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B npeasinyuieM Buseoponuke «llouemy snekmpoHn He nadaem HA «A0po» aTOMay
[l] npuBemeHsl apryMeHTBI W TIOKa3aHO, 4YTO Kpyeosoe OsudiceHue SBISETCS
ONMUMANbHLIM ~ (DABHOBECHBIM) — COCMOsSIHUeM — TIONsSl  JIBDKCHHS-TIOKOSA, T
«npumsdiceHue» WU KOMMAIKU8aHue» B3AUMHO VPAGHOBeuleHbl, YTO 00eCTIeUnBaECT
YCMOUYU80CHMs BEYHOTO HEMPEKPAIIAIOIIETOCS KPY208020 OBUMNCEHUSI B MHUKPO- U
MAaKpOMHPE.

TIoosmomy uacmuya-snexkmpon 6 amome 6000p00a, OBUNCYWASACS NO KPY2OBOl
opbume 60Kpy2 Npomona, He Modcem ynacmev Ha He2co (KaK HE IaJaloT IUIAHETHI,
IABMKYIIHECS BOKPYr 3BE3M, M UX €CTECTBCHHBIC CIyTHUKH, BPAINAIOIIMECS BOKPYT
IJIaHET U T. 1.).

B [1aHHOM BUIEOPONMKE NPUBEACHBI JOIOJIHUTENBHO KpPAaTKUE CBEACHUS U
MOSICHEHU S, NAOIINE OTBETHI HA PSAJ NPUHLMITHAIBHO BaXKHBIX BOIIPOCOB, CBA3AHHBIX C
AIIEKTPOHOM, KOTOpbIE HaWOOJIee BEPOSTHO MOTIIM TOSIBUTHCS Y (DU3UKOB BO BpEMs
MPOCMOTpPa BBIIIEYKA3aHHOTO BHUACO, OCOOCHHO Yy XOPOIIO YCBOUBIIMX TEOPUIO
KBaHTOBOM MEXAHUKH, TBEPAO 3HAIOIIUX COBPEMEHHBIE TEOPETUUECKUE MPEICTABICHUS
O CTPOCHHUM aTOMOB U DJIEMEHTApPHBIX YACTUIl U YOCKIEHHBIX B aJEKBAaTHOCTH HX
PEATBHOCTH.
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WNrak, pABMKEHHME TI0 OKPYKHOCTH — 3TO JBHKEHHE C  HEHYJEBBIM
LEHTPOCTPEMUTENBHBIM  yckopeHnuem. llocnegHee MeEHsET CKOPOCTb TOJIBKO IO
HANpaBJICHUIO, HO HE MEHSET IO BeauurHe. M commacHO 3aKOHAM KJIACCHUYECKOU
AIIEKTPOJMHAMHUKYA  BpALAIOIIMICA  BOKPYT  «sApa»  21ekmpoH,  (HaKTUYECKH
OTOXKJIECTBJISIEMbIN B (PU3UKE C AIIEMEHTAPHBIM «91eKMpPUUecKuUM 3apsoom», KaKk u Jarodas
«3apsoicennasy yCKOPEHHO IBMKYILASCA YaCTULIA, JOJKEH U3JTy4YaTh dJIEKTPOMAarHUTHbIE
BOJIHBL.

Takum oOpa3oM  onekmpowusl, cudTarOUMecss B  (QU3UKE  «OmpuyameibHO
3apsAdNiCeHHLIMUY  DJIEMEHTAPHBIMU  YaCTUIAMU, JABUXKYIIUMHUCA C VCKOpeHueMm B
BOJIOPOJIOTIONIOOHBIX aTOMaX, OOMMCHbI U31YYamb HENPEPHIBHBIA CHEKTPp M TEPSATh
sHepruto. CienoBarelbHO B aTOME BOJIOPOJA IEKTPOH HEMHHYEMO JOHKEH yHacTh Ha
«s10po» (NPOTOH) M aTOM BOAOPOJa OBICTPO MPEKpaTUT CBOE cyliecTBoBaHue. CIoBO
«0po» B3STO B KaBbIYKaX, MOCKOJbKY B COOTBETCTBHUM C TOJYYEHHBIMH HaMU
pEUICHUSAMH y aTOMOB HET s/iep. YKa3aHHOMY PEIICHUIO U €ro pe3ysibraraM IMOCBSIIEH
psiI yONMKAIMiA, B TOM YHCIIC, ¥ BHJICOPOJIMKOB, IOMEIIEHHBIX Ha KaHaie B YouTube.

UYto06w! "cactu" mianeTapHyto mojaeis aroma H. bop B 1913 rony chopmynuposan
OCHOBHBIE TOJIOKEHUS TEOPUU aroMa BOAOPOJa B BHUJIE TPEX IMOCTYJIATOB, COIIACHO
OJTHOMY U3 KOTOPBIX «U3TYUEeHUEe UNU NO2NIOUjeHUe K8AHMA UZIYYEHUsT NPOUCXOOUm npu
nepexooe amoma u3 00HO020 CMAYUOHAPHO2O COCMOSIHUS 8 OPY20e».



CornacHo TaHHOMY TOCTYJIaTy 3JIEKTPOHY, JIBIXKYIEMYCS O CTallMOHAPHON OpOuTe,
«3anpeuwjeHo» N3aydaThb SJEKTPOMATrHUTHBIE BOJIHBI.

He mnHalimgs B pamMkax KIACCHYECKUX TMPEJACTABICHUN KaKWX-JIHO0O aeKBaTHBIX
O0OBbsICHEHUN CTaOUJIBHOCTH aToMa, B (u3uke cHOPMHUPOBAIOCH MHEHHUE, UTO aToM
ABIIsIeTCSL (PU3UYECKON CUCTEMOM, KOTOpas 3aBeIOMO (T. €. B IPUHLIUIIE) HE MOXET OBIThH
ONMCAaHa K1aCCU4ecKou TEOPUEH.

Ho Kkak BceM W3BECTHO, aOCMPAKMHO-MAMEMAMUYECKas TEOPHsI KEAHMOBOU
mexanuky (KM), orpaHWuYnBasCh B OCHOBHOM JHEPTETHUCCKHUMH «PCIICHUSIMID
(COMHHUTEILHBIMH, KaK CJIEIyeT W3 TPOBEJACHHOIO HAMH aHalW3a) IPH OIUCAHUU
OKCIICPUMEHTAJIBLHO HAOJIOMAaeMbIX CIEKTPOB W3JYYCHUS U TIOIVIOMICHUS aTOMOB
BOJIOpPOJIa B ONTHYCCKOM JHAaIa30He JUIMH BOJIH, TAK)KE HE B COCTOSHHM OITMCATh aTOM
KaK CTaOWIBHYIO CHCTEMYy B IIEJIOM, €r0 CTPOCHHE M IIOBEACHHE, YTO YOCIUTEIHHO
TIOKa3aHo B CTaThsX [2-4] u npyrux padorax.

AJleKBaTHO OMHUCaTh aTOM U TeM OoJiee MPEeJCTaBUTh cebe ero guszuueckuil oopas B
YBEIMYEHHOM MacIITade, coxpawss nponopyuu, B paMKax aOCTPaKTHO-MaTeMaTUYECKUX
npencrasiieHud KM o ero crtpoeHuu u geposmHocmuou WHTEPIPETALUU BOIHOBOU
GYHKUHUM, ONMpEAeNIoneld MOJIOKEHUE DJEKTPOHA B OKPECTHOCTH «Allpa» aroma, U
YUYUTBIBAsi COOTHOILLIEHUE HEONPEIECTEHHOCTH, HEBO3MONCHO B TIPUHIIUTIE.



HeBo3MoxHO M300pa3uTh aToM W B pamkax niaremaphot Peszepdopa-bopoBckoit
Mozaenu. Hactonpko gan€k oH ot peanbHOCTH. [lompobyeM mokaszarh 3TO Ha MpUMEpE
aroMa BOAOPO/IA.

Pasmep atoma BoZ0pojia, €ro auameTp, pasex 2r, = 1.058-10-8 cm. VBenuuenusiii B
1.8:10% pas, ero pasmep Oymer pasen 19 cm. Tak uro cxemarmdeckuii oOpa3 aroma

BOJIOPOJIa TPY TAKOM YBEIIMYCHHH JIOJDKCH ITOJTHOCTBIO ITOMECTHTCS Ha JIUCTE OyMaru
dopmara A4 (21x29.7 cm).

«SInpo» aroma BoOpOaA — MPOTOH, pasMep KOTOPOTO MPHHAT B (PU3HKE PABHBIM I\,
~ 10713 cm, npu yBenmuenuu B 1.8-10° pa3 Gymer umeTh pasmep Bcero okono 1.8 mxm,
HEpa3IUYUMBIA YeJ0BEYECKHM IIa30M. [103ToMy Ha IHcTe OyMard B IIEHTPE MBI HE
YBHJIMM €TI0 H300pakeHue.

DTO Kacaercst ¥ OpOUTAIBHOTO JIICKTPOHA, HCTUHHBIN pa3Mep KOTOPOTo J0 CHX IOp
He ompenenéH B ¢usuke. I1o pasHbiM orerkam o Ha 108 — 10 mopsiakoB menvuue
pasmepa npomona, nexut B npenenax r, =~ 10716 + 1020 cm. TToatomy mpu ykazaHHOM
BBIIIIE YBEJIHUECHHH TeM 0oJice HEPeaabHO YBHICTH 00pa3 3JeKTPOHA, KOTOPBIN JOJKEH
HaxXOAUTHCA Ha paccTossHUU 9.5 CM OT 1ieHTpa JucTa Oymaru («sapa»).



Mpbl BHAMM, YTO COMIIACHO «sdepHbim» MojaemsiM aroma (coBpemeHHoir KM wu
npeasiaymieit  Pesepdopa-bopoBckoit) aTtombl mOpencTaBisitoT co0oil  (pakTHuecKu
nycmoe TPOCTPAHCTBO. TakuM o0O0pa3oM, HepeaJbHOCThb, a0CYpIHOCTh MOJOOHBIX
MPEACTaBICHUA O CTPOCHUUM aTOMOB M COCTABJISIOIIUX HMX AJIEMEHTAPHBIX YacCTHI]
(HYKJIOHOB U 3JIEKTpPOHA) OYEBH/IHA.

OTMeTHM Takke, 4YTO IPU pa3Mepe dJCKTPOHA, PABHOM CPEIHEMY 3HAYCHUIO
NPUBEIECHHOrO BEIIIE npeaena, T. €. 10718 cm, ero muorHocTh 10/KHA OBITH paBHA

Pe =~ 7-10%° g-cm3,
OT10 HepeabHasd paHTacTUUYECKas BEJIMUYMHA.
W3 anaimsa ocHoBammii KM [2-4] cnemyer, dro e€ TBOpLIAMH JOMYIICHBI
¢aranpHbie (MPUHIMIHAIBHBIE) omMUOKU. B nrore Teopus KM m npyrue Teopuu [5],
Oazupyronmecss Ha aOCTpaKTHO-MaTeMaTHYeCKUX (BBIMBIIUICHHBIX) MOCTYJaTax,

3aBeJIM COBPEMEHHYIO (DU3MKY B TYNMHKOBYIO CHUTYaIlUiO, B KOTOPOW OHA HAXOIUTCS IO
cell JICHb.
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Ha pyGexe 20-21-ro BekoB Ha 3eMJie HaYaIUCh CYIIECTBEHHBIC MIEPEMEHBI, KOTOPbHIE
KOCHYJIUCh BCeX cdep KU3HU, B TOM 4ucie, Hayku. CloxuBiiascs B PU3UKE K TOMY
BpeMEHM O€3HaJIéKHasi CUTyallusl cTaja IMOCTENEHHO HCIpaBsAThbCs. B dacTHOCTH,
BONIPEKU YTBEPAUBIIEMYCS B (M3UKE MHEHUIO O MPUHUIUMHATBLHON HEBO3MOXKHOCTH
cAenarb 3TO, OKa3ajoCh, YTO aTOM BCE-TaKM MOXXHO ONHCaTh C TMOMOIIBIO
KJIACCUYECKUX METOJOB U OOBIYHOIO MamemMamuyeko2o annapamad, UCojib3yeMoro B
Kanaccuueckou (HU3MKe.

K HOBBIM penieHusiM poOIeMbl CTPOSHUS aToMa MPUBEIIH PE3yabTaThl NTYOOKOTO U
BCECTOPOHHETO aHaju3a, MOKAa3aBIIEro OwUOOUHOCMb cucmembl npeocmasieHuti 00
ycTpoiicTBe Mupa, OmHUOOYHOCTh napaduemvl COBPEMEHHOW (PU3NUECKOW HayKH,
KOTOPOU MPUJIEPKUBAETCS A0 CUX MOP PU3HKA.

B cBf3M ¢ 3TUM NPUIUIOCH CMEHWUTH NAPAJUIMy, B YAaCTHOCTH, OTKAa3aTbCs OT
GopmanvbHOU TOTUKUA U OT aOCMpaKmHo-mamemamuiecko2o 1moaxoia, UCToIb3yeMbIX
10 cux Top B (u3MKe TpH pa3pabOTKE HOBBIX U KOPPEKTHUPOBKE CYIIECTBYIOIIHUX
TEOPUU CTPOEHUA BEHIECTBA (MATEpPUHM), a CIEAOBATEIBHO, TPUILIOCH MOMPOIIATHCS C
OecniepceKTUBHOM aOCTpaKTHO-MaTEMaTHYECKON TEOpUE KBAHTOBOW MEXaHUKH.



VYKa3aHHbIE MEPEMEHBI CBSI3aHbI C TOSIBJICHMEM B ()M3MKE HEM3BECTHOM paHee HOBOU
TEOpHUH, pa3padOTaHHOW OTHOCHUTENbHO HedaBHO — BomnoBoit Mogenun (BM). BM we
ucnonv3yem aOCTpaKTHO-MaTeMaTUuecKue nocmynamol (T. €. HE ONMUPAETCS HA BHIMBICIIbI)
U He cinedyeT (opmanbHOU JOTUKE, BO3MOKHOCTH KOTOPOW OTrpaHUYEHBI MPU OMUCAHUU
¢usmdeckux  mpoueccoB.  IddextuBHOCT, BM  moaTBepkaeHa  JIOTHYECKH
HETPOTUBOPEYMBBIMU ~ PELICHUSIMH, NPUBEAIIMMH K CEPUU KIIOYEBBIX OTKPBITHI,
CIEJIaHHBIX B €€ paMKax.

B onpenenéHHON CTENEHU @u3uyeckue MOJCTU CTPOCHHUS aTOMOB M 3JIEMEHTAPHBIX
yacTtull, cieaywomue u3 BM, oTpaxarT pearbHOCTb, MOCKOJBKY IMOCTPOEHBI HE Ha
nocryaartax (BbIMBICIAX), & HA KUCTMUHAX, OYEBUOHBIX CAMU NO cebe», — Ha HE TPEeOyIoInX
JI0Ka3aTeNbCTB aKCHUOMaX ouanekmuyeckou ¢uiaocopuu u €€ JOTUKH, B YACTHOCTH, Ha
aKCUOMax O MamepuarbHO-uoeailbHou cywHocmu BCEIeHHOM U 6071HOB0U npupode BCEX
00BEKTOB M TIPOIECCOB B HEM.

Monenn BM o0 cTpoeHUM amomos8 W 3leMeHmAapHulX 4acmuy OTINYAIOTCS OT
CYIIECTBYIOIIUX B GUBUKE aOCMPpaAKmHO-MamemMamuyeckux MOJACIEH. OT K8aHmMOoBo-
Mmexanudecxkor wMonaenu aroma W Cmawnoapmuou Mooenu 3IEMEHTApPHBIX YaCTHII,
JOMUHUPYIOIIMX B COBPEMEHHOM (U3HMKE, KOTOpbIE MOCTPOCHBI Ha 0aze nocmynamos
(«Urpbl BOOOPaXKEHUS», BRIMBICIIAX) U C1€0yI0Om (hopMAlbHOU JTOTHKE.



dopmanbHas (MeTadu3ndeckas) 1oruka BeeneHa ApucroreneM (384 - 322 1o H.3.).
Anrebpa cyxaeHUH ApHCTOTENISI B ONPEICIACHHBIX INpeaeiaaX IPUIroaHa s
UCIIOJIb30BaHUS B MATCMAaTHMKE, BBIUHMCIUTCIBHOW TEXHHUKE, POOOTOTEXHUYCCKUX H
TOMY HOJOOHBIX CHCTEMax, HO He OoJiee.

OHa OHOCTOPOHHE OTpa)XKaeT PEabHOCTh U MOTOMY HE MOXKET paboTaTh B (pU3HUKeE,
IJIe BCE HAXOIUTCS B HENPEPHIBHOM JBIKEHUH. «Cospemennas» napaaurma (pusnkw,
BKJIIOUAKONIAas gopmanvHyo JOTUKY ApHUCTOTENd, HE OTBEYaeT NOTPEOHOCTIM
HACTOSIIETO BPEMEHH.

HoBble ¢@usuueckue mpeactaBieHus BM o CTpoeHMM aTOMOB M 3JIEMEHTApPHBIX
YaCTHUI[ HEBO3MOXKHO 68 MpuHYyune CPaBHUBATH C COOTBETCTBYIOUIUMU aOCMPAKMHO-
mMamemamuyecKkumu TPEACTABICHUSIMHU, JOMUHUPYIOIIUMH B COBPEMEHHOU (PU3HKe.
Duzuyeckoe U abcmpakmHo-mamemamudeckoe MPeACTaBICHUS — AaHTUTIOBI.

Takxke Kak aHTUNOAAMM SIBJISIFOTCS TaKUE TOJISIPHO MPOTHUBOIOJIOXKHBIC TOHATHSA,
KaK HallpUMEP, peaibHoe U abcmpakmuoe, 0elucmeumenvbHoe U MHUMOe», KOIUYEeCmBE0
U Kayecmeo, u T. 1.



Quszuueckuli o0b6pa3 aroMa, cleaylomui u3 pemeHuit BM, npubnmkaeT Hac K
aJIcKBaTHOMY peaabHOCTH o0pasy. Ero MoXHO TpeacTaBUTh MBICIEHHO, U300pa3uTh Ha
Oymare, a Takxe mocTpouth ero 3D-mMojienb Ha KOMITBIOTEPE.

Kak 1 B pacCMOTPEHHOM BBILIE Cly4ae C SACPHOU IUIAHETAPHOM MOJIEIBI0 aroMa,
npencraBuM yBennueHHbId B 1.8:10° pa3 o6pa3 aroma Bomopoia — CHCTEMBI IPOTOH-
ANEKTPOH, ciaeayromui n3 Jnnamuyeckoit Moaenu (AM).

ComtacHo /IM mpoTOH M UIEKTPOH, KaK M JPYTHE YacTHUIbI, MPEACTaBISAIOT COOOM
YIUIOTHEHHBIE 6uUxpesbie (MyAbCUpYIOLIME) 00pa30BaHUs U3 YacTUI] (PU3MUECKOTO TOHKO-
MaTepuaIbHOTO MOJIS-IPOCTpaHCcTBa ddupa. Pazmepsl npomorna v snekmpona, paanychbl UX
BHEIIHUX BOJHOBBIX cdepuueckux o00o0104Yek, BbITeKatomue u3 JIM, umeror,
COOTBETCTBEHHO, CIIEAYIOIINE 3HAYCHUS:

M= 0.528421703-10-8 cm, r,=4.16958795-1071% cm.
Macca snekrpona m, = 9.10938377015-10-28 g, orcroaa mIOTHOCTD IEKTPOHA paBHA
P =3 g-cm=3,

OG6parhTe BHUMaHHE Ha HEBOOOPA3sMMO T'MTAHTCKYIO pasHUIly. ITOTHOCTB 3JIEKTPOHA,
cienyromas w3 JIM, 3 g-cm=3, mo mopsaky Bemmumbel B 102 pas  menvue
panmacmuuecxoti niomuocmu 3MeKTpoHa p, =~ 7-10%° g-cm=3, coorBercTBYMOIIEH €O
pasmepy r,= 10718 cm, cpennemy u3 untepBana 3nadenwuii r, ~ 10716 + 10-20 cm, B kotopowm,
KaK [IOJIaral0T, OH JICKHT. ITO CBHICTEIBCTBYET 00 OIMHOOYHOCTH COBPEMEHHBIX
IPEICTABICHHUI O CTPOCHHH 3JIEKTPOHA M €r0 MapamMeTpax.



Pasmep amoma Bomopoma cormacHo BM omnpenenserca paadycoM CTallMOHAPHOMU
KPYTOBOW opOumot, 1O KOTOPOM JIBMKETCS SIICKTPOH, OH paBen I, = 0.52917721092-10-8
cm. Iloutu cosénadaem ¢ paduycom BOIHOBOW CHEPUYCCKON OOOIOYKU npomoua Iy,
MIPUBEJICHHBIM BBIIIE, Cleayromum u3 M.

CornacHo JIM snexTpoH (Kak ¥ MPOTOH) — BOJHOBOE uxpesoe obpazoBanue. Cyns 1o
COOTHOIIICHUIO MPEICTABICHHBIX BBIIIE XAPAKTEPUCTHUYECKUX MapaMETPOB CHCTEMBI
IPOTOH-3JIEKTPOH (I, T, u ), cnenyromux u3 BM, anexmporn nBuxeTcs no opouTe BOKpYT
npotoHa Oynayuu (aKTUUECKH HANONOBUHY NOSPYHCEHHBIM B €r0 BOJIHOBOE (hHU3UYECKOE
noJie-npoctpanctBo. [logobHo «bonvuiomy kpachomy namuy» Ha tuiaHere IOnurtep —
arMoc(epHOMYy  6uxpiro (IIOCTOSSHHOM 30HE BBICOKOTO JaBJCHUS), JABWXKYIIEMYCS
napajuieibHO  JKBaropy  IUiaHeTbl. ATMocdepHas 30HA  BBICOKOTO  JIaBJICHUS
XapaKTepU3yeTCs MOBBIIICHHON MIOTHOCTHIO. Tak M MIOTHOCTH 3IEKTPOHA P, = 3 g-CmM~3,
BUXPEBOTO O0Opa30BaHMSIMU, IBUXKYILETOCS MapajluieIbHO JKBAaTOpY IPOTOHA, OOJbIIe
TJIOTHOCTH TIPOTOHA, PABHOTO P, = 2.7 g-CM~,

U1 na noucre 6ymaru dopmara A4, Ha ero 6enom (ore, 0dpa3 yseauuensoro B 1.8-10°
pa3 aToma Bojopoja, cieayromero n3 BM, Oynet BeIIAAeTh Kak cepa auameTpom 19 cm
C HAIOJIOBUHY BBICTYIAOIIEH HAa €€ MOBEPXHOCTU (ITOCKOJBKY I~ rp) MEHbIIEH chepon
auameTpom 1.5 CM — yBesIMueHHBIM 00pa3oM JIEKTPOHA.
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basucHble KOHIENIMM HOBOM oOmei Tteopun Qusuku — BoaHoBoit Mojenu,
Ha3bIBAEMOUN TaKXKe OuaieKkmuyeckou @usuxoi, Kak TEOPUH, ONMUPAIOIICHCST Ha aKCMOMBbI
IUAJIEKTUKH, TOJHOCTHIO C(POPMHUPOBAIMCH B TEUCHHM IMOCIEIHUX MPUMEPHO TPEX
necsatwietuit [6]. U ¢ e€ mosBiieHuEM CTpOCHHE aToMa HAKOHEI-TO CTaJl0 ONKCHIBATHCS B
¢u3uke 0e3 HCIOJIb30BAaHUS BBIMBIIIJIEHHBIX TOCTYJIaTOB, a MOTOMY, KaK W CJIE€I0BAJIO
OKU/JIaTh, JIOTHYECKHU O€3yNpPEeYyHO U HEMMPOTUBOPEUUBO, aJICKBATHO PEATILHOCTH.

MoXHO KOHCTaTUpOBaTh, TaKUM O00pa3oM, uYT0 C TosBiIeHueM BM Havanuch
Ka4eCTBCHHBbIE M3MEHEHUS, MOSBUJIACH TMEPCIEKTUBA B Pa3BUTUM (PU3MYECKON HAyKH B
aJICKBATHOM PEAIIbHOCTHU HAIIPABJICHUMU.

Cyns mo mpuHUMIHAIBLHO MHOMY Oa3ucy (mapaaurme (U3MKU) U METOAMKE PEeIICHHUS
npobieM BM sBisiercs antunogom kearnmosotu tTeopuu, KM. [losTomy, ¢ 0IHON CTOPOHBI,
B COOTBETCTBUU CO CHOPMUPOBABIIUMHUCS B (DU3KKE MPEACTABICHUSIMHU U KOHIECMIIUSIMH,
onpenencHueM, BM MOXHO Ha3BaTh Kiaccuueckou TEOPUEH, IIOCKOJIbKY OHAa HE
UCIIOJIb3yEeT KBAHTOBO-MEXaHUYECKUE METO/Ibl U Mamemamuieckull popmanuzm KBaHTOBON
MexaHuku. Ho ¢ apyron CTOpOHBI, CUMTaTh €€ KJIACCHYECKOW MOXKHO JIMIIb YCJIOBHO,
nockosibky BM ncnonbs3yeT o0a npeacTaBlieHuss — HapsiAy C 80IHO8bIM (KKIIACCUUECKUM)))
K8aHmMoswle.



Jleno B ToMm, utro BM onupaercst Ha duanekmuky, cleayss KOTOpoid OoHa MPUHUMAET
BO BHHMMaHUE B CBOUX TEOPUSIX OUHAPHYIO Npupody OObEKTOB (M (HU3NUYECKUX
MPOIIECCOB), pacCMaTPUBAET UX MOJISIPHO MPOTUBOIOJIOKHBIE MapaMeTphbl U CBOMCTBA,
KaK BOJIHOBble TaK U KBAHMOBble, KaK HenpepvlHvle TaK U Oouckpemuvle. Takxke Kak
TaKue MPOTUBOMOJOXKHOCTH KakK (JOMOJHUTEIBLHO K YK€ IPUBEACHHBIM BBIIIE):
NOMEHYUAIbHAsA N KuHemuieckas, 6asuc U Ha0cmpouka, nonepeyroe u npooojibHoe, 1
T. /1., IOCKOJIbKY TOJISIPHBIE TTPOTHUBOIOIOXKHOCTA HEPA3PHIBHO CBSI3aHBI MEXKY COOOM
1 0oJiee MOJIHO XapaKTePU3YIOT MPEeIMET UCCIEOBAHNA.

Takum oOpa3zoM, COIIaCHO JUAJIEKTUKE MPUBEICHHBIC BBINIE M TMOAOOHBIE UM
MPOTUBOMOJOKHOCTH  OTPaXaloT OUHAPHYIO MamepuaibHO-u0edibHyl0 CyIIHOCTh
00BekTOB U TiporieccoB B [Ipupone. OHM BCECTOPOHHE XaPAKTEPU3YIOT UCCIIECTYyEMbIC
OOBEKTHl M MPOIECCHl, YTO MPUHUMAETCS BO BHHUMAHHE W YUYHUTBHIBACTCS B paMKax
Teopuit BM, 6azupytoieiicss Ha akcoMax JUAICKTUKH.

[1onApHO-IPOTUBOIIONIOKHBIE  CBOMCTBA MNPEACTABISAIOTCS B Teopusx BM
OMHApHBIMU  COMNPSDKEHHBIMU  TIapaMeTpaMH M OIMKCHIBAIOTCS, COOTBETCTBEHHO,
ouanexmuyeckum OUHapHuIM nojem JNEUCTBUTENBbHBIX yucel. [lociaeaHum mocBsIIEH
COOTBETCTBYIOIIHI BHICOPOIIHK, TOMEIIEHHBIN Ha kKaHaje B YOuTube [7].
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OoOparumcs Tenepb K KOHIENIINH

«INIeKMpu4ecKuil 3apsa0» 4acTuIl

B  ¢Jusuke wucnonb3yroTcsa  CIAEAyIONIME ~ NPEACTaBICHUsA,  Kacarolluecs
ANEKTPUYECKOTO 3apsia 4acTull. BOT HECKOJIBKO MPUMEPOB:

«3apao pasHomepHo pacnpedesien no oovemy ulapd, no No8epxXHOCmu cghepbl,
naowaou, uiu OJiuHe».

«Haxooswuecss 6 anekmpoHHOM o00naKe I/IEKMPOHbL HECym OMmMpuyamenbHblil
NeKMpUYeCcKUU 3apao.

<(3JleKmp0Hbl AeAamomca He2amueHo - 3apPAHCEHHbIMU ANNEMEHMAPHbIMU
uacmuyamu.

«IIpomonwt, 6xoosauue 6 cocmas s10pa, HeCym NoN0HCUMENbHBIU 3apPA0».
«HAopo necem nonodxcumenvrulll 3apao».

«B adpe cocpeoomouena npaxkmuyecku 6csa macca amoma U €20
nonoxcumenvHuli 3apao». U T. 1.

CoOTBETCTBYIOIINE BBICKA3bIBaHMS MOBCEMECTHO PacIpOCTpaHEHbI BO Bcell, 0e3
WCKJIFOUCHMS, HAyYHOU W ydeOHoU smreparype mo ¢usuke. BoipakeHus, mogoOHbIe
MPUBEJCHHBIM, OIIMOOYHBI M CBUJETEIbCTBYIOT 00 aOCOJIOTHOM HEMOHUMAaHWUU B
(du3MKe MPUPOJIBI TOTO, YTO MPUHATO HAZBIBATH «INEKMPUUECKUM 3APAOOMP.



B cooTBeTCTBUM C MPUHATHIM B COBPEMEHHOW (DU3UKE OIpEICTICHUEM, ‘2J1eKmMpPOH
— cybamomHas wacmuya, deu INEKMPUYEeCKUil 3apad ompuyameieH U pageH no
MOOYIIO OOHOMY INeMEeHmMAapHOMy 2l1ekmpuyeckomy 3apsaoy”. Taxkum oOpazoM, B
COBPEMEHHON (UBUKE «21eKmpuyecKull 3apsao» 31eKmpoHa PacCMaTPUBAETCAd Kak
XapaKTepUCTUYECKOE BPOXKIAEHHOE GHYMpeHHee CBOUCTBO (IapaMeTp) YacTHULbI-
ANIEKTPOHA, Hapsgy C €ro maccou W «cnuHom» (TaK Ha3bIBAEMON KBAaHTOBOWU
XapaKTePUCTUKOMN ) IIEKTPOHA.
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B Tteopusix BonmHoBou Mogenu, cienys QUAEKTHKE, MTPUHUMAETCS BO BHUMAHUE
UJICHTUYHOCTb BOJIHOBOM MPHUPOJbI BCEX OOBEKTOB BO BcelieHHOM, a Takke TO, 4YTO
KK OOBEKT UMEET OUHApHYIO CTPYKTYpYy — ONPEACIICHHBIN MamepuanbHbulil
bazuc u uodeanvhyro Haocmpotiky. llpu >TOM HajacTpolKa NpeacTaBiIsieT CoOoit
«N0NeBOU YPOBEHb MAMEPUU.

Mamepuanenwiii  6a3uc  4YacTUIBl  00pa3yeT  KOMUYECMBEHHYIO  CTPYKTYPY
(MOTEHLIMANBHOE  MPOOOIbHOEe TIONE), a udeanbHas HAoCmpouxa  o0pa3yer
KauyecmeeHHy10 CTPYKTYpy (KHHETHUYECKOE nonepeunoe none). [locneanss nmeer cBou
TOHKUM CBEPXCTPYKTYPHBIH nonegorl 0a3uC, COCTOAIIMNA W3 YaCTHUI[ Ha N TIOPSIKOB
MEHBIIIMX, YE€M YacTHUIl MaTepuajbHOro Oasuca. VIMEHHO 3TU cybanekmpoHHble
yacmuysl BOCIPUHAMAIOTCS KaK «noiesoll yposeib mamepuu» [8].



WU xapaxmep BOTHOBOTO 63auUMO0€UCmEUs hNO1e80H HAOCMPOUKU 4YaCTULBI C
nonesou HAOCMpPOUKOU JIPYTUX YacTUIl U OKPY>KAIOIIUM IOJIEM-IPOCTPAHCTBOM
onpedenaem npupody IPgexkma B3aUMOJCUCTBUA  YAaCTHUL], IPUIIMCAHHOIO
CyObEKTUBHO HAIMYUEM Y HUX MUCTHUYECKHUX «3aPSJIOBY.

Utak, cormmacio BM mnpupooa max Hazwieaemozo ‘“‘3apaoa’” mne ceazama c
MaTepHuaIbHbIM 0a3UCOM CAMUX YaCTHIL, UX BHYMPEHHUM CIMPOEHUEM.

[To HE3HAHUIO HAMYHUS YIOMSHYTOU BBILIE OUHAMUYECKOU NONEBOU HAOCMPOUKU Y
YacTHll, MOCPEJACTBOM KOTOPOM OCYIIECTBISIOTCS B3aUMOJACHCTBHUS, YTOOBI KaK-TO
oOBbsiCHUTH HaOmomaeMbii >ddext, B (u3MKe MnpuayMaad OTBETCTBEHHOTO 3a
nposieieHue spdexra. A UMEHHO yacmuyam Ovll CYObeKmMUEHO HNPUNUCAH HEKUll
«INNEKMPUYECKUIl 3apad», KaK MamepuanvHuvlii KOMROHEHMm CHmPYKMypbl CaMHUX
YacTHUIl, KOTOPHIM OHHU SKOOBI OONaJarOT, T. €. KOTOPOr0o OHU HMEIOT
«PaAcnpedenéHHbvIM» Ul KCOCPeOOmOoUeHHbIM» BHYTPU Ce0sl WU «Hecym» Ha CBOEH
MTOBEPXHOCTH.



Cornacio Jlunamuueckoit Mopenu (cocraBistomieid teopuii BM) BHemiHsis
BOJIHOBasi 000JI0YKA YaCTUIBI-DJIEKTPOHA, KakK MW MPOTOHA, MYJIbCUPYEeT Ha
(pyHIaMEHTAIBHOM YacTOTE M, ATOMHOTO U Cy0aTOMHOTO YPOBHEM.

Ha or1oif d4actote nocpeocmeom nonesou Haocmpouku (KAHETHYECKOTO
MOTNIEPEYHOI0 TOJIsI) OCYIIECTBIISIETCS 0OMEH (B3aUMOJICHCTBHUE) DIIEKTPOHA U MIPOTOHA
C APYTMMH YaCTUI[AMU U C OKPYXKAIOIIIEM MOJIEM Ha aTOMHOM M CyOaTOMHOM YPOBHSIX
Bcenennoi.

Takum o00pa3oM, 3JIEKTPOH He ecmb <«3apsHKEHHAsS» 4YacTUlla W €ro  Helb3d
OTOXKJIECTBJISITh C OTPULATEIBHBIM «IIEKMPUUECKUM 3aAPA0OM», KaK 3TO TPHUHATO B
COBpPEMEHHOM (Qu3MKe, TJe IMOojararoT, 4YTOo OH ‘“‘umeem” 3apsii PaBHOMEPHO
“pacnpedenénnptit” 10 00BEMY WIIM MOBEPXHOCTH, “‘codeprycum’” nnn “Hecém” ero
(Kak cleayeT U3 yIOMSHYTBIX BBIIIE U APYTUX MOJOOHBIX BHICKa3bIBAHUN).



[ToaToMy, Oyaydn HEUTPaTBHBIM (KHe3apsiiceHHbiM»), DIISKTPOH, JBYIKYIIHNUCS TI0
KpyTrOBOM OpOMTE BOKpPYI MPOTOHA B aTOME BOJIOPOJA, 83AUMOOEUCMBYSI C NPOMOHOM
Ha 4acTOTE O, HE TEPSAET DHEPIUI0, U CIEAOBATEIBHO, HE MOXET YIAacTb HAa IIPOTOH
(mogoOHO Kak HE MaJaroT IUJIAHETHI, JBMXKYIIHMECS BOKPYT 3BE3M, U UX €CTCCTBEHHBIC
CIYTHUKH, JBYKYIITHECS BOKPYT IUIAHET, U T. II.).

Kcratn, y MHOrMX MOXET BO3HUKHYTh, MO-BUJIHUMOMY, TAaKXE €CTECTBEHHBIN
Bompoc. OTkyaa 6epETcst PHEPrUs ISl MOCTOSHHOTO HEMPEKPAIIAOIIErocs TBUKECHHUS,
B TOM YHUCJIE KPYTOBOI'O, B MUKPO- U Makpomupe, B Muposznanuu? 1 KTo «3aBEN yace»,
KOTOPBIE HE OCTAaHABIMBAIOTCS U PA0OTAIOT MOYTH KaK BEUHBIN ABUTATEIb?

Hampumep, Bpemss KU3HM camMoll CTaOWMJIBHOM 4YacTUIbl — MPOTOHA —
AMHAMHMYECKOTO BUXPEBOIO IMYJbCUPYIOLIETO HAa YacTOTe ), 00pa3oBaHMsl, COITIACHO
JIIM, ouenuBaercs He MeHee yeM B 2.9-10%° ner. A mis momjaepkaHusi BHYTPEHHUX
TUHAMUYECKUX MPOIIECCOB B TCUEHWH TAKOTO JJIMTEIHLHOTO CYIIECTBOBAHUS MPOTOHY,
€CTECTBEHHO, HY)KHA MOCTOSHHAs TOANMUTKA ero 3Heprueil. OTBEeThl Ha 3TH BOMPOCHI
coxeprkarcs B ctathe [9], mocTymHoM 11 ckaunBaHus B MIHTEpHETE.
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DNeKTpoH — HelTpanbHas (KHezapsiocennas») dIEeMEHTapHas Yacmuya MacCou
m,=9.1093837015-10-28 g.

CommacHo BM 37€KTpOH SIBIAETCS TAKKE OIEMEHMAPHLIM KE8AHMOM MAccCol, C
IIOMOIIIBIO KOTOPOro Ha (yHIAMEHTAJIBHON 4YacTOTE (), OCYLIECTBIIAETCI OOMEHHOE
B3aMMOJICCTBHE YACTHUIl HA aTOMHOM U CyOaTOMHOM YPOBHSIX.

dyHgaMeHTaNLHOE  npodonvHo-nonepeunoe  (Ha3bIBAEMOE B pusuKe
«OIIEKTPOMArHuTHeIMY,  E-B)  00MEHHOE  B3aUMOJEHCTBME  OCYLIECTBISETCS
2NEMEHMAPHBIMU KEAHMAMU UHIMEHCUBHOCIU (CKOPOCMUL) MACCO0OMEHA (g, PABHBIMH
MPOM3BEICHUIO DIEMEHMAPHO20 K8AHMA Maccol M, (PaBHOM MPUCOCAMHEHHONW Macce
3JICKTPOHA) Ha hyHOamenmanvHylo uyacmonyy obmeHa o, = 1.869162214-108 st
aTOMHOI'0 M Cy0aTOMHOI'O yPOBHEN:

g = M0, = 1.702691582-10-9 g-s-L (1)

(otkpeiTie BM [10]). 3rax anemenmapmnvix keanmoeé WHTCHCHBHOCTH MacCOOOMEHA
M M, OIIPENEIIACTCA 3HAKOM MACHUMHO20 MOMEHmMA 3IIEKTPOHA, T. €. OTPULIATEIIbHBIN.

DJeMeHTapHble  KBaHThl ~ MHTEHCUBHOCTHM  MacCcoOOMEHa  Ha3bIBAlOTCS B
nuanexktudeckon pusuke (BM) Takxke anemenmapuvimu 0OMeHHbIMU 3aPA0AMU.



B dactHOCTM, B aroMe BOAOpOAA HMEET MECTO OOMEH (B3aMMOJICICTBUE)
yunuHopudeckoz2o (MONEePEeYHOro, KMHETUYECKOTO) OISl 371eKMPOHA C PAOUdibHbIM
(MpOAOIBHBIM, MOTEHIMANIBHBIM) MoJeM npomona. Chepuueckoe (paauanbHOE) MoJe
MPOTOHA 3ambikaemcs Ha MWIMHIPUYECKOE (IIONMEpEYHOE) TMOJE DJIEKTPOHA.
ObecrieunBaeTcsi TEM CaMbIM CTAaOMJIBHOCTh JUHAMHYECKOM CHUCTEMBI SJIEKTPOH-
ITPOTOH.

CornmacHo /IM u 3akoHy yHHBepcalabHOro oOMeHa [6] sHeprus cBS3HM DIIEKTpOHA C
HpOTOHOM B AaTOMC BOI[OpOI[a ocyu;ecmeﬂﬂemc;z YHOMHHYTBIMH BBIIIC 3]l€M€HmaprlMu
Keaumamyu WHTEHCHUBHOCTH  MaccooOMeHa M.w,. Hampumep, omnpenenénHas 1o
dbopmyne oOMeHa, CIEAyIIIeH U3 VHUBEPCAbHO20 3AKOHA BOAHOB020 O0OMEHA
(oTkpeITOro B BM), 3HEprus CBA3M 3JIEKTPOHA UMEET CIICAYOIIee 3HAUCHHUE:

m? (2)

E, ooy =0 ——=13.6eV
8me, I,

e r, = 0.52917721092-10-8 cm — Boposckuii paauyc, &, = 1g-cm=—3 — abGcomoTHast
€IMHHUIIA IOTHOCTH.

DTO SHEpPrusi OCHOBHOTO COCTOSIHMSI aToMa BojiopoAa. PaccuntanHas TeopeTudecku
BenmunHa 13.6 €V (2) B TOYHOCTH COBMAJaeT CO 3HAYCHHUEM, ONPEICICHHBIM
AKCIIEpUMEHTaILHO. Ha3pIBaeTCst sHEPTHE MOHU3AIMU aTOMa BOAOPO/IaA.



DHeprus MeXKy3elIbHON CBS3M (TaKKe MEKTpOHHOro ypoBHs) [11], xapakrepras ms
MOJIEKYJI U KPUCTAIUTMYECKUX TEJI, paBHA

2
Ee_we

m;
8re i,
rae A, — QyHOAMEHTAIBHBIN 6071HO60U paouyc, XapaKTEPUCTHUYECKOE PACCTOSHUE B
BOJIHOBBIX aTOMHBIX MTPOCTPAHCTBAX, 3a/aBaeMoe PyHIaMEeHTaIbHON YacTOTONH 0OMeHa
(B3aUMOJIEICTBHS) aTOMHOTI'O U CyOAaTOMHOIO YPOBHEH ®,, OH paBeH

%, =2e — C _1603886998x10° cm (4)

2n o,

dyHIaMeHTallbHAsg 4acToTa @, onpedeisdem BCE NPOLECCHl HAa AaTOMHOM U
Cy0aTOMHOM YpOBHSIX, B TOM YHCIJIE€ HPOUYHOCHb WU HPOMSANCEHHOCMb BHYTPU- U
MEKATOMHBIX CBSI3CH (KCUTbHbIX» W KINEKMPOMASHUMHBIXY), T. €. OIPEACIAeT
CmpoeHue eujecmas. aroMOB, MOJIEKYII, dKUJKOCTEN U TBEPIBIX TEJ.

= 4.49eV (3)

BonnoBoii  pamuyc A, (4) mnposBuser cebs Kak Mepa, oOmnpeaenseMas
(pyHIaMEHTAIBHOM 4YacTOTOW ,, 3aJarollasl IIar, MHTEpPBaj, CTPOTO ONpPEAEIEHHOE
paccTosiHUE B PACIOJIOKEHUN aTOMOB BO BCEX XUMHUCCKUX coeauHeHusx. Hampumep,
YABOEHHOE 3HadeHue i, D=2k, ~0.32nm, paBHO CpeIHEMY 3HAUEHUIO N1apaMETPOB

(MOCTOSIHHBIX) PEUIETOK KPUCTAJIIOB.



Eneprusi mexysensHoi cBsi3u (3) B Monmekynax W kpucramiax E,=4.49 eV
OTIpeNeNsieT pabomy 6vixoda OSISKTPOHOB TBEPABIX Ted. Hampumep, y MoHO- |
nonukpucramioB Al, B, Bi, W, Fe, Co u Cu pabota BbIxoaa jJekuT B npenenax 4.25 +
4.67 eV. Dueprus (3) mpakTUYECKH COBIANACT C dHepaueli duccoyuayuu MoaeKkyi: H,
(4.48 eV), HD (4.51 eV), HT (4.52 eV) u 6nu3ka K SHEprUM AUCCONHUAU MoJekyn O,
(5.1eV)u OH (4.4eV), u . 1.

Ouepeusi ceA3u  (PNEKTPOHHOTO YPOBHSI) Ha MOIb BEIIECTBA ONPEAENSET
XapaKTEPUCTUUECKYIO FHEpeUto OUCCOyUayuy XUMUIECKUX CBI3eH

2

E, =l M N, =433.1211762 kJ -mol * =103.4492 Kcal -mol > (5)
TEGN ,
rne N, — wumcio Asoragpo. Ota DJHEprus HaxXOOUTCS B  CONIACUU  C

OKCIICPUMCHTAJIbHBIMH  3BHAYCHUAMMU OHepouu paszpvied XUMHYCCKHUX CBsI3ell B
monekynax CH, (101 kcal-mol-?), C,H, (104 kcal'mol-1), u t. &.

Pacuér sHepruii BHyTPEHHUX (KCUTbHBIX») MENCHYKAOHHBIX (MEXKY3EIbHBIX) CBI3eH
B «amomax», AMEIOLUX 000JI04€YHO-Y3JIOBYIO (MOJIEKYIISPHO-TIOO0HYI0) CTPYKTYDY,
U PacU€T NONHLIX dHepaull CBSI3U TAKUX «aTOMOBY», BBIMIOJHEHHBIM B paMKaX TEOpUid
BonnoBoit Mopenu, BO BceX MOAPOOHOCTSAX H3JI0KEH HA NPUMEPE MOJEKYJISAPHO-
MOJIOOHBIX «aTOMOBY TeIUs, YIIIEPOIa, ISUTepus U TPUTHS B cTathe [12].
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CBOOOIHBIA HeB030YHCOEHHBII aTOM BOAOPOJIa — CHUCTEMa MPOTOH-JEKTPOH —
HaXOSICh B PABHOBECHOM COCMOAHUU C OKPYXAIOIIEW Cpeioi, Korma HET BHEUIHUX
BO3JIEUCTBUI M 9JEKTPOH TMOCTOSHHO HAXOJUTCA B COCTOSSHUM PaBHOMEPHOTO
KpYyTOBOTO JIBUKEHUU IO CBOEH cTalMOHapHOW opOuTe, BCE-Taku usiryuaem W
noenowaem. ITOT MPOLIECC UMEET JUHAMUYECKU PABHOBECHBIM XapakTep. M3znyuenue
O4YeHb craboe — (oHOB60e, OHO HE CBSA3AHO C MEPEXOJIOM aroMa U3 0oJiee BBICOKOTO
HSHEPTreTUUECKOTO COCTOSIHUS Ha 00JIee HU3KOE.

DOHOBOE U3TYyUYCHHE aTOMOB BOJOPO/A JICKUT B MUKPOBOIHOBOU OOIACTU CIIEKTpa
ANEKTPOMArHUTHBIX BOJH. bBBUIO OTKpBITO meopemuuecku B pamkax teopund BM.
OnyonukoBano Brepsbic B 2001 roay B kaure “Atomic structure of matter-space” [6;
Chapter 10, §2 Bohr § postulates and Planck s radiation formula, p. 503-516].

U3 pacuémos, BEIOIHEHHBIX 110 ¢opmyne HOHOBOTO CIEKTpa, BhIBeeHHONW B BM,
credyem, 4Yto Temneparypa ¢ona paHa 2.728 K. Cornacho BM mpupona
MUKPOBONIH08020 onosoco usnyuenuss (M®DU) aromoB Bojgopoma o0OycCiIOBICHA
O0COOCHHOCTSIMU BOJTHOBOTO CTPOCHMS, TIOBEACHUS U B3aUMOJEHCTBUS COCTABIISIONIUX
aTOM YacCTHI] — IPOTOHA U 3JIEKTPOHA.



ITpu nIBWKEHUM YaCTHULBI-2JEKTPOHA MAaccod M, IO KPyroBoll opOHMTE B arome
BOJIOPO/Ia HMEET MECTO €ro oobmen (B3amMMOMAEHCTBHE) ¢ TpOTOHOM. Ilporecc
B3aUMOJICUCTBUSA OuUHAMUYECKUU, OH COIMPOBOXKIAETCA CTAaOUJIbHBIM PaBHOBECHBIM
U3TydeHueM (H)neevim 0OMeHoM) — €CTCCTBEHHBIM 2IeKMPOHHbIM <ULYMOM», JaCTOTHI
KOTOPOTO JIe’KaT HE B ONTUYECKOM 00JIaCTU CIIEKTpa U3TyUeHUs, KaK 3TO UMEET MECTO B
clly4yae U3JIy4eHus Bo30YyKIAEHHOTO aToMa, a B MUKPOBOIHOB0U 00JIaCTH.

[TonpoObHOCTH 00 OTKPBITUM, CACIAHHOTO B paMkax Teopuil BomHoBoit Mogenu
MUKPOBOJIHOB020 (DOHOB020 U3NYYEHUS AMOMO8, COIEPKATCA B BUICOPOIHKE,
MOCBALIEHHOM aHAJIW3Yy TUIIOTE3bl MPOUCXOXKICHUS BCeneHHOM B pe3ylbrare
rurnoreTnyeckoro bompmoro B3peisa [13].

Ixcnepumenmanvho M®OU O6bU10 00HAPYKEHO KaK PABHOMEPHO 3aIlOJHSIONICE
Bcenennyro  TemioBoe  W3JIyY€HHWE, KOCMHUYECKHMH  MHUKPOBOJIHOBOM  (HOH,
COoOTBETCTByIOIMM Temmneparype 2.728 K. CybvekmusHo, 6e3 yOEIUTEIbHBIX
o0okazamenbcme, MUKPOBOJIHOBOM (POH CTajl MHTEPIPETUPOBATHCS KaK TaK HA3bIBAEMOE
«peruxkmosoe» n3ydeHue. SIkoObl 0CTaTOYHOE, JOCTHUTIIIEE YKa3aHHOW TeMIlepaTyphbl
Py OXJIAKJIECHUU pacuupstoeiicss Becemennoil 3a npumepHo 14 mummapaoB J€T
MOCJIE THUIIOTETUYECKOTO MHUCTHYECKOTO bompmoro B3pbeiBa, MOJ0XKHUBILIETO, Kak
MPUHATO CUUTATh B GU3UKE, HAYAJIO 3apOokaeHUI0 BeeneHHo.
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3HaKU «IUTIOC» U «MUHYC» TaK HA3bIBAEMBIX «IIEKMPUUECKUX 3aps006» TPUIHUCAHBI
YaCTULAM YCJIOBHO [0 PE3YyJbTAaTy B3aMMOACHCTBUS HMX, B YAaCTHOCTH, C MAarHUTHBIM
MOJIEM, B KOTOPOM OHM JBUXKYTCS. «[lonodgcumenbHo U OMpuyamenbHo 3apsadiCeHHbvle»
YaCTULBl OTKJIOHSAKOTCS, COOTBETCTBEHHO, B IMPOTHUBOIIOJIOKHBIX HANPABICHUSAX OT
MIEPBOHAYAJIbHON TPACKTOPUU JIBUKECHUS.

[IpuunHa oTkioHeHUsT oObsicHsieTcss B BM noBonbHO mipocto. B coorBercTtBuM ¢ JIM
YJACTHUIIBI SBIISIOTCS 6UXpesbimu 00pa30BaHUAMH (cihepuueckumu cmosuumu 60IHAMU), UX
BOJIHOBasl cepuyeckas 000504Ka nyrvcupyem ¢ 4actorol o, Ha stoii yacrote, B
YaCTHOCTH, OCYIIECTBIsIeTCSI OOMEH (B3aMMOJIEUCTBUE) MPOTOHA C AJIEKTPOHOM B arome
BOJIOPO/Ia, UX CBSI3b MEXKIy COOO.

B caydae moHM3anMu aToMOB, MPH WX BO30YXKICHHH, B TEUCHWH BHYTPHATOMHOTO
MEPEXOJHOTO TMPOIECCA BO3ZMYIIAETCS BCE OKPYXKAOIIEE aTOM MPOCTPAHCTBO, B KOTOPOE
BOBJICKACTCSI OTPOMHOE€ MHOXECTBO YaCTHUIl MOHKO-MAMEPUATIbHO20 CYOIIEKMPOHHO20
ypOBHs BceneHHou.

CornacHo mnpencraBieHussM BM nomox cybsnekmporHbix uacmuy W €CTh TO, UYTO
Ha3bIBAlOT B (usuke macnumnvim nonem [14, 15]. Tlotoku cybonexkmponuvix uacmuy
OKPYKalOT MPOBOJHUK C TOKOM, MAarHUTHI, HAIIy 3€MJII0 U 3alOJHSIOT MEKIUIAHETHBIE,
MEXK3BE3/IHbIE M MEXTaJlaKTUYECKHE TMPOCTPAHCTBA. OTO yuluHopuyeckoe ToOJe-
MPOCTPAHCTBO  cyOaieKkmpoHHo20 ypoBHS. CyOdJeKTpPOHHBIE YAaCTHUIBI  SIBJISIOTCS
COCTaBJIAIOIIUMHU TUTIOTETHYECKOTO 3hupa.



CybanekmpoHHble Yacmuybl 3aMOTHSAIOT KOCMUYECKOE MPOCTPAHCTBO U SIBIISIOTCS,
M0 BCEH BEPOSATHOCTH, TOM MaTepuadbHON Cpeoil, B KOTOpOoW Oiarogapsi BOJTHOBOMY
MPOLECCY  OCYWIECTBISAECTCA IMEPEHOC DHEPIUM DIIEKTPOMATHUTHOTO M3IIYyYECHUS
IAPOKOTO IUAIa30Ha JJIMH BOJIH.

[Ipyn moHu3anuu atomMa BOJAOPOAA DJIEKTPOH, MOKUHYBIIUN KPYTrOBYIO OpOUTY IIO
KOTOpPOW OH JBHTajcs CO CKOpocThio U, = 2.1876911263x108 cm-s* (mepsas
BopoBckasi CKOPOCTB), BBUIETEB U3 aroMa IPOJOJIKACT BPAIaThCS B MPOCTPAHCTBE C
TOM e CKOpPOCThI0. TO eCTh d6udcenue CBOOOTHOIO JIEKTPOHA, TOKUHYBIIIETO MPOTOH
Y JICTSIIETO MOJ JEHCTBUEM BHEIIHETO MOJIsl, TPOUCXOJIUT IO 8UHIMOBOU TPACKTOPHUHU.

[Ipu 3TOM coxpaHsieTCs BUXpEBas HMUIMHIApUYECKas (IOMEpeUHas) mopouddaibHas
CTPYKTypa TIOJS €ro HaJACTPOMKH, IPEACTABIIONIas CoOO0W 6UXpesol Nomox
CYOI/IEKMPOHHBIX YACMUY — MASHUMHbBIL NOMOK, OTBETCTBEHHBIM 3a HAJIMYHE Y
JBIDKYIIETOCS TAKKUM 00pa30oM AJIEKTPOHA 0pOUmaibHO20 MarHUTHOTO MOMEHTA.

JleTAmmi Mo BUHTOBOM TPAEKTOPUH IIIEKTPOH, COITPOBOKIAEMBIN IMOPOKIAEMBIM UM
BUXPEBLIM NOMOKOM CYOIICKTPOHHBIX YacCTHUI (Macnumuwvim noiem), o0NagacT, TAKUM
o0pazoM, MmacHumubiM MomeHmomM (HA3bIBAEMBIM TaKKe OUNOJbHLIM MAaTrHUTHBIM
MOMEHTOM ).



CoOCTBEHHBIM MarHUTHBIM MOMEHT 3JICKTpPOHA (TaK HA3BIBACMBIA KCHUHOBHIUY)
HUYTOKHO Majl UM €ro BKJIaJd B oOpOUmMAbHbIli MAarHUTHBIA MOMEHT, MOPOXKIAEeMbIN
BUXPEBBIM TIOTOKOM CYORJICKTPOHHBIX YaCTHUI[ TNPU KPYTrOBOM JBHXKEHHH DJIEKTPOHA,
HecyuiectBeHeH. [logpobHocTu npeacTasienuii BM o «cimHe» 371eKTpOoHa, «CIIMHOBOM» U
OpOUTAIbHOM MAarHUTHBIX MOMEHTaX 3JIEKTPOHA, a TAKXKE COOTBETCTBYIOILIUE PE3YJIbTAThI
pELICHU, KacarollWecs 3HAYCHUM YKa3aHHbIX IapaMeTpoOB, INONYYEHHBIX B BM,
coaeprkarcs B padote [16].

BBaHMOHeﬁCTBHG MAarouTHOroO MOMCHTA OGMDfC)/Z/I/;QZOCﬂ QJICKTpOHA C MAardvMTHBIM
mojaceM, Co3aaBacMbIM JpPyIruM HCTOYHHUKOM, HAIIPHUMEP, IIOCTOAHHBIM MAIrHHUTOM,
npeaAcTaBACT IO CYTHU BBaHMOHefICTBI/IC 6Upesoco nomoka Cy63ﬂ€Kmp0HHle yacmuy
OJICKTPOHA C nOMOKOM Cy63JZ€Kmp0HHle yacmuy MarouTHOI'O I10JIA IIOCTOAHHOI'O MarnuTa.

[Ipyn NBMXKEHUM SJIEKTPOHA B MACHUMHOM Noje, T. €. B NOMOKe CYO31eKMPOHHbLIX
yacmuy JAHHOTO IIOJS, HANpasieHue 8paujarujecocs ¢o CKOPOCTBIO Vy MOopoudaibHo20o
8UXps CYODJIGKTPOHHBIX YaCTHUI[ HAJCTPOMKU dJIEKTpOHA (OKPYXKAIOIIEH 5SIEKTPOH,
BpalIalolIUiCcs C TOM e CKOPOCTBIO), cosnadaem ¢ OOHOU CHMIOPOHbL TOPOUIATHLHOTO
BUXPS C HANpasieHuem nomoxa Cyod3IeKTPOHHBIX YaCTUI] MAarHUTHOTO 71015, B KOTOPOM OH
IBWKETCS, a ¢ Opyeol CMpOHbl TOPOUJAIBHOTO BUXPS DJIEKTPOHA HAMPABICHHUE €ro
BpALLICHUS HPOMUBONOTIOHCHO HANPABIEHUIO NOMOKA, B KOTOPOM OH JIBUKETCH.



B pesynbrare BO3HUKAET pasHuya 6 NIOMHOCMSAX TOTOKa y TPOTHBOIOJIOXKHBIX
CTOPOH TOPOUJIAIIBHOTO BHUXPS (BUXPEBOTO TMOJA) HAJACTPOMKM DSIEKTpoHA. A
CJIEIOBAaTEIbHO, TMOSBISCTCS pasHuya O0asiexuli Ha TMPOTHUBOIOJIOKHBIE CTOPOHBI
IBIDKYILIETOCA ~ DJIEKTPOHA,  6bl3bl8alOwds  OMKIOHeHUue  €ro  JBWKEHHUS  OT
MIEPBOHAYAIILHOTO B HAIIPABIICHUU, 3aBUCAILEM OT OPUEHTALlMM BEKTOPOB. BEKTOpA
MACHUMHO20 ~ MOMeHma  JBWKYWIETOCS  21eKmpoHa W 8eKmopa  Nomoxa
CyORJIEKTPOHHBIX YaCTHUI] MATHUTHOTO TIOJIs, B KOTOPOM OH JIBMXXeTCsl. Hanpasnenue, B
KOTOPOM OTKJIOHSIETCSI DJIEKTPOH, MPUHITO CYUTATh B (PU3MKE MPUCYIIUM YaCTHUIIAM,
001a4aI01UM OMPUYAMETLHIM <INLEKMPULECKUM 3APIOOM.

TakoB 1O CyTM MEXaHUM3M TaK Ha3blBA€MOM «Cuib» JlopeHna — «cuiwbl,
oelicmayroujeli Ha OBUNCYUUNCA O cKopocmbio N «3apsd» ( 6 mMacHumuom noie». B
cucrteme CU dbopmyna ajist onpeneneHus «cuiabs» JlopeHiia umeeT BU/I:

F:q[v, B]
e ( — «ogekmpudeckuil 3apsao» (KKomuuecmeo dneKkmpuiecmea»), CIAHUIA

usmepenus kyiox (Ki, C); B — BEKTOP «MASHUMHOU UHOYKYUU», CIUHUIA U3MEPECHUS
mecaa (T, T).



B BomHoBou Mopgenu packpbIBaeTCsi MCTUHHAs npupona «cuib» JlopeHua: 3T1o
MOWHOCMb 60HO8020 0OMena B momnepedHoM (transversal, «marHuTHOM») TOJE.
OmnpenensieTcss (B 0O6vekmusHot CUCTEME €AUHUIl MaTEepPUHU-TIPOCTPAHCTBA-BPEMEHU
MLT: g, cm, S) nmnsd ABMXKYIIETO OSIIEKTPOHA B MATHUTHOM IIOJI€, CJCAYIOIIUM
BBIPAXKEHHEM,

— mao . —
Fans =——¢| Y, B

trans
C

e B eCTb  KUHeMamuyecKuil  6eKmop-CKOPOCHb  B0IHOB8020  (PU3UYECKO20
NpoOCMpancmea, XapakTEePU3YIOIUN yuiuHopuyeckoe (nonepeuroe, «MAcHUMHOEe))
BOJIHOBOE I10Jie 0a3MCHOIO MPOCTPaHCTBa (CKOPOCTh MArHUTHOTO IMOTOKa — IOTOKA
CyO3JIEKTPOHHBIX YaCTHI[), €r0 OOBCKTHMBHAs  pPa3sMEpPHOCTH CMXS!; m.w, ecTh
JNIeMEHMAPHbIll K8AHM UHMEHCUBHOCMU Maccoobmena (83aumoolelicmsus), M, —
NpUCOeOUHEHHAs Macca JIIEKTpOHa (DJIIEMEHTApHBIA K8aHmM Maccbl OOMEHaA), M,

¢ynoamenmanvras uacmoma oOMEHa Ha aTOMHOM H Cy0arOMHOM YPOBHSX;V,—
CKOPOCTh TOPOHUJIAJIBHOTO BUXPS MO AUAMETPY €ro OKPY>KHOCTH, PABHOMY JIHUAMETPY

BUHTOBOW TPAECKTOPUU JBUKEHHUS JIEKTPOHA.

[TonpoOHOCTH 0 BEKTOpax B M E W UX OOBEKTUBHOM pa3MEPHOCTH PACCMOTPEHBI, B
JaCTHOCTH, B [17].



[Ipupona B3auMOAEHCTBUS JHOOBIX MarHUTOB MEXIY COOOM MmojgoOHa ONMCaHHOMN
BBIIIE JISl JIBMOKYIIETOCS B MAarHUTHOM TIOJI€ JJIEKTPOHA. IJTO — B3aUMOJICHCTBUE
BUXPEBBIX HNOMOKO8 CYOINIeKMPOHHbIX 4acmuy MArHUTHBIX TIOJIEM MarHuTOB.
[lomoOHBIII MexaHuW3M HWMEET MEeCTO W B THAPOAMHAMHUYECKOM MPOIECCE
B3aMMOJICCTBHUS BPAILIAIOIIETOCS TeJa, IBUXKYIIETOCS B BOAHOM IOTOKE.

[IpoToH — cJ0XXKHOE BHUXpEBOE OOpa30BaHHE W3 COCTABISAIONIMX BHXPEBBIX
o0pa3zoBaHuil («YaCTHI) HIDKENEkKAUUX YPOBHEH. AHAJTOTUYHO TMTAHTCKOMY BUXPIO
— TrajlakTHKe, ¢ €€ COCTaBJISIOIMIMMH IapOBBIMU 3BE3AHBIMU CKOIUICHUSIMU U Ooliee
JUCTIEPCHBIMU ~ BHUXpSAMHM  —  IJIJAHETapHBIMU  cucTemMaMu.  McclienoBaHuIo
BUXpeoOpa3oBaHusi B TMPUPOJE TOCBAIICHBI HMHTEPECHbIE palboThl AJieKcaHIpa
Mummuna. B uHTepHeTe ecTh ero HeOombinoi nokman 2015 roga Ha STy Temy
"Buxpeesas ounamuka, 31eKmpocmamuKa. Cmpykmypa u npeoopazoeanus' .

[TpoTOH MMeeT BHEUIHIOW PEe3yJbTHPYIOIYI0 CPEPHUSCKYIO BOIHOBYIO 00OJIOUKY.
[ToneBast HajACTpOWKa MPOTOHA B BHJE BUXPEBOTO IOTOKA CYOAJIEKTPOHHBIX YACTHIL
OTBETCTBEHHA 33 HAJIMYHE Y HETO <NOLONCUMENbHO20» MArHUTHOTO MOMEHTA.
[TonpoOHOCTH pacuéra BEIWYMHBI MACHUMHO20 MOMEHMA NPOMOHA, BIEPBBIC
BBIIIOJITHCHHOTO B u3nke B pamkax BM, cogeprxkarcs B crathe [18].



MexaHnu3M B3aWMOACHCTBUS CTAllMOHAPHOTO HOMOKA CYONEKTPOHHBIX 4acTuil (T.
€. MarHUTHOTO TOJISI TOCTOSIHHOTO MAarHvWTa) C JABWKYLIMMCSI B €r0 IOJIE HPOMOHOM
(ero WIOJBHBIM MarHUTHBIM MOMEHTOM) WJIM JIIOOBIM JPYTrUM HOHU3UPOBAHHBIM
aTOMOM, TaKOM K€, KaK U C ANEKTPOHOM. Pa3HuIa IMib B TOM, YTO BEKTOP MarHUTHOTO
MOMEHTA y MPOTOHA W HOHU3UPOBAHHBIX AaTOMOB WMEET HPOMUBONONONCHYIO
HAMpPaBJICHHOCTh 110 CPABHECHUIO C HANPABICHUEM OPHUEHTALUM BEKTOPA MATHUTHOIO
MOMEHTA ABUXKYIIETOCA AIEKTPOHA. BeiencTBre 3TOro OTKIIOHEHUE UX ABHXKEHUM OT
IIEPBOHAYAJIBHOIO IIPSAMO IPOTUBOMOJIONKHO OTKJIOHEHHIO, KOTOPOE HCHBITHIBAET
ANEeKTPOH. [103TOMY yOMSIHYThIE YaCTHUIIBI IPUHATO CUUTATh B PU3HKE 001 al0IIUMU
NONOHCUMENbHBIM KINEeKMPUYECKUM 3aps0oM», B OTIIMUKE OT DJIEKTPOHA.

Hrak, B3auMOJIEHCTBUE MATHUTHOTO MOMEHTA NPOMoOHa, KOTOPOMY MPUIIACAH 3HAK
«IUTKOC», C MATHUTHBIM TI0JIEM, CO3/IaBAEMBIM IMOCTOSIHHBIM MATHUTOM, UMEET TAKOU KE
XapakTep, KaKk M B3aMMOJECUCTBME MArHUTHOTO MOMEHTA ABWXKYILETOCS 371€KMpOHd.
Pazauna numpe B TOM, YTO MX MAarHUTHbIE MOMEHTBI MMEIOT ITPOTHUBOIOJIOKHBIC
HarpaBieHus. [losToMy # OTKIOHEHHUS, KOTOpoe 00€ 4YacTHIbl HCIBITHIBAET B
MAarHUTHOM TI0JIE€, TPOTUBOIOJIOKHBI.



OTtcrona pasHbie (IIPOTUBOIMOJIOXKHBIE) 3HAKM TaK HA3bIBAEMbIX «3IEKMPUUECKUX
3aps006», TPUIIMCAHHBIX JJIEKTPOHY M TMPOTOHY KaK U APYIMM HOHU3UPOBAHHBIM
BOJIOPOJIONIOA00HBIM aTOMaM, M3-3a 001adaHus KOTOPBIMH, KaK CUMTAeTCs B (DU3HKE,
yKa3aHHbIE YaCTHUIIbl B3aUMOJCHCTBYIOT C MAarHUTHBIM TOJIeM. 3HAKU 371eMeHmMAapHbIX
K8aHMO8 UHTEHCUBHOCTH MaccooOMeHa (OOMEHHBIX 3apsi/I0B) AJIEKTPOHA U MPOTOHA,
MW H M,®,, ONPEACIAOTCS 3HAKAMH MX MarHUTHBIX MOMEHTOB.

B mpomonsnom (longitudinal, «snexrpudyeckoM») mojae MOIIHOCTh BOJHOBOIO
obmeHna («cunay» Jlopenua) onpenensercs B BM BeipaxkeHrem

—

I:Iong = meO)eE
Tac E C€CThb KUHemamu4eckutl 6EKMOp-CKOpOChnlb 60JIHO6020 gbus’uqecmeo
npocmpancmea — uauyeckas Xxapaxkmepucmuxa cgepuuecko2o (npooosibHO2O,

«21eKmpuyecko20») BOJTHOBOTO TOJISI TOTO kK€ 0a3MCHOrO MPOCTPAHCTBA, YTO U BEKTOP-
CKOpoCTh B . OObeKTUBHAS Pa3MEPHOCTH BEKTOPA-CKOPOCTH E CMXS7L,

Mexanusm BO3/ICHICTBUA Ha JBUKYIIUHCS AJIEKTPOH NPOOOILHO20
(«anexkmpuueckoeo») MO OTANYACTCS OT MEXaHHM3Ma BO3JCHCTBHS Ha HErO BUXPEBOTO
nonepeuro2o (<KMacHummno20y) mollsl.



B KA4eCTBE npuMepa paccMOTpUM JIBUKCHHUS ANEKTPOHA B
«a7IeKmpocmamuyeckom» Mojie IOCKOro koHaeHcaropa. C TOUKM 3peHUsT JUATEKTUKH
(m cooTBeTCcTBeHHO, BM jauanmektuuecko (QU3UKH) cmamuueckue noas He
cyecTBylOT B [Ipupose, rae Bc€ HaXoAUTCs B TOCTOSIHHOM KOJie0aTeIbHO-BOTHOBOM
IBWKeHUU. Tak HaszbiBaeMoe B (PUBMKE «drexmpocmamuyeckoe» moie cornacHo BM
SBJISIETCS. BOJIHOBBIM IojieM. Ero gactora paBHa ®,, T. €. (pyHIaMEHTaJIbHOW 4acTOTe
oOMeHa (B3auMOJICHCTBHS) HA aTOMHOM U Cy0aTOMHOM YPOBHSX.

Cyboanekmponnble yacmuysbl 3aMONHSIIOT BCE KOCMHUYECKOE IMPOCTPAHCTBO, B TOM
qucjae MaTepualibHbIE TPOCTpaHCTBA ((u3nueckue W TOHKO-MaTepualibHBbIC), H
SBIISIIOTCSL TOM MaTepHallbHOW Cpeloi, B KOTOPOM Ojarojapsi BOJIHOBOMY IIPOIECCY
OCYILIECTBIISAECTCS IEPEHOC DHEPTUU «AIICKTPOMArHUTHOTO» W3JIYYECHUSA I[IUPOKOTO
Jyana3oHa JJIMH BOJH. OTH YaCTUIbl HAaXOISITCS B IPOCTPAHCTBE B COCTOSIHUM
Xa0TUYECKOTO JBHXKEHHSI BOKPYT CBOMX IIOJIOKEHWW paBHOBecus. VX HampaBiieHHOE
IBWKECHUE, NOMOKU, U €CTh TO, YTO HA3BIBAIOT B (DU3UKE «MACHUMHBIM TIOJIEM).

Cy0aJ1eKTpOHHBIE YaCTHIIBI CYIIECTBYIOT, €CTECTBEHHO, U B MPOCTPAHCTBE MEKIY
IJTACTUHAMU IUIOCKOTO KOHAEHCATOPA.



B «3apsx€HHOM» KOHJIEHCATOPE Ha IMOBEPXHOCTH IOJOXKHUTEIBHO «3aPSIAKEHHOMN
IJJACTUHBI  aTOMbl  HAXOAATCS B BO30YXKJIEHHOM COCTOSIHUM, 4YacTb W3 HHUX
noHu3upoBaHa. Ilynbcanuu ux cepuyecKuX BOJHOBBIX O0OJOYEK HA YacTOTE
BO30Y)KJIAlOT MPH AITOM OKpY’Kalolllee IIIACTUHY IPOCTPAHCTBO CYO3JIEKTPOHHBIX
YJaCTHUII, KOTOPbIE HAUMHAIOT KOJIE0AThCsI C TOM JK€ YaCTOTOM.

Amimuntyga kojeOaHuUH CyOd/NEKTpOHHBIX 4YacTHUIl Ha 4YacToTe @, BOIU3U
BO30Y)KJIEHHON  «IMOJOXUTEIBbHO  3apsHKEHHOW»  IJIACTUHBI ~ MakCUMalibHa. Y
MIPOTHUBOMIOJNIOKHOM, «OTPULATENIBHO 3apsKEHHOW» IUIACTHHBI, pPaBHA HyNSA. Takum
o0pa3oM B TMPOCTPAHCTBE MEXAY IUIACTUHAMH «3apsHKEHHOTO» KOHJEHcATopa
oOpasyeTcst epaduenm amnaumyobl KoieOaHui Ha 4acTOTE€ ®, MOJsA CyO3JIEeKTPOHHBIX
yacTull («paznocmes nomenyuaniosg Ap»).

BonHoBass mnpupoma mnoiisi IUIOCKOIO KOHJEHcAaropa yuuTbiBaercss B BM wm
OTpa’kaeTcsi, B 4YacCTHOCTHU, B ¢GopMmyie EMKOCTH KOHIEHCATOpa HaJIMYMEM B HEH

(yHIaMEHTAJIBHON YaCTOTHI (M, m.o
C=ndes _n M g-cm”

A E-d
rie Ogg = M,®, — DIEMEHTAPHBIN OOMEHHBIN 3apsa  (IEMEHTapHBIA KBAHT
MHTEHCHUBHOCTH MaccooOMeHa, J+S~1), N — 4ncIio aneMeHTapHbIX OOMEHHBIX 3apsAI0B Ha

IMOBCPXHOCTH INNIACTUHBI KOHACHCATOPA.



[Mapamerp E — xrunemamuuecxuii eexmop-ckopocmv BOJHOBOTO (DHU3UUECKOTO
IpOCTpaHCTBa B KOHeHcarope (CM-S) (ompeaenseTcss BEIUYMHOM KoieOamenvbHol
ckopocmu  BO30OYKIEHHBIX CyOICKTPOHHBIX dYacThil), 0 — paccTosHHE MEXITy
iacTHHaMHu KoHjeHcaropa (cm). O0ObekrtuBHas pasmepHocTh éMkoctd [C] = g-cm™2
([19], crp. 391-392). Ecmu mnpocTpaHCTBO MEXAy OOKJIaJKaMH 3aIllOJHEHO
JAMIJICKTPUKOM, EMKOCTh KOHJICHCATOpa YBEIIMUUBACTCS B € Pa3, Il € — OTHOCHTEIbHAS
IUTOTHOCTB MTPOCTPAHCTBA KOHACHCATOPA.

[Ipr mnpoXOXKIEHUA DOIECKTPOHA 4YEpEe3 «ajnekmpuueckoe» TIOJE KOHJIEHCATopa
ANIEKTPOH MOJIyYaeT YCKOPEHUE BCETAA B HANPABICHUU BO3PACTAHUS MMOTEHIHAAIA MOJIS
KOHJICHCATOpa, TNEPIEHAUKYIAPHO  OKBUIIOTCHUHUAIBHOW  IOBEPXHOCTH, T. €.
OTKJIOHSIETCSI B CTOPOHY «HNOJOACUMENbHO 3apsdicéHHon» TacTuabl. B BM mexannsm
JAHHOTO SIBJICHUSI OOBSICHIETCS JJOBOJILHO MTPOCTO, CIAEAYIOLUIUM 00pa3oMm.

HNoHusnpoBanHble aTOMbl  (IIPOTOHBI) HAa IOBEPXHOCTH  «IIOJIOKUTEIBHOY
3apSOKEHHOM  TUIACTHHBI  OONIAIAIOT  KHONONCUMENbHLIM» MAaTrHUTHBIM MOMEHTOM.
[TosTOMY, €CTECTBEHHO, NBWKYIIUMUCS AJIEKTPOH, OOIaAaIOUUi «ompuyamenbHuLm»
MAarHUTHBIM MOMEHTOM MPUTATHUBACTCS K <HOJNOACUMENbHO 3aAPSIKEHHOW» IUIACTUHE,
TOYHO TaK K€ KaK NPUTATUBAOTCA PAa3HOMMEHHBIMU TOJFOCAMU JIBA MArHUTA.



&k

Takum 00pa3oM, HUKAKUX JJIEKTPUUYECKUX 3apANIOB, KaK HeKou cyOcmanyuu, He
cywecmeyem B llpupome. K mipumepy, HEUTPOH CUHMTACTCA KHE3APANCEHHOU
HeWTpanbHOW dYacTuued. OpHako OH o00JagaeT OTpPULATEIBHBIM MarHUTHBIM
MOMEHTOM, KaK U OpOUTaIbHBII MarHUTHBIA MOMEHT 3JIeKTpoHa (Ho npumepHo B 2000
pa3 MEHBIININ), KOTOPBINA CUUTAETCS K3APANHCEHHOU» YACTULIEH.

CyniecTBOBaHHE MAarHMUTHOTO MOMEHTA Yy HEWTPAIbHOM YACTULBI — HEeUmpoHa —
BBI3BIBACT y (M3UKOB HemoyMeHue. CoBpeMeHHass (pu3nka He B COCTOSSHUU OOBSICHUTD
stoT (pakT. M moToMy, He HaWAs ISl 3TOTO COOTBETCTBYIOIIHUX TEOPETHUYECKUX
NPEANOChUIOK, HE HMEET M0 CHUX Mop QOpMyNbl [JIi BBIUUCICHHUS 3HAUYCHUS
MarHUTHOTO MOMEHTa HEUTPOHA (KaK, KCTAaTH, U MPOTOHA).

COMHHUTEILHBIMA MaHUMNYJISIHUSIMH C BBIIYMAaHHBIMH KBapKaMH, <001a0aoujumu»
MIPUTTHCAHHBIMHU UM HECYIIIECTBYIOIMNMU MHUCTHUYECKUMHU OpOOHBIMU
«aleKmpudeckumu» 3apsaaamMu, (QU3UKH MBITAIOTCS OOBSCHUTh XOTh KaK-TO JIMIIb
COOTHONIEHHE W/, TPUMEPHO PaBHOE —2/3, ¥ MPOTHBOTONIOKHBIE 3HAKN 3HAYCHHH
MarHUTHBIX MOMEHTOB HEMTPOHA 1 MPOTOHA.



Cornacno CODATA pexomenayembix Ha 2018 rox 3HaueHuil (yHAaMEHTAIbHBIX
(U3MYECKUX TOCTOSAHHBIX, MACHUMHblE MOMEHmbl TPOTOHA W HEUTPOHA HUMEIOT
CJIeYIOIIHE 3HAYCHUS:

u, =1.410 606 797 36-10%° J-T*
u, =—0,96623651-10-26 J-7-1 .

[IpoGiema MarHUTHOIO MOMEHTa HEUTPOHA, KaK U MHOTHE JIpyrue HepellaeMble B
¢usuke mpodiaeMbl, B pamkax BonHoBoit Mojenu nuaneKTu4eckol (U3MKU peniaercs
ectecTBeHHBIM 00pa3om [20]. ITogpoOHOCTH BBIBOAA MAarHUTHOTO MOMEHTA HEHTPOHA,
BIIEPBbIC BBIMOJHEHHOTO B (DU3UKE, COAEp)KaTcs B cTarbe, onyoOnukoBanHoi B 2008
rojly M MOMEIEHHOM Ha BeOcaliTe apropa [21].

OpOuTanbHbBIE MarHUTHBII MOMEHT OJJIEKTPOHA |[l,q, BBIUMCIEHHBIH B BM,
COBIAJAET C OKCIIEPUMEHTAIBHBIM 3HAYEHUEM oo , [OIYYEHHBIM M3 IPSAMBIX
u3MepeHuil. [lo BenmnunHe OH paBeH CyMMe NMPUHSATHIX B (PU3MKE 3HAYEHUM MarHeToHa
bopa pg ¥ MHQHUICCKOrO «CIHHOBOTO» MArHUTHOTO MOMEHTA g gnin, CYOBCKTHBHO
MPUIIMCAHHOTO AJICKTPOHY BEJIMUYMHOW PAaBHOM MOJIOBUHE OPOUTAIBHOTO (C  y4ETOM
«aHomanmmn») [16]:

“orb = MB + “e,spin = Mﬁ?gitjg = _1855877461410_26 J -T_l



&k

B MarepuanbHOM MHpE €CTh JUIIb Qu3uyeckas marepusi (BEIIECTBO) U MOHKAA
MaTepusi — PU3HYECKUE NPOOOTbHO-NONEepeyHbie TOTCHIIMAIbHO-KUHETUYECKUE MO
pa3HOM MPUPOBI, KAK HAIIPUMEP, HA AaTOMHOM M CyOAaTOMHOM YPOBHE TaK HA3bIBAEMOE
«QNEKTPOMAarHuTHOE», a Ha Mera YpPOBHE — TpaBUTAIMOHHOE, SIBIISIOIIUECS
COCTABJIAIONIMMHU 3aIOJHSIOMIETO BCE MPOCTPAHCTBO MOHKO-MAMEPUATbHOSO TIOJS
BCETPOHUKAIOIIETO 2¢hupa.

OnekTpoH (0003HaYaeMbli Kak “‘€” niau “B’’) — aneMeHTapHas yacmuya Maccou m, =
9.1093837015:10728 g — sBIIAETCSA B TO XK€ BPEMS IEMEHMAPHBIM KEAHMOM MACChL, C
IIOMOIIIBIO KOTOPOro Ha (yHIAMEHTAJIBHON 4YacTOTE (), OCYIIECTBIIAETCA OOMEHHOE
NpOoOONbHO-NONEpeyHoe B3aUMOJCHCTBUE YACTUI] HA amMOMHOM U CYOAMOMHOM
YPOBHSX (TaK Ha3bIBAEMOE «3JIEKTPOMArHUTHOE)» B3aUMOJICICTBHUE).

DOneMeHTapHbI KBAaHT MHTEHCUBHOCTH MacCcoOOMEHa Ha JTUX YPOBHSIX
(onemenmapuwiii 0Omennbill 3apsi0) PaBEH TNPOU3BEIACHHUIO NMPHCOCAMHEHHONW MACChI
DJIEKTPOHA M, Ha (YHIAMEHTAJIBHYIO 4aCTOTYy OOMEHa (), XaPAaKTEPUCTUYECKYIO MJIS
JAHHBIX YPOBHEW, U PABEH

Oeg = — M®, = —1.702691582-10° g-s1



AHanorn4HO TPOTOH (“P”) — odJeMeHTapHas dYacTHLa Maccoi M, — ecTh
3JIEMEHTApHBIN KBAaHT MACChl, C IOMOIIbIO KOTOPOTo Ha ()yHIAMEHTAIbHON YacCTOTE (M,
aTOMHOTO M CyOaTOMHOTO YpPOBHEW OCYIIECTBISECTCS cuibHoe (Tak Ha3bIBAEMOE
«igepHoe»)  OOMEHHOE  B3aMMOACHCTBHE  YaCTHII. DJleMEeHTapHbId ~ KBAaHT
WHTEHCUBHOCTH MaccOOOMEHa Ha YPOBHE “CHIILHOTO” (hyHAaMEHTaJIbHOIO OOMEHHOTO
B3aUMOJICUCTBUS (o1emenmapublii. 0OMeHHblU 3apsi0 “‘CHILHOTO” B3aUMOJICHCTBUA)
paBeH MPOW3BENCHUIO MPHUCOCAMHEHHON MAacChl MPOTOHA M, Ha (yHIAMEHTAIbHYO
4acToTy OOMEHa M, U paBeH

Ostrong= Mp®e = 3.1264017-10° g-s~!
DJIeMEHTapHBIN KBAHT MHTCHCUBHOCTHU MaccooOMeHa Ha ypOBHE

(GyHIAMEHTAIEHOTO TPaBUTAIMOHHOTO OOMEHHOTO B3auMOJCHCTBUS (21emenmapHulil
2PABUMAYUOHHDIL 0OMEHHbLU 3apsi0) PaBEH

or = 1.531812393-10%" g-s!

e oy = 9.158150872-:10* s' - (¢yHmameHTanbHas YacToTa BOJHOBOTO
I'PaBUTAIMOHHOTO TIPOIOJILHO-TIONIEpeuHoro 1ojist (oTKpeiTHEe BM [22]).

Qgr= Mp®



Takum oOpa3om, Ha amomHOM U cybamomHomM YPOBHSX OOMEH (B3aMMOJIEHCTBHC)
YACTHI] MEXIy COOOM M OKPYXKAIOIIUM IOJIEM-IIPOCTPAHCTBOM OCYIIECTBIISICTCS Ha
¢ynoamenmanvrot yacmome OOMEHA ®, IOCPEACTBOM KEAHMA MACChl, KOTOpas paBHA
Macce 3JeKTpoHa M,.

B nmpouecce BOIMHOBOTO B3aUMOJEHCTBUSL (OOMEHA) «oOMeHHbIl 3apsad» MM,
NpOSIBIISIET ce0d MO XapakTEpHOMY pe3yabTupyromemy 3hdexty B3auMoaeHcTBUS,
O0OHapy>KMBAEMOMY 3KCIIEPUMEHTAJIBHO.

&k

W »51exkTpoH M MPOTOH, KaK M JIOOBIE APYrUe 3JIEMEHTApPHbIE YaCTHUILIbI, SBISIOTCS
JUHAMUYECKUMH BHUXPEBBIMU BOJIHOBHIMH OOpA30BAHUSIMU CYO3JIEKTPOHHBIX YaCTHII
(chepuyeckuMy CTOSIMMMU BOJIHAMH). BuxpeBoil MOTOK CyO3JEKTPOHHBIX YacTHUIl €CTh
TO 4TO B (PU3UKE HA3BIBAIOT MArHUTHBIM mMojeM. [lo3ToMy M NPOTOH U 3JIEKTPOH
SIBJISTIOTCS DJIEMEHTAPHBIMU MarHUTaMu (MacHumHuiMu OUnOIsAMU).

Onenennpli B BomHoBOM Momenn [16], cOOCTBEHHBIW MArHWUTHBIH MOMEHT
-29 -1
3JIEKTPOHA HE3HAYMTEINCH, Mgy, =0.609964-10 J-T ™ cocrasmster Bcero 3x107° gacts or
OpOUTAIbHOTO MATHUTHOTO MOMEHTA 3JIEKTPOHA B aTOME BOJIOPO/Ia, PABHOTO

Horp —1.855877461-102J.T*

MarHuTHbIi MOMEHT IPOTOHA, JIJIsl CPABHEHU S, PABEH
H, =1.41060679736-1 0-26J-T-1,



To uto mpuHATO B (PUBHKE HA3BIBATH «INEKMPUUECKUll 3apsoy DIEKTPOHA, Kak
cinenyetr uz BM, ecTb machummuwlit momenm 0gusicyuye2oca 1o BUHTOBOW TPACKTOPUH
CBOOOJIHOTO 21eKkmpoHa (paBHBIN €ro OpOUTAILHOMY MarHUTHOMY MOMEHTY).

Jleao B TOM, YTO MPU MOHU3AIMU aTOMOB BBUICTAIOIINUE AJIEKTPOHBI MPOIOJIKAIOT
BpalaTbCsl U OBUMCYMCA NO BUHMOBOU TPACKTOPUH, cOXpaHsemcsi TMPU STOM HUX
opoumanbHulll  MacHUmHbll MomeHm. Bkiaa coOCTBEHHOTO, TaK Ha3bIBAEMOTO
«CTUHOBOT0» MAarHUTHOTO MOMEHTa HE3HAUUTEJIeH, OH MPEHEOPEKUMO Mayl IIo
CpaBHEHHMEM C OpOMTAIBLHBIM M HE MIpaeT CYIIECTBEHHOW pOJiM B Ipoiiecce oOMeHa
(B3aMMOJICHCTBUS) YACTHII.

Y npomona, Kak M 'y 3JIEKTPOHA, HET «AJIEKTPUUECKOTO 3apsia», TeM 0ojiee paBHOTO
1Mo a0COMIOTHON BEIMYMHE «3apsiay» 3JeKTpoHa. [IpoToH o0namaer monoKuTeIbHBIM
MarHMTHBIM MOMEHTOM UM MEXaHHU3M €ro B3aUMOACHCTBUS C  HMPOOOIbHbIM
(«2TEKTPUYECKUM») TIOJEM TAKOM K€ KaK M AJIEKTPOHA, ONMMCAHHBIN BBILIE, PE3YJbTAT
B3aMMOJICHCTBUS OTJIMYAETCA JIMIIb MPOTUBOIOJIOKHBIM HANPAaBICHUEM OTKIOHEHUS
OT MEPBOHAYAIILHOTO HAMPABJICHUS IBUKEHHUS IO CPABHEHUHU C SJIEKTPOHOM.



Cormmacno BM  B3aumojeiicTBHe TMpOTOHA, KaKk W HEUTpoHa («curbHoe»
B3aUMOJICUCTBUE) C JAPYTMMH HYKIOHAMH BHYTPH «amomo8», SBISIOIIUXCS
MONEKYIAPHO-NOO00OHbIMU ~ O0Opa30BaHUSIMM,  OCYIIECTBIISACTCS  DJIEMEHTapHBIMU
KBaHTaMH HHTEHCHBHOCTH MaccOOOMeHa — OOMEHHBIMH 3aps/iaMi  Ogyrong = Mp®,.

[locpencTBOM OOMEHHOTO 3apsifia Jgyong OCYLIECTBISCTCS B3aUMOJICHCTBHIE TIPOTOHA
Y C MAarHUTHBIM II0JIEM, B KOTOPOM OH ABHWKETCs. Eciny HadaibHasi CKOPOCTh IPOTOHA
V nepneHauKynsipHa BEKTOPY CKOPOCTHU-HANPSKEHHOCTH MarHUTHOro monis B, To
MPOTOH OyJleT ABUTaThCA (KaK U JPYTHUE «3apsKEHHbBIE» YaCTHUIbI) 0 OKPYKHOCTH,

W «cunay» Jloperna Oyaer paBHa
perua byaet p m. o - mpV2

FL=—t—VB=

Vc
Otcrona, paguyc TPACKTOPUU JBUIKECHUS NPOmOHA PaBEH Rz—B , @ yIiuoBas

e

\ B
CKOPOCTb ® = — = ®, — . TaKyI0 ke yIJIOBYIO CKOPOCTb 10 MOAYJIIO UMEET U 21E€KIMPOH.
R e p
C

Voenvnvie obmenHvle 3apadvl  «IACKTPOMArHUTHOTO» (Qgg/M,) U «CHIBHOTOY
(Ustrong/Mp) B3aMMONENCTBUI ONMHAKOBBI IO BENMYMHE M PaBHBI (yHIaMEHTANbHOMU
JaCTOTEe aTOMHOTO U Cy0aTOMHOT'O YPOBHEH:

‘qEB‘ . qstrong i

m_ m

e



3AK/IIOYEHHUE

OmuO0YHO Ha3BIBATH JJIEKTPOH KHOCUMENEM D1eMEHMAPHO20 OMPUYAMETbHOSO
3apa0a», OTOXKIECTBIISISA IEKTPOH (PAKTUUECKHU C HECYIIECTBYIOIINM «3aPSIOM.

CommacHo  BonnoBoii  Mopgenu  macca  4acTULBI-JIEKTPOHA  SIBIIAECTCSA
1EMEHMAPHBIM KEAHMOM MAcCchl, TOCPEICTBOM KOTOPOW Ha (PyHIaMEHTaJIbHOM
4acTOTE (), OCYIIECTBIIIETCS OOMEHHOE B3aMMOJICHCTBHE 4YacTHL HA aTOMHOM H
Cy0aTOMHOM YpPOBHSX C JAPYIMMH 4YacTUIIAMH U C COKPY>KaIOIIUM  TOJEM-
IPOCTPAHCTBOM.

Takum o0pa3zoMm, ¢ packpeimuem Onaromaps BonHoBoit Mogenu npupoost
g3aumooeticmeuti, OOyCJIOBJICHHBIX, KaK MPUHATO CUUTATh JO CUX TMOp B (PU3MKE,
HaJIMYUEM y YaCTHUIl MIPUIMTUCAHHBIX UM HECYLIECTBYIOIIMNX «3IeKMPUUECKUX 3aps006»,
credyem nepecmompems HU3NUECKUE TEOPUH, OMMCHIBAIOIINE MPOLIECCHl U SBJICHUS C
UCII0JIb30BAaHUEM TAKOTO HeadeK8amuo20 PeaabHOCTH MTOHATHS.

JlaHHBIN BBIBOJ KacaeTcs, B YaCTHOCTH, OwuUO0uUHOU uHmepnpemayuu B (Pu3nKe Tak
HAa3bIBACMBIX «2IeKMPOMACHUMHBIX» B3aUMOJICUCTBUMN  «3APSAJNCEHHBIX» YACTHIl C
IPYTUMH  YaCTUIIAMH, OCYNICCTBISIEMBIX,  KaK  II0JaralroT,  IOCPEICTBOM
«IJIEKMPOMASHUMHO20 NOALY», WIN C TOYKH 3PEHUS KBAHTOBOM TEOPHUU TIOJS,
MTOCPENICTBOM «Oe3MaAccoB8020 O030HA — POMOHAY.



s cimydast OnHUCaHUsl npoO0O0NbHO-NONEPEeyHbIX B3aMMOJCUCTBUI HA amoMHOM U
cybamomMHoOM YPOBHSX, T. €. JUIl ONMHUCAHUSA TaK HA3bIBAEMBIX «3/1eKMPOMACHUNMHBIX)
B3aMMOJICHCTBUM, HEOOXOIWMO HCIIOIb30BaTh aJIeKBaTHOE PEaJbHOCTH IIOHSTHE:
«INIEMEHMAPHBLIL KEAHM UHMEHCUBHOCmU Mmaccoobmena (83aumodeticmaus) Mo, »,
WJIM KOPOYE, IPYTUMU CIIOBAMM, «37IeMEHMAaAPHbIN 0OMEHHbIU 3apsA0 M, ».

Ntak, HUKAKUX 3aps008, B YACTHOCTH, «INIeKMPUuecKux», KaK HeKou 0coboil
mamepuanvnou cyocmanyuu (cywrHocmu), HEKOCH Heumo, Hapsay C OOBIYHOMU
Martepuel (BeniectBoM) He cyuiecmeyem B llpupone. He cymecTByer «3apsda» kak
KOMITIOHEHTA, COCHAGIAIOULe20 CMPYKMYpsbl YaCTUIl, KCOCPEOOmMOUeHH020» B 00BEME
YACTUII WUIH <PACHPEOeIEéHHO20» HA UX TTIOBEPXHOCTH, KaK IOJIararoT B (pHU3HKE.
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