTH KOTOphIX MO,IJ;eJIHpoBaJIHCb B 

pa6oTe, TaK)Ke npe,n:Ha3HaqeHbl )];JI.SI Me,IJ;HJJ;HHCKHX npHMeHeHHH: 

• l(HKJIOTpoH I..U1TPEK [2] (,IJ;y6Ha, Pocc115.I) - nepBhIH B MHpe 

npOMbIIIIJieHHhIH l(HKJIOTpOH, npe,IJ;Ha3HaqeHHhIH ,D;JI.SI Hapa6oTKH 

TpeKOBbIX MeM6paH, H3 KOTOpbIX H3I'OTaBJIHBaIOT tj?HJibTpbI ,D;JI51 

nrra3Motj?epe3a, 

• C235(IBA, EerrhrH51) [3] npoTOHHhIH l(HKJIOTpoH, HOBa51 Bepc1151 

KOTOporo pa3pa6aTbIBaJiacb H B 6JIH)Ka:Hrnee BpeM51 6y,n:eT 

oTnmKHBaThC51 11 3anycKaThC51 B OH5IH, c TeM qTo6bI B ,n;anhHelirneM 

pa6oTaTh B Me,D;Hl(HHCKOM l(eHTpe B r. ,ll;HMHTpoBrpa,n:e. l(HKJIOTpOH 

C23 5 6y,n:eT ycKop.SITh npoTOHhI, Ha nyqKax KOTopbIX 6y,n:yT 

ocyrn;ecTBJI5.ITb neqeHHe OHKOJIOrHqecKHX 6onhHhIX. 

B cBeTe BhIIIIe H3JIO)l(eHHoro BhIITOJIHeHHe pacqeTOB ,D;HHaMHKH 

HH3K03HepreTHqecKoro rryqKa ,Il;JI5.I npoeKTOB HH)KeKl(HH B ycKOpHTeJibHbie 

KOMITJieKCbI pa3JIHqHoro Ha3HaqeHH51, a TaK)Ke OITTHMH3al(H5.I napaMeTpOB CHCTeM 
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HH)KeKI.J;lHf Ha OCHOBaHMH IIOJI~eHHbIX ,n;aHHbIX 5IBJI5leTC5I aKTYaJibHOM 3a,n;aqeii H 

OCHOBHOH u;eJibIO ,Il;HCCepTau;MOHHOM pa60TbI. 

Hay11uaH HOBH3Ha: 

Pa3pa6oTaHa cxeMa u;eHTpa co3,n;aBaeMoro YHMKaJibHoro cBepxrrpoBo,n;51ru;ero 

I.J;HKJIOTpoHa C400 (IBA, EeJibrM5I). Bo16paHbI napaMeTpbI MHqmeKTopa, T01IHOe 

rroJIO)KeHHe M reoMeTpH5I 3JieKTPO,IJ;OB, ,n;Ha<pparM. B pe3yJioTaTe pac11eTHa5I 

3$$eKTHBHOCTb 3axBaTa B ycKopeHHe He6aH1IHpOBaHHOro Il~Ka HOHOB 

COCTaBHJia 12 % npM orpaHHl.JeHHH Ha aMITJIHTy,n;y pa,n;HaJibHbIX KOJie6aHHM 4 MM, 

1.JTO npeBOCXO,Il;HT cyiu;ecTByK>ru;HH IlOKa3aTeJib 3$$eKTHBHOCTH pa6oTaIOII.J;HX 

CBepxnpoBO,Il;5IlI.J;HX I.J;HKJIOTpOHOB. 

Onpe,n;eneHbI rpaHHI.J;bI npHMeHHMOCTH 3JieKTpocTaTHqecKoro npM6JIH)KeHH5I 

rrpH pacqeTax KOHqrnrypau;HH ycKOp5II01I.J;ero 3JieKTpH1IeCKoro ITOJUI B u;eHTpe 

I.J;HKJIOTPOHa. IloKa3aHo, 1lTO ,n;M co3,n;aBaeMoro I.J;HKJIOTpoHa C400 pa3JIHqHe B 

KpHBbIX aMITJIMTy,n; Harrp5I)KeHH5I, nony11eHHbIX B 3JieKTpOCTaTH1IeCKOM 

rrpH6JIH)KeHHH H B pe3yJibTaTe BbICOKOl:JaCTOTHOro aHaJIH3a, Il03BOJI5IeT 

rrpOH3BO,Il;HTb pacqeT u;eHTpa .n;o pa,n;Myca 5 CM c TOqHOCTbIO 6oJiee 95 % B 

3JieKTpocTaTMqecKOM rrpH6JIH)KeHHH. 

BnepBbie B 1lHCJieHHOM 3KcnepMMeHTe npo.n;eMoHcTpHpoBaHa B03MO)KHOCTb 

MO)l;YJIHpoBaHH5I HHTeHCHBHOCTH nyl:JKa npM IIOMOru;H HH<imeKTopa, npH 

H3MeHeHMH Hanp.H)KeHH5I Ha 3JieKTpo,n;ax, l:JTO Il03BOJI5IeT peaJIH30BaTb HOBbIM 

rrepcneKTHBHbIH MeTO,Il; npoTOHHOH TepanHH B I.J;HKJIOTpOHe c BHernHeM 

HH)KeKu;HeH Ha OCHOBe aKTHBHoro CKaHMpOBaHH5I o6oeKTa o6JiyqeHM5I nyqKOM 

rrepeMeHHOM HHTeHCHBHOCTH c 1.JaCTOTOH ,n;o 1 Kru;. 

BnepBbie C03,IJ;aHa KOMilbIOTepHa5I MO,IJ;eJib CIIMpaJibHOro 

3JieKTpOCTaTMqecKoro MHqmeKTOpa, c oqeHb 6oJibillHM rrapaMeTpOM 

CirnpaJibHOCTH (tilt=3), crroco6Horo HH)KeKTHpoBaTb ny110K B CBepxnpoBO,Il;5III.J;HM 

CHHXpOI.J;HKJIOTpOH c BeJIHl:JHHOM cpe,n;Hero TIOJI5I B u;eHTpe 4.5 T. 

Pa3pa6oTaHa CTPYKTypa H onTHMM3MpoBaHbI napaMeTpbI JIMHHH MH)KeKu;MH 

rr~Ka aHTMnpoTOHOB c YJibTpaHM3KOH HaqaJibHOM 3HeprHeli 150 3B, 
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rrpoBo,z:vnn;e:H: nyqoK HH3KOH HHTeHCHBHOCTH 6e3 noTeph H3 JIOBYIIIKH 

aHTHnpOTOHOB B HaKonHTeJibHOe KOJihIJ;O. 

IlpaKTH'leCKa.H u;eHHOCTh pa60Tbl COCTOHT B TOM, qTo nonyqeHHhie B Hett 

pe3yJihTaThI 6y.n;yT HCnOJih30BaHhI npH H3fOTOBJieHHH ym·IKaJibHoro 

cBepxnpoBo.n;~nn;ero l(HKJioTpoHa C400, pa6oThI no co3,D;aHHIO KoToporo 

Ha"tJaJIHCh oceHhIO 2010 ro;::i;a, a nycK nnaHHpyeTC51 ocyIIJ;eCTBHTb He n03,JJ;Hee 

2017 ro.n;a B paMKax rrpoeKTa Archade B Me.JJ;MIJJIIHCKOM u;eH'rpe r. KaHH, 

<l>paH1(H5I. 

I1oHhI HeOHa 6hIJIH ycneIIIHO ycKopeHhl B 1(HKJ10TpOHe IJ;HTPEK. 

y CKopeHHe HOHOB KpHnTOHa Ha 1(HKJ10TpOHe IJ;I1TPEK yny"l!IIIHT Ka"tJeCTBO 

npOH3BO,D;HMhIX Ha ycKOpMTeJie TpeKOBhIX MeM6paH H cyIIJ;eCTBeHHO pacIIIMpHT 

o6JiaCTh HX npHMeHeHmI. 

C y"tJeTOM pe3yrr1TaTOB pac"tJeToB .JJ:HHaMHKM ny"l!Ka aHTHrrpoTOHOB 

npoeKTHpyeTC51 JIHHH5I MH)KeKQHH B KOJihl(O AD-REC [ 4]. 

Mo.n;enH H MeTO.JJ:HKH pac"tJeToB, co3;::i;aHHhie B HacT05IIIJ;e:H pa6oTe, MoryT 

6bITb HCIIOJ1h30BaHhl B .JJ;aJihHeHIIIeM rrpH pa3pa6oTKe HOBhIX rrpoeKTOB 

ycKopHTene:H: B illHpOKOM ,JJ;MaIIa30He HX B03MO)KH0f0 rrpHMeHeHH5l. 

,Il;ocToBepuocTh. 

Mo.n;enH H pe3yn1TaTbI pac"tJeToB, H3JIO)KeHHhie B HaCT05IIIJ;e:H ;::i;HccepTal(HH B 

CB513H c pa3pa6oTKOH cBepxrrpoBO.JJ:5IIIJ;ero l(MKJIOTpoHa C400, 6hrnH cocTaBHOH 

qacThIO Me)K.n;yHapo;::i;Ho:H 3KcrrepTH3hI rrpoeKTa C400. IIpoeKTY ycKopHTeJI5I 6hrna 

;::i;aHa BhlCOKM on;eHKa, OH 6bIJI o.n:o6peH H peKOMeH,JJ;OBaH K peanH3aJ.l;HH. 

Pe3yJihTaThI pac"tJeTOB TpaeKTOpH:H: rry-q:Ka qacTMU: B u;eHTpe UHKJIOTPOHa 

C23 5 H U:HTPEK cooTBeTCTBYIOT 3KcrrepttMeHTaJihHbIM ;::i;aHHhIM, "l!TO 

nO,JJ;TBep)K.n;aeT a.n;eKBaTHOCTb pa3pa6oTaHHhlX B .JJ:HCCepTal(HM MO,JJ;ene:H 

3KCrrepHMeHTaJihHbIM ycrroBM5IM H II03BOJ15IeT ocyIIJ;eCTBJ15ITb ycKopeHMe HOBbIX 

copTOB HOHOB. MoHbl HeOHa 6bIJIM ycnemHO ycKopeHhl B 1(HKJ10TpOHe IJ;I1TPEK. 

Pac"tJeThI JIHHHH TpaHcrropTHpOBKH H3 noBymKH MUSASHI[5], 

rrpoBe.n;eHHhie no rrporpaMMaM aBTopa .JJ:MCCepTal(MM, IIOKa3aJIH KaqecTBeHHOe 

COOTBeTCTBHe 3KCnepHMeHTaJibHbIX .n;aHHbIX c pacqeTHhIMH rrpe;::i;CKa3aHH5IMM. 
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Anpo6a~u.H pa6oThl. 

Pe3yJibTaTbI Hccne,n:oBaHHM, TIOJIO)KeHHbie B ocHoBy ,n:HccepTa:u;1rn, 6bIJIH 

Tipe;::i:cTaBneHbI Ha ceM1rnapax TIO ycKopHTemIM JUIII OH5IH, Ha BcepoccHMCKHX 

H Me)l()l;yHapo,n;HhIX KOHcpepeHI.J;H5IX H coBeII.J;aHH5IX: 

19th International Conference on Cyclotrons and their Applications, 

CYCLOTRONS'lO, Lanzhou, China, 2010. 

XXII BcepoccHlicKa51 KoHcpepeH:u;:m1 TIO ycKopHTeJI5IM 3ap5I)l(eHHhIX tiacTHI.J; 

RuPAC-2010, IlpoTBHHo, PoccH51, 2010. 

Third workshop on accelerator science and technology, QUASAR and THz 

Groups, 2010, Germany. 

KoHc)?epeHI.J;HH MOJIOIJ:hIX ytieHhIX H cTieI.J;HaJIHCTOB OMYC 2011, .IJ:y6Ha, 

PoccH51. 

Third DITANET School on Beam Diagnostics, Stockholm University, 

Stockholm, Sweden, 2011. 

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

10th international conference on Low Energy Antiproton Physics, TRIUMF, 

Vancouver, Canada, 2011. 

Pe3yJibTaTbI, Tipe,n;cTaBJieHHhie B ,n;HccepTa:u;HH, TionytieHhI caMHM aBTopoM, 

JIH6o TIPH ero HeTiocpe,n;cTBeHHOM y-qacTHH. 

OcuoBHbie pe3yJibTaT1>1, BhlHOCHMbie ua 3a~nry: 

• opHrllHaJibHa51 KOHqrnrypa:u;1151 H KOMTIOHOBKa 3JieMeHTOB 

~eHTpaJihHOM HH)l(eKI.J;HOHHOM tiaCTH co3,n:aBaeMoro yHHKaJihHoro 

cBepxTipOBO,D;5III.J;ero I.J;HKJIOTPOHa C400, Tipe,n:Ha3HatieHHoro ;::i:rr51 

netieHH51 OHKorrorHtiecKHX 3a6oneBaHHM TIYtIKaMH TipOTOHOB H 

HOHOB yrnepo;::i:a. 

• MeTo;::i: Mo,n;yrrHpoBaHH51 HHTeHCHBHOCTH BbIBe,n:eHHoro TIYtIKa rrpH 

TIOMOID;H llHcpneKTOpa, 3a CtieT ll3MeHeHH51 HaTip5I)l(eHH51 Ha 

3JieKTpo,n;ax, TI03BOJI5IIOII.J;HM peaJIH30BaTb HOBhIM TiepcTieKTHBHhIM 

MeTO,D; TIPOTOHHOM TepaTIHH Ha OCHOBe aKTHBHoro CKaHHpOBaHH51 
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o6'beKTa o6nyqeHH5I nyqKOM nepeMeHHOH HHTeHCHBHOCTH c 

qacTOTOH ,n:o 1 Kfu:. 

• rpaHHIJ;bI npHMeHHMOCTH 3JieKTpOCTaTHqecKoro npH6JimKeHH5I 

npH npoBe,n:eHHH pacqeTOB KOHqmrypaIJ;HH ycKOp5IIOIJJ;ero 

3JieKTp11qecKoro noJI5I B u;eHTpe D;HKJIOTpoHa. 

• napaMeTPbI ycKopeHH5I HOHOB KpHnTOHa B U:HKJIOTpOHe IJ,HTPEK c 

3ap5I,rt;HOCTbIO HH)Ke npoeKTHOH. 

• MO,IJ;eJih cnHpanbHOro 3JieKTPOCTaTHqecKoro HHc)?JieKTOpa c oqeHh 

6oJibIIIHM napaMeTpOM cnHpanbHOCTH (tilt=3), no3BOJI5IIOIJJ;ero 

ocyiu:ecTBHTb HH)KeKD;HIO nyqKa B CBepxnpOBO,I1;5IIIJ;HH 

CHHxpou;HKJIOTpoH c Ben11qHHOH cpe,n;Hero non5I B u;eHTpe 4.5 T. 

• no pe3yJibTaTaM pacqeTOB ,ll;HHaMHKH nyqKa aHTHnpoTOHOB 113 

JIOBYIIIKH MUS AS HI no cyiu:ecTByroIIJ;eH JIHHHH 

TpaHCIIOpTHpOBKH 6hIJIO ,ll;OKa3aHo, qTo OHa He y,n;oBJieTBOp5IeT 

Tpe6oBaHH5IM K JIHHHH HH)KeKD;HH B KOJibU:O AD-REC, IIOKa3aHa 

Heo6xo,n:HMOCTb 3aMeHbI cyiu:ecTBYIOIIJ;eH JIHHHH Ha HOByIO, He 

,n;orrycKarom;yro yBeJIHqeHH5I 3MHTTaHca rryqKa. 

• HOBa5I KOMnOHOBKa H rrapaMeTpbI JIHHHH HH)KeKlt;HH rryqKa 

aHTHnpoToHOB c ynbTpaHH3KOH HaqaJihHOH 3HeprHett 

150 + 500 3B B KOJibl(O AD-REC. 

06'beM H CTpyKrypa ;::i;uccepTau;uu. ,[l;HccepTaD;H5I COCTOHT H3 BBe,n:eHH5I, 

Tpex rJiaB, 3aKJiroqeHH5I H cnHCKa JIHTepaTyphI, co,n;ep)KHT 123 CTpaHHD;hI, 96 

pHcyHKOB H 8 Ta6nHu;. CrrHCOK JIHTepaTyphI co,IJ;ep)KHT 49 HaHMeHoBaHHH. 

Ily6JiuKau;uu. 

Pe3yJihTaThI HCCJie,IJ;OBaHHH, BOIIIe,rt;IllHe B ,n:HccepTau;mo, ony6JIHKOBaHbI B 

15 neqaTHhIX pa6oTax, B TOM qHcne B pe<l_JepHpyeMbIX )KypHanax. 

B 2010 ro,IJ;y 3a U:HKJI ny6nHKau;Hi1 no pa3pa6oTKe npoeKTa 

cBepxrrpoBo,n;51m;ero U:HKJIOTpoHa C400, npe,IJ;Ha3HaqeHHoro ,IJ;JI5I a,n;poHHOH 

TeparrHH, B cocTaBe KonneKTHBa aBTop 6brn y,IJ;ocToeH rrpeMHH JUIIl OlUIH. 
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Co,ZJ;ep~aHue .a:uccepTau;uoHHoii pa6oThI. 

,r::t;IIccepTaD;IUI COCTOHT II3 BBe,n;eHH.H, TPeX rnaB H 3aKJIJOqeHII.H. 

Bo BBe,ZJ;eHHH o6ocHoBaHa aKTyanbHOCTb rrpoBO,[(IIMoro Hccne,n;oBaHH.H, 

HOBII3Ha II rrpaKTIIqecKa.H u;eHHOCTh ,[(IIccepTaD;IIII. 

B nepsoii r JiaBe pacCMOTpeHbl OCHOBhl MaTeMaT:aqecKoro MO,n;en:apoBaHH51 

,[(HHaMHKII 3apmKeHHhIX tiaCTHD; HII3KOH 3HeprHH rrpH HH)J(eKD;HH B ll;HKJIHtieCKHe 

ycKopIITen:a H HaKOTIHTen:a. IIpe,n;cTaBneHo on:acaH:ae aBTopcKoii nporpaMMhI, 

npHMeH5IeMOH ,[(JI51 pacqeTOB. 

IIporpaMMa DYN [ 6, 7] HanIIcaHa B naKeTe Matlab :a cocTOHT H3 p.H,n;a 

6JIOKOB (no,n;nporpaMM), rrpe,n;Ha3HaqeHHhIX ,[(Il51 pemeHH.H pa3JIHtIHhIX 3a,[(atI 

rrpoeKTIIpoBaHH.H CIICTeM ycKopIITen.H. B BH,n;e 110.n;c:acTeM ocpopMneHbI 6noKH 

3a,[(aHII.H HaqanbHhIX napaMeTpOB, TaKHX KaK KOop,n;HHaTbl II CKOpOCTH tiaCTHD;, HX 

3HeprII.H, cpa3a. 0T,[(eJibHhIMH TIO,[(CIICTeMaMH ocpopMJieHbl TaK)J(e rrporpaMMbI, 

pacctIIITbIBaIOrn;He TIOTepH HOHOB Ha nepe3ap.H,n;Ky Ha OCTaTOIIHOM ra3e [8], 

HMeeTC.H 6noK CTaTHCT:aqecKOH o6pa60TKH rronyqeHHbIX pe3yJioTaTOB, 

ocy:w;ecTBJI.HIO:rn;Hli pacqeT 3MHTTaHCOB nyIIKa, tiaCTOT 6eTaTpOHHbIX KOJie6aHHH. 

IlpII pacqeTax ,[(HHaMHKH HII3K03HepreTHtiecKoro nyqKa oqeHb Ba)KHO 

HCI10Jlb30BaTb pe3ynoTaTbl q:acneHHbIX pacqeTOB 3JieKTPOMarHHTHbIX rrone:H:, TaK 

KaK 3cpcpeKTbl KpaeBbIX none:H: BHOC.HT cy:rn;eCTBeHHhIH BKJia,[( B ,[(BJiI)KeHHe 

3ap.H)J(eHHhIX qacTHD;. IlporpaMMa DYN MO)KeT :acnonb30BaTb pe3ynhTaTbI 

pacqeTOB 3JieKTpoMarHHTHoro non.H B OPERA, Comsol, CST Studio HJIH 

ANSYS. 

BTopan r.11aBa nocB.H:rn;eHa pacqeTaM :u;eHTpanbHbIX o6nacTeii :o;HKJIOTpoHoB: 

rrpoTOHHoro Me,n;II:U:HHCKoro :U:HKJIOTPOHa C23 5 (IBA, Eenbr:a.H), 

cBepxnpoBo,n;.H:rn;ero Me,n;:a:u;HHCKoro ycKop:aTen.H C400 (IBA, EenbrH.H), 

D;HKJIOTpoHa IU1TPEK :a CBepxnpoBo,n;.H:rn;ero cttHxpo:u;:aKJIOTPOHa c rroneM 4.5 T. 

OcHOBHOH :u;enbIO pacqeToB :u;eHTpa :U:HKJIOTpoHa C23 5 6orn aHaJIH3 

,[(HHaMIIKH nytIKa, KOTOpbIH rrpoBO,[(HJIC51 c :u;enbIO onpe.n;eneHH51 rrpHqJiIH ITOTepb 

HOHOB B npou;ecce ycKopeHH.H [3]. TaK)Ke HeManoBa)KHhIM .HBJI.Hnacb 
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B03MO)l(HOCTb rrpoBepKH MeTo,n;a pacqeTa 3KCIIepHMeHTaJibHbIMH pe3yJioTaTaMH 

,IJ;BH)KeHH51 rryqKa B peanhHO pa6oTaIOiu;eM :U:HKJIOTPOHe. Eorna co3,z::i;aHa 

KOMIIhIOTepHa51 MO,IJ;eJib u;eHTPa :U:HKJIOTpOHa H rrpoBe,n;eH pacqeT ,Il;BH)KeHH51 

rryqKa Ha rrpOT5I)KeHHH rrepBhIX o6opoTOB. CpaBHeHHe rroJio)KeHH51 3aTeMHemr:H: 

Ha rrpOTHBO,IJ;yaHTHbIX paMKaX H .n;yaHTax, BhI3BaHHhIX rrpoXO)K,IJ;eHHeM rrytJKa Ha 

cpoTorpacpHH u;eHTPa :U:HKJIOTpoHa, H pacqeTHOM TpaeKTOpHH :u;eHTpaJibHOM 

tJaCTH:U:bI, y6e)K,n;aeT B rrpaBHJihHOCTH pacqeTa. 

EonbIIIYIO qacTb BTopo:H: rnaBhI cocTaBJI5IIOT pacqeThI CB513aHhie c 

aKCHaJibHOM HmKeKQHe:H: rryqKa B :u;eHTp U:HKJIOTpoHa C400 rrocpe,n;cTBOM 

CIIHpaJibHOro 3JieKTpOCTaTHqecKoro Hml:meKTOpa. 

B rrocne,n;HHe ro,n;hI B paMKax coTpy,n;HHqecTBa IBA - OH5III rpyrrrro:H: 

COTpy,n;HHKOB 01UIH 6orn pmpa6oTaH rrpoeKT KOMIIaKTHOfO CBepxrrpoBO,IJ;51Iu;ero 

H3oxpoHHoro :U:HKJIOTpoHa C400 [ 1, 9, 1 O] ,JJ;JI51 a.n;poHHOM TeparrHH (Puc. J), 

KOTOpbIM 6y,n;eT ycTaHOBJieH B Me,II;H:U:HHCKOM :u;eHTpe B KaHHe, <t>paH:U:H51. 

Bll pe30HaTopL1 

B ~OJIHHax 

TpaKThI 

BLIBe~eHHblX 

nyqKOB 

He 2+ HCToqHHK 

Puc. 1. 06U{UU aua l(U«JlOmpoua C400 
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ll;HKJIOTpOH npe,n;Ha3HaqeH ,n;mr ycKopeHM5I nyqKoB HOHOB c OTHOilleHMeM 

3ap51,n;a K Macce paBHhIM 0.5. I1pe,n;nonaraeTc5I ycKop5ITh 12C6+ H 4He2+ MOHhI ,no 

3HeprHH 400 M3B\HyKJIOH, a TaIOKe H 2+ HOHhI ,no 3HeprHH 260 M3B. MarHMTHa5I 

cncTeMa U:HKJIO'fPOHa 6poHeBoro THna MMeeT qeToipexceKTOpH)'IO CTPYKTYPY· 

lI;HKJIOTpOH MMeeT ,l(MaMeTp 6.9 M, ero Bee COCTaBJI5IeT 660 T. 

12C6+, 4He2+ M H2 + MOHhI norryqaIOT c noMOIIJ;hIO 3I(P HCTOqHMKOB, 

pacnoJIO)l(eHHhIX HM)l(e U:HKJIOTpOHa. IJyqoK MH)l(eKTHpyeTC5I B u;eHTP 

ll;HKJIOTpOHa npH noMOIIJ;H cnHpaJibHOro HHcprreKTOpa. 

Y cKop5IIOIIJ;a5I BhICOKoqacTOTHaH cHcTeMa [ 11, 12] U:HKJIOTPOHa C400 

COCTOHT H3 ,n;Byx CB5I3aHHhIX pe30HaTopoB, pa3Meru;eHHhIX B npoTHBOnOJIO)KHbIX 

,l(OJIHHaX MarHHTa. 

Borno,n; npoToHoB 6y,neT npoH3BO,n:HThC5I 06,nnpKoli HOHOB MoneKyn5IpHoro 

Bo,nopo,n;a H 2 +Ha cponore. Borno,n; nyqKa HOHOB yrnepo,n;a 6y,n;eT ocym;ecTBJI51ThC5I 

nocpe,n;CTBOM O,ll;HOro 3JieKTpOCTaTHqecKoro ,n;ecpneKTOpa, KOTOpbIH pacnOJIO)KeH B 

,l(OJIHHe Me)K,l(y ceKTOpaMM. IlyqKH npoTOHOB M HOHOB yrnepo,n;a 6y,nyT 

BhIBO,l(HTbC5I no OT,Il;eJibHbIM KaHaJiaM, coe,l(HH5I51Cb Ha paCCT05IHHH npHMepHO 6 M 

OT u;eHTpa l(HKJIOTPOHa. 

Pa6oTa aBTopa ,n:HccepTaU:HH no ll;MKJIOTpoHy C400 3aKJIIOqanacb B 

OCHOBHOM B a,nanTall;MH nporpaMMhI, pa3pa6oTKe MeTO,Il;HKH M MO,l(eJIMpOBaHMM 

,l(HHaMHKH nyqKa npH npOXO)K,Il;eHHH u;eHTpaJibHOH o6JiaCTH U:HKJIOTPOHa. 

PacqeThI u;eHTPa ll;MKJIOTpoHa oco6eHHO Ba)l{HhI npM pa3pa6oTKe 

ycKopHTeJI5I c BHenrneli MH)KeKu;Heli nyqKa. OcHoBy no,n;o6HhIX pacqeTOB 

COCTaBJI5IeT MO,n;enHpoBaHHe HHcpJieKTOpa H reoMeTPHH u;eHTpaJibHOro palioHa, 

BKJIIOqaIOm;yIO reoMeTpHIO "HOCHKOB" ,n;yaHTOB, Kopnyca HHcpJieKTopa H 

,l(HacpparM cpa30BOH ceneKI(HH. 

Ilpn npoeKTHpoBaHHH u;eHTpa cBepxrrpoBO,l(5IIIJ;ero U:HKJIOTpoHa C400 

BhI,ll;BHraJIHCb BhlCOKHe Tpe6oBaHH5I, KaK K 3cpcpeKTHBHOCTH u;eHTpa, TaK H K 

KaqecTBY nyqKa Ha BhIXO,n:e H3 u;eHTpaJibHOH o6naCTM. 

B nepByIO oqepe,nh Heo6xo,l(HMO 6omo o6ecneqnTh xopomyIO 

u;eHTpnpoBaHHOCTb rryqKa H He6oJiblllyIO aMnJIHTy,l(y pa,n;naJihHhlX 6eTaTpOHHhIX 
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Korre6aHHH (<4MM). Orpam1qeHne Ha aMrrrrnTy,n:y pa,n:HanbHhIX Korre6aHMH 

CB5I3aHo c TeM, qTo B rrpou;ecce ycKopeHM5I ,n:o 3Heprnn 400 .J\13B/H, rryqoK 

rrepeceKaeT p5I,n: pe30HaHCOB (B qacTHOCTH pe30HaHC 3Qr=4), rrpoXO)K,IJ;eHMe qepe3 

KOTOpbie MO)KeT rrp1rneCTM K ITOTep5IM rryqKa. c Heo6xo,n:HMOCTbIO xoporneH: 

u;eH'rpnpoBaHHOCTH cmI3aHa B03MO)KHOCTb ocyrn;eCTBJieHH5I 

Mo,n:ynnpoBaHH5I HHTeHCMBHOCTH rryqKa rrpn IlOMOill;H MH<jJJieKTopa ,IJ;JI5I 

peann3aIJ;HH HOBoro rrepcrreKTHBHOro MeTo,n:a rrpOTOHHOH TeparrHH B IJ;MKITOTIJOHe 

c BHeIIIHeii lIH)KeKr.:t;HeH Ha OCHOBe aKTHBHOro CKaHMpOBaHH5I o6'beKTa o6rryqeHM5I 

rryqKoM rrepeMeHHOH MHTeHCMBHOCTH. 

BbICOKa5I 3<P<PeKTMBHOCTh u;eHTpa rro3BOJIMT OTKa3aTbC5I OT ncrrorrb30BaHH5I 

6aHqepa, qTo, 6e3ycrrOBHO, Ba)KHO, TaK KaK B Me,n:Hr.:t;HHCKOM ycKOpMTerre 

Heo6xo,n:HMO MMHMMM3HpOBaTb KOJIHqecTBO HacTpaHBaeMbIX rrapaMeTIJOB M 

CTOMMOCTb ycTaHOBKM. 

TaKHM o6pa3oM, ,n:rr5I yHMKarrbHoro Me,n:11u;nHcKoro ycKop11Terr5I, c 

peKop,n:HOH ,IJ;JI5I KOMITaKTHbIX IJ;HKJIOTpOHOB 3Heprneii ycKopeHHOro rryqKa 

MOHOB, Heo6xo,n:HMO 6bIJIO crrpoeKTHpOBaTb u;eHTp IJ;HKITOTpOHa, OTBeqarorn;11H: 

u;erroMy p51,n:y BbICOKMX Tpe6oBaHHH. 

,L(JI5I MH)KeKTMpOBaHM5I rryqKa B Toqey, orrpe,n:eneHHYIO H3 pacqeTa 

paBHOBeCHOH op6MTbI, 6hrna C03,IJ;aHa MO,IJ;eJib MH<PrreKTOpa H pa3pa6oTaHa 

reoMeTp11qeKa5I Mo,n:enh u;eHTpanbHOH o6rracTM (CM. Puc.2). 

Puc. 2. Mooenb u,enmpa u,uKllompona c un<jJne1<mopoM a 1a1eMnennoM 

1<opnyce 
10 



KaK rrpamrno, aKcHanhHaH <i_}oKycHpOBKa B u;eHTpe He MO)KeT 6bITh 

o6ecrreqeHa TOJibKO a3HMyTanbHOH BapHau;:aeii MarHHTHOro IIOJIH. ,[(JI5I 

o6ecrreqeHHH aKCHaJihHOH tj_)oKycHpOBKH B u;eHTPe IJ;HKJIOTpOHOB C03,)];aIOT 6aMII, 

OTp:au;aTeJibHhIM pa,n;HaJibHblM rpa,n;HeHT cpe,n;Hero IIOJIH ,ll;OJI)KeH <i_}oKycHpOBaTh 

rrycrnK no BepTHKaJIH. BenwIHHa 6aMrra B IJ;HKJIOTpoHe C400 cocTaBnHeT OKOJIO 

200 re. Ha pa,n;Hyce ,...,,g CM 6aMII 3aKaHqHBaeTC5I, H cpe,n;Hee none <i_)opMHpyeTC51 

paBHhIM H30XpOHHOMY. 

B u;eHTpe oco6eHHO Ba)KHa 3JieKTpwiecKa51 tj_)oKyc:apoBKa, KaK rrpaBHJIO, oHa 

"pa6oTaeT" rrepBbie 2-3 o6opoTa. ,n:rr11: Toro qT06h1 3JieKTpHqecKa51 (aKcHanbHaH) 

<i_}oKycHpOBKa OKa3b1Bana CBOe ,n;eiiCTBHe qacTHIJ;bl ,ll;OJI)KHbl rrorra,n;aTb B 

ycKopHIOIIJ;HM 3a3op B HY)KHOM <i_}a3e. TaKHM o6pa3oM, ecrrH paccMaTpHBaTh 

HerrpepbIBHhIM, TO eCTh He6aHqHpOBaHHhIH (HecrpyrrrrHpOBaHHhIH) rryqoK, TO 

y)Ke rrepBhIM 3a3op 6y,n;eT oT6HpaTh qacTHU:hI B HY)KHOM <i_}a3oBoM ,n;Harra3oHe, TaK 

KaK qacTHIJ;hI c "HerrpaBHJihHhIMH" <i_}a3aMH 6y,n;yT yTepHHhI. 

Pe3yJII>TaThI pacqeTOB HerrpepbIBHoro rryqKa rroKa3aJIH, qTo rrp:a 

HCIIOJib30BaHHH ,Il;BYX ,n;Hatj_)parM 3<i_)<i_}eKTHBHOCTb HH)KeKIJ;HH He6aHqapoBaHHOro 

rryqKa ,ll;OCTHrHeT 12 % (rrpH ycnOBHH, qTo aMIIJIHTY,Il;hI pa,n;HaJihHhIX KOJie6aHHH 

He rrpeBbllllaIOT 4MM), l:JTO COOTBeTCTBYT tj_)a30BOH rrpOTH)KeHHOCTH 3axsaqeHHOro 

B ycKopeHHe rryqKa - 43 ° BL!. TaKoii rry"CJoK 6y,n;eT ycKopHThCH B ,n;aJihHeiirrrneM 

6e3 IIOTepb. IlpH HCIIOJih30BaHHH 6aH"CJepa 3tj_)<i_}eKTHBHOCTb HH)KeKIJ;HH 6y,n;eT 

yBeJIHqeHa B 2-3 pa3a, H COCTaBHT He MeHee 25%. 

06bJqHo 3<i_)tj_)eKTifBHOCTh u;eHTpa IJ;HKJIOTpOHa (6e3 6aHqepa) He rrpeBbIIIIaeT 

10%, HarrpHMep, B IJ;HKJIOTpoHe ~ 60 (JUIP, OIUIH) 3<i_)<i_}eKTHBHOcTh u;eHTpa 

cocTaBHna 5% [13], B cBepxrrpoBo,n;HIIJ;eM IJ;HKJIOTpoHe LNS K-800 (KaTaHMI, 

HTaJIHH) - 9% [14]. 3tj_)<i_}eKTHBHOCTh u;eHTpa IJ;HKJIOTpoHa 3aBHCHT OT MHor:ax 

o6cTOHTeJibCTB, HarrpHMep, OT HHTeHCHBHOCTH ycKOpHeMoro rryqKa, OT 

Tpe6oBaHHH Ha aMIIJIHTYAY pa,n;HaJibHhIX KOJie6aHHH, OT ypoBH5I cpe,n;Hero IIOJIH, 

II03TOMY cpaBHHBaTb 3tj_)<i_}eKTHBHOCTH u;eHTpanbHhIX o6rracTe:H pa3HbIX 

IJ;HKJIOTPOHOB He BCer,n;a KoppeKTHO. IlpaBHJihHee cpaBHHBaTb IJ;HKJIOTpOHhI 

o,n;Horo Knacca. IlpoeKT KOMrraKTHoro cBepxrrpoBo,n;mu;ero IJ;HKJIOTpoHa C400 
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yHHKaneH, B MHpe p83pa6aTbIBaeTC5.I ern;e o,n;HH aHarrorucrnbIH rrpoeKT B Kopee 

KIRAMS-430 [15], o,n;HaKo OH Haxo,n;HTC51 Ha 6onee paHHeli cTyrreHH 

rrpopa6oTKH. 

Cne,n;yeT OTMeTHTh, ecJIH B pacqeTe npHMeH5IJiacb He KapTa MarHHTHoro 

IIOJI51 c orpHu;aTeJibHbIM pa,n;HaJibHbIM rpa,n;HeHTOM cpe,n;Hero IIOJI5.I, a IIOCT05IHHOe 

Ha mo6oM pa,n;Hyce H a3HMyTe MarHHTHOe IIOJie c HH,IJ;YKQHeii 2.45 T, TO 

KOJIHqecTBO HOHOB, 3axsaqeHHbIX B npo:u;ecc ycKopeHH51, He MeHJIJIOCb. lfa -ciero 

MO)l(HO c,n;enaTb BbIBo,n;: HH OTpH:o;aTeJibHblll pa,n;HaJibHblll rpa,n;HeHT, HH 

a3HMYTMbHa51 BapHaQmI MarHHTHoro IIOJI5.I He OKa3bIBaeT 3aMeTHoro BJIH5.IHH5.I Ha 

aKCHaJibH)'IO q:>oKycHpOBKY rry-qKa. MarHHTHoe none c 6aMIIOM o6ecrre-ciHBaeT 

CMeru;eHHe q:>83bl HOHOB c 3aIIa3,Il;bIBaIOrn;eH: Ha 30-35°Bq Ha rrepBOM o6opoTe Ha 

0° B KOHD;e :o;eHTpaJinHOH o6JiaCTH (R=8 CM), r,n;e ,n;eHCTBHe 3JieKTpH-cieCKOH 

cpoKycHpOBKH 3aKaHqHBaeTC5.I H Ha"CJHHaeTC51 H30XpOHHblll pe)l(HM ycKopeHH51. 

I1MeHHO ,IJ;JI5.I o6ecrreqeHH51 C,IJ;BHra q:>a3bl H IIOJie3eH B :o;eHTpe D;HKJIOTpoHa 6aMII 

MarHHTHOrO IIOJI51 BbICOTOH rrpHMepHO 200 f c. 

f naBHa51 u;eJib rrpoBe,n;eHH51 q1fcJieHHbIX pac-cieTOB BbICOKoqacTOTHbIX 

pe3oHaTopoB CBJI3aHa c perneHHeM KOHCTPYKTHBHhIX 3a,n;a-ci, a HMeHHO, 

orrpe,n;eneHHe reoMeTpHH pe3oHaTopa, o6ecrreqHBmoru;eH: Heo6xo,n;HMYIO qacToTy, 

o:o;eHKa rrpoqHOCTH KOHC'fPYKIJ;HH, BbI6op Tpe6oBaHHH K CHCTeMe OXJia)l(,IJ;eHH51. 

0,n;HaKO, MO,IJ;eJIHpOBaHHe pe30HaTopa HJ)l(HO ocyru;eCTBJI5.ITb TaK)l(e ,IJ;JI51 

rrony-cieHHJI KapTbI 3JieKTpHqecKoro non51, Heo6xo,n;HMOH ,IJ;JI51 rrocne,n;yIOru;Hx 

pacqeTOB ,IJ;HHaMHKM rryqKa. ToJibKO MCIIOJib3Y51 KapTy ycKop5IIOII1;ero IIOJI51, 

MO)l(HO paccqHTbIBaTb Ha BbICOKYIO TOqHOCTb pacqeTOB ,IJ;HHaMHKH rry"l!Ka. 

06bJqHo KapTa ycKop.SIIOru;ero IIOJI5.I B :o;eHTpe D;HKJIOTPOHa pacC"CJHTbIBaeTC5I B 

:meKTpocTaT:aqecKOM rrpH6JIM)l(eHHH. QqeBH,IJ;HO, qTo 3TO rrpH6JIH)l(eHMe 

npMeMJieMO, np:a ycJIOBHH IIOCT05.IHCTBa aMIIJIHTY.[(bI HaIIp5.I)KeHH51 Ha 

ycKOp5IIOID;eM 3JieKTpo,n;e B.[(OJib pa,n;:ayca (pa3yMeeTC5.I, TOJibKO B MO,IJ;eJIHpyeMOM 

u;eHTpe ). HacKOJibKO 3TO rrpH6JIH)KeH:ae cooTBeTCTByeT ,n;eH:cTBHTeJibHOCTM, 

MO)KHO Y3HaTh, ocyru;ecTBJI5151 qlfcJieHHbie pacqeThI pe3oHaTopa, :acrroJih3Y51 ,n;sa 

no,n;xo,n;a: 
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• 3JieKTpOCTan1qecKoe rrpH6JIJ·DKeHI1e, 

• BbICOKoqacTOTHbIH pacqeT. 

reoMeTp11qecKaJI MO,IJ;eJib (CM. Puc. 3) pe30HaTopa CBepxnpoBO,IJ;5Iru:ero 

QHKJIOTpoHa C400 6brna pa3pa6oTaHa B CST MICROWAVE STUDIO [16]. 

CJie,IJ;yeT OTMeTHTb, qTo pacqeTbI sq pe30HaTopoB Tpe6yIOT 60JibllIHX pecypcoB 

KOMIIbIOTepa, II03TOMY qacTO npHXO,IJ;HTC51 ynporu:aTb MO,IJ;eJib, HaIIpHMep, He 

npopHCOBbIBaTb Ba:JKHbie np11 pacqeTax QeHTpa orpaH11q11TeJIH (nocTbI). PacqeTbI 

B 3JieKTpOCTaTHqecKOM IIpH6Jiff>KeHHH II03BOJI5IIOT 3a,n;aBaTb TOJibKO tiaCTb 

pe30HaTopa, npHXO)l;5Iru:YIOC5l Ha QeHTP, II03TOMY cyru:ecTBeHHO 3KOHOM5IT 

pecypcbI KOMIIbIOTepa, npom;e fOBOp51, pactieT H,IJ;eT 6bICTPee, qTo II03BOJI5IeT 

ycJIO)KHHTb MO)l;eJih, B qacTHOCTH 3a,n;aTb TOqHYIO reoMeTpHIO "HOCMKOB" 

.n;yaHTOB. ,Il;JI5l cpaBHeHH5l o6oHX IIO,Zl;XO,IJ;OB 6bIJI npoBe,n;eH BbICOKoqacTOTHbIH H 

3JieKTpocTaTHtieCKHH pacqeT o,n;HoH: 11 TOH )Ke Mo,n;eJIH pe3oHaTopa. IIo 

pe3yJibTaTaM pactieTa 6brnH IIOCTPOeHbI 3aBHCHMOCTM ycKop51IOru:ero 

HaIIp5I)KeHH5l OT pa,IJ;Myca. rpaqmKH npe,IJ;CTaBJieHbl Ha Puc. 4' r.n;e CIIJIOIIIHa51 

JIHHH5l rroJiy-qeHa 113 3JieKTpocTaTMtiecKoro pactieTa, a IIITPMXOBa51 - H3 

BbICOKoqacTOTHoro. 

Puc. 3. K0Mnb10mepnaa Mode!lb pe3onamopa 
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Puc. 4. 3a«ucUMocmb 11anpR:HCe11u11 yc«op.n10U{e20 noll11 om paouyca 

Ha pHCYHKe rrpaKTffLJeCKH He 3aMeTHO pa3HHIJJ>I B BemrLJHHe HaIIp5I)l(eHH51 

BITJIOT.h ,n;o pa,n;Myca R = 5-6 CM, TO ecT.h, np0Bo,n;51 pacqeT.hI «Manoro u;eHTpa», a 

3TO 06.h1qHo R MeH.hIIIe 6-8 CM rryqIIIe McnoJI.h30BaT.h 3JieKTpocTaTuLJecKoe 

npH6JIH)KeHHe, o,n;HaKo npH nepexo,n;e Ha 6orrbIIIHe pa,n;Myc.hI, ,n;rr51 pacqeToB 

ycKop5norn;ero 3JieKTpMqecKoro nomi: Heo6xo.n;MM B.hICOKoqacTOTHhIH aHanM3. 

3a,n;aqa Mo.n;ynHpoBaHM51 HHTeHCMBHOCTM nyqKa QHKJIOTpOHa c BHeIIIHeH 

HH)KeKQHeH MO)l(HO peIIIaTb H3MeHeHHeM tj:>a3hl Hanp5I)KeHH51 Ha 6aHqepe, o,n;HaKo 

B CB513H c HeBbICOKHMH Tpe6oBaHM5IMH K MHTeHCHBHOCTH nyqKa .IJ;JI5I rreqemrn 

OHKOJiorHqecKMX 3a6orreBaHMH, npHMeHeHHe 6aHqepa QHKJIOTpoHe C400 MO)l(eT 

OKa3aT.hC5I H3JIHillHMM, Il03TOMY 6.hma npoaHanH3HpOBaHa B03MO)l(HOCTh 

HCITOJih30BaHIDI ,ll;JIH 3TOH u;eJIH H3MeHeHJUI HanpH)KeHIDI Ha HHcprreKTOpe. 

PacqeT.hI rroKa3anH, .n;rrH Toro qT06h1 yMeHhIIIMTb MHTeHcHBHOCTh nyqKa ,n;o HYJIH 

Tpe6yeTc.sI yMeH.hmeHMe HanpH)KeHH.sI Ha 12% . IIpH 3TOM OTCYTCTBOBaJIH noTepM 

Ha HH)KHeM 3JieKTpo.n;e HHtj:>JieKTopa. Mo)l(HO ,n;o6HThC5I TaKoro )Ke pe3yn1TaTa, 

yBeJIH:qHBaH HanpH)l(eHHe, HO ,ll;JIH 3Toro IlOTpe6yeTC51 cy:m:ecTBeHHO 6oJibIIIee 

M3MeHeHHe HanpJI)KeHHH - 40 %, qTo oqeBH.II;HO He)l(eJiaTeJibHO. 

y MeHbIIIemie HanpH)l(eHIDI npHBO,Il;HT He TOJI.hKO K M3MeHeHHIO 

BepTHKaJibHOI'O ,Il;BH)l(eHMH nyqKa, HO M pa,n;HaJibHOro. 0,n;HaKo, KaK IlOKa3aJIM 

pacqeTbl, M3MeHeHMe pa.n;MaJibHOro ,ll;BM)l(eHMH BhI3bIBaeT B ccpopMMpOBaHHOM 

u;eHTpe QHKJIOTpOHa M3MeHeHHe aMITJIHTY.IJ;hl pa,n;HanbHhIX KOJie6aHMH MeHee qeM 

Ha 1 MM. 
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O~eHKa aQ>cpeKTMBHOCTM ~eHTpa ~MKnOTpoHa LWITPEK 

,[(m1 cpaBHJITeJJbHOH OI(eHKM KaqecTBa <!JopMMpoBaHM5I n;eHTpa I(MKJJOTpoHa 

C400 aBTopoM 6hrn rrpoBe,Il;eH aHaJJM3 3<!JcpeKTMBHOCTM I(eHTpa I(MKJJOTpoHa 

IUITPEK, HBJ15IIOII(eroc51 6a3oBo:ii ycTaHOBKOH o6nyqaTeJJbHoro KOMIIJJeKca 

«Anb<pa». 

KoMrrneKc «Anb<pa», rrpe,Il;Ha3HaqeHHbIH ,Il;J15I o6nyqeHM5I rroJJMMepHbIX 

IIJJeHOK, MCl10J1b3YeMbIX B rrpOM3BO,Il;CTBe TpeKOBbIX MeM6paH, Heo6xo,Il;MMbIX ,Il;J15I 

rrpoM3BO,Il;CTBa pa3,Il;eJI5IIOII(MX M cpMJJbTpyIOII(MX 3J1eMeHTOB Me,Il;HI(MHCKOro, 

rrpOMbIIIIJJeHHOro H 6bITOBoro Ha3Ha1:1eHH5I, 6brn pa3pa6oTaH M M3rOTOBJ1eH B 

06oe,Il;MHeHHOM HHCTMTyTe 51,Il;epHbIX HCCJJe)l;OBaHMH ,Il;J15I 3AO XOJ1,Il;MHrOBa5I 

KOMITaHM5I «TpeKrrop TexHOJIO,Il;JKH». 

IJ;MKJJOTPOH IJ;HTPEK 6brn crrpoeKTMpOBaH M C03,Il;aH 10 JJeT Ha3a,II; c 

MCIIOJ1b30BaHIJeM MeTO,Il;OB M rrporpaMM Toro BpeMeHM. 

ABTopoM 6brna C03,Il;aHa TOqHa5I MO,Il;eJJb I(eHTpa I(HKJJOTpoHa (Puc.5) H 

rrpoH3Be,Il;eH pacqeT MHJKeKI(MM HerrpepbIBHoro HecrpyrrrrHposaHHoro rry1:1Ka 

MOHOB (beam train), aHanorM1:1Ho pac1:1eTy B I(MKJJOTpoHe C400. 

-10 

-5 

E 
u_ 0 
>-

5 

-10 -5 0 
X,cm 

5 10 15 

Puc. 5. Tpae1<mopuu nyl/Ka uouoe apzoua e l{eHmpe lfrUKJtompoua .lfHTPEK 
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PacqeTHaH 3cpcpeKTHBHOCTh :o;eHTpa :QHKJIOTpOHa L(HTPEK COCTaBHJia OKOJIO 

5 %, qTo IIO,D;TBepm:,n;aeTCH 3KCIIepHMeHTaJihHhIMH ,n;aHHhIMH: HHTeHCHBHOCTh 

rryqKa B JIHHHH HH:>R:eK:QHH H HHTeHCHBHOCTh rryqKa Ha pa,n;Hyce 10 CM, 

COOTBeTCTBYIOT K03cpcpH:QHeHTY rrpoxom:,n;eHHH rryqKa OKOJIO 5 % [2]. PacqeTHaH 

3cpcpeKTHBHOCTh :o;eHTpa C400 cy:ru;ecTBeHHO BhIIIIe, a HMeHHO 12 %, rrpttqeM rrpII 

orpaHHqeHHH Ha aMIIJIHTy,n;y pa,n;HanhHhIX Kone6aHHH - 4 MM. Eonee HH3KaH 

3cpcpeKTHBHOCTh :o;eHTpa L(HTPEK o6'bHCH5.£eTC5.£, rrpem:,n;e Bcero cyru;ecTBeHHO 

60JihllIHMH BepTHKaJihHhIMH IIOTepHMH. 

BepTHKaJihHhie rroTepH B :QHKJIOT}JOHe L(HTPEK 6onhIIIHe no ,n;ByM 

rrpHqIIHaM. TiepBaH 3aKJIIOqaeTC5.£ B TOM, qTo nyqoK B L(HTPEKe ,n;onroe BpeMH 

,n;peH:c)?yeT rrocne BhIJieTa H3 IIHcpneKTOpa B 30He, r,n;e IIOJIHOCThIO OTCYTCTByeT 

BepTHKaJihHaH cpoKycttpoBKa, rrpem:,n;e qeM nona,n;eT B ycKopHIOII.J;HH 3a3op. TaKaH 

reoMeTpHH u;eHTpa I103BOJI5.£eT He 3aHHMaThC51 OIITHMII3a:QHeH c)?opMhl HOCHKOB 

,n;yaHTOB H .n;enaeT :o;eHTp :QIIKJIOTpOHa npoCThIM. 0,n;HaKO ,l1;JI5.[ yMeHhIIIeHHH 

BepTHKaJihHhIX IIOTepb Heo6xo,n;HMO npH6JIH:>R:aTh ycKOpHIOII.J;HH 3a30p K BhIXo,n;y 

H3 IIHcpJieKTOpa, a .n;anee HaXO,il;HTh onTHMaJihHyIO reoMeTpIIIO HOCHKOB ,n;yaHTOB 

,n;nH 3a.n;aHHoro pacnpe,n;eneHIIH cpe,n;Hero MarHHTHoro rronH, KaK 6orno c,n;enaHo 

,n;nH :QHKJIOTpoHa C400. BTopaH npHqHHa KpoeTCH B HeonTHManhHOCTH 

H3MeHeHHH MarHHTHoro nonH B :o;eHTpe :QHKJIOTpoHa B.n;onh pa,n;ttyca. PacTy:ru;ee 

BnJIOTh ,n;o 8 CM cpe,n;Hee none 3aTpy,n;HHeT C03,l1;aHIIe C,il;BHra cpa3hl, 

crroco6cTBYIOII.J;ero ycttneHHIO 3JieKTpHqecKOH cpoKycHpOBKH. 

TaK KaK B :QHKJIOTpoHe L(HTPEK He Hcnonh3YIOTCH ,n;ttacpparMhI cpa3oBoli 

ceneKU:HH, cpaBHeHHe 3cpcpeKTHBHOCTeli u:eHT}JOB C400 H L(HTPEK He coBceM 

KoppeKTHo: B L(HTPEK aMIIJIHTy,n;a pa,n;HanhHhIX Kone6aHHH He orpaHHqeHa 

CTOJih m:ecTKO, KaK B C400 (< 4 MM). 

TeM 6onee oqeBH,n;Ha rrpaBHJihHOCTh Bh16paHHOH .n;nH cpopMIIpoBaHHH :o;eHTpa 

C400 cTpaTerHII, 3aKJI10qa10:ru;elicH B MHHHMH3a:QIIII ,n;pe:H:c)?a rryqKa ,n;o nepBoro 

ycKOp5.lIOII.J;ero 3a30pa, B BhI6ope OIITHMaJihHOH cpopMhl H nonom:eHIIH HOCHKOB 

,n;yaHTOB ,il;JIH 3ap;aHHoro pacrrpe,n;eneHII5.£ MarHHTHOro IIOJIH. 
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ffaHaqanbHO ll;I:IKJ10TpOH :QI1TPEK npoeKTttpoBaJJC.H .[l;J1.H ycKopeHIDI HOHOB 

KpHnToHa c A/Z =4.94. 0,n;HaKo pa6oTaIOII(Hii B HacTo.Hmee BpeM.H 3QP 

HCTOqHHK He Bbipa6aTbIBaeT KpHilTOH HY)KHOM 3ap5I,il;HOCTH, Il03TOMY ycKOpHTeJ1b 

pa6oTaeT c aproHoM A/Z =4.99. 

,[(n.H pa3J1HqHbIX npHMeHeHHM Ba)KHO HMeTb pa3JJHqHbie ycKopeHHbie 

HOHbl, HanpHMep, HOHbI HeOHa H KpHIITOHa. 1ICIIOJ1b3Y.H C03.[l;aHHYIO MO.[l;eJ1b 

I(eHTpa IJ;HKJ10TpoHa, aBTOp rrpoaHanH3HpOBaJ1 B03MO)KHOCTb ycKopeHH5I HOHOB 

HeOHa H KpHIITOHa c 3ap.H,il;HOCTbIO HH)Ke rrpoeKTHOM, a HMeHHO, 9+ H 12+. 

PacqeTbI rroKa3anH, qTo B IJ;HKJJOTpoHe 1(1ITPEK HaH6onee rrepcrreKTHBHO 

K +12 6 
ycKopeHHe r84 Ha KpaTHOCTH ycKOp5IIOII(ero IIOJ1.H, qTo B03MO)KH0 IIpH 

ycJJOBHH H3MeHeHH.H cpe,n;Hero MarHHTHOro IIOJ15I B 0.93 pa3a H HeH3MeHHOM 

tJacToTe ycKop.Hromero Harrp.H)KeHH.H - 18 .25 Mru;. KoHetJHmr 3HeprH.H cocTaBHT 

1.04 M3B/H, tJTO ,n;ocTaToqHo ,n;n.H p.H,n;a B03MO)KHbIX rrpHMeHeHHii. 

1IOHbI HeoHa 6bIJ1H ycrreIIIHO ycKopeHbI B IJ;HKJ10TpOHe 1(1ITPEK rrpH 

pactJeTHbIX rrapaMeTpax. 

PaclleT aKc1-1a11bHOM l-1H>KeK~Ml-1 nyllKa B ~eHTP ceepnpoeo.Q~W.ero 
Cl-1HXpO~l-1K110TpOHa 

).:(JJ.H Me,n;HI(HHCKHX rrpHMeHeHHM OtJeHb Ba)KHbIM KatJeCTBOM ycKOpHTell.H 

.HBJ1.HeTC.H KOMIIaKTHOCTb, II03TOMY B HaCTO.HII(ee BpeM.H B MHpe Ha6n10,n;aeTC.H 

pacTy:ru;:aii HHTepec K C03,IJ;aHHIO CBepxrrpOBO,IJ;.HII(HX CHHXpOI(HKJ10TpOHOB c 

BbICOKHM cpe,n;HHM rroneM. B paMKax HTanb.HHCKoro Hccne,n;oBaTeJJbCKoro 

<PoH,n;a TERA pa3pa6aTbrnaeTc.H rrpoeKT CYCLINAC [17], rrpe,n;Ha3HatJeHHbiii 

,IJ;J15I neqeHH.H OHKOJIOI'HtJeCKHX 60J1bHbIX, KaK ycKopeHHbIMH rrpoTOHaMH, TaK H 

HoHaMH yrnepo,n;a. IIpe,n;naraeTC.H ,n;ByxcTyrreHtJaTa.H cxeMa ycKopeHH.H. B 

KatJeCTBe rrepBoii cTyrreHH rrpe,n;nonaraeTcH HCIIOJ1b30BaTb cBepxrrpoBo,IJ;.HII(Hii 

CHHXpOI(HKJ10TpOH Ha 3HeprHIO 230 M3B/H. ,IJ;anee IIYtJOK HOHOB yrrrepo,n;a 

,n;oycKop.HeTC.H B JJHHeiiHoM ycKopHTene ,n;o 3Hepnrn 430 M3B/H. Cpe,n;Hee rrone 

CHHxpou;HKJJOTPOHa 6y,n;eT paBHO 4.5 T [18]. Borrpoc HH)KeKI(HH B u;eHTp TaKoro 

ycKOpHTeJ1.H OCTaeTC5I HeperneHHbIM. ABTOpaMH [18] rrpe,n;naraeTC.H HCIIOJ1b30BaTb 

,IJ;JI.H HH)KeKI(HH CIIHpallbHbIM HHqmeKTOp c 60J1bIIIHM rrapaMeTpOM tilt =3 +5, 
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O,[(HaKO KOHKpeTHbIX pac11eTOB, ,[(OKa3hIBaIOll1;MX pearrMCTM11HOCTb rro,n:o6Horo 

MHc]?JieKTOpa He rrpl:IBO,[(MTC5I. 

ABTopoM ,n:I:IccepTa:o;MM 61ml:I rrpoBe,n:eHhI pac11eThI rro,n:o6Horo 

MHc]?neKTopa. Ha PMc. 6. rroKa3aHa KOMIIbIOTepHaH Mo,n:enh I:IHc]?neKTopa, 

crroco6Horo l:IH:>KeKTl:lpOBaTh rry110K B Cl:IHXpo:o;MKJIOTpOH c BeJIM11MHOH cpe,n:Hero 

rrorrH B :u;eHTpe 4.5 T. IlapaMeTpbI I:IHc]?rreKTOpa: HarrpH:>KeHHOCTh rrorrH 12KB, 

BhICOTa, MJIM 3JieKTPI:I11eCKMH pa,n:Myc 41. 6 MM, tilt rrapaMeTP 3' pacCT05IHI:Ie 

Me:>K,n:y 3JieKTpo,n:aMI:I 6 MM. 3Heprl:IH l:IH:>KeKTI:IpyeMoro rry11Ka MOHOB yrrrepo,n:a c 

A/Z=2 paBHa 25K3B/Z. 

" .. . . . . '''. 

'" ''.'' 

Puc. 6. a) KoMnbtomepnaa Mooenb un<Jme«.mopa. 
6) mpae«.mopuu nyr.lK.a a unpne«.mope 

Heo6xo,n:MMOCTh CTOJih CJIO:JKHOH KOHCTpyKI.J;Ml:I MHc]?JieKTOpa (Puc. 6) CB5I3aHa c 

011eHh MaJieHbKHM pa,n:HycoM ( <8MM), Ha KOTOphIH HY:>KHO HH:>KeKTHpOBaTh 

rry110K. Pac11eT TpaeKTOpHH IIYlJKa B TaKOM HHCpJieKTOpe IIOKa3aJI, 11TO aKCHaJihHa5I 

HH:>KeKI.J;H5I B cirnxpo:o;HKJIOTPOH c MarHHTHbIM IIOJieM 4.5T peaJihHa, O,[(HaKO, 

YlJHThIBaH MaJieHbKHe pa3MephI :u;eHTpa, ero KOHCTPYKI.J;H5I TaK>Ke 6y,n:eT 

HerrpocTo:H 3a,n:a11ell:. 

TpeTbH r JiaBa IIOCB5Ill1;eHa MH:>KeKI.J;l:IH rry11Ka HH3K03HepreTH11eCKHX 

aHTHrrpoTOHOB B 3neKTpocTaTH11ecKoe Kon1:u;o AD-REC. 

Co3,n:aHMe Kon1:u;a, 3aMe,n:JI5IIOrn;ero aHTHIIpOTOHbI AD (anti proton 

decelerator) [ 4] B ~PHe, OTKphIJIO IllHpOKMe B03MO:JKHOCTM ,[(IDI H3y11eHH5I 
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CBOMCTB, KaK caMHX aHTHIIpOTOHOB, TaK H HX B3aHMO,n;eMCTBH5I c Bell(eCTBOM H 

aHTHBeru;ecTBOM rrpH HH3KHX 3Heprmix. HaKOIIHTeJibHoe KOJihD;O AD-REC 

(RECYCLER), KOTOpoe 6y,n;eT ycTaHOBJieHO Ha JIHHHH JIOBYIIIKH aHnmpoTOHOB 

MUSASHI [5] (Monoenergetic Ultra-Slow Antiproton Source for High-precision 

Investigation) B CERN-AD, II03BOJIHT rrepeliTH K H3yqeHHIO aHTHrrpoTOHOB rrpH 

ynhTpaHH3KHX 3HeprH5IX. 

HaKOIIHTeJibHoe KOJibD;O AD-REC rrpe,n;Ha3HaqeHo ,n;m1 rrpoBe,n;eHH5I 

3KCrrepHMeHTOB c aHTHIIpOTOHaMH, HMeIOil(HMH 3HeprHIO OT 3 ,n;o 30 K3B. 

Konou;o 6y,n;eT cocT05ITh H3 3JieKTpocTaTHqecKHX 3JieMeHTOB. ,[(JI5I H3MepeHHM 

ceqeHHM B3aHMO,IJ;eMCTBH5I aHTHIIpOTOHOB c fa30BbIMH MHIIIeH5IMH B KOJibD;e 

6y,n;eT ycTaHOBJieH TaK Ha3bIBaeMbIM MHKpocKorr peaKu;Hli RM (Reaction 

Microscope). 

JloBymKa MUSASHI rrpe,n;Ha3HaqeHa ,n;n51 HaKmrneHH5I H oxJia)K,n;eHH5I 

aHTHIIpOTOHOB. J1oByIIIKa rrpe,n;cTaBJI5IeT co6oli CBepxrrpoBO,Il;5IIIJ;HM COJieHOH,n; c 

rrpo,n;oJibHhIM MarHHTHhIM rroneM 2.5 + 5 T. IJyqoK aHTHrrpoToHoB H3 nosymKH 

rrposo,n;HTC5I rro JIHHHH TPaHcrropTHpoBKH K ra3osoli MHIIIeHH ,n;JI5I rrpoBe,n;eHH5I 

3KCrrepHMeHTOB. 

B paMKax Me)K,n;yHapo,n;Horo coTpy,n;HnqecTBa c MPIK (Xaii,n;enb6epr, 

T'epMaHH5I) [19] Heo6xo,n;HMO 6bIJIO pa3pa6oTaTb rrpoeKT JIMHHH HH)KeKu;HH 

HH3K03HepreTHqecKHX aHTHrrpoTOHOB H3 JIOBYIIIKH MUSASHI B KOJihU:O 

AD-REC. IIepBoHaqaJibHO 6brna rrocTaBJieHa 3a,n;aqa - TPaHcrropTHpoBaTb rryqoK 

Ha Bhixo,n;e H3 JIHHMM HMe10rn;efic51 JIHHHH B KOJibu;o AD-REC. 

TaK KaK HOBM JIHHH5I MH)KeKu;MH ,n;OJI)l{Ha 6hrna cTaTb rrpo,n;oJI)KeHHeM 

pa60Ta10rn;e.H: JIMHHH TpaHCIIOpTHpOBKM, rrpe)K,n;e Bcero, Heo6xo,n;HMO 6bIJIO 

orrpe,n;eJIHTb u;enecoo6pa3HOCTb HCIIOJib30BaHH5I 3TOM JIHHMH, ,D;JI5I 3TOH u;eJIH 

6bIJIH rrpoBe,n;eHbI pacqeTbI ,l];HHaMMKH rryqKa M ou;eHeHO KaqecTBO rryqKa Ha 

BbIXo,n;e. 

Ilocne Tiu;aTeJibHoro H3yqeHH5I rrapaMeTpos pa6oTaIOrn;eli JIHHHH 

TpaHCIIOpTHpOBKH M rrpose,n;eHH5I p5I,n;a pacqeTOB, CTaJIO oqeBM,l];HO, qTo B 

rrpou;ecce ,n;BH)KeHH5I rryqKa 3MHTTaHc ero yBeJIHqHsaeTC5I B ,n;ec5ITKM pa3, qTo 

19 



COBeprneHHO He.n;orrycTMMO ):(JUI IIOCTaBJieHHOH 3a.n;a11M, TaK KaK Heo6XO):(MMO He 

TOJibKO coxpaHMTb MaKCMMaJibHOe lfMCJIO aHTHIIpOTOHOB, HO M ocyru;ecTBMTb 

MH)KeKU:MIO rry11Ka c ,Il;OCTaTffqHO MaJibIM 3MMTTaHCOM He 6onee 

15 + 3 0 1t MM Mpa.n;. 

Cne.n;yeT 3aMeTHT:&, lfTO TaKoe CHJI:&Hoe yxy.n;rneHMe Ka11ecTBa rry11Ka 

CB513aHO, rrpe)K.n:e Bcero, c rrepeqJOKYCHpOBKOH rry11Ka, KOTopa5I 6hma C03,IJ;aHa, 

):(JI5I Toro "tIT06bI IIYlfOK MOr rrpoXO):(HTb 11epe3 o6JiaCTM o•IeHb MaJieHbKHX 

arrepTyp (.n:o 4 MM). B JIMHMM B Tpex MecTax pacrroJio)KeHhI .n;HacpparMhI 

rrepeMeHHOro ):(MaMeTpa c u:eJihIO ocyru;eCTBJieHH5I ,n;mp<!JepeHU:MaJibHOH OTKalfKH, 

TaKMM o6pa3oM y.n;aeTC5I yny11IIIMTh BaKyyM OT 10"6 Topp B 30He ra30BOH MHIIIeHM 

10-13 T v IT v .n;o opp B caMOH JIOBYilIKe. y110K HH3KOM 3HeprHM B JIHHHM 

TpaHCIIOpTMpOBKH 3aHHMaeT BCIO arrepTypy, ):(BM)KeHHe ero He rrapaKCHaJibHO, B 

pe3yJibTaTe a66epau;HH H HeJIMHeHHOCTH rrpHBO,I1;5IT K cyru;ecTBeHHOMY pocTy 

3MMTTaHca. 

Pac11eThI .IJ:OKa3aJIH Heo6xo.n;MMOCT:& .n;eMOHTa)Ka MMeroru;e:H:c5I JIHHHH H 

3aMeHbI ee Ha HOByIO, He yBeJIHlfMBaIOru;yIO 3MHTTaHC rryqKa. 

HoBa.11 RUllUR u11J1Ce1<.t(uu 6 KO!lbt(O AD-REC 

TaKMM o6pa3oM, Ha11ano HOBOH JIHHHH HH)KeKU:MH cMeCTMJiocb K B:&Ixo,n;y M3 

JIOBYilIKM MUSASHI. 

B JIMHMH MH)KeKU:HH TaK)Ke KaK M B KOJihU:e AD-REC 6y,n;yT rronHOCThIO 

oTcyTcTBOBaTh MarHHTHhie 3JieMeHT:&I. OcHOBHhie Tpe6oBaHH5I K JIHHHH 

1. IIpoBecnI rry110K aHTHrrpoToHoB OT MRT MUSASHI K KOJihU:Y AD-REC c 

MMHHMaJibHO B03MO)KHbIMM IIOTep5IMM, TaK KaK KOJIHlfeCTBO 

aHTMIIpOTOHOB, BbIBO):(HMOe M3 JIOBYIIIKH, COCTaBJI5IeT Bcero 5*105• 

2. HaqanhHa5I 3HeprH5I IIYifKa Haxo.n;HTC5I B .n;Harra3oHe 150-:- 500 3B. 

3. 3Heprtt5I MH)KeKU:HH B KOJihU:O AD-REC ,IJ;OJI)KHa 6bITh Bap:bHpyeMa OT 

3 K3B ,n;o 30 K3B. 
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4. Heo6xo,n;HMO HH)KeKTMpoBaTh rryqoK cornacoBaHHO co cTpyKTypo:H: 

KOJibl(a, IIpJilqeM IIycIOK ,IJ;OJI)KeH 6bITh c<l>oKycMpOBaH Ha MJiIIIIeHJiI c 

MJiIHHMaJihHO B03MO)KHbIM pa3MepoM, TO eCTh 3MJiITTaHC JiIH)KeKTMpyeMoro 

rryqKa ,IJ;OJI)KeH 6bITh He 6onee 15n:·MM·Mpa,n;+ 30n:·MM·Mpa,n;, a pa36poc no 

3HeprHJiI 1+3 % ,IJ;JUI ,Il;JilaIIa30Ha 3HeprMM JiIH)KeKI(JiIH 3+ 3 0 K3B' 

COOTBeTCTBeHHO. 

,[(n5I coxpaHeHlliI KaqecTBa rryqKa M3 noByIIIKM MUSASHI rrpM 

TpaHcrropTHpoBKe K KOJihD;Y AD-REC Heo6xo,n;MMo, rrpe)K,n;e Bcero, ycKopMTh 

IIycIOK ,n;o rrnaHMpyeMOM B KOJihl(e 3HeprMM, ,n;anee c<l>opMHpoBaTb IIycIOK TaK, 

qTo6hI MO)KHO 6brno JiIH)KeKTMpoBaTh ero cornacoBaHHO co cTpyKTypo:H: KOJihl(a. 

Ilo3TOMY paccMaTpMBaeMyio JIJiIHJiIIO MO)KHO ycnoBHO pa3,D;eJIJiITh Ha ,IJ;Be ceKI(JiIJiI -

ycKop5IIOII()'IO M cornacyIOm;y10 (CM Puc. 7). 

3neKTpOCTaTJilqecKoe KOJlhI(O 6y,n;eT pa6oTaTh c IlY"CJKOM aHTMilpOTOHOB, 

BhIBe,r:i;eHHhIM M3 MUSASHI rrocpe,r:i;CTBOM 6hICTporo Bhmo,n;a. ,D;o HaCT05Im;ero 

BpeMeHJiI 6bICTpbIM BhIBO,Il; ocym;ecTBJI5IJIJiI rrpM 3HeprMJiI 15 0 3B. 

y CKOp5IIOII(a51 ceKI(Ji151 6y,n;eT COCT051Tb Jil3 ,IJ;Byx qacTeM, pa3,n;erreHHhIX 

Tpy6KOM ,r:i;pe:H:<l>a. IlepBa51 qacTb, COCT05III(a51 Jil3 5 3JieKTpo,r:i;oB, 6y,n;eT ycKOp51Th 

rryqoK aHTMIIpOTOHOB OT 3HeprMJiI 150 + 500 3B ,z:i;o 400 + 1300 3B, o6ecrreqJiIBa51 

rrpM 3TOM <l>oKycHpoBKy, KOTopa51 rro3BOJIMT rryqKy ,n;pe:H:<l>oBaTh BHYTPM TPY6KM. 

Kor,n;a rry-qoK 6y,n;eT Haxo,n;MThC51 BHYTPH Tpy6KM ,n;pe:H:<l>a, Harrp5I)KeHMe Ha Heli 

rrepeKJIIOqHTC51 Ha OTpMI(aTeJibHOe, TaKHM o6pa30M, rrpM BbIJieTe H3 Hee rryqoK 

rrpo,n;OJI)KJiIT ycKopeHHe ,z:i;o rrpoeKTHbIX 3 + 3 0 K3B. 6 3JieKTPO,IJ;OB BO BTOpo:H: 

qacTH ycKOp5IIOII(eH ceKI(JiIJiI BhIIlOJIH5IT TaK)Ke ,n;Be <i>YHKI(MJiI: ycKOp5IT H 

c<l>oKycMpyIOT rryqoK. 

IlpM Heo6xo,n;MMOCTM M3MeHHTh HaqaJihHYIO 3HeprMIO rryqKa HY)KHO 6y,n;eT 

MeH51Th Harrp5I)KeHJile Ha ycKOp5IIOII(HX 3JieKTpo,n;ax, KaK rrepBOM, TaK .JiI BTOpo:H: 

qacTM ycKop5IIOID;eli ceKI(JiIM. EcnH HY)KHO rroMemITh TOJihKO KOHeqHoe 3HaqeHMe 

3HeprHM rry-qKa, ,IJ;OCTaToqHo JiI3MeH.JiITh Harrp5I)KeHJile Ha 3JieKTpo,n;ax BTOpo:H: 

qacTH ycKOp5IIOII(eM ceKI(JiIJiI. 
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Puc. 7. CxeMa 11u11uu un:m:eKl(UU 

Cornacy10rn;a51 ceKQH5I 6y,n;eT cocT05ITh H3 qeTorpex 3JieKTpocTaTHqecKHX 

KBa,n;pyrroneii. B KOMIIhIOTepHoii MO)J;eJIH ceKQHH 3KBHIIOTeHIJ;HaJibHhie 

IIOBepXHOCTH 3JieKTpO,ll;OB HMeIOT rHrrep6oJrn:qecKyIO cpopMy. 

,[(mI o6ecrreqeHIDI HaH60JihIIIeH )J;OCTOBepHOCTH pe3yJihTaTOB 6oIJIH 

rrpoBe,z:i;eHhI pacl:leThI ,ll;HHaMHKH rryqKa aHTHrrpoTOHOB OT IJ;eHTpa MUSASHI. ,[(JI5I 

3TOH IJ;eJIH HaM 6hIJIH rrpe,II;OCTaBJieHbI 5.IIIOHCKHMH KOJIJieraMH KapTbI MarHHTOI'O 

IIOJI5I JIOBYIIIKH MUSASHI II ToqHa5I reoMeTpH5I BhIT5.IrHBaIOIIJ;HX 3JieKTpo,z:i;oB. 

HaqarrhHhre rrapaMeTpbI rryqKa Bb1611parr11cb Mcxo,z:i;5.I H3 MHCpopMaIJ;HH 

pa6oThI [5]. Pe3yJioTaTbI Mo,n;errHpoBaHH5.I ,n;HHaMHKH rryqKa B JIHHHH HH)l(eKIJ;HH 

rrpe,n;cTaBJieHhI Ha Puc. 8. 3HeprH5I rryqKa B rrepBoii: qacTH ycKop5.IIOIIJ;eii: ceKIJ;HH 

6bma yBeJIHqeHa ,n;o 400 3B, BO BTOpoii qacTH -,n;o 30 K3B. 
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Puc. 8. a) Tpae«.mopuu '-tacmul( om BblxoiJa U3 RoBym«.u iJo UH:»eeKl(UU B 

K.0.flbl(O (CUHUM u 3eJleHblM no«.a3aHbl npoeKl(UU Ha 63llUMHO 

nepneHiJu«yRapHbte ocu) 

6) 3Hepzua l/acmul( 6 npol(ecce dBUJICeHua no RUHuu UH:»ee«.l(UU 
KBa,n:pyrromI II03BomnoT liH)KeKTEipoBaTh rrytJoK cornacoBaHHO co CTPYKTypoH: 

KOJII>Qa AD-REC (CM. Puc.9), KOTopoe 6y,n:eT pa6oTaTh B pmnHtIHhIX pe)KHMax. 
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Puc. 9: PacnpeiJe.fleHue nyll«.a Ha pa3oBou nRoc1<ocmu B mol/Ke 

UHJ1Ce1<l(uu B KO.flbl(O AD-REC. E-30 K:JB 
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TaK KaK KOJniqecTBO aHTIInpoTOHOB II3 noByIIIKII MUSASHI oqeHh 

orpaHIIqeHo, Hana,n;Ky KOJihu;a AD-REC Heo6xo,n;IIMO 6y,n;eT ocyrn;ecTBJI5ITb Ha 

nyqKe H- IIOHOB, no3TOMY 61rna npe,n;ycMOTpeHa B03MO)l(HOCTb ycTaHOBKII B 

JIIIHIIII IIH)l(eKD;IIII ceKIJ;IIII, BKmoqaiorn;e:H: B ce65I IICTOqHIIK II HeKOTOpbie 

,n;onOJIHIITeJibHbie KOMIIOHeHTbI, TaKIIe KaK JIIIH3a 3H3eJI5I, ,n;Ba CTIIpepa, D;IIJIIIH,n;p 

<Dapa,n;e51 II CIICTeMy OTKaqKJI. 

3aKnl-O'-leHHe 
B cooTBeTCTBIIII c u;enhIO ;J;IIccepTau;IIoHHOH pa6oThI 61mII BbIIIOJIHeH11 

pactJeTbI )J;IIHaMIIKII HII3K03HepreTJiqecKoro nyqKa )l;JI5I npoeKTOB IIH)l(eKu;IIII B 

ycKOpIITeJibHbie KOMIIJieKCbI pa3JIIIqHoro Ha3HaqeHII5I no pa3pa6oTaHHbIM 

aBTOpOM nporpaMMaM II MeTO)J;IIKaM. 

OcuoBHhle pe3yJihTaTbl pa60TL1: 

1. Pa3pa6oTaHbI MeTO)J;IIKII II C03)l;aH KOMnJieKC nporpaMM c IIIIIpOKIIMII 

B03MO)l(HOCT5IMII )J;JI5I npoBe)l;eHII5I pacqeToB no 

HII3K03HepreTIIqecKoro nyqKa B JUIHII5IX TpaHcnopTHpOBKII II npH IIH)l(eKIJ;IIII B 

IJ;IIKJIII'tJeCKIIe ycKOpIITeJIII II HaKOnIITeJIII. 

2. ITpe,n;JIO)l(eHbI opIIrIIHanbHa5I KOHqmrypau;II5I II KOMIIOHOBKa 3JieMeHTOB 

u;eHTpa cBepxrrpoBo,n;51rn;ero U:MKJIOTpoHa C400, npe,n;Ha3HaqeHHoro ,n;n51 

JieqeHII5I OHKOJIOrIIqecKMX 3a60JieBaHIIH nyqKaMII npoTOHOB II IIOHOB yrnepo,n:a. 

B116paHbI napaMeTpbI IIHcpneKTopa, noJIO)l(eHIIe II reoMeTPII5I 3JieKTpO;J;OB, 

;J;IIacpparM. PacqeTHa5I 3cp<fJeKTIIBHOCTb 3axBaTa B ycKopeHIIe 

He6aHqIIpOBaHHoro rryqKa IIOHOB -12 % npII orpaHIIqeHIIII Ha aMIIJIIITy,n;y 

pa,n;IIanbHbIX Kone6aHIIH 4 MM, 'tJTO npeBOCXO)J;IIT cyrn;eCTBYIOill;IIH nOKa3aTeJib 

3cpcpeKTIIBHOCTII pa6oTaIOrn;IIX CBepxnpOBO)l;5IIll;IIX U:IIKJIOTpOHOB. 

3. BnepBbie noKa3aHo, qTo )J;JI5I II;IIKJIOTpoHa C400 pa3JIIIqIIe B KpIIBbIX 

HaIIp}I)l(eHII5I, rrorrytJeHHbIX B 3JieKTpOCTaTIIqecKOM npII6JIII)l(eHIIII II B 

pe3yJibTaTe BbICOKO'tJaCTOTHOro aHaJIII3a, II03BOJrneT npOII3BO)J;IITb pacqeT 

u;eHTpa ,n;o pa,n;IIyca 5 CM c TOqHOCTbIO 6orree 95 % B 3JieKTpocTaTIIqecKOM 

npII6JIII)l(eHIIII. TaKIIM o6pa3oM, orrpe,n;erreHbI rpaHIIII;bI rrpIIMeHIIMOCTII 
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3JieKTpOCTan1qecKoro rrpH6m-DKeHM51 pacqeTOB KOH<}lMrypau;MH: ycKop5IIOru;ero 

3JieKTpHqecKoro IIOJI51 B u;eHrpe D;HKJIOTpoHa C400. 

4. BrrepBbie B qMcJieHHOM 3KcrrepHMeHTe rrpo,n;eMOHCTpHpoBaHa B03MO:>KHOCTb 

Mo,n;yJIHpoBaHM51 MHTeHCHBHOCTH rryqKa rrpM IIOMOru;H MH<}lJieKTOpa, yMeHbIIIa51 

HaIIp5I:>KeHMe Ha 12 % Ha 3JieKTpo,n;ax, qTo II03BOJI5IeT peaJIH30BaTb HOBbIH 

rrepcrreKTMBHbIH MeTO)l; rrpoTOHHOH TeparrHH Ha OCHOBe aKTHBHOro 

CKaHHpOBaHM51 c rpe6yeMOH lJaCTOTOH .IJ;O 1 KI'u; B D;HKJIOTpOHe c BHeIIIHeH 

HH:>KeKn;HeH. 

5. HoHbI HeoHa 6bIJIH ycrre111Ho ycKopeHbI B D;MKJIOTpoHe [(HTPEK c 

paccqHTaHHbIMM rrapaMerpaMM. PaccqMTaHbI rrapaMeTphI ycKopeHH51 HOHOB 

KpMIITOHa B D;MKJIOTpoHe UHTPEK c 3ap5I,Zl;HOCTbIO HM:>Ke rrpoeKTHOH. 

y CKopeHMe TaKMX MOHOB YJIY1III1MT KalleCTBO rrpOM3BO.IJ;MMblX Ha ycKOpMTerre 

TpeKOBbIX MeM6paH H cyru;eCTBeHHO paCIIIHpMT o6naCTb MX rrpMMeHeHM51. 

6. PaccqHTaHa 3<l_l<l_leKTHBHOCTh u;eHrpa D;HKJIOTpoHa [(HTPEK rrpM ycKopeHHM 

MOHOB aproHa. 0Ha COCTaBmieT OKOJIO 5 %, qTo xopOIIIO corJiacyeTC51 c 

3KCrrepMMeHTaJibHhIMH .z:t;aHHbIMM (H3MepeHHbie MHTeHCMBHOCTM rry11Ka B JIMHHM 

MH:>KeKD;MM H Ha pa.z:t;Myce 10 CM COOTBeTCTBYIOT K03<}lcpttu;MeHTY rrpoxo:>K,n;eHH51 

OKOJIO 5 %). 

7. BrrepBbie paccqMTaHhI rrapaMeTpbI crrMpaJibHoro 3JieKTpocTaTMqecKoro 

HH<}lJieKTOpa c oqeHb 6oJibllIMM K03cpcpMD;HeHTOM CIIMpaJibHOCTM ( tilt=3 ), 

II03BOJI5IIOru;ero MH:>KeKTHpoBaTh ny110K B CBepxrrpOBO.IJ;5Iru;Hii CMHXpOD;MKJIOTpOH 

c BerrHqHHOH cpe.z:t;Hero rroJIH B u;eHTpe 4.5 T. 

8. Ilo pe3yJibTaTaM pacqeTOB )l;MHaMMKM rryqKa aHTMIIpOTOHOB H3 JIOBYIIIKH 

MUSASHI rro cyru;ecTBYIOru:eH: JIMHMM TpaHcrropTMpoBKM 6hmo .z:t;OKa3aHo, qTo 

oHa He y,n;oBrreTBOp5IeT Tpe6oBaHM5IM K JIHHMM MH:>KeKD;MM B KOJibD;O AD-REC, 

IIOKa3aHa Heo6xo,n;HMOCTb 3aMeHhI cyru;ecTBYIOru:eii JIHHHM Ha HOByIO, He 

,n;orrycKmoru;yIO yBeJIHqeHH5I 3MHTTaHca rryqKa. 

9. Pa3pa6oTaHa CTPYKTypa H orrTMMH3MpoBaHbI rrapaMeTpbI HOBOH JIHHHM 

MH:>KeKD;HM rry11Ka aHTHrrpoTOHOB c YJibTpaHH3Koii HaqaJibHOH 3HeprtteH: 

150 + 500 3B M3 JIOBYillKM MUSASHI, ycKop5110ru;eii rryqoK ,n;o 3 + 30 K3B M 
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rrpoBO,l.l;.SIIIJ;eH rryqoK HH3KOH HHTeHCHBHOCTH c Heo6xo,n;HMbIMH rrapaMeTpaMH B 

KOllb~O AD-REC. 
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