


OT U3OATEJIBCTBA

“yra knura npomoskaer cepuio «Relata Refero» (mocnoBHBiif
HEPEBOJL —  PACCKA3biéal0 pAccKasannoe). DTO M3peUYeHMe MOXHO
HOIIUMATDb U TPAKTOBATh I10-pPa3HOMY.

KOoMy-TO MOXET IOKa3aTbCfl, YTO, CHPATABIUMCH 3a TIpud
«Relata Refero», M30aTeIbLCTBO XOYET OTMEXEBATbCA OT ITyOJUKY-
€MbIX B 3TOi CEpUU TEKCTOB. KTO-TO, HA0O0OOpPOT, YCMOTPHT B 3TOM
HaMepeHHe ouiapaluTh IMyOJauKy MpoONEeMHBIMU TEKCTaMU U CO-
pBaTh CKaHJaNbHbIE aruionuMcMeHnThl. HaiimyTcsi, BO3MOXHO, U Takue,
KOTOpbIe BOOOIIe UCTOJIKYIOT 3Ty CEPMIO KaK U3JEBKY Hald BCEM, UTO
OTKJIOHSETCSI OT TPAOUMIIMOHHOIO pycia.

Ham xe, omHako, XxoTeJochb OBl BepuMTb, YTO YuTareab MoOii-
MET HACTOAINYIO INMPUYMHY, NOOYAMBIIYIO HU3HATEJILCTBO B3SITHCS 3a
BHITIYCK 3TOM cepuMM. A MNOACKa3KoM Ywurarenio OymeT moOMellEeH-
HOe HAa OOJIOXKKE BBICKA3bIBAHHME APUCTOTENS, IUIT KOTOPOro, Kak
[JIaCUT NpeJaHue, IMMOUCK UCTMHHI OKAa3aJiCsl BHIIE JIMYHOM IpYXOHI
¢ IInaTtoHOM.

MbI HameeMcsl, YTO ITyOJMKyeMbIe B 3TO CEpUMM TEKCTHI BHECYT,
HECMOTpSA Ha CBOe€ IIPOTUBOCTOSAHHE YCTAHOBMBLIMMCSI KaHOHaM,
CBOH BKJIad B mmo3HaHue UCTHHHI.
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Baenenne.

Hpes o cymecrBoBanuu rasoobpasHoro s¢upa BO3HMKIA M3
€CTECTBEHHOIO BOMPOCAa O TOM, YTO HaXOAWUTCH MEXAY 3Be3JaMH U
OpYrHMH TenaMu DBceneHHOM, B TOM 4MC/IEe MEXAY AaTOMaMH,
JIEKTPOHAMH, NMPOTOHaMH. EciM Mexay HMMH HUYEro HeT, TOJbKO
MycTOE MPOCTPAHCTBO, TO 63 OTBETA OCTAIOTCH BOTIPOCH, KAK Hopes
MyCTOTY OT OAHOTO Telia K APYroMy NnepeaaioTcs CHilbi BCEMHPHOIO
TAMOTEHUS, 3IEKTPOMATHUTHHNE CHIbl, BOJHOBbIE ABIICHHA, HArpeB M
Tak jajee.

MsbI nierko MoxeM npeacTaBuTh cefe, Kak Telo No HHepuuu
npoJyeTaeT 4epes IyCToe MPOCTPAHCTBO M 38TEM, COIPHUKACAACH C
APYrdM TeJIOM, BO3JEHCTBYeT H& HEro ¢ onpeneieHHOW cwiolt n
sHepruell. MoxHO NOHATP H OOBACHMTL KAK BCE MEPEUMCIECHHLIE
BO3NEHCTBUA TIePefaloTCs uepe3 CIUIOHHYIO JKUAKYHD WM
rasoobpasHyio cpeay. OnHako, K aroMaM O9TOH cpéan! MOXHO
NPeaAbABUTL T€ K€ CaMmble BOMPOCH M, B NEPBYIO Ouepeldb, & HUTO XKe
HaxoauTces Mexny HumM. Ilpeamnosarate, 4T0 M MeXIAy HHMH
CYMIECTBYET Kakas-To elie Oosee TOHKad razoobpasHas cpena
6eccMEICIeHO, TaK KaK 3TOT Bormpoc Oyaer BO3HHKATh CHOBA W CHOBA.
3HauuT, HYXKHO IIe~-TO OCTaHOBMTHhCA. TlOBHIHMMOMY, OTCYyTCTBHE
MYCTOThI JO/DKHO PACCMATPUBATLCA B CMBICJIE  38TMOJHEHUSA
MPOCTPAHCTBA TakoH HEBHIMMOMH XuAKo#M wiH razoo0pasHolt cpenoti,
KOTOPYI0O MOXHO ONHCATh B KPUTCPHAX IUIOTHOCTH, MNaB/IeHHS,
TeMITepaTyphbi, CKOPOCTH H Yepe3 KOTOPYIO NepeaaloTcs BO3MYILEHMA,

B 3TOM cayyae mnpH pPelICHHHM MHOTHX 3a7a¥ MOXHO He
paccMaTpHBaTL COOCTBEHHYIO CTPYKTYPY 3TOM Cpelbl, a ONepUpoOBaThH
3THMH OOOOWICHHBIMM KpHTepHaMH. IMeHHO U3 3THX coobpaxeHuii
NOABMIIOCH MPEACTABIACHUE O TOM, YTO BCE MHPOBOE MPOCTPAHCTBO
MEXKAY TElaMH OT OTPOMHBIX KOCMHYECKMX OOBEKTOB O aTOMOB M
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+COCTABNFIOIMMAX * €r0 - JNEMEHTOB 3aflOHEHO 3(QHPHBIM  ra3oM.
OdupHbiif ra3s; XoTS M COCTOMT H3 OECKOHEUHO MAajibiX ATOMOB,
HaXOAAIMUXCH B HENPEPLIBHOM ABIXKEHHH, HO B CHY 3HAUMTENbHOH
KOHUEHTPALMH WX B JnOGOM CKONb YrOgHO ManoM 00neMe MOXeET
. pACCMATPHBATLCA KAaK CIUIOLIHA cpeAa. Ota cpesa B ele Gonbiuei
Mepe, uYeM oOObuHbIE . rasnl, oOnanaer cnocobHOCTBIO K
CaMOOPraHH3aLHH B BHAS Pa3IHYHLIX BUXPEBBIX CTPYKTYP, KOTOPbLIC H
BbICTYNAIOT B POJIM MaTepHAaIbHBIX TeJI.

EcTecTBeHHO, YTO MarepHaIbHbIC Tejia B3aHMOACHCTBYIOT ApYr C
JAPYroM He TONbKO APH HEMOCPEACTBEHHBIX CTOJIKHOBEHHAX, HO H Ha
paccTOSHHH uepe3 fnoje SHPHOro rasa, Tak kak yepes none 3¢upa
pacHpOCTPaHAIOTCA CHibHbIe M cjalbble BO3IMYLIEHHSA, Bbi3biBAEMblE
tenamn. MccnenoBaremo ocTaeTcs BCKpPbITE 3aKOHOMEPHOCTH 3THX
B3aUMOACHCTBUH M TMOHATH CTPYKTYPY IJIEMEHTOB MaTEpHH,
NOATBEPAXB HX PAcYCTAMH H CPaBHCHHMAMH C H3BECTHLIMH B H3HKE
3akoHaMH. [Ipy1 3TOM MHOrME W3 3THX 38KOHOB npeacraHyT B 6osiee
obwmem 1 6onee 060cCHOBAHHOM BHIE. .

B kavecTBe Ha3BaHMA Cpeabl, 3aNOJHAIOUWICH MHPOBOE
TIPOCTPAHCTBO, BMECTO 3(UPHOro raza MoxHoO 6su10 Obl HCNONL30BATD
TaKHe TEPMHHBI KaK «CHNOBLIE NMoJis». U3BECTHH 3/IEKTPOMArHUTHBIE,
TEIUIOBbLIC TIOJIA, TMOJi€ CHAbl TsKecTM # aApyrue. OpHnako, caMo
MEPeYUC/IEHHE STHX Ha3BAHHN YK€ FOBOPHT O TOM, YTO 3TH TIONA
paccMaTpUBAIOTCA pasiH4HbIMM No cBoeit npupone. CamMu 5TH
HA3BaHHUA HUYErO He NOCaBNAIOT K MOHUMAHHIO BHYTPEHHUX CBOMCTB
3THX noneil U paxke NPUOIHIHTENHHO HE TNOACKA3LIBAIOT, B KaKOM
HalNpaBJIeHMH CleyeT TMpPOBOAUTEL HccneaoBaHud. MoxHO TakKe
MCMOJIL30BATb TEPMHUH «Bakyym». Ho 3TOT TepMHUH Taoke OrpaHHyeH.
Ot Hero Beer mMyCTOTOH. YXKe .cefiuac pacCMaTpUBAlOT HECKOMLKO
pa3HbIX BaKyyMoB. OfHH- MEXAYy 3Be3RAMH, APYroi- BHYTPH aTOMOB,
TPEeTHH- B COCTaBE JJIGMEHTAPHLIX 4Y4CTHL. TO €cTb 34AeCb Her
obobinalolmero Havyana.

 MIMeHHO no 3TOH NpH4MHE MbI OCTAHOBWIMCL Ha TEPMHHE
«3pupHLIii  ras», . TaKk KaK ra3’oAMHAMHKA ARIAETCA  XOPOLIO
pa3paboTaHHO# HAYKOH U ee pe3y/NbTaTaMH MOXKHO BOCIONbL30BATLCA.
B nonsTHAX cruiowHo# razoo0pasHoli cpeabl 0Ka3anoch BO3MOXHbLIM
06001UTL BCE NMPEACTABNCHUS O CHJIOBBIX B3aHMOACHCTBHIX MEKRY
MATCPHANLHLIMH  TEeJIAMH. JTO MNO3BOJMIO, KaK, HaM KaxkeTcd,
mpubausurs Meuty A.JliHITeiiHa M paaa APyrHX HU3BECTHLIX (PHIMKOB
0 eAuHOM noje, oboOwaromemM NPUPORXY BCEMUPHOIO TANOTEHUS C
5JIEKTPOMArHUTHLIMH B3aUMOACHCTBHAMM H PacTipOCTPaHEHHEM CBETA.
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CornacHo uiesM, pa3BHBaeMbiM B 3Toli KHMr¢, Bc¢ MHDOBOE
UPOCTPAHCTBO _MEXAY MATEPHAILALIMH __TeJIAMH _ 3aNOJHEHO
YOHPHBIM razoM, obaaasiomnm Goaprmoli B nnel wepraei.
Bee  MarepmanbHbpie  Ted (1) | B__noJje Hpa

HENPEPLIBHO €ro NOrnomaior. IToT NpoMece SBINETCH YCIA0BHEM
cyuiecrsopanng Tei. Yipu ero Hapymienuu Tesa paspymajorcd,
AOJHOCTLIO BJIH JaCTHYHO BHOBL NpeBpamasch B IORpHLIN ra3.
LIpy ToM DPOBCXOANT Be4Hbil KPYrOBOPOT MATEDHN H JHEPTHH,

Hem ske ormuuaercs 3¢up or Marepuu? IloueMy 3Td ABA MOHATHSA
h KHMre pasneneusi? Beap agup mMarepuaien, TO €CTh OH CYLUECTBYET
PCANBHO BHE 3aBHCHMOCTH OT HALIEro co3HaHUA. be3 BHATHOro orBeTa
11} ITOT BOMPOC HEBO3MOXHO NOCTPOMTh paborocnocobHyro Teopiio
'Wpupa.

OTH OTIMYHMA 3aKIOMAIOTCA MPEXAE BCEro B TOM, 4TO JpHp
IOPBHYEH, 8 MATEPHATLHLIEC TeJa B HX CBONCTBR BTOPHYHLIL
ATOMBI,  3JEKTPOHLI, _ MPOTOHDbI HEHTPOHbI rue

MEHTADHbIC JacTHlbl __ Be NpPEACTABAS H

)
N\MTOHOMHLIC MHKPOBHXpE H3 0upa. Hoanepaxxanne TtevueHui
MpUpa B ITHX BHXPSX HS NPOTHKEHHHN MHLIHADAOB _JIeT
' H

obecneunBaercs bIoi 2He ii, 3aniouennoll B noJie
M__nepexaveil YACTH 3TOM JHEPrHH BMECTe C NOIIOMEHHLIM
') M MATEPHAJILHLIM TEJISM.

Cuuraercs, 4o 3QHp MHPOBONO NPOCTPAHCTRA MTOMHMO 3HEPrHU
oBnagaer maccoii, HHepIHel, KONMHYECTBOM ABHIKeHHs. TToTok 3dHpa
lICpeaeT CBOE KOJMHWYECTBO ABIKEHMS MATEPHANbHBIM TenaM |
OKa3bIBAET HA HHUX CHIOBOE Bo3aeicTBne. OQHP, HAXOAALLHKIACS
BHYTPX Teil, B OTphbiBe OT 3¢Hpa MUPOBOTO NMPOCTPAHCTBA NPOABIAET
CBOMCTBA MHEPHHH H KOJMYECTBA [IBWKEHHA 4Yepe3 Maccy Tell,
MPONOPLUHOKANIbHYIO Macce 3¢upa, ©XKECEKYHIAHO NOrJIoUaeMoro
TEJIOM.

Maceca _TeJ, HOITOMY, He sBisercs Mepoll KoJanvecTB2

IO JIOLIEHHOro HEE " ) | er coboli M
B3aRMoOAelicTBHS HDA n Tea € BPOM MHEDPOBOro
NPCCTPAHCTRA,

TeveHnamMu 3¢upa, BOIHHKAIOWUMH H3-3a nor.nomeuua a¢¢upa
TeNaMH, 00YCHAOBJAEHO BCEMHMPHOE TArOTEHHE M, UMEHHO NO3TOMY,
caMM Macchi Mpa BHe MaTepUanbHBIX TeI He NOABEPIKEHb! AeCTBHIO
TATOTEHMA. B3auMozmelcTBHe JBWKYIIMXCH JIEMEHTAPHLIX YacTHLL
Marepuu ¢ mojieM 5(upa oObACHACT «AYANH3M» KOPHYCKY/AAPHLIX W
BOMHOBbIX cBodictB 3Tux uacTHU. K 3bupy npumenunMs
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NpeACTaR/icHHs KHHeTHdecKod TeopmH razoB. Ero Teyenus Moryr
ObITh ONMCAHEI YpaBHEHMSMH ra3oBol auHamuku. Baskxocts 3¢upa
maita. Bo MHOrMX pemieHMfX €i0 MOXHO npeHeOperars. [IpH manbix
CKOPOCTAIX CKHMAeMOCThIO 3(pHpa Takke MOXHO mpeHeOperars.
[oaroMy Teuerus 3¢upa MoryT 6biTh OMmcCaHE! ypaBHeHHeM Jlaruiaca.
CocrosiHue TeueHHt 3>(upa XapaKrepu3yeTc CKOpPOCTbIO, ILIOT-
HOCTBIO, [aB/ICHHEM, TeMmepaTypol, BHyTpeHHe# sHeprueid. Yepes
none 3¢upa pacnpoCTPaHAETCA CBET, C1abbie H CWIBHBIE BO3MYLIEHHUS.

YacTHYHO 3TH BONpOCH! ObUIH HaMKH paccMOTpeHbl B KHHMre [ 1 ]
«TaitHel MexssesgHoro sbupa». B Helt 6bUTH OnpeseeHs OCHOBHbBIE
cBolicTBa M napaMeTphi 3QUPHOro raza. 310 NO3BOIWIO OOBACHHTD
NPUPOAY BCEMHPHOIO TAMOTEHHUA, IPEYIOKHUTh CBOM peLleHHs psja
MHPOBO33pEHUECKHX NPob/ieM ACTPOHOMMH TaKMX, KaK MNpoGIeMb
KPacCHOTO CMEILICHHA B CNEKTPaxX «HaJieKMX ranakTHk,» «bomburioro
B3PhIBA» H «HEPHBIX ABIP», SHEPreTHKH B3PHIBAIOIIHXCA KOCMHYCCKHX
OOBEKTOB, CTPOCHHA CHHPAIBHBIX TAJIAKTHK H pajga Apyrux. bewo
NOKA3aHO, MTO IPOTHBOPEMHA B MCTOIIKOBAHMHM ONTHUYECKHX OMNBITOB
Maiikenbcona, Ou3zo u gBjeHUs 3pe3aHod abeppaiy, nexaumx B
OCHOBE KpH3Hca QH3MKM KOHLIA AEBATHAALIATOrO, Ha4Yana JBaALIATOrO
BekOB, Moryt OBITH coriacoBaHel Mexxay cobolt 6e3 Teopun
oTHOCHTENBHOCTH A JfinmreidiHa. C nosuuult Teéopun  3¢gupa
OOBACHEHH TakKe APYrHe NOCTIDKCHHS TCOPHM OTHOCHTEILHOCTH M
HaroJiHeHa pusHyeckuM cMBIcioM fionpaska Jloperua. ITokasaHno, uto
OHa OTpPaXaeT BIHIHHE CXKMMAEMOCTH 3¢upHOro rasa mpu
OKOJIOCBETOBBIX CKOPOCTAX.

JaHHas KHWTa SABJISETCS Ppa3BHTHEM MACH, BHICKA3aHHbIX B
«TaliHax Mex3Be3gHOro »pupa» B HanpapjieHHH Oojiee rIyGOKOTrO
‘'NOHUMAHMSA CTPYKTYpPHl JJ€MeHTapHbIX (ImpocTeliluMx) YacTHL
MATEPHH, NICKTPOMAHUTHHIX CHIIOBRIX TOJIEH M TNPHPOLBI CBETa.
Pemenve psajga aHanorHyHblx mpobnemM ¢ mo3suuui CyIEecCTBOBAHHA
3pupa npemiokeHo B paborax B.A.Awokorckoro [2]. Opnaxo,
OCHOBHBIC HJIEH H CIOCOOBI, MOJMKEHHBIE B OCHOBY MX PEIICHHA B
3THX [IByX TEOPHAX IMPHHLMITHAIIbHO OTJIHYAIOTCA ApYr OT Apyra.
[Monpobuee 06 3Tom ckazano B rii.30. Bmecre ¢ TeM, Mbl He CTABHIIH
cBOcH 3ajayeil MPOBOAMTH .AHANM3 CYINECTBYIOWICH JMTEpPaTYphi MO
InaHHOM Temaruke. B GOJBIUHHCTBE JNOCTYNHBIX HAM KHMT M crareif
3TOI0 HAMPABICHMA aBTOPHI OFPAHUYMBAIOTCA JIULIL KaYeCTBEHHBIMH
paccyxacHusIMH  0e3  KOJMYECTBEHHBIX  MPOBEPOK  CBOMX
YMO3aKJIIOUeHH#t M 1o 3Toff HpMudMHe 31eck TPYAHO YTO-IMOO

o0cyxnaarh.



Mui B cBoeli KHHIe CTpeMHAHCh K TOMY, YTOOBI GOVILLIMHCTBO
HalllKY. BHIBOAOB MNOATBEPKAAIMCH CPABHCHHAMH C HMEIOLHMMCS
3KCTIEpHMEHTANIBHBIMH H HabmonaTenbHBIMH AAHHEIMH W MOITIH GBITH
NepenpoBepeHbl. JT0, KOHEYHO, 34TPYAHMT YTE€HHE KHHIH, HO
NOKAXKET YHTATEINIO CEPbE3HOCTH NOMYHYCHHBIX pe3ynbTaToB. LleHnocrs
npeiaraemoit Teopust 3dupa 3aKmodACTCH B TOM, YTO OHA C €MHBIX
MO3MLMA MO3BOJIWIA TIONYYHTh MHTCPECHBIC pe3yJbTaThi B TakKHX
Pa3IMYHBIX pa3denax HaykKM, Kak TEOpHS TrpaBMTalliM, TEOpHs
SJIEKTPOMArHMTHHIX MOJIeH, aCTPOHOMHA, TEOpHA CBETA M ABJICHHA
MHKpPOMMpaA. P pasnenoB neppoii Halield KHHrH no >gupy [1] mui
BbIHYKAEHBl TOBTOPHTH 3[€ch B COKPaleHHOM BHAE, 4TOObI He
HapymaTh LEJOCTHOCTh M3JIOKEHHA MaTepHala H  4ToObl  He
3aCTAaBJIATH HAIIEr0 HOBOIO YMTATEJIA TPATHTh BPEMS Ha MOMCKH KHUIH
«Talinel MexsseagHoro apupa»., Jpyrue pasgennl aBafiOTCA
COBEPIEHHO HOBBIMH H MyO/IHKYIOTCH BHCpPBEIE.

1. Pa3nn9Hea B HOHATHNX MACC MATCPHAJILHBIX Te
u papa. Poc'r MACCHI T€JI BCJICACTBHE NPHTOKA
" 3¢HpHOro rasa. *

Mmuorue Tena Bcenennoii, Takue, KaK 3B&3abl, IUIAHETHI H Jaxe
aTOMBI, H3 KOTOPBIX COCTOAT, B KOHEYMHOM CYeTe BCE ApYyrue Teia,
umeior cdepuueckyio ¢opmy. IlosroMy paccMoTpuM oOTekaHue
MaTepHaNbHOro Iapa, HaxoAguierocs B CHOKOHHOM  sdwupe.
Cnoco6HocTs Ten noromars . 2QUPHLIA ra3 oxapakrepusyem
BEIMYUHOM YAENbHOr0 pacxoja MAacchl 3(HpHOro rasa uepes
MOBEPXHOCTD LIapa B €AMHULLY BPEMEHH !

q=dm./dt (1.1)
rae dme- yiemMeHTapHas Macca 3¢upa, MOCTynaoIas BHYTpb Lapa 3a
37IeMEHTapHoe. BpeMs dt. :

B cuwiy HepaspeIBHOCTM TEYCHHS BHE 1Iap&a M CHMMETpUH
OTHOCHTEJIBHO €ro LCHTPa MOXXHO 34IHCaTh, YTO CKOPOCTH (B
chepuueckoii cucreme koopauHaT) Vee=Vye=0 M 4YTO ynenbHbIi
MacCoBbIl pacxofl Yepes chepruecKyio MOBEPXHOCTL paaMyca r Oyer

q=-4n PV, (1.2)
rae p. - IWIOTHOCTh 3¢HpHOro rasa. B zaHHOl rnase mioTrocTh P,
CYMTAETCA BENWMUHOW TMOCTOAHHOM, TAK KaK pajuMaibHas CKOPOCTb
TeyeHua V., Maja IO CPaBHEHMIO CO CKOPOCTBIO PacCHpOCTPaHEHMS
cnabuix BoaMymeHmi, GIH3KUX K CKOpOCTH cBeTa B mycTote C=3.10"°
cM/c. W3 nocnenHero BhIpaXeHHA HMECM

Ve =-q/4np.r, (1.3)
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3HaK MMHYC NOKa3bIBaeT, YTO CKOPOCTh V, HANpPABJICHA K LIEHTDY
cepudeckoro Tena. 3TO TEUSHHE HMEET MOTEHIIHAN CKOPOCTEH .

ChopMyIHPOBAB BHILIE 38KOH HENPEPHIBHOTO MOromeHUs 3¢upa
MATEDHATBHBIMM TeJlaMH KAK cCrocoba MX  CYHIECTBOBaHHS,
Heo6X0IMMO pa30bpaThCs B OCHOBHBIX, BHITEKAIOUIHX H3 3TOr0 3aKOHA
CIeCTBHAX. B mepByio odepelib 3T0 OTHOCHTCA K CAMHM MOHATHAM
Maccsl MarepuaNbHeIX Tel BceeneHHOH W Macchl a¢upHoro rasa, a
TAK)KE K COOTHOLICHHIO MEXAY MaCCaMM TeJl U MAacCOM MOIomaemMoro
3THMH TeJIaMH 3(QUPHOro rasa.

OueBHAHO, 9TO YAENbHBI MaccOBOM pacxon 3(HPHOro rasa
o6ycIOBJIeH BEITMYMHOM Macchl MOMJIOIAIOMIEr0 MAaTEPHAIIBHOTO TENa
M, CJIE/IOBATEINLHO, MPAMO MPONOPLMOHAJIEH 3TOH Macce :

q=dmJ/dt= am. 14

Bmﬁop xodppHIMeHTa yASIBHOIO pacxoza o NpeACTaB/IseT He
TOJIBKO TEXHHYECKMI; HO M MHpOBO33peHueckuii uHTepec. Cpenu
PacCMOTPEHHEIX BAPHAHTOB €ro 3Ha4eHWH ToNbko 3HaueHue o=Ic’
[O3BONIWIO CBA3STH BOSAMHO BCE PACCMATPHBAEMEIE B MOC/IEHYIOMMX
pasnenax npobnemsl. [Ipu TaxoMm 3HaueHMRH Ko3d(HiMEeHTa O Macca
Tejla SBISETCA Mepoil ero MHepiMH M coxpaHser 3a coboli Bce
MpHCyLHe ¢ H3BECTHHIE CBOHCTRA.

B_nanvnelimem ne chaeayer OTORZECTBIATL Mexny coboil
HOHATHE Macc Tea B 3pmapuoro rasa. Macca >¢pupa obnanaer

HHepuHeH, KOJIMYECTBOM ABWKCHUA BO B3aHMOICHCTBUM CO BCEM
nosieM MHpoBoro 3¢upa. IpHup, NOrNOmERHBIH TeNamMH, YBEIHUYHBAET
HX MACCy, NposAB/iAd B JalibHOHINeM CBONHCTBA MHOPLIMH M KOJIHYECTBA
ABWOKCHMSA 4Yepe3 Maccy 3THx Ttein. Macca Tel, Kkak MBI BHAEJH,
HpONOPUMOHANIbHA Macce 3QHPa, IKECEKYHAHO MnorioiaeMoii Tenamu,
H, CIeHOBaTeNbHO, NposBiaeT ceba Tak ke, Kak cBobonHbiii 3¢up,
yeped B3auMoOfeHcTBHEe ¢ mojieM MupoBoro 3pupa. OpHako 3TO
B3auMozelicTeue y Ten 6onee cnoxHoe, yeM y cBoGoaHoro sdupa.

He packpeiBas 31ech MexaHH3M npeo0Opa3oBaHHs NOCTYTIAIOLIErO
BHYTPb MAaCCHBHBIX Te&J1 3(PHUpHOro rasa B Maccy CaMHUX Tell,
TIPEATIONIOKHM, YTO CKOPOCTh MOCTyIUieHHA 3¢Hupa BHYTpPH 11000r0
Teia, HE3aBHCHMMO OT €ro XMMHHYECKOro cocTaBa M (pH3HUECKOro
COCTOAHMA, NMPAMO TNPOMOPLHMOHAIbHA CKOPOCTH 0Opa3oBaHMs HOBOH .
MAacCChi Tena : \
dm./dt = kdw/dt, (1.5)
rae k -ko3dduumeHT ckopocT 06pa3oBaHHs MACCHL. 3aMEHHUM JIEBYIO
YacTh 3TOro ypasHeHus ¢ nomounsio (1.4) Ha om. IlpouHrerpuposan
3TO YpaBHEHH®, NOTYUMM 3aKOH W3MEHCHHS MAcChl TeNa OT BPEMEHH :
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m =m, ¢**, (1.6

Bennunna m, BnseTca Maccoii Tena B MOMEHT BpeMeHH t=0, To ecThb

Ha Hauajio oicyera Bpemenn. C y4eToM ripaxcernti (1.3) u (1.4)

pagManbHai CKOpPOCTH 3)Hpa N0 HANPaBICHMIO K  LIEHTpY
chepHYECKOro MAaCCHBHOTO Tella 3aNnuilieTCH B BHJIE :

Vie =-am/4np,rz. | W)

2. 3axoH BCEMHPHOIr0 THIOTEHHS,
: ILnoTHOCTD 3¢HDA.

OOparuMca Kk 3akoHy BcemHpHoro TiaroreHHs Heiorona. H.
HeloToH He nan Teopernueckoro 000CHOBaHHS IPABHTALMH, HE HalllEl]
¢u3HyHecKoii MPUIMHBI €& BO3SHUKHOBEHMA H HE BCKPhUI MEXaHW3M e8
Aeicteud. B cBoux «Havyanax» OH OrpaHMYWICA CJIOBAMH . «THIIOTE3
He W3MBILIO». OaHako . TakHe TMNOMNBITKH  HEOAHOKPATHO
NPEeANPHHUMAIUCS HA NPOTHKEHHM CTOJNCTHH MHOTMMM YUYEHbIMH
[24]. H3sectHo ©Oonee 25 pabor, B OCHOBE KOTOpBIX JICHKAT
npeacraBnenns o6 3pupe. [naBHBIe HACH ITHX paboOT CBOAATCH K TPEM
ocHOBHbIM. [lepBaa paccMaTpMBaEeT TArOTEHHE Kak pe3yibTar
pacmpocTpaHeHHS my/nbcauMii aroMoB uepe3 3dup. Bropas - kak
MPOABIIEHHE CHJI MEXKIY «HCTOYHMKAMM» M «cTOKaMu» 3pupa. Tpetss
- Kak cieacrsMe GomMOapAMpOBKM MAaTepHAIbHBIX TeJl YacTHLIAMH
a¢upa. Bce 3t paboTrl He JMIIEHB! BHYTPEHHMX NPOTHBOpEUMii, uro
1 00yCNIOBIIIO MX HETIPHATHE. >

[Ipobniema oueHp cnoxHa. [lake nNOHMMaHHE TEepPMHMHA «CMiIa
BCEMHUPHOIrO TATOTEHHS» He ABISeTcA oaHO3HauyHbIM. JIo 1915 ropa
3TOT BOMPOC M3NAraica AOCTATOYHO akKypaTHo. IloguépkuBanock, yTo
BCE 4YaCTH CYIECTBYIOLIEH B MUPE MAaTCPHH, HACKOJIBKO OH AOCTYITHBI
HalleMy HaOmoAeHHIo, NPOABIIOT ocodoro poaa Kaxyuieecs
B3aMMOAGHCTBHE. JTO B3aMMOACHCTBHE 3aKMOYAEeTCAd B TOM, YTO JiBE
MacChl m; ¥ My MPOM3BOJILHOM GOpPMEI M OTCTOMIIHE APYT OT APYTa Ha
PacCTOSHHHM T, HAMHOTO MPEBHIMIAIONIEM HMX COOCTBEHHBLIC pa3Mephl,
BBI3BIBAIOT MPOABICHHE 0CO00M cUbl, AeACTByIOMIEH HA 3TH MaccChl.
TIpuyeM 3TH CHIIBI CTEMATCH COMH3UTD HX MEXKAY coboi.

C uucTo BHEHIHEH CTOPOHBI ABJICHME MPEACTARIACTCA TAKMM, Kak
ecnu Obl M3 KKAOM MacCh MCXOAWIA CHIIa, NEHCTBYIOMAA Ha APYTYIO
mMaccy. Crnemyer, OIHaKO, TOMHHTb, YTO CJIOBAMH  «Tela
NPUTATHBAIOTCA» TOJBKO BKpaTHe H YAOOHO ONHCHIBAETCA 3TO
sABJICHHE. JTO HENb3A MOHUMATh B OyKBanbHOM CMBICie, OyaTo Macca
m; aKTMBHO M HENOCPEACTBEHHO TAHET MacCcy m, k cebe ¢ cunoii F. B
| NEHCTBMTENBHOCTH MBI TOJBKO MOXEM CKasaTb, YTO MPHCYTCTBUE
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- Macchl M; Ha pacCTOAHMH r -.o0ycnoBIUBaeT BO3HHKHOBEHUE CHibl F,
neiicreyiomiell Ha maccy my. I'paHavosHoe pa3ButHe HebecHoi
MEXAHUKM, LIETHKOM OCHOBAHHOM Ha 38KOHE BCEMHPHOIQ TATOTECHHA
HeiotoHa, 3acraBusio co BpeMeHeM Yu€HbIX 3a0LIThb O UYHCTO
ONKMCATeNbHOM -Xapaktepe 3axkoHa HbIOTOHA M yBHIETh B HEM
akTuBHOe JanvHopekcTBue [7]. Hpes nanbHopmeiicrBua emé Gonee
okpemna B konie XVIII cronerus, KOraa oka3ajloch, YTO MAarHUTHbIE H
3JIEKTPUYECKHe B3auMoueicTBus MOTYT ObiTh CBEAEHBI K 3aKOHaM,
aHAIOrH4HbIM 3axkoHy HbloTOHA.

Onnako ewé B nepBoii nosioBuHe XIX cronetus dapanei,
~ Benuyaiiuini sxkcrepuMeHTaTop U Pu3uk-puiocod, nepsbiM ykazai Ha
Heco00pa3HOCTb AOMYLICHHA AATBHOACHCTBHMA, TaK KaK CYHMTal, HTO
TENO HE MOXeT BO30YKIarh CHJly TaM, rAe OHO He Haxoautcs. OH
CrICMAIBHO OOPATWICA K MarHMTHBIM H 3JICKTPUYECKUM ABICHUAM H
yKa3aj, YTO B 3THX ABJCHUAX INIABHYIO POJib HIPAET NMPOMEKYTOUHA
cpena, 3allOJIHAIOAas NPOCTPaHCTBO Mexay Tenaamu. Ilozxke onbiThl
lepua JoKa3anM CNpaBeATHBOCTH OCHOBHLIX B3rnazoB Papajes Ha
polib MPOMEXKYTOMHOM cpelbl B YNOMAHYTHIX sABIEeHUAX. OaHako
HHKOMY A0 CHX MOp HE YA&Ioch "co3aath GesynpeuHyio
MAaTeMaTHYeCKYIO ‘MOJe/lb Takoil cpeabl g OOBACHEHMA . CULI
BCEMHPHOIO TATOTEHMA.

Bonpoc 0 BceMMpPHOM TATOTEHHH TPUHAJI ApYro#f xapakrep, Koraa
QuHwTeHH B 1915 rogy co3zan oOULyIO TEOPHIO OTHOCHTENILHOCTH M,
Mo CyTH, 3aMEHW1 MOHATHE CHJIbl NPUTIKEHHUA MOHATHEM KPUBH3HbI
NPOCTPAHCTBA - BPEMEHU OKOJNO MACCHBHBIX Tea. PewieHue, koropoe
nan OWHWTEHH, HEAb3A HA3BaTh ACHBIM C (QM3HYECKOH CTOPOHHI,
Ckopee, 310 QOpMaNbLHOE pellieHHe, BLITEKAIOLEe H3 MATEMATHYECKOH
TEOPHUH, B KOTOpO# GH3MUECKHe MPEANOCLIIKH ¥ OCHOBbI MOTYT ObITh
YKa3aHbl ¢ OOJIbLUMM TPYAOM.

B nanHo#i pabore npemnaraercas HOBOE pelueHHe npodneMbl
rpaBMTalUH Ha OCHOBaHMH 3(pHupoauHamuueckod mozenn. Ytolbl
NOHATh MEXaHH3M JcHCTBHSA I'PaBUTALIMH, MBICICHHO NTOMECTHUM B M0OJIE
TeYeHUs OKOJI0O MAaCCHBHOrO Teja C YAE/NbHbIM MacCOBbIM PacXOOM
3pupa q; Apyroe TEJO MEHbUIUX pPa3MEepPOB CO CBOUM YAE/bHbIM
pacxonoMm q, . IIpeanonaraem, 4ro paccToOssHUE MEXKAY LIEHTPAMH Ten
(wapoB) HamHoro Gonbie paguyca Mmanoro Tena. CnenosarenbHoO,
MOJKHO CUYHMTATh, YTO Ha Majloe Tesi0 HaberaeT paBHOMEPHBIH MOTOK C
MOCTOAHHOMN CKOPOCTBIO, HANPAaBIEHHO K LIEHTPY OonbuIOro Tena

Vi =qi/4npe? . 2.1
3TOH (popMyJie 3HAK «MMHYC» OMYLIEH, TAK KAK HanmpaBiieHHe TEYeHHUs
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\
K LEHTpY OONBIIOrO Tejia OroBOpeHoO cJjioBamMH. Macca 3dwupa,
€XKECEKYHAHO MNOrJIOWIAeMOr0 MAanbiM TEJIOM ¢,dl, TepAer CBOIO

CKOpPOCTb V1. B pesynbrare nosenserca mmmynse cunbl F, df,

Onpene/iAeMblii H3MEHEHHEM KOJIHYSCTBA ' JBHXKEHHA 3TOH MacChl
Vi@ dt ¥ mpunoxenHbii K 3¢upy. C Takoii sxe cunoit norok >dpupa
JACHCTBYET Ha MAJIOE TENO
F= (q ©)/(4np.r). (2.2)
3aMEHHM YJeJIbHBIC PpacXoAbl q; H 42 © noMoinbio popMmyitel (1.3)
Ha MacChl MAJIOro ¥ OOJIBIIOrO Tel
' F=a’(m; my)/(47p.r). | (2.3)
AHaJIOTHUYHBIE PACCYKAEHMS MOXHO IPOBECTM B OTHOWICHHH
CHJIOBOrO BO3ZCHCTBMA MANOro Teéjia Ha Oonblioe, Tak Kak B
NOTEHLMANbHOM TOTOKE, OMNHCHIBAEMOM YpaBHeHHeM Jlannaca,
NPUMEHHMM TNPHHLMII HAJIOKEHHA NOTOKOB. - TaxkuM oOpasom,
BolpakeHHe (2.3) onpenenser CWIy, C KOTOpPOH Kakaoe wu3
PacCMAaTPHBaeMbIX TeJl Yepe3 NPOMEXYTOUHYIO cpeay 3¢HPHOro rasa
BO3JeHcTBYeT Ha Apyroe. BeiBoj cmpaBeiMB A JROOOro 4HCja
MaTtepuanbHeiX Tel. Conocrasngs NOMyYeHHYIO (POpMYIy ¢ 3aKOHOM
BceMHpHOro TaroreHus HoioToHa:
F=f(mm)r, (24
B KOTOpoM mocTosHHas TaroteHus £ = 6.7 - 10° cm/(r-c?), umeem

" hopMyITy CBA3H

f = a’/(4np,). (2.5)
Orcioa MoXxeM OIpeAeNINTh IUIOTHOCTh 3¢ HPHOro rasa:
p=0/4nf=1.19 -10° r/em’=1,19-10°kr/™’ (2.6)

[InoTHOCT, 3¢HPHOrO rasa oOKa3ajach oOueHb Oonbimoli, uTo
MPOTHBOPEYHT YCTAHOBHBIIEMYCS Mpe/CTaBiIeHH0 00 3¢QHpe Kak o
yéM-T0 HeBecoMoM H OecrenecHoM. [loxanyi, WMeHHO 37ech
'HaXOIMTCA HauOoliee TPYIHO NOHMMaeMasd 4acTb Teopus 3dupa. B
CBS3M C 3THM CleAyeT MOMHHTb, YTO IUIOTHOCTE 3(Mpa Henb3s
OTOXAECTBIATL C TUIOTHOCTHIO TeJ, TAK KaK caM MMpOBOM 2(dHp B
OOLINHOM COCTOSHMHM He 00nafaeT CBOMCTBOM T€N NOIIOWATH QHp.
Henb34a OTOXKASCTRIATE CONBINYIO IUIOTHOCTD 3pHpa ¢ CYOBEKTHBHEIM,
TOACO3HATENbHEIM NPEACTARICHHEM O 3aTPYAHEHHOM NPOABHIKEHHH
TEJ 4Yepe3 mIoTHYIo cpey. CornacHo napanokcy danambepa-Oiinepa

TeNna, ABIKYIIHECH Yepe3 CIVIOLIHYIO HeBA3KYIO CPeXy C MOCTOAHHOM
CKOPOCTBIO, Hé MCITHITHIBAIOT COMPOTHRIEHHA CBOEMY ABIDKSHHIO,

O¢up Henb3a HaOpaTh WK yAAIHTH W3 KakoH-THOo 8MkocTH. OH
3all0JIHAECT BCE MPOCTPAHCTBO H JIErKO NPOHW3BLIBAET MaTEpPUATbHbIE
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Tena. YYMTHIBAA, YTO HMEHHO 3(HP CO3AaéT CWIy HHEpLMH NpH
YCKOPEHHOM JIBIDKEHHH TeJl  CHIY TDKECTH (TNPHTAKEHHSA), MOXKHO
MOHATDH, YTO OH He MoxeT OBITh NMo3THYecKkH OecTesieCHbIM, & JOJDKEH
MMeTh OOJBINYIO IUIOTHOCTE M HMHEPUMOHHOCTh. Bosppamagch K
BONPOCY O TOM, ONIYLIAET JIH KAKABIH YeJIOBEK CHIOBOE BO3aelicTBHE
3¢upa, OTBETHM, YTO KAKAbIA uenoBeK oumymaer Ha cebe 31O
BO3/AeHCTBHE B BUAC AaBAlICH CHIbI TAXECTH, B BUIC CIIBI HHEPLIMK B
MOMEHTbI pasroHa HWAM TOPMOKEHHA. Bce HawWM NPHBLIYKY,
ycTpoiicTBa H MeXaHU3Mbl (PYHKUHOHHPYIOT € YYETOM 3TOro
posaecticTud. ITopol, kax MBI 3HaeM, HEAOOLEHKA 3TOr0 NMPUBOAMT K
TParu4eCKMM MNocaeacTBusAM. TONABKO ABHUrafdch NPAMONUHEHHO C
MOCTOSAHHOM CKOPOCTBIO, UEJIOBEK MOXET Ha BpeMs 3albiTh O
CYLUIECTBOBaHMH 3(upa. ’

U3 dopmyn (2.1) u (2.3) cnexyer, uro yclcopemle CW/Ibl TSHKECTH
BLIPA3UTCA 3aBUCHMOCTBIO

2
| a m m,
g =aV,e = > =f—5- (2.7)
4np, r r
YckopeHHe CWIbI TSOKECTH HE 3aBHCHT OT JBHDKCHHA Teja 'C
HOCTOAHHON CKOpOCTBIO. I'paBUTALMOHHAs CWIA HNPUTAKCHHA C
yueToM (2.5) Moxket ObITh 3anucaHa B BHAE

F~mg=maVy ' (2.8)

3. Ko3¢pauument ckopocT 06pa3oBaHHs MACCHI.
O BexoBoMm ycxkopennn Jlyssl.

Yrobsl onpegenurs K03¢GHIHOHT CKOPOCTH 00pa3soBAHMA MACCHI
k, obpaTuMca Kk ABJICHHIO BEKOBOTO YcKkopeHus JIyHei. M3BecTHO, UTO
CpeAd MHOXECTBA, HeGeCHBIX /BIDKEGHMIi, KOTOPHE  MOJHOCTHIO
COOTBETCTBYIOT popMy/iaM HeOecHOl MeXaHHKH, HMEETCH HECKOIBKO
C/lyMaeB HECOBMAACHHA MEXDy HaOMONAeMBIMH M BbIMHCIICHHBIMH
ABIOKCHUMSIMHM cBeTWI. OfHMM M3 TakMX HEOOBACHEHHBIX HAYKOH
ABICHUH SBJISETCA TAaK HAa3kBaeMOe BeKOBOe YcKopeHue JIyHsl.
CpapHenre OpeBHHMX HaGmiofleHWit Haj 3&TMEHMAMM C HOBBIMM
NOKAa3aio, YTo B HacrodAmee BpeMa JIyHa neipkercs HeMHOro OnicTpee,
yeM npexae. 1o yckopeHHe Hepemmko. 3a 100 ner Jlyna yxomur
BrEpé/i MPOTHB BLIYMCCHHOTO NoJIOMKEeHHs Ha 10" WIM MPHMEPHO Ha
paccrosuve 18,6 kM. Tonbko 4YacTh 3TOrO  YCKOpEHHS,
npubnu3uTensHo 6'', o6BIACHAeTCH TeopHel TAroreHus, a OCTanNbHAA

1o 4'' BbI3bIBAETCS HEH3BECTHOM NIPHUIMHOM :
ASi00 = 7,45 km = 0,745 - 10° cm.
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[IpuuuHa, 3acTasigiomas JIyHy peaibHO YCKOPATE CBOE ABIDKEHHE 10
opbure Bokpyr 3emim, Onuta nokasaHa B kxure [1]. Iloka xe, nonaras
npubnwkéano, 4ro opbura JlyHm #MeeT Kpyrosyio ¢opmy,
3aIIUCHIBAEM PaBEHCTBO JEHCTBYIOIIMX HA HEE CHMJI TATOTCHHA H
LEeHTPOOIKHON CHITBI .
MVt = fm M/,

rae m 4 M - coorsercTBeHHo Macchl Jlynst v 3eminm; ro, - panmyc
opburel Jiynbl npu e€ nrwxeHHH BOKpYr Jemim; f - mocrosHHas
TArOTEHUA. PaspemiuM 3T0 pPaBEHCTBO OTHOCHTEJIBHO Opr)l(HOPl
ckopoctd (opburtanbHoi) JlyHsl, npeacraBuB B HEM Maccy 3eMJIH C
' TIOMOLLBIO BEIpaXkeHH (1.6) kak GYHKLHMIO BPEeMEHH :

V = /_fy_&e'ﬁz /fM° (1+-5‘5-t) 3.1)
- Yopt 2k

rae M, - macca 3eMnH Ha MOMEHT Ha4aaa oTcuéra BpemeHu t=0.
H3 370 3aBHCHUMOCTH CIEAYET, YTO ¢ TCUCHUEM BPEMEHM CKOPOCTh V
JOJKHA BO3pacTarTh, 4roOnl JlyHa yaepxuBanack Ha cBoeil opbure. C
yyeroM (3.1) npupauleHue myTs JlyHsl npu ¢€ ABHXXEHHH 10 opOure,
BBI3BAHHOE POCTOM cKOPOCTH, 3aMHIIEM B BUAE

AS""- .moﬁ
4k

Jins Mo=5,98-107 r, ro,,b=3,844~101° cMm, =100 ner= 3,15 -10° ¢
noJy4acm
AS100=2,52-10"-0/k cm™ ; (3.2)
- AQ =AS;00/rops=0,655-10"-a/k pan.

Wsz-3a Onmsocte JlyHsl Kk 3emiie B €& ABIDKEHHH 3aMETHBI Takue
OTKJIOHEHHA, KOTOpBbI€ YCKOJIb3aloT mpH HabimiogeHuax 3a Oousee
NanéKkuMy CBEeTWIAMHK. YUMThIBasA HAAEKHOCTL JAHHBIX 110 ABHIKEHHIO
JlyHbl, HCHIONB3yeM cOoOTHOLIEHHE (3.2) 1S OTpeACNICHUs! OTHOIIEHUA
o/k u ko3¢ puMenTa cKOopocTH 06pazoBaHHd Maccehl k :

ak=297-10 1/, (3.3)
k=3,36-10" (3.4)

[Ipy nonmyveHHbIX 3HayeHMAX BesimumH o/k U k Maccel Ten
~BcenenHo#t momkHei OyAyT BO3pacTaTb CO BPEMEHEM TaK, Kak
nokasaHo B Tabn.3.1 :

Bospacranne macc 3eMiin M ApYrHX Ten Bceneuuoﬁ TOJDKHO
HHTEPEeCOBATh IeOJOroB H acTpodusukoB. OHH JMCKYTHPYIOT O
paciapsomeica 3emie, O BO3paCTAHHH CHJIBl THKECTH Ha €&

14



NMOBEPXHOCTH, HLITAIOTCH NPOTHO3ZUPOBATL 3CMJICTPSCEHHUH, 8 TaKKe
MIDYT OTBET Ha BOMpPOC, OTKYZa Oepérca Macca, obecneunsaroinas
BBIOpOC OrPOMHBIX KOJIHYECTB MATEPHM B BHIE LENBIX 3BEIAHBIX
CKOILUIEHHH M3 B3pPBHIBAIOIMXCH SACP rajlaKTMK. JTa TEOpHs MOXET

ITIOMOYb HAWTH KOJIMYCCTBEHHBIE OTBETHI HA 3TH U APYrHe BOIPOCHI.
Tabnuua 3.1

Bpems
MJIpA.JIET
m/my=e™" "

[TonmyTHO 3aMeTHM, YTO NOJY4EHHOE 3HaYeHHe Koa(ppHIMEeHTa
cKkopocTH oOpasoBanMs MacChl k MO3BOJIeT B3INIAHYTb APYrHMH
rinazaMyd Ha IUIOTHOCTh >Hpa. Heno B TOM, YTO NPHBBIMHOE A
yeJloBeKa [MOHATHE TUIOTHOCTH MOAPa3syMEBACT OTHOLICHWE MAacChi
BemiecTBa k 00BbéMy, 3axmouaiouieMy B cebe 3to BemecTBo. B 1o ke
Bpema u3 (1.5) cnenyer, ¥ro ko3¢ puumenT k MOXKHO TPaKTOBATh Kak
HeKoTopsIit nepeBoaHod k03¢pPUILIHEHT Macchl 3¢QHUpa B Maccy Tei. 10
€CTh, €r0 MOXHO pPacCMaTpuUBaTh Kak OTHOLIEHME Macchl 3dHupa K
Macce BellecTBa, Ha CO3AaHMEe KOTOpoH mowén BeCh MOIMIOMEHHBIH
apup. IloatoMy, onpepenss IUVIOTHOCTh 3pHpa B MNPHBBIYHBIX
KaTeropusx IUVIOTHOCTH BelECTBa, MOXHO CHYHTATh, YTO IUVIOTHOCTb
3(¢upa npeacTaBiseT coboi BennuHHy

Pe =po/k=3,54-10"r/cM*=3,54-10"kr/™’ (3.5)

Ecin ke MBI XOTHM C NOMOWBIO KO3(QdHuUHEeHTAa CKOPOCTH

0GpasoBaHHA MAacChl kK repecuMTaTs Macchl MaTePHAbHBIX Tel M,

K MacCaM M bogy, BHIPAKEHHBIM B €JHHHIIAX, CBA3aHHBIX C INIOTHOCTHIO
a¢upa, TO caexyer ofparureca K BeipaxeHHio  (1.5).
IlpouHTerpHpPOBAB 3TO BLIPWKEHHE M  IIOJIOKHB  KOHCTAHTY
MHTCTPUPOBAHHA PaBHOH HyMIO, MOJYYHM HCKOMOE COOTHOLLCHHE

My, = Myo0 K (3.6)

4. Cunosoe B3anmopaeiicrane 3¢upa ¢
MATEPHAILHLIME TEJIAMH,
Bce Tena Beenennoil aBipkxyTes He B mycTore, a B ddupe. [Touemy
HKe YeJIOBEYECTBO, YYacTBYIOLee B 3TOM ABIDKCHHH, HE UYBCTBYET W
He 3amedaer 3roro? Jleno 3pmech He TOJMBKO B INpMBbluKe. Benp
OLIy1LaeT xe oboi yeroBek CWIOBOE BO3CHCTBHE BETpa WK Hanopa
BoJbl. OkaspIBaeTcs, 4r0 IJIABHOM MPHYMHON BOSHUKHOBGHMS CHIIBI
COTIPOTHUBJICHHA TeN B NOTOKAX BO3AYXA WIH BOAbI ABJIAETCA BA3KOCTD
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3TUX cpeld. -Mano Kro, 38 HUCKIIOUECHHEM CHEUHATMCTOB, 3HAET O
napanokce [anambepa-Oitnepa. CornacHo 3TOMy napanokcy Tena,
ABIOKYLUMECS C MIOCTOSHHOM CKOPOCTBIO B raszoobpasHoii uau xuakoil
cpene moboi MIOTHOCTH, HO JIMILEHHOK BA3KOCTH, HE HMCIILITLIBAIOT
CONPOTHUBJICHUS CBOEMY JABIWKCHHIO. MareMaruyeckoe Aoka-
3aTeJILCTBO JTOr0 napagokca Brepsbie Obiio AaHo B 1745 roay.
Ceiivac ero MO)KHO HailiTH BO MHOrMX yyeOHuKax, Hanpumep B [15].
Ornnvne B obrekaHuu 1€ OObIYHLIMH ra3aMu H 3¢HPOM COCTOUT
B TOM, YTO TeJla ABJIAIOTCH HEMPOHHULIAEMbIMH 1)1 OObiYHLIX Ia30B, HO
JETKO MNPOHM3LIBAIOTCA 3pupoM HackBo3b. II0ITOMY CHJIOBOE

B3anMoaeciicTBHe Tel ¢ YDHPOM _ CKIAALIBACTCH M3 CHJI,

NEHCTRYIOMNX HA KaxAbif HX ATOM B _OTACJABHOCTH. SAnpo aTtoma
SIBJIACTCA O4YE€Hb IUIOTHLIM 00pasoBaHHEM M HE nponyckaer 3¢up

CKBO3b Ce68l (Prap=10"% Kr/M’ ).

OHo o0rekaerca 53puMpoM, HO HA OCHOBAHMM MapajoKca
HanamGepa-Oiiicpa He HCMBLITHLIBAET CONPOTUBICHHUA NABACHUA
CBOEMY ABIKEHHIO. CONPOTHRIICHHE TPEHMA TAKKE OTCYTCTBYET, Tak
Kak 3pup, NpaKkTHuUeckM, JiMUIeH BA3KOCTH., OnHako, sApa aTOMOB
HEMNpEepbLIBHO MOMIOWAIOT 3(QHPHBIH ra3 M3  OKPYXKAIOLIETo
npoctpancTea. [losromy mobGoe MaTepuanbHOE Teno, COCTOAILEE U3
aTOMOB, fABJAETCA CTOKOM AAA 3(HPHOro rasa. 310 BHOCHT CBOM
KOPPEKTUBbI B CHIIOBOE B3auMozeiicTeue Ten ¢ s¢pnpom. .

TeueHue BHe aTomMa ABNAETCS NOTEHLMANIbHbIM (OE3BUXPEBLIM).
IToaromy pewieHre 3anauu O CWIOBOM B3aMMOJAEHCTBUM Ten ¢ 3¢HpoM
MOXKHO MOJIYYaTb METOAOM HANOXKEHHS MOTEHUMANbHLIX NoTokoe. To
eCTh MOXKHO OTHENBHO MCC/IEJOBAThL 3a4auyy OOTEKRHHS TEN-CTOKOB
pPaBHOMEPHBIM NMOTOKOM 3pupa M pe3yabTar Jo0aBMTb K napagokcy
Hanambepa-Oiinepa nns HepaBHOMEPHOro oOrekanusa, Ho Oe3
nornoweHus 3¢upa. CornacHo (1.4) u (1.5) maccosbiif pacxoa q ,
XapaKTepH3yIOii OrNOINATENbHYIO CNOCOOHOCTE TN, MOXKHO

3anucarTtb B BUAC

dm am
=....—.....e :a-m:.:k‘—"— 4-]
dt dat (4

H3 (4.1) cneayer, 4To KO3QPHLUMEHT O ABIAETCA HE TOJNLKO YHCJIOM,
HO, KPOM€ TOT0, NPEACTABAET cobOoi onepaTop CleAyIOWero Buaa

d d
=f—= 4.2
“ de dt° (42)

«
3aech [ = —,; (4.3)
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3Be300uKoif «e» Oyaem nomeudaTb PuUIMYECKHE BEJIHYMHBI B TI0J1€
3¢Hpa, CBA3AHHbIE C TPOLECCOM TNOMIOLICHHA 3(Hpa TEnaMu, ¢

nociexyouuM npeobpazosanueM 3¢pupa B Marepuio. DusHueckue
BesivuuHbl Oe3 3Be3pouek OyAyT OTHOCHTBCA K MPHBLIYHOMY
¢H3uteCKOMY MHpPY MAaTEpUAIBHBIX TeJl. YCKOpEeHHe ABHXXEHMS

MHBapHaHTHO. ToO e€CTb, YCKOpeHWE j B noje ABHKEHHS

MaTepHATBHBIX TE M YCKOpeHHe j B moie ckopocrelf 3¢mupa,
O0YyC/IOBJICHHOM ~€r0 MOJOIIEHHEM MaTepHAILHLIMH  TE/laMH,

ofMHaKoBbl J = j°.

.=“ . 4.4
3nech J % 4.4)
. A
1 - 4.5
av dv° av’
Orky —= =k 4.6
Aa da dt’ dt (4.6)

[Ipounrerpupyem (4.6). KoHcTanTa MHTErpUpOBaHMs PaBHa HyJIIO.
IToyunM CBs3b MEXAY CKOPOCTAMH B I0JI€ ABOKEHMSA MaTEPUaIbHbIX
TN M B none 3gupa

V=kvV* (4.7)

N3 (4.7) cnepmyer, 4TO CKOPOCTH, H3MEpSE€Mbie. B CHCTEME

NBH)KEHMS MaTepHalbHbIX Ten V cymectBeHHO Oonbiue ckopocreil

V*® B cucTeMe, CBA3aAHHOM ¢ MPOLIECCOM NOIOLICHHA upa TeaaMH.

Hanee 3anMiueM TeopeMy HMITYJBCOB NPUMCHHTENBHO K TEIy ¢C
Maccoit «m», ABUXYLIEMYCS OTHOCHTENBHO 101 3¢pHupa cO CKOPOCTLIO

v 7.)
Fdt=d[(v £V,)m|=md(y £V,)+ (¥ £V, )im

Pa3penum 310 ypaBHeHHe Ha dt, NOMyuHM BbIpaKEHHE 1S CHJILI, C
KOTOPOit 3QHp BO3AEHCTBYET HA ABKYLIIEECH TENO

d{y +v,) dm
F = . — 4,
m o +(VtV,)dt (4.8)

3necb ¥V -ckopocts Tena V,-ckopocTh 3¢upa, BhIpaXKeHHas B
eAHHHLAX MaTepHaibHOro Mupa. OHa OT/IHHMaeTCa OT CKOPOCTH pupa

dm

V. , BblpakeHHOM B eaunuuax nona 3¢upa. BenuuuHy — MOXHO

17



onpeaenuTs ¢ momMouIpio (4.1) kak

dm «a
~— m 49
da k (*49)
Cxopocts V, = Const, nosroMy B Bbipakennu (4.8) BennuuHa
d V, dv,

= = (). [loBHANMOMY, CYIRECTBYIOT CTy4aH, KOrja Y He paBHa

HyJII0. OTO MOryT ObITb B3pbiBBI W APYTHE BO3MYIUEHHA B Cpeje
a¢upa. Toraa B BoipaxeHun (4.8) 6yaer eme ogHa cuna. C yderom
CKa3aHHOIO NepenuuieM nblpaaxeuue (4.8) x BuOY

m-—-+(V:|:V )m—- (4.10)

3aech “runoc” B ckoOxaxX OTHOCHTCA K CJIyyalOo BCTPEYHOrQ ABHKEHMSA
Tejla B HOTOKA 3pupa. 3HaK “MMHYC” OTHOCHTCH K MX ABMKEHMIO B
OJAHOM HAMpPABACHHH. D10 BLIPAKEHUE MOXKHO HCNONb30BaTh MNpH

mobbIx 3HaYeHwAX ckopocteit V' u V,, BhIpakeHHBIX B €JHHMLAX

cUcTeMbl MaTepHaNbHbIX Tejl. Ecnu ckopocTu Tena u a¢upa paBHbl, TO

BTOpoe ciiaracmoe B (4.10) obpaumtaercs B HONb, H CHIa ABIAETCS B

ITOM Cjlyyae CWIOH HHEPUHMM M ONpeAeNseTcs YCKOPEHHEM Tena
dv

=&t
Tenepr BepHeMca K Bonpocy O rpasurauuu. IIps BbiBoae 3akoHa
BCEMUPHOrO TAroTeHMs ObUIO- MCNOMB30BAHO BbIpAKEHHE * Ans

ckopocTd 3upa, ABWKYLIErocs Mo paaMycaM K LEHTpY Tenia. 2To
TEYCHHUE BOZHUIJIO B pe3yibTare nornouicHus 3¢upa renom. Iostomy

CKOPOCTB
am

dmp’r]
M3MepsAeTcs B €AHHMLAX o 3dUpa U CBA3aHO CO CKOPOCTbIO V
dopmynoit (4.7)

Ve =

re

(4.11)

V. =kV: 4.12)

C yueroMm 31oro BeipakeHusa ¢opmyna (4.10) zaer nam 3akcH
BceMHpPHOro TArOTCHUA B BUJIE

F = k(V iV, )n+md; iaV,;m+-k—Vm+md;’

310 BRIpAKEHHE ONIpEleNseT CHIY, C KoTopoif 3¢pup AelicTyer Ha
TeNI0, ABMXKYILEECS CO CKOPOCTbIO V, B pafiManbHOM HANpAaBIEHHM B
18
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flojie pagualibHBIX ckopocTeii a¢pupa V,, okono apyroro Tena. Uiz

310 opMynasl BHAHO, YTO BTOPOE CjaragMoe B MpaBOH 4acTy,
YYHTHIBaIOLIEE COOCTBEHHYIO CKOPOCTh Tena V,, npeHebOpexumMo Maio

MO CPaBHEHMIO C MEPBbIM “WieHOM. YuuThiBad, 4ro k = 3,54 10", a
V,.=9,8 M/c y noBepxHocTH 3emnd, BTOpoe cnaraemoe Gyaet mano

naxe B ciy4ae pasectBa V, =C , To ecThb KOra cKOpPOCTb Tela,

HanmpuMep, (OTOHA HNOCTHTHET CKOPOCTH CBETa B HEBO3MYLIECHHOM
none >dupa (C=3-10° m/c). D10 0GBACHIET, MOYEMy CHIIa TAKECTH He
3aBHCUT OT COOCTBeHHOM ckopoctH Tena. Ecnu teno npuxercs
YCKOPEHHO MO HAMNpABIEHHMIO K UEHTPY 3eMJIH C YCKOPEHHEM «E»,
PABHBIM YCKOPEHHIO TAKECTH

@, ., _dv, . fm
= V =3 (4.14)

dt T dr 7,

TO, Kak BHAHO M3 (4.13) chna TAKECTH CTAHOBHTCA PaBHOW HYJIIO.

OTOoT nNpUEM HCHOAB3YETCS B KOCMOHABTHKE [UiA CO3JaHHMA

HCKYCCTBEHHON HEBECOMOCTH BHyrpu caMonera, ABWXYUIErocs Mo

ONpeAcIEHHON TPACKTOPHH.

Ecau Teno ¢ Maccolt m; HENOABHXHO HIHM ABHKETCA PaBHOMEPHO

OTHOCUTEJIbHO TATOTEIOWEH Maccel Mm,, TO BbipakeHue (4.13)
NMPUHUMACT TIPUBLIYHBIH BUA 3aKOHA BCEMHMPHOTO TATOTEHHA

g_

L a
HsioTOHA, T.K, BEJIMYHHOM s V.m moxHo npereGpeun

m,m |
Fr=gml=f 122, (4]5)
To
, al a’m,
T = . ::aV’; = 2
) d i, ° anp;ry

Kak BnauM, 3akoH HbloTOHa sBNSETCS YACTHRIM ClyuaeMm
BaipaokeHuss (4.13).  Jlanee paccMmoTpuM cnydyail paBHOMEPHOro
ABHIKCHHUA TENa CO CKOPOCTHIO V B noNie HeBO3MYLUEHHOro 3dupa. U3

BoipakeHns (4.10) ana storo caywas nonyvaem cuny F,,
oOyCIIOBNIEHHYIO POCTOM MAcChi B MpoLEecce  MOrJOLIEeHUs
ABWKYLIMMCA  TelloM  3QMPHOro rasa U3  OKPYXaloLIero
NPOCTPAHCTBA. JTa CWIa NPHIIOKEHA K TeJTy CO CTOPOHBI nosis 3¢upa.
Ona npensaTcTByeT ABHIKEHHIO Tej1a
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F =%Vm (4.16)

e

., “
3neck j =-—V HMeer CMLIC/I YCKOpeHHsA TOPMOXKeHUS. OHO OueHb

MEJJICHHO MEHSAETCA CO BPEMEHEM B MPOLIECCe ABWKECHHUS Tejla. 3TUM
M3MEHEHHEM MOXKHO npeHeOpedb M BHIPA3UTH U3MEHEHHE CKOPOCTH C
TEYEHUEM BPEMEHM, BLIBAHHOIO POCTOM MACChl, H3BECTHOM

hopmynoit

V=n—ﬁ=n—%w | @4.17)
OTtkyZaa nosyunm
v
. V= ‘; (4.18)
1+—t¢
-k
3uec V,-ckopocte Tena B MoMeHT =0, Kak Obi10 nokaszaHo B
Q

MPCABIYIIEM pasiene BETMUMHA —- = 2,97-10"¢™ ouenp mana.

[MosroMy B OONBLIMHCTBE C/IY4YaeB CHJIOH H YCKOPEHHMEM 3TOro
COMPOTHBIIEHUA MOXKHO npeHeOpeub. OfHAKO, OHH MOTYT MOBJIUATL Ha
CKOpPOCTh JABMXKEHHA (POTOHa CBeTa OT JaleKHX CBeTHJI [0
Habmoxarena Ha 3emie. 3aBUCMMOCTh CKOPOCTH CBETA OT BpPEMEHH
HOBIDKCHHA (OTOHA MOXHO MOMY4HTb, 3aMeHHB B (opmyne (4.9)

CKOpocTb V), Ha CKOpOCTh CBeTa B MOMEHT HCITycKaHuWd ()OTOHa

V, = C . Ona Takas xe, KaK y CB€Ta B 3¢MHBIX YCJIOBHSIX
C

l+gt
k

(4.19)

,Vc=

1mapa.ner=3,15-10" c. Cnepopatenbho, yepes IMapA.JieT CKOPOCTb
dorona ceera Oymer V.=2,74-10° M/c, ur0o coBceM HeMHOrO
OT/THYaeTcs OT 3eMHOM ckopocTH cBeta. Uepes 10 mapa.ner ckopocTh
CBeTa, MPHILCAILEro K HaM OT Janexoii 3se3apl, Gyner V=1,53-10% m/c,
TO €CTh Oy/IeT COCTAB/AThL TONBKO MOJIOBHHY OT HA4aNbHOH CKOPOCTH.
Yepes 15 mapaJrer cBeT, NPUIIEALINI ¢ OKpauH BUAHMO# BceneHHoj
Gyaer uMets ckopocTh V=1,25-10° m/c, uro uyth Gombie 40% ot
3eMHOH ckopocTH cBera. [IpolineHHbldf cBETOM MyTb MOJXKHO
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Onpeae/MTb KaK

L=V, t=—Zt (4.20)

” a
1+—1
k
YkazaHHOe M3MEHEHHME CKOPOCTH CBETa OT BpPEMEHH, KaK MHeE
KaKeTCs, MOXKHO OTIPeae/IuTL METOAOM abeppauun.

5. Kpacnoe cmMeniende B CHEKTPAX JAJCKHX
TAJIAKTHE.

HaubGonee BonHywomeit npobnemoii cospemeHHoH ¢(u3ukH H
aCTPOHOMHMH, Ge3 BCAKOTO COMHEHMA, ABJISETCA 3arajika KpacHoro
CMellieHHs B criekTpax Janékux ranakTuk. CyTh SBJIGHHS CBOLUTCA K
TOMY, HTO JIHHHH CHEKTPOB IOYTH BCEX FanaKTHK CMEIIeHbl K
KPaCHOMY KOHLy MO CpPaBHCHHIO C aHAJIOTMYHBIMH CNEKTpaMu B
OOBbIYHBIX 3€MHBIX YCIOBHAX, YTO OOYC/IOBIEHO YBEIWYEHHEM JIHH
CBETOBLIX BOJH. ‘

UeM Aaibli€ OT HAC HAXOAUTCH TIaKTHKa, TeM 00Mbile CMELIEHbI
JWHUM €€ cneKTpa K KpacHoMy KoHuy. B 1930 rogy O.Xa606 BbiBen 13
HaONIOACHU COOTHOLIGHHE /i TaNaKTHK MEXKIY BCIHYHHOI
KPaCHOI'O0 CMEIIIEHHA H PaCCTOAHHEM .

AMA=H:L , é.1)
rae H - nocrosnnas kpacHoro cmewexHus. Kak ykaszaHo B [8],
nepBoHayanbHo Xabba onpenenwn & 3Havenue kak 500 km/cMmk
(kHIOMETPOB B CEKYRAY Ha Meranapcek), 4To COOTBETCTBYET
BETHUHHE
H=5,62-10% oM™, (5.2)
paccrosHue L BbipaxxaeTcs B CAaHTUMETPaAX.

B coorBercTBHMM ¢ npuHUMnoM Jlonmiepa KpacHOe CMELLEHHE
OOBACHAOT KaK pe3y/jbTaT JIy4yeBOro JBH)KEHHf TFanakTHK [0
HanpaBjieHHIO OT HabmiozaTeNs, BO3HHKILIEr0o B pe3yJbTaTe TakK
Ha3biBAEMOro  BOJBLIIONO  B3phiBA  (MIEPBOATOMA», TO  €CTh
CBEPXTAKENON TUNOTETHYECKOH 3MeMeHTapHOif uacTHipl. CoriacHo
TO TEOPUH OCKOJIKH B3OPBABLIEIOCH «MEPBOATOMA», HMMEIOLIHE
campie GOMbIIME CKOPOCTH, YJeTead OT snuueHtpa «Boabioro
B3pbiBa» Jalbile APYrUX, pa3jiCTAlOWMXCA ¢ MEHbLUINMH CKOPOCTAMM,
3emns, ConHue ¥ Beck MineuHblif MyTh JIETAT I1e-TO B CEpeAUHE.

OnHako BCKOpe cTaiu OOHApYKMBATbCA FAJIAKTHKH, 4bE KpacHoe
CMELICHHE B CIEKTpaX Hayalo COOTBETCTBOBATb CBEPXCBETOBBLIM
ckopoctam. TlosroMy nocrosHHyio Xab6na crajiH KOppeKTHpOBaTh B
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CTOpPOHY yMeHbllieHus. B kxnure [16] roBoputcs, 4yTO B HacTosuiee
BpeMsi HauOonee BepofSTHOe 3HaueHHe BeyMuMHbl H Haxonutcs B
auanasoHe L
H=(1,125+0,805)-10% ¢cm". (5.3)

B knure [9] B xauectse nocrosHHoM XabGOna HasbiBaeTcs yxe
BesiuynHa 65 kM/c/Mnk unm

H=0,73-10% cm™, 54)

Ecnu B panbHeiilieM ¢ pocTOM BO3MOXKHOCTel HabnogaTesibHOM
actpoHomuu Oyper Halined ew€ xaxoi-nubo oyeHb ynanE€HHbIH
OBOBEKT, JIETAMIT CO CBEPXCBETOBOH CKOPOCTHIO H TEM HapyLIAIOLHii
OCHOBHO#K MOCTYy/AT O0WIEH TEOPHH OTHOCHTENBHOCTH, NPHAETCH ellé
pa3 CKOPPEeKTHpPOBaTh BENHHUHHY TocTosHHOM Xab6na. Tosbko M
BCETO.

O6bacHUM npolneMy KpacHOrO CMELUEHHd ¢ NO3ULM Teopuu
3¢upa. Mbl yke yHOMHMHAIM O MOHATHH TOXETOM CBETOBOM BOJIHDI,
obnagaromeit Maccodf ¢oroHa m BcieacTsue 3roro obnamaroinedi
obwmM cBoicTBOM Ten BceenenHo# norsomars 3¢up. Yeenuuenue

Macchl KBaHTa CBETa JO/KHO MPUBOAMTL K YBeJIWYeHHIO 06béMma,
38HATOrO THKENOH CcBeTOBOH BONHOM, TO €CThb K YBEJIHYEHHIO €€

INHHbL. B coorBeTcTBHE C 2THM MOXHO 38NHMCaTh, YTO NPHpALICHHE
IJIHHBI TOKENOH CcBEeTOBOH BOAHBI OTHOCHTCA K [JIHHE BOJHBI Kak
npyUpatleHHe e& MacChl K Macce

ALJA=(m-my)/m=m/m,-1=¢* *-1~at/x (5.5
WY, YYUTBIBAA, 4To t = L/C, nonyuaem :
AL/ = aL/(kC). | (5.6)
Conocraenss gopmyisi (5.1) u (5.6), Haxoaum
H=a/(kC) (5.7
INoncuuraem H no ¢popmyie (5.7) ¢ yuérom (3.3) u(3.4)
H=0.99-10% 1/cm. (5.8)

Kak suauM, 3Hauenue H no ¢opmyne (5.8) okazanoch B auanasoue
Hanbollee BEPOATHBIX 3HaueHMi, nNony4yeHHbIX H3 HaOMIOAEHMIH
COBPEMEHHO aCTPOHOMHMEH, yKka3zaHHbIX B [9]. -

OrMmeTuM TaKOKE, YTO TONYy4YEHHOe OOBACHEHHE TNPHPOAbI U
BEJIHYHHBI KPACHOTO CMELLECHHUS B CTIEKTpaxX JANEKHX TFaIaKTHK fesiaeT
HeHY)KHbIM OOBsicHeHue 3troro denomena 3ddexrom Honmiepa u
«bonbiioro B3pLiBa TIepBOATOMA». B3pbIBHI MACCHBHBIX 3BE3A W
BHIOpOCHI Macchl BellecTBA M3 ofjnacreii R3pHIBOB  LIMPOKO
HabmoaroTca Bo BeeneHHOM B ABIAIOTCA HEOOXOAUMBIMH ABJICHHAMMU
B KpyroBopore marepud Bo BceneHHO#H. OHM npoMCXOHAT He

eIMHOBPEMEHHO, @ M0 MEpe HAKOIJICHHUSA HYpPEe3MEPHbLIX Macc 3a CuéT
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HeMpepLIBHO TpoMcXxoasuiero noraouieHus 3¢pupa. [llosunumomy, onu
YaCTHYHO COTIPOBOXKAAIOTCA B3PHIBHLIM MpeoOpasoBaHWEM MATEPHH B
a¢upHbIi ra3 ¢ BHICBOOOKACHHEM OTPOMHON SHEPrHH rpaBUTaLIHH.
Cneagyer OTMeTHTb, YTO 3akOoH Xab6sa mns oueHb OonbluMX
paccTOSHHM H, CREAOBATENIbHO, BPEMEHH ABWKEHHS CBETOBOM BOJIHBI
npaBUibHES 3aIUChiBATh, He MNpuberas K pPavIOKEHHIO B pAiA
sennuunbl e*V¥, To ecTb B BHzE
AL A=e® Yk 1=l 1, (5.9)
@opmyna Xabbnma (5.1) ucnonap3yercs B aCTPOHOMMM IS
ofnpeJesieHHs paccToAHuit A0 panno3Be3n U paaHoraJakTHK, KOTOpble
H3-38 OrPOMHOM YAAJEHHOCTH KaXKyTcs 3Be34000pasHbiMu. Benuuuna

AA .
—— omnpenensercs no JMHHAM 6anbMepoBCKOM cepuH B cnekTpax

A
3TuX 00bekToB. Kak otmevaercs B [14,] yxe 0OHapy:keHBI O0BEKTHI,
VIS KOTOPBIX 9—’-1- =5 u Gonblle U YbH CKOPOCTH YAaJieHus OT 3eMJTH

npubmoxalorcs kK CKopocTH cBera. B coorsercTBHM ¢ (popmynamu
(5.1) u (5.9) 51 yaaneHus MOJY4aloTC pasiiHYHbIMHM -

" |

L, = .._;I/../l (5.10)
ln(% + 1)

L, = 7 (5.11)

ITockonbky 3akoH Xabbnma  ABfadercs Ml  MEPBbIM
npuGnxkeHneM Kk Gopmyne (5.9), To ¢popmyna (5.11) paer Gonee
NpaBHJIbHBIE 3HAYEHHA PACCTOSHHUH M 3TO MEHACT NMPEACTABJIEHHS O
pa3mepax Bcenexnoii. Pesynsratol pacueroB no ¢opmynam (5.10) u
(5.11) ceneHb! B Tabnuy 5.1. B pacuerax Mcnosib30BaHO 3HAYEHHE
H=10% 1/c. VuurbiBas, yro 1 mapaner=3,15-10'%, cornacko
TaGnuue cBet ¢ okpauH Buaumoi Beenenuoii or ofvexra c AA/A =6
OyaeT MATH K HAM B TEUEHHUH BPEMEHM:
no Xa66ury tiabt = Luabb/C3,15 -10' = 63,49 MJIpA.JIET
o Teopuu 3upa tei=Les/C-3,15-10"°=20,53 mupa.ner.

To ecTb coBpeMeHHbI€ OLIEHKHM pa3sMEpoOB BHAMMO uacTH
BceneHHOH CyllecTBEHHO 3aBbillieHbl. Ha caMOM Jiene OHa mouTH B
TpU pa3a MeHbllle. Bojlee npaBuibHble OLEHKH pPAacCTOAHHHA A0
yJaleHHbIX OOBEKTOB MOBIUAIOT HA APYrHE PE3YJILTAThI, NOJYyHEHHbIE
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B acTpoHOMHH. HanpumMep, H3MEeHATCA OLEHKXHM SHEPreTHKH KBa3apos.
B aex pacueTaX MBI He YMHTHIBAIH 3aMEUIEHHE CKOPOCTH CBETa B
coorBeTcTBHH ¢ dhopmynoii (4.14).

Taonuia Ne 5.1

6. Haxon/ienne 3Hepru 3Be34aAMH B HpoLecce
,morjaomennd Ypupa.

Henérkum ObuUT MyTh aCTPOPH3UKOB K OTKPHITHIO MCTOYHHMKOB
3B&3HOM Heprun. Ot pewieHHs 31oil npobiieMbl 3aBHCEsl OTBET O
CpPOKaX JXH3HM M 3Tanax pasBuTHA 38&3. B Gopsbe MueHuii u
koHuenumii B kKonue 40-x rogoB XX crometus Obiia AOKa3zaHa
BEPOATHOCTh IMPOTEKaHWA B HeApax 3BE3[ TEPMOSAEPHBIX peakLiuii,
KOTOpble OBLMM B COCTOSHMM NOAACPKHBATH OrPOMHBLIE TEMIIEPATYPbI
3BE3/ B TeUCHHE MHUTHAPAOB JIET.,

Kazanocs, Bopoc ucuepnan. OaHako H cerofns 8 3roit mpobneme
ecTh HepelnéHHbie BONpochl. CylieCTBYIOIIME TEOPHH HE MOryT
OOBACHHTD HCTOYMHHKHM OFPOMHOM SHEPTHH, BbIASIACMOM NPH B3pLIBaX
CBEPXHOBbBIX 3BE3]l M B3PHIBOB, HaOMOAAEMBIX B PaAMOTANAKTHKAX.
Taxe Hame ConHue 3agaér 3aech 3aranku. Tax, B [8] ormeuaercs, yro
«40 CHX mop He yaanoch noayuuth oT CONHLA MOTOK HEHTpHHO,
KOTOphIC ROJDKHBI MOKHAATHD €r0 B XOAC TEPMOAAECPHLIX peakuuii. B
4€M TYT JeJIo: B HEAOCTaTKaX amnnaparypbi M METOOHKH WJIH B
OMOOYHOCTH HAWMX NpeAcTaBIeHHH 00 HCTOYHMKAX CONMHEYHOI
sHepruu? Heyxenu nocneanee? Ho Toraa 4ro ke noaaep>KUBact
sHepruio Connua? CHoBa Mb! NPUIIUTH K TOMY C YEro HaYanu».

[TocMoTpuM, KakHe OTBETHI HA 3TH M HEKOTOphIE XPYrHE BOTIPOCHI
naét teopus 3¢upa. g 3TO0r0 paccMOTPHM TeNo, UMelolee Ghopmy
Inapa ¢ pafHycoM I, H Maccoif m, , paBHOMEpPHO pacnpenenéHHoi no
BHYTpeHHeMy 00B&MY. DdupHbili ras, nornomaeMui 3Toil maccoii,
MEpPeceKacT MOBEPXHOCTh C(eprl CO CKOPOCTBIO, ONpenenseMo
dhopMyn0ii, KOTOPYI0O MOKHO IOTYYHTb U3 (1.7) :

Vo = amy/47p,r.2 .

BHyTps 00BéMa, 3aHHMAEMOro TEJIOM, €XKECEKyHAHO BHOCHTCS
9HEprusi, paBHasd KHHETHYECKOH sHeprum Bceil nocwynalomeii MacChbl
3(UPHOro rasa :

Nuoer=qV r/2=0°m’° /3200’5, | (6.1)
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rae Npors - MOLTHOCTb, BHOCHMAad BMecTe C 3(pHpHBIM ra3oM B moboe
T€N0. OTa SHEprus NOroaeTcs KaKAOH uyacTHLUEeH MacChl Tesa.
Yactp 310 3HEprHM 3aTpaudBaercd Ha obpasoBaHue HOBOH Macchl,
TaK KaK M3BECTHO, YTO 3HEPrua M Macca TeJl TOXKACCTBEHHbI H

B3aHMOCBS3aHbI APYT C ApyroM dopMyJiol
' E=mC* (6.2)

CnenorarenibHO, Ha CO34aHUE HOBOH MAacchl Tejl Am 3a BpeMms t

JOJDKHA 3aTpayHBaThCs MOLUHOCTD -
'Neoa=EA=AmMC*#t. (6.3)

- [TpupocT Macchl 38 BpeMs t MOXHO ONpPENE/IUTb U3 BHIPAKEHHS
(1.6) kak '
| Am=m-m;=my(m/m-1)=mgat/k. (6.4)

IToacrasuB (6.4) B (6.3), nony4ydM MOLIHOCTb, 3aTPAUHBAEMYIO Ha
CO3aaHHE HOBOH MacChl TeI :

Neoa=moaC/k. (6.5)

" Kpome 31010, 3BE3ABI H3NYYalOT OSHEPrui0 B  MHPOBOE
MPOCTPAHCTBO B BHAE CBETOBOIO, paJHO M  PEHTrEHOBCKOIO
uanyueHus. ILiaHeTsl, MOBHAHMOMY, pasorpeBaloTCsi CO BPEMEHEM,
TaK KaK MHOTHE H3 HHX, B TOM 4uclie U 3eMJii, HMEIOT PaciLIaBlICHHbIE
aapa, a lOnurep, kak U3BECTHO, MATY4YaeT Telvia B ABa pa3a Gonblie,
yem nosayyaer ot Conxua.

HHTepecHO OTMETHTB, YTO CBETHMOCTD 3B¥3J, TO €CTb MOLNHOCTD,
H3y4aemMas B MHPOBOE TMPOCTPaHCTBO, 3aBUCHT OT MAacChl W paaHyca
38&31. B acTpOHOMHM H3BECTHBI H IMMPOKO UCTIONL3YIOTCA AHArPaMMbl
«Macca - CBETHMOCTb» U «paaMyc - cBeTumocTb». B [10] orMeuaercs,
YTO CBETHMOCTb OonbiIMX 3B&34, ubf Macca B TPpH U Oonee pa3
NpPeBHILIIAECT CONMHEYHYIO, NPONopuUMOoHaibHA KyOy macchl. YuurthiBag,
yro corjacHo Gopmyne (6.1) nornoiwaemMas MOIUHOCTbD TaKKE
nponopuUoHaTbHA KyOy MacChl, MOXHO OXMIAaTh, YTO CBETHMOCTD
3B€31 MPONOPLHOHANBEHA MOLIHOCTH noraouieHus. Iloatomy, Bonpeku
MHEHHIO acTpoHOMOB W actpodusukoB [10] o ToM, uTO fAAEpHOE
roprouee 3THX 3BE3 MOXKeT ObITh M3pacXoJOBaHO 3a HECKOJILKO
MUJUIMOHOB JIET, OHO, CKOpEe BCEro, ABJIACTCS NHIIb MPOMENKYTOUHBIM
3B€HOM B Tepenave H npeoOpa3oBaHHHM MOMIOMIEHHON 3HEpPrud B
JHEPrHI0O H3JIYYCHHs M BO3OOHOBJIAETCS B TMPOLIECCE YBEIMUSHUS
MAacCHI 3BE3A. | '

Hanee 3aMeTuM, 4yTo 3QpHpHLIA ra3 BHYTPHA Tel AO/DKEH ABMIaThCA
¢ GonbIIMMH CKOpOCTAMH. BeneacTBue 3TOr0 BHYTPH TE€N COXPAHAETCA
MOHW)KEHHOE JaB/IeHHEe H ACHCTBYET MEXAHH3M JKEKTHUPOBaHUA WU
nornoweHus 3¢upa. [loaToMy TONLKO HaCTh KMHETHYECKOH 3HEpruu
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3¢upa, NOrNOIAeMOro TellaMH, MOXET NEpPeXOAMTh B YKaslaHHble
puasl sHeprun. OcTanbHas SHEPruUs 3aMacaeTci BHYTPH Tell ¥ ed
MOXKHO Ha3BaTh rpaBHTALMOHHOM sHeprueii. OHa BHICBOGOXKAAETCS H3
3B&3]] NP B3pBIBAX, KOTOPHIE aCTPOHOMBI HaONIOAAIOT B BHAE B3PbIBOB
B ranaktukax {8,9], npu KOTOpBIX BLIAENAETCS OrpOMHAst 3HEPrys
nopaaxa 10°° apr, 3KBHBAJIEHTHAA OHOBPEMEHHON AASPHOH BCMbILLKE
10 MWwITHOHOB CBEpXHOBBIX 3BE34 (B3pbiB B ranakruke M82 c
BpIOpOMICHHBIMM M3 He€ ra3oBbIMH cTPyIMH (pHc4)). Heprus
P3pHIBOB, NPOHCXOMAIIMX B PajHOralaKTHKaX, oleHuBaerca B 10%
3pr. -

Orkyna Oepérca 2Ta YYQOBMILHAA DHEprus, acTPOHOMHS
OOBACHHTD HE MOJXKET, TaK KaK AACPHBIH UCTOYHHK JHEPTHB I 3TOro
coBepiieHHO HenocraroueH. [lepexox B renuil BewmecrBa Lo
raiaKTHKH, COCTOsLIEH MOIHOCTBIO H3 BOAOPOAA, aan 6bi Tonsko 10%
spr. Ho raxoii nepexon He MoxkeT ObiTb €AHMHOBPEMEHHBIM, OH JOJDKECH
Obl1 Obl OCYMIECTBASTBCA B TEYEHHE MHJUIHApPAOB NET, TaK Kak
CKOPOCTb NEpefa4H Bo3MylleHuit Bo Beenennoit or oanoro obbexTa k
APYroMy He MPEBBILIAET CKOPOCTH CBETA.

Urobur riyOxke pasobparbca B 3THX npobnemax, OLCHUM, B
udpax MOWHOCTH MOIVOINCHHA, CO38aHMA HOBOM MAacChl H
manyuenus ConHua wn gpyrux 38&3a. CornacHo (6.1) MouHoCTb
nornowmenust ConHua 6yaer

Nior=0’my /3272, r,*=7,47-10* apr/e.
B Bune cBera u3nmy4yaercsi MOLUHOCTD [8] .
Np = 3,8 :10% spr/e.

B cooreercTtBuM ¢ ¢opMmynoit (6.5) Ha co3ganne HOBOH Macchi
BHyTpH ConHua Am 3a €JUHHLY BPEMEHH ROJDKHA 3aTPAuWBATHCA
MOIIIHOCTb :
Noosa = Mo C¥/k = 5,35 -10% apr/c.

W3 conocrarneHHs 3THX LMQpP BHOHO, YTO IPaBUTALMOHHASA
3Heprus 3anacaerca BHyTpy ConHua, TaK Kak

Nnora >> Nusn + Neoaa -

Eciau npunats, yto ColnHIe CyleCTBYeT B CBOEM CEroAHALIHEM
cocTosHuu okono 15 mapa aer ( 4,71:10' ¢), To 3a »10 BpEMS BHYTpPH
Hero cKonuiacs 6bl rpaBHTALIMOHHAS JHEPrus

Erors = Nporn4,71-10" = 3,5.10% 3pr.

ITO 3HA4YEHHE COM3MEPHMO C 3Heprucii B3pbisa B rajakruke M8§2,
0 KoTOpo# ynoMuHanoch paHee. 3s&3an Ban-Maanena u Bonng 457
(6enbie kapnuku) ToNbko 3a | MApA JieT Hakonuau Obl BHYTpH cebs
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3HEPTHIO COOTBETCTBEHHO
Enorn = 5,37 - 10% spr,
Enors = 5,90-10% 3pr.

OT1O#i 3HEpPruH BMONHE JOCTATOYHO, YTOObI OOBACHHTH IHEPruio
B3PLIBOB, TIPOMCXOAALIMX B PaJMOTANIAKTHKAX M APYrHX 3arajovHbIX
o6bexTax BeeneHuol.

" Cywectnyer em€ oaHa nmpobnemMa s3HepreTuku 38€3a, Tpebylouias
cBoero ocmbiciieHHa. Cyth B TOM, YTO C POCTOM MacC 3BE31 HX
cBeTMMOCTD BospacTaeT. [IpumenuTensHo k ConHIy 3TO 03Ha4aer, 4To
3HAYMTENbHBIH POCT CBETHMOCTH, CO3J4BAaE€Mbld POCTOM MACChI,
nomxeH Obu1 Obl, Kak yrBepxkaaerca B [17], ckeur Ha 3emne BcE
*kHBoe. U xora Ha 3emine Habmopaercs NMOTEILIEHHE, BCE KE MOMKHO
CUYMTATD, YTO 3a MOCJAeAHHH MHUIHAPA JEeT PaAUKAIbHLIX W3IMEHCHM
knumata 3emMiu He npousouuto. CnenoBarensHO, HE H3IMEHWIOCH
KOJIMYeCTBO TEIUI0BOM 3HepruH, nony4yaemoit 3emnéit or ConHua.

HanoMHuM, YT0 CBETHMOCTBIO HA3BIBAETCA KOJNMYECTBO CBETOBOH
IHEPruM, U3yuyaeMoe 3Be30i B enuHuLy BpemeHH. B pabGore [10]
YTBEPKAAETCHA, YTO CBETHUMOCTh 3BE3J C MaccaMH, B HECKOJIbKO pa3
MpeBLIIAIOMIMMHY  CONHEYHYIO, MponopuuOHANbHA KyOy Macc.
SlnepHoe roplodee TakMX 3B&34 MOXET OHITb HM3PacXOZOBAHO B
HECKOJIBKO JECATKOB MWUIMOHOB jieT. Jna 3B&3a ¢ maccoi Connua
3TOT mepuoj 3aTAruBaerca Ao 13 - 15 mapn ner. 3s&3apl ¢ Maccamu
BABOE MEHbIE CONHEYHOM OCTAlIOTCH B HaYa/lbHOM COCTOAHHHM NOYTH
100 mapz ner.

M3 3TOro MOXHO 3aKMIOYHTb, YTO CBETHMOCTD 38&3/ THna ConHua
yBeau4ynBaetrca cnabe, yeM y 38&3n ¢ Gonbiuumu MaccaMu. OfHako
JanbHEHILUHE PacCy)KACHUA, 3a HEMMEHHEM Y Hac Oojiee TOMHBIX
NaHHLIX, TipoBeaEM, HCXOAs W3 KyOHYeCKOro 3aKoHa pocTa
ceetuMocTH Connua. -B kayecTBe HMHTEpBANA BpeMEHH BO3bMEM
Noc/ICAHAN MHUTHApL JIeT.

IlIpu anasmse pocra csetuMocTH CosHIIA CNEAYET Yy4decTb He
TOJIBKO YBEJIMYEHHE €r0 Macchl B COOTBETCTBHH ¢ (popMyroi (1.6), Ho
M OAHOBPEMEHHOe BO3pacTaHHWE BCJIEACTBHE 3TOrO €ro oOnéMa.
Ilonaras, uro cpenusas rnorHocTh CosHUA OCTaércsi HeM3MeHHO#, ¢
oMoLbIO YpaBHeHHS (1.6) MOXKHO HalfTH BhIpaKeHHe 1S U3MEHEHHUA
paauyca ConHua OT BpeMEHH B 3aBUCHMOCTH OT U3MEHEHHS MacChi:

(6.6)
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TAE I, H M- paamMyc ¥ Macca Connua npu t = 0.

MouHocTs cBeTOBOro mMtyyenus ConHua corlacHo auarpamme
«panMyCc-CBETHMOCTbY  0OpaTHO  MponoOpLMOHATbHA  HETBEPTOM
creneHn u3 ero paaumyca. [loaroMy ¢ y4éroM ABYX yKa3aHHbIX
dakropoB cseriMocTb CONHIA BO3PACTAET 3HAYHTENLHO ciiabee, yem
npeanonaraercs B pabore [17], a UMEHHO B OTHOLIEHHH

E/E~(m/m,)*/(t/r,)'=e®P ¥ P!,

CornacHo Tabn.l  macca ConHua B TeyeHHe MOCHEAHEro
MWLIHapaa Jer Bospocia B 1,098 pasa. 3a 310 Bpems ero paauyc
Beipoc B 1,0317 pasa. CnenosarenbHo, cBeruMocTh ConHLA 32 OAHH
MUIHapA, aet yBeanyunachk B 1,1687 pasa. U3BectHo, 40 3Heprus
W3Ty4YeHus, norioutaemas ynan€uapiMu ot ConHua o6bekTamMm, B TOM
yucine 3emnéii, yOpiBaeT OOpaTHO NPONOPLUMOHANILHO KBaaApaTy
paccrosnua [18]. Ilockonbky nonydaeMoe 3emnéii or ConHua
KOJIM4YECTBO SHEPTHH B TE4YEHHE PACCMATPUBAEMOr0 OTpe3Ka BPEMEHH
He MEHANOCb, MOXXHO YTBEPXKIATb, YTO ONHOBPEMEHHO C POCTOM
Macchl M CBEeTHMOCTH COJIHUA YBEJHYHMBAIOCHh PACCTOSHHE MEXKAY
Connuem u 3emnéit. U3 acTpoHOMHYECKMX HAOMOAEHHH H3BECTHO,
HanpuMmep, uto JlyHa xaxasie 100 ner ynanserca Ha 1,5 merpa or
3emnn. IloueMy ke 3TO He MOXKET MPOUCXOMUTL ¢  3eMnéil n ApyrMMH
mnaderaMu? IToacumraem, KakuM AOMKeH ObITH MPUPOCT PACCTOAHUS
mexay 3emnéii 1 ConHueM, 4To0bl KOMIIEHCHPOBATh POCT CBETHMOCTH
Conuua. O4eBMAHO, YTO OTHOLNEHUE PAAUYCOB 3eMHOI OpOMTHI B
KOHLE. T M HAualle Ty ops PACCMATPHBAEMOrO WHTEPBaia BpPEMEHH

JONRHO OBITH CICAYIOMIMM :

’ E
Top6/To opb = _E?— = 1,08. (6.7)

B HacTosmiee BpeMs paauyc OpOMTEL 3eMIH Tos=1,495-10" cm. C
ya€tom (6.7) pamuyc opOuTel MWLIMapA ner Hasad Obin 1, ops =
1,380-10’3 cm. [Ipupoct paccTosiHuUA 3a ITO BpeMs A rops = 0,1 15-10"
cM. CpenHuit npupocT pagryca opouTsl 3eMiIH 3a CTO JIET COCTABAET

Areps=1,15-10° cM=1,15 Kwm.
OrHocHTE IbHBIE TPHPOCTH pagMycoB opour 3a 100 sieT cocrapasior :
nna Jlyner . Alous/to ops =3,91-107,

s 3emau Alopd/To ops =7,70-107.
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Kak BuawM, OTHOCHTEIBHBIH MPHPOCT pPACCTOAHHA MEKRY
ConnueM u 3emné, HeoOXomuMmbiii, YTOOB KOMMEHCHPOBATH POCT
cseruMocTH ConHua, Toneko B 1,97 pasa npesbicun HabniozaeMblii
AHAJIOTHYHBIH OTHOCHTE/IBHEIN MPUPOCT PAcCTOAHHA MeXIy JeMnél u
JIynoii. OmHaKo MBI, BEpPOSATHO, 3aBBICHIH IIPHPOCT CBETHMOCTH
Connua. [ToaToMy peasibHBIH NPHPOCT pannyca opOUTE 3eMii MOKET
OBITL MEHBLLIE. |

Y10 ke HAPYHIAET paBHOBECHE MEXIY UEHTPOOeXHO# Ciiol U
CHNOM THKECTH YKasaHHbIM oOpaszomM? Beab HMMeHHO 3TH CHIBI
onpeaensior GopMbel  OpOMT IUIAHET W CIYTHMKOB. JTO
paccorjiacoBaHie He BEJHMKO M IIPOABJIAETCS TOJBKO NPH OHYCHH
IVIMTEJIBHOM Bo3aelcTBHM Caabbix Ccwi. BenwuumHy M MeXxaHH3M
H3MEHEHHA 3THX CWI OBUTH HaMM onpezenexnl B pabore [1]. Iro 6puto
HeOOXOAMMO, TaKk Kak caM (aKT mpPaKTHYECKOro COBNAJCHUS
OTHOCHUTENbLHBIX TNPHPOCTOB PpaigMycoB OpOHT TakHX ' pasHbIX
KOCMHYECKMX OOBEKTOB, KAKOBBIMH ABIMMOTCA 3emiis W JlyHa, He

CIlyqaeH.

7. Yaapunie Boanb B 3¢pupe. Cropocts
pacnpocrpasenns cabbix BoaMymennii.

B 1934 romy Il.A.UepenxoB BnepBme HaOmozan cBeueHHE
uype3BbiyalfHO  OBICTPBIX  3JIEKTPOHOB,  BBI3BAHHBIX  Y-JTy4aMH
PAOHOAKTHBHEIX 3]IEMEHTOB IPH HX MPOXOXKICHHH Yyepe3 KMIKOCTb.
Or10 HalojicHUe pPaspylIMiio MpeAcTaBlieHHe (H3IUKOB O TOM, YTO
CBET MNYHAeT JIMID IEKTPOH, ABIKYLMiica yecKopeHHO. CTaio SCHO,
YTO 3TOT BbIBOA CHPABEIUIMB, IIOKA CKOPOCTH ABHXKYLIErocs 3JIEKTPOHA
V Menbille (a3oBoi ckopoctH cpera. Pa3oBas CKOPOCTh CBETa B
npo3pausoM BemectBe paBHa C/n. 3pmece n - koadduumeHT
NpeIOMICHHsT JaHHOro Bemiecrsa. JUist . OONBIUMHCTBA MPO3pauHbIX
MarepHalioB oH Gonmbiie emuHHUB. TI03TOMY CKOpOCTh 3/I€KTpOHa
MOJKET NpPEBLICHTL (pa3oByl0 cKopocTs cBeta C/n u  crarh
«CBEPXCBETOBON. ‘ '

OcOOCHHOCTBIO 3TOTO CBEYEHHs SABASETCA TO, YTO OHO
pacrpeneieHo B npeneuax KOHyca C YIJIOM MOMypacTsopa v,
ornpenensieMbIM COOTHOLICHHEM

cosv=(C/n)/V=C/nV. (7.1)

B [19] ormeuaercs, yTo cBeueHHe HabmonaeTcs JMIIL B TOM
HanmpaBlICHHH, B KOTOPOM JJIeKTpOH ABwkercda. B obpatHoM
HanpaBJICHHH CBET He u3imydaercd. Ilpu aHanuze 3TOro ABIEHHA
OCHOBHOE BHHMaHHC (HU3HKOB, MOBUAMMOMY, ObUIO NMPHKOBAHO K
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$aKTy «CBepXCBETOBOro» ABMIKEHHA 3eKkTpoHa. M 3TO mnoHATHO,
IOCKOJIbKY MOMBJIGHHE «CBEPXCBETOBOH» CKOPOCTH  3aR€Baio
OCHOBHOM IOCTYJIAT TEOPUM OTHOCHTENIBHOCTH O TOM, YTO CKOPOCTH
CBETa ABAACTCA MpPEAENbHON CKOPOCTHIO B NPHPOAE. YCINOKOMIO BCEX
TO, YTO ObLIa MpeBbillicHa (pa30Bag CKOPOCTh CBETA, & HE CKOPOCTh
CBETA B IyCTOTE.

IIpu 3toM ocrancs B TEHH APYroi YIAMBHTENbHBIN (axr,
CBS3aHHBIA C TeM, YTO CBeYeHHE HaOMIOJaeTCAd TONLKO B Ipeaenax

KOHyca ¢ yrioM v. OH3HUECKyi0 MPUYMHY 3TOr0 MOXXHO HaWTH B
Teopun 3¢upa. eicTeuTenbHo, kak H B moboif razoobpasHoli cpene,
JBIDKEHME Tell B 3(pupe CO CBEpPX3BYKOBOH CKOPOCTBIO ROJDKHO
NPHBOLKTH K MOABJICHUIO Nepes HUMHU CKAYKOB YIUIOTHCHHA (YAapHbIX
BonH). Ilog ckopocThIO 3Byka OOBMHO NOHMMAIOT CKOPOCTB
pacupocTpaHeHusa cnabeix BosMywieHui. IIpumenwurencno K 3dmupy
CJIOBOCOYETAHHE (CKOPOCTH 3BYKa» TEPACT CMBICJ, HO COXPAHIET CBOE
3HAUCHUE TEPMHH «CKOPOCTb pacnpocTpaHeHns cnabeiX - Bo3Mylie-
Huiy. O6o3HaunM e€ yepes C,. Ha puc.7.1 npuseneso uzobpaxeHmne
l1apa npH ero ABIKCHUH B BO3XYXE CO CBEpX-
3BYKOBO# cxopocTeio. Ha pucyHke  moka3saHa
'OTOmMEAWIass KpHBOJIHHEHHAd yJapHas BOJIHA.
Yroa HAKJIOHA NOBEPXHOCTH YJApHOKM BONHLI K
HalpaBJICHMIO TIojieTa JOCTATOYHO  OLICTpO
yMeHBmaeTcs oT 90 nepes mapoM 10 HEKOTOPOTO
Mao MEHAIOMErocs 3HaYeHus 3.

H3BecTHO, 4YTO B Mpeae/ié Ha OUYEHb
GonbnioM pacCTOSHHMHM OT Ludpa yAapHas
BOJIHAa ocyiabeBaer, BBIPOXKIAACh B JIHHHIO
BO3MYUICHHS, &8 Yrol HaK/IOH&a YAapHOMH
T BOJIHbI CTPEMHMTCS HpPH 3TOM K YINIy
BOAHA | posMymieHHS W, ONIPEACIASMOMY Yepe3 YHCIO

HanpaBAcHuE
fAy'cH cacya

Maxa 13 COOTHOLUCHHSA
Puc.7.1 sin u = /M. . (7.2)
[TpuMeruTENBHO K 2PHUPY 3TO COOTHOIICHHE NIPUMET BHJ
sin u=1/M=(C¢/n)/V, (7.3)

rae Ca/n - dasoBas CKOPOCTh PacCIpoOCTPaHeHHA cNabbiX BOSMYLLECHHIA;
V - CKOpOCTB JIEKTPOHA.

CornacHo BonHOBO# TeopuM Iloifrenca yiyum cBera fABIAIOTCS
ceMeficTBOM MPAMBIX, HOPM&IBHBLIX K BOJIHOBOMY (ppoHTy. Takum
BOJIHOBBIM (DPOHTOM B paccMaTpHUBACMOM CIIyuae «CBEPXCBETOBOIO»
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ABWKCHHS J/IEKTPOHA ABIAETCA YAapHad BOJIHA, OrpaHH4MBAIOLIAs
obnacTb BO3MYIIEHHH, BLI3LIBAEMBIX OJIEKTPOHOM, OT CHOKOHHOro
apupa. CrneaoBareibHO, Yrojl MNOJYPacTBOpA2 KOHyCa V, BHYTPH
KOTOPOro pacnpezeneHo cBeueHne UepeHkosa, npeacrasiser coboi
yrojl Mexjy HanpaBiCHHEM JBIKCHHA JJICKTPOHA M HaMpaBlIeHHAMH
ABYX CEMCHCTB NpAMBLIX, HOPMAJbHBIX K BEPXHEMY H HHXHEMY
¢ponTaM yaapHoit sBonHbl OA u OB ( puc. 7.1).

AHanusupysa cpedeHune YepeHkoBa, MOKHO OTMETHTb, YTO MIpPH
MaJIBIX pasMepax NEKTPOHE W OrPOMHOM CKOPOCTH €ro ABMXKCHHA
OBUIO HEBO3MONKHO Pa3rjsfeTh CTPYKTYPY rOJIOBHOH YAAPHOH BOJIHBI
B HEMOCPSACTBEHHOM OGJaM30CTH OT  MOBCPXHOCTH JIETALIEro
anektpoHa. IToaromy B onbiTe 3aduKcHpPOBaHA TONBKO OCOOEHHOCTD,
CBA3aHHAi CO CNEKTPOM OOTeKaHMA JHOCTATOYHO  Jaleko  3a
AJIEKTPOHOM, T/i¢ YrOJl HAKJIOHA YAapHOH BOHBI B 6nu3oK K yrny
Bo3MyuieHui p. Mcxoas M3 310ro, MOXXHO ONMPEACNHTh CBA3b MEXKAY

yriiaMM vV H B B ClieAyI01IEeM BUJIE
B=90"-v. (7.4)

Kak ormeweso B [19] , coorHowmenne (7.1) xopowo
NOATBEpaAacTCA Ha npaxtuke. CinenoBartesibHO, coOOTHOWEHHe (7.4)
Taloke Oynaer IaBaTh pealbHbie 3HAYEHHA VIS BXOMALIMX B HEro
BEJIMYMH, XapakTepu3yiomux 3¢upHbi ra3. Tak, Hanpumep, s
3MICKTPOHa, NBHXKYylNerocs B Oemsone v =38,5(n =1,501). Bro
MO3BOJIAET ONPEACIMTD OYEHb BAKHYIO XapaKTepucTuky 3dupa-
CKOPOCTb  pacnpoCTpaHeHMs B HeM cnalblX  BO3MYLICHHIA.
HelicTBHUTENnbHO, NONOKHB W~P, Haliném u3 (7.4) yroa Bo3MyLIeHHS
u=51,5"; uucno Maxa ABwKyilierocs 3neKTpoHa cornacHo (7.3) Gyzer
M=1,278; ero ckopocts u3 (7.1) 6yaer V=C/(n-cosv)=2.554-10"%wm/c.
OxonvarensHo u3  ¢opmyanl  (7.3) noayuaeM  CKOpPOCTb
pacripocTpaHeHmss ciabbix BO3MymIeHHE B 3QuUpHOM raze mnpu
ABIDKCHHM MIEKTPOHa ¢ uncnom M=1,278 xak C,=n-V/M=3,0-10"
cM/c. To ectb cKOpPOCTb PpacHpOCTpaHeHHS CnabbiX BO3MYLIECHHIA
COBMNAZacT CO CKOPOCTHIO CBETA B HEBO3MYLICHHOM Mone 3pupa

C=C (7.5)

OueHp BaXKHO NMOMYEPKHYTb, YTO B Onbire YepeHKOBa ‘M OMbITE,
NpOBEJICHHOM B CHHXPOTpPOHE, CBEYCHHE ObUIO BHAHO CO CTOPOHBI
npuOMIDKAIOWIErOCA 2JIEKTPOHa, a B OOpaTHOM  HanpaBieHHH
OTCYTCTBOBaJI0. JTO YKAa3biBa€T Ha TO, YTO CBEYEHHE B OfbITE
UepenkoBa 00ycnoBi€HO YyHZapHbIMH BOJMHAMH, NOPOXKASHHBIMH
SNIEKTPOHAMH, @ HE PpacHpOCTpPaHEHHEM CJiabblX BO3MYLIGHHI B
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3¢upHOM rase. B nporusHoM cimyuae B ombiTe YepeHkoBa, cBeueHue
AOMKHO ObuU10 O6bl HAOMIOAATHECE TAKOKE BCJEA JIETALLEMY 3IEKTPOHY,
Tak KaKk HMYTO HE MeIIAeT TAKOMY pPacIpOCTPaHeHHIO Chabbix
BO3MYLLEHHH B rasoBbix cpenax. Onnaxo B [19] onqHo3HAYHO cKa3aHo,
Y10 cBEYeHHe B omnbiTe YepeHkoBa HaOMOAANOCH NHILE B HATIPABICHUH
[BIDKEHHA JNIEKTPOHA M HE M3Ty4ajoch B OOPATHOM HaNpaBiieHHH.
IMoBHAMMOMY, CBET BOCNIPHHHMMAETCA YEJIOBEYECKHM IJIa30M 4epe3
nepenax HaBiieHHs, oOpasyioumiics B 3¢dupe npu mepexone uepes
CBETOBYI0 YIApHYI0 BOJNHY B HANpaBleHMM HOpMadl K e8
noepxHocTH. Kpome TOro, 3a ckauykoM YIUIOTHeHHs obpasyercs

npoOka YIUIOTHEHHOTO rasa, KOTOpas [BHJKETCA 38 CKa4ykKoM CO
CKOPOCTbIO V) HECKOJBKO MeHbluelf, YeM CKOpOCTb CaMoro ckauka

YIUIOTHEHHS ¥ CKOPOCTH CBeTa B noJie 3¢upa v, =2€ e +1

Macca »3¢upa, yBiekaeMas CKauKOM YIUIOTHEHWsi oOnapaer
KONHYECTBOM JBWKCHMS H MOMET OKa3blBaTb JaBjieHUe Ha
npensTcTBue, MOrJOLIAIoLIee CBeT. Y YenoBeYecKoro rnasa
CYLLECTBYET CBOH MOpPOr MYBCTBHTEJIBHOCTH K MEpenany AaBjIeHUS M
CHIIOBOMY BO3JEHCTBUIO ABIXIYHICHCS 32 CKAYKOM CXATOH npoOku
3¢upa Ha ceryarky miasa. TaxkuMm oOpasom, onbir Uepenxosa
NOATBEPAKAACT BO3MOKHOCTb NMOSABJICHHA M PacnpOCTpaHEeHUs B Mofe
3(upa CKAYKOB YIUIOTHEHHS, & CJI€JOBATE/IbHO, U CYLIECTBOBAHHE

camoro >pupa.

8. JuepreTnxa xocmoca. assienne B
HEBO3MYHMICHHOM noJe 3gupa.

Jlopa ranakTtHk, 3BE30bl, IUIAHETH M APYrHe KOCMMYECKHE Tena
HEMPEPLIBHO MOMYYalOT U3 KOCMOCA OrPOMHbBIE KOJIHYECTBA SHEPIHH.
OTO NOATBEPXKAAeTCcs acTPOHOMH4eCKHMM HabmoneHuamu. Ortkyna
Ke Oep&rcs 318 SHEprud?

OtBeT Ha 3TOT BOTPOC MOXKET AaTh KHHETHYECKAS TEOpHsA ra3oB
[19]. CornacHo 37O Teopum HHeanbHbI ras, KaKOBbIM ABISETCA
3¢up, obnagacr BHyTpeHHEH 3HeprueH, noa KoTropoit moHuMaeTcs
IHEPrusl XAOTHYECKOro NBHIKEHHA BCEX €ro- aToMoB. AToMbl 3¢dupa
Gecnopaao4HO ABHIKYTCH, CBOOOAHO npoberas HMyThb MEXKAY ABYMs
NocieA0BaTe/IbHEIMH CTOJIKHOBEHHAMH Japyr ¢ apyroM. Coynapenus
aromoB 3dupa npoucxoaar 0Oe3 norepr SHEPruM MO 3aKOHAM
COyAapeHHs YIHpYrHx 1iapos.

Maremaruyeckas pa3paboTka KHHETHYECKOHW TEOPHMHM ra3oB
BTMEPBbIE NMpeIoxkeHa nerepOyprekum akanemukom bepHyninu B 1738
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rogy. Ilozxe »51a Teopms pa3spabaTbiBasiach JIOMOHOCOBEIM,
Knaysuycom, bonbumanom, MaxceessioM U pssgoM APYTHX YYESHBIX.
CornacHO KHHETHYECKOM TEOPHH ra30B BHYTPEHHSAA SHEPrua €qMHMIIBI
Macchi 00BIMHOrO rasa 3anucbibaercs gpopmyinoii [19]

U,=C,T=ia’2x, (8.1)
rae C,-yaenbHas TEIIOSMKOCTh rasa NpH NOCTOsHHOM oObn&me; T-
TeMNEpaTypa; i-4uMcio crenmeHeit cBoboabl Monexynast rasza, a -
CKOPOCTh 3ByKa B paccMaTpHBacMOM rase; MoKa3aTellb H303HTPOMbI
k=(i+2)/i . Jna 3¢upHoro rasa ¢opmyna (8.1) mepemmcniBacTca B
BHJE: .

U,=iC;2/2x=0,9-C,2, (8.2)
rae C, - CKOPOCTb paciipocTpaHeHHs ciabbix BO3MYIIEHHI B 3¢HpHOM
raze. Bmecro Monexyini 3¢pupHOro raza Gepérca arom 3¢dupa ¢
YHCIIOM CTeneHel cBoboabl i=3 kax y MarepuansHOH To4kH. Ilpu aToMm
k = 5/3. CornacHo ¢opmyiie (8.2) BHyTpeHHAA dHeprud, coflepkainascs
B KQOKIOM KyOH4YeckoM MeTpe cnokoiiHoro sdupa (V=IMm’), paBHa
oueHb 6ONBbHION BEJIHYMHE:

E1~0,898 C2,0p.Vi=8,7-10* spr. (8.3)
3navenme CKOPOCTH PpacHpOCTpaHeHMs cialbiX BO3MYIIEHuil B
cnokoifHoM 3@upe C,=300000 xm/c nonyueHo B pasgene 7.
JHepreTuka KocMoca ACHCTBUTENLHO OorpoMHa. OQHAKO 3Ta SHEprus
HENOCPEACTBEHHO HEOLIyTHMAa [UId HAlOMX OPraHoB YyBCTB. TeM He
MEHee HMEHHO OHA pAacXOAyeTcd Ha OpraHW3alMIo pangHabHbIX
TedeHni >dpupa k MaTrepHaibHbiM TeslaM Bcenennoii. IToaroMy Mbl,
OOBIYHBIE JIIOAM, UMEEM JE/I0 TOJIBKO ¢ OrPaHH30BaHHBIM TEeYEHHEM
3¢Hpa K LEHTPY 3eMIIH H OLIYLIAeM ero KaK CHIy TSXKECTH.
BuyTpennas »Heprus eauHHIbI Macchl rasa U, cBf3aHa coO

CKOPOCTbIO TeueHHs V' H3BECTHLIM B [a30[MHAMMKE YPABHEHHUEM
SHEPrHH IS H3OSHTPONHYECKHX TEUCHHMH, KOTOpYIO 3alMileM Iis
TeYeHHUA 3Hpa:
| KUtV "2 2=V? pux/2=const. (8.4)
H3 3toro ypaBHeHHs BHMIOHO, YTO C POCTOM CKOPOCTH TEYECHHA
3¢Upa BHYTPEHHAS  JHEPr¥s  YMEHbIIACTCA, Tepexoias B
KWHETHYECKYIO SHEPrHIO YIIOPAAOYEHHOTO TeYeHU H Haobopor. 3aech
V max-MAKCHMAIBHO BO3MOXKHasA CKOPOCTh HMCTEUCHHMS rasa B IIYCTOTY.
[ToncraBuM B ypasHenue (8.4) smecro U, Buipakenue (8.2). B
pe3yJibTaTe MONYYHM YpaBHEHHe, OIpeAesIolice 3aBHCHMOCTD
CKOPOCTH pacHpocTpaHeHus ciabbix BosMmyuueHuit C, OT cKopocTH
TedeHud 3¢upa:
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Co=(k-1)2[Viax V. (8.5)
" Bennunny Vg, ONpeaeIuM H3 YCIOBHS, YTO B CTIOKOHHOM 3dmpe

npu V'=0 ckopocth C, paBHa CKOPOCTH paclpOCTpaHeHHA Ciabbix
BO3MYyIIieHHif B cnokoiinoM admupe, Cy = 300000 xm/c

Vaa=ViC,,=519615 km/c. (8.6)
C yuérom 3T0ro 3HaueHHd nepenuiieM ypasHedHe (8.5) k Buay
J 1V
2
P Co 8.7)

13 dopmyisi (8.5) cneayer, uro npH V,=V ., MECTHas CKOPOCTb
pacripocrpaHeHua cnabeix BosMmywenuit C,=0. 3to o3Hauaer, uTo B
notoke 3p#Apa, ABIKYLIEMCS ¢ MAKCHMAIBHO BO3MOXKHOR CKOPOCTBIO
Vimax, MpeKpalaeTcs XaoTHYECKOE [ABIDKCHME aroMoB 3¢mupa.
Bcenencreue 3TOr0 mpexpallaercs nepefava caadbiX BO3MYLIEHHIA.
IIpn NOCTHXEHHH MOTOKOM CKopocTH V,=C (CKOPOCTH cBeTa B

MyCTOTE WM CMIOKOHHOM 3(HpE) CKOPOCTh pacIpoOCTPaHeHUs cnabbIxX
BO3MYILIEHUHM ocTaéres emé AOBONBHO Ooabmol BENHYHHOIL:

C,=0,812C,,=244800 xm/c.
Janee u3 ypaBHeHHA H303HTPOIILI OMIPERAEIMM BENHUMHY AaBJICHUSA

B HEBO3MYIIIEHHOM TioJIe 3¢Hpa
2

.C
p. = £ "K = 6.426-10% %2 (8.8)

C pocToM CKOpocTH TeueHus bupa V., JaBieHHe, TUIOTHOCTb H
TeMIlepaTypa YMEHBIIAIOTCA B COOTBEICTBMH ¢  (dopMynaMu
ra3ofHHaMHKH ~ ,

x_ A
-p_ _ Z‘_ x-1 __E_. _ —T- -1
p, \T.) ° p. \T,) ~

1—(1 Vez ) 1 (8.9)
.o - 2 - .
I, V ax l+£?-l-M2 ,

TA€ Po Po, Te . JAaBiEHMe, TUIOTHOCTh H TEMIIEPATypa B IOjie
crnioxoiHoro 3dupa ( V.=0). Yucno Maxa M=V/C - (8.10)

9. Yepubie AbIphl.
Y&pHbIMH AbIpaMM Ha3BAHBI 3BE3/IbI, KOTOPHIE MPEATNONOKHTEILHO
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UMEIOT HACTONBKO OOJIbIIHE MacChl M Majbie pasMepbl, YTO CBET HE
MOJKET NPeoJoNeTh CHIY TAKECTH M NOKHHYTH 3Be3ay. M3sectHo [9],
YTO IS YX0Zla OJHOr0 KOMIIOHEHTA M3 NBOiHON cHCTeMbl MacC ero
CKOPOCTb IOJ/DKHA JOCTHraTh HEKOTOPOTrO KPHTHHYECKOro 3HAYCHHA,
Ha3bIBAEMOTO BTOPOH KOCMHUYECKOH CKOPOCTBIO. JTA CKOPOCThH

onpeaensercs Gopmynoit
2fm,_

T 9.1)

Ecnn BMecTo CKOpocTH V B 3TOM BHIP&XKEHHH TOACTABHTH

ckopoers ceta C = 3-10° m/c, peluTs ero oTHOoCHTENLHO pamMyca
3B€37bl I', TO NOJYYHM 3Ha4YEeHHE rpaBUTALIMOHHOIO paauyca 3Be3lbl ¢

Macco m, :
r,=2fim,/C>. 9.2)
Ecni paauyc 3Be3nbl MeEHbUIE 3TOrO 3HAYCHHA, TO Tmkénas
CBETOBas BOJIHA WIH (JOTOH CBETA HE MoOxXeT €€ NMOKHMHYTb U 3Be3/a
AOJDKHA TIOTaCHYTH A/ OCTANBHOro Mupa. YBUACTL «UEPHYIO ABIpY»
HeBo3MOXHO. [loaTromy nmoneiTku €€  (MX) OOHAPYKMTH CBOAATCA K
MOWCKY BTOPMYHBLIX SBIEHHMH #3 OONACTH HEOOBIYHO CHJIBHBIX

rpaBUTALIMOHHEIX B3aMMoOAeHCTBMM B HeHTpax ranaktuk. Hmeercs
TaKxke Teopus XOKMHra, o KoTtopoit ynommHaercsa B [21], cornacHo
KOTOpO# H3-3a «MCNApeHHs» USPHBIX MABIP MPOMCXOAMT IOJIHOE
COBMaJcHHE MH3IydeHHA 4YEpHON ABIpEI C H3TyueHHEM OOLIMHOro
HarperToro Tena.

B Teopuu 3¢pupa uMeeTCa IIPHUMHA, 3aCTaBJAAIONIAd YCOMHHUTBCS B
CYLHECTBOBAHHMH 3B€3JI-YEPHBIX JBIp, YAOBJIECTBOPAIOWMX YCJIOBHIO
(9.1). OHa cOCTOMT B TOM, YTO pagHaJIbHasd CKOPOCTb V; HE MOXKET
NPEBBICHTE MAKCHMAIBLHYIO CKOPOCTb Ui 3(Hpa NpH HCTEYEHHH B
nycToTy Vpa=519615 xm/c. Ilpu nocTiokeHMH 3TO# CKOPOCTH BCS
BHYTPECHHAS DJHEPrus KakKaod eZMHMUBI Macchl rasa MNONHOCTBIO
NepexoIUT B KMHETHUYECKYIO DHEPrHiO MOCTYIATENIbHOrO JBUIKCHMS.
OueBHIHO, YTO MHHMMAIbHBIA pagMyc 3Be3fbl, NPH KOTOPOM
paiHaTbHBle CTPYH 3(Hpa ROCTHIAIOT MaKCHMaUIbHO BO3MOMHOH
ckopocTH V=V, onpenensercs u3 soipaxkeHnii (1.7) u (2.5) kak

Tomin 2 i TS Jm 94)
dz-p,V. -V .,

max

Cnenyer ydects, uTo corsiacHo (8.9), ¢ pocToM ckopocTu 3dmpa k
3HAUEHHI0 Vi IVIOTHOCTD P, OyaeT cTpeMuThCs K Hymo. Ecim
[PEANONOKATD, YTO B CHITy KAKWX-TO KATAKIH3MOB PAfHYC 3Be3bl
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CTAHET MEHbIIIE, YeM ONpeieIeHO BhipaxeHueM (9.4), To cwia THKeCcTH
Ha TIOBEPXHOCTH TAKOH 3BE3AbI NEPECTAHET MOAYHMHATHCA 3aKOHY
HoiotoHa. K KakuM NOCNEACTBHAM JUIS 3Be3OB 3TO TIPHBEIET,
NOBHAHMOMY, MOryT OTBETHTH pa3paboTyMKM TEOPHM ITyNbCAapoOB M
«4epHBIX AbIp». BepoATHO 3TO HAPYIIMT pPaBHOBECHE CHJI BHYTPH
3Be30bl H MPOM30HIeT ee B3pHB. IloaTOMY Takue 3Be3db! BpAL JiH
CYIIECTBYIOT.

Ipu o=1 ¢’ 1 p,=1,19:-10° r/cM’ MUHHMANBHBIH pafHyC 3BE3AbI C
maccoii ConHnma, NmpH KOTOPOM 3Be3Zla MCYE3aeT M3 IOJA 3peHHd
coracHo BeipaxkeHuio (9.4), 6yaer

Fomin = 670 KM.

3HaueHHe MHHHMAILHOrO PagHyca o min JNA 3BE3N C Maccoii
CoNnHU2 COOTBETICTBYET TOPAAKY BEIMYHH PajiMyCOB PpeasHO
HabmonaeMsIx 3B&31 THNa Oesblx KapiiukoB. CaMbiii MaeHbkuil W3
M3BECTHbIX GEBIX KApIHKOB - 3Be31a Boabg 457 [8] umeer maccy m,
= 1,01-10* r u pamuyc 1, = 700 xm = 0,7-10° cM. MunuMansHbIit
pamuyc /ia 3toli Maccel cornacHo dopmyie (9.4) 6ynmer ro min=477
km=0,477-10° cm. Benpiit kapimuxk - 38e31a Ban-MaaHeHa HMeeT Maccy
m,=0,28-10° r u pamdyc r,=4900 xm=4,9-10° cM. MunuManbHbIH
paaMyc 1A Macchl STOH 3Be3BI Tomin=253 kM=2,53-10" cM. Takum
oOpasoM MOXHO YTBEpXAATh, 49T0 Oeibie KapJMKH HaXOoAATCH
HeZaleKko OT nopora BUAUMOCTH 38834, HenapoMm aCTpOHOMEI HE BHASAT
Ha HeOe 3Be3]] MeHbILIE OeNbIX U KpaCHBIX KapJIMKOB.

Ceoe OTHOIIEHHME K HEHTPOHHBIM 3Be3ZlaM, TO €CThb K
FMNOTETHYECKHM OBICTPO BpalalOIMMCA OYEHb ILUIOTHBIM 3BE3aM C
paauycamu MeHbuie 20 xkuioMeTpoB 6510 Hamu BbICKa3aHO B « TaliHax
MEXC3BE3AHOTO 3¢upa». B 3T0it kKHHre GBUIO NMOKA3AHO, YTO OCHOBHOE
uucio okono 300 HabmogaeMBIX MyJBCAPOB ¢ MEPHOAOM My/NhCALlHi
T'>1c, xoropele HeKOTOpble YyuYeHBbleé CKJIOHHBI  CUMTATh
HeHTPOHHBIMM 3B€3JAMH, HA CaMOM Jejle SBJIAIOTCA  GLICTPO
BpaufalolUMMHCH OebIMM KapiMKaMH, Tak Kak HMX pafdychl
YIOBIETBOPAIOT YcioBHIO (9.4). TpH H3BeCTHBIX aHOMANBHBIX CITyYas
¢ 6omnee KOPOTKO-TIEPHOAMYECKHMHU My/ILCALIMAMH H3Tydenuit [9], [14]
AOIKHBI HAaliTH cBoe OOBACHEHME IPYTHMHM TNPHYHHAMH TOMHMO
BpameHus Bced 3Be3/ibl. BO3MOXKHO Ha 3THX 3Be3hax CYILECTBYIOT
ZONro xuBymue 3QHpHBIC M JNIEKTPOHHBIE BHXPH, HHAYLMPYIOLIHE
3TH mynbcauy uanydeHuil. To ectb Bpaimlaercs He caMa 3Be3fa, a
TOJIBKO BUXPH B ee arMocdepe.
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10, DdupoannamMuaveckoe CTPOCHHE ATOMA
| BOAOPOAA.

[lpuno BpeMs NOCTPOMTL MOAEAL JICMEHTAPHOH YaCTHLbI
BELIECTBA; COCTOsAMlel M3 rasoobpasHoro 3¢upa, Ho obnapalomii
OonblION TBEpAOCTHIO M CBOHCTBOM mornomarh 3PUpHbIA ras u3
OKpykaiowiero. npocrpancrea. Ha nepBuit B3IAA — 310
HeBhIMTONIHMMAN 3a1a4a. Ho Tak nu 3107?

HUcxops w3 npeacTarieHHH O eUHCTBE MHpa, [TIOCMOTPUM, HET JIH
BOKpPYr Hac MNOAXOAAIIMX AHANOTWM, CIOCOOHBIX NOACKa3aTh
NpaBWILHOE HAMpaBICHHE A1 AaIbHEHIIHX UccaeqoBaHuii. boabio
MHTEpeC B OSTOM HANpaBlIeHHH npeacTamafioT coloi BHXpH,
BO3HMKAIOIHME B CIUIOLIHBIX ra3oBbIX M XKHAKMX cpenax. HMmeHHO
BUXPU MOXHO PacCMATPHBATH KAK JIOKAJbHBIe OOpa3oBaHWA, pe3Ko
OTNHMAIOMMECS N0 CBOMM CBOHCTBAM OT OKPYKaIOIIero Ux rnojs rasa
WM XKHAKocTH. Baxpu moryt obnanars Gosbuiol TBEpAOCTHIO, €ciiy
CTPYM rasa WiH XHAKOCTH ABHXKYTCH BHYTPH HHX C O4EHb OO/bIIMMH
ckopocTAMH. H3BecTHO, 4YTO  MArkas, CHOKOWHas  BOJAa,
OpraHu30BaHHAf B BHICOKOCKOPOCTHYIO CTPYIO, CIIOCOOHA pa3sMbIBaTh
Oepera U JHO BOJOEMOB, pe3aTh CTAIb H ApYrue TBEPAbIC MATEpHAJIbI.
Crpyu rasa Taoke MOryT obnajgars Gonuuiol TBEpROCTHIO. A BUXPH-
CMepYH CIOCOOHBI pa3pywIaTh Ha CBOEM ITyTH JI0Ma, BHIKOPYEBBIBATDH
IepeBbd, MEepeBOPAYMBATL ABTOMAINMHBEL ¥ MPOM3BOAMTD JpPYTrHe
pa3pylleHUs.

CymectByer 6onbiioe pasHooOpasue Buxpeii. HaGmopatorcs
JIMHEHHBIE, KOJBLUEBHIE, cnupajibHbie BHXpPH. OcobeHHO Hac
HHTEPECYIOT KOJblieBbie BHXPH. OHM HCHONIL3OBANHCh B KAYECTBE
MOJE/IeH 3/IEMEHTApHBIX YACTHL BELIECTBA. HYKJIOHOB, IIPOTOHOB,
HETPOHOB, a TaKXKe 3/IeKTPOHOB, IO3HTPOHOB M aTOMOB B paboTax [2]
H [5]. Eme panpiie ObUla H3BECTHA MOIENb BHMXPEBOIO aTOMa,
paspaboranHas Kenssunom (B.Tomconom). ITpeanoxenHsle Mozeny
BECMa HMHTEPECHBI, HO HE COINACYIOTCH ¢ HACAMH AAHHOK paboThI.
IToatoMy monpo0yeM co3narh COOCTBEHHYI0O MOZENIL Opo¢TeMIUMX
YyaCTHL] MAaTepHH, NO3aAHMCTBOBAB B  YyKa3aHHLIX  paborax
paLHOHAIbHOE 3€PHO.

IMpexne ueM NPUCTYNMTHL K oﬁcymenmo 3pHpoIHHAMUYECKOH
MOZENIM aTOMa O0O3HAUMM I'PAHHLBL, B IPEAEIaX KOTOPBIX MBI MOXKEM
neictoBath. COIIACHO COBpEeMEHHbIM B3risnaMm, B Gusuxe [22]
pasfinyaloT OCHOBHBIC 3JIEMCHTAPHEIC MACTHLbl, CYLHECTBYIOIIHE B
npupoge B cBofoaHOM WM CiIabocBA3aHHOM cocrosiHuM. K HuM

OTHOCAT NPOTOHBI U HEUTPOHBI, BXOAALIKE B COCTAB ATOMHBIX A/EP, &
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TaKOKe JNSKTPOHBl, MO3MTPOHH, (oToHEL. 3TO  CTabWiIBHbIE,
JONTroKHBYIME YacTHIbL. OHY 00NaaIoT MAccoii H, KpOMe HeHATpOHa,
NOJOXKHTENBHBIM WIH OTPULATS/IbHBIM JJIEKTPUMECKHM  33pPANIOM.
®doronsl  [22] TalKke  Y4acTBYIOT B 3JIEKTPOMArHHTHOM
B3aHMOICHCTBHH.

Kpome ToOro, Ha cerogHs oOHapyxeHO Oosbilioe yMcio (OKOJIO
350) HeyCTOHUMBEIX 3/ICMCHTAPHHIX YacTHll. EABa poaMBIIMChL, OHH
MTHOBEHHO pacrajalorcs. BpeMsa MX »KH3HH MOXKET COCTaBJIATb BCEro
or 10% a0 102 c, a AnHHa npobera ¢ MOMEHTAa POXKIEHMA [0
MOMEHTa pacfiaja cocTarnser okono 107°M. DTH wacTuupl Taxke
oGnagaor Maccoif, AHOrAa Aake cyuiecTBeHHO Oobmieif, yem Macca
nporoHa. IIpy 3TOoM HMX Macca H3MEPAETCA B 3HEPreTHUECKUX
enuniax (MaB) B COOTBETCTBHM C COOTHOMIEHMEM OifHINTeliHA
E.=mC> DTH wacTuIbl, XOTS M HA3BaHBI NCMEHTAPHbIMM, OHH He
ABAAIOTCH GeccTPYKTYpHBIMU. HX BHYTPEHHAA CTPYKTYPa HHTEHCHBHO
HCClleAyeTca, HO YCHeXH 34ech HeBeIHKU. B OCHOBHOM fACHee
CTaHOBATCH OCOOEHHOCTH HX MOBEACHHA.

[Iipu mocTpoeHMH BHXPEBLIX 3SOHUPOAHHAMHYECKMX MoZeei
3/IEMEHTAPHBIX YaCTHL, M &TOMOB HEOOXOAMMO IOMHHTH, 4YTO HX
Macchl ONpEAENAIOTCH HE KOJIMYECTBOM 3(upa B obbeme dyacTHu, a
TeM, YTO B BHXPEBBIX KOJIbLIAX-4aCTHLAX 3QUp BpaIaeTca BOKPYr OCH
BUXPEBOTO KOJBLIA H ABIDKETCH BIOJIb KOJIbLA ¢ OONBINON CKOPOCTHIO.
H3-3a BO3HMKAIOIIEr0 NMPH 3TOM PaspeOKEHHs BHYTPH KOJIbLiA OHO
HAYMHACT NOMIOMATh 3(HpP M3 OKPYXAKINEero npocrpaHcTBa. Buxpe

cTaHOBHTCA BuXpecTokoM. Kyza § HOIJIO 3buap?

KOJXbIA J8BJIeHHE B [€BTpE BHXpH CH Jas. ITo

|

NepeXoANTL B CBOIO . [ bIX
A3MEDPOB ATOMO HpA OHH B KOM 3 AcCHo I0TCH
BOXOTH K H_BCJCACTBHH 3TOT0  3aHHMAIOT
COBEpPIICRHO me3naunTeabnbiii  00nwem. Feam 370T  npomecc:
'3QUYCTHJICH, TO N aercs  JOJI0XKHABYIIAS IEMEHTADHASN
gacrang. M3 xomOumanmii 3THX YACTHH COCTOHT BCY MATEpHH
Bceenennoii,
Ec/iin yrjaoBas CKOpPOCTbL HE JOCTHIVIA HOI'0 3HRAYECHAH N
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KHL ) MG He

3ANMYCTHJICH, TO NOJYyYAeTCH  KOPOTKOXHBYIIAN NIeMCHTADHAL
gacTana. Iockoabky B ee NMeHTpe B HAYATbHBIN MOMEHT BCE JKe

HMECETCH 0e € Hb BpEMSH OHA
TAKKE CTal T BHXDECTOKOM R ITO €T M .

Oanaxko, NPaKTHYECKH MIHOBEHHO ng(_nicxogm nepenoaHenne
uacTANbl _ra3zoobpasaniv_s¢upom. Jiasaenne 3dupa BHYTPH

BHXDEBOT0 KOJLHA BhII H BHXDb aercd.
JJICMEHTAPHAS YACTHIA NPeKPAMAET CBOE CYIIECTBOBANME.

VYyurpiBasd CKasaHHOe, IIpeACTaBHM 8TOM BOJOpPOZa B BHIE
BHXPEBOrO KOJbLA, B KOTOpOM  >(up Bpaliaercd ¢ YIJIOBOH
CKOPOCTBIO )y, BOKPYr OCH KOJIbLIa IO 3aKOHY BpalieHUA TBEPAOTO
Ttena. TIOMMMO 3TOrO HMMEET MECTO Te4YeHHMe CTpYH BHONL OCH
BHXPEBOT0 KOMbLA co CKOpocThio Uy, BHYTpH BHXpEBOro Koibla
PacrioyIoKEHO AAPO aToMa-npoToH. IIPOTOH COCTOMT M3 KHAKOIO
adupa. Kpome Toro, B cepeanne razoo0pasHoOro BUXpEBOro Kosblia
BAOJIbL HErO MPOXOAMT BUXpeBas HUTh M3 xHIKoro 3¢upa. OHa Tak e,
Kak M fapo, obOecrieuMBaeT HeNpepuIBHBIA mpolecc mnepexoxa
TIOIJIOAEMOTO M3 OKPYXKAIOIEro NMPOCTPAaHCTBA razoobpasHoro a¢upa
B xkHakyio ¢asy. BenuunHa pacxoia MOrJOMAEMOro 3T0# HHTHIO
3¢upa q, NOBHAUMOMY, CBA3aHA C BEIMMMHON MAacChl MJIEKTPOHA M
saBucuMocTbio (1.4). B cymMMe ¢ Maccoli NpoToHa OHM PaBHEI MACCE
aToMa BOAOPOAA. |

s Toro, 4robnl OLCHHWTh BEIHYMHBI OKPYXHBIX H OCEBBIX
CKOpOCTeii BHYTPH BHELIHEr0 ras’OBOIO0 M BHYTPEHHErO JXHAKOTO
KO/bLiEBbIX 3PUPHBIX BUXpeit 0OpaTHMCA K M3BECTHOMY PellEeHHIO Iyis
TeUeHUs BHYTPH M CHApPY)KH OEeCKOHEUHOro NpsMOJIMHEHHOro BUXpS
[15]. TlonaraeM, 3TO OHO YACTHYHO OTPAXAET 3AKOHOMEPHOCTH
Te4eHHS B 3(QHPHBIX rA30BOM M JKHIKOM KOJbLEBBIX BHXPSX.
-CornacHo 3TOMY PEHIEHHMIO BBIPAKEHHUS IJII OKPYXHBIX CKOpOCTei
BHYTPH U CHapY>M BUXPA panuyca r, HMEIOT BHL

U,=or, / (10.1)
Us=T2nr (10.2)

3nechk I - HUpKyAALMA CKOPOCTH, MOACMHUTAHHAA 110 TPAHHLIE BUXPA.
T=2nr,Uye=271001%, (10.3)

Uyo - OKpyXHas CKOPOCTH HA rpaHHlE BHXpA. [[aBleHHS B LieHTpe U
Ha rpaHuie Buxps npH r=0 u r=r, onpenenmorcs GopMyaMu

P Po-PeU? o2 (10.4)
Po=Pe-Pel’uo/2 (10.5)
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BennunHa NaBlieHHA B HeBO3MYUIGHHOM TOTOKe ¢upa p. Obuia
onpenenesa dopmynoli (8.8) xak  p=6,426-10° w/M>. IMoncrasum
NaBlieHHe HA FPaHHLE BHXPA P, M3 BuipaxeHud (10.5) B BeipaxeHie
(10.4). PesynsTar paspeiuM OTHOCHTENILHO OKPYKHOH CKOPOCTH Ha

IpaHuLie BUXPA |
U, = \/”' P (10.6)

Pe
Ecnu npeanonoxursh, 9T0 B LCHTPEe BMXpS AasieHue p.=0, 10
ckopocts U, Oyaer paBHa

426-10%
' U,,,,=1/-%—=\/611296 11; =2322-10° mle (10.7)

3T1a ckopocTh coctasiier 0,774 OT CKOPOCTH CBeTa, YTO BIOJIHE
ONpaBALIBAET Hallle NpeanosioxkeHue 06 orpomHol ckopocTH 3dupa B
BMXpPeBOM KoJislie. TeMm Gosiee, 4TO IOMHMO OKPYXHOMH CKOPOCTH eiue
HMeeT MeCTO /[BHKECHHE CTpYil BIOJb OCH BHXPEBOro KOJIBLIA.

ITorytHo chopMymapyeM  HOCTYJIAT O HANDABICHHN OCEBOIO
pixkeHHS 0HPR B BHXDEBOM KOJIbIlé — OCEBOe TeyeHHe B

BHXpPEeBOM 3(HPHOM KOJBLIE HAMpPaBieHO NMPOTHB YacOBOM CTpekw,
€ClId CMOTpeTb Ha KONBUO CO CTOPOHBI BbIAYBa CTPYH u3
LIEHTPAJISHOTO OTBEPCTHA KOJBLIA.

[Ilposenem npuOMDKEHHYIO  KOJMHYECTBEHHYIO  OLIGHKY
BEIMYMHBI 0ceBOli CKOpocTH. [l 3TOro Kpyrioe NonepevyHoe CEUeHHe
BIXPEBOr0 KOJbLAa paauyca I, 38MEHHM KBaApPaTHbIM CEYEHHEM CO
CTOPOHAMH 2r,. Macca KoNbiia ¢ KBAXPaTHBIM Ce4eHHeM Oyer

M=41° 2T epPe= 8T oPelcp (10.8)
3nech Iop=(rotTo)/2, TIo-BHYTPEHHHIA pasHyc BHXPEBOrO KOJILIIA.
Uentpobexxnas cuna 3to#f Maccel, uMmeromei ckopocte U, Bpois
xonsua . Gyner Fu= mU/r=8nr’p,U%. ILlentpoGexnas cuna
YDPABHOBEILNBACTCA [eperagoM CWI AABJICHHA CHAPYXKH H BHYTPH
BHXPEBOro KOJIbIIA C KBaApaTHhIM cedeHueM . IIpu 3ToM naBiieHHe Ha
BCEH IMOBEPXHOCTH KOJILLIA ONUHAKOBO H PaBHO P,
Fp=4mporo(2rotToz)-4Tporof oz"_'s'"-‘l’ol'2 0.
[IpupaBHsem cuny npaBneHus M LeHTpoOexHyio cuny. Ilocne
COKpALECHHH TIOYYHM BBIP&KEHHE IS OKPY)XHOM CKOPOCTH

U~=+p,/p, =1,64-10m/c (10.9)

HariicHHe Ha BepXHEH rpaHHue BHXpsA onpeznensercd no ¢popmyine
(10.5) kak  pe=pe-pelU>v/2=3,208:10* n/m’. CymmapHas cxopocTs Ha
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NOBEPXHOCTH BHXPEBOrO KONblia Oyner

W= VU2, +U%, =284.10°wk (10.10)
Ota CKOpOCTs Noy4ena Ge3 yueTa CKMMaeMOCTH 3(pUPHOro rasa.
Yuureisas, yro yHcio Maxa senuko M=W,/C=0,948 nepecunrTaeMm
IUIOTHOCTE W [JaBieHHe 3dupa ¢ BemmuuH p=1,19- 10°krim® u
po=3,208-10%*1/M*, nonyuennsx npu M=0 Kk 3HAUEHUAM Pecx H Po.ox
NpH  4KCIEe M=0,948 no dopmyram (8.9). TNonyunm
Pecx=0,802-10°k1/M’ ¥  Pocu=2,024-10"n/M* u 3arem mo ¢opmynam
(10.7),(10.9) 1n(10.10) HaxoguM HOBBIE 3HAYEHHUS CKOPOCTEH U 4MCIIa
M aclmpnoro rasa Ha noBepxHOCTH BHXpS Uy=2,83-10° w/c,
U,=1,589-10° M/c, W,=3,24-10°w/c, M=W,/C=1,082 = (10.11)
Hanee nposBeaeM BTOpOe H TpeThbe MNPHOIMKEHHS B TOM, XKe
nopaake. IIpouecc OGbicTpo cxomurca. Iloatomy 3Hauenms (10.11)
npuMeM J1g JanbHeiiero avanmsa. IIpu 9ToM HyXXHO yYMTHIBATD, YTO
Hall aHanu3 Hocwil mnpubiMsHTenbHbIM, OlLGHOMHBIH  XapakTep.
®opmyna (10.9) onpenenger cpexHee nO ceyeHHio BUXPEBOro KoJbla
3HA4YEHHE OCEBOHM CKOPOCTH. JT8 CKOPOCTh HECOMHEHHO HM3MEHSETCA
BOONL panuyca. Ha Bepxseii mMOBEpXHOCTH KOJBLIEBOrO BHXpA, rie
OKpYy)KHasi CKOPOCTh paBHAa CKOPOCTH CBETR, OCeBas CKOpPOCTh paBHa
(unu 6nH3KA) HYMO, a B LIEHTPe CEUEHHA, TIE OKPYNKHAA CKOPOCThH
paBHa HYJIIO, OCEBaA CKOPOCTDh paBHa CKOPOCTH CBera B mycrore. B
COOTBETCTBHMH € MANOKEHHbIMM coofpakenmsmMu wm300pa3uM Ha
puc.10.1 BHXpeByio cxeMy aromMa BOJOPOJAa M 3MIOPbl OKPYKHOH H
OCEBOI CKOPOCTEH! B CEYCHUEX BHXPEBOrO KOJbila. Mexay ra3soBbiM H
AKUOKUM 3PUPHBIMH BUXPAMH CYLIECTBYET NPOCKaNb3bIBAHHE, TAK KaK
OKpY)KHbIe CKOpPOCTH Ha IpaHMIGX 3TUX BMXpeldi He paBHbI MEXAy
coboil. Yrnosas ckopocTb BpamieHWs rasoBOro BHXPEBOrO KojbLia
BOKPYT €ro OCH MNpH NpPHHATHIX BEJIHYMHAX OKPYXHOH H OCeBOii
ckopocreit 6yaer
Ou=U,o/Tea=C/lr:=3-10%107°=3.10" ¢! (10.12)
Pamuyc aToMa BOZOPOAA COMMIAcHO [22] HMeeT 3HauenHe r,,=10"" M
Ecnu pomycTuTs, 4TO YrjloBas CKOPOCTh BpAlEHHA xcu.nxoro
a¢HpHOro BHXpA-TIPOTOHA paBHAa YIJIOBOH CKOPOCTH BpallleHUs
ras’oBoro 3(pHMpHoOro BUXps, OKpYKalowero Aapo
Ou=0y=3-10" ¢, (10.13)
TO OKPYXHAs CKOPOCTb Ha NMOBEPXHOCTH sapa OyAeT CYLIeCTBEHHO
MEHbIIE OKPYXKHOH CKOPOCTH Ha MOBEPXHOCTH ra30BOT0 BHXPH
Upor=0vlo=3-10° M/c (10.14)
Paguyc saapa atoma Bogopoaa Obun oueHeH B onbite Pesepdopaa
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[22] xak r=10"°M. VrnoBas CKOpOCTb BpailicHHS SApa BOKpYT
HEHTPAIbHONH OCH CHMMETPHHM BHXPEBBIX KOJEell aTOMA, KaK BHIHO U3

puc.10.1
0v; U o o Tog=Une/Tos=C/Tea=3-10'%" - (10.15)

Puc.10.1
[MomyumB 3HAYEHHUA YIIIOBBIX, OKPYKHBIX H OCEBBIX CKOPOCTEi, Mbl
MOKEM TENnepb NpPOBEPUTD, HE OYAYT JIM ATOM H €ro SApo pasopBaHkbI
IeHTPOOESXKHBIMH CHiIaMM. IS 3TOro BBIAEIHMM CETMEHT BHXPEBOrO
KOJIbLi2 SAHHHYHOMN LIWPHHBL, Kak rokasaHo Ha puc.10.2. Macca storo -

CerMeEHTa
dm=pr,2d6/2 (10.16)

Ha 31ty wMmaccy, (Llesrp macc
pacnojioXKeH Ha PacCTOAHMH Iy =2/3T,
OT OCH BpallleHus; U, ST®), Bpa-
LIAIOLIYIOCS ¢ YTJIOBOH CKOPOCTHIO O,
neuc'myer uempo6e>|mas cwia
dF =30, dm/2ro--3 pr, °de/4 (10.17)

BTa CIJIa YPaBHOBEIIMBACTCH CHION Puc. 10.2
BHENIHEro AaBIeHUs, AedcTByomeld Ha MOBEPXHOCTH CErMEHTa
dF,=p.r,d0 , (10.18)

Y1061 cerMeHT BHXpEBOro Koablia He Obur  pasopsad
HeHTpoOexKHOM cHoil, AODKHO BBINOMHATHCA HEPABEHCTBO

dFq¢/dF<1. (10.19)

InotHOCTL BeIECTBA paccuarpmaaemoro BUXPEBOI'o KOJbLIA
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MO>KHO OLCHUTh KaK OTHOLIEHHE ero Macchl m K o0beMy
p=3m/4nr,’ (10.20)
IloactaBum 310 3Hadenne B (10.17), mnomyynm ycnoeue
pa3pyIlieHHs BUXPEBOTO KOMbIA LEHTPOGEKHBIMH CHIIAMH
" dF/dF,=9ma*/16r,p>1 (10.21)
Jlna 'aroma Bogopoaa (m=1,673-107kr, ©=3-10"%c", r=10""m
=6,426-10"wn’) nomyuwsm  dF,/dF,=0,42-10°<<1. To ecTs aTomy
BOIOPOAA paapymeune He yrpoxaer. g sgpa aroMa Bozopopa-
npotoHa (r;=10"°m) mmeem  dF,s/dF,=0,042<1. CnenoarensHo,
ANPO aTOMa Takke He MOKET ObITh PA3sOPBAHO LEHTPOOEKHLIMU
CHJIAMM. Xo'm B TOM Cly4ae NPEBOCXOACTBO CWI AABNEHWS Hal
LIEHTPOOSKHBIMU HE CTOJIb BEJIMKO.

Takum oOpazoM, mepexoa rasoofpasmoro 3dupa B 3bRpHYIO

KOCTHh B H aTOMOB, COCTABJIRIONMINAX TeEJ eCneInBacT

oo HAameMy MHEHHIO, HponecC NOrJoIIeHus MATCPHAIALHLIMHA

T R Ybupa H3 OK ero n cTBa (moJs >¢bupa). B

e3VJALTATE 3TOrQ OKO0JO0 MarTe hHBIX OT JIEMEHTAPHLIX

JacT OrpoM _KOC eCKHX KTOB BO3HHKAICT
HAJbHLIC TeYeH a8 CHHbLIe b 9T .

ITpouecc mepexona razoobpasHoro 3gupa B xuakywo ¢asy us-za
ManbIX pa3MepoB aroMOB 3(Mpa, pacnojaraloluxcs B AjApe
MaTEPHATLHOIO &TOMA BIUIOTHYIO APYr K ApPYry, Hé NMPMBOAMT K

3aMETHOMY POCTy pasMepoB sapa. CnenoBarebHO, YBEJIMHEHHE AApa
aToMa MOXKET PacTATHBAaThCA HAa UIMTENIEHOE Bpemsa, obecrnieuusasd

HETMpEPhIBHBIA  mnpollecC MoOrioimeHus  rasoobpasHoro 3dupa
MaTepHaIbHbIMM TeJIAMH B TEYeHHH MHOTMX MIWUIHAPAOB JIeT.
OueHuM nanee, CKOJIBKO BpeMeHHM 00BeM siipa aToMa BOAOPOAA
Oyaer 3anoiHATLCA KHAKHM 3¢upoM. B noHATHAX TMWIOTHOCTH
BeLLIECTBA IUIOTHOCTh SApa aTOMa Bonopona umeeT nopaaok [19]
p, =10"kr/n’ (10.22)
Kosdpdpuuuenr cxopoctd obpasoBanusa wmaccet k mosBosser
NEepecUYHTaTh 3Ty BeJUYHHY K €AMHHLAM IUIOTHOCTH 3¢upa B
COOTBETCTBMH C (3.5)
Pe.=prk = 10'3.3,36:10" =3,36- 10* xr/m’ . (10.23)
3TO IUIOTHOCTh XXHIKOrO Siipa atoMa BOAOPOJA, BhIpaXKeHHas B
eNMHUIIAX IUIOTHOCTH cBoGomaHoro 3¢gmpa. [MHanee 3anumem
exxeCeKyHAHBIH pacxoz 3¢gupa, NOrjIouEaeMoro aTOMOM BOAOPOAA
Q=S,V,p=4nr’;, V,p, (10.24)
Ecnu Beck 0OBbem sapa aTomMa Bofopoaa W, 3aNONHUTE JKMIKHM
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3HUpoM, TO ero Macca Oyaer
M _sze-z""’nrsozpe-z/ 3 (10.25)
CnenosarenbHo, BpeMs, HOTPeOHOS A1 HAKOIUIEHHA TOH Macchl

6ymeT NpHMEPHO PABHO
t=M,/Q= 4r - r * Pes /3 — Tor * Pe—: (10.26)
4z-ri-V,-p, 3V,-p,

3nech r=10"°M, p..=3,36 1035 kr/M* pe=1,19-10°kr/M’ . CkopocTs

V, noacuutsiBaercs no dopmyne (1.7) s m=1,67-10" W , =T, B
pe3yjIbTare Ha rpaHulie apa aToMa BOAOPOAa CKOPOCTH 3¢upa 6yzner
V=0,112-10"M/c, a BpeMms 3aTpaumBaeMoe Ha 3allONHEHHWe oObeMa
A7pa aTOMa BOZOPOA XuAKMM >pupoM t=8,4-10'7c=26,7mnpx.ner.
10 BpeMA MMeeT NopAoK CpoKa xkusHu Beenentoi, o*rnozmmoro eii
aCTpoOHOMHe#H.  /

IlpennoxeHHas nuxpenax 3pupoHHAMHEYECKas MOAE/b aTOMa
BOZIOPOa HE COMEPIKMT IEKTPOHOB. MEI m0JIaraeM, YTo 3MEKTPOH
dbopmHupyercs BO30YXIEHHBIM aToMOM B MOMEHT Beibpoca CTpyu
3¢Hpa M3 HEAp MNOCHeAHero. IJTOT MNPOUECe ' IJIHICA HEJONTO H
ABJIAETCS COCTaB/AIOMICH YacThIO aKTA TBOPEHMA MaTepHHM M3 3dupa.
Takas cxemMa aToMa BOAOPOA3 B OMNpPENENCHHOM MEpe COOTBETCTBYET
npeactTasieHusM bopa [22] 06 anexTpoHHOM obnake WM MEKTPONE,
pasMasaHHOM 1o opOure BHyTpH aroma. [Ipm 3TOM HE Oyzer
OPOTHBOPEYMH MeXAy 38KOHAMH KIACCHYECKOM MEXaHHKH ¢
MEXAHUKOH MHKpPOMHpA, B KOTOPOM DNEKTPOH, HMEIOLHiA
SNEKTPHYECKHlT 3apag M Bpam@iommiics ¢  UEHTPOOEKHEBIM
yCKOpeHHeM Ha opbute BHYTpM aToMa, TEM HEe MEHEE He H3ITydaer
ayuMcTyio SHepruio. Her snekrpoHa — Her u m3nyuyenusa. Bce
HAXONHTCA B rapMOHHYECKOM COOTBETCTBHM.  [IpeanoxeHHas 3aeck
opuposHHAMHYECKAs BMXpeBaA MOJENTL aroMa Boopoaa Oyner
COBEPLICHCTBOBATHCA M HETAIBRHO 00CY)IaThes ¢ pasHBIX NO3HLMN B -
NOCHEAYIOWMX pa3feiiaX KHUIH.

11. Poxpenne 3jexTpona. Crpykrypa
' 3JIeMEHTAPHBIX YACTHI MATEpPHH.

B npenpigymiem pasaene Mel MPHILIH K BLIBOAY, 4YTO B
CTIOKOMHOM COCTOSHHM B aroMe Boaopona (M ApPYTrHX aTroMax)
AJIEKTPOHOB HET., JnekrpoH ¢QopMmHpyeTcs H3 CTpyH 3QHpa Ha
PacCTOSHMM I, OT OCH BHXpeBoro Kojela (puc.11.1). B mMomeHT
BbIOpOCa KOJIbLEBas CTpyH HMeeT CKopocTh U=y, T, B JanbHeilimem
OHA CTAHOBHTCS CKOPOCTBIO MOCTYTIATENILHOTO JBHIKEHHA 3JIEKTPOHA
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NpH ero nepeMellieHMH B npocrpaHcTBe. KoublieBOM BHXpb aTtoMma
BeiGpaceiBaeT W3 ce0f BUXpeBOe KOJIEUKO INEKTpoHa. Ero ochb
HAMpaBlicHa BAONL  LEHTPAILHOW OCH CHMMETPHH  aroma.
[TeppoHawanbHO rabapuTel BHXPEBOrO KOJNbLA HOBOPOXKICHHOIO
3JIEKTPOHa  HMMEIOT = pasMephl MOJOBMHBI  pagHyca  aroma
- -10
r,=0,5r,=0,5-100 M. B Momenr ¢QOpMApPOBAHMA  3NIEKTPOHA
BO30y)KIAEHHBIM 4TOMOM OH MNpHOOpeTaeT TaKyi0 XK€ KaKk y aToMa

YIJIOBYIO CKOPOCTH CTpYH 3Hpa BOKPYT OCH BHXPEBOrO KOJbLA, TaK
KaK

Dy e=dUy o/ drg=dU,/dr, =3-10"%;" (11.1)
PaccMOTpUM, YTO NMPOH3OHAET NpH YMEHBLICHHH HOBOPOIKACHHOIO
BHXpPEBOrO KOJblia [0 pasmepoB anexkrpoHa. OO6neM Konslia
W=2T o0, Macca 3pHpa BHYTPH KOJbLA m=21t2pero,br20.e;.
MOMEHT KO/JMYECTBa IBIKEHHN MacChl 3(upa BHYTPH BHXPEBOIO
kombLa: I=mroy Uy=27 0t P o-ci0y, Ilpy M3MEHEHMH T,y BHXPEBOrO
KolbLa HO pa3Mepa f,. MOMEHT KOJMUYECTBA IBIKEHHS NOJDKEH
COXPaHHTb CBO€ 3HAYCHHE 33 CYET YBC/IHYCHHMS YITIOBOH CKOpPOCTH
BPALICHUA O 3HAUCHHUA .o .Jl0o3TOMY MOXKHO 3anucaTh

I=2§ip.r’«brzmmv=2u2per’mmv.en (11.3)
3nech:  oe=107" M, ro=0,5-10"" M, ,.4=3-108,". (11.4)

Puc.11.1
CornacHo chOpMYJIMPOBAHHOMY paHee IOCTY/IaTy OCEBOE

BpalllcHHE BHYTPH HOBOPOXKASHHOIO KOJbLIA HAIPABICHO ITPOTHB
4YaCOBOM CTPEJIKH, €CJIA CMOTPETh HA HEero CO CTOPOHbI BbIRYBa CTPYH.

BenuuvHa oceBOH YINIOBOM CKOPOCTH @, MepBoHa4anbHO Maja. Ho
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nNpu CKaTHH BHXPEBOrO KOJbLIA OHA YBEJIHYMBACTCA M B YKE
copMUpOBaBIIEMCA NIEKTPOHE AOCTUTACT 3HAYECHHA '
Wyoi=3-10'%," (11.3)
Hanpasnenuwe BpalleHHs CTpy# BHO/Ab BHXPEBOro Kkojabua
3J/IEKTPOHA HAIPABJICHO B MMPOTHBOIIOJOXKHYIO CTOPOHY HO CPaBHEHHIO
C IIPOTOHOM, €CJIH CMOTPETh Ha HUX CO CTOPOHREI BBIAYBa CTpYi uepes
MX LEHTPAIBHBIC OTBEPCTHA. JTO BRXKHO OTMETHTH, TaK KaK u3
MaTepHaia rnocjaeylomux raaB 6yZer oHATHO, YTO OT 3TOI0 3aBHCHT
3HAK ATEKTPHYECKOro 3apsaaa 3THX YaCTHIL.

PaccmoTpum, 9TO  nNpoM3OMAET NPH  YMEHBUICHHM
HOBOPOXKICHHOTO BHUXPEBOro KOjblia A0 pa3MepoB neKkTpoHa. O6nem
KONBLA W=27r o oel. Macca 3¢Upa BHYTPH KOJBLA M=2TPe Forbl oel-
MOMeHT KomdecTBa HBIKEHMA Macchl 3(Hpa BHYTPH BHXPEBOro
komblia JEMro U272 pel ol oci®y, IIDH H3MEHEHHH Top, BHMXPEBOTrO
KONbLA JO pasMepa Ty MOMEHT KOJIHYECTBA IBHKCHHA NOJDKEH
COXpaHUTh CBOE 3HAYEHHME 32 CHET YBEJIHWYEHUA YTJIOBOM CKOPOCTH

BPAIICHHS 0 3HAYCHUA Oy .J103TOMY MOXHO 3amucarh
(=200 ol 0o/ =210 Dol el (11.3)
3nech:  roa=10"° M, 1,4=0,5-10"" M, ©,.=3-10"%" (11.4)
Orcioz1a MOKHO HAWTH HavallbHOE 3Ha4eHHe yrnopoit cxopoc'm W, B

GOJILIIOM HOBOPOKACHHOM BHXPEBOM KOJIbLIE IEKTPOHA
(Dv=(0v.¢1l'3°.¢|/l'3qb=3 -1 0304 (11.5)
CpaBuurenbHo ¢o 3HaueHHeM (11.2) 3to coBcem HeOonbilas Be-
maunHa. Ilpu gaocTiwokeHnu OCoNMbIIMX 3HAYEHHH YIJIOBBIX CKOpoOCTeid,
onpenenseMblx BbipaxeHnaMu (11.1) » (11.2), BHyTpH BHXpeBOro
KOJIbUa MIEKTPOHA BKIIOYACTCA MEXAHU3M Miepexoza 3pupa B KUAKYIO
(razy ¥ B cepeAMHe BHMXPEBOro KoJblLi@ Ha4dMHAeT 0Opa3’0BLIBATHCH
BMXpEeBas HHTb. OJIEKTPOH CTaHOBHUTCH BHMXPECTOKOM, TO €CTh
cTabunsHOM, JONTO XHUBYmeH aemeHTapHol uacTuueit. Pasmeps! y
IEKTPOHA TAKHE 3KE, KAK y MpOTOHA. TONBKO MNPOTOH UEIHKOM
COCTOHMT M3 xuAKoro 3¢upa. HeifTpoH oTIHUaeTCs OT MPOTOHA TONBKO
OTCYTCTBHEM B €r0 BHXPEBOM KOJIBLIE OCEBOrO BpamieHus cTpyil. ¥
Hero ®,,=0. H3-3a 3T0r0 HEATPOH HE HECET IEKTPUUECKOrO 3apsaa.
[To3uTpoH ABISETCA TEM K€ DSJICEKTPOHOM, KOTOphii Oynyum
BHIOpOLIGHHBIM M3 BEIIECTBA B CHIIy KAKHMX-TO KATAK/IIM3MOB
BBIHYXX/JICH ABHMaThCA KPATKOBPEMEHHO B IIPOTHBOECTECTBEHHOM /IS
BUXPEBOro KOJbLla HAIpaBJICHUH, TO €CTb B CTOPOHY BAYBa CTpyH
3upa BHYTPh LIEHTPAILHOIO OTBEPCTHA. 34eCh Hallle MHEHHe
coBnagaer ¢ paboroii [5]. Takoe aBKeHHEe MOXET OBITH TOJIBKO
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BBIHY)K/ICHHBIM H KPaTKOBPeMEHHbIM. BCICACTBHE TOTO, YTO Ipy 5TOM
MEHSETCS HanpasJicHue BpallleHNs CTPYH BAOJIb BHXPEBOT'O Ko/ibLa 1O
OTHOILICHHIO K HANIPABJICHHIO NOCTYIATEJIBHOTO ABMKCHANA, BO3HHMKaET
oOpaTHas KapTHHA B3aMMOMAEHCTBUSA C SNEKTPOMAarHHTHBIMK MOJIAMM.
B pesynbraTe 9TOM HacTHle NPHNHCLIBAETCA B OTIAHYHE OT 35eKTPOHA
HOJIOKUTENBHBIN NEKTPHUECCKU 3apa.

ITIpo Gonbiok OTPAR KOPOTKONKMBYIIMX 3NIEMEHTAPHLIX YaCTHL H
AHTHYACTUIL], MOXKHO NMOBTOPHTH CKa3aHHOE paHee. ITH YACTHIIB TAIOKe
npencTapasior cobofi pasimunbie nMo ¢opme 3bHPHBIE BUXpH,
BO3HMKatomue B 3dupe npu GomOapaupoBke BewlecTBa o u P
YacTHMLAMH M APYrHX KaTakiusmax. OHaKo, yriioBble CKOPOCTH B
3THX BHXPSAX He HaOpaiu HYyKHOM BEJMYMHBI NOpAAxa =3.10'%c".
[To3TOMy B HMX HE BKTIOYAETCS MEXAHH3M IEPexona 3PHpa B xuaKyIo
dasy ¥ BHXpeyaCTHIBI OBICTPO HEPENONHAIOTCA NOrNOMEHHBIM
agupoM. Tonbko Ha OYEHb KOPOTKOE BpEMA OHH  CTAHOBATCSH
BUXPECTOKAMH H HAYMHAIOT MOMVIOWATE 3QHP M3 OKpykaloImero
MPOCTPAHCTBA. JTOT NMPONECC HafeNseT MX Ha 3TO BPems Maccoii,
BECOM H JJIEKTPU4ECKMM 3apaaoM. OAHAKO, CPOK MX MKM3HM OYEHD
Ma1. KOpOTKOKHBYILHE YaCTHIBI OTIMYAIOTCH OT KOPOTKOMHBYIMX
aHTHYACTHL, TOJIBKO HAMNpaBieHHeM ABHACHHA JMOO g - cTOpoHY
BbiAyBa CTPYH 3(QHpa U3 LEHTPAIBHOIO OTBEPCTHA BHXPEKOJBLIOM,
nmu6o B oOpaTHOM HampaBieHuM. IIpy 3TOM H3MeHsieTcs M ux
B3aMMOAEHCTBHE C SNEKTPOMArHHTHEIM HOJIEM. |

12. Cnuan 3J1eKTpoHA.

H3BecTHO, YTO BpaleHHe 3/IEKTPOHA BOKPYT €ro OCH CBS3BIBAIOT C
NOHATHEM cnuHa 3jekTpoHa [22]. CriMHOM 3NeKTPOHA HaspBaeTCs
BHYTPEHHHIf MOMEHT MMITYJIbca (KOJIMYECTBA JBHXKEHHA) YacThibl. [To
KBAHTOBOH TEOpHH OH paBeH ‘

Isp=th/2=3,3-10%mx-c, -(12.1)
rae Isp-mpoexuMs crMHA Ha HanpaBleHWe MHIYKIMH B puemmuero
MarHHTHOTO TIONA., ,'

Crpyn a¢upa BHYTPM BHUXPEAJIEKTPOHA BPALIAIOTCH BOKPYr OCH
CHMMETPHH KOJbLiA C YTJIOBOH CKOPOCTBIO y.o=3-10'%c". dopmysa
(11.3) naeT BBIpakKeHHe MOMEHTA KOIHYECTBA ABHIKSHUA Macchi 3¢pupa
BHYTpH KoJjiblia. OHO JO/DKHO PaBHATLCA CIIMHY 3JIEKTPOHa

I= 2P, I opbl” o-clOv-el (12.2)
Eciu npyHATD Topb=To-e1, TO
1227 et o-civ.e1 =h/2 (12.3)

[lonaraem BenWuuHy ChMHAa 3/eKTpoHa  oblenpusuannoii
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seuunHON. ITosToMy Henonsayem 3Haqenns (12.1) u popmyny (12.3)
Ins onpefelieHus BETHYHHBI Pagryca JIeKTPOHa

toa={1/27% p,0,_, =3,42:10"m - (12.4)

3nech chaeqyer OTMETHTb, YTO B JIMTEpaType pasiivyaior
JICKTPOHEL, CBA3aHHBIE B AaTOMAX, CBOOOAHBIC J/IEKTPOHbLI U
3JIEKTPOHBI, BHICTYNAIOIIME B POJIM HOCHTEAEH 3jIeKTpudecTBa. HX
pa3Mepbl OLICHUBAIOTCA B IMTEPATYPE MO PA3HOMY B NPEACIAX o=
10°....10"*m. TloaTOMy Ha 3TOM 3Tane MPOCTO MPHMEM MNOTYHEHHOE
HaMH 3HAYEHHE K CBEACHHIO. BO3MOXKHO, B MOCIICAYIOWIMX T/1aBaX Mbl
NOJIVYHUM NOATBEPIKACHHE WIH YTOUHEHHE ITOTO 3HAYCHHA.

[loiryTHO 3aMeTHM, 4YTO JIEKTPOH MOXKET HMMETh BHYTpPH
BHXPEBOro Kojbua orBepcTHe. OLEHHM 3TOT paaMyC BEJIMMHHOMN
~2,185 r,o B 31OM ciiyuae ¢opmyna (12.2) npumer BHA H AacT
pe3yabTar

tos=3/1/20867 p, 0, , =2,1-10"° u (12.5)




13. SdpupoauEamMAYecKas NPAPOAA BOJIH
ae bpoiias,

Pan  ¢u3nueckWX ABNEHMM YyKa3bIBAET Ha CBA3b  MEXIY
pacnpocTpaHeHHEM JIYYHUCTON SHEeprud U ABIDKCHUEM 3JIEMEHTapPHBIX
yactrll. OKa3aioch, 4YTO BCAKAA JBIDKYIIAACH 4YacTHLIA MATEPHH
CBA3aHa C HEKOTOpbiM Kkonebare/lbHbIM, TO €CTh C BOJIHOBBHIM
HPOLIECCOM.

OneuiTel MOOKA3QJIH, YTO MPH OTPAKCHHH JJIEKTPOHOB OT
KpHCTaJUTHYECKOM NOBEPXHOCTH B PAle CIy4YacB HapyLIAlOTCH 3aKOHbI
reoMeTpudecKoi ormrukM. CxeMy omnbITa MOXKHO Haitu B [22]. Ilpu
3aJJAHHOM YTJI€ TIaJEHHA 3JIEKTPOHBI OTPAXKAIOTCH OT IMOBEPXHOCTH
KPHMCTAIU1a MOJ pa3sHbIMH yIJlaMH. DTO SBJIEHHE MMEET MECTO, Koraa
MEKATOMHBIE PACCTOHHAA Y KpUcTaiuia umelor Topazok (107°...107)m.
EC/H 3TH PacCTOMHHA CYNECTBEHHO OGousblie wiM MeHblue, 3ddekr
HCUe3aeT. |

Ecnu nocTpouTs AMArpaMMy pacrpeneieHHs MO HAIpaBieHHAM
YHCJIA IEKTPOHOB, PACCEAHHBIX IPH OTPAKEHHH OT KPHCTA/LTHYECKOH
MHIIEHH, TO OHa Oyzer HanOMMHATH KapTHHY JudpakuuH
PEHTIeHOBCKMX Jydeil. B AuarpaMme JUtHHa pajuyca, NMPOBEASHHOIO
H3 LIEHTPa MHINEHH, GepeTca NPONOPLMOHAIBHON YHCITY 3MEKTPOHOB,
OTpaxKeHHBIX TOJ JaHHBIM YIVIOM. YTOq INaJiCHHA NEPBUYHOrO My4Ka
3JIEKTPOHOB 38/3aH.
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VAUBUTENbHBIM ABJIMETCA TO, 4TO B OOHMUX HaMpaBICHHAX
HAOMONAIOTCS MAKCUMYMbl HHCJIa OTPRXKEHHBIX 3JICKTPOHOB, a B
APYrHX MHHUMYMbI. Y 3TO [IPH TOM, YTO pacnpeieIecHHe NeKTPOHOB B
Myuyke H3HAYAJNBHO ObUTO paBHOMepHbIM. CrpaliMBaeTCd, 4TO JKe
MOTJIO B MpOLECCE NOJIETa IEKTPOHOB B IMy4Ke MO HAMPABICHHIO K
9KpaHy pacCOPTHPOBATD HX B IUIOTHHIC H PA3PEKEHHEIE C/IOH?:

910 ABneHne HasBanH Audpakipeli no aHanoruu ¢ audpakuuei
CBETOBBIX H PEHTTEHOBCKHX JydeH. [lozxke BeIACHWIOCH, YTO Apyrue
3JieMeHTapHBIE YaCTHIIbI, HANPHUMEp, IPOTOHBI, ATOMBI H OTIEJIbHEIC
MOJIEKYJIBI TaloKe NOABEPIKEHb! QU PAKIHH.

. Eme Oonee YyAMBHTENIBHO, YTO JAM(PPAKUMOHHbIE KAPTHHELI
HaOMIOAAIOTCA HEe TONBKO WA IYYKOB OJHOBPEMEHHO ABHIKYIIMXCH
YacTHIl, HO H VI OTIOCNIbHBIX OAMHOYHBIX YACTHL, ITOOYEPEIOHO
JMETAIIMX HA KpHCTALTHYeckHii okpaH. [Ilocne MHorokparHoro
«obcTpena» MEeTAIMYSCKOH IUIEHKM MOHOKPHCTA/UIA ONMHOYHBIMH
3IeKTPOHaMK Habmozanach Takas jke AU(QPPAKLMOHHAS KAPTHHA, KakK
pH MPOXOXKASHHH mMyuka. Kak BIHAET OMH 3JEKTPOH Ha APyroii, aa
ele no NMpoIUSCTBHIO HHTEPBAJIA BPEMEHH, KOTIa OH HAXOAMTCH YXKe
COBCEM B IPYrOM MECTe, HSH3BECTHO.

®panuysckuit ydeHwlli ne bpoiis, nmTa’sce coriacosaTsh
BOJHOBYI0O M KBAHTOBYIO TEOPHMH, BBIABMHYJ THIOTE3y, 4TO
KOPIYCKYiSipHO-BOJIHOBas ABOMCTBEHHOCTb, XapaKTepHAasd JUIL CBETa U
JJIEKTPOMarHHTHOI'O MOJA, MMEET YHHBEPCANLHBIA XapakTrep.
CornacHo 3TOM rumoTe3e co BCAKOH yacTHUlieH, UMeIoIei Maccy m M
IBIDKYIEHCA CO CKOPOCTBIO V CBA3aHO PAcCTIPOCTpaHeHHE BOJHEI e
bpoiina. Jnuna neOpoiineBodt BonHBI onpeaensiercs 3HAMEHHTOM
¢opmynoii ae bpoiins

1=t (13.1)

mV

3neck h=6,626-10"*mxk-c=6,54-10""3pr-c — nocrosunas [1anka. Oua
BXOAMT BO BTopoil nocrynar bopa, yrBepxpaiomuif, 410 /IEKTPOH
MOJKET BPalllaThCa BOKPYT AJpa aTOMA TONALKO MO KPYroBeiM opOHTam,
JJ18 KOTOPBIX BBIIOJIHACTCA PABEHCTBO n

278 550U g Me=nh (13.2) .
TAC Mg — Macca ICKTPOHA; Topp — PAAHYC OPOMTEI 3TOTO AIEKTPOHA
NpHd BpallleHHH BOKpYr afapa aroma; Ugw —OKpYXKHEsS CKOPOCTh
AIEKTPOHa HA opbuTe; n — LEJoe YMUCIO, Ha3BIBAEMOE KBAHTOBbHIM
4yucsIoM . YactoTy BonHsel ae Bpoitng onpeaensior no popmyine
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JTO O3HAYAET HEYTO TYMaHHOE, a MMEHHO, YTO BCH JHEprus,
JKBUBAICHTHAS Macce m, paBHa 3HepruM h-3 Boo6pakaemoro
KBBHTA JYYHCTOH JHEPrMM, YacTOTA KOTOPOM PABHAETCH uACTOTE
¢a3080it BO/IHbI, KOTOPAs HE ABJISETCA JIYYHUCTOH IHEPrHeH.

TakuM oOpa3oM, AOMycKas, YTO BCAKOE ABHXEHHE HACTHLIBI
CB3aHO C BOJHOBLIM JBIDKeHHEM, (PHU3HKA He 3HaeT, YTO HMMEHHO
konebaeTcs, Kak M rie MpoucXoaAMT KojiebaHue, Kakosa CBA3b MEXAY
BOJHOM M yacTHUeli ¥ KakuM o00pa3soM NPOUCXOOMT  HX
B3aumopelictaue. [Ipobnema BoHOBO#H MexaHuku e Bpoiing cocrour
B TOM, YTO MCTHMHHAS NMpPUpPOJA ABYX COCTaBHLIX 4acTei Ayann3Ma,
PaBHO K4K H HX B3aHMHOE OTHOLLIEHHE, OCTAETCA IOJTHOM TalHOMA.

Hemano caenaHo mNoONbLITOK OTBETHTh HA 3TH BOMPOCHL. . Tak
Liipenuyrep npeanonarai, 4To caMa 4acTHLA €CThb HE YTO HHOE, Kak
MECTO CTyIIeHHNA BOJIH (naKkeT BOJIH), HO NO3KEe OT HEro OTKa3aic.
Cam ne bpoitnb cudTasl BOJHOBOE ABWIKEHUE pEaTbHLIM ABJICHUEM,
NPOHCXOAAIIMM B MPOCTPAHCTBE, BHYTPH KOTOPOrO HaXOAHTCH
marepyHanbHas uactuua. I[Ipy 3TOM MHTEHCHBHOCTL BOJIHOBOIO
ABWXKEHHS B KKIOH TOUKE 3TOro NpPOCTPAHCTBA OH CBA3BIBAN CO
CTENEHbIO BEPOATHOCTH HAXOXKIACHUA YacTHLbI B 310l Touke. U3 aToro
CJIEHOBAIO, YTO YacTHLUa Hanpasigercs BoiHo#. Ieiisenbepr u Bop
nojarand, Yro BOJHA, COMPOBOXKAAIOLAS YacTHLly, BOBCE HeE
MPEACTABNIET (QHU3INYECKOrO SABJICHHA, HO JMIIb CHMBOJHYECKH
o603HauaeT ABONCTBEHHOCTH CBOMCTB uacTHilbl. Bee 310 mocTaTouHo
TYMaHHO.

B pasBuBaeMOil HaMu TEOpHH 3(PHUpa SNEMEHTAPHbIE YACTHLbI
BEIUECTBA MPEACTABIAIOT cobOd BUXpeBble KOJblia, OOpPa3zoBaHHbLIE
BbICOKOCKOPOCTHEIMH CTPYAMH 3¢upa. [IpH JABHOKEHHH TAKHX BMXpeii
B Mone 3(QHPHOro rasa BO3HHMKAIOT pealbHbe BOMHBI Ae bpoiins.
Urobel pazobpathcss B 3TOM, oOpatHmca k puc.(ll.1) Onextpon
corniacHo ¢ rnasoi 11 npencrasnser coboif BUXpeBoe KONbLIO paguyca
Toel, JIETALICE B HAMpPABICHHU BbIAYBAHHA CTPYH M3 LEHTPANbHOro
OTBEPCTHA 8TOMa BAOJIb OCH OX. BHYTpH 3ekTpoHa cTpyH 3¢upa
IBWXKYTCA B IBYX HampaBieHusx. OHM BpalliaioTCA C O/IMHAKOBBIMM
YIJIOBBIMH CKOPOCTAMH ®y=3-10'%¢”! BOKPYr MpPOAONbHON OCH
BUXPEBOTO KOMbla H ©,.¢=3-10"%c" Bokpyr ero ocu cummerpun. Ha
puc.13.1 nokxa3aHbl ABa CEYEHHA BHXPEBOTO KOAbUA M  SMIOPbI
- pacnpefesieHMsl OKPYXHBIX H OCEBBIX CKOPOCTEH B 3THX CEYCHUSX.
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BHyTpM BHXpEBOro KO/blia CTPyH aqmpa BpalLaoTCs NO 3aKOHY
BpalieHHs TBEPAOTo TeNa

U =0yl Uv-er'.-(!)v-ell‘ (13.4)

Kak BCAKHI BHXpb, BUXPESJEKTPOH HHAYLUMpYET BOKpYr cebd B

noine 3¢upa none ckopocrei. KapruHa ckopocreil mnoyuaercs

MOCTATOYHO CJIOKHOM. UToOH OBLMO MOHATHEE PacCMOTPHM IIONE

CKOpOCTe# BOKPYr OCH CHMMETPHH BHXpeasieKTpoHa. OHa coBrnajaer ¢

U,...i

Puc.13.1 Puc.13.2
HaTIpaBJICHHEM €r0 ABIDKEHHA. BHe BHXPEBOro KoJbla HHAYLHpPYIOTCA
ckopoctd U,.q, ONUChIBaeMBIe 3aKOHOM buo-Casapa

U= I,Sina-dl

4nr?
OG6o3Ha4eHus, HCTIO/IB30BaHAbIC B GOpMYNe nokasaHbl Ha puc.!3.2
dopMyna 3anucaHa A OeCKOHEYHO  MaloOro  HIEMEHTa
kpuBonuHelinoro Buxpsa dl. Ckopocts dU,. B TOuke A JCKHT B
IUIOCKOCTH, TMEpIeHAMKY/JIIpHO# ocH snmeMeHta Buxpa dl  u
HanpaBsl€Ha B CTOPOHY BpAllCHHA BHXpA. I-PACCTOSHHE MENAY
TOYKOH A H paccMaTpUBacMbLIM JIEMECHTOM BHXPA. O-YTOJ MEXIY
ocbio 3neMeHTa BUXpA dl ¥ pammycoM r. I'g-IupKynauusa CKOpPOCTH,
MOACYMTAHHAS MO NEPUMETPY BHXPEBOro KONbIa
Lo =47rse Uso =8y o oel (13.6)
3aech Uy o™20yoeiloel  SBNSETCS OKPYXKHOH CKOPOCTHIO Ha
TpauMiic BUXPEANEKTPOHA, HANPABJIEHHOH BOKPYT €10 OCH CHMMETPHH.
YuMTHIBas, YTO VIEKTPOH OYEHb MaJl, 3aMEHHM OECKOHEHHO MATYIO
BeNMYMHY 3NeMeHTa BUXpa dl nHa mmMpuny BuXpeBoro konsua di=
2ro.e. Ilonokum Sino=1. B 3T0M ciiydae Okpy»Has CKOPOCTb BOKpPYT
OCH CHMMETPHM BMXPEBOI0 KOJbIia IEKTPOHA B OKPY’)KAIOIIeM €ro
none 3¢upa B IVIOCKOCTH BHXPEBOro KOMLLA BRIpasHTea GpopMyioit

(13.5)
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U= L (13.7)
2 -r? . ‘ .

"B pesyibTare npd JBIDKCHHM OJIEKTPOHA uepe3 - Mone
HEBO3MYILEHHOTO 3¢Hpa mobas vacTHia pupa HA MYTH AEKTPOHA
Ha4YMHACT COBEpIUATh CIOXKHBIC CNMpaNbHBIE MepeMelicHHA. BakHo
OTMETHTh, YTO B 3TOM [BIDKCHHH IOSBJISETCA LIMKIHYHOCTb, & 3TO
HEOOXOAMMBIN 3TEMEHT JJIA OIHCaHHUA MOOOro BOHOBOrG HpoLecca.

JIna nanbHeliilero aHaNM3a B KAYECTBE XAPAKTEPHOM TOUKM
BbiGepeM TOuKy B Ha NOBepXHOCTH BHXPEBOro KOJbLA 3j1eKTPOHA
(Puc.11.1). Ora Touka ABiDKeTCA BMecTe CO CcTpysMH 3(upa. IIpu
IBYDKCHUH 3MIEKTPOHA CKOPOCTh TOukM B ciimageiBaercs u3 JByX
COCTABNAIOLIMX, & HMEHHO, H3 CKOPOCTH MOCTYNATE/IbHOTO ABHKEHHS
V B Hampap/ieHHH OCH OX U OKPYKHOH CKOPOCTH Uye UroObl ne
3arpoMOXAaTh Halll aHAIM3 MNpeHeOpeskeM OKPYXHBIM ABIDKEHHEM
CTpY# BOKPYT OCH KOJIblia. ’

B pesynbTare ciokeHH CKopoctelf Touka B onHuer xpuByio,
Oonu3kyio k cuHycouge. Ilepwon xoneGanmuii uacTui, 3dupa BOKpYr
RBIKYLIETOCA 3JJICKTPOHA, BO3HMKIIMX B pe3y/bTaTe€ OMHCAHHOrO
npoiecca B okpyxatomeM mnojie 3¢Hpa, Oyaer pasBeH BpeMeHH; B
TEYSHHUH KOTOpOro Touka B coBepmuT momusiit o6opoT BOKpYr
LEeHTpaIbHOM ocH (310 BpeMs OyaeT paBHO BPEMEHH TOJHOro obopoTa
TAKXKE BOKPYT OCH BUXPEBOro KoJjiblia)

4r-r,, 27

T= — 13.8
Uo-—el wv—el ( )
B atom cayuae pnuna aebpoiinepoit BonHel Oyaer
2wV,
A=V,T==2"d (13.9)
wv-—el

OrmeryM, 9TO pPacCMOTPEHHOE MPEACTABICHHE O BOJHAX [e
bpoiins B >¢upe NPUHUMIHAIBHO OTJHuYaeTcd OT OECIUIOTHBIX
nebpoilieBbIX BOMH, C KOTOPhIMM CEerojHs onepupyer (usmkKa.

Peanpable BOJHBI B HOJIE 8, HOPMKIEHHEIE JIETSIIHM

3JICKTPOHOM H CONPOBORIAIONIHE €I'0 B IOJIETE, 3TO H €CTh BOJIHEI
ae bpoias,

B 3710l TpaxTOoBKE SBJISHHA HET HHYEro YAHBMTENBHOrO A
NOBCEIHEBHOH MPAKTHKH YeJIOBEKa. A3POAMHAMMKAM H3BECTHO, YTO
nerauuii caMo/ieT MM IUIBIBYINAS B MOpPe MOABOAHAS NOAKA CO34Al0T
BOKpYr ce6a obnacty BO3MylLUeHHOro Tevenus. Y ecnu pagoM nnv B
clefe 3a CaMOJIETOM OK&KETCS APYTrod CaMoJeT, OH MOXKeT ObiTh
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oTOpoLIeH WIH NEPEeBEPHYT ITUMH 'TCYCHUAMH W JaXe MOTEpHETb
katactpody. Buxpesoii cnen 3a momsoaHOM JNOAKOK MoOXeT ObiTb
o6HapyXXeH uepes MHOIO 4acoB, Korxa snoaxka Oyaer yxe COBCEM B
apyroM Mecte. U ecaw B 31y obnacTs TeyeHMa nonager ApPYroH
Kopabsib, TO HA €ro IUIABAHHE HEM3O&KHO TNOBIMAET Cneld OT
NPOMIBIBILEr0 paHbile CyAHA. JT0 OOBACHAET, MOUEMYy NOOUEPEAHO
neTanMe ONUHOUHBIC MIEKTPOHBI OKa3biBAIOT C MOMOLIbIO IPHPHLIX
neOpoiiieBBIX BONH BIIMAHKHE HA 3JISKTPOHBI, JIETALIHE B HX CJIE/E.
Korga Mbl roBopuM, YTO BMXpPb KHAYUMpPYeT BOKpyr cebsa B
OKpyxaiowei cruiomHod cpeae roJjie OKPYXKHbIX CKOpPOCTe#, TO
BO3HHKAET BOMPOC, KAaKOB e (U3NYeCKHMH MexaHH3M, KOTOpLIi
3aCTABINET YaCTHUbI cpeabl ABurarsca. OueBuanuiii ¥ caMblif
pacnpoCTpaHEHHBIH OTBET, YTO NPHMMHOM SABNSCTCA TPEHHE.
He#icTBuTeNbHO, €CMH NOMECTUTh B KMAKOCTh Bpamaloniuics
LUWIMHAP, TO BOKPYr HEro noj AcHCTBHEM TPEHHS BO3HHKHET Mnone
CKOpPOCTe#, HaNoOMHMHaloLIee pacnpeaeseHne ckopocTedi OKoio BUXPA.
Onsako, BCIOMHUM APYroit mpuMep — CIHB BOZB M3 ©MKOCTH
yepe3 CAHBHOE oOTBepcTHE. JKMAKOCTH BpallaeTcs BOKpPYr BOPOHKH,
oOpa3syroweiics Han CAMBHBIM oTBepcTHeM. M, KOHEYHO, He BOPOHKa,
TO €CTb /[bIpka, BpAalaeTCsi H YBNEKaeT 3a coOoif Bo BpalueHue

okpyxaiollfyio xuaxocts. Ha camom nene 1am, rae HabJjloaaercs

CJIMB HJH HmOrJomeHHe, oK 0Ias Cnjomupag cpena (sopa
BO. H MJSETCH K NOornomaonie obfne M
npH €T YCTOHIHBOE C gAHRe ABHKEHES TONbLKO o
ONHOB HHO CO OM emie H BAXDb.

Cnepyer OTMETHTb, YTO €CIM H3BECTHbI TMOCTynarejibHag M
yrjioBast CKOPOCTH 3MeKkTpoHa, To popmynnl (13.8) u (13.9) Oyayr
NaBaTb MEepHO M AJIMHY AeOpoilieBoii BoiHbI 3nekTpoHa. Ecnu ieTur
He JMIEKTPOH, a Apyras 3eMEeHTapHad YacTHLa, TO 3TH [AapaMeTphbl
caenyer 6paTh He A 3AEKTPOHA, & JUIA pacCMaTpPUBaeMOi 4acTHLIbI.
3TO BO3MOXHO, €C/IH cama IEMEHTapHas YaCTHLR UMEET CTPYKTYpY,

AHANOTHYHYIO CTPYKTYpE BHXpealieKTpoHa. B aTom cityuae dopmynbi
(13.8) u (13.9) cnepyer 3anucHBaTH B BHAE

2rr, 2z
=20 13.10
U o ( )
a=yr=22Y (13.11)
@,

Takum o6pazom, YCTOHYNBLIM H30JHPDOBAHHLIM
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JIEMEHTAPHLIM 00pa30oBAHNEEM B HPHPOJE SBASETCS BHXPECTOK. A

JHCPIrHd HAa €ro HE H HH HHE ICPHACTCH H3

oxpyxkaioniero mons 3mpa. B rnase 8 GLuto mokasaHo, YTO 3Ta.

JHEprusi OYCHb BEJIUKA, MNPAKTHYECKH HEHCUepnaeMma, TaK Kak
BOCTIOJNIHAOTCS MPU pa3spymeHHH MaTepUl. B pe3ysIbTare KOCMHYECKHX
KaTAKIM3MOB C MOCAEAYIOEM NIEPEXOAOM e B aHpP.

Ha nepsbiii B3rnan dopmyna pe bpoitna (13.1) u ¢opmyna
pa3BuBaeMoit Teopuu 3¢upa (13.11) He HMerOT MeKAY coboll HHYEro
obmero. Ho Tak au 3107 IIpOBEepHMM MNPEANONOKEHHE, UYTO ITH
¢opMyIBL IPH HEKOTOPBIX AOMYLICHHUAX NEPEXOAAT OAHA B APYIYIO.

. JAna 3TOro BCIIOMHHMM, YTO B COOTBETCTBHM C pa3BHBAEMBIMH B
IaHHOM padoTe UAeAMH aTOM, U3 KOTOPOTO BBUICTAET 3JIEKTPOH, TAKKE
npeacrasaser cobo¥i BHxpeBoe Kkoibuo pupa. Ha puc,11.1
NPELCTABNICHO INOMEPEHHOE CEMEHHE ITOro KoJblLa. OJEKTPOH
$opMupyeTcs B MOMEHT BbiOpoca cTpyH U3 Bo30Y:KISHHOTO aToMa Ha
PACCTOSHHM T, OT ueHTpa Kkomela. CTpys HMeer CkopocTs Uggp,
KOTOpas B JalbHEHUIEM CTAHET CKOPOCTBIO [OCTYMNAaTEeIbHOrO
IBMUKEHHUSA 3JIEKTPOHA HPH €ro nepeMeElLlieHHH B IPOCTPaHCTBE

U=V 0 auty=C 2 (13.12)

Voa

(Dy,-YIJIOBaA CKOPOCTh BpAINEHHs CTPYH 3dupa OTHOCHTENLHO OCH
BHXPEBOro Konbla aroMa. OTKyna HmeeM

ro=r°aZ£’- (13.13)
C

Hanee oOparuMca kO BropoMy mnoctyiary bopa. OtoT moctynar
YTBEPXKAAET, YTO 3J€KTPOH B IUTaHeTapHOM Moaenu Pesepdopna
MOJKET BpaulaThbCA BOKpYr sfZpa aTOM& TOJIBKO MO J03BOJICHHBIM
CTALHOHAPHBIM KpyroBeiM opOuram. Pammycel opOHT ajexTpoHa B
aToOMe BOAOPOAAa NPAMO MNPOMOPLMOHATBHBl KBAApPaTy IJIaBHOI'O
KBaHTOBOIO uYMcia n . Pagmyc nepBoit (Gmwxalimedt x ueHTPY)
opOMTBI B aTOM€ BOAOPOAA NPU n=1 HA3LIBACTCH MEPBLIM OGOPOBCKUM
panMycoM. 3aecs n=1,2,3..... NpHHAMAET LITBIE 3HAYCHMUS,

Y Hac aroM HE COAEPKHT 3JIEKTPOHOB, HO HPHMEM, NTO
POXIAIOTCS OHM M3 CTpYi 3(Hpa Ha Tex ke opOuTax, Ha KOTOphIX B
nnaHerapHoit Mozenu Pesepdopna onu mpamaiores. U3 puc.11.1
clieayeT, YTO paauyc OpOMTBI Iyp MOXKHO BBIPA3HUTh “epe3 paauycChl
AAPA T'yg, ATOMA Ioq H PACCTOSHHA OT OCH KOJIbLIEBOTr0 BUXpA (Touku O)
10 paccMaTpuBaeMoit opOnTHI 1,
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\ Forb=(2lydr+Toa)Ta (13.14)
KpoMe TOro, rnpeacraBuM CBA3b MEXAY I, MU Ty UEPE3 TIIIABHOE
KBaHTOBOE YMCJIO B CJICAYIOLIEM BHAC

, : Toy=NTy (13:15)
B stom ciyuae mpu  n=1 u3 (13.15) umeeM row=T, u u3 (13.14)
27 Vg 2r,, +1,
r, =— . Ilpu n=2 umeeM r,= . IIpu n=3 umeem
27, +10
= 2 - H TaK panee. Tenepp BepHemca K ¢opmyne (13.9).

[Tpasyio yacTb 3T0H GOPMYJIBI YMHOKHM H PasfC/IHM Ha CACAYIOLIWIA
MHOXHTENb- MU,y onblo Ve, B pesynbrare nomyunm
i _ 2” 'ropr _opbme, Vze[
m,V, a),, U ioppTors
B cootrBercTBuM ¢ nocrynarom bopa (13.2) uHcaurenb nepsBoro
MHOXuTeNna B dopmyne (13.16) ZM@Umbm,r'nh Kpome Toro, B
riase 11 GbUIO NOKA3AHO, YTO My=Wy.o=0y.=310'c? s Vei=Uaopb=0,fa.
. M3 (13.15) nmeeM 1=, [ToaToMy  Vg=Ujy opp™ ®alopp/n. C yuerom
3THX BBIKJIIAROK HMEeM
2” °ropra_opdm¢, _ hn Vzgl _ l
m,V, m,V, ByU popsTops 1
OxoHuarensHo, BbipakeHne (13.16) npuHHMaeT 3HAKOMbIH BUI
I JUIHHBL AeOpoiineBolt BOMHBI, COMPOBOXIAMLIECH ABIDKYLIHICA
CKBO3b 3(PHp 3NEKTPOH

(15.16)

h
mel Vel/
Ecnu omycTuts HHACKCHI «el», TO noyunM obilienpu3HaHHbIA BUA
¢opMmyanl Ae bpoting, npumeHsemoii s onpeneneHus JMHbI BOJHbI,

conposoxgatouieii Mo0yl0 neTALyI0 VIEMEHTAPHYK YacTHLy C
Macco# m M CKOpoCThIO V

A= (13.17)

= h (13.18)

mv
Qopmyna ne bpoiina u nepsbiii mocrynar bopa onpobuposaHbl
IKCMEPUMEHTAILHO M MNpH3HAHEI Hay4yHbiM MHpPOM. CoBnaseHue
dopmyn (13.1) u (13.18), oqna U3 KOTOPHIX MOSTYYEHA TEOPETHYECKH
u3 npeacrasincHuii 06 >dupe, a apyras (13.1) us ob6paborku
IKCTICPUMEHTANIBHLIX  NaHHBIX, He chay4aiiHo. OHO  cayxuT

55



MOATBEPIKACHHEM TNPAaBWIbHOCTH ° HAlIMX TMPEACTaBJICHUH o6
adupoauHaMuyeckod npupone neOpoilieBblX BOJMH. U 0. BUXPEBOM
3()UPHOM CTPOEHHU 3NEMEHTApPHBIX YACTHL M, B MEPBYIO OUEPEadb,
3JIEKTPOHA W aToMa. D10 coBnaacHue POpMyn ocBOOOXKAAET HAac OT
HEOOXOAMMOCTH MPOBOJAMTH - PACHETHI [UIS MOATBEPKACHUA WX
COBNaZicHUs C JKCHEPHMEHTaNbHLIMH JaHHeIMH. Kpome - Toro,
BO3MOXHOCTD' 3anucath ¢opmyiy ae bpoins B suae (13.9) uepes
YrI0BYIO CKOPOCTb ®y (M) OTKPLIBAET €lile OJIHH MYTb IS aHanu3a H
OGonee riyOokoro mNOHUMAHMS SBJIEHHA JyallMi3Ma  CBOMCTB
9/IEMEHTAPHbIX YaCTHLL.

s MonHOTHE OCBELIEHHA paccMaTpHBacMoii nMpobaemMbl OTMETHM
APYroit BO3MOXHBI# MEXAHM3M, ' CIIOCOOHBIA HO HALIEeMY  MHEHHIO
paccopTHpOBaTh OTPaXKEHHbIE . OT KPHCTA/LIMYECKONO  3KpaHa
MEKTPOHBl B TIpynnbl ¢ MAKCHM&ILHOW W MUHMMAIbHOWH MX
xoHueHrpaumeit. Hanomunm, uro "nuddpakumontbie” auarpammnt 8
onebite e Bpoliyia TONBKO HANOMHHAIOT AHPPPaKLHOHHBIE KAPTHHDI,
nonAy4YeHHsbIC [ CBETA M PeHTreHOBCKHX ay4yell. Ho, BO3MOXHO, OHU
TAaKOBbIMH He ABANIOTCA. IIpHuMHa MOMXKeT 3aKno4aTbCs B TOM, YTO
JIEKTPOHBI B Iy4Ke, HAMpaB/IeHHOM .HA KPHCTAIIMYECKHH JKpaH,
o0nagaioT He TONBKO TOCTYNATeNIbHOH CKOPOCTBIO, HO ele H
Bpawialorcs BOokpyr cBoux ocelf. MseectHO, 4TO KpyudeHbili May B
IIUHr-MIOHre WIH B TEHHHMCE OTCKAKMBAET OT paKeTKH He TaK, Kak
He3aKpy4eHHbIi. - UMEHHO 3T0 MOXET MPOUCXOAMUTh C AJIEKTPOHAMY,
KOTOPbIE TAKKe KPOME IOCTYNAaTE/IbHOTO ,ZIBH)KeHHﬂ obnagaior
BpalaTCiabHbIM ABVODKCHHEM, .

Jns He3aKpy4eHHOrO Mf4Ya HITH JIEKTPOHA CKOpPOCTb nonera V
Oonbo#i ponnu He wrpaer. Bue 3aBucHMocTH OT 31Ol CKOpOCTH yron
NafeHHA paBeH YTy OTPaXKeHHs. 31ech OecrnoNne3Ho HCKATh MEXAHH3M
paccopTHpoBaHuss uacTvu. HMHoe jeso, koraa Hapsay ¢
MOCTYNATENLHBIM JIBIDKEHHEM CYLLECTBYET BpalaTeNbHOE ABHKEHME.
YrnoBbie CKOPOCTH BpAINECHHA 3MIEKTPOHOB B HX, Kasaiocb Obi,
PaBHOMEPHOM IIy4Ke, TeM He MeHee, MOTYT ObITh He OAMHAKOBbI. ITO
3aBHCHT OT TOro, ¢ Kakoii opOMTBI BHYTpH atoMa OHM BLUIETAIOT.
[TlosroMy, oTpaxkeHHE pa3HBIX JIEKTPOHOB OT KPHCTANIIHYECKOTQ
IKpaHa TaKke OyJeT pasiHyHbIM.

HecMOTpa Ha KaxyLHYyiOCA OOHOPOAHOCTb ITy4Ka 3J€KTPOHOB,
HAMpaB/IEHHOTO 'HAa 3KpPaH B OMNbITE, .OH .10 BEJIHYHHAM YIJIOBBIX
cKOpocTeif M MO YMCIY 3JEKTPOHOB C OAMHAKOBBIMH YIJIOBBLIMU
CKOPOCTSMH BpaIllCHHA M3HAYaIbHO HE ABNfgeTca ofgHopoaHsiMm. Tlo
3TOH NMpUYKHE, NPOLECC OTPAKEHMA EKTPOHOB OT dKpaHa He CBA3aH
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C TEM, JIETAT JIH JIeKTPOHbI MyYKOM WJIH MOCIECAOBATEIBHO OAMH 32
ApPYFHM C UHTEpBaloM BpeMeHH. BakHO TO, CKOJMBKO H3 HHX
BbmeTalorr C OAMHAKOBBIX OPOHT U, C/IEAOBATENLHO, Y KaKoro HX uuwjia
umelo'rca OMHAKOBBIE YIJIOBblE CKOPOCTH BpalleHuA. ,

He yausnser B 310i MOCTAHOBKE H TO, YTO APYTHE /IEMEHTAPHbIC
YACTHIL M J&Xe HEKOTOPbiE ATOMBI TAKOKE HADYINAIOT 3aKOHbI
FEOMETPHYECKOH ONTHKH TIPH OTPMKEHHWH OT - KPHCTALTHUECKOrO
3KpaHa. JTO COBCEM HE O03HAYAeT, YTO OHM OONAJAIOT BOJHOBBIMH
ceoiicTBaMH, KaK 3710 npegnonarai ae Bpoitnp v Bosie 38 HUM Apyrue
n3BecTHole QU3HMKH. [IpwuMHOl 3ech ARIAETCA HANWYHE BpaLICHHS
3THX YaCTUL] BOKPYT CBOMX OCEif BpailiCHuIA.

SABNAIOTCA M BOJIHOBbIE CBOMCTBA 2JIEMEHTapHLIX YaCTHLL
peanbHbLIM ABICHUEM WM HAXYMaHHOH npobGiiemoli, BO3HUKILICH H3-3a
. HeNpaBWIbHOW TpakTOBKM ombiTa ne bpoitna? B mobom cayuae, B
OCHOBaHMH JIOGOro OTBETA HAa 3TOT BOMPOC JIGKHMT BpallATENIbHOE
ABIKEHHe 3THX uacTull. [1o HameMy yoexaeHuio 06a pacCMOTPEHHbIX
316Cb MEXaHHU3Ma ACHCTBYIOT OAHOBPEMEHHO.

14. Teopns 3¢upa o poToHaX, KBAHTAX W
‘ CBETOBLIX BOJIHAX,

CoBpemenHas pu3MKa CUMTAET, 4TO cBeT 0bs1anaeT OAHOBPEMEHHO
BOJIHOBHIMH H KOPIYCKYJMPHBIMH cBolicTBamMH. CKOpoCThL pacnpo-
CTpaHeHHs CBETa B MYCTOTE NOCTOSHHA M paBHa C=3-10°wm/c. Ona ne
3aBHCHT OT CKOPOCTH HCTOYHMKA CBET& M OTPpaXKaloUleid NOBEPXHOCTH
H B COOTBETCTBUM C TeopMel ONHIuTEHHA ABIAETCH [peNeNbHOM
CKOPOCTBIO, KOTOPYIO HE MOXET MMPEBBICHTL HH OQHH MAaTepuanbHbIi
obbexT BO BeeneHHoli. BonHoBble cBO#CTBA cBeTa mnpoABIAIOTCS B
ABNICHUAX HHTEpdEeperIMH, ANDPAKLIAY B NOASPH3ALMH.

C apyro#t cTopoHbl B KBAHTOBOH ONTHKE CBET pPaccMaTpHBaeTCs
KaK NoToK (GoTOHOB, He OONANAIOUMX MAcCoil MOKOA H ABHXKYLIHXCA
CO CKOpOCTHIO CBeTa. DOTOHBI BO3HMKAIOT NPH NEpPEeXosax aTOMOB W
MOJIEKYN M3 BO30YMICHHBIX SHEPreTHUECKHX COCTOAHHIA B COCTOAHUA
¢ MeHbineH sxeprueii. POTOHb HATYYAIOTCA TAKKE NPH YCKOPEHUH H
TOPMOXKEHHY 3apSKEHHBIX YaCTHI, pacnanax HEeKOTOPLIX 4HaCTHL M
YHUYTOXKEHWH Napbl 3ieKTPOH-poToH. [lokowourxcs (OTOHOB He
CYLUECTBYeT. |

B xBaHTOBO# TEOpHM cUMTAETCA, YTO (POTOH ABJIAETCA HOCHTENEM
KBAHTOBbIX CBOMCTB CBeTa, TO €CTb JSHEPruM, UMNY/bCa M MAaccChl.
[on BenuuMHONM KB3HTA NOAPA3YMEBAETCH TO KOJMYECTBO IHEPrHH,
KOTOpO€ OJHOBPEMEHHO HCITYCKAeTCA' MJTH MOIJIOLIaeTCS aTOMOM HIIH
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monexynoii. Ilnank Hawen, 4yTo BENWYHMHA KBAHTA 3aBHCHUT OT poAa
nyyeii, 8 UIMEHHO, YTO KBRHT NPONOPLHOHANEH YacTpTe Konebanuii u
o6paTHO MpONOpLUMOHANeH AJiHe BOJIHEL . B nanexoil nHpakpacHoit
YACTH CIIeKTpa KBAHTHI MaJbl, 4 HAaUGOIbIINE KBAHTHI HAXOZATCA B
PEHTT€HOBCKHX, rAMMAa U KOCMMYECKMX JTyYaXx.

. OcHOBHBEIMH XapaxTepucTHKaMH (OTOHA 1O KBaHTOBOH TEOPHH

SIBJISHOTCS €10 DHEPrUs €¢H MMITYJIBC Py

—mez-hS—ZC (14.1y
h-9 h

s 14.2

by (14.2)

Macca newxymeroca GoToHa my MoXeT Obrth onpeaenena [22]
KaK '

h3 h

Cr T,

3necbd-uacToTa CBETOBOM 3JIEKTPOMArHMTHON BOJIHBI; A -JUIMHA
BOJIHBI cBera B mycrore;, h.—mocrosanHas Ilnanka. B 1905 rony
OUHLITEHH BBICKa3a]l MBICNIh, MTO MOTOK JIYYHCTOH 3HEPrHM COCTOHT
M3 OTHAENBHBIX KBAHTOB, HE CBA3AHHBIX MEKAY.COOOH. H NETAIKX CO
CKOPOCTBIO -CBeTa. TO ecTh No ero NPeACTABIICHHAM. JIETAT OTAC/bHbIE
HHYEM He CBS3aHHBIE MY OGO KIIOUKH TyducTol sHeprun. Takoe
NPEACTARJICHHE. HE MO3BOJISICT [POCTO H TOHATHO OOBACHUTE .
B3aUMOJCHCTBHE JBYX JIyded, HX B3aHMHOE YCHIEHME MM
YHHYTOXEHHE, KOTOpOE HMeeT MECTO B MPHPONE W HAr/sIHO
NOMydaeTcs N0 BOJHOBOH TEOPHH CBETA KAK DPE3YNLTAT CIOKEHHS
AByX TMPOTHBOMOJIONKHO HAMpPABICHHLIX OAMHAKOBLIX KoJieOaHuiA.
BakHO HOHATb, YTO OCHOBHas ¢opMysia KBRHTOBOH Teopum,

CBA3LIBAIONIASA SHEPrHIO KBAHTA, €. ¢ YaCTOTOM O M ANMHOM BOJTHBI-A
- . - e=h8 . (14.4)
HHUKAKOrO CMbIC/ia He umeeT. JelicTBUTENBHO, JIETAT KBAHThI, TO €CTh.
KJIOYKH JIYYHCTOH: 3HEPru, pa3/iMyalolHecs ApYr OT APYra TONBKO
KOJIHYECTBOM Coaep)Kamelica B Hux sHepru €. Hu o xakux yacrore
8 v pgnuHe BOMMBI. ‘A  314ech M pedd ‘HeT. B nosere KBaHTOB -He
COAEPIKUTCA HNEMEHTA NEPHOAMIHOCTH, 663 KOTOPOro camMo NOHATHE O
piuHe BoJiHBI GeceMbiciieHHo. [ToaToMy M1 KBAHTOBOI TEOPHH B TOM
BHJiE, KAK OHA CErofHS CYILECTBYET, IJIHHA BOJIHBI A €CTh MPOCTO
YHCJIO, FOMYMAEMOE IKCIEPMMEHTAIIBHBIM METOAOM, COBEPLIEHHO
HETIOHATHLIM I 3ToH Teopu. OHa CIYKHF UM nepexoa OT A3bIKa -
58
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KBAHTOBOH TEOPMM K A3bIKY BOJIHOBOH Teopuu M obpaTHO. Benuunny
MacChi JBIDKYLIErOCA CO CKOPOCTBIO CBETa POTOHA MOXKHO OLICHHTD M3

seipakenns (14.3) ans b BOHEL A= 6-10"M
h o 0,368-10"kr (14.5)

(/]
Pasmepsl OTOHA MOXKHO TPUOIIDKEHHO OLICHMTH, YUHMTHIBAS, YTO
MACCHI IPONOPLIMOHATLHEL KyOaM MHeHHBIX pasMepoB, 1o popmyJie

tof=Toal 3/m,/m,_, (14.6)
Ecnu p3sTs Maccy u paauyc snektpona m=9,11-107'kr u r.=10""m,

me=

9,11-107*

3AE€KTPOHA MCMONB30BATh 3Ha4YeHMe (12.4) — r,..~6,3 103m, T0 1=
1,008-10"*m. Tlonydwaercs HekoTOpoe pasHOYTEHHE, HO SCHO, YTO
(GOTOH ABNAETCA OUYCHBb METKOM YacTHLeH B BUAE BHXPEBOTO ra3oBoro
xosibLia 3¢upa. Jnuna nebpoiinesoit Bonub GoTOHA, NOACUHTAHHAS 1O
¢opmyne (13.1) paer 3naucHue

~34 .
4= P __ 6626:107 07w (i4.7)

" m,C 0368-10°%.3.10°
Jpyroro u ObITh He MOIJIO, TAK KAK Macca ¢oroHa Obuia
onpeAeneHa No 3TOM AnuHe BOJHBL, HanoMHWM, ¥TO ANMHBI BOJIH
BCEro CMEKTPa BHAMMOIO CBETa, HCIMyckaeMoro COJTHIEM HAXOMATC B
AMana3oHe

1035
10 1.~ 107" ?J 01?368 10 = 1,6-10""m. Eciu B kauecTBe painuyca

| '4=3,8-10"M ......6,6:10"m (14.8)
C npyroii ctoponbl B rnase 13 66010 NOKA3a8HO, YTO JVTHHY BOJIHEI
ne bpoitng MoxHO noacuuTars Takke no gopmyse (13.11). Tlpu srom

HY)XHO yudecTb, 4T0 hoTon dopmu i HAa BepxHe# HHIE
BHXpeBOro koanna aroma. IlodroMy, OKpYKHAas CKODPOCTh
HCXOAHOH T 3hn H3 KO i dopmMupYIOTCH TOHBLI
pasHa_ckopocrs csera Uy =C=3- lﬂ’ﬂ B_aanuueiimem ona

q n ATEJbLHO HHS HOB B

CTAHOBHTC
npocrpancree V=C, ' Jlns Toro, wroObl NOJYYHTH TAKYIO 3KE [UTHHY

BOJHb GOTOHA yrnosas CKOPOCTh BpallieHHS CTpy# BHYyTpH Hero
JIOJDKHA OBITH

w=2nC/A~6,28-3-10%/6,0018-107=3,14-10"°¢"’ C(14.9)
To ectb y dpoToHa HabGMOAAIOTCS CYLIECTBEHHO MEHbLIME YIJIOBbIE
CKOpPOCTH BpalleHua cTpyH 3dupa, YeM y JIeKTpoHa. ITHX CKOpoCTeii,
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NOBHAMMOMY, HENOCTaTOUHO, 4YTOOBI obecreuuTs YCTOHYHBOCTb
mpouecca MorjomeHns >gupa M3 OKpYXKAIOWIEro NPOCTPAHCTBA, B
HEMO/IBIOKHOM COCTOSIHMM. OTHM 0OBACHAETCS TO, YTO Y dhoToHa Her -
Macchl Iokod. Bes GhicTporo ABmkeHns GOTOH TEpSET YCTORUHBOCT H
pacnasaercd. OTHOCHTENbHAA YCTOWYMBOCTL €0 COCTOAHMSA
obecrieunBaeTcd HENMpepbIBHbIM €ro IBWKeHWEM ¢ Goubluoii
CKOPOCTBIO BHOMIb €ro OCH CHMMETPHH B HANPAB/ICHHH BbilyBa CTpY#l
U3 UCHTPAILHOIO OTBEPCTHA. XOTH, MOXET OBIThb, NPOCTO €ro HUKOT 12
He BUAEITH OCTAHOBUBLIEMCH, :

Bce 310 3acraBnser AyMaTh, YTO Ha I'paHHMLIE BHXPEBOro KOJibLia
BO30Y¥/IEHHOrO aToMa OAHOBPEMEHHO POXKAAETCS Lienoyka (oTOHOB,
obiuas Macca kortopeix Onu3ka kK Macce 3jiexkTpoHa. OHH paBHOMEPHO
pacripelieieHsl N0  JUIHHE CBETOBOM - BOJIHBI, NOAAEpXKHBAsA
YCTOMYUBOCTL CYLUECTBOBAHMA JPYr ApYra H BOCMOJNHAS 3THUM
HEAOCTATOYHO GOJNIBIIYIO YIJIOBYHO CKOPOCTb BpallieHHs cTpyil admpa
BHYTpPH ¢(oTOHa BOKPYr HEHTpalbHOM OCH cuMmerpuu. Hasosem
JJIMHY CBETOBOM BOJIHBI ¢ pacnpenesieHHbIMH BJOJIb Hee (oTOHaAMU
«THAKESIOH CBETOBOH BOJIHOMY. ~

TaxaMm M, IOX THXKEJ0H CBEeTOBO HOY¥ NOHEMAaETCs
AeOpoiiseBag BoaHA B nojie 2pHP3 OKO0JO NenoukH ¢(orouoB,
no eHHAS H HHEM. J1a 2 CONPOBOKAAET HENnoY4

OTOHOB HR THOKeHEH n HeHHS 2 CBeTa M
B3samonelicrayer ¢ neli. Ilog maccoii Tmaxenoli ceToBoi BOJIHDbI
BHAHNMOI'O CBETA HOHHMAETCH Maccea Beei YKH TOHOB.

L
Macca Tsmesncii cBeroBoll BOJHLI € AJHHO =124 paBna

ECTECTBENHO,MACCE ONHOIO ITEKTPORA
~ PaccMOTpeHHbIe BUXPEBbIE CXEMbl ATOMOB, /IEKTPOHOB U (OTOHOB
NO3BOJIAIOT peliaTh He TONbKO 3a1a4y OTNpeAcNeHHs MapaMeTpoB
AeOpoiineBbix BOJMH, HO TAKOKE 38Jauy MO ONMPEACNECHHIO BO3AEHCTBAS
yepe3 OKpYKAIOWMI HX 3PHP ONHMX HacTHL, NETALUMX MYYKOM HiH
NOOYepeaHo,  HA  ApYrHe  JNieMeHTapHble  uacTWuel. B
ra3orMApOAHHaAMHUKe W3BECTHH PEIUEHHA MO OTIPEACNSHHUIO TPaKTOpHii
JBH3KEHUS HECKONBKHMX BHXpPeil H3-3a HX B3aMMHOIO BIMAHMSA ApYl Ha
apyra. Tak, HarpuMep, JABa BHXpA Ha IJIOCKOCTH BpalLUAOTCA BOKpYr
obLuero LeHTpa no OKPY>KHOCTH.
KuHerHueckas 3HEprus UENOUKH (bo'ronos WIH 2JIEKTPOHa C
Maccoif m B MOJIETE CO CKOPOCTHIO V MOXKeT ObITh 3anucaHa Kak
2
&, = '";/ - (14.10)
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3mech CKOPOCTh mojieTa uacTHUB -V paBHa OpOWTANLHOI
cKopoct# cTpyd 3¢upa B atoMe Uy, H3 KOTOPOH 3T HacTHUA HIH
uenouka ¢oronoB obpasosanace. CTpys 3¢upa Haxoawnacs Ha
PACCTOSHHM Togp, OT HEHTPAa CEYEHHS BHXPEBOro xo.nbua aroMa.
[osromy ¢ yuerom (13.15) nomyunm -

| V=U°,,b= Opala = Dya -2 (14.11)
n
rae ,.=3-10"%c" ects yroBas cxopocTs BpameHns 3¢upa BOKpyr
OCH BHXPEBOTO KOJIbLia BHYTPH aToMa. Y‘IHTBIB&SI (14. 11) nepenyiem
(14.10) k cnexyromeMy BHAY
U ops
» 2
BenomauM, yTo M3 BTOporo mocryiaara bopa (13.2) BennuuHy
mU,, MOXHO BBIPa3sUTh yepe3 NocTosHHyIo [lianka
nh |

(14.12)

mU 14.13)
" "o r,,p,, | (
IloatoMy dopmyny (14.12) moxHO nepenucarb K BUAY
£ = hn a’u-arorb h wu-a (14. 1 4)

27, n 2 2r

U3 soipaxenus (13.8) cnemyer, uro uacToTa KonebaHHii
feOpofinieBOM BOJMHBI OKONO JieTAINEd YACTHUB ~OMNpeAenzeTcs
3aBUCHMOCTBIO

1 o @

F=—= voel =_£:_9_’ (1415)
T 2 2%

TaK KaK YrjioBbleé CKOPOCTH Y 8TOMa M BbUICTAIOMICH H3 HEro YacTHIbl
WIM LEeNOYKM 4YacTull onuHaxosbi. 3ameHuM B (14.14) BTOpoOit
MHOXHTENb 4acToToi KoneGanuii nebpoiinesoli BonHel B 3¢upe. B

pe3ynbTare NoJy4uM
1

ek=-2-h.9 ’ (14.16)

CpaBHHBasA TIOTYHYCHHBbIH pPe3y/NbTAT C OCHOBHBIM YpaBHEHHEM
KBaHTOBOMH TeopHH (14.4) BUAUM, YTO KHHETHYECKAA SHEPrys JIeTALLCH
B none 3pupa ieMeHTapHOH YacTHIBI WIH LENOYKH YacTHL
(doroHoB) cocraBnseT NONOBMHY 3HEPruM KBaHTa. Bropas nonoeuxa
3HEPruM KBaHTa cofiepxuTcd B BONHE ne bpoiing, conpopoxkaalomeit
OBWKYyIyIocs dacTully. Ee MOXHO Ha3BaTh "MPHCOCAMHEHHON-
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aHepruei”. |

YUroGsl onpeaeNuTs 3Ty SHEPruio, BCTIOMHHM, YTO 3TH BOJIHKI
BHI3BAHLI TEM, YTO BHXPEBOE KOJBLO, NPEACTABIIONMICS . cODOH
3JIEMEHTAPHYIO YacTHIY, HHIYIHpYET BOKPYT ceba rosne cxopocTei,
[TpuueM, CKOPOCTH B nojie 3(upa BOHHKAIOT He 33 CUET INepeaatH
3HEPrHHM OT YacCTHi{bl HOMIO 3dupa, a 338 CHYET SHEPruH caMoro o
a¢upa. KonuyectBo 3710if 3HepruM OOYCIOBICHO NOrNOLATENbHOMN
CITIOCOOHOCTBIO PACCMATPHBACMOI JTEMEHTAPHOM YacTHIWI, KOTOpas
onpeanengerca gopmynoii (1.4). U3 popmyibl BHAHO, YTO B KOHCUHOM
MTOI'€ OHa ONPEACIACTCS MACCOM DICMEHTAPHOU YaCTULIbL:

Bo BpeMs nmonera 3neMeHTapHON YaCTHLB OCH -BUXPEBOIro KOJIbLA
OPHEHTHPOBAHA NO HANPABJICHHIO JIBHKOHHA BBHIYBOM CTPYH BIIEpes.
[Ippy 3TOM nornomaeMas 3THM KOJBLOM H3 OKpYXaiollero
MPOCTPAHCTBA Macca 3hHpa MOXET IMOMACTh BHYTPh KOMBLA TOJLKO
BIOrQHKY B BHJe CTpyM uepe3 BcachiBaiouee oTBepctHe. CKOPOCTH
3THX CTPYH paBHA CKOPOCTH ABMIKCHMA caMol dacTuubl V, paBHOH;
OKpYXHOM ckopocTH cTpyit adupa BHyTpu atoMa Uyy, onpenensemoit
¢opmynoii (14.11). Ilopums xuHeTHUEeCKOM 3HEprMM >THX CTpYii,
CONPOBOKIAIOIIHX ABIDKYILYIOCH YACTHLLy C MacCOi m Oyxner

q U 2 2
£, =,/“ PmUw _l,9 (14.17)
2 2 2

CymmapHas sHeprus Oyaer paBHa CyMME KHHETHYECKMX 3HEPruii
YacTHLIL! H conpoBoxaatomieli ec BosHb! e bpoina

e=g+ev=h9 (14.18)

ITO M €CTh KBAHT Ny4YHCTOH 3Hepruu. Eciu peub uaer o KBaHTE |

CBETa, TO 4aCTOTA BOJIHEI

C \
3 7 (14.19)
OHeprus KBaHTa ceera Oyaer
eE=h8= !1;19 © o (14.20)

OTMETHM, YTO B TAKOM HMCTOJIKOBAHMH KBaHTa JTYYHCTOH dHEprHH
4yacToTa M VIMHA' BOJIHBL MepecTaloT OblTh  aOGCTPAKTHBIMH,
¢$OopMATPHEIMH TIOHATUAMHU. JTO BMOJIHE PeaibHble XAPAKTEPUCTHKH
nebpoiinesoii BOJHH (TAKeNOH BOMHBI), BXOAALIEH B COCTAB KBAaHTA.

AJIA3M _CBOMCTB _2JIEMEHTRPHBIX YACTH TASART _Tenepsb

claenyionmaM obpaioM: Bo3aeificTreae aeOpoilieBbix BOJIH, TO €CTh

TeUeHn#l >Pupa KPYr JIeTHIIRX WICMCGHTADHLIX YACTHAIN, B
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onLITax THB nHTe ANHOHBLIMH H H

GPAKNHONALIMH * cneKTPaMB, A cama uacTHNZ (HIM Henovka
JaCTHI) SBJSETCH HOCHTE/EM HBMNOVJIbCA, [ABJICHAA Ha
nperpaabi, MAcChHl H TOJIOBANLI YJHEPIrUH,

" 15. O anepuoit Moesin aToma Pesepdopaa.

AnepHas moaenb atoma Pesepdopaa paaMKanbHO OTIHYAETCHA OT
BUXpeBOH MoaeiM aromd Teopuy d¢upa, KpoMe OAHOTO — B 0fenx
MOZCNAX B LIEHTPE aToMa HAXOAMTCH SAPO, JIMHEHHBIC pa3Mepsl
KOTOpPOro  NMpUGNM3MTENLHO  PaBHbI 101, .....10"%,. © Pasmepsi
nony4yeusl Pesepdopaom. Jlo cuxX nmop Mbl MNONb30OBAIHCL ITHM
3HA4YEHHEM W 3TO AaBaJIO YAOBIETBOPHUTENbHBIC pe3ybTarhl. [103TOMY
y Hac HeT OCHOBaHMWii ero ocnapusarth. Tem He Menee, 3Ta UM(pa B
TeopuH 3pupa Tpebyer cBoero ocmbicneHus H obocHosaHua. Jleno He
TONbKO B camoii uudpe, a B Tom, 4T0 Moaens Pesepdopna Hazeaser
AAPO aToMa BOAOPOAA — MPOTOH (M APYrHX 4TOMOB) MOJIOMKHTENIbHBIM
-3IeKTpHYECKUM 3apaaoM. C MOMOLIBIO 3TOIO 3apana yYAep)KHBatoTCH
Ha CBOMX OpOMTax »5MEeKTPOHbI, BpalalolIMecs BOKpYr Adpa C
GONBIINMY CKOPOCTAMH. JJIEKTPOH, HECMOTPS HA MHOIOKPATHOE
OTIIMYHME B Maccax, HECET TAKOH ke Mo MOAYMO, HO OTPHLATEIbHbIH
3apaj. Yike OJHO 3TO O3HAYAET, YTO 3apsAibl AApa aTOMA U EKTPOHA
HE SBNIAIOTCA HEM-TO POAHBIM, OOYC/IOBIIEHHBIM MX ' BHYTPEHHEH
npuponoii. Cxkopee 3TO HANOMMHAGT HX IGKTPH3ALMIO, HanoJobue
JJIEKTPH3ALMH [UAPUKOB, OMH M3 KOTOPLIX M3rOTOBJIEH M3 CTEKia, a
Opyroi w3 aHTaps. . | .

- B, BuxpeBoif Moaenm aroMa HET MOJOKMTEIbHBIX M
OTPHUATENbHLIX 3apsaos. CnpaliMBaeTcs, €CINH HET 3apKCHHbBIX
YaCTHL, TO OTKYJa € B3Jach CHJA, OTKIOHAWUIA  O-4acTHLIbl,
HCIyCKaeMblé SAPOM ypaHa MNpU nojiere 4epe3  TOHKYIO
MeTauIYecKylo (onbry. B axcnepumente Pezepdopaa 31 yacTHLbI B
BUJE Y3KOrOo MHyYKa HpOMyCKaJIuCh 4Yepe3 TOHKHE MeTalIMvecKue
IUIACTHHKM M3 30/10TA U IUIaTHHLL. B pesynpTaTe r0r0 Habmoaanoch
paccesHHe O-4aCTHML, B BELISCTBE, KOTOPOE OMNpEAesnoch Mo
BCMbIUKAM  (CLMISLHMAM) HA JKpaHe, [OKPLITOM BELUECTBOM,
CHOCOOHBIM CBETHTBCA MpH yaape o6 Hero udactuu. B npocrpaHcTse
Mexay Gonbroii M dkpaHoM oOecreunBayici AOCTATOUHBIH BaKyyM,
yto6bl  H36eXkars HOMONHHTENLHOTO PACCEMBAHMA  C(-YaCTHL] B
Bo3ayxe. B skcnepumente Habmoganuch OTHENbHBIE  (-UaCTHLIbI,
paccesHHble nog yriom 9 po 150°. Pesepdopa npeanonarai, 4to o-
4YacTHLia, HAJIETAIOUAsA Ha ATOM MarepHaia Qosbry, OTTANIKMBAETCH OT
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HEro A/ICPHLIMHA ICKTPUYECKUMH CHIIAMH, TaK KAK aTOMHOE. ANPO M
O-4aCTHUA MMM 1O €ro NPEACTABNCHHSM ~. ONHHAKOBHIM
' NOJIOXKUTENbHBIN 38paA. JNEKTPOHbI BBHAY MAIOCTH MX Mace B pacuer
He NPHHHMAANCh. B pesymbTaTe 3TOr0 NPOMCXOAMT MCKPUBJICHHE
TpaekTopHH. Peaepdopa paccMoTpen ycnoBHs MPOXOXKACHHS OL-4ACTH-
bl HA MHHHMA&JIBHOM PACCTOSHHM OT AAPA aTOMA, MPEATIONOKHUB , YTO
KHHETHYECKas SHEPrusi O-4aCTHUbl NEPEXOJUT B MOTECHUHAILHYIO
SHEPruio OTTAIKHBAHMA H MOy 3T0 MHHMMAJILHOC PaccTOSHHE, TO
eCTb pa3Mep 00NacTH, 3aHATOH ATPOM.

CornacHo Teopun 3¢pupa «-yacTHUA mNpeAcTaBaAeT coboli aapo
aToMa M COCTOHMT H3 XKMAKOro 3(QpHpHOrO KOAbLEBOro BHXpA (rjiaBa
10). IlomytHOo oOTMeTHMM, 4TO . OTCTAMBacMoe B OJr1oli pabore
NpenCTaBJICHHE O IKHAKOM 3(QHPDHOM SApPEe AaroMOB XOPOLIO
coryiacyerca ¢ H3BecTHoM B ¢usuke [22] kanembHoit Moaenbio Aapa
aToma. ,

AtoM Meraumueckol ¢osbru, CKBO3b KOTOPBIH mponeraer O-
YACTHLIA, TaKKe npencraBnser coboif konbieBod BUXpb. OxpyxkHas
CKOPOCTD B ra3000pa3HOM BHXpe aTOMa 3aNMCEIBACTCA B BHAE

o U= 0ur=3-10%1 (15.1)

3aech - pacCTOSHME OT IICHTPA CCUCHHMA SApa aToMa B Ponbre 1o
LICHTPA CEeYECHHA MpojeTalolel o-yacTuubl, (puc.15.1). y,--3aBUCHT
ot r. [Ipu r=r,, OKpy:KHasi CKOpOCTb CTPYif 3QHpa B LICHTPe BUXPEBOIO
KOJIbLIA ATOMA ,
Uv=0vlo = C=3-10"m/c : (15.2)

Ilponeras uepes aToM O-4aCTHLIA OKA3BLIBACTCS B HEPABHOMEPHOM
nojge ckopocrell. B aspoaunammke JokazaHa Teopema HLE.
JKykoBckoro 0 nogALEMHOM cuile, YTBEepPKAAIOAN, YTO Ha BCAKOE TeNO,
Haxojqieecs B NOTOKE JHIKOCTH WIH rasa, AciicTByer mornepeyHas
(noabeMHas NpM pacCMOTPCHHH MNOJNETa camonera) cwia Y, - eciH
LIAPKYIALMA CKOPOCTH MO NEPUMETPY TeNa He paBHA HYMIO. JTa CHia
paBHa MPOH3BEACHHIO TUIOTHOCTH H CKOPOCTH MOTOKA Ha LMPKYJIALIHIO
CKOPOCTH, HOACYMTAHHYIO 110 KOHTYPY TeNa

V=pVI'{ (15.3)

Cuna 3amucaHa Jna mHpuebl Tena £. [IpumeHwrenbHo k
paccMarpuBaeMoli  samaue  p=p=1.19-10°kr/M’,  r1=10""y,
0y=0,=310""M", V=U ;. =0.alu=C=3-10°M/c (Gepercs HauGonsiuas
CKOpOCTH CTpY#i 3¢Hpa BHYTPH ra3oBoro Koabilia aroMa), HHPKYIALMs
CKOPOCTH MO KOHTYPY BMXPEBOIO KO/NblLia Ol-4aCTHUMB 3aNUCHIBACTCS
KaK -
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F=Fa=2n2rozU;o.,=4u(nw2r’o,=81g§oufoz | - (15.4)

Puc:.15. Tlponetr o = yacTUALE MHMO AApa aTOMA.

- Kak BugHO u3 puc.15.1, pamgyc O-4aCTHLE!I - paBeH 2ry,
CxopocTts cTpyii 3¢Hpa BOKpYr LEHTPaTbHON OCH CUMMETPHH HA €€
BepXHOH rpaHulle U,o.;=00,2r,; LIHpHHA YacTHIBI B HAIPaBICHUH
LieHTpanbHOM ocH (cxopoct nonera) £=2r, C ydeTtom 3TEX
3HaYCHUN HOpMAJIbHAA CHNA, ACHCTBYIOIAS HA O-YACTHI[y B MOMEHT
ApojieTa €€ CKBO3b aTOM (PONIBIM MEPNeHAMKYJISIPHO HaNpaBICHUIO
- CKOPOCTH MOUIETa 3aHIIETCH C HOMOIIlbIO(l 5.3) B BHZE

V=16p.C, 7 (15.5)

Yro6nt 3TA CHIIA MOIJIA OTKIIOHHTh O-4acTHLy Ha 60sbLiKe YIJibl
8, HykHO, YTOOBI OHa ObUIAa TAKOIO K€ NOPAAKA, KaK LeHTpoOexHas
CHJ1a, AeHCTBYIONAA B IPOTHBOIONOXKHOM HanpasiaeHuH. [Ipupasnsem
ITH CHIIBI ,
2
m,V
r opb
30€Ch  oph™Toa 210l NPEACTaBNAET cO0OM paccTosHHE OT LEHTpa
aToMa J0 UEHTpa o-4acTHLI. M3 3T0ro ypaBHEHHA MOXKHO BblpaBPITb
panuyc 4apa o-4acTHipL. OH TaKkol %e Kak y A1pa aToMa.

m,V?
167-C-r, o,

B xauecTBe Macchl O-4acTHIIBI B3STO 3HaYeHue my,=1,7-10 271(1" B
KAYECTBE CKOPOCTH €€ NnojeTa - 3Hadenne V=6-10°w/c. Hanpasnenue
neficTBus HopManbHOH cuibl JKyKOBCKOro 3aBHCHT OT HallpasBlieHHs

=16p,Coo, r}’ " (15.6)

£ =T og™ ‘ =-2,1-1o"“,. (15.7)
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BpalieHys CTpyii adupa BHYTpPH BHXpEBOro Kojabli atoMa (puc.15.1).
Eciu B arome Marepuana Meraqnmdeckoil Qonbru, yepes KoOTopbiit
NpoJieTaeT (-YacTHLia, MOMEHATh HANIPaBICHHE BPALICHHA CTPYH Ha
MPOTUBOMNONIOKHOE, TO CHIa Y CTAHeT OTFAIKMBATh O-YACTHILY, & He
npuTAruBath. B matepuane ¢onbru HaBepHAKa €CTh TaKHE aTOMb.

PaccMOTpeHHAR NONEPevHAN CHJIA, oupeaeifgeMas TeopeMol

JKYKoBCKOrQ, N0 NPHEATOH B (pHINKE TEPMHHOJIOIHH HBJASETCH
BHYTpHATOMHOM cHJA0OM. OHa MOXET HE TONLKO OTKIOHATH

NpoJieTAOIIME TSMEHTAPHBIC YAaCTHIbI, HO H YACPKMBATH HX JIpyr
oxono apyra. Ilpu srom Gyayr oGpa3oBbiBaThes 6onee ClOXHBIE A1pa,
aTroMbl 4 MOAeKynel. Bokpyr .o0neiMHMBIIMXCH SAep MOIYT
obpasoBpiBaTEC OOlMe BHXpH 3dupa, co3masBad  ycToHuMBBIE

obpazoBanusg. cuaa ol IeHA B nHed cr

TOMA H 3JeMe HHX 9aCTHI. JTO0 NPHEIRNHAJALHO OTJIHYAeT
ee OT CHJA M AeKTPHYECKH 33 CHHBLIME OM ATOMA M O~
uacTHICH B Moaean Pese a. )

[lomyuyeHHOe HaMM 3HAYEHHE paguyca S[pa aToOM& HECKOIbKO
MpEeBLILIAET pa3Mepbl, mnoay4enHsie Pesepdopaom. 3T0 HEMHOTO.
Bo3MoXkKHO, Ipy pacyeTax HaMH MCMOAB30BAIOCH HETOUHOE 3HAYCHHE
CKOPOCTH MOCTYNATEIBHOIO ABIDKCHHMA O-4aCTHLbl (HE TaKoe, KaKuM
OoHO OpuTO B 3Kcnepumente Pesepdopna). Urobni obecneunts nosHoe
COBMaZICHUE pacueTHOro 3HAYCHHS C AaHHBIMH Pesepdopna, MOXKHO

HEMHOTO YBEIHYHTD Dy,

16.  3axon Kyaona B >pEpoannamuke.
3axon KynoHa onpeaenser MOIY/Tb CHIbI EKTPOCTATHYECKOTO
B3aUMOACHCTBUSA MEXAY TOYEYHBIMH JICKTPOCTATHYCCKUMH 3apAfNamMu
(3neMeHTApHBIMH 3apAAaMH) H 3aNHCHIBACTCH B BHAC

p=—dz_ | (16.1)
4yee,r
30ech (-BENHYMHA 3NEKTPOCTATHYECKOTO 3apsna.. PasHOMMeHHbIE
3apafbl MPUTATMBAIOTCS, & OAHOMMEHHBIC OTTankuBaioTcs. Jnd
BaKyyMa €=1. £-0THOCHTENbHAA AUANICKTPUYECKAS NOCTOSHHAA.
€,=8,8510" /M -onekTpocTaTHyeckas - MOCTOSHHas. 3apsasi
obnapator cgepuueckoit cummerpueir. Cwna F HanpasineHa mo
TIPAMOiA, COeAUHMOMEH HeHTpPH 3apsaaoB. [Ipu snekTpusaly 3apapl
MOI'YT NEPEXOAMTh OT OJHOIO Tejia K ApyroMy. B pesynbTare ofHO U3
HHMX MPHHHUMAET NOJIOKHTENbHbINA 3apaf, a APYroe OTPHUATEIbHbIHA.
CuuTaercd, YTO HEKOTOpPHIC IEMEHTAPHBIC YACTHLBI BeEIECTBa
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Hecy'r Ha cebe sneKTpUUeCKHi aapﬂ.n 3J1ex'rpon oﬁnanaer
OTPHLATEBHBIM 3aPsAIOM, & MO3HTPOH H NIPOTOH MOJIOKHTENBHEIM. [1o
MOAYMO 3TH  3apiAbl OOMHAKOBH! M  paBHbl  BEJIM4YHHE
e=1,60219-10""’Kn. .Cunsi anexTpocTaTHueckoro B3auMopelcTBus
YACPAKHBAIOT AIEKTPOH Ha opbure BOKpYT a1pa aToma, B rmanerapnoﬁ
mozenu Pesepdopad.

B Teopmu sdupa anextTpoH. mpencraBnger coboli KoNbLEBOH
3(UpHEIH . BUXPh € PanHycoM Toa (Puc.13.2). Buytpu suxpeporo
KOJIBLIA 3HD ABHKETCA B OKPYKHOM M KOJBLIEBOM HAIPABICHHAX CO
CKOPOCTAMH

UpeF®Oyer, tae 0Sr<r,_, (16.2)
Uwa=®var, Tne 0<r<2r,_, (16.3)

B rnae 13 6BUIO MOKA38HO, 4TO  Muo=Wvo=3-10'%c?. Bhe
BHXPEBOr0O KOJb1IA HHAYLHPYIOTCA CKOPOCTH, ONMCHLIBAEMBIE 32KOHOM
bro-Capapa (13.5). YuursiBas, 4TO 3/IEKTPOH . OYEHb M@, 3aMEHHM
feckoHeyHo Mamyio BenuuuHy 3neMeHTa Buxpa dl  (Pue.13.3)
INHPHHOM BUXPEBOrO KONbIIA 3MEKTPOHA 2r.q, MONOKHM Sina=1.

CKOpOCTh B IUIOCKOCTH BUXPEBOrO KOJIbLA, MHAYLUMPOBAHHAS STHM
KOJBLIOM B OKPYKAIOLEM MPOCTPAHCTBE, Boipasurca ¢opMynoi

U o= Felro-el (16.4)

27 -r? |
3nech [q ABnsgerca MPKynAlHMeH CKOPOCTH, NOACYMTAHHOH MO
NICpUMETPY BHXPEBOro Koablia JIeKTpoHa. OHa 3anuChIBacTCs
dopmyaoii (13.5). C yuerom 310l popmynsl ckopocTh Uy.q NpHUMET

BUA . )
3
_Lr -el _ do, 1,

2

U= (16.5)

27 - r? r
Hanee obosnauum uepes I, I',, u I, npocrpancreeHntie

LHPKYJIALHA 110 BUXPEBHIM KOJIbLAM JJICKTPOHA, NO3UTPOHA H IMPOTOHA

I, =I,2r_, =16z0,r,, (16.6)
N F =10 20, 0, = 1670 ro —poz > (16.7)
r ; =1"p2r “"‘161t0)pr° - (16.8)

Eciau B mone okpyXHBIX CKOpOCTelf OKOJIO 3NeKTpPOHa momajaer
apyrox asektpoH (Puc.16.1), To cornacio Teopeme JKykxoBckoro o
HOpPMaJIbHOH CWie Ha Hero Oyaer aelicTBOBaTh OTTANIKUBAIOLIAS CWIiA,
Harpas/ieHHasA BAOJIb JIUHHUH, COSAHHAIOLIEH LEHTPBI
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BUXPENICKTpOHOB. EcnH Ha MecTe BTOpPOrO 3JJIEKTPOHA OKaKETCH
NPOTOH WIM MO3HTPOH, HMEIOUIHE IMPOTHBOIONIOKHOE HANPABACHUE
BpallleHHs CTpyH 3¢Hpa B KO/bUE, TO HAMPABJCHHE CHIILI H3IMEHHTCH
H& [POTHBONONONKHOe. M3MeHeHHe HampaBiieHHs BpaIlCHUS B
BHXPENO3HTPOHE 110 CPABHEHHIO ¢ BHXPEIICKTPOHOM HE MOB/IHAET Ha
MOZYJIb LIHPKY/ISLHH CKOPOCTH | |
| Fet 1=} Lpaz |, | (16.9)
C yueroM CKa3a8HHOIO HpHMEHUM Teopemy JKYKOBCKOro K
OTpeAeICHMIO MOAY/IA CHIIBI B3aHMOOCHCTBHA MEXKAY 3NEMEHTAPHBIMU
3apsaMH

} Pl
Y=pUya 1 = 43”.’2 ) (16.10)

647p. 0> r® ,
o y= ‘p‘r; ol (16.11)

Ecay B39Th pagdychbl 9JIEKTPOHOB, MNO3MTPOHOB K IPOTOHOB
OAMHAKOBBIMM

FooTo-porTop=2,13-10"M, (16.12)
10 ¢opmyna 3dupoaunamnku (16.11) macT Takyio xe cuny
B3AMMOJCHCTBHA MEXIY YaCTHIIAMH, Kak 3aKkoH KynoHa (16.1)

-28

2 6 ~28
| y____ M”pcm;-elro-el - 2 12 H (16. 14)
r r

3Ha4yeHHe paaMyca JieMeHTapHbIX YacTHly (16.9) umeer npumepHo
TO e 3Ha4YeHHue, koropoe Obu10 Hamu nonydeHo (12.3) npy aHanmusze
criMHa JiekTpoHa. Ono Gonbine, uweM nonyveHo Pesepdopaom, a
Takxe HaMH (15.7) nmpu coOCTBEHHOM aHaNM3Ee 3TOr0 3HAMEHHTOTO
onsita. OAHAKO, ClIEAYET YHECTh, YTO NpH nomyueHnn ¢opmynsl (15.7)
MBl PaCCMaTPHBAIH ONTUMAILHBIM BAPHAHT NPOJICTa O-4ACTHLIB! Yepes
cepeAMHY BHXPEBOro KoJbIa aroMa Marepuaia ¢onbru. 3apech
CKOPOCTb BCTPEHHOIO NMOTOKA MAKCHMAJIbHA M PABHA CKOPOCTH CBETA B
Bakyyme. B onbiTe O-yacTHLBI, AaXe C CaMbIMH OOnbIIMMH
3a(PUKCHPOBAHHLIMH OTKJIIOHGHMAMM, MOIJIH TMpOJieTaTb BhIIE HIH
HIDKe cepeAMHBI BUXpA. B 3THX MecTax CKOpOCTbh NMOTOKAa B razoBoM
3¢ upHOM BHXpe aroMa Oyaer CyIeCTBEHHO MEHbINIE.

Hosromy dopmyna (15.7) AacT Takoe xe 3Ha4YeHHE pagdyca  O-
yactunbl, kak B (16.11) u (12.4). Ilpu 3roM He cnexyer 3abbiBaTh, 4yTO
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NpOBeJeHHbIA SHAIN3 HE ARJIAETCH TOYHBIM PELICHHEM H HE JacT
TOYHbIE 3HAYCHHMS, 4 HOCHT OLIEHOYHbI XapakTep. [ToayueHHOe NOYTH
TOYHOE COBNAJCHHE 3HAYCHHH PaNHyCcOB 3JIEKTPOHA, MO3HTPOHA H
NMPOTOHA B JOCTATOYHO pasHeIX 00JacTAX (QUIHKM MOXHO TOMBKO
MPHUBETCTBOBATD. | |

OueHs BaKHO OTMETHTL, UTO MBI NOAYYWIM  CHIY
B3aUMOJCHCTBHA MEKIY JICMCEHTapHLIMH YaCTHLIAMH TaKylO XKe, Kak
ee onpepender 3akoH KynoHa. Ho Mbf He HajensnH 3TH HaCTHLbI
EKTPHYECKHMH 3apajamu. Pesymbrar nosmyueH Ges KaKHX-TH00
AOTIONIHATEBHBIX TIPEANoNoKeHMl. DTa cHia noiydmwiach Kak Obl
caMa cofoif Ha OCHOBe NPHMHATHIX paHee B JAHHON TEOPHH MOAEIei
aToMa M 3/€MEHTAPHBIX YACTHLL M MHPOBHIX KOHCTAHT TaKHX, KaK
TUIOTHOCTh 3(Hpa p, ¥ BEJIMYHHBI YIJIOBBIX CKOPOCTEH =0~

3.10"*m”', Hanommo, 4T0 mioTHOCTh SdHpa Gbiia onpenesicHa mpH
aHATH3E CHI MPUTHKESHHS MEXIY TelJaMH BeelleHHOi, TO €CTh COBceM

B apyro#f obnactH ¢usuxku. 10 rosopur o eammoii 3dmpo-

AHHEAMEYECKO NpHpoAe CHJI__BCEMHPHOr0 NPHTIDKEHHAN H
INCKTPHYECKHX CHJI, 00VCI0BJIEHHBIX BHYTPEHHHM CTDOCHHEM

ATOMA H ICMCHTAPHLIX YACTHIL,
Ha »roM MOXHO OBIIO OBl oc'ranomm.cﬂ. MLl BBISACHMIIM, YTO

3aKOH KynoHa, HOJy4Y€HHBIN SKCIEPHMEHTAJIBHO st
3NEKTPOCTATHYECKHX CHJI, HA cCaMOM JeJie 00ycnoB/eH AeHCTBHEM CHII
JaBleHuA B dpupe HA VIEMEHTAPHBIC YACTHIBI BEIIECTBA TNpPH.HX
cOmwkenuy. YacTHipl MMEIOT BHMXpeBYIO CTpyKTypy. Hanpasnenue
BpalieHHA 3pupa BHYTPH BHXPEBEIX KOJEIl ATeMEHTAPHBIX YacTHLL 110
OTHOIIECHMIO K HalPaBICHHUIO BbIAYBa CTPYA H3 LEHTPaIbHBIX
OTBEpCTHH ompeneiser, OyayT JAd 3TH CWIB OTTAJIKMBATE HIH
MPHTATMBATL YACTHLBI, TO €CThb B OOLIENnpPHHATOH TEPMHHOJIOTHH
HECYT JIH OHH IOJIOXKHUTEIIbHBIH WIH omuuamrmﬁ NIEKTPHUUECKH I
3aps.

Taku.. o6pazom, 3HAK H BeJHYHHA 3apsaaa 3JeMEHTAPHONH
YACTHIbI COBJEHLI _ BeJHYMHOH N __ HARanpaB/ieHueM

NPOCTPANCTBEHHALIX NAPKVASNMi, HOACTATAHABLIX N0 BHXPEBLIM
KOJIb 3JIeKTPOHA, NPOTOHA, NO3OTPOHA B HE 3aBHCHAT OT MACCHI

arux gactEn, OpgHako ocralores Bonpochki. Beab HH oaHa U3
PaCCMOTPEHHBIX BHXPEBBIX ra30BBIX MOXEJIEH 3JIEMCHTAPHBIX YaCTHL]
He oTBeyaer ycnoBuio cdepuueckoit cummerpud. U3 aroro caenyer
BBIBOZ, YTO JJIEMEHTapHbIi cheputeckuit 3apsan RomkeH uMeTh Gonee
CJIOKHYI0 POopMy, YeM nepesHCIEHHBIE YaCTHLIBL..

Ha puc.16.]1 nokasaHel BO3MOXKHBIE CXEMbl 3JIEMEHTAPHbIX
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MONOKMTENbHBIX H  OTPHUATENBHBIX  Cdepuveckux 3apAZI0B,
COCTABNCHHBIX M3 JJIEMEHTSPHBIX BHXPEBBIX KONEL MIEKTPOHOB M
MOSMTPOHOB, KOTOpBIE MO HAllleMy MHEHHIO MOryr obecnednTs
chepHUECKYIO CHMMETPHIO. 33 OTPHLATENIbHEIH dJIeMEeHTAPHbIN 3apan
NpUMeEM 3apsijl, COCTABJICHHBIH U3 3JIEMEHTapHBIX BUXPEBLIX KOJel, U3
LEHTPaNbHBIX OTBEPCTHH  KOTOpPRIX 3pHUp  BBIAYBa€TcA IO
HamNpaBJICHHUIO OT LIGHTPOB 3apAA0B BO BHEIIIHEE NPOCTPaHCTRO. 3a

Puc.16.1 Puc.16.2
MOMIOKUTENBHBIA JNEMEHTApHBI 3apaA DNPHMEM 3apaf, Takke
COCTaBJICHHBIH H3  JJIEMCHTApHBIX BHXDEBBIX KoOJjell, uepes
LEHTPANbHEIE OTBEPCTHA KOTOpHIX 3(Hp NOMNOWAETCS BHYTPb.
OrpuuatenbHbii  3apan  mpenacrasaser coOoli aneMeHTapHbil
HCTOYHMK, & NOJIQKHUTEJIbHBIN — 3IeMEeHTapHbIH CTOK.

- OHp BHYTPH KaXKAOrO0 M3 BHXPEBBIX KOJIEL, coc'lammomnx
JJIeMEeHTapHbie cepHHecKHe 3apiAabl, BpaliaeTcs BOKPYr ocei
CHMMETpUHM cBOHMX Koneu. [IpuMeM, YTO OTPHUATENBLHOMY 3apaxy
COOTBETCTRYET  BpallleH®e [POTHB  YacOBOH  CTPeVIKM, a
TMOJIOXKHMTEJIBHOMY- BpaIleH!e 10 YaCOBOM CTpeJiKe, €C/IM CMOTPETh Ha
3apsAA H3BHE. JTO YC/IIOBHOe pasnenienue. MoxHo 6bul0 Obl mpuHATH
NpAMO MPOTHBONONOXKHOE IMpaswno. TeM He MeHee, SiCHO, YTO JABa
OAWHAKOBBIX MO HANPABJIEHHIO BpALIEHHA B KOAbLAX CPEPHYSCKHX
3apsfa OyHYyT OTTANKMBATBHCH, a [ABa 3apsiAa C Pa3HOHANPABIICHHLIM
BpamieHueM OyayT NMpHTArTBaThCd. B CO3MAHMH CHA MPUTAXCHUA M
OTTaJIKHBaHUA OAHOBPEMEHHO YYaCTBYIOT YEThHIPe BHXPEBLIX KOJIbLA.

Ecnu 3apaapl  pacnpefiefieHBl no cepHuecKod mNoBepXHOCTH
KOHEYHBIX pa3MepoOB, TO C1ia, AeHCTBYIOMAs Ha chepy, B 3TOM CiTydae
Oyaer paBHa CyMMe JIEMEHTapHBIX CW, ACHCTBYIOLIMX Ha KakAoe
BHXPEBOE KOJIBLIO-3apa.

Taxum o6pa3oM, Npy OJHOMMEHHOH 3MICKTPH3ALHUA ABYX JIETKHX
LWIAPHKOB, NPHUBA3ZAHHBIX K JIMHHBIM HUTAM, OHH OyaAyT
orralkuBarsci.. Illaprku pazoiayTcs TeM Aaibile, YeM CHIbHEE OHH
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HadJiekTpu3oBaHbl: Mi3BeCTHO, YTO HA NPpAKTHKE IS ONPEACICHHA
CTEMIeHH  HAYJIEKTPU3OBAHHOCTH  NPHUMEHAIOTCHE  CICLMA/IbHbIC
npuGopei—anekrpockonsl. Hampumep, Ha Puc.162  nokasan
3NIEKTPOCKON, B KOTOPOM K TpOBoJioke B C IIApHKOM A Ha BEpXHEM
“KOHLIE NPUKPEIUICHB /1B TOHKHX JIHCTOMKA H3 &IIOMHHMA.

Ilpu coobweuud npoBonoke.: B  anexTpuyeckoro 3apana
JIEMEHTapHbIe BHXpEBble KONbLUA O(QHPa BHYTPH &IIOMHHEBBIX
JIKCTOYKOB Pa3BOPAYHBAIOTC TaKMM 0GPa3oM, UTO MX OCH CHMMETPHHK
HanpaBJIeHbl BAOJb JIETIECTKOB H OCEBOE BpalleHHe 3(Upa B BUXPEBLIX
KONbLA@X OAHHAKOBOe. B pe3ynbraTe, Kak OTMEYAIOCh paHbLIE,
BO3HHKAIOT CHJIBI oTTAIKMBaHuA. [1o pacxoxaeHHIO JICMIECTKOB MOXKHO
CYZUTb O CTENEHH COOOICHHOM HM INEKTPU3aLMH.

Ilpu 3TOM MOXHO, CUMTATb, YTO B HE3apPKCHHLIX Tejlax Bceraa
HMEIOTCA 3apafbl MPOTHBONOJJOKHBIX 3HAKOB HWIH, YTO TO XK€ CaMoe,
3JIEMEHTapHbIe 3QHPHBIE KOJbLA ¢ MPOTHBOIOJIOKHBIM HAIPaBICHHEM
BpallleHHs CTpyil 3¢Hpa BOOJP BHXPEBBIX Kojnew., Mx konuuecTso
TAKOBO, YTO MX ACHCTBHE IOJHOCTBIO KOMINEHCHpYyeT Apyr Apyra. B
TipoLiecce IMEeKTPU3aUMN Ha4YMHAeT npeobsianare Bpawienue 3gupa B
3JIEMEHTapHBIX KOMbLAX Kakoro-mubo oOgHOro 3Haka. 31O H
onpejesisfeT 3HaK H CTeleHb leKTpusaimu Ten. Conocrasisda MExIy
coboli BeipaxkeHHs 3akoHAa KyJIOHA IS 3N€MEHTAPHBIX 3apAROB,
nonydeHHeie¢ B syekrpoctaruke (16.1) u sdupoauuammuke (16.7),

HaliieM CBA3b MEKIAY 2JJICMCHTAPHBIM 3apAAOM  (Je=¢ M TMpo-

CTPaHCTBEHHOM LUMpKyAauueii Buxpesnexktpona [

e=qu=+/£,6* P, ‘T, (16.15)
Jloruxa panpHeftiuux paccyxaeHuil MoxkeT GhITh Takoit e, Kak B
aekrpocTaTike. [TocKoNbKy TeueHwe 3(upa BHe BHXPEBLIX KOMELl
3MEKTPOHA, IO3UTPOHA M NPOTOHA ABNACTCA IOTCHLMANbHBIM, TO
pe3yJbTHPYIOLIEE HANPSKEHHE OKOJMO PAVIHYHBIX 3JIEKTPUUYECKH
3apKEHHBIX TEJI MOXKHO HAXOAMTH, UCTIONB3YS METON CYTICPITO3HLIMI.
To ecTs HaXOAUTL Pe3yNBTHUPYIOLICE PEliCHHEe KaK NeOMEeTPHYECKYIO
CyMMY Hanps)keHHH, CO3AaBaEMBbIX TOYSUHBIMH 3apsAJaMH.

MoxHo O6bUl0 6B NMOBTOPUTH BCE€ BHIBOJABI JJIGKTPOCTATHKH,
MCHIONIb3yA  BMECTO  3apaioB ( HMX  BhIpaXKeHHA  uepe3
NPOCTPAHCTBEHHYIO LIHPKYJIALHIO CKOPOCTH M MOJYHIHTb GOPMYJIb! [
HanpsOKEHHOCTEM  JJIEKTPHMYECKMX MOJEH OKONO  3a8pPKEHHbIX
IUIOCKOCTEH, LIWIHHAPHYECKUX ¥ cepUYecKHX NMOBEPXHOCTEH U paaa
apyrux. O4eBHAHO, YTO B 3TOM HET HEOOXOMHMOCTH, TAK KAK CMbICI
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HaIlLIMX MCClIeIOBaHKHA 3aKiIouaeTca B ApyroM. MBI XOTHM PacKpbITh

B___o0ocnoBath _ 3GRpPOAHHAMHYECKYIO  NPHPOAY  IEKTPO-

CTATHYCCKHX SBJIeHRH, NOKAIATH EAHHCTBO TAKHX, Ka3aJ0¢b .Obl,
Pa3HODOAHLIX SBJCHAH, KAK BCeMHPHOE THroTeHHe, JYAIW3IM

KODINVCKYJASDRBLIX Bo HOB BOMicTB JIemMe HEIX YaCTH
3JJEKTDOMATHATHLIX SBJacHul B cBeTa. Bee >TH aBJeHHI HMEIOT

o HAMCMY !Mﬂﬂﬂlﬂ 3&!293!]!83"!']60]_5!& npupoay M

SBARIOTCH HYHLIMH M ficTB B TeueHn# >PHPHOTO
rasa. ,

[IpoBenenHbitt aHann3 >PHPOIUHAMMUECKOH NPUPOAbI CHJIb
THKECTH H JIEKTPOCTATHYECKHX CUJI NMO3BOJIAET NPHOTKPLITH 3aBECY
HEM3BECTHOCTH HaJ CTpPYKTypo#t Heirpona. OTCYTCTBHE Yy Hero
NEKTPHUYECKOro 3apaaa O3HA4aeT, YTO OH npeacrabnger coboH, kak u
NPOTOH, BHXPEBOE KONBLO KMAKOrO 3dHpa, B KOTOPOM, OAHAKO,
OTCYTCTBYET BpalllCHHE CTPYH BHOJIb KOJbUA (Wyvon=0 ). BpauieHue
CTPY# KHIOKOro 3pupa BOKPYr OCH TeNa KOJbLa HeHTpoHa ¢ yrnoBoii
CKOPOCTBIO Myy=3-10"%c”' umeer MecTo. P10 Teuenne obecneunsaer
cnocobHOCTL HeiftpoHa noriowiate 3QHP N3 OKPYIKAKOLIErO
MPOCTPAHCTBA, KOTOpast, B CBOIO OuEpelb, oﬁycnannusae'r
CTAOMNBHOCTD 3TOH 3ICMEHTapHOI HACTHUBl M HANMUME Y Hee
Oonbioii Macchl.

17. Jaexrpavecknii TOK B HpeACTABICHHEX
3PHPOAHHEAMHEKH,
[lo ompenenenmio [22], cuna Toka J paBHa KOJHUYECTBY

NIEKTPHYECKHX 3apANIOB € , MEPEHOCHMBIM CO CKOpoCThio V B
CAMHMLY BpeMEHH uepe3 IUIoIaRL S MONEPEYHOro0 CEYEHUA
NpoBOAHHKA [22].

J=enV'S, (17.1)
3nech N-YMCIO WIEKTPHUECKHUX 3apaOB (Buxpeanelcrponoa
npononumoc'm) B efdHuMLIe o6bema. lna menHoro nposoaa n=8.5-10%
M~. CKOPOCTb ZHBIDKEHHS 3apifioB BHYTPH NPOBOJ\HHKA  HMEET

nopagok V'=810"w/c.
Ho anexrpuueckuii 3apsa e cornacHo (16.15) nponopuxonaneH
NPOCTPAHCTBEHHOH LHPKYJALMY CKOPOCTH [, paccumrannoii no

NOBEPXHOCTH 3QHPHOrO  BHXPEBOro  Konbla, oOpasylolueroc
anexkTpuueckuit 3apsan. Ilosromy  Beipaxenue (17.1) moxkHO
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rnepenucarh K BUAY -

J=\Je,60,TnVS. (17.2)

HanoMHHM, 9TO MpPOCTpaHCTBEHHAS WMpKyasuus ckopoctd I,
NOACYMTAHHAA TIO0 TNOBEPXHOCTH BHXPEBOTO KOJNbLA 3NIEKTPOHA,
CBA3aHA C LMPKYJIALMEH CKOPOCTH MO KOHTYPY BHXPEBOIO KOJbLA
3JIEKTPOHA [’y 3aBHCHMOCTBHIO

].-‘;l =Fe,270_d s (]7.3)

rae F=8novar? =l (17.4)

JBHradce BAOIb METALUIHYECKOTO NPOBOAHUKA BUXPEBBIC KOJIbLA-
3apaabl o0pa3syioT BHXPEBbIe HHTH ¢ HanpsKeHMAMH L., paBHbIMU
LMPKYJSILMAM CKOPOCTH 3¢Hpa NO KOHTYPY BHXPEBOI'0 KOJbLA
sniekTpoHa I';. Bce BHXpeBble IMHMM BHYTPH IIPOBOAHMKA oOpasyior
BHXpPEBOM JXIyT ¢ CyMMapHbIM HampsokeHMeM Iy W paBHOH eMy
cymmapHoil tmpkynaumeit I's.

Yepes nnoanky MexxaToMHOTO NMPOCTPAHCTBA, PaBHYIO IUIONIaAH
atoMa  S,=mr.,, TEOPETHYECKH MONKET NpPOXOAMTb  YHCIO
3/IEMEHTAPHBIX BHXPEBBIX JIHHMY C IIOIMAIBIO MOTIEPEYHOrO CEUCHHUS
Se=m(2rpe1)’ paBHOe  S,/S.. BuxpeBble JMHMH B 3TOM Cliyvae
pacnonaranuch Obl BIUIOTHYIO, Yero Obite He Moxer. ITonaraem, urc
3TO KOJIMYECTBO AIEMEHTAPHLIX BHXpeH IMPUXOAUTCA HE Ha IUIOIAAb

Sa, a Ha €AMHMUYHYIO IUIOUIaAb MONEPEYHOro CEYEHHA NPOBOAHMKA
Si=1 M2, [loaroMy 4HMCNO 3NEMEHTAPHBIX BHUXPEBBIX JIMHHUIA,

NMPUXOAAINMXCA Ha CAMHUYHYIO IUIOLUAJAb CeUYEHHA NMPOBOAHKKA, Oyaer
S,/8,

S; |
CEYCHHA NPOBOAHHKA INMPOXOAMMA IS BHXpeE3sieKTpoHOB. Ilmowaab
paccMaTpHBaeMOro npoBoAHUKa paBHa S. ClienoBaTeNIbHO, 4EPe3 3Ty

ruiomiaay OyZer MPOXOAHTH CICAYIOIICE KOJHYECTBO JIEMEHTAPHbIX
BUXPEBBIX THHHHA

[M?]. 3mech ¢<1, Tak KaK He BCA IUIOLIAAb TIONEPEUHOIO

S

S, /S, S
¢c———=8=¢c—"=%8 (17.5)

| S 1 S el
YMHOXHB HanpsokeHHe (LMPKYJSALUMIO) NMeMEHTapHOH BHXpeBoi
nuHuH Ig=I'y Ha KONHYECTBO 3THX JMHHH NONyYMM CYMMapHOE

HaINpAKeHHe BCEro0 BUXPEBOTO JKIyTa BHYTPH NPOBOAHHKA
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S
[=Ts=Tac=*S (17.6)
S,
Hanee BepHeMCA K ~BBIPRKEHMIO i CHJIBI TOKa (17.2).
[lepenuiem ero, NpeaBapHTEIbHO YMHOXKMB M pasleluB IpaByio

, S
YacTh HA MHOXHTEIb —— H 3aMEHMB MOBEPXHOCTHYIO LMPKYJIALHIO

el

anextpoHa I, seipaxenuem (17.3), B pesynbTare noyqnm

J=',/gasp,F;nI7S=\/8418Pere12r°-“"VS:- g ;g
12'.
g'Sa/Sd

Orkyzna HanpsxeHHe 3(QHPHOINO BHUXPEBOrO IKIyTa BHYTPH
METAUIAYECKOrO MPOBOAHHKA Iy MOXKHO BBIpA3UTH Y€pe3 CHIY TOKA B

3TOM MIPOBOHHKE

(17.7)

=./€,80,2r, nV

c-S,/8,

Iy=Ty= J (17.8)

e,ep,2r, nV
Jro none3Has 3aBHCUMOCTh. OHa NO3BOJIsET, KAK YBHAUM B TJIaBe
18, nydime MOHATL HE TONBKO SPUPOAUHAMHUECKYIO NPUPONY
3IEKTPHYECKOTO TOKa, HO H 3()HUPOAMHAMHYECKYIO IPUPOAY
MATHMTHOFO TMOJIS OKOJIO MPOBOAHHKA C JJICKTPHYECKHM TOKOM. Tam
JKe YTOYHHMM 3HadeHHe G.

18. MaraaTHOE H0JIe OKOJIO NPOBOAHAKA C TOKOM.
PaccMOTpHM  3NEKTPOMArHHTHOE  B3aWMOACHCTBME  ABYX
napaieNibHeIX OGECKOHEYHO JUTMHHBIX TMPOBOAHMKOB C TOKOM.
H3pecTHO, YTO MPOBOAHUKH C OJMHAKOBO HAIpPAaBICHHBIMH TOKaMH
NPUTArUBAIOTCA, & C MPOTHBOIOJOKO HAIMPABICHHBIMM TOKAMH —
OTTAIIKUBAIOTCA. MoIyib CHWIBI MPHTHKEHUA (OTTAIKMBAHMSA) TNpU
ORMHAKOBBIX (ITPOTHBOMNOJIONKHLIX) HAMIPABICHHAX TOKA PaBeH
F J,J,

"'I"'= ”O”ZIE-R

3mecs J; H J; - CHJIBI TOKOB B NIEPBOM M BTOPOM NPOBOAHMKAX. [, —

MarHMTHas NOCTOSHHAasA. ). — MArHMTHas TPOHHIAEMOCTb Cpelbl, B
KOTOPOM HAXOAMTCA NMPOBOAHHMK. R — pacCTofsHHE, OTCUMTHLIBAEMOE OT

(18.1)
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NPSIMOJIKHEHHOro TNPOBOAHHKA B HANpaBiIeHHH HOPMAIM A0 ApYroro
MPOBOAHHKA.
u=47- 10" TH/mM=1,26-10"Tu/m | (18.2)

Jlance BepHeMCS K NpEACTaBICHHAM 3(PHpOAMHAMUKM, Mbl
OCTaHOBH/IHCh HA TOM, YTO BHYTPH METAUTHYECKOIo MMPOBOAHHKA C
AICKTPUUECKHM TOKOM CYHIECTBYET KI'YT U3 NIEMCHTAPHLIX BUXPEBLIX
Huteli a¢upa. Ero nanpsxenue spipakaercs ¢opmynoii (17.8) yepes
cuny Toka. CTEHKM METAIHYECKOrO IPOBOAHMKA HE SABJAETCS
HENpeonoaAuMOM mnperpagod A 3(QHPHOrO rasa, OKpPYKalOLNEro
NpoBOAHMK. BHXpeBnie KOBLA 3ICKTPOHOB, 00pasylolye BUXPEBbIC
HHTH JIBDKYTCS BIOJIb MPOBOAHHKA. M3 HMX LieHTpalbHBIX OTBEPCTHH
BuIyBaeTca CcTpya 3¢Hpa. C TMIpOTHBONONOKHON CTOpPOHbI 3GHD
3aCACHIBAETCH  BHYTPh  LEHTPAIBHOIO  OTBEPCTHA,  YacTHYHO
MOINOLNAACh BEIECTBOM BHUXPEINIEKTPOHOB. B pesynbrate 3TOrO
BHYTPH METAUIHYECKOTO MPOBOJHHKA BO3HMKAET HE TOJIBKO MOTOK M3
BHXPEBBIX KOJIELl, HO ¥ CTPYyA 3dupa, TeKyLas BAOIb MPOBOAHHKA.

B razoguHamuke [23] H3BECTHO pelIeHHE 38844 110 ONPEACIICHUIO
NoJIA CKOpOCTEl OKOJI0O CHCTEMbI BHXPEBBIX KOJIEL, PaclpeNeNCHHbIX
PaBHOMEPHO MO AIHHE WWIHHIAPA B IUIOCKOCTAX, MEPNEHAHKYIAPHbIX
ero obpasyiomeit. PaccMaTpuBaeTcsi TONLKO OKPYXKHOE BpPaUICHHE
JKMAKOCTH B BUXPEBBIX KOJIBLAX C YIVIOBOH CKOPOCTBIO ®, . TeucHHe
BAOIL konew orcyrcTByeT (Puc.18.1). Okasanoch, 4YT0 BHE LUIHHIPA
BHXpb HE MHIYLMPYET CKOpocTeil. BHYTpH LMIHHApPa HHAYLHpYeETCS
OCEeBOH MOTOK CO CKOPOCTBIO, H3MEHstomielcas or V=Y Ha ocH
uandHapa g0 V,=Y/2 Ha ero creHkax. 3aech Y - MOroHHas
MHTEHCHBHOCTb BHXPEBOTO CJI0 HA NOBEPXHOCTH LMmkHApa. Ecnu
AOITyCTHTD, YTO JICKTPOHBI JBHKYTCA BIUVIOTHYIO APYT K ApyTy, TO €€
MOKHO OLICHUTH KK OTHOLICHHME LMPKY/IALMM OKPYXKHOIO TE€UEHUs Ha
NOBEPXHOCTH BUXPEBOT0O KOMbLA (BUXPEUIEKTPOHA) K €ro LIUpUHE

L =, t_,=210° mc (18.3)
2ro-el

M3 nposeaeHHOro aHaiM3a CHEXYeT, YTO BHYTPH NPOBOLHMKA
MOMMMO JIBHKEHHS C HeOOJBIION CKOPOCTBIO BHMXPE3NIEKTPOHOR

(V=6-10"m/c) cymectyer ocesas cTpys 3DHpa €O CKOPOCTBIO
V=2.10°m/c. B okpyxaioinem ec nojie 3PHpa BOIHHKAET PaAHaIbHOE
TEYCHHE [0 HANpaBJICHHIO K CTpye. IJT0 paAHalbHOE TEYCHHE
HEYCTOMYMBO M IIO3TOMY HAYMHAET BpAlATLCA BOKPYT CTpYyM.
Obpasyercd THNIHYHAA KAPTHHA TCHCHHA OKOJIO LICHTPANbHOIO BHXPA,

75



_HanpHMep, BO3HMKAIOWIAA MpPH CIHBE BOALI M3 OONbIION €MKOCTH

yepe3 CIIMBHOE OTBEPCTHE.
310 Te4EeHHE CTRHOBUTCH YCTOWYMBBIM K BHELTHHM Bo3AelicTBUAM,

o

TaK KaK LCHTPOOeXHBE CWIN, AeHCTBYIOIIME HA CTPYHM KHIKOCTH,
yPaBHOBCLIMBAIOTCA CcHNamMu JjasieHus. HanpapneHwe BpalgHuA

3aBHCHT OT BHEIIHMX Bo3ZelicTBMM B MOMEHT OOpa30BaHHMA 3TOrO

\

TeueHHs. [IpHMEHHTENLHO K PACCMATPHBAEMOMY TeueHMIO 3(upa
BOKpPYI' BUXPEBOrO JKI'yTa TaKMM BO3ACHCTBHEM MOXET OBITH TCUEHHUE .

cTpy# 3¢upa BAONb XKTyTOB. ECNH BHXPEI/IEKTPOHBI NMPOTEKAIOT B

H30JJAPOBAHHOM TMPOBOAKHKE OT HAC, KAK MOKA3aHO HA BEPXHEM

puc.18.2 (Tox or Hac), TO BpalieHHe 3(Mpa BHYTPH M CHApPYXH

MPOBOJHHMKA NPOUCXOAMT II0 4a4COBOM CTpenke, a €ciiM B Hally -
CTOPOHY(TOK HA HAC), K&K B HIDKHEH YacTH 3TOro pucymca TO

BpallleHHe BO3HHKALT NMPOTUB YaCOBOH CTPEJTKH.

Ecim pspoM napauienibHO APYr ApPYry pacnoloXeHbsl JABa
NPSAMOJIMHEHHBIX MPOBOJAHHMKA C TOKOM, TO TE€YCHHE OKOJO HHX
pealu3yercs Tak, Kak noxa3aHo Ha puc.18.3 u 18.4. Ecim Tox B 06oux
NPOBOJHUKAX HAMpaB/eH B OAMHAKOBOM HAIpPaBJICHHH, HANPUMeEp, OT
Hac, TO MeXAY NPOBOAHHKAMM B mnojie 3¢upa BO3HHMKAET CITYTHbIii
BHXpb. BHYTpH CIyTHOro BHXpsa ZaBjicHHE noHwkKaerca. CHapyxu oT
MPOBOJHUKOB

TOK Ha Hac

Puc.18.1 Puc.18.2

JaBJieHHEe coxpaHsAercs Gosnee BLICOKHM. B pesynbrare KaKapiif M3
NPOBOAHMKOB MOATAJIKMBACTCA NEpEnazoM AaBICHMA ApPYr K ApYry.
HMHaye roBops, npoBOAHMKH IIpHTArMBaioTci. Ecnm Tok B
NPOBOAHMKAX HANpaBIECH B POTHBOMNOIOKHBIC CTOPOHbI, TO CITyTHbIE
BUXpH BO3HHKAlOT C MPOTHBOMOJOKHBIX CTOpOH. B pesynbrare
NPOBOAHUKHN HAYMHAIOT OTTAJIKMBATHLCA.

HuayuuposaHHble B nojie 3¢Hpa CKOPOCTH BLIMHCIAIOTCA ITyTEM
MHTEPHPOBAHHA MO JUIMHE MPOBOAHHMKA BHIPAXEHHMSA VI KOJIBLEBOH
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CKOPOCTH, onpeaensemoii 3axonoM buo-Casapa
I 1
Ui =L
| 27k  22R
3aece I's ¥ Iy - COOTBETCTBEHHO LMPKYJALMA H HANPKCHHE
BHXpeBOro xryra 3¢upa BHyTpH npopoaHuxa. I[lepssifi NMpoBOJHHK,

BHYTPH KOTOPOIO NPOXOAMT BHXpeBo# mmHyp ¢ uupKynsumued Iy,

I 22
27+ R
nposoaaukoM. IlosroMy Ha Hero peilicTByer cwia, omnpeneaseMas
TeopeMoit Jykonckoro. OHa HanpasjieHa K BTOPOMY MPOBOAHHKY

FepoU,Tpil=p, 121052 . (185)
-

(18.4)

HaxoauTca B noJie ckopocreii U= , HHIYLMPOBAHHBIX BTOPHIM

I A0
TOK OT HAC TOK Ha Hac

TOK OT HaC TOK OT HacC

Puc.18.3 Puc.18.4
OueBHaHO, 4YTO ¢ Takol JKe CHION BTOpPOM NPOBOAHMK
nmpuTaArkBaeTcs K nepsomMy. M3 Beipaxenus (17.8) Hampsbkenwe Iy
BHXPEBOro MIHypa BHYTPH JIIOOOro mpOBOAHMKA MOJXKHO BbIPa3MTh
yepes cuny Toka. [loatoMy 3amMeHHM HanpsKeHHS BUXPEBHIX 3PUPHBIX
*KryToB Is; ¥ Iy; NepBOro U BTOPOro NMPOBOJHHKOB HEpPe3 CHIbl TOKOB
J1 1 J; B 3THX npoBoaHKHKax. B pesynbTare cuia, OTHECEHHAA K THHE

NMPOBO/AHMKA, ONPEACTUTCHA Kak
F _ gz '(Sa /Sel)2 JlJz
| 4s,6.r2 n*(V)* 2aR

ComnocraBnas 310 BhipakeHHe ¢ 3akoHoM (18.1), nomyuum

(hopMyITy 11 OACHETE il |

o= ¢’ (S, /8, )j_
4¢ ¢ - r,,z,_.,,n2 V)3
[ToncraBuM B 3T0 BhIpRKEHHE 3HAYEHHA BXOAALIMXBHETO BEJIHYHH:
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52 20213-10°, 1=8,510%°, rou=2,1810"w, 7 =810,

el :
u=1 u e=1 (mns BaKyyma), §=8,854-10" @/m, (18.8)
[Tlocne BHLIYMCICHHH TNOMy4HM 3HAYCHHE mm MAardHMTHOH

MOCTOAHHOH ‘
Mo=5,937-10°¢" T'm/m | (18.9)

OKCIICPUMEHTAIBHOE  3HAYCHWE  MArHHTHOH  ITOCTOAHHOM
npusefcHo B (18.2). CpaBHuBas 3TO 3HAYCHME C ero pac4eTHbIM
sHavuenneMm (18.9) Haxommm kosdouument ¢=0,46m~ . Kax Ml H
OXHIAMH, 3TOT KodpduumeHT 6musok k 3Hauemmo 0,5M°. O
MOKAa3bIBACT OTHOLIEHHE YacTH IUTOLIAH ME)KATOMHOIO NMPOCTPaHCTBa
K Bcell IUiOIMAAM CEYeHHA METALTMYECKOro MpoBoAHHKa. B
3aBHCHMOCTH OT MaTEpHaia IPOBOJHHKA 3TOT KO(GQHUHEHT MOXeT
H3IMEHATHCA, HO €ro 3HaXieHHe He Boiliner 3a npeaennl 0<g<l1.

B zakmouyeHue caenacM OAHO 3aMeyaHHe, HECMOTPA Ha MOJIHOE
COBIIAZICHHE PE3YJIBTATOB PACUYETOB C IKCMIEPHMEHTANBLHLIM 3HAYCHHEM
koapdpuueHTa ,. Jleno B ToM, 9TO NOCTYJIHPOBAHHOE HAMH YMCJIO0
BHXPEBLIX JMHMMH, NPUXOASIIMXCA HAa €AWHHYHYIO IUIOIIAAL CEYEHHS

MPOBONHHKA ¢ S% M* , Manosaro. Besih ceueHue npoBoAHMKa S
el

MoxeT 6biTh MeHbiie 10° M° (anamerp Menbiie 1MM). Ho He Moxer
Ha 3TO# momany ObiTh MEeHbLE OJHON BMXPEBOH JIMHMHM, MOCKOJIbKY
cnaCcHbKMI WICKTPHUYECKH TOK 4epe3 2Ty IUIOWAaRb MOXKET
npoxoauTh. KcTaT, s HUrjle He BCTPETW yKa3aHuii Ha orpaHuvyeHue
npuMeHUMocTH Gopmyansl (18.1) no cunam Toka B mpoBoaHukax. Ho
OHM AOJDKHbI OBITS.

IlosToMy, mpH oOIpeac/ICcHHH BIMAHUA BHXPEBOIoO XKIyTa,
PacrojioXkeHHOTO BHYTPH NPOBOAHMKA C TOKOM Ha OKpYKalolee noie
3¢upa, HY>KHO YI€CTb, YTO ITOT KIYT HAXOAUTCA CPelH HENOABWKHbIX
aTOMOB MeTaJuiHyeckoro npoeoaHuka. U 3mo ocnabnser BosneiicTsue
BUXpeit Ha GopMHUPOBaAHME BUXPEBOTO TEUEHHA BOKPYT mpoBoHKKka. C
Y4YETOM 3TOr0 (paKTopa YUCJIO BUXpeli, Ha caMOM Aefie, MOXeT ObITh BO
MHOro pa3 Gonbiue, HO MX Bo3gelicTBHE Ha BHEIIHee TeueHHe Oyaer
TAKMM, K3K eciii Obl MX ObLIO Mano, HO OHHM HAXOAWIMCH Obl B

S,
BaKyyMe, a UMEHHO ¢ ——8 IITYK.
Se

BaxHO Aapyroe, YTO CyMMapHad LUMDKYJALMA H CyMMapHoe

HafnpsOKEHHE  BHXPEBOTO  JKIyTa,  HaXOHAIIErOCHd  BHYTpH
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METAUIHYECKOr0 NPOBOAHHKA, OKA3AIUCH MPONOPLHOHAIbHBIMH CHIIC
TOKa, MPOXOAALIEro Yepe3 3ToT NPOoBOAHHK. TO ecThb HCCACAOBAHHbIH
HaMH MEXaHU3M B3aMMOIEHCTBMA 3IIEKTPHYECKOr0 TOKA C BHELIHHM
nmojieM 3¢Hpa cpaboral ¥ 3TO BO MHOIOM PpacKpbiBaeT TNpPHPOAY
3NIEKTPOMArHHTHOrO B3aHMOACHCTBHA NMPOBOJHHUKOB C TOKOM MEXKAY
coboit. Benuuuny '

B=p°u§';z'k' (18.10)

Ha3bIBAIOT HMHAYKUHEH MArHUTHOrOo mnojas Ha paccrosHuu R ot
MPOBOAHHKA ¢ TOKOM. JINHHM MArHMTHOH HWHAYKLUMH COBMAajaloT ¢
JHHMAMM TOKa 3(upa B MNOTOKE BOKPYr BHXPEBOTO IKIyTa,
NPOXOJAINCIO BHYTPH METAVIHYECKOro MNPOBOAHWKA C TOKOM
(Puc.18.4). Ecnu BHyTpu NpOBOJHHKA HET TOKa, TO BUXPEIICKTPOHbI
NpOBOAUMOCTH, MpeicTaBigiomue cobol BHUXpeBble Konbua 3¢Hpa,
OPHEHTHPOBAHH B TMPOCTPAHCTBE NPOH3BOILHO H He obpasyloT
IEMEHTAPHBIX BUXpPEBbIX HUTEeH W BUXpeBoro xryra. IlosTomy
MarHMTHOE NOJE OKOJIO TAKOIO NPOBOXHUKA OTCYTCTBYET.

19. 3axon Ammepa.

Ecnd nmpoBOAHMKM ¢ TOKOM HE Mapanie/bHbl APYr ApPYyry, a
Haxoaarcs noa yrioM B (Puc.19.1), To ckopocts U, HHAYLUHUPOBaHHYIO
B nonie 3pupa 6eckOHEYHBIM FOPH3OHTAIbHBIM [IPOBOAHUKOM C TOKOM
J), chemyer pa3noXdTh Ha JnBa HampasieHus. Ha HanpaBnenwe
HOpMAaJiK K HaKnonHoMy nposoaHuky U,=USina u Ha HanpaBiieHHE,
napasanensHoe sroMy rpopoauuky UFUCosa. 3aech ABHKEHHE NOTOKa
3¢upa BIONL HAKIOHHONO MNPOBOJHHKA HE OTPAKAECTCH Ha SMIOpE
pacnpeaeedys AaBlieHHS B MONEPEYHOM CEUYEHUH 3TOr0 MPOBOJHHUKA.
- , : Pacnpenenenve nasicHus
3aBHCHUT TONbKO oT
ckopocth U, [Toaromy
dopmyny  (18.5) ans
onpeaeneHHs MOAyAA Tio-
nepeyHoit cunbl Kykos-
CKOro ClIeAYyeT nepenucarhb
¢ yueroMm dopmyn (17.8),
(18.4) u (18.10) k BHay

Puc.19.1
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: JJ,
AF = peU FZ2AI ouo&u 2

YureM, uTO HanpariieHne ckopoctu U coBnanaer ¢ Hanpanneunem
BEKTOpa HHAYKIMA MarHUTHOrO I10j11, HABEJICHHOrO MOPH3OHTA/IbHBIM
NPOBOAHHKOM ¢ TOKOM J;. IloatoMy yros o OKa3biBaeTCH YIJIOM
MEXKIy BEKTOPOM MarHMTHOH MHAYKIMH B W y4acTKOM HAKIOHHOIO
npoBogHuka Al, ¢ Toxom J; . Takum obpasom, ¢dopmyna (19.1)
ABJISETCA W3BECTHHIM 3aKOHOM AMIepa, OnpeAesfIoniuM CHIY, C
KOTOpPOM MarHuTHOe mnojie ¢ uHaykume#i B nelicrByer Ha nowme-
IIEHHBIN B HEro OTPe30K HAKIIOHHOTO MPOBOAHKKA Al ¢ ToxoM J,.

RSmaAl =J,Al,BSina ~ (19.1)

20. Cuna Jlopenna. |

Ecnu B MArHMTHOM [OJIE€ TIOX YTJIOM O K BEKTOPY MarHUTHOM
UHAYKLMM B co ckopocthi0 V IBHKEITCE DJIEMEHTApHbIi
INeKTpuYecKuli 3apia § , TO €ro ABIKEHHE MOXHO PacCMaTPHBATh
KaK 3JIeMEHTapHbiiyIeKTprYecKuii Tok ¢ cwiol  J,=q/1; B ycnoBHOM
npopoaHuke muHoi AL=V-1, . IloncTasum 31 3HAYEHHS B dopMyy

Amnepa (19.1) npeapinymeit rnassl. [loayunum cuny JlopeHua
AF=qVBSina | (20.1)

NPOBOAHNHK
[C

NpOBOANHNHK

Puc.20.1 Puc.20.2
Ha puc.20.1 u 20.2 nokasausl cxembl cun JKykoBckoro,
AefCTBYIOIMX HA JIETALME BROJIL NPOBOAHHKA C TOKOM , TEKYIIEM B
HAIly CTOPOHY, MEKTPHYECKHX ITOJIOKMTENIBHOIO H OTPHLATENBHOIrO
sapsgoB. HanpaBnenwe cun  JlopeHua, pelfictByrommx Ha
MOJIOKMTEIbHBIH H OTPHLATENILHBIN 3apAibl MOXKHO ONPEAESIUTh IO

NpaBUITy JIeBOM PYKH.
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21. PaMxa ¢ TOKOM B MATHHETHOM N0OJI€
npaMoanneiinoro npoBOANHKA ¢ TOKOM.

Ha pnc.2l.]1 wusobpaxesHa pamka, npeactaasiollas coboi
3aMKHYTRIH [U10CKui KOHTYp ¢ TokoM J;. Och paMKH napajie/ibHa
OecKOHeYMHOMY NMPAMOJMHEHHOMY NMPOBOAHHUKY ¢ TOKOM Ji. Mbi yike
3HAEM, YTO 3TO pPABHOCHWIBHO TOMY, YTO BHYTPH TNPOBOAHHKA
npoxoaut 3¢upHbill BUXpeBoli mHYp ¢ HanpsxeHueM I;. Cuna Toka n
HaNpPOKEHHE BHMXPEBOro LIHypa CBA3aHBI MEXIAY coboit Qopmynoi
(17.8). TlpaMonuHeliHpili BHXpb HMHAYWHpPYET BOKpPYr ccbs mnose
OKpYXHbIX CKOpoCcTeil. PamMka HMMeeT MaJIeHbKHE pa3Mepbl [0
CPaBHEHHIO C pacCTOAHHEM MEXKAY paMKOH H MNPAMOJHHEHHLIM
BuxpeM. [Toatromy OyneM cumtarh, 4TO OHa UeJIMKOM oOTeKaeTcs
paBHOMEPHBIM NMOTOKOM 3(¢Hpa ¢ OAMHAKOBOH OKPYKHO#H CKOPOCTHIO

=[;/2n-R. 3necs R-paccTrosnne Mexnay G€CKOHEUHBIM [MPOBOAHHKOM
H OCbIO pamMkH. JUTHHA CTOPOH paMKH, Napajuie/ibHBIX OCH, pasHa Al
a neprneHOUKYMApHLIX - h. Ilnomaas BHYTpHM KOHTYpa pamMKHM pasBHa
Sp;=Ablh. Ilpn obrexanun pamku norokoMm 3¢Hpa, MHAYUHPOBAHHBIM
BUXPEBbIM IIHYPOM OECKOHEYHOro NPOBOJAHHKA, HA CTOPOHAX PaMKH,
napaUle/IbHbIX €€ OCH, BO3HHKAIOT HOpMaJibHble CHibl JKyKkoBckoro.
OTO NMPOUCXOIHMT IOTOMY, YTO B NPOBOAHHKE, 00pa3yioLIeM paMKy,
TaKke NPOXOAUT CBOM 3pupHbIH BUXpeBoii IHYp C HanpsxkeHueM Is.
310 HanpsKeHHe CBA3aHO ¢ ciiod Toka J; dopmynoii (17.8). B
COOTBeTCTBHH ¢ TmepBoH Teopemo [enbMronbua o  BHXpAX
HanpsokeHue [, MOCTOSAHHO MO Beell [IMHE PaMKH, HECMOTPA Ha ee
cnoxHyio ¢opmy. [Ipu 3TOM, HampapneHue BpawieHus 3¢upa 2
napa/uIeNbHBIX CTOPOHaX BHMXPEBOTO JKIyTra PAMKH OKa3biBaIOTCH
BCTPEYHbIM. Bo3HHKalomMe Ha 3THX MPOBOJHHMKAX cunbl JKykoBekoro
Oyayr napamneabHel Mexny coboif, HO HanpaBjeHbl B pa3Hbie
croponbl. Cunbi JKyKkoBckOro  mepneHAMKY/NSApHbBI K  OCH
npaMosiuHeiHOro BUXpA M ckopocT Haberarowero noroka. Tak xe,
KaKk MpM aHanu3e CWIOBOIO B3aMMOIEHCTBHS JBYX OECKOHEUHbIX
MPAMONMHEHHBIX NPOBOAHMKOB € TOKOM, CHIbl  cOnmwkaior
NPOBOJHUKH KOHEYHOW IJIMHBI, €C/IM HAIIPABJICHHS TOKOB COBMNAAAIOT
. B OTT@IKHBAIOT, €CJIM TOKH MNPOTEKAIOT B pasHbIX HAaNpaBiCHMUAX.
BenuuuHbl 3THX CHi onpeaensiorca popmynoii (18.7)

F= p I 1 12 AIZ
° 2R
MowmeHT napsi cwi, pacioIOKEHHBIX Ha PacCTOSHHH h; Apyr oT
npyra 6yaer

@21.1)
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1,1, Alh

27R o
Ecnu nanpaxenust [} v I;  3¢HPHLIX BUXPEBBIX XKIYTOB 3aMEHUTH
¢ momousio (17.8) uepe3 cunbl TOKOB J; U J, # ydecTh BbIpAKCHHE
(18.7) nns ko3¢ pHLMEHTOB LK , TO MOTYUUM GOPMYITY CIEAYIOWETo !
' BHAA

lu=]:?hl=‘ P. (2 1 .2) )

P,=BJ,ALh, @13

A3 puc.(21.1) BuaHO, 4TO M40 cHA h; cBA3aHO C pacCTOAHHEM
MEXIy cTopoHaMu paMku h uepes Cosat
‘ h;=hCosa. (21.4)

IToncrasuM 310 3nadeHHe B Gopmyay (21.3). OKoHYaTeNnbHO
NOTy4UM . '
Pn=Bl1,hCosa=BJ,S,Cosa. (21.5)

Puc.21.1 .

3aech Q. - Yroji MEKIY HanpasjieHueM cKopocTH U B LIEHTPE paMKH
(BekTOpa MHAYKIMH) H IUIOCKOCTHIO pamxu. ITomyuenHas dopmyna
MONMHOCTBIO COOTBETCTBYET SKClIePHMEHTalbHBIM JaHHbIM. Cambiif
Gonbwoit MOMeHT, AeicTBylomui Ha pamMKky, Oyxer xorma Coso=l.
Korma pamxa pacmojiaraercsi B TIUIOCKOCTH, MNPOXOAdIleH uyepes
6eckoneunniit nposogauk Cosa=0 u MomeHT P, ofpamaercs B HOJb.
B 3TOM ciyuae cuipl, NPWIOKEHHEIC K MMPOTHBOIOJIOKHLIM CTOPOHaAM
pPaMKH TaKKe JIOKAT B OAHOM IJIOCKOCTH H, XOTS QHM HOTIPEXKHEMY
HanparjieHsl B pasHbie CTOPOHBI, Tieuo h;=0 Hu, mo3TroMy, MOMEHT
Pn=0. "

OpueHTaiMs paMKH 3aBHCHT OT HAalpaBjieHHs TOka B pamke. [Ipu
nepeMeHe HanpaBiieHHs TOKA B paMKe H3MEHSETCHA 3HaK HATPSHKCHHUS
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(unpkyasumu) 3¢upHoro Brxps. B pesyabrare CHIbl B MOMEHT OT HUX
TaKiKe MEHAIOT CBOM HANpAB/JEHHA H PAMKA TIOBOPAYMBACTCA Ha 180°.
YUem Osoke pacnosiaraeTca paMka K npoBOAY, NO KOTOPOMY TeUET TOK,
TeM Gornbllie OKa3bIBAETCA MOMEHT OT CHJl, JCHCTBYIOLIMX HA PaMKY.
Benwuuny A® [22], sxoasuryio cocraBHoli 4acTeio B popmyay (21.5),
HA3bIBAIOT ITOTOKOM MarHHTHOM HHAYKLHH (MATHHTHBIM ITOTOKOM)
AD=B-S-Cosa (21.6)
IlonoxurenpHblli 3HAK MATHHTHOrO TMOTOKA COOTBETCTBYET

OCTpOMY YIJTY Q..

22. IlocTosHRbIC MATHHTHI.

HakorutenHniif 8 mnpenpigymux. rnaBax onbt  paborei  Hajg
JIEKTPOMArHUTHBIM  TMOJEM  TO3BOJIAET  BLICKA3aTh  HEKOTOpbIE
cooOpakeHHsi 0 (H3HYECKOH NMPHPOAE NOCTOSHHLIX MArHHWTOB. Mbl
BUACAHM, YTO MArHHTHOE TIIOJI€ OKOJO IIPOBOAHUKA C TOKOM
00yCNOBNIEHO HEPaBHOMEPHHIM [ONIEM CKOPOCTeH H JaBneHuii B
OKpyXKaloueM 3¢pupe. MarHuTHbIe CHIIBI ABASIOTCS CUIAMH [aBJICHHA.
nexkTpryeckuii TOK rpeacTasiser co00i MOTOK BUXPEINEKTPOHOB, TO
€CTh BUXpeBBIX (PupHbIX koJell. IIpM HBHXKEHHH 3JICKTPHYECKOro
TOKa BHYTPM MPOBOAHHKOB 00pa3yloTcs LWIHHAPHYECKUE BHXPEBbIC
NOBEPXHOCTH H3 BHXPEBBIX KOJEI[ NICKTPOHOB MNPOBOAMMOCTH.
BHyTpH 3TMX MOBEpPXHOCTE#l BO3HHKAIOT OCEBbI€ MMOTOKH 3(pHpa B
HanpasJIeHHH JBIDKESHHA 1eKTPOHOB (cM, 18.3).

H3pecTHO, YTO NOCTOAHHBIC MATHUTHI CO3JAIOTCA IYTEM HX
HaMarHHYHBaHHUA. Hanpuwmep, CEePACYHHKH COJICHOHOB,
BLINONHEHHbIE H3 (PepPOMarHUTHLIX MATEPUAIOB, HAMATHHYMBAIOTCA.
OTO MOXKHO OOBACHMTH TEM, YTO nNpu pabore CcoseHOMAA BO
BHYTPEHHEM €r0 KaHaJle B OCEBOM HANPABNCHHH HHAYLMPYETCH NOTOK
3¢pupa. MMenHo, 3TOT NOTOK, B3aMMOAEHCTBYS C BHXpEaTroMamMM
METAVIMUECKOro CepleYHMKa, pa3BOpauYMBacT OQIbIIOE HX YHCJIO B
OAHY CTOPOHY. OHM COXPAHSAIOT ATY OPHEHTALMIO M MOC/e TOro, Kak.
CEpPACYHHK YAANeH M3 CONCHOMAA M TENepb YK€ CaMHM MPOAODKAIOT
HHIYUMpOBATL B HEM OCEBOH MOTOK 3(upa. ITOT MOTOK AENACT HX
NOCTOAHHLIMH MArHHTAMH.

ITlostoMy arombl (QEppPOMArHMTHBIX MATEPUANIOB  JOJIKHDBI
NpeAcTaBiATh co00H BUXpeBbie KOJbLA — AMIMOMH. CXEMaTHYHO OHW
nokasaHsl Ha puc.22.1. YV HMX Ha NOBEpXHOCTH BHXPEBOro KOJbLA
HMeercs Gonbiias oKpykHas ckopocTblU,, HO OTCYTCTBYET KojbLEeBas
ckopocts Uy=0. Byayun oAMHAKOBO COPHEHTUPOBAHHBIMM B OJHY
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CTOPOHY BbIAYBOM, OHH MHAYLMPYIOT B TeJie MarHuTa 0CEeBOe TEUCHHE
adupa OT IOKHOIO MOMOCA K CEBEPHOMY, HECMOTpA Ha WHOrjJa
CNOXKHYI0 opMy maruuta (Puc.22.2). Jlunun Toka spupa, BblLIELIME
M3 Tejla MarHura B OCEBOM HAalpaB/ICHHH, 3aMbIKAIOTCA CHapYXKH
MEXAY CeBepHhIM H I0:KHBIM moJitocamMu (Puc. 22.3). B pesynbrare
MOCTOSHHbIA MArHUT CaM CTAHOBHUTCSA AMIOJEM C APKO BbipaKEeHHbIMH
noaocamMid. [Ipn 3TOM B NOCTOSHHOM MArHUTE HE NPOUCXOAWT
OBWOKCHHS CBOOOAHBIX 3JIEKTPOHOB B OCEBOM HAaNpaBliCHHH H
BCJIGACTBHE 3TOr0O HE  BO3HHUKACT JNEKTPHUCCKMHA TOK H
CONMYTCTBYIOLIEE €MY JEKTPOMArHUTHOE NOJIE.

/PN
Puc.22.1 Puc.22.2
Ec/iu MarHuTs! NOBEPHYTHI APYT K APYrY pasHOMMEHHBIMH MOMIOCAMH,
TO OHH CTAHOBATCA Kak Obl mpojonkeHueM apyr apyra. B mecrax
CThiKa CKOPOCTH 3¢Hpa CKNIagbiBaloTcs, a AaBlieHHe yMeHbiuaercs. B
pe3yabTare MarHuTel npurarusaiorca (Puc.22.4). Ecan ke Marumrol
MOBEPHYTHI APYr K APYTry OAHOHMEHHbLIMH MNMOOCAMH, TO CKOPOCTH
3¢Hpa, HHAYUMpPYEMbIE MarHUTaMH B 3a30pe MEXAy HHUMH
BBIMHTAIOTCA, & [JaBlieHHe Bo3pacTaer. MarHuTel HauyMHaIoT
OTTA/IKUBATHCA. Cunbl NPUTAKEHHUA H OTTAJIKUBaHUA
NMPONOPLMOBAIbHbI BEJIMMMHAM JaBjieHHA >¢upa B 3a30pax MEXKAY
MarHHTaMH, TUIOIIAANW CCYEHHA MArHMTOB, BEJTHUMHE 3a30pa MEXAY
HHMH, @ TAKXKE ONPENCNAIOTCS CTPOSHHEM KPUCTAIMYECKON PeLUeTKH
¢eppOMarHHTHOTO Marepuaja, U3 KOToporo caenaHsl MarHuTbl. CuJibl
AaBiieHus HerjlyOboKo NMPOHMKAIOT BHYTPb MArHWTOB, TAK KaK OCEBblE
NOTOKH 3(Hpa 3aXBaThIBAIOT TOJBKO Oiibkaiiiuine K crbiky aTomel. [lo
MEpPe YBEJMUCHMS 3a30pa MEXKAY MArHHTAMH MarHUTHbIE CHJIbI
y6biBatoT 00paTHO nponopLmMoHanbHO KyOy 3a3opa. MssectHo, uTo y
3emin MMeercs MarHuTHoe nojie. OHO POpPMHPYeTCa KOCMHUYECKHM
3¢upHbsIM BUXpeM Bokpyr 3emin [1]. DdupHbiit kocMuuecknit BUXpPD
3eMuu npeAcTaBaseT co0OH FHraHTCKOe BHXpEBOE 3(PUPHOE KOMbLIO ~
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munions (Pu¢.22.5). B 370M Konblie MMEIOT MECTO KOJBLIEBOE TeueHne
ctpyti apmpa co ckopocibio U, U OKpYKHOE TEYEHHE CO CKOPOCTHIO
U,. BHyTpr Konsiia BIOAL €10 OCH BO3HMKAET OCEBOE TeueHHe 3dupa.
OHO npoHu3biBaeT 3eMmo. JTO TeYeHHEe OPHEHTHPYET BHXPEATOMbI
METa/UIYeckoro sApa 3eMJIM BbUIYBOM M3 HX LIEHTPalbHbIX
OTBEpPCTHH B CTOPOHY CEBEPHOrQ nooca.

N
S
N
S
,
Puc223  Puc.22.4 Puc.22.5

~ Mbl npeanonaraeM, 4To AApo 3eMid caMoO MpeACTaBIseT coOoi
BHXpEBOE KOJIbLIO U3 paciulaBiieHHOro Meranna 6e3 LEeHTPaJbHOro
OTBEPCTUA. YTIJIOBbIC CKOPOCTH BpalllCHHA B AApe 3eMAH OYECHb Mallbl.
Tem He MeHee, HMEHHO OKpPYKHOE¢ BpalleHHE paciliasa
METAUIOCOACPKAIMX TMOPOA MOKET NPHBOAUTE CO BPEMEHEM K
apeiipy MarHMTHBIX NOMOCOB Jemin. JIeHCTBHTENLHO, 38 MOJOBHHY
obopora monepevHbIX CeYeHuii BHXPeBOro Kojblia Aapa 3emiiv Bce
HaMarHu4eHHble BUXPeaToMbl (QeppOMArHHTHLIX MaTrepHatoB Aapa
NOMEHAIOT CBOIO OPHMEHTALMIO Ha MPOTHBONONOKHYIO, OTO MOXKET
BLI3BaTh M3MGHEHHE BpalleHHS >QHpa TaKkKe H BO BHEIIHEM
KOCMH4Y€CKOM 3(PHPHOM KOJILLIEBOM BHXpe.

23. Cxopoctn cBeTa.

Ho cux mop Mbl He pacCMaTPHBANH CYLIECTBEHHOE BO3pPasKeHNHE
NPOTHB 3(upa, CBA3AHHOE C TNPOTHBOPEUHAMHM B HCTOJIKOBaHHH
ONTUYECKUX onLITOB: 3Be3aHoli abeppaumn u MailikenbcoHa. Ha
OCHOBAaHMH MEPBOrO MENancs BBIBOJA O TOM, YTO 3E€M/i B CBOEM
ABxKeHUM BOKpYr ConHna He yBiekaet 3¢up 3a coboil, a Broporo,
4TO TMOJMHOCTBIO ero yeaekaer. [loaromy cnenyer riyboke pazobparbes
B usuveckoit npupone ceera, KOTOpas BecbMa NpoTusopeuura. Jlns
3TOro OOpaTUMCA K MCTOPHH AaCTPOHOMHMYECKHX H (PH3MYECKHX
cnocoboB onpeneneHns CKOPOCTH CBETA.
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BcnoMHHM, YTO MEPBYIO NMOMNBITKY ONPEIENIHTbL CKOPOCTh CBETA
npeanpunsn B 1607 roay lanuneii [19]. EquncTBeHHBIM pe3ynibTaToM
3TOM MNOMBITKH OBbLIO BLIACHEHHE TOrO, YTO CKOPOCTb CBETA. "OYEHb
BeJiMKka. BrnocneacTeuu Obin paspaGorad M ocyuiecTBiéd pan OGonee
TOYHBIX MeToZ0B. B 1676 rony Obin mpemioikeH acCTPOHOMHYECKHIA
MeTon PéMepa, ocHOBaHHBIY HAa HAOMOACHUAX 33 OTKIOHEHMAMM B
3aTMEHMH cnyTHMKOB [Onurepa. ITOT METOA Jan 3aHWKCHHYIO
ckopocTk cBeta 215000 km/c. B Havyane XVIII Beka Gbin paspaboran
meTon 3B&3aHON abeppatmu. OH MO3BONMI ONPERESIUTL CKOPOCTH
ceeta kak C = 303000 xm/c. IlorpelHocTh cOCTaBMJIa OKOJIO
3000xm/c. B 1849 roay ®uso ocyliecTBi METOA 3ybyaToro xoseca,
KOTOpOe NPH BPAIICHHH TO NPOIYCKANO MexAay 3yOuamMu CBETOBOIA
Ny4YOK, TO nepeKkphiBaio ero 3ybuamn. MoxHo Obuio Tak nogobparthb
YHCIO 3yOLIOB, CKOPOCTb BpALIGHMS KOJieca, PacCTOSHUE MEXay
MCTOYHHKOM CBETA M OTPAXKAIOIMM 3epKa/ioM, YTOObI CBET Ha 3KpaHe
He wucyesan. PacumudposbiBas 3TH nokasaHus, DPu3o nonyuun
ckopoctb cBeTa C = 299870 + S0 km/c. B nanbHetliem 3ToT noaxos k
peileHHIO 3amayd  Obul  ycoBeplueHCTBOBaH DYKO B METOAE
Bpauwiatouerocs 3epkasia u MaiikeibcOHOM B MeTOAE Bpaumaioueiics
npu3Mbl. IlOCKONIBKY BCe MeETOAbl H3MEpPIM CKOPOCTL CBETa B
BO3AYyXE, TO pe3yabTaThi ObUIM MONpaBNEHHl MO M3BECTHOMY
K03 PULMEHTY NpeIOMIeHHS BO3JyXa. JTO MO3BOIWIO ONpPEAEUTDL
CKOpOCTb CBETa B IYCTOTE C O4€Hb BhICOKOH TouHOCTBIO (C = 299776
+ 4 xkm/c). Ilpu Gonee rpyOpix OLEHKAX C AOCTATOMHON TOYHOCTBIO
MoxHo nonarath C = 300000km/c = 3-10'° cm/c=3-10%m/c.

Ha ocHOBaHMM JTHX 3KCNEPHMEHTOB B CO3HAHHH (U3MKOB U
aCTPOHOMOB IMPOYHO YKpenuwiach MbIC/Ib O TOM, 4YTO CKOPOCTb CBETa
ABJISETCA NMOCTOSHHOM BEJIMYHHON, He 3aBucallel oT coOCTBEHHOIM
CKOPOCTH HMCTOYHHKA CBETa H OTpaxkalouieif NnoBepXHOCTH. Irta
YBEPEHHOCTb NOAKPEIIANACh TEM, HTO JaHHas OCOOEHHOCTb
XapaKTepHa TakkKe IS pacnpoCTpaHeHHs 3ByKa B BO3JyX€ M APYrux
H3BECTHHIX ra3zax # kuakoctax. IloaTroMy kazanoch Bnosnue
eCTeCTBEHHbIM, YTO B 3(QHPHOM Tra3e pacnpOCTPaHEHHE CBeTa
MPOMCXOAUT AHAJIOTHYHO PpACNpOCTPEGHEHHMIO 3Byka B BO3JYXeE.
[Toagnee, koraa JiHINTEHH NPeANOXUN OTKAa3arbcs OT 3¢upa, OH
COXpaHMJi 3a CBETOM O3TH OCO0eHHocTH. B cooTBeTcTBMHM C
BO33PEHHAMM TEOPHH OTHOCHTEIILHOCTH CBET CTA1 PACTPOCTPAHATHCA
B MyCTOTE ¢ MocTosHHOM ckopocThio C = 3-10% m/c. Ero CKOPOCTb
CUMTAIACh IpeaenbHO# IS CBETa M MarepHanbHbIX Teid. OHa He
3aBHCE/la OT COOCTBEHHOM CKOPOCTH HCTOYHMKA M OTpaxaiouiei
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NOBEPXHOCTH. ‘

Ho Tax sm 310 Ha camoM paene? IlonpoGyem CHOBa B3IJIAHYTDH
CBEKMM BIIJIAIOM Ha pe3y/bTarbl METOAOB OMNpEAEIeHHS CKOpOCTH
CBETA, 3aMeuyaeM, YTO ACTPOHOMUYECKHE METOAbl AAlOT OONbllyHO
norpewsoets {AC 2 3000 km/c). D10 Ha ABa nopsaka Gosbuie
opOuranbHoi ckopocTH 3emin TipH €€ aBHxKeHWH Bokpyr ConHua.
Obueii 0cOOEHHOCTHIO BBICOKOTOUHBIX (PU3HYECKHX 3KCMIEPHUMEHTOB
ABJISETCA TO, YTO B HHX H3Mepsiiach CpPeRHAs CKOpPOCTb CBETa NpH
IPOXOXKIECHHH JTIy4oM (PHKCHPOBAHHOIO PACCTOsHHA 00A3aTeNbHOG B
npsMoM M OOpaTHOM HanpasieHHAX. IJTO 03HAYaeT, HTO, €CIH,
CKa)keM, B MPAMOM HANpPaBICHUH CKOPOCTDH cBeTa Obuia Gonbiue, uem
C Ha HeKOTOPYIO BEJIMUMHY V, a B OOpaTHOM HanpasjiIcCHUH HA Ty Xe
BEJIMUMHY MEHbBIIC, TO CpEAHAS CKOPOCTb OKa3biBAIACh PpPaBHOM
ckopoctu C. Ckopoctb V Hcuesna U3 fofs 3peHHA HCCNIeIOBATENEH U
He MorJia ObITh 3apUKCHpPOBaHA MPH TAKON METOAMKE 3KCNEPUMCHTA,
kaKk Obl HHM YMEHBLIAIOCH PacCTOAHHE MEXKAY HUCTOYHHUKOM H
IpHEMHHKOM CBETA.

Io3TOMY MOXKHO _YTBEPKAATh, 9TO JTH JKCHEPHMEHTDI,
HECMOTPS HA BX pa3noofpa3se H BHICOKYIO TOYHOCTbH HEKOTOPhIX
H3 _HHX, HE OTBEPraioT BO3MOXKHOCTH DPACHPOCTPAHEHHS CBETA
OTHOCHTEJbHO cnokoiiHoro >hpmpa nAM MATEPHAJLHBIX TeJ CC

CKOPOCTAMH, OTJHYHBLIMH__OT__CKODOCTH _CBETA B _NYCTOTE.
[ToBuauMOMY, B MCTOPHH "HAYKH HE K3BECTHblI IKCIIEPWMEHTHI, 3a
HCKITIOYeHHeM siBiieHHs Jlomuiepa, NPOBEACHHBIE CMNEUMANbHO s
M3YyUYEHHs 3aKOHOB M3NYYEHHA M OTPAKEHHMA CBETA IBWKYLLHUMMUCS
HUCTOYHHUKOM CBETA M OTPAKAIOMICH MOBEPXHOCTLIO.

B u3BecTHOM cMbiciie (H3MKa yke caenana GOnblIoH war B Ha-
npaBlIeHUH OTXOAR OT AOrMara O MOCTOSHCTBE CKOPOCTH CBeTa,
NpU3HAB, 4YTO HOCHTEJEM CBETA ABAAIOTCA (OTOHBl, TO €CTb
MaTEepHalibHbIC TENA, & He BOJIHbI HAaMoaoOHe 3BYKOBBIX BOJIH B a3ax W
KUIAKOCTAX. YKe OfIHO 310 TpeOyeT nmepecMoTpa CHCTEMb! B3risSI0B O
3aKOHaX MCIYCKAHHUA U OTPDKEHHUSA CBETa W BO3BPALUICHHMA K 3aKoHaM
CJIOXKEHUS CKOPOCTEH Tel, NPHHATHIM B KIIACCHYECKOH MeXaHHUKe.

ITponon:kast pa3BUBaTL HAMETHBLUYIOCS TEHACHLMIO, 3aMETHUM,
4YTO COIJIACHO MEXaHH3My M3ny4YeHHA (OTOHOB (M 3NEKTPOHOB),
onucaHHoMy HamMu B n1.11 u 14 ¢oroH nokuaaer uanyuawownii ero
aTOM CO CKOPOCTBIO CBETa B CMNOKOHHOM none 3dupa (B mycrore)
OTHOCHTEJILHO caMoro aroma. Eciu ke arom, u3nyuatouinit ceer, cam
ABHOKETCA CO CKOPOCTBLIO V OTHOCHTENBHO HEBO3MYIUEHHOTO MNOJS
3pupa, TO CckopocTb (poToHa OYAET BEKTOpHON CyMMO# 3THX
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ckopocteii 1 MoxeT OBITh 3amucana gopMynoi

C'=CtV o 23.))

B cBf3M C 3THM MOXHO NONPo6GOBaTE YTOYHUTL (OPMYTHPOBKH
3aKOHOB HM3JIy4Ye€HMS W OTPAXEHHA CBETa, HE BXONA IPH ITOM B
MPOTHBOPEYHE ¢ H3BECTHLIMH CNnoco0aMH ONPEACNCHUA CKOPOCTH

CBCTA.

3axoH m3gydenns csera: IIpu QBIOKEHUM MCTOYHHKA H3TyYeHUS
CBETa OTHOCHTEIBHO CHOKOMHOro mojis 3pupa co CKOpPOCThIO V

CKOPOCTb M HAlIPaBJICHHC [BIKCHHSA THKCIIOW CBETOBOM BOJIHBLI
OTHOCHTEABHO MONA 3¢upa C’' omnpenensercs BEKTOPHOH CcyMMmofli
ckopocre C n 'V :
| C'=CtV | (23.2)
3nech C - CKOPOCTb PacHpOCTPAHEHHA CBETa B CIIOKOHHOM 3¢upe
OTHOCHTEIBHO HMCTOUYHMKA MTydeHHs. OHa paBHAa CKOPOCTH CBETA B
nycrore. HanpapiieHue pacnpocTpaHeHHs CBeTa NPHHUMAaETCHS 3a
NOJIOKHUTENILHOE H €My COOTBETCTBYET 3HaK «+». EciH HMCTOUYHMK
CBeTa [JBIDKETCA B INPOTHBOIONOKHOM HAIPABIEHHH, TO €EMY
NpUMUCHIBACTCH 3HAK «-.» W3 GopMynbl clieayer, YTo CKOPOCTh CBETA
B 3(Upe OTHOCHTEJLHO CAMOTO MCTOYHHKA M3ITYYeHHS WIH
HabmomaTens, ABIDKYILErocs OTHOCHUTENIBHO 3Qupa ¢ .TOH Ke
ckopocThio V, Oyaer pasHa C.
3aKoH OTpakkeHHs CBeTA: 3aKOH OTPaXCHHSA CBETa HOJIKEH
YYUTHIBATH CKOPOCTh  JBMJKCHHMA  OTpaaioleH TOBEPXHOCTH
OTHOCHTEJIBPHO HCTOMHMKAa HITydeHMa. CKOpPOCTh majarouiero Jryva
CBETA OTHOCHTEJIbHO OTpaKalolei nopepxHocT 6yAeT B 3TOM Cityyae
BBIpaXKaTbCA (bopMynoﬁ

C,=C'FU=CxVFU. (23.3)

3nece V u U - COOTBETCTBEHHO CKOPOCTH MCTOYHMKA CBETA U
OTpaKkaloueii NOBEPXHOCTH OTHOCUTENBHO >bupa. OTHOCHTENBHAA
cxopocth nageHns C; paBHa OTHOCHTENbHOH CKOPOCTH OTpaKeHHs
ceeta C;. Vron nafeHMs paBeH VYIrjly OTP&OKEHHA. Cxopoc'r:;

OTPaKEHHOTO JIyua CBETA OTHOCHTENbHO nona 3dupa C, Kak u B
Clly'iae HITy4eHH, OTpeAeNaeTcH BEKTOPHON CyMMOIH:

C"=C'+U. (23.4)

3Hak «-» TepeA CKOpOCTbIO oOTpakaiomel nosepxHoctu U
COOTBETCTBYET €€ [BHIKCHHMIO B HAIpaBJICHWM JBYDKEHHSI HCTOYHHKA
cBera, a «+» B nporusononoxHoM. IloaroMy, kax BuiHO u3 (23.3),



npH paBeHCTBE ckopocTre V H U CKOpPOCTB CBETa OTHOCHTE/IBHO
HCTOYHHKA H OTpaXalolled TIOBePXHOCTH paBHAa CKOPOCTH CBETa B
nmycrore. B HacTosee BpeMsA, MOBHAMMOMY, IVIABHLIM 3alIpeTOM L
TAKOro B3INIAAA HAa CKOPOCTh CBETA ABISETCA HE JKCTNIEPHUMEHT M He
ACTPOHOMHMECKHE HalbmioeHMs, a COOTBEICTBYIOLMA IOCTY/aT
TEOPHH OTHOCHTENBLHOCTH. IloaToMy emé pa3 ormerum rinasHoe. Her
HEKTHBHLIX 38NPETOB, OCHOBAHHLIX HAR JKCHEPHMERTAJbLALIX
HbIX MJH _ malmogensEsXx HA  To, 97T00bI _ CKOpPOCTH
acn AHEHHS c OTHOCHTEALHO Hpa HJH

MATEPHAJLHBIX Tea Moria Opith Goabllle ROB MeBbIIE, YEM

CKO n HEeNHS CB B _mycrore. HanoMHuM, urto
TEPMHH «IyCTOTa» B JAHHOM TEOPHUM JSKBHBAJICHTEH TMOHATHIO
«criokoifHbii 3¢up» wmm «none >¢pupa». K veMy xe npusesEr Hac
OTKa3 OT JAorMara O HOCTOSAHHOH CKOpOCTM CBE€Ta B IIyCTOTE,
HE3aBHCHMOMH OT CKOPOCTH MCTOMHNKA Wiy Habmonarens ? Kak B 3ToM
cnyyae OyayT BHIIIAAETh ONTHYECKHE onbiThl MalikenbcoHa, CaHbaka
u Jonmepa ? PaccMOTpuM 3TH BONPOCH! B NMOC/IEAYIOIMX pa3jenax.

_ 24. Pasraaka onbiTa Maiixeancona.

Onbir MaidikenpscoHa OB BHIMONHEH € LENbIO OOHApYXEHHS
ABWOXCHHA 3eMJIM OTHOCHTEJNBHO 3(QHpa MHPOBOTO IMPOCTPAHCTBA.
HzpectHO, yr0 3emus aBHxkercs MO cBoel opbure co CKOPOCTBIO
okono 30 kM/c, ydacTByer B 00leM ABHXKEHHHM COMHEYHOM CHCTEMbI
OTHOCHTEJIBHO LIEHTpPa TrajlakTHKH CO ckopocTeio 220kM/c H B
ABIDKCHHH caMOM rajnaxkTuku. OCHOBHas MBICISIb 3TON0 HUCCAEIOBaHHSA
3aKimoyanach B NPENNIONOXKEHMM, YT0 MNpH  CYIIECTBOBAHUH
HEMOJBIDKHOTO 3(Hpa ABWKEHHe 3eMNM AO/DKHO NPHUBOAMTL K
MOABJICHHIO 38METHOM pa3HHLILI B YMC/ICHHBIX 3HAYECHHAX HEKOTOPBIX
ONTHYECKHUX BCJIMYHH TIPH PACTIPOCTPAHEHMH JIyda CBETA BAOJNbL W
nonepex HanpapieHUA ABKeHHS 3emiu. CKOpOCTb CBETA CUMTANACh
NOCTOAHHON BEIMYHHON BHE 3aBHCHMOCTH OT CKOPOCTH HTyYalOLlero
MCTOYHMKA H oTpaxaiomeli nmosepxHocTd. ['naBHy10 pons B onbite
urpan uHTepdpepomerp. ITOT HHTEpPEpPOMETP M  METOAMKA
3KCNIEPUMEHTA OMNMCaHbl BO MHOrHX KHurax {7,19]. Ormernm, uro
MaiikelbcOH M MNOCHCAYIOIUME HMCCIENOBaTeId He OOHapyXHIH
oxunaemoit pasHuubl. Ha ocHoBanuu 3Toro Obi1 cAenaH BbIBOJ O TOM,
yTo nubo 3¢upa Her Boobme, MO0 oH yBnekaerca 3emnéi, Onnaxo,
3TO MOCNEAHEe MPEeArnoNoKeHHe NPOTHBOPEUHT PE3yiIbTaTaM ABICHHA
3BE€3aHOM abeppalu [19] u onkity ®uso [7].

B nausoit pabGore wiaccuyeckuii omeir Malikenbcona
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OOBACHAETCA ¢ MOMOLNBI0 NOMYyYEHHbIX B MpeAblAyLueM pasiese
3aKOHOB H3NTyueHHS M OTpaxkeHHs ¢BeTa (cM. dopmynbi (23.2)+23.4))
OT [BWKYIIHXCS OTHOCHTEJbHO 3bHpa HCTOUMHKA CBETA M
orpaxaioiied nosepxHocTH. OCHOBBIBAACh Ha ABJICHHH «3BE3HOIA
abeppauumn», nojaraeM, 4ro 3emis B CBOEM ABWKEHHH MPAKTHUYECKH
He yenekaer adup 3a coboit. Cxema uHTEpdepomerpa MaiikenbcoHa
nmoka3aHa Ha puc. 23.1 .B ympoueHHom Bupe. Jlyy, uaywmit or
HCTOYHHUKA S,, OTYACTH OTpaxkaeTcad B TOYKE 0 OT CTEKISAHHOM, cherka
nocepeOp€HHOM MWIaCTHHKHM A; Zlajiee OH OoTpaxkaercs oT 3epkaa R, , H
YyacTh €ro mnpoHnaa uyepes A, nonaaaer B 3pHTEIbHYIO TpyOy,
Haxoxsuryiocs B F. Jlpyras uacte ayda S, npoxoaurt uepes ‘A,
OTpaXkaeTcs OT 3epkana R, BHOBbL oTuacTn otpaxaerca B 0 u Taioke
nonanaer B TpyOy F. Habmozaren, suaur B F unrepdepeHuoHHbIC
NOJIOCHI, 3aBHCALIME OT PA3HOCTH BpeMeH npoxoxacHus nyrei OR,0 u
OR;0 aByx nyueii. B onpenenéHHoM Mecte (OKanbHOH MAOCKOCTH
TPyOsl F RO/KHA MOSBHTHCH OAHA H3 WHTEPHEPEHUMOHHBIX MOJOC,
COOTBETCBYIOLIAA PA3HOCTH XOAa ABYX JIy4eH.

CoBepLIESHHO ACHO, YTO, €C/TH MPHOOPp HEMOABHIKEH OTHOCHTELHO
adupa, TO BpEMS, 3aTPa4yMBacMOE JIy4aMH CBE€Ta Ha JABHXKCHHE,
OZHWHAKOBO,

Puc.24.1 Puc.24.2
TaK Kax KaxAbii M3 HUX npoxoaHT Myt 21 co ckopocteio C. 3ro
Bpems paBHo t=21/C. PaccMOTpPHM Temnepb, KAKOE BIIHAHHE HA KAPTHHY
HHTEPHEPECHUMOHHOrO ABJICHUA MAO/DKHO MMETb [JBWXKEHHE BCEro
npubopa BMecTe ¢ 3eMNEH B HEMOABHIKHOM adupe. [peanonoxum,
YTO ITO JABHXKEGHHE MPOMCXOAMT MNAPAUIENIbBHO OAHOMY M3
Hanpasieauii OR; uan OR; co ckopocTeio V OTHOCHTENbHO 3dHpa.
Paccrosinusa OR; v OR; paBHbl |. PaccMOTpHM, Kakue MyTH NPOXOAAT
Jy4u B HeNMOABHKHOM 3dupe. MCTOUHHMK CBETa Mbl, MPUH ITOM, MOKEM
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cebe npencTaBuTh HaxoasMMCs B Touke 0. ITonoXkHM, YTO HCTOUHHK
1 3ePKAJI0 ABIKYTCA IO HANPABJICHHIO NPAMOii, MX COCIUHAIOLICH, CO
ckopocTeio V oTHocuTenbHO 3¢upa. CornacHo ¢opmyne (23.4) npu
BBIXO/Ie U3 A CKOpPOCTh JIyda CBeTa OTHOCHTENBHO 3(Hpa ¢ yu&ToM
nononHutenbHot  ckopocth V. O6ymer C'=C+V. Ckopoctb
OTHOCHTEJIbHO mnpubopa, KOTOPHIH caM [BIDKETCS B TOM XK€
HanpaBJieHHH co ckopocTsio V okaxerca C=C'-V=C. [TostoMy Bpems
npoxoxaeHua mytd | or 0 go R; : t=VC=l/C. K 3epkany cser
noaXoauT ¢ OTHOCHTENbHOM ckopocthio C/=C'-V=C. CormacHo
¢opmyne (23.4) orpaxEHHBIMN Jiyd HauHHAaeT JBUrarbca B obpaTHom
HamnpaBJieHHH co ckopocTeio C’' orHocuTeNbHO 3¢upa. 3nece C''=Cy'-
V=C-V. CkopocTh OTpa:xEHHOrO JIy4a CBETa OTHOCHTENBHO NpHbopa,
KOTOpbI#f IBIDKETCA TENEph HABCTpedy CO CKOpocThio V, Oyzer
C/'=C"+V=C. Bpema npoxoxzaenns myts | or R; no 0: t,"=l/C,"=I/C.
CymmapHOe BpeMs NPOXOKIACHMA JIy4OoM cBeTa pacctosnua 21 ot 0 o
R, 1 B oOpatHoM HampasieHuu: t;=t,’+t,"'=21/C. [IBmxenue npubopa
OTHOCHTCJIbHO 3(Mpa He H3MEHACT BPEMEHH NPOXOMNACHHA JyHOM
IIyTH B HaNIPaBJICHHH CKOPOCTH V.

[lepeiinéM K cCiIyyalo, Koraa HCTOYHMK CBeTa A
(cBeTozenuTenbHas TUIacTMHA) M 3epkano R,  aBHKyTCH
NnepneH MKY/IPHO K HANPABJICHHIO pacnpocTpaHenus iyya ceeta OR,.
[ToppoOHbIfi  ¢parMenT [BWDKEHMA Jiyda CBeTA B ITOM Cly4ae
m3o0pax¥n Ha puc. 24.2. CornacHo ¢opmyne (23.2) CKOpPOCTB

M3ITy4EHHOTO Jiy4a CBETA B HanpaBieHNnu AB ¢ y48ToM HanpapieHHs
BEIHYMHLI CKOpOCTH V  IBIDKCHHA HCTOYHMKZ cBera Oyzder

2
C'=C? +V? =CJ1+-Z—2. ITockoseky npubop HBWXKETCA B

HanpasneHu R;R; co ckopocrsio V, TO OTHOCHTENBHAI CKOPOCTDH
najaloliero Jyva cBera B 3TOM HAlIpaBieHWH paBHa HYJIiO, 4 B
HalpaB/ICHUH, NEPIICHAUKYSIPHOM JABIKEHHIO npubopa, CKOpoCTh
najatomero jgyda paBHa C. OrpaxEHHBIH Jyd cBeTa HMEET Yroj
OTPAXKECHMS, PABHBINA YIJIy NaJACHUNA, H CKOPOCTb, PaBHYIO MO MOZAYIHO
coriacHo  ¢opmyne (23.4) CkOpOCTM  majaOULIETO  JIydYa

2
C"=4C? +V? =CJI+—Z—; Tak kak ckopocts U = V. [Ilyrs,

KOTOpBIiH IPOXOAUT JTy4 CBETA B 3dHpe TyAa H 0bpaTHO, Oyaer
S =21 + p*.
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B Hanpasnenun junun B0 ayu ceera pacnpocrpansercs co
ckopocteio C, a B HanpaBieHuH AA' co ckopocteio V. [losromy

MOXKHO cOCTaBuTh npomopuuio p/I=V/C, orxyna p =IV/C.

IMoacrasuM 3to 3HaYeHHe B popmyny (24.1). Torna myTs S 3anuiuercs
V2 v?

B Cle eM BHIE S=2\/12+12-———= 1+—. Bpems,

Aiotien P o e P

3aTpayHBaeMoe JIYYOM CBETA Ha TNPOXOKAEHHE ITOMO NYTH,

S 2 N+v*/Cc? 2
onpeaeaMrcs Kak /I, =—é-;;= cVievi o = C Conocrasass

Nony4eHHblH pe3yapTar ¢ BpeMeHeM t;, oOHapyxkuBaeM, UTo t; =t

HUrak, BCACACTBHE [OBWKCHHS BCEH CHCTEMBl  BpeMeHa
NPOXOXKASHHUA CBETa OT HCTOUHHMKA A0 3epKajia u obpaTHo, B ABYX
B3aUMHO  MEpPHEHAMKYNAPHbIX  HANpaBiCHMAX  OKa3bIBAIOTCA
OlMHAaKOBbIMH M, O0JI€e TOro, paBHLIMH BPEMEHH MPOXOXKACHUA ITHX
paccTOfAHMIf JiydaMu cBeTa B Cilyuae, korga npubop HenoaBukeH
OTHOCHTEJIbHO 3¢Hpa. EcTecTBEHHO N03TOMY, YTO ONBLIT MaiikenbcoHa
HE Jajl CMEWEHH HHTEPPEPEHLMOHHBIX TMOJIOC M HE BbISBUI
OXKHAAEMOrO BJIHAHMA JBHKCHHA 3eMJIH B HEMOABKHOM 3pupe Ha
ONTHYECKHE XAPAaKTePUCTHKH Jiyua cBera. Kakoii On1 Goabmiol Hm
6nija cxo 3emB OTHOCHTEALHO 0BPpa, onbliT Maiixe ncoRA
He MOXKET 3TOr0 BbiSBETL, YUMThIBasg GO/bLIOE YKC/IO ONMUCAHHBLIX
paHee CBHACTENBLCTB HAMMYHA MEX3BEINHOrO 3upa u ero orpoMHoit
poni B (QOpMUPOBAHHH MHEPUMOHHBIX CHJl, CHI TNPHTIKEHHA,
JJIEKTPOMATHHTHLIX CHWJI, B  JHEPreTHUYECKHX  Mpoueccax,
npoucxoaswux Bo BeenenHoil, GOpMHUPOBAHHH IUIAHETHBIX CHUCTEM,
3BE37, rajlaKTHK H APYTHX KOCMHMYECKHX 00BeKTOB, npaBujibHee Obu1o
Obl paccmarpuBaTh ONbIT MaiikenbCOHa Kak 3KCNEPHMEHTAIbHOE
NOKa3aTeNbeTBO CHOPMYNUpOBaHHBIX B J@aHHOM padoTe 3aKOHOB
M3My4YeHus U oTpaXkeHHs cBeta. bonee Toro, ecim 6bl Takol OMNBIT HE
Obin mnpoBenéH, ero creAoBaN0 H300pecTH IS NPOBEPKH M
NOATBEPIKACHHUS ITHX 3aKOHOB.

HyxHo npaMo ckasatb, uro ¢u3EKa cama cefe npuaymaia

TPYAHOCTH, HOCTYJIHPOBAB NOCTOSHCTBO CKOPOCTH CBETA H OTOiAR
OT _ W3BeCTHbLIX NPAEHURAOB __ oTHocHTeNbLHOCTH  HbloToNa.
Ilpousomuyio 310 B TO BpeMs, KOrAa HHUKTO HE COMHEBAICA B
cyluecTBoBaHHH 3¢upa. B pesynpTare cpabotana WHEPUUOHHOCTD
yesioBeyeckoro MeliLieHus. I1o aHanoruu ¢ pacnpocTpaHeHHeM 3BYka
B ra3zax M XHAKOCTAX CBET CUHMTAJIH BOJHOH, pacnpocTpaHsioieica B
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razooOpazHoM 3¢upe. [losTroMy COBEpLUICHHO €CTECTBEHHO 3a
CKOPOCTBIO CBETa TAloKe NPH3HATH CBOMCTBO MOCTOSHCTBA BHE
3aBUCMMOCTH OT CKOPOCTH HMCTOYHHKA HIJIyYEHHA H OTpaKatoLleH
NOBEPXHOCTH. Teopus OTHOCHTENBHOCTH A.JfHilTelHa, BoiOpoCHB
caMm 3(}Hp KaK cpeny, B KOTOpPOiHl pacnpocTpadanach BojHa CBETa, TEM
He MEHee, COXpaHWIa 3a CBETOM CBOHCTBO NOCTOAHCTBA CKOPOCTH. ITO
B TO BpEéMSA HE BbI3bIBAIO COMHEHMH, HO 6bLT0 OwIHOKO#. TTo3TOMY B
JanbHeiiueM B Hayke uuta 6opsba ¢ KaKyIHMHCA MPOTUBOPEUHAMYE B
MCTOJIKOBAHHM pe3yJIbTATOB OfBITOB 3Be3fiHOH abeppauuu, ®Puso u
MaiikenbcoHa Ha 6ase omMOG0OYHOH TIOCBUIKH. Pe3ynsraTtom 3TOH
OoppObl ABHNACh TMPHYYL/IHBAA TEOPHA OTHOCHTENLHOCTH C €€
rapajoKcamu, APOTHBROpECHALIMMH KHIHEHHOH NpaKTHKE
YeJIOBEUECTBa. .

B nacTosmee Bpemsa ycrexH (PH3MKH MPHBENIH K NPHU3HAHHIO 34
CBETOM Hapsy C BOJTHOBBIMH €€ H KOPIYCKYJAPHBIX CBOHCTB. ITO U
NO3BONSET BEPHYTHCA K NMPHHUMNAM OTHOCMTENLHOCTH HbiOTOHa B
IIOHHMAHHH 338KOHOB M3JIyYEHHS, PACAPOCTPAHEHHS M OTpaKEHHS
cBera. BonHOBEIe CBOMCTBA CBera MNPOABNAIOTCA B ABJACHMAX
uHTepdepeHLMH, QUdpaKUUH H NOMAPU3ALMM H MPHCYILH BOJHAM A€
Bpoiing, conposoxaatommm Jeramue poronsl. Kak Mbl oMBum, 311
BOJIHBI IPEACTaBNAIOT coDoi LuKIHMueckne TeueHHs 3¢upa BOKpyT
¢oTOHOB.

28. OnniT Canbuka.

MaiikenbcoH, HECMOTPA Ha OTPHUATENbHLIK PE3yJIbTAT CBOErO
3HAMEHHUTOTO ONbITAa BEPHA B CyllecTBOBaHHe 3Hpa u BcKope
pa3paboTan uaei0 HOBOrO POTALMOHHOINO OMbITa, KOTOpHiil B 1911 r
ocyuwectBun Canbsk [5]. [IpuHuunnanbHas cxema uHTEpdepoMeTpa
Canbpska nokasana na puc.25.1 HUprepdepomerp Obin cobpan Ha
Bpaljaiolieifics miarpopMe H COCTOSN M3 HCTOYHMKA CBETa,
cBeToAenuTe/ibHONM mnacTuHpl 1, Tpex sepkan 3;,35,33 U 3pUTENLHOII
TpyOsl. CaeroaenwrenbHas [UIaCTMHA pa3fenaja Jy4 CBera OT
HCTOYHMKA Ha J[Ba KOIEPEHTHBIX Jlyya, OMMCHIBAIOLIMX JIOMaHble
JMHHK 1O  mepumerpy mIatopMbl B NPOTHBOMONOXKHBIX
HanpasieHusx. O6olinda Kpyr ¥ BCTPeTMBUINCL BHOBb Ha
CBETOACIMTENIbHON IUIACTUHE, JIYYH CBETA HANpaBis/IUCL B
3pUTENbHYI0 TPYOy A MONMy4eHHS HHTEPPEPEHLIHOHHON KapTHHBI.
IIpennonaraiocs, 4To BpaieHHe HHTEpdepoMeTpa He BoBlieKaeT 3pHp
B CBOE ABIKCHHE W OH OCTAETCA HENOABHIKHbIM. OKMAANOCH, UTO B

HHTeppepoOMETpe BO3HHKHET CJABHI JIONOC CHEKTPA M MOKAKET
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BpallaTeibHOe JBIKeHHe mpubopa - orHocHTeNsHO 3dupa. B onbite
Canbpsixa Obl1 moOJy4eH OWIENOMISIOMIHIA, XOTA M OXHAACMEINA,
pe3yJbTaT, MOATBEPXKAAIOIHI HATHYHE HEMOABIKHOro 3pupa. JTOT
pe3yabTaT ObUl MOMy4€H cBHICOKOH CTEeneHbI0 TOYHOCTH. OnHAKO, OH
HaxXoawiIcs B HepaspelMMOM NIPOTHBOPEYHH C onbiToM MaiikenncoHa,
KOTOpbI He OOHapyxun [BWKeHHe 3JeMiiH BMecTe ¢ MNpuGopoM
OTHOCHTENBHO 3upa.

YAUBHTENbHO, HO HAYYHBIH MHUP, TOJNBKO YTO HaLUEAUIMH C

MOMOLIBI0 TEOPUH OTHOCHTEJIBHOCTH JHHINTe/iHA BRIXOX W3 KpU3Hca
duszuky M ouyTHBIOMA NOA HOTaMH TBEPAYIO OMOpPY, HE MOXKENa
ObiTb BBEPrHYTBIM B HOBbIf KpH3UC, NOJHBIA COMHEHMH W
pasHorjiacuii. B pesyabrare onbit CaHbpika GbUT MPOUrHOPHUPOBAH
OGonpmMHCTBOM (M3HKOB H, Oojice TOro, ynopHo B JajbHelilneM
3aMaTYHBaiICca B yueOHOM M Hay4HO#H nutepatype. He Boiluen oH Takxke
B IIepBYIO Haury Kuury [1].
Jror npobesn HeoOXOAUMO HCIIPaBHTD
M npoaHanu3upoBaTh onbIT CaHbska,
yto66l yOeauTBCA, YTO OH HE
NPOTHBOPEYHT OTCTAHMBAEMBIM B JTOH
KHHUT® NPeACTABICHMAM O 33KOHaX
pacripocTpaHeHus cBera B 3¢upe. B
COOTBETCTBHH C 3aKOHAMM H3NYy4YEHUS
u otpaxeHus (23.1), (23.2), (23.3)
CKOPOCTD  CBETa  OTHOCHTEJBHO
HETIOABIDKHOTO 3pHpa mpH Bpamen HH
mnargopmsel Oynet:

Puc.25.1
no nanpasniesmo spawerus ~ C, =C+U - Cos45° - (25.1)
MPOTHB HATIPaBJICHHs BPaLICHUA C.=C-U-Cos45 | (25.2)

3nech U=@-r -Okpy>KHas CKOPOCTh npubopa BMeCTe ¢ IuiaThopMoii
HA PACCTOAHHH I OT OCH A0 OKPY)XHOCTH € PACIIOJIOKEHHBIMH Ha HEM
3epKajlaMH H CBETOACIIMTEIIbHOM IUIACTHHOIA.

PasHuna B Bemunnax ckopoctedi C. u C°  ofpasosanach s

MOMEHT HUTyYCHHS KOrepeHTHLIX Jiyuyeld Ha CBETOJCIUTENIbHOI
nnactuie II. B cootserceun ¢ (23.3) oHa He HM3MEHAETCS TNpH
nepeoTpaxeHuu Jyuei or 3epkan 3;, 3, 33. Paccrogmus 1
NPOXOAHMBIE JIydeM B CIIOKOMHOM 3¢Hpe NpH BpallleHHH CHCTEMBI

3epKajl TalKe HE M3MEHMIOTCHA, TAK KAK 3epKaja ABUXKYTCH [0
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KacaTe/ibHbIM K coeguumiomieli WX OKpYKHOCTH. CnefoBaTeiibHO,
pa3HHLAa BO BpeMeHH ABWKSHHA BCTPEUHbIX Jiyyeii Oy e'll}

Al = 4¢ -~ 4 =8Cos45° C?
C -UCos45° C+UCos45°

~ OTO COOTBETCTBYET BO3HHKHOBEHHIO ONTHYECKOH PasHOCTH Xona
nyueii, conepxaiuei CTONBLKO JAMH CBETOBOH BOJIHBI A , CKONbKO pa3
BpeMs OJHOro mepHoRa 1 CBETOBOro konebaHHs COAEPKUTCH B
pazHocti At. [Tycte N — umcsio nosioc, Ha KOTOpO€ NpM 3TOM JOJDKHA
CMeCTUThCH BCA CHcTeMa nosioc. Toraa

N = At 8Cos45°tU

| T C’T
TaKk kaKk A=CT. UMeHHO Takoe 3HauyeHHE ObIO MOMYYEHO B -OMbITE
Canbska,

HeobxoauMo OTMETHTB, WTO TOJILKO M3Naraemas B AaHHON KHure
TEOPHUA C €AMHBIX MO3HLMH CMOrja oOBACHUTD M OOBEAMHHUTL ONbIT
Maiikenbcona, onbiT CaHbIKa H ABJIICHUE 3Be3AHOH abeppauun. 3TUM
YCTPaHAIOTCH MNPOTHBOPEYMS B HX HCTONKOBAHHH, YTO SABAAETCH
HECOMHCHHBIM TMOJATBEPKACHHEM CYLUECTBOBAHUA 3(Hpa W Hauux
NpEeACTABJCHUH O 3aKOHAX pacCNpOCTPaHEHUS CBETa.

Kcraty, ana BoCnpHATHA 3THX IpeACTaBieHM O cBere
JOCTATOYHO CHAENATh €Ie TOJNLKO OAMH Liar B HanpasieHUH
pacliHpeHHUs NPEACTaBICHMH O AYAlIW3ME CBETa — OTKA3arbCs OT
aorMaTa O MOCTOAHCTBE CKOPOCTH CBETA. JTO HE CTPAILHO, TaK Kak
Oyner o3HauaTh BO3BpaT K OOBIMHOMY M €CTECTBEHHOMY
TIPEACTABIACHHUIO O CJIOKEHHH CKOpPOCTEH, HCNOIL3yeMOMY B
MOBCEAHEBHOM >KN3HEHHOH npakTHke, ¢pusnke W mMexaHuke. Cnexyer
PAcHpOCTPAHUTL TH NPEACTABIEHHA HA NBHKEHHE (GOTOHOB M yitTH
OT U3BECTHLIX NMapaJioKCOB TEOPUH OTHOCHUTENLHOCTH JliHwTeliHa. To,
9TO (POTOHBI COMPOBOXKAAIOTCH BOJHAMH Ae bpoiins He n3MeHser
3aKOHOB WCIYCKaHHs, PacnpOCTPARHEHU M OTpaXeHus cBeTa. JTH
BOJIHBI MPOABIAIOT CeOs B ABJNCHHAX HHTepdepeHuuH, Tudpakuun u
MOJISPU3ALINY,

(25.3)

LU
= 8C 450 —— 25.4
oS 1C (25.4)

26. Sisnenne Monnaepa B 3¢upe.

SAsnenve onmnepa WIHPOKO HCMONb3YETCA B ACTPOHOMHHM /A
ONpeleNieHHs JIy4yeBbiX cKopocTeidl 3BE3A M TyMaHHOCTEH 1o
OTHOLIEHWIO K 3emiie, ANs ONpeAe/iCHHs YIJIOBbIX CKOpOCTEH
BPAaLEHHA 3TUX 00BEKTOB U B PsAe APYrHX CIy4aeB HAYKH H TEXHUKHM.
ITO ABJICHHE OMNMHCHIBACT CBA3b MEKAY KOJICOAHHAMH, HCIYCKAaeMbIMH
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HCTOYHHKOM, H KO/neOaHWfIMH, BOCTIPHHHMAaCMBIMH KaKHM-JIH00
PErHCTPHPYIOIMM TPHOOPOM, €CITH MCTOYHHK H NpHOOp ABWKYTCSH

IPYT OTHOCHTEJILHO ApYTa.
B [19] ormeuaerca: «4roObl koneGaHHsi MOIJH OT HCTOUHHKA

pacnpocTpaHaTECA 10 npubopa B BHAC BOJIH, NMPHOOP M HCTOYHMK
AOMKHbE OBITh NMOTPYKEHB! B CIVIOWHYIO YNPYIyIO Cpexy». OTH
NPEACTAB/ICHHS BIIOJIHE BITMCHIBAIOTCA B KAPTHHY PacnpoOCTpaHCHHA
TSOKENBIX CBETOBHIX BONH B >¢upe. Ilpn 3TOM ClieAyeT y4ecTs, YTO
CKOPOCTH PacHpOCTPAHEHHA TMHKEIBIX CBETOBbIX BOIH 3aBHCAT OT
CKOPOCTH MCTOYHMKA M3JIy4EHHS U OIMCHIBAIOTCH 38KOHOM HITYYCHHS
CBETOBEBIX BOJH B 3¢upe (23.2).

Kak B pabore. [19], ycmoBumca ckopocte U HCTOYHMKA
OTHOCHUTENIbHO 3(Mpa CUYMTATh MOJOXKHTENBHONW, €CJIH HCTOYHHK
npubGmokaercas K nmpubopy. Ecnu HCTOMHMK yzansercs ot npubopa,
ero cKopocTb 6yaeM CUMTATH OTPHLIATEIIbHOM. AHANOrMYHOE YCIOBHE
BBeOEM U 3HAKa CKOPOCTH npHOOopa OTHOCMTENBLHO CpeAbl: NpH
npUOIIKEHHH ero K HCTOYHHKY CUHTAaeéM CKOPOCTH IOJIOKHTENBHOM,
MpH YAAJICHUH OT HCTOYHMKA - OTPULIaTelIbHOM.

ITlycts perucTpupyrommii npubop H HCTOYHHK NepeMellaloTcs
OTHOBPEMEHHO OTHOCHTENIBHO 3(Hpa, B KOTOPOM PACIPOCTPAHAIOTCA
TSDKeJIble CBEeTOBbie BOJHBL. WCTOYHMK M3Ty4yeHMS JBWXKETCA 1O
HAMpaBJIeHWIO K PerucTpupyloieMy npubopy co ckopocteio U>()
OTHOCHTEJNIbHO 3¢upa. Perucrpupyromuii npubop Moiker ABUraTbcs B
TOM K€ HAlNpaBNIeHHH OTHOCHTEIBHO 3dHpa co ckopocTeio V<0 win
HaBCTPEeYy HCTOYHHKY CO CKOpPOCTBIO V> 0. B COOTBeTCTBHM C 3TUM U
¢ yuSTOM 3aKOHa (23.2) OTHOCHTENBHAS CKOPOCTh TSKEJION CBETOBOM
 BOJIHBI OTHOCHTENILHO npubopa, ABIDKYILErocs HascTpedy, Oyzer
C+U+V. Uucno BONH, NMpOWICAIUMX 332 €AMHHIY BPEMEHH MHMO
nipubopa,

%
 C+U+V 1( U V) I+5
vV = =—|14+—+— V.
i T\‘cte)T [T

C

Eciu npubop ypmansercd, TO OTHOCHTENBHAs CKOPOCTH
TKesol ceetoBoit Bonmel 6yaer C+U-V. Hucno BonH, npoweaumx 3a
eAMHHILy BpeMEHH MUMO npHGopa, B 3TOM ciry4ae Oyner
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L _C+U-V _1 (1 _Q__K)_I"E
AT

Takum 06pa3oM, V' 3aBHCHT NOPA3HOMY OT CKOPOCTH nipuGopa V
¥ cKkopocTH uctouHHka U oTHocuTenbHo 3thupa. [lonyuennsie 3aech
dopMyasl coBnajaioT . ¢ ¢opmynamu pabornl [19] amns  Bosn,
pacnpoOCTpaHSIOLMXCS B YIIPYTOH cpee ¢ NOCTOSHHONH CKOPOCTbIO, HE
3aBHCALIEH OT COOCTBEHHO# CKOPOCTH -HCTOYHHKA H3NyuCHMS.
CnenmoBaTte/ibHO, HX NPAKTHYECKOe MCMOAb30BaHME He Oyaer
OTJINYATLCA OT OOBIMHON NMPAaKTHKH.

27, I'paBETANHOHHOE KPACHOE CMENICHH B
CIIEKTPAax 3Be3N, |
B cnexrpax 38&3n  Habmiogaercs, Tak  Ha3biBaEMOE,
rpaBHTaUMOHHOE KpacHoe cMmelleHHe. Jlng onpeaeneHus ero
BEJIMUMHBI DHHIUTEHH NIpeAIoxKWI clieayouLyio popmyiy :

Ad _ fm
A rC?

[lonrsepxaeHue 31oi (opMysnnl HabMIOACHHAMH COMHEYHOro
CIIEKTpa M riiaBHbIM 00pa3oM cnektpa ciyTHuka CHpHyca, HMEIoLero
Gonbliyl0 MacCcy M Malble pa3Mepbl, fABJIAETCA OAHUM M3 MeTbipéX
3KCMEPHMEHTAIBHBIX  JOKA3aTeNbCTB  CMpaBeJIMBOCTH  TEOPHH
OTHOCHTEJIbHOCTH.

IlokaxkeM, 4r0 3Ty GOPMYJIy MOXKHO NOJYYHTb, [MOJIb3YACH
[IOHATHEM TOKENOH CBeroBO#f BONMHBI, TO €CTb BOJIHHI CBETA,
noAsepxkeHHOH cune npurskeHud. [MokaxkeM Taioke, YTO NPUUUHOIA
atoro 3pdexra ABIKIOTCA XOPOIIO H3YHYEHHLIE TNPUIHBHbIE CHIbI,
BbI3bIBAIOLIME MTPHIMBLI H OTJIMBbI BOZbI 36MHBIX OKEaHOB.

[Ipeanonaraem, ¥To TKENas cBeTOBas BOfMHa obsanaer mMaccoid,
pPaBHOMEPHO pacnpeAcIeHHOH 10 €€ aune. Ha xaxayio TOYKY BOJ/IHbI
BCJIC/ICTBHE 3TOro AeHCTBYET YCKOpeHHe CHIbl TakecTH ( puc. 19 ). |
= fm/r* ,co3AaBas NPUIAHBHbIE CHIIbI, CTPEMSIINECA PACTAHYTH BOJHY.
3aech m - Macca 3BE3/ibl; I' - paAHaIbHOE PACCTOAHHE OT LEHTPaA MacChl
m A0 paccMaTrpuBaeMoil ToOukH TAXKENOH cBeToBOM BOJIHBI. CKOpPOCTDb
ToYek TaKENoH cBeroBoli BONHBI 6e3 yuéra cun  TAXKECTH
C = 3-10" cm/c. C yuétom neHcTBHS YCKOPEHHS OT CHJI THKECTH
3BE3/1bl CKOPOCTb MOXKET ObITh 3amnucana B BUE
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¢
Jm
v-c+ [zt (27.1)

rae r=r,+Ct, dt=dr/C. (27.2)
Ioxcrasum (27.2) B (27.1) u seinonuuM uHTerpuponanue. Koncraura
HHTErpupoBaHus pasHa Hymo. Iloaromy

V =C - fm/(Cr).

[Toa BAUAHHEM YCKOPEHHS TSDKECTH Ha TAKENYIO CBETOBYHO BOJIHY
NCHCTBYIOT 'MPWIMBHEIE CWIBI, CTpeMAlHecd pacTaHyTh BOJIHY.
Ckxopocts, ¢ koTopolt mepeanuii ¢ponr Oymer yxonuts Bhnepéx OT
3aJJHETO,

AV=V -V =[C-fm/(Cr)]-[C-fm/C(r-A)]=Afin/Cr’.
3nech A - JUIMHA BOJIHBI B HQYAIbHBIH MOMEHT BpEMEHH B

criokoituoM 3¢upe. IIpupamenne mIMHBI BOAHH 33 BpeMs
MPOXOXKACHUSA OT HCTOYHUKA CBETa K HabmioAaTesio MOXHO 3alHCaTh

KaK ‘
¢ 4
A= [avar =24 j’dz‘-_-.ﬁ”f[l _1]. (27.3)
5 ¢ ;ri C\r, L
YuursiBad, uro L >>r, , nomyuaem gopmymny
AMA = fm/(Cr,) .

Jra ¢opMysia HNONHOCTHIO COBNAJACT C COOTBETCTBYIOILCH
dopmynolt OiHmTeiiHAa H NOITOMY He HY)KIAeTcAd B KOMMEHTAapHiX,

xots Oonee crporuii e& Bug umeer popmyana (27.3). IonytHo oTmeyy,
yTO OOBACHEHHE «TPABHTALHOHHOTO KPACHOTO CMELEHHU» XOPOLLO

Puc.27.1 Puc.28.1
H3BECTHBIMH B 36MHOH ITPAKTHKE TPHIHBHBIMHM CHIIAMH HE OCTaBJIAET

mecta g 3$deKToB TEOPHH OTHOCHTEIBLHOCTH, YbA JIOCTOBEPHOCTH
JIOKa3bIBAETCA CAMHM 3THM 3PPEKTOM. B IPOTHBHOM Cliyuae KOJDKHbI
Obutn 6b1 paborarh 00a 3T 3ddexra H MpUPOCT NAUHB BONHM AA,
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MOJTyuaeMblii SKCIIEPUMEHTANbHO, AODKeH Obin 6m 6biThb B 2 pa3a
6onbLie. 3TOro Ha CaMOM JEJIe HeT.

28. IBn:xenne TSOKeN0H cBeTOBOM BOJIHBI MEMO
MACCHBHOIO TeJIA.

B TeopuM OTHOCHTENIHOCTH TpenioikeHa ¢opMynia Wi pacuéTa
yrjia OTKIOHEHHS JIyda CBeTa, NPOXOAAIEro OT 3BE3Abl K
HaOmoAaTeio MHMO TeJia ¢ Maccoit M: .

v = 4fM/(hC?), (28.1)
rae h - paccrogHue MeXIY LHEHTPOM MACCHBHOIO TEJIa M JIy4OM CBETA.
IIposeputs 31y opMysty MOXHO ToAbko A Conuia. Ilosaromy eé
OOBIYHO 3ANUCHIBAIOT 119 Macchl H paauyca ConHua. Eciu y4 cBera
MPOXOJMT HEMOCPeACTBEHHO BAoab rnosBepxHoctH ConHna, TO
OTKJIOHEHME JIyda MakcuManbao Y = 1,75 . Jlna Apyrux paccTrosHui
h/r,

=y /(h/r,) = 1,75 "/(h/r,) . (28.2)

H3BecTHO, UTO JONBAHEp Aan pelleHWe 3a1a4¥ 00 OTKJIOHEHHM
CBeTa IPH NPOXOKASHUM MHMO MacCHBHOIO Tejla, HCXOASA H3 3aKOHA
HbioTOHa, mpeacraBuB, YTO BOJIHA cBeTa oljajaeT Maccoi, H TeM
caMbiM BBEJI NOHATHE «TMKENOH cBeTOBOM BOMHBIY. OH mOMy4HI
pe3yJIbTaT, COCTABIMIOIIMH TIONOBHHY Y,  HNPEACKa3aHHOro
OlHTEeHHOM:

Y1 = ZtM/(hcz) ’

Yor = 0,5 Yo =0,875".

Onnaxko MCKpPHBIICHHE JTyya CBETa nponcxonm HE TOJBKO MOA
BO3/ICACTBHEM TPABHTAIHOHHAIX CHJI, HO OMNpeAENAeTCa €€ H TeM,
YTO CBETOBAs BONHA CHOCHTCA IMOTOKOM 3(upa co CkopocThio V; K
LHeHTpY 3Be3aAbl. B coorBercTBHH ¢ puc. 28.1 Ha moboMm ydacTke ryda
3a Bpemsa dt cBeToBas BOJIHA MPOXOAMT MyTh dx = Cdt u cmemaercs
BMecTe ¢ 3(HpOM B NEPNEHAVKYJIAPHOM HanpaBlCHHWH Ha PacCTOAHHE
dy = Vsinydt. IIpn 3roM DPOHCXOAMT OTKJIOHEHME JIyya CBETA Ha
3uemenmpuuﬁ yroJ

dy’ 1 =(dy/dx)adt=aV,siny d/C=a’Msinydt/(4np,’C)=
= fMsinydt/(r* C).
H3 puc. 28.1 cnexyror oueBuatbie coo'momenm

r=h/siny n dt==-hdy/(Csm 7).

INoncTaBuM MX B BhIpakeHue WA dy | H NPOMHTErPHPYEM €ro B
npenenax ot 71=% 10 Y,=0. Ilonyuum yron OTKiIOHEHMA JIy4ya CBeTa,
o0ycnoBICHHBIH paguanbHBIM TeueHHEM 2(¢Hpa K LICHTPY 3BE3bI
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M
hC?
B pesynsrate cyMMapHuu Yrol MOBOpOTa, OOYCHOBIEHHRIM

OTK/IOHEHHEM TPACKTOPHH LEHTpa TAXENOM CBeTOBOM BOJNHBI MOJ
BO3eHiCTBHEM IPaBHTALIMOHHLIX CHJ1 H PaJHAIGHOIO TEYEeHHs 3pHpa K

‘]sm y-dy =

LICHTPY 3B€3/1bi, OYAET )
y=y+y; =4fM/(hC?). (28.3)
Jna Connua: Yo = 1,75"/(h/r,). (27.4)

[onygennnie gopmysi (28.3) u (28.4) cosnanator ¢ popMyaamu
(28.1) m (28.2) TeopMH OTHOCHTENBHOCTH JiHWITeHHA W,
cJle10BaTeIbHO, He HY)KIAI0TCA B JAONOJHHKUTEBHOMN
3KCTIepHMEHTAILHOH NpoBepke H NOATBEPKACHHH.

29. Maccnl noxos H ABHkeHnd. CBa3b
Mexay Maccoii B snepruei.

B mexanuke HBIOTOHa Macca CUHTACTCH BEJIHYMHON NMOCTOAHHOM.
BnocneacTBMM 3TO OKa3aioch HECOBMECTHMBIM ¢ TpeboBanueM
HHBAPHAHTHOCTH YPaBHEHHH IO OTHOLICHHIO K mpeobpa3oBaHUAM
JlopeHna, HUCTNOJNB30BAHHBIM B TEOPHH OTHOCHMTENHHOCTH. [loaTOMy
OUHIITEHH NMPEeANOIOKWI, 9T0 MAcCa TeNla 3aBHCHT OT CKOPOCTH Tejia
OTHOCHTEJILHO TOM CHCTEMBI OTCcu€ra, B KOTOpPOH NpPOHU3BOAMTCH
H3MepeHHe Maccel. B pe3ynpTare oKasaiochk, 4TO B JBYX ABHKYLUHXCH
CO CKOpPOCTBIO V OJJHA OTHOCHTEJIbHO APYroM cucTreMax oTcuéra i
CO3JaHHf OAMHAKOBBIX yckopeHHit dV/dt Tena Hy»HO NMpUKNAALIBATL
pasHeie cwiel. Orcioma Macca m,  H3MepseMas B CHCTEME,
OTHOCHTEJIBHO KOTOpOif OHa ABIDKETCA, 6OMbIIe MACCH! M, B CHCTEME,
B KOTOpOif oHa nokourca. Cea3p MeXIy 3THMHM MAcCaMH ONpeaesercs

dbopmynoii

m=——02—, (29.1)

Yem Gonbiie CKOPOCTb ABHIKEHHMA Tela, TeM Golbile ero macca.
[Ipn crpemsieHHH ckOopocTH V K CKOpPOCTM CBeta. B IYCTOTE Macca
cTaHOBUTCA OeckoHeuno Oompmoif. ITockOmbKY ‘CHIIBI KOHEYHBI, TO
CKOPOCTh CBETA B INYCTOTE OKA3BIBAETCH NPEIC/IbHOW BEJIMMUHOMN,
KOTOpYIO HeNb3s HOCTHYb M TeM Oonee mnpeps3olitu. Maccy m,
onpenensemyio ¢opmynoit (29.1), B TeOpHHM OTHOCHTEIBHOCTH
Ha3bIBAIOT nonepeqnoﬁ Maccoii. Imeercs e npoaoiarHas Macca
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. (29.2)

MCTIONb3yeMan, KOrJa CHia AeHCTBYeT B HampaBiieHMH ABHXEHUA. B
“TOM pa3AeNeHHHd MacCc Ha NMPOAOJbLHYIO H ROMNEpPevHYIO0 eCTb YTO-TO
crpaHHoe. IloueMy mpozosibHas Macca HE BXOAMT B TEOpeMy
UMOYALCOB, MMPHMEHSAEMYIO JUIS  WCCICAOBAHHA  YCKOPEHHbIX
NOCTYNATENbHBIX ABIKEHUH Tej, a BXOAMT MorepeyHas macca ? Beab
3TA MACCE8 MCMNONb3YeTcs B [ABHXKEHHAX C OTKIOHEHHAMH OT
npAMoiMHeiiHOro  apwkeHud. Teopema  HMIYAbCOB  TEOpHH
OTHOCHTEJIBHOCTH B CBETE CKA3aHHOIO HMEET BH/

( \
d
dt

= F. (29.3)

H3 npuseneHHbIX (POPMYST CICAYET, YTO 3aMETHble paliH4YHA B
BEJIMYMHAX M M M, MPOABIAIOTCA TONBKO MpPH OuUeHb OOMbLIKX
ckopocTax V, npubamkatotMxcst K CKOPOCTH CBETa B [TyCTOTe. 3THMHU
dopMynaMH NONB3YIOTCA MPH U3YYCHHH [BHKCHMSl 3NI@KTPOHOB,
HCITYCKaeMbiX PagHOaKTUBHBIMH JIEMEHTaAMH, & TAKOKe NPH pa3roHe M
OTKJAOHEHHAX ITy4YKOB JICKTPOHOB B OeraTpoHax, CHHXpPOTpOHaxX
apyrux npubopax. |

Xorda OnbITHaA TMpoBEpKa JBWOKCHHA  DJIEKTPOHOB B
MOMEePEeYHOM IeKTPHUECKOM TIone noarsepauna gopmyny (29.3), oHa
He MoxkeT ObITb Npu3HaHa BceoObemitiotiei. Henb3s He 3aMeTUTD, 4TO
B ACHCTBMTEILHOCTH HUKTO HE U3MEpUl MacCy ABHXEHMS 3J1€KTpOHA
IpH OKONOCBETOBHIX ckopocrax. Hepapom OiiHwreitna Myunna
MBIC/Tb, MOKHO JIH NEPEHOCHTH NPEACTABICHHA O Maccax MOKos M
ABHOKCHHA ¢ WHEpUMOHHON Ha BecoBylo Maccy. [Ipamas nposepka
BpAd JH OCYLIECTBHMA W3-3a TeXHUHEecKHX TpyaHocreii. Ilokxa xe
KOHCTATHPYEM, 4TO0 3KCHEPHMEHTAILHO H3MEDH/IH He Maccy, a
CHAY, NOT 10_JJAS PAa3roHA MM OTKJIOHEHHS JB erocs
JIEKTPOHR B _cHCTeMe, cBs3aHHoll ¢ 3emaéil. HHECTBEHHO

GeccnopusiM _NO3TOMY mBAseTcs HabalonaeMoe yBelHueHHE >TO#M
CHABI IIPH CKOPOCTRX, OJM3KHAX K CKOPOCTH CBETA,

O1iieHHBas 3TOT BLIBOJ, BCTIOMHHM, UYTO B Y€/IOBEYSCKOH NpakTHke
H3BECTHO MHOI0 CITy4YaeB, KOraa NpH 3BOMIOLHOHHOM W3MEHEHUM

pexumoB paboThl TOM Win HHOH YCTAHOBKH WIH NPOTEKAHHS TOrO WM
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MHOr0  fIBJICHHA  TIOABJAIOTCS  AOMOJNIHMUTENbHbIE  (paKTOpbI,
M3MCHSIIOIIME KOJMYECTBEHHbIC TOKA3ATEM 3THX YCTAHOBOK WM
apnennii. [TpuudM 5Tv daktopsl He Beeraa BHAHBL. UX HyxHO ymeTh
o0HapyxuTh. B TEOpMH OTHOCHTENILHOCTH NPELYCMOTPUTENILHO
HaJIOXKEHbI 3aNpeThl Ha BHIABICHHE TAKMX JOTIOMHUTEIbHBIX (GaKTOpPOB.
310 AOCTUraeTcs BBeJACHHEM MOCTyjaTa O [IOCTOSHCTBE CKOPOOTH
CBETA B IMyCTOTE M OTKA3€ OT 3dupa.

[To3ToMy ONMPOBEprHyTH HJIH M3MEHHTDb YTO-IM60 B 3TOl Teopuu ¢
no3uumii camoii Teopum HeBO3IMOXKHO. HEcTkMit MareMmaTHueckuii
annapar Bceraa NpUBedET X TEM XK€ M3BECTHbHIM BbiBoAaM. Teopus
a¢upa cBo0OAHA OT 3THX OKOB. B €€ OCHOBE NIexHT pu3nKa razos. OHa
HEIUTOXO  M3y4yéHa. MareMaTHKa WrpaeT  BCIIOMOrarTelbHYy1o,
06CITY’>KHBAIOLLYIO POJib U HE CTECHACT UCCIICAOBAHNS,

Ecnu Baymarbcas B JIOTHKY OMHIITEHHA, NE€rko MOXHO
NpeAcTaBuTh, Kak (U3NK - TEOPETHK B CBOMX MBIC/AX COMNOCTaBASET
OTHOCHTE/IbHBIE ABIKECHUA PasiIMUHbIX T/, CKOMLKO Obl UX HH ObLIO U

Kak Obl AaneKo ApPYr OT Apyra OHM HH Haxoawivch. OAHAKO TPVAHO
NOHATH, KAK HpOAR] ompenessner OTC/ICKHBAET, 4TO

OTHOCHTCJILHO 4ero NABHIKETCH H B Kﬁ!sgﬁ CHCTEME B galmuﬁ
MOCMEHT BpDEeMCHH IDPOHIBORNTCH BbLIYHC/ICHHSN MACC. Peaannee
DOHCKATH NPHYHHAY VBCJAHYICHHA CHJIbI HCHOCPDEACTHBEHHO BOKPYIr

BER erocs Teng. M rakas npauuBEa HMeeTCs.

Bua ¢opmya (29.1) + (29.3) HaBOAMT Ha MbIC/Ib, YTO BJIUSIHHE
CKOPOCTH V Ha CHIY, KOTOPYIO HYXKHO TMpPHJIOKHUTbL K JeTAleMy
AIEKTPOHY, uTOOBI Pa3oOrHaTh €ro WIH H3MEHWTb TPAEKTOPHIO,
o0OycnoBIeHO He OTHOCHTEILHOCTBIO ABMXKEHMA CUCTEM, B KOTOPhIX
NpOU3BOAATCA HIMEPEHMS, & BIIMAHHEM CIKHMAEMOCTH 3(UPHOro rasa.

ONEeKTPOH U JAPYrHe 3JIEMEHTAPHBIC. YacTHLbl ABAAIOTCA OUEHD
UTOTHBEIMH TesiaMH Beenennoid. IToaromy adup obrekaer atu Tena Tak
xKe, Kak BO3gyX oOrekaer (QyTOONbHBIA MAY, HIAM METEOPHT,
nonajaoliMii M3 kKocmoca B atmochepy 3emum. CrnefoBaTenbHo,
TeYeHHS 3pHpa OKOJIO NETALIEero IeKTPOHA MOryT ObiTb ONHCaHbl
ypaBHeHueM Jlamaca 1S HECOKHMASMON JKUAKOCTH, 6C/IM CKOPOCTh
V<<Cy. 3nech C,, -CKOPOCThL PACHPOCTPAHEHHA CIA6LIX BO3MYILICHHI.
B pasnene 15 nokasaHo, 4To B cnokoiiHoM 3¢upe C,, = 300000 km/c

0 plox*+6 /oy’ +d plo2°=0. (29.4)

PaccmarpuBaerca ofpawigHHOe ABWKeHHe., JTO OObIYHLIH B
a’poauHaMHke nipuém. B Takoit mocTaHOBKe He 31eKTPOH ABHIKETCS CO
CKOpOCTbIO V yepes criokoiHbIi 3¢up, a, HA060POT, HA HENOABWKHbIF
3JIEKTPOH €O CKOpOcThiO V Haberaer norok 3¢upa.

102



M3BeCcTHO, YTO CHKMMAEMOCTh ra3a NPOSBIAETCA NMpH GONBLIKX
CKOPOCTSIX M BHIPOKAETCA B TOM, 4TO AielicTBHE OT OOOr0 HCTOYHMKA
BO3MYIIEHHH HA YJANCHHYIO TOYKY 3aMasfbiBae€T NO CPaBHCHHMIO C
AHAJIOTMYMHBIM JAeHCTBMEM B HECKHUMAeMOH cpepge, TAe OHO
NpOABIAETCS M Nepenaércd MrHOBEHHO. DBe3BuXpeBbie TeuYeHHS
C)KHMAEMOTO ra3a, KAaKOBBIM ABIAETCS 3(HP NMPH CKOPOCTAX TEYEHHS,
MPpHOTKAIOMKXCA K CKOpocTH C, M, CIGAOBATENBHO, K CKOPOCTH
CBeTa B IIyCTOTE, B JIMHEHHOH NMOCTAHOBKE ONHCHLIBACTCH YpaBHEHHEM

[18]
(1-M2)P¢/0x2+8 ¢/ By*+8°p/62*=0. (29.5)
B 3tomM ypaBHeHuH umci0o M mpeActaBiser coboif OTHOlIEHHE
CKOPOCTH TeYeHMA K CKOPOCTH pacnpocTpaHeHMs cnabbix
Bo3MyLIeHuif B rasosoii cpepe. IlpumenuTensHo k 3pupHOMY rasy
Baanu or MarepualibHbIX TeNl M=V/C,=V/C .3aech Ca-C cxopocThb
pacnpocTpaHeHMs caalbIX BO3MYLICHHMH B CIOKOHHOM 2¢Hpe.
[TpeobpasoBaHneM KOOPAUHAT BHAR

. x=(\/1—M2)x,,;y=y,,;z=z,,. (29.6)
ypaBHeHue (29.5) mans npomsBoiabHoro uucia M < 1 cpomurca K
ypaBHeHMIO (28.4) nna uncna M = 0. ITorenuunan ckopocteii @ B ToM H
APYroM cliydae OHH H TOT k€. CKOpOCTh ABIKEHHA TeNia (NEKTPOHA)
HanpasneHa o ocH OX. Qopmynsl (29.6) nokassBaOT, YTO NPHU
repexoie OT HECKMMACMOH KHAKOCTH K COKMMaeMol cpeAe pa3Mephl,
[OTICpeYHbIC K HANpPaBICHHIO MABWKEHMS Tejla WIH 3¢Hpa, He
H3MEHAIOTCA. Pasmepsl, COBMazaloliue C HAMPaBICHHMEM ABHXKCHMA
Boonek ocu OX, COKpamaiorcs N0 CPABHEHHIO C aHANOTUYHBIMU
pasMepamu Boibs ocd OX,, B HecxxMMaeMoii cpelic B COOTBETCTBHHM C
popMyniofi, cosrianatomeit ¢ popmynoit Jlopenua - Puripkepanbia,

1=Wi=M7 )1,

Ilpn_31OoM HeT HeoOXOARMOCTH OVKBAIILHEO HOHHMARTh JTO
COK eHHE KAK DH3ANSCKOe H3IMEHEeHHEe MepoB TeJ1. PeanbHo
H3MEHSAIOTCH CBONCTBA TeYeHHs HDHPHOro raa 0K0J0 Tejia H3-38
HPOSBJCHHS CHHMAECMOCTH, # Jbl TEePeXo 29.6) Janmn

dbopMaNbHO MATEeMATHYECKH TPAKTYIOT 3T0 #BJACHHE KAK
A3MeHeHHEe JUINHLI TeJ B HANPAB/JACHHH HX ABHXenus:. B

a’poIMHAMHMKE TaKMM o00pa3oM YCHElMHO MepecHHMTHIBAIOTCA
a5pOAMHAMMYECKHE XAPAKTEPHCTHKM KPBUIBEB B HECKMMAEMOM
noroke mpu M=0 K cOOTBeTCByIOIMM MX XapaKTePHCTHKaM B
CKMMAaeMOM TNOTOKe NpH JMoO0bIX yncnax M < 1,
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CooTBeTCTBYIOIIIHE U3MEHEHHA TMPOHCXOAAT He TONAKO C
NHHeHHbIMH pa3MepaMH, HO M MECTHBIMH CKOPOCTAMH TEUEHHA.
HekictButensHo, npoaHddepeHUHpyeM MOTEHLMa! CKOpOCTed no
koopauHatam X,¥,Z B CKHMaeMOM 1OTOKE M, [MepexoAs K
KoopaHHaTaM X,,Y.,Z, B HEC)KHMAeMOM TNOTOKe, OyaeM HMeTb

B__ 1 o o B 4
& M0 ¥ ¥ & @&

YuurbiBas, YTO nepsbie NPOM3BOAHBbIE OT NOTEHLHANA CKOPOCTEH
KaKk JJia HeC)KHMaeMol, Tak H Ui CKHMAeMOH cpeabl paBHbI
COOTBETCBYIOLIUM MPOCKLUIM CKOPOCTH BO3MYIUEHHOIO TEYEHHS Ha

KOOPAHUHATHBIE OCH, 3aMeHUM (29.7) Ha COOTBETCTBYIOLHE PaBEHCTBA
!’

V, =2V, = Vi =V (29.8)
V1-M?

OTH PaBEHCTBa AAIOT CBA3b MEXAY CKOPOCTAMH BO3MYUIEHHOIO
TeueHusa oxono obrexkaeMOro Tena, HampHMeEp JJIEKTPOHA, B
CHKMMACMOM M HECXKHMMAEMOM [IOTOKAX BO BCeX COOTBETCTBYIOLIHMX
TOYKaX, CBA3AHHLIX YpaBHEHHAMH (29.6).

Ckopoctu Bo3MyLIEHHOrO TeueHus V' u V', npeacrasnsior coboi
abCoMIOTHbIE CKOPOCTH TeueHus 3(upa OTHOCHTEILHO NOJs
CriokoHHOro 3}pHpa B CHCTEME KOOPJAHHAT, CBA3AHHOH C TEAOM
(3nexTPOHOM) ¥ ABWXKYLLeHcs BMecTe C HHM CO CKOPOCTLIO V.

B cBa3n ¢ 3THM OTMeTHM, 4TO YypaBHeHHa (29.6) + (29.8)
PacKkpbiBalOT  CYUIHOCTb  peanbHbiX  QU3MYECKHX  ABJICHHIA,
NMPOUCXOAALIHX B CKMMaeMOM 3(HPHOM rase OKOJIO ABWIKYLUErocs
aexTpoHa (tena). [lpu 3TOM caMO HccleaoBaHWE NOATANKMBAET K
HeOOXONMMOCTH pa3obpaTbcd B CHCTEMAX KOOPAHHAT M HX
OTHOCHUTEJILHBIX ABHKCHHAX. ITO OYeHb HANMOMMHAET NOAXOAbl o0Leii
TEOPHH OTHOCHTENIbHOCTH. B Heli Talkke paccmaTrpuBaioTCs [Be
CUCTEMbI, ABHXKYLIUECA ONHA OTHOCHTEJILHO ApPYrodl ¢ HEKOTOpOM
CKOpOCTbiO V. B 3aBUCHMOCTH OT TOro, B KaKoi CHCTEME H3MEpRIOTCH
CKOPOCTH H JApYTHE HHTEpeC ume BE/IHYMHbI, B HX BbIPOKESHHAX
noseasiercs nonpaska 1/(1-M ). Toneko B TEOPHHU OTHOCUTETbHOCTH
OHa HCKIIOMHTENIBHO ONpEHCNAeTCs CaMMM  OTHOCHTEJIbHBLIM
ABHXCHUEM, a B TEOPHM I(PHpa ITa NONpaBKa HaMojHeHa PH3HYECKHM
CMBICJIOM, TaK KaKk YYMTHIBACT BIIMAHHUE CxKUMaemocTd 3¢upa. B
rasosoii OUHaAMMKE OHa M3BECTHA Kak nonpaBka [Ipanarns Ha |
CKHMaEeMOCTb  Bo3ayxa. CKOpOCTb  pacnpocTpaHeHHss  cnabbix
BO3MyLUeHui# B 3pupHOM M noOOM JpyroM rase He 3aBHCHT OT
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cOOCTBeHHOH CKOPOCTH MCTOMHMKA Bo3MmyllueHHd. HMMenHo 310
CBOMCTBO B TEOPHH OTHOCHTEILHOCTH 6€3 10Ka3aTesibCTB NePeHOCHTCA
Ha CKOPOCTbH CBETA W BBOAMTCA KaK HelpepeKaeMblii NMocTynar.

U3 cooTHowenuii (29.8) BHAHO, YTO BO BCEX TOMKAX CXKUMAEMOro
noroka npu M>0 aGcomorHsie CkopocTH dupa B HanpasBjICHHHH OCH
OX (HanpasneHue ABwxeHud Tea) B 1/(1-M)'  pas Gonbue
CKOpOCTeil B COOTBETCTBYIOLIHX TOUYKAX HECKHMMAEMOro-MOTOKa NpH
M=0. Taxkue xe n3MeHeHus OyAyT nNPOUCXOOHUTL B [10J€
HECKHUMAEMOr0 [OTOKa OKOJIO TeJa, €C/IH BMECTO Y4€Ta BIHAHHA
CoKHMaEMOCTH, YHCTO (JOPMAIBHO, YBETHYHTDL CKOPOCTL HaberatoLuero
noroka B 1/(1-M?)'? pas, To ecTp cuuraTh ckopocTh Haleraloilero

NnoTokKa

Vi

V1-M?

B npaMOM ABWKEHWH, KOTAa TeNO (JIEKTPOH) ABHKETCA uepes
crnokofinblii 3¢up, ckopoct V n V, 6yayT CKOpOCTAMH 3TOro TEIa B
Co)KHMaEMOM M HeC)KMMaeMOM norokax. B 3ToM ciyudae Teopema
MMIYAbCOB 3AMULISTCA B BUAE

V =

i(mo;?)zi w2 | (29.9)

3pecb, Kak ¥ B MexaHmke HebloToHa, Macca Tena m, sBAfETCH
BEJIMYUHON TMOCTOAHHOW, 4 CKOPOCTb, YCKOPEHUE H, KaK CJeACTBHE,
cuna F 3aBucaT or nonpasku Ha BAMAHHE CKuMaeMocTH 3dupa
1/(1-MY)"2,

Hanee mnocneayem 3a JIOTMKOM TEOPHH OTHOCHUTENLHOCTH M
NMpUMeM, 4TO MPH MOObIX CKOPOCTAX IBHXKCHHMA TejNa, HanpuMmep
IEKTPOHA, 4TOObl MpHAaTh €My OZHHAKOBble yckopeHua dV/dt u
dV,/dt B coxkMMacMOM H HeCXKHMAeMOM MOTOKAX, HYXKHO NPHIOKHTbL K
HEMY pasHble cunul. B Takolf nocraHoBke B ypaBHeHHH (29.9)
nonpaska 1/(1-M%)'?  ¢dopmanbio nepemeinaercs co ckopoctTH Ha
maccy Tesia. B pesynbrare sra Macca nepecTa€r ObiTb NOCTOSHHOI
BEIMYHHOM W HAYHHAET 3aBUCEThb OT CKOPOCTH [BHXKEHHs Tena
OTHOCHTEJIbHO criokoiiHoro a¢upa. Hao6opor, ckopocTH M ycKOpeHUs
B CKMMacMOM H HECKMMAeMOM TOTOKax 3(dupa NpHpaBHHBAIOTCH
Mexay coboii: |

V=V,, dV/dt=dV /dt. |

B pesynbTare Macca npuobperaet cMbIC MAcChl ABWKEHUS M TpU

CKOpPOCTH V M Macchi MOKOS m, NpU HyJAeBO#H ckopocTH. Mexny HHUMM,
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Kak cneayer U3 (29.9), popManbHO ycTaHaBIMBaeTCH CBA3b

= (29.10) ..

VZ
=

3neck V - ckOpOCTb Tejla OTHOCHTENLHO CTIOKOWHOro 3¢upa. I'lpu
TAKOM MOHHMAHMM Macchl Teopema HMNyNbcoB (29.9) npuobperer
BUI, KAK B TEOPHH OTHOCHUTENIBHOCTH [11]:

d
dr

=F (29.11)

C TOUYKH 3peHHs NpAKTHYECKOro Hcnons3oBaHus ¢opmyna (29.11)
HM4YEM He oTiinvaercs oT dpopmyist (29.3) Teopurd OTHOCHTENLHOCTH
OitHwreiina. Oanako usMensercs ¢uwiocodckas 3HAYHMOCTL ITO¥
¢opMyJibl, TaK Kak B a3pOXMHAMHKE W3BECTHO, YTO HCNO/Ib30BaHHAasl
NMpU e€ mnoNyyYeHHWM JIMHEHHas Teopus He JOaéT mNPaBHILHOro
pesyiabrata npu M=1, lng 3T0r0 B a3pOAHHAMHKE MCMOAL3YETCH
apyras Teopus, paspaboraHHas is TPAHC3BYKOBBLIX TEHEHHH. Jta
TEOpHs, XOTs 1 AA€T MAKCHMaJIbHbIC 3HAYEHHS 18 CHIl, ACHCTBYIOLLKX
Ha Tejla B ra3’0BbLIX MoToKax npd M=1, HO cuabl npu 3TOM oOcTaloTCA
KOHeYHbIMH BeIHUUHaMH. Takas ke TeOpHd AOMKHA MPUMEHATLCA 11
AHAJIK3a TPAHCCBETOBLIX TeUeHUit adupa.

[MosroMy Ha ocHoBaHuM ¢opmyn (29.3) u (29.11) He cnenyer
nenate (Qunocopckul BbLIBOL O HEBO3MOXKHOCTH TNpEBbILLCHUS
CKOPOCTH CBET4 B MYCTOTE MAaTEPUAIbHbIMH TEJIaMH. Y MECTHO B CBA3H
C 3THM HAMOMHHTb, YTO B TMOCJEAHEEC BpeMA MOABUACA pAj
nyGaukaumit o6 acTPOHOMHUUECKHX HAOMIONEHUAX CBEPXCBETOBBIX
CKOpPOCTEi HEKOTOpPBIX KOCMHUeCKHMX 0O0bekroB. OaHako ceiivac
NO3UIMH TEOPUH OTHOCHTEJILHOCTH €l1UE HACTOJIBKO CHIILHbLI, YTO K
ITUM COOOWICHHAM OTHOCATCH ¢ HepoBepueM. HecMotpsa Ha dakthbi,
CTOPOHHHKM 3TOH TEOPHM MBITAIOTCH HANTU OOBLACHEHMSA, BbIBOAALIHE
M3 MO/} KPHTHKH OCHOBHOIf MOCTYJIAT TEOPHH OTHOCHTENILHOCTH O TOM,
YTO B NPHPOJE HE CYLUECTBYET ckopocTe# Oosibilie CBETA B ITYCTOTE.

Conepmenno ICHO, YTO NpH BuiBOAE GopMynkl (29.11) nonpaeka
1/(1-M?) 2 s dopManbHO mnepeHeceHa C YCKOpEHHS Ha Maccy.
ITosroMy O 3aBUCHMOCTH MACCHI OT CKOPOCTH MOXHO TOBOPHTL

AOCTATOYHO YCIOBHO.
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Cnenyer ocraHOBHTbCA el Ha ORHOM MOMEHTE, CBA32HHOM C
pasroHOM 3aexTposa. Bo Bpems pasroHa 3jiekTpoHa npu uucie Maxa
Gosbie KpuTHYECKOro uucna M,, B MoTOKe 3QUpa OKOJO 3JeKTpOoHa
BO3HHKAIOT JIAMONOOOpasHbie, CKa4Yk¥ YNJIOTHEHHA. IJTO sIBJIEHHE
COMPOBOXARETCA MNOABIICHHEM BOJIHOBOrO  COMPOTHBIIEHUS, Ha
“ [IPEORONIEHHE KOTOPOTO HY)KHAa JOMNONHUTENbHAs, cuna. Bnonxe
' MOHATHO, YTO BOJHOBOE COMPOTHBACHHE, NPENSTCTBYS pPA3rOHY
IEKTPOHOB B TIOCTYNATEIbHOM HAlMPAaB/ICHHH, HE OKa3bIBACT BAHAHHA
Ha UCKPHBJICHHE MX TpaekTopuii. BUIHMO ¢ 3THM CBA3aHO pa3fieneHHe
B TCOPHH OTHOCHTEJIBHOCTH MACC H& NPOOJBLHYIO H NONEPEYHYy!O.
H3meHuB creneHb B 3HaMeHaTene gopmyntt (29.1) u npesparus €€ B
dopmyay (29.2), yaanoch NPHOIMKEHHO YYECTb AONONHUTENbYIO CHILY
BOJIHOBOIO COMpPOTHBIEHHA, KOTOPAas MNOABISETCA HMEHHO MNpH
npubJIKEHHH CKOPOCTH INIEKTPOHA K CKOPOCTH CBETa H [O3TOMY
NCHXONOTMHYECKH CBA3BIBAETCS C YCKOPEHHEM IEKTPOHA.

H3BecTHO, 4TO NPEACTABICHHE O MAaccax HOKOS M ABWKCHUSA
NMO3BOJINJI0O B TEOPHH .OTHOCHUTENbHOCTH TONY4HTb (dopmyny,
CBA3BLIBAIOLIYIO Maccy ¢ 3Heprueii |

E=mC> | (29.12)

[Mockonbxy dopmyinsl (29.9) + (29.11) uaeHTHUHBI GopMynam
(29.1) u (29.3) Teopuu OTHOCHTENLHOCTH, TO BbIBOA hopmynsl (29.12)
B PaBHOW Mepe OTHOCHTCH K u3naracMoil Teopuu 3dupa. ITOT BbIBOA,
MokHO HaliTh B [16,19,7 v nap. ]. IlosroMy MbI He craHem
BOCNPOH3BOAMTL €ro B 3toifl paGore. OrmeruM JAHLUb H3BECTHbLIE
BbIBOABI K3 3TOH  opMyinbl: H3MEHEHHE Macchl BeaéT K
SKBHBAJICHTHOMY W3MEHEHUIO DHEprHH M, HA06OPOT, PHeprus U Macca
3KBUBAJICHTHb! JApYyr Jpyry; BCAKad [OKoAlascs Macca m,
TOXAECTBEHHA C KOJIOCCANIbHBIM 3aMacOM SHEPriH

E, = m,C>.

JTa 3HEPrud MOMTH BCA OCTAETCA B MarepHallbHOM Tene fipH
Temneparype abcomorHoro Hyas. IOty 3Hepruio [InaHk HaszBan
CKpbiToit 3Heprueil. Koraa nokosuiascs Macca npuobperaer
CKOpocTbV, TO €€ 3anac SHEpruu

E=mC’ = m,C"
V1-V?/C?
s stoli dopMyns BuaHo, uTo BenuwuuHa (myV2)/2, 0oGbiuHO
Ha3sbIBaeMas KWHETHUYCKOW dHeprueil ABWKYILLErocs Tejia, COCTABIAET
NHLIbL HUYTOXKHOE MpHpallieHHe YHEPruu, COOTBETCTBYIOLEE CKOPOCTH
V. IllonmyTHO HanOMHMM, 4YTO B pasgene 5 Obia OTKpPLITA
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rpaBHTALMOHHAA JHEPTHA, 3aKIOuéHHAA B MATCPHANLHEIX TeNax. ITa
SHEprus, B CBOIO ouepeab, BO MHOro pas Ooabuue IHepru,

onpenensemoii gopmynoit (29.12)

30. O6 >¢upommramuxe Amoxosckoro B.A.

[IpeanoxenHas HaMM TeOpHA >PHpa NPHHLUHNHAILHO OTIHYAeTCH
ot 3pupoauHaMukH Awiokosckoro B.A. [2,3,4]. B nepsyio ouepenp
3TO OTHOCHTCA K MOHHMMAHHIO MACChl M IUIOTHOCTH pHpa, CHIOBOro |
B3aMMOAeHcTBHA MOXAY 3QHpPOM H TejlaMH, CKOPOCTH CBeEra,
BCEMHPHOTO TATOTEHMA, YCJIOBHH (YHKIHOHMPOBAHMA BHXPCEH,
NpeACTABIMOMMX co00l ANIeMeHTapHbIE YaCTHIIBI BELIECTBA.

B mnpemnaracmoli TEOpHM BHXpEBO€ ABIWKCHME 3(Hpa BHYTpH
YyacTHL MoazepxkuBaerca noaem 3¢upa. B paborax [2] u | [3]
CYMTAETCA, YTO TAKHE BHXPM; CAMHOXKIB BO3HHKHYB, Jajiee
BpaialoTca no uHepipm. K ToMy ke, uepes TpeHHe OHH HENpepbIBHO
packpyunBaioT 3¢pup Bokpyr cebsa. Ilpm 3TOM, Tak 3aBbilueH
KO3(}QUILHEHT TPeHHMA, YTO MO HAIIMM PACHETAM TPEHHE JOKHO
38TOPMO3HTb «TOPOHIANLHOE H KOAbLEBOE» ABIKEHMe >(upa B
YacTHULIAX  BEINECTBA ' H, CJICNOBATENIBHO, MNPEKPaTHTh  HX
cymec'rnonanue B TEYEHHH O4YEeHb KOPOTKOIO HHTCPBANA BpPEMEHM
nopaaka At=10%c. Dro, komeuno e, NPOTHBOPEYHT PeANbHOMY
BPEMEHH CYIIECTBOBAHMA A&TOMOB M JAPYrHX JOJNTOKMBYLIMX
UIEMEHTapHBIX YacTUll. OcTaHOBHMCS Ha 3TOM nozpodHee.

Tak B [2] paccMoTpeH OLCHOYHBIH pacyer BpallleHWA MPOTOHA.
IIpoToH paccMaTpHBaeTCs B BHAE BpalllalOLIerocsd Lapa ¢ pagHycoM
r=1,4-10"°m. 3a cuer cunm Tpemws, Bpamadch NO HHEPLMH, Luap
co3naeT B OkpyxalomeM 3dMpe nosne ckopocrel, MOIUHHAIOMMIAC

3aKOHY
2 2

v=vk.‘."e§. =o)r.,-::‘-’{ (30.1)
. |

Benvuvna V,=0r, B CTEHKaX NpOTOHA oueHeHa kak V =3-10°'m/c.
KosppuumeHT aHAMUYECKON BI3KOCTH ONpeAeieH Kak

n=10° kr-m".c”. 3apaua o MeanerHOM BpallieHHH chepsl B BA3KOI

JKUIOKOCTH pellicHa B r'HAPOMEXaHMKe. OTO PEIICHUE MOIKHO HaliTH B

[19]. Jna nopmepxanng BpawieHHs cepbl COTNIACHO 3TOMY PELICHHIO

K Helt Heo6X0AHMO npmanmna'm Bpama!omnﬁ MOMEHT .

M=8mnr o (30.2)

3710 03HAYAET, YTO MOMEHT CHJI TPEHHS PaBEH TakoH iKe BeJIHUHHE

¢ ofpatHpiM 3HakOM. HecnoxHbili pacyeT mNOKa3LIBAET, YTO
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V.,

o=-%-=2.10%pan/c”' u momepT M=1,38-10"1-M (30.3)
r, |
HuddepeHunaibHOe YpABHEHHE BPAINATEIBHOTO ABHXKEHUS TBEPAOrO
TeN1a U3BECTHO do _M (30.4)
, a J, '

3necb M- MOMEHT CHJI TPEHHH, NPUIOKEHHBbIN K BpalIaloeMycs
NPOTOHY CO CTOPOHBI NOJA 3¢upa. J,- MOMEHT MHEPLMM OJHOPOXHOTO

mapa ¢ paiiycoM MPOTOHa T,

Jo=-g-mr§ (30.5)

INoacrasum (30.3) u (30.5) B (30.4), monyunM BepakeHue AJis
H3MEHEHHS YIJIOBOH CKOpPOCTH BpallleHHds IPOTOHA C Maccoi

m=1,7-10%"kr no BpemeHn %tf‘-’---o 69-10% (30.6)

OueHnM YMEHBIICHHUE YITIOBOH CKOpPOCTM BpallleHHs IPOTOHR
O BPEMEHH 110 BIIMSIHHEM CHJI TPEHHS 10 opMyJie

w=o)o+g—@-N =2-10% -0,69-10* Az (30.7)

dt
~ Orkyzna onpepensiem npouex(ymx BPEMEHH N0 NOJHOH OCTaHOBKH
BpaleHns npotoHa At=2,9-10"c.

Taxum ofpa3om, 3anaca HHEpPUMH nporoua Npyd BpallleHHH B
BA3KOM 3(Hpe HAa NPEOROJIEHHE MOMEHTa OT CHJ TPCHHUS XBATHT .
TONLKO Ha BpeMms At<3-10°c, 410 mpoTHBOpeuHT peanbHOMY BpeMeHH
XKH3HH 3TOH 4aCTHLBL. AHAIOTMYHBIA pacyeT MPUMEHHTEIbHO K
doToHam, Tak k€ NPEACTABIAIOIIMX MO MbICAH AIoKOBckoro B.A,
nuHelHble 3MpHBIC BUXPH, TNOKA3BIBAET, YTO BPEMA HX IKH3HM
OKa3biBaeTCA. eme MeHome. BeiBox oauu: B palorax [2] u [3]
ype3BbluaiiHO 3aBBIECHO 3HAYCHHE KOd(duumeHTa TpeHus. Boobuie
HEONMpaBAaHO BEJIMKA PoONb TPpeHHMA B  (QYyHKUMOHHPOBAHUH
3JIeMeHTapHbIX YacTul Matepun. Ilo cyrd, 2¢up, HageneHHbIl TakUM
TPEHHEM, NPEACTABIAET TOT «OKENe300€TOHHRI 3PHp, B KOTOPOM MO
MHEHHIO A.JiHiITeiiHa yBA3HYT Bee Tena Beenennolii,

B xnurax [2] u [3] HaOmopaercs pasHOYTEHHE B CaMOM
NOHMMaHHH cyuHocTH 3pHpa. C oaHoOll CTOpOHBI 3TO ras, To €CTh
CIUIOLIHAA CXKMMacMas CpeAa, 3anojHfIomas Bce mnpocTpaHcTso. C
ITHX MNO3HUMHA onpenescHbl 3aKOHbI TEYEHHH 3(Pupa B BUXpAX H
BOKPYT HUX M Tak aanee. Ho 3mech xe yreepkaaercs, uto 3¢up B BUAE
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«cTONOLIOB» NajaeT Ha 3eMyno NojA AelicTBHeM rpasurauuH. Ho ecnn
yacTH 3dHpa NaAAIOT Ha 3EMITIO KaK TBEp/ABIC HEBIAUMOZEHCTBYIOIIHE .
Mexay coboif Tesa, TOo 3TO0 yxke He ra3. CkopocTb BXOXKACHHA
3¢upHOro raza B 3eMiII0 JOIDKHA MOAYMHATHCH 3aKOHY MOCTOSHCTBA
MACCOBOr0O  pacxoja M, cleqoBarelbHo, ObiTb  0OpaTHO .
NPONOPUHOHANBHOH KBaapary paaMyca 3emMiH, a He KOpHIO
KBapaTHOMY M3 3TOro pagMyca, Kak npy naaeHuM Teepabix tes. Hazo
BbIOUpaTh OAHO M3 NBYX- MO0 ras, IMOO poit TBEpAbIX HACTHLL

B paGorax [2] wu [3] 4pe3BbiMaiHO BeENHKM CKOPOCTH
pacnpoCTpaHeHHs CNabbiX BO3MYLICHHH M KOJBbLEBbIX CKOPOCTEH.
apupa B BHXPAX-YACTHLAX MATEPHH, JOCTUraloUHe 3HauYeHUMU
V=10?'m/c, 4T0 Ha TpMHHAALATL MOPANKOB MPEBBILIAET CKOPOCTD
cBera. IIpy TakMX CKOPOCTAX BpalUCHHUA NPOTOHA H O3BYYECHHOM
JaBieHHH B OKpyXalomieM ero none asdupa p.=2-10"H-m>
HeHTpoOeXKHbIe CHABl pazopBYT npoToH. Ilo HamieMy MHEHHIO 3TO
SIBWIOCH CNEICTBMEM YMPOLLIEHHOrO MMOHUMAaHM CYILHOCTH d}Hpa.

Kak u B GonbilHCTBe Apyrux paboT 3TOr0 HampaBieHHs 3QHp
ocTasTca OObIHMHBIM ra3000pa3HbIM BELIECCTBOM, TONbKO Oonee «men-
Koro nomosa». OaHako, OT Hero CnpaBeAIiBO OKHAAIOT, YTO €ro posib
B NPHPOAE He OrpaHUMHBACTCA TOJILKO PaclpOCTPaHEHHEM CBETAa,
ITonaraior Taxixe, 4T0 €ro TedeHUs 00ycIaBIMBAIOT CHIIbI BCEeMHPHOIO
NPUTOKEHHUS, SJIEKTPOMarHHTHBIE B3auUMOAEHCTBHA, BHYTPHAJEPHbLIC
cunsl. Ho s nosydeHHs 3THX CWil, OCHOBBIBAACH HA KJIACCHYECKHX
TeopeMax MEXaHWKH, NPH YPe3BHYaKHO MaION IUVIOTHOCTH, KOTOPOi
Hapenmor B 3THMX paborax 3dup, TpeGyroTca HepeasbHO Oosbline
cKOopocTd TevyeHus 3¢pupa. Kpyr 3ambikaercs. BuIxoa TOABKO OHH -

NMOHATb, YTO 3OHP NPH CXOMECTH €ro CBOHCTB CO CBOHCTBaAMH
H3IBECTHLIX 3eMHLIX Ia3oB HMEET CBOH OTARYNTE/bHbIE CBOMcTBA,

I'JaBELIME H3 HHX SBJAMSIOTCH ero bIl 0 Goaninan
CKJOHHOCTh K BHX A30BAHTIO H YTO OH NEPBHYEH HO

OTHOmIEHHI0 K O0bI9HOMY, JOCTYNHOMY 'HAIIEM OWIYIIEHASM,
BellecTBY. Camn MaTepHAJIbHbIE TeJa H CHJIOBbLIE

B3aMMOACHCTBHS MeXAY HHMH, B TOM tmc.u‘gi CHJIA BCEMHPHOIO
IPATKERHS, SBANIOTCH CjeACTBHEM Tevenni >¢upmoro rasa.

[ToaTOMy COBEpLIEHHO HENpPABOMOYHO TOBOPHUTh, YTO Ha 3(hUp
AelicTBYeT CHJia TADKSCTH H OH B BHAE «CTOJIOLIOBY najaeT Ha 3emiio.

31. Eme pa3 o Bosinax ge Bpoiins.
Ora riaBa Bbinagaet u3 obmel TeMaTHkH KHUTH. Tem He MeHee,

BBHJly BAKHOCTH mnpobneMbl H3NIOKY QJIbTCPHATHUBHbLIH BapuaHT ee
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pelieHHs Ha ocHoBe Mozenu atoma Pesepdopna. Eie pas HanoMHio,
4TO JNIHHa redpoiineBoii BonHLI onpeaensercs GopMynoH

A= 6L

my

B koTopoii h=6,626-10mKk-c=6,54-10*"3pr-c — mocrosunas ITnauxa.
Ona Bxoaur BO BTOpOM mnoctynar bopa, yTsBepXKAaroLIMi, YTO
3JIEKTPOH MOKET BpAIATECA BOKPYT SApPa aTOMa TOJIBKO MO KPYTroBbIM
opburaM, JJis KOTOPhIX BHITIQIHAECTCSH PaBEHCTBO

2nro,,on,,b m,|=nh (31 2)
rAe My — Macca JEKTPOHA; Topp — PAJHYC OpOMTHI 3TOrO 3NEKTPOHA
NpH BpalleHuM BOKpYr fapa aroma; Ugy —OKpyXKHad CKOpPOCTh
MIEKTPOHA Ha OpOMTe; n — Lie/Ioe YHMC/O, HA3HLIBAEMOE KBAHTOBLIM
uucyioM . Yacroty Bonkel Ae bpoitng onpenensior no gopmyie

A= —11—- (31.3)
my |
HanoMHio, 4ro rutaHerapHas Moaenb aroMa Pesepdopna
TIpEIIOJIAraeT, YT0 B LEHTPE HAXOAMTCA TKENOe SAIOpO, BOKPYr
KOTOpOro no CBOMM opOHTaM BpamiaioTcs JierKHe ([0 CPaBHEHHIO C
SOPOM) 3IJIEKTPOHBI. PAZOM MX YAEPKMBAIOT 3JICKTPOCTATHYECKHE
cunel. Ilox Bo3geiicTBHOM BHEINHHX NpHYMH (HArpeBa, CHJIBHBIX
COyAapeHHMH U Tak Jajiee) aTOM NPUXOAMT B BO30YKACHHOEC COCTOSHHE
M M3 HEro MOXET BBUICTETh OJHH WIH HECKOJIbKO 3JICKTPOHOB.
Okpy>kHas CKOPOCTh BpallicHHs 3/IEKTPOHA BOKpYT AApa

Uo,,b=oaa-ro,,., (3 1.4)
31ech 0,-yryioBas CKOPOCTh BpPAIlEHMS JICKTPOHA BOKpYr sAapa.
Torp-PAHHYC OpOHTHI 37ekTpoHa. HI3BECTHO TaKKe, MTO JJIEKTPOH

BpallaeTcs BOKpYT coOCTBEHHOH OCH € YI/IOBOM CKOPOCTBIO ().

Hanee npeacTaByM, YTO OCh BPAIOCHHS 3JIEKTPOHA IOCHE €ro
BbUIETA H3 aToMa HampaRlieHa BJOJb TpacKTOpHH. Buizennm Ha
[IOBEPXHOCTH IEKTPOHA TOYKY B, Kak moka3aHoO Ha puc.l (MOXKHO
BagTh J106YI0 TOYKY HA MNOBEPXHOCTH 3JIGKTpOHa BHe ocu). B
Pe3yNbTaTe CJIOKEHHA CKOpPOCTEeH MOCTYNATENbHONO H BPAIATE/ILHOrO
ABIDKEHUH Touka B omnuier xpuByio, 6JM3KyI0 k cHHycouae. B ee
JIBHKCHHH MNOSBALETCH LMKIHYHOCTD, YTO SIBJSICTCHS HENPEMEHHbIM
ycioBueM ofpa3oBaHusa 1 GQyHKLMOHMPOBaHus moboli Bonuel. [lepuon
xonebaHuii GyaeT paBeH BpeMeHH NOJIHOro 060poTa 3/IeKTPOHA BOKPYT
CBOEH OCH
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1 R

W y¥y el @,
B 3ToM ciy4ae gymna BosIHBI Oyner
2nV
A=VT = ~ (31.6)

el

31€Ch To.e-PAAHYC Mekipoua, V-CKOpOCTh NoOJeTA.

Puc.1

Puc.31.1
IToxaxem, uyro d¢opmyam (31.1) u (31.6) nmpu HekOTOpBIX
AOMYIICHUAX NEPEeXoaaT ofHa B Apyryio. Jlia 310r0 mpaByio 4acTh
bopmyiet (31.6) yMHOXHM ¥ pasfiesIMM HA OAHY H TY XK€ BEIUMHHY
V-t Uopb-mg. B pesyastare ¢ yuerom (31.2) nomyuum

A= 27V . \/ '.roprmma nh V2

. = .
O4eBHAHO, YTO BNEKTPOH MOKMAAeT BO3OYXKACGHHBIH aTOM C TOH
CKOpPOCTBIO, ¢ KOTOpOi OH Bpamzaics mo KpyroBoil opbure BHYTpH

aromMa

GL7)

V‘-"’Uopb:ﬁ)a'l‘opb (3 1 .8)

C yderom 3toro coobpaxenus dopmyna (31.7) nepenumercs k
BULY \

nh U, '@, nh

A= . = .
m,V (odrop,,Uw,, 0, m,V

Eciu npuHATS, YTO YIIOBBIE CKOPOCTH M, H D¢ CBA3AHBEI MEXKIY
coboii uepe3 KBAHTOBOE YHCNO

(31.9)
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O =NW,3 , (31.10)
10 (popmyiia (31.8) npumer Bua

| ,1_-.=.....f'.... G1.11)

m,V
IMonyyennas ¢opMyna NOJHOCTHIO coBnazacT ¢ ¢GopmyJoH ae
Bpoiina ans nyMHBL BOJHBI JIETALIETO 3M€KTPOHA. Ecnm omycTHTh
uHIeKcsl «el», To moayuum obwenpusHaHnbif BHA (opmynbl ne
bpoiing, npumeHsemoli Ui  OnpeAeleHHs  JUIHHBL  BOJIHbI,
' conpopoxaaomiel mobylo NeTAINYIO 3IEMEHTApHYI0 4acTuly ¢©

Maccoif m 4 CkOpocThio V |
h .
A=— 31.12
mV | (3112

®opmyna ae bpoitna u nepeuili nocrynar bopa onpoSuposatbl
JKCTIEPUMEHTAILHO ¥ NPU3HAHB HAYYHBIM MHPOM. JTO OCBOOOXKAAET
Hac OT HEOOXOHHUMOCTH TMPOBEPATh AOCTOBEPHOCTH MOJyYEHHOMH
dopmynni. Cosnagenne ¢opmyn (31.1) m (31.12), onna 3 KoTOopsIX
(31.12) nomyvyena Teoperuuecku, a apyras (31.1) u3 obGpaborku
IKCNIEPUMEHTAIbHBIX JAHHBIX HE CITy4YaiHO.

IlpoBefieHHOE UCCIICAOBAHNE ITO3BOJIACT CACNATD BHIBOX O TOM, UTO

AYRIR3M _cBOMCTB 3/JeMEHTAPBLIX YACTHIR o0yc/ioBJeH JABYMS

COCTanJINIO MH HX ABHKCHHAN HMCHHO TYNATEJADBHOr0 CO

CKOpOCTLI0 V_H BpAIATeILHOrO BOKPYr cBOCH OCH ¢ YrJjoBoii
CKOpPOCTLIO M. Ha aroM MOXHO ObL10 OB OCTAHOBHTBCH, ‘€C/IH Obl He

BOMPOC, KaK e BpamIATE/IbHOE [IBIDKCHHE OJJICKTPOHA COpPTHPYET
OTPaKEHHbIC /1EKTPOHBI B IPYHITBI ¢ MAKCHMANLHOK ¥ MHHHMAJILHOM
HX KOHLICHTpALHCi 110 3HaYeHMAM YIJIOB OTPAKCHHA.

- OTBEeT Ha 3TOT BONPOC MOXET ObITh MOJNYUEH W3 AHAIOTHH C
OTCKOKOM KPYYEHOT0 H HEKPYYEHOro MA4a B TEHHUCe WM MNUHI-
nonre. Kpyuensiit M94 OTCKAKMBAeT He Tak Kak He3akpydeHHbil. Jlis
HE3aKPY4YeHHOro Ms4a H, CIEZOBATENLHO, OTPAKEHHOIO IEKTPOHa,
ckopocTh nosiera V 6onmsiodl posn He Hrpaer. BHe 3aBHCHMOCTH OT
9TOH CKOPOCTH Yroj [laiecHHd paBeH YNy OTpaxeHHs. 3Aech
Gecrnosne3Ho HCKATh MEXaHM3M PacCOPTHpOBaHKA 4YacTHl. MHoe fesno ¢
BpalllaTe/IbHbIM  JBIDKEHHEM.  YIJIOBble CKOPOCTH  BpaulCHHA
3IEKTPOHOB B HX, Ka3a10ch Obi, pABHOMEPHOM My4Ke, TeM He MEHeEE,
He OZMHAKOBbI. OHH 3aBMCAT OT BEJHYHHBI KBAHTOBOrO 4ucia "n", To
€CTb OT TOr0 ¢ Kako¥ OpOMTHI BHYTPH aroMa OHM BbiIeTaloT. YTo6BI
yOeaAuTHCA B 3TOM NpHpaBHseM npasbie YactH dopmya (31.1) u (31.6)
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h 2n.V
3amenuM ckopocth V ¢ noMonibio (31.8) u @, HA M C MOMOLIBIO
(31.10). Orkyna nomyuum ,
n-h

D, = 5 - (31.14)
2% My T,y
Jina nepeoii GopoBcKo# op61m>1 n=1. Kpome Toro, mg=9,11- 10'3 'gr,
Topbs3,29: 107 'm, h=6, 63 10°** Ific-c. Crienosarennho
0= 410%™ | (31.15)
Tak xak nmpu n=1, o)cl—(o., TO OKpPYXHAA CKOPOCTb NIEKTPOHA Ha
310 OpOMTE H CKOPOCTH €ro AajbHEHINero nonera Nocie BLUIETA U3
B030yxeHHoro aroma Oyner
V=U =0, Tops=0,211-10" m/c (31.16)
EciH B KayeCTBe paaHyca JICKTPOHA B3ATh 3HAYCHME
rg=10"2...10"°M, TO OKpyKHBIE CKOPOCTH TOUYEK Ha €TI0 NMOBEPXHOCTH
OyAyT OTHOCHUTEJIbHO HEBEIMKH
U= 0g- oo™ (40...4:10)m/c (3117
[lpu gpyrux 3Ha4YeHHAX KBAHTOBONO uMcia "n", TO e€cTb mnpu
BBUIETE IEKTPOHOB ¢ APYrux OpOMT BOKpYT aipa aTroMma, X YIjoBble
ckopoct Oyayr menbine. JelicTeurensHo, H3 [19] B COOTBETCTBMH C

nocrynaraMi bopa umeem dopMysry Aif onpeiesieHHs paguycoB T

JO3BOJICHHBIX CTALHOHAPHBIX OPOMT JIOKTPOHA
2 2

,h'(4ne;) , h%,

Ipp =T, =1 2 — 1 2

mde T mele ,

31ech e-3apajl IEKTPOHA, & -3MIEKTpHUecKas nocrosHHas. [loacrasum

9TO 3HavieHue B (31.14), nonyquu

n-et -m,,
o = 2n2 h3 2

H3 dopmynsl BHAHO, 4YTO, YeM Gosbiue lcsamonoe YHCJIO, TEM
MeHbIlle YIJIOBas CKOPOCTb BpAalleHHs 3JeKTpona. ClienoBaTentHo,
OTPOKECHHE ITHX IMEKTPOHOB OT KPHCTAJUIMYECKOrO 3KpaHa TakKe
6yaer apyruM. ITosromy, HeCMOTPA Ha KaKYIIY10Cd OZHOPOLHOCTH
My4Ka OJIEKTPOHOB, HAMPABJCHHOrO Ha 3JKPaH B ONbITEe, OH MO
BEIMYHHAM  YTJIOBBIX cxopoc'reﬁ H MO YHCIY B3JEKTPOHOB ¢
ONMHAKOBBIMH 3HAYCHWAMH KBAHTOBOTO YHC/IE HE  SABIACTCH
oanoponuwM. [IpHueM, MpoLEcC OTPAXKEHHA IEKTPOHOB OT 3KpaHa

(31.13)

(31.18)

® (31.19)
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HE CBA3aH C, TEM, JIETAT JIH 3MEKTPOHbl ORHOBPEMEHHO ITyYKOM HAH
MOCASAOBATENBHO OAHH 33 JIPYTHM € MHTEPBATIOM BpeMeHH. Baxkho o,
CKOJIBKO H3 HUX BbUIETAIOT ¢ OAMHAKOBBIX OPOHT H, CIEAOBATENLHO, Y
KaKoro MX 4McJIa UMEIOTCA OAMHAKOBEIC 3HAYEHHA KBAHTOBOTO 4MCia
H.YTJIOBbIX CKOPOCTE#H BPALICHHS. '

He yaupnger B 310#f MOCTAHOBKE NpOOSeMb H TO, 4TO ApYrue
3JIeMEHTapHbIC YACTHIH H JAKE HEKOTOPbIC ATOMBI TAOKE HApPYIUAIOT
38KOHBI  IeOMETPUMECKOH ONTHKH THPH  OTPAXKEHHM  OT
KPHCTAUINYECKOr0 3KpaHa. JTO COBCEM . HE O3HAYaeT, YTO OHH
_obnajgaoT BONHOBBIMH CBOMCTBaMH, Kak 310 mpeanosaran ae bpoink
"M BCAEA 38 HMM IpyrHe u3secTHbie ¢usukd. ITpuumnoii 3aech
AB/ACTCA HA/IAYHE BpPALICHHS 3THX YaCTHL BOKPYr CBOMX OCei
BpaliCHHU4. H3 yero MO)KHO cacnarb npennonommenbubm BBIBOII, 4YTo

npobaeMa AVANH3IMA xopgzcg_n_gpus X B _BOJHOBBIX CBOHCTB
3JEMEHTAPHLIX YACTHR HEKOTODLIX _ATOMOB __ SBJISETCH
HaavMannol npobaemoit, no:mmcmeﬁ H3-32 HeNpaABHJIbLHOH
TPARKTOBKH onbITa Ae bpoiing

3axniovuenne.

[Ipusenéunnie B pabore uccnenoBaHMS HEe HCHEPNbIBAIOT BCEX
BO3MOXHOCTe#l Teopuu 3¢upa. UMmeerca 6onbiioe uucno npobrem
¢M3UKY, acTPOHOMMHM, MMKPOMMPA, KOTOpbie A MOIYT ' MOAYYUTE
pelIeHHe ¢ NOMOLIBLIO aTOM Teopud. OHA paclIMpséer NpeaAcTaBieHUe
Haykn 00 ycrpolicTBe KOCMOCA, BKIALIBACT B PYKM YUYEHBIX HOBbil
HMHCTPYMEHT, YBEJIMYHBAET CTENEHb CBOOOAB HayUYHbIX MCCIICAOBAHMIA.

Ieasio paboThi He ABNAETCA KPUTHKA TEOPHH OTHOCHTE/IBHOCTH,
chirpapmei Gompliylo pojib B MCTOPMH HaykH. Bonee Toro, aBTop He
CYMTACT [JIaBHBIM B pabore To, YTO ¢ RO3ULKIH TeopHH >dupa yAanoch
OOBACHUTD NOYTH BCe onTHYecKHe 3(PPeKTsi, Texaue B PyHaameHre
Teopur A.JiHmTeiina M npusezmue 100 ner Hasan usuky K
kpu3ucy. CoOGcTBeHHO rosops, HEOOBACHEHHBIM OCTANIOCh TONLKO
cMelleHue nepurenus Mepkypus Ha 43" B cronerme. Bo3MoxkHo, 310
1 He Tpebyercs, Tak Kak u3BecTHa pa3paborannas emé B 1906 rony [2]
HEMELIKHM acTpOHOMOM  3eenurepoM Xopomio OGOCHOBaHHAs
runore3a. OHa o6bACHAET 3TO CMELICHHE IPABHTALIHOHHBIM BIIHSHHEM
Gonbwioli Macchl MEJNKHX YacTHLl, 3ANOAHSMIOLIMX OKOJOCOJIHEYHOE
NPOCTPAHCTBO BIUIOTh A0 opOuth 3emmm. Hammime Takoro BelecTsa
NOATBEPKAAETCH HabmonaeMbiM 30AMAKATLHEIM CBETOM,
' IpeACTaBJAOUIMM COOOMH pacCesHHOe OTPaKEHHE CONHEYHOIro CBETA
OT 3THX YaCTHIL, |
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Bonee BakHO TO, ¥TO TeopHa >dMpa Pu3MYHA M HE 3aKATA B
KECTKYIO CKODJYIy MaTeMaTH4ecKUX YPAaBHEHHH,' KOTOpbIC KaK B
TEOPHH OTHOCHTEBHOCTH, HAYMHAIOT CAMOJABIETh HaN  DH3UKOH
peabHBIX NMPHPONHBIX ABJICHHM M 3ApABBIM CMBICIOM. Teopus 3¢upa
cBoOOIHA OT ITHX HEAOCTATKOB M OTKPHIBAST HUIMPOKH NpocTop Ang
HOBBIX OTKPbITHHA U CBEPINCHUHA.
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Kanuya C. IT., Kypowmos C. IT., Masuneyxuii I, I. CanepreTvEa B Npornoss! Gyaymero.
Yepnascxuii J. C. CuniepreTika u undopMannan (AHHAMIIECKAS TeOPHA MHQOPMAIH).
Bapanyes P. I. CanepreTHEA B COBPpEMEHHOM €CTECTBOIHAHMM,

bapanyes P. I. u dp. AcAMITOTONOTHAA — HYTH K HeJiocTHOH mpoctoTe.

Ipuzoxcun H., Cmenzepc 1. Bpemn. Xaoc. Knanr. K pemenmio napagoxca speMenu.
Ilpuzoxucun M., Cmenzepc H. Topanok u3 xaoca. Honsill ppasor yenosexa ¢ HpAPOAOH.
Hpuzoscun H., Huxoauc I. Tlosnanme croxuHoro. Beénenme.

Ipuzowcun H., Inencdopgh IT. TepMoaAHAMEICCKRA TEOPAA CTPYKTYPH, yCTONIHBOCTH
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IIpencrasaser Bam cBOM JIyumEe KHATH:

"Teopus 1oJIs ¥ rpaBHTALIMS

Pybaxoe B. A. Knaccageckvie KamGpoBonikie Mo,

Kononnesa H. I1., Ilonos B. H. KaimGponounbie moas.
Capdanawesunu I. A. CoBpeMenmbie MeToasl Teopmn noas. T. 1-4.
Hesanenxo 1. 1., Capdanaweunu I, A. Tpapuranps.

Bonobyes H. I1., Kybvuwuun 10. A. Andpdepenumansuas reoMerpas B amretpm Jim m ux
HPRIOKEHNA B TeOPHH MO,

Macnoe B. IT., Illeedos O. JO. MeTox XOMIUIEKCHOIO POCTEA B 3a7a9e MHOTHX YACTHIL
4 KBRHTOBO TEOPHN HOMA. ) '

ITpyMeHeHnst TCOPUH TPYIN ¥ KBAHTOBAS MEXaHMKA

Ilempaweny M. H., Tpughonos E. /], Tipavenciine TeOPHR IPYIN B XBAHTOBOH MexaHmKe.
Buziep 9. inBapugHTHOCTS M SAKOHM COXPAHEHMA. DTION O CAMMETPHE.

Beiiav I. Coavmerpus.

Mencxuii M. b, Ipymma myreii: asMepenrs, HOJS, YACTHIH,

Menckuit M. b. MeToz, mUAYIMPOBAHHLIX IPEACTABCHIL.

Diizenxapm JI, I1. HenpepuiBupte rpynis npeoGpasonammil.

Xamepmews M. Teopus rpynn B ee npAMenenne K GRAICCKEM NPOOIeMaM.

JMaxosckuii B. I., boroxoe A. A. Tpymim: cCHMMETPHR M 31eMEHTAPHRIC JACTHIN.
Dedopos D. 4. Tpynua Jlopemna.

Tanuyruii B. M., Kapnaxoe b. M., Koear B. H. 3agaum no KpanToBoli Mexammke. 4. 1,2,
Topbayesuy A. K. Knanrosan Mexanuga B oOmeit TeopEH OTHOCHTELHOCTH.

Topbayesuy A. K. Ocnopsl KBAHNTOBOH MEXAHMKH B HCKPHRJICHAOM IPOCTPRECTBE-BPeMEnR,

KonebGauust 1 BONHBI ‘ : '

Hobpoaioboe A. H, Berympe 8ol AehopMAIEAN.

Kpaeuerxo H. T. Teopasi BOJHOBLIX HPOIECCOB.

Hlawxos A. I., By6noe B. A., Auxoscxuii C. 0. BoioBhie SBACHHN TeNJIOXPOBOAHOCTR:
CRCTEMHO-CTPYKTYPHbI momxoa.

Baposoxac . H. u dp. PacupocTpanesne BOJIH B NIEKTPOMATHRTOYHPYIHX Cpeiax.
Bapozoxac [, H., 3o06nun A. A, MareMaTHiecKoe MOeMpoBande (GHIMIECKAX NPOIEccoB
B KOMIOSHMIMOHHMX MATEPHANAX UEPHOAMIECKOH CTPYKTYpS.

Acmanenxo B. A. Tlonapasan@onnsie B BETephepenmponnkie pdexTrl

B HIYIATEe/IbHBX NPOHECCAX.

TepMOAMHAMMKA W CTaRTHCTHUCCKas (usnxa

Ksacnurxos H. A. TepMOIMHAMEKR M CTATHCTHYCCKAN (R3uKa. B YeTHIpeX TOMaXx.
Keacnurxoe H, A. Monexyaspuas QUIHKA.

Azees E. I1. Hepasnopecnas TepMOIMHAMMKA B BOIPOCARX M OTHETAX.

Zbpoe B. A., Azees E. II. TepMoppnaMuuecKas TEOPHA PACTBOPOS.,

Mioncmep A. XaMW9ecKasn TepMOIHMAMHUER. '

Kpvinae H. C. PaGorsi no 06ocHOBAHMIO cTaTRCTHYSCKOH (usnKy. ,
Hlanxun A, H., Cudopoe 0. H, TepmonymaMuecKue MO/ B KOCMOXHMUK | IUIAHETOJIONHH.
Bazapoe H. II. 3abnyxkiennii B oNOKHA B TePMOAAHAMMKE.
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Hcnonb3ysd sicHbIE
M MaTeMaTHKH Ha

Bam cBOM JiyuliHe KHMIM:

bpaiian Ipun
SJIETAHTHASA BCEJIEHHAA

CynepcTpynnbl, CKpbITbiE pa3MepHOCTH

H HOMCKM OKOHYATEILHOH TEOPHM

KHura Bbpajliava Ipuma «3DneraHTHas BceneHHass» — yBieka-
TeJbHellee IMyTenieCTBHe IO COBPEMEHHONM ¢M3uke, KOTOpas
Kax HHMKOTHA paHee OMM3Ka X MOHMMAHMIO TOTO, KaK YCTpO-

Yy

2L ebc‘.m;n-n'x.'é.
-ue":,;?'meogop; W cHa Bcenennas. KBaHTOBHI MMD M TEOpHMS OTHOCHUTENBHOCTH
bl OjinmrreitHa, rumoresa Kamyupi—KieliHa M JONOMHMTENbLHBIE

H3MEPEHHUsI, TeOpUsi CYNEepCTpYH M OpaHbl, BoJbinoit B3pHB M
MYJAbTH-BCEICHHBIE — BOT JAAJIEKO HE NMOJHBIN nepeycHb 00Cy-
XIAaeMbIX BOIPOCOB.

aHAJIOTHH, aBTOP NMEPEBOIMT CHOXHLIE MIEM COBPEMEHHOM (HH3HKH
o0pa3nl, MOHATHLIE BceM M XaxaoMy. Bpaiiad IpuH cpriBaeT 3aBecy

TAMHCTBA C TEOPMU CTPYH, YTOOBI NMpEeaCTaBUTh MHPY l1-MepHylo BceneHHylo, B x0-
TOpPON TKaHb NPOCTPAHCTBA PBETCS M BOCCTAHABJIMBACTCHA, a BCA MATEPHs NMOPOXACHA
BHOpauMsAIMU MHKPOCKOIIMYECKHMX CTPYH.

O xoMmbIOTEpaX, MBLIIJICHHH M 3aKOHAX (PH3HKH

Pooxcep Ilenpoys
HOBBIN YM KOPOJIA

Monorpadust u3BecTHOro ¢hm3nka M MareMaTHka Pomxepa
IleHpoy3a MOCBALICHA HM3YYEHMIO NpOoOJIEeMBI HCKYCCTBEHHOIO
HHTEJJIEKTA Ha OCHOBE BCECTOPOHHEIO aHaIM3a NOCTYOXKCHWI
COBpPEMEHHBIX HayK. Bo3MOXHO 1M MoAEIMpOBaHME pa3yMma?
Yr1o6hl HalfTU OTBET Ha ITOT BOmpoc, [leHpoy3 obcyxmaer 1min-
povyaliiuii Kpyr sSBICHUI: aJITOPUTMHM3ALMIO MAaTEMAaTHYECKOIO
MBILIEHHA, MAaIUMHB ThlOpWHTa, TEOPHIO CIOXHOCTH, TEOPEMY
Tenensa, TenenopTalMio MaTepHM, NapaJgoOKChl KBAHTOBOH (H3u-

KH, SHTPOITHIO, POXAEHUE BCENEHHOM, YEPHRBIE ABIPHI, CTPOCHUE

MO3ra ¥ MHOTO€ JpYTOe.
KHHra BBI30BET HECOMHEHHBIN MHTEpPEC KaK Y CIELHAIMCTOB, TaK M Yy IIMPOKOIoO Kpyra

yUTaTENEH.
Halliv KHWM MOMHO npnoﬁpecru B MaraiMHax:
«38e3pover» (M. Menpeneescnan, Tuxsuncwnil nep., 10/12-9. Ten. (095) 506-33-99)
U3paTenbCcTBo | «bubano-TaoGyc» (u.Sly6snna, yn. Machuunan, 6. Ten. (095) 925-2457)
YPCC «MocxoBCHMi oM Kimri» (M. ApGavcian, YA. Hosbiit ApGat, 8. Tea. (095) 203-8242)
«MocxBa» (M. Oxomwnill pRA, YA. Toepcnan, 8. Tea. (095) 229-7355)
«MoRoAan reapaun» (M. Nonasuxa, ya. B. Moaswa, 26. Ten. (095) 238-5083, 238-1144)
(095) 135-42-46, «Jlon penosoil muurn» (M. Mponevapcnan, ya. Mapxcucrenan, 9. Ten. (095) 270-5421)
(093) 135-42-16, | ucrapwiit Coer» (w. Mywnuncxan, ToepcnoRt 6-p, 25. Ten. (095) 202-8608)
URSS@URSS.NI | «ruosuc» (w. Yimsepenter, 1 ryw. xopnyc MTY, nomn.141. Ten. (095) 939-4713)
«Y Heuranpa» (PITY) (n. Hosochoboacxan, ya.Yasuona, 15. Ten. (095) 973-4301)
«(N6. nom mmru» (Hescunii np., 28. Ten. (812) 311-3954)
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B ripeAnaraemMoi BHUMaHNIO YuTarens
KHUre Ha HOBOW OCHOBE BO3pPOXAaeTcs
Wpen o Tom, 4To BecenenHas 3anonHeHa
2h#vpHLIM Frazom. NMpegnonaraercs, 4To
BCe MarepuansHbie Tena — OT 38e3A A0
ANeMeHTapPHbLIX YacTuy — HenpepbIBHO
nornqu;am acunp, KOTOPbLIN 3aTEM
npéoﬁp asyeTcs B matepwio. Npw BapbiBax
HOBbIX 3Be3f _g,pa.qunranamu Marepus
YACTUYHO UNM NONHOCTLIO pacnagaeTcs
Ha aromsl 3acpmpa. lNpwn aTom npoucxoguT
BEYHbI KPYroBOPOT MaTepuu 1 3HEepPrum.
Bl-ly'rpeuunn aHeprusa 3cupHOro rasa
ABNAETCA aHepruen kocmoca. B kHure
npeanoXeHkl pelweHus SoNLWOro Yucna
3arapovHbIX npobnemMm acTpoOHOMUM
M d:m:mma WUccnepoBaHus HOCAT
AoKasarvefibHbIN Xapakrep. BmecTe
C TeM KHMUra HanucaHa nocTaTovHo
nonynsipHo. B Heit nogpobHo
0BCYKAAKTCA NnoaHATLIE NPo6Gnembi.
| ﬂmﬁgauarenhuhm yurarenbk CMOXeT
ﬂamﬁpﬂhcﬂ B U3naraemMom Mmarepuane.

I-hﬁ.}"-HDﬁ WM YYEEHOW NMTEPATYPLI

E-mail: URSS@URSS.ru
Karanor wanaHwi
8 Internet: http:fURSS.ru

TenJdekc: T (085) 135-42-16
Ter/chaxc: T (095) 135-42-46
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