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IIpeauciosue

OCHOBHOII TIENBIO MOATNOTOBKHU 3TOT0 YIeOHOrO MOCODHS SABJIAIOCH YLy dIie-
HU€ COTTPOBOXKIEHUs YTEHUsI JIEKITUI 1 MPOBEIEHUs CEMUHAPOB 10 Kypcy "Kos-
sekTuBHbIE 3 dekTh! B huznke nyukos'. 3aHATH 10 3TOMY KYPCY BEJLyTCS HA
kadeape duzuku yckopuresneii dpusndeckoro dakyaprera HI'Y ¢ 1987r. Ilpu
coxpaneHuHu OOINEdl HANPABIEHHOCTH KypCa BCE ITO BPEMsi BeJach paboTra 1o
onTuMU3anyy 0oT0opa MaTepuasia W W3JI0XKEHUA ero cryaeHTaMm. JacTudHO 3Ta
3a/1a4a Obwia penteHa udganueM B 1996 r. y4eOHOro mocobusi OMHOrO U3 aBTOPOB
[1]. C Tex mop mpomuio okoao 15 jer. 3a 370 BpeMs W 110 MHOTHM TNPHYHHAM
M3JI0KEHUE MaTepHrasa Kypca CTajl0 CYNIECTBEHHO OTINYATHCS OT ONHUCAHHOIO
B [1]. dro craso co3gaBaTh ONpeeIeHHbIE HEYI00CTBA IIPU YTEHUM JIEKIUi, a
TaK>Ke MPHU [IOATOTOBKE CTYJIEHTOB K dK3aMeHaM. [109ToMy ObLIO perreHo 3a-
MeHuTh 1ocobue [1] Gosee coppementbiM. B xoz1e 10410TOBKY HACTOALIEO 110~
cobust Texct [1] 6bL cymecTreHHO TIepepaboTaH. V3MeHeHNsT KOCHYIHCH BCEX
rap TekcTa [1]. B pesynbrare coBmecTHOi pafoThl aBTOPOB IOSIBUIOCH HOBOE
Ipou3BeJieHre, KOTOPoe, KaK HaM IIPEeJICTABIIAETCs, DOJIee ITOJIHO OTPazKaeT Kak
COBPEMEHHOE COCTOAHUE TOH O0JIACTH YCKOPUTETHHON HAYKW, TAK W COBPEMEH-
HOE COCTOAHUE Kypca.

B macrosimem mocobun OMUCAHBI OCHOBHBIE TIOHSITHSI, SIBJIEHUSI U METOIBI
pellieHns 33039 TeOPUU JIMHEHHBIX KOTE€PEHTHBIX KOJEOAHWI MyYKOB B HAKO-
MATENAX, MUKJINIECKAX YCKOPUTEIAX M YCTAHOBKAX CO BCTPEYHBIME ITyIKAMU
3apAKEHHBIX JacTull, MbI 06cymuM mpobIeMbl, KOTOPBIE, B CBOE BPEMSI, U3y va-
JIUCH B CBSA3W C TOMBITKAME YIy4IlieHrsi paboThl peaTbHBIX MAIHH U JTOCTHXKE-
Hug obacTeil nx mapaMerpoB, 0OECIeanBaIONIUX TPebyeMble CBOHCTBA, [Ty IKOB.
B 370it 06nacTu (huzmKu yeKOpUTEnei HAKOILJIEHBI 3HAYNTE/IbHBIE SHAHUS, TI03-
BOJISIFOIIIE TIOMUMO YCITEITHON IKCILIYATAIMH CYIIECTBYIOMINX YCTAHOBOK MPO-
€KTHPOBATH MAIIWHBI CJIEIYIOMNX TTOKOJEHU.

ITo moHsATHBIM TPUYMHAM MBI Oy[eM yIPOIIATh, TAE 9TO BO3MOXKHO, ITOCTA~
HOBKH KOHKPETHBIX 33/aY W XOJ uX permrenusi. Vcnombp3yeMbie B mocodun 060-
3HAYEHUs] TPUBEIEHBI B JIydIliee COOTBETCTBUE C MPUHSTHIMU CefdIac B yCKO-
PUTENBHOM JINTEpAType. DTO MO3BOJUT YUTATETIO CKOPee aTallTHUPOBATHCS K
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9TEHNI0 COBPEMEHHBIX OTE€YEeCTBEHHBIX, MM 3apybeKHBIX CTaTel IO YCKOPH-
TeNbHOM TeMarTuke. B psiie ciydaes, Oosee yriyO/eHHOE H3JI0XKEeHHe 00CYZK-
JTaeMbIX BOIIPOCOB, a TakXKe OoJiee MUPOKOe ONMUCAHNE (DU3MKH WHTEHCHBHBIX
NYYKOB BKJIOYAIONEe W KUHETUYICCKUE SABJICHUA MOXKHO HaliTu B KHHTaxX [ ],
6o [3].

Cobpattble B TIOCOOUU 33/1a9U PENIATUCh HA CEMUHAPCKUX 3AHATUAX, WU
B XOJI€ BBITIOJIHEHUA CTYAEHTAMHU CEMECTPOBBIX 33aaunit. YacTo 3to mmbo camu
pobaeMbl, OO (pparMeHThI H0Iee OOIUX TPODIEM, KOTOPhIE PEIaInch st
OTUCAHUS HADJIOIAEMOr0 OBEIeHN T KOTEDAHU Ty YKOB B PEATbHBIX MAITHHAX.
B HEKOTOPBIX CJIy4dadX IMOJJTHOE DereHud 3a1a91 Tpe6yeT OpOBEACHUA ITPOCTBIX
pacueroB Ha DBM.

MBI opearogaraeM, 9YTo0 YIUTaTeJib UMEET O6IHI/IQ 3HaHUA 110 MaT€EMaTHUKE 1
SMEKTPOAMHAMUKE B TIPEIEIAX YHUBEPCUTETCKOTO KypCa, a Mo OOIIUM BOTPO-
caM (PUBMKY TUKJINIECKUX YCKOPUTEJel B MPEmeniax, COOTBETCTBYIONMX 3HA-
KOMCTBY ¢ KHHramu [1], mubo [5].
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I's1aBa 1.

BBoanbie 3amevanud n
onpeJieJieHusI

1. Koaebanus, ¢pa3bl, KOTepeHTHOCTh

B nukindecknx yCKOPUTENAX W HAKONUTENAX 3aPAZKEHHBIE YACTUIIBI JIBHU-
KyTCsi BOJU3H T.H. 3aMKHYTON OpOUTHL. DTO JOCTUTACTCS TPABUIBHBIM PACIIO-
JIO’KEHNEeM BJIOJb JKeJlaeMoil TPaeKTOpUH HeOOXOIMMOT0 KOJIWIeCTBA TOBOPOT-
HBIX MArauToB. Kcian s — paccrogaue, MpoiiIeHHOe YacTHATIEH BAOTDL 3aMKHYTOM
OpOUTHI K MOMEHTY BPEMEHH t, TO TIOJIOXKEHUE 3AMKHYTONH OPOUTHI B MPOCTPAH-
CTBE OIUCBHIBAETCA ypaBHEHUEM

r =ro(s). (1.1)

B cuny 3aMKHyTOCTH OpOUTHI KPUBAs I'o(S) OMUCHIBAETCS HEKOTOPOI MePUOIH-
qeckoil (byHKIMeH ¢ meproaoM, paBHbIM nepuMerpy opbuts 11 = 27 Ry:

ro(s +II) = ro(s). (1.2)

Benuunna Ry HasbpiBaeTcs cpegHuM pamanycoMm opouTsl. [Tockombky dpopMupo-
BaHWE 3aMKHYTOH OpOMUTBHI OCYIIECTBIAETCA MATHUTHBIMU IOJSAMU, BETHIUHBI
II u Ry 3aBucar or 3ueprum dactuil. [Ipu omucaHun ABMKEHUA YACTHUIL C IIO-
CTOSIHHOM 3Heprueil £ BBOIAT Tak:Ke BeJIUYMHBI

11

Ty = — 1.3

= 13
" P
™

= — 14

wo TO, ( )
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rae E = c\/p? + M2c2, p = yMv — umnynbc, a v — CKOPOCTb 4acTHUIbL. Benuau-
Ha T HA3BIBAETCS IEPHOIOM OOpallleHus] YACTUIBI BIOIb 3aMKHYTOH OpOHUTHI,
a wy — YaCcTOTOH OOpallleHnss YACTUILI BIOJb 3aMKHYTOH opbuthl. CorytacHo
dopmynam (1.3) u (1.4) sesuuunbl Ty 1 wo TaKXKe 3aBUCAT OT YHEPIUM Ua-
crunpl. YTOOB 9TO MOMIEPKHY Th, TUITYT, HATPUMED, wo(p). O6BrIHO pazmuans
SHEPIruil HAKAIIMBAEMBIX YaCTHUI MaJjbl 110 CPABHEHUIO C CAMUMU JHEPIHUSIMHU.
CreoBaTeIbHO, Pa3IuYks HEPHOAOB, WM YaCTOT O0palleHus 9acTul, wo(p),
TakKe MaJibl. B TakuxX CIydasix WCIOIb3YIOT PA3JIOKEHMe

wo(p) = wo(po) + ——Ap. (1.5)
P
311;6(3]) po - HeKOTOpOe THUIIMYHOE 3Ha4YCHUEe I/IMHyﬂbCa HaKall.-IUBAEMbIX ‘IaCTI/IIL,

a Ap = p—pg — OTKIJIOHEHHE UMITY/IHCA KOHKPETHOW YACTHITBI OT 3TOTO 3HAYCHUS
(|Ap| < po). Cormacuo ypasrerusMm (1.3) u (1.4) numem

d 1
70‘)0 = woOép7 ap = —2 —_ a7 (16)
dp Do Y0

rae wp = wo(po), a o — koaddurment ynjporuenus opour. Yacro mag ynpore-
HUST 3aIIACeH W TaM, IJIE 3TO He IMPUBOIAT K HEAOPA3YMEHUSIM, TIHAIIYT

dwo _ wp- (1.7
dp
B orcyrcrBue Ha 3aMKHYTOH OpOUTE IPOJOJBHBIX BHICOKOYACTOTHBLIX (BY)
JIEKTPOMATHATHBIX TIOJIEH SHEPIUHU YACTHUI] COXPaHAoTcs. Jlnd onucanus mpo-
JOJBHOTO ABUKEHHUSA YACTHI [1yIKa OTHOCUTEIBHO 3aMKHY TOH OPOUTHI YaCTUIIHI
C MMILYJIbCOM Po BBOJAT a3y IPOJIOIBHOIO JIBUKEHUS YACTHUIIHL

=5, (1.8)

e wo u Ry onpeeensl st OpOUTH ¢ UMITYIBECOM Pg. ECIH SHEPTUS 9acTUIlbI
COXPAaHSIETCsl, TO COrJIACHO ypaBHeHuto (1.5) BeJuuuHa ¢ JUHEHHO MEHSeTCs BO
BPEMEHH:

d¢

i whAp. (1.9)

B sTom ciydae daza ¢ aBagercd MUKIRIECKON epeMeHHOH.

OnrTuka yCKOPUTEIs, U HAKOIMUTEIHHOTO KOJIBIA, OOBITHO YCTPOEHA TaK,
9TOOBI IPYU OTKJIOHEHWH YACTHIIBI OT 3aMKHYTOH OpPOWTHI HA Hee IeiiCTBOBAJIA
ObI BO3BDAIAIOIIAS CUJIA, MPOMOPIMOHAJIbHAST BEJIMYUHE OTKJIOHEeHWsi. B ma-
IIIUHE € TaKOM (POKYCHPOBKON YACTUIIBI COBEPIIAIOT TAPMOHUYIECKUE KOIeDaHM
OTHOCUTEIHHO 3aMKHYTON OpOUTHI 1 TeM (POPMUPYIOT TydoK. 1 momepednbix
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K 3aMKHYTO# OpOnTe HAIPABJIEHUN OMPEIeSAI0T 9aCTOThI OETATPOHHBIX KOJIe-
Gaunii. Eciin 3aMKHyTast opOuTa ABJISIETCS ILIOCKOM KPHUBOM, & CBA3b KOJIeOaHUH
OTCYTCTBYET, TO 9aCTOTY BEPTUKAJIHLHBIX 66TanOHHbIX KOJIe6aHI/IIL/'I OIIPEeaeJIAT
COOTHOITIEHHEM

wy = wo(p)vy, (1.10)

4 FOPU3OHTAJIBHBIX COOTHOIIIEHNEM
Wy = wo(P)Vs. (1.11)

Pasznl GeTATPOHHBIX KOJEOAHMIH

= wy» = wo(p)Vye (1.12)

SIBJISTIOTCST IAKJAMYIECKAMU TIEPEMEHHBIMI. BXOISIINe B 3TH ONpe/iesieHnst BeJn-
UWHBI Vy o, HA3BIBAIOTCSA GE3Pa3MEPHBIME JACTOTAMH BEPTUKAILHBIX (Y) U CO-
PUBOHTAJIBHBIX (PaIUalbHBIX, ) GeTaTpOHHBIX KosebaHuil. IT0CKOIBKY yriibl
OTKJIOHEHHH B (POKYCHPYIONUX MONAX 3aBUCAT OT SHEPrHil TACTUII, IACTOTHI
Vy 5 TAKZKE ABJIAIOTCA (DYHKIMAMN UMIyAbCOB dactuil. Ilo anamorum ¢ pasmo-
sxenueM (1.5) mjig 9acTHIBL ¢ UMILYJICOM P + Ap nuiyr

dvy -\ Ap
Vya(Ap) = vya(p) + (cﬂflp) e (1.13)
0

Bemuuumnst (dvy ,/dInp)o COOTBETCTBEHHO HA3BIBAIOTCS XPOMATHIMAME BEPTH-
KaJIbHBIX U TOPU30HTAIBHBIX OETATPOHHBLIX KOJIeDaHUMA.

DOKyCHPOBKA YaCTHIL, B POA0ILHOM HAIIPABJIEHHH OCYIIECTBIAETCA YCKO-
PSIONIIMHA WM TOPMOSAINIAMHI dJ1eKTpoMardauTHbIMu BY-nonsaymu. Ecan gacto-
ta BU-mosis pasua g, 10 3dbdexT nponoasHoit (GOKYCUPOBKY JTOCTUTAETCS JJTsT
PE30HAHCHBIX YACTHUIL

o = guo(p). (1.14)

Benuunna ¢ mazeiBaercss KpatHocTbio BU-mosist. 3a MCKIIOYEHNEM OKPeCTHO-
CTH KpUTUYECKOH 9Heprun Hakomurens (v, = 1/y/a, tne 0 < a < 1) wacrora
obpalienus wo(p) ABIseTcs MOHOTOHHON (DYHKIMEH uMIy/Ibca dacTuipl. [Tpu
9TOM pe30oHaHCHOE ycjioBue (1.14) BBIIOIHAETCH JUIIb JJisi OJHOIO 3HAYEHUS
UMITYJIbCA P = Pg. JacTUIla ¢ TAKUM UMIIYIHCOM HA3bIBAETCS CHHXPOHHOM, a
CaMO 3HAYEHUE Py UCIIOIB3YETCs B KAYECTBE UMIIYJIbCA Po B pasioxkenudax (1.5).
Suadenue Ga3bl MPOXOXKJICHUS yCKOPSAIONIETr0 3a30pa CHHXPOHHOM YacTUlel Ha-
3BIBAETCS CUHXPOHHO (haz30il (¢s). B oTcyreTBrE yCKOPEHUST UM TOPMOYKEHUS
YACTHI] MyYKa, & TAKKE B 3aBUCHMOCTH OT 3HAKA W( 3HAYEHWE CHHXPOHHOM
daser pasuer 2k /q mbo m 4 2wk/q, tne k=0,1,2,...,q — 1.

10
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B cuny npunnuna aBrodasupoBKu YaCTUIIBI ¢ UMITYIbCAME, OMTU3KUME K Ps,
COBEPINAOT CUHXPOTPOHHDIE KOJIeDaHusd. DTH KOIeOaHNI TPOSIBISIOTCS B TIePHU-
OJTMIECKOM M3MEHEHWH UMMYAbCA Ps + Ap U $a3bl ¢ JaCTUIBI OTHOCHTETBHO
CUHXPOHHOIO 3HaueHus (Ps, ¢s). CHHXPOTPOHHBIE KOJIe0AHUA YCTOHUUBDI, €CIu
KOOPJIMHATHI YaCTHIBL P U ¢ MOMAJAIOT BHYTPhL cemaparpuc. [lpu KpaTHOCTH
BY-mionst ¢ ma opbure mmeercda ¢ cemaparpuc. JacTHIbI, He IOMABIINE HU B
OJIHy W3 CermapaTpuc, Mo Pa3HbIM HPUYMHAM TMOHYT HA CTEHKAX BAKYYMHOMN
KaMepbl HAKOTUTEIsSI. 3aXBadeHHbIe Ke B KaKy-1100 U3 cernapaTpuc 9acTHIlhbI
dopmupyior crycrku. Takum o6pa3oMm, Ipu KPATHOCTU ¢ IIYYOK MOXKET COCTO-
AaTh U3 ¢ CrycTKOB. CUHXPOTPOHHBIE KOJEOAHWS SIBJISMIOTCS TapPMOHUYECKUMU,
€CM UX aMIUIATYABL G, CYIIECTBEHHO MEHbINe JJIMHBI BOJHBI I'PYIIIAPYIOIIE-
ro BU-nona (a. < II/q). Hacrory Takmx kosebGaunii Mbr OygeM 0BGO3HAYATEH
BBIDAYKEHUEM

We = Wole, (1.15)

Te Wy — 9acTOTa OOPAIEHNs CHHXPOHHONW JACTUIIBI.

[Mepeunciennpe OMpeneneHns: yKa3blBAIOT, 9TO B HAKOMUTEISIX 3aPAXKEH-
HBIX 9aCTHIL ¢ THHEHHBIMEU (DOKYCUPYIOIMUME CHJIAMA KOJIEOAHUS TACTHIL C PAB-
HBIMU SHEPTUAME (MOHOXPOMATHIECKUI Y UOK) ABJSIIOTCA KOTEPEHTHBIMU. DTO
O3HAYAET, YTO HAYAJIHHBIE B3aMMHBIE DACITOJIOKEHUST JACTUIL B (DA30OBOM MPO-
CTPAHCTBE YUK, HE MEHSIOTCS CO BPEMEHEM.

Hemnuneiinbie 3apucuMocT (hOKYCUPYIOMNX CUIT OT KOOPAHHAT OTKJIOHEHUH
YACTUIL OT 3aMKHYTON OpOUTHI MPUBOAAT K AHTAPMOHWYHOCTH KOJebaHWil da-
CTHI] ¥, BO3MOXKHO, K TIOTEpe YCTONIUBOCTU ITUX Komebanwmii. B Tex ciaydasx,
KOTJIa TTOTEPU YCTOMIUBOCTH yIaeTcs n30eKaTh, OCHOBHOE BIIUSTHUE HETUHEHHO-
¢ty HOKYCHPYIOITAX TI0JIeil MPOSBISeTCsS B 3aBUCHMOCTH YaCTOT KOJIeOaHUi da-
CTHUI] OT AMILTATY U B M3MEHEHUN XPOMATUIHOCTH TaKUX Koebauuit. CBOWCTBO
KOTE€PEHTHOCTH KOJIeDaHNH TaCTHI] B MAIIMHAX € TaKOH (DOKYCHPOBKOIi, BOOOIITE
roBopsi, Tepsercd. V3-3a pa3HUIlbl 4acTOT KOJIEOAHWMIA YACTHIL IIYIOK PACILIIbI-
BaeTCd B MpOCTpaHCTBe (a3 KojebaHuili u, Jalre BCEro, CTPEMUTCS TPUHATH
B HEM DABHOMEDHOE pacupejeeHne. B neiicTBUTEIbHOCTH, OMHAKO, PA3IUYIUS
(pa3bpochl) YACTOT B HAKAILUIMBAEMBIX Iyukax HeBesjuku. [lo 910 npuuune
[P OITUCAHUY KOJIeDAHUI IMyIKOB B HAKOIIUTESAX PA3YMHO NOBOPUTH 00 UX KO-
TEPEHTHBIX KOJIeDAHUSAX U O BIUSHUK Pa30POCOB 9aCTOT HA STH KOP€PEHTHBIE
KOJIEDaHNsI. SHAUNTETHHOE YUCIO TMPUMEPOB DEIeHui 33439 O BIUSHUHN Pa3-
6poca J9acTOT YACTHUIL HA KOTEPEHTHBIE KOJEDAHUS YUK OMUCAHO, HATPUMED,

B [0].
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B mambomee obiieM ciydae HEBO3MYIIEHHBIE KOIeOaHWs GacTHI] BOIM3M
ILTOCKO#, 3aMKHYTOU OpOUTHI OMUCHLIBAIOTCSA YPABHEHUSIMMU:

Ap po dr

— 9 — = —_— 0, A = — 5 116

x =z +1n( )p0 PL=% " P=p—Dpo (1.16)
dXa Ry

(l'b,y) =V Jﬁ(a) COS(@/J +X(9))|av W + Vo = ﬁia,

Vo = wa = Wo(P)Wa(py Ju, Jy)y 0 =00+ ¢+ 0,

o, — L (pdxe _ dn
TR \"Tae g )

¢ = whAp = woapAp/po, o =1/7 =1/},

J,
I(x:p02aa a=1Yy.

B mHecrpynnupoBaHHOM IyUKe py — HEKOTOPOe EeHTPAJIbHOE 3HAUEHHe NMITYIbCa,
YaCTUIl My9YKa. B CrpynnupoBaHHOM IYYKE MHUIIYT Py = Ds, [JI€ Ps — UMITYIBC
CHHXPOHHOH YaCTHUIBI Ty4Ka. B TAKOM Ciyvae u Apyrue AUHAMUYECKHE ITepe-
MEHHbIE CUHXPOHHOI 4aCTUIbl TAKKE OTMEJal0T UHJIEKCOM §.

Boipaskenust B (1.16) ABIAIOTCS pElIEHUSIME YPABHEHUI JIBUYKEHUS, TeHe-
PUPYEMbBIX TAMUJIBTOHHAHOM HEBO3MYIIIEHHBIX KOJeOAHWI JACTHIL:

2 2 2
vy + D0y Ap
Hy =R, | == "¥ .
0 =R 2 2y (1.17)
92 (0)x* + g,(0)y? Ry
: — A
+Po [ 2R, R(O) P

TOe gy U Gy - KOIDOUIIEHTHI 2KeCTKOCTH TOPU30HTAJIbHBIX U BEPTUKAIbHBIX Oe-
TaTPOHHBbIX KoJiebanuii. Jdus crpynnupoBanubix my4kos (1.16) goskubl GbiTh
JIOTIOJTHEHBI YPABHEHWSIMU, OMUCHIBAIOIIMMHI CHHXPOTPOHHBIE KOJIeOaHWsT da-
CTHUIT OTHOCUTETHHO CUHXPOHHON YaCTHIIBI CTYCTKA!
We .
¢ =pcosthe, Ap = ——=psind,, (1.18)
|wp
0
2
Wep

he =We "N, I.=R .
1/} w Sgn(w[))/ 02|W6|

Vpasuerus (1.16) u (1.18) OCYIIECTBISIOT KAHOHUYIECKOE PEOOPA30OBAHUE OT
nepemenubix P, r kK mepemeHHbIM feiicTBrue—(ha3a HEBO3MYIIEHHBIX KOJIEOAHUI:

Ia = I(X(P,I', t)v 77[}(1 = @DQ(P,I‘,t).

12



TTocoe Takoro nmpeobpaszoBanns raMuabToHnaH Ho He 3aBucHT 0T Pa3 Yy, ITO
TTO3BOJISIET 3aIUCATH YPABHEHNUS TBUKEHN HEBO3MYIIIEHHBIX Kotebanuii B BUE:
0Hy 0H)

fa:77:07 wa:

B cuny, nanpumep, ypasuenuit (1.16) u MMKIAMIHOCTH ABUKEHUS YACTUL, BIOJb
3aMKHYTOH OpOUTHI M00aa PYHKIUS KOOPANHAT YACTHUIL B (DA30OBOM IIPOCTPAH-
CTBE SABJIAETCA TEPUOINIECKON (pyHKIHEH OOOOIEHHOIO a3MMyTa YaCTHUIBI U
das3 ee HEBO3MYINEHHBIX Koebanuii. B uacTtHocTH, Takue (DYyHKIMY TPEICTABU-
MBI COOTBETCTBYIOIUME psimamu Pypbe.

2. ODyHKIUU pacnpeaejgeHnus

B ¢dusuke yckopuresneit u Hakonureseil 3apsKeHHbIX YACTHIL CYIIECTBYIOT
OOITUPHBIE KJIACCHI 331449, B KOTOPBIX BAYKHO 3HATH MOBEIEHNE IIYUKA B IIEJIOM.
Kak mpaBunio, onucanve COCTOSHUI MyYKa B TAKUX CAydasx TpeOyer 3aJaHus
CPABHUTEJIBHO HEOOJIBINOrO Yucja nepemenubix. Hampumep, 370 MOryT ObITH
JATIOIbHBIE, WK 60Jiee BBHICOKHE, MOMEHTHI mydka. Eciaum N — ducio dacTwi
B IydYKe, a, HAIIPUMED, T, — OTKJIOHEHHE YACTHUILI ¢ HOMEPOM @ OT 3aMKHY-
TOW OPOUTHI B TOPU3OHTAIBHOMN TJIOCKOCTH, TO TOPU3OHTAMbHAS KOMIIOHEHTA,
JWTIOJIBHOTO MOMEHTA, Iy 9Ka ONPEeIessieTcs (hopMyIoi

1 N
dy = ﬁ;xa. (2.1)

Ouerngno, 1To 31a GOPMYJIa TaKKe OMpeessieT TOJ0KeHNe MeHTPa TSKECTH
pachupeiesieHnsi YaCTUIL Ty9Ka B TOPU3OHTAILHOM Hampasjaeruu. JInsa KpaTrko-
CTH, TAKYI0 BEJIMYMHY YACTO €Ie HA3BIBAIOT (FOPU30HTAJBHBLIM) IEHTPOUIOM
myJKa.

Camu munosbHbIE, WK O0Jiee BBICOKME, MOMEHTHI PACIPEIETeHIA JaCTHUI]
B IIy9Ke SBJIAIOTCS IPOU3BOAHBIME BesndnHaMu. QHU BBIYUCIAIOTCS UHTEIPH-
POBaHWEM KOODIWHAT, WU TTPOU3BEIEHU KOOPIMHAT, YACTUIL B (DAZOBOM MPO-
CTPAHCTBE IyYKa C OJIHOYACTHYHOI 60, ecyin 3TO HeOOXOUMO, MHOIOYACTHY-
HBIMU (DYHKITUSIME PACIPEIETIEHUsT YACTUIL TIYYKa B €ro (Pa3zoBOM MPOCTPAH-
CTBe.

st mepexona K OMUCAHWIO MydYKa B TepMUHAX (DYHKIHI pacIpeieeHus
JOCTATOYHO 3aMEHUTH CYyMMUPOBaHUE Mo JacTuriaM B (2.1) CyMMUPOBAHUEM TI0
asmemenTaM (ha30BOro 00beéMa, 3aHATOro mydkoM. [lpu paszbuenun Ha 31eMeH-
TapHble 00BEMBI IIyYOK OIMCHIBACTCs YUCIAMU 3an0 HeHus ( fo )— T.€. yucaamu
YaCTUIl, KOTOPbIE B JAHHBIT MOMEHT BPEMEHH HAXOMATCS B 3JIeMEHTaX (ra3o-
BOro 00bEéMa mydKa. Boobime, 3aBUCUMOCTD IHCENT 3AIMOJHEHUS OT MOJI0KEHIUT

13
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B (ba30BOM TPOCTPAHCTBE W OT BPEMEHH HE OMUCHIBACTCS TUTaJIKOH DyHKIHEH.
[Ipu mepecevennn YacTUTIAMY TPAHUIIBL HJTEMEHTA ITH YUCIA U3MEHSIOTCS CKad-
koM. TToMUMO 3TOrO, B CHJIy XaOTUYIHOCTH OTHOCHUTEBLHOTO IBUKEHUS JACTHUIL
B IIYYKe, YIOMSIHYTOE TepeceueHre TPAHUIT TPOUCXOINUT B C/TyIANHBIE MOMEHTHI
BPEMEHU. DTO O3HAYAET, YTO YUCTA [, BOODIIE TOBOPSI, ABIAAIOTCS CIIyIaHBIMA
(DYHKITHSIMEA BPEMEHH.

Onucanue COCTOAHUN My9dKa B TEPMUHAX YUCEJ 3alOJHEHUs CTAHOBUTCS
11e71eCO0OPA3HBIM, €CIIN CPEeIHEKBAIPATHIHBIE U3MEHEHUsT UHCesl 3aM0JHEHNUS
(0fa) OKA3BIBAIOTCS MAJIBIMU [0 CPABHEHUIO ¢ CAMUMU BEJIUIUHAMU fo:

0f2 < f2, 6fa = fo — fa:

B rakux ciayuasx wabop umcen {f,} 3amensior criaxennoil ¢gpyHkumei pac-
npeaesieHns TaKoil, 9To

fo = f(ra,pa,t)AT, AT = dBrd®p, (2.2)

rze (r,p) — KOOpAUHATHI YaCTUIBL B (Pa30BOM IpOCTpaHcTBe yuka. Eciu npu
JBUKEHUN TY9Ka, BAOJb 3aMKHYTON OPOHTHI 9aCTHUIBI HAKY/IA HE PO IAI0T
¥ HUOTKY/Ia He TOABJIAIOTCS, TO (DYHKIU [ yIOBIETBOpPSET YPABHEHHUIO HEITPE-
PBIBHOCTH B (pa30BOM MPOCTPAHCTBE:

or , 9(if) , 9(b)

N or +78p =0. (2.3)

E)CJ'II/I7 K TOMY 2Ke, IBUZKEHWE YaCTUll raMuJIbTOHOBO, TaK 9YTO

0H 0H

= P o

(2.4)

rae H ramusibroHuan asukeHus dacrul, To ypasaenue (2.3) yupoiiaercs u
MOXKET OBITh TIEPENUCAHO B BUIE

of (aHaf OH 8f) .

o ) =2

Op Or Or Op (2:5)

C yuerom (2.4) nocsessee ypaBHEHHE TAKXKE 3alUCHIBACTCA B BUJIE:

of .of [ .of df _
5;+5%+pay—ﬁ70. (2.6)

Takoe kKuHEeTHYIECKOE ypaBHEHNE HAa3bIBaeTcs ypapHeHneM Biacosa. MaTerpan
f mo Bcemy dazoBoMy MpoCTpaHCTBY HAéT YMCIO0 JacTull B myuke (N):

/de:N.
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Yacro Bmecto f menonp3yor pacupenenenne (f'), mopmuposannoe Ha 1:

/de" =1.

IIpu srom ouesuano, uro f = N f'. Huxe, rosopsa o GpyHKIUAX pacipeeaeHns
MbI OyzeM mMeTh B Buay f', a smak (') Gyzem omycKaTb.

Cornacuo (2.6) pelenus ypapHeHus BiaacoBa SBIASOTCS HHTEMPATAMHA JTBU-
xenus. [Tosaromy, B 00IieM caydae, TaKue PeIeHus SBISTOTC (DYHKIIASIMA WH-
TErpasioB JBHYKEHHs 4acTull. B Tex ciaydasx, kordga ypasaenus (2.4) ynaercs
pPa3penuTh ¥ HANTH 3aKOHDI JIBHYKEHHS YACTHUI]

r= I'(I‘o, vat)v pP= p(rOvaat)v (27)

TJie o, Po — HaYaJIbHbIE 3HAYUEHNS KOOPAWHAT U UMIIYJIBCOB YaCTHUIl, PElIeHnue
ypaBHeHUs BiracoBa 3ammchiBaeTCsl B BUIE

f(p.r.t) = fO (po,xo). 2.8)

3necw f ©) — paganpras byHKIIMS pacnpeeseHus YaCTUll B myydke. B momgasiis-
IOIEM YHCJIE CIIyYaeB pellienne ypasuenuil Busa (2.6) maer naubtosnee uropma-
TUBHOE IIPE/ICTaBIEHNE O MPOTEKAHNN B MyYKe KOJIEKTUBHBIX U KUHETHIECKUX
niporteccoB. K coxkamennio, HaliTH TOUHbIE PEIIEHUsT YPABHEHUN TBUMKEHUS Ya-
CTUII, YIYUTHIBAIOIINX JeliCTBUEe Ha UX TPAEKTOPUN HABEIEHHBIX ITYUYKOM MOJel,
ymaercs Kpaiine penko. CucreMaTwdeckuii MOAXO] K PEIIEHU0 MOI0DHOIO Po-
12 33739 COCTOUT B TMTOCTPOEHUN PAJIOB TEOPUW BO3MYIIEHU MO OTKJIOHEHUSIM,
BBI3BIBAEMBIM KOJIJIEKTUBHBIM JIBUKEHUEM ITYIKA.

3. 3amaunm Kk I'mase 1

1. Tlomo:kuM, 9TO Pa3bpoc FIACTOT OETATPOHHBIX KOJTEOAHMII B MydKe CO-
3maeTcd pa3dpoCOM 9acTOT OOpAIeHUs 9aCTHI Wy, (p) = wo(p)vy. IIpuHas, 4To
paclpe/ie/leHie UMILYJIbCOB B I1y4Ke I'ayCCOBO

1) = e (<2220,

a 9aCTUITBI MEXKIY coboit He B3aI/IMO,ILeIL/'ICTByIOT, BBIYUCJIUTH 3aBUCHMOCTH JHU-

MOJILHOTO MOMEHTA Ty4YKa 0T BpeMeHu. OObICHATH OTCYTCTBHE 9Xa B KOTEPEHT-
HOM CHUI'HAJe.
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I'1aBa 2.

IIpogosibable KOrepeHTHbIE
KOJIeOaHUd
HeCI'PYIIINPOBAHHBIX NYYKOB

HawnGosee mosiHoe TpeicTaBIeHne O CBOMCTBAX KOTEPEHTHHIX KOIeOaHMi
Iy4YKa TOJydaeTcsl IPsSMBIM pellleHneM ypapHeHui Biacosa. Mbr maumem c
paccMmoTrpenus HauboJiee IPOCTHIX 3aJad — 00 YCTOWYUBOCTH MTPOJIOJIBLHBIX KO-
PEPEHTHBIX KOJIeOAHUN HECTPYTIIMUPOBAHHOIO MYYKa. DTHU 33Ia90 UMEIOT TPaK-
TH4YECKOE 3Ha4YCHUE IJIA Hakonuresieil nonos. B METOANYECKOM OTHOIIICHUUN UX
OEHHOCTDb OlIpejaendeTcd BO3MO2KHOCTbIO IIPDOBEACHNA MHOI'MX BBIYHNC/IEHUN a0
KOHIIA.

4. HeycroiiunBOCTh OTPUITATEIBHO MaCChI

B GombimacrBe 33ma9 06 yCTORIMBOCTH MPOIOABHBIX KOT€PEHTHBIX KOJIe-
6anmit (paszoBoe MPOCTPAHCTBO AByMepHO. IloaTomy (yHKIHA pacupeneacHust
YACTHL, y4YKa B (PA30BOM IIPOCTPAHCTBE 3anuchiBaerca B uge f(Ap, 6,t). Ecan
IYY0K OJHOPOJIEH IO a3uMyTy, yemy coorsercreyer [ = f(Ap), To Ap coxpa-
ugercs, a 0 = wo(p)t + ¢ asasiercs nukIMUeckoii nepemennoii. KorepenTubie
KOJIEOAHUS TPOSIBIAIOTCA B A3WMYTATHHON MOYJISIIUN JUHERHON TJIOTHOCTH
Iy 9Ka

B cuny ypaBuenuii nsukenns

Ap=eE, 0=uwy, (4.2)
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JeficTBre Ha YaCTHIBI TPOJOIBHBIX 3JeKTpHIecKHX moneil F(6,t), KoTopble Ha-
BOAATCA 0DABKOH 0 f B OKPYXKAIOIIMX IYYOK 3JIEKTPOIAX, MOKET IPUBOIUTD
K TPYIIUPOBKe TMydKa. HadaapHas cTaausi 9TOro mporecca OyaeT BbIpaXKaTb-
¢ B HEYCTONYMBOCTH TPOIOJBHBIX KOTE€DEHTHBIX KOJEDAHWN MydKa, KOTOpas
OIMCBIBAETCI HapaCTaHWeM a3MMyTaJIbHBIX TapMOHUK 100aBKH O f.

B wacrHOCTH, Takas HEYCTONYIMBOCTH MOXKET OBITH OOYCIOBI€HA KYIOHOB-
CKUM paCTajKMBaHHEM YaCTHI[, €CJM UX SHEPrUU I[PEBBILAIT KPUTUYECKYIO
SHEPTUI0 MAIKUHBI (TAK HA3LIBAEMAs HEYCTOWIMBOCTH OTPUIATEIHHON MACCHI;
A.A. Konomenckuii  A.H. JleGener 1958 1. [7]). B atoit obnactu adpdexTupHas
macca dbaszosoro meuxkenus gacturn (dwy/dp) orpunarenbua. 1o 910l npuanne
pacTaJKuBaHUE YACTHULL MOXKET IIPUBOAXATH K HAPACTAHHUIO B IIyYKE HAYAIbHBIX
A3UMYTAJbHBbIX HEOJHOPOJIHOCTEI JIMHEHHON IIJIOTHOCTH YaCTHII.

B orcyTcTBUM CTONKHOBEHUI U APYIUX CTOXACTUYECKUX MPOIECCOB IBOJIIO-
nus f onucbiBaeTcs ypaBHenueM Biacosa

of af af

IMpennonaras, aro fo > |0 f|, muneapusyem (4.3) 110 6 f. B pesysabrare mosyaum

9o f 9o f dfo

ot Ty TeER, T

0. (4.4)
IMockonbky fo He 3aBucur or azumyra, pemenue (4.4) umem B Buje

0f =) fa(Bp)e™?miet, (4.5)

D10 Jaer cieiyroime ypaBHeHus st Ko3dduiuenros fp,

dfo
OAp’

i(w —nwo) fr, = eEp(w) (4.6)
st Bbrauciienns rapMoHuK 1oust Ey, (w) #eofXoauMo BOCIOIb30BATHCS ypaB-
HenusiMn Makcpesia. CTporo roBopsi, BaKyyMHasi KaMepa HaKONUTeNs MpeJi-
CTaBJIseT JJIsi MyJYKa BOJHOBOA. BMmecre ¢ TeM, jist GOJbINel 9acTH 4acTor
U3 CIEKTPA KOMEGAHMI Ty9Ka 9TOT BOTHOBOJ - 3AKPUTHIHBIH, TO-€CTh KOIe6a-
HUA Iy9KA HE COMPOBOKIAOTCA PACHPOCTPAHEHUEM BJIOJb BAKYYMHON KaMephI
9JIEKTPOMArHUTHBIX 1OsIel u3sydenns. Mbl yIPOCTHM BBIMACIEHUA NPELIONO0-
JKWB, UTO CTEHKU KaMepbl 00JIAIAI0T HIeaJbHONH TpoBoanMOCcThI0. Kpome Toro,
MBI IpeHeOperkeM KPUBU3HON 3aMKHYTHIX TPAGKTOPHH YACTHIL, & TaKKe Tpe/-
HOJIOKUM, YTO BaKyyMHasi KaMepa M MydYOK NMPEJCTaBISIOT CO00 IHIHHIDEL
pamuyca | u a, COOTBETCTBEHHO, M ITO ACTHUIIBI PABHOMEPHO DACIIPEIETEHBI
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BHYTPHU pajuyca a

f(ry,Ap) =

ﬂAM{l,réa, @7

Ta? 0, r>a.
4.1. BplunucjeHus B NpubJJAN>KeHNN JIOKAJbHBIX I10JIeii

BrIpasus mpoobHOe 3JIEKTPUIECKOE TIOJE B TIyUKe Yepe3 BEKTOPHBIH Ay 1
CKATIAPHBIA Ay TOTEHITHATBI, TTHITTEM

10Ay 1 0Ag
F=——— . 4.8
c Ot RO 00 ( )
Ucnonw3yst ycmoBue KaJanOpOBKU
1 04y, w
B — — 714 w — 07
Roc 00 ¢ "
Hafinem, uro Ag = (v/c) Ao, nm
nv w
——A w,n = —A w,n-
ZCRO 0, ¢ 0w

ITosTomy

2
wv n n v
Enw=i— —— ) Apnw~—i— (1— = ] Ag
n,w o2 Ry ,M,w Ro 2 N,w

n
Ryr?

= —1

Aonw, W NW. (4.9)

3HaveHnsa CKAJIAPHOrO MOTEHINANa Ag HAXONATCA pelleHrneM ypPaBHEHMS
102
(A — g@ AO = —47('6[)(7", 9, t),
NnJIm

n? w2
Al ——+— Apnw(r) = —4dmepn o(1). (4.10)
Ry ¢
JI7151 MaJIBIX BEIMYMH KOTE€PEHTHBIX COBUTOB YACTOTHI MHIIEM W ~ nwy. I11osTo-
My JieBas dacTh ypasHenus (4.10) 3anuchiBaeTcs B BUIE

n2 ’02 7’L2
A — —5 1—-—— A n.w = A - A n,w .
(207 (1= ) ) Aonetr) = (82 - ) unet)
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B obnactn mapamerpos:

! > n n < Ro nwo < ¢ n < Fo
N 20w -
2Ry S S TS ey
TIHATIIEM L4 A
o) _
A Agnw(r) = b (Tdr> = —dmwepy o(T).

Ilocnennee ypaBHeHre peIIaeTcs €ro ABYKPATHBIM HHTETPUPOBAHUEM TIO 7

dAO
dr

Ap(r) = Ag(0) —47re/ @/ drarapn.w(re).
o T Jo

= —47re/ drrpp w(r),
0

Ucnons3ys rpanuanoe yeuosue Ag(l)) = 0, nomyuum

ll d’rl T1
Ap(0) = 47‘(’8/ —/ drarapn.w(re).
o T1 Jo

Jia myuka ¢ dbyHkimei pacnpeiesenus, onpeneaeHuoi B (4.7), mpumMem, 4ro
Pnw(r)=0,ecmur>a, n

N
ma? 21w Ry

pr(r) = [ d0pfn(Dp), 7 < a. (4.11)

Torna

!
td
Ao(0) —471'6/ Tl/ drar2pn.w (r2)

lL
= 4me / / drarapn . (T2 +47re/ / drarapn.w (12)
A A d’l"l
= dme 7ra22 R d D.frw (Ap) dT27‘2

a2 o
— dApfn.. (Ap)ln =
2w Ry 2ma? /, Pfn (AP) n

—gp e 1 / AAp o (Ap)

+4me

@’;1

ma? 2n Ry
Ne
27TRO

’I“12

+

2t [ dapfu(Bp),
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i N l ~
Agn(0) = 5 ;0 (1 +2In ;) /_ _dBpfau(Bp)
IMoxcrasus 970 BhIpazkeHne B (4.9), moaydnm
Epu = —i%ﬁﬁflun,w(o)
i % <1 +2In l;) / O:O A o Ap), (4.12)

YTO 3aBepIIaeT BbIYHUCIEHWE JJTUHHOBOJIHOBBIX TApPMOHUK IPOJAOJBHOTO TOJIS
MyJKa perrenueM ypaBHeHuil MakcBeaaa B TPUOJIUKEHUN JOKAJbHBIX TOJIEH.

4.2. UWcnoab3oBaHme 3akKoHOB Papased,
l'aycca m Ammepa

Eime onua criocob BbIMHCIEHNS HU3KOYACTOTHBIX TAPMOHUK F MOKeT ObIThH
OCHOBaH Ha MCIOJIb30BaHuu 3akoHa Dapaues:

j{dle - % dSH,, w =~ nwp. (4.13)
by

Konuryp muTerpupoanusi | u OKpyKaeMmasi UM MOBEPXHOCTb X TIOKA3AHBI HA,

Q2222222222222 ;@ @z’ ;@ ’.Z.;.;;.’;.)
Puc. 1. K pacuery moseil mydka I HEYyCTOMIUBOCTH OTPHUIIATEILHON MaCChHI

puc. 1. B nunmaapuaeckoii cucreme KOOpamHar (7, ¢, $) € OChKO § HAPABIEHHOM
BJIOJIb Ocu Kamepbl ypasHenue (4.13) 3anuceiBaercd B Bujie

Iy
As|E(w) — E*(w)] +/() dr[E.(r,s + As) — E.(r,8)] =

. N
= ma‘uo As/ drHy(r, s),
0

Cc
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WM, TIOCJIe 1IePEX0/ia K a3UMYyTaJIbHBIM I'apMOHUKAM,

; Iy Iy
in inv
w
E,(w) = EY(w) — —/ drE, , + — / drHy ,(r). (4.14)
Ro Jo Roc

DieKkTpuueckoe Tose Ha MOBEPXHOCTH KAMEDHI ¢ UAEANBHON MPOBOIAMOCTBIO
crenok EY(w) pasuo mymo. Komnonentst E, ,(r) u Hy (1) 18 DIMHHOBOM-
HOBBIX KOJIEOAHMIT BBIYUCISIOTCA C UCIOMB30BAHIEM 3aKOHOB Laycca m Amme-
pa. IIpeamonaras, 9To TAPMOHUKY IIOTHOCTHU MY 9K ONPEIENAIOTC (GOPMYIOit

(4.11), numrmem:
Nepa) [ v, r<a,

Ey(n,w) = —5——= 5

a?I1 a®/r, r>a.

v
Hy(n,w) = —Er(n,w),
c
rae
o0
pn(w) = / dApfn(Ap).
—0o0
IMoncranoBka sTux Beipazkenuii B (4.14) no3sosger Bbipa3uTh F,, depes rapmo-
HUKHU JTHHEHHOH IIIOTHOCTH Iy9Ka, pr (W)
tNne

En(w) = “TRyy? 2In(lL/a) + 1] pp(w). (4.15)

4.3. JIucnepCuoHHOE ypaBHEHUE

C ucnompzosanmem (4.15), nnn (4.12) ypasuenne (4.6) mpeoGpasyercsa B
OIHOPOJHOE MHTEIPAIbHOE YPABHEHHE, ONPEJETAoNee COOCTBEHHbIE YaCTOThI
U MOJBI KOJICOaHMii:

Nne? 0fo

(w = nwo(Ap)) fn = — Ry,2 5 [2In(l/a) +1] aAp S Pn(w)- (4.16)

Perrenne ypasuenns (4.16) ¢ TOYHOCTBIO 10 TPOU3BOIbHOrO MHOXKHUTENs (C)
3aIMCHIBACTCA B BAJIE

dfo/0Ap
o : 4.1
/ w — nwo(Ap) @1n
IMoncranoBka sroro pemrenus B (4.16) naer AuCIepPCMOHHOE ypaBHEHUE
Nne? * dfo/0Ap
1= 21 Ap——————. .
it o)1) [ anp PRy
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Pemienue (4.18) B ofem ciaydae rpebyer NpUBJICYEHHS YUCJIEHHBIX METOJIOB.
Ms1 paccMOTPHEM HECKOJIBKO IIPUMEPOB, KOIZIa OHO MOXKET OBITh DeIeHO TOY-
Ho. ITycrsb cravana fo = 0(Ap) (MoHOXpOMaTHUecKuii Ty4oK). BeimosiHenwe B
(4.18) MHTErPHPOBAHUS C YYETOM CBOHWCTB 0-(DYHKIMK TPUBOANT K KBAJAPATHO-
My ypasaeruio (w) = dwq/dp)

5 Ne2w)

2 _ 02 2
(w - nwo) - Qn? Qn n HRO,YQ

2In(lL /a) +1]. (4.19)

Otcroma BUAHO, 9TO Komebanus Heycroirampbl (w? < 0) mpm wf < 0, To-ecTh
korga 3¢hdeKTUBHAS MACCa TPOAOJBHOIO IBAKEHUS OTPHIIATENbHA.

HeycroitunBocTh OTpUIIATENIBHONR MACCHI MOXKET CTaDUIM3UPOBATHCA PA3-
6pocoM TacToT obpareHus B mydke. UToOBI yOEAUTHCS B 9TOM PACCMOTPUM
caydaii, Korma fo eCTh JIOPEHIIEBO pacipeneieHne

1 A
fo= T Ap? + A2 (4.20)
ITpu srom (Aw,, = w — nwy)
/°° dApdfo/0Ap _L{U(’) e A dAp (4.21)
oo w—nwo(Ap) [ Ap? + A2 (Aw, — nwhAp)2’ '

IMockosbky Imw > 0, naTerpan B (4.21) HanbGosee NPOCTO BBIUMCIISETCS 3aMbl-
L J7AN

Ab.),/noq;
*

Puc. 2. KoHTyp MHTErpupOBAaHUS /1/1d BBIMUCJICHAA UHTErpaJIa B ypasaernnu (4.21)

KaHUeM KOHTYDA HHTEIPUPOBAHNUA B HUZKHIOIO ITOJIYILJIOCKOCTh KOMILJIEKCHOIT T1e-

pementoit Ap (puc. 2). Ilocae sroro Beruuciaenue Boraera B nosoce Ap = —iA
PUBOJUT K JTUCTIEPCHOHHOMY YPaBHEHHIO
QZ
l=—"" —— fw=|wylA. (4.22)

(Awy, + i|n|ow)?’
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TTockombky Temnepnb

Aw,, = —i|n|dw £ /2, (4.23)

KOJIEDAHUST MOTYT CTaTh HEYCTOWYMBLIMU JIUIITh B TOM CJIY9ae, KOTJAA TOK My9Ka,
MIPEBBICUT IIOPOT'OBOE 3HAYEHUE

y2pv (Ap)z 1
) D

N < Ny, = = —
"oy \ p 72

—a. (4.24)

OrmeruM, 9T0 B HPUOIUIKEHUH JOKAJBHBIX MOJeH MOPOTrOBBIM TOK HEYCTOM-
YUBOCTH OTPUIATENABHON MACChI HE 3aBHCHAT OT HOMEpPA TAPMOHUKM KOJIeOAHMsT
n.

5. HMmnemaHCHI CBA3M

IIpocToTa onMcaHusi HEYCTOWIMBOCTH OTPHIATETBLHON MACChl B 3HAUNTEh-
HOH creneHu 00yCIOBIEHa BO3MOXKHOCTBIO 3AIIMCATH CBA3b FADMOHVK E,, u ju-
HeHHOMN MJIOTHOCTH pp, cooTHOIeHneM (4.15). B Gonee obmem caydae BO3ZMOXK-
HOCTb [IPUMEHEHNs] AHAJIOTMIHOrO OMMCAHMS HABEIEHHDLIX IIYYKOM IOJIe CBi-
3aHa ¢ UCIOIB30BAHNEM DA IPEIIONT0KEHNUH.

5.1. OmpeaeisieHne IPOa0JIbHOIO NMIIEJAHCA CBA3U

He Bpapasch IOKa B 0O0CHOBAHHOCTDL T€X, UM UHBIX IPEINOI0KEeHNH, MbI
MOYKeM TIPHHATD, UTO MPH TPOXOMKIEHAN KaKOTO-TH00 3JIeMeHTa KaMepsl Jeif-
CTBYIONTHE Ha MyYOK TMOJA ONPeIeNsioTcs Pa3sHOCTLIO MOTEHITHATOB HaBeIeH-
HBEIX TOJefl Ha BXOAE M BBIXOAE MydKa W3 3TOTO 37eMeHTa. Bcam 0603HaquTb
uepes3 U, (w) rapMOHUKY 3TOH Pa3HOCTH MOTEHIUATIOB U yU€CTh, YTO TAPMOHHU-
KI TOKa IIy9Ka PABHbI

o0
) = New [ dipf (e, Ap), (5.1
— 00
TO UCHOJb3ys AHAJIOTHUIO C TeOpUel Irerneil, Mbl MOXKEM 3aIllUCaTh

Un(w) = - n(w)jn(w)- (5'2)

Bxopsmmuit B 370 cootHOmenne ko3dbdunuenT Z,,(w) HA3BIBACTCA AMIIEIAHCOM
CBSI3H IIy4YKa € OKPY2KAIOMMMHU 3JIEKTPodaMu. IlocpescrBoM n OH ONUCHLIBAET
JIOKAJIM3AIIMI0 HABEIEHHBIX IIyIKOM II0JIeil BIOJb 3aMKHYTOI OpPOHTHI, a II0-
CPEICTBOM W — 3aBUCUMOCTH 3ITHX TOJeil OT Bpemenu. [1oCKoIbKy mpu perre-
HUW 337149 O YCTOWYHBOCTH KOTE€PEHTHBIX KOJEDAHWMIT MBI OOBITHO UMEEM IeJI0
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¢ CBY-nonsavu, ummesanc Z,(w), BOOOIIE, 3aBUCHT OT TPACKTOPHH IIyYKa B
MeCTe PaCIOJIOKeHUs HIeKTPoa0B. KoHIenTyanbHast MeHHOCTD UCOIb30BAHN
WMTIEJTAHCOB CBSI3W B TEOPWH KOTE€PEHTHBIX KOJe0aHui 0OyCIOBIEH, yIPOIIe-
HUEM OTIMCAHWS HABEIEHHBIX TOJIel, 8 TaK¥Ke BO3MOKHOCTBIO YIIPOIIEHHOTO HX
BbIUUC/IeHUd (HAPUMED, C UCIIOJb30BAHUEM TEOPUU LEIell), WId U3MEPEHHUs.

B cumy mpuHIMIA TPAMUHHOCTH BemmanHa Zp(w) B (5.2) aBisercsa aHann-
TUIecKol (PpyHKIMEHl B BepXHEH MOJIYILIOCKOCTH KOMILIEKCHON MepeMeHHON w.
Ecan oHa mocTarouHo GHICTPO Crafaer mpH |w| — 0o, TO Ha JefCTBHUTEIBHOI
oCH W AefCTBUTENbHAS U MEUMAS 9acTh Zp (w) = Z) (w) + iZ)! (w) yaosaeTso-
PSIOT AUCTIEPCUOHHBIM COOTHOIIEHUSIM

Ziw) =2 f i),

T oW —w

2(w) = — 1][00 1), (5.3)

TJ -0

Bﬂe(ﬁb HepeqepKHyTLH‘/i CUMBOJI UHTET'paJjla O3HAYaE€T €ro BIYHUCJIeHNe B CMBICTIE
TJIAaBHOT'O 3HAQYECHMUA:

foostamm(f L)

Zo(t) = / & (w)eit

ITockonbky

27

SBJISIETCS IEHCTBATENHHON BEJTMIMHON, PeanbHas 9acTh Z,(w) sBagerca ger-
HOI, 8 MHHMas HEUeTHONW (PyHKIHMeH w HA AeHCTBUTEIbHON OCH KOMILIEKCHO
nepeMeHHON w

Zy(w) = Zy(—w), Zj(w) = —Z;(-w). (5.4)
Hns maccusabrx cucrem Z,,(0) > 0. Torpa w3 (5.3) MOKHO, HATPUMED, MOy~
YUTH HEPABEHCTBO
oo d Z//
/ Wz (@) (5.5)
0 w

Komb ckOpo HaM W3BECTHO yCKOpsiiomee HampsizkeHwme U, (w), MBI MOMKEM
BOCIIOJIH30BATHCSA OOBIYMHBIM COOTHOIIEHUEM TEOPHUU YCKOPEHUs YaCTHIL:

E'IL(W) = UHI—(IW)v
() = - X Zn) / " dApfa(w, Ap). (5.6)
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OTMmeTuM, 9TO 33BUCHMOCTD 3HAYEHUA MMIEIAHCA OT IOJIOKEHMU 3aMKHYTOH
OpOUTHI MyUKa MOXKeT TPUBOIUT K 3aBUCUMOCTH Zp(w) HE TOJIBKO OT YaCcTO-
ThI KOJIe6aHMs, HO M OT MMIIYJIbCA YaCTHIBL. B TakoMm ciydae ypasaenue (5.6)
TIepPEITChIBAETCS B BU/IE:

B(w) = — & 20 [ " 4APZ (Ap. ) i, Ap). (5.7)

rae Zn(Ap,w) — 3HaUeHHE UMIIEJAHCA I YaCTHIL ¢ MIyJabcamu p + Ap. Ec-
JIU yoaeTcss ODecTednTh MPABUJIBHBIN 3HAK M3MEHEHUs] KOTEPEHTHBIX MOTEPh
3JHEPTUHU MMyYKa, HAIIPUMED, ¢ POCTOM SHEPTUU YaCTHIl, TO TaKas BO3MOXKHOCTb
TO3BOJITET IeMII(PUPOBATH TPOJAOJbHBIE KOTEPEHTHBIE KOJeOAHNS HECTPYIIN-
POBAHHBIX MYYIKOB.

5.2. JIucnepcuoHHbIE ypPaBHEHUS HECTPYHNHHPOBAHHOTO
myYKa
g monydenns JUCIEPCHOHHOrO YPABHEHMS TEIEPh JOCTATOYHO MOACTA-
Buth (5.6) B (4.6). B MeroauueckoM 1uiaHe, 0AHAKO, JyUllle HAYATh C yDaBHEe-

uust (4.4) U TOBTOPHUTH HEKOTOPHIE BBHIUUCIEHWST TPEIBIIYIIEro pasnena. Kak u
paHbITie, TUTIIEM

Sf(Ap.0,t) = Y fulAp,t)e™, (5.8)

uro B cuiy (4.4) naér

afn afO
ot 9Ap

+ inwo(Ap) fn + eE, =0. (5.9)

YuuozkenueM obenx dacreil TOr0 ypaBHeHHs Ha, ¢'“! u unTerpuposanuem 1o t
ot 0 1o 0o mpeoBpasyeM ero B ypaBHEHHE Tt TAPMOHUK fr (w, Ap). Tlpwm sTOM
VITEM, YTO

| e Sl Oap) gy Bp), >0,
0

0 .
/1€ BEeJTMYNHBI f,(L >(Ap) 3aJA10T HAYAJIbHbIE 3HAYCHWS aMILIATY I Konebanuii. B
pesyabTare ypapHeHUs myis [ (w, Ap) IPAHUMAIOT BHT

_if0(Ap)
fn(w, Ap) = o nwo(Ap) el (w)

8fo/aAP

5 ron (AP (5.10)
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B ornmane ot (4.6) ypasrenue (5.10) nupeacrasisier coboil HEOAHOPOJHOE HHTE-
rpasibHOe ypaBHeHue. Ero pemeHns MOTryT UCIOIB30BATBC KaK JJIs HAXOXK Ie-
HUS CIIEKTpa KoJeBaHuil, Tak U JJIst ONIMCAHWS SBOJIIOINY HAYAIBHBIX COCTOSTHUI
(TIpu BBITIOJIHEHNH, KOHETHO, yciaosus fo >> |0 f]). loacraesus f,(w, Ap) B (5.6),
OOJIYIUM YPABHEHUE IS AMILUTATYJL [TOJIsT

Ep(w)en(w) = EQ(w), (5.11)
rie
NewoZn(w) & A9 (Ap)
(0) - _ 0 S
E) (w) i I /_OC dpr — roo(Ap) (5.12)
a
02 [ dfo/0Ap
nlw) =1 n dAp———"——— 1
enlw) * nwy [m pw—nwo(Ap) (5:13)
u
Nelwowp [ —iZn(w)
02 = n? 220 ). :
n=n I ( - ) (5.14)
(0)

TMockomeky BBeneHHAS B (5.12) Besmuamua Fp (w) mpencrasisier coBoii HaBe-
JIEHHOE TIOJIe IIyYKa, BBIYUCIEHHOE B IpeHeOPEeKeHNN KOJIJIEKTUBHBIM JTBUKEHH-
eM, coorHouienre (5.11) ONUCHIBAET yMEHbBINEHHE IO/ IIyYKa, €r0 KOJUIEKTUB-
HO¥ peakiueil. AHasornaHO, ecan Gbl MBI yuiu B ypaBHeHuu (5.10) neiicTue
Ha y40K BHemmHero nous (E, (w))egt, TO NPH HYJIEBBIX HAYATBHBIX 3HAYEHHUAX
HaBEJECHHDIX [0JIeHl MBI 0Ly YU/ OBl COOTHOILICHHE

[En (w)]ezt )

E,(w) = (@)

DT coobpakeHusl MO3BOJIAIOT UHTEPIPETHPOBATH BBEACHHYIO B (5.13) Benau-
HY €5, (W) Kak IU3JIEKTPUYECKYIO [IOCTOSTHHYIO IYYKA.

Kak u mpexx e, cobCTBEHHBIE TaCTOTHI KOIEOAHUIT OMPEIe/ISIOTC PEIIeHNEM
ofHOpOAHON YacTu ypashenus (5.10). Do no3Bossier 3anucaTh AUCIEPCUOHHOE
YDPaBHEHUE B BHUJE:

en(w) =0. (5.15)
Jlns BeIScHEEHS U3MIECKOTO CMBICTa BBeagnHOH B (5.14) Bemaunsr (2 mo-
aoxum fo = 0(Ap). dias Takoro pacrupeieieHus JIUCIEPCUOHHOE yPaBHEHUEe

[EPENUCHIBACTCSA B BHJIE
w=nwy £ /2. (5.16)

Kpome toro, npumem, uto Z,(w) = iY, u He 3aBucur ot w . Takoil ciayuaii
peanu3yercsi, HAPHMep, JJIs HeyCTOWUIMBOCTH OTPUIATEIBHON Macchl, KOra,
Kak 370 BUAHO u3 (4.15),

—1 2 (w 1

T2 - L (i, Ja) + 1. (5.17)

n vy
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Cormacuo dopumyite (5.16) B 3ToM caydae Komebannsa 6yayT yeroiraussl (w? > 0)
[IPY BBIIOJTHEHUH YCJIOBHUS
whY/n > 0, (5.18)

a ypasuenue (5.16) onpenensier KOrepeHTHbIH caBUr 9acTorsl (Aw, = w —nwp)
OTHOCHTEIHFHO TAPMOHUK 1MW -

Bripaxkenue (5.13) onpejessier 3HaYeHHE AUIIEKTPUYECKONH IIPOHUIIAEMO-
cru mydka (€, (w)) UL B BepXHEH MOMTYIIIOCKOCTH KOMILIEKCHON MepeMeHHOM
w. Mg eraucaenus €, (w) B obmacrn Imw < 0 ciefyer aHAJIHTHYECKH TPO-
JO/KUTD (5.13) B HUXKHIOK MOJIYIJIOCKOCTH KOMILIEKCHON NepeMeHHON w. DTo
JIOCTUTAETCSA TAKOM medopManueil KOHTyPa HHTerpupoBanus 1mo Ap, 9ToObI 0CO-
GEHHOCTB TOABIHTErPATBLHOTO BBHIPAYKEHUSA B TOUKe NwiAp = Aw, 06xomunachk
cuuzy (cM. na puc. 3). B pesynbrare, Bmecro (5.13) nosyuaem

Im(p) ‘Ap = ) /(ndwy/dp)

»
Re(p)

I
I
A
I
I
I
I
I

&

Puc. 3. Usmenenne koutypa narerpuposanus (C) B ypasuenun (5.13) npu namenernnn
3Haka Imw. ITpu aBukeHnn Aw B HUXKHIOK IMOJIYIJIOCKOCTb W IOCJIE IEePECeYeHust
[OJTIOCOM JIEHCTBUTEILHON OCH KOHTYD UHTErpUpOBaHus 1e(DOPMHUPYETCs TaK, YTOOBI
TIOJTIOC HAXOIMJICS BhITe KOHTypa C'

B > dvg(v) )
en(w) =1+  Rwn—v 2mig(Awy, ),
<o
=—= Ap— — nwyAp). :
g(v) o] [md p(“)Ap (v — nw(Ap) (5.19)

B kagecTBe miuToCTpaIuy MPUMEHEHHWsT STUX YPABHEHUH [JIs1, HAIIPUMED, BbI-
YHUCJIeHUA KOPHeil JUCIIePCHOHHOI0 YPaBHEHUA YCTOWYHUBBIX KOIME€PEHTHBIX KO-
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neGanmit mpuMeM, aTo 22 > 0, a pacHpeieeHne UMITYIbCOB B Iy dKe TayCCOBO:

F 1 o ( Apz)
= X —_— .
0 V2oro P 202

Torna
dfo

Ap p?
= — X — ——
dAp V2o P 202 )’

02v 2 ,
g(V) = _m exp —m s ow = |no.)0|0.

B obmactu mapameTpos, e 22 > Jw? KopHM AMCIEPCHOHHOTO ypaBHEHUs
3aMKMCHIBAIOTCS B BUIE
Aw, =z — iy, |z|>y.

IIpu sTom

/fc dyAzin o~ (Ain)Q /:)0 dvvg(v) +imrg(x),

a JUCTIEPpCUOHHOE YPpaBHCHUEC 3aMCHACTCA Ha CJICAYIOIee:

en(w) =1+ 1 /DO dvvg(v) +img(x) — 2mig(x)

(Awn)? J_
0?2 02 x2

~]— _—n ; n__ 7 -~ J=o )
N2 +am Jadar? 0w exp ( 25w2) 0 (5.20)

Pa3pemaﬂ 9TO ypaBHeHUE OTHOCUTEJIBHO T U Y TTOJYyYIacM

x =442

V/2 exp( o, ) , (5.21)

2 w3  26w?

Bummo, uro, kak u B ciaydae pacnpernenenus Jlopenna, pa3zbpoc gacTtor obpa-
IeHNsA YACTHIl MPUBOIUT K 3ATYXAHUIO KOTEPEHTHBIX Kosaebammit mydka. On-
HAKO Jyist rayccosa (M APYrux [IaJKuX, ObICTPOCHAJAIOIINX) PACHPEIeeHui
HUMTIIYIbCOB B TIYYIKE MTEKPEMEHTHI 3aTyXaHus KOMeGAHNH 3aBUCAT OT YWCTIA Ta-
ctur B yuke. Kpome Toro, B paccMaTpuBaeMoil 0OIACTH TapaMeTpOB, BeJn-
YUHBI JIEKPEMEHTOB OKA3bIBAIOTCS IKCIOHEHITHAIBHO MAJBIMU 110 CPABHEHHUIO C
pasbpocom 4acror obpaienus dacTull (dw) ¥ BEJIUYUHON KOr€PEHTHOIO CJIBH-
ra wactorsr (1/Q2). Ormernm, uro cormacto ypasuenusiv (5.19) 3aryxanue
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KOTEPEHTHBIX KOJIOaHMiT MOsBIIAETCA DIAArofaps MPUCYTCTBUIO B MyYKe PE30-
HAHCHBIX YACTHUII, CKOPOCTH TEPEMEINEH)sT KOTOPLIX 1o daze wjAp coBmamaer
¢ dazoBoil cKOpocThIO KorepeHTHOroO Kosebanusi (Aw,/n). Takoe 3aryxanue
KOTE€PEHTHBIX KOJe0aHWI HA3bIBAeTCA 3arTyxaHueM Jlanmay.

Kak Buznno uz dbopmyn (5.19), naiijeHHble 1€KPEMEHTHI KOTE€PEHTHBIX KO-
nmeGaHnii TPONOPIMOHATBFHBI TIPOU3BOMHON (YHKIMN pacrpejiesieHus fo mo mM-

I[IyJIBCY YACTHIIbI
02 dfo
=—7"— ( —— . 5.22
g(y) TLUJ6 |TLOJ6| (dAp> nw{Ap=v ( )

IMosToMy 3HAK AEKPEMEHTA KOTEPEHTHOTO KOJICOAHNS 38 CUET TAKOTO PE3OHAHC-
HOTO B3aMMOJIEHiCTBUS YACTHI, C MOIOH MOXKET 3aBHCETb OT (DOPMBI (DYHKIHM
pacupezesnenusa. B 4acTHOCTH, eC/IM KOr€pPeHTHBIH CABHT YaCTOTHI KOIeOaHMs
[OIAJAET Ha PACTYIIHA CKJIOH fo, TO MEKPEMEHTHI 3aTyXaHus JIaHaay CTaHo-
BATCA OTPUIATEILHBIME, & B3aHMOICHCTBHAE YACTHUIL U KOJICOAHUNA MydKa MpH-
BOIHT K aHTH3ATYXAHUIO COOTBETCTBYIOIIEH MOILI KOTEPEHTHBIX KOJCOAHMIA.

B ob6macTu mapaMeTpos, Te BBIIOTHEHHO HepaBeHCTBO |2 | < dw?, ompe-
JleJIIM KOPHH JHCIEePCHOHHOIO yPABHEHNA COLJIACHO

Aw, =2 — iy, y > |z|. (5.23)

Torna, Bkaaa unTerpajia no v B (5.19) npereOpe:kuMo Majl, a TUCIEPCUOHHOE
ypaBHEHUE 3allUChIBACTCA B BUAEC:

. Q2 (x —iy) —y? — 2ixy

QQ 2 ;
—Vor 5(33 exp ( i ) exp (ny) .

12

20w? dw?
JleficTBATENbHAS 9ACTh IEPBOTO KOPHSA 3TOTO YPABHEHUS PABHA

Tow?
O

Ty = Tow?, T =

VenoBue |x| < Yy BBINOJHSETCS, €CJIU 3HAUEHUS Y BEIUKY Y > dw. JIeKpeMeHTbI
MO,
Y = udw (5.25)

BLIMUCTIAIOTCA pEIeHueM TPaHCIEeHICHTHOTO ypaBHEHUA

u?/2 1 5w2
/2 = Nt 1. (5.26)

ue
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Pesyabrar nepsbix AByX UTEpAIuil /1JIs1 BBIYACIEHNUS MEHBIIETO KOPHS 3aIUCHI-
BaeTcd B BUJIE:

1 6w?2 1 1 dw?
u~4/2In <\/%Q%—2ln <21n (ﬂQ%))) (5.27)
Bnavenns u pemuku B obnactu |2 < dw?. OHm JorapubMIIECKH 3aBUCAT
OT 9HCJIa JacTull B nydke. Kak u B npeaplayineii o6aacru mapaMerpos, 3aTy-
XaHME KOTEPEHTHBIX KOMEOAHUH ONMPemeIsaeTcs BKIAIOM PE3OHAHCHBIX YACTHIL.
Opmako B obnactn Q2| < dw? MUPHUHEBI PE3OHAHCOB BEIWKH TI0 CPABHEHHIO C
3HAYEHMEM KOI€DEHTHOTO CJIBUIA YACTOTHI.

Ecnu dyukuug pacupenenenus fi UMEET MOIIOCHL (HATPUMED, PaCIIPEIeie-
uue JIopeHia), To Ipu aHAJUTHIECKOM IPOJIOJKEHUH KOHTYD HHTErPUPOBAHUS
HE JIOJIXKEH [IEPECEKATD ITUX MOJIIOCOB. DTO IPUBOAUT K MOABJICHUIO [TOJTFOCHBIX
ocobeHHOCTER ¥ £, (W).

Xapakrep pelieHuil AUCIepCUOHHOrO ypaBHenus (5.15) cyliecTBeHHO 3aBu-
CHUT OT XapaKTepa 3aBUCHMOCTU UMIIEIAHCA Z,, OT W, & TAKIKE OT COOTHOIIEHUS
BeTmaUHbL KorepenTHOro ¢apura (|Q2|) n gactorer obpamenus. [To mpraunam,
KOTODbIE Mbl 00CY/IUM TO3/IHee, O6bIYHO TpuHuMaioT |, < wy. Torga MoxHO
yKa3aTh JIBa BAXKHBIX CJIydas, KOrIa ucciaenosanue pemenuii (5.15) cymecrsen-
HO YIPOIIAETCA. DTO, BO MEPBBIX, CIyYail B3aUMOJECHCTBAS My vKa ¢ HU3KOI00-
POTHBIM OKpY¥KeHueM, Korja npu pemternu (5.15) B Z, (w) MOxHO npeHeGpedb
OTJIUYHEM W OT Nwp. BO BTOPBIX, 9T0 CAydail PE30HAHCHOTO B3aUMOJEHCTBHS,
KOTa HA0BOPOT 3aBUCUMOCTL Z,, OT Awy, sBIAeTCA OJHON u3 HamuboJee Cyle-
cTBeHHBIX. Ecmm xapakTepn30BaTh JOOPOTHOCTD 3JIEMEHTa BEJINYHHONW JEKpe-
MEHTA 3aTyXaHHUs Aj, TO CJIy9ar0 PE30HAHCHOTO B3AUMOIEHCTBHS COOTBETCTBYET
obnactb napamerpos, rae |, (nwo)| > Ak

5.3. I'panunsl objactu ycroiiumBocTI

Paccmorpum Gostee monpobHO ciydaii HEPE3OHAHCHOW 3aBUCUMOCTH HUMITE-
JaHCA CBA3M OT YaCTOTHI. B COOTBETCTBUU CO CKA3aHHBIM MBI 3aMEHUM W B
aprymente Z,(w) Ha Nwy W TOTOMY, HIXKE BMeCTO Zp(w), GymeMm mucats Z,.
ITockonbky Z, 0ObIYHO SABJISETCS KOMILIEKCHOM BEJMYMHOIN, JJjisi 6-00pa3HOro
pacrpee/ieHusa UMITYJIbCOB B My4Ke, coracHo (5.16), omma u3 Mom KojgebaHuii
OKa3bIBAETCS HEYCTOUIUBON. DTa HEYCTOMIMBOCTH 3aBEIOMO OYIET TOIABIATH-
ca pa3bpocoM yacror B myuke (3aryxanuem Jlanzay), €y BbIIOJHEHO HEPa-

BEHCTBO Q2 o af /aA
n 0 P
— / dAp-—2IV TP (5.28)

1> )
Wl J—oo Aw,, — nwjAp

KOTOPOE O3HAYAET, UTO JAUCIEPCHOHHOE yPABHEHUE BOOOIE HE UMEET KOPHEH B
BEpPXHEH IMOIYIIOCKOCTH KOMILIEKCHON ImepeMeHHon Awy, .
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Hast komokomoo6pasHex pacnpenenennii ¢ mmpuaoit A (f) o« Ap/A, npm
|Ap| < A) MBI MOXKEM OIEHUTh MHTErpaj B mpapoii dactu (5.28) ciemyrormum
obpazom. Ilockomabky

’/ dA 8f0/8Ap ' ’/ A afO / dseis(Awn—nwéAp) , Imw > O7
Wy, — NW)Ap 0
IInIemM
* dApdfo/dAp . > dfo / —is(nw))Ap—ié
< is(nw{ Ap—1id) )
‘/ Awyp —nwjAp| — }IE%) dAp 8A dse (5:29)
Sl / iy 20208
nw Ap

Oupenenus rerepb pa3dpoc UMIYIbCOB B Iydke (A) paBeHCTBOM

0fo/0Ap 1
/_oo aAp Ap A%

MBI MOKEM Ilepenucars HepaseHcTBO (5.29) B Buze (dw = |w)|A)

QF [ dApdfo/0Ap | _ |90
nwf J_ oo Awy, — nwhAp| ~ n2éw’

Taxkum 06pazom, HepaBeHCTBO (5.28) OyAeT 3aBeJIOMO CIPABEIIUBO TPU BbITOJ-
Hennu Oosiee c1aboro HepaBeHCTBA:

Q2| < (néw)?, (5.30)
iz o] A2
pvla
|Zn/n| < e[bp Ik (5.31)
NGLOO 1
Iy = , =
27 Y

DTO yIPOIEHHOE YCIOBHE YCTONUYUBOCTH HOCUT Ha3BaHue Z/n-kpurepus (Wiu
kpurepust Kaitna-Iuens [8]). Ormernm, uro cormacuo (5.31) moporossre 3Ha-
uyeHus umneganca (mbo Toka mydka Ip,) KBaIApaTHIHO 3aBUCAT OT pa3bpoca M-
IyJIBCOB B My4Ke A M OPsAMO IIPONOPIUOHAIBHO PACCTOSHUIO 10 KPATHIECKOM
SHEPTUHU KOJIBIIA.

O6brano, kopuu (5.15) AOMKHBI HAXOAUTHCA YUCIEHHBIM PEIIEHUEM 3TOrO
ypaBHeHus (OpUMEpHI TAKWX pacueroB MOKHO Hafith B [6]). Bmecre ¢ Tem,
JUTSl IPUJTOYKEHUH 9acTO BayKHO 3HATH HE CAMHU KOPHH, a YCJIOBHsI, KOTJIA JTO
ypaBHEHHE BOOOIIE HEe mMeeT KOpHeH B BEPXHEH MOJIYILTOCKOCTH KOMILIEKCHOR

31



www.phys.nsu.ru

nepemenHoi w. Ilocmennss 3ama4qa pemaeTcs MOCTPOEHUEM TPAHUIBI 0DIaCTH
YCTOHIMBOCTH, To-eCTh KpuBoit B miaockoctu (ReQ2, ImO2), uwnu (Z),, Z!), ko-
TOpasi OTJeNseT 00JaCThb, COMEPIKAIIYI0 HEYCTOWYINBbLIE DEIeHust, OT ODJIACTH,
KOTOpast BOOOIE He COJEPXKUT HeycToHumBbIX perrennit. Ilocie Burauncienus
TAKOW TPAHUYIHON KPHWBOH, pa3MeInaeMble Ha 3aMKHYTOH OpOHUTE 3JIEKTPOIbI
JOJIKHBI TTPOEKTUPOBATHCA TAK, YTOOBI BHOCHMMAs WMU BEJHYNHA UMIIEIAHCA
CBsi3U C IIYYKOM IOIA/aJIa BHYTPb IPAHUIBI 0OJIACTH yCTONYNBOCTH [IPOIOIb-
HBIX KOTE€PEHTHBIX KOJeOAHMIA.

Takast KpuBas MONYyYaeTCsd HEOCPEACTBEHHO u3 ypashenus (5.13) ycrpem-
JIEHUEM W K JIEHCTBUTEIbHON OCH

1 1 0fo/0Ap
dA
/ pAw” — nwjAp + 10’

2 /
Q'n, Wy

— 00

i, HopMupys 2, Ha pa3zdpoc J9acToT B MyUKe,

1 , 02
E = 7P(Awn) + ZJ(A(.U”), g = m (532)
3xecn
> dfo/0Ap
_ I A2
P(Aw,) =nwjA ]{w dApAwn i Ap
J(Awy,) :wnw(’)AQ/ dApaai(;)é(Awn — nwjAp). (5.33)

Otnenws B (5.32) peficrBurenbayro n marMmyto qacty (¢ = ¢’ +i¢"), noxyanm

;L P(Awy,)
¢=- P2(Awy,) + J2(Aw,)’
" J(Awy)
O = P Awn) + (B (5.34)

YuurbiBas, 4TO JJIsl KOJIOKOJIOOOPA3HBIX (QYHKIMHA PaCHPeIeeHus] UMILYIb-
coB B myuke BbmomHAOTCA paercrsa P(0) = 1 u J(0) = 0, a Takxe, 9T0
UpU ACUMIITOTHYECKH GOJIbIIMX 3HAYEHUAX Aw,, BBIIOJIHEHO HEPABEHCTBO (CM.
TaKXKe Ha puc. 4)

2
n-dw
P(Awy) ~ i | J(Awp)|,  |Awy| > dw,
wn
HAXOAMM, YTO BCd I'DaHUYHasg Kpubad (5.34) pacrosioxkeHa CIpaBa OT BEPTH-
KanbHON mpsamoii ¢ = —1 (pumc. 5). M3yuenne xona KPUBBIX HA PHC. 5 TTOKA3BI-
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04 P(aw)

0.0

08+

-1.2 1 1 1 1

e (Infew)

Puc. 4. BaBucumocru Gyuxumit P u J B ypasrennu 5.33 or gacrorst (Awy). Pacupe-
JIeJIeHVe UMITYThCOB B ITydKe TayCCOBO

BaeT, 9To TpeboBaHNE BBINOJHEHUs Z/N-KPUTEPHs CYIIECTBEHHO CYKAeT IPa-
HUIIBI JIOMYCTUMBIX 3HAYEHUN UMIIETAHCA CBA3U. DTO YTBEPIKICHUE CTAHOBUTCS
0coBeHHO gBHBIM B obmacth, tae ¢ > 0.

ITostoxkerne 061aCTH YCTORYIMBOCTH OTHOCHTENBHO IPAHNIHON KPUBOH MOXK-
HO YCTAHOBHUTH BBIUMCJIEHHEM JTEKPEMEHTOB KOJIEDAHUI B OKOJIOTIOPOTOBOM 00-
jractu. JIjist 3TOr0 3aMeTuM, 4TO MPSMO HA MOPOre HEYCTONYUBOCTH TUCIIEPCH-
ounoe ypasuenne (£(N, Aw,) = 0) onpeenser 3HAICHAA KOTEPEHTHOTO CIBH-
ra gactorbl (Awy,) u moporoBoro uucia dactull B my4ke (Ny,). Paznarag € B
OKOJIOIIOPOroBoil obsacTe B pam mo cremnedaM orkjaonenniit AN = N — Ny, n
T = Aw, — Awyy,, TONYIUM TPUOIUKEHHOE YPABHEHUE

Oe Oe

(8N)th +<8w)thx 0, [AN|< Nin, |z < |Awm].  (5.35)

YauTeiBasg, 9TO Ha, MOPOTe HEYCTONIUBOCTH

(&) -t
ON/),,  Nm

nepenuineM ypasaerue (5.35) B Buze
AN N ( Oe ) 0
- x J— = 0.
Nth Ow th
AN 1
N Nth Oe ’
ow ),
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Im(2)

Re(0)

Puc. 5. I'paruma obsractr yCTONINBOCTH MPOIOJIHHBIX KOT€PEHTHBIX KOJIeOaHmil Hec-
rpyUIUPOBAHHOIO Iry4ka. CIUIOnIHAs JIMHAS — FAyCCOBO PACIIPEE/IEHUE UMILYJIbCOB B
IydKe, IyHKTHp — 06IACTh BHIIOIHeHns Z /n-kpurepus; ¢ = Q2 /(nAw)?

a JeKpeMeHT Kosebanus paseH (€ = &’ + i)

e (1 N 000
0=-1 (1 Nth) (@2 /0y (5.37)

[Monoxkenne 06ACTH yCTONIMBOCTH YKA3BIBAETCS BBINOIHEHUEM yeaoBus § > 0.

5.4. /IByXmOTOKOBBIE HEYCTOWYNBOCTU

ITpoBemeHme IKCIEPUMEHTOR MO W3YYEHUIO KOTEPEHTHBIX KOJaebaHuit B Ha-
KOIIUTEJIE MOYKeT HOTPeOOBATH aHAJIM3A CIIEKTPOB KoJebaHuil /Ui Caydaes, B
KOTODBIX YaCTUIlhI COOpAaHBI B /Ba, uanu Oosiee mydkoB. Hampumep, 310 MOryT
OBITH 3371291 O B3AMMOJIEHCTBUM YACTUI] IY9IKA U BTOPUIHBIX 3aPAIOB, KOTO-
pble 00pa3yOTCs MPU JIBMKEHWH HAKAILJINBAEMBIX YACTHIL BIOJb 3aMKHYTOMN
opouThl. IIOCKONMBKY KasK/Ibli U3 MyYKOB MOXKET PEArupoBaTh HA HABEIEHHBIE
TTOJISE OCTAIBHBIX, OJHOBPEMEHHOE MPUCYTCTBHE HA, OPOUTE HECKOJBKUX TYIKOB
M3MEHSIET JTUCIIEPCUOHHOE YPABHEHNE KOTEPEHTHBIX KOTEDAHUN U TeM N3MEHSIET
UX YCJIOBUSA yCTOHYMBOCTH.

B stom pazmeste MBI pacCMOTPUM IPOCTEHIIUH TPUMED TAKOTO N3MEHEHUS.
JlJ1s1 9TOr0 IPeArosoKUM, 9TO B CTAIMOHAPHOM COCTOAHMH (DYHKIUS PacIpe-
JeJIeHNsl HAKOTIJIEHHOTO TyYKa 10 UMITYJIbCAM TPEICTABISETCS CYyMMOIt

fo(arp) = 28+ Ap0) ;r P(&p — Apo) (5.38)
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B koTopoit dynkuun P(Ap + Apg) HOPMUPOBAHBL Ha €IMHHUILY

/ dApP(Ap + Apg) = 1,

— 00

a napamerp Apg 331aeT pasandne CPeIHIX 3HAYECHUA UMIIYIbCOB B myukax. Co-
raacuo dbopmyre (5.38) myuok ¢ pacnpenenennemM nMnyabcos fo(Ap) npemcras-
JisterT cobOM B TOTOKA, MBUKYIIUXCS BIOJL 3aMKHYTON OpOUTHI ¢ (ha30BBIMU
ckopocTamu Fw({Apg. B COOTBETCTBUM ¢ 9THM, KOTEDEHTHBIE KOMEOAHHS TAKO-
IO MYYKa TPUHATO HA3BIBATH JABYXIMOTOKOBBIMU. MBI M3yIuM OTJAUYUS yCIOBUN
YCTORYIMBOCTH TIPOIOTBHBIX ABYXIIOTOKOBBIX KOME€PEHTHBIX KoIebaHuil OT Tex,
KOTOPBIE TIOJTYYIAINUCH 11 OJHOIIOTOKOBBIX IIYIKOB.

B obnactn ImAw,, > 0 coGCTBEHHBIE YACTOTHI TPOAOIBLHBIX KOTEPEHTHRIX
KOJIe6aHMIl HAXOIATCS PEIEHUEeM JAUCIEPCHOHHOro ypasuenus (5.13), koTropoe
Temnephb 3aIMNCHIBACTCA B BHUIE:

Q2 [ OP/0Ap
l=—— A .
nw, /_OC d pAwn +b— nw)Ap (539)
Q2 [ OP/OAp
- — dA
nw J— oo P Awn —b— nw)Ap’
rae , ,
Q Ne wow iz
2_ I _ 277" 200 (24
0° = 5 =" o ( - ) ) (5.40)

N — nosHOe IHCITO YaCTUI B Ty 9Ke, & b = nw)Apg. [logyunM cravana permenns
ypasrerns (5.39) misg moroxpomarnieckux notokos P(Ap) = 6(Ap). B Takom
cilydae qucrepcuonnoe ypasuenue (5.39) nepexoauT B CIeayIoIee:

02 02

1= .
Bom =02 " (B 102

(5.41)

IIpumem juis npocrorel, uro 22 > 0. Torua, 0603HAYUB B 9TOM yPaBHEHUH

Awy, b2
IIeperuIineM ero B Bujae
1 1
1= +

i
(u—2)°—2(u+2) =0, u=a> (5.43)
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Ilocennee ypapHeHve uMeeT aBa KOPHsI

up=14+z+v1+4z (5.44)

up=1+2z—+v1+4z. (5.45)

2. mMeeTcst 4 cOBCTBEHHBIE MOIBI KOJIEOAHMIT ¢ TACTOTAMA

ITockombky v = x
Awg) = +0Quq, Awff) = +0/us. (5.46)

Eciu Q2 10/102KuTe/IbHO, TO U] TAKKe H0J0KNTe1bH0. [[09T0MY MOJbI € 4acTo-

1 .
TaMu AwT(L ) YCTOMYIUBDI, a WX aMIJINTYAbI He HAPACTAIOT BO BpeMenu. Bennanna
Ug ABJSETCS TMOJOKUTENBHO JTUITH TPY BBHITIOJIHEHUN HEPABEHCTBA 2 > 2, WU

b] > v2Q2. (5.47)

Ecmu xe ycenosme (5.47) mapymenro (|b] < v 2022), T0 BeMIuHA U CTAHOBUTCS
OTPHIATEIbHOM, & MOJa ¢ 4yacroroil {1,/us — Heycroiuusoil. B oxHomoroko-
BoM nyuke (Apg = 0) rakoii neycroiiuusocru Her. [Ipuuunoil 1ByX10TOKOBOI
HEYCTONYMBOCTH SIBJIAETCSA CBA3b MOJ KOM€PEHTHBIX KOJEGAHWIl TIOTOKOB, OIH-
chIBaeMasi JIUCIePCUOHHBIM ypaBHeHueM (5.41).

Dyukiys pacupesieyieHnsl UMILYJIbCOB B JBYXIIOTOKOBOM IIyYKe SIBJISETCS
aByropboit kpusoii. Ilo sToft mpryawmHe, geficTBue paszdbpoca JacToT OOpaIIeHna
YACTHUI, B TAKOM IIyYKe MOXKET BbI3bIBATH KAK 3aTyXaHHE, TAK M AHTH3ATyXa-
uue Jlangay KorepeHTHbIX Kosmebanuii. YTo0bl n36e:KaTh rPOMO3AKUX BHIYUCIC
HUI, MBI [IePeIeM K BHIUUCJIEHUIO TPAHUIL 0BIACTH YCTORIHBOCTH TPOJOIBHBIX
KOTEPEHTHBIX KOJ1e0aHuii JBYXIIOTOKOBOrO IyuKa. JlJist OpeaeseHHOCTH 10JI0-
JKUM, 9TO

P(Ap) = ﬁ exp <—§0p§) : (5.48)

Torua unrerpasst 1o Ap B upapoit yactu ypasaenus (5.39) BbIpazKatorcs ue-
pe3 MHTerpaJsbl BeposiTHocTH (HanpuMep, B [6]). Pesynbrar BBIUMCIEHNS 9THX
MHTErPAJIOB 3ABHCUT OT BENWYMHBI mapamerpa y = b/|n|dw, toe dw = |wj|o
— pas3bpoc uactor obpamienus B myuke. Tak, B objmactu 0 < y < 1 dopma
rpaHUnbl OOIACTH YyCTOWINBOCTH KOTEPEHTHBIX KOME0AHHI HATOMAHAET BBIYHC-
JICHHYIO JIJIs OJ[HOIIOTOKOBOIO I1y4Ka (HAlpPUMED, CILUIONIHBIE JIMHUU HA PUC. 5
u puc. 6) JIjisg CpaBHUBAEMBIX KPUBLIX PA3IUYHE 3aKJII0YAETCS JIUIIL B HEKO-
rTopoM yiupenun (st y = 0.9) obsactu ycrofiuuBoctu Baosb ocu Im{ u B
obmactu Re( < 0.

Janpreiimee ypeqmyeHne BETUUUHBI MAPaAMETPa, Y, HAIPUMED, B OOJACTH
1 < y < 1.4 npuBomgur medopManuu OOJACTH YCTONINBOCTH, MOKA3AHHON HA
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Im(2)

Re(0)

Puc. 6. I'pannna 06s1acTi yCTONYIMBOCTH MPOIOIHHBIX KOT€DEHTHBIX KOJIEOAHMI ABYX-
MOTOKOBOrO IydKa (CIutomnas mans). [ayccoBo pacnpesiesieHne NMITyIbCOB B TIOTO-
Kax, ¥y = 0.9, nyHkTup — JuHUA KOPHeHl JUCIIEDCHOHHOIO yPaBHEHUs, JJis KOTOPBIX

Im(Awy) = |n|dw x 0.05

puc. 7. UMeHHO, y TpAHWYHON JUHUW TOSBJISETCS caMorepecedenne. [1oaTo-
My TDaHUYHAs KPUBAS BBLIEISIET B IJIOCKOCTH ( IBE 00JACTH, KOTOPBIE 000-
3HaYeHbl Ha puc. 7 6yksamu A u B. JIjg ynporenusi BbISCHEHUST MOJIOXKEHUS
obsacreit ycroitunBocTn Kosgebanuii Ha puc. 7 n300parkeHa JINHU KOPHEH Juc-
IEPCUOHHOTO YPABHEHUsI, 7 KOTOPhIX MHUMAs 4acTh Aw, UMeEeT Majoe, HO
HEHYJIeBOE, [IOJIOXKUTEJIbHOE 3HaUYeHue (ILyHKTUD). DTH KODHU COOTBETCTBYIOT
HEYCTOUYMBBIM KOTEPEHTHBIM KojiebauusiM. [loaToMy OHM He TOIKHBI TOMaA-
JaTh BHYTPb TPAHUILI 0OsacTu ycroitunBocTu. llpw yMeHbITEHWN BeJIMYUHBI
Im(Aw,) NyHKTApHASA NMUHUSA HA PUC. 7 TPHOJNKAETCA K TPAHUTHON KPHBOM
13 BHyTpeHHell 9actu B obiactu B, n w3 HapyXKHeil dacTn 00JaCTH, COMPIKEH-
HOH ¢ obsacteio A. Yeenmuusas Benmuuny ImAw,, mosydaeMm J0MOJTHATEb-
HBbIE JIMHUM Ha 3TOM PUCYHKE (HATPUMED, OKPYKHOCTH W KBAIPATHI HA PUC. 7).
[Monoxkennst ITUX JAWHUE SICHO YKa3bIBAIOT, 9TO €IUHCTBEHHOMN 00JIACTBHIO, CO-
JepKaleil TOJbKO yCTOHYUBbIE MOJIBI KOrepeHTHbIX Koaebanuii (ImAw, < 0),
apisiercs: obmacts A.

Hasnbueiiinee ysesnuenne napamerpa y (Hanpumep, y > 1.4) upuBoaur K me-
pexomy obaactu B, mokazaHHO# Ha puc. 7, Tak, 9TO OOJBINAs €€ YACTh HAUMHAET
pacnonararbes B obsactu Re(() > 0 (puc. 8). JlocrpauBasi Ha 3TOM DUCYHKE
a0 KopHeit ¢ Im(Aw,,) = |n|dw x 0.01, ybexgaeMcss B TOM, 94TO MUCTUHHAS
06JIaCTh yCTOMYUBOCTH KOTEPEHTHBIX KOMEOAHUI 1JIsT 9TOr0 CJIydas COBIAJAET
¢ KPUBOJIMHEHHBIM TPEYTOJBHUKOM, 0D03HaUYeHHOM Ha puc. & 6Gykavmu ABCD.

st acumnrorudecku DOIbIIMX 3HAYEHUN MapaMerpa y CaMOlepecedeHus:
rpaHutl 00JIACTH YCTOHIMBOCTH KOTE€PEHTHBIX KOJIeOAHMIT CTAHOBSATCST MEHEE BbI-
paxKeHHbIMU (HANpUMep, PUC. 9, CILIOMHA JiuHNs ), 8 (HOPMa IPAHUIHON KPU-
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Puc. 7. To xe, uTo na puc. 6. Ho y = 1.25, TyHKTHp — JUHUA KOPHEH JUCIEPCUOHHOTO
yPaBHEHHUS, 1 KOTOPhIX Im(Awy, ) = |[n|dw x 0.025, kBagpaTs: — 2|n|dw, OKkpyRHOCTH

— 4|n|éw

BOI IPHUOIMKAETCSA K TOM, KOTOPasl MOIYIaeTCd I KOTePEHTHBIX KoebaHumit
OJIHOMIOTOKOBOI'O Myd4Ka ([yHKTHDPHAdA JuHUHM Ha puc. 9). OrMernm, 4T0 maxe
A y = 10 mupuHbl 007aCTH yCTORINBOCTH JABYXIIOTOKOBOTO Iy YKa, IIPUMEPHO
B /IBA Pa3a MPEBBIIMIAT MHPUHBI OTHOMOTOKOBOTO. BoobIIE, yBeIuIeHne Iuc-
Jia IIOTOKOB B IIyYKe YBEJIMYNBAET YUCIO CAMOINEPECEUECHNN IPAHNTIHON KPUBOMA.
Hapymrenne cummerpun 3amoTHEHNsT TTIOTOKOB YaCTUNAME ITYYKa MOXKET HapYy-
[IaTh CHMMETPHUIO TPAHUYHON KPUBOH OTHOCHTEIBLHO CMEHBI 3HaKa Im(Awy,).

6. 3amauu Kk I'1aBe 2

1. YuurhiBas B3auMOIEHCTBUEM YACTUI], BHIYUCIUTH 3aBUCHMOCTU OT Bpe-
MEHM TapMOHWK JIMHEHHOH MJIOTHOCTH MyYKa /s CAEAYOmuX (HYyHKIHHA pac-

pe/jiesieHusd

AJm
f(Q,Ap) = 5(9)m,
L, JAp| <A,
f(0,Ap) = %
0, |Ap|>A,

o(6 Ap?
f(0,Ap) = (27T)(1/)2A6XP (—2§2) .

2. IMonb3ysich mpuOIUKEHNEM JTOKAJIHLHOTO HABEJIEHHOTO TOJNsT, YpaBHEHU-
eM Brnacosa m ypasHemmamm MaxkcBesta HailTH IUCHEPCHOHHOE yDaBHEHWE
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Im(2)

Re(®)

Puc. 8. To ke, aro uHa puc. 6. Ho y = 1.4, myHKTUD — JTUHAS KOPHEH AUCIEPCUOHHOTO
ypaBHeHus, i Kotopbix Im(Awy,) = |n|éw x 0.01

Im(2)

1 1 1 1

-10 0 10 20 30 40
Re(?)

Puc. 9. I'parumpr 0bs1acT yCTONYINBOCTH MPOAOJIHHBIX KOT€PEHTHBIX KOTeO0aHuN 11
ABYXTIOTOKOBOTO Tyuka (y = 10, crutomuas jmaws) u ays mydka ¢ y = 0 (myHkTHp)

HEYyCTOMYMBOCTH OTPUIATEJIBbHON MaccChl, HE IIpejrosarad MaJjoCTb paJuyca
Iy4Ka 10 CPABHEHUIO C PAAUYCOM BaKyYMHOIl KaMepshl.
3. llpuras, 4T0 pacnpeleeHne UMITYALCOB B IyYIKe rayCcCoOBO

1 Ap?
1(89) = Gz o0 (—2§2)

BBIYMCIUTh MHKPEMEHT HEeyCTOWYMBOCTH OTPHULATENIBHONR MacChl B HaJIIOPOro-
Boit obsractu. IlocTrponTs 3aBUCMMOCTD HHKPEMEHTA OT YUCJIA YACTHULL B IIYUKE.

4. YcTaHOBUTH, UTO OXJIAXK/IEHNE HECTPYIIIIUPOBAHHOIO ITyYKa He BIUsSET HA
BEJINYUHY TIOPOrOBOI'0 TOKA HEYCTOMYMBOCTH OTpHUIATENbHON Macchl. [loyemy?
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5. IlpeanonoxkumM, 970 HA 3aMKHYTOM opbure, Ha aszumyre § = 0 pacnomo-
JKEH YCKOPSAIINAN 3a30p, B KOTOPOM BO30yzKIeHO BY-mose

E9,t) =4(0)VsinQt/Ry.

Ecnu Bennauna nanpskenus V HeBeJIMKA, TO U3MEP:AsT MHTEPAJIBHBIM THKAII-
IIEKTPOJOM BBIHY XK ICHHBIE KOJIeOaHUs JUHEHHON II0THOCTH 1Ty YKa (cM. pucy-
HOK), MOYKHO M3y4aTh €ro CIeKTpaJbHbe CBoicTBa. [Ipeamonaras, 4o mydoK
B3aUMOIEUCTBYET C IJIaAKOM, NNeaJbHO IPOBOAAINE BAKyyMHON KaMepoil, BBI-
YUCJIUTH PE30OHAHCHYIO KPUBYIO MPOIOJIBHBIX KOT€PEHTHBIX KOJe0aHumii.

Vsin(<X)

K zamaue 5

6. Ilonp3ysacs TpaHUYHBEIM ycyIoBHeM JleoHTOBMYA:

—iw 1/2
E,=|— H,
(47m) ¢

BBIYMCJIATD IMONPABKY K MMIIEJAHCY TIVIAJKON MIeaJlbHO MPOBOAAIIEN BaKyyM-
HOM KaMepbl KPYIJIOrO CeYeHHsd. 3IeCh AMILIMTYIbI TapMOHHK IIOJ€H BBIYMC-
JIAIOTCH HA MOBEPXHOCTH METAJLIA, W — YacTOTa, 0 — MPOBOJIUMOCTH METAJLIIa,
KaMephl.

7. [TokazaTs, 9T0 rpaHuIeil 06MACTH YCTONUIUBOCTY I JTOPEHIIEBA, PACIIPE-
JeJIeHUsl UMITYJIbCOB B IIy4Ke

A
f(AP)M/ZPQ

ABJISIETCS TIApabOoJIa.
8. IlpsimoyrosibHOE paCIpesesieHne UMIIYJIbCOB B IIyYKE MOXKET MOIEIHPO-
BaThCs BBIPAKEHUEM (CM. PUCYHOK K 3a1a49€)

f_ 1 t Ap+A - ¢ Ap—A
—m arctan T arctan T
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fitp)

Lyl

K 3amaue 8

Haiitu ypaBHeHHe IpaHUIlBl 00JIACTH YCTONYIMBOCTHU JJIsi TAKOI'O Daclpe/iesie-
HUs; IIPOAHAIN3UPOBATH U3MeHeHne (POPMbI I'DAHUYHOI KPUBOI IPH yMeHblIle-
HUW TIHPUHBI §; BEIYACINTL JEKPEMEHTHI 3aTyXaHust JlaHmay.

9. IlocTpouTh rpaHuily o0JaCTH YCTOHYMBOCTH JJIsl TIy4YKa, CBSI3aHHOTO C
BaKyyMHOU KaMepO# MOCPEIACTBOM UMIICITAHCA

dzy

Z:inZO+dAp

Ap.

Pacnpenenenne nMIyIbCOB B IIydKe TayCCOBO

1 (A
(2m)/2¢0 P\ 7202 )

[Ipoanam3upoBaTh CIEKTP KOTEPEHTHBIX KOJIe0aHNH MOHOXPOMATHIECKOTO Ty U~
Ka.

10. IIpomonbHBI KOTepEHTHDBIE KOJIeOAHMI HECTPYIIIAPOBAHHOTO Ty YKa, MOK-
HO MOJABJSITH C MOMOIIBIO CUCTEM 00paTHOM ¢Bsizu. [lpuMep Takoii CUCTEMBI
JJIs TTOIaB/IEHUsT TPOIOJBHBIX Kojebanuii m3obparxken Ha pucyHke. C mukar-
JIEKTPO/IA, PACIOJOKEHHOTO B MECTE C HEHYJIEBOH MUCIEePCUOHHOM (DYHKIIHEH,
KOTE€PEHTHBIM CUTHAJ, TIPOHNOPINOHAIBHBIA PAANaIbHOMY JUMOJIBHOMY MOMEH-
Ty TIy9Ka, Yepe3 MUPOKOTOJIOCHBIN YCUIUTEID MTOIAeTC Ha YyCKOPSOITNHN 3a30p,
PACIIOJIOZKEHHDBIH B MecTe ¢ HyJeBOd JaucnepcruoHHoil Gyukimeii. Cauras, 910
Dypbe-TapMOHUKHN YCKOPSIONIETrO HAPSIKEHNST PABHBI

f(Ap) =

Eu(0) = —67(60 — 0)x(w) / dApAPS.(Ap,6 = 0),
riue
5 9 oo ein@
T( ) B 7L=Z—oo §7
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p-u

K 3amaue 10

1 a0 K(w) = Ke'“T, a BpeMs 3aJepKKK B LeH OOPATHON CBA3M BHIOPAHO TaK,
uTo O = wWsT, TONYYUTH YCIOBUS YCTONUMBOCTU TPOMOIBHBIX KOTEPEHTHBIX
KOJIEDAHUIT HECTPYIIUPOBAHHOTO MYyYKa. 37mech O a3uMyTajbHOE PACCTOSHUE
MEXKTy TTHKAI CTAHIUEN U YCKOPSIOMMM 3a30poM. Biimsinuem paszbpoca 9acTor
nperebpedn.

11. Umnemanc cBA3W MydKa ¢ PE3OHATOPOM OIPEIEIISIeTCs] BHIPAXKeHUEM

Zy
Zw) = we w\’
1+1iQp ( — )
w Wik

rae Zj, TaK Ha3bIBaeMOe IIYHTOBOE COIIPOTHBJIEHIE PE30HATOPA, W), — PE3OHAHC-
Hag 9acToTa, a () — AOOPOTHOCTH Pe30HATOpA. BRIACHUTH ycaoBud ycTOHYH-
BOCTH BBICOKHX (N > Wi /wWo) m HE3KMX (N < wy/Wo) TAPMOHUK MOHOXPOMA-
THYECKOTO IIYYKa, B3aUMOJIEHCTBYIOIIETO C TAKUM Pe30HATOpPOM. OOBICHUTH
Pa3IUYIne YCJIOBUI yCTONIUBOCTH.

12. BeraucanTh MOpPOTOBOE 3HATEHUE Q% > 0 ay1g myvKa, COCTOSAIIETO U3
TPexX MOHOXPOMATHYIECKUX IMOTOKOB:

fo(Ap) = < (5(Ap + Apo) + 5(Ap) + 6(Ap — App)) -

W =

13. Beraucauts moporosoe 3naderune 2 > 0 1y1s my9Ka, cocTosmero u3 2M
MOHOXPOMATUYECKUX TTOTOKOB:

M

fo(Ap) = ﬁ > 6(Ap - kApy).
k=—M
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14. I3yyunuts noBeseHne rpanuiibl 0OJACTH YCTONINBOCTH TPOIOJIBHBIX KO-
TEePEeHTHBIX KOJIeOaHuil NBYXIOTOKOBOIO MYUKa ¢ (DYHKIIMEH pacipeneseHus:

1 A n A
(Ap+ Apo)? + A2~ (Ap — Apg)? + A2

fo(Ap) =

15. Ha paccrosgHusx, MEHbIIMX DajMyca BaKyyMHOW KaMmepbl, HOHbI (3a-
pan Qe) BzauMoAeicTBYIOT 1o 3akoHy KymoHa. B mpubanskennn CriaskeHHOM
GOKYCUPOBKH M3YyUHTh YCTONYMBOCTD MajblX KOJeOaHUil MOHOB B HECTDYIITH-
POBAHHOM IIyYKe IIPH UX IKBUIMCTAHTHOM PAaCIpEIeJIEHHH BJIOJb 3aMKHYTOMH
OpOUTEHL.

IIpononeHOE paccrosHUe Mexmy moHamu B myuke d = II/N Bemwko mo
CPABHEHHUIO C UX BEPTUKAJIBHBIMU Y, TOPU3OHTAIBHBIMUA Ty, U IPOJIOJIHHbBI-
MU Sy, = vt —md (m = 1,..., N) CMeIEHHsIMI OT 3aMKHYTO# OpOUTHI M OT
y3JI0BbIX TOueK md. [list perenust 3a/a4qu BOCIOIL30BATHCH YPABHEHUSIMU KO-
siebaHnii MOHOB B HECIDYNIIMPOBAHHOM IyYKe, JUHEAPU30BAHHBIMU IO Y, Tm,
" Sy, BOIU3W 3aMKHYTON OPOHTHI:

" 2 _ —
Ym +VyYm = Mw2d3 Z \m—nl3’

Apm, (Qe) Z Tm — Tp

" 2
T +Vie, =R
m xm p 7‘ {w2d3

Apm/ Z APm
2Pm - _ —z,,
D R ]V[wzdP’ |3’ v2p

3neck R — paanyc KpuBH3HBI OpOUTHI. [IpocieinTh CBSA3b perenuii 9Tol 3a1a9u
C OIIMCAHWEM HEyCTOMYMBOCTH OTPULIATEIBLHON MAaCCHI.
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I's1aBa 3.

OO111ee nHTErpaibHOE
ypaBHeHue

Ilepeiinénm K mocTpoeHuro OOIEH Teopun JTUHEHHBIX KOT€PEHTHBIX KOJeba-
uuii nyyka B nakonurese (91.C. HepGenes, H.C. Hukauckuii 1969 [9]).

7. YpaBuenue BiacoBa

st TpOCTOTHI MBI IOAPOOHO PACCMOTPHUM CIyYaii, KOrJa KOTePEeHTHEIE KO-
Je0aHus Pa3sBUBAIOTCA HAMHOIO OBICTpee CTOXACTHIECKHX IMponecco. Kax yxe
TFOBOPHJIOCH, B 3TUX yCIOBHAX 3BOMIONNA (DYHKINA PACIPEICTCHAA Iy 9K, O I-
YHHAETCA ypaBHeHnIO Biacosa:
of
t
rae [H, f] — ckobka Ilyaccona dbyskunit H u f, H — raMuIbTOHUAH, TeHEPH-
pylomuii ypaBHEHUs ABHMKCHHs YACTHI, BJIOJb 3aMKHYTOH OpOMTBHI IIydka. B
obriem ciryuae Gyukimst H onpenensieTcss BhIpayKeHNeM:

1
H=Hy~L=Hy~VvA+ed, (7.2)

3necs Hy — raMuIbTOHMAH, ONMUCHIBAIONINI HEBO3MYIIIEHHBIE KOJIeOAHMS IaCTHUI]
B6IM3M 3aMKHYTOR opOuThl, a A n Ay — BEKTOPHBIA U CKAJISPHBIA OTEHIHAIIBI
HABEIEHHBIX IIYyIKOM ITOJIEH:

10A

= ——— — A = A..
E prn VAy, H=rot
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s onpenesieHHOCTH OyAeM CIUTATh, YTO IOTEHIIHAIBI YIOBIETBOPSIOT KAInO-
POBOYHOMY ycaoBHIO JlopeHta

. 10A,
divA + =—— = 0.
ivA + c o 0

Torna ypaBHeHHUA 7 TTOTEHINAIOB 3aIHACHIBAIOTCA B BUIE
1 o2 3
A——=— | Ao(r,t) = —4nxNe | d°pf, (7.3)

1 02 3 V

B npenebperkennn geficTBHEM HABEAEHHBIX MYyYIKOM MOJEH (DYHKITHS pacipee-
JIEHUsT YIOBJIETBOPSIET YPABHEHUIO
of

of
o
Ero obimee perrrenme 3ammuchiBaeTCsT B BUIE

f@L 1) = filth — w (D] f2().

Oyuxiyu f1 u fo HaxomaTca u3 HauaabHbIX yeiaosuit: fify = f(I,4,t = 0).
lapMmonuku dyHrumu pacnpegenerus f 1o ¢gpazaM KOJIeOAHWH IaCTUIL OCIIHII-
JIATOPHO 3aBUCAT OT BpeMeHW. AMILTUTYJBI TakKuX KOJIeOaHuil He Hapacra-
0T W He 3aTyxaioT ¢ pocroMm t. Bmecre ¢ Tem, cpemHme OT MPOU3BEIEHUMN

0.

o I|ma|/2 .
Qm.a = Lo exp(imt)) 3aBUCAT OT BPEMEHU COTJIACHO BBHIPAKEHUIM

(Qm,a)(t) = / %Qm,afz (f)m / dLfo (1) 17172 exp(—imwt).

s BCcex rapMOHWK f, 38 MCKIIIOUEHHEM HYJIEBOH, MOMEHTBI (@ o) (t) TakxKe
OCHMJIIIITOPHO 3aBUCAT OT BPEMEHU, 4 UX AMILUIATY/bI, B CPEJHEM, 3aTyXAl0T
¢ poCcTOM t. DTU BEJUUUHBI TPEJICTABIAIOT CODOM MYJIBTUTIONUA PACTIPEIETICHUS
f B dasosom mpocTpancTBe. OHU OMUCHIBAIOT CTAITHOHAPHBIE KOTEPEHTHBIE KO-
siebanus mydka. B COOTBETCTBUE C 3THM, (PYHKIUS PACIPEIETIEHNS IIyIKa, HE
COBEPIIAIOIIET0 KOTEPEHTHBIX KOMeOaHM, He 3aBUCHT OT a3 kogebaHmil da-
crun, 1 u Bpemernn (f — fo(I)). Huzke mbr Gyziem HA3BIBATH TAKHE COCTOSHUS
CTAITMOHAPHBIMHU.

JleificTBre Ha YACTUILI HABEJIEHHBIX MYYKOM TIOJI€H MOYKET NPUBOJNTH K
HECTAIMOHAPHBIM 3aBUCUMOCTSAM OT BpeMeHu rapMoHuk f. B 3roil cBs3u, Ha-
puMep, MUIILyT:

f(vaat) :f0(1)+f(la¢7t)7 (74)
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rae I, 19 — nepemennnie neficrBue-asa HEBO3MYIIEHHBIX KOJIeOaHAH YACTHII.
B cuny muHeiiHOCTM ypaBHEHWII TOJs TOTeHIHANB A u Ag TakxkKe mpes-
CTABJISIOTCS B BUIE:

(A‘?AO) - (A7A0)0 + (Aa AO) (75)

ITo 370 MpruYMHE JTarpaHKUaH B3aMMOICHCTBAS MyYKa ¢ HABEJICHHBIMHA TIOJIS-
mu (L) npexcrasigercda cyMMOR IBYX CJIaraeMbix

L=1Lo+ L.

ITepsoe caaraemoe (L) onucbiBaeT BO3MYIIEHUE YACTHI] CTAIIMOHADHBIM TOKOM
U TIJIOTHOCTBIO 3ap4ia Nyuka. B cumy NUKIUIHOCTH ABUKEHUS IACTUIT BETUIH-
Ha Lo ssusercsa nepuoanyeckoil ¢pyukimeii dhasz (1) u asumyra . Ona moxer
OBITH TIPEJICTAB/IEHA, pa3joxkenneM B psaa Pypoe:

Lo = (Lo)mn exp(imap + inf). (7.6)

IIpu sToM, eciim pabodasd TOUKA 10 YaCTOTaM KojaebaHuit dacTurr mpubanxKeHa
K JIMHUSM MAITUHHBIX PE30HAHCOB:

mv +n ~ 0, (7.7)
TO COIJIaCHO ypaBHeHI/IHM JBUXKEHU A
: oL . OH oL
I, =—, = —— = Wo — ——. .
e YT e TY A, (78)

cnaraemoe Lo, BOODIIE rOBOPSi, BBI3BIBAET CUCTEMATHIECKOE H3MeHeHue fo, Ko-
TOpoe ByAeT MPOSBIAATHCA B MOIYIANNN (DA3OBBIX TPACKTOPHUI YaCTHIIL, & TAKKE
B 3aXBaTe YACTHUIL IYIKA B COOTBETCTBYIONINE 00macTH aBTodasnposku. Huxe
MBI DyIeM CUMTaTh, YTO pabodasi TOUKa HAOOOPOT YIAJEHa OT MAITHHHBIX De-
30HAHCOB. B 3TWX yCJIOBUSIX ¥ B MEPBOM NPUOJMKEHUA TEOPUU BO3MYIIEHUH
Bce ciaaraembie B Lo ¢ m # 0 u ¢ n # 0 mpencrasjagior coboil GLICTPOOC-
nmnupyomye GyHkiyr speMenn. OHE BBI3BIBAIOT MOABIEHHE V fo CTOIB XKe
OBICTPOOCTIMILTUPYIONIEH MO6aBKU, aMIIATYAa KOTOpo# mama. Cucremarmde-
cKoe m3MeHeHue fy BeI3bIBaer caaraemoe (Lo )o,0, KOTOpoe corsacHo (7.8) ompe-
JIeNIeT CABUTH YaCTOT W, 33 CYET B3aWMOJEHCTBUS MYYKA ¢ OKPYIKAIOITAME
9JIEMEHTAMY KaMEepPhI
0(Lo)o,0

oI,

Cuurasi YTO ITU CABUTH YXKE YUTEHbI B W, U MMes B Buiay pemienue (7.1) B
[IEPBOM IOPSIJIKE TEOPUN MBI MOKeM nepenucarb H B Buje

Wy — Wo —

H = Hl — i, H1 = HO — (Lo)o’o. (79)

46



www.phys.nsu.ru

Ecnn xapakrepuctuku cranmonapuoro cocrosinug (fo, Ao u Ag) 3anansl,
perienne ypapuenuii (7.1) u (7.3) Gosiee uam MeHee yIpoIAeTcs B TeX CIyUasx,
KOTrJa 3TU ypaBHEHUA MOXKHO JIMHECAPU30BATH 110 OTKJIOHCHUAM OT CTallUOHAP-
HBIX 3HadeHu#. B 3To# cBA3M MOTYT permaThbcsa ABa Kpyra 3ajad. Bo-mepBoix,
3TO 33J34u 00 YCTONYINBOCTH MAJIBIX KOTEPEHTHBIX KOJIEOAHNI, KOTIa MAJIOCTh
OTKJIOHEHUI TPeAnoaraeTcs no ycaoputo. OCHOBHBIMU PE3yJIbTaTaMU TAKHX
PACIETOB ABISIOTCA YCIOBUSA yCTOWIHBOCTH KOJIEOAHU, BEJININHBI ITOPOTOBBIX
TOKOB MTyYKa, BCJINYUHLI KOTCPEHTHBLIX CABUTOB 9aCTOT U JEKPEMEHTORB KO.He6a—
nuil. Pemmenue atoro kpyra 3aia4 He TpeOyeT 3HAHUS HAYAJIbHBIX OTKJIOHEHUH.

Bo-BTOpPBIX, permenne TMHEAPT30BAHHBIX ypaBHeHN BiacoBa MoryT, KoHed-
HO, IPUMEHATHCA AJIA OIIHNCAHNA IBOJIIOIHNHN HaYaJIbHBIX OTKJIOHEHHUH. B 3TOM
caytdae, IOMUMO 3HAHUS CIIEKTPOB KOMeOaHn, HEOOXOINMO BBIYUCIEHNE COOT-
BercTByONNX QyHKIMit ['prra:

f(T,t) = /dF’R(P,F’,t)f(F’,t:O).

OO6bIYHO Takoe OMHCAHWEe CIPABEIJIMBO JIMINb HA OTPAHUYCHHBIX WHTEPBATIAX
BPEMEHU, KOT/Ia BBIMTOJHSIOTCS TPEAEbl MPUMEHUMOCTH JIMHEHHOTO MPUOJIN-
KEHUS.

Pemienvie ypasuenuii (7.3) Bbipazkaercs 4yepes dbyaxiuu ['puna 3Tux ypas-
uenuii (o, f = x,y,c)

A()(I‘,t) = / dT/dFQGOO I‘1,I’2, )f(FQ,t - T) (710)
2)
Aa(r,t) = / dT/dFQiGaﬁ(rl,rQ, )f(rg,t—’l')
Onpenenns
NOME)
G(1,2,7) = Goo(1,2,7) — %Gaﬁa,zm), (7.11)
MBI MOXKEM 3alluCaThb
L= Ne2/dF2/ drG(1,2,7)f(2,t — 7). (7.12)
0

Torma, MuHEaApU30BAHHOE YPaBHEHUE st f uMeeT BUJ
) f a f L oL oL 9fy
“oup " o oL

B cuny npkIMYHOCTH JABUMKEHWS YACTHUI, BIOIb 3aMKHYTOH OpOUTHI 3aBUCH-
MOCTh (yHKINKA L OT BpeMEHU BCETIA COAEPXKHUT MOIYIAIUU C mepuomom 1g.

—0. (7.13)
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ITo sroii npuaune pemenns ypapuenus (7.13) MOryT GbITh LpPEICTABIEHBI Psi-
JaMHu:
f _ e—iwt Z fr‘,;n n(I)eim'Lp-i-inwot.
m

[TpupasauBanneM K03 GUITHIEHTOB TIPH OMHAKOBBIX CTereHsax e'"wot

€M CHCTEMY CBA3AHHBIX yPaBHEHUI I aMILTATYA fro

(W*Wmn) m,n = Ne ( 8f0> Z Z/dFer‘:lQm ni+no (714)

ni,nz Mms

x{Gn, ny(1,2,w+ (N1 — n)wo) expling Aby — in2Ab2] }my m,,

, TIoJIy4a-

Wmn = Mw + nwy, AT, 1) = 0 — wot,

27 d?)w 27 de ) )
Xm,n — / ’l,b 0 —inf—imap
o @m)3 Jo X Je

Bo3MOXKHOCTE yIpOIIEHUsT TOJYUYEHHBIX YPABHEHUI CBSI3aHA C T€M, UTO B TH-
MAYHBIX 33/1a9aX O WCCJIEIOBAHUMA KOTEPEHTHBIX KOJeOAHWM My9KOB B HAKO-
nuTensx (YCKOPUTE/IX) MaJibl UCKAXKEHUs TPAEKTOPUil JacThl], HABEIEHHBIMU
IIy9KOM TIOJIAMU 38 TEePHO, OOPAIEHNs YaCTUIl BIOJb 3aMKHYTO#M opbuTsl. ITo
9TON MPUYIMHE MOXKHO OXKHUIATH, UTO CIHEKTPBI MAJIBIX KOTEPEHTHBIX KOJeba-
HUil GJIW3KM K HEBOSMYUIEHHBIM (Wpp = MaWe + NWo) U, B COOTBETCTBUH C
9TUM, UCKaTh peienus ypapuenuii (7.14) B BUIE PAJOB MO CTENEHSM MAJIOrO
napamerpa Awmn/Wmn, TIe AWpy = W — Wiy CaaraeMble B 1IpaBoil yacTu
ypasuenusg (7.14) acdbdbekTHBHO comep:KaT YACTOTHbIE 3HAMEHATEIIN:

w—mow — (N —ny + n2)wp = Awpy + (M — mo)w + (n1 — na)wp.

TTo sToit mpraMHE BKIABI HETMATOHATBHBIX 35eMeHToB (N’ # n) u (m), # my)
B U3MEHEHUE fr,, OYyIAyT HOTABIEHLI B |Awp,,/wiy| pa3 (3mecs | u ¢ mpous-
BOJIBHBIE TIEJTbIE YHCIIA), €CIIN BeJIMIUHBI KOTEPEHTHBIX CIBUIOB YaCTOTHI AWy,
MaJIBL IO CPABHEHWIO C PACCTOSHUSAME B HEBO3MYIIEHHOM CrekTpe |wiy|. C Ta-
KOit TOYHOCTBIO (7.14) MOXKHO 3aMEHUTH CHCTEMOI HECBA3AHHBIX HHTETPATHHBIX
YPpaBHEHUNA

AWmn fomn :N€2< afO) /dI‘g n(1,2,0 = 1nwo) frns (7.15)
rue

K, = Z{Gnlﬂn—n(la 2,0} 4 (nl _ n)wo)eim(A(th(h)}mym_ (7.16)

ny
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IMonyyenusie ypasuenus (7.15) npencrapusgior coboii 0IHOPOIHBIE HHTErPATb-
Hble ypaBHeHH:A. BO3MOXKHOCTD BBIUNCIEHNS HETPUBUAJIBHBIX PEIeHU TaKUX
YPABHEHHH CBA3aHA C CYIIECTBOBAHUEM CIEKTPOB X COOCTBEHHBIX YacTOT. Kein
COOCTBEHHbIE YaCTOThI KOME€PEHTHBIX KOseDaHuil w Hal/IeHbl, TO COOTBETCTBY-
fonue UM coOCTBeHHbIe DYHKIUA frpy ,, BBIYHCAAIOTCA UCTIONB3YA CTAHTaPTHBIE
npoteaypbl. Creayer oTMeTHTh, YTO CYNIECTBOBAHHUE CIEKTPOB COOCTBEHHBIX
YaCTOT KOT€PEHTHBIX KOJIEOAHUI [IyIKOB HE SABJISETCHA 3aPaHee OYEBHIHBIM CO-
6nrTreM. 11 3TOTO HYXKHO, YTOOBI B3aMMOMAEHCTBIE C HABEIEHHBIMU TTOJIAMA
3aMbIKaJI0 OOpaTHbIe CBsI3M KosgebaHuil dacTuil nydka. B mporuBHOM ciyuae,
cobCcTBEHHbIE pellieHns ypasHeruii (7.15) 0OTCyTCTBYIOT, 8 BBHIYUCJICHUE AMILIU-
TyZ, KOT€PEHTHBIX KOJIeOAHUN CBOAWUTCS K PEIIEHUIO 33/a9M C HAYATHHBIMU
YCJIOBUASMU.

TTockombKy COBCTBEHHBIE YACTOTHL W BXOMAT B (7.15) B KOMOHHAIMAX W —
Nwo, CIIEKTPBI BCEX ITUX YPABHEHUI OTIMYAIOTCS JIUITH CBUTAMH COOCTBEHHBIX
YacTOT W Ha BEJUYUHBI Nwy. 1o 3T0it npuunHe cobCTBEHHbIE YACTOTHI KOr'e-
PEHTHBIX KOJIEOAHWIT U YCIOBUS UX YCTONIMBOCTH MOT'YT HAXOAUTHCS PEIIEHUEM
KAKOrO-TO OIHOIO M3 3TUX ypaBHeHHil (ckaxkeM, ypasaenus g n = 0):

Awnfe = Ne? <m‘?9f;0) /dF2K0(1,2.,w)fr°jl. (7.17)

VkazaHHas HEOJTHO3HAYHOCTb BBIYUCICHUS COOCTBEHHBIX YaCTOT KOIEPEHTHBIX
KoJebaHuil CBsI3aHA C TEPUOJUIHOCTHIO JEHCTBYIOIIEr0 HA IMIyYOK BO3MYIIE-
Husi. Kak u B cilyyae HAXOXKJIEHWS YACTOT DETATPOHHBIX KOJIeOAHW YacTH-
bl B MAIllHHE ¢ YKECTKOM (POKYCUPOBKOM, OHA yCTPAHSAETCS BbIYUCIEHHEM (-
byHKINN KOJUIEKTUBHBIX MO ITydKa. OTMETHM, 9TO BBIYUC/IEHNE JEKPEMEHTOB
(6 = —Imw) konebauuil He COAEPKUT TAKOH HEONHOZHAYHOCTH.

JIerko npoBepuTh, YTO UCIOJb30BaHue ypapuenus (7.17) 9KBUBAIEHTHO Bbl-
upcsenuto [ B 1epsoM 1pubsinkeHun Merosa ycpejseHus. JleficrBuresbHo,
B COOTBETCTBUU ¢ 0O0MIeil uzeedi 3roro MeTona, nocie sbiaeaenus B (7.13) men-
JIEHHBIX 3aBucuMocTeil pyHruuit fi, ¥ Ly, OT Bpemenu:

133

N

f=F+f L=IL+

)
rae

2m d00 N _
X(t>: T (007t)7 X:X_X7
0 ™
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u noxacranosku [, (t) = fle MOJIYIAETCS WHTErPATILHOE YPABHEHUE, COB-
nazaomee ¢ (7.17):

w (. 0fo\+
Awm f& = <m81> Lonw(I) (7.18)

_Ne? (maajio) / ATy Ko(1,2,0) £4,(2).

8. IlomepeyHble KOrepeHTHbIE KOJI€OaHUH
HECTPYHNINPOBAHHOIO IIyYKa

VYpasuenne (7.17) momyckaeT 3HAUNTEIHHbIE YIPOIIEHNST TIPH OTTMCAHNN B3a-
VMOIEeHCTBIA HECTPYNNHUPOBAHHOIO IyYKa C BHEMHUMH 3jdekTpojamu. Ilpnm
ITOM, B CUJIy a3UMYTaJbHONH CUMMETPHH CTALHOHAPHOI'O COCTOSHUA

fo= fo(IL,Ap),

TIPOIOALHOIT (Pa30BOI TEPEMEHHON SBISIOTCS BEJTHIHHA

Y = ¢ = woApt + 1ho.

B pesy.siprare, unrerpuposanue 110 ¥ B upasoit yacru (7.15) csopurcs K Bbl-

YUCJICHUIO MHTerpaJia:
2m
@ei(mu*nﬁb -5
m Il ;e
o 2m

TMocnenyroree cyMMHPOBAHWE TI0 1 W TIepeorpeieerne w (w — w — nwjAp)
OpuBOAAT K CHCTEME HECBA3aHHBIX ypaBHeHI/Iﬁ JJId TaPMOHHK (byHKI_[I/H/I pac-
npeNeNenust (W, = mw, — nwo(Ap))

(8.1)

(wwmn)fmnNBQ(m % n af0>

Lo1, " Re0Ap
x/ dl' 1 dAP{Grn(1,2,w0)}m, .my fmon-

Takum o6pazom, koMOuHAIMK YKcea M| U 1 B ypaBuenuu (8.1) onpenensdor
Pa3IMYHbIE MO/IbI KOJUTEKTUBHBIX KOJEOAHUH HECTPYIIIMPOBAHHOIO My KA. DTH
MOJIBI PACTTPOCTPAHSIOTCS TI0 MYYIKY BAOJb, WM TTPOTHUB, 3aMKHYTON OPOUTHI €
amanoil Boaubl II/n. TlosroMy B Takux 3aja4ax B3aUMOJEHCTBHS C HABEICH-
HBIMU [OJISIMU 3aB€/IOMO O0ECIIeHBAIOT 3aMbIKaHUsI OOPATHBIX CBsI3eit Koseba-
uuit gacrun,. CaemnoBaTesbHO, CODCTBEHHBIE DEIIEHUS WHTEPATBHBIX ypaBHE-
Huil (8.1) 3aBeIOMO CYIIECTBYIOT.
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ITockombKy wmca M) SBIAIOTCSI HOMEPAMH FapMOHHK (pa3 OeTaTpOHHBIX
Koyiebanuil byHKINK paclpeneeHus f, OHH OMPEIessioT FeOMETPHIO KOosaeba-
uusg B (pa3oBoM npocrpascrse. [1o 3Toil npuymHe, YUCIa M| HA3BIBAIOT HOME-
paMu MYJILTUIIOMLHOCTH GETaTPOHHBIX KOrepeHTHBIX KoJebanuit. Tak nabopy
Y o |ma| =1 coorsercrBytor aunonbable MOAbL, HAGOPY Y, |Ma| = 2 — KBaI-
pynosbHbe, Y |mo| = 3 — ceKcTynosnbHbIe B Tak Jasee.

T BBIYMCICHHSA 3aBUCUMOCTENH FapMOHUK [y, () OT BpeMeHH B ypaBHEHUH
(7.14) cnenyer yaep:kaTh CIaragMoe, OMUCHIBAIOIIEE HAYATHHBIE YCIOBHS:

a m ° iw a m y
(é)w - / dte % = —fm(I,0) — i fn (L, w), (8.2)

0

rae fm(1,0) = fi(I,t = 0) — HaYaIBHOE 3HAMEHHE TAPMOHUKH frn,. B 3TOM CIIy-
vae yparrenus (7.14) n (7.17) 3aMeHSIOTCST HEOTHOPOTHBIMU WHTETPATHHBIMU
ypaBHeHUAMEA (Awy, = W — Winp)

Aw [ = ifm(I,0) + Ne? <m68J;0> /dF2K0(1,2,w)f;;;. (8.3)

IMockombKy BXOAAIIME B (8.2) MHTErPATHI JONKHBI CXOAUTHCST B TOM UHCJIE W
JIUTSt HAPACTAIOIIWX peIieHnil, nepeMeHHast w B ypasHeHusx (8.2) u (8.3) nosxk-
Ha YIOBJIETBOPSATH YCJIOBHIO IMw > Omag, TI€ Omey — 3HAUEHHE WHKPEMEHTA
HamboJIee HEYCTORINBOM MOmbl. Pacmmpenue ob1acT ONpeaeaeHus PeIeHunit,
HampuMmep, (8.3) Ha Gosee MHUpPOKHE OOIACTH B IIJIOCKOCTH KOMIITIEKCHON IHepe-
MEHHOH W JOJIZKHO NPOU3BOJUTHCA AHATATHYECKAM IPOJOJIZKEHHEM COOTBET-
CTBYIOIIHX (DYHKITHH.

TMocne pemennst ypasaennii (8.3) ammautyast fr, (I, 1) HaxomsaTes: oGpaTHbIM
npeobpazoBannem Pypne:

Fllt) = [ G2 (1), T > B
o 2m

[Tone nyuka B BAKYyMHOI KaMepe HAKOMUTEJId BCEIIA SABJISETCS CyMMOI ero
KYJIOHOBCKOTO TIOJIT M T€X TOJIeil, KOTOpble HABOIATCS My9YKOM B CTEHKAX Ka-
MEpPBI U OKPYKAIIUX €ro 3JIEKTPOIAX. XapaKkTepHble MACIITAOBI U3MEHEHUH
KYJIOHOBCKOM YaCTH MOTEPEYHbIX HABEIEHHBIX TOJEH NP W3MEHEHWSX ITOTIe-
PEUHBIX K 3aMKHYTON OpOUTE KOOPAWHAT YACTHUI] OMPEAETIIOTCA MOTMEPEeTHBIMU
pa3mepamu mydka. Takwe moss GUrypupyior, HAIPUMEP, B 3a7akue 00 yCToi-
YUBOCTH KOTEPEHTHBIX KOJe0aHWii BCTPEYHBIX MYyYIKOB. [foMuMO 9TOTO, HEOOX0-
JVMOCTh ydeTa KYJOHOBCKHX TOJIE MydYKa MOXKET OKA3aThCA BAXKHOM B 3aJa-
9ax O YCTOWYMBOCTH ITYYKOB C HEPEJATHBUCTCKAMU SHEPTUSMHU YACTHUIL, WU B
33/1a9aX O YCTOMYHMBOCTH KOJEOAHUN YacTUIl B MyYKaX C MPEIETbHO MaIbIMU
3HAYEHUSIMU IMUTTAHCOB. B TaKUX CIydasix BBIYUCICHUS PEIIeHUil OCHOBHOTO
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WHTErPATIbHOTO YPABHEHUS 3HAYUTEIBHO YCIOKHIETCA W MOXKET OTpedoBaTh
TIPUMEHEHUs YUCJIeHHBIX METO/IOB.

[Tpyu pensaTUBUCTCKUX IHEPTUAX FYACTHUIL TeHCTBUE KYJIOHOBCKUX IOJEH Ha
NIBUYKEHIEe JACTHUIL HOIABJIEHO B 72 pa3, a HAOoJIee CyNIECTBeHHBIM ABJISIOTCH
BO3MYIIEHHUST JIBUKEHUS [TOJISIMU, HABEIECHHBIMU B OKPYKAMONIUX IIYUIOK IJIEK-
Tpomax. B makom caydae dyuxummm I'pwHA TpPEaCTaBAAIOTCS XOPOIIO CXOMIs-
MUMECs psgamu THIopa mo CTeneHsM MOMepedHbIX OTKJIOHEHUH YaCTUll OT
3aMKHYTOM OPOUTHI I | . DTO CBA3AHO C TEM, YTO 3APSIbI-U300PAKEHUS B Ta-
KX CIydasix yIOAJEeHbl OT My9YKa HA PACCTOSHUS TOPSIKA PATUYCa BAKYYM-
HOM KaMepbl, KOTOPBII CyIEeCTBEHHO MTPEBBIIIAET TOMEPEIHbIE PA3MEDHI Ty IKA.
IMocmenmee 06CTOATENTHCTBO TO3BOJSIET CYIECTBEHHO YIPOCTUTH BBIYHUCIEHUE
rapMmonuk G 1o dazam GeraTrpoHHbIX KojebaHwmii. JlelicTBUTENbHO, /14 JII000MH
dbyHKIIMY BUIA

> 1 gl
X(Z‘) = %887)5’ T = 2Bz COS(%« + Xl(e))7

=0

rae IPpOU3BOAHBLIC BEIYHCJIAIOTCA B TOUKE T = 0, MBbI MOXKEM HAIIUCATh
2m 15 1/2
X — dwﬂf 72m WV 10X Jxﬁx %
m = € l' 9 a0 2
0 . x

Z k(1 exp{ (I = 2k) (Y2 + x2(0)) }-

Wcnonb3ys

27 d
/ 277/) exp(i[l — 2k — m]yY) = 01 42k,
0 vy

nuiieM (JJisl OIPENeJIEHHOCTH TIOJIOKUM, HAIPUMED, 1, > 0)

X, = <\/J2””Bmeixw(9)> {1W

my! Ox™=

+ Z zﬂr Xa /2) am’+2kX
Kl (mg + k)l Oxmat2k

Ecnau xapakrepnbrit maciirad n3Menerns X IO IEPEMEHHONH X OMPEIesaeTcs
BeNuuuHON | (HampuMmep, 3TO MOXKeT ObITh PAJUyC BAKYYMHOW KaMeper), a
a=+/JB <1, To, onenusas sequanny 0™ X /0x™ nocpencreom 0™ X /0x™
X/(1.)™ u npenebperas B X,,, monpaskamu mopaaka (a/l) )? < 1, momydaem

<\/Jx5m ein(e)) cLomX
2

X,, = (8.4)

my! Oxme
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TaKI/IM 06 a30M, B 3aJa4ax O BBaHMO,HefICTBHH IIYy49Ka C 3JIEKTPOIdaMH HK-

) y y
wn Gon (1,2, w) UMEIOT CIEAYIONIYIO 3aBECUMOCTD OT aMILIUTY, MOMEPeUHBIX
KOJIeOAHUI TACTHIL

Grn(1,2,w) o (L, IL)™ 2 (1, 1)) ™/2 g (), (8.5)

rae GYHKIAS gy (w) BBIpazkaercs wepes nponssonabie G, (1,2, w) Ha pasao-
BECHOIT opbure.

Eciu 1o6poTHOCTD 971EKTPOIOB TAKOBA, ITO BETUIUHY W B apryMeHTe (hyHK-
UK Gpnpn (W) MOXKHO 3aMEHUTH HEBO3MYIIEHHBIM 3HAYEHUEM W = Wip, TO
ypasuenue (8.1) Moxker ObITh perieHo TOYHO. JIjisi momepedHbx KosjgeOaHuii
(m? +m? # 0) numen

W — Wmn

T i ( afo) 2

TMoxmcraHoBKa 3TOrO BBIpaxkeHWsi B ypapHerue (8.1) u orGpaceiBanve B (8.1)
nonpaBok mopsaka (a/l) )? TPUBOAMT K JUCTIEPCHOHHOMY yPABHEHHO

0 el (m oF/01,)
=emn(w)=1— 22 | ®I, dAp—~=—-= .
0= emn(w) m / LA2P W — Wmn (I, Ap) ®.7)
31ecn
_ [ e el 7lmy | 9fo
Am = d [LdApIT Iy m; — |, (88)
x aIJ_
a
Q‘H’LTL - _Ne2-’4’m,g'rnn(wmn)- (8'9)

Pemenue nucnepcuoHHOro ypasaenus (8.7) 0COOEHHO yIPOINASTC s CIIydas
MOHOXPOMATHYECKOTO Iy 9Ka, KOTJA 9aCTOTHI Wy, B HHTETPAJIE B IPABOH 9aCcTh
ypasuenus (8.7) ne 3aBucar or I} u Ap. Ilpu sroM yacToTHBIH 3HAMEHATED B
(8.7) BbIHOCHTCS M3 101 3HAKA UHTETPAJIA, & OCTABUIEECH BHIPAKEHUE COBIAIAET
¢ A,,. B pesyabrare nomydaem

Awmn =W —Wmn = an

Takum obpasoM, onpenenendas B (8.9) senuwuuna 2, UMEET CMBICJH KOTe-
PEHTHOTO CABUTA YaCTOTHI MOHOXPOMATUYICCKOrO HECTPDYIIIIUPOBAHHOIO ITyYKa.
Humxe Mbl yBHANM, 9TO 3TA BEJIUUNHA HOCUT (DYyHIAMEHTATbHBLIA XapakTep B
TEOPUH TOMEPETHBIX KOTEPEHTHBIX KOJIEOAHNI My IKOB, B3AUMOJAECHCTBYOIINX C
HI/IBKO,ELO6pOTHBIMI/I OKPYXKaIOIIMUMU IJICKTPOJTaAMU.
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Kak Bugno u3 ypasuenwuii (8.8) u (8.9), 17 INNOMBHBIX KOTEPEHTHBIX KO-
neGanmit (M2 + m2 = 1) 3Ha4eHHs pyy, HE 3aBHCAT OT NONEPEUHBIX PA3MEPOB
My YKa:

an = N629mn(wmn)7 A:I:l =-1 (810)

Jst My IBTHIONBHBIX Koebammit (m2 + m?/ > 1) BenmmauHsI {1y, IKCIIOHEHITH-
AJILHO yOBIBAIOT € YBEIHYEHHEM HOMEPOB MYJIbTHUIIOIBHOCTH

an o (a/lJ_)lel_Q.

DTHU COOTHOITEHUS ONPEIESIOT HEPAPXUIO MO, KOEOAHNN DA3IMTHON My/TbTH-
MTOJIBHOCTU B UX BJIMSTHUW HA YCTONYUBOCTH IMy9Ka B IIEJIOM.

B momoxpomaTryueckoM mydke KojgeOaHus HEYCTOMYWBBLI MPH BHIMTOJTHEHUN
yemosus Im€,,,, > 0. Iockonbky g(w) seaserca @ypre-06pazoM meficTBATETb-
Hoit PpyHKIHN, HMeeM

g"(w) = g(—w).

Kpowme T0r0, 751t TACCHBHBIX CHCTEM BBITIOJHSETCS] HEPABEHCTBO
wlmg(w) > 0.

Torna, kax BuaHO 13 (8.9), yCI0BHE yCTOHIMBOCTH MOHOXPOMATHIECKOTO My 9Ka
3aIUCHIBAETCS B BUJIE
(mjw; + nwp)Ay, <O0. (8.11)

Jist ofHOMEpPHBIX GeTaTpPOHHBIX Kosiebanuii (Hanpumep, m, = 0) 910 ycioBue
puobpeTaeT 0COGEHHO MPOCTON BUII

my(myvy +n) > 0. (8.12)

B s1ux BhIpazkeHUAX CiaaraeMble, IPOIOPIMOHAIBHBIE 7, OIKUCHIBAIOT BO3DY K-
JeHVEe HABEIEHHBIX TIOJEH MPOMOJIbHBIM JBUMKEHNEM YaCTHIl. BUAHO, 9TO 1jist
MOHOXPOMATHIECKOTO TTYYIKa 3T CJIAraeMble MEHSIOT 3HAKH JeKPEMEHTOB KOJIe-
Ganuit Ipu n = —my1,. 1lo 3T0# MpuYMHe, NCIOIb30BaHNE TACCHBHBIX CHCTEM
HE MOXKET 00eCIeynTh OIHOBPEMEHHOTO MOMABIEHNUS BCEX MOJ, TAKOIO IIy4Ka.
YeTofiauBOCTb MOJ, € Mg N < 0 MOXKeT obecriednBaThbCd, HAIPUMep, 3aTy-
xanuem Jlangay. Kak sumno u3 ypasuenus (8.7), pasbpoc 9acTOT MOMEPEYHBIX
KOJIEDAHUI YACTUI[ MOYKET BBI3BIBATHCS 3aBUCHMOCTSMU YACTOT OETATPOHHBIX
KOJIEDAHUIT YACTHUI] OT UX AMILIATY, WU 3aBUCUMOCTSIMHU JaCTOT O€TATPOHHBIX
KOJIe0aHUI YACTHIL OT UX UMITYJIbCOB. B mocieneM caydae Mbl ITUIIEM:

dwy

dp

Ap

Wy = wyo +
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IIe Wyo — 9acTOoTa OETaTPOHHBIX KOJIEOAHUHE aCTUIBL ¢ UMITYJIBCOM, KOTOPBIH
BBLIOpAH B MyYKe B Ka4eCTBE IEHTPATHHOIO, a

dwy dlnwy  dlny,
Y o1 .
dp < T T Th

Hanomanm, uro Bestmauna d In v, /dp Ha3BIBATCS XPOMATH3MOM BEPTHKAJIBHBIX

6GeTaTPOHHBIX KOJEOAHUI KOJIBIIA.
C rakum paszbpocom dacror ypasuenue (8.7) 3amuchiBaerca B Bune (fo =

(L) f(Ap)):

M = O7 Awmn =W — Wmn(O)a (813)

mn =1- an =
Emn(w) oo Awpmpn — KAp

ImAw,,, >0, k= nM + mM.
dp dp

ITocnenree ypaBHeHrEe MOZKET UCIOIB30BATHCH KAK /151 BBIMUCIEHUS COOCTBEH-
1.00
0.75

0.50

Im(Q)

0.25

0.00 , , , |
-4 2 0 2 4

Re(2)

Puc. 10. T'panura 06s1acTi yCTORINBOCTH IUITOJIBHBIX TIOMEPEYHBIX KOJIEOAHMIA yIst
cllydasi, KOrJa pa3bpoc 9acToT 00yC/IOB/IEH pa3dpoCcoOM MMITY/ILCOB B mydke. [lepBas
rapMOHUKA JaCTOTHI OOPAIEHns]; PACIIPEIEIEHIE UMITYIbCOB B IIy9IKe rayccoBo (¢ =
Qm/|k|o, 0 — pazbpoc UMITYIHCOB B TTyUKe).

HBIX 9aCTOT KosieOanuil, TaK U /I TOCTPOEHMN TPAHUI] 00IacTeil yCTORINBOCTH
(mampumep, puc. 10):

1

o (Aw) = 5 R 7T (Aw) (8:.14)
P(Aw) = g m, J(Aw) =7 f(Aw/k)/|K|.
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IIpucyrcrBue B pacupesesieHnyd UMITYJIbCOB YACTHI HECKOIBKUX MAKCHMYMOB
MOKeT MPUBOJUTH K MHOTOIIOTOKOBOCTH HEYCTOWYIUBOCTEH MONEPEYHbIX KOTe-
PEHTHBIX KOJeDAHNI HECIPYIIHPOBAHHOIO my4uka. [loMUMO 3TOr0, K MHOTOIO-
TOKOBBIM HEYCTOMYMBOCTSIM MOTYT MPUBOIUTH PA30POCHI 9acTOT OETATPOHHBIX
KOJIe6aHUT YACTUIL N3-38 OKTYIIOJIbLHON HETHHEHHOCTH (DOKYCHPOBKHU KOJbIIA 1
MIPUCYTCTBUA HECKOJIBKUX MAKCUMYMOB B Paclpe/ieleHUN YacTHIl 110 aMILIUTY-
JaM beTaTpoHHbIX Konebanuil dacruin, CMelneHne MaKCUMyMa PaClpe e/ eHus
IO AMIJIUTYIAaM OETATPOHHBIX KOJIEOAHWI YaCTUIl U3 HAYAJIA KOOPIUHAT MOKET
MIPUBOJIUTH K AHTU3ATYXAHUIO JIaH 2y momepedHbix OeTATPOHHBIX KOTEPEHTHBIX
KOJIe0aHWH HeCTPYIITHPOBAHHOIO MydKa (Hampumep, B [6]).

9. IIpomosbHBIE KOT€pPEHTHBIE KOJIeOaH!s
HECTPYHNINPOBAHHOIO IIyYKa

Jiisl IpomoNbHBIX KoJeOaHuil HeCIpyNNUPOBAHHOIO IIy4YKa My = My = 0
ypasHenue (8.1) sanuckiBaercs B Bune (Aw, = w — nwo(p))
Awp frn = Nezi% / dl' dAp' G (1, 2,w) frn(Ap,w). (9.1)
Ro aAp
Kak y:xe roBopusoch, eciau 3aBucuMmoctu pyukmnumit ['puna or ammaurys Oe-
TATPOHHBIX KOJIEOAHUH SABIAIOTCS TOCTATOYHO TVIAIKWUMHU, BBIYUCTIEHNE TApMO-
HuK G 110 (hazaM momepeuHbIx KomebaHuii TpoBOInTCs pasioxeneM G B PsIbl
Taiinopa mo monepeTHbIM KoopauHaTaM. B crapmem npubmmxennn mo a/l| 310
npusoaut K 3amene B (9.1) semwmunaer G, (1,2, w) ee 3HAMEHHEM HA 3aMKHYTOI
opbutre. Ecin 910 3Hauenue e paBHo Hyiio, o ypasuenue (9.1) 3anucoiBaerca
B BHE

_ 2 afO /OO 1T
Aw, fn, = Ne o Gn(w)—aAp dAp'dl”, fp. (9.2)

Tenepb 3aMeTuM, 9TO B 3TOM ypasHeHun koaddunment nepen NO fo/OAp aB-

— 00

ngerca Dypbe-rapmonukoii ckobku Ilyaccona i[L, Ap|. ITockonbKy B OTCyT-
CTBUH BO3MYIIEHIH Ap SIBIACTCA HHTEIPAIOM JBWXKCHUSA, TIOCIETHEE BLIPAKe-
HIE MOKHO 3aICATh B BUIE
—_— i (OH S —
—i[H,Aplpw=——| &~ = —ieEg(ro(t), t)nw- (9.3)
vs\ Ot J

Hcnonbayst 3TO BHIPAYKEHUE MBI MOJKEM Tepenucath (9.2) B IBYX SKBHBAJICHT-
HBIX dopMax

Awnfn = Gn(w)

! a7

Ne2w dfo /°°

— 00
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Awy, fre = —ieEg(n,w)%. (9.5)

6o

3xecn
fnw(Ap) = /drlfnw(AP,FL)

— dyHKIMA pacupeneserns mydKka rno umnyabcam. [Hogcranoska B (9.5) coor-

HOIIIEHWSI
NewyZ,

E(n,) = — Y02 () / " dApfa o (Ap) (9.6)

u cpapHeHue ypasHenuii (9.4) u (9.5) mozBossier cBA3aTH FADMOHUKN (DYHKIWH
I'puna Gy, (w) ¢ nMnenancom ceasu Z, (w)

iZp(w) 27
= w—oGn(w), (9.7)
WM, 9TO TO 2Ke
iZ,(w) 27

10. Ilomepeynslii UMIIEAAHC CBA3U

TMonsiTre HMITEAHCA CBA3H MOXKeT OBITh TaK¥Ke HCIIOIb30BAHO TIPH HCCIIEI0-
BaHWA yCTOWYIMBOCTH MOMEPEYHBIX Koaebauuii. PaccMOTpnM uis IpoCTOTHI CIIy-
9all JUMONBHBIX BEPTUKAJIBHBIX KOMEOAHUMH, KOTAA [, n YAOBIETBODAET ypaB-
Hernio (8.1) (my =0, m, = £1):

of
2 0 a7 7!
(W= Wm,n) frmn = Ne My dAp'dL,dlL G n(1,2,w) frnn- (10.1)
y
Boobuie, Besmmauna Gy, , CONEPIKUT ClIaraeMble ABYX BHIOB. Boipaxkenue
02

G| = ?Ge’e —Gopo (10.2)
onuchiBaeT 3P PEKTH CBA3aHHBIE ¢ BO3OYKIEHNEM MOJEH MPOIOIBHBIM JBHKE-
vuem mydka. Ocranbabie ciaraembie B G ONUCHIBAIOT BO30YXK/IEHUE TIOJIEH 110-

MEePEYHBbIMU TOKAMHU MyYKa (j | ) ¥ PEAKIUIO My9IKa Ha 3TH 1oJis. Ecau BraagamMu
[OIEPEYHBIX TOKOB MOXKHO IPeHeOpetb, TO TapMOHUKE Gy, 3AIHMCBIBAIOTCS B

BHUIE
r _0>

2

Ry 0
mmn — 5 LI a o, 9n 1a27
G, 2puy V YTy <8y8y/G ( w)
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IMoacranoska sroro Beipaxkeuus B (10.1) UpUBOAUT K ypaBHEHUIO

Ne?R, 8
0, a? VI, (10.3)
Y

(W - Wmn)fm,n =

62
1,2
(aya, a(1,2,w)

C apyroii cTOpoHbI, eciin MolepedHble KOeOaHus 9aCTHIl My9YKa He CBA3AHbI,
a BO3MYIIeHNsT KOJIeOaHU JaCTUI HABEIEHHBIMU TIOJISIMU ONUCBIBAETCS CHJION
F, To, nanpumep, 11 BEPTUKAJIBHBIX KOJEOAHWI MTHTIIEM:

2puy

) / AP AT AL T frn.
=0

.oy
IloaTomy
— % _ R0Iy
(@ = ) fnn =My G OlE)@), W= [50L (104

B srom ypasrenun cuia F, onucbiBaeT BO3MYINEHHs KOaeOaHUN 4acTull HaBe-
JeHHbIME noasmu. 1o ananoruu ¢ ypasuerusyu (9.5) u (9.6) MbI onpeaesnm
dbyuknuo (Fy),(w) creayommM BeIpazkeHHeM:

— NewyZ-(w
Fn@) = i 22 gy, (10.5)
B KOTOPOM BEJIHTIHHBL (M, = £1)
RoI
_ ' a7! Y
(D) = [ AL [0 ) (10.6)

STBJISIFOTCS. TADMOHUKAMH BEPTHKAJTBHON KOODIMHATHI MEHTPA TAKECTH (IIEHT-
pomzia) myuka, a byHkius Z;- (w) Urpaer Ty ke pojb, YTO H HMIIEIAHC CBA3H B
3a7a4uax 00 yCTOHYIMBOCTH MPOAOMbHBIX Kosmebanmii. Takas GyHKINsA HA3BIBA-
€TCsl TIONEPEYHBIM UMIEIAHCOM CBSI3U IIYYKa C OKPYIKAOIIMME JIEKTPOJAMHU.
Ucnonn3ys onpenenenue (10.5), Mbl MoxkeM nepenucarh ypasaenue (10.4) B
BUTIE

_ . 8f0 NE’ Ro
(w - Wm,n)f’m,n - My 8] 2pl/y \/ (107)

ZL
o W0y (w + nwo) / dAY A AL, [T o

II
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Cpasnenue ypasuenuil (10.3) u (10.7) no3posisier BbIPA3UTh [IONEPEUHBIH MM-
nefanc cBa3u Z;- (w) gepes mpomssoaEbie GyHKImE ['prHa HaBeTeHHbIX Toeil

Ha PABHOBECHOI opOuTe:
. (10.8)
r; =0

Ucronbayst (9.8) MbI MOXKeM CBA3aTH Z; ¢ MPOIOTLHBIM HMTIETAHCOM (le)

) . (10.9)
r, =0

s kKaMepspl ¢ cedeHneM OJIM3KUM K KPYIOBOMY OIEHKA IIPOU3BOIHBIX IO I10-

PAOKY BEJINYUHBI JaeT
—zll
Zhw) ~ ;2} ((“)> . (10.10)

Zy (W) =

2
ZQWR()( 9 Gn(1,2,w)

wo yoy’

Ztw) =" <888 70 (1,2,w)

w

OTHU BBIPANKEHUs TO3BOJISIOT BBIPA3UTH KOTE€PEHTHBIN CIBUT YACTOTHI JUIOJb-
HBIX [TOIIEPEIHBIX KOIeOaHn HECTPYIIUPOBAHHOTO MOHOXPOMATHYECKOTO Iy Y-
Ka depe3 IOMePEeYHbIil uMIeanc cBA3u. 1IpocThie BRIUYMCIEHNS C HCIOIb30Ba~

HueM ypabHenust (10.7):
9 fo
fm n X \/>81y

Ne2Ry woZ;- (wm.n) dfo
— W = —i : dApdI,dI,I
W W = Ty 2pl/y 0] / P,
Ne?
= imy ———C 7 (W)
7 Ampuy,
OPpUBOIAAT K BBIPDAXKEHUIO
Ne2wg
Qo (w) = — 27 w). 10.11
(w) Y dmp, (W) (10.11)

Hcnonp3ys onenky (10.10), MblL TakzKe MOMXKEM LIEPENUCATH ITO BbIPAZKEHUE B
TEPMUHAX TPOJIOTHHOTO UMIIEIAHCA CBA3U

ol
Qpn (w) = m Netwo v (ZZ”(“’)> . (10.12)

Y dmpu, 12 w

Kak # cinemoBasio OXHIATH, BEIMYHUHA KOTEPEHTHOI'O CIOBHTY, 9ACTOTBI MOJIBI
(ReQn) onpenensiercs peak TUBHOI, a BeiauvduHa uHKpemenTa, (Im€,,,) — ak-
THBHOH 9aCTbI0 UMIICJAHCA CBA3M.
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10.1. KouaebaHus 4yacTui U AUIOJbHBIE IIOIEPEYHBIE
KoJiebaHus

Bocnosnbzosasimmcs ypapraenusmu (10.4) u (10.6), moayunm ypaBHeHWe 115t
BBIUHCJIEHNS TAPMOHUK (BEPTUKAJIBHOTO) [EHTPOMIA Ty IKA:

I,(0fo/01y)
- wm,n(Apv I, Iy) ’

Rym,

2puy

(dy(@)) e = Fy)n(@) | / dApdL,dl, (10.13)

Ecan Baugnuem pa3bpocoB 9acTOT YACTHUIL B IIyIKE MOXKHO IpeHeOpedhb, TO Ta-
crorHbiit 3HameHaTensb B (10.13) BBIHOCHTCA U3 1O 3HaKa WHTerpasa. [Tosromy
C y4eToM HOpMUPOBKN GyHKIMN pacmpenesnenns fu dopmyrna (10.13) mepenn-
CBIBAETCS B BHJE:

_ Romy

2o, (Fy)n(w). (10.14)

(UJ - Wm,ﬂ) (dy(w))m,n =

Yurarens jierko ybeaurcs B ToM, uro ypashenud (10.13) u (10.14) nonyuarorca
YCPeIHEHNEM IO YUKy U BbIJEJIEHUEM MeE/JIEHHBIX CJIAaraeMbIX PellleHuii ypaB-
HEHMI JBUXKEHUs JACTUIL TIyYKa, BO3MYIIAEMBIX CUJION Fy(9, t). B rakux pac-
gerax (pAyKTyaAlnOHHBIE M3MEHEHUsT KOOPIUHAT U UMITYJIBCOB YACTHUIL JOJYKHBI
OBITH OTHECEHBI K OBICTPHIM TPOIEccaM. KCu JacTuilpl B Mydke HYMEpPYIOTCs
qucaaMu @ = 1,2,... N, TO ypaBHEHHs I/ BEPTUKATIbHBIX KOJIeOAHUN JACTHUIL
1, HAIIPAUMED, B IPUOIMKEHUN CIIaKeHHON (POKYCHPOBKY 3AIIMCHIBAIOTCS B BH-
ae:
d?y, 9 Fy(8,,1)

a — 5 10.1
72 +wy Y i (10.15)

a ATIOJIbHBI MOMEHT IIy9KA OIPEAeseTcs (PopMyIIoit

1 N
dy(t) = 5 D va(t)- (10.16)

CoBnafenne BEIUYUHBI TUMTOTHLHOTO MOMEHT, MYyYKa, BEIYUCIEHHOTO DEIeHN-
€M ypaBHEeHWil IBUKeHWS JaCTUIl WM pelleHneM ypaBuenusi Biacosa, cama
o cebe He yauBuTeNbHA. B ypaBHenue BiacoBa HaBeneHHBIE MO BXOIAT KaK
BHEIITHYE TI0 OTHOIIEHWIO K YaCTHUIIAM Ty4YKa. B mpeneOpexkeHun 2Ke paccesHm-
em wactun Ha daykryauuax cunbl Fy(0,t) ypasuenue Biacosa dakruuecku
COBTIQAET ¢ ypaBHenueM JIuyBuiisi. B Takux yCaoBUSX BBIOOD TOTO, WJIM HHO-
r'0, CTIOCO0a BBIYKCIEHUI TUITOJIBHOTO MOMEHTa, ITyYKa, OMPEIeIIeTCs NCKITIOIH-
TeJILHO yI0OCTBOM pPeIeHrsi KOHKPETHOM 3a/1atm.

IIpu coBnamennn JacToT KONeGAHUN JACTUI (Wy o = Wy) YCPETHEHHE ypaB-
senuii (10.15) OpUBOAMUT K CJIEAYIONIEMY YPABHEHUIO JJid BEPTUKAILHON KOM-
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IIOHEHTBI AUIIOJIBHOI'O MOMEHTA IIYyYIKa:

ddy o, (Fy(0.1)
rae
1 N
(Fy(0,0) = = >0 Fy(6.1). (10.18)

a=1
JIF060IBITHO, YTO 3TN YPABHEHNS TIOJIyYal0TCSA yCpeiHeHneM ypasaennii Biaco-
Ba C Y W Py B TIPENIMOTIOKEHUN O TOM, UTO B JIIO0OH MOMEHT BpeMeHU (DYHKIINS
pacipesesieHust nyydka 3agaHa (HhopMyJsioi

dd , (t)

f="fo | —di)?, (pL - det> 0] . (10.19)

Takast GyHKIMS pacipeieseHus ONUCHIBAET IIYYO0K, B KOTOPOM IOII€PEdHbIe KO-
OP/IMHATHI BCEX YACTUI[ CMEIEHbI B (ha30BOM MPOCTPAHCTBE HA BEJIUUUHY €O
LEHTPOUIA U OCTAIOTCS TAKMMH BO BCE IIOCJIELYIONINE MOMEHTHI BpeMeHu. Bee
n3MeHeHus f CBOAATCS K JUTOIBHBIM KOJIEOAHUSM TYUKa 38 CYeT W3MEHEHWS
TTOJIOZKEHU S TIEHTPON, 1A ITyuKa B hazoBoM mpocrpancTse. IIpu stom dopma myd-
Ka B (ha30BOM NPOCTPAHCTBE OcTaeTcs HemaMeHHoi. [1o 3Toil npuyanHe roBopsT,
uro ¢yukuuu pacupezpenenus (10.19) onuchBalOT NyYKU € KECTKUM PaCIpe-
JesieareM dacTull B (Ga3’oBoM mpocrpancrse, a ypasuenue (10.17) omnucbiBaer
(BepTHUKAJIbHDbIE) KO'EPEHTHbIE KOJIeDaHUs TAKOIO 2KEeCTKOIO [y4Ka, WiId KOoJle-
6aHusT B T.H. MOJIEJIN KECTKOTO MydKa.

XoTsi 10 MHOTUM NIPUYHUHAM CaMO CYIIECTBOBAHUE YKECTKHUX ITyYIKOB ITPOTH-
BOPEYUT 3aKOHAM (DU3WKU, MTPOCTOTA W HATJISIHOCTH OIMMCAHUS KOT€PEHTHBIX
KOJIe0aHUN B PAMKAX MOJEIHN JKECTKOrO MyYKa YaCTO JEJIAI0T TAKHE PACYETHI
BECbMa, MPUBJIEKATETLHBIMEA. DTO OCOOEHHO OTHOCUTCHA K HAYATBHBIM CTAIAIM
M3YYUeHUs peIieHuil 3a1a9 0 KONebaHNaX My9IKOB ¢ MAJIbIMUA BEIHIHHAMHU Pa3-
6pocoB yacToT Kosebauuit vacruil. Crenyer MOCTOSHHO TIOMHUTE O BHYTpEHHEeH
IIPOTUBOPEYNBOCTH MOJEJIN XKECTKOTO IMyYKa U MOITOMY OTHOCUTBCA K €€ TIPeJi-
CKA3AHUAM JIUITb KAK K O9€Hb [IPEIBAPUTEIHHBIM.

11. 3agauu k I'ymaBe 3

1. Ilocne ynapa BepTUKaIbHBIE UMITYABCHI BCEX YACTHIL B TTyIKE CMETTAIOTCS
na Besmuuny A, Cuymurag, 9r0 HaYalbHOE PAclpejesieHHe YacTUIl B (Da30BOM
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IPOCTPAHCTBE BEPTUKAJIBHBIX KOJIebaHM rayccoBO

2
O
202 202

= 2100, ’

BBIUMCJIATH TAPMOHUKY (DYHKIUU Pacrpeiesenns mo ¢a3aM KOaedbaHui.
2. Bocmonip30BaBImch THHEAPU3IOBAHHBIM ypaBHeHneM Biacosa pernuTs 3a-
Jaty, B KOTOPOH B KaxKI0# TOYKE OPOUTHI YACTUIIBI ITYIKa BO3MYIIAIOTCS CUIOH

ke?
sz_@zxaa

a=1

rae [ — paguyc BaKyyMHOH KaMmephl, a k — TOJoXKuTeIbHOe uuciao. Mccie-
JIOBATh BJMsHUE pa30bpoca dacrtorT GeTATPOHHBIX KOJeOAHWH JacThI (Wy o) Ha
YCTOWYMBOCTD My9Ka C TAKMM B3aMMOJIEHCTBAEM YaCTHIL.

3. BeimucaTh HHTETPATIBHBIE Y PABHEHU ST, OMUCHIBAIOIINE CIIEKTPHI MAJIBIX KO-
IePEHTHBIX KOIeOaHM BCTPEYHBIX IYyYKOB HYJIEBOH AMMHbL. BbrucauTs Kore-
PEHTHBII CIBAT YACTOTHI, HATPUMEDP, BEPTUKAIBHBIX KOMEOAHWH, TTpeoIaras
YAAJIEHHOCTD ¥, OT PE30HAHCOB Vy = n/my (THe n u m, — B3aHMHO OPOCTHIE
uesble yncaa). B kauecrse fy npunsaTh
5(L) 1, I,<Iy,
1oy

fO(I:me) =
0, Iy > on.

4. B 3amade 3 uccaenoBaTh Ciydail, KOrma

Iy

fO(Iwa Iy) = 6(193)[74'10.
Yy

5. BoramceauTh nonepedHbiii MMIIETAHC CBA3YW UALANTHHO TPOBOAAIIEH BaKy-
YMHO# KaMephbl KPYTJIOrO Cedenus ¢ my9IKoM. Beraucienns npoBectu B obiacTu
HU3KHX 9aCTOT w < ¢/l1, rae || — paguyc IONepedHoro Ce4eHnsa KaMephl.

6. To >ke ju1si KAMEDPBI IPSIMOYT'OJIBHOIO CEYEHUS .

7. O1eHuTh MOMPABKY K MONEPETHOMY UMITEIAHCY BAKYYMHOM KaMePhI KPYyT-
JIOTO CeYeHUs 3a CYeT KOHEYHOH IMPOBOJAMMOCTH CTEHOK.
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I's1aBa 4.

KorepenTubie KojedbaHus
CI'YCTKOB

Eciu my4dok crpynnupoBaH B OJUH WM HECKOJIBKO CI'YCTKOB, TO B PEIICHUN
3aa9u 06 yCTOMIMBOCTH KOTEPEHTHBIX KOJIEDAHUH Ty IKa MOABIAETCS JOMOTHE-
TEeJIbHBIIN IapaMeTp — OTHOIIEHNE BeJIMINHBI KOTEPEHTHOTO CJABHUTA YaCTOTHI KO-
JlebaHuil K 9acTOTe CMHXPOTPOHHBIX Komebanuil uactuil. Ecim 970 oTHOMEHMEe
MaJI0, TO CODCTBEHHBIE YACTOTHI MOJ, ¢ CHHXPOTPOHHBIMU KOJUIEKTUBHBIMU KO-
JIebaHUSMU XOPOIIIO PA3/IETEHbI B CIIEKTPAX KOTEPEHTHBIX KoJjie0aHuil mydyka. B
TOM CJIy4Uae CHEKTPHI KOMeOAHWH MOTYT BBIUYNUCIATHC C MOMOIIBIO YPABHEHUT
(7.17), 4ApO KOTOPOro COAEPIKUT JIUIID JUATOHAJBHBIE CJIAraeMble [10 HOMEepPaM
MYJIBTUMIONbHBIX KoJebauuii. Eciu ke 310 He Tak, TO KojebaHusT PA3BUBAIOTCI
Ha BPpEMeHaX CPAaBHUMBIX, UJN CYIIECTBEHHO KOPOUe MEePUOIa CHHXPOTPOHHBIX
kosiebanuii. [Ipu srom, KoHeuno, ypasuenus (7.17) J0KHBI ObITH 3AMEHEHBI
bosee 0OIIIeit cCTEMOM ypaBHEHMH, VIUTHIBAIONIEH CBA3b CHHXPOTPOHHBIX MO/
Pa3INIHON MYJABTHIOIBHOCTH.

ITomumo 3TOrO, 3amOMUHAHKE CIYCTKAMHM HABEJ/EHHBIX I10JIEfl IPUBOANT K
BO3MYIIEHUSAM KOJIeOaHWI TACTUIL MOJIIMHA HABEIEHHBIMY HA MPEIBIIYIINX 000-
poTax, Wau TMOJAIMU, HABEAEHHBIMI BIEPEIUUAYIIUMHA CTYCTKAMU mydka. Jleit-
CTBUWE TUX MOJieil HA KOT€PEHTHbIE KOJeDaHus 3aBucAT OT Haberos a3 Ko-
sebaHnil YaCTUIl W HABEIEHHBIX ITIOJIEHl HA MEPUOJAX CJIEJOBAHUA CI'YCTKOB B
Iy 49Kax.
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12. MenayseHHbIE CMHXPOOETATPOHHBIE KOJIEOaHUS

Hagrem ¢ u3ydenunst OqHOrO u3 MPOCTENIINX CIy9aEB, KOIIA BBIYUCIAIOTCA
YCJIOBUST YCTOMYMBOCTYA KOTEPEHTHBIX KOJMEOAHUI OJUHOYHOTO CrycTKa. Kpome
TOTO, JJIsi TPOCTOTHI MIPEIIIOIOKUM, YTO HABEJIEHHbIE TIYYKOM IO/ 3aTyXaloT
CYIIECTBEHHO GBICTpee IepHoAa OOpAIleHNs TACTHI, B MAIIIHe |

B sTom pazmesne mbl npegnosaraeM, 9To JEKPEMEHTHI KOTePEHTHBIX Koseha-
HU MaJibl 10 CPABHEHUIO C YACTOTAMK CHHXPOTPOHHBIX Kosiebanuii yacrui,. B
TAKOM CJIy9ae CIpaBeuBo ypasHernue (7.17), anpo KOTOPOro BBIPAXKAETCS de-
pe3 rapMOHUKH (a3 CHHXPOTPOHHBIX KOJeOaHWil C OJHUM U TEM K€ 3HATEHUEM
HOMEpPA MYJIBTUIOJBHOCTHA KOT€PEHTHBIX CHHXPOTPOHHBIX Koiebauuit m.. [lpu
3TOM, MOCKOJIBKY

dipy Ow,
Chfwy(Ps)JF(ap sApa
a
d¢ _ (w0 A
a  \op ), b,
IIUIIIEeM
Owy
d¢y _ +d¢( p)
dt T (ow
(%),
nJjain d
w
Yy =, + y¢

Takum o6pazoM, B NMpeHeOpeskeHurn MoOAyasnueii § GeTaTpOHHBIMU KOJEHAHU-
AMH 9acTul, 41po ypasuenud (7.17) Bbipakaercsi yepe3 rapMoHuKu a3 CHH-
XPOTPOHHBIX KOJIEOAHUI OT BBIpaXKEeHHit

exp {:I:i (n +m LZ:;') ¢] )

Ecnu aMmmuTyapl CMEXPOTPOHHBIX KOJe0aHWi MaJbl, TO ¢ = ¢ cOoS Y., & COOT-
BETCTBYIOIINE WHTErPAJIBI COBIIAIAT ¢ hyHKIMAMu Beccens

T dipe . . .
/ o eXp(—chﬂ)c =+ 2n1¢) =1 chmc (n1<p)7
0o 2m
rie
dwl
n=n4+m; ——
do.)()

1]’EC.J'[I/I IIy90K COCTOUT M3 HECKOJIBKUX CIyCTKOB, TO BpeMd 3aTyXaHUA HJOJIZKHO OBITH Cy-
IMEeCTBEHHO MEHBbINE IIepruo/Ja CJI€IOBaHUA CIryCTKOB.
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CosumecrHO ¢ dopmyiioil (8.5) aro naer caeayiomee Bbipazkerue 1st Gy,
Gmn =~ (IxI:;)mI/Q(IyI_z//)my/ngn(Wmn)Jmc (n19) I, (n1¢").

IMosTomy siipo uHTErpabHOro ypashenus (7.17) okasbiBaercs HedbakTOPHU30-
BAHHBIM [0 AMILUIUTYJIAM CUHXPOTPOHHBIX KoJiebanuil qactuin,. OHO ONnuchIBaeT
CBsI3b KOT€PEHTHBIX KOJIe0aHu, PACIPOCTPAHSIONINXCS 110 U IIPOTUB JIBUKEHNS
crycrka. Kpome TOro, us-3a XxpoMaTu4HOCTH (POKYCHPYIOMIUX IOJEH MallMHbI
yKa3aHHas CBI3b 3aBUCUAT OT MOIYIANNH (Pa3 OETATPOHHBIX KOJIEOAHNH CHHXPO-
TPOHHBIMI KOJIEDAHUAMHI 9acTHIl. Bee 3TH 06CTOATENbCTBA U3MEHSTIOT YCIOBUS
YCTONYMBOCTH KOT'€PEHTHBIX KOJeOaHuil CIyCTKOB 110 CPABHEHUIO C TEMH, KOTO-
pble TOJIyHaJIiCh JJIsi KOTEPEHTHBIX KOoJebaHuil HecrpyniupoBaHHOro my4dka. B
YaCTHOCTH, B 3aBUCUMOCTH OT XpoMarn3mMa (HOKyCHPOBKU COOCTBEHHBIE MOJIbI
[I0IIEPEYHBIX KOI'€PEHTHBIX KOJle0aHUil MOI'yT OKa3bIBATbCSl YCTOMYMBBIMU, UJIN
HeycroituneeiMu. Ha Takyio Bo3MokHOCTH ykazaan B 1969 r. K. Ilennerpnan
[10] M. Campc [11].
B coorBercTBUM €O cKazaHHbIM GyjueMm uckarh pemienvs (7.17) B Buje

o B (20
Jm

maI) Xm (). (12.1)

w — mw
B 3apy6exknoii mureparype cobcTBeRHBIE (DYHKITUN X () TPUHATO TEIEPH HA-
3bIBATb Pa/JHAJIbHBIMKA MOJJaMHU. STI/IM IIOAYEPKUBAECTCA TO O6CTOHT€HBCTBO, 4TO
Xm () onuceiBaOT pacnpenenerre Moabl o "paguycy" B dhazosom mpocrpan-
CTBe CHHXPOTPOHHBIX KOJEOAHUM.

IIpenmonarasi, uTo GyHKIMA PACIPENe/IeHrnsT B CTAIMOHAPHOM COCTOSHUM
MOXKeT OBITH IPEeICTABJICHA TTPON3BEICHIEM

folli, 1) = Fo(11)p(p),

rae p(yp) — pacmpesienenne Mo aMIUIUTYIaM CAHXPOTPOHHBIX KOJIe€OaHW, U3
(7.17) HaxoauM MHTErpaJbHOE YPABHEHUE JIjisi TAPMOHUK JIMHEHHOH [IJIOTHOCTH

my9Ka (Xm)

Xm = p(w)/ooodcp’s@’f((«p-,w’)xm(w’) (12.2)

Iz Iz (mLaF/aIL)
T
X/d T w-mu(ILy)

/ - an /
Kp.¢) = D> I (119) T (1)

n=—oo
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7151 CMHHXPOTPOHHBIX KOJIEDAHUHN aHAJIOTHYHOE yPABHEHNE 3AMUCHIBAETCS B BU-
’He 8 o0 /

Xm = 8(72[)/2)/0 dw’w'ﬂ%@’)%- (12.3)
W3-3a azuMyTasbHONl HECHMMETDUH CTAIMOHAPHOIO DACIPEJIesIeHNs YaCTHUI]
pa3BUTHE MO X, BOOOIIE, MOXKET OIPEIETATHCA COBMECTHBIM JIEfCTBUEM 3a-
METHOT'O KOJINYECTBA a3UMYTAJIbHBIX TAPMOHUK 1oJd. [Io 9Toit npuvune sapa
ypasrennit (12.2) n (12.3), KaK y>Ke yIOMHHAIOCH, He (baKTOPU3YIOTCS TTO aM-
TJINTYIAM CUHXPOTPOHHBIX KOJeOaHMH HacTHIl, YTO CYIIECTBEHHO YCIOXKHSAET
perrenne 3TUX ypaBHenwit. VccaenoBanue pereHuil MOMTYYeHHBIX ypaBHEHUH
MOXKET OBITH TOTOIHUTEIHHO YIIPOIIEHO, €CJIH IPY PEIIEHUH 33891 Mbl MOYXKEM
nperebpekeM pa3dpocoM IaCTOT M3-3a HEMMHEHHOCTH CHHXPOTPOHHBIX KOIeba-
uuii. B nocaennem ciay4vae, B ypasHenuu, naupumep, (12.2) MHoxuTe b

/ melpmel (m, oF/01,)
dr
w—mw(I)

HE 3aBHUCHT OT (' W IIOTOMY MOXKET OBITH BBIHECEH 38 3HAK MHTErpajia. B pe-
sysbrare (12.2) pacuajaercs Ha JBa HE3aBUCUMBbIX ypaBHenus. [lepBoe u3z srux
YPaBHEHUIl:

Daxm(p) = p(9) D Qmnlw + 1w0) I, (n10) (12.4)

X / de' o' T, (N1 ) xm (@)
0

ompenesser COOCTBEHHBIE MOIBI M CIIEKTP COOCTBEHHBIX YACTOT IOIEPEIHBIX
KOTE€PEHTHBIX KOJIe0aHWH MOHOXPOMATHYECKOTO CrycTKa. Bropoe ypaBHeHue:

L (m o oF/01L)

ABJISETCS AUCIIEPCAOHHBIM YPABHEHUEM, KOTOPOE T10 YK€ HallJeHHBIM COOCTBEH-

HBIM 9HCIaM (), HO3BOIAET BEIYUCIATH COOCTBEHHBIE YaCTOTHL MO w. Bxond-
wme B 91U ypasHenus sejudusbl Ay, u (., oupeuesenst B (8.8) u (8.9).

VYpasuenue (12.4) ONUCHIBACT CBA3DL TOMEPETHBIX KOTEPEHTHBIX KOJTeOaHumit
YACTHI ¢ aMILIUTYIAMI CHHXPOTPOHHBIX KoJeOanuii ¢ n ¢’ . Pesynprar Takoit
CBsI3M 3aBUCUT OT BuJa pacupeienenus p(p). Tak, eciu Bce 4acTUIBI CTYCT-
Ka IMeIOT OTHY U TY Ke aMILTATYAy CHHXPOTPOHHBIX KOJIeOaHmil ¢ = (g, TO
dynkuusa p(y) 3anucbBaerca B BUIE

o) = 6( ;%) (12.6)
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B Taxom ciyuae pemenns ypasaerus (12.4) npomopunoranbae 0(¢ — @g). Orn
PABHBI HYJIIO [JIs BCEX YACTHIL C aMIUIUTYIAMH ¢ 7 @o. [losTomy, ynomuHas-
niascs CBsi3b Kosebanuil B Toukax ¢ u ¢’ orcyrcrsyer. Iloncranoska B (12.4)

pelennii
X(p) x & (sﬁ;cp%) (12.7)
NPUBOJUT K COOTHOIIEHHIO
oo
Q,, = Z Qi (w + nwp) J7, (n10). (12.8)

OTr GOPMYNBI CYMECTEEHHO YUPOIIAIOT BBIYUCIEHUS BEJIWIWH KOTEPEHTHBIX
CIBUTOR YACTOTHI M WHKPEMEHTOB MOTIePEYHBIX KOTEPEHTHLIX Kojebanuii. ITo-
3TOMY OHH YACTO WCTIOMB3YIOTCS IS KAYECTBCHHON OeHKY Bemaund (),,. Pac-
npegenennto (12.6) cooTBercTByeT JUMHEHHAS IIOTHOCTD CIyCTKA

M) = —20 6] < o, A(6) =0, |8] > o. (12.9)

e

ITo 370l mpuuuHe MOMENb, UCIOAB3YIONLYIO pacipenenerue (12.6), Ha3bIBaOT
MOJIEJIbIO TIOJIOro crycTKa. CreKTphbl COGCTBEHHbIX 3HAYeHuii ypaHenus (12.4),
[IPEe/ICKA3bIBAEMbBIE ITON MOJIEBI0, HEYCTOWYIUBBI OTHOCUTETBHO NOOABJIEHUS K
pacupegesenuto (12.6) pounosnuTesnbHbIX 6-00pa3HbIX ciaraeMbix. Tak, ecsu
BMecto (12.6) 3ammcarh

M 2 9
plo) =Y md (55 7E). (12:10)

rie

To ypasrenue (12.4) npespaniaercs B cucremy M OIHOPOIHBIX ANre0PanIecKux
YPaBHEHUN:

M )
Qlef = Z Pk’ X k' Z an(w + nWO)JmC (nlwk)Jmc (”19%’) (1211)

k’'=0 n=—oo

JJ1sl BEKTOPOB Xk TAKHX, YTO
©? — o2
— S| Z—Fk ). 12.12
x () k%ox;c ( 5 ) ( )

67



www.phys.nsu.ru

B HeBBIPDOXKIEHHBIX CIIy9asix YUCIO0 COOCTBEHHBIX PEIEHWI TAKOH CHUCTEMBI B
TOYHOCTH paBHO M. DTO O3HAUAET, YTO pa3MbIBaHNE MAKCUMyMa pacipe/iese-
HUS B MOJEJIH TTOJ0T0 MYYKa, HanpuMmep, M MakCUMyMaMu TPUBOINAT K PACIIET-
JIGHUIO JIMHUY cnekTpa {1, paccuurantoit no ¢gpopmyne (12.8), na M komio-
menT. B cBOIO 04Yepesib, 9TO 03HAYALT, YTO JJIs HEIIPEPHIBHBIX U HECUHTYJISAPHBIX
pacnpemenennii p(@) CIIeKTPBI COOCTBEHHBIX perennti ypasaenns (12.4) comep-
KAT JJid KayKI0ro Habopa HOMEPOB MYJIBTHIIOIBHOCTH M OECKOHEYHOE YMCJIIO
cobCTBeHHBIX perntennii. HoMepa Takux pernteHuil yHUKAIbHbBL I KaXK0r0 BU-
na kosebanuii (Moapl). OHU JUCKPETHBI U XapakKTepU3yIOT YUCI0 KODHEH 3a-
JMaHHOi cobcrBennoi dynkiuu Ha uHTepBaje 0 < ¢ < oo.

Bakabim cBoiicrBoM uHTErpasbHOro ypasaenus (12.4) sapiagercsa BO3MOXK-
HOCTBb PeoOpa30BaHMA fA/IpAa ITOrO ypaBHEHUd B cuMmmerpuvHoe. i sroro
UCTIOIB3YETCS MOACTAHOBKA X = W(p)\/p/@, TOCTE KOTOPOI ypaBHEHNE MPU-
obpeTaer BUI

QMMww=Amd¢Ax%¢@www, (12.13)

K(0,¢') = Vo' p(@)p(¢) D> QnnTim, (19) T, (n1¢).

n=—oo

B cuny cumvmerpum sapa K (@, ¢') = K(¢',¢), Tak-HA3BIBAEMOE, COIO3HOE K
(12.13) mHTErpasbHOE ypAaBHEHHE

mﬂwwﬂzlfdwxw%wmwwv (12.14)

[OJIyYaercd KOMIUIEKCHBIM conpsizkeHneMm ypasaenus (12.13), a ero cobersen-
HbIE TUCJIa, KOMILIEKCHO COTPSIKEHBI (),

O = (12.15)

JeiicrBuTensHo, ymHOXKag 06e dactu B (12.13) Ha w* U UHTErPUPYst 3TO ypaB-
HEHUE 110 Y, TOJIYIUM

Qmmﬁ=éﬁmwwwmwwmwm

<mm=%mwmmﬁ

Bocnonp3osasics cummerpueit K, mepemnuiiiemM 310 ypaBHEHUE B BUIE
oo
Qo (Jw]?) =/ dpde"w* (") K (¢, ¢")w(p),
0
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1, 9TO TO 2Ke

m{lwl?) = /Ooo dd’Re{w* (p)w(¢") } K (¢, ¢"). (12.16)

Awnanoruyno, uz (12.14) nonydaem

Q, (|wl*) = /OOO dpdypRe{w™ (p)w (')} K" (¢, ¢"). (12.17)

Teneps, caoxkenne ypaprenuit (12.16) u (12.17) gaer Im(Q,, + ) =0, a ux
Borauranue — Re(Q, — Q) = 0, 9T0 J0KA3bIBACT YTBEPKICHUE yDPABHCHUST
(12.15).

Ecnn uncna o nymepywor pemenus (12.13), a HOpMUDPOBKA 3THX peliie-
Huii BIOpana Tax, uTo (|we|?) = 1, 10 w3 ypasmenuit (12.15), (12.16) u
(12.17) MOXKHO HOJYYUTDH CAEAYIONIEE BhIPAKEHUE IJisi JEKPEMEHTOB Kojeha-
HUH (0,0 = —ImQyy, )

m o — § Ilem, n

n=—oo

2

/Omdso\/sop<w>Jmc<nlso>wa<so> S a2m)

s mpumenerus 3T0i HOPMYIbl HEOOXOIUMO 3HATH COOCTBEHHBIE (DYHKIIUU
Wa (). BEcrm ke dyaknnm w,, () vemssecTnsl, dopmyma (12.18) mMoxker oka-
3aThCA TIOJE3HON i1 TPUOIMKEHHOTO BBIYUCIEHUS TEeKPEMEHTOB U KOTE€PEHT-
HBIX CIIBATOB YAaCTOTHI MOJ TIOIEPEYHBIX KOMEPEHTHBIX KojebaHuii crycrka. B
TAKWX pacdyerax TOUYHOe perenne ypasHenus (12.13) wq, () B dopmyse (12.18)
3aMeHsIeTCsT HEKOTOPOi TpOoOHO# (hyHKIMel, KOHKPETHOE BBIPAXKEHUE KOTOPOI
BBIOMPAETCs UCXO/s U3 0COOEHHOCTeH penraeMoil 3aa4u. TOYHOCTh BBIMHCIIE-
Huii Oymer TeMm Bbimie, deM OsmzKe mpobHas (PYHKIHS K TOIHOMY PEIIeHHIO
ypasaerng (12.13).
[To ycmoBUO TIOTHOTHI COOCTBEHHBIX PEIIeHUil

> wi(walp) = (e — ¢),

CyMMa, JI€KPEMEHTOB MOZ Y Om, o, KAK U JOJTIKHO OBITH, COBIIAIAET C MHUMOM
qacThio caena aapa K:

Z(Sm a — T Z IQO n/ d()mpp mC (ﬂ1<p)

n=—oo
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13. OmHOOOGOPOTHBIE 1 MHOTOOOOPOTHEIE

3P PEKTHI

st KOpPEeKTHOro BhleIeHus B spe ypasHenus (12.4) ciaraeMbIx, ONUCHI-
BAIOIINX 3AMOMUHAHUE HABEJIEHHBIX MOJEH, HAM HYXKHA HEKOTOpas (DOpMasib-
Has nporeaypa. Ora MoXKeT ObITH OCHOBAHA HA UCIOJIH30BAHUN (DOPMYIIBI CyM-
vuposanua Ilyaccona:
o0 o0

Z by = Z /_OO dnb(n) exp(2miln). (13.1)

n=—oo l=—00

Jl7ist onipeieIeHHOCTH, TIPOBEIEM BBIMUCICHUSI /1718 CHHXPODETATPOHHBIX MO
KOTEPEHTHBIX Kojebanuii myuka. Torma, momcraHoBka Bohipaxkenus (13.1) B
(12.4) IPUBOAUT K MHTErPAJBLHOMY YPABHEHUIO

QX () = p(so)/o de' o' K (¢, ¢")xm(¢'), (13.2)
PO KOTOPOTO TIPEJCTABISETCA CYMMOIT JIByX CJIaraeMbIX:
K(p,¢') = [Kst (0, @', w) + Kmi (@, ¢, W), (13.3)
rae -
Ko (p, ') = / AnQ n(nwo + W) I, (n19) I, (n1¢"), (13.4)
a

Ky = Z/ dn exp(27iln) Q. n (nwo + w) I, (n19) I, (n1¢").  (13.5)
1#0 Y~

st BRIsSICHeHUsT (PU3MTECKOr0 CMbICHA caaraeMbix Ko m K, 3aMmerum, 9T0
upaBas 4actb ypaBuenus (13.2) ssagerca @ypbe-aMIIUTY 0l BbIDAKEHUs

de'dAY o
W= ng”(w + nwo) / ¢Te m(é-¢ )f(Ap/,¢/7W)-

n

JJtst yIpOITieHns BBIYUCAEHUH IIPUMEM, ITO JJIMHA YCTPONCTBA, C KOTOPBIM B3a-
UMOJEHCTBYET MYYOK, Majga U MOTOMY (DYHKIUA Grmp(w + nwp) MOKET OBITH
3aMeHeHa Ha g, (w + nwg). Ipu sTrom cornacuo (13.1) crnaraemomy K, coor-
BeTcTBYIOT YacTh W, paBHas

Wit = Z/ dn exp(27iln) gm (w + nwo)
1£0 Y

"dAD . ’
Y
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IToCKOMBKY COMVIACHO TPUHIIUILY NPHYAHHOCTH §rmp(w) ABIAETCA aHAJIATHYIE-
CKoil (pyHKITHEH B BEpXHEll HOTYILTIOCKOCTH KOMILIEKCHOM TepEeMEHHOM w, CIara-
emble ¢ [ > 0 He maror BKaaga B Wy,;. Bknaabsr ciaraembix ¢ | < 0 onpenesiorest
ocoberHocTsMu g(w) B HUXKHEH TONYIIIOCKOCTH. [IpuHUMAast Jjisi IPOCTOTHI, 4TO
TaKOIl OCOOEHHOCTBIO SABJISETC IIPOCTOH MOIoc B w = (i

Ok .
m = A Q = A ;
gm (W) oo E = Wk + i
nomyanm (v = w/wp)
d¢'dAp’ /
Wrnt = _27Tlg” /%e—lu(¢—¢ )f(Apl7¢/,W)
s
> o
X Zexp |:ZQk <M - ZTO):| y
wo
1=1
Samedaga Temnepb, 910 ¢ = 0 — wot, MBI MOXKEM MEPEIUCATh MMOCTEHee Bbi-

paxkeHve B BHIE CYMMBI BKJIAJOB TOJeil, HaBEJIEHHBIX MYyYKOM Ha 000pOTax,
HNpeAIIeCTBOBABIINX JAHHOMY

SN
= lz/ LW (6= 0+ anlt — T (A, 0 w),
=1

W(¢) —27rig‘|ei¢9"‘/“’0

Orciona cremayer, aro ciaaraembie Wi, U, COOTBETCTBEHHO, K,;,; OMUCHIBAIOT 3a-
TIOMHUHAHNE HaBeIeHHBIX MoJeil BHelHel cucremoii. o cymecTByroieit TepMu-
HOJIOTHH, BbI3bIBaeMble MU 3 MHEKTHI HA3BIBAIOTCA MHOTO0O0pOTHBIME. Ecmu
ImQ Ty > 1, TO B nepBoM IPHOIUKEHUH BKIAI0M MOHOIOODOPOTHBIX 3(hdeK-
TOB MOXKHO perebpeun. [Ipu arom ypasaenue (12.4) npunumaer Bu

QinXxm () = p(p) /Ooo do' o' Kot (0,0, w)xm (¢, (13.6)

Takoe ypaBHEHHE ONMHUCHIBAET OIHOOOOPOTHBIE 3D deKThI, T.€. 3PPEKTH CBs-
3aHHBIE C HABEJIEHHBIME TOJSME, KOTOPBIE MOJTHOCTHIO HCYE3AI0T 33 TEPUO
obpallieHns 9aCTHIl B HAKOTIUTEJIE.

14. CuHXpoTpOHHBIE KOT€pPEeHTHBIE KOJIeOaH!s

ITonyumm ermre nHTErpaTbHOE yPABHEHUE JIsT CHHXPOTPOHHBIX KOTEPEHTHBIX
KOJIe0aHUI TTO/IB3Y4Ch OMMCAHNEM HABEJEHHBIX MOJIEH B TEPMUHAX WMIIEIAHCA,
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casu (AH. Jlebemes 1967 [12]). B mpocreiiniem ciy4ae, KOrga MOMKHO IIPeHe-
Opeun Moxynanuamu GyHknuy ['prHa monepevHbIM IBIKEeHIEeM CIYCTKA, YPaB-
uenue (8.1) sanucbiBaerca B Buze (Aw,, = W — Mew,)

Awmfm:NechgJ;O/ de' &' K (p, @) fm(¥). (14.1)
c 0
Ko, @)= D> (€™, Gnlw + nwo)e ™™, (14.2)

YVauTsiBasi, 9TO IS MAJBIX CHHXPOTPOHHBIX KOJIeOaHWE ¢ = ( cos Y., a

27
| 52 expling costs — imew) =" J (1),
0 27T

rae Jp,, (2) — dynkmms Beccens mopsaaka m.., nepenmmmem saapo K (¢, ¢') B Bume

K(p,¢') = Z Iine () T, (19") G (w + nwo)

n—=—oo

3aMeHUB B 3TOM ypasHeHmu cornacuo (9.8) rapmonnkn G, (w) Ha Z,(w)/w,
MOMYy9IaeM HCKOMOE HHTETPATBHOE yDABHEHWE

N€2LU0 6f0
me
27 oI,

At fon = A A9 0 Z(0,8') fn ). (14.3)

i Zn(w + nwp)

7(w/wo) e (14.4)

Z((P, 90/) = Z Jmc (nQpc)Jmc(nQch)

n=-—oo

15. 3Baryxanme Jlanmay 3a CcYeT OKTYIIOJIbHBIX
noJien

Heycro#iauBocTh monmepevdHbiX KOTePEeHTHBIX KOTeOAHWH CI'yCTKa MOXKET IT0-
JABJIIATHCA 3aTyXaHI/IeM .HaH,aay. O,HH&KO, BBULY TOT'0, YTO CIEKTP MaJIbIX KO-
NeBaHuil COCTOUT M3 SKBUIUCTAHTHBIX JUHUN (W, = Mw + nwp), TpedyeMble
pa3bpOoChl 9aCTOT AOJIKHBI ODECTIEYMBATHCS HEJUHEHHOCTHIO BEIYINIUX ITOJIEH.
Kak y»ke roBopmioch, y4eT HEIWHEHHOCTH CHUHXPOTPOHHBIX KOJIEOAHHN CTaJ-
KHBaCTCAd C 3HAYUTE/IBbHBIMUA BBIYUC/IIUTEJIbHBIMHA TPYAHOCTAMH. HO ITOH Ipu-
YrHEe, HUYKE MBI PACCMOTPUM 0OOJIee TMPOCTOi TPUMEpP, KO/ CHHXPOTPOHHBIE
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KOJIE0AHUS CUMTAKTCH JIMHEHHBIMH, & HEJIUHEHHOCTh BHOCHUTCH CIEINATBHBIM
3JIEMEHTOM MArHUTHON CTPYKTYDPHI C OKTYIIOJIBHBIM TIOJIEM:

(y — 3yax?)
6 b

3 2
%’ H, = —B(0)

03H
o) - (Ge)
Ox?® z,y=0

Ecan 1acrorsr beTarpoHHBIX KOMeOaHu# €K OT Pe30HAHCHBIX, TO AeficTBIe
TAKOrO OKTYIOJIS HA JABUXKEHUE YACTUI] IPUBOIUT K CABULY 4ACTOT KOJeOaHui
Ha BEUYUHBI, TPOMOPIIMOHAIBLHBIE KBAApATaAM aMIIUTyA Kojebanwmii. Hampu-
Mep, 9aCTOTa BEPTUKAIBHBIX KOJEOAHUN 3aIUINETCsT B BUIE

H, = B(0) (15.1)

wy(Ly, I;) = wyo + aly, — bl,, ab>0 (15.2)

B sroMm cayuae wacToThl 6€TATPOHHBIX M CHHXPOOETATPOHHBIX KOTMEPEHTHBIX
KOsIeGaHuil CryCTKa OLPEIe/IsaiOTCd AUCIepCuontbiM ypasienueM (12.5). Kak u
pexKie, TOMUMO BBIYHCIEHHST COOCTBEHHBIX YaCTOT TO JUCTIEPCHOHHOE YPaB-
HEHHe MOXKeT ObITh MCIOJIL30BAHO JIJIsl IOCTPOEHUS I'PaHuI obiacTeil yeToiau-
BoCTH KOJieDaHuil. 3/1eCh MBI M3YYNM MOBEJIEHUE TPAHUI] 00TACTeil yCTONIMBO-
CTH I8 Haubojee IPOCTOrO clydad, Korma my = 1, a my = me = 0. Ona
TAKON MOJIb! ypaBHeHue (12.5) 3ammcbiBaeTcd B BUJIE

1=—-0Q, / 11,1200 0L,

Awpy = w — 15.
Y Awy, —al, + bI,’ . W Wy (15.3)

ITonydennoe nucriepCUOHHOE ypAaBHEHUE YITPOIIAETCs BBEIeHreM (PYHKITNN PAC-
npejesieHust 9acTor B crycrke. Oupenenun

g(w) = — / dIdeny%é(w ~al, +bL,), (15.4)
Yy

npuBeneM ypasuenue (15.3) K cremyromemy BUILY

> g(w)
1=4, — 1 . .
,,L[mdewm_w, mw >0 (15.5)

3amernm, aro BBemerHasA B (15.4) dynknus g(w) ymOBIETBOPSET CIEMYIOMEMY
YCJIOBUIO HOPMUPOBKHU

/ dwg(w) = —/dlxdlyly% — /dlxdlyf — 1
Yy

— 00
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I KOHKPeTHU3aIluu PACIeTOB MpUMeM, 9TO f ABIAETCA DKCIOHEHIUATIBHBIM

pacupeneneHneM
1 I 1.
f= exp (—y - I) . 15.6
IOacIOy IOy IOac ( )

Torma (0y = aloy 05 = blos)

w) = / dx/ dyyexp(—z — y)d(w — 6,y + ). (15.7)
0 0

Nurerpuposanue B (15.7) BBINOIHAETCS 3JIEMEHTAPHO W NPUBOAUT K CJIEILYIO-
1IeMy BbIPAXKEHUIO JJid paclpeiesieHus IJIOTHOCTA YacTOT B IIydKe

exp (—;Ul), w <0
A x

bz + 6y LLw e w -
593 5y XPp 5y , w2 U,

3aecy A = 0;/[05 + 6y]. YpaBHeHUe rpaHUNBl O0JIACTH YCTONTMBOCTH TOIYIa-
erca ycrpemsenueM Aw,, B (15.5) K geficTBuTebHON OCH CBEpXy. Y4IUThIBasd,
YTO IPH ITOM

= g(w) _
/_OO dw Ao — w0 = P(Awn,) —irg(Awp,),
rae
_ [T g(w)
Pw) = " dww o (15.9)

a 3HaK][ KaK U IIPEXKAE O3HAYACT BBIYHCJICHNE NHTEI'PaJla B CMBICJIE I'JIaBHOT'O

3HaYEHNs, MOJYINM ypaBHEHUE I'PAHUYHON KPUBOH

1 Qm

Awy,) = , = . 15.10
CBwm) = B Aoy — (s + )9 Bwm) © 5 + 0, (15.10)
Jua pacnpenenenus gactor (15.8) dbyHkImsa P JI€rKo BHIYACTSIETCS
P=P_+P,, (15.11)
P_(w) = A][ SR/ %) (15.12)
w+w
A][ dwexp w/&) AN
5. o,
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1.2 1
1 0.8
o 0.8 ,& i
g ] = 04
Z 044
= 04 %o
0.0 , . , . , 0.0 T T
4 2 0 6 4 2 0
Re(2) W/

Puc. 11. I'panuna 06/1acTu yCTOHYUBOCTH AUMOJIBHBIX BEPTUKAJILHBIX KOT'€PEHTHbIX
Kosiebanuii (JIeBbI PUCYHOK) M COOTBETCTBYIOIEE PACIPEIEICHUE YacTOT B ILy4Ke
(mpaBbrii pucyHOK). Pa3s6poc 9acTOT BHOCHTCA OKTYIIOJEM TAaKWM, 9TO Oy > Oy; B
marHoM ciaydae ( = Oy /dw, a dw = dy

Hanpuwmep, cnenas B (15.12) 3ameny nepemennoit ¢t = (w + w)/d,, MBI MOXKEM
BLIPA3UThL P_ depes TaK Ha3bIBACMYIO MHTETPATLHYIO NMOKA3aTeIbHYI (ByHK-
IO

P_(w) = Aexp(w/ém)][

w/by

Ei(z) = —][ %e*t.

—x

h @e_t = —Aexp(w/d;)Ei(—w/d,), (15.13)

rae

AHAJIOTMYHBIMYA BLIYUCICHASMA JIETKO YCTaHOBUTDb, 9TO

Prlw)=A {—1 — %y + (1 + 52 + ;) exp(—w/éy)Ei(w/(Sy)} . (15.14)
T T y
Kax suapo n3 ypasuenmit (15.8), (15.13) u (15.14) (cm. takzke Ha puc. 11+
13), xapakrep pacupejeienus 4acror B Iydke, a Takxke (hopma rpaHuilbl 00-
JIACTH YCTOWYMBOCTH CYIIECTBEHHBIM OOPAa30M 3aBUCAT OT COOTHOIIEHUS Pa3-
6pocos 0y 1 0. B cBOIO 0Yepenb 9TO COOTHOIIEHHE OLPENEIIAETCS OTHOLIEHIEM
B-GyHKIMIT BEPTUKATBHBIX U PaUATLHBIX KOJIEDAHWNH B MECTE PACIOIOKEHUS
OKTYIOJIS U BEIMUNHAME SMATTAHCOB 3TuX Konebauuii (loy u loy). O6br4HO B
3JIEKTPOH-IIO3UTPOHHBIX MALIMHAX 33 CYeT AefCTBUA CUHXPOTPOHHOIO U3JIyde-
HUs BeJINYUHA, PAIUATHLHOTO SMHUTTAHCA BO MHOTO Pa3 TPEBBINIAET BEITUYUHY
BepTUKAJIBHOTO. Kaxk mpaBuyio, BeTUIHHBL S-hyHKINUNE B OKTYTIOIEe HE KOMIIEH-
CUPYIOT 3TOH PA3HUIILI SMUTTAHCOB. [10 3T0l MpuvMHe, B TUIUYHBIX YCIOBUAX
3JIEKTPOHHBIE U IIO3MTPOHHBIE CIYCTKHA B HAKOINMTENAX UMEIOT IIOIEPEYHOE Ce-
YeHHe, KOTOPOEe CUJIbHO CILIFOCHYTO B BEPTUKAJIBHOM HAIPABJIEHUH, a8 MEXKJIY
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1.2
] 0.8
0.8 3
NS ~—
g ] 2
= 0.4
= 04+ %0
0.0 T T T T T 0.0 T T T T 1
0 4 8 0 1 2 3 4 5
Re(Q) w/dw

Puc. 12. I'paauna 06/1acT yCTOHYMBOCTH AUMOJIBHBIX BEPTUKAJILHBIX KOT'€PEHTHbIX
Kosiebanuii (JIeBbI PUCYHOK) M COOTBETCTBYIOIEE PACIPEIEICHUE YacTOT B ILy4Ke
(nmpaBbrii pucyHOK). Pa3s6poc 9acTOT BHOCHTCA OKTYIIOJEM TAaKWM, 9TO 0r <K Oy; B
marHoM ciaydae ( = Oy /dw, a dw = Jy

0y U 0, BBINOJIHSIETCS COOTHOLIEHHUE O, > 0y. B Takux yciosudax, a Takxe ecin
b > 0, rpanuna obsacTu yCTOWYIMBOCTH BEPTHUKAJIBHBIX KOJIEOAHWI B OCHOB-
HoM cocpenorouena B obnactu Re < 0 (puc. 11). Ilpu sT0M u ¢ oueBHAHBIMU
3aMEHAMU, TPAHUIIA O0JIACTH YCTOWUNBOCTH PAJUAILHBIX KOTEPEHTHRIX KOJeHa-
uuii umeeT HopMmy, n300pasKeHHYIO Ha puc. 12. B IpOTOHHBIX (aHTUIPOTOHHBIX
U UOHHBIX, & TAKKE B CIEIUATBHBIX CAYYasX B 3JEKTPOH-TO3UTPOHHBIX) Ma-
IIIIHAX TIOMEPEYHOE CEYEHHE Iy IKOB MOXKET ObITH DIU3KUM K KPYTJIOMY, KOTJIa
0z = 0. st 3T0TO Catydast rpanuiia 06/IaCTH yCTONINBOCTH BEPTHKAIBHBIX KO-
TEPEHTHBIX KOJeOAHUil U COOTBETCTBYIOIIEE PACIPEIEICHIE YaCTOT ITOKA3AHbBI
Ha puc. 13.

16. 3anaun k I'nase 4

1. Boruncsiure jekpemenT 3aryxanud Jlanpay juid ciydasi, Korga pasopoc
9acTOT OETATPOHHBIX KOJIeOAHUIA B CIYCTKE CYIIECTBEHHO TPEBBIIIAET BEJIMIUHY
KOTE€PEHTHOI'O CIIBUTA YACTOTHI.

2. BoraucanTh ypaBHEHUE TDAHUIBI OOJIACTH yCTONIUBOCTH OETATPOHHBIX
KosebaHuil AJIsi CIy9IaeB, KOTIa

Awo
Awy (L, I) = ———,
wy( Y ) 1 +Iy/IOy
niain A
w
Aw,(I,,I,) = 0

V 1 +Im/IO$
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1.2 1
1 0.8
08 8
< 8
g ] =
& 5 047
0.4
0.0 T T T . 0.0 T T T T 1
4 2 0 2 4 4 2 0 2 4 6
Re(Q) w/ S

Puc. 13. I'paauna 06/1acTi yCTONYMBOCTY JMIIOIBHBIX BEPTUKAJILHBIX KOTEPEHTHBIX
Kosiebanunii (JIeBBI PUCYHOK) M COOTBETCTBYIOIIEE DACIPENEIEHNE YaCTOT B IIy9Ke
(mpaBbrii pucyHOK). Pazbpoc 9acTOT BHOCHTCS OKTYTIOIEM TAKUM, 9TO 0y = 0y = 0; B
marHoM ciry4dae ¢ = O, /dw, a dw = 26

3. Beimmcarh OCHOBHOE WHTErpajibHOE YDABHEHUs IJis JUIOJBHBIX Gera-
TPOHHBIX M CHHXPOGETATPOHHBIX KOT€PEHTHBIX KOMEOAHNS OJMHOTHOrO, MOHO-
XPOMATHYIECKOTO CTYCTKa, BO3MYIIEHUA KONEGAHUIT KOTOPOrO ONMCBIBAIOTCS MO-
TIEPEIHBIM NMTIENAHCOM CBSI3N Zp (W).

4. Berancantb cOOCTBEHHBIE YaCTOTHI CUHXPOTPOHHBIX KOTEPEHTHBIX KOJIe-
Gaunit (2, OAMHOYHOTO CIYCTKA C PACTPEIETEHNEM aMILIUTY/] CUHXPOTPOHHBIX
komeGanmit wactui: p(@) = 1/¢2 ama ¢ < o 1 p(@) = 0 mas ¢ > pg.
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I's1aBa 5.

Pezonancunbie
HEYyCTOMNYNBOCTH

Pezonancubie HEYCTONYINBOCTH KOT€PEHTHBIX KOJ€OaHuil mydKa oOycioBte-
HBI €10 B3aNMO/IEHCTBUEM C HABEJIEHHBIMHU TIOJISIMU, KOTOPBIE UCYE3AIOT 33, MHO-
o 000poTOB YacTull B Maruue. [[03ToMy XapakTepHo# 0COOEHHOCTHIO HEYCTOM-
YUBOCTEN ITOTO THUTIA STBJISETCS PE3OHAHCHAS 3aBUCUMOCTH BEJIUMUUH KOTEDEHT-
HOTO CJIBUT, 9aCTOTHL U JEKPEMEHTOB MO/ OT YacTOT Kojebanuii vactuil. Takas
HEYCTOWYMBOCTH HAOJIIOIAIACEH, HATpUMED, Ha ycranoBke BIOIIII-2.

17. BerarpoHHBIE KOJIeOaHUA

JI71s1 TPOCTOTHL MBI IPOBE/IEM BBIYMCIEHUS JIJIsT CIIyYast, KOrJa CTYCTOK CO-
BepIIaeT BepTHKAJIbHbIE OeTaTPOHHbIE KOJIEOAHNS U B3aNMOIEHCTBYET € OT/IeIb-
HOI MOIO# pe3oHaTopa (HHXKe U3JI0KEeHUe B OCHOBHOM cieayer padore [13]). Ta-
KOH PE30HATOD MOXKET, HAIPUMED, 00PA30BBIBATHCA JOKAIBHBIM PACIIMPEHUEM
BaKyyMHON KaMepbl Hakomwresst. JIJist Mogydennst TNCIIEPCHOHHBIX ypABHEeHNUI
MBI MOTUIH ObI BOCTIOJIB30BATHCST OOIIUM HHTErDAJIbHBIM YDABHEHHEM M Da3iio-
skerneM GyHKIHY ['pruHa 110 cOBCTBEHHBIM MOaM pe3oHaropa. [loydurensHo,
OJIHAKO, CHOBA TIOJNYYUTh 9TO YPABHEHHE HEMOCPEJICTBEHHBIM DEIEHAEM yPaB-
HeHWil 1711 OCHIMILIIATOPOB HABEIEHHBIX noJiell. B cirygae pe3sonancHoro B3aumo-
JeHCTBHS HCIO/Ib30BAHUE [IOHATUS OCUMILISITOPOB 1101 OIPAB/IAHO MEJICHHbIM
3aTyXaHWEM DE30HAHCHBIX MOJ HABEJEHHBIX MOJIEH, a TaKkKe TeM OOCTOsTeN b
CTBOM, UTO TaKasi HEYCTOWYMBOCTH OBYCIIOBIEHA B3aUMOEHCTBIEM OTIeNbHOM
MO/TBI PE30HATOPA U OTHOM 13 MO/, KOIeGaHui Iy dka. 3aMedasi, 9T0 MOCe JTnHe-
APU3AIMK ¥ NePexoa K FApMOHUKAM, 00IIee yPABHEHNE MOKET ObITh 3AIHCAHO
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B BHJE:

To
(W — mywy) fm 8fo/ A (17.1)
0

= m, T maw
Y 8Iy /TO

WNurepecyioias HaC HEYCTONIMBOCTL OOYCJIOBIEHA B3AUMOMECHCTBUEM ITyYKa C
BHUXPEBOIl 4aCThIO HABEAEHHBIX mojeit. B aroit cBa3m, mpencrasum L cymmoit
aByx ciaraembix. [lepBoe onmcbiBaeT B3amMMOIEHCTBHE C IIOJISMU, SBIISIIOIIM-
MUCS KBA3UCTATUIECKUMHU B CHCTEME TIOKOS TYYKA. JTO CIATAEMOE MOXKET W3-
MEHUTh 9acTOThI Kojebanuii dactuil. [losroMy mpu mpoBeneHUn PACIETOB MO
MOBOZY PE30HAHCHOU HEYCTONYMBOCTH JAJId KOHKPETHOU MAINWHBI TAKHE CIABU-
U CJIEeAYyEeT BBIUUCIATH. 1eM He MeHee, Ijid COKPAIEHWsS 3amnuceil Mbl Oyaem
CYHUTATh, YTO COOTBETCTBYIOIINE C/IBUTU YaCTOT YK€ YYTE€HBI B 4aCTOTaX HEKO-
TEPEHTHBIX KOJIEOAHUN TACTHII.

Buxpepast 4acTh TOJIsT B PE30HATOPE OMUCHIBACTCA HADOPOM OCITUJIISTOPOB
moss Takux, 4ro Ag =0, a

A(r,t) =c)  Ap(r)g(t), divAg =0,
k
AAk(I') + kQAk =0, / d3’r‘AkAk/ = 47”;k',k/- (17.2)
IToncraBus 9T0 pa3ioXKeHUe B ypaBHEHUE JJIs BEKTOPHOTO MOTEHNuaIa A
1 62 4t Ne :
A-—S—|A=- d?
( 2 Ot? ) ¢ / vt

¥ TPOMHTErpPUPOBaB 00e JacTu ¢ Ay, MOJYIUM YpaBHEHUE JUIS OCIUJLISTOPOB
k-

G +Wiqe = jm(t), wi = k> (17.3)
Jm(t) = Ne/dF(vAk)*fm exp(imy 1), — iwt).

[ToTepw B pe3oHATOpPE M3-33 KOHEYHON MPOBOIUMOCTH CTEHOK, WK TI0 APYIHM
IPUYAHAM, TPUBOAAT K 3aTyXaHWIO MOJ Gk (t). B Takom ciaygae roBopsrt, 9To
MOIBI KOJIEDAHNH NMEIOT KOHEIHYIO J0OPOTHOCTD. /L1 (heHOMEeHOIOrnIeCKOTro
OTIMCAHUsST KOHEYHOW HOOPOTHOCTH MOABI k B JIEBYIO 4acTh ypasHeHus (17.3)
JIOMUCBHIBAIOT JIUCCUIIATUBHOE ciaraeMoe 2\, gk, e Ay = wi/(2Qk), a Q 106~
porHOCTH MOJEL. [Toce Takoi MoguduKaIy 3T0 ypaBHEHNE IPUHUMAET BUJT

Gk + 2M6 Gk + Wigk = Jm (1) (17.4)
YaureiBas, 9TO
VA = Z (VAR)ne™?,
n=—oo
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a 0 = wst + ¢, uwem pewenue (17.4) B Bue
o0
qr(t) = Z Qin €xXp(—iwt — inwgt).
n=-—oo
Toncranorka 3T0TO Bhiparkenus B (17.4) maér

_ Ne[dTV} . fm -
qk”_wi—(w+nws+i)\k)2’ ( )

Vin = [(vAk)ne""”"ﬁ]m.

st caydast, Koraa mMy<d0K B3anMOJAEHCTBYET ¢ OTHEAbHON MOMAOH pe3oHaTopa
k, 3TH BBIpAYKEHNS TTO3BOJISIIOT BBIYUCIUTH

To > Ne?V,
/o Ty Z wi — (W + nws + iAg)? / f

n=—oo

IMocne moacranosku B (17.1) 970 BhIpazKeHue JAET €Ile OIHY 3aIUCh OCHOBHOIO
MHTErpaJbHOTO YPABHEHMA:

0fo/0l, Ne2my Vi,
_ 2 _ )2
(W — mywy) Wi — (w+ nws + @A)

n=—

fm:

/ ATVE, - (17.6)

B obmem ciydae, 9acTOTHI KOIeOAHT YACTUIL B TTyIKE MOTYT 3aBHUCETH OT aM-
ILIATYA, 3TuX Kosebanuit. YToObI TOMIEPKHYTh 9TO 0OCTOATEILCTBO MBI OyaeM
MUCATH

Wy = wyo + Awy (I). (17.7)

OTHOCUTEILHBLI BKJIAJL CJlaraeMbIX ¢ pasauddbivMu n B (17.6) 3aBucur ot co-
OTHOIIIEHHUST IEKPEMEHTA 3aTYXAHN [TOJIA B PE30HATOPE A M 9aCTOTHI OOpaIie-
Hud Ws. BEean ws < Ak, TO oTHesbHbIE caaraembie B npasoil yacru (17.6) caabo
3aBUCAT OT W ¥ JAIOT OJU3KWE BKJIAIBL. B CBSA3UM C KOJUIEKTHUBHOUN yCTOWIMBO-
CTBIO MYYKA B TAKOM CJIyYae TOBOPST O B3AMMOJEHCTBUM ¢ HU3KOIOOPOTHBIM
PE30HATOPOM.

ObpaTHblii cydail ws > A\ COOTBETCTBYET PE30HAHCHOMY B3aUMOIEHCTBUIO
[Iy9YKa C HABEIEHHBIMHU TOJIAMH. [IpU 3TOM M3-33 PE3KOi 3aBUCHMOCTH CJiarae-
MbIX B 1paBoil yacru (17.6) or w B3aumoueiicrBue 1y4uka ¢ PE30HATOPOM CTa-
HOBUTCST OCOOEHHO CHUJIBHBIM MPU BBIMTOJTHEHUN PE30HAHCHOTO YCJIOBUS

Wi MyWwy + M. (17.8)
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D10 06CTOATENHCTBO MO3BOJISET MTPU U3YUEHUH PE30HAHCHBIX 3D dHEKTOB BO-
obrie oTOpocuTh B ypabHenun (17.6) Hepe3oHaHCHBIE caaraeMble. B pesyabrare
MBI IPUXOIUM K OOJIee TPOCTOMY YPABHEHUIO:

8f0/81y NGmean
(w — mywy) (Wi — (w4 nws + iAg)?]

fm = /dFVn’;nfm.

B6ssu pesonanca (17.8) Mbl MOXKEM MEPENUCATL YACTOTHBIA 3HAMEHATEIb B

BHUIIE

Wi — (w4 nws +i\g)? =~ 2w (e — Awy, — i),

e
€= WK — MyWyo — MWs, AWy, = W — MyWyo.

ITocne stux mpeobpa3oOBaHUil OKOHIATETHLHO MOy IaeM

8f0/8ly Nezmyan
(w — mywy) 2w (Awy, — € + ik

fm=— ) /dPVninfm- (17.9)

IMockonbky stupo ypauenus (17.9) dakropusoBaHo, ero peiieHue uMeer BU/L

anaf[)/aly
w—myw,

fm =Cn Imw > 0,

a LOJICTAHOBKA TOr0 Bbipazkenus B (17.9) UpUBOAUT K AUCHEPCUOHHOMY yDaB-
HEHWIO:

Ne? my dr dfo Vi ?

1=— g0 .
2wr, Aw,y, — € + 1 0I, Aw,, — myAw,(I)

(17.10)

17.1. HeycroiiunBocTn AMHAMUYIECKOTO TUIA

JI1s1 BHISICHEHWST OCHOBHBIX OCODEHHOCTEH CTIEKTPOB PE3OHAHCHBIX MOJ U3Y-
YUM HECKOJIBKO MPOCTHIX MpuMepos. [IpuMem cHadasia, 9To MPU PEIeHnn 3a-
Ja4Ii MBI MOYKEM IIpeHeOpedh pa3dpocaMu JacTOT HEKOTEPEHTHBIX KOJIeOAHMH
B myuke (Awy(I) = 0) u tpermem B pesonarope (A = 0). Torma ypasrenme
(17.10) npuobperaer ocoGeHHO NPOCTON BUJIL:

2 2
my, 2 2 _ Ne

0
1= Tw¥m T fo—r 2,
Awp (Awy, — €)' ™ Quwp /d f08Iy|Vm’n|

(17.11)

Ero xopuu paBHBI

e+
awip = 18 g :\/m. (17.12)
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3 sToro ypaBHEeHHS BHIHO, YTO B PA3HOCTHOM PE30HAHCE KOT€PEHTHBIX KOJIe-
Oanuii myuka u xosmebauuil moseil B pesonarope (m, > 0) 06a KOpHS AeHCTBU-
TeNbHBI W, COOTBETCTBEHHO, aMILIUTYIbI Kojaebanuii Mom He HapacTtaoor. [lpu
3TOM, B TOYHOM pe3oHaHce (¢ = () BeJIMUNHBI KOTEPEHTHBIX CABUTOB YaCTOT
MO PaBHBI II0 BEJIUYHHE WM IIPOTHUBOIIOJIOXKHBI 110 3HAKY:

Aw'E) = +,/m,02, (17.13)

a BAAJIM OT PE30OHAHCA (82 > 4myﬂfn u, Hanpumep, £ > 0)

2 2
Awlh ~ e 4 myigm, Aw() ~ — Modln (17.14)
e

m
3

B cymmoBomM pesonance (m, < 0) kosebaHNA CTAHOBATCA HEYCTONYNBBIMA
[IPU HONAJAHAK 9aCTOT (Wi U Wy) BHYTPH 3aLPENIEHHON OIOCHL:

e2 < 4m,|02,. (17.15)

B 370i#1 moroce nHKpEeMEHT HEYCTONYIMBOM MOIbI paBeH

le] /N

=1 = — — =1 .

Om = Imw = N, b (17.16)
T1€e BEJINYUHA
—1
WEk 0 2

= — F — .

Nen |€|€2 (/d f08[y|‘/;nn| ) (17 17)

OTIpE/IesIsieT MOPOroBbIil TOK HeycToiiunBocTr. OnucanHas HEyCTOHYUBOCTL HO-
CAT Ha3BAHWE HEYCTOMYUBOCTU OTUHAMUYECKOTO THIIA.

17.2. JIuccunaTuBHBIE HEYCTONYNBOCTU

IepeiigeM Tenepb K M3y4YeHUIO BIMAHHUS TPEHUsI B pe3oHATOpe U pasbpoca
4aCTOT Ha yCTOWYMBOCTH PE3OHAHCHBIX KOrepeHTHbIX Kojebanuii. Ilycrs cha-
gasa pazbpoc 9acToT KogeOanuil B Mydke paBeH HyJo. Torma mucrmepenonHoe
ypasuenue (17.10) 3anucbiBaercs B Buje

my Q2
1= Y- m ) 17.18
Awp (Awp, — € + i) ( )
Kopau 3Toro ypaBHeHUus paBHBI
— A —iM)2
Awe = & 2’ k i\/(g i Wz, (17.19)
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OrnenvB B 9TOM YPaBHEHHH MHUMYIO 9aCTh, MOJIYIUM JEKPEMEHTHI KOTeOaHwit

A 1 2)\2
0E) = Imw =85 |2 (/x2+ 0% _x), (17.20)
2 2 4
rae 5 9
X = % + myﬂfn.

Vpasuenue (17.20) mo3BOIsSET HARTH YCIOBUE YCTORIUBOCTH KOIEOAHMIA

>\k 1 €2>\2
s oy x24+ kX
2 T\ 2 + 4

HpOCTbIMI/I BbIYUCJICHUAMM:

N2 =x2 om0 1 e2)2
Zk m o> 2/ x24 27k
4 + 8 + 2 -2 + 4 7
e2 + A} =Y. L\ L €22
S
g2 g2
PRy

HAXOJUM, 9TO KOJIeOaHUA B PA3HOCTHOM pe3oHaHce (m,, > 0) Bcerga yCTOHYHBbI
U 3aTyXaloT, a B CyMMOBOM pe3oHaHce (m,, < 0) HeyCTOHUMBBI PN JIIOGOM TOKE
nydka. HeycToffunBoCcTH M3-3a NUCCHNIAIMKM SHEPTUH KOTePEHTHBIX KoJiebaHuii
IIy9Ka B OKPYKAIOIIUX €ro 3JIEKTPOJAX MbI 6y/1eM Ha3bIBATH JUCCUIIATUBHBIMHU.

fBienue 3aTyxaHus PA3HOCTHBIX MO MOXKET OBITH WCIIOJIB30BAHO JJIS T0-
JABIIEHNs] KOTEPEHTHBIX KOIEeDAHUI MaCCUBHBIM PE30HATOPOM. MakcuMaabHbIH
JIEKPEMEHT KOePEHTHBIM KoJleDaHusM Hepeiaéres B To4HoM pesonance (€ = 0).

IIpu sTom
)\ )\ 2
Awld) = _17;@ £ /m, 02, — %, (17.21)

Eciu nekpemenTs! 3aTyXaHus mojieil B PE30HATOPE HEBEJTUKHU myQ,Qn > A2 /4,
TO 00€ MOJBI 33TyXAIOT C PABHBIME JEKPEMEHTAMH A /2, & BEJIUINHBI KOT€PEHT-
HBIX CJIBUTOB YaCTOTHI PABHBI

2
Re(Aw®)) = +4/m, 02, — % (17.22)
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HaoGopor, ecin Mompr cmabo cesazambr my, 2, < A,?/4, TOo WX KOTepeHTHBbIE
C/IBUTH YACTOTHI PABHBI HYJIO, & AMILTHTY/IbI 3aTyXAMOT C JIEKPEMEHTAMU

o) = Ay Aj—m 02 (17.23)
m 2 4 Y="m .

XapaxkTepubie 3aBucuMocte Aw,, or N u3obpazkeHb Ha puc. 14.

10 10
08t o5l
< *
? 0.6 - %
3 3 oo
E L T
= 04 x
02} 05F
00
" . . . . ) 10 . . . L )
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 10
Q° I\’ Q* I\’

Puc. 14. 3aBucuMocTH NEKPEMEHTOB (JI€BBLl PUCYHOK) M KOTEPEHTHBIX CIBUIOB Ya-
CTOTHL (— LIPaBbIil) B OKPECTHOCTU PA3HOCTHOIO PE30HAHCA OT YUC/Ia YACTHLL B ILydKe.
Bepxusist kpuBasi — moza (+) (momobHast KosebaHusIM TT0J1sT), HUKHssE — Moa, (-) (To-
nmobuas konebanuam mydka), €/A\r = 0.02. Ecim € Menger 3HAK, TO MOJBI MEHSIOTCS
MecTaMu.

17.3. leiicTBue pa3zbpoca 4acToT

OHoBpeMeHHOE MeMII(PUPOBAHUE CYMMOBBIX MOJ, MOXKET ObITH JOCTUTHY-
TO COBMECTHBIM JIeHICTBUEM Ha KOTePEHTHBIE KOJIeOaHUd 3aTyXaHus Komebanmii
noJsieil B Pe30HATOpE M MOJABJIEHUEM KOTEPEHTHBIX Kojebanuil mydka. Takoe
TTO/IABJIEHNE MOYKET JOCTUTATHCS UCTOJIB30BAHUEM OXJIAXKIEHUS ITYUKa, CUCTEM
0bpaTHOI cBsi3u, MO0 3aTyxaHus JIaHaay KOTepeHTHBIX MO TydKa. Jlis ompe-
JIEJIEHHOCTH, MBI TIOJTy9YUM YCJIOBUE YCTONIMBOCTH KOJIeOaHWil HECIPYIIUPOBAH-
HOTO IIy9Ka 3a CIeT pa3dpoca 9acToT 6eTaTPOHHBIX KOJAeOAHNH IacTUIL 00yCI0B-
JIEHHOT'O WX 3aBUCHMOCTH OT UMITYJIbCOB dacTuil. Jljisi TPOCTOTHI IPUMEM, 9TO
pacrmpesesieHe UMIYIhCOB B TYYIKe JIOPEHIIEBO:

A

fo(Ap) = m

84



www.phys.nsu.ru

Torna, 3amuceBad wy = wyo + Ap(dw, /dp) w Borauncazs B (17.10) uaTerpan no
Ap

1= my Q2 A /"C dAp
C Awy, — e+ i J_o (AP + A2)(Aw,, — my(dw,/dp)Ap)
myQZ, 1

(Awm — e+ l)\k) (Awm + i>\7rz,) ’

IOJIy49aeM cJjiejlyiolee JUCIEPCUOHHOe ypaBHEHNe:

m, Q2
1= y_m ) 17.24
(Awn, + iAm) (Awp, — £ + iXg) (17:24)
3aeco
dw
Am = |mydw,| = ‘mydpy A

— pazbpoc JacToT GeTaTpOHHBIX KojebaHWil BOMM3W TapMOHUKH m,. llomcra-
HOBKaMU U = Awp, + i\, 1 Ax = A = Ay, ypaBuenue (17.24) npusomurcs K
TOMY K€ BHUJLY, 94TO u ypasuenue (17.18):

2

1= wi'm
u(u —e—+iA)

IloaTomy cpagdy nmmiem

‘ 2
uezA_i\/(szA_) 02

2 4 m
1%)
B A o 'A_ 2
Aw®) = & 21 + \/<5 Z ) +my Q2 (17.25)
unm (553:) = —ImAW'Er:Lt))
A 1 2A2
6ff)=7+¥ 2( X2+E4—X>7 (17.26)
e 2 2
e® — A°

IIpocTbie BBIpAKEHUs JJIA ITUX JEKPEMEHTOB MOJYYAIOTCA B JIBYX HPEIENb-
HBIX Caydadx. Bo-mepsorx, 310 obmacts, rae €2 + A2 = A% > Q2 | |. Taxoe

85



www.phys.nsu.ru

yCJ0BTE, HAIIPUMED, BBIIOIHAECTCA, €CJIM YUCI0 YACTHUIL B IIyIKe HEeBEJnKo. Pa3-
) 2 /A2

Jarasi IpaByIo 9acTb (17.26) B ps O CTENmEHAM MAaJIOro mapamerpa my, 27, /A3

" YYUTBIBag CTapHivue 4JICeHbI, HaIL/'I,HeM

e2A?2 AL g2 — A?

— 2
VR T SCTUTE

2 2 _ A2

X% 4+

AL AR

Ay 1AL 2-A2 (2 A2
T — | —= — -1 02
2$\/2(4 1 T\Taz My
_ Ay |A_] 1 4m, Q2
2 T2 AZ
nian QQ
5t = A+ [A_| TS (17.27)
AZ
2
5o =M, — |A_| my?m. (17.28)
AE

O1u GHOPMYJIBI 3AMUCAHBI I CIYYIAsd, KOTIA Ag > Ay, llpy BemosHeHun 00-
paTHOTrO yCIOBHA A\ < Ay MOIBI ¢ fekpemenTamu O and §,. MeHAIOTCS Me-
CTaMH.

Bropoii npemeabHbIil Cydail COOTBETCTBYET 00JIACTH TAPAMETPOB, TIe UKC-
710 gacTun B myuke Beauko A < [my|QF, . Inmem

A 1 [ g2 — A2
() ~ 21 l 2 =
A+ 1 52 —A2_
~ 2 S (2 (1) — x).
2 qE\/2 <my " < i 4my93n> >

B cymmoBoM pesonance my, = —|m,|

Ay 1 €2 — A2 €2 — A2
(57(33) ~ <5 T \/2 (|my| 02, (1 — 4myQ%n) — 1 + |my|Q12n>
A €2 — A2
:;q:\/|my|§2$n—4::y: |my| Q2, (17.29)
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OHA W3 MOJ OKA3bIBAETCA HEYCTOWINBOI. B MpOTHBOMOIOKHOCTD 9TOMY, B pa3-
HOCTHOM pe3oHamce (m, > 0)

A 1 €2 — A2
() ~ 2+ - 2(6_1)—- "=
Oy~ 5 T \/2 (mme(S 1) 1 >7

e2 — A2 Al
S=y/1+ 5 T oY

2 A2 AL (€2 — A2)?
4m, Q2,32 (m,02,)%  32(m,02,)%

rae

12

1+

ITosToMy 06e MOIBI 3aTyXaI0T C IEKPEMEHTAMU:

5 ~ A o \/(52 +42)° — (2 - A2)°

m 2 64m,Q2,
_ Ay - €2A2
2 T\ 16m, 02,
njiain
o = Ar A (17.30)

mT g 2 \[4m, 02,

Benuuuna Ay B dopmyne (17.26) nosoxurensua. [losromy tpocrsie Bbi-
YUCIIeHU

A2 g2A\2
+ -
— >4/ X2 - X
2 T ’

A2 2 A2 2\ (22— A2 , )\ &2
<2+ 1 +mv9m) >( 1 +my9m> T
A2 2_A2 82A2
+ - 2 -

-+ 0 =
1 T Tt e

SN2 A% AT A2

e +— +myQ2, >0, A2 — A2 =4)\ )\,
MPUBOAT K CAEAYIONIEMY YCIOBHIO YCTONYIMBOCTH (57(,J[) > 0):
2
AeAm (1 + A2> +m,Q2, > 0. (17.31)
+
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B uacrnocru, yciaosue (17.31) ykasbiBaer, 4To BOIM3U CyMMOBOIO DE30OHAHCA
(my = —|my|) MOIBI KOT€PEHTHLIX KOJI€OAHNUN MOTYT ObITh YCTOHIUBHIMU JIUIID
IIPY OJHOBPEMEHHOM ¥ JIOCTATOYHO CHJIBHOM JIeMII(PUPOBAHNN CBA3AHHBIX KO-
nebanuit A, 7 0. B3as B ycaosuu (17.31) 3HaK paBEHCTBA UM ONPEJE/IUB

|my|Q$n Ak
C= =l =
)‘gn )\m

MblL MOxKeM u300pasurh ero B ¢dopme puarpammbl ycroituusocru (Fig. 15). B

40

30 -

20

Hy

10 +

Puc. 15. Imarpamma yCTONYMBOCTH KOTE€PEHTHBIX KOJIeOaHuil, COOTBETCTBYIOIIA
yenosuo Eq.(17.31). Ceepxy BEE3 |€]|/Am = 0, 5, 10 and 15. Konebanma ycroiian-
BBI JIeBee TPAHUIHON KPUBOI.

TaKHX II€PEMEHHBIX yCJIIOBUE yCTOﬁ‘{HBOCTH 3aIlIUChIBACTCA B BLIE

9(pw,€) > ¢, (17.32)
rie )
Rl 9
9(pks€) = p + ——3, K= 5. (17.33)
(14 e)” Ao

Kak Bugno uz srux dbopmys, B HenocpeacTsenHoil 6in3u pesonanca (k < 1)
ycaoBue ycroiiuuBocru (17.32) rpebyer mpocToro NPEBbIIIEHHs BEJIUYUHBI [ij
uaz ¢. Ilpu ymanenun or pesonanca mnosegenue GbyHKumMU ¢(fig, €) CTAHOBUT-
cs Bosiee cnokubIM (Hampumep, puc. 16). ITpu 3agannoM 3uadenun ¢ ycaoBue
yeroituusocTu (17.32) MOKET BBINOJHATHCS B OJHUX OOIacTAX () (HAmpuMep,
mexky Toukamu A u B, a Takske Boie Touku C Ha puc. 16) u He BBIIOIHATHCH
B Apyrux (Ha puc. 16 970 3HaYEHUs [i;, PACIOIOKEHHbIE MEXly TOuKamu B u
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30

251
20

15+

(1,100

10+

1 L 1 L 1 L 1

0 5 10 15 20

Hy

Puc. 16. 3aBucumocts g(uk, k) oT pg, £ = 100.

C). B nepsbix obsacrax i pazdbpoc 4acror GeTarpOHHbIX KO1eOaHuil IIPUBOAUT
K 3aryxanuio Jlanmay cBsa3aHHBIX MOI. BO BTOPBIX 0OJIACTAX — K UX aHTU3ATY-
xaunio Jlangay [13]).

B kadgecrBe erre OMHOrO MpUMepa BBHIYUCIUM JTEKPEMEHTHI CBA3AHHBIX MO,
I CIydas, KOraa pas3dpoc 9acToT OeTaTPOHHBIX KOIEDAHMI BCE eIre ompeae-
JIIEeTC UX XPOMATHIECKUMHE TOOABKAMU, & PACIPEIETIeHIE UMITYIbCOB B ITYYKe,

HATIPUMED, TayCCOBO:
A 2
exp <_p> . (17.34)
o

C rakuM pacnpezenenueM UMNyabcoB ypasaenue (17.10) 3anucbiBaercs B BUIE

fo(Ap) =

2ro

QQ 0 7302/2
1= Mythn v ¢ , (17.35)
Awm — €+ ik J_oo V21 Awpm — A
rae
Am = |m (d“’y) (17.36)
m = S o '
Yy dp 0

— paszbpoc 4acToT OGeTaTPOHHBIX KoJeOaHwWil BOMU3H rapMOHHKU M. IIpocTere
BBIDAYKEHUST JJIsT TEKPEMEHTOB MOJI YIAETCs TOJYyYUTh B 00JACTH, TIe BBIMOJ-
HEHBbI HEDABEHCTBATIE B

[Re(Awm )| > A > Im(Awy,)|, (17.37)
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B rakoit obiactu napamMerpoB Jgucrepcuonnoe ypasuenue (17.35) moxer GbiTh
TIEPETINCAHO B BUJE:
m Qz e dx 2
Awyy — e+ il = —0— iTrmnyn_n/ ——e 7 /25(R6Awm — A ).
AWm ’ oo V2T
(17.38)
Ouno ananornuno ypashenuto (17.18); ecom 1iepeornpeesuTsb 1€KPEMEHT 3aTy-
XaHUS T0JIel B Pe30HATOPE A COIACHO (DOpMyIIe:

m Q%r m ReA m °
AT — 4 \/ZJA exp (_[62;;]> . (17.39)

BunHo, 4TO BeaMYMHA )\Zf 7 yBrBaeT ¢ POCTOM UHCIA UACTHIL B IIyuKe s
CYMMOBBIX DE30HAHCOB (M, < 0) U yBeIHIMBAETCSI AT PASHOCTHBIX My > 0).
st pa3sHOCTHBIX PE30HAHCOB pa3JioKeHue 1papoii yactu B (17.19)

e—irt/ L2 iext!

Aw,, ~ —_— , 17.4
w 5 1 5 (17.40)
B DSIZI TIO CTEIEHSIM OTHOITIEHUST ()\Zf 7 /) npueomuT K BBRIPAKeHMSIM
A ~ 7 Vil L 2ie;t7
m 2 2 Q2
€ — i)\sz Q iE/\fo
T 2 T 20
exQ /\ef !
= 1+5), 17.41
2 2 ( Q (17.41)
U3 KOTOPBIX CJIEIyeT, 9TO 06 MOJBL 3aTyXal0T C IEKPEMEHTAME
60 = —m (AwlP) = (1 o) 17.42
m m w’”l 2 + Q ( 7 )

my,Q2, e+ Q)2
~ (Ak oy e (5
1 5 T my Q2 (e — Q)2
o _Ll(_¢ Ty (=)
Sy 2( Q) <>\k—|—\/; . exp( oz ) . (17.43)

s CyMMOBBIX PE30HAHCOB (M, = —|m,|) Benuunna )\Zf f

Aeff ‘m’l/‘ m,n [ReAwm}Q
5 _ o
m 2)‘%1
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MOXKET IIPUHUMATD KaK IIOJTO2KHUTEJIbHbIC, TaK U OTPUIATEC/IbHbIC 3HAYCHUA. I/I3
dbopmyner (17.41) MOXKHO BHIETH, UTO BHYTPH 3aIPEIIEHHON MOJIOCHI YACTOT
(17.15), rue Q = iQ)”, zaryxanue Jlanmay 3a cder pasbpoca 4acToT HETATPOH-
HBIX KOJ'Ie6aHI/H7I HE U3MeHdeT yCJ'IOBI/IH HeyCTOﬁ‘IHBOCTI/I KOrepEeHTHBIX Ko.He6a—
HUI:

(4) _ e£iQ" PVl (1j: 5)

Aw®) — _ 0
Wi 2 2 i
. ff ff
:Ej:zﬂ"_,)\z :ti)\z
2 2 Q2

Bre zampernenHoii mosocer (17.15) nmeem (Im = 0) u, cooTBeTCTBEHHO,
[HIIeM

eff
<i>:ﬂ_~i( E)
Aw,;, 5 7 5 1:|:Q ,

1 € T [my |2 [e + Q)2
(+) - - < _ n Yi="m,n _
Oy 5 (1 + Q) ()\k \/;)\m exp( 78)\% ) (17.44)
1 € 7 |m,|Q2 [e — Q)2
(=) P _ = _ n Y m,n _
O 5 (1 Q) ()\k 1/ SR exp < VR ) (17.45)

Benomusas, uTo B Takoil obnactu gactor €2 > 2. HAXOMUM YCIOBHS yCTOMNYIH-
BocTH Kosiebanuil (Hanpumep, € > 0)

2 2
eff _ . [‘my‘an _[E“FQ}
()\k )+ = A\ 5 7)% exp 78)‘% >0

2 2
AT WY L R G Gl U
()\k )_—)\k \/; o exp e <0,

E |my|Q72n,n ex (_ [5 - QP)
27 . P TR, )
17.46)
Bme sroit obactu omHa u3 Mo, Komebannit Heycroidusa. [lomydennoe ycaosme
YCTOWYMBOCTH TIOKA3BIBAET, YTO BOJIU3M CyMMOBOTO PE30HAHCA pa3sOpoC IacTOT
KOJIEDAHUI YACTUIT MOXKET NMPUBOIUTH KAK K 3aTYXAHWIO, TAK W K AHTU3ATY-
xauuto Jlanmay KorepenTHBIX KOnebanwmii myuka. Hampumep, ecou A\ = 0, 1o

cornacuo (17.44) u (17.45) moma (—) 3aryxaer (57(,7) > 0), a aMILTATYIa MOJBI

nJjin

nJjn

L R R U
2 An 82

m

)<)\k<
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(+) mapacraer co BpeMeneMm. HamoMHEM, 9TO B 3TOM CJIy9a€ H B OTCYTCTBUH
pa3bpoca JacToT B myuke obe 3TH MOl ObLmH yeToitumsbl (€2 > Q2). TlosTomy
HEYCTONYUBOCTL MOIBI (+) MOSBJISETCS UMEHHO Oiarogapst pa3épocy 4acTor
BBIZLIBAIOIIEMY B 9TOM CJIydae aHTusaryxanue Jlanmay. DTo sBjeHUE CBI3aHO
He ¢ "HeynadubiM " pacipeneeHreM 4acTOT HEKOP€PEHTHBIX KOJiebaHuil B IIyd-
Ke, 8 C CBOEOOPA3HBIM XaPAKTEPOM MEPEIAIH SHEPTUN KONEOAHN IIEHTPATHHBIX
u "XBOCTOBBIX"4aCTHUll 11y4YKa IIOCPEACTBOM MX B3aUMOJAEHCTBUS C KOJeOaHMs-
MU ToJiell B pe3oHaTope BOJIU3U CYMMOBOTO pe30HAHCA. [1pu 0bIIel moxoKecTn

10°

10 F

10°

25

Puc. 17. /Imarpamma yCTOHYIMBOCTH KOTEPEHTHBIX KOJEOAHMIA /Ia rayccoBa, (Criom-
Hag JIMHUS) U JIJIs JIOPeHIeBa (IIyHKTHUD) Pacrpe/ie/ieHus] UMITYJIbCOB B IydkKe, || /Am
= 7. Konebanus ycroiiuusbl JjieBee rpanuvHoi kpusoit, ayra ABC kauecrBenHo coor-
BETCTBYeT BBIOJIHEHUIO ycjoBust (17.46).

¢ m300paXKeHHBIMU HA puc. 15, rpaHuma 0bJIacTu yCTONIUBOCTH TydKa, C rayc-
COBBIM pacIpejieJleHneM UMILYJIbCOB HJIeT HEeCKOJbKO JIEBEE U HMKEe I'DAHUIIbI,
BBIUUCJIEHHON JJIs1 JIOPEHIIEBA PACIIPEIeJIeHHs UMITYIbcoB (puc. 17).

18. KorepenTtHbie KojiebaHMs BCTPEYHBIX Ty YKOB

ObuMpHbBIH KAACC PE3OHAHCHBIX HEYCTOWYNBOCTEH KOPEPEHTHBIX KOJIeOaHui
CI'YCTKOB IOABJIAETCA MDY W3YYEHUU OrPAHUYEHUI IPeJe/bHbIX MHTEHCUBHO-
cTefl B yCTAHOBKAX C BCTPEYHBIMU Iy4KaMmu. Takue #ABJIeHUs CBSI3aHbI C B3anUM-
HBIMU TEPUOIUIECKUMHU BO3MYIIEHUSIMHU KOJeOAHWI JACTUIL B MECTE BCTPEUU
MTOJITMHU TTPOCTPAHCTBEHHOTO 3apsa CTAJKUBAIOIMMXCSA CrycTKOB. OHM MOryT
OIIPEJIEIATE OJHO U3 OCHOBHBIX OTDAHWYEHUN CBETUMOCTU YCTAHOBOK C BCTPEY-
HBIMU IIyYKaMU CBA3aHO C BO3MYIIEHUAMY JBUKEHHUS YACTHIL IIOJIAMHU BCTPEY-
vOrO crycrka. [Io mpuHATON B OTE€YECTBEHHON JTUTEPATYPE TEPMUHOJIOTHUH STOT

92



www.phys.nsu.ru

MHOTOIIJIAHOBBINM KPYT ABJIEHUN COKPAIEHHO HA3BIBAIOT (P hEKTaMyu BCTPEUN.
Ouu BBIPAKAIOTCS B TOABJAEHUN HEYCTONIUBOCTY KOMEOAHUN MHIUBUIYATBHBIX
9aCcTHIl, MO0 CIYCTKOB B IIEJTOM.

st ynporiennst pacueToB Mbl M3YYUM YCTORIUBOCTD JUOIBHBIX KOTEPEHT-
HBIX KoJebanuil Becrpeunbix mydkos (B.J. Bantekos, A.A. Konomenckuii 1967
[14]; 6onee mosHOe m Gosee COBPEMEHHOE H3JIOKEHHE ITOrO KPyra BOIPOCOB
MO2KHO HaiiTu, Haupumep, B [15]). Kpome Toro Mbl npeanosioKum, 4ro myuku
COZiepIKAT MO OJHOMY CTYCTKY KPYTJIOTO CEYEHWsS] W UTO CIYCTKU JIBUIKYTCS B
UJEHTHYHBIX KOJbIAX (r€OMETpHsl TAKUX CTOJKHOBEHUIl CXeMaTHYeCKu H300-
paxena Ha puc. 18). Mbl Tak:ke npenebpexem pa3dpocamu 4acTorT GeTaTpOH-

Nie
® >

< L J
N,e,

Puc. 18. K 3amade o HeycTOWYIMBOCTM BCTPEUYHBIX IMMydKOB. Pa3 B mepmosm obparie-
HUSA IIYYKU C 3apsdJamu Nie1 m Noes CTaaKmBalOTCH B MeCTe BCTPEYU € HPULleJIbHbIM
mapamerpoMm b = di — d2, a 3aTeM pa3BOAATCS IO CBOMM KOJIbIIAM

HBIX KoJebaHumit JacTu, m3-3a pa3dpoca SHEpPruil JacTHIl ¥ HeJIUHEHHOCTH (Ho-
KyCHPOBKH. DHEPIUM YaCTHUIL CIATaeM yabTpapenaTupuctckuvu (E = yMc?,
v>1).

[Touepednoe 3JIeKTPUIECKOE 1I0JIE CIYCTKA, JBUXKYILIEIOCH BJIO/Ib PABHOBEC-
HOIT opbuThl co ckopocTbio Vo = {0, —¢, 0} U uMeroIero MIOTHOCTD

2,2
e 4y
o(r,t) = 5o p(s + ct) exp <_M) , (18.1)
C YIIBTPAPETIATUBUCTCKON TOYHOCTHIO ONPEIENAeTCH BhIPAYKEHNEM:
2N "
E= EE, E= 262 p(s + ct)/ drre="" /20", (18.2)
r g°r 0
TTocse TPOCTOrO WHTErPHPOBAHNUS TTOJIY IAEM:
1 — exp[—7?/(20?)]
E =2Negp(s+ ct) 5 r. (18.3)

r
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6 2 2 6 x/o

Puc. 19. BaBucumocTs (pamabHON) CHIbI, BOSMYIAONEH BCTPEIHBIHA Iy 90K, OT T0-
IIEPEYHOro CMemeHns: 4acTurpl. [II10THOCTS pacipeneenus HOmEePeIHbIX KOOPAUHAT
BO BCTPEYHOM CI'YCTKE T'aycCcoBa

C Toit Ke TOYHOCTHIO MATHUTHOE TIOJIE CI'YCTKA PABHO
H = [vs x E]/c. (18.4)

Cuna, geficTByIomasa Ha 9aCTUIBI BCTPEYHOTO CTYCTKa, JBHXKYIIETOCS CO CKO-
pocreio vy = {0, ¢, 0}, pasra
F1’2 = 61(E + [Vl X H}/C2) ~ 2€1E (185)
1 — exp[—1?/(20?)]
r
2

=4Nejeap(s + ct)

Ona smHeiiHa BOIN3M IEHTPA CIYCTKA, OTHAKO [IPH YBEITUYEHAHN PACCTOSHUA OT
LEHTPA OHA CHAYAJA IIPOXOJUT MAKCHMYM, & 3aTeM YMEHbBIIAETCH IPOLOPIHO-
HasnbHO 1/7 (cM. makike Ha puc. 19). Kak dbyHKIMsS BpeMeHH 3Ta CHiia Npej-
crapisier coDOoil CepHIO MEPUOTHIECKIX, KOPOTKHX TOMUKOB. ECIH CryCTKY J1BH-
JKYTCSI B PA3HBIX KOJBIAX C YACTOTON OOPAIEHNST Wy KaXKIbIii, TO TEPHOT ITHX
TOMIKOB pasen 27 /wp. Ilpn anwHe CrycTKOB 05 AJTUTENBHOCTH TOTIKOB €CTh
0t = 0/(2¢). Kak m BCAKOE APYroe, TaKoe NepHOJUICCKOe BO3SMYIIEHUE IIPHBO-
JIUT K PE30HAHCHBIM HEYCTONYINBOCTSAM KaK HEKOTEDEHTHBIX, TaK U KOTePEHTHBIX
KoJiebaHuil myvKa.

Ecmu crycrok (2) cobepinaer, HampuMep, BePTHKAJIbHBIE KOT€PEHTHBIE KO-
nebaHust ¢ TUTIOTBHBIM MOMEHTOM da(t), TaK 9TO

o(r,t) = igp(s + ct) exp (_m Y = da(t) ) ) (18.6)

2o 202
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TO BO3MYIIAIOIIKE [OJIs Olpeiesaiorcd ypapuenuamu (18.2) u (18.4), B koro-
PBIX apryMeHT Y JoJxKeH ObITh 3aMeHeH Ha Yy — da(t). IIpu sroMm 1y BepTH-
KaJIbHOIN MPOEKIUU CUJIBL JefiCTBYIOMEH Ha BCTpedHblil crycTtok BMecro (18.5)
nomyanm (12 = 22 + (y — d2)?)

1 — exp[—72/(20?%)]

F, = 4Nejeap(s + ct) =

(y — da(t)). (18.7)

ITomcTaBuE 3TO BHLIPAYKEHWE B YPABHCHUS TBVIKCHUS YACTHUII, B JIMHEHHOM MPH-
Gumzkennu (1 < 0) MOJIyYUM:

Fy N 2N€162

M W(yu —da)p(sa(t) + ct). (18.8)

yal + Wiyal =

B cBasu ¢ 3amadgeit 06 3¢ derTax BCTpEUn B 9TOM W aHAJOTHIHBIX YPABHEHUIX B
KaveCcTBe HE3aBUCHMO ITEPEMEHHOM OOBITHO HCIOIB3YIOT 0O0OITEHHBIH a3uMyT
0 = wot. Torma, yuurbiBasg, 4TO IJId 4aCTHIl 1-TO crycrka Sq(t) = ct + s4, a
ct ~ Rof, ypasuenue (18.8) Moxer GbITh HEPEIUCAHO B BUIE:

Yo+ yiyal = sgn(e1e2)411Evy (Ya1 — d2)p(2R00 + s4), (18.9)
rae II = 2w Ry — nepumerp opbuter, y = dy/df, a

_ Neé*fo
"~ dnpeo?’

¢? =lerea],  Bo = Ro/vy (18.10)

TaK Ha3bIBAEMBIH MapaMeTp MPOCTPAHCTBEHHOTO 3apsia BCTPEUHBIX CTYCTKOB.
AHaJIOrMYHO, ecM IUNOJIbHbIe Koebanus copepiiaer crycrok (1), To ypashe-
HUS IS 9aCTHI] BTOPOTO CTYCTKa, (Sq(t) = —ct + S,) 3alMChIBAIOTCS B BUJE:

Yo + yiyag = sgn(eje2)4IIEvy (Y2 — d1)p(2R0b — s4)- (18.11)

31ech, I8 IPOCTOTH, NOI0KeHO p(s) = p(—s).

Pemenust ypasuennit (18.9) u (18.11) MOryT OBITH BBIDAYKEHBI U€PE3 WH-
Terpajbl OT JUMOJLHBIX MOMeHTOB di u do. Camu ypapHenus s di u do
HOJIy9al0TCs CyMMUpOBaHueM ypapreruii (18.9) 6o (18.11):

1 N
d1,2 = N Z(ya)l,zp(sa,)-

a=1
B pesyabrare mpuxonauM K yPABHEHHUIM:
df + vidy =sgn(ere2)2¢vy(dy — da) K(6),
dy + vidy = — sgn(e1e2)28v, (di — da) K (6), (18.12)
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rae
o0

K(0) = 2H/ dsp(s + ct)p(s — ct). (18.13)

—0o0

Yunrwsas, uro K(t) B (18.13) B 1eficTBUTENLHOCTH SIBISIETCST TTEPUOTIECKOIN
dyukueit 6 ¢ mepuomoM 27, THUIIEM

2m
o .
Z Kpe ™ K,= / )etn. (18.14)

n=—oo

Pacnpenenenne rapmonuk K, 1o HOMEPaM 3aBUCUT OT MIUPUH JTHHEHHBIX TLI0T-
HOCTEIl 9aCcTHUIl B CTAJIKABAOIINXCA CrycTKax. Eciu, Hanpumep,

_ exp[=s?/(207)]
p(S) - mas ’

TO BbIUUCIeHVe uHTerpada B (18.13) naér
(ct)
K(0) = 2an SR/ 0x] )*/oi] / due™"",
2mo,

e exp[—(0)?/02]
Vros

Toraa, aast crycTkoB ¢ mayuHamMu oy K Ry, nmeem

27 2 [e’e} 2
0 . de 0 .
K, / \f% exp (—g; + m@) o~ /_OO NS exp <_‘735 + mb’)

— exp[—(noy)*/4].

K(0) =2r oy = 0s/Ry.

ITosromy fij1s1 HE OYEHDb BHICOKMX HOMEPOB rapMoHuK (n < Ry/0s) aMuanTyist
K,, masio ormmgatores ot equauist (K, ~ 1). IlogcTaHoBKa 3THX BHIPAXKeHHUI
B (18.12) maer

d + v)dy =sgn(e1e2)28vy(dy — da) Z e~ inf
dy + vidy = — sgn(ere2)26vy (dy — da) Z e~ o, (18.15)

IIpex e yem pemars ypashenusd (18.15) BbisicuuM pU3UMUECKUii CMBICI BXOJIs-
uiero B Hux napamerpa £. st sToro sanuiiem, saupumep, ypasaenue (18.11)
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B BHJE:

y,ll/z + V;yaQ = Sgn(elez)ngy Ya2 — dl + (yaQ - dl) Z e—iné) )
n#0

i, ecau di = 0,

Yo + (Vj + 2vysgn(eres)€)yae = sgn(eres)28vyYa2 Z einf, (18.16)
n#0

B sToM ypaBHeHunm ciiaraemoe B MPaBOfl YACTH ONUCHLIBAET H3MEHEeHWe [3-
byHKIINT B MECTe BCTPEYH W3-3a TOJEHl BCTPEIHOro CrycTka. e 310 u3Mme-
HeHHe TPeHeOPesKIMO MaJIo, 9TO 03HAYAET, UTO Iy He BJIN3KO K IesloMy, 00 K
[OJIYIEI0OMY YUCILY, TO BJAUSHUE [0/ BCTPEYHOIO CryCTKa B ypaHenuu (18.16)
CBOIWTCS K CIABUTY YACTOTHI GETATPOHHBIX KOMeOaHuil Ha Besmanny sgn(ejes)E.

JI1st HaXOXKAeHUsT COOCTBEHHBIX IaCTOT KOTE€PEHTHBIX KOJIeOAHUIT 3aMeTHM,
410 yparenus (18.15) paznenstor nsa Buja pemenuii. Tak HasbiBaemast 0-moza
OIACBIBACTCA CYMMOM

X =dy + ds. (18.17)

Ona ynoBIeTBOPSIeT OTHOPOAHOMY YPaBHEHHIO
2
X"+ v, X =0, (18.18)

a eé cobereermbie TacToThl (X o e~ %) papmbr v = f1,, W He 3aBHCAT OT B3a-
UMOJEHCTBAA My9IKOB. I10 ompenenennio, BeIUInHa X OMHUCHIBACT KOJIEOAHMT
[IEHTPA TAXKECTU CTATKUBAIOIIXCA CrycTKOB. Cuiibl, BO3MyInaonme Koueba-
HUSI B MECTE BCTPEUM, 3ABUCST OT PA3HOCTEH MOMEPEeTHBIX KOOPJAWHAT YACTHIL
BCTDEYHBIX CTYCTKOB. Takwe CU/IbI He BIUSIOT HA JBUYKEHWE MEHTPA TSIKECTH
CTYCTKOB.

Hanporus, cobcTBeHHBIE YACTOTHI TAK HA3BIBAEMON T-MOJIbI, KOTOPAs OIH-
CBIBAETCST PABHOCTHIO

b=dy —dy (18.19)

U YJOBJIETBOPSET yPaBHEHUIO

b’ + v2b = sgn(ere)4€vyb Z e~inf, (18.20)

n=—oo

CYNIECTBEHHO ONPENETAIOTCA B3aUMOICHCTBAEM TyYKOB. Pemenne ypaBHeHust
(18.20) nmiem B BHAE:

o0

b = exp(—ivd) Z bne™. (18.21)

n=-—oo
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IMoacranoska sroro Beipaxkenus B (18.20) naer xosddunuenrsl b,

4v >
by, = sgn(eleg)§h27y)2 Z by. (18.22)

vi—(v—n it

CyMMupOBaHHEM STHX YPaBHEHHUI IIOJyYaeM AUCITEPCHOHHOE ypaBHEHHUE JIJIst
HAXOXKJEHUS COOCTBEHHLIX YACTOT KOJICOAHUIHA:

o0
4y,
1 =sgn(eje — 18.23
gn(eres)é Y o (18.23)
n=—oo
Boruuciienue psga B (18.23) nozsosger npeobpa3oBaTh 3TO ypaBHEHUE K BULY

cos 2Ty = cos 2y, + 4msgn(erez) sin 27y, (18.24)

ITpu srom Tpebosanue |cos2mv| < 1 onpenesser rpanuily 06JacTU yCTORYIH-

10+

Eth

051

0.0k L L L
0.0 0.1 0.2 0.3 04 0.5

\
y

Puc. 20. 'pannna 06/1acTi yCTOMIMBOCTH HEKOTE€PEHTHBIX (BEPXH:ASA JIMHHUA) M KOTE-
PeHTHEIX (HUYKHSS JIMHIS) KOJEOAHMI BCTPEUHEIX TyUKoB (e1es = —e?). Komebarmms
HEYCTOWYIMBBI BBINIE TPAHUIHON KpWBOi. llpm yBenwwaenun vy KPHUBBIE MOBTODPAIOTCS
¢ nepuogom 1/2

BoCTH B II0CKOCTH (&, vy) (puc. 20). Ecan Benuuunna & Mata Tak, 910 pabodas
TouKa (V) He OnM3Ka K rpaHUIe OOJACTH yCTOHYMBOCTH, ypasHeHue (18.24)
NO3BOJIAET BBIYACINTH KOTEPEHTHBIA CABUT 9aCTOTHI (V = vy, + 0v, [0v] K vy).
ITockombKy mpu 3TOM

COS 2TV = €OS 2T, — 2oV sin 27y,

u3 (18.24) monydaem
dv ~ —2sgn(eres)é. (18.25)
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OTMmeTHM, 9TO 3TO 3HAYEHHE BJBOE GOJIBIIE CABUTA IACTOTHI HEKOI€PEHTHBIX
KOJIeOaHu.

Pemenne nucnepcronHOro ypapHeHusT OCOOEHHO YIPOIIACTCS, €CIIH V,, OJIu3-
KO K KaKOMy-JHOO M3 PE3OHAHCHBIX 3HadeHuit (v, = k, wm v, = k + 1/2).
IIycrs, nanpumep, v, ~ k. Torma, or6upas B (18.23) pe3oHaHCHBIE CIaraeMble
(n=*kwun=—k), nuuewm:

1 1 1
1= sgn(elez)élfuyg (A + ) , A=v,—k,
y

—v A+v
win 4Asen( e
sgniejen
Orciona mosydaem
v =+1/A2 — 4Asgn(eem)E. (18.27)

IMpu sgn(ejez) < 0 (37EKTPOH-TIOZUTPOHHBIE, JUOO MPOTOH-AHTUIPOTOHHDIE
BCTPEYHbIE IIyUKH) HEYCTONYUBBIE PeIleHrs] BO3MOXKHBI BHYTPH OJIOCHI

—4E<A<O. (18.28)

Bennunaa naKpemenTa KosieGaHni MAKCHMAJIBHA B IIEHTPE MOJIOCHI HEYCTOH 1~
Bocru (A = —2€), rue
TMvmax = 2€. (18.29)

Bre 3100t 3ampernenHoil mosockl KOrepeHTHbIE KOJebaHns MyYKOB HE HApacTa-
to71. [lpu HeyCTOWYMBOCTH AUTIOIBHBIX KOJIEOAHUI TyYKOB CBETUMOCTH YCTAHOB-
KM yMeHbIIIaeTca Kak

N2 b?

rae Ty = wo/27. 1o 970i npuumHe pabouas ToUKa HaKONATENA (Vy, Vy), BOOOIIE
[OBODsi, HE J0JIZKHA LOIAAATh B 110J10ChI (18.28) 10/ Le/IbIMK 1 1Oy IEJIbIMU De-
3oHaHCAMU. B neficTBUTenbHOCTH, HesinHeiiHast (1 yObIBaOmas Ha GOMbITUX aM-
ILINTYIaX KoJaebaHuii) 3aBUCUMOCTD OTKJIOHSIONIEH CHIIBL OT b IPUBOAUT K TOMY,
UTO a¥ke BHYTPU 3AIPENIEHHON MOJIOCHI 9acTOT KOJIe0AHU YaCTUIl SKCIOHEH-
[IHAJTbHOE HAPACTAHWE OTKJIOHEHUH dacTul, cMeHgercs Konebanusivu b BOIM3M
HEKOTOPOTO CTallmoHapHOro 3uadenus bs. Ilpu manbix paccrpoitkax or peso-
HaHca |A| < &, To TopsAKY BeWuuHEL by ~ /&/|A| > 0. B Takux ycnosusx
OCHOBHOH BKJIAJ B CBETMMOCTH Jal0T objactu (a3 OeTaTpOHHBIX KOJIeOAHU
nopsiaka Ay ~ o/bs, 90 npu BO3OYKIECHUU OJHOMEPHBIX KOP€PEHTHBIX KO-
neGaHuil MPUBOIUT K ACUMIITOTHYECKOMY YMEHBIIIEHUIO CBETUMOCTH YCTAHOBKU

nponoprmonanbro L x o/bs o< \/|A|/€.
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IIpuBeeHHDIE BBIMUCAEHNS YKA3BIBAIOT HA 0OCOOYIO POJIb TEX CIYIAEE, KOTIa
JACTOTHI KOJIEOAHMIT JACTHL IPUOIIKAIOTC K PE30HAHCHBIM 3HaUeHusM. JIyt-
Iee TOHMMAHUE TIPUPOJIBI HEYCTONIMBOCTEH KOTEPEHTHBIX KONMEOAHWH BCTped-
HBIX ITy9KOB TOABJAETCS B TEX 339X, KOTIA YaCTOTHI GETATPOHHBIX KOIe6a-
HUl YaCTHIT CTATKMBAIOIINXCS CTYCTKOB HE COBIAAAOT. Hanpumep, ecin 9acTo-
bl Koslebanuil yacruy, crycrka (1) wiam (2) paBabl V;l) u Vg(,z) COOTBETCTBEHHO,
a BeJMYUHbI £ PABHBI, TO HUCIEpCHOHHOe ypasHenue (18.23) nmepexomur ¢ cie-

JyToree:

9,1 9,2
1 =sgn(eres)é Z Tz Y + N2 K . (18.31)
n=—o00 (VZ(, )) —(v—n)? (VZ(, )) —(v—n)?

B sToMm ypaBHEeHUH pe30HAHCHBIMHA ABJISIOTCS CIAraeMble, N1 KOTOPBIX BBITTOJI-
HEHBI YCIAOBUI CYMMOBOTO:
(1) (2) —
vy, + v,” =,

WU Pa3HOCTHOTO:
uél) — 1/252) =n

pesonancoB. OrMeruM, 910 NpUbIMKEHHE TaCTOT Vél72) K TOYKAM [TapaMeTph-

YeCKOTO PE30HAHCA MTOPO3HDb HE BJINSET HA yCTOHYMBOCTH KOTEPEHTHBIX Koseba-

HUSI U3-3a B3aNMOJIEHCTBUS CI'YCTKOB B MECT€ BCTPEUH.

Konebamusi BCTPEUHBIX CIYCTKOB B PA3HOCTHOM PE30HAHCE yCTONYMBBI BCE-
raa. BzaumoseiicTBre cryCTKOB ¢ TAKUME 9aCTOTAMHA KOJIEeOAHWIH YACTHUI] TPUBO-
JIAT K [I€PEPACIIPEIESICEHUIO YHEPIUU KOTEePEHTHBIX KOJIeOAHUH CBA3AHHBIX CIYCT-
KOB. OTO 00OCTOATENHCTBO MOYKHO HCMOJB30BATH JIJIs JEMTI(DUPOBAHUS KOTe-
PEHTHBIX KOJIeOaHWI BCTPEUHBIX ITyYKOB.

KorepenTubie konebanusi B CyMMOBOM PE30HAHCE OKA3bIBAIOTCS HEYCTONIH-
BBIMH BHYTPH 3aIPENIEHHBIX MOJOC, MPUIETAIONINX K PE30HAHCHBIM 3HAYEHH-
am. [lomaBrenne HEyCTOWYHMBLIX KojaeOaHmit Tpedyer OTHOBPEMEHHOIO H, JO-
CTATOYHO CUIIBHOTO, MOABJIEHHUS CBA3AHHBIX MOM. JTH U JPYrue OCODEHHOCTH
KOTepPEHTHBIX KOoJleGaHuii BCTPEUHBIX CTYCTKOB (HampuMep, B [15]) Boobime xa-
PaKTepHBI JJIs PE30HAHCHBIX HEYCTOWYMBOCTEH KOI'€DEHTHBIX KOJebaHuii, uin
J71s HEyCTOMYIUBOCTEH M3-3a CBA3M MOJ KOT€PEeHTHBIX Konebanuii. B wacTmocTn,
PpasbpoCkl 9acTOT KOIeOaHuil 9acTHUIl B CIYCTKAX MOTYT MPUBOANUTH KaK K 3aTy-
XaHUIO, TAK U K aHTH3aTyXxaHuio Jlan ay KOrepeHTHbIX KOeDaHui BCTPEYHBIX
Ty 9KOB.
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19. 3agaun Kk I'mase 5

1. ITokazark, 9TO MPOJOJIbHBIA UMIIEIAHC CBA3U IIy9YKa C MOION Kk pe3oHa-
TOpa OMpeeNaeTcs BbIpaKeHueM

i@k (2 - 2)

rie Zj TaK HA3bIBAEMOE TIYHTOBOE COTPOTHBIIEHNE pe3oHaTopa, (i — mobpoT-
HOCTB. Beipasuth Z) 1epe3 cobcTBeHHBIE (DYHKIIUU MO PE30OHATOPA.

2. UcciieioBaTh pE30HAHCHYIO HEYCTONYHMBOCTD MPOJIOJIbHBIX KOJlebaHuii Mo-
HOXPOMATHYECKOTO HECTPYTIIIUPOBAHHOTO Iy YKA.

3. BeraucanTh JleKpeMeHThI 3aTyxaHus JIaHaay 115 Pe30HaHCHON HeycTo-
YUBOCTH TIPOJIOJIBHBIX KOTEPEHTHBIX KOJEOAHUN HEeCIPYIIIUPOBAHHOIO IIyYKa.
Pacrnpenesnenuie UMIyabCoOB B My dKe:

Z(w)

A/m
Ap) = ———.
fO( p) ApQ I A2
4. BeraucsanTs meKpeMeHTHI 3aryxaHnd Jlanmay mis pe3oHaHCHOH HeyCcTOi-

YUBOCTH TIPOIOJBHBIX KOTEPEHTHHIX KOJIeOAHWI HECrPYNIUPOBAHHOTO ITyYKA.
Pacnpenenerne nMmyIbCcoB B Iy dKe:

1 Ap?
fO(Ap) = ﬁexp <—%‘Z_)2> .

Ne -Ne
_ > —
-Ne Ne
K zamaue 5

5. Ins xoMmeHcaruu HEKOTrepPeHTHHIX 3(M@EKTOB BCTPEUH MIPeIaraaoch
CTAJIKUBATH [Ty IKH TIAPAMU, KOTOPBIE TIPY WI€ATHHOM COBMEINEHUHN 1Y IKOB MMe-
0T HYJIEBOI LPOCTPAHCTBEHHBIN 3apai (CM. pUCYHOK K 3azade). Takue cxe-
MBI TOJIYYUIN HA3BAHUE CXEM C KOMITEHCUPOBAHHBIMU BCTPEUHBIMHU ITYUKAMU.
Haiitu ycmoBus yCTORYIMBOCTH IUMOIBHBIX KOTEPEHTHBIX KOJIe0aHM KOMITEHCH-
POBaHHBIX BCTPEYHBIX MyYKOB. lIpoaHanim3npoBaTh OT/IMYMs TPAHUIL ODIACTH
YCTONYIMBOCTH KOMIEHCHPOBAHHBIX M HEKOMIIEHCHPOBAHHBIX BCTPEYHBIX ITyd-
KOB.
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6. Berpednbie mydku B MecTe BCTPEYH HepeceKaroTcs: moma yriaom 2a. Io-
CKOJIBKY 3JIEKTPUIECKOE IMOJI€ PeJIITUBUCTCKOTO CTYCTKA HANPABIIEHO TOIMEepeK
€r0 CKOPOCTH, TP TAKOM TIEPECEUEHUN YACTUIIBI UCTBITHIBAIOT YAAD KAK B IMO-
[TEPEYHOM, TAK U B TPOJOJBHOM HAMPABIEHUSX. BBIYUCINTE yCIOBHE YCTOWYH-
BOCTH JUMOJIBHBIX KOTEPEHTHBIX KOJIEOAHUN KOPOTKUX, OJMHAKOBBIX CI'YCTKOB
9JIEKTPOHOB U MO3UTPOHOB BOIM3U CHHXPOOETATPOHHBIX PE30OHAHCOB V£V = N,
V. — 6e3pa3mMepHast 9aCTOTa CHHXPOTPOHHBIX Kosmebauuii. [lonepednoe ceverne
CTYCTKOB CUATATH KPYTJIBIM.

-Ne Ne

T— 200
K 3amaue 6

7. CriekTpbl KoebaHuii BCTPEUHBIX MYYKOB MOXKHO HU3yYaTh, PACKAUUBAS
KOJIEDAHUST CTYCTKA B OJHOM KOJIBbIIE W U3MEpPss KOJIeOAHUsI CIyCTKA BO BTO-
poMm (CM. PHCYHOK K 33jade). BoluuciuTh pe3oHaHCHYI0 KPUBYIO KosebaHuii
BCTPEYHBIX IIYyYKOB; Ka4eCTBEHHO IIPOAHAJIU3UPOBATH BJIMAHUE HEJIUHEHHOCTH
I0JTsT BCTPEYIHOIO CI'yCTKA Ha (POPMY PE30HAHCHOU KPHUBOIl.

K 3amaue 7

8. BBIMHCAATD CHEKTPHI paauaibHBIX KOJICOAHUI BCTPEUHBIX Y9IKOB HyJIe-
BOUl JyIMHBI BOJIM3U PE3OHAHCOB Uy ~ n/my, (T1e N U M, — B3AUMHO [IPOCTDIE
UEJIbIE YUCIA), IPUHAB

—_

I, < Iy,
6(1y) =0

IOx

fO(ITaIy) =
0, I, > Iy,
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I's1aBa 6.

O 1H0000pOTHBIE SIBJICHUS

20. DddekT OBICTPOTO 3aTyXaHUA

ITpu m3yuenun xorepeHTHBIX KoJjebanuii B Hakonutense BIIIII-2 6suto 3a-
MEYEHO, 9TO JEKPEMEHTHI 3aTYXAHUs IUMOJbHBIX BEPTUKAIBHBIX KOT€PEHTHBIX
KOJIe6aHM MPEBBIMIAIOT PAIUAINOHHbIE. [Ipn 3ToM HODABKM K HJEKPEMEHTAM
YBEJTUYIUBAIUCH [TPOMOPIIMOHATIBHO TOKY IyYKa U OOPATHO MPONOPIUOHATIHHO
sHepruu yacTutl. s KOpOTKOro CrycTKa 3Ta M0b6aBKa He 3aBUCENa OT JTHHBI
My9Ka. ITO SABJIEHUE IOy InUI0 Ha3BaHue 3¢ dekTa ObICTPOTO 3aTyXaHUA KOTe-
penTHBIX Kosebauuii. OHO OBLIO O0OBICHEHO B3aMMOIEHCTBUEM MYYKa, C HMEB-
mumucs B kamepe BIOTITI-2 cormacoBaHHBIME MIACTHHAMHU.

Hanmomuuwm, 910 ecim minHa My9Ka [, TPEBBINAeT XapaKTEePHBIH Moneped-
HBIl pa3Mep BaKyyMHOM KaMepsl [ , TO i 4acToT w < ¢/l | BHOCAIIUX OCHOB-
HOU BKJIAJI B KOTE€DEHTHOE B3aMMOEHCTBIE, BAKYYMHAs KAMepa, IPEICTABIISIET
coboit 3ampenenbHblil BOMHOBOA. Ilpy HaealbHON MPOBOIUMOCTH CTEHOK KaMe-
pPbl HABEIEHHBIE OIS SABJISIOTCS CTAIMOHAPHBIMU B CHCTEME MOKOS My9Ka, 9TO
MOKeT BBI3BATH JIUIH CABUT YaCTOT KOTEPEHTHBIX Kojiebanuit. Eciu B xame-
py HOMelIeHa miactuia, aiubbl | (puc.2l); To OTPe30K KaMepbl, COAepKalluii
9Ty MJIACTHHY, TTPEICTABISIET CODOM y>Ke MBYCBSI3HBIN BOJIHOBOI. B mociemuem
CyUae CTAHOBATCS BO3MOXKHBIMU MOJIbI 3JEKTPOMATHUTHOTO TOJIs, ¥ KOTOPBIX
IEKTPUIECKOE M MATHUTHOE TTOJIs TTEPIIEHIUK YIS PHBI, JIEKTPUIECKOE TTOJIe Ha-
MIPABJIEHO OT TJIACTUHBI K CTEHKAM KaMepbl, a JIMHUU MATHUTHOTO TTOJIA 3aMbl-
KaloTcsd BOKpYT miactuibl. CoracHo ypaBHeHUAM MaKCBeIa CIIEKTD TAKHX
TEM-konebanuii Henpepbiber w = k¢ B obnacru |k|l; < 1. Ecan miacruna
Harpy>KeHa Ha BOJHOBOE COMPOTHUBJIEHUE Z(, TO PEAKIIHsT KOTePEHTHBIX KOaeba-
Huii Ha w3nyvenue umMu TEM-BOJIH MOXKeT POSBAATHCS B YCUJIEHUN 3ATYXAHUS
ITUX KOJIEOAHMIA.
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|

Zy

Puc. 21. K 3amade 0 B3auMOAefCTBUM CIyCTKA C COIJIACOBAHHOM IjiacTUHOMN. [lamHa
IUIACTUHBL [, JyIMHA CryCcTKa lp, XAPAKTEPUCTUYECKOE COIPOTUBJIEHUE ILUIACTUHBL Z(

s onmcaHusa 3TOrO sIBJI€HUs YIA0OHO BOCIIOJIB30BATHCH ONUCAHUEM HABE-
JEHHBIX TIOJIefl B TEPMUHAX OCITUIIATOPOB IO, 3 [Jd 3aIUCH OCHOBHOI'O WH-
TErpajibHONO YPABHEHUsI UCLOJb30BaTh (hopmydy (7.18).

B 6eckomHeuHOM ABYCBSI3HOM BOJTHOBOIE BEKTOPHBIN moTeHnas noas TEM-
BOJIHBI 33J]a€TCA BBIPAzKEHUEM

< dk .
qr(t)e’, (20.1)

o 21

A(r,t) = cAp(ry) /

rae Ag(r) ) onmmchIBaeT TOMEPETHOE PACTIPEIeSIeHIe HABEIEHHOTO MO, a ¢ (¢)
ero koJiebanust. Bejmuuna A cBsizaHa € 3J1€KTPOCTATHYECKHM IIOJIEM ILJIACTH-
HBI, CO3ABAEMBIM PA3HOCTHIO MOTEHITNAIOB Uy MEXK Y TIJIACTUHON U BAKYyMHOI
KaMepoi,
A():\/CZ()%, ALEL(I‘l):O.
0

B neficTBUTEIBHOCTH MyYOK B3aUMOIEHCTBYET C OTPE3KOM ABYCBI3HOIO BOJI-
HOBOA. i IJIMHHOBOJIHOBBIX KoJiebaHuil wl) < ¢ Mbl MOXKEM I10JIb30BATHC
ypasuenueM (20.1), eciu 3amenuM HYHKIMIO Ao PEATbHBIM PACIPEAETCHAEM
10JISA, SKCIIOHEHIINAJIbHO CIIAIAI0IUM IIPU YIaJeHUN OT y4acTKa, COJepKallero
wractuHy. [Ipu sTom BMecto (20.1) murmmem

\/%EU(,Z) AE(r) = 0. (20.2)

A(r,t) = cAp(r) /00 dk k(t)eiks,

oo 2T

Ay

CoryacHO 9TUM BBIPAXKEHUsIM, BOJIU3U KPAaEB IJIACTUHBI IJTEKTPUIECKOE ITOJIe
TEM-pon#bl BMeeT IPOAOTbHYI0 KOMIIOHEHTY. I[03TOMY BO3MOXKHO ee BO30Y K-
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JEeHUE TTPOIOIbHBIM IBHKEHUEM JaCTHIL. JIarpaHKuaH B3anMOACHCTBAA TaCTH-
1pl ¢ nosieM riaBHo TEM-BOJIHBI 3aIIHCBHIBAETCSI B BHUIE:
* dk

L=¢e(vAq (r))/ %qk(t)eiks. (20.3)

Ipenmonaras, aro GyHKINA Ay HOPMAPOBAHA, YCIOBAEM
/ Br|A(r) 2R — 8225 (k — K),

13 ypaBHeHU MakcBesia MogydInM cIeayollee ypaBHeHNE M OCIIMJISTOPOB
TIOJISt

ik + K e = jm (1), (20.4)
Jm(t) = Ne / dT'vAy(r) exp(—iks) fr, exp(imap — iwt).

3amnucoiBas

o0
Ge(t) = Y qene TN,

n=—00
Oy UM
_ Ne [dlfmoVy),, (k)
Ben = 22— (w + nwo +i0)2’

27 3, )
Vinn (k) = /0 (Zﬂ'li)?’ %VAO(I')GZ]CS exp(i[kRg — n]0 — imaty ). (20.5)

ITockombky nonie B mOTEHITHATBHO

Uy oU
Er) = ————, 20.6
0= (200)
TTATIEM
@3y de [ U , _
Vinn = _/o r)f 2r (var> exp(ilkRy — n] — imathq). (20.7)
YauTeiBas, 9TO
U _dU (U oUN dl_
or dt  \ 0s op)’ dt
u uaTerpupysa B (20.7) Mo YACTAM, HOLYIUM
Vinn (k) = i(kv — nwo — mw)(Ue™**) (20.8)
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rae

" Y [P d6
1ks _ —tMaWPa - 7 _
(U™ = /0 e /0 P UeL0)explilkRo —nl6). (209)
B 9TOM BBIpAKEHUM BHIYUCICHAS A3UMY TANbHBIX TapMoHuK (yrkimn U exp(iks)
JUTS IJIMHHOBOTHOBBIX Kosebanuit moss (K|l < 1) MOXKHO ynpoCTHTb, 3aMe-
uuB U(0) crynenwaroit dyukrmeit (0 =1/ Ry):

L, 0] <1/(2Ry),
Ulry,0) = U(M){ 0, |0]> l/(QRE)-

Torna ,
(U™ mn = bpnUn (1), (20.10)

rie

9() 3 i
bin = / 49 iotnro—n) _ 1 50(Oo[kRo — n]) (20.11)
0

2 T kRy —n

ITonydennbie BbIpaXKeHHS TO3BOJIAIOT BBIYUCINTD CPEIHHE 10 TEPHUOAY 00-
palleHns TapMOHUKH JIarpamKuaHa B3anMOAEHCTBUA TACTHIBI C MOJIEM TJIaB-
woii TEM-BoaHbI

- < dk (kv — nwy — Mawq )2b2
_ 2 aWao kn
L = Ne Um(IL)zn:/_oo o

7 k2¢? — (W +10)2
X / ATU} (I)) fn. o (T) (090, (20.12)

Kak BuIHO U3 9TOTO BBIpAXKEHUS, B 337a9€ O B3AMMOJEHCTBUN MPOTIKEHHOTO
My9YKa C COTJIACOBAHHON IMJIACTUHONW 3aBUCHMOCTH $I/IPa, OCHOBHOTO YDABHEHUSI
ot mepeMeHHbIX 1| u ¢ dpakTopusyiorcs. Ilo aToit npuunte 171 HECTPYIITHPO-
BAHHOIO IIyYKa peleHus ypapuenus (8.1) 3anucbiBaiorcs B Buje

Um,(IL)mLaFo/aIL

W — Wmn

fmn = Cmn

a Qnp OIPEIEIeTcs BhIPAXKCHICM

OU,, | * dk (kv — wWpn )?b7
Qmn = Ne? T — TR _kn_ 20.1
" ¢ <mL o1, /Oo 21 k2c? — (Wyp + 10)2 (20.13)

Bxomsmmuit B 970 BhIpaXkKeHWe WHTErpasi mo kK MOXKET ObITh BBIYUCIEH TOYHO.
Ucmonp3ysi, HanpuMep, COOTHONTEHHE

0 \2 [l
b =2 (22_) / dz(1 — z) cos(20pz[k Ry — n]),
0
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IIepernnumeM 3TOT UHTEeIrpaJl B BUIE

0 \> [* < dk (kv — wmn)?
L= (2 dz(1 — aw _
(277) /0 A ?) /_Oo 27 k2¢? — (Wi +10)2

x [exp(2i0pz[kRo — n]) + c.c].

Wurerpas no k onpenessercsa BbIYeTaMy B IPOCTBIX MOII0CAX k¢ = £(wypy, +10).

IIpu sTom momtoc kc = wp,, onpemenser BKIam w3nydenus riaaoii TEM-
BOJIHBI BIIEPE[I, T.€. PACIPOCTPAHSIONIErOCH B HAIIPABJIECHUU JBUKEHUS I1y9Ka.
ITonroc B Touke k¢ = —Winy, Jaer BKAan usiaydenuss TEM-BosiHBL Ha3az T.e.

PACITPOCTPAHSIOIIETOCA B HATIPABICHUN TPOTHBOMNOIOKHOM HAPABJICHHIO TBH-
skeHns nmydka. OcCTaplleecs MHTErPHPOBAHME 110 2z TAKYKE BLITOJHSAETCS 3J16-
MeHTapHO. B pesynprare s, HATPEMED, BEPTHKAJLHBIX OETATPOHHBIX KOJE-
Ganmit (m = {0, m,}) nonyuaerca craemyomee, XOTS U JOBOJIBHO TPOMO3JIKOE,
HO BIIOJIHE 0003DUMOE BLIPAZKEHHe

I = (90>2 ws(myvy + 1) {(1 ) <1 sin 290;/)

T 4c 2v_0y 2u_0
(1+ B)? sin 20y _ o (sinfv_ 2
A B I tontid Ul R 1 > 70Y—
+ 21/+90 21/+90 ‘ ( 6) V,QO

+ (1+8)? (%)21 }

vy = B(myry +n)xtn, B=uv/c.

3nech

IMoxcrasue 310 BhIpaxkenue B (20.13) u yIUTHIBAS, YTO B MPUOIIMKEHUN CIila-
sKeHHON poxycnpoBkn [, = psl/yai /2Ry, nepenuiieM y, ,, B BHIE

Nroc 0 %
U = o (gl ) (myvy ) (2)

4y,
(1 - B)? sin 20pv_ (1+ B)? sin 20pv4
- 1-— 20.14
* { 21/_90 1 2V_90 + 21/+90 2V+90 ( 0 )

e () o (25) ]}

rae ro = €2 /M c?. 113 1OJIyueHHOrO BLIPAXKEHUS BUJHO, UTO IS yIbTpapeJis-
TUBUCTCKUX JYACTHUL, BKJIAJ U3JydeHus Brepes B {1, noxasjien B 1/ 72 pas.
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20.1. BepTukajbHbIe KOTEPEHTHbIE KOJI€0aHUsd CIyCTKa

B mpenebpeskernu pazbpocoM YacTOT CHHXPOTPOHHBIX KOJeOaHMIl JaCTHITL
COOCTBEHHBIE DEIIEHNS JIJIsT BEPTUKAIBHBIX KOT€PEHTHBIX KOJIeOaHmii OTMHOIHO-
IO CI'yCTKa, B3auMoAeicTByiomero ¢ momeM riaaBHoi TEM-BomHbBI, HAXOIITCT
peIleHrneM HHTErPATLHOTO Y PABHEHNUS:

afo / / dk Vi n(D)Jm, (n1p)
Awp frn = = Ne? 20.15
wn.f “ Mo, 8] 2 k2¢2 — (W + i0)? ( )

x / v (1) / 45! T () (T}, ),

rae Awy, = w—mywy —Mcw.. Bocnomp3osasumces dhopmynamu (20.8) — (20.11),
nuIeM

0 2Z0c [
Awp frn = Ne? My 8?0 U (Iy)p(p) wOﬂ’QO / dndoy,, (n1p) (20.16)
x/ dk ([kR —n] — myuy) sin? (0 [kR — n])
0 2 K262 — (W +10)° [kR —n)°

o0 o0
x / AU (1) / 40/ T (010) Fun(IL, )-
0 0
st MOHOXPOMATHYIECKOTO CI'YCTKA PEIeHNe 3TOT0 YPABHEHUS UINETCS B BU/JIE;

It (1,)x(9), (20.17)

fm:aily m

rue HoBag HewsBecTHas DyHKIUsA X (@) YIOBIETBOPSIET yPABHEHUIO:

oo

Awmx(9) = p(9) /

— 00

AT (100) Qo (@) / 4! T, (m1) X().
0
(20.18)

Kak y2xe rosopusiocs, upsiMoe periesue uarerpajibHoro ypasienus (20.18) Bos-
MOYKHO JIMINB JJIsl HEKOTOPBIX MOJENbHBIX pacupenesneanii p(¢). Tak, B Mogean

TIOJIOTO CTYCTKaA
2

p(p) =6 (90 5 ¢ ) (20.19)

cnekTp cobeTBeHHBbIX pemenuit ypasuenus (20.18) cocTour m3 0IHOrO Kosie-
GaHns, KOTOPOE PACIPOCTPAHAETCA MO MOBEPXHOCTH CTYCTKA B (Ha30BOM IIPO-
CTPaHCTBe CHHXPOTPOHHEIX Komebanuit (x(¢) o« §([p? — a?]/2)). Do mpusoguT
K CJIEJIYIOIIEMY BBIPAYKEHHIO JJIs KOMILIEKCHOTO KOT€PEHTHOTO CIBUra JaCcTOThI
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MOHOXPOMATHUYIECKOI'O CI'yCTKa.:

Aw,y, :/ dnJ2, (110) QL (Wn). (20.20)
JexpemenTsl atux konebauuii (0, = —ImAw,,) onpenensorcs hopmyioit
2N UL\ [
Gy = 0y < | 2' >/ dnJ? (nia) (20.21)
T2y, daz o ©

sin? (0 [my vy, + 2n))
P

X (myy +n) [myvy + 2n
yVy

CobcrBennbie Kosebanus MoryT Obirh Gerarponsnsie (m. = 0) u cunxpobera-
rpouubie (m,. # 0). g nyuka mynesoit qiuabl (a = 0) KOrepeHTHBIE CIABUTH
YACTOTHI CHHXPOOETATPOHHBIX MO PABHBI HYJIO, & JJIa GETATPOHHONW PABHBI

Aw,, = / AnQn (Winn ) - (20.22)

HekpemenTt 6eTaTpOHHON MOZBI CI'YCTKA HYJIEBOI JIJIMHBI PABEH

5. — 2Nroemy 0 |Un? /OO dn (myv, + n) sin” (B [y, + 2n))
w21y daZ o vy [myvy + 2n)?

(20.23)

Brranciaenne IIPOCTBIX MHTETPAJIOB:

o 1 /OO dz + myry sin? Oy
2 J_ o 2 x?
oo 1.2
0
_ myuy/ sin Oxdx
2 Jo z2
_ myrybo /°° siandm _ myrybo 1
2 Jy a2 2 2

OPUBOAUT K BBIDAXKEHUIO

_ Nroe [0|ULP\ o ( 1
S = % < 9a? my (55 ) (20.24)

[Tonydyennpie 3aBUCHMOCTH JTEKPEMEHTA OETATPOHHON MOIbI KOT€PEHTHBIX KO-
sebaHuil CrycTKa HYJIE€BON AIWHBI COTJIACYIOTCH C 3aBUCAMOCTSMH IEKPEMEHTa,

6bIcTpOro 3aryxanusd, Habaomasierocs Ha ycranoske BOTITI-2.
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20.2. TI'magkume pacnpenejieHuUs II0 AMIJINTYJIAaM CUHXPO-
TPOHHBIX KOJieOaHmit

Jnsa BeIaucIeHrs JeKPEMEHTOB KOTEPEHTHBIX 0eTATPOHHBIX KOJEOaHU CrpyTi-
[IUPOBAHHOrO IIyYKa BOCHOIb3yeMca dhopmysioii (12.18):
2

=— /_OO dnImQQ,, , /000 dorv/ op(p)Jo(n1e)wa(v)] . (20.25)

ITocKOMBbKY IOJIE HAJ, INIACTHHOM CYIIECTBYET JIMIIh B TEYEHUE BPEMEHH IIPOJIETa,
cryctkoM mnacturbl (At ~ [/c); B3anMoneiicTBre KOeGaHumil ¢ MITACTHHON Cy-
ecTBeHHO 04H0060poTHO. I1o 910it npuuune cymmuposanue 10 n 8 (20.25) 3a-
MEHEHO MHTerpupoBanueM. JJid yabTpapeaTuBUCTCKUX dacTull (v > 1) moi-
craHoBKa B (20.25) Oy, u3 (20.14) OpUBOIUT K BBHIPAZKEHMNIO

Nroc (9|Um|2 90 2 e
5m,a = - 2'7Vy <my aag - / dy+(myVy + V—i—)

2
" (Sm901/+) ’/ do rp Jo(n19)wa()

V+60

(20.26)

Ecnu Benvuuna ¢( onpenensger quuny mydka (I, = 2Rppo), Tak aro p(p) cna-
JAeT TOCIE @ ~ @o, TO u3 Bbipaxkenus (20.26) BUIHO, YTO OCHOBHOH BK/IAJ B
WHTETpAaJ 0 N MAIOT TApMOHUKH MHTEepBata |n|oy < 1. [lostomy, eciu quna
crycrka mana (I, < I, ldlny,/dRy < 1), ro B ocrHOBHO{I 061acTH HHTErpH-
posarus (|n|fy < 1) mb1 Mmoxkem 3amenuTh GynKIHIO Jo(Nn19) €e 3HAYCHNEM B
uyne (Jo = 1). [Tocsie 3TOro MHTErpupPOBAHUE TI0 V4 BBIMOTHIETCS 3/IEMEHTAPHO:

o sin Oyv 2 rmgv
+ .
/ dvy(myvy + vy) ( 2 ) = 9y ¥,
—o0 VYo 0

a TOJICTAHOBKA, 9TOro BhIpaxkenus B (20.26) gaer

Nroe /| 0|Un|2\ 1| [ 2
Om,a = — 2 <my o ) 1|, dov/pp(p)wa(p)| (20.27)
Ilo mopsAnKy BEIUHUUHBI Wy ~ 1/@p. Torma, yauThiBas 4To
o0
/ depp(p) =
0
MOJIYYaeM CIEAYIONYIO ONMEHKY JeKPEMEHTOB ObICTPOro 3aTyXaHus MOJ
Nroc olULI2\ 1
Sma = — 2 =. 20.28
m,x 2,}/ <my 8@,‘2/ I ( )
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21. B3saummogeiicTBue ¢ JOKaJMN30BaHHBIM

VIMIIEJAHCOM

Kak ymomunanocs B §10, B Tex ciyuasx, Korja BO30y»KIeHUe HABEIEH-
HBIX II0JIedl IIOIepeYHBbIM TOKOM IIy9Ka IpeHeOpesKUMO MaJjo, B3auMOJelcTBHE
JIATIONIBHBIX KOTEPEHTHBIX KOJIeOaHHUH € OKPYZKAIOUIUMH JEKTPOJAMU MOXKET
OIIMCHIBATHCS B TEPMUHAX IONEPEYHBIX MMIIEJAHCOB CBiA3M. B TakoM ciyuae
corsacto (10.11) nurmem

an = iNeQ%Z#(OJmn),

a, HanpuMep, ypasrenue (12.18) nepexonut B cemymomee (m, = £1):

Ne2wy [
O = —mym [m dnRe [Zf; (w,,m)] h(n|w). (21.1)
3aecn ,
nlw) = | [ do/one . (m o))
0
Ilockoneky
ReZﬁ(—w) = —ReZ,f(w), Im(—2) = (=1)" T (),
a
dvy
ny =n+myly + mydlnwg’

TO JJIsl JTOKAJIM30BAHHBIX HABEIAEHHBIX ToJiel (Z,(w) = Z(w)) u3z (21.1) nomuy-
YaeM, YTO JIEKPEMEHT GeTaTPOHHBIX KOrepeHTHBbIX kojebanuii (m. = 0) obpa-
IIAETCS B HYJIb, €CJIM PABHBI HYJIIO JJIMHA TY9Ka (o, WA XPOMATU3M MAITHHBI
¢ = @odvy/dInwy. Takum 06pa3zom, B Caydae JTOKATM30BAHHOTO B3aMMOIEH-
CTBUSA KOT'€PEHTHBIX KOJIEOAHUHN CI'yCTKA C HABEJIEHHBIMH IOJISIMA B JEKPEMEHTE
OTCYTCTBYET cjIaraemoe, onuchkiBatoriee 3¢ dexr OpicTporo 3aryxanus. [Ipuan-
Ha ITOrO MOHATHA. JpderT ObICTPOro 3aTyxanust 00s3aH MeHCTBUIO HA TYY0K
cuabl peakuuu usaydenus (Boobme, paguo nwiu CBY Bonn) B okpyzKaioimue
3JIEKTPOJABL, & JIJId 3TOrO IMyYOK JOJIZKEH MPOUTHU ¢ IOJeM IO KpaliHeil mepe
paccrosHue paBHOe JjuHe (DOPMUPOBAHUS WU3JTy ICHUS.

JI71st BAKYyMHOIM KaMepbl KPYTJIOTO CEYEHUsT PAANYCa || MOTepeyuHbIii U mpo-
JOMBHBIH MMIenanchl cBazanbl coorHomennem (10.10). Toraa !

h(n|w). (21.2)

5m,a

- Ne*wo Ry /°° ane{Zﬂ(n—&—myuy)}
Yidmpry 2 o n+ myvy,

1B mociesuem ypasuenuu orTHOmEHHE Zn(w)/w o< Gmn(w) ABiseTca HeCHHTYIAPHOIL
dyuknueit w npu w = 0.
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Ecan aszmMmyTanbHasg MPOTAKEHHOCTH JIEKTPOIOB HE PaBHA HYJIIO, & IJIHHA
crycTKa MaJia, To cHOBa mojaraeM B (21.2) Jo ~ 1 n wo ~ /pp. Toraa Tpebo-
BaHUE 0, o > 0 HO3BOJISIET 3aNNCATH YCIOBHE YCTOHMHBOCTH AUIMOJIBHBIX BEp-
TUKAJbHBIX OETATPOHHBIX KOJEDAHUN B CJIEIYIONEM BUIE

/°° n Re{Z,l‘L(n +vy)} Re{Z,I!,(n —vy)}
0

n+ vy n— vy

> 0. (21.3)

W3 3Tux COOTHOINEHUI BUIHO, 9TO P BO30YKICHUU HABEIEHHBIX TOJEH TPO-
JOJIbHBIM JBHKEHUEM YCJIOBHE 3aTyXaHWe 3aTyXaHnd Konebanuit Tpebyer mpe-
BBIIIEHUS] BKJIAJIOB B 0, PA3HOCTHBIX PE30HAHCOB HAJ BKJAJIaMU CYMMOBBIX.

22. Head-Tail acdpdekt

Jlpyroit BaxKHBIH KJIacC OMHOOOOPOTHBIX (P PEKTOB CBA3AH € B3aUMOIEH-
CTBUEM YACTHII CT'YCTKa TMOCPEICTBOM HABEIEHHBIX MU TOJefl U ¢ BO30YK-
JIEHHEM KOTEPEHTHBIX CHHXPODeTaTpOHHBIX Kojebaumil crycrka (m. # 0) (K.
Menmerpuan u M. Canme 1969 [10, 11]). Jduas Toro, 9T06bI TOSCHATEH XapakTep
MTPOTEKAIOIIUX B IIyYKe SIBICHUH 0OCYIUM Pe3yIbTAT B3AUMOIEHCTBUSA MOCPE]I-
CTBOM HABEJICHHBIX MOJIeH KaKuX-1u00 nyx dactuil. [logoxum, 910 B HAYaIb-
HBI MOMEHT JacTUbl 1 U 2 3aHUMAIOT KpaiiHue MpPOIOJIbHBIE TIOJOKEHUS Ha
cBoUX (ha30BBIX TPACKTOPUIX CHHXPOTPOHHBIX KOJEOAHWIH, a HABEIEHHbIE UMU
MOJIst 3aTyXAl0T HAMHOTO ObICTpee Tiepuona obparneHust B MamuHe. Ecau da-
cruna 1 HAXOAUTCS BIEpPEy, TO W3-3a 3aMa3/bIBAHNUd HABEJICHHBIX TMOJEH OHA
BO3MYIIAET KOJIeOAHUs YaCTUIBI 2, TOI/IA KAK YaCTUIA 2 HE BOZMYIIAET KOJIe-
Gamuit vactunpl 1. Cusa, BosMymaoniasa (GeTaTpoHHbIE) KOTeOAHNUS IACTHUIIEL
2, NPOIOPIMOHAJLHA (BEPTHKAIBHOMY) OTKJIOHEHHIO 4acTHIbl 1, a Koadhdu-
[IHEHT MPOMOPIIMOHAIHLHOCTH BhIPAYKAETCSA Yepe3 MOMEPEUHbIH UMIIEIAHC CBI3U
[F1,2 o zyw(s1 —s2) cM. TakKe puc. 22]. Hepes momoBrHy meproa CHHXPOTPOH-
HBIX KoJlehanuii qacTuipl 1 u 2 3afiMyT B CIyCTKE TaKue TMOJIOKEHNS, KOTJIa 9a-
CTUIA 2 OKAXKETCs BIIEPEJM YaCTUIBl 1 U COOTBETCTBEHHO HAYHET PACKAYUBATH
ee Kosebanust ¢ cuitoil Fh 1 o zow(se — $1). Taknum obpaszoM, U3-3a 3amasapiba-
HUS TOJIeH KOJIEOAHUST TOJIOBHBIX YaCTHUIl CI'YCTKA OYIyT packadmBaThb KOjebda-
HUsl 9aCTHII, PACTIOJIOKEHHBIX B XBOCTE CI'YCTKA, a CHHXPOTPOHHBIE KOJIeDAHWA
YACTUIl 3aMBIKAIOT OOPATHYIO CBA3b KOJEOAHUN OTHETbHBIX 9YacTell CryCTKA.
[Ipu ompeseseHHBIX YCAOBUAX ITO MOMKET MPUBOAUTH K HEYCTOWYUBOCTH KO-
repeHTHBIX Kojebanuii myuka. 1o npenjokenuto asropos (K. IMemnerpunu u
M. Canjc) rakas HEyCTORUMBOCTD MOy uYnia Hazsanue head-tail spdexra, umm
head-tail meycroitanBocTu.

B srom pazaene Mbl 06CyanM 33841, B KOTOPBIX TIOPOTOBBIE TOKU HEYCTOM-
quBocTeil (ub0 MPOCTO TOKH CI'YCTKOB) TAKOBbI, YTO BEJUYUHBI KOI€PEHTHBIX
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F 5(z, s) Ozyw(s;-s)

Fz,...(Z’S)

Puc. 22. K 3amade 0 B3aMMOJIECTBUM YACTUIL CT'YCTKA ITOCPEJICTBOM HABEICHHBIX B
OKPYZKAIOINX JIEKTPOJAX THOJIei

CABUTOB YaCTOT MOZ (AW, = W—MyWy —McWe) MAJIBL IO CPABHEHUIO C TACTOTOMH
CHHXPOTPOHHBIX Komebanwnii. [Ipu aTom cuaxpobeTaTpoHHBIE KOJIEOAHNI CIyCT-
Ka XOPOIIIO PA3/IESIEHBI 110 M, & UX AMILIATYIBI X CIIEKTPBI COOCTBEHHBIX 9ACTOT
omnpenessiiorest ypasHerueM (13.6). JIast yrpoInenns: BHIUNCIEHNH, & TaKKe JJIst
WJLTIOCTPAITUN METOJIOB BLIYUCIEHUS COOCTBEHHBIX YACTOT U JEKPEMEHTOB KOJle-
GaHuil, BOCIIOIb3yeMCs MOIEThIO, B KOTOPOil OeTATPOHHBIE KOJIEOAHUS MU0 Ib-
HBI, & BEJTMIUHBI KOT€PEHTHBIX CABUTOB YaCTOTHI OMPEIETIIOTCH BHIPAKEHUSIMHA
iQm

Qmn = —. 22.1
m[n + myvy, + i0] (22.1)

ITpu sTom ypasHerue (13.6) 3anuchiBaeTcs B BUIE

dn i

S ke —
T n—my¢+10 ¢

AW Xm = p(¢) / (ne)

— 00

x / 49§ Ton. (10 )X (). (22.2)
0

3zecy ¢ = dvy/dInwy — xpomaTusM KOMBIA, a mapamerp {2, XapakTepu3yeT
CUJTYy B3aMMOIEHCTBUS CIYCTKA, C HABEIEHHBIMY UM MTOJSIMU. DTA BETUINHA MO-
JKeT GBITh BBIPAXKEHA Uepe3 UMITEAHC CBA3M MydKa ¢ aeKTpogamu. s aroro
BOCIIOJIb3yeMCsl, Hanpumep, ypasaernuem (10.12)

Qo () Newy RE [—iZ“ (w)]

(w/wo)

=My 2mpu 2vy1%
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U TIPEIION0XKHM, YTO IIYY0K B3aMMOIEHCTBYET C JEKTPOIAMHU, KOTOPBIE DJIEK-
TPOAMHAMUYECKN KBUBAJIEHTHBI apajneabHoMy LR-koutypy. Torma
—ino wZo

. 2 .2 9
St B kit

riae L —MHAYKTUBHOCTD, Z) — AKTUBHOE COMPOTUBJIEHNE KOHTYPA, a

2
Qo) = —imy o T
47pry ZJ_ Wm,n +1 T 0
Ne2w0R0 ZO o L(JJO

= —im = .
Y dmpuryl? n+myvy, +i/0p °7 27,

Bxoagamas B 9T0 BeIpaXKeHHE BeMIMHA 0y XapaKTEPU3yeT 3aTyXaHHEe HABEIEH-
HBIX TIOJIel MOC/Ie MPOXOKIEHUS CTYCTKOM JIE€KTPOAOB. st 04HOOGOPOTHOCTH
B3aMMOJIEHCTBIS IOJXKHO BBITOJHATHCS HEPABEHCTBO 27 3> 0. CpasHeHue aToif
dbopmyner v ypaBHeHust (22.1) mo3BosisieT HamNCaTh

NGQWORO

Q= —m, 00
Yo dpy,l?

Zo. (22.3)

Orcroaa caeayer, uaro €, gaBiasgercd AefiCTBUTENbHBIM YUCIOM. [IOCKOJIBKY A1
naccuBHbIX cucreM Zg > 0, u3 (22.3) caenyer, 4ro 31aK {1, HPOTUBOLIOJIOKEH
3HAKY My (MyQy, < 0).

22.1. Mogeap moJoro crycrka

IIpoeemem cuauana pacuer mekpementoB head-tail meycroitawmpBocTu mjst
YIPOIIEHHON MOJIen, B KOTOPOU BCE YaCTHUIIBl CIYCTKA UMEIOT PABHBIE aMILIU-
TYABI CAHXPOTPOHHBIX KOJTEOAHMI:

p(p) = 6(9* — 7). (22.4)

B srom ciyuae penienusi ypashenus (22.2) CyIIECTBYIOT TOJBKO Ha TIOBEPX-
HOCTHU CI'yCTKA B MPOCTPAHCTBE AMILIUTYI CHHXPOTPOHHBIX KOMEOAHUMA X,p OC
§(p? — 3). TosToMy mHIIEM

Z'Qm o J72nc (n(po)

Ay, = e
@ —c0 nﬂ,—m2<+i/90

™

usn, yaurbiBas dhopmyiy (22.3),

—imyNe2woZy [ B. © dnJZ (n) o
Aw,, = —+—— (= — e L h= =, 22.
W 4mp (li /_OC n—m,& +ib 0o (22.5)
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TTocpencrBom £ Mbl 0O03HAYMIN Haber (ha3bl OeTATPOHHBIX KOJIeOAHUT HA, AINHE
mydKa:

(22.6)

Corsacuo (22.5) JEeKpEeMEeHTHI MO KOTEPEHTHBIX KOJeOAHU OmpeIenaorcs
dopmyoi
1 Ne2w,Z,
— = ImAuw,, = NE Ws20 (

Tm 47p

ﬁy> /°° de(e —OJn(@) o0

2)) . woeren

Majiass xpoMaTu9HOCTh (DOKYCHPOBKHA

TIpocThie BBIpazKEHUs It NIEKPEMEHTOB MOJ, YJACTCS Oy IATh B OBIACTH,
rae sHavenue peqnuuabl & Masio (€] < min{b, |m.|}). B rakoii obaacru napa-
MeTPOB MHTErpaJs B (22.7) BBIUNCIASETCS PA3JTIOKEHNEM B DS TI0 CTerneHsM &.
Craprmuii 4eH TaKoro Pa3JIoXKeHWs 3aMNChIBACTCA B BU/IE

1 Ne*woZo (By * drxJ? (v +
=Tt () ror= [ S s, 29
Tm 4mp s e x? + b2 °

* daxx d
H,, = e —J? (x). 22.
c A 1'2 +b2 dx mc(‘x) ( 9)

Boruucienne dbakropa H,,, yupomaercs B acumnrorudeckux obsactsax. Ha-
TpUMeD, eCIN JIFTNHA CTYCTKA MaJia 10 CPABHEHWIO C PAJANYCOM B3aUMOIEHCTBUSA
gacrurt (b < |me|+ 1), To mpu BeraMCHeHUN UHTErpasa B dopmye (22.9) Mox-
HO TIOMOXKUTEL b = 0 U, COOTBETCTBEHHO, 3aINCATh

dz d
Hy,,. = ——J2 (z).
. /0 g me (@)

Iocnenawit nHTErpal BRIYUCISETCS ¢ UCIOJb30BaHUEM (DOPMYII:

s

1
J2(r) = = daJy (2z sin «) exp (—2ima) ,

T Jo
d 2 [T . . ,
—J5 () =—= daJy (2x sin ) sin avexp (—2ima)
dx ¢ ™ Jo

®dr d
Hm. = 2
. /0 — gy Ime (@)

2 [T ° Jp (2xsi
= —f/ dasinaexp(—Qima)/ wdm.
m™Jo 0 X
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Ho
© 4 o g 9 /2
/ —mJl(stina) :/ a [ / sianin(2msinasin9)d9]
o o T |TJo
/2 00 s . /2
= g/ dosine/ sin2esinasing) - :/ dfsind = 1.
™ Jo 0 €z 0
ITosTomy
H 2/7r i (—2ima) d ! (22.10)
., = —— inaexp (— =— )
. = s sin aexp (—2ima) da oy s 7Y

IMonyuenHOe BHIpAsKEHNE CIIPABEIIUBO KaK JJIsT CAHXPOGETATPOHHBIX (M, # 0),
TaK u Jyis 6erarponHoil (m. = 0) mon. Ioacrapus (22.10) B dopmymny (22.8),

HAXOJIHM o
1 NétwZy (By g
Tm  2m2p 3 ) me—1/4

ITpu sHeprusx wacrul, IPEBBINAIOMINX KPUTUIECKYIO SHEPIUI0 MAIIHHbI, HMe-
eM ( « —dv,/dInp. ITosTOMy Majast HOJOKUTEIbHAS XPOMATHIHOCTD KOJIbIA
OPUBOJUT K IOAABJIEHNIO GETATPOHHBIX MOJ KOJeOAHHH U K AHTH3ATYXAHHIO
BCEX CHHXPOOETATPOHHBIX MOJ CIYCTKA.

Ecrm nnmua crycrka Benmka, (b >> |me|+ 1), To rnasubii Bkian B H,,, naer
acuMIToTHYecKas obnacthb dynkiuilt Beccens (z > |m.| + 1), rae

(22.11)

o0 2 _p? 1 [* dx z?—-b?
H, = dxJ? 7 o~ */ DRI
Ne /0 L, ('r) (x2 + b2)2 T Jimejp1 @ (x2 4 b2)2

2 2 2
1 [m\/b T (jme| + 1) b

b2 Ime| + 1 02+ (Ime| +1)2

IMoxcrasus 210 Bhipaxkenue B (22.8), noiayduM

1 NelwoZo (By\ 2 In b2 + (|me| +1)2 b?
Tm 2p

12 ) wb? |me| +1 b2 + (Jme| + 1)2 |

(22.12)
Jia 6erarponnbix Mox, (m, = 0) TouHOCTH 310l hopMysbl He npesbimaer 20%,
ecau b > 15. JTjig cuaxpobeTaTpoHHbIX MO, HAIIpUMED, Jyid |m.| = 3, TounocThb
dopmyabt (22.12) cranosurca menbine 10%, ecau b > 26. Ormerum, 4To npu
[TOJIOXKUTEJIBHON XPOMATUIHOCTH KOJIBIA 3ATYXAKT BCE MOJIBI, YAOBIETBOPAIO-
mpe yesaosuio b > |me| + 1.
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Bouapmiag xpoMaTu4HOCTh (POKYCUPOBKHU

Eciu xpomaruyeckuit Haber ¢gpasbl HeTaTPOHHBIX KOJIEOAHUIT HA NJINHE CTYCT-
ka Bequk (|| > min{b, |m.|+1}), To ¢ yBermaenunem |€| AeKpeMeHTBL MO, BOOO-
me, ymenpmaoTcst. Hanpuvep, st Koporkux mydkos (b < |m.| + 1) rnasrbrii
BKJIJ] B IEKPEMEHTBI MAeT OBIacTh, Tae || > m,.. OnennBasg maTerpan B (22.7)
¢ JIorapuMUIECKON TOYHOCTHIO, IOy IUM

1 NEQ(.UQZO Fy 2 |§|
—_— | 2] =1 — . 22.1
T 4mp€ <12l T Ime| + 1 (22.13)

[TpumepHnble 3aBUCUMOCTH TEKPEMEHTOB OT & B DOjIee MUPOKUX 00JIACTSAX TIa-

12

0.8

0,6 [

0,4t

/[t&] [Arb. units]

2

£ 0,2

N Seege Do
'Y Oon

POOB08ESS00000

0 2 4 6 8 10

Puc. 23. BaBucumocTu JleKpeMeHTOB OT XpoMaTu4ieckoro nabera ¢dasbl 6eTaTPOHHBIX
kosrebanmii Ha mymee crycrka . Koporkuit crycrok po < (|ms| + 1)6o

pPaMeTpoB TIOKa3aHbI HA puC. 23 u puc. 24.

22.2. TI'magkoe pacrnpeaejeHne aMIJIUTYd CHHXPOTPOHHBIX
KoJiebaHmit

Ecmm pacnpenenenne 9acTuil mo aMILIATYAAM CAHXPOTPOHHBIX KOJEOAHMH
OTIPeNIeNIsIeTCs JOCTATOYHO TIAJKON (DYHKIMEH, TO KOTepeHTHBIE KOJIeOaHUst
CTyCTKa B6J'II/I3I/I 3aJJaHHOTO 3HAYCHUS 9aCTOTHI CIEKTPAa HEBO3MYIITEHHBIX KOJIe-
6aHHﬁ Wy, CTAHOBATCA CTAHOBATCA MHOI'OMOOOBBIMU, a CIIEKTPBLI TaKHUX K0ﬂ66a—
HUI — MHOTOYACTOTHBIME. B TaKUX C/Iydagax M3ydeHuda yCAOBUI YCTOMIHUBOCTH 1
BBIYHUCJICHUA OEKPEMEHTOB KOHe6aHHI71 n nx CO6CTB6HHBIX YaCTOT MO2KET 6bITb
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0,4

03

0,2

01r

1/(t,) [Arb. units]

0,0

0,1 L L L L L
0 5 10 15 20

€

Puc. 24. 3aBucumocTH JeKpEeMEHTOB OT XPOMATHIeCKOT0 Habera ¢dha3pl 6HeTaTPOHHBIX
Kosebanuil Ha gymHe crycrka £. CBepxy BHU3 M. u3MeHsercs 0T Me = 0 10 me = 7,

b=3

CYIIIECTBEHHO OOJIEIYEHO, eCJIM CPEeJM MOJI KOT€PEHTHBIX KOeDaHuil mMeercs
TaK Ha3bIBAEMAsT INIUPYIONIAs MO/Ia, CODCTBEHHBIE YACTOTHI KOTOPOH 3aMEeTHO
OTJeJIeHBl OT CODCTBEHHBIX YACTOT OCTANbHBIX Mof. Ilo anasoruu ¢ apyrumu
CHEKTPAJBHBIMU 33Ia9aMi MBI OyreM 0003HAYaTh TAKYH MOIY KakK OCHOBHOE
COCTOSHNE KOTEPEHTHBIX KOIeOAHUi MydKa BOJIN3M TaCTOTBI W,,. llpu perre-
HUY KOHKPETHBIX 33139 OIpPeIeeHne JTHINPYIOMEeH MOIbI OOBIMHO CTAHOBUATCS
SICHBIM HCXO/sI N3 (PUBNIECKUX COOOPAXKEHHUN U OXKUIAEMbBIX OCOOEHHOCTEMN reo-
MeTpUM KOrepeHTHBIX Kojebanwit. Hampumep, eciu xojebaHus HEYCTONYNMBHI,
TO 9TO MOXKET GbITh MOZA ¢ HAUGOIBIITNM 3HAYCHUEM HHKPEMEHTA, (IEKPEMEHTA)
KOTE€PEHTHBIX KOJICOAHMIA.

B rakux ycioBugx unrerpanbHoe ypaBaenue (22.2), Kak IPABUIIO, HE MOXKET
OBITH DEIIEHO AHAJUTUYECKH. TeM He MeHee, YaCTO y/AAeTcCsd MOJIy9IUTh A0CTa~
TOYHO MPOCTHIE U JOBOJIBHO HAJIEKHBIE OIIEHKHY AeKkpeMeHToB head-tail HeycToii-
YUBOCTH UCXOJsT U3 ODIIUX CBOMCTB PelraeMbIX HHTErPAJIbHBIX YPABHEHMUIA.

JList TPOCTOTHI MBI PACCMOTPUM TPOCTON MPUMED, KOT/JIA BEJIMINHE, XPOMa-
TH3Ma He BeJWKa Tak, 9To @y <K |me| (po = lp/2Ro), a |m.| > 1. B sroii
0bJs1acTH IAPAMETPOB OKa3bIBAETCs, YTO ypaBHeHue (22.2) MOKHO CyIIECTBEHHO
yIpOCTUTh. J1eiiCTBUTENBHO, C TTOMOIIBI0 (OPMYJITBI

/°° dx(...) :][Oo da(...) ,Z-ﬂ./oo da(.. )5 (x) (22.14)

oo T+10 oo X oo
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nepenuineM (22.2) B Buje

o = Bmple) ][‘” dn.Jm, (n¢)

o0
/ dep' @' T, (00" ) X (0")

AW J_oe n—C 0
Qm * /N ’ ’
- ﬁj’”c (CSD)/O dg' " Jm (CP )X (¢)- (22.15)

B obmactu ¢p|¢| < |m.| BTOpOE caaraemoe B WpaBOil YACTH 3TOTO ypaBHE-
HISL TIPOIIOPIHOHATBHO (Co)!™e| < 1. JInst BBIMHCTeHNs ceKTpa KosebaHmil
B IIE€PBOM NPUOIMKEHUN 10 ©o|(| BKIAIOM 3TOr0 CIAraeMoro MOXKHO HPEHEe-
6peun. Pasioxkenne ke epBOTO CJIAraeMoro B PSJL IO CTENeHsIM Qo TPUBOIUT
K ypasaeauto (|m.| > 1)

iQmmyC [ dndp,, (n

x / A’ T (0" ) X (¥), (22.16)
0
WTH, TOCTE OUpenerenust Awpy, = 2A,1Q,my 0ol /T 1 Wm = Xm\/ @/ P,

Amwm = / d@/K(SD? @’)wm(gal),
0

K(p,¢") = Vo' p(0)p(e’) (n@) Jm. (ng"). (22.17)

Tenepb 3aMETUM,4TO AP0 MOJYHIECHHOT'O YPaBHECHUA ITOMUMO CUMMETPUN 10 ¢
u QO/ ABJIAETCA IIOJIO2KUTEJIbHO OIIPEACJICHHBIM B TOM CMBICJIE, 9YTO

J(w) = / " dpdg w(Q) K (o, Yl > 0.

Bce coberBenHbie qHCTa TAKOTO YPABHEHUA TOJOKUTETHHBI 1 MUHUMU3UPYIOT
dynknuonan J(w) takum o6pa3oM, 9T0 ecau A, U Wy, ABJASIOTCA COOCTBEHHBIM
YUCIIOM W COOTBETCTBYIOIIEH eMy cOOCTBEHHOU (hyHKIHE, TO

Ay =min{J(w)} = lim J(w),

W—Weq
/ dew?(p) = 1. (22.18)
0

DTO YTBEPXK/EHUE MO3BOJISIET HPOBOAUTH NPUOJIMIKEHHbIE BBIMUACIEHUST COO-
CTBEHHBIX (DYHKIWMI M YACTOT 33JaYU HE PEIasi HeMOCPEACTBEHHO yDPaBHEHUE
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(22.17). B kauecrBe WILIIOCTPAIMYU NIPOBEJIEM DACYET JEKPEMEHTOB OCHOBHOI'O
COCTOSHUA JJIs CITydasi, KOTIa

exp|— 2 2

1, COOTBETCTBEHHO,
2 12 0o d

K(u,u’) = 2exp (_u—;u) \/uu’/ —J;Jmc (xu) I, (zu).
0 x

Cormacuo ob1uM TeopeMam anam3a cobcrBenHas (BYHKIHA OCHOBHOTO COCTO-
sIHMs1 He JIOJIZKHA MMETh KOPHEH Be3e uckaovasa touky ¢ = 0. C yuerom 3Toro
00CTOATEIHCTBA U U3 SBHOTO Bhipaskenus st K (u, u’) Mbl BRIGEpeM TPOOHYIO
dyurmo W B BUIE (M = |Mm(|)

2Bm+1

2
W, = Amum+1/26_ﬂu /27 A?n = T
m:

(22.20)
Mapamerp [ nogbupaercs Tak, 9T06bl MUHUMUA3UPOBATL HHTErpas J(w). Bor-
qucaus J(w) npu 33JaHHOM 3, IOy YUM

* do

00 2 2
J :2Afn/ 5 ( duu™ " J,, (zu) exp [—u(l + ﬂ)])
o T 0 2

242 o . x?
:7(1 LT /0 dxx®m =2 exp < 1T 5)
2™+l T'(m—1/2)
T (22.21)

®ynkmus J () mocTAraeT MEHAMAIBHOTO 3HAYEHHS

dJ " (m+1-33)2T (m—3)

—_— = = ()7
ds (1 +5)m+o/2+1 m)

paBHOTO

3)

(m+12)

L 2(3 (m+1)""" 1
o 2t ) R T
_3vB (m+ )" T (m—3)
_ 5

, 92,22
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B Touke 3 = 2(m + 1)/3. Tloncranoska 3Toro 3Havenws mapamerpa 5 8 (22.20)
u (22.21) IPUBOIUT K BBIPAYKEHUSIM:

Wiy = At/ 2e=(mADu?/3, (22.23)
Am Z [Am}miny

3WV3T(m—1/2) (m+1)m+!

V2 o oml (m+5/2)mts/2

Bepxusas rpanmna A, onpenenserca cyMMO#l COOCTBEHHBIX YHCEN yPABHEHUS

(22.17):

[Am]min == (2224)

A /Ood 2 —“2/2/00 4 g2y = L4 (22.25)
= uu-e —Ji(r) = —=—5—. .
= 0 0 x2 m \/2’]‘(‘ 4m2 -1
Taxum 06paszom, gekpemMenTsl (§ = —Imw) cuHXPOBEeTATPOHHBIX MO, KOPOT-
KOO CT'yCTKa OINEHUBAIOTCA BBHIPAYKEHUIMU:
2 OC
b = =2 A Re(my Q) |me] #0,

1 4

Ammin < A < 22.26

A T e (22.20)
IMoncrasue B nocsieanee Boipaxkenue (1, u3 (22.3), nonyaum
Ne2w0Z0 ﬁ lb dv, RO

Om = v 2 Y ~ —, 22.27

2mpu 21 dlnwy’ By vy ( )

3amena Ry /v, na [, nposenena He ciayvaitno. Tako# pe3ysIbTaT COXpaHIeTCs I
nipu HGoJtee 0bIIEM PACCMOTPEHHUH. 3aBUCUMOCTh JeKpemenTa head-tail meycroii-
qUBOCTHU OT B—(byHKL[I/II/I B MeECTEe DPaCIOJJIOKEHHA JICKTPOOAOB OIIUCBIBAET TOT
dakKT, 9TO 3Ta HEYCTONIUBOCTH CBA3AHA C BO3OYKIECHUEM IO MPOIOILHBIM
JABUZKECHHUEM Cr'yCTKa.

Besnuuuna d,, B (22.26) Gyuer no0KuTEIbHA U, CIEJ0BATEIbHO, CHHXPOGe-
TaTPOHHBIE MOAEL OynyT ycroituussl, eciu Re(m,Q,,)¢ < 0.

JList BEIYUCIeHUS TEKPEeMEHTa OeTaTPOHHON MOIBL YI0OHO BOCIIOIb30BATHCS
caemyoomuMu coobpaxkenusimu. ITockombKy

Z JTQHC(:E) =1,

Me=—00

JIEFKO BUJETh, YTO CyMMa JEKPEMEHTOB 0eTATPOHHON MOIBI U BCEX CHHXPOOE-
TATPOHHBIX MOJ| ypaBHenus (22.2) paBHa HYJIIO:

Z Sme = Qf L L— (22.28)
n — myC

Me=—00
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TTosromy mumrem

5my,0 = - Z 6my,m,c- (2229)

me#0

23. 3agaum Kk I'maBe 6

1. BeraucanTh AUHEHHBIE TIJIOTHOCTH 3aPs/1a, COOTBETCTBYIOIINE PACIIPEIe-

JeHWIO aMILTATY[, CHHXPOTPOHHBIX KomebGanmit p(p) = 6(¢? — ¢3), a Takxke
paCIpeIeIeHUIO
LI e<wpo
P((,O) - 90% { O7 © > ©0-

2. JIyist pacpeiesieHust 0 aMILTUTYIaM CHHXPOTPOHHBIX KOJIEOAHUN JaCTHIL:

p(p) ! {

2

1, ¢ <o
07 80>900

BbIYUCJIUTH JEKPEMEHTbl CUHXPOTPOHHBIX Kojiebanuii koporkoro (Ropy < 1),
YABTPAPENATUBACTCKOTO CI'yCTKa, B3ANMOEHCTBYIOIIETO C COTJIACOBAHHON T1JTa-
CTHHOIA.

3. Ipunas, ato p(p) = §(p? — pE), MOKa3aTh, YTO AEKPEMEHTHI GBICTPO-
ro 3aTyXaHus JUIOJBHBIX [ONEPEYHbIX KOrePEeHTHbIX Koaebauuii (m,. = 0) He
3aBUCAT OT MOAYJAsAuun [(-PYHKUNNE BIOIb AJAUHBI ILIACTUHBIL.

4. Tlpunss, uto p(p) = 5(p? — p3), BHMUCTUTL JTEKPEMEHThI BePTUKAh-
HBIX CHHXPOOETATPOHHLIX MOZ (W 2 MyWwy + MeWe) KOPOTKOTO, YABTPAPEIIATH-
BUCTCKOTO CTYCTKA, B3aUMOIEHCTBYIONIETO C COTJIACOBAHHON MIacTuHOM. JnmnHra
wractussl [, Rypo < [, pazdpocom gacTor 6€TATPOHHBIX U CHHXPOTPOHHBIX KO-
nebanuii mpeHedbpedn.

5. st MOTENIBHOrO MMIeaHca, TPUBOAAIEro K Gopmymne (22.1), Haiitu
VCJIOBUST YCTOUYUBOCTH KOTEPEHTHBIX KOJEDAHUN CryCTKA COCTABIEHHOTO W3
ABYX vacTull 3apsana Ne/2 kaxnasd U COBEPUIAIIINX IPOTUBOMA3HBIE CUHXPO-
TPOHHBIE KOJAEOAHUST C AMILTATYIOH (00.

6. Boconp30BaBIINCH CBOMCTBOM 3KCTPEMATBHOCTH COOCTBEHHBIX 3HAYECHMUIA
HHTEr'paJibHbIX ypaBHeHI/IfI C IIOJIOZKHUTEJIbHO OIIpeae/ICHHbIM U CUMMETPDUIHbIM
SIPOM W JIJTsT PACTIPEIEIEHNS TI0 aAMILIUTYIAM CHHXPOTPOHHBIX KOJIeOaHMIT Ja-
CTUT],
exp(—¢*/¢3)

5
BBIUNCJIUTH TEKPEMEHTHI CHHXPOTPOHHBIX KOMEOAHNH OCHOBHOT'O COCTOSTHUST KO-
porkoro (Ropo < 1), yabTpapesssTHBUCTCKOrO CrYCTKa, B3aUMOAEHCTBYIOEro
C COTJIACOBAHHOU TLIACTUHOU.

plp) =2
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I'maBa 7.

CBs3b CUHXPOOETATPOHHBIX
MO/,

Eire oqme Bun HEeyCcTOWYMBOCTEH KOTEPEHTHBIX KOJIeDAHWUI CrycTKa, HOCH-
MAX TA00ATBHBIH XapaKTep, MOXKET BBI3BIBATHCA CBSI3LI0 CHHXPOOETATPOHHBIX
moz nydka (P. Koxaynr 1980 [16]). fcuo, uro Takue neycroiuuBocru OyayT
MIPOSIBJISTHCS JIWIIB MTPU JOCTATOYHO OOJIBINNX TOKAX CTYCTKOB, KOTIA BEJIWYN-
HBI KOTEPEHTHBIX CABUTOB YACTOT OTIEJBHBIX CHHXPOOETATPOHHBIX MOJ, CPAB-

HEUBAIOTCS, UIH IPEBLIIAIOT YACTOTY CHHEXPOTPOHHBIX KOIeOAHMI | .

24. IlocTaHoBKa 3aga4n

Kak ymomMuHaIOCH B ry1aBe 3, B TAKUX YCJIOBUAX MBI HE MOYKEM MpeHedpeds
B ypasuenuu (7.14) cBA3bIO0 MO/ C OTJIMYAIOIIMMUC M. B pesyabrare, criek-
TPBbI KOPEPEHTHBIX KOJIEOAHUH MyYIKa OMPEIETIAI0TCs CIeayIonei DecKOHeTHO
CUCTEMOW CBA3aHHBIX MHTEIPAJIbHLIX YPABHEHUNA

oo

(Bt — Mete) Xom = pl26) / A0S (1) Ty (11 0)

— 00

Z / d‘P/<P/']'m’C (m1 @/)Xm’ (90/) (24.1)
0

Me=—00

1Takas CBA3b MOXKET TAKYKe BEI3LIBATHCA Pa3bpPOCAMH YACTOT GETATPOHHBIX B CHHXDO-
TPOHHBIX KOJIEOAHUH IPEBBIIAIUMUA, JIUOO CPABHUMBIMYU C We
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ITockombKy Takasi CHCTEMa YPABHEHHUI HE MOXKET ObITH pellieHa B 00IIeM BHUIE,
HIUKe MBI PACCMOTPUM MOJENb, B KOTOPOi
plp) =d(p5 — %), Qm(n) = LT , (24.2)
m(n+iA)
a XxpoMaTuIHOCTh (GoKycHpoBKu pasHa HymO (dvy,/dInwy = 0).
B paccmarpuBaemoii mozgesnu penienus ypasaenuil (24.1) 3anuchiBatorcs B

BUJIE:

, 2 2

Xm () = Cimd(p5 — ¢7)- (24.3)
IMosromy unTErpasiblbie ypasuenus (24.1) 3aMeHsi0TCa HECKOHEUHOIN crucTeMOii
anrebpandeckux ypasuerwit g aMmmiutys Ch,

"o0 dnJmc(ngﬁo)Jm;(WPO)
Z Cm// o . (244)

(Awm mcwc)

m/,=—o00 >

Bronga obosnauenns
Awm QTYL

Tr = s w = 5
We We

MBI ITepenuieM 3Ty CUCTEeMYy B BUJIE

(x —me)Cpy = w Z Cpy / dinJ ()T (n). (24.5)

25. CB#a3b coceaHUX MO,

XoTs AUCIEPCUOHHOE ypaBHEHHE CUCTeMBI (24.5) MOKeT ObITh HAlNEHO TOY-
HO (Hampumep, [17]), mone3HO HaYaTH W3yUeHME OCODEHHOCTEH pereHnit IToit
cucrembl B obmactn |w| < 1. Mbr oxKumaeM, 9T0 HEYCTONYIMBOCTH KOMeOAHMI
CBSA3aHA ¢ COMMKEHNeM JacTOT CHHXPOOeTaTPOHHBIX MOI. B paccMmarpusaeMoit
vozenu, B obsactr 0 < w < 1, 370 MOXKET MPOUCXOIUTH W3-3a MPUOINKEHUT
9aCTOTHL GeTATPOHHON MOALI (W & wy + ) K WacTOTe mepBOH CuHXpObeTa-
TPOHHOH MOZEL (W ~ wy + w,). [Ipeanonarast, 9To 9TO COMUKEHIE MOXKET OBITH
YUTEHO [0 TEOPUM BO3MYyIIeHwuii, neperminem cucremy (24.5), ocraBuB B Hei
JIUIITH T€ CJAraeMble, KOTOPBIE OMUCHIBAIOT CBI3b ITUX MOJ,

be:Z:TU[ / dn ‘]0 0/ dn JORHA()},
(z —1)Cy = % [co /m dn%+q /o; dnn‘]:_(?i} (25.1)
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Bocnonpzosasmucs dopuymoii (22.14), a rakxke yauTbisag, uto Jo(n) apagercs
4yeTHOi, a Ji(n) — HedeTHOH GyHKUMEH 1, MBI MOXKEM IE€PEUCATh yYPABHEHUS
(25.1) B BUTE

4w

((E - w)CO = iﬁcla

B mocnennue ypaBHEHHS MOACTABICHO YUCAECHHOE 3HAYEHNE HHTErPAIa
< d
n 4
/ —Jo(n)Jl(n) = —.
P ) T

Coryiacuo ypaBHeHusM (25.2), 4aCTOTHI CBSI3AHHBIX MOJ, OIPEAENSIOTC YPaB-
HEHUEM

16w?
(@ —w)(z-1)=-—73-, (25.3)
C KOPHSIMHU
1+w \/(1 —w)?  16w?
= + — . 25.4
T1,2 B 4 o ( 5 )
Obe MOABT YCTOWYIHBBI TTPH BBLITTOJIHEHUN YCIOBHST
64w?
2
(1-w) = > 0. (25.5)

3HaKy paBeHCTBA COOTBETCTBYET TOPOr HeycToiiauBocTH. MOXKHO BHIETH, 9TO
TTOJIyYeHHOE YCJIOBME YCTOHIMBOCTH KOJIeOaHWi BOOOINE He 3aBHUCUT OT 3HAKA
Q. Ecam Q,,, < 0, T0 HeycTOHYMBBIME OKa3bIBatoTCst GerarporHas u (-1)-s1
cunxpoberarponHas Moabl. ITockonbky dakT HosBIeHNUs] HEYCTONYMBBIX MO/
HE 3aBHCUT OT 3HAKA W, TIOPOrOBOE COOTHOIIEHUE MOXKHO 3allMCATh B BHJIE

lw| < wyp, W, = _ ~ 0.552. (25.6)

- - 1+48/72

Bbiiiie 3T0ro mopora 4acToThl CBS3aHHBIX MOJL COBIAAAIOT (puc. 23), a onHa u3
MO, KOJTeDaHUi CTAHOBUTCS HEYCTONYIUBOM.

OrMeruM, 9T0 XOTS HEYCTOWYHUBOCTH U3-3a CBSI3U CUHXPOOETATPOHHBIX MO/,
ABJISIETCST OTHOOOOPOTHONH M 00yC/IOBJAEHA OBICTPO3ATYXAIONNMH HABEIEHHBI-
MU TIOJISTMH, 3Ta HEYCTONUYMBOCTH OTHOCHTCS K HEYCTONIHBOCTSM IHHAMUIE-
ckoro tumna. 11osToMy ycjioBUe yCTONYIHMBOCTH OrPAHUYHUBAET JOMYCTUMYIO Be-
JINYIUHY KOTE€PEHTHOIO CJBUIA YaCTOThI KoJjebaHuil, a HHKPEMEHT HeyCTONIH-
BOIl MOJIBI BOJIM3YW MOPOra HEYCTONYUBOCTY YBEIUIUBACTCS MPOMOPIUOHATHHO

VIw| = wyp.
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Ay /),
T

Puc. 25. 3aBucuMocTy KOrePEHTHBIX CABUIOB 4acTOTbl GeTaTPOHHON U 1I€PBBIX CUH-
XpOGETATPOHHBIX MOJ, OT TOKA Iy4IKa ((2m)

26. Buiumganwme 3aTyxaHUSA CBA3aHHBIX MO]]

Ecmu A w Ag CIBATH YaCTOT CBSI3aHHBIX MOJ, TO HEYCTONYUBHI MOJIBI, JIJIsT
KOTODBIX BBINOJHsIETCH "yCI0BHEe CyMMOBOTO pe3oHanca"

We X Al +A0

Ilo 310t mpuunne A1 AeMIPUPOBAHNS HEYCTORINBOCTH HEOOXOINMO JeMIIpu-
poBanue 00enX CBA3aHHBIX MOA. IIycTh, HAIpUMEP, A\ JAeKpeMEHT DeTaTPOHHOM,
a A1 — cuaxpoberarpornoii Mozpl. Torma ypasHenue (25.3) IPUHUMAET BUJ

. . 16w?
(x—w+irg)(x —14+i\) = — s (26.1)
Takoe ypaBHeHIEe HMEEeT KOPHI
14+ w—iAy \/(1—w—iA)2 16w?
T19 = - - 26.2
1.2 2 4 7t (26.2)

roe A4 = A = N\g. JdekpemMenTo! KoaeObanui onpene/aioTca BLIPAXKEeHUIMU

A2 1— 2
flmx:%:t ;[\/XQJF_(LLM)X’ (26.3)
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(1-—w)> =A% 16w?
X = - .
4 d
Kak BuAHO M3 3THX BBIpasKEHMI, HAOOIee TIPOCTBIM ABIACTCA CIydail, KOraa
JleKpeMeHTbl GeTaTpOHHON U cuHXPOBeTarpoHHOl Moz paBHbl (Ao = A1 = A).

ITpn sToM BMecTO (26.2) THIeMm

1+w i\/(1w)2 16w?
2 4 mt
a TIOPOTOBBIl TOK OMPEJIETAETC S PABEHCTBOM

2 2

\2 o 16w®  (1-w)
74 4

ITpn TPOM3BONBHBIX BEJMYIMHAX Ag W A1, HO TIOJIOXKUTEIBHOM 3HAYEHUH BEJH-

quHbl Ay, 00a JeKPeMeHTa MOJIOKNTEIBHbI TIPH BHITOJHEHUH YCIOBHS

Ay 1 \/ A2 (1 —w)?
T > _ 2 - 7 .
5205 [V X2+ 7 X

1,2 = —iA +

Boseeasa obe gacTr 3TOro HEPABEHCTBA B KBAAPAT U IIPOBO/IA HECJIOXKHBIE ITPe-
0Opa3oBaHUsT

4 = 16 ’

Oy YUM

> 0. (26.4)

Ecnu onuu u3 mexpemenTon pasen Hymo (AgA; = 0), 9T0 ycjioBue Bcerja Ha-
pymero. IToaTomy, Kak yKe TOBOPUIIOCH, /JisT CTADUIN3AINN HEYCTORIUBOCTH
CBSA3AHHBIX MOJ Heobxommmo nemirdpupoBanne obemx mom. Ilpm BhIIOTHEHHH
yeaoBus (26.4) GerarpoHHas W TEpBasg CUHXPOOETATPOHHAS MOIBI 3aTYXAIOT.
D70, OMHAKO, TOIBKO OTOABUTAET TIOPOT HEYCTONIUBOCTH, KOTOPBIH Terepsb Oy-
JIeT OMpeJeasaThCs TPUCOSINHEHNEM K MOJIe BTOPOM CHHXPOOETATPOHHON MOJIbI.
[Mopwierre mopora yCTORIHBOCTH HOBON KOH(MDUTYPAIUHT, B CBOIO 0YEPEb, MO~
Tpedbyer meMrdupPOBaAHAA ITOH MOIBI.
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27. Buuguue 3atryxanusa Jlanmgay

B zakmrouenme >Toro paszesa obCynuM BAUSHHE 3aTyXaHus JIammgay Ha
YCTOWYIMBOCTh CBSI3AHHBIX CHHXPOGETATPOHHBIX Moj (Hampumep, B [18]). Ha-
MOMHHAM, 9TO 3aTyxaHue JlaHmay CHHXpODETATPOHHBIX KOTE€PEHTHBIX KOJeba-
uuii crycrka (m. 7 0) MoxKeT ObITh 06yCI0BIEHO Pa3bpocoM 4acToT GeTaTpOH-
HBIX KOJIEOAHMH, WM Pa3dpOCOM YaCTOT CHHXPOTPOHHBIX KOIEOAHUH YACTHII.
IIpu sToM pa3zbpoc YaCTOT CUHXPOTPOHHBIX KOJIEOAHWI HE BBI3HIBAET 3aTyXa-
uust Jlangay GerarpoHHBIX Mon cryctka (m. = 0). IlockonbpKy momaBieHue
HEYCTOUYHNBOCTY CBSI3aHHBIX CMHXPOOETATPOHHBIX MOJ TpeOyeT OIHOBPEMEHHO-
ro AeMrpupoBaHusi GETATPOHHBIX W CHHXPOOETATPOHHBIX KOJIebaHmii Crycrka,
zaryxanue Jlamnnay 6ymer mogaBIsaTh HEYCTONINBOCTD W3-33 CBI3U CHHXPODeTa~
TPOHHBIX MOJT TOJIBKO B TOM CJIy4ae, KOTIa CIYCTOK 00IafaeT pa3dpocoM 9acToT
OeTaTpOHHBIX KOjebaHuit dactuil. B crpynnupoBaHHOM IydKe Takoil pa3dpoc
9acTOT 0DECIEeUNBALTCA OKTYIIOIBHON HEJIMHEHHOCTHIO (DOKYCUDYIONINX TOJIEiH
HAKOITUTE/TS.

B ucnoss3yemoit 3mech MOIE U I8 AATIOJIBHBIX MOTIEPEIHBIX KOaebanumii
BimgHAE pa3zbpoca 4acTOT HA YCTONYMBOCTH MO, OMUCHIBACTCA YPABHEHUSIMU:

. o
diw Copy1 Mo 41

Coll —wF(z)] = — ) — 5,
T = (2k+1)
diw CoF(x)  diw Cop M,
C = 7 4 i A 27.1
S N G RS ER ~ 2k + 1)2 — 4p2’ (27.1)
oo diw ~ COopeg1 Mgy
2p —

2 2 _ 420
T = (2k+1)2—4p

Cook—1 = —Copt1, C_gp = Oy,
rtne M, = F(z —p) + F(x +p), a

I I
F(w):—/ dIM Imw > 0.
0

w—wy(I)’

DTH ypaBHEHUd, OJHAKO, HE MOIYT ObITh PEIIEeHbl TAaK K€ JIErKO, KAK T€, 9TO
OTUCHIBAJIU CIIEKTPHI KOJIeDaHuil B OTCyTCTBHE paszdpoca gactor. [1o aroit mpu-
YUMHE HUWXKE MBI IMepeiieM K M3yJeHUO PelreHnil mpubInKeHHbIX YPABHEHUMH,
KOTOpbIE NOJIyYatorTca o6pbiBoM cucrembl (27.1) na nekoropom m., = M. B
nocseiHeM ciaydae ypasHenus (27.1) 3aMeHAOTCH CIAELYIOMUMU

M
Z C?mr,rn{(x)cvm’C =0,

0

c
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a JUCIIEPCHOHHOE YPaBHEHHNE 3allMCbIBACTCA B BHIAEC
B(z) = det(Q(z)) = 0. (27.2)

VesioBre yeTORYUBOCTH MOJI, OMMACHIBAEMbBIX ITUM YPABHEHUEM MOMXKET OBITh M0-
JIYIEHO C TIOMOIBIO T.H. KpuTepus Haiikpucra. ITOT KpuTepuii OCHOBAH Ha
Bbruuciaenun nabera ¢dasznpt Gyuxiuu $(r) npu u3MeHeHUM T BIOIbL U CIErKa
BBIIIE JEACTBUTETBHON OCH KOMILIEKCHOH mepemento#t x. Ecan dyukius pac-
TIpeiesIeHusT MydIKa sIBAIeTCd HecuHryrapHoi (dbyukiueii I, o F' u ¢ — Takxe
HECUHTYJIIpHbIE (DYHKIINKM B BEpXHEH MOIYTIOCKOCTH KOMILJIEKCHON TepeMeH-
noit x. [lo aToit mpuvnHe, a TakKe TOCKOJIBKY

lim ®(x) =1,
|| — o0
YUCII0 KOPHEH MWCIIEPCUOHHOIO YPABHEHUS B BEPXHEH MOIYIIOCKOCTH T PaB-
HO ymomsHyTOoMY Habery daspt O, nenennomy ma 27, Oynkmusa P(x) oTobpa-
Kaer JefiCTBUTEIbHYIO OCh T B HEKOTODPYIO 3aMKHYTYIO0 KPHUBYIO B ILIOCKOCTH
KOMILIEKCHO# iepeMentoit ¢ (tak nasniBaemblii rogorpad ). Kpurepuit Haii-
KBUCTa YTBEPXK/IAeT, YTO MOJIBI yCTOWYMBHRI, eciu romorpad P He oxearbiBaeT
Ha9aJI0 KOODINHAT.

-3 T T T T |
-2 -1 0 1 2 3

Re[®(x)]

Puc. 26. l'ogorpad ®(z) nns aucnepcuonsoro ypasaenus (27.2). 1: we = 3 X dwy,
Q= 1.7 X dwy; 2: we = 3 X dwy, U = —1.7 X dwy

Jjist ynpoleHust BEIYUCTCHUI MBI PACCMOTPHM OIUH U3 HauboJee MPOCTHIX
CIIY9aeB, KOI/a Wy, JuHelHo namensercs ¢ I (wy = wyo + kI, K = 0w, /01,), a
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16
°
/
12 ° o/’
/
° o,
é 8 ° [ ) / 3
= — /
3 /

-4 0 4 8 12

Puc. 27. I'panuna 061acT yCTOMIMBOCTH CBA3AHHBIX CUHXPOOETATPOHHBIX MO, (TO9-
KW), BBIYUC/ICHHAs C y9eTOM pa30poca [WacToT 6GeTaTpOHHBIX Kosebammii (wy, =
wyo + Iy(Owy/0Iy)). Crnomnasa JMHASA MPEICTABIAET TPAHUILY 00JIACTH yCTOWIUBO-
crtu, oupenensemyio ycaosuem (25.6). Konebanus neycroituuser B obnacrax 1 u 3

fo aBaserca nokazarenproit dbyuxumeit (fo = exp(—1/1y)/1p). Ipm sTOM

[ ue ¥ _ Owy B
F(.’L') = A duW, z = w0, s (Swy = KZIO,
=ve "[Ei(v) —imb(v)] -1, v=ux/z, (27.3)

rae Ei(x) Tak HAa3bIBaeMAas WHTETPANBHAS MTOKA3ATENbHAS (DYHKIUS

es} —t
Ei(z) = —/ ats

.t

1, z=>1,
9(3;):{ 0, z<0.

JIBa Takux rogorpada MpUBEIEHBI B KAYECTBe NpuMepa Ha puc. 26. Kak Bui-
HO, Toforpad 1, COOTBETCTBYIOIMINI MOJOKUTETBHOMY KOTEDEHTHOMY CIBUTY
JaCTOTHI, He OKPYZKAET Hadasla KOOPIUHAT, 9YTO COOTBETCTBYET YCTONINBLIM MO-
nam. HucaeHHOe 3HAYEHHME W B 9TOM CJIY4Yae He IPOTUBOpeduT nopory B (25.6).
B nporusomnonokuOCTS 3TOMY, rogorpad 2 Ha puc. 26, BBIYUCIEHHBIH 718 TAKO-
'O 2K€ 110 BEJIMYMHE HO OTPHUIATEHBHOIO W COOTBETCTBYET HEYCTONYUBBIM KOJIe-
banusiM. Hecummerpust oBeieHMst MO, )11 TIOJTOXKATENBHBIX U OTPUTIATEIbHBIX
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Q,, 00s13aHa IPUHSTOMR 31€Ch YIIPOIIEHHON MOAe/N HeJTuHEHHOCT GeTaTPOHHBIX
kosebannit. HamoMHuM, 9TO aHAJIOTHYHOE MTOBEIEHNE UMEeeT TPaHuia 00JacTu
YCTORUUBOCTH HECBA3AHHBIX CUHXPOOETATPOHHBIX MOJ (HAIpUMED, Ha puc. 12).
B 6omee peamucTiudeckoil MOmeNN, YINTHIBAIOMIEN 3aBUCHMOCTH Wy OT Iy, m I,

Hampumep (15.2):
B Owy Ow,y
=t (G72) ot (52)

Takasi HECUMMETPUS MOXKET OKA3AThCS MEHee BhIPAYKEHHON 324 CueT COMMKEeHUsT
HapUHAIBHLIX pa3bpocos 4actor Iyg|(Owy /01y )o| u Ixo [(Owy/01y)ol.

Naydenne nmoBemenust rogorpados npu uaMeHeHun {1, U W, MO3BOJLET M0~
CTPOUTH rPAHUILy 00JIACTH YCTONYMBOCTH, COOTBETCTBYIOILYIO JUCIIEPCUOHHOMY
ypasuenuto (27.2). Kak y:Ke roBOpUIoCh, OHA HECUMMETPHYHA OTHOCHTEIHHO
ocu Q,, = 0 (puc. 27). Kpome Toro, muputa mojockl, B KOTOPOil Kojaebanus
3aTyxaior, yBenuuuaerca (mpu 2, > 0) B obiacrsax, rme we > 0wy, aubo
we K dwy. s BBICOKUX 1ACTOT CHHXPOTPOHHBIX KOIebaHuil yciosue ycTofdn-
BOCTH ACUMIITOTHYECKH 1pubJMKaercsa K oupeensgemomy (25.6). Ypesudenue
MTAPUHBL 00JIACTY YCTONYUBOCTH MPU MAJIBIX YaCTOTAX CUHXPOTPOHHBIX KOJIE-
GaHuil COTIACYeTCS C AHAJIOTUIHBIM TIOBEIEHUEM TDAHUITBI 00JIACTHA YCTONIMBO-
ctu GerarpoHHbIX Kosebauuil. OqHAKO, OUYEHb CUJILHOE YMEHBITIEHUE YaCTOThI
CHHXPOTPOHHBIX Kosebanuil (w, < (Swy) MOKET IIOMEHATHb XapaKTep Pa3sBUTUA
HEYCTOWYMBOCTU TAKUM OOPA30M, UTO MOBEIEHUE OTAEJBHBIX MOJ CTAHOBUTCH
MaJIOCYIIECTBEHHBIM. DTOT Caydail 6yIeT paccCMOTpPEH MOApOOHEe B CIIEIYIOIIEM
pasgene.

28. 3Bagmaum K I'maBe 7

1. TocTpouThb 06GJACTH YCTONYUBOCTU TIEPBBIX CBS3AHHBIX BEPTUKAJIBHBIX
CHHXPODETATPOHHLIX MOJ IJIs CIydast, KOTna wy (Iy, I;) = wyo + k1. Pyukims
pachpeiesieHus 0 aMILTUTYIaM PAJAUATbHBIX OeTATPOHHBIX KOaebaHwil paBHA
f(I;) = exp(—1I,/Ipz)/Toz- OueHUTE NEKPEMEHTHI 3aTyxXaHus JIaHIAY CBI3aH-
HBIX MOJ, B 00JIaCTH, IJI€ KOTEPEHTHBIN CABUI YaCTOTHI CyIIECTBEHHO IIPEBLIIIAET
pas3bpoc 9acror.

2. N3yunth BiausgHue caabOTO XpoOMaTH3Ma Y9acToT OeTaTpPOHHBIX Kojeba-
HU HA HEYCTOWYWBOCTH CBSI3AHHBIX OETATPOHHON W MEPBOH CHHXPOOETATPOH-
HOIT MOJI.

3. U3y4uuTh yCaoBHs YCTONINBOCTH TIEPBBIX CBSI3AHHBIX BEPTHKAIBHBIX CHH-
XpoOeTarpOHHbIX MOJL JJIsl CJIy4ast, KOI/IA HABEIEHHbIE CI'YyCTKOM II0JIsl OIpede-
JISTIOTCST KOHEYIHON TTPOBOIMMOCTBIO CTEHOK BAKYYMHOM KaMephl.
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4. TIpocreiMu npeobpazoBanusiMu cucTeMa ypasHenuii (24.5) cBomurca K
CIIEeYIOIIE:

o o
(x —w)Cy = ZWZ @+ 12
k=0
- 2z Co = C;;)
Covr =W o1y [re 17 2 @1 1|
2z - Cy
+ . 2k+1
Cap = ZWIZ — 4p? ’;O (2k +1)2 — 4p?”

Baecy W = (4w/7?) a
Coe = Cok + Cop, Capyy = Copgr — C_ (241

Haiitu nucniepcuonHoe ypaBHEeHHE, OIUCHIBAIOIIEE CIIEKTD COOCTBEHHBIX Dellre-
HUil cucTeMbl (24.5).

5. I3yunts neficTeue 3aryxanuda Jlangay 3a cIeT OKTYHIOJBHBIX KOMIIOHEHT
POKYCUPYIONINX TOJeH Ha YCIOBHS YCTONIMBOCTH OETATPOHHOM M OTHON n3
[IEPBBIX CHHXPOOETATPOHHBIX MO/,
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I'1aBa 8.

BricTpbie o1HO000OpPOTHEBIE
HEeyCTONYNBOCTH IIONEePEeYHbIX
KOIe€pEHTHBIX KOoJieOaHuii

[Tepefinem K ONMMWCAHMIO CIyYaeB, B KOTOPBIX MapaMeTphl CTYCTKOB W Ha-
BEJEHHBIX MOJIell O6eCreYuBalOT BBINOJHEHUE HepaBeHcTBa |Q,| > w.. B
9TUX YCJIOBUSX HEYCTOHYMBOCTH KOI'€DEHTHBIX KOJIeOaHUil CI'YCTKOB Pa3BUBA-
IOTCS HACTOJIBKO ObICTPO, YTO 3a BpeMs HapacraHud kosjebauuii (7,,) dacru-
Ubl HE YCIEBAIOT 3aMETHO CMECTUThCA 1O dazam ¢ (HaupUMEp, /Jisd YaCTHIIbL
C AMILTUTYJOH CHHXPOTPOHHBIX KOJIEOAHUN (0 TAKOE CMEIIEHUE HE IPEBBIIIa-
eT AP ~ w.Tp K 05, TAE 0g JUINHA CTYCTKA B €IWHUIAX CPEJIHETO PATIYCa
3aMKHYTOH OpOUTHL).

PazBuTre 6bI1CTPBIX OHOOOOPOTHBIX HEYCTOHYNBOCTEH 00J1a/1a€T 1EJIbIM Psi-
JoMm ocobernocteii. Hanbosee BaxKHOM ABJISI€TCsT OTCYTCTBHE CIIEKTPA HOPMAJIb-
HBIX PEIeHuil OCHOBHOI'O MHTErpaJbHOTO ypaBHeHus. Puszudecku 3T0T (HakT
3apanee odepnzeH. OTCyTCTBUE TIEPEMEINBAHUST YACTHI] B CIYCTKE 33 BpeMs
Pa3BUTHS HEYCTONYMBOCTH NPUBOJINT K PA3phIBAHUIO 0DPATHOW CBS3U KOre-
PEHTHBIX KoJjebaHmil roJIoBHOM M XBOCTOBOI uacreil mydka. Ilo aToit npuumnne
KOJIe6AHNs TOJOBHBIX YACTHUI] CTYCTKA OKA3BIBAIOTCA HUKAK HE CBA3AHHBIMHU C
KOJe6aHUSIMH XBOCTOBBIX YACTHII, ITO 00yCIAaBINBAET OTCYTCTBHE CIIEKTPA, COO-
CTBEHHBIX MOJ, CI'YCTKA.

[TepBonavanbHO OBICTPLIE OTHOODOPOTHBIE HEYCTOHYHUBOCTH TIOMEPETHBIX
KOTE€PEHTHBIX KOJiebanuil ObLn 0OHAPYIKEHBI U 00CYKIAJIUCH B CBA3U C TPAHC-
[OPTUPOBKOW MHTEHCUBHBIX IIYYKOB B JINHEHHBIX YCKOPHUTEIAX (TaK Ha3blBae-
Mblil adekT npepbiBatus nyuka, HanpuMmep, B [19]). Ilozxke 6b110 BbIsICHEHO,
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YTO aHaJIOTUYHBIC ABJICHNA MOT'YyT UMETH MECTO M [IJId CI'YyCTKOB B HAKOIIUTEIAX

[20]-

29. DddekT npepbIBaHUsA ITyYKa

CyrmectByeT OOIUPHBIN KJIaCC HEYCTONUIMBOCTEN KOPEPEHTHBIX KOIebaHuii,
KOT/1a 00paTHAasd CBA3b KOJIeDAHUI MO MYYIKY OKA3HIBAETCI HE3AMKHYTOH. B Ta-
KX YCJIOBUSAX, U3yUYeHWe YCTOWYMBOCTH KOTE€PEHTHBIX KOJeOAHWI TTPUHIIUITN-
aJIbHO HE MOYKET ObITH CBEJIEHO K PelIeHHI0 KaKOro-JInb0 AUCIepCHOHHOTO yPaB-
wvenus. Vcropudecku, Takne HEyCTONIUBOCTH KOTEPEHTHBIX KOIeOAHUI Ty IKOB
BIIepBbIe ObLIM ODHAPYZKEHbI B JIMHEHHBIX yckopuressax (Hampumep, B [19]) u
nonyunin HasBanue dddekra mpepbiBanusa mydka. 11o32ke ObLTO 00HAPYKEHO
(nampuMep, B [20]), 9TO aHAJIOTHYHBIE SIBJIEHUS] MOT'YT OTDAHUYUBATH BEJTUUNHY
HAKOIIJIEHHOTO TOKA, W B IMUKJUIECKUX MAITMHAX.

MpbI yIIpOCTHM BBIMHMCJIEHUST aMILIATY KOTEPEHTHBIX KOJIe0aHuil Ipe Imoio-
JKUB, 9TO My9OK COCTOUT U3 M} CryCTKOB HYJIEBOH IJIUHBI, 9YTO CIYCTKH COMEP-
2KaT PaBHOE YUCJI0 YacTull N, M 3alOJHAIOT Iy40K ¢ mepuogom 7 = To/M,
rne Ty = II/c —mepuon obpamenusa gacrur, B Mamuue, a M — mesoe 4ucio
(M > My). KpoMe Toro, Mbl IPEIIIONOKUM, 9TO B IIYYKE B3AUMOIEHCTBYIOT
JIUIIH COCEJHHUE CIYCTKH, & BO3MYIIEHHUE OIMUCHIBACTCS CUIION

(Fy)a = —YMw, W (z4[t] + zo—1[t — 7]). (29.1)

Bnecs a = 2,3, ..., My HyMepyeT CryCTKH B IIy4YKe, T, — OTKJIOHEHUE LIEHTPA
TS2KECTHU CT'YCTKA, @ OT 3aMKHYTO# opouThl. KosebaHust IepBoOro 1o cIeTy myaka
BO3MYIIAIOTCA cuioii (29.1) aumb B TOM ciaydae, KOrJa CIYCTKU PABHOMEDHO
3aMOJHSIOT 3aMKHYTYI0 opOuTy Hakonurens (M, = M).

O6oznaums 2’ = dx/dt, 3anmmeM ypaBHEHUS TBWXKEHUS IS TEHTPOB Ts-
ZKECTU CTyCTKOB

a4 (W2 4+ 2w, W)y = —2w, W 1(t — br). (29.2)

Kak BumHO M3 3TOr0 ypaBHEHUs, CAMOIEHCTBHE CIYCTKA, TMPUBOAUT K M3MEHE-
HUIO YaCTOTHI Kojebanuit Ha Benuunny Aw, = W, a B3auMoneiicTBue CryCcTKOB
MIPUBOJUT K PACKAUKE KOJEDAHUHN TTOCTEIYIONINX CI'YCTKOB Ty YKa KOJIEOAHUSIMU
BrepeauuaAyInux. II0CKOJIbKY YaCTOThI BCEX CI'YCTKOB CABUIAIOTCS HA OOHY Be-
JINYMHY, HUXKE MbI OyIeM CUYATaTh, YTO TAKON CABUL YK€ yUYTEH B 4aCTOTE Wy
3aMeHsIs w, + W Ha w,.
Jlns nambHeiinero, yaobHee mepeidiTi K BpalaTeIbHBIM KOOpIUHATAM B (ha-
30BOM IIPOCTPAHCTBE
&r =2 Fiwgm. (29.3)
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Torma, Hampumep,

g = 2" —iwg &4 +iwer] = —iwe&y + 2" +win
1 TIO3TOMY
giﬁ-a +iwlya = 7;I/V(g—,a—l - §+7a—1)- (29.4)
€Ly —iweba = iW(-am1—Era1): (29.5)

Crsasp konebannit £4 Mana, ecan Mana sesmanna W (uMenHo, ecin W < wy).
JeficTBuresnbHO, penennst ypapaeruii (29.4) n (29.5) 3amuchiBaloTcsa B BHJIe

£p = AgeTiost,
IIpu sTOM, HapUMep, BenumanuHa, A yIOBIETBOPSET yPABHEHHIO
Ky = W (A~ A1)

ITpu eemonuenun yemosus W < w, mepBoe cjiaraeMoe B MPaBoil 9acTh ITOTO
YPABHEHUST OMUCHIBAET CUCTEMATHIECKOe M3MEHeHUe BeTUYuHbl Ay, a BTOpOe
— ee ObicTpbie ocruysanuu. OTHOCHTEIbHAS AMILIATYIA TAKUX OCIMJLISIIIIMN
onpenensiercst orHomenuneM W/w, u moromy mana. MHTEpecysach cucremaTmde-
CKHAM m3MeHeHmeM A, MBI yCPEJHUM 3TO ypaBHEHHUE 110 MHTEPBAJIY BPEMEHH
TaKOMY, 9TO

1 1
— KAt K —.
N < < W
YcpenHeHHBIE YpABHEHUS
o T iwsbia = —iWE a1, (29.6)
&, —iwglg =IWE_ 4 1. (29.7)

OIUCBHIBAIOT HECBsA3aHHbIe Kojiebanus Moz, (+) u (—). Takue ypaBHeHuUs pelna-
I0TC MeToHoM mpeobpazoBanus Oypbe Mo BpeMenn. Vcmoab3ysa cOOTHOIIEHTE

/oo dte™'¢’ = —£(0) — iwé(w), Imw > 0,
0

3aMeHUM, Hanpumep, ypasaenus (29.6) caemyromieil cucTeMoil ypaBHeHUsI s
Oypoe-ammmnTys {4 o (w) (3HAK + 11 KPATKOCTH OIMYCKAEM )

- i[w - wx}ga(w) = ga(o) - iW)‘fafl(w% A= exp(i(“”—)' (298)

Perrtene Takoi CHCTEMBI ypaBHEHNH JIETKO HAXOIUTCS 110 WHAYKINA. 15 Trep-
BOTO CI'YCTKA IMeeM
i€1(0)
§=—+— (29.9)

w— Wy
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st BTOpOTO

i€(0) WA
W — Wy * w— wajgl(w)

W — Wy W — Wy W — Wy

AnamorngubiM 00pa30M I TPETHETO W Y€TBEPTOrO MOy IaeM

i€3(0) n WA [ i&(0) n WA i&(0)
W— Wy W—Wp |W—Wy W—WyW— Wy
i€3(0) n WA i&(0)

W— W W—WgW— Wy

N ( WA )2 i€ (0)

W—Wy ) wW—wy

Lw) =

aw) = ﬁ: <WW/\ )4a i£(0) (29.11)

— Wy w— Wy
a=1

HO3TOMy JJId TTIPOU3BOJBHOTO CryCTKa IMyYKa TUIieM

fa(w) = i i( WA >ap§p(0). (29.12)

W — Wy W — Wy
p=

OTH COOTHOIIEHNS BBIMOJHSIOTCS IPHU JTIOOBIX 3HAYCHUAX W 7 Wy . 3ABUCUMOCTD
AMILIATY/I KoIebaHuit OT BpeMeH! HaXOAUTC 0OpaTHBIM mpeobpasoBanneM Dy-
pbe

€a(t) = / dwe’i“’téa(w), (29.13)

2
c
rJe KOHTYD MHTErPUPOBAHUS HJIET M3 W = —O00 B W = +00 BBIIIE NEHCTBATENb-
noit ocu w. [loperasus B (29.13) avmanryae: w3 (29.12), maitnem (A|w,| = e™“=7)
) a
Ealt) = e & (0)(WAlwa])* 7 (29.14)
p=1

dwe—wlt—(a—p)7]
X [ —
Jo (—2mi)we—ptl
i1t TpOCTOTHI OrPAHMYNMCST BBIYHCIEHHEM WHTErpasia mo w ajas t > MyTy.

Torna Bce crycTkm mamoor BKIa B npaByo dactb (29.14), a uHTerpasbl Bbl-
YUCISIOTCS 3aMBIKAHNEM KOHTYDA HHTETPUPOBAHNS B HUKHIOK MOIYILIOCKOCTD
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w. B orimame OT aHAJOTWIHBIX BBIPAKEHNI, TOIYIE€HHBIX B MPEAbIAYINEM IIa-
parpade, 3HaueHue uHTerpasa B (29.14) ompemesnsiercsi KpATHBIMEU MOJTIOCAME
IDOABIHTETPAJIBHOI'O BBIPDAXKEHHA B TOYKaX W = 0. HpOCTbIe BBIYUCJICHUSA TIPH-
BOJAT K PE3yIbTaTy
/ dwe=wlt=(@=p)Tl(_j[t — (a — p)7])*~P
c

(—2mi)wa—P+HL (a —p)!

ITosTomy

(a = p)TIWA[wa])* P
(a—p)! '

€alt) = e " £,(0) (=it = (29.15)

HeskcnonenmmaibHoe HapacTaHue aMIUIATY KOT€PEHTHBIX KOIeOaHuii co Bpe-
MEHEM SBJISIETCS OIHON 13 HaubOJIee XapaKTePHBIX 0CODEHHOCTEH HEyCTOWINBO-
creit mpepbiBanus myvka. Kak BUIHO U3 MOy YeHHOTO BbIPAYKEHUS, HEYCTON Y-
BOCTDH OOYCJIOBJIEHA, PE30HAHCHOM PACKAIKON KOT€PEHTHBIX KOMEeDAHNH CIyCTKOB
KOJIEOAHUAMHU BLIEPEJAUMUAYIIUX U HAKOIJIEHUEM 9TOH PACKAUKU BJOJIb ILIYUKa (B
3apy6esKHOM JINTEPATYPE TAKOE HAKOIJICHUE HAZBIBAIOT KYMYJSATHBHBIM). /Ipy-
roif 0CODEHHOCTHIO TAKOW HEYCTONYUBOCTHU SBJISETCS 3aBUCHMOCTD XapaKTepa
HapacTanuit KoJedaHui OT PACTIPEIEIEHUT HAYAIbHBIX AMILIATYI KOT€PEHTHBIX
KOJIe0aHUN CrYCTKOB B ITyYKe.

30. DBrsicTpbie 01HOOOOPOTHBIE HEYCTOWYIMBOCTH
OJITMHOYHBIX CT'yCTKOB

Ilepeitnem kK ommcanwio OGBICTPHIX OTHOODOPOTHBIX MOMEPEUHBIX KOTEPEHT-
HbIX KousiebaHuil oguHO4YHOrO crycrka. Konap CKOpo oxkwuigaemble BpeMeHa pas3-
BUTHSI HEYCTOMIUBOCTEH KOPOUe TIEPUOIa CHHXPOTPOHHBIX KOJTEOAHUIT, YMECTHO
B KQ4€CTBE KOOPAWHAT YACTUIL B IIPOIOJIbHOM (ha30BOM MPOCTPAHCTBE B3SITh TIe-
pementbie (Ap, ¢). st POCTOTHI MBI IIPOBEEM BbIYUCIEHU 175 JTUNOIbHBIX
6erarponubx Konebamuit. Torga, B mnpeHeOpe:keHUH TPOIOIbHON TOIBUKHO-
CTHIO 9ACTULl, OCHOBHOE MHTEI'PAJIBHOE YPABHEHHE 3AIMCHIBAETCA B BHUJIE

0
(w - wm)fm = 7f7(7?) YA Iyaijf-o /dI;dAp/d(b/K((é - ¢/) Illlfm" (301)
Y

3aecw fo = po(¢)Fo(Iy, Ap) — GyHKUUS pacIpemesieHus] CIYCTKa B CTAIIOHAD-
HOM COCTOSIHUM, po(¢)) — MAHEHHAS] TUIOTHOCTE YACTHIL B CTYCTKE, a

K(p—¢)= / " Q). (30.2)

— 00
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7151 yupoIenus BbIYUCIEHUH Mbl CHOBA BOCIIOJIB3YEMCS MOJEIBIO, B KOTOPOH
BEJIMYUMHA IIOIEPEYHOI0 KOT€PEHTHOI'O CIABUIA JAaCTOTHI MOHOXPOMATHUYECKOTO
crycTKa ornpeJensiercs (hopmysioii:

'Qm,
an = ’ - (303)
m(n 4+ myvy + i0)
ITpn sToM BhIunCaeHne uaTerpana B (30.2) gaér
— 1, ¢<0
_ My Uy P ) =Y,
K(¢) = Qpe { 0. ¢>0. (30.4)
IToacraHoBKa 3TOrO BBIPAXKEHMWA, a TaKzXKe perneHnii B hopme
. .(0)
an, P \/I 8F0/BI
Jm == = po(9)x(@)em Ot (30.5)
W — W W — Wm

B ypasuenue (30.1) IPUBOAUT K CIEAYIOMEMY YPABHEHUIO JIJIs HOBON HEM3BECT-
HOM (DyHKIMM X:

(@) = i / 4O (¢')d¢' + A / po(&)x(&). (30.6)
¢ ¢
3aecn "
‘ T,

d©) = / dlydApm (30.7)

-Oypbe-aMILTUTYAa HAYATBHON JMHEHHOW IJIOTHOCTH JUIOJIBHOIO MOMEHTA
CTyCTKa, &
I,0F, /01,

W — W

A, = —Qm/dlydAp (30.8)
B ornnuame ot ypaBHEHU, KOTOPBIE HAM MPUXOIUIOCH PEIIATh JI0 3TOr0, YPaB-
uenue (30.6) npencrasisier coboil HEOIHOPOJHOE MHTErPAIbHOE yDaBHEHHE
Boabreppa. OTHOCHTENBHO 3TUX YPABHEHHH W3BECTHO, YTO ONHOPOIHBLIE WH-
TerpayibHbIe ypaBHeHUs BosibTeppa He UMEIOT HETPUBHAIBLHBLIX pernenuii. [1o-
CllelHee YTBepXKJeHUEe yCTAHABJIUBAETCHd, HAIPUMeD, 3aMeHOH B OIHOPOAHOM
gacru ypasaenus (30.6) unrerpanos mo ¢ cymmamu JIapOy, BHIYUCICHUEM 16
TEPMUHAHTOB MOJIY9€HHBIX OJHOPOIHBIX aIreOpandecKux YPaBHEHUN U MOCe-
JYIOIIAM YCTPEMJIEHHEM WHTEPBAJIOB pa3OueHuii mo ¢ K HyJIi0. TUM JTOKA3bI-
BAETCs OTCYTCTBHE CIIEKTPOB COOCTBEHHBIX YACTOT OBICTPBIX IIONEPEYHBIX KO-
TEePEHTHBIX KOJEDAHUN CryCTKOB NMPU WX BO3MYIIEHUN HABEIEHHBIMU MOJISIMHU,
KOTODBIE TTOJTHOCTBIO 3aTYXAIOT 34 BPEMs OJHOTO 000pOTa YaCTHUIL B MAIlIUHE.
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Ypasuenue (30.6) pemaerca npeobpazoanuem ero B quddepeHnuaibHoe
ypapuenue. [locae nuddepenimpopanns 0benx JacTeil moIyJaeM

d
ﬁ - —idegs) - AmpO(¢)X- (309)

3amnucoias -
X = A(¢) exp <Am/ d¢’po(¢’)) ,
]

U UCIOJIB3Ys Mpanudnoe ycaosue A(oo) = 0, momyuaem

A= i /¢ dg/dy) (¢/) exp (—Am /¢ , d¢”P0(¢//))7

MJIN OKOHYATEJIBbHO

%) ¢’
X(6) = i /¢ 46/ d0) (&) exp (—Am /¢ d¢”po<<z>”)>. (30.10)

31. 3aBuUCUMOCTU AMILJIUTYJ OT BPEMEHU

3aBUCHUMOCTb IOy 9€HHBIX PEIIEHIT OT BPEMEHN MOy 9aeTCsa KOMOMHUPOBA-

uuem Bbipaykenuii (30.5), (30.10) u BoImOIHEHMEM 0OPATHOTO TPEOOPA3OBAHUS
PDypoe:

> d

W .
—iwt
fm(t) = / —e i (w), Imw > 0.

oo 2m
Awanu3 perrennii CyIIeCTBEHHO YIPOIIAETCA B CIydae, KOTIa MOXKHO MpEeHe-
O6peunb pazbpocamu 4acToT B myduke. Ilpu sTom

Dy,
d© — , Dy, :/dIydAp@frﬁi))v

W — Wm

al, =Q,/(w—wp). Torga, HanpuMep, Jijig AMILIUTYAbL AUNOIHHOIO MOMEHTA,

dyy = / dI,dAp\/T, fm

IOJIy4aeM:

don(, )€t = Dy (6) + po(0) /¢ 48 Do (&) Ron(d. 8, 1),  (3L.1)

dw —iwt /
%6 Rm(¢7 ¢ ,w>»

oo

Ruf0.0'.0) = |

o0

Qm Qm d)/ /! i
Rm(¢»¢/aw) = Zwigexp <_W/¢ d(b p0(¢ )) .
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Bxongamas B atu coorHomenusa Gbyarnusa Ry, (¢, ¢, w) HaspIBaeTCA pe30IbBEH-
Tolt mHTerpambHoro ypasuenus (30.6). Kak ussectHo, mjs 3amad, gomyckaro-
IIAX HAXOXK IEHNe CIIEKTPa COOCTBEHHBIX 3HAUEHUH, OCOOEHHOCTAMU PE30JIbBEeH-
ThI KaK (PYHKIINN KOMILJIEKCHOM TIePEMEHHON W SIBISIOTCS OO MPOCTHIE TOJTI0-
CBIL, TUOO0 MOTIOCH KOHETHOM KPATHOCTH. B OT/IHY#E OT 3TOr0 eIMHCTBEHHOM 0CO-
Goit Toukoit Gyukmmn R, (w) gaBageTca cymecTBeHRO 0cobast Touka mpu w = 0.
D10 0BCTOATENBCTBO eIle Pa3 YKA3bIBAET HA OTCYTCTBHE CIEKTPA COOCTBEHHBIX
9acToT B 00CyzkmaeMoil 3aaade. OnpeaeaéHubie 3aKII0UEHU O XapAKTePe pas-
BuTHs Kojiebanuii naér pasnoxenue Gyukuun R,,(w) B psax Toiinopa

QITL k 1/ 1/
R, 6 ) = = Z L e, / d9"p0(@")  (3L2)
k=

B 3rom ypaBHeHHM IEDPBOE CjIaraeMoe OIMCHIBAET PE30HAHCHYIO PACKAUKY da-
CTHIL B TOUKE ¢ YACTUIAMU B TOUKe ¢, KaK ecyii 6bI MexK /1y HUMHU He GbLIO Ipo-
MEKYTOYHBIX dacTuil. Ciieyiolnee ciaraeMoe ONHUChIBACT PACKAYKY YaCTHIL B
TOYKE () YACTUIIAME, PACTOJOKEHHBIMEA B TPOMEXKYTOIHOH Touke ¢ < ¢ < ¢/,
KOJIeDaHNs KOTOPBIX BO30YKI€HBI PE30HAHCHON PACKAYKON YACTUIIAMU B TOUYKE
@'. ITO MIPUBONUT K TOBBINECHUIO MOPSIKA MOJIOCA HA €IMHAIY W T.JI. Takum
0bpasom, Beipazkerue (31.2) onuchBaeT PE3OHAHCHYIO PACKAUKY Koslebanuil ua-
CTHUI] B TOYKE ¢ C YIETOM KOJJIEKTUBHON PEAKITUU TPOMEXKYTOUHBIX YACTHII.

Nurerpan mo w, onpeaensomuii Gyaxuuo R, (¢, ¢, t), Boraucasiercsa moj-
cTaHOBKO# paszmoxkenust (31.2) B (31.1)

/ _ - (_g)k < dw e_iwt
Rin(¢,¢',1) —Qm; o /_ i T (31.3)
Wcnonb3yst cooTHOITEHTE
/°° dw e ™t 1 d*FD exp(—iwt) (i)
oo 2mi w2 T (k1)) dw(k+1) oo B+

nepenuiieM (31.3) B Buge
(i&t)k
m(@: ¢/, t) = =i, tZ AT (31.4)

Kax m oxkmmamoch, Ha Majbx wHTEpBanax spemenu (|Qn,[t < 1) 1o BBRIpA-
JKEHWE OMUCHIBACT JIMHEHHBIH POCT AMILIATY Bl KONeOaHus, crienuduIHbIi 1715t
Pe30HAHCHOM packadku. st BeisicHeHUst obparHOil acuMnToTuKE (|2, [t > 1)
BOCIIOJIb3yEMCs COOTHOIIEHUEM
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rae Ji(z) dyrkmus Beccens nepporo mopsinka. Torma (31.4) 3anmcesaercs B

BUJIE
. J1(2¢/—i&t
R, (¢, ¢ t) = —sztu. (31.5)
—i&t
VaurbBas, uro npu 6onpmmx Imz dyaxkmua Ji(z) pacrer kak J; o< exp(Imz),
¢ TOYHOCTBIO JI0 HEIKCIIOHCHIUAIBHOIO MHOXKUTEJIS IALIEM

¢/
Run(6, 8 ) o exp \/'Q;”'t [ dorm@n b a1 (316)
¢

Kak BUIHO 13 9TOrO BBIPAYKEHUS, B OTJUYNE OT CUHXPOOETATPOHHBIX MOJI, Bpe-
MEHA HAPACTAHWS OBICTPHIX HEYCTONYUBOCTEN OMpeIeIaioTcs JeiCTBUTEIbHON
4acThio {1, & TAKIKE 3ABUCAT OT PACCTOSIHUSA JIO TOJIOBHOIN JacTu crycrka. Ta-
KO€ TIOBesieHre Konebannil 0TpaxKaer TO 00CTOSTENIbCTBO, 9TO HEYCTONIUBOCTD
00yCI0BIEHA, PE30OHAHCHON PACKAIKON KOMeOaHNH TaCTHI] CTYCTKA TIPEIIIECTBY-
IOIUMHA ¥ OTCYTCTBHEM OODPATHON CBA3M KOJIEOAHMI €ro TOJIOBHON B XBOCTOBOI
qacreii.

32. Metoabl mogaBJieHUsT OBICTPHIX
O/THOOOOPOTHBIX HEYCTONYMBOCTE

PazButre onncanHO# HEYCTONYMBOCTM MOXKET OIPAHMYNBATLCS TPEHUEM
(oxnaxknenuem myuka, win obecnedenueMm sddekTa GbICTPO 3aTyXaHus KOre-
PeHTHBIX KoJebaHuii), pa3dpocoM 4acTorT GETATPOHHBIX KOJeDaHuil 4acTuil, a
Tak»Ke pa3BeJeHreM JacTOT OeTATPOHHBIX KOJeOAHWM TACTHUIL IO JJTHHE CTyCT-
Ka (wy(9)). Hocmenumii MexaHu3M ObLI MPENIOZKEH NS HOZABICHUS TaKUX
HeycroituuBocTell B jmHeinbix yckopurenax (B.E. Bamakun, A.B. Hosoxar-
ckuii, B.II. Cmupnos, 1978 [21]) u no damunusaM aBTOpOB MOJIYYNII HA3BAHUE
BHC-nonasnenne (BNS-damping). ITpu ananmnse STux AeflCTBUA STHX ABJICHMU
Ha OBICTPBIE OJHOODOPOTHBIE KOT€PEHTHBIE KOJIEOAHUs C/IE/IYeT IIOMHUTD, UTO,
MTOCKOJIbKY B 33/1a4e OTCYTCTBYIOT COOCTBEHHBIE MOJIbI KOTE€PEHTHBIX KoseHa-
Huil, pazdbpockl YacTOT He NPUBOIAT K 3aryxaHuio Jlannay konebanuii crycrka.
B ciiyuae 6b1cTphIX 0MHOOOOPOTHBIX HEYCTONIUBOCTEN KOT€PEHTHBIE KOJIEOAHUS
3aTYXaIOT 32 CUET MPOIECCOB UX pacda3upoBKu. B MHTEHCHBHBIX CIyCTKAaX B3a-
UMOJIEHCTBUE YACTHUI] BIOJIb IIy4YKa KyMYJIATHBHO H3MEHSIET Xapakrep pacda-
3UPOBKM PABIMYHBIX YACTel CTyCTKA M TeM W3MEHSIeT 3aBUCUMOCTH aMTIINTY/I
KOI'€PEHTHBIX KOoJiebaHuil OT BpeMeHH.

PaccmorpuM KpaTKo BIHsIHUE 3aTyXaHUs 3a cUeT pa3bpoca 4acToT U 33 CUeT
Tpenusi. I IpocTOTHI MBI MPEAMNOIOKIM, UTO pa3bpoc 4acTor 6eTaTpOHHBIX
Kosebanuit 00yCIOBIeH Pa3bpoCOM UMITYJILCOB B MyYKe, & B KadecTBe (DyHKITUN
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PaCIpeIee s 0 HMILYJTbCAM BO3bMEM JIOPEHIIEBO pacupeaenenune. Toraa, no-
BTOPEHHE BBLIUNCICHUH IPEIBIIYINero MyHKTa C YAEP:KAHUEM YCPEIHEHUs a-
CTOTHBIX 3HAMEHATEIeH [0 IMITYILCAM IPUBOIUT K 3aMEHE B COOTBETCTBYIOIIUX
dbopmynax gacTOTHBIX 3HaAMeHarened 1/(w — wy,) Ha

/°° A dAp B 1
o AP+ A2 w —wy, — CAp (W — Wy + 06,

dw
y
¢ =my—=, o = [C|A.
YuuTeBas 3T0 00CTOATENBCTRO, JIETKO YOSAUTHCA B TOM, 9TO, HAITPAMEp, Mep-
Boe ypapHenue B (31.1) mepenucbiBaeTcs B BUJIE

din (¢, 1)’ H0mt = Dy () + po(fﬁ)/¢ d¢' Dy (¢') Rin (9, ¢, 1).  (32.1)

Xapakrep NOBeIeHUs STUX pelleHunii Ha Majblx Bpemenax (||t <« 1) cosna-
naer ¢ yxe obcyxnasiuMucd. Ha Gosbiuux Bpemenax (0,¢ > 1), mockosb-
Ky R, pacrér me oOpicrpee exp(1/t/Tp ), Beaumaunsl d,, (¢, ) SKCIOHEHIHAIBHO
3aTYXalOT. JTO O3HAYAET, YTO JazKe ecau || > d,,, ¢ TedeHweM BpeMeHH
pa3bpoc 9acToT abCOMIOTHO TMOMABIAET PA3BUTHE HEYCTOHYUBOCTH. 1Ipu 3TOM
TpeboBaHue OTCYTCTBUS MOTEPL IMyYKa JIMIIh YCTAHABIMBACT HYKHUN IIpemes
HA, allepTypy BaKyyMHOH KaMepHI.

Amamormunsiv 00pa3soM AefcTByeT Tperne. Pa3HANE 3aKII0YACTCA JIAID B
TOM, 9TO €CJIU Ay — JEKPEMEHT 3aTyXaHU:A BEPTUKAJIbHBIX GETATPOHHBIX KOJIe-
Ganuit, To mpu A, > 6, BeIMUUHA O, B (32.1) Do/KHA OBITH 3aMEHEHA Ha
[y [ Ay

32.1. BHC — zaryxanue

Naygenne BHC-nonasenus, Boobiie, Tpedbyer GOMBINTEro KOJIMIECTBa, BbI-
uncaennii. Ecan, nyia npoctoTst, nonoxkuthb wy(¢) = wy + Kk, bopmyna (30.10)
MEPEXOJUT B CJIEYIOILY FO:

> / ! ¢’ "
x(¢) = iQmA dqb’m exp (Qm/¢ d¢//ﬂ0(¢)> 7

Awp, — myke’ Awp, — myk”
(32.2)
rie Awpy, = W — MyWwy U MBI NOJ0KHUIH
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IMoncranoska sTux Bbipazkeuuii B (30.5) u m0CseAyI0NIEe BLIUUCIECHUE AMILITUTY/L
dp (¢, t) IPUBOIUT K BHIPAZKEHUIO

A (6, = O, (6) + O /¢ 4/ Con () po() R — 6,1), (32.3)

rae (Imw > 0)

d¢" po(4")
©  dw exp 1wt + Q f¢ m
m(¢I - ¢; t) = / ( ) (324)

oo —2mi w (w —myr(¢' = ¢))

Berancienusi mHTErpasioB B 3TUX (HOPMYJIax yIpOIaeTcsd B CIeNUaIbHOM CIIy-
qae, KOrIa JUHEHHAs IIOTHOCTh CTYCTKA 330a6TCA CTyIeHIaTol (pyHKImei

po(¢) — 1{ (1): |¢‘ < ¢b/27

b 9] > ¢ /2.
ITpocreie npeobpasoBanus (Hanpumep, B [3]) IPUBOAAT K BHIPAKEHUIO
R (9" — ¢,t) = —it® (1 — apm, 2, —irt),, 7 = myr(¢ — ¢), (32.5)
WIn
Din(¢, 1)€< (D" = i (¢) + Crn(66)® (=, 1, —imyr(dy — d)t)  (32.6)
¢b dc’m
Cn®) — [ B~ L —imyn( — o)t L)
¢ d/
3neco D (a,b, z) — BRIPOKAEHHAS THIEPreOMeTpUYecKast GYHKINL, &
O,
a,, = — , 32.7
My KDy ( )

@opuynsl (32.3) u (32.6) MOKA3BIBAIOT, YTO B PAMKAX M3YUEHHOH MOMIENH Xa-
PAKTEp Pa3BUTHs JUIOJIBHOIO MOMEHTA CIyCTKa 3aBUCHT OT PAaCIpeNeCHUs
ero Ha4daJIbHOT'O 3HAYEHHUS BJOIb CCyCTKa. Tak, ecIum HadaJIbHOE pacIpeiese-
uue C),(¢) mpencrasasier coboifl KOPOTKUIA, OIMHOTHBIN UMITYIThC

Cin(¢) =C6(¢p — 1), ¢ < 1 < oy

TO

Dy (¢, 1) ™D = C5(¢ — ¢1) + C q;” Ron(¢1 — ,1)
Qo t
s

= C0(¢p— 1) — D (1 — ap, 2, —imyk(d1 — @)t) .
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VuaureBaa Gopmyity

I'(c)

@(a,c,x)zme x (0

e“x?C x| > 1, (32.8)

TOIYy9aeM, 9TO JJIsi MPOAOJIbHBIX KOOPAUHAT ¢ < ¢1 U B Ipemene

|myk|($1 — @)t > 1,

ezmywy

3aBUCHMOCTD JIUTIONBHOTO MOMEHTA cryctka Do, (f,t) (@)t o1 Bpemenn

ommceiBaeTcst GOpMyIoH (4 = ¢1 — @, Wy, = MyKu):

iQt €™ (—jw, t)*m "

(bb F<1 +am)

. i . —am—1
iQmt et (—je, t) "0

Dm(@b, t)eimywy(mt —C

(32.9)

-C
(;51, T (]. — am)
s Qm ei,‘n'ozm (_Zwut)am B e—iwut (_Z-wut)—@m
T mykugy L1+ am) I'(1—am) '

[Tpu mr060M 3HAKE TTApAMETPa, vy, ITO BHIPAIKEHUE OMUCHIBAET KOJIEOAHUSI, aM-
IJTUTYa KOTOPHIX HAPACTAET BO BPEMEHU IO CTEIIEHHOMY 3aKOHY. Takoit poct
3amejisterca B 0baactu |ag,| < 1.

B Apyrom npenenbHOM Corydae Mbl MOXKEM TIOJIO?KUTh, 9TO HAYAIBHOE 3HAYe-
HUE IUTOJBHOrO MOMeHTa crycTKa Cpy,(¢) BOOOIIE HE MEHAETCS BIOJb CTyCTKA
(Cm(¢) = C). Torga, bopmyna (32.6) nepenucbiBaeTcst B BUJIE:

L1 W4 t __ ; —
Dm(¢a t)ezm‘,w.,(@ =C® (_O‘ma 1, _Zwut) , Wy = my“(ﬁbb - ¢)7
YTO Ha aCUMIITOTHUYECKHU 60.HBH_H/IX BpeMeEHaX HdaeT:

emom (—je, t)* N e iwul (—iwut)flfa’"
(14 an) T (—am)

Dy (¢, t)emvev(@t = ¢ <

(32.10)
Takoe BbIparkeHHe OIMCLIBAET 3aTyXalollne KOrepeHTHbIe KoJeOaHust Py Bbi-
TOJHEHAHN yCJIOBUNA

am <0, —1—a, <0, —a, <1,

WM, yauThiBag oupenesenue (32.7),

Q
< —< = . .
0< By = 1, Awy = Koy (32.11)
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ITpu napymenun kpurepus (32.11) konebanus B Iy4Ke HAPACTAIOT 110 CTEIIEH-
HOMY 3aKOHY. [locmeaHee 06CTOATENBCTBO MOXKET OBITH OOYCIOBIEHO IIPEIIIOO0-
KEHHOI CTYNEeHYaTOl 3aBUCAMOCTBIO JIMHEHHONW MJIOTHOCTH 3apAfa CTyCTKa OT
¢. BoisicHenue merasieil 3aBUCUMOCTY AMILIATYIbI IUTIOJIEHOTO MOMEHTA OT Bpe-
mvenu npu BHC-nogaBiennn KorepeHTHBIX Komebanuil crycrka, obaa aronero
TJIaIKOH 3aBUCUMOCTBIO JTUHEHHON IJTIOTHOCTH OT ¢ TpebyeT MCCIeIOBAHUS C
[IPUMEHEHUEM YHCJIEHHBIX METO/IOB.

Texandeckre 0cOOEHHOCTH OOECTIEUEHUsS] B HAKOMUTEIE TpedyeMoi 3aBucHu-
MOCTH 4aCTOT OETATPOHHBIX KOJIEOAHUI OT MTOJIOKEHHH YaCTHI] B CT'YCTKE MOI'YT
OBITh pa3iudHbl. B HEKOTOPBIX Caydasx TaKas 3aBUCHMOCTb MOXKET OIpeie-
JATbCsE 0COOEHHOCTAMY (DOPMUPOBAHUSA CAMUX HABEAEHHBIX OJell (Hampumep,
b [22], nam 5 [23]).

33. 3agaum Kk I'maBe 8

1. ITonyunuTh aAnrCIIepCHOHHOE ypaBHEHHNE 11 OBICTPHIX OJHOOOOPOTHBIX BEP-
TUKAJIBHBIX KOTEPEHTHBIX KOJIeOaHUil.

2. BBIYucaInuTh 3aBUCUMOCTEL OT BPEMEHU OBICTPBIX OJHOOOOPOTHBIX KOJeha-
HUM IUMOJBHOTO MOMEHTA MYYKa, B3aUMOAEHCTBYONIErO ¢ YIACTKOM BaKyyM-
HOM KaMepbl KPYTJIOTO CEYEHUs, OIMUCHIBAEMOTrO UMIIETAHCOM

iW()
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I's1aBa 9.

MmnuoroobopoTHbIe
HEYyCTONYNBOCTU

34. KomaebaHusa OJHOTO CTyCTKa

N3ygyum Temepb OCOOEHHOCTH CIEKTPOB KOJIEOAHMI CTyCTKa CBA3AHHBIE C
HEIIOJITHBIM 3aTyXaHUeM HABEJEHHBIX IOl 33 BpeMs 000pOTa Iy YKa B MAIIIUHE.
Kak y»xe ymoMuHAJIOCH B TyIaBe 6, B 9TOM CJIyUae TeKPEeMEeHThI KoJebaHuii mpet-
CTABJISIIOTCSI CYMMO# CJIaraeMbIX, OMHUCHIBAIONIUX COOTBETCTBEHHO OHOOOOPOT-
HbIe U MHOTOOOOpOTHBIE sBJieHUsi. B KadecTBe mpuMepa MbI IPOBEIEM PACUET
CIIEKTPA KOTE€PEHTHBIX KOIEOAHUI CryCTKa, B3aNMOAEHCTBYIOIIEro ¢ OTHeTbHOI
MOJIOH Pe30HaTOpPa, JJ1d KOTOPO! BBIOJHEHO COOTHOIICHUE

Ak > wo. (34.1)

s yrnponieHusi BBIMUCTIEHUH MPOBEIeM pacyeTr npeHebperasi BAMSHUEM pas-
6pocoe gactor B mydke. C TO# ke IEIbI0 MBI OyJIeM MpPearnojararh [JINHY
CT'YCTKa AOCTATOYHO MAJIOi, ITOOBI MOXKHO OBLIO TIpeHebpedb BO3MOKHOCTHIO
BO3OYXKIEHNA CHHXPODETATPOHHBIX MO/ U BIUSHUEM XPOMATH3MA MAIIHUHBI HA
ycToidnBoCTh mydka. g onpegenennocTu OyneM roBOPUTH O BEPTHUKAJIBHBIX
JIUIIONBHBIX KOTEOAHUSIX, KOTHA W & My, (my = £1).

IMTpu Beinosinenuu ycaosus (34.1) Bee caaraeMble B IIPABOM 4aCTH yPABHEHMsI
(17.6) npumepno pasHo3HauHbL. [loTOMY NuIEM

I’l = N mn
f’m = m c my /dF mrbfrn (342)

(w—mywy,) — w? — (w~+ nwo + iAg)?
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Coruacuo ycsobuio (34.1) wacrory w B 3HaMeHareje B IPABOH YacTU ITOrO
YPaBHEHNA MOXKHO 3aMEHHUTh HEBO3MYIUIEHHBIM 3HAYEHUEM 1MyWwy. Y INTHIBAL,
910 Vi DAKTHIECKN ABISAETCA CTeNeHHoN dbyHKimed I,

Vin = vV LyVmn, (34.3)

uiieM perenne (34.2) B Buie

0F)

fm. = X(‘p)vmnailua

fo = Fo(Iy)p(e).

DTO maeT CiaeIyroliee YPABHEHUE I AMILTUTY X,

o0

(w = mywy)x = —p(p) > 2

n=—oo

X /OO de’ ' Jo(ng")x(¢"). (34.4)
0

Ne2my |[vmn|? Jo(ng)
— (mywy + nwo + 1Ag)?

Ecmv o« mymepyer coOGCTBEHHBIE PEIEHUsT ITOTO YPABHEHUs, TO COOCTBEHHbBIE
4acTOThL (Wy) onpeaensdioTcs papeHcTBoM (12.18), KOTOPOE 3/ECh MOXKHO TIE€pe-
II1MCaTh B BUOE:

oo

Ne2my [ vmn|?hna
o — MyWy = — " s 34.5
We MyWy Z Wz — (mywy + nwo + Z)\}c)Q ( )

n—=—oo

rae
2

e = ] / " dor/2n(@) To(no)xa()] (31.6)

Bocnonbzosasiiuce dhopmyoii cymmupoBanus (13.1), npeiacraBum wy, CyMMOii
OTHOODOPOTHOI'O M MHOTOODOPOTHOIO CJIATaeMbIX

wa = (Wa)st + (Wa)mt, (34.7)
rae ) ,
(Wa)st — Mywy = / dn—y——° My [Vmn|“Piner -, (34.8)
' oo Wi — (mywy + nwo + iAk)
a

2miln

N m h?’l
(o)t — gy = — / dn em”"” ol Pt (34.9)

= — (mywy + nwo + iXg)?

st OJy9YeHust YCIOBHH YCTORYMBOCTY BBIYUCIAM JIEKPEMEHTHI KosebaHuil
(6 = —Imw). Cornacuo (34.7) nuiem

6 = bt + Omi- (34.10)
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Vaurssas, 910 [V n|? = |Um,—n|? 7 hya = hepn o, TOCTE TPOCTHIX TTPEOGPa-
soBanuit u3 (34.8) nmomyunm

St =0_ — 04, (34.11)

. N€2>\k e |Umn|2hna
6_ = — d?’l 2 2
2wy, oo (wk — Wy — TLOJ()) + )‘k

5. = N62>\k /oo dn |U7n,n|2hno¢
+ 2w Jono  (Wk F+wy —nw)? + A2

W3 3Tux BhIpaXKeHWi BHUIHO, YTO OJHOOOODOTHOE CJIATAEMOE He YXVIIIaeT
yeroitunsocTu konebanuil crycrka (0s; > 0), €cliu BKJIAABI PASHOCTHBIX DPE-
30HAHCOB B Jg MPEBBIMIAIOT BKJIAIALI CYMMOBBIX. Kak U JIOMKHO OBITE, OJHO-
00OPOTHOE CIAaraeMoe, OMUCHIBAIOIIEE PEAKITHIO U3y YeHIS Ty IKa, TPOTIOPITHO-

rae

HaJIbHO JIEKPEMEHTY 3aTyXaHUsI MOJBI MTOJIsI PE30OHATOPA.
MHorooboporHoe ciiaraeMoe JAeKPEMEHTa, OLPEIEISeTCs BbIPAXKEHUEM

Omt = Im Z/

140 Y~

oo

dn
o W

Neme |Umn |2hna e?ﬂ'iln

2 — (mywy + nwo + Ag)?

(34.12)

17151 BBIYUCTIEHNS BXOIAIINX CIO/IA MHTEIPATIOB 3aMETHUM, 9TO MacCITab n3MeHe-
HUS BEJIUYUUH Uy, TIO IEPEMEHHON N ONIPEIENAETCA A3UMY TAJIBHOMN TPOTAKEHHO-
crbio pesonaropa (0p), a coorBercryiouiuii Maciurad dyHKIMU Apo — AJIMHON
nyuka (o). Ecnu 9mu givaet Takossl, 4o 0y K 27 u 0y, <K 27 Ry, TO uHTerpan
mo n B (34.12) MOXKET BBIYUCAATHCA 3AMBIKAHUEM KOHTYDa UHTEIPUPOBAHUS B
BEPXHIO WU HUXKHIOK MTOJIYTLIOCKOCTHU mepeMentoit n. IlockombKy B BepxHeit
TOTYTLIOCKOCTH MOABIHTETPAJIBHOE BhIPAKEHNE HE UMEET OCODEHHOCTEH, cara-
emble ¢ HOMepamu [ > 0 He JAIOT BKIAAA B Opy¢. BKIIAJBI XKe CJIaraeMbix C
womepamu | < 0 ONpemessiioTCs BEIYETAMU B TIOJIFOCAX

n=tu, — vy —ilg, Vk=Wwk/Wo, k= Ak /wo. (34.13)

C ucronp30BaHMEM €CTECTBEHHOTO IIPEANOIOKEHNs, ITO Wy > Wy, Ak, BBIUUC-
JIeHHe WHTerpaJia 1o n J1aeT

/oo dn |Umn|2hmx€27riln
oo Vi — (myvy + 0t i)

S

= —27i|vpm b, |2hyk_7a exp|—2mlpg + 2mimyv,l]

exp(—2milvg)  exp(2milyy)
+
—2Vk- 2l/k
27 [V, | * P o

= ————=sin(27wlvy) exp[—27l s + 2mimyvyl].
Vg
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IMoncranoBka roro Boipaxkenud B (34.12) NPUBOAMUT K CJIEAYIOLIEMY BbIDAXKe-
HUIO JIJTsT MHOTOODOPOTHOTO CJIAraeMoro JeKPEeMeHTa

Ne? To|vmm, i |2
Wi

Yo Z ~To sin(2rlw,) sin(2nlvy), (34.14)
=1

5mt -

rae Ty = 27 /wo nepuos obpailieHns PABHOBECHON YacTullbl. [Ipu BbIIOJHEHUN
yenosus (34.1) pag no | 6bictpo cxomurest!. Tlostomy 3HAK Oy, bakTHuecKn
OTIPEJIEIAETCA 3HAKOM MEPBOTO CJIATaeMOro:
2
Ne2To|vm v |* Py,
Wk

Omt ~ e~ 70 gin (2w, ) sin(wi Tp). (34.15)
Orciofia BUAHO, 9TO BEJUYUHA Oy TOJOXKHUTEIBHA TP BBITOJIHEHHUS CJIE YO
[WIEro yCA0BUSA yCTONIUBOCTH

sin(2mvy ) sin(27vy) > 0,

njin

1—ry 1+, .

— <y, <n+ — "= 0,1,2,..., rp =sgn(sinwiTp). (34.16)
3aBUCHMOCTD JEKPEMEHTOB W YCJIOBHUI yCTONYMBOCTH KOJEHDAHUN OT TOJOXKE-
Hus pabodeil TOYKHM 0DYCJIOBJIEHA B3aMMOJAEHCTBUEM CryCTKa C [OJISMU, HaBE-
JEHHBIMU HA, TTPEIBLIYIINX 000pOTaX, U BOODIIE CBOMCTBEHHA MHOTOOOOPOTHBIM

apdexTam.

n —

19701 psaj MOKeT GBITH BEIYHCJIEH TOYHO. SaIHCHIBAS

S= Z p! sin(2nlvy) sin(2rlvy)
=1

== Zp cos(la—) — = Zpl cos(lay ),
215
rue
e kT oy = 2 (v £ vy),

U ACIIOJIB3YyS

1 o0
S = 3 Zpl cos(la_) = (Zpl o )

a TaKzKe

1—pexp(w¢ ) 1—2pcosa_ +p2’

ZPZ o 1 1— pexp(—ia_)

oJIy 9aeM

1 1 —pcosa—_ 1 —pcosay

2 |1 —2pcosa_ +p? 1—2pcosay + p?
D10 BBIpaXkeHUE ené pa3 MOKA3bIBAET, YTO yCJIOBHE yCTOHUYNBOCTH Kosebauui dmt > 0 Tpeby-
€T IIPEBBIIIeHNs] BKJIAJ0B B JeKPEMEHTHl Pa3HOCTHBIX PE30HAHCOB HAJ BKJIAJAMH CYMMOBBIX.
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35. MHorocrycTkoBble MO/IbI

[To MEHOTMM TIpUYMHAM MYYKH YACTUIL B HAKOITUTEIAX MOLYT ObITH COCTABIIE-
HBI U3 CT'YCTKOB. B3anMHOe pacmookenne CryCTKOB BAOJb 3aMKHYTON OpOUTHI
JVKTYeTCst KpaTHOCTHI0 BY-cucTeMbl HAKOMUTE IS, 8 TAKXKE XaPAKTEPOM Pellia-
eMo#t TakuM pasbuenuem usnyeckoit 3a1aun. Bmecre ¢ Tem, Hanbosee 1acTo
HUCTIOTB3YIOTCS MYyYKH, B KOTOPBIX CTYCTKH GOJlee WM MEHee PABHOMEPHO 3a-
MOJTHAOT 3aMKHYTYIO OPOUTY, & YHCJI0 YACTHUI] B CYCTKAX MAJIO MEHSETCs IPU
mmepexosie OT OJHOTO CIYCTKA My4YKa K JAPYyroMy. BO3MOKHOCTbL CTYCTKOB CO-
BepIATH PA3JIMIHBIE OTHOCUTEIBHBIE JBUMKEHWS IO/ JIefCTBUEM HABEIEHHBIX
oJiell MPUBOIUT K MOSBJIEHWIO V KOTEPEHTHBIX KOJIe0aHWl TAKOro IIydYKa J0-
TIOTHATEIbHBIX KOJIEKTUBHBIX MoOa. 13 obmux coobparkenuit scHO, 9TO, eCn
MIyYOK COCTABJIEH, HAPUMED, U3 ¢ CIYCTKOB, TO U ODIIEEe YUCIO MOJ, YBEIUTH-
BaeTcd B ¢ pas.

35.1. Ilydyok ¢ paBHOMEPHBIM 3aIOJJHEHUEM CryCTKAMU

ITomygennbie BbIpayKeHUs MO3BONSIOT HANTH YCTOBUSA YCTOUIHBOCTH W MHO-
rooBOpOTHBIE YACTU JEKPEMEHTOB KOJIEOAHMI MyYKa, COCTABJIEHHOTO U3 WIIEH-
TUYHBIX U PABHOMEPHO PACIIPEIEJIEHHBIX 0 OpOuTe CrycTKoB. ECan KpaTHOCTh
BY-cucrembl paBHa ¢ U BCE CEIAPATPHUCH 3AIIOJIHEHBI, TO YNCIO YACTUIL B KaZXK-
JIOM CrycTKe paBHO N/ ¢, a a3uMyTaJIbHOE PACCTOAHIE MEXK Ly HUMM PAaBHO 27 /4.
CrammroHapHOe COCTOSTHIE TAKOTO MYyYKa CHMMETPHIHO OTHOCHTEIHLHO OTHOBDE-
MEHHOT'O CMEIIEHUs BIOJIb 3aMKHYTOH OPOUTHI BCEX €0 CryCTKOB Ha yrou 27/q.
ITo anasoruu ¢ KoeOaHUSIMY B HECTPYTTUPOBAHHBIX IIY9KAX TaKas CHUMMETPHUS
MIPUBOJIUT K BO3MOXKHOCTHU PACIPOCTPAHEHUSA BJOJb IIy4YKa KOT€PEHTHBIX KOJle-
OaHuit C BOJHOBBIMU BEKTOPAMH

ke=——, a=0,1,2,...,q—1. (35.1)

DTH MOJBI OTIUYAIOTCS IPYT OT Apyra (ba3zupoBaHueM KojiebaHuil OTHe bHBIX
crycTkoB nyuka. Tak, B Mojie kg BCE CIyCTKH KOJIeOII0TCs CuHGA3HO, & B MOJIE
kq/2 daspr komebanumii coceanux CrycTKoB cupuHyTbl Ha 7. Kak BHHO, Ha-
upumep, u3 ypashenus (34.15) Benuunna MHOrOOGOPOTHO YaCTU NEKPEMEHTA
omnpe/iessierca Haberom (azbl MOBL 38 IEPUOJ, IIPOXOAK JACHUST Iy IKOM JIEKTPO-
noB. /st OMHOTO CryCTKa 3TO MEepHo OOPAIeHns YaCTUIl B KOJbIE. [1oaTomy
Haber da3bl MOJEI 38 IEPUOT, PABEH 2Ty Vy .

B ciygae nunmonsubIx Konebanuit (m, = £1), mogam B (35.1) coorBeTcIBYy-
0T KOMOMHAITMOHHBIE 9aCTOTBI MyWy + AWp, & JACTOTA MPOXOXKIEHHS IIyIKOM
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JIEKTPOIOB PaBHA qwy. IIpum 3TOoM, Haber ¢a3bl KomebaHus 33 MePUO, PABEH

27 (mywy + awp)

—or myly + a.
qWo q

ITycrs MHOrOOGOPOTHASL 4ACTh AEKPEMEHTa OJHOIO CIYCTKA ONPEIeIHeTcs Bbl-
pazkeHueM

§ =my,®(2mmyry), @(—z)=—(z). (35.2)
MHOrooGopOTHbIE YacTU JEKPEMEHTOB ¢ MIACHTHYHBIX CIYCTKOB, B3aHMOIEH-
CTBYIOLIMX C TOfi K€ CHCTEMOI 9/IeKTPO/IOB, IIOJLyYa0TCA U3 STOIO BBIPAKEHNS
3aMeHoit 2mmy v, Ha 27 (myvy, + a)/q. IlockonbKy MHOrOOGOPOTHAS 4aCTh Je-
KPEMEHTA OIPEeJeIIsieTCsl IOTHBIM TOKOM Tyuka (IN), 1jIst JeKpeMeHTOB MOJ ¢
UJIEHTHYHBIX CIYCTKOB [HIIEM

MmyVy + a
q

Ecnmn dynknusa @ mpu KaKOM-TO 3HAYEHUM ¥V MOXKET CTaTh OTPULATENLHOM,
TO 3HAYEHHS U JNOJIKHBI BBIOMPATHCA TaK, YTO Obl YCIOBHE YCTONYHBOCTH
my®(2m[myvy + a]/q) > 0 Bbmonnsnocs mas Bcex Mox. Ilycrs, mampumep,
YCJIOBME YCTOHYMBOCTH OJHOrO crycrka mmeer Buj (B ypasaenun (34.15) sro
COOTBETCTBYET CJIy9ar, Korma sin(2mvy) > 0)

0<y, <1/2.

(5a:qmy¢>(27r ), a=0,1,...,qg— 1. (35.3)

B sToM cayuae yciaoBue yeTOWYMBOCTH MOJ, ¢ WACHTUIHBIX CTYCTKOB 3ATTUCHI-
BACTCA B BHUJIEC
O<vy+a<gq/2, a=0,1,...,q—1 (35.4)

ITockonbky vy > 0, 9TO yCcaoBue 3aBeAOMO HAPYWIAETCA A MOJ ¢ a4 > /2.
Takast HEYCTONYUBOCTD MEMOYKU UAEHTUYIHBIX CIYCTKOB OOYCJIOBJIEHA, CBSI3BIO
X KoJieDaHuil uepes HaBemeHHbIE moJid. 110 9T0it npuyrHe OHA MOXKET MOIAB-
JISTHCA HEPABHOMEDHBIM 3aIOJHEHUEM CEelapaTpuC, PA3BEIEHHEM YaCTOT KO-
nebanuii crycTkoB (B 000UX CJydasiX U3MEHSAeTCs CB#A3b KOieGaHuii CrycTKOB),
b0 ycuaeHneM OBICTPOrO 3aTyXaHUs B OTHOOOOPOTHBIX JaCTIAX JEKPEMEHTOB.
B wacTHOCTH, 5TO MOXKET OBITH JOCTUTHYTO UCIOJIB30BAHUEM TOCTATOYHO TITHPO-
KOTIOJIOCHBIX (B WA/, OJHOCI'YCTKOBBIX) JAEMII(DUPYIOMIUX CUCTeM 0OpATHBIX
cBsi3eil.

35.2. Ilydyok c kBa3mpaBHOMEPHBIM 3aMOJITHEHUEM

B nocsiennve npuMepHo J1Ba JeCATKA JIET BCe Yallle CTAJIH 0D0CY K IAThCS | UC-
TOTb30BATHCSA TAKUE KAPTUHBI 3AM0JHEHHS ITyIKa, B KOTOPBIX PABHOMEDHOE 3a-
[TOJIHEHUE CEMapaTPUC CTYCTKAMHE MPEPHIBAETCs, HAYNHAA ¢ HEKOTOPOIO 3HAYE-
Hug HoMepa cryctka My. Ilpu sToMm B myuke obpasyercd 3a30p B My = M — M,
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cryctkoB. HeobxonuMocTs B MCIIOIB30BAHNN TAKOI'O 3230Pa B 3AIIOJIHEHUH ITY4-
Ka 9acTo OOYCIOBJIEHA TEMU, UM UHBIMU, TeXHUUeCKUMHU npudnuamu. Hampu-
mep, B komnaiinepe KEKB 10%-ii 3a30p B 3aN0IHEHAN Ty KA, UCTIONB3YETCS IS
VAAJIEHNs U3 [yYKa BTOPUYHBIX 3aPSAKEHHBIX YACTUIL (3/IEKTPOHOB, HOHOB), KO-
TOPBIE YACTHUIIBI CTYCTKA MOTJIN 00PA30BaTh MPU WX JABUMKEHUM BIOJIb 3aMKHY-
Toit opburel. Ilpn naeHTUYHOCTY CIyCTKOB, MbI Oy/IEM HA3BIBATH TAKYIO KAPTH-
Hy 3aII0JIHEHUS Iy YKa KBA3UPABHOMEDHOI, & 3AII0IHEHHY 0 9aCTh IIyYKa Oyaem
Ha3BIBATH I[yTOM CTYCTKOB, UJIU MPOCTO IIyTOM.

s IpOCTOTHI POBEJEM BBIYHCJIEHHST CIIEKTPA COOCTBEHHBIX YACTOT BEpP-
TUKAJbHBIX KOTEPEHTHBIX KOjiebaumit naeHTuaHbIX M CIyCTKOB HYJIEBOM M1JiH-
HBI, KOTOPbIE PABHOMEDHO 3AIIOJIHSIIOT IIYYOK C IMEPUOIOM CJIEIOBAHUS CIYCT-
koB Ty, = Ty/M. 3nmecs Ty — meprog, oOpalleHns 9aCTHIIbI BAOIb 3aMKHYTOM
opbutkl. Ecau BeimosgHeno nepasenctBo M > M, TO KapTWUHA 3aMOJHEHUS
MyYKa CIyCTKaMW OKaHYMBaeTcsa 3a30poM mmuaol My = M — M, MexcrycTro-
BBIX paccTostHuil. /ljist ynpolnenust pacueToB Mbl IpeHeOpeKeM caMoaeiCTBIeM
CT'YCTKOB B Iyd9Ke. Kpome TOro, KOrepeHTHbIE KOeOaHnsa CryCTKOB OyayT Omm-
CBIBATHCs [OJOXKEHUSIMU UX LEHTPOB TKeCTH (IEHTPOUIOB) Y4, LA MHIEKC
a=1,2,..., My aymepyer cryctku B mydke. Mbl MpoBeaeM BBIUUCICHUAS st
JWTIOJIBHBIX KOTEPEHTHBIX Koyiebamuii. [loaToMy HaBemeHHBIE CTYCTKAMU TIOJIST
OyIyT OMUCHLIBATHCS B TEPMHUHAX JOKAJM3OBAHHBIX, MOMEPEYHBIX UMITEIAHCOB
CBHA3MW.

B myuke, cocTaBieHHOM W3 CIYCTKOB, MBI JOJKHBI YI€CTb B YDABHEHUAX
JBUKEHUS YACTUI TO OOCTOSITEBCTBO, YTO PA3JIMIHbIE CIYCTKHU IIy9IKa OyIyT
TTPOXO/INTH 3JIEKTPOhI, BBIZLIBAIOIINE HEYCTONIHBOCTH KOTEPEHTHBIX Koseba-
HUil, B pa3uvIHble MOMEHTDHI BpeMeHu. Ecin a3uMyTaanbHOe PACCTOSHUE MEXKITY
CryCTKaM¥ B Ifyre paBHO 27/M W ecjiu IPUHATH, YTO NEPBbIA CrYCTOK B Iyre
[IPOXOIUT HEKOTOPBIM a3UMYT Ha 3aMKHYTOH opbute 6 B Hy/JIeBOI MOMEHT Bpe-
MEHH, TO CTYCTOK Iryra ¢ HomepoMm a, riae 0 < a < My — 1, 6ymer npoxoanThb
9Ty TOUYKY Ha 3aMKHyTO# opbute B MomeHT Bpemenu aly. UTobbr dopmanahHO
YYeCcTh 3TO 06CTOATENBCTBO MbI OY/I€M OIUCKHIBATL KOJIEHOAHWUS YACTHUI] CIyCTKA
C HOMEPOM @ YPABHEHUSMHU:

1/ cowﬂ, Py = \/ 51111/), (35.5)

d(;S _ woay
=wy, 0, = wo (t — aTyp) + o, =
dt Y a 0( ) P

Nzmenenus TEHTPONAOB CI'yCTKOB BO BPECMEHU ONMUCBHIBAIOTCA YPABHCHUAMN

1
Ya + w2ya = —F,, 35.6
v p/c (35.6)
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rae F, — cua, onuckiBamoas BO3MYIIeHns KOJeOAHUIl CryCTKa a HaBEIEHHBI-
MU TOJIAMU TyUKa. g yopornenus naabHedInX BLITHCIeHUH yI00HO TepeiiTun
B (35.6) K Bpaare bHbIM KOODAMHATAM [IEHTPOUIOB CTYCTKOB B UX (ha3oBOM
TPOCTPAHCTBE 57(7?) = YYq — 1MyWyYq, TOe My = £1. B 2Tux nepeMeHHBLIX ypas-
uenue (35.6) 3amucbiBaeTCs B BUZE

: . . a . . a Fa
£ = o — imyw, (57(71) + Zmywyya) = —imyw, €5 + p/c (35.7)

Pertennst rux ypaBHeHuii uineM B BHUJE

grn ( ) - 57::) (w) exp(—imywyt - 7:Awmt)'

Kpome Toro, ans BbLIEIeHUS CHCTEMATUYECKAX 3aBUCAMOCTEN aMILIATY KO-
o a . s o
Jebanuii fgn)(t) exp(imywyt) OT BpeMeHH, yCpeIHUM B IIPABOH U JIEBOH 9acTAX
ypasuenus (35.7) 6picTpoociuiumpyomue ciaaraeMble. Ilocie sTux npeobpazo-

BaHuil ypasaenue (35.7) mepexoiuT B Cieiyolee:

HEGON

) (W) = i (35.8)
Te YepTa HaJl BEINYNHON 0003HAUAET ee YCPEeIHEHUE N0 WHTEPBAJY BPEMEHH,
KOTOprfI AJOCTATOYHO KOPOTOK OJIfA BBIAEJIE€HUA CHCTEMATHYCCKHX 3aBHCHMO-
cTeit aMIIUTY OT BPEMEHU, HO JOCTATOYHO JIJINHEH IJIs YCPEIHEHUsT OBICTPBIX
OCHUJIJISIIINI BEJIUIHH.

Ucnonb3ya pns onucanus HaBeleHHbX 1mosiedi dopmyry (10.5), numem

F, Ne2wpe ~— L My (277@[1) — a]n) Wy — el
= —f— 7 (Wmn exp - ULy
p/c IIp nzz ; M —2imyw,

— 00

Viep:kuBas B IPaBOil YACTH ITOTO BBIPAIKEHUS JIUIITH T€ CIATAEMbIE, KOTOPhIE

a
BbI3bIBalOT CUCTEMATHU4YE€CKNE M3MCHCHUA ffﬁn), nocJie 1oJCTaHOBKH WX B ypaB-
Henve (35.8) moayvaem

myNe2c Wl 2mi[b — aln
A = /yi ZJ_ mn - a5
on) =T S 2o Yo (T ) 0

(35.9)
3aeck N — 9HCIO JACTHUIL B OTHOM CTYCTKE, Wiy = W0 +Mywy . Ilepeonpenenns
B 9TOM yPABHEHWH BEJIMYHHY KOTMEPEHTHOTO CABUTA 9ACTOTHI Awp, COTJIACHO

2
myNe

Aw,y, =
- 2pvy,

(35.10)
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U BBeJd B PaCCMOTDEHUE MATPUILY

Wy 27i[b — aln
Ba,b = ﬁ Z exp (M ZL(nwo + mywy>7 (3511)

n=-—oo

nepenuineM ypasaenue (35.9) B Buze:

gl (w Z BapP (w (35.12)

Cymmuposanue 110 1 B (35.11) BbinosHsercs ucnoib3ys GoOpMyJly CyMMUDO-
Banus (13.1) B KOTOpO#l yIOGHO BLITOJHUTH MOACTAHOBKY n = [M + p, vae

p=0,1,....M — 1, a | usmenserca B unrepsaye |[| < oco. ITocne mpocrbix
BbIYUCJIECHUN: Mt
Wy N— 2mi[b — alp
Bap =50 2, & (M %
p=0
o0
Sp = Z ZJ‘(meM_;_p) = / dl exp(2mk:l) (Wm,lM—i-p)
l=—00 k=—o0

= Z/ dl exp(—2mikl) Z+ (IMwg + pwo + myw,),

v/wo =P — Vm

= (Ml 'm ,l: 9
v=(Ml+p+vm)w 7

o0

_2n 2mik[p + Vi) * dv , L
Sp = Mon Zexp <M) /ﬂmgexp( iwkTy) Z—(v),

k=1
ki <2mk: P+ um]) ZH 0Ty,

rae
® q
ZH(kTy) = / 2—Vexp(—7iyka) Z+w),
oo 4T
HAXOOUM
—~ 2k,
Bap=1i) exp ( i ) ZH(kTy)Qab.k- (35.13)

k=1
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Baech vy, = myly, Z+(t) — HonepevHbIil MMIEJAHC CBA3H CIYCTKA H TEKTPOJIOB
B IIPEICTABJICHAN BPEMEHH, a

M-1 .
1 2mip[b — a + k]
Qa-bi = 37 pz:;) exp (M ) : (35.14)

Ornenus B (35.12) cyMMHUPOBAHUE TIO CTYCTKAM OT CYMMUDPOBAHUS 110 TIEPUOIAM
obpallieHns CryCTKOB B MAIlIMHE W OIPEIEJNB BeJTHIHHbI
2mibv,, )

)

(35.15)

Xp = 57(;2)(‘*’) €xXp (_M

OpUXOAUM K YPABHCHUIO 330491 HAXOXKJICHUA cOOCTBEHHBIX peHleHI/IfI. Omno tu-
IIMYHO JJId OIIMCAHUNA KOJIe0aHumii MyvKa, COCTOAMIIETO U3 MHOI'UX Cr'yCTKOB!:

a—1 ]\/]b o0
uXo=Ho» XpiZ'(la—bTy) + > Xy Y e izt (kTy + [a — bIT)).
b=1 b=1 k=1

(35.16)
Bnece H1 =0, a Hy~1 = 1. Jlng nydka ¢ 3a30pOM B 3aIOJHEHUH CIyCTKAMU
TIepBOE CJIaraeMoe B TPABOH 9aCTH ITOTO YPABHEHWs! ONNCHIBAET CBSA3b KOTe-
PEHTHBIX KOJe0aHUil CTyCTKOB HABEIEHHBIMU IMOJISMHU HA, TEKyIeM 0b6opoTe B
mvammae. OHO ONMUCHIBAET OAHOOOOPOTHBIE siBjienus. 110 310l mpuynHe amiin-
TyAbl KOJIEDAHUHN MEPBOro CI'YCTKA B I[yre BO3MYIMAIOTCH TOJIHKO MHOTI00O0POT-
HOIT 4acThIO HABEAEHHBIX MOJEM.

Bropoe cmaraemoe B mpapoii wacth (35.16) ommchiBaeT MHOrOOGOPOTHBIE
B3aUMOIEHCTBHUS CIYCTKOB Iy YKa. be3s MHOr00OOPOTHOM 9acTh B3anMOIeHCTBUS
33,1398 ONPEeIeIeHNsT COOCTBEHHBIX PENIeHUN HE MMeeT HETPUBHUAJIbHBIX PeIle-
uuii. B TakoM ciIydae HeyCTOMYMBOCTD IIy9Ka PA3BUBAETCH TAK Ke, KAK aHAJIO-
THYHBbIE HEYCTOMYUBOCTH B TMHEHHBIX YCKOPUTEJIAX, & €€ CBOHCTBA AHAJIOTUIHBI
CBOUCTBAM HEYCTONYUBOCTU IIPEPLIBAHUSLA 11y YKA.

B HakomUTENBHBIX KOMBIIAX MHOrOOOOPOTHAS YacTh B3aUMOIEHCTBUS, BO-
o011ie TOBOps, HUKOr/A He obpamaercd B Hyib. Ilosromy ypasuenus (35.16)
BCErIa MMEIOT HeTPUBUAIbHBIE pernernsd. Ecin HoMmepa 3TUX pPerennit 0003Ha-
auth OykBoit ¢ = 0,1,..., M, — 1, TO IEHTPOUIBI CTYCTKOB B IIy9YKe MOXKHO
OIIPEENIUTDH TOCPEICTBOM (POPMYJIbI

2miav,
£ (t) = exp <—z’mywyt + W;SIV”) Xa(t), (35.17)
rae
M,—1
Xo(t) =Y CyXaqexp(—ilwy gt), (35.18)
q=0
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Xq,q — cOBCTBEHHBIE BEKTOPBI 331341, a Ko3ddunuents! C; HAXOAATCS yIOBIIe-
TBOpEHMEM HAYATIbHBIX YCJIOBUN KOTEPEHTHBIX KOJEOAHUN CIYCTKOB!

Mp—1

2
exp( mcwm> £ (0) Z X0,qCy- (35.19)

q=0

31ech 57(71;) (0)- HauaNbHBIE 3HAYEHUS [EHTPOMIOB CI'YCTKOB.

B o6iem caygae, pemenue ypapuenuit (35.16) u (35.19) Tpebyer npumere-
HUS 9HCJIEHHBIX METOMOB. IIpOCTOe perneHne B aHATMTHIECKOM BHJIE YAAETCS
MONYYINUTDb JJisi CIEIHAJIBHOTO CJIydasi, KOrIa iZl(t) = —Zpe M. Bermumua
mapaMeTpa A B 3TOM COOTHOICHUW OMPeNeIsaeT JIUTEILHOCTD 3aTOMWHAHUS
HABCJCHHLIX TOJIeiH. M3Mensas 3HaYeHne A MBI MOYKEM U3MEHUTH B 9TON MOJIEIH
YUCIIO B3AMMOJEHCTBYIOINX CTYCTKOB, 8 TAKXKe 3HAIUMOCTH MHOTOO0OPOTHBIX

sdexros. Onpenemus Aw,, , = —myNe?Zyu,/(2pyy), ToCae TPOCTHIX BbI-
yucsenudi (Hanpumep, B [24]) Haxoxum:

£l = A, exp (W) K, (35.20)

Ko(Mg) = exp {W (%’) } : (35.21)

U = % F = exp (27”[”’” LZ] _ ATO) . (35.22)

3aece My = M — My, — nnuna 3a30pa B 3aM0IHEHHH CIYCTKAMH Iy YKa B €JHHHU-
[AX MEXKCIYCTKOBBIX PACCTOAHUM, & aMILIATYAbl Ay OLPEEAIOTC yCI0BUEM

HOPMHUPOBKHU
M,y

D gl =1. (35.23)
a=1

I/ICHOJIb3yH 9TH BBIPDAZKEHH A, HAXOOUM pelleHne 3aJa9i BbIYHCJICHUA HEeHTPOu-
JO0B CT'yCTKOB IO UX HaYaJIbHBIM 3HAYCHUAM:

M,
Gl 35.24
€90 = 3 D Gual K s M0 (35.20)
rie
et 2miqlb — al
Ga,,h(t) = ; exp {—iAwﬂL,qt + ]\Jb} . (3525)

156



www.phys.nsu.ru

B srux dopmynax maoxmrenn K, (M;) ONACHIBAIOT OTIMYINS MHOTOCTYCTKOBBIX
KOTePEHTHDLIX KOJeDAHUN MydKa ¢ 3a30pOM B 3AMOJHEHUN CTYCTKAMHU OT KOJe-
6aHuii mydYKa ¢ ero paBHOMEDHBIM 3arojHeHneM crycrkamu. [ockosbKy mis
[OJIOYKUTEIBHBIX 3HAYEHUI @ BBINOJIHAETCS HepaseHcTso | K| > 1, aMmmaury bt
COOCTBEHHBIX BEKTOPOB MHOTOCTYCTKOBBIX MOJ YBEIUYUBAIOTCH IPHU IPUOIIH-
JKEHUM HOMEpa @ K KOHILY IIyTra. JTO 0OCTOATENbCTBO yBEIMIUBAECT BKJIAIbI B
aMILUIUTY/ly KosieOaHuil 3a/[aHHOIO CI'yCTKA KOsie0aHull MPeeCTBYIONIUX eMy
B I[yTe U yMeHBITIAeT BKJIAJbI MOcaenyomux. J[ma nydka B HaKOIUTEJE TaKoe
ycuiieHue TeM 00JIbllle, YeM JIJIMHHEee 3a30p U YeM KOpOoue PaJuyc B3auMofeii-
crBus cryctkoB B myuke. Corsiacao dopmyne (35.22) st nmydka, B KOTOPOM
My, > My, cobcTBeHHbBIE 9aCTOTB MHOTOCTYCTKOBBIX MOJ MaJIO OTJIHIafOTCA OT
COOCTBEHHBIX YaCTOT IYYKA C PABHOMEDPHBIM 3AIIOIHEHUEM CIyCTKAMHU.

B HakonuTensx ¢ 3aMeTHON HEJMHEHHOCTHIO (DOKYCHUPYIOIIUX MOJeH O
HOBPEMEHHYIO YCTOHYMBOCTH MHOTOCTYCTKOBBIX MO, MOXKET 0DecrevnBaTh MX
zaryxauue Jlanmay. OueBuiHO, YTO B TAKOM CJydae 3HAUYEHUS KOMILJIEKCHBIX
KOTE€PEHTHBIX C/IBUTOB YaCTOT BCEX MO JIOJZKHBI HAXOJAWTHCS BHYTPH TDAHUIL
0b6IacTel yCTOMIMBOCTH KOTE€PEHTHBIX KOMeOaHni mydka. HamoMHUM, 9TO IO-
JI2KeHUs ¥ (POPMA ITUX I'PAHUL, OLPEIEAIOTCH DYHKIUSAMEI PACIPEIeIeHNd
YacTHIl B crycTkax. B ciaydae memndupoBanus Koaebanuil mydka, COCTOSIIErO
U3 UJEHTUYHBIX CTYCTKOB, BCE TPAHUYHbIE KpUBbIe coBmaaaior. [loaTomy oxa-
3BIBAETCS JOCTATOYHBIM MOMECTHTb KOMILJIEKCHBIE KOTEPEHTHBIE CABUTH YACTOT
MOJ, BHYTPB 3TOH €IUHCTBEHHON TPAHUITBI OOJIACTH YCTONINBOCTH.

36. 3agaum Kk I'maBe 9

1. KommekTuBHAST Peakiys MydKa BOOOIIE M3MEHIET COOCTBEHHBIE YACTOTHI
PE30HATOPA W TEM PACCTPAMBAET €ro OT PE30HAHCHOM dactorbl. Cumrasd Kore-
peHTHbIE KOJIEDAHUS 1y YKA MAJIbIMU, BBIYUCIUTH CABULI YACTOTHI YCKOPSIOMIETO
pe3oHaTopa. Pa3zdpocoMm 4acTOT CHHXPOTPOHHBIX KOJebaHwil mpeHedpedn.

2. Cuuras, 9T0 KpaTHOCTD ycKopsoiero BU-nos Benvka (g >> 1), Bbrauc-
JINTH JEKPEMEHTHI CHHXPOTPOHHBIX KOJEDAHUHN ITydKa B3aUMOIEHCTBYIOMIETO C
OCHOBHOII MO0 YCKOPSAIOIIETO Pe30HATOpA. Binsanrem pa3zbpoca 49acTor CuH-
XPOTPOHHBIX KOJiIeOaHmil mpeHebpedsn.

3. U3yunrh yCcTOWUMBOCTE OETATPOHHBIX KOTE€PEHTHBIX KOJebaHui 3-X KO-
POTKUX CTyCTKOB, aBuxKyimuxca B BY kparunocru ¢ = 3 (¢ = 5).

4. JIna crycTKa HyJeBOH AAWHBI MOJYYUTH YCIOBUSA YCTONYIUBOCTH BEPTH-
KaJIbHBIX KOTEPEHTHBIX KOJIEOAHUI IIPH €ro B3aNMOIECHCTBUM C BAKyyMHONH Ka-
MEPOI KPYIJIOTO CEYEeHUsA ¢ KOHEYHON NPOBOJUMOCTBIO CTEHOK.
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I's1aBa 10.

O adekTe yaannenus
CI'YCTKOB

[MomuMo mpovero, AelcTBrE HABEIEHHBIX yYKOM MOJEH MOXKET BbIPAXKATH-
Cs B YBENIWYEHUH IJIUHBI CTYCTKOB. Takoil 3¢ derT HabIomaaca HA MHOTHX
HAKOMUTEJIX U B DOJIBIIIMHCTBE CJIy4YaeB sBJISETCs HeXKenaTeJbHbIM. BMecre ¢
TeM, MMOCKOJIbKY ONMucanve 3PpdeKTa yIIMHeHnsT YacTO TpebyeT BBIXOAa pacde-
TOB 33 PAMKU ITPUMEHUMOCTH TEOPUU BO3MYINEHWH, TOCTIEI0BATEILHAS TEOPUST
9TOrO SABJIEHUST HEIOCTATOYHO pa3BuTa. Huke MbI paCCMOTPUM HECKOJIBKO MIPH-
MEPOB, WLTIOCTPUPYIOMINX BO3MOKHOCTH PACIETOB, a TAK¥KE HEKOTOPHIE XapaK-
TepHbIe 0CODEHHOCTH HTOrO SBJICHUS.

37. VYaaumHeHHe 3a cyer mckaxkeHmsa BY-amMbl
HaBeJeHHBIMHU ITOJIIMU

Hawnbostee oueBuHON TPUIUNHON YATHHEHNSA CIYCTKA MOXKET ObITH yMEHbIIIe-
HU€ JKECTKOCTU MOTEHITNAIBHON sIMBbI CHHXPOTPOHHBIX KOJIEOaHUN HABEIEHHBI-
MU TOJISIME TTy9Ka,. UTOOBI YIIPOCTUTD PACIETHI, MBI IIPEIMOIOKUAM, YTO CI'YCTOK
B3aMMOIEHCTBYET C JIOKAJM3OBAHHBIM OJHOOOOPOTHBIM 3jieMeHTOM. lloaTomy
HaBEJIEHHOE CIYCTKOM TI0JIe MBI 3aIUIeM B cieayomieit ¢hopme:

Nelwy [ _
E(¢) = f% / AnZy, pne™ @2, (37.1)

— 00

uMes B BHIY, 9TO Z, HA CAMOM Jiejle OIHMCHIBAET 3aBHCHUMOCTH HABEJIEHHOI'O
1101 OT Bpemenu. Eciin MOIIHOCTD 1IOTEPh SHEPIUH YACTHUIbI HA CHHXPOTPOHHOE
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usnyuenue ectb W (E), To cyMMapHasg CKOPOCTb M3MEHEHUS SHEPIHU YACTHIIbI

paBHa

dE, eV cos o, Netwy [
s SR e —u S [ dnZup,

dt 2w

a 3HaYeHue PaBHOBECHON (asbl (¢Ps) oupesengeTcd ypaBHEeHUeM

eVwg cos ¢ Newy [
——————— Z . .
o W + v, I /_OO dnZ, pn (37.2)

Yuaureas cpoficrsa cummverpun (Z, = Z, +iZ))

Z/ — ZI Zl/ — 72//

—n’

BUJIUM, 9TO B TEX CIy4asx, Korma p(¢) seasercs 9eTHOH (DyHKOMEH, TOIBKO
AKTHBHAs 9aCTh uMmenanca (7)) BHOCHT BKJIAJ B U3MEHEHUE Qs.
C ydJeToM HaBEIEHHBIX TMOJIEH CHHXPOTPOHHBIE KOJIEDAHWS 9aCTHIL OMUCHI-

BAIOTCH YPABHEHUAMU

do dAw N
N 2,2 00 )
T 1 / AnZppn (€™ — 1) + X (t). (37.3)
IIp —o0
3mech ¢ — orkmoreHEne (Hha3bl YACTUIBI OT PABHOBECHOTO 3HAYEHHS,
woay 10W
Aw=—"FAE, A=—-—+
“ pU ’ 20,
2y o€Vsingsay,

(we)o = wy p— (37.4)

— YacTOTA CUHXPOTPOHHBIX KOJEGAHUI YaCTHUILI DU HYJIEBOM TOKE CIYCTKA, a
X (t) cayvaiinag cmia Takas, 9TO

(X () =0, (X(HX(t)) = (Xt —1).

Omna onuceiBaeT BO30YKIEHNE CHHXPOTPOHHBIX KOJTEOAHUI TacTUIl KBAHTOBBI-
My GAyKTyanuayu usnydenus. JIs OneHKn m3MeHeHns JIMHHBL TyYKa, HABe-
JEHHBIMU TOJIIMH MBI TIPUMEM, YTO AMILIUTY/Ibl CHHXPOTPOHHBIX KOJIEOAHUL
YACTUIL MAJIBI, & CAMH TIOJsT CIa0bl U SIBJILAIOTCA JOCTATOYHO MJIABHBIMU (DYHK-
UAMHA ¢, KOTOPbIE MOTYT ObITh Pa3JI0KEHbI B PAAbI TIHMI0pa MO CTEMEeHIAM .
Tornma B muHeHOM NPUOIMAKEHUH MOy IaEM

b+ 200 + wip = X (1),
=i e [T (ZE ) )

vseVsings J_ o
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BriayzkeHHOE Pelenne 9Toro ypaBHEeHNs 3aMUCHIBACTC B BUJIE
® dw  X(w)e ™t
o= [ e X
oo 2 WE = 2idw —w

nJaIn
t

o(t) = dth(tl)ef)‘(t*tl)

0 We

sinw(t — t1)

ITpu sTOM Ccpemuuit KBAAPAT ¢ UMEET CIEAYIONIEE ACUMITOTHIECKOE 3HAUEHHUE:

1 (X?)

(2t = 00} = 555

TToCKOMBKY /15 TayCcoBa pacmpeeneHus ($2?) = 0’;, TO OlLpeJieias JJIUHY Iy Y-
Ka IIpU HYJIEBOM TOKE IIy4Ka COOTHOLIEHUEM

L1
0 (WZ)O 2 ’
MOYKEM 3aIUCaTh ,
N CA
of  wZ’
wim , .
o Ne2wq / —iZ(n)\ B
% 1o 2w g, (20 . .
o3 { vseV sin @, " n np(n) (37.6)

IIpeamonoxus, HAIIPUMEP, ITO

—iZ [(—iZ n3 n’o}
n < n )0n2+ng’ p(n)exp<2 )

JIIsl KOPOTKUX IYIKOB (ngoy < 1) momydaum

/Z dn (_i(n)) n2p(n) = (_nz)nf;

IMoacranoska sroit dopmyibt B (37.6) NPUBOAUT K CJIEAYIOMEMY BBIPAXKEHUIO:

-1
o2 Ne2 —iZ 2
SR LS < ’ ) X (37.7)
(O’¢)0 vseV sin ¢, n /, o

Jua ynprpapensTuBucTckux dacturl sin ¢, < 0. Iosromy ypasuenue (37.7)
MIPEICKA3BIBAET YIJTMHEHNE CIYCTKA, €CJIU OH B3ANMOIEHCTBYET C MHAYKTUBHBIM

UMIIEIAHCOM
—iZ
—_— < 0.
nJo
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Hao6opoT, ecii crycTok B3amMOIEHCTBYET C €MKOCTHBIM HUMIIEIAHCOM, VPaBHEe-
uue (37.7) mpesckasbiBaer ero ykopodenue. Takoil pe3ysbTaT He OUeHb YIUBU-
TeJIeH, TTOCKOJILKY MHAYKTUBHAA CBA3bL YMCEHbLINTACT, & eMKOCTHAaA YBEJINYUBaCT
kecrkocTh BY-simbl. Eciu adydekt yayunenus mag, ypasuenue (37.7) 3amu-

CbIBAETCS B BUIE

2 2 .

o Ne —iZ 2

% 14 il ( : > n2 YT (37.8)
oG veeVsings \ n ), oy

YuurbiBas, 9TO IPU PEISTUBUCTCKUX IHEPIUAX TACTHIL HAPSZKEHUE HA YCKO-
PSTIONIEM pe30HaToOpe JIOMYKHO HApAIIMBATLCSA MPOTIOPIMOHANBHO Y, meperm-
meM (37.8) B BUje
2
U;’ =1+ C4i, (37.9)
(0'¢)0 T 0¢

rae C — 6e3pasMepHblii (PAKTOP, 3aBUCALIUN OT IapaMerpoB MalluHbl. ITomy-
geHHas (HopMysa 3aMedaresibHa TE€M, YTO MMEHHO OHA, HCMOJb30BAJIACH I
[IO/IPOHKH JIAHHBIX B [EPBOHAYAIBHBIX KCIEPUMEHTAX 110 YIJTHHEHUIO.

38. VYpasHeHue XailiCMHCKOI'O

HpI/IBe,HeHHbIe BBIMUCJIIEHUA YKa3bIBalOT Ha KeJIaTeJIbHOCTb 60.]'[68 CucTeMa-
THUYECKOI'0 IIOAX0Oda K PaCYe€Ty BJINAHUA HUCKAZKCHNA HOTeHHHaﬂbHOﬁ AMBI Ha
J'H/IHQI‘/JIHyIO IIJIOTHOCTD IIy4Ka. O,HHH 13 BO3MO2KHBIX IIOAXOA0B K PEHICHUIO II10-
IOOHOH 3amaun 6a3UpyeTcss HA MPEANONOKEHNHH, YTO B KOHEUYHOM CUETE MyYO0K
JOCTUTAET PABHOBECHOI'O COCTOSIHHUA ¢ OOJBLIIMAHOBCKUM pacIpeieIeHueM 1a-
crull B (pa30BOM MPOCTPAHCTBE CHHXPOTPOHHBIX KOJIEOAHM

f x exp[—h(Ap, ¢)/T]. (38.1)

rae h — raMUJIBTOHMAH CHHXPOTPOHHBIX KOJIeOAHWI, YIUTHIBAIOMINIA AeficTBre
HaBeOEHHBIX MOJEN

b A;,2 B (w§;0¢2 ONe ap/ n —1Zy, Pyl

, (38.2)

a T — mpomonbHAsA TEMIIEPATYPA MY UIKa, BHIPAYKEHHAA B COOTBETCTBYIONINX €11~
aurax. Ecam Mbl IpruHEMAaeM TaKoe IPEenoIoKeHne, TO PABHOBECHAA (DY HKITHST
pacrpeie/ieHusa PaBHa (0A = wWe00)

h Aw? ¢
A - ) = —
f(Aw, ¢) O<eXp( 207 > eXp( 207 202
Ne2wy —iZ, :
_ LI 20, e 38.3
eVsin(bsag/ " P ) (38.3)
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TJI€ OA PABHOBECHBIH Pa3bpoC 9acTOT CryCTKA, KOTOPBIH IMPEAIIONIaraercs He
sapucaimuM oT N. Uurerpuposanne f mo Aw IpUBOAUT K CIAEAYIOMIEMY BbIpa-
KEHUIO J1J14 JINHEHHOU IJIOTHOCTH IyYKa

p6) = poexp (—jfg - [ O; dgw(e - ¢>p(¢’>>,

Ne2w - —iZ ,
= dn——"e7n9, 38.4
w(¢) eV sin g0 /OO " (38.4)

[MockosbKy MpaBasi 9acTh ITOIO BHIPAXKEHUS COJAEPKUT HEU3BECTHY IO (DYHKITUIO
p(@), (38.4) mpezacrapnsier coboi HeaWHeHOE MHTErPAThHOE ypaBHEHHE. JTO
TaK Ha3blBaeMOe ypaBHeHHe XalCHHCKOro [25], KOTOpoe B HACTOsIIEe BpeMst
PEryJIsSPHO UCIOIb3YeTCs JJIsl pacdeTa yIJINHEHUS U3-33 UCKAYKEHUs TOTEHITH-
anpHON ambl. B cmy yenoua mpwamaaocTr w(¢p < 0) = 0. Tostomy ypas-
HeHwne XaHWCHHCKOTO sIBJISETCS WHTErPAIbHBIM ypaBHeHmeM Bosbreppa. Xorsd
BO3MOYKHOCTH TIPSIMOTO DEIeHnsT TaKWX YPABHEHWH TOBOJIHLHO PENKa, WMeoT-
CsT TEOPEMBI O CYIECTBOBAHUU W €IMHCTBEHHOCTH DENeHni TAKUX ypaBHEHUH,
€CJIM HABEJIEHHbBIE M0JIsI HECUHTYIIAPHBL

w? = /OOO dow?(¢) < oco. (38.5)

Bwmecte ¢ TeM sicHO, UTO B TAKUX CJIyYasix OCOOBIN HHTEDEC TTPECTABISIOT TPHU-
MEDPBI, KOT/Ia ypaBHeHre XaiCHHCKOIO MOXKET OBITh PEIIeHO TOYHO.

38.1. Pe3ucTuBHBIN MMIIEIAaHC

Onun n3 Takux mpumepor 6bu1 ykazan A. I. Pyxkskepo [26], koTopsrit mo-
JIYUUJI pereHne ypaBHeHns XafiCHHCKOTO, MPE/ITOTOAKIB, UYTO CT'YCTOK B3aUMO-
JeHCTBYeT ¢ yCTPORCTBOM, UMEIOIINM YUCTO AKTUBHBIA UMIIEIAHC

IIpu sTom

Ne2worZy

w(e) = n(¢),

a ypasuenne (38.4) npuaumaer sug (r = ¢/0p):

x? Ne woZoQ
nhp=-"--~—"—""7 dz’
np 2 2U2pvog [/ / } 'plz )

HuddepeHnppyst 0b6e IacT ITOTO YPABHEHUS 10 T, MOJLYIUM

———5
r 2
eV sin ¢404

Netwo Zooy,
;:—I‘—gp, 5276 CUO Oa[) (38.6)

2
2vipvog
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[oncrasus ciona p = exp(—x2/2)x(z) u uATerpupya obe 9acTH ypaBHEHHA
!

= tew(=a/2)

no x, Halimem

1 1 2
x(0)  x(z)
nJjaIn

p(0) exp(=2/2)
1+£p(0) [y da’ exp(—a'2/2)

IMocrosinnas p(0) onpenesnsercs U3 yCIOBUs HOPMUPOBKY

/ O; dop(0) =

Brrancsienne HOpMUPOBOYHOTO HHTErPAJIA,

o /°° p(0) exp(—2?/2)

pla) = (38.7)

T TTEp(0) JT A e (2 /2)

00JIer4aercs TeM, UTO YUCIUTEND MOABIHTErPAJTHHOTO BHIPAKEHUS B TOYHOCTHU
paBeH IMPOu3BOMHOI 3HaMeHaTessd. B pe3yiaprare HAXOIUM

_ exp(=2?/2)/(V21Coo) 9. N
plx) = coth(Q) + erf(z/vD) | & =200¢ =209 N’ (38.8)

3nech erf(r) mATErpan BEpOATHOCTH

erf(z / dte=t".
G

Ecnu neiictBue naBeaeHHbIX mosieil Maso ¢ < 1, mosyyenHoe pemrernne 6Iu3KO
K pacmupenenennto I'aycca

p(x) = exp(—z®/2)/(V2mo0)[1 — Cerf(z/V2)],

a YyBEJTMYEHME JIJIMHHBI [Iy9Ka, MAaJIO.
Ddderr yrmunenus Benuk B objactu ¢ > 1, rme snHeHHAS TIOTHOCTH
nyuka p(x) npuaumaer Gopmy, 6JU3KYIO K TPEyroJabHoil (puc. 28)

( ) 0, x>0, (38 9)
ple) =1 2l o . :
ey T <0
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03 ,

02

P(x)

0.0}
-4

-12 -8

Puc. 28. Jlunefinas TIOTHOCTH Ty9Ka (€Bas OCh) W PACIPEIETICHHUE TIPOIOJIBHOTO

noss B myuke (npasasg ock: —x — 2(p(z)), ( =9

31ecn Y )
_exp(—7/2+2(¢
g(.f) - \/ﬂ|$| N

Kak BumnHO U3 puc. 28, npm 3TOM pacrpeiesieHue IOJisi BHYTPH Iy4YKa B 3HA-
YUTENbHON CTenenu Bbiosazkupaercd. Illupuna p(z) B 9TOM Ciydae MOXKeET

OIEHUBAThCA HEPABEHCTBAMUA

—2V/C <z <0,

9TO IAeT
(38.10)

Kax BUOHO U3 pUC. 29, TaKasd aCUMIITOTHYIECKasd 3aBHCUMOCTDb KaUE€CTBEHHO CO-

rJacyercd ¢ BbIMUCJICHUECM JJIMHBL TyYKa IO (bOpMyJIe

rae ‘
T = / dxxp(x).
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20

(olo)?

15¢+

10

Puc. 29. 3aBucuMocTb AJIMHBL [Iy9Ka 0T Y9UC/IA 9aCTUL B CI'YCTKE DU €r0 B3auMOeli-
CTBUU C PE3UCTUBHBIM 3JIEMEHTOM KaMephl

38.2. NMuayKTUBHBIA MMIIETAHC

Jlpyroit perraemblit IpUMep COOTBETCTBYET B3AaUMOIEHCTBHIO Iy 9Ka C YUCTO
WHAYKTUBHBIM 3JIEMEHTOM, KOTIa

—iZn
n

= —LOJO
1, COOTBETCTBEHHO,
2rNew? L
V|sin ¢s|o3

a ypasHeHne XafiCHHCKOTO IPEBPAIAETCS B TPAHCIEHIEHTHOE YPaBHEHNE OT-
HOCHTEJIBHO JIMHEHHOR IJIOTHOCTHA P

w(9) 5(¢),

2

o) =exp (=%~ o) - 11). (38.11)

e x = p/p(0), a
QWNeng N

= Vompeloz” V) = "0

IMocrosiaaast p(0) B 9THX ypaBHEHMSIX ONPEIEISETCs YCIOBHEM HOPMHPOBKH
o0
/ dzxp(z) = 1.
— o0

ITOCKOMBbKY MBI BEIEM PACYET /s WHIYKTUBHOTO MMIEAHCA, TIOTHOCTE p(2)
saeastercs aeTHol bynkmedt ¢ [p(—x) = p(z)].
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B Buay nHesBHOH 3aBHCHMOCTH X OT T B TAKOH MOJENIU IPHU BBIYUCJIEHUU
WHTErpajoB 1o T yaobHee TPOBOAUTH 3aMEHY MepeMeHHON HHTEerPUPOBAHUS CO-
ryacuo u = x(z). Torga, HapuMep, HOPMUPOBOYHBII UHTETPAJ 3aMUCHIBACTCS

B BHJIE
1

1
1 = v/2p(0) '+CX (38.12)
C(1—x)—Iny
a JJINHa IIYYKa OIIpedeIAeTCA BbIPDaKCHHUEM

o? >
i daex?
% | dsote

— 00

1
—2v/25(0) /0 dx(1+ VI — ) —Tnx. (38.13)

Kak Bugno u3 puc. 30, B obmactu N > Ny mjmHa CryCTKa YBEJIMIHMBAETCH

I
T

olo,

N
T

13
(NIN)

Puc. 30. 3aBucuMOCTb [JIMHBI IIy9Ka OT TOKA IPH B3aUMOIEHCTBUN C MHIYKTHBHBIM
3JIEMEHTOM KaMepbl

COIJIaCHO

P N 1/3
«(%> . (38.14)

B obowux paccMOTpeHHBIX TPUMEPAX 3HAUEHUE JJIUHBI CIYCTKA TpHU 60abImx N
HAXO[IUTCsT B XOPOIIIEM KAYeCTBEHHOM COOTBETCTBHUU C ITPEITOJIOKEHUEM O BbI-
MOJIAXKUBAHUY TIOTEHIMATHHON sIMbI CHHXPOTPOHHBIX KOJEOAHUIT HABEIEHHBIMU
TTOJISIMHU.
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39. CuHXpPOTPOHHBIE KOJIeDaHUA B MCKAXKEHHOI

amMe

VMeHbIIeHHe KPYTU3HBI MOTEHIUANBLHON MBI CHHXPOTPOHHBIX KOJeOaHmit
HABEIEHHBLIM II0JIEM Iy4YKa HCKAaXKaeT (pasoBble TPACKTODHH U IIPHBOIUT K
YMEHBIIEHHIO 9aCTOT CHHXPOTPOHHBIX Kosebanmil wacTui, B paccMOTpeHHBIX
npuMepax H3MEHEHHe YaCTOT MOXKeT OLITh BLIMHCICHO TOIHO. IIoCKONbKY aBu-
JKEHMEe NPOMCXOAUT B nosie ¢ norenuuanom Uepr = —Inp(x), 10 oupenenus
raMUIbTOHUAH BBIPAKECHIEM

2
q
h = 5 +Uess(x), q=0p/veos

HafizeM, 9TO MepeMeHHasl AeHCTBHEe BO3MYINEHHBIX KOJIeOAHHUI Ompeaestercs
WHTErpaJaoM

2 [
J(h)—\?/ de/h+1np, h+lnp(xiz)=0. (39.1)

IIpu sTOM 9acTOTHI KOMEOAHN PABHBI

oh
ve(J) = veo 37 (39.2)
Xapakrep n3MeHEHNA JaCTOT MOJIEM MTy9Ka, HABEIEHHBIM B PE3UCTUBHBIX W WH-
AYKTHBHBIX 3JIEMEHTaX, BOOOILE, OTJINIAETCA. ITO OOCTOATENBCTBO IIPOCIEKH-
BAETCs YIKe MPU BBIUMUCIEHUN TACTOT MAJIBIX KOJEOAHUM B MCKAYKEHHBIX SMAX.
B obowux ciaydasx 4acTora MaJIbIX KOJEOAHUN OMpeIesercss BTOPOil MTpOM3BOI-
noit U, ff» BBIYMCJIEHHOH B TOYKE PaBHOBECHS

k
Uepg(z) ~ Up + 5 (x — x0)?,

2
d*Ueyy dUeys
k= —— —_— =0. .
de? | _,. ' dr |,_,, (39.3)
IIpu sTom
vi =k, (39.4)

Ecau ny4ok B3auMojelicTByer ¢ pe3UCTUBHBIM dj1eMenToM (Z, = Zy), TO 10-
JIOKEHUE PABHOBECHS OIPEIEJISeTCs YPABHEHUEM

/

p

dUeff

I =20+ &p(xo) =0, (39.5)

=g p =g
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4 BBIYHCJICHUE BTOPON NIPOU3BOAHON J1aeT

Ul (o) = 1+ &p (o) (39.6)
Iockombky cornmacuo (39.5) p/(z0) = 0 n3 (39.4) monyqaem
vi=12. (39.7)

Taxum o6pa3oM, B JaHHOM CJIydae JacTOTHI MAJBIX CHHXPOTPOHHBIX KOJeba-

1.0
0.9

0.8

0

v/iv

0.7 4

0.6

0.5 T T T 1

(J/Jo)l/z

Puc. 31. BaBucumocth 9acTOTHI CUHXPOTPOHHBIX Kosiebauuil or neiicrBus. Cepxy

Bau3 N/No = 1,4,9; Jo = Ropysoag/@a)

HUU B MCKA’KEHHOW W HEMCKAXKEHHON AMax COBIAJAIOT IIPU BCEX TOKAX IIyd-
Ka. BinsHne nckakeHns sMbl HABEJIEHHBIMU TIOJSAMHA MPOABISIETCA B 3aMETHOM
yBeJIUUIeHNN HEJTUHEHHOCTH KOMeOaHN, ITO MPUBOIUT K CBOCOOPA3HON 3aBUCH-
MOCTH 9acTOT Konebanuii o1 geiictsus J (puc. 28 u puc. 31), Korga 4acTora V.
CHaYaJIa YMEHbBIAeTCd U I0Cje TPOX0XKIEHNA MIHUMYMA IIOCTEIEHHO BO3Bpa-
IIAETCsT K HEBO3MYIIIEHHOMY 3HAYEHUIO V. Kak mokasano Ha puc. 31 riybuna
npoBasna V.(J) yBenMuMBaeTCA PU yBEIWYEHWH TOKA mydka N, OmHAKO B ab-
COJIIOTHBIX YHMCJIaX OHA HEBEJIUKA.

CoBceM UHYIO 3aBUCUMOCTD OT J U TOKa mydKa (N) HMeeT JacToTa CHHXPO-
TPOHHBIX KOJEOAHWN YACTUILI IPU WCKAYKEHUHU SMbl WHIYKTUBHBIMU HABEIEH-
HBIMU TIOJIAMH. B 3Tom ciayvae murnmyMm Ueyy TPUXOAUTCA Ha TOUKY Zg = 0,
B koropoit X’'(0) = 0. Boraucienue Bropoit npoussonnoit Uers B 910l TOUKE
MIPUBOJUT K CJIEAYIOIMIEMY BBIPAXKEHUIO JJIA YaCTOThI MaJbIX CHHXPOTDPOHHBIX
KosiebaHuit

2 Vi (39.8)
VvV, — ————. .
T 1+ N/N,
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Puc. 32. 3aBUCHMOCTD YaCTOTHI CHHXPOTPOHHBIX KOstebanuii or ammwmryast (v.J) npu

B3aMMOMIEHCTBIN My9IKa C WHAYKTUBHBIM 3meMerTom. Ceepxy sam3 N/Ny = 1, 4, 16;
2

Jo = Ropreoog/(2a)

Orcooma BUAHO, 9TO YACTOTA MAJIBIX KOJEOAHWI MOHOTOHHO YMEHBIAETCS TIPU
yBenudaennn Toka myuka N. Takas TeHIeHIMS COXPAHAETCS U [ KOJIeOaHUM
GombIoit aMInTyAsl (puc. 32).

YMeHbIIIeHnEe YACTOT CHHXPOTPOHHBIX KOJIEOAHWI YaCTHUI] IIPU YBEJTHIEHUN
TOKA IIy4YKa, & TAKKE HEMOHOTOHHAs 3aBUCHMOCTbH YACTOTHI OT AMILIUTY/IbI B
ciyvae, KOrjia IMy4YoK B3auMOIEWCTBYET C PE3NCTUBHBIM 3JEMEHTOM, B IEJIOM,
YXYALIIAIOT YCTORYMBOCTD CTAIIMOHAPHOI'O COCTOSIHUS, OIIPEIeJisieMOro ypaBHe-
HreM XalCHHCKOTO ¥ HAPYIIAIOT MPENOI0KEHN, NCIIOIH30BABIINECS TIPU €10
noydennn. BBugy pas3iudua B 3aBHCHUMOCTH 9aCTOTHI CHHXPOTPOHHBIX KOJIe-
OaHuit OT AMILIATYIBI MOXKHO OXKHIATh, YTO XaPAKTEDP HEYCTOHYNBOCTH MOXKET
OBITH PA3IUYEH [JIsT CIYYaeB, KOTJIA MyY0K B3aUMOAEHCTBYET ¢ WHIYKTUBHBIM,
WA PE3UCTUBHBIM JJEMEHTAMU BAaKYYMHON Kamepbl. B mepBoMm ciydae u3-3a
YMEHBIITEHUST YACTOTHI MAJIbIX KOJIEOAHUN JACTUIL CJIEIyeT OKHUJIATH yCUJIEHUS
PO HEYCTONYINBOCTEH MPOIOIBHBIX UK MOMEPEUHBIX KOJIeOAHWN M3-32 CBA3U
CHHXPOTPOHHBIX MOJI CT'YCTKa. Pa3bpoc 9acTOT CHHXPOTPOHHBIX KOJIeOAHNIIT, CO-
TTPOBOXKTAIOIINN NCKAYKEHUE SIMbI, BOODIIE, HEIIPOCTO BAMUAET HA YCTOMUIUBOCTD
KOJUIEKTHUBHBIX MOJ Tiyuka. C OfHO# CTOPOHBI, yBeIudeHne pa3zbpocoB 4acToT
KoJsiebannit ycusnnBaer 3aryxanue Jlangay Moj u TeM CHOCOOCTBYET yBesude-
HUIO TIOPOTOBBIX TOKOB HEYCTORIHBOCTEH. DTO CIpaBeIuBO, 10 KpaiiHneil Mepe,
[TOKA MOJIbI HE CBA3AHBI.

st obecrieveHns yCTOMINBOCTH CBSI3aHHBIX CHHXPOOETATPOHHBIX MO, KaK
MBI YK€ BUIEIN B TJIaBe 7, HEOOXOMUM TakKKe paszdpoc 4acToT OeTATPOHHBIX
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0

mv /v

Puc. 33. 3aBucuMocTH YaCTOT NEPBBIX ABYX TApMOHHUK (DYHKIMU DACIIPeIeIeHUs
(m=1, 2) or umcna gactun B crycTke. VIMIe aHC 37€KTPOIOB WH/IYK TUBHBIN

kosiebanuii. Janee, cornacuo dpopmyne (39.8) u KpuBbIM, N300PAKEHHBIM HA
puc. 33 u puc. 32, ¢ ypeimyeHnueMm uucjaa dactun B crycrke (N) wgacrora
[(m + 1)v.(N)] Momp1 ¢ HOMEPOM MYJBTUTIIONBEHOCTH M + 1 MOXKeT CTaTh MEHb-
€ YaCTOThI MOJALI C HOMEPOM MYJIBTHIOJIBHOCTH M, KoTopaa pasHa mu,.(0)
(nanmpumep, puc. 33), eciu

(39.9)

ITpy BLIMOJHEHHN 3TOrO yCAOBHSA MOma m + 1 B 061acTH MaNbIX aMIUIATYH U
MOZa M B 00JaCTH OONBINNX AMILIATYI CHHXPOTPOHHBIX KOJIEOAHNH OKA3bIBa-
FOTCSA PE30HAHCHO CBA3aHHBIMU (HampuMmep, Ha puc. 34). XoTs uccienoBaHue
YCTOMYHUBOCTH KOTEPEHTHBIX KOJIeDAHUN B 9TOM CIydae 3aTPYJHEHO, MOMKHO
3aMETUTH, UTO NPU YMEHBIIEHNH TaCTOTBI MAJIBIX KOJIEDAHHUH HACTOJIBKO, UTO
vc(0) < (Ve)o/2, NCKasKeHNE TIOTEHITMAIILHON SIMBI CBSI3bIBAET BCE CHHXPOTDOH-
HBIE MOJBI, 8 KOTEPEHTHbIE KOIEeOAHNsI [y IKa CTAHOBATCs ObICTPhIMU. B TakoM
CIy9ae, YCIOBUSA YCTONIMBOCTH KOPE€PEHTHBIX KOIEOAHMI MEPECTaoT 3aBUCETD
oT pa3bpoca YacTOT CHHXPOTPOHHBIX KOJIEOAHUI H CKOPee ONpeneIaioTcsa Pas-
6pPOCOM MMTTYJILCOB B ITyUKe.

Hakower, eciu my<oK B3auMMOAEHCTBYeT ¢ PE3UCTHBHBIM 3JIEMEHTOM, TO I10-
muMo (6osiee ciaboil) BO3MOKHOCTY IEPEKPBITHS MOJ, M3-33 MUHHUMYyMa B 3a-
BUCAMOCTH V.. (J) PE3OHAHCHBIME OKA3BIBAIOTCH KONEGAHUS MAJBIX W OOIBITHAX
AMILTATY OMHON u TOH ke Mozabl. Kpome TOro, CTanmmoHapHOe pacmpe/ieste-
HUe, KOTOPOe, HAIIOMHUM, BBIYHCIISIOCH B aIHA0ATHUECKOM MPHUOIMKEHUN II0
HeTaTpOHHBIM KoJIebaHusIM, OyAeT TyBCTBUTEIHHO K BIIUSIHUIO TAKIKE U HEKOTe-
PEHTHBIX PE30HAHCHBIX Bo3Mymienuii. Ilocaennee 06cTosSTEILCTBO MOXKET OBITH
OCODEHHO CYITIECTBEHHBIM, HAIPUMED, I YCTONIUBOCTYA BCTPEIHBIX TTYIKOB.
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Puc. 34. BaBucumocTu 4acTOT LEPBBLIX YeThIPEX rapMOHUK (DYHKIUU PACIPEIe/IeHUs
OT AMIIATY/T CAHXPOTPOHHBIX KOs1e0anuii (1 phl OKOJIO KPUBBIX YKA3bIBAIOT HOMEDA
MYJIBTHITOIHLHOCTH). VIMIe1ane 3/1eKTpooB nHAyKTuBHbL; N/No = 4

40. "TypOynenrHoe'"yajimHeHne CryCTKOB

[IpuBenennbe coobparkeHust 1, 4TO 60OJIee BarKHO, IKCIEPUMEHTAIBHOE U3Y-
gerne 3 dekTa yATUHEHNA CTYCTKOB B PEATbHBIX MAITMHAX YKA3BIBAET HA TO,
9TO HAYMHAA C HEKOTOPOTO MOPOTOBOIO TOKA, YBEJIMYEHHE JJIHHBI CIYCTKA MO-
JKET OTPEIENSITHCS BOSMOXKHOCTHIO PA3BUTHST B HEM (HEYCTONYNBBIX) KOTEPEHT-
HBbIX Kosiebanuii. B ornmudne oT yajuHeHUs 33 CHeT UCKayKeHUs TTOTEeHIHATBLHON
SIMBI TAKO# MPOIECC CONPOBOXK/IAETCS POCTOM IPOJIOJIBHOM TeMIIEPATyphI ITyd-
ka. Hamo 3aMeTuTh, 9TO yBEJIMYEHUE TEMIEPATYPHI HE O0A3ATENTBHO CBA3AHO
¢ BO3OyKOeHHMEM KOJIeOaHW MydKa € OONBIMNMH aMIIATYIaMu. MOXKHO T0-
Ka3aTh, 9YTO HAJMYKE IIOPOIOB HEyCTONYMBOCTHU, 3aBUCSIIAX OT TEMIEPATYPbI
MydKa, BOODIIE TPESITCTBYET OXJIAKICHNIO MYYKa, MO/ TOPOT HEeYCTOHITHBOCTH
(cM. HampuMmep, B [2]). IIpuumHOl 3TOTO SBJASETCS AHOMAIBHBIA POCT YPOB-
Hsl KOT€PEHTHBIX (DJIYKTyaIuil MydKa B OKOIOMOPOTOBOH 0DIACTH U paccesHue
YacTUIl HA 3TUX (DIAYKTyarnuax. YIJIHHEHUE CIYCTKA U3-32 PA3BUTHS B HEM KOJI-
JIEKTUBHBIX HEYCTONYMBOCTEH MPUHATO HA3BIBATL TyPOYJIEHTHBIM, NMes BBHULLY,
YTO B TAKOH TIPOIECC BHOCHT BKJIA BOJIBITIOE YHCIO KOIEKTHBHBIX MO, TTyYKa.

[TocenoBaTebHOE OMICAHYE HATPEBA Iy YKa BOIM3U IOPOIOB HEYCTOWYIHUBO-
CTHU €ro KOJUIEKTUBHBIX MOJ] BOOOIIE rOBOPsi TpebyeT pacieroB, BLIXOISIUX 38
PaMK¥ MPUMEHUMOCTH Teopuu Bo3MyleHuii. Takad 3a1ada OCIOKHIETCA €I1e
U TeM, UTO B WHTEPECYIOMUX 371eCh CAYUasdx MOTEHIINAIbHASA IMa CHHXPOTPOH-
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HBIX KOJeOaHumit 9acTwIl] JaJeKa oT mapabonwmdeckoii. IlosToMy BenmndImHa paB-
HOBECHOM TeMITepATyPhI MY IKa ONPeNessdeTcss COBMECTHBIM U3MEHEHNeM TPOUC-
XOAAMIMX B HEM KUHETUYIECKUX W JTUHAMUYECKUX TTPOIeccoB. B 3Toil cBsa3u, mist
NIPAKTHYECKUX PACUETOB YCTAHOBUBIITUXCS JIJIMH ITYIKOB 3a CUYeT TYPOYJIeHTHOro
VIJIUHEHVsT OOBIYHO MPUHUMAETCA, 9TO PABHOBECHA MPOIOIbHAS TEMIEPATYPA
nyuka (1) IpUMEpHO COOTBETCTBYET BBIXOJY IIy4YKa HA [OPOI HEYyCTONYUBOCTH.
[TockosbKy B CIPYNIIMPOBAHHOM IIyYKE TEMIEPATYPA W JJIUHA IIyIKA CBA3AHbI
COOTHOITIEHHEM A2 242
T = Ry =20 — g, ¥eb (40.1)
|wol |wol

YBEJTMYEHNE TEMITEPATYPhI COMTPOBOXKIAETCA YIJTHHEHUEM nydKa lp, = 2Ro0y.

Boobmie, maxxe Takoil yIpoOIIeHHBIH CIHOCOD pacdera MOMKET MOTPeOOBAThH
JIOBOJIHO CJIOYKHBIX BBITHCJIEHUH TTOPOTOBBIX TOKOB MydKa. TeM He MeHee, st
otieHKH 3 deKTa MOXKHO BOCIOIB30BATHCs TeM (HaKTOM, 9TO [IPH PEIATHBHCT-
CKHMX SHEPrusX YacTHIl DOJbINas YacTh MAIINH pabOTAeT BbIIIE CBOEH KPUTH-
4Jeckoit snepruu. [1oaToMy Tak, Wik WHAYE, YCIOBUS YCTONYUBOCTH B OCHOBHOM
COOTBETCTBYIOT BbINOJAHEHUIO Z/n-kpurepus. Kak mbl Buzenu B §5, Bennunna
[IOPOTOBOI'O TOKA B 3TOM KPHUTEPHUU 3aBUCAT OT HOMEpA A3UMYyTAJbHON rap-
MOHUKH MOJABL. JIJisi CrpyIIUPOBAHHOTIO YUK, B COOTBETCTBYIONIMI KpUTEPUi
YCTORUUBOCTH BXOIAT CYMMbI Zp, /T C HEKOTOPBIMH BECAMH, 3aBUCAINIUME OT
ycrpoiicrBa Mo, UToObl 130€KaTh CJI0KHBIX BHIYUCJIEHUI M OIIEHUTD [1PO/I0JIb-
HYIO TEMIEPATyPy CIYCTKA MO TOPAIKY BEJTHIHHBI, IPUHUMAETCS, 9TO yCIOBHE
YCTONYIMBOCTH OLUpPEAENseTcs rapMoHukam ¢ [n|f, < 1. JInsa qocTarodHo JjIuH-
HBIX MYYKOB TIPHHUMAETCS] TAK¥Ke, UTO BXOJAIMAs B Z/N-KPUTEPH BEJTHUNHA
Z/n HauMHAET W3MEHSATHhCS I0CJe TaKoro |n| = ng, 910 nebp > 1, a Habe-
JIGHHBIE TIOJIsl OMPEJEAIOTCs JIMHEHHOM IJIOTHOCTBIO Iydka. B aToMm ciydae
Z /n-kpurepuil 3anUChIBAETCA B BUJIE

N 2 / _-Zn
Awd = =5 wo“‘)( ! ) In| < no, (40.2)

lb n

Bocnonpzosasimucs (40.1), MBI IepenunieM 3T0 COOTHOIIEHNE B BAJIE

Ne2wow)) [ —iZ
02 = e“’owO( ! ") (40.3)

lpw? n

ITpu srom pnuna nyuka (I, = 2Rp0p) yBeauuuBaerca nponopuuoHagbHo N 1/3

. Na
lb X y1/37 Y= pCV2 '
C
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I's1aBa 11.

CyMMBI JeKpEeMEeHTOB
KOJIJIEKTUBHBLIX MO/JI

41. Teopema 0 cymMMe JIeKPEMEHTOB

Boruncienne cobcTBEHHBIX YaCTOT KOJIJIEKTHBHBIX MO IIYYKa YaCTO Tpe-
OyeT pellleHusI BECbMa, CJIOKHBIX JTHHEHHBIX HHTErPAIbHBIX ypaBHenuil. Berpe-
YJaoIrecs TPU ITOM MaTeMaTUIecKue TPYIHOCTH MEJal0T OCOOEHHO TTPHUBIIe-
KaTeJIbHBIMU METOJbI aHAJIN3a TaKHX O6H_LI/IX CBOHCTB CIIEKTPOB W BBIYMCJICHHUA
TaKHUX BEJIMYNH, KOTOPbLIC HE Tpe6y10T HEIIOCPEACTBEHHOI'O PEINCHUA 3THUX HWH-
TerpaNbHBIX ypaBHeHHil. Kak M3BECTHO, A/ JUHEHHBIX WHTErPAJTbHBIX YPaB-
HEHNII TAKHUMH BeJIWYUHAMM SIBJISTFOTCH HNHBAPUAHTDBI, BbIPDazKaloIuecd 4Yepe3
CBEPTKH Pa3JUYIHBIX CTelleHel sapa JAaHHOTO ypaBHeHu:dA. IIpocrteiimeit Bemu-
YUHOM TAKOTO POIA SABJISETCS CyMMa COOCTBEHHBIX unces. Kcau uaTepecyomnme
YpaBHEHUT UMEKT BUJ,

M, () = / h Az’ " Ko (2,2 Y (2), (41.1)

— 00 m’

a a HyMepyeT COOCTBEHHBIE PEIeHHsi, TO UCKOMAas CyMMA BBIPAXKAETCH depe3

cTes, Sapa:
Ay = Z Ao = Z/ dz Ky, m(x, ). (41.2)

BaxkHOCTh TaKOrO WHBapWaHTA OOYCIOBIEHA €T0 CBSA3BIO C CYMMaMH JIEKDe-
MEHTOB KOJUIEKTHBHBIX MOJ MTyYKa, XapaKTePUIYIOMUMH BO3MOKHOCTh, WJIU
HEBO3MOXKHOCTD AeMIipupoBaHus 3Tux Kojaebanuit "s cpennem". M3 onpegene-
HUS CyMM JAEKPEMEHTOB sICHO, 9TO PA3yMHO PACCMOTPETH OTIENBHO CBOHCTBA
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CYMM JEKPEMEHTOB MOI B OTCYTCTBHE Pa3OpOCOB YaCTOT M CyMM JEKPEMEH-
TOB 3aTyxaHus Jlanmay. s yIpoIeHus BBIYUCAEHUNA MBI OOCYIUM CBOMCTBA
CYMM JIEKDEMEHTOB MOHOXPOMATHYECKOrO NMydKa (00CY¥KIEeHUe CBONCTB CyMM
JIEKPEMEHTOB € y4YeToM 3aryxanusi JIaHaay MOXKHO HalTH B KHUrax [2] wim
[3]). B aToMm ciyuae cobeTBEHHBIE YACTOTHI MO, HAXOAATCS PELIEHUEM yDaBHEe-
uud (7.17), KOTOPOE MBI IIepenuIeM B BUJe

Ao fon = Ne*m 200 ZZ/dP Gmn(LY,w + nws) frn (). (41.3)

B sToM ypaBHEHWU yUTEHO, UYTO peajbHO KOJJIEKTUBHOE B3anMOIEHCTBUE CBS-
3BIBAET JIUIITH CHHXPOTPOHHBIE MOJLI TTyYIKa. FCiin HaBeeHHbIe IO PEICTaB-
agored "xoponm " HaGoOpoM OCIMIIITOPOB, TO ypaBuenue (41.3) 3amenserca
CACAYIOUIEH CUCTEMON JIMHEHHBIX yPaBHEHUN JIJ1d aMIINTYJI

AOJ'rrLfm = afo Z Z VAk m nqk,n;

[wi = (w + nws +iX\)?] qrn = NeQ/dF’ Z(VAk)jn,nfm(I/)~ (41.4)

m

CyMMa IEKPEMEHTOB PEIeHu 3TUX yPABHEHWH OYeBUTHO PABHA CyMMe JIeKpe-
MEHTOB OCHWIJIATOPOB MOJIS

Z(fImAwa) = Z Ak (41.5)
k

[e3

DTa BeNMUUHA TOJOKUTENbHAS U TOITOMY WMEETCH O KpaifHelt mMepe mpwH-
IIUMHATBLHAS BO3MOXKHOCTD ODECTIevueHNsT YCTOMINBOCTH BeexX Mo, [lockombKy
CBsI3b MYYKA C HABEJIEHHBIMU MOJISIMU TIEPEPACIIPEIETSIET TEKPEMEHTHI \j, MEXK-
Iy OCIIUJITATOPAMH TMOJST M KO/UIEKTUBHBIMUA MOJAMM MyYKa, TOUYHOE COOTHO-
urerre (41.5), K COXKAJIEHUIO, HE JAET NPEICTABIEHUA O OTHOCUTEIHHON 10716
Ak BHOCHMOH B KOJUIEKTHBHBIE KosiebaHua y4uka. Mbl yKe BUEIH, 9TO MPHU
HEPE30HAHCHOM B3aMMOJEHCTBUN dTa 10/ BOOOIIEe HeBesinka. B 3T0i cBA3M,
OIIEHKA, TIOTEHIINATHLHOM BO3MOXKHOCTHU JeMII(PUPOBAHUS KOMEOAHUH ¢ TIOMOIIIHIO
TOM WM WHOM CUCTEMbBI TOJYKHA MPOBOIUTHCA MPAMBIM BBIYUCIECHUEM CYMMBbI
nexpeventoB ypasuenuii (41.4). Ilpeanonaras, 4ro my4ok B3auMOIEHCTBYET C
HU3KOI06POTHOI CUCTEMOil 2JIeKTPOIOB 1 ucrosb3ys (41.2), nuiem

Aws, = Né? Z /dF ( afo) G (1,1, Wy ). (41.6)

YaureiBasg, 9TO Ha, AEHCTBUTEIHHON OCH W

ReG(w) = ReG(—w), ImG(w) = —-ImG(w),
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nosy4aeM, 910 Aw,, = —Aw_,,. [Tosromy Aws = —idy, a
D / dl"( )Imen(I L, )
m,n
=Ne > / I fom Imen(I L, W) (41.7)
m,n

Yro6bl IOHATH CMBICI TIOAYYEHHOTO COOTHOIIEHUS, BBIYUCTAM JIEKPEMEHTHI O~
TepPb YHEPTUY YACTHUIIHI 328 CIET PEAKITUH €€ U3JIYUEHUs B Ty K€ CHCTEMY 3JIeK-
TposoB. ITocKoNbKY [, — MHTErpaJibl JBUKEHIS HEBO3MYIIIEHHBIX KOIebaHuii, B
TEPBOM TTPUOJIMIKEHUU METOIA YCPETHEHUS TTUIIEM

dl, _ oL _

E_%v F—(Par)»

aLi 9 1.

P =e Tlgléo dt—/ drG(T'(t),T(t — 1), 7). (41.8)

Ucnonw3yst pas3soxenue

GI(t),T'(t — 1), ZZGmm/

X exp(z'[m'c,b(t) —m'P(t —7)+nl(t) —n'0(t —1)]),

ybezk1aeMcst, 4T0 B HEPE3OHAHCHOM cilyudae (mvy # [), ycpejHeHue 10 BpeMeHu
orbupaer B (41.8) rapmonuku m = m’ u n = n’. Tlocne sroro L 3anucbisaercs
B BUJIE

- . |
oL _ dom [ drGp (11, 7)elTimetnes)

oy
= i@z Z me_’n(I, I, Wm,n)
m,n
= —¢? Z mImG,, (LI, wp.n), (41.9)
m,n
9TO JIAET

dl 9
pn = —€ ;mIme,n(Ia I, wm,n)' (4110)

Ecan TEIIEPb OIIPEACTIUNTL MI'HOBEHHBIC JEKPEMEHTDBI 9aCTHIL COOTHOIIICHHUEM
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10 corsiacHo ypasuenuto (41.10) cyMMa MIHOBEHHBIX JIEKDEMEHTOB BCEX YaCTHIL
MIy9Ka, B3AUMOAEHCTBYIONINX C CUCTEMOI HE3aBUCUMO JIPYT OT APYTa, PABHA

N N 9
oy = Z:l&z = 262 Z maIme,n(Ia,Ia,wm_’n)

m,n

3aMeHUB B 9TOM COOTHOIIEHHH CYMMHUPOBAHHE IO YACTHUIAM YCPETHEHHEM C
dyHuKIMell pacTpeeseHust TACTHIl, TTOXYIAM, YTO BEJININHA

0
A2
s, = Ne /dI EnmiaIIme’n(Ia’Ia’wm’") (41.11)

TOYHO PABHA CyMMe JEKPEMEHTOB MOJ KOTePEHTHBIX Kojedanuii. Takum 06-
pa3oM, MBI YCTAHOBUJIN, YTO JIJIsi MOHOXPOMATHYECKOTO MyYKa CyMMa IeKpe-
MEHTOB MOJI KOT€DEHTHBIX KOjaebaHuii paBHA CyMMe TEKPEMEHTOB OTIEIbHBIX
YaCTHULl, B3AUMOJCHCTBYIOIIUX C TOH 2Ke CHCTEMOHU HE3aBUCHMO Py OT JApyra
(41.C. Hdepbenes, H.C. dukanckuii, 1.B. ITectpuxos 1970 [27]).

D70 yTBEPXK IEHWE HOCUT HA3BAHNE TEOPEMBI O CyMMe JEKPEMEHTOB KOJLIEK-
TUBHBIX Kojebammit. OOparuM BHUMAHHE HA TO, 9TO B OTJIMYHE OT AEMII(PHUPO-
BAHUs 33 CYET PEAKIINH CHHXPOTPOHHOTO W3ITyYEHUS YACTHUIL, CYMMBI JIEKpe-
MEHTOB KOTE€PEHTHBIX MOJI, OMPEJETAIOTCA He TOJHOM MOIIHOCTHIO M3JIyYU€HUs,
a MOy Ianued mapiuaabHbIX MorHocTei. [1o 3To# mpuante, pa3yMHoe yCuie-
Hye neMI(pUPOBAHNST KOTEPEHTHBIX KOJIEDAHU He yCyryDIiseT IHEepreTuIeCKux
pobJieM yCTaHOBOK.

ITockonbky

Z% = — (div,F(p,r,t)), (41.12)

(0%

CYMMBI TEKPEMEHTOB KOJIEKTUBHBIX MO/ TYYKa, B3aUMOIEHCTBYOMIErO ¢ HA3-
KOIOOPOTHOH CHCTEMOM, ¢Iab0 3aBUCAT OT OCODEHHOCTEH KOJeODAHWH YaCTHUIL
OTHOCHUTEIHLHO 3aMKHYTOH OpOuThHL. B 9acTHOCTH, CyMMBI IEKPEMEHTOB JTUTIOJIb-
HBIX MOJT HE 3aBUCAT OT CBA3M PATUAIBHOTO U IIPOJOJBHOTO IBUKEHW 9aCTHII.
DTO BaxKHOE YTBEPXK/IEHHE MOKHO TPOUILTIOCTPUPOBATH CJIEYIONTUME TPOCTHI-
MU BBIYUCTIEHUSIMHA.

42. BiugHue paauaJibHOI MOAYJIAIAN MTOTEPD

IIycThb mydoK B3auMOIEHCTBYET ¢ HU3KOIOOPOTHON CUCTEMO#, NMIIEIAHC KO-
TOpO# TOYHO PABEH HYJIO HA PABHOBECHOU OpOMTE, a PaauajIbHBIA TPAIHEHT
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9TOr0 MMITEJAHCA HE PaBeH HysO. IIpu 3TOM rapMOHWKH MPOAOIBHOTO HAaBe-
JEHHOTO II0JId PaBHbBI

ews

En,w)=— i /dI‘Zn(x,w)fnyw, (42.1)

a ypaBHEHWE J[Jid CUHXPOTPOHHBIX KOT€PEHTHBIX KOJeOaHmil TPUHUMAET BU/T

Ne2w, 0 o0
Awp frn = %mca—jﬁ/ dndp,, (ny)

i .Zn b) S cw™cC 3 S
« / dgol@/fm {Z (JJ Nnwg + MW, )ezncpcobwu} . (42.2)
0 n -+ mel, m.

Teneps mpuMeM BO BHUMaHUE, UTO

0z’ o0z’ Ap
Zn (xaw) = ) Tr = ) n—
z S z S p
a TaKKe IIPEJIIOJIOKHIM, YTO Z fABJIAEeTCHd YUCTO AKTHBHBIM UMIEJAHCOM (Z =
Z'+4Z", Z" = 0) u He 3aBUCUT OT YACTOTHI W
0z’ zZ'
Ow wl’

B srom ciayuae Boruucienue rapmonuk B (42.2) naer

[Ap/pexp(ing cos Yl m, =

27

dip. A

:/ i —pexp(impcoswc—imwc)
0o 2m p

2m
d
=- / Ve T psin e exp(ing cos e — ima,)
0 2T oy
mele

= J, .
apn me (1)

Vaepxusas B (42.2) HU3MIKME CTENEHU M Ve, BMECTO (42.2) noaydum

2 2 oo /
Awn frn :Z,Ne ws mav. 0fy / dn (3Z")

2 a1, oo M2\ Oz
X . (HSO)/ d' @' T, (0") fin, Imeve| < 1. (42.3)
0
IMoacranorku 4 = \/02/2, fm = Xm+/—0fo/Ou u
Newy, m?
Aw,, = —iA—Z s Me, 42.4
w i 57 Ro (42.4)
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[TO3BOJIAIOT TIPEOOPA30BATH ITO yPABHEHNE B MHTErDAJIBHOE YDABHEHUE C Jeli-
CTBUTEIBHBIM, CHMMETPUYHBIM STPOM

o0 !
A =1 / (az) / A K (1Yo (),

Ko (u, ) = ,/%%Jm (/1) T, (V). (42.5)

Anpo sroro ypaBaenus OyIeT MOJIOKUTETBHO OMPEIEIEHHBIM

/000 dzdz'w(z)K (z, 2 )w(z') > 0

1 CJI€J0OBATEJIBHO BCE A — monoXXUTETLHBIMUT rHQI‘/'ICTBI/ITeJIbeIMI/I YUCJIaMH, €CJIn

oo !/
/ dn (naaZm") > 0. (42.6)

Coryacuo coorHomiennio (42.4) B 3TOM Cjlyuae BCE CUHXPOTDPOHHbIE KOTEPEHT-
HbIE MOIBI Ty4Ka OyayT 3aTyxarh. CyMMBI TIEKPEMEHTOB MO, C 33JAHHBIM 17,
Aa0TCA BbIPAZKECHUAMUA

2 00 /
(m) Ne Ws o 8f0 dn 8Zn
62 = —Ws mc/o du [m ﬁ n O . mp (n\/>) (427)

2mpv ou

a MOJHAA CyMMa JEKPEeMEHTOB CHHXPOTPOHHBIX MO, MOJIYyYIaeTCsa CyMMHUPOBAa-
m
HIEM 5(2 ) mo m.. Heobxomumast [1jist 3TOr0 CyMMa

o0

Sy = Z m?J2 ()

m=—0oo

BBIYHUCTIAETCA C UCIIOJIb30BaHUEM PaA3JI02KECHU A

exp(iz cost)) = E T (z)e™?
wim
d > ,
ima
o exp(iz cos ) = ng_oo My, (z)e™Y.

Orciona, mocsie BO3BecHNS 00eUX dacTell PABEHCTBA B KBAJPAT MO MOJYJIIO W
YCPEeIHEHUsT 0 1, TOJIyIaeM

2
x
Sy = 2 | 2:fbln w—j,
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, = Netw, [ 0z,
5(c) _ 5(m) — W, s / d n ) 49.
b Z > W 2mpu ni\n Oz . (42.8)

Me=—00 -

Teneps, /g BbIACHEHUS 3aBUCUMOCTH CYMMBI JTEKPEMEHTOB CHHXPOTPOH-
HBIX ¥ PAIUAIBHBIX MO OT PaJAUAJIbHO-IIPOJOIBHON CBA3M KOIeOaHuil 4acTuil
HAM HY?KHO BBIYUCJIUTEL CYMMY JEKPEMEHTOB IUMONLHBIX (M, = 1) paguaib-
HBIX OETATPOHHBIX U CHHXPOOETATPOHHBLIX KOTePEHTHBIX Kojaebanmii. B manrom
caydae KayKeTcs YIOOHBIM MCXOAUTH 13 ODINEro HHTErpaJbHOTO YPABHEHHUS, 32~
MIMCAHHOTO C MCIOJIb30BAHUEM BBIPAKEHUSA

I, = %F.
IIpu sTom
[ 01 7]

(W= Mawy — Mewe) frn = —1 <6AZ)6E0> . aﬁ (42.9)
ITpeanonaras Kak w0 TPEXKAE, ITO B MECTE PACIOJIONKEHU 3aeKTpoaos 7’ = 0,
TTATIEM

I, = pVsty Ol —Maz CoS Yy, (42.10)

9R, = 0Ap  Rp

IMoacranoska sToro Beipaxkenus B (42.9) 1mocse BbIYUCICHUS PAPMOHUK IPUBO-

).

rae Awy, = w — Mew, — Mewe. Houacrasus coga fo = Fo(ly)p(p) u fr =
X (©)V I 0Fy/O1,, nomyaum

Ne2w, [ oz
A mXm — ) > d 2
WmXm = ip(¢p) 51I) /_ n(n 5 )

oo

X T (n19) / 49’0 Ton. (126 )X (- (42.11)
0

JUT K CJIeJYIONIEMY UHTEeIDAJIbHOMY yPaBHEHUIO

_.0fo Ne2w, o 0z,
Awmfm__lﬁlw I \/Im/_ocdn n o

X T (n19) / A /T T (1) o

Curefy siipa MOJIYIeHHOTO yPaBHEHHS JaeT UCKOMYIO CYMMY JIeKpeMeHTOB bera-
TPOHHBIX W CHHXPODETATPOHHBIX MOJ. Y YMTBIBAsI, YTO

f: I () =1,

m=—00
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IOJIy4aeM

oo

(5(;) = Z (él,mc + 6*1’”“)

me=—00

New, [ 0z!
—ws : d ). 42.12
w‘ 2mpv /,00 " (77 Ox >S ( )

Teneps, crnoxenne Boipaxkennii (42.8) u (42.12) maer

g = 6% + 68 =0, (42.13)

Y9TO JOKA3bIBACT Halll€ YTBEPIKICHUE.

43. 3amaum K I'mase 11

1. TIpeobpazoBanneM K SKBHBAJICHTHOMY JAn(PEePEHITHATBLHOMY YPABHEHUIO
permuTh ypasHenue (42.11) nys ciydasi, KOrma

(p) = __¥Yo
PTG

2. BeraucauTh nMonpaBKy K JEKPEMEHTY PAINAIbHBIX KON€PEHTHBIX KOoJte0a-
HU, OMUCHIBAIOIITYO 3D dEKT PaIuaIbHO-TPOIOIBHON CBA3U /IS CIYCTKA, B3a-
UMOJIEHCTBYIOMIEr0O ¢ BEPTUKAJIBHO PACIIOJIOXKEHHON COIJIACOBAHHON MIACTUHOMN.
JiiHa TIacTUHBI BEIUKA TI0 CPABHEHUIO C JITHHOM CIyCTKA.
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