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06m;aB xapaKTepHCTHKa pa60Thl 

IIpe,ncTaBJieHbI pe3yrrI>TaTbI Teopen1qecKoro ttccne,noBaHIDI ,[(HHaMHKH rryqKa B 

CHHXpoTpoHaX c CHCTeMaMH IIO,[(aBJieHIDI KOrepeHTHblX KOJie6aHHM 3ap.IDKeHHblX qac

THI( Ha OCHOBe opHrHHaJibHblX MO,[(erreli c u;eJibIO YTOqHeHIDI HMeIOII(HXC.H 3aKOHO

MepHOCTeii H Bbl.HBJieHH.H orpaHHqeHHM, o6ycJIOBJieHHblX HCIIOJib30BaHHeM u;mppo

BbIX MeTO,[(OB o6pa60TKH CHrHaJIOB B u;errH o6paTHOH CB.H3H CHCTeMbl IIO,[(aBJieHH.H. 

Bbrn:BrreHbl KOJIHqecTBeHHhie H KaqecTBeHHbie 3aKOHOMepHoCTH ,r:i;JI.H c,r:i;BHrOB qacToT 

H .n;eKpeMeHTOB 3aryxaHH.H KorepeHTHbIX Korre6aHHH crycTKOB B CHHXPOTPOHe rrpH 

HaJIHqHH CHCTeMbl IIO,[(aBJieHH5I, corrracyIOII(HeC.H c 3KCIIepHMeHTaJibHbIMH .n;aHHbIMH, 

rrorryqeHHbIMH Ha EorrhIIIOM A,r:i;poHHOM Korrrrali,nepe (LHC) Ha rrpoTOHHOM rryqKe. 

AKryaJihHOCTh pa60ThI 

Pa3pa6oTKa, rrpoeKTHpoBaHHe, Mo,n:epHH3al(H.H H 3KcrrrryaTau;H.H ycKopHTeJibHblX 

KOMrrrreKcoB rrpoTOHOB H HOHOB, TaKHX KaK LHC ([(EPH), Y-70 (H<t>B3, IIpoTBHHO ), 

FAIR (GSI, ,lJ;apMIIITa,nT), NICA (OHJIH), BKJI10qa10m:Hx B ce6.H HeCKOJibKO cHHxpo

TpOHOB c BblCOKHMH Tpe6oBaHH.HMH <l>H3HqecKoro 3KCIIepHMeHTa K HHTeHCHBHOCTH H 

<l>a30BOM IIJIOTHOCTH rryqKa HJIH KOJIJiali,nep c rrpe,neJibHO B03MO:>KHOM CBeTHMOCTbIO, 

corrpOBO:>K,[(aIOTC.SI perneHHeM HayqHo-TeXHHqecKHX 3a,naq ycKopHTeJibHOM <f?.tt3HKH .H 

TeXHHK.H, cpe,n:H KOTOpbIX MO:>KHO BbI,IJ;eJIHTb Il5ITb rrpo6rreM, OTHOC.SIII(HXC.SI K 3a5IBJieH

HOM TeMe ,n.ttccepTal(HH: 

1. ,lJ;ocTH:>KeH.He BbICOKOM HHTeHC.HBHOCTH rryqKa 3ap.SI:>KeHHbIX qacn1u;. 

2. CoxpaHeH.He <l>a3oBoli IIJIOTHOCT.H rryqKa rrpH rrepeBo,ne H3 CHHxpoTpoHa-HH:>KeKTO

pa B rrp.HHHMaIOm;HM CHHxpoTpOH. 

3. 06ecrreqeHHe IIOBTOp.HeMOCT.H pacqeTHbIX rrapaMeTpOB rryqKa B pa3JI.HqH:bIX ycKO

pHTeJibHbIX l(HKJiaX. 

4. KoHTponb rrapaMeTpoB CHHxpoTpoHa c Tpe6yeMoii ToqHoCTbIO 6e3 3aMeTHoro yxy.n;

rneH.HH KaqecTBa rryqKa rrpH ,[(JI.HTeJibHbIX l(HKJiax ycKopeH.H5I H HaKOIIJieHIDI. 

5. BHe,npeHHe u;.ttcppoBbIX TexHonor.ttli B yrrpaBJIHIOII(eii c.ttcTeMe, 06ecrreq.ttBa10m:eli 

,[(eMrrcl>.ttpoBaHHe KorepeHTHblX KOJie6aHHM crycTKOB. 
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IloBbIIIIeHHe HHTeHCHBHOCTH rryqKOB 3ap5DKeHHbIX qaCTHI( HBJUieTCH O.D;HOM H3 

OCHOBHbIX 3a,n:aq B ycKop1neJibHOM qn:I3HKe H TeXHHKe. 0,IJ,HHM H3 cpaKTOpOB orpaHH

qeHH51 HHTeHCHBHOCTH rryqKa B CHHXPOTPOHax H HaKOIIHTeJrnx HBJIHIOTC5I KorepeHT

Hbie HeycToilqHBOCTH. qHCJIO o6Hapy)l(eHHbIX K HaCTOHIIJ;eMy BpeMeHH pa3JIHqHbIX 

THIIOB KorepeHTHbIX HeycToliqHBOCTeM BeCbMa BemfKO. 06ycJIOBJieHHbie HMM orpa

HHqeHH51 Ha HHTeHCHBHOCTb ycKOp5IeMoro rryqKa 3aCTaBJIHIOT pa3pa6aTbIBaTb MeTO,IJ,bI 

HX H3yqeHHH H IIO,IJ,aBJieHHH. c 3TOM u;eJiblO B COBpeMeHHbIX CHHXpOTpoHax IIIHpOKO 

HCIIOJib3YIOTCH CHCTeMbI rro,n:aBJieHHH (CIT) KorepeHTHbIX KOJie6aHHM IIYl!Ka 3ap.si:)l(eH

HbIX qacTHI( [LI]. B TaKHX CHCTeMax ,n;eMrrcpHpyIOw;Hli ,n:ecpneKTop ocyw;ecTBJI.HeT 

KoppeKI(HIO HMIIYJibca rrponeTaIOw;Hx 3ap.si:)l(eHHbIX -qacTHI( rrporropu;HoHaJibHO HX OT

KJIOHeHHIO OT IIOJIO)l(eHHH paBHOBeCHH, H3MepeHHOMY B rrpe,n:IIIeCTBYIOIIJ;He MOMeHTbI 

BpeMeHH c IIOMOIIJ;blO ,IJ,aTqHKa IIOJIO)l(eHH5.I u;eHTpa T.SJ:)l(eCTH IIYl!Ka. IIo,n:o6Hbie err 
II03BOJIHJIH cyw;eCTBeHHbIM o6pa30M IIOBbICHTb HHTeHCHBHOCTb ycKopHeMoro rryqKa. 

B CB.H3H c 3THM B COCTaBe COBpeMeHHbIX rrpOTOHHbIX CHHXpoTpOHOB cpyHKI(HOHHpyIOT 

CHCTeMbI rro,n;aBJieHH5.I KorepeHTHbIX KOJie6aHHM, o6ecrre"lJHBaIOIIJ;He, KaK 3TO OTMel!eHo 

B JIHTepaTypHOM o63ope ,Il,HCCepTaI(HH, ,IJ,eKpeMeHT 3azyxaHH5.I KOJie6aHHM a ~ 0.012. 

IlpH 3TOM aKTyaJieH BOIIpOC 0 Tpe6oBaHH5IX K CIT B 3aBHCHMOCTH OT HHTeHCHBHOCTH 

ycKop.si:eMbIX crycTKOB H CTPYKTYPbI ycKop.si:eMoro rryqKa. 

B COBpeMeHHbIX ycKopHTeJibHbIX KOMIIJieKcax, B COCTaBe KOTOpbIX cpyHKI(HOHH

PYIOT HeCKOJibKO CHHxpoTpoHoB, rrpH rrepeso,n:e crycTKOB H3 CHHXPOTPOHa-HH)l(eKTopa 

B rrpHHHMaIOIIJ;HM c1rnxporpoH HeH36e)l(H0 B03HHKaIOT OTKJIOHeHH5.I HH)l(eKTHpyeMbIX 

crycTKOB OT pacqeTHbIX IIOJIO)l(eHHM HX ycTOMYIHBoro paBHOBeCHH. IlpH 3TOM HH)l(eK

THpyeMbie 3apH)l(eHHbie qacTHI(bI, I(HPKYJIHPYH B CHHXpOTpOHe, COBepIIIaIOT MaJibie 

KOJie6aHH51 B6JIH3H CBOero IIOJIO)l(eHH51 YCTOMT.:IHBOro paBHOBeCHH: 6eTaTpOHHbie KOJie-

6aHH51 B rrorrepeqHQM HarrpaBJieHHH (BepTHKaJibHOM H ropH30HTaJibHOM IIJIOCKOCT.HX) 

OTHOCHTeJibHO MrHOBeHHOM 3aMKHJTOM op6HTbI (,n;ecpopMHpOBaHHOM HJIH pacl!eTHOM) 

B Be,n:yw;eM MarHHTHOM none H CHHXpOTpOHHbie KOJie6aHHH B rrpO.D;OJibHOM HarrpaB

JieHHH OTHOCHTeJibHO CHHXpOHHOM cpa3bI. lfa-3a OIIIH60K HH)l(eKII;HH 3TH MaJibie KO

Jie6aHH.H l!aCTHI(, BCJie,IJ,CTBHe HX 3JieKTpOMarHHTHOro B3aHMO.r:t;eMCTBH5.I c ,n:pyrHMH 
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qacnn:i;aMH, MoryT MHHI(MHpOBaTb COBMeCTHbie KOJie6aHM51 BbI,n;eneHHOH rpynnhI qac

TMI( ( crycTKa) M cTaHoBMThC5.l KorepeHTHbIMH. Bcne,n;cTBHe 3HepreTHqecKoro pa36po

ca qacTHIJ; B HH:>KeKTHpyeMOM nyqKe MaJible KorepeHTHbie Kone6aHH5.l nepeXO,ll;51T B 

HeKorepeHTHbie (npou;ecc ecTeCTBeHHoro 3aTyxaHH5.l KorepeHTHbIX Kone6aHHH), qTo 

conpoBO)l{,n;aeTcH yBenMqeHMeM JIMHeHHbIX pa3MepoB crycTKOB. rrpoHcxo,n;MT yMeHb

rueHMe <}1a30BOH nJIOTHOCTM ny11Ka. TaK, Ha ycKOpHTeJibHOM KOMnJieKce D;EPH, B co

CTaBe KOTOporo u;enoqKa M3 qeTbipex CMHXpoTpOHOB, HOpMaJIM30BaHHbIH nonepeqHbIH 

3MHTTaHC nyqKa B03pacTaeT noqTM B 1.5 pa3a B OCHOBHOM M3-3a OllIM60K MH)l{eKI(HM. 

B CB5!3H c 3TMM Heo6xo,n;HMO no,n;aBJI5.lTb KorepeHTHI>Ie Kone6aHMH crycTKOB nocne MH

:>KeKI(MM c BbICOKHM TeMITOM 3a npoMe)l{yTKM BpeMeHM, KOTOpbie ,ll;OJI)l{Hbl 6bITb Kopoqe 

BpeMeHH nepexo,n;a KorepeHTHbIX Kone6aHHH B HeKorepeHTHbie. rro3TOMY aKryanbHbI 

ou;eHKM npe,n;eJibHbIX TeMITOB no,n;aBJieHH5.l B KOHTeKCTe ,n;onyCKOB Ha pOCT 3MMTTaHCa 

nyqKa B ycnOBM51X ,n;Byx KOHKypHpyrorn;HX npou;eccoB ( ecTeCTBeHHOro 3aTyxaHM51 M 

no,n;aBJieHH5.l KorepeHTHbIX KOJie6aHHH). 

eMcTeMa no,n;aBneHH5.l KorepeHTHbIX Kone6aHMH, 6y,n;yqH ycTaHoBneHHOH Ha CHH

xpoTpoHe M HaCTpoeHHOH B COOTBeTCTBMH c BbI6paHHOH pa6oqeM: TOqKOH no qMcny 

Kone6aHMH 3a o6opoT Q 0, ,n;OJI)l{Ha o6ecneqMBaTb CTafombHoe no,n;aBneHMe KorepeHT

HhIX Kone6aHMH npH BapHal(MM Q0 . B rrMTeparype OTCYTCTBYIOT cBe,n;eHM51 o ,n;onycKax 

Ha BeJIMqMey M3MeHeHH5.l Q o, KOTOpbie He06XO,ll;MMbI npH npoeKTHpOBaHMM err. 

rrpH HCCJie,D;OBaHMM ,ll;MHaMHKM rryqKa B CMHXpOTpOHe npH HaJIMqMM Crr MCnOJib-

3YIOTC5l ,n;M<l_)<l_)epeHI(MaJibHbie ypaBHeHM51 MaJibIX Kone6aHMH [L2]: 

.. 2 Fct(x(t - r)) 
x+nx= , 

moy 

r,n;e Q - I(MKJIH1IeCKa5l qaCTOTa KOrre6aHMH 3ap5I)l{eHHOH qaCTMI(bI C MaCCOH mo B cpo

KyCHpy10rn;eM 3JieKrpOMarHMTHOM none, y - penHTMBHCTCKHH <PaKTOp, T - BenwrnHa 

3a,n;ep)l{KM cMrHana B u;enM o6paTHOH CB513M. PeKoMeH,n;an;HM [L2], nony1IaIOrn;MecH B 

crna)l{eHHOM npH6JIM)l{eHMM npH 3MnHpH1IecKoM: 3aMeHe HMnynbcHoM: CMJihI Fct(x) Ha 

,n;MccMnaTHBHYID, nponopu;HoHanbHYIO cKopocTM x, KaK MMHMMYM Heo6xo,n;MMO yTo1I

HMTb npH HCilOJib30BaHMM u;mppOBOH err, nOCKOJibKY pe3yJibTHpy10rn;a51 CMJia B03,D;eH-
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CTBH.H ,ri;eqmeKTOpa Ha nyqoK nponopu;HoHaJibHa cynepno3HIJ;HH CHfHaJIOB c ,n:aTqHKa 

noJIO:>KeHIDI, 3aQ:>HKCHpOBaHHbIX Ha HeCKOJibKHX o6opoTaX. 

OcHOBHbIM HanpaBJieHHeM npoeKTHpoBaHH.H H pa3BHTHH err .HBJIHeTC.H npHMe

HeHHe MeTo,ri;oB u;HQ:>posoli o6pa6oTKH cttrHaJioB B u;enH o6parHoli CB.H3H. ey:w:ecTBY

IOIUHe npe,n:CKa3aHH.H no TaKTOBOH qacTOTe u;mppOBbIX CHCTeM no,ri;aBJieHHH H ou;eHKH 

BJIIDIHIDI IIIYMOB KBaHTOBaHH.H Ha pocT 3MHTTaHca nyqKa He npHBO,I1;HT K KaKHM-JIH6o 

orpaHH1IeHIDIM, o6ycnosneHHhIM HcnoJih30BaHHeM u;HQ:>poBhIX TexHonorHli. BMecTe c 

reM orcyTCTBYIOT npe,ri;cKa3aHH.H no B03MO)l(HbIM orpaHHqeHH.HM Ha BeJIH1IHHhI ,ri;eKpe

MeHTOB KOrepeHTHbIX KOJie6aHHH rrpH HCnOJib30BaHHH D;HQ:>pOBbIX err. 

OcHOBHhie rrapaMeTpbI ycKopHTeJibHoro D;HKJia KOHrponHpyrorcH H peryJIHpyror

C.H c ITOMO:W:bIO u;erreli o6paTHOH CBH3H B npou;ecce ycKopeHIDI. rrpH H3MepeHHH napa

MerpoB rry11Ka B pH,ri;e cnyqaeB HCnOJib3YIOTCH MeTO,ll;bl HMnyJibCHOfO rapMOHHqecKoro 

B03,n:eHCTBIDI Ha crycTOK, HanpHMep, c ITOMO:W:blO ::meKTpOMarHHTHOfO TOJIKaTeJI.H. 3TH 

B03,ll;eHCTBHH MoryT 6bITb CHCTeMaTHqecKHMH (HarrpHMep, c u;eJiblO KOHTpOJIH KaqecTBa 

nyqKa rrocne HH)KeKIJ;HH) HJIH cny11aHHbIMH (HarrpHMep, npH H3MepeHHH qacTOT 6era

TpOHHblX KOJie6aHHH B npOH3BOJibHbIH MOMeHT BpeMeHH B npe,ri;enax ycKOpHTeJibHOfO 

D;HKJia). AMrrnHry,ri;a B036y)K)];eHHbIX KorepeHTHbIX Kone6aHHli ,ri;on:>KHa 6bITb ,ri;ocraro11-

HOH no BeJIH1IHHe ,ll;JI.H ,z:i:eTeKTHpoBaHIDI CHrHaJIOB H H3MepeHH.H napaMerpoB KOJie6a

HHH c rpe6yeMOH T01IHOCTblO. 0,ri;HaKO CHCTeMa no,z:i:aBJieHHH, o6ecrreqHBa.H 3aryxaHHe 

KorepeHTHblX KOJie6aHHH, IlpHBO,ll;HT K HeH36e)KHOMY COKpameHHIO npoMe:>KyTKa Bpe

MeHH, B TeIJeHHe KOTOporo H3Mep.HeMbIH CHrHaJI MO)KeT 6bITb H,ll;eHTHQ:>Hu;HpoBaH Ha 

ypoBHe myMoB. rro:.noMy Heo6xo,z:i:HMhI ou;eHKH ,IJ;JIH senHqHH H npo,z:i:OJI)KHTeJihHOCTH 

,IJ;eHCTBHH CHJI B036y)K,IJ;eHHH KOrepeHTHbIX KOJie6aHHH rrpH HaJIHqHH err C y11eTOM HX 

B03MO)KH0f0 BJIH.HHIDI Ha pocT 3MHTTaHca. 

ArcryanbHOCTb rrepeqHcJieHHhIX BbIIIIe Q:>H3HqecKHX 3a,n:aq H noHcK rryreli HX 

pemeHHH HBHJIHCb MOTHBau;Heli K BbIITOJIHeHHIO ,z:i:aHHOH pa60Tbl. 

IJ;eJib ,n:uccepTaIJ,HOHHOH paOOTbI: 

- ITOCTpoeHHe cpH3HKO-MaTeMaTHtieCKOM MO,ll;eJIH, onHCbIBaIOru:eH: ,ll;HHaMHKY ny11Ka 3a

p.H)KeHHblX qacTHIJ; nocJie HH:>KeKD;HH H rrpH ycKopeHHH ITO,ll; BJIIDIHHeM ynpaBJIHIO-
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Ill;IIX B03,n;elicTBHM u;mppOBOM CHCTeMbl o6paTHOM CB5!3H, rrpHBO.ll:HII.l;HX K 3aryxaHHIO 

KorepeHTHblX KOJie6aHHM; 

- IIOJiyqeHtte aHaJIHTJfqecKH:X pemeHHM, II03BOJI5IIOII1;HX COIIOCTaBHTb pac11eTH:&Ie .n;aH

Hbie (HarrpHMep, .n;eKpeMeHTbI 3aTyxaHM5! KorepeHTHblX KOJie6aHHM) c 3KCIIepHMeH

TaJibHO Ha6JIIO,n;aeMbIMH xapaKTepHCTHKaMH KOJie6aTeJibHOf0 rrpo:o;ecca B MaKCH

MaJibHO rrpH6JimKeHHbIX K 3KCIIepHMeHTY ycnoBH5IX, B TOM qHcJie rrpH TeMrrax rro

,n;aBJieHM5!, 6JIH3KHX K rrpe,n;eJibHO B03MO)l(HbJM; 

- COIIOCTaBJieHHe pe3yJI:&TaTOB pa3pa6oTaHHOM MO,n;eJIH c IIOJiyqaIOiu;HMHCH B JIHHeii:

HOM rrpH6JIH)l(eHHH pemeHM5IMH ypaBHeHHH .ll:HHaMHKH rryqKa rrpH HCIIOJib30BaHHH 

MeTo.n;a Kp:&rnosa-EoroJI106osa-MHTporroJI:&cKoro 11 MeTo.n;os perneHHH .n;mpcpepeH

:o;HaJibHbIX ypaBHeHHH c OTKJIOH5IIOII.l;HMC5I apryMeHTOM; 

- cpopMyJIHpoBaHHe rrepeqH5{ crre:o;mpHKa:QHH .ll:Jl5I cpH3HKO-TeXHHqecKHX o6ocHOBaHHM 

rrpoeKTOB :o;mppOBbIX CHCTeM rro.n;asneHH5I B HOBbIX CHHXpOTpOHax c yqeTOM OIIbITa 

co3,n;aHH5I TaKoii: cHcTeMbI ,n;JIH LHC (IJ;EPH) B cosMeCTHOM rrpoeKTe IJ;EPH H OI15IH. 

HayquaH uoBnJua 

IlpHBe.n;eHbI pe3yJibTaTbI TeopeTHqecKoro HCCJie,n;oBaHH5I .ll:HHaMHKH crycTKOB 3a

p5I)l(eHHbIX qaCTH:Q B CHHXpOTpOHax c :o;mppOBbIMH CHCTeMaMH o6paTHOH CB5!3H c 

IIOMOII.l;bIO MeTO.ll:OB .ll:HCKpeTHOfO aHaJIH3a: 

• yroqHeHbI 3aBHCHMOCTH H BbrnBJieHbI orpam1qeHH5I .ll:Jl5I .n;eKpeMeHTOB 3aryxaHH5I H 

qacTOT KorepeHTHbIX 6eTaTpOHHbIX KOJie6aHHH OT BeJIHqHHbI 6aJiaHca cpa3, qHCJieHHO 

paBHOM pa3HOCTH Me)l(.ll:y Ha6eroM l}?a3bl 6eTaTpOHHbIX KOJie6aHHH qacTH:QbI rrpH rrpo

JieTe OT H3MepHTeJibHOfO .n;aTqHKa .n:o .n;eMrrcpHpyioru;ero .n;eqmeKTopa H H3MeHeHHeM 

cpa3bI yrrpaBJIHIOiu;ero CHrHaJia B :o;errH o6paTHOH CB5!3H; 

• BrrepBbie rrpo.n;eMOHCTpHpoBaHO, qTo rrpH HCIIOJib30BaHHH D;HcppOBbIX cpHJibTpOB B 

:o;errH o6paTHOH CB5!3H CHCTeM rro.n;aBJieHHH c 3a,n;ep)l(KOH CHrHaJia 6oJiee qeM Ha o,n;HH 

o6opoT B03HHKaIOT )J;OIIOJIHHTeJibHbie K 6eTaTpOHHbIM MO.ll:bl KOJie6aHHH crycTKOB, KO

TOpbie BJIH5IIOT Ha o6JiaCTb ycToliqHBOCTH .ll;BH)l(eHHH qacTH:Q; 

• BBe.n;eHo HOBOe IIOHHTHe: cerrapaTpHca .n:mr ,n;eKpeMeHTOB 3aTyxaHH5I KorepeHTHbIX 

rrorrepeqHbIX KOJie6aHHH; rrpHBe.n;eH MeTo.n; pacqeTa, II03BOJI5IIOII1;HM ycTaHOBHTb KOH-
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qmrypm::i;HIO cermpaTpllCbI ll KapTbI ll30JillHllH )l;JI5I ,r:i;eKpeMeHTOB 3aryxaH~; TIOKa3aHO, 

qTo BbICOTa cenapaTpllCbI 3aBHCllT OT napaMeTpOB u;mppoBoro qmJII>Tpa ll BeJillqllHbI 

6aJiaHca <j:>a3. 

IlpaKTuqecKaSI 3HaqHMOCTh 

Pa3pa6oTaHH.Die B ,r:i;nccepTaD;HH MeTO.l(bI TI03BOJI5IIOT yrrpocTHTb KaqecTBeHHbIH 

aHaJill3 u;n<j:>pOBbIX CMCTeM rro,n:aBJieH~ KOrepeHTHbIX KOJie6aHMH, a TaIOKe ycosep

rneHCTBOBaTb MeTO,I(bI ll ou;eHKH llX xapaKTepMCTMK c yqeTOM Haii,n:eHHbIX aHaJIMTH:qe

CKMX perneHHH 6e3 Tpy,n:oeMKllX qncJieHHbIX pacqeTOB. 

,ll;ocTOBepHOCTb ll 3<j:>cpeKTHBHOCTb rrpe,n:JIO)KeHHbIX pacqeTHbIX MeTO,lJ;OB Il03BO

JI5IIOT llCITOJib30BaTb MX rrpn rrpoeKTllpOBaHMll COBpeMeHHbIX CllHXPOTPOHOB ,I(JI5I BbI-

5IBJieHll5I HOB.DIX u;n<j:>pOBbIX MeTO,lJ;OB o6pa6oTKll ,n:eTeKTHpyeMbIX CllrHaJIOB, He Hapy

rnaIOn.:t;llX ycJIOBllH ycToaqnBOCTll ,lJ;Bll)KeH~ YiaCTllll;, HO ITOBbIIIIaIOII.J;llX ITOMexoycTOH

YillBOCTb yITpaBJI5IIOIIJ;MX ITpou;eccoB ll IT03BOJI51IOII.J;llX pa6oTaTb c MeHbillllMll ypoBH5IMll 

BXO,lJ;HbIX CllrHaJIOB H ,n:eMITcpnpyIOn.:t;llX B03,D;eHCTBllH. 

Pa3pa6oTaHHbie MeTO.l(bI ITpnMeHeHI>I aBTopoM ,n;nccepTau;nM ,n:JI5I aHaJin3a pe)KH

MOB pa60TbI CllCTeMbI ITO,I(aBJieHH5I KorepeHTHbIX ITOrrepeqHbIX KOJie6aHHH ITYYIKa B 

LHC (I(EPH) n coITocTaBJieH~ ITpoeKTHbIX H cpaKTnqecKnx xapaKTepncTHK cncTeMbI 

ITo,r:i;asneH~, co3,n:aHHOH B cosMeCTHOM rrpoeKTe I(EPH n OHJIH. 

OcuoBHhie noJio'.IKeHHSI H pe3yJihTaThI, BhIHOCHMhie ua 3am;uzy 

1. Pe3yJI.DTaTbI nccne,n:oBaHHJI ,n;HHaMMKH rryqKa B CHHxpoTpoHax c cncTeMaMn 06-

paTHOH CB513ll, OCHOBaHHOro Ha llCITOJib30BaHE:Ill MeTO,lJ;OB )J;llCKpeTHOH MaTeMaTHKH. 

2. Pe3yJI.DTaTbI pacYieTHbIX n 3KcrrepnMeHTaJI.DHbIX ,r:i;aHHbIX )l;JIJI c,r:i;BHroB qacTOT H 

,n;eKpeMeHTOB 3aryxaHH5I KorepeHTHbIX rrorrepeqHI>Ix Kone6aHnii rrpoToHoB B LHC. 

3. OpnrHHaJII>HI>IH rro,n;xo,n; ,n;n51 yqeTa <j:>nyKTyau;HH: ITOJIO)KeHMJI pa6oqea ToqKn ITO 

YillCJIY 6eTaTpOHHbIX KOJie6aHHH B CHHXpOTpOHe c D;H<j:>pOBOH CllCTeMOH o6paTHOH 

CB513ll, ITpllBO,l1;5In.:t;llH K HOBOMY ITOH51TllIO - ceITapaTpnca ,lJ;JI5I ,r:i;eKpeMeHTOB 3aryxaHll5I. 

4. ,ll;OKa3aHO, YITO C,I(Bllrll YiaCTOT H ,n;eKpeMeHTbI 3aTyxaHH51 KOrepeHTHbIX KOJie6aHHH, 

BbJqllcJieHHble B JIHHeHHOM ITpH6JIH)KeHllll ITO BeJIMqnHe K03cpcpnu;neHTa o6paTHOH 

CB513ll )l;JI51 crna)KeHHDIX ypaBHeHHH ,r:i;nHaMHKH nyYIKa c ITOMOn.:t;bIO MeTo,n:a Kpbrnosa-
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Eoromo60Ba-M1nporronbcKoro H MeTo,z::i;oB pememrn: .z::i;:mp<!Jepem.i;HanbHbIX ypaBHeHHH 

c OTKnOIDIIOlll;lfMCH apryMeHTOM, COBrra,n;aIOT c COOTBeTCTBYJOII(HMH Bbipa)R'.eHHHMH, 

BblqHcneHHbIMH rrpH HCIIOnb30BaHHH MeTO,ll;OB ):(HCKpeTHOro aHanH3a. 

5. AHanHTHqecKHH rro,n;xo.z::i; K pemeHHIO 3a,n;aqH o rro,n;aBneHHH ocTaToqHbIX Kone-

6aHHH crycTKOB rrocne HH)KeKU:HH B CHHXpOTpOH c U:H<!JpoBOH CHCTeMOH o6paTHOH 

CBH3H, HMeIOII(eH HenHHeHHYJO rrepe,n;aToqHyIO xapaKTepHCTHKy. 

6. OcHOBHbie pe3ynbTaTbI pa3pa6oTKH, Hana,n;KH H 3KcrrnyaTaU:HH CHCTeMbI rro,n;aBne

HHH KorepeHTHbIX rrorrepeqHbIX Kone6aHHH rryIJKa B LHC, o6na,n;aiom:eii cym;ecTBeH

HbIMH 3neMeHTaMH HOBH3Hbl B rrpHIDITblX TeXHHIJeCKHX pemeHHHX. 

Anpooa:u;uB paooThI 

Pe3ynbTaTbI, rrpHBe,n;eHHbie B ,n;HccepTa[(HH, ,n;oKna,n;bIBanHCb Ha HayqHbIX ce

MHHapax OHJIH, o6c~,n;anHcb B ycKopHTenbHOM rro,n;pa3,n;eneHHH l(EPH B CBH3H c 

pa6oTaMH no co3,n;aHHIO CHCTeM rro,n;aBneHHH KorepeHTHbIX Kone6aHHH rryIJKa B LHC, 

,n;oKna,n;bIBanHCb Ha Me)R'.,n;yHapo,n;HbIX KoH<l?epeHu;HHx rro <l?M3MKe FI TexHMKe ycKopM

Teneii 3apH)R'.eHHbIX qacTM[(, rrpoxo,n;HBIIIHX 

- B PoccHH: RuPAC'94 [16, 17], RuPAC'98 [21], RuPAC'08 [23], RuPAC'lO [25, 26], 

RuPAC'12 [15], 

- B 3apy6e)R'.HbIX cTpaHax: HEAC'93 [18], PAC'93 [10], EPAC'94 [19], EPAC'96 [20], 

COOL'97 [8, 9], PAC'97 [11], EPAC'98 [12], PAC'99 [13], EPAC'OO [22], 

Sarantsev'05 [1], EPAC'08 [14], HIAT'09 [24], Sarantsev'09 [3], Sarantsev'll [4]. 

,II:ocToBepHocTh H o6ocHoBaHHocTh 

OcHOBHbie pe3ynbTaTbI <lJM3HKO-MaTeMaTHIJecKoro Hccne,n;oBaHHH u;mppoBbIX CH

cTeM rro,n;aBneHHH KOrepeHTHbIX KOne6aHMH rryqKa 3apH)R'.eHHbIX IJaCTH[( B CHHXpOTpo

Hax rro,n;TBep)R'.,n;eHbI 3KcrrepHMeHTanbHbIMM pa6oTaMM, BbmonHeHHbIMM Ha EonbIIIOM 

A,n;poHHOM Konnaii,n;epe (LHC, l(EPH) rrpFI M3yIJeHMH rrorrepeqHoli ,n;MHaMHKM rryqKa 

rrpM peKop,n;HbIX 3HeprMHX rrpoTOHOB OT 450 f3B ,n;o 4 T3B. 

Ily6JIHKaD;HH 

MaTepManbI ,n;HccepTa[(HH orry6nHKOBaHbI B 36 rreqaTHbIX pa6oTax, M3 HMX 9 cTa

Teii B peu:eH3MpyeMbIX )R'.ypHanax [1-9] H 17 CTaTeH B Tpy,n;ax KOH<lJepeH[(HH [10-26]. 
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JIH1.1HblH BKJia)l; aBTOpa 

Co,11;ep:>I<aHHe ,il;HCCepTaU:HH H OCHOBHbie IIOJIO)KeHIDI, BhIHOCHMhie Ha 3aII(HTy, 

OTpa)KaIOT rrepcoHaJibHhIH BKJia,11; aBTOpa B orry6JIHKOBaHHbie pa60ThI. IlonytJeHHbie 

JIHtJHO aBTOpOM pe3yJihTaThI orry6nHKOBaHbl B BH,Il;e 8 CTaTeli [ 1-8] B peu:eH3HpyeMhIX 

)KypHarrax, 10 ,1J;OKJia,1J;OB [11-13, 15, 19-22, 24, 26] B Tpy,11;aX KOHcpepeHU:HH H 5 co

o6II(eHHH OH5IH [27, 29, 33, 34] H [(EPH [35]. 

B rrepetIHe ycTHhIX ,1J;OKJia,1J;OB Ha Me)K,n:yHapo,11;HhIX KOHQ}epeHU:IDIX BKJIIOtJeHI>I 2 ,11;0-

KJia,Il;a [23, 25], KOTOphie ,il;HCcepTaHT rrpe,11;CTaBmIJI OT HMeHH KOJIJia6opau:nn "LHC 

Damper" KaK rrepBbie 3KCrrepHMeHTaJibHbie pe3yJihTaTbl ITO HaJia,Il;Ke CHCTeMbI IIO,Il;aB

JieHIDI KorepeHTHhIX rrorrepetIHhIX Kone6aHnli rrpoTOHHoro rrytJKa B LHC. 

Ilo,11;rOTOBKa ,11;pyrnx rry6nHKa[(HH [9, 10, 14, 16-18, 28, 30-32, 36] rrpoBO,il;HJiaCh COB

MeCTHO c coaBTOpaMH Ha rrapHTeTHhIX Hffqarrax. 

Bee rrpe,11;cTasneHHI>Ie B ,11;HccepTar:t;Hl1 pe3ynI>TaThI rronytJeHI>I Jil1tJHO asTopoM. 

CTpyKrypa H o6'heM ,ll;HccepTa:u;uu 

,[(nccepTan;mr cocToHT H3 BBe,n:eHmr, o63opa JIHTepaTyphI, 7 rnas, 3aKJIIOtJeHmr, 

CIIHCKa COKparu;eHHH 11 ycJIOBHbIX o603HatJeHHH, 6n6nnorpa<l_)HH H rrpHJIO)KeHIDI. 06-

II(HH o6neM .n:nccepTau:nn 224 cTpaHHD;hI, BKJIIOtJaSI 33 pncyHKa 11 3 Ta6nHU:hI. En6-

nnorpa<l_)IDI BKJIIOtJaeT 13 8 Hal1MeHOBaHHH Ha 18 CTpaHHn;ax. 

Co,ll;ep~aHne pa60T1>1 

Bo BBe,ll;eHHH o6ocHoBaHa aKT)'aJihHOCTh ,Il;HccepTan;noHHOii pa6oTI>I, c<l_lopMy

nnposaHa u;enh H apryMeHTHpOBaHa HaytJHaSI HOBH3Ha HCCJie,Il;OBaHIIH, IIOKa3aHa rrpaK

THqecKaH 3HatJHMOCTh rronytieHHhIX pe3yJihTaTOB, rrpe,11;CTaBJieHhI BhIHOCHMbie Ha 3a

II(l1T)' OCHOBHhie IIOJIO)KeHirn. 

B JluTeparypuoM o63ope rrpnse,n:eHI>I HaytJHI>Ie pe3ynI>TaTI>I H 3KcrrepnMeHTarrI>

Hbie ,n:aHHhJe, KOTOpbie COIIOCTaBJI5.l:IOTC5.I: B ,il;HCcepTan;HH c rrorryqeHHhIMH aBTOpOM 

pe3yJII>TaTaMH. 

B rJiaBe 1 H3JIO)KeHo o60CHOBaHHe <l_)H3HKO-MaTeMaTHtJeCKOH M0,11;em1 r:t;Hcppo

BOH nrnpoKOIIOJIOCHOH CHCTeMbI rro.n:asrreHHH KorepeHTHhIX rrorrepeqHhIX KOJie6aHHH 
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<OKeCTKOro» crycTKa. ,[(HHaMHKa TaKoro o,n;HHOqHoro crycTKa OIIHCbIBaeTCH c IIOMO

II(bIO JIHHeHHbIX MaTpHtIHbIX ypaBHeHHH .n;Bff)KeHIDI 3apH)J(eHHOH qacTHD;bI B CHHXpo

TpoHe [L3] H JIHHeHHbIX pa3HOCTHbIX ypaBHeHHH ,[(JIH u;mppOBbIX cpHJibTpOB c KO

HetJHOH H 6ecKoHeqHo:H HMIIYJihCHo:H xapaKTepHCTHKOH [L4]. CocTOHHHe qacTH:QhI 

3a.n;aeTCH c IIOMOIIJ;blO MaTpH:QbI-CTOJI6u;a x (n's) Ha o6opoTe n B TOtJKe s op6HTbI c 

rrepHMerpoM C0. Ee rrepsbIH 3JieMeHT ecTb x(n, s) - cMeru;eH11e qacTHI.J;hI OTHOCHTen1-

HO MrHOBeHHOH 3aMKHYTOH (paBHOBeCHOH HJIH .n;ecpopMHpOBaHHOH) op6HTbI, a BTOpo:H 

:meMeHT X 1 (n's) - yron HaKJIOHa TpaeKTOpHH qacTHI.J;bI. ,[(JIH BblqHcJieHHH QJYHKI.J;H-

Beam 

r--'-----i s r---"'---1 s 
DK -ct--BPMi-:-r --

PHC. 1. CTpyKTypHa5! cxeMa 11mppOBOH CHCTeMbI rro,n:aBJieHH5! KOrepeHTHbIX KOJie6aHHM rryqKa [L2] 

OHaJibHbIX 3aBHCHMOCTe:H (x(n' s)} H (x'(n' s)) ,n;JIH aHCaM6JIH qacTHD; (()J(eCTKOro» 

crycTKa HCIIOJib3YeTC5l rrpou;e.nypa ycpe.n;HeHIDI c IIOMOIIJ;bIO CTaI.J;HOHapHbIX B IIIHpo

KOM CMbICJie cpyHKQHH pacrrpe.neneHIDI B COOTBeTCTBHH c o6merrpHHHTbIMH MO,n;eJIHMH 

H rrpe,D;IIOJIO)J(eHIDIMH [L5]. ,I(m1 CMell(eHHH u;eHTpa TH)J(eCTH crycTKa x [n' s] H yrna Ha

KJIOHa ero TpaeKTOpHH x'[n' s] HCIIOJib3YeTCH MO,D;eJibHOe IIpH6JIH:>I<:eHHe 0 paBeHCTBe 

,D;HCKpeTHbIX H HerrpepbIBHbIX ycpe.n;HeHHbIX BeJIHtJHH CMero;eHHH x[n, s] = (x(n, s)} 

H HX rrpoH3BO.LJ:HbIX. TaKoe )Ke cornarueHHe rrpHHHMaeTcH .n;nH HMIIYJihCHoro B03,D;e:H

CTBIDI .n;eMrrcpHpy10ruero .ne<PneKTopa ( ~x<l (n)) = ~x<l[ n] H HMIIYJibCHOrO TOJIKaTeJUI 

(~x~(n)} = ~x~[n] (cM. pHc. 1). Tor.n;a [5, 27]: 
~ ......... ........ ........ ,,,,....,_ ........ ......... ......... 

X[n + 1, s] = X[n, s +Co] = M(s)X[n, s] + ~x<l[n] MctE + ~x~[n] MeE, (1) 
~ ~ 

r.n;e B MarpHu;e-cToJI6u;e E HMeeM E1 = 0 H E2 = 1. ,I(m1 MaTpHu; rrepexo.n;a M(s2 js1) 

H3 TOqKH S1 B II03HD;HIO S2 HCIIOJ1b3YIOTCH o6ro;errpHHHTble o603HaqeHHH [L3]: 

M(s) = M(s +Cols), Mct = M(s + Colsct), Me= M(s + Colse). 

,[(HCKpeTHOe CMei:.u;eHHe crycTKa B .n;aTtJHKe IIOJIO)J(eHHH x[n' Sp] = x[n] OTO)J(,n;ecT-
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BJUieTC5I c ,ll;HCKpeTHbIM orcqeTOM Ha BXO,n;e pa,n;HOTeXHHqecKOH u;errH o6paTHOH CB5I3H, 

rrporropu;HOHaJibHbIM BXO,ll;HOMY Hanp5IJKeHIHO llin[n]. Ilo3TOMY ,ll;JUI u;enH o6paTHOH 

CB5I3H MOJKHO 3aIIHCaTb [5, 27]: 

Vin[n] = (x[n] + OXp) SinKinu[n], 

Nr Nr 

Vfltr[n] = L b[m] Vin[n - m] u[n - m] + L c[m] Vmr[n - m] u[n - m], 
m=O m=l 

Ll.x~[n] = xSout Vout[n] = XSoutKout Vi1tr[n -q] u[n - q], (2) 

r,n;e x = ± 1 - K03<lJci>MU:HeHT, yqHTbIBaIOrrt;HH IIOJrnpHOCTb no,n;aBaeMoro Ha ,n;eqmeK

TOp DK ynpaBJnrro:rn;ero Hanp5IJKeHH5I, Sin - qyBcTBHTeJihHOCTh H3MepHTeJII>Horo ,n;aT-

1IHKa BPM, Kin - Ko3cl>qmu;HeHT ycHJieHHH no Hanp5IJKemno BXO,ll;HhIX ycHJIHTerreii:, 

oxp - rrorpeIIIHOCTh H3MepeHIDI 6eTarpoHHbIX cMe:rn;eHHii Korre6Jiro:rn;eii:c5I 11acTHU:hI B 

Mecre pacnoJioJKeHH5I BPM, Sout - nepe,n;aroqHa5I xapaKrepHCTHKa .n;ecl>rreKropa, Kout 

- K03cl>qmu;HeHT ycHJieHHH ITO Hanp5IJKeHHIO BbIXO,ll;HbIX ycHJIHTeJieii, u [n] - <PYHK

U:IDI XeBHcaii:,n;a, Nr - nop5I,ll;OK <PHrrbTpa c KOHeqHoii HMnyrr1>cHoii xapaKrepHCTHKoii 

(KHX-<PHrrbTp ), b [ m] - K03cpcpHU:HeHTbI KHX-cl>HJibTpa B yrrpaBJI5IIOrrt;eM rrpou;eccope 

DSP, Nr - nopH,n;OK cl>Hrr1rpa c 6ecKoHeqHoii HMnyrrocHoii xapaKrepHCTHKoii (EHX

cl>HJibTp ), c [ m] - Ko3<P<PHu;HeHTbI EHX-cpHJibTpa [14], Vfltr - BbIXO,n;Hoe Hanp5DKeHHe 

nocrre cl>HJibTpa, Vout - Harrp5I)l(eHHe Ha BhIXo,n;e u:enH o6paTHoii: CB5I3H. B (2) y11TeHo, 

l:JTO CHHXpOHH3aUH5I OTC"lJeTOB Vin [ n] FI Vout [ n] MO)l(eT ocyru;eCTBJ15ITbC5I c 3a,n;ep)l(K0H 

Ha q o6opoTOB. HHal:Je roBOp5I, eCJIH t (0, Sp) eCTb MOMeHT rrpoJieTa qacTHD;bl CKB03b 

BPM rrocJie HHJKeKUHH, r = rpd - BpeMH npoJieTa qacTHI(bI OT BPM ,n;o DK, TO Kop

peKTHpyroru;Hii cHrHan ,n;oJIJKeH B03HHKHYTb B DK B MoMeHT BpeMeHH t (q, sd) TaKoii, 

qTo (5] 
r + q To= t(q, Sct)- t(O, Sp). (3) 

BeJIH1IHHa q ,n;anee Ha31rnaeTc5I KpaTHOCTbIO 3a,n;epJKKH. 06blqHo q - 0 Ha ycKo

pHTeAAx c 6oJibIIIOH ,ll;JIHHOH ,n;opO)l(KH, O,n;HaKo B 3JieKTpOHHbIX CHHXpOTpOHax ,ll;J15I 

BbIIlOJIHeHH5I ycJIOBHH CHHXpOHll3au;HH c yqeTOM pearrbHOH 3a,n;epJKKH B uenH o6paT

HOH CBH3H npHxo,n;HTC5I BbI6HpaTb OTJIHqHbie OT HYJIH 3Ha11eHIDI q. 
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,[(m1 perueHfUI rronyqeHHOH eHeTeMbl JIHHeHHbIX pa3HOeTHblX ypaBHeHHH (1) H 

(2) MO)KHO HeIIOJib30BaTb npeo6pa30BaHHe JiopaHa (Z-npeo6pa3oBaHHe) [L4]: 
00 

y(z,s) =Z{y[n,s]} = Ly[n,s]z-n, y[n,s] = 0 Vn < 0, s E [O,C0], (4) 
n=O 

y[n, s] =Z-1{ y(z, s)} = - 1-. ly(z, s) z 11 - 1dz = L Res[ y(zr, s) z~-1 ; Zr], 
2nJ r ,. 

r 

r.n;e r - 3aMKHYTbIH KOHryp, OKpy)KaIOmHH Bee OC06bie TOqKH z,. cpyHKIJ;HH y(z, s) Ha 

KOMmieKcHoii z-rrnocKOCTH, npMqeM lzr I < 1. IIoene BblITOJIHeHIDI Z-npeo6pa3oBa

HH5I B ypaBHeHH5IX (1) H (2) norryqaIOTe5I erre.n;y10mHe Bbipa)KeHH51 [5, 27]: 
,,.... ,,.... 1 ,,.... 

,,.... zl - M- detM( ,,.... g(z) 8xp ,,.... ,,.... 
X(z, s) = ( ) zX[O, s] + " " MdE 

det zf - M (1- z-1)(f3d{Jp) 112 

+ Z{ ~x~[n]} M.E). (5) 

3.n;eeb f - e.n;HHHqHaH MaTpHI.I;a, X[O, s] - HaqarrhHoe coeTO.HHHe eryeTKa, a MaTpHu;a 
,,.... 
M HMeeT BH.IJ: 

(6) 

r.n:e fii - cpyHKIJ;HH TBHeca [L5] B ToqKax paerrorro)KeHH.H BPM H DK, f' - KBa.n;paTHa.H 

2 x 2 MaTpHu;a, B KOTopoii T21 = 1, a Bee oeTarrhHbie :meMeHTbI paBHbI Hymo. Cne

.n;yeT no.n;qepKHYTb, qTo OilTHqecKHe cpyHKIJ;HH TBHeca H Ha6erH 6eTaTpOHHbIX cpa3 B 

MarpHu;ax M(s), Md(s + Colsd) H M(spls) 3a.n;aHbI Ha op6Jue, r.n;e qHerro 6eTaTpOH

HbIX Korre6aHHii 3a o6opoT paBHO Qo. 3To oTpa)KeHo B onpe.n;erreHHH MaTpHIJ;bI MB 
A. 

(6), r.n:e 3aBHCHMOCTb OT Qo yKa3aHa B 5.IBHOM BHJJ;e KaK M(Qo, z' s). <l>yHKI.J;H.H g(z), 

BXO.D:HmaH B ( 5) H ( 6), onpe.n;erreHa erre.n;y10mHM o6pa3oM [ 5]: 

g(z) = z-q uK(z) Sin Sout ~. (7) 

B (7) BBe.n;eHo o6o3HaqeHHe K(z) = Kin Kout H(z) .n;rr5I nepe,n:aToqHoii cpyHKIJ;HH pa

.IJ:HOTeXHHqeeKoii qaeTH u;enH o6paTHOH eB5I3H, 3aBHC.Hmeii OT nepe,n:aToqHOH cpyHK

IJ;HH [L4] u;HcppoBoro cpHm>Tpa H(z) = Z{Viltr[n]}: 

( 
Nr ) ( Nr )-1 

H(z) = Z{Vi1tr[n]} = b[O] + ~ b[m] z-m 1 - E c[m] z-m (8) 
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Co6cTBeHHbie 3Haqemur z r ecTb peIIIeHI:UI xapaKTepHCTHqecKoro ypaBHeHHH [ 5, 2 7]: 

det(zrl-M(Qo,Zr,s)) = z;-zrtrM(Qo,Zr,s) +detM(Qo,Zr,s) 

= z;- (2cos µ + g(zr) sin(µ - ry))zr + 1 - g(zr) sin rJ = 0, (9) 

r,n;e µ = 2n Q 0 eCTb Ha6er cpa3bl 6eTaTpOHHbIX KOJie6aHHH 3a o6opoT, a rJ - OT 

BPM )J;O DK. YpaBHeHHe (9) rrpH g = 0 ecTb KBa,L1;paTHOe ypaBHeHHe, HMeiom:ee 

));Ba KOMIIJieKCHO-COIIpH)KeHHbIX KOpHH Z1,2 = exp(±j 2nQo), T.e. xopoIIIO H3BeCTHOe 

peIIIeHHe ,IJ;JIH 6eTaTpOHHbIX KOJie6aHHH [L5]. B 3TOM cJiyqae BeJIHqHHa arg z 1,2 = 

2n { Q o} ecTb npttpam:emfe cpa3bI 6eTaTpOHHbIX KOJie6aHHH 3a o6opoT ( { Q 0} - ,n;po6HaH 

qacTb Qo: -0.5 < {Qo} ~ 0.5), KOTOpoe cpHKCHpyeTCH KaK Ha6mo,n;aeMaH BeJIHqHHa 

B CHrHaJie c ,n;aTqHKa IIOJIO)KeHHH [L2]. 3TOMY rrpttpam:eHHIO MO)KHO COIIOCTaBIITb 

ll;HKJIHqecKyIO qacTory Q f3 H a6COJIIOTHYIO BeJIHqHey Q f3 )J;JIH { Q 0}: 

Qf3 = l{Qo}I, wo = 2n/To, 

BeJIHqHHbl Q/3 H Q fJ ,IJ;aJiee 6y)J;yT HCIIOJib30BaTbC.H B KaqeCTBe xapaKTepHCTHKH MH

HHMaJibHOH MO)J;bl 6eTaTpOHHbIX KOJie6aHHH. c yqeTOM rrpHHHTOro B pa,Ll;HOTeXHHKe 

rrpaBHJia cooTBeTCTBHH K(w) = K(z = exp(j wT0)) ,n;JI.H g(z) MO)KHO 3arrttcaTb [5]: 
A xK(z) /nT 

g(z) = g z-q Ko , g = Sin SoutKo V fJ<lfJp, Ko = IK(Q,e)I, 

r,n;e g = lg(Q f3) I - K03cpcpttu;HeHT o6paTHOH CB513H, rrpHqeM I ~x~ (Q ,8) I cfidfip) 112 = 
g I Xd ( Q f3) I. II pH g =/:- 0 cpH3HqecKHH CMbICJI HMeroT peIIIeHHH, ,n;JIH KOTOpbIX see MO)J;bI 

KOJie6aHHH HBJIHJOTCH 3aryxarom:HMH (lzr I < 1). CJie)J;oBaTeJibHO, ,n;JIH acHMIITOTHqe

CKHX peIIIeHHH [L4] MO)KHO 3arrHcaTb ,n;JIH X(z, s) H3 (5): 

lim X[n,s] = lim(z - l)X(z,s) = 0. 
11--*00 Z-* 1 

(10) 

TaKHM o6pa30M, Bee IIOJIJOCbI Zr cpyHKD;HH (z - l)X(z, s) .n;omKHbI Jie)KaTb BHYTPH 

Kpyra e)J;HHHqHoro pa.n;ttyca, TO ecTb BJIHHHHe rrorpeIIIHOCTeif oxp B X(z, s) ,n;OJI)KHO 

6nITb HCKJIJOqeHO. 3To B03MO)KHO, eCJIH [5, 24, 27] 
Nr 

g(z = 1) = 0 => b[O] + L b[m] = 0. 
m=1 

IIocJie,n;Hee .n;ocTHraeTCH 6Jiaro.n;apH rrpHMeHeHHIO B u;errn o6paTHOH CBH3H Y3Korro-

JIOCHoro 3arpa)K,n;aiom:ero cpHJibTpa (notch filter, Hn(z) = (1 - z-1)) [24, 27]. 
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IlpH6JimKeHHbie peIUeHH5I xapaKTepHCTHqecKoro ypaBHeHH5I npH g << 1 eCTb 

z1.2 =exp ( ±j 2x ( Qo - gx4~i:')I e'Fi'I')) = e-•±i2n{Q}, (11) 

r,D;e BBe)J;eHbI cne)J;yIOII.l;He o6o3HatieHHH [ 5, 15]: 

(J) = (±Qf:J + k) Wo, 

a= g IK(w)I x sin W, 
2Ko 

K(w) =Kin Kaut H (z = ejwTo), 

W = 1J + 2nq Qo - argK(w), 

{Q} = {Qo}- g IK(w)I x cos W' 
4nKo 

Ko= IK(Qf:J)I, x sin W(Qf:J) > 0. 

(12) 

Onpe)J;eJIHIOII.l;HM napaMeTpOM B (11) HBMeTCH 6anaHc cpa3 W, Ben11:q11:Ha KOToporo 

paBHa pa3HOCTH Ha6era <Pa3bl 6eTaTpOHHbIX KOJie6aHHM (17 + 2nq Qo) )J;JIH tiaCTHD;bl 

npH nponeTe OT ,D;aTqHKa IIOJIO)KeHH5! )J;O ,D;e<PneKTopa ( c yqeTOM KpaTHOCTH 3a,D;ep)KKH 

q) H H3MeHeHHH <Pa3bI )J;eTeKTHpyeMoro cHrHana arg K( w) B :u;enH o6paTHOH CBH3H. 

,[(eKpeMeHT 3aTyxaHHH MaKCHMaJieH B pe30HaHCHOM cny11ae, KOr,D;a [ 5' 15] 

I sin WI= 1 {Q} = {Qo}. (13) 

TaKHM o6pa30M, OIITHMaJibHbie ycJIOBH5! ,!l;JIH 3aryxaHH5I KOJie6aHHH Moryr 6bITb no

JiytieHbl npH q = 0 He TOJihKO B cny11ae I sin 17 I = 1, tITO HBJrneTcH 06b1qHbIM Tpe6osa

HHeM IIpH npoeKTHpOBaHHH CIJ, HO H IIpH OTKJIOHeHHH OT 3TOfO ycJIOBHH ,!l;JIH Ha6era 

cpa3bl 6eTaTpOHHblX KOJie6aHHH OT ,D;aTqHKa IIOJIO)KeHH5! )J;O )J;e<PneKTOpa, eCJIH TaKoe 

OTKJIOHeHHe MO)KeT 6bITh CKOMIIeHCHpoBaHO U:H<i>poBbIM cpHJibTPOM. 

IIocKOJihKY g(z) ex: z-q-Nr npH Nr < Nf, TO xapaKTepHCTHqecKoe ypaBHeHHe 

(9) HBMeTcH anre6pa11:qecKHM ypaBHeHHeM cTeneHH (2 + q + Nf) OTHOCHTeJibHO 

z. Ko3<P<PH:u;HeHTbI ypaBHeHHH (9) - ,D;eiicTBHTeJibHbie qHcna. Cne,D;oBaTeJibHO, TaKoe 

anre6paH1IeCKOe ypaBHeHHe HMeeT napHbie KOMIIJieKCHO-COIIpH)KeHHbie KOpHH H/HJIH 

pa3JIHqHbie Bell.l;eCTBeHHbie KOpHH (B tiaCTHbIX cnyqaHX HeKOTOpbie H3 sem;ecTBeHHbIX 

KOpHeii MOfYT COBila,D;aTb ). PemaH anre6pa11:qecKoe ypaBHeHHe (9), MO)KHO rronyqHTb 

yToqHeHHbie 3aBHCHMOCTH ,!l;J15I ,D;eKpeMeHTOB 3aryxaHH5! npH pocTe BeJIRqHH K03cp

<]?H:u;HeHTa o6paTHOH CBH3H g c yqeToM rrepe)J;aToqHoH cpyHKD;HH H(z), 3aBRCHm;eH: 

OT cTpyKTypHon cxeMI.>I umppoBoro cpHJibTpa cornacHo (8). TaKHM o6pa3oM, npH HC

IIOJib30BaHHH u;mppOBblX cpHJibTpOB B uenH o6paTHOH CB5I3H CHCTeM IIO)J;aBJieHH5! c 
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3a,n;ep)l(KOH ClffHana 6onee qeM Ha O,ll;HH o6opoT B03HHKaIOT ,n;orronHHTenbHbie MO

,ll;bl Kone6aHHH crycTKOB, KOTOpbie orpaHJiq1rnaIOT o6naCTb ycToliqHBOCTH ,ll;BH)l(eHIDI 

qacTHD; IIpH BbICOKOM TeMrre rro,n;asneHHH Kone6aHHH [3, 5, 27]. 

0.030 0.06 

0.025 0.05 

0.020 0.04 

O.Q15 0.03 

0.010 0.02 

0.005 O.Ql 
g 

O.Q3 0.04 0.05 0.02 0.04 0.06 0.08 
6 a 

PHc. 2. PacqeTHbie .n;eKpeMeHTbI 3aryxaHHH H pe3yrrI>TaTbI H3MepeHHH ropH30HTaJibHbIX (a) H Bepn1-

KaJibHI:.IX (6) KorepeHTHbIX rrorrepeqHJ:.IX Korre6aHHH rryqKa rrpoTOHOB c 3Heprneli 3.5 T3B B LHC [5, 15] 

TaK, B cHcTeMe rro,n;aBneHHH KorepeHTHbIX rrorrepeqHbIX Kone6aHHH rryqKa B LHC 

HCIIOJib3YIOTC5I rrocne,n;oBaTeJibHO coe,n;HHeHHbie notch-cpHJibTP H cpHnbTp r1rnb6ep

Ta [5]. Ha pHc. 2 rrpo,n;eMoHcTpHpoBaHo coBrra,n;eHHe 3KcrrepHMeHTanhHbIX ,n;aHHbIX c 

pacqeTHblMH 3aBHCHMOCT.SIMH a (g) ,n;nH ,n;eKpeMeHTOB 3aryxaHIDI Kone6aHHH rrp11 pe

Kop,n;HOH 3HeprHH 3.5 T3B rrpoTOHHoro rryqKa B LHC B 11mpoKoM ,n;11arra30He Ben11q11H 

K03cpcpHu;HeHTa o6paTHOH CBH3H (g ~ 0.08) BIInOTb ,n;o 3HaqeHHH, ,n;n5l KOTOpbIX ,n;eKpe

MeHT 3aTyxaHH5I Kone6aHHH (a ~ 0.05) no Kpai1HeH Mepe B qeTbipe pa3a rrpeBOCXO,ll;HT 

,ll;OCTHfHYTbIH Ha ,n;pyrHx rrpoTOHHbIX CHHxpoTpoHax ypoBeHb (a '.::::'. 0.012) [5, 15]. 

Pe3ynhTaTbI rrepBOH rrraBbI orry6nHKOBaHbI B pa6oTax [3, 5, 8, 10, 15, 20, 24, 27]. 

B DiaBe 2 rrp11Be,n;eHbI pe3ynoTaTbI Hccne,n;oBaHIDI rrpo6neMbI o KoHqmrypau;RH 

o6nacTH ycToliqHBoro 3aryxaHIDI KorepeHTHbIX rrorrepeqHbIX Kone6aHHH crycTKOB rrpH 

BapHaD;HH OCHOBHbIX rrapaMeTpOB CHHXpoTpoHa, BJIH5IIOID;H:X Ha 6eTaTpOHHOe ,ll;BH)l(e

HHe qacTHD;bI [ 4, 8, 19]. ,ll;HHaMHKa B3aHMO,ll;eHCTBYIOID;HX crycTKOB B CHHXpoTpoHe 

,n;nH OTKnOHeHHH Xm[n] Ha Ka)l(,ll;OM n-M o6opoTe (m E [1, Kb], Kb - qHcno crycTKOB) 

OIIHCbIBaeTCH c IIOMOID;bIO nHHeHHbIX ,ll;HcpcpepeHu;HanhHblX ypaBHeHHH, B KOTOpbIX 

3neKTpOMarHHTHOe B3aHMO,n;ei1CTBHe crycTKOB 3a,n;aHo c IIOMOID;bIO XBOCTOBbIX rro

neH:, H nHHeHHbIX pa3HOCTHbIX ypaBHeHHH ,n;n.H HarrpH)l(eHHH Vm[n], B03HHKaIOID;HX 
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B IIJicPPOBblX cpHJibTpax. ,[(m1 pernemrn: rronyqeHHOH CHCTeMbl JIHHeHHblX ypaBHeHHH 

HCIIOJib30BaH MeTo,n; Z-rrpeo6pa:30saHH5I. Bo3HHKaIOru;asi rrocne Z-rrpeo6pa3oBaHHH 

CHCTeMa JIHHeHHbIX ypaBHeHHH ,!J;JIH Xm (z) = z { Xm [n]} c IIOCT05IHHbIMH K03cPcpHQH

eHTaMH c IIOMOIIl;bIO o6ru;eH3BeCTHOH rrpou;e,n;ypol [L6] rrpHBO,r:t;HTC.SI K HOpMaJibHbIM 

Koop,r:t;HHaTaM vm(z). B HTore rronyqaeTc.SI xapaKTepHCTH11ecKoe ypaBHeHHe ,n;rrsi co6-

CTBeHHI>IX 3HaqeHHH Zr, ITO cpopMe COBIIa,r:t;aIOl.I(ee C xapaKTepHCTHqecKHM ypaBHeHHeM 

,r:t;JI.SI ({)KeCTKoro» crycTKa (9), B KOTOpOM, O,r:t;HaKO, <Pa30Bbie Ha6erH ,r:t;JI.H rrorrepeqHbIX 

KOJie6aHHH ,r:t;OJI)KH:bl 6hITb BbJqHCJieHhl c yqeTOM 3cP<l>eKTHBHOro qficJia 6eTaTpOHHbIX 

KOJie6aHHH 3a o6opoT Qm(Zr) = Qc + .6.Qm(Zr) ,r:t;JI.SI KOHKpeTHOH MO,!J;bl KOJie6aTeJib

HOro rrpou;ecca, OIIHCbIBaeMoro c IIOMOIIl;bIO HOpMaJibHbIX KOOp,r:t;HHaT Vm(Zr) (3,r:t;eCb 

Qc = Q0 + .6.Q0, r,n;e .6.Qo - KBa3HCTaTHqecKa5I nonpasKa K Qo). Ka)K,r:t;OMY co6-

CTBeHHOMY 3HaqeHHIO Zr MO)l(HO COIIOCTaBHTb QHKJIH11eCKYIO qacTOTY W(k), TaK qTo 

j W(k)To = j 2nk + lnzr(Qm), r,n;e k - u;enoe qHcno. IlocKOJII>KY B nepBOM npH6JIH

)KeHHH no CHJie B3aHMO,r:t;eHCTBHH crycTKOB rrpH BbIKJII011eHHOH CHCTeMe no,n;asrreHH5I 

HMeeM Zr = exp(±j 2nQc), TO ,IJ;JI5I KOMnJieKCHbIX nonpaBOK .6.Qm(W(k)) B 3TOM )Ke 

npH6JIH)KeHHH nOJ1yqaIQTC5I Bbipa)KeHH5I, COBna,n;aIOl.I(He c H3BeCTHblM pe3yJII>TaTOM 

,r:t;JI.SI HeycTofiqHBOCTe:ii crycTKOB [32] H CIIJIOIIIHOro ny11Ka [35] B 3aBHCHMOCTH OT qa

CTOTbl W(k) = ( ± { Q c} + k) w0 . Hap5I,r:t;y c nepHo,n;HqHoCTbIO qacTOT co6cTBeHHbIX BOJIH, 

paBHo:H: kwo, ,r:t;JI5I Ka)K,n;oro k npoHcxo,r:t;HT pacl.I(enneHHe W(k) Ha Kb caTeJIJIHTOB scne,n;

CTBHe Toro, qTo ~Qm eCTb cPYHKQH5I OT Kb1 Inzr. ,[(n5I 6orroruoro 11Hcna crycTKOB Kb 

MaKCHMaJibHblH pa36poc .6. Q(max) ,IJ;JI5I caTeJIJIHTHbIX MO,r:t; B03HHKaeT B CHHXpOTpOHax 

c 60JiblIIOH npoT.SI)KeHHOCTbIO op6HTbl B crryqae npOHHKHOBeHH5I 3JieKTpOMarHHTHOfO 

nOJI5I crycTKOB CKB03b CTeHKH BaKyyMHOH KaMepbl c anepTypoH: 2b [32]: 

AQ(max) ( ) - 2vbKb - roNb fiav 
u W(k) - - . , Vb - ----, 

1 + J W(k) T1 2nyo b2 

r,n;e Ti - BpeM5I ,n;Hcpcpy3HH non.SI B npOBO,I1;5Il.I(He CTeHKH KaMepoI; Vb - rrapaMeTp, 

xapaKTepH3YIOl.I(HH B3aHMo,n;e:iicTBHe crycTKoB; Nb - 11Hcrro 11acTHQ B crycTKe; r0 -

KJiaCCH11eCKHH pa,n;Hyc qacTHD;bl [L5]; fiav - cpe,n;Hee 3HaqeHHe fi-<PYHKQHH no ,r:t;JIHHe 

op6HThI. Pa36poc qacTOT caTeJIJIHTHbIX MO,r:t; nponopu;HoHarreH HHKpeMeHTY HeycToii

qHBOCTH vbKb. Ha6er cpa3bI 6eTaTpOHHbIX Kone6aHHH TJ OT ,n;aT11HKa ,n;o ,n;ecpneKTopa 

17 



3aBHCHT OT (Qc + Re f'j_Q(max)(W(k))). Ilo3TOMY o6ecrreqHTb c111oroe BbIIIOJIHeHHe 

OIITHMaJibHbIX ycJIOBHH ( 13) ,n;m1 rro,n;aBJieHIDI Bcex MO)]; KorepeHTHbIX rrorrepeqHbIX 

Korre6aHHH B3aHMO,IJ;eHCTByIO:ru;Hx crycTKOB O,r:t;HOBpeMeHHO HeB03MO)KH0 [32]. 

TaKHM o6pa3oM, HapH,n;y c 3aBHCHMOCTbIO .n;eKpeMeHTa 3aTyxaHHH a OT K03cp

cpHn;HeHTa o6paTHOH CBH3H g B03HHKaeT 3aBHCHMOCTb .n;eKpeMeHTa OT 3cpcpeKTHBHOH 

BeJIHqHHbl Q HJIH OT MfHOBeHHOH BeJIHqHHbl Q rrpH crryqaliHOM CMe:ru;eHHH 0 Q 0 

IIOJIO)KeHIDI pa6oqeli ToqKH OTHOCHTeJibHO pacqeTHOH BeJIHqHHbl Qo. TpexMepHyIO 

0.08~----------~ 

0.06 oQ. 
0.04 
0.02 

0 

g 

10"' 10·• 200 300 400 500 n = t IT0 

6 a 

PHc. 3. Kapn,1: (a) H30JIHHHii a(g, 8Q0 ) = az [4] H (6) li30aMIIJIHTy,r:i: ae(n, Qe - Q13) = az [5] 

3aBHCHMOCTb a (g' 0 Q o) KaK <i>YHKUHH .n;syx rrepeMeHHbIX MO)KHO rrpe.n;cTaBHTb Ha 

IIJIOCKOCTH (g, oQo) B BH,IJ;e KapTbl H30JIHHHH (4) - ceMeHCTBa JIHHHH, ,IJ;JIH Ka:>K,IJ;OH H3 

KOTOpbIX BeJIHqHHa .n;eKpeMeHTa HMeeT IIOCTOHHHOe 3HaqeHHe az' HarrpHMep: 

a(g, oQo) = az' ao = To/rdec, az = l /80 V l E [1, 8], 

r.n;e idec - IIOCTOHHHaH BpeMeHH cpa30B0f0 rrepeMeI.IIHBaHHH qacTHIJ;. Ha pHC. 3a rrpHBe

.n;eH IIpHMep TaKOH KapTbI H30JIHHHH ,IJ;JIH CIT C cpHJibTpOM fHJib6epTa ( 4]. IlOCKOilbKJ 

.n;eKpeMeHT rro,n;asrreHHH KorepeHTHbIX Kone6aHHH To/ rd ,r:t;OJI)KeH rrpesocxo,n;HTb BeJIH

quHy ao = To/Tdec, TO 3aMKHYTJIO KpHBYIO a(g, oQo) = ao MO)KHO OTO)K,IJ;eCTBJIHTb 

c cerrapaTpHCOH ,IJ;JIH ,n;eKpeMeHTOB 3aTyxaHIDI KOrepeHTHbIX rronepeqHbIX KOJie6aHHH. 

BbICOTa cenapaTpHCbI 3aBHCHT OT rrapaMeTpos n;HcppoBoro c)?HJII>Tpa H 6anaHca cpa3 [ 4]. 

3To 03HaqaeT, qTo Tpe6oBaHIDI K CTa6HJibHOCTH IIOJIO)KeHIDI pa6oqe:H: TOqKH B CHH

xpoTpOHe .n;omKHbl c)?opMynupoBaTbCH c yqeTOM BbICOTbl cerrapaTpHCbI. 
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B [ 5] BhUIBJieHhI 3aKOHOMepHOCTH ,n;mI pe30HaHCHOH 3aBMCMMOCTM aMIIJIMTY,IJ; ae 

BhIHy)I()l;eHHhIX KOJie6aHMH crycTKOB B OTBeT Ha orpaHM1IeHHOe BO BpeMeHH rapMO

HM1IeCKOe B03,IJ;eHCTBHe c IJ;MKJIM1IeCKOH IJaCTOTOH We = (Qe - Q13)cvo OT napaMeTpOB 

u;enM o6paTHOH CB5.13M c u;mppoBhIM <l:>MJihTpOM. AMnn11zy,z:i;a BhIHJ')K,D;eHHoro Kone6a

HM5.I B03pacTaeT npH rrpH6JIM)KeHMH Q e K Q /3' HO He o6pamaeTC5.I B 6ecKOHe1IHOCTh, KaK 

3TO rrpOHCXO,IJ;MT rrpH pe30HaHce B OTCYTCTBHe err. YcTaHOBJieHO, 1ITO K03<l:><l:>Mu;MeHT 

pe3oHaHcHoro ycttJieHM5.I aMIIJIMTY,IJ;hI BhIHY)K,IJ;eHHhIX KOJie6aHMH eCTh R~max) = 1/2a. 

TpexMepHyID 3aBHCHMOCTh ae ( n = t / To, Q e - Q f3) KaK cpyHKU:MIO ,n;Byx rrepeMeH

HhIX MO)KHO npe,n;cTaBMTh Ha IIJIOCKOCTH (n, Qe - Q13) B BM,IJ;e KapThI M30aMIIJIMTY,IJ; 

ae(n, Qe - Q13) = a1 (cM. pHc. 36). Bu,n;eH 3cp<l:>eKT cMeII.(eHM5.I MaKCMMyMa pe3oHaHc

HOH KpHBOH OTHOCMTeJihHO Q /3. YcTaHOBJieHo, 1ITO 3TOT 3cpcpeKT 3aBMCHT OT 6anaHca 

-160 -140 -120 -100 -80 -60 -40 <p 

6 a 

Pnc. 4. PacqeTHbie 3aBHCHMOCTH BeJrnqnHbI { Q} (a) H K03cPcPHI.~HeHTa pe3oHaHcHoro ycHJieHHj{ (6) 

OT cPa30BOro rrapaMeTpa <p q:mJibTpa rl:IJib6epTa (CTIJIOlliHbie JIHHHH) B COIIOCTaBJieHHH C pe3yJibTaTaMH 

3KCnepHMeHTaJibHbIX H3MepeHHM [7] 

<Pa3 [ 5]. ,[(aHHhIH 3<l:>cpeKT 6hIJI rrpHMeHeH ,IJ;JI5.1 TOHKOM HaCTpOHKM 6anaHca <Pa3 CMCTe

MhI no,n;aBJieHM5.I KorepeHTHhIX norrepe1IHhIX KOJie6aHMH rrpOTOHHOrO rry11Ka c 3HeprHeH 

450 f3B B LHC. Ha p11c. 4 npHBe,n;eHhI 3KcrrepttMeHTaJihHhie ,n;aHHhie, rro,n;TBep)K,n;aIO

Il.(Me HaJIM1IMe JIMHeHHOH nonpaBKM K KOrepeHTHOH qacTOTe 6eTaTpOHHhIX KOJie6aHMH 

npH MaJIOM OTKJIOHeHMM 6aJiaHca <}la3 OT OIITHMaJihHOro 3Ha1IeHM5.I [7]. 

Pe3yJihTaThI BTopo.H: rnaBhI ony6JIMKOBaHhI B pa6oTax [3-5, 7, 8, 16, 19, 28, 29, 

31, 32, 34, 35]. 

B rJiaBe 3 IIpHBe,IJ;eHhI pe3yJihTaThI HCCJie,IJ;OBaHM5.I MHOrOKaHaJihHhIX CMCTeM IIO

,n;aBJieHM5.I KorepeHTHhIX nonepe1IHhIX KOJie6aHHM (()KeCTKOrO» cryCTKa. 
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OcHoBamrnM .n;m1 n3yqeH1u1 MHoroKaHanoHbIX cncTeM rro.n;aBJieHIDI cTarrn 3KC

rrepnMeHTaJioHDie .n;aHHoie, rrorryqeHHoie Ha cnHxpoTpoHe SPS CnEPH) rrpn nccrre

.n;oBaHHH ycToliqHBOCTH BbICOKOHHTeHCHBHOfO rryqKa 3ap5.DKeHHbIX qacTH:c.:t; rrpH rrpH-

6JIH)l(eHHH qncrra 6eTaTpOHHbIX Korre6aHHH K rrorryu;erroMy qHcrry. Eorno o6Hapy)l(e-

a tune=0.582 
• tune=0.536 
" tune=0.522 

a 

x a 
A 

too low gain • 

10·2 10-1 

feedback gain (a.u.) 
1 

a 

0.30-----------~ 
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PHc. 5. (a) Pe3yJII>TaTbI H3MepeHHH rrocTOHHHOH 3aryxaHHH rd H (6) pac"tJeTHI>Ie BeJIHqHHbI .n;eKpeMeHTOB 

3aryxaHHH a = T0/rd B 3aBHCHMOCTH OT g ,D;JIH 3HaqeHHH Q0 : 26.582 (crrnonrna.sI JIHHH.sI), 26.536 

(rryHKTHpHa.sI), 26.522 (ToqeqHaJI), 26.500 (nITpFIX-IIYHKTHpHa.sI) [36] 

HO, qTo .n;m1 BeJIHqHH K03<l><PHu;HeHTa o6paTHOH CBH3H, rrpeBbIIIIaIO:rn;HX HHKpeMeHT 

HeycToliqHBOCTH, rryqoK ycToliqHB rrpH Qo = 26.582, rrpHqeM IIOCTOHHHaH BpeMeHH 

3aryxaHIDI YMeHoIIIaeTcH c pocTOM g H cTa6nrroHOCTb rryqKa B u;erroM yrryqIIIaeTCH 

(cM. pnc. Sa) [36]. 0.n;HaKo rrpH Qo = 26.536 .n;HaIIa30H BeJIHqHH g, rrpH KOTOpbIX 

3axBaqeHH01H: rryqoK 6om ycToliqnB, pe3KO coKpa:w;ancH. E:w;e y)l(e .n;aHHoIH .n;narra3oH 

6oIJI rrpH Qo = 26.522, rrpnqeM, HaqHHaH c HeKOTOpbIX 3HaqeHHH g, He y.n;aBaJIOCb 

coxpaHHTb rryqoK .n;a)l(e rrocne HH)l(eK:c.:t;HH. Ha pnc. 56 rrpe.n;cTaBneHoI pacqeTHDie 3a

BHCHMOCTH [36], rrorryqeHHbJe c yqeTOM pe3yJioTaTOB rrpe.n;o1.n;y:w;nx rrraB .n;nccepTa:c.:t;HH 

.IJ:JIH o6naCTH ycTofiqHBOCTH rryqKa ITO .n:narra30HY .n:orrycTHMbIX BennqnH K03'1lqmu;neH

Ta o6paTHOH CBH3H rrpH rrpH6IlH)l(eHHH qlfcJia 6eTaTpOHHbIX KOJie6aHHH K rrorryu;enoMy 

qncny B CHHXpOTpOHax c O.IJ:HOKaHailbHOH CHCTeMOH rro.n;aBJieHIDI. BH.IJ:HO cy:rn;eCTBeH

HOe ee COKpa:rn;eHHe, qTo COOTBeTCTByeT 3KCrrepHMeHTaJibHbIM H3MepeHIDIM Ha SPS. 

c yqeTOM 3THX pe3ynoTaTOB .IJ:JIH KJiaccnqecKOH ( O.IJ:HOKaHaJibHOH) CHCTeMbl rro

.n;aBneHIDI rrpHBe.n;eHO <l>H3HKO-MaTeMaTHqecKoe o6ocHOBaHHe MHOfOKaHaJibHOH H 601-
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CTpo:H (.Il:BYXKaHaJibHOH) [9' 18] CHCTeM IIO)];aBJieHHH KOrepeHTHbIX rrorrepe1IHbIX KOJie-

6aHHM rryqKa 3apH)KeHHhIX tJacTHu;. B pe3ynbTaTe BhIIIOJIHeHHoro Hccne,I1;0BaHHH (30, 

31, 33] ,Il;HHaMHKH rryqKa B CHHXpoTpOHe c MHOrOKaHaJibHOM CHCTeMOM IIO,Il;aBne

HHH KorepeHTHbIX rrorrepe1IHbIX KOJie6aHHM, OCHOBaHHoro Ha HCIIOJib30BaHHH MeTO)];a 

,Il;HCKpeTHhIX rrpeo6pa30BaHHM )];JIH pemeHH51 ypaBHeHHM 6eTaTPOHHbIX KOJie6aHHM, 

ycTaHOBJieHO, 1ITO rrpH pa3JIH1IHbIX paccTaHOBKax )];aT1IHKOB H ,Il;ecprreKTOpOB, a TaK)Ke 

CB5I35IX Me)K,Il;y HHMH, BKJII01Ia5I rrepeKpeCTHbie, co6CTBeHHbie 3Ha1IeHH5I xapaKTepH

CTH1IeCKoro ypaBHeHHH 3aBHC5IT OT Ha6eroB <Pa3 6eTaTpOHHhIX KOne6aHHM Me)K,Il;y 

)];aT1IHKaMH H ,Il;ecpJieKTOpaMH, HO He 3aBHC5IT OT rrapaMeTpOB MaTpHD;bl TBHCCa p H a B 

MeCTax HX pacrroJIO)KeHHH. IlonyqeHbl aHaJIHTH1IeCKHe Bbipa)KeHHH ,Il;JIH ,Il;eKpeMeHTOB 

3aryxaHHH KOJie6aHHM ,Il;Jl5I 6bICTpOH CTI IIpl:I OIITHMaJibHOM paCCTaHOBKe )];aT1IHKOB H 

,Il;ecpneKTOpOB. 

Pe3yrrr:,TaTbI TpeTbe:H rnaBbI orry6rrJ:IKOBaHbI B pa6oTax [9, 17, 18, 30, 31, 33, 36]. 

B DrnBe 4 paccMoTpeHbI ocHOBHbie <PM3H1IecKHe rroHHTHH, MaTeMaTH1IeCKHM 

arrrrapaT l:I MeTO,Il;bI pemeHHH CHCTeMhl JIHHeMHblX pa3HOCTHblX ypaBHeHHM [6, 26], 

OIIHChIBaIOJJJ;HX npo,z:i:oJibHYIO ,Il;HHaMHKY 3ap5I)KeHHbIX crycTKOB B CHHXpOTpOHe rrpH 

HaJIH1IHH CHCTeMhI rro,z:i:asneHHH RX KOrepeHTHbIX npO,Il;OJibHbIX ( CHHXpOTpOHHbIX) KO

ne6aHHM. Ilpo,Il;eMOHCTpHpOBaHo, 1ITO Ha IIJiaTO MarHHTHOro IIOJI5I H npH ycKopeHHH 

,Il;eMTicpHpoBaHHe KorepeHTHbIX CHHXpoTpOHHbIX KOJie6aHJ:IM B03M0)KH0 TOJibKO rrpH 

cpa3oso:H MO.Il:YJIHD;Hl:I ycKopHIOn:i;ero Bll-HarrpH)KeHHH. IloKa3aHo cosna,z:i:eHHe 3Kcrre

pHMeHTaJihHhIX ,Il;aHHhIX, nonyqeHHhIX Ha CHHxpoTpoHe PETRA II (6ycTep ,z:i:JIH HERA 

B DESY), H pacqeTHhIX BeJIH1IHH ,Il;JIH ,z:i:eKpeMeHTOB 3aryxaHHH KorepeHTHhIX rrpo,Il;OJih

HhIX KOJie6aHHM B arrepHO,Il;H1IeCKOM pe)KHMe. 

Pe3yJihTaTbI qeTBepTo:H rnaBbI orry6JIHKOBaHhI B pa6oTax [6, 26]. 

B DrnBe 5 noKa3aHo, 1ITO .Il:H<P<PepeHu;HanhHhie ypasHeHHH c OTKJIOHHIOIIJ;HMCH 

apryMeHTOM [L 7] OTIHCbIBaIOT ,Il;HHaMHKY rryqKa B CHHXpoTpOHax c CHCTeMaMH 06-

paTHOM CB5I3H B paMKax crJia)KeHHOrO rrpH6JIJ:I)KeHHH, Tpa,z:i:Hu;HOHHO HCIIOJih3yeMoro 

B TeopeTH1IeCKHX l:ICCJie,[(OBaHHHX [L2] H 3aKJII01IaIOrn:eroc.SI B 3aMeHe JIOKaJibHOro 

,Il;eMIIcpHpyIOrn:ero B03,[(eMCTBHH HenpepbIBHO ,z:i:e:HCTBYIOill;eM KoppeKTl:IpyIOrn:e:H CHJIOM. 
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B [7] rrpo,n;eMoHcTpnpoBaHo, qTo ,n;mr peweHH.H TaKHX ,n;ncpcpepem.i;HaJII>HI>IX ypaBHe

HHH c OTKJIOH.H:EOI.IJ;HMC.H apryMeHTOM, orrHCbIBaIOI.IJ;HX ,n;HHaMHKY rryqKa B crrra)KeHHOM 

rrpH6JIH)KeHHH B CHHXpOTpoHe c CHCTeMOH o6paTHOH CB5!3H, MO:>KHO HCITOJib30BaTb 

MeTo,n; HHTerpaJibHbIX rrpeo6pa30BaHHH ( O,ll;HOCTOpOHHee rrpeo6pa30BaHHe <I>ypI>e) H 

MeTo,n; ycpe,n;HeHH.H KpbIJIOBa-Eororr1060Ba-MHTporrorrI>cKoro (KEM) [L8]. HarrpH

Mep, B CHHxpoTpoHe c cncTeMoll: o6paTHOH CB.H3H c rrpocTeHIIIHM KHX-cpHJII>TpOM 

crna:>KeHHOe ypaBHeHHe rrorrepeqHoH ,ll;HHaMHKH rryqKa HMeeT BH,ll; [7' 27] 

x(t) + Q 2x(t) = 
Q Nr 

~ L b[m](x(t - r - (m + q)To) + ox0) u(t - r - (m + q)T0), (14) 
ToHo m=O 

r,n;e Ho - HOpMnpoBOLJ:Ha.a rrocTO.HHHa.H H Q = Q0 w0 . Ecrrn ncrrorrI>30BaTI> MeTo,n; 

O,ll;HOCTOpOHHero rrpeo6pa30BaHH5I <l>ypbe .n:mr peweHH5I ypaBHeHH5I (14), TO B03HHKaeT 

crre,n;yIOI.IJ;ee xapaKTepncTMqecKoe ypaBHeHHe [7]: 

-w2 + Q2 _ gxQ H(w) e-j(r+c/T0 )w = 0. 
T0Ho 

,Il;aHHOe ypaBHeHHe, 6y,n;yq11 TpaHCI.I;eH,n;eHTHbIM, HMeeT 6eCKOHeqHoe MHO:>KeCTBO pe-

IIIeHMH. 0,n;HaKO rrpM crra6oll: 3aBHCHMOCTH rrepe,n;aToqHoll: xapaKTepMCTMKM cpHJibTpa 

OT qacTOTbI, KOr,n;a 

IH(r2)1 

dH(w) 

dw 
<< 1, 

MO)KHO BOCITOJib30BaTI>C.H MeTO,ll;OM 3iinepa ,ll;JI.H peIIIeHH5I xapaKTepMCTMqecKoro ypa

BHeHH5I, qTo B rrepBOM rrpH6JIM)KeHMM ITO MaJIOMY rrapaMeTpy g ,ll;JI.H co6CTBeHHbIX 

3HaqeHMH Wr = Q + Wo !1 Q + j a/ To rrpMBe,n;eT K cne,n;yroI.IJ;MM BI>Ipa:>KeHH.HM [7]: 
g IH(Q)j . g IH(Q)j 

a = - R x sin W , !1 Q = - - x cos W , (15) 
2 o 4n Ho 

r,n;e Berr11q11Ha 6arraHca cpa3 ecTI> 

W(Q) = 1J + 2nqQo - arg H(Q), 17 =Qr= 2nQor/To. 

3,n;ecb H(Q) - rrepe,n;aTOLJ:HaJI xapaKTepncTMKa cpMJII>Tpa: 
Nr 

H(Q) = L b[m] e-jmQTo, mr2To = 2nmQo. 
m=O 
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B [7] rroKa3aHo, qTo conrncHo MeTO.IJ:Y ycpe,II;HeHIUI KEM ,IJ;JI5l rrpH6mnKeHHbIX ypaB

HeHHH a = -aa If ~ = (Qo + ~Q)a>o, OTHOC5IID;HXC5l K OCHOBHOH rapMOHHKe, ,IJ;JI5l 

a If ~Q rronyqaIOTC5l Bbipa)l(eHIDI, COBIIa,IJ;aIOru;He c (15). 

B CHHxpoTpoHe crJia)l(eHHoe ypaBHeHHe rrpo,II;OJibHOH ,IJ;HHaMHKH rryqKa rrpH Ha

JIHqlflf CHCTeMbl o6paTHOH CB513H c rrpocTeHIIIHM KHX-cpHJibTpOM HMeeT BH,IJ; [7]: 

~(t) + Q2~(t) = 

gx dd [t b[m] (~Ct - r - (m + q)To) + o~o) u(t - r - (m + q)To)] , (16) 
ToHo t m=O 

r,IJ;e g = o<f>s - cpa30BOe OTKJIOHeHHe qacTHIJ;bl OT CHHXpOHHOH tj_Ja3bl, Q = Q8 = VsWO 

- U:HKJI1fqecKa5I qacTOTa CHHXpOTpOHHblX KOJie6aHHH, Vs - qlfCJIO TaKHX KOJie6aHHH 3a 

o6opOT, O~O - CTaTHqecKM IIOrpeIIIHOCTb H3MepeHH51 tj_Ja30BOrO OTKJIOHeHH51 qacTHIJ;bl 

OT CHHxpoHHOH cpa3bI. BbIIIOJIH515l O,IJ;HOCTopoHHee rrpeo6pa30BaH1Ie <l>yphe, rronyqaeM 

cne,IJ;yIOrn;ee xapaKTepHCTHqecKoe ypaBHeHHe [7]: 

-(J)2 + n; + j w fo~o H(w) e-j(r+qTo)w = 0. 

EcnH o6ecrreqeHa cJia6M 3aBHCHMOCTb rrepe,II;aToqHoH: xapaKTepHCTHKH cpHJibTpa OT 

qacTOTbl, TO, BOCIIOJib30BaBIIIHCb MeTO,IJ;OM 3H:Jiepa, rronyqaeM CJie,IJ;yIOru;He Bbipa)l(e

HIDI ,IJ;JI51 co6CTBeHHblX 3HaqeHHH [7]: 

r,n;e 

-W(Qs) = 'f/ + 2rrqvs - arg H(Qs), 

g IH(Qs)I 
as= - R XCOS -W(Qs), 

2 0 

3TH )Ke Bbipa)l(eHH51 ,IJ;JI5! as If ~ V 8 HeTpy,II;HO IIOJiyqlfTb C IIOMOIIJ;bIO YKOpoqeHHblX 

ypaBHeHHH ,n;n5l ocHOBHOH rapMOHHKH rrpH HCIIOJib30BaHHH MeTo,IJ;a ycpe,II;HeHH51 KEM. 

BHOBb cne,n;yeT rro,n;qepKHYTb, qTo orrpe,II;eJIHIOID;HM rrapaMerpoM aCHMIITOTHqecKHX 

CBOHCTB KOrepeHTHbIX CHHXpOTpOHHbIX KOJie6aTeJibHbIX MO,IJ; 5IBJI5IeTC5l BeJIHqHHa 6a

JiaHca cpa3 -W(Qs). Ilo,IJ;6Hpa51 rrapaMeTpbI cpmihTpa b[m], MO)l(HO o6ecrreqHTh orrTH

MaJibHbie ycnOBH51 (sin -W(Qs) = O) ,IJ;JI.s.r rro,IJ;aBJieHH.s.r KorepeHTHhIX CHHxpoTpOHHbIX 
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KOJie6aHHM, Kor,n;a ,n;eKpeMeHT 3aryxaHH.H KOJie6aHHM MaKCHMaJieH H KOJie6aTeJibHbIM 

rrpouecc HMeeT pe3oHaHCHbIM xapaKTep (~Vs= 0). 

TaKHM o6pa30M, B JIHHeMHOM rrpH6JimKemm no BeJIHqHHe Ko3<P<PHI(HeHTa o6paT

Ho:H: CB.H3H ,n;mc C.ll;BHrOB qacTOT H ,n;eKpeMeHTOB 3aryxaHM.H KorepeHTHbIX rrorrepeqHbIX 

H rrpo,n;OJibHbIX KOJie6aHHM IIOJiyqaIOTC.H aHaJIHTHqecKHe Bbipa)l(eHM.H, KOTOpbie COBIIa

,n;aIOT c COOTBeTCTBYIOII(HMH Bbipa)l(eHH.HMH OpHrHHaJibHbIX Mo,n;eJie:H:, r,n;e HCIIOJib30-

BaJIHCb MeTO)J;bI .ll;HCKpeTHOM MaTeMaTHKH .ll;JI.H yqeTa JIOKaJibHOCTH KoppeKTHpYIOII(ero 

B03.IJ;eMCTBH.H, rrporropl(HOHaJibHOro JIOKaJibHOMY KorepeHTHOMY CMell(eHHIO cryCTKa. 

Pe3yJII>TaTbI IIHTOM rJiaBbI orry6JIMKOBaHbI B pa6oTe [7]. 

B rJiaBe 6 IIpHBe,n;eHbI HeKOTOpbie pe3yJibTaTbl HCCJie,n;oBaHM.H .ll;HHaMHKH rryqKa 

B CHHXpOTpOHe c CHCTeMOM rro,n;aBJieHH.H KOrepeHTHbIX rrorrepeqHbIX KOJie6aHHM c 

HeJIHHeMHOM rrepe,n;aToqHo:H: xapaKTepHCTIIKOM uerrH o6paTHOM CB5l3H: 

~ ~x~[n] = E f(x[n]), E = g x, 

r,n;e f (x[n]) eCTb HeJIHHeMHa.H <i>YHKI(M.H OT x[n ]. IIcrroJib3Y.H (1) )J;JI.H CMell(eHHM «)l(eCT

KOro» cryCTKa B ,n;aTqHKe ITOJIO)l(eHIDI Ha Tpex IIOCJie,n;oBaTeJibHhIX o6opoTax rrpH HaJIH

qHlf KoppeKTHPYIOII(ero ,n;eMrr<i>HPYIOII(ero B03.IJ;eMCTBII.H ~x<l[n] B OTCYTCTBHe BHeIII

Hero B03,n;e:H:CTBM.H TOJIKaTeJI.H (~x~[n] = 0), B [12] IIOJiyqeHO CJie,n;yIOII(ee ypaBHeHMe: 

x[n + 2] - 2cos(µ) x[n + 1] + x[n] = 

= /i:"£ (sin(µ - ry) ~x~[n + 1] + sin(17) ~x<l[n]). (17) 

B [13] ,n;JI.H ypaBHeHH.H (17) c MaJibIM rrapaMeTpoM E, no aHaJiorMH c MeTo,n;oM ycpe,n;

HeHH.H KEM ,n;JI.H HeJIHHeMHbIX .n;H<P<PepeHI(HaJibHbIX ypaBHeHHM, rroJiyqeHbI cJie,n;y10-

II(He yKopoqeHHbie ypaBHeHH.H .ll;JI.H aMIIJIHTY.ll;bl an II <fla3bl <Pn OCHOBHOM rapMOHHKH 

x[n] = an sin 1/Jn: 
2rr 

dan gx J . dn = 2rr f (an sm 1/ln) cos(l/ln + 17) dl/Jn; 
0 

2rr 

d</Jn gx J . . -d = - -2 - f (an sm 1/ln) sm(l/Jn + 17) dl/Jn. 
n nan 

0 
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3TH Bbipa)KeHIDI ITO <PopMe COBITa,n;aIOT c yKopotJeHHbIMH ypaBHeHHHMH )];JIH HeJIHHeii

Horo .n;mp<f?epeHI:t;HaJibHOrO ypaBHeHM51, B KOTOpbIX cPa30BbIM C)];BHr TJ = l/lpd, CB513aH

HbIM c 3a,n;ep)KKOM ,n;eMITqrnpy10rn;ero CHrHarra, ITpHCYTCTByeT B HBHOM BH,n;e. Orc.EO,n;a, 

HaITpHMep, ,Z1;JI51 Ky6HtJeCKOM HeJIHHeMHOCTH f(x[n]) = x[n] + (x[n])3g3 HMeeM [12]: 

ao exp(-na) 
an= ' J1 + (3g3a~/4)(1- exp(-2na)) 

gx . 
a= -smry. 

2 

3To Bbipa)KeHHe )];JIH 3aBHCHMOCTH aMITJIHTY.IJ;bI KOJie6aHHM OT BpeMeHH COBITa,n;aeT c 

xoporno H3BeCTHbIM pe3yJibTaTOM )];JIH HeJIHHeiiHoro .n;mp<f?epem:J;HaJibHOro ypaBHeHM51 

)];JIH OCIJ;HJIJIHTOpa co crra6bIM TpeHHeM [LS]. ):(n51 BeJIHlJHHbl OTHOIIIeHM51 aMITJIHTy.n; 

JIHHeMHbIX H HeJIHHeMHbIX KOJie6aHHH ITOJiytJaeM [12, 21]: 

1. an (linear) ) 2/ 
1m = 1+3g3 a 4. 

n~oo an (nonlinear) 0 

TaKHM o6pa3oM, «)KecrKaH» HeJIHHeiiHOCTb (g3 > 0) ITpHBO,n;HT K He6onbIIIOMY yBe

JIHtJeHH.EO CKOpOCTH y6bIBaHM51 aMITJIHTY)];bI KorepeHTHbIX ITOITepetJHbIX KOJie6aHHM, 

ITPHlleM 3TOT 3<f?<PeKT KBa,n;paTHlJHbIM o6pa30M 3aBMCMT OT HalJaJibHOM aMITJIMTY)];bl 

Korre6aHHii a0• B cnyqae «MHrKoii» HeJIHHeiiHOCTM (g3 < 0) B03HHKaer He6orrhrnoe 

YMeHbIIIeHHe cKopocTM y6hrnaHHH aMITJIMTY)J;bI Kone6aHMii. 

B [ 13, 21, 22] ITpe.n;cTasrreHbI ocHOBHble 3aKoHoMepHOCTH 3aryxaHMH KorepeHT

HbIX ITOITepelJHbIX Kone6aHHii crycTKa ,n;nH HeJIHHeiiHbIX xapaKTepHCTMK: KyrroHoBcKoe 

TpeHHe, orpaHHlJeHHOe ITO BeJIHlJHHe KOppeKTHpy.EOrn;ee B03,Z1;eMCTBHe. I1oKa3aHO, lJTO 

TaKMe HeJIHHeMHbie xapaKTepHCTHKH ITpHBO.IJ;HT K ITOHBJieHHIO .IJ;OITOJIHHTeJibHbIX MO)]; 

Korre6aHMii H K orpaHHlJeHM5IM o6nacTeii ycTOMlJHBoro ,n;BH)KeHM51 qacTHIJ;. 

B [2, 6] ycTaHOBJieHbI KOJIHlJeCTBeHHbie 3aKoHoMepHOCTH yBeJIHqeHMH 3MMTTaH

ca ITYlJKa fie' B03HHKa.EOrn;ero BCJie)];CTBHe OIIIH60K MH)KeKIJ;HH fiao, B 3aBMCMMOCTH OT 

ITOCTOHHHbIX BpeMeH 3aryxaHH5l KorepeHTHbIX KOJie6aHHM id, HapacTaHMH KorepeHT

HOM HeycTOMlJHBOCTH !"inst H ITepexo.n;a KOrepeHTHbIX KOJie6aHHM B HeKorepeHTHbie !"dee 

B CHHXPOTPOHax c CHCTeMaMH o6paTHOM CB513M c JIMHeiiHOM H HeJIHHeiiHOM ITepe.n;a

TOlJHOM xapaKTepHCTHKoii IJ;eITH o6paTHoii CB5.13M. TaK, .n;rrH JIHHeiiHoii ITepe.n;aroqHoii 
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xapaKTepHCTHKH IIOJiyqeHO [2, 6]: 

!:J.B = B - Bo = (D.ao)2 F 2 . 
2 8 ' Bo so 2a0 

Fs = (l + idec _ Ldec)-l, 

rd Tinst 
(18) 

r.n;e a0 - cpe.n;HeKBa.n;pan1qHbIM pa3Mep HH)J(eKT11pyeMoro rryqKa. 06o3Haq11M: 

1 1 K 
---~-. 
id Tinst !dee 

Ecn11 D.a0 ::: a 0, To OTHoc11TeJibHbIH pocT 3MHTTaHca !:J.B / B rrp11 K = 1 cocTaBmceT 

12.5 %. TaKyIO Ben111111ey rrp11pocTa 3MHTTaHca MO)KHO o:u;eHHBaTb KaK rrpe.n;enbHO 

.n;orrycTHMoe 3HaqeH11e. Ecn11 rrpe,n;rronaraeTCJI, qTo OTHOCHTeJibHbIH pocT 3MHTTaHca 

!:J.B/ B ,ll;OJI)KeH 6bITb He 6onee 5 %, TO eCTb Fs2 < 0.1, TOK ~ 2. 

Pe3yJibTaTbI rnecToif rnaBbI orry6n11KoBaHbI B pa6oTax [2, 6, 12, 13, 21, 22]. 

B D1aBe 7 rrpime.n;eHo orr11caHHe c11cTeMbI rro.n;aBJieH11JI KorepeHTHbIX rrorrepeq

HbIX KOJie6aH11if rryqKa B LHC ("LHC Damper"), KOTopa5I rrpe,n;Ha3HaqeHa [23, 25]: 

- ,D;JI5I .n;eMrr<lJHpOBaHHH KorepeHTHblX rrorrepeqHbIX KOJie6aHHH, B03HHKaIOID;HX H3-3a 

orn1160K HH)KeK:QHH, 

- ,D;JIH rro,n;aBJieHH51 KOrepeHTHblX rrorrepeqHbIX HeycTo:flqH:BOCTeM, 

- ,D;JI51 oq11cTKH Me'IKcrycTKOBOfO rrpocTpaHCTBa OT cpoHOBbIX qacTH:U: B cerrapaTpHcax, 

KOTOpbie He HCIIOJih3YIOTC5I B pe)KHMe CTOJIKHOBeHH5I crycTKOB, 

- ,D;JI5I B036y)K.n;eHHH KorepeHTHbIX rrorrepe1IHbIX KOJie6aHHH rrpH rrpoBe.n;eHHH H3Mepe

HHM, CB5I3aHHbIX c Hccne.n;oBaH11JIMH rrorrepe11Ho:H .n;HHaMHKH rryqKa. 

Co3.n;aHHa5I cHcTeMa rro.n;aBneHH5I rrorrepeqHbIX Kone6aH11if rrpoTOHHoro rryqKa 

c peKop,n;Ho BbICOKOM 3HeprH:e:H 0.45 - 4 T3B, pa60Taioma51 B cocTaBe KpyrrHoMac

nna6Horo cBepxrrpoBoMmero CHHxpoTpoHa-HaKorrH:TeJI5I, o6na.n;aeT cymecTBeHHbIMH 

3JieMeHTaMH HOBH3Hbl B rrpHHHTbIX TeXHWieCKHX perneHH5IX [ 1, 14, 23]: 

• 6oJibllia51 BeJIH1IHHa HHTerpana OTKJIOH5IIOrn;ero IIOJI5I B ,n;eMrrcpHpyromHx .n;ecpJieKTO

pax ( OKOJIO 900 KB Ha o6opoT, Ha IIJiaCTHHax .n;ecpJieKTOpa HOMHHaJibHOe HaIIp5I)J(eHHe 

± 7 .5 KB Ha qacTOTe 1 Mf:u;); 

• :u;mppoBaH o6pa60TKa HH<i>opMa:QHOHHbIX ClffHaJIOB BCJie,D;CTBHe )l;JIHTeJibHbIX 3a.n;ep

)KeK CHfHaJIOB o6paTHOH CB5I3H, KpaTHblX rrepH:o.n;y o6pameHI151 rryqKa To = 88.93 MKC 

rro op6HTe c rrepHMeTpoM Co = 26658.883 M; 
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• MaJiaH HFDKIDl51 rpamiqHa51 qacTOTa CHCTeMbl rrorrepeqHOH o6paTHOH CB513H (6oJib

IllOH rrepHMeTP op6HTbI) H yqeT oco6eHHOCTeH H3MeHeHH51 MMIIe,IJ;aHCOB ycTpOHCTB H 

nyqKa c qacTOTOH (nonoca qacTOT 3 Kf:u; - 1 Mfu: ,IJ;JIH ypoBHSI -3 ,IJ;E OT Vmax); 

• oTcyTCTBMe pe3oHaHcoB BIIJIOTb ,IJ;o rrpoeKTHo:H: qacToT:o1 ( 40 Mf:u;) cne,IJ;oBaH11.sr 

crycTKOB ,IJ;JI.SI ycHJIMTerreH: H ,IJ;o ycKop.srro:rn;Hx qacToT ( 400 Mf11), OTBeqaro:rn;Hx cTpyK

zype rryqKa, ,IJ;JIH ,IJ;eqmeKTopoB; 

• a,IJ;anTa:u;H5I KOHCTPYKI.J;HH BbICOKOBOJibTHbIX ,IJ;eqmeKTopoB nyqKa K KpHoreHHO-Ba

KYYMHOMY oKpy)l(eHHIO H K o6pa3oBaHHIO 3JieKTpoHHI>IX o6naKOB. 

B OII5IH H Ha poccHHCKMX rrpe,D;rrpH.SITIDIX co3,IJ;aHo yHHKaJII>Hoe 06opy,D;0Ba

m1e (MOII(Hble IllMpOKOIIOJIOCHble ycMJIMTeJIM H BbICOKOBaKyyMHble ,IJ;eqmeKTOpoI) ,IJ;JI.SI 

cHcTeMbI no,IJ;aBneHH.SI "LHC Damper" B COBMeCTHOM rrpoeKTe UEPH- OHJIH, rrpe,D;

Ha3HaqeHHoe ,IJ;JIH pa6oTbI B HOBoH: o6rracTH ::rnepn:1:H:. IIpoeKTHI>Ie napaMeTpo1 3Toro 

o6opy,D;oBaHM.SI ,IJ;OCTHrHyTbl, a ,IJ;JI.SI aMIIJIMTY,IJ;bl KoppeKTMpyro:w;ero B03)];eHCTBM51 -

rrpeBI>IllleHI>I: norryqeHa BerrHq11Ha OTKJIOIDIIOm;ero rron.sr 6onee 11 KB B nonoce qa

CTOT .n;o 100 Kf:u;, qTo rrpeBouuaeT npoeKTHbIH ypoBeHb 10.5 KB [25]. 

Ha p11c. 6 npe.n;cTaBneHbI M3MepeHHbie 3aBHCMMOCTM Ben11q11H KorepeHTHbIX 6e

TaTpOHHbIX CMer:u;eHMH o.n;Horo crycTKa c qMCJIOM rrpOTOHOB "".J 1 x 1011 OT HOMepa 

o6opoTa IIOCJie MH)l(eKn;HM [25]. IIonyqeHa BeJrnq11Ha IIOCTO.SIHHOH BpeMeHM 3aTyxaHH51 

Kone6aHMH rd = 40 T0, qTo cooTBeTCTByeT npoeKTHOMY 3HaqeHHIO. MHHMMaJII>HaH Be

rrttq11Ha rd COCTaBmieT OKOJIO 10 o6opoTOB IIpH 3HeprHM MH)l(eK:u;HH [L 1]. 
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P11c. 6. IIo,n;aBJieHMe ropM30HTaJibHI>IX onrn6oK rrp11 HH>KeKI!HM (beam 1) rrp11 BbIKmoqeHHOH (a) 11 

BKJIIO"lleHHoH: (6) CIT; cn:rHaJibI c ,n;aT"CJMKOB Q7 (BepxHMH nyq) 11 Q9 (HIDKHI:IH nyq) [25] 
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,[(ml HaCTpOMKH CHCTeMbl rro,n;aBJieHMH KorepeHTHbIX 6eTaTpOHHbIX KOJie6aHMM 

rrpoTOHHoro rryqKa B LHC 6b!JIM HCIIOJib30BaHbI MeTo,n;HKH, ocHoBaHHeM ,n;nH KOTO

pbIX CTaJIH pe3yJibTaTbI, rronyqeHHbie aBTOpOM HaCTOHmeli ,ll;HCCepTau;HH (CM. pHC. 2 

H pHc. 4). KaqecTBeHHbie H KOJIHqecTBeHHI>Ie 3aKOHOMepHOCTH ,n;nH .n;orrycKOB H orpa

HHqeHHM )J;JIH CHCTeM rro,n;aBJieHHH KorepeHTHbIX rrorrepeqHbIX KOJie6aHHM B3aHMO,ll;eM

CTBYIOIUHX crycTKOB rro,n;TBep)l(,n;eHbI 3KcnepHMeHTaJII>HbIMH ,n;aHHbIMH, rronyqeHHbIMH 

Ha LHC rrpH <i_)opMHpoBaHHH rrpoTOHHoro rryqKa BbICOKOM HHTeHCHBHOCTH rrpH HH

)l(eKQHH H MaKCHMaJibHOM 3HeprHH rrpoTOHHoro rryqKa 4 T3B. 

CHcTeMa no,n;asneHHH KorepeHTHbIX rrorrepeqHbIX Kone6aHHM rrpoTOHHoro rryqKa 

H rryqKa HOHOB CBHHu;a B LHC ycrremHo HCIIOJII>3osanacb H 6e30TKa3HO <PYHKIJ;HOHH

posana B rrepHo,n; c MaH 2010 r. ,n;o oKoHqaHHH Run I B <lJeBpaJie 2013 r. ,IJ;JIH rro,n;aBJieHMH 

omH60K HH)l(eKI.J;HM c MaKCMMaJibHO B03MO)l(HbIM ,n;eKpeMeHTOM 3aryxaHMH KOJie6aHMM, 

)J;JIH CTa6HJIH3aIJ;MH rryqKa rrpH ycKopeHMM M rrpH coy.n;apeHHHX [L 1]. 

Pe3yJibTaTbI ce,n;I>MOM rnaBbI orry6nHKOBaHI>I B pa6oTax [1, 5, 14, 15, 23, 25]. 

B 3aKJnoqeuuu c<iJopMyJIMpoBaHI>I ocHOBHhie pe3ynhTaTI>I ,n;HccepTau;MH. 

1. Pa3pa6oTaHa opMrMHaJibHaH KOHu;erru;MH HCCJie,n;oBaHMH <i_)M3HKM rryqKoB B CMHXpo

TpoHax c CMCTeMaMM rro,n;aBJieHHH KorepeHTHbIX KOJie6aHMM 3apH)l(eHHbIX qacTMIJ;, qTo 

II03BOJIMJIO BbIHBMTb KaqecTBeHHO HOBble orpaHHqeHHH H 3aKOHOMepHOCTM ycToliqM

BOro 3aTyxaHMH KOJie6aHHM qacTMI.J;, o6ycJIOBJieHHbie u;M<i_)pOBbIMH MeTo,n;aMM o6pa-

60TKM CHfHaJIOB B u;errM o6paTHOM CBH3M. 

2. IIpe,n;JIO)l(eHbI HOBbie rro,n;xo,n;hI ,n;JIH pemeHMH <iJyH,n;aMeHTaJibHbIX 3a,n;aq ,n;HHaMHKH 

crycTKOB B CMHXpOTpOHax c CHCTeMaMM o6paTHOM CB5I3M, OCHOBaHHbie Ha MeTo,n;ax 

,ll;HCKpeTHOfO aHaJIM3a, II03BOJIHIOII.J;He rrpoBO,IJ;HTb aHaJIHTHqecKHe pacqeTbl ycToliqM

BbIX pe)l(MMOB 3azyxaHHH KOrepeHTHbIX KOJie6aHHM crycTKOB B umpoKOM ,n;HaIIa30He 

BeJIHqHH K03<i_)<i_)mi;l'.leHTa o6paTHOM CB5I3H: 

- ycTaHOBJieHo, qTo orrpe,n;eJIHIOII.J;MM napaMeTpOM ,ll;JIH co6cTBeHHbIX qacTOT KOre

peHTHbIX rrorrepeqHbIX (6eTaTpOHHbIX) M rrpo,n;OJibHbIX ( CHHXpOTpOHHbIX) KOJie6aHMM 

HBJIHeTCH BeJIHqHHa 6anaHca <i_)a3, qHcJieHHO paBHaH pa3HOCTH Me)l(.n;y Ha6eroM <lJa3bl 
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KorepeHTHbIX Kone6aHHH qacTHI.J;bI rrpn nponeTe OT ,IJ;eTeKTopa .IJ:O ,IJ;eMrrqmpyIOrn;ero 

,D;ecpneKTopa H H3MeHeHHeM cpa3bI ,IJ;eTeKTHpyeMoro CHrHana B u;emI o6paTHOH CB.H3H; 

- ,IJ;OKa3aHO, qTo npH HCITOJI.b30BaHHH u;ttcppOB.bIX cpHJI.bTpOB B u;errH o6paTHOH CB.H3H 

CHCTeM ITO,IJ;aBJieHH.H c 3a,D;ep)l{KOH CHrHana 6onee qeM Ha O,IJ;HH o6opoT B03HHKaIOT ,IJ;O

ITOJIHHTeJI.bH.bie K 6eTaTpOHH.bIM MO,IJ;bI KOJie6aHHH crycTKOB, KOTOpbie orpaHHqHBa:EOT 

o6naCT.b ycToifqHBOCTH ,IJ;BH)l{eHH.H qacTHD;. 

3. IIpo,D;eMOHCTpttpoBaHo coBna,IJ;eHHe pacqeTHhIX 3aBHCHMOCTeif H 3KcnepttMeHTaJI.b

H.bIX ,IJ;aHHhIX ,IJ;JI.H ,IJ;eKpeMeHTOB 3aryxaHH.H KOrepeHTHhIX norrepeqHhIX KOJie6aHHH 

npoTOHHoro rryqKa B LHC npn 3HeprHH 3 .5 T3B B nrnpoKoM ,IJ;Harra3oHe BenttqnH 

K03<i?<Pttu;HeHTa o6paTHOH CB.H3H. 

4. ,lJ;oKa3aHa nepcneKTHBHOCTh pa3pa60TaHHOH cpH3HKO-MaTeMaTHqecKOH KOHu;enu;HH 

,IJ;JI.H perneHH.H 3a,IJ;aq ycToliqHBOCTH B3aHMO,IJ;eMCTBYIOID;HX cryCTKOB B CHHXpOTpOHax 

c CHCTeMaMH o6paTHOH CB5!3H: 

- rronyqeH HOB.bill pe3yJihTaT 0 pacrn;errneHHH KOrepeHTHOH qacTOThl B3aHMO,IJ;eH

CTBYIOID;HX crycTKOB Ha caTeJIJIHTH.bie MO,IJ;.1>1, t:ITO o6ycnoBneHo cTpyKrypoH: nyqKa, 

H c<l?opMyJIHpOBaHO 3aKJIIOqeHHe 0 HeB03MO)l{HOCTH o6ecneqeHH.H CTpororo BhlITOJI

HeHH.H OITTHMaJihHhIX YCJIOBHH ,IJ;JI.H ITO,IJ;aBJieHH5I KorepeHTHhIX KOJie6aHHH crycTKOB 

BCJie,IJ;CTBHe pa36poca t:IaCTOT caTeJIJIHTHhlX MO,IJ;, KOTOp.bIM rrporropu;HOHaJieH HHKpe

MeHry HeycToliqHBOCTH; 

- rrpo,D;eMOHCTpHpOBaHO, qTo o6nacTb ycTOHlIHBOCTH nyqKa no ,IJ;Hana30HY ,IJ;OITYCTH

MhIX BeJIHqlfH K03<i?cpttu;HeHTa o6paTHOH CB5I3H npH rrpH6JIH)KeHHH qlfcJia 6eTaTpOH

HhIX KOJie6aHHH K nonyu;enoMy lIHCJIY B CHHXpoTpoHax c KJiaccnqecKOH ( O,IJ;HOKaHaJib

HOH) CHCTeMOH ITO,IJ;aBJieHH.H cyrn;ecTBeHHO COKparn;aeTC.H, qTo COOTBeTCTByeT 3KCITe

pHMeHTaJihHhIM H3MepeHH.HM Ha CHHxpoTpoHe SPS (l(EPH); 

- rrpe,D;CTaBneHO cpH3HKO-MaTeMaTHqecKoe o60CHOBaHHe HOBOH 6.bICTpOH CHCTeM.bI no

,IJ;aBJieHH.H KorepeHTHhIX rronepeqHhIX KOJie6aHHH c .IJ:BYM.H u;errHMH o6paTHOH CB.H3H, 

KOTOpaH MO)l{eT o6ecrreqHTh IIO,IJ;aBJieHHe 6eTaTpOHHhIX KOJie6aHHH He3aBHCHMO OT HX 

<Pa3.bl B MeCTaX pacrroJIO)KeHH.H H3MepHTeJihHhIX ,IJ;aTqHKOB. 

5. BBe,IJ;eHO HOBOe IIOH5ITHe «cerrapaTpHca ,IJ;JI5I ,IJ;eKpeMeHTOB 3aryxaHH.H KorepeHTHhIX 
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rrorrepeqHbIX KOJie6aHHH», CTaBIIIee OCHOBOH rro,n;xo,n;a .IJ;JI5I yqeTa BJIH5IHH5f qmy:rcrya

I(HH IIOJIO)KeHIDI pa6oqe:H: ToqKlf ITO qlfcJiy 6eTaTpOHHbIX KOJie6aHHH Ha ,n;eKpeMeHTbl 

3aTyxaHIDI KorepeHTHbIX KOJie6aHHH crycTKa c yqeTOM cTpyKTypHo:H: cxeMbI I(errtt 

o6paTHOH CBH3H. YcTaHOBJieHo, qTo Tpe6yeMaH cTa6HJibHOCTb IIOJIO)KeHIDI pa6oqe:fl 

TOqKH B CHHXpOTpoHe ,ll;OJI)l(Ha o6ecrreqHBaTbC5f c yqeTOM BbICOTbl cerraparpHCbI. 

6. BbrnBJieHbI 3aKOHOMepHOCTH ,n;AA pe3oHaHcHo:H: 3aBHCHMOCTH aMIIJIHTy,n; BbIHY)K

,n;eHHbIX KOJie6aHHH crycTKOB B CHHXpOTpOHe OT rrapaMeTpOB u;mppoBOH u;errH 06-

paTHOH CBH3H. YTotIHeHa 3aBHCHMOCTb cMem;eHHH MaKCHMYMa pe3oHaHCHOH Kpttsoli 

OT BeJIHqlfHbl 6aJiaHca $a3. ,[(aHHbIH 3$$eKT 6bIJI rrpttMeHeH .IJ;JI5f TOHKOH HaCTpOHKll 

6aJiaHca <Pa3 CHCTeMbl rro,n;aBJieHIDI KorepeHTHbIX rrorrepeqHbIX KOJie6aHHH rrpoTOH

Horo rryqKa B LHC. IIpttse,n;eHbI 3KcrrepttMeHTaJibHbie ,n;aHHbie, rro,n;TBep)K,n;aiom;tte 

HaJIHqlle JillHeHHOH rrorrpaBKH K KOrepeHTHOH qacTOTe 6eTaTpOHHbIX KOJie6aHllH rrpH 

MaJIOM OTKJIOHeHllll 6aJiaHca <Pa3 OT OIITHMaJibHOfO 3HatieHll5f. 

7. ,[(OKa3aHO, qTo C.IJ;BHfH qacTOT If ,n;eKpeMeHTbl 3aTyxaHll5f KOrepeHTHbIX KOJie6aHHH, 

BbJqHcJieHHbie B JIHHeHHOM rrptt6JIH)KeHllll no BeJIHqlfHe K03$cpttl(HeHTa o6paTHOH 

CB5f3H ,n;JIH crJia)KeHHbIX ypaBHeHHH ,n;HHaMHKH nyqKa c noMOIIJ;bIO MeTo,n;a KpbIJIOBa

BoroJII06osa-MHTponoJibCKoro H MeTo,n;oB pemeHHH ,n;H$cpepeHI(HaJibHbIX ypaBHeHHH 

c OTKJIOH5IIOIIJ;HMC5I aprYMeHTOM, COBTia)J;aIOT c COOTBeTCTBYIOIIJ;llMll Bbipa)KeHIDIMll, 

BbJqllcJieHHbIMH rrpH llCIIOJib30BaHHH MeTO.IJ;OB ,ll;HCKpeTHOrO aHaJIH3a. 

8. H3JIO)KeH aHaJIHTHlJeCKllH IIO,ll;XO)J; K pemeHHIO 3a)J;aqH 0 IIO)J;aBJieHHH OCTaTO'tJHbIX 

KOJie6aHHH crycTKOB TIOCJie HH)KeKD;llll B CHHXpOTpOH c u;tt<PpoBOH CllCTeMOH o6paT

HOH CB5f3H, HMeIOID;eH HeJIHHeHHYIO nepe,n;aToqHyIO xapaKTepHCTHKy. ,[(JI5I perneHIDI 

pa3HOCTHbIX HeJIHHeHHbIX ypaBHeHHH .IJ;HHaMHKH rryqKa llCTIOJib30BaH npH6JIH)KeHHbIH 

rro)J;xo,n;, aHaJiorttqffbIH MeTo,n;y ycpe,n;HeHHH Kpomosa-EoroJII06osa-MttTponoJibCKO

ro. Bbl5IBJieHbl OCHOBHbie 3aKOHOMepHOCTH 3aryxaHIDI KOrepeHTHbIX KOJie6aHHH crycT

Ka ,ll;JI5f p5I)J;a HeJIHHeHHbIX rrepe,n;aToqHbIX xapaKTepHCTHK. 

9. YcTaHOBJieHbI 3aKoHoMepHOCTll yseJIHlJeHIDI 3MHTTaHca nyqKa, B03HHKaIOm;ero 

BCJie,n;cTBHe OIIIH60K HH)KeKI(HH, B 3aBHCHMOCTll OT ,n;eKpeMeHTa 3aTyxaHIDI KOrepeHT

HbIX KOJie6aHHH, llHKpeMeHTa KorepeHTHOH HeycTOHqHBOCTH H IIOCT05IHHOH rrepexo)J;a 
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KorepeHTHblX KOJie6aHHH B HeKorepeHTHbie B CHHXpOTpoHax c CHCTeMaMM o6paTHOH 

CB5I3H c J1HHeHHOH II HeJIMHeHHOH rrepe,n:aTOTIHOH xapaKTepHCTMKOH. 

10. IlpHBe,n:eHhI OCHOBHbie pe3yJ1hTaTbl pa3pa6oTKH, HaJia,ll;KH H 3KCrrnyaTaQHM CHCTe

Mbl rro,n:aBJieHMH KorepeHTHhIX rrorrepeqHhIX KOJie6aHHH rryqKa B LHC, o6na,n:aromeli 

cymecTBeHHblMH 3J1eMeHTaMH HOBH3Hhl B IIpHH5ITbIX TeXHH1IeCKHX perueHHHX. 
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