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IlOBbiiiieHHe HHTeHCHBHOCTH ny'IKOB 3apll)l(eHHbiX 1IaCTHI..\ liBJllleTCll O,D;HOH H3 

OCHOBHbiX 3a,D;a'l B ycKOpHTenbHOH tPH3HKe H TeXHHKe. 0.n;HHM H3 <t>aKTOpOB orpaHH-

qeHHll HHTeHCHBHOCTH nyqKa s CHHXPOTPOHax H HaKonHTenllx liBJlliiOTCll KorepeHT

Hbie HeycTOH'IHBOCTH. lJHcno 06Hapy)l(eHHbiX K HaCTOliiii.eMy speMeHH pa3nH'IHbiX 

THnOB KOrepeHTHbiX HeyCTOH'IHBOCTeH BeCbMa senHKO. 06ycnosneHHbie HMH orpa

HH'leHHll Ha HHTeHCHBHOCTb ycKOplleMOfO ny'!Ka 3aCTaBnliiOT pa3pa6aTbiBaTb MeTO,D;bl 

HX H3y'leHHll H no.n;asneHHll . C 3TOH 1..1enb!O B COBpeMeHHbiX CHHXPOTPOHax IIIHpOKO 

HCnOnb3YIOTCll CHCTeMbl no.n;asneHHll (CIT) KOrepeHTHbiX KOne6aHHH ny'!Ka 3apll)l(eH

HbiX qacTHI..\ [Ll]. B TaKHX CHCTeMaX ,D;eMntPHPYIOIII.HH .n;e<t>neKTOp ocymecTBnlleT 

KOppeKI..\HIO HMnynbCa nponeTaiOIII.HX 3apll)l(eHHbiX 'laCTHI..\ nponOpi..\HOHanbHO HX OT-

KnOHeHHIO OT nonO)I(eHHll paBHOBeCHll, H3MepeHHOMY B npe,D;IIIeCTBYIOIII.He MOMeHTbl 
. . 

BpeMeHH C nOMOIII.biO ,D;aT'IHKa nonO)I(eHHll 1..\eHTPa Tll)l(eCTH nyqKa. Ilo.n;06Hble CIT 

n03BOnHnH cyiii.eCTBeHHbiM o6pa30M nOBbiCHTb HHTeHCHBHOCTb YCKOplleMOfO ny'!Ka. 

B CBli3H C 3THM B COCTase COBpeMeHHbiX npOTOHHbiX CHHXpOTpOHOB tPYHKI..\HOHHpyiOT 

CHCTeMbl no.n;asneHHll KOrepeHTHbiX KOne6aHHH, o6ecne'IHBaiOIII.He, KaK 3TO OTMe'leHO 

B nHTeparypHOM 063ope ,D;HCCepTai..\HH, ,D;eKpeMeHT 3aryxaHHll KOne6aHHH a :$ 0.012. 

IlpH 3TOM aKryaneH sonpoc o TPe6osaHHliX K CII"B 3aBHCHMOCTH OT HHTeHCHBHOCTH 

ycKoplleMbiX crycTKOB H CTPYKTYPhi ycKoplleMoro ny'!Ka. 

B COBpeMeHHbiX YCKOpHTenbHbiX KOMnneKCaX, B COCTaBe KOTOpbiX tPYHKI..\HOHH-

PYIOT HecKonbKO CHHXPOTPOHOB, npH nepeso.n;e crycTKOB H3 CHHXpOTpoHa-HH)I(eKTopa 

B npHHHMaiOIII.Hii CHHXPOTPOH HeH36e)I(HO B03HHKaiOT OTKnOHeHHll HH)I(eKTHpyeMbiX 

cryCTKOB OT paC'leTHbiX nonO)I(eHHH HX YCTOH'IHBOfO paBHOBeCHll. IlpH 3TOM HH)I(eK-

THpyeMbie 3apll)l(eHHhie qacTHI..\bi, 1..\HpKynHpyll s CHHXPOTPOHe, cosepiiiaiOT Manbie 

KOne6aHHll B6nH3H CBOero nonO)I(eHHll yCTOH'IHBOfO paBHOBeCHJI: 6eTaTPOHHbie KOne-

6aHHll B nonepe'IHOM HanpasneHHH (sepTHKanbHOH H ropH30HTanbHOH llnOCKOCTliX) 

OTHOCHTenbHO MfHOBeHHOH 3aMKHyrOH op6HTbl (.n;e<t>opMHpOBaHHOH HnH paC'leTHOH) 

B Be,D;yiii.eM MarHHTHOM none H CHHXPOTPOHHbie KOne6aHHll B npO,D;OnbHOM Hanpas

neHHH OTHOCHTenbHO CHHXpOHHOH tPa3bl. Jf3-3a OIIIH60K HH)I(eKI..\HH 3TH Manbie KO

ne6aHHll 'laCTHI..\, BCne,D;CTBHe HX 3neKTpOMarHHTHOfO B3aHMO,D;eHCTBHll C .n;pyrHMH 
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'!aCTHI..\aMH, MOryT HHHI..\HHpOBaTb COBMeCTHble KOne6aHHll Bbi,D;eneHHOH rpynnbl qac

THI..\ (cryCTKa) H CTaHOBHTbCll KOrepeHTHbiMH. Bcne,D;CTBHe 3HepreTH'leCKOro pa36po

ca '!aCTHI..\ B HH)I(eKTHpyeMOM ny'!Ke Manble KOrepeHTHble KOne6aHHll nepeXO,ll;liT B 

HeKorepeHTHbie (npOI..\eCC eCTeCTBeHHOro 3aryxaHHll KOrepeHTHbiX KOne6aHHH), 'ITO 

conposo)l(,ll;aeTcll ysenH'leHHeM nHHeiiHI,IX pa3Mepos crycTKOB. IlpoHcxo.n;HT YMeHb

IIIeHHe tPa30BOH nnOTHOCTH nyqKa. TaK, Ha yCKOpHTenbHOM KOMnneKce QEPH, B CO

CTaBe KOTOporo 1..1en0'1Ka H3 'leTbipex CHHXpOTpOHOB, HOpManH30BaHHbiH nonepe'IHbiH 

3MHTTaHC ny'!Ka B03pacTaeT nO'ITH B 1.5 pa3a B OCHOBHOM H3-3a OIIIH60K HH)I(eKI..\HH. 

B CBli3H c 3THM Heo6xo.n;HMO no.n;aBJlliTb KOrepeHTHbie Kone6aHHll crycTKOB nocne HH

)I(eKI..\HH C BbiCOKHM TeMnOM 3a npoMe)I(YTKH BpeMeHH, KOTOpbie ,D;On)I(Hbl 6biTb KOpO'le 

speMeHH nepexo.n;a KorepeHTHbiX Kone6aHHii s HeKorepeHTHbie. Ilo3TOMY aKryanbHbi 

01..\eHKH npe.n;enbHbiX TeMnOB no.n;asneHHll B KOHTeKCTe ,D;OnyCKOB Ha pOCT 3MHTTaHCa 

ny'!Ka B ycnOBHliX .n;syx KOHKypHpy!OIII.HX npOI..\eCCOB ( ecTeCTBeHHOfO 3aryxaHHll H 

no.n;asneHHll KorepeHTHbiX Kone6aHHii). 

CHCTeMa no.n;asneHHll KOrepeHTHbiX KOne6aHHH, 6y.n;yqH ycTaHOBneHHOH Ha CHH

XPOTPOHe H HaCTPOeHHOH B COOTBeTCTBHH C Bbi6paHHOH pa6o'leii TO'IKOH no 'IHCny 

Kone6aHHii 3a o6opOT Q0, .n;on)I(Ha o6ecne'IHBaTb cTa6HnhHoe no.n;asneHHe KorepeHT

HbiX Kone6aHHii npH sapHai..\HH Q0 . B nHTeparype OTCYTCTBYIOT cse.n;eHHll o .n;onycKax 

Ha senH'IHHY H3MeHeHHll Qn, KOTOpbie He06XO,li;HMbl npH npoeKTHpOBaHHH CIT. 

IlpH HCCne.n;osaHHH ,li;HHaMHKH nyqKa B CHHXPOTPOHe npH HanH'IHH err HCnOnb-

3YIOTCll ,D;HtPtPepeHI..\HanbHbie ypaBHeHHll ManbiX KOne6aHHH [L2]: 

•• 2 Fd(x(t - r)) 
x+Qx= , 

moy 

r.n;e Q - 1..\HKnH'leCKall qacrOTa Kone6aHHii 3apll)l(eHHoii qacTHI..\bi c Maccoii m0 B <Po

KyCHPYIOIII.eM 3neKrpOMarHHTHOM none, y - peJlliTHBHCTCKHH tPaKTOp, T - BenH'IHHa 

3a.n;ep)I(KH cHrHana s 1..1enH o6paTHOii CBli3H. PeKOMeH.n;ai..\HH [L2], nonyqaromHeCll s 

crna)l(eHHOM npH6nH)I(eHHH npH 3MnHpH'!ecKoii 3aMeHe HMnynhcHoii cHnbi Fd(x) Ha 

,D;HCCHnaTHBHYIO, nponopi..\HOHanbHYIO cKopocrH .X, KaK MHHHMYM Heo6xo.n;HMO yroq

HHTb npH HCnOnb30BaHHH 1..\HtPpoBOH CIT, nOCKOnbKy pe3ynbTHPYIOlll.all CHRa B03,D;eH-
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CTBHJI .ne4JneKTOp3 H3 rryqoK nponopu;HoHanbH3 eynepno3HIJ;HH eHrHanos e .D;3TqHKa 

nonO)I(eHH.ll, 334JHKeHpOB3HHbiX H3 HeeKOllbKHX 060pOTax. 

OeHOBHbiM H3np3BneHHeM npoeKTHpOB3HHJI H pa3BHTHJI en .l!Bn.lleTe.ll rrpHMe

HeHHe MeTO.!l;OB u;H4Jposoif o6p360TKH eHrHanOB B u;enH o6p3THOH eB.li3H. eyru;ecrsy

IOIIJ;He npe,neKa33HHJI no T3KTOBOH q3CTOTe u;H4JpOBbiX eHeTeM nO.D;3BneHHJI H OIJ;eHKH 

BnHJIHH.ll uryMOB KB3HTOB3HHJI H3 poeT 3MHTT3He3 rryqK3 He npHBO.!l;.l!T K K3KHM-nH60 

orp3HHqeHHJIM, o6yenosneHHbiM Henonb30B3HHeM u;H<tJposbiX TexHonorHii. BMeere e 

TeM OTeyTCTBYIOT npe,neKa33HH.ll nO B03M0)1(HbiM Orp3HifqeHHJIM H3 senHqHHbi .D;eKpe

MeHTOB KOrepeHTHbiX KOne63HHH npH HenOllb30B3HHH u;H4JpOBbiX en. 

OeHOBHbie n3p3MeTpbi yeKopHTenbHOro IJ;HKn3 KOHTPOnHpywTe.ll H perynHpyiDT

e.ll e noMOIIJ;biO u;eneii o6p3THoii eB.li3H s npou;eeee yeKope~H.ll. !JpH H3MepeHHH n3p3-

MeTpOB nyqK3 B p.ll,ne enyq3eB HenOllb3YJOTe.ll MeTO.!l;bi HMrrynbeHOro r3pMOHHqeeKOro 

B03,neifeTBH.ll H3 eryeTOK, H3npHMep, e nOMOIIJ;biO 3lleKTPOM3rHHTHOro TOllK3Ten.ll. 3TH 

B03.D;eifeTBH.ll MOryT 6hlTb eHeTeM3THqeeKHMH (H3npHMep, e u;enbiO KOHTPOn.ll K3qeeTB3 

rryqK3 noene HH)I(eKIJ;HH) HnH enyq3HHbiMH (H3npHMep, rrpH H3MepeHHH q3CTQT 6eT3-

TP0HHbiX KOne63HHH B npOH3BOllbHbiH MOMeHT speMeHH B rrpe,nenax yeKOpHTellbHOro 

u;HKn3). AMnnHry,n3 s036~eHHbiX KorepeHTHbiX Kone63HHH .non)I(H3 6biTb .noeT3roq

HOH no senHqHHe .!l;n.ll ,neTeKTHpOB3HH.ll eHrHanOB H H3MepeHH.ll n3p3MeTpOB KOne63-

HHH e TPe6yeMoii TOqHoeTbiO. 0,nH3KO eHeTeM3 no,n3sneHH.ll, o6eeneqHBa.ll 33TYX3HHe 

KOrepeHTHbiX KOne63HHH, npHBO.!l;HT K HeH36e)I(HOMY eOKp3IIJ;eHHIO npoMe)I(YTK3 Bpe

MeHH, B TeqeHHe KOTOpOro H3Mep.lleMbiH eHrHan MO)I(eT 6biTb H.D;eHTH4JHu;HpOB3H H3 

yposHe rnyMos. no3TOMY Heo6xo,nHMbi ou;eHKH .D;n.ll senHqHH H rrpo.noll)I(HTenbHOCTH 

.neifeTBH.ll eHn B036~eHH.ll KOrepeHTHbiX KOne63HHH npH HanHqHH en e yqeTOM HX 

B03MO)I(HOro BllH.liHHJI H3 poeT 3MHTT3He3. 

AKryanbHOeTb nepeqHeneHHbiX Bbiiiie 4JH3HqeeKHX 33,n3q H noHeK nyreif HX 

perneHHJI .liBHnHeb MOTHB3IJ;Heif K BbiiTOnHeHHIO .!1;3HHOH p360Tbi. 

IJ;e.JIL .!l;HCCepTa~HOHHOH pa60TLI: 

- nocrpoeHHe 4JH3HKO-MaTeMaTifqeeKOH MO.D;enH, OnHebiB310IIJ;eH .!l;HHaMHKY II)"'K3 33-

p.ll)l(eHHbiX q3eTHIJ; noene HH)I(eKIJ;HH H npH yeKopeHHH no.n snHJIHHeM ynp3Bn.lll0-
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IIJ;HX B03,neifeTBHH ll;H4JpoBOH eHeTeMbi o6p3THOH eB.li3H, npHBO.!l;.l!IIJ;HX K 33yYX3HHIO 

KOrepeHTHbiX KOne63HHH; 

- nonyqeHHe 3HanHTHqeeKHX peiiieHHH, n03BOn.liiOIIJ;HX eOnOCT3BHTb p3eqeTHhle .!1;3H

Hbie (HanpHMep, ,neKpeMeHTbi 3aryX3HH.ll KOrepeHTHbiX KOne6aHHH) e 3KenepHMeH

TanbHO Ha6nJO,n3eMbiMH X3paKTepHeTH'KaMH Kone6aTenbHOro npou;eee3 s M3KCH

ManbHO npH6nH)I(eHHbiX K 3KenepHMeHry yenOBH.liX, B TOM qHene npH TeMnax no

,nasneHH.ll, 6nH3KHX K npe,nenbHO B03MO)I(HbiM; 

- eonocrasneHHe pe3ynbT3TOB pa3p360T3HHOH MO.D;enH e nonyqawru;HMHe.ll s nHHeii

HOM npH6llH)I(eHHH perneHH.liMH ypaBHeHHH .!l;HH3MHKH nyqK3 npH HenOllb30B3HHH 

MeTO.D;3 KpbmOB3- Eoronw6os3- MHTpononbeKoro H MeTo,nos perneHH.ll ,nH<tJ<tJepeH

u;HanbHbiX yp3BHeHHH e OTKnOH.liiOIIJ;HMe.ll 3pryMCHTOM; 

- 4JopMynHpOB3HHC nepeqH.ll eneu;H4JHK3IJ;HH .!l;n.ll 4JH3HKO-TeXHHqeeKHX 060eHOBaHHH 

npOCKTOB ll;H4Jp0BbiX eHeTCM nO.!l;3BllCHHJI B HOBbiX eHHXpOTpOH3X e yqeTOM OnbiT3 

eo3,naHHJI TaKoii eHeTeMbi ,nAA LHe (I.J;EPH) B COBMCCTHOM npoeKTe I.J;EPH H OIUIH. 

HayqnaH HOBH3Ha 

npHBC.!l;CHbi pe3yllbT3Tbi TeOpeTHqeeKOro HCene,nOBaHHJI .!l;HH3MHKH cryeTKOB 33-

p.li)I(CHHbiX q3eTHIJ; B eHHXPOTPOH3X e u;H4JpOBbiMH eHeTeM3MH o6p3THOH eB.li3H e 

nOMOIIJ;biO MeTO.!l;OB .D;HeKpCTHOro 3HanH33: 

• YTOqHeHbi 3aBHeHMOeTH H Bbi.l!BneHhl orpaHHqeHHJI .D;n.ll .neKpeMeHTOB 3aryxaHHJI H 

q3eTOT KOrepeHTHbiX 6eT3TPOHHbiX KOne6aHHH OT BenHqHHbi 6anaHea 4Ja3, qHeneHHO 

p3BHOH pa3HOCTH Me)l(.!l;y H36erOM 4Ja3bi 6eTaTPOHHbiX KOne63HHH qaCTHIJ;bi npH npo

neTe OT H3MCpHTenbHOro .!1;3TqHK3 .!1;0 ,neMn4JHpywru;ero ,ne<tJneKTopa H H3MeHCHHeM 

4Ja3bi ynpaBn.liiOIIJ;ero CHrHana B u;enH o6p3THOH CB.li3H; 

e BnepBbiC npo,neMOHCTPHPOBaHO, qTO npH HenOllb30BaHHH ll;H4JpOBbiX <tJHllbTPOB B 

u;enH o6p3THOH eB.li3H eHCTCM nO.D;3BneHHJI C 3a,nep)I(KOH CHrHana 6onee qeM H3 O.!l;HH 

o6opOT B03HHK310T .D;OnOnHHTenbHbiC K 6eT3TPOHHbiM MO.!l;bi KOne6aHHH cryeTKOB, KO

TOpbiC BnHJIIOT H3 o6n3CTb yeToifqHBOCTH .!l;BH)I(eHH.ll qaeTHIJ;; 

e BBC.!l;CHO HOBOe nOHJITHe: cen3paTPHe3 .!l;n.ll .D;eKpeMeHTOB 3ayYX3HHJI KOrepeHTHbiX 

nonepeqHbiX KOne63HHH; npHBe,neH MeTO.!l; pacqeT3, n03BOn.liiOIIJ;HH ycTaHOBHTb KOH-

7 



4>Hryp3UHIO cenapa-rpHChl H K3JIThl H30JIHHHH .llJUI)leKpeMeHTOB 331)'X3HIDI; ll0Ka33HO, 

qTQ BbiCOTa cenapaTPHChl 33BHCHT OT napaM~OB UH<I>pOBOro 4>HJihTP3 H BeJIH'IHHbl 

6ananca 4>aJ. 

flpaKTH'IeCK8H 3H8'1HMOCTb 

PaJpa60TaHHhie B .llHCCeJITaUHH MeTO.llhi noJBOJI.liiOT ynpocTHTh Ka'leCTBeHHhiH 

aHaJIH3 UH<I>pOBbiX CHCTeM llO)laBJieHH.ll KOrepeHTHhiX KOJie6aHHH, a TaiOKe ycosep

weHCTBOB3Th MeTo.nw u ouenKH ux xapaKTepHCTHK c yqeToM uaii.nennhiX anaJIHTH'Ie

cKHX pewenuii 6e3 TPY.llOeMKHX qucnennhiX pac'leTOB. 

.[(OCTOBepHOCTh H 34>4>eKTHBHOCTh llpe)lJIO)I(eHHhlX paC'ieTHhlX MeTO.llOB nOJBO

JI.liiOT HCnOJih30B3Th HX npH npoeKTHpOB3HHH COBpeMeHHhiX CHHXpQTPOHOB .llJI.ll Bhl

.liBJieHH.ll HOBhiX UH<I>pOBhlX MeTO)lOB o6pa60TKH )leTeKTupyeMJeoiX CHfHaJIOB, He uapy

Ul3IOI.L(HX ycJIOBHH yCTOH'IHBOCTH )lBH)I(eHH.ll '13CTHU, HO nOBhllli3IOI.L(HX noMexoyCTOH

'iHBOCTh ynpaBJI.liiOI.L(HX npoueCCOB H n03BOJI.liiOI.L(HX pa60T3Th C MeHblliHMH ypOBH.liMH 

BXO.llHhiX CHfHaJIOB H )leMn<t>upyiOI.L(HX BOJ)leHCTBHH. 

PaJpa6oTaHHhie MeTO.llhi npuMenenhi aBTopoM .nuccepTauuu .llJUI auannJa pe)I(H

MOB pa60Tbl CHCTeMbl no)laBJieHH.ll KOrepeHTHhiX nonepe'!HhiX KOJie6aHHH ny'!Ka B 

LHC (I.J,EPH) H conoCTaBJieHH.ll npoeKTHhiX u <PaKI'uqecKHX xapaKTepHCTHK cucTeMhi 

no.nasneHID!, coJ.nanuoii B coBMeCTHOM npoeKTe I.J,EPH H OlUIJii. 

0CHOBHble nOJJOJKeHHH H pe3yJJbT8Tbl, BbiHOCHMble ua 38UJ,HyY 

1. PeJyJihTaThi uccne.nosaniD! .nunaMHKH nyqKa B cuuxpOTPOHax c CHCTeMaMH o6-

paTnoii CB.li3H, OCHOB3HHOro Ha HCnOJih30B3HHH MeTO)lOB )lHCKpeTHOH MaTeMaTHKH. 

2. PeJyJihTaThi pac'leTHhiX u 3KCnepuMeHTaJihHhiX .nannhiX .llJI.ll c.nsuroB qacroT u 

.neKpeMeHTOB JaTyXaHID! KorepenTnwx nonepeqnwx Kone6auuii nporouos B LHC. 

3. OpurnnaJihHWH no.nxo.n .llJI.ll yqeTa 4>JIYKTY3UHH noJIO)I(eHH.ll pa6oqeii TO'IKH no 

'IHCJIY 6eTaTPOHHh!X KOJie6aHHH B CHHXPOTPOHe C UH<I>pOBOH CHCTeMOH o6paTHOH 

CB.li3H, npHBO)l.lii.L(HH K HOBOMY nOH.liTHIO - CenapaTpHCa .llJUI )leKpeMeHTOB 3!IT)'X3HIDI. 

4 . .[(OKa33HO, 'ITO C)lBHfH '13CTOT H )leKpeMeHThl 331)'X3HH.ll KOrepeHTHh!X KOJie6aHHH, 

Bhi'IHCJieHHble B JIHHeHHOM npH6JIH)I(eHHH no BeJIH'IHHe K034>4>HUHeHTa o6paTHOH 

CB.l!JH .llJUI cmaJKeHHhix ypasueuuii .nunaMHKH nyqKa c noMOIIJ,biO MeTo.na Kphmosa-
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EoroJII06osa-MHTPOnOJihCKoro u MeTO.llOB peweHID!.llH4>4>epenuuaJibHhiX ypasneHHH 

C OTKJIOIDIIOI.L(HMC.ll apryMeHTOM, C0Bll3)l3IOT C COOTBeTCTByiOI.L(HMH Bblp3)1(eHID!MH, 

Bhl'iHCJieHHb!MH npH HCnOJih30B3HHH MeTO)lOB )lHCKpeTHOrQ aHaJIH33. 

5. AnaJIHTH'IeCKHH no.nxo.n K pewenuiO Ja.naqu o no.nasneHHH oCTaTO'IHhiX KOJie-

6auuii crycTKOB nOCJie HH)I(eKUHH B CH~XpQTPOH C UH<I>pOBOH CHCTeMOH o6paTHOH 

CB.li3H, HMeiOI.L(eH HeJIHHeHnyiO nepe)laTO'IHYIO xapaKTepHCTHKY. 

6 . Ocnosnble peJyJII.TaThi pa3pa60TKH, uana.nKH H 3KcnJiyaTauuu cncTeMbl no.naBJie

HH.ll KorepenTHhiX nonepe'IHhiX KOJie6aHHH nyqKa B LHC, o6na.naiOI.L(eH cymecTBen

Hb!MH 3JieMeHT3MH HOBH3Hhl B npHH.l!ThlX TeXHH'IeCKHX peweHID!X . 

Anpo6aQHH pa60Tbl 

PeJyJihTaThi, npuse.nennhie B .nuccepTauuu, .noKJia.nwsannch ua uayqnhiX ce

MHnapax OlUIJii, o6c~aJIHCh B ycKopHTeJihHOM no.npaJ.neneuuu I.J,EPH B CB.li3H c 

pa6oTaMH no co3.nanHIO cncTeM no.naBJieHID! KorepeHTHhiX KOJie6auuii nyqKa B LHC, 

.noKJia)lhiBaJIHCh ua Me)l()lynapo.nnhiX Kon<Pepeuuu.llx no 4>n3HKe H TexnuKe ycKopu

TeJieii 33p.ll)l(eHHbiX 'i3CTHQ, npOXO)lHBUlHX 

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

RuPAC'12 (15], 

- B 3apy6e)J<HbiX CTpauax: 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'11 [4]. 

,lJ;OCTOBepHOCTb H OOOCHOB8HHOCTb 

OcnoBHhie pe3yJihT3Thi 4>n3HKO-MareMaTH'IecKoro uccne.nosanu.ll uu<PpoBhiX cu

cTeM llO.ll3BJieHID! KOrepeHTHh!X KOJie6aHHH nyqKa 33p.ll)l(eHHhiX '13CTHU B CHHXPOTPO

uax no.nTsep)l()leHhi 3KcnepuMeHTaJihHhiMH pa60TaMH, BhmonuennhiMH ua EoJihWOM 

A.npounoM Konnaii.nepe (LHC, U:EPH) npu H3yqeuuu nonepequoii .nunaMHKH nyqKa 

npH peKOp.llHhlX 3HepriD!X npOTOHOB OT 450 r3B .no 4 T3B. 

fiyMHKaQHH 

MaTepuanbl .nucceJITauuu ony6JIHKOBaHbl B 36 ne'laTHhiX pa60Tax, H3 nux 9 cTa

Teii B peuen3npyeMhiX ~uanax [1-9] u 17 cTaTeii B TPY.llax Kon<PepenQHH [1Q..-26]. 
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JIH'IHbiH BKJI~ aBTOpa 

Co.uep)f(aHHe ,llHCCePTaQHH H OCHOBHbie nonO)f(eHHll, BbiHOCHMble Ha 3a~ry, 

o-rpa)f(a!OT nepcoHanbHbiH 8Kna.u a8ropa 8 ony6nHKOBaHHbJe pa6oTbl. TionyqeHHble 

n~Ho a8ropoM peJynbTaTbi ony6nHKOBaHbi B BH.Ue 8 crareH: [1-8] B peueH3HpyeMbiX 

~Hanax, 10 ,llOKna,llOB (11-13, 15, 19-22, 24, 26] B -rpy,llax KOHcpepeHQHH H 5 CO

o6~eHHH mum: (27, 29, 33, 34] H QEPH [35]. 

B nepeque ycTHbiX .UOKna,llOB ua Me)f(,llynapo.UHbiX KOHcpepeHQHHX BKn!OqeHbi 2 .uo

Kna.ua (23, 25], KOTOpbie ,llHCCePTaHT npe,llCTaBnlln OT HMeHH KOnna6opauHH "LHC 

Damper" KaK nepBbie 3KcnepHMeHTanbHbie peJynbTaTbi no uana.uKe CHCTeMbi rro.uas

neHHll KorepeHTHbiX nonepeqHbJX Kone6aHHH npOTOHHOro nyqKa B LHC. 

TIO,lli"OTOBKa ,llpyrHX ny6nHKaQHH (9, 10, 14, 16-18, 28, 30-32, 36] npOBO,llHnaCb COB-.. 
MecTHO c coasropaMH ua napHTeTHb!X uaqanax. 

Bee npe.ucTasneHHbJe B .UHCCePTaUHH pe3ynbTaTbi nonyqeHbi nHqno asropoM. 

CTpyKI)'pa u o6'beM JJ:HccepTaQHH 

_nHcCePTaQHll COCTOHT H3 BBe,lleHHll, 063opa nHTepaTYPbi, 7 rnaB, 3aKn!OqeHHll, 

CllHCKa COKpa~eHHH H ycnOBHbiX 0603HaqeHHH, 6H6nHOrpacpHH H npHnO)f(eHHll. 06-

~HH ofu.eM .UHCCePTaUHH 224 c-rpaHHUbi, BKniO'Ial! 33 pHcynKa H 3 Ta6nHQbi. EH6-

nHorpacpHll BKniO'IaeT 138 HaHMeH08aHHH Ha 18 C'rpaHHQaX. 

Co.a;ep*auue pa6oTbi 

Bo Bse,lJ;enuu o6ocuosaua aKryanbHOCTb .UHCCePTaUHOHHoif pa60Tbi, ccpopMY

nHposaua uenb H apryMeHTHposaua uay'IHal! HOBH3Ha Hccne.uosaHHH, noKaJaHa npaK-

THqecKal! 3HaqHMOCTb nonyqeHHbiX pe3ynbTaT08, npe,llCTaBneHbl BbiHOCHMble Ha 3a-

~HTY OCHOBHbie llOnO)f(eHHH. 

B JIHTeparypnoM o63ope npHse.ueHbi uayqHbie peJynbTaTbl u 3KcnepuMeHTanb

Hble ,llaHHbie, KOTOpbie COllOCTaBnlllOTCJI B ,llHCCepTaQHH C nonyqeHHbiMH aBTOpOM 

peJynbTaTaMH. 

B rJJaBe 1 H3nO)f(eHO o6ocHoBaHHe cpH3HKO-MareMaT~eCKOH MO,llenH QHcppo

BOH UIHpO!rononocuoH: cucreMbl no.uasneHHll KOrepeHTHbiX nonepe'IHblX KOne6aHHH 
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<OKeCTK0£'0» CryCTKa. _nHHaMHKa TaKOro O,llHHQqHQI"O cryCTKa OllHCb!BaeTCll C llOMO

~biO nHHeHHbiX Ma-rpHqHbiX ypa8HeHHH ,ll8H)f(eHHll 3apll)f(eHHOH qacTHQbl 8 CHHXpO

TJ)OHe (L3] H nHHeHHblX pa3HOCTHbiX ypa8HeHHH ,llnll QHcpp08biX cpHnbTJ)OB C KO

HeqHQH H 6eCKOHeqHQH HMnynbCHOH xapaKTepHCTHKOH (L4]. COCTOliHHe qacTHQbl 

3a,llaeTCll C llOMO~biO MaTJ)HQbl-CTOn6ua ·X(n,s) Ha o6opOTe n B TQqKe S op6HTbl C 

nepHMe-rpoM C0 • Ee nep8biH :meMeHT ecTb x (n, s) - cMe~eHHe qacTHUbi OTHOCHTenb

HO MrHOBeHHOH 3aMKHYTOH (pa8HOBeCHOH HnH .uecpopMHpOBaHHOH) op6HTbi, a BTOpOH 

JneMeHT X
1(n, s) - yron HaKnOHa TpaeKTOpHH qaCTHUbi. .nnll Bbi~CneHHll cpYJIKUH-

Puc. I. CTIJ)'KT)'PHaJI cxeMa ~H4Jposoil CHCTeMhi no)laBileHHll KorepeHTHbiX Kone6auuil II)"'Ka [L2] 

OHanbHblX 3aBHCHMOCTeH (X (n, S)) H (x' (n, S)) ,llnll aHCaM6nl! qaCTHU <()f(eCTK0£'0» 

CryCTKa HCnpnb3YeTCll npoQe.lJ:YPa ycpe,llHeHHH C llOMO~biO CTaQHOHapHbiX B UIHpO

KOM CMbiCne cpyHKQHH pacnpe.ueneHHll B COOTBeTCTBHH C 06~enpHHl!TbiMH MO,llenl!MH 

H npe.unono)f(eHHliMH [L5]. ,nnll CMe~eHHll ueu-rpa TJI)f(eCTH crycTKa x[n, s] H yrna ua

KnoHa ero -rpaeKTOpHH X
1(n, S j HCllOnb3YeTCll MO,llenbHOe npH6nH)f(eHHe 0 paBeHCTBe 

,llHCKpeTHbiX H Henpepb!BHbiX ycpe,llHeHHblX BenHqHH CMe~eHHH X (n, S j = (X (n, S)) 

H HX npOH3BO.UHbiX. TaKoe )f(e cornawenHe npHHHMaeTCll Mll HMnynbcHoro B03,lleii:

cTBHll .ueMncpHpy!O~ero .uecpneKTopa (lu~(n)) = f1x~[n] H HMnynbcHoro TOnKaTenll 

(f1x~(n)) = f1x~[n] (eM. pHc. 1). Tor.ua [5, 27]: 

X[n + 1,s] = X[n,s + C0] = M(s)X[n,s] + f1x~[n] MdE + f1x~[n] MeE, (1) 

r.ue B Ma-rpHue-cron6ue E HMeeM £ 1 = 0 H Ez = 1. ,nnll Ma-rpHU nepexo.ua M(szlst) 

H3 TO'IKH St B ll03HQHIO Sz HCnOnb3YlOTCJI o6~enpHHl!Tble 0603HaqeHHll (L3]: 

M(s) = M(s + Cols), Md = M(s + Colsd), Me= M(s + Colse). 

_nHCKpeTHOe CMe~eHHe cryCTKa B ,llaT'IHKe nonO)f(eHHH X (n, Sp] := X (n j OTO)f(,lleCT-
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BnJieTCJI C .L\HCKpeTHbiM OTC'leTOM Ha BXO.L{e pa.L{HOTeXHH'leCKOH ~erm o6paTHOH CBJIJH, 

nponop~HOHanbHbiM BXO.L{HOMY HanpJ~>KeHHIO Jlin(nj. Il03TOMY .L{nJI ~enH 06paTHOH 

CBJI3H MO)KHO JaiTHCaTb (5, 27]: 

llin(n] = (x[n] + oxp) Sin Kin u[n], 

Nr N, 

Vftlr[n] = L b[m] Vin[n- m] u[n- m] + L c(m] Vftlr[n- m] u[n- m], 
m=O m=i 

t.x~(n] = xSoul Voul(n] =X Soul Kou1 Vfllr(n- q] u(n- q]. (2) 

r.ne x = ± 1 - Ko3¢¢H~HeFIT, Y'~HThrBawmHii nolUipHOCTb no.nasaeMoro Ha .ne¢neK

TOp DK ynpasnJ110mero HanpJ~>KeHHJI, Sin - qyBCTBHTeJibHOCTb HJMepHTeJibHOro .naT

'lHKa BPM, Kin - KOJ<fJ<fJH~HeHT ycHneHHJI no HanpJ~>KeHHIO BXO.L\Hhrx ycHJIHTeneii, 
. .. 

8xp - norpeUIHOCTh HJMepeHHH 6eTaTpOHHbiX cMemeHHH Kone6n10meiicJ1 'laCTH~hr B 

MeCTe pacnono>KeHHJI BPM, Soul - rrepe.naTO'lHaJI xapaKTepHCTHKa .ne<t>neKTopa, Kou1 

- K03<l><l>H~HeHT YCHJieHHJI ITO HaiTpJI>KeHHIO BhlXO.L{HbiX yCHJIHTeJieJ.i, U (n] - <fJyHK

~IDI XeBHcaii.na, Nr - rropMOK <fJHJihTpa c KOHe'lHOii HMIIYJibCHOH xapaKTepHCTHKOH 

(KMX-<l>HJibTp), b[m]- KOJ<fJ<fJH~HeHThl KMX-¢HnhTpa B yrrpaBlUIIOmeM npo~eccope 

DSP, N, - nopJI.L\OK <fJHJibTpa c 6ecKoHe'lHOH HMhynhCHOH xapaKTepHCTHKOH (EHX

<l>HnbTp), c(m] - KOJcl><l>H~HeHTbi EI1X-¢HnbTpa [L4], Vfltr - BhlXO.L\HOe HanpJ~>KeHHe 

nocne cl>HJibTpa, Voul - HanpJ~)KeHHe Ha Bhrxo.ne ~enH o6paTHOH CBJIJH. B (2) Y'fTeHo, 

'ITO CHHXpOHHJa~IDI OTC'lerOB Jlin(n] H V0 u1(n] MO>KeT ocymeCTBnJITbCJI C Ja.nep>KKOH 

Ha q 060p0TOB. IfHa'le rOBOpJI, eCJIH t(O, Sp) eCTb MOMeHT rrponeTa 'laCTH~bi CKB03b 

BPM nocne HH>KeK~HH, r = rpd - speMJI nponeTa qacTH~bi OT BPM .no DK, TO Kop

peKTHpywmHii cHrHan .non>KeH BOJHHKHYTb B DK B MOMeHT speMeHH t(q, sd) TaKoii, 

'ITO (5] 
r + q To= t(q,sd)- t(O,sp). (3) 

BenH'lHHa q .nanee Ha3biBaeTCJI KpaTHOCTbiO Ja.nep>KKH. 06bi'lHO q = 0 Ha ycKo

PHTeJIJIX C 6onbUIOH .L{nHHOH .L\OpO>KKH, O.L{HaKO B 3JieKTpOHHbiX CHHXpOTpOHaX .L{nJI 

BbiiTOJIHeHIDI YCJIOBHH CHHXpOHHJa~HH C y'lfu-OM peanbHOH Ja.L{ep>KKH B ~errH o6paT

HOH CBJIJH npHXO.L\HTCJI Bbi6HpaTb OTJIH'lHbie OT HYlUI JHa'leHIDI q. 
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.[{m1 peUieHIDI nony'leHHOH CHCTeMbl nHHeHHbiX pa3HOCTHbiX ypaBHeHHH ( 1) H 

(2) MO>KHO HCITOnbJOBaTb npeo6pa30BaHHe flopaHa (Z-npeo6pa30BaHHe) (L4]: 
00 

y(z.s) =Z{y(n,s]} = LY(n,s]z- ". y(n,s] = 0 Vn < 0, s E (O.Co]. (4) 
n=O 

y[n,s] =Z-1{y(z,s)} = -
1
-. ly(z,s)z"-1d z = L.::Res[y(zr.s)z~-J; z,J, 

21lJ :r . r , 

r.ne f'- JaMKHYThrH KOHryp, OKp~aiOUI,HH BCe OC06hle TO'lKH z, <l>YHK~HH y(z , s) Ha 

KOMmreKCHOH z-nnocKOCTH, npH'leM lz,l < 1. Ilocne BbmonHeHHJI Z-npeo6pa3oBa

HIDI B ypaBHeHIDIX (1) H (2) nOny'laiOTCJI cne.nywmHe Bb!pa>KeHIDI {5, 27): 

- - 1 -~ zl -M- detM( ~ g(z)oxp ~ ~ 

det zl- M (1- z-1)(f3d/3p) 112 X(z,s) = ( ) zX(O,s] + A A MdE 

+ Z{t.x~(n]} M.E )· (5) 

3.nech i- e.nHHH'lHaJI MaTpH~a. X(O,s]- Ha'lanbHOe coCTOJIHHe crycrKa, a MaTpH~a 

M HMeeT BH.Ll 
~ ~ ~ g(z) ~ ~ ~ 
M=M(Qo,z.s)=M(s)+ A A MdTM(spis), (6) 

(f3d/3p) 1/2 

r.ne fi; - cl>yHmHH TsHcca [L5] B TO'lKax pacnono>KeHIDI BPM H DK, T - KBa.npaTHaJI 

2 x 2 MaTpH~a. B KOTopoJ.i T21 = 1, a see ocTanbHbie 3JieMeHTbl paBHbi HYJIIO. Cne

.nyeT ITO.L{'lepKHyrb, 'ITO OllTH'leCKHe cl>yHmHH TBHCCa H Ha6em 6eTaTpOHHhlX <fJaJ B 

MaTpH~ax M(s), Md(s + Colsd) H M(spls) Ja.naHbi Ha op6HTe, r.ne 'lHCJIO 6eTaTpoH

HbiX Kone6aHHii Ja o6opoT paBHO Q0 . 3To OTpa>KeHo B onpe.neneHHH MaTpH~hl M B 

(6), r.ne JaBHCHMOCTb OT Q 11 YKa3aHa B JIBHOM BH.ne KaK M(Qn, z, s). <l>yHmiDI g(z), 

sxo.nJ~maJ~ B (5) H (6), onpe.neneHa cne.nywmHM o6pa3oM (5]: 

g(z) = z-q xK(z) Sin Soul~· (7) 

B (7) sse.neHo o6oJHa'leHHe K(z) = Kin Kou1 H(z) MJI nepe.naTO'IHOH <l>YHK~HH pa

.L\HOTeXHH'leCKOH 'laCTH ~enH o6paTHOH CBJIJH, JaBHCJimeJ.i OT rrepe.L{aTO'lHOH <l>YHK

~HH [L4] ~Hcl>posoro cl>HnbTpa H(z) = Z{Vfttr[n]}: 

H(z) ~ Z(V,.[n]} ~ (b[O] + t.b[mV") (1-~ c[m]z~ r (8) 
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Co6crseHHhie JHa'leHID! z, ecTb peweHID! xapaKTepHCTH'IecKoro ypasHeHID! [5, 27]: 

det(zJ -M(Q0,z,,s)) = z; -z,trM(Q0,z,,s) + detM(Q0 ,z,,s) 

= z;- (2 cos Jl + g(z,) sin(J.L- 71) )z, + I - g(z,) sin 71 = 0, (9) 

r.ue Jl = 2rrQ0 ecTb Ha6er <f>aJbi 6eTaTPOHHhiX Kone6aHHU Ja o6opoT, a 71 - oT 

BPM .uo DKO YpasHeHHe (9) npH g = 0 ecTb KBa.upaTHoe ypaBHeHHe, HMe10mee 

.nsa KOMnneKcHo-conpR)l(eHHhiX KOpiD! z1,2 = exp(±j 2rrQ0), Toeo xopowo HJBeCTHoe 

peweHHe .UAA 6eTaTPOHHbiX Kone6aHHU [L5]. B 3TOM cnyqae senH'IHHa arg z 1,2 = 

2rr{ Q 0 } eCTb npHpameHHe <f>aJbi 6eTaTPOHHhiX Kone6aHHU Ja o6opoT ({ Qo}- .npo6HM 

'laCTb Qo: -0.5 < { Qo} ~ 005), KOTOpOe <f>HKCHpyeTCR KaK Ha6n10.uaeMM BenH'IHHa 

B CHrHane C ,naT'IHKa llOnO)l(eHID! (L2)o 3TOMY npHpall(~HHf MO)l(HO COllOCTaBHTb 

L{HKJIH'IeCKYIO qacTory rlp H a6cOniOTHYIO BenH'IHHy Qp MR {Q0}: 

Qp = I{Qo}l. rlp = Qp Wo, wo = 2rr / To , rlpTo = 2rrQpo 

BenH'IHHbi rlp H Q/l .nanee 6y.uYT HcnonbJOBaTbCH B Ka'leCTBe xapaKTepHCTHKH MH

HHManbHOU MO.l{bl 6eTaTPOHHbiX KOne6aHHUo C Y'leTOM npHIDITOro B pa,nHOTeXHHKe 

npaBHna cooTBeTCTBHH K(w) = K(z = exp(j wT0)) MH g(z) MO)l(HO JanHCaTb [5]: 
A _. xK(z) r;:;: 
g(z) = g Z q ~, g = S;n SoutKo y f3d{3p, Ko = IK(Qp)l, 

r.ue g :: lg(Qp)l- K03<f><f>HUHeHT o6paTHOU CBH3H, npH'IeM jllxd(Qp)l (ftdftp) 1/2 = 

g IXd(QtJ)Io IlpH g =/:. 0 <f>HJH'IeCKHU CMbiCn HMeiOT perneHIDI, ,nnH KOTOpbiX see MO.l{bi 

Kone6aHHit: HBnRIOTCH JaryxaiOll(HMH (lz,l < I)o Cne.nosaTenbHO, MR acHMfiTOTH'Ie

cKHX perneHHU [L4] MO)l(HO JanHcaTb MH X(z,s) H3 (5): 

lim X[n,s] = lim(z- l) X(z,s) = Oo (10) 
n-t-oo z-+1 

TaKHM o6pa3oM, see noniOCbi z, <f>YHKUHH (z - I )X(z, s) .non)l(Hbi ne)l(aTb BHYTPH 

Kpyra e,nHHH'IHOro pa.neyca, TO ecrb BniDIHHe norpewHocreu 8xp B X(z, s) .non)l(HO 

6biTb HCKJIIO'IeHOo 3TO B03M0)l(HO, ecnH (5, 24, 27) 
Nc 

g(z = I) = 0 => b[O] + L b(m] = 00 
m=l 

Tiocne.nHee .nocrHraeTCH 6naro.napH npHMeHeHHIO B uenH o6paTHoit: CBHJH yJKono-

nocHoro 3arpa)l(.l{a10ll(ero <f>HnbTpa (notch filter, H 0 (z) =(I- z- 1)) [24, 27]0 

I4 

fipH6niDKeHHbie peiiieHHR XapaKTepHCTH'IeCKOI'O ypaBHeHID! npH g << J eCTb 

Z1.2 = exp ( ±j 2rr ( Q 0 - gx4~~)1 e'fi'l')) = e-a±i 2n{Q}, (I1) 

r.ue sse.ueHbi cne.uy10mHe o6oJHa'leHHR [5, 15]: 

(I)= (±QtJ +k)WQ, 

a = g IK(w)i x sin 'II, 
2Kt, 

K(w~ = K;nKoutH(z = ei"'T•). 

'II= 71 + 2rrq Qo- argK(w) , 

g IK(w)l 
{Q}={Qo}- xcos'll, (12) 

4rr.Kt1 

Ko = IK(QtJ)I. x sin 'II(QtJ) > Oo 

Onpe,neAAIOll(HM napaMerpOM B (II) RBnReTCR 6anaHc <f>a3 '11, senH'IHHa KOTOporo 

pasHa pa3HOCTH Ha6era <f>a3bl 6eTaTPOHHbiX KOne6aHHU (71 + 2rrq Qo) ,nnR 'laCTHL{bi 

npH nponeTe OT ,naT'IHKa nono)l(eHIDI .no .ne<f>neKTOpa ( c yqeroM KpaTHOCTH Ja,nep)l(KH 

q) H H3MeHeHIDI <f>a3bl ,lleTeKTHpyeMOI'O CHrHana arg K(w) B uenH o6paTHOU CBH3Ho 

.[{eKpeMeHT JaryxaHIDI MaKCHManeH B pe30HaHCHOM cnyqae, KOr,na (5, 15) 

I sin 'Ill = I => {Q} = {Qo} 0 (13) 

TaKHM o6pa3oM, onTHManhHbie ycnoBIDI MR JaryxaHID! Kone6aHHU MOfYT 6hiTh no

nyqeHhi npH q = 0 He TOnhKO B cnyqae I sin 711 = 1, 'ITO RBnReTCH o6h!'IHbiM TPe6osa

HHeM npH npoeKTHpOBaHHH CIT, HO H npH OTKJIOHeHHH OT 3TOI'O ycnOBIDI ,nnR Ha6era 

<f>aJbi 6eTaTPOHHbiX Kone6aHHU OT ,naT'IHKa nono)l(eHID! .uo .ne<f>neKTOpa, ecnH TaKoe 

OTKJIOHeHHe MO)l(eT 6b!Tb CKOMfieHCHpOBaHO UH<f>pOBb!M <f>HnbTPQMo 

IIocKOnhKY g(z) ex z-4-Nr npH Nr < Nr, TO xapaKTepHCTH'IecKoe ypasHeHHe 

(9) HBAAeTCH anre6paH'IeCKHM ypaBHeHHeM creneHH (2 + q + Nr) OTHOCHTenhHO 

z 0 Ko3<f><f>HUHeHTh! ypasHeHHH (9) - .neit:CTBHTenbHh!e '!Henao Cne.uoBaTenhHO, TaKOe 

anre6paHqecKoe ypasHeHHe HMeeT napHb!e KOMnneKcHo-conpH)l(eHHh!e KopHH HIHnH 

pa3nH'IHb!e Bell(eCTBeHHb!e KOpHH (B qaCTHbiX Cny'IMX HeKOTOpb!e H3 Bell(eCTBeHHb!X 

KOpHeU MOfYT COBfia.l{aTb)o PeiiiM anre6paH'IeCKOe ypasHeHHe (9), MO)l(HO nony'IHTb 

yTO'IHeHHb!e JaBHCHMOCTH MR ,lleKpeMeHTOB JaryxaHIDI npH pocre BenH'IHH K03<f>

<f>HUHeHTa o6paTHoit: CBH3H g c yqeroM nepe,naro'IHOU <f>YHKUHH H (z ), JaBHcHmeu 

OT CTPYKTYPHOU cxeMh! UH<f>posoro <f>HnhTPa cornacHo (8)0 TaKHM o6pa3oM, npH Hc

nonbJOBaHHH UH<f>pOBbiX <f>HnbTPOB B uenH o6paTHOU CBH3H CHCTeM no,nasneHHR C 
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3a.llCp)I(KOH CHrHa.rra 6onee 'ICM Ha O.UHH 060pOT B03HHKaJOT ,UOnOJIHHTCJlbHble MO

)lbl KOJie6aHHH CryCTKOB, KOTOpb!C OrpaHH'lHBaJOT o6JiaCTb YCTOH'IHBOCTH .UBH)I(CHIDI 

qacTHI.( npH Bb!COKOM TeMne no,uaBJICHIDI KOJie6aHHH (3, 5, 27). 

0.030r-::----------
a 

O.OZ5 

0.020 

0.015 

0.04 

g 

0.06 0.08 
6 

PHc. 2. Pac'leTHble neKpeMeHTbl JaryxaHHll H peJyJJbTaTbl HJMepeHHii ropHJOHTaJJbHbiX (a) " oep'I'H

KaJJbHbiX (6) KorepeHTHbiX nonepe'!HbiX Kone6aHHH IT)"'Ka npoTOHOB ~ 3HeQFHeii 3.5 T38 o LHC [5, 15] 

TaK, B CHCTeMe no,uaBJieHH.II KorepeHTHbiX nonepe'!Hb!X Kone6aHHH ny'!Ka s LHC 

HCnOJib3YJOTC.II nOCJIC,UOBaTCJibHO COC.UHHCHHble notch-<f>HJibTP H <f>HJibTP rHnh6ep

Ta [5]. Ha pHc. 2 npo.ueMOHCTpHposaHo cosna,ueHHe 3KcnepHMeHTaJibHbiX ,uaHHbiX c 

paC'!eTHbiMH 3aBHCHMOCT.IIMH ex(g) )lJI.II ,UeKpeMeHTOB 3aryxaHH.II KOJie6aHHH npH pe

KOp.UHOH 3HepmH 3.5 T3B npoTOHHoro ny'!Ka B LHC B lliHpOKOM .UHana3oHe seJIH'lHH 

K03$$HI.(HeHTa o6paTHOH CB.II3H (g ~ 0.08) BnJIOTb .UO 3Ha'!eHHH, .UJI.II KOTOpb!X ,UeKpe

MeHT 3aryxaHH.II KOJie6aHHH (ex ~ 0.05) no KpaHHCH Mepe B 'leThlpe pa3a npeBOCXO.UHT 

.uocTHreyT~>IH Ha ,upymx npoTOHHbiX CHHXPOTPOHax yposeHb (ex ~ 0.012) [5, 15). 

Pe3yJibTaTbi nepsoil: rnaBbi ony6nHKOBaHbl B pa6oTax [3, 5, 8, 10, 15, 20, 24, 27]. 

B rJiaBe 2 npHBC.UCHbl pe3yJibTaTbl HCCJie,UOBaHID! npo6neMbl 0 KOH$Hrypai.(HH 

06JiaCTH YCTOH'lHBOro 3aryxaHID! KOrepeHTHbiX nonepel!Hb!X KOJie6aHHH CryCTKOB npH 

BapHai.(HH OCHOBHbiX napaMerpOB CHHXPOTPOHa, BJIIDIIOII.(HX Ha 6eTaTPOHHOe .UBH)I(e

HHe 'laCTHI.(bl (4, 8, 19). ,UHHaMHKa B3aHMO,UeHCTBYIOII.(HX cryCTKOB B CHHXpOTpOHe 

M.!i OTKJIOHeHHH Xm[n] Ha Ka)I(-UOM n-M o6opore (mE [1, Kb], Kb- 'IHCJIO cryCTKOB) 

OnHCbiBaeTC.II C nOMOII.(biO JIHHCHHb!X .UH<f><f>epeHI.(HaJibHbiX ypaBHCHHH, B KOTOpb!X 

3JICKrpOMarHHTHOC B3aHMO,UeHCTBHe cryCTKOB 3a,UaHO C nOMOII.(bJO XBOCTOBhlX no

neil:, H JIHHeHHbiX pa3HOCTHbiX ypaBHeHHH .UJI.II Hanp.!!)l(eHHH Vm [n], B03HHKaJOII.(HX 
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B UHtPPOBhlX tPHJibTPaX . .[{n.11 peweHH.II nony'leHHOH CHCTCMbl JIHHCHHb!X ypaBHCHHH 

Hcnonh30BaH MeTO.U Z-npeo6pa3oBaHID!. Bo3HHKaJOII.(M nocne Z-npeo6pa30BaHH.II 

CHCTeMa JIHHCHHhlX ypaBHCHHH .uJI.11 Xm(z) = Z{xm[n]} c noCTO.IIHHbiMH K03$$HI.(H

eHTaMH C nOMOII.(biO 0611.(CH3BCCTHOH npOI.(C)lypbl (L6) npHBO,UHTC.II K HOpMaJibHbiM 

KOOp.UHHaTaM Vm(Z). B HTOre nony'!aeTC.II xapaKTepHCTH'!CCKOe ypaBHCHHe )lJI.II C06-

CTBCHHbiX 3Ha'!CHHH z,, no <f>opMe COBna,aaJOII.(ee C xapaKTepHCTH'!CCKHM ypaBHCHHCM 

)lJI.II (()l(eCTKOro» cryCTKa (9), B KOTOpOM, O)lHaKO, <f>a30Bb!C Ha6erH )lJI.II nonepel!HbiX 

Kone6amili .UOJI)I(Hbi 6hiTb Bhl'!HcneHbi c y'leTOM 3<f><f>eKTHBHoro '!Hcna 6eTaTPOHHbiX 

KOJie6aHHH 3a o6opOT Qm(z,) = Q,. + ~Qm(z,) )lJI.II KOHKpeTHOH MO)lhl KOJie6aTCJib

HOrO npOI.(CCCa, OnHCb!BaeMOro C nOMOII.(biO HOpMaJibHbiX KOOp,llHHaT Vm(z,) (3.UCCb 

Qc = Q0 + ~Q0, r.ue ~Qo - KBa3HCTaTH'lCCKM nonpasKa K Qo). Ka)l()loMy co6-

CTBCHHOMY 3Ha'!eHHJO z, MO)I(HO COnOCTaBHTb I.(HKJIH'ICCKYJO 'laCTory W(k), TaK 'ITO 

j W(k) To = j 2rrk + In z,(Qm), r.ue k - uenoe 'IHCJIO. llocKOJibKY B nepBOM npH6nH

)I(CHHH nO CHJIC B3aHMO,UCHCTBH.II cryCTKOB npH BbiKJIJO'leHHOH CHCTeMe no,ll.aBJICHIDI 

HMCCM Z, = exp(±j 2rrQc), TO )lJI.II KOMnJICKCHbiX nonpaBOK ~Qm(W(k)) B 3TOM )I(C 

npH6JIH)I(CHHH nonyqaJOTC.II Bhlpa)I(CHH.II, COBna,uaJOII.(He C H3BCCTHhlM pe3yJibTaTOM 

)lJI.II HeycTOH'lHBOCTCH CryCTKOB (32) H CnJIOiliHOro ny'!Ka (35) B 3aBHCHMOCTH OT '!a

CTOTbl W(k) = (±{Qc}+k)wo. Hap.!!.UY C nepHO)lH'lHOCTbJO '!aCTOT C06CTBCHHbiX BOJIH, 

paBHOH kw11 , M.ll Ka)l(,uoro k npoucxo,uHT pacmenneHHe W(k) Ha Kb caTeJIJIHTOB scne.u

CTBHe TOro, 'ITO ~Qm ecTb <f>yHKI.(IDI OT Kt;
1

1nz,. ,UAA 6onhworo 'lHCJia cryCTKOB Kb 

MaKCHMaJibHblH pa36poc ~Q(max) .uJI.11 CaTeJIJIHTHblX. MO)l B03HHKaeT B CHHXpQTPOHaX 

C 60JiblliOH npOT.II)I(CHHOCTbiO op6HTbl B CJiy'lae npOHHKHOBeHH.II 3JICKrpOMarHHTHOro 

nOJI.II cryCTKOB CKB03b CTCHKH BaKyyMHOH KaMCpbl C aneprypoif 2b {32]: 

(max) ) _ _ 2vbKb _ ruNb /Jav 
~Q (W(k) - 1 + . T . Vb - 2 b2 • 

J W(k) 1 TrYo 
r.ue T1 - speM.II .UH<l><f>Y3HH noJI.II B npoBO,li..IIIUHe CTCHKH KaMepbi; Vb - napaMeTp, 

xapaKTepH3YJOII.(HH B3aHMo,ueifcTBHe cryCTKos; Nb - '!HCJIO qaCTHI.( B cryCTKe; ro -

KJiaCCH'leCKHH pa.auyc qacTHI.(bi [L5]; Pav - cpe,uHee 3HaqeHHe fJ-<f>yHKI.(HH no MHHe 

op6HThl. Pa36poc qacroT caTennHTHbiX MO.U nponopuuoHaneH HHKpeMCHTY Heycroil:

'IHBOCTH vbKb. Ha6er <f>a3bl 6eTaTPOHHbiX Kone6aHHH TJ OT ,uaT'!HKa .uo .ue<f>neKTopa 
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3aBHCHT OT ( Q c + Re ~Q(max> (w(k))) . rro3TOMY o6ecne'IHTb cTporoe BbinOJIHeHHe 

OnTHMaJibHbiX y cJIOBHH (13) .llJUI llO.!laBJieHIDI BCeX MO.!l KOrepeHTHbiX nonepe'IHbiX 

KOJie6aHHH B3aHMO.!leHCTBYIO!IIHX CryCTKOB O.!lHOBpeMeHHO HeB03MO>KHO (32). 

TaKHM o6pa3oM, Hap.ll.!lY c 3aBHCHMOCTbiO .aeKpeMeHTa 3aTYXaHIDI a OT K03<fl 

<fJHuHeHTa o6paTHOH CB.li3H g B03HHKaeT 3aBHCHMOCTb .aeKpeMeHTa OT 3<fl<fleKTHBHOH 

BeJIH'IHHbi Q HJIH OT MrHOBeHHOH BeJIH'IHHbi Q npH CJIY'IaHHOM CMeiUeHHH oQo 

nOJIO>KeHH.ll pa6o'leH TO'IKH OTHOCHTeJibHO paC'IeTHOH BeJIH'IHHbi Q0. TpexMepHyiO 

0.08 
o.06r oQ, 
0.04 

0.02 

0 

-0.02 

..0.04 

~""-( (}~:};: 
',--~ 

-0.06 g 
..0.08 

10'' w·' w·• 
a 

Q.~ 
U UIUI-· .,!f"·'~iO!I..rx:'""'-""'-'11!!-•~~;'··· 

r~..,.3$ili.'Y,.~"''*~~- ·l 

ooos~ :.r,~~~~~~~.~ 
!III ~~- -·--··- ··-·--:··· 
,,.E---~~~ 

0~ ·-' j' · ''I : ., -----------! 1 

... : .ii2~~~~~1::~ ..0.005 

..0.010 

200 300 400 500 n =tlf, 
6 

Puc. 3. KapTbJ: (a) U30JIUHUH a(g, 8Q0 ) = a1 [4] u (6) U30aMIIJI~ ae(n, Qe- QJJ) = a1 [5] 

3aBHCHMOCTb a(g, oQ0 ) KaK <flyHKUHH .!lBYX nepeMeHHbiX MO>KHO npe.UCTaBHTb Ha 

nJIOCKOCTH (g, oQ0) B BH.!le KapTbi H30JIHHHH (4)- CeMeHCTBa JIHHHH, .!lJI.ll Ka)K.!lOH H3 

KOTOpbiX BeJIH'IHHa .aeKpeMeHTa HMeeT llOCTO.l!HHOe 3Ha'leHHe at, HanpHMep: 

a(g, 8Qo) = a1, ao = To/ idee , a1 = f/80 V f E (1,8), 

r.ue rdee - nocTO.l!HHa.ll speMeHH <flaJosoro nepeMeWHBaHIDI 'laCTHU. Ha pH c. 3a npHBe

.aeH npHMep TaKOH KaPTbi H30JIHHHH .!lJI.ll err C <flHJibTPOM fHJib6ePTa (4] . rrocKOJibKY 

.aeKpeMeHT no.aaBJieHH.ll KorepeHTHbiX KOJie6aHHH T0/rd .aoJI>KeH npesocxo.aHTb seJIH

'IHHY au = To/rdee, TO 3aMKHYTYIO KpHBYIO a(g, oQo) = ao MO>KHO OTO)K.!leCTBJI.l!Tb 

C CenapaTPHCOH .!lJI.ll .UeKpeMeHTOB 3aryxaHH.ll KOrepeHTHbiX nonepe'IHbiX KOJie6aHHH. 

BbiCOTa cenapaTPHCbi 3aBHCHT OT napaMeTPOB uu<flposoro <fJHJibTPa H 6anaHca <fla3 [ 4]. 

3TO 03Ha'laeT, 'ITO TPe6oBaHH.ll K CTa6HJibHOCTH llOJIO>KeHIDI pa6o'leH TO'IKH B CHH

XpOTPOHe .!lOJI>KHhl <flopMyJIHpOBaTbC.ll c y'leTOM BbiCOThl cenapaTPHCbi. 
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J 

) 

J 

l 

B [5] Bbi.l!BJieHbi 3aKOHOMepHOCTH .!lJI.ll pe3oHaHCHOH 3aBHCHM OCTH aMnJIHTY.!l ae 

BbiHy)K.!leHHbi X KOJie6aHH H CryCTKOB B OTBeT Ha OrpaHH'IeHHOe BO BpeM eHH rapMO

HH'IeCKoe B03.!leHCTBHe C UHKJIH'IeCKOH 'laCTOTOH We = (Qe - Qp)Wo OT napaM~OB 

uenH o6paTHOH CB.li3H C UH<fJpOBbiM <fJHJibTPOM. AMnJIHTY.!la BbiHY>K.!leHHOro KOJie6a

HH.ll B03paCTaeT npH npH6JIH>KeHHH Qe K·Qp, HO He o6pa!IIaeTC.ll B 6eCKOHe'IHOCTb, KaK 

3TO npOHCXO.!lHT npH pe30HaHce B OTCYTCTBHe err. YcTaHOBJieHO, 'ITO K03<fl<fJHUHeHT 

pe3oHaHCHOro ycHJieHIDI aMnJIHTy.!lbi BbiHY>K.!leHHbiX KOJie6aHHH eCTb R~max) = 1/2a. 

TpexMepHyro 3aBHCHMOCTb ae(n = t/Tu, Qe- Qp) KaK <flYHKUHIO .usyx nepeMeH

HbiX MO>KHO npe.UCTaBHTb Ha nJIOCKOCTH (n, Qe- Qp) B BH.!le KapTbi H30aMnJIHTY.!l 

ae(n, Qe- Q{3) = Gt (eM. pHC. 36). BH.aeH 3<fl<fleKT CMeiUeHH.ll MaKCHMyMa pe30HaHc

HOH KpHBOH OTHOCHTeJibHO Q13 . YcTaHOBJieHO, 'ITO 3TOT 3<fl<fleKT 3aBHCHT OT 6aJiaHCa 

0.278 

0.277 

0.276 

0.275 -
·160 -140 -120 . -- -- -- .. -160 -140 -120 -100 -80 -60 -40 q> 

a 6 

Puc. 4. Pac'leTHble JaBUCUMOCTH BeJIU'IUHbi { Q} (a) u Ko34J<!lu!UieHTa pe3ouaucuoro ycuneHIDI (6) 

OT <!laJOBOro napaMeTpa '{! <!lHJibTj)a fHJib6ej)Ta ( CIIJIOIIIHble JIHHUU) B COUOCTaBJieHUU C pe3yJibTaTaMU 

3KCnepuMeHTaJibHbiX UJMepeHUH (7] 

<fla3 (5) . )laHHbiH 3<fl<fleKT 6bm npHMeHeH .!lJI.ll TOHKOH HaCTPOHKH 6aJiaHCa <fla3 CHCTe

Mbi llO.!laBJieHH.ll KOrepeHTHbiX nonepe'IHbiX KOJie6aHHH npOTOHHOro ny'IKa C 3HeprHeH 

450 f3B B LHe. Ha pHc. 4 npHse.aeHbi 3KcnepHMeHTaJibHhle .aaHHbie, no.aTsep>K.!laiO

!IIHe HaJIH'IHe JIHHeHHOH nonpaBKH K KOrepeHTHOH 'laCTOTe 6eTaTPOHHbiX KOJie6aHHH 

npH MaJIOM OTKJIOHeHHH 6aJiaHCa <fla3 OT OllTHMaJibHOro 3Ha'leHID! (7). 

Pe3yJibTaTbi BTopoil: maBbi ony6JIHKOBaHhl B pa6oTax [3-5, 7, 8, 16, 19, 28, 29, 

31, 32, 34, 35]. 

B rJiaBe 3 npHBe.UeHbi pe3yJibTaTbi HCCJie.UOBaHID! MHOroKaHaJibHbiX CHCTeM no

.UaBJieHIDI KOrepeHTHbiX nonepe'IHbiX KOJie6aHHH «>KeCTKOrD» cryCTKa. 
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0cHosaHI1eM ,UJill 113y'leHHll MHOroKaHaJihHhiX CI1CTeM no,ll.aBJJeHHll cran11 3KC

nep11MeHTaJihHbie ,ll.aHHbie, nony'leHHbie Ha CI1HXPOTPOHe SPS (QEPH) np11 11CCJie

AOBaHI111 yCTOH'II1BOCTI1 BbiCOK011HTeHCI1BHOro nyqKa 3apl!)l(eHHbiX 'laCTI11.( np11 np11-

6JII1)1(eHI111 '111CJia fieTaTPOHHbiX KOJie6aHI1H K noJiyl.(eJIOMY '111CJIY. l>biDO o6Hap~e-

10' ''""' ' • • • ' ' I 

0.30~ (l ,....._ 
tune=0.582 ;:i . tune=0.536 .. 0.25 

~10' . tune=0.522 unstabl 
0.20 

"" E . 
0.15 ·;:: 10' 

eo ~ 1 , 0.10 !' c . \ ·g. I too low gain • • 0.05 \ • . . ', o; good damping • 0 "0 __:-· .-:-::-.. _-:--- ....... - ....... 

1o·;
0
., 10'' 10'' I -0.05 ···· · --":"::-.~---~~:.:.:.: 

feedback gain (a.u.) 0 0.2 0.4 0.6 0.8 1.0 g 
6 a .. 

PHc. 5. (a) PeJynhTaThi H3MepeHHH noCTOliHHOH 3aTyXaHHll Td H (6) pac'leTHbie oenH'IHHbi neKpeMeHTOB 

3aTyXaHHll a = T0/rd o 3aoHCHMOCTH OT g Jlnll 3Ha'leHHH Q0 : 26.582 (cnnowHal! nHHHll), 26.536 

(nyHKTHpHal!), 26.522 (TO'Ie'!Hall), 26.500 (WTpHX-rryHKTHpHal!) (36) 

HO, 'ITO ,li.Jill BeJII1'111H K03QJQlHI.(I1eHTa o6paTHOH CBll311, npeBhJWaiOW.11X 11HKpeMeHT 

HeyCTOH'II1BOCTI1, ny'IOK YCTOH'II1B np11 Qo = 2&.582, np11'1eM fiOCTOliHHall BpeMeHI1 

3aTYXaHHll yMeHbWaeTCll C pOCTOM g 11 CTafiHJihHOCTb nyqKa B l.(eJIOM YJIY'IWaeTCll 

(eM. p11c. Sa) [36]. 0.D.HaKo np11 Q0 = 26.536 .11.11anaJoH seJII1'111H g, np11 KOTOpbiX 

Jaxsa'leHHhiH ny'IOK 6bm ycTOH'II1B, pe3KO coKpaw.ancll. Ew.e y)l(e ,ll.aHHhlH .11.11anaJoH 

fihiJI np11 Qo = 26.522, np11'1eM, Ha'II1Hal! C HeKOTOpblX 3Ha'leHI1H g, He y,ll.aBaJIOCb 

coxpaHI1Th ny'IOK ,ll.a)l(e nocne 11H)I(eKI.(I111. Ha p11c. 56 npe,ll.cTasneHbi pac'leTHbie 3a

BI1C11MOCTI1 [36], nony'leHHbie c y'leTOM pe3yJihTaTOB npe.D.hlAYW.11X mas A11CcepTal.(l111 

,UJill 06JJaCTI1 yCTOH'II1BOCTI1 ny'IKa no ,ll.l1ana30HY ,li.OnyCTI1MbiX BeJII1'111H K03QJQJI11.(11eH

Ta o6paTHOH CBll311 np11 np116JII1)1(eHI111 '111CJia fieTaTPOHHbiX KOJJe6aHI1H K fiOJIYI.(eJIOMY 

'111CJIY B CI1HXpQTPOHaX C O,li.HOKaHaJibHOH CI1CTeMOH no,ll.aBJJeHHll. BH,li.HO cyw.ecTBeH

HOe ee COKpaw.eHI1e, 'ITO COOTBeTCTBYeT 3KCnep11MeHTaJibHbiM 113MepeHHliM Ha SPS. 

C yqeroM 3TI1X pe3yJibTaTOB ,li.Jill KJiaCCI1'1eCKOH (O,li.HOKaHaJI!.HOH) CI1CTeMbl no

,ll.aBJJeHHl! np11Be,ll.eHO QJI1311KO-MaTeMaTI1'1eCKOe 060CHOBaHI1e MHOroKaHaJibHOH 11 fihi-
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CTPQH (.D.ByxKaHaJibHOH) (9, 18) CI1CTeM fiO,ll.aBJieH11ll KOrepeHTHbiX nonepe'IHbiX KOJie-

6aHI1H nyqKa 3apll)l(eHHhiX 'laCTI11.(. B pe3yJihTaTe BhinOJIHeHHoro 11CCJie,ll.osaHHl! [30, 

31, 33] ,li.I1HaMI1KI1 nyqKa B CI1HXPOTPOHe C MHOroKaHaJibHOH CI1CTeMOH fiO,ll.aBJJe

HHll KOrepeHTHbiX nonepe'IHbiX KOJie6aHI1H, OCHOBaHHOro Ha 11CfiOJib30BaHI111 MeTO,ll.a 

,li.11CKpeTHbiX npeo6pa30BaHHH ,UJill peweHHll ypaBHeHI1H 6eTaTPOHHbiX KOJie6aHI1H, 

ycTaHOBJJeHO, 'ITO np11 pa3JI11'1Hb!X paCCTaHOBKaX ,ll.aT'II1KOB 11 ,ll.eQJJieKTOpOB, a TaK)I(e 

CBll3liX Me)l(,ll.y HI1MI1, BKJIIO'Ial! nepeKpeCTHbJe, C06CTBeHHbJe 3Ha'leHI1ll xapaKTep11-

CTI1'1eCKOro- ypaBHeHI1ll 3aBI1CliT OT Ha6eros QJa3 6eTaTPOHHbiX KOJie6aHI1H Me)l(,ll.y 

,ll.aT'II1KaMI1 11 ,ll.eQJJJeKTOpaMI1, HO He 3aBI1CliT OT napaM~OB MaTPI11.(bl TBI1CCa ~ 11 a B 

MeCTaX 11X pacnOJJO)I(eHHll. floJJy'leHbl aHaJII1TI1'1eCKI1e Bbipa)l(eHI1JI ,UJill ,ll.eKpeMeHTOB 

3aTYXaHHl! KOJie6aHI1H ,UJIJI 6hlCTPOH Cfl np11 OfiTI1MaJibHOH pacCTaHOBKe ,ll.aT'II1KOB 11 

,ll.eQJJieKTOpOB. 

Pe3yJihTaTbi TPeTheH: maBhi ony6JI11KOBaHbi s pa60Tax [9, 17, 18, 30, 31, 33, 36]. 

B Dtase 4 paccMOTpeHbi ocHOBHbie QJI1311'1eCKI1e nOHJITHll, MaTeMaTI1'1eCKI1H 

annapaT 11 MeTO,ll.bl peweHI1ll CI1CTeMhl JII1HeHHbiX pa3HOCTHbiX ypaBHeHI1H (6, 26], 

oni1CbiBaiOW.11X npOAOJihHYIO A11HaMI1KY 3apl!)l(eHHhiX crycTKOB s CI1HXPOTPOHe np11 

HaJII1'11111 CI1CTeMbl fiO,ll.aBJieHHl! 11X KOrepeHTHbiX npO,li.OJibHbiX (C11HXPOTPOHHbiX) KO

JJe6aHI1H. flpo,ll.eMOHCTPI1POBaHO, 'ITO Ha nJiaTO MarHI1THOro fiOJIJI 11 np11 ycKOpeH1111 

,ll.eMnQJ11pOBaHI1e KorepeHTHbiX CI1HXPOTPOHHbiX KOJie6aHI1H B03M0)1(H0 TOJibKO np11 

Q>aJosoH: MOAYJilll.(l111 ycKopl!IOW.ero Bll-Hanpl!)l(eHHl!. floKaJaHo cosna,ll.eHI1e 3Kcne

p11MeHTaJihHhiX .D.aHHhiX, nony'leHHhiX Ha CI1HXpOTpoH~ PETRA II (6ycTep ,UJill HERA 

s DESY), 11 pac'leTHhiX seJII1'111H .li.Jill ,ll.eKpeMeHTOB 3aTYXaHHl! KorepeHTHhiX npo.D.OJI!.

HhiX KOJie6aHI1H B anep110,ll.l1'1eCKOM pe)I(I1Me. 

Pe3yJihTaTbi 'leTBeproH: mash! ony6JII1KOBaHbi s pa6oTax [6, 26]. 

B Dtase 5 noKaJaHo, 'ITO A11QJQ>epeHI.(I1aJihHhie ypasHeHHll c OTKJIOHliiOW.11MCll 

apryMeHTOM [L 7] oni1ChiBaiOT ,li.HHaMI1KY ny'IKa s CHHXPOTPOHax c c11creMaM11 o6-

paTHOH CBll311 B paMKax CrJia)l(eHHOro np116JIJ1)1(eHI1ll, TPa.li.I11.(110HHO 11CfiOJib3YCMOro 

B TeOpeT11'1eCKHX 11CCJie,li.OBaHHliX (L2] 11 3aKJIIO'IaiOW.eroCl! B 3aMeHe JIOKaJibHOro 

,li.CMfiQJI1PYIOIUero B03,ll.eHCTBI1JI Henpepb!BHO ,ll.eHCTBYIOIUeH KOppeKTI1PYIOIUeH CHJIOH. 
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B [7] npo.ueMOHCTpHposaHo, 'ITO .llJlll peweHHll TaKHx .UH<f><f>epeHUHaJibHbiX ypaBHe-

HHH C OTKJIOHliiOI.l.{HMCll apryMeHTOM, OITHCb!BaiOI.l.{HX ,llHHaMHK)' ll)"'Ka B CrJiruKeHHOM 

npH6JIIDKeHHH B CHHXpOTpoHe C CHCTeMOH o6paTHOH CBli3H, MO)l(HO HCITOJib30BaTb 

MeTO.ll HHTerpaJibHbiX npeo6pa30BaHHH (O.llHOCTOpOHHee npeo6pa30BaHHe <lJypbe) H 

MeTO.ll ycpe.uHeHH.ll Kpbmosa-.6oronJ06osa-MHTponoJibCKoro (K.6M) [L8]. HanpH

Mep, B CHHXPOTPOHe c CHCTeMoif o6paTHOH CBli3H c npocTeifwHM KMX-<f>HJibTPOM 

CrJia)l(eHHOe ypaBHeHHe nonepe'IHOH ,llHHaMHKH ll)"'Ka HMeeT BH,ll (7, 27) 

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

!!..!!.__ L b[mJ(x(t- r- (m + q)To) + 8xo) u(t- r- (m + q)T0), (14) 
ToHo 

m=O 

r.ue Ho - HOpMHpOBO'IHaJI nocTOliHHall H Q = Qo wo." EcJIH HcnOJib30BaTb MeTO.ll 

O,llHOCTOpOHHero npeo6pa30BaHHll <lJypbe )I.Jl.ll pellieHH.ll ypaBHeHHll ( 14 ), TO B03HHKaeT 

cne.uyJOmee xapaKTepHCTH'!eCKoe ypasHeHHe [7]: 

-w2 + Q2- gxQ H(w)e-j(r+qTo)(J) = 0. 
ToHo 

J(aHHOe ypaBHeHHe, 6y.UY'!H TPaHcl.{eH,UeHTHbiM, HMeeT 6ecKoHe'IHOe MHO)l(eCTBO pe-

weHHH. O.uHaKo npH cna6oif 3aBHCHMOCTH nepe.uaTO'IHOH xapaKTepHCTHKH <f>HJibTPa 

OT '!aCTOTbi, KOr,Ua 

---- «1 Q ldH(w)l 
IH(Q)I dw (J)=n ' 

MO)l(HO BOCITOJib30BaTbCll MeTO,llOM 3ifnepa )I.Jl.ll peweHH.ll xapaKTepHCTH'!eCKOI"O ypa-

BHeHHll, 'ITO B nepBOM npH6JIH)l(eHHH ITO MaJIOMY napaM~Y g )I.Jl.ll C06cTBeHHbiX 

3Ha'!eHHH w, = Q + Wol1Q + j a/ To npHBe.lleT K cne.uyJOI.l.{HM BbipruKeHHliM [7]: 

g IH(Q)I . g IH(Q)I 
a=----xsm'll, L1Q=-----xcos'll, (15) 

2 Ho 4n Ho 
r.ue BeJIH'IHHa 6aJiaHca <f>a3 eCTb 

'l!(Q) = 11 + 2nqQo- arg H(Q), 11 = Qr = 2nQor/To. 

3.uecb H(Q) - nepe,naTO'iHaJI xapaKTepHCTHKa <f>WibTpa: 

Nr 

H(Q) = L b[m] e-jmOTo, mQTo = 2nmQo. 
m=O 

22 

B [7] noKaJaHo, 'ITO comacHo MeTo.uy ycpe.uHeHHll K.6M )I.Jlll npH6JIIDKeHHbiX ypas

HeHHH a = -aa H ~ = (Qo + L1Q)wo, OTHOC.llll.{HXCll K OCHOBHOH rapMOHHKe, )I.Jlll 

a H L1Q nony'!aJOTc.ll Bbrpa)l(eHHll, cosna.uaJOI.l.{He c (15). 

B CHHXpQTPoHe cma)l(eHHoe ypasHeHHe npo.uoJibHOH .UHHaMHKH ll)"'Ka npH Ha-

JIH'IHH CHCTeMbi o6paTHOH CB.li3H c npocreiilliHM KMX-<f>HJibTPOM HMeeT BH.ll [7]: 

€Ct) + Q 2Ht) = 

'T'gHx dd r-£ b[mJ(Ht- r- (m + q)T0) + 8~o) u(t- r- (m + q)To)], (16) 
l 0 0 t lm=O 

r.ue ~ := 8f/Js- <f>a30BOe OTKJIOHeHHe '!aCTHI.{bi OT CHHXpOHHOH <f>a3bl, Q := Qs = VsWQ 

- l.{HKJIH'IeCKaJI '!aCTOTa CHHXpQTPOHHhlX KOJie6aHHH, Vs - 'iHCJIO TaKHX KOJie6aHHH 3a 

060pOT, 8~0 - CTaTH'IeCKaJI norpeUIHOCTb H3MepeHHll <f>a30BOI"O OTKJIOHeHH.ll '!aCTHQbl 

OT CHHXpOHHOH <f>a3bl. BbinOJIH.ll.ll O,llHOCTOpOHHee npeo6pa30BaHHe <lJypbe, ITOJIY'IaeM 

cne.uyJOmee xapaKTepHCTHtJecKoe ypaBHeHHe [7]: 

-w2 + n; + j w ....!!.!!.._H(w) e-j(r+qTo)(J) = 0. 
ToHo 

EcnH o6ecnetJeHa cna6aJI 3aBHCHMOCTb nepe.uaTOtJHOH xapaKTepHCTHKH <f>HJibTPa OT 

tJaCTOTbi, TO, BOCITOJlb30BaBlliHCb MeTO,llOM 3iiJiepa, ITOJIY'iaeM CJie,UyiOI.l.{He BblpruKe

HHll )I.Jlll co6CTBeHHbiX 3HatJeHHH (7): 

r.ue 

. gx -·w(n) . as 
w, = Qs + J ToHo IH(Qs)l e 1 

' = Qs + wol1Vs + J To, 

'l!(Qs) = 11 + 2mzvs- arg H(Qs). 

g IH(Qs)l 
as = - X COS 'l!(Qs), 

2 Ho 

11 =· Qsr = 2nvsr/ To. 

g IH(Qs)l . 
L1vs =- X sm 'l!(Qs). 

4n Ho 

3TH )l(e BbipiDKeHHll )I.Jl.ll as H L1 Vs H~)'.llHO ITOJIY'!HTb C ITOMOI.l.{biO YKOpO'IeHHbiX 

ypaBHeHHH ,llJI.ll OCHOBHOH rapMOHHKH npH HCITOJib30BaHHH MeTO,lla ycpe,UHeHHll KfiM. 

BHOBb cne.uyeT no.uqepKlfYTb, 'ITO onpe.ueAAJOI.l.{HM napaMeTpoM acHMnTOTH'IeCKHX 

CBOHCTB KorepeHTHbiX CHHXPOTPOHHbiX Kone6aTeJibHbiX MO.ll .liBJI.lleTC.ll BeJIH'IHHa 6a

naHca <f>a3 'l!(Qs). 11o.u6Hpa.ll napaM~bl <f>HJibTPa b[m], MO)l(HO o6ecnetJHTb onTH

MaJibHbre YCJIOBHll (sin IJ.I(Qs) = 0) )I.Jl.ll ITO,llaBJieHHll KOrepeHTHbiX CHHXpQTPOHHbiX 
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KOJie6aHI•llt, KOf,lla ,lleKpeMeHT JaryxaHHJI KOJie6aHHH MaKCHMaJieH H KOJie6aTeJibHbiH 

npouecc HMeeT peJoHaHCHbiH xapaKTep (~v5 = 0). 

TaKHM o6paJoM, B JIHHeHHOM npH6niDKeHHH no seJIH'IHHe K03QJQJHUHeHTa o6paT

HOH CBJIJH ,llJIJI C,llBHrOB 'laCTOT H ,lleKpeMeHTOB JaryxaHHJI KOrepeHTHbiX nonepe'IHbiX 

H npO,llOJlbHblX KOJie6aHHH nOJI)"'aiOTCJI aHaJIHTH'IeCKHe Bbipa)l(eHHJI, KOTOpbie COBna

,llaiOT C COOTBeTCTBYIOIUHMH Bblpa)l(eHHJIMH OpHrHHaJibHblX MO,lleJieH, r.ue HCnOJib30-

BaJIHCb MeTO,llbl ,llHCKpeTHOH MaTeMaTHKH ,llJIJI y'leTa JIOKaJibHOCTH KOppeKTHpyiOIUefO 

BOJ,lleHCTBHJI, nponopUHOHaJibHOfO JIOKaJibHOMY KOrepeHTHOMY CMeiUeHHIO cryCTKa. 

PeJyJibTaTbi nl!TOH masbi ony6nHKOBaHbi B pa60Te [7]. 

B rnase 6 npHBe,lleHbl HeKOTOpbie peJyJibTaTbl HCCJie,llOBaHHJI ,llHHaMHKH n)"'Ka 

B CHHXpOTPOHe C CHCTeMOH no,llaBJieHHJI KOrepeHTHblX nonepe'IHblX KOJie6aHHH C .. 
HeJIHHeHHOH nepe,llaTO'IHOH xapaKTepHCTHKOH uenH o6paTHOH CBJIJH: 

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

r.ue f(x[n]) eCTb HeJIHHeHHaJI Q>yHKUHJI OT x[n]. McnonbJYll (1) .UJIJI cMemeHHH «)l(eCT

Koro» crycTKa B .uaT'IHKe noJIO)l(eHHJI Ha Tpex nocne.uosaTeJibHbiX o6opoTax npH HaJIH

'IHH KOppeKTHpyiOmero ,lleMnQJHpyiOIUero BOJ,lleHCTBHJI ~X~[n] B OTCYTCTBHe BHeiii

HefO BOJ.UeHCTBHJI TOJIKaTeJIJI (~x~[n] = 0), B [12]'non)"'eHo cne.uyiOmee ypasHeHHe: 

x[n + 2]- 2 cos(J..L) x[n + 1] + x[n] = 

= ~ (sin(J..L- 71) ~x~[n + 1] + sin(71) ~x~[nJ) . (17) 

B [ 13] .UJIJI ypasHeHHJI ( 17) c MaJiblM napaMeTpOM E, no aHaJIOrHH c MeTO.UOM ycpe.u

HeHHJI KEM .llJIJI HeJIHHeHHbiX .UHQJQ>epeHUHaJibHbiX ypasHeHHH, non)"'CHbi cne.uyiO

IUHe yKopo'leHHbie ypasHeHHJI .UJIJI aMnJIH'fY.llbi an H QlaJbi c/Jn OCHOBHOH rapMOHHKH 

x[n] =a" sin lftn: 

27r 

da" gx f dn = 
2

rr f(an sin Vtn) cos(lftn + 71) dlftn; 

0 
21f 

d¢11 = _ ....!?.!!._ f J(a 11 sin lftn) sin(lftn + T/) dlftn · 
dn 2rran 

0 
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3TH Bbipa)l(eHHJI no QJOpMe COBna,llaiOT C yKOpO'IeHHbiMH ypaBHeHH'IMH ,llJIJI HeJJHHeH

HOfO .UHQJQJepeHUHaJibHOfO ypaBHeHHJI, B KOTOpbiX QlaJOBbiH C,llBHf T/ := 1/tpd, CBJIJaH

HblH C Ja,llep)l(KOH ,lleMOQJHpyiOIUero CHfHaJia, npHCYTCTByeT B JIBHOM BH,lle. 0rCIO.Ua, 

HanpHMep, ,llJIJI KY6H'IeCKOH HeJIHHeHHOCTH j(x[n]) = x[n] + (x[n])3g 3 HMeeM {12]: 

aoexp(-na) 
an=-r=================== 

J1 + (3g3aU4)(1-exp(-2na)) 

gx . 
a= -sm71. 

2 

3TO Bblpa)l(etme ,llJI'I JaBHCHMOCTH aMnJIH'fY,llbl KOJie6aHHH OT BpeMeHH COBna,llaeT C 

XOpOIIIO HJBeCTHblM peJyJibTaTOM ,llJIJI HeJIHHeHHOfO .UHQJQJepeHUHaJibHOfO ypaBHeHHJI 

,llJIJI OCUHJIJIJITOpa CO CJia6biM TPeHHeM [L8]. ,l{JIJI BCJIH'IHHbl OTHOIIIeHHJI aMOJIH'fY.ll 

JIHHeHHbiX H HeJIHHeHHbiX KOJie6aHHH llOJIY'IaeM [ 12, 21]: 

lim an (linear) I 
n-->oo an (nonlinear) = Y 1 + 3g3 aU 4 . 

TaKHM o6paJOM, «)l(eCTKaJI» HeJIHHeHHOCTb (g3 > 0) npHBO.UHT K He6oJibiiiOMY yse

JIH'IeHHIO CKOpOCTH y6biBaHHJI aMOJIH'fY,llbl KOrepeHTHbiX nonepe"'HbiX KOJie6aHHH, 

npH'IeM 3TOT 3QJQJeKT KBa.upaTH'IHbiM o6pa30M JaBHCHT OT Ha'laJibHOH aMnJIH'fY,llbl 

KOJie6aHHH a0 . B CJIY'Iae «MJifKOH» HeJIHHeHHOCTH (g3 < 0) BOJHHKaeT He60JibiiiOe 

yMeHbiiieHHe CKOpOCTH y6biBaHHJI aMOJIH'fY,llbl KOJie6aHHH. 

B [13, 21, 22) npe,llCTaBJieHbl OCHOBHbie JaKOHOMepHOCTH JaryxaHHJI KOrepeHT

HbiX nonepe'IHbiX KOJie6aHHH cryCTKa ,llJIJI HeJIHHeHHbiX xapaKTepHCTHK: KYJIOHOBCKOe 

TPCHHe, orpaHH'IeHHOe no seJIH'IHHe KoppeKTHpyiOmee BOJ.UeHCTBHe. TioKaJaHo, 'ITO 

TaKHe HeJIHHCHHbie xapaKTepHCTHKH npHBO,llJIT K llOJIBJieHHIO ,llOnOJIHHTeJibHblX MO,ll 

KOJie6aHHH H K orpaHH'IeHHJIM 06JiaCTeH ycTOH'IHBOfO ,llBIDKCHHJI 'laCTHU. 

B [2, 6] ycTaHoBJieHbi KOJIH'IeCTBeHHbie JaKOHOMepHOCTH yseJIH'IeHHJI 3MHTTaH

ca ny'IKa ~e, BOJHHKaiOmero BCJie,llCTBHe OIIIH60K HH)l(eKUHH ~ao, B JaBHCHMOCTH OT 

llOCTOJIHHbiX BpeMeH JaryxaHHJI KOrepeHTHblX KOJie6aHHH t"d, HapaCTaHHJI KOrepeHT

HOH HeyCTOH'IHBOCTH t"inst H nepexo.ua KOrepeHTHblX KOJie6aHHH B HeKOrepeHTHbie t"dec 

B CHHXPOTPOHax C CHCTeMaMH o6paTHOH CBJIJH C JIHHeHHOH H HeJIHHeHHOH nepe.ua

TO'IHOH xapaKTepHCTHKOH uenH o6paTHOH CBJIJH. TaK, .llJIJI JIHHeHHOH nepe.uaro'IHOH 
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xapaKTepHCTHKH llOJIY'IeHO (2, 6): 

/).e e- eo (/),.ao)2 F 2 ( <dec <dec)-l - = -- = --2- e ; Fe = 1 + - - - , (18) 
eo eo 2u0 <d <inst 

r.ue a0 - cpe.uHeKBa,n;paTHqHbiH p3.3Mep niDKeKTnpyeMoro nyqKa. 06o3Ha'IHM: 

1 1 K 
---~-. 
t"d <inst Ldec 

Ecmf /).a0 ~ a0, TO OTHOCHTeJibHbiH pOCT 3MHTTaHCa /).e/ e npH K = 1 COCTaBJUieT 

12.5 %. TaeyJO sennqnHy npnpocTa 3MHTTaHca MO)I(HO o~eHHBaTb KaK npe.uenbHO 

.uonycTHMOe 3HaqeHHe. ECJIH npe.unonaraeTCll, qro OTHOCHTeJibHbiH pOCT 3MHTT3HCa 

/).e 1 e .uon)l(eH 6biTb He 6onee 5 %, TO ecTb F'/ < 0.1, ro K ~ 2. 

Pe3yJibT3Tbi rnecroif maBbi ony6nHKOBaHbi B pa60Tax [2, 6, 12, 13, 21, 22]. 

B rJJaBe 7 npnse.ueHO OllHCaHHe CHCTeMbl no.uaBJie~Hl! ,.:orepeHTHb!X nonepeq

Hb!X Kone6aHHH nyqKa B LHC ("LHC Damper"), KOTOpal! npe,llHa3HaqeHa [23, 25]: 

- ,llJill ,D.eMnqmpOB3HHll KOrepeHTHb!X nonepeqHbfX KOJie6aHHH, B03HHKaJOIUHX H3-3a 

OIIIH60K HH)I(eK~HH, 

- )J.Jill no.n.asneHHl! KorepeHTHbrx nonepe'IHbrx HeyCTOH'IHBOCTeH, 

- )J.Jlll O'IHCTKH Me)I(CryCTKOBOrO npOCTpaHCTBa OT <t>oHOBbfX 'laCTHU B CenapaTpHCax, 

KOTOpb!e He HCllOJib3YJOTCll B pe)I(HMe CTOJIKHOBeHHJI cryCTKOB, 

- .D.Jill B036~eHHll KorepeHTHhlX nonepe'IHbiX Kone6aHHH npn npose.n.eHHH H3Mepe

HHH, CBJI3aHHbiX C HCCJie,D.OBaHHliMH nonepe'IHOH .UHH3MHKH nyqKa. 

Co3,D.aHHal! cncTeMa no.n.aBJieHHl! nonepeqHbiX Kone6aHHH npOTOHHOro nyt!Ka 

c peKop.n.Ho BbiCOKOH 3Heprneif 0.45 - 4 T3B, pa6oTaJOIUM B coCTase KpynHoMac

IIITa6Horo csepxnpoBo.llllmero CHHXPOTPOHa-HaKonnTeJill, o6na,n;aeT cymeCTseHHbiMH 

3JieMeHTaMH HOBH3Hbl B npHHl!Tb!X TeXHHqeCKHX peiiieHHliX (1, 14, 23): 

• 6oJibiiial! sennqnHa HHTerpana OTKJIOHliJOIUero noJill B .ueMn<l>npyJOIUHX .ue<t>neKTO

pax ( OKOJIO 900 KB Ha o6opoT, Ha nnaCTHHaX .n.e<t>neKTOpa HOMHHaJibHOe HanpJI)I(eHHe 

±7.5 KB Ha qaCTore 1 Mr~); 

• ~H<l>poBal! o6pa60TKa HH<l>OpMa~HOHHblX CHrHaJIOB BCJie,llCTBHe ,llJIHTeJibHb!X 3a,n;ep

)l(eK CHrHaJIOB o6paTHOH CBJI3H, KpaTHb!X nepHO.D.Y o6pameHHJI nyqKa 7(1 = 88.93 MKC 

no op6nTe c nepHMeTpoM Co = 26658.883 M; 
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e MaJial! HIDKHllll rpaHHqHaJI qaCTOTa CHCTeMbl nonepeqHOH o6paTHOH CBJI3H (60Jib

IIIOH nepHMeTp op6HTbi) H yqeT oco6eHHOCTeH H3MeHeHHl! HMne.uaHcos YCTPOHCTB H 

nyqKa c qaCTOTOH (nonoca qaCTOT 3 KI"~- 1 Mr~ )J.Jill ypOBHll -3 .n.E OT Vmax); 

• OTCYTCTBHe pe3oHaHcos BnJIOTb .uo npoeKTHOH qaCTOTbi (40 Mr~) cne.uosaHHll 

crycTKOB .D.Jill ycnnnreneif " .uo ycKopli!O!liHX qacTOT ( 400 Mr~). OTBeqaJOmnx CTPYK

rype nyqKa, .D.Jill .n.e<t>neKTopos; 

• a,n;anTa~Hll KOHCTPYKUHH BbiCOKOBOJibTHbiX .n.e<t>neKTOpos nyqKa K KpHOreHHO-Ba

KYYMHOMY OKp~eHHJO H K o6pa30BaHHJO 3JieKTPOHHbiX o6naKOB . 

B OIUIM H Ha poccHHCKHX npe.unpHl!THliX C03,D.aHo YHHKaJibHOe o6opy.n.osa

HHe (MOIUHbie IIIHpOKOllOJIOCHbie yCHJIHTeJIH H BbiCOKOBaKYYMHbie .n.e<t>neKTOpbl) )J.Jlll 

CHCTeMbl no.n.aBJieHHl! "LHC Damper" B COBMeCTHOM npoeKTe QEPH - 01151M, npe.n.

Ha3HaqeHHoe )J.Jlll pa6oTbi B HOBOH o6nacTH 3Heprnif. ITpoeKTHbie napaMeTpbi 3Toro 

o6opy,D.oBaHHJI ,D.OCTHrHYTbl, a ,D.Jlll aMllJIHTY.Ubl KOppeKTHPYJOIUero B03,D.eHCTBHll -

npeBbiiiieHbi: nonyqeHa sennqHHa OTKJIOHJIJOIUero noJill 6onee 11 KB B nonoce qa

CTOT .n.o 100 KI"~. qro npeBbiiiiaeT npoeKTHbiH yposeHb 10.5 KB [25]. 

Ha pnc. 6 npe.ucTaBJieHbi H3MepeHHbie 3aBHCHMOCTH sennqnH KorepeHTHbrx 6e

TaTPOHHbiX CMeiUeHHH O,D.HOro cryCTKa C qHCJIOM npOTOHOB ~ 1 X 10 11 OT HOMepa 

o6opoTa nocne HH)I(eK~HH [25]. ITonyqeHa BeJIH'IHHa nocTOliHHOH speMeHH 3aTYXaHHl! 

KOne6aHHH t"d = 40 7(, 'ITO COOTBeTCTBYeT npoeKTHOMY 3HaqeHHJO. MHHHMaJibHal! Be

JIHqHHa t"d COCTaBJIJieT OKOJIO 10 060pOTOB npH 3HeprHH HH)I(eK~HH (L 1). 

&/r[a~.u~.L_--------------------~ 
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Puc. 6. Ilo,naBIIeHHe ropHJOHTIIllbHbJX ouJH6oK npu HHlKeKIUfH (beam I) npu BbiKJIJOqeHHoii (a) H 

BKJIJOqeHHoii (6) CIT; CHrna.rrbl c .na"NHKOB Q7 (sepXHHii JJY'I) H Q9 (HHJKHHii JJ)"') [25] 
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)XJUI H3CTJ>OHKH CHCTeMbi fi0,[13BJieHID! KOrepeHTHbiX 6eT3TJ>OHHbiX KOJie6aHHH 

npOTOHHOro nyqKa B LHC 6bmH HCnOJib30BaHbi MeTOAHKH, ocHoBaHHeM AJUI KOTo

pbiX CTaJIH pe3yJibTaTbi, nonyqeHHbie 3BTOpOM H3CT0}11l{eH ,[IHCCePT3I!HH ( CM. pHC. 2 

H pHc. 4). Ka'!eCTBeHHbie H KOJIH'IeCTBeHHbie 3aKOHOMepHOCTH AJiji ,~:~onycKOB H orpa

HH'IeHHH AJI}I CHCTeM fiO,[IaBJieHif}l KOrepeHTHbiX nonepe'IHbiX KOJie6aHHH B33HMO,[IeH-

CTBYJO!l{HX crycTKOB nOATBep)l()leHbi 3KcnepHMeHTaJibHbiMH ,~:~aHHbiMH, nony'leHHbiMH 

Ha LHC npH cpopMHpoBaHHH npOTOHHOro II)''!Ka BbiCOKoii HHTeHCHBHOCTH npH HH

)I(eKI!HH H MaKCHMaJibHOii 3HeprHH npoTOHHoro II)''!Ka 4 T3B. 

CHcTeMa no,~:~aBJieHIDI KorepeHTHbiX nonepe'!HbiX Kone6aHHii npOTOHHOro ny'IKa 

" nyqKa HOHOB CBHHI!a B LHC ycnewHo HcnoJib30Banacb H 6e30TK33HO cpyHKI!HOHH

poBana B nepHOA c Ma}l 2010 r. ,1:10 OKOH'IaHH}I Run I B cpeBpane 2013 r. AJiji no,~:~aBJieHID! 
. . 

OWH60K HH)I(eKI!Hif C M3KCHMaJibHO B03MO)I(HbiM ,[leKpeMeHTOM 3aryxaHID! KOJie6aHHH, 

,[IJI}I CT36HJIH33I!HH ny'!Ka npH ycKopeHHH H npH coy,~:~apeHH}IX (L 1). 

Pe3yJibT3Tbi cet~bMoii rnaBbi ony6nuKOB3Hbi B pa6oTax [1, 5, 14, 15, 23, 25]. 

B 3aKJIJO'IeHHH CcpOpMyJIHpOB3Hbi OCHOBHbie pe3yJibT3Tbi ,[IHCCepT3I!HH. 

1. P33pa60T3H3 OpHrHHaJibH3ji KOHI!elll!H}I HCCJie,[IOB3HIDI cpH3HKH II)''IKOB B CHHXp0-
1 

TJ>OH3X C CHCTeMaMH fiO,[IaBJieHID! KOrepeHTHbiX KOJie6aHHH 33p}l)l(eHHbiX '13CTHI!, 'ITO 

fi03BOJIHJIO Bbi}IBHTb Ka'!eCTBeHHO HOBbie o rpaHH'IeHIDI H 33KOHOMepHOCTH YCTOH'IH

BOro 3aryxaHHH KOJie6aHHH '13CTHI!, o6yCJIOBJieHHbie I!HcppOBbiMH MeT0,[13MH o6pa-

60TKH CHrHaJIOB B I!enH o6paTHOH CBH3H. 

2. IIpeAJIO)I(eHbi HOBbie no,~:~xo,~:~bi AJIH peweHID! cpyH,~:~aMeHTaJibHbiX Ja,~:~aq AHHaMHKif 

CryCTKOB B CHHXpOTJ>OH3X C CHCTeM3MH o6paTHOH CBHJH, OCHOB3HHbie Ha MeT0,1:13X 

AHCKpeTHOro aHaJIHJa, fi03BOJIH!Oil{He npoBO,[IHTb 3HaJIHTH'IeCKHe paC'IeTbi yCTOH'IH

BbiX pe)I(HMOB 33TYX3HIDI KOrepeHTHbiX KOJie6aHHH cryCTKOB B IIIHpOKOM ,[IH3fia30He 

BeJIH'IHH K03cpcpHI!HeHTa o6paTHOH CBH3H: 

- YCT3HOBJieHO, 'ITO onpe,~:~eJI}I!Oil{HM napaMeTpOM ,[IJUI C06CTBeHHbiX '13CTOT KOre

peHTHbiX nonepe'IHbiX (6eT3TJ>OHHbiX) H npO,I:IOJibHbiX (CHHXpOTJ>OHHbiX) KOJie6aHHH 

HBJUieTCH BeJIH'IHHa 6anaHCa cp33, 'IHCJieHHO p3BH3ji p33HOCTH Me)l()ly Ha6eroM cpa3bi 
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KOrepeHTHbiX KOJie6aHHH '13CTHI!bl npH npOJieTe OT ):leTeKTOpa ,1:10 ,[leMncpHpyJO!l{ero 

,~:~ecpneKTopa H H3MeHeHHeM cp33bi ):leTeKTHpyeMoro CHrHaJia B I!enH o6paTHOH CBJI3H; 

- ,[IOK333HO, 'ITO npH HCfiOJib30B3HHH I!HcppOBbiX cpHnbTJ>OB B I!enH o6paTHOH CB}IJH 

CHCTeM fiO,[IaBJieHHJI C 3a):lep)I(KOH CHrHana 6onee '!eM Ha O,[IHH 060pOT B03HHK310T ,1:10-

fiOJIHHTeJibHbie K 6eT3TJ>OHHbiM MO,[Ibl KOJie6aHHH CryCTKOB, KOTOpbie Orp3HH'IHB310T 

06JI3CTb YCTOH'IHBOCTH ,[IBH)I(eHHJI '13CTHI!. 

3. IIpo,~:~eMO,HCTJ>HposaHo coBna,~:~eHue paC'IeTHbiX 33BHCHMOcreii u 3KcnepnMeHTaJib

HbiX ,[13HHbiX AJU1 ,[leKpeMeHTOB 33TYX3HHH KOrepeHTHbiX nonepe'!HbiX KOJie6aHHH 

npoTOHHoro nyqKa B LHC npu 3HepruH 3.5 T3B B wupoKOM ,~:~nanaJoHe BeJIH'IHH 

K03cpcpHI!HeHTa o6paTHOH CBJI3H. 

4. )XOKaJaHa nepcneKTHBHOCTb p33pa60T3HHOH cpH3HKO-MaTeM3TH'IeCKOH KOHI!efil!HH 

AJIJI peweHH}I 3a):la'l ycroii'IHBOCTH BJaHMOAeiiCTBYJO!l{HX crycTKOB B CHHXPOTJ>OHax 

C CHCTeMaMH o6paTHOH CBJI3H: 

- nonyqeH HOBbiH pe3yJibTaT 0 pacll{enneHHH KOrepeHTHOH '!aCTOTbi B3aHMO,[IeH

CTBY!Oil{HX cryCTKOB Ha CaTeJIJIHTHbie MO,[Ibl, 'ITO o6yCJIOBJieHO CTJ>YKTypOH ny'IKa, 

H ccpopMynupoBaHo JaKJIJO'IeHue o HeBOJMO)I(HOCTH o6ecne'lemUI CTJ>Ororo Bbmon

HeHHH OfiTHMaJibHbiX YCJIOBHH ,[IJUI fiO,[IaBJieHHH KOrepeHTHbiX KOJie6aHHH cryCTKOB 

BCJie,[ICTBHe p336poca '13CTOT CaTeJIJIHTHbiX MO,[I, KOTOpbiH nponOpl!HOHaJieH HHKpe

MeHry HeyCTOH'IHBOCTH; 

- npo,~:~eMOHCTJ>HpOBaHo, 'ITO o6naCTb ycToii'!HBOCTH nyqKa no ,~:~uanaJoHy ,~:~onycTu

MbiX BeJIH'IHH K03cpcpHI!HeHTa 06paTHOH CBH3H npH r!pH6JIH)I(eHHH 'IHCJia 6eTaTJ>OH

HbiX KOJie6aHHH K nonyl!eJIOMy 'IHCJiy B CHHXpOTJ>OHax C KJiaCCH'IeCKOH ( O,[IHOKaHaJib

HOH) CHCTeMOH fiO,I:IaBJieHID! Cyll{eCTBeHHO COKpall{aeTCH, 'ITO COOTBeTCTBYeT 3KCne

pHMeHTaJibHbiM H3MepeHHHM Ha CHHXpOTJ>OHe SPS (QEPH); 

- npe,~:~cTaBJieHo cpH3HKO-MaTeMaTH'IeCKOe o6ocHoBauue HOBoii 6biCTJ>Oii CHCTeMbl no

,~:~aBJieHHJI KOrepeHTHbiX nonepe'!HbiX KOJie6aHHH C ABYMJI I!enJIMH o6paTHOH CBH3H, 

KOT0p3ji MO)I(eT o6ecne'IHTb fiO,[IaBJieHHe 6eTaTJ>OHHbiX KOJie6aHHH He3aBHCHMO OT HX 

cp33bi B MeCTaX pacnOJIO)I(eHID! H3MepHTeJibHbiX ,[laT'IHKOB. 

5. BBe,~:~eHo HOBOe noiDITHe «cenapaTJ>HCa AJU1 .r~eKpeMeHTOB JaTYXaHID! KorepeHTHbiX 
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nonepeqHbiX Kone6aHuih>, CTaswee OCHOBOH no.uxo.ua .lliDI )"'eTa BJIIDIHIDI <lmYKTYa

uuii noJio)l(eHIDI pa6oqeif roqKu no qucny 6eraT{lOHHhiX Kone6aHuii Ha .ueKpeMeHTbl 

JaT)'XaHIDI KOrepeHTHbiX KOne6aHHH CryCTKa C yqeroM CTflYKTYPHOH CXeMhl J..(enu 

o6paTHOH CBli3H. YcTaHoBJieHo, qro Tpe6yeMall cTa6HJibHOCTh noJIO)l(eHH.ll pa6oqeif 

roqKH B CHHXPOTflOHe .UOJI)l(Ha o6ecnequsaThCll c yqeroM BhiCOThi cenapaTflHChJ. 

6. Bhl.liBJieHhi JaKoHoMepHOCTH .llJl.ll pe3oHaHcHoii JaBHCHMOCTH aMnJIHTY.ll Bhi8Y)l(

.lleHHhiX KOJie6aHHH cryCTKOB B CHHXpOTflOHe OT napaMeT{lOB J..(H<t>pOBOH J..(eUH 06-

paTHOH CB.li3H. YToqHeHa JaBHCHMOCTh CMell(eHIDI MaKCHMyMa pe3oHaHCHOH KpHBOH 

OT BeJIHqHHbl 6anaHCa <t>aJ . .LJ:aHHbiH 34>4>eKT 6bJJI npHMeHeH }lJI.ll TOHKOH HaCT{lOHKH 

6anaHCa 4>a3 CHCTeMbl UO}laBJieHH.ll KOrepeHTHbiX nonepeqHblX KOJie6aHHH llpOTOH

HOrO nyqKa B LHC. Ilpuse.ueHhi 3KCnepuMeHTaJihHbie .uaJ!Hhi~ no.uTsep)l(}laiOil(He 

HaJIHque JIHHeHHOH nonpaBKH K KOrepeHTHOH qaCTOTe 6eTaT{lOHHbiX KOJie6aHHH npH 

MaJIOM OTKJIOHeHHH 6anaHCa 4>a3 OT OUTHMaJibHOrO 3HaqeHIDI. 

7 . .LJ:oKaJaHO, qTo C}lBHrH qacTOT H }leKpeMeHTbl JaryxaHH.ll KOrepeHTHblX KOJie6aHHH, 

BhJqucneHHbie B nuHeHHOM npu6nu)l(eHHH no senuquHe K03<P<PuuueHTa o6paTHoii 

CBli3H }lJill crna)l(eHHhiX ypasHeHuii .llHHaMHKH n)"'Ka c noMO~IO MeTO.lla KpbiJIOBa

Eoronl06osa-MHTpononhcKoro u MeTO.llOB peweHHliAH<t><t>epeHJ..(HaJihHhiX ypasHeHuii 

C OTKJIOHliiOil(HMCll apryMeHTOM, COBUa}laiOT C COOTBeTCTBYIOil(HMH Bbipa)l(eHIDIMH, 

BbJqHCJieHHbiMH npH HCUOJib30BaHHH MeTO}lOB }lHCKpeTHOro aHaJIH3a. 

8. J13JIO)l(eH aHaJIHTHqecKHH llO}lXO}l K peweHHIO 3a}laqu 0 llO}laBJieHHH OCTaTOqHbJX 

KOJie6aHHH cryCTKOB nocne HH)l(eKJ..(HH B CHHXpOTflOH C UH<l>pOBOH CHCTeMOH o6paT

HOH CBli3H, HMeiOil(eH HeJIHHeHHYIO nepe}laTOqHyiO xapaKTepHCTHKY . .LJ:JI.ll peweHIDI 

Pa3HOCTHblX HeJIHHeHHbiX ypaBHeHHH }lHHaMHKH nyqKa HCUOJib30BaH npH6JIH)l(eHHbiH 

no.uxoA, aHaJIOrHqHbJii MeTO.llY ycpe.uHeHH.ll KpbiJioBa-Eoronl06osa-MHTPonoJibcKO

ro. Bbl.liBJieHbi OCHOBHbJe 3aKOHOMepHOCTH JaryxaHIDI KOrepeHTHbiX KOJie6aHHH CryCT

Ka AJill pll.ua HeJIHHeiiHhiX nepe.uaroqHhiX xapaKTepHCTHK. 

9. YCTaHOBJieHbi JaKOHOMepHOCTH ysenuqeHIDI 3MHTTaHca n)"'Ka, B03HHKaJOil(ero 

BCJie,li;CTBHe OUJH60K HH)l(eKJ..(HH, B 3aBHCHMOCTH OT }leKpeMeHTa JaryxaHIDI KOrepeHT

HbiX KOJie6aHHH, HHKpeMeHTa KOrepeHTHOH HeycroifqHBOCTH H UOCTOliHHOH nepexo.ua 
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KOrepeHTHbiX KOJie6aHHH B HeKorepeHTHble B CHHXpOTflOHax C CHCTeMaMH o6paTHOH 

CBli3H c JIHHeHHOH H HeJIHHeHHOH nepe.uaroqHOH xapaKTepHCTHKOH. 

I 0. IlpHBe}leHhl OCHOBHbie pe3yJihTaTbi pa3pa60TKH, HaJia}lKH H 3KCUJiyaTai..(HH CHCTe

Mbl no,ll;aBJieHHll KorepeHTHhiX nonepeqHbJX Kone6aHuii nyqKa B LHC, o6na.ua10meii 

cymecTBeHHhiMH 3JieMeHTaMu HOBH3Hhi 8 npuH.liTbiX TexHuqecKHX peweHID!X. 
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