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Bce cocrout u3 aByx:
OKPY’KaroIHi MUP U €r0 IOHNMaHHE.

Aemop 1928

IMPEAUCJIOBHE

CoBpeMeHHbIE ITPEACTABICHNUS O MUKPO- 1 MAKPOMHPE OCHOBAHBI HA TEOPHU
otHocurensHocTH (TO). C MOMEHTa ee BO3HHKHOBECHHSI M 10 HBIHELIHETO BpeMe-
HU HE MCYe3JI0 KpUTHUIeckoe oTHomeHune K Hedl. He mpuauManm TO MOTHOCTBIO
WM YaCTHYHO TaKHWe WM3BECTHHIE yueHble, Kak akagemuku: A.H. Kpbsuios [25],
C.U. Basuinos [9], B.®. Murkesuu [37], Benrepckuii akagemuk JI. Suommm [78,
79], mpodeccopsr O.J. Xsonscon, H.IT. Kacrepun, K.H. [Ilanomuukos [74], A.K.
Tumupsses, T.A. Jle6enes, C.A. basunesckuii, A.A. Tsnkun [67] u MmHOTHE ApY-
THe.

Pabotel ¢ kputnkoit TO npakTHdyeckn He IyOJIMKOBalKCh U TeM Oojee He
nepensnaBaguck. [1o MMeromuMcsl peKUM CBEIACHUSIM MOXXHO COCTaBHTh Clle-
Jyloliee npejacTasieHue o0 ux pasButud. B xonne 50x ronos ascrpanmen XK.
Bunzep [87] paccmotpen cBszb Teopuit adpupa ¢ TO. B 60 roast 6buti omy6iu-
KOBaHbI KpUTHUYEeCKUE paboThl MuHCKOro ¢dunocoda A.K. Maneepa [34] u uens-
6unckoro ¢usuka I'.J]. Jlomakuna [29, 30].Otu yuensie, a Takke C.A. bazunes-
ckmif, A.K. Ilypymos, A.I'. 3aMiaTHH ¥ JpyrHue OPTaHU30BAJIW HAYIHO-
¢dusmuecknii kpyxok uM. M.B. JlomoHOCOBa, KOTOpPBIH HW3MaBan PYKOMHCHBIN
JKypHAaJ OJHOMMEHHOTO Ha3BaHMs. JTO CIIEAyeT OTMETHUThH KaK MEPBEIi TaIl.

B xonne 60x romoB amepukaner bpaiton XK. Yomnec [122] mokasan Bo3-
MO>KHOCTh CYMMHPOBAHHUSI CKOPOCTH PAJMOBONH CO CKOPOCTBIO 3€MJIM OTHOCH-
teapbHO Benepsl. Paboty B.)K. Yomeca, ocHOBaHHYIO Ha NaHHBIX HAOJIOJACHUH,
MOKHO OTMETHTh KaK BTOPOH BaXXKHBIW 3Tall B Pa3BUTHU HEPEISITUBUCTCKOTO Ha-
npaBieHus B pusuke. OHa oKa3zaia MocieayomumM npoTuBHuKaM TO MopanbHyro
TIOJICPKKY.

Tperbnm sTanom siBisiercst myoaukarnyst B 1984r. kuuru npog. B.B. Yemrera
[69], B koTOpOIt ¢ OOJIBIION OYEBHIHOCTHIO MOKa3aHA HECOBMECTHMOCTh TCOPHHU
OTHOCHUTEJILHOCTH € PEAJIbHOM NEHCTBUTEIBLHOCTHIO.

Konerr 80x — Hadamo 90X romoB HBIHEIIHErO CTOJIETHS O3HAMEHOBAJICA
OypHBIM pa3BuTHEeM padot ¢ kputukoit TO kak crenmansHoi (CTO), Tak u obmei
(OTO). 3peBiee AECATUIETHAME HEIPUATHE €€ MHOTUMHE NIPEACTABUTEIIMHI HaY-
KM ¥ TEXHUKH, 9bs JESATEIHHOCTh HE Pa3phIBajiach C MPAKTHKOM, MOCTETICHHO Ha-
KaIJIMBAJIOCh B HEOITYOJIMKOBAHHBIX CTAaThsX, TPAKTaTax U KHUrax. Ilepectpoiika B
CCCP crana cmycCKOBBIM MEXaHU3MOM OOHApOJOBaHMS 3TUX pabOT B HOMYJISIPHOH
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IeyaTty, B HOBBIX HAay4YHBIX JKypHajlaX M HA MHOTMX HAIlMOHAJIBHBIX U MEXTyHa-
POIHBIX KOH(EPeHIAX, IPOBOAUMEIX B pasHbIX cTpaHax. Hawyanmce oHu ¢ my0-
nukarun opormopsl B.. Cekepuna [47] 1 mpomo/Kaiuch B HAYYHO-TIOMYJIAPHBIX
xypHanax [4, 11], koomepaTiuBHO-U3aaBacMbIX Opouropax [14] u gaxe raserax
[17, 41, 42, 48, 57, 61, 70].

Bpourtopy B.1. Cekepuna cienyer paccMaTpuBaTh Kak YeTBEPTHIN 3Tal pas-
BUTHS aHTUPEJIITHBUCTKOTO JIBM)KEHHS. B Hell ¢ 00bIol yOeKIEeHHOCTBIO U BbI-
PasuTENLHOCTBIO OBLIM ITOKa3aHbl HeAocTaTKH M npotuBopeunss TO. Bonbmioe
BO3JICHCTBIE Ha OOLIECTBEHHOE MHEHME OKa3alla Takxe Oporirtopa mpodeccopa u
napojroro genyrata CCCP A.A. Jlenucosa [14]. Biaromaps el mmpokoii o0rie-
CTBEHHOCTH CTAJI0 M3BECTHO, YTO MMEIOTCS Y4YEHBIe, KOTopble He mpu3HaioT TO
KaK BEpLINHY YeJI0BEYECKOH MyAPOCTH.

Kaxplil 1eHp MBI y3HaeM MMEHA y4eHBIX W3 Pa3HBIX CTPaH, CTOAIIUX B OII-
MO3UIUY K TEOPHH OTHOCHTEIBHOCTH, KOTOPBIE PaHbIIe ObUIM HEM3BECTHHI HayY-
HOMY coo0miecTBy. PaccmaTpuBarorcsi pasHble CTOPOHBI IPOOJIEMBI. AHANU3Y
MPOCTPAHCTBEHHO-BPEMEHHBIX MPeoOpa3oBaHuil MOCBsLIEHbI paboTsl [41, 43, 79,
87, 92, 103]p apyrux [6, 51, 66]paccmotpens! mapagokcsl TO. Cepbe3Hsblil KpH-
THUYECKMH aHaln3 TEOPHUHM OTHOCHTEJLHOCTH NpexacTaBieH B paborax Jlm Koe
(CILIA) [100], IIto Caouu u 1o K3uaur-Kyn (KHP) [127, 128],C.X.K. K3oBycy

(Hurepwust) [126] u muorux apyrux [8, 11, 13, 14, 44, 89, 93, 95, 104, 105, 109].

OCHOBBIBasICh Ha KJIACCUYECKUX 3aKOHAX MeXaHWKU U ¢pusuku, Tomac .E. @umnmnc,
mit. [107]u JIx.I1. Yacou [125] paccMarpuBaroT B3auMOIEUCTBHS TN U SABJIEHUS
pacnpocTpaHeHus cBeTa B ABIKyIIuxcs tenax; J.JI. beprman [85] paspabarsiBaeT
MoJieH diieMeHTapHbIx yactull; .M. Kanapes [20] BEIBOAUT HOCTYIATHI KBAHTO-
BOW MEXaHHMKH U aKCHOMBI MPOCTPAHCTBEHHO-BpeMEHHBIX oTHOIIeHuH; Y.Y. Jly-
kec, M. [102] onpenenser nepuoandeckue cpoiictea snementos; B.1. Cyxopy-
KOB C KOJUICTAaMH aHAJIMTHYECKH BBIBOJUT CIIEKTPHI MEPBBIX AECSATH DJIEMEHTOB
[63] u T.1. B 3THX paboTax UCMOIB3YIOTCS KJIACCHYECKUE TPEACTABICHUS O MPO-
CTpPaHCTBE, BpEMEHH U Macce, KOTOPhIE HE 3aBHUCAT OT ABHKEHHS.

B 1994r. ony6nukoBaHa Haimia MoHorpadus [59], B KoTopoil mpoaHanusu-
POBaHBI OCHOBBEI TEOPHUHM OTHOCHTEIILHOCTH, BBISBJICHBI INIaBHBIC €€ HEJOCTATKH U
MIPEAJI0KEH HOBBII METO/ ONMCAaHUs B3aMMOJICHCTBHI, OCHOBAHHBIH Ha KJlaccHye-
CKHX TIPEICTABJICHUAX O IPOCTPAHCTBE, BpeMEHH M Macce. Jta pabora ObuIa
BCTpEYCHA AWCCHACHTAMHU-(QU3UKAMH C €AMHOIYIIHBIM OJ00peHmeM. MHorue
croporankr TO oOpatmiu Ha Hee BHUMaHHWe. Ee Henmb3st ObLIO OTOPOCHTH, CO-
CITaBIINCh Ha HETPO(EeCCHOHATBFHOCTh aBTOpa. 1103TOMY BBIXOA KHUTH B aKajie-
MHYECKOM H3/IaHUM MOXHO PAcCIlCHHBATh KaK IATHIH 3Tall CTAaHOBIICHHUS HOBOW
(buzuky.

B 1997r. Beinuia u3 newatu MoHorpadus npodeccopa yHUBEpCUTETA IITATA
3anannas Bupmxunusa O.J].Edumenko [98], B KOTOpoi#l BCe peIATHBUCTCKHE CO-
OTHOIIICHHS OH B PaMKaX KJIACCUYECKOH MEXaHUKHU U DJIEKTPOJUMHAMUKN BBIBOIUT
WCXOJl W3 3ara3/bIBaHus IMOJIeH NPH OTHOCHTEJIFHOM IBIDKCHUH B3aUMOJEHCT-
BYIOIUX 00BEKTOB. DTOT METOJ BOCXOAUT K pabotam OnuBepa Xapucaiina [94].

B xonme XIX B. cTanmo sicHO, 94TO B3aUMOJEHCTBUE 3apsSKCHHBIX TEIl 3aBUCUT
oT ux aewxenus. ['.A. JlopeH1l BBIIBUHYJ TUIIOTE3Y, COMVIACHO KOTOPOH Tefa Mpu
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JIBIDKEHUH U3MEHSIOT CBOM Pa3Mephl, YTO MPUBOANUT K U3MEHEHUIO CHIIBI B3aUMO-
JIEUCTBHUS. DTO 00O0CHOBBIBAIOCH MpEACTaBIeHUIMHU 00 ddupe. YacTuirsl Berect-
Ba, SKOOBI coCTOAIME M3 A(Hpa, MPH IBIKEHHH B HEM MOTYT M3MEHSATH CBOU
pasmepsl. OTHAKO B3aMMOJICHCTBHE JBYX TEJ 3aBHCENIO HE OT KaKOI-TO abCoIIoT-
HOW CKOpPOCTH, @ OT CKOPOCTH HX JBW)KEHHS II0 OTHOIICHHIO JPYT K Jpyry. A.
OHHIITEHHY MPUIIIOCh BUIOM3MEHHTH runore3y I'.A. Jlopenna, u B urore 0510
MTOCTPOEHO OIMCAaHUE B3aUMOICHCTBHIA ABMKYILIUXCS TEJ B BUE B3aNMOAEHCTBUI
HEMOJBHKHBIX T, MapaMeTpbl KOTOPBIX (MIPOCTPAHCTBO, BpEeMs U Macca) H3Me-
Hst0TCs 10 JIOpEHIIOBEIM NpeoOpa3oBaHusIM. DTO TepBasi JIMHUS Pa3BUTHS DIICK-
TPOAMHAMUKH, Ha KOTOPOH TOCTPOCHA COBPEeMEHHast (PU3HKaA.

Bropas nuHHSA OCHOBBIBaJach Ha KOHEYHOH CKOPOCTH PAacCIpOCTPaHEHHUS
BO3/eHCcTBUSA. BenencTBre 3Toro B3auMoIecTBie ABYX TN, ABHUKYIIUXCS OTHO-
CUTETIHHO APYT APYyTa, HE PaBHO B3aMMOJIEHCTBHIO HEITOIBMKHBIX TEJI IPH TEX JKe
paccTostHUAX MexTy HuMH. [lomaraercs, 9To mojs, BRIpa)KaronIiue 3TO BO3ACHCT-
BHUE, 3ama3fgsiBaloT. Eciy 1o, OmMCHIBaIOMKE B3aUMOJCHCTBHE HEMOIBHYKHBIX
TeJl, CABHHYTh HAa NMPOMEXYTOK BPEMEHH, HEOOXOIMMBIA ISl pacnpoCTpaHEeHUs
BO3JICHCTBHSI MEKAY TEJAMH, TO OHH OyIyT BBIpAXXaTh B3aUMOJEHCTBHE OTHOCH-
TENBHO IBIDKYImMXcst Ten. OnmBep X9BUCANA MONYYHI BBIPRKCHUS JUIS Hamps-
JKEHHOCTEH TOJIeH TpH 3JIEKTPOMAarHUTHOM B3aMMOJIEHCTBHHM TEJ M paclpocTpa-
HWJI WX Ha TpaBUTAlMOHHBIC B3aWMOAEHCTBUS. Ty JIMHHUIO TPOIOIDKHI
O.[d.Edumenko [97, 98]. Meros 3ama3apIBalOIINX MOJCH MOJHOCTBIO MOXKET 3a-
Mernth CTO 1 OTO. Beixox xauru [98] MOKHO CUMTATH IIECTHIM DTAllOM B pas-
BUTHH HEPEISITUBUCTCKON (DH3UKH.

B oTnmume oT mepBBIX IBYX METOJOB MBI pa3pabaThIBaId METO, KOTOPHIH
MTOJTHOCTBIO HAaXOAWTCS B paMKax MEXaHUKH. B pesynpraTe aHamm3a pa3BUTHSA
3JIEKTPOMAarHeTH3Ma MBI MPHIUIA K BBIBOAY, YTO CHJIa B3aUMOICHUCTBUS IBIKY-
LIUXCS IPYT OTHOCHUTEIBHO IpYyra HadJICKTPU30BaHHBIX MM HAMarHMYCHHBIX TEJ
3aBUCHT HE TOJIBKO OT PACCTOSHUS MEXTy HUMH, HO U OT UX OTHOCHTEJILHOHM CKO-
poctH. BeIpaxkeHue a1t CHIIBI MBI NTOJIYYHIIH, OCHOBBIBAsSCh Ha 3KCIIEPUMEHTAIb-
HBIX 3aKOHaX 3JIEKTpOMarHeTu3Ma. JlaHHBI METOJ MBI paclpOCTpaHWIM Ha pas-
HBIE ciTy4dad. PereHo UM psj HOBBIX 33/1a4, MOJTY4YEHB! HOBBIE pe3yibTaThl, KOTO-
pBI€ TIOKa3bIBAIOT, YTO HAIl MUP YCTPOEH HE COBCEM TaK, KaK CJICA0BAJIO0 U3 (H3H-
K#1, ocHOBaHHOHM Ha TO. DTOT METO TOTOB K MPUMEHEHHIO M €T0 U3JIOKCHHUIO T10-
CBSIIICHA HACTOAIIASI KHUTA.

Teopuss OTHOCHTENHHOCTH OKa3alia TyOOKOe BO3[CHCTBHE HA HAIle MHPO-
MTOHWMaHHe, MAPOBO33PEHNE W OCHOBHI 3HAHUH. B HEOTHOKpPATHBIX IHUCKYCCHSIX
co cropoHHUKaMH TO IPUXOAWIOCH HE Pa3 CIBIIIATH, YTO PEIATUBUCTCKUNA 3aKOH
CIIO’KEHUSI CKOPOCTEH ABISECTCS COBEPIICHHBIM, a POCTOE CyMMHPOBAaHUE CKOPO-
CTeH B KJIACCHYECKOW MEXaHHKE SIBJISICTCS MPUOIMKEHHBIM M CIIPABEAIMBBIM JUIS
MaJIbIX cKopocTteil. Koraa ske Mbl OKa3bIBaJM, YTO KJIACCHYECKOE CIIOKEHUE CKO-
pocTeil UACHTUYHO apuPMETHICCKOMY IeHCTBHIO 2 + 2 = 4,a pelaTHBUCTCKOEC
9KBUBAJICHTHO 2 + 2 = 5,HaM OTBeyaJld NPUMEPHO TakuM oOpazoM. Kak mepBblit
3aKOH CJIOKCHHMS, TAaK U BTOPOH SIBISIOTCS TMIIOTETHYECKUMH, HO PENIITHBUCTCKUI
3aKOH CJIOKEHHS CKOPOCTEH MOATBEPIKICH SKCIEPUMEHTATIBHO, TIOATOMY OH Be-
peH.
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[IpocTpaHCcTBO MCKPUBISIETCS W 3aMBIKaeTcsl camo Ha cebs. Macca mpeBpa-
maercst B 3Hepruro. IlyremecTsre mo BpeMeHHU: B Oyxaymiee u mpomnioe. Bpems
mpeBpamaeTcs B HeApax 3Be3N B Marepuio. Bce 3T0 He U3 HaydHO-
(haHTacTHUECKUX POMAHOB. JTO TeMbl (yHJAMECHTAIBHBIX Hccienoanuii. [lepen
HAMH BCTaJa CJIOKHAs 3a7]adya OCMBICIICHUS] OCHOB HAIWX 3HaHui. HyxHO OBLIO
BBISICHUTb, MOXHO JIM C MPOCTPAHCTBOM, BPEMEHEM, CKOPOCTHIO, MacCOM, CUJIONH,
SHEprued W JAp. COBEPIIATh BHINICTIPUBEICHHBIC MaHUMYIAUUU? YTO B HaIIeM
3HAHUM SBJLIETCS MPOU3BOJILHOW rUNoTe30i? M ecTh U TO, YTO SIBISETCS HE3BIO-
JICMBIM M BEYHBIM?

Hamre mormmanme 3THX mpoOJjeM MBI IpeaiaraeM 37eCh MBITINBOMY YHTa-
tenro. OHO JaJIeKo JI0 COBEPIIEHCTBA U TPEOYET OCTOPOKHOTO K ceOe OTHOIICHHUS.
OnpoMeT4nBOMy COBETYEM HE OTBEpraTrh €ro CXOXIy, BAYMYHBOMY — IBITATHCS
HAWTH HEJOCTATKH M YCTPAHUTH UX. TOJBKO B TAKOM CITydae Halle 3HaHHE OT II0-
KOJICHHUS K TIOKOJICHHUIO OYJeT COBEPIICHCTBOBATHCSA M YIPOIIATHCS.

Wrak, B mepBoii rjaaBe pacCMOTPEHBI OCHOBBI HalIUX 3HaHWM. Bcee, uTto Hac
OKpYXaeT Mbl pa3feliiil Ha JIBE YacTHU: OKPYXAIOMIMM MUP U €ro BOCHpPUSTHE,
MOHUMaHUe, T.e. OMHcaHue. Mbl NPUIUIM K BBIBOAY, YTO B paMKax HM3BECTHOIO
pasicicHUs Ha MATEPUI0 M CO3HAHHE PEIIUTh MPOOJIEMBI, KOTOPBIC MEpe]] HaMHu
BO3HHUKJIM, HEBO3MOXKHO. B 3TOH rilaBe MBI IbITa€MCSl MOHSTH, YTO TaKOE€ MpO-
CTpaHcTBO U BpeMsi. OKa3bIBaeTCsl, 3TO PE3yJIbTAT COMOCTABIEHUSI CBOMCTB Mpe.-
METOB — UX BEJIMUMUHBI 1 U3MEHUYUBOCTH CO CBOMCTBAMU ATAJIOHHBIX TeJ. MBI NpH-
XOIMM K BBIBOAY, UYTO €IMHCTBEHHBIC HAJCKHBIC 3HAHHUA — ITO T€, KOTOPHIE MBI
TTONTYyYIII B PEe3yJIbTaTe BBIPAKCHUS PAa3HBIX CBOMCTB MPEAMETOB Yepe3 COOTBET-
CTBYIOIINE CBOIMCTBA STAJIOHHBIX TeJI. B 3TOM — OCHOBHAasA CyTh OE3TrHIIOTE3HOTO
OTIMCaHMS OKPY’KAIOIIETO MHUPA.

Bo BTOpO#i TTIaBe pacCMOTPEHBI MOHATHS MEXaHUKH. CKOPOCTh, YCKOpEHHE,
Bo3aeiicTBue, cuia. [Toka3zaHo, YTO 3aKOHBI MEXAHUKU €CTh HE YTO MHOE KaK Halll
croco0 omucaHusi B3aMMOJCHCTBUA. B mpuponae 0OBEKTHBHO CYIIECTBYET B3aW-
MozeicTBre Mexay TenaMmu. OHO MPOSBIIAETCS B YCKOpEeHUU Tell. B3aumopeiict-
BHE€ MBI ONKCHIBAEM C MOMOILBIO CHIIbl. [[03TOMY yCKOpeHue U cujla —3TO OJIHO U
TO K€ C TOYHOCTBIO J0 KO3 duireHTa. MbI MPUBOINM JTOKA3aTEIHCTBA TOTO, YTO
JPYTO¥ 3aBUCUMOCTH CHJIBI OT YCKOPCHHUS HE MOXKET OBITh.

B Tpertbeil rnmaBe moka3zaHo, YTO B3aUMOJEHCTBHE MEXAY IBUKYIIUMUCS
3apsHKEHHBIMH TEJIAMH 3aBHCUT OT CKOPOCTH. M3 3KCIIeprMeHTaIbHBIX OCHOBaHHUNA
BBIBEJICHBI In(depeHInaTbHbIe YPaBHEHHS IS CHIIBL.

B uerBepTOii riaBe 3TH ypaBHEHUsS PEIICHBI NI B3aUMOJIEHCTBUS JBYX TO-
YEYHBIX TEN M MOJYYCHBI BBIPAKCHUS ISl CHIIBI B3aUMOJICHCTBUS ABYX TEJ, ABH-
JKYIIUXCS IPYT OTHOCHUTENIFHO ApyTa. 3aKOH CHIIBI MIPOBEPEH B Pa3HBIX IPEIeih-
HBIX CITyJasX.

B mATolt riaBe paccMOTpPEeHO IBUKEHHME IBYX B3aMMOICHCTBYIOIIUX TE.
PaccuuTansl ckopocTd, BpeMs ABMXKEHUS U TPACKTOPUH Ted. 3aJlayd PelaroTcs
AQHAIUTUYECKUMU U YUCICHHBIMU METOJAAMH.

B mecToii riaBe uccnenyeTcst BO3CHCTBUE 3apsHXKEHHBIX U HAMArHUYEHHBIX
TEJ pa3HOH (OPMBI Ha ABIKYIUIYIOCS YacTHIly. Iloka3aHO Kak MPUMEHSITh METOJ,
€CJIM 33/1aHa TOJIFKO 3JIEKTPUUECKasi © MarHUTHAS HAIPSHKEHHOCTH.

11

B cenpMoli rimaBe MeTO CHIT IPUHUMAETCS ISl pacdeTa pa3HbIX B3aUMOJICH-
CTBHI, B TOM YHCJE M JJIS pacyeTra YCKOPHUTEIEeH 3JIEMEHTapHBIX YacTHIl. 3/1eCh
TaKXKe NMPOJEMOHCTPHPOBAHBI HEOOBIYHBIE BOSMOKHOCTH METOAA, KOTOPEIE B PAC
CJIy4aeB MO3BOJIAIOT pelaTh 3a/1auM, He MOJAAIOMINECS PEUICHHIO JPYTUMH METO-
JIAMH.

B BocbMOI I1aBe paccCMOTPEHO B3aMMOOTHOILLIEHUE METOJIa CHUJI C METOJOM
TEOPUH OTHOCHUTEILHOCTH. PACCUUTAHBI CBCTOBBIC SIBJICHUS MEXIY IBIOKYIUMHU
tenaamu. [lomyyeHo BbIpaxkeHHe AJIi CKOPOCTH CBETa MPH OTHOCUTEILHOM JIBUXKE-
HUU UCTOYHHKA U TIPUCMHUKA.

[TapaMeTpsl B3aUMOACHCTBYIOINX 0OBEKTOB MOT'YT OBITH TAaKOBHI, UTO B TIE-
PHUIICHTPUH CKOPOCTh ABMKECHHUS MPUOIMKACTCS K CBETOBOU. Takue B3auMOIeHCT-
BUSI MOT'YT HaONIOaThCSI B MEKpOMHpE. B 1IeBATOI Ti1aBe MpencTaBIeHbl TPASKTO-
pHYH 3TUX JIBHXKCHUH.

JlecsiTas riiaBa MOCBAIICHA CBEPXCBETOBBIM IBIDKCHUAM. OHHM HaOM0Oqar0TCA
B JaJIEKOM KOCMOCE, IIPH BXOXIEHIH KOCMIYECKUX YacTHUI] B aTMochepy 3eMnn u
Ha 3emiie. [IpoaHanu3upoBaH Mporecc HAOIIOACHUS CBEPXCBETOBOTO OOBEKTA H
HCCJIEIOBAHO €ro Bo3aeiicTBMe. MHOrO BHUMAaHHUS YIEJICHO YCKOPEHUIO dJIEMEH-
TapHBIX YaCTHI] IO CBEPXCBETOBON CKOPOCTHU M PACCMOTPEHBI MEPCIEKTUBBI MPH-
MEHEHHSI CBEPXCBETOBBIX JBIKEHUH.

B onunHaanartoil rmaBe ucciaenyroTCs TpaBUTalMOHHbBIE Bo3aeicTBus. [loka-
3aHO, YTO OTCYTCTBYIOT OCHOBAHHS CUMTATh CKOPOCTh PACIPOCTPAHEHHSI TIArOTe-
HUSL KOHEYHOH. M3710KeH aJrOpUTM YMCIICHHOTO pEIIeHHS 3aJa4d MHOTHX Tel.
TouHO pemeHa ocecMMMETpHYHAs 3a7ada MHOTHX TElT M €€ Pe3yiabTaThl COIOC-
TaBJICHBI C YUCIICHHBIMH PEIICHUSAMH IPH B3aHNMOJCHCTBUH TPEX W YETHIPEX TeIl.
Pemena 3amava meHTpaTbHO-CUMMETPHYHON aKKpEINH BEIIECTBA M PACCMOTPEHBI
npo6iemsl 3HepreTuku CoHIA.

B koHie MoHoOrpaduu JaHbl ONpeeiICHHsT OCHOBHBIX MOHSITHM, IPOTPaMMBI
pelIeHus 3a1a4 ¥ HEKOTOPbIe Pe3yJIbTaThl YUCIEHHBIX PEeLICHUH.

CdopMynmupoBaHHEIC BBINIC STANbl PAa3BUTHS HEPEIATHBUCTCKOW (DUIUKU
SIBIISTIOTCSI CYOBEKTUBHBIME M BeChMa YCIOBHBIMHU. CIleyeT OTMETUTH BIUSHHE
KOH(pEPEHIMA, HOBBIX HAYYHBIX JKYPHAJIOB, 3apPOXKIAIOIIUXCS OOIIECTB U OTACIh-
HBIX YUYCHBIX B pa3HbIX cTpaHax. Hampumep, OONBIION OTKIUK MOTYYHIIO BBICTYII-
neane B 80 rogsl nporuB TO rpymmsl yueHbIX u3 [1yJaKOBCKOW 00CEpBaTOPHH.
Hx nesrenpHOCTH, B ToM uncie C.A. TordensHUKOBOH, a TakKe NPYTrUX YUEHBIX
u3 1. Cankr-IlerepOypra I1.®. [Tapmmnua, M.I1. Bapuna u ap. B opraHu3anuy
MpoBeACHNN MeXITyHapOAHBIX HAYYHBIX KOH(EPEHINH UrpaeT OOIBIIYI0 PONb B
aHTUpPEIATUBUCTCKOM JBWKeHHH. bnarogapss Poro Keiizy, uzparento xypHana
"Apeiron”, npod. Iletpy bekkmany, cosmaremo skypuana "Galilean Electro-
dynamics", noktopy E. Ilanapemre, penakropy "Physics Essays's mocnenHee
JICCSITUICTUEC HEPEISTHBUCTCKUE PAOOTHI ITyOIHKYIOTCS.

C 1994r. coBmectHO ¢ HOro-3anamaeiM oTaencHrueM AMEPUKAaHCKOTO o0IIIe-
CTBa Pa3BUTUS HAYKU MPOBOIAT CBOM E€XKCETOJHBIC KOH(EPEHINU TUCCHICHTHI-
(bu3nky, BXOAAIINE B AJIBSHC HATYypaIbHOU (Pritocoduu, KOTOPHIA BO3TIIABISIECTCS
nokxtopoMm Jxxonom E. Hanmemnem. CiiefyeT OTMETHTh apTyMEHTHPOBAHHYIO KPH-
tiky TO kutaiickum ¢puszukom Iro Caonm, ¢ KOTOPOH B MOCIEAHUE TOABI OH BbI-
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CTyIIaeT Ha CTPAaHHUIAX Psfa MEXIyHApPOIHBIX XypHaJoB. [lo mMerommmces CKy-
IIBIM CBEICHUSAM OITyOJIMKOBAHBI CTAThH M KHHUTH ¢ Kputukoil TO psma 3apybex-
HBIX YYEHBIX, KAK HEU3BECTHBIX, TaK U M3BECTHHIX, B TOM ducie mpod. JI. Dccena.

MHorue ydeHsle, B ToM uuciae bpaiion XK. Yomnec, A.K. Manees, Ilerp
bexmanH, Credan Mapunos, B.M.Cexkepun u jp., nperepneBaid NPUTECHEHUS U
TOHEHMs 3a CBOU aHTHUPEISATUBUCTCKUE B3MIAAbL. B mocienHue rogasl HEKOTOpHIE
13 HUX yuuid w3 xusHu: npod. C.A.bazunesckuii, npod. Pruuapa A. Bannpon, JIn
Koe, npod. ITerp Bexkman, kaua. ¢pus.-mar. Hayk ['.J]. JlJomakuH, KaHI. TEXH. Ha-
yk A.I'. 3amsitun, noxrop Toiio fakona, bpaiion XK. Yomnec, Crehan Mapunos.
He xaxmoMy U3 HEX yoanoch IIOCTHYh UCTHHY, HO BCE OHHU €€ MCKaJlM, OTAAaBasCh
STOMY 110 KOHIIA. VIM, HCKaTeIsIM UCTHHBI, MBI H TTOCBSIIACM HACTOSIIYIO KHHTY.

B 3akmouenue BeIpaxkaro nmpusHaTelbHOCTh Tpod. JI. Dcceny, Poro Keiizy,
E. IManapemre, Onery 1. Edumenko, nokropy Jesuny JI. beprmany, npod. Ym-
Oepro baprorm 3a yiydiieHHs TEKCTa MOHMX CTaTeH, CIOCOOCTBYIONIHE MX MMy0-
JUKAIU Ha aHTauickoM s3bike. [lepenucka ¢ mpod. Auape K.T. Accucom, Jle-
BunoMm JI. beprmanom, npod. A.Jl. BrnacoeiM, moktopom [xopxkom [anerku,
Onerom /1. Edpumenko, Mumnennymom TBeiiHoM, kaHn. ¢us.-mat. Hayk JI.A. Ilo-
OenoHocueBbIM, Kana. TexH. Hayk .. CyxopykoBbiM, Pobeprom [x. XeHHOHOM,
[lto Caouy M MHOTMMH APYTMMH YKPEIUIJa YBEPEHHOCTh B CBOMX BBIBOJAX M
Obl1a UICTOYHWKOM HMH(GOPMAaIMK U HOBBIX MBICIEH, 3a 4TO s OjarojapeH mnepe-
YHCJICHHBIM YYEHBIM.

Oco0y1o 6arogapHOCTh XOUYETCS BBIPA3UTh CBOUM KoJuieraM I1.A. AmaceBy
u O.1. KportoBy 3a momoiis B pabote Hax kauroi, O.C. ['yib 3a MOATOTOBKY py-
xommc, JI.M. CMynbckoMy 3a TOMOIIE B Pa3paboTKe IPOTpaMM B B KOMIBIOTEP-
HOM OOCIJTY>KHBaHHH.

PabOora Hax xkHMTO# Oblma OBI HEBO3MOXKHA O3 OJIar0oKelaTeilIbHOTO0 OTHO-
LIeHus: K Hel qupekropa uHctutyTa B.II. MenbHukoBa, 3a 4To s €My CEpAEUHO
MIPU3HATEIIEH.

Bce 3aMeuanus 1 mokenaHus HpOCL6a HaIIpPaBJIATH 110 aJIpECy:

625026, Tromens, yin. Mansiruna, 86, uncruryt kpuocdepsr 3emiun TromHIL] CO PAH,
E-mail: jsmulsky@mail.ru
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CIIMUCOK OCHOBHBIX OBO3HAUYEHU

A —pabora,
a — [0JIyOCh DJUTUIITHIECKON OpOUTHI;

¢, ¢ = ¢l UE ;— cKOPOCTH CBETA B BAKyyME U CPEIE;

E —osnexTpuueckas HaNpsKEHHOCTD;

E; — monnas sHeprus;,

E. — kuHETHYECKAS SHEPTHS;

E; — TeroBas aHeprus;

€ — 3apsiJ| JICKTPOHA,

F — cua Bo3IeiicTBHS Ha TEJIO IPYroro Tea,

G —rpaBuTaIlMOHHAS TTOCTOSIHHAS;

H — MarHuTHas HaNPsKEHHOCTH;

h = v; R — kuHEMaTn4ecKuii MOMEHT KOJIMYECTBA IBHKEHUS,
| —BeMumnHa TOKA,

M —Macca 4acTHIIbI HIIH TEJIA;

My — HadaIbHAst Macca 00BEKTa C IIepeMEHHON MaCCOM;

my My
my +m;
M — MarHuTHBII 3apsz;
g — JICKTPHYCCKHUI 3apsif;
I =iX+ jy+ K —paanyc-BeKTOp TOYKH WUIIN YaCTHULIBI;

M =2 — IpHUBEIEHHAs Macca IBYX B3aMMOJICHCTBYIOMNX 0ObEKTOB;

f1, [, —paanyc-BeKTOPHI IBYX B3aNMOJCHCTBYOIINX OOBECKTOB;

R=r, —I; - OTHOCHTENBHBIIl PagUyC-BEKTOp MEXAY IABYyMsI B3aUMOJCIHCTBYIO-
IIUMH O0BEKTAMHU;
= ]2
R, =yR-[BxRl";
Ry =—214 / Cf — "rpaBUTAILIMOHHBIN" WJIM CBETOBOH pajuyc;

R, —pagnyc anoneHTpus: MaKCHMaJIbHOE PACCTOSHUE MEXTY
B3aMMOJICHCTBYIOIINMH OOBEKTaMH;
R, —panuyc nepuUeHTpUs: MUHUMAIIbHOE PACCTOSHHE MEXKIY
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B3aWMO/ICHCTBYIOIIUMH O0BCKTaAMH;
R= R/Rp wm R = R/Ro — IPUBEJICHHOE PACCTOSTHUE MEXKY YacTULIAMU,;

T — BpeMeHHO TIeprO IBHKCHHUS 110 TPACKTOPHH,
To.5 — BpeMEHHOH TOIYIEpHO] IBHKEHUS 110 TPACKTOPHH,

=iy + jz)y + Kv,; v — CKOPOCTB JBIKCHHS YACTHILIHI;
0y, 0; —paaHalbHAas U TPAHCBEPCAIbHASI CKOPOCTH YACTHIIBI;
0y, Vyo — PAAMANIbHAS U TPAHCBEPCAIbHASI CKOPOCTH YaCTHIIBI B TOUKE Ry;

vp — TPAHCBEPCAIbHAS CKOPOCTh YACTHLIBI B [IEPULICHTPHH;

v, =0, / Vps 5,0 =0, /vy — IPUBEJEHHBIE Pa/IHAIbHbIE CKOPOCTH;
DR — CKOPOCTH IIPUEMHHUKA U3ITyYCHHS,
g — CKOPOCTb UCTOYHUKA U3IIy4EHHUS,
W — YCKOPCHHE YaCTHIIbI WM TCIIa,
= 3%, .
emsS’
Xik » Yik » Zik » Uik » Vi » Wik » Ui s Ojjic » Wije — TIPOCKLIMM KOOPIMHAT, CKOPOCTH U

p

YCKOPEHHS YaCTHUIIBI C HOMEPOM |, |, K.
2[4 Ry

a= = ——— —mnapaMmeTp B3aUMOJICHCTBHUS;
Rpcl2 RP

a, =l / (vag), —IapaMeTp TPaeKTOPHH,

a’lo = /11/ (Rovtzo) — apaMeTp TPAeKTOPUH MPHU OTHECEHUU K MPOU3BOJIBHOM TOUKe
¢ paxuycom Ry;

Bo =v/c; B=0/cy; By =vy/ci; By =vy /e By =v,/¢t; Pro =vi0/Cis

B0 =0/CL — CKOPOCTB YaCTHILIBI 10 OTHOLIEHHIO K CKOPOCTH CBETA;

V=N By =By vy =N BE = B7 o =\1-Bi = B
£ — NUDJICKTPUYCCKasl IPOHULAEMOCTh CPE/IbI;

& —9KCLCHTPUCHUTET TPACKTOPHH,

M —MarbHuTHas NpOHULACMOCTb CPEHI,

4, = 3 (m +my)
amm,

HI/I6O FpaBI/ITaHI/IOHHOFO B3aPIMO,Z[eﬁCTBPIH;

£ —IUIOTHOCTH JICKTPUIECKOTO 3apsia;

mbo 4 = —G(rrh + mz) — KOHCTaHTHI 3JEKTPOMAarHUTHOIO

ag = %) —IIOBCPXHOCTHAs IJIOTHOCTD 3apsaa IJIACTHUHBI,
al

@ — MarHMTHBINA MOTOK;
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@1 — YIJIOBOM MEPUOA TPACKTOPHH;
@, — yIJI0BOIl IEPHO SIUTHIICOBHAHON WIIM KOHEYHOM TPaeKTOPHH, T.€.

YIJIOBOE PACCTOSIHME OT TEPHIEHTPHUS A0 ANOLEHTPHS; JINOO MOIYyroil MEXIY
ACUMITOTaMH JIJIsl THIIEPOOTIOBUIHBIX TPASKTOPHUH, OTCYUTHIBAEMBIH 32 CTPEITKOH
4acoB OT OTPHIATEIHFHOTO ITOJI0KEHUS OCH X;

@p — MOJHBIN YIIIOBOI EpUOA KOHEUHOM TPaeKTOPUH, IPU KOTOPOM

YacTHIIA BO3BpALIaeTcs B OAHY U TY K€ TOUKY IMPOCTPAHCTBA C

HEU3MEHHOHN CKOPOCTBIO.

JnbdepenmnumansHabie onepaTopshl:

A=719 +79 k2.
0X oy 0z
2 2 2
A=00= 6—2 +0—2 +6_2 —omneparop Jlamaca,
ox= ody° o0z
_po L _ e
D—A——zElat—z —omepatop Hamambepa, rae ¢; =C mubo ¢ =C;;
G
gradu = Ou;
- o 0
div A= DA:%+&+%;
ox o0y 0z
- e 0 - - 0
rotA:cuﬂA:[DxA]:i aﬁ—i +j ai_ai +k i_ai :
dy 0z 0z 0OX ox oy

div gradu = [J Eﬁiu): Au;
graddivA =0 [ﬁiﬂ)zAﬁ&[i x[OxA];

rot rot A=(] [ﬁi,&)— 02A.
HurerpanbHbie TeopeMsl [24]
§A(r)d§ = JiA(r)dV — Tteopema ["aycca-Octporpasckoro;,
S \%
JIAr)xdS] = -[[Ox A aV;
S v
ju(r)dé = jﬁu(r)dv;
s v

§A(r)dr = j[i X A(r)] dS —teopema Crokca.
S
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Hcnonb3oBaHHBIE KOHCTAHTEI

¢ =300 cmlc — CKOPOCTD CBETA;

my, = 16720102 r —macca MPOTOHA;

M = My, = 9109510 %8 r —macca JJIEKTPOHA Y IO3UTPOHA;
e=48010Ocm 5 0'5/ ¢ —3apsl dJIEKTpOHaA,

Rpo =14 10" cm — paauyc NO3UTPOHA;

Ror = 2817007 cm — panuyc NpoTOHa,;

G =6.672501011 M3/ (c2 ﬁcr) —rpaBUTAlMOHHAs ITIOCTOSIHHAS,
mg = 197 M10%* kr —macca ComHia;

mg =596 [M0%* kr —macca 3emiu;

Rg = 695 1ot m —panuyc CouHIa;

re =la.e.= 1.496[10" m — cpenree paccrosiaure 3emin ot CoHIla;
Re = 637210° m — CPeOHHI paanyc 3emiy;

ap =3952 a.e. —6onbuas nonyocs [liyrona;

re = 231010 M — paccrosiHue 10 Onvkaniiei 38e3apl a—l{enraBpa.

[Tapamerpsr opoutsl MepKypusi:

a=0.387a.e.; e=0.206:T =0.204rona;i =7°0.2".
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I'IABA 1

OKPYXKAIOIIIU MUP
U OCHOBHBIE IMOJIOKEHUS EI'O OIIUMCAHUS

1.1. ®U3NYECKASA TEOPUS U OITMCAHUE ITPUPO/IbI

Hacrosimiass KHUTa MOCBSIIICHA TCOPUH B3aMMOJACHCTBHS. UTO Takoe Teopusi?
Ectp Teopumn kopaliisi, caMojeTa, CICCApHOrO JIeia M €CTh (PU3MYCeCKasl TCOpHs,
HAIIpUMEp TEOPHsI OTHOCUTEIBHOCTH, KBAHTOBAs TCOPUs. B MEpPBBIX TpeX Teopusix
OIKCHIBAIOTCS MPHUHIUIIBI U METOJIBI BBIOJHEHUST PabOTHI: MOCTPOiiKa Kopaods,
caMoJieTa, U3rOTOBJICHUE JIeTanel, cOopka M3AeNuid. DTH TEOPHH OTIUIAOTCS OT
TIPaKTUKHA TE€M, YTO OHU HMCIIOJNB3YIOTCS B mocienneid. Hampumep, cTpouTcs camo-
JIET, KopalJib WU cliecaph OepeT HAMMILHUK H B COOTBETCTBHH C TEOPHEH OIUIIH-
BaeT UM JIETAJIb.

A 41O Takoe ceromHs (huzmdyeckas Teopusn? IT0 HEUTO HHOE. B dusmueckoi
TEOPUU MPUHUMAIOTCS UCXOJHbBIE TUIOTE3blI (MMOJOXKEHHsI, MPUHIIMIIBI) U HA HHUX
cTpouTcsi KapTuHa mupa. Tak, B Teopud otHocutenbHocTH (TO) Ha OCHOBaHUH
MPHUHIUIIA OTHOCUTEILHOCTH ¥ MIPHUHIUIA MIPEICIFHON CKOPOCTHU MMOCTPOCH MHP, B
KOTOPOM IIPOCTPAHCTBO, BPEMs W Macca 3aBUCIT OT OTHOCHTCILHOW CKOPOCTH
JBYDKEHUS. JIOMOIHEHE 3TUX MPUHIIUAIIOB TUIIOTE301 O CBETOBOIM CKOPOCTH TSTO-
TEHHUSI W 3aMCHA alreOpanvecKkoil MaTeMaTHKUA HAa TCOMETPHYCCKYIO MPHUBEIO K
0011eit TeOpUU OTHOCHUTENBHOCTH, B KOTOPOH MHUp SIBIISIETCS MCKPUBICHHBIM Ue-
TBIPEXMEPHBIM TIPOCTPAHCTBOM-BpeMeHeM. TakuM 00pa3oM, TpoIecc pa3BUTHS
(hu3mUecKoit TeOpHUH SBIISETCS MPOIECCOM CO3TaHHUSI MUPA.

Wrak, cymecTByeT IBe pa3HOBUIHOCTH TEOPHH, JBa CIIOC00a €€ ITOHUMAaHWSI.
OpnHa — 9TO ONMHMCaHWE pacCMaTPUBAEMBIX OOBEKTOB: CBOWCTB MPUPOIBI, IPUEMOB
W METOJIOB YeJIOBEUECKOW ACATENLHOCTH U T.JI., a ApPYyras — MpOIecC TBOPEHUS
mupa. [lox Teopueli B3aUMOJCHCTBUS MBI OyJeM MOHUMATh MEPBEIA BUJ TCOPHH.
B Heit OynyT OmUCHIBAThCSI METOMBI pacdyeTa B3auMOACHCTBHNA. TpaJuIIHOHHO ATH
BOTIPOCHI PacCMaTPHUBAINCE MeXaHUKOH. C MOsBIeHUEM 3ekTpoanHamuku, TO,
SICpHON (DM3HMKH, TCOPHH 3JICMEHTAPHBIX YACTHIl, KBAHTOBOM MEXaHWKH, U JPY-
rux o0nacTedl COBPEMECHHOW (PM3MKH B3aUMOJICHCTBUS CTAJIM MPEIMETOM HCCIC-
JIOBAaHUS HOBBIX HAYK U BBIILIU 32 pAMKH MCXaHHUKH. B JambHEHIIeM OHH JOJKHBI
BEpPHYTHCS B e JJoHO. Ha maHHOM 3Tarme 1menecoo0pa3Ho OmpeIesIuTh BCIO 00J1aCTh
B3aUMOJICHCTBUN B BUIE OTAECIHHOM HAYKU — TEOPUM B3aUMOMCICTBHUA, TOa4YEp-
KHBas ee OOIIHOCTh B pa3HbIX pazzaeniaXx (HHU3UKH.

Hayxka, B 9acTHOCTH (U3HKa, pa3BUBAJIACH HE TI0 3apaHee HAIMCAaHHOMY CIIe-
Hapuio. B Heil OIHOBPEMEHHO CYIIECTBYIOT Pa3jMyYHBIC B3TJISIIBI, Pa3IMIHBIC
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TOAXOMbI M TIPUEMBI, KOTOPBIE MHOT/IA Ja)K€ B3aUMHO MPOTHBOIOJIOKHEI. Ciieno-
BaTeIbHO, UMEIOTCS Pa3Hble B3TIIAIBI HA TCOPHIO M TEM CaMbIM Ha caMy HayKy.
SIBnsIsICH CTOPOHHUKAMHU OJHOTO W3 HUX, MBI HEe OyZeM MPUBOIUTH HEOOXOIUMBIE
U JIOCTAaTOYHBIC JOKA3aTeIbCTBA OMIMOOYHOCTH OpyruX. Ho oTaensHOe 000CHOBA-
HHUE HAIIET0 BBIOOPA MOMBITAEMCS 3/1€Ch H3II0KHUTh.

1.2.OKPYKAIOIIIMIA MUP U ETO OITUCAHUE

Bce, 4T0 Hac OKpyKaeT U ¢ YeM MBI ITOCTOSTHHO UMEEM JIeJI0, MOYKHO pasfie-
JUTH Ha aBe obmacTu. [lepBas — 3TO OKpyKalOMUH MHpP, KOTOPBIH HE 3aBUCHUT OT
HaIINX pacCyXJeHui: He0o, 3Be31Ibl, ACPEBbs, HAIl IOM, MIPEIMETHI B HEM | T.1I.
Btopas o0nacTe — 3TO ommCcaHWE OKPYXKAIOIIETO MHPA, €r0 OTPaKCHHE B HAIIHX
ymax, ero nonnManue. OHO CONIEPIKUTCS B KHUATAX, U3yJaeTCs B IIKOJIE, IMEETCS B
HamieM co3HaHuu. Ecim okpyXarommid MUP Mbl CBOMMH PaCCYXIACHHSIMH H3MeE-
HUTh HE MOXEM, TO HAIllle MOHMMAaHHWE MHUpA TOCTOSHHO MeHsercs. Hampumep,
paHbIIIe YEIOBEK MPECTABIISUL, YTO 3eMIIS SBISICTCS LIEHTpOM BceenenHoit u Hebo-
cBOJ Bpamaercs BOKpyr 3emuu. Ceiyac MBI 3HAEM, 4YTO 3eMJIsl BPAIIaeTCsl BOKPYT
cBoel ocu, obpamaercs Bokpyr Couana, CoJHIIE COBEpIIACT JBMKCHHE BOKPYT
neHTpa ["amakTWKy, a TOCEHsSI COBEPIIACT JBHKCHHE MPH B3aUMOJICHCTBUU C
JPYTUMU ranaktukaMu. OIHAKO CYIIECTBYET Macca APYTUX IMPEACTAaBICHUMU, KO-
TOpBIE HAITKM MMOTOMKH COYTYT 3a0yXKIACHHUSIMH, U TIOHUMaHUE MHpa KOPEHHBIM
obpa3zom uaMeHUTCs. Kpome Toro MEHSIOTCS TaXke CriocoObI TPEICTABICHUS MH-
pa. Tak, eciu B IpeBHOCTH MUP TIPEICTABIISUICS B BHIIE TIOHATHBIX 00pa3oB: 60TOB,
CTUXWH, 3eMJTH, OTHS, ddupa, u T.II., TO ceiiuac OH MPEJCTABISICTCS B BUJE MaTe-
MAaTHIECKUX OOBEKTOB. BOJTHOBBIX (DYHKIIUH, CHHTYJISPHOCTEH, COTMTOHOB, CTPYH,
YPOBHE YHEPTUH, TCH30POB YHEPTUU-UMITYJIBCA U T.1I.

Kak MBI BUIIM, OTMCaHHE MUPA MOXKET CYLICCTBEHHO OTIMYATHCS OT CaMOT0
mupa. Ho TeM He MeHee eCTh HEKOTOpBIC MPUEMBI OIKMCAHUS, KOTOPHIC IAr0T
MPAaKTHYCCKH HCU3MCHHBIC 3HAHUS O HEM. MBI 3HaeM JIUTEIBHOCT TO/1a B IHAX H
JTHS B Yacax, 3HaecM BBICOTY IOp W MIIyOWHY MOpEH, 3HaeM TeMIepaTypy 3aMep3a-
HUS BOJBI M TEMIIEPATypy IUTABICHUS CTaJIHM. B 3TUX 3HAHUSAX MBI yBepeHbl. OHH
OCHOBaHBLI Ha COITOCTABJIEHWHM CBOMCTB 00BEKTOB. OCTAaHOBHUMCS Ha 3TOM OoJjee
JIETAJIHHO.

1.3.UBMEHEHUE OFBEKTOB
OKPYXKAIOIIEI'O MUPA U BPEMSI KAK EI'O MEPA

Bnauane BBIAENSAIOT ONpEeIeHHbIE CBOMCTBA, KOTOPHIMU XapaKTEPU3YIOTCS
00BEKTHI OKpYKaromiero Mmupa. Hampumep, Bce 00BEKTHI ITOIBEPIKCHBI H3MCHCHH-
M. YemoBek poxkIacTcs peOCHKOM, pacTeT, MPEBPAIIacTCs B FOHOITY, CTAHOBUTCS
3pembIM, 3aTeM CTapuTcs U ymupaeT. Ha npoTsikeHUu KU3HU YelloBeKa MPOUCXO-
AT npyrue m3meHenus. EskenneBHo CoJtHIE mepeMernaeTcst o HeOoCcBoIy, Mpo-
HUCXOIAT CMEHa AHS W HouH, (a3 JIyHbI, ce30HOB roja. MHOTHE W3 W3MECHEHUH
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MOBTOPSIFOTCS. U SIBJISIIOTCS LIUKJINYECKUMH, Pyrue ObIBAIOT YHUKAJIbHBIMUA — MO-
SIBIIEHUE CBEPXHOBOMW 3BE3JIbI, CTOJIKHOBeHHE KoMmeThl JleBn - Illymekepa ¢ FOmm-
TepoM. CBOMCTBAa M3MEHEHUS] M ABMKEHHS XapaKTEpU3yIOT BCe OOBEKTHI OKPY-
JKAIOIIEro MUpa.

Jis ompeneneHus Mepbl M3MEHEHHS! OOBEKTa YEJIOBEK COIMOCTABISIET 3TO
HU3MEHEHHE C KaKUM-JIMOO ATAJIOHHBIM M3MEHEeHHeM. B mporlecce denoBeueckoit
HCTOPHH M3MEHCHHS Pa3HBIX 00BEKTOB BHIOMPAJIHCH B KAYECTBE ATAJOHHBIX: IIHK-
JMYecKas CMeHa JHs U HOouH (CyTkH), cMeHa (a3 JlyHsl (Mecsl), CMEHa CE30HOB
morojibl (rox), CMeHa MOKOJICHUi, CMEHA TUHACTHM, BRITEKAHUE BOJbI WK TIECKA
13 eMKOCTH, MMOBTOPSIONIMECs ynapsl cepiua. B pesynbrare comocraBieHUs u3-
MEHEHHsI 00bEKTa C M3MEHEHHEM O3TallOHA OINpPEessIeTCs] BEIMYMHA M3MEHEHHSI.
Ona BbIpa)KaeTcsi B KOJUYECTBE STAJOHHBIX M3MEHEHHIH WJIM B KOJHUYECTBE HX
JoJieil 1 Ha3bIBaeTcst BpeMeHeM. Hanpumep, U3MEHEeHHe YellOBeKa, T.€. ero KU3Hb,
npoxoaut B cpentem 3a 70 oboporoB 3emin Bokpyr CoOJHIIA, YTO HACHTHYHO KO-
JMYECTBY LMKIOB HM3MEHEHHUs: ce30HOB. CyIIECTBYeT HECKOJBbKO pe3yJbTaToB
CpaBHEHUSI M3MCHCHUIA: JUTUTENFHOCTh, MMPOMEKYTOK BPEMEHH, MOMCHT BPEMEHHU
U T.J., KOTOPbIE SBISIOTCS CHHOHMMaMU JMOO YTOUHSIOT OCOOEHHOCTH H3MEHe-
Huii. [IpoMexyTok BpeMeHH 0003HayaeT KOJMYECTBO LIMKIIOB STAJOHHOTO M3Me-
HEHUsI, SKBHBAJICHTHBIX PAacCMATPUBACMOMY H3MEHCHHIO. A MOMCHT BpPEMCHH
paccMaTpuBaeMoro M3MEHEHUsI 0003HaYaeT MPHUBS3KY €ro K ONpPEACICHHOMY IIHK-
Jy 9TaJOHHOTO N3MEHEHHSI.

B 3aBucHMOCTH OT BBIOOpA 3TAJIOHA OJIHO M TO )K€ M3MEHEHHE OyIeT BbIpa-
JKaThCsl pasHOM BeamuuHOM. Hampuwmep, Bospact nyba pasen 350 romam wiu 5
YeJI0BEUECKUM JKU3HIM. B mporiecce deroBeueckoil AearesibHOCTH Obla co3aaHa
CHCTeMa JTaJIOHOB U3MEHEHMH: CEeKyHJa, MUHYTa, Yac, CyTKH, TOJ U T.I. U ycTa-
HOBJICHBI TOYHBIE COOTBETCTBHSI MEXIy HUMHU. B pesynprare comocraBieHHs U3-
MEHCHHH OOBEKTOB C STAJIOHHBIMUA U3MCHECHUSAMH MBI MOJTy4acM 3HAHHUS O MUpE:
yepenaxa xuBeT 3007er, cexBoits — 5000meT, a 3emus cymecTByeT S mipy Jer.
OTH 3HaHWA HUKOTAA HE CTaHYT 3a0ayxneHussMA. OHH MOTYT MpETEpIicBaTh He-
KOTOpBIC KOJMYCCTBCHHBIC W3MCHCHHS, BBI3BAHHBIC HECKOJIBKUMHU NPUYMHAMH.
Bo-niepBrbIX, mpoliecc cpaBHEHHsT BIIOCIEICTBUN MOKET BBIIONHATHCS C OOJIBIICH
TOYHOCTBIO. Hanpumep, NmpomoipKUTENEHOCTh rofja Oblla CHavdajia ONpesiesicHa B
365 nHell, HO MO UCTEUEHUH MHOTHX JIET OHA YTOYHSIETCS U Tereph ¢ TOYHOCTHIO
JI0 T 3Hadanmx udp cocrariser 365.251Hei. Bo-BTOPBIX, H3MEHEHHS H3Y-
4aeMoro o0bEKTa MIIM ATAJOHAa MOTYT 3aBHCETh OT Pa3HbIX 00CTOATENbCTB. IIpn
HEOJIaronpHsTHBIX JKHU3HEHHBIX YCIOBHSX MPOJODKUTENLHOCTD JKH3HU YeOBeKa
MoskeT ObITh He 70, a 35 meT u make MeHbIIEe. A MasTHUKOBBIC 4acChl, IEPEHECECH-
HbIE B TOYKY C JPYTHM YCKOPEHHEM 3€MHOTO TATOTCHUS, WIH NPYKXHHHbIE — B
MOMEIIEHUE C JPYroil TeMIepaTypoH, MOKaXyT APYTYIO JUIUTEIEHOCTh MU3MEHe-
HUA. B-TpeTbnx, camMu U3MeHeHHs Takxke m3MeHsrorces. [lo Mepe u3Hoca M3MeHs-
eTcsl X0 MexaHWdeckux 4acoB. C yBelIWYeHHEM KOoJMdecTBa 00OPOTOB 3eMIIH
Bokpyr CoyHIA M3MEHSETCS MPOJODKUTENEHOCTD Toa B cyTkax. [loatomy pe-
3yJIbTaT CPAaBHEHUsI M3MEHEHUH JIOJDKEH OBITh NMPHUBEAEH K 00CTOSTENBCTBAM, OT
KOTOPBIX OH 3aBHCHUT, U K MOMEHTY cpaBHeHHs. [Ipu sKcTpanossiuuu ero B 0yay-
iee WM MPOLUIOEe HEOOXOAMMO MPOBECTH JOMOIHHUTENBHBIE HMCCICIOBAHHS MO
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HN3MEHEHUIO N3MEHEHHH M3y4aeMoro o0beKTa M TAJOHHOIO U CKOPPEKTHPOBAThH
pe3ynbTathl cpaBHeHHs. Hanpumep, Bozpact 3eMin 5 MIIpA JIeT OTHOCUTCS K HBI-
HellHeMy JBIKeHHI0 3emin Bokpyr CosHna. Bo3moskHO, OT Hayana CBOETro Io-
sBienust 3emurs cosepria 100miapa o6opoToB Bokpyr ConHua, a MoxxeT Beero 1
mipa. Bo3moskHo, uyTo 2 Mipx 000poTOB Haszan 3eMiM Kak TakOBOHW He ObLIO, a
CyIIECTBOBaJIO yedeBuiieodpasnoe qupdysnoe odako. Kak Mbl BUaMM, TIIATENb-
HOE M3y4YEHHE METOJIOM CPAaBHEHUS MOXKET OTKPHIBATH HAaM MHOTHE 3HAHUS O MHU-
pe. U ecnu Ml OynieM y4UTBIBaTH OOCTOSITEIBCTBA CPABHEHUS, TO TAKOE OIIMCAHNE
Mupa OyIeT OCTaBaThCsi BEPHBIM IO TeX IOp, IIOKAa OHW HE M3MEHSTCS WM He
BCTPETATCS O0CTOATENILCTBA, KOTOPBIE MBI IIPEXE HE YUUTHIBAIIH.

1.4.BEJINYNHA OBBEKTOB U EE MEPA

BTtopoe cBOICTBO OKpy’Karomero Mupa, ¢ KOTOpbIM HauboJiee 9acTo CTaJIKH-
BaeTCs YCNIOBEK, SBISCTCS BEIMYMHA 00BEKTOB. [Ipu comocTaBlieHUH OOHAPYXKHU-
BaeTCs, YTO OJMH OOBEKT MEHBIIIE WK 00JblIe Apyroro. Tak, majuel MeHbIIe CTO-
IBI, CTOIA MEHbIIIE PYKH (10 JIOKTEBOTO CYCTaBa), pyKa MEHbIIE YeIOBEKa, Yeso-
BEK MCHBIIC JepeBa. MHOTrHe U3 MEePEYUCICHHBIX 00OBEKTOB BEIOMPAIIICH B Kade-
CTBE JTAJIOHOB: PyT, TOKOTH, I1ar. BennmunHa 00bEKTa ONPEeNsIeTCs B Pe3yabTaTe
CPaBHEHHSI €r0 C ATAJOHOM M BBIPAXKAETCSI KOJIMYCCTBOM ITAJIOHOB WIJIM UX JIOJIS-
mu. Hampumep, BennunHa MyX4uHbI paBHsiercsi 6 dyram. B Hacrosimee Bpemst
OopmIasi 9acTh HYEJIOBEYECTBA MOJB3YETCS CHENUANBHO CO3JAaHHBIM 3TaTOHOM
BEJIMYMHBI WIN JUIMHBI — IJIATHHO — WPHUIUCBBIM OpycoM X-00pa3HOTO CedeHHS,
kotopelii xpauurcs B Cespe (PpaHIms) B MEKIyHAPOIAHOM GIOPO MEp M BECOB.
Benuuuna 6pyca npu temneparype 0 °C Mexay AByMs HaHECEHHBIMH HAa HEM
MITPUXaMH Ha3bIBacTCsS MeTpoM. TakuM 00pa3oM, BeIHMYHMHA OOBEKTOB KaK B MaK-
PO-, TaK U B MUKPOMHUPE BBIPAXKACTCS B KOJIMYECTBAX WU B IOJISIX METpa.

BennuuHa 0OBEKTOB, KaK U HMX H3MCHCHHE, 3aBHCHUT OT MHOTHX OOCTOSI-
TEJBCTB. HATIPUMEP, TEMIICPATYPHI, JABJICHHUS U JIP. DTATOHHBIN METP U3TOTOBJICH
W3 TAKOTO Marepuaia, KOTOPhIA B HEKOTOPOM JAMAna30He TeMIIEPaTyphl HE U3Me-
HSET CBOI BenuuuHy. OJHAKO U3MCHEHUE TEMIICPATyphl B OOJBINEM HANa30HE
WJIH TIPOBEACHUE U3MEPEHHI B 0OCOOBIX 00CTOSITEIhCTBAX HEOOXOANMO YIUTHIBATH
TIPH OTIPEICIICHUH BETTMYUHBI OOBEKTOB.

BenmunHa omgHOTO YemoBeKa MOXET OBITH OOJBIIE APYroro B HANPaBICHUU
OT TIAT JI0 TOJIOBHI, OOJBIIE TPETHETO B HANPABJICHUH IIJIEY U OOJIBINIE YETBEPTOTO
B HAIPaBJICHUH CIIMHA — )KUBOT. DTO CBOHCTBEHHO W Ui APYTHUX OOBEKTOB, T.C.
M TPUCYIIH TPHU BHIA BEIUYMHBI B TPEX B3aMMHO NEPHCHINKYIISPHBIX HAIPaB-
nerusax. OTHAKO JUIS WX WU3MEPCHUS HCIONB3YeTCsS OJUH U TOT ke dTanoH. [Ipu
PACCMOTPEHHH JBYX TEJ HEOOXOIMMO OIMPEICITUTh BEITUUNHY MPOMEKYTKA MEKITY
HuMH. [IpOMEKYTOK, KaKk U BEIHMYHHA OOBEKTA , PACIONaracTCsl B TPEX B3aHMHO
MIEPIICHANKYIISIPHBIX HAMIPABICHUSAX. BEIMYMHBI IPOMEKYTKOB MEXKIY OOBCKTaAMH
M3MEPSIFOTCS TEM K€ ATaIOHOM JUIMHBL. OOBEKTHI M MPOMEKYTKH MEKIY HUMH
00pa3yIoT UX BMECTIIININE, KOTOPOE HA3BIBAIOT IPOCTPAHCTBOM.
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CymecTByeT MHOTO Pa3HOBHIHOCTEH Mep BEIMYMHBI OOBEKTOB: pa3zMep,
JUIMHA, MIMPHUHA, BBICOTA, TIIyOWHA, PACCTOSIHHAE U T.A. Bce OHH MONTydaroTcs MmpH
CpaBHEHHMH BEIMYMHBI OOBEKTA C OJHUM M TEM XK€ STAJIOHOM BEIMUYWHBI. Pa3zmep
00BEKTa —3TO PE3yJbTAT COMOCTABIICHUS BEIMYMHBI 00BEKTA C BETUYUHON ITATIO-
Ha. J/[nHa — HanOoNbIIKi pa3Mep 00BEKTA, IIMPUHA — CPEIHUIA pa3Mmep, Kak mpa-
BWJIO B FOPU3OHTANBHOW IIOCKOCTH. [ TyOMHAa — pa3mep 0OBbeKTa MO BEPTUKAIU
BHU3. PaccrosiHue MeX 1y 00bEKTaMu — pa3Mep MPOMEXKyTKa Mexay Humu. Cyrie-
CTBYET PsiJi CBOUCTB OOBEKTOB: IIOMIA/b, 00beM, (hopMa, KOTOPBIC ONPEICISIOTCS
KOMOHMHaIel pa3sMepoB 00BEKTa.

B pesynbpTare cpaBHEHUS BEIUIMHBI OOBEKTOB MBI Y3HAEM PACCTOSIHUE MEX-
Iy TeJIaMH W TOPOJaMH, JJIMHBI PEK, BBICOTY TOP, IUIOMIAIH CTPaH, AHaMETp 3eM-
JIM, paccTOsTHKE 10 3Be3/. MHOTHe HayKH BO3HUKIIHN OJaronaps N3MEPEHUIO BEIH-
9uH 00BEKTOB: Teorpadus, reoMeTpusi, acTpoHoMus. [lo-BunuMomy, o6beM 3Ha-
HUH, TOJTY9YCHHBIH B pe3yJbTaTe CPABHEHUS BEJIMINH OOBEKTOB, SBIIETCS CaMBIM
OonpmmM. BenmnamHa — 3TO OCHOBHOE CBOWCTBO 0OBekTa. JIo TeX mop, Mmoka Mbl
HAJIC)KHO HE 3HAEM €ro, Mbl COMHEBAaeMCs B CyIIECTBOBaHMH 00BekTa. Hampumep,
OTCYTCTBHUC 3HAHUI O BEJIMYMHAX 3JICMCHTAPHBIX YACTHUI[ B COBPEMCHHOM (hU3UKE
BBI3BIBACT COMHCHUE B UX CYIICCTBOBAHHH.

1.5.BE3I'NITIOTE3HOE OIIMCAHUE
OKPYXKAIOIMEI'O MAPA

KpomMe m3MEHIMBOCTH M BETMYUHEI CYIIECTBYET MHOTO IPYTHUX CBOWCTB OK-
PYXKaroIero MUpa: TEIIo, CBET, 3BYK U Jp. JlJIs UX OIICaHUS YEIOBEK TaKKe BBEI
STaJIOHBI, B pe3yibTaTe CPaBHEHHSA C KOTOPBIMH 3TH CBOICTBA OIPENEINSIOTCS B
rpagycax TeMIIEpaTyphl, KOJHUYECTBE CBEYCH CBETUMOCTH, JCHUOEIaX TPOMKOCTH
H T.J. DTO TO3BOJSIET ONPEACTATh CBOMCTBA OOBCKTOB, YCTAHABIMBATEH BITUSHHC
OJIHMX CBOMCTB Ha Jpyrue. HapUMEp, TEMIEPATYphl Tella HA €ro CBETUMOCTbD,
JUIMHBI CTPYHBI Ha TOHAJTBHOCTH 3BYKa, TEMIICPATyPHI U JIABJICHUSA HA 00BEM Tasa.
B pesynbraTe 4enoBek HaAXOIUT COOTHOIICHUS MEXIy CBOWCTBamMH. TakuMm oOpa-
30M CO3JIAIOTCS OOJIACTH ONMCAHUs TOBEACHUS OOBEKTOB MPUPOIBI, HAIIPHUMED,
TEPMOJWHAMHUKA, ONITHKA, YIEKTPOIMHAMHUKA H T.JI.

B nmanbHelIeM BBIACIAIOTCS 0oJiee CIIOKHBIE CBOMCTBA, KOTOPHIE SBIISIOTCS
KOMOUWHAITEeH TPOCTHIX. JIpyrue CBOWCTBa, HA00OPOT, METAIN3UPYIOTCS U OKa3bI-
BAIOTCSI 3aBUCSIINMH OT paHee BBEICHHBIX BEJIMIHH. Tak CO34aeTCs CHCTEMa OIIH-
CaHMS OKPY’KAaIoIIEero MHpPa, B KOTOPOW OMpEIeNiCHBl BEIUYWHBI CBOHCTB ITyTEM
CpaBHEHHS C STAJIOHAMHU M YCTAHOBJICHBI 3aBHCHMOCTH MEXIY CBOWCTBAMH 00B-
€KTOB B BUJIE 3aBUCUMOCTEN MKy BEJIMYMHAMH.

[omy4yeHHBIC TaKUM 00pa30M 3HAHHS 00 00BEKTAX OKPYKAIOIIET0 MHpa TMO-
3BOJISIIOT NPEJCKa3bIBaTh UX MOBEIECHUE, OPUEHTUPOBATHCS CPElM HUX, BOCCO3/a-
BaTh UX OTJACJIBHBIC CTAJNH WU Ja)Ke KOHCTPYUPOBATh TaKHEe KOMOWHAITUH SBJIC-
HUH, KOTOpBIC B MUpE HE MpoUcXoquiu. Hampumep, denoBek co3fan O0ObEKTHI,
KOTOpPBIE TIPEOIOJIeNI 3eMHOE MIPUTSHKEHNE U BRIIILUI B KocMoc. B 3ToM mporiecce
PE3YNIBTATHI YEIIOBEYECKUX JACHCTBHIA OYIyT COOTBETCTBOBATh HAMEPECHHSM C TOU
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TOYHOCTBIO, C KaKOW CBOMCTBAa OOBEKTOB OBLIM COIIOCTABIIEHBI CO CBONCTBAMH
sTanoHoB. IIpn 3TOM, ecTecTBEHHO, MOJKHBI OBITH COOJIIOAEHBI YCIOBHUS COIIOC-
TaBJICHUS.

B npencraBieHHOM nponiecce NO3HAHUS IPUPOJIbI TUIIOTE3BI U MPEATION0NKE-
HUS O MEXaHU3Max SIBJICHUI He BBOJIATCS B paccMoTpeHue. Ha HuUX He cTpoutcs
KapTuHa MUpa. 37eCh OKPYKAIOIUNA MUP M3y4aeTcsl, COMOCTABISIETCS U U3MEPS-
etcs. U mon Teopuel 3/1ech CleAyeT MOHUMATh OMUCAHUE CBOWCTB OOBEKTOB IMPH-
POAbI, METOAOB YEJIOBEYECKON JESITEIbHOCTU U UX PE3YJILTATOB.

CnoXuBIIAsCS CHCTEMAa OC3TUIIOTE3HOTO OMMCAHUS CO3/]aHa YEIIOBEYCCTBOM B
TEUEHUE THICSIUENICTUN M SBISAETCS MHOTOTPAaHHOM M MHOTOIUTAaHOBOM. Kaxmwrit
YeNIOBEK M3Y4aeT €€ IO OTHACIBHBIM 3JIEMEHTAaM M HUKOTIAa HE IT03HAeT BCIO CHC-
TeMy nenukoM. OH, Kak IPaBHJIO, HE YYaCTBYEeT B BEISBICHUHM HOBBIX CBOMCTB
MHpa W BBEJICHUHM HOBBIX JTAJIOHOB. Y HETO CO3JAETCS BIIEYATIICHUE, YTO MEPHI
CBOWCTB MPEJICTABIAIOT HEKOTOPBIA MHpP, KOTOPHIA CYIIECTBYET HE3aBUCHUMO OT
HETo, CYIIEeCTBYyeT OOBEKTHBHO W BEYHO. EMy mpencraBiseTcs, 9TO CyIIECTBYET
BpeMs, B KOTOPOM BCE COOBITHSI pPa3BHBAIOTCS, CYIECTBYET IMPOCTPAHCTBO, B KO-
TOPOM pa3MemarTcs Bce OOBEKTHI OKPYXKAMOIIEro Mupa. B pesympTare Takoro
MPEJICTABIICHHS Y YEIOBEKa BO3HUKAIOT BOIIPOCHL: a UTO TaKOE BpeMs? JTO Kakas-
TO cymHOCTH? MoxkeT, OHO muckperHo? Wnm mpeBpamiacTcs B SHEPTHIO Kak
npeanoinaran H.A. Ko3eipes, a MOXKET, B IPOCTPAHCTBO? AHAJIIOTUYHBIC BOIIPOCHI
MOSIBJISIIOTCS B OTHOILLIEHWU MPOCTpAaHCTBA. SIBisieTcs JIM OHO KakoO-TO CYIIHO-
cThI0? MaTepuaibHO i 0HO? VICKPHBJICHO OHO WIIM MPSIMOJIMHEHHO M M30TPOII-
HO? JIBe mapasuiesibHbIe MpsSMbIe MEPECEKAIOTCs B HEM HIIM HE MEePEeCeKaroTcs?
Moxer nepecekaroTcs, a MoXeT u Het? [IpuMeM cHayana OJHy Hapagurmy, a 3a-
TEM APYTyIo. OTH ¥ MOA0OHBIE TUTIOTE3Bl 1 COMHEHHS OBJIAIEBAIOT JIIOJBMH, €CIIH
OHH TEPSIOT NMPEICTABICHHE, TJe OKPYKAIOLIHA MHUp, a T/Ie €T0 OIHCAaHHE.

BBeieHHBIC YEIOBEKOM MEPhI CBOWCTB: MPOCTPAHCTBO — ISl BEIMYUHBI 00b-
€KTOB, BpeMs — JJI1 UX U3MEHUYHUBOCTH U T.[. — SBJSIIOTCS OMHCAHUEM OKpPYXKaro-
Iero MHUpa. ITO OMUCAHUE MOTIIO OBITh APYTrUM. MOTIH OBITh BBIICICHBI IPYTHE
CBOWCTBA, BBEJICHBI APYrHe 3TaNOHbl. Hampumep, BenMYnHy 00BEKTa MOXKHO Xa-
PaKTepU30BaTh BMECTUMOCTBIO WM OOBEMOM, OIHCAHUEC B3aUMOJICHCTBUI —
SHEPruel U CUIIOH, TEIUIOTY NPU OMUCAHUU TEIJIOBBIX MPOLIECCOB — SHTPOMUEH U
sHeprueil. CriocoObI ONHMCaHUs U3MEHSIOTCS CO BPEMEHEM. Y pa3HBIX HapolOB, B
pasHBle BpeMeHa W3MEHYHMBOCTH OOBEKTOB W WX BEIWYHMHA OIpEeNsach Io-
pasHoMy. U TO, 9TO ceroiHs MOHUMAETCS O IMPOCTPAHCTBOM M BpEMEHEM, TIpe-
CTaBJUIOCH APYTUM. Y JPEBHHUX HApoaoB MH(HUUECKHe oO0pa3bl — OOTH, TUTAHBI,
TepoH, acypHl, IIBBI;, UX 00JIaCTH OOWTAaHUS — af, pail U APYTHe MHUPHI — CYIIECT-
BOBAJIM HAPSAY C PEabHBIMH JIMYHOCTSAMH H reorpaduueckumMu oobextamu. 13-
MEHSUIOCH TAKXKE U OMUCAHUE IPYTuX cBOHCTB. OO 3TOM HEOOXOAMMO HE 3a0bIBATh
¥ TIPY UCCIICIOBAaHUH BCET/a 3a/1aBaTh ceOC BOMPOC: ITO — OKPYKAIOMIAN MUP WIIH
ero omucanue? Hampumep, 3¢up, MaTepus, co3HaHue, AyX, Macca, ToJe, YHePT U,
CHUIIa, 3apsijl, DJIICKTPOH, MIOOH, HEHTPUHO, (POTOH, TPABUTOH, COJHUTOH, IIAHETA,
3Be3/la, TaJlakTUKa, YepHas AbIpa, HEUTpoHHas 3Be3na, 3emisi CaHHHMKOBa, AH-
TapKTHAa —9T0 3T0? OnMucanue oKpyxarmero Mupa? Mim ero 00beKThI?
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Korma Mbl cTankuBaeMcsi ¢ 4eM-TO HEM3BECTHBIM, TO 3ajaeM cebe BOMpOoC:
470 310 Takoe? Kak oHO ycrpoeHo? u T.4. OQHAaKO HE Bce BONPOCH yMecTHBI. OO
00BEKTE OKPYIKAIOLIETO MUPA Mbl MOXKEM CIIPOCHUTbH. U3 KAKUX YaCTeH OH COCTOMT,
KaKOBHI ero cBoiicTBa? K omucanuio Mbl MOJKEM 33JaTh BOINPOCHL: KaK MBI €ro OIl-
peACTIIN, TPU KaKUX OOCTOSTENhCTBAaX, KAK OHO 3aBHCUT OT HuX. OTBETHI JO-
MOJTHAT OC3rHIIOTE3HOE OMHMCAHKE OKPYKAIOMIET0 MUpa. DTO OyIeT 0OBEKTUBHOE
3HAHUE O MPHUPOJIC, KOTOPOE B MOCIEAYIOIIEM He OYIeT OTOPOIIEHO TOTOMKAMH.

Yacrto roBopsIT, 4To O€3 THIIOTE3 HEBO3MOXKHO IMO3HAHHUE OKPYKAFOIIETO MH-
pa. [Ipu 3TOM CYUTAIOT, YTO MPHUHATHIC BHAYAJC JOTAJKU U MPEIIOI0KCHUS IIPO-
BEPSIOTCS, @ HE MOJTBEPKACHHbIe 0TOpackiBatoTcst. OcTaroTes Te, KOTOPhIe Coria-
CYIOTCS C HAOJII0JaeMBIMH SIBJICHHUSIMH.

Awnanu3 paboThl 4eJIOBEUECKOr0 MO3ra U MPOIIECCa MbIIUICHHS TOKa3bIBACT,
4TO 3T0 camooOMaH. McKyllieHne NOANAThCs BIMSHUIO SIPKOW TMIIOTE3bl BO3HHUKA-
eT y YesioBeKa B ciIydae, KOTIa Bce 00CTOsATEIbCTBA ea He BbisicHeHbl. [Tocneno-
BaTh THIIOTE3€ MOXHO Cpasy, a JUls BBISICHEHHsS OOCTOSITENILCTB MOTYT MOTpe0o-
BaThCsl TOJBI. HO OMBITHBIN CIIEIUATUCT HE TIO3BOJIUT ce0C YBICUBbCS THIIOTE30H.
OH NPONOIKHUT CIOXKHYI0 W TSDKEIYH0 paboTy TO H3YYEHUIO OOBEKTa, ero
CBOWCTB, BIIUSHHUIO HA HUX IPYTUX OOBEKTOB U 00CTOSATENBCTB. B pesymprare oH
JIOCTUTHET TaKOTO MOHUMAaHUS OCOOCHHOCTEH 00BEKTa, YTO MOXKET MPEIBUACTH U
OIKCATh WX, HE MPUBJICKAs TUIIOTES.

I''IABA 2
OCHOBHBIE TOJIO)KEHUA MEXAHUKHN
2.1.JBU)KEHUE OBFBEKTOB U EI'O MEPBI

H3MeHeHre OKPYKAIONIEro MUpa MPOMCXOIAMT B pasHbix (popmax. OmHa u3
HMX — JOBMXeHHE. [IpU JBMKEHUH M3MEHSETCA IPOMEKYTOK MEXIY OOBEKTAMHU.
Mepoii ABUKEHHS SABIAETCS CKOPOCTh. CpeiHsis CKOPOCTh JBMIKEHHUS OHOTO 00b-
€KTa OTHOCHTEJILHO APYroro ONpeeNAeTcs KaK OTHOLIEHHE U3MEHEHHs PaccTos-
wust dl MexIy HUMHK 338 IPOMEXYTOK BpeMeHH dt K BEIMYHHE 5TOro IPOMEKYTKA,
T.e.0 =d|/dt . Tak Kak paccMaTpuBaeTCss M3MEHEHHME MPOMEKYTKA MEKIY IBYMS

00BEKTaMH, TO CKOPOCTh XapaKTePHU3YEeT NBMKCHUE OJHOTO OOBEKTa IO OTHOIIIEC-
HUIO KO BTopomy. HacTo 00 3TOM 3a0BIBAIOT U OTHOCST CKOPOCTh TOJBKO K OJIHO-
My o0bekTy. Hanpumep, ABMKYIIHIICS OTHOCHUTEIHLHO TTOBEPXHOCTH 3eMJIH 00b-
€KT paccMaTpuBaeTcsl Kak aOCOMIOTHO NBIKymuicsa. C 3eMiei CBA3BIBAIOT CHC-
TEeMy OTCYeTa, 3aTeM albCTparupyroTcs OT 3eMJIM W PacCMATPUBAIOT JBHKCHHUE
00BEKTOB B TOM CHUCTEME U MX CKOPOCTH MPEICTaBISIOTCS aOCOIIOTHBIMH CBO¥-
CTBaMU 00BEKTOB. DTO YacTO NMPUBOIUT K omuOKkaM. Hampumep, eciii yIuThIBaTh
TOJIBKO CKOPOCTh CaMoJjieTa OTHOCHUTEIbHO 3eMilH, TO Bpems mnosera u3 HoBocu-
Ooupcka B MOCKBY MBI MPEJCTABISICM C OONBIION ONMIMOKO, eciii He y4TeM CKO-
pOCTh CcaMoJleTa OTHOCHUTEIFHO BO3AYIIHOW CpEAbI: CHIIBHBIA 3amaIHBId BeTep
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MOJKET Ha Iojrdaca 3aJiepXKaTh NpUObITHE camoiieTa. TakuM o0pa3oM, CKOPOCTh —
3TO CBOICTBO HE OJHOTO 00BEKTa, a AByX. ClieoBaTEeIbHO, MIPY B3aMMOACHCTBIH
MHOTHX OOBEKTOB HEOOXOIMMO pacCMaTpHBaTh MX B3aMMHBIE CKOPOCTH IPYT C
JPYTOM, T.€. pACCMATPHBATh H3MCHEHHE BO BPEMCHU X B3aUMHBIX PACCTOSHUIA.

Pacnonoxenue 0OBEKTOB JPYr OTHOCHTEIBHO JAPYra MOXET OBITh B TPEX
Pa3IMYHBIX HATpPaBJICHUSX. [[09TOMY UMEETCsl TPU CKOPOCTH, KOTOPHIC MPU OIH-
CaHHMU UX BEKTOPHOW BEIHMYMHOHN B JICKAPTOBOW CUCTEME KOOPIUHAT OMPEIICIISIOT-
sl TpeMsi KOMIIOHCHTaMH BEKTOPa CKOPOCTH

) =rvx+TDy+EDz. (2.

CKOpoCTh 0 MOIXKET OCTaBaThCsS HEM3MEHHOW. B 3TOM cityuae 0OBEKT IBH-
JKEeTCs OTHOCUTEIBHO JPYTroro PaBHOMEPHO W MPSIMOJHMHEHHO. B wacTHOM ciydae
HYyJIEBOH CKOPOCTH PAcCTOSHHE MEXAYy OOBEKTaMH HE M3MEHSETCS W OHH Haxo-
IITCA B TIOKOE APYT OTHOCHTENBHO Apyra. B TO jke BpeMs OTHOCHTENBHO APYTUX
00BEKTOB OHM MOT'YT UMETh JIFOOBIE CKOPOCTH.

CKOpOCTh Tella MOKET U3MEHSThCsA. Hanpumep, HEMOABIKHBIA OOBEKT MPH-
XOJIUT B JIBIXKEHUE WM B MPOLIECCE IBUKECHHS YBEJIMUUBAETCS €r0 CKOPOCTh, WIH
HU3MEHSIETCS €€ HallpaBiieHHe. Tak Kak CKOPOCTh MPOMOPIHOHATbHA U3MEHEHUIO
PACCTOSHHS MSXKIY ABYMs TEJIaMH, TO H3MCHEHUE CKOPOCTH MOXKET OBITh BRI3BAHO
U3MEHEHHEM JIBIXKEHUSI KaXXAO0ro u3 HUX. JlJig XapakTepUCTUKUA U3MEHEHUS CKO-
pocTH Telia ObLIO BBEACHO MOHATHE YCKOPEHHs W, KOTOPOE OTPaXKaeT M3MEHEHHUE
CKOPOCTH TOJIBKO OJTHOTO 00BbeKTa. Iyl 3TOro BooOpakaeTcsi HEKOTOpasi CUcTeMa
oTcyeTa, KOTOpasi B MOMEHT t HMeeT OJIMHAKOBYIO C TEJIOM CKOPOCTh U , U €€ CKO-
POCTb B IajbHEHIIEM HE U3MEHSETCS. DTy CUCTEMY Ha3Bajl MHEPLUUAIBbHON B TOM
CMBICJIE, UTO OHA JIBUXKETCS IO MHEPIIUH, T.€. HA HE€ HUKTO HE BO3ACHCTBYET U HE
HU3MEHSET €€ CKOPOCTh. B mampHelmii MOMEHT BpeMeHH {+At paccMmaTpuBaeTcs
y’)K€ HE M3MEHEHHUE CKOPOCTH MO0 OTHOIICHUIO KO BTOPOMY TEly, a U3MEHEHHE
AJ 110 OTHOUICHUIO K ITOW HEYCKOpEeHHOM cucteme. CpeHss BEIMUUHA YCKOpe-
HUS OTIpENeNsIeTCs] KaK OTHOLICHHE M3MEHEHHWS CKOPOCTH 3a MPOMEXYTok At k
BEJIMUMHE IPOMEXKYTKA U B BEKTOPHOM BHUJIE 3aIUCHIBAETCS

NG

Taxk onpeiereHHOE YCKOPEHHE Teja SBIIACTCS yiKEe ero abCONIOTHOW XapakTe-
PHUCTHKOM, a HE OTHOCUTEIBHOMN, MPUBA3AHHON K APYTUM OOBEKTaM.

2.2.BO3JIEVICTBUE U ETO OIMCAHUE

IMoyemy Teno mpuoOperaer yckopenue? YUenoBek yOequucs, 4TO Clydan
YCKOPCHHBIX JIBIXKCHUHN TEJ MMCIOT MPUYNHY — HA HHUX JCHCTBYIOT JPYTHE TEia.
IMox BoO3meiicTBHEM OJHOrO Tella HA IPYroe MbI OyAeM IMOHHMATh CIIOCOOHOCTH
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MEPBOTO Telia MPUBECTH B IBH)KEHHE BTOPOE TEJO JIMOO M3MEHHUTH €ro JIBHXKEHHUE.
V3MeHUTh JBIKEHUE Tella — 3TO 3HAYMT U3MEHHUTh €ro CKOPOCTh JIMOO MO Benu-
YHHE, JIM0O 10 HAMpPaBICHHIO, T.€. COOOMIMTL eMy ycKkopeHue W . OTcroga Beiu-
YiHA BO3JEHCTBUsI Ha TEJIO ONpPEICISIeTCs] BEJIMUMHON YCKOPEHHUs, KOTOPOE OHO
puoOpeTaeT Wik NPUOOPETET, KOraa 3TO Bo3JeicTBIe HauHeTcs. Eciu HeT ycKo-
pEHUsI, TO U HET BO3JCHCTBHS, OO BO3/ICHCTBUE MIEPBOTO Teja CKOMIIEHCHPOBA-
HO 0OpaTHBIM IO HAIMPABICHHIO APYTHM BO3AcWcTBUEM. Hampumep, HoiBelIcH-
HBII Ha MPYXHHE KAMEHb NMPUTATUBACTCSA 3eMIICH, HO OH HE M3MEHSET CBOC JBH-
JKCHHE, TaK KaK MPYXHHA MPOTUBOJCHCTBYeT 3Tomy. OHa co3/1aeT BO3ACHCTBHE
00paTHOE 10 HANpPABJICHUIO BO3JICHCTBUIO 3eMJIHM, U KAMCHb HAXOIUTCS B MOKOE.
[py>WHa TIpH 3TOM PaCTATHBAETCS HA KaKyi0-TO BeaudauHy Al.

JIist BRIpaXKeHUsI BO3JICHCTBUS Ha Teslo OblIa BBEJCHA cuia. B mpuBeeHHOM
npumMepe nedopmarus pyRuHBl Al HATTSITHO MPEACTABIACT CHITY BO3ICHCTBHSL.
OTUM TEPMHHOM MBI 0003HAYaeM CBOWCTBO YEJIOBEYCCKOTO TeJia BBHIOJHSITH Ka-
KOE-TO JICHCTBUE, HAIPUMED CKUMATH MIPYKHUHY.

[TpoTuBOAEHCTBHE TPETHETO TEJIa MOXKET OBITh BBIPAXKEHO HE TOJILKO PACTS-
JKCHUEM IPYKUHBI, HO U €€ CXKAaTHEM, eCJIi OHa, HApPUMeEp, PACIIOIIOKEHA MEKIY
MPUTSITHBAIONIMMHUCS TeNaMH. TPEThe TENO0 MOXKET ObITh W HE HPYKHHOU, a €ro
nedopMans MOXKET U3MEPATHCS TCH30IaTYMKAMK WJIH C TIOMOIIBIO Mhe303( dek-
ta. Kpome Toro, mpoTuBOoJCUCTBHE TPETHETO TeId MOXKET ObITh BHIPAYKEHO IPYTUM
Bo3neiicTBreM. [Ipu n3MepeHnn B3aUMOJESHCTBHSI [BYX MOJBEIICHHBIX HA HHUTAX
3apsHKCHHBIX [IAPUKOB UX OTKJIOHCHHUIO OT BEPTUKAIH IPOTUBOJCHCTBOBAIN T'pa-
BUTAIIMOHHBIM IIPUTSHKCHUEM K 3eMIIe.

HcTopryecky CIIOKMIOCHh TaK, YTO BO3JCHCTBUE CTAU ONPEACISITh BEIUYH-

uoi pepopmaru Al. Beijio BBEJCHO MOHSATHE CHJIBI F BO3JICHCTBUS, KOTOpas
onpezesercs BearnurHon aedopmanuu Al, co3JaHHON ITaJOHHBIM BO3EHCTBU-
em. [llkanma cuibl IOCTPOCHA TaK, YTOOBI CIUHKIIA CHIIBI B JIFOOOM MECTE IIKAaJIBI
COOTBETCTBOBAJIa OJTHOMY U TOMY € BO3JEHUCTBUIO Ha OINpPEAEICHHOE ITAJOHHOE
Teo. B HacTosImee BpeMst 3a 3TAJIOHHOE TEJIO MPHUHST TUIATUHO — UPUIUCBBINA 1IH-
JMHIDP THaMETPOM M BbICOTON 39 MM, KOTOpHI Xpanutcs B ITapwke. [Ipu Bo3aeii-
CTBUHW Ha HETO 3e€MJIM OH PACTATHUBAET MPYKWHY Ha ONMPENEICHHYIO JUTUHY, KOTO-
pas BBIpaXKaeT BEJIMYMHY CHJIBI B OJWH KHIOrpaMM (B TEXHHYECKOUW CHCTEME
MKI'CC). Utak, Bo3aeicTBHE 3eMIIM Ha ATAJOH 3aKIFOYaeTCs B TOM, YTO OH IIa-
JaeT ¢ yckopenuem 9,8 M/c?. Mbl e OIMCHIBAEM 3TO BO3JIEHICTBHE BEIWMYUHON
cwibl B F = 1kI.

Ecnu npucoeaMHUTh K TIPY>KHHE N 3TAJIOHOB, TO OHU PACTSAHYT €€ Ha JJIMHY
SKBHUBaJICHTHYIO N KI'. Y MBI TOBOpUM, 4TO 3eMIIs BO3ICHCTBYET HA HUX cHjIoH B F
= n kI'. Ipyroe Teno, Haxonsieecs: N0 BO3ACHCTBHEM, TOKE MOXKET PACTSIHYTh
npyxuHy Ha Np K[, T.e. Kak N; 3TaJOHHBIX HIUHIPOB. Ho Takoe Teno, Kak u Bce
JIpyTHE Tella, majacT BCe C TeM ke yckopeHueM 9,8 m/c?. Takum o0paszoM, mpu
BO3JICHICTBUH Ha pa3HbIC TeJa C OAHUM M TEM K€ YCKOPSHHEM CHIIbI BO3JEHCTBUS
Ha HUX OyIyT pa3HbIMU. TO €CTh, OJTHA TOJBKO CHJIAa HE MOXET XapaKTepru30BaTh
BO3JIeiicTBIE HA Teno. [ToaToMy BBeieHa Macca Tesla M = N — KaK KOJIMYECTBO JTa-
JIOHHBIX TeJl, KOTOphIE TIPH BO3ACHCTBHH, XapaKTEPU3yEMOM OJMHAKOBBIM YCKO-
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peHHEM, PACTAHYT NPYXKUHY Ha Ty K€ BETHMYUHY, YTO H Teno. Torma mpu mobom

BO3ICUCTBHH, KOTOPOE M3MEPEHO BEIMYMHOW Chiibl F , Ha m000e Temo, KOTopoe
SKBUBAJICHTHO M 3TAJIOHAM, YCKOPEHHUE Telia OyaeT

W= 98[F/m. (2.3)

Cuna HMeEET TO Ke HalpaBJICHUEC, YTO U YCKOPCHUC, aHAJIOTUYHO €MY U B

IPOCTPAHCTBE XapakTepusyercs Tpems coctapistommmu: F =i F, + JF, +kF, .

B otrmuue ot MKI'CC B cucteme CU 3a equHuiyy Cuiisl F npuHsT 1 HBlO-
toH (H), KOTOpBIil XapakTepu3yeT Takoe BO3JACHCTBHE HA STATOHHBIA LUIHHAD,
IIpH KOTOPOM OH jBHKeTcs ¢ yekoperneM 1 m/c? . B cucreme CH cooTHOmEHHE
(2.3) B BeKTOPHOM BHJIE 3aITHIIETCS TaK:

w=F/m. (2.4)

Bripakenue (2.4),n3BeCTHOE KaK BTOpPoi 3ak0oH Hpi0TOHA, B pacCMOTPEHHOM
CHUCTEME €IIMHUI] CIPaBETMBO IS JIIOOBIX BO3JeHCTBUMA. M Kak MBI BHIUM, OHO
SABIISICTCSA PE3Y/IbTATOM HAIIEero BHIOOpA XapaKTEPUCTHK BO3MEHCTBHSA M €IUHHIL
M3MEpEeHUs. AHAJIOTHUYHO MEPBBIN U TpeTHi 3aKOHBI HBIOTOHA — CIIEICTBUE HAIlle-
ro noaxojaa. Hanpumep, nepBblil 3aKOH: €CJIM HAa TEJIO HE BO3JEHUCTBYIOT ApPYTrHe
TeNa, TO OHO COXpaHSeT MPSIMOJMHEHHOE W paBHOMEPHOE IIBIKCHHUE, — SIBISCTCA
CJICJICTBHEM HCXOJHOTO OIPEICIICHUS BO3JCHCTBHAS — 3TO CHOCOOHOCTH OJHOTO
TeJa MPUBECTH B JABM)KEHUE BTOPOE TEJIO WM U3MEHUTh €ro ABrkeHue. M3 nan-
HOTO ONpEJENICHUs CIEeAYEeT: €ClId Ha TEJI0 He ACUCTBYIOT IpYyrue Tella, TO OHO He
M3MEHSCT CBOC JIBM)KCHUE U OCTACTCS B IMOKOE JHOO JBIKETCS MPSIMOJIMHEHHO U
paBHOMEPHO.

Tpetnii 3axkoH HploTOHA COCTOUT B TOM, UTO CHJIa ACUCTBUS MEPBOrO Tela Ha
BTOpOe F1, paBHa crie mpoTHBOACICTBUS BTOPOTO Tea Ha mepBoe Fp; u mpoTH-
BOIIOJIOXKHA €M 110 HAPABJICHUIO:

Fio =—F. (2.5)

OTOT 3aK0H — CIEICTBHE ONPEICICHHS CHIBI, KOTOpPask BRIPaXKaeT IPOTHUBOIEHCT-
BHE TPETHEIO Teja B3aUMOJICHCTBHIO JBYX Tes. BennunHa mpoTuBOIEHCTBUS, HA-
npuMep nedopManys MpyKUHBI, OTHOCHTCS KakK K IIEPBOMY TeJy, TaK M KO BTOPO-
My. To ecTb 3TO OfHA W Ta K€ BETMYMHA, KOTOpas, KaKk M MPYXXHWHA, HAallpaBJcHA
Ha Tejia IpU UX B3aUMHOM MPUTSHKEHUH U OT Tel — MPU UX B3aUMHOM OTTaJIKUBa-
HUU. JIpyrumu cjioBaMM, OJHA U Ta € CHUJIa HaIpaBjieHa B3aUMHO MPOTHUBOIIO-
JIO’)KHO Ha B3aMMOJEICTBYIOIHUE TeNa.

3/1ech ke OTMETHM, YTO HECMOTPS Ha CYIIECTBYIOINIME B OOMXOJE BHIpaxe-
Hust (IeWCTBYyeT Cuiia Ha Telia, HANpaBlIeHHAs CUIa U T.J.), CUJIA HE SIBISIETCS
CYIIHOCTBIO, CYOCTaHIKEH, TyXOM | T.N. DTO BBEJICHHOC HAMH ITOHATHUE IJIS OTIH-
CaHMs BO3JIEHCTBHUS.

Urak, Bo3aeicTBHE Ha TEJIO MPOSBISAETCS B €r0 yCKOpeHuH. YenoBek BbIpa-
JKaeT M OMHCHIBAET BO3JEHCTBHE B BHIEC CHJIBI M MacChl pacCMaTPHUBAEMOTO Teja.
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B BBIOpaHHOI cHUCTEMe eIMHUII Macca OJHO3HAYHO XapaKTePU3YET CBS3b YCKOpE-
HUS Tella, HaXOAIIerocs MOoJT BO3ACHCTBHEM, ¢ H3MEPEHHOU cmoi. OTcrona cie-
IYIOT TPH Ba)KHBIX BBIBOAA. BO-TIEpBBIX, BO BCEX B3aMMOJCHCTBHIX Macca Tela
Oyzner ogHa u Ta xe. [103ToMy OECCMBICIICHHO MCKATh PACXOXKICHHUE MEKIY rpa-
BUTAIIMOHHOM ¥ MHEPIIMOHHON MacCOi. DTH MOMCKU CBOAATCS K TOMY, YTOOBI B
Pa3HOro BUJA B3aUMOJACHUCTBUAX HANTH MOTPEIIHOCTH U3MEPEHHUSI OHOM U TOH XKe
Kajbl. Bo-BTOPBIX, U3 OMpeNIeIeHUs. MacChl CIEIYeT, YTO OHA OT JPYroro B3au-
MOJEMCTBHS WJIM JBUKEHUSI U3MEHSATHCS HE MOXKET. T0 eCTh Macca, BONPEKHU MpH-
naromy B TO, B MpUHIMIIE HE MOXET 3aBUCETh OT CKOPOCTH. B-TpeThux, mMacca
CBOMCTBEHHA JIMIIb TOMY OOBEKTY, KOTOPBI MOXET MPHUOOPECTH YCKOpPEHHE B
pe3ysbTaTe BO3ACUCTBHS APYroro o0ObEKTa, U 3TO BO3JACHCTBHE MOXKHO M3MEPHUTH
B BUZE CHJIBI. Tak Kak JUIsl CBETa, IMOJIsl, DHEPTHH W T.II. NTaHHBIM MPOIECC HE pea-
JU30BaH, TO HENb3sl UM IPHUIHUCHIBATH Maccy. Takum o0pa3oM, IMoJie, SHEPTUs U
BBOJMMBIE YaCTHUIIbI ((POTOH, TPABHTOH M T.J.) MACCHI HE UMEIOT.

2.3.OIIPEJEJIEHUE CHJIbI
BO3JIEVICTBUSA HA TEJIO M ET'O JIBUKEHUE

VYckopeHue Tesa onpenensiercs BTopsiM 3akoHoM HbrotoHa (2.4). Ero macca
M, OTHAXK/IBI M3MEPEHHAS, H3BECTHA, M ECIIH H3BECTHO BBIPAKEHHE IS CHIIBI F , TO
B pE3y/bTaTeé MHTETPUPOBAHUS YCKOPEHUS MO0 BPEMEHH MOTYy4aeM CKOPOCTh JIBH-
JKEHMS Tella, a MOCIe UHTETPUPOBAHUS CKOPOCTU — 3aBUCUMOCTb ITyTH ABIKCHUS
Tena oT BpeMenH t. Takum 00pa3oM omnpeaeseTcs NOJIHOCTBIO JBHKEHUE Tella, Ha

KOTOpOE BO3ACHCTBYIOT Apyrue tena cwioii F . Cuma F 3aBUCHT OT CBOWCTB
BO3JICHCTBYIOIIMX TEJ, MOXKET 3aBUCETh OT MYTH ABMXKECHUS TeJla WIN PACCTOSHUS

MEXKJIy TeaMH [, CKOPOCTH U M BPEMEHH t, T.e. CHJIa MOXKeT ObITh PyHKIHeH F
(r,o.t).

Cyl1ecTByeT MHOTO Pa3HBIX BHIOB BO3lciicTBui. Hanpumep, B CTBOJIE MyIiI-
KH Ha CHapSJ| ICHCTBYIOT IIOPOXOBBIC ra3bl CHIIOH

F=SP, (2.6)

rae S— nonepeyHoe CeUYCHUe CHapH,Ha; P - I/I36LITO‘IHO€ JaBJICHUC B CTBOJIC ITyII-
KH.
[pu nBmxeHHs cHapsma Ha paccrosHue | 06beM MOpoxoBeIX ra3oB pacteT (V =
SI), JaBJICHHME MajacT, Hampumep Io aL[I/Ia6aTI/IlI€CKOMy 3aKOHY P\/k = const,u
[O9TOMY M3MEHSIETCS ¢ pocToM | Tak:

P ="Pq (o /).

rae lg — JuinHa npu nepBOHAYAIBHOM 00beMe MOPOXOBBIX ra30B; Py — ux Hayab-
HOE J1aBJIcHUE.
IMocne noacraHoBkH B (2.6) OMydaeM CIESAYIONIYIO 3aBUCUMOCTb JIJISI CHITBI

F=SPR (I /), 2.9
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KOTOpasi JACHCTBYET Ha CHApsJ B CTBOJIC MYIIKH. DTa CHJIa 3aBUCUT OT MYTH IO
CTENCHHOMY 3aKOHY. ECJiM BMECTO MOPOXOBBIX Ta30B Ha CHApsiJ BO3/AEHCTBOBasA
Obl MpyXXWHA, TO B Mpeaenax aeiicTBus 3akoHa ['yka cuiia 3aBucena Obl OT MyTH
TeJa Mo JINTHEMHOMY 3aKOHY.

IMocne BbUTIETa W3 CTBOJA CHapsi ABWXKeTcs B armocdepe. Eciam ero cko-
POCTh ¥, @ CKOPOCTh BO3AYIIHOW cpemsl U = U(x,y,z), TO B MPOCTEHUIIEM CiIydae

c(hepruvecKoro CHapsIa paauycoM I Ha Hero OyaeT NeHCTBOBaTh CUJIa

£ o A1) "72|(G -9 28)

rae C — aspoauHaMuyeckuii Ko3pQUIMEHT; O — IIIOTHOCTH Bo3ayxa; f = e —

MepHECHANKYJISIPHOE 00TeKaeMOMY MOTOKY CEUCHHE CHapsi/a.

AbsponuHamudeckuit koagduuuenT C HETMHEIHO 3aBUCUT OT CKOPOCTH CHa-
psila OTHOCHTEIBHO BO3[yXa, €ro BSA3KOCTH, IIEPOXOBATOCTH CHApiga W T.A.
[TroTHOCTH BO3MyXa H3MEHSETCSI ¢ BbICOTOH. CKOpOCTH BeTpa U Tak:Ke W3MEHSET-

Cs BIIOJIb IyTH cHapsina. [105ToMy ciia F CIOKHBIM 06Pa30M 3aBHCHT OT IIYTH U
CKOpPOCTH CHapsia M ISl €€ HaXOXIEHHUS NoTpeOyeTcs 3HaHUE TMPAKTHYECKH BCEX
cBoiictB atMocheprl. C onpeieleHHbIMA TPUOJIMKEHUSIMHA U YIPOIICHUSIMHU dTH
CBOMCTBa MOTYT OBITh 3aJIaHBI B BHJIE ITOJISI BEJIMYWH M0 Beel atMocdepe, rae O0y-
JIeT TPOXOIHUTh CHapsn. llocienoBaTeNbHBIM HMHTETPHUPOBAHHEM COOTHOIICHHS
(2.4) 6yner omnpeseneHo ABUKEHUE CHAPSA.

Ecnu panbIiie Mbl TOBOPHJIM O BO3JICHCTBHU Ha TEJO JPYTOro Teja, TO B MO-
CJIEJTHEM MPHMEPE Ha CHApSJ B MPOLECCE €ro IBMYKCHUS BO3ACUCTBYIOT pa3HbBIC
4acTh aTMOC(QEPHI, T.€. MHOTHE 00BEKTHI. TeM He MEHee, OMPEICIUB CIITy UX BO3-
JICHCTBUS HA TEIIO0, MBI MOXKEM PACCUUTATh €rO JIBIKCHHE.

[TycTe HamI cHapsT CHAOXKEH PEaKTUBHBIM JBUTATENICM, KOTOPBIHA MO KOMaH-
e ¢ 3eMiId B KaKOW-TO MOMEHT BKJIFOYAeTCS W C TOMOINBIO PEaKTUBHOW CHUIBI
BBIBEJICT €r0 Ha OpOUTY. DTa CUIIA SIBIISCTCS MEPEMEHHON BO BpEeMEHH F= lf(t) .
Takum 00pa3oM, MBI BUAWUM, YTO CHIIBI MOTYT 3aBHCETH OT IIEPEMEHHBIX HHTETPH-
poBanus T, 0, t ypaBHenus (2.4),T.e. OT MapaMeTPOB ABMXKEHUS pacCMaTpHBae-
moro Ttena. Kpome Toro cuia 3aBUCHUT OT psiia CBOMCTB B3aMMOJEUCTBYIOIINX
00BexToB. OHAa W3 OCHOBHBIX 3a/ad (PM3HKH — HAXOXACHUE 3TUX CHJI. AHAaIH3
W3BECTHBIX CHJI MTOKA3BIBACT, YTO BCE OHHU OIPENEIAIOTCS B PE3yNIbTaTe M3Mepe-
Hus. V3MepeHusi, Kak MpPaBWIO, MHOTOILIAHOBBbIC. BHavajge HEOOXOIMMO BBIJC-
JIUThH 3TATOHHYIO CHTYAaIlUI0 W IPOM3BECTH B HEHl M3MEPEHHUE CHIL. 3aTeM Ompe/e-
JISIFOTCSL CBOYCTBA, IO KOTOPBIM aHAJOTHYHBIC CUTYAIlUH OTIUYAIOTCS OT JTAJIOH-
HOW. BBOIATCS MEpBI 3TUX CBOWCTB M MPOHM3BOIATCS M3MEPEHHS WX BIUSHUS Ha
BCJIMYMHY CWJIBI B ATAJIOHHOW CHUTyanuu. [lociie BEITIONHEHUS TaKUX M3MEPCHUMN
TOSIBJIICTCSI BO3MOXKHOCTh pacueTa CHII B Pa3lIMYHBIX CUTYAIHSIX.

Ecmu cuna BO3AeWCTBUS Ha TENIO YCTAHOBJICHA M B MPOIECCE ABIDKCHHS W3-
BECTHA, TO MOXKHO WHTETPHPOBaTh ypaBHenue (2.4). B pesynbrare MOIHOCTHIO
OyzmeT ompeneneHo ABIKCHHE Tela. B 3TOM 3akiodaeTcsl pemeHne 3a1ad B3au-
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MOJICHCTBHS JIBYX TeJI WJIH BO3JICHCTBHUS HA TEJIO MHOTHX Tes. Kak BHIUM, CHIIO-
BOW METOJI COCTOUT M3 TPeX 3TarnoB. BHauaje HaxXoAST CUIIy BO3JCHCTBHS, MPH-
YeM TTOJTHOCTBIO OCHOBBIBASICH HA pe3yibTaTax uaMepeHuit. Ha BTopoM aTare yc-
TaHABJIMBAIOT COOTBETCTBUE MEXKIY CHJION BO3ACHCTBUS Ha TEJIO U €0 YCKOPEHHU-
€M, T.e. U3MEpSIOT Maccy Tena. Ha TpeTbeMm 3Tame Mo M3BECTHOMY YCKOPEHHIO
PacCUUTHIBAIOT ABMXKEHHUE Teja, MPH 3TOM JKCIEPUMEHTANIbHbIE Pe3yibTaThl HE
TIPUBJIEKAIOTCSL.

2.4.0 3BABUCUMOCTHU CUJIBbI OT YCKOPEHUA

Ha OCHOBaHMM TEOPETUYECKUX PACCYKIEHUN B DJIEKTPOAUHAMUKE BBEIEHA
CHJIa, KOTOpas 3aBUCHT OT YCKOpeHus. Hampumep, BO MHOTHX MOHOIpadusax u
yueOHHMKaxX, B TOM yHcie [26] u [97], npuBoaKTCS BBIpaXKEHHE IS HANPSKEHHO-
CTH DJEKTPUYECKOTO MOJISA JBHXKYILETOCsS 3apsiaa p. MIConb3ys €ro, 3amuiuem
BEJMYKMHY CHITBI BO3JICHCTBUS HA HETTOABUKHBIN 3apsi O

F :—(%ng‘ﬁz)(ﬁ —Brt)+ﬁ X(ﬁ -Brt)X5/cz} , (2.9)
e\t = h

rae [ =0/c — npuBeneHHas CKOPOCTH 3apsiia (g} ¥ — €ro CKOPOCTh OTHOCHTENb-

HO 3apsiaa Op; [ = 1}/ ¢ — IIPUBEACHHOE YCKOPEHHE 3apsiaa Oy I} — PaIuyc-BEeKTOP
OT 3apsna J; 1o 3apsaa 0, B MOMEHT BpeMeHH t', B3ATHIH ¢ "3ama3npiBaHueM"

t=t-r./c. (2.10)

DTO BBIpOXECHHE CIIEAyeT W3 3ala3jblBalOIMX MOTeHIManoB Jluenapa —
Buxepta n u3BectHO B anekrpoauHamuke ¢ XIX Beka. [lo-Buagumomy, 1Mo aHajo-
ruu ¢ (2.9) B. BeGepom [123] GBUIO IPEMTIOKEHO CIEAYIOIIEE BBIPAXKEHUE IS
CHUIBL

F=9% (10542 +1p3/c) (211)
Er

B nocnenuee Bpems popmyna BebGepa mnpuBiekaeT BHUMAaHHE MHOTHX y4e-
weix [80, 124, 125]Tomac E. ®unmc [107, 108]npennokuil aHaIOTHYHOE BBIpa-
JKEHUE JUISA CUJIbI

+——f, (2.12)

KOTOpOE TakXe 3aBHUCHUT OT YCKOPEHHS. BEIMIEyTOMSIHyThIE yueHbIE HaMEepEBaIOT-
Csl pa3BUTb HOBYIO JJIEKTPOJUHAMHKY, albTEPHATHUBHYIO TEOPUU OTHOCUTEIHHO-
CTH.
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CuJibl, 3aBUCAIIME OT YCKOPEHHUS, ObLIM BBEAEHBI TAKIKE B MEXAHUKE HKHUIKO-
cru. Ilpeanonaraercs, yTo Ha YaCTUILy AUaAMETPoM , ecii OHA JBHMIKETCS CO CKO-
pocteio U meicTByer cua [27]

F = —37p,udii —

3 - 2 -0.5 -05 g
o di_3d%g () [t-1) di; @13
12 dt 2 0 dt

rae O —IUIOTHOCTh XXMAKOCTH; V — €€ KHUHEMaTH4YECKasA BI3KOCTb.

ITepBoe cnaraemoe B paBoii yactu npencrasister cuiy Crokca Fg, kotopas

JCWCTBUTENHHO JEHCTBYET HA YACTHILY, YTO MOATBEPKAAETCS MHOT'OUHCICHHBIMU
9KCIIEPUMEHTaMH IIPH MalbIX yKciax Peiinomnbiaca. Bropoe cinaraemoe Ha3bIBaeT-
cst cunoid bacce, a TpeTbe — CHIIOI MpHCOEIUHEHHBIX Macc. Beipaxenune (2.13)
MOJY4EHO TEOPETHYECKU MPHU PACCMOTPEHHH JIOKAJILHOTO B3aMMOJEHCTBHA ce-
PHYECKOM YaCTHIIBI, KOTOPAs ABUKETCSI B IKHKOCTH C OTHOCHTEIILHOM CKOPOCTHIO
¥ . 3aTeM MOJydYCHHbIC PE3YNIbTATHI OBLTH MPHBEACHBI K CKOPOCTH U YaCTHIbI
OTHOCHTEJIbHO HEBO3MYIIICHHOM JKHJIKOCTH.

Wtak, cuiibl, 3aBUCSIINE OT YCKOPEHHS, YIIOTPEOIISIOTCS B Pa3HBIX 00JIaCTIX
MexaHukd. OIHAKO €CTh ydeHbIe, KOTOpbIe C 3TUM He coriacHbl. Hanpumep, Pu-
gapa A. Bammpon [121] mokasan, 9T0 3aBHCHMOCTD CHIIBI OT YCKOPCHHSI IPOTHUBO-
peunt Bropomy 3akony Herotona, Auape K.T. Accuc [81] mokazai, uro cuna Be-
Oepa (2.11) npuBOIHUT K IapalOKCAIbHBIM pe3yibTataM. TeM He MeHee B COCTO-
siBIeiics: quckyccud [114] oH BBICTYMHI Kak CTOPOHHHK CHIIBI, 3aBHUCSLICH OT
yckopenus [82].

3aBUCHMOCTh CHJIBI OT YCKOpPEHHS MMEeT (yHIaMEHTaJbHOE 3HAYCHHE.
31eck BOIIPOC HE OTpaHMYMBACTCS TEM, CYLIECTBYIOT JIM OTH CHJIBI B JCHCTBU-
TENBHOCTH, HANPHUMEp CHUIbI MPUCOCAMHEHHBIX Macc U bacce (2.13), mmm 310
OLIMOOYHBIE CHUJIBI. 3aBUCUMOCTB CHJIBI OT YCKOPEHHUS B DJIEKTPOJMHAMUKE B (op-
Me (2.9)B mambHEHIIEM MPUBOAUT K TIPEICTABICHHUSM 00 H3IyUCHUH JBHKYIIETO-
csl 3apsizia, MOTepH SHEPTUH Ha M3IYyUYCHUE U TOPMOXKECHHH 3apsia dTUM H3ITydeHH-
eM. DTH BBIBOJIBI ITPUMEHSIOTCS K DJICKTPOHY, BPAIIAIOIIEMYCsl Ha OpOUTE BOKPYT
3apsDKEHHOTO S/Ipa, Ha OCHOBAHUH YeT0 JIeNaloT 3aKII0YCHUE, YTO JABMKYIIHNACS C
YCKOPEHHEM 3JIEKTPOH J0JKEH TEPSATh YHEPTHIO, OITOMY OH HEMHHYEMO JOJDKEH
"ymacte" Ha sapo. iIMeHHO TI0 3TOH NMpUYMHE IUIaHeTapHas MOJENb aToMa He T0-
JMy4uia JajJbHEHIIEro pa3BUTHA, BCA (PU3MKAa MUKPOMHUpPA B JalbHEHIIEM Pa3BH-
BaJlach B HAIMpPABICHUM CO3/IaHUS MAaTEMAaTUYCCKUX BEPOSTHOCTHBIX MOJENIEH
JJIEMEHTAPHBIX YACTHII, @ HE MO IMyTH M3Y4YCHUS (PU3MICCKON MPUPOIBI MUKPOMHU-
pa.

IToyemy sxe cuia He MOXKET 3aBUCETh OT YCKOpeHHs? UToOBl OTBETHTH Ha
3TOT BOMPOC, IPUBEJEM BHavale JoKa3arenbcTBo P.A. Bangpona, Moauduupo-
BaB ero. M3 seipaxenuii s cuiel (2.9), (2.11), (2.12h (2.13) BugHoO, uto ee
MOJKHO 3aITUCaTh B CIIEIYIOLIEM BHIC:

F = AB(r,0,W), (2.14)
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rae A — oOwui COMHOKHUTEND JUIS BCEX COCTABISIOIIMX CUJIbI, HE 3aBUCSIIUN OT
yckopenwst. Jlnst Beipaxkennit (2.9), (2.11)u (2.12) comuoxkurens A=0, 0, /€, a

Juist cutbl B okuakoctd (2.13)A = g . CoMHOXKHTENL A SBIETCSA HE TOJBKO 00-
IIMM JJIS BCEX CIIAraeMbIX CHIIBI, HO COJICPKHUT TAKXKE MAapaMeTpPhbl, OT KOTOPBIX

COMHOXMUTENL B He 3aBucHT. HOCHCHHGC YCJI0BUC HETIPEMECHHO JIA uanLHeﬁme-
TO BbIBOA.

IMpu MasbIX BEMYMHAX YCKOPECHUSI, Pa3lioKUB COMHOXKHUTENTH B (r,0,W) B psin
Tefimopa 1Mo cTerneHsM W, MOYKeM 3aITiCcaTh ¢ TOYHOCTBIO JI0 i-TO CIIaraeMoro

- - B B(i)
F= BO+B'W+B7WZ+...+B_—IW' , (2.15)
i!
rIe éo —3HaueHne comHoxureas B mpu w=0; é', I§",..., Bt — IPOU3BOJIHBIE OT

B mo w.
Ecnu cuna (2.14) Gyner 3aBuceTh OT BEKTOpA YCKOPEHHS, TO TOTAA HEOOXOIMMO
pasnaraThb cuity B psin Teilsiopa mo KOMIOHEHTaM BEKTOpa.

IIpy OTMEYEHHBIX BBILIC YCIOBUSIX BbipaxkeHue (2.15) sBnsercst oOumm u
CIIPaBEIUIUBBIM Ul B3aUMOJCHUCTBUIH IIPH JIFOOOM U3MEHEHHMH BEJIMYMH MapaMeT-

POB, OT KOTOPBIX 3aBUCAT coMHOXuTenn A, B wu mpoumssomueie B', B',..., B

Ipu peiictBuu Ha Teno cuibl (2.15),cormacHo Bropomy 3akony (2.4),0H0 npuoo6-
PETET YCKOPEHHE

w=F/m. (2.16)

V3MeHNM mapamMeTpsl BO3ACHCTBYIONMIEr0 00BbEKTa, KOTOPBIC BXOIAIT TOJBKO
B COMHOXHTENs A TakuM oOpa3om, 4yToObl cita F Bo3pocna B N pas. Jlis aToro
HaJ0 YBEIMYUTH 3apsin O, Bo3AeiicTByomero Tena B N pas mis cui (2.9), (2.11)u
(2.12) mn nnotHOCTS XuAKocTH P s cwisl (2.13).Urak, npu A; = n A cuna

BO3pacTeT Takxke B N pa3: F = F n. IIpu Toi ke Macce 4acTUIBI U HEM3MEHHBIX

pacCTOSIHUU M CKOPOCTH YCKOpeHHe, cornacHo (2.16),npu yBenuduBIIeiics cuie
TOXE BO3pacTeT B N pa3: Wy = N W. Beipaxenue (2.15)spasieTcss 061mmmM, mo3tomy
OHO JIOJDKHO OBITH CIPaBEUIMBBIM U /ISl M3MEHEHHBIX [TapaMeTPOB B3aHMOJICHCT-
BUS

- B B B
F=A BO+Bwl+7wf+...+— . (2.17)

i!
IMocne noxcranoBky 3HaueHui F;, A, Wy B (2.17)nomyuaem

~ L 3 g . .
F= BO+B'nW+B7n2WZ+...+B_—In'V\f : (2.18)
I!
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Opnnaxo Beipakenue (2.18)He cornacyercs ¢ BeipaxenuneM (2.15).Crnemnosa-
TENBHO, 0O HCXOAHOE BhIpakeHue jis cuibl (2.14) HeBepHO, MO0 HEBEpeH
3akoH Hprorona (2.16), U3 KOTOPOro OmpeieieHo yckopenue Wi. CBs3b MEKIY
cuioil U yckopenueM (2.16) oOycioBieHa, Kak Mbl YOeIUIHCh, OMpPEACICHUEM
MOHSTHIA CHITbI, MACChl, YCKOPCHHS M CAMHHI[ UX U3MEPCHHs, U APYrodl OHa He
MOXeT ObITh. B TakoM ciiydae OmIMOOYHBIM SIBISIETCS 3aBUCHMOCTD CHJIBI OT YCKO-
penus (cM. Takke [113, 114]).

Herpyano ybemutbes, uto kaxaas u3 dopmyn (2.9), (2.11)u (2.13), moa-
BEprHyTas TAaKOH e NpoLeype, BCTYMaeT B MPOTHBOPEYHE ¢ COO0W. 3HAYHUT, MpU
MPUMEHEHHUH CHIT, 3aBUCAIINX OT YCKOPEHUs, HEM30eKHO MOTyTIaroTCst abCypIHbIe
pe3yabTaThl, HAIIPUMEP YCKOPEHHE B IIOCKOM KOHICHCATOPE 3apsHKEHHOM 4acTH-
61 10 OECKOHEYHOW CKOpoCTH [82] MiiM HEOTpaHMYEHHOE CAMOYCKOPEHHE 3apsi-
JKEHHOW YaCTHIIBI ke B OTCYTCTBHE BO3JICHCTBHS HAa HEEC CO CTOPOHBI IPYTUX
ten (cMm. 8748 [26]).

P.A. Banapon B Hauase cBoeil crathu [121] otMeuaer, 4To HEKOTOPBIE aBTO-
pbl, B TOM 4ncie u B. PuTi, paccMaTprBarOT 3aBUCHMOCTD CHITBI OT CKOPOCTH U €€
BBICIIMX TPOM3BOIHBIX. Takoe MpeACTaBICHHE UMECT Pa3BUTHE W B HAIIH [HH,
OJIHAKO B MPUMEHEHHH K JPYTUM BETHYMHAM — HAIPSDKEHHOCTSIM DJICKTPHUYECKOTO
E u marautHOro H moneii. HanomMHuM, 4TO HAMpsHKEHHOCTH — 3TO CHIIbI, HOPMH-
pPOBaHHbBIC K eIUHHUIIE JICKTPHYSCKOrO M MAarHUTHOT'O, 3apsI0B COOTBETCTBCHHO.
Tak Kak 3JIEKTPUYECKOE MOJIE MPOMOPLUHOHATIBHO CKOPOCTH M3MEHEHHS MAarHWT-
HOTO TI0JIsI, & MATHUTHOE — CKOPOCTH M3MECHEHHUS SIEKTPHIECKOTO TIOJIsI, TO B CIIy-
Yae JBWKCHUS 3apsiia ¢ MEPEMEHHON CKOPOCTBIO y MHOTHX aBTOPOB BO3HHKACT
JKEJaHWe BBOJWTH MOJIST GOJiee BBICOKOTO MOPSAKa, KOTOPBIC OMPEICIHINCH ObI
BBICIIIMMHY TIPOM3BOIHBIMH OT CKOPOCTH JBIKCHHUS 3apsi/a.

Tak MOKET JI 3aBHCETh CHJIA OT MPOU3BOAHBIX OT CKOPOCTH 60JIee BHICOKHUX,
4yem yckopenue? P.A. Banapos, momyckas, 4TO Takas 3aBUCHMOCTb BO3MOXKHA,
JI0Ka3aTeIbCTB B €€ MOICPIKKY HIIM B OTIPOBEPIKECHHE HE [IPUBOJIUT.

Kak MBI yxe paccMaTpuBaid, CUia BO3JCHUCTBHUS HA TEJO M €ro yCKOPECHHE
SIBIISIIOTCS. Pa3HBIMU BBIPQKCHUSIMU BO3JCHCTBHUS. B mpuHLuIE, ONHCaHHe B3au-
MOJICHCTBHI MOXET OBITh BBIMOJHEHO W 6e3 cuibl. Hampumep, mycTh MBI XOTHM
M3YYUTHh BO3JICHUCTBHE MPYKUHBI HA AFOMUHHEBBIN MApUK quaMetpoM 1 cm. Mer
MOXEM HM3MEPHUTHh YCKOPCHHE W IIapHKa TP CXKATHH MPYKUHBI Ha BEIUIHHY X.
[poBenst ceprio SKCIIEPUMEHTOB TIPH PA3HBIX CHKATHSX TPYKHUHBI X, MbI TTOJTYYUM
3aBHCHMOCTD YCKOPEHHUS [IAPHUKA OT CYKATHS TIPYKHHBI:

W = Wi(X). (2.19)

3aBucumocTh (2.19)yKe MO3BOMSET PEIINTE 3a71a4y BO3IACHCTBHS MIPY>KUHBI
Ha mapuk. [lepBas mpoW3BOgHAS OT MEpEMEIIEHHs 10 BPEMEHH €CTh CKOPOCTh
mapuka

oy, (2.20)

a BTOpast — ero yCKOpeHune
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do _dodx do

=22 = = = wy(x). (2.21)

dt dxdt dx

Pemenne cucrembl auddepennuansHpix ypapHenuit (2.20) — (2.21)npen-
CTaBUT W3MEHEHUE IIyTH M CKOPOCTH IIAPUKA BO BPEMEHH, T.€. MBI IIOJIyIHM OIIH-
CaHHE ero JBIKCHHS.

JUist aIFOMHHHEEBOTO IIApHKa JUAMETPOM 2 CM MOXKHO IIPOBECTH TaKHE JKe
M3MEPEHHST ¥ MONYYIHTh 3aBUCHMOCTD Woy(X). [T CBHHLIOBOTO HIApHKA JHAMET-
poM 1 cM 3Ta 3aBUCHMOCTH Wi(X) TOXKE MOKET OBITh IIOJydeHa. AHAIIOTHYHO MO-
ryT OBITH M3MEPEHBl 3aBUCHMOCTH [UISI YCKOPEHUH APYIHX Tel, a C MOMOIIBI0
ypaBHenuii (2.20)—(2.21paccunTaHbl X IBHKCHUS.

DTOT OE3CHIOBOI METOM ONMUCAHHS B3aUMOJICHCTBUIT MOKHO MOACPHH3UPO-
BaTh, €CIH YCTAHOBHTh COOTBETCTBHUE MEXKIY YCKOPSHHEM aJIOMHHHEBBIX IIApH-
KOB pasHbIX pa3MepoB B Buae koddouumenta Ky(d). Torma mo 3aBrcHMOCTH
Wi4(X) MOXKHO OTIpeaeNsaTh yCKOpeHue mapuka auamerpom d = n (em.):

Wi(X)= Ka(d) wia(X).

Takoe e COOTBETCTBUE YCTAHABIMBACTCS MEXKIY YCKOPESHUSIMU CBUHLIOBOTO
LIapuKa W aJIOMHHHEBOr0. DTy MOJCPHH3ALNI0 MOXKHO PACIPOCTPAHUTh Ha Ila-
PHKH U3 IPYTHX MaTepHAJIOB, Ha Teja ApYyroit GOpMBI H T.J.

CIIOXKMBILMHCS METOL OITMCAHUS B3aMMOIEHCTBHN C IIOMOILBIO CHIT SIBJISIETCS
eme Oosee oOIIer MoaepHU3aNKEld pacCMOTPEHHOTO METOoZa. 3/1eCh YCKOpEHHUE
n3MepseTcs TOIBKO [UIS OJHOTO Tella — HTAJIOHHOTO KHilorpaMmma W = F, 1 ero Ml
Ha3bIBaeM CHJIOH. Y CKOpEeHHE BCEX OCTAJbHBIX TEN NEPECUUTHIBACTCS C MOMOILBIO
K03 dHIEEHTa COOTBETCTBHUSL M, KOTOPBIA MOKA3bIBACT, BO CKOJIBKO pa3 MpH Of-
HOM U TOM JK€ BO3ACHCTBHH YCKOPEHHE TeJa MEHBIIE YCKOPCHHS JTANOHa, T.c. W
=F/m.

Urak, cuia BO3ICHUCTBHUS HA TENO €CTh HE YTO MHOE, KaK ero YCKOpeHHe, HO
BBIPQXCHHOE B IPYrHX eAWHHUIAX. [103TOMy, €CTECTBEHHO, CHJIa BO3ACHCTBHS Ha
TEJI0 HE MOJXKET 3aBHCETh HH OT YCKOPCHHS TeNa, HU OT MPOU3BOAHBIX YCKOPCHUS
110 BPEMEHH. B CBS3M ¢ 3TUM Bce CHIIBI, KOTOPBIE 3aBUCAT OT IPOU3BOIHBIX CKO-
POCTH IO BpEMEHH, He MOTYT OBITh M3MepeHbl. OHU BBOIATCS TEOPETHYECKH H
SBJIAIOTCS OIIMOOYHBIMH. brkaiiias 3anada Qu3MKyM — aHAIM3 BIMSHHS TaKHUX
CHJI Ha TPAKTOBKY SIBICHUI IIPUPOIBI, €e MCIPaBICHHE U CO3MaHHEe HOBOTO MPEA-
CTaBJICHUS 00 OKPY’)KaroIeM MHUpe.

Crnenyer 0c000 OTMETHTH BbIpaxkeHue sl ciibl (2.9). OHO BIBEIeHO U3
YPAaBHECHUI 3JIEKTPOANHAMHKH, KOTOpBIE, Kak OyIeT MOKa3aHO najee, SBISIOTCS
000011IeHHEeM IKCTIEPUMEHTOB. HO 3TO BBIpaKeHHE MPENCTaBISET CHITY HIH YCKO-
pCHHE B MOMEHT BPEMEHH, MPEALICCTBYIOIINIA pacCMaTPHBAEMOMY, B COOTBETCT-
B ¢ cootHoueHueM (2.10). Takum obpazom, (2.9)He MOKET OBITh HCIIOIH30BA-
HO JUIS pacyeTa CKOPOCTH M MyTH JBIKCHHS TeNa, Ha KOTOPOE OKa3bIBACTCS BO3-
neiictue. To ecTb, IO CyIecTBY, BeipaxeHne (2.9) He IPEACTaBISET CHITY, KOTO-
PYIO MOKHO MCIIOJIb30BaTh BO BTOPOM 3aKOHE MeXaHuKu (2.4).
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2.5.CHJIA 1 DHEPI'UsA

B mexanuke 1151 XapaKTEepUCTHUKA BO3/IEH-
CTBHsI HA TEJO BBCACHBI MOHATHUS. padoTa, MO-
TEHUUalbHass M KUHETUYecKas »Hepruu. Ecmum
Ha TEJIO BO3JCHCTBYIOT Ipyrue Tena cuiamu Fi,

Fy O F

Puc.2.1.Cubl BO3IEHCTBHS HA TEIIO HECKOJIEKHX TEJL.

K, dl
Fo,..., Fn (puc.2.1) u teno 3a Bpems dt mepeme-
mraercst 1o nytu dl, To cKanspHOE MPOM3BENCHHUE COCTABISIONINX CHJI Ha 3TO Iie-

PEMCIICHUC HA3bIBACTCS pa60T0171:

dA=F dl +F,dl +..=) Fdl. (2.22)
i

[To anamormm C OBITOBOW NEATEIHHOCTHIO TOBOPST, YTO BO3JCHUCTBYIOIIHE
Tella BHIMOJHSIOT paboTy 3a BpeMs di. 3a KOHEUHBIH POMEKYTOK BpeMeHu t pa-
00Ta BO3JCHCTBYIONMUX TeN OyIeT

t t - t
A= Fd = R e = F odt, (2.23)

o

T.€. OHA ONPEAEINACTCSI CYMMOW CKaJIIPHBIX MPOU3BEICHUM CHUJI BO3JECHCTBUS HA
CKOpOCTB TeTa.

[Ipu ocymiecTBIeHUH 3TOW PabOTHI ¢ BO3JACHCTBYIOIIMMH TEIAMH YTO-TO
MIPOUCXOIUT, HAIIPUMED JIOMIab TePSET 3amac )KU3HEHHBIX CHJI, a TPAKTOP Pacxo-
nyeT roproyee. [I[puHATO HA3bIBaTh TAKOW MPOIECC MOTEPEN IHEPTrUM BO3JAEHUCT-
BYIOLIEr0 Teja, KOTopas pacXoiyercs Ha BbIMojHeHHe pabotel (2.23). U3pacxo-
JIOBaHHAs YHEPIUs Kak Obl MOTCHIMAIBLHO COJCPIKaIach BO B3aUMOJICHCTBYOIIUX
TeNax, MOATOMY €€ Ha3bIBAIOT MOTCHIMATIBHOM SHepruell U W mpupaBHUBAIOT pa-
60Te ¢ 00paTHBIM 3HAKOM:

t
U :—A:-Zjﬁ, adt . (2.24)
i0

B pesynbrate Bo3aeHcTBHS ABWKYIIEECS TEIO MPUOOpeTaeT CKOpocTh v . CBOUM
JIBUKEHHEM OHO MOXET OCYIIECTBUTHh KaKOe-TO BO3JEHUCTBUE, HANPUMEP YCKO-
PEHHBIN CHapsi B pe3yjbTaTe yAapa MOXET pa3pylIUTh cTeHy 3aaHus. [loaTomy
TOBOPST, YTO TEJIO 00TaAET KHHETHUECKON YHEPTHEH

EC :T' ZB)

BBeneHHble BeMMYUHBI paOOTHI, MOTCHIIMATLHOW W KUHETHYECKOW dHEPTHH
TTO3BOJISIIOT PacCMaTpUBaTh MPOLIECC B3aUMOJICHCTBHS B IPYruX MOHATHAX. OmHa-
KO 3TOT METOJ[ MOTHOCTBIO CJIEYyeT W3 METola CHJI, Kak OyJeT BHIHO HinkKe. B
clly4yae BO3JEUCTBHUS Ha TeJI0 HECKOJBbKUX TeJl 3aluilieM BTOpoil 3akoH HeloToHa
(2.4) B cnenytouiem Buze:
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m—=SF . (2.26)

YMHOKHM JIEBYIO M IPaByIo Yactd (2.26)Ha D ¥ MPOBEIEM MOCIIEN0BATENb-
HBIE IPeoOPa3OBAHMS

=~ 2
ms%:zi:ﬁ,a; mjr)dazzi“jﬁ,adt; L :Zjﬁ,f;dﬁc, (2.27)

rae C —He3aBHUCAIIAs OT BPEMEHH KOHCTaHTA HHTETPUPOBAHUSL.
C yuetom ompezenenuit (2.24)u (2.25) nocneHee BbIpaKCHUE 3aMHIICTCS

TaK:
Ei=E.+U=C. (2.28)
CyMMa KHHETHYECKOM dHeprun E, MBIKYIErocs Tejia ¥ MOTESHIUAIBHOW SHEPTUH
U BO3ICHCTBYIOMNX TEJT HA3bIBACTCS TMOJHOW MEXaHWYECKOH dHeprueil E; B3am-
MojeicTByromux tei. Kak BugHo u3s (2.28),moiHas SHEpPrus B3auMoaeicTeus Eg
BO BPEMEHHU HE M3MEHSETCS U OCTACTCs IIOCTOSIHHOM B MPOLIECCe B3aUMO/ICHCTBUSL.
B ¢u3nke 3ak0H COXpaHEHUs SHEPTHU HA3BIBAIOT 3aKOHOM MPHUPOAbI. OHAKO MBI
3HaeM, 4TO cooTHolreHue (2.28) 00ycaoBIEHO BTOPHIM 3aKOHOM HbIOTOHA M sB-
JSIETCsI CIIEACTBHEM HAIIEro MoJaxo/a W Hallero Beioopa moustuit. To 4To 3aKoH
COXpaHEHHsT MeXaHW4YeCKoi sHepruu (2.28) siBisieTcsi He 3aKOHOM HPHUPOJIBI, a
CJIC/ICTBHEM HAIIIEr0 METOJIa OMUCAHKS B3aMMOJICHCTBHIN, HE YMEHBINACT €ro 3Ha-
yenust. Eciau Obl 3TO OBUT 3aKOH TPHPOIBI, KAK, HAPUMEP, 3aKOH BCEMHUPHOTO
TATOTEeHHs WK 3akoH KysoHa, v ObUT MOJy4YeH B pe3ysibTaTe U3MEPEHUsI CBOUCTB
TeJl, MOXHO ObUTO ObI COMHEBATHCS B €0 YHHBEPCAILHOCTH M TOYHOCTH. TO 4TO
3aKOH OOYCIIOBJICH HAIIUM IOJXOJIOM, CBHJETEIbCTBYET, YTO OH JIOJDKEH BBIMOJI-
HATHCA ¢ a0COIOTHON TOYHOCTBIO MPH JIFOOBIX 00CTOATEIHCTBAX.
Ipu BeIBOZE (2.28) MBI paccMaTpUBald HAYAJIO IBMKEHHUS TEJIa U3 COCTOS-
Hust Tokosi. Eciiu Tenno uMeer HavaabHy0 CKOPOCTh vg, TO B pe3yJIbTaTe HHTErpu-

poBaHusl BeIpaKeHu# (2.27)Mbl oTy4aeM

2

2 t t to
m;’ —%:Zjﬁ, st :ZJ-'E' Bdt—z_[lf, pdt=-U -Up),  (2.29)
it i 0 i0

YTO MOKHO 3aIHCATh KaK:

AE;=AE,. +AU =0, (230
T.€. IPUpAIIEHHE MMOJHON YHEPIUU B3aUMOJEHCTBYONIUX TEJ B MPOIECCE JBUKE-
HUSI PABHO HYJIIO.

IIpyn Hanuuuu BO3AEHCTBUN Ha TEJIO OHO MOXET JABUTATHCSA C MOCTOSHHOU
CKOPOCTBIO: HAlpHMEp aBTOMOOWIIb, NMPHBOAMMBIN B JCUCTBHE KOJIECAMH, HIIH
CaMoJIeT C PeaKTHBHBIM JIBUTATENeM. B 3THX Cilydasix BO3JICHCTBYIOIIUM OOBEK-
TaMm MPOTHBOJCHCTBYET BO3AYX COMPOTHUBICHHEM JABM)KEHHIO. Tak Kak CKOpOCTh
He usMmensercs, To AE. =0 u, cornacuo (2.29), moTeHIIManbHas SHEPTUSA TOKE HE
mmensietes, T.e. AU = 0. Omnako sneprus tormBa AEr pacxomyercs. Ona pac-
XOJIyeTCsl Ha HarpeB BO3[yXa M ITOBEPXHOCTHU TeNa, T.C. BBIIEISAETCS B BUIE dHEp-
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run AE; = — AEy . JlononHsst npupalieHue NOJHOW MEeXaHW4eCKOW dHEpruu Co-
rnacHo (2.30)senmmunnamu AE; u AEt, mony4yaem

AE; = AE, + AU + AE, + AE; = 0. (2.31)

Tak kKak mpupaieHne KaxxJJ0i COCTaBISAIONEH OTHOCUTCS K HAYAJIbHOMY U KOHEY-
HOMY TIOJIOKEHHUIO JeHcTBYIomuX Tei, HanpuMmep AE; =E; — Eq, To monnas suep-
I'¥s B KOHEYHOM COCTOSIHHMH 3amuineTcs cornacHo (2.31)kak

Ef=E6+U+Et+ET :E50+U0+Et0+ET0=C. (232)
To ectb onpeaeneHHas TaKUM 00pa30M dHEPIHsl OCTACTCSl HEM3MEHHOMN B MpolLiec-
Ce B3aUMOJACHUCTBHUS.

CBs3b MEXKIY MEXaHHYECKOW SHEPrueil U TEIUIOBOW YCTAHOBJICHA B PE3yJib-
Tare pa3sHOOOPA3HBIX U3MEPEHHI KOJIMYECTBA TEIlIa, BBIICISIEMOrO MPHU BBIMOJIHE-
HUM MEXaHUYEeCKOW paboThl. OHa BhIpaKeHA MEXaHUYECKUM DKBHUBAJICHTOM TEIl-
70tel 7 = 4.187 Dx/kan, uan 427 kI'm/kkan. Beigessemast TOIIMBOM SHEPrHs IPH
CrOpaHHHU M3MEpPEeHA B BUJE TCIUIOBOW dHEPruu. Takum oOpa3oM, BCe BUABI IHEP-
MU B pe3yJIbTare 3KCIEPUMEHTAIBHOW TAPUPOBKU COMOCTABJIECHBI ¢ MEXaHUYe-
ckoii sHeprueit. [1o3ToMy 3aK0H COXpaHEHHUsI SHEPTHUH CTAHOBUTCS MPUMEHUMbBIM
KaK Ui MEXaHUYECKOW, TaK U ISl TeIUIOBOM, XMMHUYECKON U IPYTUX BUIOB dHEP-
Ui, KOTOPBIE MO/IBEPTHYThI IKCIIEPUMEHTAIHLHOMY COIOCTABICHHUIO.

WTak, 3aKOH COXpaHEHUsI SHEPTUH SIBJISICTCS HAILIMM IOJXOJ0M, a HE 3aKO-
HOM TPHUPOJIbI. DTO OCOOEHHO Ba)KHO MOMHHTH IPH PACCMOTPEHUU HOBBIX SIBJIC-
uuii. CoxpaHeHue dHepruu 00YCIOBICHO M3MepeHusiMU. Eciii sBJIeHUE BBIXOAUT
U3 PaMOK, B KOTOPBIX MPOBOIIINCH H3MEPEHHUS, TO BO3MOYKHBI HAPYILCHUS 3aKO-
Ha. Takoe HapylIeHHE MPOUCXOAUT MPH HU3MEPECHHU TEIUIOBOI dHEPIUH, BbLie-
JsieMoii B OpoHe mnociie yapa OpoHeOOWHBIX CHApSOB. OHA MPEBHINIAET KHHETH-
yeckyto B 1.2, 1.48u 4 pa3a npu macce caapsina 0.0615, 0.085t 4.05kr, coorseT-
crBerHo (SIBopckuit B. Dueprust «u3 Huotkyzaa» // Hayka u kun3up. — 1998, No
10.-C.78 — 79).910 HapyieHHe 00YCIOBJIEHO IIEPECUETOM BBIAEIIEMOrO TEILIA B
MEXAaHMYECKYIO DHEPTUIO ¢ MTOMOLIBI0 dKBUBaleHTa 17 = 4.187 Jl)/kai, KoTopsii
OblT U3MEPEH PU MEePEeX0/ie NBIKSHHUS B TEIUIO C MOMOIIbI0 TpeHus. Kak Mbl BU-
JIM, TIPH BBICOKOCKOPOCTHBIX ylIapax MEXaHWYeCKHH KBHUBAJICHT TEIUIOTHI APY-
roil ¥ K TOMY € 3aBHCHUT OT MAacChl: B IPUBEJCHHBIX CIy4asX OH C YBEIHUCHHUEM
Macchl yaapHuka magaet = 3.5, 2.8a 1.05 x/xai.

B coBpeMeHHO#l (u3Kke MpeoOIagaloT IHEPreTHYECKHE METOIbl pacyueTa
B3aMMOJCICTBHI. paccMaTpHBAcTC MepeAavya SHEPrHH MEXIy B3aUMOICHCT-
BYIOIMMH TeJaMH, MepeXxoabl 00bEKTa Ha pa3Hble YPOBHH dHeprud u T.1. Cyiie-
CTBYeT MHECHHE, YTO JHEPreTHYCCKHe MEeTonbl Ooyiee oOmme. B kauecTBe apry-
MEHTa U3 3aKOHOB COXPAHEHHSI DHEPTHHU BBIBOST YPABHCHUE JIBIKCHUSI.

OnHaKo, UCXOAHBIMU BCE-TAKH SIBJISIFOTCSl YPABHEHUSI MEXaHUKHU. Y PaBHEHHE
(2.28) nust PHEPrUK MOTYYEHO B PE3YIILTATE HHTEIPUPOBAHMS YPABHEHUS IBHIKE-
nust (2.26). Iuddepennupys (2.27) @ MIMEHHO TaK OCYLIECTBIIAETCS BBIBOJ KaHO-
HUYECKMX YpaBHEHHH ['aMUIIbTOHA MUHMMU3ALKER JEHCTBYS), MBI , €CTECTBEHHO,
MOJY4UM ypaBHEHHsS] MEXaHUKH. VICXOJIHBI TIOHATHUSI MEXaHUKH — CKOPOCTh, YCKO-
penue, cuna u Macca. [IoHATHE YHEPrHU U SHEPreTHYECKUE COOTHOICHUs 0a3u-
pPYIOTCS Ha HUX. DTH OCHOBaHHS HEMOCPEICTBEHHO CBS3aHbl C HM3MEPEHHSIMHU
CBOJCTB OKPYXKAIOIIEr0 MHUpa, MO3TOMY CBEICHHE 33/1laUd BO BCEX HESICHBIX CH-
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TyaquAaXx K UCXOOHBIM MCXaHUYCCKUM ITOHATHUAM IO3BOJIACT ITPOACHUTH HpO6HCMLI
1 YCTAaHOBUTH UCTHUHY.

I'JIABA 3

OCHOBHBIE ITOJIOKEHUS OITUCAHUS
B3AUMOJEVMCTBUM 3APSI)KEHHBIX
U HAMATHUYEHHBIX TEJI

3.1.B3AUMOJIEMCTBUE HENOIBUKHBIX
HAJJIEKTPU30BAHHBIX TEJI

Kak m3BecTHO, IEpBOHAYANBFHO AIIEKTPHU3ANNIO TeNl TOJIYYadl TPEHHEM HX
oJiHO 0 apyroe. [To3xe cramy U3BECTHBI U JPYTUe CIIOCOOBI TTOJyYEHUS IICKTPH-
yecTtBa. Ho BO Bcex ciaydasix MOSBIEHUE 3JIEKTPUYECTBA B TEJIaX XapaKTepUsyercs
TEM, YTO TeJa HAYMHAIOT MPUTATHBATHCA WIH OTTAIKUBATHCS APYr OT JAPYTra.
BnusiHue HadIeKTPU30BaHHBIX TEJ M3y4alloCh IyTEM M3MEPEHMs €ro CHJIbI, MpH-
4yeM B KauecTBe Npy>kuHbI KyJOH UCNONB30BaN TOHKYIO MPOBOJIOKY, IO YTy 3a-
KpPY4MBaHMsl KOTOPOH oOIpeaessach Cuila B3aUMOAEWUCTBHS MEXIY IBYMS Ha-
3JIEKTPU30BaHHBIMU TeldaMu. OmbITaMy OBUTO YCTAHOBJICHO, YTO CHUIIBI BIIMSTHHS
HA’JICKTPU30BaHHBIX TeNl APYT Ha Jpyra 3aBUCAT OT PACCTOSHHUS MEXIY HUMH.
Oxa3anxoce, 9YTO IPH OJHON M TOH Ke SIEKTPU3AIMH TelNl CHiia 00paTHO IPOIIOp-
[MOHAIbHA KBAAPaTy PACCTOSHHS.

Ho Tak xak omHM W Te )K€ Tela MOXKHO Ha3JIEKTPH30BaTh II0-Pa3HOMY, T.C.
CHJIa BJIMSIHMSL MEXAY ABYMsS TEIaMH IPH OJHOM M TOM JKE€ PACCTOSHHUHM MOJXKET
HMMETh Pa3HYI0 BEJIMYUHY, BO3HHMKJIA HEOOXOAMMOCTHh KaK-TO OXapaKTepHU30BaTh
BEJIMUMHY Ha’JIEKTPU30BaHHOCTHU. {1 5TOro BHIOpallM OJMHAKOBYIO HAdJICKTPH-
30BaHHOCTb JIBYX MaJIbIX TeJl, KOTOPBIC BIUSIOT IPYr Ha ApYyra CWJIOW B €IMHUILY,
€CIIM PaccTOSIHUE MEXy HUMH paBHO eanHuue. Hampumep, npu paccrostHun 1 m
u cune 1 H enuHunna HasmeKTpu3oBaHHOCTH HasbiBaeTcs KynoHoM (K). Ecnu npu
STOW HA’NEKTPH30BAaHHOCTH OJHOTO W3 TEJN JIPYroe MMEeT TaKylo HadJIeKTPH30-
BaHHOCTB, YTO IIPH TOM K€ PACCTOSHHUH CUJIAa X BIUSHUS OyIeT paBHA (; COMHUII,
TO BEIWYMHA HAIIEKTPH30BAHHOCTH BTOPOTO TeJa, Kak OBUIO MPUHATO, paBHA
qucIy Op.

BriOpanHyro BenMUMHY SIEKTPHU3ALlMN HA3BAJIM 3apsiOM SJIEKTPHUYECTBA.
Ecmu ke mpu eIMHUYHON Ha’IEeKTPU30BAaHHOCTH BTOPOTO Tela HadJIEKTPHU30BaH-
HOCTb IEPBOTO OY/IET TaKOW BEIMYUHBI, YTO CHJIa BIMSHUS MEXIY HUMH IIPH €11~
HUYHOM PacCTOSHUM OYyZAEeT (; €IMHUI], TO BEJIWYMHA 3apsia HNepBOro tena Oyaer
paBHa (; . [ToaToMy Ipu HadIEKTPU30BAHHOCTHU TeJ, U3MEPIEMON 3apsiiamu O 1
O, cWJIa BIMSIHUSL MEKTy HUMH Ha KaKAYI0 eIMHHMILY 3apsijia MepBOro Tejla paBHA
0O, a Ha Bce (; €IMHUIL 3apsia OyIeT paBHA MPOU3BEACHUIO O; Op. A TaK Kak CHia
MEXIy HadJCKTPHU30BAHHBIMU TEJIaMH OOpaTHO MPONOPIMOHATIRHA KBAIpaTy pac-

38



crosiaus R MCXKIY HUMH, TO BBIPAXKCHHUE IJId CHUJIBI IIPU JIFOOBIX pacCTosAHUAX B
BCKTOPHOM BHU/JIC 3AIUIICTCSA TaK:

F=4%R (3.1)
ER

DTO0 BBIpaXCHUE M3BECTHO Kak 3akoH Kynona. KoadduuumeHT £ BBeneH mns
TOTO, YTOOBI UMETH BO3MOXKHOCTH ITOJIB30BATHCS BEIMIMHAMH 3apsI0B BHE 3aBH-
CHUMOCTH OT TOTO, B KaKOH Cpeie HaxomsATCs B3anMoAeHcTByromue Tena. OOBIIHO
BEJIMUMHY 3apsijia U3MEPSIOT B KaKOU-TO OmpejeneHHoi cpeae (B BO3ayxe WM B
BakyyMme) U KO3(Q(OHUIHEHTOM € YUUTHIBAIOT H3MCHCHUE BIMSIHUS MEXKIYy HadIeK-
TPHU30BAaHHBIMH TEJIAMHU TPU MOMEIICHUH UX C TOW JK€ HA3JICKTPU30BAHHOCTHIO B
Ipyryio cpeay. HecMoTpst Ha TO, 9TO BENMYMHA HAXJICKTPU30BAHHOCTU YCTaHAB-
JIMBAETCS 10 CHJIC BO3ICUCTBUS MEX]y TEJIaMH, BEJIHMYUHBI 3apsI0B TEI HE H3ME-
HSIOTCS TIPU CMEHE Cpellbl MEXAy HUMH. Takum 00pa3oM, BO3JCHCTBUC HadJICK-
TPHU30BAaHHBIX TEJ JPYT HA JAPYra, KOTOPOE MOXKET MMETh Pa3HYI BEIHYUHY B
PasHBIX Cpelax, OMUCHIBaeTCss cooTHomeHHeM (3.1) ¢ MOMOIIBIO ICKTPUIECKUX
3apsAA0B, KOTOPBIE HE 3aBUCAT OT CPEeAbl. DTO CIIOCOOCTBOBAJIO BO3HHKHOBEHHIO
MHEHHS, YTO SJIEKTPHUECKUE 3apsiibl SBISTIOTCS HEKOTOPOH MaTepHaiIbHOM CyII-
HOCTBIO.

W3 paccMOTpEeHHOTO BHIHO, YTO 3apsAl 3TO HE KaKasi-TO CYITHOCTh WIIH CyO-
CTaHIUSA. DTO BBEICHHOE YEIIOBEKOM IOHATHE IS ONHCAHUS BO3ACHCTBHS Ha-
JJIEKTPU30BAHHBIX TEJ APYr Ha Apyra. HasnekTpu3oBaHHOE TEIO MOXKET UMETh
nr000i#t 3apsaa. Ecnu Obl Ha TakOM Ke NPUHIMIE ObLIO OCTPOCHO OMKCaHHE Tpa-
BUTAIIMOHHOTO BO3JICHCTBUS, TO aHAJIOTUYHAS BEIMYMHA 3apsija JUis KaXkKI0ro Tela
Obl1a ObI HEM3MEHHOM, TaK KaK JII0ObIE JIBA Teia BIUSIOT APYr Ha Apyra (opu of-
HOM U TOM 3K€ PAaCCTOSIHMH) BCEr/ia OJMHAKOBO. EMHMIIBI 3apsijia Ui TpaBUTAIU-
OHHOTO BO3ACUCTBUS OCTaIMCh ObI T ke. Hampumep, MOXXHO TIPHUHATH, YTO TEJIO
maccorr 123 T umeer 3apsia, paBubiii 1Kim, Tak Kak OHO OyIeT NMPUTATHBATHCS K
TakoMy e Texry cuioi 1H.

Co BpemMeHeM cioBO "3apsa’ mpruoOpeTano HOBbIM cMbIci. C MpUMEHEHHEM
BBIPOKEHUH THIIA: HAXOIATCS 3apslpl, M3MEHIIOTCS 3apsibl, B3aMMOJICHCTBYIOT
3apsAAbl — pa3BUIIOCH TOHMMAHHE 3apsAaa KaK caMOCTOATeNbHON cymHocTh. C 0T-
KPBITHEM DJIEKTPOHOB (KaK YACTHUI[ C OJAUHAKOBBIM DJIEKTPUUECKUM 3apsijioM), yT-
BEPIWIIOCh MHCHHE O CYIIECCTBOBAHHM 3apsIOB B BUJIEC HEKOTOPOW CYOCTaHIIHH.
Hanmgue 3mekTpoHa ¢ MOCTOSHHBIM CBOMCTBOM BO3JIICHCTBOBATh Ha cebe MOm00-
HBII BCETAa OJJHUM M TeM Ke 00pa3oM, He JOKa3hIBaCT CYIICCTBOBAHUS JJICKTPH-
YyecKod cyOcTaHIMU. BBeneHue Takoi CyOCTaHIIMM aHAJIOTUYHO TOMY, KaK €CIIH
OBI IIPX BO3JICHCTBUHU 3eMIIM Ha TEJIO U TEILIOBO3a HA BarOHBI BBOAMIKCEH OBI CYyO-
CTaHIMM TSDKECTH W TEIUIOBO3HOM Tiaru. HecmoTpss Ha To uro "cyOcTtaHumus' u
"Bo3zeiicTBHE" HE TOJIBKO HEpaBHO3HAYHBIC TMOHATHS, HO W BOOOIIE MPEICTABIIS-
0T c000l HecpaBHUMBIE OOBEKTHI, B COBPEMEHHON (DM3HKE TI0 aHAJIOTHH C DJIEK-
TPUYECTBOM BBEJCHA CyOCTAaHIUS I TPAaBUTAIIMOHHOTO BIIMSHHS B BUJC TPaBH-
TOHOB.

[IpencraBneHue 3apsoB Kak HOCUTENEH SJEKTPUUECKON CyOCTaHIMH CITO-
COOCTBOBAJIO TOSBJICHUIO YTBEPXKICHHA O COXPAHCHHUU 3apsIOB, XOTS OIIBITHI
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yOeXIaloT Hac O MOSBICHHHM W MCYC3HOBEHHH SJICKTPHU3AINA. Y OexKIeHHE O Co-
XpaHEHHHU 3aps/ioB B KadecTBE CyOCTaHIIMHM TIPHUBENIO K YTBEP)KACHHUIO O HE3aBH-
CHUMOCTH CHJI B3aMMOACHCTBHS HAdJICKTPHU3O0BAHHBIX TEJ OT MX OTHOCHUTEIHHOTO
JBIDKEHUS, KOTOPOE, Kak OyJIeT MOoKa3aHO HHUXKE, SBISICTCS OUTHOOYHBIM.

[Ipu coenuHeHNH HAIEKTPU3OBAHHBIX TeJI MPOBOJHUKOM BEIMUKMHA HAJIEK-
TPU30BAaHHOCTU HU3MEHSETCS, a B MPOBOJHUKE MPOUCXOMAST OIpe/eeHHbIE U3Me-
HEHUs1, HanpuMep HarpeB. BBeseHa CKOpOCTh U3MEHEHUS HAJIEKTPU30BAHHOCTH

= % , (3.2)
dt
KOTOpasi Ha3BaHA JJIEKTPUYECKHUM TOKOM. C TOYKH 3pEHUS IJICKTPUUECKUX CHII
BaKEH TOT ()aKT, YTO MPH HAJMYHUK TOKA B MPOBOJSAIIEM TeJlle CYIIECTBYET BO3-
JIefcTBHE ATOrOo Tena Ha MarHuT. OnbeiTamu Poynanna, DiixenBanbaa, Pentrena u
Jip. OBLTO YCTAHOBJICHO, YTO HE TOJIBKO M3MEHEHUE HAJIEKTPU30BAHHOCTH TEJ, HO
U JABW)KEHUE Tell C HEM3MEHHON HAadJIeKTPU30BAHHOCTHIO BBI3BIBAET YCKOPEHHOE
NBIDKCHHE HaAMarHMYEHHEIX TEJ, T.€. BIMAET Ha HUX. BO3MOXKHO, B CBSI3H C 3TUM
MHOTHE CTaJIU MPEICTaBISATh TOK B IPOBOJHUKE KAK JBUKECHHUE 3apsIO0B.
JIBUOKYTCS JIM 3apsi/ibl MIIH AJIEKTPHYCSCKasl CyOCTaHIINS, CYIIECTBYIOT KBAHTHBI
SHEPIHU M TOMY MOJO0OHBIC TUIIOTETHYCCKIE MOCTH ITOTO SIBJICHUS — MBI HE OY-
JIeM paccMaTpuBaTh M NpPUHUMATh BO BHUMaHue. [lepea HaMu CTOUT yeTKas U
oTIpeJieNieHHas 3aJa4a — UMETh BO3MOXKHOCTH OIPENCIISATh B3aWMMOJICHCTBHE Ha-
JJICKTPU30BAHHBIX ¥ HAMAarHUYCHHBIX TEJ B CIydae M3MEHEHHS X JJICKTPU3AINN
W HAMarHWYeHHOCTH WJIW TPU WX JIBMOKEHWHW. Takas BO3MOXHOCTh MOXET OBITh
JIOCTUTHYTA JINIITh U3MEPEHUEM BO3JIEHCTBUI JTaJOHHBIX TEJ APYT Ha JApyra, Ha-
XOIIAIITUXCSA B OMPENEICHHBIX COCTOSHUSIX, M CPAaBHEHHUEM BEIUYHMHBI COCTOSHUS
paccMaTpHUBAaEMbIX TeJl C COOTBETCTBYIOIIUMHU COCTOSIHUSIMU ATAJIOHHBIX Tell, a He
BBEJICHUEM IPEIoiaraeMblX MEXaHU3MOB 3TUX BozaehcTBUil. Tak, s HadjeK-
TPU30BaHHBIX TEJl U3MEPSETCS STAIIOHHOE BO3JICHCTBUE TEJ C TAKOW AJIEKTpU3ALIU-
ei, Kor/la Ha paccTOSIHUU B OJIHY €JUHUIY OHU MPUTSATHBAIOTCS C CHUJION TaKKe B
OJIHY CAMHUITY. BenndyrHa Ha3ICKTPU30BAaHHOCTH B BUEC 3apsiia JJis JIFo0OTro Tea
HM3MEPSICTCS CPABHCHUEM €r0 CIIIBI BIUSIHUS C CHIIONW 3TallOHHOTO BIusHuA. Heoo-
XOJIMMO OTMETHUTh, YTO BEJIMYMHA 3apsiga MOXKET OBbITh M3MEpPEeHa CpaBHEHHUEM U
JIPYTUX CBOMCTB HAZJICKTPU30BAHHBIX TEJI, HAPUMEDP BBIICICHHOTO BEIIECTBA MPH
anekTponm3e u T.1. OJHAKO BCe CPaBHEHHS OCHOBBIBAIOTCS Ha SIUHHIIAX JJIEK-
TPUYECTBA, ONPENEICHHBIX 110 B3aUMOACHCTBHIO TEI.

3.2.lMPOBJEMBbI OITIUCAHUS B3AUMOJENCTBUIA
JABMKYIIIUXCA 3APAKEHHBIX TEJI

Cuna BSaHMOHeﬁCTBHH JABYX HCHIOABUIKHBIX 3apsPKCHHBIX TCJI BbIpaKCHa
COOTHOIICHUECM (3.1).3HaHI/I€ CHJIBI U MAaCChbI KaXXJ0T0 U3 TE€JI My U Mp JOCTATOYHO
I ONIPEACIICHUS UX yCKOpeHI/Iﬁ W; 1 W7 ¥ IOCICAYOIIUX ,HBPI)I(GHI/Iﬁ. Ho Korga
HAYHYTCA ABUXXCHUA TCII, 6y;[eT JIK BCJIMYHMHA CHJIBI OITMCBIBATHCA TEM XKE€ COOT-
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HomeHueM (3.1) unu oHa Gyzmer 3aBHCETh OT CKOPOCTH MX OTHOCHTEIBHOTO JBH-
HKEHUSI?

IIpexzae 4eM OTBETUTH Ha ITOT BOIPOC, PACCMOTPHM, KAKAM 0OPa3oM MOX-
HO OBLTO OBl OMPENEeNUTh 3aBUCUMOCTD CHJIBI OT CKOPOCTH OTHOCHUTENBHOTO ABHU-
KeHus1 TeNl. Ecnu mpu MOKOSIIMXCS TeNlaxX CUITy BIUSHUS UX OPYT HAa APYra MOYKHO
HU3MEPUTH MOMELICHHOW MEXAy HUMHU MPYKHUHOM, TO B CIydae IBHKECHHS OTHOTO
U3 TeN NPYXKUHY MOXKHO MPUCOCIMHATH TOJBKO KO BTOpOMY Teny. JBrxkyuieecs
Teno OymeT OCYLIECTBIATh CBOE ABWXKCHHE, a HAXOMAAIICECS IMOJ €ro BIHUSHUEM
HEMOJBMKHOE TeJIo OyaeT AeGopMHpOBATh MPYKUHY, BTOPOH KOHEl KOTOpPOil
Ternephb JOHKEH OBITh MPUCOCTUHEH MO0 K YyCTaHOBKe, MO0 k 3emie. Bemnanna
nehopManny MpyXXUHBI MPEICTABISICT BEIMYNHY CHJIBI Ha HEMOABIIKHOE TEJO OT
IBWKYILIErocsl. A Tak Kak M3BECTeH KO3((PUIMCHT COOTBETCTBUSI M (SAMHHULA yC-
KOPEHUsI HETIOBI)KHOTO TEJla COOTBETCTBYET M €AMHULAM CHIIBI), TO 3THM H3Me-
PEHUEM OIPEACIUTCS U €r0 YCKOPEHUE IBIKCHHS. [IpH OTCOSIMHEHNH MPYKUHBI
TEJIO HAYHET C ITUM YCKOPCHHEM ABHTAThCSI OTHOCUTEIBHO TOTO Teia, C KOTOPBIM
OBLT CBsI3aH BTOPOW KOHEI[ NPY)KUHBI, T.€. OTHOCHTEIBbHO 3emiu. [ToaTomMy ycko-
peHue, OnpeneeHHOe TaKUM 00pa3oM, MPEACTABIACT U3MEHCHUE NBIKCHHS Tela
OTHOCHTEJILHO 3eMITH.

W3mepsisi TakuM 00pa3oM CHITy Ha HEMOIBIKHOE TENO MPU Pa3IMYHBIX CKO-
POCTSIX IBIDKYILETOCS Tea, MOXKHO MOJYyYHTh BBIPAKCHUE IS CHJIBL, 8 CICA0Ba-
TENBHO, U [UISl YCKOPEHHUS JABMXKCHUSI HEMOBHIKHOTO TeNa B 3aBHCHMOCTH OT CKO-
poctr. Ho mBrKyIieecst Teo TOXKE HUCHBITHIBACT BIMSHIE HEMOABIDKHOTO. MOXK-
HO JIM OTIPEJCIINTh €ro YCKOpeHHe?

B ciydae HEMOABMKHBIX B3aMMOJCHCTBYIOIIMX TeJ Ae(GOpPMALUK IIPYyKUHBI
OTHOCSITCSL KaK K OJHOMY, TaK M K APYyromy Teiy. IIpu H3BECTHBIX Maccax Tei
3HAHHUE CHJIBI X BIIMSHUSI JOCTATOYHO IS ONIPEACIICHHUS YCKOPCHHH.

MoskeM JIi MBI CKa3aTh, YTO B CIydYae OJHOTO JABKKYLIErocs Teia aehopma-
LHS IPYXXHUHBI, KOTOPYIO COBEPILIAET HEMOIBIKHOE TEJ0, OyIeT TaKXKe MpeICcTaB-
JATh CHJIy Ha IBIDKYILEECS TeJO, a CJICAOBATEIBHO, U BBIPAXKATh €r0 YCKOPEHHE?
OTBETUTH HA 3TOT BOIPOC MOXKHO OBLIO ObI HEMOCPEACTBEHHBIM H3MEPEHUEM CH-
JIbI Ha IBMOKYIIIEECs TEO.

JJist 5TOTO HY)KHO COCAWHHTH €ro MPYXHHOI ¢ 0oliee MACCHBHBIM TEIIOM,
KOTOpOE HE BHOCHT W3MEHEHHsI BO B3aMMOJCHCTBHE C HEMOJBIKHBIM TEIOM H
IBIIKETCS C HEOOXOIMMOM MOCTOSHHON CKOPOCTBIO OTHOCHTENBHO HEIOJBHKHO-
ro. Tak Kak Takue M3MEPEHUS] HAM HEM3BECTHBI, TO OyJEM HCKaTh OTBET Ha BO-
[POC, OCHOBBIBASICH HA KOCBEHHBIX (hakTax. B pe3yiprare B3auMOACHCTBUS Kax-
Z0€ U3 JBYX T, ABMKYIIEECS U MEePBOHAYANBHO HEMOJBIKHOE, HAUHHAIOT JBH-
raTbest yckopeHHo. Crulbl, OMUCHIBAIONINE JBIKCHIE TIEPBOTO Tema Fip= Myw; u
JBIKEHHE BTOpOro Tena Fpy = MpW,, paBHbI. [lo3TOMy yckopeHus Ten OyayT 06-
paTHO MPOMOPLMOHATBHBI MaccaM, Wi/W, = mp/My. B 3tom ciyyae Touka ¢ pac-
CTOSIHUSAMH OT 00BEKTOB, 00paTHO nponopuroHanbHeIME MaccaM (Ry/Ry = mp/my),
U M3BECTHAsl KaK LEHTP MacC CHCTEMBI TeJ JOJDKHA TepeMeliaThesi 6e3 yeKope-
HUS. DTO MOJOKEHUE MOATBEepKAacTcs. 13 HaOMI0IeHHI BCeX CIIy4acB JBIKCHHS
TaKUX TET B IPHUPOJE CIELYeT, YTO IPH OTCYTCTBHU BHEIIHErO BIMSHUS Ha Teia
CHCTEMBI HX LICHTP MAcC JBM)KETCS PABHOMEPHO M NPSIMOJIMHEHHO WM MOKOUTCS.
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Bbnaronmaps m3noxeHHOMY (akTy HPUXOAWM K BBIBOIY O PaBEHCTBE CHJI, C KOTO-
pBIMH 11Ba 00BEKTa B3aUMOACWCTBYIOT APYT C APYTOM, M B CIIy4ae MX OTHOCH-
TEJIEHOTO JBIKCHHUS.

HamomHauM, 4TO M0JIOKEHHE O PABEHCTBE CHUII SIBJSIETCS CIEICTBUEM METOAa
OINKCAHMS B3aUMOJICHCTBHSA B TPHUPOJC C MOMOINBIO CHII, 2 HE BEIOOPOM camMou
npuposl. MeTos caM mo cebe UCKIII0YAeT CYIIECTBOBAHUE PA3HBIX MO BEIMYHHE
CHJI BO3JICHCTBUS Ha Ka)J10€ U3 ABYX TeJl.

Wrak, u3MepuB CHIy N0 BEIUYMHE NCPOPMALUU MPYKUHBI HEMOJBHKHBIM
TEJIOM, Mbl MOKEM, 3Hasl MAaCChI T€JI, PACCUUTATh YCKOPEHUE IBUKYLIETOCS U Nep-
BOHAYAJFHO HEMOIBIDKHOTO Tel. IIpn 3TOM BenWYMHA CHIIBI MOXET 3aBHCETH OT
CKOpPOCTH JIBIXKYIIETOCS TeJla, HO TeM He MEHee, pPACCMOTPEHHBIM CIIOCOO0M MBI
MOKEM ONPEIETNTh YCKOPEHNE OBIDKCHUS Tel, a CIeI0BAaTENbHO, BRIICHUTH BCIO
KapTHHY IBWKEHUS.

3.3.MIBMEHEHHUE CWJ1bI BO3JENCTBUSI
IPU IBUKEHUU 3APAKEHHOI'O TEJIA 1 MATHUTA

Ecnu Teno ¢ 3apsaomM 0y IBUKETCSI CO CKOPOCTHIO v OTHOCHUTEIHHO BTOPOTO
C 3apsiioM O, TO 3TH TeNa OyIyT B3aUMOACHCTBOBATE, COOOIIast APYT APYTY YCKO-
penus. 3mepus cuiny Fpi BO3eHCTBHS NBHKYIIETOCS Tella HA HEMOIBHIKHOE, MBI
MOTJIH OBl ONPENEIUTh 3aBUCUMOCTh CHJIBI OT CKOPOCTH. Tak Kak MOJ0OHBIC W3-
MEpEeHUs He MPOBOAMUIIUCH, TO PACCMOTPHUM Pe3yJbTaThl APYTUX OIMBITOB, HA OCHO-
BaHUU KOTOPBIX MOXKHO BBIUUCIHUTH CUITYy BO3IEUCTBHUS JBUKYLIETOCS 3apsSKEHHO-
ro Tena Ha HenojBmwkHoe [112, 113, 115, 116].

Haynem c ombITOB, B KOTOPBIX M3Y4allOCh BO3ACHCTBHUE IBIKYIIUXCS 3apsi-
JKEHHBIX TEJ Ha MarHuT (0] MarHUTOM IIOPa3yMeBaeTCs HAMarHWYEHHOE TEI0
WA 3JIEKTPOMArHuT). Eciu HemoABMKHOE 3apsDKEHHOE TEJIO0 HUKAKOTO BITHSHES
HAa MarHUT HE OKa3bIBAaeT, TO NPU HAIWYMAN IBIDKCHHUS OTHOCHTEIHHO MarHuTa
BO3HHKACT B3aWMOJEICTBHE MEXKIYy HUMH. DTO B3aUMOICHCTBHE H3Y4ajoCh B
OTIBITAX II0 BIMSHUIO BPAIAIOIIETroCs 3apsHKSHHOTO KOHACHCATOPa Ha MAarHUTHYIO
CTpeNKy, KoTopble mpoBoawinck I'. Poymanmom, A. DitxenBanpaom u ap. OHO
CPaBHUBAJIOCH C BO3JIEHCTBHEM KOHJIEHCATOPAa, MO KOTOPOMY MPOITYCKAaJCs TOK
Tak, 4ToOBl HANPABJICHHUC TOKAa HAXOIWIOCh B COOTBETCTBHU C JIBIXKCHHEM Ha-
JJNIEKTPU30BAaHHBIX IUIACTUH KOHJICHCAaTOopa. B pe3ynpTaTte OBLIO yCTAaHOBJICHO, YTO
BO3JICHICTBIE Ha MarHUT OT BPAILIAIOLIETOCs 3apsKEHHOTO KOHJIEHCATOpa paBHO
BO3JICHCTBUIO KOHACHCATOpPA C TAKUM TOKOM, MPU KOTOPOM MPOUCXOIUT U3MEHE-
HUE 3apsijia DJIEKTPUUECTBA B €IUHUIY BPEMEHHU, paBHOE U3MEHEHHIO 3apsia Ipu
BpAIlICHWH KOHICHCATOpa. DTOT pe3yiabTaT CBHICTEILCTBYET , YTO BO3IciCTBHE
HA MarHWT Tejla ¢ W3MEHSIOMIEHCS HAadIEKTPU30BAaHHOCTHIO 3aBHCUT OT CKOPOCTH
W3MEHCHUS 3TOM HadIICKTPU30BAHHOCTH, T.€. OT ToKa | =dq/dt . CiemoBarenbHo,

OT TOKa | 3aBHCHT cuia BO3Z[CI7[CTBPI$I Ha MarHuT HE3aBUCUMO OT TOI'O, BBIPAKCHO
JI1 TOKOM U3MCHCHUC SHCKTqueCKOﬁ CUJIbI BCJICACTBHUC TOKA MPOBOANMOCTHU UIIN
BCJICACTBUC ABUIKCHUA 3apsAKCHHOT'O TEJa. I/ITaK, HU3MCHCHUC SHGKTpH‘IGCKOﬁ CH-
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JBI BO3ICHCTBHSA OT IBIDKYIIETOCS 3apsDKEHHOTO Tella, BBIpaxaeMoe TOKOM |,
TIPUBOANT K TOSBICHUIO CHJIBI BO3/ICHCTBHSA ATOTO TeJIa HA MAarHMUT.

PaccMoTpuM BTOpO# OTBITHBIA (akT, MPHU KOTOPOM H3MEpsUIach CHiia BO3-
JIECTBUS MPOBOJAHMKA C TOKOM Ha MarHuT. DKCIIEPUMEHTHI MO BO3AEUCTBHUIO MPO-
BOJIHMKA C TOKOM Ha MAarHUTHYIO CTPEJKY WJIM MAarHWUT IPHU Pa3HBIX KOH(HUTYpa-
LUAX TeJ MPOBOJWINCH Pa3HBIMU YUEHBIMH, B TOM YHCIIE DpCcTeoM, AMIIEpOM U
Ip. Jlamac ycTaHoOBWJ, YTO BO3JEHUCTBHE MPOBOAHMKA C TOKOM HA MArHHUT
YMEHBIIIAeTCs. 00PATHO MPOIMOPIIHOHAIBEHO KBAIPATy PACCTOSHUS MEXKIY HUMU. B
pe3yibTarte 3THX JKCIEPUMEHTOB MOJYYEHO BBIPAKECHHUE I NPHUPAIICHHUS Ha-

npspkenHoctu dH , co3naBaemoit yuactkom mpoBoguuka mamuao# dl ¢ Tokom | u
paccrosiHEeM R oT Hero 10 MarHuTa B BUjIE

dH ='—[drxﬁ], (3.3)
R3c
KOTOpO€ U3BECTHO Kak 3akoH buo — CaBapa — Jlamaca. 3nech H [IpeACTaBIseT
BEJIMUMHY CHJIbl HA €IMHUYHBIA MAarHUTHBIN MOJIOC.

Tak KaKk BIMSHWE ABIDKYIIETOCS 3apsDKCHHOTO Tella MOYKHO OXapaKTepH30-
BaTh TOKOM |, To Beipaxkernwue (3.3)onmchIBaeT U ero BO3JCHCTBIE Ha MarHuT. Be-
JUYHWHA BO3JCUCTBHS OINpPEACISIETCS TeM, Kakoil BenMduHOHN Toka | Oymer mpen-
CTaBIIATHCS JBIDKEHUE 3apsHKEHHOTO Tena.

Ho maruuT, B CBOIO ouepenp, IpH IBMKEHUH BO3ICHCTBYET HA 3apsDKEHHOE
teno0. CoOTHOLIIEHUE, OMMUCHIBAIOLIEE 9TO BO3JIEHCTBUE, ycTaHOBIeHO M. Dapane-
€M Ha OCHOBaHHUU OIIBITOB, B KOTOPBIX MPOU3BOJIUIOCH JIBHIKEHUE MarHuTa OTHO-
CUTEJIbHO NMPOBOJHUKA. Ha KOHIIaX Takoro MpoOBOJHHUKA MOSBISIUCH 3apsjibl, KO-
TOpbIE ONPENEISIUCH B BUJE PA3HOCTH MOTEHIHUAIOB. DTO O3HAYAET IMOSBJICHUE
CHUJIBI BO3JICHCTBHSI Ha 3apsDKEHHOE TEJIO, €CIM OHO OYIET IMOMEIICHO Ha MECTe
MPOBOJHUKA. B ombITax M3Mepsiach pa3HOCTh MOTEHIIMAIOB Ha KOHIAX MPOBOJ-
HUKa, a He CHJIa Ha 3apsHKeHHOE TeJo, Kak 3TO TpeOyeTcs MpH HallleM paccMoTpe-
HuH. OIHAKO MTOCIIEAHSS MOXKET OBITh BRIYHCIICHA 110 PA3HOCTH ITOTCHIIHAIIOB.

Benmunna mosBIsfonierocs 3apsAaa Ha KOHIAX MPOBOIHHUKA 3aBHCHUT OT Be-
JIMYUHBI, XapaKTepU3yrollei Bo3AeCTBHE MarHUTa Ha APYrol MarHuT, ¥ €ro CKo-
pocti ABWXKEeHHSA. HadneKTpH30BaHHOCTh Ha KOHIAX IMPOBOJHHUKA MOSABISETCA
TaKXKe ¥ MPH HEMOIBMKHOM MarHuTe, €CIIM U3MEHSIETCS CHJIa BO3ICUCTBHS €TO Ha
Jpyroit MarHuT. Hampumep, 3JMeKTpOMarHut, B 0OMOTKE KOTOPOTO MEHSETCS TOK,
TaK)Ke CO3/1aeT 3apsij Ha KOHIaX MPOBOJAHUKA.

Kax B mepBoM cilydae OBHXKYIIErocsl MOCTOSSHHOTO MarHuTa, Tak U BO BTO-
pOM ciydae HEHOJBHXKHOIO C H3MEHSIOIIEWCS BEIMYMHOM HaMarHWYeHHOCTH,
BEJIMYIHA TOSBIISIONICHCS 3JCKTPU3AIMH B TPOBOTHIKE MOTJIa OBITh YCTAHOBJICHA

B 3aBUCHUMOCTH OT CKOPOCTU M3MCHCHHA HANPSIKCHHOCTH H B mecTe Haxoxe-
HUA TTPOBOIHUKA. HaBogumoe QJICKTPUYICCTBO HU3MEPATIOCH IO BECIMYUHE TOKA B

3aMKHYTOM ITPOBOJIAIIEM KOHTYpE, a HallpsDKeHHOCTh H  paccmarpuBanach gepes
MAarHUTHBIH TIOTOK, TIPOXOASIINHN depe3 KOHTYP, B CIACAYIONIEM BHJIC:
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@ =y Hs, (3.4)

rae [ — MarHuTHasi IPOHUIAEMOCTh, XapaKTepHU3yIollas cpely, B KOTOpoil Haxo-
JIUTCS IPOBOJHUK.
B wurore Obia ycTaHOBJIEHA 3aBUCHMOCTH HAdIEKTPHU30BAHHOCTH OT CKOPO-

CTH M3MEHEHHS MOTOKa @ MArHWTHOW HamNpsDKEHHOCTH H depe3 3TOT KOHTYp.

I[aHHa}I 3aBUCHUMOCTb HOCHUT Ha3BaHNC 3aKOHA MHIAYKIIUN dDapa;[e;{ 1 UMCCT BU
1do
c dt

(3.5)

3neck U B cucteme equuun CI'C mpeicTaBiseT SIEKTPOABIKYILYIO CHIY B 3aMK-
HYTOM NPOBOJIAIIEM KOHTYpE, C — CKOPOCTh CBETA.

HWrak, nosBIsSeTcs BO3IAECHCTBHE U HA 3apsHKEHHOE TENIO, KOTOPOE B COOTHO-
nrernd (3.5) 00yCI0BIEHO CKOPOCTHIO U3MEHEHHS BO3JCHCTBUS Ha MarHUT B TOM
MECTE, TJI€ HAXOJUTCS 3aPSIKEHHOE TEJIO.

MBI paccMOTpeNd TPH IKCIEPUMEHTANbHBIX (pakta: 1) ABWKyLIeecs 3aps-
JKEHHOE TEJIO 10 BO3ACHCTBHIO HA MATHUT YKBUBAJIEHTHO TOKY; 2) CHJIa BO3IEHCT-
BUS TOKA Ha MarHUT omnpejaesstercs 3akoHoM (3.3); 3)Bo3neiicTBrE qBIKYIIETOCS
MarHuTa Ha 3apsiji OCYLIECTBIIAETCS COMIaCHO BhipaxkeHuto (3.5). Bozsparumcs
TeNeph K PACCMOTPEHHIO BO3IEUCTBHSA JBHKYIIETOCS TeJa ¢ 3apsaoM Oy. [Ipu ero
JBHKECHUU BO3HHMKAET BO3JECHCTBHE HAa MArHHUT, KOTOPOE 3aBUCUT OT CKOPOCTH
W3MEHEHUs BO3JEHCTBHS Ha 3apSUKEHHOE TEJIO B MECTE HAXOKICHUS MarHuTa. 1o
MOJIOKEHHE BhIpakeHo cooTHomenrueM (3.3). Ho mpu IBMKeHMH 3apsHKEHHOTO
TeNa BO3JCHCTBHE HA MArHUT OYAET M3MEHATHCS M, KaK CBHIETEILCTBYET COOT-
nowenue (3.5),B ToM MecTe OyAeT BO3HUKATh BO3IECHCTBHIE HA 3apAKEHHOE TEJO.
JlanHOE BO37EHCTBHE TMPOMOPIMOHAIBHO CKOPOCTH W3MEHEHHS MarHUTHOTO BO3-
NefCTBUS, KOTOPOE, B CBOIO OYEPEb, COTIACHO COOTHOIEHHIO (3.3), mpornopuuo-
HAJIbHO CKOPOCTH W3MEHEHHUS DIIEKTPHIECKOTO BO3MEHCTBHs. [T09TOMY COBMECTHO
cootHorrenus (3.3) u (3.5) BeIpakaroT TOT (GaKT, YTO OT ABHIKYIIETOCS TENA C
3apAIOM (; BO3HUKAET JOIOJHUTEIbHOE BO3JEHCTBME HA HEMOJBUIKHOE TEIO C
3apAJOM O , 3aBUCALIEE OT U3MEHEHHSI OCHOBHOTO BO3IENCTBHUS, KOTOPOE CO3/1a-
€TCs TEJIOM (; B ClIydyae, KOTIa OHO MOKOUTCS OTHOCHTEIBHO Tela O.

W3 mpUBENEHHBIX OMBITOB CIEAYET, YTO BO3ACHCTBHE IBHKYIIECIOCA 3apsi-
JKEHHOTO TeJla Ha HETOIBMKHOE TIPOMCXOIMT HE TaK, KaK MX B3aUMOJECHCTBHE TIPH
mokoe. Bo Bcex Tpex OmbITax 3JIEKTPHIECKHE ¥ MarHUTHBIE 3P ()EKTHI TOSABISIOTCS
NpPY HAJIMYMA OTHOCHTEIBHOTO IBHKEHHS IBYX B3amMojeicTByrommx Tei. Ha-
MPUMED, B KaTyIIKE MOSBATCS TOK JIUIIb TIPH OTHOCUTELHOM JBYKEHUH MArHHTA.
Ilpy COBMECTHOM JBMXKEHUM MAarHMTa M KAaTYLIKH C JIFOOOM CKOPOCTBIO W 110 OT-
HOIIEHMIO K JIIOOBIM TeJIaM B KATyIIKE TOKa He OYJIET, €ClM HET ABUKEHHUS MarHu-
Ta OTHOCHUTENbHO Hee. ClleoBaTeNbHO, B3aUMOIEHCTBUE JIBYX HAdJIEKTPU30BaH-
HBIX TeJI 3aBUCUT OT UX OTHOCHUTEJILHOU CKOPOCTH.

44



IIpn omnpenenenun 3apsana 3a y =
eMHUIy ObTa TpPUHATA TakKas Ha-
3JIEKTPU30BAHHOCTh, OJWHAKOBas Yy
JBYX HENOJBWXXHBIX T€J, IPU KOTO-
poii oHu Ha Puc.3.1 BospeiictBue nBH-
JKYILIETOCSI TOUYSYHOTro Tela ¢ 3apsaoM (; Ha

)]
Oy Yoy Zg)

HEMO/BIKHOE TOYCYHOE TEJIO C 3apsiioM O, 0 %

X
pPACCTOSIHHM, PaBHOM eAMHHUIE, nedop- V
MHPOBAJIM MPYKUHY HA €AUHUILY CUJIBL. Ze

Ho npu Hamuuuu OTHOCHUTEIBHOTO

JIBUXKEHUSI DTHX TeJl BEJIMUMHA CHUJIbl 3aBUCUT OT CKOPOCTH. 3HAYMUT Tejla Ha TOM
JKE pacCTOSIHUU OyIyT BO3ACUCTBOBATH IPYT HA JPyra CHIIOW, OTIIMYHON OT elu-
HUIBL. Tak KaK 3TOW BEJIMUUHOU CHUJIIbI OTIPENIEIISIOTCS 3aps/ibl Tell, TO JPYrou cTa-
HET WX BenuurHa. TakuM o0pa3oM, MpHW HATWUYHMH JIBIDKEHUS 3apsHKECHHBIX Tell
BEIIMYMHA 3apsfa M3MEHSeTCs. B aekTpoauHaMuKe TPHHATO BEIMYUHY 3apsia
TeJa CYMTATh HEM3MEHHOH. B cBsi3u ¢ aTuM B ombiTax Kaypmana m momoOHBIX
OTIBITaX 10 U3MEHEHHWIO OTHOIICHHMS 3apsia K Macce 3JIEKTPOHOB U APYTUX YaCTHI]
TIPUIILTA K BBIBOY 00 M3MEHEHWH MAacChl 3THX YAaCTHII PU WX ABWXeHud. Ho mo-
CKOJIbKY BO3JICHCTBHC 3aBUCHUT OT JBIMKCHUSI, JTAHHBIA BBIBOJ| SIBIICTCS OIINO0Y-
HeiM. OmbiT Kaymana moarBepkaaeT U3MEHCHUE 3apsijia Tea MPH €ro JBHXKCE-
HUH, OJIHAKO B (PM3HKE BEIUUMHY 3apsi/ia MPUHATO CUUTATh MOCTOSIHHOMW. [ToaTOMy
B JajJbHEHIIeM OyaeM Tojarath ¢¢ MOCTOSHHOW, HO YYHTHIBATh, YTO BEJIIMYHMHA
3apsjia ONpeaessieTcs M0 CUIOBOMY BO3JEHCTBUIO HEMOABUKHBIX TEJI.

3.4.BBIBOJI YPABHEHUI MAKCBEJLJIA
13 DKCHEPUMEHTAJILHBIX OCHOBAHUI

Jlist onpeneneHnst BO3ACHCTBUS MEXIY OTHOCHUTEIBHO ABMKYIIUMHUCS Tela-
MH BBEAEM KOOPIMHATHYIO CHCTEMY X, Y, Z(cM.puc.3.1), B KOTOpOii KOOpANUHATHI,
OTHOCSIIUECS K JABIKYLIEMYCS TEITy € 3apsjioM Cy, 0003HAYMUM Xg, Y, Zg COOTBET-
ctBeHHO. ITycThb 0 (X, Yo Z;) €CTh INIOTHOCTH HA3IEKTPH30BAHHOCTH, C TIOMOIIBIO
KOTOPOH 3aps] Tela ONpeenseTcs Kak

o0 = [pdv, 3.6)
\%

rae V —o0beM Telna, a SeMeHT 00beMa paBeH

dV = dxqdy,dz, (3.7)

Onement oobema dV umeer 3apsa dd; = pdV u Bo3meiCTBYeT Ha 3apsij Oy CUION
cornacuo 3akony Kynona (3.1). MaTerpupys ee mo Bcemy 00beMy, moTydaeM

= _ O [AR
F_.giRsmL (3.8)
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e R= F(X, \2 Z)— F(Xq,yq,zq)—. paanyc-BEeKTOp OT 3apsiaa (; k 3apsny Jp. [locae

uaTerpupoBanus (3.8) cuma F OyzeT QyHKIHEH TOIBKO KOOpAHMHAT 3apsiia Oy,

t.e. F=F(X,V¥,2). B mo6oii Touke KOOPAUHAT MOKHO TIOMECTUTH TEJO O U OI-

penenuTh cuiry. B MatemaTtndeckoMm cMmbIciie ciily F MOXHO paccMaTpuBaTh Kak
(hYHKIHIO KOOPAMHAT U IPUMCHATh K HEW BCE MATEMATUYCCKUC OMICPAIUH.

Bxomsiumii B mogbIHTErpaibHOE BhipakeHue (3.8) coMHOKHUTENE R/R3 Mo-
JKET OBITh 3aIKCaH KaKk

R/R® = —grad/R) , (3.9)

rae B ONepaluy rpaauenTa AuddepeHupoBaHre OCYIIECTBISETCS 110 KOOPAUHA-
tam X, Y, Z. C yuetom (3.9) cuna (3.8)Gyzer:

F :—%jgra Py . (3.10)
£ r

Haiinem auBepreHiuio oT npaBoii u eBoit yacreit (3.10)1o nepeMeHHbIM X, Y, Z

dwﬁz—ﬂéjmvgm P dv=—9£jéﬁdv. (3.11)
SV r €Vr

Bocnons3yemest Teopemoii Ilyaccona s cxansipHoi Gynkunu U:

U=-—[2%v. 12)
4ITV r

C yuerom (3.12)Beipaxkenne (3.11)npumer Bux;

divE =2 ;. 313)
£

U3 seipaxenus (3.13)BUIHO, YTO MPOU3BOAHBIE OT CHIIBI IO KOOPMHATAM X,
Y, Z 3aBHCAT OT IUIOTHOCTH 3apsijia B 3Toi Touke. [lo cymiecTBy, COOTHOILICHHE
(3.13) He BHOCHT HUYETO HOBOTO, @ OTPAXaeT CBOMCTBO 3apsja (y M €ro MIOTHO-
CTH 0 KaK CHJIOBOW XapaKTEPHCTHUKHU BO3ACHCTBHS Ha TEJIO € 3apsAnoM Op. OHO sB-
nsiercst Apyroi hopmoii 3amucu 3akona Kynona, a uMeHHO nuddepeHInanbHoM,
KOTJIa 3aps BO3ACHCTBYIOMIETO TENa BBIPAXEH B BHJE IUIOTHOCTH HAdJICKTPU30-
BaHHOCTH O U PACHPECIICH MO MPOCTPAHCTBY, OMKUCHIBAEMOMY KOOPJMHATAMH X,
Y, Z. Ecnu 3akon KyrnoHa omnuchiBaeT B3aMMOJIEHCTBHUE JIBYX TOUEYHBIX TEJ, TO
3aKOH B3anMMoJIecTBYA B auddepernnansaom Buae (3.13)onuceiBaeT Bo3aeicT-
BUE 3apsDKEHHBIX Tel 10001 KOH(GUTYpaIiy, IIIOTHOCTh 3apsiia KOTOPOi 3agaeT-

cs ee IIOTHOCTBIO O (Xq, Yoy Zg)-
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JIms HeMOIBMYKHBIX 3apsI0B MPEICTABIAIOT HHTEPEC HEKOTOphIe auddepen-
1MaJibHbIe ypaBHEeHUA. {151 uX BpIBO/a BO3bMEM Ollepalnio ot oT mpaBoil 1 JIeBOM
yacreii (3.10).Tak kak s o060 ckasproit ¢pyukimu rot(grady) = 0,to

rotF =0. (3.14)
Taxkoe pacnpeacjicHue Cuji, Co31aBacM0O€ HCTIOABUKHBIMU 3apdaaMu, Ha3bIBaCTCs

Oe3BuxpeBbIM. Temeps Bo3bMeM omepauuio grad oT mpaBoil U JI€BOW uacTel
(3.13):

grad(divF) = AF + rot(rotF) = 7112 gradp .
C yuerom (3.14)3T0 ypaBHEHHE IPUHUMAET BT
AF 7112 —2gradp . (3.15)

OHO Ha3bIBaeTCsl ypaBHCHUEM Harmaca u, Kak u ypaBHenue [lyaccona (3.13),s8-
nsietcs nuddepennuanbHoi popmoit 3anmen 3akoHa Kyona.

PaccMoTpuM BO3AEHCTBHE MBMKYILIETOCS TEa C 3apsioM (; Ha HEHOIBHK-
HOe BTOpOe (. Ilpu aBMKEHUHU 3apsbKeHHOTrO dementa dV mepBoro Tena mpowuc-
XOJMT U3MCHEHUE BO BPEMCHHU BEIUYMHBI 3apsia B TOYKAX, HEMOIBIIKHBIX OTHO-
CUTEIbHO BTOPOTO Teja. To €CTh OTHOCUTEIBHO HEro MPOUCXOIUT TOK DIICKTPH-

dg,

4CCTBa, KOTOpLIﬁ OIIPEACTIICTCS KaK CKOPOCTh M3MECHCHHMS 3apsija: | = . BuI-

paxkas BeIWUMHY 3apsma uepe3 IUIOTHOCTH coriacHo (3.6) u muddepentmpys,
oTy4aeM

=%jpdv = ap dv +Id|v(pv)dV

31ech MHTETPUPOBAHME OCYLIECTBIAETCS M0 KOOPAMHATAM Xy, Yq» Zg BO3AEHCT-
BYIOLIETO 3apsiaa (; , @ He IO KOOpAUHATaM X, Y, Z, B KOTOPBIX MOXKET HaXOUThCS
3apsan Op. YacTHYI0 MPOU3BOJHYIO MO BPEMEHM MOKHO BBIPA3UTh Yepe3 CUIYy

F cormacuo 3axony (3.13):

9B £ gy E
ot 4m, ot

Ilocne IIOACTaHOBKH HpOPISBO,HHOﬁ NoJIyda€M BBIPAXKCHUC JId TOKA JJICKTPUUCCT-
Ba l , CO3/1aBA€MOr'0 JABMDKYIIMMCS 3apsaaoM (; -

(& oF
I = |div —+ o0 dV. 3.17
j 45, ot ” (317)

Kak yke ymoMHHAIOCh, JBIGKYIIEECS 3apsDKEHHOE TEIO OKa3bIBAET BO3/ACHCTBHUE
Ha MarHuT, KOTOPOE COTacHo 3akony bro — Casapa — Jlammaca (3.3) mpomopiuo-
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HansHO TOKy (3.17).IIpeoOpasyeM BbI-
paxkenne (3.3) K pachpeieieHHbIM B
i npocTpancTee X, Y, Z BenuumHam. C
STOU LENBI0 TPOMHTEPUPYEM €0 s
di OECKOHEYHOT0 MPAMOTO MPOBOAHMKA C

tokoM | (cMm. puc. 3.2). 3mech dl -
0 H 3JEMEHT IIPOBOJHUKA, COBIIAJAMOIIUM

y TI0 HAaNpaBICHHIO C TOKOM, a R — pac-
cTosiHue ero 1o maruurta. Toraa, ¢ yde-
TOM T€OMETPHUYECKUX COOTHOIICHHIN

Puc. 3.2 MaruuTHasi HanpsHKEHHOCTH Oec-
KOHEYHOT'O [IPOBOJIHHKA C TOKOM.

(3.16)

[dI x R] = 7dl Rcosb,
dicosd =Rdf u R=Rp/coss,
rae f — opT KacaTeJbHOU K OKPYKXHOCTH B IUIOCKOCTH Xy, a Rp — HAMMCHbBUICEC

paccTosiHEE OT TOYKH X, Y JI0 MPOBOJHUKA C TOKOM |, MarHuTHast
HanpspKeHHOCTH (3.3)3amuiieTcs:

J' cosfd =21 (3.18)

2 CRe

|:|:_rJ-dI(:056? Ir
c

R2

Bexkrop H mampasmen (cm. prc. 3.2) o OKpYXHOCTH, B IIEHTpPe KOTOPOi
MPOXOIUT TOK MEPIIEHIAUKYIIAPHO K €€ TIOCKOCTH, U B JIEKAPTOBOM CHCTEME KOOP-
JIMHAT OH MOKET OBITH 3aMUCaH TakK:

H ZCZTRIP(_TS"W + Tcos¢).

MaruuTHas HanpskeHHocTs H — BemuumHa cuibl Bo3eiicTBISA Ha MAarHUT-
HBI TOJIFOC ¢ MarHUTHBIM 3apsiaoM M = 1. ICTOYHMKOM D3IEKTPUYECKON CHITBI
ABIISIOTCS 3apsAapl. MaTeMaTndecKas CBSI3b MEXKAY IUIOTHOCTBIO 3apsiioB M IUBEP-
reHIel CUiIbl Bhipaskena cootHomreHueM (3.13).OnpeneniuM TUBEPreHIUI0 Mar-
HUTHOM HaIpPsHKEHHOCTH:

div|:|=%+aHy 2'[ sing o(R, )+cos¢ (]/RP)]
ox c ox

dy

Tak kak Rp =\/x2 +y?  asing= X/Rp , cosg = y/Rp , To mocie moacTaHos-

KU MMPOU3BOJHLBIX IMOJyYaeM
divH =0. (3.19)
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Coorromenue (3.19) cBuIETENBCTBYET O TAKOM XapakTepe MAarHHUTHON CH-
JIbl, KOTOPBIl HE MOKET OBITH BBIPaXKCH B BHJE OTIEIbHBIX MAarHUTHBIX 3apsloB.
VcTOYHMKM MarHUTHOW CHJIBI CYLIECTBYIOT B BHJE JBYX IPOTHBOIIOJIOKHBIX Mar-
HUTHBIX MOJIOCOB — CEBEPHOTO U I0XKHOTO.

Beipaxenue (3.18)MoxHO 3amucath B BUIC

27TRH LY
C

T.€. NUPKYJSIIHAS MarHATHOH HANpsDKEHHOCTH IO KOJBIIEBOMY KOHTYPY OTIpene-
JSIETCS TOIBKO BEIWYMHOM ToKa |, oXxBaueHHOTO KOHTYypoM. Ero MokHO mepernw-
caTh TaK:

§de _At 10)
| C

Hcnonw3yst Teopemy CTokca Juisi MHTErpajia 10 3aMKHYTOMY KOHTYpY, 3a-
mureM (3.20)cnenyromnmmM oopazom:
jrot Has=21 (3.21)
C
a B otHoureHuu (3.17) anst Toka ¢ momouipio TeopeMbl OcTporpaackoro-Iaycca

HUHTETpal 1o 06"I>€My BbIPA3UM 4Y€PE3 UHTETrPall 110 NOBEPXHOCTH.:

I=I ¢ a—F+,05 S.
4rm,

IMocne noacraHoBkH B ToKa (3.21)mony4yaem clieayrolee BhIpaKeHHeE:

- 4am( e oF _
rotH =— —+ . 3.22
e (3.22)

DTHM COOTHOIICHHEM ONPEACNACTCS CHJa BO3ACHCTBHS H Ha euHMYHbBII
MarHUTHBIN NOJIOC, 00YCIIOBJICHHAS JBIDKYIIMMCS 3apsDKEHHBIM TesioM (;. OHO
M3BECTHO Kak BTOpPOH 3akoH Makcseswta [65, 96]u, mo cyuiecTy, sBIsSeTCs ApY-
roit hopmoii 3amnucH 3KCIepuMeHTaIbHOro 3akona buo — Casapa — Jlamtaca (3.3).

BO3[[CﬁCTBI/IC H Ha MarHuT BO3HHMKAET B MECTE HaXO0XJACHUA Teja C 3api-

noM 0 (cm.puc.3.1). Tak Kak Teao g; JBUKETCS, MATHUTHOE Bo3nelctBue H u3-
MensteTcs. B cootBerctBuu ¢ cootnomenusmu (3.4)u (3.5) B MecTe HaxX0KIEHUS
g2 OyJeT NOSBJIATHCS BO3AEHCTBHE Ha 3apsuKeHHOE Teno. B (3.4) paccmarpusaercs

MIOTOK MarHUTHOW HaNpsDKEHHOCTH H depe3 MOBEpXHOCTH S ONHMpPAIOIIyIOCs Ha
KOHTYp |, B kKoTOpOM cornacHo (3.5) uHayLupyercs 3IeKTpoaBKyLias cuna U. Ee

49

MOJKHO BBIPA3HTh Yepe3 HUPKYISAIUI0 JIEKTPUICCKON HanpsbkeHHocTH E = F / d,
CJIEIYIOIINM 00pa3oM:

u=di = jrotidé. (3.23)
7] 7]

IMocne moacranoBku B (3.5) U u @ 3akon wHaykuun Dapanes OIpUHUMAET
BHU]
J- rotidé = —EJ-a—Hdé.
d, cJ ot

HOCKOJ’ILKy 9TO BBIPpAXKCHUC HOJIKHO OBITH CIIPaBCJIUBbIM IIpU JIIOOBIX I10-
JABIHTCTPAJIbHbIX (byHKLII/IHX, OTCroJa CJaeayeT COOTHOLICHHNE
F M OH

rot—=

; — (3.24)
2

KOTOPOEC U3BECTHO KaK NNEPBOC YPAaBHCHUC Makcseia.

3.5. JUO®DPEPEHIIUAIBHBIE YPABHEHMUS U151 CUJI

Kak Mb1 BuguM, nepBoe 1 BTOpOe ypaBHEHMsI MakcBeiia SBISIOTCS APYrou
(hopMoii 3amHcH IBYX SKCIIEPUMEHTAIBHBIX 3aKOHOB. ANEKTPHUECKON HHIYKINH
®dapajnes 1 MarHUTHOTO Bo3jeicTBHsA Toka buo — CaBapa — Jlammaca cooTBeTcT-
BEHHO. J[BIKYIIIEECS] CO CKOPOCTBIO U 3apsKEHHOE TEJO, TUIOTHOCTh HAdJIEKTPH-
30BaHHOCTH KOTOPOTO O, B COOTBETCTBHHM ¢ ypaBHeHHsMmHE (3.24)u (3.22)co3naer
9TU BO3JeHCTBUS. ECIM MBI HCKIIIOUUM U3 YPaBHEHUN BEITUYUHY H , o MOJTy4UM

OJIHO ypaBHEHWE /ISl BEIMYMHBI BO3ICHCTBHS JBHIKYIIETOCS CO CKOPOCTBIO O
3apsHKEHHOTO Tela Ha HemoABIKHOE. C ATOH IeNIbI0 BO3BMEM OIeparuio rot ot

(3.24)

rofl rot—— :—ﬂi(rot I:|).
g, c ot

HpOBO[[S[ IIOCJICA0BATCIIbHBIC Hp€06pa30BaHI/I$I JICBOM YacTU ITOTO COOTHO-
HICHUs, ToJIy4acM

graddivi—£=4?ngradp—£=—£%(rotI:|). (3.25)
c

> > 0z

. F
3neck A — oneparop Jlamnaca, a B epBoM ciaraeMoMm div— BeIpaxkeHa 4epes
a>

IUIOTHOCTb 3apsijia O B cooTBeTcTBUH C (3.13).
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Tenepsr nmpoauddepeHpyemM 1o BpeMeHH BTOpPOe ypaBHeHHe MakcBellia
(3.22)
2 - —
0 iho & O°F  4mo(e)
ot cq, ot? c ot

Y MOJICTaBUM B mpaByto yacThb (3.25).Ilocne mpeobpazoBaHus numeem

- g 9°F _4 (o) 4
AF—’:—Z . ’Zfz (g’))+ ’22 gradp . (3.26)

Beenem o6o3HaueHue

Cq1 = 3.27)
1 e
1 3alliIICeM 3TO YpaBHCHUC TakK:
2= —
AF —iz 0 2F =474, iz a(pv) +gradp |. (3.28)
c; ot & |cf ot

Ono Ha3bIBaeTcs ypaBHeHueM Jlanambepa. Oto ypaBHeHue Ge3 paBoii 4acTu

5=
ar-L2F - 79)
c, Ot
Has3bIBaeTCs BOMHOBBIM. OHO nomyckaer [24, 52]uacTHble perieHus Tuia
F(r,t)=Fy(r)e™™, w=ke, (3.30)

rae K — nmpousBosibHAsS KOHCTAaHTA, ONpEaessseMas KpaeBbIMU YCIOBUAMH. YacT-
HbIM ciaydaeM (3.30)sBisieTcst penieHue

F(xy,zt)=Fy cosaft 7 (kyx + ko y + kzz)/c +1,] , (3.31)

rae kZ +k3 +kZ =1, t, — KOHCTaHTa HHTETPHPOBAHHMS.

Pemenne (3.31) mpeacrasisier coboil rutockue BoJHbL, rae Ky, K, k3 — Ha-
MPABJISONINE KOCUHYCHI TUIOCKOCTH, Ha KOTOPO#M COXPAaHSETCSl MOCTOSIHHOE 3Ha-

yeHue cuibl Fy. DTa miockocTh mepeMenaercss B IPOCTPAHCTBE CO CKOPOCTHIO

C1, KOTOPYIO Ha3bIBAIOT CKOPOCTHIO PACIIPOCTPAHEHHMS DJIEKTPOMArHUTHOTO B3aH-
MOJIEWCTBH.

Eciu 3apsbkeHHble 00BEKTH HEMOABMKHEI U HEM3MEHHEI (0 = const) ux Bo3-
JeiicTBIE Ha 3apsia O, moctosiHHo ( OF /0t =0 ), To ypasHenue (3.28) npespamia-
ercs B ypaBHenue Jlaraca (3.15). /I ABMOKYIIMXCS WM HECTALIMOHAPHBIX 3apsi-
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JIOB CHJIa UX BO3ACUCTBHS OyIeT APYroi, OHa onpenenseTcs ypaBHeHneM Jlamam-
Oepa (3.28).

Kak MBI yXxe paccMaTpuBaiH, JBIKYIIEECS 3apsKEHHOE TEJIO BO3AECHCTBYET
Ha maraut. Coornoutenus (3.22)u (3.24) mo3BOJAOT ONPEACTUTh TAKOE BO3ICH-
CTBHE B 3aBUCHMOCTH OT IIOTHOCTH €r0 3apsjia ¥ CKOPOCTH U Telld OTHOCHTEIb-
HO MarHuTa p. C 3TOM Lenb0 BO3bMEM ollepanuto ot oT nmpaBoi U JeBoH dacTel
BTOPOTo ypaBHeHHs1 Makcseiuia (3.22):

rot(rot H ) =-AH + grac(div H ) + é% (rot If) + 4—: rot(ov) (3.32)

u npoaudGpepeHIIUpyeEM 10 BpEMEHH IEpBOe ypaBHeHHE Makcseia (3.24)

ig(rot lf)= _uoH

g, ot c ot?

. (3.33)

Uckmouast F u3 Boipasenuii (3.32)u (3.33),¢ yuerom (3.27)nonyuaem ypasHe-
Hue Jlanambepa it MarHUTHOTO BO3AEHCTBUS ABMIKYLIMXCS 3aPSKEHHBIX TEJ

~ 10°H _ 4m _
AH _ _ t . 334
Zor o (o0) (3.34)
T'JIABA 4

B3AUMO/JENCTBUE ABYX ABUKYIIUXCS
3APSIDKEHHBIX TOUEYHBIX TEJI

4.1. YPABHEHUE JAJIAMBEPA
JJISA TOYEYHOT' O 3APAJJA

Ecnu pa3Mepsl Tell 3HaUMTENBHO MEHBIIE PACCTOSIHUN MEXIY HUMH, TaKue
TeJa MOXHO CUMTaTh TouedHbIMU. Ompenenum cuily, ¢ KOTOpoH aeicTByeT ABH-
z KYILIUHACS C MOCTOSHHOM CKOPOCTBIO O TOYEY-

4 HBIA 3apsi] (; HA APYroil TOueuHBId 3apsan Op

(cm.puc.4.1). JIBmkeHue paccMaTpHUBaeTCs

9, OTHOCUTEINIbHOE: 3apsi] (; JBUXKETCS OTHOCH-

TENbHO 3apsina (. B nekaptoBoi cucteme Ko-

OpAWHAT 3apsif O, MOXKET HaXOAUTHCS B JIFOO0H

0 TO4YKe X, Y, Z. 3apsax ¢y B MoMeHT t=0 HaxoxuT-
y Csl B HayaJie KOOPIMHAT.

Puc.4.1. K BeBony ypasuenus [lamambepa st To-
YEYHOTO 3apsDKEHHOTO Tea.

&l
]
<y
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ITnoTHOCTH 3apsina Oy Kak TOYEUHOTO OOBEKTa MOKHO 3aIHCaTh C TIOMOIIBI0
O-pyukuun [17], koTOpas B 3aBHCHMOCTH OT KOOPAMHATHI X MUMEET CIICAYIOLINi
BULI!

0,x#X,
expi(x - X kdk = (4.2)

5(x—x' =i
2T oo, X=X

8'.—'8

Id(x—x)dx=1. 4.2)

Kax BuauMm O-QyHKIHS HUMEET TOJIBKO OJHO HEHYJICBOC 3HAUCHHE U OHO paB-
HO OECKOHEYHOCTH B TOUKE X', IZle HAXOJWUTCS 4acTuiia. Bo Bcex ocTanbHBIX TOU-
Kax oHa paBHa Hymto. OJHAKO HHTErpal oT O-QYHKIMHU MO0 BCEMY AWAIa3oHy U3-
MEHEHHUS X SABIISIETCSI KOHEYHOW BETMYMHON U PaBEH €INHUILIE.

C momMouipio O-GyHKUUH INIOTHOCTB 3apsina J; B IPOCTPAHCTBEHHOW CHCTEME
KOOPJHMHAT 3alHIICTCS TaK:

p= qlé(x—vxt)é(y—vyt)é(z—vzt), (4.3)

roe F =ix+ jy+ kz — paanyc-BeKTOp TOUKU IPOCTPAHCTBA,

Fq = rvxt + Tvyt + IZz)zt — panuyc-BeKTOp 3apsna g .

Torzaa mocie MOACTAHOBKH BhIpXKEHHU#T A1 O-QyHKIHN MOTydaeM

00

p:%jexm[klx o,t) + oy - vy )+ ks(z- ut)]dk (4.4)

rJie MHTerpal J-dk SIBISIETCSI TPOHHBIM HHTEIPajioM .[”. dk,dk,dks; . C yuerom

(4.2) werpyaHo yOemuTbCs, 4YTO HHTErpal MO BCEMYy MPOCTPAHCTBY
.[pdxdde: g,, rae p ompenemnsercs BeipaxeHueM (4.4). Takum obpasom, O-

(hyHKIHS MMO3BOJIMIIA PACTIPEACIUTh TOYCUHBINA 3aps]] MO BCEMY MPOCTPAHCTBY C
OJHOBPEMEHHOM JIOKaJIM3alell ero B MeCTe HaxoXAeHUs 3apsana (. Temnepb Mbl
MOJKEM BOCIIOJIb30BaThCsA ypaBHeHHeM Jlanambepa (3.28),B KOTOPOM HeCTALIHO-

HapHas TUIOTHOCTh JJICKTPUYECTBA O NSHCTBYeT cuiold F Ha HemoJaBWXHBIH 3a-
psn Op. Jamee Oynem paccMaTpuBaTh SAUHHIHYIO CHITY

E=F/q,, (4.5)
JEHUCTBYIOIYI0 Ha eAWHHIy 3apsna Op. Cnemys Tpaguuuu, OyneM Has3bIBaTh ee
JNIEKTPUYCCKOH HampshkeHHOCThIo. [lepenmumiem ypaBHenue [amambepa (3.28) B
MPOCKIMAX HA OCH KOOpAMHAT ¢ yueToM (4.5):
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e |ox ¢ ot
ap 10p
e, =—|— 4.6
y l:@y cl ot y} (4.6)

0? 9% 0% _1.9°
ox? ay? 0z° c? ot?

IMocrte moACTaHOBKY IJIOTHOCTH 3apsiaa (4.4) mist npoekiuu E, nmeem:

rae = — —onepatop Jlanambepa.

i 7 .
E, =%_jm - £2)k, - B8 Ko - prkolexeti nyak,  (@.7)
rae
r, = ky(x—0,) + ko y —o,t) + ks(z-0,t), (4.8)
ﬁX_D_X' ﬂy:v_y, ﬂz:_z_
> ¢ >

ypaBHCHI/IeM I[anaMﬁepa OIIPEACTIACTCS X-IPOCKILUS CHUIIbI BOSHeﬁCTBHﬂ
JBHXKYIIETOCS 3apsja (; Ha €AMHULY HEIIOJABHKHOTO 3apsiaa (. AHATOTUYHBIM
06pa30M 3aMUIICTCS COCTABJISIOIIAS CUJIbI HA OCU Y U Z

4.2 PEHLIEHUE YPABHEHUSA JAJIAMBEPA

Omneparop JlanamOepa  HE 3aBHCUT OT MEPEMEHHBIX HWHTETPUPOBAHUS B
npaBoii dactu Ky, Ky, ks. TToaromy cumBonmueckn ypasHenue (4.7) MOKHO 3aru-
carh TaK:

I[( ﬂx) ~ BxByka = ﬂxﬂzkglt exp(i r,)dk, (4.9)

rae r, = kl(X - z)xt) + kz(y - z)yt)+ k3(Z - z)zt) .
Hanpsoxennocts E, Oyner npencrapieHa B BUJE MHTErpaia, €ClU OIpese-
JUTCA

texp(ir,) =G. .19)
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Oyukiuio G HassBaoT GyHknueil ['puHa. Ee MOKHO Termeph OTHICKATh M3 ypaB-
HEHUS

G =exp(r,), 4.11)

KOTOPOE SIBIISIETCS JTMHEHHBIM U depeHIManbHbIM ypaBHEHHEM BTOPOTO MOPSII-
Ka B YACTHBIX MPOU3BOJHBIX C MPABOW 4acThi0. Ero perieHue CKIaabIBACTCS W3
YaCTHOTO PEIICHHsI OT MPaBoi yactu u odmiero perrenus €G = 0. Perrenue ypas-
weuuss G = 0 gaer pemieHde OT HYJIEBOW IUIOTHOCTH 3apsiia, T.C. TPEACTABIISACT
JJIEKTPUYECKOE BO3AEHCTBHE OT KAKOrO-TO APYroro UCTOYHMKA. I10 yciIoBHIO 3a-
JlaY¥ UMEETCS TOJBKO OJAWH 3apsia (; B mpoctpancte. OOliee penieHnue ypaBHe-
Hust 6e3 MPaBOl YaCTH 0TOPACHIBAETCS: HHTEPECYET TOJIBKO BO3JEHCTBUE OT 3apsi-
Ja 0. YacTHOE pellieHne UIEeTCs B BUIE
G=Clexp(ir,). (412

Ioacranoska ero B ypasuenue (4.11)onpenenser ko3pduiueHT
B 1
K+ K3+ =Bk + Byky + ks

C=

Iocite nopcranoBku kodddurmenra C B (4.12) pyukuus ['puna OymeT ciaenyro-
LW
exp(i 1)

G=-
kZ +kZ +kZ = Bk, + Byks + Boks

(4.13)

Bamensis Gpynknueit I'puna Beipaxenue (4.10)8 (4.9), moaydaeM dIIEKTPHYECKYIO
HaNpsOKEHHOCTH B BUJIE MHTErpasa

L _n2), _
@] b-Fik-pbke BBl o

T 2mPe ) K2 +K2 +K2 —(/3xk1 +Byk; +/32k3)2

IIpeoGpasyem (4.14),BbIaeMB HHTErPA 110 IEPEMEHHOM K :

E, = -%_J; :[oexp ikaly = oyt) + Kz = 02)] 1l (4.15)
rac
I jlese zﬂXﬂykz 70 CUISRA d,  (4.16)
k1 Bx k1 Z,Bxkl(ﬁyKZ + ﬁzk3)+ a
& =3 +13 ~ (Byky + fka) . (4.17)
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Hanbme paccmarpuBaercs pemende uarerpaios (4.15)u (4.16) B ciyuae
CKOPOCTH JIBMIKEHUS 3apsia, He IPEBOCXOIANIEN CKOPOCTH Cy , T.€.

B =i+ B +pL<1. (4.18)

VccneyeM 3HaK BBIpaeHHs msi a° . [Ipu TpeeTbHbIX 3HAYCHHSX CKOPO-
cti B BenuunHa @° 3aKIOYEHA B IPEACIaX OT a° = k22 + k?f npu B = 3, =010
2 :[kz(l—ﬁi)l/z - k3[3y]2 >0 npu ﬁ)% + 82 =1, Te NONOKHTEIbHA.

Iepenuinem Beipaxkenue (4.17)8 Buje
2= k3(1-p2 )+ k2 - p2)-28, B koka.

OHO MOXE€T OBITH OTPUIATEIBHBIM JIMIIb TOTZA, KOTJa TPEThE CIaraeMoe IMoJo-
XKHUTENIbHO, HanpuMmep 3, [, Ko 1 K3 UMEIOT 0MHAKOBBIC 3HAKK HIIH ONAPHO OfU-
HakoBbIe 3HaKH. U3 (4.17)Haiinem npupamenue da’ npu usMeHeHun [

a = _Z(ﬁyKZ + ﬂzk3) (kZdﬂy + deﬂz)‘

HerpyaHo y6emuThes, 9TO MpH THX 3HaKaxX mpupamenue da’ < 0, T.e. 8% MOHO-
TOHHO M3MEHSAETCA. A TaK KaK B MPEIEbHBIX CIY4asX Mo /3 BEIMUMHA a° MOTOKH-
TeJIbHA, TO U BO BCEM JUANa30HE OHA MOJOXKUTEIbHA.

Beenem o6o3Hauenms: € =41- B2 ; b= ,Bx(ﬂykz + ,6’Zk3); Xq = X0yt
a ¢ — KOMIUIEKCHOE 4HCIIO0. PaccMOTpHM HHTerpan mo 3aMKHYTOMY KOHTYPY B
KOMIIJICKCHOH IIJIOCKOCTH

§ ( 2( b)exp |qu (4.19)

&¢% -2 +a°

o 3TM 0003HAYCHHUSM BUAHO, YTO MOABIHTErpalIbHOE BhIpaxkeHue (4.19)npu
{ = Ky coBmazmaeT ¢ moAbIHTErpajIbHbIM BhipaxkeHreM (4.16).3nameHarenb HOAbIH-
terpanbHON QyHKUMH B (4.19)uMmeeT HyIH PU

fp =N bzz_ i) (4.20)
of
rac
b2 - ae? = o k2 +k2) - 52)- (8,2 + ko P} (4.21)

Crioco60M, aHaJIOTUYHBIM [PU J0Ka3aTEIbCTBE 3HAKA a’ , MOJKHO TOKa3ar,
yto b? - azef < 0. Toraa mocjie MoACTAHOBKU 3HaueHuii b, a2, e B (4.21) uynu
3HaMeHartens OyayT
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BBy + pka) i3 +K2)[L- B2)- (8o + ko)

= . 4.22
{12 1- 52 ( )

U3BecTHO [24], 4TO MHTErpaj 1O 3aMKHYTOMY KOHTYpy Tuna (4.19)omnpene-
JsieTcst uepe3 cymmy BbrdeToB C g

§1(Orexptxg? )¢ = 27i¢Cy

KommnekcHblii unTerpai (4.19) paccMOTpUM MO KOHTYPY MOJYKOJbIA PagdycoM
R B BepxHEl MHOMYMIIOCKOCTH KOMILIEKCHOTO nepemenHoro { = & + i/ CormacHo
(4.22),momoc ¢, T.e. 0ocobas ToUKa TPH IUTIOCOBOM 3HAKE MEPeN i, HAXOMUTCS B
9TOH MONMYIUIOCKOCTU. Pazobbem wmHTerpan (4.19) Ha OBEe COCTABISIOLIKE. IO
BepXHeH MOTyoKpyKHOCTH Cr U TOPU30HTAILHOMY AUAMETPY:

§= [ +_TR: 2ric_ifc). (4.23)

Cr

311ech B IPaBoii YACTH 3aMHCAHO €ro 3HAUCHHUE Yepe3 BhIYeT { .
ITo memme XXoprmana wHTETpa MO MOIYOKPYKHOCTH C OECKOHEYHBIM Palny-

27 _
com lim %expix({d( paBeH HYIIIO, €CIIU
wac ¢ —-2b{ +a
R

Xq>0m I|m % SIBJIICTCS. KOHEUHOM BEJIUYMHOM, YTO U €CTh B JIaH-
Z -2b{ +a
HoM ciydae. Ecim ke X = X — v, < 0, 1o nemma XKopaana OyzeT BEIIOIHATECS B

HIDKHEH MOJTYIUIOCKOCTH U Torjaa uHrerpai (4.19)pasduBaeM Ha JBE€ COCTaBIIAIO-
LIHe 10 HIKHEH MOJIyOKPY>KHOCTH ¥ TOPU3OHTATIBHOMY JHaMETPY:

§ 2ric¢ J’ J’ (4.24)

-Cx -R

Takum 00pa3oM, Kak 10 BepxHEil moayokpykHocTH B (4.23),Tak U N0 HIXK-
Hell B (4.24) uHTerpaibl paBHbI HYIIO, a WHTETPalbl [0 TOPU30HTAIBHOMY JIHa-
METpy B MpeAeIie nepexoasnT B unrerpan (4.16):

r 2( B
lim J’ eI (6 =
R-w —2b7 +

rY
Orcrona B cootBeTcTBUM € (4.23)u (4.24)pewienust unterpana (4.16)0yayt
mpuX—ot>0 1, =27iC4({), ampuXx—ovt<0 |y =—2AC.4(J).
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Haiinem BbIueT OT MOJIOCA B BEPXHEH MOTYIIOCKOCTH:

el )= im t(exlingie-¢7).

Iocne noxacranosku f(€), cornacuo (4.19),mony4yaem

(2 -pexslixg)le -7 lefe -b)exslixg)

C_l(Z+): T C-BF (Z - 5) 2'\/(k2+k3)(1 B+ pi)?

HOL[CTaBJ'IHH croja € u b, BBIYCT MOXXCM 3aIlluCaTh B BUIC

c.le*)= (1/2)exp{xqﬂx(fik;2+ Boka)

il + k) - 2)- (ke + k)
1- B2

(4.25)

AHaJIOrHYHO ONPECACIIACTCA BBIUCT OT IIOJIFOCA B HIDKHEH TIOJIYIIJIOCKOCTH.

cLle)= (1/2)exp{xqﬂX(fik;z+ k),

Xay k2 + K2 L= 52 )- (8, Kz + ks 2
1-p?

INocne noacTaHOBKM BBHIUETOB B 3HAUCHUsI UHTErpana |1, Haxoaum:
IpH X > vyt

(4.26)

— 75 : \ng:gykz + :Bxﬂzkii
I nexp|( v,t) - B2
X ex —(X—v t)x \/(k22 + k?f)(l_'gf)_(ﬂykz +sz3) 2
X l—ﬁf ,
npu X < vyt
I, = —riexpi(X—u t\ 'BX'BYI:-Z —;fxﬂzkii
x exp(x - v,t)x ‘/(k22 * kg)(l_ﬂx )_(ﬁykz +:szs) ?
' 1- 52
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O6mee 11t 000MX CiTydacB BRIpAXKECHUE HHTETpaJIa MOKHO 3aIUCaTh B BHJIE

X=v,t ex;{|( t\ﬁx(ﬁyk2+ﬂzk3) =0, x

1-B;

k)= p2)-(, ke + ko)
1-B;

IMocne noxacranoBku |; B (4.15) anexTpudeckas HANPsHKCHHOCTD 3aIHIICTCS

TaK:

X

_qglx-ot
%J IeXP{[y D“‘ 1- g2 ﬁxﬁyij

o 2- vt+ ,6’,6’ |X—1)X'[|><
1- ﬁ . 1- B}

x\1- B2 -5 \/ bl ﬁg)z_ (ﬁyzkz Bk’ dkydks

1_:8x _IBy

Baenem HOBBIE 0003HAYEHMS:

L2_y Ut+1 :Bx:gy!

X—0,t
Ly=z-0vt+—2B.f,,
3 z 1—,33 xz

BBz

N A S
1-B;-5; '

A = Ay £AI,

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)
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1 3aMCHHUM IICPEMCHHBIC

= (ky —ksA, )k, —ksA)>0, (4.34)

n= k2L2 + k3|_3 . (4)35
Tak kak npu usmeHenunu K; u K3 B omHoit u3 nonymiockocteit, Hanpumep 0<ky<oo,
—o0<kz<co, HOBBIC MEPEMEHHBIC S, N MPOXOAAT BCE CBOU 3HAUCHHS, HAMpPUMEp
0<s<eo, —0<N<00, TO NPU MHTETPUPOBAHUH N0 N U S 3HAYCHUE MHTErpaia Heoo-
XOJHMMO YIABOUTE.
IMoacranoBka HOBBIX 0003HaueHuil (4.28)—(4.35)8 (4.27) IpUBOIUT K BbI-
PaKEHHIO [UIA DIIEKTPUYECKON HAIPSKEHHOCTH

_ qx-0g)
E, = m j jexp[ i(Lok, + Loks) — ug dk,dks . (4.36)

Onpe,uem/lM 3JIEMEHT ILIOIAAX B HOBBIX IEPEMECHHBIX N U S. Tax kak

dsdn = Eﬂ—ﬁﬂ dkzdkS’
Ok, ok, Oks 0K,

10 ¢ yuetom (4.34) — (4.35)0myyaem
dsdn = dkzdk3 [k2 (Lo + LAy ) ko Lo, +1,7). 4.37)

rae
BB
R e
azo BB, 1- B3 -5y

b-p2-p2) 1- 55 - B;

C yuerom (4.34) — (4.35ps1pazum Ky u k3 uepe3 su n:

(4.38)

k, =— —k 4)39
27, 3L2 4

s? =k = 2kokg A, +KIA?,

2
[ 3+2% L3+A2J 2k3 (::34_?9}_’_[1_2_82:0
2

2

Pemenne moryueHHOTO KBaAPaTHOTO YPAaBHEHHS AAaET

Ly + LoAy )+ Lyy/s?B2 —n2A2

BZ

5= , (4.40)
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rIae
B? = L5 +2A LsL, + A%LS. (4.41)

Omnpenensiercs u K, mpu nozpcranoske ks B (4.39):

n(L3Ag + L2A2)¢ Lyy/s2B2 —n?A?

BZ

k, = (4.42)

IoacranoBka kp u K3 B (4.37)1aeT okOHYATETHLHOE BBIPAKEHHE IS AIEMEHTa
IUIOIIA/N B HOBBIX MEPEMEHHBIX:

dk,dky = F——>— dsdn. (4.43)

[s2R2 - n2A2

JIBoiiHbIE 3HAKH CBUCTENLCTBYIOT O JIBOMCTBEHHOCTH 3HaueHui Ky u K ipu of1-
HHUX M TE€X )K€ 3HAYEHHAX N U S, 4TO yxe ObLI0 oTMeueHo. 13 Beipakenuii (4.40)u

(4.42)BuzH0, uto ko 1 Kg GymyT AeiicTBUTE b B, ecnu S2B2 — nZAZ =20, Torma
|n| < SBA_l. IMocne moacraHoBKY 31ementa miomany (4.43)8 (4.36)u ymHOKe-

HUSI HA 2 JIEKTPUYECKast HAIIPSHKEHHOCTh BIPA3UTCS

q1X l)t.[ .[ sexr(ln US (4.44)

- 7Ex-o {3 2\ [s?BZ -n A1

Ocy1iecTBUM Tepexo]] K MOJIIPHBIM KOOPAWHATAM I, & B IUIOCKOCTH NS

X

n=r$ina, s=r [tosa , (4.45)
JUIA KOTOPBIX DJICMCHT TUIOMIAAN U JUANTIa30H U3MCHCHUA 6y,HYT CJIICAYIOLIUMMU
dnds=rdrda, 0 < <o, -0y <a<d,,
rac
B
ag = arctgx . (446

Torzaa (4.44)B NOMSIPHBIX KOOPANHATAX PHUHHUMAET BUJ

ql(x l)t .[ J-rexplsma' UCOSO’)

dadr ,
~Ex-o o 2 \/Bzcosza A’sin’a

X

TocJIe HHTETPUPOBAHUS KOTOPOTO MO I TIOTydaeM

(4.47)

E = G (x—0,t) T cosa da
o Ex-u] o \/Bzcosza—Azsinza (isina -ucosa)?®

61

Beigenum u3 (4.47)pealbHyt0 4acTh U mpeodpazyem:
_ 204(x-,t) B/f‘ (u? - tg’a)diga
X - .
Ex-od| (u2 —tgza)21182 - A*tg?a

Ipoussenem 3ameHsl (& U b — HOBBIE mapaMeTphbl):

E

tga=A|Esiny, a=u?, b=—>0, (4.48)

TIOCJIE MOACTAHOBKHU KOTOPBIX IMOJTydacM

_ 2q1(x—vxt) "f a-bsin?y q

(4.49)
X
TE|X ~ 0, 1| A 5 (a+ bsin y)
Bxomsuuii B (4.49)MHTErpai MOXKHO BBIPa3UTh Yepe3 U3BECTHBIC HHTETPAIIbI
[12]:
ml2 ml2
j a-bsin® y y=2aj dy > j dy_ > (4.50)
5 a+bsm y 5 (a+bsin2y) , atbsin®y
3anwuieM 3Ha4eHHe BTOPOTO MHTETpaa;
arct 1/ibtg y
”JI-Z dy dy = a % _ T
0 (a+bsin2y)2 VvaZ+ab 0 2ya%+ab
Haiinem nepBblii uHTETpaN:
T2 7l2
] V= (zavn) | L
0 (a+bsin2y) 2a(a+b) o atbsinty
+bsinycosy% _ 2a+b T
a+bsin?y [0 | 2a(a+b) /a2 4ap
[Moacrasiss 3HayeHust naTerpaios B (4.50),Haxomum
1,=Z Ja (4)51

2(as )"

Iocne noxcranoBku uHTerpaia (4.51)8 (4.49)snekTpuyeckas HAMPSHKCHHOCTh
Oyner
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E :ql(x_vxt) Va
©oaxood Alarpf'?

B coorBerctuu ¢ (4.48)onpenenum napamerpst a u b:
X—o,t
Ja=u=kod X2|\/1—ﬁ3 -5
1- Bx

B _ (2 + 28y LL, + A202) - g2 - g2 |

A? @-pBZ2) @-B?)

- 1- - .
=B =8) Q=B =B - BB,

x{ (- 82 - B2 ) (o 0 + - B2 - B2) (y ot +
- 52 - 52) (-0 ,t) + 28,8, (x-v,t) [y —v,t)+
+ zﬂxﬂz(x _Uxt) (Z_Uzt) + zﬂyﬂz (y_vyt) (Z_Uzt)} .

a+

A 3T0, KaK HETPYTHO POBEPUTH B 0OPaTHOM HOPSIIKE, paBHACTCA

a+b=%{(F—at)z—[BX(F—ﬁt)]z}.

Iocne noacranoBku A , a u b B (4.52)mony4yaem

X—o,t
ql(x—vxt)| DX2| Ji-BE-B;
E. = 1_'BX X
X

1/2

b-52)- )
1-p2 - g2

1

glx=v,]

3/2

1_,35_133 v = 2 3/2.
—(1_183)(1_132) {(r —l)t) —[,BX(I’ —vt)] }

OT0 BEIpakKeHHUE MOCTIE YIPOIIECHHUS TPUHUMACT BUJ
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(4.52)

E = %(X_Uxt) (1‘,32) ' (4.53)
]

AHanornuHbIME OyIyT penieHus ypaBHeHHU (4.6) A1 COCTaBISIONNX Ha-
npsukeHHoctel Ey u E; . IlosToMy cuna BO3AEHCTBHS PAaBHOMEPHO M IPAMOJIM-
HEHHO JBIDKYILIErocst 3apsiia J; O CKOPOCThIO O HAa EJUHHUIYY HEMOJBIIKHOIO
3apsiaa O 3anHIIeTCs B BEKTOPHOM BHIE TaK:

E= Q1(F_6t) (1_182) (4.54)

5{ (I7 _5t)2 _[BX(F _5t) ]2}3/2 :

4.3.CUJIA B3AUMOJIEMCTBHUSA JIBYX TEJI

Ecin R=F -5t =F - lq —BEKTOP PaccTOsHMs OT 3apsiia g 10 3apsija O, TO

JIBIDKYIIUACS OTHOCUTENILHO HETO 3apsi (; B cooTBeTcTBUU ¢ (4.54) neiicTByet
CHJION

CI2Q1(1_,32)§
5{ ? —[Bxli]z} 3/2

Ha 3apsa Oy . Kak BumuMm, cuiia B3auMOJCHCTBUS MEXKIY 3apsDKCHHBIMH TEIaMH
3aBHCHUT JIUIIb OT UX OTHOCHUTEIBHBIX MAPAMETPOB. PACCTOSIHUS MEXIYy HUMH, UX
OTHOCHTEIIEHONW CKOPOCTH ¥ YTJIOBOTO ITOJIOKEHHUS MEXIY PACCTOSHHEM H CKOPO-
cThI0. B3amMoneiicTBre IBYX TeN HE 3aBUCUT OT KOOPAWHATHBIX CHCTEM, CHCTEM
orcyera, 3¢upa, mosst. DTOT pe3yabTaT CBUACTEIBCTBYET O TOM, YTO OTCYTCTBYIOT
cpensl THma 3¢upa WIK TOJSA, OTHOCHTENFHO KOTOPHIX MPOHWCXOIWT JBIKCHHE.
Ecnu Ob1 oHU OBUTH, TO B3aUMOIEHCTBHE 3aBUCEINO ObI OT CKOPOCTH OTHOCHTEIHHO
9THX TMIIOTETHYECKUX CyIIHOCTeH. Bripaxkenue (4.55) rakike CBHIETEIBCTBYET,
YTO HAauOOJIee MPOCTO PacCMaTPUBATh B3aUMOJICHCTBHUS JBYX TNl MOXKHO C TIOMO-
B0 X OTHOCHUTEIHFHOTO PACCTOSHUS M CKOPOCTH, & HE B Pa3HBIX CUCTEMax OT-
cyera, Kak 31o npuHsTo B TO.

Beipaxenue (4.54) u3BecTHO B coBpeMeHHOM anekrpoaunamuke [40] u TO
[26] mon Ha3BaHMEM HAMPSKEHHOCTH JIEKTPUIECKOTO MOJIS, CO3AaBAEMOTO JBH-
JKYIIIAMCSL C TTOCTOSTHHOM CKOPOCTBIO 3apsioM. Ero 3ammichIBaOT B CIEAYIONIEM
BUJIC!

F=

E= Q1(]-_ﬁ2)§
R¥(1- p?sin? ¢)**

e ¢ — yron mexay R u o .
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3T0 BBIpaXKEHHE BBIBEICHO C IMOMOIIBIO NPEOOPA30BaHUI NEKTPUUECKON Harpsi-
JKEHHOCTH TOYEYHOTO 3apsija U3 HEMOJBHXKHON CHCTEMbI KOOPIHMHAT B JIBHXKY-
mytocst. CormacHo O.J]. Edumenko [98], ero Bruepsbie monyumn Onuep XoBH-
caiin B 1888r., Ha 0a3e ypaBHeHHII MaKkcBeIIa ¢ HCIOJb30BAaHHEM U300PETEHHO-
ro uMm onepanuonHoro ucuucienus [94]. O.J[.E¢umenko Takke BBHIBOAUT COOT-
noutenue (4.54),0CHOBBIBAsICH HA TEOPUU 3ara3/IbIBaAHUs, 00YCIOBIEHHON KOHEY-
HOU CKOPOCTBIO PACIPOCTPAHEHHUS DIICKTPOMArHUTHOTrO Bo3jeicTus. Tomac JK.
Bapuc ¢ koyuteramu BoiBoAUT (4.54)Ha OCHOBE MHIYKIIUH JBUKYIIMMCS 3apSAI0M
JIIEKTPUYECKOTO MOJIsI, KOTOPOE, B CBOKO OYepe/lb, CO3/ae€T UHIYKIUIO, T.€. HABO-
JMT HOBYIO monpaBky moJjst [84]. Takum 06pa3oM moiydeH OECKOHEUHBIH psijl Ha-
npsbkeHHocTed E, mociie cyMMupOBaHUsSI KOTOPBIX OHHM MPHXOMASAT K BBIPAXKECHHUIO
(4.54).Yapas3 B. JIykec (mi1.) u JIxxozed B. JIykec [102], ocHOBBIBasCh Ha dKCIIe-
puMeHTaNbHBIX 3aKoHaX (3.3)u (3.5),BeiBoasaT cooTHomenue (4.54)B pesyinbTare
MHOTOKPaTHOTO MHTEIPHUPOBAHHS MEPEXO/0B IEKTPUUECKOT0 T0JIsi B MAarHUTHOE,
a MarHUTHOT'O — B AJIEKTPUYECKOE, KOTOPBIE OMUCHIBAIOTCS ITHMHU 3aKOHAMH.

B BhbIlIEHa3BaHHBIX PabOTax aBTOPHI HAXOMASATCS MO BIEYATICHHEM MHUPO-
BO33PEHHSI O TOM, YTO 3apPSDKCHHOE TEJO CO3[aeT JJICKTPUUYECKOE IMOJIe ¢ HArpsi-

JKeHHOCThI0 E , IpU ABUIKCHHUU KOTOPOTO JOMOJJHHUTCIBHO CO34aCTCd MAarHuTHOC
noJie ¢ HaPAKECHHOCTBIO H . Cormacuo 9TOMY MHUPOBO33PCHUIO, KPOME DJICKTPU-
YEeCKOM CHIIBI FE = qZE , Ha TCJIO JOJIXKHaA ﬂeﬁCTBOBaTL W MarHuTHas Culjia B CO-

OTBETCTBHH € 3akoHOM JlopeHnia

o =Ll x]. (4.56)

HukTo M3 HUX HE WHTEpPIpeTHPYeT BhipakeHue (4.54)Kak BENHMYMHY CHJIBI BO3-
JCHCTBHS IBIDKYIIETOCS 3apsDKEHHOTO Tena () Ha eAWHHULY HEMOABUKHOTO 3apsi-
JKEHHOTO Teja. bojee Toro, BeIpaKeHHE ISl CHIIBI B3AUMOJCHCTBUS IBYX IBHIKY-
LIMXCSI 3apsiIOB HUKTO B SIBHOM BHAE HE NPHBOJHUT. DTO CBS3aHO C TEM, YTO B
paMKax IOJIEBBIX KOHUEIIUH BBIPAKCHHUS IS CUJI BCTYNAIOT B POTHBOPEUHE C
OCHOBHBIMH 3akoHamu MexaHuku. Hampumep, Oner JI. E¢pumenko mokassiBaer,
YTO HAPYIIAETCS TPETHI 3aKOH MeXaHHUKH [97] Witk MOSIBIAIOTCS APYTHE MapaIok-
cel [98].

BriBeniennoe namu B 1968r. Boipakenue (4.55), HemocpeaCTBEHHO CIIEAYET
U3 dKCIepUMEHTANIbHBIX 3aK0HOB (3.3) 1 (3.5). 13 3THX 3aKOHOB MBI TaKXKE BbIBE-
mu nepBbiii (3.24) u Bropoit (3.22) 3akoHsl MakcBemna. Mbl HOCIIE0BATEIBHO
MOKA3aJIH, YTO KaK MPH IKCIEPUMEHTAIBHBIX UCCICAOBAHUAX, MPUBE/LINX K BbI-
BeneHuro 3akoHoB (3.3)u (3.5), Tak ¥ B mony4eHHOM BhipaxeHHH (4.55)ucmonb-
3yeTCs OHO H TO e IMOHATHE, @ UMECHHO CHJIA BO3ICHCTBHUSI Ha TENO.

Cuna, cornacHo (4.55),nmony4eHa HaMu IPH TOCTOSHHON CKOPOCTH U JABH-
JKEHHS 3apsDKEHHOTO Tena O . Eciu ckopocTh ¥ OyaeT 3aBUCETh OT BPEMEHH, TO
BMECTO PCIICHHBIX HaMU ypaBHeHuit [anamGepa (4.6)6ynyT ypaBHeHHs, OAHO 3
KOTOPBIX B IIPOCKLUH Ha OCh X, cornacHo (3.36),3anuimercst Tak
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T.e. TOABIAETCS COCTAaBISAIONIAs NPOM3BOAHON Ov,/0t. Pemenne ypaBHEHUS

(4.57) nomxHO maTh 3aBUCUMOCTh E HE TONBKO OT PacCTOSHUS M CKOPOCTH, HO U
OT NMPOU3BOAHOM OT ckopocTu. [lo-BuaUMOMY, 3TH pacCyKACHUS TPUMEHUTEIBHO

K YPaBHEHHSAM JUISA CKASPHOTO ¢ U BEKTOPHOTO A MOTEHIMAIOB MPUBEIH Kiac-
CHMKOB DJIEKTPOJANHAMHKH K TPEICTABICHUIO O TOM, YTO TIOJIs, CO3JaHHbIE JIBHKY-
IIAMHUCS 3apsiIaMH, JOJDKHBI 3aBHCETh OT UX yCKopeHui. OTClofa U MOSBHINCH
DJIEKTPOMATHUTHBIE CUJIBI BO3IEHCTBHUS HA YaCTHILY, 3aBHCSIIUE OT €€ YCKOPEHHUS.

MBI cyuTaeM, 4TO HaIM¥Me NPOU3BOAHON Ov, /0t B (4.57) 0GycnosneHo

U3ePKKOi au(hepeHInaTbHBIX CBsI3el, KOTOPbIe BOSHUKAIOT MPU UCCIIEA0BAHUI
BO3JICHCTBHSI IBIKYIIETOCS 3aPSHKEHHOTO TeJla HA MArHHT, & 3aTeM JIBIDKYIIIErOCs
MarHuTa Ha 3apspKeHHOe Telo. [Ipou3BoHas ckopoctH mo Bpemenu B (4.57) sis-
JSIETCSI YaCTHOM MPOM3BOJHON B (DUKCHPOBAHHOM TOUYKE MPOCTPAHCTBA, OTHOCHU-
TENIBHO KOTOPOTO JBHIKETCSI TEJO0. A YCKOPEHHE Teja BO3HHMKAET IPH ero repe-
MEILEHNH 110 TIPOCTPAHCTBY. [103TOMY BBIBO/ O 3aBHCUMOCTH CHJIBI OT YCKOPEHUS
u3 Beipakenus (4.57)He cuexyer. Mbl uMenu Obl IOJHOE IPABO CKa3aTh, YTO CH-
JIbI 3aBUCSAT OT YCKOPEHHS, €CIIH Obl MPH JABHKEHUU 3apPSDKSHHOTO Tella CO CKOPO-
CTBIO U OBUTO OOHAPYKEHO, YTO TIPH YCKOPEHUH W CHIIA BO3IACHCTBHS Ha MarHHT
OTJINYAETCS OT CHJIbI, KOTJIa YCKOPEHHs HeT, MO0 €CIii MpU JBMKEHHH MarHuTa
Obl1a Obl BBISIBJICHA 3aBUCUMOCTH BO3JCHCTBHUS Ha 3apsDKEHHOE TEJIO OT yCKope-
uust. Ecnut Obl Takye 3aBUCUMOCTH OT YCKOPEHUSI ObLIM YCTAHOBIICHBI, TO B DKCIIE-
puMenTanbHble 3akoHbl (3.3) u (3.5) Bouwm Obl ciaraemsie ¢ W. OIHAKO TaKHX
Pe3yIIbTATOB IKCIEPHUMEHTOB HAM HEU3BECTHO, IIO3TOMY B COOTBETCTBHUH C TIPUBE-
JICHHBIMH paHee OOIIMMH [[0Ka3aTeIbCTBAMU OYJE€M CUHMTaTh, YTO JJIEKTpOMAr-
HUTHBIE CHJIBI OT YCKOpeHHUs He 3aBucsT. ClienoBartenbHo, Beipaxenue (4.55)omn-
penenseT CUIy BO3JAeUCTBUS MPH JTI000H CKOPOCTH JABUKEHHUSI 3apPSHKEHHOTO Telia.

4.4.3AKOH OTHOCHUTEJIBHOI'O JBUKEHUSA
JABYX OBFBEKTOB

PaccMOTpUM B3aMMOJIEHCTBHE IBYX HAJIEKTPU3OBAHHBIX TOUEYHBIX OOBEK-
TOB C 3apsimamu Qp u Qp , ¢ MaccaMu My U M, (cm. puc. 4.2).Ecom 7, u I, —ux

_ o dn __dr,
Paanyc-BEKTOPHI, TO CKOPOCTH 3apsAnoB OynyT Uy = ot n u, = ot
Pamguyc-BekTop OT 3apsima O 10 3apsiga Jp Oymer Iilz =f,—T, a ero cko-
POCTh OTHOCHTEJNILHO 3apsijia Qp
- __ . _drf dr
1) =U1—U2 =_1__2 .
dat dt
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Puc.4.2. Cunbl B3aUMOJCHCTBUS IBYX TOYCYHBIX F, d?R _ R(l— 52)

: = , 4.61
3apsKCHHBIX Tl . . , dtz i R2 [a ﬁ] ETE ( )
B cootBercteuu ¢ (4.55) cuna Bo3aeicTBus ) ! —|Bx

. P -
MIEPBOTO 3apsiia Ha BTOPOH ] R, /i, e
= el _ G0 (my +my)
- 0.9 1- B2 s ) U= . (4.62)
Fpp = 1£2 R12( ) 55 (4.58) F anm,
{ R122 - [,3 x Rlz] } 0 y B ypasuenue (4.61)BXOAST TOIBKO OTHOCHTEIILHBIC BETMUMHBL PACCTOAHHE R 1

CKOpPOCTH 0} BSaHMOHeﬁCTBy}OmHX O6’I)CKTOB, T.C. UX IBMKCHHUEC HC 3aBUCHUT HH OT
CHUCTCM OTCYECTA, HU OT Ha6ﬂlO[[aT€J'I€I>i, HHM OT IIOJIEH U T.1O. HpI/I MaJIbIX CKOPOCTAX

3Has Cculy, MOXHO 3alucaTh YPaBHEHHE
npwkeHnsi [ — O ypaBHeHue (4.61) mepexoMT B 3aKOH JBIIKCHHS 3apsoB,

JBIDKEHUS BTOPOTO 3apsija:
B3aUMOJCHCTBYIOIUX 110 3akoHYy KyioHa:

2. — 2
) d°r, _ 00, Rz~ 57) _ (4.59) d’R R
dt2 P ) o 2 3/2 _:ﬂ—. qg)
{ Rlz—[ﬁx R12] } dt? 1 R3

Vpaeuenue (4.63) MOXKHO TPaKTOBAaTh KaK ypaBHCHHE ABMXKCHHUs MPU OCCKOHEY-

Tak kak BTOPOit 3apsiA ABMKETCS OTHOCHTEIIHHO MEPBOTO CO CKOPOCTBIO (—0 ) U ° 2
~ L HOW CKOPOCTH PaclpOCTPAHEHUS B3aUMOJAEHCTBUSI, IIOCKOJIBKY TIPH C; — % TIpHU-
paguyc-BEeKTOp OT HETo K IepBomy 3apsiay R, =1 —T,, To B cooTBeTCTBUH C
. . BeneHHass ckopocth [ — 0. 3Haumt, ypaBHeHue (4.61) ommchlBaeT IBHIKCHHE
(4.55)cuna Bo3nelCcTBIS €ro Ha MEPBbIil 3apsi1 IPUMET BUJ . .

00BEKTOB, B3aUMO/ICHCTBUE KOTOPBIX PAcIpOCTPaHIETCsI C KOHEYHOH CKOPOCTBIO.

- 40, §21(1— ,82) Eciu rpaBUTAIIMOHHOE BO3ACHCTBHE PACIPOCTPAHSETCS CO CKOPOCTBIO Cy, TO Clie-
For = 32 IyeT OKUIATh, YTO IBHIKEHUE IBYX B3aMMOJAEHCTBYIOLIMX Macc My U My Oyzer
{ R221 _[ Bx §21] } omnpezensaTscs ypapaenueM (4.61).B qaHHOM ciydae B COOTBETCTBHH C 3aKOHOM
TaroteHuss HproToHa KOHCTaHTa B3aMMOIEUCTBUS
Toraa ypaBHEHHE ABMKEHUSI IEPBOTO 3apsi/ia 3alUIIeTCs = _G(ml + m2) ) (4.64)
df, _ qq, §21(1— ﬁz) (4.60) rae G — rpaBUTALHOHHAS TTOCTOSHHAS.
dt?2 £ O R L ' '
{R21 - [ﬁx RZl] }
4.5.AHTET'PUPOBAHUME 3AKOHA JIBUKEHUA
A tak xak R, =—-R,; =T, —; = R, To Beuntanue ypasuenns (4.60),ymHOX)eH- PaccMOTPUM OTHOCHTENIBHOE JIBHIKEHHE YACTHUI[ B IIIOCKOCTH BEKTOPOB U H
HOTO Ha My, U3 ypaBHeHus (4.59),yMHOKEHHOTO Ha My, 1aeT y - . d?R
. . R (cm. puc.4.3). Beipasum yckoperme W = > BJIEBOH
4R 0yl RlL- 52 2 N dt
mm, aiz (ml + mz) c 32 w vactu (4.61)4epes ycKOpeHus B IPOEKLMAX: Ha HAIIPaBIIe-
{ R? - [ﬁx R] } b o HHE PajIyC-BEKTOPa M Ha HAIPaBJICHHE, MEPICHIUKYIISP-
' ' Hoe K HeMy. COCTaBISIIONIYIO YCKOPEHHSA Ha TIEPIEHINKY-
- - = 2
TTocse npeobpa3oBaHus MOJIyYaeM 3aKOH OTHOCHTEIBLHOTO IBUIKEHHA IBYX 3apsi- R /SL\[Y JIAPHOE HaNpaBIICHHE W, = T digR Ha3BIBAIOT
JKEHHBIX TOYEUHBIX 00BEKTOB 0 0 R dt
C/qj R X Puc. 4.3 ITnockoe JABUKCHHEC JIBYX B3aHMOHCﬁCTBymmHX TCII.
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TpaHCBEPCAIbLHOU. 31ech T — eIMHUYHBINA BEKTOP, @ (W— YIJIoBas CKOPOCTh. Paiu-
aJbHAsi KOMIIOHEHTA YCKOPEHUs OyIeT:

D 2
W, =R d—?—sz :
R\ dt

INocne noacTaHOBKH 3THX yckopeHuid B (4.61)umeem

: d(ﬁz)é(‘ﬁ_w): 4 f?(}‘fzz) )
B

HpI/IpaBHI/IBaH BbIpAXKCHUSA B npaBoﬁ H JIEBOH YacTIX 3TOro PaBCHCTBA MPU COOT-

BETCTBYIOIINX BEKTOpaXx I W R mosjyuyaem 1aBa ypaBHEHHs, U3 KOTOPBIX HEPBOE
npeodpa3yercs Tak:
1dler?)_, dler?)

=0, wR?=const.
R dt dt

To ecTb B IIPpOoUIECCC NBUKCHUA KHHEMATHYECKUHA MOMEHT KOJIMYECTBA JABUKCHUS
aR? =h (4.66)

OCTaeTcd HEM3MEHHBIM. J[BI)KEHHE MPOUCXOAUT B TOM MJIOCKOCTH, B KOTOPOIL Je-
xaT BeKTOpbl R u 0 . Takoe CBOWCTBO JBHKEHHS TAKXKe MPHCYIIE B3aUMOACHCT-
BusM 110 3akoHy Kynona u HerotoHa.

Kosddunments! npu Bektope R B (4.65) 1afoT BTOpoe ypaBHEHHE JBIKE-
HUSA

ﬂ_sz = R(l—ﬁz)

dt? { RZ—[Bxﬁ]z}glz .

Tak kak KOMIIOHEHTBI CKOPOCTH YacTHIBI OyayT: paguanbHas — v, = R u TpaHc-

(4.67)

BepcanbHas v, = &R, TO

2
1-p7=1-2 =1- L[R2+ 0?R?),
of o
2p2
R? - [x R’ =R? - L wR? = Rz[l— wR }
cf f

U TI0CjIe oACcTaHoBKY B (4.67)monyuaem
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2 2
R C
— R =y —= —. (4.68)
dt 2( a)ZRZ]
R?|1-
cf

Ot0 HenuHelHoe AudepeHIraIbHOe YpaBHEHHE BTOPOTro nopsiika. PaccMotpum
ero pemenue. C 3Toi Lenbko nepeiiieM K HOBbIM IIEpEMEHHBIM

y=YR u ¢ =[ant, (4.69)

rae @ — yriuosas koopaunata (cM. puc. 4.3).IIpeoGpasyeM MPOM3BOIHBIE C yUe-

ToM (4.66):
ﬁ = —iﬂ% = —iﬂ = —hﬂ

dt y2 dg dt y? dg d¢’

d?R d’y _ .5

2
— =-h—ZLw=-h yZM

dg?
IMocrie MoJCTaHOBKH HOBBIX MEPEMEHHBIX M MPOU3BOAHBIX B (4.68)u npeob-
pa30BaHI/I${ €ro, 3aluIleM:

(o)
2
d )2/_/.1; 4 32 :_y_% : ' (4.70)
dg? c? 2 h 1_h2 )
T ¢

Iockoneky ypaBHeHue (4.70) OTHOCHTCSI K KIAacCy HENMHCHHBIX ypaBHEHHH, B
KOTOPBIC SIBHO HE BXOAUT HE3aBUCHUMBII apTYMEHT @, MOXKHO [IPOM3BECTH 3aMCHY

_dy
P=4g" (4.71)

d’ _dpdy _ dp

T 4.70
orzga dp?  dy dg p r u ypaBHeHHeE ( ) IPUHEMAET BH
dp _ 44 p? o1
Y ¢ h2 h® >
1_72 1_7 y
i Cy
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Takum o6pasom, Mbl cein (4.68)k HenuHelHOMY MU GEpEHIHATEHOMY YpaBHE-
HUIO TIEpPBOTO Topsika. [lepeiiiemM K HOBBIM IIEPEMEHHBIM:

2
7= p2, f(y)=—2%, 4.73)
h
=%
cf
o) =2 y+it——|, (4.74)
h h? ,
1_7y
o

KoTopbIie cBOIAT (4.72)k nuHeitHOMy nuddepeHIHaIbHOMY YPAaBHEHHIO [IEPBOTO
NopsaKa;

%+ f(y)=o(y). (4.75)
y

C yd4eroM TpaHWUYHBIX YCJIOBHHA B TOYKe Y = VYo , Z = Zyg W 0003Ha4as

y
F= I f(y)dy, pemenne ypasuenus (4.75)3anuiercs B BUze
Yo

y
z=e |z, + j g( yedy]|. (4.76)
Yo

Teneps Haiinem QpyHkiuio F, H0ACTaBUB B NOJBIHTErPAILHOE BHIPAKEHUE 3HAUE-
nue s f(y) cormacuo (4.73):

Hanee Bo3pMeM uHTerpan B (4.76):

y y
2
J'g( y)ede= —exp H1Yo J‘Z y+ My %
h* , 2 h* ,
. cf I-— vy * h*. [1-— Yo
C1 C1
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2 2
cox]-—24Y_ gy - oxp HiYo O ( __zyz}
2 ,_h? > 2 [,_h* o h
c,1-—7y ¢, 1= Yo
C; G
y
20y C12 012 2
X —_ | = X
ex = Yo~z * Tz Y
c? 1——2y2
Cl Yo
xexpz'u Yo _ y

1
2
¢ h? h?
\/1—2 Y6 \/1—2 y*
ci ci
[Nocne noACTaHOBKH 3THX BhIpaxkeHHi B (4.76)pelieHre npuMeT BUI

2

2 2

%+ ye + 2, —% exp ’Lzll y - Yo . (4.77)
h h ¢ h? , h? ,

1-—y 1-—= Y

C C

B cootBerctuu ¢ (4.73)u (4.71)npeobpasyem nepeMeHHYIO Z:

2 2
—g2=(dy] - 1[dR
= ~{55) ~welis)
(5 (G|
O " R4ldt ) Ldt

DI’
31echk MBI HCHOIB30BANIM BTOpOE rpaHuuHoe yciosue o, (Ry) = v,y . Ilepsoe rpa-

Z:—y2+

R*w?

R=R, R=Ry

HMYHOE  YCIOBHE  MCIOJB30BAIOCH Ul TPAaHCBEPCAIBHOM  CKOPOCTH
v (Ry) =Ry =h/R,. OT™eTnM, 4TO HavambHBIE YCIOBHS MOTPEOYIOTCA TPH

MIPUBSA3KE PEIICHUI KO BpEMEHH IIPU HHTErPUPOBAaHMU R = jvrdt u@g= .[wdt .
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IMocite NOACTaHOBKY 3HAYEHHI Y, Z U Yo, Zo B (4.77)m0IIydaeM 3aKOH JBHIKE-
nust (4.61):

2 2 2
L dR_jei 1 f 1 oo G| 2 YR VR . (4.78)
RZ2d¢ 4/h? R?

p
R§ h? h?) " cf h?2 h?
1= ===
ciR ciRo

@:M:D_V:D_YRZ, (4.79)
dg dgjdt  w h

Taxk xak

TO, MCKJIIOYast S—Z u3 (4.78)u (4.79), moiyyaeM paauaibHYI0 CKOPOCTH JBHKE-

HUS B3aMMOJICHCTBYIOIINX YaCTHUI]

2 1 1
o =¢ |1- g2 -[1- ﬁg)exp% - . (4.80)

h2 J h2
RE-—  |Re-—
\/ ¢ ¢

[
Bro="" Bo=mZ=——F>=—9. Bi=Bb+Bh. (4.81)
G G G G

Ipu usBecTHO, coriacHo (4.80), paananbHoi CKOPOCTH YpaBHEHUE TPACKTOPUH
B COOTBETCTBHU ¢ (4.79)3amuinercs Tax:

¢:hj';2F: . q2)

Vpasuenus (4.80)u (4.82)onpenensor ABUKEHUs 00BEKTOB, B3aUMOIENUCT-
BHE KOTOPBIX PACIIPOCTPAHSIETCS] C KOHEYHOM CKOPOCTHIO C; . V3 3THX ypaBHEHUN
BBITEKAIOT HHTEPECHBIE CIIEICTBHS.

4.6.IEPEXO/I K KJIACCUYECKOM
U PEJIATUBUCTKOM MEXAHUKE

IMokaxkeM, uro ypaBHenus (4.80)u (4.82) mepexomsitT B ypaBHEHHS KIIacCH-
YEeCKOM MEXaHWKH, €CIId CUMUTATh PACIPOCTPAHEHUE B3aWMOJEHCTBUM MTIHOBEH-
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veiM. C yuyerom (4.81) Haiimem mnpemen KBaapara paauainbHoit ckopoctu (4.78)
npu C’l — 00 ]

h? { vy h? J 2u 1 1
1-——-|1-—2- exp—t -
cr (¢ ar P JRz_ z \/Ré_hz
2 2
lim o7 = lim > G &
dom ot Ve

0
Hpe,uen OpeAcTaBIACT HCONMPCACICHHOCTh THUIIA 6 . ITocme OPpUMCHCHUS ITpaBujia

Jlonurans u YIIPOILICHUS UMECM

2 2 2 2
lim v?:vfo—h—+h——21ul 1 1 =02 + ﬂ.q.L - ﬂ.;.ﬂ )
& e R*> R? R R, h R, h R

OTC}O,Ha HaxoauM paJuajbHYI0 CKOPOCTb

et 0 Y (s, Y
Uy = l)r0+ T+§ - ?"'E y (483)

MOCITe TIOICTAHOBKY KOTOpo#i B (4.82) monydaeM ypaBHEHHE TPACKTOPUH B Kilac-
CHYECKOW MEXaHHUKE IPH JBIKCHUH B [ICHTPAIEHOM TI0JIE

:j hdR

. (4.84)
R2yJv2, + (1 /n+ W/ Ry )2 = (g [+ /R)?

IokaxxeM, uro ypaBHenus (4.80)u (4.82)npu cKOpOCTSAX ABMKEHHUS] 0OBEKTOB, HE
OJM3KUX K CKOPOCTH CBETa, CBOAATCSA K YPABHCHHIO IBIDKCHHS B LICHTPAIBHO-
CHMMETPHYHOM I10JI€ B TEOPHH OTHOCHTEIBHOCTH [26]:

| MdR |
R2W&/c? - (m?c? + M ?/R?|(L- Ry /R)

(4.85)

C 9T0ii 1eNbI0 YIPOCTHM BhIpaXeHHe Uil paauaibHoi ckopoctu (4.80), packia-
JIbIBasi COMHOXKUTEIIH B Psijl U ITpeHeOperast ciaaraéMbIME MaJIOro TOpsiIKa;

1
2 ) 2
1_h_i :1+h_i+...;
¢ R? 2¢2 R?

1
2 2 2 2
expﬂ[l—“—iJ cuiots Lo LT
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AHaJIOrMYHO 3aIMIIETCS YKCIIOHEHIMANBHBIN coMHoxuTelb (4.80)c Ry. C yuerom

TOJIBKO YJICHOB C_LZ B 3HAMCHATCEJIC KBagpaT pazmanm—xoﬁ CKOPOCTH BBIPA3UTCA

/;1 1-2 H1
ciR C1Ro

v =cf| |1- ch2 (1 /30) 1+2 (4.86)

BBGL[CM BCJIIMYNHY

=24, (4.87)
Gy
KOTOPYIO Ha3bIBAlOT I'PABUTALMOHHBIM PaJNyCOM M BBIHECEM M3 IIPABOH YacTH
(4.86)MHOX)HUTETH:
5 N1
— h 1_& 1+&
cZR? R Ry

2

s |0-5) s3]

1)2 —cl 1-

Ho Tak xak mpu CKOpOCTH He OIM3KOH K C; CHIPaBEATUBEI OYAYT YIPOLIICHUS

-1
b-g3) " =1 2+
2 \1 2
1- ?2 =1+ ?2
¢ R ¢ R

+...

TO IMOCJIC MMOACTAHOBKH UX U C YYETOM YWICHOB IOPAIKA Cf nojrydacm

2 R R
02 =2 402 - of+% ! (4.88)

Iocie noacranoku (4.88) B (4.82) moaydaeMm NpUOIMKEHHOE 10 CTENEHEN 012
ypaBHEHHUE TPACKTOPHH

o= hd? - — . (4.89)
R? |¢2 +v2 —| c? + h2 1-—2 [1+-2
R R\ R

O0603HauMM Yepe3 M Maccy ABMXKYIIErocs o0beKTa, HapUMep Maccy 3apsaa O
Ha puc.4.3.Tormza M = mh — ero MoMeHT KoJM4ecTBa ABMKeHHs. COrIacHO TEO-
pHH OTHOCHTENHHOCTH, KBAJIpaT YHEPrHU OOBEKTA, JBIIKYIIETOCS CO CKOPOCTBIO
Do, MOXKHO 3aIHCaTh
2
2 2.2
W, 1 m m
oL ME | T e e )
2 2 P 1-32
a Glyi-5 Bo
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Ecnu yncnuTens 1 3HaMEHATENb B paBoil gactu (4.89)yMHOXHM Ha M U HCIIOB-
3yeM BeIpakeHHS 1t M u W, , TO BEIBOOMM ypaBHEHHE TPACKTOPUH JBHKCHHUS
TOYEYHOTO TeJla C MACCOM M O IeHiCTBHEM IPYTOTr0 TOUEYHOTO Tea

s :j MdR '
2 o [ e 2 ey Ry )

(4.90)

Tak kak rpaBHTalMOHHBIH paguyc R<<Rgq , To, npenedperas RyRy, u3 (4.90)mo-
JIy4aeM peIATUBUCTCKOE ypaBHeHue (4.85).

Vpaeuenue (4.89) cnpaBeminBo i JFOOOH CKOPOCTH PacHpOCTpaHCHHS
B3aHMOJCICTBHS Cy B Cpefie, @ HE TOJbKO IS MPEeNeIbHON CKOPOCTH PacmpocTpa-
HEHUs CBeTa C B BAaKyyMe, KaK 3TO HMEET MECTO B TEOPHH OTHOCUTENbHOCTH. OHO
CHIPABEIUIMBO [UISl DJICKTPOMATHUTHOTO M TPAaBUTALIMOHHOTO B3aWMOJICHCTBHIA.
Bri6opom (4, cornacHo (4.62)unu (4.64),8 napamerpe Ry B (4.87)onpenensercs
BUJ B3auMogeiicTBus. PenstuBuctckoe BoipaxkeHue (4.85) BO3MOXKHO HCIONB30-
BaTh TOJBKO TOTA, KOrIa Macca 00ObeKTa M 3HAYUTEIbHO MEHBILE MAcChl BO3ACH-
cTBytomero tena. Ypasuenue (4.89) cnpaBemnBo mpH JIFOOBIX Maccax B3aUMO-
JIEUCTBYIOIIMX TeEJ.

Ipu BeiBoze (4.89) B pa3ioKEHUH YYHTHIBAIHCH YICHBI MOPSIIKA Cl ITo-

3TOMY JAHHOE COOTHOIICHWE, KaK M pensTuBUCTCKOe (4.85), ABIseTcsl HETOUHBIM
W MOXeET JaBaTh HEBEpHBIE PE3yNbTaThl. B mocnmexyiomeM MBI mOaydnM Oojee
TOYHOE BBIPKEHHE JJIS1 HHTETPaJia TPACKTOPUHU U PEIIUM €ro.

U3 knaccryeckoil MEXaHUKH M3BECTHO, YTO MPHUTATHBAIONIUECCS 00BEKTHI MO-
TYT JOCTHYb MPHU PAJUATLHOM CONMKCHHM KAaKOH yroJHO OOJBINOW CKOPOCTH,
KOTOpasi OrpaHUYMBAETCS JUIIb L4 — MOCTOSSHHON WX B3auMmozeiicTBus. Ho ecnu
B3aUMO/JICHCTBAE OOBEKTOB PACHPOCTPAHSETCS C KOHEYHON CKOPOCTBIO C; , TO
JIOCTIDKEHUE OOBEKTAMH TAKOH CKOPOCTH IPHUBEAET K TOMY, YTO OHH HE CMOTYT
OKa3bIBaTh JIPYT HA JIpyra Bo3aercTBue. Cleayer 0XKUIaTh, YTO TAKUE OOBEKTHI HE
CMOTYT YCKOPHUTH APYT APYra J0 CKOPOCTH, OOJNBIIEH CKOPOCTH PACIPOCTPAHESHHUS
ux BoznercTBusA. C 3TOH METbI0 PacCMOTPUM B3aMMOCHCTBHE PaTUAIbHO JIBH-
xymuxes dactun (h = 0), HaYMHAIOIIKMX CBOE JBHXKEHHE B OECKOHEYHOCTH
(v;0 =0). Pagmansnast ckopocts commkenust, cornacuo (4.80),mpu aTux ycnoBu-

AX 3aIUIICTCA

- 214 1
=C 1-ex ?E . (491)

Tax kax npu npursokennd 4 < 0, 1o juimb npu commkennn 10 R = 0, kak BUAHO

u3 (4.91),cKOpOCTh JOCTHTHET CKOPOCTH PACIIPOCTPAHCHHS B3aUMOICHCTBHSL.
Ecnu xe B kakoii-To Touke Ry CKOpOCTL 00BeKTa PaBHSIETCS CKOPOCTH pac-

npocTpaHeHuss  B3ammoneidicteus  (fp = 1), 1o wu3 (4.80) cumenmyer

O, :Cn/l—,B’t :\/Clz -p2 , T.e. monHas ckopocts v =vf +v? =c¢Z. Crenoa-
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TENBHO, TAKOH 0OBEKT OYAET MMETh CKOPOCTh C; M BO BCEX OCTAIBHBIX TOYKAX
TPaeKTOpuH, T.c. OyAET IBUTaThCsl C HEM3MEHHOW CKOPOCTBIO, PaBHOM CKOPOCTH
pacnpocTpaHEeHUs B3aUMOACHCTBUS.

B 3akimoueHue paccMoTpuM uzonuHuu cuisl (4.55). Kak BumuM, cuita Ha-
IIpaBJIeHa 1o pajycy, a MOJIYJb CHIIBI BO3ICHCTBHSI IBHXKYIIETOCSI CO CKOPOCTBIO
0 3apsi/ia MOXKHO 3alucaTth B BUjE

= 092 1‘[32 (4.92)
€ R2(1 B2sin ¢)

rae B =v/C, — npuBeAEHHAsA CKOPOCTH OTHOCHTENBHOTO ABHMKEHHUS 3apsioB; @ -

YroJl MEXy CKOPOCTBIO U M pajnyc-BeKTOpoM R oT 3apsiaa Oy 1o 3apsiia Q.
U3 (4.92)nonyuaeM ypaBHEHHE JUHUH IOCTOSHHOIO 3HAYEHUS

_p2
R= |A—1F (4.93)
R? (1— ,stin2¢)
Tae
A= Sl - const. (494
&

3aBucumoctsb (4.93)mpu A = 1 uzobpakeHa Ha puc. 4.4 B MOJAPHBIX KOOP-
nuHatax. Jluaun paBHO# cuibl (4.93) mpeAcTaBisioT co0OH CEYCHHUS LIEHTPATb-
HOM TUIOCKOCTBIO TIOBEPXHOCTEH PaBHOW CHIIBI, KOTOPBIE 00pa30BaHbl BpalleHUEM
W30JIMHUM BOKPYT BeKTOpa cKopocTu v. [Ipu HyneBoit ckopocTu 3apsiaa (; U3010-
BEPXHOCTh sBisieTcs cepoit ¢ paguycom R = 1. C yBenuueHHEM CKOPOCTH H30-
MIOBEPXHOCTH CXHUMAIOTCS BIOJIb JIMHUM JBIKECHHS M PACTATHBAIOTCS B IUIOCKO-
CTH, NEePICHIUKYSIPHON ABMKeHHUI0. [Ipu £ = 1 U3010BEPXHOCTD CHJIBI MPEeBpa-
[IAeTCsl B IEPHEHANKYISIPHYIO CKOPOCTH HEOTPaHUYESHHYIO INIOCKOCTh. OTMETHM,
yro wu3oNuHMK cuisl (4.54)
SBJIIOTCS. OOHOBPEMEHHO H
W30JIMHUSIMH HaNPsHKEHHOCTH
E (4.54) nBwxyuierocs 3aps-
JKEHHOTO Telia.

Puc. 4.4 W301uHUU CHIIBI BO3-
JEUCTBUSL JIBIIKYILETOCS] CO CKO-
POCTBIO » 3apsHKCHHOTO Tena
Ha HEMOJBW)XHOE 3apsiKCHHOE
TEJNO (p, HAXOAsIIeeCs: OT HETO Ha
Pa3HbBIX YIJIOBBIX PACCTOSHHUSX ¢
TIPH Pa3HBIX BEIMYMHAX CKOPOCTH

IB = U/Cl.

180°
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I')IABA 5
TPAEKTOPUU JIBUKEHUA IBYX TEJI
5.1KJACCHYECKHE TPAEKTOPUH

Bragane paccMOTpPHM TPaeKTOPHH B3aUMOJCHCTBYIOIINX YACTHI] IO 3aKOHY
Kynona i HproTOHA, KOTOpPBIE OMMCHIBAIOTCS YpaBHEHHEM Tpackropuu (4.84).
B HekoTopol TOUYKE TpaeKTOpWUM, HA3BIBAEMOW MEPULICHTPUEM, B3aUMOICHCT-
BYIOIIME OOBEKTHI CONMKAIOTCS HA MUHMMAaJbHOE paccrosHue R, (cM. puc. 4.3):
MX pajuaibHas CKOPOCTb PaBHA HyJIIO, @ TPAHCBEPCANIbHAA vy =0 = h/ Rp mpu-

HUMaeT HauboJpluee 3HaueHue. [IpeoOpasyemM ypaBHEHHUS A PaanaIbHON CKO-
poctu (4.83)u tpackropuu (4.82)k Ge3pasmMepHOMY BUIY:

vy :\/(al +1)2_[01 +%T , (5.1)

R
0= (5.2)

rre R= R/Rp — OTHOCHTEIIBHBII paguyc; v, =0, / Up — OTHOCHTENbHAS Paju-
anbHas ckopocTh; By = v, / C; o=y / (valzj) — IapaMeTp TPACKTOPHH.
Beipaxenue (5.2) npu paguansHoii ckopoctu (5.1)3ameHoit Y = ]/ﬁ JIETKO

HHTETPUPYETCS, U TIPH TpaHuIHOM ycinoBun R =1, mpu ¢ = O, moiydaem ypaBHe-
HUe (pyHIaMEHTaIbHBIX KIACCHIECKAX TPACKTOPHit

R= 1 . (5.3)
(al +1) cos¢ —aj
C nomoIsio npeobpasosanuii X = Rcosg u y=Rsing, rae
X=xRy,  Y=Y/Ry (5.4)

SIBJIIIOTCS] IPUBEICHHBIME KOOPWHATAMH, ypaBHeHue TpackTopru (5.3) B mekap-
TOBOH CHCTeMe KOOPAWHAT MPUHUMAET BUL:

a2y? - (20, +1) X% + 2 (ay +1) X =1. (5.5)

Vpapuenus (5.3) wnu (5.5) 3aBUCAT TONBKO OT OJHOTO mapameTpa Qi T.C.
BHJ TPACKTOPHH OIPEICISICTCS ero BEeNHInHONW. Bynem paccMaTpuBath TPaekTo-

prn mpuTsokernst npu @y < 0.Tpu a; < -1 w3 (5.3) cnenyer, uto R = R/Rp <1,
HO 3TO IPOTHBOPCUMT IPUHATOMY, YTO PAAHYyC HepHUUCHTpuUs R, — HauMeHblIee
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paccTOsIHME MEXIy B3aMMOJASHCTBYIOUIMMU O0bekTaMu. I103TOMY BO3MOMKHBI
snagennst @, 2 —1. Ilpu oy = -1, cormacuo (5.3), R =1, T.e. ABWKEHHE IPOUCKO-

JIMT NPY HEU3MEHHOM PACCTOSHUM MEXKIY YaCTUIIAMH, & IMEHHO 110 OKPY>KHOCTH.
IIpu a; = -0.5,cornacuo (5.5),
X =1- 025y2, (5.6)

T.C. TpPacKTOpHEH sBisieTcs mapabona. B gmamasone m3menenus -1 < a; < -0.5
TPACKTOPUH TIPEICTABISIIOT C000# asummiichl. [lpn @ = /TpaccTosiHie MEXKIy Jac-
tUamu, coriacHo (5.3),0y1eT HAUOOIBIIHM:

R, =-1/(2a, +1). (5.7

Bemmauna R, — paguyc anonentpus. Tak kak h= h/ (sz) b ) =1, To B amomeHTpUHN

qacTHIa UMEET HAMMEHBIIYIO TPAHCBEPCAIBHYIO CKOPOCTh, PaBHYIO
v, =R, =—(2a, +1), (5.8)

a ee paauanbHasg CKOPOCTb paBHa Hyr0. OTMETHM, YTO JUIS apaboJibl IpH Oy = -
0.5, cornacuo (5.7),paguyc anorentpus R, — o, 1 ckopocTb Ha GECKOHECYHOCTH
B cootBerctBun ¢ (5.8) v, =0. Ilpu usmenenun a; ot -1 g0 -0.5 Tpaekroprn

CTAQHOBATCSA Bce OoJiee BBITSHYTBIMH DJUIMIICAMHM M B Ipelelie IPEBpaIlaroTCcs B
napabonnyeckyto Tpaekropuio. B nuanazone -0.5 <a; < 0 Tpaexropuu SBISIIOTCS
rurnepOosiamu. ITonryyroa Mexay acummroramu runepooi onpenensercs us (5.3)

upu ﬁ — 00 ]
¢, = m—arccoda, /(ay +1)]. (5.9)

CKOpOCTh JBM)KCHHUS YaCTHIBI HA OECKOHCYHOCTH CTAHOBUTCS HCKIIOYHTEIBHO
panuansHOM U paBHOM, cormacHo (5.1),

D =+/20, +1. (5.10)

C npubarmKeHreM () K HYJIIO MOIYYroji MeXIy aCUMITOTaMH @, MpUOIMKaeTCs K
712. Tlpu ;= O runepborna BeIpoXkaaeTCs B mpsmyto B cootBerctBun ¢ (5.3), pas-
HYIO

R =1/cos¢ . (5.11)

Kak BugHo u3 (5.10),9acTuia ABUKETCS 110 HEll B OECKOHEYHOCTH ¢ D, =1 Takoi
ke, kak u B nepurentpun. C nomorpio (5.1) nerko mokasaTth, 4To MOJHAS CKO-

POCTL 4aCTHULbI BO BCEX TOYKAX TPACKTOPUHN 6yL[CT v = ﬂl)r2 + l)t2 = 1, T.C. HaCTUla

JBIDKETCS] ¢ HEM3MEHHOM ckopocThio. Ilapamerp Tpaektopun a; = O B AByX ciy-
Yasx. IPHU OTCYTCTBUM B3ammopeHcTBus (4 = O u mpu OGecKOHEYHOH CKOpOCTH
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vy — . Ilpu oTom Tpaekropueii 6yaer npsamas munus (5.11). Jlanee mbl yBu-

IIAM, 9TO MPU KOHEYHON CKOPOCTH B3aUMOECHCTBUS C; YaCTHIIBI OYIyT JBUTATHCS
0 3TO¥ TPACKTOPHH, €CITH UX CKOPOCTh D = C .

Tpaekropuu (5.3) win (5.5) onuceiBalOT cedeHnsi KOHyca IMIOCKOCTBIO U
JaBHO u3BeCTHBI. OHAKO OHHU MPUBOAATCS [24] B 3aBHCHMOCTH OT JBYX IapaMeT-
pOB:

P

R=———,
1+ ¢, cosg

(5.12)

rne P= ERp — ¢oxasnpHblil mapameTp (Ha puc. 4.3 —KOOpAUHATA TPACKTOPHUH Y,

npu X = 0); & — 9KCHEHTPHUCHTET.
U3 conocrasnenus (5.3)u (5.12)BuaHo, 4ro

P=-Ya,, A8)
& =-(1+Va,). (5.14)

BLIpa3I/IM TAKXKC 4Y€pe3 mapaMeTp TPAaCKTOpUU O 60.]'H>Hlyl() U MaJlyl0 MOJIyoCHU
QJIJINAIICA:

k! b= |-—L (5.15)

a=——,
20, +1 20, +1

5.2.BPEMS JIBUKEHUS 11O TPAEKTOPUH

Tenepp paccMOTpUM BpeMsi JIBHMKEHUS NIPH B3auUMOJEHCTBUM 110 3akoHy Ky-
noHa win Herotona. [lpu u3BecTHON paguaibHON CKOPOCTH BpeMs IBHUKEHUS
OTIpeNeNsIeTcs KaKk

t= de/u, . 6)1

ByzneM paccmarpuBaTh WHTErpaj B NPHMBENEHHBIX NEPEMEHHBIX. Tak Kak He BO
BCEX ClIyYasX IBMIXKEHUM MMEIOTCS JaHHBIE B IIEPULEHTPUH, OyJEM OTHOCHTD Iie-
peMEeHHbIE K 3HAUEHUSM B NPOM3BOJILHOW Touke Ry, B KOTOpOW YacTuiia MMeer
PamuManbHYIO Dy M TPAHCBEPCAIBHYIO ;g = h/R, cocraBnsiomue cKOpOCTH n B
KOTOpO#l HauMHaeTcs OoTcyeT BpeMeHH, T.e. tp = 0. Torma ¢ y4eToM paauansHOi
ckopoctu (4.83)B OGe3pa3MepHOM BHJIE BPEMSI IBMXKEHUS OyIeT

drR

2
o +(a +1f -[af + 2)

, (5.17)

—|
1
P ) |
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rae

5roo =0,0/V40 0'10 = /ul/(RODtZO)' R= R/Ry, t =toy/Ry.

B cootBeTcTBHU ¢ ompeneneHueM, CBA3b MEKIY MapaMeTpaMH TPacKTOPUH
CIeyIommas

a,=a’ R, /R, . (5)18

[peobpasyem Boipaxxenue (5.17),a uHTErpai cBeaeM K U3BeCTHBIM [12]:

— — R
(R _{AR-aqR-l alr &R
1

= +2L T , (5.19)

AR? -2a’R-1 A . A 1YAR?-200R-1

A= (50 +2a0 +1. (5)20

Paccmotpum ciiyuait A > 0. DTO COOTBETCTBYET MaJIbIM 3HAYCHUSIM |Oy, T.€. TH-
epOOIMUECKIM TpaekTopusM. Pemenne unrerpaia B (5.19)3aBucur oT auckpu-
MHUHAHTa [T0IKOPEHHOT'O BBIPAKEHHS

D :—4A+4(al°)2 = 4[ 02 (al +1) } <0.
[pu stom 3nauernu D unrerpan B (5.19)3anumercs Tak:

1 - — _
|=ﬁln(2 AR2—2a1°R—1+2AR—2a1°). (5.21)

Iocne noacranoeku (5.21)B (5.19)u npeoOpa3oBanus MOIydacM BpeMsl ABHKE-
HHS 110 TUOEePOOTNYECKON TPACKTOPHU

Fo RO, A Ro VA +AR-a?

f= 5.22
A A2 oA+ A-a) 522

rae

50 =60 + (a0 +1f (a0 +y/R] . (5.23)

Ciyuait A < 0 coOTBETCTBYET OOJNBIIMM 3HAUEHUAM |dy], T.€. 3JUIMIICAM, M UHTE-
rpan B (5.19)06yner

. AR-a?
| =——L_arcsin 1 . (5.24)
_ 2
A ot +1)

Iocne moacranoBku (5.24) B (5.19) u mpeobpa3oBaHuss HAXOIUM BpeMs ABHKeE-
HHUS 110 DJUTUNITHYECKON opOuTe
81

Ro? -2 a?
r_’r0 L__larcsin —arcsin

+ _—0'1
3/2
A ( \/ al +1 \I a'l +1

(5.25)

Paccmorpum  ciywait A = 0. Orcrona, cormacuo (5.20), a,lo =-05- 0-5(0ro)2-

Ilpn HOpMupoBanuu K Ry, rae v = 0, a’f =q; =-05, 1.e. 910 Ciyuyaii mapato-
ardeckoit Tpaektopun. Toraa nmepssiit uuterpan B (5.20)0yner

R RdR 1 /—(—)— 0 1 —
= = R 2 dR.
{ J-2a%R-1 -2a e "2 R voad)

IMocne uHTErpUpOBaHKS ¥ MPUBEACHUS IMOJIydYacM BpEMs JIBMXKCHUS MO mapabo-
JIUYECKOU opOuTe

B —— 1l

3/2

(bt Lo o -
6(0’{) )2 ﬁ(_ alo )3/2
MsI paccMOTpeu BpeMsl ABMXKEHUS 10 TPACKTOPUU MPHU HAJIMYUK TPaHCBEP-

caJpHO#l ckopocTu. B ciydae uncro paaumanbHOro asvxenus, npu h = 0, pamu-
anbHAasi CKOpOCTh, cornacHo (4.83),0yner

(5.26)

o, =v% 204 [YR-VR,). (5.27)
Torma B coorsercTBru o (5.16)Bpems 3anMIIeTCs
R R
1 dx
= , (5.28)
2
ﬁ!;x/vro 2,ull/R UR,) Zﬂlé[(a+bx) VX
3]1eCh
1 02 1
x=0% -2 (Y R- : =—+19  p=-— 5.29
vio =2t {R-YR,) R o 5 (5.29)

Unrerpan B (5.28)packpbIBacTcsi ¢ MOMOIIBIO TAOTHMYHBIX HHTErpasioB [24]:

I dx = Jx arct bx
(a+bx)?v/x ala+ bx) aJ_

mociie ToACcTaHOBKK KoToporo B (5.28) u mpeobpazoBaHus ¢ HCHOIB30BAHHEM
(5.29) mosyuaem Bpemst IBHKCHUSI TIPH pagraibHOM B3aWMOJICHCTBUH JABYX 00b-
€KTOB
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= Ry o8 ! arctg o —arctg—grrg , (5.30)
D
rac

_ -2 _ —
"=t ’ R’):l; o =0 ’—ZO,Ul; 270 = vro ’_?ﬂl. (5.31)

HWrak, Bpemst IBIKEHHS 110 TPACKTOPHH MIPU B3aUMOJICHCTBHH IBYX TeJ MOM-
pasesseTcsl Ha 4YeThIpe CIydas JABWKCHUS, TPU M3 KOTOPBIX MMEIOT MECTO TIPH
HAJIMYUK TPAHCBEPCAJIBHOM COCTABIAIONIEH CKOpocTH: 1) rumnepOoaMmdecKuit
(5.22)ipu A > 0; 2)smmuntrueckuii (5.25)npu A < 0; 3) mapaGonuueckuii (5.26)
npu A = 0. Tpaekropun mpu stom ompexenstores (5.3) mpu -05<a, <0,
-1<a; <-05, a; =-05 coorBercrBenHo. B uerBeproMm citydae pagnansHOro
JBIKCHHUS BPEMs M 3aKOH JBIKeHHs 3anarorcs cootHouieHueM (5.30).Crona Bxo-
JUT npuBesicHHas B cooTBeTcTBuM ¢ (5.31) paauanbHas CKOPOCTb 0, , KOTOpas,
coriacHo (5.27),umeeT BUI

o = %—1+ b ) (5.32)

Vpasuenust 1st Bpemenu (5.22), (5.25u (5.26) mpu HanM4YuU TpaHCBEPCAIbHOM
CKOPOCTH YIPOIIAOTCS PH OTHECCHHUH K apameTpaM B MepHUeHTpHU. st 3Toro

HCO6XOZ[I/IMO B YKa3aHHBIX BBIPAXKCHHUAX 3aMCHHUTH H]c_) Ha 0’1 U IPUPABHATH

0,9 =0. Hanpumep, Bpemst ABIOKEHUS 10 NapaboIM4ecKol TpaeKkTopuu, coriac-

Ho (5.26),0yxet
f=§(§—1)3’2+2\/ﬁ—1 (5.33)

u B cootBeTcTBHU ¢ (5.25)M0 smmunTrdeckoit opoure

+ __
_ al[;r + arcsini(zal al)Rl o J
- Ro, a1~
= r_ (5.34)
20, +1 (- 20, -1)%/2

W3 mocnenuero Beipaxennst mpu R = R, , roe R, ompenemsiercs (5.7), Haiinem
BpEMS [IBUIKEHMS U3 IEPULIEHTPUS B AIIOLEHTPU

_ a, T
= 5.35
a (_ 20’1 _1)3/2 ( )

Tak kak mepros oOpareHus Mo HUIMNTHIECKOi opoute T = 2t , To
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20,77

T=- 207
(_ 20'1 _1)3/2

(5.36)

Otcrona ciaexyeT, uTo Ulsd KpyroBoi opoutsl (Q; = -1) npuBeIeHHbIH B COOTBET-
cteuu ¢ (5.17)nepuon

T=2m. (5.37)

Iocite moacranoBkU B (5.36) GOIBINON MTOIYOCH DIIMITHYECKOM OPOUTHI A B CO-
oteercTBHH ¢ (5.15)nomyyaem

T _ﬁ§3_

T?2= (5.38)
a

IMocnennee BoIpakeHUE AJsI KPYroBbIX opOHT (a7 = -1) BeIpaxkaeT TpeTHid
3akoH Kerutepa: "KBaapatel BpeMeH oOparenus rmiaHeT BOKpyr CoJHIIa OTHOCST-
¢S Kak KyObl UX CpeIHUX paccTosHuil oT Hero". Beipaxenue (5.38) 1m0 cpaBHEHHIO
¢ 3akoHoM Kerepa siisieTcs: 0oJiee TOUHBIM M JA€T COOTHOILICHHE MEXAY T u a
JUTSL DJUTUITHYECKUX opOuT (g # -1), M03BOJISISI YUUTHIBATH MAcChl 000UX B3aUMO-
JICHCTBYIOIIUX TEJ IOCPEACTBOM MMapaMeTpa Ly B .

5.3. TPAEKTOPUMU IIPU KOHE‘IHOI:/I CKOPOCTH
PACITPOCTPAHEHMS BO3AEUCTBUS

IMocne otHecenus ckopocti (4.80)k mapamerpam B nepuueHtpun (5.2) mpu-
BENICHHAs paJraibHas CKOPOCTh OyAeT

2
Oy :ﬁi 1—%—(1—,8‘2))& 2a1,8‘2)

p

1 1

N - o (5.39)

Beipaxenue (5.39)coemectro ¢ (5.2) npeacTasnser B 6e3pa3MEpPHOM BHAE TPAcK-
TOPUH JBHXKCHHS IPH B3aUMOJCUCTBHH ABYX TEN C KOHEYHOW CKOPOCTBIO €ro
pacnpoctpaHenus. OHH OMUCHIBAIOT TAKXKE PACCMOTPEHHBIC BBIIIEC KIACCHYCCKUE
TPACKTOPHH, TaK KaK IpU Majoil ckopoctu [, Beipaxenue (4.80) mepexomut B
(4.83).Cootnoenne (5.39)B otanune ot (5.1) sBnsiercst AByXmapaMeTPHICCKUM,
IIOCKOJIBKY 3aBUCHT HE TOJIBKO OT IIapameTpa (3, HO M OT OTHOCHTEIILHOH CKOPO-
cru [,

WurerpupoBanue ypaBHenuii tpaekropuu (5.2) u (5.39),a taxke BpeMeHH
(5.16) u (5.39) BeimonHsock unciaeHHo [60] Ha MepcoHaNTPHOM KOMITBIOTEpE MO-
moinsio makera MATHCAD. C nespio yBeIHUEHHS CKOPOCTH W TOYHOCTH HMHTET-
pHpOBaHHs 06IaCTh H3MEHEHHs R pasjeNsnach Ha yqacTKH, Ha KOTOPHIX OCYIIe-
CTBIIUIOCH MHTEIPUPOBAHKE, & Pe3yJbTaThl 3aTeM CyMMHpPOBAINCH. C IOMOLIBIO
ACHMIITOTHYECKUX PEIICHHUI, IPUBEACHHBIX B I. 5.7,1 TECTOBHIX IPUMEPOB yCTa-
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HOBJICHO, YTO IOTIPEIIHOCTs MHTerpupoBanus He npepbimaer 0.001.IIpu pacue-
Tax BapsupoBanuck napamerpsl ai( -0.1; -0.2; -0.3; -0.4; -0.5; -0.6; -0.7; -0.8; -
0.9)u 5,( 0.1; 0.3; 0.7; 0.9)3anaBanuck U Apyrue 3HaA4EHUs APAMETPOB, KOTO-
pBIe OTPEACISIINCh OCOOEHHOCTAMH Tpaekropuid. Jyis oOpaboTKH pe3yiabTaToB
porpamMMmBbl nucanuch Ha Poprpane.

B mocnenyromem Oblia paspaboraHa mporpamma Ha sizeike MATHCAD,
KOTOpasi BKJIIOYANa BCE CTAANH BBIYUCICHUT. DTO MO3BONUIIO 3HAYMTEIBHO YIIPO-
CTUTh PacyeT TPACKTOPHU U MOBBICHTh TOYHOCTh PE3yJIbTATOB. JlaHHAS mporpam-
Ma npuBezaeHa B [Ipunoxennn 1.

Hmxe OyayT mpeacTaBieHBI TOJIBKO HAHOOIEE XapaKTePHbIC BUIBI TPACKTO-
pHi, a BpeMsi IBIDKCHHS [0 HUM MbI paccMaTpuBaTh He Oynem. Bee paccumraH-
Hble Tpackropuu (okono 90) MoxxHO HaiiTh B MoHOrpaduu [59] B BHAe Tabmun

BenmmunH R, 0., @, X, Y, A@, 1, tne Xu 'y — nexaptoBbl KoopamHATHL. Tam ke
JaHpl 3HaueHHs R, @ui g npemenbHBIX TOYEK KIIACCHMYECKHMX TPAEKTOPHIA,
KOTOPBIE ONPENENAIOTCS TAKMM XK€ mapaMeTpom @ . B Tlpunoxennn 2 npusee-

HBI UCXOJHBIC IAPaMETPhl M 3HAYEHHs. B KOHEYHBIX PacyeTHBIX TOYKAX TPaeKTO-
PpHii, KOTOpbIE CUCTEMaTH3UPOBAHBI 10 (popMe TPACKTOPHA.

5.4. THNNEPBOJIOBUJHBIE TPAEKTOPHUN

Ha puc. 5.1 B pmekaproBoii cucteme koopauHat (X = X/ Ry = y/ Ry)

MPEACTaBIeHBl TIOMYBETBH THIEPOOJOBHIHBIX TpaekTopuid. I[IpuTsaruBaromimii
LEHTP HAaXOAWTCA B Hadaje KOOPAWHAT, a YaCTHLA IBIDKETCS C TNEPUICHTPHUS
(X=2 y=0) B 6eckoHeuHOCTh MM HA000pOT. OOpaIaeMOCTh IBIKCHHS [0-
ITyCKAeTCsl IPOLECCOM MHTETPUPOBAHUS JUISL BCEX TPACKTOPHH, 32 MCKIIOYCHHUEM
7.

ITpu B, = 0.1 TpaekTopus NPaKTHYECKU COBIAJAcT ¢ Kiaccudeckoi. C yBe-
JINYCHHEM CKOPOCTH B MEPULCHTPHHU MOIYyroJl MEKAY aCHMITOTAMH (), YMCHB-
IIAaeTCs U NPH TIpenenbHoM [, = By = 0.954cTaHoBuTCS OTpHLIATEIBHBIM. Tpaek-
TOpHS 7 OTJIMYACTCS OT OCTAIBHBIX HE TONBKO yrioM @, < 0.Paccmorpum Heko-
Topbie aeTami uaTerpuposanus. Touka R =1 sBisercs 0coG0i TOUKOH HHTErpa-
na (5.2), Tak kak ona npespamaet (5.39)8 Hynb. [103TOMY YHCIICHHOE HHTETPH-

poBanme ocymecTisuock o R =1.001 no R =1000, a npupamenue yria ¢ B
o6macti 1< R <1.001 ompesensuiocs i3 aCHMITOTHYECKOTO PElIeHHs

¢= L ﬁi_l , (5.40)

1+ay/1-82 R

BBIBOJI KOTOPOTO JiaH B m. 5.7.Kak BHIMM, 3HaMeHATeNb B TIEPBOM COMHOXKHUTEE
obparmraercst B HyJIb TIpH

85

5 By = Bpc =41-0f , (5.41)

1
2 a T.€. B JaHHOM cirydae npu Sy = 0.954c¢ npu-
6 GmmkerneM K R =1 yrom ¢ crpemurcs K
3 OECKOHEYHOCTH. DTOT Pe3yNbTaT ObUI MPOBE-
4 59 PeH YHCIICHHBIM HHTEIPUPOBaHUEM, & UMEHHO
MOCJIE/IOBATENILHBIM 33/IaHMEM Havala MHTer-
5 \ pupoBanms R =1.0001, R =1.00001 u T.1.
o, 3 \ Takum 00pa3oM, 4acTHlla Ha TPACKTOPHUU C
6 HPEe/IeIbHON CKOPOCTBIO [3c B NMEPULEHTPUH,
2 JIBUTASICh M3 OECKOHEYHOCTH, IOCTHTaeT OK-
7 ] pyxHOCTH pampycoM R =1 u GeckoHedHO
7 JIOJITO Ha Hell HaxoauTes. [IporcxoauT 3axBar
l : l JBIDKYIIEHCS W3 OCCKOHEYHOCTH YaCTHUIIBI
4 3 2 - 1 X MPUTATHBAIOUINM [[CHTPOM Ha KPYTOBYIO Op-

oury.

Puc. 5.1.Tpaexkropuu npu ;= - 0.3u npu 10CBETOBOH cKOpOCTH B nepuueHTpun (5,< Sy
C MOJIYYTJIaMH MEXKIy aCHMIITOTaMU @, M CKOPOCTSAMH B OECKOHETHOCTH [, (3HaK ! cBHMIE-

TENbCTBYET O Hayasle HHTErPUPOBAHMS C R =1.001).

N° 1 2 3 4 5 6 7
b5 0.1 0.3 0.5 0.7 0.9 0.93 0.954
a -0.006 | -0.054 | -0.15 | -0.294 | -0.486 | -0.519 | -0.546

’B:” 0.063 0.208 | 0.329 | 0.480 | 0.649 0.668 | 0.667
Pa 64.8 64.4 63.8 61.9 50.6 40.3 -5.58!

PaccMoTpuM JaHHBIH mporiecc Ooiiee aeTanbpHo. CTpemileHHEe @ K OECKOHEY-
HOCTH, a CJeA0BaTeIbHO, U KpYroBas opOuTa Bo3MOXHbI pu 0, =0 B BbIpaxke-

nuu (5.2).I1pu 5ToM yenoBun u3 Beipakenus (5.39)nonygaem

2
In 1—’2” (1—/35)

=05 .
R R g - g

Pagmyc xpyroBoii OpOWTHI OJHOBPEMEHHO SBISECTCS PAAMyCOM IIEPHUIICH-

N

(5.42)

tpust, T.e. R =1. [Tocie HaxoxmeHHs mpexena mpasoif wactn (5.42)mpu R - 1
HOJTy4aeM i1 KPYroBO# OpOUTHI B 0603HAUCHUIX Qic = Ot U Sy = [3, cnenyto-

J118%1) 3aBUCHUMOCTbD.
. = —/1- Bhe - (5.43)
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Hpu maneix ckopoctsx (S, — 0) n3 (5.43)cnenyer a1 = -1,4T0 NEHCTBUTENLHO

COOTBETCTBYET KpyroBoi opbure. Tak kak Boipaxenus (5.41)u (5.43) ugenTny-
HBI, TO 3TO €Ille pa3 yOeKIaeT B TOM, UTO MPH JOCTHKCHUH B TICPUIICHTPHHA TIpe-
IeNbHOM CKOpocTH [, TpaekTopus 7 Ha puc. 5.1npespalnaercs B KPyroBylo op-
oury.

Ha puc. 5.1 npuBeneHs! Takxke paanaibHble CKOPOCTH YacTHI] HA OECKOHEU-

HocTH [, W IOIYYINIBl  (y MEKIY acUMIOTOTAaMH. Jisi TPacKTOpUM 7 Hadaio

OTCUeTa MONAPHOro yria B3sTo npu R =1.001. C yBequueHHeM CKOPOCTH 4acTH-
LIl Ha OECKOHEYHOCTH BO3PAcTaeT M €e CKOpOCTh B NepuueHTpuu. OTCcTynieHue
OT 9TOTO IpaBHia JUIs TpaeKTOpU 6 1 7 0OBICHAETCS TEM, YTO IapaMeTp TPaek-
TOPHH Q1 3aBUCHT OT CKOPOCTH B IIEPULEHTPHH v . [To3TOMY 1IenecoobpasHo pac-
CMaTpuBaTh HE3aBUCHMBIH OT CKOPOCTH MapaMeTp B3auMOACHCTBUS

2 R
a=H =0 (5.44)
Rpcl RP
KOTOpLIﬁ CBsI3aH C 3 COOTHOLICHHUEM
a=2m,5;. (545

Kaxk cnenyer u3 puc. 5.1, mapamerp B3auMOIEHUCTBUS & JUISl BCEX TUTIEPOOTIOBUI-
HBIX TpaeKkTopuii Menbine 1, T.e. B coorBeTcTBHU C (5.44) pamuyc nepHUCHTPUS
GomblIIe TPAaBUTALMOHHOTO.

TpeTbrM CBOWCTBOM TpaeKTopuu 7 Ha puc. 5.1sBusieTcs ee npeaensHocTh. B
obnactu By < 4, < 1 nonkopeHHoe Belpaxenue B (5.39) orpunarensHo, T.€. Tpa-
exTopuil He cyiiecTByeT. C Lenbl0 YUCICHHOTO HCCICIOBAHMUS BOZMOXKHBIX IPY-
rHX TpaekTtopuii mapametpsl ypasHeHuit (4.80)u (4.82)6buty, kak u B (5.17),071-
HECEeHBI K IapaMeTpam vy, Ry B IPOU3BOJIBHOM TOUYKE TpackTopuu. B aToMm ciyuae
ypasHenue (5.2)ocraercs 6e3 uameHenus, a BMecto (5.39)3amumniem

1 1

—o_ 1 _
\/ﬁz _ﬁt% \/1_ IBtZO

ﬁz
0=L B0 _{i_p2 g2 lexd 2002
Bo R

rae

ﬁzR/Ro’ Bio =010/ Bro =vr0/Crs BrO:Dr/DIO* 0’10:/-11/(R00t20)-

Vpasuenus (5.2), (5.46)a taxke (5.16)u (5.46) HHTErpUpOBAIKCEH HA JBYX
yuactkax: R >1 1 R <1. OTHOCHTEIBHON TPaHCBEPCANBHONW CKOPOCTH 3aaBa-
nuch 3HadeHus fBo = 0.96; 0.97; 0.98; 0.98%ptopsie Gonbiue [, 1 BapbupoBa-
Jach pajguanbHas cKopocTb S (cM. puc. 5.2).Bo Bcex pacuerax ObLIO MOIYYCHO,

, (5.46)

9TO IPH yMEHbIICHHH R 10 Hekoroporo 3HaueHus R — [, paguambHas CKo-

POCTb CTPEMHUTCs K HYIIIO, T.C. 5Ta TOYKa sBIsETCS mepuuentpueM R=R,. A
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BennuuHa R, / Ry = B, cormacuHo

Y 3aKOHY COXPAHCHHS KHHETHIECKOTO
3 y p
217 momenta h = Rp,, =1, cBugerenscr-
4 BYET O TOM, YTO TAHI€HI[HAIbHAS CKO-
6 pPOCTh B JIAHHOW TOYKE CTPEMHTCA K
CBETOBOW, HO €€ He [OCTHIaer:
I Bp =0, / ¢, =1,. Dmu Ttpaekropun
p MPH TOYTH CBETOBOM CKOPOCTH B Tie-
5 PUILICHTPUH TIEPEHOPMHUpPOBAHHI K R, 1
6 npencTaBieHsl Ha puc. 5.2, Tak kak
3 mapametp Tpaektopuu @y = 4y /(hv,)
AL 2\ npu v, =¢; cemsan @y = 4y /(o)
COOTHOIIIEHHEM
1 - 50
7L 20 @ = a3 Bo, (5.47)
! 1' % Puc. 5.2. Tpaexropun npu alo =-03mu

| IPH CBETOBOH CKOPOCTH B MEPHLCHTPHU
(B, =1.(). 3naK * - cOOTBETCTBUE TAHHEIX.

N° 5 4 2 1 5 3 1 6 1 7 1

Lo 096 | 096 | 096 | 096 | 097 | 097 | 097 | 0.98 | 0.98 | 0.987| 0.987

a -0.576( -0.576| -0.576| -0.576( -0.582| -0.582| -0.582]| -0.588( -0.588| -0.592| -0.592
Bo 0.1 02 ] 025) 028 | 0.1 0.2 [ 0.243| 0.1 |0.199| 0.1 |0.161

Bl Re 0.712] 0.850| 0.949( 1.0 | 0.707] 0.897| 1 0.681 1 1.04* 1

Pa 35 73 84 90 35 78 90 23 90 | 412 90

TO B JaHHOM ciydae &y = -0.3 1 Tpaexropuu puc. 5.2 MOXXKHO paccMaTpHBaTh Kak
MPOJOIDKEHUE TpaeKTopril puc. 5.11pu JanbHEeHIIeM YBETHYCHHUH CKOPOCTH Yac-
TUIBI Ha OeckoHeuHOCTH. OTHAKO B OTJIMYHME OT TpaeKTopuid puc. 5.1,c yBennde-
HueM [, (cMm. Tpaektopuu 6, 5, 4, 3, 2 Ha puc. 5.2) yron Mexay acHMOTOTaMH

@, yBEIMUMBACTCS M NPU CBETOBOH ckopoctH yactuusl ( S, =1) pasen 772 (cm.

TpaekTopuu 1), T.e. YACTUIA CO CBETOBON CKOPOCTBIO JBUXKETCS IO MPSIMOU Jin-
uun. Ee Tpaekropusi ommchiBaercs BoipaxkeHueMm (5.11). ITo Takoit TpaexTopuu
MIPOUCXOIUT IBIDKEHUE YACTHIBI C OECKOHEYHOW CKOPOCTHIO B CIydae B3aMMO-
nerictBus 1o 3akoHy KyioHa.

UwncieHHBIEC pelIeHus MMOKa3aJli, 9YTO TPAEKTOPHUH CO CBETOBOW CKOPOCTHIO B
TIEPULICHTPHUH MTOIYYAOTCA PH TAHTCHINAIBHOW CKOPOCTH YaCTHIIBI

Bo > Boe (5.48)

C manpHEHIINM yBEIMUCHUEM TaHTECHIHAIBHON CKOPOCTH (CM. TpaeKTopHio 7 Ha
puc. 5.2)opbuTa CTAHOBUTCS KOHEYHOMW C AIOIIEHTPHEM, OTCTOSIIAM OT TIePHIICH-
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Tpust Ha yroi @, = 41.2. B 3TOM ciydae mepuos Bo3Bparta K MEpULCHTPHIO OyAeT
ocyuiecTBIsIThCsl Ha yrae 82.4, a 3a oquH o0opoT Oyzxer Ooliee YETHIPEX TaKUX
niepuo1oB. [log KoHEUHO# OpOUTOH OyaeM moIpa3yMeBaTh TPASKTOPHIO, TI0 KOTO-
po#i yacTHIa He YXOJIHUT B OecKOHEUHOCTh. it Takoit opouTsl yron @, 0603Haqa-
€T YIJI0BOE PACCTOSHME IO alOLEHTPHs, T.. YIIIOBOW Ioiynepuo] opOuTsl. Ilo-
CKOJTbKY PalHyC aloLEHTPHS B PACCMOTPeHHOM mpuMepe R, = 104 marmo otmu-
4aeTcs OT pajnyca MepULIEHTPUs], ABIKEHHE OyIeT MPOXOIHUTh 10 KPYTroBOi op-
OuTe ¢ YeTHIpbMS HEOOJIBIIUMH MOJCKOKaMH Ha oJuH 000poT. Bo Bpems nmozicko-
KOB CKOpPOCTb YaCTHILblI 3aMEIJISIETCS, a B IEPHULEHTPUN CTPEMHUTCS K CKOPOCTH
cBeta. Tak Kak B JaHHOM ciydae @, HE KpaTtHo 71N, rae N — [enoe 9ucio, TO Io-
JIO)KEHHE B MPOCTPAHCTBE MEPULICHTPUEB OYIET N3MEHSATHCS, OHH OyIyT IOBOpa-
YHMBATHCS 32 OIMH 00OPOT Ha yroi

Ap, =2¢,(n+1)-2m, (5.49)

rae N = INTEGER(@7¢,) — uenoe uncio; INTEGER —uenas yacts uncia.
[Mo-BuauMoMy, 1l KOHEYHBIX OpOMT, aHAJIIOTUYHBIX / HA pHUC. 5.2, HOIKO-

pennoe BeIpaxkenue B (5.46) npu Gompmux R 10MKHO GBITH OTPULATENHHEIM.

Haiinem npenensHble napameTpsl afp u By, = \[,Brzo + ,Btf, u3 ycnosus 50 =0

mpu R - . TTocie npeobpaszosanus (5.46)moayuaem

0 _
O’lp—

2
B
lpu Ry = R, u maneix ckopoctsix By, =y, - 0, orciona  cneny-

eT a'fp =-05, 1.e. cootHowenune (5.50)aaer BenuuuHy napameTpa napabdonnye-

CKuX TpaekTopuil. Ecim e TaHTeHIHaibHas CKOPOCTh YACTHIBI OOJBIIE Mpe-
IeNbHOH CKOpocTH [y M Oomblie [, TO TpaeKTopus OyneT KOHEYHOH M HMETb
CBETOBYIO CKOPOCTbH B TICPUIICHTPHHU.

B cooTBeTcTBHM C ATHMH MOJIOKEHUAMH OBUIH ONpEAETICHBI ITapaMeTphl

a,lo =-0498 B, =0.93, npu KOTOPHIX Takke KOHEYHBIC TPACKTOPUH Hamboiee
sipko BbIpaxkeHs! (puc. 5.3).C yBenuueHneM paauaibHONR CKOPOCTH VIS TPAEKTO-
puii 1, 2, 3 Benuuuna noackoka AR =R, —1 u yron 1o anouneHTpus yBeiuduBa-

ercs. C nanbHedmuM yBeandeHueM [ Benuunna Ry HempepbsIBHO pacTeT, yroi @,
JOCTUTaeT MakcuMyMa Jijist Tpaektopuu 4, a 3aTeM yMmeHblnaercs. [Ipu atom Tpa-
eKkToprud 4 1 5 UMEIOT aroIeHTPUH, OTCTOSIINUN OT TIEPUIICHTPHsI OOJIbIIe, YeM Ha
onuH 00opor. C HajpHEHIINM MOBBIIICHHEM palUalibHON CKOPOCTH TPACKTOPHS
(muuust 6) pasmbikaercs. C npuOImKeHHEM [ K €IMHUIIE TPACKTOPUH BBITIPSIM-
JSIFOTCS ¥, NPUOJIMKASICH K BEPTHKAJIH [IPU CBETOBOI CKOPOCTH, HEPEXOST B Ipsi-
Mmyto (aHanoruuno Tpaekropusm 3, 2, 1 Ha puc. 5.2).Ciuenyer OTMETHTD, YTO TH-
epOOIOBHIHBIC TPACKTOPHH Ha puc. 5.1 u 5.2 MOr'yT Ha OTHEIBHBIX yYacTKaxX
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coBnagath. OMHAKO UM COOTBETCTBYIOT

|6 Y pasHble MapaMeTpbl B3AUMOACHCTBHS O

—__| 3 U CKOPOCTH JBIDKCHHUS YaCTHI[ IO HUM
pasHbIe.

4 ] Wrak, B obmactu -05 < < 0

d =71 OTMEUAIOTCSl THIEPOOIOBHIHBIC TPAeK-

2 1 TOPHH NPU CKOPOCTSIX YacCTHIL[ B TEpH-

o, uentpun By < ¢, TpaekTopuu 3a-

2 A 1 2/x XBaTa 4YacTHll W3 OECKOHEYHOCTH Ha

N y KpyroByto opbuty mpu [, = [, u

/< 5 TPACKTOPHH IIPU CTPEMSIICHCS K CBETY

CKOPOCTH YaCTHI[ B MEPHLEHTPUN IIPH

2 Bio > Bpc - B mocnennem ciyyae mpu

Bio > Bp MMEIOT MeCTO KOHEYHbIE

TPAaCcKTOpHH, IMEPUOJA KOTOPBIX MOKET
CYMICCTBEHHO OTJIMYAThCA OT 27T

05V i nb-5 gp). (5.50)

Puc. 5.3.Koneunsie tpackropun (1+5) npu ceToBoii ckopocTn B nieputieHTpun (4, =1).
aj = - 0.498;534= 0.93;a = - 0.926

N° 1 2 3 4 5 6

B 0100 | 0120 | 0128 | 0.129 | 0.130 | 0.200
RalBier | 1103 | 1.133 | 1.176 | 2.981 | 3.035 | 0.095*

Pa 59.8 82.1 135.6 | 626.8 | 432.9 | -18.24

5.5.ITAPABOJIOBUJIHBIE U JIVIMIICOBU/IHBIE TPAEKTOPUU

Ha puc. 5.4 npencraBieHbl 10CBEeTOBbIC TpackTopuu mpu @; = -0.5,dro B
Kkaccuyeckom cnyyae (B, - 0) naer mapaGony. Yike npu By, = 0.1 tpaekropus

1 sBnsieTcst CUITBHO BBITSHYTHIM 3JutniicoM. C yBEJIMUEHHEM CKOPOCTH PacCTOsHHUE
JI0 amOLCHTPHUsI YMEHBIIACTCS, @ YIIIOBOE PACCTOSHHE @, BO3PACTACT, U ISl Ipe-
JeNbHOU TpaekTopuu 6 oHO mpeBbimaer 277 Jis 3TOH TpacKTOpHH, KaK M IS
npeensHoil TpackTopun 7 Ha puc. 5.1, yrom orcuntsiBaetcs or R =1.001 B
o6macti 1.001>R21 @ - o, T.e. IPOUCXONUT 3aXBAT YACTHIEI U3 KOHEUHOM
obnacTu mpocTpaHCTBa Ha KpyroByto opouty. Ha puc. 5.4mnoka3ana Taxke Tpack-
topust 7 upu By = 09 u [,y = 0.2, KoTOpas uMeeT CBETOBYIO CKOPOCTh B IIEPH-
LEHTpUU. DTa THHepOOJIOBUAHAS TPACKTOPHS C OTPULATENBHBIM YITIOM MEXIy
acUMITOTaMM No00Ha TpaekTopuu 6 Ha puc. 5.3.

WTak, npu MOCTOSTHHOM MapaMeTpe TPASKTOPHH () C YBEITMYEHHEM CKOPOCTH
YaCTHUIBI MAPa0OIMYSCKasi TPACKTOPHS MPEBPAIIACTCS B AJUTUIICOBUIHYIO, B KOTO-
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pO¥ TEpUIIEHTPHA 3a OJUH 000-

pot, cornacuo (5.49), moBopauu- L 5 y
Baercs Ha yron A¢. MuHumanb- - R 3
HO€ pAacCTOSHHE N0 aloUEHTpusa [F—===J 3
R, =5456 ceoiictBenno s | ¢ 3 N T
npeaensHoi  Tpaektopuu. Ilpu H
emie OOJBIIMX CKOPOCTSX TpaeK- /
N
TOPUU  CTAHOBSTCS rnvnep6on0- 3 \ T 2 3 4 %
BUIHBIMH CO CBETOBOH CKOpO- ;
CTBIO B IIEPULICHTPUH. 6 /
[~ |

Puc. 5.4.Tpaexropuu nipu ;= - 0.5u

TP JIOCBETOBON CKOPOCTH B IIepULEHTPHH (S, <fxc).

N° 1 2 3 4 5 6 7
IBP 0.1 0.3 0.5 0.7 0.8 0.866 1,
a -0.01 -0.09 -0.25 -0.49 -0.64 -0.75 -0.9
Ra/fe 236411 | 2574 | 250.7 | 37.28 | 13.16 5.456 | 0.195*
ba 180.2 182.2 | 186.8 | 200.7 | 224.3 | 383.6! | -7.243
VY 3JUIMNCOBUIHBIX TPaeKTO- >
puii, kak ciemyer w3 puc. 5.5, ¢ :
YBEJIMYCHUEM CKOPOCTH yMEHbIIIa- 2
eTCsl DKCIEHTPHCUTET U YBEIUYH- (6
BAeTCsl MOBOPOT IEPUICHTPHSI. Y o= \
o P E——
MpeAeIbHON TPACKTOPUH 5 arnoleH- 1\,/ x
TPUil MaJo BBIPAKEH, MI03TOMY OHA s

MPaKTHYECKH HE OTJIMYAeTcsl OT
KPYroBOH OpOWTHI. 31€Ch Xe IpH-
Be/IeHa TpaeKTopHus 6 co CBETOBOI
CKOPOCTBIO B TEPHLEHTPUH, IOIY-
uwennas mpu  B;p =08 m

Bo = 04. Tapamerp B3ammomeii-

cTBUsA |a] B 3TOM Cilydae mpeBsbllia-
€T €IMHUILY, T.€. B IEPULIEHTPUH

=l

Puc. 5.5.Tpaexropum npu ay= - 0.7u npu nocsetoBoii cropoct (1:5) B neprmentpuu (5, < 4y).

N° 1 2 3 4 5 6
5 01| 03| o5 | 07 |0714] 1
a |-0.014|-0.126|-0.350| -0.686| -0.714| -1.12

Ra/Bw | 2.482| 2.334] 1.991| 1.220| 1.031| 0.331*
Pa | 180.4| 184.5| 197.5| 328.1| 13401 | 20.2¢

YacTHLA BXOAUT BHYTPh CEepbl IPaBUTALMOHHOTO pajinyca.
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st ompezieneHusi TPAHMYHBIX BEIMYHH O BOcmojbdyeMmcs cBsa3bio (5.45)c
napamerpoM @;. Torma mis mpeaensHbIx Tpaekropuit (5.43) monyuaem 3aBHCH-
MOCTb MapaMeTpa B3aUMOJEHCTBUS O, = O CO CKOPOCTbIO B mepuientpe Bpc B

BHIC

Hecnoxuno mokasath,

a. = _Zﬁgc\/l_ﬁSC :

YTO OTO BBIPAKCHHE HWMEET OJKCTPEMyM IMIpH

33)

IBPC = 1/23 ¥ HauOoJIbIIEE 110 MOAYJIIO 3HAYCHUC IMapaMeTpa BSaHMOL[efICTBHﬂ

y

I
N
N

N\

R\

\

—\|

=
K

-3 -1

—

21

Oyner a, :—4/\/5. Ipu |a]l >|ad
TPACKTOPUU YK€ HMEIOT CBETOBYIO
CKOpPOCTb B NEPHUIICHTPUN U OHU JINOO
TUIepOOJIOBUIHBIC, JTMOO KOHEYHEIE.
Takum oOpasoMm, yuuthiBas (5.44),
MOJKHO CHETaTh BBEIBOIBI. Bo-TIepBEIX,
JUIS TIPUTSTUBAIOIIETO IIEHTpa C pa-
JIUYCOM MCHBIIMM TPABHTAI[IOHHOTO
panuyca Ry (rak Ha3biBaeMas "depHas
JpIpa") YaCTUIBI MOTYT MPOHUKATH
BHYTPb C(epbl TPaBUTAIIMOHHOTO pPa-
IUyca W YHAIATHCS OT MPUTATHBAIO-
IEro IEHTpa, He majaas Ha Hero. Bo-
BTOPBIX, YACTUIBI B IEPHICHTPUHI
MprOOPETAIOT CBETOBYIO CKOPOCTH U
BCJIEICTBHE YMEHBIICHHUS BO3IEHCT-
BHS HA HUX YXOJAT Ha OECKOHEYHOCTh
(vnu B amoONEHTPH — U KOHEUHBIX
TpaekTopuii). VckioueHne coctabisi-
€T TOJBKO YaCTHUIA, BEKTOP CKOPOCTHU
KOTOPOH HampaBJIeH CTPOTO IO pa-
nauycy. Cormacuo (4.80),mpu h = Ou
Ry — o momyuaem

B, =1-(L- 8% Jexpl- Ry /R).

(5.52)
Puc. 5.6.Tpaekropuu mpu MOCTOSIHHOM MapaMerpe B3aumozeiicTeus a = - 0.3.
N° 1 2 3 4 5 6 7 8 9
Bp 0.408 | 0.463 | 0.548 | 0.707 0.866 0.913 0.988 1o 1
o -0.9 -0.7 -0.5 -0.3 -0.2 -0.18 -0.154 | -0.151 | -0.15
ﬁa 1B | 1.036 | 2.074 157 0.488* | 0.739* | 0.809* | 0.913* | 0.968* [ 1.0*
$a 189.9 [ 193.5| 189.1 [ 62.56 73.78 77.56 | 59.40! [ 82.72 90
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B 9TOM Cllyyae 4acTHI@ ynajier Ha NPUTATHMBAIOIIUM LIEHTDP, HO €€ CKOPOCTh, KaK
cnenyer u3 (5.52),0y1eT MeHbIIIe CKOPOCTH ¢BeTa. B kiaccuueckoM ciy4ae (4.83)
IUIsL paiMabHO JBHKYIIENHCS U3 OECKOHEYHOCTH YaCTULIbI

B, =\ B% +Ry/R. (5.53)

Ecinn Ha GeckoHeunocTH yactuia mokomnack (B = 0), To M0 JOCTHKEHHIO pa-
mayca R=Ry ee ckopocts Oyner paBHa ckopocTH cBeta. ITockonbky sToT mpo-

eCC OAMHAKOB KaK AJid 3JICKTPOMArHUTHOT'O B3aHMOL[eﬁCTBPIH, TaK U AJid r'paBu-
TaQUOHHOI'0, BEJINYUHY Rg JIy41a€ Ha3bIBaTh CBETOBBIM PagNlyCOM.

Wrak, nony4yeHHbIe pe3yabTaThl CBUAETEIBCTBYIOT O TOM, YTO JJIsl BO3AEHCT-
BUi{, pacrpoCTPaHSIONIMXCSI CO CKOPOCTBIO Cy, MPUTATUBAIONIMN LIEHTP PagnycoM
R<R;, T.e. "4epHas AbIpa”, BTArMBAET BEWIECTBO Oosee €1abo, 4eM Kiaccude-

CKHI TPUTITUBAIOIIWNA LIEHTP, BO3JCUCTBHE KOTOPOTO PACIPOCTPAHSIETCS MIHO-
BEHHO.

B npuBeeHHBIX CiTydasx aHATM3UPOBAIUCH B3AUMOJCHCTBUS TIPH HEU3MEH-
HOM IapaMmeTpe TpaekTopun ;. IIpu Bapuanuu [, napameTphl B3auMOACHCTBYIO-
OX 00BEKTOB M3MEHSIOTCS. PaccMOTpUM BIMSHHE CKOPOCTH IPH TTOCTOSHHBIX
XapaKTePUCTHKAX B3aMMOJCHCTBYIOIIMX 00BbekTOB. Ha puc. 5.6 npeacrarieHb
TPaeKTOPUHU TPH HEM3MEHHOM mapamerpe . C yBeIHMdeHHEM CKOPOCTH B IEpH-
LEHTPUH Y JJUTHIICOBUAHBIX TpaekTopuii (1 — 3 IKCUEHTPUCUTET yBEIUIUBACTCS,
a 3aTe€M OHM Pa3MBIKAIOTCS U TIEPEXOJIAT B THIEPOOIOBUIHbBIE TpackTopuu (4-7), y
KOTOPBIX YTOJI MEXKy aCUMIITOTaMu pacTeT. [Ipu eine Ooublel ckopocTu Ha Oec-

\ \ \

koHeuHoctn By, (tpaek- \ \
Topusi 8) JocTUTaeTCs CBe- \\ \ \ \\ \
TOBast CKOPOCTH B IEpH- &, \ \ G \ \ \
LEHTPUM, YIOI @, YBEIH- \ \ N ;&
YHBACTCS M CIPEMUTCS K
712 jist CBETOBOHT TpaekTO- ) 7%
a8 o TS

p = Fpc g Y Y L~ 2 /A |
extopust 7) yron mexay -6 '/ A { A (/—\ (J
ACHMITTOTAMH MEHBIIIE, TaK / A f N \/— A a -~ )
KaK HWHTCIPUPOBAHUE BbI- /T N EN A
nomeno 0 R=1001. \ \ = N

. (N | N Gl

Puc. 5.7.Bupsl Tpaekropuit ) e
B3aHMOJCHCTBHSL JBYX Tel g —
B 3aBUCHMOCTH OT Ilapa- 0 0.2 0.4 0.6 0.8 B

METpOB 1 U [,

1 — popmyna (5.43);2 — dopmyna (5.50).Bugst tpackropuii: G — runepbonosunssie; P —
napabosoBusnsle; E — ayumuncoBunueie; C — mepexomsiiue B OKPY)KHOCTb IPEACIbHBIC
TPACKTOPHHU; S—CO CKOPOCTHIO CBETA B EpULICHTPHHU; N — OTCYTCTBHE TPAaCKTOPHIA.
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Bapuanuu TpaekTopuii Ipu pasHeIX (h U [3, IOKa3aHbl Ha puc. 5.7.3aBucu-
Mocth (5.43)B BHIE KpHBOi 1 OrpaHMYMBAET CHU3Y U CIpaBa 00JacTh CYLIECTBO-
BaHUS TPACKTOPUM C JOCBETOBOM CKOPOCThIO B mepuiieHTpuu. Ha 3Toit kpuBoi
HAXOJATCS TapaMeTpsl TPAeKTOPHii, epexXoAIIuX B KpyroByto opoury. Kpusas
2, npeacrasistomas 3asucuMocts (5.50), pasgenser runepOoJOBUIHBIE TPACKTO-
pUH OT DIUIMIICOBHIHBIX. Ha He#l pacmoioXeHbl mapaMeTphbl MapaOOIOBHIHBIX
tpaekropuii. Kpueeie 1 u 2 mepecekatorcs B Touke a; = -0.450764u [, =
0.892643.

5.6.TPAEKTOPUH IIPU OTTAJIKUBAHUU
U NOJIHBIN NEPUO/JI TPAEKTOPUI

Ha puc. 5.8 nmpuBeneHs! runepOoI0BUIHbIC TPACKTOPUHU TIPH OTTAJIKHBAHUH
B3aWMOJICHCTBYIOIINX OOBEKTOB. OTTAIKUBAIOIINI IHEHTP HAXOAWTCS B Hadale
koopauHaT. Pacuersr mpoBo-

Y Z JUIACH TIPH TPEX 3HAYCHUAX
a = 0.3 0.3 0.7 /15 0.7 15 o u Bapuanuu f3,. C ysenu-
7 4yeHueM [3, HOIyyroa MEeXKIy
ACHMIITOTaMH @, BO3PACTAET U
6 crpemutcs K 712 s CBETO-
hofioffus| o] vl meon. Tan e

s |81 09 0.5 P pameTp 5
0. 0.1 CTBUSA O TIOJOXUTENBHBIA H
0.1 MOXET OBITH OOJIBIIE EIVHU-
4 upl. CKOpPOCTh YaCTHIBI C

yIAICHHEM OT OTTAJIKHBAaIO-
LIETO [ICHTPa BO3PacTacT.

3 - Panee Obim paccmotpe-
HBI TPACKTOPUU 32 MOIYICPH-
on. Ha puc. 5.9npencrasnensr
TPAEKTOPUU 3a TOJHBIN TepH-
oa. llukinueckue TpaeKTOpUu
7 - 1 v 4 JBIArOTCSI HE3aMKHYTHI-
mu. [lpu 3ToM TpaekTopus c
mojackokamu 1 mMeer Tpu Te-

0 T T _ puoja 3a OIUH
d Puc. 5.8.Tpaekropuu OTTaJIKH-
BaHM.

a 0.3 0.3 0.3 0.3 0.7 0.7 0.7 15 15 15
5o 0.1 0.5 0.9 1.0 0.1 0.5 0.9 0.1 0.5 0.9
a 0.006 | 0.15 | 0.486 | 0.6 | 0.014 0.35 | 1.134 | 0.03 0.75 2.43

Be | 0126 | 061 | 0968 | 1.0 | 0.1543 | 0.707 | 0.993 | 0.198 | 0.827 | 0.9999
Pa 76.7 | 76.9 [ 79.1 90 65.7 66.6 73.2 53.2 55.6 69.0
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Puc. 5.9.Tpaekropuu 3a MOJHBIN IEPUO IPH CBETOBOW CKOPOCTH B IIEPULICHTPHH.
Howmepa tpaexropuii 1, 4, 6coorBercTByIOT pHic. 5.3.

obopot Ha 360 , a Tpackropus 4 Ha OAWH MEPUOJ UMEET HECKOJIBKO 00OPOTOB.
YrorpebiisieMoe 3/1€Ch MOHATHE HMEPHOJ MPUMEHUMO K PACCTOSHHIO MEXKIY
B3aUMOJICHCTBYIOIIMME YACTUI[AMH, TaK KaK OHO YBEIUYUBAETCS OT MHHHUMAIIb-

HOTO Rp =1 no makcumansHoro R, u 3arem ymeHbluaeTcs 10 Rp MpHU U3MEHe-

HHH yIUIa Ha @p = 20, T @p —nepuon pyukuun R(@) . B ommune ot kiaccnde-
CKOTO ¢ilydas 3[€Ch YaCTHUIA YePE3 Yrol Pp HE BO3BPALIAETCSA B UCXOAHYIO TOUKY
MPOCTPAHCTBA, T.€. BEKTOPHBbIE ()YHKIIUH ﬁ(¢)n 6(¢) HE SIBJISIOTCSA MEPHOaUIe-
ckuMu. IT09TOMY B 0OLIEM Cllydae IBUKEHHE MO KOHEYHBIM TPAEKTOPHAM HE SAB-
asercs nepuoauueckuM. OHAKO eciu @, KPaTHO YKMCIy /T JBHKEHHE Oymer me-

puoandeckuM. 13 puc. 5.9BuaHo, yro st Tpaekropuii 1 u 4 yrioBoe paccrosiHue
JI0 allOLEHTPHSI MOKHO MPECTaBUTh B BUJE!

¢, =m+k, (5.54)

rre n=0,1,2,..., k=1, 2, 3...;1.e. yactuia OyIeT IPUXOJUTh B Ty K€ TOUKY
MIPOCTPAHCTBA C TOJHBIM IIEPHOIOM

b0 =2k, = 27kn+211. (5.55)
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Hampumep, ecnu y Tpaektopun 1 66110 ObI TOUHOE paBeHCTBO P, = 773, a He
¢ = 59,8, uro, cornacuo (5.54)Bipaaercs kodddummentamu N = 0u k = 3,10
1o (5.55) monsbtii neprox @p = 277 To ecTh TpH Meproia u3MeHeHus: R(¢) mpu-

BOJHMIIM Obl YaCTHILy B MCXOJHYIO TOYKY mpocTpancTsa. s Tpaektopuu 4, eciu
661 @, = (377+ 712)57.3 = 630, a ne 626,8, uto cooTBeTCTBYET KOdbdHIIEHTaM
n = 3;k = 2u nmonHomy nepuony, coraacuo (5.55), ¢ = 1477 3nech yacTuia npu-
XOAUT B HMCXOJAHYIO TOYKY IPOCTPAaHCTBA IIOCJIE JBYX MEPUOJOB HM3MEHEHHUS
R(9) .

[MpuBeneHHble TpUMEPHI TpaekTopuii 1 u 4 MOKa3bIBAIOT, YTO MEPHOJ JBH-
JKEHUSI IBYX B3aMMOJICUCTBYIOIIUX YACTUI] MOKET U3MEHSTHCS B IIMPOKUX TpeJie-
nax: ot 277no 1477 1.e. B 7 pa3. [Ipu aTOoM nepuoaudeckue ABMKEHHS XapaKTepu-
3YIOTCS LIEJIBIMU 3HaueHussMHU 4rcesl N u K. Tak Kak TpaekTopuu u yroy @, onpe-
JEJISIOTCS TIapaMeTpaMu @y U 5, TO 3Ha4eHUsIM N 1 K COOTBETCTBYIOT IUCKPETHBIC
3HaueHus Q1 U [. DTH pe3yabTaThl O AUCKPETHBIX (KBaHTOBBIX) ITapaMeTpax Iie-
PHOAMYECKUX JBMKEHHHA MOTYT MMETh Ba)KHOE 3HAUeHHE s (QU3UKH aToMa U
SIBJICHUSI PATHOaKTHBHOCTH.

PaccMoTtpum eltie 0/iHy HEOOBIYHYIO TPACKTOPHIO Ha pHc. 5.9 —TpaekTopuio
6. OHa nepecekaeT camy ce0st Ha 3HAYUTEIHHOM YJAJICHUU OT MPUTITHBAIOIIETO
uentpa. [Ipu onpezeseHun napaMmeTpoB MPUTIATHBAIOIIETO EHTPA M0 XapaKTepu-
CTHKaM TPAeKTOPHHU B CIIyyae MCHOJIb30BAHMUS KIACCHYECKOTO 3aKOHA B3aUMO/ICHi-
CTBHSI MOTYT OBITh JOMyIIeHbI OKMOKK. Hampumep, 3aBblllieH pa3Mep MPUTSITH-
BAIOILET0 LEHTPA W B3aUMO/ICHCTBUE MPUTSHKEHHST BOCIIPUHUMAETCST KaK OTTall-
KHUBaHKE: M B IIEPBOM, H BTOPOM CJIydae 4aCTUI[A OTPAXKAETCS OT IIEHTPA.

[Mony4yeHHbIe pe3yNbTaThl TPEOYIOT BCECTOPOHHEIO OCMBICICHHS M COIOC-
TaBlICHUs. YKe ceifyac BUIHO, YTO OHU MOTYT CBHJIETEILCTBOBATH O HOBBIX MEXa-
HU3Max SBJICHUH. BO3MOKHO, 3TH TPAEKTOPUU OOBSICHAT HAIUYUE YCTOUUHMBBIX
OpOHT JJMEKTPOHOB B aToMe, MEPEeXOi DICKTPOHA C ONHOW OpOHTHI Ha IPYIYIO,
3axBarT SAPOM WIJIM ATOMOM YaCTHIbI [IPU OMPEICICHHBIX €€ KUHEMAaTHIeCKUX Ia-
paMeTpax u T.n.

[TpUMEHUTENBHO K TATOTEHUIO PE3yJbTaThl TOBOPST O TOM, YTO MHOTHE SIB-
JICHUSI UMEIOT POTUBOMOJIOKHYIO HAIPABICHHOCTh 10 CPABHEHHUIO C MPUHSITON B
OTO. Hanpumep, ipu CBETOBOM CKOPOCTH PaCIPOCTPAHECHUS TATOTEHHUS <HEPHBIX
JIBIP>» HE JIOJDKHO OBITh. Ecii OHM OyAYT OTKPHITHI aCTPOHOMaMH, TO 3TO Oyzaer
03HAYaTh, YTO CKOPOCTh 'PABUTAIMU OECKOHEUHA MIIM 3HAUYUTEIBHO BBIIIE CKOPO-
CTH CBETA B BaKyyMe.

5.7. ACUMIITOTUYECKHUE PEHIEHUSA

1. Pemenne Boamsu R = 1. IMoaxopennoe Buipakenue B (5.39) 0603HaunM

yepe3 f(ﬁz). Buno, uro f(1) = 0.Pasnoxum f|R?) B okpectnocrn R% =1 B
pan Teinopa
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t(R2)= @+ r@R?-1)+ @) ﬁzz"l . (5.56)

¥ BBHJLY MAJIOr0 OTIHYMS R2 OT 1 OrpaHMdMMCs IByMsi IICPBBIMH CIIAraeMBIMIL.
Cornacto (5.39),1pon3BoaHas UMEET BHI

11
JRZ-B2 \1- B2

y aBh _ g V1-B5 +ay
(ﬁz _:35)3/2 . p /—1_ ,85

Iocne moactanoBku npousBoguoii B (5.56),a f(ﬁz) B (5.39) paguanbHas cko-

v, =\/(1+a1/,/1—ﬁ§j VRZ-1. (5.57)

C yuerom (5.57)ypasuenne tpaekropuu (5.2)3anuiercs

daf B
—— ==t
d(R>) R*

X

(1‘55)9‘ 2005,

pocThb OyneT

R

4= 1 .[ dR _
\/1+ al/,ll—ﬂg L RVRZ -1

B pesynbrare unTerpupoBanus nonydeHo Beipakenue (5.40). Tak kak TouHOe
pemenne npu S, = OnpencrasieHo coorHomenueM (5.3), To OHE OBLIM COMOCTaB-

JIeHbl TIpH PasHbIX 7. B pesynbrare ycranosieno, uro npu R =1.001 ornnuus
MEXIy HUMH HET J0 TPEThEro 3HaKa MOCIIe 3alATOi BKIIOYUTENBHO.
B npenenbiom ciyuae, npu [, — By, npoussonnas f'(Q) -~ 0. Hns

yrounenus (5.40)He00X0AUMO PacCMOTPETh BTOPYIO IPOU3BOaHYI0. ITocie aud-
(hepeHIPOBaHUS TIEPBOI MPOU3BOTHOMN MOTyIaeM

d2f ‘2,3;2) ) (1‘/3;2))01,85(0'1,35 +1-5\[§2 —,6’3)

d(ﬁZ)Z - §6

(5.58)
1 1

st R

(1— ﬁ§)3ex 20,85

B oco6oii Touke S, = By npu R =1 Bropas mpou3BoaHAs
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i) = -2 (025+ 0542,

T.c. OHa KoHeuHa. Takum oOpa3zoM, BBHIY 0ojiee BBHICOKOTO IOPsAKa MaJOCTH I10
OTHOLICHUIO K (R2 —1) TpeTbuM craraembiM B (5.56) MOKHO mpeHeOpeYb U BbI-
paxenue (5.40)ocraercs cnpaBeyiuBbIM NpU 3, = [

Teneps ONpeeuM annpoOKCUMAIUIO BOJIKM3U TIEPULEHTPUS Ul BpeMeEHH. B
0e3pasMepHOM BujIe HHTErpai it Bpemend (5.16)3anumrercs

f=[9R (5.59)

Or

Ioxacrasss paguainbayo ckopocts (5.57)B (5.59)u unTErpHpys, HONIyYaeM ar-
MPOKCUMAIIHIO JIJIs BpeMeHr BOm3u R =1 B ciemyromnieM BHIE:

i In(x/ﬁz——l + ﬁ)
f= (5.60)

2. AnnpokcuManus npu cBeToBoii ckopoctu. Ilpu S, = 1 BblpaxkeHue
(5.40) uMeeT 0COOEHHOCTD, TOITOMY IS HAXOXKIESHUS NpUpaIleHnii @ B o0nacTu
1< R<1.001 Bocnionib3yeMcst ypaBHEHUEM NPsIMOiA, KoTopoe rpu a; = O ompene-
asietcst cootHotreHreM (5.11),K0Topoe MOXKHO MEPENUCATh TaK:

e arccos(]/ ﬁ). (5)61

Ipu R =1.001 ennunna ¢ = 4470072 wn ¢D = 2.56, T.e. I CBETOBOII Yac-

tuubl npu u3Menennn R ot 1 1o 1.001nonspueiii yron usmensiercs Ha 2.56.

3. AnnpokcuManus 18 anoueHTpus. [Ipy 4uCICHHOM HHTETPUPOBAHUH
(5.2) 115 SIUTUIICOBMIHBIX TPACKTOPHI pacyeT BEIAETCS 0 MABIX BEIHYHH Uy min »

KOTOpbIE HMEIOT MOPSIOK 11107 u menbue. Heo6X0MMMO OLEHHTD, KaKkomy
MPUPALICHHIO @ COOTBETCTBYET M3MEHCHHE PAAMAIBHOW CKOPOCTH OT Upmin MO

Hyist. C 9TOH Ienbio OTHOCUTENbHBIH paguyc R Beipasum u3 (5.1) wepes cko-
POCTh Op mip -

1
_0'1_\/(0'1 +1)2 -p7

3mech MpH peIIeHrnH KBaIpaTHOTO ypPaBHEHWS BBHIOpaH 3HAK, COOTBETCTBYIOIINI

R=

amoredTpuo. Paguyc R 10ICTaBUM B KJIACCHYECKOE YPABHEHUE TPAEKTOPHU
(5.3),0TKyna mosyyaem
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( +1) B Dr
Ag = arccos-————~ " (5.62)
a; +1

JInst Toro 4ToOBl YYECTh BIMSHHE OTHOCHTENIBHON CKOPOCTH [3,, BOCIOJIB3yeMCs
acumnTotukoit (5.40) mis nepuueHTpus. Benem koddduimeHt BiausHus K kak
oTHoleHue yria @, cornacto (5.40),kx 3ToMy xe BepakeHuto npu S, = 0.B uro-

¢ UMECM
- 1ta
(5.63)
1+ al/ J1- ,B’p

Iocie ymuoxenus (5.62)na (5.63)anmnpokcuMariys Ui allOUEHTPUS 3alHIIETCS
B BHJIE

+ a, +1)* -2
4 arccos (g +1) -, . (5.64)

1+a1/m a +l

U3z-3a npubmmkennoro xapakrepa (5.64) it npemenbHONR TpaeKTOPHH
Bp - Bpc OBUTH BHINONHEHBI YHUCICHHBIE PAacueThl MPU MOCIENOBATENHLHOM

0

Ag

YMCEHbIICHUHU EI’ min - Onu noKa3ajiv, 4TO 4YaCcTulla NpUuxoAuT B aHOHeHTpI/Iﬁ apu

KOHEYHOM yriie §.
Teneps onpenenuM anmpoOKCUMALIUIO 1JIs BpEMEHH B anouenTpun. 3 unre-

rpanbHbIX cootHomenuit ans @ (5.2) u Bpemenn t (5.59)cnenyer, uto dt = R2dg .

CHCHOBaTCHBHO, B alIOOCHTPHUH IIPU MAJIbIX U3MCHCHUAX ¢ MOJXHO 3anmcarthb ar-
MOPOKCUMALIUIO AJI1 BpEMCHU

Af =R204, (5)6

rae A@ 3agaercs BeipakerueM (5.64).

I''IABA 6

CHJIBbI BO3JEVCTBUA PA3JIMYUHBIX TEJ
HA IBHKYINYIOCA 3APSAKEHHY IO YACTHLY

6.1.BO3JIEICTBUE 3APSI’KEHHOM
PSIMOYI'OJIbHOM IVIACTUHBI HA YACTHUILY

PaccMoTpuMm BO3nelcTBHE 3apsHKEHHOM ITUIACTUHBI C 3apsoM (p Ha JIBUKY-
LIYIOCs 3apshkeHHYo yacTully g (puc. 6.1).Cropons! miactinsl 2a u 2b. Havano
KOOPJIMHAT CUCTEMBI X,Z,YB35TO B LIEHTPE IUIACTUHBI; II0CKOCTh YOZcoBnaaer ¢
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IUTOCKOCTRIO TIIACTHHBL, och Oy
mapajuienabHa ctopore 2b, a och
Oz — cropone 2a. KoopawHaTh
YacTHUBL Xq , Yq , Zg, ¥ OHA JIBU-
KeTes co CKOPOCTBIO

v=lv, + jo, +ko,.

Q
=
)
x ~
! X‘

= o Puc. 6.1. Bo3aeiicTBue 3apspKeHHOI
< i HpﬂMOerJIBHOﬁ IUTaCTUHBI Ha JBH-
N JKYILYIOCS YaCTHUILY C 3apsiioM (.
Onement mnactudbl dys dzg
y HMEET 3apsi
z

dq = o dy,dz, (6.1)
roe g =qQ, / S — MOBepXHOCTHAs TUIOTHOCTH 3apsiaa; S = 4ab— mnomwans mnacTtu-

HBI.
B cootBercteun ¢ (4.58)3anmiemM BeIpakeHHe TS CHITBI BO3ACHCTBHS 3JIe-
meHTa dq ¥ MPOCYMMHUPYEM €r0 MO BCEl MOBEPXHOCTH ILIACTHHBI:

b

yS
F=F d , 6.2
EYE jzjb Toxr T (6.2)
rac
= %%

p =22, (6.3)

=X, +n+Kk{, (5.4
7=Yq = Ys: Z=Zq_zs- (6.5)

X = Xq, Yq» Z — KOOPIMHATHI ABMKyLIEHcs dacThLbl O, Tak Kak Ui IIacTUHBI
koopauHaThl X = 0, TO BelMn4MHA X OJHO3HAYHO XapaKTEPU3yeT 4acTuIly. BBoms
3aMEHBI

a =x%y,2 +2x{ BB, +{%y,” >0, (6.6)

b =2B8,(XB +{B,); ¢ =y, >0, (6.7)

=1-B2-B2, y,=\1-B2-B2, y,=\1-B2-BZ, (6.8)

MeperuieM ypaBHeHue utst cuutsl (6.2) B IPOSKIHUSIX Ha OCH KOOPIHHAT:

Fx = Fp(l—ﬁz)xzri]ldz , (6.9)

z+a
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z—-a
F, =F,@-B%)x szdz, (6.10)
z+a
Z-a
F, =Fp@-B%)x [3d7, (6.11)
z+a
rae
y-b y—b
dn ndn
J = , = . (6.12)
y[b (a +byy +cyp?)*? yib (a +byy +cyp?)

[Nocne uHTErpHpOBaHus epBoro uHTerpana B (6.12)nomyqaem

1 M +N
Ji= 2 2 -
V0B~ ) | (, +b,¢ + 7)oy +b7 +07)
|ﬂ=y+b
_ (M+N , (6.13)
(8, +byd +¢? NWas +hyl + {2 ‘
rac
_ Xz(l—,BZZ) _ Zxﬂxﬂz
az—w>0, b2 —W, (614)
2,2 2,2
oy =0 +2Xf7,5’2x:5’y Yy S0, b, =_2'32(X"3X2+’7/3y) , (6.15)
Yz Yz
N=nyy+xB,By,  M=pyp,. (6.16)

Iocie moacranoBku uHTerpana (6.13)B Beipaxenus ais Fy (6.9)u F, (6.11),
COOTBETCTBEHHO UMeeM (MHAEKCHI (" TP KOOPAMHATAX Jajiee OIyCKaeM)

F,. x
Fp=———3,|7v b (6.17)
*y,(1-82) "’ Y
F Z—a
_ P n=y-b
- Zd‘]3 =y+b ! (6.18)
’ Vz(l—ﬁxz)zL "’ Y
rae
(M +N)d¢

J3_

) j (@, +by0 +7?)ag +bl +C

(6.19)
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Koaddurmentst unterpaia (6.19)N, & u b; 3aBucAT OT /7, 03TOMY B COOTHOILIIE-
nusx (6.17)u (6.18) npuBeaeHbl 3HAUCHHST HHTErPAa W MOABIHTErPAJIBHOIO BbI-
paxenus dJ; Ipy pa3HBIX 3HAUCHUSIX /).

INoxpIHTErpabHBIA YHCIUTENb UHTEIPAIoB, BXOMAMMX B F, MOXHO mpeod-
Pa3oBaTh CIECAYIOMIMM 00pa3oM:

(MZ +N){ =M[(a® +b,{ +{ )+ M, +N,],

rae
rY
N, = -a, = -x? 1_2 : (6.20)
a2y, 2 2 _ 2
M, =%_b2 _ 1A= BAyy +xBBy vy ﬁx)' 6.21)

2
ﬁ yﬂ z (1_ ﬁ X )

Torma uaterpanst B (6.19)ynpormarorcst ¥ CBOAATCS K WHTETpanaM Trma Js
CJIEIYIOIINM 00pa3oM:

E ] n=y-b|<=772
=B [ (R, 8, + 0B, 8, + 0V )+ 35 N)] ,
Y2 (1_ :8x ) n=y+b r=z+a
(6.22)
rae
R, =R2-[BxRI? =|R*(1- %) +(BR)%. (6.23)

3neck B unrerpaie Jz (M, ,N, ) koapdurmentsr M u N B cootHomenuu (6.19)
3ameleHbl napamerpamu M, 1 Ny COOTBETCTBEHHO.

Kaxk Buaum, Beipaxkenus (6.17)u (6.22) st cun Fy u F, onpenensitores uute-
rpasiioM (6.19).3T0T HHTErpa He BCTPEYaeTcs B COPaBOYHUKAX U ObLI BHIYKMCIICH:
_M(a3-a, = A) ~N(b; —b,) Z

arctg -
AV2A-B V2A-Bylag +byd + {2
_M(ag-a,+A-N(b;—by)  V2A+ Byag +hyf +¢§% +2°

J3

. (6.24)
2AV2A+B V2A+Bag +hyf +£2 -2°
roe
A=1(a; ~a,)? - (agh, —a,b5)(bs =by) . (6.25)
B=2(ag-a,)—b,(b; =), (6.26)
* = Ax[(ag-ay)+{(bs—by)]. (6.27)

INocne moacTaHOBKHM MHTErpana B cooTHotneHus (6.17)u (6.22) u BhInonHe-
HHUS JOCTAaTOYHO TPYHOEMKHX MpeoOpa3oBaHH MONYYEHO BBIPAKCHUE VIS CO-
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CTaBJIAIOIINX CHIIbBI BO3JICHUCTBHS 3ap;1>1<eHH0171 IIJIOCKOCTU Ha JABWIXKYIYIOCA Yac-
THUIY B CJICAYIOIIEM BUJC:

XZ,B B, - xnB.B _Z(l_ﬁz)_XZB B |f/:y—b {=z+a
F. = Fparctg——= - ZX . 7 . (6.28)
R "7=y+b J=z-a
_ R [ ( 2 )
F, _ﬁ Yy In\yyR, +XByBy +nyy +{ By B, )~
(6.29)
IB B n=y-b {=z+a IB ﬁ
- ZIn(yzRv+X:8sz+’7Bylgz+ZV§)] _X—EFX'
z n=y+b (=2-a 1_Bx
=
Fy :ﬁ[yz In(yzRu +Xﬂxﬂz +”BY'BZ+ZV§)_
(6.30)
n=y-b|¢=7+2
e ln(nyv +XBy By +’7V§+Z'ByﬁZ)] _IBX,B); Feo
y n=y+b| -, o 1= A

rae
R, =VR? ~[BxRI? = |[y2x% +y2n? +y30% +2B,B,x1+2B,B,x +2B, B¢ 1(6.31)

X, Y, Z— KOOpJUHATHI YaCTHUBI. 3AeCh BBIPaXKCHHE M CHibl Fy 3amucano o ana-
soruu ¢ F, , Tak Kak OCH Y U Z WICHTHYHBI JUIA TIACTUHEL (cM. puc. 6.1).

Ipy 1pUOIMKEHHH CKOPOCTH JBMKEHHUS » TOYEYHOTO Tejla K BENUYHMHE Cj,
T.e. ipu [ 1, Beipaxkenus (6.28)-(6.30)kak u Boipakenue (4.58), ctpemsrcs
HYJI0. DTO 03HAYAET, YTO NPH JAOCTIDKEHHH JBIKYIIMMCS 3apPSIKCHHBIM TEJIOM
CKOPOCTH, PABHOW CKOPOCTH PAaCIpOCTPAHEHHS SJEKTPUUECKOrO BO3IEHCTBHS,
3apsHKEHHAs IACTUHA TPEKPAIaeT CBOE BIMAHKE Ha TEJO, U OHO OyIET JBUraTh-
cs 6e3 yckopeHus. JIaHHBIA BBIBOJ OTHOCHTCS K HadJIEKTPM30BAHHBIM TEJIaM JIHO-
0ol (opMBI, TaK KaK BBIPAKEHHUE JUIA CUIIBI BO3IEUCTBHA OT HUX MOKET OBITh 110-
Jy4eHO CYMMHpPOBaHUEM Beipakenuit (4.58)mo BceM siieMeHTaM 3TUX Tell.

Beipakenus (6.28)-(6.30)onuchBaioT BEIMYMHY CHIIBI BO3IEHCTBHIS OHOMU ILIa-
CTHHBI Ha JBIKYIIEECS Tel0. ECIM eCTh HECKOJIBKO IUIACTHH, TO MOJKHO HAIMCATh
BBIP@XKEHUE JUIA CHJIBI OT KaKIOM IIACTHHBI M IIPOCYMMHpPOBaTh MX. B ciyuae
JBYX TapaljIeJbHBIX OJMHAKOBBIX IIacTHH (pHc. 6.2), pacroioKeHHbIX Ha pac-
crosauu 2d apyr oT apyra, MONYyYEeHHOE BEIPAKEHUE OYAET OMUCHIBATE CHUITY BO3-
JENCTBHS OT IJIOCKOTO KOHIeHcaTopa. LleHTp miacTuHsl ¢ 3apsaoM (-Qp) Haxo-
JWTCS HA OCH X TIpH X = — A OTHOCHTENBHO 5TOM IIACTUHBI PACCTOSHHE 0 Yac-
THLBI (; BIOJL ocH X OyzaeT (X + d). AHAIOrHYHO TUIACTHHA ¢ 3apsIOM () OTaale-
Ha OT YacTUIbl Ha paccTosuue (X - d). TloaToMy, HCTIONB3YS BRIPAXKEHUS JJIs CUIT
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A.V Puc. 6.2. Bo3sgeiicTBue IIJIOCKOTO
MPSIMOYTOJIFHOTO KOHJIEHCATOpa Ha

i F JBIDKYIIYIOCS 3apsDKCHHYIO 4acTH-

g 4, M 1y G-
= q, (6.28)-(6.30),H0 3ameHssI B HUX
| /I,’ _ KOOpAMHATY X Ha COOTBETCT-
Io/' X~ ByIONIUE PACCTOSHHUA, C Y4ETOM

3HaKa 3apsia IUIACTHH IOJIyda-

€M BBIpOKCHHE OIS CHJIBI BO3-
JIEHCTBUS IUIOCKOTO KOHZICHCA-

/ TOpa Ha JABWKYIIYIOCS YaCTHILY

i L E =E(x-d)-F(x+d), (6.32)

rZIe COCTABJIAIOIINE BEKTOPOB B MpaBoi vyacTu omnpeneisitorest (4.17)-(4.19)upu X
paBHOM (X - d) u (X + d), COOTBETCTBEHHO.

Eciu yctpemuTh pa3mepbl KoHaeHcaropa a u b x 6eckoHeynocTH mpu ycino-
BUH, 4T0 < 1, TO A HEMOJBHKHON YACTHUIIBI C 3apsIIOM C; COXPAHHUTCS JIHIIb
BBIPAKEHUE JUTS CHJIBI BHYTPH KOHICHCATOPa, KOTOPOE HMEET BH/

Fo=-q, (633

£

rae O = Qp/S — WIOTHOCTH 3apsi/ia Ha IUIACTHHAX KOHIACHCATOpa. DTOT Mpejes Co-
OTBETCTBYET KOHJCHCATOPY, Y KOTOPOrO PACCTOSHHE MEXAY MIACTHHAMH 3HAYH-
TENIBHO MEHbIIE UX pasmepoB. Kak ciemyeT W3 COOTHOLICHHS, CHIA HAIpaBicHa
nepreHnuKyapHo k miactuam (Fy = F, = 0). Beipaxenue (6.33)mmpoko npu-
MEHSICTCSI B JJIEKTPOCTATHKE. MIM MOXHO MOJBb30BAThCS MPU MAJOH CKOPOCTH
IBWOKCHHST 3apSUKCHHBIX YAaCTUIl M MPU MaJlOM PACCTOSHHH MEXAY IUIACTHHAMHU
KOHJICHCATOpa 110 CPaBHEHUIO ¢ UX pasmepamu. Ho eciy yka3aHHbBIE yCIOBHUS HE
COXPAHSIIOTCS, TO BO3/CHCTBHE KOHICHCATOPa Ha YacTHILy HEOOXOAMMO Orpese-
JsTh coracHo (6.32).

6.2.CKOPOCTbD JABHXEHUS YACTHUIbI
B KOHAEHCATOPE

PaccMoTpuM IBWKEHHE 3apsKEHHON YaCTHIIBI B YACTHOM CiTydae, KOTraa OHa
JBUKETCS BIOJIb OCH X TIEPIICHINKYIISPHO K TUIACTHHE U TI0 €€ IICHTPY, T.e. Y = Z =
= B, =3, = 0.B s1oM ciyyae Ha yacTHUIy He OyIyT ACHCTBOBATH GOKOBBIC CHIIbL U
ee mBIKeHME Oymer mpsAMoauHeHHBIM. [Ipr Macce M 1 3apsize ¢y yCKOpPEHHe dac-
THIIBI, COrTacHO BhIpaxkeHusM (6.28)-(6.30)u Bropomy 3akony Herorona (2.4),
OyZeT CIeAyIOIIHM:

- g%ab (6.34)

W = w, arctg \
T - )@ +b?)
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=449 9,

ems’

IMonyuenHoe nudpepeHIranIbHOe ypaBHEHHE PACCMOTPUM B IBYX IPHOIIH-
KeHusx. B mepBoM ciydae GepeM Malyro CKOPOCTh 0 ABHYKEHHUS YaCTHIIBL, T.€. 5=

rae Wy,

do _ 1dv?
vlcy - 0. Tak Kak yckopeHue W = d_l’; = Edi , T0 (6.34)1py rpaHUYHOM YCIIOBHH
X
v(Xg) = vp MOXKET OBITH 3aIIMCAHO B BUJIE HHTETPasa
02 —vd = 2ijarctga—bdx (6.35)

xVx% +a® +b?

B pesynbrare MHTETPUPOBAHUS MO YacTsAaM cooTHoImeHue (6.35) cBomures K
BBIPA)KEHUIO
X

2.2 2
v® =0 +2w, 1 xarctg ab +abj 4(22 5 @ 2+l32 ))di(z
xVx2 +a2 +b? -(@®+b?%)z* +a’

rue Z:VX2+a2+b2.

HOCKOHBKy 3HAMCHATECIIb HUHTErpajia paCKiIaabiBacTCsd Ha COMHOXUTCIIN

4 - (a*b?)z? + a?b? = (z-b) (z+b) (z-3) (z+a),

TO IMOCIE€ MHTETPUPOBAHUS 3alMIIEM BBIPAXKEHUE JUIS CKOPOCTU YaCTHILbI, JABH-
KYILIEHCS O BO3/CHCTBHEM 3apsDKEHHO# IIOcKocTH (cM. puc. 6.1)Bromb ocu X:

bRSaaRSb], (6.36)
2 R+ta 2 R,+b

roe R = \/xz + (a2 + b2) , Vg~ CKOPOCTh YaCTHI[BI B TOYKE X = Xg .

Beipaxenue (6.36) omuceiBacT IBIKCHHE YaCTHIBI, IPH KOTOPOM BO3ICHCT-
BUE Ha HEE CO CTOPOHBI IIACTUHKH BHIPAXKaJloCh OBl 3JIEKTPOCTAaTHYECKUMH CHJIa-
MH, HE 3aBUCSIIAMH OT CKOPOCTH. DTO MPHUOIMKEHHE B CIIydae ABYX TOYCUHBIX
TEJI COOTBETCTBYET 3aKoHYy KymoHa.

Bo BTOpOM Citygae BO3bMEM YaCTHILy CO CKOPOCTHIO, OJIM3KOM K BEIMIHHE C; .

@-5%
X2

ab
v? = vg + ZWP(xarctg
X

BBG[[CM o00o3HaueHne U= , TOrJa YCKOPCHUEC 3alIUIICTCA

w= 05¢7 ——— d’B 0501( 3u+2xu
X

B s1tux 0603HaueHusx ypasuenue (6.34)0yaer
2

%239 4 o+ 2w c?arctg uabsign()

P
dx J1+u(@? +b?)

=0.

105

Ipu B — 1 nepemennas U — 0, moatomy, pasnaras arctgs psa Teinopa u
OTPaHWYMBASICh WICHAMH IIEPBOTO MOPSIIKA, MOTydacM

234 4 oxu+vabu= 0, (6.37)
dx
roe
_ 8a,9,sigqn(x)
= SRS, (6.38)
£rmsS

signx= x/|X| — 3nak X.
HMuddepennnansaoe ypasHenue (6.37) sBiseTcs ypaBHEHHEM C pasJielisio-
[IMMHCS TIEPEMEHHBIMU. 110C/IE €ro MHTErPUPOBAHUS NPH TPAHUYHOM YCIOBUH

LB (%)= Haxoqum
B2 =1-(1- B2) exr{vab(l —i)} . (6.39)
X %

31ech MHTETPUPOBAHUE BEAETCS IPU OJHOM 3HAKE X BO BCEM AMAMa30HE €T0
u3MmeHenus. [Ipu cMmeHe 3Haka X cooTHolueHue (6.39) Z0KHO MPUMEHSATHCS OT-
JIENIbHO HA OTPULIATENILHOM U MOJ0XKUTEIBHOM Y4acCTKaX X U COCTHIKOBBIBATHCS Ha
uXx rpanune. B nanbHeiimem BBeseM o003HaueHHE

sign(x) _ 1

x e

Iocite noacranoBku B (6.39) COOTBETCTBYIOMIMX 0O03HAYEHHM CKOPOCTD JBHKE-
HUSI YACTHIIBI BJIOJIb OCH TUIACTUHBI 3aMHUIIETCS B BUJIE:

(6.40)

_ 2 2_ .2 Q1Q2 1
¢ —(cf —vg)ex (6.41)
0 mq \/— F

Jl1s KOHZEHCATOpa, PACCTOSHHME MEKIY IJIACTHHAMH KOTOpOro pasHo 2d u
LEHTpP CHCTEMbI KOOPAMHAT IOMEILEH B IIEHTP KoHgeHcaTopa (cM. puc. 6.2),cuia
BO3JEHCTBM Ha YacTHIly ompenenautcs coriacHo (6.32) u (6.34). Ypasuenue
JBHKEHHST B TOM K€ NMPUONMKEHUM CBEIETCS K aAuddepeHIran-HoMy ypaBHe-
HHIO, aHanornyHomy (6.37).B pesysbrarte ero perieHus CKOpoCTh JABHKEHUS dac-
THIBI B IPUOIKEHNH U1 B — 1 ONpesenuTes CleAyIOIUM BhIPAKEHHEM:

(@ —02)ex 2q1q22 S S S
emg | J(x=d)?  Jx+d)? o +d)2 (% —d)?

(6.42)

Coornomenue (6.42),kak u (6.41), MOXXHO HCIOJIB30BATh MPU HEU3MEHHBIX

snakax (X-d) u (x+d). OcHoBHOE oTnMuKe BoipakeHui (6.41)u (6.42)0T BBIpaxe-

uust (6.36) —3aBHCHMOCTD IIpUpAIEHHH KBajpara CKOPOCTH YaCTHIBI OT €€ Ha-
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JabHOHM ckopocTu. K 3TOMy CBOWCTBY MBI €llle BepHEMCS, Korna OyieM paccmar-
pHBaTh SHEPTHIO IBIKCHUS YACTHLIBL.

JpyruM OTIWYMEM S3THUX BBIPAXKEHWUW SBISETCA TO, YTO W3 COOTHOUIEHUU
(6.41) u (6.42)cnenyet BBIBOJ O HEBO3MOXKHOCTH HH HPH KaKHX YCIOBHSAX JOC-
TIDKCHHS YaCTHLEH CKOPOCTH, Ooublueii C;. [Ipudem ee IBHIKEHHE HE 3aBHCHUT OT
COOTHOLICHHSI Pa3MEpOB IIACTHHBI KM KOHJICHCATOpa, a cooTHoueHue (6.36)He
HAKJIaJbIBACT HUKAKUX OTPAHUYCHUII HA BEIMYMHY CKOPOCTH YaCTHUIIBI: OHA MO-
’KeT OBITh HACTOJILKO OOJIBIIOH, HACKOJIBKO O0oNMbIINM OyaeT KOdQhHUIIHEHT W,

U nmocnenqHUM OTIHYHEM CITYXKHT TO, 4TO B BeIpakeHnu (6.36)kBagpar mpu-
pAIleHNs] CKOPOCTH 3aBHCHUT OT BEJIMYMHEI 3apsiia U Macchl B JIMHEIHOM COOTHO-
LIEHHH, B TO BpeMs Kak B BbIpaxkeHHsX (6.41)u (6.42)naHHas 3aBUCUMOCTD IIpeEI-
CTaBJieHa 0oJiee CIIOKHON PYHKIHEH.

Bce ykazanHbIe OT/IHYHSI 00YCIIOBICHBI 3aBUCHMOCTBIO CHIIBI (YCKOPEHHSI) OT
CKOPOCTH M HEOOBIYHBI AN KIACCHYECKOH MEXaHHMKH. [3-3a HUX HEBO3MOXKHO
NIPUMEHEHHE ee SHepPreTHYeCKUX MeTOmoB. Tak, pupalieHne KBaapaTa CKOPOCTH
TeNa B MEXaHHUKE SIBISACTCS NPUPALICHHEM SHEPrHU ero eAnHUIbI Macchl. OTHAKO
u3 BeipaxeHuit (6.41)u (6.42)BHAHO, YTO HPH IJICKTPUYECKOM B3aUMOICHCTBUH
MpHUpanieHre KBaapara CKOPOCTH 3aBUCHT OT MAacChl BCEro Telia, HAIPUMED B CIIy-
yae (6.41)

Mv? =0 -3 = cA(1- 3 )ex 299 ) 1 =

em¢ \/?_\/E '

(6.43)

6.3.CHJIA BO3JIENCTBUS 3APSI>KEHHOM HUTU
" CKOPOCTb YACTHIIBI

Dra 3a7a4a MOXKET BO3HUKHYTH ITPH PACCMOTPEHHH B3aUMOJIEHCTBUS 3apsi-
JKEHHON HUTH WM 3apsHKEHHOTO MPOBOJA C YACTHUIEH, KOTJa PACCTOSHHE MEXIY
HUMH 3HAYUTENILHO OOJIbIIE JHaMeTpa MPOBoJIa. B JaHHOM ciiydae mpoBOI MOXHO
omucath B Buje oTpe3ka npsimoii (puc. 6.3), pacnonoxeHHOro B1ojb ocu Z. Eciu
JUITMHA OTpe3Ka 2a, a LEHTP CHC- Ay
TEMbI KOOPIHHAT XYZPacroa0KeH >
nmocepeinHe OTPE3Ka, TO MOJCTa- F
HOBKOIf 6 — 0 B COOTHOIIECHHUS
(6.28)-(6.30), OIUCHIBAIOIINE
BO3JEUCTBHE OT IIJIOCKOCTH ILIH-
puHol 20 ¥ IIMHOM 28, MBI I0-
JYYUM BBIP@KEHUS UL CHJI OT
OTpe3Ka MPSMOH.

Puc. 6.3. Bo3zeiicTBre 3apsHkeHHOTO
OTpe3Ka Ha JBHKYIIYIOCS 3apsiKeH-
HYIO 4acTHILy .
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[Tocne nmpeoOpa3zoBaHus BEIpa)KEHUH CHJIa Ha IBIKYIIYIOCS YaCTHILy C 3apsiIoM (
3aMUIIeTCS] B BEKTOPHOM BHJE!

Qu ROXBS, +yB,B+vi)-kR2 |7

eRy (1= 55 )¢ + 2B, By + (1= BLY?|

T

(6.44)

rac

R, =yRZ ~[BxRI” =,[y2x2 +12y% + /20 * +2B,B,xy+2B,B,%¢ +2B, B,y

R=ix+]y+k¢:;

Q = @,/2a — moroHHas IIOTHOCTH 3apsia OTPE3Ka, a O, — ero 3apsj.

U3 Beipakenus (6.44)BuaHO, YTO pasMep OTpPe3Ka a U PACIIOIIOKEHHE YaCTH-
I6I TT0 OTHOIICHUIO K OTPE3KY MOTYT 3HAUHTEIHLHO W3MEHAThH HAMPABICHUE CHIIBI
HA YaCTHILY TIPH TOM K€ PACCTOSIHHH MEXIy HUMH. [Ipu GONBIION [UTHHE OTpe3Ka
9TO BIHMSHHE yMeHbImaercs. Paccmorpum cuny (6.44) B mpemene mpu & — © H
ckopoctr actuiel S < 1. B aToM citydae, XapakTepHOM TIPH JUTHHE 3apsHKEHHOTO
MPOBO/Ia 3HAYMUTENHHO MPEBHIMIAOIICH PACCTOSHUE 10 YaCTHIIBI, BRIPAKCHUS IS
MPOEKIIMIA CUJIBI Ha YACTHUILY UMEIOT BH/I;

_ 2Qqy; x

Fx E (1_B3)X2 + Zﬁxﬂyxy+ (1_ ﬂf)yZ ’ (645)
- Qa, y

y £ (1—,6’§)x2 +2/3x,3yxy+(1—,8xz)y2 * (6.46)

Y S (6.47)

£ Q-BX*+2B,B,xy+ (A= By

B ¢opmynax (6.45) — (6.47)kak u B Belpaxkenuu cuibl (6.33) B IIOCKOM
KOHJICHCATOpE ¢ OSCKOHEYHO OONBIIMMHU IUIACTHHAMHE, IPEACIBbHBIA MEPexo Mo
pa3Mepam ocylecTBisiercst npu [ # 1, mo3ToMy MX MOXHO MPUMEHSATh MpU He-
GOJIBIIMX CKOPOCTSX ABMXKEHHS 4acTulipl, .. S < 1.B yacTHOM ciyuae pagualib-
Horo aBwxenus (Y = z= 3, = 5, = 0), cornacno (6.45)—(6.47) neficTByeT TOJIBKO

CrJia BIOJb OCH X:
_ 2Qay1- 5 (6.48)
EX

B sToM ciydae npu npuOIKEHIH YaCTHIBI K CKOPOCTH C; CHJIa CTPEMHUTCS K HY-

F

X

JIFO KaK 1’1— ﬂz , T.C. cna6ee, YCeM IIpu BSaHMOZ[efICTBHPI JABYX TOYCYHBIX YaCTHUII.

OmHAKO 3TO MOXET OBITh O0YCIOBJICHO MOTPEUTHOCTHIO MPENCIFHOIO Mepexoa
nmpu a — .,
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Ipu oueHb MaJBIX CKOPOCTAX YACTHUIILI B << 1 MPOEKIUH BEIUUUHBI CHIIBI OT
JUIMHHOT'O 3apsKEHHOrO MPOBOJA HA JBHKYILYIOCA C MAJION CKOPOCTBIO YacTHILY,
cornacHo BeipaxkenusM (6.45)-(6.47)zanuuryrcs B BUIE

20 X
F, = _ 6.49
X £ x2+y2 ( )
Q0 vy
F, = _— 6.50
e (6:50)

[puBeIcHHBIME BRIPQKCHHUSIMH, KaK H3BECTHO, MOJB3YIOTCS B SIEKTPOCTATHKE.

Temepb paccMOTPUM JBWKCHUC 3apSHKCHHON YaCTHIIBI BIOJIb OCH X, KOTOpast
pAaCIIONOKeHa TMEPIICHINKYISIPHO 3apsHKCHHOMY OTPE3KY W HAYMHAETCS Ha €ro
cepenune (cM. puc. 6.3).11pu yenousix y = 2= 4, = 3, = 0 ¥ B COOTBETCTBUH C
(6.44)BenuunHa CUIBI HA YacTHUILY OyaeT

F =224 p2) / (x5 +(1- g e | (6.51)

&

Tounoe Boipakenue (6.51) otnuuaercs ot npudamxeHHoro (6.48), nonydeHHOro
JU1sl GECKOHEYHOTO OTPE3Ka.
Eciau m — macca gactuisl, To 110 BTopoMy 3akoHy HerotoHa (2.4) ee yckope-

HHUC
w1~ 7 emfié + (1= 52t | (652)

Jst ompezneneHuss CKOPOCTH PEIMIUM TNMPHUOIMKEHHO 3TO JuddepeHIraIbHoe
ypaBHEeHHE. PaccMOTpUM ciiydait CKOpOCTH YacTHIlBI, OJIM3KOH K BETUYHHE Cy, T.C.
B~ 1.Tpene6peras (1-37) B 3namenatene (6.52),nepenuueM Takum 06pazom

ﬂ _ 204,0,Sign(x) ot —v® _

dx emc? X

[Monydennoe auddepeHnnanbLHOE ypaBHEHHE € Pa3ACIAIONIMMUCS TIEPEMEHHBIMU
MPU TPAHUYHOM YCIOBHH 0(Xo) = 0o JACT BBIPAXKEHHE AJIsI CKOPOCTH YACTHIIBI, Ha-
XoJsieiics moJ Bo3eiicTBUEM OTpe3Ka, B BUME

29,1 1 _ 1

2| [ 2 |
EMG [ VX /X,
Kak BuauM, moclieiHee BhIpaKeHHE MOJHOCTHIO coBmagaet ¢ (6.41) mis

tockocTr. CrpaBeUIMBEI I OTPE3Ka U T€ BBIBOIBI, KOTOPEIE BHITEKAIOT U3 BEI-
paxenus (6.41).

v? =cf = (¢f ~vg) exp

(6.53)
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MBI BBIYHCIIIIIN CHITy BO3/ICHCTBUS Ha IBIDKYLIYIOCS 3apsKCHHYIO YACTHILY, a
TaK)Ke CKOPOCTh €€ NBIDKCHUS B CIydae BIMSHUSA Ha HEe APYrOd YacTHUIBI, ILIa-
CTHHBI WK NpoBoAa. [IpeanoxKeHHBIM METOIOM MOXKHO OIPEICIHUTh BIUSHUE OT
3apsDKEHHBIX TeJl 1000 GOpMBI, @ TAaK)Ke OT COBOKYITHOCTH TakuXx Tell. [lomyden-
HBIC BBIPQKEHHS NPU MaJbIX CKOPOCTSIX YacTHIBI COBIAJAIOT C M3BECTHBIMHU B
¢usuke. C apyroit CTOpoHbI, U3 MOJTYYEHHBIX BBIPAKEHHH MPU OOJIBIIUX CKOPO-
CTAX CJIEYeT, YTO B pe3yJIbTaTe YCKOPEHHMS 3apsHKEHHON YacTHIIBI JIIOOBIMU Tela-
MU OHA HE MOXET NPEBBICUTh CKOPOCTH Cj.

_ 6.4.CHJIA BO3I£EI7ICTBHH
NBUKYIIENACSH 3APSIKEHHOM YACTHUILIBI HA MATHUT

HenonsmxHoe 3apspKeHHOE TEJO HE B3aMMOACHCTBYET ¢ MAarHUTOM MM C
IIPOBOJHUKOM, 10 KOTOPOMY Te4eT TOK. Ho Ipu ero IBMXeHNH Takoe B3aUMOIEH-
cTBHE HabroaeTcsi. Mbl BEIYUCIMM B OTJEIBHBIX CIydasiX ero CHiy.

BoszeiicTBue TOYEUHOIO 3apsPKEHHOIO TeJla Ha MarHWUT onpenessercs aug-
(bepenumansHeiM ypaBHeHueM Jamambepa (3.34).B nmpoekuusx mo ocsM KOOpau-
HaT OHO 3aIMIIETCS TaK:

__4_n(@0 _9p ]
y 1

X = c W z Ev
ar( g, 17/
y = —?(Epvx _§01]§ (6.54)

H, =_4_7T @z)y —@vx .
c | ok oy
ConocraBuM mpaBble 4acTu ypaBHeHuit JJanambepa (6.54)u (4.6) aist E. Ecnu

MBI YMHOXHM TpaBble 4yacTH ypaBHeHHH (4.6) Ha KOMIIOHEHTBI CKOPOCTH M COCTa-
BUM Pa3HOCTH THIIA

_4n( dp ap | _ U
[Eyvz _[Ezvy —?(d—yl)z _Zl)y] = _C_L\/;DHX,

0 Hx+\/§(lngy_IByEz) =0.

Tax Kak 3TO BBIpa)KEHHE CIIPABEUINBO MPH JFOOBIX 3HAUYEHHUAX IIEPEMECHHBIX, TO

Hy = _\/%(IBZ Ey _IByEz) : (6.55)

TO IMOJYYUM
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AHaJloru4HbIC BBIPAXCHUA IMOJTYUYUM IJII OCTAJIBHBIX COCTABJIAIOMINX H , IIO-
OTOMY B BEKTOPHOM BHJIC MOXXEM 3alncaThb

U

Urak, petienne ypapuenuii (4.6)u (3.34)mwm (6.54)cBs3aHbl COOTHOIIEHHEM
(6.56). Otcroma, noxacrasisisi B (6.56) pewenust ypaBHenus (4.6) s anexTpuye-
CKOT'0 BO3JEHCTBHUS IBIDKYILErocs 3apsaaa (4.55),HaxonuM cuity BO3ASiCTBUS ero
Ha eIMHUYHBIA MAarHUTHBIH MOII0C

< q@-BI)IBxR
H= \/,u_gl{Rz (B Ii]2}3/2 ' (6.57)

rac ﬁ — paguyC-BE€KTOp OT JBMIKYIICTOCs Tejla C 3apsaaoM (; 10 €AUHHUYHOIO

= Y]
MAar"svTHOI'O IIOJIFOCa, a ﬂ:— — OpuBEACHHAsA CKOPOCTb OTHOCHUTCIBLHO 3TOT'O
G

nostfoca. Kak cnenyer u3 Boipaxenust (6.57),3apspkeHHOE TENIO HE BAMSET HA Mar-
Hut npu nokoe (B = 0) u npu CKOPOCTH JBHKEHHUS, PABHOM C;.

3Hast MAaTHUTHYIO HANPsSOKEHHOCTh H 1 ucnomb3ys cootHomenune F = fMH |

JIETKO MOJKHO OTIPENICIIUTh CHIY Ha JFO0O¥ Malblii MATHUTHBIHN MOJOC C MarHUT-
HbIM 3apsiioM M. Ecnu ke MarHUTHBIH MOIOC HEJb3sl MPUHSTH 38 TOYCYHBIH, TO
€ro MOXKHO pa3OWTh Ha 3JIEMEHTApHBIC YYaCTKH C MAarHUTHBIM 3apsaom AM w,
MPOCYMMHUPOBAB CHJIY O BCEM YYacTKaM, BRIYUCIUTH €¢ Ha BCE HAMAarHUMYCHHOE
TeJo.

6.5.CHJIA BO3JIEUCTBUASA TOYEYHOTI'O MATHUTA
HA 3APS)KEHHYIO YACTHLY

Cura BO3IEHCTBUS TOYEUHOTO TMoroca M Ha 94acTHIy MPOTHBOIOJIOKHA TIO
HaIpaBJICHUIO CUJIC BO3/ICMCTBUS 3TON YaCTHUIIbI HA TOYEUHBIN MOJIOC U, COTJIacHO

(6.57),mpu IiMq = -R Gyzer UMeTh BHJ

g __HM % (L= B*)[ B % Ryl
- ~ 232
‘V ,Uf{RMqZ - [ﬁx ﬁMq }

q
rae Ryq —paanyc-ekrop ot Marauta M /10 yacTuubl O -

(6.58)

Ho ecnu Ob1 B MecTe HaXOXKACHHS YaCTHIIBI (; HAXOIWICS APYTON TOUYCUHBIH
norroc M;, cuita Bo3aelicTBus moiroca M Ha HeTo BhIpakanach Obl B BUIE 3aKOHA
Kynona:
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. MM, R, -
F, =00 ™ gy (6.59)

3

Rug

TIe

~ MR
H =—“f;; (6)60

Rug

H — cuia Bo3aeicTBHSA TOYEYHOro MarHuTa M Ha €IMHHYHBIA MArHUTHBIN TO-
JIIOC, PACIIOJIOKCHHBI B MECTE HAXOXKACHHUS dYacThibl. Bemmunny H HazoBem
MAarHuTHOH HanpspkeHHocTbio. [loncrasnss M Ryq n3 (6.60) B (6.58), nonyuaem

BBIpQ)KEHHUE JJISI CHIIBI BO3IEHCTBHSA TOYEYHOTO MAarHUTHOTO MOJIOCA HA JBHXKY-
IIYIOCS YacTHIy Oy

£ 1a, - )RS [B>H]

= AL AL I (6.61)
JHelR:, - (B xRy}

6.6. CWJIA BO3JIEUCTBHA MPOBOJTHUKA C TOKOM
HA 3APS)KEHHYIO YACTHLY

Kak u3BecTHO, IPOBOAHNK C TOKOM BO3ACHCTBYEeT HAa MarHWT, HalpHMep, Ha
HaMarHMYCHHYIO CTPEJIKy. MBI y)ke mosp30Banuch cootHomenueM (3.3), koropoe
BBIPAXKACT CHILYy BO3ICHCTBUsI ydacTka mpoBoauuka Al ¢ Tokom | Ha eanHUYHBIN
MarHuTHbIA nomtoc. @opmyia (3.3) xapakTepu3yeT MarHUTHYIO HAMPSKEHHOCTb.
Ecnu BMECTO MarHuTa B TOf K€ TOYKE [0 OTHOLICHHIO K MPOBOAHHKY Al Gymer
HaXOJUTHCS ABMXKYILAsCS 3apshDKEHHAsl 4acTuIa (;, TO CUila BO3JCHCTBHS Ha Hee,
00yCII0BIICHHAsT HANPsDKEHHOCTBIO H, ompernensercs Boipaxenuem (6.61). Mckitro-
gast H u3 9TuX OByX BBIP@KCHHH, MOTydaeM CHIy Bo3nedctsus ydactka Al mpo-
BOJIHHMKA C TOKOM | Ha 3apspKeHHYIO 4acTHUIly (; B BHJE:

- lg, (L- B2)[5 x[Al xR

3necy v = B — CKOPOCTh YaCTUIBl OTHOCUTENILHO MPOBOJAHMKA, a R - paxuyc-

BEKTOP OT MPOBOJHHKA Al 1o wacTupL. Bripakenue (6.62) nmo3Bossier ycraHo-
BUTbH CHJIY BO3JICUCTBHUS MPSMOTO MPOBOHUKA C TOKOM Ha JIBUXKYIIYIOCS YaCTHILY.
C 93TO# 1ENBI0 PACCMOTPHUM MPOBOJHUK JUIMHOW 23, TI0 CEPEIHHE KOTOPOTO BBI-
OpaH IEHTp KOOPAMHAT, & OCh Z HAMpPAaBJIEHA BJIOJIb POBOJHKMKA B HAIMPABICHUH
toka |. Ecim koopauHaThl YacTHIBL — X, Y, Z, TO paccTosHHE OT deMenta Al 1o
4acTuIp g; Oymer

R=ix+ jy+ké&, (6)63
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rae (= z — |— mmea | oTcunTHIBaETCS OT HYJIsl B HATIPABJICHUH OCH Z.
JIBoitHO€E BEeKTOpHOE Mpou3BeaeHue B (6.62)MOKHO 3aMucaTh TakK:

x|l x ]| = dl (BR) - ROAIT) = di[K(xB, + yB,) - 8,(ix+ )]

IIpocymmupoBas cuity (6.62)10 BceM yuacTKaM MPOBOIHUKA, MOYKEM 3aIUCaTh

- g, - k + iIX+
- \f - BB, +¥8,) - B(x+ )] 3 j e
€ c (a+ bZ +Z )
rae
a=yx* +yyye +2B8yxy, b=2B,Byx+ByBY). c=y;. (6.65)
Tak kak dl = —dJ(, a unTerpan, cornacuo [24], Jerko paspemnraercs, To CHjia

(6.64)6yner

R - = {=z-a
i \/Z 03B, + 38 - £ix+ KB+ 98,8420 666
£ d(@-B)x* +2B,8,xy+ L= B)Y*IR,

rie R, ={R?-[ BxR]2, R=ix+jy+kd.

Iocie BBenenus BekTopa TokKa | = |IK 1 BhIMOIHEHUsST 0OPATHBIX BEKTOPHBIX
peoOpa3oBaHmii CHITYy BO3IEHCTBHS IPSIMOIr0O TOKa Ha JABUIKYILYIOCS 3apSHKEHHYIO
YaCTHILy MOJy4aeM B CIACIYIOIIEM BHIIE:

0 OB YB, ¢ Y205 [T R]]I
c?R, (- B2)X2 + 25, B, xy+ (1- BE)Y?|

F=

{=z+a

(6.67)
{=z-a

W3 3TOr0 BBIPAKEHHUS CJIEAYET, YTO CHJIA BO3AEHCTBHA HA YACTHILy OTCYTCTBYET,
korja yactui@a nokourcs (8= 0)u xoraa oHa JBHXKETCSA CO CKOPOCTBIO Cy, T.€. 5=
=1.

B ciyuae ABMXKCHHUS 4aCTHULBL O MEPHCHAUKYILIPHO MpoBoaHuKy (Y =4, =
= 0) na Hee, coriacHo (6.66),0yner neiicTBOBaTh ONEPEYHast CHIa

_ Aty L~ B?) z+a _ z-a
xR+ a-pHEra)? X+ - B (z-a)?

(6.68)

IIpy HaxOXIEHUU YaCTUIBI B cpeaHei mrockoctd (Z = 0) cuia Bo3aecTBHS Ha

Hee, cornacHo (6.68),HanpasiieHa B Ty K€ CTOPOHY, YTO M TOK, T. €. TIOJIOKHTEIb-
HO 3apsDKEHHAs YaCTUI[A KaK Obl YBIEKAETCS TOKOM.
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Eci CKOpOCTb YacTHIIbI KACAETCA OKPYXKHOCTH, B LIEHTPE KOTOPOW U mep-
NEHAMKYJISIPHO K €€ IIOCKOCTH PACIIOIOkKEH TOK, TO JBOMHOE BEKTOPHOE MPOMU3-
Benenue B (6.67)paBHo HyJIIO, T.€. HA BPAILAIOILYIOCS BOKPYT [IPOBOJAHKMKA YaCTH-
Iy TOK HE OKa3bIBAET BO3ICHUCTBUS.

IIpyu IBWKEHHMH YaCTHIBI apaluIenbHO NpoBoaHuKy (Y = 4, = B =0) cuna Ha
Hee HampaBjieHa TEPIEHANKYIISIPHO K TPOBOJHUKY ¥ UMEET BH]I

E =_,ulqlvZ Z+a B Z-a (6.69)

T (R +(zra)? - B2 +(z-a)>

B cpenneit mockoctu (Z = 0) cuta (6.69)3amumercs Tax:

Fo=- Hha, (6.70)
czx\/(l— BA)x? +a?

T.€. MOJIOKUTEIBHO 3apsUKEHHAs YaCTHIA, JBWKYINASCA B HAMpPABICHUM TOKa,
MIPUTSATHBAETCS K NPOBOAHUKY. IIpu npuOamkeHun K ckopocTH C; (nmpu 5, — 1)
cuiia IpUTSHKEHUs pacTeT. Takoi apdeKT HabI0AaeTCs TaAKKe TPU B3aUMOAEHCT-
BHMU JIBYX YaCTHUII, KOTJIa OTHOCUTEbHAS CKOPOCTh YaCTHIbI O NEPIEHANKYIAPHA

paccrosunio R mexay Humu (cM. popmyiy (4.58)).
Eciu npoBoJHUK AMHMHHBIA (& >> X) U 4yacTHULa JBIKETCSA Ha PACCTOSHHUU X =
d ot Hero, TO BbIpaXeHHe IS Cuibl, cornacHo (6.70),6yaer
24490
F, = —% . 6.71)
c-d

OTO COOTHOIIEHNE HATIOMHHAET BBIPAKCHUE JUIS CHIIBI BO3ACHCTBHS MIPOBOI-
HHUKa ¢ TOKOM | Ha Opyro¥ MPOBOAHUK C TOKOM |, paciono)keHHBIH mapaiensHO
TIepPBOMY:

2114
Fo=- , 6.12
2 12)

rae | — nimuHa npoBoxHKMKA ¢ TOKOM |4, Ha KOTOpBIA neiicTByer cuna Fy. B Bbpa-
xeHusix (6.71)u (6.72)cuiibl COBNAAAIOT 10 HAMPABICHHUIO, & TAKXKE 110 BEJIHNYHHE,
eciu O, = 11 1.

Bo3neiicTBHEe NPOBOIHMKA C TOKOM Ha YaCTHIY OTIHYACTCS OT BO3ACHCTBUS
3apsHKEHHOTO TPOBOAHUKA. TaK, IpH JBHKCHHU YaCTUIIBI MAPAIUICIHHO 3apsDKeH-

HoMy mpoBonuuKky (Y = B, = B =0) Ha nee, cormacHo  (6.44),1poBOAHUK BO3-
JIEACTBYET MOTMEPEYHON CHUITIOHN

_Qq z+a z-a

ex| e r(zra)? a2 +(z-a)

(6.73)
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U NPOAOTBHOMN
F,=-24 el - ol . (6.74)
£\ Ca-B2)+(z+a)? XA~ B2)+(z-a)

z

B cpenneit miockoctu (Z = 0) uinu mpu Gonbliei ITMHE MPOBOIHKKA (& — ©)
[POAOJBHAS CHIIAa HCYE3aeT, B TO BPeMsl Kak /Ul TOKA OHA CYHIECTBYET (CM.
(6.68)).BripaskeHne 1Ist IOTIEPEYHOM CHIbI TPH X = d M HEGOIBIINX CKOPOCTIX

F, = 2% (6.75)
EX

moJ00HO BeIpakeHuto (6.71) 118 mornepeyHol CHiIbl BO3AEHCTBUS MPOBOJHUKA C

TOKOM, HO UMEETCS CYIIECTBEHHOE OTIUYHE: 3apsHKEHHBIN MPOBOTHUK OTTATKHBA-

€T OJJHOUMEHHO 3apsDKEHHYIO YaCTHILy.

HauOonbliee npuMeHEHHE HAXOIAT COJICHOUAATBHBIC MArHUTHI, B KOTOPBIX
Karymka oOpa3oBaHa MHOTHMH CIIOSIMH KOJBLIEBOTO MPOBOAHUKA. Mcciemyem
CHUITy BO3JICHCTBHS KOJBIIEBOTO IPOBOJHMKA C TOKOM | Ha JABHIXKYIIYIOCS YaCTHILY.
BBuay maremMatudyeckoil CI0XKHOCTH STOM 3aJauu, paCCMOTPUM UYACTHBIN Cllydaid,
KOT'JIa YaCTHIIA PACIIOIOKEHA B IICHTPE KOJbla. ECiu OCh Z HanpaBUTh MEPIICH M-
KYJSIPHO K TUTOCKOCTH KOJIbIIA, IIEHTP CUCTEMBI KOOPAMHAT MMOMECTHTh B IIEHTPE
KOJIbIIa TaK, 4TOOBI TOK OBUT HAmMpaBlIeH OT OCH X K OCH Y, TO MHTETPUPOBAHWE
BeIpaxkeHus (6.62)npuBeaeT K BEIMYKMHE CHIIBI BO3JIEHCTBHS Ha YACTHUILY B BUJIE

-y 2m
£ - Mo [oxK] j,/l_ n?sin? ydy (6.76)

c®R [J1- B2 %
riae IZ —OpT OCH Z, R — paanyc KOJIblia,
2 BB
1- B2

Kak BumHO u3 BbIpaxkenus (6.76), B LeHTpe KOJBLEBOrO MPOBOJHHMKA CHIA
HaIpaBJieHa MEPICHIUKYSIPHO K CKOpocTH YacTuibl. CootHomeHue (6.62)Mox-
HO IIepenucaTh CIeayIomuM 00pa3om

E=ppHlds [0xKl 6.77)

> ,
C°R 1~ 2

e P U3MeHsieTCs B peenax oT P = 7rapu = 0 1o p = 2mpu N°= 1, T.e. K0o(-

(GUIMEHT P U3MEHICTCS HE3HAUYNTEIFHO BO BCeM MHTepBaiie m3Menenus 5ot 0 10

1 (MMeHHO TaK COOTBETCTBYET U3MEHEHHE N H3MEHEHHIO [3).

Jlnst Manbix cropocreit (<< 1; 1/8,%=1; p = 73 Beipaxenue (6.77)gaet Ta-
KO e pe3yJIbTar, KOTOPBIM TOJIB3YIOTCS B (PM3UKE M TEXHHUKE TPH ONpPEIEICHUH
CWJIBI BO3JIEHCTBHMS BHTKA C TOKOM Ha JBIXKYILIYIOCS 4YacTHIly. J[eHCTBUTENBHO,
TaK Kak JUIs KPyroBOro BUTKA MarHUTHAS HATIPSYKEHHOCTh
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b =2k (6.78)
ck
a cuna Jlopenua
E = ,uch[l:: xH] 9

OTIpEJIeNIIET MarHUTHOE BO3JIEHCTBHE Ha YACTHILy, TO UCKIo4das H , momydaem
CHITY BO3JCHCTBHS KOJIBIIEBOTO TIPOBOIHUKA HA YaCTHILY

= MOy
F =2m——=[v xK]. 6.80
jer Tl (6.80)

370 BBIpaXKEHHE CIIPABEAIMBO [IPU MaJIOi CKOpPOCTH 4acTuil. [Ipu okosocse-
TOBBIX CKOPOCTSAX BMECTO KoddduimenTa 277 HeoO0xoaumo, coriacHo (6.77), uc-
0JIb30BaTh K03 duipenT 2P = 4, a TaKKe 3aBUCUMOCTb OT 0CEBOM ckopocTH [, .
Jiist yacTull, HAXOSIIIMXCS HE Ha OCH KOJIBLIEBOTO TOKA, HEOOXOAMMO HHTEIPUPO-
Bath (6.76)4rCIIeHHBIMH METOJAMH.

6.7.YIIPOILIIEHHBIE CHAJIbI BE3 YUYETA ®OPMbI
BO3JIEMCTBYIOIIUX TEJ

B Hacrosimiee BpeMs B 3IEKTPOJMHAMHUKE NPUMEHSETCS METOJ pacueTa BO3-
JIEHCTBUI Ha NBIDKYIIYIOCS YACTHILY, KOTOPBIH HE 3aBUCHUT OT (POPMBI BO3IEHCT-
Bylolero tena. PaccmarpuBaioT Bennmunubel En H B Touke HaXOXIEHUS YacTH-
LBl ¥ B 3aBUCHMOCTH OT HHUX ONPEAEINIAIOT CHIIY BO3IeHCTBU Ha dacThly. Cuunra-
0T, 4TO JIeKTpuueckoe noje E u marauTHOEe H CO31aHBI HAAIEKTPHU30BAaHHBIMHU
Y HaMarHW4YEeHHBIMH TEJIaMH, a 3TU IOJIsl BO3/ICHCTBYIOT Ha JIBMIKYLIYIOCS 4acTH-
ny. I[TosTomy mpu omHMX M Tex ke BenuunHax E mH , 00ycnoBieHHBIX Tenamu
pas3HO# (GopMBI, BO3NEHCTBHE Ha IBIKYIIYIOCS YACTUIy OCTAECTCS OIHHM H TeM
xe.

Hccnenyem moiydeHHbIE HAMU COOTHOILIECHHS, HApUMep NP BO3/CHCTBUU
ToveqHoro maruura. Cuna, cornacHo (6.61),3anumercs

F=k H% (1C— B°) [5xH], (6.81)

rae
R 1
R® {1-[BxRIRA¥?

v

3,I[CCI> k,) ONPCACIIACTCA HAIPABJICHUAMU PACIIOJIOKCHUA W ABWKCHHUA YaCTHUIBI
OTHOCUTCIIPHO TOUYCYHOT'O MarouTa.
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B cirydae Bo3melCTBUS KOJIBIIEBOTO TIPOBOJIHUKA C TOKOM | crita BO3IeHCTBUS
Ha yactuny (6.77)c yuerom (6.78)0ymer

F=k, 21 _[5xHA], (6.83)

oy1- 32

rae k1 = P/7Tonpenensercst HapaBICHUSMH PACTIONIOKCHHUS U IBMKCHUS 9aCTH-
1Ibl OTHOCUTENBHO KOJIBLIEBOT'O IIPOBOJHHUKA C TOKOM. HecMOTps Ha TO 4UTO B TOUKE
HAXOXKJCHHS YACTHIBI 3THMHU TEJIaMHU CO3JIAIOTCS OJWHAKOBBIC MAarHUTHBIC Ha-

NpSOKEHHOCTH H , CHUIbl BO3ACHCTBHS MX HA ABIKYyuLylocs dactuiy (6.81) u
(6.83)pazmmuarorcs.

AHaJIOTUYHAsE CUTYyalds HAONIONAETCS I BO3AEHCTBUS 3apsHKEHHBIX TEJ Ha
JBWKYILYIOCS 4acTUily. Hanpumep, Cuily BO3NEHCTBHMS 4YacTUIBI Cp Ha JBHXKY-
HIYIOCS OTHOCHTENBLHO HEe YacTuily sy, cornacHo (4.55),MOKHO 3amucars B BHIE

F=k,0,0-B%)E, (6.84)
rae

!

E :%. 6.45)

3necs E — anmexTpuueckas HampsoKeHHOCTh, cO3JaBaeMasi yacTULEl O, B MecTe
HaxXOX/eHHsl YacTHULbI O;. [Ipy BO3NEeHCTBIM Ha YacTHIly 3apsDKEHHBIX TEJl APYroi
(bopMbl, HAaMpUMEp 3apsDKEHHOI HUTH, cornacHo (6.44), BeIpaXKeHHe Ui CHIIbI B

3aBUCHMOCTH OT HampsbkeHHOCTH E Oyner ornmuarscs ot (6.84) npyrum 3Have-
HHEM TCOMETPHIECKOTO Kod(duimerTa K, U, BO3SMOXHO, JOMOIHHTEIBHBIME CO-
MHOKHTEISIMH.

Ipusenennsie npumepsl (6.81), (6.83), (6.84)i0ka3siBaioT, 4T0 B Cilydyae
BO3/ICHCTBHS TeJla NPOM3BOJIBbHOM (HOPMBI Ul TOYHOIO pacdera CHIl HEOOXOIMMO
[POBOJIUTH CyMMHUPOBAHKE BO3ICHCTBHI BCEX €r0 DJIEMEHTOB [0 3aKOHY B3aHMO-
JENCTBHS JIBYX TOYEYHBIX Tel. IIpM MarHUTHOM BO3JEHCTBMM CHJa, COTJIACHO
(6.81)u (6.82),3anmmercs Tak:

2 3
£ = AZE G (R g |, (6.86)
c o R
rae M moka3eiBacT MHTETPUPOBAHKE 10 BCEH BENWYMHE TapameTpa BO3ICHCTBHS
M. B ciyyae Bo3aeiCTBHs 3apsOKEHHOrO Teida O, , B cooTBeTCTBUH ¢ (6.84) u
(6.82),cuna

(6.87)

— 3 =
F =q1(1—ﬁ2)J'Rd3E.
E D

R

Bemmunna k, = (RIR,)% , Bxoasmas B HHTErpas!, Ipu MaToi CKOPOCTH PaBHA
emunute. [Tapamerp K, MOXKET CYIIECTBEHHO OTJIMYATHCS OT SAWHHMIBI IPH OOJIb-
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moit ckopoctu (8 — 1), eciu OHa EpHEHAUKYIISPHA JTUHUN COCTUHEHHS B3aUMO-
JIeWCTBYIOIMX yacTull. [Ipu MHTErprupoBaHUHM BO3JEHCTBHS OT BCEX 3JIEMEHTOB
TeNa Takas CUTyaIllsi BO3HHKACT TOJBKO IS OTPAaHMYCHHOTO YHCIA SJIEMEHTOB

dE wu dH . [ToaToMy Ha cyMMapHOE BO3ICHCTBUE Tea 3TO HE OKAXET CYILECT-
BeHHOTro BiusiHUs. ClienoBarenbHo, HHTErpajsl B (6.86)u (6.87)M0xHO 3aMeHUTH
MIPUOIMXKCHHBIMH BBIPAXEHUSIMU

kdH=H u |kdE=E, (6.88)
J J

M E

rae EuH - mMarnuTHas u JJIEKTPUYECKas HAMPSHKEHHOCTH, CO3JaBaeMble COOT-
BETCTBEHHO MarHUTOM W 3apsDKCHHBIM TEJIOM B TOYKE HAXOXKICHUS JBHKYIIEHCS
gacTUIBL. Torma npuOImKeHHbBIE BRIPAKEHHS IJIS1 MAaTHUTHOTO U 3JIEKTPHYECKOTO
BO3JICHCTBUI Ha JBMKYIIYIOCS YaCTHIy BHE 3aBUCUMOCTH OT (POPMBI BO3ICHCT-
BYIOLIMX TeJl B cOOTBeTCTBHUH C (6.86)u (6.87)mpumyT BH

F = /uch(lc—,gz) [BXH], (6.89)
F=q@-B°E. (6.90)

DTH BBIpaKEHHS MOT'YT 1aBaTh OOJIBIIKME TOrPeIHOCTH mpu S — 1, ecitu cko-
POCTb YacTHIBI NEPHEHANKYJISIpHA OOJBIIEH YacTH TOYEK BO3ACHCTBYIOLIETO Te-
nma. B TakoM ciy4yae MOJKHBI OBITh IPOMHTETPHUPOBAHBI TOYHBIC BBIPAKCHHS
(6.86) u (6.87). Coornomenus (6.89) u (6.90) oTninyaroTcss OT NPUMEHACMBIX B
NEKTpOANHAMEKE HanmaneM comHoxutens (1 — £ 2%) . [Ipu cKOpOCTH YacTHILbL,
npuGIIKaroreiicss kK ckopoctu ceeta (S — 1), modydeHHBIC BHIPAXKEHHS TOKA3bI-
BAIOT, YTO CHJIA BO3JICHCTBUS HA YACTHILYy CTPEMHUTCS K HYIIIO.

BriBeieHHBIC HAMU BBIPAXKCHUS JJIsI CUJT BO3JICHCTBHSI HAa JIBHIKYILCECS 3apsi-
JKCHHOE TEJI0 OCHOBBIBAIOTCS HA PE3yibTaTaX JABYX Ipymil u3MepeHwii. [lepBbie
M3MEPEHUs] OTHOCSATCS K OMPEACICHHIO CHJIbI MEXKIY HadJIeKTPHU30BAaHHBIMHU He-
MOJBIKHBIMU TesiaMu. Mx 06o0menneM seisiercs 3akoH Kymona (3.1) aust siex-
TPUYECKUX 3apsIIOB.

Bropast rpynmna nusmepeHuit OTHOCUTCS K ONpPEEICHUI0 B3aUMOICHCTBUS Me-
KTy TIPOBOJJHUKOM C TOKOM W MarHUTOM. [Ipu BBIpaKEHHH HX PE3yJbTaTOB B BHU-
JIe CHJIbI BO3/ICHCTBUS TIPOBOTHUKA HA MAarHUT BBITEKAET cOOTHOMIeHUe bro — Ca-
Bapa — Jlaraca (3.3). OmbITh 0 BPAIICHUIO 3aPSHKEHHOTO JKcKa (OMBITEI DiXeH-
BQJIbJIa U JPYTHX) UCHONB3YIOTCS i1 0OOCHOBAHUS TOTO, YTO JIBIDKYINEECS 3apsi-
JKCHHOE TEJIO 110 BO3ACUCTBUIO HA MAarHUT 3KBUBAJIICHTHO MPOBOTHHUKY C TOKOM.
YuuteiBast 510 B Beipaxenun (3.3), IPUXOJUM K CHJIE€ BO3IEHCTBUSI IBUKYIIETOCS
3apsHKEHHOTO Tella Ha MAarHuT, ONKCHIBAEMOM BTOPHIM ypaBHCHHEM MakcBeluia
(3.22). Eciu BBIpa3uTh pe3yibTaThl BTOPOU TPYIIBI U3MEPEHUH Yepe3 CHIy BO3-
JICUCTBHSI MarHUTa HAa TOK, a TOK — Yepe3 JBIKCHUE 3apsHKEHHOTO Tea, TO MOJy-
YUM COOTHOILIECHHE Uil BO3JCHUCTBHS MAarHuTa Ha JABHXKYILIEECS OTHOCHUTEIBHO
HETO 3apsDKEHHOE TeNo B Bue 10 ypaBHeHns Makcseiuia (3.24)u B BHIe 3aK0HA

118



uaaykimn @apanes (3.5). Heo6xoammMo oTMETHTB, YTO TEPBOHAYAIBHO ypaBHE-
nue (3.5) Obu10 paccumTano nmyreM m3Mepenus DJIC, HABOAMMOW B 3aMKHYTOM
KOHTYpE MpPH BHKEHUN MarHuTa.

Takum 00pa3oM, BBIPKCHHS IS CHJIBI BO3JCHCTBUS HAa JBIKYIIYIOCS 4Yac-
TUIYy BBIBEJICHBI U3 OMBITHBIX (pakTOB. [IpudyeM OT pe3yabTaTOB M3MEPCHHS 0
KOHEYHOT'O BBIPAXXCHUS MPOXOAMT JUIMHHBIN MyTh MpeoOpa3oBaHUs OJHHX COOT-
HOIICHHUI B JAPYyTHUe, Iepexolia OT OJHUX BEJIMYUH K aApyruM. He uckitodeHo, 4To
B XOJI¢ IPOMEXKYTOYHBIX NCHCTBUU OBUIM CHCIAHBI KaKHE-JIUOO MPOU3BOJILHBIC
JIOMyIICHHS. B CBsI3U ¢ 3TUM aOCOJIOTHO BEPHBIMU MBI MOTJIM OBl HA3BaTh TAKHE
3aBUCHMOCTH JUIsl CHJI BO3JICUCTBHUS HA JIBIKYIILYIOCS YaCTHILY, KOTOPbIE ObLIN ObI
YCTaHOBIICHbI HA OCHOBaHHMHW MPSMbIX M3MEPEHHUI CHIl BO3JCHCTBHS MarHuta u
3apsDKEHHOTO TeNa Ha YaCTUILY MM U3MEPEHUSI €€ YCKOPEHHS.

I''TABA 7

IIPUMEHEHHUE METOJA CHJI _
JJISA PACYETA PA3HbBIX B3BAAUMOJEUCTBUU

7.1.HEPTUsI 3BABUCSALIEI'O
OT CKOPOCTH B3AUMO/IEVICTBUS

XapakTepHOU 0COOEHHOCTBIO CHJI BO3AEHCTBHSA 3apPSIKEHHBIX M MATHUYEHHBIX
TE Ha JBHXKYLIYIOCA YaCTHILY SBISETCA 3aBUCHMMOCTh MX OT CKOPOCTH YaCTHIIBI.
PaccunTaHHble CKOPOCTH JBMXKEHUS YACTHIIbI, KAK BUIHO U3 cooTHoLIeHui (4.80),
(6.41), (6.42), (6.53)\oryT OBITH 3aNKUCaHBI TAK:

2040, | 1 1

2 - 1
EMeCy \H‘2 1“’02

T/Ie My U [ IMEIOT OTIPENICIIEHHBIN BU JUII KOHKPETHOTO BO3JCHCTBYIOMIETO TEa.
Hanpuwmep, B ciiydae BO3A€HCTBUSA TOYEHUHOTO TeJa C 3apsaA0M O 1 Maccou M,

v? =cZ - (c? -0 )exp

(7.1)

2
m
r = R2 —h_’ re :M. (72)
¢t m +m,

KuHeTHuecKas SHEPrHs ABHKYIIEHCS JaCTHIBI B TOUKE I paBHa Eq= M2,
a B Touke I E; = mp?/2. Cormacuo (2.24),pabota A CHIbI BO3IEICTBHS 110 IPH-
palleHNI0 KUHETHYECKOH YHEPTrUH YacTHIBI paBHA YOBIIM MOTEHIMAIBHONW DHEp-
run U B TOUke I' TIO OTHOIIEHUIO K TOYKE [g!
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2qlq2 1 _ 1 -1
> .

EMeCy \H‘Z 1“’02

(7.3)
OTcroza ClieyeT, YTO MOTCHIMAIbHAS YHEPT s YACTHIBI 3aBHCUT OT €¢ Hadallb-
HOW ckopocTh. TakuMm 00pa3oM, Kaxas TOYKa B OKPECTHOCTH BO3JICHCTBYIOIIECTO
TeJa g He 00JIaaeT CroCOOHOCTRIO COOOIIUTh TOMEIEHHOMY TyZa Tely OIHY U
Ty XK€ DHEPTHI0, KaK 3TO MPHUHATO paccMaTpuBaTh B Qu3uKe. [Ipu IBMXKEHHN U3
STON TOYKH YacTuIle OyaeT cooOIaThcs pasHas YHEpPTUs B 3aBUCHMOCTH OT CKO-
poctu [y TPUXOJSIIEH B TOUKY Fo yacThIbl. KpoMe TOro, HeoObIYHA 3aBUCUMOCTh

DHEPTMHU OT MACChI U BEJMYUHBI 3apsa. [loHas sHeprus yacTuiisl, corsacuo (7.1)
u (7.3),6yxer

2
C
_Eco =-U :_rnlzl (1_:802) exp

2
mo
E( =E,+U = ;:mmh (7.4)

T.C. MOJIHASI SHEPTHUS YACTHIBI 0 OTHOUICHUIO K TOYKE [ paBHA KHMHETHYCCKOM
SHEPIHHU B 3TOM TOYKE M OCTACTCS HCU3MCHHOM BO BPEMsI IBUYKCHUS YACTHIIBI.

JUist cuit, 3aBHCAIIMX TOJBKO OT PACCTOSHHS MEXIY B3aUMOJICHCTBYOIIUME
TeNlaMH, MOTEHI[UAIbHAS SHEPTHUSI B COOTBETCTBHU C BhipakeHueM (4.83)mpu h =
0, 3anuuercs Tax:

U =-A=-AE, :_rrgr?]qu %_i ,
re RO

T.€. IOTEHIMAJIbHASL SHEPTUSl XapAKTEPU3YeTCs TOJIKO IMOJIOKEHHEM YacTHUlbl. B
CHIY OTJIHYHA MOTEHIHANILHON dHeprun (7.3) IBIKYIIErocs 3apsyKEHHOTO Teja
OT TOTEHIHMANbHON 3Hepruu Tena (7.5), Ha KOTOpOe OKa3bIBaeTCs BO3JCHCTBHE
KYJIOHOBCKOW CHWJIOHM, SHEpPreTHueckrue METOAbl MEXaHHUKH IJisl pacyeTa B3auMo-
JICHCTBUH 3apsHKCHHBIX T HEOOXOAMMO MPOBOAUTH C OCTOPOKHOCTHIO. YIyIe-
HHUE 3TUX 0COOCHHOCTEH B TEOPUH OTHOCUTEIHHOCTH M HEKOTOPBIX IPYTUX pasfc-
JlaX COBPEMEHHOW (DM3WKH MPHBEJO K IOSBICHUIO MPOTHBOPEUYHMBEIX BHIBOJOB, B
TOM YHCJIE W TAKUX TPEACTABICHHUH, KaK OECKOHEYHBIE MAcChl W YHEPTHH, MHH-
MBbI€ YHEPTUH U MacChl U T.II.

B coBpemeHHO# (hH3HKe dHEPTETHUESCKUH METOJ PACCMOTPEHHS B3aMMOJICH-
CTBUM MPAaKTUYECKH MOJHOCTHIO BBITECHWI CUIIOBOM. B Hemasoi creneHu 3ToMy
CIIOCOOCTBOBAJIO TIPEACTaBICHHE 00 SHEPTHH BemlecTBa. B Teopun OTHOCHTENBHO-
CTH UCTIOJIB3YETCSI BEIPAXKCHHUE TS YHEPTUU 00BEKTa ¢ MACCOH MU CKOPOCTHIO

mc?

J1-p2
otkyna npu [ = 0ciexyer SHEPrust HOKOSIIErOCs 00bEeKTa
E, =mc*. &Y

910 BBIpa’KCHUEC HC UMECT (I)I/ISI/I‘IGCKOI‘O 00BICHEHUS. HOKa)KCM, YTO OHO BBITCKaA-
€T U3 OCHOBHBIX ITOJIOKCHHUH KJIACCHYECKOM MEXaHUKU.

(7.5)

E=
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Cunraror, 4to 3aBUCUMOCTh (7.6) SKCIICPUMEHTAIBHO MOATBEPIKAACTCS TPH
HCCIICZIOBAaHNH SACPHBIX MPEBPALICHUI 1 MPOoLecCoB aHHUTWIImuN. [Ipennonara-
€TCsI, YTO CTOJKHOBEHHE 3JICKTPOHA M MO3UTPOHA, IPOTOHA M aHTUIPOTOHA MPH-
BOJIUT K M3Iy4CHHIO (DOTOHOB CO CKOpoCThIO C. Eciu ObI CyliecTBOBalio aHTHBE-
LIECTBO, TO COIPHKOCHOBEHHE €ro C BEIIECCTBOM IPHUBEIO Obl K CTOJKHOBECHHUIO
YaCTHUI[ M aHTHYACTHUI] H, CICAOBATEIBHO, K TIPEBPAIICHUIO ABYX TAKUX OOBEKTOB B
MOTOK (POTOHOB, JABHXKYIIIMXCSI CO CKOPOCTHIO C. [I03TOMY BHYTPCHHIOIO HEPTHUIO

EO = mC2 00bEKTa MOKHO IIOHUMATh KaK €ro CIioCOOHOCTh n3J1y4aTb CBOC BCIIC-

CTBO CO CKOPOCTBIO CBETA.
ITycTh 0OBEKT C HAYATBLHON MAacCOH My MOXKET BBIOPACHIBATL CBOE BEIIIECTRO C
ITOCTOSTHHOM TI0 BETMYMHE M HAIPABJICHUIO CKOPOCTHIO U OTHOCHUTENIBHO OCTAro-
mieiicst yactu ¢ Maccoil m. Eciu pacxoj BeiOpaceiBaeMoit maccsl dnmvdt, To Ha oc-
TaIONUIYIOCS YacTh M BRITEKAOIIAs CTPYS BO3JIEUCTBYET PEAKTUBHOMN CUIION
R=ud—m. (7.7)
dt
Torma ypaBHEHHE ABWKCHHS OCTAIOMICHCS 9acTH 0OBEKTa M, COTIACHO BTOPOMY
3akoHy Herotona (2.4),3anumercs
m— =R. (7.8)
dt
IMocne moacraHOBKU peakTuBHOW cuibl R crnenyer muddepeHimanbHoe ypaBHE-
HUE!
mdo = udm, (7.9)
U3BECTHOE Kak ypaBHeHue Meniepckoro. Pemias (7.9) npu HaualbHBIX YCIIOBUSX
m = my pu v = 0, mosryuum Gopmyiry [{uomkoBckoro

v=unle (7.10)
m

KOTOpast OTPEIesIeT CKOPOCTh HEPA3IIOKHUBIICHCS YaCTH OOBEKTA.

Teneps paccMOTpUM, KaKo# dHeprueil odianaeT 00BEKT My, €CIIM OH TOJHO-
CTBIO PacHaieTcsi CO CKOPOCThIO U. B mporecce pacnana Ha Kaxablil 3JIEMEHT 0y-
JIeT JeicTBOBaTh cuiia R, koTopas coBepinaet paboTy

dA=Rds.
DHeprus o0bekTa OyeT paBHa paboTe 1Mo BCeMy IyTH paciaja;

E, = A= [Rds=[ Rodt.

INocne noacTaHOBKH peakTUBHOMN cuitbl R (7.7) monydaem
My
Eg=u|odm.

0
Teneps ¢ yuetom (7.10)mMoxem 3amucathb

™ m

E, =u? jln—odm: mou? .

m
0

Ecan pacmajg coBepmacTcsa CoO CKOPOCTbIO CBETA u=_C_C, To OHEPIrud
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Eo=mec?. 17)

7.2.HOBBIE UHTEI'PAJIbI IBUKEHU A

Beipaxenue 15t ckopoct (7.1)c yaerom (7.2) MOXKHO IepenucaTh B BUAC

- 20,9, —(n2_ .2 - 20,0,
(c? - vd)ex = (¢? —v?)ex .
gmreclz\/Rg_(h/Cl)z ‘Emreclz\[ Rz_(hlcl)z

(7.12)

B J'IeBOﬁ nu npaBoﬁ HacTdaX paBCHCTBA BbIPAKCHUA OAWHAKOBBI, HO OTHOCATCA
K pa3HbIM TOYKaM TPACKTOpHUHU TCJia, T.C. YACICHHASA BCINYHMHA 3TOTO BbIPpAKCHUS
OAWHAKOBa I BCCX TOUCK TPACKTOPHUU U COXPAHACTCA BO BPpEMA JABUKCHUS TCJIA,
T.C. MapaMeTpP ABUKCHUA

244
2R? - (h/ )

S=(c? -v%)exd - = const. (7.13)

Jst KyJIOHOBCKHUX CHIT , corniacHO (4.83),M0KHO TaKKe 3alucaTh TOXAECTBO

2 2
I L I L

R R? R R

KOTOPOE T0CTIE BBEICHHS MOMHOM CKOPOCTH 0° = 0% + 0% NPUHUMAET CIIeLyIo-
1yt Gpopmy:
2 2
1)r2+ﬂ:vg+ﬂ. (7.14)
R Ro

Tak xak B paBoii u JeBoi yacTsx (7.14)BbIpaKeHusi OANHAKOBBI, HO OTHOCSATCS K
Pa3HBIM TOYKaM TPACKTOPUH Teja, TO aHaIoruuHo (7.13)M0oXKHO BBECTH mapaMeTp
JBIDKCHUS [UIS1 KYJIOHOBCKHX CHIJT

S =v? +2_|§1 = const. (7.15)

PaccMOTpHM CBSI3b UHTETPANBHOTO Mapamerpa S ¢ TPaAMIMOHHBIMYU MapameTpa-
mu aBmkenus. Cornacuo (7.5), HoTeHIMaNbHast SHEPTUs YaCTUIBI My IO OTHOIIIE-
HUIO K 0ECKOHEYHO yaajaeHHoi Touke (Ry —» ) Gyaer

u, = ml:l . (N16

Torna momHas OHEPIUA YaCTHULBI 3aITUIICTCA

2
Efoo:Ec+Uoo:rnlD +rnlIul:S<rnl.
2 R 2
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OTcrona noimydaem
2E;,,

Sc=——, (n17

m

T.€. MHTETpaJl JBW)KCHMS YacCTULBI S SBISIETCS yIBOCHHOM yJENbHOW dHEpruei
YacTHIBI 110 OTHOLICHUIO K OECKOHEYHO YAaJEeHHOM TOYKe. DTa BEJMYUHA, KaK U
MOJIHASI SHEPIHsl YACTHUIIBI OCTAETCsS HEM3MEHHOW BO Bpemsi IBHKeHus. B ciyuae
CHJI BO3JICHCTBUS, 3aBUCAIINX OT CKOPOCTH coriacuo (4.58),mapamerp mBrxeHus
S, onpezensieMsit cootHoteHneM (7.8), He MOXKET ObITh BBIPaXKEH Yepes SHEPTHI0
B Buae (7.17).Tem He MeHee 10 (YU3UYECKOMY CMBICITY IJISL HETO MOYHO IPOBO-
JIUTH QHAJIOTHIO C TApaMETPOM S,

B psine ciyyaeB BO3[EHCTBHE Ha 3apsHKEHHOE TEJI0 MOXHO OINHUCATh C MOMO-
LIBIO CHJIBI, HE 3aBUCAIICH OT ero CKOpOCTH B paccMmartpuBaemoi touke [54]. C
9TOM Lenblo UccielyeM Bo3zeicTBre TouedHoro Tena. CozgaBaeMoe UM ycKope-
HHE 3apsDKEHHOI YacTHIbI ONHChIBaeTCs BhipakeHueM (4.61). B pesymbraTe ero
peuieHust OblTa OmpeneseHa paguanbHas ckopocTh dactuusl (4.80) u TpaHcBep-
canpHast vy = h/R B 3aBUCHMOCTH OT €€ PAaCCTOSHUS 1O BO3JACHCTBYIOLIETO Tela U
CKOPOCTH B HavanbHO# Touke. [Ipomuddepentmpyem (4.80) o BpemeHu u, ydu-
teiBast, uro dR/dt = v, moayunm

do, _d’R_h? . 4RO-/7) 244 1 1

o2 _
dtdt® R®OR-(e)) | [RE-(hie)?  JRE-(hicy)?

Tornma paguaiapHOE YCKOPEHHE B MOJIIPHOI CHCTEME KOOPIUHAT 3aIUIICTCS

i cR(PR_o o). mU-BHR 244 1 _ 1
WT_R dt2 W= 2_(h2 /)32 T o2 > 2 > il
t (R?=(h?/cf)) o (YRZ=(hic)? Ry -(hicy)
(7.18)
a TPaHCBEPCAIBHOE B CBS3MU ¢ TeM, uto R = h , Gymer
_Ld(eR?) _
dt '

CrieqioBaTeNbHO, MOJHOE YCKOPEHHE YACTHIBl HAMPABJICHO MO PAJAUYCY, BBIXOJIS-
[IeMy U3 MPUTACHBAIOIIETO IIEHTPa, U paBHO W = W, . YMHoxas (7.18) Ha maccy

YaCTULEI My, IOJYYHUM HOBOC BRIPAXKCHHUE IJIS1 CUJIbI B BUJC

— 32\R
F= M- FoR o 02 t 1 . (7.19)
(R*-(h?/cf)) & {JR-(n?1c?) Ry -(h?/cd)
Cootromtenne (7.19)npeacrasiseT co00i CUITy BO3AEHCTBHS TOUEIHOTO TEIA

C 3aps7oM (p Ha JPyroe TOUEHHOE TEJO € 3apsaoM (; U Maccoil My, KOTOpoe JBU-
JKETCsI OTHOCHTEIILHO MEPBOr0 W HA KAKOM-TO Ha4ajbHOM pacCTOsHUU Ry OT Hero
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HMEET MOJIHYIO CKOPOCTh vg = [C1 ¥ MEPIEHANKYIAPHYIO K Ry TpaHCBEpCATBHYIO
CKOPOCTB, paBHy0 v; = h/R,.

B Boipakenue (7.19)BXOAUT ML HAYAIbHAS CKOPOCTH ABMIKEHHS YaCTUIIBI,
KOTOpas ABJSETCHA MOCTOAHHON. [T09TOMY JAHHOE BBIPAKEHHE MOXKHO CUUTATh
3aBHCSIIUM JIMIIb OT PACCTOsIHMA. Kak U BCAKMM CHilaM, 3aBUCALIMM OT PaccTos-
nus, cuite (7.19) momkHa cOOTBETCTBOBATH MOTEHIMAILHAS SHEPTUS B COOTHOIIIE-
HHMH

F =-gradU . .20)

U neiictButensHo, onepauus (-grad) ot Beipaxenus (7.3) s MOTCHUHATBHOM
9HEPIUH YaCTUIIBI IPUBOIUT K cooTHOMICHHIO (7.19)mst cuibl.

Cuna B Buge (7.19)o6neryaer 3amauy pacyera JABHKEHHI TeM, YTO PEIICHUE
CIOXKHBIX Au(PepeHINaTbHBIX YPABHEHUN 3aMeHseTCsl HHTerpupoBanueM. OnHa-
Ko B BoipakeHue (7.19)BX0OOUT KHHEMATHYCCKUH MOMEHT ABHIKYIIEHCS 4aCTHIIBI
h = R =const,koTopslii ©MeeT OTHOIICHHE TOJIBKO K B3aHMOJACHCTBHIO ABYX TO-
4euHbIX Tel. Ilpu Bo3aeiicTBUH APYrux 0OBEKTOB HEOOXOAMMO paccMaTpuBath h
K KaXIOMy JIEMEHTY Takoro oobekra. Tak Kak mpu yrie ¢ Mexay v U R Tpanc-

BepcallbHasl CKOPOCTh v; = v [$in(@) = u|[6 X §]|/ R, TO

R?-(h?/c?)=R?-[BxR]?. (7.21)
C yuerom (7.21)Beipaxkenne mjist cuisl (7.19)cTanoBuTcs 00lice yHUBEPCATIBHBIM:
— R2\R
Fo AMAZBIR o p2h CR— L | (722
R? - [ Bx R G (VR -1BxR2 R2-[BxR)

OJHAKO OHO 3aBUCHUT OT CKOPOCTU ABUKCHUSA YaCTULIBI.

7.3.METO/I CYMMHWPOBAHHUS CKOPOCTEMR

PaccMoTpuM MeTOJ pacueTa CKOPOCTH JBHXKEHUSI YACTHIIBI, TPU KOTOPOM HE
OyneT ucnonb30Bathest cuia. OH MO3BOJSIET PU M3BECTHOM BBIPKEHHH JIJISL CKO-
POCTH, KOTOPYIO OJJHO TOUEHHOE TEJI0 B pe3yjIbTaTe BO3/CHCTBUS cooOIaeT Apy-
roMY, OIPENIeNINTh CKOPOCTh Tella, COO0IIaeMyI0 eMy JI00bIM YCTPOHCTBOM C aHa-
JIOTUYHBIM XapakTepOM BO3JCHCTBHSA. DTOT METOJ MPOJEMOHCTPUPYEM Ha IpH-
Mepe B3aUMOJEHCTBUS JBYX 3apsbKeHHBIX Tell. CornacHo BelpaxkenusM (4.14)u
(7.2), uenTpanpHOEe TENO COOOMIAET APYrOMY TOYEYHOMY Ty C Maccod My u
JNEKTPUUECKUM 3aPSAI0M )y CKOPOCTh, KOTOPAst OMMUCHIBAETCS BBIPAXKEHUEM

1 1

- (7.23)
JR=(021c2)  R2-(h?/c?)

v =c? ~(c? - of) exp
G

Ecnu 0003Ha4nTh
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=24 1 , (7.24)
¢t JR2-(h?/c?)
TO BECIIMYUHA CKOPOCTH 6y,£[eT BBIPAXAaTbCA COOTHOMICHHUEM
=c = (cf —v5)exp-4) . (7.25)
qTO6BI BCJIIMYHWHA )\ HC 3aBHUCECIa OT KHHEMAaTHUYCCKOI'O MOMCHTA h, HCIIOJIB3YyEM
3ameny (7.21)

P N S— (7.26)
o R -[BxRP?

Beipaxenune (7.25) ompemensieT CKOPOCTh IBHKEHUS YaCTHIBI B 3aBUCUMOCTH OT
PasHOCTH 3HaueHWi (GYHKIMH A B KOHEYHON M HAYAILHOM TOYKAX TPACKTOPHH.
[o-BUANMOMY, €CJIM PACCUNUTATh BEINYUHBI A, CO3IaBacMble TPOM3BOJIBHBEIM Te-
JIOM, TO ¢ TOMOIIBIO (7.25)MOXKHO HAMTH, KAKYIO CKOPOCTH OHO COOOIUT YACTHIIE
TIPH TIEPEMETIICHUN U3 OJHON TOYKH B IPYTYIO.

B kauecTBe TprMepa pacCUMTaeM CKOPOCTH 3apsKEHHOW YacTHILBI, HA KOTO-
PYIO BO3IEHCTBYET MPSMOYrOJIbHas 3apshKeHHas TuiacThHa. Bennuuny A, cornac-
HO BhIpakeHuto (7.26), U DJIEMEHTAPHOTO y4acTKa IUIACTHHKH ¢ 3apsgoM ddp
MOYHO 3aMUcaTh TaK:

dr=—2 do. (7.27)
£cimy \[R? [ xR

rae R — paccrosaue ot sneMenra ¢ 3apsagaoM dg, 10 YaCTHIIBI C 3apsAaoM (;, CKO-
POCTH KOTOPO# MBI BEIYHCISIEM. 37€Ch PACCMATPUBACTCS JIBIDKCHHE YACTHIBI C
Maccoi My OTHOCHUTENBHO ITACTUHBI MacCOM M, , Mo3TOMy My << IMp. BeiGupaem
OCH KOOPJMHAT TaKUM XK€ 00pasoM, KakK NpPH BBIYKMCIEHMH BhIpaxkeHuii (6.28)-
(6.30) s cuit (cm. puc. 6.1): Hauao KOOPAMHAT B LEHTPE IUIACTHHEI, OCh X IIEP-
MCHANKYJISIPHA €if, a OCTAIBHbIE TTApaMETPBI 0003HAYNM:

n=y-%; {(=z-2%; yS ; % — KOOP/UHATBI SIEMEHTA IUIACTHHEI do; ; X, y, z—
KOOPIHMHATHI YacTUIbl Oy ; R= X+ j7+ k(

3apsia snemenTa miactudbl dd; = 0 dndd, roe (-d7) u (-d{) — snemenTs
[UIOIIA/AN B HANPABJICHUU OCEH Y M Z COOTBETCTBEHHO; O = (O, /4ab — noBepxHOCT-
Has IUIOTHOCTH 3apsiia IUIacTHHbL. Toraga BenuuuHa A, co3qaBacMast Bl miacTu-
HOMH, OyneT paBHa

_2q0 TP dpdd

gclzrnl n=y+b{=z-a4/ R? —[BX Ii]2 .

IMocme pacKpwITHS 3HAMEHATEISI WHTETPAIBHBIN COMHOXHUTENb B (7.28) mpumer
BUJI

(7.28)
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I—J.dZJ. a7

Sa yra yxx + Y202 + 2B, B, + 2B, ( Byx+ B, W1+ yin?

Wurerpan 1mo N seisercs TaOIMYHBIM MHTErpanoM. Ilocie mpeoOpa3oBaHuil u
mojcTaHoBKU B (7.28)umeem

/\=2q—1”j|n[A+ BZ+x/C+ZZ}dZ

ectmy,y,

n=y-a
, (7.29)
n=y+a

rae

[ +Pe (ﬁxx+ﬁyn)}yz,
Vz

2
C =y +yin® +2BB,xn - {ﬁ z (/&XHM)} :

% A
By B,
VY

Wurerpan mo z, Bxosimuii B (7.29),mociie HHTErPUPOBAHHS TI0 9aCTSM CBO-
nutes k uaterpany (6.19).I1ocne BeIMONHEHNS TPe0Opa3oBaHmii pELIEHHE €ro

3aIIUIICTCS B BUIC
A 1In[z +\/C+Zz}

jln[A+ Bz+x/c+zz}dz =-
+Z|n[A+ BZ+\/C+ZZ}— BA2 In[A+ BZ+\/C+ZZ}+ (7.30)

, VC(1-B*)-A? CB-AZ AB+(B?-1)Z

) arctg arctg
1-B Jc(1-B2)-A%YC+2? Jc(1-B2)-A?

e yy{ ,Bxﬂy ﬁyﬂz(ﬂxwﬁya)}

B=

Iocie moacranoBku 3Hauenus uaterpana (7.30)8 (7.29)u 3aMeHbI IEPEMEHHBIX
MOJTyYaeM ClIeYIoIIee BhpaXkenue s A:

= | ,
ec?m (- B2) v, n(yzRv +XB B, + 1By B, +(yz)+

_ 2
+ Xﬂxﬂz +Z(1 BX) ln(nyv + Xﬁx:By +/7y)2/ +Zﬁyﬁz)+ (731)

20,0 [xﬂxﬂy +n- B2

y
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X2By B, = x1By B, =N~ BF)~XB, By
+ X arctg R ,
1]

rae R :\IRZ—[BX RI? .

Boipaxxenusivmu (7.25) u (7.31) onpepensercss CKOPOCTh 3apsKEHHOM YacTH-
b, HA KOTOPYIO OKa3bIBacT BO3JEHCTBUE 3apshKeHHas IuiactuHa. [lpu sToMm Ag
paccuuthiBaetcest o (7.31)B HaUaIBHOM TOYKE Xo, Yo, Zo ¥ TIPH HAYAIBHOM CKOPO-
CTH Dy, Uy, 0. ONHAKO 371€Ch UMeEeTCsl sl TPYIHOCTEH. Bo-TIepBBIX, BRIPaXKCHH-
em (7.25)ompezensercs: TOIBKO MO CKOPOCTH B TOUKE X, Y, Z a HalpaBJIcHHUE
CKOPOCTH HEHM3BECTHO. BO-BTOpBIX, cooTHOmEHHEM (7.25)CKOpOCTh BhIpaKaeTcs
HE B SIBHOM BHJIE, TIOCKOJIBKY BXOJISIIAs B MPABYIO 4acTh BelMIWHA A cama 3aBH-
CHT OT CKOPOCTH B TOUKe X, Y, Zkak 310 BuaHo u3 (7.31).Kpome Toro, Tpebyercs
3HaHHUE KOMIIOHEHT CKOPOCTH, KOTOPBIC HEU3BECTHBI. VITak, B 00IEM Cyyae 3TUM
METOJIOM CKOPOCTh YACTHIIBI HE ONPEACIIACTCSL.

PaccMOTpHM YacTHBIN Citydail JABMXKEHHS YaCTHIBI [IEPICHIUKYISAPHO IUIa-
CTHHE BJIONb OCH X. Y =Z= & = 3, = Ou = B IIpu Takux ycloBUsX mapamerTp A,
cornacHo (7.31),mocie moACTaHOBKH MIPEAETIOB 10 /7 U { TPHUMET BH]

J=__ 8o «arct ab(l- ,3)
ecim (1~ %) TR

bJ JRooall-f ai-gt Rob-gT |
Rv+aJ1 g 2 Rv+b\/1 B’

te R, =% +(1- f7)(@Z +1b?) .

Ipy Mayoi CKOPOCTH IBMXKEHHS I TIPH C; — ©0, KaK HETPYAHO yOEIUThCH,
cootHotrenus s ckopoctr (7.25) u (7.32) naror Beipakenue (6.36), koTopoe
MOJNYYEHO B pPEe3yJbTaTe pEIIeHUs AU(P(PEpEeHINaTbHOTO YPaBHEHHS IBIKCHHS
gacTuip! (6.34)npu BO3AEHCTBIN Ha Hee TUIACTHHBI IPU MaJIoi CKOPOCTH JBHKE-
Hus gactuibl. [Ipu Gonbmux ckopoctsax S — 1 mpenen Beipaxenus (7.32) maet
A= 2q1q2

200 [,2

gcrmv X
SBJISIETCS pelleHneM ypaBHenus nsuxenus (6.34)mpu S — 1. Takum oGpasom,
coortnoutenus (7.25)u (7.32) —pewenus ypaBHenus (6.34)B nByX mpelenbHBIX
ciydasx. OTcroa MOXHO IIPEANoJaraTh, 4To oHu OyayT pemenusmu (6.34)u npu

APYTUX 3HAYCHUAX ,8 PaCCMOTpeHHI)IM METOAOM DPCHICHUC IMOJTYYCHO HE B IBHOM
BHJIC. HCKOMas BCIUMYHMHA — CKOPOCTh 0 — BXOAMT B JICBYIO U IIPaByI 4aCTHU COOT-

Toraa cootHowmenue (7.25) npeBparuaercs B (6.41), koTopoe
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nomenus (7.25). TeM He MeHee IPYrdM METOIOM pelnuth ypaBHeHue (6.34) ne
NPEICTABIAETCA BO3MOKHBIM.

PaccMOTpHUM Teneph HEKOTOPBIE HOBBIE pe3yibTarhl. [IyCTh YacTULA JIBHIKET-
cs u3 OeckoneuHocTH (Xg — ) K mmactude (X — 0). Torma M3 COOTHOIIEHHS
(7.32)mpu X = X cienyer, uto  lim A= 0. IpenensHbiii mepexon npu X — 0 st

Xpg —» ©
A HEOBXOIMMO paccMaTpUBATh TPU ycioBud, 4to X < (1-8%)(a?+b?), 1.e. oH, BO3-
MOKHO, OyzeT HecnipaBeaauB npu S — 1. Torma u3 (7.32)nonyyaem

. 00, va’+b’-a . Na’+b’-b
limA=- bin aln
x=0 ‘scfmlab\/l—[?2 Va2 +b2+a Va?+b? +b

(7.33)

s kBagpaTHO# mactussl (@ = b) ¢ yuerom (7.33) BeIpaxkeHHe st CKOPO-
CTH YacTuilbl, coriacHo (7.31),3anumrercs

20,0, @3+ 22)
57“1013\/1 ,3

=cf - (cf —vf) exp (7.34)

[pu nputsokenun ud, < 0, mostomy mpu S — 1 BTOpoe cnaraeMoe CTPeMHUTCS K

HYJIIO, T.€ 0?2 o C12 . BBesiem 0003HaueHHE IS TapaMeTpa B3aUMOICHCTBUS

Zoaqzln(3+ 2\/_)
,scl ma

B, =- (7.35)

Torma npuBeneHHas CKOPOCTH YaCTHILBI, ABIKYLICHCS K IUIACTUHE M3 OECKOHEY-
HOCTH, B COOTBETCTBUH C (7.34)MOXKeT OBbITh 3alMCaHa B BUIC

B2 =1- (1- BZ)exy ———22— . (7.36)

J1- B2

B 51X 0603HaYE€HUAX I KYJIOHOBCKOTO B3aMMOIEHCTBHS, KaK BHITEKAET U3
(6.36)mpu Xg - © 1 X — 0, CKOpPOCTh YaCTHIIBI Y TUIACTHHBI OYAET
B°= B +Bi, 7.37)
T.€. OTCIOJIA CIIEAYET elle OAuH (pU3nUeCcKuii cMbIc: By — 910 KBajgpaT mpupane-
HUs TPUBEIACHHONW CKOPOCTH YACTHUIBI NPH KYJOHOBCKOM B3aMMoJeHcTBHH. M3

(7.37) Bugno, uro npu [y = 0 Benuuuna [ =,/B; . 3Hauur npu B; = 1 gacrua,

JBIKYLIAsicS M3 OECKOHEYHOCTH C HAYaIbHOW HYJIEBOI CKOPOCTBIO, MPH MPUOIH-
JKEHHH K TIIACTHHE TPHOOPETET CBETOBYIO CKOPOCTh.

Kpome HesiBHOTO BBIpaxkeHus (7.36) 171t BO3NCHCTBUSL 3apsKEHHOMN MIACTHHEBI
Ha 4acTHIly OBbLIO IOJy4eHo acumnroruueckoe pemenune (6.39)mpu S —» 1. Bol-
paxenue (6.39)umeer ocobeHHOCTH PU X = 0 1 AaeT CBETOBYIO CKOPOCTh YaCTHU-
LBl P KACAHUH €€ C IUIACTHHO MU JF000M 3apsae O, MIACTHHBI. DTO CBS3aHO C
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0COBEHHOCTSIMH IPEIENbHOr0 mepexoaa ciaraemoro XJ/(1-£) npu ogHOBpeMeH-
HOM crpemieHnu X —» 1w - 1. Yro0bl COMOCTABUTH PE3YJIbTATHl YPABHEHHUS
(7.36) ¢ pesynbraramu (6.39), pacCMOTPUM B TIOCIEHEM CIyYae IBUKCHHE dac-
THIBI 13 OECKOHEYHOCTH 10 PACCTOSTHUSI

a
X, =———=0567a. (7.38)
® In@+2v2)
Torpma, cormacHo (6.39),c¢ yuerom (7.35) 0 DOCTHIKEHHH PACCTOSHUS Xg NPUBE-
JIEHHAsi CKOPOCTb YaCTHUIIbI 3AIMILETCS B BUIE

B =1-(1- B2 Jexd-B,). (7.39)

Ha puc. 7.1g mpencraBieHbl pe3yibTaThl pemieHus ypaBHenus (7.36) mpu
Pa3HBIX 3HAYECHUSX IPUBEACHHON CKOPOCTH. BHIHO, YTO ¢ yBeIMYeHHEM Hadallb-
HO#M cKOpoCTH [ O/iHA U Ta JKe BEJIMYMHA Mapamerpa B3auMo/eicTBus By npuso-
JUT K yMEHBIIAIIUMCS npupauieHusM ckopoctu. [lpu S = 1 rpaduk npencras-
JIeH TOPU30HTAIBHON MPSAMOIA, T.€. CKOPOCTh YaCTHIIBI HE YBEJIIMYMBACTCS.

Bce kpuBbie Ha puc. 7.1q He noBeneHs! 10 3HaueHus = 1.B obnactu ot He-
Kotoporo 3HaueHust [ no B = 1 peuienus ypaBHeHus (7.36)MMe0T 0COOCHHOCTH:
MOJKET OBITh HECKONBKO PELICHUH WIIM HX BOBCE MOXET He ObITb. OIHAKO BCe
KpuBbIe UMEIOT obuiee petrerne S = 1npu B; = 1. To ecth np 3TOM 3HAYCHUH
rapaMerpa B3aMMOJCHCTBHS YacTHIbI, JOCTHUIHYBIIME IUIACTHHBI, OyIyT HUMETb
CBETOBYIO CKOPOCTb.

Ha puc. 7.1/ noka3aHbl CKOPOCTH YacTHIIbI, IPHOJIM3UBILIEHCS U3 OecKoHeu-
HOCTH K IUIACTHHE Ha PAcCTOSIHHUE Xo. CKOPOCTH paccuuTtansl o gopmyie (7.39)s
3aBHCHMOCTH OT IIapaMeTpa B3auMOAeHCTBHs B, nipu pasusix . ITo cpaBHEHHIO ¢
puc. 7.1g 3nech mpupamieHusi CKOPOCTH MEHbLIE NP TeX ke BeauduHax Bj, a
CBETOBAas CKOPOCTh AOCTHIraeTcs npu By — oo, Cirexyer OTMETUTE, YTO CKOPOCTH B
TOYKE X4 MOTYT OBITh BHIYMCIICHBI TAK)KE TIEPBBIM METOJIOM, HO JUIsl 3TOTO HEOOXO-
JIMMO BOCIIOJIB30BaThCs 6oJIee CI0KHBIM BhipaskeHueM (7.32)wis A.

Mbl paccudTany CKOPOCTh YACTHLBI MPH BO3ICUCTBUH OMHOHW IUIACTHHBI.
CruagpiBasi BeINYUHBI A, MOXXHO HAaWTH CKOPOCTh M IIPH BO3ICHCTBHH JFOGOTO
ypcna miactiH. Tak, B ciiydae JBYX IJIACTHH, PACIIONOKEHHBIX Ha paccTosHuu 2d
JpyT OT Apyra (cM. puc. 6.2),BbIpaKeHue sl CKOPOCTH YaCTUIIbI OyaeT

a 6 Puc. 7.1. Ilpusenen-

B B HBIE CKOPOCTH 4acTH-
L 0/8/% 1 0.8 __,_1.———-: Lbl, IBIXKYILEHCA U3

0.8 ?’ v 0.8 0.6 — OCCKOHEUHOCTH c
).;/ 2.9 : // / pa3sHBIMM HadaJIbHbI-

0.6 7 * 0.6\5~ / MU cKopocTaMH [
0.4 A0 0.4 L HZ 0 (maubr Ha rp?q)HKax)
/ M HaXOAALIEHCA IOx
0.2 0.2 0.2 BO3IIeﬁETBHeM 3aps-
JKCHHOH TUTACTHHBI. d

— pe3yabTaThl periie-

0 02040608 B ° 020406 08 B 129

Hust ypaBHeHus (7.36) Ipu KacaHHM ILUIACTHHBI, 6 — acuMIToTHYecKoe peurenue (7.39) mpu
MPUOITIDKEHAH K IUIACTHHE Ha paccTostHue Xy = 0.56 A

v? =cf - (c? —vd) exgA(x+d) = A(x = d) = A g%, +d) + A o(xg —d)] . (7.40)

3/1eCh IIEHTP KOOPAUHAT PACIIONIOKEH B IEHTPE KOHIEHCATOPA, OCh X — [IEPIICH/IH-
KyJIIDHO IUIACTHHAM, a BenuuuHa A ompezensercs u3 Boipaxenus (7.31) wiau
(7.32)moacranoBkoii X £ d 1 Xg£ d BMECTO X M Xg, COOTBETCTBEHHO.

PaccMOTpUM YaCTHBIN CiTyyai JIBHXKEHHS YaCTHIBI B TAKOM IUIOCKOM TIPSIMO-
YrOJBHOM KOHJIEHCATOpE, KOr[a YaCTHIA JBHKETCS BJOJIb OCH OT OJHOMU ILIACTH-
Hbl (Xo = -d) c¢ 3apsimom Qp k apyroit (X = d) ¢ 3apsimom (-p). Toraa ¢ yderom
(7.32) Beipakenue (7.40)npuHUMAET BUJI

v?=cf - (cf —vd)exdA(2d) - 10)]. (7.42)

rae A(2d) onpenensiercs u3 (7.32)mpu X = 2d, a A(0) —mpu x=0.
Tak KaKk paccTOsIHHE MKy TUIACTHHAMH KOHIeHcaTopa 20 3HAYNTEIFHO MEHbIIIE
€ro pasmepos, To Beipaxkenue (7.41),coBmectro ¢ (7.32), ynpocTuTCs mpu ycT-

pemnennn 2d /4/ (L- £?)(@® +b?) — Ou npumer Buz

2quu

- (7.42)
cfm, (- %)

0=l (e ~od)ex

rae U = 477(2d) of € — pa3HOCTh NOTEHIHATIOB MEXKIY IUIACTHHAMU KOHJIEHCATOPA.
Ipu U - oo u3 (7.42)cnenyer v — C1. To ecTh Jaxke IPH OUYEHb GOJIBIIOM HATIPS-
JKEHMH Ha IUIACTUHAX KOHJEHCATOPa CKOPOCTh YCKOPEHHBIX YACTHI[ HE MPEB30M-
JIET CBETOBYIO CKOPOCTh. IIpH MallbIX CKOPOCTSX, T.€. IpH C; — o ~ u3 (7.42)BbI-
TEKAET U3BECTHOE B (PU3UKE COOTHOLIEHHE

2 2
Mo MY 4 qu, (7.43)

2 2
U3 (7.43) crenyer, 4To mepBOHauanbHAs KHHETHUecKas sHeprus (E = mu’y/2)
YaCTHIIbI (; TTOCIE MPOXOXKICHUS S0 YCKOPSIIOLIETo MOTeHIMaia U Bo3pacTaeT Ha
BennunHy g;U. Ha ocnoBanuu (7.43)B (Qu3KKe BBEIEHA €IUHUIA YHEPTHH YaCTHII
— 9JIeKTPOH-BOJIGT. OHA paBHA YHEPTUH YACTHIBI C 3aPSIOM IJIEKTPOHA, PABHBIM €,
KOTOPYIO OHa HPHOOpETET MpU MPOXOXKICHUH PAa3HOCTH MoTeHnuanos U = 1B.
Tak, npu U = 10°B 51y sHepruio Hasssaor 1 MaB, mpu u = 10°B = 1T5B.

Ho B geiicTBuTenbHOCTH, Kak BUAHO u3 (7.43), IpH YCKOPEHHUH 3apsDKEHHAsS
YacTUIda MPHOOPETaeT YHEPrHi0 €U TOJBKO MPU Maloi cKopocTH yacTuipl. C
YBEJINYCHHUEM CKOPOCTH MPHOOpeTaeMasi SHEPTus B KOHICHCATOPE YMEHBIIACTCSL.
B pesynbTaTe YCKOpEHUs TaKOW YaCTHUIIBI, KaK JJIEKTPOH, €r0 YHEPrus He MPEeBbI-
cuT Mc?/2=0.256M5B (m.= 9.10810°%r, ¢ = 310Pm/cex, 1B = 1.60210 k)
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[pU HANPSDKEHWH HA IDIacTHHAX U — oo, [103TOMY MpUOKMCHIBAEMbBIE YACTHIIC
sHepruu B 1 MaB, B 1 3B u T.1. sBIst0TCS QUKTHBHBIMHU.

3anuiieM BbIpaxeHue st A B ciiyuae BO3JIEHCTBHSI 3apsHKEHHOTO OTpE3Ka,
HAMpPaBJICHHOTO BI0JL ocH Z (cM. puc. 6.3).Tlyrem mpeaenproro nepexoga b — 0
u3 Beipaxkenus (7.31)momyyaem

{=z-a
2
Az_zqilQ |n(yZR\,+xﬁxﬁz+yﬁyﬁz+ny ) (7.44)
RIS .

s Beipaskenus (7.44)crpaBeyIuBbl BCE BHIBObI, KOTOPBIE OBUIU IIPUBEIEHBI
Jutst BeIpakerus (7.31).

7.4PACYET ABUKEHUSI YACTHUL B YCKOPUTEJIAX

B GOJIBIIMHCTBE COBPEMEHHBIX YCKOPUTENEH YCKOPEHHE 3aPKEHHBIX YaCTHUIL
OCYIECTBIIAETCS BO3JAEHCTBMEM Ha HHMX 3apsUKEHHBIX Tell. IIpu 3TOM yCcTpoHCTBO
CO3/1a€TCSl TAKUM, Y4TOOBI YCKOPSAOMIAsh CHia Oblia HANpaBjeHa BIOJb CKOPOCTH
YacTUIbl. B ciiydae BO3IEHCTBHS TOYEYHOTO 00BEKTA ¢ MACCO My >> My yCKope-
HHE B COOTBETCTBHH ¢ BeIpaxkenreM (4.58)u 3akoHom Herotona (2.4)Oyner

1_ 2
W:CI1CI2( f )C' (7)45
£myx
IZie X — pacCTosHUE OT 00beKTa A0 YacTuibl. Pemas quddepenuuansHoe ypaBHe-
uue (7.45),1n0my4nM BbIpaXXeHHe Ul CKOPOCTU YaCTULIbL

v?=c? - (c? —vé)expzil2 9 _ % (7.46)
m,Cy EX  &EXy
B 3aBUCHUMOCTH OT PACCTOAHUA OT 06’BCKT3, €CJIM Ha HAa4YaJIbHOM pPAaCCTOSAHHUH Xo
JacTulia umejia CKOpPOCTh Ug. BXO,HSIHIaﬂ B OTO BBIPAXKCHHUEC BCIMYMHA q2/éX = V
OpeacTaBIdCT 3ﬂ€KTpI/IquKI/[ﬁ IIOTCHIIKMAJI KOHeqHOﬁ TOYKH, a qzla(o = VO — I10-
TEHIHAJI Ha4YaJILHOM. TOF,Z[a Pa3HOCTH MOTCHIIMAJIOB 3THUX JIBYX TOYCK MOXKHO 3a-
IINUCaThb

U=V-Vy=2_%

X EXg
U BBIpaskeHHeE U CKOPOCTH IIPUMET BH
2q,U
v?=cf ~(cf ~v)exp—15. (7.47)
m;Cy

B 910 BEIpakeHHE BXOIWT JIMIIb PA3HOCTh NOTCHIIMAIOB BO3ICHCTBYIOIIETO 00b-
eKTa, KOTOPYIO HPOXOIUT YacTHIA. B cilydae He TOYEUHBIX BO3JIECHCTBYIOIINX
00BEKTOB C MOMOLIBIO BhIpakeHUs (7.47) MOKHO TakXkKe OMPEICTUTh MpUodpe-
TEHHYIO0 CKOPOCTh YacTHIIBI 110 pa3HOCTH NoTeHIHanoB U, KOTopyto oHa IPOHAET.
Kak nokasbpIBaloT pacueThl, BBIYUCICHHAS! TaK CKOPOCTh HE3HAYMTENLHO OTJIMYa-
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eTcsi OT TOH, KOTOPYIO TOJIyYHSIH Obl ONPEENICHUEM CHJIBI OT 3TOro OOBEKTa.
CrenosarenbHo, BoipaxkeHue (7.47) ¢ JOCTATOYHOM TOYHOCTBIO MOYKHO IIPHME-
HSATD ISl pacdyera BO3/ICHCTBUSI HA YaCTHILy JTII0OBbIX 0OBEKTOB.

PaccmoTpuMm HekoTopbie ocobeHHOCTH Bbipaxkenus (7.47).B cinyuae mputs-
sxerust O Benmmyraa U < 0.1Ipu U — 00 CKOPOCTh YaCTHIBI 0 — Cp, T.€. KAKYIO OBI
0O0MBIIYI0 pa3HOCTh MOTeHIMANOB U yacTuiia He mpoiuia, CKOPOCTh €¢ BCe PABHO
He OyneT Oosblie C;. DHEPrUel YaCTHIBI MOCIEC YCKOPEHUS SBISCTCS €€ KHHCTH-
geckast sneprusi E = E. = m v%/2. Ecii onpeesnTh SHEPrHio YaCTUIIBI KaK [POM3-
BEJICHHUE €€ 3apsaa ( Ha MPOHACHHY pa3HoCTh noTeHnuanoB U, T.e. B = qU, T0O
9Ta BEJIMYUHA HE COOTBETCTBYET JCHCTBUTEIHHON 3HEprum 4yacTuilpl. Hampumep,
npu OeCKOHEYHO 00JbIION pasHocTH noTeHuanoB (U — ), sHeprus 4acTHIpl,
cormacHo (7.47), e Oymer OECKOHEUYHOH, a JHMINb MPUOIH3UTCS K BEIUYUHE
E-mag?/2.

Jlns snextpona BenuumHa M v%/2 pasra 0.256M»sB. Tak Kak 5/IEKTPOH B Cy-
LIECTBYIOIINX YCKOPUTENISAX HE CMOXET MPUOOpPECcTH CKOpOCTH Oofbliei C, TO U
SHEPrHI0 M 07/2 OH He CMOXKET MPEeBHICHTH. [TOCKOIBKY MPHUCBAMBAEMAS HTEKTPO-
Hy sHeprus B 1 MaB, 100 MaB, 1 I'3B xapakTepusyer JMIlb CyMMY Pa3HOCTEH
MOTEHIINAJIOB 106, 103, 10 B, cooTBeTcTBEHHO, KOTOPYIO MPOIUIA YacTHIA, B
JabHEWeM OyneM Ha3bIBaTh €€, B OTIWYNE OT NCHCTBUTEIBHON dHEPTHH, PEIIsi-
TUBUCTCKOH.

Bropast oco6eHHOCTh BhipaxkeHust (7.47) 3aKI04aeTcss B TOM, YTO YaCTHIIA,
MPOXOAS OJHY M Ty )K€ PAa3HOCTh MOTEHIMANIOB, OYJET MOoJiydyaTh pa3HOE MpHpa-
[ICHUE CKOPOCTH, a TAKXKE MPHUpAIICHUC dHCPrUH. BeanyuHa mpupamieHus 3aBH-
CHUT OT TOTO, C KaKOW HAYaIbHOW CKOPOCTBIO YCKOpsieTcs yactuia. Jlyumre Oyzaer
YCKOPATBCS YacTHIA, KOTJIa €€ HayallbHAas CKOPOCTh PaBHA HYIIO, M COBCEM HE
YCKOpSIETCs, KOrja HadalbHash CKOPOCTh npubimkaercs K C;. Takum oOpaszom,
PEISITUBUCTCKAS SHEPTHsI HE COOTBETCTBYET JEHCTBHUTENILHOM ellie U MOTOMY, 4TO
[IPY Pa3HBIX HAYAIBHBIX CKOPOCTSX YaCTHIA MOJy4YaeT Pa3HbIe MPUPAIICHHS CKO-
poCTH.

Hccnenyem aBukeHWE YacTUIBI MPU BO3JCUCTBMM HA Hee MmarHuTa. Ecnu

CKOPOCTb YACTHIBI ¥ MEpPICHANKY/ISPHA MATHMTHON HampsokeHHocTn H , oHo-
POIHO paclpeeeHHON B IIPOCTPAHCTBE, M HA YaCTHUILYy HE OKa3bIBAIOT BO3IENCT-
BHs JPYTHE TEJNA, TO YACTHLA OYAET ABUraThCs 10 OKPYKHOCTH. JIeHCTBUTENBLHO,
noacrasuB cuiy (6.81)B ypaBuenue (2.4),mojydaeM yCKOPEHUE YaCTHUIIBI

W:ﬂ(]_—lgz)[ﬁxﬁ], (7.48)
m;C

13 KOTOPOTO BHJHO, YTO OHO NMEPHEHIUKYJIIPHO CKOPOCTH M MAarHUTHOHN Hamps-
KEHHOCTH. 3amuueM yckoperue (7.48)B MONApHON cHCTeME KOOPIMHAT B BHIC
JIBYX COCTaBJISIOLINX: TAHT€HIHMAJIbHON B HAIPaBJICHUN CKOPOCTH

1deR) =0, vR=h=const (7.49)
R dt

U paguaibHOM, MEepIEeHIUKYJIIIPHON CKOPOCTH,
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d’R_o® _ pql-B%)H
a2 R mc
B ycranoBuBIIEMCS CiTydae d’R/dt? = 0, u orcrona CIIEYET, YTO JBIKCHHE
YaCTULBI OyET IIPOUCXOAMUTE MO OKPYKHOCTH PAIHyCOM

R=— W (7.51)
HaH (- 57)

3mech 3HaK MUHYC OITyCKaeM, pacCMaTpHBasi MOIYJIH BEIWYHH. Tak KaK CKOPOCTh

JBYKCHUS YaCTHUIIBI IT0 OKPY)KHOCTH €CTh 0 = &R, TO yriioBas CKOPOCTh oOpariie-

HUA 4aCTULIBI BOKPYT OCH, OTCTOHIIIeﬁ OT HEC Ha pacCTOAHUC R, 6yﬂeT

_ 2
w=HIHA=57) (7.52)
m,Cc
Ecnu B (2.4) moncrasuthk cuiny Jlopenna (6.79),To moly4uM yIrioBYK CKOPOCTh
BPAILCHHUS YACTHUILIBI

(7.50)

w = 7.43)
mlc
Kak BugHO u3 (7.52), yrioBasi CKOPOCTb, B OTJIHYHE OT BBIYHCICHHON MO CHIC
f[opeHua, yMeHI)HIaeTCH C yBeﬂI/IquI/IeM CKOpOCTI/I qacTHUUbl U HpI/I JOCTHXKCHUUN
CKOPOCTH PACIIPOCTPAHCHUA IJICKTPOMArHUTHOT O BOSHeﬁCTBHH (ﬁ — 1) CTPEMMUT-
Cia K Hyﬂ}(), T.C. HpI/I KaKOﬁ er,HHO 60.]'1])1]1017[ HaHpﬂ)I(eHHOCTI/I H MAarHuT HC B
COCTOAHUU I/ICKPI/IBI/ITL TpaeKTOpI/I}O YaCTHULIbI.
VYroBas ckopocts (7.52)npencrapieHa B HesIBHOM Buje. Beipaxas [ uepes

CLR/C nu pemaﬂ KBa[[paTHOG ypaBHeHI/Ie, 3alIuuieM yr.]'IOByI() CKOpOCTB JBHUXKCHUA
YacTUlbl 1m0 prrOBOﬁ TpaeKTOpI/II/I B ABHOM BHUJIC.

—1+ 1+ 40w?R? | 2
w= LR 1a (7.54)

200, R? | ¢?

Hcnonp3ys 3HaK IUTFOC, BUAMM, YTO MPU MANbIX 3HAYCHHUAX HATPSKCHHOCTEH
H, a cmemoBarensHO, U ) YTIIOBas CKOPOCTh W= ). IIpu GONBIINX 3HAYCHUSIX

HanpsbKeHHocTel H, 1. e. pu W?R?/c? >> 1, npeneOperas eqUHHLIEN B YNCIIN-
p p L p p

Tene, MojydYaeM, YTO YIJoBas CKOPOCTb CTPEMHTCS K mpeaeny = C/R. B atom
clly4ae CKOPOCTh YacCTHIIBI paBHA CKOpOCTH cBeTa u coracHo (7.51) paguyc op-
OUTHI CTPEMHUTCSI K OSCKOHEYHOCTH, T.€. TPACKTOPHUS YACTHIBI OyIEeT MPSMOJIH-
HENHOM.

Pacronaras ommcaHmeM IBHKEHUS YacTHIIHI, B Cllydae BO3ICUCTBHUS Ha Hee
DJIEKTPOMATHUTHBEIX YCTPOMCTB B Buje (7.47) 1 B cilydae MarHUTHBIX B BHIE
(7.52)unu (7.54)MbI MOXKEM PACCMOTPETH MPOLIECCH B YCKOPHUTENSAX YACTHII.

B BBICOKOBOJIETHOM 3JIEKTPOCTATHYECKOM YCKOPHUTENIE YCKOPECHHE 3apsiKeH-
HBIX YaCTHI] MPOU3BOJNUTCS HAJICKTPU3OBAHHBIMU YACTAMHU YCTaHOBKU. OOBIYHO
HCIIONIB3YETCsI TIOCIIeIOBATENbHBIA PSi/l 3JICKTPO/IOB, IIACTHH C OTBEPCTUAMH WU
TpyOOK, MOTEHIMAN KOTOPBIX MOBBIMIAETCS OT MPEABIAYIIEro K MOCICAYIOMEMY.
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ITpoxomst paccTOSIHUE MEXAY MEPBBIMH JJICKTPOAaMHU, YaCTUIA YCKOPSIETCS MO
neiicTBueM pasHoctH notenimanoB U; mexay Humu. Eciu HavaneHas CKOPOCTh
YaCTHIBI Do, TO IOCIE MPOXOXKIACHUSI BTOPOTO JIEKTPOJa €€ CKOPOCTh, COIIACHO
(7.47),6ynet

2q,U
v, = |2 = (c? —vé)equ%zl . (7.55)
m,Cy

Ilocne OPOXOKACHUA PACCTOAHUA MCIKAY BTOPBIM U TPCTbUM JJICKTPOAOM C pas-
HOCTBIO IIOTCHIIMAJIOB U2 JacTula UMECT CKOPOCTh

20,U
v, = [c? - (c? - v?)exp=i2 . (7.56)
me
Ioxacrasiss v, B (7.56)u3 (7.55),monyuanm
20U
v, = [ = (cf —vd)exp——-, (7.57)
m&

rae u=uU 1+ U2.

Takum 00pa3oM, MBI BHIMM, YTO B BBIPOKEHHE JJISI CKOPOCTH YCKOPSIEMOMU
YaCTHUIBl BXOIWT JIMIIb PA3HOCTh MOTCHIIMATIOB MEXIY HAYaJbHBIM M KOHCUHBIM
JMIEKTPOJAMHU WU CyMMapHOC HANpsDKCHUE, IpOoiieHHOe yacTuiei. Ecnu yacTu-

n
ma mpouaeT N+1 aekTpoa u monHoe HanpspkeHue oyaer U = ZUi , TO €€ CKO-
i=1
pocTh BeIpazutcs coorHomenuem (7.47). [loaromy maxe mociae HPOXOXKICHUS
0CCKOHEYHOTO YHCIIA AIICKTPOJAOB CKOPOCTh YaCTHUIIBI HE MIPEBBICHT BEJIMYHHEI C;.

B mukioTpoHe YacTHIA IBUKETCS MO OKPYKHOCTH HIJIH O APYrOd IUKIIHYE-

CKOW KpHBO# MOJ ACHCTBUEM MAarHUTOB C MEPICHAMKYJISIPHOW K CKOPOCTH Mar-

HUTHOI HanpsokeHHOCTBI0 H . TT0 OKPYKHOCTH PAacIONOKEHBI APl IEKTPOIOB,
IOJ IeHCTBHEM Pa3HOCTH MOTEHIHAIOB KOTOPBIX MPOUCXOAHUT YCKOPEHHE YacTH-
1bl. OOBIYHO B IMKJIOTPOHAX MMEETCS JIBa JISKTPOJA — IyaHTa, IPeICTaBIIsIONNe
co0oit IBe 4acTh pa3pe3aHHOH MO AMAMETPy IWIMHIPHYECKON KOpOOKH ¢ MaJloi
BBICOTOM. YacTHIIBI BPAILAIOTCS BHYTPH yaHTOB M IIPOXOMAT LIETH MEXIY HUMH.
K nmyantaM moIBeJeHO BBICOKOYACTOTHOE HANpsHKEHHWE TakK, YTOOBl B MOMEHT
MPOXOYKACHUSI [IEJIH YaCTHIA YCKopsu1ach. [Ipu da3e ¢ B 3TOT MOMEHT yCKOpEHHE
Oyaer ocylIecTBIAThCS HampspkerueM v = Up, COSp, rae Upy, — aMIUTUTYyJa HATIpsi-
KEHHS.

B takom nuksiorpone aza HanpspKEHUS B IIEIH MEHSETCS ¢ KaXXIbIM 000po-
ToM. C POCTOM CKOPOCTH YAaCTHIBI €€ YIJIOBas CKOpocTh, cornmacHo (7.52),
YMEHBIIAETCsI, MOATOMY NPH KaXKJOM IIOCIIEIYIOIIEM 000pOTEe YacTHIIA 3ama3/Ibl-
BAaeT 110 OTHOLICHUIO K Mpeabplnyel ¢asze HanpspkeHus. 3a N 000pOTOB YacTHIa

n n
TpoeT cyMMapHoe Hampspkenne U = Zu =U mZC05¢i . Koneunas ckopoctb
i=1 i=1
YaCTHUIIbI OMpeenuTcs BoipakenueM (7.47).Tak kak ¢asza pactet, TO 0OBIYHO Ha-
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YHHAIOT YCKOPEHHUE NPU OTPULIATEIbHOM (ase ¢ > — 72, a 3akaHUMBAIOT MMPHU MO-
JOXHUTENbHOU ¢ < 772. KOHeUHYI0 CKOPOCTh YaCTHUIIBI MOXKHO TOYHO OMPEICIHTh,
MPOBOJS ITOCIIENOBATENbHBIE PACUSTHl MOCIE KaXIOTO MPOXOKACHHS YacTHLCH
ey, 3Has Ha4albHYI0 CKOPOCTB Do YacTHIBI BBOAA B YCKOPHUTENIb M HAYaJIbHYIO
a3y @o HampspkeHus, MoxxeM 110 (7.47)HalTH CKOPOCTh 1 YACTHIBI MOCIE TIep-
Boit mienu. Io v; ¢ momomipio (7.53)MOXKHO paccYnuTaTh YrioBYIO CKOPOCTB Yac-
THIB! G TIo pasHOCTH () M IMKIMYECKOH 4acTOTHI HaNpshKeHUs W =27f onpene-
asercs (asa HampspkeHust @, Bo Bropoil mwenu. [o @, u v; CHOBa C HOMOLIBIO
(7.47)HaxoquTcst CKOPOCTH TIOCIIE BTOPOH e, [IponospKas Tak pacueT Jajblile,
MOEM BBIYHCIIUTE KOHEYHYIO CKOPOCTh YaCTHLBL. DTH BBIYUCICHHS yIOOHO Mpo-
BoauTh Ha DBM. OTMeTHM, 9TO B 3TOM MPOIECCE PAANYC TPACKTOPUHU OyaeT u3-
MEHSTBCS, O3TOMY JJIst 00Jiee TOYHOro pacyera Ipolecca YCKOPEHUs! B IIMKJIO-
TPOHE HEOOXOMMO HUCIIOIB30BATh TOUHOE pelieHne ypasHeHus (7.50).

CUHXpOLMKIOTPOH, WM (a30TPOH, OTIMYAETCS OT LUKIOTPOHA TEM, YTO B
HEM MEHSIOT YacTOTy YCKOPSIOLIETO HANpPsDKCHUSI B COOTBETCTBUU C U3MEHEHHEM
yrioBoi ckopoctu yactuipl. C ydetom (7.52) yacTory HEOOXOAUMO H3MEHSTH
TaK:

fole _ HOH g g2y (7.58)

2 2mmc
B cymiecTByrOIUX YCKOPUTESIX BBUAY HEKOHTPOJIUPYEMOTO M3MECHEHHS wWp YC-
KOpEHHE YaCTHIIBI IPOUCXOIHT ¢ KoyiebaHueM (assl.

B muknoTpone u ¢asorpore, kak BuaHo u3 (7.51),C yCKOpEHHEM YaCTHUIIbI
pacrer paanyc TpaekTopuu. B CHHXpOTpOHE u CHHXPO(hA30TPOHE ISt TOTO, YTOOBI
HE CO3/[aBaTh MarHUT Ha BCEM MHTEPBAJC U3MEHEHHsS pajuyca TPACKTOPHUH, MO~
JICPIKUBAIOT PAJUYC TPACKTOPUU MOCTOSIHHBIM. C 3TOW 1eJbI0 HE0OX0IUMO, Kak
BuaHO U3 (7.51),c pocTOM CKOPOCTH YacTHIIbI YBEIMYMBATH MAlHUTHYIO HAIps-
JKCHHOCTBD TI0 3aKOHY

M _ v (7.59)

H=———,
MR, (1- %)
rae R, — pagnyc yckopurens. Ho Tak kak CKOPOCTh 9aCTHIIBI PACTET, a paAnyc ee
TPAEKTOPUU HE U3MEHSICTCS, TO YIIIOBasi CKOPOCTh YACTHIBI HAUMHACT BO3PACTaTh,
a (asza yCKOpSIOUIETro HANpPsDKCHUS YMEHBIIAThCA. UTOOBI M30€kKaTh 3TO B CHH-
Xpo(a30TpoOHE B OTIIMYMH OT CHHXPOTPOHA CIIC MCHSIOT YaCTOTY YCKOPSIOIIECro
HATIPSKCHUS.

W3 mepedncieHHbIX MUKITHYSCKIX YCKOPUTEICH BCe, KpOME MUKIOTPOHA, pa-
00TarOT B MMIYJIBCHOM pEXHME. B JMHEHHOM YCKOpHTENE YCKOPCHHE YacCTHUI]
MIPOU3BOAUTCS M0 MPAMOH JHHWHU. Pa3HOCTh MOTEHIMANIOB HAa TPYOUATHIX AJIEK-
Tponax (mpeidoBbIX TPyOKax) WM B BOJHOBOJE CO3MACTCS DIICKTPOMATHHTHBIM
BBICOKOYACTOTHEIM ToieM. KOHEYHass CKOPOCTh OIpPEnensieTcs BBIPAXKCHUEM
(7.47), rme U mpencraBisieT CyMMapHyKO pasHOCTh IIOTEHIMAJIOB, MPOWIEHHYIO
YacTHUIIEH.
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7.5.PACYET PE3YJIbTATOB OIIBITA BYXEPEPA

[IpsiMble M3MEPEHNS CUIT MEXIY JBIKYIIUMHECS 3apsDKSHHBIMH YaCTHIIAMH He
MpOBOAMINCH. [lo-BuaMMOMY, BIIEpBBIE IO PE3yNIbTaTaM OTKIOHEHUs YacTUIl IpU
BO3JICHCTBMM Ha HUX 3apsDKCHHBIX W HamarHudeHHbIX Ten B 1902r. B. Kaygpwma-
HOM OBUIO YCTAHOBJICHO, YTO OTHOLICHHE 3apsiJia K Macce JABMKYIIEToCs dIIEKTPO-
Ha 3aBHCUT OT €ro CKOPOCTH, T.€. B3aMMOJACHCTBUE MEXKIY IBIKYIIUMHUCS 3apsi-
JKCHHBIMH 00BbEKTaMM OTIM4aeTcst oT 3akoHa Kymona. B nanbHeiinem B Teopuu
OTHOCHUTEJIFHOCTH 3TO TPAKTOBAJIOCH KaK YBEJIMYCHHE MacChl YacTHLBI TPH €e
newkennd. B 1908r. A.I'. Byxepep [86] mpoBein Goiiee TOYHbIE SKCIIEPUMEHTHI 10
BO3JCHCTBHIO Ha JJIEKTPOH 3apsDKCHHBIMH M HAMarHHYEHHBIMH TEJIAMH, B KOTO-
PBIX IOATBEPAMI 3aBHCUMOCTb OTHOIICHHS 3apsia K Macce 3JEeKTpOHa OT ero
CKOPOCTH. DKCIIEPUMEHTHI ObUIN BBIIIOIHEHB! IPH U3MEHEHHH CKOPOCTH 3IIEKTPO-
Ha B OOJBLIOM AManasoHe, B TOM YHCIE IPH CKOPOCTSX, HMPUOIMKAIOMUXCS K
CKOPOCTH CBETa. JTO JaBajio BO3MOXHOCTB IIPOBEPUTH PA3JINYHbIE TEOPETHICCKHE
o0bsicHenust. Ckopee BCero, MOJIyYeHHbIE pe3yIbTaThl LIMPOKO 00CYKIAIUCh, HO
HaM M3BECTHA LB OfHa myOnukauus 1919r. [74].

O6parumcs k onucanuio onbiToB A.I'. byxepepa npodeccopom K.H. Illanomnixu-
koBbIM [74]. KpymuHka pajus, pacmojioXeHHas B LEHTPE IUIOCKOrO KPYrOBOTO
KOHZIEeHcaropa (puc. 7.2),ucmyckana [-1ydd 110 BCEM BO3MOKHBIM HarlpaBJIeHU-
aM. Konnencarop momemancst Mexay IOJIOCAMH MarHuTa ¢ OJHOPOJHOM Mar-

HUTHON HampskeHHOCThI0 H | Haxomsmeiics B muockocTn xoHaencatopa. Cooc-
HO KOHJICHCATOPY 10 HWIMHAPUYECKON MOBEPXHOCTH PACIOJIOKIIACH (DOTOTLIICH-
ka (cM. puc. 7.20). CKBO3b y3KYIO HIETbh KOHJAECHCATOPA MPOXOIUIIH TJIaBHBIM 00-
Pa3oM Te 3JCKTPOHBI, ISl KOTOPHIX B3aMMHO KOMIICHCHPOBAIHCH JJICKTPUICCKOE
JCUCTBHE KOHJEHCATOpa M TMEPIeHIUKYIIIPHOe K HEMY BO3CHCTBHE MarHura.
"KomneHcHpoBaHHBIE 3JIEKTPOHBI" 1O BHIXOJIE M3 KOHIEHCATOPa OKA3bIBAIMCH TIOT
BO3JICHCTBHEM OJIHOTO JIMIIb MarHUTa M OTKJIOHSIMCh UM OT CPEIHEH MJIOCKOCTH

koHgeHcaropa (puc. 7.2¢). 3areMm -

OHHM JOCTHrajgu ¢oTorpaduaecKoin A A A H

IIJICHKH, HaKJICCHHOW Ha BHYTPCHHIOIO ‘\ A ‘?; A
CTOPOHY COOCHOIo € KOHACHCATOpOM a %

HMUWJIMHApPA U TPOU3BOAUIIN €€ IMOYCPHE- / y/ B
HHC. L 1

Puc. 7.2 Cxema omnbiTa Byxepepa.

a — BHJ BJIOJIb OCH KOHJICHCATOPA,;

0 — BUI B JMAMETPAIbHOM CEYCHUM
KOHJICHCATOpA.

1 — ucrounuk S-nyueit; 2 — porormieH-

IR

Ha 37eKTpoH BHYTpH KOHJICH- N f
caropa (cM. puc. 7.2f) Bo3ueiict- p
BYyeT CHJIa OT KOHJACHCATopa BBEpX,
a OT MarHUTHOU CHCTEMBbI — BHU3. m _—F
IToaToMy ©3 pacHOJIOXKEHHOTO B XV V]
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LEHTPE PaJMOAKTHBHOTO UCTOYHMKA OyIyT BBUICTATH JIUIIb T€ YaCTHUIIBI, IS KO-
TOPBIX MarHUTHAS U AJIEKTPUYECKAs CHIIBI OyOYT ypaBHOBEIICHBI. DJIEKTPUIECKast

cuiia FE Ha IBMOKYHIYIOCSA 9aCTHUITY JOCTATOYHO TOYHO OITMCBIBACTCA COOTHOIIEC-

nueM (6.90).B coorBercTBHM ¢ BhIpaxkeHneM (6.89)maruuTHas cwia npu U = 1
HUMEET B

Fu =280~ #2)Hsing, (7.60)

rae OCh Z M MOJISIPHBIHA yron ¢ omnpexaeneHsl Ha puc. 7.2.Toraa yciaoBue KOMIICH-

Callu1 CUJI Ha 3JICKTPOH lEE = IEM 6yﬂ€T

qE(- B%) = qB(- B*)Hsing

W

Bsing = E =const. (7.61)

Eciu B ycTaHOBKE BHIOPaHO KaKOE-TO MOCTOsSHHOE oTHomeHue E/H, To npu
@= 712 BennunHa [ HaUMEHbILAs, T.€. 10 TOPU3OHTAILHOM ocH (CM. puc. 7.2a) u3
KOHZIeHcaTopa OYAyT BBIXOAWTH YAaCTHIILI ¢ HAMMEHBIIEH CKOpocThio. C yMeHb-
HIEHUEM yriia @ oT 712 CKOPOCTh YacTUll OyJET YBEINYMBATLCA M [IPH NPUOJIHIKE-
HUM K yriiy @ = arcsinE/H) u3 xonpeHcaTopa 6yayT BBIXOAUTH YACTHIBI CO CKO-
POCTBIO OJIM3KOM, K CKOPOCTH CBeTa. BHE KOHIEHCATOPa YACTHIBI, HAXOMSCH
JIMIIG MO MATHUTHBIM BO3JEHCTBUEM, M JBUTasCh M0 BUHTOBBIM JIMHUSIM BOKPYT

BEKTOpa MAarHUTHOW HampsxeHHoctn H , 6yayT oTknoHATHCS OT cpenmeii mioc-
KOCTH KOHZIeHcaTopa (cM. puc. 7.26) v monajaath Ha GOTOIUIEHKY. Tak Kak ¢ poc-
TOM CKOPOCTH YaCTHIBI BO3JEHCTBHE Ha HEE YMEHBIIAETCS, TO HAMOOJBIIEE OT-
KJIOHEHHE TI0JydYaT YacTHIbl 10 FOPM3OHTAIBHOM ocH, T.€. mpu @ = 712 u Hau-
Menbliee npu yrie @ = arcsing/H). Cornacuo K.H. IllanomuukoBy, Bce

. E z . E Puc. 7.3 KpuBasi OTKJIOHEHHS JICK-
@= arcsin — =35 ¢=ﬂ'- arcsin — o

H 2 H TPOHOB Pa3HBIX CKOPOCTEH Ha (OTO-

( ( mwieHke B onsite A.I'. Byxepepa.

0
onbITel byxepepa mamu mpumep-
( / HO OJIWHAKOBYIO KapTHHY, Ipen-
. CTaBJICHHYIO Ha puc. 7.3.OCHOB-
Y

HOE OTJIMYME TEOPHH OTHOCH-
TENBHOCTH OT 3KCIEPHMEHTA 3aKI0YaeTCs B TOM, YTO PACCUMTAHHAs COTJIACHO
TEOPUU OTHOCHTENLHOCTH KpHBas OTKIIOHEHHsS, NPUONIKAACH K yriaaMm |@| =
arcsing/H), nomkna uaATH BEPTUKAIBHO, KaK MIOKA3aHO Ha puc. 7.4.

o= arcsin% (p:2£ ¢=ﬂ-arcsin§ Puc. 7.4 Paccunrtanneiii K.H. Illa-
MOIIHUKOBBIM, ~ COTJIACHO — TEOPUH
/ t OTHOCHTEIIBHOCTH, XapakKTep OTKIO-
0 HEHUsI DJIEKTPOHOB pPa3HBIX CKOPO-
) ) CTEH.
\ K4
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TloBTOpsia meTouKy pacuera, uznoxennyio K.H. [llanomaukoBsiM, ipeacra-
BHM, 4TO BBILICAIINN U3 KOHACHCATOPa B T. A (CM.pHcC. 7.2¢) 3JIEKTPOH CO CKOPO-
CTBIO 0 OyZIeT IBUraThCs 10 BUHTOBOM TPAeKTOPHHU IO CONPUKOCHOBEHHS C (OTO-
IUIeHKOH. TpaeKkTopHI0 MOXKHO MOJYYUTh, €CIM COrHYThb TpeyronsHuk ABC mo
IMIMHAPHIECKOH MOBEPXHOCTH paguycoM Ry TpaekTopum IBMKEHHS JIEKTPOHA
(cm.puc. 7.26). Torma runoteHy3a AB Oynet sSBISThCS TpaeKTOpUEH 3JEKTPOHa, a
pazuyc KpUBHU3HBI ONPENEIUTCS U3 PAaBEHCTBA MarHUTHOM M LIEHTPOOEKHON CHII

Fu =Fg:
aB(1- % )Hsing = m?sin’$/ Ry,
OTKyZa
mc®  B%sing _mc?Bsing 1
aBEing HA-B2)  oH  1-p°

Ry = (7.62)

Ho Tak kax ajst JaHHOro omsita B cootBercTBuu ¢ (7.61) B sing = const,to paau-
yc¢ KpuBH3HBI (7.62)M0OXKHO 3amicaTh

R, = , (7.63)

rue
mc®Bsing
aH
ITocne uzruba tpeyronsHuka ABC 1. B momamaer B T. Y QoTOIIICeHKH, KOTOpas
OyZeT OTCTOATh HA Z OT CPEAUHHOM INIOCKOCTH M HAXOIMTHCS MOJ YIJIOM O K Ha-

A=const. (7.64)

npskeHHOCTH H . O603HauMB AX = X, BEIMYUHY Z MOXKHO BBIPa3HUTh uepes Rs u X,
€CII y4eCTb, 4TO OTKJIOHEHHE TOUKM C IpU HUCKPUBIEHUM TPEYrojbHUKA TOXKE

pasHo z. Torna z=Ry —1/R§ -x?. [IponuddepeHnpoBaB 3T0 BBHIpAKEHHUE 110
Yy O, Tocie IpeoOpa30BaHusI Oy INM
dz___z Ry, x dx
da Ry -z da Ry-zda
U3 seipaxkenus (7.63)mocie audepeHIupoBaHs HMEEM
dRy __2A8 dB _2PR; dB (7.66)
da (@-p%%?da A da
[Ipoussoanyto ot [ onpenenseM, quddepernupys (7.61):
55 b oo
da tgg da
Iocne noacranoBku (7.66)u (7.67)Bbipakenue (7.65)3amuiiercs B BUAC

dz _2B°7Rictgpdg  x  dx

da AR, -2 da R¢—z£'

(7.65)

(7.68)
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PaccmoTpuM moBeneHHe KacaTenbHOH K KpuBoid mpu S — 1. Kak BugHO U3
(763), nmpu B - 1 pammyc Ry — ©, NHOITOMYy U3 BBIPAKECHHA

Z=R, —,/R; -x? = Ry —R; (- 05x?/R%y) cuemyer ZR; = x%/ 2. Toxcras-

TSI 3HAYEHWE Z B MpaByio dacth (7.68), paccMoTpuM MOBeIeHHE KacaTelbHOH K
KpUBOW TpH OOJIBIIMX CKOPOCTSAX YaCTHIL

2 R 2
IimEz lim | X polgg Sy dp,  x  dx :M%_({Gg)
p-1da Ry-w A Ry-zda Ry-zda A da

Kak BuanMm, mpeznes 3TOro BBIPRXEHMs €CTh KOHEYHast BelnunHa. Tak Kak
dZ/da sBasieTcst TAHT€HCOM HAKJIOHA KPUBOM, TO OHA OyAeT MPUOIMXKATHCS K TO-
PHU30HTAIBLHON NMPSIMOM MO KAKUM-TO OCTPBIM YIJIOM, Kak IO0Ka3aHo Ha puc. 7.3.

K.H. IIanomnnkos u Kactepun paccmorpenu onsIT byxepepa Ha ocHOBaHUU
teopun otHocutensHocTH. CornmacHo K.H. IlamormnukoBy [74], ycinoBue Kom-
MEHCAIlMM 0 TEOPUH OTHOCHTENILHOCTH BBIPAXAETCS TEM JK€ COOTHOLICHHEM
(7.61). 11t paaryca KpUBM3HBI OH TONy4riI [56] ciiemyroliee BRIpaKEHHE:

R, =20 @7

V1- B2 ’

rae Cy = A = const.3aBucumocts s KacareabHoi noayuena K.H. Hlamomxuko-
BBIM B CIIEAYIOLLIEM BUJE:

E;Xzﬁ ctgg R; %4_ X dx (7.71)

da A Ry-zda R;-zda’

Iepssiid wnen B (7.71),a cieposarenso, 1 dzZ/da crpemurcst kK 6€CKOHEUHO-
ctu npu Ry — o, T.e. kpuBas OyAeT MOAXOAWTH K TOPH3OHTANBHOH OCH (' TOX
OpAMBIM yriaoM (cM. puc. 7.4).MoxHO yOeIUThCs, YTO JUIIHUNA COMHOXHTEIb Ry
B MEPBOM cliaraeMoM BbIpaxkeHus (7.71), KOTOpbI MPUBOIUT K OECKOHEYHOCTH
TAHT'CHC HAKJIOHA, OOYCIOBJIEH 3aBHCUMOCTHIO pamuyca kpuu3Hbl (7.70) or

1/41- 8% B ommume or 1/(1- B?) B Hammx BpaxeHusx (7.63), (6.90)u

(7.60). Takum 06pa3oM, U COOTHOLICHUS] TEOPHH OTHOCHUTEIBHOCTH M HAIIU JAI0T
npu [ — 1 OJMHAKOBBIM Ka4eCTBEHHBIM PE3YIbTAT — BO3AECHCTBHE 3apPIKEHHOTO
TeJa ¥ MarHUTa Ha BMKYIIYIOCS 3apsDKCHHYIO YaCTHILy YMEHBINACTCS M IpeKpa-
IIAETCSl COBCEM IMPH MPUOIMIKCHUU K CKOPOCTH CBETA.

OHAKO KOJMYECTBCHHBIC PE3YJIBTATHI PA3IUYAIOTCS PU CKOPOCTSIX, OJIM3KUX
K CKOPOCTH CBeTa, T.e. 8 = 1.3aBucuMocTs Uit paguyca Kpususuel (7.63)or (1-
/) BbIBeleHA W3 SKCIEPHMEHTANBHBIX 3aKOHOB JJIEKTPOMATHETH3MA. 3aBHCH-

mocth (7.70) or 4/1- ,6’2 MOJly4YeHa B TEOPUM OTHOCHUTEJIBHOCTU B pe3yJbTaTe

MIPUHATHS PAJa TUIOTE3, B TOM YUCIIE TUIOTE3bI M3MEHEHMSI MacChl YaCTUIBI TIPH
ec JIBHXCHUH.

B onbiTe Byxepepa Ha (OTOIIICHKE OCTaBIISIOT CJIEN YaCTHIBI CO CKOPOCTBIO,
OJIM3KOM K CKOPOCTH CBETA, YTO MO3BOJISICT YBU/ETh PACXOXKICHHUE MEXKAY TEOpH-
el OTHOCUTENBHOCTU U JeiicTBuTensHOCThIO. A.I. Byxepep mpoBomun skcnepu-
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MEHTBI IpH IBYX Hanpasiennsx E u H [86], mostoMy Ha GOTOCHHMKAX HMEOT-
Csl BEPXHSSL U HYDKHSIS BETBH KpHBOH. OHH COCIUHSIOTCS HOA OCTPBHIMHU YIJIAMH,
o0pa3zys uedeBuily. OHaKO coeMHEHHE BETBEH, KaK Ha pHc. 7.4,COrJIacHO Teo-
PUHM OTHOCHTEIBHOCTH JOJDKHO NMPOMCXOAUTH TOJ MPSIMBIMHU yIJIaMH, HPEICTaB-
i1 purypy B Buze umnca. Bee pesynbrarsl sxcriepumenToB byxepepa 1908r.
JIal0T YeyeBHLIEOOpa3HyI0 KPUBYIO, TEM CaMbIM OTBEpras pe3yjbTaThbl TEOPUH OT-
HOCHUTEJIEHOCTH.

I''TABA 8

METOJ CHJL
U PEJISITUBUCTCKUI METO/]

8.1.9®UP, TEOPUSA OTHOCUTEJBHOCTHU
N MPEOBPA30OBAHUMS JIOPEHIA

[To3HaHue Mupa 4eNOBEKOM IPOUCXOJHIIO TaK, YTO OH CPeAH OECUHCICHHOTO
MHOXKECTBA JIBIDKYIIMXCS OOBEKTOB BCErJa CTPEMMWJICS HAWTH TaKOW, KOTOPBII
ITOKOMTCS, @ BCE OCTAJbHBIC JABHXKYTCS OTHOCHTEJILHO Hero. Jlo craHoBiIeHHUS cHC-
Tembl KonepHuka Takoi LEeHTpallbHOM CHCTEMOH Oblita 3eMlsl.

3arem oHa Obu1a nepeHeceHa Ha Comnue. Ho xorga HabnroneHussMu ObLIO yc-
TaHOBJIeHO, 4yTo COJjHIE, KaK M OCTaJIbHbIE 3BE3JIbl, ABMKETCS, TaKylo abCcoJoT-
HYIO CHCTEMY MHUpa Hayaju CBS3bIBATH C TMIIOTETUYECKOW MHPOBOHM cpemoirl —
a¢upom. IIpencrapnsnm, 9ro B 3pupe TOMMHKEH PACIPOCTPAHATHCSA CBET OT Jajb-
HUX 3Be3J, & TaK KaK OH MMeEeT DJIEKTPOMAarHUTHOE MPOMCXOXKAECHUE, TO U dJIEK-
TPOMarHUTHOE BO3ACHUCTBHUE JOJDKHO PACHPOCTPAHATHCS 1O OTHOIIEHHIO K ATOMY
3¢upy. BoT kak A. DitamTeitH B padote "[IpHHIIATT OTHOCUTEILHOCTH B €T0 CIe/-
CTBHS B COBpEMEHHOM (usuke" [77] moabtoxkuia B Havame XX B. IPeICTaBICHUS
€ro BpeMeHH 0 HeoOxoaumocTH d¢upa: "Korna oOHapyKHIOCH, YTO MEXIY yIpy-
TMMH KOJICOaHMSMHU BECOMON MaTepHy W SIBICHUSMH nHTepdepeHunu n nudpax-
LIMH CBETOBBIX JIyYeH CYIIECTBYET IIIyOOKasi aHaJIOTHs, SIBUJIACh YBEPEHHOCTh, YTO
CBET CJIEYET pacCMaTpUBaTh Kak KoJieOaTEIbHOE COCTOSHHE KaKOW-TO 0cOo00i
MaTepuu. Tak Kak CBET MOXKET PaclpOCTPaHATHCS B NPOCTPAHCTBE, TN BecoMast
MaTepusl OTCYTCTBYET, TO YTOOBl OOBSICHUTH 3TO, MPHUILIOCH JOMYCTUTH CYIIECT-
BOBaHWE OCOOCHHOW CYOCTaHIINHU, OTIMIAIOIICHCS OT BECOMON MaTepuu; 3Ty Cy0-
CTaHIMIO Ha3BaIH 3PUPOM. A Tak KakK B TeJNax, OTIIMYAIONINXCS MAJOH IIOTHO-
CTBIO, KaK, HAIlpUMep, B ra3aX, CKOPOCTb PacIpOCTPaHEHHS CBETA MPHOIM3UTEINb-
HO paBHAa CKOPOCTH B IYCTOTE, TO MPHIIOCH MPEAIOJIOKHUTh, YTO U B ITHX Telax
3¢up TakKe ABISAETCS TTIaBHBIM HOCHTEJIEM CBETOBHIX sBIeHWH. HakoHem, ruo-
Te3a, COrJIaCHO KOTOPOH 3(hMp HaXOIMTCSI BHYTPH )KUAKHUX U TBEPIBIX TEll, B CBOIO
odepeb cleagack He0OXOJUMOM, YTOObI MOHATH PACIPOCTPaHEHHE CBETa BHYT-
pH 3THX Tell, KOO NPH ITOMOIIM OJHHUX TOJIBKO YIPYTHX CBOWCTB BECOMOI MaTe-
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pPUH HEBO3MOXKHO OBIIIO OOBSICHUTH TPOMAIHYIO CKOPOCTHh PACIPOCTPAHEHHUS CBE-
TOBBIX JIy4en'.

Crnemyer mMoT4epKHYTh METOA ITO3HAHMSA, KOTOPBIH TOT1a Kazaics 0e3yCcIOBHO
BepHBIM. Bee mpoucxosinee J0OKHO UMETh 00bsicHeHue. C 3Toi 1eilbro Heo0X0-
JIUMO BBIJIBUIaTh THIIOTE3bl U HAa X OCHOBE OOBACHATH OKpYy:Karomui mup. [Ipo-
clieZlyeM Janee 3a 0OBICHCHHEM MHpPa, TOCTPOCHHOM Ha runotese 3dupa.

ITockoapKy 3emitsi JBMXKETCS B MPEAIIOIaracMoM 3upe, CBET Y MOBEPXHOCTH
3eMiH, pacpoCTPaHsICh C ONPEIEIICHHONW CKOPOCTBHIO TI0 OTHOMICHHIO K 3(upYy,
JIOJDKEH UMETh JPYTYH CKOPOCTh OTHOCHTEIBHO 36MHOM TTOBEPXHOCTH B HAIPaB-
JICHUW JBVDKEHUS 3eMIIH, HEXKENN B TEPICHANKYIISIPHOM HAIPaBICHUH. DKCIIEPH-
MEHTaTopaMu BO rjaBe ¢ A. MallkeJbCOHOM TIOCTaBJIE€HO MHOTO OMBITOB, HO pac-
CUYHMTaHHAS Pa3HOCTH CKOPOCTH ONBITHO HE MOATBEPAMIOCH.

Torma MOSBHINCH MONBITKH OOBSCHUTH TEOPETHYCCKH TOT (DaKT, UTO CBET
MMeeT OIMHAKOBYIO CKOPOCTH KakK IT0 OTHOIICHHUIO K AHPY, TaK U 10 OTHOLICHUIO
K 3emite, koTopas ABmwkeTcs B adupe. [.A. JlopeHrr, a Takke HE3aBUCUMO OT HETO
U JPYTHC HMCCIICJOBATEIN, BRICKA3BIBAIOT THIIOTE3Y, YTO MPH IBHKCHUU 3EMIIA B
3¢upe MPOUCXOTUT COOTBETCTBCHHOE YMCHBIICHHC €€ B HANIPABJICHUU JBIKCHHUS,
BCJICJICTBHE YETO HEBO3MOXKHO M3MEPUTh H3MECHEHHE CKOPOCTH CBETA IO OTHOIIIE-
Huto K 3emyie. Tak kak Ais 3JICKTPOMATHUTHOTO BO3ACUCTBHS CYIIECTBOBAJIH
YpaBHCHHS, OTIMCHIBAIOIIUE €TO MOBSACHUE MPH JABIKCHHUHU, TO UCIOIB3YIOTCS 3TH
COOTHOILICHUSI IEKTPOANHAMUKH. C MX MOMOIIBIO BBIIBUHYTAsl THIIOTE3a 000C-
HOBBIBAJIACh TEMH MAaTEMATHYECKHIMH IpeoOpa30BaHMSIMH KOOPIMHATHI X, KOTO-
pBIE CBOAMIIM IOJIE JBIDKYIIEHCS] CHCTEMBI 3apsiiOB K ITOJII0 HETIOABIDKHBIX 3apsi-
noB [53].

[MomgepkueM, 4To 3TH MPeoOpa3OBaHUS BHITCKAIOT U3 YCIOBHUS: IOJIE TBUKY-
IIUXCS 3apsI0B TOYHO Takoe ke, Kak W mokosmuxcs. OHO OCHOBAaHO Ha Tpea-
CTaBJICHUH O IOJIC KaK HEKOTOPOH CYIIHOCTH, KOTOpas HE JOJDKHA 3aBUCETH OT
JBIDKCHUS. DTO YCIOBUE OMIMOOYHOE, MOCKOIBKY JABIDKYIIUECS 3apsbl CO3AAI0T
TOK, KOTOPBIA BO3JCHCTBYET HA MArHUT, a HEMOJBW)KHBIC 3apsbl HA MarHUT HE
neicTByrOT. To eCTh mMmojie MBMKYIIUXCS 3apsIOB JIOJDKHO OTIMYATHCS OT IOJIS
HENOJBIKHBIX. HOo Tak Kak THIIOTE3a COKpAICHHUs PasMEpOB IMPHHATA, TO C €€

nosunuii npeobpasoBanue X = X 41— % paccMaTpuBanoch Kak COKpallleHHE

pa3MepoB B JBHKYIICHCS CUCTEME 3apsOB B HAmpaBiICHUU ABKeHHs. [Ipemrmo-
JIarajyoch, 4TO HE JTOJDKHO OOHAPY)KUBATHCS PAa3JIMYMU B PACIPOCTPAHCHUH CBETA
B JIBIOKYILIECHCS WM TIOKOsIIEHCS N0 OTHOWIEHUIo K 3¢upy cpene. ITozxe I'.A.
JlopeHIr oTka3pIBaeTCs OT AAHHOW THIIOTE3BI, TaK KaK BO BBEJCHHUHM BCE HOBBIX
TUTIOTE3 "MOXET BCTPETUTHCS HEOOXOIMMOCTh KaXKIbI pa3, KOrja CTaHyT W3-
BECTHBI HOBBIE (paKThI', — 3aMedaeT OH B padoTe "DIeKTpOMarHUTHBIC SBICHUS B
CHCTEME, NBIDKYILEHCS ¢ J1000H CKOpOCThIO, MeHbIe ckopocTh cBera” [33]. B
9TOM e pabore oH mumieT: "[lomokeHue Berieit ObUIO OBl YIOBIETBOPUTEIbHEE,
ecyit OBl MOYKHO OBLTO C TIOMOIIBIO OTPEAEICHHBIX OCHOBHBIX IOITYIICHUN MOKa-
3aTh, YTO MHOTHE JJICKTPOMATrHUTHEIC SIBICHUS CTPOTO, T.€. 03 KaKoro-iubo mpe-
HEOpEXKCHUS WICHAMH BBICIITUX MOPSIKOB, HE 3aBHCAT OT JIBHXKCHHUS CUCTEMEI. B
9THX CJIOBaX, cka3aHHBIX B 1904r., BRIpaXCHBI CTpeMIICHHS (DH3MKOB TEX JIET H
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oOIee HampaBlieHUE, B KOTOPOM OyeT pa3BUBAThCs (PU3HKA, 2 IMEHHO: DJIEKTPHU-
YecKoe TI0JIe IBHKYIICHCS CHCTEMBI OYAET BBIPaXKaThCS TAKMMH K€ COOTHOIIE-
HUSMH, KaK U 3JEKTPUIECKOE TI0JIe HEMOIBIKHOM cucTeMbl. OU3UKH OOJbIIe HE
OyIyT MCKaTh NMPHYMH, OOBSCHSIOIUX OJHOBPEMEHHOE CYIIECTBOBAaHUE HE3bIO-
aeMoro 3¢upa ¢ OJHOH U TOW k€ CKOPOCTBIO CBETA B HEM U B CHCTEME OTCYETA,
KOTOpAasi IBMKETCS ¢ KAKOH-TO CKOPOCTBIO 10 OTHOLIEHUIO K 3HPY.

[puBeaem croBa A. DiiHuITeiiHa U3 ero paboTel [77]: "TakuMm myTeM AOLUTH
JI0 TIOHUMaHUsl ATHX TIOJIEH B IycTOTE, KaK OCOOBIX COCTOSIHWH 3dupa, HE Tpe-
Oyromux 1 cebst Oonee riyookoro ananuza." 1 Bot A. DHHIITEHH, He pa3perast
9TOW MPOTHBOPEUUBOM MPOOIEMBI CYIIECTBOBAHUS OJNHAKOBON CKOPOCTH CBETA B
3¢upe 1 B ABIKYIIEHCS B HEM CHCTEMeE, a JIMIIb IPUHUMAs 3TO 32 OJMH U3 IPUH-
[UIOB, CTPOUT TEOPHIO OTHOCHUTENBHOCTH. IlepBOHAYANBHO MAaHHBIN MPHUHITUN B
"DnekrpoauHaMuke ABKyInuxcs ten” [33] 6but chopmynuposan Tak: "Kaxaplii
Jyd CBETA IBIKETCS B "TIOKOSIIEHCS cHCTEME KOOPAHMHAT C OMPENEICHHON CKO-
POCTBIO U HE3ABHCHMO OT TOTO, HCITyCKAETCS JIM ATOT JIyd CBETA MOKOSAIIMMCS WIIH
JBIDKYIIUMCS TesioM'. BriociieicTBum 3ta erie ocTopokHas (opMyJIMpoBKa OyaeT
3aMeHeHa OoJiee MpsAMOM: "CKOPOCTh PacHpOCTpaHEHHs] B3aMMOIEHCTBUSI OJUHA-
KOBa BO BCEX MHEPLHUANBHBIX cMcTeMax orcuera” [26]. A. DitHIITEHH OCyIeCTB-
JSIeT TPUHLMUII OTHOCUTENIBHOCTH C MOMOLIbI0 npeoOpasoBanuii I'.A. Jlopenua,
MPUYEM OH 3aMUCHIBACT OJMHAKOBO YPABHCHHS JJCKTPOJMHAMUKHU IJIS JBIKY-
mielcst 1 MOKOSIIIEeHes: cucTeMbl. J{JIst 9TOro JOMOJHHUTENHLHO BBOAMTCS Mpeolpa-
30BaHHe BpeMeHHU. CMBICT NEHCTBUN DWHINTEHHA CIEIYIONIMA: €CIH B BaKyyMe
CYLIECTBYET KaKasi-TO 3JECKTPUUYECKAsi CUCTEMa BO3JIEUCTBHUI U OHA B JIaHHOMW CHC-
TEM€e KOOPAUHAT X, Y, ZOIHKCHIBaeTCs ypaBHeHusMu Makcsemia (3.22)u (3.24)

JUIst BeKTOpoB E u H , TO OTHOCHTENBHO OBMXKYIIEHCS CO CKOPOCTBIO U CUCTEMBI
KoopauHAT X', V', Z 3Ta )K€ CHCTeMa 3JICKTPUYCCKUX BO3JCHUCTBHI OMUCHIBACTCS
(Takoe HaKIABIBACTCS YCIIOBHE) TEMH XK€ YpaBHEHHIMU MakcBeIuia, HO Ui ApY-

rux y>xe BekropoB E'u H '. M3 nanHOTO yCiI0BUs BEITEKAIOT IpeoOpa3oBanus E

uHBE'nuH ', a Takke X, Y, z, 8 X', ¥, Z', t DTOT MOIXOA M COCTABISCT BTO-
PO TIPHUHIIUII TEOPUH OTHOCUTEIILHOCTH: "3aKOHBI, TI0 KOTOPBIM U3MEHSIOTCS CO-
CTOSIHUSL (PM3MUYECKUX CHUCTEM, HE 3aBHCAT OT TOTO, K KOTOPO# M3 JBYX KOOPIH-
HATHBIX CUCTEM, HAXOSIIMXCSI OTHOCUTEIBHO JPYT Ipyra B paBHOMEPHOM IOCTY-
MaTeIbHOM IBIKCHHH, OTH U3MEHEHUsI COCTOSTHMS oTHOCSTCS [33].

Utak, npociexuBaeTcs ClieAyIoNIas Iernoyka TMIoTe3 U BBITEKAOUINX 13 HUX
BBIBOJIOB.

1. T'umote3a 00 3¢upe Kak cpeie, OTHOCHTEIBHO KOTOPOH MPOUCXOIAT BCE
JIBIDKCHUS.

2. Dkcnepumentsl (MaiikeabCcOHA U JIp.) HE TOATBEPKIAIOT HATUYKNE TAKOTO
a¢upa.

3. IlpuHuMaeTcsi BBIBOJ: JBI)KCHHE OTHOCHUTEIFHO 3(Hpa HENb3s OIpene-
JIMTh, TAK KaK TeJia B HAMPABJICHUH JBMIKEHHS COKPAIIIAIOTCS.

4. VI3 Hero BBHITEKAIOT CIIEJCTBUsI. 3aKOHbI MEXaHHKH HE 3aBHCST OT JIBHIKE-
uust. [Tomst (KOTOPBIME BBIPAKAIOT BO3ACHCTBHE TEIT) TAKKE HE 3aBUCAT OT JBHIKE-
Hust. CUITBI BO3JCHCTBHS ABMIKYILIUXCSI TEJT TAKUE XKe, KAK U HEMOABHIKHBIX.
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5. U3 ycioBus HEM3MEHHOCTH IIOJICH TPH IBIKEHHH BBITEKAIOT IpeoOpaso-
BaHUS MMPOCTPAHCTBA ¥ BPEMEHU.

6. Okcnepumentsl (Kaydpmana, Byxepepa) CBUIETEIBCTBYIOT, YTO BO3IEUCT-
BHE Ha JBIDKYILYIOCS YaCTULY YMEHBIIAETCS C YBEIMUCHUEM €€ CKOPOCTH.

7. BoiiBuraercsi 00BsICHEHHE: Macca YaCTHIBI PACTET C YBEJIMYCHUEM €€ CKO-
poctu.

MpbI nepedrcianiivi TOJAbKO YacTh TMIOTETUYECKHX MPENOJIOKEHUN U ciie-
JYIOIIMX U3 HUX BHIBOZIOB, HA (JOHE KOTOPBIX PAa3BUBATIACh TCOPHS OTHOCHTEIILHO-
CTH.

[anee, moxy4eHHBIE TPeoOpa3OBaHKs KOOPIMHAT TPUHIMAIOTCS 3a JCHCTBU-
TENbHBIE CBSA3M OKpYy’karomero Mupa. CKOPOCTh CBETa OTOXKAECTBIISIETCS CO CKO-
POCTBIO pacTIpOCTpaHEHHST BCIKOTO BO3ACHUCTBHS, a Tak Kak mpeodpazoBanus Jlo-
peHIIa He CYIIECTBYIOT NPH CKOPOCTH, OONBIIEeH CKOPOCTH CBETa, TO OHA IPUHU-
MaeTcs 3a IpeAeTbHYI0 CKOpocTh. KoopanHATH M BpeMs HAUWHAIOT PaccMaTpH-
BaTh KaK CAMOCTOSTEIBHBIH 00BEKT — YETHIPEXMEPHOE MTPOCTPAHCTBO-BPEMSI.

8.2CYIIHOCTH IPEOBPA3OBAHUI

Ananuszy npeobpazosanuii Jlopenna [41.43,79,87,92,103,127} npunnumna
otHocutensHOcTH [71, 93] mocesieHo MHOro pador. Ilpu 3TOM 4acTo BMECTO
OJJHUX THIIOTE3 BBOAATCA Ipyrue. Ecim oTOpocHTh BCe THIOTE3bI, HA KOTOPBIX
OCHOBaHa TEOPHs OTHOCHTEIBHOCTH, TO CYTh €€ METOJa ONUCAHMS BO3IAEHCTBHH
3aKJII0YAETCS B TOM, YTO BO3IEHCTBHE IBIIKYILMXCS TEJI ONPEIEIIeTCs Yepe3 BO3-

e 0 6y =0 ¢ V1
) L n Oq w! x Og
S [0 5[, Sl
|
£ X |p 0 X, 0 P ) X, X,
o~ O O~ O o O

Puc. 8.1 Cxembl BO3ACHCTBHUS HETMOIBHKHBIX 3apsDKEHHBIX Tel (a) U ABmKymmxcs (0) u (8)
Ha HETOJIBHIKHOE TEJIO C eAMHIYHBIM 3apsiaiom (O = 1).

IeICTBUE HETIOABIIKHBIX TEJ, ITapaMeTPhl KOTOPOTO W3MEHSIOTCS B COOTBETCTBUH
¢ mpeobpazoanusamu JlopeHua. OnHako BO3ACHCTBHE ABMXKYIIUXCS TEJT OTIHYA-
eTCsl OT BO3JCHUCTBUSI HEMOABIKHBIX. [10-pa3HOMY OHHU M omUchIBaroTCs. [loaTomy
MpUpABHUBAHKUE 3aBEIOMO HEPABHBIX YPAaBHCHHH SBISETCS (OpMAaNbHBIM MpHe-
MOM, KOTOPBIl MOXKET IPUMEHATHCS, HO 3TH MPeoOpa3oBaHus HE UMEIOT (pu3nye-
CKOTO CMBICIIa, T.C. MApaMeTPhI SBICHUI U OOBEKTOB HE CBSA3aHBI 3THMH COOTHO-
LICHHUSMH.

PaccmoTtpuM Takoe (HopManbHOE MPUPABHUBAHKUE COOTHOIICHHH, OMUCHIBAIO-
[IUX DJIEKTPUYCCKHE BO3ACHUCTBHS ABIDKYLINXCS W HETOIBIIKHBIX 3apSDKCHHBIX
ten. IlycTe 3apsin Ten (puc. 8.1q) omuchkiBaeTcs MIOTHOCTHIO 3apsiaa O (X, Y, 2) u
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OHH JIBUKYTCSI CO CKOPOCTBIO ¥ BJOJb OCH X,. B cilyuae IBMKEHHUS 3alMChIBACM
BCE MEpPEMEHHBIE ¢ UHICKCaMu "0": MWIOTHOCTH 3apsanoB O (X, Y,, Z,) B cucreme
KOOpPAWHAT X,, Y,, Z, (cM.puc. 8.16). PaccMoTpuM cHily BO3IEHCTBHS 3apsKEHHBIX

TeNl Ha €IWHUYHBIN 3apsii, KOTOPHIA MOKOHUTCS B 3TOM CHUCTEME, T.€. BJIEKTpUYe-

CKYI0 HaIpsKEHHOCTh E. Bce najbHellee He U3MEHHUTCS, €CIM €IUHUYHBIN 3a-
P IBIKETCSI CO CKOPOCTBIO (-0) OTHOCUTENIBHO CUCTEMBI 3apsiioB. Kak ycTaHoB-
JIEHO OMBITaMU, JIEKTPUUECKOE BO3JCHCTBHE 3aBUCUT TOJIBKO OT OTHOCHUTEILHOU
CKOPOCTH B3aMMOJCHUCTBYIOUINX 00BEKTOB, TOITOMY 3TH CIIy4au PaBHO3HAYHEI.

Cura BO3JeHCTBUS ABWKYIIECHCS CHCTEMBI 3apsDKEHHBIX TEJl C TUIOTHOCTHIO O,
omnpeensercs ypasHenuem [lanambepa (4.6), koTopoe B MPOEKIUHU HA OCH X, U Y,
3aIHMIIETCS TaK:

2 2 2 2

OBy OBy OBy 10°Ey_4m J pp“ﬂipu, (8.1)
ox; dy;  dz; ¢ O £0% " i,

2 2 2 2

OBy 9By OBy 10By 470 (8.2)

2 T 2 2 2 2 T4 Py -
dxz) dyn dzn C_I. dtn € dyﬂ

BBuy TOr0 YTO MPOEKIIMS CUIIBI HA OCh Z, aHAJIOTMYHA MPOEKIIMU Ha OCh Y,, HO-
CJIE/THSISI HE TTPUBOTUTCS.

Tak kaK cucTeMa 3aps[0B HEM3MEHHA, TO €€ BO3JCHUCTBHE B MOMEHT t, U B
TOYKE X, = X, + 0t,, ¥,, Z, (cM. puc. 8.1g) Oyner paBHO BO3ACHCTBUIO B MOMEHT t, =
0 B Touke ¢ KOOpAMHATAMH X,, Y,, Z,, TA€ t, — m060ii oTpe3ok Bpemenu. [losHbie
[IPOM3BOJIHEIE 110 BpEMEHH OT IIEPEMEHHBIX cUCTEM ypaBHenwuii (8.1) — (8.2)0yayr
PaBHBI HYJIIO:

d 7 9Ix, . 17
dt, Jx, dt, ot

OtmernmM, uto I'.A. JlopeHi ucnonb3oBan cooTHomenue (8.3) mpu BBIBOIE
npeoOpa3oBaHmii KOOPAUHAT M BpeMeHH [26,32], Ha3BaHHBIX BIIOCIEICTBUH €TO
umeneM. C yueTom (8.3)yacTHbIE IPOU3BOIHBIE

=0. (8.3)

v v

AN ©.4)
ot, ox,

9% _ 5 9%

W—D ﬁ—x? (85)

Toraa Bo3zaeiicTBre ABIKYIIeics cuctemsl 3apsanoB (8.1)u (8.2) mocie 3ame-
HbI MPOU3BOJIHBIX IO BpeMeHH, cornacHo (8.4)u (8.5),0yaeT omuceBaThCs TakK:

2 2 2
OB 2 Ew OB AT O g2, (8.6)
X dyu dzn € dXU

0

@- %

din)y + dzEny + dzEny _ A 0

. Py - (87)
ox* dy? dz? £ 9y,

@-p%
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Beipaxenus (8.6) u (8.7) ompeneneHsl B TOUKe, KOTOpas B 00O MOMEHT BpeMe-
HH OJMHAKOBO OTCTOWT OT LIEHTpPA ABIIKYLIMIICS CHCTEMBI 3apsiiOB, HO B JIBUKE-
HHH 3apsI0B y4acTHs HE IPHHAMAET.

Cuta BO3IEHCTBHS, CO3aBacMasi ITHMH K€ 3apsDKCHHBIMH TEJIaMH, OIpere-
nsietcst ypaBHeHueM Jlamiaca (3.15),K0Topoe uMeeT BT

2 2 2
%€, ,O%E, [ I°E, _4mdp ©.8)
ox?>  dy* 9z? £ Ox

2 2 2
J Ey+d Ey+o"' E, :4_”@.
ox?  dy* 9z> € dy

(8.9)

Cucremamu ypaBaenuii (8.6), (8.7)u (8.8), (8.9)omnmcansl chiIbl BO3IEHCTBHS
OJIHOH U TOM ke 3apsHKEHHON CUCTEMBI O HA €IMHUYHBIN 3apsijl, HaXOSUIUICS Ha
OJTHOM M TOM JX€ paccTosiHuu. HecMOTpsi Ha OJMHAKOBbIE MapaMeTphbl BO3IEHCT-
Busl, ypaBHeHus (8.6), (8.7)oramuarorcs ot ypasuenuii (8.8), (8.9). Ominune 00y-
CJIOBJICHO TE€M, YTO CHJIbI BO3/CHCTBUSI MPH ABMKCHUM HM3MEHsOTCs. Ecimu Mbl
MOXEJTaeM CBECTH OIMCAHUE BO3JICHCTBHS JBIKYIICHCS CHUCTEMBI K OMHUCAHUIO
BO3JICHCTBHSI HETIOBUKHON CUCTEMBI, TO JIOJKHBI OCYIIECTBUTEL 3aMEHY BEJIUUHUH,
Bxogsuux B (8.6) u (8.7), uepes Benuunnsl, Bxomsiume B (8.8)u (8.9). Tak, cpas-
uuBas (8.6)u (8.8),Buanm, 4TO JOCTATOUHO JBYX 3aMEH:

x, =xyl-B2,  p, = pl1-B2, (8.10)

a cpaBuuBas (8.7)u (8.9),Haxoqum

E,y = E,/41-5. (8.11)
AHaJIOrH4HO TIOJIY4YUM M JJIS IPOCKIMU Ha OCh Z
E,=E,/{1- . (8.12)

Takum o6paszom, 3amenoil mepemenHbix (8.10) — (8.12)mblI MOXKEM cBecTH
ypaBHenue Jlamambepa (4.6) k ypaBuenuto (3.15), HecMOTpsi HA TO, YTO ypaBHe-
HUSL OIPEACILIIOT Pa3HbIC MPOLECChl. BO3MOKHOCTh Takoi 3aMEHBI HE O3HAYACT,
9TO 9TH NPOLECCHl OAWHAKOBBL. IloaToMy mpeoGpasoBanumsi Bemmunu (8.10) —
(8.12)He oTpaxkaroT IEHCTBUTENBHBIN XapaKTep UX H3MEHEHHS.

Mo>kHO TOKa3aTh, uTo ypaBHeHnue (4.6) cBomurcs k (3.15)u apyroit cucremoit
npeoOpa3oBaHmid, a IMEHHO

E,, = E.\/1- 532, X, = Xy1- B2 . (8.13)

IepBas cucrema mpeobpazopanuii (8.10) — (8.12pcraBnsieT HEM3MEHHBIM 3apsi;
dxy1- B2dydz _
9 = jjjpudxudyud% ”I £ e
1- /32
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Jpyras cuctema npeobpasosanuii (8.13)npeobpasyer u 3apsi:
q = ﬂ jpudX'udyudzu =41-B%q.

C moMoIIb0 Mpeodpa3oBaHmii ¥ UCXOMS M3 UX CMBICIA MBI MOYKEM M3 pellie-
HUS U1 BO3JEMCTBHS HEMOABHIKHBIX 3aPSHKEHHBIX TEJI CHCTEMBI MOJYYHTh pPe-
[IEHHUE JJISl BO3ICHCTBUS OT ABMXKYIUXCSI 3aPSJIOB B TAKOM TOPSJIKE:

1. HaxoasTcsi KOMIOHEHTBI 3JIEKTPUYECKON HAIMPSIKEHHOCTH OT JIAHHOW CTa-
LUOHAPHOM CUCTEMBI 3apSI0B B TOUKE X, Y, Z(Ha4ano KOOpJMHAT — B [IEHTPE CHC-
TEMbI) B BUJIE

E«xy.3 B KXYy 3 EXy 3

2. BMecTo KOOpMHATHI X Bese mumercst (X, —ovt, )/ y1- B2 , rae ot, onpe-
JeIsIeT NEHTP ABMXKYILNEICsS CHCTEMBI 3apsi/ioB, a X, — KOOPAMHATA TOUKH B CHUCTE-
Me KOOpIOuHAT X, , Y, , Z, B MOMEHT t, (B manbHeiiem unzaekc t omyckaem). Ocb X
IIpU ATOM HAMNpaBlIE€HA MO CKOPOCTH CHCTEMBI 3apsAfoB. Toriga cocTaBIsIOLIME
IJIEKTPUUECKOI HANPSKEHHOCTH OyIyT:

Xn —ot E Xn _Dto A E XI) _Dto A

X W’ym v | y W’ vr4y | z W’ v %

[Ipumensis BTopyro cucteMy mpeoOpa3oBaHMM, HEOOXOIMMO eIle BEIUIUHY 3apsi-

1a yMHOKUT Ha 1/ 4/1— B2 . 1.e. 3amMennTs q Ha q, /y1- B°

3. 3amucarth KOMIOHEHTBI 3JEKTPHYCCKON HANPSHKCHHOCTH OT IBIKYLICHCS
CHCTEMBI 3apsiioB Uil TEPBOM CHCTEMBI MPeoOpa3’oBaHUl B COOTBETCTBHU C
(8.11), (8.12)p Bune:

E

_ X, ~ot
EUX_EX 1yu 1Zu ’ (814)
V1-p5°
-1 Xy =
El) - . !YU Zy | (815)
e Jl
E o=t g |X%T% (8.16)

vZ W z W’yu Zy |

a JUIs BTOPOM CHCTEMBI IpeoOpa3oBanuii, cornacHo (8.13),Tak:

Ey =y1- B2 (B, ——o— 2o (8.17)

\/— \/1_— Yo %y |
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% x- (8.18)

\/— ‘/1_—1)’1; Zy |
X, —ot,

2Ly, 7
1/1 ,3 ,/1 32

Hetpynuo y0eanuThCs, 4TO MOJB3YSICh ITUM METOJIOM, MOXHO U3 BBIPAXKCHUS
JUTS DJIEKTPUIECKON HAPSHKEHHOCTH TOYSYHOTO 3apsiia

(8.19)

_ Xq _ yq E - zq

, E, = CE, =
€(X2+y2+22)3/2 y £(X2+y2+22)3/2 €(X2+y2+22)3/2

TOJIYYWUTh B MPOCKIUAX HA OCH KOOPJAWHAT BBIPAXKCHUC IJISI HAITPAKECHHOCTH
JABHXKYIIETOCS TOUYCYHOI'O 3apsijia CO CKOPOCThIO X

_ (1_ﬂ2 )( X, _Utl) )qu
Ey = , (8.20)
ox, -ot, 2 (1= 2)(y,2 4220
(1- B )y,
: k _— (8.21)
e{m —ot, 2+ (1- By, 2+ 2,2)f
(1- 52 1,4,
% 5. (8.22)

P PR AN
Beipaxenus (8.20) — (8.22)ipeAcTaBisOT MPOCKLHU ICKTPUICCKOH HANPSKEH-
Hoctu (4.54),co3maBaeMoil IBIKYIIUMCS TOYEIHBIM 3aPSI0M.

Urak, 00e MOJydeHHBIE CHCTEMBI MPEOOPa30BAHUM CBOISAT BBIPAKEHHE JUIS
HETIOJIBU)KHOW CTallMOHAPHOM CHCTEMBI 3aps/IOB K BBIPAKEHUIO JJIA BO3ACHCTBUS
TaKHUX )K€ IBUKYIIMXCS 3apsHKEHHBIX Tell. [Ipuuem BO3AeHCTBUSI IBIKYIIIMXCS TEI
Y HETOJBIDKHBIX OTJIMYAIOTCS, U BBIPAKEHHS JAI0T pa3Hble pe3yJbTaThl MPH Oll-
HUX M TeX e UCXOJHBIX JaHHbIX. Hampumep, 1uis nepBoi cucTeMsl npeodpa3osa-
Huii (8.14)-(8.16)cBs3b MEXIY CHIaMU CJIEIYIOIIAs: €CIHM HEMOABUKHAS CHCTEMA
3apsi0B BO3/IEUCTBYET HA €IMHUYHBIN MOKOAIIUNCS 3apsi]l, OTCTOSAIIUN OT €€ 1IeH-
Tpa Ha PacCTOSAHMAX X =@, Y = b, Z = ¢, cunoii ¢ npoexuusamu Ex = A, E, =B, E, =
C, T0 Tpu  JOBWKEHMH ~ OHAa  OymeT  BO3JCUCTBOBATH  CHIIOU

Ex=AE,=B/{1-8 2 E,=C/{1-p 2 Ha eMHMYHBIN 3apPsil, OTCTOSIIMIA

OT LIEHTpA y’Ke Ha APYrHX PACCTOSHUAX: X, = ay1- B2y, = b,z =c.

AHAJOTHYHBIA CMBICI BBIPAXKAIOT W MpeoOpa3oBaHus BTOpoi cuctemsl (8.17),
(8.18).

8.3.ONMCAHME BO3IEMCTBUSI IBUKY IIEMCS
HECTAIIMOHAPHOM CUCTEMBI TEJI
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C IOMOIIBIO MPEOBPA3OBAHUI

[pensiaymme mpeodpa3oBaHus ObUIH MOTYUCHBI IS CTAIHOHAPHOW CHCTEMBI
3apsanoB. Ecnu ke anekTpuyeckasi cucreMa M3MEHSIETCSl CO BPEMEHEM, TO COOT-
HOIIIEHHE MEXAY KOOpJIMHATaMH TOYEK, B KOTOPBIX CHJIbI BO3ACWUCTBUS HEMOJ-
BIDKHOW CHCTEMBI W ABMXKYLICHCS HaXOIATCS B OMNPEICICHHOM COOTBETCTBHH,
OyAyT 3aBHCETh €IIe OT MOMCHTa BpeMEHH {, B KOTOPBIH paccMaTpUBAcTCS 3TO
cooTBercTBHE. [109TOMY M caM MOMEHT BpeMeHH t OyAeT ompenensaThCsi KOOpIH-
HaTOW BIIOJIb ABWXKEHHUS X, , B KOTOPBIH paccMaTpUBAaeTCsl BO3JECHCTBUE BUXKY-
[Iefcst CHCTEMBI, @ TAK)Ke MOMEHTOM t,, T.e. t = t(t,, X,).

Wrak, mMeeTcs mepeMeHHasi 3JIeKTPOMarHUTHAs CHCTEMa C IDIOTHOCTHIO DJIeK-
TPHYECTBA O M IUIOTHOCThIO TOKOB LU . E¢ BO3aciicTBHE HA HEMOABYIKHBIN OJH-

HOYHBIA 3apiaa OINpPEACIACTCd BEKTOPOM E, a Ha ﬂBHH(ymHﬁCﬂ 3apsa, TOK WU

MArHUT C IMHHYHBIME [APAMETPAMU — BEKTOPOM H , KOTOpbIE HAXOASTCS M3
ypaBHenuit Makcgemna (3.22), (3.28), (3.19), (3.14)lepemnuiiem 3TH ypaBHEHUsI

rotH = —p” d+— £ [—ld— (8.23)
c ot
rotE = - 41 8)2
c ot
divE = ﬂp, (8.25)
&
divH =0. (8.26)

B ri1. 3u 4 uckimouenneM H 13 cuctemsl ypasuenuii (8.23), (8.24)msb1 no-
ayunu ypasaenue Jlanambepa (3.26) 11 BO3MSHCTBYS IBIKYIIIUXCS 3apsIOB HA

HEMOJBIDKHBIN 3apsifl, a UCKIIOUeHHeM E — it Bo3gelcTBUs ABMXKYLIETOCS Mar-
HUTA HAa HEIIOJIBUKHBIE OOBEKTHI.

Ternepp MbI pacCMOTPUM METOJI OTHCAHUSI BO3ICUCTBUS ABUKYIIEHUCS 3JIEK-
TPOMAarHUTHOM CHCTEMBI C MOMOINBIO MpeoOpa3oBaHus nmepeMeHHbIX. [IycTs oHa
JBIDKETCS] CO CKOPOCTHIO 0 BIOIH OCH X OTHOCHUTEIBHO TOKOSIINXCS 3apsHDKEHHOTO
Tela W MarHuTa, MMEIOMINX EAWHHUIIBI 3JIEKTPUYIECKOTO W MarHUTHOTO 3apsIoB.
Bo3zaeiicTBre 35eKTPOMAarHUTHON CHCTEMBI Ha 3TH TeJia OyIeT OMPENeNIAThCS TOU
xe cucteMoit ypaBaenuit (8.23) — (8.26)Ho npu Apyroit IIOTHOCTH TOKA!

J = pl(u,y — o) +u,,] +u,k]. (8.27)

—

[epenuineM 3Ty cucTeMy ypaBHeHHUH, 3ameHuB B (8.23.) IIIOTHOCTH TOKa OU Ha
(8.27):

JH
EdEnx +4_]pr(qu +1)) — dan _ vy , (823
C
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98y 4m _JH,, OJH,,

—pu, =—=-—"2= 8.8
cdt, ¢ Pothy Az,  OXx, 68.53
JH
f_dE”Z +4_7Tpuuuz = oy ——dH”X , (8.23
C dt” C dxl) dyn
uoMy  0F, OB, (804
C dt” dyl) JZU '
pOMy __JE, JE, -
C dtl} JZU dxl) ,
HOH, _ —dE”y + OB x (84
C dt” dxl) dyl) ,
JE,, 0"Eyy JE,, _4m
X+ =—0p, 8.
dXU dyn dzl) C pu ( aﬁ
H
dHUX_i_d Dy+dHUZ:0. (8@6
dXU dyl) dz”

Tak Kak JaHHBIC ypaBHEHHS OMHCHIBAIOT BO3JCUCTBHE JBMKYIIHXCS CO CKOPO-
CTBIO U 3JIEKTPOMATHUTHBIX TEJI, BCE BEJIMUMHBI 3aMMMCAHBI C HHAEKCOM v. JTa CUC-
TeMa ypaBHEHHUI OTIIHYaeTCs OT CHCTeMbl ypaBHenuit (8.23), (8.24), (8.25), (8.26),
KOTOpasi OINMMCHIBAET BO3JACHCTBHE HEMOJBM)XKHOW 3JIEKTPOMAarHUTHOM CHCTEMBI,
TeM, 4TO B ypaBHeHue (8.231) BXOAMT cllaraeMoe co CKOPOCThIO v. Bymem uckaTh
peoOpa3oBaHus MEPEMEHHBIX, KOTOPbIC MPUBOIUIN Obl CUCTEMY YPaBHEHUH st
ciydasi IBIKEHUS (C MHICKCOM 0) K YPaBHEHHSM IS CITydast MOKost. [T0CKOIBKY
CBSI3b MEX/y HE3aBUCUMbIMH NIEPEMEHHBIMU M3BECTHA!

=% u t=t(t, x,,0), (8.28)

\/ﬁvy Y1 2= 2,

MOKHO 3al1CaTh IIPOU3BOJHBIC!
o Npg, Lt .9 _9. 9 _0
ax, OJx, Ot 1- 52 ax ady, Jy

g ot v go9

o, o, ot [Zgz ox

Iocie ux moxacTaHoBkHM B ypaBHeHHs (8.23), (8.24),(8.2%), (8.2G) cucrema
NEPENUIIETCs TaK:
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OH
EOUOBy £ v OBy AT, spy=Huz TNy 550y
cot, t cfi_pr Ix ¢ dy oz
JE
ﬂﬁdHox _ﬂ v JH“X :—dE”Z + v , (824'3)
cdt, ot ¢ fi_pg7 Ix gy 0z
E
ot JE,, 1 OJE, JE, JE, AT, (8254)
ox, ot ,1—,82 Jx ay 2z £
H
dtH, , 1 OJH, IJH, JH, 0. (8.26'a)

ax, ot /1_,32 1704 ay 0z

OcranbHBlC ypaBHCHHsSl 3allMCBIBAIOTCS aHAJIOTHYHO. Jlanee, ypaBHEHUs
(8.23), (8.24), (8.2%) u (8.2G) npeobpasyroTcs ¢ UCIOIL30BAHHEM 3aBUCHMO-
CTH MEXAY IIEPEeMCHHBIMH, KOTOPBIC CICAYIOT U3 APYrux ypaBHeHuil. CioxeHune
BoipakeHuit (8.234) ¢ (8.254), yMHOKEHHBIM Ha 0E/C, AaeT

ot ot X vYoX — 4 .
[E vﬁXU]&EU +4IT/0u __[ Enyj dz[ oyt Ean (8.23"a)

at, at c dy

Croxenue (8.252) ¢ (8.234), ymHoxeHHbIM Ha v/(CE), naet
IE,x [Lgmﬁ} IEx 1-B7 |

ot |2 &, Jx, ax /1_[’,2

7 ) J ) a4 ou, +0°
+ 7 —— H. |+= +—H =—pl1-—X_— |, 8.25"a
ﬁy(EDy Cg I)Z] dt [EUZ Cg I)y] g pl)[ C2 ] ( )

Croxenue (8.244) ¢ (8.264), yMHOKEHHBIM Ha vLIC, 1aeT

M Ot Ot)H, 7 (Euy‘%Huzj‘i(Euﬁ%Huyj-
c o"xu o”t ot oz c ay c

(8.24"a)
Croxenue (8.26'a) ¢ (8.24'a) yMHOXKEHHBIM Ha LIC, TaeT
( Lot , ot JEQHUX 1-B2 Mo
¢ Ix, o) at x/l g2 ox
+i(Hoy +iEDZ]+i(HUZ —LEW]=0. (8.26"a)
oy cu 0z cu

3nech [, = v/C. Tak Kak CBECTH 3TH YPABHEHUS K COOTBETCTBYIOIIUM YPABHEHHUAM
JUTSL HETIOABMYKHOM CHCTEMBI B Cllydae MPOU3BONIBHBIX £ U [/ 3aTPYAHHUTEIBHO, TO
cBeZieM ux cHavana i € = 1; = 1.Toroa f=vlc = f..
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IocnenosarensHo cpaBHuBas (8.23"%), (8.25'%), (8.24'%), (8.26'%) ¢ ypasHe-
nusimu (8.23), (8.25), (8.24k (8.26), HanucaHHBIMU It COOTBETCTBYIOIINX IIPO-
€KLUH, IPUIEM K BHIBOLY, YTO YPaBHEHHs Oy1yT OJMHAKOBBI, €CIIM BBINOJIHIIOTCS
CIIEIYIONIME PaBEHCTBA;

AT — 1—,802; Lgd_t-;.izo_ (8.29)
dtu dXU C2 dtu dxu

Paspemas ypasaenus (8.29) 0THOCHTENIBHO HEM3BECTHBIX MPOM3BOIHBIX, MOIyYa-
eM:

oJt_ 1 Jt 0 (8.30)

dtu 1_B02 dXU C2 '1_ ﬂoz

Unrerpupys ypapuenust (8.30),3amuiiemM COOTBETCTBEHHO
t=— Lt +C(x) t=-——2_sC(,), (8.31)

V1-B.° c?y1-B.°

roe C(X, ) — KoHcTaHTa nHTerpupoBanus 1o t,, a C(t, ) —mo X,. PaBencrsa (8.31)
BO3MOXHBI, €CJIH C TOYHOCTHIO O KOHCTAHTHI 3aBUCHMOCTh t oT t, u X, Oyner
CIeIYIOLIAs:

t_ty—(v/cz)xy

V1-5°

CoornomenueM (8.32) onpenensercs: npeodpa3oBaHue BPEMEHH, KOTOPOE He-
00X0ANMO, YTOOBI ONMUCAHKE BO3ACHCTBUII HEMOABMKHOM CHCTEMBI T Mpeodpa-
30BaTh B ONKCAHWE BO3JACHCTBHUS ABMWXKYyIlueiics. YUToObl HaliTH mpeoOpa3oBaHus
JUISL OCTAJIbHBIX IEPEMEHHBIX, IMOJICTABUM 3HadeHus mpou3Boansix (8.30)B ypas-
nenus  (8.23'), (8.25%), (8.24') u (8.26'a) u cpaBHUM ¢ COOTBETCTBYIOLINMH
ypaBuenusmu (8.23), (8.25), (8.24) (8.26).IIpu 5TOM ONpeAeNAOTCs IBE CUCTE-
MbI Ipe0Opa30BaHuUsl IEPEMEHHbIX.

(8.32)

Ilepsas cucmema npeobpaszosaruii

X, — ot t —(v/c?)x
X = D 0 ; t= 0 D , (8'33)

J1- B2 J1- 8.7

1 1)unx+1)2
qu . - C2 .
U =— i p=p, =S (8.34)
1- Z)unx o 1_ﬁ0
C2
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Uy =———5, U, =——, (8.35)
Y 1- U,y +0? ‘ 1- U,y +0?
c? c?
Ex=Ex, Hx=Hu (8.36)
Eny _BDHI)Z Hny +2[|Eoz
E.=— ¢ . yqg =—_€¢ . (8.37)
y ' y '
V1-87 Ji-B.2
Euz+BDHuy Huz_BEEuy
E,=———% —; H,=—-C& | (8.38)

N-p7

2
V1-8.
Bmopas cucmema npeobpaszosanuii.

Ona BKIIOYaeT NMpeoOpa3oBaHus EPBOM CUCTEMBI JUIsi KOOPAWHATHI X U Bpe-
men t (8.33)u npeobpasoBanust 1151 KOMIIOHEHTBI CKOpOcTei. [1moTHOCTE 3apsiaa
1 KOMIIOHEHTHI HAPSDKEHHOCTEH peoOpas3yloTces ClIeLy oM 00pa3oM:

2
p= p[l”—zJ (8.39)
C
Ex = 1—,802va; Hy = l_ﬂozHux; (8.40)
f— 1) f— D .
By =Ey ~2lH,i Hy =H, +2(E,; (8.41)
D D
EZ = EI)Z +E l:Hny; H z =My _E l:Eny . (842)

OtUMHU cucteMaMu IpeoOpa3oBaHuil MOKHO ObUIO OBl mpeoOpazoBaTh U
YpaBHEHHS ANEKTPOIUHAMUKH MIPU € U [/, OTIMYHBIMU OT €JAWHUIIBI, €Clii Obl e/~
Hu1el m3Mepenns H u E BerOupanice He 1 Bakyyma nipu € = (= 1,a st cpensl
C £W [/ OTAMYHBIMHU OT €AMHUILLI . TOrAa COOTHOIICHUE MEXKIY JICKTPOMArHUT-
HOM cuctemoii emumuun u cucremorn CGSE ompemensiiocs 061 HE C, a

C, =C/ /€U ; B ypaBHEHHMS DICKTPOIMHAMHKH BXOAWIA ObI C;, a B mpeobpa3oBa-

HUAX [, 3aMeHuno 661 LS.

IToxBeaeM HEKOTOPBIE UTOTH.

1. Ecnu ecTh cucTeMa 3apsDKSHHBIX TEJI ¢ IUIOTHOCTBIO PACIPEACICHUS 3apsi-
J0B P (X, Y, 2 u ckopocThio awkenus U (X, Y, 3, To ee Bo3xeiicteue E Ha Hemon-
BIDKHBIA €TMHUYHBIN 3apsij] U Bo3nelHcTBHE H Ha HETOABW)KHBIN €IMHUYHBIA Mar-
HUT OIMCHIBAIOTCSA ypaBHEHHsAMH djekrtpoauHamuku (8.23), (8.24), (8.25u
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(8.26),k0TOpBIE YCTAHOBIEHBI H3MepeHHeM cril (3akoH Kyiona, 3akoH buo — Ca-
Bapa — Jlamaca, 3akon uHayKun Mapayes).

2. Ecnu 9Ta cuctema Tell ABUKETCS CO CKOPOCThIO & OTHOCHTENBHO 0OBEKTa,
TO CKOPOCTb ABIKYILUMXCS 3apsiZiOB CTAaHOBUTCS paBHOM Up( X,y,X)=U ( X,y,2)+0

¥ €€ BO3JICHCTBHE Ha TOT XK€ OOBEKT OIMCHIBACTCS TEMH KE YPaBHCHUAMU DJICK-

TPOAMHAMUKH, B KOTOpEIX U 3ameneno U, (X, Y, 2.

3. BosnelicTBre IBIKYILEHCS CHCTEMBI 3JIEKTPOMATHUTHBIX TEJI MOYKHO OTIH-
cath cucteMoil ypaHenuit (8.23), (8.24), (8.25) (8.26),3aMeHNB UX mepeMeH-
HBIE COrIacHO mpeobpasosanusM (8.33)-(8.38).

4. TIpu u3BECTHOM BO3JICHCTBHH, CO3/1aBA€MOM HETIOJBHKHONW CHCTEMOH Tel,
MOXHO PacCUYHMTaTh C TIOMOIIBIO MPeOOpa30oBaHUN BO3IACHCTBHE OT JIBIIKYIIEHCS
CHCTEMBI TEIl.

5. TIpeoGpasoBanue napaMeTpoB, HAIPUMED, PACCTOSHIHN, BpPEMEHH, CKOPOCTH
M T.JI. TOKA3bIBAET, KaK JOJDKHBI OHW OBITh W3MEHEHBI, YTOOBI BO3ICHCTBHUE IBHU-
KYIIEHCS 3apSHKEHHON CHCTEMBI OTMCATh TEMH K€ YPABHEHUSAMH, YTO M BO3IEH-
CTBHUE HEMOABUKHOM.

8.4.0 TIPEOBPA30BAHMU BOJIHOBOI'O YPABHEHUSI

Jnst cTarMoHApHOM CHCTEMBI 3apsioB OBIT OCYIIECTBIICH MTEPEX0JT OT YpaBHe-
nuii Tanam6epa (8.1)u (8.2), onuchIBaronux BO3AEUCTBHE IBUKYIIMXCS 3apPsI0B,
K ypaBHenusM Jlamiaca (8.8)u (8.9), onuceIBaromuM BO3A€HCTBUE HEMOABHKHBIX
3apsHKEHHBIX Tell. J{J1s HecTaMoOHApHOW 3JIEKTPUUECKON CUCTEMBI TaKOW MEepexos]
yKe Oymer Mexmay ypaBHeHusmu JlamamGepa, OTIMYAIOIIMMHCS TUIOTHOCTSIMH
TOKOB.

B 9THX JBYX Clly4asx HANPSXKCHHOCTAMU E OMMCHIBANKCH CHUIBI, 0GYCIOB-
JIHHBIE TelIaMH, 3apsi]| KOTOPBIX ONpE/IENseTcs [UIOTHOCTRIO 3JeKTpu3aluu. Pac-
CMOTpPHUM, YeM OMpenessieTcs HaNpsHKeHHOCTh, ecinu B ypaBHenus (8.1) u (8.2)
IJIOTHOCTH O SIBHO HE BXOIUT. YpaBHeHue Jlamambepa 6e3 mpaBoif 4aCTH Ha3bIBa-
€TCs BOJTHOBBIM ypaBHenueM. Ecin mpaBast yacTh paBHa HyIIto, TO coriacHo (4.6),
[UIOTHOCTb 3apsia O OIPEACIISLETCs CICAYIOMINMHI yPABHCHUSMH:

9p U 9P _q (8)43
ox ¢ ot

u
Q+_VQ:0, (8)44
dy ¢ ot
9p U 9P _ (8)45
oz ¢ ot

rae Uy, Uy, U, — KOMIIOHEHTBI CKOPOCTEH IBIDKEHHUs 3apsuoB. YpasHeHue (8.43)
BO3MOJKHO IIPH JIIOOBIX 3HAYCHUSX HE3aBUCHMBIX NIEPEMEHHBIX, €CITH
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ap . W dp
=A: xZP__p 8.46
o A 2 at A (8.46)

roe Ay = A« (X, Y, Z, ). PaccmoTpum yacTHBIH ciyyaii A, = const.Torna ypaBHeHHs

(8.46) MHTETPUPYIOTCS ¥ MOTYT OBITH 3alTMCAHBI COOTBETCTBEHHO
2

p=AX+B; p=-AZL+C, (8.47)

X

re KOHCTAHTBl HHTETpUpOBaHus By — He 3aBHCHT OT X, a C, —He 3aBucut ot t. /Ipa
peutenus (8.47)MOXKHO 3amucaTh B BUAE OTHOTO COOTHOIICHHUS

c2

p=A(x-L1)+D,, (8.48)

uX
3nech Dy — KOHCTAaHTa MHTEIPUPOBAHHMS, KOTOpAsi HE 3aBHCAIIAs OT X U Y. AHaJo-
THYHbBIC PEIICHHUsI oTyyaeM aist ypaBHeHuid (8.44)u (8.45)co0TBETCTBEHHO:

2

p=A(y-11)+D,, (8.49)
Uy
p=AZ(z—E'l—2t)+DZ. (8.50)

z

Jlerko yoenuthest, uto pemrenus (8.48)-(8.50)upu A = ku, , Ay = ku, n A, = ku,
3aMKMCHIBAIOTCS B BUJIC OJTHOTO BBIPAKCHHSI

p=k(Fi—cit)+po, (8.51)

rae O = const.

Eciu anextpuyeckas cucTeMa XapakTepHU3yeTcsl INIOTHOCTHIO 3apsaa (8.51), To
cWia €€ BO3JEHCTBHS Ha ECIUHWYHBLIA 3aps]l OTHOCHTEIBHO HEE ONMMCHIBACTCS
ypaBHenueM Jlanambepa 6e3 npaBoi YacTu:

2E 2 2F 2
5E+d,f+dZE—izdzE=O. (8.52)
Ix ay Jz ¢ ot

Ecnn sta snexTpuyeckas cucTeMa ABMXKETCS OTHOCHTEIBHO €AMHHUYHOTO 3apsia
CO CKOPOCTBIO U BIOJIb OCH X, MO0 OH ABMIKETCSI CO CKOPOCTHIO (-0) OTHOCHTEIb-
HO 3JIEKTPUYECKOH CHCTEMBI, TO ee BO3JIEeHCTBHE Ha 3apsn Oyner apyrum. C mo-
Molbio npeodpazoBanuii (8.33) Mbl MoxeM ero Haiitu. [lepenuiieM X, DOMOJ-
HSIS1 3aBUCHMOCTSIMH JIJIsL Oceil Y u Z

_ _ 2
X —oty ot —@Ie)X, (8.53)

1 1 y: yl}’ z: ZI)'
V1- 2 1- p*

X =
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IIpeoGpasoBanus (8.53) ornuuarorcst or mpeobpaszosanuii Jlopenna (8.33)
TEM, YTO OHM 3aITMCAHbI 1JI1 CKOPOCTH PACIPOCTPAHEHHs BO3IEHCTBUS B CpELE Cy ,

a He U CKOPOCTH CBeTa B BaKyyMe c. BBIpa3uM mepeMeHHBIE ¢ MHICKCOM "0
4yepe3 HeMHEKCUPOBAHHBIE TEpEMEHHbIE!

o = Xtot _t+(/cf)x v =y 2
v W 0 W v (4

Iepeiinem B BoHOBOM ypaBHeHnH (8.52)K HHAEKCHPOBAHHBIM MIEPEMEHHBIM.
Tak xak B cootBercTBuu ¢ (8.53),X = X(X, 1,), a t = t(X,, t,), To oT gUbDepenunpo-
BaHUsI M0 CJIOKHOW (QYHKLIUH MOXEM MepeiT K nud(hepeHIMPOBAHHIO IO apry-
MEHTaM:

t t
i:iﬂ.;.i[f_" i:ig‘ﬁ+ig‘7_v (8.55)
ox odx, Jx oJt, dx ot Jx, Jt ot It
Huddepenuunpys Boipaxkenust (8.54)u noacrapus ux B (8.55),mony4yaemM cooTHo-
LICHUST MEXIY TPOU3BOAHBIMU:

o_ 1 |90 vod) o__ 1 [ 9,9 g5

ox  fJi-pz\ox, o, ) ot [1_p2\ dx, dt,)
[oeTopHO aubdeperunpys (8.56),Hax0aUM COOTHOIICHUS MEKIY BTOPHIMU
MIPOU3BO/IHBIMHU:

=z. (8.54)

2 2 2 2 2
9% _ 1[& v 0 UdJ, (©.57)

= + +
Ix% 1-p%\ox 2% ¢ otox, o at?

2 2 2 2
d_: ! v? J +20-2 J + J , (8.58)
a2 1-p% oax? ¢t dudx, o2

9% 9% 9% _ 52
R oy o et (8.59)

INocne monctaBky BTOPBIX MPOU3BOAHBIX B ypaBHeHue (8.52)ono npeobpasyercs
B TaKOE K€ BOJHOBOE ypaBHEHHUE!

2F 2c 2= 2F
%5, 25,75 105, (8.60)
ox~  dy,~ dz° o o,

IIpu sTOM cooTHomeHne mMexay E u E, Moxer ObITh JIOOBIM JMHEHHBIM, HE

3aBUCALIMM OT NepeMeHHbIX nuddepennmposanus. Cornacao (8.60), Bo3aeiict-
BHE E, JBMXYIIEHCSA CO CKOPOCTBIO 0 3apsHKEHHON CHCTEMBI, IIIOTHOCTH 3apsiia

KOTOPOI B YaCTHOM CJIydae ompenensercs Beipaxkennem (8.51),0yner umers Me-
CTO B TOYKaxX X,, Y,, Z, © B MOMEHT BPEMCHH, CMCIICHHBII MO0 CPABHEHUIO C BO3-
JICWCTBHUEM HEMOBMKHON CUCTEMBI B COOTBETCTBUH C BhIpaxkeHueM (8.54).
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Bonnosoe ypasHenue (8.52) kak nuHeiiHOE AudPepeHIInaIbHOE YpaBHEHUE
MOKET UMETh petuenue [24] ¢ pasaensomumMucs nepeMeHHbIMH

E=Ey(x Yy, 2" . (8.61)
Iocie moacranoBky B (8.52)mony4yaem
2
AE, (X,y,2) +w—2 Eo (xy,2)=0.
G

Oto ypaBHeHHE ['eIpMroJbIIa, KOTOPOE B 3aBUCHMOCTH OT TPAaHHUYHBIX yCIIOBUH
MOJKET IMETh pa3Hble pemeHus. B 9acTHOM cirygae OHO MOKET HMETh peIIeHUe

Eo(xY,2) = Ege™ ", (8.62)
— g a - o _ AT 5T AT
rne E, = const;k =—n — BomHoBoO# Bektop; N=ai + [ +)K — HOpMans K
o
IUIOCKOCTH, HANpPaBJSIOIIME KOCHHYCa KOTOPOW C OCAMH X, Y, Z PaBHBL

& = cosfiX); B = cosqy); j = cos(n) .
C yuerom (8.61)u (8.62)peleHne BOJIHOBOIO YPABHEHUS 3aITUIIETCS B BUJIE

E(x, Y, zt) = E, cosp( t — (Gx+ By + p2) I ¢;)]. (8.63)
Ioacranoska (8.63)B (8.52)maet coOoTHOIIEHHE TSI HATPABJISIONIMX KOCHHYCOB

a2+ B2 +j? =1. (8)64
U3 (8.63)BuaHo, uto npu

+t—(Gx+ By + yz)lc, = const (8.65)

3HAUYCHUSA HAIIPSKCHHOCTHU E OJWHAKOBBI Ha INIOCKOCTH B 11000 MOMEHT tl

Gx+ By + jz = constx city (8.66)

Eciy II0CKOCTh TIEPIIEHIMKYISAPHA K ocu X, T.e. ipu @ =1 u f=y=0,T0 B
HPOU3BONLHEI MOMEHT BpEMEHH KOOPJUHATA X ee OyeT

X=Xy xCt. (8)67

B cimyuae 3Haka "+" MIOCKOCTh TIOCTOSIHHOW HampspKeHHOCTH E mepemeniaercs B
HanpasieHud ocu X (psiMast BOJIHA) CO CKOPOCThIO C; IIpu 3Hake "-" ILIOCKOCTH
mepeMerniaeTcsi B 00patHoM HampasieHud (oOpaTHas BOJHA). Takyro IBIKYILYIO-
Cs IUIOCKOCTh HAa3bIBAIOT IUIOCKON BOJIHOM, a BeIpakenue (8.63) —ypaBHeHHeM
MIJIOCKOX BOJIHBI.

Tak Kak nepro KocuHyca paBed 277 To u3 (8.63)cienyer, 94To 0JHOBPEMEHHO

Bo3AelicTBHE E OynmeT oqMHAKOBBIM Ha IUIOCKOCTSX, OTCTOSAIINX APYT OT ApyTa
Ha PacCTOSTHUSAX
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MX=1=2m | w, (8.68)

rae A — [UIMHA BOJIHBL.
B ¢ukcupoBaHHO# TOUKe B COOTBETCTBHH ¢ (8.63)HanpskeHHOCTH

E = E, cogu(t — x/c;) (8.69)

HU3MEHsIETCS BO BpeMeHu B npezenax (-Eq ) € E < Ey ¢ nepuonom T = 277 @ Tlpu
5TOM B HavajbHblidi MoMeHT (t = O )3mauenne E = Ey cOSpy , rne @o = — wx/cy
Ha3BIBAIOT HAYalbHOU (ha30i BosHbI. Kak BuauM, (pa3a BOIHBI 0 OCH X U3MEHs-
eTcsl.

Crenyer OTMETHUTh, YTO XOTs ypaBHeHue (8.63)Ha3bIBAIOT ypaBHEHUEM BOJI-
HBI U TOBOPSAT, YTO BOJIHBI PACIPOCTPAHSIOTCS, M3 HEr0 3TO He cienyeT. Mbl BU-
M, 4to, B MOMeHT I = O BO Bcex TOYKax IMPOCTPAHCTBA CYILECTBYET BO3/EHCT-
e E . Ho 5To BO3JEHCTBHE H3MEHAETCS TI0 TAPMOHHYECKOMY 3aKOHY M B Pa3HBIX
bazax @, koropsle, kak cineayer u3 (8.69),3aBHCIT OT KOOPAUHATHI X. B Takom
cilydae mapamerp Cp MpeACTaBIsieT CKOPOCTh pacrnpocTpaneHus ¢asbl. [Toatomy
TO, YTO MbI Ha3bIBAEM BOJIHOI HE SIBIISIETCS] BOJHOBBIM JBHKEHHEM KaKOTo-TO Be-
IECTBA WIIM CYOCTAaHIIMH, ITOJO0HOTO BOJTHAM Ha BOJE. DJIEKTPOMAarHUTHAs BOJIHA
— 3TO MEePEMEHHOE BO3JICHUCTBUE B KaXIOH OTAAICHHOH OT paccMaTpPHBAEMOrO
Tena TOYKe, KOTOPOoe OYAET MCIBITHIBATH MOMELICHHOE B HEE IPYroe 3apsuKeHHOES
WA HAMArHMYeHHOE TEJIO.

ITnockas BonHa (8.63) sBisieTCS OAHUM U3 BO3MOXHBIX PELICHUH BOJIHOBOTO
ypaBHenus (8.52).Ha ee mpumMepe XOpoiio BHIHBI OCOOCHHOCTH U CBOICTBA BOJI-
HOBOTO mpotecca. Bo3MOXHBI U pyrue pelieHus BOIHOBOrO ypaBHeHus. Ux ner-
KO TIOJTy9aroT, BbIpaxas (8.52)B MUIHHIPHUIECKUX U CHEPUICCKHX KOOPAHHATAX
[24]. Hanpumep, B ceprudecknx KOOpIUHATAX YPABHCHUE TIPHHAMACT BU]I

J’E_ L, 1 7 2 JE

oz ol ar

Ipu 3amene E = A/ r oHo mpeoOpa3syeTcsi B OAHOMEPHOE MO MPOCTPAHCTBEHHOM
KOOpAuHAaTe I

2 2
I°A ;A‘ch d f, (8.71)
ot or
pelIeHre KOTOPOro
A= Acos wit +) |, (8.72)
)

rae A, —KOHCTaHTa

3nmeck BekTopl E m A BwIpakeHHI B chepudeckux koopanHaTax. C ydeTom
(8.72)monyuaem pelieHue B BUIE CPEPUUECKUX BOJIH:;
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(8.70)

E =og wtx )| E =%co wt+ | E = Ao wt+1)
T o' 2 r o' | ° r c

(8.73)

Urak, B OTAMYHE OT IIIOCKUX BOJH HANPSDKCHHOCTh YMCHBIIACTCS C yBEIHYE-

HHEM PacCTOSIHUS I OT HeHTpa KoopauHat. J[iuHa BoJHB A B 9TOM ciydae Oymer

HAUMCHBIINM PACCTOSHHEM MEXAY TOYKAMH, B KOTOPBIX HANPSIKEHHOCTh HAXO-
JUTCSL B OJJMHAKOBO (hase.

8.5.ABEPPAIIUS U DODEKT JOIJIEPA

Mgl paccMOTpens BO3MOXKHBIC PEIICHHSI BOJHOBOTO YPaBHEHHs. DIEKTPO-
MAarHUTHBIC BOJIHBI CO3MAIOTCS Pa3HBIMH CIHOCO0aMH, HAmpuMep OpH ObICTPOM
W3MCHECHHUH 3apsia Ha IUIACTHHAX KOHAeHcaTtopa. [11acTHHBI KOHAEHCATopa Co-
SIUHSAIOT C AHTCHHOW M 36MHOIl MTOBEPXHOCTBIO M TAKHM OOpa3oOM TEHEPHPYIOT
paguoBONHEL. Bosee KOpOTKHE BONHBI 00pa3ylOTCs H3IydaTelaeM MEHBIIEero pas-
Mepa. DJIEKTPOMAarHUTHBIE BOJIHBI ¢ JiuHON BOJHEL A = 0,3 — 0,8MKM sIBIIsIFOTCS
CBETOM H CO3[AIOTCS B pe3ysibTaTe U3MCHEHUs 3apsiia B Mpejernax pasMepoB aTo-
ma. Qopma ITUX BOJH OoTimMyaercst oT riockux (8.63)u chepuueckux (8.73).B
KOHKPETHOM CJIyYae TOYHOE BBIPAKEHHE [UIS BOJIH MOXET OBITh MOJYYCHO B pe-
3yJbTaTe pemeHus ypasaenus Jamambepa (4.6), pu 3a1aHuy 3aKOHA H3MCHECHHS
0 WJIH CKOPOCTH ABWKEHMs 3apsanoB U () , HavanpHBIX 3HAYCHUH HAIPSKEHHOCTH

E (X,Y, u ckopoctu ee usmenennst JE/ dt = f(x,y,z).

CozaaHHOE IIEpEMEHHOM dIeKTpUUecKor cucteMoi O(X,Y,Z,} Bo3neicTBrE E,
pacopoCTpaHsIsCh BO BCEM MPOCTPAHCTBE C OJAWHAKOBOW CKOPOCTBHIO Cp, HA 6OJIb-
IUX PACCTOSHUAX Is OT DIEKTPUICCKOW CHUCTEMBI OYJIET MMETh CBOU TMepeaHui
¢poHT B BHIE cheprueckoil TOBEpXHOCTH. [103TOMY 37€Ch MOTYT OBITH HCITOJIb-
30BaHbI perreHns (8.73) st cepudeckoii BomHbl. Ha Manbsix pacCTOSHHUSX OT Ig
ceprueckasi MOBEPXHOCTh MPAKTUYECKH HE OTJIMYACTCS OT IUIOCKOCTH, CJIe0Ba-
TEJILHO, B TAKOM CJIy4ae MOKET ObITh MCIIOJIb30BaHo pemenue (8.63)mis miockoi
BOJIHBI.

Beilire Mbl paccMaTpUBAIN PEIICHHE BOJTHOBOTO YPaBHEHHsI ISl BO3ACUCTBUS
HETIOABMKHOU dJIEKTpUUecKor cucreMsl O (X,Y,Z,). Haiinem ee Bo3meiicTBue Ha
JBIKYLIMACS OTHOCUTENBHO HEe IPUEMHHUK B HAMPABICHHH OCH CO CKOPOCTBIO V.
PaccMoTpuM 3TO BO3ACHCTBHE HA MpHMepe PEIleHHUs A IIockux BosH (8.63)
MerogoMm mpeobpasoBanuid. [Toacrasmsst B (8.63) 3amensr (8.53) u 3anmchiBas
JNEKTPUYCCKYIO HANPSDKCHHOCTh € MHACKCOM 0", TONydaeM cieAyroliee BbIpa-
KEHHE!

1+df |, %(@+B)+y,B1- B + 21~ B

s c.U+ap)

E, =E,, o

(8.74)
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Baenem 0003HaueHNS:

W, = W—=, 18)

G =9*B (8.76)

an :—AIB! 18)
a

= V1A 18

yu_ 1+a’,8 V.

Herpyauo y6eautbes, uto a2+ B2 +)2 =1, 1.e. &,,B,.J, UPSACTABIIIOT CO-
00l HANpPAaBISIOIINE KOCHMHYChl HOPMAaIU K IUIOCKOCTH. Torja ypaBHEHHE IUist
IUIOCKOU BOJHBI (8.74), KOTOpOE BBIPAXKAET BO3IEHCTBUEC MCTOYHHMKA HA JIBHIKY-
LIUIACS OTHOCHUTEIILHO HETO MPUEMHUK, 3alHILICTCS B BUIE

EI) (XI) ' yl} ! ZI) ’tl)) = E01) Cow}[itl} - (ﬁl) XU + ﬁl} yI) + j}n ZI))/C_L] 1 (8'79)

T/Ie CKOPOCThH 0 TIOJIOXKHTENbHA NPH CONMKEHNH TIPHEMHUKA U MCTOYHUKA. [Ipu-
eMHHK OyJIeT BOCIPUHUMATH BO3ACHCTBHIE TAKXKE B BHJIC TUIOCKON BOJIHEI, HO JIPY-

rOM 9aCTOThI (J, YIJIbl HAKIIOHA BOJHOBOM IUIOCKOCTH &),,[3,,), OyIyT pasinyarh-
cst. Beipaxxenue (8.75) omuceiBaet n3BecTHb dpdekt Jomepa, a COOTHOLICHHS
(8.76) — (8.78) —sBnenue abeppanun. BemuanHa Bo3meiicTBusi E,, , Kak ciemayeT

u3 npeobOpaszosanuii (8.14) — (8.16)mm (8.17) — (8.19)¢ yueTom mpeobGpasosa-
HUH 3apsaa OyIeT H3MEHATHCS CIEAYIOMNM 00pa3oMm:

E Eoy - Eo

ovy = —2’ Eovz —ZZ ’
Vi-8 V1-8
T.€. OHa OY/IET YCUIINBATHCS MOMEPEK JABUKEHHS IPUEMHHKA.

B nuteparype [44] u3BeCTHBI MOMBITKA 3KCIEPUMEHTATIBHOW MPOBEpKU (-
¢exra Jorepa (8.75). OnHako 3TOT BONPOC J0 CUX MOP OBLI HESICEH B TEOPETH-
YECKOM IIJIaHE. MMEETCS /IO JIECATKa pPa3HbIX (OpPMyJI, HEKOTOPbIE M3 HHUX JAIOT
B3aUMHO IPOTUBOIOJIOKHBIE PE3YJIbTATHI.

Ha npumepe cooTHomeHH A MJIOCKONM BOJHBI pacCMOTPUM BO3JEHCTBHE
JBUKYIIETOCS MCTOYHHKA CHEPUIECKUAX BOIH HA HETIOMBIKHBINA MPUEMHHK (pHC.
8.2). Kak yxe oTMedanock, Ha GONBIIMX PACCTOSHUSAX OT HCTOYHHKA MOYKHO BOC-
MOJIB30BAThCS Pe3yibTaTaMH ISl [UIOCKOM BOJHBI. IIpH CKOPOCTH HCTOYHHUKA,

E E

0X?

(8.80)

ovx

HApaBJICHHOM Ha npueMHUK (cM. puc. 8.2a), a =1; B =y=0 u cornacso (8.75) —
(8.78)umeem
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= 1+ﬁ C()é' :lﬁz):j}uzo' (881)

Kax Bumum, HampaBiieHHue HAOIONIEHUS MCTOYHUKA HE M3MEHSETCS, TOJBKO yBe-
JIMYUBACTCS YaCTOTA BOCIIPHHUMACMBIX BONH. [Ipy MpHOIMKCHUH K CKOPOCTH €1
OHa CTPEMHUTCS K OECKOHCUHOCTH. B ciydyae ynajieHus HCTOYHUKA OT NMPHUEMHUKA
@ =—1 1 yacTOTa YMEHBIIAETCSL:

w, =@~ B)/1+ fw, (8)82

a C MpHUOIMKEHNEM K CKOPOCTH C; CTPEMHTCS K HYIIO.
[Ipu ckOpOCTH MCTOYHHKA, NMEPIEHANKYISIPHON HAIPABICHUIO HA MPUEMHHK

(cm. prc. 8.26) @ = =0, B =1 u cornacno (8.75) — (8.76)meem
@, = wl\1- B2 B, =\1- B°B. (8.83)

31ech UKIMYECKasi 4aCcTOTa M3JYUYCHHs YBEIHMIUBACTCS U C TIPHOIMIKEHHEM D K Cp
CTPEMHTCS K OECKOHEUYHOCTH. JTO Ha3bIBAIOT MOTIEpEYHBIM 3¢ dekTom Jlomurepa.

Y a y Y & iy
7 , 7,
- 7 R RAYT
S R\ 7 S &
—x %
D x S| v X

Puc. 8.2 BozzeiicTBre IBIKYIIETOCS UICTOYHNKA H3TydeHHsT SHA HETIO/IBIDKHBIIN IpUeMHHK R.
a — IBIDKCHHE HA TIPUEMHUK; 6 — IBIDKECHHE TIEPIICHANKYISIPHO IPUEMHUKY);
6 — IBI)KEHHE O] YIJIOM K IPUEMHUKY.

Tax kak By YMEHBIIACTCA C YBCJIMYCHUEM CKOPOCTH, TO YI'OJI HAKJIOHA HOpMaJIU
ﬁu K OCH Y YBCIMYHMBACTCA, T.C. JIMHUAA BU3UPOBAHMS HaA ,Z[BI/DKyH.[I/II‘/'ICH HUCTOYHHUK

OTKJIOHSICTCSI OT BEPTHKAIIH.

B HaKJIOHHOM Cilydae JBMKCHHS BBIPA3MM MapaMeTphl U3IyYCHHS ABHIKYIIC-
rocst HICTOYHHUKA Yepe3 Yoy ¢ MEXIy JIHHUCH BU3UPOBAHMS Ha NPHEMHHK U CKO-
poctsio uctoynuka (cm. puc. 8.26). Tak kak @ =cosp, S=sing,a y=0, 1o B
cootBercTBHH ¢ (8.75) — (8.78panuiiem

w, = PO 5°°j¢ , (8.84)
Vi-8
¢, =arccosy, = arccosm (8.85)

1+ Bcosp
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Ha puc. 8.2¢ noka3aHsl yribl HaOMOAEHHS @, TBIKYIIETOCS UCTOYHMKA U HOP-
Maiu N, K Ha0JII01aeMbIM TIOBEPXHOCTAM U3JIyYEHHs HPHU JBYX TOJIOKEHUAX TIPH-
emauka: Ru R. C mpubmxeHneM v K C; HOpMaib HA0JII01aeMOTO H3JIydeHHUs N,
OTAAJAETCS OT BEPTUKAIIH.

8.6 CKOPOCTb CBETA
MEXAY ABHKYIIIUMUCA TEJIAMU

U3 ypaBuenus Jlanambepa U BOJHOBOTO ypaBHEHHS MBI MOTy4aeM PEIICHHS
JUTSL BO3JICHUCTBHS, KOTOPBIE 3aBUCAT OT C; . CO CKOPOCThIO C; MEpPEMENaeTcst mo
MpoCTpaHCcTBY (a3za BOMHBL. Eciam mpou3oiayT HM3MEHEHHS BO3ICHCTBYIOMIETO
Tena, TO OHU OyIyT PacHpOCTPAHSTHCS CO CKOPOCTHIO Cp . [IoaTOMY €€ Ha3bIBalOT
CKOPOCTBIO PACHPOCTPAHEHHS JJIEKTPOMArHUTHOTO BO3JeicTBHs. Benuuuna Cp
3aBUCHT OT JUIJIEKTPUYECKOW £ M MArHUTHOM [/ MPOHUIIAEMOCTEN CPE/Ibl MEKITY
B3aUMO/ICHCTBYIOIIMMHE TeJlaMH. ECIIn MeXly HUIMH UMEIOTCS pa3Hble Cpe/bl, TO B
KaX0U U3 HUX OYAET CKOPOCTh PaclpoCTpaHEHUs, OnpeessieMasl CBOUCTBAME &
uu.

[pu ABMKEHMH HNPUEMHHKA U UCTOYHHMKA B3aMMOJICHCTBHE MEXKAYy HUMH 3a-
BUCHT TOJIbKO OT HMX OTHOCHTEIIbHOHW CKOPOCTH, MO3TOMY 3JEKTPOMArHHUTHBIC
BOJIHBI OTJIMYAIOTCS OT aKyCTHYECKHX WIJIM BOJH Ha BoJe. VICTOYHHUK akycTHue-
CKUX BOJIH, HaPUMEpP TYIOK HEMOJBHXKHOTO JIOKOMOTHBA, B T. S (puc. 8.3¢) B
MOMEHT BpeMeHHu t u3maeT 3ByKOBbIe KoseOanusi wactoToil f, koTopeie pacmpo-
CTPAHAIOTCS B HEMOJBIIKHOM BO3IyXe co cKopocThio @ = 340m/c. Yepes At = l/a
3BYK JOCTHIaeT IprueMHuka R u 3a 310 Bpems Oyner uzgano n = f At konebanmii.
PaccrosiHie Mexy HUMH, T.€. JuinHa BoyHbl, A = I/n = a/f . Tak kak »tn Koneba-
HUSI PACIIPOCTPAHSIOTCS CO CKOPOCTHIO @, TO B MPUEMHHK OHH OyIyT MOCTYMATh C
gacroroii fg=all =f.

y a y Puc. 8.3 PacnpocTpaneHHe aKyCTHYECKHUX BOJIH B cpefe, B
[ rrat KOTOPOH MCTOYHHK S ABMXKETCS CO CKOPOCTBIO g, @ HPH-
S f E€MHHUK R cO CKOPOCTBIO DR B HANIPABICHUH COMMKEHHUS.

a At R

Ecnu 10KkOMOTHB S cOmmKaeTcst ¢ MPUEeMHHKOM

€O CKOPOCTBIO R (M. puc. 8.30), TO U3MaHHbIE T'y-
, KOM KoJieOaHHs1, paclpoCTPaHsIsICh CO CKOPOCTHIO A B

S vs S f;  cpene, OyIyT TaKkXKe YCIbIIIaHbl TPUEMHHKOM 4epe3
vsAtg R At = l/a. TloguepkHEM, 4TO CKOPOCTh 3ByKa HE M3Me-
a Atg HHUJIACh, TaK KaK OH PACIpPOCTPAHSETCS B CPEle U OT
1ALy nppKeHns HCTOYHMKA HE 3aBHCHT. 3a Bpems At wnc-
€ TOYHHK co3fgaer N = Atf komeGanwmii, mpoiiger pac-

' ' T ! -

vs S" R g I crosine v At 1 3akimer monoxenue S'. Takum obpa
S R 30M KoJeGaHus pacnpenensaTes Ha umHe | — og At =

s Al A op Al R (a —vg) At. Torna paccrosiHue MexIy HUMHA A = (@ —
a Aty

o)
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vs ) At/n = (@ — vs )/f. Tak kak KoneGaHUs PACIPOCTPAHSIIOTCSA CO CKOPOCTHIO &
OTHOCHUTEJIHO NPHEMHHKA, TO YacTOTa 3BYKa, BOCIPUHUMAEMOTO IPHEMHHKOM,
Oyner

a

a
fg=— f. 8.86
o= (8:86)

a-vg

Ecnu eute npueMHuK (cM.puc. 8.36) ABMKETCS K HCTOYHHKY CO CKOPOCTBIO UR
OTHOCHTEJIFHO CpEeJibl, TO OH HPHUOIMKACTCS HABCTPEUY PacIpOCTPAHSIOMIEMYCS
3BYKY, T.€. CKOPOCTb 3ByKa OTHOCHTEIILHO IPUEMHUKA COCTABHUT

aR = a+1)R . (8)8

3ByK ZOCTHTHET mpUeMHHKa 3a Bpemst Atg = |/(a + vg ), 32 Bpems Atg HCTOUHHK
cosgact Ng = At f konebanwuii, npoitnet paccrosuue vs Alg U 3aiiMeT MONOKEHHE
R. KoneGanust pacronoxarcst Ha amume | — (s + vg ) Atg 1 paccTosiHue MexIy
HUMH Oy1ieT

A=l = (vs +vg)AtR]/(Atg f),
T.C.

(8.88)

Taxkne JJIMHBI BOJH BOCHPHUHHUMAIOTCS CO CKOPOCTBIO dr , HO3TOMY 4YaCTOTa BOC-
IPUHUMAEMOI'0 3ByKa
a a+DR
fp=2R =T R (8.89)
Ar

a-og

DTH COOTHOMICHHS CIPABEUINBBI M TIPH IBMXKEHHU TEN B BOJE, HAIPHUMEDP TIPH
JBUKCHHUH CO3/A0IIET0 BOJIHBI KOPAOIsi M BO3ACHCTBHS MX HA IBIKYILYIOCS JIOJI-
Ky. B coorBerctBuu ¢ (8.89)Bo3ieiicTBrE BOJH Ha JIOAKY 3aBUCHT OT CKOPOCTH
KOpalIIs vs ¥ CKOPOCTH JIOJIKH DR .

Puc. 8.4 PacnpocTpaHeHHe 2JIEKTPOMArHUTHBIX KOJIeOaHUH Me- /
KAY OTHOCHUTCIBHO IBHKXYIIMMHUCSI HUCTOYHUKOM Su NpUEMHU- )
koM R. S
At R
B3anMmoelicTBHE 2IEKTPOMArHUTHBIX OOBEKTOB 3aBH- c, At
CHUT TOJIbKO OT WX OTHOCHTENIBHOHN ckopocTh. Ecnm 00bek-

Tl HEMOJBMKHBI OTHOCHUTEJIBHO JAPYT ApYyra, TO 3JIEKTPO-
MarHUTHBIE BOJIHBI PACHPOCTPAHSIOTCS MEXKAY HUMU CO CKOPOCTHIO C; HE3aBUCH-
MO OT TOTO, IBHXKYTCS OOBEKTHI OTHOCHUTENBHO cpenbl uiu Het. OO 3ToM CBHUjIE-
TENBCTBYIOT SKCIIEPUMEHTHI, U3 KOTOPBIX ClieayeT ypaBHenue [lamambGepa (3.28).
Bo-nepBeix: Mmaruut HaBoauT DJIC B MPOBOTHUKE TONBKO MPH UX OTHOCHTEIHLHOM
JIBIDKCHUH; BO-BTOPBIX, MBIDKYIIMACS 3apsiji SKBUBAJICHTEH TOKY M CO3/Ia€T BO3-
JICHCTBUEC HA MarHUT, KOTOPOE 3aBUCHUT OT MX OTHOCHUTEIILHOW CKOpocTH. B3anmo-
JICUCTBHE 3JIEKTPOMATHUTHBIX OOBEKTOB, HAMPUMEP KATYIIKA C MAarHUTOM, HE
3aBHCHUT OT TOTO, YTO JBIIKETCS, a YTO MOKOUTCA. OHO OMpeaensieTcss X OTHOCH-
TENBLHON CKOPOCTHIO.
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C 9THX MO3UIHAI PaCCMOTPHM PACIPOCTPAHCHHE CBETA MEXIY IBIKYIHMCSI
HCTOYHHUKOM W TIPHEMHHKOM. ByIeM cuurTarsh, 94TO OTHOCHTEIBHOE pacCTOsHUE |
MEKIy HCTOYHHKOM S M MPUEMHHUKOM R 3JeKTpOMAarHUTHOE BO3ECHCTBHE MPOXO-
JIMT CO CKOPOCTBIO C, , KOTOpast 3aBUCHT OT CKOPOCTH D MX OTHOCHTEJIBHOIO JBHU-
xenust (puc. 8.4). Torga BpeMs pacnpoctpanenus coctaBut At = 1/c, . 3a 310 Bpe-
Ms HCTOYHHK CO3JaeT KonuecTBo Konebanuii N = f At =f I/c, , a paccrosnue me-
Iy UCTOYHHKOM W TIpHeMHHKOM cTaHeT | — oAt. Ha aTom paccrosiaum pacmosio-
KHTCS N KOJIeOAHUH, TO3TOMY PAcCTOSIHUE MEXIy HUMH, TO €CTh IUTHHA BOIHBI,
oyzner

A=(-ovAt)/n=(-vAt)c, /(fl)=QA-5,)c, /T,
rae
B, =vlc,. (8.90)

Tak Kak KOJcOAHHsS OTHOCUTEIBHOEC PACCTOSHUE MEIKIAY HCTOYHUKOM M IIPHUCMHH-
KOM OyIyT IMIPOXOAHUTE CO CKOPOCTHIO C, , TO MPHEMHHUK OyAeT BOCIIPHHAMATD UX C
JaCTOTOM

f

E . (8.91)

v

f :C—”:
A

B sTOM BBRIpa’keHHH HEU3BECTHA CKOPOCTH CBETa C, , KOTOpast BXOIUT B MIPH-
BEIICHHYIO CKOPOCTh [3,. VI3 ypaBHEHHH 3JICKTPOIUHAMUKH MbI MONYYIHIN LUKITH-
YeCKyI0 4acTOTy KoJicOaHuii, BOCIPUHUMAaEMyt0 TIpiHeMHUKOM B Bue (8.84),01-
Kyla 4actoTa KoieOaHuid mpu COMKEHHH MCTOYHHKA W npueMHuka mpu ¢ = 0
3aMnIIeTCs

f=ftB (8.92)
V1- 52
Beipaxxenus (8.91)u (8.92) onpesenstor 4acToTy KojeGaHui, BOCIPUHUMAEMBIX
NPUEMHHMKOM, KOTOPas pacCuMTaHa pasHbIMU MeToiaMu. CKiiouas U3 HUX BEJIU-
yuny f,, moyyaem cieayromiee BEIpaKEeHHE s IPUBEICHHON CKOPOCTH Pacipo-
CTpPaHEHMs DJIEKTPOMATHUTHBIX BOJH MEKIY CONMKAIOUIMMUCS C MPUBEICHHOM
CKOPOCTbIO 3 UCTOYHUKOM U IPUEMHUKOM:

= B+ B)
¢, =—~ 2 (8.93)
1+ B-1- B2
rIae
c, =c,/c. (8.94)

B ciyuae yupansiomuxcs npuemunka u uctounuka < 0.1lpu £ — O npenen
Beipaxenust (8.93)maer C, =1, T.e. IpH OTCYTCTBUH IBMXKCHUS MCTOYHHKA OTHO-
CHUTEIBHO IPHEMHHKA CBET PACTIPOCTPAHACTCS C OOBIYHON CKOPOCTHIO Cy. [pu =
1 ckopocTsh C, = 1,T.e. B cilyyae JBHKEHUS MPUEMHHUKA WK UCTOYHUKA CO CBETO-
BOW CKOPOCTBIO (DPOHT KOJICOAHUIA ABHKETCSI COBMECTHO C JBHXKYIIMMCSI OOBEK-
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TOM W TIPHEMHHK BOCHPHUMET 3TH KOJIeOaHWs, KOTJa MCTOYHHUK IOpPaBHICTCS C
uuM. [Ipu cBepxcBeTOBOM ckopocTH [ > 1, BenmuunHa C, MHHMas, T.C. CBETOBBIC

KoJieOaHus He OCTUralOT MpUeMHHKa. 3aBucumocts (8.93)mpeacTasieHa Ha puc.
85.Ilpu = 0.6u 0.8 c, = 1.2. MakcumanpHOe 3HAYCHHE HAXOIHUTCS TMPU

B =1/ V2. Haubonbumas CKOpPOCTb PACHpPOCTPAHEHUS CBETa MEXIY IBIKYILU-

= 05(v/2 +1) =1,207.

[Ipy MaibIX CKOPOCTSIX BeauunHoil 32 B 3Hamenarene (8.93)MOxHO mpeHe6-
peus, Tora rnojy4aem

MHCS 00BEKTAMHU Cyax

C, =1+ 8. 89

DTOT pe3yabTaT COBMAMAET CO CIYYasMH JIBHKCHUS UCTOYHHMKA WM MPUEMHHKA
kosiebanuii B cpene. Coornomienue (8.95)cBuaeTENbCTBYET, YTO MPH MANBIX CKO-
POCTSIX CKOPOCTh CBETA CKJIAJBIBAETCSI C OTHOCUTENILHON CKOPOCTBIO 0 COMMMKEHUSI
HCTOYHHMKA U MIPUEMHHKA U BHIYUTACTCS, €CJIU OHH YIAISIOTCS APYT OT apyra. Kak
crenyer u3 rpaduka Ha puc. 8.5,310 cBoiicTBO cnpasemBo npu £ < 0.3,a npu-
OIIKEHHO M MOXHO TI0Nb30BaThes 10 b < 0.6.T1pu Gompmimx ckopocTsx [ He-
00XOIMMO YYHUTBIBATh TOUHYIO 3aBUCHUMOCTE (8.93) ist ckopocTH pacmnpocTpase-

- HUSI 3JIEKTPOMArHUTHBIX KOJIe-

Co = GaHwmiA.
1 Ilpu ynanenun ucToyHU-
Ka ot npuemHuka (5 < 0), cko-
0.75 pOCTH cBeTa MEXAY HHAMH
Menblue Cy. [Ipu ynanenuu co
0.5 /
4 Puc. 8.5 TlpuseneHnas ckopocTb
0.25 / ceeta C, =C,/C; MexIy Tenamy,
JBHXKYIIMMUCA C TPUBEAECHHOM
0 CKOPOCTBIO 3 IpYT OTHOCHTENBHO

-0.8 -0.4 0 0.4 0.8 B  npyra.

CBETOBOW  CKOPOCTBIO  CKO-
POCTh PACIPOCTPAHCHHS CBETa MEKIY MCTOYHHKOM H IPUECMHHKOM CTAaHOBUTCS
pPaBHOW HYNI0. DTOT pe3ysibTaT UMEET Ba)KHOE 3HaueHue s kocmonoruu. Co-
TJIACHO THITOTE3¢ "OOJIBIIOTO B3phIBA" NANCKUE TATaKTHKH YAAJSIOTCS OT HAC CO
CKOPOCTBIO OJTU3KO# K CKOpOCTH cBeTa. CKOPOCTh pAaCIPOCTPAHEHHSI CBETA OT HHUX
C, MOXET OBITh OYCHb MaJIOH, MIO3TOMY BpEMsI, HCOOXOIUMOE IS PACIIPOCTPaHe-
Hus ceeta tg = L/C,, rue L — paccTosiHue 10 raJakTHKU, OKa3bIBAE€TCS 3HAYNTEIBHO
0oJIbIlIE BpEMEHH, MIPOLIEIIIEr0 ¢ MOMeHTa "B3phiBa” ts = L/C. To eCTh MBI BHIUM
raJlakTHKY, KOTOPO#i ere He ObUT0. ITO MPOTHBOPEUYHE SBISICTCS CEPhE3HBIM HC-
TIBITAHAEM THIOTE3bI " 0OBIIOr0 B3phIBa'.

Crnemyer OTMETUTbh, YTO BBCACHHAS HAMH BEJIIMYHMHA C, HE SBISCTCSA OOBIYHOM
CKOPOCTBIO U €€ HEJb3sl CKJIAJbIBATh CO CKOPOCTSIMHU JABIKCHUS Tell. OHa CBSI3bI-
BaeT PACCTOSTHUC MEXKIYy OTHOCHUTEIBHO IBHXKYIIIMMUCS HUCTOYHHKOM W TIPUCMHU-
KOM U TPOMEXKYTOK BpPEMCHH MEXAY CO3JIaHHEM KOJCOaHUM M WX NPUXO-
nom(cm.puc. 8.4).T1pu atoMm paccrosiHue | paccMaTpUBaETCS B MOMEHT H3JTyIeHUSI

164



KojeOaHMi. DTa BEJIMUMHA XapaKTepU3yeT BPpeMs PaclpoCTpaHEeHUS BO3NCHCTBUA
MEXIy ABYMs TelaMH. MeXay BeITHYMHOM C, H CKOPOCTBIO 3BYKa &, MU CKOPO-
CTBIO PACIPOCTPAHEHHs BOJIH Ha BOJE, HENb3si IPOBOJAMTH aHAIOTHIO. B mociex-
HUX CIIy4asX MMEeTcs BEIECTBEHHAs cpeja, ABWKEHHE KOTOPOH MOXKHO HaOiIo-
JaTh U U3MEPATh U OTHOCHUTEIIHLHO KOTOPOW MOXXHO (PMKCHUpPOBATH JBHXKEHHUE TEIl.
B cnydae 3neKTpOMAarHUTHOTO B3aUMOJICHUCTBUSI Takoi cpenpl HeT (OHA He OOHa-
pyxena). CrieoBaTesibHO, HENb3sl BENUYUHY C, BOCIPUHUMATh KaK CKOPOCTh Ka-
KHX-TO MaTepHalIbHBIX 0OBEKTOB.

[Ipy MajbIX CKOPOCTSX IBHMIXKCHUSI MCTOYHUKA OTHOCUTEIBHO NMPUEMHHUKA B
cooTBeTCTBHH € (8.95)MX CKOPOCTh T€OMETPUYESCKH CKIIAIBIBACTCS CO CKOPOCTHIO
PacIpoCTpaHeHUs SIEKTPOMArHUTHBIX Kosebanuit. [Ipy cONMKEHNH NCTOYHUKA C
MIPUEMHHUKOM CO CKOPOCTBIO », CBET MEXIY HHMH PaclupOCTpaHsIeTcs cO CKOpO-
CTBIO C; + 0, a IIPH YIAJCHUH CBET JOCTUIaeT NMPUEMHHKA CO CKOPOCTBIO Cp — 0.
DT0 TMoATBEpKIaeTCs NMpU HabmonaeHnn 3areHeHus HOmumrepom crytHmka Mo ¢
Pa3HBIX TOYEK OpOUTHI 3eMir - TIpH yaajdeHun 3emiid oT FOnuTepa u npuomke-
HUM K HeMy. bnaromaps pasnoctn HaOmonaembIx BpeMeH 3ateHenusi Mo actpo-
HoMm Omnad Pemep B 1676 rogy ompenenui ckopoctb ceeta [47,48]. B 1969 5.
Yomnec [122] obpaTuni BHEMaHHe Ha TO, YTO NPH 30HAUPOBaHHU BeHepsl, cko-
POCTb PaJMOBOJIH CKJIaJbIBAETCSI CO CKOPOCTHI0 BeHEpbl OTHOCUTEILHO 3EMITH.

B skcnepumentax Maiikenbcona [4] U Opyrux uccieaoBaTeneil IPUEMHHK H
HCTOYHMK HE JIBUTAIUCH APYT OTHOCUTEIBHO APYT Ipyra, IO3TOMY TaM HE MOrJa
OBITH OOHApyXKEeHa pa3HHLA B CKOPOCTH cBeTa. Kak BHIUM, IPUHIMII IIOCTOSHCTBA
CKOPOCTH CBETa IIPH OTHOCUTEJIFHOM JIBIDKCHHH NPUEMHHKA U UCTOYHUKA, [OJIO-
JKEHHBIH B OCHOBY TEOPHH OTHOCUTEIILHOCTH, SBIISCTCS. HECOCTOSTEIIHHBIM.

8.7.ITPUHLUMUII OTHOCUTEJBHOCTH
N ETO 3HAYEHUE

DTOT NPUHLHUI SBISCTCS OJHUM W3 OCHOBAHHW TEOPUH OTHOCHUTEIILHOCTH.
CylIecTBYIOT pa3HbIe ero OMpeaeSicHUs] U pasHble oHumanus [71]. s npumepa
mpuBeeM (OPMYITHPOBKH, HWCIOJB30BAHHBIC YUYCHBIMH pPa3HOW OpHEHTALUU B
JCKYyCCUH TI0 Teopur oTHocuTedbHocTH. B.M. CekepuH INpuBeN ompeneicHue
[48] u3 xuuru JlangcGepra "OnTuka": "Bce mporeccsl IpUpoabl IPOTEKAIOT OJH-
HaKOBO B JIIO0OH MHEPIMAILHOHN cucTeMe oTcuera’. MHepuaibHas cucrtemMa oT-
cYeTa — 3TO CHCTeMa Tell, KOTOpasl IBIXKETCS M0 MHEepIHH, T.e. 03 YCKOPEHHUs.
AM. llanarun [73] cunraer, uTo GoJice BEPHOE ONMpPEEIEHNE IPHHIIMIA OTHOCH-
TENLHOCTH JaHO B ydeOHMKe [26]: "...Bce 3aKOHBI IPUPOIEI OJUHAKOBHI BO BCEX
HWHEPIUANBHBIX CHCTEMax oTcdera’. Bropoe onpeaencHue JOMycKaeT HEOAUHAKO-
BOCTB IMPOIICCCOB B Pa3HBIX CHUCTEMaX, HO HAKJIaJbIBacT TPCOOBaHMS HA 3aKOHHI,
OMHKCHIBAIONINE ITH Tporiecchl. OHM JOJDKHBI OBITh OJMHAKOBBL. Kak MBI moKkaza-
JIM, IMEHHO 3TO TIOJIOKCHUE HCIONB30BAHO B TCOPHUU OTHOCUTEIBHOCTH. OTiH-
YarOIIUECs] BO3ICHCTBHUS MEXKIy OTHOCHUTEIBHO ABIDKYIIMMHUCS TEIAMU U ITOKOSI-
LIMMUCS OTMCAHbI OIMHAKOBBIME BbIpakeHUsiMH. [IpaBia, 371ech COBepILEH OTX0/]

165

OT IIPHUHITUIIA OTHOCUTEIBHOCTH, TaK KaK PACCMOTPEHBI B3aNMOACHCTBYSI HE BHYT-
PH HHEPIIHATEHON CHCTEMBI, @ MEXIy Pa3HBIMH CHCTEMaMH.

Hecmotps Ha pasable HOpMYyTHPOBKH MPHHIIAIA OTHOCHTEIFHOCTH CYTh €¢
3aKJII0YAETCs B TOM, YTO PABHOMEPHOE M NPSMOJIMHEWHOE ABMKEHUE HE JOJIKHO
MPHUBOANTH K KAaKUM-THOO M3MEHCHHUSAM BHYTPH CHCTeMbI. KilaccHueckoi WILTro-
CTpauued MpUHLMIA ABJIAETCS KaroTa CyJHA WIM KyIe Moe3fa, IBUKYILIUECS C
HEU3MEHHON CKOpOCThI0. EciiM OKHa MX 3aKpBITHI, €CIM OHU T'€PMETHYHBI, €CIIU
OHU CHA0>KEHBI HETIPOHUIIACMBIM SKPAHOM JUIS DJICKTPUYCCKOTO BO3JCHCTBUS, TO
MOJXKHO COTJIACHTBHCS C TaKoil (hOpMYIHPOBKON MPHHIMIA OTHOCHUTECIBHOCTH HH-
KaKMMH HU3BECTHBIMH OTBITAMH HEJNB3s ONPENENNTh. JABWKETCSA KaloTa HMIIH ITOKO-
utcs. Ho Korza B OKHA BHIHBI OKPY’KaIOIIHE IIPEAMETHI, KOTJa CKBO3b KyIe Ipo-
XOJHT BO3IYIIHBIA MOTOK, WJIM CBET KaKOTO-TO MCTOYHHUKA WIIA PATUOBOIIHBI IIPH-
HUMAIOTCA B KalOTe, KOTJa B KyIle HaXOIATCS 3apsAbl WM TOKH, MOTYIIUE B3aH-
MOJICHICTBOBATh C 3apsJaMH WM TOKaMH, HAXOISIIMMHUCS Ha 3eMJe, TO IO Kax-
JIOMYy 3 3THX SBICHUI MOXHO OTPENEIHUTh ABIDKCHHE HAOOHATEeNs], BETUUNHY
CKOPOCTH U €€ HarpaBJIeHUE.

Urak, npuBenenHas GopMyJIMpoBKa MPUHIUIA OTHOCHUTEILHOCTH CIIPaBEI-
JIUBA AJI1 CUCTEMBbl MaTepUaJIbHBIX TeJl, KOTOpas HE B3aUMOJEHCTBYET C TeJlaMU
JIpYroil CUCTEMBI, OTHOCUTENILHO KOTOPOW OHa ABMKETCS. M3 yCIoBUS OTCYTCTBUS
B3aUMOJICHCTBHS aBTOMATHYCCKH BBITCKACT MPUHIMIT OTHOCHTEIEHOCTH, HOO TMO-
BEJICHUC TEJ JBIKYILIECHCS CUCTEMBI OyJIET TaKUM JKe, KaK M B MOKOSIICHCS CHC-
TeMe, TaK Kak Ha HUX JPYTHX BO3JeHCTBHUM HET. [Ipn 7TOM HE0OX0IMMO 3aMETHTb,
YTO TPUHIHUI OTHOCHUTEIHFHOCTH OYJET BBITIOIHATHCS U U YCKOPEHHOW CUCTEMBI
MaTepuajIbHbIX TeJ, W30JUPOBAHHOW OT BHEIIHMX Bo3jaeiicTBuid. Hampumep, B
cBOOOTHO TajaromieM TU(TE WIN B CIIyTHHKE, Ha TUIAHETE M T.O. BCE IBHIKCHUS
MPOMCXOAT TaK, KaK €cIu OBl OHU TOKOWJIHCH, & TPAaBUTAIIMOHHBIX BO3JACHCTBUIN
HE OKa3bIBaJoCh. B 3TOM cilydae U301l OT IPaBUTALIMOHHOTO MOJIS TEJ CUCTE-
MBI 3aKJIIFOYaeTCsl B TOM, YTO MPHUOOpETEHHass CKOPOCTh OT HEr0 BCEMH TeIaMHU
OJIMHAKOBA U OHA HE M3MCHSCT KapTUHBI JBIKCHHNA OOBEKTOB CUCTEMBI OTHOCH-
TeJIBHO APYT ApyTa.

IIpuHIMT OTHOCUTEIBHOCTH UMEET TOJILKO UCTOpUYeckuil uHrepec. OH mos-
BWJICS TIPU Pa3pabOTKe OMUCAHUS B3aUMOJICHCTBUI ¢ MOMOIIBI0 cuil. Torma Bo3-
HUKAQJIA BOIPOCHI MO0 Pa3HBIM OCOOEHHOCTSM [BIKCHHS W B3aUMOICHUCTBUS TEll.
Hampumep, Obu1 BBeneH OJU3KO CBS3aHHBIA C HUM 3aKOH WHEPIIHMH, T.€. MEPBBINA
3aKoH MexaHukH. CorjlacHO eMy Tejla, Ha KOTOpBIe He NEHCTBYIOT CHJIBI, COXpa-
HAIOT TOKOM WJTH MIPSMOJIMHENHOE U paBHOMEpHOE ABMXKeHUE. [[pyrumu cioBamy,
MIOBEJICHNE TeJI He OyIeT WMETh PasJI4uii, M0 KOTOPHIM MOYKHO OIPENEeNTUTh HX
IBIDKEHUE.

[Mo-Buaumomy, 3. Max BIiepBBIc 0OpaTHI BHUIMAHHE HA TO, YTO MHOTHE HAIITH
3aKOHBl M MPUHIUIMBI SBISIOTCS TAKOBBIMU JIHIIb B CHIIY HAIIUX OMpPEIEICHHA.
Tak, Mo MOBOJY MEPBOr0 M BTOPOTO 3aKOHOB MEXaHWKH, BBeAeHHbIX WM. HproTo-
HOM B ero Tpyne "MaremaTrnyeckue Havyaia HaTypajibHOW Quiocodpun’, D. Max
ckaszan creaytomiee [36]: "He TpyaHO 3aMeTHTh, YTO MEPBBIA U BTOPOI 3aKOHBI
JaHBI YK€ B MPEIBIAYIIHNX OnpeAeleHusx cuibl. COTJIaCHO ATUM OIPEACIICHISIM,
0e3 CHITBI HET ¥ YCKOPEHUs, a, CIE0BATENbHO, €CTh TOIBKO ITOKOW MIIH TIPSIMOJIH-
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HellHOe W paBHOMEpHOE JBIKeHHUE. Jlanee mpencraBiseT coOOl COBEPIIICHHO He-
HY)XHYIO TaBTOJIOTHIO, ITOCIIE TOTO KaK YCKOPEHHE OTPEAETICHO, KaK Mepa CHIIBI,
eIIe pa3 CKasaTh, YTO M3MEHEHHUE JBIDKEHUS TIPOMOPIIMOHAIBHO Ccrie”,

BosBparuMcsa k npuHUOUIY OTHOCHUTENbHOCTH. [locne Hamiero omnpeneneHus
BO3JieiicTBYs (CM. TII. 2) KaK YCKOPEHUsI Tejla U OTPECIICHUs CHITBI KaK OJIHOU U3
MepbI BO3ICUCTBHSI HE BO3HHUKACT MIPOOJIEM, KOTOpPhIC TpeOOBaIU OBl IPUMCHECHHUS
MPUHIIUIIA OTHOCUTENBHOCTU. be3 Hero sICHO: eciu Tesla IBUXKYTCS PaBHOMEPHO U
MPSIMOJIMHEITHO U HAa HUX HE OKa3bIBACTCS BO3JCUCTBUE, TO OHU OYAYT BeCTH ceOs
TaK, Kak OyJITO Ha HUX BO3JICHCTBHE HE OKA3bIBACTCH, T.C. IO OJHOMY MOBEICHHUIO
Ten, 6e3 CBA3M C IPYTMMH TeJIaMH, MBI HE CMOXEM CKa3aTh ABWKYTCS OHU WIH
nokosTcs. Hama 3agada 3akimoyaeTcsi B BBISIBICHUH BO3JCHCTBUN Ha paccMaTpH-
BaeMoOeE TeJ0 M WX ydYeTe, a He B CIJICTIOM ITOAYMHEHUH TPHHIUIY OTHOCHTEIHHO-
CTH WIH APYTUM MIPUHIIAIAM.

I'IABA 9

OKOJIOCBETOBBIE IBUKEHUSA
BHYTPHU "YEPHBbIX JIbIP"

9.1.IIOHATHUE "YEPHOM JIBIPHI"
KAK COOTHOIIIEHUE ITAPAMETPOB

PaccMoTpuM BO3aeHCTBHE NPUTATHMBAIOIIETO ILEHTpA Ha YNASIONIYIOCS OT
HEro I10 Pafgnuycy YacTHIy, HMEIOIIYI0 CKOPOCTh v Ha paiuyce Ry . Ompenenum
BEIIMYMHY paluyca, IPH KOTOPOM YaCTHIIA OTOPBETCS OT IPHUTATHBAIOMIETO LICH-
tpa. Jns B3auMOAeicTBHS MO KIacCHYecKOMy 3akoHy cornacHo (4.83)mpu R- o
u ckopoctH v — 0, nMeem

R)=—2‘;1. ®.1

%)

Takoe B3amMOJEHCTBHE BO3MOXKHO, €CITH PafiyC HNPUTATHBAIOMIEro meHTpa R, <

Ry. Eciii CKOpOCTh YacTHIBl Dy PaBHA CKOPOCTH cBeTa, T0 paauyc (9.1) 8 OTO
Ha3bIBAIOT IPAaBUTALMOHHBIM:

R, = —ﬁ

g 2

G
YacTuiiel co CBETOBOM CKOPOCTBIO Ha paJiMycax PaBHBIX M 00JbIINX Ry oTOpBYyTCS
OT MPUTATHBAOIIETO IIEHTPA, @ YaCTHIaM, HaxoJdmuMcs Ha Ry < Ry, 4To0BI 0TO-
pBaThcs HEOOXOIUMO MMETh CBEPXCBETOBYIO cKopocTh. Cornacuo (4.83) makcu-
MaJbHBIH paanyc, Ha KOTOPBIH YaCTHIEI CO CBETOBOW CKOPOCTHIO CMOTYT yJa-
JUTKCS OT MpHUTATUBatoNEero HeHTpa npu v(Rmax ) = 0,0ymeT
R
Ry /Rp -1

Riax =
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9.2)

g (9.3)

YacTuiipl ZOCTUTAIOT Ryax IPH HYJIEBOH CKOPOCTH, 3aTE€M BO3BPAIIIAIOTCS K MPUTSI-
TUBAMOIIEMY IICHTPY ¥ MAJAI0T Ha HETO.

B pamkax OTO npeacraBisiiock, 9YTO CBET COCTOMT M3 YACTHII, HA KOTOPBIC
TATOTCHUE JICHCTBYET TaK K¢, KaK W Ha OObIYHBIC BecoMble Tena. [loaTomy mpu
paauyce 3Be3bl R < Ry uacTuipl cBeTa, yJansromMecsl ¢ €e MOBEPXHOCTH, He
CMOTYT BEINTH U3 chepbl pannycoM Ry , M Takas 3Be31a Ha PACCTOSHUSIX 0O0JIb-
mux Rpax OT Hee Oyaer HenaOmogaemoii. To ecTh Ha HEOOCBOAEC OHA OYICT BhI-
TJISIIETh "depHOM JBIPOH.

MBI paccMOTpEINId YHUCTO PaauaibHOE ABMXKCHHE. IIpH OpOUTAIEHOM IBHIKE-
HUM YaCTHIBI C KWHEMAaTHYECKUM MOMEHTOM N rpaBuTanioHHslii panuyc Ry npen-
CTaBJISIET PAJNyC MEPULICHTPUs napaboiaudeckoi Tpaekropun @; = — 0.5 €m. on-
penenenne @ ). To eCTh CBETOBast CKOPOCTh SIBJISIETCS BTOPOU KOCMUYECKON CKO-
pocThi0 Ha 3TOM paamyce. CiaemoBaTeabHO, IPU JHOOOM ABMIKCHHH YACTHIBI CO
CBETOBOM CKOPOCTHIO Ha paguycax R < Ry oHa HE CMOMKET 0TOPBATHECA OT TPHUTS-
ruBaroriero ientpa. [locie moacranoBku 3Hauenusi Ly B (9.2) rpaBUTAIIMOHHBIN
paauyc cornacto (4.64)npu rpaBUTallMOHHOM BO3JEHCTBUM IPUHUMAET BH]]

Ry, =~ 28 £m). 0.4
G
u cortacHo (107)mpu 2JIEKTPUYECKOM:
Rge - _ 2q1q22(rn_l_ + m2) . (95)
G mm,

MBI paccMaTpHBali BOMPOC O "depHOH HObIpe”" Ha OCHOBE KIACCHUYECKOTO
B3auMozeiicTBud. [Ipu BO3AEHCTBUU C y4€TOM KOHEYHOH CKOPOCTH €ro pacrpo-
cTpaHeHHs, 1o aHajgoruu ¢ (4.58),cuna TaroTeHus OyaeT OnpeaeaThes 3aKOHOM

S

=__ Gmm,(1-B7)R
F= . (9.6)

2 = 9\3/2
R —[B*Ry]

B JaHHOM cCJiy4dac dacTula, UMCrolias CKOpOCThb CBE€TA, KaK MbI YK€ HECOAHO-
KpaTHO NOKa3bIBaJIX, ABUKETCA 663 HU3MCHCHUSA CKOPOCTH. HOSTOMy OHa yﬁﬂeT oT
OPUTATHUBAIOLICTO HEHTPA Ha 6CCKOHC‘IHOCTL C TOH xe CKOPOCTBIO CBETA. HpI/I

9TOM B3auMoJencTBrH, cornacHo (4.80), mpu HaYaabHOM CKOPOCTH g , YaCTHIA
yiiieT B 0ECKOHEUHOCTh, €CJIM HAYAJILHBIA PaAyC
o . Ry (9.7)
ctin-45)  In@-453)

Ipu mansix Gy popmyna (9.6) comamaer ¢ (9.1). Ognako ¢ npHOIIKEHHEM
HAYaJIbHON CKOpOCTH K ckopoctu cBeta (fy— 1) pamuyc Ry— O, T.e. cBeTOBBIC
YaCTHUIBI C TIOBEPXHOCTH TeJa JII000ro paguyca OyayT yXOIUTh OT MPHUTATHBAO-
LIETO IICHTPa Ha OECKOHEYHOCTh. [103TOMY Takoe Teno He OyaeT MpeaCcTaBsThCs
"qepHOU JBIPOH".

JI1st BBIBO/IA O CYIIECTBOBAHHUH "UEPHBIX JBIP" HEOOXOIUMO BBIITOJIHEHUE, KaK
MHHHMYM, IBYX YyCJIOBHi. BO-IEpBBIX, YacCTHIBI CBETA MOJUKHBI HPEACTaBIATH
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c00011 Becomble yacTULbl. Kak Mbl IOKa3aJId B IUI. 8, CBET SBIAETCA BO3LCHCTBU-
eM, a He TeroM. CletoBaTeIbHO, OH HE MOYKET OBITh MPENICTABJICH B BUIIEC YaCTHI]
cBera. Bo-BTOpBIX, HEOOXOAMMO 3HATH CKOPOCTH TPABUTAIMOHHOTO BO3JCHCTBHUS.
B Hacrosiiiee BpeMst HET 9KCIIEPUMEHTANILHBIX TaHHBIX O CBETOBOW CKOPOCTH €ro
pacmpocTpaHeHus, a 3HAUUT, HET HUKAKUX OCHOBAaHUU JUJISl YTBEPXKACHUSI O CyIIe-
CTBOBaHUM "depHbIX JbIp”. TeM He MEHEe PacCMOTPHM, B KaKUX CUTYAIHSIX IpU
Pa3HbIX TUIIOTETHYECKUX TOCTAHOBKAX BO3MOXKHBI "uepHbie Mbipbl” (YJT):

IIpupona ceera CKOpOCTb pacrpoCTpaHEH!sl I'PABUTALIMOHHOTO BO3/ICHCTBHS
BeckoHeyHas CBeToBast
Becomble yacTuis! Yl —
DJEeKTPOMarHUTHOE BO3- — -
IelcTBHE

W3 npuBeneHHON TaONMIBI BUIHO, YTO "dEepHBIE ABIPHIT BO3MOXHBI TOJIEKO
[PY KJIACCHYECKOM 3aKOHE TAroTeHus. Tak kak B o0liell TeOpur OTHOCHTENbHO-
CTH TIPUHATA CBETOBAas CKOPOCTh TATOTEHHS, TO BBEJACHHE 'UYEPHBIX IBIP" B €e
paMKax sBIIsieTCst Oe3ycloBHOM omubKkoii [117] npu ar06BIX TUIIOTETHYECKHX TI0-
CTaHOBKaX.

B cBsi3u ¢ 3THM MBI paccMaTpuBaeM MOHATHE "depHas ApIpa’ He KaK HEKOTO-
pblit OOBEKT MPUPOJIBI, & KaK OIPENe/ICHHOE COOTHOILICHHUE MapaMeTPOB B BHIEC
paauyca Ry Bynem Ha3bIBaTh €ro CBETOBBIM PaMyCcoOM, TaK KaK NPUTATUBAIOLIAsS-
csl 3 OECKOHEYHOCTH YaCTHLA IIPU KJIACCHYECKOM 3aKOHE B3aMMOJCUCTBHS, JJOC-
TUTHYB 3TOTO pajinyca, IpHoOpeTaeT CKOpPOCTh CBeTa C; .

9.2.OBPBEKTBI MUKPO- U MAKPOMMUPA
KAK "YEPHBIE JIbIPbI"

Ecnmu pagnyc nputaruparomero nenTpa R < Ry, To ABMXKeHHEe NpUTATHBae-
MOH YaCTHIBI MOXKET MPOXOJINUTh BHYTPH "depHOU IBIPHI", T.€. paIuyC MEPUIICH-
TpHsi OPOUTHI MOXKET ObITh R, < Ry. D10 cooTBercTByeT mapamerpy & < -1.OxHa
U3 TakuxX TpaekTopuid mpu & = — 1.12 ¢m. puc. 5.5) 6bu1a npeacrasieHa B 1. 5.
PaccmarpuBas B3amMOACHCTBHE 3JIEMEHTApHBIX YacTHI, MOXKHO YBHIETb, 4TO
napameTp & Moxer ObiTh MeHblie (-1). Hanmpumep, ecnu paauyc mepHUEHTpUS
Oyzer paBeH pagmycy mpoToHa Ry = Ry, = 2.817+10° cM., TO, B COOTBETCTBHH C
(9.5) mapametp B3aumozeiicTBUS MPOTOHA C dEKTpoHOM & = -1.956.CyrectBy-
0T pa3HbIe NPECTaBICHNUS O pa3Mepax 3JIEMEHTAPHBIX YacTHL], HAIPUMEP aBTOPHI
[83] mpuBomAT ciemyromee 3HaUCHHE UL pajiyca IpoToHa Ry = 1.023+10° cm.
B aToM citydae mapaMeTp B3aUMOICHCTBHUS MOXKET JOCTHYb BEIMUUHBI O = - 2754,

B nanexoM xocmoce HaOIIOAAETCsS MHOXKECTBO OOBEKTOB, CBOMCTBA KOTOPBIX
OOBSCHSIOT OOJBIION Maccoi M MalbIMU pa3Mepamu. B Hacrosiiee BpeMst UX WH-
TEpHPETUPYIOT KaK "'depHbIe ABIPHI" WM HEUTPOHHBIE 3Be3/bl. Lllnpoko m3BecTHO,
YTO CYIIECTBYIOT 3BE3/Ibl Pa3HOH MJIOTHOCTH. 3HAYCHUE TNIOTHOCTH W3MEHSIETCS B
OOJIBIIMX [Mana3oHaxX W HEM3BECTHBI MpEJEIbl ee OrpaHndeHus. Bo3MoxkHBI ac-
TPOHOMHYECKHE OOBEKTBI PaJnycoM, MEHbIINM Ry BO MHOTO pas, T.e. ¢ mapamer-
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poM @ << -1.Ecau rpaBUTAllMOHHOE BO3JCHCTBHE PACIIPOCTPAHACTCS C KOHCUHOM
CKOPOCTBIO, TO BO3JICHCTBHE TaKWX OOBEKTOB OydeT MOMIHMHSTHCS 3aKoHY (9.6).
[ToaTOMy 0COGEHHOCTH IBVIKCHHS TENl BOKPYT HUX, €CIIH OHHM OYIyT W3BECTHBI,
MO3BOJISAT OTPEACIUTE CKOPOCTH PACTIPOCTPAHEHHS TATOTCHUSI.

[pencraBieHHBIC PUMEPHI M3 MHUKPO- U MaKpOMHpa MOKa3bIBAIOT, UTO FHC-
CIICIOBaHWE JBIKCHUI TIPH 3HAYCHUSX MMapaMeTpa B3anMoeicTeus a < -1 mpex-
CTaBIISICT 3HAYUTEIBbHBII HHTEPEC, MOATOMY HIDKE OHO OyAeT BbIMOJHEHO. B ri1. 5
MbI PACCMOTPENTH BO3MOKHbBIE TPAEKTOPUU TIPU BApUALIUK MTAPAMETPa TPACKTOPUHU
-1 < a1 < 0 u npuBenenHoit ckopoctu B nepunenTpun 0 < [ < 1. bbuio ycraHoB-
JICHO TPH THUIIA TPAEKTOPHii B 3aBHCUMOCTH OT 3HAUCHHUS [3, IO OTHOIICHHUIO K I1a-
pamerpy Sy , onpernenseMoMy cootHomenreM (5.41): 1)nocseToBble TPACKTOPHU
npu 3, < Bic ; 2) TPACKTOPHH 3aXBaTa YaCTHUIEI HA KPYTOBYIO OpOHTY NpH S, = Lo,
3) TpaeKTOpHM IPU CBETOBOH CKOPOCTH B NEpHIEHTpHU [, — 1. B cBs3m ¢ TeM,
gro 1pu [, — 1 papuaneHas ckopocth (5.39) mMeeT 0cOOCHHOCTB I pacuera
TPACKTOPUIl TPETHETO THITA, MBI HCIOJNB30BAIH paanaibHyio ckopocts (5.46),
HOPMHPOBAHHYIO K MApaMeTpaM B MPOMEXYTOUHOU Touke: Ry, vy . Kak u B 1. 5,
npu @ < — lypasuenus (5.2)u (5.46),a taxxke (5.16), HHTErpUPYIOTCS HA IBYX
yuactkax: R > 1u R < 1.3HadeHus mapamerpa TPaeKTOPHH & BAPHHPOBAIINCH
cremyromumM obpasom: ai’ = -2; -4; -10.Ilapamerp TpaekTopun @’ , IPHBEICH-
HBIIT K CKOPOCTH B MEPHULICHTPHH, T.€. K CBETOBOI1, onpeneinsiercs coriacHo (5.47),
a mapametp B3aumojeiictust, B coorBercTBuu ¢ (5.45)paBen

a=2d;. (9.8)

3Ha4YeHHs MPUBEICHHONW TAHTEHIIHAIBLHON CKOPOCTH [5p BapbUPOBAHCH TaK:
Lo =0.9; 0.7; 0.5; 0.3; 0. Huxnee 3nauenue S 3a1aBajioch TAKUM, 9TOOBI O < —
1. IToaToMy BCe TPaeKTOPHH, NPEACTABICHHbIC 3A€Ch, OTAMYAIOTCSA OT TPACKTOPHI
B . 51 B padorax [59, 60],rae oHu paccUnTHIBAIKCH IpH @ = — 1.

3HaYCHHs TIPUBEICHHON PaIHalbHONW CKOPOCTH BaphHPOBAIHCH Tak: So = 0;
0.1; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0B1auenue S0 = O COOTBETCTBYET MOMEIIEHHIO
HAYaNbHOI TOUKH B ATIOLEHTPHIl, OCKONbKY HHTErPUPOBAHHE BeaeTcs oT R = 1
10 R = fBo . D710 6yner KoHeuHas TPAaeKTOPHs ¢ HAMMEHBIIUM PaJMYCOM aroleH-
tpust. C manmpHEHIIAM yBenuueHneM [y pamiyc amoueHTpust Bo3pacrtaet. Kpome
yyacTka UHTerpupoBanus 1 = R 2 Bo nosinsiercst yuactok 1 < R< R,,rme pa-
JIyC amOUeHTPHs R , ompexensiercss u3 ycaosus v,° = 0. C JaibHEHIINM yBe/IH-
yeHueM [ pamryc AamoueHTPHS CTPEMHTCS K OeckoHewuHocTH. W3 ycimoBus

lim Ero =0 , cornacuo (5.46),3nauenue [o 3anUIIETCS

R- o
0 n2
B, =1- B2 ~exp b (9.9)
\Jl_ﬁto
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IIpu paguansHOR ckopocTd So = [p TPACKTOPHS CTAHOBUTCS MapabOIOBHAHOLL.
Crnenyer ormeTuth, uyto BhIpaxkenue (9.9) mumentmuno seipaxenuro (5.50). C
JaJTbHEHIIUM yBEJMUeHUEM [ TPAcKTOPHU CTAHOBATCS TUIEPOOJOBUIHLIMU |

npu B, =41- ,Bt% OHH BBIPOKIAIOTCS B MPSIMYIO JIMHUIO, 10 KOTOPOH ABHKYTCS

YaCTHIIBI CO CBETOBOW CKOPOCTBIO.

[ocne uHTErpHUpOBaHUs pe3yIbTaThl MPUBOIMINCE K TapaMeTpaM B IEpULICH-
Tpun. Pacuers! BeimonHsimch ¢ nomombio nakera MATHCAD. Ilpumep mpo-
rpaMmsbl ipuBeneH B [Ipunoxenun 3, a paccuutanHble TpaekTopun — B [Ipuiosxe-
HuH 4.

9.3. TPAEKTOPHUHU TP BAPUALINN
PAIUAJIBHOU CKOPOCTH

Kak MBI yXe OTMeYaaM, IpU HMHTETpUpOBaHMM Ha ydactke R < 1 mpwm
yMeHblieHnn R pagmanbHas ckopocth (5.46) yMeHbIIATCS U CTAHOBUTCS PaB-

HOM HYJIIO IpU R = ,8(0 , T.€. OTa TOYKA ABJIACTCA NCPULCHTPUCM, PAJUYyC KOTOPO-
ro

Ry = Rofho = Rorto /&1 - (9.10)

Tak kak Bce 3TH TPaEKTOPHU HMOAYMHSIOTCS 3aKOHY COXPAHEHUSI KUHETHYECKOTO
MoMeHTa (4.66)h = Ryvig = Ryvp , TO CKOPOCTH B IIEPHIIEHTPHH MOXKHO 3aIIMCATh

vp =01oRY/ Ry (911

INocne noacTaHOBKH croga paauyca nepuueHtpus u3 (9.10) monayyaeM CBETOBYIHO
CKOPOCTb YaCTHIIbI B IEPULIEHTPHH Dp = C1 .

V3MeHeHus mapaMeTpoB Qig , [ B PACCMOTPEHHBIX AMANa30Hax Jald U3Me-
HEHMs TTapaMmeTpa B3aumopaeicTBus B obnactu — 18< a < — 2.Paccmorpum Tpaek-
Topuu ipu @ = — 21 [ = 0.5 puc. 9.1) npu M3MEHEHUH PaaHaTbHON CKOPOCTH
BGo. Ha 5TOM pHCYHKE M OCTANBHBIX C LENBI0 YIIYYIICHUS H300paKeHHsT TPACKTO-
pHii Mcnonb3yeTcs pasHblid MacuTad mo ocsm X u Y. [lpu S = 0 yactuua, 1su-

rasce u3 nepunentpus (X =1, Y = 0) Bokpyr npursru-gatormero nentpa (X = 0,
y = 0) 3a Bpems 'FO’5 = 3.879npuxoxut B anoueHTpuii 1, = 2.Cnenyer orme-

TUTbB, YTO BCE 00CYKJIaeMbIe PEe3yJIbTaThl, B TOM YHCJIC Ha PUCYHKax u B [Ipuiio-
’KEeHUH 4, HOPMHUPOBAHBI K MapaMeTpaM B MEPHLEHTpUH Ci, R, . Otcrona nomymne-
puo OpOUTHI
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vy ]
3.5 _z
3.0 3a 3TOT MOJymepuos Imo-
h JSIpHAsi KOOpJMHATA @ H3Me-
25 1 nsiercs na 100.8 , T.€. YrJo-
A BOW IEPUOA [JBIDKCHUS IO
7 opOWTE COCTABIISCT 201.6,
2.0 ] Puc. 9.1.Tpaekropuu BHyTpH
- "yepHOH ABIPHI" MPH CIIEAYIOIIUX
i Hapamerpax:
13 E al=-2;,8~05a=-2:
10
0-5 TTr 1 rrrrri I TTTTTTTTT I LI |

2.0 -1.0 0.0 X
N° 1 2 3 4 5 6 7 8

_IBFO 0 [01]03)] 05 [0.659 0.7 | 0.8 |0.864
Ralbrer 2 |2.0312.355 3.909| 0* |0.419*/0.807*| 1

o2 100.8101.4108.0 119.9|129.7] 110.5| 95.9 [ 90
3.8793.987/5.05310.473 --- - - -

YTO CYIIECTBEHHO MeHble 277 C yBelIHYSHUEM paanuaibHON CKopocTH [So yBeNIu-
yuBaeTcs paauyc anouentpus R, , yriaoBoil nepuon u Bpems IBHXKEHHA IO OpOu-

te. IIpu Go = Bp = 0.659pammyc R, - 8 (cM. tpaekTopmio 5 Ha puc. 9.1),T.e.
TPAeKTOPHUSI CTAHOBUTCS MapaboIoBHIHOM. B oTinume oT mapabosbl, OHa YXOAUT
B OeckoHeyHOCTh NpH P, = 129.7°,a ne npu 180°.C nanpHEHINM yBeIMUEHHEM
Lo yroJl OTKIOHEHHWS TpaeKTOpuil yMmeHbmnaercs, u npu So = 0.866 moaydaem
MPSIMYIO TPAEKTOPHIO 8, 10 KOTOPO# ABUKETCS YaCTHIA CO CBETOBOM CKOPOCTHIO.

Ilpu @ = -2 paguyc "depHOU ABIPHI" B 2 pa3a IPEBBIIIAECT PAANYC IIEPHUIICH-
tpusi. [losTomy mepsas Tpaektopust (R, = 2) HOJHOCTBIO HAXOMMTCA BHYTPH
"4epHOU ABIPBI" U TOJILKO B alOLEHTPUU KACAETCS €€ MOBEPXHOCTH, a YaCTHIA Ha
TpaekTopusix 2, 3, U 4 nepuouYecKu BhIppIBaeTCs M3 Hee. Yactuua Ha rumnepbo-
JIOBUJIHBIX TPACKTOpHAX 68, nBUTasCh U3 OCCKOHEYHOCTH, BXOJIUT BHYTPH "dep-
HOH IBIPBI", IBIKETCSI TaM M CHOBAa YXOAWT B OeCKOHEYHOCTh. YacTHiia Ha mapa-
OOJIOBHIHOM TpaeKTOpHUU S5 MOXKET BBIpBAThCs M3 00macTu "depHoi apipel”. Ho Bo
BCEX CJIydyasX YacTHIA y MPHUTATHMBAIOIIETO [EHTPa MPOXOIUT Ha CKOPOCTH, MPH-
OJIMKATOIIENCS K CBETOBOM.

Kak Bugno u3 puc. 9.1, a taxke u3 Bopaxenus (5.46) Tpaekropuun omnpeje-
JISIOTCS TpeMs napamerpamu: a1’ Bor Bo. OIHAKO y BCEX TPACKTOPHIA B ICPHIICH-
TPUHU CKOPOCTh OJIMHAKOBA M paBHa C;. [[03TOMY B MEPHIICHTPUU TPACKTOPUH OII-
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penessoTes AByMs MapameTpaMu. Tak, mapaMeTp B3aUMOACHCTBHS (I, COTIACHO
(9.8)u (5.47),paBen a = 2a1f0. Ecin u3BecTeH mapamMeTp B3aUMOJCHCTBHSA L4
TO IO MAPAMETPY & HAXOIUTCSI PAANYC MEPHLICHTPHS

R, = Zi; . (9.13)
acy

Pamuyc nepunentpus R, u cKOpOCTh C; B HEM TMOJHOCTBIO ONpPENENAOT JBH-
JKEHUE 4acThllpl. MTak, BeIMYrHA PaHaIbHON CKOPOCTH [o HE OKA3bIBAET BJIHS-
HUE Ha ()OPMHUPOBAHNE TPACKTOPHH B NEPUIICHTPUU. ITO HABOAWUT HA MBICIbH, YTO
YJacTHUIIA, MPUONMM3UBIIASICS K IPUTITUBAIOMIEMY IEHTPY CO CKOPOCTBIO C; , MOXKET
3aTeM yIANSThCs 10 JIF00O0H TPAaeKTOpUH, B TOM YHCIIE M [0 CBETOBOM 8 Ha puc.
9.1.TTo3TOMY TOYKa MEPHUILICHTPHUS SIBISCTCS HEYCTOMUUBOW M HEOOBIINE BO3MY-
IIeHNS B HEH MOTYT MPHUBOAUTH K CYIIECTBEHHBIM M3MEHEHUSIM TPACKTOPUH Hac-
TUIBL. [[pUMEHUTENFHO K MHUKPOMEPY 3TO MOJKET SIBIATHCSA NPUIMHON pajnoax-
TUBHOCTH 2JIEMEHTOB.

9.4. TPAEKTOPHUHU ITIPU PA3HBIX
TPAHCBEPCAJIBHBIX CKOPOCTAX

Ha puc. 9.2 npeacTaBieHsl TPACKTOPHH IIPH TOM e Iapamerpe 4i’ HO IpH
Goubineit TpaHcBepcalibHO#M ckopocTH, Bg = 0.7.B aroM ciyuae Bo3poc Takxke
napaMmeTp o, U paanyc "depHOM AbIphl” B 2.8 pa3a mpeBbIIIacT Paanyc MEPUIICH-
Tpust TpaekTopud. Ilpu Bo = O TpaekTopus, IO CPaBHEHUIO C AHAJIOTHYHON Ha
puc. 9.1, umeer B 1.5 pa3a MeHbIIMIA painyC allONEHTPUS U YTIIOBOH IOIYIIEPHOL
@4, @ BpEMEHHBIN meproj MeHblie B 3 pasa. [loBeieHre OCTaIbHBIX TPAEKTOPUI
aHanmornuHo. Kak BuauMm, tpaekrtopuu 1, 2, 3, 4na puc. 9.2 HaXOJjITCS BHYTpH
"depHOi JBIPHI", TaK KaK F_2a< F_ig =-q.

Ha puc. 9.3 npuBeaeHsl TPaeKTOPUM MPH CIe OOJNBIICH TPaHCBEPCATbHON
ckopoctu. B ciyuae o = Opaguyc ﬁa = 1.111r.e. Mmasto OTJIMYAETCS OT pajuyca

TEepHIEHTPHS, @ YIIoBO# momynepuon paser 30.5. Eciiu bl uacTuia ABHranach
10 TakoW opOuTe, TO 32 0OOPOT OHA COBEPIIMIIA OBl IIECTh MOJCKOKOB Ha BBICOTY
0.111paguyca. Kak cnenyet u3 puc. 9.3,Bce 3aMKHYTbIe OpOUTHI HAXOAATCS TIIy-
00KO BHYTpH "4epHOH JbIPbI"; HAUOOIBIINH PaaANyC arnoueHTpHs B 3 pa3a MEHbLIE

Ry =—a. Wrak, yBenuueHHe TPaHCBEPCAIBHON CKOPOCTH [io TPUBOIUT K

YMEHBUICHNUIO BEJINMYUHBI TOJACKOKA U YIJIOBOI'O U BDEMCHHOT'O IEPHUOJO0B.
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Puc. 9.2(cneBa). TpaeKTOpHH BHYTPH "4E€PHOI JBIPHI" MIPH CICAYIOLINX [TAPaMETpax:
a'f =-2;30=0.7,0=-2.8:

N° 1 2 3 4 5 6 7

_/3r0 0 0.1 0.3 05 0.668 | 0.7 0.714

Ry /Ber 1.429 | 1.437 | 1521 | 1.913 (o} 0.83 1
b2 63.7 64.2 61.1 83.8 | 1172 | 936 90
T_o 5 1.6 1.625 | 1.864 | 2.934

Puc. 9.3(cnpasa). Tpackropuu BHYTPH "UEpPHOM ABIPHI" TIPH CIIEIYIONIMX apaMeTpax:
al =-2;8,=0.9,a=-36:

N° 1 2 3 2 5
_Bo 0 01 | 03 | 04 | 0435
R,/B. | 1111 | 1113 | 1139 | 1232 | 0

b: 305 | 309 | 344 | 445 | 1105

Tos 058 | 0552 | 0673 | 0942 | -

9.5. TPAEKTOPUM TP N3SMEHEHNN
IHAPAMETPA BO3JIEUCTBUSA

VBenudeHne B 2 pasa MOIyIs mapamerpa a;° (cM. puc. 9.4) IPHBOAMT K Ta-
KOMY K€ YBEJIMUCHHUIO TIapaMeTpa B3aMMOJCHCTBHS @ IO CPABHEHHIO C CHTYaIlH-
ei, mpencrasiaeHHoi Ha puc. 9.1.11pu TOM ke mapameTpe B3auMOICHCTBHS L
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Puc. 9.4 (cnesa). TpackTopuu "BHYTPH YEPHOII ABIPHI" MPHU CIEIYIOMINX TapaMeTpax:
af =-4;80,=05;a=-4:

N° 1 2 3 4 5 6 7

_ﬂro 0 0.1 0.3 05 0.7 0.8 0.807

Ra/Bier 2 2011 | 2.114 | 2.436 | 4.025 | 38.93 0
2 768 | 772 | 79.2 | 842 | 956 | 108.6 | 108.8
Tos 2708 | 274 | 2975 | 3714 | 7.681 | 196.5 | 2.99 14

Puc. 9.5(cupasa). Tpaekropun "BHYTpH YepHOU JBIPHI" IPH CIIEAYIONIMX TapaMeTpax:
al=-10;8,=0.5;a=- 10:

N° 1 2 3 4 5 6

_'B'O 0 0.1 0.3 0.5 0.7 0.864
R, /B 2 2.004 | 2.037 | 2.126 | 2.384 0

2 66.1 | 662 | 669 | 68.4 | 720 | 971
Tos 2121 | 2133 | 2188 | 2.334 | 2.76

paauyc nepuieHTpus, kak cieayer u3 (9.13),0yxer B 2 paza menbire. OIHaKo,
KakK BHJHO W3 puC. 9.4, OTHOCHTENbHBIH pamuyc anouentpus R, mpu So = 0 He
usMeHuwiIcs (Tpaekropust 1), XOTS MONMYMEpPHOIBI MO YLy U BPEMEHH YMEHBIIIHU-
JICh. AHATOTHYHOE BIHSHHE MApaMeTp 410 OKa3bIBAeT M HA APYrHe TPACKTOPHH.
3mech Takxke TpackTopuu 1 =5 HaxomATCs BHYTPH "depHOH ABIPHI.

175

Ha puc. 9.5 npeacTaBieHbl TPaeKTOPUH NP ele GOJbIIeM napamerpe ai’.
ITo cpaBuenuro ¢ puc. 9.1 3mecy mapamerp @ BO3poc B 5 pa3 U BO CTOJBKO Ke
yMeHbLIUIICA paauyc nepuueHTpus R, . OnHako s nepsoil OpOMTEI IpHUBECH-
HOE 3HAUCHHE PAMMyCa amlOLEHTPHs R, HEe M3MEHMIOCH, & JUIS OCTANBHBIX Ha-

Omopmaercst HeOOMIbBIIOE YMEHbIICHHE R, ¢ pocToM paauansHOW ckopoctH S .
IMonyneproas! o yrity @, 1 BpeMEHU 5 UMEIOT MCHBIIEE 3HAYCHUE [0 CPaBHE-

HUIO C TPAeKTOpHaMHU 1pi a1° = — 4u (-2). TakuM 06pasoM, yBEIHUEHHE MOy
a,° He OKa3BIBACT CHIIBHOTO BIMSHHS HA OTHOCHTENBHBI PaIHyC AOLEHTPHS, HO
yMEHbIIAeT Hoxynepuoasl @, u Tys . IIpu 3TOM abComOTHBIN pagnyc OpOUTHI

ymeHbmaercs. Kak BHIuM, BapHariy mapaMetpoB 4y’ U So IPHBOIST IPHMEPHO
K OIMHAKOBBIM BapHaLUsIM TPACKTOPHUIL, IPH STOM THUII TPACKTOPHI HE N3MEHSET-
cs. [Ipy HeOONBIMINX pagnanbHBIX CKOPOCTSAX TPAGKTOPHUH — KOHEYHBIE, ¢ HOJIyIIe-
pHOZOM MEHBLIMM 7% a mpu OonbIIMX — runepOosoBuaHble. KoHeunsle TpaekTo-
pUHU MOTYT HAXOAWTHCS BHYTPH "4epPHOMU JBIPHI', @ MOTYT BBIXOJWUTH U3 HEE.

B nepuieHTpUN TPaeKTOPHH, IO CYLIECTBY, XapaKTEPU3YIOTCS OXHHM Hapa-
METPOM @, KOTOPBIII MOXHO paccMaTpHBaTh Kak "TIyOuWHY" HOTpY)XEHHs IepH-
HeHTpus B "uepHywo abIpy”, T.e. mapamerp (-a) = Ry = Ry/R, nokxasbiBaer, BO
CKOJIBKO pajinyC "depHOU IBIphI" OOJbINE pamuyca NMepHuieHTprs. B pacderax oH
H3MEHSJICS OT ﬁg = 2 (em. puc. 9.1) o ﬁg = — 18mpu a,° = — 10u B, = 0.9.Tlo

Mepe yBenuueHus: Ry KOHEYHbIe TPACKTOPUN MPUOIMKAIOTCS K IPHTATHBAIONIEMY
LEHTPY, T.€. CTAHOBATCS MEHEE BHITSHYTHIMH, M CHIIbHEE MOTPYXKaloTcs B "uep-
Hyro aeipy”. Tloayrnepnoa uX Mo yrily U BPEMEHH yMEHbINAETCS. A rumep6osio-
BU/IHBIC TPACKTOPHH CTAHOBSATCS MEHEE UCKPUBJICHHBIMU M MIPUOJIMKAOTCS K CBE-
TOBOM TPAEKTOPHH.

Ha Bcex TpaekTopusiX 4acTHIa PH MPUOTHKEHHA K TEPUIEHTPHIO CTPEMHT-
¢Sl K CKOpOCTH cBeTa. ITocie JOCTHKEHUs MEPULIEHTPHUS CYIMIECTBYET HEOIpeNe-
JIEHHOCTb B IBMXeHUH. Tak Kak Np¥ MHTETPUPOBAHMHM YPABHEHUH Pajuyc IEpH-
nentpus cornacHo (9.10)cTpeMUTCs K TAKOMY 3HAYEHUIO, KOTOPOE SKBUBAIEHTHO
CBETOBOU CKOPOCTH B IEPULIEHTPUH, TO HAHOOJEE BEPOATHO IBUIKEHHE YAaCTULIBI
[OCJIe TIEPULEHTPUS 110 HEMCKPUBJIEHHOM CBETOBOU TPAEKTOPHUHU (CM. TPAEKTOPHIO
8 na puc. 9.1).

9.6.MHOTI'OYTI'OJIbHBIE OPBEUTbBI

JBrKeHNe YacTHUIIbl MOCNe JOCTHKEHHS TIEPULIEHTPUS SIBISIETCS HEYCTOWYH-
BbIM. He3HauuTenbHOE OTKIIOHEHHE CKOPOCTH OT CBETOBOW B CTOPOHY YMEHbIIIE-
HUS OyIeT NMPUBOAWTH K MCKPUBICHUIO IBIDKEHUS YacTHLEI. [IperncTaBiseT 3Ha-
YUTEIBHBIN MHTEPEC TO, KaK B JIEHCTBUTEIHHOCTH OCYIIECTBISACTCS TPENSTbHBINA
Tepexo ] CKOPOCTH YaCTHIIEI C MIPHOIMKEHNEM €€ K IepUIleHTpHIo. Eciii ckopocTh
YaCTHIBI OYAET OTIUYATHCS OT C; Ha MAJTyI0 BEIMYUHY O, TO 3TA BEJTHYHHA MOXKET
OBITH TEM HEIOCTAIOIINM IapaMeTPOM, KOTOPHIH MPEACTAaBIACT TPACKTOPHIO Yac-
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THOBI TOCJE MPOXOXKICHHS IEPHICH- y

tpus. To ecTh Kaxmon tpaekropuu 1.6 - 7 B
OyZeT COOTBETCTBOBATH CBOM mapamerp 7.2 4/ 3 12 \\

O. TToaTOMy MONYNIEPHOAHBIC YYACTKH 0.8 /, \
TPAeKTOPUH MOXHO COCIUHATH U MO- ) 2l

JyyaTh HENpepbiBHYyIO Tpaektopuro 0.4

vactunsl. Ipu @, = 71K, rue K — nenoe 0 7

YUCIO, YaCTHI@ B TCYEGHHUE IOIHOTO _g 4

obopota Oyner cosepuiath K uncio me- A

PHOZIOB U €€ TpaeKTopusi OyAeT Heus- 0.8 SS = f
MeHHA B mpoctpadcTBe. Takux curya- -1.2 ;
LU MOXET OBITH MHOTO. MBI HALIK UX  -1.6 N /,’

st cnydas " = -2u Bo= Ompu k = 2, ]

3ud4. -1.2 -0.8 -04 0 04 0.8 X

Puc. 9.6.CrabunbHbIe MHOTOYTOJIBHBIC TPACKTOPUH BHYTPH "4ePHOM JBIPHI"

[PH CICAYIOIIHX TTapaMeTpax: af =-2;60=0.

Nl Ao | @ | R | g2 | Tos | Te

a

1 0.552 | -2.206 | 1.815 90 3.051 | 12.2
2 0.722 | -2.888 | 1.385 60 1454 | 8.72
3 0.815 | -3.26 1.227 45 0.952 | 7.62

Ha puc. 9.6npeacraBieHs! Takue CTaOMIBHBIC B POCTPAaHCTBE OpOuTHI. I10 0pOH-
te 1, uMeromed AIUIMICOBUIHYIO (OPMY, YacTHLA JBMXKETCS BOKPYI MPHUTSTHU-
BAIOILET0 LEHTPA, MOJIOKEHHUE KOTOPOro COBMAJAET C LIEHTPOM OpOUTHI, a HE CO
CMELICHHBIM OTHOCHUTEIBHO EeHTpa GoKycoM. OTHOCHTENbHbII MEPHOJ HHUKITHYE-

CKOTO JBHKCHHs YaCTULBI 10 Takoif opoure [, = 12.2.Ha npsmbix ydacTkax

YacTUIA ABIDKETCA TOYTH CO CBETOBOI CKOPOCTHIO, a HA HCKPUBJICHHBIX — C HAaW-
MeHbLIeH. Y OopOUTHI 2 UMeeTCsl TPU NPSAMBIX y4acTKa, a y OopOUTHl 3 — YeThIpe.
JIBrxeHue yacTUIbl IPOUCXOIUT 110 TPEYTOJIbHUKY M KBaJpaTy C OKPYIJICHHBIMHU
BepmmHaMu. [Ipn OONBIIMX 3HAYEHHUSAX MapaMeTpa ( BEpPIIMHBI TAKHUX MHOTO-
YroJbHBIX OpOUT OyayT OoJiee ocTphIe.

HeGounbimoe yBemyeHne CKOPOCTH YaCTHIIBI HA BEIHIUHY O MPUBEIET K J0C-
THDKCHHUIO €0 CKOPOCTH CBETa, M OHA NOKWHET NPUTATHBAIOIINI LEHTpP. DTOT Ipo-
Lecc MOXET Ha0JI0aThCcsi B MUKPOMHUPE M, BO3MOXKHO, PaJMOaKTHBHOCTH dJIe-
MEHTOB OOYCIIOBJICHAa TakMMH opOWTamMu. MHOTOYrojbHbIE OpPOMTHI MOTYT Ha-
OnroIaThCsl B MAaKpOMHUPE, €CIIM CKOPOCTh PaclpOCTpaHEHUs TATOTCHHs KOHEYHa.
3Be3na Ha Takol opOuTe OynmeT maBaTh HEPaBHOMEPHOE H3JIYUYCHHE: Ha MPSIMBIX
yJacTKaxX M3-3a MEHBIIETO BPEMEHHM HAaXOXXACHWS OHa OyIeT BOCIPHHUMATHCS
MEHee SIPKOH, a Ha yriiax — 0ojee spkoi. [loaToMy BOCTIpUHUMAEMbIH CBET JIOJI-
JKeH OBITh MOIYJTHUPOBAH OIPEAeICHHBIM 00pa3oM.
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I'JIABA 10.
CBEPXCBETOBBIE IBUXKXEHUSA
10.1.MMPUMEPBI CBEPXCBETOBBIX JIBUKEHUN

ITonoxxeHne 0 HEBO3MOXKHOCTH CBEPXCBETOBBIX JBMYKEHHWHW B COBPEMEHHOM
¢m3nke GOpMUPOBAIOCH B OCHOBHOM Ha MHTEPIPETAIMH ABYX JKCIICPHUMEHTAIIb-
HBIX (hakTOB. HeynauHble MONBITKM M3MEPUTH CKOPOCTh 3€MJIM OTHOCHTEIBHO
CBETOHOCHOTO 3(hupa NpHBENN K MPEACTABICHUIO, YTO BOSMOXHO CJIIOKECHHUE CKO-
pOCTH CBETa M CKOPOCTU JABMKEHHS 3€MJIM KaKHM-TO HEOOBIYHBIM 00pa3oM, Ipu
KOTOPOM CKOPOCTBH CBETa OCTaeTCsl HeM3MeHHOM. Bropast rpynmna ¢akToB cBszaHa
C 3aMEJUICHHEM YCKOPEHUS 3JIEKTPOHA MPH MPUOIIMIKEHUH €r0 CKOPOCTH K CKOPO-
CTH CBETa, KOTOPOE OOBSICHSIIOCHh KaK YBEJIMUCHUE MAaCChl YACTHIIBI M CTPEMIICHHE
ee K 0ECKOHEYHOCTH C TPHOJIMKEHHEM K CKOPOCTH cBeTa. Tak Kak Macca 4aCTHIBI
HE JI0JDKHA OBITh OECKOHEYHOW, TO CKOpOCTh cBeTa OyneT HexocTmxkuMmoi. Ecimu
e 3apsDKeHHas J4acTHLa MPUOOpeTaeT CKOPOCTh CBETa APYTHMM CIIOCOOOM, TO ee
Macca CTaHOBHTCS OecKoHeYHOW. ClieIoBaTeNbHO, 3alpeT CBEPXCBETOBBIX ABHKE-
HHUH TOJDKEH OBITh BCEOOILNM.

Ota Joruka ¥ WHTeprpeTanus (HakToB (GOPMUPOBATUCH MO BO3JICHCTBHEM
npeobpazoBanmii Jlopenma. [locne mpumaHus UM CMEBICHIa TIPpeoOpa3oBaHUs MPO-
CTPaHCTBA, BPEMEHU M JPYTHX MapaMeTpOB IIPH MEPEX0ie MEXAY CHCTEMaMH OT-
CYeTa MHTEepIpeTaIHs CTAaHOBUIIACH JIOTHYECKH 3aMKHYTOMH.

B nelicTBuTenbHOCTH, 3(Hpa Kak cpelpl, B KOTOPOH PacipoCTpaHseTCs CBET,
HE CYIIECTBYET. 3aMe/UIeHHE YCKOPEHUsI DJIEKTPOHA C POCTOM €r0 CKOPOCTH 00b-
SICHSIETCS TEM, YTO CHJIa BO3/ICHCTBUS Ha HETO 3aBUCHUT OT CKOPOCTH. MBI onpeie-
JIMJIM BEJIMYUHY CHIIBI M C €€ ITOMOILBIO PACCUNTAIN B3aMMOJICHCTBHE MEXIy 3a-
PSDKEHHBIMH TeJIaMH M MarHWTaMH. [IpocTpaHCTBO U BpeMs He U3MEHSIOTCS IPH
Iepexoie OT MOKOSMIErocs Tejla K JBIKYIEMYCs. 3HAYHT, 3alpeT CBEPXCBETOBBIX
NIBWKEHNI HE UMeeT OOJIbIIe HUKAaKUX OCHOBAHWHA.

JIBI)KEHHS CO CBEPXCBETOBOH CKOPOCTBIO CYLIECTBYIOT B OKpY)KAIOIIEM Hac
mupe. Hanpumep, ecnu aBa yckopurens, Haxonsmuecs B Toukax 4 u C Ha pac-
crossuud 2l = 598 M (puc. 10.1.),ucnycTaT Apyr Apyry HaBCTPEYY YaCTHIBI CO
ckopocTthio U = 299000km/c, TO yepe3 OAHY MHUKPOCEKYHIY Kakaas M3 YacTHIL
npoizet paccrositue | = 299M, u oHM BeTpersaTes B Touke B. To ecTb oTHOCH-
TenpHOE paccrosue 2| TpoiiaeHo wacTHuaMu 3a Bpems t = 1¢10° c. Cxopocts
OJIHOW YaCTHLBI OTHOCUTENBHO Apyroit v = 2/t = 598000xkm/c, 4To cocraBisieT
MOYTH JTBOWHYIO CKOPOCTH CBeTa. Takue CUTyaly HaOJI0JAI0TCs B DKCIIEPUMEH-
TaJIbHBIX YCTAaHOBKAaX CO BCTPEYHBIMH ITyYKaMH YacTHIl. B 3TuX ycTaHOBKax Ipo-
HCXOMAT B3aMMOJEHCTBHS YaCTHI IPH OTHOCHTEIBHONH CKOPOCTH YaCTHIL, JOCTH-
raromnie yn1BoeHHol ckopoctu cBeta. C 3TUM ITo-

u=c u=c
—> B <—C JIOKEHMEM COTJIAIIAIOTCSA MHOTHE Gu3uku [29, 75].
A

r r
|<—+—>‘ Puc. 10.1.Y 1BoeHHast CKOPOCTH CBETa B OTHOCHTEb-

HOM JIBUKCHHUH.



WHTEepecHOE DOKA3aTENBCTBO CYIIECTBOBAHUS CBEPXCBETOBBIX YACTHI] MPH-
Bent B 1963r. I'. /1. Jlomakun [30]. IIpu onpesieieHuy BpeMEHH KU3HU (-ME30HOB
TIPOWICHHBIA UMW MyTh JIEJAT Ha CKOPOCTh cBeTa. Takoe BpeMs KU3HU OOJIbIIIe,
YeM BpeMs JKM3HU MCJICHHBIX [-ME30HOB. B pe3yibraTe aHamn3a SKCICPUMEH-
TanbHBIX AaHHBIX [.JI. JloMakuH mpuiien K BHIBOAY, YTO OOJBINUIN MyTh, MPOWi-
JICHHBIA 3TUMH YaCTHUIIAMH, SBJSICTCS CBUACTEIBCTBOM TOTO, YTO UX CKOPOCTH
0oJIbIIIE CKOPOCTH CBETA.

OO0menpu3HaHo, YTO KOCMHYECKIE YACTHIBI BXOAAT B aTMOC(epy 3eMiid co
CBETOBOW cKOpocThi0. Tak kak 3emis aprkeTcs Bmecte ¢ CONHIIEM 1O ero opou-
Te co ckopocthio 300 kM/c, MPEBBILIEHHE HaJ CKOPOCTBIO CBETA COCTABUT BCETO
0,001 yacts. OmHAKO B KOCMOCE CYIICCTBYIOT OOBEKTHI, CKOPOCTh KOTOPBIX CO-
ITOCTaBUMa CO CKOPOCTBIO cBeTa. Ecii Takue 00BEeKTH OyAyT TeHepHUpOBATh I10-
TOKH YacCTHII, TO UX OTHOCHTEIBbHAS CKOPOCTh MOXKET CYIIECTBEHHO IPEBBIIIATH
CKOpOCTH CBETA.

XapaKTepHBIM IIPU3HAKOM CBEPXCBETOBOTO JABIDKCHHS YACTHIIBI SIBISIETCS
M3IyYCHHE IO CBETA OIMPECIICHHBIM 00pa3oM, H3BECTHBIM IO/ HA3BAaHUEM H3ITY-
yenust YepenkoBa (puc. 10.2). 3nech CBeTSIIasCs YaCTHIA, JBMKYIIASICA CO
CBEpPXCBETOBOI CKOPOCTBIO v > C, B MOMEHT t = O HaXoquUTCs B BEpIIMHE KOHYyCA.
Panblre B MOMEHT t; OHa HaXOAWIACH HA paccTosiHUM Dy = ot , a n3myyeHHsI eo

CBET JOCTHT cepsl paguycoM @, = Ut; . B mocnexyrommit moment t, <t; gactu-
I[a HAXOJWJIACh HAa PACCTOSHUM D, = vl, M M3IyYCHHBIN €10 CBET JOCTUraeT cie-
pBI pamumycom a, = Ut,. D10 cnpaBemBo Aist 1000ro MoMeHTa Bpemenu. Cre-

JA0BATCJIbHO, U3JTYyYCHHBIC ‘laCTPIIIefI CUI'HAJIbl HA BCEM MYTU €€ ABUKCHUSA COCPEC-
JOTOYMBAKOTCA Ha KOHHMYECKOI MOBEPXHOCTHU, NOJYYTOJ IMPU BCPUHINHE KOTOpOﬁ
OIIPEACISICTCS TaK:

sina=ﬁ=i=u/v. (10.1)

[ToBepxHOCTH KOHYyCa, TAaKUM 00pa3oM, MpeACTaBisieT coOOH KOHIEHTPUPOBAH-
HBIH (POHT BO3JCHCTBHA. B cilyyae 3ByKOBBIX KoJjeOaHMI 3TOT KOHYC W3BECTEH
Kak KoHyc Maxa, a ¢ppoHT BO3JEHCTBHS — KakK ynaapHast BojHa. J[ns cBera cko-
pocTe U=C;, & yroia MexAy CKOPOCTbIO 4YaCTHILbl M HOPMalbl0 K KOHYCY

B =arccos€, /v) u3BeCTEH Kak yros 4epeHKOBCKOIO M3iIydeHHs. Takoe u3iyde-

HHUE HaOIroIaeTcs
pd  TPOXOXKICHUH
YacTUI[ C OKOJIOCBE-
TOBOM CKOPOCTBIO v>u
0 = ¢ B KHIKOCTH,

a, =ut,

. _ai_a _u
Slna—F——bZ =7

Puc. 10.2. Yepenkos-
CKOE H3IIy4CHHE C YI- b, =vt, Konyc Maxa

nom f3.
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B KOTOPOH CKOPOCTbh CBETa C; = C/ N, Tae N — mokasareiab MPETOMIICHHUS KHUIKO-

CTH. HpI/I OoJbIIKX N JOCBETOBAasA CKOPOCTb YaCTUIIbI CTAHOBUTCA Ha OCCATKHU
OPpOUCHTOB 0oJbIIIe CKOpPOCTH CB€TA B CpeAC (. Taxoe H3JIy4YCHUEC IHUPOKO HC-

TOJIB3YeTCS B YEPEHKOBCKHUX CUETUMKAX JIEMEHTAPHBIX YaCTHII.
CymiecTBOBaHHE IBIKCHHI CO CBEPXCBETOBOW CKOPOCTBIO » >C; B Cpexe,

HO C MEHbIIEH CKOPOCTH CBETA B BakyyMe 0 < C, BCTyHaeT B nmpoTtusopeune ¢ TO.
MBI OKa3any, 4TO BCE YPaBHEHUS 3JIEKTPOAMHAMUKH, B TOM YHCIIE U Ipeodpaso-
BaHus JlopeHna, 3aBUCAT OT CKOpPOCTHU C;. CyIlecTBOBaHUE CKOPOCTEH IpU v > Cy,

YCTaHOBJICHHOC IJId Pa3HbIX CPCA, NPU pas3JIMIHbIX Cl , ABJIACTCA 06IIII/IM IIOJIOKE-

HueM. Tak Kak CKOpOCTh CBETa B BaKyyMe YacTHBIN CiTydait cpensl ¢ € =y = 1,T0
13 OOIIEro MOJIOKEHHS CIEAYET YacTHOE. BO3MOXKHBI CKOPOCTH ABMKEHUS 0OJIb-
1Ie CKOPOCTH CBETa B BaKyyMe.

MHorue uccnenoBarenu yreepxxaator [10, 15, 38, 72, 90jTo kocMuveckue
YacTHIBI, BXOASIINE B 3eMHYIO aTMoc(epy, CO3/al0T YepPEeHKOBCKOE M3JIydeHHE.
Taxoe u3nydyenue B Oe3TyHHbIE HOYM MOKHO HaOINIOJaTh HEBOOPY)KEHHBIM TIJia-
30M. MHOTOYHCIICHHBIMH 3KCIIEPUMEHTaMHU IOJTBEPKACHO, YTO HalmoJaeMble
METEOpHl B BHJEC MTHOBEHHOI'O YHMPKaHbsl 110 HEOOCBOAY COBHANAIOT C JIMBHIMH
4yacTul BeicOKUX dHepruil. Tak, cormacHo H.A. o6poruny [15]: "TanOpaiit u
JIKennu 1oKas3ajid, 4TO BCIBIIIKA HA HOYHOM HeOe COBNAJAIOT C MMITYJIECAMH B
CYETYHKAX H II03TOMY OOYCIIOBIICHBI YePEHKOBCKUM H3JIyICHHEM .

Jnst oObsicHeHUs 3TOro (hakTa B PaMKax TEOPHU OTHOCHTEIBHOCTH yTBEp-
KIAIOT, YTO CKOPOCTh YACTHUIl B JAHHOM CIydae NPEBOCXOMUT CKOPOCTH CBETa B
BO3/yXe, HO MEHbLIE CKOPOCTH CBETa B BakyyMme. HaTaHyThIi XapakTep coryiaco-
BaHMsl HaOJIIOZAEMOT0 CBEPXCBETOBOTO JBHMXKEHUSI C TEOPUEH OTHOCHTEIHLHOCTH
oueBuzieH. CKOPOCTb CBETa B BO3IYXe ¢; =C/N, Ijle MOKa3aTelb NPeIOMIEHHUS

BO3JyXa corjacHo [15] B 3aBUCHMOCTH OT €ro IJIOTHOCTH p
n=1+2.900" Dplp,,
T.€. CKOPOCTb CBETa B BO3/lyXe Ha ypoBHE MO (p = p) OTIIMYAETCS OT CKOPOCTH

CBETa B BAaKyyMe Ha
d =(c—¢;) @100%E = (n—1)[100%h = 0.029%.
Tak kak ¢ BBICOTOM IIOTHOCTBH BO3/lyXa p YMEHbBIIAETCS, TO YMEHBIIACTCS U
0. Ecnn momycTuth, 94T0 CKOPOCTh YacTHIl » HE MPEBBIIIAET CKOPOCTh CBETa B Ba-
KyyMe, TO OHa J0JDKHA HAXOAUTHCS B JKECTKHX mpeaenax € > v > ¢(1 —J). Dromy
COOTBETCTBYET MOIYYyroj HNpU BEpLINHE KOHYCa CBEPXCBETOBOI'O M3Iy4YEHHs, OT-

mmgaronuiics ot 90° Ha BeNMUYMHY TOPSIIKA O, T.€. KOHYC BBIPOJKIACTCS B ILIOC-
KOCTh. XapaKTepHOE CBOMCTBO YEPEHKOBCKOTO HM3ITyYCHHS MMEET MECTO JIUIIb
IIPY SIBHO BBIP2)KEHHOM CBETOBOM KOHYyce. O TaKOM M3JIyYeHHH W COOOIIAIOT JIN-
TepaTypHble HCTOYHUKH. [loaTOMY Habim0oaeM0€e YEPEHKOBCKOE CBEUEHHE CBUIE-
TENBCTBYET O TOM, YTO KOCMHYECKHE YacTHIBI BXOIAT B aTMochepy 3eMin co
CKOPOCTBI0, OOJIBIIEH CKOPOCTH CBETA B BaKyyMe.

180



CTOJh BBICOKHE CKOPOCTH KOCMHUYECKHX YACTHI] MOTYT OBITH O0YCIOBIICHBI
pasubiMu npuunHaMu. OHAa M3 HUX — TPABUTALMOHHOE HpUTsHKEeHHe. PaccMoT-
pHM, KaKHe CKOPOCTH MOTYT COOOIIATh ACTPOHOMHYECKHE OOBEKTHI TNy, KOTOPOE
C HYJICBOW HAYaJIbHOW CKOPOCTBIO TOJ] JCHCTBUEM TATOTCHUS MPHUOIU3UTCS K TO-
BEPXHOCTH 00BeKkTa. Paccumrannsie 1o (5.27) mapaboanyeckue CKOPOCTH Vpa

OPUBCICHLI B Ta6J'II/IIIe:

OOBeKT My, KT R, M 0, kriv3 U m/c HcTounux
3emst 6.610% 63700° 552M10° | 1175M10° [16]
Connne 198M10%° 1410° 14100° 435010 [16]
benblii kapaux
THII 3BE3BI 2510% 2n0° 610 1300 [16, 21]
JleiitoHa
Heitrponnas 45M10% 810° 2M08 27008 [21]
3BE€31a

1978.44 1880.52

1981.09 ﬂmﬁzaggs:a.z?;)wm.u @
5 © o e 2med

Puc.10.3 Pagnonsobpaxenus kBazapa (Mureprer, coriacio John Biretta / Space Telecope

Science Institute).

Kax BuguM, onu usMmenstorcs ot 12 km/c mina 3emun no 270000xm/c mis
HEUTpPOHHOW 3Be3/bl. Ele OOMbIIMMH MOTYT OBITH CKOPOCTH TEN, Ha KOTOPBIC
OymyT BO3/IEICTBOBATh KBA3aphl, spa raJlaKTHK MJIM TaK Ha3bIBAEMbIC KAHIUIATHI
B "depHble OBIPHIT. TO €CTh 3TH CKOPOCTH MOTYT MPEBBIMIATL CKOPOCTh cBeTa. Co
CKOPOCTSIMH TaKOTO TIOpsKAa Tela MOTYT BbIOPACHIBATHCS U3 MPUTICHBAOIINAX
IIEHTPOB MJIK OOMEHHUBATHCS MEXKITY COOOM.

HoBbIMU MeTO/aMH B aCTPOHOMHH - PAJHO- U PEHTTEHOBCKUMH TeJIECKOTIa-
MU B [IOCJIC/IHUE JBA ACCSATUIETHS OOHAPYKEHO MHOTO OOBEKTOB, ABHKYILUXCS CO
CKOpOCTAMH, Gonbinnmu ckopoctr ceeta [35]. B cratbe [120] paccMmaTpuBaeTcs
30 cIIbHBIX BHETAIAKTUYCCKHUX PaIHMOUCTOYHUKOB, KOTOPBHIC UMCIOT KOMITAKTHBIE
KOMIOHEHTHI ¢ BUAMMBIMHA TAHTCHIIMATBHBIMA CKOPOCTAMH OOJBIIUMU CKOPOCTH
csera. Onun u3 aBTropoB cratey, P.I[. Bepaynen, B npyroit coeit padore pac-
CMaTPUBACT CTAaTHCTUYCCKUEC CBOWCTBA CBEPXCBETOBBIX KOMIIOHEHTOB, KOTOPHIE
oTMeYaroTcs B 66 ramakTukax, KBazapax u jeueptuaax. HaGmonaroTes NBMKECHUS
CTpyH, pacimupeHus TUPQPY3HBIX OOBEKTOB, OTHOCHUTEIBHOE JBWKCHHC YacTei
pacnanaromierocsi oo0bekta u T.4. Hampumep, HaOoaeHus paauosapa KBazapa
3C395Ha vactorax 5 u 1.6 I'Tu (canTHMeETpOBBIA Auana3oH BoiH) ¢ 1979 mo
1985r. mokaszanu [111], 9T0 OH COCTOMT U3 TPEX KOMIIOHEHTOB. PaccTostHuE MExK-
Iy SIAPOM W MAJIOTIOJBIKHBIM KOMITOHCHTOM COCTaBISIET 5 MC (yroBble MUIIIH-
cekyHIbI). TpeTHii KOMITOHEHT JABHKETCSI B CTOPOHY TTOCJIEIHETO CO CBEPXCBETO-
BO# ckopocThio. Ero yrnosas ckopocts 0.64mc/roa.

B pa6ore [106] paccmaTtpuBaeTcst IBMKEHUE JABYX KOMIIOHEHTOB UCTOYHUKA
GRS1915+105kecTkux peHTreHOBCKUX Jiydel ¢ 27 mapra o 30 anpens 1993,
Habmromaercst HeyCKOpeHHOE yAajeHHE KOMIOHEHTOB JIPYT OT Jpyra cO CKOpO-
CTBIO, MEPICHANKYIIAPHON JIMHUM HAONIOJCHHUS W paBHOM i kaxgoro 1.25wu
0.65c. Ux oTHOCUTENBHAS CKOPOCTH cocTaBisieT 1.9 C, T.e. TOCTUTAET MOYTH V-
BOEHHOM CKOPOCTH CBETA.
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Pamnonsobpaxkenus kBazapa 3C345 (puc.10.3) 3adukcupoBaHbl Ha BOJHAX
10.7TT1g ¢ 1979r. mo 1984r.. B HeM CKOpOCTH CTPYH HPEBBILIAIOT CKOPOCTD CBE-
Ta B 7 pas, €Clli OH JCHCTBUTEIBHO SBIISICTCS DKCTPArajJaKTUIeCKUM M yAajeH Ha
1700 meramapcek, Kak 3TO CYHTaeT OONBIIMHCTBO acTpodu3ukoB. Mmerotes co-
00IIeHNs O CKOpOCTSIX ABMKeHHs, nocturaronux 40 ckopocreii ceera. [TockonbKy
B pamkax TO Takue IBY>KCHHS HEBO3MOXKHBI, MPEIIPHUHUMAIOTCS MOIBITKH 00b-
SICHEHUs! HaOJII0aeMBIX SIBJICHUH 0€3 HapylIeHHs NPHHIMIA TPeIesIbHON CKOpo-
ctu. Haubosee pacnpoctpanennsie o0bsicHeHus [5, 106] cBepxcBeToBO# more-
PEUYHO# CKOPOCTH 3aKIIOYAIOTCS B MOJ00pE TAKOTO HAMPABICHUS IBHIKCHUS HC-
TOYHHKA, NIPU KOTOPOM €ro JOCBETOBasi CKOPOCTh OyIEeT paccMaTpUBATHCS Kak
CBepXcBeToBast. JlaHHBIN MOAXO], €CTECTBEHHO, HE MOXET OIPOBEPTHYTh CBEpPX-
CBETOBBIC JBUKCHHS: YroJl MEXIy CKOPOCThIO OOBEKTa M HAlpaBjeHUEM HAOIIo-
JICHUSI JTOJDKEH OBITh ONpe/esieH Ha OCHOBAaHHMU DPE3yNbTATOB H3MEpPEHUH, a He
BBIYHCIICH U3 MPEANOJI0KEH s, KOTOPOE XOTSIT JOKa3aTh. AHAJIHM3 3TOrO MOIX0/a,
npenacTaBieHHbIH B pabote [110], mpuBOAUT aBTOpa K BHIBOAY, YTO HabIHOJaeMbIe
CBEPXCBETOBBIC JIBW)KECHHS MPEJCTABIISIOT CEPhE3HOE HCIBITAHNE TEOPHH OTHOCH-
TEJBHOCTH.

Urak, cymecTByronie 00beKTHl B KOCMUYECKOM IPOCTPAHCTBE MOTYT CO-
o0IIaTh TeJxaM CBEPXCBETOBBIE CKOPOCTH W TaKWE€ CKOPOCTH OTMedaroTcs. J[Bu-
JKYIIUECs TeNa M CTPYH BElIecTBA C MOJOOHBIMH CKOPOCTSMH MOTYT CO37aBaTh
MOTOKH 3JIEMEHTAPHBIX YaCTHIl, CKOPOCTH KOTOPBIX TaKke CBepXcBeToBbie. OHU
BXOJAT B arMocdepy 3eMITH, CO3[al0T YEPEHKOBCKOE H3NIYyUYCHHUE U MOPOKIAIOT
JIMBHU BTOPUYHBIX YACTHUI], KOTOPHIC CBHUIETEIHCTBYIOT 00 OrpOMHOII 3HEpruu
KOCMHYECKHX YacTHll. Muiniennym Taeitn [119] oOparun BHUMaHKE, YTO TaKHeE
CBOMCTBA 3JIEMEHTAPHBIX YaCTHII, KaK UX Macca, 3apsil U Paanyc MOTYT ObITh YBsI-
3aHBl C MarHUTHBIX MOMEHTOM M MOMEHTOM HMMIIYJIbCA, €CIIM OHHU ITPEICTaBIISIOT
co00i1 CTpyKTYypy, BpaIAIONIYIOCs CO CBEPXCBETOBOM CKOopocThio. OH mpuIen K
BBIBOJlY, YTO BECh HAlll MHUp, KaK Makpo- TaK ¥ MHUKPO- SIBIISICTCS] CBEPXCBETOBBIM,
T.€. B HEM HMMEIOTCS OOBEKTHI, KOTOPHIE IBIKYTCS CO CKOPOCTSIMH OOJBLINMHU
CKOPOCTH CBETa.
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Cnemyer OTMETHTh, YTO B COBPEMEHHON TCOPETHYECKOH (hM3MKE BBEICHO
nousiTre "taxuonsl” [3, 19, 39].9T0 runoreTHYECKUE YACTHUIIbI, KOTOPBIE JOJDKHBI
yaoBueTBopsATh TO. Y HUX mMOCTynupyeTcss MHUMas Macca. Mccienayror, Kak ¢
MOMOIIBI0 TAXHOHOB HAPYIIUTH HPUHIUI MPUYUHHOCTH, T.€. YTOOBI CIEICTBUEC
MpeuecTBoBaio npuanHe. OTCIOAa ClIeyeT Ha3BaHUE 'TaXUOHBI" - OOTOHSIONINE
BpeMsi. B oTiinuune oT Takux QaHTACTHYECKUX TAXHOHOB, MBI PACCMATPUBAEM pe-
QJIbHBIC CBEPXCBETOBBIC JIBIKCHUS.

10.2.HABJIOJEHUE Y B3AUMOJIENCTBUE
TPV CBEPXCBETOBOM CKOPOCTH

[Toy4yeHHbIe B pe3ysbTaTe pacdyeTa CBEPXCBETOBBIE CKOPOCTH JajleKUX ac-
TPOHOMHYECKHX 0OBEKTOB BBI3BIBAIOT MHOTHE BOIPOCH!. PeINTh X HEBO3MOMKHO
0e3 TTOHMMaHUs TOTO, KaK JOJDKHBI HaOIIOAaThCsS CBEPXCBETOBBIC OOBEKTHI. AHA-
7u3 paboT Mo OOBSICHEHUIO CBEPXCBETOBBIX ABWKeHuit [5, 35, 106, 110hokasbl-
BAET, YTO HET OOLIENPHHATOr0 METoAa MX paccMorpeHus. Ham npexacrasisercs,
YTO 3Ta MpodieMa COJCPKUT MHOTHE HESCHbIe BOIpochl. [IpoaHann3upyem Ha-
OJIro/IeHHe TaKMX JBM)KCHUH Ha IMpUMepe CBEPX3BYKOBBIX. [IycTh HCTOUHMK 3ByKa
S ABMKETCS B Cpefie O CKOpocThio v > a (puc. 10.4)u B momenT t = 0 HaxoauTCs
B Touke S.B 3T0l cpene Ha NPHULETHLHOM PACCTOSHUY 0 HAXOAUTCS HETIOJBIKHBIHA
npueMHUK R. 3ByKoBbIe KOJEOaHHS, pACIPOCTPAHSBIINECS B OKPY)KAIOIIEM BO3-
JyXe CO CKOPOCTBIO &, HAJOKHWINCh Ha (POHT B BHAE KOHyca Maxa ¢ MOoJIyyrioMm
IIPH BEpIIUHE 0/, PABHBIM

sina=a/v. 0(2)

HemnonBmxHbIil OTHOCHTENBHO BO3yXa HaOJIONaTeNlb R yCIBIINUT B 3TOT MOMEHT
HCTOYHMK B TOYKE S| pacliojoXEeHHOH Ha mepreHgukyisipe Kk ¢pponry SR Pac-
cTosiHue S'SHCTOYHMK IpoLIET 32 BpeMst

T = S'Sh, (10.3)
a 3BYK 32 3TO BpeMs PACIPOCTPAHUICA HA PACCTOSHUE
SR=Ta=SSina (10.4)
UYepe3 HEKOTOPOE BpeMst t MCTOYHMK TEPEMECTHICS B TOYKY S, @ KOHYC
Maxa 3aiiMeT moJIO- " , roa \*
s, s ) S,
xenue S A, rie A < 7% 7
SS =RA=ut =x. b L
(10.5)
3mecer X = v t — 000- R A

3HAYEHUE MPOUJICH-
HOTO OTpe3Ka.

ITocne mpoxox-
nenus (poHTa TpH-
emHuk R Oyner Boc-

Puc. 10.4.Habnronenue cBEpx3By-
KOBOTO (CBEPXCBETOBOr0?) 0OBEK-
TOB § B BUJIC TApbl pa3berarmx-

r

cst m3o0pakennit S u S . c
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NPHHAMATE 3BYK, KOTOPBIH JOCTUT €T0 OT HCTOYHHMKA, HAXOJUBIIETOCS, KAK BUIHO
u3 puc. 10.4,cpa3y B 1Byx Toukax § u S . B MOMEHT t 3BYK JOCTUTHET TaKKe

touek B u C coorBeTcTBEeHHO, HaxoaAmuxcs Ha kKoHyce Maxa S A. Taxum obpa-

30M, IPHEMHHK [OCIE IPOXOXkKAeHHE PpOHTA GyAET PErHCTPUPOBATH 3BYK OT JABYX
ucrounnkoB § u § . B ciydae cBeta HaOIIOATENb CBEPXCBETOBOIO HCTOYHHKA

(ecnu 3mech momycTMMa aHAOTUS €O 3ByKoM!) OyaeT BHIETH €ro cpa3y B IBYX
HoNOKEHUAX. TakuM 00pazoM, Mocie MPOXOkKACHHs (PPOHTA YBHAEHHBIH HCTOY-
HMK B Touke S'pa3qBouTCs U janee OyaeT HaOMI0IaThCA B BUAE JBYX HCTOYHHKOB
S u S . Onpenenum CKOPOCTH IBMXKEHHUS ABYX M300pakeHHil HabIioqaeMoro

CBEPX3BYKOBOTO (CBEPXCBETOBOI0?) UCTOYHHUKA.
U3 tpeyronpHuka AS SR crenyer:

S/R? =§/S? + RS? - 25/ S[RS[tosa. . (10.6)
Beipasum S'S, uepes SS ux:
SS =SS+x. (10.7)

PaccrosiHue Mex 1y HabJIF0JaeMbIMH HCTOYHHKAMHI S'H S MOXHO 3aIHCaTh:
y=SS-S§S. (10.8)
Bripasum RSu S'Suepes npuiienbHOe pacCTOsTHHE P:
RS=p/sin g, 0(2)

ss=RS ___ P (10.10)
cosa sina [tosa

Monacrasnssa B (10.8) S'Su §'S u3 (10.7),noimy4aem

_ p
y sina [tosa

-S/S +x. (10.11)

W3 tpeyronbhuka 4SS B, ¢ yuerom toro, uto §B = SR, crenyer
S'S, = §B/sina = SRkina . (10.12)
Otkyna, ¢ yuetom (10.7),Haxomum
SIR=S/S, Bina =(S§S+x)sina . (10.13)

TMoncrasnsem B (10.6) SR u RSwu3 (10.13)u (10.9) coorserctBenno. ITocie
npeoOpa3soBaHUsT HMEEM:
2

52259 P iydg?a|+——P  x20922.=0. (10.14
= SS(sincr[cl:osa' J aj sina [CoSa J ( )
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Pemrenviem kBanpatroro ypasaenus (10.14)0yuxer

SS=xtg?a+—P —+ _1 \/x2 tg* a+2xptg’ a . (10.15)
sina cosa ~ sina

C nomomsio (10.8)u (10.10)sEIpasum S'S wepes y:

o p
S= ——— -y, 10.16
S sina Ctosa y ( )

Toraa paccrosHre HaOMOAaEMOro O0OBEKTa Y B 3aBUCHMOCTH OT PACCTOSHHUS X
00BEKTa, MPULEIBHOTO PAacCTOSHUS P [0 HabIomaressi U yria KoHyca Maxa @,
coriacuo (10.15),3anumiercs

y=-xtg’a + ,i\/xztg“a’ + 2xptg’a . (10.17)
sina

JlBa 3HaKa * ONpENeNSIOT Ba MONOKeHUs § M S HaOmoxaeMoro 06beKTa, Ko-
TOpBII B MOMEHT t Haxoxutes B Touke S (cM. puc. 10.4).

Htak, CBepX3BYKOBOW OOBECKT, HAXOMSAIIHICS B TOUYKE S B MOMCHT Habera-
Hus (GpoHTa Ha npueMHHMK R Habmomaercs B Touke S’ 3aTeM OH pa3IBaHBACTC:
OfMH 00BEKT § JBIDKETCS B HalpaBieHuH obbekta S, a npyroit § — B obpar-

HOM. Onpeaem/IM CKOPOCTH ABUKCHUA Ha6J'I}O,HaeMLIX 00BEKTOB:

_dydx _ dy

< _———v—=vtgza -1+
dx dt dx singx/xztgza’ + 2xptga

xtga + p

(10.18)

3nech P — npuieabHOe paccTosinue, a X = of, rae t — Bpems, OTCYMThIBAEMOE OT
Havaya npuxoja gpponra k HaGmogareao R, Kak Bugno u3 (10.18),B HauanbHBIH
momeHT BpemeHu (X — 0) CKOpoCTh ABMXEHUS] HAaOJIOMaeMbIX OOBEKTOB OyAET
6eckoneuna. C TedyeHueM BpeMeHH (X — ) CKOPOCTh U300paKeHHUs B HAIPaBIie-
HUM JBIXKEHHUs 00bekTa, ¢ yuetom (10.2),0ymer

vy = vg2a (1/sina -1)= 1:raa <a, (10.19)

[

a B oOpaTHOM

Vg =-0 I]gza (L/sina +1)=- vaa <-a (10.20)
»—

Ortciona cienyer, 4To aOCONIOTHASE CKOPOCTb JABMXKEHHS M300paXkeHust B oOpaT-
HOM HallpaBJIeHUH OoJIbIlle, YeM B MpsSMOM. B mpsiMoM HampaBieHuH n3o0paxe-
HUE JIBIKETCS C JI03BYKOBOH CKOPOCTHIO. IIpy MBMKEHHH 00BEKTa CO 3BYKOBOI
CKOPOCTBIO v = @, coracHo (10.2)yron konyca Maxa a = 9C°. CkopocTts B 00-

paTHOM HAIpaBICHHH g — %, a CKOPOCTb B IpsIMOM, Kak ciexyeT u3 (10.19),
Oyner
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v, =0,5 (20)
B sToM cityyae Habnmoaatens mocjie HaberaHusi Ha HEro (pPOHTa YBUAUT JBIKY-
LUiACs 13 OCCKOHEYHOCTH 00BEKT. [lepBOHAYATLHO CKOPOCTh JIBMKEHUS M300pa-
xkeHus Oynet Oeckoneuna. Briocnencteun ona npudnumsurcs k 0,52, C Takoi cko-
pPOCTBIO M300pakeHne 00beKTa OyIeT yIaIsIThCS OT HAOIIOAATE s B HAIIPABJICHUN
NIBIKEHNS 00BEKTA.

Ipu ABMKEHMH CO CKOPOCTBIO 0 > @ 00BEKT cHavana Habarogaercs (CM. puc.
10.4) B Touke S 3aTeM BJE€BO M BIPaBO OT TOYKH S'OYAyT JBHraThCs €0 H30-
Opakenusi. BieBo JBIKCHHE MPOHUCXOIUT C OOJBIICH CKOPOCThIO, HEXKEIH BIpa-
BO, M CKOPO HCYE3aeT.

JIBIKCHHE MPSIMOTO H300paKeHHsT § MPOHMCXOUT C MEHBIIIEH CKOPOCTBIO M

HaOmromaercst nosbine. M300paxkeHue OyaeT yaansThCs OT HaOJromaTessi co Bce
YMEHbBIIAIOMICHCST CKOPOCThIO, U Ha OOJBIIOM YAAICHHH €ro CKOPOCTh CTaHET
MEHbIIIe 3BYKOBOM WJIM CBETOBOW [UIsl CJIydasi CBEPXCBETOBOI'O [IBIKCHHUS. DTOT
pe3ysbTaT BecbMa MHTepeceH. Ecnu HabuoaaTelib IporyCTHI MOMEHT HaOeraHus
(poHTa, 9TO BEChMa BEPOATHO NPH HAOIIOACHHH aCTPOHOMHUYECKUX 0OBEKTOB, TO
oOparHoe M300pakeHne S JUISL HETO YKE€ HCUE3HET, a NpIMOoe S OH YBHIHMT

JBIDKYIIAMCSI C JOCBETOBOW CKOPOCTBIO.

IMocnennuit npuMep MOKa3bIBaET, KAKHE HEOOBIYHBIE CUTYalMH BO3MOXKHBI
py HAOJIOJICHUU CBEPXCBETOBBIX 00beKTOB. [loaTOMY aHanu3 pe3yibTaToB Ha-
OIrOIeHI KaK MaKpOOOBEKTOB, TaK W MHKPO— (HampuMep, KOCMUYECKUX YaCTHIL
WA 3JIEMEHTAPHBIX YaCTHI[ B SACPHON (DU3MKE W B MPOIECCcax YCKOPEHHS) HeoO-
XOJUMO TPOBOJUTE ¢ y4eToM Habmogaembix ckopocreit (10.18).Buano, uro He-
y4YeT 3TOro sIBJCHHUS B (DU3UKE DICMEHTAPHBIX YaCTUI[ MOXET MPUBOAMTH K HH-
TEPIIPETAI[MH CBEPXCBETOBBIX YACTHUI[ KaK SIBIICHUS POXKICHUS Maphl IBYX YACTHII.

PaccmorpeHnbie 23QPEKTh CBEPX3BYKOBOTO JIBHKCHUS aBTOPY HEOJTHOKPAT-
HO MPHUXOJMIOCH HAOMIOMaTh B AeTCTBE. CBEPX3BYKOBBIC BOCHHBIC CAMOJICTHI MBI
YBUIICTH B HEOC 3aJ0JIT0 JIO MOSBJICHUS U3BECTHH O HUX B IEYaTH. BHe3amHoO B
yucTOM HeOe, Ha KOTOPOM OTCYTCTBOBAJIH IOCTOPOHHHE OOBEKTHI, pa3iaBajcs
B3PBIB WJIH BBICTpell. MecTOIoJI0KeHHE HCTOYHHKA 3BYKa HE ONPEesioch - 3BYK
3aI0JIHST BCE MPOCTPAHCTBO. 3aT€M U3 ONPECICHHON TOUYKH HEeOOCBO/Ia BOCIIPHU-
HUMAJIMCh 3BYKH JIBYX YHQISIOIIUXCS JPYT OT Apyra camoseroB. [1o3xe Mbl Hay-
YWIACH OOHAPYXUBATh M CAMOJIET, Co3AaBaBIIMid 3ByK. OH ObLT TaJeKo BIIEPEIH,
OJirKe K TOPH30HTY, JBIIKYIIETOCS 32 HAM 3BYKOBOTO M300pa)KeHHs. 3aTeM ca-
MOJIET YXOJHJI 3a MpeJebl BUAUMOCTH, a €ro 3ByKOBOE M300paKeHHUE elle J0JTo
CO3/1aBAJIO MJLTIO3HIO JICTAIIETO CaMOoJIeTa.

MsI paccMOTpenu poOaeMbl HAOTIOICHUS CBEPXCBETOBBIX JABMXECHUU. J[py-
ras rpynma mpoOjeM CBsA3aHa C B3aMMOJCHCTBHEM Tell IPU TAKUX JIBUKCHHUSX.
HccrnenyeM 0COOCHHOCTh B3aUMOJICHCTBUS 3apSKCHHBIX TEJ MPH CBEPXCBETOBOM
newkennd. [pu > 1, kak BUAHO U3 3aKoHa s cuitbl (4.92),1pu onpe eI HHBIX

yrmax @ Mexxay R U BEKTOpOM CKOPOCTH o 3HAMEHATENb SIBISETCS ICHCTBU-
TEJIbHBIM YHCIIOM U BBIpAXXEHUE AJIS CUIIBI CyILecTBYeT. Ecau Mbl paccmaTpuBaeM
JBYDKYIMICS 3apsif O , TO mpu 5> 1 ero BO3ACHCTBIE Ha HAXOIAIIUNCS BIICPEIH
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HETIOJIBU)KHBIN 3apsiy O, HE yCIIeeT pacrpocTpanuTbes. [loaToMy B3auMozeicTre
MEX/Iy TeJIaMH HAu4HETCs, KOoraa 3apsia O, Oymer mo3aau 3apsiza O , T.€. npu @ >

712. 13 (4.92)cnenyer, uTo 3HAMEHATENb PABEH HYJIIO IIPU

singw = 18, (10)22

Tak kak @y > 772, 10 (10.22)upentrano (10.2),npu 3TOM

b = - Q. (10)23

Ipu 3nauenun @y cormacHo (10.22),3Hamenarens (4.92) paBeH HymO, a CHia
CTpeMHTcs K 0eCKOHETHOCTH. TakuM 00pa3oM ABIKYIIUIACS 3apsiz (j; HA9HET BO3-
JIEHCTBOBATh Ha HETOJBMKHBIA 3apsija (p, KOTraa TMOCIeIHUN TomaneT Ha (QPOHT
koHyca Maxa. BHyTpu koHyca Maxa cuia Bo3aeicTBUA 3apsiaa (p Ha 3apsa (o
OyIeT KOHEYHa, HO MPOTHUBOIOJOXKHA 0 3HAKY. DTO OO0YCIOBIIEHO OTPUIATEIh-

HBIM 3HaKoM gncinrens (1- B2) B 3akone cmist (4.92). Takum 06pa3oM, OJIHO-

HMMCHHO 3apsi2KCHHOE TEJIO (p, HAXOAAIIECECs BHYTPU KOHYCa Maxa, 6yﬂ€T puTs-
THUBATHCA K 3apsiay (p, a OpU IPOTHUBOIIOJIOKHOM 3HAKE — OTTAJIKUBATHCS.

PaCCMOTpI/IM HU30JIMHUHN CUJIBbI IIPHU CBCPXCBETOBOM JABUIKCHUU. AHaJOTrUIHO
(493) 3alUIIEeM YPAaBHCHHUE JIMHUM [TOCTOSIHHOI'O 3HAYCHHS CUJIBL:

2
R= B P71 (10.24)

=B @_ stin2¢)3/ 2

rac

B=-1% _congt (10.25)
cF

3aBucumocth (10.24)npu B = 1 uzoOpaxkena Ha puc. 10.5B moNIpHBIX KOOPIH-
Harax. OKpyXHOCTBIO paanycoM R = 1 npejcrasiena nzonunus cuisl (4.93)He-
MOABMXHOTO 3apsbkeHHOro Tena (. U3 puc. 10.5Buano, uto npu £ < 1,5 uzonu-
HHUHM B 00JacTH @ = JTIPOXOASAT
BHYTpHU OKpykHOCTH R = 1, T.€.
B 3TOH 00JacTH CHIIBI BO3IEH-
CTBHUSI JIBUXKYILIETOCSI CBEpXCBe-
TOBOTO 3apsifia MEHbILE HEMOo/-
BH)KHOTO.

Puc. 10.5. V3onuHuu CUIbI BO3-
JIEUCTBUsI JIBUKYIIETOCs CO CBEpX-
CBETOBOU CKOPOCTBIO 0 3apsSIKCHHO-
ro Tena (; Ha HEMOJBHXXHOE 3apsi-
JKEHHOE TeJIO (), HAXOMAIIEECT OT
HEro Ha PasHbIX YIJIOBBIX PaCcCTOs-
HHAX MPU Pa3HBIX BEJIMYHHAX MPH-
BEJICHHOW cKkopocTH L.
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C mpubnmxeHneM @ K @y U30IHHHUSA CTPEMHUTCS] B OECKOHEYHOCTD, T.€. CHIIa
HeorpaHuueHHO pacteT. [Ipu [ > 1.5 n3onuHuu HaXOsITCs BHE OKpY)KHOCTH R =
1, T.e. cuya BO3CHCTBHS CBEPXCBETOBOTO 3apsiia O0JIbIIEe HEMOABHKHOTO.

Bepruunsl koHycoB Maxa npu pasHsix [ pacnoyiaratotes B LeHTpe 3apsija d,
a o0pasyolue napauuienbHbl H30IMHUAM. HanpumMep, KOHyC IIpH HOJIAPHOM YTiIe
@w = 120° sBnsieTcs konycom Maxa mipu S~ 1.2. U3 puc. 10.58uH0, 4to ¢ yBe-
audeHreM [ yron mpu BeplIMHE KOHYycoB Maxa ymeHbuiaercs. [Ipu cBeToBOi
ckopoctr aBwxkenus, (B = 1), koHyc Maxa BBIPOKAAETCSl B INIOCKOCTh, MEPIICH-
JHKYJISIPHYIO CKOPOCTH 0.

10.3.YCKOPEHHE CT'YCTKOB YACTHIY
0 CBEPXCBETOBOU CKOPOCTH

Kak Mbl yrnoMuHamm paHee, JICKTPOMArHUTHBIM BO3JCHCTBHEM MOXHO JOC-
THUYb CBETOBOM CKOPOCTH. A Kak ee mpeB30iTu? J[s 3TOro I0CTaTOYHO CO3/aTh
TaKWe YCTAHOBKH, YTOOBI YaCTHUI[A YCKOPSUIACh OOBEKTOM, KOTOPBII caM JBHIKETCS
OTHOCHUTEIILHO YCTAHOBKH CO CKOPOCTBHIO U B HANPABJICHUH YCKOPEHUS YaCTHUIIBI
[55, 115, 118]Toraa yacTHIly MOKHO YCKOPHTE 3THM OOBEKTOM JI0 CKOPOCTH Cj
OTHOCHTEJIHO HEro W abCOJIIOTHASI CKOPOCTh YACTHIBI, T.€. €€ CKOPOCTh OTHOCH-
TENIbHO YCTAaHOBKH, Oy/IET paBHA CyMMe CKOPOCTH C; i CKOPOCTH U 00BbeKTa:

Va=Ci+ U

TakuMu 00bEKTaMH MOTYT OBITh CT'YCTKH 3apsDKEHHBIX YacTHIl. BHavyane 06a
CTYCTKa YCKOPSIIOTCS He3aBUCHMBIMH yckopuremsivu (puc. 10.6,monoxenue 1) 10
OJIMHAKOBOM CKOPOCTH 0. 3aT€M CTYCTKH HAYWHAIOT HPUTATHBATHCS JAPYT K JAPYTY.
Tak kak Macca cryctka 2 3Ha4MTeJIbHO 0OJIblile Macchl crycTka 1, To nuamensercs
TOJIBKO CKOPOCTh cryctka 1 — o yckopsercs (mosoxenue I1). Kak mokazano B
nonoxkenuw |, mepBoHayanpHOE paccTosHue | MeX Iy crycTKaMi YMEHBIIACTCS Ha
dl, a cKkOpOCTh YCKOPSIEMOTO CTycTKa Bo3pacraeT Ha dv. [locie COMMKEHHs CrycT-
koB (monoxxenue lll) yckopsiemsrii cryctok 1 mpuobperaeT npubaBKy CKOPOCTH Uj.
B 3TOM 1ONOKEHNU K yCKOPSIOIIEMY CTYCTKY 2 MPHKJIaJbIBaeTCsl BHEIIHee Puc.

! n /4 v

10.6.CBepXxcBeTOBOE YCKOPEHUE MPH MPUTHKSHIN PA3HOMMEHHO 3apsDKEHHBIX CTYCTKOB!
1, 2 —somepa cryctkos; |, II, 1ll, IV — HOoMepa mosnoxenuii.
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Bo3zelicTBHE F, 6maromaps KOTOpOMY OH YBOIUTCS C ITyTH YCKOPEHHOTO CI'yCTKa
1. B mpomecce B3auMOICHCTBHS IPH PACXOKICHWH CTYCTKOB IEpPBOHAYAIbHAS
nmpubaBKa CKOPOCTH U; YMEHBIIUTCS 10 U. TakuMm oOpaszom, mocie mporecca yc-
KOpeHHMs1 CTyCTOK 1 OyaeT uMeTh MOJIHYI0 CKOPOCTh U + U.

B kauecTBe OBICTPOABMIKYILIETOCS BO3ACHCTBYIOLIETO 00BEKTA MOYKHO B3SITh
CT'YCTOK 3apsOKCHHBIX YACTHI[, KOTOPBIC CO3IAIOTCs, HAPUMEDP, B COBPEMCHHBIX
yckopurensx. Takoit cryctok ¢ N yacTunamu, 3apsii Kaxaoi u3 KOTOpsIX (, Oyaer
umeTh moJHbIi 3apsin Q, = gN. Eciu cryctok ¢ 3apsinom Qg (cMm. puc 10.6)6yner
JIBUTaThCS BCJIE 332 BO3JCHCTBYIOIIUM CI'YyCTKOM C 3apsiioM Q. NpOTHUBOMONIOXK-
HOTO 3HAaKa, TO OH NPHOOPETET OTHOCHUTEIBHYIO CKOPOCTH U, KOTOPYI0 MOXKHO
OTIPENIEITUTh C MOMOIIBIO Bhipaxkerus (7.46).Jlis 9Toro paccMaTtpuBaeM CTYCTKH
KaK TOYKH; BO3JEHCTBYIOIIHMHA CTYCTOK OepeM ¢ maccoid Mo, 3HaunuTEIHHO OO0JIb-
mei Maccel M; yckopsiemoro cryctka. Torma 3amMemiieHHEM BO3ICHCTBYIOMIETO
CTyCTKa MOXXHO TpeHeOpedb. CrycToK OymeT YCKOPATHCS O TeX IOp, MOoKa He
MPUONM3HUTCS K BO3ACHCTBYIOMEMY CcrycTKy. CunTas paccTOsIHAE MEXIY WX IeH-
TpaMH B JJAaHHBI MOMEHT PaBHBIM JuameTpy 0 HauOONBIIEro U3 HUX U PaccMmar-
pHUBas CTyCTKHA MPOTOHOB M AJICKTPOHOB C 3apsiIOM YacTHIl (, OTHOCHTEIBHYIO
CKOpPOCTh YCKOPEHHOTO CTyCTKa MpH Uy = O mosy4um B BUIE

_ 2q2N2
m,c?d

u? =c?-c?%x

3neck N, — uKciio yacTHil BO3IEHCTBYIOIIEr0 CrycTKa, My —Macca OJ{HOM YaCTHIIbI
13 YCKOPSIEMOTO CTYCTKa; yCKOPEHUE MPOM3BOAUTCS B cpefie ¢ € = 4= 1.

U3 soipaxenus (10.26)cneayer, 4TO CryCTOK 3JICKTPOHOB MOXKET YCKO-
PHUTBCSI CTYCTKOM TIPOTOHOB ¢ pazMepamu mopsiika d = 2 ¢M U ¢ YHCIIOM Y4aCTHI]
N, > 4.10% o cropoct U = 0.3c. Jlo Takoii e CKOPOCTH CI'YCTOK IIPOTOHOB
MOYHO YCKOPHTB CTYCTKOM 3JIEKTPOHOB ¢ urcioM dacturl N> 6.2-16% TIpu stom
Macca CrycTka IpoTOHOB HoJukHA ObITe My = MpN; < Nom, T.e. uncio yactuy B
cryctke npotoHoB Ny < N, my/m,.

Tak KaK B COBPEMEHHBIX YCKOPHUTENSX MOXKHO MOJYYUTh CTYCTKH YaCTHI[ CO
CKOPOCTBIO OY€Hb OJIU3KOW K CKOPOCTH CBETA, TO MOCIE YCKOPEHHUS ABHIKYIIIAMCS
CTYCTKOM YCKOPSIEMBIE YaCTHIIbI OTyYaT CKOPOCTh OTHOCHTEIFHO YCTAHOBKH

va=Cc+0.X =13,

KOTOpasi 3HAUUTEJIbHO MPEBBILIAET CKOPOCTh cBeTa. ClenoBaTeNbHO JdaXke B CIy-
yae HE OYEHb BBICOKOTO BaKyymMa B YCTAHOBKE TOPMOXKEHHE YacTHI[ 32 CUET
CBEPXCBETOBOTO M3NydeHUs] (TaK HA3bIBAEMOE UYEPEHKOBCKOE H3JIyueHHE) He
YMEHBIIHUT 3TY CKOPOCTH JI0 IOCBETOBOM.

[Tocne Toro kak yckopsieMblil CTyCTOK JOCTUTHET BO3IEHCTBYIOLIETO CryCT-
Ka, OH Ha4HeT OlepexaTh ero M 3aMeiAThes. [lanpHelee B3auMoIeiCTBUE Me-
Ky CTyCTKaMH HEOOXOIUMO MPENOTBPATUTE. ITO MOYKHO OCYIIIECTBUTH HECKOJIb-
kuMu crocobamu. Eci Bo3ieicTBOBaTh Ha CTYCTKH MarHHTOM, TO BO3JIEHCT-
BYIOIIHMH CTYCTOK OYZET OTKJIOHATHCS U YXOJUTH C IYTH JIBIXKEHHUS YCKOPSIEMOTO
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@ v C v vtu

Puc. 10.7.CBepXCBETOBOE YCKOPESHUE MPH OTTAIKMBAHUH OJJHOUMEHHO 3apsHKEHHBIX CTYCTKOB:
1, 2 —nomepa crycTkos; |, II, [ll — HoMepa nonoxenuit

(10.26)

crycrka. IIpu 5ToM BekTOp MarHuTHOH HanpskenHoctd H  momken GuiTh Tep-
MEHJUKYISIPEH K CKOPOCTH CTyCTKOB. Pacdersl MOKa3bIBaIOT, YTO 3aMEIJICHHUE
YCKOPSIEMOT0 CrycTKa OyneT TeM MeHblle, yeM OoJjblie BeIMYMHAa MarHUTHOM
HaIPSDKEHHOCTH. B cityyae ycKOpeHHs: MPOTOHHOTO CTyCTKa 3JIEKTPOHHBIM HY)KHA
HeOoJbIIast HANPSHKEHHOCTh, TaK KaK Macca 3JISKTPOHOB BBIBOAMMOIO U3 yCKOpe-
HUSI B3aMMOJICHCTBYIOIIETO CTYCTKa O4eHb Maia. [Ipu yckopeHuH ske IPOTOHHBIM
CTYCTKOM [UIsl BBIBOJIA €TI0 M3 IIpOLecca YCKOPEHUSI HEOOXOAUMO NPUKJIAIBIBATE
MarHUTHOE BO3/CICTBHE 3HAUUTEIILHO OoJiee CHIbHOE. PacdeTsl OKa3bIBAIOT, YTO
HanpspKeHHOCTh 15+ 20 Kre, MUpOoKo NMpUMEHAeMasi B YCKOPHUTEIISAX, BIIOJHE JI0C-
TaTOYHA IS ATOTO.

Pa3Boauth CrycTKH mocie cOMMKEHHs MOXKHO U C IIOMOLIBIO DJIEKTPHYECKO-
r0 BO3JEHCTBUS, MEPICHANKYIAPHOTO CKOPOCTH CTYCTKOB. MOXHO OZHOBpEMEH-
HO IPUMEHHTH KaK MarHUTHOE, TaK M 3JIEKTPUYECKOE BO3JICHCTBHE.

B paccMmoTpeHHOM TpHMepe CTyCTKH HMENH pa3HOMMEHHBIE 3apsipl. [Ipn
OJTHOMMEHHBIX 3apsijiaXx MpPOLECC YCKOPEHHs OyHeT MPOMCXOAUTH CIEAYIOIUM
obpazom (puc. 10.7.).B ucxomHom mosoxenun | yckopsiemslit cryctok 1 umeer
CKOPOCTh MEHBIIYIO CKOPOCTH CTYCTKa 2 Ha BEeNMYHMHY Ov. Benmuunna & u mepBo-
HavyaJbHOE PAcCTOsIHUE | MEXKY CrycTKaMu BBIOPAHO TaK, YTOOBI IPH MPUOIMKeE-
HUM Ha MUHMMAJILHOE PACCTOSIHUE UX OTHOCUTEJbHAs CKOPOCTH PaBHSAJIACH HYJIIO
(monosxenwue |1). Jlanee 3a c4er il OTTANKUBAHHS IIPOUCXOIUT YCKOPEHHE CIyCT-
ka 1 u, mocie BEIXO/A 3a TPaHUILy BO3IEHCTBHA CI'yCTKa 2, YCKOPEHHBIH CI'yCTOK
OyneT uMeTh CKOpOCTh v + U.

Kax u B npenpiayIiem cirydae, Py TEXHHYECKH OCYIIECTBUMBIX ITOTHOCTSIX
CTYCTKOB MOXET OBITh JOCTUTHYTa OTHOCHTENbHas ckopocth U = 0,3. Ilpu Ha-
YaJbpHO# CKOPOCTH 0 = C U Ov = U YCKOpSEMBIH CI'YCTOK B TosioxkeHud Il Gymet
HUMEeTh CKOPOCTB 01 = C, a €ro KOHeYHast CKOpOCTh cocTaBuT v1 = 1,%, T.e. Oyner
CBEpPXCBETOBOI. B 3TOM criocobe npu yCKOpEHHH 3JIEKTPOHOB YCKOPSIOIIUIL CTy-
CTOK 3JIEKTPOHOB HomkeH uMeTh Ny > 4-107 uactii, a npu YCKOPEHHH MPOTOHOB
N > 6,2-10* nporouos B crycrxe.

WTtak, nuist modgydeHus: CBEPXCBETOBBIX 3JIEKTPOHOB HYXKHBI CTYCTKH C YHC-
oM wactun nopsyika 10%+10™, a 115 yCKOPEHHs IPOTOHOB — CIYCTKH C YHCIOM
aacrun nopsiaka 10M+10™. TIpu 3ToM dmCIIe YaCTHI[ CIYCTKH JOIDKHBI HMETh pas-
mepbl 1+10 cm.
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Takue MPOTOHHBIE CTYCTKH MOJMYYEHBI HA MHOTHX OOJBIIMX COBPEMEHHBIX
yckoputensx. B [1] yrBepskmaercst, 4TO YHCIO YACTHII TIPOTOHHOTO CHHXPOTPOHA
nocruraer 2-10° B nvmyssce. Bonee TOro, HAMEYEHO yBETHUNTh YHCIIO YACTHIL B
ummyisee 10 5-10°% Eme Gombluee KOMMYECTBO MPOTOHOB MMEIOT CIYCTKH, MONTY-
gaeMble B HAKOMHTEIbHBIX KOJbIax. B [2] mmanuposamocs momyuats mo 4-10*
IIPOTOHOB B cryctke. Clie0BaTeIbHO, B JII0OOM TaKOM YCKOPHUTEIE MOKHO YCKO-
PATH 3JIEKTPOHBI J0 CBEPXCBETOBOM CKOPOCTH, MPUYEM MOXHO JOCTHYb JIaXKe
Goutblieit ckopocTH, yem 1.3C.

Jlist ycKOpeHHsi IPOTOHOB /10 CBEPXCBETOBBIX CKOPOCTEH TpeOyeTcst Yuciio
YaCTHUI[ B CT'YCTKE Ha [[Ba OPsAKa OOJIbIIe, YeM MPH YCKOPEHHUH IMEeKTpoHOB. [1o-
CKOJIbKY Macca 351ekTpoHOB B 2000pa3 MeHbIlre MacChl IPOTOHOB, OHK U CHIIbHEE
PaCTaNKUBAIOTCSA, IO3TOMY OOJBINYIO IUIOTHOCTH DJIEKTPOHOB B CTYCTKE TPYIHO
noctrdb. OHAKO HEOOXOIUMBIE CTYCTKH DJIGKTPOHOB MOYKHO 00pa3oBaTh B BHIIE
Kouerl. Takue KOJbIla MOMYYHITH HEKOoTOphbie uccienoarenu. CormacHo [22], mo-
JTy9eHBI SJIEKTPOHHEIE KONbIA ¢ yrcioM dactur 6-1072

B.I1. Capanues [46] momy4ui KONbL@A C YUCIOM DJICKTPOHOB 10, Pa3zmepst
KOJICI] MOT'YT OBbITh MeHbIIIEe 1 MM, IIO3TOMY UMH YK€ MOKHO YCKOPSATbH ITPOTOHEI
Jo ceepxcBeToBoil ckopoctu. Ilo yreepxkaenuto B.II. Capanuesa, cymiecTByer
Ps BO3MOXKHOCTEH mosTyuenns koner pasmepamu 10° + 10% cm. Takumu crycr-
KaMH MOYKHO YCKOPUTH POTOHBI 10 CKOPOCTH OosbInei 1.3C.

[TpoBoannuch paboOTHI 1O MOJYYEHUIO JIEKTPOHHBIX CT'YCTKOB C ele 00JIb-
M guciioM snekTponoB. K.B. Xonaraes [68] npensuien BO3MOXHOCTD MOIyYe-
Hust Maibix cryctko ¢ 4-10° snexrponos. Kak cooGmanock B [28], B Hameii
cTpane 6buTH TOTy4eHs! cryctkr ¢ 2.5-10° anekrporos. Takum 06pasoM mpH Lie-
JICHATIPAaBJICHHOM CO3IaHUH 3JICKTPOHHBIX CTYCTKOB MOXKHO TOCTUTHYTH HE00XO-
JIUMO TUTOTHOCTH YacTHUIl B HUX, YTOOBI IMETh BO3MOXXHOCTh YCKOPATH MPOTOHBI
1o ckopoctu 1.3C u BhIIe.

10.4. MHOI'OCTYIIEHYATBIE YCKOPUTEJIN
CBEPXCBETOBBIX YACTHI

PaccMoTpeHHBIME BBIIIE CIOCOOAMH OJUH CTYCTOK MOKET COOOLTUTH APY-
TOMY OTHOCHTEIBHO ce0si CKOpOCTh He OoNbIIyio C;. IlomydnTs Ha yCKOpHUTEISX
STH CTYCTKH MOXKHO TaKKe CO CKOPOCTBhIO He Ooupmied C;. IloaToMy yaBoeHHas
CKOpPOCTB CBETa — 3TO HaWOOJIbIIasi CKOPOCTh, IO KOTOPOH MOKHO YCKOPUTH dac-
THUIBI YKa3aHHBIM CIIOCOO00M. V3710KEHHBIM HI)KE MHOTOCTYIIEHYATBIM CIIOCOOOM
MOJKHO TIPEB30MTH 1 YABOSHHYIO CKOPOCTh CBETA.

JIns monydeHus MPOTOHOB CO CBETOBOM CKOPOCTBIO TPEOYIOTCS OOJIbIIHe
yckoputenu. Eme OonpImux 3aTpaT MOTPEOYET YCKOPEHHUE TSDKENBIX HOHOB [0
CBeTOBOM ckopocTH. Ho eciau ycKopsTh 3JIEKTPOHHBIMH CT'YCTKaMU MPOTOHBI WU
HMOHBI 10 3TOW CKOPOCTH, TO 3aTPaThl 3HAUUTEIBHO CHU3ATCS. CTyCTKOM 3JIEKTPO-
HoB B 10" + 10" wactuu u CKOPOCTBIO C MOKHO TIO CXEM€, MPEeACTaBICHHONW Ha
puc. 10.6, yckopuTh 10 CBETOBOW CKOPOCTH NMPOTOHHBIA CI'YCTOK C HadalbHOM
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ckopocTtbio 0.7C.B nonoxxennu | B 3TOM citydae CryCTKH UMEIOT pa3Hble CKOPOCTH
M PACTIONIOKEHBI KaK MOXHO OJIMKe IPYT K OPYTy, T.¢. | — MUHUMaBHOE.

Tak Kak OTHOCHTENBHAs CKOPOCTh IMPOTOHHOTO CTYyCTKAa BHA4ajle OTPHIIA-
tenbHa U = 0,7 —Cc = — 0,3, T0 OH OyzeT yIaJsaThCs, MOKa HE JOCTUTHET OTHOCH-
TeNBHOW cKkopocTh U = 0, a 10 OTHOIICHUIO K YCTAaHOBKE €ro CKOPOCTh OyneT C.
3areM OH HayHET MPUOIKATHCS K AIEKTPOHHOMY CTYCTKY H €r0 CKOPOCTh OTHO-
CUTENbHO YCTaHOBKHU cTaHeT paBHOW 1.3r. Takoe yckopeHHE BO3MOXHO, €CIIU
yJIaCTCsl BHAYAJIE CBECTH CTYCTKH HA MUHUMaIIbHOE paccrosiaue | = d.

CBepXCBETOBOI MPOTOHHBIA CTYCTOK MOXHO YCKOpPSITH mo cxeme puc. 10.6
Jlanee TakuM ke, HO IPYTHM DIIEKTPOHHBIM CTYCTKOM CO CKOPOCTEIO 0 = C. B aToM
cIydae B Hadale yCKOPEHHS HPOTOHBI OYAYT MMETh CKOPOCTh OTHOCHUTEIHHO
3eKTpoHOB Uy = 1.3¢ — ¢ = 0.3. ITocne npuOamKeHUs] TPOTOHHOIO CI'yCTKa K
SJIEKTPOHHOMY OTHOCHTENIbHAs CKOPOCTh MEpBOro, Kak 310 cieayer u3 (7.46),
Oymer Up=0.412Z. To ecTh mocje BTOPO CTYIICHH YCKOPEHUS IPOTOHHBIH CI'YCTOK
Oynet uMeth ckopocTh 1.412Z. JIaHHBIH CIYCTOK MOYHO YCKOPSATH 3JIEKTPOHHBIM
CO CBETOBOW CKOPOCTHIO M Jlajiee, HO C KaXKIBIM Pa3oM MPHPAIICHHE CKOPOCTH
OyneT yMeHbIIATHCS.

Bo Bcex CTymeHsX YCKOPSHHS MOKHO UCIIOJIb30BATh AIEKTPOHHBIC CTYCTKH C
OJTHOTO M TOTO K€ YCKOPHUTENs, MOCITaHHBIC B pa3Hble MOMEHTHI BpeMeHH. [Ipu
MHOTOCTYIICHYATOM CIIOCO0E€ MOXKHO HCIIONB30BAaTh JJICKTPOHHBIC CI'YCTKH U C
MEHBIIMM Ha TOPSIOK YncIoM dacTui, Hanpumep 10+ 10, Ho Toraa morpeby-
ercsi OoJbIliee YHCIO CTymeHed. [IpeanodecTh 4nCIy CTyleHeH WHTEHCHBHOCTH
CTYCTKa WJIX HA000POT MOKHO, CpaBHHUBAS 3aTPATHI HA CO3MAHUE STUX YCTAHOBOK.

Takoii MHOTOCTYIIEHYATBIH CITOCO0 YCKOPEHHS TTO3BOJISET YCKOPSATH YaCTHIIBI
110 ckopocTH 2C u 6outbIine. C 3TOH EIpI0 HEOOXOAMMO MOIYYHTh CBEPXCBETOBOM
CTYCTOK 3JIEKTPOHOB M CBEPXCBETOBOW CTyCTOK IMPOTOHOB, a 3aTEM HX CHOBA CBE-
CTH JJIsl YCKOPECHHUsI OOHOTO ApyruMm. UM ecim ckopocTh cryctkoB Obiia 1.5C, To
P COOOIICHUN YCKOPSAEMOMY OTHOCHTENBHOM ckopoctu 0.3, ero CKopocTh OT-
HocHTeNbHO ycTaHoBkU OynmeT 1.8 cC. [locme Broporo 3Tama Takoro YCKOPEHHs OH
MOJTY4uT cKopocTh 1.912C u 1.1

10.5.YCKOPEHHUE OJJMHOYHBIX YACTHUI]
JIO CBEPXCBETOBOM CKOPOCTH
PaccMOTPUM CTOJIKHOBUTENBHOE YCKOPEHUE OJHOUMEHHO 3apSUKEHHBIX Yac-
TH1l. ITyCTh MPOTOH CO CKOPOCTBIO g Ha OeckoHeynoctH (puc. 10.8)Hanpasien Ha
HENOABMKHBIM MO3UTPOH. TOraa OTHOCHUTENILHO MPOTOHA MO3MTPOH MMEET CKO-
POCTB Vge) =0 B CTOPOHY IPOTOHA, T.€. OH MPUOJIMKAETCS K IPOTOHY M TOPMO3HT-
cs. Ero ckopocts, cornacuo (7.46),3anuInercs Tak:

2u (1 1
Vel = €1 |1-(1- BZ)exp % R R (10.27)
1
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Ruin
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Puc. 10.8.Hauvano sramna yckopeHus. Puc. 10.9.Cpenuuii 3Tan yckopeHHs.

ITpu npuOIMKEHUH Ha HaMMeEHbIIee pacCTosHuE R iy (puc. 10.9) otHoCcH-
TeNbHas CKOPOCTh cTaHeT paBHOW Hyimto. U3 (10.27)onpenenum Ryin, moacrasisis
vre = 0u Ry — o;

2
Rin = — . 10.28
min C_LZ In 1_ﬁg ( )

Ilpn 3TOoM Macca pOTOHA My, 3HAYUTETHEHO OOJBINE MACCH MO3UTPOHA My, H €TI0
CKOPOCTh HE H3MEHHTCH, T.€. Dpy = Ug. TaKyIo ke CKOPOCTh OyIeT MMETh U I03H-
TPOH B TOYKE COJIMIKEHUS.

ITocne cOmmkeHnss Ha MUHUMAJIBHOE PACCTOSHHE ITO3HTPOH HAUMHACT yna-
astbest ot nportoHa (puc. 10.10).Ero ckopocTs mpu yaaneHHH Ha GECKOHEYHOCTD
onpezenurcst u3 (10.27)mpu vy = 0,R — 0 u Ry = Ry, B crienyromiem Buje:

Vel = Do- (19)2
CﬂeﬂOBaTeHLHO noJiHast CKOPOCTh MMO3UTPOHA 6yﬂeT
Upo = 0o+ el = 2.

PaccurraeM HaudanbHYI0 CKOPOCTH IMPOTOHA, KOTOpAas MO3BOJISET YaCTHUIAM
cONM3UTHCS HA PACCTOSIHUE, PABHOE CYMME PaJMyCOB MPOTOHA U MO3UTPOHA
Rmin = Rort Rpo. U3 (10.28)naxonum

Bo= |1- expT(_z’u—lj = Jl-expa,, , (10.30)

G Rpr + Rpo
rie
2 2¢°
O N . . (10.31)
G (Rpr + RpO) Clmpo(Rpr + RpO)
ITocne MOACTaHOBKM TapaMeTPOB MONydaeM Oy = -1.34,a HauanbHas CKO-

poctb nporona [ = 0,859.11pu 310l CKOPOCTH BO3IECHCTBHS MPOTOHA Ha IMO3H-
TPOH NOCHEAHUH YCKOpUTCA 10 SByo = 2 fp = 1.7Z, T.e. MBI HIMEEM CBEPXCBETOBBIE
mo3uTpoHsl. Eciin ckopocTs nmpotona oyaet oosbire 0.85%, To yacTuIp! COMU3AT-
Cs Ha pacCTOSHHE MeEHbIlee S —

CYMMEBI HX PaJuyCOB, IOOTOMY @ @ Vrer B Vo

Puc. 10.10Komen 5Tana yCKOpeHus. | - J
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JanbHeiee UX B3auMOJICUCTBHE He OYAET ONpEeAeNisThCsS MPUBEACHHBIMU COOT-
HoueHussMH. OTMETHM, YTO 3THM CIIOCOOOM MOKHO TaKXKE€ YCKOPSTh JJIEKTPOHBI
AHTUIPOTOHAMHU

PaccMoTpeHHOE YCKOpPEHHE MOYKHO OCYIIECTBHTH, OOMOApAMPYs ITyYKOM
TSDKEJIBIX YaCTHUI] MAJIOTIOJIBH)KHOE 00JIaKO0 JIETKHUX YacTHL. BeposTHOCTH npsiMoro
CTOJIKHOBEHMsI OyJeT 3aBHCETb OT IUIOTHOCTEH aHcamOnel atux wactuu. [lanee
HEOOXOAMMO OTAEIUTH CBEPXCBETOBBIE YACTHIBI OT TSDKEJBIX JOCBETOBBIX Yac-
tuu. [TocneqHue MOXXKHO OTKJIIOHUTH NONEPEYHBIM 3JICKTPOMAarHUTHBIM BO3JIEHCT-
BueM. [lociie OTKIOHSIOMMX YCTPOMCTB BIOJIb OCH YCTAaHOBKH OYyIyT ABHUIaThCS
TOJIBKO CBEPXCBETOBBbIC YACTHUIbL. MIX MOXKHO OyAeT OOHApYXHUTh MO UYEPEHKOB-
CKOMY u3nyuyeHuto. [1o aHajau3y pe3ysbTaToB CTOJIKHOBEHHUSI MOYKHO OIPEIeSUTh
IUIOTHOCTH BEPOSITHOCTH YIJIOBOTO PACIPENECHHUs YacTull, KOTopas Oy/eT Xxapak-
TEpU30BaTh HAJIMYME CBEPXCBETOBBIX YacTHIL. [IpH 3TOM MOTYT OBITh UCIIOJIH30BA-
HBI TapaMeTphl TpaeKkTopuit, mpuBencHHbie B [Ipunoxenun [59], a takke B paboTe
[60].

MBbI paccMOTpEITH CTOJKHOBUTEIBHOE YCKOPEHHE OJHOMMEHHO 3apsKEHHBIX
yactui. TakuM jxe crrocoOOM MOXKHO YCKOPSTh M pa3HOMMEHHO 3apshKEHHBIE Yac-
THUIIBI, HATTpEMeEp OoMOapIUpys MPOTOHAMHU 00JIAKO SIEKTPOHOB, MOXKHO YCKOPATH
MOCJIEIHNE JI0 CBEPXCBETOBOI CKOpocTH. OIHAKO 3TO BO3MOXKHO IPHU OCOOBIX
YCIIOBUSIX, KOTOPBIC BBISBILSIFOTCS IIPHU aHAIN3E TPACKTOPUil, MPEICTABICHHBIX B
ri1. 5. [IporoH co ckopocThio vy = 0.67%, HanpaBlieHHBIN HA 3JIEKTPOH C MPHLIEIb-
HbIM paccrosuueM a = 1.2¢10™ cm (puc. 10.11)3aXBaTUT €ro Ha rEIEPGOTOBH/-
HYIO TPAeKTOPHUIO BOKPYT ce0s, 0 KOTOPOii AJIEKTPOH 00EpHETCsI BOKPYT IPOTOHA
3a nepuoa Ha 360 (cm. Tpaekroputo 1.1.3.7na ¢. 193u3 [59] uu tpaektopuio 7
Ha puc. 5.1).

Ha stane | npoToH co ckopocThio vg (cM. puc. 10.11)Haneraet Ha IEKTPOH
C MpHLENbHBIM paccTosiniem a. Ha ortame |l moka3aHo JBHIKEHHE AJIEKTPOHA OT-
HOCHTEIBHO TPOTOHA. VIMes HavdalbHyI0 CKOPOCTh Ha GECKOHEUHOCTH (—vg ), OH
ornbaeT MPOTOH MO TUTIEPOOIOBUIHON TPACKTOPUH, MPUOJIMKASICH K HEMY B IIe-
puIieHTpUM Ha paccTosHue R, = 0.9 10'? cM. 3ateM 110 HIKHEH BETBH yaansieTcs
B OECKOHEYHOCTh CO CKOPOCTBIO Vg OTHOCHTENbHO TpoToHa. Ha arame Il mpen-
CTaBJICHbl CKOPOCTH YacCTHI[ OTHOCHTENIHO YCTaHOBKH IIOCJIE B3aUMOJCHCTBUSL.
DJIEeKTPOH JBHKETCS B HATPABICHUH JIBH)KSHHUS IIPOTOHA M UMEET CBEPXCBETOBYIO
CKOpOCTh 209 = 1.34.

[porece ycKOpeHUs: MPOUCXOINUT B mpeenax paccrostaus 10 °cm, Tee. npax-
THYECKH B TOYKE, 0ITOMY JIIMHA YCTAaHOBKH He Oyner Oousbioi. OmgHako aiiek-
TPOHBI IOJDKHBI OBITH CBOOOJIHBIE, TAK KaK CBSI3aHHBIC JIPYI'MM B3aHMOJCHCTBHEM
JNIEKTPOHBI HE OYIyT CO3[aBaTh HEOOXOAUWMbBIE CHTYAI[MU JUISi CBEPXCBETOBOTO
YCKOpEeHHs: Npu OOMOapAMpPOBKE MPOTOHAMH aTOMOB HMX DJIEKTPOHBI MOTYT HE

YCKOPUTBCS JI0  CBEpX-
Ir CBETOBOI CKOPOCTH.

I I
Ie e |
a Do o Puc. 10.11.3tans! yckope-
> (@ -~ &— HUS IPH  CTOIKHOBEHUH
0 g 209  pasHOMMEHHO 3apSKCHHBIX
| Toe=_]| © = Tem.
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Puc. 10.12. YckopeHne 3JI€KTPOHOB IIpU

60MOapIPOBKE MIPOTOHAMU IJIEKTPOHHOTO o o \b 6
aHcaMOJISI: @ - Tepe]] CTOJIKHOBEHHEM; O - B H— © 5 X; @—»G! v<C
IIPOLIECCE CTOJIKHOBEHMS. + e
Po— g o @ v>c
Jlis peanuzanuu 3TOro crocoba GO— o O
ITy4YKOM MOHOCKOPOCTHBIX HPOTOHOB G{{Kc
MOXKHO OomOapaupoBaTh 00JaKo He-

MOABMXHBIX CBOOOAHBIX 31eKTpoHOB (prc. 10.12¢g). M3-3a pa3HbIX HPHLEIbHBIX
paccTosiHMi OyIyT MONy4aThCsl PasHBIC TPACKTOPUH IJIEKTPOHOB (CM. pHC.
10.12¢), U3 KOTOPBIX CBETOBOM CKOPOCTBHIO 00JAJA0T TOJBKO JJIEKTPOHBI, IBH-
XKYIHECsS B HAallpaBJICHUH ABI)KCHUS ITy4yKa IPOTOHOB. Bce cTaTtnueckue xapakre-
PHCTHKH IIpOLIecca YCKOPEHHSI MOTYT OBITh PACCUMTAHBI, €CIIU U3BECTHBI IUIOTHO-
CTH aHCaMOJIEH YaCTHIIL.

CrietyeT OTMETHTb, YTO TPACKTOPHS YCKOPEHHSI HEMHOTI'O OYIeT OTJINYaThCs
oT TpaekTopuu 7 Ha puc. 5.1.PaccMoTpuM pe3ynbTaThl pacuyeToB I10 MOUCKY Tpa-
EKTOpHUH, KOTOpast IPUBEET K HauOOJIbIIEeH CBEPXCBETOBOI CKOPOCTH:

m ﬂp ﬂox ¢a

-0.25 ( 0.96 | -0.617 | 2.45
-0.28 | 0.958 [ -0.743 | 3.09
-0.3 [ 0.951 ] -0.704 | 3.11

3nech fox — COCTABIAIONIAS TIPUBEICHHON CKOPOCTH B HAMPABJICHUH OCH X HA PHUC.
5.1,a @, — yryioBoii monynepuoa B paauanax. Kak BHIUM, OCIIE YCKOPEHHS IO
cxeme, npeacraBieHHoR Ha puc. 10.11ckopocTh 4acTHIBI MOKET JOCTUTHYTD U =
2[5« ¢ =1.5c cropoctu cBeta. OHAKO MTAPAMETPHI ITHX TPACKTOPUM HAXOMATCS B
y3KuX npenenax. He3naunrtesnbHOE W3MEHEHHE MapaMeTpOB BbI3bIBACT OTKIIOHE-
HHUE 3JIEKTPOHOB B MEPHEHAMKYJISIPHOM HAMPABICHUHM K JIMHUM JBIKSHHUS, JMOO
3axBaTy MX MPOTOHOM, JIUOO OTKIIOHEHHE B HYXHOM HAMNPABJICHWH, HO C MaJoi
CKOPOCTBIO.

10.6.NIEPCIHHEKTUBbBI IPUMEHEHUA
CBEPXCBETOBBIX JIBUKEHWIA.

KocMuueckue yacTuIbl TOPOKAAIOT ITUPOKUE JTMBHU DJIEMEHTAPHBIX YACTHII,
KOTOpBIE OIHOBPEMEHHO IIOKPHIBAIOT OOJBIIME TEPPUTOPHH HAa TIOBEPXHOCTH
3emiu. Ilo Bcelt BUAMMOCTH, 3TO OOMIHME YACTHI[ CO3JAeT OJHA CBEPXCBETOBAS
YacTHIA. DTO CBOMCTBO MOXET OBITh MCIIOJIB30BAHO IUIS MAJBHEHIIEH KOCMAUYE-
CKO# cBs3HM. HebompImoe KOJMYEeCTBO CBEPXCBETOBBIX YACTHI[ MOXET OBITh Ha-
TPaBJIEHO K JIPYro¥ IUIaHETE€ COJIHEYHOM CHCTEMBI WM JlaXe K IUIaHeTe APYrou
3Be3bl. Takue gacTuIpl He OyAyT paccenBaThCs MOAOOHO PaaOBOIHAM HIIU CBE-
Ty W TEPATh CBOIO MHTCHCHUBHOCTH. [IpM BXOXICHUU B aTMOC(Epy IUIAHETHl OHH
CO3/IaAyT JUBHH YacTHUI[, KOTOpPBIC OymyT 3adUKCUPOBAHBI Ha OOJBIIUX PACCTOS-
HUAX OT TOYKM MpuienuBaHus. [IoATOMy yMeHbIIAeTCs BEPOATHOCTb IpoMaxa
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nociaHHoro curnana. Mudopmaims npu 3ToM OyIeT coaepkaTbesi BO BpEMEHHBIX
MIPOMEXYTKAX MEXIy MOCJIAaHHBIMH CBEPXCBETOBbIMU 4YacTHuamu. [To-BuaumMomy,
CBSI3b C MOMOIIBIO CBEPXCBETOBBIX YACTHIL SBISIETCSI CAMOW JHEPreTHYECKU BbI-
TOJIHOM.

OCKOJNKH siiep M pazHooOpa3ue dJIEMEHTapHBIX YacTHL, HaONIOIaeMbIX B
LIMPOKUX aTMOC(HEPHBIX JIMBHSX, CBUIETEIbCTBYIOT, YTO CBEPXCBETOBBIC YACTHUIIBI
MoryT 3¢ ¢GeKTHBHO pa3pylaTh BeulecTBo. CienoBaTeNbHO, IYYOK CBEPXCBETO-
BBIX YaCTHIl OIPEIEIeHHON MHTEHCHBHOCTH MOXeET ObITh Oojiee 3(pdeKTUBHBIM
OpY)KHeM, YeM JIa3epHBIN Jyd. Takoi Imy4oK CBEpXCBETOBBIX YAaCTHLl MOXET ObITh
WCIIOJIb30BaH [UIsl pa3zieieHusl Ha YacTH NPUOJIIKAoLIerocs: K 3emiie acTepousa.
ITocne mamenust Ha FOmurep B 1995r. ¢parmentoB komertsr JleBu - Ilymekepa
npobemMa MPOTUBOACTEPOHUTHON 3aIUTHl 3eMJTH ObllIa 0CO3HAHA YEJIOBEYECTBOM.
U cBepXCBETOBbBIE YACTHIIBI 3/IECh MOTYT OBITh UCIIOJIb30BAaHbI PA3HBIMHU CIIOCO0A-
mu. Kpome addextuBHOTO "HOXKA" JUIS pas3[eNKd acTepOUIOB Ha YaCTH ITyYOK
CBEpPXCBETOBBIX YaCTHUI[ MOXET MPUMEHSTHCS ISl JallbHEH JIOKAIIMK aCTePOUJIOB.
CBepcBETOBBIE YaCTHIBI, IIPOMOYJIMPOBAHHBIE MO BPEMEHH, IOCIE CTOJIKHOBE-
HUSI C acTEPOMIOM BBIOBIOT YacTh YacTHI] C NPOTHBOIIOJIOXKHO HAarpaBiIeHHON
CKOPOCTBIO, KOTOpBIE, BOWAs B aTMocdepy 3eMiH, CO3AaayT JIMBHUA aTMOC(HEPHBIX
yactul. B pe3ynbraTe ux perucrpauuu OyAeT yCTaHOBIICHO PACCTOSIHUE O acTte-
pouza, a TakxKe APYrue ero napamerTpsl.

Jpyroii crioco® NmpoTHBOACTEPOUIHON 3alUTHl U3MEHEHUE TPAeKTOPHU ac-
TEepOoUa C MOMOIIBI0 peakTUBHOM cTpyH. Kak BuaHO 13 Gpopmyisl [{nomkoBckoro
(7.10), yem GoJblie CKOPOCTh CTPYHM, TEM MeEHbIIE TPeOYETCS TOIUIMBA M TEM
MeHble OyIyT dHepreTHYeckre W MarepuaibHble 3aTpathl. [Ipu cBepXCBETOBOI
CKOPOCTH PEaKTHUBHOW CTPYH 3PPEKTUBHOCTh PEaKTHBHOTO JBHTATENsT HAUOOIb-
rasi.

PeakTHBHBIC CBEpXCBETOBBIC IBHXXKHTEIN — E€ANHCTBEHHOE CPEJICTBO, KOTO-
poe TNO3BOJIMT YeJOBEKYy NOOBIBaTh Ha IIaHETax Jpyrux 3se3n. 12-14 asrycra
1997 r. amepuKaHCKHE acTPOHABTHYECKHE ACCOLMAIIMU NPOBEJM pabouee coBe-
manue (Breakthrough Propulsion Phisics Worksha) noucky crpateruu wuc-
CJICIOBAaHUH, KOTOpast TO3BOJIUT YEJIOBEKY CO3/1aTh JIBMDKUTENN JJISI MEXK3BE3IHBIX
ITyTEIIECTBUH. AHaJIN3 MaTepHajIoB STOr0 COBELIAHUs MOKa3al, YTO ajlbTepHATH-
BbI PEAKTHBHOMY CBEPXCBETOBOMY JIBIDKUTEIIO HE CYIIECTBYET.

PaccMOTpHUM MOJNET KOCMHYECKOTO KOPaOJisi ¢ TAKMM JBIDKHTENEM A0 OJH-
JKaWIIed 3Be3/1bl, OTCTOSIMIEW OT Hac Ha paccrosaue | = 3 ¢.r. (CBETOBBIX roja).
Bynem coBepiuaTh moJyieT ¢ 3eMHBIM yckopeHueM g. 3a roj nosera t; = 1 roa ko-
pabss HabepeT CBETOBYIO CKOPOCTh

v =gt =cC (3)

U TIPOMIET paccTOsIHUE
l, = gt? /2

050t = O5cur. (10.33)

Cornacuo ¢opmyne Luonkosckoro (7.10), Macca kopa0iisi YMEHBIIMTCS 3@ CUET
BBIOpOCA PEAKTUBHOM CTPYH CO CBETOBOM CKOPOCTHIO U = C:

m = myexpto/u)=m, /e, (10.34)
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rae € = 2.73 —0CHOBaHME HATYpaabHOTo Jiorapudma. 3areM Kopadib B TCUCHHE
t, = 2 rogaM ABMXKETCSl CO CKOPOCTBIO ¥ = C [0 HHEPUHHU U MPOXOJUT PACCTOs-
uue |, = 2 c.r, mocie gero B Teuenue tz3 = 0.5roma moBopauMBaeT ABUTATEINH TIPO-
THUB JIBIXKCHHS U cOpPachIBa€T CKOPOCTH JIO HYJICBOM. 3a 3TO BpeMs OH IPOXOJIUT, B
cootBerctBun ¢ (10.33), ocrasieecst paccrosaue I3 = 0.5 c.r, a macca ero
YMEHBIIIACTCS 10

m, = my exp(-v/u) = myexp(-2v/u) = my /€. (10.35)

Takum oOpa3om kopabipb 3a 4 roga MOXKET NOCTHIHYTH 3BE3/bl, YAAJIEHHOH OT
3emin Ha 3 cBeTOBBIX roza. CoBepiuas 0OpaTHBIH MyTh B TAKHUE JKE€ TPU CTaJUH.
yckopenue 0.5rona, nmoner no nxepuuu 2 roga, topmoxkenue 0.5roxa — xopadib
Oyner, coriacuo (10.35),uMeTs Maccy npu BO3BpPALCHHH Ha 3eMITIO

mg = My exp(-20/u) = my exp(-4o/u) = my /e, (10.36)

T.€. IOJIE3Hast Macca OT NepBOHAYaIbHOM Macchl Kopabist coctasut Mg = 0.018n,.
3T0 BHOJHE peanbHOE COOTHOLICHHE, KOTOPOE MO3BOJISET COTIACOBATh B KOH-
CTPYKLUHUHU KOpaOysi dHEPreTHYeCKUue MOTPEOHOCTH M TEXHHYECKHUE BO3MOXKHO-
ctu. [y cpaBHEHUS] PACCMOTPHUM BO3BPAIAEMYI0 MacCy KOpalJist pH OObIYHOM
PEaKTHBHOII CTpye CO CKOpOCTBIO U ~ 3 km/c, T.e. U = 107 ¢. Cormacuo (10.36),
Mo = Mg exp(4+10). D10 acTpoHOMUUECKOE YHCIIO JUTsl HAYaIbHON MacChl Kopas-
JisL My CBUZIETEIILCTBYET O TOM, YTO APYT'MM CIIOCOOOM JOCTHYB OJIMKANUIINX 3BE3]]
HEBO3MOIKHO.

Mpl paccMOTpesH MpUMep IMyTEEeCTBUs K OJmKaiinieil 38e3/1e ¢ YCKOpeHH-
em g. Best "nopora” 3ansna 8 ner. Ilpu v > C Bpems mojiera COKpaTHTCS, T.€. 3a
9TO BPEMsI MOYKHO COBEPIIUTH MOJIET U A0 Oosiee najekux 3Be3d. [lpuBencHHbIC
Croco0bI YCKOPEHHUS YaCTHILL IO CBEPXCBETOBOI CKOPOCTH MOTYT OBITh HCIOJIB30-
BaHbl ISl CBEPXCBETOBOIO PEAKTUBHOIO BHMIKUTENS, CXEMATHYECKH IPEICTaB-
aexnoro Ha puc. 10.13.0H COCTOUT U3 ABYX YCKOPSIOIIMX YCTPOMCTB AJIS TSDKe-
JbIX gacTuil: 1 — mst mpotonoB (Pr); 2 — aus antunpoToHos (aPr) u aByx oTkiIo-
HSIOIUX YCTPOHCTB: 3 — [JIsl aHTUIIPOTOHOB U 4 — [JIsl MPOTOHOB. DTH yCTpOiicTBa
00eCeynBalOT UPKYJISIIUIO TSDKENBIX YaCTHUI[ B TUIOCKOCTH XY MO JBYM KOHTY-
pam: 1o KoHTYpY | — mpoToHOB; Mo KOHTYpY || — anTHIIPpOTOHOB. B ycTpoticTBax 1
U 2 TSDKEIbIe YaCTUIBI TOOYEPETHO BBOASTCSI CO CKOPOCTBIO g Ha OCEBYIO JIMHUIO
X PEaKTUBHOTO ABKXKHTEINS. B OTKIIOHSIOIMX YCTPOMCTBAX STH YaCTUIBI BHIBO-
JSITCS M3 OCEBO#t INHUU: B KOHTYD | — IPOTOHBI 1 B KOHTYD || — aHTUIIPOTOHBI.

B neprneHAnKyIApHON K 4epTexy miockocTH (cM. cedeHune A-A, MIIOCKOCTh
X2) pacmoyIOXKeHbI JBa KOHTYpa MKEKUUH M YCKOPEHHs JErKUX 4acTuil 5 — ass
35eKTpoHOB (€), 6 — A7 MO3UTPOHOB (PO). DTH yCTPOHCTBA MOOYEPEAHO CO CKO-
POCTBIO g - 0 BBOJAT JICTKHE YACTHUIIBI Ha OCEBYIO JIMHHIO X PEaKTHBHOTO JIBHU-
KUATEJS.

Ha oceBoii TMHHU X MPOUCXOAUT CTONKHOBUTEILHOE YCKOPEHHE OTHOUMEH-
HO 3apsDKEHHBIX YacTull, moapooHo paccmorpennoe B 1. 10.3u 10.5.B nesoit
gactu (puc. 10.13)mokasana HavanbHas CTaquss YCKOPEHHUS DIICKTPOHA aHTHUIIPO-
ToHOM. Tak Kak CKOPOCTh BIIPHICKMBAHHS JIEKTPOHA MEHBILIE CKOPOCTH aHTHUIIPO-
TOHA, TO aHTHIIPOTOH JAOTOHSET ero. [Ipr TOM CKOPOCTb AIIEKTPOHA PACTET.
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% Puc. 10.13. Cxema peakTHBHOTO
JIBUKHUTENST €O  CBEPXCBETOBOM

CTpyell yCKOpEHHBIX YacTHUL.
O/

B MOMEHT cOIMXKEHUsI CKOPOCTh JJIEKTPOHA CTaHET PAaBHOM 0g, 3aTEM DJIEKTPOH
HayHET yJaJsThCS OT aHTHIIPOTOHA, a €ro CKOPOCTh OyAeT Bo3pacTtarh. B cpenneit
YaCTH JBIKUTEINS NOKa3aH MOMEHT COJM)KEHHS IIPU B3aMMOIEHCTBHU IIPOTOHA U
MIO3UTPOHA, a B NIPAaBOH YacTH — 3aBepluaromas (aza B3anMOACHCTBUS aHTUIIPO-
TOHA C JIEKTPOHOM. AHTUIIPOTOH OTKJIOHSIOIINM YCTPOHCTBOM 3 BO3BPAIIACTCs B
LUPKYJIALAOHHBIA KOHTYD |l, a CBepXCBETOBOH JNIEKTPOH MPOAOIDKAET ABMIKCHUE
BIOJb och X. TakuMm 0Opa3oM NPOMCXOIUT MOOYEPEIHOE BHIOpAchIBAHHUE Pa3HO-
HMMEHHO 3apsDKEHHBIX YaCTHL, TI03TOMY IBI)KUTENb OCTAeTCS JIEKTPHYESCKH Hel-
TpanbHBIM. biarogapst CMMMETpUH yCTPOWCTB B HEM HE CO3/AIOTCS BpallaloIue
MoMeHTHI. [Ipu vg = 0.859¢ ckopocTh peakTHBHOM CTpyH, Kak nokasaHo B 1. 10.5,
Oyner paBHa 1.72ckopoctu cBera.

MBbI paccMOTpeI YyCKOPEHNUE OJMHOYHBIX YacTHIl, OHAKO CXeMa IPHUMEHH-
Ma ¥ JUIsL CTYCTKOB 4acTHL. [Ipy 3TOM JOIKHO COOIIONATHCS YCIIOBHE, YTOOBI yC-
KOPSIIOLINE CI'yCTKH UMENIM MacCy OOJBLIYIO, HEXEIH Macca YCKOPSIEMBIX CIyCcT-
KOB.

ITepcnieKTHBEI HCIIONIB30BAHMS CBEPXCBETOBBIX YaCTHIl HE OTPAaHUYUBAIOTCS
IpUBEIEeHHBIME npuMepamu. Kak ro0oe HOBoe siBICHHE, OHH OyIyT UMETh He-
OOBIYHBIE CBOMCTBA, KOTOPBIE INPEACTABAT YEJIOBEKY HOBBIC TEXHOJOTMYECKHE
BO3MOXHOCTH.
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I''IABA 11
TPABUTAIIMOHHBIE B3AUMOJIEMCTBUSA
11.1.CKOPOCTB PACITPOCTPAHEHMUSA TATOTEHUA

Bce Tena B OKpyxaroleM MUpe MPUTITHBAIOTCS APYT K Apyry. Bee npeamersr
MaJlaloT Ha MOBEPXHOCTh 3€MJIM, MPHUTATHBAsCh K ee LeHTpy. JlyHa, OGmaromaps
TIPUTSDKEHUTO 3eMITH, oOpalaeTcsi BOKpYT Hee U He oTpbiBaeTcs oT 3emiuu. CoH-
Lie MPUTITUBACT 3eMIII0, U OHA JBUIKETCS BOKPYT Hero. B OKOJIOCOIHEYHOM Ipo-
CTpaHCTBE 3a cueT npurshkeHus CoNHIA IBUKYTCS TUIAHETHI, aCTCPOUIBI U PYTHE
TeNa; B COBOKYITHOCTH OHH IPEICTABIISIFOT COOOH YeUCBUIICOOPA3HYIO CTPYKTYPY,
KOTOpasi CyHIECTBYeT Oiaromapsi TSATOTCHHUIO. 3BE3Ibl CO CBOUMH IUIAHCTHBIMH
CUCTEMaMH TPUTITUBAIOTCS APYT K APYTy M 00pa3yroT 3BE3[IHBIC aCCOIMALUU U
ckoreHus. [locneaHue 3a CYET B3aMMHOTO IMPHUTSIKCHUS 00Pa3yIOT TalaKTHKH,
KOTOpBIC TaKXe 3a CYET NMPHUTSKCHHUS OOBCIAMHSIIOTCS B MeTarajakTHku. Mrtak,
TATOTEHHE JICHCTBYET HAa OTPOMHBIX PACCTOSHHUAXK, MOITOMY BIIOJIHE ONPABIAHO
Ha3BaHHE "BCEMHUPHBIN 3aKOH TATOTCHHS' IS BEIPAYKECHUS CYITBI

F=- G&;R (11
R
B3aUMOJIEHCTBHUS JBYX Tell, MaCChl KOTOPBIX My U Mp. 3akon (11.1) . Hetoton
BBEJl HA OCHOBE aHalM3a M 0000IIeH!sT HAOII0JaeMbIX TPABUTAIMOHHBIX B3aHMO-
nerictBuii. I'paBuTaronHas nmocrosiHaas G OblIa OmpeesicHa Ha OCHOBE OIBITA
1798r. I'. KaBenumra. CranopieHue 3akona (11.1)6b110 00ycioBaeHO 00abLIOH
PpaboTOi MHOTHX YYEHBIX MIPU PacyeTe IBUKCHUN HEOCCHBIX TEIl.

YckopeHHe SBISCTCS HEMOCPEACTBEHHBIM BBIPaKCHUEM BO3ICHCTBUS, MO-
3TOMY HOCJEIHEEe, KaK Y)KE€ OTMEYaIoCh paHee, MOKHO OIMHUCHIBATh OE3 MpHMEHe-
HUS CHiIbl. BO3MOXHO, Takoe omucaHue OyAeT MpoIIe U MEHbIIE OyIeT MOBOJOB
JUTSL OIIMOOYHBIX BEIBOJOB. OIH M3 HUX, KOTOPBIM BBITEKAT U3 CHJIOBOTO METOA
OTMCAHMA TATOTCHUS, 3aKJIFOYANICS B MMOWCKE NMPUYMHBI CHIIBI TATOTeHWA. [Ipen-
CTaBIISIIOCH, YTO €CIIM €CTh CHJIa BO3JICHCTBHSA Ha TEJO, TO NOJDKEH OBITh CYOBEKT,
KOTOpPBIH mpukiagsBaeT e€. OH JODKeH HEMOCPEACTBEHHO NMPHUMBIKATh K TEIy H
OKa3bIBaTh HAa HETO BIMSHME. BRIIBUTaNNCh pa3NUYHBIC BHIBI TAKUX CyOBEKTOB,
HaIpuMep B BHJE YacTHI 3(pHpa, KOTOPHIC BTATUBAIOTCS TATOTEIOMINM TEJIOM, H
STHM TOTOKOM 3aTSATHBAETCS MpPUTATHBaeMoe Teno. HecMoTps Ha To dWTO, Mexa-
HU3MBI BO3JICHCTBYS MPUAYMBIBAIOTCS IO CHX IIOp, HU OJWH M3 HUX HE B COCTOS-
HUU JIaTh HENPOTUBOPCUYHUBYIO TPAKTOBKY TSTOTCHUS.

DTO OJHO HANpaBJICHUE MOWCKA MEXaHU3MOB OJU3KONCHCTBHS TATOTCHHUS,
JPYTO€ 3aKIIF0YaeTCs B TIOJICBOM HPEACTaBICHUH TAroTeHHs. [To aHamoruu ¢ smiek-
TPOMArHUTHBIM TIOJIEM TIPEAIIoNIaracTcs rpaBUTAIMOHHOE moiie. [IpaBna, WLTHO-
3UF0 OJM3KOJEHCTBUS 3/I€Ch CO3/IAI0T MaTeMaTHUECKUE 00pa3bl, HAIPUMED TPAJTH-
€HT MOTEeHIHaNa co3naer cmry. Ho gusmueckine MexaHU3MBI Ha yPOBHE aOCTpak-
MU YK€ CTaJIH NMPUBBIYHBIMH, TaK YTO MOJICBOE HAIPaBJICHHE CBOOOIHO pa3BHBA-
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noch, moka B OTO He ObUTO BBEIEHO reOMETPUIECKOE OOBSICHEHUE TATOTCHHS B
BUJIE HCKPUBJICHUSI IPOCTPAHCTBA-BPEMEHH.

ITpu moneBoM OOBSICHEHUH TSATOTEHHUS [0 AHAJIOTHUH C AJIEKTPOMATHHUTHBIM
IOJIEM BO3HUK BOMPOC O CKOPOCTU PACHpOCTpaHEHUs TAroTeHus. JBmxenue Jly-
HBI BOKPYT 3eMJIY, TBMKCHUE 3EMIIH W TUIAHET IPU BHUMATCIHFHOM aHAIHM3€ OKa-
3aJI0Ch HEMHOT'O OTJIMYAIOIINMCS OT PE3yIbTATOB PEIICHUS 3a/1a4d B3aMMOICHCT-
BUS BYX Tell. J1s OOBSCHEHUS pa3iMduil BBIABUTAIIUCH MACCHI THIIOTE3, B TOM
YHUCIIC MPEAOIarauch HOBBIC 3aKOHBI BCEMUPHOT'O TATOTCHUS. OJTUH U3 HUX CBSI-
3aH CO CKOPOCTBIO PACIIPOCTPAHCHUS TATOTCHUS, paBHOM CKOpPOCTH cBeTa. OIHAKO
yuYeHbIe, YYUThIBash BO3ACHCTBUE APYTMX TEJ COJHEYHOH CHUCTEMbI U TPHUBIIEKAs
0COOEHHOCTH (OPMBI TIIABHOTO Tea, OOBICHWIM OTH pa3nudusi. TakuMm oOpazom
3akoH (11.1)c KaXxapIM HOBBIM OOBSACHEHHEM CTAHOBHUIICS BCe 0olice 00OCHOBAH-
HBIM.

3mech cieayer oTMeTHTh, uto B 1787 1. II. Jlamutac B pabote "M3noxeHue
cucTeMbl Mupa”, a Takke B "Tpakrare 1o HeOecHo# Mexanuke" [99] u3 aHammza
JBYOKEHUs JIyHBI PUIIET K BRIBOMY, YTO €CIIM CKOPOCTh TATOTCHUS U KOHEYHA, TO
oHa nowkHa B 100 MiTH pa3 mpeBhIIIaTh CKOPOCTh CBETA. TeM He MEHEee TUIOoTe3a
O CBETOBOW CKOPOCTH TSATOTCHHS BIIOCIICACTBHUU BBHIIBUTANIACh HEOIHOKPATHO.
HauGonpInyro akTyanbHOCTh OHA MPUOOpETa MPU PACCMOTPEHUM MPEIECCHH TIe-
pUreTUeB IIAHET.

B cootBercTBUE ¢ 3akoHOM (11.1) 3amMKHyTast OpOUTA SIBISETCS SIUTAIICOM
(cM. popmyiy (5.3)),u npeneccun nepurieHTpust HeT. Tak Kak mpereccuu HabIIro-
JIAIKCh, TO YYE€HBIMH, B TOM unciie U M. HproToHOM, OAGHpaTUCh HOBBIE 3aKOHBI
TATOTEHHSI, KOTOPBIE MTO3BOJISUIN OBl yuecTh npeneccuto. OUH U3 YaCTHBIX CIIy4a-
eB npemiokennoro V. HeroToHoM 3akoHa mcmosb3oBan Y. JleBepbe [45] B cie-
JIYIOIIEM BUJIE:

— msmF_é —

F=-G—— +P, (11.2)

R3
rae m —macca Cosnia; M —macca Mepkypus, a P — Bo3MyIIaomas cuia, KoTo-
past BEIpaykaeT BO3/ICHCTBUE OCTAIbHBIX IIIAHET.
B 1859r. V. Jlesepse, cornacHo H.T. Poy3sepy [45], mpuBen B cBoeii pabote
[101] paccuurannoe cornacho (11.2)cMmenieHue nepurenus MepKypust ¥ BKJIaz B
HETo IUIaHeT:

IInanera Bxuaj 1o [45] Bkuazg no [50]
Benepa 280.6' 277.856
Semis 83.6' 90.038
Mapc 2.6 2.536'
Onurep 152.68' 153.584
Catypu 7.2 7.302
VYpau 0.1 0.141
Hentyn - 0.042
CrutocHytocth ConHua - 0.010
Bcero 3a cronerue 526.7 531.509
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B u3BecTHBIX HaM JuTeparypHbIX ucrtouHMkax no OTO yTBepkaaercs, 4To
paccunrannsie ~ 530" B cTomerue otnmyaercs Ha ~ 40" OT mEWCTBHUTENHHO Ha-
OJII0/1aEMOT0 CMEILIEHHUS TIEPUTENHs, BEIMYMHA KOTOpOro He npuBoaurcs. Criemny-
€T OTMETHTD, YTO HEyBsA3Ka pacuera B 43", BBUY UPE3BBIYaHO MO BEJTUYMHBI
npeneccun nepurenus (oH paccmarpuBaercs 3a 1003eMHbIX JieT, T.€. 3a 415 Mmep-
KYPHAHCKHX JIET), SIBISIETCS JIOCTATOYHO XOPOIINM MPOTHO30M. BO-BTOPBIX, 3TOT
pe3yJbTAT MOJYyYEeH NPU PelleHrH NpuOImKkeHHoM 3amaun (11.2),a He TOYHOM,
KOTJa K KaXI0My HeOeCHOMY Telly MpHUKIaJbIBaeTCs cuiia He Tobko oT CoHIa,
HO U OT KaXkJ0# u3 mianet. To ecTh, He pelaeTcsi B MOJHOM 00beMe 3aa4a MHO-
rux Tel. B-TpeThux, mapamMeTpsl BCeX BO3ACUCTBYIONIMX TN — MACCHI, MOJIOKCHHUS
HA TPACKTOPUSAX U MapaMeTphl TPACKTOPUI — M3BECTHBI C HEAOCTATOYHON TOYHO-
CTBIO, YTOOBI HAJICATHCS HA JYYIlICe COBIAICHUE JTaKe MIPH PCIICHUH 33]]a9l MHO-
TUX Tell. B-4eTBepThIX, UMEETCS MHOT'O JPYruX (hakTOPOB: BO3IEHCTBUE OIPOMHO-
ro KOJIMYEeCTBA HEHAOIIOJacMbIX Manbix Tel, Gopma CoJHIA, OKOJIOCOIHEYHOE
BEIIECTBO M JP., KOTOPhIE MOTYT CYIIECCTBCHHO TOBJIHATh HA BPALICHUC MEpUTE-
aus Mepkypusi. HecMOTpst Ha 9TO, MHOTMMH yYEHBIMH BBIJABUTAINCH PA3/IUYHbIC
THIOTETHICCKHUE 3aKOHBI TATOTEHHUS TS OOBSICHCHHUSI aHOMAJIHH (T.€. paccoriaco-
Banusa 43") cMmeruenus nepureius Mepkypusi. OfHa U3 HUX — CBETOBAs CKOPOCTh
pacnpoctpaHeHue TAroteHus. Pa3sHbIME aBTOpaMH Ipeiarajics psiji COOTHOILIIe-
HUI ISl CHJIBI TATOTEHUsI, KOTOPasi 3aBUCHT OT CKOPOCTH JIBUYKEHHSI U YCKOPEHHUS,
YTO 0OYCJIOBJIEHO KOHEYHOH CKOPOCTBIO PACIpOCTPAHEHUS! TATOTEHHUs. JTO CHIIa
BebGepa (2.11) u nomoGuble eii. [lo-BUAUMOMY, HAaUOOJbIIEE 3HAUYECHHE U3 HHUX
umeer cuina [45]

2 2
E-_gMmM |, 3 dRI" 6RA'R
R c? | dt c? dt?

BeiBeieHHas [laynem I'epGepom u omyGnukoBannas B 1898r. [91]. B pesysbrare
pertiernst 3amaun AByx e mpu cuite (11.3)oH momyunt ciemyroiiee BEIpaKCHHE
JUTSL CMEILICHUST TIEPUTEITHS:

24 1°a”
T2c21-¢2)
kotopoe it Mepkypus pasuo 41" B cronerue. Beipaxenue (11.4)Gbu1o H3BECTHO
3. Maxy [36] u A. Ditamreiiny [88] u mupoko obcyxknanocs 8 1916 — 1917T.
[45]. B 1915r. A. Ditnmreiin npuBoauT Beipaxenue (11.4),0CHOBBIBasCh Ha 00-
el TEOPHH OTHOCHUTEIBHOCTH [76].

Kak ¢opmymna I1. I'epGepa (11.3),tak u MeTox OTO OCHOBaHbBI Ha THIIOTE3E
0 CKOPOCTH TATOTEHHSI, PABHOW CKOPOCTH cBeTa. HecMOTps Ha TO 4TO MOMYYCHHOE
cmeinenne (11.4)67113K0 K pacCYUTaHHON aHOMAaNIWH nepurenus Mepkypus B 39",
OHO HE MOXET SBJIATHCS KAKMUM-TTHOO TOKA3aTEeIbCTBOM, a TeM OoJiee T0Ka3aTelb-
CTBOM CBETOBOM CKOPOCTH TATOTeHHs. BO-TIepBBIX, CyIIECTBOBaHHWE CaMoOil aHO-
MAaJIHH, KaK MbI YK€ YIIOMUHAIH, O0YCIOBICHO MPUOIMKXEHHBIM XapaKkTepoM pe-
[IeHUs 3a/1a4i. BO-BTOPBIX, YUET CBETOBOM CKOPOCTH TPABUTAIIUH JIAJl CMEIICHUE
nepurenus 41", a mabmogaercs BeanmunHa 527" + 39" = 566", T.c. Ha MOPSIIOK

T:
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Oousbinasi. HeT HUKaKUX J0KA3aTeNbCTB TOTO, YTO CBETOBAs CKOPOCTh TATOTCHHS
yiydmaeT pe3ynbraT. Benmnamna 41" paccunTana mis 3amadd AByx Ted. Jlomyc-
THM, 4TO ObLJa pelieHa 3ajadya MHOTHX TeJl Ha OCHOBAHHUHM 3aKOHA TATOTCHUS
(11.1),u ona mana pe3ynbTat cMelleHus nepurenust 527" B cronetue. 3aTeM 3aaa-
Yya MHOTHX TeJ ObllIa PEelIcHa Ha OCHOBAHUU 3aKOHA TATOTCHHUS CO CBETOBOM CKO-
POCTBIO paclpoCTpaHeHHs, U ObLI MOJYYCH pe3yinbTaT cMelleHus 527" + 41" =
568". Tornma MoXHO OBLIO OBl yTBEP)KAATh, YTO CBETOBas CKOPOCTh TATOTCHUS
3HAYUTEIBHO YIy4YIaeT Pe3ysbTar. Tak Kak 3TH 33a[aud HE PElIajiCh, TO MpPE-
MOJIOKCHHUE O CBETOBOY CKOPOCTH TSATOTCHHUS JIMIIICHO BCSIKOTO OCHOBAHUS.

Kak ™Mbl yke oTMe4aid, B OOl TEOPUH OTHOCHTEILHOCTH ObLIa BBEICHA
CBETOBAasi CKOPOCTh TSATOTEHHUS C LEJIbIO CO3aHus eAMHON Teopuu mosist. COOTHO-
menne (11.4) sSBAsIoCs OJHMM M3 OCHOBHBIX JOKA3aTEIbCTB CIPABEIIMBOCTH
OTO. BropsIM /10Ka3aTebCTBOM CTaJ0 MCKPHUBJICHHUE Jyda CBETa, MPOXOSIIETo
BOnm3u COJIHIA, U TPEThUM — YMEHBIIIEHHE YaCTOThI CBETA MPH YAAICHHH €ro OT
MPUTSTUBAIONIETO IIeHTpa. UTO KacaeTcss OTKJIOHEHHs Jy4a, TO, KaK Mbl HEOJHO-
KpaTHO MOKAa3bIBAIM B II. 51U 9, IpU CBETOBOI CKOPOCTH Telia BO3ICHUCTBUE, pac-
MIPOCTPAHSIOLIECECS] C TAKOHM e CKOPOCTHIO, OCTaBJISIET TPACKTOPHIO Tejla HEHC-
KPUBJICHHOU. 37IcCh CUTyaIlusl HICHTUYHA CUTYallH C "depHOW JBIPOi" W BhIpa-
keHa Tabnuneid B 1. 9.1. MickpuBiieHue ydya cBeTa BO3MOXKHO TOJIBKO B Cliydae,
€CIIM CBET COCTOMT M3 BECOMBIX YaCTHUI] U CKOPOCTh TATOTEHHS OECKOHEUHa.

ITpu npoxoxaenun Benepsr o nucky Connua B 1761r. Muxaiino Jlomono-
coB HabmroaT BeIMyunBanue kpaemka ConHia pu cxone Benepsl ¢ aucka: "[Ipu
BeICTYIICHHHM Beneps! 3 ColiHIa, KOT/Ia IEpeTHUH ee Kpai cTayl MpUOIKaThCsS
K COJIHEYHOMY Kpar H ObLI... OKOJIO JecaToi Jonu BeHepuna auamerpa, Toraa
nosiBuIics Ha Kpato CosHua MynbIps... CHe He YTO MHOE MOKAa3bIBAET, KaK HPEsIOM-
JeHde jydeil conHeuHslx B Benepuuoii armocdepe” [31]. 3amerHoe mis riasa
MPEJIOMJICHUE JTOJDKHO UMETh BEIIMYKMHY MOpPsIKa Tpanyca. He MeHbIee nmpenom-
JICHHUE Jy4el TOoMKHO ObITh B atMocepe ConHia. B cBsi3u ¢ 3THM, KaK pacieHH-
BaTh MOATBEPKIAEMOE HAOIIOJEHUAMH OTKIOHEHHe yda cBeta Ag= 1.75" [26]
3a cyer rpaBuTaoHHOro nosst CoHna?

ITokpacHeHne cBeTa IpH €ro yAajJeHUH OT 3BE3]bl BOBMOXHO, €CIIM CBET HE
SIBIISICTCSL BO3JICHCTBHEM, a €CTh HEKOTOpas CyOCTaHIMs, KOTOpas UMEET Maccy,
MOCPEZCTBOM KOTOPOH 3Be3/a OyleT 3aMeIsTh IBI)KCHHUE CBETA U U3MEHATH €T0
yacTtoTy. Takux CBOHMCTB cBeTa He oOHapyxeHO. Het u mokpacuenus ceera. Co-
rimacHo [26], cBeT, paclpoCTPaHSIONIHNACS MEKIY TOYKAMH C TPABHTAIIHOHHBIMH
noreHuuanaMu @; u @, U3MEHSET CBOIO YaCTOTY Ha BEJIMUUHY

Af = f(D, - @,)Ic? . (11.

I'paBHTAlIMOHHBIA OTEHIIMA HA MMOBEPXHOCTH 3Be3bl @1 = - GMYR,, a B Touke
Habmonennss @, — 0. Torma cer, U3ydaeMblil 3301 ¢ yacToToii f, Oymer Ha-
0JIIOIaTHCS C YACTOTOH, YMEHBIIICHHON Ha BETUUHHY

RQ
af =t 2 1(B)
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Jlst HeWTpOHHO# 3Be3nbl ee paanyc Ry mpuOmmkaeTcss K TpaBUTAIMOHHOMY
panuycy Ry u Af = /2. Tak xak Beipaxenue (11.5)npubimkeHHoe U CrpaBeIMBO
s caaboro nois (1 cuibHBIX noneit (11.6) nomxuo 6bite Af = —f Ry /Rs ), TO
JIOJDKHO OBITH elfe 0oJiee CYIIeCTBEHHOE H3MEHEHHE 9acTOThl. B mpenene nmpu Ry
= Ry uacroTa cBera cTpeMutcs K Hy10. OHaKko OTKphIThie B XX B. Geble Kapiiu-
KM, HSUTPOHHBIE 3BE3/bI, KAHIUAATHI B "depHBIC ABIPHI TAKOTO U3MEHEHHUSI YaCTO-
ThI He AarT. Clie0BaTEeNBbHO, "IKCIEPHUMCHTAIBHBIC MMOATBEPKACHUS TpeX (-
¢dexroB B OTO ocraroTcst Ha COBECTH YUEHBIX, UX IPOBO3MIIACKBIINX. IS KaxK10-
IO Y4EHOTO OHM JIOJDKHBI OBITH HAIJISTHBIM IIPHUMEPOM €ro OTBETCTBEHHOCTH 3a
MpecTaBisieMble O0LIECTBY Pe3yIbTaThl.

Yerseptsiii appext OTO — rpaBuranonHble BoaHbI. OHU TaKKe SIBISIFOTCS
CJIC/ICTBHEM CBETOBOW CKOPOCTH TAroTeHUsl. HauaTble MHOTMMH Y4EHBIMH BO BTO-
poit monosune 20-0ro Beka pabOTHI MO MOWUCKY TPABUTALMOHHBIX BOJIH 3aKOHYH-
Juch Oe3pe3yabTaTHO. [ paBUTALMOHHBIC BOJIHBI HE OOHAPYKEHBI.

OrMeTnM, 4TO HaOIIOJaeMOe CMelleHue nepureins MepKypus B pasHbIX
HCTOYHHMKAX MPEACTABISICTCS Pa3HbIMU BenuunHamu. Hampumep, B peleH3uu
)kypHana "MsBectuss AH. bemapycun” na cratpio J[.B. TanpkoBckoro coodmiaer-
cs. "... HaOromaemast mpereccus nepurenauss Mepkypust coctaBimsier 5599.74"s
CTOJICTHE; 3a cYeT BiusHHUA HechepuyHocTd CoJHIA, BOSMYLIEHUH CO CTOPOHBI
IUIAaHET U APYruX (akTopoB acTpOHOMaM yjaanoch oObsicHUTH 5557.18"u3 srtoit
BEJIMUMHBI B PaMKaX HbIOTOHOBCKOI Teopuu TsaroteHus. Pacxoxnenue Ha 43" B
CTOJICTHE COCTaBJIUIO OOJIBLIYIO NMPOOJEeMy AJSl TEOPETHYECKOH acTpOHOMHH, H
ero oOwsicHeHne OWHIITeHHOM B pamkax OTO crano Tpuymdom mnocienHei”.
3neck HaOmoaaemas BennunHa B 10 pa3 Goxpiie mpexneit. Takoro ke mopsiaka
BEJIMYMHA CMEIICHUS HAa OCHOBE cpaBHeHus opoutr Mepkypus 1850u 1950rr..
npuBoguTcs B padore [21]: "DToT 3dpdexT Tak Mai, 9To 3a LENBIX CTO JIET IEPHU-
renuit Mepkypust moBopaunBaercs juibs Ha 1°33'20" (5600"),kak nmoka3aHo Ha
puc. 5.3 ¢m. [21]). 3 aToro HabIH01a€MOTO MOJHOrO OBOPOTa Teopus HproToHa
MOXeT 00BICHUTH TOJBKO moBopoT Ha 1°33'37" (5557")3a cronerue. Ocraercs
M30BITOYHOE IBHIKEHHE repureiuss 43 CEeKyHIbl AYTH 3a CTOJCTHE... JHHIITCHH
MOJTYYHIT TSI CKOPOCTH TIPEIeCCHH B TOUHOCTH 43" 3a CTONICTHE — HMCHHO Ty Be-
JUYHUHY, KOTOPYIO HE MOTJIa OOBSCHUTh HBIOTOHOBCKAs TeOopus."”

Urak, HaOmomaemas BednmyuHa cMmelneHus paBHa 5600" B crtonerue, a He
566". Benmuuna HabOmromaemoro cmemieHuss 5600" monTBepkmacTcs Takke B
TpeTheM ucTo4YHUKe [64]. Torga ciemyeT, 4TO PaCCUMTAHHOE MO HBEOTOHOBCKOM
TeopuH cMmelieHue coctapisier 5557" B cronmerne, a He 526.7" wm 531.5", kak
MOKa3aHO JBYMSI MCTOYHHKAaMHU B BBINICTIPHBEACHHON Tabmuue. Tem He MmeHee
00BsICHEHUE PAacXOXJICHNSI MeXay HaOmoaenueM u pacyeroM B 41" nimm 43" cra-
70 TpUYM(OM TEOPHU OTHOCHTENHHOCTH. Tak Kak coBpeMeHHas (hH3HMKa MOCTpoe-
Ha Ha TEOPUH OTHOCHUTEIHHOCTH, TO TPWUBEICHHBIA BBINIE "TpuyM(" sBISIETCS
CBHJIETEILCTBOM TITy0OKOTO Kpr3uca Gu3uku XX B.

[IpeacTaBneHHBIN aHATN3 CBUACTEIBCTBYET, YTO HET HHUKAaKUX JI0Ka3a-
TENBCTB CBETOBOI CKOPOCTH TAroTeHus. [109TOMY BONPOC O CKOPOCTH PAacHpo-
CTpaHEHHs TPABUTAIIMOHHOTO BO3/ICHCTBUSI OCTaeTCs OTKPBITHIM. Kak MbI oka3za-
JM B TI1.5, 11 B3aUMOJICHCTBUM, paclipoCTPpaHSIOIIUXCS ¢ OTPaHUYEHHOH CKOpO-
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CTBIO YIJIOBOW MOJYIEPHOJ KOHEUYHBIX TPACKTOPHHA @ £ 7T T.e. MEPULCHTPHUI Op-
OuTHI OyZeT cMenaThCsl B MPOCTPAHCTBE. DTY 3aaqdy MbI peliaiid Ipu OOJbIION
ckopocTH Ted. Jlajgee MBI pacCCMOTPHM €€ TIPH MaJIBIX CKOPOCTAX JIBIKCHUS TeIl.
HeGonpmme cMemnieHusl mapaMeTpoB OpOUTHI HEOECHBIX Tell — BpaIeHHE
TIEPULICHTPHS, U3MEHEHNE €r0 JUTMHBI, HAKIIOHA IUIOCKOCTH OPOWTHI U BpalleHHE
ee B IIPOCTPAHCTBE — MPEACTABISIOT OCOObIM MHTEPEC C MO3HULUH CYIIECTBOBAHHS
W Pa3BHUTHSI COJIHEYHOI CHCTEMBbI, NCTOPUH 3eMJIM M U3MEHEHUs ee Kiumara. Bl
nsunytas B 1864r. Ix. Kpomnem u pasButas M. MenaHkoBHYEeM acTpOHOMHUYE-
CKasl TEOpHsl HACTYIUICHHS JICAHUKOBBIX 3I0X HAaXOIMT IIHUPOKYIO IOJAEPIKKY
MHOrUx yueHbix [18]. Ecnu TAroreHne uMeeT KOHEUYHYIO CKOPOCTb PaclpocTpa-
HEHHMS1, TO Ha OOJBLIMX BPEMEHHBIX MEPHOAAX I3TO CBOHCTBO MOXET IOBJIHATH HA
BpAIllCHAE TICPUTeNIHs Hallel IUIaHeTsl. MI3MeHeHne SKCIEeHTPUCHUTEeTa M HAaKJIOHA
IJIOCKOCTH €€ OpOUTHI 00YCIIOBJICHO BO3ACHCTBHEM NPYTHX TUIAHET. AKTyadbHOU
CTaHOBHTCSA Ipo0IeMa MHOTHX TeI, KOTopas fanee OyIeT paccCMOTpEeHa.

11.2.MIPELHECCHUSA NEPUT'EJIUA MEPKYPUSA

Jlnst onpenesieHus AeHCTBUTENBHON NPENECCHH IEpUreNus Mepkypust Heo6-
xoauMa 00paboTKa MHOTOBEKOBBIX HAOIIOACHHHN TIIAHETHI B CHCTEME KOOPUHAT,
KOTOpast, B CBOIO OYEPEIb, MOABEPIKEHA N3MEHEHHSM 33 CUET BEKOBBIX BO3MYIIIE-
HUH OPOUTE 3eMITH M JBHXKEHHS COJIHEYHOM CHCTEMBI. [109TOMY pe3ynbTar 3aBu-
CHT OT M€TO/Ia 00pabOTKH JaHHBIX HAOIIOICHHUs. B HacTOsIIEe BpeMst IPUBOAATCS
3aKOHbI U3MEHEHHUS TIEPUIeNns IUIAHET (CM. HAIPUMEP ACTPOHOMMYECKUM €xKe-
roauuk Hal949r.), ocnoBannsie Ha Teopun C. Herokoma (1835 - 1909)koropsie
VIS TIEPBBIX TPEX UMEIOT CIEAYIOIIUN BUIL

Mepkypuit — 7553 5891" +559976'T + 1061'T? ;
Benepa — 130°09'49.8" + 506899"T — 3515'T'?;

3emnst — 10113'15" +618903'7 +1.63'T2 + 0012'73,
rae T — Bpemst B cToneTusix, orcunthiBaemoe ot anoxu 1900r. Kak orcroga BuaHO,
JMHelHas cOCTaBIsIoNmas npeneccuun Mepkypust pasaa 559976" B cronerue.

Ternepb Mbl pACCMOTPUM Kakoil BKJIAJ B MPELECCUI0 MOXKET JaTh y4YET CKO-
POCTH PACIPOCTPAHEHHS TATOTCHHS MPH B3aUMOJCHCTBUH ABYX Ted. Kak ObLio
MOKA3aHO B IJ1. 4, U3 3JEKTPOIMHAMHKH CIIEAYET, YTO IPH B3aUMOJACHCTBHSAX, 3a-
BHUCSIUX OT CKOPOCTH OTHOCHTEIBHOTO IBIDKCHHS IBYX OOBEKTOB, CHJIa ONpe/e-
asiercst BoipakenneM (4.58). U3 pemenus Janambepa (3.28) ciaenyer, uro Takoe
BO3JICMCTBUE pacHpoCTpaHsieTCss C KOHEYHOW ckopocThio. IlpeamomnaraBiiuecs
paHee 3aKOHbI B3auMoelicTBrs, Hanpumep (2.11), (2.12), (11.3) ap., oOcHOBbIBa-
JUCHh Ha Pa3HbIX THUMOTE3ax. B crernuansHoi 1 00IIel TEOpUU OTHOCHTEIHLHOCTH
OINMCaHNe B3aMMOJICHCTBHN, HECMOTpPS Ha TO YTO OHO BBIPAKEHO B BHJC U3MEHE-
HUSI TPOCTPAHCTBEHHO-BPEMEHHBIX IapaMeTpoB, MOCTPOCHO Ha 3aBHCHUMOCTSAX
JNIEKTPOIUHAMUKY, M, KaK MBI YK€ MOKa3aiu B 1. 4.6, pelsaTHBUCTCKAs 3amada
aByx Ten (4.90) cBoauTes K HaWMM ypaBHEeHHsM Tpaekropuu (4.80), (4.82)I1o-
3TOMY MOCJIEAHNE NPEICTABISIOT TOYHOE PEIICHHE 3aa4i ABYX TEl, B3aHMO/ICH-
CTBHE KOTOPBIX PACIPOCTPAHAECTCS ¢ KOHEUHOH CKOPOCTHIO.
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PesynbraTtel mHTerpupoBanus ypasaenuii (4.80), (4.82)kak yxe ormeya-
aock, nmoutr it 100 tpaekropuii npeacTaBiensl B kaure [59], a mepuoasl opouT
U pajiyChl UX ArOLEHTPHUEB JUIl KOHEYHBIX TPaeKTOpHUi naubl B [IpuioxeHun 5.
Ha puc. 5.5311 Tpaekropuu uzobpaxensl npu @; = — 0.7.IIpu ckopocTH B mepu-
nentpuy, cocrasisonieii 0.1 ot ckopoctn ceera (4, = 0.1),3a onun nepuon me-

puueHTpuii opouTs cmemaercs Ha 0@y = 2(P, — 75 = 0.8. C yBenuuenneM cko-
poctu [3, BeIUUMHA CMEIICHH EePULEHTPHS MUl TpaekTopuii 2, 3, 4npuHUMaeT
suHayenns 0@~ = 9°; 35; 296.2° coorBercTBeHHO. [IpH NMpeenbHOM CKOPOCTH

Boc = 0.714cMenienne nepuIeHTpUs CTPEMUTCS K OeckoHeyHOCTH. Kak yromuHa-
JOCh paHee, B 9TOM ClIy4ae YacTHIa 3aXBaThIBACTCS MPUTATUBAIOIINM LIEHTPOM Ha

KpyroByio opouty. Hapsiay ¢ pocrom 5¢T [IPH YBEJIUYCHUH CKOPOCTH ITPOUCXO-
JIUT YMEHBIICHHE pajnyca aroueHTpus C ﬁa = 2482 no ﬁa =1.
Ha puc. 11.1 npeacraBieHo M3MEHEHUE OTHOCHUTEIBHOTO MEPHOAa OPOUTHI
P, re
P =@ 12m, (12.7)
br =24, (11.8)

B 3aBHCUMOCTH OT [3, IIPH Pa3HBIX IapaMeTpax TPACKTOpUU 1. BepruxambHeIMU
JMHAAME 0003HAYEHBI ACHMIITOTHI, K KOTOPBIM CTPEMSITCS KPHBBIE TIPH TOCTHKE-
HUHY TPEICIbHON CKOPOCTH [oe. IIpH GDUKCHPOBAHHOM () OTHOCHUTEIBHBINA PafiycC
alOLEHTPUS C POCTOM CKOPOCTH [3, YMCHBIIACTCS ¢ MAKCHMAIbHOIO 3HAYCHHUS
npu £, = 0 no R, = lupu 5o = Boc TToaTOMY CMEIICHNE IEPHIICHTPUS CTPEMHTCS
K GECKOHCYHOCTH Y aCHMITTOTBI, HO B TOM CiIydae OpOWTa SIBISETCS OKPYKHO-
CTBIO, Y KOTOPOM MEPHUIIEHTPHIA KaK TAKOBOM OTCYTCTBYET.

Kaxk BumHO u3 puc. 11.1,c yBenrueHneM aOCOMIOTHOW BEIMUWHBI O CMeTIe-
HHE EPULEHTPHS YBEITNUMBAETCS MIPU OJHON M TOM K€ CKOPOCTH B MEPULIEHTPUH
Gy Ho ¢ yBenuueHueM |@1| yMeHbIIaeTcsl IpenebHOE 3HAYCHHE CKOPOCTH [y,

MO3TOMY UMEETCS ONTUMYM cMelleHuid B obnactu ay = — 0.7.Hanpumep, mpu ay
= — 0.7,B03MOXHa 0pOHTa C OTHOCHUTEIb-
HBIM mepuosioM P = 1.5,T.e. 3a mBa me- 2,--0.91-0.8 ]
T

puoma gactuma OyAeT coBepIIaTh TPH Iie- 0.7 g6
JBIX 000pOTa, U €€ ABYXIEPHOIHAS 16 [ [
Puc. 11.1. OTHOCHUTENBHBIH NEpUOA OpPOUT /_ ; 6‘/
(@t = @1/2m) B 3aBucumoctu ot ckopocrn 1.4 2]l 171/-0
B IEPULEHTPUU [3, HIPU pa3HBIX IIAPAMETPax 7 /_ 0
Tpaekropuii ;. Bepruxameuble acumnToTHl 1.2 YD/ /m'%
HMMEIOT a0CIIHUCCHI ﬂp = ,ch: e /‘

iy

a | -05|-06| -07 | -0.8| -0.9 0.2 04 06 By

Gy | 0.866| 0.8 | 0.714| 0.6 | 0.435
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TpaekTopus OyaeT cTabuibHA B IPOCTPAaHCTBE. IIpH OTHOCUTEIHHOM IepHOIe

P =1+1/k 1(Q)

B IIPOCTpaHCTBE OyAyT CTaOMIbHBI K-nieproaHbIie TpaekTopun. Ha HuX yacTuia 3a
k mepuomoB Oyner cosepiuats K + 1 060poT, mocie KOTOPBIX OHA CHOBA IIPOOJI-
XKUT JBIXKEHUE 110 TOH ke Tpackropuu. Ecin @ = 2,To yacTuna 3a 0uH HEpUOX
OyneT coBepmaTh aBa oboporta. Ee TpaekTopus OyneT mpencTaBisaTh co0Oil 1Be
OJM3KHE K OKPYKHOCTH KPHBBIE, BIO)KCHHBIE OJIHA B PYTI'YIO M CONPHUKACAIOIINE-
Csl Ha TOPU3OHTAJILHOM OCH.

C yBenuueHueM |@y| pamuyc amoleHTpus, Kak BHAHO u3 IIpmioxeHus 5,
YMEHBIIAETCS OT ﬁa - coqpu a; = — 0.510 F_Qa = 1npu oy = -1.C yBenuuenuem

[, paguyc anomeHTpHs Takke yMEHbIIaeTcs U npudimwkaerca Kk R, = 1lnpu £, =

o
g JIBmkeHHe TUIaHET B HEPHUICHTPUSAX MPOUCXOIWT C MAaJBIMH CKOPOCTSIMH.
Habmogaembie mapamMeTpsl IUIAHET MEPECUNUTHIBAIOTCS B MAPaMETPhI X TPAaeKTo-
puii. Ha 3To#i cTamuu BO3MOKHBI pa3lIUYHbIE aJTOPUTMBI pacuera W pa3iudyHbIC
mapaMeTpsl TpaekTopuid. MBI OyzeM OCHOBBIBATH PacyeThl Ha CIEAYIOUINX JaH-
HBIX 0 Mepkypuu: AiIMHe IOIYOCH &, SKCLEHTPUCUTETE &, , Iepuoze T, paccros-

uuu 1 a. e., macce Conmama mg. Cornacuo (5.14),mapamerp TpackTopun @; 4epes

SKCLHCHTPUCHUTET £ ONPECACIISICTCS TAK:

o= -1 + 1), 11(10)
a paauyc anoueHTpusi B coorserctud ¢ (5.15)6ymer
20, +1
R, =a—"—. (11.11)
a.
1

['ak kKak CKOpOCTb B MEPULICHTPUH Up BXOIUT B O, €€ MOXKHO BBIPA3UThH 4e-
P
pe3 mapameTp TpaeKTOpUHN

G mg
b —_—.
Rp (_ 0’1)
IMocne noacranosku B (11.12)R, u ¢n nonmydaeM NpUBEIEHHYIO CKOPOCTb B IIEPH-
LECHTPUI

v (11.12)

(11.13)

[loncraBnsst YnCneHHbIE 3HAYCHUS TTAPAMETPOB, HAXOAUM CIIEIYIOIINE 3HAYCHUS
st opouTel Mepkypus: a; = — 0.8295, = 1.96¢10".
Kak BunHO 13 puc. 11.1,mpu mansix £, < 0.3nepuos TpaeKTopud @1 IpH-

OmmKaeTcs K CANHUIIC aCUMIITOTUYCCKH, TaK YTO OLICHUTH 3HAUYCHHUC ¢-|- Ipu Ta-

KHX MaibIX [3,, KOTOpbIC IPUCYIIH MepKypHIo, HeBO3MOXKHO. UHCICHHOE HHTET-
pupoBanue ypasaenuii (4.80), (4.82)upu Takux mapamerpax JaeT HOIPELIHOCTS,
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HAMHOTO TPEBBINIAIONIYI0 OXKUAAEMOE CMEIICHHe Mepurenus O@r . B cBsasu ¢

9THM PACCMOTPUM MPHUOIMIKCHHOE PEIICHUE YPABHEHUS TPACKTOPHH MPH MajbIX
. 3amuieM BXOJSIIMI B pauanbHyl0 CKOPOCTh SKCIOHCHIHANBHBINA COMHOXKH-
TeJNb

21\ Rl _ -Ty
exp ll- hzl/(cfz Rz)}% —exij’Bt2 —e” (11.14)
me Ty =Ry/R; B =v?1c? =h2/(c? R?); A=__T0

=
v 1- ,Bt
Tak xak MbI paccmarpuBaeM COJIHIIE, TO JIJIST HETO Fg << 1,u npu MaibIX [ Be-

nrunna A << 1.T103TOMY 3KCMIOHEHTY MOYXHO Pa3liokuTh B psa Teitlnopa:
2 3 3 72 73
. A2 A F F F
ef = 1A+ — =1 —— + Ty - g+
2 6 i-g 2R eh-g)
Paznaras 3sHameHaTend cllaraéMbIX B HpaBOI?'I YaCcTu U OrpaHUYMBasACb YJICHaAMU
BTOPOT'O NOPpsJKa, IoJIydacM

2 2+ 3 3 2p2
eh = 1-& + Ry BRi*Ry/6 + BRy + 38 Rg+ .. (11.15)
R 2R? R® 2R* 8R°
rae
h2
B= —. (11.16)
(_ 2/11)

B (11.15)Mbl OrpaHHYMBATIKCH CIATAEMBIMH C TTOKA3aTEISIMH CTETICHU I MEHbIIIE
6. Iloacrasmss (11.15)8 (4.80),c yuerom craraeMeix He Bhime R° mveem

DR, 1 (DR _h?|. DE
—c h-D+ —9 .1 LI Y 11.17
rIae
24
D= (1-,32) exp——t (11.18)
e R

R? h?R2
=32 _ 9 (11.19)
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Ioxacrasmsis v, B (4.82),ypaBHEHHE TPACKTOPHUH 3AMHUIIIEM B CICAYIONIEM BHIIE!

¢=-ﬂj dy , (11.20)
¢ Y JF + My - Ny? + DEy?

rac
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2u
F = 1-(1-/3§)exp 1 : (11.21)
c? ,/Rg -h?/¢?
M =DRy; (11.22)
DR2 2
N= —2+ h—z; (11.23)
2 g
y = YR. (23)

ITpu Sy — 0 xosddunments! nmerot cnexyromuii nopsuok: F=1;D = 1; Ry
= 1/(;12 E= 1/0f; M = 1/(;12 ‘N= h/of; DE = 1/(;11 . IToaTomy, npeHedperas cia-
raembiM ¢ Y°, Bepaxerne (11.20)MOKeM MPOUHTErPUPOBATH NPH IPAHAYHOM YC-
nosuu P(R;) = 0,T.e. yros OTCUUTHIBACTCS OT NEPULCHTPHS:

R
M - 2N/ R|

1
¢ = :
2 2 2
JNG 1h JAFN +b ‘Rp
Bripaxenue (11.25)c yueToM rpaHUYHOTO YCIOBHS MOKEM TIEPENUCATH B BUIIE
R = 2N . (11.26)
M +/4FN + bzcos(\/N cf/h2¢)

Cornacuo (11.26),npu ¢ = 0 paguyc npuHAMaeT MHHUMalbHOE 3HaueHHe R = R,
a MakcuManbHoe 3HaueHue R = R, Oyzner npu

JINGZ % ¢, = n. (11.27)

ITockOJIBKY MOJTHBIN YIIIOBOM MEpHO paBeH @1 = 2 P, CMELICHHE NCPULICHTPHS

arcsin (11.25)

3a oauH nepuoa ¢ yderom (11.27)6yner

1

JNGZ / h? _

HUcnone3ys pasnoxenue (11.15),npeodpasyem MOAKOPEHHOE BhIPAKCHUE

22 L- B2 R R2
ch/h2=1+M1-_g+—gz. (11.29)
ci h R, 2Ry
C yuerom (11.29)cMmenienure nepuieHTprs 3a oqud 06opot (11.28)3anmiiercs Tax:
2 2 2 Ry Rg
R, 2R}
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Tak xak rpaBUTaUMOHHBIA paguyc muaHeT Ry << R;, TO BIMAHHME CllaraeMbIX BO
BTOpOIl CKOOKE HE CYIIECTBEHHO, I03TOMY OKOHYATeJbHO NpH [, << 1 BpamieHue
TIEPULICHTPHS TIOJTydaeM B BUAC

dpr = -2mi B . (11.31)
Kak BugnM, cMeleHre epuIieHTpUs MPOUCXOTUT B 0OPaTHYIO CTOPOHY, T.C.
3a nepuoa 4actuua 1o 0p6I/ITe MMPOXOJAUT YIJIOBOC PACCTOSAHUC, MCHBIIICC 27T 10
IPOTUBOPECYUT BCEM IMOJTYUYCHHBIM HAMH PCUHICHUAM, B TOM YHUCJIC U IPECACTABJICH-

HeiM Ha puc. 11.1.ITo a6GcomoTHol Bennunde cMmenienne (11.31)npeBbiaeT 3Ha-
YEHUsI, PACCYMTAHHBIC YUCICHHO:

ITapamerpsl oY/ 5dr |

(o f1 By YHCIICHHBIH pacyer no dopmyrne (11.31.)
-0.7 0.1 0.0128 0.029
-0.7 0.3 0.15 0.27
-0.7 0.5 0.60 0.769

Takum 00pa3oM, MOJIYYEHHOE NPHOIMKEHHOE aHanuTuueckoe pemenne (11.31)
SBIISICTCS OITUOOYHBIM.
Ha puc. 11.20THOCHTEIBHBIN MIEPUOJ PACCUMTAHHBIX TPACKTOPHIA IIOCTPOCH

B 3aBUCHUMOCTH OT 25 . B takoit 06pab0oTKe 3aBUCUMOCTH IIPU — 0 craHoBsT-
P

Csl TMHCHHBIMU

Pr =1+ ABS° . (11.32)

Tornma BpamieHne nepuneHTpus OyneT

opr = 27(¢r -1) = 2mMBE° . (11.33)

Hns Mepkypust mpu a; = — 0.829u3 puc. 11.2 onpenensiem A = 0.8. Toraa co-
rnacHo (11.33) cmemenne nepuueHTpus npu S, = 1.96010" cocraur Op; =

2.7+10° 3a 1003emubIx JeT Mepkypuii genaer 415 060pOTOB, IOITOMY CMEIIIe-
HEE 32 9TOT nepuox cocraBut ofr = 0.23.

UpesBblyaifHO Manas BEIMYMHA CMELICHHS SIBISCTCS MPOOIEMaTHYHON He
TOJIBKO I HAaOJIONCHHS, HO U Ul pacdeTa. MBI IIOKa3ajid, YTO NPHOIMKEHHOE
pelIeHne ypaBHEHUS JaeT OOJbLIyI0 IorpeHocTs. s Mepkypus Obutn Takxke
YHCIICHHO HHTETPUPOBAHBI YPaBHEHUS
(4.80) u (4.82). Okazanock, 4To0 pe-  @r <
3yIbTaThl CHJIBHO 3aBHUCAT OT YCIOBHH
uHTerpupoBanus. Ilpuunna mnorpem- 1,10
HOCTEl HMHTEIPUPOBaHHS YpPaBHCHUS
tpaektopuu (4.80)3akmouaercs B oM, %
YTO Ha TPaHHWLAX WHTETPUPOBAHUA 1.05
R=R,u R=R, panuanbHas ckopocTb

/-0.5

NN
E
N

Puc. 11.2. AcuMOTOTHYECKHE 3aBUCHMOCTH
@1 npu Maisix 3,

S
~
o
]

0.3 ﬂ“

P
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oOpamtaercs B Hysb. [lomyuuts npuOIMmKeHHBIE PEIICHHS ITOTPEIIHOCTHI0 MEHb-
wreit 2.7+10° — Gosbrast mpoGema. ITo-BUANMOMY, METOJI, € ITOMOILBIO KOTOPOTO
MBI ONIPEACIIMIN NPAaBUIBHYIO BEIUYUHY CMELIECHHs Nepureins MepKypus, sBiis-
€TCsl CIMHCTBEHHO BO3MOXKHBIM B TAHHOM CIIy4ae.

Cwmeurenue nepurenus (11.4),monxyuensoe 1. ['epbepoM U mOATBEpKACHHOE
A. DUHIOTEWHOM IOC/Ie MOACTAaHOBKH & T u @, cormacho (5.14), (5.36u (5.15),
MPUHUAMAET BH

pr = 6mip; . (11.34)

Kak BuguMm, nonyuenHoe Hamu Bbipaxkenue (11.31)maet B 3 pasa MeHbLunii mo
abcomoTHO# BenmmuuHe pe3ynsTaT. [.U. CyxopykoB u ap. [64] nomy4nnu Toxe B
3 pa3a MeHblee cMelleHne nepureius Mepkypus no cpasaenuto ¢ (11.34).Yuc-
nenHoe 3uHauenue (11.34)n1s Mepkypust cocraBisier Ofr =5 107, kotopoe, X0Tst
1 B 200pa3 Goublie mony4eHHOro Hamu 3HaueHus 2.7 10°, Ho Bce e mpencTas-

JSIET JIOCTATOYHO Majylo BenuuuHy. B pabGore A. Ditniureitna [76] 3amaua aByx
TEJ CBOIUTCS K MHTErpaly

6= j dy , (11.35)
\/2A+ay— y?+ay®
B® B?
KOTOpBIA HMIEHTHYEH MoydyeHHOMY Hamu uHTerpany (11.20). ITocnenuuii Mbl
pellany, OrpaHHIMBasCh CaraeMbIMe ¢ Y. A. Difnurreiin nnrerpuposan (11.35)
TakkKe NPUOIKEHHO, HO IPYTMM METOJOM. DTHM H OOBSCHSETCS OTIMYHE pPe-
symeTara (11.34)or (11.31).1 06a OHU SBJISIOTCS HEBEPHBIMU MTPHOIMKEHHBIMHI
peLIeHUAMH TOYHOTO ypaBHeHus Tpaekropun (4.80)-(4.82).
B 3akioueHue moaBeIeM HEKOTOPBIC UTOTH.
1. JlelicTBUTENIbHAS BETUYMHA MPEIIECCHH MICPUTEIINEB IIAHET B HACTOSIIECE BPeMs
OCTaeTcsa HEONpeeIeHHOI.
2. 3aBHCHUMOCTh CHJIBI B3aUMOJICHCTBUS JABYX TEJ OT CKOPOCTH MPHUBOAMT K Ipe-
LECCHH TEePUIICHTPHA. [IpH OYCHb MAJIBIX CKOPOCTSIX CMCIICHHUE MEPUIICHTPHS 32
o6opot ompenensercs BoipakenneM (11.33),u it MepKypust OHO COCTaBIISIET
2.7+10° pammana win 0.23' B cronerne. ITOT dPQPEKT NPEACTABISET TAKYIO Ma-
JYI0 BEJIMYHMHY, YTO OHAa HHKOTIa HE CMOXET ObITh IMOATBEpPIKICHA HAOIIOICHUS-
MH.
3. Benuunna cMmemieHus mepurenus Mepkypus, onpenenenHas Y. JleBepbe Ha
OCHOBC 3aKOHA TATOTCHUs HBIOTOHA, MOAJCKUT COMHCHHUIO U IJIS €r0 HaXOXKJe-
HUS TOJKHA OBITh pPeIIcHa Mpo0IeMa MHOTHX TEJ.

11.3.B3AMMOJIEICTBUE MHOT'MX TEJI

CornacHo 3akoHy BcemupHOro Tsarorerus (11.1),Teno maccoit m, coobrmaer
Tey Maccoi My yCKopeHue
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. F _ sz Pagnyc-BekTop OT Tena ¢ MacCod My OO0 Tema My, 3aMUIIEM Ui KPATKOCTH C
W1 = E T TR Roy (11.36) IBYMSI HHICKCAMU:
21 — - - _
R = 1 Kot = %) + T Ooont = Vi )+ K 2 - ) - (11.42)

rac R21 — paaAnyC-BEKTOp OT BTOPOIro TCJia K IICPBOMY. YCKOPGHI/IC NEepBOro TCjiIa

B Takux 0003HaYEHHSAX NMPOCKLUS YCKOPEHHUS Tela My HA OCh X, HAXOLAIIETOCs
oz BozzaeicTereM octaibHbix N — 1Temn, B cootBercTBHu ¢ (11.38)npumer Bua

OTIpeIeIIIeTCS MacCOl BO3JCHUCTBYIOIIETO Tea U PACCTOSIHUEM MEXAY TeJIaMH.
Eciu ecth TpeThe TeNO, TO OHO B cooTBETCTBHU ¢ (11.1)Ccoo0UuT nepBoMy

TNy YCKOPCHHE |]<_|J<2
Wy = £ = - CMms & (12.37) = IZZ My ( Xmnl Xuk)
m = ‘ Uy = = G D — 2 1ipu Ry # 0. (11.43)
ITpu nanmunu N ten kaxaoe u3 N — 1Ten coobmiaeT oOBEKTY My yCKOPEHHUE, OII- Ilj<zl?<l
™M

penelsieMoe Maccoil BO3JIEHUCTBYIOIIErO Tella U paccTosiHueM Jo Hero. Crenosa-
TeJIbHO, IOJHOE YCKOPEHUE Tefa ml 3aMMILIeTCs TaK:

=3, =6 3 ML
i=2

HOL[ BOSHGﬁCTBHeM YCKOPCHU Wl HU3MCHACTCA CKOPOCTH 51 T€nIa My U €ro pac-

Ycnosue Ry, # 0 o3Havaer, yro cymmupoBanue npooautcs no N — 1 yacrue,
T.€. YacTHLA My HMCKIIOYAETCd N3 CYMMHPOBAHUS. AHAJIOTHYHBIC BBIPaXKSHUS

(11.38) 3aNMIIYTCS M1 IPOSKIUH YCKOPEHHS Ha OCH Y U Z.
B pesynbTaTe MHTErpUPOBaHUS YCKOpeHHS U, NOIyd4aeM HPOEKIHIO CKO-

POCTH 4aCTHUIBI Ha OCh X, a IOCJIC UHTCTPUPOBAHUS CKOPOCTU — 3aKOH JBHXKCHUS

= YJacTULBI My, IO BOSHGﬁCTBHeM MHOT'HUX T€J.
TIOJIOKCHHEC Ril 110 OTHOIONCHWIO K JAPYTUM TEJIaM. Ot10 IPUBOJAUT K U3MCHCHHUIO

1 ten. Takum 06pa3zoM, YCKOPEHHE KaKIOTO Tela M3MEHSETCS CO BpeMEHEM, H3- Unnni = Umnio + | Urnny dIt (11.44)
MEHSIIOTCS CKOPOCTH U TONOKeHUs Tenl. OnpesieJeHue 3TUX BEIMYUH COCTABISET
3a/a4y MHOIHX TeJl.

PaccMoTpuM B3aMMOJENUCTBHE CEPUUECKMX Tell (YaCTHI]) MEXIY COOOM.
Cuctema Tel SBJIAETCS M30JMPOBAHHOM, T.€. H3BHE HA HEe BO3JCHCTBMA HE OKa-
3pIBAIOTCA. YacTHIb! IIPU CBOEM JBHMIKEHUHM MOTYT CONPUKACATHCS M CIHMBATHCSL.

HpI/I CTOJIKHOBCHUM YaCTULl KUHCTUYCCKAd SHCPTUs ABUKCHUA NCPEXOAUT B TCII-

BCJIMYMHBI YCKOPCHUS Wl . AHaJIOru4YHEIC YCKOPCHUA HUCIBITHIBACT KAXKI0C U3 N — j‘
0

t
Xmnl = Xmnio v"umnl dt! (1145)
0

1€ Xmnio = Xmni (0), Umnio = Umni (0), —HauanmbHbIe 3HAUSHUST KOOPMHAT U CKOPOCTH

JIOBYIO 3HEPruio yacTuil. COMPUKOCHOBEHHE MOKET MPOMCXOINUTH ¢ KacaTelbHOM
COCTaBIISIONIEH CKOPOCTH, TIOITOMY YACTHIA TIOCTE CIUSHUS TpHOOpeTaeT cobeT-
BEHHOE Bpamienue. [lepeuncieHnbie MpooIeMbl TOJDKHEI OBITH BHISCHEHBI B pe-
3yJbTaTe pelIeHus 3aa9i MHOTHX Tel.

Bynem pemrats 3Ty 3ajauy B IeKapTOBOH CHCTEME KOOPIMHAT X, Y, Z U HOMEP
KaXJI0ro Tejia OyIeM XapaKTepU30BaTh TPEMS YUCIAMH i, |, K, I3MEHSIOMMMUCS B
npegenax

i1<i<i, j1<j<js,  ki<ks<k. (11.39)

OO111ee 9rCIo TeN ONpeesIeTCs BRIpaKEHUEM

N=(2—i1+1)(2—j1+1) ke—ky +1). (11.40)

B 5THX 0003Ha4eHHAX MACChl YacTHL OyXyT My, a KOOPAMHATHI U IIPOEKLUH Ha
HHUX CKOPOCTEH M YCKOPEHUM 3aMUIIyTCs TaK:

Xiikc» Yik » Zijk » Uijic » Dijic » Wik » Yijc » D » Whje - (11.41)
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4acTul B MOMEHT BpeMeHu t = 0. JIyist npoeKLuid CKOPOCTH Ul Winn) 1 KOOPIHHAT
Ymnb Zmni VTS OCEH Y U Z BBIpaXKeHus OyIyT aHanorudHel cootHomenusm (11.44),
(11.45).Ypasuenus (11.43) — (11.45)3amucanHbie s TPeX MPOEKLHM, MOTHO-
CTBIO ONPEICISIIOT ABMKeHUe Kaxaoro u3 N ten. B aTy cucteMy ypaBHEHHH BXO-
JST ABE TPyNObl MHTErpanbHbIX ypaBHeHui (11.44), (11.45)kotopslie B Opyroi
3anucHu OyAyT NByMs rpynmnamMu nuddepeHInanbHeIX ypaBHeHHd. OOmee Kom-
yectBO 3THX ypaBHeHHE Ny, = 3N 2 = @N. st perrenust N, ypaBHEHUH JOIKHBI
OBITh M3BecTHEI 6N HaYaJ bHBIX YCIOBHM, T. €. HAYAJIbHBIC ITOJIOKEHUS U CKOPOCTH
Bcex N Ten B mpoekiusx Ha 3 ocd koopaunat. Cornacho (11.42),B Ry, BXoasT
KOMIIOHEHTHI BCEX NPOEKLHH, MOITOMY YpaBHEHHS IO KOOPAMHATAM 3aBHCHUMBI
JPYT OT APYra U He MOT'YT ObITh MPOUHTETPHUPOBAHBI 110 OTACIBHOCTH.

Jnisi KOHTPOJISL MPaBHJIBHOCTH PEUICHHs 3aJadd HEOOXOAUMO CIEIUTh 3a
COXpaHECHHEM HHTETPaJbHBIX BEIUYUH. BO BpeMs JBIKEHHS JOJKHA COXPAHATH-
s Macca BCeX Tel

N
> my, =const, (11.46)
ijk

rJIe CyMMHpOBaHKeE BeleTcs 1mo uuaekcaM ijK mus N gacTwi.
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Tak KaKk MPOEKIKs KOJIUYECTBA JBIIKEHUS MACCHI My HA 0Ch X paBHA Prp = My
Umnpy TO X — IPOEKIIUS KOJMYECTBA IBHKEHUS BCeW cHcTeMBI e ¢ ydetoM (11.44)
Oyner

N N t N N-1 . - X
Px = zmmnl Upni = menl Umnio - GJZZ ™ mi]k (anl Xllk )dt'

3
mnl mnl o mnl ijk I'-\:‘im

Ioa MHTErpasoM IPOU3BOIUTCS JBOMHOE CYMMUPOBAHHUE, IPH KOTOPOM Pa3HOCTH
KOHEYHBIX KOOPIHHAT OJHHUX M TE€X XK€ MacC MOBTOPSIOTCS JBAXIbI, HO C Pa3HBIMHU
snakamu. Hanpumep, ipu N=2;m=i=n=j= 1;l =k = 1, 2umeem

2 1
szmnl M (Xnnl = Xij) = Mygq Migo(Xagq = Xq12) + Mygp Mygg (X0 - Xq19) = 0.
mnl ijk

(12.47)
Io3TOMy TTOJBIHTErPAILHOE BBIPAKEHNUE PABHO HYIIIO, U KOJIUYECTBO JBHIKEHUS
BCEX TeJl

N
P = menl Unnio = Pxo =const, (11.48)

mnl

T.C. COXpAHACTCA BO BPEMA ABUKCHUS.
3anwuiem X-IPOCKL X0 MOMEHTA KOJIMYECTBA ABHKCHMUS TCIIA:

Mumnix = Prmnix Ymnt = Pmniz Zmni (11.49)

Toraa ms Beeit cuctemsr ¢ yaetom (11.43), (11.44)ionyqaem

N R M My (yijk Zmnt ~ Zijk ymnl)dt
22 3 :
mnl ij Rm

N t
M, = Z Mpmni (WmnIO Ymnl = Pmnio Zmnl ) - GI
mnl 0
Herpynno ybenurbes, 9To ABOHHOE CYMMHUPOBAHKE IT0]T MHTETPAIOM aHAJIOTHIHO
(11.47).3nauunT, X-IPOEKIIUS MOMEHTA KOJIMYECTBA JIBUKEHHS CUCTEMBI TEJ

N
Mx = menl (WmnIO Ymnl = Pmnio Zmnl) = MxO = const,
mnl

T.C. TAKXKE COXpaHSIETCs BO BpeMs ABmkeHUsA. ClieyeT OTMETHTh, YTO TPHU CIIHSI-
HUU YacTHUI] UX KOJMYECTBO YMEHBIIAETCS, MOMEHT KOJIMYECTB IBIDKCHHUS TeEI
CHCTEMBI OyIeT U3MEHATHCS M 4acTh €r0 OyIeT MePEeXOquTh B MOMEHT KOJINIECTBA
JBIDKEHUS] COOCTBEHHOTO BpalieHus Tell. [lomydeHHbIe pe3ynbTaThl CIpaBeiTUBEI
JUTSL COCTaBIISIOMINX KOJMMYECTBA ABIDKCHIS 1 MOMEHTA KOJIMUYECTBA JBIKCHUS Ha
OCHYH Z

N
M, = D (Pu Zun = P Xom) = CONSE (11.50)

mnl
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N
MZ = z (Pmnly anl - Pmn|x ymm) = COﬂSt.

mnl

Paznenu umimynsc (11.48)crcteMsl TeXr Ha Maccy M, MOJYYHM CKOPOCTD €€ JIBU-
JKCHHUS BIOJb OCH X:
u =Py /m= const. (11.51)

Kak Bumum, cuctema Tei OyaeT ABUTAThCS C HEM3MEHHOM CKOPOCThIO, HECMOTPS
Ha MPOUCXOISIINE BHYTPU Hee B3aumojeicTBusi. CKOPOCTh JABUXKEHHS U CBSI3bI-
BAIOT C IIEHTPOM MacC CHUCTEMbI, X-KOOPJHHATA KOTOPOTO ONPEAENSAETCS] BhIpaKe-
HUEM

N
X = D My X/ (11.52)

mnl

BaxHoil XxapakTepHCTHUKON B3aMMOJCHCTBYIOIINX TEJ SBJISIETCS KHUHETHUYe-
CKasi SHEpTHs

N
Ec = 05 Z mmnI (ur2r1nl + Drznnl + Wr2r1nl)' (11-53)

mnl

Ipu B3ammomeiicTBUM ABYX Ten Tpaekropus (5.3) MOXeT OBITH 3IUTHIICOM,
napabosioit win runep6onoit. [pu smmuntudeckoit opoure (ay < — 0.5)3Heprus
(11.53)6yner U3MEHATHCS OT MUHMMAJILHOM B AlOLEHTPUH 10 MaKCUMaJbHOU B
nepunientpun. [lpu runep6onamdeckoii opbure (a; > — 0.5)sneprus cOnmmxaro-
LIMXCsl TeN OyIeT YBeIMYMBATHCS, JOCTUTHET MaKCMMyMa B MEPHULEHTPUH, a 3a-
TeM OyAeT YMEHBIIATHCA M CTPEMUTHCS K MOCTOSIHHOMY 3HAYCHHIO Ha OECKOHEY-
HocTh. Takoe moBeAeHHE KUHETHYCCKOH dHEpruu OymeT HabMrogaThCs U MPH
B3aMMOJCHCTBIM MHOTHX TEJI: IIPU HX pasjieTe OHa OyAeT YMEHBLIATHCS, PH CTsI-
TMBaHUK Tel B OJHY TOYKY — YBEJIMYHMBATHCS, & MIPH CTAOUIBHOM CYIIECTBOBAHUH
CHCTEMBI Tell KHHETHYECKasi SHEPrHs JOJDKHA KOJebaThCsi B OCTOSHHBIX Mpere-
nax. CreoBaTenbHO XapakTep noseaeHus: E, Bo BpeMeHH OyaeT CBHACTENBCTBO-

BaTh 00 YCTOHYMBOCTH CHCTEMBI, a HEOOBSICHHMOE W3MEHEHHE KWHETHYECKON
SHEPrUU MOXKET CBUAETEIbCTBOBATH O MOTPEUIHOCTAX PEIICHUS 3aJaUH.

Ecmu Rpn 1 Ry — panuycsl B3aMMOIeHCTBYIOMIMX YacTHL, TO MPH cOJMxKe-
Huu ux Ha paccrosaue d < (Rpn + Rjk) Takue yacTuusl OyaeM CUHTATh CIIHBIIH-
MHUCSL B OJIHY. [IOCKOJIbKY TPHU CTOJKHOBCHHUU YACTHIBI UMEIOT OTHOCHTEIIBHBIC
CKOPOCTH COJIMDKCHUSI, KUHETUYECKash SHEPrHs YACTHI[ MEPEHICT B TEIIOBYIO
SHEPruio ciuBIIeiics yactubl. Paccuntaem ee. byaem paccMmarpuBath JBUKEHHE
YaCTHIBI M, OTHOCUTENBHO YaCTULBI My, [IpOeKIUK €€ OTHOCHTENBHOIO 110JI0-
JKeHUs 1 CKopocTH (cM. puc. 11.3)Ha OCh X 3aMUIIYTCS TaK:

X = X = Xmnh 1(34)
Ur = Uijk — Umnl. 1(85)
%k} PaBC€HCTBA CTATUYCCKUX MOMEHTOB OTHOCUTCIIBHO TOUKH CX
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Puc. 11.3. OTHOCUTENIBHBIE CKOPOCTH IIPH z
CIIMSTHUH JIBYX YaCTHII.

M Xe = (6 —X)My.  (11.56)

Myni
onpeenseTcs X-KOOpAUHATa LEHTPa mul 7 m M
IBYX Macc 0
My X
x, =k (11.57) s,/ y
M + My y xC/(, Y]
. 4 /C,
Toraa HOBast X-KOOPAMHATA CIIUBILEHCS 7 :
ifk
Y4acTUIBl OyaeT /
X
. Mik X 11.58
Xmnix = Xmnl + ' ( . )
Mppn + M

a ee Mmacca My = Myy + My . Ecim Macca Myy < My, TO 9acTuile Npucsan-

o U
BAeTCSl HOMEP OOJNBIICH YACTHIIBI My, T.¢. e Macca 0bosHagaeTcst My, .

Tak kaxk X-KOMITOHEHTa UMIlyJjibca CIIMBIIECHCS JacCTUIlIbl paBHAa CyMME€ KOJIU-
YCCTB ABHXKCHUS COCTABJIAIOIUX YAaCTHI]
! —
F’mnlx - PmnIx + Pijkx* (11-59)

TO IIOCJIC NMMOACTAHOBKH UX 3HAYCHUI OIIPEACTIACTCS BhIPAXKCHUE JIs1 €€ CKOPOCTH!

L My
Umnix = My + Injk I My + mijk uijk ' (11-60)
OTHOCHTENBHBL PafHyC YaCTHLIBI M
R=ix +]y, +kz (11.61)
1 €€ OTHOCHTEIbHAs CKOpoCTh (cM. puc. 11.3)
b=iu o + kw, (11.62)

HaIpaBJICHBL APYT K APYrYy IIOJ YoM &, KOTOpLIﬁ MOKHO BbIpasuTb U3 OIpeac-

JIeHHsI CKASPHOTO NPOM3BecHNs Rp = Rocos@, ) B crenyromem Buze:

XU +Yy.0 +2ZW

COS@,r ) - r=r I'RDI' reor

Torna panuanbHas CKOPOCTh YACTUIIBI My OTHOCHTEIBHO YAaCTHLBI My, C KOTO-
PO IPOUCXOIUT COMKEHHE, OYAeT:

Xful’ + nyI’ + ZTWT

R

[Ipu CTOIKHOBEHUM YACTHUIl UX KHMHCTHYCCKHE SHEPTHU MPEBPATATCS B TEII-

JIOBYIO HEPTHIO B COOTBETCTBUH C PaJHaJbHBIMH CKOPOCTSMH YacTHI] OTHOCH-

TEJNEHO LEHTpa Macc. Tak Kak OTHOCHUTEIFHO IICHTPa MACC PaIHAIbHBIC UMITYJIBCHI

YaCTHUI[ PaBHBI, TO UX PalHAIBLHBIC CKOPOCTH OYIyT

(11.63)

Vg =vCOS@, )= (11.64)
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m; m
_ ijk . _ mnl
DRmnl TVUR —————— Uik =UR ——— . (11.65)
Mppn + M My + M

Kunernueckas sHeprus OBYX CIMBIIHMXCS YaCTHIl IEPEHIECT B IPUPAIICHUC TeTl-
JIOBOW PHEPTrUU HOBOM yacTHIIbl. TOTJa ee TemoBasi SHEPrusl ¢ y4eTOM TEIIOBOU

SHEPrUM COoCTaBisoIMX yacTu Ep, n By sanmmercs:

M My ﬁ
Myt + My 2 ,
(11.66)

T/ie OTHOCUTEIIbHAS CKOPOCTh CONMKEHNUS DR JOJDKHA OBITH OMpezeNieHa Ipu pac-
CTOSTHUH MEXTy YaCTHUI[AMHU, PABHOM CyMME HX PaIlyCOB!

R=d = Ryn + Rix. (11)6

COmmKarIuecs: YacTUIlbl, Kak BUIHO U3 puc. 11.3,KxpomMe paanaibHOM CO-
CTaBISIONICH CKOPOCTH HMEIOT TpaHCBEpPCAIbHYIO, KOTOpas MpH OOpa30BaHHUU
CJIMBIICHCS YacTUIBI OYJEeT MPUBOJMUTH K €€ BpalleHUI0. PaccuutaeM cCOOCTBEH-
HbIC MOMEHTBI MMITYJIbCA, T.C. CIIMHBI S BHOBb O0Opa3yIOIIUXCS 4acTHIl. PaccMoOT-
PUM TMPOEKIMU CKOPOCTEH M MOJOKEHHs YaCTHIbI HA IUIOCKOCTH YZ (CM. pHC.
11.4).OmnpenenumM MOMEHTBI KOJMUYECTB JBMXKSHUS YACTUI] OTHOCHTEIBHO IIEHTpA
macc C-

2 2
Mrni®Rmnl + Mk VRijk
2 2

Emni = Eijx +Eqn + =Ej +Eqpn t

AShax = My (Wi MN -0 GF) + myy (W ND + v FE), (11.68)
e paccTosHus 10 Hentpa Macce C onpeaenstorcs aHagornuno (11.57):
m- :
MN = - My np = Ty ge s M, pe o T, (g 6g)
Ml Ml My ik

31ech Y, ¥ Z, onpeaensitorest ananorndHo (11.54).
ITocne moacranoBku paccrosiruii (11.69)B (11.68) momydaeM X-IMPOSKIIMIO
MPUPALICHHS CITHHA CIIUBLICHCS YACTHIIBI

ASmnlx = Me (Wr Yr -0 % ) (11.70)
rae
My My
mnl k
me = ——— % . (11.71)
Mani + My
M,.- mpuBeAcHHas (penylupOBaHHAs) Macca
e D) IpuU B3aUMOJEHCTBUH JBYX YACTHILL.
£ AHaNOTMYHO 3alMIIyTCs MPOEKUUU MpH-
A pareHus CrMHA CIIMBIIEHCS YaCTHIBI HA OCH Y U
Z. A c y4eToM CIIMHOB MCXOJHBIX YaCTHUL CIIMH
0 Puc. 11.4. Obpa3zoBanne NpOEKIUH CIIMHA HAa OCh X

IpUu CJIUAHUU YaCTULL.



CIIMBILEHCS YaCTULIBI HA 3TH OCH OYJIET:
S""my = Sﬁjky + SmnIy T My (U, Z, - W X, ), (11.72)
Stz = Sikz * Smniz ¥ Me O % - U Y ). (11.73)

B Beipaxenusx (11.70), (11.72), (11.73)rHocuTeNbHBIE CKOPOCTH 0y U W, HAXO-
nsres ananorudHo (11.55).0OTHoCHTENbHBIC PACCTOSHUS U CKOPOCTH IPH OTpesie-
JICHUU TIPUPALICHUS CIUHOB JOJDKHBI OBITh PACCUMTAHBI B MOMEHT KaCaHHUs 4ac-
til. OJHAKO, IOCKOJBKY B3aMMOJACHCTBUE BYX CIIMBAIOLIMXCS YACTHI[ B MOMEHT
CIIMSHMA HaMHOTO IIPEBOCXOIMT BO3JCHCTBHE OCTAIBHBIX, BEJIMYMHA MOMEHTA
KOJIMYECTBA JBIDKCHUS OyIeT COXpaHAThCsS Ha HEOOJBLIMX PACCTOSHHAX Iepen
ciusgHueM. [1oaToMy npHpaleHde CliHa MOXKHO ONPENeNATh U B TOYKE ONHM3KOH
K TOYKE CIIUSHUAL.

CyMMHpOBaHHE CIIMHOB 10 BCEM YacTHLAM IPECTaBIsleT CyMMapHBIH MO-
MEHT KOJIMYeCTBAa JBIKEHHS CHCTEMBI, 3aKIIOYEHHBIH B COOCTBCHHOM BpAaIllCHUH
Te:

Sx = Zsmnlx’ Sy = Zsmnlyi sz = ZsmnIZ' (11-74)
N N N

CnuHBI CHCTEMBI S, Sy, S, u MOMeHTH nMIyI6coB My, My, M, cocrapus-

0T CyMMapHLIﬁ MOMCHT KOJIHUYECTBA ABUKCHHUA CHUCTEMBI BSaHMOHGﬁCTBy}OIIIHX
TCJI, KOMIIOHCHTBI KOTOPOI'O
Mec= My + S, My=M,+S,  Mg=M,+S,  (11.75)

COXpPAHAIOTCA B MPOILECCE CYIIECTBOBAHUS M30JMPOBAHHOM CHCTEMBI B3aUMOJEH-
CTBYIOILMX TEJI IIPH BCEBO3MOJKHBIX JIBIDKCHHAX U B3aNMOIPEBPAIICHHSAX.

Hapsiny ¢ xunetnueckoit sHepruei E; cuctembl He00X0AMMO paccMaTpUBaTh
TEIUIOBYIO YHEPTHUIO

Ec = Y Em (11.76)
N

Ecmm 3amaua pemaercss 06e3 ydera Teruionepenad, TO TEIUIOBas 3HEPrus Oyner
pacTu B pa3BUBAIOIICHCS CHCTEME Tell, a B CTAIMOHAPHOM OCTaBAThCSA HEM3MEH-
HOW. OCOOEHHO CHIIBHOE yBEIMYECHHUE TEIJIOBOW 3HEPIUU OylIeT NPOUCXOIUTH IPH
AKKPCIIMU BEILCCTBA.

[IpobnemMa MHOTHX TeN TPEACTABISICT HAMOOJIBIIUN HHTEPEC NPU M3YYCHHUU
MOBEZCHMs OOJIBIINX MAacCHBOB BelllecTBa BO Bcenennoil. Pemenne stux 3amadq
MTO3BOJIUT TIOHATh MEXaHWU3M OOpa30BaHMS IUIAHET, 3BE3[, IUIAHCTHBIX CHUCTEM,
3BE3HBIX CKOIUICHUH, TaTaKTHK U JPYTUX OOBEKTOB, KOTOPHIC HAOIIOMAIOTCS H
MOTYT HaOmromaThest B KocMoce. IlepBoHagaIbHO 3TH MacCHBBI BEIIECTBA MOYKHO
paccMaTpuBaTh KaK CTaTHYECKH OJHOPOIHBIC, C HAYaIbHOW CpeaHEN TNTOTHOCTHIO

m

-m 11
Po abe (I7)
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rae a, b, ¢ — pasMepsl 06aacTH BIOJIB OCH X, Y, Z, cOOTBETCTBEHHO. Dopma obJac-
TH MOXKET OBbITh U HE HapajuleNIeNuIIeIoM, TOrIa pa3Mepsl a, b, ¢ Gyayr pasmepa-
MU TapajijieieInIeaa, OXBaThIBAIOIIEro 00macTh. KoopauHaTHBIC OCH HAIPaBJIs-
eM Tak, utobbl a > b > ¢. [lepeiinem k Ge3pa3MepHBIM EPEMEHHBIM:

X=xa, y=yla Z=za M= m/m. (11.77,a)

Iocne noacraHoBku ux B (11.43),moyyaeM BbIpakeHUS Uil YCKOPCHHS B MPH-
BEJICHHOM BUJIE

i~ r—ﬁijk (imnl - —)‘(-ijk)

Ui = = D, — =g (11.78)
N-1 Rim

rae R, # 0. Ilpusrom ompeznensercs npeodpa3oBaHue A BpEMEHH, a TakoKe

JJIA IPOM3BOAHBIX OT KOOPJAMHATHI IO BDEMEHU B CJIICAYIOIIEM BUJIC!

~ /Gm ~— - [a ~ . al
t =t |— =t/Gp,bC; u=u,l—; u=u—, 11.79
22 Lo Gm Gm ( )

b =bl/a, c =cla. (11.80)
Kaxk Buaum, npusenennoe yckopenue (11.78)ormuuaercs ot (11.43)orcyrcTBreM
G. [oatomy Bce mocneayrooue ypaBHenus, HaunHas ¢ (11.44),M0kHO paccMar-
pHBaTh B MIPUBEACHHOM Buje, 3aMeHstss G = 1 u abcomoTHBIC mapaMeTpsl Ha 0e3-
pa3MepHbIe, OTMEUYEHHBIE CBEPXY ~.
Maccus BeriectBa B 00beMe V = abC MOKHO pa30OHTh Ha DIEMEHTApHBIE

31€Ch

obbemst Vi = VIN , B IeHTpe KOTOPBIX IOMECTHM TENIA C MacCaMu

my =m/N. (@81)
Yto0BI TIpH pa3HBIX GopMax 00JacTei CTOPOHBI JIEMEHTAPHBIX 00HEMOB OBLIH
OJM3KH 0 BEJIMYMHE, MOCTYIUM CleAyronmM oodpazoM. KonuuecTBo miaros, T.e.
TPOMEKYTKOB MEXITYy TEJIaMH BIOJb OCei X, Y, Z, 0603HaunM Ms, Ns, Ks cooTBet-

crBenHo. Torga paccrosHue MeXIy TejlaMH BIoJb ocH X Oyzaer AX = a/Msg, a ko-

JIUYECTBO IIaroB BIIOJIb OCEH Y M Z 6epeM Kak LENyIo 9acTh Ipo0eit:
Ns = Int(b/ A X), Ks = Int(c/ A X). (11.82)

Ecn iy, j1, Ky — HOMepa mepBbIX Y3II0B 10 OCSM X, Y, Z COOTBETCTBEHHO, TO HOMEpa
NOCJICAHUX 3alTUITYTCA
iz:M5+ 1; j2=N5+ 1, kz:K5+ 1, (1183)

a obnree yucio y3ioB N onpenenurcs coornomrennem (11.40).

Maccsl Ten My momemaeM B y3isl. Ecim cpefune, mo X IHaMeTpy, IIOT-
HOCTH Tel P, TO, PaCCMAaTPUBas Tela Kak cepbl, paguychl HX MOXKEM ONpee-
JIUTh KaK

Ri = (3”\jk 147Dy P (11.84)
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HJ‘IOTHOCTI/I He6€CHLIX TCII ,ij HU3MCHAIOTCA B IIHUPOKUX IMPpEeaACaax. LIT06I,I HUX BbI-
YUCJIATH, HEOOXOJAUMO 3a/1aBaTh OIPEACICHHBIC 3aBUCUMOCTH PAJNyCOB TE€a OT
HUX JOPYTHX CBOHCTB, HAIIPUMEP MAcChl U TeMIlepaTypbl. Paguyc Ten HeoOxXomum
JUISL pacueTa paccTossHus d MeKIy TeaMu BO BpeMs UX ciusHus. Ha mepsom sta-
€ MOXXHO IJIsA BCEX YaCTHI 3a1aThb OJWHAKOBYIO IUIOTHOCTH, PaAaBHYIO HAIIpUMED,
cpelHel IIOTHOCTH 3eMJIH:

Dik = P = 5410 kr/v>. (11.85)

3anuiieM B OPUBEACHHOM BHJAE PACCTOSHHUE MEXKIY TEIAMH BO BPEMsl COMPUKOC-
HOBeHusI ¢ yueToM moTHocTed (11.77)u (11.85),koraa Maccel 4acTull ompese-
asrotest (11.81)

~ 1/3 1/3

Rmnt , Rik _( 30Cpy | [ 30Em
a a ATND ATNp;

(11.86)

Ilpy 01MHAaKOBOM IJIOTHOCTH YacTHL O, NPUBEJEHHOE PACCTOSHHUE MEXY 4acTH-
[IaMH 3aBUCHUT OT COOTHOIICHHUS IIOTHOCTEH CICIYIONUM 00pa3oM:
1/3

§=g 2P

4iNp

Otcrona ciiexyer BakKHbIM BeIBOI. Bee ypasHenus, HaunHas ¢ (11.78),a 3aTeMm ¢
ypasuenus (11.44)no (11.53),3anucannsie B npuBenendom Buae (G = 1 u nepe-
MEHHBIE C ~ ), IPU OTCYTCTBUH CTOJIKHOBEHUII HE 3aBHCAT OT pa3mepa o0yiacTu.
CrnenoBatenbHO, pelICHUE MPOOJIEeMBI MHOTHX TEJI JJisi 00pa3oBaHUs IIAHETHOM
CUCTEMBI MOXET OBITh PACIPOCTPAHCHO HA OOpa30BaHUE 3BE3JHOW CHCTEMBI,
3BE3/IHBIX CKOIUICHUH, TaTakTHK | T.A. OJHAKO TPU HAJUYUU CIUSHUS TEJ MPUBE-
JCHHBIA pa3Mep CIUSHHS 3aBUCHT OT OTHOCHTENBHOH INIOTHOCTH /Gy Eciu g,
U OOBIYHBIX HEOECHBIX TEJ M3MEHSETCS He CHIBHO, TO Oy C YBEIHMUEHHEM pas-
Mepa 00aCTH YMEHBIIACTCS 3HAYUTEIBHO. DTO OyIEeT MPUBOJUTH K YMCHBIICHUIO

(11.87)

d c yBemmueHmeM pasmepa OOJNACTH, MMOITOMY HHTETPUPOBAHHE HEOOXOIMMO
MIPOBOAUTD JI0 MEHBILIMX Pa3MepoB. ByayT yBenMYMBaTHCS TEIIOBBIE YHEPIHU TEJ
TIPU PACCMOTPEHUH MPOOIEMBI MHOTHX TeJ s OonbImx obnacteit. Takum obpa-
30M, 3aj1a4a CTAHOBHUTCSI HE aBTOMOICJIHHOM.

HecMoTpst Ha KaXyIIyIOCsl TMPOCTOTY NPOOJIEMbI MHOTHX TSATOTEHOIIUX TE:
npocToe ypaBHenue ms cuibl (11.1)mitoc ypaBHenue apmxenus (2.4),B nurepa-
type [49] cymecTByeT 6ObIIOE KOIMYESCTBO Pa3HOOOPA3HBIX MOCTAHOBOK €€ pe-
mieHust. Mbl IPUCTYIHIN K 3TOM 3a/1a4e C HEeNbIO MTOATBEPANUTh BBIIBHHYTHIE HAMHU
MeXaHU3Mbl (POPMHUPOBAHUS IUPKYJSILUI pu 00pa30BaHUHM BUXpEH B HCKYCCT-
BeHHBIX [58] M ecTecTBeHHBIX [62] yCIOBHAX NMPUMEHHUTENBHO K OOpa3OBaHHIO
KOCMHUYECKHX CHCTeM. B mpoiiecce paboThl Mbl CTOJNIKHYJIHCH C MpolieMaMu mo-
IPEIIHOCTH PEIIeHHH, KOTOphIe BBIHYKIAIN UCKaTh APYrHe MOCTAHOBKHU 3aJayuu.
WznoxeHnas BbIIE sBIsIETCS mocienHei. Ham mpencraBmseTcss ona HanOoiee
yIauyHOM. JTa MOCTAHOBKA MO3BOJISET CIEANUTH 33 MapaMeTpamu U Cyab00H Kax-
JIOTO U3 Tel. B TO ke BpeMsi OHa OXBATBHIBACT B LICJIOM BCIO CHCTEMY H MO3BOJIACT,
MOHUMATh, KaK OHA Pa3BHBAETCS, OT YETO 3aBHCAT €€ CBONCTBA, U KaK OHU OyIyT
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MeHAThCA. JlaHHasi IOCTaHOBKA JaeT BO3MOXKHOCTh PacCMaTpPHBATh TAK)KE B3au-
MOJCHCTBHE MEXIY CHCTEMaMH M BIHWSHHEC BHEUIHMX CHCTEM Ha BHYTPCHHHE
CBOWCTBA CHCTEMBI.

[TpuBeneHHas MocTaHOBKA ITO3BOJISIET IPOCTO 33/1aBaTh UCXOJHOE COCTOSHHE
CHCTEMBI, HalpuMep IMEpPBOHAYaJIbHOE €€ BpalleHHe, Mpeolnafaroiyo Maccy,
CTEINEeHb AMCKPETHOCTU CHCTEeMBI. 3anaHueM uucia N e B cucreme oJlHa U Ta ke
Iporpamma MOXeT OBbITh IPHCIIOCOOJICHa K pasHbIM IO MoinHocTssM DOBM. Ba-
puamyeid yucaa tex N B cuCcTeMe MOKHO MPOBEPHUTh 3aBUCHMOCTH PEIICHHS OT
CTEICHH €€ IMCKPETHOCTH U T.JI.

ITo paccMoTpeHHO# mocTaHoBKe Oblta paspaborana nporpamma Galacticana
s3pike Turbo BasicC ee moMomp0 MOKHO paccMaTpuBaTh 3aa4k JF000ro Yucia

Tel, HanpuMep npu Ms= 1; b = 0,5;C = 0,256y1eT pemarbcs 3aqa4a ABYX Tell.
Hwxe naHel mpuMepsl pelIcHUs 3TOM MPOrpaMMoOi 3ajad ABYX, TPEX U YEThIPEX
Tell.

11.4. TOYHOE PEIIEHUE
OCECUMMETPHYHOMU IVIOCKOU 3AJTAYH n —TEJI

PaccMOTprM B3aMMOACHCTBHE N TEN, PABHOMEPHO PACIIOJIOKCHHBIX MO OK-
PYXHOCTH paguycoM fq (puc. 11.5)c yrioBeiM uHTEpBanoM ¢ = 27iN. Teno My
OyzneT cooOmiaTh Tey My YCKOpEeHHe, MPOEKIUs KOTOPOTO Ha OCh X paBHA

Gm,

Wy =— coxr . (11.88)
21x ABZ

Tpeyronsuuk OBA — paBHOGEIPEHHBIH, TOYTOMY 24 + @y = TT, OTKY/1a II0JIy4aeM:

a'=(7r-¢1)/2=(77-2n‘n)/2=g Ny (11.89)

U3 atoro TpeyrombHHKa ompenensiercs paccrosuue AB = 2 ro sin(0,5). Toraa
yckopenue (11.88)3amumercs Tax:

Gm,
Wy, =M (11.90)
2T asin(ml n)

4n
VYI10BO€E PacCTOSIHUE MEXKIY YaCTULEH Mg U My paBHO @b = 2¢ = — u oHa Oy-
n

JCT COO6IIIaTL 4acTULE My YCKOPEHUE BAOJIb OCH X

y Grn:.3
- Wy = - ——T8 (11.91)
7 agsin(2n/ n)

Yacrurma my Oyaet coodmarh 9acTuie My yCKopeHue

x Puc. 11.5. B3aumoelicTBHE OCECHMMETPHYHO PacCIOo-
JKCHHBIX TEll.
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Wy = — f—m“ . (11.92)
4rg S|n(3n/ n)

ITpu geTHOM ymcite yacTui N = 2K, Tae Ko — Lesioe 4nciio, Ha MPOTUBOIIO-
JIO’KHOM My KOHIIe [uameTpa OyIeT HaXOOUThCs 9acThIla ¢ HomepoM Ke + 1,a oc-
TajbHBIE YacTULBI ¢ HoMepamHu (Ke + 2) + N OyayT pacrooKeHbl 0 HUKHEN Mo~
JYOKPYXHOCTH, CHMMETPUYHO YacTuram i = 2+ Ko,

JIst Kak1oM M3 4acTHIl Ha BEpXHEH MOJIyOKPYKHOCTH COMHOXKHUTENb C CHHY-
COM MOJHO 3amucath B Buae 1/Sin[{ — 1)7#n], koTopblii 1151 4acTHIBI ¢ HOMEPOM
(ke + 1) 6ymer paBen 1. ITostomy B coorBerctBum ¢ (11.90)-(11.92)cymmapHoe
YCKOpEHHe, coobIaeMoe JacTuile My ocTaabHBIMK N — lyacTuiaMu mpu paBeHCT-
BE UX Macc My = My = M =... M, 3aIUIIETCS B BUIC

ke
W, =- Gn;l 1 +Z; . (11.93)
4rs ~ sin[(i - D77n]
Ipu HedetHOM ymcie gacTuil N = 2Ky +1 Ha MPOTHUBOTIONOKHOM MYy KOHIIE IHa-
MeTpa He Oyner yacTuisl u nepsoe ciaraemoe B (11.93)6yxer orcyrcTtBoBaTh. B
9TOM CITy4ae CyMMapHOE YCKOPEHHUE TIEPBOM YaCTHIIBI B TIPOCKIIMK HA OCh X OymeT
CIIEYIOLIM:

k0 +1
M = 2r0 lzé sin[(i - 1)77‘n] ' (11.94)
B cuiy oceBoii CHMMETpHH YCKOPEHHE YaCTHIBI My HA OCh Y PaBHO HYIIIO,
[O3TOMY YCKOPEHHUEM Wiy ONPEIENAETCSA BO3AEHCTBUE BCEX YACTHIL HOJHOCTBIO.
U3 puc. 11.5u sepaxennii (11.93)u (11.94) BuaHO, 4TO KaXkI0UW W3 N YaCTHI]
OCTaJIbHbIE COOOLIAIOT YCKOPEHUE, KOTOPOE HAINPABJIEHO K UX LIEHTPY MAacC M KO-
TOpO€E 0OPATHO MPOMOPIMOHAIBHO KBAPATy PACCTOSHUS YaCTUIILI 0 HETO, T.€.

Gy,
W =-—0 f(n), (11.95)
fo
TAC IPpU YETHOM YHUCJIC YaCTHUIL
ke
f(n) =025 +1| (11.96)
— sm[(l 1)77‘n]
a IIpU HCYCTHOM
ko +1 1
f(n) =05) ———— . (11.97)

= sin[(i - Drn]
Vcekopenne (11.95) i 9acTHIBI My MOKHO TAaKKE 3alMCaTh B BHIE CHIIBI BO3-
JNEWCTBUS Ha HEE

- _ GNYr,
F =~ fn). (11.98)
fo
Comuosxurens f(N) 3aBUCUT OT B3aMMHOTO pachoyioXkeHus Teil. Eciu oHo B
Ipoliecce ABMKEHHS He OyIeT u3MeHsaThed, T.€. f(N) = const;ro yckopenue (11.95)

221

i cuia (11.98)6yayT omIM9aThCs OT CHIbl BCeMUpPHOro Tarotenus (11.1)Tob-
KO TIOCTOSTHHBIM Ko3(duimeHToM. CleIoBaTeNbHO, NBIKEHUE KAXKIOTO U3 N Tel
OyIeT NPOUCXOAWTH IMOJ JedcTBHEM wLeHTpajbHoM cuiabl (11.98) aHamoruuxo
JBHKCHHIO OJHOTO TeNa, HAXOASAIIETOCs MO/ BO3ACHCTBIEM Apyroro. Tpaekropuu
uX OyIyT KOHHYECKUMH CCYCHUSIMHE, B (OKYCe KOTOPBIX HAXOAUTCS LICHTP Macc.

B cBs3u ¢ ogunakoBeiM BumoMm cil (11.98)u (11.1) atu B3ammopeitcTBus
MOXHO O0BEIUHUTH, T.¢. B LeHTp Macc (1. O Ha puc. 11.5) nononHUTEIBHO TO-
MecTuTh N + 1 Teno ¢ Maccoi My, KOTOPOE Ha Kaxa0e U3 N Tei OyaeT BO3AeiHCTBO-
Bath cuiioi (11.1)unu coobmaTe yeKopeHue

Wy = -GLJO . (11.99)
To
Toraa cymmapHOe yCKOpEHHE KaXI0ro u3 N Ten OyAeT paBHO CyMME YCKOPCHHH
(11.95)u (11.99):
W = d’r, _ Gi,
dt? re
Kax MblI mokaszanu B 7. 5, IpH KYJTOHOBCKOM B3aUMOACHCTBHH, CIIPABEIITH-
BOM U JIS JAHHOTO CIy4as, TPAeKTOpHs omuchiBaeTcs BeipaxeHueM (5.3),a Bpe-
M aBikenus mo Heit — (5.22), (5.25), (5.27) (5.30).I1apamerpsl ABUKEHHUS OI-
PEACILIIOTCS. TAPAaMETPOM TPACKTOPHH (fy, KOTOPBIN 3aBHCHT OT [apamMeTpa B3au-
MOJCHCTBHS L, BXOASAIIETO B ypaBHEHUE OTHOCUTEeNbHOrO aprkenus (4.63).Co-
noctaBisist ypaBHeHus (4.63)u (11.100),mony4aeM BeIpakeHHE AJsS MapameTpa
B3aMMOJCICTBHS B 3a/1a4ye OCECUMMETPUYHO PACIIONI0KEHHBIX N Te BOKPYT LICH-
TPAJIbHOTO Tela My B CIICAYIOIIEM BHIE:
1 = =G [my + m f(n)]. (11.101)
Cootromienne (11.101) sBisiercss Kiro4eBbIM B 3TOM mpobieme. C  ydeTom
(11.101)ypaBuenue (11.100)moxKeT OBITH 3aMHCAHO TAK:

dfy, _ tiTo

dt? re
OHo mMeeT pemieHue B Buje ypaBHeHus tpaektopud (5.3), rme mapamerp Tpaek-
TOpHUHA

[my + m f(n)]. (11.100)

a = -t (11.101a)
ropvop
rae rop u Uop — HapaMeTpbl NCPULICHTPUCB YaCTHUIl IO OTHOIICHUIO K LIECHTPY MaccC
CUCTEMBEI TCII.
PanuanbHas ckopocTh BeHucsgercs cornacHo (5.1),a TpaHncBepcanbHas paBHA
v = 1/ty . Bce BenmMuMHBI 3/16Ch HOPMUPOBAHBI K IIApaMeTpaM B IIEPULICHTPHH Vop H

l'op- Bpemsi BroKeHMS Tel O TPaeKTOPHAM ompenensercs B coorsercTBud ¢ (5.21),
(5.25), (5.26)u (5.30),rme mapamMeTpsl HOPMHPOBAHBI K BETMYMHAM B MPOU3BOJIb-
HO#T TOUKE g CO CKOPOCTBIO Doy M Dorg OTHOCHTENBHO HieHTpa O (puc.11.5). [IBixe-
HHE KaXJOr0 M3 N Tel MPOUCXOIUT MPU COXPAaHCHHH KUHEMATHYECKOTO MOMCHTA
h = const.Ecnu npunsith, uto Ha puc. 11.5Tena u3obpaskeHbl B MEPULICHTPUH, TO
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JIMHUS allCUJI TeNla My TIPOXOIUT IO OCH X. ATIOIEHTpHU ero OyaeT pacmoiokeH Ha
OTPHUIATENIFHBIX 3HAUEHHUAX ocH X. JIMHUS arcum Teda M, HAKJIOHEHa K OCH X IIOJ
yriaom @, = 27In, Tena Mg — 0O yrioM @, = 2¢27in; My — @3 = 3¢27#n u 1.1. Len-
TpPaJILHOE TEJIO0 C MACCOU My OyIeT HEMOABMKHO HAXOAUTHCS B T. O.

Urak, ocecummeTpuyHas 3a1ada N TeJX CBOIUTCS K 3a1ade B3aUMOJCHCTBUS
JBYX TeNl. JIBHXKCHHE KaXKJIOTO U3 HHUX MPOUCXOAUT IO HEU3MEHHOHN B MPOCTPaH-
CTBE TPAEKTOPHHU, KOTOpasi MPUHAUICKUT K CEMEHCTBY KPHBBIX KOHHYECKOTO Ce-
YeHHS W OTpenessieTcss mapaMeTpoM ;. PemieHme 3Toil 3aaum MMeeT Ba)KHOE
TeopeTHyeckoe 3HaueHue. Hampumep, B ciyyae My >> IM cucTeMa IpeaCcTaBiIseT
co00il LeHTpaJbHYI0 3BE3qy M OOpallaloluXxcss BOKPYr Hee N rmaHeT. B atom
cilydae, HECMOTpsI Ha BO3CHCTBUS IUIAHET JAPYT HA IPYra, UX OpOUTHI IIOCTOSHHEI
B IIPOCTPAHCTBE U TEPHULEHTPUU HE MpeLeccupyror. liMeercs MHOro Apyrux Bo-
MPOCOB, HA KOTOPBIEC pEIICHUs 3TOM 3a/add al0T TOYHbINH OoTBeT. [IpakTrueckoe
3HAaYCHHWE JAHHOW 3aJa4M 3aKJII0YaeTCs B BO3MOXKHOCTH OIPECNICHHS PealTbHOM
MTOTPEITHOCTH BEIYUCIUTEIHHBIX AITOPUTMOB ITPOOIEMBI MHOTHX TEJl.

11.5. TPAEKTOPUH NBWKEHU A
IIPU B3BAUMOJEUCTBUU HECKOJIBKHUX TEJIL

[Mpoananusupyem pe3ynbTarhl peienusi nporpammbel Galactica,anropurm
KoTopol omnwmcad B 1. 11.3.BHavane paccMOTpUM B3aUMOACHCTBUE JBYX TEJ pas-
HOW Macchl: My = 2m,. B HavaneHbI MOMeHT BpeMeHH t = 0 3a1aroTcs MoJI0KeHHE
YacTHI] B TOYKE allCUJ M TPaHCBEpcalibHAsi CKOPOCTh vy. PaccmarpuBarorcst Tpa-
EKTOPUH JIBUKEHHS TEJ NMPHU U3MEHEHUH Vg = 0 10 HEKOTOPOTo 3HAYCHUsI, XapaK-
TEpHOTO sl TurnepOoNmdeckux TpaekTopuil. [Ipu HyneBol TpaHCBepcaabHOU
CKOPOCTH YaCTHIIBI ABIKYTCS PaIHaIbHO 10 COMPHUKOCHOBEHHS.

JIBWKeHHE TPOUCXOIMT OTHOCHTENBHO IieHTpa Macc O (puc. 11.6).Yacru-
[1aM 3a1aeTcs CKOPOCTh B MEPUIICHTPHH BPALMICHUEM HX C YTIOBOW CKOPOCTBHIO )
OTHOCHUTEJILHO T. O:

Upr = Wlo1,  Up2 = Wlgy, rae rop +rop=a.

Toraa ckopocTh OJHON YaCTULBI OTHOCUTENLHO APYTOH vy = vp1 + Up2 = wa. Tak
Kak mapaMeTp TPaeKTOPUH B IaHHOM CIIy4yae OINpeaessieTcst

a; =-G(m +m, )/ (avy ), (11.102)

TO, mepexons K Oe3pasmMepHbIM mapamerpam, cornacHo (11.774) u (11.79),momy-
qaem

a ==, (11300
w
rae
@=w/allGm, m=m +m,. (11.104)
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Puc. 11.6.37amsl IBIDKEHAS JBYX TE

Dpi ! 2 3 npu @y = — 0.55978 MOMEHTHI Bpeme-
ol e S, . n231F
- . :

{14 Up2 | - 1-0.0012-0.53—1.5:4—2.5:5-3.0;

o ¢ J 6| o 6—3.5:7 - 4.5;8—5.5:9 -6.0.

I o Ipu a; = -1, yacTuuel 1BU-

7 - 8‘ 9 JKYTCS 110 OKPYXKHOCTSM, IIpU &3 >

° » 2 ‘ * -1 gacTHIBI NBHXKYTCS TIO SJUIHTI-

‘ caM " paCCTOHHI/IC Men(z[y HUMHU

yBenuuuBaerca. Ecnm @y < -1,4To UMeeT MeCTO IIPH MaJloi YIJIOBOH CKOPOCTH @,
TO PacCTOSIHHE MEXKAY YacTHIaMH OyneT yMeHbIIaThesA. 10 eCTh 4acTHIbI HauH-
HAIOT JBIDKCHHE HE C TMIEPHUIIEHTPHS, a C allONeHTPH ¢ mapameTrpamu R, i v,. [lo-

9TOMY 0003HAYMM 3TO 3HAUYECHHE a7 Kak O’f ", COIIaCHO OIMPEACICHUIO, UMEEM

R R
gf:i:h—a a (11.105)

2 2.2 71 :
Ral)a Rpl)p RP
IMocxe moacranoeku B (11.105)3nauenus R,, cormacuo (5.7), noaygaem BeIpa-
JKEHHE IS TapaMeTpa TPACKTOPHU

a
ax

le—T,
202 +1

rae a7 —3uauenue Boipaxkenus (11.103)npu ap > -1.

Ha puc. 11.6noka3ansl MOMEHTBI ABHKEHUSI IBYX TeJ PU HaYaJIbHOW yIIO-
Boii ckopocTu @/2.31 = 0.2 M300paxeHus B3STh C SKpaHa MOHUTOpA. Jljisl Kask-
JOTO W3 IEBATH IOJOXKCHHIT BpeMeHa NpHBEACHBI ¢ Kodhguumentom 2.31t .
Breaenne xodddunrienTa 00yCIOBIEHO TEM, YTO 3Ta M BCE MOCIEAYIONINE HUILTIO-
CTpaIMi PacCcUYMTaHbI TI0 BapHaHTy mporpammel Galacticas koTopoit mapamerps
HOPMHPOBAJIKCH HE K 00IIel Macce M, a K CpeHe#l MIOTHOCTH Oy B mosoxkeHnu
1 tena HaxozsTcs B anoueHTpusiX. LITpuxu y TeNn MOKa3bIBalOT HAMIPABICHHE CKO-
pocreii Tes. Tena cONMMKAOTCS BO BpaIIaTeIbHOM BHKEHUH OTHOCHTEILHO APYT
Jpyra U B MOJOXXEHHH 5 JOCTUrar0T NePULIEHTPHUEB. 3aTeM OHU YAAISIOTCS APYT
OT JIpyra U B MOJIOXKEHUH 9 IPUXOST B aOLEHTPHH.

Ha puc. 11.7 npeacTaBiaeHsl TPAEKTOPUU IBYX TEJ MPU U3MEHEHUH HAYajlb-
Hol ckopoctu (@/2.31) ot nyns no 0,7. [lepBoHaYanbHOE PACCTOSIHHME MEXKILY
YacTHIAMH PaBHO efnHuIe. Hauano KoOpJuHAT PACIOI0KEHO B allCH/Ee OJHOMN 13
vactul. Ilpu @ = O (rpaexTopus 1) MPOMCXOMUT PaiUaNbHOE CONMKEHHE TEIl.
Ipu @/2.31 = 0,19acTHIBI ABMXKYTCS MO BHITSHYTBHIM DJUIANITHYECKHM OpOUTaM,
HaYMHAsl CBOE JBHKEHHE C anmomneHTpus. C yBENMMUECHUEM () DKCIEHTPUCHUTET Op-
OUT yMeHbIIAaeTCss W sl ciiydas 6 TpPaeKTOPHM CTaHOBSITCS OKPYKHOCTSMH.
C IanbHEHIIMM YBEIMYCHUEM HAYaIbHOW CKOPOCTH () YAaCTHIBI HAYMHAIOT pasde-
raThCsl, T.e. HAaualbHas TOYKA Ui HUX sBIsieTcs nepureHtpreM. [ curyanmu 10
npu (@/2,31) = 0,613 paeKTopHH YACTHUI] CTAHOBSATCS NapaboIaMHy, a ¢ JaTbHEHITHM
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Puc. 11.7.Tpaekro- 0.8 7] 08 0.8

2 3
pun JBHXKCHUS
JABYX HacCTull Ipu 0 0 § ,i—i N 0 ;)( —t
Bapualyuyu Ha4dajlb- -
HOM TpaHcBepcab- _0.8

. 0.8 : -0.8
HOI CKOPOCTH o ; -0.4 7,708 o S
w/[2.31 @ ckobkax 0.8 7 0.8 5 03 5
yKa3zaH  Iapamerp 1 T EEn
TPAaeKTOPHHU (1): 0 AT R o gAY
1-0 (0); e ARt 0 S
2-0.1 (- 0.514); — = =
3-0.2 (- 0.5597); -0.8 -0.8 0.8 FET=EF
4-0.3 (- 0.658); , 0 1 0 1 0 i
5-0.4 (-0.872); B s m s <0 9
6-0.433 (- 1); i P
7-0.5 (- 0.75); 0 o A NN
8- 0.55 (~ 0.62); I (\ ) 0 P
9-0.6 (- 0.521); < 1 =
10-0.613 (- 0.5); -1 bt -2.5 -20
11-0.63 (- 0.473); 20'1 0 1 -25 0 25 -20 0 20
12-0.7 (- 0.3826). 10 20 1] 20N -

—l = - S
yBENIMYECHAEM (0 1 0 e 0
OHM  TpeBpama- s I
0TCST B THIEPOO- -20 -20 20 NN
-20 20 -20 0 20 -20 0 20

mer. C yBenmue-
HHEM () THIEPOOIBI BEIIPAMIAIOTCA W IIPU () — ¢ IPEBPAIIAlOTCA B BEPTH-
KajbHble JNUHUM. [IpencraBienHsle Ha puc. 11.7 ymcneHHbIE pelIeHHs 3a1adu
JIBYX TEJI C BBICOKOH CTENIEHbIO TOYHOCTH COTJIACYIOTCSI C aHATMTHYECKUMU peliie-
Husmu. Ha puc. 11.73T0 mponuTiocTprupoBaHO NMPUBEACHHBIMU 3HAYCHUSAMH T1a-
paMeTpa @i, Mo KOTOPOMY paccuuThiBanoch, cornacHo (11.103),3anaBaemoe npu
YHCIICHHOM CYETE 3HAYEHUE (), YTOOBI MOJYYHTh TPAEKTOPHH B BHIE OKPYKHO-
ctu 6 u napa6osel 10. B pe3ynbraTe YUCICHHOTO PELICHHS MMOJYYaIuCh TPACKTO-
pHH B BUJIE OKPY)KHOCTH M Napaloiibl U MX MapaMeTpbl BbIACPKUBAIKNCH C BBICO-
KO TOYHOCTBIO.

3anuireM ypaBHEHHs STHX TPAeKTOPHI B CHCTeMe IeHTpa macc (CM. puc.
11.6).Tak KaKk pacCTOSHHS YaCTHI[ OT IICHTPOB MACC HAXOIATCSA B COOTHOIICHHN

oMy = o2,

a cyMMa pacCTOsiHUH lg; + o, = R, rie R —paccrosiHne Mexy yacTuuamu, To

rop = Rmp/m, roo=R m/m. (11.107)

Vpasuenue tpaekropun (5.3) IpH NOI0KEHUN TIEPULIEHTPUS HA YIiIe @y 3aIMIIET-
s B BHIIE

Rp
(0'1 + 1)005(¢ - ¢o)‘ a
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(11.108)

] a Puc. 11.8 Dransl aBmwKeHUs
2 3 Tpex e pu @y = — 0.63563
m m & ® gy
) ¥ MOMeHTSHI Bpemenu 3.271

, 1-1.0:2-2.0;3-3.0;4—4.0;
{ ® 5 .506-607-808-90;
» ® 9-10.0.

m, IIpunumas  pacmo-
JOXKEHHE  TEPULICHTPUS

e

@ ro npu @, = 77 B COOT-
erctun ¢ (11.107) u
. ‘ ‘ 9 e (11.108) ypaBHenus wux

TPAEKTOPUH OTHOCHUTEIb-

i 5 qt ® 6 I TIepBOrO Teja Ha
‘ w *— ——Q— yrae ¢ = 0,a st BTopo-
7| & 8

* HO 1ieHTpa Macc O Tmoy-
® YaeM B CICAYIOIIEM BH-
2

ae:
Rrm, /m Rpm, /'m (11.109)

o1 (a1 +Y)cosp-ay” o2 (a1 +L)codp - 71)-a,
Crenyer OTMETHTh, YTO HATpaBlicHHue BpaiieHus Ha puc. 11.6u mocneayrommx B
CUITy 00paTHOTO HANPABJICHUS OCCH Ha IKpaHE MOHHTOPA MPOUCXOMAAT MO YaCOBOM
cTpeinke. DTO HEOOXOANMO YUUTHIBATH MPU COTOCTABICHUN BBIPAKECHUI Al Tpa-
extopuit (11.109)c ux n300pakeHUsIMH Ha PUCYHKaX.

Teneps paccMOTPHM OCECHMMETPUYHOE IBIKEHHE Tpex Teia. Ha puc. 11.8
MOKa3aHbl JBMKEHUS TPEX TeJ MPU HAYalbHOM yriosoil ckopoctu @/3,27 = 0,2.
IIpu Takoii Ha4YaNBLHOW TPaHCBEPCAIHLHOW CKOPOCTH YaCTHIBI COMMKAIOTCS M B
MOJIOKEHUH 5 TOCTHUTAIOT TIEPHULIEHTPUEB, 3aTEM CHOBA HAYMHAIOT YAANISATHCS APYT
OT JIpyra ¥ B MoJOXeHUH 9 IpUOIMIKAIOTCS K alOLEHTPHIO.

Ha puc. 11.9 mpeacraBiieHO BIMSHHE HAYaIbLHOW TPAHCBEPCAJIBHOM CKOPO-
¢ty (0/3,27 Ha TpaeKTOpUH JBHKeHHUS TpeX Teld. Ilpu @ = O MpOMCXOTUT Tpex-
JTydeBoe pamuaibHoe cOmmkenne Tpex ten (tpaekropus 1). Ilpu HeHyIeBOM 3Ha-
YEHHM () YACTHIIBI COMMKAIOTCS 10 IepHIEHTpHEB (TpackTopu 2, 3, 4), a 3aTeM
BO3BpallarTcs B anoueHTpui. [Ipyn HavanbHON TpaHCBEpCalbHOW CKOPOCTH, CO-
OTBETCTBYIOIICH 1 = — 1,BCe YaCTHIBI JBUKYTCS MO OKpyx)HOCTH 5. [lpu eme
OOJBIIEH BEJIMYMHE () YAaCTHIIBI yIAISIOTCS IPYT OT Apyra (rpaekropus 6), moc-
THTAIOT aIlONEHTPHEB M CHOBA BO3BPAILAIOTCS B HMepHIeHTpHn. [Ipn @, cOOTBET-
crBytoriei @; = — 0,5,9acturpl ABmKyTCs 1o mapabdosam 7. Ilpu emre OoubIireit
HayaabHOH CKOPOCTH (0 YaCTHLBI ABHKYTCA 110 ruepoonam 8 u 9.

OrnpeneiuM aHATUTHYECKUE BBIPAKEHUS [Tl TPAeKTOpuil Tpex vactuil. Jls
Tpex Ten Oe3 neHtpansHoro (Mg = 0), cornacuo (11.101)u (11.10%), mapamertp
TPaeKTOpuu OyaeT

ay =-6m [/ (V3rep08,) - (11.110)
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Puc. 11.9. Tpaexropun ! 71 4 2
IBWKECHUS TPEX YACTHII
NpY BapHalli Ha4aabHON [ P
TPAHCBEPCAIBHOM CKOPO- =
ctu 0/3.27 @ crobkax 0 0 T 0 .
yKa3aH MapaMeTp TPaek-

TOpUH (1): 7
1-0(0);2—0.1 (- 0.528); | |4 — ] - X
3-0.2 (-0.6356); !
4-0.25 (- 0.675); N 7\ [ ] 0
5-0.306 (-1);
6— 0.4 (- 586); 01—k 0
7-0.433 (- 0.5); s B
8- 0.5 (— 0.375); 0 7 P T s p
9-0.6 (- 0.26). 5 10

0
L]

U3 puc. 11.8Bun- \ /
HO, 4YTO pAaCCTOSHHE !
KOKIOH dYacTUIBI [0 P
LeHTpa Mace On Ha- s . 20
YanbHBIM  MOJSIPHBIA -5 5 -10 10 -20 20
yroix MOTyT OBITH 3a-
MUCAHBI

7N
N

fop =alN3=R, /N3, ¢q =6+27i-1)/3. (11.111)
Torjga ypaBHEHHE TPAaeKTOPHH KaKmoi yactuipsl, cormacuo (11.108),0tHo-
CHTEJILHO 1IeHTpa Mace O 3alMILETCs TaK:

o = (a) +1)codg - ¢o ) -

rae o, =R, / \/§ - HANMEHBIIIEe PACCTOSHUE TPACKTOPH 110 meHTpa mace O.

, i =123, (11.112)

Kak u B ciyyae AByX Tel, PH PELICHHH ypaBHEeHHi mo nporpamme Galactica,
HayaJIbHas CKOPOCTb B alCHUIHOM TOYKE 3a/1aeTCsl BpAIlCHHEM O00JacTH BOKPYT
nenTpa Macc O ¢ YIIOBOH CKOPOCTBIO (W = vgp/fgp. Ilocie MoACTaHOBKM ee B
(11.110)u BbimosHEHUS MPEOOPAa30BAHKI MOJTyYaeM BBIpAXKEHHE TS Iapamerpa
TPaeKTOpUU

a, =-1/ @2, (113)
KOTOpO€ uaeHTH4HO BeipaxkeHuio (11.103)upu B3auMOIEeUCTBUH IBYX Tell. 31€ECh,
KaK ¥ B Cllyyae JBYX Tell, Ipu @ < -1 NBIKEHNE HaYMHACTCS C allOLEeHTpPUs, HOo-
sTomy, coriacuo (11.106),He00X0MMO MPUBECTH (5 K MapameTpaM B amolleH-
TPUH.

Ha puc. 11.10m0Ka3aH0 OCECHMMETPUIECKOE ABMIKCHHE YETHIPEX TE IPHU
@ = 0,2.Tena HAYNHAIOT JBWKEHUE B AMONEHTPHAX, B MOJIOKEHUH 4 TOCTHTAIOT
NIEPULICHTPHEB, 3aTEM HAYWHAIOT yIaliAThCAd M B IOJOKCHUH 8 NPUXOAAT B allo-
LIEHTPUH.

227

Puc. 11.10.91amns! IBHKEHUS
a3 4 —x Ten npu Q; = —~0.587B
| * ® MOMEHTHI BpemeHn 21 :

& 1-0.012-1.0;3-2.0;4-3.0;
5-4.0,6-5.0,7-6.0;8—-7.0.

Ha puc. 11.11moxka-

¢ 5 3aHO BIIMSHHC HaYaJbHOM
b TpaHCBEepCaIbHOU CKOPO-
- Q_ /2
CTH /2 Ha TpaeKkTopuu
| 4 * JBIKEHHSI 9eTBIpEeX Tell.

Ilpu @ = O npoucxomut
(cMm. Tpaekropuio 1) uye-
THIPEXJIydE€BOE  paanalib-
HOoe cOmmkenue Tteir. C
‘ yBeIMYEHHEM (0  Tela
* » MPUOTMHKAIOTCST K TEHTPY
Macc Mo BIUTUITHICCKUM
TPaeKTOPHAM, SKCLIEHTPHCUTET KOTOPBIX C POCTOM () YMEHBLIAETCS, U IIPH (0 =
0,822 tpaexTopueii CTaHOBMTCS OKPYKHOCTh 6. JlanpHelinee yBelqMueHHE (0
MPUBOIUT K PA3JIeTy YacTHI], BHAYAJE 110 SJUTHITAYCCKAM OpOUTaM 7, 3aTeM 10
napabonam 8 u runepbonam 9. B ciyyae uersipex wactuil, cornacuo (11.101)u
(11.10%), mapameTp TpaeKTOPHH 3AMUILETCS B BUIE

_ Glozs+v2/2)m,
1~ 2 .

rOpUOp

-  of

(11.114)

HavanpHblii yron nepuieHTpres dactuil $o; = 774 + 7{i — 1)/2. Torna B co-
orBerctBuM ¢ (11.108)TpackTopusi KaXAOW W3 YEThIpEX YaCTUIl OyIeT ompene-
aaThest TeM ke ypaBHeHueM (11.112)uro u mis cinydas Tpex yactuy. [Ipu dwc-
JICHHOM pELICHUH ypaBHEHHUH 3a/1acTCsl BpallleHue 00JIacTh BOKPYT LeHTpa Macc O

(em. puc. 11.10)co ckopocTbio W= voy/lop, TAE Iop = J2al2. Beipaxas (11.114)

4yepe3 ) MoIydacM
_ _1+42/4
! 25"
Ipu a; < -1 mapaMeTpbl TpaeKTOpUH TepecyuThiBaroTCs Mo hopmyse (11.106).
OcecuMMETPUYHOE IBIDKCHHE TPEX M YETHIPEX TEN MBI paccMarpuBaiu 0e3
LeHTpaibHoro tena. Hammume ero npusoaut, cornacuo (11.101),k yBean4eHHUIO
1o aOCOIOTHON BeNTMYMHE 3HaUCHUH L4 U 1. [ToaTOMY /11 TeX ke TpaeKTOpHid, B
coorBerctBur ¢ (11.103) m (11.115), HEOOXOAUMO YBEIMYMBATH HAYAIbLHYIO
TPaHCBEPCABHYIO CKOPOCTh MyTEM YBEJIMYEHUs (0. BO BCEX Cilydassx LEHTpalb-
HOE TeNo OyAeT HaXOIUTHCS HETIOABI)KHO B IIEHTPE MAacC CUCTEMBI.

Wrak, Mbl comocraBund Tounble pemenns (11.112) ocecMMMETpHYHHOTO
B3aUMOJICHICTBHS MHOTHX TENl C YUCICHHBIMHU. TOYHBIC pElICHUS CTaOWIbHBI B
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Puc. 11.11. 12 7 1.2 51 14 3
Tpaexropun ™ LT ]
IBIKCHUS — Ye- ] ] ( A
TBIPEX ~ YACTHII e LA
npM  BapHaIUH / <
HayaJIbHOI _0.2 _0.2 N 0.4
TpaHCBepcallb- 0.2
HOH CKOpOCTH 1.4 14 1.4
0.5 @ (B cxo6-
Kax yKazaH [
napamerp Tpa- X
SKTOpUH (): \ . \ .
1-0(0) -0.4 0.4 Tt -0.4 T
2-0.1(-0.515); 0.4 14 04 1.4 04 1.4
3-02(-0587);, 23
4-03(-0681); 7 &
5-0.4 (-0.948); T /
6-0.411 (- 1); ) 4
7-0.5 (- 0.559); Al T =t
8-0.582 (- 0.5); >Z

9-06(047n. 4| || [T -8 -30

-6 8 -8 8 -30 33

A R

[ {xx )
=g
S b

i
4
@
4

npocTpaHcTBe. OJHAKO YUCIICHHBIC PEHICHHS NAIOT HE3aMKHYTHIC TPACKTOPHH:
y HHX CMELIAeTCsl MEPULCHTPUI M TeM CHIIbHEEe 4YeM OOJibllie DKCLUEHTPUCHUTET
opoutsl (cM. TpaekTopuio 2 Ha puc. 11.7).IIpu CoBEpIIEHCTBOBAHUN YHUCIEHHOTO
METO/Ia YAAeTCs CYHIECTBEHHO YMEHBUINTh H3MEHEHUE OPOUT B TEUEHHE HECKOJIb-
KHX [IEPUOIOB, HO JMKBUAMPOBATh €r0 MOJHOCTHIO HEBO3MOXKHO. OHO MPOSIBISIET-
Cs TIO TIPOIIECTBUU OOJBIIET0 YHCIA MEPHUOJOB. DTH M3MEHEHHUS O0YCIOBIICHBI
TEM, YTO MHTETPUPOBAHHE MPOUCXOJHUT HE B COOTBETCTBUH C TOYHBIM YCKOPEHH-
€M, KOTOPOE OIpPEIENSIETCS BCEMUPHBIM 3akoHOM TsiroteHus (11.1),a BeimosHseT-
Csl ¢ TOrpeIHOCThI0. CIe0BaTeNbHO, MPUOIMKCHHBIC PEIICHUS 33]Ja9d MHOTHX
Tel, HanpuMep B Buje Boipakenus (11.2),ucmonp3oBannoro Y. JleBepbe, Takke
OyAyT MPUBOJUTH K U3MCHCHUIO OPOUTHI, IaXKE CCIIH €r0 M HEeT. B cBsA3M ¢ 3TUM
MBI CYHTaeM, 4TO TpoOieMa BEKOBBIX W3MCHCHHH IapaMeTpOB OpPOWT IUIAHET
ConHe4HOM CUCTeMBbI Jalieka 10 3aBepLICHHs U TpeOyeT JalbHEHIIero MCCieo-
BaHMSI.

11.6.HEHTPAJIbBHO-CUMMETPUYECKAS AKKPELIUSI

IIpu axkkpenuu BelecTBa MPOUCXOAAT COYNAPEHUS NPUTITUBAIOIUXCA dac-
Tell U MeXaHHuYecKas HHEpPrus IBUKEHUS MEPEXOAMUT B TEIUIOBYHO. UMCIICHHEIE
9KCIIEpUMEHTHI ¢ porpammoii Galacticanokasanu, 4To 3TOT MPOLECC BHI3BIBACT
OoJbIINE arOpUTMHYECKHE TpyAHOCTH. Hanpumep, HeoOxoanmo 3aUKCHpOBaTh
MOMEHT CONpPUKOCHOBEHMs. KpoMe TOro, OgHOBPEMEHHO MOXET HPOUCXOIUTH
COyZapeHue HECKOJIBKUX TeNl. B CBSA3M ¢ 3THM BO3HHKAOT BOIPOCHI, HA KOTOPHIE
MOTYT JaTh OTBETHI TOUHBIC PELICHUS M0 aKKPEIHH.
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PaccMOTPUM CTOJIKHOBEHHE [IBYX YacTHILl. PaHee Mbl ONpPEAEIMIN Pajnalib-
HyI0 ckopocTh (5.27)npu paguansHoM asrkeHud U Bpems (5.30).I1pu croakHO-
BEHHMHU YaCTHLbI CJIUBAIOTCS B OIHY, KOTOPas HaXOIUTCA B LeHTpe ux macc. CKo-
POCTB KaXk0# OTHOCHTENBHO LIEHTpa

vr1 = oy My/m; V2 =0, My /M,

rae v, — OTHOCUTENbHAs PajualbHAss CKOPOCTb COJMMXKEHHSA 9acTUIl B MOMEHT
CTOJKHOBEHHs. Torga TEroBas SHEPrHs, BHIICISIONIAACS TPH CTOJKHOBEHHH
JIBYX YaCTHII, OyIeT
E, = Mo + Myv?s - mof
2 2 2
Ecnu Ha paccrostnun Ry MeK Ty 4acTUIIAMH MX CKOPOCTH COJMKEHHUS Do, TO B TOU-
ke crosikHoBeHuss R = d Mx pamuanbHas CKOPOCTh ONPENENHUTCA BbIPAKEHUEM
(5.27),a TemoBast SHEPTHsI IPUMET BHI
2
g = Mo _ym Lo (11.116)
2 d R,

rac

m
m, =2 (11.117)
m +m
B 6e3pa3mepHbix nepemeHHbIX (11.77)-(11.79)BbIpakeHue il TEIUIOBOH 3HEp-
rud (11.116)3anumiercs Tax:

E, = Miebro N (11.118)
2 d RO
rae
E = E— (11.119)
Gm

PaccMoTpuM 1IeHTpaIbHO-CUMMETPHUYECKOE paclpe/ieieHie Tl B IPOCTPAHCTBE C
mwioTHOCTRIO O(I), paguycoM Fo U ckopocthio v.(r,0) = 0.IlycTh B HaYaIbHBINA MO-
MeHT t = O IIIOTHOCTB 10 BCEMY IPOCTPAHCTBY NOCTOSHHA, T.€. O = . Ha Teno ¢
Maccoi My, HaXoJsIeecsl Ha PACCTOSIHUM OT LEHTpa I < lg, BO3JICHCTBYIOT Tena
BHYTpeHHei#t cuctemsl (I < ;) U BHELIHEH ¢ I > Iy, PaccunTaem ciity Bo3aeitcTBus
BHyTpeHHeit cuctemsl (puc. 11.1238) B npoeKkiuu Ha OCh Z.

a Zim 6 . B cuny oceBoil cummerpuu sie-
5 7 ! B zZ) R MEHTHI KOJIbLIA CepPhI
BX_dm bEf'B dm dm= prdr277 sindd@
/ 0 7 \ m1/7? 7 7 Puc. 11.12.Cuna Bo3zeicTBUA LIEHTPAJb-
/ HO-CUMMETPUYECKH  paclpeieNeHHOT0
y Y BEIIECTBA B C(HEPUIECKOM CJIOC PaanycoM I
Ha Maccy ml, pacnonomeHHy}oZ a — BHEC BC-
IIeCTBA; 6 — BHYTPH €TO0.
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BO3JICHCTBYIOT OJIMHAKOBO Ha TEJIO My, IIOATOMY CHJIa BO3ACHCTBHS KOJbIa OyaeT

_ 2m5pmyr %sin(6)d cod B)dr

R? '
D10 cnpaseuBo st Beex yroB 0 < @< 77 U3 reoMeTpHUECKUX COOOPaKeHHI
cremyer

b =r-rcos@), R =4b%+rZ%sin®@), cos@B)=hiR. (11.121)

Torma (11.120)M0kHO 3amKcaTh B BHJIE HHTErpaia

ddF, = (11.120)

-1 - )d
dF, = 2;zoemldrj(_2(rl y)_ym , (11.122)
1{ry +1—2r1y)

roe i, = n/r, y=cos(f).
O60o3Ha9NM x=F?+1-2fy, torma Y= (F12 +1- x)/ (2Fl) u
dy = -dx/2T1; .Ilocne nogcranoBku B (11.122)nomyqaem
=2 _
aF, =- PR [1H 2L 2 (11.123)
2r] X \/;

Iocite unrerpuposanus (11.123)u Bo3BpalieHus K MEPEMEHHOM y CHIIA 3aIMIIET-
Csl B BUJIE

-1
dF. = - 276G, pmydr 1-ny |

Z |
i JR2e1-2ny]

Iponece moaCTaHOBKU TPEAEIOB PACCMOTPHUM JCTalbHEE, TaK KaK OH MPEICTaB-
JsieT OOJIBIIION HHTEPEC:

(11.124)

dF, =-27epmdr)  i+n 176 | (11.125)

Iy Jr2+1+on (72 +1-2,

[TonxopeHHBIE BBIpaXEHUS MPEACTABIAIOT COO0 KBaApaThl IBYWICHOB, MO-
STOMY OHH TIOJIOKUTEIBHBI, U M3BIIEKAEMOE M3 HUX YHCIIO TaKKe TOJ0KHUTEIBHO.

Bropoe cnaraemoe npu I} > 1

___1°h _Atho_g (11.126)

Jiz-2m+1 (B-D)

OrmetumM, uto npu f; < 1370 cnaraemoe Oyxer pasro (-1). Ilocine moacTaHOBKH

(11.126)8 (11.125)cuna Bo3neicTBHs CHepUUECKOM TOBEPXHOCTH TOJILUHON dr
Ha TEJIO My 3aMMUIIeTCs TakK:

dF, = —G—Tl Arpr?dr
M

a CHuJia BO3Z[617[CTBPI$I BCET0 BCIIECTBA, COACPIKAIICTOCS B IIape paguyCcoMm I, 6y;[eT
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r
Fo=-S™ [ 4ror2dr | (11.127)
0

z
r?
DTa cuna CrpaBeIuBa NPH JIFOOOM TMOJIOKEHUM OCH Z OTHOCHTENLHO IIapPOBOI
00JIacTy BEIECTBA, T.€. OHA HalpaBjieHa Mo paauycy BHyTph cdepbl. Tak kak
Macca BeuleCTna, CO,Hep)KaHleFOCH B IHape paL[I/IyCOM r, paBHa

r
m, = j4npr2 dr, (11.128)
0

TO CHIa BOSHeﬁCTBHﬂ 11apoBOro  CKOIJICHHMS BCHICCTBA C HEHTpPAJIbHO-

CHMMETPHYHBIM pacIpeeIeHueM mIoTHOCTH O(f) Ha Maccy My, B COOTBETCTBHH C
(11.127)u (11.128)Banumuercs:

F, =—GL3Irnz . (11.129)
)
rae r1 > r. To ecTh BHE 3aBUCHMMOCTH OT pacrlpeje/ieHus TUNIOTHOCTH BEIIECTBA B
Iape BBHIPaXKEHHUE IS CHJIbI COBIANAET € 3aKOHOM BCEMUPHOTO Tarotenus (11.1).
PaccMOTpHUM Tereph CHILy BO3ACHCTBHS CHEPUUCCKOrO CIIOS PAIycoM I Ha
TEJI0 MAccoit My, Haxoxswieecs BHYTpH cdepsl (cM. puc. 11.12,6). Ipoekiwus cu-

JIbI HA OCh Z 3aIMIIETCS Tak xke, Kak 1 (11.120),H0 ¢ 00paTHBIM 3HAKOM:
2rGpmyr %sin(6)d Bcod B)dr

RZ
U3 reoMeTpHYeCKUX COOTHOLIEHHH CIEAYIOT Te ke Beipaxenus (11.121)uro u B
nepsoM ciydae. C ux yuerom Beipaskenue (11.130)nepenminemM B Bujie

ddF, = (11.130)

-1 =
dF, = 2rGpmydr j(rl—y)dym (11.131)
1 (72 +1-27y)
Bripaxenne (11.122)upentrano (11.131),0amako0 3mece ; < 1. Uurerpan

(11.131)umeer pemenne (11.125),H0 npu MOACTAaHOBKE I'PAHUYHOIO 3HAYEHUS )
= 1Bo BrOpoe ciaraemoe npu f; < 1,cormacuo (11.126),0n0 Oyzet paBHo (— 1),a
unaterpan (11.125u, cnenosarensho, (11.131)0yaer

dF, =0. (11.)32

Takum o0pas3oM, chepuueckas 000I0UKa TOMIUHON dr HE OKa3bIBAeT BO3IEHCT-
BUSI Ha HAaxXOMSAUIYIOCS BHYTpU Hee Maccy. Tak Kak 3TOT BBIBOJ CIPABEJIUB LIS
KaKI0T0 Chepruueckoro CIosi, TO CIOKEHHE CHJI 1Mo BceM siaeMenTam dr mmapa ¢
MOJIOCTHIO PAJANYCOM [ Ja€T PaBHYIO HYJIIO CHITYy HA HaXOASAIIYIOCS BHYTPH MOJIOC-
TH yactuiy. OTMETHM, YTO STOT PE3YJIbTAT U3BECTEH B JEKTPOCTATHKE. BHYTPH
3apsDKEHHON c(hephbl HET CHJT BO3/IEHCTBHS HA 3apPSHKEHHYIO YaCTHILY.

PaccMoTpuMm Termeph OOYCIIOBICHHOE COOCTBEHHBIM TPHUTSKEHHUEM JIBHIKE-
HHUE BEIECTBA B IEHTPAJIbHO-CUMMETPUIHOM MaccuBe. Ha ioboe Teno, Haxos-
mieecst Ha pajauyce y < fo, BO3JEHCTBOBATh OYIET TOJIBKO BEIIECTBO BHYTPEHHHUX
cioeB I < ry. Benuunna cuiel onpeensercs Boipaxennem (11.129),rme m=m(r,)
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— Macca BEelIEeCTBa B IIape paauycoMm ry. Torga yckopeHue Teia mpu I = Iy 3amu-
eTcst

d? G
w:—gz—@. (11.133)
dt ry
B HavaabHBII MOMEHT INIOTHOCTH BCILICCTBA BE3/JIC OAMHAKOBA, TIO3TOMY
4n
m() = — Pomd (11.134)

rae o = r1(0) —monoxkenne Tena My B HadanbHbIi MOMeHT Bpemenu (t = 0). By-
JIeM CUYHTATh, YTO B MPOIIECCE ABMKCHHUS BEILIECTBA HE MPOUCXOAUT OOTOHA OJHUX
YacTeil OTHOCHTEBHO APYTHX, MO3TOMY MAacca BELIECTBA BHYTPHU cepbl pamuy-
coM I;(t) ocraercs Bce BpeMsi MOCTOSIHHOM, T.e. M(r;) = const.Torga ypaBHeHue
(11.133)upeHTHYHO YpAaBHEHHUIO PAJUaIbHOTO B3aUMOJIEHCTBUS JBYX Tel, B pe-
3yJbTAaTe PEIICHHs KOTOPOTO MBI MOJYYIN PaJHAIbHYI0 CKOPOCTH IBHIKCHHS
(5.27)u Bpems aBuxenus (5.30).IIpu HyJIeBOI HAYAILHON CKOPOCTH paadaibHas
CKOPOCTH U BPEMSI 3alIULIYTCS TaK:

v () = ZGm(rl)(lri - ri) , (11.135)
1 10

_ rl% I10; lo
t = + t P Y . 11.136
26n(r,) | Y26 ) A Uy 26l ( )

Bynem cuurarh, 4TO Tena, HauyaBIIME JBIXKEHHUE C paauyca fio OyayT mpo-
JIOJDKATh ABUTaThCA 0 TE€X MOp, MOKAa HE NMPOU30MIET UX CTOIKHOBEHHUE C LEH-
TpajbHOU Maccoil. Ha mepBom sTame MOXXHO CUMTATh, YTO TUIOTHOCThH LEHTpaib-
HOW Macchbl BO BpEMsI aKKpELHUHM HE U3MEHSETCS W paBHA HEKOTOPOW CpeaHen
IIOTHOCTH, HATIpEMEp IIOTHOCTH 3eMmu 0 = 5000xr/m>. TIpu 9Toil MIOTHOCTH
paauyc HEHTPAIbHON Macchl, C KOTOPOH CTOJIKHETCS Teno My Oyxer

1/3 1/3
3m(r1) Po

Arpy oy
Iocne moacranoBku (11.137)8 (11.135)u (11.136)c yuetom (11.134)nonyvqaem

paguaigbHyH0 CKOPOCTh ABMIKCHMSI MACCHI [Ty IIPpM CTOJKHOBEHHUH €€ C LCHTpaJIb-
HBIM TCJIOM M BpEMs JIBHXXCHHUA 10 CTOJIKHOBCHUSA.

13
o (10) = 10 5600 [&) -1}, (11.138)

(11.137)

3 Po

3 [olpolo J° 3
t = +arctgl o, [——— || . (11.139)
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Co ckopocThto v, corigacHo (11.138), mapoBoii cioii  Maccoi
dm = 47} p,dr,, IPHOIM3KUTCA K EHTPATLHOMY Telly paguycoM I B pesyiis-

TaTC CTOJKHOBCHHUA OH MCPEAACT TCITY KUHCTUYCCKYIO DHEPIUt0, KOTOpas npeBpa-
TUTCS B TCILIOBYIO!

2

1/3
dE, = dmoy _ Eﬂszg LA rodrio - (11.140)
2 3 Po

HOJ’IHy}O OHCPIrUui0 aKKpEUHU MOJyH4aeM B PE3YJIbTATC UHTCIPUPOBAHUA TIO BCEMY
MacCHBY BEILICCTBA.

I 2.5 1/3
E, :IdEtdrlo :M (ﬂ) -11. (11.141)
° 15 Po

BpeMst mosiHOM aKKpeluu OIpeeNseTcs MPU MOACTAHOBKE f1g = Fg B BbIpa-
xenne (11.139).Ouepruro E; MOKHO elle 3ammcarh 4epe3 Maccy IEHTPAIbHOTO

Tella, paBHYIO Macce o0sacTH akkpenuun m = 4 7p; rf’ /13 =4 lwor03 /3, Boipa-
xas B (11.141)I0THOCTE Yepes Hee:
_3Gm*( 1y

Et
5rg | Iy

-1{. (11.142)
DHeprus akkpenuu, Kak BUAHO u3 (11.142),yBenudyuBacTcs ¢ yBEIUYEHHEM pas-
Mepa obnactu Iy Onnako mpu ro/fy > 100 eaununeil B CkoOKax MOXHO MpeHeo-
peub u 3Heprus E; yxe ot pasmepa obnactu He OyAeT 3aBUCETH:

367
Bre

Eme 3. Kant u II. Jlammac paccMaTpuBaiM THUIOTE3Y, COTIACHO KOTOPOM
CouHIle ¥ IJIAHETHI 00Pa30BAJICh B PE3yNbTaTe CTYIIEHHS NEPBOHAYAIBHON Ta-
30B0oi1 TymanHoctu. Ha 3toit ocrose I'. ['enbmronbiy 11 Y. ToMcoH pa3Buwin KOH-
TPaKIHOHHYIO Teopuio obpaszoBanus Connna. H.A. Komocosckuii [23] npuBoaut
BbIBOA BhipakeHus (11.143)uccienys paboTy, BBIMOIHACMYIO CHIAMH TATOTCHHS
MpH aJeHun Macchl dM ¢ TOBEPXHOCTH IIapa B €ro LECHTP:

Gmdm

dA=""""r. (11.144)
r

) (11.143)

IMoce TOACTAaHOBKY Macchl Imapa M, chepudeckoro oobema dm u WHTETPUPOBa-
Hus 1o paamycy ot O o I monydaem 3HadeHHe paboTel A, paBHOU E; cormacHo
(11.143).B >T0M BBIBOJIE MMEETCS M3BSH, TAK KaK CHJIa HE ITOCTOSHHA TP IBH-
JKeHuH 00beMa K eHTpy. CiaenoBaTeslbHO, padoTy HEOOXO0IMMO 3aIUCHIBAThH KaK:

ddA = dFdr =ﬂ;mdr
r

HO'BI/I,HI/IMOMY, 3Ta HCTOYHOCTh HECYIICCTBCHHA MIPHU [ >3 [,
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B (11.143)BxoauT paanyc 'y — 3TO0 KOHEYHOE PACCTOSHHE 0 LIEHTPA, MPOii-
JIEHHOE TpUTATHBacMoi dactuiieid. Buaumerii paguyc Comana R, > rs u oH omnpe-
nensieT ra3oByro obosnouky Comaia. [IpuTsaruBaeMoe TENo ABMKETCS ¢ OOJBIION
CKOPOCTBIO U npoHuKaeT B CoiHIE Ha 3HAYMTENBHYIO TiayOuHy. [losTomy nepe-
JAHHYI0 MEXaHHYECKYIO0 DHEPrHI0 LEHTPAILHOMY Tely HEOOXOIMMO pPacCUMThHI-
BaTh 110 KOHEYHOH IIyOMHE NPOHMKHOBEeHHMs. Tak Kak ¢ onpenensiercs: cpeiHen
IUIOTHOCTBIO [, TO, BapbUpys IMOCIEIHIOK, OyaeM MoiydaTh pa3Hble TEIIOBbBIC
9HEPrUH aKKpPELHH.

Hmwxe mnpuBeaeHbl paccUMTaHHbIe KoHeYHbIe (pU 19 = Fg) CKOPOCTH
(11.138),pemst (11.139)u sueprust akkpeuuu (11.142)npumenutensao k CoiH-
Iy B TPEX BapHaHTaX:

1) pagryc HauaIbHON 00JACTH BEMIECTBA B3ST PABHBIM YABOSHHON OOJIBIION
noryocu opbutst [lnyrona (fo = 1.2¢10° M) 1 cpeaHsist IIOTHOCTD LEHTPATBHOTO
Tema npu akkpenuu g = 5000xr/ M,

2) B OTJIMYHE OT MEPBOTO BapHaHTa yBENUYCHA B 2 pa3a IOTHOCTh ;

3) B oTuIMUKE OT MEPBOTO BapHaHTa PAAWyC OOJIAaCTH paBeH IOJOBHHE pac-
cTostHus 10 Grmkaiiimeit 3Be3pl o-Llenraspa (ro = 1.2¢16° m). [omyuennsie pe-
3ynbTatThl akkperrn CoJHIA CBe/IeHbI B TA0NIUILY:

g

N ro, oy oy, t, E;, t, P,

M kriv® KM/C ner Tk c kr/v®
1.2¢10° | 5000 | 760 127.7 | 3.4210"7 | 4.1410" | 2.7210%
1.210% | 10000 | 853 127.7 | 4.3010" | 5.2210" | 2.7210%°
1.210'% | 5000 | 760 | 4.041C° | 3.4210" | 4.1410° | 2.7210"°
1.410® | 5000 | 760 | 5.1:10° | 3.4210%" | 4.1410° | 1.72:10%°

A WDN PR

31ech Takke MPUBE/ICHA YCIIOBHAS TEMIIEPaTypa IIEHTPATLHOTO TeJIa P YCIOBUH, YTO
Cpe/IHsIsl TEIUIOEMKOCTD BEIeCTBA paBHa TerioeMKoCcTH Boapl: C = 1 kkan/(krerpa).

Kak BumHO W3 TaOnuIsl, HEprus akkpeuuu E; mocturaer mocratouHo 60JIb-
o Benmunnbl. KoHeuHast CKOpocTh nmajieHust BemiecTa pasHa 760xm/c. B neiict-
BHTE/IBHOCTH eme 10 gocTikermst f = 5.55¢10m (8 mepsom Bapmante) Temo
cronkreres ¢ armocdepoit Contra ( rs = 6.945¢10 m ). TlostoMy peanbHas cko-
pocTh maxeHus OyneT MEHbIe, OHAKO NepenanHast YHeprust COHIYY HEe H3MEHUT
CBOCH BEIMUYMHBI. AKKpenusi 3aBepiuuTcs 3a 127.7j1eT, a CpeHsst TeMIepaTypa
npessicut 40 mutH rpanycoB. C yBelnueHHEM UIOTHOCTH O B 2 pa3a (BapuaHt 2)
SHeprusi akkpeuuu Bospacraer B 1.26 pasa. Yeenmuenue B 1000pa3 obmactu ax-
KperwH (BapuaHT 3) IPUBOAUT K YBEIMUICHUIO BPEMEHH akKperwu 10 4 MiH jiet. B
TaOJIMIIe eCTh ellle BApUAHT 4, B KOTOPOM 3a/IaHa TaKas BEJIMYUHA MICPBOHAYATIBHOMN
TJIOTHOCTH [y 00JIACTH, TIPH KOTOPOH aKKpeuus OyIeT MpOA0DKAThCS S MIIp JIeT.
U3 npeicTaBieHHBIX BAPUAHTOB CIEIYET, YTO BPEMs aKKPEI[UH MOXET U3MCHSTh-
Csl B IIMPOKUX Tpeeax, a SHEPTHs aKKPCIHU B PACCMOTPEHHON IMOCTaHOBKE 5B-
nsieTcst 6oyiee KOHCEPBATUBHOM.

H.A. KonocoBckuit [23] mpuBOAMT pacdeT BpEMEHH, 3a KOTOPOE JHEPrHs
akkpermu Oyzaet usnydeHa Comnunem. [Tomnoe uznyuenne Connna L = 3,86-166
BT paccunTHIBaIOT HA OCHOBAaHMH M3MEPEHHOTO KOJHMYECTBA TEIlIa, IOIy9aeMOro
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eIVHHIICH 3eMHOW ToBepxXHOCTH. Torna Bpems m3nydeHus CONHIIA SHEPTHH aK-
KpeIuH:
t,= E/L = 0,89¢10° ¢ = 28mutH. neT

Tak kak Bo3pact COJHEYHOW CHUCTEMbI MPENOJIAraeTCsl PaBHbIM 5 MIIP JIET, TO
9TO CIYXKHUT OCHOBAHUEM JISl 3aKJTIOYEHUS O CYIICCTBOBAHHM MHBIX HCTOYHHUKOB
sHepruu CoiHuaA.

OpHAKO MMEIOTCS 0OCTOATENbCTBA, KOTOPHIE HE YUMTBIBAIOTCS paccMarpH-
Ba€MOM IEHTPaIbHO-CUMMETPUYHON TIOCTAHOBKOHM 3ajauM akKkpeuuu. PeanbHas
AKKpeLHs MMPOMCXOAUT HECUMMETPUYHO, YTO, KaK [TOKAa3ald HAIW pacyerhbl MO
nporpamme "Galactica”,npuBoaur K 00pa30BaHUI0 LUPKYJIMPYIOIIETO 10 3aMK-
HYTBIM OpOHTaM BellecTBa. B pe3ynbTraTe CTOJIKHOBEHHH YacCTHIIBI MOTYT TEPSTh
OpOUTANBHYIO CKOPOCTh M IPHUTATUBATHCS LEHTPAIBHBIM TEJIOM, TaK YTO aKKpe-
LU IPOMCXOANT He 3a 127.711eT, KaK MmoyrydeHo it BapuaHTa 1, a pacTsaruBacTes
HAa JIOJITHE TOJIBL.

B cosHeuHOU cucTeMe akKpelys He 3aKOHYMIIACh. BCE IUIAHEThI, CTyTHUKH U
acTepou/Ibl MCIEHIPEHBI YIapHBIME KpaTtepamu. B atmocdepy 3emiin HenpepbIBHO
BHEJPSIOTCS METCOPUTHI, OOJIH/IBI, @ BpeMeHaMu U OoJice KpymHble 00bekThl. He-
naBHee mnajenue ¢pparmentoB komerhbl JleBu - Illymekepa na HOmurep siBisiercst
yOeIMTEIbHBIM TOMY J0KAa3aTelNbCTBOM. B CBSI3M C 3TUM PAacCMOTPHM YCIIOBHS,
[PY KOTOPBIX dHEPrusi coBpeMeHHo# akkpeunu CoiiHIla coBrajana Obl ¢ ero us-
Jy4eHHEM.

Bripakenuns (11.138), (11.139)u (11.141)nonydyeHsl [js BEIIECTBa, pac-
MPEICICHHOTO C IJIOTHOCTBIO y B OOJIACTH PamuycoM [, KOTOpoe coOupaeTcs B
Maccy M. PaccmoTpuM 3aady, KOra BEIIECTBO PACIPEICICHO C INIOTHOCTBIO Lo
1o 00JIACTH PAZNYCOM [5g < lg. Toraa mocie akKpennyu BelecTBa, 3aKII0YEHHOTO
B chepe pamuycoM [yg, Ha LEHTPAIBHOE TENO OYAYT OCAKAATHCS YACTHUIIbI, HAXO-
JIMBIIHMECS HA PACCTOSIHUM [19 > Iy [Ipoliecc akKperuu OMUCHIBACTCS TEMHU K
BBIPXEHUSIMH, HO B cooTHoLIeHnH (11.141)BmecTo o OyaeT Io:

_167°Gplrs (P )

Et
15 Ao

-1]. (11.145)

3T0 HEprus aKKpeLHH BEIECTBA, 3aKII0YEHHOr0 B cdepe Io.
IMoactasmss (11.138)e (11.139),3amuiuemM BpeMsl aKKpELUH B CIACAYIOLIEM
BHJC!

3 0 1/3 0 1/3 0 1/3
L P01 —tvaretg | 25| -1]] . (11.146)

t= [——
87Gpy |\ Po Po Po

Kak BuanM, Bpems akKpeIi He 3aBUCHUT OT pa3Mepa OOJIACTH, a OTIpeIests-
€TCs TOJIbKO COOTHOIIEHHWEM TUIOTHOCTEH: NepBOHAYAIbHOW U KOHeUHOU. To ecThb
B paccMaTpHUBaeMOH ITOCTAaHOBKE BHEUTHHE CJIOW OJHOBPEMEHHO MOIXOIAT K MeC-
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Ty, T'lle OHU JOJDKHBI CTOJIKHYTBCS € IIEHTPAJILHBIM TEJIOM, U CIIUSHUE POUCKXOIUT
MTHOBEHHO. DTO O0YCJIOBJIEHO TeM, YTO C YJAJICHHWEM YacTHIIBI OT IIEHTpa obJac-
TH CHJIa BO3JICUCTBHUS Ha Hee, a CIEIOBATEIbHO, U YCKOPCHHE YBEINYMBAIOTCS 32
CUeT YBEIMYCHHsI MAacChl BHYTPEHHEro 00beMa BemecTsa. Tak, cormacHo (11.133),
¢ yuetom Maccel (11.134)BHYTpEHHHX CIOCB YCKOPEHHE YaCTHIBI HA HAYAIbHOM
panuyce fg; paBHO

ArGp, r
—3 o

T.€. Ha4aJIbHOE YCKOPEHUE YACTHIIBI IIPONOPLUOHAIHHO YAAICHHIO €€ OT LIEHTPA.

B uentpasbHO-CUMMETPUYHOM MOCTAHOBKE Mbl CYMMHUPOBAIU BO3CHCTBUE
BCEX OCTAJbHBIX YACTHI[ Ha PACCMATPUBACMYIO YAaCTHIy M MOIYYHIH CHITY
(11.129)Bo3aciicTBus BelecTBa B 00beME € pagnycoM 1. OJHAKO KPOME 3TOTO
BCEOOIIEro BO3ACHCTBHS CYIIECTBYIOT JIOKANbHbBIC B3AaUMOICHCTBHS, B PE3yIbTATe
KOTOPBIX OJIU3KO PACHOJIOKEHHBIE YACTHUIIBI YCTPEMIISIOTCS JPYT K APYTY U CIU-
BarOTCsA. VI3 YMCIIEHHBIX PACYETOB aKKPEIMU TPH PA3HBIX KOJMYECTBAX YACTHI[ H
pasHbIx GpopMax obracTeil BUIHO, YTO aKKPEIUs BHAYAIe HAUUHACTCS Ha nepude-
puu: npu KyGudueckoit popme B 006JIaCTH TNIABHBIX JHArOHAIed 00pa3yroTcs MHO-
JKECTBCHHBIE LIEHTPHI akKpeuuu. bojee MaccHUBHBIC MOIJIOMIAIOT OOJiee MENKHE.
3areM camble MAacCHBHBIE, CIUBAsCh, 00Pa3yIOT LIEHTPAIBLHOE TEJIO0, K KOTOPOMY
3aTeM B TEYCHHUE JIOJTOT0 BPEMEHH CTPEMSITCSl OCTANIbHBIC TeNa, KOTOphle 0CTaBa-
JIMCh Ha nepudeprn n3-3a Majoil CKOpOCTH IBWKeHHs. MTak, peanbHas akKpeuus
MIPOMCXOJUT HEIPEPHIBHO BO BCeM O0bEME M SHEPrusi aKKpEelWH 3aracaercs B
oTAeNbHBIX (parmenrtax. [103TOMy MmojHast SHEPTUsl aKKpeLUH OyIeT HpeBbIIaTh
BEJIMUMHY, PACCUUTAHHYIO B 3a1aue c(hepuueckodl akkpenuu. YToObl BBIICHUTH
HACKOJIbKO OOJIBbIIME JTH MPEBBINICHUS, HEOOXOIMMO IPOBOAUTH alibHEHIINE
YKCJIEHHBIE UCCIIE0OBAHMUS MPOIECCa AKKPEIHH.

ITo pesynpTaTaM chepHyecKOi aKKPELHU OLEHHM CPEIHIOI MOLIHOCTH aK-
kpeuun B Buge N = E/t. TIpu Gonbiuux 3HaueHusx (0f0n) BHIpaKEHHS I SHEP-
rud (11.145)u Bpemenn (11.146)ynporarores:

25 13
J16mGppris (P || ST (11.148)
15 Po 3260,

Toraa CPE€IHssI MOLIHOCTh aKKPCIMHU:
64,/2(075)°'2 pS 6GHom®! 3

15\/572.1/6

JlaHHOE BBIp2)KCHHE 3alMCAHO B 3aBUCHMOCTH OT IUIOTHOCTH OOJIACTH [y U MACChI
M LEHTPAIBLHOrO Teja, a HAaYadbHBIN pamuyc I HCKIOYEH. J[JIsT pacCMOTPEHHBIX
paHee 3HAYCHUH TUIOTHOCTH Lh PACCYMTAEM 10 3TOH (popMylie MOIIHOCTH aKKpe-
mun s ComHna

E

N =

0, kr/m® N, Bt
2.72:10" | 3.2¢107
2.72:10%° | 1.0-10°
1.71.10%° | 6.9.10*

wN Rz
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(11.147)

(11.149)

Kak Bugum, momrHoCcTh u3nyuenus Comnma (L = 3,86102 6 Bt) maxoaurcst
BHYTPU [HMalla30Ha pacyYeTHbIX MOIIHOCTEW akkpeluu. To ecTh BbLAEIsIEMAs
CoHIleM 3HepTHs MorJja Obl MOTIOTHATHCS 32 CUET aKKPEIUH, €CII IPH dTOM Oy-
JyT peajbHble 3HAYCHHUS] MAcChl BEIIECTBA, MOCTYIAMONIEro Ha Hero. [Ipu ckopo-
CTH aKKperuu v, = 760KM/C IPUTOK BELIECTBA B TOJI

LTyr 22
m, = =4.24010°° kr/rox .
S,
Oro cocrarisier 0,7% ot maccer 3emin. 1o OIeHKaM MPUTOK METEOPHOTO Bellle-
cTBa Ha 3emto coctasiser 5010 kr/rox [7]. Eciu cumrarh, 4TO MOTOK METEOPHO-
ro BemectBa B CoiHeyHOW cucteMe oOycnoBieH mputskenueM CoHIA, a Ha

3eMItro nonagaroT JUIIb TC MCETCOPUTHI, KOTOPLIC INEPEKPBIBAIOTCA €€ CCUCHUCM

2 o
7RE , TO TOJOBOM ITPUTOK METCOPHOI'0 BEIIECTBA HA COHHHG MOET OBIThH OLICHCH
BEJIMYMHOU
m, = 500%4mZ I(7/RE) = 1200 kr/rox,

rae e —paccrosiaue 3emmn 1o Comana; Re — pannyc 3emun.

[MosnydeHHas: BEIMYUHA HA ISTh [TOPSIIKOB MEHbIIIE HEOOXOAUMOMN BETMYHHBI MTPHU-
TOKa MacChl TSl TMOAEPIKaHNS CTAaOMILHON M3JIydaTenbHou crocooHocTn ColH-
na.

BrINOTHEHHBIC PAacYeThl MOKA3BIBAIOT, YTO YHEPTHS AKKPEIUM MOXKET OBITh
JOCTaTo4YHO OOJNBIION mpu oOpa3oBanuu CONHIA, HO HE JOCTATOYHA (MO0 UMEFO-
[IMMCSI TAHHBIM HAOIOJCHUS) JUIS MOJIEPKAHUS B CTAOUIBHOM COCTOSHHU €rO
Teriocoepxkanus. [{eHTpanbHO-CHMMETpHYHAsT MOJCIb aKKpPEIMH IacT 3aHH-
JKCHHBIC 3HAYCHUS JHEPTUHU aKKPEUUHN U HEOOXOIUMBI JaTbHECHUIIINE UCCIICTIOBAHHUS
9TOrO MpPOIEcca, YTOObI BRISCHUTH IIEPBOHAYANbHBIC 3amachkl dHeprun CoNHIA H
YCTAaHOBHUTH POJIb APYTHX UCTOYHUKOB SHEPTHUH.

OTMETUM HHTEPECHBIH Pe3yabTaT, CASAYIONIUH U3 3amadd 0 ChepHIecKOin
akkperun. U3 (11.135)cnenyer, 4to pajnaibHas CKOPOCTh CTSATHBAIOIIErOCs Be-
LIECTBA YBEIMYHUBACTCS 110 Mepe MPHONIMIKEHHUS '] K pajuycy akkpeuuu ry. Kak Mur
yKe HEOIHOKPATHO OTMEUall, pe3yJibTaThl HE 3aBUCAT OT HANPABJICHUS HHTETPHU-
pOBaHUs, TIOTOMY HX MOXKHO NPHUMEHUTh K DPA3JCTy BEIIECTBA, HAMPUMEDP K
B3pBIBY Teja pamuycoM Iy ECii B MOMEHT B3pbIBa CKOPOCTH YACTHII TeJa OyAeT
noauuHsIThCs 3akoHy (11.138),r.e. Takas ke Kak B MOMEHT aKKpEeLUH, TO 10 I0C-
TH)KCHUIO YaCTUI[AMU PACCTOSIHUM ] > It UX CKOPOCTh OYJET OMPEACISITHCS BbI-
paxenrem (11.135).ITo3ToMy CKOPOCTbh YacTHII € yOaJCHHEM OT LICHTPA B3phIBa
OyzeT yMeHbIIAThCS U TIPU TOCTHIKCHUH panuyca I = 1o OyIeT paBHa HYJIIO.

[MosyueHHBIH pe3ysbTaT COBEPILICHHO €CTECTBEH, TaK KakK MpH paslieTe Be-
LIECTBA OHO JIBHIKETCSI TPOTUB PAaBHOACHCTBYIOIICH CHII TATOTEHHSI K TOPMO3HUTCSI.
B Teopusix pacmmpsronieticss BeenenHo# u 060161100 B3phIBA" CKOPOCTH YaCTHII
C yIaJeHHEeM OT LEHTpPa B3pbIBA pacTeT. ITH TEOPUU OCHOBAHBI HA OOBSCHEHHH
"mokpacHeHus" cBeTa TajakTHK 3ddekroM Jlonmiepa, cOriacHO KOTOpoMy (CM.
dopmyny (8.75)) wacrora cBeTa yHaNAIOMIErOCS MCTOYHHKA yMeHbImaercs. Kak
BUIMM, TAHHOC OOBSICHEHUE MPOTHBOPECYUT 3aKOHAM MPUPOMIBI: MIPHU HATUYUHU Ts-
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TOTEHHUSI CKOPOCTh YAAIIOMNXCSI 00BEKTOB JOJDKHA Tanath. "TlokpacHeHue" cBe-
Ta 00YCIIOBJICHO IPYTMMH NMpUYWHAMH. Bcenennas He Obl1a pokaeHa B3pHIBOM H
HET OCHOBaHUW CUMUTATh €€ pacumupsoeics. B 3Tom miane mpeacTaBistoTcs
WHTEPECHBIMH Pa0OTHl PaHO YIICIIICr0 M3 XKU3HU (hUHCKOro actpoHoma ToiBO
Slakosna o paBHOBecHOU BeenenHoit [95].
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OIIPEJEJIEHWS OCHOBHBIX TOHATUI

Hwmke mpencraBiieHsl onpeAesieHHs MOHITHH W HEKOTOPHIE BBITEKAIOIINE W3
HUX CIIEJICTBHSI.

Bce cocTouT u3 AByX: OKpYX arolui MUP U €ro OIUCAHHUE.

OKpy>Kalolui MUP — 4acTh BCEro, YTO HE 3aBUCHUT OT PACCYKACHUHN uesioBe-
Ka.

Onucanue OKpYXaroulero Mupa — MOHMMaHHE, TOJKOBAHHE OKPYKaIOILEro
MHpA, T.€. IPEACTABIEHUE O HEM.

3HaHUC — MPECTABICHUE 00 OKPYKAIOIIEM MUpPE, KOTOPOE HE IMPETEPIUT CY-
LIECTBEHHBIX U3MEHEHUI CO BPEMEHEM.

Hctuna — 3HaHMe, IpHU UCIMOJB30BAHUUA KOTOPOTO pe3yJbTaThl ACHCTBUN ue-
JIOBEKa COOTBETCTBYIOT €T0 HAMEPEHISIM.

B Buze nucTuHB 0OBIYHO TPUHIMAETCS KaKasi-TO MPUHIMIIAATbHAS 9acTh 3HA-
HUSI, ATPAIOIasi BAXKHYIO POJIb BCETIA MITH B OTPE/ICIICHHBI MOMEHT.

Hayka — o6nacTs 4enoBedecKor AesITeIbHOCTH, HAaTIpaBICHHAs Ha TIOTydIeHHUE
HOBBIX 3HAHUI 00 OKPYIKAIOIIEM MHpE.

Teopus — onucanue CBONCTB OOBEKTOB OKPYKAIOIIET0 MHPA, METOJOB Yeio-
BEUYECKOM NEATENBHOCTH U UX PE3YJIbTAaTOB.

Bpems — xapakrepusyeT U3MECHUYUBOCTh OOBEKTOB U OMPEACISCTCS B PE3Yiib-
TaTe COMOCTABJICHUS U3MEHEHHsI 00BEKTOB C M3MEHEHUEM JTAIOHHOTO Teja (00b-
eKTa).

Bpewms cymecTBoBaHUS, BpeMs KHU3HH, JITUTCIHHOCTD SIBICHHUS WIH 00BEKTa —
KOJIMYECTBO IMKJIOB 3TAJOHHOTO M3MEHEHHWS, KBHUBAJICHTHBIX W3MEHEHHIO pac-
CMaTPUBAEMBIX 00BEKTa WU SBICHHUS.

MowMeHT BpeMeHH B M3MEHEHHH OOBEKTa — MPUBSA3KA HEKOTOPOTO 3Tala ero
M3MEHEHHS K OTIPEIeIIEHHOMY 3TaIly WJIN HUKIY 3TATOHHOTO M3MEHEHUS.
[IpoMexxyToK BpeMEHH MEXIy ABYMS Pa3sHBIMH dTallaMU M3MEHEHHS OO0BEeKTa —
KOJIMYECTBO LMKJIOB ATAJIOHHOTO U3MEHEHUs, MPOU3O0LIEAIINX MEXIY dTUMHU dTa-
TTaMH.

MateMaTHYeCcKoe BpeMs — pe3yJabTaT CPaBHCHUS H3MCHCHHI OOBEKTOB CO
CTaOWIIEHBIM IIUKJINYECKUM U3MEHEHHUEM BOOOPaKAaeMOTO ITAJIOHA.

MaremaTiueckoe BpeMsl UCIOJIb3YETCsl IPU TEOPETHUECKOM ONHUCAHUU OKPY-
JKAFOIIETO MUPA.
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Beanunna o0bekTa (Tena) — pe3ynbTaT CPaBHEHUS MPH HAIOKEHUH dTajJoHa
Ha 00BEKT; BRIPAKAETCS KOJIMYECTBOM ITAIIOHOB MJIM KOJMYECTBOM JIOJIEH 3Tajo-
Ha, KOTOPBIE MOKHO HAJIOKUTh Ha OOBEKT.

BennunHa 00BEKTa OMpENeNseTcs B TPEX B3aWMHO MEPICHIUKYISPHBIX Ha-
MPaBIICHUSX, KOTOPHIC IO Mepe YObIBaHHS Ha3bIBAIOTCS: JJIUHA, ITUPUHA U TOJ-
IIMHA.

Haspanue BenuuuHBI 00BEKTAa MOXKET OBITh MPUBSA3aHO K BEPTHKAJM: BBICOTA
(rmy6uHa); K TOPU30HTAIK: MIHPHHA (TOJIIMHA); K CTOPOHAM CBETa: MIUPOTA, J0JI-
rorTa, u T.I.

Bennanna mpoMexxyTka MeEXAy OOBbEKTaMU — pPEe3yJIbTaT CPaBHEHHS pa3Me-
IEHUEM 3TAJIOHOB MEXIY OOBEKTaMH; BBIPAKAETCS KOJUIECTBOM ITAIIOHOB HIIH
HuX JOJICH.

ITpoMexxyTKH MEXITy OOBEKTaMH PACIIONIaraloTCs B TPEX B3aMMHO TEpIICHIH-
KYJISIPHBIX HAIlPaBJICHHUSX.

BennauHbl TpoMeXyTKOB Ha3bIBAIOTCS PACCTOSTHUSMH.

IIpocTpaHCTBO — COBOKYITHOCTh OOBEKTOB U IPOMEKYTKOB MEXKITY HUMHU.

Orto dusmyeckoe ompeaesicHHe MPOCTPAHCTBA CIEAYET OTIUYATh OT CIIOBA IIPO-
CTPAHCTBO», HCIOJB3yEMOE B MAaTEMAaTHKE, T033UH, PAHTACTHKE U APYrHX 0o0iac-
TSIX YCJIOBCUECKOH JEATEILHOCTH.

MateMaTHYeCcKoe IPOCTPAHCTBO — BOOOpakacMasl CHCcTeMa KOOPAWHAT, B KO-
TOPOW OJI0KEHUE TOUCK 3a()UKCUPOBAHO TPEMSI YHCIIAMH.

CucteMy KOOpAMHAT CJEIyeT pacCMaTpUBAaTh CHHOHMMOM MaTeMaTHIECKOTO
TPOCTPAHCTBA

CucteMy TPSIMOJTMHEWHBIX W B3aMMHO MEPIEHAUKYISPHBIX OCEH KOOPJAMHAT
HAa3bIBAIOT JIEKAPTOBOM.

MaremaTHuecKkoe MPOCTPAHCTBO UCTIONB3YIOT ISl TEOPETUIECKOTO OTIMCAHUS
OKpYXarollero Mupa.

CKOpPOCTh JBHIKCHHS OJHOTO OOBEKTa OTHOCHTEIIBHO APYroro — M3MCHCHUEC
PacCTOSIHUS MEXAYy HUMH 32 €IMHUILY BPEMEHHU.

CKOpOCTh XapaKTEepHU3YyeT JBIKCHHC OOBCKTA IO OTHOIICHHIO KO BTOPOMY
00bekTy. OIMH U TOT e OOBEKT 10 OTHONICHHIO K HECKOJIBKUM HUMEET pa3HbIe
CKOPOCTH.

HHepimansHas cucteMa — BooOpakaeMasi cucTeMa KOOPIWHAT, KOTopast IBH-
JKeTcsl 63 YCKOPEHUs, T.€. IO HHEPITHH.

YckopeHne NBMKEHUST 00beKTa — U3MEHEHHE €T0 CKOPOCTH MO OTHOIICHHIO K
WHEPIMAILHON CHCTEME 3a SAWHMIY BPEMEHH TP YCJIOBHH, YTO B HAdaJbHBIN
MOMEHT U3MEpPEHHsI WX CKOPOCTH COBIANajy, a U3MEHEHHE CKOPOCTeH paccmar-
puBaeTcs 3a 6€CKOHETHO MaJIBIH MPOMEKYTOK BpEMEHH.

YckopeHue ABIKCHHS OOBCKTa XapaKTEpU3yeT €ro JIBMKCHUE OC30THOCHU-
TENBHO JIPYTHX OOBEKTOB, T.C. YCKOPCHHE €CTh COOCTBCHHAs XapaKTCPUCTHKA
obbekTa (ecnu npeHeOpeyh 3aBUCUMOCTBIO OT BBIOOPA MHEPIMATBLHON CUCTEMBI).
DTO CBOWCTBO YCKOpPEHUS SIBJsIETCsl MaTeMaTHueckuM. [Ipu m3aMepeHuu yckope-
HUS BMECTO MAaTEMaTHUECKHX KOOPAWHAT M BpPEMEHU MPUMEHSIOTCS peajbHbIe
STAJIOHBI JUTMHBI M BPEMEHHU, & BMECTO HHEPIMAIBLHON CHUCTEMBI HCIIONB3yeTCs
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00BEKT, HapUMep 3eMHasi TOBEPXHOCTh, KOTOPHIH ABIKETCA yCKOpeHHO. M3me-
PEHHOE YCKOPEHUE BBIPAKCHO 110 OTHOIMICHHUIO K MCIIOIB30BAHHBIM ATAJIOHAM.

Bo3zaeiicTBre 01HOTO 00BEKTa HA APYTOH — CIOCOOHOCTH OOBEKTA TIPUBECTHU B
JIBIDKEHUE BTOPOH OOBEKT JINOO U3MEHHUTH €r0 IBUIKCHHUE, T.C. COOOLIUTH YCKOpE-
HHUE BTOPOMY OOBEKTY.

Ecnu Ha 00OBEKT HE OKa3bIBACTCS BO3ACUCTBHE, TO OH HE UMEET YCKOPCHUS,
T.€. TIOKOUTCS WJIN JIBUKETCS MPSIMOJIMHEHHO W PaBHOMEPHO (IEepBBIN 3aKOH Me-
XaHUKH).

Cuiia BO3JCHCTBUS OJJHOTO OOBEKTa HA JAPYrOl — XapaKTepPUCTUKA BO3IEHCT-
BUS, BRIpa)KCHHAsI B M3MECHEHUH CBOWCTB TPETHETO OOBEKTA, KOTOPBIA MPOTHBO-
JIEACTBYET B3aUMOJICHCTBUIO TIEPBBIX JABYX.

Hanpumep, mpyxnHa, HaxOIAIMIascs MEXIy TEJIOM W TPHUTATHBAIOIIEH ero
3eMHOU MOBEPXHOCTHIO, YMEHBINACT CBOIO JIMHY Ha Beiamduny Al, kortopas xa-
paxkTepu3yeT CHIIy BO3ACHCTBHA 3eMJIH Ha TEJO.

Cuia HampaBiieHa BJIOJIb YCKOPEHHS Tea.

B3anmMopeiicTByIomue Tena UMEIOT MPOTHUBOIIOIOKHO HAIPaBICHHBIE YCKO-
peHus.

Cuia BO3ACUCTBUS MMECT OTHOILICHHUE K JBYM TeliaM, a BEIIMYHMHA €€ OJ(HA W
ta xke. OTCroAa, CHIBl B3aUMOJICHCTBUS JBYX Tell, KOTOPBIC IIPU OMUCAHUU B3au-
MOJICHCTBHS YEJIOBEKOM MBICIICHHO MPUKIAABIBAIOTCS K TEJIaM, PABHBI 110 BEJH-
YHMHE W TPOTHBOTIOJIONKHBI [0 HAMIPABICHUIO (TPETHl 3aKOH MEXaHUKH).

Macca Tena — KOJMYECTBO ITATIOHHBIX TEl, KOTOPBIC NPU BO3JCHCTBUH, Xa-
paKTepu3yeMOM HEKOTOPBIM YCKOPEHHEM, MPUBOIAT K TaKOMY K€ M3MEHCHHIO
CBOWCTB MMPOTHUBOICHCTBYIOMIETO TeJa, KaK U pAaCCMAaTPUBAEMOE TEJIO.

Hanpuwmep, Ha KaMeHb U Ha THPH 3eMJIsI BO3ACHUCTBYET C OJMHAKOBBIM yCKO-
perreM. Macca KaMHSI paBHa TaKOMY KOJIMYECTBY THPh, KOTOPBIE 1e(OPMHUPYIOT
MIPYXHUHY, TIPOTUBOJICHCTBYIOMIYIO WX MAACHHUIO, HAa Ty K€ BEIHUYMHY, YTO U Ka-
MEHB.

Macca Tena, IpyruMu CIOBaMH, — KOJHMYECTBO ATAJOHHBIX TEJ, KOTOPHIC MPU
BO3ICUCTBHH, XaPAKTCPU3yeMOM OJMHAKOBOW CHIIOW, IPUOOPETAIOT TO K€ YCKO-
peHue, UTo U TeJo.

Ipu BO3aCHCTBUU HA ITANOH (KHJIOrPaMM), KOTOPOE XapaKTePH3YeTCsl YCKO-
perreM 1 Mm/c®, M3MEHEHHE MPOTHBOACHCTBYIONIErO Tela MPHHSTO 33 CAHHHILY
cuibl F B 1 Hptoton (H).

BoszeiicTBIE Ha STANOH, XapaKTEPHU3yeMoe yCKopeHneM W M/c?, Takke ompe-
JeNACTCS BETMIMHOMN CHIIBI

F=w.

BOSHGﬁCTBHG Ha Tpymiy u3 M 3TaJIOHOB, KOTOPOE€ XapaKTEePU3YETCsl YCKOpe-
HHUEM W M/Cz, OIIMCBIBACTCS TAKXKE CUJION

F = mw.
HpI/I BOS,HGfICTBI/IS[X Ha TCJIO U Ha TpyIIy U3 M 3TaJIOHOB, KOTOPBIC XapaKTe-

PHU3YIOTCSI OJIMHAKOBBIM YCKOPEHHEM W, CHJIa BO3JICHCTBHUS HA TEJIO paBHA
F = mw (Bropoii 3aK0OH MEXaHHKH).
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W3 ompeneneHnst MacChl CIeAyeT, 4TO OHA HE 3aBUCHT OT BHJIa BO3JCHCTBYSI.
Her rpaButaniionHol 1 HHEPIIMOHHON Macchl. Macca y Ten oJjHa U HaXOJIUTCS
B COOTBETCTBUH C OTNPEIICTICHUEM.

Macca MOKeT OBITh TOJBKO y TeX 00BEKTOB, Ha KOTOPBIC MOXHO OKa3aTh BO3-
JICHCTBUE, T.C. YCKOPSITH.

YacTuiaMm, He UCTIBITHIBAOIINM BO3ACHCTBHE, HATIpUMep (OTOHY, TPAaBUTOHY,
HEUTPUHO U T.II. , IPUCBANBATh MACCy HEIb3S.

Macca tena — 310 K03(Q(QUIUEHT COOTBETCTBUS MEXKTY CHION BO3JICHCTBHS Ha
TEJIO U €r0 YCKOPCHUEM, KOTOPBIH MOKAa3bIBAET BO CKOJBKO pa3 MpPU OJMHAKOBOM
10 CHJIE BO3ACWCTBHH YCKOPEHHUE Tella MEHbBIIIE YCKOPEHUS ITAJIOHA.

Cuita BO3JICHCTBUS Ha TEJO €CTh HE UYTO MHOE, KaK YCKOPEHHE Teja, HO BhIpa-
JKEHHOE B JIPYTUX CIUHUIAX.

CBs3b MEXIy CHJIOW M YCKOPEHHEM MOXKET ObITh TOJBKO B BUae F = mwu
JIPYTOi 3aBUCUMOCTH CHIIBI OT YCKOPEHHUS OBITh HE MOXKET.

3aKOHBI MEXaHUKH HE SBITIOTCS 3aKOHAMH MPHUPOIBI, 3TO CICICTBUS TPHHS-
TOr'0 METO/[a ONMMCAHHUS B3aUMOIECHCTBUS.

3aKOHBI MCXaHUKH OJMHAKOBBI JJIs JIFOOBIX B3aumMonachcTBuid. OHM HE MOTYT
OBITH M3MEHEHEI 0€3 U3MEHEHHUS CII0Cc00a OMMCAHMS B3aUMOICHCTBHIA.

Pa6ora cunbl F mpu mepemerennu Tena Ha paccrosinue d | — npousseenue

nepemenienus d | na MPOEKIHUIO HA Hero cuiibl: dA = Fdl .

HoTeHnuanbpHas JHEPTUs B3AUMOAEHCTBHS Tl — BEIMYMHA, PaBHAsA padoTe ¢
00paTHBIM 3HAKOM.

Kunernueckas dHEprus Tejia — TOJOBHHA TPOM3BEACHUS MAacChl Tela Ha
KBaJpar ero CKOPOCTH.

DJIEKTPUYECKUIA 3apsijl — CHJIA BO3AECHCTBUS MEKIY OJUHAKOBO HAJIEKTPH30-
BaHHBIMH TEJIAMH, HAXOISAIIUMHKCS HA PACCTOSHUN B OJHY €IUHUIY JUIHHBI.

DJIEKTPOMArHUTHAS BOJIHA, CO3/aBaeMasi 3apsHKEHHBIM HMJIM HaMarHUYEHHBIM
TEJIOM — 3TO MEPEMEHHOE BO3JIEUCTBHE B KAXKJIOM OTJAJICHHOM OT Teja TOYKe, KO-
TOPOE KCIBITAET MOMEIICHHOE B HEE JPYroe 3apsHKEHHOE WM HAMarHHYeHHOE
TEJNO.

Tone — MaTemartuueckunii TepMHH 1711 0OO3HAYEHUs paclpeie/ieH s KaKo-
a160 QyHKIMH A MO TPOCTPAHCTBEHHOM CHUCTEME KOODAMHAT X, Y, Z B MOMEHT
BpeMenH t, kotopoe 3amucsiBaercs A(X, Y, Z t).

DJIEKTPOMATHUTHOE [10J€ — MaTeMATHYECKUM TEPMHH Il 0003HAUECHUS Xa-
PaKTEPUCTHK 3JEKTPOMAHUTHOTO BO3JEUCTBHS, HANPUMEDP DJIEKTPUUECKON Ha-
npspkendoctu E(X, Y, z, t).

['paBHTALIMOHHOE [0JI€ — MATEMATHYECKUM TEPMHH Ul 0003HAYECHUS XapakK-
TEPUCTUKHU IPABUTALMOHHOIO BO3JAEHUCTBHS, HAIIPHUMED PACIIPEACIICHHS YCKOPEHUS
3emHoro tarorenus g(X, vy, z, t).
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INOCJIECJIOBHUE

MpI npoaHaNU3UPOBAIM OCHOBAHHS MEXaHHWKH: BpPeMs, IPOCTPAHCTBO, CKO-
POCTB, YCKOPEHHE, Maccy, CHIIy M YCTaHOBIJIHM MX CYTh. IIpocTpaHCTBO, BpeMs U
Macca He MOTYT 3aBHUCETh OT CKOPOCTH ABI)KCHUS, II03TOMY BBEICHUE TaKOH 3a-
BUCHMOCTH B TEOPHH OTHOCHUTEIBLHOCTH SIBJISIIOCH OIIMOKOM.

Mpl omnpenenniuch ¢ MO3HAHUEM MHUpA. €CTh OKPY)KAIOIIUI MHUP U €CTh €ro
onucanus. OnucaHue NpUaAyMbIBAEM MBI, @ OKPYKaIOIUi MUDP HE 3aBUCHUT OT Ha-
LIMX paccy>KACHUH. JTa MO3ULHMS [TO3BOJISIET IIPOCTO PelIaTh NpodIeMy peasibHO-
CTH Pa3IMYHbIX TEOPETHUYECKUX IMpejcTaBlieHni. Bee, uro npuaymano Boodpaske-
HHEM, SBISICTCS HEpEeaIbHBIM, T.€. €ro HET B OKpyaromem mupe. Her cybcran-
LOUH THIIA: IPOCTPAHCTBO, BpeMs, Macca, CHa, SHeprusd, noiue, s¢up. Macca He
MOXET IIepPEeXOJUTh B SHEPIrHIO, a BpeMs B BemecTBo. He cymiecTByeT npocTpaH-
CTBEHHO-BPEMEHHOTO KOHTHHYYMa, HET KPHBOJIMHEHHOTO MHpa, He ObuI0 «bojb-
1IOTO B3PbIBa» U HET paciupsronieiics BeceneHHON.

MpI IpUIUTK K BEIBOJY, YTO MHOTHE IIOCTPOCHHS COBPEMEHHON (M3UKH SB-
JSIFOTCSL MCKPHBJICHHBIM OIMCaHWEM OKpy»Karouiero mupa. Ilpencrout Gosbiuas
pabora 1o ero MCHpaBICHHUIO M CO3JaHUI0 HOBOT'O OIMcaHHs. MBI Hageemcs, 4To
OHO OyJeT MocTpoeHO Ha Oe3runoTe3Hol ocHoBe. Pu3nveckue Hayku OoJbLIe HE
OynyT coOpaHHEM CakpaJbHBIX MOJOKEHHH, HETIOHATHBIX JlaKe IUISl MTOCBSIICH-
HbIX. OHN aAyT JIOJSM YETKOE W SICHOE 3HaHWE O MHUpE, KOTOPOE MO3BOJIUT UM
00ycTpanBaTh CBOIO )KM3Hb OCO3HAHHO, IIEJICYCTPEMIIEHHO U ONITHMAJILHO.

MEI yBepeHs!, YTO B MUPE HET HUYETO IIOTYCTOPOHHETO U HE0ObICHUMOTo. 1
€CTh MHOTO HaM HEM3BECTHOTO M HHTEPECHOTO. MBI HaJileeMCsl, YTO BMECTE € TEO-
pHell OTHOCUTENILHOCTH YHIeT B HEOBITHE MHUCTHYECKOE BOCHPHATHE OKPYKalo-
LIEro MUpa ¥ BBICIIEH [eJIbI0 O0IIEeCTBA CTAaHET CTPEMJICHHE K HOBBIM 3HAHHSAM O
Mmupe. BimwkadmiMu 3agadaMy B HAIllPaBJICHUHM JBIDKCHHS K 3TOMY SBIIIOTCS:
MOJTy4eHUE CBEPXCBETOBBIX YACTHUIl U MepecMOTp (PU3MKH, HAYMHAS C ONBITOB O.
Pezepdopna. [To-Bunumomy, OpHer Pesepdopn B 20+ Beke ObLI mocneanuit yue-
HBIH, KOTOPHIH, ToK00HO Mcaaky HploTOHY, cTpemMmiicss He BHOCUTh THIIOTETHYE-
CKUX IOCTPOCHHH B Hay4HBIE pe3ynbTarhl. [yl onmcaHus SBICHUH NpPU3BIBACM
HCIIONIb30BaTh OE3rMITOTE3HBIH IT01X0/1, KOTOPBIH MBI 3/1€Ch IBITAIUCH POAEMOH-
CTPHpPOBATh Ha NMpHUMepax pa3INYHBIX B3aMMOJIEHCTBUH. PaccMOTpeHHBIC B KHUTE
CIIOCOOBI YCKOPEHHUS YacTHI[ A0 CBEPXCBETOBBIX CKOPOCTEH MBI IpelsaraeM Oy-
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IyIaM  (PU3NKaM-IKCIIEPUMEHTATOpaM W HIDKE TPUBOAWM Halle oOpalieHue K
HUM, OITyOJIMKOBAHHOE B IBYX TUCCHICHTCKUX HAYYHBIX XKypHAIax:

1. Smulsky J.J. Appeal to Physicists-Experimentalis Apeiron. —1998.—
Vol. 5, N.1-2.-P. 107;

2. Smulsky J.J. Appeal to Physicists-Experimerttali Galilean Electro-
dynamics.— 1998.— Vol. 9, N.5.—P. 88.

OBPAIIIEHHUE K ®U3UKAM-OKCIIEPUMEHTATOPAM

VBaxkaemble koJuieru!

S xouy mpuBneus Bame BHIMaHHE K YCKOPEHHIO 3JIEMEHTAPHBIX YaCTHUI] 1O
CBEpXCBETOBOM CKOpocTH. HeT HUKaKuX MNpensITCTBUN IUISl TOCTHKEHUS TaKHX
CKOpOCTEl, KpOME MUPOBO33PEHUYECKHX, 00YCIOBICHHBIX TEOPHEH OTHOCHTEBHO-
CTH.

Cyts npensitctBus TO B cienyromeM. B npupoge 00beKTHBHO CYIIECTBYIOT
BO3ACUCTBHE TeN IpYr Ha Apyra. DJICKTPOMAarHUTHBIC B3aUMOACUCTBHS 3aBHCAT
HE TOJILKO OT PACCTOSIHUS MEXIY TEJIaMH, HO U OT UX OTHOCHUTEIBHOU CKOPOCTH.
Onucanne B3anmozeicTeuii B TO NOCTpoeHO Tak, 4TOObI ypaBHEHUs ISl B3aUMO-
JICHCTBUI HETOJBUKHBIX JPYr OTHOCUTEIBHO Jpyra Ted M YpaBHCHUS JUIs B3au-
MOJICHCTBHI OTHOCHUTEIILHO IBMKYIIUXCS TeNl OBUIM OIUHAKOBBIMH. [lo3TOMY,
YTOOBI YIOBJICTBOPUTH SMIMPUYCCKAM JAaHHBIM, HECOOXOJMMO IMapaMeTphbl MpPH
MTOKOE TPeodpa3zoBaTh K MmapaMeTpaM IpH JBIDKEHHH 0 M3BECTHBIM PEIATHBUCT-
CKHUM TIPEe0Opa30BaAHUSM.

Ecmu jxe B3auMOJEHCTBUS MEXAY IBIKYIIMMUCS TEIaMH OIMCHIBATH TaKH-
MH K€, KaK OHH €CTh, TO €CTh 3aBUCSIIUMH OT CKOPOCTH MX OTHOCHTEIEHOTO
JIBIDKEHUS, TO IpeoOpa3oBaHus MPOCTPAHCTBA, BPEMEHH W MAaCCHl HE HYXHBI. DTO
BO-TICPBBIX.

Bo-Bropeix, cozmarenu TO, yBIGKIIMCh 3PHUPOM, BHAIU B 3a0NIyKICHUE
mpe/roiaras, YT0 OHU CTPOST HE ONMCAHWE B3aUMOJICHCTBUH, a CO3AIOT MHUp, B
KOTOPOM MaTepHabHEIC TEa MOJBEPTAIOTCS U3MCHCHHUSM B COOTBETCTBUU C pe-
JSTHBUCTCKUMH COOTHOIICHUSMH. A TaK KaK PEISTHBHCTCKUC MPEOOpa3OBaHHS
MIPH CBEPXCBETOBOW CKOPOCTU CTAHOBIIIUCH MHAMBIMHU, TO B TO CBEpXCBETOBBIC
JBIDKCHUS 3ampeTHiud. KpoMme pensTHBHUCTCKOTO OINHMCAHHS B3aMMOACHCTBHIMA
uMeroTcs apyrue omnucanusa. OTaensHble (parMeHTHl ONKMCAHWHA, OCHOBAHHBIX Ha
KJIaCCHYECKON (u3nKe, omyonukoBansl B padorax I'.1. CyxopykoBa U COaBTOpOB
[64], T.G. Barnes1 coasropos [83], C.W.Lucas,Jr. [102k muorux apyrux. Ha-
mpumep, Oleg D.Jefimenka croeit kuure [98] mpencrasmn Bocxomsmmii k O.
XeBucaiy METOJ 3ana3iblBaloOlUX MOJIeH, KOTOPBI MOXET TMOJHOCTHIO 3aMme-
HUTH TEOPHIO OTHOCHTEIHHOCTH.

B pe3ynbrate CBOMX HCCIICAOBAHUIA S pa3padoTall CIIIOBON METOJI ONUCAHHUS,
OCHOBAHHBIN Ha BBIPAXCHUU JUIS CHJIBI B3aMMOJICHCTBHS IBYX TEJ, 3aBUCAIICH OT
PACCTOSIHHS ¥ CKOPOCTH Mexk Iy Tenamu. CBEPXCBETOBBIC JBIKCHUS CYIICCTBYIOT
B IPUPOJIC. CTPYHU BEIECTBA U OTICIIbHBIC (PParMEHTHI TATAKTHK B JaJICKOM KOC-
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MOCE JIBUXKYTCSI CO CKOPOCTSIMH, MPEBOCXOISIIUMH CKOPOCTh CBETa B HECKOJILKO
pa3; B armocepy 3eMild BHEAPSIFOTCSI KOCMUYECKUE YaCTHIbI CO CBEPXCBETOBBIMHU
CKOPOCTSIMHU. S IPHU3BIBAIO NOYYUTh CBEPXCBETOBBIC ABMKEHHS Ha 3eMiie.

[pemiararo opraHu3anUsM M YYCHBIM IPUHATH y4acTHe B 3TOH padote. Bo
MHOTUX OpraHH3alMsiX UMEETCS BCE HCOOXOIUMOE, YTOOBI YCKOPUTH YACTHIIBI JI0
CBEPXCBETOBOW CKOPOCTH IO MPEUIOKEHHBIX B MOUX padoTtax cxeme. [Ipu HeoO-
XOJMMOCTH CXEMa JKCIIEPHMEHTa MOXET OBITh H3MCHEHA W aJalTHPOBaHa K
MMEIOIIUMCS yCIoBUAM. [Ipeanararo Takke HCIOJIb30BATh pPa3paOdOTaHHBIC MHOM
METOBI U pacyeTa YCKOPUTEICH U SICPHBIX mpeBpaineHuii. OHU TOYHEE pes-
THUBHCTCKHUX.

3aueM HyKHBI Ha 3eMJIC CBEPXCBETOBBIC ABYIKCHHS ?

1.3T0 HOBBIE JBMIKUTEINHN [II MEIK3BE3IHBIX PAKET.

2.2T0 MOUIHBIA HHCTPYMEHT B IPOTHBOACTEPOUIHOM 3aIUTE 3EMITH.

3.DT0 HOBbIE HA3eMHBIE TEXHOJIOTHH.

4.3T0 HOBBIE 1M U MEPCIIEKTUBBI [UIs YEIOBEYECTRA.
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IIpunaoxenne 1

IMPOT'PAMMA B CPEJE MATHCAD

UHTETPUPOBAHUSA YPABHEHUM IBUKEHUS

JJIA QJJIMIICOBU/HBIX OPBUT

Hcxoaublie mapaMeTpsl
rn := 1.0000.- HA4aJIbHBII pajlyC HHTETPUPOBAHNS,
n:=10 - KOJINUECTBO YYaCTKOB HMHTETPUPOBAHMUS

b := 1.21996- paJlyC aMOLEHTPHUS - KOHEYHBIN paalyC HHTETPUPOBaHNUs. 3a1acTCs
TIPUONIKEHHO, @ 3aTeM PacCUMTHIBACTCS U3 YCIOBHS PAaBEHCTBA HYJTIO
paguasbHOU CKOPOCTH.

all:=-.70 bt:=.70
Haxoxaenue paauyca anoueHTpus

1

l —
Ab?- b2 41— bf

Brruncnenune mara h yqacTkoB u Ipyrux napameTpoB

2

(

root| | 1- %— 1- bt2> -ex{ 2 alibt?
b

ﬂ ,b| =1.21996726

h::bfm i=1.n j:=0.n j1:=0.n+1 roi=rm
n

z'=rm+ h,m+ 2-h.b rj1+11:rjl+h alizri—h

bto =4/ (1- ai?) bt0= 07141  al'=2-allbt?

Berluncienue paauaabHOR CKOPOCTU

17527(17 bf)-ex{Zallbtz-( t ¢ ﬂ
z NZ-bt? A1- bt

Brruucnenne TIONIpaBKH B HayaJIbHOU TOUYKE I'N

t= PR —— '(|n<«/mTfl+rn>> fig = | —=

vr(z) := b

WHTerpupoBanue BpeMeHH t 1 yrioBoit koopauHaTsl fi

! ft(z) =2 {,=3.177910 2

2r(z) vr(z)

f(z) = 2

fi, =3.177910

r r
1 I
dt, [ ft(z)dz dfi, J@ f(z)dz vor, :zvr’r.)

Ui
8 g
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Beruncnenye nonpaBku B anoLeHTPUH

dfi ‘= aco!

2 2
(all+ D*- \vorn> . alls 1

Ilpononxenue npui.

n+1

1+ all

CyMMUpOBaHKE IO y4acTKaM

1+

all

A1- (bt)?

Y 2
dtn+1‘7dfln+l'b

ti=t_ rdt fi, =fi_ +dfi thg =tyrd o fi =i e
B B ‘7 P .
vor,. =0 . ,i=b x = cos| f]|1> Yo -sm\fljl)
Pesynbrarel BeluncieHui
all=-07 bt=0.7 m=1 b=122
vor, fi].1 Xy i dfijl t].1
6.293410"  |3.1779107 0.9995|  |3177410% | O 3.177910
2 8816107 1.4797|  |9.300410° 1.0178| 14479 1.5014
5.022417 2.0831 05118 0.91 | |0-6034 2.1445
: - 25473 -0.8832 0.5069| |0-4642 2.6609
4.561710° 2.9455 71.0671) 0.2119] |0-3983 3.1227
4.928810° 3.3087 71.0945 0.1844 |0-3631 3.5612
5 066810 3.6557 -0.9857 ~0.5564 | 9-347 3.9971
: 7 4.0028 0.7519 -0.8754 [0-3471 4.4507
4.98661 43711 ~0.3936 “1.1081] |0-3683 4.9506
4675110 4.805 0.1108 “1.1928 |0-4339 5.5625
4.082510F 5.7342 1.0407 -0.6366 0-9292 6.9282
2058910 5.7418 1.0455 706287 [7.599910° | 6.9395
5.857910"
DopMUpOBaHUE BBIBOJHON MaTpPHUILIbI
PO’O —all PO’1 =bt PO’2 1=vorg PO’3 1=vor,
P0)4::al PO’SJ:m PO’SJ:b
Pit10 ™M Pis1,1 V0N Pir1,2 iy Pit13 ™%
Pieia ™Y Pires = dfiy Pirie ™l

3amuck pesynbraToB B daitn R_7070.prn

0.05

VOI’J.l
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Ipunoxenne 2

UCXOJHBIE TAPAMETPBI TPAEKTOPUM
N 3HAYEHUSA B KOHEYHbBIX
PACYETHBIX TOUKAX

OcHoBHBIE 0003HAYEHUS

All= a, Bt =4, Btc =S = (1 - )%
Al10 = a;”; Bto FBy; BtcO HBoeo = (L —(a19?)"% Br0 =85;
Al= a =2a B ficl =gq; Tcl =ty ; Racl =Ry =Rac/Ry-

Unaekcom «Cl» 0603HaueHbI TapaMeTpbl KIACCHYECKON TPACKTOPHUH:
s Tunep6osMueckoil u mapabosuueckoit (ay >= -0.5) gy u ty - yron u otHo-
CHUTEJIbHOE BPEeMsi IIPH KOHEYHBIX 3HaUeHHsIX Rr;
st SrMnTHYeckux opout (ay < -0.5) @y , ty m ﬁacl - yroi1, BpeMst ¥ OTHOCH-
TENBHBIN PaJNyC B AlOLCHTPUH.

Rr=R/R,; Vor= o, =ulv,; Vor0= 2 =uvlvg, Fi=g;

X = x/Ry; Y=y/R,; dFi=4¢; T=t=tv,/R,.

VY tpackropuii ¢ Bt = BtcHmxHuit npenen unrerpupoanus pasen 1.001.

Homepa TpaekTopuit COOTBETCTBYIOT HOMEpaM TPAaeKTOpUi B TaONMIAX 3HAYe-
HHI BceX pacueTHbIX Touek [59].

Rr Vor Fi X Y dFi T
1. llpursxenue (All < 0)
1.1. All = var
111.A1=-1

1.1.1.1. All=-100 Bt= .100 Btc:995
Al= -002 Ficl= 1.681 Tcl= .1117E0

.1000E+04 .8950E+00 .1680E+01-.1085E+03 .9941E+PB8E-03 .1117E+04
1.1.1.2. All=-100 Bt= .300 Btc:995
Al= -018 Ficl= 1.681 Tcl= .1117E40

.1000E+04 .8990E+00 .1681E+01-.1095E+03 .9940E+2B3E-03 .1112E+04
1.1.1.3. All= -100 Bt= .500 Btc#995
Al= -050 Ficl= 1.681 Tcl= .1117E4#0

.1000E+04 .9070E+00 .1683E+01-.1125E+03 .9937E+PB2E-03 .1102E+04
1.1.14. All = -100 Bt= .700 Btc#995
Al= -098 Ficl= 1.681 Tcl= .1117E4#0

.1000E+04 .9200E+00 .1685E+01-.1144E+03 .9934E+D34E-03 .1086E+04
1.1.15. All= -100 Bt= .900 Btc#995
Al= -162 Ficl= 1.681 Tcl= .1117E0

.1000E+04 .9460E+00 .1693E+01-.1223E+03 .9925E4+DG2E-03 .1057E+04
1.1.16. All = -100 Bt= .995 Btc#995
Al= -198 Ficl= 1.681 Tcl= .1117E0

.1000E+01 .0000E+00 - - - - -
.1000E+04 .9680E+00 .1828E+01-.2547E+03 .9670E+035E-03 .1033E+04
1.1.2. AL1=-0.2

1.1.2.1. All= -200 Bt= .100 Btc#980
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Ilpononxenue npui.

Rr Vor Fi X Y dFi T
Al= -004 Ficl= 1.822 Tcl= .1288&+0

.1000E+04 .7760E+00 .1822E+01-.2485E+03 .9686E+0B/7E-03 .1287E+04

1.1.2.2. All= -200 Bt= .300 Btc#980
Al= -036 Ficl= 1.822 Tcl= .1288E40

.1000E+04 .7820E+00 .1825E+01-.2513E+03 .9679E+MB5E-03 .1277E+04

1.1.23. All=-200 Bt= .500 Btc:980
Al= -100 Ficl= 1.822 Tcl= .1288E40

.1000E+04 .7960E+00 .1829E+01-.2552E+03 .9669E+881E-03 .1255E+04

1.1.24. All=-200 Bt= .700 Btc:980
Al= -196 Ficl= 1.822 Tcl= .1288E40
1000E+04 .8190E+00 .1839E+01-.2648E+03 .9643E+B8LHE-03 .1219E+04
1.1.25. All= -200 Bt= .900 Btc#980
Al= -324  Ficl= 1.822 Tcl= .1288E40

.1000E+04 .8610E+00 .1890E+01-.3135E+03 .9496E*PB6E-03 .1161E+04

1.1.26. All = -200 Bt= .980 Btc#980
Al= -384 Ficl= 1.822 Tcl= .1288E40
.1000E+01 .0000E+00 - -

.1000E+04 .8700E+00 .2412E+01-.7452E+03 .6669EPF2E-03 .1149E+04

1.13.AL1=-3
1.1.3.1. All= -300 Bt= .100 Btc#954
Al= -006 Ficl= 2.012 Tcl= .1574E0

.1000E+04 .6340E+00 .2011E+01-.4264E+03 .9045E4+033E-03 .1572E+04

1.1.3.2. All=-300 Bt= .300 Btc:954
Al= -054 Ficl= 2.012 Tcl= .1574E40

.1000E+04 .6420E+00 .2017E+01-.4318E+03 .9020E¥DB2E-03 .1553E+04

1.1.33. All=-300 Bt= .500 Btc:954
Al= -150 Ficl= 2.012 Tcl= .1574E40

.1000E+04 .6580E+00 .2028E+01-.4416E+03 .8972E+639E-03 .1515E+04

1.1.34. All = -300 Bt= .700 Btc#954
Al= -294  Ficl= 2.012 Tcl= .1574E0

.1000E+04 .6860E+00 .2061E+01-.4709E+03 .8822E+632E-03 .1455E+04

1.1.35. All= -300 Bt= .900 Btc#954
Al= -486 Ficl= 2.012 Tcl= .1574E0

.1000E+04 .7210E+00 .2259E+01-.6352E+03 .7724E¥834E-03 .1385E+04

1.1.3.6. All= -300 Bt= .930 Btc:954
Al= -519 Ficl= 2.012 Tcl= .1574E40

.1000E+04 .7180E+00 .2438E+01-.7625E+03 .6469E+B30E-03 .1391E+04

1.1.3.7. All= -300 Bt= .954 Btc:954
Al= -546  Ficl= 2.012 Tcl= .1574E40
.1000E+01 .0000E+00 - -

.1000E+04 .6990E+00 .3238E+01-.9953E+03-.9635E¥922E-03 .1429E+04

1.1.3.8. Al10= -300 Bt0O= .960 BtcO954 Br0= .100
Al= -576 All= -288 Ficl= 1.844 Tcl 4416E+02

.1042E+02 .7540E+00 .2413E+01-.7772E+01 .6936E+8A0E-01 .1465E+02

1.1.3.9. Al10 = -.300 Bt0O= .960 BtcO 954 Br0= .200
Al= -576 All= -288 Ficl= 1.844 Tcl A416E+02

.1042E+02 .8890E+00 .1785E+01-.2214E+01 .1018E*D20E-01 .1215E+02

1.1.3.10. Al10 = -.300 BtO= .960 BtcO#9854 Br0= .250
Al= -576 All= -288 Ficl= 1.844 Tcl A416E+02
.1042E+02 .9790E+00 .1575E+01-.4379E-01 .1042E+0Q0OE-01 .1100E+02
1.1.3.11. A10= -.300 BtO= .960 BtcO =549 BrO = .280
Al= -576 All= -288 Ficl= 1.844 Tcl A416E+02

.1042E+02 .1037E+01 .1476E+01 .9860E+00 .1037E+0@0E-01 .1037E+02

1.1.3.12. Al10 = -.300 BtO= .970 BtcO#9854 Br0= .100
Al= -582 All= -291 Ficl= 1.848 Tcl A406E+02

.1031E+02 .7420E+00 .2413E+01-.7692E+01 .6864E+8A0E-01 .1458E+02

1.1.3.13. Al10= -.300 Bt0= .970 BtcO$54 Br0= .200

2



IIponomxkenne npuia. 2

Rr Vor Fi X Y dFi T
Al= -582 All= -291 Ficl= 1.848 Tcl 2406E+02
.1031E+02 .9260E+00 .1666E+01-.9800E+00 .1026E+DA0E-01 .1246E+02
1.1.3.14. Al10 = -.300 Bt0= .970 BtcO954 Bro= .243
Al= -582 All= -291 Ficl= 1.848 Tcl 2406E+02
.1031E+02 .1026E+01 .1473E+01 .1007E+01 .1026EX0@0E-01 .1026E+02
1.1.3.15. Al10 = -.300 Bt0O= .980 BtcO#®54 Bro= .100
Al= -588 All= -294 Ficl= 1.852 Tcl 4397E+02
.1020E+02 .7110E+00 .2603E+01-.8760E+01 .5234E#0A0E-01 .1503E+02
1.1.3.16. Al10 = -.300 Bt0O= .980 BtcO®54 Bro= .199
Al= -588 All= -294 Ficl= 1.852 Tcl 4397E+02
.1020E+02 .1015E+01 .1467E+01 .1057E+01 .1015E40@0E-01 .1015E+02
1.1.3.17. Al10 = -.300 Bt0= .987 BtcO®954 Bro= .100
Al= -592 All= -296 Ficl= .332 Tcl:3410E+00
.1040E+01 .3000E-02 .7190E+00 .7822E+00 .6847E#HBOE+00 .7545E+00
1.1.3.18. Al10 = -.300 Bt0= .987 BtcO954 Bro= .161
Al= -592 All= -296 Ficl= 1.855 Tcl2391E+02
.1013E+02 .1008E+01 .1471E+01 .1009E+01 .1008E¥0@0E-01 .1008E+02

1.1.4. Al =-,
1.1.4.1. All= -400 Bt= .100 Btc 917
Al= -008 Ficl= 2.298 Tcl= .2211E4+0
.1000E+04 .4490E+00 .2279E+01-.6506E+03 .7594E2087E-03 .2207E+04
1.1.4.2. All= -400 Bt= .300 Btc 917
Al= -072 Ficl= 2.298 Tcl= .2211E40
.1000E+04 .4560E+00 .2311E+01-.6745E+03 .7382E2038E-03 .1959E+04
1.1.43. All= -400 Bt= .500 Btc 917
Al= -200 Ficl= 2.298 Tcl= .2211E40
.1000E+04 .4710E+00 .2341E+01-.6963E+03 .7177E2835E-03 .2109E+04
1.1.4.4. All= -400 Bt= .700 Btc 917
Al= -392 Ficl= 2.298 Tcl= .2211E4+0
.1000E+04 .4890E+00 .2434E+01-.7599E+03 .6500E2DE5E-03 .2050E+04
1.1.45. All= -400 Bt= .900 Btc 917
Al= -648 Ficl= 2.298 Tcl= .2211E4+0
.1000E+04 .4450E+00 .3333E+01-.9817E+03-.1904E2089E-03 .2231E+04
1.1.4.6. All= -400 Bt= .917 Btc 917
Al= -673 Ficl= 2.298 Tcl= .2211E40
.1000E+01 .0000E+00 -
1000E+04 .4110E+00 .4512E-+01-.1987E+03- 9801E2GBLE-03 2412E+04
1.1.4.7. Al10= -400 BtO= .960 BtcO917 BrO= .200
Al= -768 All= -384 Ficl= 2.242 Tcl 2144E+04
.1042E+04 .7110E+00 .2142E+01-.5632E+03 .8763E+BE5E-03 .1523E+04
1.1.5. Al10 = -.498
1.15.1. Al10= -498 BtO= .500 BtcO®867 Br0O= .800
Al= -498 All= -249 Ficl= 1.902 Tcl2791E+03
.2000E+03 .1848E+01 .1742E+01-.3407E+02 .1971E3832E-03 .2308E+03
1.152. Al10= -498 Bt0O= .930 BtcO®867 BrO= .100
Al= -926 All= -463 Ficl= .599 Tcl 6400E+00
.1103E+01 .8979E-03 .1044E+01 .5547E+00 .9537EHB0E+00 .3501E+01
1.1.5.3. Al10= -.498 BtO= .930 BtcO®867 Bro= .120
Al= -926 All= -463 Ficl= .674 Tcl=7340E+00
.1133E+01 .8174E-03 .1433E+01 .1557E+00 .1123E28A0E+00 .1688E+01
1.1.5.4. Al10= -.498 BtO= .930 BtcO867 Bro= .128
Al= -926 All= -463 Ficl= .765 Tcl s88550E+00
.1176E+01 .8828E-03 .2366E+01-.8399E+00 .8236E66B0E+00 .4139E+01
1.1.55. Al10= -.498 Bt0O= .930 BtcO®867 Bro= .129
Al= -926 All= -463 Ficl= 1.811 Tcl #384E+01
.2981E+01 .5892E-03 .9652E+01-.2904E+01-.6715E5050E+00 .2434E+02
1.156. Al10= -498 Bt0O= .930 BtcO®867 BrO= .130
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Ilpononxenue npui.

Rr Vor Fi X Y dFi T
Al= -926 All= -463 Ficl= 1.822 Tcl 4488E+01

.3035E+01 .9198E-03 .7565E+01 .8650E+00 .2910E5820E+00 .2150E+02

1.1.5.7. Al10= -.498 Bt0O= .930 BtcO867 BroO= .200
Al= -926 All= -463 Ficl= 2.611 Tcl 3961E+06

.1172E+04 .1420E+00 .3420E+01-.1127E+04-.3221E#BG0E-01 .1076E+05

1.16.All=-5
1.1.6.1. All = -500 Bt= .100 Btc 866
Al= -010 Ficl= 3.137 Tcl= .7354B-0

.2300E+06 .3434E-03 .3145E+01-.2300E+06-.8302E8835E-03 .1429E+09

1.1.6.2. All= -500 Bt= .300 Btc:866
Al= -090 Ficl= 3.102 Tcl= .8691E30

.2570E+04 .7453E-03 .3180E+01-.2568E+04-.9868E1DQ0OE-01 .1802E+06

1.1.6.3. All= -500 Bt= .500 Btc:866
Al= -250 Ficl= 3.015 Tcl= .2651E0
2500E+03 .3000E-03 .3260E+01-.2482E+03-.2953E+8208-01 .5842E+04
1.1.6.4. All= -500 Bt= .700 Btc:866
Al= -490 Ficl= 2.831 Tcl= .1577E30

.3728E+02 .1000E-02 .3502E+01-.3488E+02-.1315E9$PQ0E-01 .3700E+03

1.1.6.5. All = -500 Bt= .800 Btc:866
Al= -640 Ficl= 2583  Tcl= .3524E20

.1316E+02 .0000E+00 .3915E+01-.9417E+01-.9194E#000E-02 .8627E+02

1.1.6.6. All = -500 Bt= .866 Btc:866
Al= -750 Ficl= 2.257 Tcl= .1049E*0
.1000E+01 .0000E+00 -

.5456E+01 .0000E+00 .6695E+01 5000E+Ol 2184E5(DX]0E 01 3193E+02

1.1.6.7. Al10 = -500 Bt0O= .900 BtcO866 Br0= .200
Al= -900 All= -450 Ficl= 2.529 Tcl 3503E+05

.1111E+06 .2170E+00 .3268E+01-.1102E+06-.1399E3D51E-04 .1010E+06

11.7.All=-6
1171 All=-600 Bt= .100 Btc:3800
Al = -.012 Ficl= 3.142 Tcl= .2107E+02 Racl.5000E+01

.4969E+01 .0000E+00 .3146E+01-.4969E+01-.2190E-000E-01 .2101E+02

1.1.7.2. All= -600 Bt= .300 Btc:800
Al = -108 Ficl = 3.142 Tcl = .2107E+02 Racl.5000E+01

.4712E+01 .0000E+00 .3197E+01-.4705E+01-.2609E8000E-02 .1968E+02

1.1.7.3. All = -600 Bt= .500 Btc:800
Al= -300 Ficl= 3.142 Tcl= .2107E+02 Racl.5000E+01

.4100E+01 .0000E+00 .3341E+01-.4019E+01-.8122E¥D00E-01 .1694E+02

1.1.74. All = -600 Bt= .700 Btc:800
Al = -588 Ficl= 3.142 Tcl= .2107E+02 Racl.5000E+01

.2867E+01 .0000E+00 .3858E+01-.2162E+01-.1883E36A0E-01 .1205E+02

1.1.75. All=-600 Bt= .800 Btc:800
Al = -768 Ficl= 3.142 Tcl= .2107E+02 Racl.5000E+01
.1000E+01 .0000E+00 -

.1762E+01 .5518E-03 .9063E+01- 1648E+01 6236E7-ODQE+00 1329E+02

118 . All=-7
1.1.8.1. All=-700 Bt= .100 BtcF14
Al = -.014 Ficl = 3.142 Tcl = .8693E+01 Racl.2500E+01

.2482E+01 .0000E+00 .3148E+01-.2482E+01-.1590E2000E-01 .8632E+01

1.1.8.2. All=-700 Bt= .300 BtcF14
Al = -126 Ficl= 3.142 Tcl = .8693E+01 Racl.2500E+01

.2334E+01 .0000E+00 .3220E+01-.2327E+01-.1828E2D00E-01 .8172E+01

1.1.83. All= -700 Bt= .500 Btc714
Al = -350 Ficl= 3.142 Tcl = .8693E+01 Racl.2500E+01

.1991E+01 .0000E+00 .3446E+01-.1899E+01-.5968E¥D0O0E-01 .7203E+01

1.1.84. All= -700 Bt= .700 Btc714
Al = -.686 Ficl= 3.142 Tcl= .8693E+01 Racl.2500E+01



IIponomxkenne npuia. 2

Rr Vor Fi X Y dFi T
.1220E+01 .0000E+00 .5726E+01 .1035E+01-.6451E2600E-01 .6914E+01
1.1.8.5. All = -.700 Bt= .714 Btc 714
Al= -714 Ficl= 3.142 Tcl = .8693E+01 Racl.2500E+01
.1000E+01 .0000E+00 -
.1031E+01 .1925E-03 .2338E+02- 1845E+00 1014E2317E+01 2404E+02
1.1.8.6. Al10= -.700 BtO= .800 BtcO¥14 BrO= .400
Al =-1.120 Al1 = -.560 Ficl = 3.142 Tcl = .4232E+@acl = .8333E+01
.1125E+05 .4140E+00 .2439E+01-.8586E+04 .7271E38480E-04 .3765E+05
1.1.9. All =-.707
1.1.9.1. All = -707 Bt= .707 Btc 707
Al = -.707 Ficl= 3.142 Tcl= .8338E+01 Racl.2415E+01
Rn =1.0001 Ra =1.00045
.1000E+01 .0000E+00 -
.1000E+01 .0000E+00 .1061E+03 7596E+00 6504E98®2E 04 1062E+03
1.1.10. Al1 =-8
1.1.10.1. Al1 = -.800 Bt= .100 Btc 436
Al= -.016 Ficl= 3.142 Tcl= .5408E+01 Racl.1667E+01
.1653E+01 .0000E+00 .3151E+01-.1653E+01-.1555E3000E-01 .5373E+01
1.1.10.2 All1 = -.800 Bt= .300 Btc 600
Al = -.144 Ficl = 3.142 Tcl = .5408E+01 Racl.1667E+01
.1540E+01 .0000E+00 .3243E+01-.1532E+01-.1559E2800E-01 .5112E+01
1.1.10.3. All = -.800 Bt= .500 Btc 600
Al = -.400 Ficl = 3.142 Tcl= .5408E+01 Racl.1667E+01
.1270E+01 .0000E+00 .3601E+01-.1138E+01-.5631E5DO0E-01 .4616E+01
1.1.10.4. Al1 = -.800 Bt= .599 Btc 600
Al = -574 Ficl= 3.142 Tcl= .8338E+01 Racl.2415E+01
Rn=1.001 Ra=1.0042
.1004E+01 .0000E+00 .4366E+01-.3409E+00-.9444E2D00E-01 .4362E+01
1.1.11. All=-9
1.1.11.1. Al1 = -.900 Bt= .100 Btc 436
Al = -.018 Ficl = 3.142 Tcl= .3951E+01 Racl.1250E+01
.1239E+01 .0000E+00 .3151E+01-.1239E+01-.1166E30Q0E-01 .3929E+01
1.1.11.2. Al1 = -.900 Bt= .300 Btc 436
Al= -162 Ficl= 3.142 Tcl= .3951E+01 Racl.1250E+01
.1142E+01 .0000E+00 .3280E+01-.1131E+01-.1576 E2DOCE-01 .3764E+01
1.1.11.3. All = -.900 Bt= .400 Btc .436
Al = -.288 Ficl = 3.142 Tcl= .3951E+01 Racl.1250E+01
Rn=1.001 Ra=1.0462
.1046E+01 .0000E+00 .3411E+01-.1008E+01-.2784E2000E-01 .3565E+01
1.1.11.4. Al1 = -.900 Bt= .435 Btc 436
Al = -.341 Ficl = 3.142 Tcl= .3951E+01 Racl.1250E+01
Rn=1.001 Ra=1.00124
.1001E+01 .0000E+00 .2925E+01-.9776E+00 .2151E#B0O0E-01 .2915E+01
1.1.11.5. Al10= -.900 Bt0O = .600 BtcO =364 Br0 = .500
Al =-1.080 All = -.540 Ficl = 3.142 Tcl = .7497E+@acl = .1250E+02
.1667E+05 .5850E+00 .2455E+01-.1289E+05 .1057E¥X8%6E-04 .4741E+05
1.2. Al =-0.3 = const
1.2.1. All = -.900 Bt= .408 Btc 436
Al= -300 Ficl= 3.142 Tcl= .3951E+01 Racl.1250E+01
.1036E+01 .0000E+00 .3315E+01-.1020E+01-.1788EX060E+00 .3426E+01
1.2.2. All = -700 Bt= .463 Btc 714
Al = -.300 Ficl = 3.142 Tcl= .8693E+01 Racl.2500E+01
.2074E+01 .0000E+00 .3377E+01-.2017E+01-.4837E3PO0E-01 .7417E+01
1.2.3. All= -500 Bt = .548 Btc 866
Al = -.300 Ficl = 2.982 Tcl = 132440
.1570E+03 .0000E+00 .3301E+01-.1550E+03-.2485E5629E-03 .3123E+04
1.2.4. All = -497 Bt= .550 Btc 868
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OKOHYaHHE MPUI.

Rr Vor Fi X Y dFi T
Al= -301 Ficl= 2.889 Tcl= .5838E30

.1000E+03 .1030E+00 .3095E+01-.9989E+02 .4658E3000E-02 .6656E+03

1.25. All=-300 Bt= .707 Btc954
Al= -300 Ficl= 1998 Tcl= .1536E30

.1000E+03 .6900E+00 .2050E+01-.4611E+02 .8874E+0Q0E-02 .1430E+03

1.26. All=-200 Bt= .866 Btc:980
Al= -300 Ficl= 1811 Tcl= .1274E30

.1000E+03 .8530E+00 .1861E+01-.2861E+02 .9582E+0@0E-02 .1169E+03

1.27. Al=-180 Bt= .913 Btc:984
Al= -300 Ficl= 1.780 Tcl= .1236E30

.1000E+03 .8860E+00 .1786E+01-.2135E+02 .9769E+0Q0E-02 .1128E+03

1.28. All= -154 Bt= .988 Btc 988
Al= -301 Ficl= 1742 Tcl= .1191E30
.1000E+01 .0000E+00 -

.1000E+03 .9240E+00 .2105E+01- 5092E+02 8607E3t{I(ZDE 02 1086E+03

1.29. AI10= -152 Bt0O= .992 Btc0#988 BrO= .100
Al= -302 All= -151 Ficl= 1.751 Tcl A208E+05

.1008E+05 .9760E+00 .1698E+01-.1278E+04 .9999E+DE8E-04 .1042E+05

1.2.10. All= -150 Bt= 1.000 Btc:989
Al= -300 Ficl= 1.736 Tcl= .1185E30

.1000E+03 .1000E+01 .1562E+01 .8807E+00 .1000E3831E-03 .1000E+03

2. Orrankusanue (All > 0)
21.A1=.3
21.1. Al= 300 Bt= .100
Al= 006 Ficl= 1.337 Tcl= .7916E30

.1000E+04 .1263E+01 .1338E+01 .2309E+03 .9730E3-031E-04 .7930E+03

212, Al= .300 Bt= .500
Al= .150 Ficl= 1.337 Tcl= .7916B30

.1000E+04 .1215E+01 .1342E+01 .2269E+03 .9739E30&2E-04 .8235E+03

213. Al= .300 Bt= .900
Al= 486 Ficl= 1.337 Tcl= .7916B30

.1000E+04 .1076E+01 .1380E+01 .1895E+03 .9819EHIB1E-03 .9294E+03

21.4. Al= 300 Bt= 1.000
Al= .600 Ficl= 1.337 Tcl= .7916B3%0

.1000E+04 .1000E+01 .1569E+01 .1539E+01 .1000EXU¥9E-03 .1000E+04

22 .A1=.7
221. Al= .700 Bt= .100
Al= 014 Ficl= 1.146 Tcl= .6468E30

.1000E+04 .1543E+01 .1147E+01 .4108E+03 .9117E#D30E-04 .6490E+03

222 Al= 700 Bt= .500
Al= 350 Ficl= 1.146 Tcl= .6468E3%0

.1000E+04 .1413E+01 .1163E+01 .3970E+03 .9178E#UBGE-04 .7084E+03

223. Al= 700 Bt= .900
Al= 1134 Ficl= 1.146 Tcl= .6468B+0

.1000E+04 .1103E+01 .1277E+01 .2895E+03 .9572E3930E-04 .9062E+03

23.A1=15
231. Al= 1500 Bt= .100
Al= .030 Ficl= .927  Tcl= .5013E30

.1000E+04 .1984E+01 .9289E+00 .5987E+03 .8010E3837E-04 .5051E+03

23.2. Al= 1500 Bt= .500
Al= 750 Ficl= .927  Tcl= .5013E3-0

.1000E+04 .1654E+01 .9703E+00 .5651E+03 .8251 E6®&1E-04 .6050E+03

2.33. All= 1500 Bt= .900
Al= 2430 Ficl= .927 Tcl= .5013B3+0

.1000E+04 .1111E+01 .1205E+01 .3577E+03 .9339E3833E-04 .9132E+10



[Ipunoxenne3

IMPOT'PAMMA B CPEJE MATHCAD
WHTETPUPOBAHUS YPABHEHUI
OKOJIOCBETOBOT'O JIBUKEHUSA YACTHULbI

VcxonHble mapaMeTpsl (IPUBEACHBI K 3HAYCHUSIM B IIPOU3BOIIBHOI Touke RO).

m=1 - HavaJbHbII paAuyCc UHTETPUPOBAHMUS,
ni=10 - KOJMYECTBO YYACTKOB HHTETPUPOBAHHH;

b - KOHEUHBIH PaJiyC HHTETPUPOBAHUSL.
allo=-4 bt:=.7 br= 0.3 b:= bt+ .000002

Brruncnienue mrara h yqactkoB u Apyrux nmapameTpos

b-rm . .
h:zin i=1.n j:=0.n fyi=m er‘: rj+h z=r+ hrm+ 2-h.b

gi=r- h bp:- 4 1- bt in:: 0 df'b:: 0 deH 170 t:=0 all= allObt al=2-all

-5
ba- J 1 bf- exp£ 2anef(1- b } ba= 0.7112bp=0.7141

Brruncnenue paﬂHaJ’[BHOﬁ CKOPOCTH

1§<1br2bt2>-ex{2-allmt2-/ r 1)

bt

WHTerpupoBanue BpeMeHH t 1 yTiroBoii koopauHaThI fi

vor(z) =

fi

f(2) = fi(2) =

vor(z) vor(2) dt= | fiz)dz dfj =

/8 /8

CymmupoBanue 1o ygactkaMm [lompaBka B IEpUIIEHTPHN TIPH CBETOBOI CKOPOCTI

f(z)dz

to=t g edp = fi - df t=t,-.002bf  fi = fi -.002

i 1

[IpuBenenne k mapaMeTpam B IEPUIICHTPUN

I.
. i - — o f oo t-at
z]J.‘f nonE bt at=t afi= f|n f|j = f|j afi tj L
b
bt0:= bt br0:= br X = rj-co% ff) ¥y rj-sir(fD
vt.:= vor( 23] bt k=n.0 kl=n+1.1 dfj = - df
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Ilpononxenue npui.

Pe3ynbraTh! BRIYMCICHUN

~N O O O 00 = = = Or O

all0=-4 bt0 = 0.7 bro=0.3 b=07
al=-5.6 all=-2.8 vor(rn) = 0.4286
N vr, fik X Yy dfikl t,

1 2.390510° 0 1 0 0 0
1.0429 0.2837 02873  |1.0001  |0.2955 0.2853 0.295
1.085) 0.3892 0.3997  |1.0001  |0.4225 0.1124 0.422
1.1286 0.4611 0.4818  |1.0001 0.523 8215217  |0-523
1.1714 05484  [0.9996  |0.6107 i 0.611

0.5107 “ : 6.658710°
1.2148 0.5402 0.6056  |0.9983  |0.6912 : 0.692
1.25711 0.5495 0.657 0.9955  |0.7678 5719410 [0.770
13 0.5369 0.7051 0.99 0.8425 5.1368107| |0.849
2 Cowm  omE 0w om0 Lgous 0
- 0.4276 : : - - :
1.4286 03 0.8606  [0.9314  [1.083p 4719410 17149
4.942110°
. 5.890910°
q)OpMI/IPOBaHI/Ie BbIBOJJHOU MaTpPUIIbI
PO'O::allo PO’l::th Po'zizbro Po'sizall
Po'4::al PO’S::rn P0'61:b
P07 P11 ™V P12 =M P13
P14 7Y Per,s = dfiy Pi1e ]

3amuchk pe3ynbTatoB B (aitr R_407003.prn WRITEPRN "R_40703.prr)':= P

IocTpoenue rpaduxon

0.5 1
vr.
j Y os
0 0
07 0.8 0.9 0.9 1 11
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IIpnaoxenne 4 [poxomxenue npun. 4

R/R, X/R, y/R, JAY/) tc, /R,
2.142 0.2312 1.528 0.09064 2.14 0.03269  3.199
TPAEKTOPUH IBUKEHUA BHYTPU «<HEPHBIX 1bIP>» 2.178 0.2107  1.563 0.01717 2.177 0.03444  3.359
2.213 0. 1881 1.6 -0.06428 2.212 0. 03694 3.538
R/R, B @ XIR, YR, Ag tc; /Ry 2.249  0.1626  1.641 -0.1566  2.243  0.04067  3.74
o__ _ _ —. —_ 2.284 0.1325 1.687 -0.2656 2.269 0. 04683 3.981
1 1“1616831 2 0 Bo 0'55 Bro (% a 10 20 2.32 0. 0935 1.747 -0.4057 2.284 0. 05926 4,295
11 0. 3785 0. 437 0. 9966 0. 24656 0. 436 0. 4701 2.355 0.3004051 1.885 -0.727 2.24 0.138 5. 053
1.2 0. 4346 0.6209 0.976 0. 6982 0.1839 0.7124 114. oy =-2 f[p=0.5 [o=0.5 =1 a=-2
1.3 0. 4405 0.7667  0.9363 0. 9019 0.1457  0.9397 1 0. 002 0 1 0 0 0
1.4 0. 4251 0.8932  0.8777 1. 001 0.1265 1.17 1.1 0.3916 0. 4341 0.998 0. 4627 0. 4331 0. 4667
1.5 0. 3972 1. 009 0. 7994 1. 269 0.1155 1.413 1.2 0. 4772 0. 607 0.9856  0.6845 0.1729 0. 6943
1.6 0. 3599 1.119 0. 6992 1. 439 0.1098 1.677 1.3 0.5152 0. 7358 0.9637  0.8725 0.1288 0. 895
1.7 0. 3137 1. 227 0.5722 1. 601 0.1089 1.973 1.4 0. 5327 0. 8404 0.934 1. 043 0. 1047 1.085
1.8 0. 2567 1.342 0. 4086 1. 753 0.1143 2.324 1.5 0. 5389 0. 9292 0.8977 1.202 0.08877 1.272
1.9 0.1814 1. 475 0.1821 1.891 0.133 2.78 1.6 0.538 1. 007 0.8557 1.352 0.07732  1.457
2 0 1.759  -0.3746 1. 965 0.2844  3.879 1.7 0.5325 1. 075 0.8085 1.495 0.06864 1.644
o__ _ _ __ — 1.8 0.5238 1.137 0.7566 1.633 0.06184 1.833
1 1'1'20' (%12 2 0'30 0. 51 Pro 0'01 ! 01 a 0 1.9 0.5128 1.193 0.7002 1.766 0.05639 2.026
1.1 0.3791  0.4369  0.9967  0.4654  0.4359  0.4699 2 0.5 1.245 0.6395  1.895 0.05195  2.224
15 0. 1364 0. 6203 0. 9764 0. 6976 0. 184 0 7116 2.191 0.4722 1.335 0.5129 2.13 0.08952  2.617
: : : : : : : 2.382 0.4413 1.415 0.3707 2.353 0.08002 3.035
1.3 0. 4437 0. 7652 0.9376 0. 9005 0. 1449 0.9376
2.573 0.4081 1.488 0.2132 2.564 0.07329  3.484
1.4 0.43 0. 8906 0. 8805 1. 088 0. 1254 1. 166
1s 0. 2038 1 005 0. 8047 1 266 0. 114 1 208 2.764 0.3729 1.557 0.03943 2.763 0. 0687 3.973
e 0. 3687 111 0. 7083 1 230 0. 1077 1 664 2.955 0.3357 1. 622 -0.1526  2.951 0.06593  4.512
: : : : : : : 3.145 0.296 1. 687 -0.3661 3.124 0.06499 5.117
1.7 0. 3253 1.218 0.5874 1.595 0. 1057 1. 952
3.336 0.2526 1. 754 -0.6069 3.281 0.06628 5.814
1.8 0.2725 1.327 0. 4344 1. 747 0. 1091 2.286
1o 0. 205 1 149 0. 2305 1 886 0. 1221 5 T8 3.527 0.2032 1.825 -0.8865 3.414 0.07113 6. 652
5 o1 1 621 0. 0997 1 998 0 1715 3 361 3.718 0.1415 1. 909 -1.234 3. 507 0.08434 7.762
: : s : : : 3.909 0.0006827 2.093 -1.949 3.389 0.1835  10.47
2.003 0.09486 1.629 -0.1166 2 0.008032 3.393 : o : : : : :
2.006 0.08942 1.637  -0.1337  2.002 0.008466 3.427 115 & =-2 [ =0.5 [o=0.659 ax=-1 a=-2
2.009 0.08364 1.646 -0.1519 2.004 0.008987 3. 463 1 0. 002 0 1 0 0 0
2.013 0.07743 1.656 -0.1715 2.005 0.009627 3.502 1.1 0. 401 0. 4321 0. 9989 0. 4606 0. 4311 0. 4614
2.016 0.07067 1.667 -0.1927 2. 006 0.01044  3.545 1.2 0.5064 0.5981 0.9917 0. 6757 0. 166 0. 6798
2.019 0.0632 1. 678 -0.2161 2.007 0.01151  3.592 1.3 0. 564 0.7176 0. 9794 0. 8548 0.1195 0. 8659
2.022 0.05473 1.691 -0.2426 2.007 0.01302  3.645 1.4 0.5997  0.8119 0. 9634 1. 016 0.09431 1.037
2.025 0.04468 1.706 -0.2739 2.006 0. 0154 3.708 1.5 0.623 0. 8897 0. 9444 1. 165 0.07783 1.201
2.028 0.03159 1.727 -0.3145 2.004 0.02001 3.79 1.6 0.6383  0.9558 0. 9232 1. 307 0.06604 1.359
2.031 0.0002414 1.774 -0. 4107 1. 989 0.04789  3.987 1.7 0.6482 1.013 0.9 1. 442 0.05714 1.515
o__ _ _ —. _ 1.8 0.6543 1.063 0. 8751 1.573 0.05017 1.668
1 1'163606211 2 0 Bo=0. 51 Fro O'% @ 10 2 0 1.9 0.6576 1.108 0. 8489 1.7 0.04456  1.821
1.1 0.3833  0.4359  0.9971  0.4645  0.4349  0.4688 2 0.659 = 1.148 0.8213  1.824 0.03997  1.972
3.8 0.5926 1.519 0. 1966 3.795 0.371 4. 825
1.2 0. 4504 0. 6157 0. 9797 0. 693 0. 1797 0. 7055
13 0. 1088 0. 7545 0. 9472 0. 8904 0. 1389 0. 929 5.6 0.522 1. 67 -0. 5559 5.572 0. 1512 8. 069
: : : : : : : 7.4 0.4695 1.758 -1.375 7.271 0.08749 11.71
1.4 0. 4667 0. 8717 0. 901 1. 072 0.1172 1.135
9.2 0.4297 1.816 -2.238 8. 924 0.05877 15.73
1.5 0. 4533 0. 975 0.8418 1. 242 0. 1033 1. 352
1.6  0.4325  1.069 0.7697  1.403 0.09393 1.578 11 0.3983 1.859  -3.131 10. 54 0.04295 20.08
1 0. 2063 1106 0. 6844 1 ese 0 08754 1 816 12.8 0.3728 1.893 -4.048 12. 14 0.03315 24.76
: : : : : : : 14. 6 0.3516 1.919 -4. 984 13.72 0.02659 29.73
1.8 0. 3755 1.24 0. 5847 1. 702 0.08351 2.072
16. 4 0.3336 1.941 -5.935 15. 29 0.02194 34.99
1.9 0. 3402 1.322 0. 4686 1.841 0.08162 2.351
5 o 3 1 doa 0. 3326 1 97 0 08212 o o4 18.2 0.3181 1.96 -6.9 16. 84 0.01851 40.52
5036 0. 2843 1 434 0. 5779 5 016 0. 02085 2 786 20 0.3046 1.976 -7.875 18. 38 0.01588 46.31
: : : : : : : 201. 8 0.09918 2.196 -118.1 163. 6 0.22 1366
2.071 0.2677 1. 464 0.22 2. 059 0.03051 2.914
5 107 0. 2501 1 496 0. 1579 5> 101 003143 3 051 401.6 0.07044 2.225 -244. 4 318. 7 0.02906 3815
: : : : : : : 601. 4 0.0576 2.238 -372.2 472. 4 0.01292 6978
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IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, JAY/) tc, /R, R/R, 5 @ X/R, y/R, JAY) tc, /R,
801.2  0.04992 2.246 -500.6 625.5 0.007714 10720 9.2 0.8413  1.542  0.2678  9.196 0.03133 10.31
1001 0.04467 2.251 -629.6 778.2 0.005268 14960 11 0.8372  1.563  0.08718 11 0.02119 12.46
1201 0.04079 2.255 -758.9 930.6 0.00389 19650 12.8 0. 834 1.578 -0.09438 12.8 0.0153 14.61
1401 0.03777 2.258 -888.4 1083 0.003025 24750 14.6 0.8313  1.59  -0.2765 14.6 0.01157 16.77
1600 0.03533 2.26 -1018 1235 0.002439 30220 16. 4 0.8291  1.599 -0.4591 16.39 0. 009055 18. 94
1800 0.03332 2.262 -1148 1387 0.00202 36050 18.2 0.8272  1.606 -0.6419 18.19 0.007282 21.11
2000 0.03161 2.264 -1278 1538 0.001709 42210 20 0.8257 1.612 -0.825  19.98 0. 005983 23. 29
0_ _ _ _ _ 201.8 0.8089  1.667 -19.41 200.9 0.055 247.2
1'1'?' 0&0.002 [ioo 0.5 [ﬁo 0.7 0 @ % a (3 401.6 0. 8079 1. 67 -39. 85 399. 6 0. 00305 494. 4
11 04038 04315  0.9992 0 46 0.4305 0. 4637 601. 4 0.8075 1.671 -60.3 598.4  0.001024  741.8
12 05149 05956 09934  0.6732 0 1641 0 6795 801. 2 0.8074  1.672 -80.74  797.1  0.0005135  989.2
13 05779 0712 0 9836  0.85 01171 0 8619 1001 0.8073  1.672 -101.2 995.9  0.0003086 1237
14 06186 08044 0 971 1009 009174 1029 1201 0.8072  1.672 -121.6 1195 0.0002059 1484
1.5  0.6463  0.8796  0.9561  1.156  0.07524 1.187 1401 0.8071  1.672 -142.1 1393 0.0001472 1732
1.6  0.6656  0.9431  0.9396  1.295  0.06349 1.339 1600 0.8071  1.673 -162.5 1592 0.0001104 1979
1.7 0.6793  0.9978  0.9217  1.428  0.05466 1.488 1800 0.8071  1.673 -182.9 1791 8.593e-005 2227
2000 0. 807 1.673 -203.4 1990 6.876e-005 2474
1.8  0.6889  1.046 0.9026  1.557  0.04776 1.634 o
1.9 0. 6955 1.088 0.8825 1.683 0.04223 1.778 1.21. a =-2 o =0.5516 fo =0 a;-1.103 a =2.206
2 0.7 1.125 0.8615  1.805  0.03771 1.921 1.813 0 1.572 -0.002003 1.813 0 3.051
3.8  0.6728  1.465 0.4017  3.779  0.3399  4.516 1.772 0.138 1.39  0.3186  1.743  -0.1819 2. 462
5.6 0.6279  1.595  -0.1333  5.598  0.1297  7.289 1.732 0.1949  1.311 0.4455  1.673  -0.07944  2.218
7.4  0.5947  1.666  -0.7005  7.367  0.071 10. 24 1. 691 0.2383  1.247 0.5387  1.603  -0.06401  2.03
9.2  0.5703  1.711  -1.285 9.11 0.04537  13.33 1.65 0.2745  1.19  0.6136  1.532  -0.05676  1.872
11 0.5517  1.743  -1.881  10.84 0.0317  16.54 1.61 0.3058  1.137 0.6764  1.461  -0.0527 1.732
12.8  0.5372  1.766  -2.485  12.56 0.02348  19.85 1. 569 0.3335  1.087 0.7301  1.389  -0.05032  1.604
14.6  0.5255  1.784  -3.093  14.27 0.01813  23.24 1.528 0.3581  1.038 0.7766  1.316  -0.04899  1.487
16.4  0.5159  1.799  -3.706  15.98 0.01444 26.7 1.488 0.3799  0.9894 0.8171  1.243  -0.04842  1.377
18.2  0.5079  1.81 -4.321  17.68 0.01178  30.22 1. 447 0.3992  0.941 0.8524  1.169  -0.04843  1.272
20 0.5011  1.82 -4.938  19.38 0.009802 33.78 1. 406 0.4158  0.892 0.8831  1.095  -0.04897  1.173
201.8  0.4279  1.917 -68.49  189.8 0. 097 446 1.366 0.4297  0.842 0.9096  1.019  -0.05002  1.077
401.6  0.4232  1.923  -138.5 377 0.005793 916.1 1.325 0.4403  0.7904 0.9324  0.9417 -0.05159  0.9833
601.4  0.4216  1.925  -208.5  564.1 0.001958 1389 1.285 0.4473  0.7366 0.9515  0.8629 -0.05376  0.8918
801.2  0.4208  1.926  -278.5  751.2 0.0009845 864 1. 244 0.4495  0.6799 0.9672  0.7821 -0.05668  0.8012
1001 0.4203  1.926  -348.5  938.4 0.0005924 2339 1.203 0.4456  0.6193 0.9797  0.6985 -0.0606 0. 7105
1201 0. 42 1.927  -418.5 1126 0.0003956 2814 1.163 0.4332  0.5533 0.9891  0.611  -0.06601  0.6182
1401 0.4197  1.927  -488.5 1313 0.000283 3290 1.122 0. 408 0.4794 0.9954  0.5175 -0.0739 0.5218
1600 0.4196  1.927  -558.5 1500 0.0002124 3766 1.081 0.3615  0.3927 0.999 0.4138 -0.08673  0.4167
1800 0.4194  1.927  -628.6 1687 0.0001653 4243 1. 041 0.2742  0.2799 1 0.2875 -0.1128 0.29
2000 0.4193  1.928  -698.6 1874 0.0001323 4719 1 0. 001904 0 1 0 -0.2789 0
11.7. a’=-2 By =0.5 Bo=0.8 a=-1 a=-2 131. a’=-2 By =0.7 Bo=0 a=-1.4 a=2.8
1 0. 002 0 1 0 0 0 1 0. 00169 0 1 0 0 0
1.1 0.4112  0.4299 0.9999  0.4585  0.4289  0.4619 1. 043 0.2826  0.2872 1 0.2954  0.2862 0. 2964
1.2 0.5371  0.5892 0.9977  0.6668  0.1593  0.6713 1.086 0.3756  0.4014 0.9994  0.4242  0.1142 0. 4255
1.3 0.6139  0.7004 0.994 0.8379  0.1112  0.8445 1.129 0.4211  0.4887 0.9965  0.5298  0.0873 0.5324
1.4 0.6667  0.7861 0.9892  0.9907  0.08575 1 1.171 0.4366  0.5639 0.99 0.6261  0.07526  0.6318
1.5 0.7051  0.8555 0.9837  1.132 0.06939  1.146 1.214 0.4308  0.6331 0.9789  0.7185  0.06921  0.7303
1.6 0.7342  0.9134 0.9777  1.267 0.05788  1.285 1. 257 0.4076  0.6999 0.9616  0.8098  0.06675  0.8322
1.7 0.7566  0.9627 0.9712  1.395 0.04931  1.419 1.3 0.3683  0.7673 0.9358  0.9024  0.06737  0.9424
1.8 0.7744  1.005  0.9643  1.52 0.04268 1.55 1.343 0.3107  0.8393 0.897 0.9993  0.07205  1.068
1.9 0.7885  1.043  0.9572  1.641 0.03741 1.677 1.386 0.2254  0.9248 0.8342  1.106 0.08549  1.228
2 0.8 1.076  0.9498  1.76 0.03313 1.803 1. 429 0 1.111 0.6338  1.28 0.1863 1.6
3.8 0.8535  1.36 0.7948  3.716 0.2841  3.948 0_ — - - -
5.6 0.8517 1.459  0.6237  5.565 0.0991  6.057 1'31'2' a 0 05169'30 067 '8'01 0.1 Oal 1'3’ a=2 80
7.4 0.8462  1.51 0.4471  7.386 0.05115 8.178 :
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086
129
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214
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386
429
429

431
432
433
434
434
435
436
437

. 043

086
129
171
214
257

343
386
429
438
447
456
466
475
484
493
503
512
521

043
086
129
171
214
257

343
386
429

(24}

a°

| CO000000000000000000R

cooocoocooooo !l cooooooooooooooooo000

2827
3759
4219
4384
4339
4125
3755
3215
2433
1
0949
08951
08376
07757
07084
06338
05491
04485
03173

. 0009264

-2 fo
00169
2828
3781
4289
4526
4579
4491
4287
3976
3555
3
2857
2704
2538
2358
2159
1937
1683
1378
0977

. 0002855

2 fo

. 00169

2832
3825
4424
4798
5024
5145
5189
5173

. 5107

5
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ocoocoo0o00000

2872
4013
4885
5635
6324
6985
7649
8351
9163
041

045

054
059
065
071
078
086
096
121

0.7

. 2872

401
4873
5606
6266
6883
748
8073
8683
9342
9494
9653
9821
9998
019
039
062
089
124
206

0.7

. 2871

4004
4849
5551
6164
6715
7222
7695
8143
8571

IIpomomxenue npui. 4

X/R, y/R, A tc, /R,

1 0.2954  0.2862 0. 2964
0.9994  0.4241  0.1141 0. 4254
0.9966  0.5297  0.08719  0.5322
0.9903  0.6258  0.07503  0.6314
0.9795  0.7177  0.06883  0.7293
0.9627  0.8084  0.06613  0.8303
0.9379  0.9002  0.06636  0.9388
0.9012  0.9955  0.07021  1.061
0.8436  1.099 0.08119  1.213
0.7218  1.233 0.1248 1. 461
0.7172  1.236 0.004166  1.47
0.7122  1.24 0.004398  1.478
0.7068  1.244 0.004676  1.488
0.7009  1.249 0.005016  1.498
0.6945  1.253 0.005446  1.51
0.6874  1.258 0.006015  1.522
0.6792  1.263 0.006817  1.536
0.6693  1.27 0.008073  1.553
0.6564  1.277 0.0105 1.574
0. 625 1.294 0.02466  1.625
ﬁro =0.3 a=-1.4 a =-2.8

1 0 0 0

1 0.2954  0.2862  0.2964
0.9996 0.4238  0.1138  0.4251
0.9972 0.5284  0.08628 0.5307
0.9921 0.6228  0.07329 0.6276
0.9836 0.712 0. 066 0.7214
0.9709 0.7986  0.06176 0.8157
0.953  0.8842  0.05963 0.9132
0.9286 0.9701  0.0593  1.017
0.8954  1.058 0.06103  1.13
0.8493  1.149 0.06589  1.261
0.8371  1.169 0.01537  1.293
0.8236 1.19 0.01598  1.326
0.8087 1.211 0.01673  1.361
0.7921  1.233 0.01769  1.399
0.7735  1.256 0.01893  1.44
0.7521  1.279 0.02062  1.485
0.727  1.304 0.02304  1.536
0.6959  1.332 0.02691  1.596
0.6535 1.363 0.03454  1.675
0.543  1.421 0.08192  1.864
Bo=0.5 & =-1.4 a =228

1 0 0 0

1 0.2953  0.2861  0.2964
0.9998 0.4232  0.1133  0.4244
0.9984 0.5261  0.08455 0.5279
0.9955 0.6174  0.07016 0.6206
0.9908 0.7019  0.06126 0.7077
0.9842 0.7822  0.05515 0.7919
0.9755 0.8593  0.0507  0.8747
0.9645 0.9344  0.04734  0.9574
0.9511  1.008 0.04477  1.041
0.9352 1.08 0.04281  1.125

267

IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, A tc, /R,
1. 477 0. 4836 0. 9037 0.9139 1.16 0. 04668 1. 224
1.526 0. 463 0.9491 0. 8885 1.24 0. 04542 1. 326
1.574 0. 4385 0. 9939 0. 8586 1. 319 0. 04476 1.433
1.622 0.41 1.039 0. 8233 1. 398 0. 04471 1.548
1.671 0.3773 1.084 0. 7817 1.477 0. 04539 1.671
1.719 0. 3396 1.131 0.7321 1. 556 0. 04703 1. 806
1.768 0. 2956 1.181 0.6716 1.635 0. 05016 1.958
1. 816 0. 2423 1.237 0. 5947 1.716 0. 05606 2.139
1. 865 0.1718 1. 306 0. 4877 1.8 0. 06899 2.373
1.913 0. 0008075 1. 462 0. 2075 1.902 0. 1559 2.934
135 a’=-2 By =0.7 Bo=0.6676 a =-1.4 a=-2.8
1 0. 00378 0 1 0 0 0
1. 043 0. 2836 0. 287 1 0. 2952 0. 284 0. 2953
1. 086 0. 3877 0. 3995 1 0. 4223 0.1126 0. 4224
1.129 0. 4584 0. 4821 1 0. 5232 0. 08258 0. 5235
1.171 0.511 0. 5489 0. 9993 0.6112 0. 06683 0.6118
1.214 0. 5519 0. 6056 0.9984 0. 6912 0. 05666 0. 6924
1. 257 0. 5847 0. 655 0. 997 0. 7658 0. 04938 0.7677
1.3 0.6115 0. 6988 0. 9953 0. 8363 0. 04383 0. 8393
1. 343 0. 6336 0.7382 0. 9933 0. 9037 0. 03942 0.9081
1. 386 0. 6521 0.774 0. 9909 0. 9686 0. 03582 0.9748
1.429 0. 6676 0. 8068 0.9883 1.032 0. 0328 1.04
2.714 0.7312 1. 265 0.8179 2.588 0. 4577 2.801
4 0.6724 1.432 0. 5516 3.962 0.1678 4.632
5. 286 0.6174 1.527 0. 2338 5.281 0. 09409 6. 629
6.571 0.5719 1.589 -0.1179 6. 57 0. 06219 8. 795
7.857 0.5344 1.634 -0.4941 7.842 0. 04499 11.12
9. 143 0. 5032 1.668 -0.8892 9.1 0. 03449 13.6
10. 43 0. 4767 1. 696 -1.299 10. 35 0. 02752 16. 23
11.71 0. 4539 1.718 -1.722 11.59 0. 02262 19
13 0.434 1.737 -2.155 12. 82 0. 01902 21. 89
14. 29 0. 4165 1.754 -2.597 14. 05 0.01628 24.92
144. 1 0. 1385 1.977 -56.91 132. 4 0. 223 701.7
286. 9 0. 0985 2.006 -120.9 260.1 0. 02911 1953
429. 6 0. 08057 2.019 -186 387.2 0. 01293 3569
572.3 0. 06984 2.026 -251.8 513.9 0. 007719 5479
715 0. 0625 2.032 -318 640. 4 0. 005271 7645
857.7 0. 05708 2.036 -384.5 766.7 0. 003892 10040
1000 0. 05286 2.039 -451.1 892.9 0. 003026 12640
1143 0. 04945 2.041 -518 1019 0. 002439 15430
1286 0. 04663 2.043 -585 1145 0. 002021 18410
1429 0. 04424 2.045 -652.1 1271 0.00171 21550
1.36. a’=-2 By =0.7 f[0=0.7 x=-1.4 a=-2.8
1 0. 00169 0 1 0 0 0
1. 043 0. 2837 0.2871 1 0. 2953 0. 2861 0. 2963
1. 086 0. 3889 0. 3995 1 0. 4223 0.1124 0. 4233
1.129 0. 4619 0. 4816 1 0. 5228 0. 08215 0. 5239
1.171 0.5178 0. 5478 1 0.6101 0. 06614 0.6113
1.214 0.5625 0. 6035 0. 9998 0. 6892 0. 05576 0. 6906
1. 257 0. 5995 0. 6519 0.9994 0.7627 0. 04831 0.7643
1.3 0. 6305 0. 6945 0. 9989 0. 832 0. 04263 0. 8339
1. 343 0. 6571 0.7326 0. 9983 0. 8981 0. 03813 0. 9005
1. 386 0. 68 0.7671 0.9977 0.9617 0. 03445 0. 9645
1.429 0.7 0.7984 0. 9969 1.023 0. 03137 1.027
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a’ =-2 [o=0.722

0.001664
0. 2692

0
0. 2726

IIpomomxenue npui. 4

X/R, y/R, A tc, /
0.9536 2.541  0.4138 2.597
0.8912 3.899  0.1343 4.053
0.8217 5.221  0.06861 5.504
0.7485 6.529  0.04194 6.961
0.6732 7.828  0.02836 8.426
0.5965 9.123  0.02049 9.898
0.519  10.42 0.01551  11.38
0.4408 11.71 0.01215  12.86
0.3622 12.99 0.009777  14.35
0.2832 14.28 0.00804  15.84

-7.864 143.9 0.0074  170.7

-16.84 286.4  0.004145  342.1

-25.81 428.8  0.001393  513.8

-34.79 571.2  0.0006986  685.5

-43.76  713.7  0.0004198  857.3

-52.73 856.1  0.0002802 1029

-61.71  998.5  0.0002003 1201

-70.68 1141 0.0001503 1373

-79.66 1283 0.0001169 1545

-88.63 1426 9.356e-005 1717

Bo=0.7141 x=-1.4 a=-2.8

1 0 0 0

1 0.2953  0.2861 0. 2963
1 0.4222  0.1123 0.4233
1 0.5225 0.08196  0.5236
1 0.6095 0.06584  0.6106
1 0.6882 0.05536  0.6893
1 0.7612  0.04785  0.7623

1.001  0.8301 0.04212  0.8311

1.001  0.9587 0.03387  0.9597

1.001  1.02 0.03078  1.021

1.001  2.523  0.3981 2.524

1.002  3.873  0.1246 3.874

1.002  5.19 0.06234  5.191

1.003  6.494  0.03757  6.496

1.003  7.793  0.02515  7.794

1.004  9.088  0.01802  9.089

1.004  10.38 0.01356  10.38

1.005  11.67 0.01057  11.67

1.005  12.96 0.008471 12.96

1.006  14.25 0.006942 14.25

1.057 144.1 0.063 144.1

1.114 286.9 0.003452 286.9

1.171 429.6 0.001158 429.6

1.228 572.3 0. 0005805 572.3

1.285 715 0.0003488 715

1.342 857.7 0.0002327 857.7

1.399 1000 0.0001663 1000

1.456 1143 0.0001248 1143

1.513 1286 9.709e-005 1286

1.57 1429 7.769e-005 1429
Go=0 o=-1.444 g =-2.888

1 0 0.2716 0
1 0.2796  0.1085  0.2796
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R/R, B ¢
1.077 0. 3616 0.3811
1.116 0.41 0. 4637
1.154 0. 4294 0. 5347
1.193 0.4271 0. 5998
1.231 0. 4069 0. 6625
1.27 0. 3698 0. 7257
1. 308 0. 3135 0. 7933
1. 347 0. 2285 0.8735
1.385 0 1.048
151.a°=-2 [,=0.815
1 0. 001567 0
1.023 0. 2095 0. 2105
1. 045 0. 2902 0. 2954
1. 068 0. 3434 0. 3593
1.091 0. 3755 0.4134
1.113 0. 3888 0.4621
1.136 0. 3838 0. 5083
1.182 0.3137 0. 6035
1. 204 0. 2343 0.6612
1.227 0 0. 7859
16.1. a’=-2 [, =0.9
1 0. 001491 0
1.011 0. 1478 0. 1479
1.022 0. 2073 0. 2084
1.033 0. 2513 0. 2543
1. 044 0. 285 0. 2926
1. 056 0. 3081 0. 3265
1. 067 0. 3184 0. 3579
1.078 0. 3125 0. 3884
1. 089 0. 2846 0. 4199
1.1 0. 2215 0. 4562
1.111 0 0. 532
1.6.2.a° =-2 B =0.9
1 0.001 0
1.011 0. 1478 0. 1479
1.022 0. 2074 0. 2084
1.033 0. 2513 0. 2543
1.044 0. 2852 0. 2926
1. 056 0. 3087 0. 3265
1. 067 0. 32 0. 3577
1.078 0. 316 0. 388
1.089 0. 2915 0.419
1.1 0. 2358 0. 4538
1.111 0.1 0. 5066
1.111 0. 095 0. 5087
1.112 0. 0897 0. 5104
1.112 0. 08402 0.5123
1.112 0.0779 0.5142
1.112 0.07121 0.5164
1.112 0. 06378 0.5188
1.113 0. 05532 0. 5215
1.113 0. 04523 0. 5247
1.113 0. 03203 0. 5289
270
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969
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9671
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9646
963
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IIpomomxenue npui. 4

y/R, JAY) tc, /R,
0. 4006 0.08263  0.4008
0. 499 0.07096 0.5
0. 5881 0.06509 0.5913
0.6731 0.06268 0.6809
0. 7572 0.06322 0.7729
0. 8425 0.06761 0.8718
0.9322 0.08024  0.9841
1.032 0. 1745 1.126
1.2 0 1. 454
a=-1.63 a=-3.26
0 0 0
0.2137 0. 2095 0.2138
0. 3043 0.08482  0.3044
0. 3756 0.06398 0.3758
0. 4382 0.05401  0.4387
0. 4964 0.04872  0.4979
0. 553 0.04626 0.5564
0. 6706 0.04897  0.6843
0. 7396 0.05778 0.7666
0. 8681 0. 1247 0. 9519
a=1.8 a =-3.6
0 0 0
0. 149 0. 1469 0. 1494
0.2115 0. 06051 0.2119
0. 2599 0. 04584 0. 2603
0.3013 0. 03833 0.3016
0. 3386 0. 0339 0. 339
0. 3737 0. 03139 0.3744
0. 4082 0. 03049 0. 4094
0. 4439 0. 0315 0. 4464
0. 4845 0. 03626 0. 4898
0. 5637 0. 07589 0. 5829
a=-1.8 a=-3.6
0 0 0
0. 149 0. 1469 0. 1494
0.2115 0. 06051 0.2119
0. 2599 0. 04583 0. 2603
0.3013 0. 03832 0. 3016
0. 3385 0. 03386 0. 3389
0. 3735 0. 03128 0. 3742
0. 4078 0. 03025 0. 409
0. 443 0. 03098 0. 4453
0. 4822 0. 03485 0. 4871
0. 5391 0. 05277 0. 5516
0. 5412 0.001654 0.554
0. 543 0.001745  0.5562
0. 5449 0.001855  0.5585
0. 5469 0. 00199 0. 5609
0. 5491 0. 00216 0. 5636
0. 5515 0.002385 0.5666
0. 5542 0.002702  0.5699
0.5574 0.003199 0.5739
0. 5615 0.004162 0.579



IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, Ag tc, /R, R/R, 5 ) X/R, y/ A/ tc, /R,
1.113 0.0002331 0.539 0. 9553 0.5713 0.01016 0.5916 1.078 0.3728 0.3818 1 0.4016 0.02682 0.4017
163 a’=-2 [ =0.9 [Bo=0.3 a =-1.8 =.3.6 1. 089 0.3953 0. 4064 1 0.4305 0.02465 0.4306
1 0. 001491 0 1 0 0 0 1.1 0.416 0.4293 1 0.4579 0.02287 0.458
1 011 0. 1478 0. 147 1 0. 149 0. 1469 0. 1494 1.111 0. 435 0. 4507 1 0. 484 0.02136  0.4841
1.022 0.2074 0. 2084 1 0.2115 0. 06051 0.2119 2.111 0. 7946 1.099 0. 9594 1.881 0.6481 1.923
1.033 0.2516 0.2543 1 0. 2599 0. 04582 0.2603 3.111 0.7759 1.291 0.858 2.99 0.1923 3.188
1. 044 0. 2867 0. 2925 1 0. 3011 0. 03822 0. 3015 4.111 0. 7317 1. 395 0.7198 4.048 0.1034 4.514
1. 056 0. 3138 0.326 1 0. 338 0. 03352 0. 3384 5.111 0. 6886 1.462 0. 5563 5.081 0. 06692 5.924
1. 067 0. 3327 0.3565 0.9996 0.3722 0. 03047 0.3727 6.111 0.6503 1.51 0.3742 6.1 0.04779  7.419
1.078 0. 3425 0. 385 0. 9989 0. 4048 0. 02856 0. 4056 7.111 0.6169 1.546 0.1776  7.109 0.0363 8.999
1.089 0. 3418 0.4126 0.9975 0. 4366 0.0276 0. 438 8.111 0. 5877 1.575 -0.03086 8.111 0.02878 10.66
1.1 0.3287 0.4402  0.9951 0. 4687 0. 02758 0.471 9.111 0.5621 1.598 -0.249 9.108 0.02353 12.4
1.111 0.3 0. 469 0.9911 0. 5022 0.0288 0.5062 10. 11 0.5394 1.618 -0.4755 10.1 0.01971 14.22
1. 114 0. 2897 0.4766  0.9898 0.511 0.007618  0.5154 11.11 0.5192 1.635 -0.709  11.09 0.01681 16.11
1.117 0.278 0.4845 0.9882 0.5201 0.007874  0.5252 112.1 0.1775 1.861 -32.08 107.4 0.226  428.2
1.119 0. 2644 0.4927 0.9863 0. 5295 0. 0082 0. 5355 223.1 0.1264 1.89 -70.06 211.8 0.02918 1187
1.122 0. 2489 0.5013 0.9841 0.5393 0.008621  0.5463 334.1 0.1035 1.903 -109 315.8 0.01295 2165
1.125 0.2309 0.5105 0.9816 0. 5497 0.009178  0.5579 445.1 0.08972  1.911 -148.5 419.6 0.007726 3322
1.128 0. 2097 0.5204 0.9785 0. 5608 0.009944  0.5705 556. 1 0.08031 1.916 -188.3 523.3 0.005275 4633
1.131 0.1844 0.5315 0.9746 0.573 0.01106 0.5846 667.1 0.07335 1.92 -228.3 626.8 0.003894 6082
1.133 0.1528 0.5444  0.9695 0. 5869 0.01286 0.6011 778. 1 0.06793  1.923 -268.5 730.3 0.003027 7657
1.136 0.1096 0.5608  0.9621 0. 6043 0.01643 0. 6222 889. 1 0.06356 1.926 -308.8 833.8 0.00244 9347
1. 139 0.0001998 0.5997 0. 9402 0. 6428 0. 03894 0. 6727 1000 0.05993  1.928 -349.3 937.1 0.002022 11150
164. @’ =-2 B0 =0.9 [y =0.4 o =-1.8 0=-36 1111 0.005687 1.929 -389.8 1040 0.00171 13050
1 0.0014 0 1 0 0 0 211, o =-4 ﬁo =0.3 ,Bro =0 o =-1.2 a=-2.4
1.011 0.1478 0.1479 1 0. 149 0. 1469 0.1494 1 0. 003651 0 1 0 0 0
1.022 0. 2074 0.2084 1 0. 2115 0. 06051 0.2119 1.233 0. 5224 0. 6397 0. 9895 0. 7363 0. 6377 0.743
1.033 0. 2518 0. 2542 1 0. 2599 0. 0458 0. 2602 1. 467 0.5731 0.8724 0.9431 1.123 0. 2326 1.163
1. 044 0.288 0.2924 1 0.301 0.03812 0.3014 1.7 0.5623 1.036 0. 866 1.463 0.164 1.572
1.056 0. 3183 0. 3256 1 0. 3376 0. 03323 0. 338 1.933 0. 5279 1. 166 0.7612 1.777 0.1298 1.999
1.067 0. 3435 0. 3554 1 0.3712 0. 02981 0.3716 2.167 0.4813 1.276 0. 629 2.073 0.1101 2.461
1.078 0.3641 0.3827 0.9998 0.4025 0.0273 0. 4029 2.4 0. 4267 1.375 0.4672 2.354 0.09862  2.975
1. 089 0.3803 0.4081  0.9995 0.4322 0.02542 0.4328 2.633  0.3648 1. 468 0.2703 2.619 0.0931 3.565
1.1 0.3923 0.4321  0.9989 0.4607 0.02399  0.4615 2.867 0.2934 1.562 0.0261 2.867 0.09373  4.274
1.111 0.4 0. 455 0. 9981 0.4883 0.02293 0.4895 3.1 0.204 1.667 -0.2977 3. 086 0.1053 5.214
1.123 0. 4035 0.4791  0.9967 0.5178  0.0241 0.5201 3.333 0 1.884 -1.027 3.171 0.2171 7.512
1.135 0.4019 0.5026  0.9949 0.5469 0.02353  0.5501 212, a®=-4 B =0.3 B =0.1 a =-1.2 a=-2.4
1. 147 0.395 0.5259  0.9924 0.576 0.02328  0.5804 1 0. 003651 0 1 0 0 0
1.16 0.3824 0.5493  0.9889 0.6054 0.02337 0.6115 1.233  0.5232 0. 6395 0. 9896 0. 7361 0. 6375 0. 7427
1.172 0. 3635 0.5731 0.9844 0. 6353 0. 02385 0. 6439 1. 467 0.5751 0.8716 0. 9439 1.123 0.2321 1.161
1.184 0. 3374 0.598 0.9783 0. 6664 0. 02486 0.6784 1.7 0. 5656 1.035 0. 8681 1. 462 0. 1632 1.569
1.196 0. 3022 0. 6247 0.97 0. 6993 0. 02668 0.7162 1.933 0.5326 1.164 0. 7655 1.775 0. 1289 1. 993
1. 208 0. 2545 0. 6547 0. 9582 0. 7355 0. 03002 0. 7595 2.167 0. 4876 1.273 0. 6365 2.071 0. 1089 2.45
1.22 0. 1852 0. 6919 0. 9395 0.7783 0. 03719 0.8144 2.633 0. 3755 1. 461 0. 2894 2.617 0. 09093 3.532
1. 232 0.001152 0.7766 0. 8789 0. 8635 0. 08469 0.9421 2.4 0. 4349 1.37 0.4793 2.352 0. 09708 2.956
165 a’=-2 [0 =0.9 By =0.435 a =-1.8 a=-3.6 2.867 0.3078 1.551 0.05691 2.866 0.09028  4.215
1 0. 001491 0 1 0 0 0 3.1 0.2259 1. 649 -0.2425 3.001 0.09815 5.091
1.011  0.1478  0.1479 1 0.149  0.1469  0.1491 3.333 0.1 1.787  -0.715 3.256 0.1379  6.529
1.022 0.2074 0. 2084 1 0.2115 0. 06051 0.2116 3. 339 0. 09483 1.792 -0.7342 3. 258 0.005474 6.59
1. 033 0. 2519 0. 2542 1 0. 2599 0. 04579 0.26 3. 345 0. 08936 1.798 -0.7543 3. 259 0. 00577 6. 654
1. 044 0. 2886 0. 2923 1 0. 301 0. 03809 0.3011 3.351 0. 08356 1. 804 -0.7756 3. 26 0.006124 6.723
1.056 0. 3201 0. 3254 1 0.3375 0.03311 0.3376 3. 357 0.07732 1.811 -0.7984 3. 261 0. 006559 6.797
1.067 0. 3479 0. 355 1 0. 3707 0.02954  0.3709 3.363 0.07056 1.818 -0.823 3. 261 0.007111 6.877
3.369 0.06308 1.826 -0. 8501 3.26 0.007841 6.966
271 272



IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, JAY/) tc, /R, R/R, 5 @ x/ y/R, A tc, /R,
3.375 0.0546  1.835  -0.8805  3.258 0.008873 7.067 1.933  0.7057  1.084 0.9052  1.708  0.1014 1.792
3.381 0.04456 1.845  -0.9163  3.254 0.01049  7.187 2.167  0.7072  1.162 0.8606  1.988  0.07878  2.122
3.387 0.0315  1.859  -0.9622  3.247 0.01363  7.343 2.4 0.7025  1.226 0.8113  2.259  0.06362  2.453
3.393  0.0002197 1.892  -1.07 3.22 0.03265 7.718 2.633  0.6946  1.279 0.7581  2.522  0.05283  2.787
0 - - - - 2.867  0.6849  1.324 0.7015  2.78 0. 0448 3.125
213.a, =-4 =0.3 =0.3 a=-1.2 a=-2.4 : : : : : : :
i ! 0 003651 Fo 0 f%o o ! 0 0 3.1 0. 6742 1. 362 0.6419  3.033  0.03863  3.468
1233 0 529 0.638  0.9907 0.7345  0.636 0. 7406 3.333  0.6632  1.396 0.5798  3.283  0.03376  3.817
6.333  0.542 1.629  -0.3699  6.323  0.2332 8. 849
1.467 0.5906  0.8659 0.9503 1.117 0.2279 1.152
9.333  0.4652  1.73 -1.478 9.216  0.1005  14.85
1.7 0.5913  1.024  0.8846 1. 452 0.1576  1.545
12. 33 0.4133  1.789  -2.671  12.04 0.05928 21.71
1.933 0.5688  1.146  0.7976 1. 761 0.122  1.946
15. 33 0.3754  1.829  -3.919  14.82 0.04021  29. 34
2.167 0.5353  1.246  0.6909 2. 054 0.1007 2.368
18. 33 0.3463  1.859  -5.208  17.58 0.02957 37.67
2.4 0.4958  1.333  0.565 2.333 0.0869 2.821
21.33 0.323 1.882  -6.527  20.31 0.02292  46. 65
2.633 0.4523  1.411  0.4192 2.6 0.07778 3.313
24. 33 0.3038 1.9 -7.871  23.03 0.01844  56. 24
2.867 0.4055  1.483  0.2516 2.856 0.07199 3.857
27.33 0.2877  1.915  -9.235  25.73 0.01525  66. 39
3.1 0.3551  1.552  0.05863  3.099 0.06896 4.471
30. 33 0.2739  1.928 -10.62 28. 42 0.01288 77.08
3.333 0.3 1.621  -0.1664 3.329 0.06885 5.184
33. 33 0.2619  1.939 -12.01 31.09 0.01107  88.29
3.399 0.2832  1.641 -0.2381 3.391 0.01991 5.41
336.3 0.08427 2.094 -168.2 291.3 0. 155 2673
3.465 0.2657  1.661 -0.313 3.451 0.02034 5.649
669. 3 0.05981 2.115 -346.5 572.7 0.02053 7478
3.531 0.2474  1.682 -0.3925 3.509 0.02096 5.906
1002 0.04889 2.124 -526.7 852. 8 0.009132 13690
3.596 0.2279  1.704  -0.4777 3.565 0.0218 6.182
1335 0.04237 2.129 -707.8 1132 0.005452 21040
3.662 0.207 1.727  -0.5696 3.618 0.02296 6. 485
1668 0.03791 2.133 -889.6 1411 0.003724 29370
3.728 0.1843  1.752 -0.6703 3. 667 0.02462 6.821
2001 0.03462 2.136 -1072 1690 0.00275 38570
3.794 0.1588  1.779 -0.783 3.712 0.0271 7.205
2334 0.03205 2.138 -1254 1969 0.002138 48580
3.86 0.1291  1.81  -0.914 3.75 0.0312 7.662
2667 0.02999 2.14 -1437 2247 0.001724 59330
3.925 0.09081 1.849 -1.079 3. 774 0.03948 8.261
3991 0 0001922 1 942 -1 446 3 72 009218 9 713 3000 0.02828 2.141 -1620 2525 0.001428 70780
D14 aO=.4 0 3 0.5 1 5 2 3333 0.02683 2.142 -1803 2803 0.001209 82880
14. a Bo=0.3  fo=0. a=-1 a=-2 216. @’ =-4 By=0.3 [Bo=0.7 & =-1.2 a=-2.4
1 0. 003651 0 1 0 0 0 s 0. 003651 o I 0 0 5
1.233  0.5404 0.635  0.9929  0.7316 0.633 0. 7365 ~
1.233 0.5572  0.6307  0.9961  0.7273  0.6287 0. 7307
1.467  0.6207  0.8552  0.9623  1.107  0.2202  1.133
1.467 0.6631  0.8407  0.9782  1.093 0.21 1. 109
1.7 0.6395  1.003 0.914 1.433  0.148 1. 502
1.7 0.7057  0.9771  0.9511  1.409 0. 1364 1. 448
1.933  0.6351  1.114 0.8522  1.735  0.1112  1.867
1.933 0.7232  1.076 0.9175  1.702 0.09923  1.774
2.167  0.6198  1.203 0.7791  2.022  0.08865 2.239
2.167 0.7285  1.153 0.8791  1.98 0.07668  2.095
2.4 0.5992  1.277 0.6961  2.297  0.07354 2.622
2.4 0.7273  1.215 0.8369  2.249 0.06161  2.416
2.633  0.5759  1.339 0.6042  2.563  0.06279 3.019
2.633 0.7227  1.266 0.7915  2.512 0. 0509 2.738
2.867  0.5511  1.394 0.5039  2.822  0.05482 3.433
2.867 0.716 1.308 0.7434  2.769 0.04296  3.062
3.1 0.5257  1.443 0.3955  3.075  0.04874 3.866
3.1 0.7083  1.345 0.6931  3.022 0.03686  3.39
3.333 0.5 1.487 0.2794  3.322  0.04401 4.321
3.333 0.7 1.377 0.6407  3.271 0.03206  3.721
3.671  0.4628  1.544 0.09733  3.67 0.05728 5.023
6.333 0.6053  1.593  -0.1395  6.332 0.2158 8. 349
4.009  0.4257  1.596  -0.1006  4.007  0.05162 5.783
9.333 0.5466  1.681  -1.025 9.277 0.08797 13.58
4.346  0.3887  1.643  -0.3156  4.335  0.04757 6.613
12.33  0.5084  1.73 -1.957  12.18 0.04938  19.29
4.684  0.3514  1.688  -0.549 4.652  0.0448  7.526
15.33  0.4817 1.762  -2.917  15.05 0.03204  25.36
5.022  0.3135  1.731  -0.8032  4.957  0.04316 8.543
18.33 0. 462 1.785  -3.894  17.92 0.02261 31.72
5.359  0.2743  1.774  -1.082 5.249  0.04267 9.693
21.33  0.4467  1.802  -4.882  20.77 0.01688  38.33
5.697  0.2325  1.818  -1.393 5.524  0.04363 11.03
24.33  0.4346  1.815  -5.879  23.61 0.01311  45. 14
6.035  0.1859  1.865  -1.748 5.776  0.04693 12.64
27.33  0.4248  1.825 -6.882  26.45 0.0105  52.13
6.372  0.1288  1.92 -2.183 5.987  0.05575 14.8
6.71 0.0006003 2.042  -3.046 5.979  0.1216  20.08 30.33  0.4166  1.834  -7.89 29.29 0.008601 59.26
o 33.33  0.4096  1.841  -8.901  32.12 0.007182 66.52
215 a7 =-4 [o=0.3 [¢=0.6632 mx=-1.2 a=-2.4 336.3 0. 3361 1.913 -113 316. 8 0.072 934. 2
1 0.003651 O 1 0 0 0 669. 3 0.3314  1.918 -227.7 629. 4 0.004432 1934
1. 233 0. 5537 0. 6315 0. 9954 0.7282 0. 6295 0.7319 1002 0. 3298 1.919 -342.4 942 0. 001501 2941
1. 467 0. 6545 0. 8436 0.975 1. 096 0.212 1.114 1335 0. 329 1.92  -457.1 1255 0. 0007554 3952
1.7 0.6924  0.9822  0.9439  1.414  0.1386 1. 459 1668 0.3285  1.921 -571.8 1567 0. 0004547 4966

273 274



R/R,
2001
2334
2667
3000
3333

1
233

COWWNNNNEEREE
o
@
w

N
N
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1
1.1
1.2

217. o’ =-4

1%

0.3282
0. 3279
0. 3277
0. 3276
0. 3275

. 003651
5787
7158
7854
8262
852
8692
8811
8895
8956
9
9111
9079
9047
9022
9003
8987
8975
8966
8958
8951
8881
8877
8876
8875
8875
8874
8874
8874
8874
. 8874
0’10 =-4
. 002828
4151
5361
5891
602
587
5499
4924
412
. 2967
0

0’10 =-4
0. 002828
0.4152
0. 5363

OO0 0000000000000000000000000000

cocooooo000

[l

Bo
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IIpomomxenue npui. 4

@ X/R, y/R, JAY/) tc, /R,
921 -686.5 1880 0. 0003038 5980
921 -801.2 2193 0. 0002173 6995
921 -915.9 2505 0. 0001631 8011
921 -1031 2818 0. 000127 9027
922 -1145 3130 0. 0001017 10040
=0.3 B0 =0.9 @&=-1.2 a=-2.4
0 1 0 0 0
6253 1 0.7219 0. 6233 0.7235
8238 0. 9965 1. 076 0. 1985 1.08
9483 0.9913 1.381 0. 1245 1. 39
036 0.9848 1. 664 0. 08804 1.679
103 0.9777 1.934 0. 06635 1. 957
155 0. 9699 2.195 0. 05212 2.228
197 0. 9617 2.451 0. 04218 2.494
232 0.9531 2.704 0. 03491 2.758
261 0. 9442 2.953 0. 02941 3.019
286 0.9352 3.199 0. 02515 3.279
443 0. 8103 6.281 0. 1565 6. 579
498 0.6761 9. 309 0. 05578 9. 877
527 0.5394 12. 32 0. 02875 13.19
545 0. 4016 15.33 0. 01756 16. 51
556 0. 2631 18. 33 0. 01184 19. 84
565 0.1243 21.33 0. 008527 23.17
571 -0.01484 24.33 0.006434 26.51
576 -0.1541 27.33 0. 005028 29.86

58 -0.2935 30. 33 0. 004038 33.21
584 -0.433 33.33 0. 003314 36.56
614 -14.56 336 0.03 377.3

616 -30.09 668. 7 0. 001666 752.3

616 -45.61 1001 0. 0005592 1127
617 -61. 14 1334 0. 0002803 1503
617 -76.67 1667 0.0001684 1878
617 -92.2 1999 0.0001124 2253
617 -107.7 2332 8. 032e- 005 2628
617 -123.3 2664 6. 027e- 005 3004
617 -138.8 2997 4.689e- 005 3379
617 -154.3 3330 3. 752e- 005 3754
[30 =0.5 [10 = o =- 2 =-4

0 1 0 0 0
0. 429 1 0. 4576 0. 427 0. 458
0. 5872 0.999 0. 6648 0. 1582 0. 6661
0. 7005 0. 9939 0. 838 0.1133 0. 8426
0.7924 0.983 0. 9969 0. 09186 1.01
0.8722 0. 9647 1.149 0. 07981 1.177
0. 9453 0. 9369 1. 297 0. 07305 1. 353
1. 016 0. 8961 1. 445 0. 07031 1.544
1.088 0. 8364 1.594 0. 07199 1.765
1.17 0.742 1.749 0. 08206 2. 046
1. 341 0. 4559 1. 947 0.1712 2.708
Ao =0.5 ,Bro =0.1 a, =-2 a=-4
0 1 0 0 0

0. 429 1 0. 4576 0. 427 0. 458
0.5872 0.999 0. 6648 0. 1581 0. 666
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¢

0. 5898 0. 7004
0. 6034 0.7921
0. 5894 0. 8717
0. 5536 0. 9444
0. 4979 1.014
0. 4204 1.085
0. 3107 1.165
0.1 1.291
0. 09488 1.294
0. 08947 1. 297
0. 0837 1.3
0. 0775 1.304
0. 07076 1. 307
0. 06329 1. 312
0. 05482 1. 316
0. 04477 1. 322
0. 03166 1. 329
0. 000289 1. 347

Bo =0.
0. 002828 0
0. 4153 0. 429
0.5381 0. 5869
0. 5953 0. 6995
0. 6146 0.79
0. 6082 0. 8676
0.5824 0.9374
0. 5402 1. 003
0. 482 1. 067
0. 4053 1.132
0.3 1. 207
0. 285 1. 217
0. 269 1. 227
0. 2519 1.238
0. 2335 1. 249
0.2134 1.261
0.1911 1.274
0. 1656 1. 289
0. 1354 1. 307
0. 09582 1. 329
0. 0002458 1.383
lﬁp =4 [30 =0.5
0. 002828 0
0. 4156 0. 429
0. 5417 0. 5864
0. 6062 0. 6977
0. 6363 0. 7859
0. 6441 0. 8601
0. 6362 0.925
0.6161 0. 9837
0. 5862 1.038
0.5474 1.089
0.5 1.14
0.4764 1.162

IIpomomxenue npui. 4

X/R, y/R, JAY/) tc, /R,
0.9939 0.8379 0.1132 0. 8425
0. 9833 0. 9966 0. 09171 1. 009
0. 9653 1.148 0. 07956 1.176
0.938 1. 296 0. 07267 1.351
0.8983 1. 443 0. 0697 1.541
0. 8405 1.592 0. 07091 1.758
0. 7508 1. 745 0. 07959 2.031
0. 5524 1.922 0. 1264 2.516
0.5471 1.925 0.002876 2.528
0. 5416 1.928 0.003037 2.54
0. 5356 1.93 0. 00322 2.553
0. 5292 1.933 0. 00346 2. 567
0. 5222 1.936 0.003763 2.582
0. 5145 1.94 0. 004157 2.598
0. 5056 1.943 0. 00471 2.617
0. 495 1. 947 0. 005584 2.64
0. 4811 1.952 0. 007267 2.669
0. 447 1.961 0.0176 2.74

,Bro =0.3 a, =- 2 a=-4

1 0 0 0

1 0. 4576 0. 427 0. 458
0. 9992 0. 6646 0. 1579 0. 6657
0. 9947 0. 837 0.1126 0.841
0.9854 0. 9945 0. 09049 1. 006
0.97 1.144 0. 07765 1.169
0. 947 1.29 0. 0698 1. 336
0. 9146 1. 433 0. 06533 1.514
0. 8697 1.576 0. 06376 1.71
0. 8068 1.72 0. 0657 1.935
0.7125 1. 869 0. 07431 2.218
0. 6974 1.887 0. 009724 2. 257
0.6821 1.904 0. 01015 2.298
0. 6655 1.922 0. 01067 2.342
0.6473 1.941 0. 01133 2.39
0.6271 1. 959 0. 01217 2.441
0.6043 1.978 0. 01329 2.497
0.578 1.998 0. 01491 2.561

0. 5459 2.019 0. 01747 2.637
0.5031 2.042 0. 02249 2.736
0. 3952 2.077 0. 05359 2.975

[zo =0.5 a =2 a=-4
1 0 0 0
1 0. 4576 0. 427 0. 458

0. 9995 0. 6641 0.1574 0. 665

0. 9962 0. 8352 0.1113 0. 8383

0. 9895 0. 9904 0. 08819 0. 9987

0.9786 1.137 0. 07421 1.155

0. 9629 1.278 0. 06497 1.31

0.9418 1. 415 0. 05862 1. 47

0.9144 1.55 0. 05428 1.636

0. 8796 1.684 0. 05151 1.812

0. 8359 1.817 0. 05017 2.003

0.8126 1.875 0. 02184 2.092
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131
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IIpomomxenue npui. 4

4 6 ¥ YR,
0. 4509 1.184 0. 7876 1.933
0.4231 1. 206 0. 7596 1.991
0. 3928 1. 229 0.7281 2.049
0. 3595 1.253 0. 6923 2.107
0. 3222 1.279 0. 6509 2.166
0. 2795 1. 307 0. 6018 2.225
0. 2285 1.338 0.5411 2.286
0.1617 1.378 0. 4583 2.348
0. 0004409 1. 47 0. 2453 2.424
0&0 =-4 [%0 =0.5 [zo =0.7
0. 002828 0 1 0
0.4161 0. 4289 1 0. 4575
0. 547 0. 5857 1 0. 6633
0. 6222 0. 6951 0.9984 0. 8326
0. 6676 0. 7801 0. 9952 0. 9847
0. 6946 0. 85 0.99 1.127
0.7092 0. 9093 0. 9829 1. 262
0.7151 0. 9609 0.9738 1.393
0.7145 1. 007 0. 9626 1.521
0. 7091 1. 048 0. 9493 1. 646
0.7 1.085 0.934 1.769
0.673 1.152 0. 896 2.012
0. 6377 1.21 0. 8488 2.25
0. 5964 1. 262 0.7916 2.484
0. 5502 1.31 0.7232 2.715
0. 4992 1. 356 0. 642 2.943
0. 4431 1.4 0. 5453 3.168
0. 3804 1. 445 0. 4285 3.39
0. 3076 1. 493 0. 2829 3. 609
0. 2153 1.548 0. 0855 3.821
0. 001043 1. 669 -0.3943 4. 005
0&0 =-4 [%0 =0.5 [zo =0.8
0. 002828 0 1 0
0.4164 0. 4289 1 0. 4575
0. 5504 0. 5852 1 0. 6629
0. 6319 0. 6935 0. 9997 0.831
0. 6864 0.7768 0. 9985 0.9814
0.7243 0. 8442 0. 9965 1.121
0. 7512 0. 9007 0. 9937 1. 254
0. 7705 0.949 0. 9903 1. 382

0.7841 0.991 0.9861 1. 506
0. 7936 1.028 0.9813 1. 627
0.8 1.061 0. 9759 1.746
0. 6532 1. 484 0. 4917 5.672
0.5169 1. 602 - 0. 2896 9. 381
0. 4233 1. 666 -1.237 13. 02
0. 3526 1.709 -2.308 16. 61
0. 2949 1.742 -3.488 20. 16
0.2448 1.77 -4.774 23.68
0. 1986 1.794 -6.178 27.16
0. 1531 1.818 -7.73 30. 58
0.1028 1. 844 -9.518 33.93
0. 0005904 1.896 -12.46 36. 88

(24}

(24}

Ag

. 02204
. 02242
02305
02402
02549
02778
03168
03972
. 09188

=-2
0
4269
1567
1094
08506
06983
05931
05159
04569
04105
03733
06684
05824
05226
04815
04554
04432
04471
04751
. 05585
1205
=-2

0
4269
1563
1083
08327
06746
05645
. 0483
0. 04203
03705
03302
4233
1173
06384
04335
03321
02767
02475
02389
02595
. 05216

coooooo00

OOO000000000000000000

coooooo

©oo0000000000

Q
1

Q
1

tc, /R,
2.186
. 286
393
509
637
782
953
177
714
-4
0
4579
664
8344
989
136
278
418
558
698
84
135
443
771
124
51
94
432
021
796
681
-4
0
. 4579
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401.6
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1600
1800
2000
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214
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B
=-4

. 002828

4164
5506
6326
6877
7264
7541
7743
7889
7993
8066
7713
6959
6342
5852
5456
5128
4852
4616
4411
4231
14
09952
0814
07056
06314
05766
0534
04996
04711
0447

af —

00378
2837
3892
4605
5085
5343
5366
5124
4547
3455
0
=4
00239
2837
3892
4606
5087
5349

. 5381

5152

IIpomomxenue npui. 4

¢ /R, /R,
Bo =0.5  Bo =0.8066
0 1 0
0. 4289 1 0. 4575
0. 5852 1 0. 6628
0.6934 0.9998 0. 8309
0. 7765 0.9987 0.9811
0. 8438 0. 9969 1.121
0. 9001 0. 9945 1.253
0.9482 0.9914 1.381
0.99 0.9877 1.505
1.027 0.9834 1.626
1.06 0.9785 1.744
1.354 0.8174 3.711
1.469 0.5703 5.571
1.534 0.2724 7.395
1.577 -0. 05992 9.2
1.609 -0.4174 10. 99
1.633 -0.7945 12.78
1.652 -1.187 14.55
1.668 -1.593 16. 32
1.681 -2.01 18. 09
1.693 -2.436 19. 85
1.85 -55.65 194
1.871 -118.7 383.7
1.88 -183 572.9
1.885 -247.9 761.9
1.889 -313.3 950. 7
1.892 -378.9 1139
1.894 -444.8 1328
1.896 -510.9 1517
1.897 -577.1 1705
1.898 -643.5 1894
Bo=0.7  [o=0 o
0 1 0
0. 2869 1 0. 2951
0. 3993 1 0.4221
0. 4815 1 0.5226
0. 5482 0.9998 0.6105
0. 6058 0.9982 0. 6915
0. 6581 0. 9946 0. 7689
0.7078 0.9877 0. 8452
0. 7583 0.9749 0.9235
0. 8153 0. 9501 1.009
0.9328 0. 8509 1.148
0:,8r0 =0.1 ay =-2.8
0 1 0
0.2873 1 0. 2955
0. 3997 1 0. 4225
0. 4819 1 0.523
0. 5486 0. 9995 0.6109
0. 6062 0.998 0.6918
0. 6583 0.9944 0.7691
0. 7079 0.9877 0. 8453

m

N OOOOO0000000000000000000000000

COLooo0000o

ocoocoooo

JAY) tc, /R,
=-2 a=-4
0 0
. 4269 0. 4579
1563 0. 6633
1082 0. 8318
08315 0.983
0673 1.124
05626 1. 259

04809 1.39
0418 1.518
03681 1. 644
03277 1.768
294 4.014
1148 6. 473
0652 9.187
04333 12.14
03144 15.33
02415 18.74
0193 22.35
01588 26.16
01336  30.15
01144 34.31
157 971.2
02058 2705
009144 4943
005457 7591
003727 10590
002752 13910
002139 17510
001725 21390
001429 25510
.001209 29860
8 a=-5.6
0 0
2839 0. 2952
1124 0. 4222
08219 0.5228
06675 0.611
05761 0. 6929
05223 0.7726
04976 0. 854
05046 0.9421
05701 1. 048
1175 1.283
2.8 a=-5.6
0 0
2853 0. 2956
1124 0. 4226
08219 0. 5232
06673 0.6113
05757 0. 6932
. 05214 0.7728
. 04957 0. 8538



IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, JAY/) tc, /R, R/R, 5 @ X/R, y/R, JAY/) tc, /R,
1.343  0.4598  0.7579  0.9753  0.9231  0.05006  0.9413 1.508  0.3449  0.9111  0.9244  1.192 0.01623 1.261
1.386  0.3555  0.8139  0.9515  1.007 0.05598  1.046 1.522  0.3025  0.929 0.9109  1.219 0.01787 1.302
1.429 0.1 0.9062  0.8811  1.124 0.09225  1.229 1.535  0.25 0.9495  0.8934  1.248 0.02056 1.35
1.429  0.09491 0.9076  0.8797 1.126 0.001617  1.232 1.548  0.1789  0.9756 0. 868 1. 282 0.02602  1.412
1.429  0.08952 0.9093  0.8779  1.128 0.001708  1.236 1.561  0.0002995 1.036 0.7953  1.344 0.06083 1.559
1.43 0.08378 0.9111  0.8761  1.13 0.001817 1.24 0 _._ - - - -
1.43 0.0776 0.9131 0.8741 1.132 0.001951  1.243 21'3'5 aé 002;5 ﬁoo 0.7 1'8’0 0. 70 a 20' 8 a 0 5.6
1.43 0.07087 0.9152  0.8719  1.134 0.002119 1.248 1043 02837 0. 2873 1 0.2955 0 2853 0 2956
1.431  0.06341 0.9176  0.8694  1.136 0.002342  1.253 1086 0 3894 0 3997 1 0 arom 0 1123 0. 4226
1.431  0.05494 0.9202  0.8666  1.139 0.002656  1.258 1120 0.4634 0. 4816 1 0. 5298  0.08197 0. 5229
1.431  0.04488 0.9234  0.8632 1. 142 0.003148 1.264 : : : : :

1.171  0.5204  0.5475 1 0.6098  0.06587 0.6099
1.431  0.03175 0.9275  0.8587 1.145 0.004098 1.273
1.432  0.0004817 0.9373  0.8475  1.154 0.009873  1.293 1.214 0.566 0.603 ! 0.6886  0.05545  0.6887
: ; : : : : : 1.257  0.6034  0.6509 1 0.7618  0.048 0. 762
233. o =-4 o =0.7 Lo =0.3 a =-2.8 a=-5.6 1.3 0. 6345 0. 6933 0. 9999 0. 8308 0.04236  0.8312

1 0. 00239 0 1 0 0 0 1.343  0.6604  0.7312  0.9996  0.8967  0.03791 0.8974

1.043  0.2837  0.2873 1 0.2955  0.2853  0.2956 1.386  0.682 0.7655  0.9991  0.9602  0.03431 0.9612
1.086  0.3892  0.3997 1 0.4225  0.1124  0.4226 1.429 0.7 0.7968  0.9985  1.022 0.03132 1.023
1.129  0.4611  0.4818 1 0.523 0.08215 0.5231 1.637  0.75 0.9196  0.9925  1.302 0.1226  1.309
1.171  0.5107  0.5484  0.9996  0.6107  0.06659 0.6111 1.846  0.7586  1.011 0.9805  1.564 0.09125 1.585
1.214  0.5402  0.6056  0.9983  0.6912 0.05719  0.6924 2.055  0.7412 1. 084 0. 9612 1.816 0.07318 1.863
1.257  0.5495  0.657 0.9955  0.7678 0.05137  0.7708 2.263  0.7055  1.146 0.9331  2.062 0.06189 2.151
1.3 0.5369  0.7051  0.99 0.8425  0.0481 0. 8495 2.472  0.6555  1.201 0.8945  2.305 0.05469 2. 457
1.343  0.4989  0.7523  0.9805  0.9176 0.04719  0.9319 2.681  0.5927 1.251 0. 843 2.545 0.05035 2.791
1.386  0.4276  0.8017  0.9638  0.9957  0.04942 1. 024 2.89 0.5164  1.299 0.7747  2.784 0.04847  3.167
1.429 0.3 0.8606  0.9314  1.083  0.05891  1.141 3.008  0.4228  1.349 0.6819  3.022 0.04951  3.612
1.432  0.2858  0.8665  0.9271  1.091  0.005529 1.152 3.307  0.2989  1.405 0.5454  3.262 0.05623 4.19
1.435  0.2707  0.8723  0.9229  1.099  0.005793 1.164 3.516  0.001635 1.523 0.1697  3.512 0.1174  5.58
1.439  0.2543  0.8784  0.9183  1.107  0.006113 1.177 0 __ - - - -
1.442  0.2364  0.8849  0.9132 1.116  0.00651  1.19 f'3 6 C(r)l 00233 Bo 0 0.7 ﬁrf 0 71(1)2 a 02' 8 a (?' 6
1.445  0.2167  0.892 0.9074  1.125  0.007017 1.205 1043 02837 0. 2873 1 0.2955 0 2853 0. 2956
1.448  0.1946  0.8997  0.9008  1.134  0.007694 1.221

1.086  0.3894  0.3997 1 0.4225  0.1123 0. 4226
1.452  0.1693  0.9083  0.8929  1.145  0.008657 1.239

1.129  0.4635  0.4816 1 0.5228  0.08197  0.5229
1.455  0.1388  0.9185  0.8833  1.156  0.01018  1.261 1191 o0.5207 0. 5478 1 0. 6098  0.06585 0. 6099
1.458  0.09852 0.9316  0.87 1.171  0.01315  1.289 1214 o 67 0. 8028 1 0 e88c 0 05538 O 6386
1.462  0.0003  0.9632  0.8345 1.2 0. 03152 1. 356 : : : : : :

: o : : : : : 1.257  0.6055  0.6507 1 0.7615  0.04788  0.7617
234. o =-4 Lo =0.7 Lo =0.5 a =-2.8 a=-5.6 1.3 0.638 0. 6929 1 0. 8304 0. 04217 0. 8306

1 0. 00239 0 1 0 0 0 1.343  0.666 0. 7305 1 0.8961  0.03765  0.8963

1.043  0.2837  0.2873 1 0.2955  0.2853  0.2956 1.386  0.6901  0.7645 1 0.9592  0.03396  0.9594
1.086  0.3893  0.3997 1 0.4225  0.1123  0.4226 1.429  0.7112  0.7954 1 1.02 0.03089  1.021
1.129 0. 462 0. 4817 1 0.5229  0.08208 0.523 2.714  0.8692 1.203  0.9761  2.533 0. 408 2.572
1.171  0.5146  0.548 0.9999  0.6103  0.0663  0.6106 4 0.8378  1.341  0.9118  3.895 0. 1379 4.072
1.214  0.5507  0.6045  0.9991  0.6902  0.05647 0.6909 5.286  0.7901  1.415  0.8184  5.222 0.07452  5.652
1.257  0.5717  0.6545  0.9974  0.7653  0.04993 0.7671 6.571  0.7447 1.464  0.7036  6.534 0.04817  7.329
1.3 0.5779 0.7 0.9943  0.8375  0.04553 0.8415 7.857  0.7045  1.498  0.5726  7.836 0.03434  9.105
1.343  0.569 0.7427  0.9892  0.9081  0.04271 0.9161 9.143  0.6694  1.524  0.4287  9.133 0.02604 10.98
1.386  0.5438  0.784 0.9812  0.9785  0.04128 0.9929 10. 43 0.6386  1.545  0.2741 10.42 0.02061 12.95
1.429 0.5 0.8253  0.969 1.05 0.04135 1.075 11.71 0.6114  1.561  0.1107 11.71 0. 01684 15
1.442  0.4819  0.8381  0.9644  1.072 0.01313 1.102 13 0.5873  1.575 -0.06021 13 0.01408 17.15
1.455  0.4614  0.8515  0.9587 1. 095 0.01342 1.13 14. 29 0. 5657 1.587 -0.2377 14.28 0.01201 19.38
1.468  0.4379  0.8654  0.9521  1.118 0.01382 1.16 144.1 0. 1951 1.748 -25.45  141.9 0.161  502.1
1.482  0.4112  0.8797  0.9444  1.142 0.01437 1.191 286. 9 0. 139 1.769 -56.47  281.2 0.02065 1390
1.495  0.3806  0.8949  0.9353  1.166 0.01514 1.225 429.6 0.1138 1.778 -88.41  420.4 0.009162 2534
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IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, JAY/) tc, /R, R/R, 5 @ X/R, y/R, JAY/) tc, /R,
572.3 0.09866  1.784 -120.8 559.4  0.005465 3886 1.112  0.2892 0. 463 0.9951 0.4968  0.003018 0. 4987
715 0. 08832 1.787 -153.6 698.3  0.003731 5419 1.113  0.277 0.4662  0.9945 0.5004  0.003135 0.5026
857. 7 0.08066  1.79  -186.5 837.2  0.002754 7113 1.114  0.2632 0.4694  0.9939 0.5041  0.003279 0.5067
1000 0.07471  1.792 -219.7 976 0.002141 8954 1.116  0.2475  0.4729  0.9931  0.5081  0.003461 0.511
1143 0. 0699 1.794 -252.9 1115 0.001726 10930 1.117  0.2295  0.4766  0.9922  0.5122  0.003698 0.5156
1286 0. 06592 1.795 -286.3 1254 0.00143 13030 1.118  0.2085  0.4806  0.9911  0.5167  0.004018 0.5206
1429 0.06254  1.797 -319.8 1392 0.00121 15260 1.119  0.1834  0.4851  0.9897  0.5217  0.004482 0.5262

241 ol =- -0.9 -0 0 =-3.6 ag=-7.2 1.12 0.1521  0.4903  0.988 0.5274  0.005223 0.5328

1 0. 003333 [300 l[io o 0 0 1.121 0. 1093 0. 497 0. 9854 0. 5345 0.006687  0.5411
1011 0. 1479 0. 1481 1 0.1492 0 1451  0.1492 1.122 %500311 0.5126  0.9779  0.5503  0.01557  0.5607
1.022 0.2074 0. 2086 1 0.2117  0.0605  0.2117 244, a® =-4 By =0.9 Bo=0.4 a =-3.6 a=-7.2
1.033 0. 252 0. 2544 1 0.2601  0.04579  0.2601 1 0.002108 O 1 0 0 0
1. 044 0. 2886 0.2925 1 0.3012  0.03808 0.3012 1.011  0.1479  0.1483 1 0.1494  0.1463 0. 1494
1. 056 0.3197 0. 3256 1 0.3377  0.03313 0.3377 1.022  0.2074  0.2088 1 0.2119 0. 0605 0.2119
1. 067 0. 345 0. 3553 1 0.371 0.02966  0.3711 1.033  0.2519  0.2546 1 0.2603  0.04579  0.2603
1.078 0. 3607 0.3826 0.9999 0.4024  0.02731 0.4024 1.044  0.2886  0.2927 1 0.3014  0.03809  0.3014
1. 089 0. 3557 0.4088 0.9991 0.4329  0.02625 0.4333 1.056  0.3201  0.3258 1 0.3379  0.03311  0.3379
1.1 0. 3033 0.4365 0.9968 0.4651  0.0277  0.4664 1.067  0.3475  0.3554 1 0.3711  0.02956  0.3711
1.111 0 0.4882 0.9813 0.5211  0.05166 0.5298 1.078  0.3711  0.3823 1 0. 402 0.02689  0.402
242 ol =-4 -0.9 -0.1 o =-3.6 qa=-7.2 1.089  0.3897  0.4071  0.9999  0.4312  0.02486  0.4312

: 10, 003333 Fo 0 [ﬁj o 0 0 1.1 0.4008  0.4306  0.9996  0.4591  0.02343  0.4593
Lol 0. 1479 0. 1481 1 0.1492 0. 1451 0. 1492 1.111 0.4 0.4532  0.999 0.4865  0.02263  0.4869

1.115  0.3959  0.4604  0.9987  0.4953  0.007421 0. 4962
1.022 0.2074 0. 2086 1 0.2117  0.0605 0.2117
1 033 0. 252 0. 2544 1 02601 0 04579 0 2601 1.118  0.3893  0.4679  0.9982  0.5044  0.007473 0.5055
1 oaa 0. 2886 0. 2995 1 0.3012 0 03808 O 3012 1.122  0.3796  0.4755  0.9976  0.5136  0.007581 0.515
1 o056 0. 3197 0. 3250 1 0 3377 003312 0 3377 1.126  0.3662  0.4832  0.9968  0.5231  0.007763 0.5248

1.129  0.3482  0.4913  0.9958  0.5328  0.00805  0.5351
1. 067 0. 3452 0. 3553 1 0.371 0.02965  0.371

1.133  0.3243  0.4998  0.9945  0.543 0.008495 0. 5459
1.078 0. 3613 0.3825 0.9999 0.4023  0.02728  0.4024
1 089 0. 3870 02087 0 9992 04327 0 02616 0 4331 1.137  0.2922  0.509 0.9926  0.5539  0.009203 0.5578
1.1 0.3103 0.4361 0.9971 0.4646  0.02735  0.4659 1.14 0.2482  0.5194  0.99 0.5661  0.01042  0.5713

1.144  0.1824  0.5324  0.9857  0.5807  0.01297  0.5882
1.111 0.1 0.4775 0.9868 0.5106  0.04143  0.5166 1148 0 0008284 0 ne2s 0 971 0 6118 0 02986 O aa7e
1.111 0. 095 0.4787 0.9863 0.5119  0.0007199 O0.5179 : o : ' : : :
1.111 0. 08969 0.4795  0.986 0.5127 0. 00076 0.5188 245 . a, =- Lo =0.9 Lo =0.4359 @& =-3.6 a=-7.2
1.111 0.08402  0.4803 0.9856 0.5135  0.0008079 O.5198 1 0.003333 O 1 0 0 0
1.111 0.07789  0.4812 0.9853 0.5144  0.0008666 0.5209 1.011  0.1479  0.1481 1 0. 1492 0. 1451 0. 1492
1.112 0.07121  0.4821 0.9849 0.5154  0.0009409 0.5221 1.022  0.2074  0.2086 1 0.2117 0. 0605 0.2117
1.112 0.06378  0.4831 0.9844 0.5164  0.001039 0.5233 1.033  0.252 0. 2544 1 0. 2601 0.04579  0.2601
1.112 0.05531  0.4843 0.9839 0.5176  0.001178 0.5248 1.044  0.2886  0.2925 1 0.3011 0.03808  0.3011
1.112 0.04523  0.4857 0.9832 0.519 0.001395  0.5265 1.056  0.3202  0.3256 1 0. 3376 0.03311  0.3376
1.112 0.03204  0.4875 0.9824 0.5209  0.001814 0.5288 1.067  0.348 0. 3551 1 0. 3709 0.02954  0.3709
1.112 0.001263 0.4919 0.9801 0.5252  0.00441  0.5342 1.078  0.373 0.3819 1 0. 4017 0.02681  0.4017
243 g0 =-4 -0.9 -0.3 g =-3.6 qg=-7.2 1.089  0.3957  0.4066 1 0. 4306 0.02463  0.4306
! 6%002108 [i% f%o 0 1 5 0 1.1 0. 4166 0. 4294 1 0. 458 0. 02284 0. 458
1.011  0.1479 0. 1483 1 0.1494  0.1463 0. 1494 1.1110.4359  0.4507 1 0.484 0.02133  0.484
1022 0 2074 0. 2088 1 0.2119 0 060% 0. 2119 2.111  0.8688  1.079  0.9973  1.861 0. 6278 1. 864

3.111  0.8999  1.25 0.9816  2.952 0.171 2.985
1.033  0.2519 0. 2546 1 0.2603  0.04579  0.2603

4.111  0.8812 1.337  0.9511 4 0.08754  4.106
1.044  0.2886 0.2927 1 0.3014  0.03809  0.3014
1056 0 3199 0. 3058 1 0.3375 003312 0 3379 5.111  0.8509  1.392  0.9079  5.03 0.05487  5.26
1087 0 3464 0. 3504 1 0. 3715 0 0296 0. 3717 6.111 0.8187 1.431 0.8544  6.051  0.03831 6. 458

7.111 0.7878  1.459 0.7923  7.067  0.02863 7.703
1.078  0.3666 0.3825  0.9999 0.4023  0.02707  0.4023

8.111 0.7589  1.482 0.7228  8.079  0.02241 8. 997
1.089  0.3752 0.4079  0.9995 0.432 0.02544 0. 4322
11 0. 3614 0. 233 0.9985 0 4615 0 02501 0. 4621 9.111 0.7324 1.5 0.6472  9.088  0.01814  10.34
1.111 0.3 0. 46 0.9956 0.4933  0.02708 0. 4952 10.11  0.708 1.515 0.5662  10.1 0.01507  11.73

11.11  0.6857 1.528 0.4805 11.1 0. 01277 13. 16
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IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 X/R, y/R, Ag tc, /R, R/R, 5 ) x/ y/R, A/ tc, /
112.1 0.2493  1.693 -13.68  111.3 0. 165 309. 1 2. 867 0. 5462 1.282 0.817 2.748  0.05247 3.074
223.1 0.1781  1.714 -31.82  220.8 0.02075 848.3 3.1 0. 4424 1.335 0.7251  3.014  0.05293 3.546
334.1 0. 146 1.723 -50.68  330.2 0.009186 1542 3.333 0.3 1.395 0.5822  3.282  0.06052 4.174
445, 1 0.1267 1.729 -69.93  439.6 0.005475 2362 3.335 0. 2985 1. 396 0.5814  3.284  0.0005924 4. 181
556. 1 0.1134  1.732 -89.42  548.9 0.003736 3291 3.337 0. 297 1. 396 0.5798  3.287  0.0005947 4.187
667. 1 0.1036  1.735 -109.1 658. 1 0.002758 4316 3.339 0. 2955 1.397 0.5781  3.289  0.000597  4.194
778.1 0.09596 1.737 -128.9 767. 4 0.002143 5431 3.341 0. 2939 1.397 0.5765  3.291  0.0005994 4.201
889. 1 0.0898  1.739 -148.8 876.6 0.001727 6628 3.343 0.2924 1. 398 0.5749  3.293  0.0006018 4.207
1000 0.08469 1.74 -168.8 985. 8 0.001431 7902 3.345 0. 2909 1. 399 0.5732  3.296  0.0006042 4.214
1111 0.08036 1.742 -188.8 1095 0.00121 9248 3.347 0. 2893 1. 399 0.5716  3.298  0.0006067 4.221

311 a®=-10 By =0.3 fo = o =-3 a=-6 3.349 0.2878 1.4 0.5699 3.3 0.0006093 4. 228
10T, 035773 0 0 1 10 0 ! 0 0 3.351 0. 2862 1.4 0. 5682 3.303 0.0006119 4. 235
1 233 05841 . 06227 1002 0.7193 0 6197 0. 7204 3.353 0. 2846 1. 401 0.5665  3.305  0.0006145 4.241
1. 467 0.7161 0.8197 1.001 1.072 0.1971 1.075 314, &’ =-10 Lo =0.3  [o =0.5 a =-3 a=-6
1.7 0.76 0.9459 0.9945  1.379 0.1262 1.389 1 0. 005773 0 1 0 0 0
1.933 0. 7567 1.039  0.9802 1. 666 0.09323  1.695 1.233  0.5844 0.6226  1.002 0.7193  0.6196 0. 7204
2. 167 0.7227 1.114  0.9554  1.945 0.07503  2.01 1.467  0.7203 0.8192 1. 001 1.072  0.1966 1.074
2.4 0. 6652 1.179  0.9174  2.218 0.06444  2.346 1.7 0.7737 0. 944 0.9972 1.377  0.1248 1.384
2.633 0.5868  1.237  0.8619  2.488 0.05877  2.718 1.933  0.7852 1.035 0.9874 1.662  0.09081  1.683
2. 867 0.4845  1.295  0.7811  2.758 0.05748  3.153 2.167  0.7713 1.106 0. 9708 1.937  0.07139  1.982
3.1 0. 3447 1.358  0.6552  3.03 0.06298  3.715 2.4 0. 7403 1.165 0. 9465 2.205  0.05924  2.29
3.333 0 1.484  0.2894  3.321 0.126 5. 048 2.633  0.6963 1.217 0.913 2.47 0. 0513 2.615
312 a°=-10 -0 3 001 o =-3 ag=-6 2.867  0.6415 1.263 0. 8689 2.732  0.04612  2.963
1 0. 005773 530 1 Bo 0 Yo 0 3.1 0.5765 1. 306 0.8117 2.992 0. 04303 3. 346
1.233 0. 5841 0.6227  1.002  0.7193  0.6197 0. 7204 3.333 0.5 1.348 0.7374 3.251  0.04187  3.78
1 267 0. 7162 0. 8197 L 00l 1072 0. 197 1075 3.404  0.4743 1.361 0. 7098 3.329  0.0127 3.924
17 0. 7605 0 9458 09947 1 379 0. 1261 1 389 3.474 0. 447 1.374 0. 6806 3.406  0.01289  4.076
: : : : : : 3.544  0.4179 1.387 0. 6485 3.484  0.01318  4.239
1.933 0. 7579 1. 039 0.9805 1.666 0.09313  1.695
> 1o 0. 7247 1114 0. 956 1 944 0 07488 2 009 3.614  0.3866 1.4 0. 6129 3.562  0.01362  4.413
52 0. 6684 1178 0. 9186 2 217 0 06421 2 343 3.684  0.3526 1.415 0.573 3.639  0.01426  4.603
3.754  0.3151 1.43 0.5275 3.717  0.01519  4.813
2.633 0.5915 1.236 0.8642  2.487 0.05841  2.713
3.825  0.2726 1. 446 0. 4743 3.795  0.01663  5.052
2.867 0. 4917 1.293 0.7854  2.757 0.05685  3.143
31 0. 3569 1 352 0. 6643 3 028 0 oe156 3 693 3.895  0.2223 1. 466 0. 4093 3.873  0.01903  5.336
2 333 o1 1 2o 0 3043 3 31 009739 4 713 3.965  0.1569 1.489 0.3222 3.952  0.02395  5.706
: : : : : : 4.035  0.0003049 1.545 0. 1032 4.034  0.05578  6.601
3.335 0. 09487 1. 454 0.3892  3.313 0.001825  4.733 - > ' ' ' '
3.337 0. 08944 1. 456 0.3831 3.315 0.001927  4.755 3.15 a =-10 Lo =0.3 Lo =0.7 a =-3 a=-6
3.339 0. 08367 1.458 0.3765 3.318 0.002049 4.778 1 0. 005773 0 1 0 0 0
3.341 0.07746  1.46 0.3694 3.321 0.002199 4. 802 1.233  0.5847 0.6226  1.002 0.7192  0.6196 0.7203
3.343 0.07071  1.462 0.3617 3.324 0.002388  4.829 1.467  0.7244 0.8187 1. 002 1.071 0. 1961 1.073
3.345 0.06325  1.465 0.3532  3.326 0.002638 4. 858 1.7 0. 7866 0.9422  0.9996  1.375 0.1235 1.38
3.347 0.05478  1.468 0.3434 3.33 0.002991 4. 892 1.933  0.8116 1.031 0.9939  1.658 0.08866  1.671
3.349 0.04473  1.472 0.3318  3.333 0.003544  4.931 2.167  0.8153 1. 099 0.9843  1.93 0. 06837 1.958
3.351 0.03163  1.476 0.3166  3.336 0.004613 4. 983 2.4 0. 8057 1.155 0.9705  2.195 0.05529  2.245
3.353 0.0004061 1. 487 0.2794  3.341 0.01119  5.109 2.633  0.7872 1.201 0.9522  2.455 0. 0463 2.538
313. a’=-10 fBo=0.3 fBo=0.3 & =-3 a=-6 2.867  0.7624 1.241 0.9293  2.712 0.03986  2.839
1 '0'055773 0 0= 1 10 " ! 0 0 3.1 0.733 1.276 0. 9014 2.966 0. 03509 3.151
1.233 0. 5842 0.6227  1.002 0.7193  0.6197 0.7204 3.333 0.7 1.307 0.8684  3.218 0.03149  3.477
1 267 0. 7176 0. 8105 1 001 1072 0 1969 1 074 3.58 0. 6619 1.337 0.8282  3.483 0.03037  3.84
17 0. 7649 0 0455 09955 1378 0 1087 1 387 3.827  0.6209 1.365 0.7804  3.747 0.02809  4.225
4.074  0.5771 1.392 0.7251  4.009 0.02643  4.637
1.933 0. 7671 1.038 0.9828  1.665  0.09233 1. 691
4.321  0.5304 1.417 0.6611  4.271 0.02532  5.083
2. 167 0. 7406 1.111 0.9611  1.942  0.07366 1. 999
54 0. 6932 1172 0.9284 2213 0 06241 5 324 4.568  0.4803 1. 442 0. 587 4.531 0.02474  5.572
5 633 0. 6284 1 229 08816 2 481 0 05571 P 4.815  0.426 1. 467 0.5003  4.789 0.02476  6.118
: : : : 5.062  0.3656 1. 492 0.3971  5.047 0.02558  6.742
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IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, JAY/) tc, /R, R/R, 5 @ X/R, y/R, JAY/) tc, /R,
5.309  0.2958 1.52 0.2694  5.303 0.02776  7.489 1.5 0. 7242 0.8412 0.9999 1.118 0.06702  1.12
5.557  0.2072 1.553  0.09735 5.556  0.03323  8.472 1.6 0.728 0. 8984 0.9966  1.252 0.05719  1.257
5.804  0.0008282 1.627 -0.3233  5.795  0.07325  10.86 1.7 0. 6992 0. 9497 0.9893 1.382 0.05128  1.397
316 o =-10 -0.3 -0.8709 a =-3 a=-6 1.8 0. 6268 0. 9986 0.9746 1.513 0.04897  1.547

1 Fo Fo L 1.9 0. 4848 1. 051 0. 9443 1.649  0.05204  1.725
! 0. 005773 0 ! 0 0 0 2 0.1 1.137 0. 8406 1.815  0.0862 2.057
1.233  0.5851 0.6226  1.002 0.7192 0.6196  0.7203 ~ ~ ~ ~ ~
2 0.09489  1.138 0. 839 1.816  0.000982 2.061
1.467  0.729 0.8181  1.003 1.07 0.1956  1.072
2.001 0.08949  1.139 0.8373 1.817  0.001038 2.065
1.7 0. 8008 0.9403  1.002 1.373  0.1221  1.376
2.001 0.08373  1.14 0. 8354 1.818  0.001104 2.07
1.933  0.8401 1.027 1. 001 1.654  0.08643 1.659
2.002 0.07754  1.141 0. 8334 1.82 0.001185 2.074
2.167  0.8619 1. 092 0. 998 1.923  0.0654  1.933
2.002 0.0708 1.143 0.8313 1.821  0.001288 2.079
2.4 0.8732 1. 144 0. 994 2.185  0.05169 2.202
2.002 0.06335  1.144 0.8288 1.823  0.001424 2.085
2.633  0.8778 1.186 0.9886  2.441  0.04215 2. 468
2.003 0.05487  1.146 0.826 1.824  0.001615 2.092
2.867  0.8781 1.221 0.9821  2.693  0.03519 2.734
2.003 0.04482  1.148 0.8227 1.826  0.001915 2.099
3.1 0. 8755 1.251 0.9744  2.943  0.02994 3
2.003 0.0317 1.15 0.8183 1.829  0.002493 2.109
3.333  0.8709 1.277 0.9655  3.19 0. 02585 3. 267 5 004 0 0006991 1 156 0 8095 U834 0 005996 2 133
6.333  0.7694 1. 448 0.7766  6.286  0.1709 6. 923 - -9 : ~ ~ ~
9.333 0. 6817 1.518 0. 4966 9.32 0. 0697 11. 07 323. a =-10 Lo =0.5 Lo =0.3 a =-5 a=-10
12.33 0. 6161 1.558 0.1619  12.33 0. 0401 15. 71 1 0. 004472 0 1 0 0 0
15. 33 0. 5658 1.584  -0.21 15. 33 0.02682  20.8 1.1 0. 4166 0.4283  1.001 0.4568  0.4253 0. 4572
18. 33 0.5258 1.604  -0.6092 18.32 0.01954  26.31 1.2 0.5527 0.5842  1.001 0.6619  0.156 0. 6623
21.33 0. 4931 1.619  -1.03 21.31 0.01505  32.2 1.3 0. 638 0.6918  1.001 0.8293  0.1075 0. 8297
24.33 0. 4658 1.631  -1.467  24.29 0.01205  38.47 1.4 0. 6942 0.7741  1.001 0.9787  0.08236  0.9795
27.33 0. 4426 1.641  -1.919  27.27 0.009929  45.08 1.5 0. 7265 0. 841 1 1.118 0.06689  1.12
30. 33 0. 4225 1.649  -2.383  30.24 0.008365  52.02 1.6 0. 7339 0.8979  0.9972  1.251 0.05689  1.256
33. 33 0. 4048 1.657  -2.857  33.21 0.007172 59.28 1.7 0.7119 0.9486  0.9908  1.381 0.05066  1.394
336.3 0.1329 1.756 -61.83  330.6 0. 099 1702 1.8 0. 652 0.9962  0.9783  1.511 0.04765  1.54
669. 3 0.09446  1.769 -131.6 656. 3 0. 01301 4746 1.9 0. 5364 1. 045 0.9536  1.643 0.04879  1.707
1002 0.07725  1.774 -202.7 981. 6 0.005781 8677 2 0.3 1.107 0.8952  1.788 0.06172  1.943
1335 0.06695  1.778 -274.6 1307 0.003451 13330 2.004 0.2853 1.11 0.8907  1.795 0.003185 1.956
1668 0.05991  1.78 -346.9 1632 0.002356 18600 2.007 0.2697 1.114 0.8863  1.801 0.003347  1.969
2001 0.05471  1.782 -419.6 1957 0.00174 24420 2.011 0.2529 1.117 0.8815  1.808 0.003541 1.984
2334 0.05066  1.783 -492.5 2282 0.001353 30760 2.015 0.2347 1.121 0.8763  1.814 0.003781  1.999
2667 0. 0474 1.784 -565.6 2607 0.001091 37560 2.019 0.2147 1.125 0.8705  1.821 0.004087 2.015
3000 0. 0447 1.785 -638.9 2932 0. 0009036 44800 2.022 0.1925 1.129 0.8639  1.829 0.004493  2.034
3333 0.04241  1.786 -712.3 3256 0. 0007645 52450 2.026 0.1671 1.135 0.8562  1.836 0.005068 2.055

321 o =-10 -0.5 -0 @ =-5 a=-10 2.03  0.1368 1. 14 0.8468  1.845 0.005975  2.079
1 0. 002472 0 Fo 1 Fo 0 ' 0 2.034 0.09696  1.148 0. 834 1.855 0.007739  2.111
11 0. 4166 0.4283 1001 0 4568 0. 4253 0. 4572 2.037 0.0806129 1.167 0.8008  1.873 0.01863  2.188
1.2 0.5527 0.5842  1.001  0.6619  0.156 0. 6623 324. a®=-10 o =0.5 B, =0.5 @ =-5 a=-10
1.3 0. 6379 0.6918  1.001  0.8293  0.1075 0. 8297 1 0. 004472 0 1 0 0 0
1.4 0. 6935 0.7742  1.001  0.9788  0.08241  0.9796 1.1 0. 4166 0.4283  1.001 0.4568  0.4253 0. 4572
1.5 0.7239 0.8412  0.9998 1.118 0.06704  1.12 1.2 0.5527 0.5842  1.001 0.6619  0.156 0. 6623
1.6 0.7273 0.8985  0.9965 1.252 0.05723  1.258 1.3 0. 6382 0.6918  1.001 0.8293  0.1075 0. 8297
1.7 0. 6976 0.9498  0.9891 1.383 0.05136  1.397 1.4 0. 6956 0.774 1. 001 0.9786  0.08228  0.9793
1.8 0. 6236 0. 999 0.9741 1.514 0.04914  1.548 1.5 0.7311 0. 8407 1 1.118 0.06664  1.119
1.9 0. 4779 1.051 0.943  1.649 0.05249  1.728 1.6 0. 7455 0. 897 0.9984  1.25 0.05631  1.254
2 0 1.153 0.8108 1.828 0.1019 2.121 1.7 0. 7365 0.9465  0.9938  1.379 0.04947  1.389

322 0 =-10 -0.5 -0.1 @ =-5 a=-10 1.8 0. 6998 0.9918  0.985 1.507 0.04533  1.528
1 0_304472 f%o 1 Fro 0 1 0 0 1.9 0.6271 1. 036 0. 969 1. 634 0. 04384 1.678
1.1 0. 4166 0. 4283 1.001  0.4568  0.4253 0. 4572 2 0.5 1.082 0.9392  1.766 0.04632  1.854

2.013 0.478 1.088 0.9337  1.783 0.006395 1.88
1.2 0.5527 0. 5842 1.001  0.6619  0.156 0. 6623

2.025 0.4542 1. 095 0.9276 1.8 0.006625  1.907
1.3 0. 6379 0. 6918 1.001  0.8293  0.1075 0.8297
12 0. 6935 0. 7742 1001 09788 0 0824 0. 9796 2.038 0.4281 1.102 0.9208  1.818 0.006914 1.935

2.05  0.3993 1. 109 0.9132  1.836 0.007282 1.966
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8664 1.914
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7849 1. 976
ﬁro =0.7
1 0
1. 001 0. 4568
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IIpomomxenue npui. 4

x/R, y/R,
-117. 4 994.1
-142.9 1192
-168.5 1390
-194.3 1589
-220.1 1787
-246.1 1985
0.7 o =0

1 0

1 0. 2951

1 0.4221

1 0.5224

1 0. 6094

1. 001 0. 6881

1 0.7613

1 0. 8307

0.9981 0.8984
0.9917 0. 9679
0. 9473 1. 069
.7 0 =0.1

1 0

1 0. 2951

1 0. 4221

1 0.5224

1 0. 6094

1.001 0. 6881

1 0.7613

1 0. 8307

0.9981 0.8984
0. 9919 0.9677
0. 9568 1.061

0. 9562 1.062

0. 9556 1.062

0. 955 1. 063

0. 9544 1. 064

0. 9536 1. 064

0.9528 1. 065

0. 9519 1. 066

0. 9508 1. 067

0. 9493 1. 069

0. 9455 1.072

.7 B0 =0.3

1 0

1 0.2951

1 0.4221

1 0. 5224

1 0. 6094

1.001 0. 6881

1 0.7612

1 0. 8306

0.9985 0.8979
0. 9936 0. 9659
0. 9745 1. 045
0.9734 1. 047

R
[

a

a

ocoooo0o000000

A tc, /R,
0.002361 6727
0.001743 8828
0.001355 11110
0.001092 13560
0.0009045 16170
0.0007652 18930

7 a=-14

0 0
0. 2839 0. 2952
0.1123 0. 4222
0.08196  0.5225
0.06584  0.6095
0.05539  0.6882
0.048 0.7614
0.04276  0.8313
0. 0397 0. 9006
0.04035  0.9758
0.07254  1.121
=-7 =-14

0 0
0. 2839 0. 2952
0.1123 0. 4222
0.08196  0.5225
0.06584  0.6095
0.05539  0.6882
0.04799  0.7614
0.04275  0.8313
0.03965  0.9005
0.04018  0.9754
0.06386  1.103
0.0005703 1.104
0.0006025 1.105
0.0006411 1.107
0.0006883 1.108
0.000748  1.11
0.0008269 1.111
0.0009379 1.113
0.001112  1.116
0.001448  1.118
0.003596  1.126
=-7 a=-14

0 0
. 2839 0. 2952

1123 0. 4222

08196  0.5225

06584  0.6095

05538  0.6882

04797  0.7614

04264  0.8311

0393 0.8997

0389 0.9721

04879  1.069

001891  1.073



IIpomomxenue npui. 4 IIpomomxenue npui. 4

R/R, 5 @ X/R, y/R, JAY/) tc, /R, R/R, 5 ) X/R, y/R, JAY) tc, /R,
1.431 0.2708 0. 8239 0.9721 1.05 0. 001987 1.077 0 _ - — — —
1.432  0.2545  0.826 0.9706  1.053 0.002102  1.081 31'3'6' a%. 005314% ﬁg 0.7 1'8’0 0. 7%4 a 0 roa 014
1.433 0. 2367 0. 8282 0. 969 1. 056 0. 002245 1. 086 1. 043 0. 2838 0. 2874 1 0. 2956 0. 2824 0. 2957
1.434 0.217 0. 8307 0.9672 1. 059 0. 002426 1.091 1. 086 0. 3895 0. 3997 1 0. 4225 0. 1123 0. 4227
1.435 0.195 0. 8333 0. 9652 1. 062 0. 002667 1. 096 1'129 0'4636 0'4817 1 0'5228 0'08196 0'523
1. 436 0. 1697 0. 8363 0. 9627 1. 066 0. 003009 1.103 1'171 0.5208 0'5475 1 0.6098 0.06584 0.6099
1.438 0.1392 0. 8399 0. 9597 1.07 0. 003547 1.11 1'214 0.5673 0.6029 1 0.6885 0.05536 0.6887
1. 439 0. 09886 0. 8445 0. 9555 1.076 0. 004594 1.119 ’ ’ ’ ’ ’ ’

1 a2 0. 0007959 0. 8556 0. 9442 1 087 0. 01112 1 142 1. 257 0. 606 0. 6507 1 0.7615 0. 04785 0.7617
: 0 : ) : : : 1.3 0. 639 0. 6928 1 0. 8303 0. 04212 0. 8305
334. a =-10 Lo =0.7 Lo =0.5 a =-7 a=-14 1.343 0.6674 0.7304 1 0. 8959 0. 03758 0. 8961
1 0. 00378 0 1 0 0 0 1. 386 0. 6922 0.7643 1 0. 959 0. 03388 0. 9591

1.043 0.2838 0. 2869 1 0.2951 0. 2839 0. 2952 1. 429 0.714 0.7951 1 1.02 0. 03079 1.02

1.086 0. 3894 0. 3993 1 0.4221 0.1123 0. 4222 2.714 0. 9276 1.193 1.001 2.523 0. 3982 2.524

1.129 0. 4635 0. 4812 1 0.5224 0. 08196 0.5225 4 0. 9542 1. 319 0.9978 3.874 0. 1255 3.884

1.171 0. 5208 0.5471 1 0. 6094 0. 06584 0. 6095 5. 286 0.947 1.383 0. 9892 5.192 0. 06384 5.234

1.214 0. 567 0. 6024 1.001 0. 6881 0. 05537 0. 6882 6.571 0.9279 1. 422 0.9744 6. 499 0. 03943 6. 605

1. 257 0. 604 0. 6504 1.001 0.7612 0. 04792 0.7613 7.857 0. 9044 1. 449 0. 9537 7.799 0. 02716 8. 008

1.3 0. 63 0. 6928 1 0. 8303 0. 04244 0. 8307 9. 143 0. 8796 1. 469 0. 9275 9. 096 0. 02005 9. 449

1. 343 0. 6376 0.7314 0. 9994 0. 8969 0. 03861 0. 8981 10. 43 0. 8551 1. 485 0. 8966 10. 39 0. 01554 10. 93

1. 386 0. 6087 0.7681 0. 9966 0. 9628 0. 03671 0. 9664 11. 71 0. 8315 1. 497 0. 8615 11. 68 0.01248 12. 46

1. 429 0.5 0. 8066 0. 9885 1.031 0. 03845 1.043 13 0. 809 1. 507 0. 8226 12. 97 0. 01029 14. 02

1.433 0. 4816 0.8111 0. 9867 1.039 0. 004101 1.051 14. 29 0.7878 1.516 0. 7803 14. 26 0. 008669 15. 64

1. 437 0.4611 0. 8153 0.9851 1. 046 0. 004246 1.06 144.1 0. 3042 1.625 -7.754 143.9 0.109 330.1

1. 441 0. 4379 0. 8198 0. 9833 1. 053 0. 004427 1. 069 286.9 0.2182 1.638 -19.21 286. 2 0.0132 896. 8

1. 445 0.4116 0. 8244 0.9812 1.061 0. 004657 1.079 429. 6 0.1791 1. 644 -31.27 428. 4 0. 005829 1625

1. 449 0. 3815 0. 8294 0.9787 1. 069 0. 00496 1.089 572.3 0. 1554 1. 647 -43.63 570.6 0. 003471 2484

1. 453 0. 3465 0. 8348 0. 9757 1.077 0. 005372 1.101 715 0.1392 1. 649 -56.2 712.8 0. 002367 3456

1. 457 0. 3046 0. 8407 0.972 1. 086 0. 005972 1.113 857.7 0.1272 1.651 -68.91 854.9 0. 001747 4530

1. 462 0. 2525 0. 8477 0.9671 1. 096 0. 006938 1.128 1000 0.1179 1. 653 -81.73 997.1 0. 001357 5697

1. 466 0.1812 0. 8565 0.9601 1.107 0. 008855 1. 147 1143 0.1103 1.654 -94. 64 1139 0. 001094 6949

1. 47 0. 0007395 0.8775 0. 9393 1.13 0. 02098 1.192 1286 0.1041 1. 655 -107.6 1281 0. 0009058 8282
3.3.5. 0’10 =-10 ﬁo =0.7 ,Bro =0.7 a =-7 a=-14 1429 0. 09875 1. 655 -120.6 1423 0. 0007662 9691
1 0. 00378 0 1 0 0 0 341 &’ =-10 B =0.9 [Bo=0 a=-9 a=-18

1.043 0. 2838 0. 2869 1 0.2951 0.2839 0. 2952 1 0. 002108 0 1 0 0 0

1. 086 0. 3894 0. 3993 1 0. 4221 0.1123 0. 4222 1.011 0. 1479 0. 1483 1 0. 1494 0. 1463 0. 1494

1.129 0. 4635 0. 4812 1 0.5224 0. 08196 0. 5225 1.022 0. 2074 0. 2088 1 0. 2119 0. 0605 0. 2119

1.171 0.5208 0.5471 1 0. 6094 0. 06584 0. 6095 1.033 0. 2519 0. 2546 1 0. 2603 0. 04579 0. 2603

1.214 0.5673 0. 6024 1.001 0. 6881 0. 05536 0. 6882 1. 044 0. 2886 0. 2927 1 0.3014 0. 03808 0.3014

1. 257 0. 6059 0. 6503 1.001 0.7611 0. 04785 0.7612 1. 056 0. 3201 0. 3258 1 0. 3379 0.03311 0. 3379

1.3 0. 6383 0. 6924 1. 001 0. 8299 0. 04214 0.83 1. 067 0. 348 0. 3554 1 0.3711 0. 02954 0.3711

1.343 0. 6652 0. 7301 1. 001 0. 8956 0. 03766 0. 8958 1.078 0.3729 0. 3822 1 0. 4019 0. 02681 0. 4019

1. 386 0. 6862 0.7642 1 0.9588 0. 03407 0. 9592 1.089 0. 3933 0. 4068 1 0. 4309 0. 02468 0. 4309

1. 429 0.7 0. 7954 1 1.02 0. 03121 1. 021 1.1 0. 3881 0. 4303 0. 9997 0. 4589 0. 02346 0. 459

1. 455 0. 7039 0. 8132 0.9999 1.057 0.01818 1. 059 1.111 0 0.4643  0.9935 0. 4976 0. 03403 0. 5007

1. 482 0.7032 0. 8307 0. 9992 1.094 0.01749 1. 096 3.4.2. alo =-10 ﬁo =0.9 ,Bro =0.1 a =-9 a=-18

1.508 0. 6967 0. 8476 0.9981 1.131 0. 01696 1.134 1 0. 002108 0 1 0 0 0

1.535 0. 6828 0. 8642 0. 9964 1.167 0. 01661 1.173 1.011 0. 1479 0. 1483 1 0. 1494 0. 1463 0. 1494

1.561 0. 6595 0. 8807 0. 9939 1.204 0.01648 1.212 1.022 0.2074 0. 2088 1 0.2119 0. 0605 0.2119

1.588 0. 6238 0. 8974 0. 9903 1. 241 0. 01665 1. 254 1.033 0. 2519 0. 2546 1 0. 2603 0. 04579 0. 2603

1.614 0. 5708 0. 9147 0. 9849 1.279 0.01729 1.298 1. 044 0. 2886 0.2927 1 0.3014 0. 03808 0.3014

1.641 0. 492 0.9334 0.9764 1. 319 0.01878 1. 348 1. 056 0. 3201 0. 3258 1 0. 3379 0. 03311 0. 3379

1. 667 0. 367 0. 9559 0.9619 1. 362 0. 02244 1. 409 1. 067 0. 348 0. 3554 1 0.3711 0. 02954 0.3711

1.694 0. 000562 1. 005 0. 9079 1.43 0. 04928 1. 549 1.078 0.3729 0. 3822 1 0. 4019 0. 02681 0. 4019
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IIpomomxenue npui. 4 OkonuaHue npuin. 4

R/R, 5 @ X/R, y/R, JAY/) tc, /R, R/R, 5 @ X/R, y/R, JAY/) tc, /R,
089 0.3935 0. 4068 1 0. 4309 0. 02468 0. 4309 1.121 0. 2445 0.4742  0.9969 0.5117 0.003538 0.5126
1 0. 3896 0.4303 0.9997 0.4588 0. 02342 0. 459 1.122 0.1803 0.4786  0.9957 0.5166 0.004409 0.5182
111 0.1 0.4614 0.9949  0.4947 0.03114 0. 4971 1.123 0.00122 0.4889  0.9914 0.5274 0.0103 0. 5312
111 0. 095 0.4613  0.995 0. 4946 0.0002673 0.4973 0 _ - - - -

111 0.08969 0.4615 0.9949  0.4948 0.0002822 0. 4977 3'14'5' a(l)_ 0033%2 ﬁg 0.9 1'8’0 0. 40359 a 0 9 a 1(?

111 0. 08401 0.4618 0.9948  0.4952 0.0003001 0. 498 1. 011 0 1479 0. 1481 1 0. 1492 0. 1451 0. 1492
111 0.07788 0.4622 0.9947  0.4955 0.0003219 0. 4984 1 022 0. 2074 0. 2086 1 0 2117 0. 0GOS 0 2117
111 0.0712 0.4625 0.9945 0.4959 0.0003496 0. 4989 1 033 0. 252 0. 2544 1 0. 2601 0. 04579 0. 2501
111 0. 06377 0.4629 0.9943  0.4963 0.0003861 0. 4994 1 044 0. 2886 0. 2975 1 0 3011 0. 03808 0 3011
111 0. 0553 0.4633 0.9942  0.4967 0. 0004376 0. 4999 1 056 0. 3202 0. 3256 1 0. 3376 0. 03311 0. 3376
111 0. 04522 0.4639 0.9939  0.4972 0.0005183 0.5005 1 067 0. 348 0. 3551 1 0. 3709 0. 02954 0. 3709
111 0. 03203 0.4645 0.9936  0.4979 0.0006744 0.5014 1 078 0 373 0. 3819 1 0. 4017 0. 02681 0. 4017
111 0.021027 0.4662 0.9928  0.4996 0.001687  0.5035 1 089 0. 3957 0. 4066 1 0. 4306 0. 02463 0. 4306

343. o =-10 [ =0.9 Lo =0.3 a =-9 a=-18 1.1 0.4166 0. 4294 1 0. 458 0. 02284 0. 458
1 0. 003333 0 1 0 0 0 1.111 0. 4359 0. 4507 1 0. 484 0. 02133 0. 484
011 0. 1479 0.1481 1 0. 1492 0. 1451 0. 1492 2.111 0. 8807 1.077 1 1.859 0. 6263 1.859
022 0. 2074 0. 2086 1 0.2117 0. 0605 0.2117 3.111 0. 9469 1. 244 1 2.946 0. 1662 2.946
033 0. 252 0. 2544 1 0. 2601 0. 04579 0. 2601 4.111 0.97 1.325 1 3.988 0. 08153 3.987
044 0. 2886 0.2925 1 0.3011 0. 03808 0.3011 5.111 0. 9807 1.374 1 5.012 0. 04879 5.012
056 0. 3202 0. 3256 1 0.3376 0. 03311 0.3376 6.111 0. 9865 1. 406 1 6. 029 0. 03255 6. 028
067 0.348 0. 3551 1 0. 3709 0. 02954 0. 3709 7.111 0. 9901 1.43 1 7.04 0. 02328 7.04
078 0.3729 0.3819 1 0. 4017 0. 02681 0. 4017 8.111 0. 9924 1. 447 1 8. 049 0. 01749 8. 049
089 0. 3945 0. 4066 1 0. 4306 0. 02466 0. 4306 9.111 0.994 1.461 1 9. 056 0. 01362 9. 056
1 0. 4018 0. 4297 1 0. 4583 0. 02315 0. 4584 10. 11 0.9951 1.472 1 10. 06 0.01091 10. 06
111 0.3 0.4543 0.9984  0.4876 0. 02458 0. 4884 11.11 0. 9959 1.481 1 11. 07 0. 008941 11. 07
112 0. 2889 0.4551 0.9984  0.4885 0.001076 0. 4893 112.1 1 1.562 1.003 112.1 0.081 112.1
112 0. 2765 0.4562 0.9982  0.4898 0.001119 0. 4907 223.1 1 1.566 1.006 223.1 0.004438 223.1
112 0. 2626 0.4574  0.998 0. 4912 0.001173  0.4922 334.1 1 1.568 1.009 334.1 0.001489 334.1
113 0. 2468 0.4586 0.9977  0.4926 0.001241  0.4937 445.1 1 1. 569 1.012  445.1 0.0007464 445.1
113 0. 2288 0.4599  0.9974  0.4941 0.001328  0.4953 556. 1 1 1.569 1.014 556.1 0.0004484 556.1
113 0. 2078 0.4614  0.997 0. 4957 0. 001445 0. 4971 667.1 1 1.569 1.017 667.1 0.0002992 667.1
114 0.1828 0. 463 0.9966  0.4975 0.001614 0. 4991 778.1 1 1. 569 1.02 778.1 0.0002138 778.1
114 0.1516 0.4649  0.996 0. 4995 0.001883 0.5015 889. 1 1 1.57 1.023 889.1 0.0001604 889.1
115 0. 1089 0.4673 0.9951  0.5021 0.002414 0. 5045 1000 1 1.57 1.026 1000 0.0001248 1000

. 115 0.001178 0.4731 0.9925 0.5081 0. 005815 0.5117 1111 1 1.57 1.029 1111 9.989e-005 1111

344. o’ =-10 [ =0.9 Bo=0.4 @ =-9 a=-18
1 0. 003333 0 1 0 0 0
. 011 0. 1479 0.1481 1 0. 1492 0. 1451 0. 1492

022 0. 2074 0. 2086 1 0.2117 0. 0605 0.2117

033 0. 252 0. 2544 1 0. 2601 0. 04579 0. 2601

044 0. 2886 0.2925 1 0.3011 0. 03808 0.3011

056 0. 3202 0. 3256 1 0.3376 0.03311 0.3376

067 0.348 0. 3551 1 0. 3709 0. 02954 0. 3709

078 0.373 0.3819 1 0. 4017 0. 02681 0. 4017

089 0. 3954 0. 4066 1 0. 4306 0. 02464 0. 4306

1 0. 4122 0. 4295 1 0. 4581 0.02293 0. 4581

111 0.4 0.4516  0.9997 0. 4849 0. 02211 0. 4851

112 0.3935 0.4544  0.9994 0. 4882 0.002411 0. 488

113 0. 385 0.4569  0.9993 0. 4912 0.002452  0.491

115 0.3741 0.4594  0.9991 0. 4942 0.002509  0.4941

116 0.36 0. 462 0. 9989 0. 4973 0.002589  0.4974

117 0.3418 0.4647  0.9986 0. 5006 0.002701  0.5007

118 0.3183 0.4675  0.9982 0.504 0.002865 0.5043

119 0. 2872 0.4706  0.9977 0.5076 0.003116  0.5082
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[Ipunoxenue 5

INPUBEJEHHBIE ITIEPUOJAbI OPBUT
N UX PAJINYCHI AITONEHTPUEB

a1

-.5000E+00
-.5000E+00
-.5000E+00
-.5000E+00
-.5000E+00
-.6000E+00
-.6000E+00
-.6000E+00
-.6000E+00
-.6700E+00
-.7000E+00
-.7000E+00
-.7000E+00
-.7000E+00
-.7300E+00
-.7300E+00
-.8000E+00
-.8000E+00
-.8000E+00
-.8000E+00
-.9000E+00
-.9000E+00
-.9000E+00

B

.1000E+00
.3000E+00
.5000E+00
.7000E+00
.8000E+00
.1000E+00
.3000E+00
.5000E+00
.7000E+00
.7400E+00
.1000E+00
.3000E+00
.5000E+00
.7000E+00
.6000E+00
.6600E+00
.1000E+00
.3000E+00
.5000E+00
.5990E+00
.1000E+00
.3000E+00
.4000E+00

R,

.2300E+06
.2570E+04
.2500E+03
.3728E+02
1316E+02
4969E+01
4712E+01
4100E+01
.2867E+01
A1221E+01
.2482E+01
.2334E+01
1991E+01
.1220E+01
1442E+01
1194E+01
.1653E+01
.1540E+01
1270E+01
.1004E+01
1239E+01
1142E+01
.1046E+01

ol t,

1.0011429E+09
1.0121802E+06
1.0385842E+04
1.1153700E+03
1.2468627E+02
1.0012101E+02
1.0181968E+02
1.0631694E+02
1.2281205E+02
2.8791064E+02
1.0028632E+01
1.0258172E+01
1.0977203E+01
1.8236914E+01
1.2465680E+01
1.5625841E+01
1.0035373E+01
1.0325112E+01
1.1464616E+01
1.3904362E+01
1.0033929E+01
1.0443764E+01
1.0863565E+01
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Hayunoe uznanue
Cmyabcknii Hocund Uocndosuy

TEOPU S B3AUMO/JIEHCTBUSA

Kuura uznaercs B aBTOPCKO# pegakunu

VTBEp)KICHO K [IeYaTH yICHBIM COBETOM
Wucruryra kpuochepst 3emnu CO PAH

Penakrop M.b. Vcnenckas
Texunueckuit pepakrop H. M. Ocmpoymosa
Odopmienne obnoxku JI. U.Cyuynvckuii

JIP Ne0206180t 13.08. 97.
Tloanucano B nevars 01.02.99 ®opmar 60x90/16 I'apuutypa «Taiime»
Bbymara ocernast. ITedats odeernas. Yeu. ned. i1, 18,4.Yu.-u3n. 1. 17,0.Tupax 5005k3. 3aka3 Ne 58

W3narensctBo HoBocubupekoro yHuBepcuteta
630058 HoBocubupck, yi. Pycckas, 35

Ortneuarano B tunorpapun HUI OUTTM CO PAH

630090 HoBocu6upck-90, mpocr. Akanemuka Komnriora, 3
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