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O6mas xapaKkTepHuCTHKA paboThl

IpencraBieHs! pe3yabTaThl TEOPETHIECKOrO HMCCIICNOBAHMA AUHAMMKH MyYKa B
CHHXPOTPOHAX C CHCTE€MaMH ITOaBJIeHUs KOTEPEeHTHBIX KoneGaHuil 3apsHKeHHBIX dac-
THILl HA OCHOBE OPUTHHAIBHBIX MOJENEH C IENbI0 YTOYHEHHS HUMEIOLIMXCA 3aKOHO-
MEpHOCTE U BBIBJIEHHS OTpaHHYeHHi, 00yCIOBICHHBIX HCHONB30BaHHEM LH(PO-
BBIX METOZOB 00pabOTKH CHTHANOB B IEMH OOpaTHOH CBA3M CHCTEMBI MONABICHHA.
BeIsBIIEHBI KOTMYECTBEHHbIE M Ka4Y€CTBEHHBIE 3aKOHOMEPHOCTH IS COBHUIOB YacTOT
U IEKPEMEHTOB 3aTyXaHWs KOTEPEHTHBIX KoJeOaHHH CryCTKOB B CHHXDOTPOHE IIpH
HAJIMYMH CHCTEMBI ITOIABIEHUS, COITIaCyIOIHUeECs ¢ IKCIEPUMEHTAIPHBIMHE JAHHBIMH,
nony4eHHBIMH Ha Bonbmom Anpornom Komnaiinepe (LHC) Ha mpOTOHHOM ITy4Ke.

AKTyaJbHOCTb PaGoThl

Pa3pabotka, mpoeKTHPOBaHHE, MONEPHU3ALMS U OKCILTyaTallls YCKOPUTENbHBIX
KOMILJIEKCOB MIPOTOHOB M HOHOB, Takux kak LHC (IIEPH), V-70 (M®BDJ, IIpoTtBUHO),
FAIR (GSI, Japmmranr), NICA (OUSIH), Brirogaromux B ce0s HECKOIBKO CHHXPO-
TPOHOB C BEICOKMMH TPeGOBaHMAMHU (PU3UIECKOTO SKCIEPAMEHTa K MHTEHCHBHOCTH H
(a30Bo#1 INIOTHOCTH IyYKa WIHM KOJUTaifiep ¢ MpenenbHO BO3MOXKHOM CBETHMOCTHIO,
CONPOBOXAAIOTCS PelIeHUEM HayJHO-TEXHHYECKUX 3a/1a4 YCKOPUTENbHOH QU3MKU U
TEXHHUKH, Cpe¥ KOTOPHIX MOXKHO BBIAENIHUTH IATh MPOOIEM, OTHOCAIIMXCA K 3asBJICH-
HOH TeMe AUCCepTaLUH:

1. JocTmxkenne BBICOKOH MHTEHCHBHOCTH ITyuKa 3apsDKEHHBIX YaCTHILI.

2. CoxpaHeHue (a3oBOii INIOTHOCTH ITy4Ka MPH HEPEeBOAE U3 CHHXPOTPOHA-HHXKEKTO-
pa B IPUHUMAIOIIUIH CHHXPOTPOH.

3. ObecneueHne OBTOPSIEMOCTH PacUETHHIX NMApaMeTPOB IIyYKa B Pa3IMYHEBIX YCKO-
PMTENBHBIX IUKIIaX.

4. KoHTpoJIb IapaMeTpOB CHHXPOTPOHA ¢ TpeOyeMoii TOUHOCTEIO 6e3 3aMeTHOTO YXyA-
IICHUSA KaueCTBa IydYKa MPU JAIUTENbHBIX LUKIAX YCKOPEHHI U HaKOIUICHHUS.

5. BHenpenue nudpoBHIX TEXHONOTHH B YIpaBisonieil cucreMe, o0ecreqnBaronieis

JeMI(pUpPOBaHUE KOTEPEHTHBIX KOJeOaHHil CIyCTKOB.



IloBbllIEHME MHTEHCHBHOCTH IYYKOB 3apsUKEHHBIX YaCTHI ABIAETCA ONHOM W3
OCHOBHBIX 33a/la4 B yCKOPUTENbHOM (Qusuke M TexHuke. OMHIM U3 (aKTOPOB OrpaHH-
YEHHs MHTEHCHBHOCTH IIyYKa B CHHXPOTPOHAX M HAKOIMTENAX SABJSIOTCS KOTEPEHT-
HbIe HEYCTOHYMBOCTH. UHCIO OGHapyKEHHBIX K HACTOSLIEMY BPEMEHM Da3THMUHBIX
THIIOB KOTEPEHTHBIX HEYCTOMYMBOCTEH BechMa Benuko. OOyCIIOBIEHHEIE HMH Orpa-
HHUYCHW Ha MHTEHCHBHOCTB YCKOPSAEMOTO ITyYKa 3aCTaBIIOT pa3pabaTeiBaTe METOABI
UX M3y4eHHs H nonasienus. C 3TOH HeNbio B COBPEMEHHBIX CHHXPOTPOHAX MIMPOKO
HCTIONB3YIOTCA cHcTeMB! onasienus (CII) KorepeHTHBIX KoneGaHuil Myyka 3apsikeH-
HbIX dacTull [L1]. B Takux cucremax aeMnupyromuii aedueKTop OCyIIECTBIAET
KOPPEKLHIO HMITYTbCa MPOJIETAIOIMX 3aPXKEHHbIX YaCTHL MPOIOPIMOHANEHO HX OT-
KJIIOHEHHIO OT [OJIOXKEHHsI PABHOBECHS, H3MEPEHHOMY B MPEAIIECTBYIOIIHE MOMEHTEI
BPEMEHH C MOMOILIBIO JaT4MKa TOJOXEHUS HEHTpPa TOKECTH myuka. Ilomo6ubie CIT
TIO3BOJIMIIM CYLIECTBEHHBIM 00pa3oM MOBBICUTH HHTEHCHBHOCT YCKOPSIEMOIO MydKa.
B cBsi3u ¢ 9TUM B COCTaBe COBPEMEHHEIX IPOTOHHBIX CHHXPOTPOHOB (DYHKIMOHHPYIOT
CHCTEMBI ITOAABJICHUS KOTEPEHTHEIX Konebanuii, 00eceunBaronue, Kak 3T0 0TMEYEHO
B JIUTEPATYPHOM 0030pe NHCCEPTAINM, JEKPEMEHT 3aTyXaHHs konebanmit o < 0.012.
IIpu sTOM akTyanen Bompoc o TpeGoBanusx k CIT B 3aBUCHMOCTH OT HHTEHCUBHOCTH
YCKOPSIEMBIX CTYCTKOB M CTPYKTYPHI YCKOPAEMOIO ITy4Ka.

B coBpeMeHHBIX yCKOPHTENBHEIX KOMILIEKCAX, B COCTaBE KOTOPBIX (DYHKIHOHHU-
PYIOT HECKONIbKO CHHXPOTPOHOB, [PH [EPEBOIE CTYCTKOB H3 CHHXPOTPOHA-HHKEKTOPA
B IPHHUMAIOIMK CHHXPOTPOH HEM30€XXHO BO3HHUKAIOT OTKIOHEHHS MHKEKTHPYEMBIX
CTyCTKOB OT PAacUeTHBIX IOJIOXKEHUH MX YCTOHYHBOrO paBHOBecHs. IIpu 3TOM HHXKEK-
THPYEMBIE 3aPsDKCHHbBIC YaCTHLIBI, LIUPKYIHPYs B CHHXPOTPOHE, COBEPIIAIOT MAIbIe
Kone6aHus BOMHM3U CBOETO MOJOXKEHHS yCTOWIMBOrO PAaBHOBECHS: GETATPOHHEIE KOle-
GaHus B [IONEPEYHOM HaNpaBIeHHH (BEPTHKAILHON M TOPH3OHTANBHOMN IUIOCKOCTSX)
OTHOCHTEJIbHO MTHOBEHHOM 3aMKHYTOH OpOHTHI (1€ OpPMHPOBAHHOM MM PaCUETHOI)
B BENYLIEM MAarHUTHOM IOJI€ U CHHXPOTPOHHBIE KOJNEGAHHS B MPOAOIEHOM HAIpaB-
JICHNH OTHOCHMTENBHO CHHXPOHHOM (haspl. W3-3a OMMGOK MEDKEKIMM 3TH MaJBle KO-

neGanns YaCTHIl, BCICACTBHE MX JJICKTPOMArHUTHOIO B3aHMMOIEHCTBHS C APYTHMH
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YACTHMIAMH, MOTYT HHUIIAMPOBAT COBMECTHBIC KONIEOaHUs BbIIEICHHOH IPYTINEI 9ac-
T (CTYCTKa) M CTAaHOBUTHCS KOTE€PEHTHBIMH. BCencTBre SHEPreTHICCKOTo pazbpo-
Ca YaCTHI[ B MEDKEKTHPYEMOM ITyuKe Masible KOTEpEeHTHbIE KoleGaHus MEepeXonsT B
HEKOTEepEHTHEbIE (IPOLIECC ECTECTBEHHOIO 3aTyXaHHs KOTePEeHTHBIX Konebanuif), 410
CONPOBOXAAETCS YBENMYCHUEM JIMHEHHBIX Pa3MEPOB CTyCTKOB. IpoucxoauT yMeHb-
menue $a3oBoi IIOTHOCTH My4Ka. Tak, Ha YCKOPHTEJIBHOM KOMILICKCE IIEPH, B co-
CTaBe KOTOPOTO IIETIOYKA U3 YETHIPEX CHHXPOTPOHOB, HOPMAJIH30BAHHBIH OTIEPEYHBII
9MHTTAHC MydKa BO3PACTAeT MOYTH B 1.5 paza B OCHOBHOM H3-32 OIIKOOK MHXKEKLHH.
B CBSI3H C 5TMM HEOBXOIMUMO TTOJABIATh KOTepPEHTHbIE KolebaHus CryCTKOB OCIE HH-
JKEKIIAH C BHICOKMM TEMIIOM 33 IPOMEKYTKHU BPEMEHH, KOTOPBIE IODKHBI GEITH KOpOYe
BPEMEHHU MEPEX0/ia KOTEPEHTHBIX KoebaHui B HEKOT€PEHTHBIC. TTo3TOMy aKTyasbHBI
OLIGHKH TIPEMIEbHBIX TEMIIOB TOJIABIEHHs B KOHTEKCTE JIOMYCKOB Ha POCT SMUTTAHCA
IydKka B YCIOBHAX NBYX KOHKYPHPYIOIIMX MPOLECCOB (€CTECTBEHHOTO 3aTyXaHHA H
IIO[aBJIEHHs KOTEPEHTHBIX KoneGanuit).

CHcTeMa TIOaBIeHUs. KOTePEHTHBIX KonebaHuii, OyTydH yCTaHOBICHHOH Ha CHH-
XPOTPOHE M HACTPOEHHON B COOTBETCTBHH C BHIOpaHHOM pabodeii TO4KOH 1O YHCIY
xone6anmii 3a 060pot Qo, JOIKHA 00ECIIeYHBATh CTAOMIBHOE MIOJABIEHHE KOTCPEHT-
HBIX KoJIe6anmit mpu Bapuauu Jo. B mureparype OTCYTCTBYIOT CBEACHHS O JOMyCKax
Ha BeIM4HHY M3MeHeHus 0o, KOTOphle HEOOXOAMMBI IPH IPOEKTUPOBAHHIH CIL

TIpu WcciefOBaHUH TUHAMHKH MyYka B CHHXPOTPOHE MPH HaTHIHH CII ucrons-
3yloTcs AubQepeHIuanbHEe YPaBHEHUS MATbIX KoneOaHuit [L2]:

_ Fd(x(t - T))
moy ’

i+ Q%x

e § — IMKIHEecKas 9acToTa KoneGaHuit 3apsDkeHHOM JaCTHIIB ¢ Macco mo B (o-
KYCHpYIOIIEM 3/eKTPOMATHHTHOM IOJI€, Y — PENSTHBHCTCKUH ¢akTop, T — BENMYHHA
3a/IepXKKH CHTHaIa B LeMH oOpaTHOH cBA3W. PexoMeHnanuu [L2], monyyaromuecs B
CIMAXKeHHOM TPHOMMDKEHUH TIPA SMITUPHIECKOH 3aMEHe UMITYJIbCHOM CHIIBI Fy(x) Ha
JMCCUTATHBHYIO, IPOTIOPIMOHATBHYI0 CKOPOCTH X, KaK MHHUMYM HEOGXOIMMO yTO4-
HHUTH NpH KcTonb30BaHuK mudposoii CII, MOCKONBKY Pe3y/IBTUPYIOLAs CHla BO3ICH-
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cTBHA Je(eKTopa Ha MyYOK NMPOTOPUHMOHATIBHA CYNEPHO3UIUA CHIHATIOB C JaTdhKa
TIONIOYKe NS, 3aQMKCHPOBAHHBIX Ha HECKONBKHX 060pOTax.

OCHOBHBIM HampaBlieHHeM npoekruposanms u passutus CII Apnsercss npume-
HeHHe METONOB LEdPOBOH 06pPaGOTKH CHIHANOB B LMK 0OpaTHOH CBA3M. Cy1ecTBy-
JOILMe TPENCKA3aHHUS 10 TAKTOBOH 4acToTe MUGPOBEIX CHCTEM TOABICHUS M OLCHKH
BIIMSHHA IIyMOB KBAHTOBAHHA Ha POCT SMUTTAHCA ITyYKa HE MPUBOIAT K KaKAM-1H60
OrpaHHYEHUsM, OGYCIIOBICHHBIM HCIIOb30BaHHEM L(POBBIX TexHooruii. Bmecre ¢
TeM OTCYTCTBYIOT IIPEACKa3aHHs N0 BOSMOXXHBIM OTPaHHYCHHUAM Ha BEIMIHHEI ICKpe-
MEHTOB KOTEpEHTHBIX KoJleGanuii npy ucnonp3osanuy nudpossx CIL

OCHOBHBIE IAPaMETPH! YCKOPHUTENBHOTO LMKJIa KOHTPOIUPYIOTCS U PeryIupyoT-
¢S ¢ TIOMOILIBIO LeTeil 0GpaTHOM CBsi3H B Ipolecce yckopenus. IIpy n3Mepenun napa-
METpOB ITy4Ka B Ps/E CIyJacB HCTIOMB3YOTC METOIBI MMITYJIBCHOTO FapMOHHIECKOTO
BO3IEHCTBHS HA CT'yCTOK, HAIIPHMEP, C TIOMOIIBIO 3IEKTPOMArHUTHOTO TOJIKATEILA. Otu
BO3EHMCTBHA MOTYT OBITH CHCTEMAaTHYECKIMH (HAaIPUMED, C IIETIBI0 KOHTPOJIS Ka4eCTBa
IIy4Ka TI0CIe MEDKEKIIHH) HIH CTy4aiiHbIMK (HalpuMep, IPH H3MEPEHHIH JacToT Gera-
TPOHHBIX KOJeGaHU| B IPOM3BONBHEIA MOMEHT BPEMEHH B MPE/ENaX yCKOPHTEILHOTO
IMKIa). AMIUTHTYA BO30YKICHHBIX KOTEPEHTHBIX KoseGaHuii NoJpKHAa OBITh JOCTAaTOY-
HOJ 10 Be/IWUMHE VIS JETEKTUPOBAHHS CHTHANOB U M3MEPEHHs IapaMeTpoB Koeba-
Huii ¢ TpeGyeMoit TOYHOCTBI0. ONHAKO CHCTEMA TTOABIIeHHs, 00ECTIeTHBAs 3aTyXaHUe
KOTEPEHTHBIX KONeGaHH i, IPUBOMUT K HEU3GEKHOMY COKPAIEHUIO IPOMEXKYTKA Bpe-
MeHH, B TEYCHHE KOTOPOro M3MepSEMBIil CHIHAI MOXET GBITh HICHTHOHIMPOBAH HA
ypoBHe 1IyMoB. I109TOMy HEOGXOMMMEI OLEHKH /UL BEMIMH W MPONOIDKAUTENLHOCTH
IeHCTBAS CHI BO3GYIK/IEHHs KOTepeHTHbIX Konebanuit npu Hamnaun CII ¢ yueToM ux
BO3MOXKHOTIO BJIHSHHUS Ha POCT SMHUTTAHCA.

AKTyaIbHOCTS TEpEYHCIIEHHBIX Bbillle (M3MYECKUX 3alad W MOMCK HyTeH nx
pelleHus SBUIMCh MOTHBALMEH K BHIIONHEHUIO TaHHOH PaboTEL.

Ileas AuCCepTALMOHHON PadoTHI:

— HOCTpOeHHe (U3MKO-MATEMAaTHIECKOH MOJIENH, ONUCHIBAIOMIEH TMHAMKKY Iy4Ka 32~

PSKCHHBIX YacCTHI] IIOCJIE MHKCKIWHA U IIPU YCKOPEHHH IIOJ BIMAHHEM YIPABIIAIO-
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KX BO3ACHCTBHA LUPPOBOH CHCTEMBI OGPATHON CBS3H, NPUBONANIMX K 3aTyXaHHIO
KOTEPEHTHBIX KOJNeOaHMiA;

— MOJYHCHUE aHATTUTHIECKHX PCIIECHHUH, MO3BOIAIOIMX COMIOCTABUTh PACUETHHIE JaH-
HBIC (HAalpUMeD, NEKPEMEHTHI 3aTyXaHHs KOTEPEHTHEIX KOeGaHmii) ¢ 9KCIIEpUMEH-
TaIBHO HAOIIONAEeMBIMU XapaKTEPHCTHKAMA KONEGATeNBbHOTO MpoLecca B MaKCH-
MaJbHO NPUOMIDKEHHBIX K IKCIIEPHMEHTY YCIOBHSX, B TOM YHCIIE IIPH TEMIIax o-
JaBJIeHMS, ONM3KUX K [PENETBHO BO3MOXHEIM,

— COTIOCTABJICHHE PE3YIBTATOB pa3spaboTaHHOM MOXENH C MOMyYAIOIIMMHUCS B JIHHEH-
HOM IpPHONMKEHUM PELIEHHAMH yPABHEHH AMHAMUKH ITy4Ka IIPH HCIIONb30BAHUH
merona KperroBa—borosir60Ba—MHUTPOIIONBECKOTO H METONOB PELICHHAS aupdepen-
UMAaJIbHBIX YPaBHEHUH C OTKIOHSIOIMMCS apTyMEHTOM;

— opmynupoBanHe MepedHs crenuUKaIK I HH3HKO-TEXHAIECKHX 060CHOBAHHI
POEKTOB LU(PPOBBIX CHCTEM MOAABICHUS B HOBBIX CHHXPOTPOHAX C YYETOM OIBITA
co3anus Takoii cuctemsl At LHC (LIEPH) B coBmecTHOM npoexte LIEPH u OV,

Hayynas HoBu3Ha
TIpHBeNeHEl pE3yNETATE] TEOPETHYECKOTO HCCIEIOBAHMSA THHAMHUKH CT'YCTKOB 3-

PDKCHHBIX 4aCTHI B CHHXPOTPOHAaX C UHM(POBBLIMH CHCTEMaMH OGPaTHOH CBS3H C

IIOMOIUBI0 METOAOB JUCKPETHOTO aHAIM3a!

¢ YTOYHEHBI 3aBUCHMOCTH H BBISABIICHB! OTPAHMYEHHS IS JEKPEMEHTOB 3aTyXaHHS U

JaCTOT KOTePEHTHBIX GETAaTPOHHBIX KONEGaHMIi OT BeNMUMHEI Gananca (a3, YHCIEHHO

PaBHO}t pasHOCTH MeX Iy HaberoM (asbl GeTaTpOHHBIX KOIeOGaHHMI YaCTHITEI [pH Ipo-

JIeTe OT M3MEPHUTENBHOTO NAaTYHKA O AEMIQHpPYIOMEro aediekTopa ¥ H3MEHEHHEM

(hassl ympasnsioniero curuana B nems o6paTHOMN CBA3M;

¢ BIEPBEIC NPOACMOHCTPHPOBAHO, YTO MPU HMCIONb30BAHHH LH(POBEIX QHUIETPOB B

uenH o6paTHOM CBS3M CHCTEM NOJABIEHUS C 3a1IEPXKOM CHIHAa Gonee YeM Ha OIUH

060pOT BO3HHKAKOT IOMOIHUTENbHEIE K GETATPOHHBIM MO KONeGaHi CTYCTKOB, KO-

TOpBIE BIHAIOT Ha 001aCTh YCTOMYUBOCTH ABMKEHHS YACTHLL,

® BBCICHO HOBOE IOHATHE: CENapaTpuca s NEKPEMEHTOB 3aTyXaHHs KOTEPEHTHBIX

IIONIEPECYHBIX KOHCGaHHﬁ; NPHUBEACH METOA pacyeTa, MO3BOJISIOIIHH YCTaHOBHUTH KOH-
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¢urypauyio cenapaTpucs # KapThl H30MMHHAH I IEKPEMEHTOB 3aTyXaHHs; NI0Ka3aHO,
YTO BBICOTA CEMApaTPHUCHl 3aBUCHT OT NMapaMeTpoB OU(POBOro GUILTPa U BETUIUHEI
Gananca ¢as.

MpakTnyeckas 3HAYNMOCTH

Pa3pa6oTaHHEIE B JUCCEPTALMHA METOIB! MO3BOIIOT YIIPOCTHTh KaYeCTBEHHBIN
aHau3 MU(POBBIX CHUCTEM IONABIEHHS KOTEPEHTHBIX KOJNeOaHHH, a Takke ycoBep-
[ICHCTBOBATh METOAB! M OLEHKH HX XapaKTEPHCTUK C yJETOM HaWJICHHBIX aHAJIMTHYIE-
CKHX pelueHuii 6e3 TpymoeMKUX YHCICHHBIX PacyeToB.

IocroBepHOCTh ¥ 3 (EKTHBHOCTD NPEMIONKEHHBIX PACUETHBIX METOHOB I0O3BO-
JISIFOT MCTIONB30BaTh MX IPU MPOEKTUPOBAHMN COBPEMEHHBIX CHHXPOTPOHOB IS BEI-
SIBICHHS HOBBIX UM(POBEIX METONOB 00pabOTKM AETEKTHPYEMBIX CHIHAJIOB, HE Hapy-
IIAOMIKX YCIOBHH YCTORYMBOCTH ABIKEHHA YaCTHII, HO IIOBBLIMIAIONINX [IOMEXO0Y CTOM-
9HBOCTH YIIPABJIAIOIINX IIPOLIECCOB U IIO3BOJIAIOIIX PaboTaTh C MEHBIIMMH YPOBHAMHU
BXOOHBIX CHTHAJIOB U AeMII(UPYIONIMX BO3NECHCTBUM.

PaspaGoTaHHble METONBI IPHMEHEHB! aBTOPOM JHCCEPTALMHU [JIs aHAJIM32 PEKHU-
MOB paboThl CHCTEMBI MONABIEHHS KOTEPEHTHBIX IOIEPEYHBIX KoNneOaHHH Myuka B
LHC (IIEPH) 1 comocTaBieHus IPOSKTHHIX B (aKTHYECKHX XapaKTEPHCTUK CHCTEME]
MOZIaBJIeHHs, CO3IaHHOM B coBMecTHOM mpoekte IIEPH n OMANL.

OCHOBHbIE TIOJIOKEHMSI H Pe3yJIbTaThl, BHIHOCHMbIE HA 3aLUTY

1. Pe3ynsTaTsl MCCIENOBaHM JUHAMUKY IIydKa B CHHXPOTPOHAX C CHCTeMaMH 00-
paTHOM CBsI3U, OCHOBAHHOTO Ha MCIIOJIb30BaHHH METONOB JAHCKPETHOM MaTEMAaTHKH.

2. Pe3ynbTarsl pacueTHHIX M SKCHEPUMEHTANBHBIX NAaHHBIX I/ CIOBHUIOB YacTOT U
JEKPEMEHTOB 3aTyXaHus KOTePEHTHBIX MONepedHbIx konebanuii mpotonos B LHC.

3. OpurMHANIBHBIN MOAXON IV ydeTa (IyKTyauuil MONOXeHHs pabodei TOUKM IO
uhcry 6eTaTpOHHBIX KoJeOaHuil B CHHXPOTpPOHe C HUdpOBOH cucTeMoit ob6paTHOM
CBSI3H, IPUBOSLINI K HOBOMY IIOHSATHIO — CeTlapaTpyca IJis JEKPEMEHTOB 3aTyXaHHs.

4. JToxa3aHo, 4TO COBUTH YACTOT U JEKPEMEHTHI 3aTyXaH!s] KOTePEHTHBIX KoneOaHHuii,
BEIYHCIIEHHbIE B JIUHEHHOM HPUOMIDKEHUM [0 BenuuuHe Kodhduuuenta obpaTHOi

CBsA3H IJIs1 CTIIA’KCHHBIX ypaBHeHnﬁ AUHAMHUKH ITy4YKa C ITIOMOIIBIO METOAA Kpbmona—
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Boromo6osa—Mutpononsckoro # METo0B pemeHus AudbepeHIHaTbHbIX ypaBHEHHI
C OTKJIOHAIOIMMCS apryMEHTOM, COBNAJaroT C COOTBETCTBYIOIIMMH BHIPAKECHHAMH,
BBIYHCIICHHBIMH IIPH HCIIOIB30BaHUM METOLOB AMUCKPETHOTO aHANIM3A.

5. AHalUTHYECKUH MOMXON K PEINEHHIO 33249 O MOABICHHH OCTATOYHBIX KOJle-
GaHMi CTyCTKOB IOC/E MHXEKIMH B CHHXPOTPOH C HH(MPOBO¥ CHCTEMOR 0GpaTHOI
CBSA3H, HMEIOLIeH HETMHEHHYIO EPENaTOIHYIO XapaKTEPUCTHKY.

6. OCHOBHEIE pe3yNETaTH PaspabOTKY, HANAAKM U SKCILTyaTalliH CHCTEMBI [I0aBJIe-
HUsl KOTEPEHTHBIX IOepPeYHbIX KoneGanuit myyka B LHC, oGnaparomeit cymecrsen-
HBIMM 3JIEMEHTaMH HOBU3HEI B IPHHATHIX TEXHHYECKUX PELICHHAX.

Anpo6Ganusi pa6oTsI

Pesynsrarel, npuBeneHHble B IMCCEpTaLMH, NOKIANbIBATHCh HA HAYYHBIX Ce-
muHapax OUSIY, obcyxnamucs B yckopuTensHOM moapasaenenun ITEPH B cBsi3u ¢
pabotamu 10 CO31aHHMIO CHCTEM IONABIEHHs KOTEPEHTHBIX KOTeGaHH i myyka B LHC,

MOKJIaBIBAIMCE Ha MeXTyHapOmHBIX KOHQEPEHIMSX 10 QU3NKE U TEXHUKE YCKOPH-

TeNEH 3apPsHKEHHBIX YaCTHL, MPOXOMMBIINX

— B Poccun: RuPAC’94 [16, 17], RuPAC’98 [21], RuPAC’08 [23], RuPAC’10 [25, 26],
RuPAC’12 [15],

— B 3apyGexcHbix crpanax: HEAC’93 [18], PAC’93 [10], EPAC’94 [19], EPAC 96 [20],
COOL97 [8, 9], PAC’97 [11], EPAC’98 [12], PAC’99 [13], EPAC’00 [22],
Sarantsev’05 [1], EPAC°08 [14], HIAT 09 [24], Sarantsev’09 [3], Sarantsev’11 [4].

JlocToBepHOCTH H 0GOCHOBaHHOCTD
OcHOBHBIE pe3yNBTaThl PH3UKO-MATEMaTHIECKOTO HCCIENOBAHHA H(PPOBBIX CH-

CTeM MOMAaBNEHHA KOTePEHTHBIX KOJeOaHumii mydKa 3apsHKeHHBIX YaCTHLl B CHHXPOTPO-

Hax MOATBEPXKACHEI SKCIIEPHMEHTAIBHEIMUA pa00TaMH, BHINOJHEHHBIMA Ha BoibmoM

Anponnom Komnaiinepe (LHC, LIEPH) npy u3ydeHuu NOMepeuHoO# JUHAMAKH my4Ka

IIPY PEKOPAHBIX 3HEPrUsX NMpoToHOB oT 450 I'sB no 4 TsB.

ITybauxanun
Marepuans! guccepramuy onyOIHKOBaHEL B 36 neyaTHBIX paboTax, U3 HEX 9 cTa-

Teif B peLieHsupyeMbIx sxypHanax [1-9] u 17 crareii B Tpynax xondepermumit [10-26].
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JInyHbId BKIaJ aBTOpa

Conepxanve AUCCEpTallid W OCHOBHEIE IOJOXXEHHUs, BEIHOCHMBIE HA 3aIllHTY,
OTpaXaloT MEePCOHANBHBINA BKIAJ aBTOpa B OIyOnuKoBaHHEIE paGoThl. IlomydeHHEIE
JIMYHO aBTOPOM PE3yNBTaThl OIyOIHKoBaHHl B BuAe § crareit [1-8] B penensupyeMuix
xypHanax, 10 noxmanos [11-13, 15, 19-22, 24, 26] B Tpymax koHbepeHuuii u 5 co-
obmennit OVSIU [27, 29, 33, 34] u LIEPH [35].
B nepeune yCTHBIX JOKIAZOB Ha MEXAYHApOIHBIX KOH(EPEHIMAX BKIKOYEHBI 2 [0-
knaga [23, 25], koTophle OUCCepTaHT NpPEACTaBIsI OT MMEHH komnabopamun “LHC
Damper” kak nepBble SKCIIEpHUMEHTAIIbHbIE PE3Y/IbTaThl M0 HAJaJKe CHCTEMBI MOIaB-
JICHHs] KOTEPEHTHBIX MONEPEYHBIX koebaHuii mpoToHHoro myuka B LHC.
IToaroroska npyrux my6mukanmii [9, 10, 14, 16-18, 28, 30-32, 36] nposoaunace cos-
MECTHO C COaBTOPAMH Ha NTApUTETHBIX Hayajax.
Bce npencrasnensbie B QUCCEPTALMH PE3YNETATH IOMYYEHbI JIHYHO aBTOPOM.

CTpyKTypa B 06beM auccepTanun

Huccepraiys COCTOUT U3 BBEACHU, 0030pa JIUTEPATyphl, 7 IIaB, 3aKIIOYEHHS,
CIIMCKa COKpAIlIeHUH U YCJIOBHBEIX 00603HayeHui, Gubnuorpaduu u npunoxenus. O6-
Mk 06seM JuccepTanuy 224 CTpaHWIEL, BKIIOYas 33 pUCYHKa M 3 Tabmumpl. bub-

nuorpadus Bmogaer 138 HauMenoBaHuii Ha 18 cTpaHuIax.

Conepsxanue pa6oThl

Bo Beenennu 060CHOBaHa aKTyaJIbHOCTh AMCCEPTALMOHHOM paboTel, copmy-
JIMpOBaHA IIeNb ¥ apryMEHTHPOBaHa Hay4Has HOBU3HA HCCIIEJOBaHUH, IOKa3aHa IIpaK-
THYECKasl 3HAYUMOCTh IOJYYEHHBIX PE3yILTAaTOB, IPEACTABIEHbl BEIHOCHMBIE HA 3a-
IIUTY OCHOBHBIC MOJIOKEHHSL.

B Jluteparypnom 0630pe npHBeaeHb! Hay4HBIE PE3YNILTATE U SKCIEPUMEHTANb-
HBIC JJaHHBIC, KOTOPHIE COIOCTABIAIOTCA B NHCCEPTALMH C MOMYyYEHHEIMH aBTOPOM
pe3ynbTaTaMu.

B I'maBe 1 usnoxeHo 060CHOBaHHE (H3HUKO-MATEMAaTHIECKOH MOAETH MUBPO-

BOH HII’IpOKOHOJ'IOCHOfI CHCTEMBI ITOAABJICHUSA KOI'CPECHTHBIX IOIIEPEYHBIX KoJieOaHmii
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«oK€écTKOoro» cryctka. JluHaMuKa Takoro OQMHOYHOIO CTyCTKa OMMCHIBAETCS C IOMO-
IIBIO JIMHEHHBIX MaTPUYHBEIX YPaBHEHHH ABIDKCHMSA 3apsDKCHHOM YacTHIBI B CHHXPO-
TpoHe [L3] u nuHENHBIX Pa3HOCTHHIX ypaBHEHWH Mnd UUGPOBEIX (QHIBTPOB C KO-
HeyHO! U OeckoHeYHOH MMITYnbCcHOM xapaktepucTukoit [L4]. CocTosHuME 4acTHILBI
3a7aeTcsl ¢ MOMOILIBI0 MaTpHLBI-CTONOA X (n,s) Ha o6opote n B TOUKe § OpOMTEI C
nepumetpoM Cy. E€ mepBElii aneMeHT ecTh X (11, §) — CMELIEHNE YaCTUIIbI OTHOCHTENb-
HO MHOBEHHOM 3aMKHYTOM (paBHOBECHO# Wi AedopMUpOBaHHOH) OpOHTEL, 8 BTOpOit

aneMeHT x'(n,s) — yroil HakJIOHA TPaeKTOPUM YacTHUBL. [ BRIVHCICHHS (yHKIH-

Puc. 1. CtpyxrypHas cxeMa nudpoBO#t CHCTEMBI ITOaBIEHHs KOTEPEHTHBIX Kone6GaHuii mydka [L2]

OHANBHBIX 3aBHCHMocTeil (x(n,s)) u (x'(n,s)) mis aHCaMOIA YacTHI «KECTKOTO»
CTYCTKa MCIIONB3YeTCS NMPOLEAYpa YCPEOHEHHS ¢ MOMOIIBIO CTAIMOHAPHBIX B IIHMPO-
KOM CMBIcie (yHKIHiA pacIpesieSIeH)s B COOTBETCTBUH C OOILEPHHATEIMU MOAEISMU
U npeanonoxeHusIMu [L5]. [ins cMenieHus IeHTpa TSHKECTH CIyCTKa X7, 5] U yIiia Ha-
KJIOHA €T0 TPAeKTOPHH X'[n, 5] HCIONB3yeTCsA MOJENbHOE NPHOIIDKEHHE O PaBEeHCTBE
JIVCKPETHBIX U HETIPEPHIBHBIX YCPENHEHHBIX BEJIMYUH cMelleHuit x[n,s] = (x(n,s))
U MX NPOM3BOHBIX. Takoe e CorNalleHue MPHHUMAETCs IS UMITYIIBCHOTO BO3Aeii-
cTBHA Jemndupyromero aeduexropa (Axj(n)) = Ax)[n] 1 UIMITyIECHOrO TONKATENT
(Ax.(n)) = Axl[n] (cMm. puc. 1). Torza [5, 27]:

Xin+1,5] = X[n,s + Co] = M(s)X[n,s] + Axin] MuE + Ax.n) M.E, (1)
rIe B MaTpHUIle-CToJ01e E umeeMm E; =0n E, = 1. [Ina marpuI nepexona M (s2]51)
U3 TOYKHM §| B MO3HIIMIO S MCTIOJB3YIOTCA o0menpuHsaTrie o6o3Hayenus [L3]:

M(s) = M(s + Cols), M= M(s + Colsa), M. = M(s + Colse).

HHMCKpeTHOE CMEIIEHHE CTYCTKa B JaT4HKe MOJIOKEHHA x[n,s,] = x[n] otoxmect-
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BIIIE€TCS ¢ AUCKPETHBIM OTCYETOM Ha BXOJIE PaJHOTEXHHIECKOM ey 00paTHOI CBA3H,
IPONIOPLMOHATBLHEIM BXOXHOMY HampspkeHHI0 Vip[n]. ITosToMy mns uemu oGpaTHOIA

CBSI3U MOXHO 3amucars [5, 27]:

Vin[n] = (x[n] + axp) Sin Kinu[n] ’

N¢ N;
Vau[n] = Z b[m] Vip[n — mluln —m] + Z c[m] Vag[n —mluln —m],
m=0 m=1
Ax:i[n] = xSout Vout[n] = J‘Sout Kout Vﬂtr[n - ‘ﬂ u[n - é] ’ (2)

rae ¥ = +1 — k03P PULHEHT, YIUTHIBAIOIINHA TTONSAPHOCTD IMOAaBaEMOTO Ha Jediiek-
Top DK ynpaBisiomero HanpspkeHus, Sip — 9yBCTBUTENBHOCTh H3MEPUTEIIBHOTO JIaT-
guka BPM, Ki, — k03 dHIHEHT yCHUIeHHs N0 HaNpsHKEHUIO BXOAHBIX YCHUIIHTENEH,
dxp — MOTPENIHOCTh U3MEPEeHHs GETaTPOHHBIX CMEIIeHuM KoeGoleicss YacTULE B
Mecre pacnonoxenus BPM, Sy, — mepenarounas xapaxkrepuctuka aediexropa, Koyt
— K03 HUIMEHT YCHICHHS 10 HAaNPSDKEHHIO BHIXONHBIX ycuiautenei, u[n] — ¢yHk-
musa XeBucaiina, Ny — mopsanok GpuisTpa ¢ KOHEUHOM MMITYIECHON XapaKTepHUCTHKOM
(KHX-¢bunsrp), b[m] — koadpdpunuents: KUX-puisTpa B yrpapisiomeM mpoLeccope
DSP, N, — nopsnok ¢unsrpa ¢ GeCKOHEUHOM MMITYIbCHOM Xapakrepuctukoi (BUX-
¢buisTp), c[m] — xoadpdunuentsr BUX-dpunerpa [L4], Vg — BHIXOOHOE HAIPSHKEHHE
nocie GUIbTpa, Vo — HaIpsDKEHHE Ha BBIXOAE Lienu obpaTHOM cBsi3u. B (2) yureHo,
4TO CHHXPOHU3aUMA O0TCUETOB Vig[n] u Vou[n] Moxer ocyiecTBisThCs ¢ 3amepkKoi
Ha § o6opotos. Mnaye rosops, ecimu (0, 5,) €CTh MOMEHT IPOJIETa YACTHIB! CKBO3b
BPM mnocie MHXKEKIUHM, T = Tpq — BpeMs mpornera yactuus! or BPM mo DK, To Kxop-
PEKTHpPYIOMHUHA CUTHAI DOJDKEH BO3HUKHYTH B DK B MOMeHT BpeMeHH ¢ (g, Sq) Takoi,
410 [5]

T+ 3To=1(§,s9) —10,5p). ©))
Bennunna § manee HasBIBaeTCs KPaTHOCTBIO 3aaepxkd. O6bHO § = 0 Ha ycko-
puTenax ¢ GONbIION NIMHON HOPOXKKH, ONHAKO B 3MEKTPOHHBIX CHHXPOTPOHAX IJIst
BBINOJIHEHMSA YCIIOBHMH CHHXPOHH3ALMH C YUETOM peasbHOM 3alep)KKH B Ienu o0par-

HOM CBS3M IIPHXOIUTCS BBIOUPATh OTIMYHEIE OT HYyJIS 3HAYCHHA §.
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JUIs pelIeHMs TOTY4eHHOH CHCTeMbl IMHEHHBIX Pa3sHOCTHBIX ypaBHeHHH (1) u

(2) MOXHO HCIIONB30BaTh npeobpasosanue Jlopana (Z-npeobpasosanue) [L4]:
oo

y(z,s5) =Z{y[n,s]} = Zy[n,s] z™", y[n,s]=0Vn <0, 5€[0,Co), (4
n=0
-1 1 n—-1 n—1
yIn sl =274y(z,9)} = 5= 0y(z,5) 2" 'dz = Y Resly(zr. ) 27 7,
27j
r r

rae I — 3aMKHYTHI# KOHTYp, OKpYKalOIIuii Bce 0coOble TOYKH Z, GyHKumu y(z,s) Ha
KOMILTEKCHOM Z—TIIOCKOCTH, TipudeM |z,| < 1. Ilocne BeimonHeHus Z-npeobpa3osa-
Hus B ypasHenusx (1) u (2) monmydaroTcs clenyiomue Beipaxenus [5, 27]:
zI =M detM

det (zf - IVI)

£(2) 3Apr LE
(1 — 27 (Bapp) '/
+Z{Ax;[n]}mﬁ). )

X(@z,s) = (zf[O, s] +

3neck | — enquanyHas marpuia, X [0, s] — HagalbHOE COCTOSHUE CTYCTKa, 8 MaTpHIa

M umeer Buf,

o PO O P
M = M(Qo,z,5) = M(s) + W My T M (spls), (6)

rae ﬁ,- — ¢ynxkuum Teucca [L5] B Toukax pacnonoxenus BPM u DK, T- KBafIpaTHas
2 x 2 maTpuia, B kotopoit T»; = 1, a Bce OCTalbHEIE 3MEMEHTH! paBHbl Hy0. Ciie-
JIyeT TONYePKHYTh, 4To onTHdeckue ¢yHkumn Teucca u HaGern GeTaTpOHHBIX (a3 B
Marpunax M (s), My(s + Colsq) M (sp|s) 3amanb! Ha opbuTe, rae YMCIO GeTaTpoH-
HBIX KojieOaHuit 32 060poT paBHO (Jo. DTO OTPAKEHO B OMPEAEICHUN MaTPUIIBI M
(6), rae 3aBUCUMOCTH OT (Jo yKa3aHa B IBHOM BHIE Kak ﬂ(Qo, z,s). Oynkuus g(z),

sxozsmas B (5) u (6), onpexnenena ciaenyomuM obpazom [S]:

£(2) = 279 xK(2) Sin Sour  Babo - o)

B (7) BBeneno o6o3nasenve K(z) = Kiy Koy H(2z) mna nepenarounoi ¢pyHkuuu pa-
JHOTEXHHUECKOH YacTH LEMd OOpaTHOW CBSI3H, 3aBHCAIIEH OT mepenaTodHol QyHK-

muu [L4] mapposoro unsrpa H(z) = Z{Vau([n]}:

Nt N, -1
H(z) = Z{Vau[n]} = (b[O] + Zb[m] z"'") (1'—— Z c[m] z“’") . ®

m=1 m=1
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CobcTBeHHBIE 3HAYEHUS Z, €CTh PELICHHs XapaKTepUCTHYECKOro ypaBHenus [5, 27]:

det (z,f— M(Qo, zr, s)) =z-2z tr M(Qo, zr, 5) + det M(Qo, z;, 5)
= z2— (2cos u + £(z;) sin(u — 1))z, + 1 — g(z,) sinn = 0, ()

rae 4 = 2w Qo ectb Haber ¢a3bl GeTaTpoHHBIX KoneGaHHif 3a 000poT, @ 1 — OT
BPM gpo DK. Vpasuenne (9) mpu ¢ = 0 ecTb KBaApaTHOE ypaBHEHHE, MMEIOIIEE
JlBa KOMILIEKCHO-COIPSDKEHHBIX KOPHA Z) 2 = exp(%j 27 Qy), T.e. XOpOLIO U3BECTHOE
pemienne nns GeraTpoHHBIX KoneGanuit [LS5]. B aToM ciydae BenuuwHa argz,, =
27{Qo} ects npupaienue ¢asnl GeTarpoHHBIX KoneOanuii 3a 060por ({Qo} — npobHas
gacte Qp: —0.5 < {Qo} < 0.5), KoTopoe puKcHpyeTcs Kak HabnromaemMas BeldYMHA
B CHMTHAJE C JaT4yMKa mojokeHus [L2]. OToMy mpupalieHHI0 MOXXHO COIOCTaBHThH
LHMKIMIECKYIO JacToTy $2p U abcomorHyro Bemmuuny Qg mis {Qo}:
08={Qo}, Qp=0Qpwo, wo=2n/Ty, QpTo=2nQp.

Bemmuunsl Qg u Qg nanee OyIyT HCIONB30BaThCSA B Ka4eCTBE XapaKTEPHUCTUKH MH-
HMMaJIbHOH MOZBI OeTaTpoHHBIX KoneGaHuit. C yd4eToM MPHHATOrO B paguOTEXHHUKE

npasuna cootBercTBHA K(w) = K(z = exp(jwTy)) m1s g(z) MoxHo 3amucars [5]:

. xK N
-q"Kff), g = SuSouKoyBeBy:  Ko= K5,

e g = |§(Qp)| — xoacbdumment obparHoi cassm, mpuuem |AX,(Rp)| (Babp)!/? =

g@) =gz

g |xa(2p)|. TIpu g # O PU3UIECKHit CMBICT UMEIOT PELIEHHUS, IS KOTOPBIX BCE MOJIBI
KojebaHumil ABMAIOTCA 3aTyxatommuMi (|z,| < 1). CnemoBaresnbHoO, IJIs aCHMIITOTHYE-
ckux pemiennii [L4] MOXHO 3amucars 1S )A((z, s) u3 (5):

lim Xn,s] = lim(z — 1) X(z,5) = 0. (10)
Takum oGpa3oM, Bce MONIOCH z, QyHKUUM (2 — l)f((z,s) JOJDKHBI JIEKaTh BHYTPH
Kpyra eJUHIMYHOIO Pajryca, TO €CTh BIMAHHE MorpemHocTeii 6x, B X(z,s) momkHo
OBITH HCKITIOUEHO. DTO BO3MOXKHO, €Cid [5, 24, 27]

Ne
gz=1)=0 = B0+ bm=0.

m=1
Ilocnemuee mocTuraercs 6nar011apx IIPUMEHEHHUIO B LICTIH 06paTHOI7I CBA3H Y3KOITO-

nocHoro 3arpaxaatomero dunstpa (notch filter, Hy(z) = (1 — z71)) [24, 27].
14



[IpuGnKeHHEIe PELIeHNs XapaKTepUCTHIECKOTO ypaBHEH!s Ipy g <K 1 eCTh

K . .
Zy2 = €Xp (ﬂ:_] 27T (QO _ gx4lnéz))| eTi \I/)) — e—-a:l:Jer{Q} , (11)

rae BBeJEeHEI clenyiomue o0o3HadeHus [5, 15]:

w=(£Qp+k)wo, ¥ =n+2n4 Qo—argK(w),
a=g‘;(—K(Z))|XSin\p’ {Q}:{QO}—gll:—goo)‘xcos\Il, (12)

K(®) = KinKou H(z = ¢/°T0), Ko = [K(Qp)|, xsin¥(Q2p) > 0.

Ompenensirouum napametrpoM B (11) sBisercs Gananc ¢a3 ¥, BelHIMHA KOTOPOTO
paBHa pasHocTd Habera ¢asbl GerarpoHHbIx KoneGauuit (n + 27§ Qo) AL YaCTULEI
[pH IpoJIeTe OT JaTIHKa MOJIOXKeHU 10 nediekTopa (C y4eToM KPaTHOCTH 3aJEPKKH
q) u wsmenenus (assl gerekTupyeMoro cursana arg K(w) B nenu obGparHoii cBA3H.
JleKpeMeHT 3aTyxaHHs MaKCHMAaJIeH B PE30HAHCHOM Clydae, koraa [5, 15]
|sin¥] =1 = {Q} = {Q0}. (13)
TakuMm 00pa3oM, ONTHMAJIbHbIE YCIOBUA IS 3aTyXaHHs KoneGaHuii MOryT ObITh IO-
ny4ens! npu § = 0 He TONBKO B ciiydae | sinn| = 1, 9To sABIAeTCA OOBIYHBIM TpeboBa-
HueM npu npoexruposanud CII, HO ¥ P OTKIOHEHHH OT 3TOTO YCIIOBHS My Habera
(a3el GeTaTpOHHEIX KOIeOaHuil OT JaTYHKa MONOXKEHU N0 HedieKkTopa, ecld Takoe
OTKJIOHEHHE MOXET OBITh CKOMIIEHCHPOBAHO LU(PPOBEIM (IIBTPOM.
Hockombky §(z) o z~9~M mpu N, < Np, To XapaKTepHCTHUECKOE YPaBHEHHE
(9) sBnsieTcs anreGpanueckuM ypasHenueM cremenu (2 + § + Nf) OTHOCHTENBHO
z. Koapduuuentsl ypasHenus (9) — nelictsurenbhsie guncna. CieqoBaTensHo, Takoe
anre0panyeckoe ypaBHEHHE HUMeeT HMapHble KOMIUIEKCHO-COMPSDKEHHBIE KOPHU H/WIN
pa3NHYHBIE BENIECTBEHHBIE KOPHH (B YaCTHBIX CIIyYasX HEKOTOPHIE M3 BENIECTBEHHBIX
KOpHe# MOryT coBmanath). Pemras anrebpanyeckoe ypaBHeHue (9), MOXHO IMOXYYUTh
YTOYHEHHBIE 3aBUCHMOCTH Ul JAEKPEMEHTOB 3aTyXaHHsS HPH POCTE BEIMUMH KO3h-
¢unuenta obpaTHOi CBA3M g C ydeToM mepenatodHoii ¢pyukuun H(z), 3aBucsmeit
OT CTPYKTYpHO# cxeMsl IudpoBoro ¢umsrpa cortacho (8). Takum o6paszom, mpu uc-
MOJIB30BaHNK U(POBHIX (GUIETPOB B 1enu 0OpaTHON CBS3H CHCTEM HONABIEHHUS C
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3a/iep)KKOM curHaina Gonee YyeM Ha ONMH O0OPOT BO3HHMKAIOT NOMOIHHTENLHBIE MO-
Il KoJIeGaHui CIyCTKOB, KOTOpPEIE OrPaHMYHMBAIOT 00NACTh YCTOHUMBOCTH NBIDKCHHSA

YaCTHI IPY BEICOKOM TEMIIE MoAaBIeHus konebanuii [3, 5, 27].

0.030
0.025

0.06
0.05

g
0.05 0

a ) ) . ) 6

0 00T 002 003 0.4

Puc. 2. PacueTHBle JEKPEMEHTHI 3aTyXaHUs M Pe3y/BTaThl U3MEPEHHI TOPHU3OHTANBHEIX (@) H BEpTH-

KaJIbHEIX (6) KOTEPEHTHEIX IONEPEeYHBIX KoneGanuii my4ka mpoToHoB ¢ sHeprueii 3.5 TaB B LHC [5, 15]

Tak, B cCTEMe MOAaBJIEHHs KOTePEHTHBIX IONepeyHbIX konebanuii mydka B LHC
UCIONB3YIOTCS MOCEeNoBaTeNbHO coenuHenHble notch-Gunerp u ¢unsTp I'mnsbep-
Ta [5]. Ha puc. 2 nponeMOHCTpHPOBaHO COBNAACHHE 3KCIIEPUMEHTANBHEIX JaHHEIX C
PACUETHBIMH 3aBHCHMOCTAMH /(g) Asi AeKpPEeMEHTOB 3aTyXaHWs KoneOGaHuil IIpH pe-
KkopaHo# dHepruu 3.5 ToB npororHoro myyka B LHC B mixpokoM JHana3oHe BETHYUH
ko3¢ dumpenta ooparroi cBa3u (g < 0.08) BIIOTH N0 3HAYEHHHM, 1711 KOTOPHIX AEKpe-
MeHT 3aTyxaHus konebanuit (@ < 0.05) no kpaiiHeil Mepe B 4ETBIpE pa3a IPEBOCXOAUT
JOCTHTHYTHIN Ha JAPYTHX MPOTOHHBIX CHHXPOTpOHax ypoBeHs (@ ~ 0.012) [5, 15].

Pe3ynbTaThl IEpBO# IIaBHl OMyOMHKOBaHEI B pabotax [3, 5, 8, 10, 15, 20, 24, 27].

B I'naBe 2 npuBeneHb! pe3ynbsTaThl MCCISTOBaHUA MPOOIEMBI 0 KOHGUTYpaIuK
0011aCTH YCTOHYMBOTO 3aTyXaHHsA KOTEPEHTHBIX IONMEePEYHBIX Koe6aHui CI'yCTKOB IIPH
BapHaIii OCHOBHBIX [TapaMeTPOB CHHXPOTPOHA, BIUIIOMIKX Ha OETaTpOHHOE ABIKE-
HHUe yacTHUH [4, 8, 19]. [luHamMuKka B3aMMOAEHCTBYIONIMX CTyCTKOB B CHHXPOTPOHE
IUI OTKJIOHEHHH X, [n] Ha xaxmom n-m obopote (m € [1, Kp), Ky — UHCIIO CTYCTKOB)
OIMCHIBAETCSA C IOMOIIBIO JHHEHHBIX IuddepeHIaNbHEIX YpaBHEHNH, B KOTOPHIX
9NIEKTPOMAarHUTHOE B3aUMOIEHCTBHE CI'YCTKOB 33JaHO C IOMOIIBIO XBOCTOBBIX IIO-

neil, ¥ JTMHEHHBIX PA3sHOCTHBIX YpaBHEHHH I/ HampsokeHu# Vi,[n], Bo3HHMKaromux
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B (U(poBBIX GuiibTpax. [l PEIIeHNs NOMYIeHHOM CHCTEMBI THHEHHBIX ypaBHEHMH
HMCTIONB30BaH MeTon Z-mpeobpasoanus. BosHukaromas nocine Z-npeobpa3oBaHus
CHCTeMa IMHEHHEIX YPaBHEHHH N Xy, (z) = Z{Xm[n]} ¢ mocTOsHHBIME KO3DDHIH-
€HTaMH C NOMOILBIO OOLIEH3BECTHOMH mpouenyps! [L6] NpUBOAMTCA K HOPMATBHBIM
KOOPIHHATaM Vy,(2). B UTOre moydaercst XapakTepuCTHUECKOE YpaBHEHHE LI co6-
CTBEHHBIX 3HaYEHHUIA Z,, 10 HOpMeE COBIANAIOIEE C XaPAKTEPUCTHYECKUM YPaBHEHHEM
IS OKECTKOTO» CrycTKa (9), B KOTOpOM, OIHAKO, (ha30Bble HAGETH IS TIOMEPEIHBIX
KoneGaHui JOKHEI OBITh BEIYUCIEHE C y4eToM 3 (}EKTHBHOIO Yncia OeTaTpoHHEIX
Konebanuii 32 060poT Qn(z;) = Q¢ + AQy(z,) AN KOHKPETHOIM MOABI KoNebaTeb-
HOTrO Mpouecca, ONHCHIBAEMOrO C MOMOWIBIO HOPMANbHBIX KOOPIAMHAT Vy,(Z,) (31€Ch
Qc = Qo + AQo, tne AQy - kBasucTatHyeckas mompaska k Qo). Kaxmomy co6-
CTBEHHOMY 3HAYEHMIO Z, MOXHO COIOCTAaBHTh LHMKIMYECKYIO JACTOTY ((k), TAK 4TO
JowTo = j2nk + Inz,(Qn), tae k — uenoe gucno. IockoBKy B mepBOM MpHGIH-
XEHHH IO CHJI€ B3aMMOJICHCTBHS CI'yCTKOB [IPH BBIKJIIOYEHHOM CHCTEME IONABJICHHS
uMeeM 2, = exp(%j2mwQ.), To I KOMIUIEKCHEIX OMpPaBok AQ,, (@) B 3TOM XK€
NPUOIKEHUH TOTYYAloTCS BRIPAXKEHHS, COBIAJAIOMIME C M3BECTHBIM Pe3y/IBTaTOM
AN HEYCTOHYMBOCTEH CTycTKOB [32] M crutomHoro myuka [35] B 3aBHCHMOCTH OT 4a-
CcToTHl W) = (£{Qc}+k)wo. Hapsany ¢ mepuoaMIHOCTEIO YaCTOT COGCTBEHHEIX BOIH,
PaBHO# kwo, 11t KaX10T0 K TIPOMCXOIUT PacIlerIeRue W) Ha Ky, caTesInTos Been-
CTBHE TOTO, 4T0 AQ,, ecTh QyHKIMSI OT Ky 'In z,. ns Gonsioro gucia cryctkoB Ky
MaKCHMaNbHBI pasépoc AQ®™™) g caTesUIATHEIX MOX BO3HHKAET B CHHXPOTpOHax
¢ GOMBILOH NPOTSHKEHHOCTBIO OPOHTEI B CITydae MPOHMKHOBEHHS SNEKTPOMArHUTHOIO

TOJIs CTYCTKOB CKBO3b CTCHKH BaKyyMHOH KaMepsl ¢ anepTypoi 2b [32]:

2vp K roNy Bay
A (max) =—— = —_—,
O™ @w) 1+jouT = 2ny0 B2

rie T - Bpems muéddysuu NoNA B MPOBOASIMIME CTEHKH KAaMEpBI; Uy — napamerp,
XapaKkTepH3YIOIIHii B3aHMONEHCTBUE CTYCTKOB; N, — YHCIO YaCTHI[ B CTYCTKE; Fo —
KJIaCCHYECKH# paauyc yacTuusl [L5]; ,éav — CpelHee 3Ha4YeHHe /§ -byHKUMH 10 [THHE
op6uTEL. Pa3bpoc 9acTOT CaTelUTMTHBIX MOX MPONOPLHOHANEH HHKPEMEHTY HEyCTOiA-

4HBOCTH Vy K. Haber daser GerarpoHHbIX koneGaHmii 1) OT AaTumka 10 aeduexropa
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3aBucutr oT (Q. + Re AQ(’“*”‘)(w(k))). IToaToMy o6GecneduTs CTPOroe BBIIONHEHHE
ONTAMAIBHBIX YCIOBHH (13) MM HOJABNEHHA BCEX MOJ KOTEPEHTHBIX MOMEPEYHBIX
Konebanuit B3aMMOJEHCTBYIOIIKX CIYCTKOB OJHOBPEMEHHO HEBO3MOXHO [32].

Taxum 06pa3oM, HapsAmTy C 3aBHCHMOCTBIO JEKPEMEHTa 3aTyXaHHs @ OT K03(-
(uuuenTa o6paTHOM CBA3M g BO3HHKAET 3aBUCUMOCTb JEKPEMEHTA OT d((EeKTHBHOM
BEIMYMHEl () MJIM OT MTHOBEHHOH BeNHYMHBI () mpH CiyyaiiHOM cMemenuu Q)

TONIOXKeHHsT pabouell TOYKM OTHOCHTEIBHO pacyeTHOH BenmuuHel Q. TpexmepHyro

008 o.o%).;% ]
0.06F %% ; ]
0.04 0.005F ]
0.02 : ]

0 oF .
-0.02 F ]
-0.04 -0.00SF ]
-0.06 . : ]
-0.08 . s 0010 tmmmmmemreemmr e v

10° 107 10" 200 300 400 500 n=t/T,

a 6

Puc. 3. Kapret: (a) usomunnit a(g, 8Q0) = a; [4] u (6) usoammmutyn a.(n, Qe — Qp) = a; [5]

3aBUCUMOCTE (g, 8Q0) Kak (GYHKIHMH IBYX NEPEMEHHBIX MOXHO IPEACTAaBUTh Ha
IWI0CKOCTH (g, Q) B BHAE KapThl H30IMHMI [4] — ceMelCTBa TMHMIA, I KaXKIO0H U3

KOTOPBIX BENUYHMHA IEKPEMEHTA MMEET OCTOSHHOE 3HAYEHHE ), HAPHMED:
a(g,80Q0) = ay, oo = To/Tdec » oy =1/80 VIell8g,

TI€ Tgec — NOCTOSIHHAS BpEeMeHH (a30Boro nepemeIrnBanus yactuu. Ha puc. 3a npuse-
JieH IpuMep Tako# kapTel u3onuauit mis CIT ¢ ¢punsTpom I'mimsGepra [4]. TTockombky
AEKPEMEHT MONABICHUA KOTEPEHTHBIX Konebanuit T/ 7q HOJDKEH NPEBOCXONUTE BEIH-
quHy 00 = To/Tgec, TO 3aMKHYTYIO KpHBYIO (g, 5Q0) = Qg MOXKHO OTOXIECTBIIATH
C CemapaTpHCcOi Iisi JEKPEMEHTOB 3aTyXaHHs KOTEPEHTHBIX MOMEPEYHBIX KONeOaHuiA.
BricoTa cenaparpucsl 3aBHCHT OT mapaMeTpoB Ludposoro Guisrpa u 6amanca das [4].
970 03HauaeT, YTO TPeGOBAaHMA K CTAGHIBHOCTH MONOXEHHs paGodeif TOYKH B CHH-

XPOTPOHE JOIDKHEI HOPMYITHPOBATECS C YYETOM BEICOTBI CETIAPATPHCHL
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B [5] BbIABJIEHBI 32aKOHOMEPHOCTH I PE30HAHCHON 3aBUCHMOCTH aMILIMTYA de
BEIHYXIEHHBIX KoleGaHH CTYyCTKOB B OTBET Ha OrpaHUYEHHOE BO BPEMEHH rapMo-
HHYECKOE BO3EHCTBHE C IMUKIMIECKOH 4acToToll we = (@ — Jg)wo OT MapaMeTPoB
end o6paTHOM CBA3M C MU(POBBIM GIIETPOM. AMIUIUTY/A BHIHYXIEHHOTO KoneGa-
HHS Bo3pacTaeT npu npubmwkennn Q. k O g, HO He o0pamaeTcs B 66CKOHEYHOCTb, Kak
3TO IPOMCXOAHT mpH pe3oHance B orcyrcrsue CII. YcTaHOBIEHO, YTO KOOGQUIKMEHT
PE30HAHCHOTO yCUJICHHs aMILTUTY/BI BEIHYXICHHBIX KOJE0aHUi eCTh RE™ = | /2a.
TpexmepHyio 3aBUCHMOCTb de(n = t/ Ty, Qe — Qp) Kak QYHKUMIO JBYX NEPEMEH-
HBIX MOXHO MpEACTAaBUTh Ha IUIOCKOCTH (1, Q. — Qp) B BUAE KapTl H30aMILIHTY]
ac(n, Qe — Qp) = a; (cm. puc. 36). Bugen apdexr cMEIeHns MaKCHMyMa PE30HAHC-

HO# KpHBO# OTHOCHTENBHO (). YCTaHOBIEHO, 4TO ITOT dddekT 3aBuCHT OT Gananca

o{zgi- e Vo1
§ E T \L 2|
0.280F } 10 o
0.279F 'S /
0.278F N
0277E i g
0.276F
0.275E L | 1 i |
-160 -140 -120 -100 -80 -60 -40 @ -160 -140 -120 -100 -80 -60 -40 @ 6
a

Puc. 4. Pacuernbie 3aucumocty Benmuuus {Q} (a) u xoaddumenta pesonancHoro ycunenus (6)
oT ¢azosoro napametpa ¢ ¢uisTpa [HasGepra (CIUIONIHEIE IMHAK) B CONIOCTABICHHH C Pe3yiIbTaTaMH

SKCTIEPUMEHTANBHEIX H3MepeHui [7]

da3 [5]. Jlanus1it >pdext 65U IPUMEHEH A TOHKOH HacTpoiku Gamanca $as cucte-
MBI IIO/IABJIEHHS KOTEPEHTHBIX TONEPEYHBIX KOJIe0aH!i MPOTOHHOTO My4Ka C SHEPTHei
450 I'sB 8 LHC. Ha puc. 4 npuBeieHbI 3KCIIEPUMEHTAJIbHEIE NaHHBIE, IOATBEPXKAAIO-
1€ HAJMYHe THHEHHOM IOMpPaBKH K KOTEPEHTHO! JacToTe GeTaTpOHHBIX KoneGaHui
TIpY MaJOM OTKJIOHeHHH GanaHca (a3 OT ONTHMAIILHOTO 3HaueHus [7].

PesyneTaTsl BTOpO# IMIaBHl OMyOIMKOBaHE! B pabotax [3-5, 7, 8, 16, 19, 28, 29,
31, 32, 34, 35].

B I'lase 3 npuBeneHb! pe3ynbTaThl HCCIeNOBAHNA MHOTOKAHAIBHBIX CHCTEM I10-

JaBJIEHHs] KOTEPEHTHBIX HOMEPEYHBIX KoeOaHuH KECTKOro» CrycTKa.
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OCHOBaHHEM U1 U3YYEHHS MHOTOKAHAIBHBIX CHCTEM IIONABIEHHA CTAIH JKC-
NEpUMEHTANbHEIE JaHHEIE, MOTydYeHHble Ha cuHxporpoHe SPS (IIEPH) mpu mccie-
AOBaHAH YCTOMYHUBOCTH BRICOKOMHTEHCHBHOTO ITy4Ka 3apsUKEHHEIX YaCTHI IPH IIPH-

OmkeHuM yucna GeTaTpOHHBIX KoneGaHMil K MOMYLENOMy YMCIy. Beuio 06Hapyxe-

1035 T 0.30
T F - tune=0582 ] “F
S ¢ tune=0.536 o] 0.25F
S10°F & tune=0.522 unstableé E
g F ° 3 0.20 _-:-
£} Ty st
E- I T T E 0.10F
8 . [ tool in ° i E
g 1E o0 Tow Al fa . 3 0.05F
3 f good damping = 7 oF

107 i 0.05E

103 102 ] 0\ 0.05:
feedback gain (a.u.)

4 } . } . ; 6

Puc. 5. (a) PesynsTare! u3mepenuii OCTOSHHOM 3aTyXaHus Ty ¥ (6) pacYeTHEIE BEMIUHEL IEKPEMEHTOB
saryxanust @ = To/7q B 3aBHCHMOCTH OT g s 3HadeHuil Qo: 26.582 (crurtommas mueHs), 26.536

(nynkTHpHas), 26.522 (ToueuHas), 26.500 (WTpHUX-MyHKTHpPHAS) [36]

HO, YTO /Ul BEIMYMH KO3 (dHIMEHTa 06paTHON CBA3M, MPEBBHILIAIOMIMX HHKPEMEHT
HEyCTOWYHMBOCTH, ITy4OK yCTOHuMB npu Qo = 26.582, npudeM MOCTOSHHAS BPEMEHH
3aTyXaHUs YMEHBLIAETCA C POCTOM g M CTaOHIbHOCTH MyYKa B LEJIOM YJIy4LIAETCS
(cMm. puc. Sa) [36]. Omnako mpu Qo = 26.536 Ouana3oH BENMYHH g, MPU KOTOPBIX
3aXBaYeHHBIH My4OK OBLI yCTOHYMB, pe3ko cokpamaics. Emeé yxe JaHHBIH IUama3oH
Obu1 ipu Qo = 26.522, mpuyeM, HaYMHAsA C HEKOTOPHIX 3HAYEHHH g, HE YHaBaltoCh
COXPaHWTh IYYOK Jaxke mocie Mmkekuuu. Ha puc. 56 mpencraBieHsl pacueTHEIE 3a-
BHCHMOCTH [36], OTy4eHHEIE C yYETOM PE3yNbTaTOB NPEABIAYIMX [VIAB JUCCEPTAIMH
Anst 0611acTH yCTOMYMBOCTH ITydKa [0 AUANA30Hy HOIyCTUMbIX BETUYHH KO3 HITHEH-
Ta 06paTHOH CBSI3U MpH MPUOMIKEHUH YHCIa GEeTaTPOHHBIX KOe6aHHH K MOTYIeNoMy
9HCITy B CHHXPOTPOHAX C OHOKaHAJIbHOH cucTeMOl mojaBneHus. BugHo cymecTsen-
HOE €€ COKpAILEHHE, YTO COOTBETCTBYET HKCICPHMEHTAIBHEIM H3MEPEHHAM Ha SPS.
C y4eToMm 3THX pe3yIbTaToB I KIaCCHYECKOH (ONHOKAHANBLHOM) CHCTEMBI II0-

JaBJIICHUA IPUBCACHO (I)I/IBI/IKO-MaTCMaTI/I'-IeCKOC 0060CHOBaHHE MHOTOKAHAJILHOM U OFBI-
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CTpo# (aByxxaHaIBHOH) [9, 18] cCcTeM MONABIEHHs KOTEPEHTHBIX MONEPEYHBIX KOe-
GaHuii MyuyKa 3apsOKEHHBIX 9aCTHL. B pe3yibraTe BHIOJIHEHHOTO HccnenoBanus [30,
31, 33] AMHAMHKH IyYKa B CHHXPOTPOHE C MHOTOKAHAIBHOM CHCTEMOM MozaBie-
HMS KOTEPEHTHBIX MOMEpeyHbIX KojeOaHui, OCHOBAaHHOIO Ha MCIIOIb30BaHWH METOZA
JHMCKPETHBIX MpeoOpa3oBaHMid Ul PELIeHWs ypaBHEHWH GeTaTpOHHBIX KoIeOaHui,
YCTaHOBJIEHO, YTO MpPH Pa3iN4HBIX PaCCTAHOBKAX NAaTYMKOB M Ae(IEKTOPOB, a TakkKe
CBA3AX MEXIy HMMHM, BKIIOYas NEPEKpecTHbIE, COOCTBEHHBIC 3HAYEHHS XapaKTepH-
CTHYECKOTO ypaBHEHHs 3aBHCAT OT HaberoB (a3 GeTaTpOHHBIX KoneGaHMi Mexny
JaTuMKaMH ¥ Ae(IeKTopaMH, HO He 3aBHCAT OT [IapaMeTPOB MaTpHUIbl TBHCca ﬁ naB
MeCTax HX pacmonoxeHus. I1oaydeHbl aHAIMTHYECKUE BRIPAXKEHHUS 1JI1 NEKPEMEHTOB
3aryxaHus KoneGanwuii 1 6sicTpoii CII mpu oNTHMaIbHOW PACCTAHOBKE JAaTYMKOB M
neIexropos.

Pe3yneTaThl TpeThel IMIaBHI OIyOIMKOBaHkl B paborax [9, 17, 18, 30, 31, 33, 36].

B ImaBe 4 paccMOTPEHE OCHOBHbIC (M3UYECKUE MOHATHS, MATEMAaTHYECKHI
anmapaTr ¥ MeTOAbl PELICHHs CHCTEMBI JIMHEHHBIX Pa3HOCTHBIX ypaBHEHHH [6, 26],
OMNKCHIBAIOWIUX MPONOJBHYI0 JUHAMUKY 3apSHKCHHBIX CTYCTKOB B CHHXPOTpPOHE IpU
HaJIMYMH CHCTEMEI TIOABIEHHs UX KOTEPEHTHBIX IPONOJBHBIX (CHHXPOTPOHHEIX) KO-
ne6anuii. [IponeMOHCTPHPOBaHO, YTO HA ILIATO MArHMTHOIO IIOJIS M IPH YCKOPEHUH
neMrbUpOBaHHe KOTEPEHTHHIX CHHXPOTPOHHBIX KONeOaHWil BO3MOXHO TOJBKO IpPH
(azoBoit Moxymnsmuu yckopsronero BU-nanpsokenus. ITokasaHo coBIafeHHe KCIe-
PHMEHTAIBHBIX JaHHBIX, MOTyYeHHbIX Ha cuHxpoTpone PETRA II (Gyctep mis HERA
B DESY), u pacueTHbIX BETUYHH VIS JEKPEMEHTOB 3aTyXaHHsA KOTEPEHTHBIX MPOIOJIb-
HEIX KoJeOaHHii B allepuOAUYECKOM PEXHME.

Pesynbrarsl 4eTBEpTO# INIaBHI OMyOIUKOBaHEI B paboTtax [6, 26].

B I'maBe 5 mokasaHo, uTo AU ¢epeHnnaIbHbIe YPaBHEHHA C OTKIOHAIOIUMCS
aprymenToM [L7] ONKMCBHIBAIOT AMHAMHUKY [y4Ka B CHHXPOTPOHAX C CHCTEMaMH 00-
paTHOIf CBSA3M B paMKaX CIVIA)KEHHOTO NMPHONMIKEHHs, TPAJUIMOHHO HCIIOIb3yEMOro
B TEOPETHYECKUX McCileqoBaHuixX [L2] M 3aKIo4aroIierocs B 3aMEHE JIOKAJIBHOIO

IeMndupyronero Bo3aeficTBUs HEMPEPHIBHO NEHCTBYIONIEH KOPPEKTHPYIOMIEH CHIION.
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B [7] nponeMoRCTPHPOBaHO, 4TO A1 PelIeHHs TaKHX AH(depeHIHaTbHEX ypaBHe-
HWH C OTKJIOHSIOIMMCS apTYMEHTOM, OIMCHIBAIOIKX TMHAMHKY ITy4Ka B CIIaXXEHHOM
NpUOIIDKEHMH B CHHXPOTPOHE C CHCTeMOH OGPATHOM CBS3H, MOXKHO HCIIONBb30BATh
METO/l MHTErpalbHEIX NpeobpasoBanuii (OMHOCTOPOHHEe mpeobpasosanue Dyphe) u
Meton ycpenuenns Kpsuiosa—boromo6osa—Murpomnonsckoro (KBM) [L8]. Hampn-
MEp, B CHHXPOTPOHE C CHCTeMOH o6paTHO# cBasu ¢ mpocreiimmm KUX-duisTpom

CIIIKCHHOE YPaBHEHHE MONEPEYHON NMHAMHKH ITy4Ka uMeeT Buj [7, 27]
F(@) + sz(t) =

g"Q Zb[m](x(t —T=(m+PTY) + 8% ) ut 1~ (m+§Ty),  (14)

rie Ho — HopmupoBouHas moctostHHas U Q = Qo wo. Ecim ncmons3osats MeTon
OIHOCTOpOHHETo npeoGpasosanus Pypse M pelenus ypapaerus (14), To Bo3HHKaeT

CIEAYIOIIEe XapaKTEPUCTHIECKOE ypaBHEHHeE [7]:
gx2
Q- 84y —iE+iTow —
-0’ + ToH, (w)e

HanHoe ypaBHEHMe, GyaydH TPaHCLEHAEHTHBIM, HMEeT GECKOHEYHOE MHOKECTBO pe-
menui. OnHako mpy c1a6oif 3aBHCHMOCTH EPeNaTOYHOM XapaKTEPUCTHKH (GMIBTpa

OT 4aCTOThI, KOrga

dH(w)
lv
|H(9)| ’ e

MOXHO BOCIIOJIb30BaTbCsI METOIOM 3mxepa I PpEIICHUS XapaKTePHUCTHYECKOIO ypa-

BHEHHS, YTO B MEPBOM MNPUOMMKEHMM IO MAJIOMY [apameTpy g I COGCTBEHHBIX

3HaYCHHH w; = Q2 + woAQ + ja/ T IpUBEnET K CIEAYIOMUM BEIpaKeHUsIM [7]:

g |H(Q )| g |H(Q)|
v, =& ZE)
*=5 g, ¥sn A =-THm

e BelM4MHa Oananca a3 ecTs
V(RQ) =n+27§Qo —arg H(RQ), n=Qt =2xQ0t/Ty.

3necs H(S2) — mepenatouHas XapakTepHCTHKA ¢unprpa:

HQ) =) blmle ", mQT, = 2xmQ,.
m=0

xcosV, (15)
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B [7] noxasamo, 4ro cormacHo Metony ycpeanenus KBM nyis nmpuGIikeHHBIX ypaB-
HeHmit @ = —aa u ¥ = (Qo + AQ)wy, OTHOCAIIMXCS K OCHOBHOI rapMOHHKe, IJIs
o 1 AQ nonyJarorcs BeIpakeHHUs, coBnagarompue ¢ (15).
B cuuxpoTpoHe criaxeHHOE ypaBHEHHE IPONOIBHON JUHAMMKH ITy4Ka IIPH Ha-
JIM9MHA CHCTEMBI 06paTHOM cBsi3M ¢ mpocTeimmm KUX-dunsrpom umeer Bux [7]:
§0) + Q%) =

Ne
szo % > blml(£¢ — 7= (m + HTo) + 80 ) u(t =t — (m+Ty) |, (16)
m=0

rae § = 8¢ — PasoBoe OTKIOHEHHE YAaCTHIBI OT CHHXPOHHOM (assl, Q = Q = vwy
— LUKJINYECKas YaCTOTa CHHXPOTPOHHBIX KoneOaHmil, Vs — YHCIIO TAKMX KoJeOaHui 3a
060poT, 6§) — cTaTHYeCKast MOTrPELIHOCTh H3MEPEHHS (a30BOr0 OTKIOHEHHS YaCTHILB]
OT CHHXPOHHOH (a3bl. Bemonsss onHocTopoHHee npeoGpasosanue Dypre, momydaem

CIIENYIOIIEe XapaKTepUCTUIECKOe ypaBHeHue [7]:

. gx e
—0?+ Q2 +jw mH(w) e IEHITw —

Ecimu obecnedena cnabas 3aBHCHMOCTh IEPEIaTOYHON XApAKTEPUCTUKH (IIETPA OT
4acTOTHI, TO, BOCIIONI30BABIIKCE METONOM Oiiepa, MOIydaeM CIeyIOUKe BEIpaXKe-

HMSA U1 COOCTBEHHBIX 3HaueHui [7]:

. 8% — Lo

rae
V() = n + 2ngvs — arg H(Sy), n=Qst =2mvst/ T,
H(Q H(Q )
s = -i—l——(Hoﬂxcos\Il(Qs), Avg = %I—;%ﬂxsm\ll(ﬂs).

OTH e BBIPKEHUS VI 0fg M Avg HETPYAHO MONYYHMTh C TOMOIIBK) YKOPOYEHHBIX
YPaBHEHHUH [l OCHOBHOH rapMOHMKH IPH HCIIONb30BaHKUK MeToaa ycpenaenus KEM.
BHOBB criefyeT momuepKHYTh, Y4TO ONpPEAENSIOIMM TapaMeTPOM aCHMIITOTHYECKHX
CBOMCTB KOTE€PEHTHBIX CHHXPOTPOHHBIX KOJIEGATENBHBIX MOJ SIBIAETCS BEIUUYMHA Oa-
nanca a3 W(S2). Ion6upas mapamerpsl unbTpa b[m], MOXKHO 06ECIIEIUTD ONTH-
ManbHble yenoBus (sin W(§2s) = 0) 11 mojaBlIeHns KOTEPEHTHBIX CHHXPOTPOHHBIX
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KojeOaHMif, Korna JeKpeMeHT 3aTyXaHWs KoleGaHmi MakcHMaleH H KoieOaTenbHbIH
IpoIecc MMeeT pe30HaHCHEIH XxapakTep (Avs = 0).

TakxuM 06pa3oM, B IMHEHHOM NPUOIIKEHHUH IO BeTM4UHe Ko duuuenTta o6pat-
HOM CBSI3HM JJI CIBUIOB YacTOT U AEKPEMEHTOB 3aTyXaHHs KOT€PEHTHBIX ITOMEPEYHBIX
H IIPOJONBHBIX KOIeOaHuUi MOMy4aloTCcs aHATUTHYECKHE BRIPA)KEHUS, KOTOPHIE COBIIa-
JaloT C COOTBETCTBYIOIIMMH BHIpRKEHUSAMH OpPHUTMHAIBHEIX MOZeNeH, rie HCIoab30-
BaJIMCh METOABI JUCKPETHOM MaTeMaTHKH A yYeTa JIOKAJbHOCTH KOPPEKTUPYIOLIETO
BO3/IEHCTBHS, MPOIOPIMOHANBHOTO JIOKAIBHOMY KOTEPEHTHOMY CMEILEHHIO CTYCTKA.

Pesynerathl msaToi m1aBel OMyONIUKOBaHE B pabore [7].

B I'maBe 6 npuBeneHb! HEKOTOPBIE PE3YNIBTATHl HCCIEAOBAHUS TUHAMUKH ITy4yKa
B CHHXDOTPOHE C CHCTEMOI NONABIEHHS KOTEPEHTHBIX IOMEpPEYHBIX KoleOaHuit ¢
HEITMHEHHOM NepeaToYHOM XapaKTepUCTHKOM ey 00paTHO# CBA3M:

BaBy Axgln] = € f(x[n]), c=gx,

rae f(x[n]) ects HenuHelHas Gyukuys ot x[n]. Ucnonssys (1) as cMemenmuit «k&cT-
KOTO» CTYCTKa B JJaTYMKE ITOIOKEHHS Ha TPEX MOCIIEA0BATENBHBEIX 000POTaxX IIPH HAJIH-
YHH KOPPEKTUPYIOLIEro AeMrdupyommero Bo3aeiicTsus Axy[n] B oTcyTcTBHE BHEII-

Hero BoszercTBHs Tonkarens (Ax,[n] = 0), B [12] nonyueHo cienyomee ypaBHeHUe:
x[n 4+ 2] —2cos(u) x[n + 1] + x[n] =
= 4 ﬁpﬁd (sin(u — 1) Axj[n + 1] + sin(n) Axé[n]). 17

B [13] nna ypaBreHus (17) ¢ MaJIbIM [TapaMeTPoM €, [0 aHAJIOTHH C METOIOM YCpen-
Henusd KBM nns HenuHeHHBIX IuddepeHnraNbHbIX YPaBHEHHH, OIYYEHBI CIEMYIO-

IME YKOPOUCHHBIE YPaBHEHMS UL aMILUMTYIb! d, U $a3sl ¢, OCHOBHOM TapMOHHKH
x[n] = a, siny,:

2
da, _gx . .
ik J f (ansiny,) cos(¥n + 1) s ;

0
dén _ gx

dn 2na,

2n

J £ (ansinyy,) sin(¥, + 1) dy, .

0
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ITH BEIpaXeHHs 110 (OpPME COBINAAAIOT C YKOPOUEHHEIMH YPABHEHUSAMH IS HEJTHHEH-
HOTO NM((ePEHIUNABHOTO YPaBHEHHS, B KOTOPHIX (pa30BEI CHBHUT 7] = V4, CBA3aH-
HBIA C 33JIePXKOH AeMNUpYIOMEro CUrHaa, NPUCYTCTBYeT B sSBHOM BHae. OTcioaa,

Hanpumep, A Kyoudeckoit Hemureltnoctn f(x[n]) = x[n] + (x[n])’gs umeem [12]:

agexp(—na) o= 8x sing

- 1+ Besa2/4)(1 - exp(—2na)) 2

an

OTo BEIp@XEHHE IS 3aBHCHMOCTH aMIUTHTY/B! KoNeGanuit OT BpeMEHH COBIIAZAET ¢
XOpOLIO M3BECTHBIM PE3YNETATOM AV HETMHEHHOTO AH(depeHIHATEHOIO ypaBHEHUS
Ans ocuuiIATOpa co cnabbiM TpenueM [L8]. 14 BeNHYMHBI OTHOLIEHHS aMILTHTY

JMHEHHBIX U HEMMHEHHBIX KoneGanuil nomyqaem [12, 21]:

. an(linear)
lim ———— = /1 +3g3a2/4.
ey an(nonlinear) 38340/

Taxum 06pasom, «kecTkas» HeIMHEUHOCTH (g3 > 0) IPHBOAHUT K He6onbIoMy yBe-
MMYEHHIO CKOPOCTH YOBIBAHHMS aMILTHTYABI KOTEPEHTHBIX MOTEPEYHBIX KoneGaHwii,
IpHYeM 3TOT 3(PGEKT KBAaAPaTHIHEIM 0GPa3OM 3aBHCHT OT HAYATBHOM aMILIHTYHBI
KkonebGanuit ag. B ciyuae «msrkoit» HenumeitHocTH (g3 < 0) BO3HHKaeT HeGOMbBIIOE
YMCHBIUIEHHE CKOPOCTH YOBIBaHUS aMILTUTYIbI KOJIeOaHHIA.

B [13, 21, 22] npencraBneHs! OCHOBHBIE 3aKOHOMEPHOCTH 3aTyXaHHS KOT€pEeHT-
HBIX MOTEPEIHBIX KONeGaHUi CTyCTKa M1 HeTHHEHHBIX XapaKTEPHCTHK: KYIOHOBCKOE
TPEHHUE, OrPaHMYCHHOE [0 BEIMYMHE KOPPEKTUpYIoIee Bo3aeiicTere. [Toka3aHo, 4To
TaKHe HEe/IMHEHHbIE XapaKTEPHCTHKH MPUBOASAT K MOSBJICHHIO JOIOIHATEBHEIX MO
KoneOanui ¥ K OrpaHHYEHHAM 06MacTelt yCTOMYHBOTO JBHKEHHUS YACTHII,

B [2, 6] ycTanoBeHBI KOMHYECTBEHHbIE 3aKOHOMEPHOCTH YBEIIUYEHUS SMUTTaH-
ca my4ka A¢, BO3HMKAIOMIETO BCIISACTBUE OMMGOK HIKEKIHH Adg, B 3aBUCHMOCTH OT
TIOCTOAHHBIX BPEMEH 3aTyXaHHs KOTEPEHTHBIX KoleOaHHii T4, HAPACTAHUS KOTEPEHT-
HOM HEYCTOHYHMBOCTH Tingt U TIEPEXONA KOT€PEHTHBIX KOJI€OaHUif B HEKOTEPEHTHEIE Tgec
B CHHXPOTPOHAX C CHCTEMaMH OOpAaTHOH CBA3H C JIMHEHHON W HENMMHEHHOM mepena-

TOYHOW XapaKTEPHCTHKOM Ienu o6paTHOM cBa3u. Tak, M TMHEHHOM MepeaTOYHOM
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XapaKTEPUCTHKH MONydeHo [2, 6]:

As _&=% _ (Aci(;)2 F2; F, = (1 . Tdeo _ Tdec)_l, (18)
) ) 200 Td Tinst

TIe 0 — CPeAHEKBAIPATHYHEIN pasMep HHXKEKTHpyeMoro myuka. O603HaqNM:
1 1 K

—_— ez .
Td  Tinst  Tdec
Ecmu Adg =~ 09, TO OTHOCHTENBHBIH POCT SMHTTaHCa Ag/e IpU k = 1 COCTABISET
0

12.5 %. Taxyro BenMUMHY NPHPOCTA SMUTTAHCA MOXHO OLEHHBATh KaK MPEAEIBHO
AomycTuMoe 3HaweHHe. Ecnu npenmonaraercs, 4T0 OTHOCHTENBHBINA POCT SMUTTAaHCA
Ag/e nomxen 6bITh He Gomee 5 %, To ecth F2 < 0.1, 10 k > 2.

Pesynprate! mecToii ImaBbl Omy6IHUKoBaHkEl B paboTax [2, 6, 12, 13, 21, 22].

B I'mae 7 npuBefeHO OMMCaHHE CHCTEMBI IIOAABICHUS KOTEPEHTHBIX TONEPed-
HbIX KoneGanu# myuka B LHC (“LHC Damper”), kotopas npennasHadena [23, 25]:
— JUIA 1eMI(HPOBaHUs KOTePeHTHbIX MOIEPEYHBIX KoneGaHH, BOSHUKAIOWMX H3-32
OIIHOO0K HEKEKIIHH,
— AN TIOABIICHHs] KOTEPEHTHBIX ITOIIEPEUHBIX HEYCTOMYMBOCTEH,
— IV OYMCTKA MEXCTYCTKOBOTO IIPOCTPAHCTBA OT (HOHOBBIX YAaCTHL[ B CENapaTpHCax,
KOTODBIE HE HCIIONB3YIOTCS B PEXUME CTONKHOBEHHS CTYCTKOB,
— IU1s BO30Y)XKIICHHs KOTEPEHTHBIX TONEPEeYHEIX KoNeGaHuil PU IPOBEIEHHH H3Mepe-
HUH, CBA32HHBIX C MCCIIENOBAHUAMH IONEPEYHON JUHAMHKH MyYKa.

Co3nanHast cucTeMa TOJNABNEHHS NONEPEYHBIX KOIeGaHMiA MPOTOHHOIO IIydYKa
C PeKOpAHO BhICOKOH dHepruei 0.45 — 4 TaB, paboTaromas B cocTase KpymHOMAC-
ITaGHOTO CBEPXMPOBOJAIIEIO CHHXPOTPOHA-HAKOMHUTENSA, 06/1a/IaeT CYIIECTBEHHEIMHU
9IEMEHTaMH{ HOBH3HBI B NIPHHATEIX TEXHHIECKHX pemenusx [1, 14, 23]
e GoibIas BeMMYHHA MHTErPala OTKIOHSIOMIETO MO B AMI(HPYIOIIX neduexro-
pax (oxono 900 kB Ha 060poT, Ha IIaCTHHAX AedIeKTOpa HOMHHAIBHOE HAIPSUKEHHUE
+7.5 kB Ha yactore 1 MI'n);
® upoBast 06paGoTka HHGOPMALMOHHEIX CHTHAIOB BCIIEACTBHE JUTHTETBHBIX 3aziep-
K CHTHAJIOB 0OpaTHOH CBA3M, KPaTHEIX Iepuomy obpamenus myuka Ty = 88.93 mkc

10 opbure ¢ nepumerpom Cy = 26658.883 M;
26



® Majas HIDKHSS TPaHWYHas 4acToTa CHCTEMBbI IONepedHoil 00paTHoi cBssu (60mb-
LIOH [ePUMETP OPOUTEI) U YYET 0COOEHHOCTel M3MEHEH s MMIIEIAHCOB YCTPOHCTB 1
ITy4Ka ¢ 9acToToH (rmonoca vactor 3 kI'n — 1 MI'u ;s ypoBHs —3 OB oT Vg );

® OTCYTCTBHE PE30HAaHCOB BIUIOTh N0 MpOEKTHOH yacToTel (40 MI'um) cnemosaHus
CryCTKOB Il YCHJIMTENEH U I0 yCKOPAOMMX YacToT (400 MI'1), oTBeYarommx CTpyK-
Type Iy4Ka, A1 nedueKkTopos;

® ajanTanys KOHCTPYKIUH BbICOKOBONBTHBIX N€(IIEKTOPOB IMyYKa K KPHOTEHHO-Ba-
KYYMHOMY OKDYXEHHMIO M K 00pa30BaHHUIO 3EKTPOHHEIX 06IaKOB.

B OMSIM v Ha pocCHICKMX MpENNpHATHAX CO3LAHO YHHKAIBHOE 06OpyIOBa-
HHE (MOILIHbIE IUHPOKOMONOCHBIE YCHIHTEIN H BHICOKOBAKYYMHbIE A€(bIEKTOPHI) ISt
cucrems! nogasnerus “LHC Damper” B comectHoM npoekre IIEPH — OVSIH, npen-
Ha3HA4YeHHOE [ paboThl B HOBOM 06MacTH sHepruii. [IpoekTHBIE MapaMeTphl 3TOTO
060pyn0BaHKs TOCTUTHYTHI, @ IS aMIUIHTYABl KOPPEKTHPYIOIIErO BO3NCHCTBHS —
MPEBBINICHBI: MOJyYEHa BEJIMYMHA OTKJIOHAIOLEro nois 6onee 11 xB B mojoce ya-
croT 0 100 k', 9T0 mpeBrImaeT MpoeKTHEIA ypoBens 10.5 kB [25].

Ha puc. 6 npencrasinensl u3MepeHHbIe 3aBUCHMOCTH BENMYUH KOTEPEHTHBIX Ge-
TaTPOHHBIX CMEIICHUH OQHOIO CTyCTKa C YHCJIOM IpoToHOB ~ 1 X 10! or Homepa
o6opota mocie urxekimu [25]. [Tony4eHa BeMYMHA TOCTOSHHON BpeMeHH 3aTyXxaHus
Konebanuii g = 40 Tp, 9TO COOTBETCTBYET MPOEKTHOMY 3HAYEHHIO. MUHUMAIIBHAS Be-
JIMYHHA Tq COCTABIAET 0koNOo 10 o6oporoB mpu sHeprun umxekuuu [L1].

A/Z [au] A/Z [a.

4000
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0
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-2000
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=
—

AR A LA A AT LT S

! !

0 2000

L !

4000 6000 /T,

100 200 300 400 500 ¢/T,

o

a

Puc. 6. Ilogasnenyue ropu3oHTANBHEIX owmGok Tpu umxekmun (beam 1) OpH BHIKITIOYEHHOH (a) U

BKII09eHHOHA (6) CII; curHamst ¢ narunkos Q7 (BepxHuit myq) u Q9 (HmwkHMH 1y9) [25]
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Jlns HacTPOMKH cHCTEMBI HMOABIEHHUSA KOTE€PEHTHHIX OETaTpOHHEIX KojeGaHwit
npotoHHoro nmyuka B LHC GpuIH HCHONB30BaHbl METOOMKH, OCHOBAaHHEM IJIs KOTO-
PBIX CTalM Pe3yNbTaThl, NOTyYeHHBIE aBTOPOM HACTOsIIEH muccepraruu (cM. puc. 2
u puc. 4). KauecTBeHHBIE U KOJIMYECTBEHHEIE 3aKOHOMEPHOCTH 11 AOILyCKOB M Orpa-
HMYEHMH 711 CHCTEM IIOZAaBIICHHSA KOTEPEHTHBIX IONEPEYHBIX KONeOaHuil B3auMonei-
CTBYIOIIMX CTyCTKOB MOATBEPKAEHBI SKCIIEPHMEHTAIBHBIMH JaHHBIMH, IOTyYEHHBIMA
Ha LHC mpu ¢opMupoBaHHM MPOTOHHOTO ITy4YKA BEICOKOM MHTEHCHBHOCTH IIPH MH-
JKEKIMH U MaKCHMaJIbHOH 3HEpruy MpOTOHHOTO mydka 4 TaB.

CucTeMa MoaBlIeHNs] KOTEPEHTHBIX IIONEPEYHBIX KoJIeGaHui POTOHHOTO IyYKa
4 my4ka noHoB cBuHIa B LHC ycnemHo ucmomps3oBanack U 6€30TKa3HO (yHKIHOHH-
posaia B nepuof ¢ Mast 2010 1. no okonyanus Run I B dpeBpase 2013 r. qis nogasneHus
OIMOOK MEDKEKIIHH C MAKCHMAIIEHO BO3MOXKHEIM JIEKPEMEHTOM 3aTyXaHHs KojaeOaHuit,
JJ1 CTaOHMIIM3aLMY ITyYKa IPU YCKOPEHUH H TpH coynapenusx [L1].

Pe3synerarer cenpMoit I1aBEI OMyGIMKOBaHK! B paborax [1, 5, 14, 15, 23, 25].

B 3akmouennn chopMynHpoBaHEI OCHOBHEIE Pe3yNBTaThl AUCCEPTAIHMN.

1. Paspa6oTana opuruHaibHAas KOHLEIIHS HCCIeI0BaHMS (PU3HKH [TyYKOB B CHHXPO-
TPOHAX C CHCTEMaMH MOJAaBIECHUS KOTEPEHTHBIX KOJIeOaHui 3apsHKEHHBIX YACTHII, YTO
TO3BOJIMJIO BBIABUTEH KaUYECTBEHHO HOBBIE OTPaHUYEHHUS U 3aKOHOMEPHOCTH YCTOMYH-
BOTrO 3aTyXaHus KojebGaHuii yacTHL, 0GycIOBIEHHBIE HU(PPOBEIMH MeTofaMu obpa-
6OTKH CHIHAJIOB B IIeNH OGpPAaTHOM CBA3M.

2. IpennoxeHsl HOBBIE HOAXONBI IS PeLIeHUs (YHAAMEHTANBHEIX 3334 THHAMHKH
CTYCTKOB B CHHXPOTPOHAaX C CHCTeMaMH OOpaTHOi CBSI3H, OCHOBaHHEIE HA METOHAX
AMCKPETHOTO aHANM3a, MMO3BOJIAIOIINE IIPOBOAUTE aHATHUTHYECKHE PACUETHl YCTOMYH-
BBIX PEXUMOB 3aTyXaHHs KOTEPEHTHBIX KoJeGaHuUil CIyCTKOB B IIMPOKOM JHANa30He
BEIMYHH Ko3hdHUIHEeHTa 00paTHOI CBA3H:

- YCTaHOBIICHO, YTO ONpENENAIOMHMM IapaMeTpoM A COOCTBEHHBIX YacTOT KOTe-
PEHTHBIX [ONEPEYHbIX (GETaTPOHHBIX) H NMPOAOIBHBIX (CHHXPOTPOHHEIX) KONeGaHHit

ABJIAETCS BenMYKHa Oananca $as, YHCIEHHO paBHAs Pa3HOCTH Mexay Haberom dassl
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KOTEPEHTHEIX KONIeGaHUH 9acTHIBI IPH TPONETe OT JETEKTOpa IO aeMIHpPYIoILEro
AediekTopa M H3MeHeHHeM (a3l JETEKTHPYEMOro CHTHANA B LEIH o6parHo#t cBs3w;
- AIOKa3aHO, YTO NpPH HCTONB30BAHHN WH(POBEIX (QHIBTPOB B Lemu o6paTHOM CBS3M
CHCTEM IOJABIICHHUS C 3aICPXKKOH CHrHana Gonee YeM Ha OIMH 060POT BOSHHKAIOT 10-
TOJIHATENbHEIE K GETaTPOHHEIM MOIBI KOIE6aHMIi CryCTKOB, KOTODEIE OrPaHUYHBAIOT
0071acTh yCTONYMBOCTH JBIDKEHHS YACTHIL.

3. IIponeMOHCTPHPOBAHO COBIAMEHHE PACUETHEIX 3aBUCHMOCTEH H SKCIEPUMEHTAIb-
HBIX NaHHBIX JUIS NEKPEMEHTOB 3aTyXaHWs KOTEPEHTHBHIX MONEPEYHBIX KoJIeGaHmit
nporonHoro myyka B LHC mpu smeprun 3.5 ToB B mHpoKoM AuAana3soHe BETHYHH
ko3ddunuenra o6paTHOi CBA3M.

4. JlokasaHa nIepCeKTHBHOCTE pa3paboTaHHOM (uzmKo-MaTeMaTHUeCKOR KOHIEMIHH
AJISL PEICHHS 3a/1a9 yCTOHIHBOCTH B3aMMOJEHCTBYIOMMX CIYCTKOB B CHHXPOTPOHAX
C CHCTeMaMH 00paTHOM CBSI3H:

- TONy4eH HOBBIH PE3YNBTAT O PAacIICIUIEHHH KOTEPEHTHON YacCTOTHI B3aHMMOCH-
CTBYIOIMX CTYCTKOB Ha CaTEJUIUTHBIC MOABI, YTO OGYCIIOBIEHO CTPYKTYpOif Iyuka,
H C(OPMYITHPOBAHO 3AKIFOYEHHE O HEBOBMOXHOCTH 0GECIICUCHHS CTPOTOTO BHIMOJI-
HEHHA ONTHMAJIBHBIX yCIOBHH [UIs [OXABIEHHs KOTEPEHTHBIX KOJEGaHMi CryCTKOB
BCIIEAICTBHE Pa3bpoca YacTOT CAaTe/LIUTHBIX MOJ, KOTOpPBI IPOIOPLHOHATIEH HHKpE-
MEHTY HEYCTOHYHUBOCTH;

- IIPONEMOHCTPHPOBAHO, YTO 06IACT YCTOHYMBOCTH MydKa MO JMANA30HY NOIyCTH-
MBIX BEJHYHH KO3(QHuuenTa 06PaTHON CBA3H NpH NPHUGIIKEHHN IHCIIA 6eraTpoHn-
HBIX KOJIe6aHH# K MONyIIeNOMy YHCITy B CHHXPOTPOHAX C KJIACCHYECKOM (OMHOKAHAIIE-
HOM) CHCTeMO#f OZIaBIIeHNs CYIECTBEHHO COKPAIIAETCS, 4TO COOTBETCTBYET JKCIIE-
PUMCHTAIIbHBIM U3MEPEHIAM Ha cuHXpoTpore SPS (LIEPH);

- IPE/ICTaBICHO (HU3UKO-MaTeMATHYECKOE 060CHOBAHHE HOBOM 6BICTpOIi CHCTEMEI ITO-
AABIICHHs KOTCPEHTHBIX MOMEPEYHEIX KONeOaHHH ¢ IBYMs LemsMH oGpaTHOlM CBs3H,
KOTOpasi MOXET 00ECIeYnTh MoaBIIeH e GETATPOHHBIX KOTEGAHHMI HE3aBHCHMO OT HX
(asbl B MeCTaxX PacloIOKeH s H3MEPHTENbHBIX JaTUHKOB,

5. Beeneno HoBoE MOHATHE «CemapaTpuca JJis ACKPEMEHTOB 3aTyXaHUsA KOI€pEHTHBIX
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TOTEPEdHBIX KolleGaHuii», CTaBllee OCHOBOR MOAXOAA /IS y4eTa BIMAHHA (IyKTya-
i MOMOXKeH s pabodel TOUKH MO HCITY GeTaTPOHHBIX KoneGaHuit Ha JEKPEMEHThI
3aTyXaHUs KOTePEHTHBIX KONEOaHMH CryCTKa C Y4eTOM CTPyKTYpHOM CXEMbl LEIH
06paTHO# CBA3H. YCTaHOBIEHO, YTO TpebyeMmast CTAaGHIBHOCTD MONOXKEHHS paboueii
TOYKH B CHHXPOTPOHE NOJDKHA O0€CTIEYMBATECSA C YUETOM BBICOTHI CEMApaTPHCHL

6. BEIB/ICHBI 3aKOHOMEPHOCTH II PE30HAHCHOM 3aBHCHMOCTH aMILTHTYN BBIHYX-
HEHHBIX KONeGaHUH CryCTKOB B CHHXDOTPOHE OT NMapaMeTpoB LH(POBOI wLemn 06-
PaTHOM CBs3U. YTOYHEHA 3aBHCHMOCTb CMEIIEHH MaKCHMyMa PE30HAHCHOM KpUBOM
OT BeM4KHbl Gananca ¢a3. aHHBI 53¢ deKT 65U IPUMEHEH LIS TOHKON HAaCTpOMKH
Gananca (a3 CHCTEMBI NOJABNEHNs KOTEPEHTHHIX MONEPEdHBIX KoNeOanuit IPOTOH-
Horo my4ka B LHC. IlpuBenens! skcIiepHMEHTANbHEIE JaHHBIE, TOATBEPKIAIOLINE
HAJIMIHe THHEHHOM MONpPaBKK K KOTEPEHTHO! YacToTe GeTaTpOHHBIX KoeGanHit mpu
MaJioM OTKJIOHEeHHH 6anaHca (a3 OT ONTHMATPHOTO 3HAYCHHS.

7. Jloka3aHo, 4TO CABMTH YaCTOT H IEKPEMEHTEI 3aTyXaHHS KOTEpEHTHBIX KONeOanuit,
BBIHC/IEHHBIE B IMHEHHOM NPUOMIKEHMH MO BENTMYHHE K0O(hGHUMEHTa 06paTHOMN
CBSA3H [UIs CITI2XKEHHBIX YPaBHEHHH AMHAMHUKH ITy4YKa C IIOMOLIBI0 MeTona Kpermoa—
Boromn060Ba—MHuTpONONECKOTO H METOLOB pemeHHs Aub(hepeHIHuaTbHbIX ypaBHEHHH
C OTKJIOHSIOIMMCS apTyMEHTOM, COBIAJAIOT C COOTBETCTBYIOLIUMH BBIPAKEHHSIMH,
BBIMHCIIEHHBIMH [IPY HCTIOJIb30BaHMH METONOB JUCKPETHOTO aHAJIM3A.

8. MI3noxeH aHAIUTHIECKHUIT TIOAXOJ K PEMIEHHIO 3391 O IONABIEHHH OCTATOYHEIX
Ko/1eGaHHii CTyCTKOB MOCIE HHKEKLMH B CHHXPOTPOH C IE(POBOH CHCTeMoi obpart-
HOM CBSI3H, HMEIOIIEH HEMHENHHYI0 NMepEeNaTOuHyIO XapakTepuCTHKy. g perreHus
Pa3sHOCTHBIX HEJMHEHHBIX YPABHEHMH THHAMUKY [lyYKa HCTIONB30BAH IPHOTIKEHHEINA
TIOJ(XOI, aHATIOTHIHbIH MeTORy ycpennenus Kpsitoa—boromo6osa—MHuTpononseko-
r0. BBIsBIICHBI OCHOBHBIE 3aKOHOMEPHOCTH 3aTyXaHHS KOTEpPEHTHBIX KoneGanuit CTyCT-
Ka JUIs psifia HeNMHEHHBIX EPENaTOYHBIX XapaKTEPHCTHK.

9. YeTaHOBNEHBI 3aKOHOMEPHOCTH YBEIHYECHHS 3MHUTTAHCA IMy4Ka, BO3HHKAIOLIETO
BCIIEICTBHE OIIMGOK MHKEKIMH, B 3aBHCHMOCTH OT JEKPEMEHTA 3aTyXaHHs KOTEepEHT-

HBIX KoNe6aHHi, HHKPEMEHTa KOTePEHTHOMH HEYCTOMYMBOCTH H MTOCTOSHHOG nepexoxa
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KOI€pEeHTHEBIX KoneOaHmii B HEKOIrepEeHTHBIC B CHHXPOTPOHAX ¢ CHCTEeMaMH 06paTHOf/'I

CBA3M C JIMHEHHOMN M HEMMHEHHON IepenaTouHOM XapaKTepUCTHKOM.

10. ITpuBeneHbl OCHOBHBIE PE3YIBTAThl Pa3paGOTKH, HATAAKHE M IKCILUTyaTAIMH CHCTE-

MBI [TOAABJICHUS KOTE€PEHTHBIX IONEpeyHBIX Konebanuit myuka B LHC, obnagaromeit

CYIICCTBEHHBIMH 3JIEMCHTAMU HOBU3HBI B IPHHATHIX TEXHUYECKUX peIICHUAX.
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