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1. BBepeHue

Llenbto faHHOM paboTbl ABNAETCA NOCTPOEHME MbICIEHHOM GU3NYECKO MOLENN MUKPOMMPA
C LLeNblo NONY4YEHMA O HEM HOBbIX 3HAaHMI, MOKA3bIBAOLMX €4MHCTBO NOA, MATEPUM U INEKTPUYE-
ctBa. OCOBEHHOCTBIO 0OBbEKTA MOAENMPOBAHMUA ABAAETCA €r0 NPUHLMMNMANbHAA HEHAab o 4aeMOCTb.
MosTomy B KayecTBe MeToZa MOAENNPOBAHUA MOXKET ObiTb BbIDPAHO TONILKO HaydyHOe BOObGpaXKe-
Hue. HeobxogMmbiM ycioBUEM MOAEMPOBAHUA ABAsSETCA Nogobune obbeKkTa 1 ero moaenu. Kpure-
pUemM UCTUHHOCTW CNYXKUT COOTBETCTBME CBOMCTB MOAENN SKCNEPUMEHTA/IbHBIM AaHHbIM.

B HacToAWee Bpemsa TeopeTnyeckas GM3MKa 3aHUMAETCA NOCTPOEHUEM U U3YYEHUEM UCKIIO-
YnTEeNbHO MaTemaTMyecknx mogenen. OHM KOAMYECTBEHHO CBA3LIBAIOT MeXAy cobol Habntogae-
Mble napameTpbl GU3MYECKMX NPOLECCOB U ABNEHUA. MaTemaTnyeckme obpasbl MU NOHATUA ABAAIOT-
CA BECbMa NONE3HbIMM U LLEHHbIMM B MpOLLEcce aHaAn3a pUsnMYecknx asneHnin. O4HaKo 4acTo OHU
TPAKTYIOTCA 3aTeM B BUAE OOBEKTUBHbIX QU3MYECKMX PEaNbHOCTEM MAM B BUAE HEOTbEMJ/IEMbIX
CBOMCTB, NPUCYLLNX GU3NYECKMM 0O BEKTAM MO CaMoi NpUpoae BELLEA.

Takum obpasom, B pM3Myeckoe mbiwieHne 6bliv BBELEHbI HEKOTOPble abCcTpaKTHble MaTe-
MaTUYeCKMe NpeacTaBAeHUA U CUMBOJIbI, HE OTParKaloLLIMe peanbHoOe cogepikaHne pUsnyecknx ae-
NeHni 1 06beKToB. MOXKHO Ha3BaTb, HANPUMep, AEACTBME HA PACCTOAHUK, NPEACTAaBAEHUE YACTUL,
B BUAE TOYEK, abCONOTU3ALMIO BEKTOPOB, NMPOXOXKAEHME BOJIH Yepes NycToe NPOCTPaHCTBO, KOp-
MYCKY/AAPHO-BOJIHOBOW Ayann3m M np. Bo MHOrmMx Teopetnyeckmx paboTtax «matepus ncyesaetr —
OCTalOTCA O4HU YPaBHEHUAR,

Ha pasHbix aTanax pa3sutua ¢pM3MKK npeobnagaowmmm 6eiam anbo dusmndeckme, imbo cum-
BOJIbHO-MaTeMaTUYeCcKMe NpeacTaBaeHns o npupoae. Ha pucyHKe nokasaHa cMHycomaa — KpuBas
CMEHbI NePUOAO0B PaLMOHAIbHO-GU3NYECKOTO M POPMAJSIbHO-MATEMATUYECKOTO METOA0B ONUCAHMUSA
OKpyrKatoLiero mmpa 3a nocnegHue 400 ner.
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K yectn Ncaaka HbtoToHa U AnbbepTa IMHLWTENHA chefyeT cKa3aTb, YTO A0 KpaliHero ¢opma-
IM3Ma UX B3rA4bl 4OBOAUAN UX NocsiegoBaTenn. OHM 3a8BAAAN, YTO A4 NPAKTUKM BaXKHOM ABNA-
€TCS N CBA3b MEXKAY BXOLHbIMM U BbIXOAHbIMM NapameTpamu sisieHusa. Popma B BUAe matema-
TUYECKOro aHa/13a BblABMUranacb UMW Ha NepBblit NaH, 3aCN0HAA co0b0ol pU3nYecKoe coaeprKaHue.
Ho Kak npuKpenuTb 3apsAg K BOJIHOBOMY NaKeTy? Kak ToyeuHble U BeCCTPYKTYpPHbIE 3/IeMEHTapHbIE
YacTuLbl MOTYT UMETb Maccy, 3apad, CNUH U MarHUTHbIA MOMeHT? CKopee BCero, «3/1eKTPOH TaK Xe
Heucyepnaem, Kak 1 aTom»,

B ¢dM3MKe A0 cuX NOp HET PUINMYECKMX MEXaHUCTUYECKUX MoAenen, HarnaaHo npeacTaBasato-
LLMX OCHOBHbIEe OOBEKTbI U ABNEHMA OKPYKAIOLLEro HaC MMUpa:

— Macchbl U 3apAAa 4acTUL, M aHTUYaCTULL

— CTPYKTYpbI PYHOAAMEHTA/IbHBIX M METAaCTabuAbHbIX YacTUL,

— B3aMmoAaencTena GOTOHOB C BELLLECTBOM;



— CTPOEHMA aTOMOB U MOJIEKYT;

— pacnpocTpaHeHuMA pagmoBOJIH;

— MeXaHM3Ma TATOTEHMUA.

Takme mogenu ona KBAHTOBOM MeXaHWKM M TEOPUU OTHOCUTENBHOCTU HENb3A NOCTPOUTD, OC-
TaBaACb B pamMKax CYLLECTBYIOWMX NpeacTaBfeHUA TOYEYHbIX YacTuL, M abCoMOTHO MYyCTOro npo-
cTpaHcTBa. KBaHTOBana mexaHMKa Havyanacb ¢ 1900 r., Korga Makc MnaHK npeanoxun popmyny ana
KBaHTOBaHMA aHeprum ocumanatopa: E = hv. MNpeacrasneHme o KBaHTOBAHUM B CAMOM LLUMPOKOM €ro
NMOHMMaHWK 3aK/toYaeT B cebe nae o npocmpaHcmeeHHol npepsbieHOCMU Bcex Boobule pusnye-
CKMX NpoLLeccoB 1 06beKTOB Ha POHe X HenpeposigHocmu. OTCloAa cneayeT HeAonyCcTUMOCTb abco-
JNIIOTHO MYCTbIX MPOMEXKYTKOB MeXAY OTAE/NbHbIMU 31EMEHTAMU — KBAHTaMU GU3NYECKOro copep-
KaHWA npocTpaHcTea. Mo3aTomy BONPOC O cpeae, 3aN0HAOLWEN BCe MPOCTPAHCTBO M HENoCPeacT-
BEHHO Y4YacTBYHOLLEN BO BCeX GMU3NYECKUX MPOL,ECCaX B Ka4YeCcTBe NepenaTinmKka BCAKOro poaa B3au-
MOZENCTBUI, ABNAETCA OCHOBHbIM A4 Aa/IbHENLLEro Pa3BUTUA KBAHTOBOM GU3MKM.

PaHee 3Ta yHMBepcanbHaa cpefa HasbiBanacbk sgupom. Cenyac obLWENPUHATLIM ABASETCA
TEPMUH ¢pusudeckull 8akyym. [lpyroe HasBaHWe cpeabl — 37AEKMPOMA2HUMHOE rnose. B paHHoM
paboTe npegnonaraeTcs, YTo PUIMYECKUIN BaKyyM MnpeacTtasisaeT cobol BbICOKOIHEPTUUYHYIO MPO-
TOYHYIO cpeay. KBaHTOBaHHbIE 3/IEMEHTbI Cpeabl — 2pa8UMOHbLI — CYLLECTBYHOT B BUAE BUXPEMN.
JHeprua BpalLeHMA BUXPEN NoALEePKMBAETCA CO BpemeHu bosblioro B3pbisa. MpomMmerKyTKM mexay
rPaBUTOHaMM 3aNONHAOT ewe bonee menkue BUXPU U T.4. TaK OCYLLECTBAAETCA HerpepbieHoe 8
npepbigHoM. PaBUTOHbI GOPMUPYIOTCA B HEMTPUHO, HEMTPUHO CBA3bIBAIOTCA B GOTOHbI M YaCTULLbI,
YyacTuubl cObMpatoTca B aTOMbl U MOJIEKY/Ibl. BelecTBo KOMKyeTCA B NNaHETbI, 38€34bl M [aNaKTUKN.

Teopnsa OTHOCUTENBHOCTM BblABMHYNA NONOXKEHNE O TECHOM CBA3U B 4-BEKTOpPax NPOCTPAHCT-
Ba-BPEMEHMU U 3HEPTUU-UMNYAbCA. CYyLLHOCTb TATOTEHMS, NO NPEeANOIOKEHMIO IAHWTENHA, COCTOUT
B TOM, YTO NMPOCTPAHCTBO-BPeMs 00/1a4aeT onpenesieHHOM YNPyrocTbio, a BAIOXKEHHbIE B NMPOCTPaH-
CTBO TeNa CTPeMATCA UCKPUBUTL ero. Ho abcontoTHO MycToe MPOCTPAHCTBO SIBAAETCA MAea/ibHOM
MmaTemaTmMyeckoi abcTpakumen. Ans npoTekaHUsa B HEM CUJIOBbIX MPOLLECCOB €ro HaAo 3amno/HUTbL
maTtepuen. B gaHHoW paboTe MoOKasaHoO, YTO MOMELLEHHOE B Cpeay FPaBMTOHOB rpaBuTUpYloLLee
TE/NI0 OKPYKEHO BO3MYLLEHHOW 060/I04KOM, KOTOPYHO Mbl HabtogaeM Kak rpaBUTaLMOHHOE MoJie.

TakmMm 06pasom, HeOHX0AMMbIM YCIOBMEM MOAENNPOBAHUA OOBEKTOB U ABNEHUA KBAaHTOBOM
MEXAaHUKN U TEOPUN OTHOCUTENIbHOCTU ABASIETCS HA/MYME KBAHTOBAHHOM KBasMHeNPePbIBHON Ma-
TepuanbHOM cpeabl, 3aNONHAOWEN BCe NPOCTPAHCTBO. PaccmaTpmBaeman B paboTe cpeaa Buxpe-
BbIX FPaBUTOHOB fABASETCA 06A3aTe/IbHbIM YHMUBEPCA/IbHbIM YYaCTHUKOM BCEX B3aMMOAENCTBUIA MNo-
rPY*XeHHbIX B Hee HelTpuHo, PoTOHOB M BelecTBa. MOTOKKU rPaBUTOHOB 06pPa3yOT CMI0BbIE NOAA:
3/IeKTPUYECKOE, MArHUTHOE, TATOTEHUA, AAePHOe U Np. Buxpesble KonebaHUa camoli rpaBUTOHHOM
cpenbl BOCMPUHMMAIOTCA HaMW KaK paduoBosiHbI.

Ecnn ogHUM B3rNAAOM OKMHYTb BCE MHOroo6pasmne OKpPYXKatoLLero Hac MMpa, TO HeNb3A He
3aMeTUTb, YTO YCTOMUYMBOCTb MMUPO34AHNA OCHOBaHa Ha AMHAMMYECKOM PaBHOBECUMM MpU Bpalle-
HUM 06beKTOB. ECTECTBEHHO NPEANONOKUTL, YUTO 06pa3oBaHMe YacTUL, NONA U BELLECTBA U3 UCXOA-
HOM MaTepuM TaKKe Nponcxoanno B suae suxpeli. UMeHHO 13 Maen BUXPEBOro CTPOEHUA MaTepum
NCXOAMNN CO34aTeNIN OCHOBOMNONAMAOWMX OTKPbITUIA B dU3MKe. PazBnBas 3Ty MbiCab B Npegnarae-
MO 34€ecb HarnAgHOM BUXPEBOM GU3MYECKON MOLENN OKPYKAKOLWLEro Hac MMpa, Mbl MOAYYMM OT-
BETbl HA MHOrMe BOMNpPOCHI.

Hanpumep, Ha cambiii npocToi Bonpoc «OTKyaa bepyTcs 3apsag, U Macca?» Helb3sA OTBETUTD,
OCTaBasACb B PaMKax CYyLLECTBYIOLNX MOAENbHbIX NPEeACTABAEHUIN TOYEYHbIX YAaCTUL, U MYCTOro Npo-
CTPaHCTBA. 3apAg M Macca — BHYTPEHHME CBOMCTBA COCTABHbIX NPOTAMEHHbIX 0bpa3oBaHWUin. Ons
MOHMMAHMA CYLLHOCTM 3TUX CBOMCTB Mbl AOXKHbI CNPOCUTL: @ U3 YEro COCTOAT YaCTULbl U KaK OHU
yCcTpoeHbl? B paboTte pasbupaeTca cTpyKTypa PpyHAAMEHTANbHbIX YacTUL, KaK COCTaBHbIX BUXPEBbIX
obpa3oBaHuUii B cpeae rpaBUTOHOB.

Maccy B Knaccuyeckoit GuUsmnKe onpeaenstoT Kak Mepy UHepuyuu v mepy epasumauyuu Tena
(uHepmHas n epasuMayUOHHAA MacCbl COOTBETCTBEHHO) [1]. CBOMCTBO MHEPTHOM Maccbl NPOSABAS-
eTCA B TOM, YTO Te€/10 MU3MEHSET 3HaYeHNe CBOEro MMNyabca nog AencTenem BHewHel cunsl. . Jlo-
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PeHL, UCNO/b3ys BTOPOI 3aKOH HblOTOHa, BBEN ANA 3NEKTPOHA «MPOO0O0sbHYO» U KITONEPEYHYIO»
maccbl. 06e macchbl YacTULbl OKA3a/IMCb 3aBUCALLUMM OT CKOPOCTU ee ABUKEHUA, HO NO-Pa3HOMY:

m = LE; m; = Lz

(1-%)° (1-5)°

B 1900 roay A. MNyaHKape BBen B ynoTpebsieHWe peasmusucmcKyo Maccy, XapaKTepusyoLLyto
NMHEepPTHble CBOMCTBA 3/1€KTPOMArHMTHOM BO/IHbI. TOr4a BO3HUKAA ele Of4Ha Macca — MAcCca MOKoA,
KOTOpaA COBMafana C HbIOMOHOBCKOU Maccol Kak «KOJIMYECTBOM maTepuun B Tene». MMeHHo 3Ta
BE/IMYMHA HA3bIBAETCA TENEePb NPOCTO MACCOM.

Mpn paccmoTpPeHUM rPaBUTALLMOHHON MACCbl ONEPUPYIOT NOHATUAMMU raccusHol rpaBuTaLm-
OHHOW MaccCbl U AKMUBHOU FPaBUTALMOHHOM MACCbl. 34eCb MMEEeTCs B BUAY HEKOTOPOE KAayecTBeH-
HOe pas/inyne B Maccax, Hanpumep, macca NpuTArMBatoLLeroca K 3emne Tena (naccMeHana rpasuTa-
LUMOHHaA macca, NnpobHoe Teno) n macca camoit 3emnn (aKTMBHaA rpaBMTaLMOHHAA macca).

B 1905 roay A. SMHLWTENH NPUXOAMT K BbIBOAY, YTO Macca Tesla m SBASETCA MEPON CoAepIKa-
Wwelca B HEM 3Hepruu nokos: E;=mc’, rae E, — aHeprvs nokoswweroca Tena (Yactuubl). Ecam Teno
oTpaetT sHepruio AE, To macca Tena ymeHbliaeTca Ha sennunHy: Am = AE /c?. B Teopun oTHOCK-
Te/IbHOCTU 3HEepPrna NoTepana CBOK KAaCCUYECKY0 HeonpeaeneHHOCTb — aagMTUBHYIO KOHCTaHTY.
OHa cTana ¢pu3Myeckomn BeIMYNHOM C abCONOTHLIM 3HaYEHUEM. B pensiTUBUCTCKOM TeopuM macca
COCTAaBHOIO TeNa He paBHA CyMMe MacC COCTaBAAOWMX ero Ten, sHeprua e aagutnueHa. O6uan
TeopuA OTHOCUTENBbHOCTM OCHOBAHA Ha 3KBMBANIEHTHOCTU UHEPTHOM U FPAaBUTALMOHHON Macc Tena.

Y10 KacaeTcAa aNeKTpUYecKoro 3apsaaa, To MCTOYHMKN MHPopMaLMmM 0B6bIYHO OrpaHMYMBALOTCA
onpezeneHnem, YTo 3apAg, ecTb CBOMCTBO Tesa Co34aBaTb 3/1eKTpuyeckoe none. B knaccmyeckom
3N1IeKTPOAMHAMUKE BOMPOC O MPUYMHAX KBAHTOBAHMA 3apAga He obcyKaaeTca, NMOCKO/IbKY 3apas
ABNAETCA BHEWHMM NapaMeTpoMm, a HE SUHAMMYECKOM NepeMeHHOMN.

Ho morKeT nan chepuyeckm-cMMMETPUYHOE SNEKTPUYECKoe NoJie A4pa aTOMa HacbILWaTbCA nNpwu
BPALLEHMM 31eKTPOHOB? Beab BpalweHme 3eman BoKpyr COMHLA HE MeLIaeT NpUTAXKeHUIo K ConHuy
Mapca. A B aTome BOAOpOAa BpaLLEeHME OLHOMO 3/IEKTPOHA BOKPYr A4pa NOAHOCTbIO NpeKpalaeTt
BAMAHME MOAA AAPA Ha NOObIX PACCTOAHUAX U NPU NOObIX COCTOAHUAX SNEKTPOHA.

BeeaeHHble B CTaHAApPTHOM moaenn ApobHble 3apasbl KBAPKOB ABAAIOTCA MWb YA06HbIMM
KBAHTOBbIMW YncaaMn. [inTeNibHblE MOUCKN CBOOOAHbLIX KBapKOB M OOBEKTOB C APOOHbLIM 3apsaom
OKasanncb 6e3pesynbTaTHbIMKU. 10 aHaNorMM ¢ aNeKTpMyYeckum 3apagom B CTaHAapTHOM moaenu
dopmanbHO BBOAATCA BAPUOHHDBINA, NENTOHHbIM M rMNep3apAs — BCMOMOraTe/lbHble YMCAa, COXpPa-
HAOWMeCcA B onpeaesieHHOM Kiacce NpeBpalLleHnn a1eMeHTapHbIX Yactul,. ®opmanbHO BBOAATCA
HOBble M08 U BO30HHbIE MEPEHOCUYMKM B3aMMOLENCTBUI B 3TUX NoAsAX. Ho ux ¢umsmyeckuii cmoicn
He BblACHAETCA.

CoBpemeHHble PpU3MYECKNEe TEOPUM He CNOCOBCTBYIOT rNyB6OKOMY MOHMMAHUIO NPUPOAbI 3a-
paaa n maccbl. MNpaKkTUYeckn Bce TeopeTmyeckne paboTbl NpeacTaBAAtOT cObOM coueTaHne penaTu-
BM3MA M KBAHTOBOM MeXaHUKW. B HMUX paccymTbiBAeTCA B3aMMOAENCTBME TOUYEUHbIX YacTUL, B MYyCTOM
npoctpaHcTBe. Ho cerogHA passutne GM3MKM OrpaHMUYEHO He CTOJ/IbKO BO3MOMKHOCTAMU MOLLHbIX
KONNanaepoB 1 CYyNepKoOMMNbIOTEPOB, CKOIbKO YPOBHEM HALLMX NPeAcTaBAeHn B obnacTtn modenu-
pOBaHUA 06BEKTOB M NPOLECCOB.

CtoneTtHAA anoxa ¢opmanm3ama B pusmMKe 3aKkoHUYMNacb. Cetyac HeObBXOAMMO, NpeXxKae BCErO,
nepecmoTpeTb OCHOBHble pU3MUYECKUE NMOHATUA, HAMOJIHUB UX MaTepuanbHbIM coaeprkaHnem. Ham
HY»Hbl KQYeCTBEHHO HOBble PU3MYECKME naen, KoTopble obecneynnm 6ol NPOrpPeccBHOE Pas3BUTNE
Ha MHorve roapl Bnepes. BolABUHYTb UX MOXHO NULb, co3gaBas GU3UYECKME MOLENN CYLLHOCTH
MUWPO34aHu1A, MO3HaBasA 3aKOHbI NPUPOAbI.

dur3nyeckne 3aKoHbI 1, B YaCTHOCTM, 3aKOHbI COXPAaHEHUA, eANHbl B MAaKPOMUPE N B MUKPO-
MUpe, eauHbl ANA BCEro cyl,ero. 3aKOH COXpaHeHUs sHeprum obecnevymBaeT BEYHOE CyLLLECTBOBA-
HWe maTepun. 3aKOH CcoxpaHeHMA MMmNybca obecneymMBaeT BeYHOe ABUMKEHNE MaTepUn. 3aKOH Co-
XPaHEeHMA MOMEHTA KOIMYECTBa ABUXKEHUA 06ecneynBaeT yCTOMUYMBOCTb CTPYKTYPbI MaTepun.



2. JHepreTu4eckKkue ypoBHU U CBOUCTBA BUXPEN

2.1. DHepreTnyeckue ypoBHU U pa3BUTUE MaTepum

dusnyeckne mMogenu AOMKHbI OTpaXKaTb CYWHOCTb MOAENUPYEMbIX CUCTEM, UX PONKAEHUE,
pasBuTMeE U paspyweHune. B mogenn obbekTa Ao/KHbI BbiTb OTPaXKEHbI MEXaHU3Mbl B3aMMOLENCT-
BUA C APYrMMM 0BBEKTAMM M C OKpYyXKatoLLen cpeaoi. as 3Toro HeobxoaMMo BBeAEeHNE CUCTEMHO-
ro aHa/M3a, YYNTbIBAIOLLErO MepapXUiYeckme YpoBHWU opraHusaumm Gusmndyecknx obbekTos. HyskeH
He TO/IbKO FOPM30HTa/IbHbINA, HO U BEPTUKa/bHbIA NOAXO4 K ONWUCaHMIO ABAEeHUI. Moaenb — He
MOMEHTa/IbHbIN CHUMOK NPOUCXOAALLErO, @ MAHOPAMa }KMU3HEHHOTO LMKNa 0OBbEKTA.

OnbIT NOKasblBaeT KBAHMOBAHHOCMb MUKpoMMpa. OHa obycnoBneHa AMCKPETHOCTbIO MO-
MeHma Koaudecmea oOsuxceHusa. CnepoBaTeNbHO, OCHOBOMONATAlOWMM CBOWCTBOM 3/1EMEHTOB
MUKpOMUpa aBnseTca spaujeHue. OHO peanunsyeTcs B BUAE BUXPEBbIX KOPMYCKYAAPHbIX YacTul,
Pa3/IMYHOM SHEPTUM U UX KOHTIOMepPaToB. BpalleHre BUXPA B OKPYy)KatoLen cpeae yCToMYMBO Nnpu
MWHMMaNbHO BO3MOXHOM 3HaYEHUM MOMEHTA MMMNYAbCa. ITO ONPEAENAET KBAHT SHEPTUN.

He TO/IbKO B MMKPOMMPE, HO U B MaKpOMMpe AMUCKPETHOE CTPOeHMe maTepun obycnosinsaeT
ANCKPETHOCTb COCTOAHMI. Ha pucyHke 2.1 m3obparkeHa npepiaraemas mMepapxmyeckas cUCTEMa
3HEepreTUYecKMUx ypoBHeN opraHmnsaumm matepun [2]. CTpenkamm ykasaHbl Hanpas/ieHUs Bo3pacTa-
HWMA SHEPrUKM CBA3M M TemnepaTypbl. CNeKTP BO3MOKHbIX 3HAYEHUI COCTOAHMA MaTepum beckoHeu-
HO Npogo/KaeTcs B 06e CTOpoHbl. MpuBeaeHHan CXema YpOBHEW COOTBETCTBYET B3aMMOMNpeBpa-
LWEHMIO COCTaBAAIOLMX ropayei BceneHHOM B MpoLECcCce ee OCTbIBaHUA.

Puc.2.1. SHepreTnyeckme ypoBHu matepmum

YCNOBHO YPOBHU MaTepuUM MOXKHO Pa3fenunTb Ha ABe YacTU. YPOBHM «YHacTULbI» U HUXKE OT-
HOCATCA K gewjecmsy, a ypoBHU «PuU3nMyeckoro Bakyyma» U Bbille OTHOCATCA K KBAHMOBOMY MO0.
KBaHTOBOe none (Aanee, NpocTto nosie) — 3TO MPOMOYHbIE CPEOLI BbICOKOIHEPTUYHBIX YACTWLL
JHeprusa 3N1emMeHTOB BELLECTBA HUMKE, YEM 3/IEMEHTOB MOJIA, @ Macca YacTuL, BELLEeCTBa He paBHa
Hy/t0. YpoBeHb «TeMHana MaTepua» ABAAETCA NPOMENKYTOUYHbIM MeXXAy nonem u Bewectsom. C no-
HUXKEeHWEeM YpoBHS 3Heprua cBAsu E., Bo3pacTtaeT, a Temnepatypa T nagaer.

[aHHOe npeacTaBieHNe NPOTUBOPEYUT OOLLENPUHATOMY YTBEPKAEHMIO O TOM, 4YTO nose (B
YyacTHoOCTH, GU3NYECKMI BaKyyMm) npeacTasnseT cobon HAMHU3LWINMIA YPOBEHb SHEPINM, a YacTuLbl —
3T0 BO3OYKAEHHbIE YPOBHM NONA.



CocTaBnstolme Kaxa0ro HUXKHEro ypoBHsa 06pa3oBaHbl U3 3/1IEMEHTOB BEPXHErO YPOBHSA, MO-
rPY*KeHbl B Cpesly BEPXHEro YPOBHA M COCTABAAIOT €ro HEOTbeM/IEMYIO YacTb. Bo BceneHHol Belue-
CcTBO cocTaBnsieT ~4%, «TemHaa maTepua» cocTaBaseT ~23% oT Bcen matepun. Ha gonto «dPusnye-
CKOro BaKyyma» 1 b6osiee BbICOKMX YPOBHEN NpuxoguTca ~73% maTepum BceneHHom.

Mpepnaraemblii YpOBHEBbIM NOAX0A OCHOBAH Ha UAaee paszsumus U camoopeaHusayuu nobo-
ro obbekTa WaM ABMEHMA Npupogbl. PasButMe — 3TO NPOLECC CaMOMPOM3BOJILHOIO Nepexoaa K
3HepreTMYeckn BbIrOAHOMY, ONTUMAZIbHOMY COCTOAHMIO ANS AaHHbIX YCN0BUIM M cpeabl. Mpupoae
CBOWCTBEHHA acuMMeTpus. PasButMe UAET He B ABYCTOPOHHEM (CMMMETPUYHOM, 3€PKa/IbHOM) Ha-
npaBaeHnn. B nsonnposaHHoM cucteme 6e3 BHELIHEro BO34ENCTBUA NPOLLECCHl 9BO/TIOLUNOHUPYIOT B
OZHOM HanpaB/ieHUM — B CTOPOHY HAaMMEHbLLEro AeUCTBUSA, T.e. MOHUKEHUA MO YPOBHAM.

Ha KarKgom 13 yKasaHHbIX YPOBHEN 0OBEKTbI MO CUCTEME B/IOXKEHHbIX AUCKPETHbIX NOAYPOB-
HEW CTPeMATCA NeperTu Ha HUXKHME YPOBHM 3a CYET AMCCMNALMM SHEepPrnmn, Anbo 3a cyeT cBA3bIBaA-
HUA 0OBbEKTOB C BbidesieHUEeM 3Hepauu ceA3u. HanpaBieHHOe ABUMKEHWE BHU3 MPOUCXOANT CaMo-
NPOM3BOJIbHO 3a CYET AUHAMUKM BecnpepbiBHO NPOTEKAOLWMX NPOLLECCOB B3aMMOLENCTBUA BHYTPU
CMUCTEMbI METOAO0M «MPO6 1 OWNOOKY. [ABUKEHMUIO BHU3 MO YPOBHAM NPENATCTBYIOT BHELLIHWE CUJIbI.
NUx pencTtene nnbo genaet cucTeMy pPaBHOBECHOM, HECNOCOOHOM K pa3BuTUio, AMBO nepeBoauT ee
Ha 6oJiee BbICOKMI ypoBeHb. [pM 3TOM BHELLHME CU/Ibl COBEpLIAatoT paboTy, paBHYO U3MEHEHUIO
3HEeprum cBasu.

TakMm 0b6pasom, BeLECTBO B BUAE CHOPMMPOBAHHbIX MIAHET, 3B€34, U FalakTUK — JIULb Ma-
Nnan, BUAMMAnN 4YacTb maTepun. bosbliaa YyacTb maTepum B BUAE NOAA He AaHA HaM B OLWLYLLEHMA,
XOTSl OHa HaC OKPY!KaeT Co BCEX CTOPOH. YPOBHU BELLECTBA U TEMHOW MaTepun obecneynBaltoT rpa-
BMTaLMOHHOE CXaTue BcesieHHOM. YPOBHU TEMHOM 3HEpPrnn cTpemMaTcsa BceneHHylo paclumMpuThb 3a
CYET CBOEr0 OTPULIATENbHOTO AaBneHuA. PasHMUA B 3HAaYEHUAX NJIOTHOCTEN MeXAy TEMHOW maTe-
puei U TeMHOM 3Hepruen He odeHb BesnKa. OgHaKo ceityac HabnogaeTca yckopeHue pasberaHus
ranakTMK. 3TO O3HAYaeT, YTO COBPEMEHHAs 3Moxa — 3TO nepexod OT npeobnagaHua cUN TEMHOM
MaTepum 1 BeW,EecTBa K NpeobnafaHnio CUl TEMHOW SHEPTUN.

Mbl He byaem obcyKaaTb, Kakme Gopmbl NPUHMMAET MaTepPUA NOAA Ha YPOBHSX Bbille GpU3n-
YyecKoro Bakyyma. ICHO TOJ/IbKO, YTO 3TW YPOBHW NPeACTaBAAOT COH60M BbICOKOIHEPTMYHbIE NPOTOY-
Hble cpeabl U3 BUXPEBbIX 06pa3oBaHMin. B npeaene sTn BUXpU A0NKHbI 061a4aTb XapaKTEPHbIMM
NJIaHKOBCKMMM NapameTpaMn Macchl, AIMHbl U BPEMEHU, BblPaXKeHHbIMW Yepes3 NocTosHHbIe h, c,

G:
h 7 hG 7 hG z
C\2 2 2
m= (—) =22-10"8r, [= (—) =16-10"3Mm, t= (—) =53-10"*c.
G c3 cS

Macca m 34ecb, KOHEUYHO, onpeaenseT Mepy SHEPrMmn BUXPEBOW YacTULIbI:

E=mc?=2-10"%-9-10'° =1,8-10%/Ix = 1,125 - 1022 M3B.

Nnvna | xapaktepusyeT pasmep pyHAaMEHTaNbHOMO BUXPA MOAA, a Bpema t — yacToTy ero
Bpawenna: v = 2+ 10*3 I'y .

2.2. NMone n yacTuubl

BewecTBo ABASETCA HU3LLIMM MEepPapXMYECKMM YPOBHEM MaTepuu, pesynbTaTom Auccunaumm
3HEpPrnun BbICWUMX YPOBHEN noss. BelwecTBoO NocTpoeHo M3 cybcTaHumu nons. OHM pasnnyaoTcs
/MLIb YPOBHEM 3Hepruu. Mosie — MOTOK «ropAYMX» BUXPEBbIX YacTuUL,. BellecTtBo — oxnaxaeHHble
KKOMKW» U3 3TUX YacTul, [3].

YacTmubl BewecTBa camu no cebe He 06/1a4at0T CBOMCTBOM MPUTANKEHUS, HE HecyT Ha cebe
3NEKTPUYECKME 3apAabl, HE POXKAAIOT U HE MOr/IOoWAOT GOTOHbI UKW BUPTYabHble YacTuubl. Pusu-
yeckue Tena B3aMMOAENCTBYIOT APYr C APYrOM Ha PacCTOAHUM NOCPEACTBOM NPOMEXKYTOUHOW cpe-
Abl — NoAs, T.e. cpeabl rPaBUTOHOB. [eicTBMe O4HOTO Te/a MOPOXKAAET B MPUErAIOLLEM K HEMY
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NPOCTPAHCTBE MOTOKM FPaBUTOHOB C Onpeae/ieHHbIMU CBOMCTBaMMU. TN NMOTOKU BO3AEUCTBYIOT Ha
Apyrve Tena, Bbi3biBana UX OTBETHYIO PeaKLMIO.

B paHHOWM paboTe mbl byaem roBoOpuTb JiMLb O HU3LIEM YPOBHE Noas — GM3MUYECKOM BaKyy-
me. Pu3nyeckunii Bakyym npeactaBaset coboi BbICOKOCKOPOCTHYIO MPOTOYHYHO Cpeay M3 AUCKpeT-
HbIX MEJIKOCTPYKTYPHbIX BUXPEBbLIX 06pasoBaHMin. X OCHOBHOE COCTOAHWE COCTaBASIOT 8UPMYAslb-
Hble Yyacmuusl UM 2pasumoHsl. B Teopuun npegnonaraerca, 4To UX CNuH paseH 2. KBaHToOBaA Teo-
pUs TATOTEHMA HapPAAY C rPaBUTOHAMM BBOAMT B nosie GpM3MYECKOro BaKyyma TaK»Ke He HabsogeH-
Hble 40 CMX MOP YacTULbl-GePMUOHbI — 2pAB8UMUHO — CO CNUHOM 3/2.

Mepexon OT NOAA K BELLeCTBY OCYLLECTBAAETCA Ha MPOMEKYTOUYHOM ypoBHe «TemMHaa maTte-
pusa» (puc. 2.2). OToT ypoBeHb Yalle Ha3biBaloT «M3nydeHnem». Oxnaxaanch, rpaBUTOHbI CHopMU-
poBasn H6onee KPYnHOCTPYKTYPHbIE BUXPWU B BUAE HEUTPUHO U aHTUHEUTPUHO. ITO cTabuibHble
HENTPasibHble NENTOHbI C NONYLENbIM CIMHOM, YY4ACTBYIOLLME TO/IbKO B C1aBOM M FpaBUTALMOHHOM
B3aMmogenctenax. OCHOBHOE COCTOAHME YACTUL, 3TOFO YPOBHA — 3/IEKTPOHHbIE HEUTPUHO U aHTU-
HeMTpUHO.

Puc. 2.2. Cxema ypoBHel KBaHTOBOIO MOJIA U YacTuL,

JdanbHelllee oxfaxaeHWe Nno3Bo/IMI0 HEUTPUHO COeAMHATLCS Mexay cobol, nepexoaa Ha
ypoBeHb «YacTuupi». MapHble B3aMMOAENCTBUS MIOOHHbIX aHTUHENTPUHO 06Pa30Bann MPOTOHbI, a
ob6beAnHEHWE B Napbl 3/IEKTPOHHbIX HEUTPMHO 06PA30BaANN 3IEKTPOHDI.

Takmm o6pa3om, HEUTPMHO — MPOMENKYTOYHOE 3BEHO MEXKAY KBaHTamMM NOAA U BELLECTBOM
— MOCTPOEHO M3 rPaBUTOHOB PU3MYECKOro Bakyyma. Ob6pasHoO roBops, HEMTPMHO — 3TO OAHOBpeE-
MEHHO «XONOAHbIN» KBAHT MOMA U «ropaYan» 4yacTuua BelwecTBa. Bce HMXKenexKalwme caon: 4acTu-
Ubl, 0bpa3oBaHHbIe M3 HMX aTOMbl, MO/IEKY/Ibl N BELLECTBO — BCE 3TO MOCTPOEHO M3 HEUTPUHO U
aHTUHENTPUHO.

PacKpbITHEe CYyLLHOCTM B3aMMOAENCTBMA YPOBHEN NpeacTaB/faeT B HacToAlee Bpemsi 601bLION
WMHTEpeC AN KOCMOIOTUM U ONA peLleHnA IHepreTnyeckmx npobaem. OTMeTUM cpasy, 4To TEPMO-
AMHAMWYECKOro, TEMJ/IOBOr0 PAaBHOBECUA MENKAY AANEKUMMU YPOBHAMM HE MOMKET ObiTb U3-3a He-
BO3MOXHOCTU UX B3aMMoOAencTBuA. BsanmogencrsoBatb mexay coboin moryT amwb 06bekTbl 6a1-
aNLWKX YPOBHEN C B/IM3KMMM NapameTpamm PasMepoB M SHEPTUKU. IHeprua B3anMogencTema yac-
TUL, HA aTOMHO-MOJIEKYNIAPHOM ypoBHe cocTasaseT ~ (0,1-1) aB. dHeprvua B3aMMoLENCTBUA INEK-
TPOHOB C siApom B aTomax ~ (1-100) 3B. B agpax aToOMOB 3HEprus CBsA3M A0CTUraeT 3HadeHui 10
Ma3B. MNpu dopmnpoBaHUN NPOTOHOB 3HEpPruu cBAsu gocturaet 100 MaB. Yacto, gaxke BHyTpU
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YPOBHEM «TemnepaTypa» KaxAaoro o6bekTa cBOS M «Tenn00bmeH» HEeBO3MOMKEH M3-3a BbICOKOM
YNOpPAA0YEHHOCTU ABUMKEHUA COCTaBAAOLWMX 06beKT YyacTteld. Mo3TOMy roBOPUTb O BO3MOKHOCTU
BblpaBHMBaHWUA «TemnepaTyp» BCeX 0ObEKTOB, T.e. O TEMJIOBOM cmepTu BceneHHol B uesom, Het
HUKaKMUX OCHOBaHUN.

YpoBHeBbIl noaxon npegnonaraet egMHCTBO GMU3MYECKMX 3aKOHOB Ha BCex YpoBHAX. ba3oBas
CYWHOCTb ANCKPETHbIX 06 bEKTOB Ha BAOMKEHHbIX YPOBHAX HE MEHAETCA, Pa3NYaloTCcA NULlb CTPYK-
Typa 1 macwTtab asaeHUn. MpocTpPaHCTBO Ha ypoBHE PU3MYECKOrO BaKyyma, 3aMnoJIHEHHOE MeJIKO-
ANCNEPCHbIMU BUXPEBBLIMU FPaBUTOHAMM, Mbl Yallle byaem paccMaTpuBaTb Kak CNAOLIHYIO BA3KYHO
CHMMAEMYIO KUAKOCTb. B 3TOM }KMAKOCTU MMEIOTCA JIOKa/IbHbIE BUXPU — YacTuubl. YacTb BUXpen
coeauHaeTcas Mmexay coboi. BosHMKaloT Tena 6o/siee CNOXKHOW CTPYKTYPbl, KOTOPble COXPaHAoT
BMXpEBble NapameTpbl. Ho npexage, 4yem paccmaTpmBaTb 3T CTPYKTYpPbl, HAMOMHUM HEKOTOpPbIE 13-
BECTHble CBOICTBA BUXPEN U X 0COBEHHOCTW.

2.3. OCHOBHbIe CBOMCTBaA BUXpen

HanonHUM WPOKNN ULMANHAPUYECKUIA cOoCyl KOHEYHOW BbICOTbI (pUc.2.3) KanenbHoW UK ra-
3000pa3HOMN KNAKOCTbO. ECIM ee pacKpyTuTb, TO MOJYYUM BUXPEBOE ABUMKEHMe. LleHTpanbHbIn
UMANHOPUYECKUI CTONBUK HEKOTOPOM TONWMHBI — A0P0 UNN KEPH BUXPSA — BPaALLLAETCAa KaK TBep-
[0e Teno BOKpyr ceoer ocu. OcTanbHas Macca KUOKOCTU — rpucoeduHeHHsbIl ca0l — KpyTutca
BOKpPYr A4pa. JIHelHas CKOPOCTb BpalleHUsA B CN0e YMEHbLUAETCS MO HanpaB/IeHUIO OT OCU BUXPA
Kak 1/7. QA TOYEK KUOKOCTU, 3HAUUTENIbHO YAANEHHbIX OT fA4pa, CKOPOCTM 06paTHO Nponopumo-
Ha/bHbI Kybam paccTosHua oT agpa (1/73).

Puc. 2.3. l3ameHeHMe NMHENHOM CKOPOCTH B BUXpE

AHaANOrMYHO 3aKpy4yeHbl BUXpU B cpede rpaBUToHoB. O61acTb NPUCOEAUHEHHOrO C/N0A CHa-
PYKU S4pa BUXPA ABAAETCA, 6e3yc/I0BHO, HEOTHEM/IEMOM YacTbto 3TOro BUXps. Ho fanee mbl byaem
Ha3bIBaTb Yacmuuyeli TONbKO KOMMaKTHOe AP0 — BbICTPOBPALLAIOLLYOCA YacCTb C NOJIOXKUTENbHbIM
rPagMeHTOM CKOPOCTU. MPOTAKEHHYHO HAPYMKHYIO YacTb C OTPULATE/IbHBIM FPAgMEHTOM CKOPOCTU
6yaem Ha3blBaTb NPUCOEOUHEHHbIM C/10eM OKpyxcarouweli cpeds! 2pagumoHos. B 3Tom cnyyae BUXPU
MOKHO PacCMaTpPUBaTb KaK TBEPAbIE «LIAPUKM» B OKPYKEHUU MPUCOELAUHEHHOTO «COBCTBEHHOMO
nona». Takasa ToYKa 3peHua ABAAeTcA TPaguMUMOHHOW. Hanpumep: NOTOK «TBEpAbIX» 3/IEKTPOHOB U
COMPOBOXKAAIOLWEE X IIEKTPUYECKOE MU MAarHUTHOE NOJA, KTBEPAbIEY 3BE34bl M MJIAHETLI U COMpPO-
BOXAatoLLMe NX TPaBUTALIMOHHbIE MONA.

Bygem NomHWTb, O4HAKO, YTO C/I0M TPAaBUTOHOB BOKPYr YacTWu, — 3TO He 3axBaT Bpallato-
WMMCA TBEPAbIM TE/IOM HYaCTUL, OKPYXKatowen cpeabl. 3eMNa ABUMKETCA He CKBO3b «HEMNOABUMKHbIN
adup» no JSlopeHuy, co3gasan s eKT «aPMPHOro BeTpar». 3emMna He «yBAEKaeT 3a coboli adup» no
Ctokcy 1 lepuy. OKpyrKatoLwmii 3emato NPMU3eMHbIA NOTPAaHUYHbIN CI0W TPaBUTOHOB AB/IAETCA HEOT-
AEeNMMON YacTblo obbeKkTa «3emnsa». B atom cnoe cosaatorca adpdeKTbl TArOTEHWA, PAcNpPOCTPaHSA-

10



OTCA CBET U PaAMOoBOJIHbI. Pagnyc cnos onpeaensier «KPUBM3HY NPOCTPaAHCTBa», CO3A4aHHYIO TArO-
Telowen maccon 3emnu.

BUXPM XapaKTepu3ytoTca ABYMA OCHOBHbLIMM NapameTpamu:
®  HanNpAMeHWeM WM MHTEHCUBHOCTbIO BUXPA W — MpOMU3BeAEeHMEM NNOLWAAN HOp-
Ma/IbHOTO CeYEHMA LeHTPasIbHOro CTONBKMKa BUXPA Ha ero YIN0BYI0 CKOPOCTb;
® LMPKy/NALMEN CKOPOCTU MO 3aMKHYTOMY KOHTYpY [ — npou3BeAeHMem AJIMHbI KOH-
Typa Ha CPeAHIo CKOPOCTb M3 BCEX COCTABAAIOLLMX CKOPOCTEN TOUEK KOHTYpa.
Monaras pagunyc LLEHTPaNbHOTO CTONBMKA PaBHbIM ro, MOYYUM
2w = 2nréw = 2mryv =T (1.1)

Teopembl FenbMronbLa 0 BUXPAX B UAEabHOM KUAKOCTU:
1. BuxpeBble WHYpPbI BCErAa COCTOAT U3 OAHUX U TEX XKe YacTul,
2. UupKynsauma BUXpeBOro WHypa 4S8 BCEX CEYEHWUI MOCTOAHHA.
3. BuxpeBble WHYpPbI AOKHbI N 3aMbIKaTbCA HA CcebA MAM OKAHUYMBATBLCA Ha FPaHMLLAX
KUOKOCTH.

Ecnn KOHUbl BMXPEBOro LUHYpPa HE /ieXKaT Ha FPaHMUAX KUOKOCTU, TO OHM AO0NXKHbl ObITb
3aMKHYTbl MeXKay coboli. Bce YacTuubl KUOKOCTU, NeXalmMe BHE KOJbLa, ABUXKYTCA MPM 3TOM NO
3aMKHYTbIM KPMBbIM, MPOXOAALLMM CKBO3b KOMbLO. LIMPKYNALMA CKOPOCTU MO BCEM 3TUM KPUBbIM
OAMHAKOBAa M pPaBHa UMPKYAALMU CKOPOCTU Ha KOHTYpe cevyeHusa Kosbla. CKOpOCTb YacTuL, MaKcK-
Ma/ibHa Ha NOBEPXHOCTM KO/bLA.

3neMeHT BUXPEBOM NNHMM dl Bbi3bIBAET B KaXKA0M TouKe M OKpy:Kalolleln cpedbl CKOPOCTb,
onpeaensemyto popmynon buo-Casapa:

dv = T dlsin(dLr) o di = L@,

4m r2 4m 13

roe dl — anemeHT BUXPEBOW NHUN; dV —CKOPOCTb, BbI3bIBAaEMAsn 3TUM 31EMEHTOM B TOUKe M
OKpY»KatoLwen cpenpbl, r — pacCToAHME OT 3/IeMeHTa 40 TOUKU M, T — UMpPKYAALMA CKOPOCTU MO KOH-
TYpPY, OXBaTbIBAIOLLEMY BUXPEBYIO IMHUIO (purc.2.4).

BekTop dV NeXuT B NNOCKOCTU, NEePMeHANKYNAPHOM 31eMeHTy di, W HanpaB/ieH No KacaTesb-
HOM K OKPY}XHOCTW, KOTOpPas NPOBeLeHa Yepe3 TO4KY M 1 UMeET LUEHTP Ha OCH, ABAAIOLLENCA Npo-
aonkernunem dl.

[na npaMosIMHEHOTO OTPEe3Ka BUXPEBOW IMHUK BbI3biBAEMAA MM CKOPOCTb B Touke M onpe-
aensetcs Gopmynoi:

r
v=— (cosa — cosb),
roe a u b — yrnbl, NoKasaHHble Ha pUCYHKe 2.4.

M

Puc. 2.4. Cxema onpegeneHns ckopoctn dv, Bbi3biBaemMoli B Touke M 3/1eMEHTOM BUXPEBOW
NvHum dl

11



Ecan Buxpb NpAMOAMHEEH U NpocTUpaeTca A0 6ecKoHeYHoCcTU B 0be CTOpPOHbI, TO Bbi3biBae-
Mble UM CKOpOCTU paBHbl v = ['/2mr. 3ameTum, 4To 346eCb CNOBO «BUXPb» Mbl ynoTpebasem B 60-
Jiee WNPOKOM CMbICE, YEM Bbile. A UMEHHO, Mo, BUXPEM NoapasymeBaem Ntobyo KOHOUrypaLumio
MOTOKA KUOKOCTU C 3aMKHYTbIMU NHUAMM TOKa. LIMPKYyNALMA CKOPOCTU B BMXPE NO 3aMKHYTbIM
KOHTypam He paBHa HyA0. pyrMmu cioBamu, BUXpeBan CKOPOCTb He MMeeT noTeHumana. Mpu yye-
Te BO3AENCTBUS HECKOJIbKUX BUXPEN CnpaBesanuB NPUHLMN Cyneprnosnumm.

CywecTByeT 06WMIA MexaHU3M B3aUMOAENCTBMA MeXAY PasHOOOpPasHbIMU BUXPEBLIMU 00b-
eKTaMu B noneBoi cpege. MpuTtsaxKeHne, oTTaskMBaHWE, 06beANHEHWE YacTUL, 415 CO34aHUSA HOBOM
CTPYKTYPbl 0OYCNOB/IMBAIOTCA TEMW CKOPOCTAMM, KOTOPble BMXPWU BbI3bIBAIOT B OKPYMKAOWEN MX
cpeae. Buxpu B3aumomencTeytoT Apyr C 4pYyrom Wb Ha TOM PacCTOAHUM, HA KOTOPOM BpaLleHne
OKpY»Kalolen nx BO3MYLLEHHOWN cpeabl MOXKET yB/eKaTb Apyrue Tena. Ecnm B 30Hy BpaleHua npu-
COEaNHEHHOrO €10 BUXPA NOMNagaeT BTOPOW BUXPb, TO OH BPALLAETCs BOKPYr NepBoro Buxps. To e
camoe crnpaseg/iMBo A4/A BTOPOro suxps (puc. 2.5) . 3To He nepemelleHNe OAHOMO Tesia 3a cyeT
y4apa Wau CUA TPEeHUA CO CTOPOHbI APYroro Tena. 3To ABUXKEHWe cpedbl — Kak ecaun bbl Wwenka no-
najsia Ha peyke B BOLOBOPOT.

Puc.2.5. Bsanmopemncrene BUXpEBbLIX Konel,

Ecnn aBa Buxpa MmetoT paBHble MO Be/IYMHEe, HO NPOTUBOMNOJIOXKHbIE NO 3HAKY MHTEHCUBHO-
CTW, TO OHM coobLWalT Apyr APYry paBHble MO BEANYMHE U OAMHAKOBO HaAMpaB/ieHHble CKOPOCTY,
T.e. ABMXKYTCA NOCTynaTenbHo (puc. 2.5 a). [lBa BUXpA, MMEIoLLME OLNHAKOBbIE MO BENYMHE U 3Ha-
KY MHTEHCMBHOCTM, BPALLAIOTCA BOKPYr OCU, NPOXOAALLEN Yepes cepenmHy pacCTOSHUA MeXAY HU-
mu (puc. 2.5 b). Ecnm aBa 04MHaKOBbIX BUXPEBbIX KOMbLia UMelT obulyto ocb, (puc. 2.5 c¢), To ne-
peaHee BC/AeACTBME CKOPOCTEN, 3a4aBaeMbIX 3a4HMM KOJIbLLOM, YBEIMYMBAETCA B ANameTpe U 3a-
meanaeTca; 3aZHee Npu 3TOM CHUMAETCA M ycKopaeTcAa. B pesynbrate 3agHee KO/bLO Npoxoaut
CKBO3b NepeaHee KO/bLo, M BCe NOBTOPAETCA CHavyana («Mrpa BUXPEBbIX Konew»).

Ecnn Ha ToponAaanbHbIN BUXPb, M300paXKEHHbIN Ha pUCYHKe 2.6, AeACTBYET BHeLWHAA cuna F,
Hanpas/ieHHan B/1IeBO, TO OHA CTPEMMUTCA CMECTUTb LLEeHTPbI KPYroBbIX JIMHUIM TOKa BAEBO, rae Bpa-
LLAIOLLAACA XKMAKOCTb HAMpaB/ieHa BHU3 B IEBOM YAaCTM KO/bL,@ M BBEPX — B NPABOM YacTU KoAbLa.
MosTomy noa AercTBMEM CUJbl OCb TOPa byaeT pa3BopaymBaTbCs NPOTUB YAaCOBOW CTPEKW.

Puc.2.6. NoBopoT BUXPEBOro Ko/bLa Noa AeicTBUEM CUbI
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BTopoit 3akoH HblOTOHa rNacuT, YTO M3MEHEHME KONMYECTBa ABUXKEHUA NPONOPLMOHANbHO
NPUIOKEHHON ABUKYLLENA CUIE U MPOUCXOAMUT MO HaNpPaBAEHMIO TOM NPSAMON, MO KOTOPOW 3Ta cuna
aevicteyet. [IguxKeHUe ObICTPOBPALLAIOLLNXCA BUXPEN He MOAYMHAETCA STOMY 3aKOHY: ABUXKeHue
OCW BUXPS ONpeaenseTcs HanpaBieHMEeM He CWJ/Ibl, 3 MOMEHTa BHELWHeW cubl. Buxpb cmellaetcs
nepneHauKyNAapHO AeNCTBYIOWEN cune.

Ecam cuna F npunoskeHa nepneHgMKynAapHO NAOCKOCTU BUXPEBOro KosbLa (puc. 2.7), To oHa
TO/IKAeT OCU ABYX BUXPEN BBEPX, IAe BPALLAOLWMECA YACTULbI KUAKOCTU ABUKYTCA B NPOTMBOMO-
JIOXKHble CTOPOHbI: B/IEBO B JIEBOM Y4acTM KOJ/bL@ M BMNpPaBoO — B MpPaBOM 4YacTu, CAefoBaTesbHO,
KonbLOo OyAeT pacTarMBaTbCA, T.e. ABMIATbCA MNEPNEHAUKYNAPHO MNPUIOXKEHHON cune. duameTp
KonbLa Npu 3TOM yBenuumsaeTca. Ecam cuna 6Gbina 6bl HanpaB/ieHa BHWU3, TO pa3mMepbl KoJbLa
OOJ/IKHbl yMeHbWNTbCA. Taknm obpasom, nNpu BO3LENCTBUM Ha BUXPb KAKOW-TO CU/IOW, MOAyvaem
CMellleHMe nog, AeNCTBUEM 3TOM CUAbl HE NO BEKTOPY CWJ/Ibl, @ B MePNeHANKYAAPHOM el Hanpase-
HUWN.

Puc.2.7. PacTaxkeHune BUXPEBOTIO KOJibLLa

Ewe pa3 nepeuyncanm oCHOBHblE CBOMCTBA IMHENHbIX BUXPEN:

1. PaBHOMepHOE M NPAMONNHENHOE ABUMKEHNE BUXPA UMEET MECTO NIULLb NpU AeNCTBUN
Ha HEero ApPyroro BUXPA TaKOM Ke MHTEHCUBHOCTU C MPOTUBOMO/IONKHbIM BpaLLEHUEM.
BHewHee Bo3aelicTBME ABNAETCA NPUYMHOMN HE YCKOPEHMSA, @ CKOPOCTHU.

2. MNop felicTBMEM BHELIHMX MOMEHTOB CMJ1 OCb BbICTPOBPALLAOLLErOCA BUXPA NOBOpPa-
YMBAETCS He B TOM MN/JIOCKOCTU, B KOTOPOI OHa noBepHynach bbl 6e3 6bicTporo Bpalle-
HUSA, @ B NIOCKOCTU el NepneHaUKyAspHoOM. Mpu 3Tom ABUMXKEHME OCKU Noa, AeACTBUEM
NOCTOAHHOIO MOMEHTA CU/ MPOMUCXOAMUT HE C YCKOPEHUEM, a C NOCTOAHHOMN Yri0BOWM
CKOPOCTbIO M MPOAOJIKAETCA NIMWb A0 TEX MOpP, NOKa LENCTBYET BHELWHUA MOMEHT
cun. Kak To/NbKO MpeKpalLaeTcs AencTBMe BHELWHEero MOMEHTA CWU/, cpasy e npe-
KPaLLaeTcs u ABUMKEHUE OCW.

3. Buxpu B3aMMOAENCTBYIOT KaK ynpyrue Tena, Ho nepegatoT Apyr Apyry He UMMy/bC, a
MOMEHT UMMYJIbCa MPELECCUMOHHOTO ABUMXKEHMS.

4. TpucoeAnHeEHHbI CNOM BUXPEBOW cpedbl AaHHOIO BUXPA YB/IEKAeT CBOMM TeYeHnem
ApYyrue BMXpU, KOTOpble B HEM pa3meLlleHbl. CMeLLeHNe LEHTPA MAcc APYrnX BUXPEN
3aCTaB/IfET UX 4BUraTbCA B NMEPNEHANKYNSPHOM CMELLEHWUIO HAaNpPaB/ieHMM — MO /n-
HeMHOW CKOPOCTM BpaLLEeHNA B HOBOM LieHTpe macc.

5. KosbugeBol BMXpb B cpene ABUMKETCA MOCTyNaTeNbHO BAOJIb CBOEN OCU B Hanpasie-
HWKW NOTOKA Yepes LeHTpabHOEe OTBEpCTHE.

6. Buxpu npu B3aMMOAENCTBUN HE COBEPLLAIOT PAabOoTbl M HE MPOSBAAIOT MHEPLUN.

2.4. IBuXXeHne BMXpen

BuxpeBoe KonbLo He MOXKET OCTaBaTbCA HeNnoABUKHbIM. OHO ByaeT ABUraTbCA NO Hanpas/e-
HWUIO, NepneHAMKYNSAPHOMY MIOCKOCTM KOJbLA, B Ty CTOPOHY, B KOTOPYH UAKOCTb BbITEKAET M3
Ko/bua. 3TO ABUXKeHWe byaeT Tem bbicTpee, Yyem 6onblue MHTEHCUBHOCTb BUXPA M YeM MeHblue
pasmep Konbua. KonbLo byaeTt nepeasuraTbCcs paBHOMEPHO, NepeHocs 3a Cob0W BClO KpyTALLYHOCA
BOKPYF HErO KWUAKOCTb.
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KonbLieBoi BUXPb MOMKHO CPaBHWUTb C CAMOBbIBOpaunBatowmmes bybanmkom. OH nmeet cobceT-
BEHHbIN «ABUMXUTENbY B BUAE TOPOMAANbHOIO BpaweHUA. NpncoeanHeHHbIM CNOi cuennseTca co
cB806OAHBIMK rpaBuUTOHaMM. Mpu 3STOM BUXPEBAA MPAaBUTOHHAA Cpena He CONPOTUBAETCA CHATUIO U
casury. CmelleHne rpaBMTOHOB MPOUCXOAUT NEpPneHAMKYNAPHO AeNCTByloWel cune, T.e. paboTta
CWAbl PaBHa HyAto. [lpyrMmu cnoBamu, TeNO ABUNKETCA B BUXPEBOW cpee 6e3 «TpeHusa». ITo OTHO-
cuTca U K GOTOHaAM M K NNaHeTam OAMHAKOBO.

[BuKeHne BUXPA B NOJIe MOXKHO CPAaBHUTb C TEM, KaK Mbl XO4MM MO 3eM/ie — OTTAJIKUBAEM
HOroI 3eM/110 Ha3az, a CU/1a TPEHUA NOKOA HOMM O 3eM/1t0 TOIKAeT Hac Bnepes. bansknum aHanorom
OyneT TakKe ABUMMKEHWE KOMIECHOMO MW F'YCEHUYHOro TpaHcnopTta. CBOEN HAPYKHOM YacTbio Camo-
BbIBOPAUYMBAIOLLMINCA BUXPb KaK Obl «KaTUTCA» MO HapyXHOMY TpybyaTOMy CNOHO CLEMNNIeHHOro ¢
HUM nonsa (puc.2.8).

Puc.2.8. BuxeHne TopomMaanbHOro BUXPA B «BA3KOMN Tpybe»

YcnoBrem nocTynaTenbHOro nepemeLleHns ABNSETCA BA3KOCTb cpenbl. YacToe yTBep:kaeHue
0 ABUXKeHUN 6e3maccoBbIX MUKpoYacTuUL, (HeMTPUHO 1 GOTOHOB) Kak «b6e3onopHom» He obocHOBa-
HO. BMXpM-4acTMUpbl OTTAZIKMBAOTCA OT OKPYMKaloWen BA3KOM cpedbl BUXPEBbIX rPaBUTOHOB. Mpu
ABUNKEHUWN BMXPA MMMYNbC COXpaHAeTcs. [pu 3ToM Hapy»KHbI CNoi nona oTbpacbiBaeTcs Hasag, a
BHYTPEHHUI cnoit nons BbibpacbiBaeTcA Bneped. AHaIOTMYHYIO KapTUHY Mbl MMeem Mpu nepexose
yesioBEKA B I0AKE C HOCA Ha KopMy. OTHOCMTENIbHO BOAbI I0ZIKa YXOAMT HaMNpaBo, a Ye/I0BEK — Ha-
neBo. LleHTp macc ocTtaeTca Ha mecTe. 34ecb BMECTO /1I04KM — MNoJle, @ BMECTO Ye/loBeKa — BUXPb.
PaboTta npu 3ToM He coBepLuaeTcs.

3. CTpykTypa (hyHAaMeHTanbHbIX YacTul

3.1. ANeKTPOHHbIe HEUTPUHO N AHTUHENTPUHO

Mo mepe ocTbiBaHMA BceneHHOM YacTb rpPaBUTOHOB CrPyNnNMpPoBana BUXpeBble KobLa. B Bux-
PEeBOM KOJibLle NMOAAEPKMBAETCA ABa BPALLAIOWMXCA MOTOKA FPAaBUTOHOB: OAUH MOTOK — MOPOU-
0anbHbIlU BOKPYr KOMbLEBOro KepHa ¢ yactoton Q (puc.3.1). 3To obecneumBaeT ABUNKEHUE Topa
BA,O0/1b OCU 33 CHET €ro KCaMOBbIBOPAYMBAHMAY. YIIOBO MOMEHT TOPOMAA/NIbHOTO BPALLLEHUA 3aMK-
HYT cam Ha cebs.

[pyroe aBuxeHne — Kosbyesoe — BAO/b KEPHA C YAaCTOTOM M. ITO BpalleHMe Topa Kak Le-
NIOTO BOKPYT LEHTPa/NbHOM OCU. BAoAb 3TOM OCU HanpaBaeH U MOMEHT MMMY/IbCa KOJ/IbLLEBOro Bpa-
weHnA. PaKTUYECKU ABUNKEHWE TPAaBUTOHOB B BUXPE MPOUCXOAMUT MO BMHTOBLIM IMHMAM. Topou-
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OanbHas U KONbLEBas CKOPOCTU COCTABAAIOT NO OTHOLIEHUIO APYr K Apyry M60 NpaBoBMHTOBYIO,
60 NeBOBUHTOBYIO cucTemy [4].

Puc.3.1. KonbLeBoi BUXpb HEUTPUHO

OTOXKAEeCTBMM /IEBOBMHTOBOE IPaBUTOHHOE BMXPEBOE KO/bLO C 3/1eKMPOHHbLIM HelimpuHo v,
a NPaBOBMHTOBOE — C 3/1eKMPOHHbIM GHMUHEUMPUHO V™. TN YaCTULbl ACUMMETPUYHBI. 0 3aKOHY
COXPaHEHNA MOMEHTa MMNYAbCa OHW AONXHbl CO3/aBaTbCA Napoi. AHHUIMANPOBATDL, T.e. MUcYes-
HYTb, CAIMBLUMCb APYT C APYrOM, OHM HE MOTYT U3-3a CBOei acummeTpun. MPocTpPaHCTBEHHO OHU He-
COBMECTUMbI. IMeHHO TaKaa CTPYKTypa HENTPUHO U aHTUHENTPUHO /IEXKUT B OCHOBE 3aKOHa COXpa-
HEeHUA KOMBUMHUPOBAHHOMN YETHOCTH.

Ha pucyHke 3.2. npeacTaBNeHO ceyeHue Topa. JIeBblii BUXPb BPaALLAETCA NPOTUB YaCOBOWM
cTpenkun. OH yBAeKaeT 3a coboii NorpaHnYHbINA CA0M NONEeBOM cpeabl. B mecTe pasmelleHuns npaso-
ro BUXPSA 3TOT MOTOK HanpaB/ieH BBepX. TOYHO TaK »Ke MpaBblii BUXPb, BPALLAOLLMIACA MO YacOBOM
cTpenke, obpasyeT NOTOK Cpedbl B MecTe Pacno/ioXeHMA OCU IeBOr0 BMXPA BBEPX C NOCTOAHHOM
CKOPOCTbIO. JIeBblil BUXPb NepemMelL.aeT BBEPX NPaBblid, a NPaBblii BUXPb NepemMeLL,aeT BBEPX JIEBbIN.

Puc. 3.2. ToponganbHoe 1 KoNbLLEBOE BPaLEeHMA HENTPUHO

CB060AHOE HEMTPUHO B BA3KOW Cpeae rPaBMTOHOB 3a CYET CBOEro «CaMOBbIBOPAYMBaAHUAY
HemMeANeHHO HauyMHaeT ABMraTbCA NOCTynaTe/ibHO BAO/Ib OCU KOJbLA C MOCTOAHHOW CKOPOCTbiO V,
6/113K0M K cBeToBOM. CKOPOCTb CBETA € €CTb CPeAHAA («TenaoBaa») CKOPOCTb YacTUL, NOAA — rpaBu-
TOHOB. lMocTynatenbHoe ABUMKEHME KO/bLLEBOro BUXPSA HEMTPMHO NOAAEPXKMBAETCA 3a CYET TOPOU-
AaNbHOro BpaleHua ¢ yactoton Q. MOMEHT MMnyabca TOPOUAANBHOTO BPaLLEHMUA 3aMKHYT CaM Ha
ce6s. OH He MOMKeT y4acTBOBaTb B CMIUH-CMMHOBOM B3aMMOAENCTBUM C APYrMMKU 0B6beKTamu. B ero
3aMKHYTOCTW 3aK/1I04aeTCA rapaHTUA CTabUAbHOCTM YaCTMLbl. ITa CKPbITas BHYTPEHHASA 3HEprua He
MOXeT bbITb pacTpayeHa Npu B3aUMOAENCTBUAX.

KonbLesoe BpalyeHMe C YacTOTON ® onpeaensieT MOMEHT MMMY/ibca M v 3HEpPruo HEUTPUHO
hw. B OCHOBHOM COCTOAHUM MUHMMaNbHbIN (COBCTBEHHbIN) MOMEHT MMnyabca (cnuH) paseH h/2.
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Mpu BO3OYXKAEHMM YACTOTa KOJIbLEBOrO BPaLLEHUA O YBEINYMBAETCA. DHEPreTUYeCcKMin AManasoH
4acTUL, MOXKET 6bITb BECbMA LUMPOK.

HanpasneHue nocTynaTe/ibHOro ABUMKEHUA 06pasyeT IeBOBUHTOBYIO CUCTEMY C HaMpPaB/iIeHU-
€M KO/IbLLeBOTrO BPaLLEHUA Y HEUTPUHO M NPABOBUHTOBYIO CUCTEMY Y aHTUHEWTPUHO. [OBOPAT TakK-
e, UTO HEMTPUHO MMEIDT CNnpanbHOCTb (-h/2), T.e. cNMH HanpaBAeH NPOTUB HaNpPaBAEHUA ABUXKe-
HMA. CNUpanbHOCTb aHTUHENTPUHO paBHa h/2.

HelTpUHO M aHTUHENTPUHO ABNAIOTCA NepesaTO4HbIM 3BEHOM B LLENOYKE YPOBHEN 3BOJIOLUN
maTtepuun. Bce coctasnstowmMe nNoas Ha YPOBHAX Bbille HEUTPUHO Hoslee IHEepPrnyHble, Yem HEUTPU-
HO. B rpaBUTOHbI, @ 3aTeM B HEMTPUHO NepeLlna Anwb HeboNbLIAA YacTb TEMHOMN 3Heprumn. Ecam Gbl
Mbl MO/ YMEHbLUNTb MOJIe CBOEro 3peHUs A0 MaclwTaboB HEMTPUHO, TO Mbl YBUAEAN Obl UX KaK
peaKMe TEMHbIE TOYKM HA CNAOLWHOM APKOM GOHe «Ccpeabl».

3.2. CTtpyKktypa chpoTOHa

Ha paHHMX 3Tanax ropayert BceneHHOM KOHLEHTpauma BUXpen HEUTPUHO Bblia CTOb BbiCO-
KOM, YTo obecneymMBasMCb OYEHb MAJIble PACCTOAHMUA B3aUMOAEWNCTBMA MeXAy HUMW. [osaTomy
noaAepKMBaancb mHorne Gopmbl BUXPEBLIX 06PA30BaHNIT — «BO3DYKAEHHbIX» HEUTPMHO. MNocne
OCTbIBAHMA YaCTb M3 HWUX OKA3a/lacb YCTOMUYMBOM, B TOM Ymcae GOTOHbI U 3NEKTPOHbI — COOPKK U3
napbl HEUTPUHO, MIOOHHbIE HEUTPUHO U Tay-HEUTPUHO.

Cxema obpasoBaHMa GOTOHOB NOKasaHa Ha pucyHke 3.3. ®oToH "cobpan" ns aAByx HEUTPUHO
(nesosuHmMoOBbIE hOMOHBI) NN U3 ABYX aHTUHEUTPUHO (MPaBoBUHMOBbLIE (hOMOHbLI NN KAHMU-
¢homoHbI»). OHM COOCHO CTOAT APYr 3a APYrOM U NPUTATUBAIOTCA BUXPEBbIM 83aumoodelicmesuem.
HelTpUHO NOCTOAHHO MEHAIOTCA MEeCcTamm, U3MEHAS CBOWM Pa3Mepbl, U NPOXoaa ApPYyr CKBO3b Apyra
Mo MNPUHLMMNY «KUTPbl BUXPEBBIX Koslew» (cMm. puc. 2.5). MNepeaHee KONbLO AENCTBYET CBOMM NOTOKOM
NPUCOeaMHEHHOTO CN0A NOAA Ha 3aJHee KOJbLO TakMM 06pa3om (CM. BbIHOCHbIE NIMHWUK NIEBOMO
PUCYHKa), YTO LEHTP MacC 3a4Hero BMXps CMELLAeTcsa K ocu 1 Bnepes,. Ho Torga cobcTBeHHbIN no-
TOK TOPOWAA/NbHOMO BpalleHUs 3acTaBaAeT 3agHee KoJ/bLo YMEHbLLATb CBOM ANAMETP M YCKOPATb-
cA. AHanorMyHbIM 06pPa3oM 3agHee KoJibLO (CM. BbIHOCHYHO JIMHUIO CPESHErO PUCYHKA) TOPMO3UT U
yBenmMunBaeT gMameTp nepeaHero Konbua. Korga 3agHee KonbLo NPoRAeT CKBO3b OTBEPCTUE B MNe-
pesHeM KOJIbLLe, TO OHO CTAHET NepeaHMM U BCA KapTMHA NOBTOPUTCS.

Heobxoanmo obpaTuTb BHMMAHME Ha TO, YTO KOJbLIEBblE BPalLeHNs HEeUTpUHO B GOTOHE Ha-
npasfeHbl B O4HY CTOPOHY. Yepes npucoeanHEHHbI NOTOK NoJA AOCTYNHAA HabAlo4EeHMIO YacToTa
KO/IbLEBbIX BpalleHUi 060nX HEMTPMHO BbIPaBHUBAETCA — BOKPYr OCM OHWM BPaLLAOTCA KaK 04HO
uenoe.

G
‘.\_'F’_l*-——> M=0

Puc. 3.3. Cxema obpasoBaHus ¢OTOHOB

M3 pUCYHKOB BMAHO, YTO MpU 0ObEAMHEHUWN ABYX aHTUHEUTPUHO CMMPANbHOCTL (Npoekums
CNWHA Ha MMNYNbC) nonoxuTenbHa n pasHa 1 (h). Mpu coeanHeHUN ABYX HEUTPUHO CNUPANBHOCTb
paBHa —1 (—h), a napa HENTPUHO-aHTUHENTPUHO AAET CMMUPANBLHOCTb PABHYIO HYA0. Mbl FOBOPUM,
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yTo cnnH GOTOHA B eAnHULAX h MOXKeT umeTb 3HadeHus 1, -1, 0. M3 pucyHKa BUAHO, YTO peyb npwm
3TOM MAET O Pa3sHbIX YacTMLLAX, XOTA NO APYIMM NapaMeTpPam OHU HEePa3NUYUMBI.

N306paskeHHbIN Ha PUCYHKe TPETUN BapUAHT — COEAMHEHUE HEUTPUHO C AHTUHEWTPUHO —
He MOXKeT HabnaaTbCA, XOTA MOMKET CyLLeCcTBOBaTb. TakMe GpOTOHbI MOTYT MMETb /INLWb COBCTBEH-
Hylo (HyNneBylo) SHEPrM0, KOTOPYHO HENb3A OTHATb. MOMEHTbI KOMbLEBbLIX BPaLLEHUN 34eCb KOM-
neHcupyroT gpyr apyra. Ho ecan GOTOH He MOXKET nepesaTb CBOM MOMEHT PErUCTPUPYIOLLEMY NPU-
6opy, TO OH HeJoCTyNeH HabAtOAEHUIO, — ero HEBO3MOXKHO 3adMKcMpoBaTb. [103ToMy YMCAO BO3-
MOXHbIX Habntogaemblx OpMeHTaUmiA cnMHa GOTOHa PaBHO ABYM, a HE TpeM, KoTopbiM obnasana
6bl YacTnua co cnnHom S=1 (25+1=3).

JHeprma ToponaanbHOro BpalleHns GOTOHOB He MOXKET ObITb pacTpadYeHa Npu B3aMMOAENCT-
BMAX, TaK KaK MOMEHT MMMyJ/ibCa 3aMKHYT caM Ha cebs. TopomganbHoe BpalleHue obecneymsaet
$OTOHAM, HaxoZALMMCA B «TEM/IOBOM» PaBHOBECUM C OKpy)Kalowein cpenoi, NOCTOAHHYIO CKO-
pOCTb NOCTYNaTe/IbHOro ABUXEHMA. ITa CKOPOCTb € 3aBUCUT OT ANINEKTPUYECKON E€, U MAarHUTHOM
U, NPOHULAEeMOCTel cpeabl:

2=——1)

HHoEEQ

Kaxkabii GOTOH MMEET 3HepPruo, MMNYAbC, MOMEHT MMMY/IbCa, YacToTy "Urpbl Koaew" un yac-
TOTY BpaLLEHMA © KoJlew, Kak Lenoro. YactoTa KonbLEeBOro BpalLeHMs KoJel, » He cBsidaHa ¢ cobcT-
BEHHbIMM BHYTPEHHUMMK cBoMCTBaMK GOTOHA. bnarogapa KonbLeBOMy BpalLeHUO GOTOHbI MOryT
NepeHOCUTb SHEPTUIO MeXay 00beKTamn MUKpommpa. MMeHHO 3Ta YacToTa y4acTByeT B popmyne

MnaHka E=hw v onpeaensneT LBET CBeTa.

3.3. MIoOOHHOE HEeUTpPUHO

Opyrum ycToMumBbIM COCTOSSHUEM MHOFOKOMMOHEHTHbIX YaCTUL, COXPaHMBLUMMCA CO Bpeme-
HW Bo/blIOro B3pPbIBA, ABASIOTCA MIOOHHOE HEMTPUHO U MIOOHHOE aHTUHENTPUHO. OHU, KaK Hel-
TPUHO M GOTOHbI, MOCTOAHHO ABUMKYTCA CO CBETOBOM CKOPOCTbO. MIOOHHOE HEWTPUHO COCTOUT U3
OBYX HEUTPUHO U OAHOMO aHTUHENTPUHO (purc.3.4). MOXKHO TaK»Ke CKa3aTb, YTO MIOOHHOE HEUTPUHO
06pa3oBaHO HENTPUHHBIM POTOHOM U AHTUHENTPUHO.

MocTynaTenbHOE ABUMKEHWE OCYLLLECTBAAETCA MO MNPUHLMMY «Urpbl BUXPEBbIX Koseuy. Koabua
HENTPMHO NOCTOAHHO MPOXOAAT APYr Yepes3 gpyra. CKOPOCTM BCEX COCTABAAIOLWMX HAMpPaB/AEHbl B
04HY CTOPOHY. CMMH MIOOHHOTO HEWTPUHO, PaBHbIN h/2, NPOTUBOMNONOMKEH CKOPOCTU. Y MIOOHHOTO
aHTMHEWUTPUHO HaNPaBAEHMA CKOPOCTM M CNIUHA COBMNAAAlOT.

Puc. 3.4. MoOHHOE HEUTPUHO N MIOOHHOE aHTUHEUTPUHO

Konbua HENTPUHO B MIOOHHOM HEWTPUHO, KaK U B GOTOHe, NMPUTATMBAIOTCA APYr K ApYyry 3a
cyeT BUXPEBOro B3aMmogenctsmaA. MNpu 3Tom HanpaBneHWe BpaleHWA NPUTATMBAIOLWMXCA BUXPEN
OO0/IKHO BbITb 0AMHAKOBO. Ha pMCyHKe MOTOK BO BCEX BEPXHMX CEYEHUAX BUXPA HamnpasB/eH Mo Ya-
COBOM CTpesKe, @ B HAKHUX — NPOTUB YaCOBOW CTPEKMU.
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3.4. NeKTPOH U NO3UTPOH

Ecnun cBob60AHbIE HEUTPUHO UMEIOT NPOTUBOMOJIONKHO HAaMNpPaB/EHHbIE CKOPOCTU, TO NPU NpPo-
NeTe Ha o4YeHb 61M3KOM PACCTOAHMM OHM MOTYT CLLEeNUTLCA U 06pas3oBaTb HOBYLO YacTuuy. Cuenne-
HWEe HEWTPUHO OCYLLECTBAAETCA MO MeXaHU3My suxpesozo 83aumodelicmaus. Celiyac 3TOT mexa-
HWU3M Ha3blBAOT «CUJIbHbIM» B3aMMOAENCTBUEM. YB/IEKAaEMbIA NOTOK NOASA OL4HOFO HEMTPUHO CMe-
WAeT LeHTP MAcC BUXPA APYroro HEMTPUHO TakMM 06Pa3om, UTO BUXPEBOM MNOTOK BTOPOro HENTPU-
HO NPUXMMAET ero K nepsomy. B cBoto ouepesb, NepBoe HEMTPMHO NOMNaAaET B NOTOK NO/A BTOPO-
ro HeMTpUHO M gperdyeT K Hemy. CKOPOCTU HEUTPUHO NMPOTUBOMOIOXKHbBI, TaK UTO CMUIA NPUTAXKE-
HUA ABNAETCA LEHTPOCTPEMMUTENBHOM, @ OpbMTA BpaLLEHUA ABAAETCA OKPYXKHOCTbIO. PaboTta npwu
3TOM He coBepLUaeTCA.

Ha puc.3.5 nsobpaxkeHa CTPyKTypa 3N1eKTPOHa, a Ha pUc.3.6 — NO3UTPOHa.

> i

Puc. 3.5. CTpyKTypa 3/1eKTpoHa

DNeKTpPOH 0bpasyeTca M3 ABYX BUXPEN-HEUTPUHO C MPOTMBOMOJIONKHO HAMPaB/l€HHbIMU CKO-
POCTAMMW, B3aMMHO MPUTATMBAOWMXCA APYr K APYry NO MEXaHU3My CU/IbHOrO B3aMMOAEWNCTBUS.
OHM BpaLLAOTCS MO KPYroBoi opbute BOKpYr 0bLLEel TOYKM B NAOCKOCTH, NeprneHaMKyAspHOM naoc-
KOCTW KoJieL, CO CKOPOCTbto, 6/1M3KOM K cBETOBON. MOMEHTbI HEUTPMHO NPU 3TOM NPOTMBOMOIOXK-
Hbl. OBpa3syoWwminca Npu BpaLLEHUM KBOCbMEPKN» HOBbIl B8UXPb NUMEET CNIUH — COBCTBEHHbIA MO-
MEHT 3neKTpoHa M=h/2.

O A - S

V \ v ] -
@) R

Puc. 3.6. CTpyKTypa NO3NTPOHA

PaccmoTpym 3Ty moaenb B ApYyroi NA0CKOCTU (CM. NpaBble YacTu pucyHKoB). KosbLeBble no-
TOKW HEUTPUHO, COCTABAAIOLLNX 3/IEKTPOH (NO3UTPOH), B3aMMHO AEMCTBYIOT APYr Ha Apyra, Tak uyTo
4aCTOTbl UX BPALLEHMA OAMHAKOBBI. B 0TAMuMe OT HEUTPMHO U GOTOHA 34eChb KO/bLLEBOM, @ He TO-
POVAANbHBIN NOTOK ABNAETCA ABUKUTENEM YacTuLpbl. Ha puc.3.5 aNeKTpoH ABUKETCA Hanpaso — B
Hanpas/JeHUU, NPOTUBOMOIONKHOM HanNpaBAeHUIO cnmMHa M. MO3UTPOH ABUXKETCA Mo cnuHy M.
CKOpPOCTb UX «BPOYHOBCKOrO» ABUMKEHWUA COOTBETCTBYET COBCTBEHHOW YacTOTe KO/IbLLEBOro BpaLle-
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HUA W,. MpK yBEANYEHMM YINOBON CKOPOCTM BPALLEHMA KOoJel, NOoCTynaTesibHaA CKOPOCTb YacTuy,
TaK¥Ke yBennymBaeTcs.

HeTpygHO 3ameTuTb, YTO BpaLLatOWMeca B 3/IEKTPOHE HENTPMHO 06pasyroT CBOero poaa
«lwecTepeHYaTblt Hacoc». OHM NAOTHO CAABAMBALOT LLEHTPA/IbHYHO YaCTb NPUNOBEPXHOCTHOIO CN0SA
NnosiA U 3aTeM BbITA/IKMBAIOT CTPYIO YBJIEUYEHHbIX TPAaBUTOHOB B TE/IECHbIN Yroa NO HamnpaBieHUIo
CKOpOCTU V. Boonb ocn obpasyeTca OTKpbITas suxpesada mpybKka HeonpeaeneHHOW AJINHbLI, Bpa-
LLLAOLLLAACA BOKPYT CBOEM OCM C YacTOTOM TOPOMAANAbHOro BpaweHua .

34ecb Mbl ynoTpebnsem TEPMUH «TPYBKa» He B CMbIC/Ae ONUCaHUA FeOMETPUN, a B CMbIC/e
3apadosoli mpybku ®apades. Tpybka — 3TO UCXOAALUMIA U3 TOYKU COMPUKOCHOBEHUA BUXPEM Hel-
TPUHO Iy4eBOM MOTOK C BMHTOBbIM ABUKEHMEM TFPaBUTOHOB. BpalueHue BuxpeBoW TpybKM AnA
3NIeKTPOHA 06pasyeT NeBblli BUHT, 3 414 NO3UTPOHA — MPaBblii BUHT C HanpaBAeHWEM NOTOKaA.

BWHTOBOW NOTOK rPaBUTOHOB B OTKPbLITOM BUXPEBOWN TPYOKE OTOXAECTBUM C 3/18KMPUYECKUM
nonem. anee 6yaem HasbiBaTb 3Ty TPYOKY «3apsaaoBOM», TaK KaK MHTEHCMBHOCTb ee MOTOKa onpe-
Aenset 3apA0 YacTuubl. B Havane 3apsaoBoi TPYOKM Y MO3UTPOHA PACMOIOKEH UCTOYHMK, A Y NEK-
TPOHa — CTOK. [o3aTomy 3apAg NO3UTPOHA HA3bIBAOT NONOKMUTENBbHbLIM, a 3apAL 3N1EKTPOHA — OT-
pULATENbBHBIM.

3apapoBble TPYOKM 0becneynBatoT asekmpocmamuyeckoe s3aumodelicmeue mexay 4actu-
UAaMKU MPU UX COOCHOM PACNoIOKeHMU. MexXaHU3M CUIOBOTO AEWCTBMA OCHOBAH Ha 3akoHe bep-
HYAIN: YeM 60blle CKOPOCTb NOTOKA FPAaBUTOHOB B TPYOKe, TEM MeHblUe B HEN CTaTUYecKoe AaB-
nenune. Takum ob6pa3om, Ha OCKU HACTULLbI MO PA3HbIE CTOPOHbBI OT LLEHTPA/IbHON TOYKN MOXKET co34a-
BaTbCA Mepenajg AaBJeHWs 3a CYET Ha/JI0KeHUs BHELWHEro NoToKa oT Apyroi Yactuubl. Cnna obec-
neymBaeTca rPaSMeHTOM NJIOTHOCTM 3Heprun. HekoTopble BapuMaHTbl HAJMIOXEHUA MOTOKOB BUXpeE-
BbIX TPYOOK A1 YacTUL, NOKa3aHbl Ha pUCyHKe 3.7.

B cnyyae «a» NO3UTPOH U NIEKTPOH ABUKYTCA B OGHOM Hanpas/ieHun. 3apagosas Tpybka no-
3UTPOHA MPOXOAUT CKBO3b 3apAAOBYHD TPYOKY 31eKTPOoHa. JIeBOBMHTOBOM TPAaBMTOHHbLIN MNOTOK
3N1EKTPOHA HENTPAIU3YETCA NPABOBMHTOBLIM NMOTOKOM MO3UTPOHA. BpalwatenbHasa cKopocTb NOTOKA
Ha OCM 3/1eKTPOHA PaBHa Hy/t0 NO 06e CTOPOHbI OT LLEeHTPaNbHON TOUYKK. Ha NO3UTPOH He aelncTeyeT
3N1EKTPOCTATUYECKOE MOJE 3/IEKTPOHA. DNEKTPOH TaKKe He UCMbITbIBAET BO3LENCTBUA CO CTOPOHDI
no3suTpoHa. OAgHAKo Npu AAHHON OPMEHTALMM YacTULbl NPUTATMBAKOTCA APYr K APYry BUXPEBbLIM
B3aMMOZENCTBMEM (HAaNpPaBAEHME BPALLEHWA MPUETAIOLLNX BUXPEN OANHAKOBO).

B cnyyae «b» NO3UTPOH M 3NEKTPOH ABUNKYTCA HaBCTpeuy apyr apyry. OceBble NOTOKU BHe
YyacTumL,. BpalweHns BO BCTPEYHbIX MOCTYNaTebHbIX MOTOKAX MeXKAY YacTULLaMM CK1aablBatoTCA Apyr
C Apyrom. M'mapogmMHamuyeckoe gaBaeHWe Ha OCM MeXAy YacTULAMM MeHbLUe, YeM BHE MX, U Yac-
TULbI NPUTATMBAIOTCS BLOJIb OCMU.

Puc. 3.7. BsaumogeiicTBue 3/IeKTPOHA M NO3UTPOHA

Ha puc.3.8 nokasaHoO B3auMMOAENCTBME ABYX MONOXMMUTE/bHbIX MO3UTPOHOB, C/EeAyOLLNX
BA,0/1b OCU BAOTOHKY APYr 33 ApYrom (a) u Bo BCTpeYHOM HanpasaeHuu (b).

B nepsom cnyvyae mexay YacTMLAMM AENCTBYET UL NOTOK HUMKHEro MO3UTPOHA, KOTOPbIN
He MUCNbITbIBaeT CUI0BOTO BO3AeNCTBMA. [INA BepXHero no3uMTpoHa BpaLLaTeibHble NOTOKU BHYTPU U
CHapyXu cknagbisatotca. CneposaTtenibHO, nepenaga AaBAeHUA B LLEHTPA/SIbHOM TOYKE Ha OCU He
BO3HMKaeT. [lpy JaHHOW OpueHTauuKM YacTuLpbl He pacTankmeatotca. CTout o6paTnTb BHUMAHME, YTO
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OLHOMMEHHbIE YacTULbl B 3TOM NOJIOXKEHUM NPUTATUBAIOTCA APYT K APYry BUXPEBbIM B3aUMOLENCT-
BMEM M MOryT 06pa3oBbIBaTb NAapbl CO CMMHOM, paBHbIM h 1 3apagom 2e.

Bo BTOpOM c/ly4ae BCTPEYHOTO CONMMKEHUA NOTOKM CHAPYKM YaCcTUL, HE M3MeHAIoTCS. Bpalue-
HWe NOTOKOB MeXAy YacTMLuammn KomneHcupyeTca. CTaTudeckoe AaBaeHMe Ha OCU MeXAY YacTuua-
MW 60/IbLIE, YEM CHAPYKU. 3apAabl PacTaIKMBALOTCA.

9. /~+ g ,b\ P i
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Puc. 3.8. Bsaumopgelictene AByX NO3UTPOHOB

Takum 0bpasom, 3/1eKTPOCTaTUUECKME NOJIA 3/IEKTPOHA U NO3UTPOHa 06134at0T He LLeHTpanb-
HOM, a oceBol cummeTpueit. MNona co3garoTca NOCTyNnaTebHbIM MEXaHMYECKMM NOTOKOM rPaBUTO-
HOB B BUAE BPaLLAlOWEroca iyda. INeKTpocTaTUYeckoe B3auMoaencTBMe 3apsaKeHHbIX YacTul, Npo-
NCXOAMUT BAO/Ib OCU YacTULbl 33 CYET AENCTBUSA CUJIbl Ha TOUYKY COMPUKOCHOBEHMA HEUTPUHO. ITa
cuna obycnoBNeHa Pa3HOCTbIO TMAPOANHAMMNYECKUX CTAaTUUYECKMX AaBNEHMUIA NO 06e CTOPOHbI TOUKMK.

MocTynaTenbHbIM NOTOK MPAaBUTOHOB, OCYLLECTBAIOLWMIA 3/1EKTPOCTAaTUYECKOE B3aMMOLENCT-
BMe, BoniowaeTt naeto Papagen o 3apagoBbix TpybKax (CMNOBbLIX NINHUAX, ¥KryTax), KOTOPbIMK CO-
eMHEeHbl 3apAXKeHHble YacTuubl. B oTanume oT cnyvaa LEeHTPasibHO-CUMMETPUYHOro Nons, CBA3b
0CECMMMETPUYHbIX 3apAL0B BO3MOXKHA TOMbKO A/1A NapHbIX B3auMoAelcTBuii. BaaMmHoe nputs-
KeHUne Naum OoTTasiknuBaHume 3apAKEeHHbIX 4aCTUL, 3aBUCUT OT UX OPUEHTALLUN.

3.5. MpoToH

HanomHuM, 4TO Npu CoeaMHEHUN ABYX aHTUHEUTPUHO obpasyeTca MO3UTPOH, a NpU coeau-
HEHWUU ABYX HEUTPUHO obpasyeTcA 3NEKTPOH. AHANOTMYHO 3TOMY MPU COEANHEHUN ABUNKYLLMXCS
BCTPEYHO ABYX MIOOHHbIX aHTUHEUTPUHO 0bpasyeTca NPOTOH, @ NPU COEANHEHUMN ABYX MIOOHHbIX
HeWTpUHO obpasyeTca aHTMNPOTOH. CTPyKTypa NPOTOHa NpuBeaeHa Ha puUcyHKe 3.9.

Puc. 3.9. CTpyKTypHaa cxema NpoToHa

Mpu M36bITOYHOM SHEPTUM MOCAE HAYaNa BPALLEHUA COCTABAAOLLME A0/KHbI PABHOMEPHO
pacnpesenunTbCca No OKPYXKHOCTU BpalleHuMs. Bce wecTb BUXPEBbIX Konewl, obecneynBaloT B3anmHoe
NPUTAXKEHUE 33 CYET OMMUCAHHOIO Bbille BUXPEBOrO B3aumoaencteus. MNpu paccMoTpeHumn Bpalle-
HUI BUXPEBbIX KOJEL, KaK LLe/I0r0 CHOBA OKa3bIBAETCSA, YTO ABa HEKOMMNEHCUPOBAHHbIX aHTUHEWTPU-
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HO NOPOXKAAIOT B LLEHTPA/IbHOM TOYKE HE3aMKHYTYIO 3apA0BYH0 BUXPEBYO TPYOKyY, BpaLlatoLyocs
KaK npasblii BUHT (Ha pUCYHKEe He NOKa3aHo).

BWMHTOBOW NOTOK rpaBUTOHOB B OTKPbLITOM 3apsAA0BOM BMXPEBON TPyOKe NMPOTOHA TaKXKe oTo-
KAECTBAAEGTCA C INEKTPUYECKMM Nosem. ITOT Y3KMIA Sly4eBOl NocTynaTenbHbI NOTOK onpeaenset
3NeKTpOoCTaTMYeCcKoe Moje NONOXKUTENbHOTO 3apAaa. Kak v y anekTpoHa, aneKkTpocTaTuyeckoe none
OLMHOYHOTO NPOTOHA HOCUT BEKTOPHbIN (T.€. HAaNpPaBAEHHbIN) XapaKTep.

®opMasibHO MOXKHO CKa3aTb, YTO MPOTOH «coaepKuUT» B cebe aBa GOTOHA U MO3UTPOH UAU
3NEeKTPOH U ABa NO3MTPOHA, NOSTOMY ero MoJIoXKUTENbHbIN 3apaj, paBeH 3apagdy no3uTpoHa. Mpo-
TOH obnafaeT 60/bWON 3HEpPrMel cBaA3un (NoTepa KUHETUYECKOW SHEPrMM COCTaBAAIOWMX NPU UX
COeAMHEHUM B HOBYIO YacTuLy). [03TOMy OH MMeeT 60/1bLUYI0 MPOYHOCTb, Pa3pyLWMTb ero TPYAHO.

3.6. Cxema obpa3oBaHuMA YacTuvy,

MpeacTtasum cBegeHMA No cocTaBy GyHOAAMEHTANbHbIX YacTul, B Buae Tabauubl. Cioga mbl
BK/IIOYMJIN U HEMTPOH U aHTUHENTPOH, CTPYKTYPa KOTOPbIX ByAeT paccMOTpeHa ganee.

Kaxpgol cTabuibHOM YacTuue cCOOTBETCTBYET CBOSI aHTM4YacTMua. CieBa yKa3aHO YMCI0 BUX-
PEBbIX 3/1EMEHTOB HEUTPUHO B YacTULAX. HEUTPUHO N aHTUHEWTPUHO ABAAIOTCA NPOCTENLWNMU Bbl-
COKO3HEPIMYHBIMU BUXPEBBIMW 0OPA30BaHUSAMM B CMJIOWHOW CPeae rPaBUTOHOB. Bce ocTanbHble
YacTMLbl COCTaBAEHbl N3 HEUTPUHO KaK U3 3/IEMEHTOB.

Mpy obpasoBaHun PyHOAAMEHTANbHBIX YAaCTUL, U3 HEWTPUHO Hambonee BEPOSTHbIMKU Oblan
napHble CTONKHOBEHUA. INEKTPOHbI U NO3UTPOHbLI 06pa3oBaHbl B pe3y/ibTaTe NapHbIX B3aMmoae -
CTBUN HEUTPUHO MM AHTUHENTPUHO. MPOTOHbI 06Pa30BaHbI MAPHLIMUW CTOJIKHOBEHUSMU MIOOHHbIX
aHTUHEWTPUHO. MNapHble CTONKHOBEHUS MPOTOHOB C MIOOHHbLIMU HEWTPUHO NpuBenn K obpasosa-
HUIO HEMTPOHOB.

OTMETMM, YTO Ha YPOBHE TEMHOW MaTEPUN MMEETCA CUMMETPUA MeXAY KOANYECTBOM HYacTuL,
W aHTMYacTUL, HEMTPUHO M aHTUHENTPUHO, IEBOMOAPU30BAHHbIE U MPABONOAAPU30BAHHbIE POTO-
Hbl — BCE OHUW COAEPIKATCA B M3/Iy4EHUU B PaBHbIX KOMYECTBaX. YacTo cnpallnBaloT, a rae Xe aH-
TUMATEPUSA, TAe UCKATb aHTUraNakTMKK? Celldac Ham LO/MKHO ObiTb MOHATHO, YTO AHTMBELLECTBO
coaepKUTCA B 06bIYHOM BELLECTBE M UCKATb ero Hurae He Hago. B camom gene, Hanpumep, B aTome
BOZOPOAA — CaMOM PacrnpoCTPaHEHHOM 3/1IEMEHTE — COLEPKUTCA OAMHAKOBOE YMCIO HEMTPUHO
(4) v aHTUHEeNTpUHO (4):

DNEeKTPOoH \%%
MpoToH VIVTVYYTVY

A HENTPOH COAEPIKUT YETbIPE HEUTPUHO U NATb AHTUHENTPUHO.
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4. OueHKa napamMeTpoB YacTul

4.1. NMpoponbHasa U nonepeYyHasa Macchbl IfIEKTPOHA

Ha puc.4.1 nokasaHa cxemaTuyeckas MoAe/b 3/1eKTPOHa:
1 — HeNTpuHoO;

2 — aneKTpu4yeckasa Buxpesas TpybKa;

3 — NpucoeauHEHHbIN CNIOW FPaBUTOHOB.

Puc.4.1. CTpyKTypa 3N1€KTPOHa

OCHOBHbIMW COOTHOLUEHUAMM CMeumanbHOM TeOPUM OTHOCUTENbHOCTU Ans cBobogHO ABU-
XYLLENCA TOYEYHOM YacTULbl (CUCTEMbI YaCTULL) ABNAIOTCA OTHOLWEHMA MeXKAy aHepruen E, umnynb-
com p 1 maccon m [5]:

i—f. (4.1)

OTMeTMM, YTO 34eCb MMNYJIbC ABAAETCA NOTOKOM 3HEpruu, a He maccbl. CooTHolleHue (4.1)
OTPaXkaeT 3aKOH COXPaHEeHWA SHEPruu, Npu 3TOM BbiparkeHne Mmc? onucbiBaeT MOTEHLMAbHYIO
3Hepruto. Ha oCHOBaHUM 3TUX GOPMYT MOXKHO HAanucaTb BblipaxkeHua gna E v p:

E = %; p= ﬂvz

SHeprua E M MMnynbC p ABNAIOTCA KOMMOHEHTaMM YeTbipexMepHOro BeKTopa, NofobHo ye-
TbIpeXMepHbIM KoopAuHaTam t 1 1. [losTomy ypasHeHue (4.1) cnpasea/iMBO ANA KaXA0N U3 KOOp-
AMHaT. Macca m v CKOPOCTb ¥ — Te Xe CaMble BEe/IMYMHbI, C KOTOPbIMU Mbl UMEeM [e/10 B HbloTO-
HOBCKOW MexaHuKe.

YpaBHeHuA (4.1) onucbIBaloT ABMXKEHME TOYeYHbIX YacTUL, BO BCEM MHTepBane ckopocTein. C
OZHOM CTOPOHBI, Npy v=c pc=E. [loactasus 3TO B NepBoe PaBeHCTBO (4.1), Mbl NPUXOAMM K BbIBO-
Aly, 4TO ecnun YacTmua ABMXKETCA CO CKOPOCTbIO €, TO ee mMacca paBHa Hynto. C Apyroi CTOPOHBI,
3Heprua Tena He obpallaerca B Hy/b, Korga 310 Teno nokoutca (v = 0, p = 0). Toraa sHeprua no-
kos Ey = mc? unn m = E,/c?. Hailaa SHEPruio NoKos, MOXHO BbIYMUCANTb MAcCy YacTULbl.

KnHeTnyeckan sHeprua onpeaenaeTca Kak pasHOCTb MeXay NONHON aHepruent E n sHepruen
nokoa E,:

E? — p2c? = m2c* B =

(4.2)
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Mpu onpeaeneHMn maccbl cneayeT MMeTb B BUAY Caeaytollee 0b6CToATeNbCTBO, KOTOPOE, O/4-
HaKo, Mbl He Byaem celyac yunuTbiBaTb. 0 onpeAeneHMI0 macca M3MepAeTcs MpPU HYJIeBOM MM-
nynbce. Ho 31EeKTPOH He MOKeT 6bITb B abCONOTHOM NOKoe. M3 KBAaHTOBOW MeXaHMKM U3BECTHO, YTO
MMmeeTca MMHMMaNbHasA (COBCTBEHHAA UAU «HYNEBas») SHEPTUA, KOTOPYHO Heb3a OTHATL [6]. Tab-
JIMYHbIe NapameTpbl YacTul, (macca, 3apag, MarHUTHbI MOMEHT) onpezesneHbl NPy cObCTBEHHOM
(HyneBoI) aHeprMmn. 3To cCO6CTBEHHbIE 3HAYEHUA YacTUL,

BospacTaHve 3Hepruu 3NeKTpPoHa CBOAMUTCA K YBE/IMYEHUIO YIIOBOM CKOPOCTM KONbL,EBOrO
BPALLEHMA COCTaBAAIOLWMX €0 HeWTPMHO. MOMEHT MMNy/bca HeMTPUHO [T+ p] ocTaeTca paBHbIM
h/2, Tak u4TO pasmep YacTMLbl yMeHbLIaeTcss 06paTHO NPOMNOPLMOHANBHO UMNYbCY:

l—ﬁ 2
—h_hN 2 _he (4.3)

2p 2 mv 2 VE

N3 bopmysibl BUAHO, YTO Hanbosiee cUibHOE YMEHbLUEHWE PAa3MePOB MPOUCXOAUT ANA pens-
TUBUCTCKUX YacTuL, Mpn 3TOM 3/1EKTPOH MOKET He ABUraTbCA, @ ObiTb B CBA3AHHOM COCTOAHMUM.

B npegnaraemont moaenu YacTuubl SABAAIOTCA HE TOYEYHbIMU O06bEKTAMKM, @ OCECUMMMETPUY-
HbIMW BUXPAMU. X ABUKEHME cnepyeT paccMaTpuBaTb B LMAMHAPUYECKON CUCTEME KOOPAMHAT,
TaK KaK B KOJIbLEBbIX BUXPAX OCYLLECTB/IAOTCA HE3AaBMCUMbIE ABUKEHUSA BAOAb OCU U no yray. Non-
HaA 3HepPrva CKNaLblBAETCA U3 SHEPrUM NOCTYNATENbHOIO ABUMKEHUA U IHEPTUKM BpaLeHua. MoaTo-
My nepenuvuem ypasHeHue (4.1) ana He3aBUCMMbIX NOCTYNaTe/IbHOTO M BPaLWaTeIbHOTrO ABUXKEHUNA:

(Ez)z - p%CZ = mZZC4, p_z) = V—>ZEZ/C2 ’ (4-4)
2 — —
(E,)” —pac? =m,%c*, p, = Vg E,/c2 (4.5)

B ypaBHeHuAXx BBeaeHbl 0603HaYeHUa m, ANA npodosabHoU Macchl U m, AnA nonepeyHoli
mMacceol. [pofosbHas macca — 3To HabaogaeMas MHEPTHasA Macca, KOTOPYHO A 3/1EKTPOHa Aalb-
e 6byaem cHoBa 0603HayaTb KaK m.

MpumeHUM Tenepb ypaBHeHUe (4.4) Ana ABUNKEHUA 3/1eKTPOoHa BAOb ocn OZ. Obpatumca K
pucyHky 4.1. MycTb MMNyAbC BAOAbL OCU P, paBeH Hyato. Ho KonbLa HeNTpUMHO ByayT NpoaoKatb
BPALLATLCA BOKPYr OCM C OKOJIOCBETOBOM CKOPOCTBIO 33 CYET TOPOUAA/NbHOTO MOTOKA rPaBUTOHOB.
JHeprma 3TMX NOTOKOB ABAAETCA 3HepPrneit NoKoa 3neKTpoHa. ChefoBaTeNbHO, NPOAO/IbHAA Macca
3N1EKTPOHA ONpefesIfAeTcs 3HepPruen TOpPOMAaSbHOIO BPALLEHUA TPAaBUTOHOB. B ypaBHeHun (4.4)
mMmacca nNpeacTaBAAeTCA KaK NOTEHUMaNbHAA sHeprua snekTpoHa. Ho npu paccmoTpeHnn bonee Wwu-
POKOWM CUCTEMbI OHA OKA3bIBAETCA KMHETUYECKOM SHEPTMel NOTOKOB rPaBUTOHOB.

MpumeHUM ypaBHeHMe (4.5) ana nonepeyHoro (a To4Hee, yrn1oBOro) ABUMKEHUS SNeKTpoHa. B
NJ0CKOCTM, NEPNEHOMKYNAPHOM K OCU, HEMTPUHO BPALLLAKOTCA BOKPYr OCU C IMHEMHOW CKOPOCTbIO,
V) 6113KoM K cKopocTu ceeTa. Moatomy m, = 0, — nonepeyHas macca 3NeKTPOHa paBHa Hyto.

Takmm obpasom, Bonpoc «OTKyga 6epeTca macca 3/IEKTPOHA?» B paMKax BUXPEBOM Moaenm
NOJIHOCTbIO CHMMAaeTca. Macca — 3To cobCTBEHHAA 3HEPrusa YacTuLbl, U3MePEHHana npu Hys1eeom
umnynsce 8 3a0aHHOM MPOO0LHOM HanpasaeHuu. Macca onpefensieTca KUHETUYECKON 3Hepruen
BHYTPEHHMX 3aMKHYTbIX MOTOKOB FPaBUTOHOB.

INeKTPOoH 0bnagaeT MHEPTHOCTLIO NPU NOCTYNaTeIbHOM ABUMKEHUU, TaK KaK MMeeT NpPoao/ib-
Hyl0 maccy. Ho B nonepe4yHom HanpasaeHUM OH Be3nHepLUMOHEH, TaK KaK ero nonepeyHas macca
pasHa HyAto. [pu NposeTe Yepes MarHUTHOE No/e 3/IeKTPOH OTK/IOHAETCA MAarHUTHbLIM NOAEM B NO-
nepe4yHom HanpasneHuun 6e3 coepieHns paboTobl.

CBOWMCTBO MHEPLMN NOJAHOCTbIO 06YCNOBAEHO BUXPEBLIM CTPOEHMEM YacTuL,. Buxpu He mcnbl-
TbIBAIOT COMNPOTUBNEHUA NNLWb NPU ABUXKEHUN B cpese BAOAb OcU. BOKoBOe npunoXKeHue cunbl Bbl-

3bIBaeT Pa3BOPOT OCK KObLLEBOTO BMXPA (pUC. 2.6), T.€. ero ConpoTUBAEHME B HAMPABAEHUMN CUbI.

v d - dv
B TEOPUM OTHOCUTEILHOCTU CBA3b MEXAY CUIol F = d—’; M yckopeHuem d = _- onpesdenserca

-

dopmynon [7]:
F—(FB)B=myd, B=1v/c, y=1/J1-p2 (4.6)
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YcKopeHue B pensiTUBUCTCKOM C/lydae He HanpasAeHO MO CU/e, a UMEeeT TaKMKe COCTaB/Alo-
Lyto No ckopocTu. Ecnm Bbl MHEPUMOHHaA Macca onpeaenanacb Kak OTHOWEHMEe AeNCTBYoLWen cu-
Jibl K YCKOPEHWIO, TO OHA 3aBucena Hbl OT B3aMMHOIO HanpaBAEHUs CUIbl U CKOpOCTU. Mpwn Fld
ypaBHeHue apurkeHua (4.6) 6yaeT BbIrnAageTb Kak

ﬁl = myd,
anpuF || o

33aBUCMMOCTb NAPaMeTPOB PENATUBUCTCKOTO ABWUMKEHUA OT B3aMMHOTO HaMnpaBAEHUS CUAbI U
CKOPOCTM NOATBEPKAAET, B YaCTHOCTU, ABYXMEPHOCTb BUXPEBOWM MOLENN SNEKTPOHA.

4.2. 3apsig aneKTpoHa

PaccmoTpeHue moaenu anekTpoHa TpebyeT nepeonpeneneHns OCHOBHbIX 31EKTPUYECKUX Ma-
paMeTpoB B TepmMMHax Notoka — B cucteme MKC (meTp, Kunorpamm, cekyHaa). Ons BbiACHEHUS
$M3MYECKOM CYLLIHOCTU OCHOBHbIX MOHATUI 3N1EKTPOCTAaTUKKN 3aMnuLLem BblpaXKeHUa ANA NAOTHOCTM
3HEeprumn 3N1eKTPOCTaTUYECKOro Nons:

u==2E?, (4.7)

rae €, = 8,85.10'12 ®/m — aneKkTpmyecKan NoCToAHHasA;

€ — OTHOCUTENbHaA AM3IeKTPUYECKas NPOHULAEMOCTb Cpeabl;
E B/M — Hanps»eHHOCTb 3/1EKTPUYECKOTO NOoA.

C apyroli CTOpOHbI, NNOTHOCTb SHEPTUU AN eAUHUYHOTO 06bema MOTOKa CMJIOWHON cpenbl
BHYTPW 3apAA0BOW TPYOKM 31EKTPOHA 3aMMCbIBAETCA KaK

u= gvz, (4.8)

rae p Kr/M> — MJOTHOCTb NOTOKA FPAaBUTOHOB B BbIAENEHHOM OB bEME;

¥ M/C — CKOpOCTb BblaeieHHOro ob6bema cpeapbl.

CpaBHuBas ¢popmynbl (4.6) 1 (4.7), nonyyaem COOTHOLLEHMA:

g€, [®/Mm] = p [Kr/M’]

E [B/m] = v [m/c]

A6CoNtoTHaA AU3NEKTPUYECKan MPOHNLAEMOCTb, BbipaxeHHaa B ®/m, ecTb NJIOTHOCTb NOTOKA
rPaBUTOHOB B 3apsAZOBOM TPybKe, BbiparkeHHan B Kr/m3. HanpsaKeHHOCTb 31EKTPUYECKOro MNoss,
BblpakeHHan B B/m, eCTb CKOPOCTb NOTOKA rPaBUTOHOB B 3apAA0BOW TPYOKe, BbipaxkeHHas B M/cC.

Mo 3akoHy Ky/sioHa HanpsAKeHHOCTb 3/IEKTPUYECKOTO NoJA 06paTHO NPOMNOpPLMOHAAbHA KBAA-

paTy paccTosHMA OT 3apAja:
e

k= 4meg,R?’ (4.9)

roe e — 3apsg 3/1eKTPOHa.

N3 dopmynbl (4.9) cnepyet, UTo 3apaj, € B NMOHATUAX MOTOKa MMeeT pa3mepHocTb [Kr/c]. Me-
penuwem dopmyny (4.9) B TepMmMHax NOTOKa:

e = 4mR?pv. (4.10)

3apa0 — 3mo NoOMOoK NAOMHOCMU 2pasumMoHos8 Yepe3 cghepy paouyca R, sHympu Komopol
Haxooumcs 3aeKkmpoH. Ha puc. 4.1 cxemMaTUYHO MOKa3aHO, KaK NPMCOeANHEHHbIA CNOMN rPaBUTOHOB
1 3axBaTbIBAETCA MEXKAY KOJIbLLAMW HEMTPMHO M BbibpacbiBaeTCs B 3apAa0Byto TPYOKy. B suxpesoli
mMooenu anekmpuyeckuli 3apsa0 31eKMpPoHa, 8bipaxceHHbIl 8 K, ecmb macca epasumoHos, 8blbpa-
cbisaemasn 8 3apA0osyio mpybKy 8 00HY CeKyHOy, 8bipaxceHHasa 8 K2/c, npu cobcmeeHHolU Yyacmome
KO/1bYe8020 8palLEeHUSA .

YpaBHEHUs ABUKEHUSA 3apAaaa B PensTUBMCTCKOM popme 3anncbiBatoT B BUAE:

F =dp/dt =%(\/%Z/C2> = e(E + ¥ x B). (4.11)

0606LeHnem cubl Ha YeTbipexmepHoe NPoCTPaHCTBo byaeT «4-cuna» f:
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— F-B F _ evE  e(E+BxE)
fﬂ a (\/1—UZ/C2,\/1—172/02) - <\/1_y2/52’ \/1_1,2/02)’ (4.12)

MepBaa BpeMeHHas KOMMNOHEHTa YeTblPeXBEKTOPa pPaBHA MOLLHOCTM, T.e. CKOPOCTU U3MEHEe-
-
HWA SHEPrUM UM CKOPOCTU coBepLieHna paboTbl F . MpocTpaHCTBEHHBIMM KOMMNOHEHTaMK ByayT

3HayeHusn ﬁ/ 1 —v?/c?.3ameTum, uto B (4.12) durypupyet BbiparkeHue ey, — aHaNOrMYHOE Bbl-
paxeHuto my B popmyne (4.6).

CobcTBEHHO 3/1EKTPOHOM 0ObIYMHO Ha3bIBAlOT TO/IbKO KECTKoe A4PO0 YacTuLbl, 06pasoBaHHOE
Bpawaowmmmnca HentpuHo 1 (puc. 4.1 cnpasa). NoaTomy 3/1EKTPOH, BOObLLLE rOBOPS, MOXKHO npea-
CTaBUTb ABYMSA TOYEYHbIMM MacCamMmu, ABUKYLLMMMUCA MO cnvpanam. Ho cnegyet yunTbiBaTb, YTO K
NOBEPXHOCTU HEMTPUHO Kak Bbl «MPUAMNAET» TOHKUIA CNON rPaBUTOHHOTO rasa. ABuKyLinecs ciom
rasa 4aCTMYHO YB/IEKaloT 3a cobol coceaHue Cnou 3a cYeT BA3KOCTU. BO3HMKAET NnpucoeanHEHHbIN
C/IOM rPaBMTOHOB 3, 0XBaTbIBaOWMIA KObLL@ HEUTPUHO. YacTuubl N0 O4HOBPEMEHHO YYacCTBYIOT B
TOPOMAA/IbHOM M KOJIbLLIEBOM BPaLLEHUAX. TN BPaLLEHUSA MPEBPALLAIOT 3/IEKTPOH B 3/1€KTpomar-
HUTHbIN KOMNAEKc, 061a4atoWmMii COBCTBEHHbIMU 3IEKTPUYECKUM U MArHUTHbBIM MONSMMU.

Mpw Ko/ibLEBOM BpaLLEHNKN c1os 0bpasyeTca HanpaBleHHOE 31eKTPOCTaTUYECKOE MOoJIe B BU-
A€ Y3KOro nocTynaTe/lbHOro BPaLLAMOLLErocs MoToKa rpaBUMTOHOB. Hanuume yrnoBoro MOMEHTA Y
3/IEKTPOCTATMYECKOro noss nponasnfetcs B a¢pdekTe Nepua — KBuHKe — CymoTO — BpalleHUn am-
3N1EKTPMYECKOTO LApa B KUAKOCTU, MOMELLEHHOW MeXKAY NAacTUHAMM KoHAEeHcaTopa. ITOT apdpeKT
6b11 OoTKPLIT Fepuem B 1881 roay.

B Tom, 4TO anekTpocTatuyeckoe none ob6sagaeT BpawaTeNbHbIM MOMEHTOM, MOXHO yb6e-
AWTbCA Ha CAeAyroLWmMX NPOCTbIX onbiTax. Ha pucyHke 4.2a KoHAeHcaTop obpasyeTca AByMA AUCKa-
mMu gmametpom 100 mm. PacctosHue mexkay Auckamu 250 mm. B KoHaeHcaTope Ha TOHKOW HUTU
noaselleH MeTanmyecknin anck d amameTtpom 40 MM Ha PacCToaHUMU 50 MM OT HUMKHETO 3/1IeKTPO-
0a. BepxHuit anekTpog, 3azemneH. Ha HUXKHUIA 31eKTpos NoAaBanoch OTPULATE/IbHOE HaNpsAXKeHWe
OT PEHTTEHOBCKOrO UCTOYHMKA NUTAHUA. [1na 3aWmUTbl OT KOHBEKLMOHHbIX NOTOKOB BO34yXa BCE YCT-
POICTBO ObII0 MOMELLEHO B CTEKNAHHbIN cocya,

Puc. 4.2. Cxema aKcnepmMmMeHTOB

Onck d HaumHan BpaLLaTbCA NPOTUB YAaCOBOM CTPE/IKU (EC/IM CMOTPETL CHU3Y) NpPU Nogaye Ha
HUKHUI 9N1eKTpoa, HanpaXKeHua cebilwe 2 KB. Yron nosopoTa coctasnan 90° npu HanpsxeHun 20
KB. Boobue rosops, adPeKT npossaseTcs Npu NobdbIX pazmepax AUCKOB.

Ha pucyHke 4.2b anck 1 3akpensieH Ha KPYTU/AbHbIX BECax, a ANCK 2 NMOMELLEH PSAOM C HUM.
Mpv nogaye Ha AUCKM OAMHAKOBOIO HanpsxeHus (cebiwe 10 KB) oHM pacTankueatoTcs.

MarHuTHoe nosie obpasyeTca 3a cYeT BPaLLEHMA NPUCOEANHEHHOIO C/10A TPaBUTOHOB BOKPYr
OCM 3/1eKTPOHA. MPUBANIKEHHO MOMXKHO NPUHATL, YTO Macca NPUCOEANUHEHHOIO C/1I0A C OTPULLATENb-
HbIM rpagMeHTOM CKOPOCTU paBHA mMacce KepHa (cm. puc. 2.3). MoXKHO TaKKe NPUHATb, YTO 32 04MH
060pOT KO/IbLEBOrO BpaLLEeHMA B 3apAL0BYI0 TPYOKY BblGpackiBaeTcA BCA Macca NPUCOESUHEHHOO
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CcNnoAa m, a 3a O4HY CEKyHAY — Macca e. YAenbHblil 3apag, 31eKTPoHa % =V, = 1,76-1011 (c"l) onpe-
aenser cobcTBeHHoe (HammeHbllee) YnMcno 0b0poTOB KONbLLEBOrO BpaleHna B o4Hy cekyHay. OT-
clofa COBCTBEHHAA SHEPTUA KONbLEBOrO Bpalenua E,, = 2mhv, = 1,161-10°° Ix = 7,253-10™ 3B.

[na cpaBHeHUs cobCTBEHHAs 3HEpPrMa TOPOMAAaNbHOIO BPALLEHWA COCTaBNsAET

E, = mc? =8,187-10" [ = 5,117-10° 3B.

B OCHOBHOM COCTOSIHUM MpPU HY/NEBOM CKOPOCTM MOCTYNaTe/IbHOrO ABUMKEHUA 3/IEKTPOH CO3-
[AaeT MarHUTHOe MoJie, KOTOPOMY COOTBETCTBYET COOCTBEHHbIN (CMMHOBOWM) MarHUTHbLIA MOMEHT
3N1EeKTPOHA Y. Ero 3HayeHMe npakTUyeckn coBnagaeT ¢ marHeToHom Bopa up — npousseaeHuem

CnuHa % Ha yAe/ibHbIN 3apas, %:
g = g% =9,274-10% (Iw/Tn).

CnuH 31eKTpoHa, paBHbIli h/2 yunTbiBaeT sHepruio BpaLLeHUa ABYX HEMTPUHO BOKPYF €ro ocu
TONbKO Ha ogHom obopoTte. CNMH 3N1eKTPOHA — 3TO MOMEHT MMMY/bCa, MOMEHT MOTOKA MaccChl:

g =m-c-1,= 0,53-10* (O-c). OTcrona paanyc HeTpUHO B anekTpoHe 7, = 1,932 - 10713 m. Pa-

ANYC 3/IEKTPOHA B OCHOBHOM COCTOAIHUK BABOE bobLUe I = 3,863-10'13 M.
MarHUTHbIN MOMEHT YUYMTbIBAET IHEPTUIO BPALLEHUA NPUCOEANHEHHOMO CNOS 33 CEKYHAY, —

3TO MOMEHT NOTOKa 3apAAa C/I0 OTHOCUTENBHO CPEAHEro paauyca NPUCOeANHEHHOrO COS
e 71 h e n T
po=ercm=meSocy Dl T
OTcloAa No M3BECTHOMY 3HaueHWo g = 9,285 - 1072% [/Tn Haxogum ry = 1,934 10 m.
OTK/IOHEHME 3HAYEHUA MArHUTHOTO MOMEHTa 3/IEKTPOHA OT 3HAYEeHUs MarHeToHa bopa o6bACHAeT-
€A HECOBMAAEHMEM LIEHTPOB MAcC HEIMTPUHO U NPUCOEANHEHHOTO €105 (CM. puc. 4.1).

Cxemy «371eKTPOMArHUTHbIX NOIeM» 3NEKTPOHA MOXKHO NPeACTaBUTb Kak Ha puc. 4.3.

2

<« A

Puc. 4.3. Cxema NOTOKOB NOAIA BOKPYT A4PaA BUXPA SNEKTPOHA

C yBenndyeHnem HOCTyHaTeﬂbHOﬁ CKOPOCTKN 3N1EKTPOHA BO3pPaACTae€T UHTEHCMBHOCTb MNMOTOKa

BEKTOPHOro noTteHuMana A. 310t notok HanpasaeH NPOTMBOMNO/IOKHO ABUMKEHUIO 3NEKTPOHa. OH
O04HOBPEMEHHO BPALLAETCA BOKPYr OCU C IMHEMHOM CKOPOCTbIO, 61IM3KOM K CBETOBOM, YTO onpeje-
NAET MArHUTHYIO UHAYKUMIO B = rotA.

B 06bl4HOM MPOBOAHMKE 3NEKTPOHbI HE OPWMEHTUMPOBAHbI, U UX CPeAHEee MarHUTHoe nose
PaBHO Hy/l0. B NOTOKE MarHUTHbIE NOASA 3NEKTPOHOB CKAAAbIBAOTCA, @ UX NEKTPUUECKNE NoNA Ha-
npaB/ieHbl BAO/Ib OCU NOTOKa. B nonepeyHom HanpaB/ieHNM NOTOKA OCHOBAHWI A1 B3aMMHOTO OT-
TaNKMBAHWA 3NEKTPOHOB He MeeTcA. LLIHypoBaHWe INEKTPUYECKON Ayrn B BaKyyme NOATBEPKAAET
3TM BbIBOADI.
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OtTmeTm eule pas, YTo TO, YTO Mbl BOCNTPUHNUMAEM KaK NOTEHUNA/IbHYH SHEPTUIO 3/1EKTPOCTAa-
TUYECKOro noaa n MarHMTHOro nonA, B bonee LLIMpOKOﬁ cucrteme eCtb KMHETn4ecCkana saHeprna no-
CTynaTe/sibHOro n BpawaTte/sibHOro NOTOKOB rpaBUTOHOB.

4.3. Macca ¢poToHa

B TeopuM OTHOCUTENBLHOCTM Macca CUCTEMbl HE PaBHA MACCe COCTABAAIOWMX CUCTEMY Ten.
PaccmoTtpum gBa POTOHA, pa3fieTaloWmUXca B NPOTUBOMNOIOKHbIE CTOPOHbI C OANHAKOBbIMU 3HEP-
rmammn E. CymmapHbI MMNYAbC TaKOM CUCTEMbI PAaBEH HY/I0, @ CYMMapHas 3Heprus (oHa ke aHep-
rMsA NOKos cucTembl ABYX POTOHOB) paBHa 2E, T.e. macca 3TOM CUCTEMbI PaBHa 2E/c*. Ho cnepyet in
TOrAQ CYUTATb, YTO MACCa KaKAoro U3 GOTOHOB paBHa E/c*? ITOro cKasaTb HENb3SA, TaK KaK Macca He
obnapgaeT cBOMCTBOM aAaMTUBHOCTU. Ho Torga KakoB ¢pM3MUYECKni CMbIC Maccbl cUcTemMbl AByxX ¢o-
TOHOB?

Ecnn GOTOHbI NEeTAT B 04HOM HaMpaB/ieHUW, TO Macca 3TOW CUCTEMBI paBHa Hyato. Kaxkabii ns
$OTOHOB, CiefoBaTe/IbHO, TaKKe byAeT MMeTb HyneByto maccy. Takoe popmasibHOE PacCMOTPEHUE
MOHATUA Maccbl TpebyeT 4ONONHUTENBHO 6olee NOAPOOHOrO PAacCMOTPEHMUS.

N3 dopmynbl (4.4) cnepyeT, uto macca GoToHa paBHa Hyto. Ho yTo 6yaeT npu CTONKHOBEHMM
¢doToHa c Bewectsom? OnbiThl M.H. Jlebenesa n Teopusa ¢potoadpdekra A. SiiHWTENHA bonee cTa neT
Has3ag NOATBEPAWNAM, YTO CBET OKasblBaeT gaBaeHue, PoToHbl NepenatoT sHepruto. CnenosaTesnbHo,
$OTOHbI 06134310T SHEPTUEN U MMNYAbCOM. HO KaK »Ke ObITb ¢ maccoi? He cTouT BOCMpUHMMATD
CNOBO «H6e3MacCoBbIN» aHa/NOroOM C/IOBY «BUPTYasIbHbIAY UAN «HEMATEPUANBHBIAY.

CxemaTnyecknit acknus ¢oToHa npmeeaeH Ha puc. 4.4. Jlerko 3ameTuTb, YTO GOTOH U SNEKTPOH
pa3nmnyatoTcs, BoobLe roBopsa, He COCTaBOM, @ /INLWb CTPYKTYPON, OpueHTaLnen CNMHOB HEUTPUHO
OPYr OTHOCUTENbHO Apyra. B anekTpoHe 06a HEWTPUHO /ieXKaT B OLHOM MJOCKOCTU, @ UX CMIMHbI Ha-
npas/ieHbl B MPOTUBOMNO/IOMHbIE CTOPOHbI. B poTOHE CnnHbI 060MX HEMTPMHO HanNpaBaAEHbl B O4HY U
Ty »Ke CTOPOHY. M03TOMY MOXKHO CKa3aTb, YTO GOTOH — 3TO MHBEPCHbLIN 3/TEKTPOH.

MpumeHsaa Ana nocTynaTenbHOro ABuXeHns GoToHa BAONb Oocu ypaBHeHue (4.4), nonydaem,
4TO NPOAOANbHBIN MMNYAbC doToHa P, = CE,/c?, a npoaonbHaa nHepTHaa macca GoTOHa M, pas-
Ha Hy/lO.

Puc. 4.4. HelitpuHo B ¢poTOoHE

Ob6paTtmca K KosbLeBoMy BpalLeHuio ¢poToHa. CHoBa Byaem cumTatb, YTO NonepeyHoe ABU-
KeHME He3aBMCMMO OT NPOAOJILHOTO. MpumeHuUm K Hemy popmyny (4.5). Mpu p, = 0 poToH byaer
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MMeTb NONepeYHyIo maccy m,. MonepeyHas macca m,, onpeaenAeTcs aHeprueit GoToHa Npu oTcyT-
CTBUWN OBUKEHUS B NOMEPEYHOM HanpaB/ieHUU. ITO eCTb IHEPrMA TOPOUAANbHOIO BpaLLEeHua rpa-
BMTOHOB B A,BYX KO/bLLaX HEMTPUHO. HO TaK BbipaxKaeTca sHeprus NoKos ANA 3neKkTpoHa. Cheposa-
TeNbHO, M1onepe4yHas Macca (homoHa pasHa npoodosabHol Mmacce 31eKmpoHa m.

®OTOHbI 6e3MHEePUMOHHbI TONbKO B NMPOAO/IbHOM HaMnpaB/JeHUM, KOraa X MHepTHasa macca
paBHa Hy/o. Jlyy cBeTa ABNAETCA CUMBOJIOM MPAMOJINHENHOCTUN: YTOObI OTKAOHUTL GOTOHLI B None-
PEYHOM HaMpPaB/JIEHUM, HYKHO MPeoAosieTb MHepuMio nonepeyHor maccbl. OTKIOHAWOWAA cua
[OJIKHA coBepLlnTb paboTy. MMeHHO NO3TOMY MarHUTHOE Noje He AeMCTBYEeT Ha CBETOBOM MOTOK.

M3BECTHO, O4HAKO, NPUTANKEHUE NyYel CBETA NONEM TATOTEHWUA NPU MPOXOXKAEHUN UX BOAN3M

ConHua. U3 obuieit Teopun OTHOCUTENBHOCTU CaeayeT, YTo cuna F co CTOPOHbI Tena ¢ 6o/blion
maccoit M, neiicTBylowan Ha Nerkylo Yyactuuy ¢ sHeprueit E, ABMMKYLLYIOCA CO CKOPOCTbIO U, onpe-
AenseTca TEH30POM IHEPTMU-UMNYIbCca U paBHa [7]:

F=-6o=[(1+p0i—(7F)Bl, B =i/c. (4.13)

Teopwus roBopuT, YTO BEIMYMHA, UTPAOLWAA POJb «MACCUBHOM rPaBUTALLMOHHOM MACCbl», 3a-
BUCUT HE TOIbKO OT SHEPrMM YaCTMLbl, HO M OT B3aMMHOTO HanpaBAeHWUA BEKTOPOB T U V. Ecamn ¢o-
TOH NeTUT BepTUKanbHo (¥ || 7), To ero «rpaBuTaumMoHHas Macca» pasHa E /c2. Ecnn e GpoToH netut
ropusoHTanbHO (¥ L 7), To ero «rpaBuTaLmMOHHas macca» B Aga pa3a 6osblue n pasHa 2E /c?.

B nepBom c/ay4ae MHepUUU B NPOAO/IbHOM HAaMNpPaBJAeHUU HeT. B3aumogericteme noas TaroTe-
HWUA NPOUCXOANT TONIbKO C NonepeyHon sHepruei. Bo BTOpom cayyae, KpoMe NonepeyHon sHepruuy,
NOABMNACb MHEPUMSA MAcCCbl, CBA3AHHAA C SHepruei asuxKeHns GoToHa.

AHanorMyHoe paccMoTpeHne CTPYKTYpPbl HEMTPUHO 3acTaBASET NPU3HATb Ha/IMYME Y HUX He-
Hab/logaemol nonepeyHom macchl. B YaCTHOCTM, ANA SNEKTPOHHbIX HEMTPUHO U AHTUHEUTPUHO
3HayeHue NonepeyHom Maccbl LOMKHO ObITb 61M3K0 K M/ 2.

YTO Kacaetcs rpaBUTOHOB, TO UX CTPOEHWE, CKOPEE BCEro, CXOLHO CO CTPYKTYpoi ¢oToHa U
MIOOHHOTO HEUTPUHO. TaK KaK Mbl 3Haem CpeHIo CKOPOCTb MPaBUTOHOB, TO UX NOMNEPEYHYI0 Maccy
MOKHO BbluUCAUTE U3 dopmynbl KT /2 = mgcz. TemnepaTtypa KOCMUYECKOM cpeabl OLEHEHA NO

3HaYEHWAM NapamMeTpoB MMKPOBOaHOBOro dpoHa: T = 2,7 K. Otcrogamy = 2 - 10749 kr.

4.4. OcOB6eHHOCTU CTPYKTYpPbI NPOTOHA

CTpyKTypa npoToHa bblna npeacrasneHa B n.3.5 (puc. 3.9). CornacHo coBpemeHHbIM NOHATU-
. 1
AIM NPOTOH COCTOWUT M3 TPEX Keapkos co cnuHamu h/2: (oguH d-KBapk c 3apAaom —5e v Asa u-

2 o o o
KBapKa C 3apagamu Ee). OAHaKo B TaKOM MoAaenu UMeeTcs, No KpailHeil mepe, ABa HEACHbIX BO-
npoca: 0pobHsoili 3apA0 KBAPKOB U CBOMCTBO KOHpaliHmMeHma. MNonyyaeTcs, 4To 3/ieMeHTapHbIM 3a-
1 2
pAdom ——e obnapatot d-,s- 1 b-kBapku. Ytobbl 06/1a4aTh BABOE 6O/bLIMM 3apPAA0M Je ucm t-

KBAPKW O0/IKHbI COLEPKATb MO A,Ba 3/IeMEHTapHbIX HOCUTENA 3apaga? Ho npu sTom yTBEpKAAETCS,
YTO KBAPKM HE UMEIOT CTPYKTYpPbl, @ COCTOALLMIM U3 KBAPKOB MPOTOH pa3obpaTh Ha KBapKMK Heb3A —
CBOWCTBO KoH@aliHmeHma («CBo60AHbIX KBapKOB He bbiBaeT!»).

O CTPOeHMM NPOTOHa MOXHO CyAMTb MO NPOAYKTaM ero pacnaga. Mpu aHHUIMAALMM NPOTOHa
M aHTUNPOTOHa Yallle BCero No/y4aroT NOTOK CBOBOAHbLIX MMOHOB M POTOHOB, HanpUMep:

p+p =2nt +2n" +7°.

MpoToHbl 06pa3oBanunck B ropayeit BceneHHow B NapHbIX CTONKHOBEHMAX MIOOHHbIX HENTPH-
HO. BbICOKME KMHETMYecKMe 3Heprm 4acTuu, obecneunmnyu paBHOMEpHOe pacnpeaencHue Konew
HEMUTPMHO MPU BPALLEHUN BOKPYT OCH, KaK 3TO M306paXkeHO Ha pUcyHKe 4.5. B pesynbTaTe CUAbHOMO
B3aMMOAENCTBMA Mexay Konbuamu o6pa3oBanach CBA3KA M3 TPeX YacTWL: OLHOMO 3/EKTPOHA W
[1BYX MO3UTPOHOB. MOTOKM MX 3NEKTPUUYECKUX 3aPAA0B CKNaAbIBAOTCA, TaK UYTO 06LIMIA NOTOK paBeH
+e.
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Yactuubl B NPOTOHE, BEpHEE, HEUTPUHHbIE KO/bL@ PasHbIX YacTuu, obpalleHbl Apyr K Apyry
CBOMMM MNOCKOCTAMM, KaK B doToHe (puc. 3.3). B poToHe 3aaHee BUXPEBOE KO/bLO CHMUMAETCA
NPUCOeAMHEHHbIM BUXPEM MEpPeAHEro U YCKOpAeT ero, obecneunmBas «Urpy BUXPEBbIX KOMELLY.
3p4ecb, B OCECMMMETPUYHOM MPOTOHE KaXKAbl U3 BUXPEN HEWTPUHO MOXKHO CYMTATb «3aZHUMY.
MosToMy BCe KO/ibL,@ CUIbHO CUMAIOTCA K LEHTPY (cm. dopmyny 4.13).

Puc. 4.5. CTpyKTypa NpoToHa

KapTuHa B pa3pe3e CTaHOBMUTCA MOXOXKeW Ha Ty, 4To u3obpaxkeHa Ha puc. 4.6. Tenepb 3T
C)KaTble YacTULbl yXKe Heb3A Ha3BaTb 3/IEKTPOHaMU UKW MO3UTPOHAMKU — 3TO KB8ApPKU d 1 U.

3apAg, KBapKOB, T.e. Macca BbITa/IKUBAEMOIO B CEKYHAY BA0/Ib OCU /Iy4EBOrO NOTOKA rPaBUTO-
HOB, BO3MOYHO, YMEHbLUAETCA MO CPAaBHEHMIO C HOPMabHbIMU YacTMLaMK. DTO MPOUCXOAUT U3-3a
TOro, YTO 06bEM MPUCOEAMHEHHOTO C/I0A NOAA Y KaXKA0M U3 YacTUL, U3-3a CUJIbHOTO CXKATUA YMEHb-
waetcA. NpucoeAnHEHHbIN C/IOM NOAA OXBATbIBAET HE TONIbKO KaKAbl KBapK, a BCIO MX KOMBUHa-
LUMIO B LLe/IOM, T.e. NOJEe BbITA/IKMUBAETCA KOMMNAKTHO CrpynnMpoBaHHbIM BELLECTBOM Hapy:Ky. Bce
KBapPKM OKa3blBalOTCA B «MeLLKe» U3 NOTOKA rpaBuToHoB. OTCl0Aa CTAaHOBMUTCA MOHATHLIM CBOMCTBO
KOHpaHMeHTa. Ecnv paspylumTb 3Ty KOHCTPYKLUMIO, TO CUJI, 0HecneynBalolmx CKaTue 4acTuu, He
byaet. Pasnetatbca 6yayT HEMTPUHO, NMUOHbI, 31EKTPOHbI, MO3UTPOHbI U X KOMBUHaLMK.

Puc. 4.6. KBapKu B NpOTOHE

MNpoaonbHasa macca NnpoToHa coctasaseT 1836 m nam 938,256 MaB. lNMonepeyHaa macca npo-
TOHA paBHa Hyt0. MarHUTHbLIN MOMEHT NPOTOHa GoOpMMpPYETCA HapyKHbIM OBLLMM NpUcoeaUHEH-
HbiM cnoem nonda. CpefHWn pasnyc 3TOrO €08 NOYTU B TPW pasa NPEBbIWAET CPeaHUI paguyc
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BpaLLEHMA LEHTPOB Macc KBapKoB (Ha puc. 4.6 maclwTab He cobatogeH). [osToMy MarHUTHbIA MoO-
MEHT MpoToHa cocTasnfer 2,79 ;. Ecan cHoBa cuntath [y, = e C "1y, TO Paguyc LeHTpa macchl
npucoeaMHEHHOro cnos byaeT paBeH
u ;
7 =-2=310"m
ec

4. 5. MeTtactabunbHble YacTUlbI

Ha ocHoBe npeacTaB/iieHUIt BUXPEBOW MOLENN MOMKHO BOCCO34aTb CTPYKTYPY meTacTabuib-
HbIX 4acTUL: MIOOHOB, MUOHOB, KAaOHOB, TMMNEPOHOB KaK BO36YMKAEHHbIX COCTOAHMIA CTabUNbHbIX
YyacTuu, Ha 6osiee BbICOKMX YPOBHSAX (puc. 4.7).

Puc. 4.7. Cxema sHepreTMYecknx ypoBHe MeTacTabu/ibHbIX YacTuL,

Ecnv pasorHaTb YacTuubl 40 BbICOKMX CKOPOCTEN, TO NPU CTONKHOBEHMAX C APYTMMM YacTULa-
MW OHM NMBO «CAUMAOTCAY, YAEPNKMBAACh 3@ CYET Hamopa Apyr Ha Apyra, 1Mbo pasfneTtaloTca Ha
OCKOJIKM, U3 KOTOPbIX GOPMUPYIOTCA HOBbIE YacTULpbl. « CAMNaHUE» YacTULL, MOMKET BbITb COBCEM He-
ONTUMa/ibHbIM, — TaKOW KOMOK GUKCUPYETCA B KayecTBe «pe3oHaHCca», 3aTeM o4veHb bbicTpo pas-
Ba/MBAeTCA. HO YacTb «C/AMMILMXCA» YACTUL, MOXKET NOAAEPKMBATLCA CPABHUTENbHO A0ro. OHU
UBYT A0 TeX NOp, NOKa BENMKA UX BHYTPEHHASA KUHETUUYECKAA SHEPrua, CO34atoLLan Cubl UHEPLMUMN.
MpY «OCTbIBAaHUU» BCNEACTBME AUCCUMNALMM SHEPTUM COCTaBHbIE YacTULbl pacnagatoTca. JHeprus
YacTuL, yHocuTcA GOTOHAMMU.

MIoOHbI

BONbLWKWHCTBO HECTabUAbHbLIX YacTWUL, NOAYYEHO MPU M3ObITKE MOCTynatowWen SHeprum Ha
MOLLHbIX YCKOpUTENAX 6ombapaAnPOBKOM MULLEHEN MYYKOM 3HEPrMYHbIX YacTmy,. O CTPyKType Yac-
TULU, Mbl MOXKEM CYyAUTb NO NPOAYKTAM UX pacnaga. PaccmoTpum, Hanpumep, BO3MOMKHYHO CTPYKTYPY
MIOOHOB. o CBOMCTBAM MX MOMKHO Ha3BaTb «TAMKEAbIMUY 3/IEKTPOHAMM (NO3UTPOHaAMM) C Maccom
206,7m, n BpeMeHeM KU3HU 2,22-10'6 c. Pacnag miooHoB Hanbonee BepoATEH MO TaKOM cxeme:

u —e- +v~+vu,
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pr et +v+v.

Tak KaK CNUH MIOOHOB paBeH 1/2, To ux CTpyKTypa, BoobLie roBops, NONHOCTbIO NOBTOPAET
CTPYKTYPY 3/1IEKTPOHA. TO/IbKO BMECTO 3/IEKTPOHHbIX HEMTPUMHO BPALLAIOTCA MIOOHHbIE HEWTPUHO
(puc. 4.8). Takaa CTpyKTypa MIOOHa obecrneunmBaeT emy 3HauYMTesIbHOE YBEe/NYEeHUEe U3MepaemMoi
«NPOAOABHOM» MACCbl MO CPABHEHWUIO C 3/IEKTPOHOM.

TaK Kak MIOOH 06/1a43aeT NoyuebiIM CIMHOM, TO OH MOKET PacnacTbCA TO/IbKO HA TPW YacTu-
upbl. MoaTomy Npu pacnaze ogHO M3 MIOOHHbIX HEUTPUHO L0/IKHO PAa3Ba/IMTbCA Ha ABE YacTu: 3/1eK-
TPOH M aHTUHENUTPUHO. MNpPeanonoXKnm, YTO MIOOHHOE HEWTPUHO pa3BasMBaeTcA «3apaHee». Toraa
NnpeAcTaBAAeTcA BO3MOMXKHOWM CBA3KA M3 TPeX YacTul, — NPOAYKTOB pacnaga CTPYKTypbl, M3obpa-
YKEeHHOM Ha puc. 4.8. B ciyyae TakoM CTPYKTYpbl Npu paspbiBe cBA3el pacnag 6e3 BapMaHTOB LWen
6bl Ha CTabUNbHbIE YACTULLbI: MIOOHHOE HEMTPUHO, 3NIEKTPOH U aHTUHEWTPUHO (puc.4.9).

Puc. 4.8. CTpyKTypa MIOOHa

CBA3b B HOBOW CTPYKType Moria bbl OCyLLECTBAATLCA 3@ CYET «BUXPEBOro» B3aMMOAeNCTBUA
BMXPEN MIOOHHOTO HEWTPMHO, aHTMHEWTPMHO U 3NEKTPOHA. Ha puMcyHKe nokasaHo, YTo Hanpas/e-
HWe BpaLLeHMa CoCegHUX BUXPEN oanHaKoBoe. Bce YacTMLbl MMET CKOPOCTb B OAHOM Hamnpas/e-
HWW, Ha PUCYHKE — HanpaBo. ITo obecneymMBaeT A0NONHUTENbHYIO YCTOMYMBOCTb, @ UMEHHO: oce-
BOW BMTOK rPaBMTOHOB 3aMbIKAETCs BOKPYT BCEX YETbIPEX KOMbL,EBbLIX BUXpPEK, 06pasys «MeLlok». B
3TOM «MeLLKe» NPOUCXOANUT KUTPa YEeTbIPeX BUXPEBbIX KOMELy.

Puc.4.9. Bo3mOoXHaA CTPYKTYpa L -MIOOHa

31



OaHako npoao/sibHaA macca Takoro obpasoBaHuMA byaeT 6/1M3Ka K Mmacce 3/1eKTPOHA, TaK Kak
yeTblpe COOCHbIX KOJibL,@ HEUTPUHO UMEIOT Manyto NPoAOAbHYO Maccy. Ha npakTuke Takaa CTpyK-
Typa He peanusyeTcs.

Cellyac M3BeCTEH TaKKe 7-nenToH ¢ maccoit 1784,1 M3B n BpemMeHem XKU3HU 0,3-10‘12 C.
CTpoeHune 7-1enToHa aHaNorMYHO MIOOHY, TOJIbKO BMECTO MIOOHHOTO HEMTPMHO Ha OpbuTe YacTUupl
HaxoauTcA T-HENTPUHO.

HenTpoHbI

Mpu onpegeneHnmn CTPYKTYpPbl HEUTPOHA YYTEM CAeAyoWMNe JAHHbIE:
— cxema pacnaga:n — p +e + v~ csbixogom sHeprumn 0,782 M3B;
— 3apAg HeMTpoHa paBeH HyAto, CNUH s=1/2;
—  MarHuUTHbIA MOMeHT WL = - 1,91, (AnA npoToHa W = 2,791,,);
— 3HayeHMe Pa3sHOCTU Macc: my,-m, = (1,29344 +0,00007) MaB
—  BPEeMmA }KU3HWN HelTpoHa cocTaBnsaeT (917 £14) ¢, 1. e. ~ 15 MmuH.
Mo coBpemeHHbIM NpeacTaBNEeHUAM HEUTPOH COAEPKUT OAMH U-KBAapK M ABa d-kBapka. Ha
puc. 4.10 npusegeHa anarpamma PeliHmaHa ans [B-pacnaga HeMTpoHa Npu ydyactum Taxenoro W -

6030Ha. CunTaetca, YTo NpM 3TOM OAMH M3 d-KBApPKOB MpeBpallaeTcA B U-KBAapK C BblaeseHUEM
3N1eKTPOHA M aHTUHENTPUHO.

u
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Puc. 4.10. Anarpamma PeliHmaHa [3-pacnaga HeUTpoHa

Bo3mOMKHaA CTPYKTypa HEWTPOHa No 3ToM cxeme M3obparkeHa Ha pucyHke 4.11. OyeBuaHo,
YTO B COCTaB HEMTPOHA BXOAAT NPOTOH, INEKTPOH U aHTUHENTPUHO. Pasmepbl HEMTPOHa NpaKTM4ye-
CKM cOBMagatoT ¢ pasmepamum NpotoHa. CnenoBaTesibHO, 3/IEKTPOH U aHTUHEUTPUHO MMELOT BECbMa
BbICOKMeE 3Hepruu (cm. dopmyny 4.13).

Puc. 4.11. Bo3amoKHas CTPYKTypHaA cxema HeMTpoHa
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KOHCTpYKLUMA NPOTOHA HOCUT 3aBEpPLUEHHbIN XapaKTep, OH He MOMEeT BCTPOUTb B CBOMN «me-
WOK» C KBapKamMu OOMOJIHUTE/IbHbIE KO/bL@ HEUTPUHO. MNpucoeanHeHWe 31eKTPOHA K MPOTOHY
BO3MOXHO 33 CYeT 3/IeKTPUYECKOM CBA3KM, KaK B aToMe Boaopoda. Torga obuwmii sneKTpuYecKkuii
3apag 6yaeT paBeH HyAo. Ho npu 3TOM CNUH yBEAMYNTCA 40 eAnHULUbI. MpucoegmHeHne aHTUHER-
TPWMHO C NPOTUBOMOJIOXKHO HAMPAB/IIEHHbIM CMTMHOM YMEHbLUIAET CMUH A0 3HaveHua Mg = 1/2. AHTK-
HENTPUHO HE MOXKET MNOMELLATLCA MEXKAY I/IEKTPOHOM M MPOTOHOM. DIEKTPOH A0/KEH ObITb 3a-
KPbIT OT TECHOIO B3aMMOZAENCTBMA C OKpYKatowen cpegoi. CKOpOCTM 3N1EKTPOHA U aHTUHENTPUHO
NPOTUBOMNONOXKHbI CKOPOCTM NPOTOHa.

OfHaKo TaKas cxema HEMTPOHA, CKopee BCero, He NpUBEAET K [3-pacnagy vyactuubl. PesynbTta-
TOM pacnafa AO/KHbl CTaTb TPU 3n1emeHTa (cnuH pasBeH h/2). Ho anekTpuyeckas cBsA3b NPOYHO
YOEPKUBAET 3NEKTPOH Y NPOTOHA, Kak B 06bIMHOM aTOMe BOLOPOAA.

Mpy NOCTPOEHUM APYroM CTPYKTYPHOM CXembl cneayeTt ucxoamutb us 6onee obwmx coobpake-
HWIA. Pasamepbl HEMTPOHA M NPOTOHA NPAKTUYECKU COBNAAAOT. [10STOMY 3/1EKTPOH M aHTUHEUTPUHO,
BXOAALME B HEUTPOH, UMEIOT BbICOKME 3HEprMn. OHU yAEPHKMBAIOTCA Yy NMPOTOHA B OCHOBHOM 3a
CYeT CU/IbHOTO AaB/ieHMA Ha Hero. N1o3ToMy BNo/IHE BEPOATHOM NPEACTaBASAETCA CTPYKTYpa HEMTPO-
Ha, n30bparkeHHan Ha pucyHKe 4.12.

Puc. 4.12. ipyras CTPyKTypHaa cxema HerMTpoHa

JNEeKTPOH U MPOTOH He MPUTATMBAIOTCA INEKTPUYECKMMM CUMNAMM, HO MX 3apAgbl U CMUHBI
KomneHcupytotcs (cm. puc. 3.7a). IHEpPruyHbIA 3N1EeKTPOH AEUCTBYET Ha MPOTOH CUAOW UHEPLUW.
JHeprMyHoe aHTUHENTPUHO NPUKUMAET NIETKUN SNEKTPOH K MAacCMBHOMY NPOTOHY 3a CYET CBOEro
umMmnynbca. MarHMTHbIN MOMEHT 3N1EKTPOHa ABAAETCA npeobnagatowmm. HanpasneHue ckopocTei
ONs BCeX YacTuu, oAMHAKoBO. [laxKe M3 pUCYHKa BWAHO, YTO MPU TAaKOM CTPYKType HEUTPOH byaeT
npeacTaBaATbCA ANA BHELWHWX B3aUMOALENCTBUI He3apsAKEeHHbIM NMPOTOHOM, TONbKO C Honbliei
MaccoMm.

MpoaonbHaa sHepPrMa NOKOA HEMTPOHA HAXOAMUTCA U3 CYMMbl CNaraemblx:

E) =m,c? + myc® 4+ U,
rae m, — macca NpoToHa, M, — Macca 31eKTpoHa, U — noTeHumasbHasn SHepPrusa 3NeKTPOHa U aH-
TUHENTPUHO. OHa COCTaBAAET IHEPTULO CBA3M, KOTOPAA U BbIAENAETCA NPU pacnaze HENTPOHa.

3amMeTuM, YTO HENTPOH, B OTINYME OT NPOTOHA, 061aAaeT nonepevyHomn sHepruen noKos:

EJ(Z = mvCZ + Ug,
rae ms; — nonepeyHas macca aHTUHEUTPUHO, paBHaa m, /2, Uy — noTeHUManbHaa SHeprusa CBA3n
aHTMHENUTPUHO.

HanpasneHune BpaLLEHMA BOKPYF OCK Y 3/IEKTPOHA NPOTUBOMOJIOKHO OKPYMKAOWMM ero yac-
TMuam. MoaTomy OH OTTaNIKMBAET OT cebs KaK NPOTOH, TaK M aHTUHENTPUHO. KaK TONbKO y aHTUHEN-
TPUHO NPOM30NAET ANUCCUNALLMA SHEPTMM 3@ CYET yHOCA ee GOTOHAMM, HANop yMeHbLKTCcA. Cuabl
OTTa/IKNBAHMA NPEBbLICAT CUNY UHEPUUM, — HEMTPOH pacnageTcs.
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CywHocTb cnaboro B3aMmoAencTBma COCTOUT B MPOTUBOOOPCTBE CUA OTTA/IKUBAHMA U NPUTA-
*KEHMA YacTel cocTaBHbIX YacTuu, CTabunabHOCTb COCTAaBHOM CUCTEMBI SHEPTUYHBIX OTTaIKMBAIOLLMX-
CA YacTuL, NOAAEPKMBAETCA 33 CUET UX BCTPEYHOrO Hanopa noj AencTsmem cua nHepumm. Caasnu-
BatowMm GaKTOpoOM MOryT BbITb TPETbU YacCTULbI, KOTOPbIE CHAPY*KM OKa3blBAlOT CUNOBOE BO3AEN-
cteue. MNpn ocnabneHnn Hanopa 3a CYeT AUCCUNALMM SHEPTUM SIEMEHTbI CUCTEMbI PACTA/IKMBAIOT-
ca. Juccmnauma onpeaenseT Nopor SHEPrun, HUXKE KOTOPOTro NPOUCXOANT pacnag vYacTul,.

Takum 06pasom, 31EKTPOHbI B HEMUTPOHAX HaxoaAaTcA B BO3OYXKAEHHOM COCTOAHUM. OHM
CTPEeMATCA COPOCUTb U3NULLHIOK SHEPTUIO U NEPENTU B OCHOBHOE cocToAHUe. MMeHHO 3TOT dakTop
ABNAETCA NPUYNHON eCTECTBEHHOM PAAMOAKTUBHOCTU A4ep.

MuoHbI

Tpunnet m-me30HOB (MMOHOB) MMeEET OAMHAKOBble CBOMCTBA MO OTHOLIEHUIO K ALEPHbIM
B3aMmoaencTenam. CnuHbl U MarHUTHbIE MOMEHTbI Y HUX paBHbl HyAt0. Ho No cTpyKType 3To pas-
Hble YacTuupl.

HelTpanbHbI T°-Me30H NOYTM BCerga pacnagaetca Ha ABa GOTOHa MyTem 31eKTPOMarHmT-
Horo B3aumogenctemA. Ho n3BecTHO, 4To Ha ABa GOTOHa B MpoLecce aHHUMMAALUKN pacnajatoTca
npv CoyAapeHnn SHePTrMYHbIE 3IEKTPOH M NO3UTPOH. Ha puc. 4.13 nokasaHa KOMBMHAUMA 31EKTPO-
Ha 1 NO3UTPOHA, NPU KOTOPOW 3apAa, CMUH U MarHUTHbIA MOMEHT PaBHbI HYAHO.

Puc. 4.13. CTpyKTypa m°-Me30Ha

3apafoBble NMOTOKM KOMMEHCUPYIOT APYr HA Apyra BHe Yactuubl (cM. puc. 3.7a). CnuH anek-
TPOHaA, T.€. MMHUMa/IbHbIA COBCTBEHHbIA MOMEHT UMMYNbCa, MPOTUBOMOONKEH CMUHY NO3UTPOHA.
O6wWmnit cNUH NMOHA paBeH HyAt0. MarHUTHbLIN MOMEHT CO34aeTCA 3aMKHYTbIM a3MMYTAJ/IbHbIM KPY-
roBbIM NMOTOKOM FPaBUTOHOB. B gaHHOM CnyyYae HanpaB/ieHUA BpPaLLeHMA Koael, BOKPYr OCK YacTu-
Ubl NPOTUBONONOKHbI. OBLMIA MArHUTHbBIA MOMEHT PABEH HYHO.

Mpu pacnage 4acTULbl Macca CTaHOBUTCA PaBHOM Hysto. JHeprua 264,3 m, = 135,057 MaB
pacnpeaenseTca mexay GoToOHaMM. T°-Me30H MO CTPYKType aHanorMyeH aToMy NO3UTPOHMA.

T'-ME30H U T-Me30H — 3TO BO36YX/AEHHbIE MIOOHbI, T.e. MIOOHbI C MPUCOEANHEHHbBIM MIO-
OHHbIM HEMTPUHO. BO3MOXKHAA CTPYKTYpa T -Me30Ha NoKasaHa Ha pucyHke 4.14,

CocTaB T'-Me30Ha aHaNorMyeH COCTaBy HeWTPOHaA, a COCTaB T -Me30Ha aHaorMyeH CocTasy
aHTUHENTpPOHa:

nt - ut v, vy,

A T T A I

MpPW PEKOHCTPYKLMM CTPYKTYPbI T -Me30Ha U TT-Me30Ha Mbl AO/IXKHbI UMETb B BUAY CNeayto-
uee:

—  OHW MMEIOT Hy/1IEBbIE CMIUH U MArHUTHbLIA MOMEHT;
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— OHW pacnafatoTcs Ha YacTULbl MIOOH M MIOOHHOE HEMTPUHO;
—  MHIOH U MIOOHHOE HENTPMHO CPAaBHUTEIbHO NPOYHO CBA3AHbI MeXAY COOOM.
ITnum TpeboBaHUAM ANA ONpeseneHnA CTPYKTYPbl T -Me30Ha YA0BAETBOPAET PACMO/IOKEHNE
MIOOHHOIO aHTUHENTPUHO V,,, n306paxkeHHoe Ha puc. 4.14, ecan |1~ -MIOOH UMeEET KOHdUrypauumio,
n306parkeHHyto Ha puc.4.8.

Puc. 4.14. Bo3MOXKHan CTPyKTypa T -Me30Ha

MpuTaxeHWe YacTul, APYr K APYry OCyLLecTBAsSeTCA 34eCb 33 CYET CMA MHepuuu n cnaboro
BMXPEBOTO B3aUMOAENCTBUA MIOOHHOIO aHTUHENTPMHO U MIOOHA. 33 CYET SHEepPrMn CBA3N NPOAO/Ib-
HaA macca MooHa ysennumsaetca ¢ 206 m, no 273 m,. 3apag MIOOHa NPy 3TOM NOJHOCTbIO COXpa-
HAeTcA.

Mpn HyneBOM CMMHE MUOH AOJ/IKEH PACNACTbCA HA ABe YacTUubl C NONOBUHHBIMWU CMIMHAMM.
Mocne pacnaga macca MiooHa pasBHa 206,7 m.. Mpu pacnage nnoHa macca ybbiBaeT Ha 66,1 m, =
33,777 M3B. dHeprus nepexoanT B KUHETUYECKYIO SHEPTUID MIOOHA U MIOOHHOTO aHTUHENTPUHO.

Mpw pacnage YacTuL, BbINMONHSAETCA 3aKOH COXPaHEHMUA KOMBUHMPOBAHHOM YETHOCTU B C/1abbIX
B3ammogencTemax. Ecam ogHa yactmua BblneTaeT B O4HY CTOPOHY NO JIEBOBUHTOBOM TPAEKTOPUM, TO
Apyraa 4yactuua N1eTuT B NPOTUBONONOXHYH CTOPOHY MO NPaBOBMHTOBOM TPAEKTOPUK. ITO ABAAETCA
NPOCTO BbINOJIHEHMEM 3aKOHA COXPaHEHUA MOMEHTA KOJIMYECTBA ABUMKEHMUA.

F'MnepoHbI

MNonobHbIM 06pa3om Mbl MOXKEM MbITAaTbCA PEKOHCTPYMPOBATb N06YI0 MeTacTabuabHyto Yac-
TMLY MO ee CBOMCTBAM M NPOAyKTam pacnaga. PaccmoTpum, Hanpumep, cnocobbl pacnaga CTpaHHO-
ro A° -runepona (3apsg e=0, cnvH M,=1/2):

A° —>p+T

/\Z Sp+ li__ + v:u

N >pt+te +v,

N> n+y.

Mo npoayKTam nepBoi CXembl pacnaja ACHO, YTO 3Ta 4acTULA COCTOUT M3 NMPOTOHA U T -
Me30Ha, Kak u306parkeHo Ha puc.4.15. Bo BTOpOWM cxeme pacnaga Mbl BUAUM, YTO NMU-ME3OH YiKe
pacnasnca Ha MIOOH M MIOOHHOE aHTUHEUTPMHO. Kak 0Obl4HO, OTHOCUTENbHAs MPOYHOCTb CBA3EN
MeHbLLE NPOYHOCTU 31EMEHTOB.

Ecnun npocTo cnoXuMTb Macchbl NPOTOHA U T -Me30Ha, To noayumm 1836,15 + 272,80 = 2108,95
B eAnHMLAX M.. M3mepeHHaa macca /\O-rwnepOHa M = 2182,4 m.. SHeprua ceasu coctasnaaet 73,45
m. = 37,584 M3B. OHa BblgenseTcs Npu pacnage YacTuubl B BUAE KMHETUYECKOMN IHEPrMmM NpoToHa
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N T -me30Ha. Mpu ganbHelwem pacnage m -me30Ha Bblaensetca 33,9 MaB. lMNpu pacnage miooHa
Bblaennerca 37,6 MaB aHeprun. OKOHYaTeNbHbIM 6anaHC NOAHOrO pacnaga rMnepoHa:

— Ha4vasbHaA macca nokosa 2182,4m. uaun 1115,2 M3B;

— KOHeyYyHas macca nokos (1836,15 + 1)m, = 1836,15m, = 938,27 M3B;

— BblAenIeHHan aHeprma nsnyyenma 176,93 MaB.

Puc. 4.15. CTpyKTypa runepoHa

Takum o6pa3om, aHaNM3nPya CXeMbl pacnaga YacTul, MOXKHO PEKOHCTPYMPOBATb UX CTPYKTY-
py. Bce meTactabuibHble YacTULbl NPeACTaBAAOT cO60i Habopbl U3 CTabUNbHLIX GyHOAAMEHTAb-
HbIX YacTUL,: HEMTPUHO, SNEKTPOHOB, MPOTOHOB M MX aHTMYACTULL. ITM Habopbl yAepPKMUBaIOTCA Ka-
KOe-TO BPemsa B OCHOBHOM 3a CYET CU/1 MHEPUUN Yem CNoXKHee COCTaBHbIe YacTuubl (Yyem bonblue y
HUX BHYTPEHHAA 3Heprua), Tem 6onee OHM HeycToMumBbl. lMpegnonaraemble Y4acTULbl C OYEHb
60/1bWOM Maccoit (Hanpumep, rMMNOTeTUYECKME YacTMLbl XUrrca) BPSAL M MOTYT CyL,ecTBOBaTb Ka-
KOe-To 3aMeTHOe Bpems, A0CTYyMNHOoe ANA UX HabaoaeHus.

5. MopenupoBaHMe B3aumoaemcTtBmm

5.1. Mpumep Moaenu CUNbLHOro B3aumMoaencTBuUA

B npegblaywux pasgenax 6bina onucaHa BuxpesBas Modenb ¢yHAAMEHTa/bHbIX U MeTacTa-
HUNbHBIX YacTuL,. Ho B3aMMOAENCTBME MX C OKPYXKaloLen cpeaoi OCyLLeCTBASETCA TONbKO Yepes
NpPMCoeaMHEHHbIN CNOI rPaBUTOHOB. B KauecTse Npumepa CUAbLHOIO B3aMMOAENCTBUA PACCMOTPUM
060/104EYHYI0 CTPYKTYPY A4ep aTOMOB.

HYK/MIOHbI, KaK U 3/1eKTPOHbI, — YacTULbl CO cnMHOM h/2, oHM noaumMHADTCA cTaTUCTMKe dep-
Mu-[Mpaka M NpuMHUMNAM 3anpeTa, T.e. He cauBatoTca. Mbl npeanonaraem, Yto CTPyKTypa aAapa
CXO/ZlHa CO CTPYKTYPOM 3/71eKTPOHHOMN 060104KK. [lpyrMMmn cnoBamu, BHYTPU AApa CyLLecTByeT TaKas
e lMNepuogunueckan cuctema, Yto U CHapy»Ku ero (puc.5.1).

3HauYeHMA KBAHTOBbIX YMCEN HANPAMYH NOACKA3bIBAOT CTPYKTYPY AAEP U 3NEKTPOHHbIX 060-
NoYek aTomoB. PacnpegeneHne NpoTOHOB B SAPE U 3/1IEKTPOHOB B aTOME AO/IKHO 6biTb CUMMET-
puyHo. MpPOTOHbI AApa pacnonaraoTca Ha chepuyecknx nosepxHocTax (060/104Kax) B ABYX LIAPO-
BbIX CEKTOpaX Mo OA4HOM OCUM KOOPAMHAT, HEMTPOHbI COBMpPatOTCA B ABYX LLAPOBbIX CEKTOPAX No ApY-
roil 0OCM KoopAMHaT. YacTuubl MPUTATMBAIOTCA APYT K APYrY 3@ CHET CUIbHOTO B3aMMOAENCTBMA.

OCHOBHOW MPUHUMN NOCTPOEHUA aHCaMbs HYKNOHOB AApa (a Aanee M 3N1eKTPOHOB aToMa) —
MWHUMU3AUMA MOMEHTa MMNy/abca aHcambns. Pasbepem npuHUMn GOPMUPOBaAHUA AApa Ha NpU-
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Mepe BEePXHEro LWapoBOro CeKTopa NpoToHoB. Ha nepBoi 060/104Ke yMeLaeTcs TO/IbKO O4MH Npo-
ToH 1S. Ha BTOpO 060/104Ke ecTb MecTo ANA YeTbipex NPOoToHOB. OANH U3 HUX (2S) pacnonoxKeH Ha
oCK, a TPU NPOTOHA (2/+1=2*1+1=3) 3aHANM MeCTO Ha 3TOM e 060/1I04Ke BOKPYr Hero. Pasmepsbl Hy-
KNOHOB TaKOBbI, YTO cBOOOAHOro MecTa, Hanpumep, AAA YeTBEPTOro 2P-npoToHa yKe HeT.

CMMMETPMYHO YCTAHaB/IMBAOTCA MPOTOHbI B HUXKHEM LUAPOBOM ceKkTope. TpeTba 060/104Ka
NO3BOAET YCTAaHOBUTb MeXAYy 0CEBbIM 3S-MPOTOHOM M FPaHMLAMM LIAPOBOro CeKTopa no Aga npo-
TOHa. [epByl0 KPYroByto LLEeNOYKY COCTaBAAT Tpu 3P-NPOTOHbI, @ BTOPYIO KPYroByto LLEMOYKY CO-
cTaBAAwT nATb (2/+1=2*2+1=5) 3D-npoToHoB. YeTBepTasa 060104YKa NO3BOASAET YCTAHOBUTbL AOMOA-
HUTEeNbHO cemb 4F-NPOTOHOB B TPeTbio KPYroByto Lenoyky. LLlapoBblie cekTopa NpOTOHOB BpaLatoT-
CA BOKPYT BEPTUKA/IbHOM OCK B pa3Hble CTOPOHbI.

YNaKkoBKa HYK/IOHOB B Agpe, BoobLLe roBops, A0MKHa ObiTb NAOTHOM, 4YTODObI 0b6ecneunTb
CUNbHOEe B3ammogencTeue. JlyyeBble MOTOKU 3NEKTPUYECKOTO NOASA MPOXOAAT OT HUMKeNexKalmx
NPOTOHOB Yepes Bbllenexalme. Ha Bbixoge n3 aapa NOTOKU MMEKT CYMMAPHYO MHTEHCUBHOCTb
BCEX 3aPAA0B MPOMEKYTKA.

Puc.5.1. Cxema pasmeLleHUA HYKJOHOB B Agpe

AHaNorMyHbIM 06pa3oM NPOMCXOAMT YNaKOBKA HEUTPOHOB B MPaBOM U 1€BOM LLAPOBbIX CEK-
Topax. LLlapoBble ceKktopa HEWTPOHOB BPALLAOTCA BOKPYr FOPU30OHTa/IbHOW OCKM TaK)Ke B pasHble
CTOPOHbI.

Ha pucyHKe 5.2 nokasaHa mogesnb sapa aToma Kucaopoaa. M3 pucyHKa BUAHO, YTO AP0 KU-
cnopoda npeacraBnseT cobol cuctemy HYKOHOB B BUAE YETbipex LapOoBbIX CEKTOPOB, COeAMHEH-
HbIX Ol-4acTULLEen.

Puc.5.2. Aapo atoma Kncnopoga
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MpoToH pl ABNAETCA OCHOBAaHWEM AN BEPXHEro LapoBOro CeKTopa NPOTOHOB. MPOTOH p2
AB/IAETCA OCHOBAaHMEM A5 HUMKHEro CeKTopa NPOTOHOB. MXx 3apagoBble TPyOKM HamnpaBieHbl OT
LEeHTPa no ocu z. Ha Bbixoae NPOTOHOB p3 1 pd 3/1eKTpOoCTaTUYECKOe Nojie UMEET ABONHYIO UHTEH-
CMBHOCTb (3apag, 2e).

LLIapoBble cekTopa ¢ npoToHamu pl, p3, p5 u p7 un c npoToHamu p2, p4, pb n p8 BpalLatoTcA B
pa3Hble CTOPOHbI BOKPYT BEPTMKaNbHOM ocn NpoToHoB OZ. [1Ba Apyrux LWApOBbIX CEKTOPA C HENTPO-
Hamu n1, n3, n5 u n7 1 c HenTpoHamm n2, N4, n6 1 N8 TaK»Ke BPaLLAOTCA B Pa3Hble CTOPOHbI BOKPYr
ropu3oHTaNbHOM OcK HenTpoHos OY.

Aapo B uenom nmeet chepuyeckyto opmy. MNMPOToHbI B AgpPE pasMeLLatoTca Ha NPOTMBONO-
JIOXKHbIX Nontocax chepbl. TaK e ypaBHOBELLIMBAKOTCA U HEUTPOHbI. CUMMETPUA B PACMONIOKEHUN
HYK/IOHOB NPUBOAMUT K TOMY, YTO OCKOJIKM NpU pacnage nmeroT 61M3Kne maccol.

5.2. Mpumepbl 3M1eKTPOMarHMTHOro B3aMMoAencTBUA

Mpumep 1

B BUXpeBoOi mogenun y aapa HeT LLeHTPaNbHO-CUMMETPUYHOIO 3/1EKTPUYECKOro noad. Het m
npob6aembl SKPAaHMPOBKM AA4PaA, HANPUMEP, OAHUM BPALLLAIOLWMMCA N0 YA3NEHHOW opbute aneKTpo-
HOM B aTOMe BOA0POLA — BEeAb AaTOM AOJIKEH ObITb HEWTPasibHbIM. ATOMbI 06pa3ytoTcA NPU 3ambl-
KaHUKU 3apAd0oBbIX BUXPEBLIX TPYOOK MPOTOHOB W 3/IEKTPOHOB. JNEKTPUYECKME CBA3M MPU ITOM
MO/HOCTbIO HACbILWAKOTCA.

KoHourypauma anekTpoHOB B aTOMe NOBTOPAET KOHPUIypauUM0 HYKNOHOB A4pa. DNEKTPOHbI
bopMUPYIOTCA Ha BIOXKEHHbIX APYr B Apyra cemu cpepuyeckmx obonoukax. MosHas sHeprus anek-
TPOHOB Ha 060104YKax MOCTOAHHA. DIEKTPOH BpPaLLAETCA BMECTe C A4POM MO 3aKOHAM ABUKEHUA
TBEpAoro tena. Tem cambim BOMPOC O LEHTPOCTPEMUTE/IbHOM YCKOPEHUN U U3YYEHUU MPU 3TOM
YCKOPEHUM CHUMaeTCA.

Ona npumepa Ha puc.5.3 npeacraBneHa CTPYKTypHaA cxema atoma Kucaopoaa. Aapo Haxo-
anTca B TouKe O, KaXKAbl 9N1EKTPOH yAepKMBaETCA AAPOM C MOMOLLbIO 3apsAA0BOMN BUXPEBOMN TPYO-
KM, KaK KOCMOHABT C Kopabsiem. 3apaaoBas TpybKa NoxoXKa CKopee He Ha »Kese3HbI CTEPXKEHD, a
Ha PE3UHOBBIN XKIyT.

Puc. 5.3. dnekTpoHHas 060104Ka aToMa KMCnopoaa

OneKTpoHbl el - e4 pacnosoxeHbl HA ocn OZ 1 Haxo[ATCcA B S-COCTOAHMKM. OHKM BpaLatoTCcA
TO/IbKO BOKPYT CBOEW OCU. dNeKTPOHbI €5 — e8 HaxogATca B p-cocToAaHMU. OHM BpaLLaloTcA BOKPYr
ocn OZ no opbuTam, NOKasaHHbIM CM/IOWHbLIMU AUHUAMMW. YT10BaA YacToTa opbuUTasbHOIO Bpalle-
HWA OAMHAKOBA ANA BCEX 3/1eKTPOHOB Ha AaHHOM 060n04YKe. Ha yKasaHHbIX opbuTax MOXKHO pas-
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MECTUTb eLle No ogHOMy 31eKTPoHy (€9 u el0), yutobbl o6o04Ka Obina 3amKHyTON. OTCYTCTBUE
3N1eKTPOHOB B 060/104KE MOXKHO PACcCMaTPMBaTb KaK «AbIPKMU», COCTOAHUA KOTOPbIX ONpeaensercs
TEMM Ke KBAHTOBbIMW YNCNAMM, YTO U COCTOSIHUE OTCYTCTBYHOLLMX SEKTPOHOB.

3ameTnm, YTO ec/in BCe 3NeKTPOHbI Ha ogHOM "nosntoce" aToma BpaLLaloTcA B O4HY CTOPOHY,
TO OHW MPUTATMBALOTCA APYr K APYry CBOMMW MOAAMU MO MEXAHU3MY CU/IbHOIO B3aMMOLENCTBUA.
MoaTomMy 3Heprva CBA3M 3/1EKTPOHOB BO3pAcTaeT Mo Mepe 3anosHeHUA 060N0YKU. INEKTPOHHbIe
KOHOUIypaLUnmM MHEPTHbIX rasoB 06/1a4atoT 0coboi ycTonumnsocTbio. C 3TUM CBA3aHA XMMMYeECKan
YCTOMYMBOCTb 3TUX 3/IEMEHTOB.

Mpy pekombuHaUMKM nNocie 3amblKaHMA 3apAA0BbIX BUXPEBbIX TPYOOK 3/MEKTPOH YCKOPEHHO
OBUXKETCA MO HanmpaBAeHWIo K A4py, "Magaa” Ha Hero, Kak KameHb Ha 3emto. AHHUTMANPOBATb
NPOTOH M 3/IEKTPOH HE MOTFYT, TaK KaK Mpu CONMMKEHUN OHU OTTANIKMBAOTCA APYr OT Apyra NoAsMM
nNpucoeaMHEHHOTO CNOSA.

MoMEeHT umnynbca cBoHOAHOrO 3/1EKTPOHA CBA3AH C €ro KMHEeTMYEeCcKon aHepruelnt E=Mw/2.
Mpy YCKOPEHHOM ABUMKEHUWN K AAPY NPOUCXOAUT AOMOJHUTENIbHAA PAaCcCKPyTKa HEMTPUHHBIX KoJew,;
KMHEeTMYecKana 3Heprua nocTynaTenbHOro ABUMKEHWA MpeBpallaeTcA BO BHYTPEHHIOW BpalaTesb-
HYIO 3Hepruto. Mocne TOPMOXKEHMA 3anaceHHas 3/1IEKTPOHOM 3HEPTUsA BPaLLEHUA HENTPUHHBIX KO-
Nlew, YaCcTMYHO MM NOIHOCTBIO NepeaaeTca NPoeTaloWMm Yepes HUX GOTOHaM.

Mpumep 2

CoegnHeHWe aTOMOB B MOJIEKYlY MPOUCXOANT TaK, YTO MX CMUHbI B3aMMHO KOMMEHCUPYIOTCA.
CnepoBatenibHO, A0/KHbI ObITb CU/bI, KOTOPbIE NPUTATMBAIOT APYr K APYry aTOMbl C MPOTMBOMO-
JIOXKHbIMM CMMHAMM U YOEPXKMBAOT X B HOBOM 06pa3oBaHMM. TakMe CU/bl CO3430T BHELWHME
3/IEKTPOHbI aTOMa N0 MEXaHU3MY CUAbHOTO B3aMMOAENCTBUA.

Ha puc.5.4 nokasaHbl ABa 3/1eKTpoHa el 1 e2 BHeWHe 060/104KM, Hanpumep, aToma KUCo-
poAa, Mexay KOTOPbIMWU eCTb NPOMEKYTOK.

Banewruwit mekrpon el " Baewmuii ERTPOH ¢2
Puc. 5.4. BctpanBaHue atoma H B 31€KTPOHHYI0 060/104KY

CnuHblI aTOMOB Hamnpas/fieHbl BBepX (Hapyxy oT aapa). Echm momeHT npubnamsmslieroca K
3TUM 3/1eKTPOHAM aTOMa BOZOPOAA HanpaB/ieH BHM3, TO BUXPEBbIE MOTOKM 3NeKTPOHOB el un e2
(noKasaHbl NYHKTUPHbIMKU CTPENKaMK) NPUTATUBAIOT K cebe COOTBETCTBEHHO /IeBOE W NpaBoe KoJlb-
L3 3/1eKTPOHa aToMa BoAopoaa. B pesynbTaTe aTom BoLOpoaa POKyCMpYeTCa N yCTaHABAUBAETCA B
NPOMENKYTOK MeXAY INeKTpoHamu el n e2.

Ecnn BmecTo aToma BOAOpPOAa K 371eKTpoHam el n e2 npubamsuTca gpyroi atom, To B Npo-
MENKYTOK MeXAy 3/1eKTPOHaMKN YCTaHOBUTCA BHELWIHWIM 3/1EKTPOH 3Toro atoma. Cam atom byaet
YOEPXKMBATLCA BO3/1E KUCNOPOAA BUXPEBOM 3apsa0Bo TPYOKOIA.

Ons npumepa Ha punc.5.5 npuBegeHa CTPYKTYpHaa cxema MosieKyibl okemuaa yrnepoga CO,.

Yweglme K aTomam-akuentopam (aTomam KUCN0POAa) 3/EKTPOHbI MPOAO/IKAOT YAEepPHKU-
BaTbCA A4POM aTOMa-A0HOpPa (aTomMa yr/ieposa) 3NeKTPOCTaTUYECKM C NMOMOLLLbIO BUXPEBbIX 3apAL,0-
BbIX TPYOOK.

Mocne nepexoga 3NEKTPOHOB OT JOHOPA K aKLLEeNTopam NO KOHPUTrypaumm BHewWHe 0b6oa0u-
KW Yyrnepog CTan reJiuem, a KUCNopos CTan HEOHOM. DHeprus cBAsn yHeceHa ¢oToHamu. PaccTosn-
HUE MeXAY MONIEKY/TaMMN HA PUCYHKE OCTaBAEHbI TAKMMM, KaKMMK OHM Bblin [0 Nepepacnpesene-
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HNA 91EKTPOHOB, yTObbI MOKa3aTb UcxoaHble No3numMmn Yactuy,. PeanbHO aToOMbI B MOJ1IeKy1aX ynako-
BaHbl A4OCTATOYHO NJZIOTHO.

Puc. 5.5. ObpasoBaHue monekynbl CO,

Takum obpa3om, saapa aTOMOB He y4acTBYIOT B 06pa3oBaHMM MONEKY/. DNIEKTPOHbI He Npo-
BOAAT YaCTb BPEMEHW BO3/1e 04HOro A4pa, a APYryto Y4acTb BPEMEHM — BO3/e APYroro Aapa. dfekK-
TPOHAM He HY}KHa CUHXPOHM3ALUMA C ABMKEHUAMM MHOMKECTBA APYrUX YacTuL,. DNeKTpUYecKme caaA-
31 B HEWTPaA/IbHbIX aTOMax HacblweHbl. O6pa3oBaHME MOJIEKY NPOUCXOAMT 3a CYET Nepexoaa Ba-
NEHTHbIX 3/IEKTPOHOB OT aTOMa-Z40HOPa K aTOMY-aKLENToOPY CUAaMU BUXPEBOTO B3aMMOLENCTBUS.
YCTOMUYMBOCTb MOIeKyN obecneymBaeTca 3/1€KTPOCTaTUYECKMMM CBA3AMM MeXAy aTOMaMu C MOMO-
b0 BUXPEBbIX 3apPAL0BbIX TPYOOK.

5.3. MogenupoBaHue B3anmoaencTeus OTOHOB C BELECTBOM

Mpu pekoMbMHaLMM 3/TIEKTPOH YCKOPEHHO «NagaeT» Ha NPoOTOoH. [loc/ie 0CTaHOBKK 3/1EKTPOHA
€ro HeWTPWHHbIE KOAMbLa NPOAO/KAKT KPYTUTbCA. ITa 3Heprua npossadeTcA B BUAe AaBAeHUA
3N1EKTPOHA Ha NpenaATcTBMe. IHepPrus Bo3OYKAEHHOIO COCTOSHMA nepesaetca GOTOHAM M YHOCUTCA
UMW B BUAE U3NYYeHUA.

PaccmoTpum noppobHee B3aMMOAENCTBUE 3/1EKTPOHA ¢ doToHamu. Celtyac obLLENPUHATO yT-
BepXAeHue, YTo NPU NOrNOLLLEHUN CBETa aTOMOM GOTOH «MCYe3aeT», a NpU M3nyyeHnn ceeta GOTOH
«porKaaeTca» aTomom. Ho ¢oToHbI He ymupatoT. Koraa roBopsaT, 4To GOTOH OTAan BCHO CBOKO 3HEp-
M0, TO 3TO 3HAYUT TO/IbKO, YTO GOTOH HAaXOAUTCA B OCHOBHOM, @ HE B BO36YKAEHHOM COCTOSHUM.

Ha Kaskzablit 91eKTPOH BO BceneHHo npuxoamtes ~10° GoToHOB. M03TOMY 31EKTPOHbI OKPY-
¥eHbl CO BCEX CTOPOH NETALWLMMM CO CKOPOCTbIO CBETa GOTOHaMM Pa3HOMN SHEPrUnU. DNEKTPOHbI ANA
CBETOBbIX GOTOHOB ABASOTCA NPENATCTBMEM: PA3MEPbI 3TUX YaCTUL, O4HOTO nopsAgKa. MNycTb ¢ anek-
TPOHOM B aTome Bogopoda cbaukaerca ¢GOTOH, HaxoAAWMINCA B OCHOBHOM COCTOSHMW. Toraa
KO/IbLLO HEMUTPUHO B 3/IEKTPOHE MOZ LENCTBMEM CWJbI, MEPNEHAMKYAAPHON MAOCKOCTU KO/bLa,
paclwmpsetca (puc.5.6).

3Ta cuAa, Kak NOKa3aHO Ha PUCYHKe, 3aCTaB/seT TOPOULA/bHBIE BUXPU B KaXK40M Nonepey-
HOM CEYEHUWN NepemMelLaTbCA B NPOTUBOMOJIOXKHbIX HaNPaBAEHUAX B MNOCKOCTU KobLa. POTOHHbIE
Ko/ibL,@, HAa0bOopPOT, Nog, AeVCTBMEM BUXPEBOrO MOTOKA 3/1EKTPOHA NOC/e[0BaTeIbHO APYr 33 APY-
rOM YMeHbLLAIOT CBOM pa3mep M NPOXoAAT Yepes BHYTPEHHee OTBEePCTUE KO/bLA HENTPUHO.

Hanpamiense cin
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Puc. 5.6. PaclumpeHmne Ko/ibL,EBOro BUXPA HENTPUHO B 3IEKTPOHE
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Ha pucyHke 5.7 nokasaH 1eBOBUHTOBOM (HOTOH, NETALLNIM BOAOTOHKY 3a 3/1eKTpoHoM. lNpaBo-
BMHTOBble GOTOHbI TaKKe OyayT NPUTATMBATBLCA K 3/IEKTPOHY CUJIbHBIM B3aUMOAENCTBUEM, €C/N
TONbKO OHW NEeTAT HaBCcTpevy Apyr apyry. PoTOH nonagaeT BHYTPU HEUTPUHO BO BpallatoLLyoca
cpefy — NPUCOEAMHEHHbIN K HEMTPMHO BMXPb NondA. None poToHa pacKkpyymBaeTca B 3TOM BUXPeE
nosem HENTPUHO 3/1IEKTPOHA NO MPUHLMMY «OT FOPAYEro K XOJ04HOMY», T.e. MOKa UX CKOPOCTU He
cpaBHAatoTcA. MMepegaeTca He UMMNYAbC, @ MOMEHT MMNYAbCA, Tak YTO GOTOH yBENMYMBAET TONBKO
CBOIO MonepeyHyto sHeprmio. Ha npogonbHoe ABuxkeHne GoTOHA nNpouecc NOANUTKM SHepruen He
B/INAET.

[poron

Puc. 5.7. Nepenaya momeHTa OT POTOHA 3/IEKTPOHY

OCTaBLUYHOCA 3HEPTUI0 INEKTPOH MOMKET MoCcnefoBaTe/IbHO nepenasaTb APYrMM ¢GOTOHaM.
AHaNOrMYHO NPOXOAUT UHBEPCHBIN NPOLECC BO3BYKAEHMA NEKTPOHA SHEPTUUYHBIM HOTOHOM.

5.4. Oudbpakuma yactumy

Mpwn aHanuse gnudpaKkuMM CBETA M YACTUL, Mbl BbIHYXAEHbI NPUMMCLIBAaTL UM 40 ANPpPaAKLUMU-
OHHOW PEeLleTKM KBAHTOBbIE, KOPMYCKYASPHbIE CBOMCTBA, @ NOC/AE MPOXOMXKAEHUA PELIETKN — BOJI-
HOBble CBOMCTBA. Buxpesaa mogenb No3BOMAET HAM OCTaBaTbCA Ha OAHOW TOYKe 3peHuda. Kaxaoe
dusnyeckoe ABNEHUE B CBOEM OCHOBE MEXAaHUCTUYHO, OCHOBAHO Ha CBOMCTBaX PpU3MYECKUX 0OBEK-
TOB. Ecnm 6b1 YacTuubl 6blnM BECKOHEYHO ManbiMU TOYKaMU, TO AndpaKkumnm bbl He bbio. Ho yacTu-
LUbl MMEIOT KOHEYHble pasMepbl — MMEHHO B 3TOM MpPUYMHA OrMbaHMA YacTULAMWM MPENATCTBUMA
(pnc.5.8). Te yacTuupl, KOTOPblE «BMMUCbIBAKOTCA» B pasmep OTBEpPCTUA, MPOXOAAT 3a OTBEepCcTUE No
npsimoi. Ecnm ueHTp macc YacTuubl NPOXOANT B OTBEPCTUE, a Kpali 3aZleBaeT 3a nperpaay, To yac-
TMLA Pa3BOPAYMBAETCA U YXOAMUT 3@ OTBEPCTME NOL YINIOM O K MepPBOHAYaIbHOMY HanpaBAeHWUIO.
Yron OTKNOHEHWS 3aBUCUT OT IHEPrMK YacTul, B Nagatolem MoTOKe U pasmepa oTeepctua. Ecam
pa3mep OTBEPCTUA MOYTU PaBEH PasMepy YacTul, TO NMPaAKTUYECKM BCe YacTuupbl ByayT OTKAOHEHbI
(3a akpaHOMm byaeT HabnwaaTbeca «nonychepuyeckan BosiHa»). B atom cnyyae yron nosopoTa yac-
TULbI 0L MOKET A0X0AnTb A0 90°.

Punc.5.8. OrnbaHune yactuamm NpenaTcTBui
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PaccmoTpum Hanetalowmii NoTok GOTOHOB (MM 31EeKTPOHOB) Ha oTtBepcTue (pwuc.5.9). Ou-
bpaKkuMoHHaA KapTMHa BO3HMKaeT NpW B3aMMOAENCTBUM BMXpA GOTOHA € Kpaem nperpagpl. Kak
06bI4HO, pasmep OTBEPCTUA MOIOKUM COM3IMEPUMBIM C PAa3MEPOM YaCTULbl MU MajibiM MO CpaBHe-
HUIO C PAaCcCTOAHWEM OT Nperpagbl 40 3KpaHa (Ha pUCyHKe MaclwTab He BblaepyKaH).

Hanetatowuin ¢oToH MMeeT HanpaBAeHHbIK MMNYAbLC Py. [Py CTONKHOBEHMM C Kpaem nperpa-
Abl No4 AeUCTBMEM CUAbl YNpyrocTn F BUXpb HauMHaeT BpalwaTbCA BOKPYr TOYKKU B, n3meHAA Ha-
YasibHbI MOMEHT. [MoNoXKeHNe BUXPA MOCAE MPOXOXKAEHMA OTBEPCTUA M300pPaXKEHO HA PUCYHKE.
MomeHT npmnobpen coctaBnaowyo Baonb ocn OX 1 ctan paBHbIM p. [0 3aKOHY cOXpaHeHUsa Mmo-
MeHTa UMMYJIbCa CKOPOCTb U3MEHEHWNA MOMeHTa M paBHa MOMEHTY AENCTBYIOLLUX CUA:

M _ = ==

Py N =[D X F].

roe D— AnameTp KosbLeBon ocu GOTOHHOTO BUXpA. MNepenuniuem ypasHeHWe B BUAE

AM=D-F-At=D-Ap =D "p,.

Puc.5.9. MexaHnam audpaKkumm BUXPEBbIX YacTuL,

M3meHeHMe MOMeHTa 06YCN0BAEHO M3MEHEHMEM MMMYNbCA YacTULbl. MMNyabC py Mbl cunTa-
€M HEeM3MEeHHbIM, @ U3MEHEHWE UMMY/bCa COCTOUT B AobaBKe cocTaBasOLWEN py. HO momeHT ¢o-
TOHHOrO BMXpA KBaHTyeTca: AM = hm (m = 1,2, ...), a px = p sin 0. OKOHYaTeNbHO 3anuwem ycno-

Bue boKoBoro MaKCMMyMa
hm

sing = —,
Dp
rae m=1,2,.., p — NPOAOAbHbIN UMMYAbC YacTUlbl, D — agnameTp Topa. [laHHOE BblpaxKeHne

MOXHO 3anucaTb 1 B BOJIHOBOM BUAE, y4MTbIBadA, 4To A = 21th/p:

. Am

sing = —.

2D
OndpaKkuma yactmu, obycnosneHa KBaHTOBaHMEM UX MOMEHTA MPU B3aMMOAENCTBUU C Kpas-

MW Nperpagbl.

5.5. MogenunpoBaHue cnaboro B3anmMoaencTeus

B cnabom B3aMmoZeNCcTBUM y4acTBYHOT BCe GyHAAMEHTAIbHbIE GEPMMOHBI (IENTOHBI M KBap-
KM1). 3TO eANHCTBEHHOE B3aMMOAENCTBME, B KOTOPOM YYacCTBYIOT HENTpUHO. Cnaboe B3aMmoaencT-
BME MO3BOJIAET JIENTOHAM, KBAapKam M MUX aHTUYACTULAM OOMEHMBATLCA IHEPrUE, MACCON, Snek-
TPMYECKUM 3aPALOM M KBAaHTOBbIMM YMC/IAMWN — TO €CTb NPEeBPaLLaTbCa APYr B Apyra.

[lnA npumepa COCTaBMM BUXPEBYIO MOAE/Nb KOPOTKOMMBYLLETO HeWTpanbHoro KO-mesoHa,
pacnag Kotoporo obycnossieH cnabbim B3aumogelicteuem. C 60nblON BepoATHOCTbIO (69%) OH
pacrniagaeTca Ha Tt -me30HbI. Bpema XnsHu coctasnser 1-10™ ¢, a macca 497,8 Mas (974,7 m,,).
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CornacHo KBapKoBoi mogenu KO-me3oH cogepuT d-KBapK U s-aHTUKBapK. Clef0BaTenbHO, U BUX-
peBan Mo4eNb AO/IKHA COAepKaTb ABe YacTuubl (puc. 5.10).

AHanM3 cxeMbl pacnaga no3BoafeT NPeACTaBUTb HENTPanbHbIN K 0-Me30H B BUAE CBA3AHHbIX
aNeKTpocTaTnyeckn +-me3oHa u T~ -me30Ha (Ha puc. 5.10 cnpaBa M cieBa COOTBETCTBEHHO). Ha

SHEepPruio cBA3WN ABYX NMMOHOB B KO-me3oHe NPUXoANTCS

E, =4978—(2-279,14) = 218,66 M3B.

Ha pucyHKe xopolo BMAHA NPUPoLa MeTacTabuabHbIX YacTul, HanpaeBneHusa ToponaanbHbix
BPALLEHNI MIOOHOB MPOTUBOMOJIOXKHbI. BUXpWU NPUCOEAMHEHHbIX CNOEB MPAaBUTOHOB OTTA/NIKMBAIOT
MIOOHbI ApYr OT Apyra (cuabHoe B3aumogenctame). NMpUTArnBaloTCa OHWU 4PYr K APYry 3/eKTpomar-
HUTHBIM B3aumogeicTenem (e'e’) 1 BCTPeUHbIM AaBAEHMEM ME30HOB ApPYr Ha Apyra 3a cyeT cun

NHepuuKn. ITUM NoaaepunsaeTtca cTabunbHocTb K2-me3oHa. Ho okpysKatowme HEMTPMHO 1 GOTOHBI
YHOCAT SHEPIUI0 ME3OHOB MO ONUCAaHHOMY Bbille MexaHn3my. Hanop yactuu, apyr Ha gpyra ocnabe-
BaeT. [puUTAXKeHWe CTAaHOBMUTCA clabee, YeM OTTA/IKMBAHME. DNEKTPUUYECKUX CMA XBATUAO Obl ons
YAEPKaHUA OANHOYHbIX 3/IEKTPOHOB, HO HE ANA TAMENbIX MMOHOB. IHEPIrUA CBA3U MOKa3blBaeT No-

pOroBoe 3HauyeHWe 3HePrMm Me3OHOB, HMXE KOTOPOro HacTymnaeT UX pacTaskuBaHue, pacnag KO-
Me30Ha. Pum3myeckan cywHOCTb cnaboro B3aumoaencTemA 3akao4daeTca B banaHce CUA NpUTAXKe-
HWA U CUN OTTANKMBAHWUA.

Puc. 5.10. HeliTpanbHbIn KO-me30H

YBEeANUUTb BPEMA KM3HN MEeTacTabuabHbIX COCTaBHbIX YaCTUL, MOMKHO HECKOJbKMMK CMNOCO-
6amn. MOKHO yBE/IMYNTL HayaibHYIO 3Hepruio, paboTas, Hanpumep, ¢ KOCMUYECKUMM y4amu. To-
roa npouecc guccmnaumm 3aMmet 6onbliee sBpema. MOXHO YacTULy CAaBAMBaTb BHELWHUMU MeXa-
HUYECKMMWU CUMNAMM, KOTopble 6bl NPEBbIWANN CUAbl pacTankuBaHuA. Tak npupoaa noctynuna c
HeMWTPOHaMK, NOMECTUB UX BMECTe C NPOTOHaMM B MIOTHO YNaKoBaHHble A4pa aTOMOB.

5.6. MogenmpoBaHMe rpaBMTalMOHHOIro0 B3auMoaencTBus

MpucoeanHEHHbIN cnok rpaBUTOHOB obecrneynBaeT Bce BUAbl B3aUMOAENCTBUIA MeXay 06b-
eKTamu BellecTBa. PaccmoTpum nogpobHee CBOMCTBO TAroTeHWs. Ha ocHoBe MpuHLMMA 3KBMBA-
JIEHTHOCTM MHEPTHOM M MAaCCUMBHOWN FPaBUTALMOHHOM MacC SMHLLTENH BblABUMHYA NPEANO/IOKEHNE,
YTO B UCKPWB/IEHHOM NCEBLAOEBKANAOBOM MPOCTPAHCTBE-BPEMEHM MItOObIE YACTULbI ABUMKYTCA NO
reofleamyeckMm ANHUAM. ITO COOTBETCTBYET ABUMKEHUIO C MOCTOAHHON CKOPOCTbIO NO TPEXMEPHOM
NPAMOW TPAEKTOPUM, TO ECTb MHEPLNANBHOMY ABUMKEHMIO.
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BTopoe npegnonoxeHue IMHLWTENHA COCTOSNO B TOM, YTO MPOCTPaHCTBO-Bpems obnagaer
onpeaeneHHOW ynpyroctblo, a BAOXKEHHble B NPOCTPAHCTBO TeNa CTPEMATCA UCKPUBUTL ero. MNpwu
NOJIHOM OTCYTCTBUWM BELLECTBA B HACTOALLEE BPEMA U B MPOLLIOM MMEET MECTO NocKoe (ncesao-
€BKNA0BO) NPOCTPAHCTBO-BPEMSA CMELMaNbHON TEOPUM OTHOCUTENBHOCTU. C NAIOTHOCTBIO MaTepun
CBA3aHa onpeaesieHHaa KOMOMHAUMA BENWYMH, XAPaAKTEPU3YIOWMX KPUBM3HY MPOCTPAHCTBa-
BpemeHu. B obuieli Teopum OTHOCUTENBHOCTM UCTOYHUKOM TPAaBUTALMOHHOIO MOAA ABAAETCA TeH-
30p SHEPrMM-UMNY/bCa, coaepKalnin 10 pasIMyHbIX KOMNOHEHT, CBA3bIBAOWMX KPUBU3HY MONA CO
CBOMCTBAMMU BeLLLECTBA.

OrpaHuymMmca, ogHaKo, npeacrasneHnem GuUsNYecKom moaesn mexaHu3ama TATOTEHUA B He-
PeNATUBUCTCKOM CTaLMOHapHOM ciyyae. Ho npexae noscHUM, oTkyaa 6epetca paguanbHaa cuna,
[AeNCTBYIOLLAA Ha TesI0 Maccbl m, HpoLeHHoe BEPTUKA/IbHO BBEPX CO CKOPOCTbIO V.

Mpy ABUMKEHUU BBEPX TENO B3aMMOAEWNCTBYET C rPaBUTALMOHHBIM nonem 3eman. Teno co-

BeplUaeT oTpULATe/IbHYIO PaboTy NPOTUB CUAbI Mg, YMEHbLLIAA CBOK KMHETUYECKYIO SHEPruio Ha
mv?
2
eecAa ssepx Teno. ﬂpM 3TOM MoJie yse/indnBaeT CBOK NOTEHUMNA/IbHYIO SHEPIUNIO Ha mgh Takum

o6pa3om, rpaBUTaLMOHHOE MOoJie MOoMy4aeT OT Tena Mpu ero Nogbeme 3HEPruio, cnocobHyo Bep-

= mgh. MNMone BbINONAHAET NONOKUTENbHYIO PaboTy, AelcTBYA cuioi (-mg) Ha nepemelyato-

2
mv
HYTb Teny Npu cBO60AHOM NaAEeHUN UCXOAHYIO KMHETUYECKYIO SHEPTUIO TO AKKYMyNSUMA sHep-

M1 Nosiem NpPomn3BOAUTCA 3a CYET HATAXKEHMA ero yrnpyrux sNemeHToB. ICKpMBAEHNE 3TUX 31EMEH-
TOB OCyLLeCTBAAET TeNO.

Mpumem, 4To 3eMHOM LWap OKPYKEH CHEPUUYECKUM C/IOEM CTALMOHAPHOM HECXKMMAEMOM rpa-
BUTOHHOW XMAKOCTU C NOCTOAHHOW NAIOTHOCTbIO P. 3anuwem ypaBHeHWe ABuKeHus Hasbe-CToKca
AN eANHUYHOro ob6bema Cn/IoWHOM cpeabl NPU3eMHoro csoa nons [8]:

%:p(%+(ﬁ-V)ﬁ)=—Vp+nAﬁ+f. (5.1)
CnpaBa 3anucaHbl MNAOTHOCTU CUA, AEACTBYIOWMX HA eAMHUNYHbIN 06bem: rpagueHT cTaTnye-
CKOTO AaBAeHWA, CABUTOBbIE CU/bI BASKOCTU U BHELLHWE CUAbI.
TaK Kak Mbl paccMaTpuBaem yCPeAHEHHYIO MO BCEM MUKPOABUMKEHUAM CTaLMOHAPHYIO KUA-
KOCTb, TO MOXeM npeHebpeub BAZKOCTbIO. ECAM BHELHMX CUA HET, TO cpa3y NOAYYUM CUAY, AeNCT-
BYIOLLYIO Ha €AMHULLY MacCbl:

2= lype, (5.2)
p 2

MNepenuwem (5.2) B Buae

lypw+2 =0 (5.3)

p (p 2 . .

B cKkobKax CTOMT CymMMa CTaTUYECKOrO AAaBNEHWUA P U MNOTHOCTU KMHETUYECKOM 3Heprum yac-
TUL, C0A KUAKOCTU (rpaBMTOHOB). MHTerpupys (5.3), Noayunm BbipaxkeHue Ans CTaTMYecKoro Aas-
NeHuA:
32

p=po—"- (5.4)

rae po — nonHoe pasneHne. OHO CKNAAbIBAETCA U3 CTAaTUYECKOro U AMHAMMYECKOro AasJie-
HWIA. [laBneHne p, PaBHO CTAaTUYECKOMY [aB/IEHUIO B KHEBO3MYLLEHHOMN» KUAKOCTU.

Ha pucyHke 5.11 nokasaHO MCKpPUBAEHME KPUBOW 3aBUCMMOCTM MPU3EMHOrO CTaTUYeCKOoro
fasnenua p(r) us-3a BHeceHus Tena (Hanpumep, JlyHbl) B none 3emnun. Ha BepxHem rpaduke noka-
3aHa 3aBMCUMOCTb AAaBNEHUA TPAaBUTOHOB BOKPYT KM30/IMPOBAHHOMN» JIyHbl.

lPaBUTALMOHHOE NPUTAXKEHME 0BYCNI0BAEHO rPaAMeHTOM CTaTUYECKOro AaBieHus, a He ab-
CO/IIOTHLIM €ro 3HayeHuem. MosTomy nNpobHoe TeNo NPUTArMBAETCA TONbKO K OAHOMY CU/I0BOMY
ueHTpy. Cuna TAroTeHna Ha obemx cTopoHax JIyHbl 0AMHAKOBA.

M3 pucyHKa BMAHO, YTO YNpPyrMm 371EMEHTOM TPaBUTALMOHHOIO NOASA ABAAETCA He «Mnpo-
CTPaHCTBO-BpemMsa» camo o cebe, a cTaTMYECKOe AaBaeHMe rPaBUTOHHOrO rasa, 3amno/HALLIEro 3To
NPOCTPAHCTBO. [a3 CTPEMUTCA BbINPAMUTb KUCKPUBAEHME» — 3aMNONHUTbL AMKY, 06pa30BaHHyo Te-
IOM, — M CABWraeT Te0 B CTOPOHY MeHbLUEro AasneHuns. Buxpesaa moae b HanonHAET maTepuen
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abctpakTHoe npocTpaHctBo OTO diiHWTEMHA M OTKasbIiBaeTcAa OT MeToda aHanoruii. Begb B ocHoBe
OTO NeXuT NPUHLMN 3KBMBANIEHTHOCTU, MO KOTOPOMY HEBO3MOXKHO AEeWCTBUE TPaBUTALMOHHOIO
NosiA OT/INYUTL OT NMOCTOAHHOTO YCKOPEHUSA, C KOTOPbIM ABUMXKeTCA HabatogaTtens.

Pa,ﬂ,ME\ﬂbHyl'O 3aBUCMMOCTb NJIOTHOCTU SHEPIUU BblPa3snM Cieayrowmm 06p330M:
o ek (5.5)

2 2 7
roe V — rpaHn4Han CKOpPOCTb rPaBUTOHOB, @ R — paaunyc 3emau.

Torpa u3 (5.2) cpasy noayynm cuny, gencTByowyo Ha eauHNYHbI 06bem B cnoe. OHa npo-
nopuMoHanbHa paguycy 3emMnun R U rpaHNUYHOMN NIOTHOCTM SHEPTUN B C/IOE:

_up =2 E) _ _PV'R
Vp = 6r( 2 ) 2 r2 (5.6)
Ha eguHMLy Maccbl cnos AeincTeyeT cuna:
_ 1 _pap L
S =2 VRZrZ' (5.7)

3HaK MUHYC NOKa3bIBAET, YTO HanpaB/eHUE CUJIbl MPOTUBOMOJ/IOKHO HAaNpPaBAEHUIO paanyca.
BblparkeHne He cogepKMT 3HaYEeHMA MacCbl, — ABUMKEHNE BCEX TeN O4NHAKOBO.
Cvna nputAXKeHUA K 3emsie maccbl m:
mv? R
F = - -~
2 r
Mpu r = R cnna nputaxkeHna pasHa mg. OTClo4a MOMKHO HAaNTKU 3HaUYeHue V:
V=2Rg =+/2-64-10°-9,81=11,2 m/c.
3T0 3HaYeHMe COBMaZAET CO CKOPOCTbIO 0CBODOOKAEHUNA (BTOPON KOCMUYECKOM CKOPOCTbHO).
BbiparkeHne gns NAoTHOCTM 3Hepruun B (5.3) Urpaet ponb HbIOTOHOBCKOro noTeHuuana. Ero
pelleHne HaxoaAT U3 ypaBHeHUA MyaccoHa:
m
b =—-G—.
" 2
BenanumnnHa V°R/2 nponopumnoHanbHa macce UCTOYHMKA rpaBuTaumn. Tenepb MOXHO Hanucatb

(5.8) B npuBbIYHOM BUAE, KaK Yy HblOTOHa:
Mm

ﬁ:G—ST.
r

(5.8)

Puc.5.11. JagneHune rpaBUMTOHOB B MPU3EMHOM CN0€
Takmm obpasom, rpaBUTALMOHHOE NoJie — 3TO NPUCOEAMHEHHbIN K Teny C/IOM rPaBUTOHOB C

NoBbILLEHHOW 3Hepruei. MNpoueccol, NPOUCXOZALME B 3TOM CNOE, NPUHLUNNANBHO OAMHAKOBbI KaK
ANf YacTvu, TaK U gnsa NaaHeT Uan 3Be3a.
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Bbllwe Mbl paccMoTpenun rpaBUTOHHOE MOAEe HEMOABUMKHOIO KOCMWYECKOro Tena. 3amMeTum,
YTO eC/IM C/I0M BpaLaeTca BOKPYr 3emaun, TO 3TO GUKCUPYeTCA HaMKU KakK MarHUTHoe nose. JlyHa m
BeHepa He BpalaloTcA, — MArHUTHOrO NoAnA y HUX HeT. Mbl nokaxkem getanun apyroro sddekra,
CBA3AHHOIO C BPaLLEHMEM: CTpemMieHMem Bcex naaHeT CONHEYHOM CUCTEMbI PAa3MEeCTUTbCA B 3KBaA-
TopmnanbHom naockoctu ConHua.

PaccmoTpum mogenb ConHua, Bpauwjatolleroca B 6esrpaHnyHol cpege nona (pwc.5.12). Niu-
HelHasn CKOPOCTb TOYEK Ha MOBEPXHOCTM PaBHa V,sino.

Punc.5.12. Bpauwatowmiicsa wap B 6e3rpaHUYHOMN *KUAKOCTU

B cucteme koopamHaTt, cBAsaHHOW ¢ ConHLUEM, MOTOK BPALLAETCA MO OKPYXKHOCTAM BOKPYT
wapa. LupKkynauma npyu obxone BOKPYr ocK BPALLEHWUA Wapa He paBHA HYO, HO rotv B XKUAKOCTK
ocTaeTca Hynem. [lnAa KpyroBoro nyTu ¢ LEHTPOM, COBMNAJAIOWMM C LEEHTPOM Lapa, KPUBOJIMHEN-
HbIA MHTErpan oT CKOPOCTU PaBeH

¢ ¥-ds = 2nrsing - v.

Ana 6e3BUXPEBOro NOTOKA MHTErpasa He AO/MKEH 3aBuceTb oT r. O603Havan ero Yyepes nocTo-
AHRyto C(6), nonyyum

c()
~ 2mrsing’
B YaCTHOCTU, Ha MNOBEPXHOCTU TENQA
. c(® .
Vsing = & C(0) = 2mRVsin?6.
21mRsinG

OKOH4YaTeIbHO BbIpaXKeHUe AN CKOPOCTU B cHepUIECKUX KOOPAMHATAX:
. R
v = Vsin® >
roe V — nnHenHan ckopocTb BpallatoLerocs NoToka Ha aKkBaTope.
Mepenuwem Tenepb ele pas ypasHeHMe HaBbe-CTOKCa ANA CUAbI, AENCTBYIOLLEN HA €ANHUY-
Hbl 06beM Ha chepuyeckor NOBEPXHOCTU C PAAUYCOM I:
Vp 1 2 1 d(wv?)  V?R?sin26
—_— ==(Vv = — = .
( 19} )9 2 ( )9 2r 06 2 r3
37O cMna Ha eauHMuy maccbl. OHA HanpaB/ieHa K 3KBATOPManbHOM NAOCKOCTU. Ha nnaHeTy
maccbl m byaeT aencTeoBaTth cMia B m pas 6onbLuas.

6. SneKTquecxwe M MarHUTHbIe nonsa

[pyroe Ha3BaHWe GU3NYECKOro BaKyyma — 3s7eKmpomazHuUmHoe nose. KBaHTamMu 3Toro nons
CNY)KaT rPaBUTOHbI B BUAE AUCNEPCHOM MPOTOYHOM Cpesbl, 3an0NHAOLWEeN Bce NPOCTPaHCTBO. pa-
BMTOHbI MMEIOT HY/NEBYID Maccy, LENOYUCNEHHbIM CMMH W MNOAYMHAIOTCA CTaTUCTUKe bBose—
JMHWTEeNHa. B KBAHTOBOWM 3/1EKTPOAMHAMMKE 3/IEKTPOMArHMTHOE MoJie paccmaTpuBaeTca B BUAE
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OVNCKPETHON MexaHMYeCKon cuctembl ¢ 6ecKoHeyHo 60/blUMM YMcAOM cTeneHel csobogbl. Mpu
3TOM NPUHATO PAacCMaTPMUBATb INEKTPOMArHUTHOE U3/ly4eHME KaK NMOTOK KBAHTOB cBeTa. YacTuuen-
NepeHOCYNKOM 3/IEKTPOMArHUTHOIrO B3aMMOAENCTBUA cumTaeTca GOTOH — KBAHT 3JIEKTPOMArHuT-
Horo nonsA. OTOHbI TaKKe MMEIOT HY/JEBYHD MACCY, LENOYUCAEHHDbIN CNUH U NOAYUHALOTCA CTaTu-
CTMKe bose—3iiHwWTelHa. 3To obecneynBaeT BO3MOXKHOCTb MEPEXOAa B Npesesie K KNacCuyeckomy
OMMCAHUIO NOASA, YTO HEBO3MOMXKHO A/1A APYIMX KBAaHTOBAHHbIX MNOMEN.

B coBpemeHHOM GOpPMYIMPOBKE 3/1EKTPOMArHUTHOE MoJe MNPeAcTaB/IeHO TEH30POM 3JieK-
TPOMArHUTHOrO NOAS, KOMNOHEHTAMW KOTOPOFO ABAAKOTCA TPM KOMMOHEHTa HanpAXKEHHOCTM 3/1eK-
TPUYECKOTO NOAA U TPU KOMMOHEHTA HANPAXEHHOCTM MArHUTHOIO MOJIA, @ TaKXKe YeTbIPEXMEPHbIM
3/IEKTPOMArHUTHbIM NOTEHLMAIOM.

MoHATHE «INeKTpoMarHuTHoe nosne» sBeedeHo K. Makcsennom. Makceenn 6bis1 coBepLieH-
HO y6eXaeH, YTO HM OAWMH BOJIHOBOM NPOLLECC HE MOMKET PAcnpPOCTPaHATLCA 6e3 HannumAa cpeasbl.
Cnepys 3a [ekaptom, ®Papageem n Ix. K. TOMCOHOM OH NPeAnon0XKu, YTO BCE NMPOCTPAHCTBO
3aMno/IHEHO 3GMPOM B BUAE KMOJIEKYAAPHBIX BUXpen». MaKcBenn co3gan CBOD MEXaHUYECKYD MO-
AeNnb 3TON Cn/oLlWHOW BMXpeBon cpeabl [9]. Ha puc. 6.1 nokasaHa AByMepHasas MOAe/b 3/1eKTpomar-
HUTHOro nona Makcsenna.

o

Puc. 6.1. Moaenb Buxpeit Makcsenna

Buxpu 2 nepenatoT BpalleHUe Apyr ApYry Yepes NpPoMeKyTouHble YacTuLbl 1, KoTopble Haxo-
AATCa mexay BuxpAmn. CnpaBa Ha pUCyHKe 1 yTONLLEHWEM IMHUWN B BEPXHEM YacTu BUXPA NOKasa-
Ha TaHreHuManbHasa gedbopmaums CHaTUA BUXPA NPU CMELLLEHUU YaCTUL,.

Mepeuyncanmm oCHOBHbIE CBOMCTBA 3TOM ABYXKOMMNOHEHTHOW MOAEM MOAA:

1. JInHeMHble pasmepbl BUXPEN He CKa3blBalOTCA HAa CBOMCTBAX MOAENN.

2. Macca v pa3amepbl TPOMENKYTOUHbIX YaCTULL, MO1araloTcs NpeHebperKMmMo ManbiMu.,

3. O6bem u popma Buxpen He nogaatoTca aedopmaumm — aedbopmaumsa TaHreHUManb-
Ha K MOBEPXHOCTU BUXPA, T.€. BUXPU MOXKHO NpeacTaBuTb cebe Kak Ny3blpbKK, Y KOTO-
PbIX MOMET BpallatbcAa U noasepratbca Aedopmauum ToAbKo 060/104Ka, HO He co-
aepumoe.

4. BenuuuHbl aedopmaumii nmonaratoTca A0OCTaTOMHO Manabimu, YTO obecrneymBaeT Nu-
HENHOCTb 3aBUCUMOCTU CUJIbl OT BEIMUKNHbLI AedopmaLmu.

5. YacTuupl, 3an0HAOWME MPOMENKYTKU MeEXKAY BUXPAMM, BeayT cebs (B COBOKYNHOCTH)
KaK HecKMmaemas XUAKoCTb.

6. TpeHue 1 Kakme-nnbo apyrue notepu sHeprmm oTCyTCTBYIOT.

Ha ocHoBe cBoeil mexaHM4YecKkon moaenun n obobLwms onbiTHble AaHHble, xenmc MakcBenn
BblPa3un/ 3aKOHbI 3/IEKTPOMArHUTHOrO NoAsA B YeTbipex AnddepeHumanbHbix ypaBHeHUsAx [10]:

c2rotB = L + a—E, (6.1)
£€g at
= a8
rotE = _E' (6-2)
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divE = 2, (6.3)

&g

divB = 0. (6.4)

—

-
rae E — HaNpPAXeHHOCTb 31EKTPUYECKOIo NonA, B — marHuTHaA MHAOYKUUA, P — NNOTHOCTb

3apﬂ,u,a,f — NNOTHOCTb TOKA, C — CKOPOCTb CBETA, € — AMINEKTPUYECcKana NPOHNLAEMOCTb cpeapbl, €
— 3/1eKTPMYECKasa NOCTOAHHAA.

YpaBHeHus (6.1-6.4) onpeaensaoT BEKTOPHbIE NOASA EwB yepes pacnpegeneHua 3apagos um
TOKOB. BEKTOP MarHUTHOM MHAYKUMK B 06/1a43a€eT TO/IbKO BUXPEBOW COCTaBAAIOLWLEN, KOTOpPYO 060-

3HA4YaloT KaK POTOP BEKTOPHOIo NOTeHLUMana A:

B = rotff, divd = 0. (6.5)
3T0 NO3BONAET BbIPa3UTb HAMPAMKEHHOCTb 3/IEKTPUYECKOTO NOJA E Kak

= 0 A

E =—gradp — a_? (6.6)

Tak KaKk cuctema (6.1-6.4) He onpeaensaeT ypaBHeHME ABUMKEHME 3apada B 3/1EKTPOMArHuT-
HOM none, TO eé AONO/HAIOT BblpaXKeHnem Ana cuabl JlopeHua:

= =g - 65
F=—qf[Bxv]+5} 6.7
q{[B x 9] +3; (6.7)
Teopusa nona MakcBenna ABNAETCA TEOPUEN CpeaHMX 3HAYEHUI, TEOPMEN CMIOWHOWN cpeapl.
CTaTUCTMYECKUIA XapaKTep Teopmn MaKcBenia N03BOAET NPU BbIBOAE YPABHEHUI 31E€KTPOMArHNUT-

HOrO ABWMMKEHMA He AenaTb NPeAnoIoXEHUN 0 AeTanax mMexaHM3ma 3TOro ABuxKeHusa. Makcsenn
TO/IbKO MPUHAN, YTO 3GUP M 3apAabl ABUMKYTCA NOAOOHO MAeaNbHOW HECHKUMMaeMOol KuaKkoctu. Be-

- -
JINYUHDbI HaI'IpFI)'KEHHOCTEﬁ INEKTPUHECKUX U MATHUTHbIX none E n B umeloT cmbICA B €ro Teopun
2 B2

o E
«NNOTHOCTEN» BEKTOPHOTIO nonA. 3HayeHuA 6807 "

20K €CTb NN1IOTHOCTU SHEPTINN B ,D,aHHOﬁ TO4Ke
0

cpeapbl.
O6LenpuHATON B HacToALLEee BpeMa ABAAETCA CeAylowan MoAeNbHaA MHTepnpeTaLmsa cuc-
TeMbl ypaBHeHUn Makcsenna:
1. CratnyecKkue 3apsaabl CO34aI0T CTaTUYECKOE IIEKTPUYECKOE MNoJe.
2. TlOCTOAHHBIM TOK CO3aeT CTaTUYECKOE BUXPEBOE MAarHUTHOE nose.
3. MNepemeHHOE MarHUTHOE NoJsie ABAAETCA UCTOYHUKOM BUXPEBOTO 3/1EKTPUYECKOrO Mo-
na. Npu NOMeLLEHNN B HETO NPOBOAHMKA HA €ro KOHL,AxX BO3HMKaeT 34C MHAYKLMW.
4. TlepeMeHHbI TOK ABMAETCA UCTOYHUKOM MEepPEeMEHHOTO0 MarHUTHOTO NOAsA, KOTOpoe
NopoXAaeT NepemMeHHOe BUXPEBOE 3/IeKTpMUYECKoe nose. 3To NoJe, B CBOK ovepesb,
NOpOoXAAeT NepemeHHOe MArHMTHoe Mone, — TaK YTO B MPOCTPAHCTBE BO3HMKAET
9/1eKTPOMArHUTHaA BOMHA. B 3TO BO/MHE MPOMCXOAMUT Nepuoamyeckas nepekayka
SHEpPrumn 13 3NEeKTPUYECKOM B MAarHUTHYIO U 06paTHO.
OfHaKo, Npu aHaNM3e INEKTPOANHAMUYECKOW TEOPUN U, B HACTHOCTK, OBLWENpPUHATON Moze-
N CUCTeMbI ypaBHeHUN (6.1-6.7) 1 eé pelleHU BO3HMKAET HECKO/IbKO NapafoKcoB. PaccmoTpum
HEeKoTopble U3 HUX.

CuHdasHocTb BekTOpoB E n B

Bupa, ypaBHeHuit (6.1) n (6.2) NnoKasbiBaeT, YTO NPU BOJIHOBOM PeLleHUN AaHHbIX YPaBHEHUN

BeKTopbl E U B cuHba3HbI, T.e. 0AHOBPEMEHHO NPOXOAAT Yepe3 Makcumym. OTcioaa creadyeT, uTo
B3aMMHOro Npeobpa3soBaHUA INEKTPUYECKMX U MArHUTHbIX NOMei B BONHe He npoucxoaut. Cnego-
BaTe/IbHO, CyLLECTBYIOLAn GU3NYECcKaa MOLENb PACNPOCTPAHEHMA PaANOBOJIH Kak KonebaHui Bek-

- —
TopoB E n B He obocHoBaHa.

npOBO,EIHVIK C NOCTOAHHbIM TOKOM nornowaeT 3aHepruro U3 cpeabl

B TPaAMLMOHHOM 31EKTPOAMHAMMKE BEKTOP MOMHTUHIA 3aN1CbIBAETCA B BUAE
- s —
S = egyc?[E x B,
YTO MPUBOAMT K MapagoKcam. PacCMOTPUM OAMH U3 NPUBEAEHHbIX B KHure [11] npumepos. MycTb
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Mo y4yacTKy NPoBOAa C HEHYNEBbIM CONPOTUBNEHMEM TEYET NOCTOAHHbIN TOK | (puc. 6.2). Tok nopo-
XAaeT MarHUTHoe nosie B, HanpasaeHHOEe NO KacaTe/ibHbIM K OKPYKHOCTAM, MPOBEAEHHbIM BOKPYT
nposoa. Boonb npososa BHe ero CyLLeCTBYeT napassie/bHoe NOBEPXHOCTU aNeKTPUIeckoe nose E,

Hanpas/JeHHOE MO TOKY. BeKTopbl E v B s3aumHo nepneHaUKyAApHbI, @ NOTOMY BeKTOp MOMHTUHra
HanpaB/ieH paAnanbHO — BHYTPb MPOBOAHMKA. M3 OKpY»KatoLLero NpocTpaHcTBa B NPOBOA, C NOCTO-
AHHbIM TOKOM [A0/1XKHa BTEKATb SHEPTUA.

Puc. 6.2. Bektop MolHTUHra 861131 NpoBoaa C TOKOM

Ho Takne noToku 9HEPrnMn Ha onbiTe He O6Hapy)-KeHbI. OnbIT NOKasbiBaeT MNOTOK Heprun
TOJIbKO ANA nepemMeHHOro Toka.

HekoppekTHOCTb MeToaukm pacyeta [ C aneKTpoMarHMTHOM UHAYKLUN

HeKoppeKTHa CyLLeCcTBylOWAA METOANKA BbluMCAEHMA 3HaYeHMA IAC 3N1eKTPOMarHMTHOM WH-
AyKumun. NAoTHOCTb TOKa BO BTOPUYHOM 0OMOTKE TpaHCchopmMaTopa onpeaenseTca no 3akoHy Oma B
andodepeHunanbHon popme:

oA
J =oE = o(— grad(p——
rfe Mbl BOCMNO/1b30BaUCh d>opmynof/'1 (6.6).
O6bl4HO BTOPUYHAA OOMOTKA BbIMOJIHEHA M3 METanNa C BbICOKOWN 3/1EeKTPONPOBOAHOCTbLIO G,

MNO3TOMY HaMNpPAXeHHOCTb 3/1EKTPUYECKOIro NonAa E NP1 KOHEeYHbIX 3Ha4YeHNAX NIOTHOCTU TOKa ] Ma-
na:

T/czﬁz—gradcp—i—?zo.

3/1C BO BTOPUYHOIN 0BMOTKE BbIYMCAAIOT MHTErPUPOBAHNEM:

AC=f, grade di = — "2 dl,

YTO COOTBETCTBYET 3KCNEPUMEHTA/IbHbIM 3HAYEHNAM.

Taknum 06pasom, HaMpAMKEeHME Ha 3a’KMMax BTOPMUYHOW 0BMOTKM TpaHcpopmaTopa CBA3aAHO
CO 3HaYeHWeMm 3/1eKTPONPOBOAHOCTU MaTepmana 0BMOTKM, Yero He HabioaaeTca Ha npakTuke. B
camoit ocHoBe MeToauKu onpeaeneHuns 3C 3an0eHO caeayloliee npoTuBopeymne. B pacyetax

NPUYMHOM NONAPM3ALMM NPOBOAHMKA BTOPUYHON 0BMOTKM CAYMKUT 3NEKTPUYECKan HanpAMKEHHOCTb

—

E, Kak BHewHAn cuna, passoaailan 3apagbl. ostomy nonydyeHue sbipaxeHusa ana 4C, ucxoasa us

=
obAsaTenbHoro ycnosua E = 0, HapywaeT cam NpUHUMM NPUYUHHOCTU U NPOTUBOPEYUUT TPeETbEMY
3aKOHY HblOTOHa.

POTOHbI KakK NnepeHOCYUKN INNEeKTPU4YeCKUX U MarHUTHbIX nonen

He obocHOBaHO yTBep)KAeHMEe O TOM, YTO KBaHTaMU (nepeHoCYMKamMW OeiCTBUS) SN1EKTPOo-
MarHuMTHoro nons seAATCA GOTOHbI. BosHOBOE ypaBHEeHWE AnA cBOHOAHOrO NMPOCTPaHCTBa 3anu-
cbiBaeTca B Buge [5]:

of=0,
2

roe O — onepatop g'Anambepao=A — %,

—_ = —
f — nobana ns komnoHeHT A, E 1 B.
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Ho y ¢oToHOB HeT cobcTBEHHOro 3apaaa M COBCTBEHHOrO MarHUTHOTO MoMeHTa. MoaTomy
OHW He MOryT bbiTb MaTepuasibHOM OCHOBOM HenpepbIBHbIX NOAEBbIX GYHKUUIA — HanpsXKeHHoCTeln
3/1eKTpUYecKoro E uau maruntHoro B noneii.

MNpuBeaeHHbIE NPOTUBOPEYMNA B MOAE/bHbLIX NPEACTaBIEHUAX INEKTPOMATHUTHBLIX ABAEHWUM
yCTpaHAIOTCA B Npeasiaraemoit moamnduKkaumm ypasHeHnin MaKkcsenna. YTo KacaeTcs KBaHTOBaHMA
3/IEKTPOMArHMUTHOIO NOs, TO €ro KBaHTaMM ABNAIOTCA BUMXPEBbIE MPAaBUTOHbI, U3 KOTOPbIX COCTOAT
BCe YacTuubl (B Tom Ymcne GoToHbI) M BCe BeLLEecTBO.

6.1. NepBaa moaucdukauua ypasHeHnn Makceenna

DNEeKTpUYEeCKoe none npu aHanuse peleHnin ypasHeHMn MaKceenna pasfensatoT Ha NpocTo
"aneKkTpuyeckoe none" n "Buxpesoe anekTpuyeckoe nosie". ICTOYHNMKOM MEPBOro ABAAKOTCA I/1EK-
TpMYeckune 3apagbl. 3TO NOTEHUMANbHOE NoJie KoHAeHcaTopa. MCTOYHUMKOM BTOPOFrO CAYXMUT nepe-
MEHHOEe MarHuTHoe nosie. 3To BUXPEBOE MOJiIe CTOPOHHUX cui, obecneunsatowmx 3AC Bo BTOpUY-
HOM 06MOTKe TpaHchopmaTopa. OgHaKo B ypaBHeHMAX MaKcBenna sT1 NoAA HEPA3INYMMDI.

MepBas mogudukaumnsa obycnosneHa TpeboBaHUAMKN NPUMEHAEMOro MaTeMaTU4yecKoro an-
napaTta BEKTOPHOro mcuncaeHma. Mo Teopeme enbMrosibla BCAKOE 04HO3HAYHOE U HeMpepbiBHOE
BEKTOPHOE NnoJie, 0bpallatolLleecs B HY/ib Ha BECKOHEYHOCTU, MOKET ObITb € ANHCTBEHHbIM 0bpasom
npeacTaBNeHO B BUAE CYMMbl FPaAneHTa HEKOTOPOW CKanApHOM ¢GyHKUMM M poTOopa HEKOTOPOM
BEKTOPHOM QYHKLNM, ANBEPreHUMA KOTOPOIA paBHa HY/O.

B cucteme ypaBHeHuit (6.1-6.6) BeKTOpbI AwB — BUXpeEBble. BUXpeBble BEKTOPbl 3aMKHYTbI,
WCTOYHUKOB Yy HUX HeT. Ycnosue divA=0 8 (6.5) — aTO TpeboBaHWEe maTeMaTUUYECKOW TEOPEMbI
lenbmronbLa, a He yciosue KanmbposKku JlopeHua AnA BEKTOPHOro NoTeHUMana.

BekTopbl E M ] — cmellaHHble, T.e. COAep’KaT rpafieHTHYI0 U BUXPEBYIO COCTaBAAIOLLME.
-
MpeacTaBum pasnoxkeHune Bektopa E cornacHo Teopeme Fenbmronbla:

E= Egmd + Erot = —grade + rotP,
Egrqa = —grade,  E.,; = rotP, (6.8)
rot(Egmd) = div(ﬁrot) = divP = 0.

BeKTopraKme npeacTaBMM Kak Cymmy 6e3BUXPEBOIN N BUXPEBON KOMMOHEHTbI:
j = jgrad +jrotr (6~9)
3 -

div(]rot) = rOtUgrad) = 0.

Be3BuxpeBble BEKTOPbI Egrad " fgrad HauYMHAOTCA HAa UCTOYHMKAX, @ 3aKaHUMBaAKOTCA MO0 Ha
CTOKax, 60 B HECKOHEYHOCTH.

MNocne noactaHoBKM npeobpasosaHuit (6.6, 6.8, 6.9) B cuctemy (6.1-6.4) ypaBHeHus byayt
BbIFNALETL CeAyoLWmnm obpasom

N _ Jgraath 9(Egraa+Erot)
CZTOt(TOtA) — gra rot+ gra rot.
£go at
rot/f)

rot(—grad(p + Emt) =0

div(Egraq + Evor) = div(—grade + rotP) = o (6.10)

div(rotd) = 0.

B pesynbTaTe pelleHna 3TUX YPaBHEHUI Mbl JO/KHbI NOMYYUTb 1Ba Habopa BENNUMH, XapaK-
TepusyloLwmx none:

)

— CKansAp @ 1 BEKTOPbI rpagneHTHoro na Eg . qv Jgraa,

N
— BUXpeBble BekTopbl E,. ¢, A.
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B nepsom ypaBHeHUM cucTembl (6.10) B neBo yactu Ha BeKTop A BO3AeNCTBYeT onepaTtop
"div", T.e. cneBa CTOUT BUXPEBOI BeKTop. M03TOMy cymMa FrpagMeHTHbIX BEKTOPOB B MPaBOM YacTu
ypaBHeHUs byaeT paBHa Hyto. MNepenuiuem BClO CUCTEMY YPaBHEHUM B BUAE:

c rot(rotA) ]”" + %, (6.11)
rot(Eroe) = a(”’“‘), (6.12)
div(Egraq) = ;, (6.13)

7 9(Egrad)
]grad + €& gtad : (6.14)

R
[OelictBya onepatopom "div" Ha ypaBHeHMe (6.14) M NOACTABAAA B HETO 3HaYeHMe dw(Egmd)
n3 ypaBHeHuA (6.13), NoNyYMm ypaBHEHUE HEMPEPLIBHOCTU ANA MPaANEHTHOM COCTaBAAIOLWEN TOKA:

. .7 ap
dlv(lgrad) + Pyl 0. (6.15)
3TO COOTHOLEHME Bblpa*XaeT 3aKOH COXpaHeHUA 3apﬂ,ﬂ,a.

N3 ypaBHeHus (6.12) nonyyaem BbiparkeHue Ans Emt, KOTOpOEe paBHO MNPOU3BOAHOM OT BEK-

TOPHOro noteHuwuana MarHUTHOM MHAYKUNN, B3ATOM C O6paTHbIM 3HaKOM:

= dA
Erot = =7

. 6.16
at ( )
BuxpeBoe aneKTpuyeckoe none — 3TO CTOPOHHAA CMIa MarHUTHoro nosnd. OHa BO3HMKaeT
npu U3MEHEHNM BO BPEMEHM BEKTOPHOIO NOTEHLMaNa.
MoacTaBnAs 3TO 3HAa4YeHUe B ypaBHeHue (6.11), nonyyaem ypaBHEHWE MAarHUTHOIO BUXPEBOTO

npouecca:
6214 _ Jrot
c rot(rotA) toE T L (6.17)

£€g
B npaBylo 4acTb 3TOr0 ypaBHEHMA B KauyecTBe UCTOYHMKA BEKTOPHOrO MOTEHUMana BXoAUT
TO/IbKO BMXpPEBasA COCTaBAAIOLLLAA TOKa fmt.
Monb3ysAcb U3BECTHOW GOPMYNOIA BEKTOPHOrO aHann3a
rot(rot/f) = —AA+ grad(div/f),
nepenuwem (6.17) B Bnae 06bIMHOrO BOTHOBOTO YPaBHEHUA:
> 1 924

A— 2 9c2 = —UUy ]rot' (6'18)
rae U, — OTHOCUTENbHAA MarHMTHaA NPOHUL,AEeMOCTb cpeabl. HanomMHum, uto ¢? = ngg .
0€cco
B oTcyTcTBME TOKOB ypaBHeHMe (6.18)
1 924
AA_C_zﬁ—O (6.19)

nmeeT HeHynesoe peweHue. MNpumeHss K (6.19) onepaumu rot u d/0t, moxHo ybeamuTtbea, 4UTO

BEKTOPbI B n Erot TaKXe yA0BNETBOPAIOT YPABHEHMIO 3/IEKTPOMArHUTHOW BO/IHbI B CBO6OAHOM OT
TOKOB NPOCTPaHCTBE.

OKoHuaTenbHo, ¢ y4yeTom TpeboBaHWI, NPeabABAAEMbIX MCMONb3YEMbIM MaTEMATUYECKUM
annapaTom Teopuu NoJsA, 3anuiem MoaMdULMPOBAHHYIO CUCTEMY ypaBHeHWUA MakKcBenna B cne-

ayouem suae:
> 1924

A— w292 = —UUp ]rot' (6'20)
= aA
Eror = =22 ) (6.21)
div(Egraq) = o (6.22)
> 9(E
Jyraa + 89 242 = 0, (6.23)

K sTomy HyHO f06aBUTb CneayoLime COOTHOLEHUA:
-

Egraq = —grado, B = rotA.
divA = divB = div(E,o) = 10t (Egraq) = div(Jror) = 10t graa) = 0.
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Cuctema ypaBHeHUI Makcsenna (6.20-6.23) pasbuBaeTcs Ha ABe HE3aBUCMMbIE YacTU: OMNU-
CaHMe MarHWUTHbIX ABNEHWUMA, UCTOYHUKOM KOTOPbIX CAYXKUT INEKTPUYECKUIA TOK J,,;. M ONUCaHMe

3/IEKTPMYECKOro nons Egrad, UCTOYHUKOM KOTOPOTO CAYXUT 3apAag, p.

YpaBHeHus (6.20) n (6.21) oTHocATCA K MarHuTtoamMHamuKe. MNepsBoe ypaBHEHWE ONUCbIBAeT
BUXPEBOE MOJIe BEKTOPHOro NoTeHuMana A B 33BMCMMOCTM OT 3HauYeHUs BUXPEBOro TOKa frot. Ons
NMOCTOAHHOIO TOKA BEKTOPHbIMA NOTEHLMAN HE 3aBUCUT OT BpeMeHWU. B aTom cnyyae BTOpOe cnarae-
MOE€ B 1€BOM YaCTU PaBHO HYJIIO, U Mbl Nosy4aemM ypaBHeHMe [yaccoHa ANnA BEKTOPHOro noTteHuua-
1a NOCTOAHHOTO MAarHMTHOrO NoAA.

BTopoe cooTHoleHue (6.21) AaeT 3HayeHMe CTOPOHHEeNM (He 3neKTpUYecKol) cuabl, AeincT-
BYIOLLEN HA 3apAd CO CTOPOHbI MAarHUTHOrO NoAA. OTa CMNA NOABASAETCA NMWb NPU U3MEHEHUU BO

BPEMEHW BEKTOPHOro noTeHuuana A, (cooTBETCTBEHHO, U MHAYKLMK §). MMeHHO 3Ta CTOPOHHASA
cuna cosgaet 3/1C Bo BTOPUUHOM 0BMOTKe TpaHcpopmaTopa.

YpaBHeHMe (6.22) onucbiBaeT 6e3BUXPEBOE 3N1EKTPOCTaTUUECKoe MoJie Egmd, co3fasaemoe
HENOABUMHBIMU 3EKTPUYECKUMM 3apadamn. Bropoe ypasHeHue (6.23) — ypaBHeHWe Henpepbis-
HOCTU — Y4YUTbIBAET 3aBUCMMOCTb MNIOTHOCTU 3aPAA0B OT BpeMeHU. HanpAKeHHOCTb 31eKTpUYecKo-
ro nonAa Eg‘r‘ad He 3aBUCUT OT MAarHUTHOIO NOAA. yTBepm,u,eHMe O TOM, YTO NepeMeHHble sn1eKTpuye-
CKMe Mons NpeBpalLaloTcsa B MarHUTHbIE, a NepemeHHble MarHUTHble NPeBpaLlaloTca B 31eKTpuye-
CKue, He 060CHOBAHO.

6.2. Bropas moaudukauma ypasHeHun MakcBenna

B cucteme ypaBHeHut Makceenna (6.1-6.4)Mbl MMeeM [€/10 TO/IbKO C /IOKa/IbHbIMU U3MEHEe-
HUAMM BEINYUNH S/IEKTPOMATHUTHOIO NOAA, T.e. USMEHEHUAMU B AaHHOMN TouKe nonsa. OAgHaKo YacT-
Hble NPON3BOAHbIE MO BPEMEHM MOXHO 3aMEHUTb HA NOJIHble. 3TO BTOpaa MogndpuKaumna ypaBHe-
HUI MakcBenna, npeanaraemas B AaHHoM pabote. [laHHaa 3ameHa NpeacTaBAAeTca COBEpLUEHHO
JNIOTUYHOM, TaK KaK yAa/NieHHbIA 3apag He MOXKET Pas3/IMunTb, 33 CYET YEro NPou3oLWwaIo U3MeHeHne
OEeNCTBYIOWEro Ha Hero nonf: 3a CYeT U3MEHEHUA UHTEHCUBHOCTU U3NYYEHUS UCTOYHMKA MU 3a
cYeT ero ABUMXKEeHMA CO CKOPOCTbIO ¥ OTHOCUTENbHO 3apaja.

MonHoe n3ameHeHWe BO BPEMEHWN BEKTOPOB NOJIA CKAaAblBaeTca U3 AByX YacTen:

— MecTHOro (N10KanbHOro) nsmeHenus 0A/dt;

— CTaLMOHAPHOIO CO CNaraembiMM MO OCAM KOOPAMHAT:
an aA 94,

(vx + v, —= 3y 2+ VS ) — M @aHaNOrMyHo AnA A " A

OKOanTeano NoaAHasA NPOM3BOAHAA 3aNMCbIBAaeTCA B BUAeE

da _

e + CE grad)A

CMCTema ypaBHeHuit (6.1-6.4) ¢ NONHbIMK NPOU3BOAHBIMU BbIFIAANUT CAeayolWmnm obpasom:
1d%4 -

AA - c_z a2 —HUUp ]rot'

= _dd

Erot = —— (6.24)

dlv( grad) = gL;Or

7 d(ggrad)
+egg—=—==0
]grad 0 dt

Packpoem BbipaXkeHue 4714 NoJIHON NPOU3BOAHOM B MPABOM YacTU BTOPOro ypaBHEHUA CUC-
Tembl (6.24):

= - > 04 L =1 04

E.ot = [V X Totd] — — = [v x B] — - (6.25)

3aecb Mbl BOCMO/1b30BaINCb GOPMY/ION BEKTOPHOIO MCYUCIEHUA

(ac)b = (ab)c + a X (b X ¢), Tak uTO
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- (V)4 =V x (¥ x A) — B(VA).

Mo onpegeneHnto HaNpPAXXEHHOCTb Emt eCcTb CUNa, AeNCTBYIOWAA Ha egUMHUYHDBIN NONOXKN-
TeNbHbI 3apaa. Mepsoe cnaraemoe B (6.25) onpeaenser cuay, AEUCTBYIOLLYIO B NoJe Ha Henoa-
BVI)KHbIVI 3apﬂp, an ABUNXEHUN NCTOYHUKaA CTaTU4eCKOro MarHUMTHOro NonA. BTOpOG Ccnaraemoe onu-
CbIBa€eT cunny, ,D,eﬁCTByPOIJJ,y}O Ha I'IOKOFILLI,MVICFI 3apAag B nepemeHHOM MarHMTHOM nosie HenoAaBUXHO-
o NCTOYHUKa. OTpVILI,aTe}TbeIﬁ 3HaK ﬂpVI 3TOM MOKa3blBaeT, 4YTO HanpaBneHMe ,El,el\;ICTBVIFl CUNbI I'IpO-
TUBOMONI0OXKHO HaMnpas/aeHUO TOKa — UCTOYHWKA MArHUTHOrro NonA.

C yyeTom cAelaHHOro 3aMevyaHua 3anuem OKOHYaTeNbHO MOAUPULMPOBAHHbIE YPaBHEHUA
MakcBenna ANA INEKTPUYECKOro nona:

div(Epaq) = 8%0 (6.26)
Egmd =—grady; (6.27)
Ap == (6.28)
Jyraa + €€ @ = 0. (6.29)
div(Jyraq) + 52 = 0. (6.30)

Ans HanpsixkeHHOCTU E g, pq W TOKA [ 4rqq BCETAA BLIMONHAETCA YC/I0BME

TOt(Egrad) = rOt(Jgrad) = 0.

YpaBHeHMe (6.26) onucbiBaeT aneKTpocTaTuyeckoe nose. OHO NO3BOJIAET HANTU CKaNAPHbIN
noTeHunan ¢ M HanNpPAKEHHOCTb 3IEKTPUYECKOro nons Eg,..4 NO 3afaHHOMY pacnpeaeneHuto 3apsa-
00B p. YpaBHeHMe HeNpepbIBHOCTM (6.27) BbiparkaeT 3aKOH COXpaHeHus 3apsaaa.

3anuiuem ypaBHeHMA MakcBenna AN BUXPEBON KOMMOHEHTbI 3/1eKTPOMAarHMTHOro noaa —
MarHUTOCTaTUKM U MarHUTOANHAMUKW:

> 1 924 -
AA — === = —liltg Jrot (6.31)
= 5 =1 04
E.ot = [V X B] - - (6.32)
B =rotA. (6.33)

I'IpM 3TOM BCeraa BbINMO/IHAETCA ycaoBsue
divA = divB = div(E,s) = div(J.) = 0.

- —
YpaBHeHue (6.28) no3BoNAET HAWTU BEKTOPHBIM NnoTeHuMan A no 3agaHHOMY TORY ... Mar-
- -
HUTHaA MHAYKUMA B cBA3aHa C BEKTOPHbIM noTeHuuanom A cootHoweHnem (6.33). MNpu M3BecTHOM
BEKTOPHOM noTeHumane A (x,y,z,t) MOXHO HaliTK HanNPAXEHHOCTb BUXPEBOTO 3/IEKTPUYECKOTO MOAS

E,,+ V3 ypaBHeHusA (6.32). MognduumpoBaHHble ypaBHeHUA IMaKCcBeNNa OMUCbIBAOT BO3HMKHOBE-

HUe BNXpeBoro nona Erot Heé TOJIbKO Npun nameHeHmMn NnonAa B AaHHOl\/'I TO4YKe BO BpemeHUn, HO 1 npun
ABNXKEHUN TOUYKN OTHOCUTE/IbHO NCTOYHUKA.

7. MMpumepbl peweHnn ypaBHeHun MakcBenna

MoanduumnpoBaHHble ypaBHeHUs MakcBensia cogepaT HOBble Be/IMYNHbI HanpsiXKeHHoCTel
rpafMeHTHOro Egrad MU BUXPEBOTrO Emt 3/1eKTPMUYECKOro NONA BMECTO CMEeLIaHHOro BEKTopa E. No-
3TOMY NPUBEAEM HECKOIbKO NMPUMEPOB PELLEHUN YPaBHEHWI. XOTS MHOMME HUXKenepedynceHHble
NONOXEHUs BblIN OTKPbITbI KAK HE3ABMCMMbIE 3aKOHbI, BCE OHU SIBAAIOTCA PELUEHUAMM YPaBHEHWUM
Makcsenna.
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7.1. 3akoH lNaycca

3afa4a 31EeKTPOCTAaTUKU COCTOUT B pelleHuMn ypaBHeHus [yaccoHa (6.28). Mo nsBecTHomy
3NEeKTpOCTaTUYECKOMY noTeHumany ¢ none Egrad HaxoAuTcA U3 cooTHoweHuA (6.27). MycTb naoT-
HOCTb 3apAA0B P 334aHa Kak QyHKUMA X, Y, Z. 3apagbl pasmelleHsbl B obaactu (2), a HabaogaTtens
HaxoauTca B Touke (1).

PeweHwne ypaBHeHUA (6.28) XOpoOLLO U3BECTHO:

(p(l) fP(Z)dV(Z)

4TTEEGT 2
roe ry; — paccToaHMe mexay Todkamu (1) u (2).
MpumeHsa Teopemy OcTporpaackoro-faycca K ypasHeHuto (6.26), nonyuymm 3akoH lMaycca:

= av
fS (Egrad)n ds = =

V o egy’
CyMM8prll71 NOTOK BEKTOPA NPagmneHTHOro a/IeKTpU4YeCKoro noaa 4yepes3 3aMKHYTYHO noBepx-
HOCTb paBeH CYMMapHOMY 3/1eKTPUYECcKOMY 3apAdy, 3aK/N04eHHOMY BHYTPU 3TOM NOBEPXHOCTY.

7.2. 3akoH KynoHa

NHTerpnpoBaHue ypasHeHua (6.28) no chepuyeckoit noBepxHOCTM paanyca R, nposeaeHHOM
BOKPYr 3apAaja p, NpMBOAUT K 3aKOHY KynoHa:

o oR
E = —.
grad 4TEEGR3

Ecnu 3apag q; nomectuTb B ToUKy (1), a 3apag, g, — B TOUKY (2), TO CUAbI, AeACTBYOLWME Ha
3apﬂ,u,b| g1 W 0z, PaBHbl COOTBETCTBEHHO:

_ 1 qq; S
F12 - 12 Fle

rae €, — eAMHWUYHbIN BEKTOP, HanpaB/eHHbIN OT gz K 1.

7.3. 3aKOH coxpaHeHus 3apsaaa

3aKOH COXpaHeHWA 3apAL0B BbiparkaeT ypaBHEHWe HenpepblBHOCTM (6.30), BbiparkeHHoe B
andodepeHunansHomn popme:

div(Jyraq) + 52 = 0.

NHTerpupys no HeKoTopomy 06bemy, OrpaHMYEHHOMY 3aMKHYTON NOBEPXHOCTLIO S, nepenu-
LIeM 3TO ypaBHEHME B MHTErpasbHoOM hopme:

%fpdV = —$ pidS.

JleBas YacTb NONOXKUTENbHA, €CAN MNONHbIN 3apAa B JaHHOM 06beme yBeiMunBaeTcs.

7.4. 3akoH AMnepa

[N ONMCaHMA MarHUTOCTAaTUYECKUX ABNEHWIA ypaBHeHWe (6.31) 3anucbiBaeTca B BUAE:
rotB = Uy Jyor - 3A€CH Mbl UCMO/Ib30BAM GOPMYNY BEKTOPHOTO aHaN3a:

AA = —rot(rotd) + grad(divA).

Mo Teopeme CTOKCa UHTErpan oT BEKTOPHOTO NOAA MO 3aMKHYTOMY KOHTYpPY paBeH NoBepXHO-
CTHOMY WHTErpany OT HOPMa/bHOM KOMMOHEHTbI POTOPa 3TOFO BEKTOPa Mo /060 NOBEPXHOCTH,
HaTAHYTOI Ha KOHTYp:

e - — - — =
ﬁ_, Bdl = @S rotB dS = uu, SQSS Jrot AS = tolexposnr -
MHTerpan no noBepxHOCTU S OT TOKA J,,¢ €CTb NOJHbIV TOK | Yepes 3Ty NOBEPXHOCTb U He 3a-

BUCUT OT ee popmbl. Limpkynauma B no ntoboi 3amkHyTOM Kpueoi I paBHa nosHomy Toky | cKkBo3b
NeT/0, YMHOXEHHOMY Ha g (3aKOH MO/IHOTO TOKa).
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7.5. 3akoH Bno n Caeapa

-
Haigem marHuTHylo MHAYKuMio B B TouKe (1), ecnv TOK npoTeKkaeT B o6nactu (2). Ana nocto-
AHHOTO MarHUTHOTO NOAA U3 ypaBHeHuA (6.31) MMeem OTHOLWeEHME:

AA = —ppg Jror -
[na HenpepbIiBHOW GYHKUMU [,.,; W NpU CTpEeMAEHUN A K HyNto Ha BECKOHEYHOCTU peLueHn-
em ypaBHeHusA lyaccoHa ABAAETCA HbIOTOHOB NOTeHUMan GYHKUMN ot

AA(1) = —*;—‘::f’r%z(z)dvz. (7.1)

Haitaem marnuTHyio nhaykumio B(1) = rot Z(l), CO3/,aBaeMyl0 3/1eKTPUYECKMM TOKOM 7mt
(2). Ana aToro npumeHnm onepauuio rot kK obemm yactam ypasHeHuA (34), Nonb3yAcb U3BECTHON
dopmynon

rot(fA) = frotA + [gradf x A].

TaK Kak gnddepeHLMpoBaHME NPON3BOLUTCA MO KOOPANHATAM TOYKM HabaoL4eHUS, TO NAOT-
HOCTb TOKa 7mt cyMTaemM NOCTOAHHOMN BENNYMHON. [loNyYnm OKOHYaTeNbHO 3akoH buo 1 Casapa:

§(1) I»Wo f []rot(z)xeu] dV

roe €1y — e,D,VIHMl-IHbIM BEKTOp, Hanpas/ieHHbI 13 obnactn Toka dV, B TOUKy HabaogeHusA.

7.6. 3akoH Papapen

DNEKTPOABUKYLLYIO CUNY B LLENU ONPeAenatoT Kak TaHreHUMaAbHYI0 KOMMNOHEHTY CTOPOHHEMN
CUAbl Ha eAMHWYHbINA 3apaj, NPOMHTErPMPOBAHHYIO MO BCel Uenu. dTa Be/nYMHa paBHa MONHOM
paboTe, coBepluaemoit Haz EANHNHHBIM 3aPAAOM, KOTAR OH 06X04UT OANH  Pas BOKpYr Lenu. Mo

Teopeme CTOKca LMpPKyaumA Erot Nno 3amMKHyTOM uenu [ paBHa NOTOKY rotEmt yepes nbyto no-
BEPXHOCTb, OrPaHNYEHHYIO KOHTYpOM I

$. Eroedl = gp. 10t(Eyrse)dS. (7.2)
B no/ibIHTErpaibHOe BbIPaXKeHMe BCTaBUM 3HaueHMe E ., 3 ypasHeHus (6.32):

= - =1 0B __dB
rot(Emt) = rot[v X B] — o = —(@WV)B——= -
MoacTaBnAs 370 3HavYeHue B (6.35), nonquv\, l-ITO 2/1C. B 3aMKHYTOM KOHType paBHa CKOPOCTH

Nn3IMeHeHnA MarHMTHOro NOTOKa, I'IF)OXO,CI,FILLI,GFO 4Yepes 3TOT KOHTYpP!:

- - dcp
C = §. Eroedl = —gf, 5 —dS =
3ameTmm, 4To 34ecb yLIVITbIBaeTCﬂ M3MeHeHMne NOoToKa U 3a cH4eT U3MeHeHUNA NoaA U 3a CYHeT
ABUNXEHUNA KOHTYPAa, HETO HET B YPaBHEHUNAX Makcsenna.
[ns BTOPUYHOM OBMOTKN KaTYLIKKU UHAYKTUBHOCTW, COAEepKallei n BUTKOB, NPU NPOTEKaHUN

B NepBUYHON 06MOTKe nepemeHHoro Toka 3/1C. byaeT onpeaensaTbCa BbiparkeHNeM

do
3[[(: —n E

7.7. dneKkTpoMarHUTHaA MHAYKLUMA

fiBneHne BO3HMKHOBEHMUA 31eKkTpoasuxywen cunbl (34C) Bo BTOPUYHON OOMOTKE KaTyLIKK
WHAYKTUBHOCTU SIBAAETCA OCHOBOM COBPEMEHHOW 3/1EKTPOTEXHUKKU. OcHOBHas naea 34C coctouT B
TOM, YTO CTOPOHHSAA CMNa Pa3BOAUT 3apAabl B MPOBOAHMKeE. MpM 3TOM OHa paBHa Ky/JI0HOBCKOM cue
NPUTAXKEeHUA 3TUX 3apagoB. 34C MarHUTHON UHAYKUUN BO BTOPUYHOW 0OMOTKE KaTyL KW MHAYKTUB-
HOCTU ecTb AeWCTBYIOLLAA Ha 3apAdbl CTOPOHHAA CMNa, NPOCYMMMUPOBaHHasA No BCeW AMHE Lenwy,
TOYHee, TaHreHUMa bHasA KOMMNOHEHTA CU/bl HA €AMHUYHbIN 3apAg, NPOUHTErPMPOBAHHAA MO Npo-
BOZAHWKY BAO0JIb 3aMKHYTOIO KOHTypa. MpouHTerpupyem obe 4acTu BbipaxKeHua (6.32) No 3aMKHY-
TOMY BUTKY BTOPUYHOI 0OMOTKM:
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— - N — aj -
3AC = §. Eyoedl = §. ([V x B] —5pdl. (7.3)
MpumeHum sty popmyny ana pacyeta 9C B NPOCTON NPOBOJIOYHON neTne, coctoAwen us U-
06pasHOl HENOABUMKHOM YaCcTM U NOABUMKHOM Nepembluku. MeTna NnomelleHa B U3MEHSieMoe mar-

HUTHOe none B, nepneHANKyNAPHOe NJIOCKOCTU NeTay. B NepsOM c/laraeMom cyMTaem, YTo mar-
HWUTHaA UHAYKUMA B we 3aBucut ot BPEMEeHM, a CKOPOCTb U = aL/at He 3aBMCUT OT KOOpPAMHaT.

MpumeHsa Teopemy CTOKca, Noslyd4aem cpasy NpaBuao NoToKa (3akoH dPapages):
9AC = - §. [B x L] dl 2 ¢ rotAds =
— b rot[B x —] dl — —gfﬁ BdS-=
— §f, {(GV)B — B(V¥)}dS — = df. BdS =
i {(W)B’ - ié’} ds =
Bas=-Lo,,,

S at Cat
raoe @,,q. — MarHMTHbIM NOTOK Yepes3 NOBEPXHOCTb S, HATAHYTYO Ha neTato. [pu 3TOm yunTbIBa-

€TCA U3MEHEHNE MArHMTHOrO MOTOKA W 33 CYET U3MEHEHMA MOJA M 3a CYET U3MEHEHUA MNJIOoLLAAM
KOHTYpa.

Ob6paTnm ellle pa3 BHMMaHMeE Ha creaytollee obcrtoaTenbcTso. Mo onpeaeneHuio, 34C — aTo
paboTa No nepemeLleHu o 3apsaa CTOPOHHMMM (HeanekTpuueckumm) cunamm. 3C He MOKeT bbITb
Nnoay4yeHa MHTErPUPOBAHNEM MO 3aMKHYTOMY KOHTYPY 3/1IEKTPUYECKON HAMPSKEHHOCTH E, KaK 3To

[eNatoT ceryac Npu peleHnn ypasHeHuii Makcsenna (6.1-6.4). B Hawem cnyvae BennunHa E,.,; He
9/IEKTPMYECKOr0, @ MAarHUTHOIO NPOUCXOXKAEHMA.

7.8. NU3any4yeHue pagmoBOISH

PeweHna BONHOBOrO ypaBHeHus (6.31) AA — %aZ—A = —,u,uojmt /17 BEKTOPHOro noTeHuuana

c? ot2
B YaCTHbIX MPON3BOAHbIX MO BPEMEHU OT /T n 6onbLLINX paCCTOFIHMl\;I OT UCTOYHUKA XOPOLIO U3y4eHbl.
EC/M BO BCEX TOUKaX (2) M3BECTHA MAOTHOCTb TOKA Jop (X, ¥, Z, ), TO Nosie B Touke (1) npeacTasaser
coboit cymmy Bcex chepuyeckmx BOJIH, UCMYCKaemMbIX B MOMEHT (t-ri»/c) Bcemu sanemeHTamm He-

NOJBMXXHOIO UCTOYHMKA, PACMONOMXEHHOrO B TOUKe (2):
A’(l) #.uo j‘]rot(Zt T12/C) dV (74)
T12
OfiHaKo B MOp,Md)MLI,MpOBaHHOM ypaBHeHUM (6.31) NpeaycMOTPEH y4YeT 3aBUCMMOCTY BEKTOP-
HOFO NoTeHuMana A ANA ABMMKYLLEroCA MCTOYHMKA TOKa B BUAE NOMHOM BTOPOW NPOU3BOAHOI MO

BpeMeHu.
> 1d%4 -
AA — 5 — = —Ulo Jror- (7.5)

MpumeHaAA K ypaBHeHUto (7.5) onepauuio rot, Noay4nMm BONHOBOE YpaBHEHME AN MarHUTHOM

MHAYKLMM B ¢ MCTOUYHMKOM rot( 7mt):
1 d2B -
AB — =22 = —ujtgrot( Jror).
MpumeHnn K ypasHeHuto (7.5) onepaumto d/dt, nonyyMm BONHOBOE ypaBHEHUE ANA BEKTOPA

—

J —
Eyor € NCTOUHMKOM — ( Jror):

1 dzErot

— d —
AErot Tz gez —Hlo a( ]rot)-
3J'IeKTpl/1‘-|eCKV|l‘;| noTteHuuan CI) He ya0BNETBOPAET BOJIHOBOMY YPaBHEHUIO. Pa,ﬂMOBOI'IHy o6pa—

- — -
3YIOT BEKTOPHbIN NoTeHumMan A U marHuTHas MHAYKUMA B = rotA. DT BeKTOpbl MMEIOT cABUI NO
HanpaBaeHuto Ha Tt/2. Ho No BpeMeHM OHU CUHda3HbI. [03TOMY HeNb3s TOBOPUTL, YTO SHEPrUA B

- -
BOJIHE NepeTeKaeT 3a Nepuos U3 UHAYKUMN B B noTeHuman A n obpaTtHo.
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= S 24
Buxpesoe anektpuueckoe none E,,; = [17 X rot /ﬂ —7; CYLIECTBYET /Mlb NPW N3MEHEHUU

BEKTOPHOro nNoTeHuUnana BO BpeEMEHU nmbo npu asn>xXeHnm NCTOYHMKa OTHOCUTE/IbHO NPUEMHUKa.

O603Hayas U — CKOPOCTb ABMMKEHMA UCTOYHMKA, BbIYMC/IUM BTOPYIO NPOM3BOAHYIO NO Bpe-
MeHU B ypaBHeHuu (7.5):

d?A _df o7 04 SN2 A\ d [ oz DA
Pl ((UV)A + E) = (vV) ((vV)A + E) +o; ((vV)A + E) = rot[v X rot[v X A]] —

dt?

2— rot [v X A] +24 YR (7.6)

Bblunmcnum Bug, ypasHeHua (7.5) ana cnydas, Korga MCTOYHMK TOKa ABurKeTca no ocn OX ¢ no-
CTOSIHHOW CKOPOCTbIO. MpK BblYMCIEHUM BbipaxkeHuUa (7.6) I'IpMMEM cnegylowye ynpouweHusa:

BOJIHA pacnpOCTpaHﬂeTca B HaﬂpaBﬂeHVIVI ocm OX, BeKTop A1 v
BEKTOP A vmeeT TonbKO COCTaBnmom,yro A
COCTaBNALLLaA Ay BEKTOPA A 3aBucHT ToNbKO OT KOOPAMHATLI X U BPEMEHMN,

CMeLllaHHble Npon3BoaHbie OT Ay PaBHbI HYAIO.

d24, 5 024, 024,
Torpaa BbiparkeHue (7.6) byaeT paBHO T = e PR
ypaBHeHme (7 5) 3anuweTcs B BUAe:
62A 924 924
2
1-v ) t o2t o T ma Mo Jrot (7.7)

3Ha'~|eHMF| KOOp,CI,MHaTbI X Mbl O0/1KHbl B3ATb B 3ana3p,b|Barou.|,m71 MoMeHT X — vt. OTcroaa

BUAHO, YTO KOOPAMHATbI Npeobpa3syoTca C NOMOLLbIO Npeobpa3oBaHmin JlopeHua:
, x—vt ,
X 5 = -
J1-v2/c2’ y Y
Takum obpasom, npeobpasosaHuna JlopeHua ABAAIOTCA CAeACTBMEM pelleHna moamduLmpo-
BaHHbIX ypaBHeHU Makcsenna. YpaBHeHMA MaKkcBenna onucbiBaloT NOAA ABUMKYLLMXCA UCTOUYHMU-

KOB. MHOXUTENb /1 — 12 /C? yxe «CoAep>KUTCA B YpaBHEHUAX», MO3TOMY ypaBHeHusa Makcsenna
MHBAaPMaHTHbI K PeNaTUBUCTCKMM npeobpaszosaHuam. dopmyny (7.7) mbl NOAYYUAU TONAbKO ANA

7' - z.

N
BEKTOpPHOro noteHuunana A, T.€. 4NA MarHUTOANHaMUKNA.

7.9. MnoTHOCTb SHEepPrun n BEKTOop NOTOKa SHeprun nons

B aneKkTpocTaTMKe NAOTHOCTb SHEePrMmMm MOXKHO 3anncaTth Kak
_ 880 - . -
(Egrad Egrad)-
B marHutognHammke Bblpa)i-(eHVIe ONA NNOTHOCTU 3HEprMmn NpnobpeTaeT BUA:
& (@ . ssoc

u= T(Erot Erot) + (B B)

BeKTOp NOTOKa aHepruun HOMHTMHra

S

S = ggyC [Emt X B] (7.8)

ol - - -
rae Eyo=[0 X rotA] — E' B = rot A.

BekTop MolHTMHIa B 06LWEeM c/iyyae 3aBUCUT OT CKOPOCTU ABUMKEHUS UCTOYHUKA BEKTOPHOIO
noTeHUMana M CKOpPOCTU ero usmeHeHua. OnAa HenoABUMMNKHOINO UCTOYHMKA B BblpaKeHWe BXoAuUT
TO/IbKO YaCTHaA NPOM3BOAHAA MO BPEMEHHU

- aj -

S = —ggyc? [E X rotA]. (7.9)

.
CocTaBnstowme BekTopa MOMHTMHIa ABAAIOTCA NPOU3BOAHBIMM OT BEKTOPHOrO noTeHumana A

5
no BpemeHu U nNpocTpaHcTey. OHM cABMHYTLI Mo $ase oTHOCUTeNbHO A B pasHble CTOPOHbI. MoToK
sHeprum (7.9) He paBeH HyAHO TONbKO NPU USMEHEHUW BEKTOPHOIO MOTeHUMana BO BpemeHu. MNo-
CTOAAHHbIE TOKN HEe CONpPOBOXKAAIOTCA NOTOKAMM IHEPTMM NOAA, YTO M NOATBEPIKAAETCA Ha OMbITe.
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[Ona npumepa paccMOTPUM MOHOXPOMATUUYECKYHO NJIOCKYHO BOJIHY, MOJie KOTOPOK ABAseTcs
nepuoanyeckon ¢pyHkumein ot (t-r/c). Toraa A= ffocos (I_éf’ — wt), rae BOJIHOBOM BEKTOP k = % n,
(1 — eAMHMYHBIN BEKTOP B HanpaB/ieHMK PacnpocTpaHeHus BOHbI). AnddepeHumpya, noayumm

S = egyclwk A2sin? (k7 — wt).

NHTerpmpoBaHme 3a Nepmnos AaeT NONOKUTENbHOE 3HAYEHNE 3TOM QYHKUMUN.

PaccMmoTpMm CHOBaA AJIMHHbIN NPOBOAHUK C TOKOM (puc.7.1).

Puc. 7.1. lMapameTpbl Noaa npu Bo3pacTaHUM TOKA B NPOBOAHUKe

Mpy yBENMYEHUN TOKA B MPOBOAHMKE B OKPY)KAIOLWEM MPOCTPAHCTBE BO3HWKHET BMXPEBOE
3/1eKTPUYECKOe Noe, HanpaBaeHHOEe NPOTUBOMNOJIOXKHO UCXOAHOMY TOKY. Mo dopmyne (7.9) BekTop

=

MolHTUHra byaeT Hanpas/ieH No paguycy oT NpoBoaa. Mpu yMeHbLUEHMM TOKa HanpasneHune E, .
6yaeT NPOTUBOMNO/IOXHbIM — BeKTOp MoNHTUHra ByaeT HanpasaeH No paauycy K nposoay. dHeprus
6yneT BO3BpaLLaThCA B NPOBOAHMK. Mpy NOCTOAHHOM TOKE MOTOKA SHEPTUM OT NPOBOAHMKA HET.

7.10. Umnynbc nons
MNOTHOCTb MOTOKA MMNynbca nona (T.e. UMNYAbC eAuMHULLI 06bema Nons) paBHa BEKTOpY

" 2 o 94 >
MoiHTMHra, AeNeHHOMY Ha C*. [INA HeNOoABMXHOTO UCTOUHMKA NONYUMM P = —eg, |- X TotA| —

MMNYNbC MOAA OT/IMYEH OT HY/NA TONbKO B HECTALMOHAPHbIX caydasax. Mpu uupKyaauum nosne obna-
AaeT MOMEHTOM MMMY/bCa.

7.11. ®PN3nyecKuin CMbICN BEKTOPHOro NoTeHuuana
M3 ypaBHeHus (6.32) BUAHO, YTO B HECTALMOHAPHOM C/y4yae BUXPEBAA COCTABAAIOLLIAA CTO-

. o . o o o = 94
POHHEN MAarHUTHOWU CUAbI, OeNCTBYOWEN Ha EAUNHUYHBIN NONOXUTENIbHbIN 3aPAL Erot = - E . Echmn
CPaBHUTb 3TO BblparkeHNe € 3aKOHOM HblOTOHaA, TO OYEBUAEH U ¢M3M‘-I€CKVIVI CMbIC/1 BEKTOPHOTIO no-
TeHUMana (—A) KaK nmnynbCa, KOTOPbIM o6nap,aeT e,D,VIHVILIHbI[;I 3apag. A MMnynbc Nona, CooTeBeT-

-
cTBeHHO, paBeH (A). Takum 06pas3om, MMMyAbC MOTOKA 3apPAL0B KOMNEHCUPYETCA MPOTUBOMOJIO K-
HO HanpasAeHHbIM UMMNY/IbCOM CO34aHHOr0 3TUM NMOTOKOM MO/IA BEKTOPHOrO NoTeHuMana.

INEeKTPUYECKUI MOTEHLMAN (P INEKTPOCTAaTUYECKOrO NOAA, CO34aHHOIO 3/1IEKTPUYECKUMM 3a-
pALAAMU P, — 3TO 3HEpPaUA eAUHUYHOIO MOIOKMUTEbHOrO 3apaaa B AaHHOM TOUKe Nons. BeKTopHbIi

- -
noTeHuMan A MarHuTHoOro nons, CO34aHHOro BUXpeBbiM1 TOKaMM ]rotl — 3TO B3ATbIKN C NPOTUBONO-
NNOXKHbIM 3HAKOM UMIys16C eAUHUYHOTO NMONOKUTE/IbHOTO 3apAaa B ,D,aHHOl‘/JI TOYKe nonA.

58



8. Mopaenb 3NeKTPOMarHMTHON UHAYKLUMN

PaCCMOTpVIM Ha mojaenn AsaeHune 3ﬂeKTpOMaFHVITHOl7I MHAYKUNN (pVIC.S.l). nyCTb nmeeTca
NPOBOAHMK 1 C TOKOM, KOTOpPbIN cO34aeT BOKpYr ceba marHuTHoe none. NapannenbHo emy nome-
LWeH ApYyroi NpoBogHMK 2. MarHuTHoe none B (NOTOK rpaBUTOHOB) OT NPOBOAHMKA 1 HanpaBaeHo
Ha ynTtatensa. OHO OPUEHTUPYET INIEKTPOHbI B NPOBOAHMKE 2 3apsA0BOMN TPYOKOW MO HanpaBAEHUIo
BEKTOpa B.

MosTOpMM eLe pas, YTO Y BCeX ObICTPOBPALLLAIOLLNXCA TEN €CTb OAHa 06Lan yepTa. Moa pen-
CTBMEM BHELUHUX MOMEHTOB CWUJ1 OCb BbICTPOBPALLAIOLLErOCA Te/la NOBOPAYMBaETCA He B TOM nJoc-
KOCTWU, B KOTOPOWN OHa MOBepHY/acb Obl 6e3 ObICTPOro BpaLWeHUs, a B NAOCKOCTU el nepneHaunKy-
nApHoW. Mpu 3TOM ABUNKEHME OCU NOL, AENCTBMEM NOCTOSHHOIO MOMEHTA NPOUCXOAUT He C YCKO-
peHMEM, a C MOCTOSHHOM Yr/I0BOM CKOPOCTbIO M NPOAOMKAETCA NUWb A0 TeX NOop, NOKa AencTByeT
BHELHMI MOMeHT. KaK To/IbKo NpeKpallaeTca AeicTBME BHELWHEro MOMEHTa, CPasy e npeKkpalla-
eTcAa n agsnxXeHune ocu.

MNposogres 1
Tox aNexTpoHos
—"

Mook mayxumm B

BexTopHuii azemman A
Sqenpou =
A Y7 T |

MNposogrenx 2

Puc. 8.1. Cxema 3N1eKTPOMarHMTHOM MHAYKLMN

Cnnosoe aencTBne NOTOKA Ha 3NEKTPOHbI CBOAUTCA K UX cABUTY "rpaBUTOHHbIM BeTpom". Ho
npwu casure LeHTpPa macc 6bICTPO BpalLaoWeroca Tena NpPoncxoguT CMeLLeHne Tena B Hanpasne-

—

HUK, NepneHANKYAAPHOM HanpasaeHuto cunbl. Ha puc. 8.2 nokasaHo, YTo ecin NOTok B casuraet
LEeHTPbI MACcC COCTaBAAOLLMX SNEKTPOH HEUTPUHO, TO BEPXHUI U3 HUX CTPEMUTCA CMECTUTLCA BNpa-
BO, @ HUXHUI — B/IEBO. DTOT MOMEHT CMA Pa3BOPaAYMBAET 3/IEKTPOHbI MarHMTHbIM MOMEHTOM (3a-

il
pagoson Tpybkoi E) BHWU3, N0 Hanpas/ieHMIO NOTOKa B.

T

Puc. 8.2. OpneHTUpOBaHUE 3N1EKTPOHA B MAarHUTHOM none

YBenunyeHue Toka B npoBogHuke 1 (puc. 8.1) npMBOAUT K YBENNYEHUIO 3HAYEHWNSA BEKTOPHOIO
noteHunana A obnactn nposogHuKa 2. Ho Bo3pacTaHMe BEKTOPHOro MoTeHuuana 3KBMBANEHTHO
NOAB/IEHNIO BUXPEBOTO 3/1eKTPUYECcKoro nona E,.,.. 9Ta CTOPOHHAA CMNa A4 NONOKUTE/IbHbIX 3apa-

S

[l0B HanpaBneHa NpoTuB npousBoaHon OA/dt, T.e. OT NPOBOAHMKA 2 K NPOBOAHMKY 1, a ANA anek-

TPOHOB — B MPOTMBOMO/IONKHYIO CTOPOHY. BO3HMKLWIAA cMna CTPEMUTCA CMECTUTb OPUEHTUPOBAH-
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Hble 3/1IEKTPOHbI Ha PUCYHKEe 5 BHK3. HO Npu TaKoM CMeLLEHMN LEHTPbI MaccC 3/1EKTPOHOB NonaaatoT
B 06/1aCTb COOCTBEHHbLIX OCEBbIX CKOPOCTEM, YTO NPUBOAUT K MX 0CceEBOMY apelidy BNEBO BAOIb OCH
NPOBOAHMKA.

To e camoe NPoM3oMAET, eCAn Mbl HAYHEM NPMBAMIKATb NPOBOAHMK 1 K NPOBOAHUKY 2.
JBveHne NpoBOAHMKA BbI3OBET ABUXEHUE CLLEMNEHHOr0 C HUM MOrPaHMYHOrO C/10A Nons, T.e.
«rPaBUTOHHbIN BETEP». ITOT «BETEP» OYAET CTPEMUTLCA CMECTUTb 3/IEKTPOHbI BHM3, YTO NpUBELET K
nx gpendy eBneso. HaseaeHHbI TOK ByAeT UMeTb HanpaB/ieHWE, MPOTUBOMOJIOKHOE UCXOLHOMY.
Mpn ymeHbLIEHNN TOKa B NPOBOAHMKE 1 «rpaBMTOHHbIN BETep» HanpaB/eH BBEPX M HaBeAeHHbIM
TOK B NPOBOAHMKE 2 NOTeYeT BMPABO, B Ty e CTOPOHY, YTO U UcxogHbin. OTcloaa v cneayeT npasu-
no fleHua.

CmelleHune 3apsaa0os B yAa/IeHHOM NPOBOAHUKE ABNAETCA CTOYHMKOM HaBeaeHHom I/1C. OHa
Bbl3BaHA CTOPOHHEN CUNOM 33 CYET M3MEHEHMA BEKTOPHOrO NOTEHUMANa BO BpemMeHM. Ha KoHLax
Pa3sOMKHYTOro NpoBOAHMKA BO3HMKAET Pa3HOCTb NOTEHLMAN0B, B TOYHOCTU paBHaa IC.

Ecniv no NpoBOAHMKY 2 TaK)Ke TeYyeT TOK, TO 3TU TOKU NPUTATUBAIOTCA, €C/IN OHU MMEIOT OA M-
HaKoBOEe Hanpas/ieHWe W OTTANKMBAOTCA NPU NPOTMBOMOJIONKHO HaMpaBAEHHbIX TOKax. To cnpa-
BEA/IMBO ONA ABUMKEHUA ABYX 3/IEKTPOHOB, A1 TOKOB B BaKyymMe M TOKax B NpoBoAHMKax. Ha puc.
8.3 npeacTaBneHa cxema B3aUMOZENCTBUA ABYX OAHOHAMNPAB/IEHHbIX TOKOB.

Puc. 8.3. B3aumogaeiicTeue ogHOHanpaBAEHHbIX TOKOB

Ha pucyHKke n3obpaxeHbl ABa NPOBOAHMKA, B KOTOPbIX TOKM 3/IEKTPOHOB HanpaBs/eHbl 3a Yep-
TeX. B npoBoAgHMKe 2 3/1eKTPOHbI, 06pa3yloLlMe TOK, OPUEHTUPOBAHbI TaK, YTO MX 3apAaoBble Tpy6-
KM HanpasieHbl BAOJIb OCU NPOBOAHMKA. [TOTOK MarHMTHOM MHAYKLUMM OT NpoBoAHMKA 1 Bo3aelCT-
BYeT Ha bbICTPOBpaLLAIOLINECA SNEKTPOHbI B MPOBOAHMKE 2, CMELWan UX LLEeHTPbl Macc BBEpX, rae
JIMHEMHaA CKOPOCTb BpalleHMA Hanpas/ieHa BAEBO, K NPOBOAHMKY 1. N03TOMYy NOTOK 3/IEKTPOHOB
NPoBOAHMKA 2 ByAeT cMelLaTbCa K NPOBOAHUKY 1. ECAM 31eKTPOHbI UAYT He B cBOBOAHOM MOTOKE, a
B MPOBOAHMKE, TO BO3HUKHET CUNA, CTPEMSALLAACA NEPEMECTUTbL 3TOT NPOBOAHMK. AHA/IOTMYHO Mmar-
HUTHOE MOoJie NPOBOAHMKA 2 CMeLLaeT 31eKTPOHbI NPOBOAHUKA 1. 9TO MexaHU3M CUbHOro B3au-
MOAENCTBUS.

PacnpocTpaHeHHOe MHeHMEe O TOM, YTO MPUTArMBAIOTCA TOMIbKO METanaMyeckne nposoaa C
O[INHAKOBbIM HamnpasBAeHMEeM TOKOB, a MOTOKMU 'ronbix" 3/11eKTPOHOB BCeraa OTTa/IKMBAlOTCA, He
obocHoBaHO. Ecnn Bce 3/1eKTPOHbI B MOTOKE OANHAKOBO OPUEHTUPOBAHbI, TO OHM MPUTATNBAIOTCA
APYT K Apyry, — NpoucxoauT LIHYPOBaHME NMOTOKA. DNEKTPMUYECKoe MoJjie OANHOYHOTO 3/1eKTPOHa
BEKTOPHOE, OHO HACbIWAETCA MPU 3aMblKaHMM Ha NONOMKUTENbHbIN 3apaa,.

9. Mopenb pacnpocTpaHeHUs paguoBOJIH

B Knaccuueckol anekTpogMHamMuKe CBeT (MHOpaKpacHble, BUAMMbIE U yabTpaduonetosble
Nly4K), PEHTFEHOBCKME /IyYN M raMMa-y4n YacTO Ha3blBAKOT «3/1EKTPOMATrHUTHbIM U3ayHEHUEM» U
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OTHOCAT K «3/1IeKTPOMArHUTHbIM BOIHaM». CYUMTAETCS, YTO BCE 3TU ABNEHUA UMEIOT e4UHYI0 NpUpo-
Ay, pas3nnyancb AnwWb Yactoton (Tabn.l). KBaHToBas ¢u3mnKa pasnmyaeT GOTOHbI (CBET, PeHTreHoB-
CKMEe Ny4n, Y-u3nyyeHune) n paamnoBosiHbl. PagnoBonHbl — 310 KonebaHwuaA B cpese rpaBuUToHOB. OHK
npeacTaBAaoT cobol BOMHbI NPeLeccuin ocelt BUXpeBbIX YacTuu, nond. Mpeueccun BO3HUKAOT Npu
OBUXKEHUN 06beKToB B cpeae. PaanoBosiHbl 06beanHAET ¢ OTOHAMM CKOPOCTb PACAPOCTPAHEHMUSA
~3.10° m/c. ITO CPeaHAs «TennoBas» CKOPOCTb rPaBUTOHOB GU3UUECKOrO BaKyyma (37eKTpomar-
HUTHOrO NoJA).

Tabnnuya 1
Cset
> PeHTreHOBCKME
JnanasoHbl PaanoBosiHbI UK Bnanmein Yo vau Y-U3sly4eHune
cseTt nyumn Y
fomHasonud, | 3101510 | 5.10%8.107-4.107-10° 2.10°-6.10" 10%0-10"

M

6.10"-3,75.10*-7,5.10"-

YactoTa f, 'y, 10’-6.10" 1,5.10"-5.10% 3.10%-3.10%

3.107
B3anmopencreune
MeTtop nony- | MepemeHHble ApepHble npo-
ATOMHble npouecchl 9/IEKTPOHOB U
yeHusa TOKM ueccol
agep

B BnaMmoii yactu BceneHHoM cywecTByeT pesauKkmossili goH — 3TO pagnoBOJIHbI C AJIMHAMM
ot 0,6 mm go 50 cm. MNNOTHOCTb SHEPrUKN PENNKTOBOrO U3y4YeHUA coctasnaet okono 0,25 3B/CM3 .
XapaKTepUCTUKM COOTBETCTBYHOT U3/Ty4eHUI0 abCONOTHO YEPHOTO TeNa C TemnepaTtypoii okono 2,7 K
n onucbiBatoTca popmysion MnaHka.

Cellyac pesIMKTOBOE M3JIlyYEHWE UHTEPNPETUPYETCA KaK M3NyvyeHue, Joleuiee A0 HALIMX
AHeln co BpemeHu bonbworo B3pbiBa [12]. HEKOPPEKTHOCTb MHTEPNPETALUM COCTOUT B TOM, YTO
MWKPOBO/IHOBOE U3/ly4eHUEe Cevac paccmaTpuBaeTcA Kak GOTOHHOE, @ He KaK pPagMOBOJIHbI, T.e.
KonebaHus B CNNOWHON cpeae nonda. Ho paanoBo/iHblI A0MKHbI ObiTb BO3OYKAEHbI UCTOYHUKOM.
Cambll BEPOATHBIN UX HUX — 3TO GOTOHbI C MaJsiIol 3Hepruein. B yacTHOCTH, KonebaHua B npune-
ralowem K GoToHy Cnoe rpaBMTOHOB BO3HMKAIOT MpU BpaweHUM GOTOHA BOKPYr CBOEM ocu. ITo
BpaLleHWe onpesenset aHeprnto GoToHa U, COOTBETCTBEHHO, AIMHY BO3OYKAAeMOW PaLNOBO/HbI.
CobcTBeHHas YacTtoTa GOTOHa COOTBETCTBYET COOCTBEHHOM YaCTOTE 3/IEKTPOHA V, = 1,76-1011 My nnan
A =2 MM,

PaccmoTpum O6bILIHyI'O CUTYyauunto, Korga UCTOYHNKOM pPaanoBOJIH CNyXHaT NepemeHHble TOKU
B MPOBOAHUKAX. Ll,aaneVlLuee nosegeHne nmnysabCa BoamMmyLleHnA B nose 3aBUCUT OT YaCTOTbl BO3-

MYLLEHMI U pa3mepoB uenu. Ha puc. 9.1 npeacTtaBneHa cxema MNOTOKAa 3HepruyM OT MpPoBOAA-
nsnyyatens.

Puc. 9.1. TOTOK 3Heprun ot nsnyyatena
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3a yeTBepTb Nepuoga Bo3pacTaHUA TOKa GPOHT NOTOKA IHEPrMU OTOMAET OT MU3/lydaTena Ha
yeTBepTb A/IMHbI BOAHbI: L = cT/4 . UMmnynbc Bo3myLleHUA ByaeT NpoAo/ixKaTh CBOE ABUNKEHME, KaK
noboe Bo3myLleHMe B rase. B cnegytollyto YeTBepTb Neprnoga ToK B NpoBoae byaeT yobiBaTb. IHep-
rMa HayHeT BTeKaTb 06paTHO B NPOBOA, M3 NpU/eratoLLero NpocTpaHCcTBa. B nepsoe mrHoBeHue by-
OEeT YMeHblUeHa 40 HyAs amnantyga 3agHero ¢ppoHTa NepBOro MMnynbca. 3a YeTBEpPTb NepMosa B
nposoA byaeT nepenaHa BCA aHeprua ns 6anxKanwero oKpy»KeHus, oTcTosALWwero oT NpoBoga Ha pac-
cToAHUN A/4. Ho GPOHT NepBOro MMMyAbCa K KOHLY Noaynepuoaa OTOMAET OT M3aydaTtensa Ha A/2.
MN3-33 KOHEYHOWN CKOPOCTM PACNPOCTPAHEHUA MMMNYNbCOB BEPHYTb BCHO YLIEALIYIO SHEPTUIO YXKE He
yaacTcA.

Ha puc. 9.2 npeacraBneHa KapTMHa 3/1€KTPOMArHUTHOTO M3/lydeHus amnona — BubpaTopa
lepua. PUcyHKM BbiNoiHEHbl camum epuem. OHM B3ATbl U3 ero ctaTtbm «CUbl SINEKTPUYECKUX KO-
NnebaHui ¢ TOYKK 3peHua Teopun MaKceennar.

Puc. 9.2. ObpasoBaHune BMxpen nons B Bubpatope Nepua

Mpu paboTe BUBpPaTOpa OT HErO NEPUOAMYECKM OTAENAKTCA AUCKPETHbIE 3aMKHYTble TOPOU-
AanbHble BMXPWU, MOKasaHHble CMOLHbIMM CUAOBBIMU NMHUAMMK. Kaxablii BUXPb npeactasaset
0o4MH nonynepuoa KonebaHuit. ITO HarNAAHO BUAHO M3 PUCYHKOB, HAa KOTOPbIX NPeAcTaBAeHbl Ye-
Tbipe MOMEHTa BPEMEHM.

PucyHoK 1 npeacTaBAseT Hayano HOBOroO KosiebaHuA. dNEeKTPUYECKMii ToK B BUubpaTope npo-
XOAMT Yyepes MoJIoKEHWE PaBHOBECUA, AOCTUras HaMbosbluel CKOpOoCTU. Ha pUCyHKe 2 NoKasaHo,
UTO HAPOXKAAMOLLMINCA HOBbIN BUXPb Pa3AyBaeTca M pacTa/KMBAeT B CTOPOHbI NpeablayLinii BUXpPb.
Ha pucyHKe 3 npeactaBneH MOMEHT MAaKCMMa/IbHOTO TOKa, KOr4a BCE CUIOBbIE IMHUM eLL,e 3aMKHY-
Tbl Ha pa3pAAHbIA NPOMENKYTOK BMbpaTopa. Ha pucyHKe 4 Mbl BUAUM 3aKNOUMTENbHYO dasy dop-
MWPOBAHUA HOBOTO BMXPA MPU YMEHbLUEHUU TOKA A0 HynA. CUNOBbIe IMHUM 3aMbIKAOTCA MeXay
coboit, BUXpb NpMHUMaET GOPMY 3aMKHYTOrO TOPOMUAA. YKe MMes Hauya/ibHY0 CKOPOCTb B CpeaHei
NNIOCKOCTW, OH HAYMHAET PacXoAMTbCA OT BUBpaTOopa cpasy Bcaed 3a NpeablayLnm BUXPEM.

OTtgenuslimeca oT BubpaTopa nosble «paanosuxpu Mepua» paclMpAOTCA CO CBETOBOM CKO-
POCTbIO KaK BUXPEBbIE BO3MYLLEHWA B CMNJIOLIHOM Cpeae rpaBMTOHOB. NPUHLMMNMANBHO UX CTPYKTYpa
He OT/IM4AeTCA OT NPUCOEAMHEHHBIX BMXpen yactuu,. TopomaanbHoe BpalleHue COOTBeTCTByeT no-

TOKY BeKTopHOI'O noTeHuMnana A Konbuesoe BpaleHue onpeaenaer MarHUTHYO UHAYKLUIO B Bek-
TOpbI A n B OPTOroHa/sibHbl CKOPOCTU 1) T.€. Pag4MOBOJIHblI MONEPEYHDbI. 3J'IeKTpVI‘-IeCKMX nonei B

paguosuxpe Het. [Ipy nepemeHHOM TOKe B U3/y4aTesie HanpaBaeHUA BEKTOPOB A v B namensiorca
3a nepuoa. ITa Harna4Ho NpeacTaB/ieHo Ha puc. 9.2.

Mpu N3MeHeHMUM HanpaBAeHMA TOKA B NPOBOAE KapTUHA yX04a SHEPrMM NOJHOCTbIO NOBTOPSA-
etcA. Takum 06pasom, Npu BbICOKOM YaCTOTE NPUCOEANHEHHbIE K BUOPATOPY BUXPU OTAENALOTCA OT
Hero, YHOCSl SHEPruto U3y4aTenda B BUAE MMMYAbCOB. MepnoamMyHOCTb MMNYAbCOB — KaXKAable NoJ-
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nepuvoga. JanMTenbHOCTb MMMY/IbCOB — YETBEPTb Nepuoaa. Ha npakTuke pasmepsbl Lenu BbibupatoTt
TaKMMM, YTOObl BpemsA PacnpoCTPaHEHMA U3MEHEHWUI 3/1IEKTPOMArHUTHOrO Moas B Hel 6bino Bbl
CPaBHMMO C NepMoAOM KoJsiebaHWu ToKa.

Kpome Buxpei Mepua ypaBHeHnsm MakcBensia ya0BAeTBOPAOT KOMMNaKTHbIE HepacxoasLme-
CA KOJIbLLEBbIE BUXPU, NEepemeLLatoMecs nepneHamKyaspHo cBoen NAoCKoCTU. Takme BUXPU MOTyT
OTAENATbCA OT M3/y4YaTena BAOJb ero ocu. Mx HasbiBaloT NPOAOAbHbIMM pagMoBoiHaMu. Ha npak-
TUKe CTPYKTYpa TaKUX BOJIH U3y4YeHa He0CTaTOUYHO.

MpUXoaALLMA Ha MPUEMHYIO aHTEHHY MY/IbCUPYIOLWMIA NOTOK SHEPTUW BUXPEN BbI3bIBAET B HEM
cMmelleHre cBoboaHbIX 3apAL0OB TaK, Kak Obl0 MOKa3aHo Bbile A8 MOAENN 3/IEKTPOMArHUTHOM
MHAYKUMK. Cpean MHOXKeCTBa Nepuoguyeckmx BO3MYLLEHUIM KonebaTeNbHbI KOHTYP pPe30HaHCHO
BblAENAET CUTHA/ TOIbKO onpeseneHHOM YacToTbl.

10. 3aknoyeHue

Bce mHOroobpasme mupa BOKPYr Hac ecTb NposiB/IEHME HEMHOIMX OCHOBHbIX Hadan. Mpeano-
YKEeHHaA B AaHHOM paboTe cucTeMa YpoBHEM MaTepun 1 BUXpeBad MoLelb MUKPOMMPaA NO3BONAIOT
pacwmnpuTb pU3MYeckne npeacraBneHns o6 okpyKatolem mupe. Bca paboTa noctpoeHa Ha runo-
Te3e BUXPEBOI CTPYKTYPbl KBAHTOBAHHbLIX NOJAEN WM 3/N1€MEHTAPHbIX YacTuL, 3aMOJIHAKOWMUX MNpPOo-
CTpaHcTBO BceneHHol. TMnoTesa asnsetca pas3sutuem maen P. [lekapta, M. @apagesn, Ax. K. Mak-
csenna, Ax. Ox. TomcoHa, B.®. MutkeBmua n ap. B gaHHON moaenun nond, 4acTuubl U BeWecTBO
NPeAcTaBAAITCA INWb PA3INYHbIMU GOPMaMU ABUKEHUA BUXPEN eanHON maTepuun. MNepexon us
OAHOMN GopMbl ABUKEHMA B APYryto 0OycnoBAeH sHepruei suxpei. MepBoHayanbHaa aHeprua 3a-
naceHa B MJIAHKOBCKUX BUXPAX C MOMeHTa bonblworo B3pbiBa.

B npouecce ocTtbiBaHWA BceneHHon chopmmMpoBanach Mepapxmyeckaa CUCTEMA B/IOMKEHHbIX
KBaHTOBaHHbIX 3HEPreTUYECKUX YPOBHEN MaTepuu. Mona npeacTaBaatoT coboi BbICOKOIHEPrUYHbIe
NPOTOYHbIE CPeabl BUXPEBbIX 31eMeHTOB. Hanbonee HU3KMM MO IHEPrMKU YPOBHEM MOAA ABAAETCA
dU3NYECKMIA BaKyyM (3/1eKTpOMarHutTHoe noJsie). Ero KBaHTamu Cay»KaT BMPTya/ibHble YacTULbl —
BMXPEBbIE rPaBUTOHbI CO CMMHOM 2h, HENPEPbIBHO ABUKYLLMECA CO CKOPOCTbIO C.

BelecTBO BO3HMKAET B NpoOLECcCe KOHAEHCALMN TPAaBUTOHOB B TOPOUAA/IbHbIE BUXPU HENTPU-
HO, M3 KOTOpbIX CHOPMMPOBANNCE YaCTULbI, CFPYNNMPOBaBLUMECA 3aTEM B aTOMbl U MOJIEKY/bI.
BsaMmopgencTemne 3/1eMeHTOB BeLLLECTBA NPUBOAUT NP AajibHeleM OCTbIBaHUN K 06beANHEHUIO
ero ¢oparmeHTOB B NJIAHETbI, 3B€34bl M MaNaKTUKKU. [pM 3TOM BUXPEBOM XapaKTep BeLLeCTBEHHbIX
06pa3oBaHuUii coxpaHaeTcA. BeliecTBO MOrpy*KEHO B FPaBUTOHHYIO cpedy $M3MYECKOro BaKyyma.
[BuKeHWe YacTumL, BelecTBa B 3TOM cpeae NpomncxogmT no nHepummn 6es cosepLueHuna paboTsbl.

MpepnoxeHHaa B paboTe CTPYKTypHaa moAenb GyHAAMEHTAIbHbIX U MEeTacTabunbHbIX Yac-
TUL ABAseTcA pasBuTuem naein M. MNnaHka u apyrmx cosgatenieir KBaHTOBOM MexaHUKWU. B npeana-
raemoi MoAeNn BUXPEBLIX YaCTUL, MOMEHT TOPOUAANBHOIO ABWMXKEHWA 3aMKHYT U obecneunBaet
yCTOMYMBOE CyLLECTBOBAHME YacTUL,. MOMEHT KO/bL,EBOro NOTOKA rPAaBUTOHOB MOXKET U3MEHATLCA
npwu B3aMMOAENCTBUMN C BHEWHUMN 0bbeKTamu. bnarogapa stomy GOTOHbI U HEUTPUHO NepeHoCaT
JHEepruo Mmexay 4actmuamn BeLecTsa.

B BMXpeBoM Mogenn OKasanocb BO3MOKHbIM BOCCTAaHOBWUTb npeactasneHus I. JlopeHua o
NPOAO/IbHON M NonepeYHo maccax Yactmuy, POToHY NpeanucbiBaeTcA NonepeyHasa macca me. AHa-
N3 CTPYKTYPbl 3N1EKTPOHA NO3BO/INA BbIABUTb CYLWLHOCTb 3apAAa KaK MHTEHCMBHOCTU UCXOAALLETO
BpaLLAOLLErOCA IY4€BOro NOTOKA FPaBUTOHOB.

dyHOameHTaNbHble B3aMMOAENCTBMA MEXAY YacTMLamMM BellecTBa B AaHHOW MOAEenu cBo-
OATCA K eANHOMY BUXPEBOMY B3aMMOZLENCTBMIO. KarKaaa vacTuua uam GparmeHT BellecTBa OKpy-
*KEeHbl NPUCOEANHEHHDBIM C/I0EM SHEPTUYHbIX TPABUTOHOB. MoNHOe faB/ieHne B STOM CN0€e CKAagbl-
BaeTCcA M3 AMHAMMYECKOro AaB/IEHMA U CTAaTUYECKOro AassieHna. Bosne Kaxaoro anemeHTta BeLecT-
Ba 0bpasyeTcs «pasperkeHue», KoTopoe M obyc/noBAMBaEeT cuiay nputaxeHus. Mo ¢usmyeckomy
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CMbIC/Y MAaea matepuanmnsyeT npeacrassieHma obuwen Teopmum oTHOCUTENbHOCTU A, JliHWTEHA 00
MCKPUBIEHUW NPOCTPAHCTBA FPAaBUTUPYIOWMMU MacCamM.

PaccmoTpeHune BUXPEBOW MOAENM NO3BOINAO NO-HOBOMY MHTEPNPETUMPOBATL OMNbITHbIE AAH-
Hble 0 MMKPOMMPE, a TaK¥Ke NPessIoKUTb HECKOIbKO HOBbIX MOJIOXKEHWNA:

1. CunbHOe, 3NEKTPOMArHUTHOE U rPaBUTALMOHHOE B3aMMOLENCTBUA €CTb NPOABAEHUE
BMXPEBOrO B3aMMOAENCTBMA. YHMBEPCA/IbHbIM NEPEHOCYMKOM B3aMMOLENCTBUIA AB-
naTcA rpaBuToHbl. Cnaboe B3aMmoaencTemMe 06yC/IOBNEHO CUMAaMU MHEPUMU SHEp-
TMYHBIX YacTuUL,

2. TMpogonbHasa M nonepeyHas MaccCbl YacTUL, onpeaenarTca cobCcTBEHHON KMHETUYe-
CKOW 3Hepruei COOTBETCTBYIOWMX NOTOKOB FPaBUTOHOB. DPOTOHbI NEPEHOCAT MOMEHT
MMNyNbca MeXAy YacTuuamum Belectsa 61arogapa HanMUMIO NONepeYyHO Maccbl m,.

3. 3apsag yacTuubl onpeaenAeTca Kak COBCTBEHHAA WMHTEHCMBHOCTb MCXOAALLEro Bpa-
LLLAIOLLEroca /y4eBoro NOTOKAa rpaBUTOHOB. B Agpe atoma HET KyJIOHOBCKMX CUMA OT-
TAZIKMBAHMA MEXAY NPOTOHAMM. DNEKTPOHbI B MOTOKE HE pacTa/IkKMBaOTCA.

4. [Oundpakuma yactul, obycnosneHa KBaHTOBAaHMEM MX MOMEHTA MMMNYy/AbCa MPU B3au-
MOZENCTBMM C KpaaMu nperpagbl.

5. DneKTpOHbl aTOMa BpPALWAKOTCA BMECTe C MPOTOHaMWU A4pa MO 3aKOHAM OBUKEHUA
TBEPAOro Tesla 3a CYeT TOro, YTO KarKAbl 3NEKTPOH COeAMHEH C COOTBETCTBYHOLLUM
NPOTOHOM fiipPa BUXPEBOW 3apAA0BOMN TPYOKOM.

6. KoHdallHMeHT KBAapKOB 0OBACHAETCA CHMMAEMOCTbIO FPAaBUTOHHOTO rasa.

7. TaroTeHue 0b6YCNOB/IEHO FPAAMEHTOM CTaTUYECKOrO AAaBAEHWUA B MPUCOEAMHEHHOM
rPaBUTOHHOM CNOe Tesla C aKTUBHOM rPaBUTALLMOHHON MacCoi.

8. VYpaBHeHuAa MaKcBenna pasgenatoTca Ha SNEeKTPOCTAaTUYECKYIO U MarHUTOAMHamMuU4ye-
CKyto 4YacTu. Bektop MOMHTUHra He PaBeEH HYAIO NWWb B HECTAUMOHAPHbIX CAy4YasX.
CnnoBoe aencTeMe TOKa NOAAEPKUBAETCA 33 CYET CTOPOHHEN MArHUTHOM CUAbI.

9. PaanoBOsHa pacnpoCcTpaHAEeTCA B Cpefe rpaBUTOHOB 3/1EKTPOMArHUTHOrO NMoJA B BU-
0€ PacxoAfLMXca BUXPEBbLIX BO3MYLLEHUIA C ABYMA MOMNEpPeYHbIMMU COCTaBAAOLMMMU
MOTOKA NO/A: BEKTOPHbIM NOTEHLMANOM A v MariuTHOIA MHAYKUMEN B.B pagMoBoJiHe
HeT B3aMMoNpeBpPaLLEeHNIA SNEKTPUYECKOTro U MAarHUTHOTO MoJei.
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