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AHHOTaAMSA
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9JIEMEHTOB U IPHOOpETEHNE YaCTUIIAMU MACCHI.
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IIpeaucaoBue

Ha crpanuniax KHUrM NpeacTaBieHbl MaTepyuasbl O B3aUMO-
JEWCTBUM MAaTEpUU C MPOCTPAHCTBOM. DTO 3aBEPLIAIOLIMNI STall
NIPOBEIECHHBIX HCCIAEOBaHUI. VIX JacTW4HBIE pe3ysbTaThl Obl-
JIY U3JI0KEHBI B paHee OMmyOIMKOBaHHBIX KHUrax: «Pusuka mpo-
CTpaHCTBa», «COOPHHMK cTaTel 1o (PU3MKeE MPOCTPAHCTBa», «Ta-
WHCTBEHHAs I'paBUTAIM», « HOBBIN B3MJIs] HAa TPUPOLY MAaTePUA
M TIPOCTPAHCTBa», «[IporcxokaeHre CTaOUIbHBIX JIEMEHTOBY,
«KBaHTOBasi pu3mKa M HUTH MPOCTpaHCTBa». MccienoBaHus,
IIPOBOIMJIMCH IO CMOZAEIMPOBAaHHOM cucteMe. Mcnonb3oBanue
e€ 0a3MCHBIX MPUHIMIIOB, TIO3BOJIMJIO ONKCATh MEXaHU3M Ipa-
BUTALIMOHHOT'O B3aMMOJEVCTBUS MaTepPUAIIbHBIX TeJ, YAAJEHHBIX
Ha OOJIbIIIME PACCTOSIHUS. A TaKXke I'PaBUTALIMOHHYIO 3((PeKTUB-
HOCTb MaTE€pUAJIbHBIX T€JI HA IPUMEPE COIIHEYHOM CUCTEMBI. Pac-
KPBITh CYLITHOCTb CBSI3U CAMO 'PABUTALIMM C BbIJEJIEHUEM KHHE-
TUYECKOM 3Hepruu. JlaHo HOBOE NMOHMMaHHUe Mpolecca poxe-
HUS Si7ep HOBBIX XMMUYECKHX JIEMEHTOB B Helpax 3Be31. O0b-
SICHEHBl TIPUYMHBI HEU3MEHHOCTH CKOPOCTH (POTOHOB pas3iny-
HBIX SHEPrUil B IAaHHOM CpeJie, HECYIIUX Pa3HOe KOJIMUYECTBO Ma-
TepHaJIbHOM SHEPruM, a Takxke, oYeMy MpH MepecedeHur Mpo-
BOJHMKOM MarHMTHBIX CUJIOBBIX JIMHUIA, B HEM BO3HUKAET JJIEK-
TPUYECKUA TOK. BpICKa3aHbl peinoioxkeHust 0 BpeMeHu oopa-
30BaHUsI TEMHOW MaTepuu, O KaHAUJaTe Ha POJib TEMHOW SHEP-
TYH U C/IeNIaH IIPOTHO3 O MPOIO/LKUTEIBHOCTH MpoLiecca yCKope-



HUs1 IBUKEHUsI raslakTUK. [IpuBeieHbl puMepbl, KOCBEHHBIX J10-
Ka3aTe/IbCTB PEaIbHOCTH CYIIECTBOBAHUS CUJIOBBIX HUTEH IMPO-
crpaHcTBa. [IpeacraBieH HOBBIN B3I K TIOHSITUSIM «CTPAHHO-
CTel» KBAaHTOBOM (PU3MKU: 3allyTAHHOCTU (POTOHOB U TYHHEJIU-
POBaHUsI C MO3UIMM CUJIOBBIX HUTEN MPOCTpaHCTBa. Paccmotpe-
HO CTPYKTYpPHOE MOCTPOEHUE EKTPOHOB, MPOTOHOB, HEUTPO-
HOB, KaK KBAaHTOBBIX OOBEKTOB, UCXO/Isl U3 0A30BBIX MPUHIIAIIOB
cMoJieTMpoBaHHOW cucTembl. [lokazan MexaHu3M oOpa3oBaHusI
MaKeTOB SHEpPruu (IJII0OHOB) KBApKaMU, HAXOISIIMMUCS BHYT-
Y IPOTOHOB U HEMTPOHOB MPU UX ABMKEHUU B CHJIOBBIX HUTSIX
SIZIEPHOTO MPOCTPAHCTBA.. PacKphITa ITyOMHHAS CYTh IIBETOBBIX
3apsi/IOB U IMOKa3aH MEXaHU3M B3aUMOIENUCTBU S YacTull, 001aaa-
IOLIMX [IBETOBBIMU 3apsiiaMu. KHura mumocTpupoBaHa pUCyH-
KaMU, PAaCKPBIBAIOIIUMHU CYTh PE3Y/IbTATOB TPOBEACHHBIX UCCTIe-
JIOBaHUU.

WccnenoBanus NpoOBOAWIMCH C WCIOJIb30BAHUEM (pU3MUe-
CKMX SIBJISHHM, TTPOLIECCOB (PAKTUUYECKU TPOUCXOIAIIMX B MPU-
pore. B nmoareepikaeHue MoydyeHHbIX Pe3y/IbTaTOB U BHIBOIOB
UCTIOJIb30BaHbl JIAHHBIE JIPYTUX aBTOPOB, MPUBEJICHHBIE B MyO-
JM4HOM Juteparype. Kuura cogepxut 6 rmas. B kaxaou rase,
npeJcTaBjieHa onpeaeyeHHasi (pu3nyecKasi CylHOCTb U IpUBe-
JIeHbI TTyOJIMYHbIE CBEJICHUS O HEMl.

Hacrosiiasi kHura paccurtaHa Ha JII0OO3HATENILHBIX JTyMalo-
HIMX YUTaTeNeN, B HEN MIPUOTKPBIBAIOTCS HOBbIE TOPU3OHTHI (PU-
3uku. Kak BO BceM HOBOM, B HEMl MPUCYTCTBYIOT CIIOPHBIE ac-
MIEKThI, UCUEPITBIBAIOIINAE OTBETHI, HA KOTOPbIE OYIyT MOTYYEeHBI



CO BpeMeHeM



I'nasa 1. Marepus

CnoBo MaTepusi — TEpMUH HEOJHO3HAYHBIA. Y HEro MMeeTcs
3HAUUTEJIBHOE KOJMYECTBO PA3JIMYHBIX OINpENESIEHN, BO MHO-
T'OM 3aBUCAINUX OT KOHTEKCTa. Marepus — 3TO OIHO U3 OCHOB-
HBIX IOHATUN (pr3uKH. B npouiecce pa3Butus (pu3nyecKon Hay-
KU OHO yriyOmsiiock U paciupsiiocs. Hanpumep, HbloToH cun-
Tajl, YTO IJIs OMMCAHUSI MATepUaJIbHBIX OOBEKTOB JOCTATOYHO
ObUIO yKa3aThb HUX Maccy, Temieparypy, oobeMm. C mosBieHH-
eM OO0llell TeEOpUM OTHOCUTEJIBHOCTU B TIOHSITUM MaTepUu yxke
nojipasymMeBaJlach €€ CBSA3b C TPABUTALIMEN Y IPAaBUTALIMOHHBIMA
BOJIHAMH, a pa3padOTaHHasl HA IPUHLIMIIMAILHO HOBBIX KOHIIETI-
IMSIX KBaHTOBasl (pM3MKa KOPEHHBIM 00pa3oM M3MEHWJIA Tpel-
CTaBJIeHUE (PU3MKOB O MUPO3JaHUU.

OCHOBHBIMU BHJAaM MaT€puy SBJIAIOTCS: BEILECTBO, aHTHBE-
LIECTBO. KBAPK — IVIIOOHHAs IUIa3Ma, 110JIE. KBAaHTOBBIE IO pas3-
JIMYHOW TIPUPOIBI, a TaKKe MaTephajbHble OOBEKTHl HEsICHON
(puznyeckon npupoapl — TEMHasA MaTepUs U TEMHAsl SHEPIUsl.



1.1 BemrectBoO

O)IHI/IM W3 OCHOBHBIX CBOMCTB PAa3JIMYHbIX BEHICCTB ABJIACTCA
HAJIMYHNC Y HUX OIPCACJICHHOI'O KOJIMYECTBA MACChl U SHCPI'UM.

1.1.1 Macca

Ewme Ha paHHel cTaguy UMBUJIM3ALMU JIIOAU 3a1yMbIBAJIVChH
HaJl BOIIPOCOM, YTO Takoe macca. Ha npoTskeHuu TeicsueneTnii
YUYE€HbIE MHOTUX CTPaH NbITAJIUCh PACKPBITh OCHOBHBIE CBOWCTBA
macchl. [lepBbIM, MaTeMaTU4eCK! OIMHUCABIIAM 3Ty MpoOiemy,
obu1 M. Heioton. ITo HeioToHy Macca Tena o6agaer ABOSIKUM
cBoiicTBOM. B nepBom citydyae oHa uHepTHa (Mm;) U MpeAcTaBIsi-
eT co0Ol OTHOIIIEHHE HEerPaBUTAIIMOHHOW CHIIBI K YCKOPEHHIO,
a BO BTOPOM T'PaBUTAIIMOHHAS (M) OMpPEESSET CUTy TIPUTSIKE-
HUsA Tela JPYTMMU TejlaMM M IIPUTSKEHUE CAMHUM TEJIOM Apy-
rux tej. O0e 3TU BeJIMYMHBI TOKAECTBEHHBI JIPYT APYTry, XOTs
Y 1IOJIyYEHBI SKCIIEPUMEHTAIIBHO B XOJI€ PA3HBIX IKCIIEPUMEHTOB
Y UMEIOT NIPUHLMITAAJIBHO Pa3HYI0 (PU3UYECKYIO IIPUPOLY.

Teopusi rpaButanmu HeioToHa OGasmpyeTcsl Ha CHJIaX TATO-
TEHHUsI, KOTOPBIE SIBJISIOTCS JAJbHONEUCTBYIOIIMMU U PacIpo-
CTpaHsI0TCsl MrHOBeHHO. OHa mnotyunsa BceoOllee Mpu3HaHue
C MOMEHTa OnmyOIMKOBaHMs U mpoaepskaiack 1o 1905 roma, Ko-
r71a OblTa 3aMeHa CIIeMaTbHON TeOpUel OTHOCUTENTFHOCTH DIiH-
mrenHa. Ecim B kiaccuyeckon mexanuke HploToHa macca Te-



Jla, BCJIEJCTBUE 3aKOHA COXPAHEHMS] MAacChl, BO BCEX IPOLEC-
cax OCTaBaJlaCh HEM3MEHHOM, TO B PEJISITUBUCTCKOM MEXaHUKE
CTO DiiHmTeliHa MOHATHE MacChl MpuoOpeTata Ooyee ryoo-
KU cMbICT. B Hel paccMaTpuBasnoch ABMKEHHE Tel (YaCTHIL)
CO CKOPOCTBIO OJTM3KOM K CKOpocTu cBeTa. CBSI3b MEKIy CKOPO-
CTBIO T€JIa U €r0 UMITYJICOM (p) ONpENeNsach He 10 TPAAULIN-
OHHBIM KJIACCMYECKUM KaHOHAM, a CJIEYIOIIM COOTHOLIEHHUEM.

moyv

pzdl—vz/cz

r'ac mop— Macca Tejia, v — CKOpPOCTb T€Jjla. C — CKOPOCTh CBCTA.

ITpu CKOPOCTH TeJla 3HAYMTEBHO HUKE CKOPOCTH CBETA CBSI3b
UMITYJILC TeJIa C €0 CKOPOCTHIO MEPEXOIUT B KIIACCUYECKOE CO-
OTHOILICHHE P=mV, a BEeJIMYMHA M( HA3bIBAETCS MACCOU TOKOSI.
B pensTuBHCTCKOM MeXaHMKe Macca IBHIKYILETO Tea (YacTHIIHI )
HE paBHA Macce TOKOs TeJjia, a PACcTeT C YBEJIMYCHUEM ero CKO-
pocTu:

mgy

m =

B xnaccuueckon MexaHMKe MOCTYJIUPYETCA 3aKOH COXPaHC-



HUsI MacChl, IOTOMY Macca CUCTEMBI T€JI B HeW paBHA CyMMe Macc
TeJ, BXOJAIIMX B 3Ty cucremy. B omiuune oT He€, B pensiTu-
BUCTCKOM MEXaHUKE B 3Ty CyMMY BKJIIOUAIOTCSI SHEPrusl CBSI3U
Y SHEPrusi ABMKEHUSI YaCTUI] OTHOCUTENILHO JPYT ApYyra, Mo3TO-
My 37I€Ch 3aKOH COXPAHEHMSI MACChl U 3aKOH COXPAHEHUS SHEP-
v OOBETUHSIOTCS B €IUHBIN 3aKOH COXPAaHEHU ST MaCChl — SHEP-
TUH.

CoBpemMeHHOe TIpeIcTaBIeHre O Macce OazupyeTcs Ha ooIIe-
MIPUHSATON KBAHTOBOW TEOPWH 101 B Jiniie CTaHJapTHOUM Mojie-
. OCcHOBY €€ cocTaBIA0T 12 (pyHAAMEHTAIBHBIX KBAaHTOBBIX
nojield, KBAaHTaMU KOTOPBIX SIBJISIIOTCSI TPU MOKOJIeHUs (pepMHUO-
HOB: 6 KBapKOB, 6 JIEITOHOB U COOTBETCTBYIOIIMX UM 12 aHTHYa-
cruil. KBapku yuacTBYIOT B cJ1aOOM, JIEKTPOMAarHUTHOM M CUJTb-
HOM B3aUMO/IEHICTBUH, JICTITOHBI B IEPBOM U BTOPOM, & HEUTPUHO
TOJILKO B MIEpBOM B3anmojeicTBuu. [lepeHocunkaMu 3Tux B3a-
UMOJEVCTBUI SBJISAIOTCSA OO30HBI: (DOTOH, ITIOOH, W U Z.

Cornacho CTaHAapTHOM MOJE/NM TMPOTOHBI U HEUTPOHBI,
U3 KOTOPBIX COCTOST sI[pa XUMHUYECKUX JIEMEHTOB, 0Opa3oBa-
HBI U3 KBAPKOB, CBSI3aHHBIX MEXIy COOO O€3MacCOBBIMU YaCTH-
amu rmooHamu. [Ipy 3ToM nogaBiisionasi 4acTh MacChl HyKJIO-
HOB OOYCJIOBJIEHa KWHETUYECKOU SHEPrreil KBApKOB U TJTI0OHOB,
a OCTaJIbHAs YaCTh 9TO MAacca MOKOsI KBAPKOB.

Oco6oe mecto B CTaHIapTHOW MOJIENIM 3aHUMAET, TaK Ha3bl-
Baemoe nojie Xurrca. JleJo B TOM, YTO COIJIACHO CMMMETpPUU
MUKPOMMPA, JIEMEHTAPHBIM YaCTHIIAM 3alperieH0 UMeTh Mac-
Cy, a CKaJsipHOe Tojie XUrcca CrOHTAHHO HApyIIAeT 3Ty CUM-



METPUIO, U BHITEKAIOILIME U3 HEE 3aMPEThl HE BBIMOIHSIOTCS. Cun-
TaeTcs, YTO IEMEHTAPHBbIE YACTHUIIBI IPUOOPETAIOT MaccCy B3a-
MMOJICVICTBYSl C 3TUM IIOJIEM, IPUYEM YeM CUJIbHEe (IIJIOTHEE)
9TO B3aMMOJICWICTBUE, TEM OOJBIIIYI0 MAacCy MPUOOPETAET YacTH-
1a 1, Ha0OOPOT. DTO MONOKEHNE Teopur DHIepa — bpayra —
Xwurcca MOATBEPKAAETCS HATMUMEM OOJBIIMX Macc y O030HOB
W u Z n orcyrctBueM macchl y (pOTOHA M IJIIOOHA, 4 TaKkKe
TeM, 4To Macchl yactull CTaHIapTHOW MOJIEN UMEIOT pa3dopoc
Ha 11 nmopsakos. Ilone Xurcca 310 KBaHTOBOE TOJIE U KBaH-
TOM 3TOTO TOJISI CUMTASTCs YacTuiia 60301 Xurcca. Bzanmonei-
CTBHE KaK/IOW JIeMEHTApHOMN YaCTHUIIbI ¢ 0030HOM XHUTcca KecCT-
KO (PMKCHpPOBaHO, YeM MAaCCUPOBaHME YacCTULA, TEM CUJIbHEE
B3auMmoyierictBue u HaoOopoT. B 2012 roay B Llepne, Ha Bob-
IIIOM a/IPOHOM KoJlaiziepe, Oblla OTKPBITa HOBAs YaCTHUIIA MO CBO-
UM CBOWCTBaM COOTBETCTBYyIOIIasi 6030Hy Xwurrca. CoBpemeH-
Hasl KOHUENLXS MPUPOIbl MacChl TaKKe MPEACTABIIEHA U B APY-
T'UX TEOPUsiX, B YACTHOCTU B MOJSIPU3ALIMOHHON Teopuu Mupo-
3nanus (ITTM), cortacHO KOTOpoii Macca 0Opa3yercsi B pe3yJib-
Tare nojspusauuu Bakyyma. Ho HecmoTps Ha Bhiedamisiomye
yCreXy COBPEMEHHOM (PU3MKU 10 YIIIyOJIeHHUIO MOHSITUSI OCHOB-
HBIX CBOWMCTB MacChl, €€ mpUpoa 0 CUX MOp COAEPKUT B cebe
HESICHOCTH U 3araaku. Harpumep, nouemy oaHMA 4aCTULIBI UMEIOT
Mmaccy, a Apyrue Het? KakoB MexaHu3M B3auMOAEVCTBUS YaCTHUL
¢ noseM XUITca U 4eM 0OYyCJIOBJIeHa TUIOTHOCTh MX CIETJIeHUsI
c neri? [louemy Macca oiHUX YacTuIl (JIEKTPOH) UMEET OTpHUlIa-
TEJIBHBIM 3apsjl, a Macca JAPYIux (IIPOTOH) IMOJIOXKUATEJIbHBIN 3a-



paa? KakoB MexaHH3M NOpOXICHHUS Oe3MacCOBBIM (POTOHOM Ya-
ctu1l (MEKTPOH — MO3UTPOH), oOaaomux Maccori? Ha stu Bo-
MIPOCHl Y COBPEMEHHOM (PU3MKHU HET OTHO3HAYHBIX 0TBETOB. [Ipo-
61eMa (pU3MUECcKO MPUPOJIbI MACCHI eIIE AaJIeKO He hcuepriaHa
Y, IO MHEHUIO aBTOPA, HOBOE (PU3NYECKOE OCMBICIIEHUE TIPUBE-
JEHHBIX BOIPOCOB U TMOJy4YeHUE HA HEKOTOPBIX U3 HUX OMpese-
JICHHBIX OTBETOB, MOXET J1aTh CMOJEJIMPOBAHHAS CUCTEMA B3au-
MOJIEHICTBU I MaTepPHHU C MMPOCTPAHCTBOM, Oa3UpyIoIIasics Ha clie-
JOYIOLIUX MPUHLIMIIAX.

MeToauka Mo1eJTUPOBAHMS

Peamu (R) okpyxaroriero mupa sBisiiorcs pe3y/IbTaToM B3a-
umonencteusi Matepur (W) u npocrpascrsa (P).

R=W+P

1.IlocnenHen HenenMMOW 4acTULIEW MaTe€pUd SBJSAETCA IO-
JIOXKUTEJIBHO 3apsKEeHHAs YacTHLa TPABUTOH (g), a MOCIeIHEeN
HEJIeJIMMOM YacTUIIe MPOCTPAHCTBA SBJISAETCS OTPULIATENIBHO
3apsi’KEHHAs1 YaCTUIIA TTPOCTOH (P).

2. B3auMocBA3b MaTepuu ¢ MPOCTPAHCTBOM OCYILECTBIISETCS
SHepruen. JHeprus NposBIsAETCA B JBYX BUJAX: SHEPIUM MaTe-
pun (Ey,) 1 sHepruu npoctpaHcTBa (— Ep.), KoTopele B3aMMHO
NIepexoAT APYT B Ipyra.

3. IIpocTpaHCTBO B CMOAEIMPOBAHHOM CUCTEME IPE/ICTABIIE-



HO COBOKYITHOCTSIMU ITPOCTOHOB, COOPAHHBIX B «CHJIOBBIE HUTH>,
KOTOphIe, B CBOI0 Ouepe/ib, 00pa3yloT CBOEOOPA3HYIO «CEThb»,
PaBHOMEPHO HANPSKEHHYIO BO BCEX HAMPABJICHHUSIX 32 CUYET CHIT
OTTaJIKUBAHUS1 OJHOMMEHHBIX 3aps1/I0B.

4. Matepusi B CMOJIETMPOBAHHOM CHUCTEME MpeCTaBIseT Co-
00l COBOKYITHOCTh I'PABUTOHOB, Pa3MEIIEHHBIX OMPe/Ie/ICHHbIM
00pa3oM Mexk/1y CUIIOBBIMU HUTSIMH ITPOCTPAHCTBA.

['paBUTOH 3TO CTYCTOK SHEpPrMu Marepuu, a MPOCTOH 3TO
CTYCTOK 3Hepruu rnpocrpancTBa. CrycTku oOpa3oBajmch B Ha-
JaJIbHOW CTaiuu 0Opa3oBaHus BeemeHHOM. YacTuIpl orHAKO-
BbI 10 MOJTYJTIO U OOpaTHBIE TIO 3HAKY

Bce marepuanbHbie Tesia (OT 4acTHI] 10 TaIaKTUK) ABUKYTCS
B CWJIOBBIX HUTSX MPOCTPaHCTBA U AedopMUpyloT ux. [Ipoton
C)KUMAET, a JIEKTPOH paciiupsieT CUJIOBbIe HUTHU MTPOCTPAHCTBRA,
B 3TOM MX (pyHAaMEHTAJIbHOE CXOACTBO U pa3nuuue. Hecmotps
Ha TO, YTO MPOTOH Tskesee ekTpoHa B 1840 pa3, y vacrui
OJJMHAKOBBIE M0 BEJIMUMHE, HO Pa3HbIE 0 3HAKY 3apsi/Ibl.

B coBpemenHOM Mupe Bee pusrueckue, XUMUUYeCcKe, OHoJo-
TMUYECKUE, SAepHbIE MPOLIECCHI, SIBJIEHUS, B3aUMOEHCTBUSI MPO-
UCXOAAT MPU HENOCPEJCTBEHHOM YYacTUM SHEPrUU MaTepuu
Y SHEPruM rnpocrpaHcTBa. OHU B3aUMHO NEPEXOIAT APYT B APY-
ra ¥ CJIy’aT OCHOBOH Jyisi (hOPMUPOBAHUSI BCETO MHOTOOOpa3us
Pa3IMYHBIX BUJIOB SHEPTUM (MEXaHUUYECKOM, XUMUYECKOH, sITIEp-
HOM U JIp.) U CIIOCOOOB X Mepexoja OJHOTo BUAA B APYTOM.

Pe3yJIbTaTbl MOACJIUPOBAHUA



B Hacrosiee Bpems B HAyYHOM MMpE JOMUHUPYET TEOPUS
poxaenus Beenennout B pe3ynbrare bonpioro Bapeisa. [Io Hero
OHa ObUIa» CXKaTOW O TOYKH, TaK Ha3bIBAEMBIM HMUTO, C KO-
JIOCCAJIbHOM IJIOTHOCTBIO. B 3TOM HMUTO IUIM IPOLIECCHI, KOTO-
pble IOBEJM €r0 JO ONPEAETICHHOIO COCTOSHHUS M OHO B30pBa-
nocs. [Tocne B3peiBa HaYas10Cch MO3TaNTHOE POXKIEHUE, CTAHOBJIE-
HME U (PyHKIIMOHUpOBaHUe BceneHHom.

[lepsoit nocne Bonbioro B3peiBa cunrtaercs [1naHkoBckast
3M0Xa ¢ TeMIeparypou 10*? K 1 miotHoctsio okono 105 r/em>.
JuTenbHOCTh €€ CoCTaBiIsia 1074
JIEHHOH Obly1a TOJILKO SHEPrHs

cek. B 310 Bpems Bo Bce-

Yepes 107° CeKyHAbI Mocje HactymieHus: [LiaHKoBCcKo
SMOXM HACTyNWja 3pa UHQIISIMOHHOM 3M0XU. B 3TOT mepuon

Bcenennas ysenuuunace B 10%° pas. B Heit BcE emmE npeodnaga-
eT U3JyYeHHe, HO 371eCh yXKe TOSBIINCH CyOaTOMHbIE YaCTHUIIBL:
KBapKH U JIEKTPOHBI, KOTOPBIE TIOKA HE UMEJIN MACCHI.

Mexny 10721078 cekyHjibl ocsie bosnbioro B3peiBa Ha-
CTyNuJIa KBapKOBas 31oxa. TeMrieparypa B 9TOT NEpUOJL Pa3BU-

o 12

tus BeenenHo cocrapnsna 6onee 10 K. Ilpu Takux ycnoBusix
KBapKH He MOTJIM 0Opa30BbIBaTh aJIpoHbL. B 310 BpeMs Bcenen-
Hasi OblIa 3aM0JIHEHA KBAPK-TJIIOOHHON I1JT1a3MOM.

B teuenue or10 % u 1o 1 ¢ nocne bonbimoro B3peiBa Temme-

parypa BceneHHoli onycTusiach amkel0'°K un KBapK-IJIIOOHHAsA



Iia3Ma OXJIaJWJach JO BEJIMYMH, MPU KOTOPbIX KBApPKHU IPYII-
NMPOBAIMCH U 0OPa30BBIBANIM aIpOHBL. B X0me agpoHOBO# 3M0-
x# (1 — 10 cexkyHn) aapOHBl aHHUTWJIMPOBAJIM C AHTUAAPOHA-
Mu. B pesysnbrare nosBuIMCh napsel JENTOHOB U aHTWJIENTOHOB.
W3 Bcex JIENTOHOB camble W3BECTHBIMU JIEITOHAMM SIBJISIIOTCS
IEKTPOHBI.

Mo mepe oxnaxaenust BceneHHOM MPOTOHBI M HEUTPOHBI 00-
pa30BbIBAIM fpa BOAOPOJAA U Teus U 4yepe3 3 MUHYTHI, IO-
cie bombioro B3peiBa Bo BceeneHHol Havasioch (hopMHpOBa-
HHEe CTaOMJIBHBIX aTOMOB Bofopoaa u renws. [Ipoucxoquso sto
IyTEM 3aXBaTbIBaHUS JIEKTPOHOB APaMU BOAOPOIA U TeEJHS.
Ota 3noxa HasbiBaeTcs (poroHHOM. [Tponomkanack oHa 380 Thi-
cau jer. K e€ koHiy temneparypa BceneHHoil omycTuiach

10 3500°K u oHa crana MIPO3PAavYHON 1S IPOXOKAECHUS (POTO-
HOB.

K Hacrosiimemy BpeMeHn pa3paboTaHO JTOCTATOYHO OOJIBIIOE
KOJIMYECTBO TEOPHIA, TPE/ICTABIISIONIMX COOOM pa3IMyHbIe MOjie-
JIM POKJIEHUs U pa3BUTUsI BeeneHHOM, HO OONBITMHCTBO (PU3H-
KOB cuMTaioT Teopuio bosbioro B3peiBa, kak Hamnbosee teope-
THYECKU 0OOCHOBaHHYI0 Mofiesib Beenennoil. MHorue acrnekTh
9TOW TeOpHHU ObLTA TEOPETUIECKH MPENCKa3aHbl U SKCTIEPUMEH-
TaJIbHO MOATBEPAkIeHbl. Tak Ha OCHOBAaHUHU €€ MONIOKEHUI ObLIO
YCTAQHOBJIEHO TIOCTOSIHHOE pacuIMpeHue BceeHHOM M OTKpPHITO
B Hell poHOBOE m3nyvyeHue B pasmepe 2,7 K. Ho Hapsany ¢ no-
CTOMHCTBaMH, Y TEOPUM BOJIbIIIOro B3pbiBa €CTh ONPEAEICHHBIE
I'PaHUIIbl MIPUMEHUMOCTU U OHA TpeOyeT JOTOIHEHHS U YCOBEP-



meHcTBoBaHus. Mcnonb3yst 0a30Bble IPUHIMITBI CUCTEMBI B3au-
MOJIEHCTBHUSI MaT€PUH C TIPOCTPAHCTBOM, MOITPOOYEM JOTIOTHHUTh
Y YTOYHUTb HEKOTOPBIE €€ TIONIOKEHHUS.

PaGouas runoresza B3aMMOJENCTBUS MaTepUu C MPOCTPAH-
CTBOM OCHOBBIBAETCSI Ha MOCTYJIaTe 00 SHEPruu. DHEPrus cylie-
CTBYET B JBYX BHJax: 3Hepruu marepuu (E.,) u sHeprum npo-
crpaHcTBa ( — Ep.), KOTOpbIE B3aMMHO MEPEXOAT APYT B JAPY-
ra. VIMEHHO 3TH 3HEpPruu ABJISAITCA UCXOOHBIM «MaTepUAIOM»
Bonbimoro B3pbiBa, MMEHHO M3 HMX BO3HUKJM BCE YaCTHILIBI
OKpyXarouero mupa. PaccMorpuM nosrarHoe poxIeHUE, CTa-
HOBJIEHUE U (PYHKLMOHUpPOBaHue BcesleHHOM, UCcXoas U3 3TOro
IPUHLIMIIA.

Hauvanbnbiil oTcuet. B Hauane B3poiBa (10_43—103 > CeK.)
U3ITyYeHUsI SHEPruil ObuTM 000COOEHBI M HE B3aWMOJIEHCTBO-
BalM MexAy coOoi, Temmeparypa SHeprud MaTepuH COCTaB-

wa 10°%K, a sHepruu npocrpancrBa 0 K. (Puc.1l.a). B sror
NIeprol U 0OpPa30BAJIMCh CTYCTKHM SHEPrHMU MaTepud (IPaBUTO-
Hbl) U CTYCTKH SHEPIUM MPOCTPAHCTBA (IIPOCTOHBI). B TeueHue

10¥ - 10— CEKYHbI OTAEJIbHBIC ITPOCTOHBI I'PYIITUPOBATIUCH
(0OBbEeAVHSINCH) B «CHJIOBbIE HUTH», a IPyTUe OCTAUCh «CBO-
O0MHBIMI» . YacTh TPABUTOHOB TOXE OOBETUHSIITUCH (CIMBAIUCH)
B CBEPXMACCHBHBIE CTYCTKH (YACTHUIIBI), HO OOJIBINAS YaCTh OCTA-
BaJIaCh B «CBOOOJHOM» COCTOSTHUY.

Apa undusumu. Korga Bospact Beenennoi goctur 10

35 CEKYH/1 POU30IILIO nepeMeninBanue sHepruit (Puc.1.b), npu-



Bejilee K e€ SKCIIOHEHIMATBHOMY B3PbIBY, B pe3y/bTaTe KOTO-
pOro €€ nepBOHAYAJIbHBIN pa3Mep YBEIUYUJICH 10 pa3 3Ha-
YHUTeNIbHAS YacTh WH(ISAIMOHHOW SHEPruu M3pacxoloBasach
Ha pacTsUKeHHe CHJIOBBIX HUTEW MPOCTPaHCTBA M 0Opa3oBa-
HME U3 HUX CBOEOOPa3HOU «CEeTH», PABHOMEPHO HAIpPsiKEHHOM
BO BCEX HaIlpaBJICHUsIX, TO €CTh Ha (POPMUPOBAHUE MPOCTPAH-
ctBa coBpemeHHou Beenennoii (Puc.1.c). B undmsimonHsii mne-
puoz Bo BeeneHHoil B pe3y/ibTare nepeMermBaHus SHEprui Ja-
BMHOOOPA3HO My TeMIeparypa M IUIOTHOCTh M3Ty4eHHs,
¥ [IpU IOCTUKEHUU OMpe/IeIeHHbIX 3HAYEHUI ITUX ToKa3aTesen
HavyaJiu 00pa30BBIBATLCS MEPBbIE TIPEICTABUTEN OOBIYHOTO BeE-
IIECTBA YACTHIIBI PA3HBIX 3aPSIOB.

KBapkoBas smoxa. OHa Hayaach B 10— CEKyH]I OT MO-
MeHTa poxkaeHusi BcemenHoit. B Hell Havayim opmupoBarhb-
csl KBapKM M aHTHKBapKku. KBapku 0Opa3oBavCh CIeAyONIM
nyteM. CrycTku Heprud Marepuu (TPaBUTOHBI), BCIIEACTBHE
Pa3HOBUIHOCTHU 3apsI/IOB CO CTYCTKAMHU HEPrUU MPOCTPAHCTBA
(pOCTOHAMU), CTATMBAJIA CUJIOBbIE HUTU U3 MIPOCTOHOB, B pe-
3y/IbTaTe Yero MOsBJISAETCS CUJa, JeMCTBYIOIIAsl Ha TPAaBUTOHBI,
B HallpaBJieHWU UX cOMvkeHus. [IBUrasicb Mo CHUJIOBBIM HUTSIM
MIPOCTPAHCTBA, I'PABUTOHBI OOBEJUHSIIUCDH (CIUMAIIICh) B OIpe-
JieJIeHHbIE POCTPAHCTBEHHBIE COBOKYITHOCTH (KBAPKH) U, TAKUM
oOpasom, mpuodperanu mMaccy. [Ipu 3TOM MPOCTPaHCTBEHHOE
pa3MeleHre rpaBUTOHOB B CUJIOBBIX HUTSX MPOCTPAHCTBA, TO
€CTh CTPYKTYpPa MOCTPOEHUSI IEMEHTAPHBIX YaCTHII, OTpe/IeNisi-
JIaCh TUIOTHOCTHIO SHEPTUM MATEPUM U CTETICHBIO CKATHUSI CUJIO-



BBIX HUTEH MPOCTPAHCTBA B MECTaX MX BOZHUKHOBeHUSI. [103T0-
My 00pa30BaHHE KBAPKOB IMPOUCXOIUIIO MO0 HUCXOSIIEH JTMHUN
10 Macce, TO eCTh OT TSKENOro K JIETKUM, 10 Mepe yMEHble-
HUS IUIOTHOCTH U CTETIEHU CKAaTUsL. DTUM U OOBSICHSIETCS OTCYT-
CTBUE B MPUPOIE CBOOOIHBIX KBAPKOB W, €CIIU JIETKHE KBApKU
u ¥ d MOTyT CyITIeCTBOBaTh HEOTPAHWMUEHHO JIOTO BHYTPHU TIPO-
TOHOB U HEHUTPOHOB, TJIe 3TOMY COOTBETCTBYET CTEIIEHb CKATHS
CUJIOBBIX HMUTEW MPOCTPAHCTBA, TO OCTajbHbIe OoJiee TsKesble
KBAapKHU OBICTPO pacmafaroTcsi. ITO CBA3AHO C TEM, YTO OHH 00-
Pa30BaJINCh B YCIIOBHSIX CBEPX BHICOKMX CTETICHE! CXKaTHsI CHIIO-
BBIX HUTEH MPOCTPAHCTBA, KOTOPHIE CYIIECTBOBAJIN B MOMEHT UX
BO3HMKHOBEHMUS, TO €CTh CTPYKTYpa MOCTPOEHUSI JIEMEHTAPHBIX
YaCTHII, ONIPEAETISIACH, TUIOTHOCTHIO SHEPTUH MATEPUU U CTETe-
HBIO CIKATH I CUJIOBBIX HUTEH MPOCTPAHCTBA B MECTaX UX BO3HUK-
HOBeHMS. «KecTKOCTh» KOHCTPYKIIMI YacTHIl 00eCrieunBaiach
CTENeHbIO CKATUsl CUJIOBBIX HUTEH BHYTpH yacTHil. B 310 Bpe-
Ms yKe CyIIecTBOBaId (DOTOHBI, HO M3-32 BBICOKOW TUIOTHOCTHU
W3JTyYeHUsI OHM HEe MOIJIM PACIPOCTPAHATHCS B CHJIOBBIX HUTSIX
MPOCTPAHCTBA.

Jnoxa BO3HUKHOBEHUsI a/IPOHOB M JienTOHOB. [To me-
pe pacumpenusi BceneHHON U yBenuueHust e€ pajauyca, IUIoT-
HOCTb U3JTyYeHHS SHEPTUU U TEMITEPaTypa B Hell YMEHBINAINCH,
a BMECTe C HUMU CHWKAJIaCh M CTETeHb CKATUsI CUJIOBBIX HH-

teit. B euenme 10—+ —10° CEKYH/Ibl OT Ha4ajla BOBHUKHOBEHUSA
BcesnieHHOM KBapKy, IBUTasCh B CUJIOBBIX HUTSX MPOCTPaHCTBA
(coCTOAIMX U3 IPOCTOHOB) 00bEANHSINCH, IPUOOPETAIN Maccy



Y MPEBPALIAIMCH B IPOTOHBI M HEUTPOHBI, & AHTUKBAPKH, JIBU-
rasiCh B CHWJIOBBIX HUTSX, COCTOSIIIMX M3 IPABUTOHOB, COOTBET-
CTBEHHO MPEBPALLIATIMCH B AHTUIIPOTOHBI U aHTUHEUTPOHBI. CBO-
OOIHbBIE TPOCTOHBI OOBEAUHSITUCH M 0OPA30BBIBAIIM JIEKTPOHBI,
a TIO3UTPOHBI 0OPA3OBBIBAIMCH M3 TPABUTOHOB. KECTKOCTh MX
KOHCTPYKIIMM OCYIIECTBJISUIACh 34 CUET CKATUS B HUX IPOCTO-
HOB Y TPaBUTOHOB CHJIOBBIMU HUTSIMH,

doroHHasa 3moxa. [lanpHeiilliee CHUXEHUE TUIOTHOCTH W3-
JIyYeHUsI U CTENICHU CKaTUsl CUJIOBBIX HUTEN MPOCTPAHCTBA MTPU-
BEJIO K TOMY, YTO PACCTOSIHUE MEKAY CHJIOBBIMU HUTSIMHU ITPO-
CTPaHCTBA AOCTUIJIO 3HAYEHUM COOTBETCTBYIOLIMX MOKA3ATENAM
B S/Ipax rejusi, B pe3yJbTaTe 4yero MpoTOHbI U HEUTPOHBI CTa-
JIM COEIMHATRCS, 00pasys sipa renus. Jta aza pazsutus Bee-

JIEHHOM TIpoAoKaiach 3 10° ner. B MOCJIEIYIONIEeN CTaJuK 3BO-
oy BeeneHHoM, e€ TeMriepatypa W IJIOTHOCTb M3JTyYeHUs,
a TaKXKe CTereHb CKaTHsl CUJIOBBIX HUTEN MPOCTPAHCTBA MPOJOI-
Kajm cHUXKathesl. Y pu OCTHKEHUU OTpe/Ie/IeHHBbIX BEJTUYMH,
COOTBETCTBYIOIIEH TOKa3aTeIsIM CTETNIeH! CKAaThs CHJIOBBIX HU-
Teld BO BHYTPUATOMHOM ITPOCTPAHCTBE aTOMOB T'eJIvsl U BOJIOPO-
J1a, CUJIOBbIE HUTU MPOCTPAHCTBA CTAJIM JOCTYITHBIMU ISl CXKa-
TUSI UX TIPOTOHaMU. B pesysbrare a7eKTpOHbI, KOTOPbIe BCEr/ia
JIBUTAIOTCS B HAMIPaBJIEHUH TOBBIINIEHHOU CTENEHU CKATHUSI CUITO-
BBIX HUTEH MPOCTPAHCTBA, CTAIM COCIUHSTCH C SApaMU Teus
¥ IPOTOHAMHU, 0Opa3ys aTOMBbI reinst U Bopopoza. [1pu sTom aro-
MBI TeJiisl 0Opa30BBIBAIMCH B HAYAILHOU CTaJuu (ha3bl IBOJIIO-
IIUH, 2 aTOMBI BOJIOPO/IA B TIOC/IEAYIOIIEH CTauu. A Tak Kak, rep-



Basl CTa/IUsI MPOJOJIKAJIACh 3HAYMTENILHO MEHbIIIe, YeM BTOpas,
TO W aTOMOB TeJIisl 0OPa30BANIOCh MEHBIIE, YeM aTOMOB BOJO-
pona. B oOpazoBaBIiemMcsi «<kOCMUYECKOM 00JIaKe» aTOMBbI TeJTHST
cocraBisiim 25%, a atombl Bogopoaa 75%. K stomy BpeMeHu

Temneparypa Bcenennon ynana no 3500 K, B Heil 1aBUHOOG-
Pa3HO HapacTaia e€ Mpo3payHOCTh, @ BMECTE C Hell U TUIOTHOCTD
BelecTBa. B pe3ynbrare BeeseHHas crana 1OCTYHOM ISt TTPO-
X0 aeHus B Hell cBeToBbIX BOJH (Puc.1.d). Hacrynuna spa ¢op-
MUPOBaHUS MEPBBIX 3BE3/] U TAIAKTHK.
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Puc.1 Cxema 3tanoB oOpa3oBaHUs MaTepUU U TPOCTPAHCTBA
U3 3Heprui B pesyibrate bosbimoro B3peiBa. a — cocrosinue
SHEepruy MaTepuu U MPOCTPAHCTBA Mepell HayajioM B3pbiBa, b —
niepeMelrBaHue HEPruil B Havaje B3pbiBa ¢ 0Opa3oBaHHEM
CTYCTKOB HEPruM MaTepuu — IPABUTOHOB (g) U CTYCTKOB SHEP-
T TIPOCTPAHCTBA —IIPOCTOHOB (P), ¢ — 00pa30BaHKe CUJIOBBIX
HUTEW MPOCTPAHCTBA U3 MIPOCTOHOB B MEpHO MH(IAIUOHHOTO



B3pbIBa, d-3pa (POPMUPOBAHUS 3BE3]1 U TANAKTUK S — CHJIOBas
HUTb, P — IPOCTOH

Ha coBpemeHHOM 3Tare pa3BuTus (pu3nuecKoil HayKu cuuTa-
eTcsl, YTO Macca MMeeT BHYTPEHHEE U BHellIHee CBOWCTBO. [lon
BHYTPEHHUM CBOMCTBOM MACCBHI, IOAPA3yMeEBAETCS €€ WHEPT-
HOE CBOWICTBO, a MOJI BHEIIHUM €€ I'PABUTAIIMOHHOE CBOMCTBO.
B cmonenupoBaHHOM crcTeMe B3aUMOJICUCTBUSI MATEPUU C TIPO-
CTPAHCTBOM MaTepHaJIbHOE TEJIO MPOSIBJIsSET CBOU I'PaBUTAIIMOH-
HBIE CBOICTBA Yepe3 C:KATUE CUJIOBBIX HUTEN OKPYXKAIOIIETO ero
npoctpaHcTBa. CTeneHb CKaTus U JAIbHOCTh PaCIIPOCTPAHEHU S
3TOTO CKaTUsl OIpeesIsIeTCsl Maccor MaTepuaibHoro Tena. [lpe-
JIEIbHOE PACcCTOSTHUE, Ha KOTOPOM MaTepuajibHOE TeI0 MOXKET
OKa3aTh JOMUHUPYIOIIEe IPABUTAIIMOHHOE BO3ACWCTBYE HA APY-
roe TeJlo, Ha3blBAETCs IPABUTAIMOHHON 3(P(EKTUBHOCTBIO TO-
ro Teja

B Hamei mosce1HEBHOM KM3HU MBI IIOCTOSIHHO CTAJIKMBAEMCS
¢ miposiBjieHreM uHepiur. O0 MHEPIUN MaTepUaTbHBIX TeJl Ha-
MUCAHO MHOTO HAayUYHBIX TPAKTATOB, HO €€ IITyOUHHAs CyTh MOJ-
HOCTBIO HE pacKphiTa 0 cux Nop. OObIUHO €€ CBA3BIBAIOT C YCKO-
peHreM, TTIOTOMY 4TO OHA (PU3MYECKH OIIYIIAeTCsl TOIbKO, KOria
TEJI0O HAUMHAETCs IBUTAThCsl C YCKOpeHueM. MHepiys ¢ Touku
3peHust 0A30BBIX IPUHIIUATIOB MPe]IaraéMoOi MOJEJIN pacCMaTpH-
BAeTCsl HU KaK BHYTPEHHEE CBOMCTBO MACChl TeJia, a KaK pe3yJib-
TaT TMPOTUBONEUCTBUS CHJIOBBIX HUTEHM MPOCTPAHCTBA M3MEHE-
HUIO CKOPOCTH ABMXKEHUS B HUX IPABUTOHOB, COCTABJISIIOIINX 9TO



TeJIO, TO €CTh IPABUTALIMOHHON Macce 3TOro Tea. 10 U YyTBEP-
kaaer Tperud 3akoH HploToHa. Bcesikoe aenicTBuE MOpoKAaeT
OJIMHAKOBOE IO CUJIE, HO IMPOTUBOIIOJIOKHO HAITPABJIEHHOE MPO-
TUBOIEVCTBHE

1.1.2 DHeprus

Ilo coBpeMEHHBIM NPEICTABJIEHUAM YYEHBIX SHEPrUs 3TO
orpeielieHHOe CBOMCTBO Marepuu. KonmyectBeHHasi mepa pas-
JUYHBIX (POPM JBUKEHUS M B3aUMOJEUCTBUSI BCEX €€ BUJIOB,
CBsI3aHHAs1 C OJHOPOJHOCTHIO BpeMEHHU. Peanuu oKpy:xaroiero
MUpa OponuTaHbl Hepruer. OHa HaXOAUTCS BE3/E: B PACTEHU-
SIX, )KMBOTHBIX B BO3/YXE, B OKEAHAX, B 3€MJIE U JACT YEJIOBEKY
TeIio, cBeT, BodaMokHOCTH €€ Oe3rpanuyHsl. [loHsTHE SHEprUn
MO>KHO MTPUJIOKUTH KO BCEM IPOIIeccaM, SIBJICHUSIM, B3aUMOJIe-
CTBUSIM, TIPOUCXOAAIIUM B riprpopae. OO 3TOM roBOpUT yIpaB-
JISIOIIMIA UMUA HEOJHOKPATHO SKCIIEPUMEHTAIIBHO MOATBEPKICH-
HBIM 3aKOH COXPAHEHWS SHEPruM, IJTO 3aKOH IJIACHUT: SHEPrUs
3TO OIpe/Ie/IeHHasl BeJIMUMHA, KOTOpasi He U3MEHSIETCSI BO BCEX
CBOUX MPEBPAILEHUAX, TPOUCXOAANIMX B nipuposae. OHa He BO3-
HUKAEeT, He MCYE3aeT, a MEePEeXOAUT U3 OIHOTO BHUJA B JPYrOW.
B coBpemeHHOM (pU3MKE C MOHATUEM SHEPIUU CBS3aHbI TAKUE
TIOHSITUS, KaK JIEHCTBUE, cUjia, paboTa, MOIIHOCTh. Tam, rjie rmpo-
SBJISIETCS SHEPrUsl BO3HUKAET CUJIA, KOTOPasl OKA3bIBAET JEM-
CTBUE Ha TeJio coBepinas Haa HUM padoty. [Ipu aTom pacxo-
JYyETCsl ONPEJIEIEHHOE KOJIMYECTBO SHEPIUU, a €€ MOTOK B €/IU-



HUIly BPEMEHM HOCUT Ha3BAaHME MOUIHOCTU. DHEPrusi, Kak Mo-
Ka3aHO B CIIEMAJIbHON TEOPUH OTHOCUTEbHOCTH DWHIITEWHA,

HEpa3phIBHO CBsI3aHA C MAacCOUM COOTHOIIeHneM E= mcz, e Ko-
3(ppULIIEHTOM CBSI3M SIBJISIETCS KBaIPaT CKOPOCTU CBETA B BaKYy-
yme. MHorue (pu3MKy CUMTAIOT, YTO, HECMOTPSI HA BCECTOPOH-
Hee U ITyOOKoe M3ydeHre MHOrooOpa3HbIX (popM MposiBIeHUE
9HEepPruv, MEXaHW3MBbI TIepexo/ia OTHOTO BUIa SHEPTUU B APYron
JI0 CUX TIOp He PacKpbIThl. OripeiesieHHbIe OTBETHI Ha 9TU BOIIPO-
Chl MOXHO TIOJTYYHTb C MOMOIIIBIO CMOJEIMPOBAHHON CUCTEMBI
B3aMMOJICHICTBUSI MaTepUU € TTPOCTPAHCTBOM.

CoryacHO 0a30BBIM MPUHIMIIAM CMOJIETMPOBAHHOM CHCTe-
Mbl OT/IE/IbHBIE YACTHUIIbl, COCTABJISIIOIIME MATEPUATBHOE TEJo,
CKPETUISIOTCS Mek/1y coOOM orpesie/IeHHbIMU CBs3sIMU. B kade-
CTBE CBSI3M IIPU 3TOM BBICTYIMAET SHEPIusi MPOCTPAHCTBA, KOTO-
past mpecTaBIisieT COOOM, 3aKOHCEPBUPOBAHHYIO B CHJIOBBIX HH-
TSIX MPOCTPAHCTBA «CBOOOIHYI0» SHEPrusi MaTepru. DTH IBA BU-
JIa SHEPTUH CBA3BIBAIOT MEXTy COOOW MaTEPUIO ¥ TIPOCTPAHCTBO.
WX B3auMHBIN Miepexof] OJHOTO BUJA B JAPYTOM SIBISIETCS OCHO-
BOM Bcex (pyHIaMEHTAIbHBIX 3aKOHOB (PU3UKHU — 3aKOHOB COXPa-
HEHUsI SHEPTUU, MacChl U T. J1. [Ipr 3TOM 1oj; «CBOOOIHOI» HEP-
rvei MaTepuu Mopa3yMeBaETCsl Ta YaCTh MACCHI TIOKOS TeJia, KO-
Topasi mpeodpasyeTcsi B SHEPTHIO.

B pamkax cMonenmpoBaHHOM CUCTEMBI TEMITEpaTypa MaTepH-
QJILHOTO TeJIa OIpe/essieTCss KOJTMUECTBOM «CBOOOTHON» SHEP-
T'MY MaTepyU, CIIOCOOHOM NIEPEXOIUTh B SHEPTHIO TPOCTPAHCTBA.
Takum 00Opa3oM, OCYIIECTBIISIETCS CBA3b MEKAY OTIETbHBIMU



YaCTHUIIAMU, COCTABJISIIOIIMMU 3TO Teso. Yem Oorbliiee Konude-
CTBO 3TOU SHEPIUU MPUCYTCTBYET B TEJIE, TEM BBIIIE CKOPOCTb KO-
Jie0aHusl COCTABISIONIMX TEJIO0 YaCTHIl M TEM BbIILIE €ro TeMIepa-
Typa. CBOOOIHAS SHEPrusi MaTepuu (Jy4ucTasi, TerioBas, sijiep-
Has ¥ Jp.) TIOCTYTAET B TeJIO U3 BHEIITHEN Cpe/ibl UK 00pa3yeTcst
BHYTPHY CaMOTO Tejia (XUMHUUYecKasi, OMoJornueckas u aip. ).
Pasnuyarores cienyiomye ypoBHY NOCTYIUIEHUS B TEJIO SHEP-
T'UU: MEKMOJIEKYJISIPHOE WJIM MEKaTOMHOE ITPOCTPAaHCTBO, BHYT-
pUAaTOMHOE W BHYTPUSIIEPHOE MPOCTPaHCTBO. st Kaxaoro
YPOBHS CYHIECTBYET CBOM IMpEJAE HaChILEHUS (TOIJIOECHMS)
CBOOOJHOW MaTepuaJbHOW SHEPruH, 32 KOTOPHIM OHA TMepexo-
JWT Ha CIIeAyomui ypoBeHb. [Iporicxoaut 3To crieayomum oo-
pa3oM. BHenHsis TerioBasi SHEPrusi, a 3TO SHEPrusi MaTepuu,
MOCTYIIAET B MEXXATOMHOE IPOCTPAHCTBO U CKUMAET TaM CHJIO-
Bble HUTH. DTO CIIOCOOCTBYET YBEIMYEHHUIO CBOOOIHOTO IIpodera
JIEKTPOHOB U, B KOHEYHOM UTOI'e, TPUBOAUT K TIOBBIIEHUIO CKO-
POCTH KoJieOaHU ST YaCTHUII, COCTABJISIIOIINAX aTOM, TO €CTh K ITOBbI-
LICHUIO TEMIIEpaTyphl Tejla. Teslo HaUnHAEeT U3JTydyarh TEeIJIOBYIO
SHEpruo B MUH(ppaKpacHOM Juana3oHe. Kak ToJIbKO cTeneHb cxa-
THS1 CUJIOBBIX HUTEW B MEKAaTOMHOM IIPOCTPAHCTBE CPABHSET-
Csl C TAKOBOM BHYTPHU aTOMHOI'O ITPOCTPAHCTBA, TEIIOBAsl SHEP-
ISl HAUMHAET MoCcTynarhb Tyaa. [Ipu noctukeHny onpeaeseHHo-
'O MOPOra OHA BbI3BIBAET TaM MEPEXOJ] AEKTPOHOB C yJaJICHHbIX
OT siipa OpOUT, OOJIA/IAIONIUX BBICOKUMH SHEPTUsMU, Ha Oosee
ONM3KUE K sIIpy OpOUTHI C HU3KUMHU SHEPrusivu. B pesynbrare
TeMIepaTrypa Tela pacTeT, ero aToMbl BO30YK/IAI0TCS M HAYMHA-



0T MCIyCKaTh (POTOHBI YK BUAUMOTO n3nyueHus. JlanpHerinee
yBeJIMUEHHEe CTETIeHU CKATHSI CUJIOBBIX HUTEH B 000X YPOBHSIX
MPOCTPAHCTBA MPUBOAMT K PE3KOMY TOBBIIIIEHHUIO TEMITEPATyPhl
TeJa, 4To, B CBOIO OY€pEe/lb, BHI3bIBAET 3HAUMTEIILHOE YBEIUYe-
HUE SHEPIUY UCIYCKAEMbIX TeJIOM (DOTOHOB OT KPACHOTO 110 (pU-

OJIETOBOTO U MpPU TemImeparype 3000° K reno UCITYCKaeT YXe
HEBUMMOE YIbTPaHOIETOBOE U3TyUeHHE.

C noBBIIEHNEM TEMIIEPATyphl TEA CBHIILE 10* ono nepexo-
JWT B, TaK Ha3bIBAEMOE, YETBEPTOE IUIA3MEHHOE COCTOSIHUE, ITPU
KOTOPOM BEIIECTBO (TEJI0) COCTOUT M3 MOJIOKUTEJILHO U OTPHULIA-
TEJIbHO 3aPsI)KEHHBIX YAaCTHI] — SJIEKTPOHOB, SEp. NOHOB.

[Tpu yBenuyeHUu CTeneHW CKaTusl CUJIOBBIX HUTEH, B MEX-
aTOMHOM U BHYTPHUAaTOMHOM IIPOCTPaHCTBAax BEILECTBA, JI0 BeE-
JIMYUH, CPABHUMBIX C TAKOBBIMU BO BHYTPUSJEPHOM MPOCTPaH-
CTBE, €ro Temreparypa AOCTUIaeT Mokasaresiei, Ipu KOTOPbIX
HAYMHAETCSl TEPMOSIIEPHBII CHTE3 siIep XUMUUYECKUX JIeMEH-
TOB.

IIpu Temneparype 0°K B MaTepraIbHbIX Telax HeT CBOOOM-
HOU SHEepruu MaTepuu, MO3TOMY B HMX OTCYTCTBYIOT KojeOa-
TeJIbHbIE JBUKEHUS COCTABJISIIONINX UX YACTULL. A BOT IPOCTPaH-
CTBEHHAs1 SHEPTHs B CWJIOBBIX HUTSX MPOCTPAHCTBA, HAOOOPOT,
HAXOOUTCs B MakcuMasibHOM KonnuectBe (Puc.2). ITo mepe po-
CTa TeMIepaTrypbl MaTepUAIbHBIX TEJl B HUX YBEIUYUBAETCS KO-
JIMYECTBO CBOOOIHON MaTephaJIbHON SHepruu. Kaxxaomy ypos-
HIO IPOCTPAHCTBA COOTBETCTBYET CBOSI JJOJISI CBOOOIHOM SHEPrun



MIPOCTPAHCTBA M0 OTHOIIEHUIO K 0011IeMY 00beMy MaTepraIbHON
sHepruM JaHHou vactuusl (Puc.3). Tak, Hanpumep, 1os CBO-
6onHON MatepuanbHoil sHepruu (E ) B MeKaTOMHOM MpOCTpaH-
CTBE, KOTOpasi MOXET MEPEeXOAUTh B SHEPrHi0 MPOCTPAHCTBA
(Ep) cocrasnsier 0, 000001 %, BO BHY TPHATOMHOM TIPOCTPAHCTBE
coorBercTBeHHO 0,001%, a BO BHYTpUSAIEPHOM HPOCTPAHCTBE
cocrapnsier 0,1—0,9%. Takum oOpa3om, camble BBICOKHE TIO-
Ka3areau cBOOOJHOI SHEpruu, 3aKOHCEPBUPOBAHHOW B CBA3SIX
MeXy 4acTULAMH MMEET BHYTPUAAECPHOE IPOCTPAHCTBO SAOEp
XMMUYECKHX 37eMeHToB. Hambornbliiee ke e€ KOIU4ecTBO COo-
CPeIOTOYEHO B CBA3SIX aHHUTWIMpyooMx yactull. K npumepy,
NPy AaHHUTWISUUKM 1T BELECTBO — aHTHBEIIECTBO BbIAEISAETCS

10 IKOYJIEH, B TO BpeMs Kak MpH JejieHnd | rpaMma ypaHa

poigessiercs 10! IpKOyJielt TeruioBo sHepruu. Ho u npu as-
HUTWISIIIAY TIOJTHOTO TIPEBPAILIeHNs] MAcChl MAaTEpU B SHEPruUio
He npoucxonuT. B aTom ciydyae macca BelecTBa pacnagaercs
JI0 TPAaBUTOHOB, a AaHTUBEIIECTBA (AaHTUMATEPUH) JIO POCTOHOB.
[NonHoe npeBpallieHre Macchl MaTEPUU B SHEPTHIO MTPOUCXOIIIIO
nipu bossiiom B3peise (bib). B 310 Bpemst Mmacca Bcex rpaBUTO-
HOB, COCTaBJISIBIIMX MATEpUIO, MPeoOpas3yeTcsi B SHEPTHIo.
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Puc.2 Cxema pacnpeeneHus cBo60HOI JHEPrMM MaTepuu
B 3aBMCHMMOCTHM OT NMPOCTPAHCTBEHHOIO YPOBHS €€ HaXOKIAeHUS
W TEMIEPATYPHI.

. — Mepexof IHepPruM MaTepuy B IHEPruio MPOCTPaHCTBA M HAO6OPOT,
E

max gmn.
m — MdKCMMa/ibHOE, ™ — MMHMMaJIbHOE€ 3HaYeHHEe DSHEPIruM
max
MaTepuu, B _ MaKCHMMa/lbHO€ 3HaYeHHWE JHEePIrMM NMPOCTPaHCTBA.
ia — MexXaTOMHOE MPOCTPAHCTBO, im — BHYTPMATOMHOE MPOCTPAHCTEO,

in — BHyTpuAIepHoe mpocTpaHcTBO, bib — Bonbuioit B3peIB.
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Puc. 3 CooTHOLIeHMe f0/eii CBOOOIHOM aHepruu K obuemy oobemy
MaTepUaJbHOI 3HEePrMM JaHHOI YacTHULIbl B 3aBMCMMOCTH OT YPOBHS

-
NpOCTpaHCTBa. En — CBOGO/HAS IHEPrys MaTepum

W3 cxembl pacnpeseneHus okasaresieid CBOOOJHOIN SHeprun
MaTepuH MO MO3ULUAM CJIeLYeT, UTO €€ MUHUMAaJIbHOE KOJInYe-
CTBO MPUCYTCTBYET B MaTepUabHBIX Teax (4acTulax), HaXo-
JSIAXCS TIPU TeMIieparypax OMU3KUX K aOCOIOTHOMY HYIIO,
a MAaKCMMAJIbHOTO 3HAYEHUS OHA JOCTUTAET B YCIOBUSX, CO3/1aB-
mmxcs npu bospiiom B3peise. B 31X TOUKax €€ KpyroBopor OT-
CYTCTBYET. B OCTaJIbHBIX MO3ULIMSIX OHA 3aHUMAET POMEKYTOU-
Hoe nosyioxkeHue. Tak, B MeKaTOMHOM ITPOCTPAHCTBE 3a CYET CBO-
OOIHOI SHEPTUK MaTepry 0OECTICUMBAIOTCS CBS3U MEKIY MOJIe-
KyJJAMU ¥ aTOMaMU BELLECTB, BCTYNAIOIIMX B XUMUYECKUE PeaK-
uuu. [Ipu cuHTE3€e BelecTB SHEPrust MAaTEPUU C)KUMAET CUJIOBbIE
HUTH IMPOCTPAHCTBA Y MIEPEXOIUT B SHEPTHUIO ITPOCTPAHCTBA, a Ta
o0Opa3yeT U3 HUX CBSI3U U COCAUHSIET BOSAMHO aTOMbI Pa3iny-
HBIX XUMHUYECKHUX 37IeMeHTOB. B ciydae pacnaia, Ha000poT, cH-
JIOBbIE HUTU PaCIUIMPSIOTCS U 3aKOHCEPBUPOBAHHAS B HUX SHEP-
TYsi MaTepuu BBHICBOOOXKIaeTcsl. B 3TOM M 3aKimodaercss Kpyro-
BOPOT SHEPrMU MEkKAYy aTOMaMU U MOJIEKYJIAMH PA3JIMYHBIX XU-



MHUECKHMX JEMEHTOB. B mpocTpaHcTBe BHYTpU aTroMa, OOMeEH
SHEPrUAMU POUCXOIUT MEKAY COCTABIIAIOIIMMYI aTOM YaCTULIA-
MU [POTOHAMU U IeKTpoHaMHu. [lepBble C:KMMAIOT CHUJIOBBIE HU-
TH MIPOCTPAHCTBA U MPE0OPA3YIOT SHEPTUI0 MATEPUU B SHEPIHIO
IPOCTPAHCTBA, & BTOPbIE, HAOOOPOT, PacCHIMPSIOT X U MEPEeBO-
JAT SHEPTUIO MPOCTPAHCTBA B SHEPrui0 MaTepun. CTeneHb cxka-
THSl CUJIOBBIX HUTEW MPOCTPAHCTBA 3/1€Ch 3HAYMTENIBHO BBILIE,
4yeM B Mpe/blIyIIeM YPOBHE, TOITOMY U /107151 CBOOOIHOM Hep-
rau B o01ieM oOobeMe MaTepualbHON SHEPrUM YacTHI], y4acT-
BYIOIIIMX B (PU3MYECKUX IPOLECCAX, 3[0ECh TAKKE CYILECTBEH-
HO Bbllle. BHYTpU siIepHOro MpPOCTPAaHCTB, KPYroBOPOT oOMe-
Ha SHEPrusIMU IPOUCXOIUT MEXAY YaCTULIAMH, COCTABIIAIONIN-
MM pa XUMUYECKHUX 1eMEHTOB. CTeneHb CKaTHsl CUIIOBbIX HU-
TEeW POCTPAHCTBA 3/1€Ch Ha MOPAJOK BHIIE, YEM B ITPEABIIYINX
YPOBHSIX, TIO3TOMY U COOTHOIIIEHHE MEXIy 00beMaMu CBOOOI-
HOI 1 OOlIell SHeprueil YacTHIl TakKe COOTBETCTBEHHO BBIILE.
B ecTecTBEHHBIX YCIOBUAX 3TO IPOUCXOIUT B HEZIpax 3BE3] Clie-
ayomum oopa3oM. C pocTOM TPaBUTAIIMOHHOTO CXKATUsI B HEJI-
pax 3Be3] YBEIWUYMBAETCS CTENEHb JAedopMalviu (CxKaTus) CH-
JIOBBIX HUTEN BHYTPH 3BE3HOTO IPOCTpPAaHCTBA. M Kak TOJIBKO
OHA IPEBBICUT CTENEHb JeopMalliy CUIIOBbIX HUTEW BO BHYT-
PUAaTOMHOM ITPOCTPAHCTBE aTOMa BOJAOPO/A, JEKTPOH MPEOIO-
JieBaeT NpUTsKeHUe sijipa (OH ABUKETCS] B HallpaBJieHUH Oosiee
BBICOKOM CTETIEHU CKATHsl) U «BbLIETAET» U3 aToMa. B pe3ynbra-
Te MoJsTy4yaeTcs « OyJIbOH « U3 TPOTOHOB U 3JIEKTPOHOB, 0014 1210~
mMX OOJIBIIION SHEPruei 1 BBICOKMM CKopocTsimu. [1pu manbHei-



IIeM YBEJIMYEHUU CTETIEHU CKaThsl CUJIOBBIX HUTEH MPOCTpaH-
CTBa IIPOTOHBI NOIVIOLIAIOT 3JIEKTPOHBI M IPEBPAILAIOTCS B HEU-
TpOoHBL. [IpoTOHBI 00beAMHSAIOTCS (CBA3BIBAIOTCS) C HEUTPOHAMU
1 oOpazylotcs edTpoHbl. [Ipu 3TOM Ha CBsA3b MEXKy MPOTOHOM
Y HETPOHOM 3aTpayrBaeTcsi SHeprusi Matepun. Kak TosbKo cre-
IIEHb CKATUs JOCTUTHET BEJIMYMHBI paBHOM TAKOBOM B SApE re-
JMsl, 1B IGUTPOHA CIIMBAIOTCS U 00Pa3yIoT MEPBbIi SHEpreTuyie-
CKHUM CJION fiIep XMMUYECKUX JIEMEHTOB (SIAPO renusi). 3aKOH-
CEpBUPOBAHHAS B CBA35IX TPOTOH — HEMUTPOH SHEPT s POCTPaH-
CTBa NIEPEXOIUT B SHEPIUIO0 MATEPUU U BBIIENAECTCA B BUIE ALEP-
HOW SHEPruHu.

B paOoueii rumorese cucteMbl B3aUMOIEHCTBHS MaTepuu
U MPOCTPAHCTBA YHEPTUsl SIBJISIETCS CBS3YIOUIMM 3BEHOM MEXK-
Iy HUMH. 3€Ch, OHA BBICTYIIAeT B IBYX (pOpMax: SHEPrUu Ma-
TEpUM W SHEPrUM NpOCTpaHcTBA. Bee (usnueckue, xummye-
cKue, OMONIOrMyecKue, siiepHble MPOIEeCChl, SIBJIEHUS, B3aUMO-
JEVCTBUSL MTPOUCXOAAT MPU HEMOCPEICTBEHHOM YYacTUM 3TUX
sHepruid. OHM B3aMMHO IIEPEXOAAT APYT B Ipyra U Cirykar ¢op-
MaMM Iepexoja OIHOTO BHJa SHEPruM B Apyrou. Paccmorpum
3TO Ha CIEAYIOUIMX TPUMEpaXx:.

1. Ilepexon MeXaHUYECKOW SHEPrUU B TEILJIOBYIO SHEPrHIO.
[lpn paGoTe Ha METAUIOPEKYIIMX CTaHKAX, pe3el] CHUMAeT
CTPYXkKY C METAJLIMYECKOM 3arOTOBKM M OHa Harpesaercs. [Ipo-
UCXOJIUT 3TO MOTOMY, YTO B Pe3yJIbTaTe MOCTYIATEIbHOIO JIBU-
JKEHUsI pe3lia ero MeXaHN4ecKasi SHePrusi 3aTpayrBaeTCsl Ha pac-
LIMPEHUE CWJIOBBIX HUTEW MPOCTPAHCTBA MEXy aTOMaMU Me-



TaJula KPUCTATIMUECKON PeIleTKH, CKaThIX BO BpeMsi 00pa30Ba-
HUSI 3aTOTOBKM 00padaThBAEMOro MeTa/lIa. 3aKOHCEPBUPOBAH-
Hasl B HUX SHEPrus MpoCTpaHCTBa Mpeo0pasyeTcst B SHEPIUI0 Ma-
TEPUH, TO €CTh B TEIUIOBYIO SHEPIHIO.

2. Ilepexon TemjaOBOM HEPIUU B MEXAHUYECKYIO SHEPrHIO.
B kauecTBe mpumepa, WUCMOJIb3YEM CHCTEMY, WJI€aJIbHbIA Ta3
U nopieHb. MoJieKy/IsipHOe B3aMMOZIEUCTBUE MOJIEKYIT UJeasb-
HOTO ra3a HUYTOXHO MaJIO U3-32 JOCTaTOYHO OOJIBIINX PACCTOS-
HUIA MEXKAY MOJIEKYJIaMH Ta3a, TI03TOMY €€ BHYTPEHHsIsI SHEPIUs
(U) 310 CyMMBI KUHETMYECKUX SHEPTrUil OCTYNATEIbHOIO JIBU-
’KEHMsI BCeX ero MoJiekysl. Eciu cooOmuTh OMHOATOMHOMY HJie-
QJIBHOMY Ta3y TEIUIOBYIO SHEPrHI0 (SHEPIrUI0 MaTepuu), TO OHa
npeoOpa3yeTcs B SHEPrHio MPOCTPAHCTBA U 1e(hOPMHUPYET CUJIIO-
BbIE HUTHU MEKaTOMHOI'O ITPOCTPAHCTBA. ATOMBI ra3a, pacimpsis
CWJIOBBIE HUTU MPOCTPAHCTBA, MPUOOPETAIOT JOMOJIHUTENBHYIO
KHMHeTH4YecKylo sHepruio. [Ipy ynape o qHuIlE NMOPIIHS aTOMBbI
rasa rnepejialoT KUHETUYECKYI0 SHEPIUI0 CTeHKaM JHUIIA MOpII-
Hsl, TIPY 9TOM BO3HMKAeT CWJa, KOTOpasl AEUCTBYET Ha CTEHKY
JHUIIA MOPIIHS U TPUBOAUT MOPIIEHb B ABUkeHUe. B utore ten-
JIoBasi SHEPrus rasza npeoOpasyercsi B MEXaHUUECKYI0 SHEPIHIO
JBUKEHUSI TIOPLIHSL.

3. Ilepexon CBETOBOW SHEPIUM B IEKTPUUYECKYIO SHEPTHIO
IIPOMCXO/IUT B pe3yibTare (PoToIeKTpruIecKoro 3gdekra, Ko-
TOPBII MpeacTaBiseT coOOM MPOLECC BbIPbIBAHUS JIEKTPOHOB
U3 TBEPABIX TeJl B pe3ysbTaTre BO3/IEMCTBUS HAa HUX CBETOBBIX
BoJH. [Ipu ocBemiennu TBeproro teina (Karoga), SHEPIrusi CBETO-



BBIX BOJIH J1e(DOPMUPYET CUIOBbIE HUTH MPOCTPAHCTBA HA €O TMO-
BEPXHOCTHU. DJIEKTPOMAarHUTHBIE BOJIHBI COCTOSIT U3 OTAEIbHBIX
MOPLMI SHEPTUU KBAHTOB ((POTOHOB). POTOH 3TO BOJIHA YACTU-
11, MCIyCKaeMasl aTOMaMU TMpH Mepexo/ie JMEKTPOHOB ¢ OPOUT,
yIaJeHHbIX OT spa, Ha OMkHME K Hemy opouThl. [Ipu mane-
HUY Ha MOBEPXHOCTh Karofa (pOTOHBI AeOpMUPYIOT (C:KUMA-
I0T) B MECTe MaJIeHUs1 CUJIOBbIE HUTH NpocTpaHcTBa. CTerneHb Je-
(popmary CUIOBBIX HUTEN MPOCTPAHCTBA IIPU STOM ONPEAEIsi-
€TCsl KOJIMYECTBOM MepeHOCUMOM (POTOHOM SHEPIuu, TO €CTh Ya-
crotor. KaTtonHbli 3JIEKTPOH pacIIUpSET CKATIE CUIIOBBIE HU-
TH ¥ TIpHOOpETaeT BCIo MpUHeCeHHYIo (poToHOM sHepruio. Ecim
NPUOOPETEeHHON KMHETUYECKON SHEPrUur JEKTPOHY I0CTATOY-
HO, YTOOBI COBEPIIIUTH pabOTy BBIXO/IA, TO OH BBIPHIBAETCS U3 Ka-
TOJIA, JOCTUrAeT aHO/A, U B LIENH MOSBJISETCS TOK, & €CJIM HEeJl0-
CTaTOYHO, OH OCTaeTcsl B Katone U (potoapeKT He BOZHUKAET.

4. Tlepexon CBETOBOU SHEPIUHU (JIEKTPOMArHUTHOIO U3JTyye-
HUs1) B TEIUIOBYIO dHepruio. [Ipu MoriomeHnu 3JaeKTpoMarHuT-
HOI'O M3JTy4YeHUsl TBEPAbIMU TEJIaMU SHEPrusl U3J1y4YeHHs 10M0I-
HUTEJILHO C)KUMAET CUJIOBbIE HUTH MPOCTPAHCTBA B KPUCTAILIM-
YeCKOM pelleTKe TOro Tejaa U rmpeodpasyercsi B SHEPruio mpo-
cTpaHcTB. B pe3synbrare ymumHsieTcs: CBOOOIHBIN MPOOET JIeK-
TPOHOB M YBEJIMUMBACTCS aMIUIMTyJa KoneOaHus saep aTOMOB
KPUCTATMYECKOI petieTke. DJIeKTPOHbI, ABUIasICh 110 CUJIOBBIM
HUTSM IPOCTPAHCTBA, pacmpsAT ux. [Ipu 3ToM 3aKoHCEpBU-
pPOBaHHAsI B HUX SHEPIrUsl MPOCTPAHCTBA MPeoOpasyercsi B IHEP-
TYI0 MaTe€pUH TEIUIOBYIO SHEPIHUIO.



5. Ilepexon MeXaHUUYECKOW SHEPIUU B NEKTPUUECKYIO JHEP-
TUI0 MPOUCXOAUT B T€HEpaTOpax IMOCTOSIHHOTO TOKA, KOTOPBIA
U CIY’)KUT UCTOUHUKOM TOKA. BHYTpM MCTOYHMKA MPOUCXOAUT
pasesieHre JMeKTPUUECKUX 3apsiioB MMOj AEUCTBUEM CTOPOH-
HUX CHUJI Ha TIOJIOKUTENIbHbIE U OTPUIIATENIbHbIE, KOTOPbIe KOH-
HEHTPUPYIOTCS Y pa3IMuHBIX TMOJIOCOB UCTOYHMKA. B KavecTBe
WCTOYHUKOB CTOPOHHUX CHJI UCTIONB3YIOT MEXaHUYECKYIO SHEP-
TUIO JIBUTaTesiell BHYTPEHHEro CropaHusi, MaJaioiieil Bojbl U Jp.
CKOHIIEHTPUPOBAHHBIE Y TIOJIIOCOB JEKTPUUECKUE 3apsifbl Jie-
(popMUPYIOT CUIOBBIE HUTH OKPYXKAIOIIEr0 WX MPOCTPAHCTBA.
BzaumopeiicTByss MexkIy coOOi, OHM OOpasyloT eIWHOE 3JIeK-
Tpudeckoe nose. [Ipu 3aMblkaHuM 1IeTn 3apsiabl OJOKUTETHHO-
IO TMOJII0Ca CKUMAIOT B TIPOBOJIHUKE CUJIOBBIE HUTH MPOCTPAH-
CTBA, a COfIEPXKAINecss B HEM CBOOOIHbBIE EKTPOHBI PUXOASAT
OJHOBPEMEHHO I10 BCEU JIMHE MPOBOJHUKA B YIOPSIOUEHHOE
npuskenue. [Ipu MBMKEHUU SIEKTPOHBI PACIIUPSIOT CKAThle CHU-
JIOBBIE HUTU TIPOCTPAHCTBA, B Pe3yJIbTaTe Yero BhICBOOOKIAET-
Cs1 SHeprusi, 3aTpauyeHHas Ha WX CXKaTue, U B IIeNd BO3HUKA-
eT EeKTpUuUecKuil ToK. [Ipy TOM BHYTpH UCTOUHUKA HapyIlla-
€TCsl paBHOBECHE MEX/1y CTOPOHHMMHU U KYJOHOBCKMMU CHJIa-
MU, 32 CUET CHWKeHUs CTerieHHu NechopMallii CUJIOBBIX HUTEN
IPOCTPAHCTBA, Y IMOJIOCOB, U pa3JiesieHe 3apsJ0B HAYMHAETCS
BHOBb.

6. [lepexon aTOMHOIi 3HEpruM B TEIUIOBYIO SHepruio. Ha 00-
pa3oBaHMe sep XMMUUYECKUX IEMEHTOB 3aTPAaurBaeTCsl SHEP-
rust Matepun. OHa mpeoOpasyeTcsi B SHEPrHIo MPOCTPAHCTBA, KO-



TOpasi CBSI3bIBAET MeEkay cOOON HYKJIOHBI sipa. [lpu cunTe3e
si7Iep JIETKUX JIEMEHTOB WY MPU pacriaje siiep TSKeNbIX, YacTb
9THUX CBSA3EH pa3pyllaeTcs U 3aKOHCEPBUPOBAHHAS B HUX JHEP-
T'Yisl POCTPAHCTBA MEPEXOJUT B SHEPTUI0 MATEPUU U BbIJEIISET-
csl B BUJIE TeIIa.

7. Tlepexon Heprum rpaBUTAIIMA B MEXAHUYECKYI0 dHEp-
ruio. 3emMisi CKUMaeT BOKPYT ceOsi CHUJIOBbIE HWTH IMPOCTPaH-
crBa. HauBebICIas creneHb UX CKaTUsi HAXOAUTCS HA TIOBEPXHO-
cty 3emitu 1 yObIBaeT B HAITPABJIEHUH OT HE€ MPOIMOPIIMOHATIBHO
KBaJIpaTy paccTosiHus. MarepuasibHOe Teso, NOMEIIEHHOE B Ipa-
BUTAIIMOHHOE ToJie 3eMJIM, UCTIBITHIBAET He ceOe ero BO3Jei-
crBue. CTeneHb CxaTvsi CUJIOBBIX HUTEW MPOCTPAHCTBA MAcCOM
3emMJi Ha HECKOJIbKO MOPSIIKOB BbIILIE CTETIEHU UX CHKaTHs MaTe-
pUAIBHBIM TEJIOM, I03TOMY MaTepHUajIbHOE TEJIO COBEPILIAET ABU-
’KE€HUE B CUJIOBBIX HUTSIX MPOCTPAHCTBA, CKATHIX 3eMJieil B Ha-
NpaBJIeHUH €€ MOBEPXHOCTHU. [[BMKeHNe TeJla HOCUT MeXaHuJe-
CKMI XapakTep U MPOUCXOIUT OHO IO]1 ACUCTBUEM SHEPIUU I'pa-
BUTAITUH, TPeOOPA30BAaHHON B MEXaHIUECKYIO SHEPTHIO.



1.2 AHTHBEIIECTBO

CoBpemMeHHas (pusnyeckas HayKa TEOPETUYECKU JOIMYCKAeT
CYLIECTBOBaHME IK30TUYECKOI'O BEIIECTBA CO CBOMCTBAMH, COB-
NaJAIIMMU CO CBOICTBAMH OOBIYHOTO BEIIECTBA, HO YACTHIIbI,
COCTaBJISIIOIINE ITO BEIIECTBO JOIKHBI UMETh OOpaTHBIE JIEK-
Tpuueckue 3apsabl. Ha (Puc4.a) npeacraBieHa cxema CTpOSHUS
neutpoHa, a Ha (Puc.4.b) antunentpona. Takoe BeliecTBo Mo-
Jy4lwIo Ha3BaHWe aHTuBellecTBa. CuuTaercsi, YTO MPU BCTpe-
Yye BEIIECTBA C AaHTHUBEILIECTBOM OHU JOJIKHBl aHHUTMJIMPOBAThH
c 00pa3oBaHMEM BBICOKOIHEPreTHYECKUX (POTOHOB WJIM TAphI
YacTull — AaHTUYACTHLL.

[lepBbIM KTO crienajn BbIBOJ O CYIIECTBOBAHMM AHTUYACTHII,
Obu1 aHrmmiickuil pusuk Ilons [Iypak, Ha OCHOBaHMM BbIBe-
JEHHOTO MM YPAaBHEHU S, OMMCHIBAIOLIETO MOBEICHUE JIEKTPOHA
Ha CKOpOCTSX OJIM3KUX K CKOpocTu cBeTa. [Ipu aTom okazasnoch,
YTO U1 KaXA0rO 3HAUYEeHMs1 UMMYJbca (p) NMEKTPOHA UMEETCS
JBa pellieHNs C pa3IMYHbIMU 3HaYE€HUAMU NoIHOM 3Hepru (E)
JIEKTPOHA.

DTO 03HAYAJIO, YTO Y OTPULIATENIBHO 3aps’KEHHOIO JIEKTPO-
Ha MMEET MPaBO Ha CYIIECTBOBAHUE C TAaKOM K€ MAacCOM IOJIO-
KUTENIBHO 3apsKeHHBIN JTBOMHUK. Tak ObUT Tpeickas3aH Mojo-
JKUTEJIBHO 3aPSKEHHBI aHAJIOT JIEKTPOHA MO3UTPOH, SKCIIEPH-
MEHTaJIbHO OOHApYKEHHbII BIIOCIEACTBUA B KOCMUYECKUX JIy-
yax amepukaHckum ¢pusukom K. Angepconom. Mzmepenus ero



NapaMeTPOB MOKA3aJI1, YTO OH UMEET TOXIECTBEHHYIO JIEKTPO-
HY Maccy, OJIMHAKOBBIH CIIKH, HO TPOTUBOIOJIOKHbIE IEKTpUYe-
CKUU 3apsi/l U MATHUTHBIA MOMEHT. flipa aHTUBEIECTBa TaKxke
CUHTE3UPYIOTCSl yUeHbIMU Ha yckoputensax. Tak B 1974 romy
IPYIION MOJ PyKOBOACTBOM [IpOKOIIKMHA HAa CEpIIyXOBCKOM
YCKOpHTEJIe TPOTOHOB OB TOTyYEHBI SIIpa AHTUTPUTHUS M QHT -
TUTEJHSL.

B Hacrosiiiee Bpemsi KCIIepUMEHTAIbHO OOHAPYKEeHbl aHTHU-
YaCTHIIBI OOJBITMHCTBA U3BECTHBIX YacTHUIl. AHTUYACTHIIHI UMe-
10T TaKyl0 ke Maccy, COUH U BpeMsl KU3HHU, KaK M YaCTHUIIBI,
HO y HUX TMPOTHBOIIOJIOKHBIE 3HAKU MEKTPUUECKUX 3apsIOB,
MarHUTHBIX MOMEHTOB, OApUOHHBIX U JIEITOHHBIX 3apsiioB. Of-
HaKO CpeJu HUX HMMEIOTCs, TaK Ha3blBa€Mble, UCTUHHO HEW-
TpaJibHbIE YACTHUIIBI, Y KOTOPHIX BCE XapaKTEPUCTUKHU COBIIAAA-

10T. K HUM oTHOCATCS (POTOH (Y — KBAHT) U 7 — me3om. Tlo co-
BPEMEHHBIM TIPE/ICTABICHUSM XapaKTePHON 0COOEHHOCTBIO T0-
BEJICHUSI Map YacTUIa-aHTUYACTHIA SBJISIETCS TOT (PAKT, 4TO
MPU CTOJIKHOBEHMM OHU aHHUTWIMPYIOT. [Iporiecchl aHHUTUIISI-
1MUY UIYT C COXPAHEHUEM SHEPruu, UMITYJIbCa, EKTPUIECKOrO
Y IPYTUX 3apsAI0B, Tak, Npy CTOJKHOBEHUH TAPbI JIEKTPOH-TIO0-

3UTPOH HM3KMX 3Hepruii (¢, e*), nmpu nynesom crmne (J = 0)
UCITyCKAaeTCs, BCJIEJCTBUE 3aKOHA COXPAHEHMS 3apsIOBOM YeT-
HOCTH, YETHbIE YMCJIA Y — KBAHTOB (IIPAaKTUYECKU JBa (POTO-
Ha). [Ipy cpenHuX SHEPrusx CTAJIKMBAIOIIMXCA YACTHULL IIPOUC-
XOUT B3aMMOIIPEBpalleHHe Nap YacTUIl B OoJiee JIeTKUE YacTH-
bl, @ TIPA CTOJIKHOBEHMHU BBICOKOHEPIMYHBIX YACTHULI, JIETKHE



YaCTHIIBI MOTYT aHHUTWJIMPOBATh ¢ 00pa3oBaHUeM Oosiee TsiKe-
JIBIX YacTHLL.

Cnenyer OTMETUTb, YTO HapsAy C AHHUTWISALMEW, TPaHC-
(popmaren BeniecTBa B U3JIy4YE€HHUE, TAKKE IMIMPOKO U3BECTEH
¥ OOpaTHBI TPOIIECC, POXKICHUE TMAp YaCTUIA- AHTUYACTHIIA
W3 SHEPIUH Y — KBaHTOB. [IpoBeieHHbIe pacyeTsl oKa3aau, YTo
IUTsl BOSHMKHOBEHHMSI TIap YacTUIla — aHTUYACTHIIA HEOOXOAUMa
SHEprusi, HECKOJIKO IPEBBIIIAIONIAS YIBOCHHYIO SHEPIUI0 IIOKOS
napel. Tak, 7151 co3anHusl napbl MPOTOH — aHTUITPOTOH, Macca
TIOKOsI KaXJJOM KOTOpBIX cocTaBisieT He Oosee 2 9B, HeoOxo-
JUMO 3aTpaTUTh SHEPruio B pazmepe okoio 4,4 15B. AHHuru-
JALUMS SBJISETCS JUIEPOM I10 BBIIEJEHUIO SHEPTUU 110 CpaBHe-
HUIO C IPYTMMU aHAJIOTUYHBIMU MPOLIECCAMU, CYIIECTBYIOIIMMU
B nnpupoze. K npumepy, npy anHUrmsAsnuu 1 rpaMma aHTusenie-
CTBa BBIIEJISIETCS] 3HAUMTENIBHO OOJIbIIIE TEIJIOBOM SHEPIUU, YEM
npu AejaeHud 1 rpaMma ypasa.

Bpiinie npuBeaeHHbIN JMTEpaTypHBIA 0030p CBUIETENHCTBY-
€T O TOM, YTO B HACTOsIIIEee BpeMsl HAKOTUIEH OOraThlii MaTepu-
aJ1 O pOXJICHUM Tap YaCTULA-aHTUYAaCTULA U X AaHHUTWIALINY.
Marepuassl 0 CylIeCTBOBaHUU B IPUPOJIE AaHTUYACTULL U UX B3a-
MMOJEVCTBUM C YaCTUI[AMU TIOATBEP:KAEHbI SKCIIEPUMEHTAIBHO
M BCECTOPOHHE TEOPETUYECKH OOOCHOBAHBI, HO BMECTE C TeM
OCTABJISIIOT U Psifl HEPELIEHHBIX BOIIPOCOB U MpobsieM. Bot Heko-
Topble U3 HUX. [ToKa elé HeT OAHO3HAYHOTO OTBETA Ha CIIEAYI0-
e Bonpockl. B ueM 3akimovaercs (pU3NYECKUid CMbIC]T aHHUTH-
JIALIMY Y TTOYEMY IIPH 3TOM BBIAEIISAETCS TAKOE OTPOMHOE KOJIH-



yecTBO 3Heprun? Kakue (hakTopbl BIUSIOT Ha BHYTPEHHIOK I1e-
PECTPOMKY JIETKMX aHHUTHIIMPYIONIMX YacTH MpU 00pa3oBaHUM
u3 HUX Oonee Tsokenbix? Ha 9Ti BOIpockl, O MHEHUIO aBTOpa,
OIpe/IENIEHHBIN (PU3UYECKHA OCMBICIIEHHBIII OTBET MOXHO IOJTY-
YUThb C IOMOIIIBIO CMOAETMPOBAHHON CUCTEMbI B3aUMOAEUCTBU S
MaTe€puM U IPOCTPAHCTBA

B pamkax 3Toi cCTEeMbl MEXaHU3MbI B3aMMOJIECTBU S aHHU-
TWIMPYIOIIUX YaCTH U UX POXIEHUE MPEACTABIIAITCS CIIENYI0-
MM 00pa3oM:

1. AHHUTMISTIVS CBOOOTHBIX HU3KO9HEPTETUIECKUX Tap 4a-
CTULIA-aHTUYACTHLIA

DJIeKTPOH MpeCTaBIIsIeT COO0M «KOHCTPYKIIMIO» U3 OTpUIla-
TEJIbHO 3apsKEHHBIX YaCTUIL] (IIPOCTOHOB), BHITSHYTBIX B CHJIO-
BbIC HUTH NPOCTPAHCTBA, 4 MO3UTPOH U3 IMOJIOKUTENIBHO 3aps-
’KEHHBIX 4acTull (I'PaBUTOHOB), TAKKE BBITSIHYTBIX, 3d CUET OT-
TaJIKMBAHUS OHOMMEHHBIX 3apAA0B, B CUIOBbIe HUTHU. [Ipu n1BU-
JKEHHUHU JIEKTPOH PaCIMpPsIET CUJIOBBIE HUTU IIPOCTPAHCTBA, a M0-
3UTPOH UX CKUMAET. B IepBOM cilydae BBIIENIAETCSA SHEPIUs Ma-
TepuM, 3aTPayeHHasi Ha UX CXKaThe, a BO BTOPOM BBIIEIIAETCSA
SHEPrus POCTPAHCTBA, 3aTpayeHHas Ha IPEOJOJIEHU UX OTTaJI-
KMBaHue. Eciiv CKOpOCTh IBUKEHUS YACTUL] 3HAYUTEIBHO HUKE
CyOCBETOBOW CKOPOCTH, TO BEJIMYMHA WX KMHETUYECKOH Hep-
TUU JIEXKUT B MpelIesax, NPy KOTOPbIX CUMTAETCS, YTO YaCTHULIBI
o0JaialoT HU3KOoM sHeprueil. CTOMTKHOBEHUE CBOOOIHBIX HU3KO-
SHEpreTuvecKux, odnamammx sHepruend 511 k3B, anekTpona
Y IIO3UTPOHA TPUBOAMT K PA3PYLIEHUIO X «KOHCTPYKLMW». [Ipn



9TOM Pa3pbIBAIOTCS CBSI3U MEXAY YacTUIAMU, COCTABJISIOIIMMU
UX MPOCTOHAMU U IPABUTOHAMM, C BBIICJICHUEM SHEPIUU CBSI3U
—D3HEPruy MaTepyu U SHEPTryuu MPOCTpaHCTBa. Tak Kak, KUHETH-
YyecKasi SHeprus JIEeKTPOHA U NMO3UTPOHA MPU UX CTOJIKHOBEHUH
NIEPEXO/IUT B SHEPTUIO MPOCTPAHCTBA, TO COOTHOIIEHHE e€ B 00-
meM OaslaHce SHEPruil UMeeT HEKOTOPOe NPENMYIIECTBO Tepe/
SHeprueit Matepuu. Ho ero HemocratoyHo, 4TtoObl MOTepsIBIIUE
CBSI3U CBOOOJIHBIE TIPOCTOHBI M TPABUTOHBI MEPECTPOUTH B HO-
Bbl€ YacTUIIbl. B UTOre BCS BBIIENMBINASICS SHEPTUs MEPEXOAUT
B SHEPIHIO BYX Y — KBAHTOB, PA3JIETAIOIIUXCS B TPOTUBOIIOOK-
Hble cTopoHHl (Puc.5 a).

2. PoxJeHne 1eKTpOH-NIO3UTPOHHBIX Tap B pe3y/ibTare B3a-
UMOJIENCTBUS (POTOHA C BHEIITHUM JIEKTPUUYECKUM TIOJIEM.

Kpome nporieccoB aHHUTMIISILIMY Tap YacTUIA-aHTUYACTULI,
TaKXke U3BECTEH OOPATHBIN MPOLIECC POKICHUS (POTOHOM JIEK-
TPOH-NIO3UTPOHHBIX Nap. IIporcxomuT 3TO MOA BO3IEHCTBUEM
Ha (POTOH BHEIIHErO EKTPUUECKOTO MOJIsi WK APYroro (poro-
Ha. XOpOIIO U3Y4YeH 3TOT MPOLECC B KyJIOHOBCKOM I0JIE€ aTOM-
HOTO siipa. Bierawoiuii B 3TO 1oJie BBICOKOHEPreTuYeckui po-
TOH 3JIEKTPOHA B3aUMOJIEHCTBYET (MHTEpgepUpyer) ¢ poToHaMu
(mepeHocuyMKaMu MaTepuaJIbHON HEpPruu) 3Toro mnoss. Poxnie-
HUE 3JIEKTPOH —IIO3UTPOHHON Mapbl MPOUCXOIUT JIUIIIb B TOM
cltyyae, eciii SHeprusi (pOTOHA He MEHee CyMMbI Macc OKOs1 00e-
UX 4acTull.

Ef = 2mc” = 1,02M>B.



CornacHo 6a30BBIM MPUHIMIIAM CMOJETMPOBAHHON CHCTEMBI
(potoH npencrapseT coOOM SHEPreTUUECKMil MaKeT MaTepraib-
HOUM SHEPruM, KOTOPHII MEPEHOCUTCS CUIIOBBIMU HUTSIMH TPO-
crpanctBa. [Ipu B3aumonerictBuu (uHTepdepeHinm) (HOTOHOB
MaTepHaibHasi SHEPT sl BHICOKOIHEPreTUIeCcKoro (pOToHa TpaHc-
(popmupyetcs B sHepruio npoctpaHcTsa. B pesynabrare us cuio-
BBIX HUTEW MPOCTpaHCTBA 00pa3yeTcs AMEKTPOH, a U3 IPaBUTO-
HOB, 00Pa30BaBIIMXCS BCIIEACTBIE OOPATHOTO Mepexo/ia OCTaTKa
SHEepruv MpocTpaHcTBa, popmupyetcst no3utpoH (Puc 5.b).

Puc.4 Cxembl cTpoeHUs Maphl YacTUIA — AaHTUYACTULIA
a — JIeuTpoHa, b — aHTUIENTPOHA



hv

[4-]

|
.
v
)
)
L

hv

F
L
f
|
I

=

Puc.5 Cxema poxaeHus map 4acTuIla — aHTUYaCTHIIA U3 SHEP-

ruit (POTOHOB €~ — 3IEKTPOH, € — MO3UTPOH

OnHuM U3 HauboJee BaKHBIX 3arafiok (PU3UKU sIBJISIETCS BO-
Mpoc, oYeMy BO Bceld BUIMMOM yacTu BeesleHHON mpucyTCTBY-
€T OJJHA JIMILb MaTepusi. XOTs COIIACHO (PyHIaMEHTaJIbHBIM 3a-
KOHaM (PM3UKHU B MOMEHT pPOXAeHHs BceneHHON HOKHO ObLIO
BO3ZHUKHYTb OJJMHAKOBOE KOJMYECTBO MATEPUU U AHTUMATEPUU.



Kyna B Takom ciyvae nenace antumarepus?. [1o atomy Borpocy
cpeny (pM3MKOB TEOPETUKOB HET equHOro MHeHus1. OqHu 00b-
SICHAIOT OTCYTCTBME BO BCesleHHON aHTHMBELIECTBA aCUMMETPHU-
€1 MeX[y HEIO0 ¥ BELECTBOM, KOTOPasi BO3HUKJIA YK€ B IIPOLIEC-
ce Bonpioro B3peiBa. [Ipyrue oObsACHSIOT HapyIIeHUe AUCTIPO-
MOPLIMM MEX]ly HUMU TE€M, YTO NU3HAYAJIbHOE KOJIMYECTBO Bellle-
ctBa (OGapuOHHAsI MaTepusi) U aHTUBEIEeCTBA (aHTUOAPUOHHAS
Mmarepusi) OblJIO OJUHAKOBBIM, HO, BCJIEICTBUE HECUMMETPHYHO-
CTU peaKUMil OTHOCUTEJIBHO YacTHlLl (MaTepUy U aHTUMATEPHH)
Y IIPOU30LIIO yBEJIMYEHUE NIEPBOY M yMEHbIIIEHHE BTOpou. Tpe-
ThU CYMTAIOT, YTO BO BceneHHOI umeloTcst 001acTH, riie B OIHUX
JOMUHUPYET MaTepus, a B APYIUX aHTUMATEPHUSL.

Hcnonp3yst 6a30Bble MPUHIMIB CMOJETUPOBAHHON CHCTEMBI
IIPA PAaCCMOTPEHUH 3TOTO BOIIPOCA MOKHO CAEATh CIENYIOIINE
BBIBOJIbL.. Matepus 1 aHTUMarepusi B (popMax BEILeCTBA U aHTH-
BEILIECTBA COCYLIECTBYIOT BMECTE, HO TOJIBKO B PAa3HBIX IIOCKO-
CTSIX.

Mmocrpanenn K 3TOMy NPEANONIOKEHAI0 MOTYT CIYKUTh
crepyonye (pU3MIecKre MpoLEecChl, TPOUCXOAAIINE B PEaIbHO-
CTU: POXKJIEHUE IEKTPOHA U NTO3UTPOHA, YACTULIBI M AaHTUYACTH-
1Ibl, IPY BCTpeYe JIByX KBaHTOB 3Hepruu (Puc.5 b), a Takxke aH-
HUTWJIALMSA IEKTPOHA IIPUA BCTPEUM € MO3UTPOoHOM (Puc.5 a).

B nepBoMm BapuaHTe 111 0Opa30BaHUsI JEKTPOH TO3UTPOH-
HOI mapbl HEOOXOIMMO CTOJIKHOBEHHE OBYX (poToHOB. OOmias
SHeprus (POTOHOB JOJKHBI ObITh HE MEHEE JIByX Macc 3JIeKTPO-
HOB 1,02 M3B. Dnektpon 06pasyercst 13 CBOOOAHBIX TPOCTOHOB,



a TIO3UTPOH U3 CBOOOHBIX TPaBUTOHOB. O0€ YacTHIIbl B HEOOXO-
JIMMOM KOJIMYECTBE BCEIZia HAXOAATCS B (PM3MUECKOM BaKyyMe.
BricBoOOMMBIIAsCSA B pe3ysibTaTe CTOIKHOBEHHS (POTOHOB SHEP-
TYsl JIOKJIbHO CKMMAeT CUJIOBbIE HUTH MPOCTPAHCTBA JIO CTe-
NIeH!, TIPEBOCXOJISAIIEN CTeTeHb CKATHsSl UX BHYTPU JEKTPOHA
u nosuTpoHa. [Ipu 3TOM MatepuanbHast Heprusi (POTOHOB pac-
XOIyeTcsl Ha 00pa30BaHUe SHEPreTUUECKUX CBSI3ed BHYTPU IO-
3UTPOHA, & SHEPrusl MPOCTPAHCTBA HA 00pa30BaHUE SHEpreTuye-
CKUX CBsI3ell BHYTpU eKTpoHa. [locie oOpa3oBaHusT YaCTHIIBI
HE aHHUTUJIMPYIOT, a Pa3JIeTaloTCsl B pa3Hble TUNIOCKOCTH. Bo BTO-
POM BapHaHTe YaCTHUIIbI BCTPEYAIOTCS B OIHOM IJIOCKOCTH U B3a-
MMHO YHUUTOXaIOTCsl. B 3TOM cityyae BHYTpH MO3UTPOHA U JIEK-
TPOHA Pa3pPyIIAIOTCS SHEPIeTUIECKUE CBSI3U, COSIMHSIIONINE TPa-
BUTOHBI ¥ TIPOCTOHBI. 3aKOHCEPBUPOBAHHBIE B SHEPTETHUECKUX
CBSI3SIX SHEPTUM MAaTEPUU U SHEPTrUM MPOCTPAHCTBA BHICBOOOXK-
Jal0TCs, @ CBOOO/IHBIE TPABUTOHBI U MPOCTOHBI BO3BPAIIAIOTCS
B (pM3MYECKUI BaKyyM.



1.3 KBapk - rirooHHasi niiazma

ComracHO COBPEMEHHBIM BO33PEHUAM HEKOTOPBHIX (PU3HUKOB

TEOPETUKOB B TEUYECHUE 10— CeKyH/IpI rociie bosbioro B3pbi-
Ba BO BcesleHHOM JOMMHHMPOBAJIO BEMIECTBO B BUJIE TAK HA3bIBA-
€MOH KBapK — IIIOOHHOM I1J1a3Mbl, KOTOpasi Ipe/ICTaBJIsIa COOon
Ha0Op M3 IVIIOOHOB, KBAPKOB M aHTUKBApKOB. CyIliecTBOBaHME
TAKOTrO 9K30TUUYECKOIO COCTOSIHUSI MAaTEPUU CTAJI0 BO3MOKHBIM
Gr1arogapsi BRICOKMM TOKa3aTelisiM TeMIiepatypsl (Oosnee 2 Tpuii-
JIMOHOB T'PaJyCoOB) U JJaBJI€HUS, KOTOPbIE TOCIIOICTBOBAIA B 3TU
MrHOBeHMS ku3HU BeenenHon. [locne Toro kak 3T nokasare-
JIV CHU3WIACHh KBAPKH, AaHTUKBAPKY U TJIIOOHBI HAYaIU 0O0BbEeIu-
HATBCSI B QJPOHBI, IOTOMY UTO MPH OOJiee HU3KUX TeMIlepary-
pax 3TH YaCTHUIIBI HE MOTYT HaXOAWThCS B CBOOOJHOM COCTO-
gHUM. B HacTosiee BpeMs 3KCHEPUMEHTAIbHO JI0KA3aHO, YTO
MIPOTOHBI X HEUTPOHBI, a ITO aAPOHBL, COCTOSIT U3 KBAPKOB, KOTO-
pble HaXOJATCSI BHYTPU HUX B «KOH(DAWHMEHTHOM» COCTOSIHUU,
B OOBIYHBIX JK€ YCIIOBUSIX KBAPKU B CBOOOTHOM COCTOSTHUM CYIIIe-
CTBOBaTh He MOryT. Ha cerofHsI1IHuI JeHb CYILIECTBYET MIPEIIO-
JIO)KEHUE, YTO KBAPK-TJIIOOHHAS IJIa3Ma MOXET €CTECTBEHHO CY-
IIECTBOBATh B f/IpaX HEUTPOHHBIX 3Be3/. E€ MOKHO MOTy4nTh
U UCKYCCTBEHHO. Tak, Mo COOOIIEHUI0 aMePUKAHCKUX YUYEHbIX
UM YJIaJ10Ch MOJTyYUTh HA YCKOPUTEJIE KBAPK-TJIIOOHHYIO II1a3My
Ha Kosuiaiziepe Tsikenbix nioHoB RHIC. B pesynbraTe cTOnKHOBE-
HUS SI/IEp 30710Ta ¢ CyOCBETOBOM CKOPOCTBIO TEMITEpaTypa B 30HE



UX COyAAPEHUS cocraemial0'° K, a nasnenne 10°° armMocdep.
Kak yxe oTmeuasioch paHee, KBapKH sIBJISIIOTCS COCTABHBIMU
YacTsIMU TIPOTOHOB M HEUTPOHOB. OOIEN3BECTHO, YTO B Hava-
Jie, KBapKu ObLTM TEOPETHYECKHU TMPEACKa3aHbl, Kak (pyHIaMeH-
TaJIbHBIE YACTUIIbI, KOTOpbIE HEJb35l Pa3JeUTh Ha YacTH, a 3a-
TeM ObLITM OTKPBITHI IKCIIEPUMEHTAILHO. UTOOBI pacyeTsl Teope-
TUYECKOU MOJIes I ObUTH Pa00TOCIIOCOOHBI, 3apsi/1 IEKTPOHA ObLIT
pa3apoOiieH. Bputo MPUHATO: OOMH THIT KBAPKOB MMEJT TIOJIOKH-
TeJbHBIN 3aps] B 2/3 3apsaa MeKTpoHa, a APYroi Obl MMeI OT-
puLaTesbHbIN 3apsj B - 1/3 3apsina anekTpoHa. B HacTosiiiee Bpe-
Ms U3BECTHO 6 TUIOB KBapkoB: W. d. s. ¢. b. t. KBapk u Bepx-
HUi1 kBapK. OH umeer 3apsan + (2/3) e. KBapk d HuKxHUI KBapK.
Nwmeer 3apsag — (1/3) e. KBapk S cTpaHHBI KBapK UMEET 3apsjl —
(1/3) e, KBapk ¢ ouapoBaHHBII KBapk UMeeT 3apsaj + (2/3) e.
KgBapk b npenectHblil kBapk umeert 3apsaa — (1/3) e. KBapk t uc-
TUHHBIA KBapK UMeeT 3apsj + (2/3) e. Y Bcex KBapKkOB UMEIOTCS
aHTUKBapKu. OHY MOAPa3 e sAI0TCSA Ha MOKOIeHUs: U U d — KBap-
KU MEPBOro MOKOJIEHUsI, S U C — KBApKK BTOPOTO MOKOJIEHHUs], b
¥ t — KBapKU TPETBHETO MOKoNIeHUA. KBapku He MOTyT CyIleCTBO-
BaTh CBOOOTHO. OHU MOJTYYaIOT «MAKETh» SHEPIHU OT COCETHUX
KBAapKOB M CaMH MX MOCHUIAIOT JPYyrMM KBapKaM. DTH MaKeThl Ha-
3bIBAIOTCS [JTIOOHAMM, €CJIM OHU UX HE MOJyYaloT, TO CTAHOBSIT-
Cs1 BUPTYaJIbHBIMU YacTULIaMU. [TII00HBI ABIIAIOTCA MEPEHOCUM-
KaMU CUJIBHOTO SIIEpPHOro B3auMoAeucTBus. CUIbHOE B3aUMO-
JEWCTBYE JI0 OMPEIEIEHHOTO TMpejielia yCUJIMBAET CBOE JIEHCTBUE
Ha KBapKH, YeM JaJibllie OHU YAAJISIOTCS IPYT OT Apyra, TeM OHO



CUJIbHEE JeWCTBYeT Ha HUX. UTOOBI CHiIbHEe CTSATUBATh KBAPKU
CWJIBHOE B3aUMOJEUCTBUE CO3JAET HOBBIE INIIOOHBI. [ JIIOOHBI SB-
Js10TCs1 6e3MaccoBbIMUA OO30HAMM CO CITMHOM paBHbIM 1. B uto-
re, MOXXHO czienaTh crieayonmii Beiol. Ha ocHoBe Teopernye-
CKHUX ¥ 9KCIIEPUMEHTAJIbHBIX Pa3paO0TOK ObLIIM OTKPBITH HOBbIE
HEJIEJIMMBIEC YaCTULIbI KBAPKHU, KOTOPBIE ABJISIOTCS COCTaBHBIMU
YacTsAMU IPOTOHOB M HEUTPOHOB, BXOAAIIMX B COCTaB SAEp aTo-
MoB. Takoe 3akj04eHue ienaeT XxpoMoguHamuka, Ho, He nenu-
MBI JI OHU, IOMPOOYEM OCMBICTIUTB TO C TO3UIIMU CHJIOBBIX HU-
TEeU MTPOCTPAHCTBA

[IpoToH cocTouT M3 ABYX KBAapKOB U OfiHOroO KBapka d. Hen-
TPOH COCTOMT U3 JABYX KBapKOB d 1 OIHOrO KBapKa u. 3apsiji npo-
TOHA IOJIOKUTENEH U cocTaBiisieT +1. YV HelTpoHa 3apsiia Her,
OH HeWTpaseH. Y TpaJulMOHHON (PU3UKHU HET YETKOTO OOBbsICHE-
HHMSI, YTO e cOOOW mpescTaBisieT 3apsaa. M3 Kakux yactedl oH
COCTOUT M MOKHO Jiu ero ipoouts. [lonydaercs nepBasi He CTbI-
KOBKa. [lasiee mpOTOH COCTOMT M3 IByX KBAPKOB U OIHOTO KBap-
ka d. HeutpoHn cocrout n3 AByx KBapkoB d M OQHOIrO KBapKa u.
W3 31010 BUHO, YTO OHM OTJIMYATCH OPYr OT APYyra KBapKaMHu.
V npoToHa «JMIIHUI» KBapK U, a y HelTpoHa kBapk d. Ho ec-
JIM CPaBHUTb UX MACChl, TO MOTy4YUM pa3Huily B 2,78. Heiltpon
pacnajgaercs Ha MPOTOH, JIEKTPOH U aHTUHeUTprHO. ClieioBa-
TEJIbHO, KBapK d JOJKEH UMETh MAacCy PaBHYIO Maccam JIEKTPO-
Ha U aHTUHEUTpuHO. Macca aHTMHENTPUHO NMPeHeOPeKUTETHHO
MaJia, O3TOMY BO3bMEM [1JIs1 PACUYETOB TOJILKO MACCy JIEKTPO-
Ha 0,511 M»3B.. Beixoaut, 4yTo pa3HuIIa Macc COCTABJISIET MTOYTH



HIECTh MacC EKTPOoHa. B Toxke BpeMsi, BEIMUMHA JIEKTpUYe-
CKOTO 3apsija y 9JeKTpoHa paBHa -1, a y kBapka — (1/3) e. Bro-
past He CTHIKOBKA. TakvM 00pa3oM, OCHOBHAsI BEPCHS TEOPETH-
YECKOM MOJIEJIM KBAPKOB O TOM, YTO OHM (PYyHAAMEHTAJIbHBI, TO
€CTb HeJle/IMMble, KaK BUITHO HE COCTOSITEJIbHA.

[Monpobyem 3T10 10Ka3aTh cieaytonmmM odpasom. Eciu npen-
TMOJIOKHUTh, YTO KBApKU COCTOSIT TOJIBKO M3 TPABUTOHOB WJIU
13 IIPOCTOHOB, TO NMOJIy4uM cieayouiee. KBapku u. ¢ u t coctosT
U3 TPAaBUTOHOB, a KBapku d. s u b cocroaT u3 npoctoHos (Puc.6.
a). [lepBble kKBapku OyIyT CKUMaTh, & BTOPbIE PACHIUPSTH CH-
JIOBbIe HUTU. B 3TOM Cllyyae oTmajger HeoOXOAUMOCTh BBOJUTD
IOpoOHble 3apsiapl. KBapku 3TO 4acTu KOHCTPYKIMU YaCTHII, KO-
TOpble U3 HUX cocToAT. [IpuBenemM 310 yTBepXkIeHUe Ha CleLy-
I0LIUX TTpUMepax

[TpoTOH cOCTOUT U3 TPEX KBAPKOB: ABYX KBAPKOB U U OIHO-
ro kBapka d (Puc.6. b). JlaBneHue BHyTpU MPOTOHA HaIpaBiie-
HO oT nepudepun K HeHTpY. OHO y HEero KOoJoCCaJbHO U CO-

craenster 10°° TTa, cTeneHb CKATUs CHIIOBBIX HUTEH MpOCTpaH-
CTBA IPU 3TOM JIOCTUTaeT 10 [Iporon nmeer cdepuye-
CKyl0 (popmy. ¥V Hero mmeercss BXOI U BBIXOJ, YEPE3 KOTOPBIE
B HETO MPOHMKAIOT CUJIOBbIE HUTH, KOTIa OH JIBUXKETCS IO HUM.
DyHKIMM KBapKOB, COCTABJIAIOIIMX IPOTOH pa3inuyHbl. KBapku
U CKMMAIOT CUJIOBbIE HUTH, a KBapk d ux pacmmpser. Ho, Tak
KaK MX JIBa, TO BBIXOJSAT CUJIOBbIE HUTU U3 MPOTOHA CHKATHIMHU
(Puc.6. d). B pe3ynbrare cxaTusi CUJIOBBIX HUTEW BbIIEIAETCS

SHEPrusi MPOCTPAHCTBA, KOTOPasi MEPEXOAUT B SHEPIUI0 Mare-



pur. DTO U €CTh TE CaMble «IIAKEThl» SHEPTHU, KOTOPBIMH KBap-
KM HENPEPHIBHO OOMEHMBAIOTCST MeX Ay coOoi. [TakeTs Ha3bIBa-
I0TCs TI0OHAMH. YTOOBI KBapKU OBLITM PACIIONOKEHBI Ha Ompe-
JENIEHHOM PAcCTOSIHUM APYT OT JApyra, HEOOXOAUMO HelpephIB-
HOE BBIJEJICHHE OIpPEIeJIEHHOIO KOJIMYECTBO MAKETOB SHEPTUM.
dynkimsa kBapka d ¥ 3aKIo04aeTcss B TOM, YTO OH YMEHBIIAeT
CTereHb CKaThsl CHJIOBBIX HUTEH KBapKaMH U M TEM CaMbIM pe-
TyJUpYeT BblAETIEHNE SHEPTUM ITIIOOHOB /10 HEOOXOIUMBIX TIpe-
)i ) (0):

s T Q T g. T . T3
k

Puc 6. IIpennonaraemele cxeMbl CTPOEHUS KBAPKOB U YaCTHL.



a — BHYTpPEHHEe CTPOEHHE KBApKOB b — BHYTpeHHee CTpoe-
HHUE IIPOTOHA C — BHYTPEHHEE CTPOECHUE HEMTPOHA d — B3auMO-
JIVICTBUE KBAPKOB BHYTPH MPOTOHA € — B3aMMOJIEHCTBUE KBap-
KOB BHYTPHU HeWTpoHa k — siiepHOe B3auMOJIeiCTBIE IPOTOHOB
¢ HeuTpoHOM G — oo Ey, — sneprus marepun Ky, — sneprus
npoctpadcTBa F — naBnenue S — cuwioBast HUTh, T — Bxon, Q —
BBIXOJI, € — TPABUTOH, P — IMPOCTOH, U — KBapK, d — KBapK.

HeiiTpoH cocTouT M3 ABYX KBapkoB d M OJHOro KBapka
u (Puc.6. c). ¥ nero cdepuyeckas ¢gopma. OH Takke MMeeT
BXO[l U BBIXO[l, UEPE3 KOTOPHIE €r0 MPOHU3BIBAIOT CUJIOBBIE HU-
TH, KOIJIa OH JIBMKETCs 10 HUM. KBapKu pacronokeHsl BHYTpU
HEWTpPOHa TakuM 00pa3oM, YTO B pe3ysbTaTe UX BO3/AEHCTBUS
Ha MPOXO/SIINE CKBO3b HEUTPOH CUJIOBbIE HUTH CTETIEHb UX CXKa-
TS He n3Mensercs (Puc.6. e). [laBieHne BHyTpy HEMTpOHA Ha-
MPaBJIEHO OT LieHTpa K nepudepun. CTeneHb CKaTus CUIIOBBIX
HUTel cocrapnsger10 > . BzaumogericTBue mpOTOHOB C HEW-
TpOHamM MokKa3aHo Ha (Puc.6.k). IIpoToHBI CKMMAIOT CHIIOBBIE
HUTH BHYTPUSIIEPHOTO MPOCTPAHCTBA, a HEUTPOHBI UX PACIIUPS-
10T ¥ TEM CaMbIM MPEAOTBPALIAIOT KOJLIAIC A1pa.

[IprHMMast BO BHUMaHUE BbIILIE U3JI0KEHHOE, MOXKHO 3aKJIIO-
YUTh cieayomiee. KBapku sABISIOTCS COCTABHBIMU YacCTULIAMH,
COCTOAIIIMMU 13 OoJlee MeTKHMX HeleMuMbIX Jactuil. OHu oOpa-
30BaJIMCh U3 CTYCTKOB SHEPIMU MATEPUU I'PABUTOHOB B Hayalb-
HOW CTaguu pokaeHHs1 BcelleHHOW MpU KOJIOCCATbHBIX MOKa3a-
TEJISAX TEMIIEPATypbl U BBICOKOU CTENEHU CKATHS CUJIOBBIX HU-



Tell MPOCTPAHCTBA. B TAKMX 9K30TUYECKUX YCIOBUSIX OHU HAXO-
JIWIACh B CBOOOTHOM COCTOSIHUM M BMECTE C TIIIOOHAMHM TIpefi-
CTaBJISUTM HOBYIO (DOPMY COCTOSIHUSI MaTepud — KBAPK-IJIIOOH-
HYIO TUIa3My



1.4 IMoas

[lone Ha COBpEMEHHOM YPOBHE pa3BUTUS (PUIMUECKOU HAY-
KM CYMTAeTcs1 0cOObIM BUIOM MaTepuu. OHO Mpe/CTaBIIsieT Co-
00l TMHAMHUYECKYI0 CUCTeMy ¢ Ha0OpoM (hU3MUECKUX BEJTUYHH,
MPUHUMAIOIIUX ONPee/ICHHbIE 3HAUEHHS B Pa3HbIX TOUKAX MPO-
CTPAHCTBA U U3MEHSIOIINXCS CO BpEMEHEM.

dusnueckre nojis KJIacCUPUIMPYIOTCS TIO CIEAYIONIMM MPH-
3HaKaMm: BUJY 3apsja, pa3MepaM, CrocodaM B3auMOJIEHCTBUS
C YyacTUlIIaMM WIM Opyrumu mnojsiMu. B Hactosiee Bpemst OT-
KPBITO MHOECTBO (PU3UUECKUX TOJIEH, HO CPEeId ITOTO MHOKe-
CTBa BHIENSIOTCS (pyHIAMEHTAIbHbIE, KOTOpbIE SBJSIOTCA Oa-
30BBIMU 151 IOHUMaHUs1 (PU3NYECKOW KapTUHbI Mupa. OcTaib-
Hble TIOJIs1 BRIBOASTCS U3 HUX. K (pyHAaMEHTAIbHBIM TOJISAM OT-
HOCSIT: TIOJIE TATOTEeHUS], SIEKTPOMArHUTHOE TOJIe, TIOJIS CUITBHO-
ro 1 caadoro B3auMoeicTBrs. Bee ocTanbHble MOt ¥ B3aUMO-
JEeVCTBUS BBIBOAATCSA U3 HUX. PU3NYECKUE MO IPOSIBIISAIOT Ce-
051 KaK MMOCPEJHUKY MTPU B3aUMOJICHICTBIH 3apPSKEHHBIX TeJ WA
YaCTUI[ U MEPEHOCAT ITU B3aUMOJICHCTBUS C KOHEUYHOM CKOPO-
creio. Kaxoe mosie o0naiaeT crnocoOOHOCTBIO TIEPEHOCUTh IHEP-
TUI0, UMITYJIbC U J1aK€ B HEKOTOPBIX CIIydasiX U Maccy

1.I1one TaroreHus (rpaBUTAlMOHHOE T0JIE) IOPOKIAETCA Ma-
TepUAIbHBIMU T€JIaMU, Y/IaJIeHHBIMU Ha PACCTOSTHUE IPYT OT APY-
ra. OHO He 3aBUCHUT OT CPe/ibl, B KOTOPOW HAXOIATCS MaTEPUATTb-
HBIE TEJIA, U CIIyKUT NOCPETHUKOM MX B3auMonencTBus. OCHOB-



HBIM OTJIMYMEM TMOJIsl TATOTEHUsI OT JPYrux (pU3NUECcKUx Mosien
3aKJII0YAETCs B TOM, YTO Ha JII0OOe MaTepuaibHOE TEJI0, BHECEH-
HOE B 3TO noJe, aeuctryet cuia (F) nputsokenus.

rae G — HaNPSAKEHHOCTH IOJISA TATOTEHUS, M — eAUHUYHASL
Macca B 3TOM TOJe.

HanpsixkeHHOCTh TOJSI TATOTEHUsI TO BEKTOp, OH YMCIIEH-
HO paBeH CuJie, JIEWCTBYIOIIEH CO CTOPOHBI IMOJis HA €IUHUY-
HYIO MacCy, BHECEHHYIO B 9TO nosie. [lone TaroreHus ueHTpaib-
HOe U chepUUECKU CUMMETPUYHOE. DTO OOYCIOBIEHO TEM, UTO
BO BCEX TOUKAX I'PABUTALIMOHHOTO I10JIs BEKTOPbI HAIIPSKEHHO-
CTU HaIlpaBJIEHbl BJIOJIb MIPSIMBIX, KOTOPBIE MEPECEKAIOTCS B OfI-
HOW TOYKE LIEHTpe CHJI, 3aKOH BCEMUPHOTO TSATOTEHUS MOKA3bI-
BaeT. Cuiia B3auMOJIEMCTBHSI MATEPUATTBHBIX TEJI TPSIMO ITPOTIOP-
IIMOHAJIbHA TIPOU3BECHUIO MACChl TeJl M1 OOpaTHO MPOIOPIIKO-
HaJlbHA KBAJpaTy paCCTOSIHUS MEXly HUMU. Takasi 3aBUCUMOCTb
CHJIBI OT PaCCTOSIHUS CBUAETENILCTBYET O TOM, UTO I'PABUTAILIMOH-
HOE B3aMMOJICMCTBUE MaTepPUAIIbHBIX TN SIBJISIETCS IaIbHOJCH-
CTBYIOUIEW U UMEET HEOIPAHUYEHHBIM PAIUYC JEVCTBUS.

2. DNEKTPUYECKOE IT0JIE BOBHUKAET BOKPYT HEMTOJBUKHBIX 3a-
PS/IOB U CIIYKUT MOCPEAHUKOM B3aMMOJIEHCTBUSI MEKIY 3apsi-
keHHbIMU TeslaMu CUJIOBOI XapaKTePUCTUKOU SMEKTPUUECKOTO
noJs sBjsieTcs HanpsbkeHHOCTh (E). 9To BelmurHa BEKTOpHAS
¥ paBHa CWJie, ¢ KOTOPOU moJie JIeHCTBYeT Ha MPOOHBIN 3apsi



B JJaHHOM TOYKE, K BEJIMUMHE TOTO 3apsija.

Er==L
q

rae F — cuna, neiictByoias Ha mpoOHBIN 3apsj q.

DJeKkTprudecKoe 1ojie o0alaeT SHePruer v, Kak rpaBUTaIM-
OHHOE T0JIe, TOXE JAATbHOJEICTBYIOIIEE U UMEET HEOTPAHUYEH-
HBIN PaUyC JEVCTBUA.

3. MaruuTtHoe 1oNie ABJsAETCS CHIOBBIM mojieM. OHO Jei-
CTBYET TOJIbKO Ha ABUKYIIIUECS IEKTPUUECKUE 3apsbl, a TaKKe
HA YACTHIIBI U Tea, 00JIafaloliyie MarHUTHBIM MOMEHTOM. OHO
CO3/1aeTCsl TOKOM 3apsKEHHBIX YacTHIl, a TaKXe YaCTUIIAMU,
MMEIIIUMHA MarHATHBIA MOMEHT U MOCTOSIHHBIMUA MarHUTaMM.
Ero cuioBoil XxapakTepUCTUKON SIBJISIETCS] BEKTOpHAsl BEIMUMHA
MarHuTHass MHaIykuus (B).

4. DNeKTpOMarHuTHOE IoJie 3TO (PU3NIECKOe MoJIe, TPeICTaB-
Jsionee co60il COBOKYIMHOCTD JIEKTPUYECKOTO M MarHUTHOTO
MoJIeH, TOPOKAAIOIIMX JPYr JIpyra B OIpeleeHHbIX YCIOBU-
siX. CUJIOBBIMU XapaKTEPUCTUKAMM 3TOTO TOJIsl SIBJISIIOTCSL Ha-
MPSKEHHOCTD JIEKTPUUECKOTO MoJisi —E ¥ MarHUTHas MHAYK-
uus — B. B3aumMoneicTBre 1noss ¢ 3apssKeHHbIMU TeJlaMu (4acTu-
1IaMH) OTIMCBHIBAETCS NOCPeIcTBOM cuJibl JlopeHiia. dusnueckas
CYIIHOCTb 3JIEKTPOMATrHUTHOTO TOJISI 3aKJII0YAeTCsl B TOM, UYTO
U3MEHSIoIIeecss BO BpEMEHU JIEKTPUYeCcKoe moJie BO30yxaaeT



MarHMTHOE T10J1e, a U3MEHSIIOIeeCcs] MArHUTHOE T0JIe TOPOsK/1a-
€T BUXPEBOE IEKTPUUECKOE I0JIe. DTO HENMPEPHIBHOE N3MEHE-
HUE KOMIIOHEHT M 00YyC/IaBJIMBAET CYIIeCTBOBAHHE JIEKTpOMar-
HUTHOTO NoJisl. OTIMYUTETBHBIM CBOICTBOM 3JIEKTPOMAarHUTHO-
T0 MOJISA OT IPYruX (PU3MUECKUX MOJEH 3aKIII0YAETCS B TOM, UTO
IIPY ONPEAEIEHHbIX YCIOBUSX, @ UMEHHO IPH YCKOPEHHOM JBH-
’KEHUM HOCHUTEJIEH IeKTPOMArHUTHOTO M0JIsl, OHO «CPbIBAETCSI»
C HUX U CYIIECTBYET HE3aBUCHMO OT HUX B BUJIE IEKTPOMarHuT-
HOW BOJTHBI.

5. CunbHOe B3aMMOJEHCTBHE OOECTIeUYMBAET YCTOMYMBOCTD
aTOMHOTO SIApa XUMHUYECKUX 3JIeMEeHTOB. OHO KOPOTKOJEHCTBY-

—13
I0IIEE U COCPEJOTOUEHO B OCHOBHOM Ha paccrosHuu 10 CM.
6. Cnaboe B3aMMOJEWCTBME HOCUT Ha3BaHUE PACIaJHOTO
B3aMMOJIENCTBYSI, TUTIOBBIM TTPOSIBJIEHHEM CJ1a00r0 B3aUMOJICH-

CTBMSA ABIAETCA — ' — pacraji MPOTOHa.

n—p+ e+ v, Ie p — IPOTOH, € — JIEKTPOH, V — JIEKTPOHHOE
HEUTPUHO

Cnaboe B3aMMOJIEHCTBIE TOXe KOPOTKOzIeHCTBYoIee. Paiu-

yC €ro JIeNCTBUS COCTaBIISIET 106 em. 10 ectb oHO COCpeioTo-
YEeHO BHYTPU sIIpa.

7. Ocoboe mecto B CTaHIAPTHON MOJIENM 3aHUMAET TaK Ha-
3pIBaeMoe Mnose Xurrca. [lejio B ToM, 4To COIIaCHO CUMMETPUU
MUKPOMUPA, IEMEHTAPHBIM YaCTUIAM 3arpelieHo UMETh Mac-
Cy, a CKaJIsIpHOe mojie XUrcca CrIOHTAHHO HapyIIaeT 3Ty CHM-
METPUIO, U BHITEKAIOIIIME U3 HEE 3aMPEThl HE BBIMOIHSIOTCS. Cun-



TaeTCsl, YTO JIEMEHTapHbIE YaCTHUIBI IPUOOPETAIOT Maccy B3a-
MMOJIEMCTBYSl C 3TUM TOJIEM, IIPUYEM YE€M CUJIbHEE (IUIOTHEE)
9TO B3aMMOJICWICTBUE, TEM OOJIBIITYI0 MAacCy MPHUOOPETACT YaCTH-
1a ¥, HA0OOPOT. DTO MOJOKEHUE Teopur JHIIepa — bpayTa —
Xwurcca TOATBEPKIACTCS HATMUMEM OOJBIIUX Macc y O030HOB
W u Z wn orcyrctBUEM Macchl Yy (POTOHA M INIIOOHA, a TaKxke
TeM, 4To Macchl yactull CTaHIapTHOW MOJAETN UMEIOT pa3opoc
Ha 11 nopsiikoB..

CymHocTh (pu3MUecKux mojied Ha CErOJHSIIHUNA JIeHb IIU-
POKO ¥ IITyOOKO pacKpbita. MHOTHE UX TMOJIOKEHUs TeOpeThde-
CKY 0OOCHOBAHBI M SKCTIEPUMEHTAJILHO MOATBEpsKIeHbI, OTHAKO
B HUX W TIPUCYTCTBYIOT HESICHOCTU M cOMHeHuH. Tak Harpumep
JIO CHX TIOp, ITOJTHOCTBIO HE PACKPHIT MEXaHU3M I'PaBUTAIMOHHO-
IO B3aMMOJICHCTBYSI MAaTEPUATBHBIX TEJ, yIaJIeHHBIX Ha OOJIbIIIHE
paccTosiHue YT OT apyra, HeT oTBETOB Ha ciieayolue BOIpo-
col. [Touemy omHOMMEHHBIE 3apsbl OTTAJIKUBAIOTCS, a TIPOTH-
BOMOJIOJKHBIE MpUTSTuBaoTcsA? [ToyemMy B aToMax XUMUYECKUX
9JIEMEHTOB, OTPUIIATENILHO 3aPSKEHHBbIE JIEKTPOHBI HE TOIJIO-
IAIOTCS TTOJIOKUTENNBLHO 3apsikeHHbIM siapom? [louemy, npu me-
pexojie MEKTPOHOB ¢ OPOUTHI C BBICOKOW YHEPrueit Ha OpoOuUTy
C HM3KOW SHEepruey, atoM u3iayvyaer KBaHThl sHepruu? Ilorpo-
OyeM JaTh JIOrM4ecKd OOOCHOBAHHBIE OTBETHI HA STU BOIPOCHI,
UCTIONB3YsI 0a30Bbie MPUHIIUAIIBI CMOIETMPOBAHHON CUCTEMBI

1. Iome TArOTEeHUsT OCYIIECTBIISIET CBSI3b MEXIy MaTepHhasib-
HBIMH TEJIAMH, yIaJIeHHBIMH Ha paccTostHue Apyr ot apyra. Co-
IJIaCHO Oa30BBIM TPHHITUIIAM CMOJICJTMPOBAHHOM CHCTEMBI BCe



MatepHajbHble Teja MPEACTABISIOT COOON COBOKYITHOCTH I'PaBH-
TOHOB, pPa3MEIeHHbBIX OIMPEAETeHHBIM 00pPa30M B CHJIOBBIX HU-
TAX npocTpaHcTBa. Popma 1 pa3Mepsl Tesla COXPaHSIIOTCS 32 CYET
CKaTHsl TPABUTOHAMU CUJIOBBIX HHUTEW IMPOCTPAHCTBA, KOTOPOE
HaIpaBJIeHO OT nepudepru K LeHTpy Tena. Kaxaoe marepuas-
HOE TeJIo AepOpMUPYET (CKUMAET) CUIOBBIE HUTH OKPYKaloLle-
0 €ro MpPOCTPAHCTBA U Yepe3 3Ty JeopMallvIo OKa3bIBAET CH-
JIOBOE BIIMsAHKE (NIPUTSAKEHUE) HA APYIUE, YIAJEHHBIE OT HEro
MarepuaibHble Tesa. Hanbonee necopmMupoBaHbl CUIIOBBIE HUTH
(Sp) OKpy:KaIoILIEro TeJIO MPOCTPAHCTBA HAXOAATCS Y €ro MOBEPX-
HOCTH, 3aTeM JepopMaliysi UX YMEHbIIAETCS TPONOPLIMOHAIBHO
KBaJpaTy paccTOSHUS OT TeJa.

SU:

=|=

rae M — macca TCJIA, k — nmokazaTenb He CKUMAEMOCTH CHUJIO-
BBIX HUTEH IMpOCTPAHCTBA.

Cutbl CXKaTHsl YHUBEPCAIBHBI, IO3TOMY UX Pe3yJIbTHPYIOIas,
ecTb cymMMa 3TuX cuil. Eciu Teno mmeer He OOJIBIIYI0 Maccy
Y He CUMMETPUYHYI0 (hOpMY, TO BEJIMUMHA Pe3y/IbTUPYIOIAs Ya-
CTHU TeJa, TJie cocpeoToyeHa OoJbIlasi 4acTh €€ Macchl, Oyaer
JOMUHHUPOBATH HAJl BETMYMHAMU PE3YIbTUPYIOIUX CUT OCTAITh-
HBIX e€ yacTel, I03TOMY TeJIo Oy/IeT COBEpIIIaTh IIEPEeBOPOT B Ha-



npaBJjieHuu cBoero asuxkenus (Puc.7 a).

Puc. 7 Cxembl ABMKEHHM TeJl B 3aBUCHMOCT OT MacCChl

a — MepeBOpoT Tejla HeOOJbIION MAaCChl MOJ, ACUCTBUEM pe-
3yJBTUPYIOIIEH CHJIbI B HAMPABJIEHUM CBOETO JBUKEHUS 1O CU-
JIOBBIM HHUTSIM IIPOCTpaHCTBA. b — Hauvano BpamieHus: ConHIIA.
Fs — pesynprupyomas cuia

Ecimu Macca Tena B npouecce ero (popMupoBaHUsl JOCTUra-
€T 3HAYUTEJIbHBIX BEJIMYMH, TO TEJIO MPUHUMAET C(hepUIEcKyIo
(popMy M HaUMHAET BpaIaTbCsl BOKPYT CBOEU Ocu. PaccmoTpum
9TO yTBEpXk/JIeHUe Ha npumMepe Hamtero ComnHia.

dopmupoBanue CoHila Kak 3B€3/1bl IPOMCXOIUIIO B TPU 3Ta-
na. Ha nepBoM 3Tarne rpaBUTOHbBI, COCTABJISIONIME YACTULIBI ITbUIN
Y Ta30B, IOCTYNATEIbHO JBUTAIMCh B CUJIOBBIX HUTSIX TPOCTPAH-
cTBa U JepopMUpOBaIU (CKUMAJIM) UX B HAIPABJIEHUU CBOETO



nprokeHus. [loaTomy cTeneHb MX CKaTsi BOKPYT YacTHIl YBe-
JIMYMBAJIACH, YACTUIIBI COMMKAINCD, & 3aTEM CIIUBAIINCH, YBEJIH-
4yuBasich B pazMepax. [Ipyu 3TOM cUJIOBblE HUTH MPOCTPAHCTBA
BOKPYTI HUX HaKJIaJIbIBAJIMCh APYT HA APYra U CTereHb UX CkKa-
THSI 3HAYUTENILHO BO3pacTaia. A Tak Kak, 'PaBUTOHBI JABUKYTCS
B HAINpaBJIEHNH TTOBBIIIEHHOW CTENIEHH! CKATHS CHJIOBBIX HUTEH
NPOCTPAHCTBA, TO HAXOMSIIMECS PSIOM YaCTHIIBI TIPUCOEIUHS-
JMCh K HUM, B pe3ynbrare 00pa30BbIBAIOCh MECTHOE YIUIOTHE-
HUE TIblJIe — Ta30BOM cMecH, TakuX YIJIOTHEHU! Ha paHHEH CTa-
IV Pa3BUTHUH 3BE37bI OBUIO BEJIMKOE MHOKECTBO, KOTOPBIE 3a-
TeM OOBETUHSIOTCS B OJHO elMHOe yruioTHeHue. CTeneHb cka-
TUSI CJIOBBIX HHUTEH MPOCTPAHCTBA BOKPYT 3TOTO YIUIOTHEHUS
U JaJIbHOCTh €r0 PaclpOCTPaHEHUs] MHOTOKPATHO YBEJIWYHMBA-
JIack, a Macca MHOTOKPAaTHO Bo3pacrala, popma AMHAMUYHO U3-
MeHs1ach. [luHaMuueckoe u3MeHeHue (hopMbl YIJIOTHEHUS BJie-
4eT 3a co00i U3MEHEHUE BEIMYNH Pe3yIbTUPYIOIIUX CUJI, TTPH-
JIO)KEHHBIX K pa3/IMYHBIM YacTsM yrioTHeHus. [Ipu noctrxkeHnn
Macchl YIUIOTHEHUS] KPUTHUYECKOW BEMYMHBI JOMUHHUPYIOIIAS
CHJIa COBEpILIAET MOBOPOT BCE MACChl YIUIOTHEHHSI B HAIlpaBJie-
HUM CBOETO JEWCTBUS. 3aTeM, YIUIOTHEHUE HAYMHAeT BpaIllaTh-
csi. BpainieHre mpoucXOmUT MO YacOBOM CTpEJIKE WM MPOTUB
yacoBou crpenku. Hame ConHue Bpamaercs npoTUB 4acoBOM
crpenku (Puc.7 b).

Ha Btopom stane pasutust monogoro CoiHia ¢ yBeauye-
HUEM CKOPOCTH BpallleHUs1 Hadajioch (hopMupoBaHue cepuye-
ckoil (popmbl. OHO OBICTPO OOPACTAIO TPABUTAITMOHHON MACCOM



32 CUET MPUTSDKEHUST YaCTUIl U3 OKPYIKAIOIIEro 3BE3[ly CMecu
nbUIA U ra3a. OTHOBPEMEHHO C 9TUM BO3pacTaja CTENEHb CXkKa-
TSI CWIOBBIX HUTEW BHYTPH 3BE3/IHOTO ITPOCTPAHCTBA. A TaKkxke
U OKPY’KaloIero e€ mpoCcTPaHCTBA Ha Bce Oosibiliee U OoJbliee
oT Hero paccTosiHus. C pocTOM rpaBUTALIMOHHOTO CKaTUsI B HEJI-
pax 3Be3J YBEIWUYMBAETCA CTENEHb AedopMaivu (CKaTus) CH-
JIOBBIX HUTEW BHYTPU 3BE3HOIO ITPOCTpaHCTBa. Kak TONbKO OHA
MIPEBBICUT CTENEHb JeOpMallii CUJIOBbIX HUTEW BO BHYTPHU-
aTOMHOM IIPOCTPAHCTBE aTOMa BOIOPOJA, JMEKTPOH MPeooie-
BAeT MPHUTSDKEHUE SIIpa, a OH JIBIIKETCS B HANpaBJIeHUH Oolee
BBICOKOU CTEIIEHU CKaTWsl, U «BbUIETAET « U3 aroma. B pe3yinb-
TaTte noayvyaercsi « OyJbOH « U3 BBICOKOSHEPIUYHBIX U BBICOKO-
CKOPOCTHBIX ITPOTOHOB U 37IeKTPOHOB. [1pu nanbHeieM yBenu-
YEHWUH CTETIEHHU CKaTHs CWIOBBIX HUTEN ITPOCTPAHCTBA ITPOTOHBI
TOIJIOIAIOT 3JIEKTPOHBI U IIPEBPALAIOTCS B HEUTPOHBL. [IpOTOHBI
00BEAUHSIOTCS C HEUTPOHAMU U 00PA3YIOTCsl AEUTPOHBI.

Ha tperpem 3tane pazutusi ConHie npuHUMaeT gopmy ra-
30BOTO IIapa BPAIIAIOIIETOCs IPOTUB YaCOBOW CTPEJIKU U «HATS-
TMBAIOILIET0» CUJIOBBIE HUTH OKPY:KAIOLIETO ITPOCTPAHCTBA B HA-
NpaBJIeHU CBOero BpailieHus. IIpu 3tom, crenens 3¢ ¢eKTrB-
HOT'O CXKAaTHsl CUJIOBBIX HUTEW OKPYXKAIOIIEro ero NpoCTpaHCTBa
npoctupaercs Ha paccrosiaue 6ornee 50 a. e. CremneHb cxKaTHs
CWJIOBBIX HUTEW NPOCTPAHCTBA B HEIpax 3BE3/bl NMPOJOJIKAET
HEYKJIOHHO PacT U MPU JOCTUKEHUU €€ PaBHOW CTETEHHU CXka-
THSI CWJIOBbIX HUTEH MPOCTPAHCTBA BO BHYTPU SIIEPHOM IPO-
CTPAHCTBE TeJIHs MPOTOHBI OOBEAUHSIOTCS] C HEUTPOHAMH U 00-



pasyoTcs IeUTpoHbl. [[Ba e TpoHa CIIMBAIOTCS U 00Pa3yIoT Iep-
BBl SHEPTETUYECKUN CJIOU AIEP XMMHUYECKUX JIEMEHTOB (PO
rejns) C BbIICJIIEHUEM $SIEPHOU SHEPIUM.



Konen 03HaKOMUTEJLHOI'O
¢dparmenra.

Tekct npenocraBieH OO0 «JIutPec».

[IpounTaiiTe STy KHUTY LIEJIMKOM, KYIIUB TOJIHYIO JIETATbHYIO
Bepcuio Ha JIutPec.

Be3ormacHo oriaTuTh KHATY MOKHO OaHKOBCKOH KapToit Visa,
MasterCard, Maestro, co cuyera MOOMJIBHOTO TesiehOHa, C TiIa-
Te)KHOro TepMmuHaia, B cajoHe MTC wmm Cesa3HoOHM, uepe3
PayPal, WebMoney, Aunexc./lensru, QIWI Komenek, 60Hyc-
HBIMU KapTaMu WK APYTUM YI0OHBIM Bam crioco6om.
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