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[Ipoananu3upoBaH HECTAIIMOHAPHBIN PEXKUM PaOOTHI
YHUIIOJISIpPHOTO TeHeparopa. ITokazaHo, 4yTo B 3TOM citydae
B HE3aMKHYTOM IPOBOJHUKE TEKYT TOKHU, KOTOPbIE
BBI3BAHBI U3MEHEHUEM MIOTEHIIMAJIa HA KOHIIAX
MIPOBOHHUKOB.

[Ipoananu3upoBaHa BO3MOKHOCTb BOSHUKHOBEHMUSI
npeicka3aHHbIX MaKCBEIJIOM TOKOB CMEIIEHUS B
«(husznyeckoM Bakyymey. [IpearnonoxeHo, 4to
HMCTOYHUKOM TOKOB CMEIICHUS B JAaHHOM CIIy4ae SBIISIOTCS
AJEKTPOH-TIO3UTPOHHBIE Maphl, BBIBOJUMbBIE U3 PAaBHOBECHS
MIPUIJIOKEHHBIM 3JIEKTPUUECKUM TOJIEM, B YaCTHOCTH,
nosieM E 351eKTpoMarHuTHOMN BOJIHBI.

1. Toku cMelleHNSI B YHUIIOJIAPHOM reHepaTope

B ynumnonspaoM reneparope B CTallMOHAPHOM pexxkume HaBoauTcs nmocrosinuas JJ(C,
paBHas U = BVI (mis ciydas omHopoHoro nods), rae | - ninuHa npoBoaHuka, V -
CKOPOCTb €T0 JIBIXKCHHSI B MArHUTHOM T10JI€ C MHAYKIHeH B. 3To 3HauuT, 4T0 3apsiibl
CMENIEHBI, pa3/IeJeHbl JOPEHIIEBOU CUIION 1 HA OJHOM KOHIIE IPOBOJHUKA CKOIIHIIACH
OTPHUIIATEILHBIE YJIEKTPOHBI, a IPYTOM 3apsKEH MOJOKUTEITBHO 32 CYET «IBIPOKY HIIH
BaKaHCHUM.

B HecranmonapHom pexxume, Korja, HampuMmep, IPOBOJHUK Pa3TOHSETCS B MOJIE, 3apsiIbl
cMmeraroTes (ABMXKYTCS) 10 T€X MOp, MOKa CKOPOCTh MPOBOTHUKA HE CTAHET MOCTOSTHHOM.
DTO 3HAYUT, YTO IPU HECTAIIMOHAPHOM PEKHUME B MPOBOJHUKE TEYET TOK CMEIICHHS.
DTOT TOK CMEIIEHUS, IPU 3TOM, BBI3bIBAET MOSIBJICHUE CHIIBI AMIIEpa, TOPMO3SIIEH
MIPOBO/THHUK.

MO03KHO OLIEHUTh TOK CMELIEHUs1, BOSHUKAIOIINNA B 3TOM ClIydae.

Cuna Kynona, aelicTByrolas Ha 1Ba 0JJMHAKOBBIX PA3HOMMEHHBIX 3apsijia ONpeesercs
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o gopmyne: F = 1 rae | - paccrosHue Mexay 3apsaamu (JTMHA TPOBOTHUKA).

F
HaHpH)KCHHOCTB QJICKTPUYCCKOTO ITOJISI OITPCACIIACTCA KaK: E=— :% .

g

Torma DJ1C, naBenenHast B mpoBoauuke aauHoi | oymer: U = El = n = BVI.

CreoBaTeIbHO 3aps ] CKOMUBIINIICS Ha KOHIIE IPOBOJHMKA OyeT paBen: (= BVI®.



n TOrJa TOK CMCIICHHU, TeK}’IHI/Iﬁ B IIPOBOJHHUKCE ITPHU €T0 pa3sroHe B OAHOPOJHOM
MarHMTHOM II0JIC C IIOCTOSIHHBIM YCKOPCHHUEM a 6y11eT OIIPCACIIATHCA KaK:

Icm:d—q:Bd—VIZ:Balz (1.1)
dt dt

Cuna AMiepa, TOpMO3Ias B 3TOM cilydae IIpOBOJHUK Oyzer pasHa: F, = IBl = B%al®.

Taxum 00pa3oM, TOK MOXKET TeUb M B PA30MKHYTOM IPOBOHHUKE, BEI3BAHHBIHI
M3MEHEHHEM IOTEHIMAIOB 10 AJMHE IPOBOJIHUKA U, KaK CJIEJCTBHUE, CMEIIEHUEM
(1BUKEHUEM, ITepepaCIIpEEICHUEM ) 3apsAA0B BJI0JIb TPOBOAHUKA. OUEBUIHO, YTO ATOT
TOK BO3HHMKAET B HECTALIMOHAPHOM TEKUME U MOXKET ObITh TOJBKO I€PEMEHHBIM.

Hano orMeTuTh, 4TO aHAJIOTUYHBIE TOKH CMELIEHUS M CUJIbI JOJKHBI BO3HUKATh B
TBEbIX, XKUJKUX U Ta3000pa3HbIX AUMIEKTPUKAX U MOJYIPOBOJHUKAX B CIIydae X
HEPABHOMEPHOI'O JBMKEHMSI B MATHUTHOM T1oJie. MI3BECTHO cMellleHne 3apsoB B
NoJI0OHBIX CpellaX, BBI3BAHHOE UX TEIUIOBBIM JIBUKEHUEM B MAarHUTHOM I10JI€, KOTOPOE
Ha3piBaeTcs 3¢ dexrom Xomna. 3apsHKEHHBIE IEMEHTHI 3TUX CPEJl ABMKYTCS XaOTHYECKH,
YCKOPSISICh U 3aMeJUISISICh, UTO JJOJDKHO BBI3bIBATH CUJIBI, ONTMCaHHbIE Bblle. Ho B 3TOM
cllydae JaHHbIE CHJIbI CTATUCTUYECKH HEUTPATIU3YIOTCS U 3@ CUET 3TOT0 CyMMapHas cuia
paBHa HYJIIO.

2. Toxu cMelnieHUusi B IPOCTPAHCTBeE

2.1. BBenenne
IlepemeHHbIE TOKU CMeEIIEHUs ObUTN BBEIeHBl MaKCBEIIOM U BXOJAT B €r0 CUCTEMY
ypaBHeHuit [3]. OHM 3aMBIKAIOT KOHTYpP C TIEPEMEHHBIM TOKOM B IIPOCTPAHCTBE.

Jlo cux mop y4yeHble He YCTaHOBUIM (PU3UUYECKYIO IPUPOAY TOKOB CMEIIECHUS.
3/1ech TJIaBHBIM SIBJISIETCSA BOIIPOC: @ CMEIEHUE YEro BbI3bIBAET 3TH TOKU. M3BecTHO, uTO
NMEKTPUYECKOE I0JIE, IPUIIOKEHHOE K TUDIIEKTPUKY, €r0 NOJIApU3yeT. [INdIeKTpuKu
OBIBAIOT JUIOJBHBIE (TIOJISPHBIE) U NOspU3yomuecs (Henomspuble) [3]. Y aunoapHbIX
3apsAbl pa3AeieHbl U AUIONb IOBOPAYMBAETCS IPU HAJIOKEHNUU DJIEKTPUYECKOTO MOJIA.
TakuM TUAIEKTPUKOM SBIIIETCS BOJIa HA HU3KUX YacToTax. [[pyroi rpymmoin
JIUDJIEKTPUKOB SIBJISIIOTCS MOJISPU3YIOLIEECS TUIIEKTPUKU C COBMEIIEHHBIMU 3apsiiaMu.
VY HUX 2JIEKTPUYECKOE MOJIE «PACTITUBAET» 3aps/ibl U, COOTBETCTBEHHO, MOISPU3YET €TO0.

B nmycTom npoctpaHcTBe (Bakyyme) MOJIEKYJIbl, TUMOJIbHBIE U HE JUIMOJIbHBIE,
OUYEBUHO, OTCYTCTBYIOT, HO, TEM HE MEHEE, BAKYYM SIBJISIETCS MOJSPU3YIOILIEMCS
nuanekTpukoM. Keraru, 310 co Bpemen ®apanes u Makcsenia Ciry:KuiIo
JI0Ka3aTeJIbCTBOM CYIIECTBOBAHMUS MOJISIpU3YyIoLIeiics cpenbl — adupa. [loctynupoBanHas
xe B CTO nonHas mycToTa caelnana Noasipu30BaHHbIN BaKyyM MapagoKkcoM (ITycToTa He
MOJKET noJisipu3oBaThes). [locneayroiue OTKphITHS TOKa3aiu, YTO BAKYyM — HE IyCTOTa,
a HeKasl, MPaKTUYeCKU HeusyueHHas, cpena. Ee Ha3Baiu pU3NUecKUM BaKyyMOM, 3aTeM —
«TEMHOM MaTepHuei» u «reMHonsHepruei». Ho, TeM He MeHee, BOITPOC O MPUPOJIE TOKOB
CMEIIEHUS OCTAJICS OTKPBITHIM U JIO CUX ITOP HEKOTOPbIE «(DU3UKH-TEOPETUKU» CUUTAIOT
TOKH cMelleHus xuMepoit. Hampumep, MokHO nipountats [1]: «Koeoa Makceenn 6sooun
3akomn (bonee cma nem momy Hazao!), npupooa 31eKMPOMAZHUMHO20 NOJiA ObLIA He
nonamua. Ilosmomy on donyckan, umo u nepgoe ciazaemoe gvipasicaem coboll KaKou-mo
CKPBIMbLL 0m nPAMO20 usMePeHus Mok cmewenus. B nacmoswee epems npupooa nons
gvisicnena (Hano ke, HakoHen-to!, U. I'.), u cmano sacno, umo nepeoe ciazaemoe 6



ykazauHom ypasrenue (4.48) moocem dvimv Hazean0 "moxom" ruwn popmanvro. Ilo
P50y pacuemHwvix coobPadxcenuli makoe Hazeauue, He nNPUOABAs emy NPAMO20
@uszuuecko2o cmvicaa, yenecoooPazHo coxXPaHums, Ymo 6 eKmpPomexHuKe u 0elaemcs.
Ilo smoti srce npuuune éexkmop D, exoodawuii 6 gvipasicenue 01 moka cmeujeus,
HA3b18AI0M 8eKMOPOM 2NIEKMPUYECKO20 CMEUJeHUL. »

B T0 e Bpems, 3Tu TOKH pabOTaloT B KOHJAEHCATOPaX; OHU 3aHUMAIOT
BaXKHEllIlIee MECTO B CUCTeMe yYpaBHEHMI MakcBelljia U Ha HUX OCHOBaHa BCS
panMOTEeXHUKA, TO €CTh 3TO — (U3NYECKask PeaTbHOCTD!

Kpome Toro, “coBpemennas ¢puzuka” (mogo0OHast TOM, YTO MPUBEICHA BHIIIE B
[IUTATEe) BHATHO HE OOBACHSET Ky/1a AEBACTCS SHEPTHS SJICKTPOMAarHUTHOW BOJHBI, KOT/Ia
BekTopa E u B ogHOBpeMeHHO 00HYIst0TCS. “DU3UKH” )K€ B Y4eOHUKAX OTBEUYAIOT, YTO
“B cpeiHEM B 00beMe Bce HOPMaJIbHO . B3AOpHOCTH Takoro oTBeTa 0YeBUIHA. ITO KAaK
“cpenHss TemmepaTypa 1mno 60JbHHIE”.

2.2. lloasipu3zanusi BAKyyMa W «Iepexol Macchbl B JHEPTHIO»

Bo3HukaeT J10ruyuHbIi BOIIPOC: UTO XKe B Cpefie, UMEHYEMOM BaKyyMOM, MOXKET
nossipu3oBathes? ['ne Tam 3apsab1?
IlepBoe, uTO cpa3y HanpamMBaeTcs — 3TO TO, YTO HA3BIBAKOT KBUPTYAJIbHBIMH
YaCTHIAMHU», B YACTHOCTH, AHHUTHJIMPOBABIINE NAPbI 3J1eKTPOH-NO3UTPOH. [Ipu
sToM «TO-1mHasg opuunanbHas GU3MKa» CYUTACT, YTO KOT/Ia 3Ta Ilapa aHHUTUIMPYET, TO
OHH IIPOCTO «HCUE3AI0T», IPEBPAILAsICh B SHEPTUIO — UCUE3AET UX Macca U 3apsa]. Macca
[IPEBpAILaeTCs B SHEPTUIO U HCIlycKaeTcst GOTOH (OJUH UM JiBa) — TO €CTh KBaHT
KECTKOT'O U3JIyUYEHUs], YHOCSIINN BbIICTUBUIYIOCS SHEPTUIO COTIaCHO IPECIOBYTOM
dopmyne E =mc’. Ho u3BeCTHO, 4TO «BUPTYyaIbHbIE YACTHIIBDY 3AIIONHSIOT BCE
MIPOCTPAHCTBO U MPHU HAJIOKEHNUN CHUIIBHOTO 3JIEKTPUYECKOTO MOJISE OHU «BBUIETAIOT» U3
MIPOCTPAHCTBA, PA3/IENAIOTCS Ha JIEKTPOH U MO3UTPOH U MPOAOIIKAIOT UMHU OBITh 10
ClIeyoIel aHHUTUIISILIUY, TaK YTO TO BIIOJIHE PeaJIbHbIE YaCTUIIBI.
KcraTtn, no noBoay ¢poToHa-4aCTHIIBI.
HyxHo oT™MeTHTB, uyTO onpesesieHrne GoToHAa KaK YaCTULIbI PUIIIO HATIPSAMYIO U3
KOpIycKyisipHoi Teopun HeroToHa, a ¢pu3uku B Havane XX Beka NEPEMMEHOBAIN €ro U3
HEKPACHUBOTO CJIOBA «KOPMYCKyJa» B 6aropoanoe «poton». To, uto «poToH», BOOOIIIE-
TO, IBAJIETCS BOJHON OBUIO JaBHO U3BECTHO YK€ TOTAA U «4acTUIA», HE UMEOIas
Macchl MOKOs, MpuoOpena, Takke, U BOJHOBBIE cBoiicTBa. Hamo orMeTuTs, uTo, BooOmIe-
TO, KJIJACCHYECKHE BOJIHBI, TAKHE, HAIPUMED, KAK aKyCTUYECKHE WM TOBEPXHOCTHBIE,
MepelaloT HIHEPrUI0 U KOJIMYECTBO JIBMXKEHUS He Oynyun yactuuamu. B 60-x romax Opiia
OTKpBITA aKYCTOONTHKA U BBeJleHa (PUKTHUBHAS YAaCTHIIA aKyCTUYECKOM BOJIHBI, KOTOPYIO
HazBasu «(poHOHOM». Tak BOT, akycToonTu4eckue 3(hpekThl OCHOBAHbI Ha
MEXaHUYECKOM B3aHMMOIECHCTBUH «HACTOAIIEH YacTULBD» - (POTOHA C KBA3UYACTHUIICH —
¢onoHom. TyT cpa3y BOZHHMKAET BOIIPOC, a HE ABJSAETCS JIU caM (POTOH KBa3HMUaCTHUIIECH?
Koneuno siBnsiercst! To yTo npuHUMAIOT 32 Maccy (OTOHA, SIBJISIETCS] KOJIMYECTBOM
JBUKEHMSI KBaHTa (MTOPLIMHU) 3JIEKTPOMAarHUTHON BOJIHBI (A€I€HHBIM Ha CKOPOCTh
pacriocTpaHeHus BOJHbI), a BeKkTop [loiHTHHTa, HE UMEIOINI HUKAKOT'O OTHOILIEHUS K
“macce (poToHa”, mepeHoCHT SHepruto. bonee Toro, moHsATHE KBAHT U «POTOH»
MIPUMEHUMO TOJIBKO K €CTECTBEHHBIM HCTOYHHMKAM U3TYYEHUs, Y KOTOPBIX M3JIydyeHHE
UCITYCKaeTCs MOPIMSIMH BO BPEMs BHYTPUATOMHBIX M BHYTPHUSIEPHBIX TIEPEXOJIOB.
«DOTOH»HE CYIIECTBYET JUISl JIEKTPOMAarHUTHOTO U3JIYy4EHHSI OT HCKYCCTBEHHBIX


http://www.toehelp.ru/theory/fizika1/4_5.html#f4_48

HMCTOYHUKOB, HAIPUMED, IS paiuou3iiydeHus. B 3ToM ciayyae sMuTTUpyercs
HEenpepbIBHAs BOJIHA, HE KBAHTYIOIIASICS, TO €CTh, HE Jeisasica Ha nopuuu. Kpome toro
noctosinaast [Lnanka h u popmyna E =hy oTHOCHTCS TOIBKO K €CTECTBEHHOMY
M3IIYYCHHIO (I[yraM) U OMPeesieT SHEPTHIO Mepexo/ia MEeXAy YPOBHIMH (OpOUTAIISIMHE),
KOTOpasi TOKJAECTBEHHO paBHA SHEPTUU U3JIYy4€HHOro KBaHTa. Cie10BaTeNnbHO, B
HCKYCCTBEHHBIX HCTOYHHUKAX M3ITy4eHUS (KpOME JIa3epOB) KBAHTHI U3TYyYeHUSI U (POTOHBI
(KBa3W4aCTHIIBI €CTECTBEHHOTO U3ITyYEeHHUs) OTCYTCTBYIOT U (hopmyna [Inanka B
PaauOTEXHUKE HENPUMEHUMA.

Kpowme toro, cBeToBo€ aBiaeHUe (KOTOPOE CUUTAETCS OAHUM U3 IIIaBHBIX
JI0Ka3aTeNbCTB (DOTOH — YACTHIIBI) JIETKO OOBSICHSIETCA O€3 IPUBIICUCHHS «MACChI
¢doronay [3]. B yactHOCTH, 37€KTpHYECKasi COCTABIISIONIAS TOJISI BOJIHBI BHI3BIBACT TOK B
MeTajule, a B3auMO/JICHCTBUE TOKA C MATHUTHOW COCTABJISIOLIEH BOJIHBI CO3/1a€T CUILY
Awmmnepa. [Tpu aTom BekTop E (eciiu cMOTpeTh 0 HaNpaBiIEHUIO ABMXKEHUS BOJIHBI)
JOJKEH UITH MEePBbIM, a BEKTOp B 0omkeH ObITh CMEIIeH OTHOCUTENIBHO HEro 10
gacoBoi crpenke Ha 90 rpagycoB. Torna cimia Ammepa OyaeT HarpaBieHa 1Mo
HamnpaBlIeHUIO JBUKeHUs BOHBL. Tak kak E u B MensoT a3y onHOBpeMEeHHO, TO cuiia
Awmmnepa npu niepemere (as3bl 0CTaeTCsl HAMPABICHHOW MO HAPABJICHUIO JABHKCHHS
BOJIHBL. CHila 3Ta nepeMeHHas1, NyJbCUpYolIas ¢ YIBOEHHON 4acTOTOMI
3JIEKTPOMATHUTHOM BOJIHBI.

[To moBoay mepexojia S3HEPTUU B Maccy U HA00OPOT:

OCHOBBIBasICH Ha “3HaAMEHUTOH GopmyIe” (MPUHIMIHAIFHO HEMPABUIBHOM, KOTOpast
«BBIBEJICHA» C rpyOeimMu ormmokaMu, cM. Jlanaay&JIuGIui «reopus moss»), MHOTHE
«(hHU3UKH-TECOPETUKI» TIEPEBEII BCE BUIBI YHEPTHH B Maccy. Eciu cuuTarh, 9410 3TOT
«IPOLECC NEPEX0a FHEPTUU B MACCY» CYIIECTBYET Ha CAMOM JI€JI€, TO BBIIBUTCS Macca
OUYEBHJIHBIX aOCYpAHBIX MapaaokcoB. Hampumep, «pU3NKU-TEOPETUKIY TPUIYMATH
«MAacCy MarHUTHOTO MOJIS», KMAcCCy 3JIEKTPUUYECKOTO MO U, TAKE «MACCy
KMHETHYeCcKoM sHeprum». «Macca poToHa» NOSIBUIIACh U3 TeX K€ cooOpakeHui (Ipasna,
oHa (hurypupoBaia emie B KOpImycKyasipHoi Teopuu cBeta). OHM axe yMyIpHINCh
MOJICYUTaTh, KaKyto Maccy TepsieT CoHIe 3a cueT ucnyckanus ¢goronos. Ho Tyt
OUYEBMJIHO, YTO €CJIM MOJSI UMEIOT MACCY, TO OHU TPABUTALIMOHHO MPUTITUBAIOTCS K
HEMarHUTHBIM TeJIaM | JIpyT K Jpyry. Kpome Toro, eciau ata «Macca» CyliecTBYET, TO €€
MOHO U3MepUTh. TO €CTh, HEHAMarHUYeHHBI MaTepual UMEET OJIHY Maccy, a, €CIIH €ro
HaMarHUTUTh, TO €ro Macca yBeanuutcs. Ho, Huuero nojo0HOro 3aMme4eHo He ObLIOo.
Janee, npu aHHUTWIISILIMM Macca J0JKHA MOJTHOCTBIO MEPEXO0IUTh B SHEPIHIO FaMma-
KBaHTa, HO 3TOT K€ TaMMa-KBaHT SIBJIICTCS «JacTHIEH» co cBoel maccoi! To ecTh Macca
napbl IepexoauT B Maccy goroHa. U rie xe TyT nmepexoj macchl B sHepruto? Kpome
TOTO, YHEPTUS raMMa-KBaHTa, U3Ty4€HHOTO MIPU aHHUTHIISIINH 3JIEKTPOH-TIO3UTPOHHON
napsl B TOYHOCTH paBHA KYJIOHOBOM 3HEpruu paszzaenenus nanHou napst 5S11KsB. Cnucok
MOI00OHBIX «I1apaZOKCOB» MOYXHO MPOJOJIKUTH. B370p B 3TOM cityuae oueBUIECH U
«IOYECcaB PEMy» «COBPEMEHHbIE (PU3UKMY PEIIHIIN, 9TO «(OTOH SBISETCS 0€3MacCOBOM
YaCTHUIICIT».

Kpome Toro, 0JHUM 13 OCHOBHBIX ApTyMEHTOB B MOJIb3Y CYIIECTBOBAHUS «I1€PEeX0a
SHEPTUH B MacCy U MacChl B SHEPTUIO» SABISETCS «1€(PEKT MacChl» MPH SIIEPHBIX
peakuusx. Ho, B CBsI3U C KOHIIETIIIMEH «TEMHOM MaTEPUM», ITOT «IEPEKT» MOKET OBITh
00BSICHEH, KaK MEePeBO YaCTH MAcCChl aTOMa B MacCy 3JIE€KTPOH-TIO3UTPOHHBIX Map, TO
€CTh, B KTEMHYIO MaTEPUIO».



VY cTaHOBIEHO HAPUMED, YTO JIEKTPOH-ITO3UTPOHHBIE MTAPhl YYACTBYIOT B aTOMHBIX
peaKusx 1, B YaCTHOCTH, IpU OeTa-pacraje psjaa aTOMOB HAOII0JaeTCsl HCITyCKaHHUe
AJIEKTPOHA WK MO3UTPOHA (TIO3UTPOHHBIN OeTa-pacmnan). «BeuieTy anekTpoHa
OOBSICHAIOT PAcaJoM HEHTPOHA HA MPOTOH U 3JeKTpoH. Hy a «BpUIeT»MO3UTpOHA
O0BACHSIOT 00BEAMHEHNEM HEKOTO 3JIEKTpoHa ¢ mpoToHoM. [Ipu 3ToM o6paszyercs
HEHTPOH. A BOT OTKyZa OepeTcst 3TOT SJEKTPOH U MOYEMY BBUIETAET MO3UTPOH,
«coBpeMeHHas (pu3mka» ymanuuBaeT (ux ke HeT B sape!). Kpome Toro, Macca siapa npu
9TOM JIOJKHA YBEIIMYUTCS HA MAcCy dJIE€KTpOHa. Tak Kak O3UTPOH UMEET BIIOJIHE
MOJIOKUTEIBHYIO MAccCy, TO MOJIy4aeTCsl, YTO 3JIEKTPOHHO-TIO3UTPOHHBIE Mapbl BXOJAT B
coctaB aapa. CienoBarenbHO, IPU MO3UTPOHHOM OeTa-pacmaje rnapa, SBIsIFoIascs
YaCThIO AJ1pa, pa3AesaeTCs — MIEKTPOH COEAUHSAETCS C IPOTOHOM, a MMO3UTPOH
«BBUIETAET» HAPYKY. TO €CTh, 3TU Mapbl MOT'YT BXOJUTh B aTOM B CBS3aHHOM BHJIE U,
MIPU aTOMHOW PEaKIINH, BELACTATHCS (LIETUKOM WM YaCTUYHO, KaK MPH MO3UTPOHHOM
Oera-pacrmajie) U yXOAUTh B «TEMHYIO MaTEPHIO.

Jlanee, mpu aHHUTWIISILIMKM UCUE3AET 3apsif, UTO, TAKXKE, SIBISETCS HAPYLIEHUEM
3aKOHA COXpaHEHHUs 3apsaja. A BOT B cllydyae KOMIICHCALIUU 3apsa Y 3JIEKTPOHHO-
MO3UTPOHHOM Mapbl HUKAKOTO HAPYIIEHUS HET (3JEKTPOH —, TO3UTPOH +).

Taxum 0Opa3oM, HEI Macca HU 3apsif] IEKTPOH-TIO3UTPOHHON Maphl HUKY/a HE
ncye3aer. 3apsi KOMIIEHCUPYETCs, a IPU AaHHTUIISILUU BbIACIUBILIASICS SHEPTUS
nedopmupyet 3¢up, BBI3bIBAs B HEM 3JICKTPOMAarHUTHYIO BOJIHY. Eciii aTy BonHy
OTpa3uTh Ha3aj, TO OHa Oy/IeT MOTJIOIIeHa Mapoi, KOTopas OIsATh pacrajeTcs Ha
31eKTpOH U Mo3UTpoH. To ectb «KII/I» 3TOro Mexann3ma O4€Hb BBICOKAN — CTPEMHUTHCSA
K equHUIIE (T.€.II0TEPU MIPHU MPOLIECCe AHHUTUIISILIUY U Paciaje mapbl —
«hOTOPOXKICHUIY - TIPAKTUICCKH OTCYTCTBYIOT).

Takum oOpa3om, TpHu aHHUTHISALUYN 3apSAbl 1 MATHUTHBIE MOMEHTHI STOU Mapbl HUKY/1a
HE MCYE3aI0T, a MMOJTHOCTHI0 KOMIIEHCUPYETCs; HO Macca octaercs. IIpu atom, sta
KOMOMHHPOBAHHAS YaCTHUI[A SJIEKTPOH-TIO3UTPOH CTAHOBUTCS MOJTHOCTHIO HEUTPATIbHON U
OHAa MPAKTUYECKU HE B3aMMOJICUCTBYET C OKPYKAIOIIEW MaTEpUEH, a €€ IPUCYTCTBHE
OTpeeNsieTCs TOIbKO rpaBuTanueid. To ecTh 3Ta mapa Kak Obl KyXOJUT B TEHb» U
MIpEBpALIaeTCs B «TEMHYIO MaTEpPUIO». JTa Cpeia BISETCS TUAIEKTPUKOM U, IIPU
HAJIOXKEHUH NIEPEMEHHOIO JIEKTPUYECKOTO TIOJISI JIEKTPOMArHUTHOM BOJIHBI, 3TH NIApbl
MOJISIPU3YIOTCS ¥ IPEBPALLAIOTCS B OCHIMILIATOPBI, PETPAHCIUPYIOIIHE
3JIEKTPOMArHUTHYIO BOJHY. TaK Kak Mmapbl UMEIOT Maccy, TO PETPAaHCISALUS
OCYULIECTBIISETCS € 3aI€PKKOM, OTPaHUYMBAIOLIEH CKOPOCTh PaCIPOCTPAHEHUS
anekTpoMarHuTHOU BOJIHBI (C).

[To BuAMMOMY, 3€pKaJIbHBIE TTAPBI TUIA AIEKTPOH-TIO3UTPOH, POTOH-AaHTUIPOTOH U T.II.
00Ja/1at0T CBOMICTBOM IMOJIHOM KOMITEHCAIIMH, TO €CTh MOJHOCTBHIO BXOAT JIPYT B JIpyra, B
OTJIMYUU OT 00BIYHOM MaTepun. Ho, B OTIIMYNH OT 3JIEKTPOH-TIO3UTPOHHBIX Tap, Mapbl
MIPOTOH-aHTUTIPOTOH UMetoT B 1840 pa3 Gonbiryro Maccy M, COOTBETCTBEHHO, HE MOTYT
OBITH OCITUJUIATOPAMHU.

TeopeTnuecku TaKUMU OCHUIUIATOPAMH MOTYT OBITh M HEHTPUHO. 3apsiia OHU HE
HUMEIOT U, MO-BUANUMOMY, SIBIITFOTCS COCTABHBIMHU YaCTUIIAMU THUIIA HEUTPUHO-
AHTUHEUTPUHO CO CKOMIIEHCUPOBAHHBIM 3apsi/I0OM (HalpuMep, HEUTPHUHO -, a
aHTUHEUTpUHO +). Celiyac ecTh JOCTOBEPHOE MPEIIOTI0KEHHE, YTO CAMO HEHUTPUHO
SBJIETCS KOMOMHUPOBAHHON YacTHUIIEH - OHA K€ U HEUTPUHO U aHTUHEUTPHHO, YTO
MOX0’Ke Ha MpaBly. Macca ux Heu3BecTHa (HO OHA €CTh) U TPYAHO OIpeaeuMa, TaK KaK



OHa PacTBOPSIETCS B KOHTUHUYME MO00HBIX YaCTHIL (KaK y 3JIEKTPOH-TIO3UTPOHHOMN
apsbl).

YacTuia u aHTUYACTHUIA, KaK ObLIIO OTMEUEHO BBILIE, UMEIOT CBOMCTBO
B3auMONpOHUKOHOBeHUs. [Iprpoaa, BooO1e-To, momnpITanach CAeaaTh YTO-TO MOAOOHOE
c 00BIYHOM MaTepuell U B pe3yJsbTaTe NOSIBUIIACh «ropOaTas 4acTULa» - HEUTPOH —
KOMOWHAIHS TPOTOHA | AeKTpoHa. Ho B 00bI4HOI MaTepuy HE MOXKET OBITh MTOJHOTO
B3aUMOINPOHUKHOBEHHUS U JIEKTPOH «IIPUCTPOMIICSA» I/1e-TO COOKY, O 4YeM
CBUJETEIBCTBYEM MarHUTHBIA MOMEHT HeiTpoHa. [Ipu 3TOM 31€KTpOH Kak Obl
«pa3Maszajics» Mo FKBATOPY IPOTOHA, B IPOTUBHOM Cilydae HEHTPOH uMe Obl
JMIIOJIbHBIA MOMEHT, YTO ObIIO ObI 3aMeueHo. Ho mpoToHy Takoi cocen «He HpaBUTCS» U
B CBOOOJTHOM COCTOSIHUM HEUTPOH HEYCTOWYMB — pacHaaeTcs Ha POTOH U 3JIEKTPOH.

OnsTs ke, napy 3JIEKTPOH-TIO3UTPOH MOXKHO PACTALIUTh CO3/aB CUJIBHOE
atekTpuueckoe nose. CoOCTBEHHO, 3TO U MMPOUCXOAUT B IPUPOJIE — IPU BO3AECHCTBUU
CUJIBHOTO U3JIyYEHHUs U3 BaKyyMa «BBICKAKMBAIOT» BIIOJIHE PEAJIbHBIE JJIEKTPOH U
IIO3UTPOH. Eciu sHeprum He 10CTaTO4yHO, TO OHU CHOBA aHHUTWIIMPYIOT U «UCYE3aI0T», a
IIPY 1I0J1a4¥ AOCTaTOYHOW SHEPTUH OHU MOTYT Pa3JIeTEThCS U «HAYaTh HE3aBUCUMYIO
XKU3Hb». OUEBUAHO, UTO PACTACKUBAET I1apy B 3TOM CIIy4ae 3JIEKTPUIECKOE I0JIE —
COCTABJISIIOLIAs AJIEKTPOMATHUTHOM BOJIHBI. Kpome Toro, eciy pa3orHars napy 10
«PENATUBUCTCKUX CKOPOCTEN», TO UX JEHCTBYIOLIUE 3apsAbl CIa0EOT U IPU HEKOTOPBIX
yCIIOBUSIX (HampuMep, 0] BO3ACHCTBUEM OTHOCUTEIBHO CI1a00T0 IEKTPUYESCKOTO TIOJIS)
Iapa TakyKe MOYKET paclacThbCsl.

Taxum 0Opa3oM, cpeaa, cOCTOAIAS U3 AHHUTHJIMPOBABIIHUX YJIEKTPOH-
NMO3MTPOHHBIX AP MOXKeET ABJIATHCH «CBETOHOCHOM cpenoi d¢pupay,
peTpaHCIMPYIOLIEN 3JIEKTPOMAarHUTHYIO BOJIHY B ITpocTpaHcTBe. Kak rmokasano nanee, ee
IUIOTHOCTbh MO’KET OBITh BBICOKA U, TAK KaK OHA UMEET Maccy, TO OHa MOXKET
KOHIICHTPUPOBAThC BOKPYT rpaBuTUpyromux Tein. Ilo Beceit BUIMMOCTH, 3Ta cpeaa u
ABJIAETCH «T€MHOI MaTepuei», OTKPbITOI acTpo(pu3nKamu.

Ee cBoiicTBa 1 (hru3mka peTpaHCISIINHN JIEKTPOMAarHUTHOW BOJIHBI ONMCAHBI B
CIIENYIOIINX pa3zienax JaHHOW CTaTbH.

2.2. OneHKa BKJIA1a KYJOHOBBIX CHJI B JHEPTUI0 AHHUTHIS MU

MoxHo ONPCACIINTL SHECPIULO, HCO6XOI[I/IMYI-O I paCTaCKUBAaHUA 9TOH napbl (y‘II/ITBIBaH
TOJIBKO KYJIOHOBBI CHUJIBI, KOTOPBIC B MUKPOMUPEC HUKTO HE OTMerIH).

Ota sHeprus OyIeT paBHa:

e’} 2 o 2
AR e O 2.1)
" Arey; ¥ Az,
? 1 > (4.8x10™)
A:IFdr = J.q—zdr :q_ =~ % z8xlo—7 SpI. (B Cren opH E =1 )
n 5 r n X

Eciu MMPEANOJIOXUTD, YTO 3apAd PpaCIpCACIICH BHYTPHU 3JICKTPOHA NPOIMOPIHOHAIIEHO

00beMY, KaK y PABHOMEPHO 3apsKEHHOTO 111apa, MO 3aBUCHMOCTH:
3
r
g ~€l —
r

e



e2 1(r)
el L (2.2)

4rg, re2 r,

Torna cuiia B3aumoeiicTBrs BHYTpH mapel Oyner: F(r) =

[Tpu aTOM paboTa, 3aTpadeHHas! Ha pa3BeIeHUE 3apsAI0B Ha PACCTOSHUE, PABHOE PAJNYCy
3JIeKTpOHA OyJeT paBHA:

fe 2 fe 2
e 1l e
A= J Fdr= —6j r‘dr ==—— . To ecTs 3Ta yacTh FHepruu pasHa 1/5 ot >Heprun,
5 e, % S 4re,r,
HOTPAaYCHHOMN Ha pa3BeICHHE 3apsIoB U3 I, B 00 M CyMMapHasi SHeprus OyaeT paBHa
A 6 €

“5amy,

uto B cucreme CI'CD cocrasut nopsnka 1x107° spr umm 1x107° IIx.

(2.3),

Jlanee, MOXHO CPaBHUTH IOJIYYEHHYIO SJHEPTHUIO C SHEPIUel aHHUTWIISILUU 3TOU I1apsbl,
BBIYHCIICHHON TI0 U3BECTHON (hopMyIIe.

A=2m,? =2x9x107% x (3><10lO )2 =1.6x10"° spr mim 1.78x10™" JIx.
Teneps IPeANOI0KNM, 4TO 3aps pABHOMEPHO pacipeeeH M0 TIOBEPXHOCTH

cepruvecKoil YaCTUIIBI, YTO, BOOOIE-TO, COOTBETCTBYET COBPEMEHHBIM ITPECTABICHHSIM
O CTPYKTYpE 3JIeKTpoHa. Hanps»KeHHOCTb 3JIEKTPUYECKOT0 OISl B 3TOM cllydae

omnpenensercs 1no reopeme ['aycca kak: E = 4L2 . HanpskeHHOCTB OIS BHYTPH
rrie,
0
ctepol paBHa Hymo: 0>r>R, E=———.
drreg,

Hanpsioxkennocts nonst ipu ¢ > R Gyner paBHa E = 2 q2 . CnenoBarenbHO BbIpaXKeHHE

reg

0

AJI1 DOHEPIruu aHHUTUIIAIUA BJICKTPOH-HOSI/ITPOHHOI\/’I napsl B IPEATIOIIOKCHNH, YTO 3apsa]g

pacmpesieNieH o MOBEPXHOCTH (TO ecTh 0e3 yueTta ¢popmynsl (2.3)), UMEET BU:

eZ

E,=——
4re,r,

(2.4),

z

rae € - 3apsj 3JIC€KTpOoHa, re - paaunyc 3JICKTpOHA. U >ta OHEPIruda B TOYHOCTU paBHA

SHEPruM U3IydeHHoro raMmma-kBanra (0.511 M»sB).
Taxum 00pa3om, IHeprus, NOTPa4YeHHAs HA pa3BeJeHHe Naphbl,
B3aumoaeicTByomei no 3akony Ky/jioHa, To’)k1ecTBeHHO paBHAa SJHEPrum
AHHUTWJISINUM. DTOT BBIBOJl OCHOBAH Ha YPaBHEHUSX AJIEKTPOJMHAMUKHU U HE UMEET
HUKAKOTO OTHOIIIEHHUS K Macce dJIeKTpoHa (Macca B hopmyne He ¢urypupyer). To ecTh
HeT HUKAKOI'0 IepexoAa Macchl B JHEPIHIo.

Ja, kcTaTu, B AUPAKOBCKON MOJIENIH BaKyyma MPUCYTCTBYIOT TOJIBKO 3JIEKTPOHBI,
a TIO3UTPOH SABIISIETCS TOJBKO <«JIBIPKOI» KaK B MOJIYIPOBOJIHUKE - BAKAHCHEH, HE
nMermux Maccel. Torma, moyemy B popmyie Gpurypupyrot ase maccol? 3BecTHO, 9TO
IIO3UTPOH SIBJISIETCS BIIOJIHE PEAIBHOM YaCTUIEH UMEIOIEN pealbHYI0 MacCy; IPU 3TOM
e, B CIy4ae «IbIPKU» 3Ta Macca JOJKHA UK ObITh paBHA HYJIIO, WIH OBITH
OTpHUIATENLHOM (TakKe, KaK U 3apsiji, BEIUMTaeMas U3 Macchl KOHTHHUYMa). Berxoaur,
YTO AUPAKOBCKAsI MOJIEIb — IPUHIMITUAIBLHO HEMPaBUIIbHAS?



Kcraru, npu aHHUTWISAIUY IPOTOHA U aHTUIIPOTOHA KPOME raMMa KBaHTa BbIIEISETCS
BIIOJIHE pealibHasi, UMEIOIas MacCy YacTHIa, — T ME30H. DTO, OIATh XK€, K BOIIPOCY O
«TepexX0/ie MacChl B SHEPTHUION.

CrnenoBatenbHO, €CIIU 3apsi/i pPABHOMEPHO paclpeielieH 10 MOBEPXHOCTU WIIH 110
o0BeMy, TO 3apsij B LIEHTpaX JEKTPOHA U MO3UTPOHA paBeH Hymto. Toraa, ecinu 3T
YaCTHUIbl TOYHO CLIECHTPUPOBAHBI, TO CHJIa B3aUMOJCHCTBUS TAK)KE paBHA HYIIIO U
MOSIBJISIETCS TOJIBKO MTPU CMEIICHUH. TakuM o0pa3oM, Hal0XKEeHHE SJIEKTPUUECKOTO MO
BBI3bIBAET CMELICHHE JIEKTPOHA U ITO3UTPOHA OTHOCUTEIBHO APYT Apyra U napa
noJiipu3yercs Kak B audiekrpuke (Puc.1).

i
/‘\
W/

|

Puc.1

E

B ciyyae nepeMeHHOI0 JIEKTPUYECKOTO MOJIS 3apsA/Ibl IPUXOAST B IBUKEHUE, a 3TO U
€CTh TOK — TOK CMEIIICHHUS.
Ecnu, nanpumep, 3aps pacnpeieiieH BHYTPU JIEKTPOHA MPOMOPIHOHATIBHO 00BEMY O

3aBHUCUMOCTH:

3
r

q ~el—|,To0
re
. e2 1(r)
CHJTa B3aMMOJICHCTBYSI BHYTpH Tiapbl Oymet: F(r) = | = (2.5)
Are, 17\ T,
4
r
mwm B CI'CO F, = 4.8x10°| — | [mmH],rme r - cmemenue. PaGora (oHeprus),
re
MPUIIOKEHHAS IS COBMEIIICHHUS 3apsAI0B Oy/IeT paBHa:
2 0
e r 9
A=——=[r?dr (2.6)

4re, 173



qlr)

|
i Fir)
L

Py

Puc. 2

BI/II[HO, YTO 3aBUCHUMOCTH F(r) MOJIy4acTCs KpyTas (HpOHOpI_[I/IOHaJ'ILHa 4-i1 cTenieHu

PacCTOsIHUSA), YTO OCTABJIAET BHYTPU Hapbl IPOCTPAHCTBO, /1€ CMELIEHUE MOXKET OBITh
BBI3BAHO MaJIbIMM CUJIAMH, TO €CTh, CJIA0BIM JIEKTPUUECKUM I1OJIEM.

Takum 0Opa3om, pH BO3ACHCTBUH HAa CHCTEMY dHepruei A (Hanpumep, UMITYJIbCOM
anekTpuyeckoro noist E) anemenTs! napsl pazoiiayrcs Ha pacctosHue R. Ilpu cuarun
UMITyJIbca BO3HUKHYT KojieOaHus. Tak Kak cucreMa HelIMHEHHas ¢ )KeCTKOM
XapaKTePUCTUKOM, TO KoJeOaHus IPHU HAJOKEHUU OYEHb CUIIBHOTO NTEPEMEHHOTO
ANEKTPUIECKOTO MoJIst (HAIPSHKEHHOCTH, OJTM3KOM K pa3pbIBY Mapsl) OyayT
HECUHYCOMIAJIBHBIMU € OOJIBIINM KOJIMUYECTBOM FapMOHUK, a IEPHUO COOCTBEHHBIX
KosiebaHui OyzeT 3aBUCETh OT aMILTUTY/Abl. MOKHO OLIEHUTh MapaMeTpbl TaKoil
CUCTEMBI:

R R
Tak KaKAZJ‘FXdX :jar“dx:%RS (2.7)
0 0

56 —
raea =6x10", Torna cmemenue 6yzer pasHo: R=0.6x10""Y A, rae A — sHeprus,
TOJTydeHHas CUCTEMOIA.
Mo3KHO OmpeneanTh NeproJ KojieOaHU TaHHOW CUCTEMBI:

-28
_RM o2 —8X95X1R% R _ox10 —R\1/§ (2.8)
5.[ F rdr a
0

T ~ 27R?

ECJ'II/I B ypaBHeHHe JJIA HepI/IOJIa IIOACTAaBUTH HeKOTOpI)Ie BCIIMYNHBI CMCIICHU S
R =(0.001-0.1)R,, To yacrora coOCTBeHHBIX KoJeOanuii Oyaer ot 1.7 x10% I'n pH

0.001R, oo 1.7 x10" T'n npu 0.1 R,, 4TO COOTBETCTBYET ATMHHAM BOJH OT 45x107™* Y7,
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1o 0.45u mpu 0.001R,. B To ke BpeMs1, HAIPSKEHHOCTb NIEKTPUUECKOTO 101,
HeoOXouMasi Ul pa3BeACHUs JIEMEHTOB napsl Aaxe Ha paccrosHue 0.001 R, cocraBut

17 o
nopsinka 1.5x10™° B/M. D10 3Ha4MT, YTO peasbHbIid CIBUT - elie MeHbIne. Eciu
IIPENII0JIOKUTD, YTO TaK HA3bIBAEMOE «PEJIMKTOBOE U3JIYYEHHUE)» BBI3BAHO OCTATOYHBIMU
KOJICOaQHUSIMHU AJICKTPOH-TIO3UTPOHHBIX Tap, TO MPH YacToTe u3aydeHus B 160 [T

cMelllenre eHTpoB map 6yaer pasHo 3x107™ ecm umulx10°R, .

Kcratu HemaBHo (B 1996 r0o/1y) SKCIIEpUMEHTAIIBHO 3apETUCTPUPOBATH TOJISIPU3AIIHIO
BUPTYaJIbHBIX Map [5] — TO €CTh MOSAPU3AIINIO YIIOMSHYTBIX JICKTPOHHO-TIO3UTPOHHBIX
nap.

3/1ech HY’)KHO OTMETUTD, YTO CYIIECTBYIOT IKCIIEPUMEHTAIBLHO
3aperucTpupoBaHHbIe F3((HEKTh B3aUMOACHCTBUS AIEKTPOHA C BAKYYMOM, KOTOpBIE
TaKXe MOTYT OBITh 00BSCHEHBI HA OCHOBE MIPUHATOM 371ech (pusmdeckoit monenu (Puc. 3).

Puc. 3

W3BECTHO, UTO JBUKEHHE IEKTPOHA B BAKYYME CONPOBOKIAECTCA €r0 «IPOKAHUEM.
CoracHO IpUBEJIEHHOM B 3TON CTaThe (PU3UIECKON MOJIETTH, OUYEBUJIHO, UTO, MPU
JBUKEHHUH JJIEKTPOHA MEXKY IIap IEKTPOH-TIO3UTPOH, ABMKYIIHUNICS JIEKTPOH
MIPUTSTUBAET O3UTPOH U OTTAJIKUBAET 3JIEKTPOH Maphbl BbI3bIBASI €€ MOJIIPU3ALIUIO, YTO
OJTHO3HAYHO JIOJKHO BBI3bIBaTh BOJIHOOOpPA3HOE UCKAXKEHUE €TI0 TPAEKTOPUH U
KOJIeOaHHsI TTap 3JICKTPOH-MIO3UTPOH, MEMO KOTOPBIX OH TmipoJietaet [3].

Kcrartu, 31€KTpoH HE NPUTATUBAET U HE OTTAJIKMBAET Mapy, TaK KaK CyMMapHas CUJIa,
NeicTByIOIas Ha LIEHTP Macc Mapbl paBHA HYIIIO.

Kpowme Toro, ecu B HEKOM Tele, HapUMep, B KpUcTalie, Ha MUKPOYPOBHE CYILIECTBYIOT
OPUEHTUPOBAHHBIC ATEKTPUUECKHUE TOJISA, TO IEKTPOH-TIO3UTPOHHBIE aphl OYAyT
OpPUEHTHPOBaHBI (IOJISPU30BAHbI) B HAIIPABJICHUHU TOJIS, TO U MX KojeOaHus Takxke OyayT
OpPUEHTUPOBAHBI BJIOJIb IPUIIOKEHHOT0 BeKTOpa E. 9T0, COOTBETCTBEHHO, TPUBEAET K
MOJIAPU3ALUU U3TYUESHHUs, IPOLIEIIETO Yepe3 TaKOM KPUCTalI, U €r0 OpUEHTAINH
OTHOCHUTEIIBHO CTPYKTYpPBI KpUCTAJLIA.

Kpome Toro, nzBectHbii 3 (PEKT — aHOMATLHBI MOMEHT JIEKTPOHA — MOXKET OBITh
TaKke 0OBSICHEH B3aUMOJICHCTBUEM DJIEKTPOHA € MApoi ANEKTPOH-TIO3UTPOH. OueBUIHO,
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YTO MarHUTHbIE MOMEHTHI AJIEKTPOHA U MO3UTPOHA B HETIOJIAPU30BAHHOM Mape
MOJIHOCTBIO CKOMIIEHCHpOBaHbI. [IposieTaronuii psioM 3JIeKTPOH MOISIPU3YET Mapy y
KOTOPOI1 MOSBISAETCSI HECKOMITIEHCUPOBAHHBIM MarHUTHBI MOMEHT 32 CUET C/IBHTra
IIEHTPOB KPYroBBIX TOKOB. KpoMe TOro, y mapsl MOKET MOSIBUTHCS BpALIATEILHOE
nBukeHue (y Hee KpoMe KosieOaTesIbHOM ecTh elle BpallareabHas CTeleHb CBOOOIbI, KaKk
y BO30YKIIEHHOM MOJICKYJIbI). DTO BBITIISANT TaK, KaK OYyITO Y 3JIEKTPOHA U3MEHUJIICS
MarHUTHBIII MOMEHT.

Kcraru, o0bsicHeHne (hu3ndeckoro Mexanusma 3tux 3G (eKToB, IpUBEICHHOE B
JUTEpaType — OUEHb HEBHATHOE U CBOJUTCS K HEKOMY BIIMSHUIO HYJEBbIX KOieOaHUUI
JUPAKOBCKOTO BaKyyMma (OCHOBAaHHOTO Ha HEMPABUIHLHON (DM3MUYECKON MOJEIN) Ha
JBUKEHHSI HAXOJISAIETOCs TaM AJIEKTPOHA.

2.3. PacnipocTpaHeHue 3JIEKTPOMATHUTHOI BOJIHBI B 3JIEKTPOHHO —
NMO3UTPOHHOM ra3e

Taxum 00pa3oM, B TOK CMEIIEHUS B YIIOMSHYTBIE BbIIIE 3(()EKThI CBA3aHBI C
IOJIApU3alUel Iaphl - CMEIEHUEM LICHTPOB 3JIEKTPOHA U MIO3UTPOHA OTHOCUTENIBHO IPYT

apyra.
Tok BBI3BaHHBIN CMEIIIEHUEM 3aPsIIOB MOKHO OIPENIEIHUTh Kak | = quVF , TaIe Qg

- IIOTHOCTH 3apsanoB [ex. CI'CD/cm3 ], V — ckopocTh IOTOKA 3apsAa0B, F — moriais,
nepecekaemas 3apsigaMu. JJis II0THOCTH TOKa | BhIpaykeHue OyeT HMETh BUI | = quV .

3aBUCUMOCTb HAIIPSDKEHHOCTH JIEKTPHUUECKOTO MOJISl OT CMEIIEHUS 3apsa10B (OIATh JKe
CUMTas IEKTPOHBI U MO3UTPOHBI PABHOMEPHO 3apsyKEHHBIMU IIapaMu) OyieT:

E - % [ =0.5x10% :—‘ ~1.6x10%r, CI'C (2.9)

e e

t
1.6x10%
Toraa miI0THOCTH TOKA CMellleHus OyAeT paBHa!

j =N e%: Ne3x10_38£

CrnenoBarensHO I, =

(2.10)

e

(B CI'CD3), rme N, - KOHIEHTpaIHMs 1map B cM3.

OTOT TOK BEI30BET MOSABIIEHNE MarHUTHOTO noys B. Takum 06p2130M, U3MCHCHHC

E
HAaIPsIP’KCHHOCTHU 3JICKTPHUYICCKOTO TTOJIA d_tt BBI3BIBACT IMOSBJICHNE MAarHUTHOTO 10/ B )
B
TakK K€, KaK 1 UBMCHCHUC HANTPAKCHHOCTU MArHUTHOT'O ITOJIA E BBI3bIBACT ITOABJICHUC

dE
anekTpuyeckoro noist E. CoOcTBeHHO, MOsBIEHHE MarHUTHOTO 1oJisi B 3a cuer d_tt

OBLIO MMPECAIIOJIOKCHO B CBOC BpEMs MakcBeJIoOM I10 aHAJIOTHH C (bapaﬂeeBoﬁ HHHYKHHCﬁ.
B mannoMm cJIyda€ O4€BHUAHO, UTO 3TO SABJICHUEC CBA3aHO C pCAJIbHBIM CMCIICHUEM 3apsA/10B.

. dE
ITpu 3TOM, BaXKHO, YTO 3aBUCUMOCTb |, OC d_tt MIPU OTHOCUTEIHHO HEOOIBIION

HaIIps’KCHHOCTHU I10JIA - HHHCﬁHaH, YTO ABJIACTCA CICACTBUCM HpHHﬂTOﬁ (I)I/I3‘-ICCKOI71
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MOJIE€JIN, OITUCHIBAIOIIEH BOBHUKHOBEHHUE TOKA cMelleHud. [lomyuennas 3aBUCHUMOCTD
2.10 kauecTBEHHO (C TOUYHOCTHIO 710 K03 duIlneHTa) coBnamaeT co BTOpoit hopmyiioit
dD dE
— =5 —.

dt dt

Bce aT0 Takxke 00BACHICT HATUYKE “TIPYKUHBI B DJICKTPOMAarHUTHOM BOJIHE, TO
€CTh Ky/1a IEPEXOUT SHEPIrUs dJIEKTPOMarHuTHOM BOJIHBI, Koraa Bektopa E u B
OOHYIISIIOTCA.

OnsTh e, U3BECTHO, YTO APUP SBISCTCS MOJIAPUIYIOIIUMCS JUIIEKTPUKOM
(IMPIEKTPUKOM C COBMEIIEHHBIMU 3apsiaamu). Ha 3Tom mocTpoeHa Besi paJuoTeXHHUKA.
PacripocTpaneHue 3JIeKTpOMAarHUTHOW BOJIHBI B IMAJICKTPUKAX OMKUCAHO B MOHOTpaduu
I'.C. JITannc6epra «Ontuka» [6]. CoriacHO TeOpUu JTUCTIEPCHH, CHCTEMA 3apsI0B
JU3JICKTpUKa (KaK TUIOJIbHAS PAHOAHTCHHA) PETPAHCIUPYET JICKTPOMArHUTHYIO
BonHy. [Ipuyem, mocnenyrorias rpyra 3apsa0B UCIYCKAeT BOJIHY B IBYX HaIlPaBJICHUSX,
HO oOpaTHasi BOJHA HHTEPPEPUPYET C MPEAbUAYIICH, OOHYIISETCS U OCTAETCS TOIBKO
BOJIHA, ABMOKYIIASACS BIIEpE].
31ech HaI0 OTMETHUThH, UTO TIOJYYCHHBIN PE3YJIbTAT, B PUHIIUIIE, IOTUYEH — OH
OOBSICHSIET TOKU CMEIICHUS U BTOPYIO popMyny MakcBeia, HO, COTJIaCHO U3JI0KEHHOM
¢buznveckoil Mogenu, Tpedyemasi KOHIICHTPALUS Tap dJEKTPOH-TIO3UTPOH MOTYIaeTCs
OueHb OOJbINAs U, IPU 3TOM, TOK CMEIICHUS 3aBUCUT OT KOHLIEHTpaluuu. B aToM cityuae,
YTOOBI MMOJIYYUTh IJIOTHOCTH TOKA CMEIICHUS B OJJUH aMIiep/cM2 1pH U3MECHCHHUU

\
cmxsec

MakcBemna | =

dE
HaIIPAXKCHHOCTH E =1 MHWHHUMAJIBHO HCO6XOI[I/IMa$I KOHLCHTpAaus Iap

1
cocraBur 3x10% [—3 U IJIOTHOCTh CPEJIbl COCTaBUT Kak MUHUMYM 3 Kr/cm3.
cm

B 70 ke Bpems corsacHo dopmyie 2.10 moyuaercs, uto & = 3x107° N, (2.11)

1 .
u 3aBucut ot N,. Tak kak B CTCD e= 1,10 N, =3x10% {—3 , @ INIOTHOCTB TaKOM
cm

k

7 o o

cpensl coctaBut o =3x10 {_93 , UTO SIBJIIETCS OTPOMHOW BEITUYUHOM.
cm

Mo:xHO HOHpO6BIBaTB OIIPECACIIUTE PACCTOAHUC MCKAY IMapaMU B TaKkou cpeae,

. 1
TNIpMHUMAs IJIOTHOCTH cpesibl paBHoit N, = 3x10% {—3 Y CYMUTasi, 4YTO OHH
cm

pacripeieieHbl pAaBHOMEPHO IO TPEeM KOoOopJIuHaTaM. Toraa paccTossHuEe MEX1y Mapamu
coctaBuT I =0.3x10"° 1z =3x10"°nm. B To ke BpeMs KIIacCHUECKHil paJuyc deKTPOHa

paBen 2.8x107°nm, o, BOOGIIIE-TO, MPAKTHUECKH COBIAIAET C PACCTOTHHEM MEXKILY
napamMu. 9T0O MOXKET 3HAUUTh, YTO MAPbl CBOMMH «KJIACCUUECKUMU PAITAYCaAMU»
«KacaroTCsl IPYT Apyray U cpejia sIBISETCS «IUIOTHO yrakoBaHHOW». [TogoOHas cutyarus
BCTpEYaeTCs B THAPO-Ta30/IMHAMUKE MTPU OYEHb BBICOKUX JIABJICHUSX, KOTAA MPUXOJAUTCS
CUHTATHCS C 00BEMOM MOJIEKYJ (KOBOJIIOM).

Heo0x0auMo0 0TMETHTD, YTO NPU PETPAHCIASALMHA FJIEKTPOMATHUTHOMH BOJIHbBI
JaHHOI cpeoii XpoMATH3M OTCYTCTBYeT. XpOMATH3M JIJISl AUDJICKTPUKOB OOBSICHACTCS

3aBUCUMOCTEIO & = f (l) , HO B TaHHOM CJIy4a€ 3aBUCUMOCTDb ,[II/IBJICKTpI/I‘{CCKOI‘;I
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MPOHUIIAEMOCTH OT YHEPrHH KBaHTa (IUTHHBI BOJIHBI) OTCYTCTBYET & # f (ﬂ,) , & € 3aBUCHUT

TOJILKO OT KOHIICHTpalmu map & = f (Ne) (dpopmyna 2.11). Takum obpa3zom, npu

M3MEHEHUHU IUIOTHOCTHU JAHHOM Cpefibl (M3BECTHO, UTO «TEMHAsi MaTepus» MOXKET
KOHIIEHTPUPOBATHCS BOKPYT I'PABUTUPYIOILUX TEJT) MEHSIETCS €€ JUAJIeKTprudecKas
IIPOHUIIAEMOCTD U IIPU IIPOXOKACHUU U3IIyUEHUS Yepe3 Cpelly C IEPEMEHHOMN
IUIOTHOCTBIO BO3HUKAET MPEIOMIICHHUE, OJJMHAKOBOE Il BCEX AJIUH BOJIH. DTO U
OOBSICHACT «KOCMUYECKHE MUPaXH», npunuckiBaeMbie OTO.

B 3amury cBepXIUIOTHOCTH JAHHOM CpeJibl MOYKHO OTMETHUTH TO, YTO IJIOTHOCTh
s¢upa, BHIYUCICHHAS 110 Pa3HBIM MOJIEINISIM B JIO3WHIITEHHOBO BpeMs, BCEria MOTyJanach
OYEHb 0OJIBILION, YTO CMYIIANO (PU3UKOB U MIOMOIJIO PENSATUBUCTAM OTMEHUTH 3(up.
Boo061mie-To, 3TO BEIMISAIUT CTPAHHO, HO HA 3TOM OCHOBAHUHU MOYKHO TPEANIOIOKHUTb, YTO
Bcenennas — 370 cBepXIUIOTHOE 00pa30BaHKE U IPaBUTALMS B JH000H TOUKE OTHOCTHIO
CKOMIIEHCHPOBAaHa, KakK, HallpuMep, B LieHTpe 3emiuan. Ho 3To yxe oTnenbHas Tema.

3. BoiBOaBI

Takum 00pazoM, MOKHO ¢ 00JIbIIUM OCHOBAHHMEM IPEAINO0JI0KUTD, YTO
3JIEKTPOHHO-TIO3UTPOHHBbIE MAPHI (JIEKTPOHHO-TIO3UTPOHHBII Ia3) U ABJISKOTCH TOH
CaMoii CBeTOHOCHOM cpenoi (3¢upom), B KOTOPOH M PACIIOCTPAHACTCH
3JIEKTPOMATHUTHAS BOJIHA.

[Toxoxue 10BOJbl OTHOCUTENIBHO CYIIECTBOBAHUS PEaIbHbIX TOKOB CMEILECHUS B
BaKyyMe MpuBe/ieHbl B paboTax PeikoBa [2], HO TaM NPeanoa0KeHO, YTO CMELAt0TCs
3apsAbl B )KECTKON KPUCTAIUINYECKON CTPYKTYpE BaKyyMa.

Kak pacrnonosxeHsl apsl B Bakyyme (3¢upe), MOKHO TOJIBKO MPEINOI0KHUTb.
OnHu MOTyT OBITH B CBOOOIHOM COCTOSIHUM (KaK MOJIEKYJIbI B Ta3e), WK ObITH B
CBSI3aHHOM COCTOSIHUU B y3J1aX HEKOT'0 MOA00OMH KPUCTAIIIMUECKON PELIeTKH, KaK B
TBepAOoM Tesie. Ho MexaHu3M o0beIMHEHUs ATUX Hap B HEBO30YACHHOM COCTOSIHUU B
KOH/ICHCUPOBAHHOE TEJI0, XKHJIKOE UM TBEPJI0€, (UTO-TO BPO/I€ BOJIOPOTHON CBSI3M) HE
MIPOIJISJIBIBAETCS ¥ MOKHO MPEANOIO0KUTh, YTO 3TH MAPbl MOTYT IepeMeIIaThes, Kak Obl
CKOJIb3UTh, OTHOCUTENBHO IPYT PYyTa, HO U3 33 BBICOKOW INIOTHOCTH UX NEPEMELLIEHNE
OTPaHUYEHO U OHU 00Pa3yIOT UYTO-TO BPOJE CBEPXIIOTHOIO r'a3a, KOTOPHIi, COrJIacCHO
MOCTIETHUM pe3yabTaTaM U3y4eHUs] «TeMHON MaTepumn» acTpOPU3UKaMH, MOKET
KOHLEHTPUPOBAThCs (YIIIOTHATHCSA) BOKPYT TPABUTHPYIOIIETO Tela, 00pa3ys «rajio
TEMHOI MaTtepumn». ITO, OMSTH K€, 3HAUUT, YTO KOHIIEHTPALU «TEMHON MaTEPUN) HE
OJIHOPO/IHA B IIPOCTPAHCTBE U 3TA «MATEPUI» MOKET KOHLEHTPUPOBATHCS BOKPYT
MacCHBHOTO TeJa, B TO BpeMs, KaK B IPyTUX 00JacTAX MPOCTPAHCTBA MJIOTHOCTb
«TEMHOM MaTepum» MOKeT ObITh HIbKe. Kak Obl10 cka3aHO BhIIIE, «TE€MHAas MaTEpUs»
HMEET CBOMCTBO IUAJIEKTPUKA B KOTOPOM PACIOCTPAHAETCS 3JEKTPOMAarHUTHAsI BOJIHA, a

ee IUdJIeKTpUIecKas MPOHUIIaeMOCTh 3aBHCHUT oT N, (&= 3x10°%® N,) CnenBarensHo, B

MIPOCTPAHCTBE BO3HUKAET I'PAJUEHT IJIOTHOCTH «TEMHON MaTepUu», UCKPUBIISIOIIHIMA
HaIlpaBJICHUE JIBM)KEHUS JJIEKTPOMAarHUTHOW BOJIHBI M CO3JIAIOIIUN «KOCMUYECKHE
MHUpPaKU U Tajo», He UMEIOIIUE XpoMaTuimMa (cM. pazzen 2.3), KOTOpbIe PeISITUBUCTHI
IIPUNKCHIBAIOT «TPABUTALIMOHHOMY OTKJIOHEHHIO» OTO. U oHYM npu 3TOM 3asBIISIOT, YTO
OTCYTCTBHE XpOMaTHU3Ma «sBisieTcs noarsepxkaeHueM OTO».

KcraTtu, Mupaxu gaxe B JUIEKTPUUECKOH cpene (B aTMocdepe 3eMin) He UMEIOT

Xpomarusma, xotsi Tam ¢ = f (4).
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Kpowme Toro, B npoiiecce nepensnydeHus BO3MOKHO OUYEHb MaJloe MOTJIONIEHUE
«AIEKTPOHHO-TIO3UTPOHHBIM ra30M» U3JTYYCHHUSI, BRIPAKAIOIIEECs B OCTATOUHOM
KoJe0aHuU map Mmocie MPOX0KIEHUS JIEKTPOMArHUTHON BOJIHBL. TO €CTh SHeprust
IIEPEU3ITYUEHHOMN BOJHBI HECKOJIBKO MEHBIIE, YEM aJaloLIe U 3Ta pa3HULA OCTAETCS Y
napbl, BbI3bIBas €€ KoyiebaHusl. DTO MOKET ObITh, B YACTHOCTH, OOBSICHEHO TEM, YTO
KpoMe KoJiebaTeIbHOM CTeTeH! CBOOO/IbI Y TTap €CTh U BpalllaTelibHasi, HAMHOT'O MEHEe
SHEpPreTHYHas, B KOTOPYIO B HEKOTOPBIX CIIy4asX MOXKET MePeXOIUTh YaCTh SHEPTUU.
Takum 00pa3oM, «IJIEKTPOHHO-TIO3UTPOHHBIN Ta3y» c1abo CBETUTCS, YTO U MPOSBISCTCS
KaK «peJIMKTOBOE U3JIYYeHHE», IPUUYEM HHTEHCUBHOCTb CBEUCHHSI 3aBUCHUT OT €0
IUIOTHOCTY B JaHHOM HampasiieHUH (cM. paszen 2.2). CoOTBETCTBEHHO, SHEPT S
AJIEKTPOMArHUTHOM BOJIHBI Ma/1a€T C PACCTOSHUEM, JJIMHA BOJIHBI CIBUTAETCS B KPACHYIO
00JacTh, 4YTO ¥ MPUHUMAETCS 3a «pacmupenue BeenenHoiy. [1ogo00HbINH MeXaHU3M ObLT
MpeJJIoKeH MBeHapckuM actpoHoMoM LIBukku enie B 20-x rogax 20-ro BeKa, HO TOT1a
moOeuiTa BeChMa COMHUTEIbHAS TUTIOTE3a «BOJIBIIOro B3phIBaY.

Bormpoc, B kakoii sxe cpefie (4To Takoe 3IeKTPUIECKUE U MArHUTHBIC MOJIS?)
COBEPIIAIOT CBOM KOJIEOAHUS SJICKTPOHHO-TIO3UTPOHHBIE MAPBI — ATO OTACIBHBIA BOIIPOC,
BBIXOSIINN 32 PAMKU JIaHHOM cTaThu. Ho 0ueBHIHO, UTO 3TO COBEPILIEHHO JIpyras,
HEKasl «TOHKasl CTPYKTypa», cocTaBisitoliast 3upa, TMCKpeT KOTOpoH (eciau OH
CYLIECTBYET) HAMHOT'O MOPSAIKOB MEHbIIIE, YeEM pa3Mep JIEKTpoHa. DTO TO, UTO, IO
BUJIUMOMY, U SIBJISIETCSl «TEMHOM 3Heprueit». Beixoaur, uto, BakyyMm (3¢up) — 310
CIIOKHASI CTPYKTYPA, COCTOSAIIAs], KAK MUHUMYM, U3 ABYX COCTABIISIFOIINX, U3 KOTOPBIX
repBasi, «CBETOHOCHAs», SBJIETCS BIIOJIHE MAaTEPUATILHBIM 3JIEKTPOHHO-TIO3UTPOHHBIM
«ra3omy, a BTOpasi «TOHKas» COCTOUT M3 COBEPIICHHO HEBEAOMOM CYOCTaHIIMU —
BO3MO>KHO, OJJTHOM U3 OCHOB MUPO3/1aHus, AepopMalisi KOTOPOH CO3/1a€eT JIEKTPUIECKOe
(cratnueckas qedopMariivst) ¥ MarHUTHOE (AMHAMHUYECKas aedopmarius) mous [7].
Hanpumep, noka3ano (Ha mpuMepe YHUIOISPHOTO MOTOpPa) [4], 4TO MarHUTHOE MOJIe HE
JBUKETCS BMECTE C HOCUTEJIEM TOJIs, HAPUMEP, C MOCTOSTHHBIM MarHuToM. To ecTb,
OYEBHJIHO, YTO T0JI€ HE IPUHAJIC)KUT MarHUTY U YTO MAarHUT (JIBUYKEHUE JIEKTPOHOB)
TOJIBKO BHOCUT UCKa)KE€HHUS B HEKYIO CPEly, SIBJISIOLIYIOCS HOCUTENEM NoJis. TpeThe ke
ToJie, TPaBUTAIIMOHHOE, CKOpee BCero (K COXaICHUIO!), HE UMEET OTHOIICHUS K
ANEKTPUYECKOMY U MATHUTHOMY, TaK KaK HUKAKHX 3(P(HEKTOB, CBAZBIBAIOIINX ITH MOJIS
710 CUX TOP HE ObLIO IKCHEPUMEHTAIBHO 3apErUCTPUPOBAHO.

4, 3akjoueHue

Toxkn CMCHICHUA BO3HUKAIOT B MPOBOAAIINX U JUIJICKTPUICCKUX TCJIAX B
HECTAallMOHAPHOM PEXUME, B YACTHOCTH, B YHUIIOJISIPHBIX I'€HEpaTopax, v Mpu
BO3JICCTBUY HA 3TH TeJla TPEMEHHOTO YJIEKTPUUECKOTO OIS,

Kpome Toro, MOkHO IPeANOI0KUTh, YTO UCTOYHUKOM TOKOB CMEIIEHUS B BAKYYME -
TUDJICKTPHKE (B TaK Ha3bIBAEMOM «CBETOHOCHOM cpefie — d(puper») BO3MOKHO SIBIISIFOTCS
AQHHUTWJIMPOBABILINE 3JIEKTPOH-TIO3UTPOHHBIE MAPHI — AJEKTPOHHO-TTO3UTPOHHBIN «Ta3.
HpI/I 9TOM, 3JICKTPOH — IMO3UTPOHHBIC ITapbl MOT'YT BBIBOAWUTCA U3 PABHOBECHUSA
(TTOsIPU30BATHCS) TPUITOKEHHBIM AJIEKTPUUECKUM TIOJIEM, B YACTHOCTH, DJICKTPUUECKOM
COCTaBJ'ISIIOHIeﬁ QJICKTPOMAarHuTHOI'O U3JIYYCHHS, BBI3BBIBAs IICPCU3ITYUCHHUC
3J€KTPOMArHUTHON BOJIHBI.
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