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B~a.Jl opraHH3~HJI: liHCTHTyr pa,D;HocpH3HKH H aJieKTPQHHKH HAH PA 

3anvna ,ll;HCCePT~HH COCTOHTCJI 29 MllJl 2012r. B 14.00 'laCOB Ha 3ace,D;aHHH 

cnen;HaJIH3HpOBaHoro coBeTa BAK 024 "lf>m11Ka H,D;pa H aneMeHTapHl>IX •racr11n;" 

,D;eHCTBy:t<>~eH: npH H~110HaJI1>uoH: Ha)"UIOH na6oparopHH HM. A.H:.A.Jmxawma (0036, 
EpeBaH, yn. 6paT1>eB AnmcaHJIH 2),.; 

C ,D;HCCePTan;Heii MO:>KHO o3HaKOM:qTJ,CJI B 6H6moreKe H~HOHaJII>HOH Ha)"UIOii: 

na6oparopH HMeHH A. H:. Anmcawma. 

ABrope<l>epaT paaocJiaH 27 anpenll 2012r. 

Y'leH1>1ii: ceKpeTap1> en~. coBeTa 024, 
,ll;OKTOP c}>m.- MaT. Ha}'K <7.~tf{f 3.,11;. fa3a3RH 

OBlqAfl XAP AKTEPHCTHKA P ABOTbI 

AKzyam.HQCTh TeM:l>I. 

0,D;HHM H3 BIDKHeiinmx HanpaBJieHHH COBpeMeHHLIX HCCJie,D;OBaHHH B OOJiaCTH 

c}>H3HKH ny'IKOB 3ap.inKeHHl>IX 'laCTHD; H ycKopHTeJII>HOH TexHHKH HBJIJleTCJI reHep~HH 

MO~Horo peHTreHOBCKOro H3JIY'leHHH Bl>ICOKOH HpKOCTH Ha OCHOBe npon;ecca 

COMOHH~HpyeMOro Jia3epa Ha CBOOO,ll;Hl>IX 3JieKTPOHax (CJIC3) Ha Bl>IXO,ll;HOM ny'IKe OT 

JIHHe:il:Horo ycxopHTeJIH. B ,ll;OilOJIHeHHe K )KeCTKHM T}JeOOBaHHJIM Ha SMHTTaHC ny'IKa H 

ero aHepreTH'leCKHH pa36poc Ha BLIXO,Zl;e H3 JIHHeHHoro ycxopHTeJIH, npon;ecc 

MHKpo6awmpoBKH SJieKTpOHHOro ny'IKa B OH,D;yJIHTOpHOH cexn;HH ycxopHTeJIJl 

o6yCJIOBJieH corJiaCOBaHHeM npocrpaHCTBeHHO-yrJIOBLIX xapaKTepHCTHK 3JieKTp.OHHLIX H 

c}>OTOHHl>IX ny'IKOB c IlOMO~l>IO BHemHeii: <I>oKYCHpyro~eii: CHCTeMI>I ,ll;Jlll 06ecne'1eHHJ1 

scpc}>eKTHBHoro B3aHMO,D;e:il:CTBHH H3Jif'leHHll c sne:icrpoHaMH ny'IKa. Bonpoc o 

ipoxycnpoBKe aJieKTPOHHOro ny'IKa oco6eHHO Ba)l(eH ,ll;Jlll peHTreHOBCKHX CJIC3, r,D;e 

,ll;JIHHa OH,D;yJIHTOpoB MO)l(eT ,Zl;OCTHraTh HeCKOJil>KHX COT MeTpOB. I1ocKOJil>KY pa3Mep H 

pacxo,D;HMOCTI> aneKTp.OHHoro ny'IKa onpep;en~CH napaMerpaMH BHemHeii: 

cpoxyCHpOBKH, ro xapaKTepHCTHKH H3JIY'leHHH CJIC:?'. (MomHOCTI>, HpKOCTI> n ,D;JIHHa 

HaC1>1meHHJ1 H3Jiy'leHHJ1) CHJil>HO 3aBHCHT OT THila ' H napaMeTpOB <l>oKYCHpyro~e:il: 

CHCTeMI>I H HCCJie,D;OBaHHe BJIHHHHJI BHemHeii c}>OKYCHpOBKH Ha npon;ecc reHepan;HH 

KorepeHTHOro H3Jiy'leHHH HBJIJleTCH O'leHL BIDKHl>IM ,ll;JIH ,ll;OCTH)l(eHWI OnTHMaJil>HLIX 

napaMeTpOB CJIC3. 
Bonee roro, ,D;JIJ1 scpc}>eKTHBHoro B3aHMO,D;eii:cTBHJI ane:icrpoHHl>IX H c}>oroHHI>IX ny'IKOB 

c}>oxycnpIO~He MarHHTl>I (KBa,D;PynOJil>HLie MarHHTl>I) ,ll;OJilKHLI 6I>ITI> ycraHOBJieHLI B 

OH,D;y.rurropHOH JIHHHH c O'leHl> Bl>ICOKOii: TO'IHOCTl>IO ,D;Jlll npe,D;OTBpa~eHHH B03M~eHWI 

TPaeKTOpHH sneKTPOHHOro ny'IKa. npHBO,ll;Jllll;ero K yxy,ll;llleHHIO napaMeTpOB H3Jif'leHWI 

CJIC3. HccJie,D;oBaHHe s<l><l>eKTOB, CBH3aHH1>IX c BJIHHHHeM STHX norpemHOCTeH: ,ll;JlJl 

pa3JIH'IHl>IX c}>oxycnpyro~HX CHCTeM, JIBJIJleTCH BIDKHOH npo6JieMOH ,D;JIH aHaJIH3a 

npon;ecca CJIC3 B pean1>H1>IX ycnoBHHX H npH KOHe'IHI>IX ,D;onycKax Ha MarHHTHyIO 

CHCTeMY. 

Oco6eHHOCTJIMH peHTreHOBCKHX CJIC3 HBJIHIOTCJI )l(eCTKHe Tpe60BaHHJ1 Ha 

napaMeTpl>I aJieKTPOHHOro Ilf'IKa Ha BLIXO,D;e H3 JIHHeii:Horo ycKOpHTeJIJt-,D;paHBepa: 

SMHTTaHC Ilf'IKa, aHepreTH'leCKHH pa36poc H IlHKOBLIH TOK. IlocKOJILKY OH,D;yJIJITOpHaH 

ceKn;HH CJIC3 npoeKTHpYeTCJI no,D; 11p;eaJI1>H1>1e napaMeTpLI SJieKTp.OHHoro ny'IKa, 

Ba:>KHLIM BOnpoCOM JIBJ!HeTCH HCCJie,D;OBaHHe 3aBHCHMOCTH napaMepoB H3Jif'leHWI OT 

napaMeTpOB aJieKT}JOHHoro n}"II<a. BKJIIO'la.Jl B03MO)l(HOCTI> reHepan;HH CJIC3 
SJieKTPOHHI>IMH Ilf'IKaMH MaJIOH IlJIOTHOCTH ,ll;Jlll H30e)KaHHJI s¢<l>eKTOB 

n~auCTBeHHoro 3apJI,D;a ny'IKa. 

B pean1>HOM ycKopHTene ~eKTOpHH qacr11n; Bo3~eH1>1 H3-3a KOHe'IHLIX ,D;onycxoB 

Ha IOCTHpOBKY 3JieMeHTOB ycKOpHTeJIJl H OillHOKH MarHHTHOrO IlOJIH. Ilpen;H3HOHHaH 

KOppeKn;HH TPaeKTOpHH SJieKTPQHHLIX Ilf'IKOB HBJIHeTCH oco6eHHO Ba)KHl>IM BOIIpOCOM 
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,ll;JIJI peHTI'eHOBCKHX CJIC3, nocK0111>xy Tpe6oBamur K cra6n111>HOCTH op6HT1>1 

::lneKTPOHHOrO ny11Ka 11e>1<aT B MHKpOHHO:ii o6JiaCTH. 0,!IHHM H3 nepcneKTHBHbIX 

MeTO,llOB npen;H3HOHHO:i!: KoppeKIJ;HH TPaeKTOpHH 11aCTHn; J1B11J1eTCH MeTO,ll xoppeKIJ;HH 

Ha ocHOBe BapnpoBaHHJI napaMeTPOB ycxopHTeJIJI HJIH ny11Ka (sHeprHJ1 nyqxa, CHJII>I 

KBa,llpynoJil>HblX MarHHTOB, ycxopJIIOIIJ;He rpa,zµfeHTbI H T.,11;.). IlpH STOM KOHe'l:HaJI 

pa3peIIIHMOCTb ,11;aT'l:HKOB IlOJIOlKeHHJI ITyqKa nopo~eT croxacTH'l:eCKHe omH6KH npH 

KoppeKD;HH op6HTDI nyqxa H HCKa>KaeT KOHe'l:H}'JO TpaeKropHIO nyqxa nocJi:e 

xoppeKD;HH, 'ITO JIBJIJleTCH Ba>KHb:ii: npo611eMoA ,ll;JIJI ,ll;OCTH>KeHHJI npoeKTHl>IX 

napaM~B CJIC3. 

llem. pa6oTI.I 

I.J;en&IO ,ll;HCCepTBIJ;HOHHOH pa6oTbI JIBJIJleTCH: 

• HcCJie,110BaHHe BJIHJIHHJI pa3JIH'IHI>IX <}>oxyCHpyroIIJ;HX CTPYKTYP Ha npon;ecc H 

xapaicrepHCTHKH H3JI)"leHHJ1 peHTreHOBCKoro CJIC3. 

• HcCJie,!IOBaHHe sqxpeKTOB B03~eHHO:i!: op6HT1>1 snexTPOHHoro nyqxa Ha npon;ecc H 

xapaxTepHCTHKH H3JiyqeHHJ1 peHTreHOBCKoro CJIC3. 

• HcCJie,!IOBaHHe BJIHJIHHJI napaM~OB sneKTPOHHoro nyqxa (sHeprHJ1, SMHTTaHC, 

SHepreTH'leCKHH pa36poc, IlHKOBbI:ii TOK H 3apJ!,!1 crycTKa) Ha MOllJ;HOCTb H ,ll;JIHHY 

Hac1>1w;eHHJ1 H3JiyqeHHJI CJIC3. 

• HcCJie,110BaHHe CJIC3 B pe>KHMe. MaJI&IX nJIOTHocre:ii S11eKTPOHHoro nyqxa. 

• HcCJie,110BaHHe npen;H3HOHHo:i!: xoppexn;HH op6HT&I sneKTPOHHoro nyqxa c )"le'l'OM 

KOHe'l:HO:ii paspemHMOCTH ,D;aT'l:HKOB IlOJIO>KeHHJI nyqxa. 

,ll;HCCePTBIJ;HOHHaJI pa6oTa OCHOBaHa Ha HCCJie,!IOBaHHJIX, BbIIlOJIHeHHbIX ,ll;JIJI npoeKTOB 

EBpone:Hcxoro peHTreHoBcxoro JIC3 (European XFEL) H I.lIBe:i!:n;apcKoro JICn 

(SwissFEL). 

Hay<maJI HOBH3Ha 

HaY'lffaJI HOBH3Ha pa6onr COCTOHT B CJie,D;yrow;eM: 

1. BnepB1>1e npe,D;no>KeHa H nccne,11;0BaHa HOBaJI HecraH,11;apTHaJ1 <}>oxycnpyKm~aR 

cHcreMa ,ll;JIJI CJIC3. 

2. IlonyqeHa aHaJIHTH'l:eCKaJI ¢oPMY11a ,ll;JIJI paC'l:eTa BJIHJIHHJI CMC?Jl~ellHH 

xBa,11pyno111>mrx MarHHTOB Ha napaM~bl H3JIY11eHHJI CJIC3. 

3. IlpoBe,D;eH cpaBHHTe111>H1>1:i!: auanH3 napaM~OB CJIC:-> ,!IJIR paa11H11H1>IX 

<}>oxycnpyrollJ;HX CHTeM ycxopHTeJIJI c )"leTOM B03~e11110R optiHTbl 311eKTPOHHOro 

nyqKa. 

4. HCCJie,D;oBaH pe>KHM reHepan;nn CJIC3 npn MBJ11>1x nJJOTHOCTJIX sneI<TPOHHOro 

nyqxa. 
5. Hccne,D;OBaH H npe,1111olKeH HOBhlA MCTO,ll KoppeKIJ;HH TpaeKTopHH 11acrnn; B 

nHHeiiH&IX ycxopHTeJIJIX H B TPa11cnopT11&1x xananax. 
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IlpaxTH'l:egqui: neHHoCTD. 

• Pe3y111>TaT1>I cpaBHHTeJI&Horo auanH3a pa311H'IHLIX qioxycHpyrow;Hx CHCTeM, 

npe,D;CTaBJleHHI>Ie B ,ll;aHHOH pa6oTe, MOryr 6LITL HCil0111>30BaHI>I npH pa3pa6oTKe 

cpoxycnpyroIIJ;HX cHcTeM ,11;11J1 6y,11yw;HX CJIC3, a Tax lKe ,ll;JIR B03MO>KHI>IX 

MO,llHlpHKan;H:H <}>oKycHpyrow;e:i!: cHcTeMI>I Espone:i!:cxoro HCTO'IHHKa CJIC3. 

• IlonyqeHH1>1e pe3y111>Tan1 nooB011J1IOT on;eHHT& xapaKTepHCTHKH H3JIY'leHHJ1 B CJIC3 

npH pa3JIH'l:Hb!X pa6o'l:HX pe>KHMax ycKopHTeJIJI. 

• IlonyqemI pe3y111>TaTDI MOryT 6I>ITb HCil0111>30BaHbI /I,JIJI npen;H3HOHHOH KoppeKn;HH 

op6HT1>1 sneKTPOHHOro nyqKa B 11HHeii:Hb1x yCKopHTenJIX. 

0CHOBBJ.Ie DOJIOlKeJDlll, BblHOCHMr.Ie Hll 3allIH'1:}1: -·, 

1. Pe3y111>Tan1 Hccne,110BaHHJ1 reHepan;HH CJIC3 lhra pasnH'IHI>IX <l>oxycHpyrow;HX 

CHCTeM B OH,Icy11RTOpHOH cexn;HH ycKOpHTe11JI. AJ:ia11H3 B03p,eHCTBHJI B03MyllJ;eHHOH 

TpaexropHH ::meKTpDHHOro ny11Ka Ha <JiopMHpoBaHHe CJIC3 H onpe,ll;eneHHe 

p;onycxoB Ha MarHHTH}'lO CHCTeMY OH,Icy11RTOpHOH ceKIJ;HH. 

2. HosaJI <}>oxycHpyI011J;aJ1 cHcreMa c n;effTPaJII>HDIM p,ynneroM B oH,zcy11J1TOpHo:i!: 

cexn;HH, Il03BOJIJIIOllJ;JIJI ,ll;OCTH'll> MaKCHMaJibHOH MOllJ;HOCTH H3Jl)"leHHJI npH 

MHHHMaJil>HbIX ,11onycKax Ha <}>oxycHpyrow;yro CHCTeMf. 

3. Pe3y111>TaTI>I Hcc11e,11osaHHJ1 saBHCHMOCTH MOw;HOCTH H3JI)"leHHJ1, ,ll;JIHHI>I Hac1>rmeHHJ1 

H3JIY11eHHJI OT napaM~OB sneKTPoHHoro nyqKa, BKJIIO'laR reHepan;mo CJIC3 npH 

MaJJblX IlJIOTHOCTIDC SJieKTPOHHOrO nyqxa. 

4. Hccnep;oBaHHe p,pe:Hcpa op6HT1>1 311eKTPQHHoro nyqKa nocne KoppeKIJ;HH H HOBI>IH 

MeTO,ll; MHOrocryneH'l:aTOH xoppexn;HH op6HTDI B JIHHeHHLIX ycKopHTe.IIJIX. 

AJn>o6amr" pa6onr: 

OcHOBHl>le pe3y111>ranr ,n;HccepTaD;HOHHO:i!: pa6on1 ,110KJ1ap;LIBaJIHC1> H 06cy)l(,n;aJ1HC1> Ha 

cne,D;yrom;HX KOHcpepeHn;HJIX: 

1. European Particle Accelerator Conference, EPAC'08, Genoa, Italy, 23-27 June, 2008. 

2, Particle Accelerator Conference, PAC09, Vancouver, Canada, 4-8 May, 2009. 

3. International Free Electron Laser Conference FEL 2009, Liverpool, UK, 24-28 

August, 2009. 

4. International Particle Accelerator Conference, IPAC'lO, Kyoto, Japan, 23-28 May, 

2010. 

MaTepHaJibl ,D;HCCePTBIJ;HH TaKlKe o6cy)l(,n;anHCb Ha ceMHHapax B EfY, CANDLE, 

l1Hcrnryre Ilona lliepepa H DESY. 

Ily6JIHJCa!Q!H. 

Ilo MaTepHanaM ,ll;HCCepTaIJ;HH ony611HKOBaHO 6 Ha)"IHl>IX pa6oT, CilHCOK KOTOpLIX 

npn»e,11es B KoHn;e auropecpepaTa. 
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C'1'l!)'K'l'Yp8 H o6IoeM pa6orn. 

)J;Hccepr~HOHHaH. pa6oTa COCTOHT 113 BBe,D;eHHll, 'leTl>IpeX rJiaB, 3!1KJIIO'leHHJI H CDHCKa 

~HpyeMoii JIHTepaT}'PbI. 06ru;Hii 061>eM ,ll;HCcepTaIV!H COCTaBJilleT 114 crparmu;, B TOM 

'IHCJie 35 pHcyHKOB, 17 Ta6JIH~ H CIIHCKa JIHTepaTYJ>bI H3 96 HaHMeHOBaHHH. 

CO.ZJ;EP)l(AHHE P ABOThl 

Bo .BBe,JfeHHH C,D;eJiaH o63op no TeMaTHKe ,D;HccepTa~HH, c<PopMfJIHpOBaHl>I 

OCHOBHI>Ie 33,u;a'IH, OOOCHOBaHa HX aKryaJII>HOCTb H HayqHaH HOBH3Ha, a TaK>Ke 

npHBe,u;eHo KpaTKoe co,u;ep>Kmme pa6on.r. 

B .1repBOit r.naBenpHBe,u;eHo Kp~TKoe onHcaHHe reopHH CJIC3. TaK >Ke B sroii rnaBe 

npHBe,D;eHI>r TeXHH'leCKHe xapaKTepHCTHKH EBporreiicKoro peHTreHoBcKoro JIC3 H 

IIIBe~apc1<oro JIC3 npoeKToB, ,ll;ir.JJ. Korop.1>IX noJiyqeHi.re pe3yJI1>Tan.r coCTaBJIJIIOT 

OCHOBffYIO 'laCT.b ,ll;HCcepTa~HOHHO:li: pa6on.r. 

TaK KaK aHaJIHTH'lecKHe MeTO,ll;hI HMeIOT orpaHH'leHHoe npHMeHeHHe ,ll;JIJ[ 

HCCJie,D;OBaHHJI CBOHCTB CJIC3, Heo6xo,u;HMo HCIIOJih30BaTh aJiropHTMhI 'IHCJieHHoro 

MO,ll;eJIHpoBaHIDI. )J;IDI MO,D;eJIHpOBaHHe pa6oT1>r CJIC3 B ,ll;aHHOH ,ll;HCCepr~HOHHOii: 

pa6oTe 6wim HcnoJIL30BaH1>r .zlBe 1<0Mn1>IOTepHI>Ie nporpaMMhr GENESIS H SIMPLEX. 

KpaTKoe OilHCaHHe 'IHCJieHHLIX aJiropHTMOB, KOTOpMe HCilOJil>3YI0TCll B STHX Ko,u;ax NIH 

peweHHJI ypaBHeHHH. ,ll;BH>KeHHJI qacr~ H ypaBHeHHH p,n.st SJieKTpOMarHHTHOro DOIDI 

npHBe,n;eHI>r B ceK~HH 1.6. ,ZJ;JIJI EBponeiiCKoro peHTreHOBCKoro JIC3 H IIIBeA~apcKoro 

JIC3 npoeKTOB 61>IJIH pacc'IHTaH1>r napaMerp1>1 H3JiyqeHHH. CJIC3 (Mo~ocr& npH 

HaCM~eHHH H ,D;JIHHa Haci.rru;eHIDI). Pe3yJI1>Tanr 'IHCJieHHoA Mo,u;eJ1Hp0Ba1m1>r 

npe,n;CTaBJieHH B ce~HH 1.9. B STOH ce~HH TaK>Ke npHBe,D;eH cpaBHHTeJILHl>IA aHaJIH3 

STHX naKeTOB nporpaMM. 

Bo Bropoii 'laCTH sroii rJiaBLI 6J>ma noJiyqeHa 3HaJIHTH'leCKaH <PopMyJia ,ll;JIJ[ 

CileKTpaJibHOH _stpKOCTH H3Jiy'leHHJI ,ll;JIHHHOH ce~HH OH,n;yIDITOpa c BHemeeii: 

nepHO,D;H'lecKOH <1>0.n;o <PoKYCHpOBKOH, yqHTh!BaH. . npocrpaecTBeHHO-yrJIOBOe 

pacnpe,u;eJieHHe sJieKTpoHHoro nyqKa. B o6~eM CJiy'lae stpKOCTb OHAYJIJITl'HOro 

H3JiyqeHWI onpe,D;eJilleTCH. KaK: 

B F 
41r2L~ L~·(tlm/ m) ' 

r.n;e F - noroK 4'0ToHoB, L, H L,· - s<P<PeKTHBHI>Iii: pa3Mep H pacxo,n;HMOCTb HCTO'IHHKa 

<l>oroeoro nyq1<a, t::i.m Im cneKlpaJil>HaH. mHpHHa nOJIOCLI nponyc1<aHHH.. I1oKa3aHO, 'ITO 

npoH3Be,n;eeHe s<P<PeKTHBHOro pa3Mepa H pacxo,u;HMOCTH HCTO'IHHKa (<l>oroHoro nyqKa), 

A , onpe,n;eIDleTCH. KaK 

2 2 ( ( 1 1 µ) NA.)( J.1 A. ) A=L, L,· = Ii -.---tg- +-- 41itg-+-
sm J.1 6 2 8K2 2 2N 

6 

f 

\ 

r,11e & -sMHTTaHc sJieKlpOHoro nyqKa, µ -Ha6er <l>a31>I 3a <l>O,D;O rrep1m,11, A. -,!IJIHHa 

BOJIHLI H3JiyqeHHJI H N -KOJIH'leCTBO <l>O,D;O nepHO,D;OB. c IIOMOlll;blO STOH <l>OPMfJILI 

MOlKHO onpe,lleJJHTh OIITHMaJI&Hhie napaMelphl ¢mcycrrpyroru;eil: CHCTeMhl ( Ha6er ¢a3hI 

6eTapoHHhIX KOJJe6aHHH H 'IHCJIO <l>O,D;O nepHO,D;OB), o6ecrre'IHBaIOru;He MaKCHMaJihffYIO 

sr.pKOCTL H3JiyqeHHJI. B Ka'leCTBe npHMepa Ha pHc. 1 rrpHBe,11eHa 3aBHCHMOCTb 

HOpMaJIH30BaHHOH sr.pKOCTH Bn OT Ha6era ¢a31>I µ ~ HeCKOJll.KHX <}>HKCHpOBaHHhIX 

3H3'1eHH:li: 'IHCJia <l>O,D;O nepHO,ll;OB, a Ha puc. 2 _;· ·3aBHCHMOCTh HOpMaJIH30BaHHOH 

sr.pKOCTH Bn OT 'IHCJia <l>O)J;O nepHop;oB N npu pa3HLIX 3Ha'leHHJIX Ha6era <}>a3I>I. 

-- - 1.0 -N=3 
---· N•l 
-·-·- N=S 
---- N=4 
--· N•2 

->·-· 
I • ',,,...~ .. ,- .... 

I; .. ,, ·::_,:·., 
I j : '< ·,.:"'..._ 

0611
/j .' / ', '·, '·~ 

. '• . I ', ·, ~~ 
Af j .' I ', ·,. •" 

o.4 ii I ', '·, ":\ 
. ':I ',, ·,~~\. 

'I ...... '·"' 02lf" ... , .• . , ............ ·,~ 
, ........ ~!\ 

0.011 '~ -1 

0.9 

Af 0.8 

0.7 

0.61 

0.0 o.s 1.0 l.S 2.0 - - - -
µ(rad) phase advance 

·. 
~·, 

-µ=2' 
--- µ=24° 
-·- µ=2lf 
--- u=3f 

ro- w 20 · -25 
N-number of FOOO cells 

30 

Puc. 1. 3aBHCBMOCT• uop><VIH30BaHHOit iq>KOCTH 

OT Ha6er cj>a3J>I DpH N=2, 4, 8, 16, 32. 

Pac. 2. 3aBHcm<ocn uop>1aJill30BaHHoit lIJ>KOCTH 

OT 'IHCJia <110,ll.O nepHO,llOB npH µ =20, 24, 28, 32•. 

IloJiyqeHHasr. <Jx>PMYJia noKa31>IBaeT, 'ITO y>Ke p;Jisr. o6I>r'IHoii <l>O)J.0 ClpyKT}'PI>I 

stpKOCTh H3JiyqeHWI 3aBHCHT OT napaMelpOB MarHHTHOH CHCTeMhI. IloCKOJlhK}' HpKOCTh 

H3JiyqeHHJI Ka'leCTBeHHO OIIHChIBaer s<}><l>eKTHBHOe B3aHMop;eii:CTBHe SJleKTpoHHl>IX H 

<PoroHHI>IX nyqKOB B nonepe'IHOM <}>a30BOM rrpOClpaHCTBe, npo~ecc CJIC3 TaK>Ke 

3aBHCHT OT napaMelpOB BHemHeii <l>OK}'CHpyroru;e:ll: CHTeMhI. 

Bo BTOpoit r.JIBBe ,u;uccepT~HOHHOii pa6oT1>1 Hccne,u;oBaH rrpo~ecc CJIC3 ,D;JIH. 

pa3JIH'IHI>IX BHemHHX ipoKycHpyroru;ux cucreM. B qacTHOCTH, pa3JIH'IHLie 

<PoK}'CHpyroru;ue crpyKTfPI>I 6I>IJIH paccMOTpeHI>I p;nsr. EBponeiic1<oro peHTreHOBCKoro 

JIC3. 

B ,ll;HCCepra~HOHHO:li: pa6oTe 6LIJIO IIOKa3aHO, 'ITO ,ll;JIH. CHMMelpH'IHOH <l>O,D;O 

pemeTKH cpep;HeKBa,D;pH'IHLie nonepe'IHhIH pa3Mep ax H yrnoBoil: pa36poc ax' 

aJieKTpoHHOro nyqKa onpep;en.IIIOTCH. KaK 

2 [ 1 1 µ] <F = E:L ----tg-
x c sinµ 6 2 ' 

2 4 µ 
O'x• =E:Ltg2 

c 

·r,n;e Le - )l;JIHHa nepHo,u;a. IlocKOJibK}' ,D;JIH. CJIC3 rrpon;ecc ycHJreHHH. Clporo 3aBHCHT OT 

a<I><PeicTHBHOro B3aHMO,D;eHCTBWI SJieKTpoHHhIX H <PoroHHhIX Dy'IKOB Ha ¢a30BOH 

IlJlOCKOCTH, TO napaMelpbI H3JiyqeHHJI 3allHCH.T OT napaMelpOB <}>OK}'CHpyroru;eii: CHCTeMl>I 

µ H LC. 
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B nepsoH: 'laCTI>I SToii: rnaB&r uccnep;oBaHo BJIHHHHe Ha6era cpa3I>I Ha xapaKTepHCTHKH 

H3JiyqeHIDI.. Cy~eCTByroT HeCKOJILKO npu6nu)l(eHHI>IX cpop~yJI, xoropI>re MOryT 61>rrI> 

ucnoJil>30BaHI>I lJlIH. pac<1eTa OilTHManr:.Horo 3Ha<1eHHH. Ha6era cpa3&r. O~aKo, 

OilTHMaRl>HI>Ie napaMelpbI cl>oxycupyrom;eii: CHCTeMI>I He MOryT 6I>ITI> Ha~eHhI 

aHanHTH'l:eCKH H ~ ::iToro Heo6xop;HMO Hcnonl>3oBaTI> <1HcneHHI>re MeTO~I. Er:.mo 

Il0Ka3aHO, 'ITO Korp;a lJlIHHa 4>0,ll;O nepHop;a paBHa 12.2M ('iTO COOTBeTCTBYeT 

npoeKTHOMY 3Ha'l:eHHIO) lJlIH. oHp;ynH.ropHoii ceKD;HH SASEl MHHHManr:.HaH. ,D;JIHHa 

HaCI>I~eHHH. nonyqaeTCH. npH µ =22°. ,ll;JIH. OH,D;yJIH.TopHoi!: ceKn;HH SASE2 onTHManI>Hoe 

3Ha'l:eHHe Ha6era cpa3I>I, c TO'IKH 3peHHH. ,ll;RHHI>I HaCI>I~eHHH., paBHO 20 H 50 rpap;ycoB, 

Korp;a ,ll;JIHHa BOJIHbI H3JIY'l:eHIDI. pasHa 0.1 H 0.4 HM COOTBeTCTBeHHO. 

,ll;anee npHBep;eHr:.r pe3yJII>TaTI>I Hccnep;oBaHHH. CJIC3 p;nH. pa3JIH'l:HI>IX 

cpoeycHpyro~HX CHCTeM ycKopHTenH. H npoBep;eH cpaBHHTeJIJ>HbIH aHanH3 napaMerpOB 

H3JiyqeHIDI.. B 'l:aCTHOCTH 6I>IJIH paccMOlpeH&I H Hccnep;osam1 pe)l(HMI>I pa60TI>r CJIC3 

~ ecTeCTBeHHOH cpoeycHpOBKH, CTaH,D;apTHOH 4>0,ll;O clx>KYCHpOBKH H cpoeycHpyrom;eii: 

CHCTeMI>I cop;ep~eii: lpH OH,ll;yJIH.TOpHI>IX cerMeHTa 3a nepHo~. HosaH. cl>oeyCHpyrom;aH. 

CHCTeMa HMeeT nepHO,ll; 4>0,ZJ;O pemetKH paBHO 36.6M, 'ITO ,ll;OCTHraeTCH. MO,ll;HcpHKan;Heii 

CTaH,ll;apTHOH clx>KYCHpoBKH OT~'ieHHeM npoMe>K)'TO'l:HbIX 4>,ZJ; KBa,D;pynOJII>HbIX 

MarHHTOB. IlpeHMym;eCTBO 9TOH cl>oeycHpyro~eii: CHCTeM&I no cpaBHeHHIO co 

CTaHp;apTHOH COCTOHT B COKpam;eHHH 'IHcna KBap;pynoJII>HbIX JIHH3 B lpH pa3a H, KaK 

cnep;CTBHe, B JMeH1>IIIeHHH B03Mym;emmii: op6HT&I ::lJieKlpOHHOro nyqKa npH KOHe'lm.IX 

p;onyCKaX Ha CMem;eHHe JIHH3 OT OCH ycxopHTenH.. 

XoTH., nepHO,ll;H'l:ecKaH. 4>0,ll;O pemeTKa H.BnH.eTCH. IIIHpOKO HCnonl>3yeM&IM MeTO,ll;OM 

BHemHeii cpoKycHpOBKH p;JIH. CJIC3, BOnpoc reHep~HH CJIC3 c HeCTaHAaPTHOH 

cpoeycHpyJO~eii: CHCTeMoii: 6r:.m ynym;eH H3 o6~ero pacCMOlpeHIDI.. B p;HccepTan;HoHHOH 

pa6oTe HCCJiep;oBaH anr:.TepHaTHBHI>Iii: BapHaHT <lx>KYCHpyJO~eH: CHCTeM&I c 

cocpe,D;OTO'l:eHHOH <lx>KYCHpoBKOH B l\em-pe OH,D;yJIH.TOpHOH ceKD;HH - BapHaHT 

"~eHTpanr:.Hoii clx>KYCHpoBKH" c MHHHManr:.HI>IM 'l:HCROM KBap;pynonI>HI>IX JIHH3. B ::JTOM 

cnyqae BCe KBa,D;pynOJIH BhIKIIIO'l:eHJ>I KpoMe ,ll;Byx 4>0,ll;O H.'leiieK B l\em-pe 

OHp;yJIH.TOpHoii ceKD;HH. Ha pHc. 3 a) npep;crasneHI>I nepHO,!J;H'l:eCKHe pemeHHH. ,ll;JIH. 

ropH30HTanr:.Hoii: H BepTHKaJir:.Hoii: 6eTa <}>YHKD;Hii: Bp;onr:. SASEl OH,D;yJIH.TOpHoi!: ceKJ.\HH B 

cnyqae l\eUTpaJihHOH clx>KYCHpOBKH. 

1-faBeCTHo, 'ITO lJlIH. CJIC3, pa60Ta10~ero B o6nacrH peHTreHOBCKHX p;nHH BOJIH, 

BHeIIIHH.H. cpoeycHpOBKa Heo6xo~Ma ,ll;JIH. OilTHMaJihHOro cornaCOBaHHH. napaMerpOB 

::ineKTpoHHoro H cl>oroHHoro nyqKoB. O~o H3yqeHHe B03MO>KHOCTH pa60TI>r CJIC3 

6e3 BHeIIIHeii: <lx>KYCHpOBKH B OHp;yJIH.TOpHoi!: CeKJ.\HH, npep;craBJIH.eT co6oii oco6I>IH 

HHTepec, IlOCKOJII>KY Il03BOJIH.eT H36e)l(aTb B03Mym;eHHH. TpaeKTOpHH 9JieKlpOHHOro 

nyqKa H3-3a KOHe'llihIX p;onycKOB Ha CMe~eHHe KBa,zi;pynoJI&HbIX JIHH3 OT OCH 

OHAYJIH.Topa. ,ll;JIH. Hccne,zi;osaHHH. npol\ecca JIC3 6e3 BHenrnei!: cl>oeycupoBKH 

Heo6xop;HMO cornacoBaTr:. Ha'l:aJil>HI>Ie npocTpaHCTBeHHO-yrJIOBI>Ie xapaKTepHCTHKH 

::ineKTpoHHOro nyqKa c aKcenTaHCOM OH,D;yJIH.TOpHoii: ceKn;HH. HaMH pacMOTpeH cnyqaii: 

8 
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nepHO,ll;H'l:eCKOro peIIIeHHH. ,ll;JIH. 6eraTpoHHOH cpyH~HH, KOTOpaH. II03BOJIH.eT HMeTb 

MHHHMYM ropH30HTaJILHoro pa3Mepa B cepe,zi;HHe OHAJJIH.TOpHoli ceKn;mr. Ha p11c. 3 6) 

npHBep;eHLI ropH30HTaJibHaH. H BepTHKaJil>HaH. 6eTalpOHHLie c}lyHKD;HH B,!l;OJ!h 

op;ynxropHoli ceKJ.\HH SASE2, KOTOpbie orrpe,n;eJIH.IDT oru6aro~yro rryqI<a B,ll;OJIL KaHaJia. 

PeayJir:.TaThl HCCJie,zi;oBaHHH. IIOKa3bIBaIDT, 'ITO rrpon;ecc caMOYCHJieHHH. CIIOHTaHHOro 

H3JiyqeHHH H reHep~HH CJIC3 HMeeT Mecro H rrpH ecrecTBeHHOH OH,D;yJIH.TOpHOH 

!}>oeycHpOBKe, XOTH. npol\eCC MHKpOOaH'l:HpOBKH ::lJieK'I'pOHHOro nyqKa 3aMe,D;JIJleTCH.. 

iso]Jcta x.x rm· 

140 
I ,, 
I 
I 
I 

betax-­
betay---

------· 
100 ISO 200 

z[m] 
6) 

PBc. 3. H3XeHeeee ropH30HTllJl•eoil: H 11eprmcaJI•Hoil: 6era 4>}'HK11Hit BAOJI• a) SASE I B CJI}"<He 
~eHTPall•Hoil: ct>oxycepoBI<H, 6) SASE2 B Cll)"le ecTecraeeeoil: ct>oxycepoBKH 

2SO 

,ll;nH. cpaBHeHHll pa3JIH'l:HhIX <lx>KYCHpyJO~HX CHCTeM Ha pHc. 4 Il0Ka3aHO KpHBaH. 

pocra MO~HOCTH H3JiyqeHHH. CJIC3 sp;oni, OH,D;yJIH.TOpHoii: JIHHHH SASEl AJIH. 

pa3JIH'l:HLIX Bap11aHTOB BHemHoi!: cl>oeycHpoBKH. 
Power[GW] 

18 

14 

10 

6 

2 

0 so 100 
z[m] 

I, 

! 
I, ,.-. 
f / r,.1 

1~1A­
/t B--

1,'/ C--­
#' D-·-

ISO 200 

Puc. 4. KpH113ll pocTa M0111,11ocm H3ll}"leHHll CJJC3 JIAOlll> OlfAYllllTOpeoil: cex~H SASE! AJlll:A) 
CTaH,llapreoii 4>0,Zl;O CTpyxTypM, B) 4>0,Zl;O crpyxryp•I c AJIHllHldM'. uepeop;OM, C) ~eHTPamHoit 

ct>oxycupoBKH, D) ecTecTBeeeoil: oep;yllllTOpeoii ct>oxycepoBKH. 

B nocJiep;Hei!: 'l:aCTH BTOpoi!: rnaBJ>I HCCJie,D;OBaHO B!IHH.HHe CMe~eHHH. 

xsap;pynonr:.mrx MarHHTOB Ha napaMeTpLI HanyqeHHH. CJIC3. B rrpH6JIH>KeHHH TOHKHX 

JIHH3, ,ll;JIH. CHMMeTpH'l:HhlX 4>0,D;O CHCTeM no~eHa cpopM}'Jia OIIHCl>IBarom;rui: 
' . 
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yMeH1>11IeHHe MOIJJ;HOCI'H H3Jl)"ieHIDI OT cpep;HeJ<Bap;paTHqHoro CMem;eaHJI JIHH3 OT OCH 
ycKOpHTeJIJI, HMerom;rui: :eup;: 

' [ -2L J p,,.P8 exp -e 2~ 
rp;e P, -MOJJJ;HOCTI> HaC1>1m;eHHJ1 :e Hp;ea111>HOM CJI)"iae (6ea CMem;eHHH Marmrro:e), L, -

,D;JIHHa HaCI>IIJJ;eHHJI, a 0 cpe,D;HeK:Bap;paTH'IHl>IH yroJI B03MYJJJ;eHHOH op6HTI>I 

SJieKTpoHHoro nyqKa , onpep;eJIHeMoro KaK 

0= BJ2 tgµ. Uq ·(L·)1/2 
3 2lc le 

r,n;e uq -cpep;aeK:Ba,zq>aTH'iHoe 3HaqeHHe cMem;eHHJI K:Bap;pynoni.Hi.xx 111arHJITo:e. B · 

,D;HCcepTaD;HH npHBe,D;eHl>I peay111>TaT1>1 qHCJieHHOro MO)l;eJIHpoBaHHJI CJIC3 ,D;JIJI 

pa3JIHqffb[X cpoKyCHpyrom;mc CHCTeM c )"ieTOM CMem;eHHJI K:Ba,D;pynoJil>Hl>IX MarHJITaMH H 

B03Mfm;eHHoii: TPaeK"I'OpHH sJieKTpoHHoro Df'lKa. Pacqeri.x 61>111H npo:ee,n;emx ,D;JIJI 

cpep;HeK:ea,n;paTH'iecKoro c111em;eHHJ1 K:Ba,n;pynoJI1>H1>IX JIHH3 ,n;o 5 pm • PesyJii.Tanx 

qHcJieaHoro Mo,n;eJIHpO:eaHHH npH:ee~emx Ha pHc. 5. Ha rpa<l>Hice noKa3aao nap;eHHe 

MOm;HOCTH H3JI)"ieHHJl npH HaCl>I111;eHHH )l;JIJI pa3HbIX cl>oKfCHpyIOm;HX CHCTeM. 

PeayJ11>TaT1>I qHCJieHHoro MO,D;eJIHpOBaHHJI noKa31>maIOT, <rro npe,D;JIO)KeHHax 

<PoKycapyrom;ax CHCTeMa c 6oJiee ,AJIHHHI>IM nepHo,n;oM, qeM craa,D;ap:mrui: cl>O,l(O 

pemerKa MeHee qy:ecr:BHTeJI1>Ha IC, .. c111em;eHHJ1M KBa,n;pynoJI:i.mxx JIHH3 H y)Ke npH 
1·• 

cpeHp;eK:ea,n;paTHqHOM CMem;eHHH Jl~3 B 3 /.D7l MOJJJ;HOCTI> H3JI)"ielDIJI :Bl>Illle ' qeM npH 

CTaH,D;apTHOii: cl>oKYCHpOBKe 

11.--~~~~~~~~~~~~~ 

l'l I 

~ 
p,. o .. 
~ 
10.6 

lo.4 
0 z 0.2 

A-+­
B-•­C-•­
D--

0 I 2 3 4 • 
Quadrupole offsets (Jim) 

Pac. 5. 3aBHCHMOCTJo MOJqHOCTH ll3Jl}"leHHll npH HaCbllD;eHHJl OT cpe,1111ex11a,11paTH'DloM cMem;eHHe 

I<Ba,llpynOJIOB ,llllll:A) CTaffAllplHOit 4>0,1\0 ClJ>yi<TypH, B) fl>0,1\0 C1J>}'KTYPH C ,llJIHllHbIM nepHOAOM, 

C) ~eHTJlaJ11>Holt cj>oxyCHpODKH, D) ecrecTBeHHolt OH,ll)'JlllTOpHolt cj>oxycHpOBI<H. 

B SToii: )Ke rJia:ee HCCJie,D;oBaH np01-1ecc reHepa~HH CJIC3 ,D;JIH u;eHTpaJI1>Hoii: 

cpoKycHpyrom;eii: CHCTeMl>I c )"ieTOM KOHe'lHl>IX p;onycKOB Ha CMem;eHHe JIHH3 OT OCH. 

IlOJIY'leHH1>1e peay111>Tan1 n0Kaa1>ma10T (PHc. 5), <rro :eapHaHT u;eHTpaJI1>Hoii: 

IO 

<l>oKycHpOBKH o6ecneqH:eaer JiyqIIIHe xapaKTepHCTHKH H3JiyqeHHJI JIC3 c roqKH 3peHHJI, 

KaK MOIJJ;HOCTH H3JI)"ieHHJI, TaK H p;onycKOB Ha CMem;eHHe KBap;pynOJI3Hl>IX JIHH3 OT OCH. 

Bo 'Ipt!TM!ii r.IIaBe ,D;HCCepTan;HOHHOH pa6oTI>I 6I>mo paCCMOTPeHO BJIHJIHHe OCHOBHl>IX 

napaMerpo:e sJieKTpoHHoro nyqKa (sHeprHll, SMHTTaHc, SHepreTHqecKHH pa36poc, 

IIHKOBl>IH TOK H 3apH,D; crycrKa) Ha MOIIl;HOCTI> H ,D;JIHHY Hac1>1m;eHHJ1 JIC3 ,D;JIJI 

E:eponeii:cKoro peHTreHo:ecKoro JIC3 H III:eeil:n;apcKoro JIC3. 

,lVIa E:eponeii:CKoro peHTreHOBCKoro JIC3 :e1>moJIHeH1>I qHCJieHH1>1e MO,D;eJIHpOBaHHJI 

npon;ecca CJIC3 H onpep;eJiem1 H3MeHeHHe napaMeTpOB H3JlyqeHHJ1 :e aaBHCHMOCTH OT 

aHeprHH sJieKTpoHHOro nyqKa, aapap;a crycrKa H IIHKO:eoro TOKa. qHCJieHHoe 

MO,D;eJIHpo:eaHHe 61>InO Bl>IIlOJIHeHO ,D;JIJI CJI)"IWI Kor,n;a aapJ1,D; crycrKa H IlHKOBl>IH TOK 

MeHHIOTCJI :e npep;enax ±10%. B1>1110 noKasaHo, '!TO H3MeHeHHe aapHp;a crycrKa H 

IlHKOBOro TOKa B aTOM )l;HanaaoHe npHBOAJIT K H3MeHeHHIO MOIIl;HOCTH H3JiyqeHHJI npH 

HacI>IIIIeHHH Ha 15-20%, H K H3MeHeHmo ,D;JIHHl>I aacI>Im;eHHHll Ha 10%. TaK )Ke 61>rnH 

BbI'!HCJieHl>I napaMerpbI H3JI)"ieHHJI, KOr,n;a 3HeprHll 3JieKTPOHHOI'O nyqKa H3MeHSieTCJI 

,D;Hllll030He OT 15 ,D;O 20 fsB (npoeKTHOe 3Ha'ieHHe 3H~prHH 3JieKTpoHHOro nyqKa paBHO 
.:~) 

17.5 raB). Pesy111>TaTl>I 'iHCJieHHOro MO,D;eJIHpOBaHHJI p;iJI. E:eponeii:CKoro peHTreHOBCKOro 

JIC3.npe,D;CTaBJieHbl JI ceKn;HH 3.4.1. 
,l(JIJI IIIBeib~apCKoro JIC3 6I>IJIO HCCJie,D;OBaHO BJIHJIHHe 3MHTTaHCa 3JieKTPOHHOI'O 

nyqKa, aHepreTH'iecJCoro pa36poca H nHKo:eoro TOKa Ha napaMeTpl>I H3JiyqeHHJI JIC3. 

B11HJ1HHe aTHX napaMerpo:e 61>IJ10 BI>I'iHCJieHO ,Z1;JIJ1 ,n;:eyx pa6o'iHX pe)KHMOB ycKopHTeJIJI 

(,n;JIJ1 paooqmc pe)KHMOB c aapH,D;DM aJieK'l'pOHHl>IX crycrKo:e 10 H 200 nKJI). PeayJI1>TaT1>1 

MO,D;eJIHpoBaHHll npe,n;cra:e11eH1>1 B ceKD;HH 3.4.2. 
B noCJie,n;He:lt 'iaCTH aToii: ma:e1>1 61>I11 H3yqeH HOBI>tii: pe)KHM pa6oT1>1 E:eponeii:cKoro 

peHTreHOBCKoro JIC3 c MaJII>IM aapH,D;OM s11eKTpDHHI>IX cryCTKOB. B pacCMaTpH:eaeMOM 

.CJI)"iae aapH,D; aJieKTPOHHI>IX crycrKOB pa:eeH 20 nKJI. IlpeHMym;ecr:ea pa6oqero pe)KHMa c 

MaJII>IM aapa,n;oM s11eKTpoHH1>IX crycrKo:e cocroJIT :e CJie,n;yrom;eM: 1) c YMeH1>meHHeM 

aapJ1,D;a cryCTKOB, MHOrHe s<l><l>eKTl>I, KOTOp1>1e HMeIOT OTpHu;aTeJil>HOe BJIHJIHHe Ha 

npou;ecc CJIC3 H CBJl3aHl>I c 3apH,D;OM cryCTKa (TaKHe KaK CHJil>I o6'beMHOro 3apJ1,n;a 

cryCTKa, reHepau;HH KHJil>BaTepHI>IX no11eii:) CTaHOBJITCJI MeHee 3Ha'IHMl>IMH, 2) MQ)KHQ 

reHepHpOBaTI> sJieKTpoHHI>Ie ny'lKH c MaJI1>IM SMHTTaHcoM, 3) MO)KHO no11yqaTI> 6onee 

KOpOTKHe HMilYJil>Cl>I, TaK KaK ,D;JIHHa cryCTKOB MO)KeT 6I>rI'I> 3Ha'iHTeJil>HO COKpam;eHa. 

,l(11a aroro pa6oqero pe)KHMa 61>rnH aaii:p;eH1>I onTHMaJIH1>1e napaMerp1>1 sneKTpoHHoro 

nyqKa c n0Mom;1>10 qHc11eaaoro TpeXMepHoro Mop;eJIHpOBaHHJI npou;ecca CJIC3. 

Pe3y111>TaT1>1 qHcJieaaoro Mo,n;e11apo:eaawr pocra MOm;HOCTH H3JiyqeHHJ1 :ep;o111> 

OH,D;yJIJ1TOpHoii: JIHHHH SASEl npep;cra:e11emx Ha pHc.6. KaK cne,n;yer H3 pHc. 6 ,D;JIJI 

SASEl OH,D;yJIJITOpHoii: ceKD;HH SASEl Hac1>1m;eHHe MOID;HOCTH H3JiyqeaHJ1 p;oCTHraeTCJI 

B6JIH3H 115M H MOJJJ;HOCTI> H3JiyqeHHJI ,D;OCTHraer IIOpll,D;Ka 26 fBT Ha ,D;JIHHe BOJIHl>I 0.1 
HM. Peay111>TaT1>1 MO,D;eJIHpOBaHHJI npep;craBJieH1>1 :e paap;eJie 3.5. 
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E1o' 

so JOO 
z(m] 

ISO 

Pnc. 6. Kp1U1a11 pocra HO~OCTH H3Jl)"leBIUI CJIC3 B,11on 

OH,11}'1lllTOpHoll ce~HH SASE 1 

B 9:eTBep:roil rJiaBe ,D;Hccepnu~HOHHOH pa6oTI>1 paccMoopeHa npo6JieMa 

npen;H3HOHHOH 6ea,D;HcnepcHOHHO:li: Kopp~HH op6HTI>I 3Jie:icrp<>HHLIX II}"IKOB H 

BJIHllHHe onIH6oK H3MepeHHll Ha ocraTO'IH}'IO TPaeKTOpmo. B&mo m:li:,D;eHo 

cpe,D;HeKBa,llJ>aTH"leCKOe OTKJIOHeHHe ocraTO'IHO:li: op6HTI>I 3JieKTPOHHl>IX II}"IKOB B 

JIHHe:li:H&IX ycxopHTemi:x H B 1'paHCilDpTH&IX KaHaJiax. 

PaCCM01'peHo cpe,D;HeKBa,D;paTH'IHoe OTKJIOHeHHe ocraTO'IHO:li: op6HT&r B,D;OJIJ> 

ycKOpHTeIDI nocne rno6an1>HOH, MHOrOS'I'aIIHOH H HH,D;HBH,D;yaJil>HO:li: KBa,D;pynoJIJ>HO:li: 

xoppe~HH. 

B nepoo:li: qacru S'I'O:li: rJiaBJ>I cHa'lana BJ>I'IHCJieHO cpe,D;HeKBap;paTH'lecxoe 

OTKJIOHeHHe 1'paeKTOpHH nyqKa OT H,D;eaJIJ>HO:li: op6HT&I, BLI3BaHHOH CMe~eHHllMH 

KBa,D;pynOJIJ>HLIX MarHHTOB. /1,JIJJ. cpe,D;HeKBa,D;paTH"IHl>IX OTKJIOHeHH:li: op6HT B JIHHe:li:HoM 

yCKopHTene 61>1no nonyqeHa cne,zzyio~aJJ. <lx>PMYJ1a: 

y!:,!. .,, .J2 <T q N112 • 1 + 1:!L 
( )

1/2 

cosµ/2 YN 

rp,e <Tq -cpe,D;HeKBa,D;paTH"IHOe CMe~eHHe KBap;pynon1>HLIX MarHHTOB, N -'IHCJIO <l>O,ZJ;O 

nepHO,D;OB, Yo -Ha'laJILHaJJ. 3HeprHll, r N =Yo+ N. f;.y -3HeprHll B KO~e JIHHe:li:Horo 

ycxopHTenJJ., ll.y -nony'leHHaJJ. SHeprHll B O,D;HOM <l>O,ZJ;O nepHo,D;e. B pa3,D;enax 

ycKopHTeIDI, rp,e OTcyTCTBYeT yCKopeHHe ( ll.y = 0 ), HanpHMep B OH,D;yJIJJ.TOpHLIX 

ceKn;HlIX, HMeeM 

y<qJ .,, 2 <Tq • N1t2 

"'" cosµ/2 
B cne,n;yiome:li: 11acrH npHBe,D;eH OCHOBHOH no,D;Xo,n; K xoppeKIJ;HH op6HTI>I 'la~ Ha 

OCHOBe MHHHMH3~HH p33HHIJ;bl ,D;Byx op6HT pa3HLIX 3HeprH:li: c yqeroM KOHe'IHO:li: 

pa3pemHMOCTH p,aT'IHKOB IlOJIO>KeHHll nyqKa. I-fa ypaBHeHHll ,D;BH>KeHHll 6&IJIO nonyqeHO, 

'ITO B cnyqae rno6aJIJ>HOH KoppeKIJ;HH, nocne MHHHMH3~HH pa3HOCTHOH TpaeKTOpHH 
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) 

) 

') 

) 

cpe,D;HeKBa,D;paTH'IHOe ocraTO'IHOe OTKJIOHeHHe B JIHHeHHLIX ycKopHTeJIJIX onpe,D;eJIJJ.eTCJI 

qmpMynoii 

(c) =-1_..§J_a µ2n3!2 1+ 3 ro 
( )

1/2 

Yrm" 4.J6 M r 1 Yn 

a B OH,D;yJIJJ.TOPHLIX ce~ 

Y(c) =-1_..§J_<J' µ2n3/2 
"''"' 2J6 llE r 

r,D;e n -'IHCJIO KBa,D;pynone:li:, <T, - cpe,n;HeKBa,D;paTH'IHaJJ. OIIIH6Ka H3MepeHH:li: ,D;aT'IHKOB 

nono>KeHHll nyqKa, ll.E = E, - £,_ , E, H £2 - sHepmn 3JieK1'pOHHOro nyqKa. I-fa SToii: 

<l>opMfn1>1 cne,D;yeT, 'ITO onIH6KH onpe,n;eneHlm .op6HTL1 ny11Ka npH rno6an&Hoii: 

xoppeKIJ;HH aKKYMfJIHp)IIOTCJI B,D;OJIL YCKOpHTeJIJJ. H, KaK CJie,ll;CTBHe, CKoppeKTHpOBaHHaJJ. 

op6HTa, nponopn;HOHaJILHaJJ. a,' HCilHTLIBaeT nonepe11H&1ii: ,D;peii:<I> B,ll;OJll> ycKOpHTeJIJJ. H 

B03pacraeT KaK c 'IHCJIOM KBll,!l;pynOJil>Hl>IX JIHH3 n KaK n312 . 
B KOHIJ;e sro:li: rJiaBl>I Dpe,ll;JIO>KeH HOB&Iii: MeTO,D; xoppeKIJ;HH (MeTO,ll; MHOr03TailHOii: 

xoppexn;HH). B paMKax SToro MeTO,D;a npe,Z1;JiaraeTCJ1 pa3,D;eJIHT& ycKopHTeJI& Ha 

HecKOJILKHX 'laCTe:li: H B Ka>K,D;O:li: 'laCTH npOH3BeCTH HH,D;HBH,D;yaJil>HYID MHHHMH3aIJ;HIO 

pa3HocrHo:li: op6HT&1. B1>1no noxaJaHo, 'ITO B STOM cnyqae 

3/2 ( )1/2 
Y(m)=-

1-Ji.a u?-~ 4-~lnYM 
nns 4.,/6 M rri M M Yo 

rp,e M -11Hcno 11acreii Ha KOTOp1>1e pa3,D;eJieH ycKopHTen&, YM -sHeprIDI sne:icrpoHHoro 

nyqxa B xoHn;e M -o:li: ce~HH. M KaK BH,D;HO, npn S'I'OM ,D;peii:<I> op6HTLI B,ll;OJib 

ycxopHTenJJ. no,D;aBJIJJ.eTCJJ. B M pa3. B npe,D;eJI&HOM CJIY11ae, KOr,D;a KoppeKIJ;HJI 

npoH3BO,D;HTCJJ. nocne J<a>K,D;oro KBa,D;pynonJJ. ( M = n ), nonyqaeTCJI 

Y(m) =-1_..§_a µ2n112 4 -~ln Yn 
( )

112 

rms 4./6 M r 1 n Yo 

113 3TO:li: <lx>PMYJibI CJie,D;yeT; 'ITO CKOppeKTHpoBaHHaJJ. TaKHM o6pa30M op6HTa 3aBHCHT OT 

'IHCJia KBa,D;pynoneii y>Ke KaK n 112 
• ,ll;JIJJ. OH,D;yJIJJ.TOpHOH ceKIJ;HH HMeeM 

Y
(nr) = _1 _ _§_a.µ2n 3/2m1/2 
mis 2J6 fl£ r q 

Ha pnc. 7 ~aHo cpaBHeHHe cpe,D;HeKBa,D;paTH'IHOro OTKJIOHeHHJJ. op6m1>1 ,D;JIJI 

B03Mf~eHHo:li: 1'paeKTOpHH, nocne rno6an&Hoii: xoppeKIJ;HH, nocne MHOr03TanHoii: 

KoppeKIJ;HH H ,D;JIJJ. cnyqaJJ. KOr,D;a M = n B,D;OJI& JIHHeii:Horo yCKopHTeJIJI. Pe3yJI&Tan1 

npnBe,D;eH&I ,D;JIJJ. EBpone:li:cxoro peHTreHOBCKoro JIC3. 
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Puc. 7. Cpep;HeJCBa,lljlaTH'iecKoe OTKJIOHeHHe op6HTW Bp;on JJHHeilHoro ycxopHTe1lll 

Enponeil:cxoro peHTreHOBCKoro nc3. 

B SllKIIIO'l:eHHHCcpopM)'JIHpoBaHLI OCHOBHLie peaynLTIITLI H BLIBOALI. 

OCHOBHbIE PE3YJibTATbl ~HCCEPTAIJ;HH 

• HccneAOBaHLI npo~ecc reHep~HH CJIC3 H npoBeAeH cpasmrreJILHLI:l!: aHaJIH3 
napaMerpoB mnY'leHwr (MOID;HOCTL H AJIHHa HaCL1m;eHwr) AJIJI pa:mH'IHLIX 
cpmcyCHp}'lOID;HX CHCTeM B OH,llyJIJITOpHO:l!: ce~ yCI<opHTemI [1, 2]. 

• IIpeAJIO)f(eHa H HCCJieAOBaHa HOBllJI CHCTeMa cpm<yCHpoBKH - MeTOA ~eJITpaJILHO:l!: 
cpoJCYCHpOBKH-, Il03BOJIJIIOID;HH AOCTH'll> Mat<CHMaJILHO:l!: MOID;HOCTH H3JIY'leHIDI 
npH peanLHLIX AOnycKax Ha MarHurH}'lO cpoxyCHpyiow;yio CHCTeM}' [3]. 

• HccJieAOBaHa 3aBHCHMOCTL napaMerpoB H3JIY'leHIDI CJIC3 OT ::iHeprHH, SMHTTaHca, 
3HepreTH'leCKOro pa36poca H TOKa SJieKTpoHHOrO IlY'!Ka, a TaK)l(e 3ap.11Aa cryCTKa. 
PaccMOTPeH H HCCJieAOBaH HOBLI:l!: pe)l(HM EBponeii:cKoro CJIC3 c MaJILIM 3ap.11AOM 
3JieKTpoHHLIX cryCTKOB [2. 4, 5). 

• HccJieAOBaHO BJIWIHHe CMem;eHIDI KBaAPynODLHLIX MarHHTOB Ha MOm;HOCTL H 
AJIHHy HacL1m;eHHH H3JIY'leHHB CJIC3 AJI.11 pa3JIH'IHLIX cpoxyCHpyiom;HX CHCTeM. 
IlOJIY'leHa 3aBHCHMOCTL napaMerpoB H3JIY'leHH.ll OT AOnyCKOB Ha MarHHTH}'lO . 
CHCTeM}' H HCCJieAOBaHa KoppeK~IDI . op6HTLI 3JieKTPOHHoro ny<1Ka c f'leTOM 
KOHe'IHOH pa3pemHMOCTH AaT'IHKOB IlOJIO)f(eHHJI IlY'!Ka [6]. 
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SUMMARY 

One of the main tasks of current research in the field of beam physics and 
accelerator technology is the generation of powerful, high brightness X-ray Free 
Electron Laser (FEL) radiation via the Self Amplified Spontaneous Emission (SASE) 
process. The adjustment of the electron and photon beams angular and transverse phase­
space characteristics along the undulator line and the resonant interaction of the 
electron beam with co-propagating radiation leading to the formation of microbunch 
structure are of basic conditions to drive the SASE FEL process. To ensure the effective 
interaction of electron beam with co-propagating radiation the electron beam focusing 
should be applied over long undulator section to maintain the small size of electron 
beam. The electron beam focusing is especially important for X-ray SASE FELs for 
which the required undulator section length may reach several hundreds of meters. This 
thesis is devoted to the study of X-ray FEL with external focusing. 

Since the electron beam size and divergence are determined by the focusing lattice 
parameters, SASE FEL performances (brightness, saturation power and length) strongly 
depend on the focusing lattice parameters. Therefore, the choice of the electron beam 
focusing method and focusing lattice parameters are important issue for SASE FELs. The 
influence of different focusing lattices on FEL radiation parameters is investigated, and 
the new non-standard focusing system With central focusing doublet has been proposed. 
and studied. 

In the real facility the SASE FEL process can degrade due to electron beam orbit 
distortion caused by quadrupole misalignments in undulator section. The studies of the 
effects associated with the quadrupole misalignments are important because for the real 
case the quadrupole misalignments are unavoidable. The influence of quadrupole 
magnets misalignments up to 5 J.On on the SASE FEL radiation parameters are studied 

for different external focusing lattices. The analytical formula has been derived for the 
calculation of the saturation power reduction caused by the quadrupole misalignments. 
It is shown that the option of central focusing doublet provides a better performance for 
SASE FEL, namely the impact of quadrupole misalignments on both saturation power 
and length becomes less significant and can be considered as a potential candidate for 
focusing lattice arrangement in future SASE FEL design. 

For the X-ray SASE FELs there are strict requirements on the electron beam 
parameters: low emittance and relative energy spread, and high peak current. These 
parameters are mainly determined by the injector system and bunch compressors in the 
FEL driving linac. In real accelerators they can differ from their design values. The 
determination of acceptable range of the beam main parameters is an important issue 
both for the facility design study and reliable facility operation. The dependence of SASE 
FEL radiation parameters on the electron beam main parameters has been investigated 
numerically for wide range of electron beam energy. emittance, energy spread and peak 
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current. The numerical simulations are performed for the European XFEL and SwissFEL 
projects. 

The new operation mode for European XFEL with low bunch charge (20 pC) has 
been studied. The advantages of low bunch charge operation mode are follows: i) the 
decrease of bunch charge leads to reduction of space charge effects and, as a result, 
smaller emittance can be generated in the gun; ii) the bunch length can be significantly 
reduced and, as a result, the short radiation pulses of a few fs order can be obtained; iii) 
the effects which are conditioned by bunch charge and have degrading influence on the 
FEL amplification process become less significant. The case of bunch charge 20 pC has 
been considered and for this operation mode the optimal parameters of electron beam 
and the radiation parameters have been calculated. 

The potential of existing and future linear accelerators depends on achieving very 
·tight alignment and steering tolerances. For the real accelerator the electron beam 
trajectory is disturbed because of the accelerator components alignment and magnetic 
field errors. The electron beam orbit correction is an important issue especially for the 
SASE FELs, for which the orbit distortion must be less than a few micrometers. The 
contribution of the beam position monitors precision errors on the dispersion free 
trajectory correction method is studied. The analytical evaluation of rms residual drift of 
the beam orbit is given when the beam position monitors precision errors are taken into 
account. A new method of the electron beam orbit correction is proposed. 

·~ 
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