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AKTyanI>HOCTI> TeMI.I 

IloMCK Mo,n;eJIM BbICOKorpa,n;MeHTHoro ycKopMTem1, pa3pa6oTKa 

HOBbIX MeTO,l(OB ycKopeHH.sJ M HOBbIX KOHCTPYKL(HH ,l(JI.SI 

BbICOKOrpa,n;HeHTHOfO ycKopeHIDI OCTaIOTCR aKTYaJibHbIMH TeMaMH 

HCCJie,llOBaHHH B ycKOpHTeJibHOH <l>H3HKe Hamme ,llHeH. ,l(JIR 

,n;anbHelimero pa3BMTHR TeopHH JienTOHOB H KBapKOB Tpe6yroTcR Te V­

Hbie 3HeprHM B u;eHT}Je Mace 3JieKTpOH-3JieKTpOHHbIX H 3JieKTpOH­

Il03HTpOHHblX B3aHMo,n;elicTBHH [1]. IlpH 3TOM ycKopHTeJihHaH cpH3HKa H 

HH:>I<eHepHR cero.n;mr HCIIOJ1b3YIOT CBepxrrpoBo,n;m.u;He ycKopmomHe 

MO)];YJIH c Tpa.n;Hl.(HOHHbIMH MeTO,n;aMH B036y)K,l(eHmr rroneii, 

Il03BOmIIOll.(HMH IIOJiyciaTh TeMrr ycKopeHHR 25-50MeV/m. 

IlpHOpHTeTHbIM npo,n;OJI)KaeT OCTaBaTbCH HCITOJib30BaJIHe ycKOPHTeJieH 

,n;JUI perneHHH rrpHKJUl,l(H:DIX rrpo6neM <l>mHKH. CJie,n;yeT oco6o OTMeTHTb, 

qTo HeMaJIOBIDKHOe 3HaqeHHe ,l(JUI )J.OCTM:>KeHMH 3a,l(a.HHbIX rrapaMeTpOB 

ycKOpHTeJUI y.n;enHeTCH CHCTeMe KOHTpOJIH ycKOpHTeJUI [2], II03BOJ1HIUeH 

rrpoH3BO.[(MTb KaK CJIO)KHbie ,l(HarHOCTH'!eCKHe HaCTpOHKM [3], TaK H 

rrpep;OCTaBmIIOll.(eH B03MO:>KHOCTb 3anycKa ycKOpHTemr c 0,l(HOH 

"KHOIIKH" [ 4]. AKTyaJibHbIMH rrpo6neMa.MH CHCTeMbl KOHTpOJIH 

ycKOpHTeJIH HBJIIDOTCH ocymecTBJieHHe OilTHMaJibHOH ,[(HarHOCTHKM 

rryq:Ka [5] H rro.n;.nep:>KKa pa.3JIMqHbIX KOMilblOTepHbIX IIJiaT<PopM [6]. 
,l(mI IIOJiycieHHH MOll(HbIX BblCOKOrpa.n;HeHTHblX ycKOPIDOIUHX IlOJieH 

H MaKCMMaJibHbIX TeMIIOB ycKopeHHH TeopeT11qecKHe HCCJie.[(OBaHHR B 

ycKopHTeJihHOM cpH3HKe rrpep;JiaraJOT HCITOJ1b30B8.HHe JICl3epHblX 

MeTO,[(OB, .[(ByxrryqKoBbIX cxeM, a TaIOKe ,n;H3neKTpHqecKMX CTPYKTyp. B 
q11cne HHTepeCHbIX MO,lleJieH .umr naaepHbIX MeTO,llOB ycKopeHHH 

Heo6XO,llMMO OTMeTMTb pa60Tbl, ony6JIHKOBaHHble A.M.CeccnepOM [7] H 

AMaTy1m A.I(. [8]. OpHrHHaJI:DH:Die cxeMbI ,n;ByxnyqKoBoro ycKopeHHH 

rrpe.[(naram-i:cb rpynrroii T.Baii:JiaH,n;a [9] H :SapcyKoBa K.A.[10]. 

HeK0Topb1e cxeM:DI .UByxnyqKOBoro ycKopeHHH, npe.z:i;naraeMbie rpynnoii 

raaa.3HHa 3.,l(. [11], HCCJie.[(OBaHbl BO BTOpOH rJiaBe C IIOMOIUhIO rraI<eTa 

PDE (Partial Differential Equation) Matlab-a. OrpoMHaJI pa6orn Ka:I< no 

TeopeT11qecKOMY HCCJie,ll;OBaHHIO, Ta:I< H no npoBe.n;eHHlO 3KCnepHMeHTOB 

no .n;Byx.rryqKoBOMY ycKopeHHIO B ,llH3neKT}JHqecKHx cTpyKTypax 

rrpoBe,[(eHa rpyrrnoii, B03rJiaBmreMoii P.:S.IlanbMepoM [12]. 

·~ 
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Hayqmm HOBH3Ha 

1. IlonyqeHbl aHMHTHqecKHe pa3JIO)l(eHH.sI ,ZJ;AA co6cTBeHHblX qffceJI 

H co6cTBeHHblX cpyHKQHH TOpOH,Z!;OB c npmmyron:&HbIM H Kpyrn:&IM 

nonepeqHbIMH ceqeHIDIMH, 06ecneq1rnarow;He BblCOKHe TOqHOCTH. npH 

npoCTblX IlOJIHHOMHblX BbNHCJieHmIX. 

2. Hccne,n;oBaHhI CBOHCTBa CHHxpoTpOHHoro H3JiyqeHHH, 

B036y)l()l;aeMoro B TopoH,n;e c Kpyrn1>1M nonepeqH:&IM ceqeHHeM npH 

BpaIQemrn B HeM 3apH)I(eHHOM qacTHQhI, H pa3BHT MeTo,n; onpe.n;eneHHH 

BbIHY)l(,ZJ;eHHblX 3JieKTpOMarHHTHblX KOJie6aHHM, KOr,n;a crycTOK 

3apH)I(eHHblX qacTHll ,ZJ;BH)l(eTCH B,Zl;OJib OKpY)l(HOCTH c pa.n;HycoM, 

COBna,n;aIOIQHM c cpe,n;HHM pa,n:HyCOM TOpOH,n:a, OCHOBaHHblM Ha 

pa3JIO)l(eHHH B036~.n;a10w;Hx KOJie6aHHM TOKa no onpe,n:em.1eMblM 

co6cTBeHHblM cpyHKQHHM. 

3. IlpoBe,n:eHHM 011Tl1MH3an;HH pa3MepoB U:HJIHH,n:pHqecKoro 

pe30HaTOpa IIO MaKCHMYMY HailpH)I(eHHOCTH npo,n:OJibHOM 

cocTaBJIHIOw;ei!: :meKTpHqecKoro noJI.sI 3a speM$1 nponern 

B036y)l(,ZJ;aJOIQHX H ycKOp$1eMoro crycTKOB 1103BOJI$1eT HCilOJib30BaTb ero 

B KaqecTBe ycKop$1IOIQei!: CTPYKTYPbI B cxeMe ,n:ByxnyqKosoro ycKopeHJrn: 

c COBMew;eHHbIMH TpaeKTOpmIMH Be,n:yw;Hx H se,n;oMoro crycTKOB. 

4. Ilpe,n:JIO)l(eH anropHTM HaXO)l(,ZJ;eHH$1 B036y:>K.n;aeMblX crycTKaMH 

3apjJ)I(eHH1>1x qacTHll none:H rrepexo,n:Horo H3nyqeHH$1 B perym1pttoM 

pe3oHaTope c npOH3BOJI:&HblM norrepe':IH:&IM ceqeHHeM. IlonyqeHbI 

Bbipa)l(eHHH .n;AA pa3JIHqHhIX pacrrpe,n:eneHHH 3ap$1.D;a B crycTKe. 

5. Propa6oTaH H HCTIOJib30BaH anropHTM npoeKTHpOBaHH$1 cxeM 

,n;ByxrryqKoBoro ycKopeHH$1, 6a3Hpyrow;HHC$1 Ha MeTo,n:e co6cTBeHHbIX 

<):iyHKQHH H MeTO,n;e KOHeqHbIX 3JieMeHTOB. Ilpirne,n:eHbI BapHaHTbI 

pe3yJibTaTOB .n;AA pa3JIHqHbIX KOHCtmrypan:wtt 6Hn;Hmrn,n:pwqecKHX H 

neHTan;HJIHH.n;pHqecKHx pe3oHaTopoB. 

6. IlpHBe.n;eHbl KpHTepHH OTITHMH3aU:HH H BbI6opa cxeMbl 

ycKopeHH$1 Ha 6a3e qepeHKOBCKoro H3nyqeHH$1 B BOJIHOBO,n:e, 

3aIIOJIHeHHOM ,ZJ;H3JieKTpHKOM c npope3aHHbIM KaHaJIOM npH 

Bo36y)K,n:eHJm nocne,n:Hero rrocrre,n:oBaTeJihHOCThIO crycTKOB. Pa3pa6oTaH 

qffcJieHHbIH MeTO)l; HCCJie,n;oBaHH.S: BJIH.HHHe HepaBHOMepHOCTH 

,n;BH)l(eHHH crycTKOB Ha 3cp<):ieKT reHepan:1m H3rryqemrn. BaBJmoBa­

qepeHKOBa. 

' 

c 
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B ,n;11cceprn:u;1-u1 BbI,LJ;BHHYTbI H 06ocH0BaH1>1 Te3HCbI: 

• Pa3pa6oTaHH~ MeTo.n;oM coqeTaHH$1 MIII1 H FEM Teopw.s: 

TOpOH,ZJ;aJihHbIX pe3oHaTOpOB Il03BOJI.S:eT HCCJie,ZJ;OBaTb 

3JieKTpoMarHHTHI>Ie cso:HcTBa 3THX pe3oHaTOpoB, paccq1naTb HX 

napaMeTpbl c BblCOKOH ToqHOCTbIO, a TaIOKe pacCMOTpeTh 

CHHXpOTpOHHOe H rrepeXO,[(HOe H3JiyqeHH.S:, reHepHpyeMhie cryCTI<aMH 

3ap$1)1(eHHhlX qacTHIJ, Bpaw;arow;HXCH no cpe,n;HeMy pa.n;Hycy Topott,n:a. 

• HanHqHe cpe.n;I>1 B Topott.n;e rrpHBO,ll;HT K pe3KOMY yBenwqeHHIO 

aMilJIHTY.D;bl 3JieKTpOMafHHTHblX KOJie6aHHH, o6ycnoBJieHHOMY 

HHTepcpepeHn;He:ii Me)l(,n:y CHHXpOTpOHHblM H co6CTBeHHblMH 

TOpOH,ZJ;MbHbIMH KOJie6aHIDIMH. 

• Bo36y)l(,n;eHHe pe3oHaTopHhIX CTPYKTYP nepexo,n;HhIM H3nyqeHHeM 

nocne,n;oBaTeJihHOCTH crycTKOB o6ecneqHsaeT BhICOKHe TeMilhI B 

,n:ByxnyqKOBOM cxeMe ycKopeHH.S:, II03TOMY HX MO)l(HO HCIIOJib30BaTb 

B KaqecTBe B:blCOKOrpa,n:HeHTHblX ycKOpHIOIQHX Mo.n;yneH:. 

• l1crronh30BaHHe neHTaU:HJIHH,n;pHqecKoro pe3oHaTopa B cxeMax 

,n:ByxnyqKoBoro ycKopeHH.S: .S:BJI.S:eTC.S: O)l;HOH H3 rrepcrreKTHBHblX 

Mo.n;eneii BhlCOKorpa,n:HeHmoro ycKopeHH.S:, BKJIIOqarow;eii B ce6.s: 

B03MO)I(HOCTb 061,e,n;HHeHHSI B e,n;HHOe n:enoe pe30HaTOpbl 

KJlHCTpOHOB c ycKOp$1IOIQeH .si:qe:HKOH. 

• qepeHKOBCKOe H3JiyqeHHe, B036y)I(,n;eHHOe nocne,n:oBaTeJihHOCTblO 

crycTKOB B U:HJlHH,UpHqecKOM BOJIHOBO.n;e, 3aIIOJIHeHHOM 

,l(H3JieKTpHKOM c rrpope3aHHbIM KaHaJIOM, II03BOJI$1eT IIOJiyqaTb 

BblCOKHe TeMIIbl ycKopeHHSI. IlpH 3TOM rrpHMeHeHHe qHcJieHHblX 

MeTo.n;oB Matlab-a noBbIIIIaeT 3cp¢eKTHBHOCTh 110nyqemrn HOBhIX 

pe3yJibTaTOB, rrpe,n:cTaBJISIIOIQHX rrpaKTHqecKHH H TeopeTHqecKHH 

HHTepec. 

Anpo6a:u;1u1 pa6oTbI 

OcHOBHbie pe3yJII>TaThI .n;Hcceprnn;HH H3JIO)l(eHhI B IISITH cTaT1>.si:x, ,n;Be 

H3 KOTOpbIX nocnaHbl B rreqaTb H IIHTH ,ll;OKJia,n:ax Ha Me)l(.n;yHapo.n;HhlX 

KomjlepeHn:Hjlx EP AC-94 [London, England, 1994 ], Linac - 94 [Tsukuba, 

Japan, 1994] H FEL-1999 [Hamburg, Germany, 1999], a TaIOKe Ha 

ceMHHapax rro,n:pa3,n:eneHIDI MVP H MHF-p DESY H Ha ceMHHapax 

na6opaTOpHH HOBhIX MeTOAOB ycKopeHHjf Ep<t>fi. 

--·----- ---1 
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.Il:HccepTal.l;IUI COCTOHT H3 Tpex mas, BBe,!J;eHH.SI H 3aKJIIOtJ:eHmI. 

06'beM AHCCepTaQHH - 150 CTpaHHQ, BKJUoqaj[ 96 rpa<l>HKOB H pHCYHKOB, 

5 Ta6JIHQ. CrmcoK JIHTepazypbl COCTOHT H3 54 HaHMeHOBaHHH. 

Co.n:ep:>Katt:ue pa60TbI 

B rrepsoi1 rnase .l(HccepTaQHH rrpe.z1:JIO)l(eH MeTOA Haxo)l(,ll;eHHH 

KOMTIOHeHT 3JieKTpOMarHHTHblX noneii H pe30HaHCHhIX qacTOT .z:vrn 

TOpmI):(aJibHblX pe30HaTOpOB KaK c IIp}IMOYfOJibHbIM norrepetJHbIM 

ceqemreM, TaK H )J;Jlj[ KpyrnhIX TOpOHAOB. fuBeCTHhie perneHHH, 

onpe,n:eJI}llOlll,He co6cTBeHH1>1e :meKTpoMarHHTHbre Kone6aHH}l B 

TOpOH):(aJihHhIX pe30HaTOpax, HMeIOT orpaHHl.JeHHyIO o6nacTb 

npHMeHeHHH [13]. Me)l(,ll;y TeM, rrpe.l(CTaBnHeT HecoMHeHHbIH HHTepec 

H3YtJ:eHHe BCeH KapTHHbI IIOJI}l co BCeMH B03M0)1(HblMH THilaMH H 

MOARMH KOJie6aHHH, B03HHKaIOlll,HMH B TOpOH,n:aJibHOM pe30HaTope IIpM 

B036y)l(,n:eHHH ero Ha 3a,!J;aHHOH qacTOTe H nme BOJIHbl. c QeJiblO 

e,n:Huoro paccMOTpeHHH TOpOH,l(OB KaK c npHMoyroJibHbIM, TaK H c 

Kpyrn1>rM norrepetJ:HbIMH ceqeHHHMH npe,n:naraeTCH MeTO.n: 

nocne,n:oBaTeJibHhIX npH6JIH)l(eHHH (MIIII) [14), II03BOJIHIOlll,HH c 

,l(OCTaToqHo BhICOKOii TOqHOCTblO onpe.n:emiTh KOMIIOHeHThI 

3JleKTpOMarHHTHbIX nonei1 H pe30HaHCHhIX qacTOT 3THX pe30HaTOpOB. 

B1>16op JIOKaJihHbIX cHcTeM Koop,n:1rnaT no3somm BhIAeJIHTb napaMeTp 

MaJIOCTH H npe.n:cTaBHTh perueHHe rpaHHlJHOM 3a,!l;at{H Ha co6cTBeHHbie 

lj>yHKu;HH H co6cTBeHHbie 3Haqemrn B BH,l(e pa3JIO)KeHHH TIO 3TOMY 

napaMeTpy. HarrHqHe cTpornx peIIIeHHH .l(JIH TopoH.n:a c 

npHMOyrOJibHhIM norrepeqHbIM ceqeHMeM Il03BOJIHJIO 

npOKOHTpOnHpOBaTb ToqHoCTh H CTpOrOCTb nonyqaeMhIX perneHHit H 

pacrrpocTpaHHTh 3TO Ha KpyrnhIM TOpOH,l( [15,16). Crre.n:yeT OTMeTHTh, 

qTO rronyqeHHhie pa3JIO:>KeHMH Il03BOJIHIOT M36e)l(aTb pellleHH}l 

TpaHCQeH,l(eHTHhIX ypasHeHMH co cneQHaJihHhIMM <ilYHKQHHMH ,[.\JIH 

Topmr.n:a c npHMoyron1>HbIM nonepetIHbIM ceqeHHeM npH onpe.n:enemm 

KOaKCHaJibHhIX pe30HRHCHbIX qacTOT. 0QeHKa TOqHOCTH ,l(JIH 

co6cTBeHHhIX 3HaqeHHH Kpyrnoro TOpOH,l(a, rrpose.n:eHHaJI qffcJieHHhIM 

MeTO.l(OM KoeeqHbIX 3JieMeHTOB FEM, noKa3aJia, qTo norpeIIIHOCTh 

pa3JIO)l(eHHH AJIH co6cTBeHHhIX lj>)'HKIJ;HH H co6cTBeHHhlX 3HaqeHHH He 

npeBbIIIIaeT 2% ,l(JIH TOpOH,n:OB, HMelOII\HX KpHBH3HY BilJIOTh AO Po= 0.5. 
1IHCJieHHhIM MeTO,l(OM rrpose,n:eHa ou;eHKa .l(06poTHOCTeH ,IJ;Jlj[ pa3JIH1.JHbIX 

MOA TOpOH,l(aJibHbIX pe30HaTopoB c KpYrJihIM nonepeqHhIM ceqemreM, 

7 

KOTOpbie, KaK H oxm.n:arrocb, OKa3aIDfch MeHhIIIe, tJ:eM ,n:rrH o6br<JHoro 

U:HJIHHApHqecKOfO pe30HaTopa c TeMH )Ke pa3MepaMH H H3 Toro )Ke 

MaTepHarra. 3TO o6'bHCHHeTCH HCK~eHHeM KOH<jmrypaQHH 

3JieKTpOMarHHTHblX IIOJieH H pOCTOM IIOTepb Ha CTeHKax, 

o6ycnoBJieHHbIX KPHBH3HOH TOpoH.n;a. 

IlonyqeHHble pa3JIO)l(eHHH co6cTBeHHbIX lj>)'HKIJ;HH H co6cTBeHHblX 

3HaqeHHH AJIH TOpmI)J;aJibHbIX pe30HaTOpOB c KpyrJiblM nc:inepeqHJJIM 

ceqeHHeM II03BOJIHIOT OQeHHTb <l>H3HqecKHe npoQeCCbI, rrpoHCXO,!J;Hlll,He 

rrpH . B036y)l(,n:eHHH TopoH.n;aJibHbIX MO,ll; CHHXpOTpOHHbIM 

(QHKJIOTpOHHblM) H3rryqeHHeM. Cne.n:yeT oTMeTHTb, qTo B KpyrnoM 

TOpOH,!J;e IIpH B036y)l(,ll;eHHH TOKOM BpamruomeHCH no cpe,D;HHHOMY 

pa.n:Hycy qacTHU:bI Ha6mo.n:aeTCH cynepno3HQHH CHHXpOTpOHHOfO H 

rrepexo.n:Horo H3nyqeHHH, o6ycrrOBJieHHOfO KOHeqHbIM HHTepBaJIOM 

speMeHH cymecrnosamrn TOI<a [17). Pa3.l(eJieHHe rrocJie,n:HHX noKa3arro, 

qTo CHHXpOTpOHHOe H3JiytJ:eHHe B 3aMKHYTOM o6'beMe TOpOH,l(a HOCHT 

Hepe3oHaHCHbIH xapaKTep AR*e B cnyqae, Kor.n:a qacToTa BpameHHH 

HCTOqHHKa H3JiyqeHHH HBmieTCH cy6rapMOHHKOH OAHOH H3 

co6crneHHbIX lJRCTOT. 3TOT 3Q><l>eKT B03HHKaeT H3-3a HaJIHqHH IIaKeTa 

o6paTHbIX BOJIH, ,l(BH)l(Ylll,HXCH B npoTHBOIIOJIO:>KHOM HanpaBJieHHH H 

racHIQHX H3JiytJ:eHHe HCTOqHHKa B TOqKax <p = 0 H <p = 7! rrpH ycJIOBHH, 

tJ:TO q> = 0 - KOOp.l(HHaTa BJieTa 3RpH)l(eHHOH qacTHQbl. .JJ:pyrHMH 

CJIOBRMH, naKeT o6paTHbIX BOJIH rrpHXO,AHT B TOtIKY BCTpetIH c IIaKeTOM, 

conpoBO)l(,l(aIOmHM HCToqHHK H3JiytJ:eHHH BOJIH, B npoTHBOlj>a3e. 3Q>lj>eKT 

o6'bHCHHeTCSI Bbr6opoM Qeno1rncneHHbIX npO.l(OJlbHblX BOJIHOBbIX qHceJI, 

T.e. OT6opoM co6cTBeHHblX MO,l( .n:m1 TOpOH,AaJibHbIX pe30HaTopoB c 

KpyrnhIM rronepeqHbIM ceqeHHeM B BH,n:e pe30HaHCHbIX CTOSJ:qHx BOJIH. 

HarrHtJ:He naKeTa BOJIH, ABH:>KYIQHXCSI rro HarrpaBJieHHIO .l(BH)l(eHJrn 

HCToqHHKa H3nyqeHHSI, cornacyeTCH co CBOMCTBRMH CHHXPOTpOHHOro 

H3nyqemrn, cocpe.n:oTOl.JeHHoro B KoHyce c yrnoM pacTpa 

l!J.B ~ ~1- p2 
H pacnpocTpaHHIOmerocH no HanpasneHHIO .l(BH)l(eHHH 

HCToqHHKa. 

.JJ:m1 Toro, 1JT06bI CHHXpOTpOHHOe H3JiyqeHHe reHepHpOBaJIOCb Ha 

qacTOTe TOpOH,l(aJibHblX MO,l(, o6'beM Kpyrnoro TOpOH,l(a 3aIIOJIHSIJICH 

AH3JieKTPH1.JeCKOH cpe.n;oii c 8 > 1 . 3TO rrpHBO):(HT K pe3KOMY 

yseJIHt{eHHIO aMIIJIHTY.l(bI H3JiyqeHmI, HO xapaKTep CHHXpOTpOHHoro 

H3JiyqeHH}l IIpOAOJI)l(aeT HOCHTb Hepe30HaHCHhIH xapaKTep, T.e. 

HaIIpH)l(eHHOCTh npo,D;OJibHOH KOMIIOHeHTbl 3JieKTpHqecKoro IlOJI}l He 

3aBHCHT OT qffcJia o6opoTOB qacTHQhI. Pacnpe.l(eJieHHe :>Ke nonH no 
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rrpo,nOJihHOH KOOp.L(HHaTe rp rrpe,nCTa.BmieT co6oii CTOjJtJ:)'lO BOJIHy, Kor.na 

qacTOTa Bpam;eHHSI 3apIDKeHHOH qacTHl\bl eCTb cy6rapMOHHKa HJIH 

coBrra.n;aeT c o.nHoii: H3 co6cTBeHHbIX qacTOT TopoH,na. B 3anmrneHHOM 

,L(H3JieKTpHKOM 8 > 1 TOpOH,ll;aJibHOM pe30HaTope BhI6op 

QeJioqHc.rieHHbIX rrpO):(OJibHbIX co6cTBeHHblX qffCeJI HaxO):(HTCSI B 

rrpoTHBopeqHH c ycrroBHeM B036)'iK,neHHSI H3rryqeHHSI qepeHKOBa. B 

3TOM cnyqae TOpOH):(aJibHblH pe30HaTop c KpYrJibIM nonepeqHbIM 

ceqeHHeM Heo6xo,nHMO paccMaTpHBaTb KaK pe3oHaTop "6erym;eii: 

BOJIHbI'', T.e. KaK H30fHYTl>IH H 3aMKHYTbIH Ha cefo1 l\HJIHH):(pHqecKHH 

BOJIHOBO,n. PernaeTCSl BOJIHOBoe ypaBHeHHe ,nJ1Sl ):(aHHOM reoMeTpHH 6e3 

,L(OIIOJIHHTeJI.bHbIX ycJIOBHH Ha npo,nOJibHI>Ie BOJIHOBbie qffcJia. 0,nHaKO, 

rrpH 3TOM cne.nyeT rrpHHHMaTb BO BHHMaHHe, 'ITO BOJIHOBO,L(Hhle MO):(bl He 

JIBJIIDOTCSl pe30HaHCHI>IMH. B HacToSim;eii pa6oTe Qenr. Hccne.noaaHHSI 

HanpaaneHa Ha paCCMOTpeHHe CBOHCTB H3JiyqeHHH, KOTOpbie B03HHKaIOT 

rrpH Bpam;eHHH 3apIDKeHHOH qacTHl\hI H crroco6Hbl Bbl3BaTb pe3oHaHc B 

o6'beMe TopoH,na. Y'ieT nocne,nyIOl.l\HX rrpH6JimKeHHH: B pa:mo:>R:eHHSlX 

,ll;JISI co6cTBeHHhIX <PYHKl\HH H 3HaqeHHH II03BOJIHT CHSlTb orpaHH'ieHHSl 

Ha BbI6op reoMeTpHH TOpou,na. 3TO 1103BOJIHT OQeHHTb peaJII>Hbie 

BeJIHqHHhl B036y)l(,naeMbIX B TOpOFI,l(e norreii c yqeTOM acHMMeTpHM B HX 

pacnpe.nerremrn. 

Bo BTopoii: rrraBe paccMaTpHBaeTCSI B036y:>R:,neHne pe3oHaTOpoa 

3JieKTpOHHhIMH crycTKaMH, rrepeceKaIOID;HMH 06'.heM pe3oHaTopa. Kor.na 

crycToK 3apIDKeHHhIX qacTHl( nepeceKaeT TOpel.( perymqmoro 

pe30HaTOpa, TO B 06'.beMe pe30HaTOpa B036y)l():(aeTCSl nepeXO):(HOe 

H3JiyqeHHe, CBH3aHHOe c aKTaMH IIOSlBJieHHSl B 06'beMe H Hcqe3HOBeHHSI 

H3 o6neMa pe3oHaTopa HCToqtt:HKa B036)'iK,neHHH. B TeopencqecKHX 

Hccrre,noBaHHHX rrepexo,nHoro H3JiyqeHHSl, rrpoBe,n;eHHhIX fHH36yproM 

B.n., <I>paHKOM 11.M., l(r.1TOBHeM B.H. [18,19] ,n:rrJI crryqaJ:C HopManhHoro 

rrepeceqeHH.» 3ap.».o;OM rpaHHl(bI BaKyyM - H}J.eaJibHbIH IIpOBO,AHHK B 

CB060}J.HOM rrpocTpaHCTBe, OTMeqaJICj{ HerrpepbIBHhlH crreKTp H3rryqeHHSI, 

HMeIOil\HH qacTOTHo-yrrroaoe pacrrpe,n,erreHHe :meprnH. B 3aMKHYTOM 

rrpocTpaHCTBe o6'beMHOf0 pe30HaTOpa B03MO)l(HO Cyll\eCTBOBami:e 

,D,HCKpeTHOrO crreKTpa qacTOT, o6ycJIOBJieHHOe TeM, 'ITO none 3aHHMaeT 

KOHeqHl>IH o6'beM. 3TO rrpHBO,ll;HT K TOMy, qTO B YCTaHOBHBllleMCSl 

pe*HMe rrepexo.zi;uoe H3JiyqeHHe HBJISleTCR cyrrepno3Hl.(Heii co6cTBeHHhIX 

MO,[{ pe3oHaTOpa. Bo36y)K,neHHe pe3oHaTOpoB 3JieKTpOHHhIMH 

crycTKaMH c 60JiblIIHM 3apR,ll;OM SlBJIReTCR rrpe,nMeTOM HCCJie,noBaHHH 

MHOrHX aBTOpOB [20]. 3To CBH3aHO He B IIOCJie,[{HIOIO oqepe,n:h c TeMH 
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B03MO:IR'.HOCTRMH, KOTOpbie OTKpbIBaIOTCR B cxeMaX KHJlhBaTepHoro HJIH 

,nByxnyqKoaoro ycKopHTenR [21]. 
B 3TOH rnaBe pa3pa6oTaH e,nHHhIH MeTO.l{ onucaHHR 

3JieKtpoMarHHTHhIX noneii B peryrrHpHOM pe30HaTOpe c rrpOH3BOJibHbIM 

norrepeqHblM ceqeuHeM, a Tal()Ke BbiffY:>R:,[{eHHhlX 3JieKTpOMafHHTHbIX 

KOJie6aHHH B TaKOM pe3oHaTOpe, B036Y*,l{aeMbIX crycTKOM H 

rrocrre,n:oBaTeJibHOCTbIO cryCTKOB pa3JIHqHblX <t>opM H c pa3JIHqHblM 

pacrrpe.neneHHeM 3apR,na. Pa3pa6oTaHLI MeTo,n:r.1 HaXO)K,n;eHHSl 

co6cTBeHHLIX <i>YHKU.HH H co6CTBeHHLIX 3HaqeHHH pe30HaTOpOB c 

rrpOH3BOJibHblM ceqeHHeM ~mcrreHHbIM MeTO.D;OM KOHeqHhIX 3JieMeHTOB B 

Matlab-e c rrocne,n:yrom;eii rro.n.cTaHOBKOH B aHaJIHTHqecKHe BI>IproKeHHR 

H rrocne,nyiom;HM aHaJIH30M BpeMeHHbIX 38.BHCHMOCTe:ii: B 

B036y:>K,n:aeMbIX crycTKOM H nocrre.n.oaaTeJibHOCTbIO crycTKOB 

3JieKTpOMarHHTHbIX IIOJIHX rrpH rrepeceqeHHH HM (HMH) TOpl\OB 

peryIDipuoro pe3oHaTOpa. B1>16op qacTOTl>I cne.n.oaaHHH 

rrocrre,n:oaaTeJibHOCTH crycTKOB paBHOH HJIH rrponOpl\HOHaJibHOii qacTOTe 

0,[{HOro H3 co6cTBeHHbIX KOJie6aHHM pe30HaTopa npHBO,ll,HT K 

cyrn:ecTBeHHOMY B03pacTaHHIO HaIIpR)KeHHOCTH IIOJUI Ha ,n:aHHOH Mo.n;e 

[22,23]. Harrpj{)KeHHOCTb IIOJISl, Kor,n;a N crycTKOB rrepeceKJIH pe3oHaTOp, 

E2 ,m,1(r,z,t)= NE~.m.t, (r,z,t), T.e. B03pacTaeT B N pa3 npH 

paccMOTpeHHH H,n:eaJibHOro pe30HaTOpa. 3TOT 3$$eKT ycHJieHHR O,l(HOH 

MO.ll:hl rrpH COBIIa,ll,eHHH qacTOTbI crre,n:oBaHHH c qacTOTOH o,n;Horo H3 

co6cTBeHHhIX KOJie6aHHM pe30HaTopa II03BOJIHeT He TOJibKO 

OIITHMH3HpoBaTb pe30HaTOp Ha nonyqeHHe MaKCHMaJibHOH rrpo,n:OJibHOH 

cocTaBJIRIOil\eii 3JieKTpHqecKoro rroJIH, HO H ynpoll\aeT pacqeT noneii, 

IIOCKOJlbKY .n.aeT B03MOJKHOCTb rrpeHe6peqb BKJia.n;OM OCTaJibHhlX MO,n:. 

YqeT KOHeqHoli .n.o6poTHOCTH pe3oHaTopa orpaHHqHaaeT qHcno 

3<j:>$eKTHBHO H3Jiy'ial011\HX crycTKOB, H Ha6n10,n:aeTCR 3$$eKT 

HaC.bIIl\eHHSI HaIIpIDKeHHOCTH IIOJIR. 

3.n;ecL )Ke rrpose.n.eHa onTHMH3al\HH pa3Mepoa Kpyroaoro 

l\HJIHH,ll,pHqecKoro pe30HaTopa ITO MaKCHMYMY HarrpR)KeHHOCTH 

rrpo,n:OJihHOH COCTaBJIIDOm;eii 3JieKTpH'leCKOro IlOJIR 3a BpeMR nponeTa 

ycKopReMoro crycTKa. C.n.erraHHI>Ie Ol\eHKH :meproo6MeHa Me)K.n:y 

Be,ll;Yll\HM H Be,n:OMbIM cryCTKaMH IIO.l(TBep:>K,ll,aIOT B03MO)l(HOCTb 

HCIIOJib30BaHHH ~HJIHH,npHqecKoro pe30HaTOpa B Kaqecrse YCKOpMIOID;eii: 

cTpyKTYPhI B cxeMe .n;ayxrryqKoeoro ycKopeHHSI c coaMem;eHHbIMH 

TpaeKTOpHHMH se.n:yll\ero H Be,n:oMoro cryCTKOB. ilonyqeHHbie 

OIITHMarrbH.bre rrpo.n:onbHI>Ie pa3Mepbr Kpyroeoro l.(HJIHH,n:pHqecKoro 
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pe30HaTopa OKa3blBaIOTCH sepHbIMH H t(JIH pe30HaTopa c rrpOH3BOJibHhIM 

rrorrepeqHhIM ceqeHHeM, HMe10rnero pa3JIHqHh1e rrpo,n;oJihHhie pa3Mepb1 

,AJIH pa3JIHqHbIX QHJIHH,npos, KaK HarrpHMep, neHTaQHJIHH,D,pHqecKHH 

pe3oHaTop. 

:EonbIIIOH HHTepec npe,ncTasmIIOT cxeMbI ,n:syxnyqKosoro yc;KopeHHH 

c pa3HeceHHbIMH TpaeKTOpH5IMH se.nym:ero H se,n:oMoro crycTKOB c 

HCIIOJib30BaHHeM HeCHMMeTplfliHbIX pe30HaTopoB. IlpH HCIIOJ1b30BaHHH 

rrocne.noBaTeJihHOCTH Be,n;ym:Hx crycTKOB H BbIIIOJIHeHHH pe30HaHCHhIX 

ycJIOBHH B03MO)J(eH Ot(HOMO)J;OBblH peX<HM B036J)l(.neHHH pe30HaTOpa. 

3TO o6CTOHTeJibCTBO II03BOJIHeT HCIIOJih30BaTb CTpyKTypy H3 

nocrre.n.osaTeJihHOCTH pe3oHaTopoB co CJIO)J(HhIM rrorrepeqHhIM ceqemt:eM 

B KaqecTBe ycKOpHIOll.{eH CHCTeMhI. 0)l;HHM H3 napaMeTpOB rrpH BhI6ope 

reoMeTpHH pe30HaTOpOB HBJI5IeTCH K03<l><l>mu1eHT TpaHc<t>opMaQHH IIOJIH, 

rrpHCYll.{HH ,n:aHHOH reoMeTpHH (cM., HaIIpHMep (10]), KOTOphIH B 

)l;ByxrryqKOBOH ycKOpHTeJibHOH cxeMe orrpe,n:eJI51eTC51 KaK OTHOIIIeHHe 

rrpHo6peTaeMoii 3HepmH Be)l;oMoro crycTKa K rroTepHM se,n:ym:ero 

crycTKa. HMo oco6o oroBopHTh, qTo BBe,neHHe K03<l><l>HQHeHTa 

TpaHc<l>opMaQHH cxeMhI c yqeTOM BeJIHqHH BeCOBhIX <l>YHKQHH ,l{JIH 

pa3JIO:>KeHHH HaIIp5I)J(eHHOCTH IIOJIH HaxO,D,HTC51 B IIOJIHOM corrraCHH c 

3aKOHOM coxpaHeHHH 3JieKTpOMarHHTHOH 3HeprHH H BhlpaX<aeT TOJibKO 

3<l><j:JeKTHBHOCTb cxeMbI ycKopeHHH. B cxeMax c cosMem:eHHbIMH 

TpaeKTOpHHMH ToqeqHbIX Be,n:yIQHX H Be,n;oMoro crycTKOB OH MeHLIIIe 

mm paseH e,n;HHHu;e[24]. 

,[(JIH HaXO:>K,!(eHHH co6cTBeHHbIX <l>YHKQHH H 3HaqeHHH pe3oHaTOpOB 

co CJIOX<HblM nonepeqHbIM ceqeHHeM HCIIOJib30BaJIC51 HHTerpHpOBRHHbIH 

naKeT PDE Matlab-a H FEMLAB, II03BOJI5110ll.{HH peIIIaT1> rpamrqHhie 

3a)J;aqH Ha co6CTBeHHble 3Ha"'leHHH MeTO,AOM KOHeqHbIX 3JieMeHTOB 

(FEM). IIonyqaeMbie rrpH 3TOM co6cTBeHHbie cpyHKUHH opTOroHanbHhl, 

HO Tpe6oBaJIH .n.onorrHHTeJibHOH HOpMHpOBKH. Mccne.l{OBaJIHCL 

pa3JIHlJHbie KOHc}mrypaQHH 6HQHJIHH.D;pHqeCKHX (25] H 3JIJIHIITHqecKHx 

pe30HaTOpOB B nOHCKe MaKCHMaJibHblX K03ci><l>Hu;HeHTOB 

TpaHc<j:JopMaQHH ,nByxrryqKOBOH ycKopHTenbHOH cxeMhI . HcrroJib3YH 

MeTo,n: co6cTBeHHhIX c}:lyHKD;HH, Haii,n:eHbl o6m:He BhipaX<eHHH ,L(JI51 noneii, 

B036y:>K.n:aeMhIX nepexo,n;HhIM H3JI)'lJ:eHHeM B pe3oHaTOpax co CJIO)J(HbIM 

nonepeqffblM ceqemi:eM. 3TH BLipIDKeHH5I Il03BOJI5IIOT OilTHMH3HpOBaTb 

pa3MepLI pe30HaTopa ITO MaKCHMYMY HaIIpH:>KeHHOCTH npO,D,OJihHOH 

COCTaBJISIIOll.{eH 3JieKTpHqecKoro nOJI51 H Ha6mo.naTL H3MeHemrn IlOJIH B 

pe3oHaTopax BO speMeHH. B QeJIOM rronyqeHHhie 3HaqeHH5I ,nnH o.n:Horo 

pe3oHaTOpa, · He )'Mam1sl o6IQHOCTH, Moryr 6hITL pacrrpocTpaHeH1>1 Ha 

~ 
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QeIIOlJKH crra60CB5I3aHHbIX pe30HaTOpOB, o6pa3yIOI.nHX ycKOpHIOll.{He 

MO.AYJIH. . 

PaccM0TpeHH1>1e c noMOll.{bIO FEMLAB-a ,n:ucnepcHOHHbie 

xapaKTepHCTHKH H pacnpe,n;eneHHe norreii s rreHTaQHJIHH,n;pHqecKHX 

MO,AeJIHX ycKOpHIOll.{HX j{qeeK H B COCTRBJieHHbIX H3 HHX Mo,nyneii 

HBmieTCH rrepBbIM 3TaIIOM npoeKTHpoBaHHH nepcrreKTHBHOH MO,n:eJIH 

ycKopHTen». B1>16op npasHJihHOH ycKop1nen1>HoH cxeM1>I no3son»eT He 

TOJihKO nonyqaTb BbICOKHe TeMIIbl ycKopeHHH, HO H H36e:X<aTh 

sepOHTHOCTH npo6oes (BTOpHqHOH 3MHCCHH 3JieKTpOHOB c nosepXHOCTH 

rrpOBO,IJ;HHKa), TaK KaK rrpH npaBHJibHOM BbI6ope cxeMbI ycKOp»eMbIH 

cryCTOK cnoco6eH cymecTBeHHO IIOHH:X<RTb B036y:>K.!(eHHOe ycKOp5IIOll.{ee 

none (26]. 

CoqeraHH5I aHaJIHTHqecKHX BLipaX<eHHH, nonyqeHHhIX MeTO,[(OM 

co6cTBeHHhIX c}:lyHKl(HM c nocne.nYIQm:eii HHTeprrOJI5Il(Heii pe3yJibTaTOB B 

y3nax KOHetIHbIX 3JieMeHTOB rrpH perneHHH tIHCJieHHbIMH MeTO,[(aMH 

rpaHHqHOH 3a,naLIH Ha co6CTBeHHbie 3HaqeHHH ,IJ;JI51 CJIOX<HOH o6nacrn:, 

II03BOJI5IeT HaHTH He TOJlbKO pacnpe.neneHHe 3JieKTpOMarHHTHhIX 

KOMilOHeHT IlOJrn, HO H OIIHCaTb speMeHHYIO 3aBHCHMOCTh B 3THX IIOJIHX. 

Bee 3TO OTKpblsaeT B03MOX<HOCTH npoeKTHposaHHH pearrhHhIX 

,n;ayxrryqKOBhIX ycKOp5IIOll.{HX cxeM H npose)l;eHHe OIITHMH3al(HH 

IIOCJie,l{HHX .nn» nonyqeHHH MaKCHMaJibHbIX TeMIIOB ycKopeHHH. 

TpeTb» rnasa rrocB5Ill.{eHa Hccne,n;osaHHIO CBOHCTB qepeHKOBCKoro 

H3JiyqeHIDI B BOJIHOBO.ll;HbJX CTpYKTypax. ,[(eTaJihHO H nocne.noBaTeJibHO 

CBOHCTBa qepeHKOBCKOro H3JiyqeHHH HCCJie,n;oBaJIHCb B ny6JIHKal(H5IX 

:S.M.:SonoToscKoro (27]. TeopeTHtieCKHe H 3KcrrepHMeHTaJil>Hbie 

HCCJie,noBaHHH no .nsyxnyqKOBOMY ycKopeHHIO B ,AH3JieKTpHqecKHX 

CTPJKTypax npoBena pa6oqa51 rpynna P.:S.IlanbMepa (12]. 

B TpeTheH rnase npoae,n;eHo Hccne.nosaHHe MexaHH3Ma 

cpopMHpOBaHHH qepeHKOBCKOro H3JiyqeHH» B pa3JIHqHhIX BOJIHOBO,nax, 

HaqHHaH c MO,IJ;eJIH IIJIOCKOro BOJIHOBo.na (28,29], a TaKX<e peaJibHOro 

QHmm,n;pHqecKoro BOJIHOBO,Aa c npope3aHHbIM B ,[(H3JieKTpHKe KaHaJIOM, 

Il03BOJI.SIIOIQHM HCIIOJlb30BaTb nocne,n;HHH B cxeMax c ,n;ByxnyLIKOBblM 

ycKopeHHeM (11]. rpynnoH, B03rJiaBJIHeMOH 3.,[(.ra3a3HHOM, B Ep<l>M 

6hrn npoBe,n;eH D;HKJI HCCJie,noBaHHH no qepeHKOBCKOMY H3JiyqeHHIO B 

BOJIHOBO,ne c 6HQHJIHH,np11qecKHM rrorrepetIHhIM ceqeHHeM, 3aIIOJIHeHHOM 

.n;HcrrepCHhIM ,AH3JieKTpHKOM c KaHaJIOM, npope3aHHbIM B 3TOM 

,AH3JieKTpHKe B.ll;OJih TpaeKTOpHH rrponeTa crycTKa (OB) c u;eJiblO 

yMeHbIIIeHH» IIOJIHpH3aQHOHHhIX (6opoBCKHX)noTeph (30,31 ]. 
AHa.rrH3HpyH pacnpe,11ene1me nonH s nonepeqHLIX ceqeHH5IX Kpyrnoro 
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:QHnHH,D.pHqecKoro H COOTBeTCTBYJOin;ero 6H:u;HnHH,D.pHqecKoro 

BOnHOBO,ll.OB, 6bIJia npe.n:JimKeHa 3KCTpanon.R:QHOHHaJI <!>opMyna .n:n» 

onpe.n:eneHH.R "pe30HaHCHl>IX" pa.n:HyCOB KaHa.JIOB B 6u:u;unHH,D.pHqecKOH 

cTpyicType B cnyqae nepHo,n:uqecKoii nocne.n:oBaTenbHOCTH mnyqruoi:n;ux 

crycTKOB .z:i;m1 o6ecnetreHH.R o.n:HoMo,z:i;oBoro pe>KHMa [32]. B noii rnase 

uccne.n:oBaHO BnHmrne pa3nHt{HbIX CBOHCTB cpe,D.bl, TaKHX KaK: 

IIOfJIOin;eHHe, ,n:Hcnepcm1 H aHH30TpOilH.R Ha l}>opMHpoBaHHe H 

pacnpocTpaHeHHe H3nyqeHH.R lfopeHKOBa B BOJIHOBO.D.HbIX CTIJYKT)'pax. B 
traCTHOCTH, paCCMOTpeH cnyqait TOHKOCnOHCTOro 3aIIOJIHeHH.R 

sonHoso.n:a B 3TOM cnyqae cpe.z:i;a CTaHOBHTC.R o.n:HoocHbIM 

.D.H3JieKTpHKOM H Ha6mo.n:aeTc.R 31}>cpeKT napaMeTpHqecKoro 

qepeHKOBCKOro H3JlyqeHH.R, KOTOpbIH TaIOKe Hccne.n:oBaH B TpeTbeH 

rnaee. Tipose.n:eH aHaJIH3 BJIH.RHH.R rrpope3aHHoro B ,ll;H3neKTpHKe Ka.Hana 

H BbI6opa ero BeJIHqHHbl ,n:Jrn cnyqa.R B036y)K.D.eHH.R qepeHKOBCKOro 

H3nyqeHH.R IIOCJie,n:oBaTenbHOCTblO crycTKOB. 

TipHMeHeHHe MeTO.n:a <l>YHKUHH fpHHa [33] .n:n.si: perneHH.R BOJIHOBOro 

ypasttemrn B D;HJIHH,D.pHqecKOM BOnHOBO,D.e c npope3aHHbIM B 

,D.H3neKTpHKe KaHaJIOM, B036y)K.D.aeMOM TOKOM ,l(BH)Kymeroc.si: co 

CKOpOCTblO v 3ap.R>KeHHOro crycTKa, Il03BOJIHno CB.R3aTb CKOpOCTb 

.D.BH)KeHH.R 3ap.R>KeHHOf0 crycTKa c qaCTOTaMH H3JiyqaeMbIX MO,D. )lmI 

qepeHKOBCKOro H3nyqeHH.R B BOJIHOBO,l(e. 

B nocne.n:Heli qacTH TpeTheli rnasbI npose.n:eH qHcneHHbIH aHaJIH3 

BJIH.RHH.R H3nyqemrn llepeHKOBa OT IIOCJie,D.OBaTeJibHOCTH npe,n:bI.D.Yin;HX 

crycTKOB Ha ,ll.HHaMHKY .D.BH)KeHH.R H H3nyqeHHe paccMaTpHBaeMoro 

crycTKa B .D.H3JieKTpuqecKOM BOJIHOBO,ZJ;e c rrpope3aHHblM KaHaJIOM. 

TiporpaMMa, HanHCaHHWI Ha .R31>IKe Matlab, no3soJI.ReT yqHTbIBaTb 

H3MeHeHHe cpa3bl H qaCTOTbI IlOJI.R qepeHKOBCKOro H3nyqeHH.R Ha 

nporn:>KeHHH .D.BH:>KeHH.R 3ap.R>KeHHoro crycTKa c nepeMeHHo:H 

CKOpOCTbIO, o6ycnoBJieHHOH ero TOpMO)KeHHeM HJIH ycKopeHHeM B 

co6cTBeHHOM IIOJie H none H3JiyqeHHH npe.l{bl.D.Yin;HX crycTKOB. KaK 

pe3yJibTaT Ha6nro.z:i;aeTCSI 3cpcpeKT qacTOTHO-aMilJIHTyAHOH MO.D.)'JISIUHH 

cyMMapHoro non.si: nocne npoxo)K.D.eHHSI HeCKOnbKHX cryCTKOB, 

CB.R3aHHblH c HeKorepeHTHbIM cno:>I<'.eHHeM IIOJieH Ha onpe.z:i;eneHHbIX 

paCCTO.RHH.RX OT cryCTKa. 3TOT )Ke 3cp$eKT npHBO.D.HT K TOMy, 'ITO 

paccMaTpHBaeMbIM crycTOK OKa3bIBaeTcsi B ycKop.RIOi:n;e:H <l>a3e non.si: 

H3nyqeHmI npe.n:I>1.n:yi:n;ux cryCTKOB, B pe3ynbTaTe 11ero npno6perneT 

3Hepr:mo OT nonsi 6e3 .n:ononHHTeJibHbIX C.D.BHfOB B nepHOAe cne.n:oBaHHH 

(3a,n:ep)l(eK OTHOCHTenbHO $a3bl ycKop.si:romero IlOJI.R) H BbIJieTaeT H3 

BOJIHOBO,D.a KOHe'lliOH ,D.JIHHbl c 60JibllieH 3Hepruli, qeM HMen .n:o BJieTa B 

t 
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Hero. Tipu 3TOM crycTOK He TOJII>KO nornoi:n;aeT :meprmo, HO H 

nepeH3nyqaeT CBOM, crreumjJHt{HblH .n:nH .n:aHHOH CKOpOCTH, cneKTp 

qaCTOT. 

0CHOBHble pe3yJI&TaTLI ,n;HccepTa:UHli 

1. Pa3BHT Mern.n: nocne.n:osaTeJibHbIX npu6nmKeHHH (MITIT), 
OCHOBaHHblH Ha MeTO.n:e perneHH.R 3a,n:aqu 0 co6cTBeHHbIX 

O.D.HOpO.rt:HbIX 3JieKTpOMarHHTHblX KOJie6aHH.RX 60JibIIIOrO TOpa c 

HCilOJib30BaHHeM 3cp$eKTa aCHMTOTHt{eCKOro pa3.n:eneHH.R 

nepeMeHHbIX B KBa3HCl}>epuqecKOH (KBa3HTOpOH,D.3JibHOH) CHCTeMe 

Koop.n:HHaT B ypasHeHHH 3HKOHana. MeTO.n: »:BJIHeTCH 3$$eKTHBHhIM 

HHCTpyMeHTOM .zi;nsi OIIHCaHH.R :meKTpOMarHHTHbIX norreit B 60JiblllOM 

TOpOFI.D.aJibHOM pe3oHaTope. 

2. IloKa3aHO, t{TO npH onpe.zi;eneHHH co6crneHHI:.IX cpyttKUHH 

(co6cTBeHHbIX MO.D.) H co6crneHHbIX 3HaqeHHH (co6CTBeHHbIX qaCTOT) 

60JibllIOrO TOpOH.z:t:aJibHOro pe30HaTOpa qn:cneHHhlH MeTO.D. KOHe'IHbIX 

3JieMeHTOB FEM pac'!eTa 3JieKTpoMarHHTHbIX rroneit npHBO.D.HT K 

M.!J.eHTHqHbIM pe3ynI>TaTaM, rronyqaeMbIM MeTO.D.OM MTITI. 

Pacxo:>K.n:eHHe Me)K.n:y 3Ha'!eHH.RMH He npeBbIInaeT 2% . 
3. IIonyqeHHMe pa3JIO)l(eHH.R co6cTBeHHbIX cpyttKQHM H co6cTBeHHbIX 

3HaqeHHH .n:nsi TOPOH.D.aJibHoro pe3oHaTOpa c KpyrnI>IM nonepeqHbIM 

ceqeHHeM II03BOJI.RIOT HCIIOJib30BaTb HX B Ka'IeCTBe 6a3HCHbIX B 

3a.n:aqe 0 B036y)l(.IJ;eHHH TOpOH,D.a 3a,n:aHHbIMH TOKaMH, IIOCKOJibKY 

cpaBHeHHe c pe3yJihTaTa~rn. norryqeHHbIMH t{HCJieHHbIMH MeTO.D.aMH, 

HCKJIJOqaeT HaJIHt{He .n:pyrn:x peweHHH ypasHeHHH MaKcBeJIJia B 

BbI6paHHOH CHCTeMe KOOp,D.HHaT. 

4. Pa3BHT MeTO.D. onpe.zi;eneHHB BbIHY:>K.D.eHHhIX 3neKTpOMarHHTHbIX 

Kone6aHHH, Kor.n:a cryCTOK 3apSI)KeHHblX qacTHD; .D.BIDKeTCH B.D.OJib 

OKPY:>I<'.HOCTH c pa.n:HycoM, cosna.n:aIOIIUIM co cpe,n:HHM pa.n:uycoM 

TOpOH,D.a, OCHOBaHHbIH Ha pa3JIO>KeHHH B036)')K.!J.8.IOin;HX KOJie6aHHH 

TOKa IIO onpe.n:erreHHbIM co6cTBeHHbIM <i>YHKIUrnM. TipH 3TOM 

npe.zi;nonaraeTCH, t{TO Ha6op co6cTBeHHbIX ti>YHKD;HH .RBJIHeTC.R 

IlOJIHblM. 

5. l1ccrre.n:oBaHbl oco6eHHOCTH Tpex BH,ll.OB H3JiyqeHHH: 

a) CHHXpOTpOHHOro (MarHHTHO~TOpM03Horo ), Kor.n:a 3apa.n: ,D.BH:>I<'.eTC.R 

s.n:onb OKPY)l(HOCTH BHYTPH Topa; 

b) TOpOH.!J.aJlbHbIX KOJie6aHHH; 
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c) TaK Ha31>1BaeMoro "rrepexo,n;Horo" H3nyqeHmI, o6ycnoBneHHoro 
B03HHKHOBeHHeM H Hcqe3HOBeHHeM H3Jiyqaromero crycTKa, KOTopoe 
HaKna,D;bIBaeTC.ff Ha nepBbie ,n;Ba nma H3nyqeHHH, ecJIH 
B036y:>K.ll.aIOIUHH 3JieKTPOMarHHTHbie KOJie6aHH.ff cryCTOK cyil(ecTByeT 
B Tope B TeqeHHe KOHeqHoro HHTepBana BpeMeHH. 

6. AHaJIH3 rronyqeHHbIX Bbip3.)KeHHH ,n;JI.ff CHHxpoTpoHHoro H3JiyqeHH.ff 
IIOKa3aJI, qTO B peanbHbIX TOpOH,AaX OHO reHepHpyeTC.ff Ha 
CHHXpOTpOHHbIX qacTOTax He3aBHCHMO OT pe30HaHCHbIX CBOHCTB 
TOpOH,AaJibHOfO pe30HaTOpa B BH.ll.e 6eryll(HX BOJIH, qacTOTbI 
KOTOpbIX CHJibHO pa:rneceHbI OT qacTOT TOpOH,lJ;aJibHblX KOJie6aHHH. 
,l{M Toro, qTo6bI CHHXpOTpOHHOe H3JiyqeHHe reHepHpOBaJIOCb Ha 
qacTOTe TOpOH,lJ;aJibHbIX MO.A, Heo6xo,n;HMO 3aMe,n;neHHe BOJIH nyTeM 
3aITOJIHeHH.ff ero ,l{H3JieKTpHqecKOH cpe,n;o:H. IlpH 3TOM Ha6n10.n:aeTC.H 
cymecTBeHHOe yBeJIHqeHHe aMITJIHTY.D:bl CHHXpoTpOHHbIX KOJie6aHHH 
H CMell(eHHe crreKTpa 3THX KOJie6aHHH B CTopoHy ,l{JIHHHbIX BOJIH. 

7. Pa3pa6oTaH e,n:HHbIH MeTo,n: orrncamrn: 3JieKTpoMarHHTHbIX rroneii B 
peryJrnpHOM pe3oHaTope c rrpoH3BOJibHbIM rrorrepe11Hb1M ceqeHHeM, a 
TaK)J(e B036y:>K,ll,eHH.ff B HeM BblH~,l{eHHbIX 3JieKTPOMarHHTHhIX 
KOJie6aHHH cryCTKOM H rrocne,n:oBaTeJibHOCTbIO cryCTKOB p83JIHqHbIX 
cj:>opM H c p83JIH11HbIM pacrrpe,n;eneHHeM 3ap.ff,ll,a. 

8. IlOKa3aHo, 11TO 11HCJieHHbIH MeTO,lJ; perneHH.ff OITHCbIBaeT 
B036y)J(,n;eHHbie ITOJl.ff B perym1pHbIX pe30HaTopax H rrpHBO.ll.HT K 
H,AeHTH'IHblM pe3yJihTaTaM, eCJIH rrpoaeCTH cpaBHeHlie c H3BeCTHhIMH 
aHaJIHTH11eCKHMH pe3yJihTaTaMH B 3a,n;aqax, ,n;orrycKalOII(HX CTporoe 
perneHHe. 3TO II03BOMeT c yaepeHHOCThlO IIpHMeH.ffTh MeTO,l{ 
KOHetIHbIX 3JieMeHTOB ,l{JUI OIIHCaHH.ff rrone:H B pe30HaTopax 6onee 
CJIO>KHbIX cj:>opM, He ,n;orrycKaIOII(HX CTpororo aHaJIHTHqecKOfO 
perneHH.ff. 

9. Ilpose,n;eHO cpaBHeHHe, B 11aCTHOCTH c pe3yJihTaTaMH, rronyqeHHhIMH 
,l{Jl.ff 6m~HJIHH,n;pHqeCKHX pe30HaTopoB MeTO,l{OM "Hyneaoro BHeIIIHero 
non.ff" [29]. CorrocTaBJieHHe ,n:oKa31>1BaeT ycToiiq11aocT1> 110nyqaeMhIX 
perneHHH. c .n:pyroH: CTOpOHhl, Il03BOJI.ffeT cpaBHHTeJibHO 6bICTpO 
pernaTb 3a,n;aqn. B 3TOM CMhICJie, rrpe,l{Jlo>KeHHhie 11HcneHHhie MeTo,n:1>1 
Matlab-a H KoHeqH1>1x 3JieMeHTOB FEM B OTH0111eHHH 
6HQHJIHH.ll.pHqecKHX cTpyKTYP SIBJISIIOTC.ff B3aHMo.n.orronH.HIOIUHMH. 

10.MeTo,n:oM KOHeqHbIX 3JieMeHTOB FEM paccMoTpeHa H nccne,n;osaHa 
6onee cJIO)J(Ha.ff rreHTaQHJIHH.ll.pHqecKrui CTPYKTypa, cocTO.ffll(a.ff H3 
II.ffTH QHJIHH,l{p.HqecKHX pe30HaTopoB, qeThlpe H3 KOTOphlX CJI~aT 
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KJtHCTpOHaMH, C03.ll.aIOII(HMH ycKOpSIIOII(ee rrone B neHTpaJibHOM 
(ycKOP.fflOII(HM) pe30HaTOpe. 

11.MeTO,ll,OM KOHeqHhIX 3JieMeHTOB H nonyqeHHhIMH aHaJIHTHqeCKHMH 
Bbipa)J(eHHSIMH rrpose.n.eHa OIITHMH3RQH.ff rrpO.ll;OJihHl>IX pa.3MepoB 
rreHTa-QHJIHH,n;p1111ecKoro pe30HaTopa no MaKCHMYMY 
HaIIpSI)J(eHHOCTH npo,n;oJil>HOH COCTaBJISIIOII(eH 3JieKTPH11eCKOrO nonsr 
3a apeMsr rrponeTa ycKop.HeMoro crycTKa c yMeHI,rneHHeM 
npo,n:oJihHhlX p83MepoB KJIHCTpOHHbIX pe30HaTopoB. 

12. IlpHMeHeHHe 11HcneHH1>1x MeTo,n;oB Matlab - a .ffBMeTC.ff 
3c}>cpeKTHBHhIM H .ll.OCTOBepHbIM cnoco6oM .ll.JISI pac11eTa noneH: B 
BOJIHOBO,ll,e H orrpe,n:eneHH.ff pe30HaHCHOro pa,n;Hyca KaHana. 
CpaaHeHHe c pe3yn1>TaTaMH pa60T1>1 [31], r.n.e 6i.m npe.n.no>KeH 
3BpHCTHqecKHH KpHTepH:H .ll.JISI orrpe,n:eneHHSI 3T0f0 pa,n;Hyca, 
nOKa3hlBaeT 60Jil>llly:IO 3cj:>cj:>eKTHBHOCTh MeTO,AOB nporpaMMHpOBaHH.ff 
B Matlab-e. 

13.IlpH B036y>K,n;eHHH qepeHKOBCKOfO H3JiyqeHH.ff 
nocne,n:oBaTeJIJ,HOCTMO cryCTKOB B QHJIHH.l{pHqecKOM BOJIHOBO,n;e, 
3aIIOJIHeHHOM ,l{H3JieKTPHKOM c KaHaJIOM o6ocHOBaH 3cj:>¢eKT 
ycKopemrn crycTKOB B none 3TOro H3JI)'11eHH.ff. 

14.Pa.3pa60TaHHaSI B 3TOH rnaae MeTO,l{HKa, OCHOBaHHa.ff Ha rrporpaMMax 
Matlab-a, rro3BOJIHJia oneHHTE> anmIHHe HepaBHOMepHOCTH .ll.BH>KeHH.ff 
crycTKOB (TOpMO>KeHHe B none H3JI)'11eHHSI npe,n;J>I.l(YII(HX crycTKOB) 
Ha 3cj:>cj:>eKT reHepaQHH H3JI)'11eHH.ff BaaHJIOBa-qepeHKOBa. 
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Ul.'llf'tnlf'tnul 

UL111::iliwl\Jnumra1mlia li4.tinLl.w6 t 6w12wqwJral.'lwli bnbg mjl1.4l::inti 
9Clliwp41lwlia: "'lpwli.i;i l::ili utili.i;innU111nliwJtili, wligmllwJflli I.& tl::ipl::ili4m{Jwli 
6w11wqwnamlllil::ina 121::iqnliwU1nnlibnmll I.& WLfl9wL11wnlil::inmll: "lw2L111.4wlimra1wC1 
l::iCI Cil::in4wiwgl.[nul I.& htillliwl.[nn4.nLll l::iCI hl::illll.&JWl rat;qbna· 

• <w2nrillw4wCi tlnlllwn4mlllil::ipfl brtwCiw4fl (<Uc) -1.& 4.bn2w4.nn tLl::illbCillllil::ipfl 
ra4.wJflCi 6nwqnw4.nnllwCi (FEM) l::iriwCiw4fl hwllwrinnula hCiwnw4,npmpJmCI t 
OCIOl::i12mtl hl::illlWqmnl::iL lllnnntiqwjflCi Dl::iqnClwlllnpf.lbnfl 
tLb4L11nwllwqlitiuw4wr.i hwll14mraJmliCil::ina I.& nnn2l:iL r.il:iqnCiwumnfl 
pf.lmpwqnl:ina. tili11.4bu liwLL hl::iUlwqnllll::iL utilienmnnnliwJtili I.& wligmllwitili 
6w12wqw1ramllCll:ip[!, npnli9 l.'lw4w64,mll bCI umnntillmll l.41.4U1lJ.nri 
L'19.RW4nni.J.w6 llwuCi'141ibp'1 lf'ICl2l:inl1 Linrillflg: 

• Ufl2wi.tw1nfl wr.i4wJmraimCia hwCiqbglimll t tLl::i4lllnwllwqCitiuw4wCi 
U1WU1Wf.lmllf.lbp'1 wlll.4L'1lllmll'1 tw4wCi w6'1Ci Ulnnntiqmll, '1Citt! 
1.4w11lwCiwlJ.nnl.[w6 t ujlC19nnlllnnCiwJtiC1 LL Ulnnnti11wJflCI 1J1W1J1wClmllCll::in'1 
'1Clllll::in~bnbC1g1'lwJnlJ.: 

• Ltig9wi.J.n111.J.w6 rawliOnm4Cil:inll hw2n111lw4wCim13.1mCI llw4w6w6 wligmllwJl'lCi 
6w11wqw1ramlla nbqnliwUlnnmll w1.4whnlJ.mll t wnwqwgllwCi pwnOn Ull::illl.4 
wnwqwgllw(J l:in4lfl(J2w1tir.. ul\Jl::illwJml.'l LL WJCi 4wnl::it'1 t w12w2w114bt' nnu.ibu 
pwnon qnwritil::iCill1'1 wpwqwgllw(J llnllnLL: 

• ll\bCi1J1WqLWCiWJ'1Ci 121:iqnCiwL11nf1'1 oq1J1wqn116ml.'l[! hw(JlltiuwCiml.'l t 
hl::inwCi4wnwitili briwCiw4Cibp'1g llb4a wnwqwgllwCi pwqllwlf'IC.2w11'1£i 
l:irtWCiW4mll, nn[! Cibnw11mll t' nn1.41::iu l.'lbl! Wllpflll2W4wCimpjmli, 
ettiuUlnnClwJtili r.ibqnfJwumnCiana <rai.J.nl.[ innua) I.& wnwqwgClnri 
12bqnClw1J1nna: 

• fawClilnm4(Jbp'1 hw2nnllw4wlimraJwCi llw4wow6 tbnl::iCi4m{JwCI 
6w11wqwiramlla QtWCiWJ'1Ci 12bqn(Jw1J1npnul, npmll t94w6 ll'11:iLl:i4lllf1'14nLl.'l 
pwgi.J.wc) t 4WCIWt, hCiwnwl.(nnmfiljnLCI t U1Wl'1U UUlWliWL wnwqwgtlw(J 
pwnon qnwqpbCi1J1: Matlab-ti rai.tw1tiC1 briwCiw4ti 41'lnw12mra1mr..n 
hliwnwi.J.nnmraim(J t aC1ilb12nul llb6wgCibt Clnn wnrumliRfJl::in!'I uUlwgnLl.'l[!, 
nnnCl,e qnn61iw4wfJ LL Ulbuw4wr.. hbU1w,enenmraJm(J bCI Cihn4w1wgliml.'l: 

"lj'lubnUlwgtiwJmll w12w2wn4tl.ml.'l t UlnrintillWl 12bqnCiw1J1npnLl.'l 
tlb41J1flwllwqlitiuw4wr.. llW2ll1'1 pwriwlln'1tCll::inl'l LL nbqnCiwumnwJ!'l(J 
hw6wtumraJmCi(Jl::in'1 nnn2llwCI l:iriwCiw4: Qliq nnmll, l'll'llllwn41.(nLll b(J 11Ciiu.il:iu 
mririwli4JmCi, w1Ci1.4bu t 2112wCiwilLL LWJCiw4wCi 4llln4w69Cll:i11n4 mnrinf11'lfJbn'1 
lll::ill.ls;!bp[l: 
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'l)1ubpll1Wgflw1nul 9(J(Jw1144.nul t (JwL. wugmllwjflu 6wDWQWjpntll[! PWfl'l 
1.11bu9fl LWJUWl.jw(J 4tnf14W69 mubgnrt Dbqnuwtnnpubpnul, bpp U[1WCl9 hw1.11nul 
bu Lfl9£2W4.n114,w6 liwu(Jti4ubp'1 rawuclpmljub110: 

4.b112nu1 munulClwu)1114mll t tb11bu4n4.Jwu 6wDwqwJrallwCI <lL.wi.tnrnlwu 
libtuwCJflqll)1 tuu1lti110· u4uwo hwnra wttiRW111wnti tlblLlstig llf'JCJtL. 2112wuwaL. L. 
wi.tbLl'l PWflll LWJUWl.jWU 411111l{w69nl{ WLl19W111Wf1Ub(1'1 llbU19b110. npn(Jgmli 
pwgl{w6 t 4wuw( llflbLb4tnllll4mli Lti9eti 2w11ctliwu hb1.11wq6)1 bp4w1u9nl{: 

Resume 

Three basic kinds of radiation are investigated in this dissertation: 
synchrotron, transition and Cherenkov radiation. They results from the 
excitation of various cavity and waveguide structures. 
Five theses are defended: 

• The combination of iteration and finite element methods (FEM) 
allows to investigate electro-magnetic features of toroidal cavities and 
also consider synchrotron and transition radiations are generated by 
rotating bunches. 

• The existence of medium in a toroidal cavity increases the amplitude 
of electromagnetic oscillations, caused by interference between 
synchrotron oscillations and toroidal eigenoscillations. 

• . The excitation of resonator structures by a transition radiation of the 
train of charged bunches in the two-beams acceleration schemes 
provides high rate of acceleration, therefore they can be used as high 
gradient accelerating modules. 

• Usage of the penta-cylindrical resonator in multi-beams acceleration 
schemes is one of perspective models for high gradient acceleration, 
an association opportunity in a single whole klystron resonators and 
accelerating cell. 

• Cherenkov radiation mechanism may be used efficiently in two­
beams acceleration schemes in waveguide structures. Thus the 
application of Matlab numerical methods the raises efficiency of 
obtaining of new results, which will represent both practical and 
theoretical interest. 

The method of investigating the electro-magnetic fields components 
and resonant frequencies for toroidal resonators both for rectangular cross 
section and for round toroids, is presented. 
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The excitation of the complex shape cavities by the charged bunches 
traversing the volume of the resonator is considered. using the numerical 
method of finite element FEM the combinations of the analytical 
expressions. 

The investigation of Cherenkov radiations formation mechanism for 
in various waveguides starting from the plane waveguide and also a real 
cylindrical waveguide with canal cut in dielectric is carried out, allowing 
to use it in two-beams acceleration schemes. 
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