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Memkos H. H. J19-2013-53
Merton 6 phepHBIX H MPSKEHUH B LUKJINYECKUX YCKOPUTEIIX

[pencrt BieH NpUHIMI IEUCTBUI cucTeM 6 phepHOro BU-H mpsikeHus, KOTOpble
H XOIIT NPUMEHEHHE JUIl H KOIUIEHUSd U YCKOPEHHS 3 PAXEHHBIX Y CTHUL[ B IIPO-
TOHHBIX CUHXPOTPOH X-H Komurendx. Onuc Hue I HO H IIpUMEpe ABYX MOAENel
T KUX CHUCTEM — C HPSIMOYTOJIBHBIMH M KB 3HCHHYycoun JbHbIMH O ppep mu. Hc-
MOJIB3YETCS JIB P 3JIMYHBIX CIIOCOO OMNKMC HMS IMH MHMKH 4 CTHL B CHHXPOTPOH X C
6 prepHbiM BU-H npsikeHueM. [IepBblii U3 HUX — «IIONI TOBBIA» H JIU3 JBIKCHUS
9 CTHULIBI B IIPOCTP HCTBE UMIYJIbc—( 3 — IO3BOJIAET J Th ICHOE U IPOCTOE OIH-
¢ Hue (PM3MYECKUX MPUHLHUIIOB METOJ U IOIYYUTh €T0 INT BHBIE X P KTEPHCTHKH B
H JIMTHYECKOU (hopMe. DTOT criocob, oiH Ko, He Bcern opdekTuBen. [lostomy B
CT The NPEACT BIIEH U IIMPOKO MCIOJIB3YETCs CIIoco0 H JIM3 JUH MUKU 4 CTUI B O -
PBEPHBIX CUCTEM X C IOMOIIBIO pelieHus audgepeHnn JbHbIX Yp BHEHUil ¢ 30BOro
ABVXKEHHUS. DTOT CHOCOO MO3BOJISIET TPOM3BOAUTD K K BBIYUCIIEHUS B H JINTHYECKOi
¢opme, T K U YMCIEHHOE MOJIETTPOB HHUE, YTO WITIOCTPUPYETCS NPUBEICHHBIMU TPH-
MEp MHU.

P 6or Bbimosnnen BJI 6op Topuu hH3MKH BhICOKUX dHepruil uMm. B. U. Bekcnep
nu A.M.b nuun OMAU.
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Barrier Bucket Method in Cyclic Accelerators

The paper describes the main principles of the Barrier Bucket Method of charge
particles stacking and acceleration in proton synchrotrons. The consideration is
done with two models of «rectangular barriers» and «quasi-sinusoidal» ones using
different approaches to analysis of particle motion. The first of them — so-called
«step by step approach», allows us to give a very clear physical explanation of
the method and obtain easily the main characteristics of the method in analytical
form. However, that is not always an efficient way. Therefore, the general case of
the «barriers» of an arbitrary form is considered as well and differential equations
of particle phase motion are derived. This approach gives ample opportunities for
analysis and numerical simulations of different phase dynamics regimes of particles
in cyclic accelerators. Numerical examples for the method illustration are presented.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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BBEAEHHUE

Meron 6 prepHbIx BU-H npsikeHHH B LIMKJIMYECKUX YCKOPUTENIIX ObLT Tpea-
snoxeH JIx. 'pucpcpunom [1] 1 ¢ Tex mop IOCT TOYHO YCHELIHO MCHOJIb3YeTCs Mg
H KOIUIEHMS M YCKOPEHMS 4 CTHUI[ B IIPOTOHHBIX CHUHXPOTPOH X (CM., H IpHUMED,
0030p [2]). Hpmed mMeTtom OCHOB H H TeHEpP LUH NEPHOANYECKUX HMITYJIBCOB
BY-u npsaxenus (H mpumep, NpSIMOYrOJbHOH (hOPMBI), CHHXPOHH3UPOB HHBIX C
Y CTOTOM OOp INEHMS Y CTHII, YTO HO3BOJISIET OCYIIECTBIISATh H KOIUIEHHE U YCKO-
peHUe Y CTHUIl B LIMKJIMYECKUX YCKOpUTENdX. T Kue UMITyIbChl H NPSXKEHUs re-
HEpUPYIOTCd LUpoKomnojocHod BY-cucremMoil ¢ pe3oH TOp MU, H I'DYXEHHBIMU
BBICOKOY CTOTHBIM (peppoM THETUKOM ((heppuThl, MOpP(QHOE Xeae30 U T.IL.).

Hutepec x 6 prepapiM BU-cructeM M 3H YHTENBHO BO3POC B CBS3U C P 3-
BUTHEM METOHOB OJIEKTPOHHOTO M CTOX CTHYECKOTO OXJI XKIOCHUS 3 PSIXKEHHBIX
9 CTHIl B H KONUTEIIX — «Kylep X». B H crosdiiee BpemMs AB HPOEKT —
«Nuclotron based Ion Collider fAcility» (NICA) [3] B OObemUHEHHOM WHCTHU-
TyTe snepHbeIX uccienoB Huid B Jlyone m «Facility for Antiproton and Ion Re-
search» (FAIR) [4] B [ pmmT are (PPI) ocymecTBiIsSioT COOpyXeHHe yCKOpH-
TEJIbHBIX KOMIUIEKCOB, B KOTOpPBIX MeTon 6 pbepHbIx BU-cucteM Hcmosb3yercs
JJISL H KOIUIEHUS U YCKOPEHMS HOHOB.

JuH MUK 3 pSKEHHBIX 4 CTHL B UMKJIMYECKUX YCKOPUTEIIX C O phepHBIMH
BUY-cucteM Mu OIUCHIB €TC4 B Yp BHEHHUSX, H JIOTUUHBIX yYp BHEHUSIM ¢ 30BOrO
IBUXKEHUS Y CTHUL] B LIUKJIMYECKUX YCKOPUTEIAX C KJI CCHYECKHMH YCKOPSAIOIIUMHU
cucteM MU I pMoHHYeckoro BU-u mpsxenus [5]. OmH Ko ompenesieHH S CIEIH-
UKk JUH MUKH 4 cTH B O phEepHBIX CHCTEeM X TpeOyeT ee cHeld JIbHOTO H -
g3 . TeXHUK YHUCIEHHOT0 MOAEIUPOB HUS, P 3BUT § Ui dTOU weau [2,6—14],
OueHb pe3yabT THBH M J €T Ip KTUYECKU B XHble pe3yiasT Thl. Ilporp mMmHOe
obecrieueHne, Co3l HHOE I ®TUX 3 1 4, SKCHEPHMEHT JIbHO TECTHPOB HO H
My4K X 4 CTHL B CHHXPOTPOH X-H KONHUTENSIX K K 0e3 MCIOJb30B HUS METONOB
oxn xkaeHus [8], T Kk u ¢ ux npumeHenueM [10, 14]. Tem He MeHee yuCIEHHOE
MOJICIUPOB HHUE MOXKET JI Th OTBETHI «JI » WIH «HET», B OTJHYHE OT H JIUTHYE-
CKHMX METOI0B, KOTOPBIE MO3BOJIIOT MOJIyYUTh P 3JIMYHOIO PO I P METpUYecKue
3 BHCHUMOCTH, YTO OCOOEHHO B XHO IPHU NPOEKTHPOB HUM HOBBIX YCKOPUTENIEH U
MOJIEPHU3 LM AEHCTBYIOIIMX.

JI HH  CT Thsl UMEET LIeJIBI0 OIUC HHE (PU3NUECKUX MPHHLMIIOB MeTox O -
pbepHbIX BU-H npskeHuil U p 37IUYHBIX B PU HTOB €ro NpHMEHEHus, T KXe



NPEJICT BJICHUE M TEM THUYECKOro (DOPM JIU3M , yIIOOHOTO I H JIMTHYECKUX P C-
4eTOB O phEPHBIX CHCTEM.

[Iupoko mpuHAT crioco® ONUc HUSl AWH MHKH 4 CTHUIl B YCKODUTENSX € O -
PbEPHBIMU CUCTEM MM, OCHOB HHBIIl H H JIM3€ U3MEHEHHS DHEPIUU U CTULBI IIPU
u3MeHeHUH ee ¢ 3bl B MOTEHLM JIbHOM II0jie O phepHBIX H MpSXEHWH (CM., H -
npumep, [6, 15]). Bonee sgcHoe u3ndeckn 00bICHEHNE MPUHLIUI METOI MOXET
ObITh T HO, H H I B3IVISL, C IIOMOIIBIO H JIM3 JBUXEHUS Y CTUI[ B IPOCTP H-
CTBE UMITYJIbC—( 3 , C UCIIOIb30B HHEM yp BHEHWii JBIKeHus 4 cTulsl. O6  crio-
co0 P cCM TPUB IOT TOJIBKO «IPOJOJIBHOE» JABMXEHUE Y CTHULl, BIOJIb P BHOBEC-
HOW Tp €KTOpHH, OIYCK 1 H I3 AWH MMKH IHOMNEPEYHOro K Hel guxkeHus. [lo-
3TOMY B CT Th€ TEPMHUH «HMITYJIbC» O3H 4 €T, CTPOrO TOBOpPS, €ro HpPOAOJIBHYIO
KOMIIOHEHTY, KOTOp 4 BJI 00p TOPHOM CHCTeMe MHOTO GOJIbIIE MOIEePEYHbIX KOM-
MIOHEHT.

B npocTeiiieM ciyd € CT LHOH PHBIX O pbepHBIX H Mpsikenuit (puc. 1) B mpo-
CTp HCTBE MUMITYJIbC—() 3 0Op 3yIOTCS JBE 30HBI — YCTOWYMBOIO U HEYCTOWYHBOIO
JABUXKEHUS. AH JU3 yCTOMYMBOCTH () 30BOTO JIBIKEHMS IPOLIE U SICHEE H Y Tb,
UCIIOJIb3Ysl MOJIXOJ «IIOLI TOBOrO» OIKC HUS, YTO M CHeNT HO B p 3a.1 it 4 cr-
HOTO Cliyd s 6 pPbEepHBIX HMMITYJILCOB MPAMOYroyibHOM hopmbl. OOwmmit ciyy i
6 pbepoB NPOU3BOIBHOIN (POPMBI MIPEJCT BJIEH B OCT JIBHBIX P 3[€J7 X CT ThH, IIe
P CCMOTpPEH [MH MUK Y CTHUIl B PEKHM X H KOIUICHHS M YCKOPEHHUs.

UYucrieHHbIE IPUMEPHI, IPUBEICHHBIE B CT Th€, P CCYUT HBI JUTs1 HOHHOTO KOJI-
a dpep , p 3p 6 ThiB emoro B npoekte NICA. BoJIbIIMHCTBO IPUMEPOB [ HO VISt
6 pbepHBIX HUMIIYIBCOB IPSIMOYrOJbHOW (DOpPMBI, UCIIOIB30B HHE KOTOPBIX B O -
prepHbIx BU-cucteM X uMmeer onpefesieHHble JOCTOMHCTB C TOYKHU 3pEHUS TeX-
HUYECKOro ocyllecTsieHus. Kpome Toro, 3H 4MTENBHO YHpPOIN IOTCS H JIUTH-

)| plp)
N
L
H _<_§PB
A P
| 5271
[ /g . P i
App | Appp L App 1 Apin

Puc. 1. CxeM [BIXEHHS 4 CTHLBI B ¢ 30BOM MPOCTP HCTBE p(@) MEXIy MMITYIbC MU
0 pBEpPHOrO H NIPSXKEHHd HPIMOYTOJBHOH (POpMbl (KUpPH $§ CIUIOLIH S KPUB 4); TOHK 4
CIUTOIIH 5 KPUB 51 — CT OWIbH 5 ¢ 30B 1 Tp eKTOpus p(p); TOYEUH s1 KPHB I — CeIl p -
tpuc ; dyukunn p(p) u V() 1 Hbl B IPOU3BONBHBIX SOMHUL X; ps = 2A¢p + Appn



yeckue p cyerhl. HeckosibKo npuMepoB NpUBEAEHbI WIS KB 3UCHHYCOMJI JIBHBIX
6 prepos.

1. 30HA HAKOIUIEHUSA, TAPAMETPBI CEITAPATPUCHI
JJIA TIPSIMOYI'OJIBHBIX BAPBEPOB

P ccmoTpuM mBuxeHue 4 ctull B ¢ 30BoM uHTepB sie {0, o5} (puc. 1) B o1-
CYTCTBHE YCKOpEHHs (T.€. B MOCTOSHHOM M rHuTHOM mone B(t) = B = const).
K k Gynmer mok 3 HO HHXe, (¢ 30B 51 TP €KTOPHUS Y CTHLBI IPU ONpeNeIeHHbIX
YCJIOBUSX MMeeT (hOpMy 3 MKHYTOH NETJIM, M 4 CTHLBI MOTYT OBbITh H KOIUIEHBI
BHYTpPH 3TOrO ¢ 30BOr0 MHTEPB JI . BHyTpr 6 ppep 4 cTHLl H K XI0M 000poTe
MOMTyY €T M3MEHEHHE MMITYJIbC

ZeV
Apturn ((P) = %7 Vv (SO) = Vf ((p)a
17 0 g 2 < A()DBa
fe)=¢ 0, App<y¢<App+Apps, (1.1)

-1, App+Appp < ¢ < @,
vs = 2App + Appp.

3nech Sc — CKOPOCTh p BHOBECHOW U CTHILBI B CHHXPOTPOHE-H KOIUTeNe; Ze —
3 AR 4 CTHLBI (MOH ); ¢ — CKOPOCTb CBET ; € — BJIEMEHT PHBI 3 paf. 3 1
00OpOTOB B OTPHILL TEIPHOM O pbepe UMITYJIbC Y CTHILBI YMEHBII €TCS H

ZeV
Apn = Ap —népp, Jdpp = : (1.2)
Be
3nech Ap — OTKIOHEHME MMIIYALC 9 CTHUIBI OT P BHOBECHOIO 3H YEHHS P

(Aps = 0). Huxe, Korm p ccM TpHUB €Tcsl Clyd W KB 3HMCHHYCOMI JIbHBIX O pbe-
poB, popmyn (1.2) T KXKe HCHONB3YeTCsl, HO CUMBOJ V' B HEll O3H 4 €T MIUTUTYIY
6 prepHOTO H HPSKEHU.
K x cnenyer u3 (1.2), npu
neN=522 o (13)
opm

OTKJIOHEHHE UMITYJIbC Ap,, MEHSET 3H K, U U CTHL HM3MEHseT H Mp BJCHHE JBH-
KeHud B ¢ 30BOoM mpocTp HCTBe. [Ipn BXozme B MOJOXUTENbHBIA O pbep 4 CTHUII
YCKOpSAETCs ¥, COOTBETCTBEHHO, €€ OTKJIOHEHHE 10 UMITYJIbCY JreOp MYeCcKU BO3-
p cr er. Ilocne chenyomux N 060poTOB Ap, CT HOBHUTCS IMOJOXHTETbHBIM, U



ABWXEHUE Y CTHUIIBI CHOB MeHseT H np BieHue. 3 N 00OpOTOB BHYTPH K XKJIOTO
U3 OByX O pbEepoB CIBHUT Y CTHUIIBI IO ¢ 3¢ p BeH

N
Apy =) Apy,
n=1
Ap Ap
Ay, = 77wws—nTS = 271, 2. (1.4)
pS pS
1 1
N ==~ "3
Y AR
3nech MHAEKCOM S 0003H YEHbl I P METpbl P BHOBECHOW Y CTHIbI; 7), — KO-

a(h(pUIMEHT 3 BUCUMOCTH 4 CTOTHI OOp ILEHUSI OT ee DHEpruH (T K H 3bIB EMbIii
slippage factor); v — nopeHI-¢p KTOp Y CTHULIbI; Yy, — €0 3H YeHHe JUIl KPUTU-
YeCKOil DHEepruM 4 CTulbl (transition energy); ws/2m u Ty — 9 CTOT W MEpPHOI
0o0p LIeHHs 4 CTULBI B H KOIMTENIE COOTBETCTBEHHO. 3/1eCh P CCM TPHB €TCs UL
OIPEeNeIeHHOCTH CIIyd ¥ Y CTHUII C BHEprueil Huxe KpUTHYECKOro 3H YeHHd, T. €.

’Y < ’ytrv nw > 0

Moxcr BuB B (1.4) 31 uenue Ap,, (1.2) ¥ BBIYUCIUB CyMMY IO 7, H XOIUM
¢ 30BbIi ciBUr 3 N 060pOTOB:

271, N(N +1
Apn = 7;7 (NAP_%5PB>~

B 1 nbHeiiiieM ymoOHO UCMOIB30B Th I P METP, P BHBIH ¢ 30BOMY CABHIY, COOT-
BETCTBYIOLIEMY 0pp:

opB ZeV
dpp =2y —— = 2Ny —5——— - 1.5
or ey, T 5 A, (1)
3nech A — TOMHBIN BEC Y CTHIIBI, M, — M cC HykKiioH B spe A. Ilogct BUB
Ap = Népp B hopmyny it Ay Bbllile, UMEEM
]
Apy = N (N +1) 228 (1.6)

2

Y crun He mepecek eT 6 pbep M, COOTBETCTBEHHO, MPOJOIK €T ABMXEHHE IO
cT OWIBHOHM (3 MKHYTOH) Tp €KTOpPHWH, €CITU

AQON < A(pB.

DT0 HEOOXOMMOE YCIIOBUE CYLIECTBOB HHS CENl P TPHUCHI, BHYTPU KOTOPOH ¢ 30-
Bble TP €KTOPHH 4 CTHILl 3 MKHYTBI. Ilozct Biss cion Agn u3 (1.6), H Xomum



YHUCJIO 060pOTOB Y CTULIBI H C€Il p TpUCE:

1 Ay A
N=2[1+82728 2298 App > dpp. (L)
2 5<PB dpp

(Cwm. 3 Meu Hus K dopmyne (1.12) Huxe.) OTKJIOHEHHE UMITyIbC H CeIll P Tpuce
Mexay O peep MH, 04eBHUIHO, p BHO (cM. puc. | u yp BHenwue (1.3))

|Ap|sep = Nopp. (1.8)

Otcron , ¢ yderoM 3H udeHus Opp (1.1), cremyer BbIp XeHHe JUII OTHOCUTEIb-
HOTO OTKJIOHEHHUSI UMITyJIbC H Cell p Tpuce Mexay 0 pbep MU («BBICOT » Cell -

P TpHUCHI):
_ /A<p35<p3 eV AgoB (1.9)
T A N yMpc® T

CrieiyeT OTMETUTb, UTO TocjenHee Bolp xeHue B (1.9) meHblue B V2 ki cende-
CKOrO BBIp KEHMS U1 ciiyd T pMoHMdyeckoro BU-u npsaxenus. Ilepenuc B (1.9)
IUI BBICOTHI 6 phep V, H XoouM

2
4 e A (Ap> . (1.10)
sep

ps sep

e e AgoB

B unreps e ¢ 3 Appp § 30BbIi CIABUI Y CTHIBI 3 000OPOT, OYEBHUIHO,
nocrosiied u p BeH (cp. (1.4))

ap

dppp = 211, (1.11)

sep

B pesynbpr Te nepuox oOp IIEHMS 4 CTHLBI IO CENl P TPHCE

Appp ) 2
Toern = 2T +2N | =T/ ———— (4A + A . 1.12
p <5<PBB \/ N (4App ¥BB) (1.12)

T xum 00p 30M, Ty, B CHCTEME C MPSMOYIONBHBIMH O phep MU HUMEET KOHed-
HYIO BeJIMYMHY, B OTIIMYME OT ClIyd s I' pMoHuueckoro BU-H npsxkenus [S5]. Dto
PE3yJIbT T WCIIONB30B HUS WIE JIM3UPOB HHOW (hopMbI 6 pbepoB — OECKOHEYHO
Gounpinoi Kpyrusnel ppoHTOB (cM. (1.1)). [Iyist pe JIbHBIX UMITYJIbCOB O PbEepHOro
H NPSKEHUd ¢ (PPOHT MM KOHEYHOW UTMTESIBHOCTH IEPHOJ ABIKEHHUS IO Cell -
p Tpuce uMmeeT OGECKOHEUHYIO JUIMTENBbHOCTh. MbI BepHEMCsl K 3TOW Ipobieme B




1105 - 0,1
E - Sep(E)ac
- - Ntum(E)
0 | | 1 1 1 1 1-104 | | | ! 1 1 0.01
L 15 2 25 3 35 4,45 L5 225 3 35 4, 4,5

Puc. 2. 3 BUCUMOCTh I p METPOB CeIl P TPUCHI OT dHepruu uoHos (I'sB/nHykin.): ) M-
tyn 6 peepHoro BU-u mpsuxenns V (E) (1.10); 6) uncio 060pOTOB (CIUTOIIH 51 KPHUB $1)
v nepuop obp uienus (WITPUXOB f KPHB 4, ¢) HoHOB 300T °TAu™" npu msuxenuu
no cen p tpuce; 1 p Merpsl H Konurens u BU-cucremsr: nepumerp CRring = 503 M,
Yr = 7,09, |Ap/ps| = 5-107%, App = /10, Appp = 1,37*

nonp 34.2.2 (cM. (2.22)). Tem He MeHee Pe3yJbT Thbl, MOJYYEHHbIE JUIS MPSIMO-
YIOJIbHBIX O phepOB ¢ OECKOHEYHO KOPOTKUMU (PPOHT MM, MPEACT BIISIOT UHTEpEC
Ul IIp KTUYECKUX OLIEHOK (pucC.2).

I 1 JIbHEWIero IMOJIE3HO IMPUBECTU eIlle OJHO BBIP KCHHE JUI I P Me-

™ dpp (1.5): ,
2 (A
Spp = ﬁﬁA—wB (f) . (1.13)
sep

2. OBIIIUH CJIYYAU BAPBLEPOB ITPOU3BOJIHBHON ®OPMbI

2.1. Yp BHeHud ABHKeHHA 4 cTHLBI B ¢ 30BoM mpocTtp HerBe. M3 mpe-
JBIIYIIETO P CCMOTPEHUS HETPYIHO IMOJIYYUTh Yp BHEHHS () 30BOTO JBUXEHHUS U -
CTHIIBI B cucTeMe 6 phepHOro BU-H mpsiXeHus, H JIOTUYHBIC U3BECTHBIM Yp BHE-
HUSIM JUISl CUCTEMbI I pMOHUUYecKoro H npsixkenus (cMm. (1.1) u (1.4):

Vie) =V f(e), [fl@l<1, 2.1
dp(t)  ZeV
“a CRingf(@» (2.2)
de(t) p(t) — ps(t)
3 W — Ws = WMy o . 2.3)

*Dru n P METPBI UCIIOJIB30B HBI B I JIbHEHIIIEM BO BCEX YUCIIEHHBIX TIpuMep X.



3nech V = Vinax(¥), f(v) — dynkuus 6 peepHoro H mpskenus (|f ()| < 1),
CRing = Bcls — mepuMeTp H Komutensd. OTH yp BHEHHS CIIP BEMTHBEL K K B
ClIyd € MOCTOSIHHOTO M THHUTHOTO TOJISi H KONMUTENd, T K U NPU M3MEHSIOLIEMCs
BO BPEMEHHU (H IpUMeEp, IpU YCKOpeHUuu 4 ctull). [locienHuil pexum p ccMOTpeH
B p 30.4.

Beeng 6e3p 3MepHble I p METpBI

Y= Viomm, V() = oo SPY) (2:4)

Voo ps

e n p metp dpp onpexaeneH B (1.5), (1.13), nomyunm u3 (2.2), (2.3) cneaywoiiue
yYp BHEHHS:

dyY
W f(p), (2.5)
dp
=Y (2.6)
d?¢
2 fle). (2.7)

IMepemennsie Y (¢) u (1)) SBAAIOTCS K HOHUYECKU COIMPSKCHHBIMH, U T MUJIBTO-
HU H MMeeT BHJ

2
H= Y7 - /f(w) dep. (2.8)

Ipyrumu cinoB mu,

W) =Y?/2 u U(p) = — / flp)de 2.9)

HPEICT BISIOT CO00 KHHETUYECKYIO M MOTEHIM JIbHYIO DHEPIHIO 4 CTHILBI B MPO-
crp HCTBe mepeMeHHbIX Y (¢) u (1)), KOTOpBIE SBISIIOTCS H JIOI MU HMITYJIbC
U KOODIMH Tl COOTBETCTBEHHO, I P MeTp ¥ — H JIOrOM BpeMeHu. U3 yp B-
HeHuit (2.5)—(2.7) cnenyer, uto Y(¢) u ¢(¢)) 3 BHCAT TONBKO OT (POpMBI (PyHK-
uun f(p), T.e. or opMbl 6 PHEPHOTO H HPsKEHUs. B »TOM CMbiciie 9TH (PyHK-
LUK TIPEJICT BISIOT COOOU YHusepc JqwHoe peutenue Yp BHeHUU (2.5)—(2.7). Bbi-
p Xxenne (2.8) mo3BOJIAET 3 MUC Th OOIIEe pelIeHne 3TUX yp BHEHUU B MEpPEMEH-
HBIX Y (), ©:

@
Y(g) =+ |Y2+2 / F(6)do, 0<p<m (2.10)

$o

3neck Yo = Y(¢o), 31 K «+>» cienyer BoiOp Th mpu Y (¢g) > 0, 1 H 060pOT.



@opMmyity 11 I MIWIBTOHU H (2.8) JIerKO IOJIy4uThb, €CIU 3 IUC Tb yp BHeHHe (2.5)
B BUJIE
dy do
% @ = f(e)
U ToACT BUTH ciox  dy/diy u3 (2.6). Torm , mocie MHTErpupoB Husd, npuxomuM K (2.8),
rie H — TOCTOSHH § MHTETPUPOB HUSL.

Crenyer oT™MeTuTbh, uTO 11 p MeTp dppr (1.5) Moxer ObITh 3 IHC H B BUIE 0pp =
(Qsynch TS)Z, e 2synch — 4 CTOT JIMHEHHBIX CHHXPOTPOHHBIX KOJ1e® HUi 4 CTHLbI B
none r pmoHudeckoit BU-cucremsl npu Homepe r pmonuku h = 1. Ilostomy MOXHO
CK 3 Tbh, YTO %) sBiseTCS (p 30if CHHXPOTPOHHBIX K0j1e0 HHi 4 cTHnbl B 6 pbepHOil BU-
cucreme, (2.7) gBnseTcs H JIOTOM M3BECTHOTO Yp BHEHUS CHHXPOTPOHHBIX KojieO HUI B
r pmonuueckoir BU-cucreme [5, rm. IV].

@opMm noreHy JbHOU pyHKimd U(p) H puc.3 MOK 3bIB €T CYyIIECTBOB -
HUE NOTEeHLM JIBHOH SIMBI, IIe BO3MOXHO H KOIUIEHHE Y CTHL. YCJIOBHE 3 XB T
Y CTUIl B OTEHLH JIbHYIO SIMy OOJI CTH H KOIUICHHUS, WJIH YCIOBHE CT OMIBHOCTH
¢ 30BOrO ABMXEHHUS Y CTHL, OYEBUIHO, €CTh

H<O0.

@ 30BbIEe TP €KTOPUH 3 XB YEHHBIX Y CTHIl UMEIOT, K K yXe ObIJIO CK 3 HO BBIIIE,
¢hopMy 3 MKHYTBIX KPHBBIX. DTO yTBEPXKIEHHE CIP BEINUBO U B CIy4d € O phepoB
MPOU3BONIBbHON (hOpMbI. TOUKY OBOPOT (O ax MOXHO H #TH U3 yp BHeHus (2.10),

1,2 0,6
a
— f(9)
0,6F : 0,3
-= U@)
\ / \

] ‘o d-03
-12 I I I 1 I —-0,6
0 12 24 36 48 60, 72

12
, — 04
— fsm(qb)
0,6 4
: - = Usnl@) 0.2
0f \ 0
\ | \
Y] - Vmd-02
—1.2 1 1 1 1 1 _0’4
0

1,2 24 3,6 4.8 6,0 " 7,2

Puc. 3. ®ynkunu () (crwiomnsie kpusbie) U U(y) (IITPUXOBbIE KPUBBIE) IS TIPSIMO-
YIOJIBHBIX (@) ¥ KB 3UCHHYCOUI JbHBIX (6) 6 ppepoB; App = /10, Appp = 1,37



BoIOp B Yo = 0. B aToM cityd € yp BHEHHE I (Opmax MMEET BUJ

Pmax

fp)dp = 0. (2.11)
$o
Jns mpsiMoyronbHbIX 6 ppepoB OAMH KOBOM MruuTyasl V' (puc. 1,3, ) sto 1 er

Pmax = 2A8¢p + Appe — ¥o- (2.12)
Orcirog crenyert ¢ 30Bbli p 3Mep cen p TpUckl (¢g = 0)

Pmax = 2AQOB + A@BB»

YTO COBI J €T C pe3ylbT TOM P 31. 1.

Ipu H > 09 cTUL , MHXEKTUPOB HH s B UHTEPB 11 P 3 Awinj (U(pinj) = 0)
C HEHYJIEBBIM HMITYJIECOM Yiyj > 0, IPOXOmuT 0061 CTh H KOIUIEHHS M IPONOJIK €T
ABUT ThCSl BAOMBb OcCIMCCH () 30BOrO MPOCTP HCTB HEOIpenesneHHo fonro. s
3 XB T T KOH Y CTHIBI B IOTEHLH JIBHYIO IMy 001 CTH H KOIUICHHS HEOOXOOUMO
YMEHBIIHTH €€ ITOJHYI0 ®Hepruio 10 ypoBHd H < 0, T.e. NIPUMEHUTh K KOH-mubo
MeX HU3M OXJl KOeHuA. DT TMpoLeayp p CCMOTpeH B p 34.3.

Yp BHenue (2.7) umeeT uzBectTHoe oOlee peLeHue JUisl CiIyd s POU3BOJIBHOM
Gynkumn f(p):

7]

blp) = / ax L odp) =0 @)

%0 \/2 j)’( F&)dE + (¢ (w0))?

3mech, K K M Tpexne, ¢y — H 4 JIbHOE 3H YeHHe ¢ 3pl. B cimyd e KycouHo-
o1 akoit yskunn f (@), K K 9T0 uMeeT Mecto mist 6 peepHoro BU-H npsxenwus,
HYXHO peluTh yp BHeHue (2.7) MOCHenoB TEebHO VIS K KOO0 «IN JKOTO» OT-
pe3K , CIIUB $§ pelleHHe H TIp HHUIl X oTpe3koB. [Ipocreiimmii crioco6 chen Tb
3TO COCTOUT B BBIYMCIIEHUM IIEPBOTO HHTETp J yp BHeHUd (2.7), KOTOpbIi, B
CBOI0 OY€pellb, P BEH 3H MEH TEJIO MOABIHTETP JIBHOIO BbIp XeHud B (2.13). On-
HOBpPEMEHHO 3TO eCTh yp BHeHue ¢ 30Boil Tp exkropuu (2.10) B mepemenHsix (Y,
p)kKkBerys e H< 0, Txunpu H >0 8 (2.8). B u crhHocry, npu Yo = 0
pemenue (2.10) musa npamoyeonsrbix 6 pvepoé B 001 ctu H KomwieHus (H < 0)
HUMeeT BUJL

2(p — o), o < ¢ < App,
Y(p) =+ 4 V2(Aps — o), App < ¢ <App+ Apps,

\/Q(QAQDB +Appp — o — @), App+ Appp < ¢ < ps — @o,
(2.14)

3H 4YeHHe g ompenenero B (1.1).



Oyukuust f (@) Wi KB 3UCHHYCOUI JIbHBIX 6 pbepoB (puc. 3, 6) UMeeT BHJ

sin (WL> , 0< o< App;
App

fle)=+0, App < ¢ <App+ Appg;
. ( ¢ — (App + Appp)
— S1n Vs
App

) . App+Appp < p < Agps.

Hnterpupos Hue (2.10) ¢ aroii pynkuumeit npu Yo =0 1 er

\/cosz('oO — cos —2 , o <o < App,

B App
Y0
YN cos < +1, App <9 <App+ Appsg,
Y(p) = +4/ 22FB ¢B (2.15)
v
\/cos 90 _ cos mlp — Avp — A(pBB),
Aypp App

App + Appe < ¢ < Ys — Yo.

B ciyu e cent p tpucei (po = 0, Yo = 0) pyskuus f(pg) = 0 u u3 (2.14), (2.15)
H XOIUM BenuuuHy Ysep — Y () Mexay 6 pbep Mu:

V2App, NPAMOYroNnbHEIE 6 Pheph,
Yo = £ App < ¢ < App + Appp.

[A
2 ﬂ, KB 3MCHHYCOMJ JIbHbIe O pbepbl,
m
(2.16)

IMepBoe Bbip X)eHwe B (2.16) npuBoaur, mocje moact HoBku Y (1) u3 (2.4), K dop-
myne (1.9). AH Jorum4HO, W1 KB 3UCHHYCOMJ JIbHBIX O PhepoB

Ap(p) sin _VoppApp 1 |Z 2V A
Ps se B 773/2770.; B 5_77 an7mn62 o5
P , , ) 2.17)
Vin > A g2y T (AP
Z e 2App \ p sep

K x cneayer uz (2.16), (2.17), 3H 4eHHe OTKJIOHEHUS UMIYJbC [PU JIBUXEHUU
1O Cell p TPUCE NPU KB 3UCHHYCOMA JIbHBIX O pbep X OTIMY €TCsl OT H JIOTHY-
HOTO 3H YCHMS [P OPSIMOYIONBHBIX O pbep X MHOXHUTETIEM +/2/7, 3H 4YeHHe
miutaTyabl Vi, mpessim et Vo (1.10) B /2 p 3 (4TO COOTBETCTBYET OTHOIICHHIO
unterp jioB ot f () o unreps iy App mia pyakuuii f () wist 91X 6 pPhepoB).
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Boip xenus (2.14), (2.15) no3BoisIOT BBIMUCIUTh SMUTT HC MYYK H KOIUIe-
HUI MeXay O peep MH:

2m—po

Estack(P0) = 2 / Y(¢)do, Y(p) > 0. (2.18)

%o

MHoxuTenp «2» nosgengercs OJ1 rog ps CUMMETPUH ¢ 30BOI TP €KTOPHH CIyCTK
H KOIUIEHHBIX Y CTHL OTHOCHUTENIBHO Ocrmcchl H puc. 1. IS npsMOyroibHBIX
6 prepOB MHTETPUPOB HHUE I €T

4
Estack (P0) = 2V2 |:§(A80B —00)*? + /App — poApsg|
4
E':stack(Yma»x) =2 <§Y§ﬂax + YmaxASOBB> ) Ymax = V 2(ASOB - SOO)

(2.19)

3nech Ymax — 3H uenue Y (@) mMexay 6 peep MH UIS () 30BOU TP E€KTOPHHU U -
CTHLBI CTYCTK C M KCHUM JIBHBIM OTKJIOHEHHEM II0 UMITYJIbCY.

3u s peurenne Y (), MOXHO BBIMUCIUTD 6Mopoii unmezp 2 yp BHenus (2.7)
U H UtH B pe3yabT Te 3 BucuMoctH Y (¥0) u ¢(1)). DTO MO3BOIIET P CCUHUT Th
NepHo JBUXEHHS! 4 CTUILBI 110 3 MKHYTOW Tp €KTOpUHM B OOJ CTH H KOILUICHMs
(cM. moap 34.2.2 u p 34.3).

2.2. Tp eKTopus 4 CTHL BHYTPHU cell P TPUCBl. AH JHMTHYECKOE pelleHue
BO3MOXHO, K K OOBIYHO, JUISl OIp HMYEHHOIO YUCI Y CTHBIX CIIy4 €B (pyHKIMH
f(®), T KMX K K p CCMOTPEHHBIE BBIIIE [IPSIMOYIOJIbHBIE U KB 3UCHHYCOW] JIbHbIE
6 pobepsl, © pMonuueckoe BU-H npsikenue u 1.1. H nbosnee apek THBHBIM CIIO-
coOOM H JIU3 [MH MUKHU 4 CTHL B 6 pbepHOil BU-cucreme sBigeTcs YUCIEHHOE
peurenre yp BHeHuid (2.5)—(2.7) B 6e3p 3MepHbIX HepeMeHHbIX Y, ¢, 1. Hc-
HOJIb3ysl MOJIydeHHbIE T KMM CHOCOOOM yHUBepC JibHble (pyHKImU Y (¢) u (1))
wist 3 1 HHOU (yHKIWMH [ (), MOXHO P CCYMT Th KOHKDETHBIE X P KTEPHCTUKH
6 ppepHoii BU-cucteMsl B MHTEpECYIOLIEM AU 1 30HE ®HEPruil 4 CTHIL.

B k uectBe mpuMep p CCMOTpUM Ciyd i IpsMoyroyibHbIXx 6 peepoB (1.1)
cm p merp mu Gyukimu f (), IPEACT BICHHBIME B Hoanucsx K puc.2 u 4. K k
YK 3 HO BBIIIE, IEpUON OOp INEHHS MO Cell p TPHCEe «IOJKEH ObITh» Heolpe-
JEeHHO MIUTEIbHBIM. JIefCTBUTENBHO, €CTM WHXEKTHPOB Th Y CTHIy B TOYKE
©inj = 0 C HyJIeBBIM OTKJIOHEHHEM 1O MMIYIIbCY Apinj = 0, oH 1pocro He Oyner
cMenr Thesl B ¢ 30BoM mpoctp HCTBe, T K K K V(0) = 0. HeGonblure Hewyie-
Bble 3H 4eHHS Apinj WIN @inj 00eCHeYrB 0T IBUXEHUE 10 ¢ 30BOH TP EKTOPHH,
6mi3Kol K cen p Tpuce. ETMHCTBEHHOE MCKITIOYEHHE TPEACT BISIIOT MPSIMOYIOIb-
Hble 6 pbepbl C (PPOHT MU OECKOHEYHO OONBIION KPYTH3HBI, YHOMSHYTBIC BbILIE
(bopmyn (1.12).
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1,2
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Puc. 4. @ 30Bble Tp €KTOPUM U CTULBI BHYTPH CEll P TPHUCHI B 001 CTU H KOIUIeHUS ( ) |
BHYTPH OTPHIl TeJIBHOro 6 phep (6) B yBEIMUEHHOM M CIIT Oe 1O (; H 00OMX PHUCYHK X
TOYeuHble KpuBble — (pyHKIMs Y (), p CCUMT HH s MO cucTeMe yp BHeHui (2.5), (2.6)
B Mathcad npu ¢o = Yo = 0 (cem p Tpuc ), Mo [Be CIUVIOLIHbIE KPUBBIE W IUTPHX-
[yHKTHPHbIE KPUBBIE — P CCUMT HHBIE VT H 9 JIbHBIX ycioBuii (¢o, Yo), p BHbIX (7/2,
0,6), (m, 0,3), (4,2, 0,15) COOTBETCTBEHHO; CTPEIK MM IIOK 3 Hbl H Ip BJIEHUS JABUXEHUS
Y CTHUII 110 CEH P TpHCe; NPSIMOYToybHblE O phephbl (IUTPUXOBBIE KPHUBBIE) C I P METP MH
App =7/10, Appp = 1,37

DT 0cOOEHHOCTh NMPSIMOYTOJBHBIX O phepoB OOH PYXHUB €Tcs, H NpUMEp, NpU YH-
CIIEHHOM peuleHud yp BHeHu#l (2.5)-(2.6) meromom Pynre-Kyrr B Mathcad: mnpouecc
BBIUKCIICHUII C H Y JIBHBIMH 3H YeHHSIMH Yo = o = 0 OCT H BJIMB €TCsl, €CITU MOJIOXHTb
f(p) =1 mpu ¢ > 0, u HOpM JIbHO TIpoxomuT, eciu f(p) = 1 mpu ¢ > 0.

JIy1s BBIYMCIIEHNs] IEpHOy,  IBMKEHHS Y CTHUIIBI IO ¢ 30BOH TP €KTOPUH MOXHO
BOCIIONIB30B ThCsl yp BHeHueM (2.6) mpu 3 g HHOU (pyHKImMU Y (¢):

$s—¥o

Atperiod = 2 Y () > 0. (2.20)



3pech OIATh UCIOJIB30B HO CBOMCTBO CUMMETPHUM ¢ 30BOI TP €KTOpPHM (MHOXU-
Tenb 2), 9o — H 4 JbH S 3 , B KOTOpoi Y (¢o) = Yo = 0. st 0psiIMOYrONbHBIX
6 pwepoB (2.14) uHTErpUpOB HHE I €T

2 2A(,OB
A eriod — —(4A A —4 - 4Ymax )
Uperiod = 4/ App = 900( ¢B + Appp — 4¢0) A
2.21)
2
Toeriod = Ts4 | ———— (A 4App — .
period VASOB&PB( ¢pB +4App — ¢o)

Jinga 4 cruuel H cen p Tpuce ¢o = 0, U MBI OIATH MOMYY €M pesyasT T (1.12).
T kuM 06p 30M, OKOHY TEJIBHO IOK 3 HO, YTO «IIOII TOBbIe» BhIUUCIIEHUS (p 31. 1)
I 10T TOT Xe Pe3yJibT T, YTO U UHTETPUPOB HHe oOImuX yp BHeHui (2.5)—(2.7).
Ciyd i KB 3UCHHYyCOUJ JIbHBIX O pbepoB Oosiee CiOXHBIN. [lefcTBUTEIBHO,
H JIOTHYHOE H JuTHYecKoe uHTerpupos Hue (2.20) ¢ ynkuueit Y(p) u3 (2.15)
HPHUBOIUT K JIOT PUGMHIECKOH 3 BHCUMOCTH Aperiod OT ©g. DTOT Pe3ynbT T
MOATBEPX] €T U YUCIIEHHOE UHTErPUPOB HUe yp BHeHui (2.5), (2.6) and KB 3ucH-
Hycoujl JibHOU (pyHKImH f (@) (pHUC.5): UMEET MECTO JIOr pPHU(PMUYECKHUIA POCT Iie-
PHOI ABUXKEHUS 4 CTHUIIBI IO CeNl P TPUCE C YMEHBLIEHUEM H 4 JIHOH ¢ 3bI g:

A'l/}period ~ ]-37 7—1In ®o- (222)

T kuM 0o0Op 30M, H MO K YECTBEHH $1 P 3HHUIl MEXIy CIyd SIMA KB 3UCHHYCO-
UII JIbHBIX M «HJIE JIM3UPOB HHBIX» MPIMOYIOJIbHBIX O PbepoOB, YTO CBI3 HO ¢ 00-
CYXI BIIEHCS BbIlIE KPYTH3HOH (DPOHTOB MMITYJIbCOB O PbEPHOro H NpsKeHus (U
tyukimu f () coorBercTBeHHO). [ist KB 3UCHHYCOHJL JIbHBIX O PHEPOB Y CTHUIl B
Touk X " = {0, ps} He OBHXKETCS COBEPLIEHHO, €CITH €€ UMITYJIbC B 3THX TOYK X

y = —1,0243In(x) + 13,695

23
22

21

20 Lol Lol
0,00001 0,0001 0,001 ¢, 001

Puc. 5. 3 BUCUMOCTh At)period OT 3H YEHHS H Y JIBHOW ¢ 3bl (g BOIMM3HM TOUKH ¢ = 0,
MOJy4eHH 4 W3 pelueHus yp BHeHu#l (2.5), (2.6) B Mathcad mng B 3uCHHYCOUI JIBHOM
dyukunu f(p); App = w/10, Appp = 1,37; dopmyn TpeHn (CIUIOMIH S JIAHUS)
NpUBEIEH H pHUCYHKE
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p BeH Hymo, HOCKOIbKY f(¢*) = 0 Touno. [Jist «uie JU3UPOB HHBIX» IIPIMO-
YrONbHBIX O PhEPOB, K K YXe CK 3 HO BBIIIE, HMEET MECTO HEONPENe/IeHHOCTb,
KOTOp $1 HE BIMAET H pE3yIbT T H JUTHYECKUX, WIHM «IOII TOBBIX», BBIYHCIIE-
HUH M3-3 KOHEYHOH BEJIMYMHBI II T (4 CTUI «IPOCK KHUB €T» OCOOBIE TOUKH).

Mo m3BeCTHO# (BBIYMCIICHHON) YHUBEPC JIBHON (PYHKUUH UMITYTTbC Y () UTst
3 1 HHOI 6 pbepHON (pyHKIMHU f () MOXHO H WTH 3H YE€HUS] KOHKPETHBIX II P -
meTpoB. H npumep, mnaumyo 6 pvepHo20 H npaskenus MOXeT OBITh 3 IUC H
cort cHO (2.4), yepe3 3H YeHUs Yax U OPYTHX I P METPOB K K

A mnpc® 2r [ Ap 2
VA, g2y M 20 2.2
7" el e Y2 ( D )sep (2.23)

max

3H yeHHe Y, OmpenesnieHo Beime (popmyn (2.19)).

3. HAKOIUTEHHE YACTHUIL (ITPAMOYT'OJIBHBIE FAPBEPBI)

Jinga ¢hopMHUpPOB HMS MHTEHCUBHBIX IYYKOB B LUKIMYECKUX YCKOPHUTEISX U -
CTO HCIIOJIb3yeTCSl MHOTOKP TH S MHXEKIMSl C ONpPENEICHHOW NEepUOANYHOCTHIO
U H KOIUIEHHe MHXEKTHPOB HHBIX 4 cTull (stacking, =r1.). [Ipomecc H Korute-
HHS [UI CITyd § NIPSMOYTONBHBIX O PhEpOB P CCMOTPEH HUXKE C HCIOJIb30B HHEM
pE3yNbT TOB P 31. 2.

3.1. @ 30Bble KoJIeO HUA Y CTUL NpH H KomieHuu. [Ipexne Bcero, p cuu-
pUM p cCM TpHUB eMyr 061 c1b ¢ 3 oT ¢ = —0,2 1o ¢ = 27 (puc. 1, 6):

17 OgapSAch,
0 A <A A ,

flp) = ’ YB < ¥ ¢B + AypB 3.1
-1, App+Appp < ¢ < s,

0, Vs =27 — Apinj < ¢ < 27

K x yxe ck 3 HO B mozp 34.2.1, 4 cTHIl , HHXEKTHPOB HH 9 B HHTEpPB 1 ¢} 3
Apinj (U(pinj) = 0), myTelecTByeT BIOJIb OCH ¢ HEOTp HHYEHHO JI0Jro. B aToM
ciy4 € ee MMIYTbC Y (@) T KXE€ HCIBITBIB €T IEePUOANYECKHE H3MEHEHHUs IIpU
nepeceueHun 6 prepoB (puc.6). Il p Merpsl ¢ 30BOH Tp €KTOPUUM MOXHO D C-
CYUUT Thb T K X€, K K 3TO &N JIOCh B MpPEeAblAyIeM p 37ene. BH u jie BbluucsieM
tyukmio Y (), unrerpupys (2.10) mo mHTEpB 1y 09 < @ < (o + 2w 1pu
YCIIOBHH, YTO H 4 JIBH 5 ¢ 3 (oo JIEKUT B UHTEPB & Awiy,; (puc. 1, 6). Mmmymsc
Y CTHILBI B 3TOM MHTEPB JIe TIOCTOSHEH U P BeH Y. [loaTOMy BBIOOp 3H 4YeHHS ¢g
He u3MeHsieT BesnauHbl (pyHKuun Y (@), u s uaTerpupoB Hus B (2.10) MOXHO

14



1 1,2
! -0,9
\
\
:\ —0,6
o.\
0,25 ] : L] [P 0’3
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: s
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Puc. 6. @ 30Bble TP €KTOPUM HMHXEKTUPOB HHOH 4 CTUIBI (IUTPUXOB S KPUB S, QYinj =
—0,2, Yinj = 0,25) 1 4 cTHLpL, 3 XB YEHHOW B OTEHLM JIbHYIO My 00 CTH H KOIUICHHS
(ToyeuH s KpuB s, Ymax = 0,5), f(p) — cIUIOIH s KpuB s

BoIOp Th MHTEPB 11 0 < ¢ < 27. B pe3ynpT Te H XouuM

VY2 + 20, 0< ¢ <Aypp,

() = Yo VYE+2Ap5, App < p < App + Appp, 3.2)
Yol | VYZ+2(ps —¢), App+Apss < ¢ < s,

[Yol 27 — Apiny < @ < 2m.

Hcnomnb3yst ®TOT pe3ysibT T, MOXKHO P CCUUT Th NEPUOA KOJeO HUIl UMITYIbC WH-
KEKTHUPOB HHOH Y CTHIBI C IOMOUIBIO Yp BHEHH4 (2.6), H JOTHYHO TOMY, K K 3TO
crnen HO npu BbraMciieHud (2.21). BbiOp B H 4 JIbHYIO TOUKY B KOHIIE MHTEPB JI
HHXEKIMH Apipn; (T.€. @o = 0), nomyanm:

27

Atperiod = / Y@ =

0
A A inj
=2\ /Y2 + 2005+ ———F2 gy, + 220 (33
\/Y(2)+2AQOB Yo

3.2. loct To4YHOe yciaoBHe I H KoluleHus 4 ctun. Cp BHUB S BBIP Xe-
nus (3.2) u (2.16), HETPYAHO BUIETH, YTO MPHU JIIOOOM 3H YEHUH UMITYJIbC HHXKEK-
THPOB HHOW 4 CTHUBI Y €e MMITYJbC B (p 30BoM uHTEpB Jie Appp (CM. BTOpoe
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BbIp KeHHe B (3.2)) npeBblll €T Ygep,. DTO O3H 4 €T, 4TO ¢ 30B 4 Tp eKTOpHs
MHXEKTUPOB HHOM Y CTHIIBI, MMITYJIbC KOTOPOH B MHTEPB Jie Ayj,j OTINYEH OT
Hynd, Apin; # 0, He 00p 3yeT 3 MKHYTYIO KpUBYyIO (pHC.6, IITPUXOB S KPUB ).
UroOsl 3 XB TUTh U CTHUILY B 001 CMib H KONJEHUA

0 <@ <ys, (3.4)
HYXHO K KHM-TO CHOC060M OGCCHG'{I/ITI) BBITIIOJIHEHUE YCITOBUA
|YBB‘ S ‘Ysep‘v (35)

rne Ypp — 3H 4eHue Y(y) B 001 CTH H KOIUIEHHS. DTO U eCThb 00Cm Mo4Hoe
ycrosue JUI 3 XB T 4 CTHL H 3 MKHYTYIO TP €KTOPHUIO B 00/ CTh H KOIUIEHHMS.

D10 ycnoBue, K K CK 3 HO BblllIe, HE YJOBJIETBOpsSETC JUI 4 CTHULBI, UH-
XKEKTHPOB HHOH B MHTEPB 1 Awj,j. T Kum oOp 30M, mpu m0060M 3H YeHuH Y
9 CTHIl , HHXKEKTHPOB HH 5 B HHTEPB Jie A(i,j, HE MOXKET OBITh 3 XB YEH B 30HY
H korwteHusi (3.4). IInsg 3 XB T 4 CTULBI HYXHO, 4YTOOBI €€ UMITYJIbC B HEKOTO-
poii ¢ 3e BHyTpu 6 pbep (IIOJIOKUTENBHOIO WIM OTPULl TEJIBHOIO, 6e3p 3JIMYHO)
IPUHUM J1 HyJ€BO€ 3H 4YeHHe. B 9TOM Clyd € 4 CTHLl JABHMXKETCS BHYTPH Cell p -
TpuUchl. ENuHCTBEHHBIN cr1oco6 06ecedyuTs 3T0 YClIoBuUe (B ClIyd € CT LIUOH PHBIX
6 pbepoB, cp. p 30.5) — YMEHBIIEHHWE UMIYIbC Y CTHIBI HOCIE MHXEKIUH BO
BpeMs ABIKECHHUS B (p 30BOM HPOCTP HCTBE, T.€. IPUMEHEHHE METOOB OXJI XIe-
HUS, SJIEKTPOHHOIO WM CTOX CTHYECKOro.

Ilocnennee yTBepXaeHUE H IIAOHO WUIOCTPUpPYET puc.3. leliCTBUTENBHO,
Y CTUIl , HHXEKTUPOB HH 4 B ¢ 30BYI0 001 CTb Aiyj, UIMEET HY/IEBYIO IOTEHLIU-
JIBHYIO ®HEPIUI0 U TOJIOXKHUTENbHYIO ToNHYyIo aHepruio H > 0. Ilo aToii npuunne
OH He MOXeT ObITh 3 XB YeH B IIOTEHIU JIBHYIO sIMy B 0011 cti Appp.

Moxuo ccopmynupoB Tb TpeGOB HME K CKOPOCTH OXJ XIAEHUA T
3 BpeMsd MEPUON WHXEKUHH 1i,j OTKIOHEHHE MMITYJIbC Y CTHIB Appp JOMKHO
YMEHBIIUTBCS H CTONBKO, YTOOBI Y CTUI BOLLI BHYTPb CEH P TPHCHI OOJ CTH
H KoruteHus. IIpeanos r s 3KCIOHEHUH JIbHYIO0 3 BHCHMOCTD UMITYJIbC Y CTHIIBI
OT BPEMEHHU, MOXEM 3 IIUC Tb

Ap(t) = Ap(0) exp (—t/Teoo1), Ap(0) = Appp.

3)160]) APBB — OTKJIOHEHUE HUMILYJIbC Y CTULbI BHYTPHU 00JI CTH H KOIJIEHUS
IIpA TIEPBOM, ITOCJIE MHXEKIUU, €€ NEPECEIYCHUN. Ortcron cjieayer oocm moumoe
ycanoeue Jid 3 XB T 49 CTHULBI B 00J1 CTh H KOIUIEHUS:

-t . YgaB
Ysep

3nech Y pp ONMCHIB €TCs BTOPLIM BRID XeHueM (3.2), Yqop = V2App (cMm. (2.16)).

Tcool |: ‘ APBB
In

<
Apsep

-1
Ty S ] . (3.6)
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IMogcr BuB 3TH 3H 4eHus B (3.6), H X0uUM

-1 2/In2, Yo ~ Yeep,
Tcool Y(Q) )] 2 P
<2lm(1+ =) ~{ /y. 37
Tinj [ ( 2App 4 ( Y p) ;Yo < Yep. 47
0

T xum 06p 30M, H ubOJIEe XecTKoe TPeOOB HHE K 3H YEHHIO Tcool UMEET MECTO
s 6onpmux BenuuuH Y. W H o6opot, it M JbiIx Y TpeboB Hue (3.7) oueHb
MSrKoe. DTO MOYTH OYEBUIHO: YeM MEHBIIIe 3H YeHue Y, TeM OJIuXKe Tp eKTOpus
WHXXEKTUPOB HHOHM 4 CTHUIbI K Cell p TPHCE NPU MPOXOXICHHUH 00J CTH H KOI-
siernsi. COOTBETCTBEHHO, TeM ObICTpee MPOUCXOIUT 3 XB T.

3.3. Heobxoammoe yciioBue 1I1 H KOIUIeHHS 4 crull. [lpu M sbix Yo mo-
SIBJISIETCS ellle OJHO TpeOOB HHe K 3TOMY I p MeTpy. [leiicTBUTENbHO, 3H Ye-
Hue Y JOJKHO OBITh JOCT TOYHO BEJIMKO, YTOOBI MO3BOJIUTH U CTHIIE COBEPLIMUTDH
Mo Kp WHEH Mepe OJHO CHHXPOTPOHHOE KojeO HUE 3 BpeMs MEXIy IBYMsI UM-
HyJIbC MM MHXeKUMH, Tin;:

Tperiod < ﬂnj~ (38)

B mpoTuBHOM cilyd € 4 cTHl[ OYIeT MOTepsiH [PU CIIEAYIOIIEM UMITYJIbCe HHXEK-
uH, Korg 061 crb Aginj 3 HOJHAETCA o4epenHoil nopuueit 4 crun. Mcrons3ys
3H yeHue Atperioa (3.3) ¢ yderoM BbIp Xenud m1d ¢ u3 (2.4), IpUXomEM K
HEMUHEWHOMY JIreOp MYeCKOMY yp BHEHHMIO JUII MHHHM JIBHO HOIMYCTHUMOTO 3H -
yeHud Yo:

/I’in‘
Atperiod (Yo) = = NI (3.9)

D1y dopMyTy MOXHO 3 IUC Tb B Buie, comepx wweM (Ap/p)sep — I P MeTp,
X P KTepusyoumii ¢ 308yl 001 CTh H KOIUICHHS:

ﬂn' 2
Awperiod (YO) = anTJH A—SOB

Pemmenne monmyuennoro yp BHeHms mig Yo (cp. (3.10) ¢ (3.3)) MoxHO H UTH 4H-
CIIEHHO M, 3H Sl MHHUM JIHO JIOIyCTAMOE 3H 4YeHHe Y, P CCYUT Th MHHUM JIBHO
JOIMYCTUMOE 3H YEHHUE UMITYJIbC Y CTHUIbI MPU MHXEKIIMU:

Ap
P

(3.10)

sep

|Apinj‘min _ YOmin ) (311)
Ps V QASOB
[Ipumep T KuX p CUETOB NPEACT BJIEH H puc. 7.
BbluucleHns CyEecTBEHHO yIpol oTcst npu Yo << 1, Kot Atperiod (Yo) =
Awinj/Yo. Ioxer BuB 510 3H 4yenue B (3.9) ¢ yueroM Bep xeHus it Y u3 (2.4),
MOJTYY €M MPHOIHXEHHO

[Apinj|  Aping Ts
Ds - 27T77u 71inj

Ap
Ps

(3.12)

sep
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)
L]

y = 0.0891¢0-8884x

—_

L1l

e
=

1 2 3 4 5 6
Ion energy, GeV/u

Min. PMS at injection, le-6 units

Puc. 7. 3 BucuMocTs |Apinj|/ps (8 emumnn x 107°%) or sHeprum 4 cTHIBL pOMEHK MH
IIOK 3 HBI Pe3yJbT Thl YMcIeHHOro peueHus yp BHenus (3.10), (3.11) ang ciayd g npsmo-
YTOJIbHBIX O PbEpOB, CBETJIbIE KB P Thl — NPHOJIMXEHHbIE 3H YeHus 1o dopmyrne (3.12);
I p METpBl H KONHTeId U O PhepHONl CHUCTEMBI T€ Xe, YTO M B NPEIbIIYIINX HpPHMEp X,
|Ap/ps|sep = 5 - 107%, Tinj = 10 c; chopMy/ 1 INPOKCHM IHM TIOK 3 H H PHCYHKE

IT p MeTp |Ap/pslsep ABIIETCA b KTHUECKH X P KTEPHCTHKOH O pbepHoil BY-
cucreMbl. Pe3ynabT Thl mpuOmmkeHHoro p cyer 1o gopmyie (3.12) xoporio co-
IJ1 CyITCS C Pe3ylnbT T MM YHCJIEHHOro pemeHus yp BHeHus (3.10), omuc HHOro
Boite. T K, Juld 3H 4yeHMH I p METPOB, YK 3 HHBIX B IOAINHUCH K puc.7, p c-
XOXIeHne He MpeBbll eT 1-5 %, B 3 BUCUMOCTH OT 3Hepruml. T KuM o0p 30M,
npubnuxeHH g ¢opmyn (3.12) npurogH Iy MPOCTHIX OLIEHOK.

H puc.8 npuseneHsl pe3yapT Thl KCHEPUMEHT IO H KOIUIEHHIO UOHOB B
H korurene ESR ¢ a1ekTpoHHbIM 0XJ1 kiaeHueM u 6 prepHoit BU-cucremoii [10].

1.2

Cycle =3s

0.4

Stacked ESR current, mA
S
o

Stacking with 2 fixed Barrier Buckets
V=120V,I, =03 A

e
o

|
o
to

T T T T T T T
0 20 40 60 80 4 s 100

Puc. 8. H xomnenne uonos 2*Xe®™ B ESR [10] ¢ 6 preproii BU-cucremoii u anex-

TPOHHBIM OXJI XjeHueM. H chllleHne MHTEeHCHBHOCTH H KOIUICHHBIX 4 CTHIl CBSI3 HO, IO-
BUJMMOMY, C HecoBeplueHcTBOM IpuMendemoil BU (noxp 3x.3.5)
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3.4. H KoruieHne 4 CTHIl B IPHCYTCTBHH H TPSIKEHUSA B WHIKEKIMOHHOW
¢ 30Boii 001 ctu. Bo m30ex HEe NpU H KOIUICHWH TOTEPh 4 CTHIL, UMEIOIINX
CMEILEHUE 10 UMILYJIbCY MEHblIe Joryctumoro MunuMyMm (3.11), (3.12), moxHO
HpUIOXHTh B ¢ 3080l 001 cti Awiy,j (puc. 1, 6) nebonpmoe BYU-u mpsxenue
¢ mmmutygoit Vin; = kinj V' <V [16]. H npumep, B ciyy e HpsIMOYrONbHBIX
6 poepoB yukiwms f(p) TOrL HMEET BUL

2mn < ¢ < 2mn + App,

2mn + App < ¢ < 2mn+ App + Appg,
, 2mn + App + Appp < p < 21+ ps,
injs 2T+ s < @ < 2m(n+1).

flp) = (3.13)

X T O =

OueBunHo, QyHkims () JOIXKH  yIOBIETBOPSITH YCIOBHIO

2

/f(sO) dp = 0. (3.14)

0

B npoTHBHOM cilyd € 4 CTHIl , HE 3 XB Y€HH 51 B 00J CTb H KOIUIEHHs, YCKOpSI-
eTcst, mpoxoas Becbk MHTEPB J1 ¢ 3 0 < ¢ < 27 *. Venosue (3.14) 1 er 3H 4eHue
I p METp K NIpH 3 [ HHOM FKiy;

_ A(:Oin_j
k= (1 v kmj> . (3.15)

Bri6op 3H uenus kinj onpenensiercs TeM xe Kputepuem (3.8), uTo, B CBOIO Oue-
penp, TpebyeT BbIUMCIAEHHS 3H YeHUs Tpheriod K K DYHKIMH I P METP  Kinj. DTH
BBIYUCJIEHUS! H JIOTUYHBI TE€M, YTO BBIIIOJHEHbI MpHU BbiBOjie Gopmysnbl (3.3), HO
emte Gosee rpomosaku. OfH KO IS MPSIMOYTONBHBIX O PhePOB MOXHO IMOJTYYHThH
IPOCTYIO OLIEHKY, P CCMOTPEB Kp HHUM CIIyd W Y CTULBI, HHXEKTHUPOB HHOMU C HY-
JIEBBIM OTKJIOHEHUEM I10 UMITYJILCY B (D 30BYIO TOUKY @inj B C MOM H 4 Jie ¢ 30BOii
0611 ctu Agiyj (puc. 9):

Yo =0, ©inj=—A¢iu;. (3.16)

OGp THM BHHM HHE, 4TO H pHuC.9 001 CTb MHXEeKUHU Ai,j CABUHYT B OTpHU-
I TeJbHbIe 3H 4eHHs ¢ 3. DTO cmen HO, 4TOOBI COXP HHTH MOJIOKEHHE 00N CTH
H KOIUIEHHS B MpexXHeM HHTepB Jie ¢ 3 (3.4).

*JIpyr s TIpUYMH , N0 KOTOPOH HEeoOXOOMMO YHOBIETBOPHTH ycioBue (3.14), obcyxn erca B
p 31.6.
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1.2
.0.....0000.0.000..
Y(p) . Sp)
e
]
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____________ L
L
L
—-0,5 : —4-0,6
.
®
p
..0..0..0...0..01‘
-1 ! ! ! -1,2
—0,6 0 0,6 12 om 18

Puc. 9. @ 30B s Tp eKTOpUS 4 CTHLBI IPU H KOIUIEHHU B NPSIMOYToNbHOM 6 phepHOil BU-
CHCTEME U JIOTOJHUTE/ILHOM YCKOPSIOIIEM H HPsKeHUH B ) 30BOM 0011 ¢TH Apinj; CIUIOLI-
H s kpuB 1 — f(¢) (3.13) mpu kin; = 0,04, kK = —1,2; WTPUXOB 51 KPUB 1 — (PYHKLHUS
U(p) (3.19); Toueun s kpuB s — pyrkums Y (@) (2.4) (¢ 30B s Tp eKTOpUSL), IIOTydEHH S

YHCIIEHHBIM pEIeHHeM cucTeMbl yp Brenwuit (2.5), (2.6); App = 7/10, Appp = 1,3,
Yo =0, pinj = —Apinj

OCHOBHOI BKJI O B 3H YEHUE NEPUOJ CHHXPOTPOHHBIX Koe® HMii 4 CTHULIbL
I €T BpEM IEpeCceUYCHUs €10 001 cTH A‘Pinj, rac¢ OTKJIOHCHUE UMITYJIbC OT P B-
HOBECHOI'O 3H YE€HUSI MHUHHMM JIbHO. DTO 3H YEHHE U H Oer II P MeTp ¢ B 001 -

CTH Ainj HETPYIHO H UTH, BOCIIONIB30B BIIHCH PE3YIbT T MU P 3i.2 I IIpSIMO-
yroJibHbIX 6 prepoB (cMm. (2.14)):

Y(¢*) =/ 2kinje*, Athinj =

kinj <1, 0<¢" < Apipj.

(3.17)

3 Ttem u3 ycnosug (3.8) ¢ yuerom (3.10) H XOOUM MHHHM JIBHO JOIMYCTUMOE 3H -
4yeHue 11 p MeTp  Kinj:

A@injAQOB TS 2 Ap -2
nj > — g —) 1
fin 0% \ T p G19)

sep

YucneHHslil IpuMep, NMPEeACT BAeHHbIH H puc. 10, OK 3bIB €T, 4TO Kinj BO3-

P CT eT ®KCHOHEHLM JIBHO C ®HEeprHeil 4 CTHLBI 110 Mepe MPUONNXEHUS dHEprHu
K KPUTHYECKOMY 3H UYEHHIO.
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100

y= 0.0321 el.6648}:

y = 0.0184¢!7011x

1 2 3 4 E 5

Puc. 10. 3 Bucumoctb 1 p MeTp kinj (B ©AMHUI X 10=%) or sHeprud u ctuusl (I'sB/uyki.).
IT p merpsl H Komutenst U 6 pyepHoit BU-crcTeMsl Te Xe, 9TO U B IPEABIIYLINX OPUMEp X,
Tinj = 10 c; GonbImme KB JIp ThI — PE3yJIbT T YHMCISHHOTO pelleHus yp BHeHui (2.5), (2.6)
U1 TIPSIMOYTOJIBHBIX O pbepoB (3.13), M JIeHbKHE CBeTNble KB 1P THI — P CYET IO IpH-
OmxeHHoi hopmyse (3.18); TpeyroJbHUKH — YKCIEHHOE pellieHre yp BHeHuH (2.5), (2.6)
11 CHHYCOHMJL JIbHBIX 6 pbhepOB; CIUIOIIHBIE THHHUA — IIIIPOKCUM IMH, (POPMYIIBI KOTOPBIX
IIPUBEJECHBl H PUCYHKE

Ounenk (3.18) 1 er HWXHMI npenen 3H 4eHuWid kinj. H 1mp KTuke moxer
MOH JOOUTBHCSA B HECKOJIBKO P 3 OOJIBLI 5 BEIMYMH . DTO CBA3 HO C OTHOCHUTEIIBHO
OBICTPBIM TepeceyeHreM 4 CTHLed 001 ¢t A@pp, T OTKIOHEHHE HUMITYIIbC
OT p BHOBECHOIO 3H YEHHUS BEINKO. B pe3yapT Te oXi1 XIeHHe MOXET He yCHeTb
«OITyCTUTh» Y CTHUILy B NOTEHLH JIbHYIO SIMy HUXE CEll P TPHUCHL, U MOTpedyercs
MHOTOKP THOE ITOBTOPEHHE CHHXPOTPOHHBIX KOO HHH C MOJHBIM P 3M XOM IO
¢ 3e. KoppekTthoe 31 yenne Akiyj I €T YHUCIEHHOE MONETUPOB HHE IPOIECC
H KOIUICHMS.

Oco0OeHHOCTh P CCMOTPEHHOTO PEXHM H KOIUIEHHS/3 XB T HWUIIOCTPUPYET
¢ynkims noreHuu a1 (puc. 9)

Ps
v =~ | rerdo=
—Apinj
—kinj (0 + Apinj), —Apinj < <0,
— - (k'injAQDinj + (,0) s 0< © < AQOB, (319)
— (kinjApin; + App) , App <o < App + Apps,

— [kinjA@ini + App + k(¢ — App — Appg)], App + Appp < <gs,
U(—A(pinj) = O

D1 ¢yHKIMA 00p 3yeT HOTEHIH JIbHYIO sIMy BO Bceil 00 ctu ¢ 3

—Apinj < ¢ < 27 — A@ipj. (3.20)
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3.5. Ilynbe 1uu 6 prepHoro BU-H mpsikeHUs U P 3UTHBIE cell P TPHCHI.
HecoBepiiieHCTBO cuctembl reHep 1uu 6 pbepHbix BU-H mpsikeHuil MOXeT Ipo-
SIBIISITHCSL B MYJbC LMSIX H IPSDKEHMS, CONPOBOX IOLIMX OCHOBHBIE O pbhepHBIE
UMITyNIbCHl. JIB  TUIWYHBIX IIpUMEP T KUX IyJIbC LU U MX IOCJIEICTBUS JEMOH-
crpupyer puc. 11. Ilynbc num Moryr ¢opMUpPOB Th 00 CTH «I P 3UTHBIX Cell -

a1
Jp)

0,5

0,7

-0,35 —-05
-0,7 -1
0,5 1
Y(p) Sflp)
0,25 0,5
0 0
-0,25 -0,5
_0’5 I | | | | -1
4 4,5 5 5,5 6 6,5 7
¥, pal

Puc. 11. I8 npumep mysbc uuii 6 peepHoro BU-H mpsixeHuss u ¢ 30Bble TP eKTOPUH
Y CTHII, MOJIyYeHHbIE YUCIICHHBIM pellleHHeM yp BHeHuit (2.5), (2.6); m1 BHbIE O pbhepHbIE
HMITYJIbChl UMEIOT KB 3UCHHYCOUJ JIbHYIO (hOpMY C DKCIIOHEHLM JIbHO 3 TyX IOLIUMH KoJle-
6 HusAMHU ( ) WIM CONPOBOXI IOTCA (6) IBYMSI CHHYCOUWJ JIBHBIMH HMIIYJIbC MH YMEHBII -
IOIIENCS MIUTHTYIbL; 1 P METPbI MHXKEKIIUUA Y CTHIBI H m-i ¢ 30BOi Tp eKTOpHH (Pinj,
Yinj)n: ) (4,75; 0,0)1, (5.4; 0,0)2, (5,0; 0,12)3, (4,95; 0,0)4; 6) (4,95; 0,0)1, (5,0; 0,0)2,
(5,1; 0,0)3, (5,2; 0,1)4
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P TpHC», B KOTOPBIX H K IUIMB IOTCS MHXEKTHPOB HHbIE Y CTHUIIBL. DTOT apheKkT
®KCIIEPUMEHT JIbHO H Omiog jica B p 60te [10]. Tp exTopmu 4 CTHII BHyTPU T KHX
cen p TpUC UMEIOT (popMy 3 MKHYTHIX KpuBBIX (puc. 11, , 6, kpussie 3, 4).

I'py60 oueHuTs 3hheKT 3 XB T Y CTHL B I1 P 3UTHBIE CEIl P TPHCHI MOXKHO,
Cp BHUB £ IUTOLI O (b 30BOTO IPOCTP HCTB , OXB ThIB €Mble IOJIE3HOW cenl p T-
pucoi, Seep, U I P 3UTHOM, Sripp:

A
Ssep - ’_p Ys X VASOB(Psy
Ds lsep
Ap ripp
Stipp = ‘p_ Avipp ¢ v/ Vripp Apripp Avipp-
S lsep

3meck Vipp — MIUIHTYIL MMIYIbC MyabC IHi; Agrip, — €€ ¢ 30B s mpo-
TAXEHHOCTb; Aripp — ¢ 30B 4 NPOTSKEHHOCTb 00 CTH, 3 HATOU IYJIbC LIUAMI.
IMonoxuB Ayyipp = A@p, MOXKHO H HC Th OLEHKY JOJIH 4 CTHIL €, 3 XB YEHHBIX
B Cell P TPUCY, U, COOTBETCTBEHHO, IIPU CIIE/YIOIIEM HUMITY/IbCe WHXKEKIMH:

Sripp N Vripp Aripp

= 3.21
c Ssep V Ps ( )
Otcron cienyeT TpeOOB HHE K YPOBHIO IMyJIbC 1M © PhEPHOTO H IMPSIXEHHUS
Viipp Ps 2 2
<|e€ ~ eg”. 3.22
14 ( Aripp ( )

H npumep, a1 p MeTpos, npuBedeHHbIX H pHC. 11,6 (ps = 4,71 p 1, Avipp =
1 p m), HyxHo obecriedutb Viipp/V < 2,2-107% pu e = 1 %.

4. YCKOPEHHUE YACTHUIl BAPLEPHBIM HAIIPAKEHUEM

Iyt yCKOpeHust 4 CTHILL ¢ TOMOIpio 6 phepHOil BU-cucteMbl HyXKHO MPHIIO-
KHTh YCKOpsIOLee H MpsikeHue B ¢ 30Boid 006 ctu H koruieHuss Appp (puc. 6).
WMItysibc p BHOBECHOM 4 CTHIIBI JAOJDKEH YBEJIMUYMB ThCS MPU YCKOPEHUH, CIeHys

XOPOLIO M3BECTHOMY COOTHOLLEHHIO
_ ZeB,(t) R
. :

ps(t)

3neck By(t) u Ry — M THUTHOE 110J1€ U p AMYC TP SKTOPHUH, YCPEOHCHHBIC 110 P B-
HOBECHOM Tp ekropuu. OTCION CiefyeT p BEHCTBO, CBS3BIB Iollee MexXmy coOoi
3 KOH U3MEHEHMs II0JIsl U YCKOopsIolee H NpsikeHue. JIelicTBUTeNbHO, NOJACT BHB

dps  ZeRs dBs
dt ¢ dt

.1
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B p BEHCTBO

dps _ opp
dt Ts
u épp u3 (1.2), H XoaUM
14 C1Ring dBp
Vace = ————+. 4.2
c dt (4.2)

3necs B, = BsRs/p U p — M THUTHOE IOJI€ M P AHYC KPHBU3HBL TP €KTOPHUU
P BHOBECHOH 4 CTHIBI B IMMONSAX coOTBeTCTBEHHO. IIpn CRring = 503 M, p = 25 M
u ckopoctu dB/dt = 0,1 Ta/c v xomum V.. = 1,26 kB.

IpoGiieM He CTOJIb TPUBHU JIbH UL Hep 6HoGecHol u cmuypl: p(t) = ps(t)+
Ap. Ecnu BbionHeHO ycioBue (4.2) Wi YCKOPSIOIIEro H IMpSKeHUs, 4 CTHIL
apeiicpyer B ¢ 30Boit 001 ¢t Appp Mexay 6 pbep MU, UMes IOCTOSHHOE OT-
KJIOHEHHE [0 UMITYJIbCY OT p BHOBecHOro 3H uenus, Ap = Ap(0). D10 BEIIAIUT
T K, K K OyaTo OBl 4 CTHI[ «HE YyBCTBYET» NPUCYTCTBHUS YCKOPSIIOIIETO H TIpsi-
KeHHU Vjcc, MOCKOMBKY K K P BHOBECH S, T K M HEP BHOBECH 51 4 CTHIBI IO-
Jyd 10T 3 00OpOT OAMH KOBbIE HPUPOCTHI DHEPIUU Z€Vyc. M, COOTBETCTBEHHO,
UMITYJIBC  OPacc. B PE3ysbT Te€ p 3HOCTh UMITYJIbCOB 3THUX Y CTHIl OCT €TCsl I10-
crostHHOU. IloaTOMy B nepeom npubauskenuu cem p TpUC ¢ 30BBIX TP €KTOPHI
Y CTHI] ONHUCHIB €TCd, H mpumep, TeMu ke ¢opmyn mu (1.9), (2.13), (2.14), gro
U B OTCYTCTBHE YCKOpeHus. Bo emopom npubausenuu cnemyer y4ecTb BIIUS-
HHE POCT M THUTHOIO TOJISl, KOTJ HEp BHOBECH S 4 CTHL[ H XOAUTCSl BHYTPH
6 ppepoB. DTOT 3hheKT MOXKHO BKJIIOUHUTH B P CUET () 30BOrO JIBMIKEHUS He-
P BHOBECHOU 4 CTHUbI, BBEIS 9K6UE JICHMHOE MOpMO3Aujee H Npaxerue Viec U
COOTBETCTBYIOILYIO eMy 00 BKY fdec () K QynkImu f(p):

Vdee = _m@v fdec = Vaee

C dt |4

O6e pyHkumH, BOOOLIE rOBOPS, 3 BHCIT OT . PyHKumio f(¢), HCIOIB30B BILY-
10cs IO CUX TIOP, CIIEAYyeT 3 IHC Th B BHAE

f(QO) = fB(‘p) + fdec(go)v (4.4)

rne fp(¢) — T xe, yro u p Hee, QyHKIwmsI 6 prepHOro BU-H mpsxkenus, ompe-
neneHH g B (2.1). Ycmosme cr OmibHOCTH ¢ 30BOTO IBIKEHHS 4 CTHHBI (2.11)
Ternepb MPUHIM €T BUJ

<0, 0<p<ops. (4.3)

®s ®s
0

©s
f(@) d(p =0, wm fB((p) d@ = - fequi(@) d‘P- 4.5)
j o]

0

B x uecTBe npuMep p CCMOTPUM 3A€Ch CAyd i JIMHEMHON 3 BUCUMOCTU M I-
HUTHOTO 1o B, (t) oT BpeMeHU U IpsMonuHeiHbIx 6 prepos. Torn o6e dyHK-
il Vace(9) B fdec() TOCTOSHHBI.
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[Mpocreiiniee perieHre COCTOUT B TOM, YTOObI BBECTH YCKOPSIOLIEe H IIpsiKe-
Hue Viee (T.e. Afp = —fdqec = const) Bo Bceit 001 ¢TH ¢T OWUIBHOIO IBUXE-
nus (3.4). T kK g 106 BK 00ecreyuB €T YCKOPEHHE Y CTHIIbI, KOMIICHCUPYS BJTU-
sHUe pocT DB,(t), Tp eKTOpHS Hep BHOBECHOH Y CTHLIBI HMEeT Ty ke hopmy,
YTO U B OTCYTCTBHE YcKopeHus (puc.4). OcoOeHHOCTh T KOO peXuM — II0JI0-
’KEHHE P BHOBECHOM ¢ 3bl: 3TO rEOMETPHYECKOE MECTO TOYEK, P CIIOJIOXEHHBIX
H ocu ¢ B 001 ctu ¢ 3 App < ¢ < App + Appp. Eue ogHy oco6eHHOCTD
BTOro pexuM p 6otbl 6 prepHoii BU-cucrembr Mbl 06CymuM B p 3.6 (CM. ycro-
Bue (6.1)).

Jpyroe BO3MOXHOe pelieHue (KOTOpoe MOXKeT OBbITh yIOOHBIM 10 KOHCTPYK-
THBHBIM TPUYMH M) — YBEJIMYUTHh YCKOpSIOIIee H NpskeHue V.. B ( 30BOif
o651 ¢t Appp H BEIUYUHY

2App AViee

AVvacc = Vacca AfB = 3 ASOB < < ASOB + ASOBB~ (46)
Appp v

Dro obecrieunB eT BbinoaHeHue ycinoBust (4.5), ¢ 30B s TP €KTOpHsS Y CTHIIbI
MOXeT OBITh ONUC H C HoMoInbio yp BHenuil (2.5), (2.6) ¢ 3 meHoit f(¢) H

feaui(@) = fB(¢) + AfB(9) + faec().
It IPSAMOYTOJIbHBIX 6 PhepPOB
L+ face,  0< ¢ < App;
AfB, App < ¢ < App + Apps;

fequi(@) - (47)
—1+ faee, App+ Appp < ¢ < @s;

0, ps < @ < 2m.

H puc. 12 npuseneHs! ¢ 30Bble TP €KTOPHU YCKOPSEMBIX 4 CTHIl TIPH P 3-
JINYHBIX H Y JTbHBIX YCJIOBHUSX, YK 3 HHBIX B IOAIUCH K pUCYHKY. [lo cBoeii hopme
TP €KTOPUH B 3TOM CIIy4 € OMM3KH K () 30BBIM TP €KTOPHSAM 4 CTHII IIPH yCKOpe-
HUU C MOMOUIbIO KJI ccuuecKoil BU-cuctemMbl I pMOHUYECKOro H mpsixkeHus [5],
U, K K U JUIS 9TOU CUCTEMBI, 31€Ch CYLIECTBYET €IMHCTBEHH 5l P 6HOGECH A MOUK
Yequi = 0, Yequi = App + Appp. Tletmn ¢ 30BbIX Tp EKTOPHIl CXHUM IOTCH B
9Ty TOUKY 110 MEpPE TOTO, K K H 4 JIbH 4 § 3 (jyj NPUOTNK €TCH K Pequi-

Ormerum, yto 1 p Merpsl Y (1), ¢()) ¢ 30BBIX Tp €KTOpHii, UMEIONIUX
¢opMy 3 MKHYTOI METJIM, HE YYBCTBUTEJbHBI H MPIMYI0 K U3MEHEHHUIO dHEpPIuu
9 CTHL. DTO O3H 4 eT, 4ro (yHKums Y (¢)) I K XKIOH TP €KTOPHHU SIBISETCS
MHB pU HTOM 3Hepruu. Ilostomy i K XIOM Tp €KTOpUM MOXHO u3 (2.4) (c yue-
ToM (1.5)) 3 mUC Thb 3 BUCHUMOCTb CMELIEHMS 4 CTULBI MO UMITYIbCY OT DHEPIUU
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Puc. 12. @ 30Bble Tp eKTOPHH Y CTHUI[ B OOJ CTH CT OWJIBHOTO () 30BOTO JBHXKEHUS
(0611 ctp H KorteHus (3.4)) Npu yCKOPEHHH B CHCTEME MPSIMOYrOJbHOTO 6 phepHOro H -
IpAKEHUs, P CCYUUT HHBbIE C IIOMOILBI0 YMCIEHHOIO pelleHus yp BHeHwuil (2.5), (2.6) mnd
Sequi(p) (4.7): a) monHOp 3MepHbIe ¢ 30BbIE TP EKTOPHH, 6) 4 CTH () 30BBIX TP €KTOPHI
OKOJIO U BHYTPH OTPHII TEJIbHOTO 6 pbep ; TOYEYHBIE KpHBble — Tp eKTopus Y (¢) BOIM3M
cell p TPUCHL, P CCUUT HH £ IpU @in; = 0,001, Yo = 0, cTpesku MoK 3bIB 10T H IIp Blle-
HUSI IBHXEHHS Y CTHIIBI [0 TP €KTOPUM; TPU CIUIONIHbIE THHUH — Y () TIPH Winj = 7/2,
m u 1,387, 1 Bcex Tpex Tp ektopuit Yo = 0; ITPUXOB 51 KpUB 51 — O pbepH s (PyHKIHS
Jequi(p) 4.7), App = 7/10, Apps = 1,31

IIPU YCKOPEHUH:

Ap(E.w) _ Y () \/ Zev “s)
27, ( '

ps(E) — B(E) E)y(E) Amc?

(cp. [5, c. 159)).

B mpumep yckopeHus 4 cruil B cucteme 6 pbepHoro BU-H mpsixeHus p c-
CMOTPEHBI [IPU W€ JIN3UPOB HHBIX YCIOBHSIX, KOTH (PYHKUUH Viec (@) U Viec(®)
COBII ] 10T ¢ OCOJIIOTHOH TOYHOCTBIO. B pe JIBHOCTH BCerj CyLIeCTBYeT HEKO-
TOpOE P 3/IMYME 3H YeHUH 3TUX (PYHKLHMH, 4TO Be#eT K jecopM LuM ¢ 30BBIX
TP €KTOpUU U UX cell p TpUckl (puc. 13). Orp HUYEHHUE BEIMYUHBI T KOIO p 3JIH-
YU MOXHO IMOJYYUTh, UCTIONB3Yd ycinoBud (2.11) u (4.5). @ xruvecku Kp HHHI
clyd i MMeeT MecTo, KOTJ OOH U3 TP HUIl Cell P TPUCHI JOCTUT €T IP HHUIBI
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30HBI CT OuibHOrO aBuxeHus (3.4). Ecnu p 31M4Me NpeBblll €T 9TOT YPOBEHb,
MPOUCXOAUT TOTEPd U CTHI NPH YCKOPEHHWH. YCIOBHE YCTOMYMBOIO YCKOPEHHS
MOXHO 3 TIHC Th B CIIEIYIOIIEM BHJE:

Samax
| flp)de =0, e
¥o
_ [Apg, _ Jos, Aentdens >0,
Yo = {07 Pmax = {ASOB + ASOBBa eciu AS{B f((p) ng = < 0.

4.9)
H npumep, B mepBOM NpPUMEDE BbILIE OTP HUYEHHE P 3HOCTH 3H YeHHil Vi M
|Viec| MOXHO 3 TIHC Th B BUIE

< App
= Appp +App’

Brot ciayy i npexnct BieH H puc. 13, . IIpyroit ciyd i — ocumupyoonl 4 p 3-
HocTh H npsikeHuit AVyee # |Vgee| (puc. 13, 6).

0f = |AfB + faecl (4.10)

1 1.2
P(p) Sp)
0.5 0.6
0 0
-0.5 -0.6

—1 —-1.2
0 w4 w2 3w/4 T Su/4 3a/2 Tn/d
¥, pan
1 7 1:4
Ylp) Slp)
0.5 -0.7
o+ K =~ - ={0
—0.5+ : - =0.7
-1 | | | | | | —14

0 w4 n2 3n/4 7T Smu/4 3n/2 Tn/4
¢, pan
Puc. 13. Bnusiune p 3uocteil 30 9eHHH Vacc(®) U |Vaec(®)| H & 30Boe mBukeHue 4 -
crun mpu yckopenun: a) dfp(¢) = const Bo Beell ¢ 30Boit 06a ctu (3.4), TOUeuH 5
kpuB 1 — 6fB(p) > 0, wrpuxos s kpus 1 — 0fp(p) < 0, ABe HpP BbIE CILUIOLIHBIE
KPUBBIE — CeIl P TPUC U MPOMEXYTO4H 1 ¢ 30B s Tp exropust npu O fr(p) > 0, ie-
B 51 CIUIOLIH 51 KpuB 1 — cen p tpuc npu 6fp(p) < 0; 6) IITPUXOB S KPHUB I —

- A
0fe(p) = fa (1 — cos 8W%), fa = A¢pp/AppE, CIUIONIHbIE KPUBbIE — Ce-
BB

I p TPUC U NPOMEXYTOYH £ ¢ 30B o Tp eKkropus; yciosue (4.10) BbIONHSAETCI BO BCex
clyd fX

27



Cnienyer ormeruts, uto pyskuuu fp(p) u f5(p) + Afp(p) B oboux npu-
Mep X HE YIOBJIETBOPSIOT «YCIIOBHIO HEH CHILICHUS», C(QOPMYIUPOB HHOMY HHXE
(em. (6.1)). K x mok 3 HO B p 3.6, 3TOT Ae(peKT MOXHO JIETKO HCIp BHTH, O-
6 BHB HEOOXOOUMOE H IPSIKEHHE B OO CTh MHXKEKIIHH.

5. IBU2KYIITUECS BAPBEPBI
B METOJIE FAPLEPHBIX BU-HAIIPSIKEHUI

CoBpeMeHH g LHU(POB 5 MEKTPOHUK I03BOJIIET JOCT TOYHO CBOOOMHO M -
HUITYTUPOB Th B IIMPOKHUX MpEAel X I p METp MM O PbepHOTO H HpSKEHHS —
MIUTUTYROM, ¢ 300, popMoii UMIYNbCOB U UX IUPUHONH. CXeM ¢ U3MEHSIOLIH-
MHCSl 11 P METP MU H IpSKEHHsS HOCUT H 3B HHME «T€HEep TOp JABUXYIIUXCH O -
pbepoB». [IprMeHeHre ObICTPBIX IEKTPOHHBIX KITI0Yel 00ecreynB eT H3MeHeHHe
pexumoB ero p G6otel. Iloaromy mpocreiimmii B pu HT pyHKuud f(p), p ccMo-
TPEHHBII BBILIE, 1 JIEKO HE UCUYEPIBIB €T BCE BO3MOXKHBIE CXEMBI H KOIUIEHUS U
YCKOpPEHHMS B LIMKJIMYECKUX yCKOpUTensix ¢ 6 pbepHbiM BU-H nipskenuem. H nbo-
Jiee p 3BUThIE CXeMbl C JBUXYIIUMHUCI O ppep MU ObuTH p 3p 60T Hbl B JI Gop -
topun uM. B. ®epmu (Fermilab, CLLIA) u ucnonb30B JIUCh 1S H KOIUIEHUS HTH-
MIPOTOHOB U (POPMHUPOB HUS MyYKOB U CTHIl B H KONHUTENBHBIX KOIBIl X YCKOPH-
TEJIBHOTO KOMIUIEKC 3TOoi 1 60p Topuwm [1,2,6-9]. IIpemnoxennsie B 1980-x rr.
cXeMBl JBUXyLIHXc 6 phepoB [1] cymecTBeHHO p 3BUTHI OJ1 TOI psi NPHMEHEHHIO
CTOX CTHUYECKOIO M dJIEKTPOHHOIO METOJOB OXJI XAEHUS 3 PSKEHHBIX U CTHULL.
30ech MBI P CCMOTPUM IIPUMEP CXeMbl ¢ ABIXKYIUMECS 6 pbep Mu (Moving
Barriers — MB), KoTopyloo Mpeanoi r ercsd HCIOAb30B Th B KOJUI iiepe
NICA [13].

IIpu 1 komnenun u ctuil B Kol iaepe NICA Bech 27-uHTepB J1 ¢ 3 p 3-
JeneH H jBe o0l CTU cT OWJIBHOTrO JABMIKEHUS 4 CTHL — 00J CTh H KOIUICHUS
Appp 1 001 CTh MHXEKIHU Aiyj, VLT YEeTo BBEIeH MIOIOIHUTEIbH 411 p 6 -
PbEpOB IPOTHBOIIOIOXHOIO 3H K (puc. 14, ,A). @yukums f(p) B 9TOM ciyd e
HUMeeT BUJ

1, 0<¢<App;
0, App<p<App+ Apps;
—k, App+ Appp < ¢ < @s;
k, s <9< 3App + Appp; (5.1
0, 3App+Appp < <3App+ Appp + Apinj;
1, 3App+Appp + Apij < ¢ < 2m;
0<k<1.

fus(p) =
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Puc. 14. lun MUK CIHSHUSI CTYCTKOB H KOIUIEHHBIX M WHTETPHPOB HHBIX 4 CTHUI; ¢ 30-
BbIE TP €KTOPUHU P CCUHMT HBI YHCIECHHBIM pelleHHeM yp BHeHuil (2.5), (2.6); omuc Hue B
TEKCTe, CTPEeJIK MU IIOK 3 Hbl H IIp BIEHHUs ABIKEHMS 4 CTHIl IO TP eKTopusaM. BricTpoe
yMeHblIeHne O ppepoB: ) MHXeKuus HoBod mopuud 4 ctuil: k = 1,0; Ygtack = 0,3;
Yinj1 = 0,6; Yinj2 = 0,45; 6) mpomexyrouynoe coctosHue «6»: k = 0,2; Ygiack = 0,3;
Ys1 = Yinj1, Ye2 = Yinj2; B) IpoMexyToyHoe cocrosHue «B»: k = 0, Ygtack = 0,3;
Ys1 = Yinj1, Ye2 = Yinjo; T) OkoHY HHMe IMKT : k = 1, Ygtackr = 0,702. Amm -
6 Tuveckoe yMmeHblleHHe O ppepoB: A) HMHXeKIMs HOBOi mopuun 4 ctun: k = 1,0;
Ystack = 0,3; Yinj1 = 0,6; Yinj2 = 0,4; B) npomexyrounoe cocrosiaue «b»: k& = 0,506;
Ystack = 0,298; Yp1 = 0,564; Ys2 = 0,385; B) mpomexyrouHoe coctosHue «B»:
k = 072887 Ystack - Ystack penetr — 072887 YBl - YBl7 YB2 - Y2 penetr — 073527
I') okony Hue WK : k = 1, Ystackr = 0,661

29



JleB s 0011 cth A@pp NpemH 3H YeH Wi H KOIUIGHHS Y CTHIL, Ip B S —
19 TIEPUOAMYECKON MHXEKIMH CBEXHX MOpPIMH 4 cTul. b peepsl, p 3memnsio-
mye 9TH o0J1 CTH, UMEIOT OOWH KOBbIe MIUTUTYABI K U () 30Bble MPOTSKEHHOCTH.
INocne MHXEKUWH TOPLMH Y CTHI B NPENB PHTEIBHYIO IyCTyIO 30HY Apinj M-
IUTUTYIBI O0OMX CpenHUX O pbepOB CUHXPOHHO CHHMX IoTcs, T.e. k — 0. Ilpu
HEKOTOPOM 3H YEHUM k 4 CTHLBI U3 00J CTH MHXEKLUWH NPOHUK 10T B 007 CTh
H KoruieHus (puc. 14,6,5). B To ke BpeMst H KOIUIEHHbIE Y CTHILBI HE MOKUI 0T
cBoeit 0051 ctn Appp, NOK cpeqHue 6 phepbl HE CHU3STCS 10 COOTBETCTBYIOLIETO
ypoBHd. H KoHewl, 00 CrycTK CIHMB IOTCS, M Y CTHLBI 3 HUM IOT BCIO OOJI CTh
® 3 Appp+2App+Apiy; (puc. 14,8, B). Boobie rosops, 6okosble 6 pbepsl (¢

MIUIMTYZ MM, P BHBIMU €IMHHLE) T KX€ MOXHO CHHM3UThH JIO HYJIS, ¥ CIIMBIIHECH
CTYCTKM 3 HMYT BeCh NEpUMETP H KOIHUTelNs, T.e. 061 ctb ¢ 3 2m. OmH KO 1o
TEXHUYECKUM IPUYMH M MHOTI OK 3BbIB eTcs yooOHee IepX Tb MIUIUTYIObl 9THUX
6 prepOB MOCTOSHHBIMH.

Cregylomyii 1 I COCTOMT B AW O THYECKOM CMEIUEHHH Ip BOro O pbep
B I0JIOKEHHE OBIBILErO CPEJHEro OTPHIl TEJIHOTO O phep M BOCCT HOBJICHUH
BCEX YeThlpex O pbepoB B HCXOIHOE cOCTOsiHME. B pe3ynasT Te ¢ 30B g mpo-
TSKEHHOCTh CTYCTK YMEHbLI eTcd, p 30pocC ero 4 CTHL MO HMITYJIbCYy BO3p -
cr et (puc. 14,r,T).

YMeHbIlIeHne CpeHuX P 3MepOB O PhEPOB MOXHO MPOU3BOAUTH C P 3ITHYHOH
CKOPOCTBI0 — OT 6bicmpo2o, T.€. 3 BpPeMs, MHOTO MeHblllee NepUoj] JBUXEHUS
4 crull 1o ¢ 30Boii Tp exrtopuu (1.12), (2.21), no ou 6 muueckoeo, — MHOIO
Goiblliee 3TOro MEpUON .

5.1. beicTpoe ymeHbIleHHe 0 phepoB. [Ipu GICTPOM («MTHOBEHHOM») YMEHb-
LIEHNN CpegHnX O pPbepoB U CTHIl IIPOAOIK €T CBOE JBMXKEHHE B (b 30BOM IpO-
CTp HCTBE IO TP €KTOPHH, ONPENETICHHON I P METP MH Y switch, Pswitch TP €K-
TOPHU B MOMEHT «BBIKJIIOYEHHUsI» 6 PbepoB. DTO O3H U €T, YTO BHELIHUE TP EKTO-
PHMU Y CTHL UHXEKTHPOB HHOM MOpIMHU (TOHK s BHEIUHss KpUB 51 H puc. 14,0)
U CJIMBIIMXCS CIYCTKOB (TOHK $1 BHELUHSS KpUB 4 H pHucC. 14,B) onpepenstorcs
3H YEHMAMH Yswitch = Yinj1 (puc. 14, ). T Kum 00p 30M, SMHTT HC CIYCTK &
H puc. 14, B omuceB erca opmynoil (2.19) ¢ Yyax = Yipji. 3 Tem, 1mo-
cine Ou 6 muueckoeo CX muA CIUBLIUXCS CIYCTKOB, 3H YeHUE Y, BHEIIHEH
¢ 30BOI Tp exTOopuM ompenenseTcs OnsATh-T KU yp BHeHueM (2.19), B koTopoM
€ (Ymax) = € — OMHUTT HC CJIMBLIMXCSl CTyCTKOB IO KoMIpeccud. Ilpu oTom
Yn1 — KopeHb Kyoudyeckoro yp BaeHwus (2.19). YucnieHHOe pelieHue dToro yp B-
HEHWs JUIA I p METPOB Tp eKtopuil puc. 14, —T 1 eT Ygpack r = 0,702.

5.2. Amu 6 TH4Yeckoe yMeHbIeHHEe O phepoB. [Ipexie yem jeT JIbHO H JIU-
3UpOB Th U O THYECKU-MEINICHHbI PEXUM YMEHbIIEHHs! 6 pbepoB, H M HE00X0-
JAMMO TIONTyYUTh OIMC HME JIMH MUKW 4 CTHU B BY-cucmeme ¢ p 3HviMu  Mnaunty-
0 Mu 6 pvepHo20 H npaxenud. H 4HEM 3TO OMHC HHUE C U CTHUI, H XOIAILIUXCS B
06n ctu naxekuun Ay (puc. 15). Ilposens Berumcaenns, H gorudnsie (2.14)—
(2.19) nnga npamoyzonvhvix 6 pbepos, H XOAUM I p METPHI (p 30BON TP €KTOpUU
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B OOJI CTH MHXEeKIHU Ainj:

2]{,‘(@ - (Pmin), Ymin < @ < 3A(PB + A(pBB,
Yii(e) = VA = Y, 38pp + Apnp < 9 < 300p + Appp + A,
2k(Pmax — 9), 380 + Appp + Apiny < ¢ < 21 — Ap,

(5.2)
3mech (cM. 0003H YeHHd H puc. 15)
Omin = 38¢0B + Appp — Ay,  Pmax = 27 — Agp. (5.3)
MOXHO 3 THC Th JIB OYEBUIHBIX P BeHCTB . [lepBoe crienyeT u3 ycioBus
3A¢pp+ApBB Pmax
flp)dp = / fp)de,
Pmin Pmax—Ap
4yTO I €T
kApy = Ap. (5.4)

BTopoe p BEHCTBO eCTh yCIIOBHE MPOHUKHOBEHMS U CTHIIBI U3 00 CTH WHXEKIMH
B 00JI CThb H KOIUIEHUS:

Apg = App. (5.5)

IMoxct BUB 3TO 3H veHue Ay BO BTOpOE p BEHCTBO B (5.2), H XOOUM 3H YeHHE
CIBUI' Y CTHLBI [0 UMIIYJIbCY B H 4 Jie IPOHUKHOBEHHUS B 00 CTh H KOIUICHUS:

Ypenetr =V QkAQOB (56)

B 1 nbHeliimeM H M noTpeOylTCs (QOPMYIIBI U1t ®MUTT HCOB CIYCTKOB Y CTHII,
VACPXUB eMbIX MeXIy O pbep MH P 3HBIX MIUIMTYHI. [IpOW3BOJAS BBHIUUCIICHHUS,
H joruusble (2.18), (2.19) ma Yinj(e) u3 (5.2), H xomuM popMy/Ibl I BMUT-
T HC CIYCTK WHXEKTHPOB HHBIX U CTHII

4
Einj (k) = V2k Stk VAGY? + 21/ Do Apin; | =

_21+k

3
=5 Y 2. (57

3pecs Y — 3H venue Yinj(p) Mexay 6 peep Mu (BTOpoe Bblp xXeHue B (5.2)).
Brip xenue 1 Ygiack(¢) (067 CTh H KOIUIEHHS) M ®MHIT HC CIYCTK H -

KOIUTEHHBIX U CTHUI[ Egpack MOMYyIMM H JormdHo (5.2) u (5.7). s cryctk H -

KOIUIEHHBIX Y CTHI] MUTT HC ONMCBHIB eTcsl TOH ke opmysoii (5.7), B KOTOpoi
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HYyXHO NIPOM3BECTH 3 MeHY Apinj H Appp. B pe3ymsT Te H Xonum

Qk(@ - @min)a Pstack min < QO A@B,

_ V 2kASOsta.ckl = Y) ASOB < ASOB + ASOBBv
Ystack(p) = (5.8)

V2k(Pmax — ), App+Appp < ¢ < App+

+A<PBB + Pstack max s

@min stack — ASOB - A‘pstackla
Pmax stack — AQDB + A(PBB + A@stack%

4
estack (k) = V2K 1tk VAGY? + 21/ ApoAppp| =

_21+k

Y34 2YA 5.9
=37 % + vpp.- (5.9)

IT p merp Y 31ech OmpejiesieH BO BTOPOM BbIp XKeHUM I Ystack () (5.8). 3H ue-
HUE Apgtacke 00BsICHSIETCS H puC. 15, 1 p MeTp A@stack1 UIMEET H JIOTUYHOE
3H YeHHe IS TP eKTOPHHU 4 CTHIbI B 0071 ¢t App nepsoro 6 pbep . OueBUIHO,
ternepb BMecTo (5.4), (5.5) MOXHO 3 MHUC Thb

A<;Osta.ckl - kA@stackQa A‘PstackQ - ASOB (510)

Teneps Mbl FOTOBBI C(HOPMYIUPOB Th JITOPUTM P CYET (P 30BOTrO ABUXKEHUS U -
CTHII IpA 1M O TUYECKOM yMEHbIIeHHU cpenHux O peepo (puc. 14, A-T).

A<pstack 2 A‘pO A(p
0.4 1.0
Y(p) o)
0.2 Aog] 0.5
Aginj
0 = v 0
B
A(PBB Ath \ Pmin | Pmax
—02 \ -0.5
-0.4 -1.0
Sm/4 37/2 /4 2 7

Puc. 15. Tp exrtopuu 4 ctuil B 007 CTU H KOIUleHHs (JieB s KPHB s, I[OK 3 H U -
CTUYHO) U B OOJ CTM MHXeKIMH (Ip B s KpuB 51); O pbepbl MMEIOT OOMH KOBYIO ¢ 30-
BYIO IPOTSKEHHOCTh App = 7r/10 U cienyoowmue 3H yeHus wmmmryn: Vo= —Vy =1,
Vo = =V = —0,4; Appp = 1,37, Tp eKTOpHU P CCUUT HbI YUCICHHBIM HHTEIPUPO-
B HUeM yp BHeHMi (2.5), (2.6); onuc HHMe B TEKCTe€; CTPEJIK MU IIOK 3 Hbl H IIp BJIEHUI
IBUXKEHHS Y CTUI [I0 TP €KTOPUSIM
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Cm oua A (puc.14,A) — H 4 JbHOE COCTOSIHUE, 3 1l HbI 3H YeHus: Y [Jid
TpexX ¢ 30BBIX TP €KTOPHM: Ygiack — BHEIIHSAS TP €KTOPHUS U CTHIBI M3 CIYCTK
H KOIUIEHHBIX Y CTHL, Yinj1 U Yinjo — BHELIHAA M IPOMEXYTOYH TP €KTOPHU
WHXEKTHPOB HHBIX U CTHI[; IO STUM 3H YEHHUSIM P CCUHTHIB €M IUIONI U TP eK-
TOPUiA («BMUTT HCHI»), ucnonb3ys Gopmyist (5.7), (5.9): estacks Einj1s Einjo-

Cm ousa b (puc. 14,B) — cpennue 6 pbepbl YMEHBIIWINCh H CTOJBKO, YTO
4 cTUIBl Yinji H YMH 10T NPOHHK Th B 001 cThb H Komnenud. Ilpexne Bcero,
HYXHO OIpeAenuTh aecopM LHI0 ¢ 30BOH Tp €KTOPHH B pe3ybT T€ YMEHBLICHUS
cpenHux O pbepoB. DTOT MPOLIECC COMPOBOXI €TCS P CUIMPEHHEM TP €KTOPUH
BIIOJIb OCH OCLUCC H pUC. 15, 9TO BeeT K CMEIIEHHUIO TOYCK Ypin M Pmax BIEBO
U BIP BO BIOJIb OCU COOTBETCTBEHHO. [10CKOMIBKY IIIONI Ab () 30BOH TP €KTOpHU
IIPU BTOM COXp HsieTcs ( i O THYECKHid MHB PU HT!), OH CXHM €TCS BIIOJIb OCH
OpAWH T, T.€. YMEHBII €TCI BeNWYMH WMIyJIbc 9 ctuisl Y. Korm @iy u
(Pmax JOCTUT IOT H PYXHBIX Ip HUIl O pbepoB (T.e. BhioONHsIETCs ycinoBue (5.5)),
Y CTUI] MPOHHK €T B COCEHHIOI ¢ 30BYI0 OO CTb.

YroObl H UTH 3H YeHHUe kg, COOTBETCTBYIOIIEE 3TOMY COCTOSHHIO, HyXXHO pe-
mUTh KyOudeckoe yp BHeHMe 1 kg (1lepBoe BhIp XeHue B (5.7)) Ipu 3 1 HHOM
3H YEHUH €inj1 1 Ao = App. 3 tem u3 (5.6) npu k = kg H XOmUM 3H 4YeHHE
Yg1. UtoObl H UTH Ygtack U Ypo, pelll eM KyOuueckue yp BHeHwHs i Y (BTOpbIe
BbIp XeHud B (5.7) u (5.9)) npu k = kg M 3 1 HHBIX 3H YEHMAX Egtack U Einj2
COOTBETCTBEHHO.

Cm oua B (puc.14,B) — H 4 JI0 NPOHUKHOBEHUS H KOIUIEHHbIX Y CTHI] B
0011 cTh nHXeKnuu. [Ipolienyp BBIYMCICHUN T Xe, YTO ¥ JUTS CT Jud b: H Xoamm
3H YeHUs I p MeTpoB kg 1 Y. Bce Tpu ¢ 30BbIe TP €KTOPUH CIIUB IOTCS BMECTE,
OXB ThIB 51 00€ 00JI CTM — H KOIUICHHMS U MHXEKIIHH.

CriefyeT OT4EPKHYTh, UTO BCE TPU OMUIT HC , Estacks Einjl U Einj2, HE OCT -
I0TCSl IOCTOSIHHBIMH, ~ YBEJIMYUB FOTCS IOCIIEe IPOHUKHOBEHUS UX U CTHIL B COCEJI-
HIOI ¢ 30BYI0 001 CTh B CT X b U B, T X K K 4 CTHIBI IOCJe MepecedeHust
0 pbepoB ABHXKYTCS CBOOOIHO B ¢ 30BOM MPOCTP HCTBE, mpeHebpexumo cii 60
B3 UMOJEHCTBYS C YMEHBII IOMIMMHUCA cpeqHuMH O pbep Mu. B pe3ynpr Te m p -
Merp Y 9THX Y CTHIl HE M3MEHSIETCS [P J JIbHEWIleM YMEeHbIIEHUH O phepoB 110
Hyns. H mpumep, 1o 2Toii npuduHe B ¢T Juu B (H 9 JI0O NPOHUKHOBEHUS H KOII-
JIEHHBIX 4 CTHI B OOJI CTh UHXEKLHUH) UMEEM Ygtack = Ystack penctr = 0,288;
Yci1 = YB1, Y2 = Y2 penetr = 0,352, Ilocnennee p BEHCTBO JOCTUI €TCs IIPU
k = 0,197 u BBIIONHSAETCA B I JIbHEHIIIEM.

Cm oua I' (puc.14,T) — 1 6 Thyeckoe cX THe Bcex 4 ctull. OKOHY -
TEJIBHBIA P 3Mep H XOIOUM W3 YCJIOBHUS COXpP HEHUs IUIONI JU BHEIIHEH TP eKTO-
pun: Ysiack 1 = 0,661. DTo 3H yeHHe HECKOJIIBKO MeHbIIEe Ygtack r = 0,702,
MOJTy4EHHOTO NpU OBICTPOM YMEHBIICHUU cpeqHuX 0 phepoB. CTONb M JI S P 3-
HUILl SIBJISI€TCS Pe3YJbT TOM BbIOOpP JIOBOJIBHO M JIOH () 30BOii HPOTSKEHHOCTH
6 peepoB (App = 7/10), KOora BKJI I IUIOLI AM CPeAHUX O PhEPOB HE3H YH-
TeJeH.
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AH JIOrMYH § npouenyp omuc H B p 6ore [2] H s3bIKe U3MEHEHUs HEPTUU
y ctull. T Koif crmoco0 omuc HMSl CKPhHIB €T, H H I B3NS, K PTHHY AUH MHKH
Y cTHL B () 30BOM IIPOCTP HCTBE.

B cnyu e ucronp3oB HHA METOLOB OXJ XKIEHHA CXEM H KOIUIEHUS C JIBH-
KymuMucs 6 pbep MM MMEeT 3H YMTeJIbHble NPEHMYLIECTB I10 CP BHEHHIO CO
CXEeMOH, p CCMOTpPeHHOH B p 3A4.3. [1 BHOE M3 HHUX — CYIIECTBEHHO CMSIY eTcs
TpebOB HHEe K BpeMeHU oxJ xjeHus (3.6), (3.7). HeiicTBUTENbHO, B CXeMe C JBH-
XKymumucs 6 ppep MU JOCT TOYHO OXJI AUTh MHXEKTHPOB HHbIE Y CTHULBI TOJIBKO
JI0 T KOTO YPOBHSI, KOTJ HX CJBHI 10 MMITYIIbCY B CT auu «O» uiu «b» (puc. 14)
MeHbllIe Ygep, B 00N cTH H Korwtenus Appp. Ilocie clnusdHud HHXEKTUPOB HHBIX
U H KOIUIEHHBIX Y CTUL U (DOPMHUPOB HMA KOHEYHOH CT IUM «I» Win «[» MoxHO
MIPOJOJIKUTh OXJI XIEeHHEe, UMesl OO0JIblIe BPEMEHH IS 3TOW LIeNu.

3H YMTEIbHBII BBIUTPBIII ®T CXEM [ €T B CKOPOCTH CTOX CTHYECKOTO OXJ -
KIOEHUS, KOTJ Y CTHLBI CIMINCh M 3 HEM IOT IIp KTHYECKU BECh IIEPUMETP H -
korurelnsi. IToCKONbKY CKOPOCTb CTOX CTHYECKOIO OXJI XAeHUS 00p THO MpPOIOp-
LIMOH JIbH JIMHEHHOM IVIOTHOCTH Y CTHLI, TO BBIMIPBIUI NOPSAK 27 /Awpinj [17].
JI714 2IEeKTPOHHOTO OXJI XAEHUS BBIUIPBILI HE CTOJIb OueBHAeH. TeM He MeHee CHU-
KEHUE JINHEWHOW INIOTHOCTU MYYK U B 3TOM CIy4 € IPEANOYTHTENBHO, T K K K
YMEHBII 10TCA 3((PeKThl MPOCTP HCTBEHHOTO 3 PAX .

6. TEXHUKA BAPBEPHBIX BU-HATIPSKEHHI

Cospemennble BU-cucrembl 6 ppepHOro H MpSXKEHUS KOHCTPYHMPYIOTCA H
OCHOBE T'€HEep TOPOB C LM(POBBIM YIP BIEHHEM U YCWIUTENISIMA MOIIHOCTH C
MOJTYNIPOBOJHUKOBBIMHU TepeKiou TesasMu. [1ogo6Hblii reHep Top no3sossieT ¢op-
MHPOB Th KOPOTKHE IPSIMOYTOJIbHbIE HMMITYJIbChI BBICOKOIO H IPSKEHHs C Kpy-
THIMH (DPOHT MM M MHHHM JIbHOW MIUIUTYOOH Mmyabc wuid. enep top mut et BU-
PEe30H TOp, H TPyXEeHHBIH eppoM THeTHKOM (theppuT, MopcHOE XKene3o u T. 1.).

Hcnonb30B HUe cheppoM THETHK H JI T' €T JOINOJIHUTENIBHOE YCIIOBHE H  (PyHK-

uuio 6 prepHOro H mpsikenus: f(¢) — «ycIOBHE HEH ChILIEHUs» (DEPPOM THe-
THUK .
27
/f(cp) de = 0. (6.1)
0

B mporuBHOM ciyd € ¢eppoM THETHK H CHILI €Tcsl M0CIe HEKOTOporo (HeOoib-
LIOr0) KOJIMYECTB MMITYJIbCOB O PbEepHOro H MpsKeHUs (IIOTOK M THUTHOTO HOJIS
[POIOPLKOH JIEH MHTErP JIy 110 BpeMeHU OT H mpsixkenus V (t)).

H wubosnee coepiiieHHble 1 MHOTO(IYHKIIMOH JibHbIe 6 pbepHble BU-cructemsl
6but co3n Hel B Pepmunt 6, H YMH S ¢ MUOHEPCKUX P OOT, BHIIOJHEHHBIX T M
(t 6. 1). TI p meTpsl HEKOTOpPBIX 6 phepHbIX BU-cuctem, p 3p GOT HHBIX B I0-
CJIEIHUE TOJIbl, IIPESACT BIIEHBI B T OII. 2.

34



T 6mmy 1. IT p merpsl 6 prepHbIx BU-cucrem yckopurensHoro Komivieke ®epmu-
a6 [2]

Yckopurens/ Tun ceppur (p 3mepsl I p merper: MouHoCTs;
MIUTUTY] ; OIyHTOBOE
H KOIIUTEJb PE30H TOp )
COIPOTHBIIEHHE; TTOJIOC Y CTOT
Debuncher MnZn+NiZn (~ 1 M) 2,4 xBt; 700 B; 104 Owm;
10 xI'm — 10 MI'g
Accumulator MnZn+NiZn (~ 1 M) 100 Bt; 70 B; 50 Om;
10 xI'm — 10 MI'g
Recycler Kep Muueckuii M THETHK 4 x 3,5 xBt; 4 x 500 B;
MN60, CMDI10 (~ 1 m) 4 x 50 Om; 10 kI'oq — 10 MI'n
MI — TecToBbIi Finemet Reore (~ 0,75 M) 150 xBT; 10 xB; 500 Owm;
pe3oH Top OBICTpPBIN KITIOY
MI — nemnep- MnZn+NiZn (~ 1 M) 3 x 3,5 kBt; 3 x 500 B;
pe3oH Top 3 x 50 Om; 10 xI'p — 100 MI'y

T 6aun 2. IT p mMerpbl HeKOTOpbIX 6 phepHbIX BU-cucrem

J1 60op Topms (YCKOpPHTEb)
I p metp BNL/KEK | KEL ang BNL | US® um. I U. Bynkep CO PAH
(AGS) [18]| (AGS) [19] s OMAN (xonn iinep NICA)
M Tepu n ®Depput Finemet * AmopHoe
CepOevHUK Kene30
Komuuecto 4 4 14
YCKOPSIOLIKX 3 30pOB
Y cror , MI'n 2,6 1,1 0,579-0,587
Ho6poTHOCTH, Q 30 0,6 —
R/Q v 3 30p, Om 180 1500 —
MormiHocTh 600 120 22
yeunurend, KBt
* Kommepueck s M pk , Hitachi Metals, Ltd.

B peepusie BU-cucteMsl CT HOBATCS Bce Ooliee MOMYIIPHBIMU B YCKOPHTEIb-
HOU TEXHHUKE 10 MEPE p 3BUTHS TBEPHOTEJIbHOM CUIIOBOM BY-a51eKTpOHUKH.

3AKJIIOYEHHUE
IMpumenenne cucrem 6 prepHoro BU-H mpsokeHns Il H KOIUIEHUS] M yCKO-

peHMA 3 PAXKEHHBIX 9 CTHUL] UMEET 3H YUTECIIbHBIE NMPEUMYLIECTB II0 CPp BHEHHUIO
¢ k1 ccuueckumu BU-cucrteM Mu. Drtu IMpeuMyuIeCTB 0CcoOeHHO CYHICCTBEHHBI B
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Cllyd € H KONUTEJeHl TIXEeNbIX 3 PAXKEHHBIX 4 CTHLl — IPOTOHOB, HTUIPOTOHOB
U MOHOB, IIe MCIOJIb30B HHUE METOMOB OXJI KOCHHUS Ip KTHYECKH HEH30eXHO.

Meton 6 phepHBIX H NpsSXEHWi ObUI 3H YMTENBHO P 3BHT C MOMEHT €ro
NIepBOro NPEeIIOXEHNs, U B H CTodLIee BpeMs, O Tod pd JOCTIKEHHSIM MOLIHON
TBepoTeNnbHONH BY-2/1€KTPOHUKH, CT JI0 BO3MOXHBIM CO3 HHE MHOTO(YHKLHO-
H JIbHBIX 6 phepHbIX BU-cucrem.

Meton H U3 [IUH MHKH 3 PSIKEHHBIX 4 CTHUIl B IUKJIMYECKUX YCKOPUTEISX
¢ 06 ppepHbiM BY-H mpsxeHueMm, NpeAcT BICHHBIH B I HHOM p 6oTe, 1Mo3BoOiIseT
JOBOJIBHO TPOCTO MPOM3BECTH H JIMTHYECKHE BBIUUCICHUS M OLEHKH M TOJIYYUTh
MOJIHOE OITMC HHMEe JWH MUKW Y CTHI B IIMPOKOH o6s ctu 1 p merpos. Jloros-
HEHHbIIl YUCJICHHBIM MOJIEJIUPOB HHUEM, ®TOT METOJ OOECIIeYWB €T ONTHUM JIbHbIH
BHIOOp I1 p METPOB O PHEPHOI CHCTEMBI IIPH €€ MPOSKTUPOB HUH.

ABTOp TIONTB3yeTCS MPUATHON BO3MOXHOCTBIO BBIp 3uTh 61 rox prHocTh T.K -
T AIMe 3 MHOTOJIETHEe IUIONOTBOPHOE COTPYAHMYECTBO, T KXe B.A.JleGenesny,
A.B.Enuceey, B. M. Ilerposy, A.O. Cunopuny u A. B. CMUpHOBY 3 1ieHHBIE 00-
CYXIEHUS W 3 Med HUS IpU H NHC HUU 1 HHOM p OGOTh. ABTOp ONI TOX pUT
T.A.Cren HOBY 3 TII TENbHYIO OATOTOBKY p OOTHI K MyOIMK LIUH.
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